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Abstract:

A comprehensive scientific approach will facilitate rationalization
processes and minimization of mine liquidation costs. The study, based
on a statistical analysis of liquidation processes in 19 mining plants
from 2015 to 2023, proposes a method for preliminary estimation of
costs and time of potential liquidation of hard coal mines.

The method can be used for preliminary estimation of mine liquidation
costs and as a cost management tool. The method does not refer directly
to the liquidation processes used in SRK S.A. therefore, it can also be
used by any entity in mine liquidation process as a comparative tool for
detailed and multi-criteria estimation of the costs of planned mine
liquidation.
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1. Introduction

Life of a mine is not only the time of mining, but also its liquidation period [1-3]. Revitalization
and restructuring of post-mining areas are realized by Spotka Restrukturyzacji Kopaln S.A.
(www.srk.com.pl). The mine liquidation project is very complicated and expensive due to the large
scope of work required. One of the reasons limiting the improvement of liquidation efficiency is the
lack of instruments and tools supporting the cost management. In hard coal mines, comprehensive
solutions adapted to the specificity of the industry have not been developed so far. The developed
solutions concern only the selected issues related mainly to the efficiency of the mining process or
preparatory work [4-7].

2. Research work problem

Rational expenditure on restoring the post-mining areas to society has not been the subject of
comprehensive scientific research work so far [8-11]. Available studies in this area are few and
concern only the selected issues [12-17]. The article presents the results of the next stage of research
work on tools to support the management of the costs of liquidation processes [8, 11]. A method of
preliminary estimation of the time and expenditure necessary in liquidation of the mining plant, which
will support the company planning the mine liquidation, has been suggested.

3. Research work method

The aim of the research work was to develop and propose a tool for a preliminary estimation of
time and expenditure necessary for the planned liquidation process based on a small group of
parameters characterizing the liquidated mines. The research plan was implemented based on the
analysis of updated mine liquidation programs completed or still carried out by Spoétka
Restrukturyzacji Kopaln S.A. (SRK) in the years 2015 to 2023.

After analyzing the available literature and statistical analysis of the mining plant restructuring
processes broken down into subsequent years, a list of potential evaluation parameters was proposed
and their real impact on the estimation of the final cost and time of mine liquidation was checked.
Questionnaire surveys among the experts (people designing the liquidation and people managing the
liquidation processes) allowed for the selection of a list of the most important assessment parameters.

The correct operation of the proposed assessment tool was verified for the hypothetical mining
plants. The verification of the method consisted in comparing the estimates of the method with
the experience gained by SRK S.A. Consultations in the form of interviews with the experts managing
the liquidation processes confirmed correctness of the results and allowed to explain the reasons of
more significant deviations from the expected values.

4. Results of the research work

4.1. Determination of the assessment parameters

Programs and liquidation plans for 19 mines or their parts from 2015 to 2023 were analyzed.
The surveyed group included 9 already closed mines and 10 currently liquidated mines grouped in
5 Departments of SRK S.A. Each case of liquidation of a mining plant is individual, however, there
are certain regularities [18-20]. Liquidation process at SRK S.A. lasts from 2 to 8 years (in average
5 years). The cost of liquidation is also very diverse and, for example, for the largest mine it is forty
times higher than the cost of liquidating the smallest mine. The average cost of liquidation a mine is
300 to 400 million PLN (calculated to the costs from the first quarter of 2023). This is due to the large
scope of work necessary during the task realization.

For better consistency in the cost ratio, it was proposed to divide the liquidated mines into 5 groups
due to the amount and structure of their liquidation costs. The mines were divided into Large Mines
(KD), Larger Medium Mines (KSW), Smaller Medium Mines (KSM), Small Mines (KM) and a group
of Micro Mines (KMikro) [8, 10, 11].
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The intention of the method was to link several parameters characterizing the mine with the final
cost and time of its liquidation. The determined evaluation parameters were to be easy to read, not
requiring major calculations and easy to understand. When selecting the parameters, a certain
functional similarity of the analyzed mining plants was assumed. It was assumed that each of the
analyzed mines has a similar set of objects, differing only in scale.

In accordance with the adopted assumptions, potential parameters were determined, the analysis of
which would make it possible to initially determine the scope of costs and the duration of the mine
liquidation processes. During the analysis, the size of analyzed parameter was assigned to the
corresponding reference group. In the calculations, the analyzed parameters were treated as "de-
stimulants”, and then as "stimulants”. The standardized values of the assessment parameters were
calculated in accordance with formula 1. Based on the analysis, it was found that in the analyzed
research problem, the following three parameters read at the time of the decision to liquidate the mine
are best correlated with the costs and liquidation time (Table 1):

— the total length of excavation gates, regardless of their size, structure and the fact whether they are
to be liquidated or remain as the skeleton of the left pumping station,

— volume of all mine shafts, regardless of their number and regardless of whether they will be
liquidated or developed as a pumping station,

— the number of all facilities of the mining plant, regardless of their volume, technical condition or
intended for liquidation or development.

Table 1. Single-criterion analysis of the assessment parameters

Assessment parameter Conformity
Total length of excavation gates 73.68%
Volume of all mine shafts 52.63%
The number of all objects of the mining plant 68.42%

The proposed parameters describe all processes related to the task of physical liquidation.
Parameters less correlated with the costs and time of mine liquidation were not included in the
analysis.

At the next stage of the research work, the determined parameters were correlated in pairs. As
before, the standardized values of the assessment parameters were calculated in accordance with the
guotient transformation. The analyzed parameters were adjusted to the corresponding group of mines
by changing the weight assigned to the partial assessment and changing the range of final assessments,
so as to match the parameters and groups of mines as precisely as possible [21]. The results are
presented in Table 2. When all parameters are "stimulants”, the multi-criteria evaluation using the
quotient transformation has the following form:

Rij

FC"H'.I:I = F:L

4

)

fimar

where:

FCimax - Multi-criteria value of assessment parameters for the mine j”,
i - number of assessment parameter,

j - number of analysed mine,
himar - Maximum parameter “i”,
hi; - assessment parameters for the mine “j”.
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Table 2. Multi-criterion analysis of the assessment parameters “in pairs”

Weight of the .
Assessment parameter parameter Conformity

Total length of excavation gates 0.833333333

1. - 68.42%
Volume of all mine shafts 0.166666667
Total length of excavation gates 0.265251989

0

2 The number of all objects of the mining plant 0.734748011 73.68%
Volume of all mine shafts 0.639423077

3. - — 73.68%
The number of all objects of the mining plant 0.360576923

Due to the fact that the compliance coefficient was too low, another attempt was made to compare
the correlation of assessment parameters with the total costs of mine liquidation. This time, three
assessment parameters were compared using multiple criteria, also using the guotient transformation
(formula 1). The analyzed parameters were adjusted to the corresponding group of mines by changing
the weight assigned to the partial assessment and changing the range of final assessments, so as to
match the parameters to the appropriate group of mines as precisely as possible [8, 10, 11]. The results
are presented in Table 3.

Table 3. Multi-criterion analysis of all assessment parameters

Assessment parameter et ol T Conformity
parameter
Total length of excavation gates 0.315789474
Volume of all mine shafts 0.421052632 84.21%
The number of all objects of the mining plant 0.263157895

Analysis of three parameters significantly improved the correctness of assigning the analysed
mines to the corresponding reference groups. Adding another evaluation parameters no longer
increased the conformity, and sometimes worsening the already obtained result.

4.2. Method for preliminary assessment of time and costs of mine liquidation

The tool was proposed for the proposed method. The tool interface pattern is presented in Fig. 1+4.
There are fields with a white background in the interface. These fields are descriptive fields. The fields
marked in light gray are the input fields, i.e. the values of the original assessment parameters. The
fields marked in dark gray are the result fields, where the method reports the estimated results of the
analysis.

The proposed method, based on previously determined parameters, estimates the foreseeable time
and cost of liquidation. The liquidation time is assessed on the basis of a single-criteria analysis,
separately for each of the assessment parameters, and a multi-criteria analysis, for three parameters at
the same time. In a single-criterion analysis, a reference group is determined for the analyzed
assessment parameter. Then, already within the reference group, the value of the parameter is assigned
to the mine liquidation time. The tool presents the results by inserting an "x" in the column
corresponding to the designated time interval.

At the next stage, the method in the multi-criteria analysis of three parameters jointly, in
accordance with formula 1, classifies the analyzed set of parameters to the corresponding reference
group of mines. Already within the reference group, the method estimates the foreseeable liquidation
time. The results are given in the same way as in the single-criteria analysis. The "x" is bolded.
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The analysis of the assessment parameters is also the basis for determining the preliminary
estimated value of the mine liquidation cost. After classifying the analyzed set of assessment
parameters to a specific reference group of mines, the cost of liquidating the entire mine is assigned to
this set in a multi-criteria manner. The estimated preliminary liquidation cost is presented in the lower
right corner of the interface. In addition, the method provides in the last line the name of the assigned
reference group and the maximum, minimum and average cost of mine liquidation in this group.
Based on the estimated time and cost of liquidation, the method provides the estimated average annual
cost of a mine liquidation, determined for the entered set of assessment parameters.

4.3. Verification of the proposed method

The method was verified in two stages. At the first stage, all 19 analyzed mines were tested in
terms of compliance of the calculated results with the values obtained in liquidation practice. In three
cases out of 19, the results were very different from reality. Documentation analysis (liquidation plans
and programs), statistical evaluation and interviews with experts (persons in charge of liquidation
processes) indicated that these 3 cases are the specific cases. According to the experts, these three
mining plants were excluded from the verification of the method as unusual examples. After excluding
them from the analysis, according to the experts, a satisfactory estimation of liquidation costs was
obtained. The method tends to slightly overestimate the liquidation costs. In most reference groups,
the average overestimation of costs does not exceed 5%, only in the group of smaller medium-sized
mines (KSM) it is about 16%. In extreme cases, the method overestimates the costs by up to 30% and
underestimates up to 24% for larger mines (KD and KSW) and up to 13% for smaller mines (KSM
and KM). For micro mines (KMikro), over 99% compliance of the forecast with the value determined
by the method was obtained.

When estimating the liquidation time, in two cases the forecast indicated a much shorter liquidation
time. According to the analysis of documents and the opinion of experts, this concerned the mines for
which, for reasons of protection of neighboring active mining plants, the time of liquidation was
artificially extended. This was the case for one of the larger medium-sized mines (KSW) and the
“micro” mine (KMikro). The accuracy was considered to be sufficient for this stage of potential
designing work. In the case of one of the atypical mines, the liquidation time was extended.

At the second stage of verification, four hypothetical examples of mine liquidation were analyzed.
The first of the analyzed hypothetical mines was the mine marked "K1", for which the smallest
parameters obtained in the entire analyzed group of 19 liquidated mines were selected. This mine
turned out to be smaller than the micro mine (KMikro). The second one was the K2 mine with the
shortest length of excavation gates so far, the average volume of shafts and the maximum number of
mining facilities. The third analyzed example was the K3 mine with average values of assessment
parameters for the group of medium-sized smaller mines (KSM). The last analyzed mine, K4, is one of
the mines previously called atypical, belonging to the group of small mines (KM).

Evaluation parameters Enter data Expected time of liquidation [years]

Total lenght of excavation gates [km] 6425 X
Volume of all mine shafts [m3] 2310 X
Number of all minig plant facilities [items] 14 X
Multi-criteria X
Average cost of mine liquidation per year [min PLN] 6,5 6- 5-6 4-5 3-4 2-3
Cost of mine liquidation Maximum Minimum  Medium | Expected cost of mine [min PLN]
"micro” [ 207 [ 186 | 196 liquidation 13,1

Fig. 1. Results of the preliminary assessment of liquidation time and costs of K1 mine

The analysis of the K1 mine (Fig. 1) classified it as expected as a micro mine (KMikro). For this
mine, which is smaller than the smallest micro mine (KMikro), the liquidation cost is lower than the
minimum cost for this group of mines. The mine liquidation time determined by the method in the
single-criteria and multi-criteria analysis was from 2 to 3 years. Comparing the average liquidation
cost with the expected liquidation cost of the K1 mine, it can be seen that the method indirectly
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suggests a two-year liquidation time. In practice, such time is usually planned for liquidation processes
for the analyzed set of assessment parameters.

Evaluation parameters Enter data Expected time of liquidation [years]
Total lenght of excavation gates [km] 6425 X
Volume of all mine shafts [m3] 10039 X
Number of all minig plant facilities [items] 393 X
Multi-criteria X
Average cost of mine liquidation per year [min PLN] 76,6 6- 5-6 4-5 3-4 2-3
Cost of mine liquidation Maximum Minimum  Medium | Expected cost of mine [min PLN]
"medium larger"” I 602 ] 326,1 | 434,3 liquidation 460,4

Fig. 2. Results of the preliminary assessment of liquidation time and costs of K2 mine

As expected, the multi-criteria method classified the K2 mine (Fig. 2) to the group of medium-large
mines (KSW) and indicated a 5 to 6-year liquidation period, determining the liquidation cost of PLN
460.4 million. This value slightly exceeds the average value for the indicated reference group. The
single-criteria analysis of the liquidation time also, as expected, determined the minimum time of
liquidation of excavation gates (from 2 to 3 years), the maximum time of liquidation of facilities (over
6 years) and the time of liquidation of shafts resulting from the scope of tasks (from 5 to 6 years).
Comparing the cost of liquidation with the cost of one year of mine liquidation indirectly suggested a
6-year liquidation time. Also the experts (persons managing liquidation processes) confirmed the
compliance of the results with the current practice.

Evaluation parameters Enter data Expected time of liquidation [years]
Total lenght of excavation gates [km] 22931 X
Volume of all mine shafts [m3] 7320 X
Number of all minig plant facilities [items] 71 X
Multi-criteria X
Average cost of mine liquidation per year [mIn PLN] 49,6 6 - 5-6 4-5 3-4 2-3
Cost of mine liquidation Maximum Minimum  Medium | Expected cost of mine [mlIn PLN]
"medium smaller" [ 2526 | 1704 [ 1983 liquidation 213,3

Fig. 3. Results of the preliminary assessment of liquidation time and costs of K3 mine

The analysis of the model object which is the K3 mine (Fig. 3) did not differ from the assumptions.
According to the assumptions, the method classified the mine to a group of medium-sized smaller
mines (KSM). The liquidation cost of the mine was set at PLN 213.3 million, which is 107.55% of the
average value in this reference group. A discrepancy of this order at such an initial stage of cost
estimation is not significant. The single- and multi-criteria analysis of the assessment parameters
unanimously indicated 4 to 5 years of liquidation. Comparing the cost of liquidation with the cost of a
year of a mine liquidation indirectly points to a 4-year liquidation time. Statistical analysis and expert
opinions in this case also confirmed the correctness of the method assessment.

Evaluation parameters Enter data Expected time of liquidation [years]
Total lenght of excavation gates [km] 32235 X
Volume of all mine shafts [m3] 8125 X
Number of all minig plant facilities [items] 102 X
Multi-criteria X
Average cost of mine liquidation per year [mIn PLN] 76,6 6- 5-6 4-5 3-4 2-3
Cost of mine liquidation Maximum Minimum  Medium | Expected cost of mine [mlin PLN]
"medium larger" I 602 ] 326,1 | 434,3 liquidation 441,1

Fig. 4. Results of the preliminary assessment of liquidation time and costs of K4 mine

The assessment of the K4 mine pointed it to medium-sized larger mines (KSW) as a reference
group and assigned a liquidation cost of PLN 441.1 million (Fig. 4). In the single-criteria analysis,
the method suggested, due to the total length of the excavation gates and the total volume of the shafts,
5 to 6 years of liquidation time, and due to the number of surface objects, 4 to 5 years. The multi-
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criteria assessment confirmed the assessment of the first two assessment parameters. Comparing the
cost of liquidation with the cost of one year of mine liquidation indicated a period of 6 years. In the
opinion of experts, if this example of the mine is a typical one, the assessment of the method would be
correct.

5. Discussion

Based on the analysis, it was found that when estimating the preliminary cost and time of
liquidation, the length of excavation gates, the volume of the shafts and the number of surface objects
should be taken into account. The parameters adopted for the assessment represent the components of
the processes of shafts liquidation, excavation gates and surface objects, for which a statistical
liquidated mine spends about 11% of the amount allocated for its liquidation. The remaining part of
the cost ensures the correct mine liquidation processes, requiring additional spending of the remaining
approximately 89% of the costs [8, 9, 10, 11].

When verifying the correct operation of the method, at the first stage, the scope of loosening and
management of hypothetical mines was assessed, with the exception of K4, which has its liquidated
counterpart. The real mine corresponding to the analyzed parameters belonged to small mines (KM)
and was liquidated for 4 years. The liquidation cost assigned in the method is as much as 317.73% of
the true value. The prototype of the K4 mine was a mine merged several times, consisting of many
small surface objects, many short shafts and a simple network of long excavation gates. Therefore,
unexpected results of the analysis were obtained. This confirmed the fact that the method gives correct
results only for typical mine conditions.

At the second stage of verification, hypothetical examples of mine liquidations were presented for
assessment to the people who manage the SRK S.A. Branches. Experts confirmed the correct
operation of the method with the accompanying software.

6. Conclusions

The proposed method of preliminary assessment of the time and costs of mine liquidation can be
used as a tool for estimating time and costs in the planned processes of liquidation of mines or their
parts. The method can be used by any mine liquidation company, because it only requires the
acquisition of a few basic parameters of the liquidated mining plant and it does not refer to the
structure of liquidation processes developed by SRK S.A.

The described method is based on a statistical analysis of costs broken down into years of the
ongoing liquidation processes. The tool allows optimization independent of the scale of the liquidation
task.

Estimation of time and costs of liquidation, also taking into account the cases of untypical main
processes of liquidation of a mining plant is an unresolved problem. Only unsystematized knowledge
of practitioners is used.

The proposed method requires further research wok, but already in its current form it can be a very
useful auxiliary tool in an engineering work and in the initial design work of restructuring post-mining
assets.
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Abstract:

Statistical data on occupational diseases recorded by the Institute of
Occupational Medicine in Lodz, Poland, indicate a renewed increase in
the number of cases of pneumoconiosis in Poland in recent years,
especially in the PKD section of mining and quarrying industries.
Atthe same time, in 2018 as a result of the implementation of
directives of the European Parliament and the Council of the European
Union, the changes were introduced to the Polish legislation in the area
of protection of workers from the risk of exposure to carcinogenic or
mutagenic agents related to the respirable fraction of crystalline silica
found, among others, in mine dust. As a result of these solutions, since
2020 we have seen a spike in the number of miners employed in
conditions of risk of carcinogenic dust. These facts indicate that despite
the wide measurement of harmful factors in coal mines,
the effectiveness of preventive measures taken does not bring tangible
benefits, and OSH services have problems with the proper assessment
of industrial dust hazards at workplaces. In the article, based on
surveys, diagnostic (health) tests of workers and verification of the risk
assessment methods used, the authors try to point out the most common
mistakes made in estimating the level of risk associated with exposure
to industrial dust.
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1. Introduction

According to the Institute of Occupational Medicine in Lodz [1], industrial dust, including
asbestos-containing dust and coal and lignite containing free silica, is mentioned most often (36.7% of
cases of occupational diseases) as the reason of occupational diseases in Poland in 2021. In addition to
various types of pneumoconiosis (N = 490 - 2020), industrial dusts have also been indicated as a factor
contributing to the development of pleural diseases, asthma, allergic rhinitis and extrinsic allergic
alveolitis.

Exposure to industrial dust is also the most common cause of malignant tumour recognized as an
occupational disease. Among the 193 cancer cases diagnosed in 2018-2020, 164 (85.0%) were caused
by asbestos dust, and 36 (18.7%) by dust containing free crystalline silica. These dusts are responsible
for 106 confirmed cases of lung cancer and all cases of mesothelioma (67 cases). Although the overall
number of occupational diseases in Poland has been decreasing in recent years, the incidence of
pneumoconiosis is increasing. The leader in this respect is traditionally the Silesian VVoivodship, where
every year more than 50% of all diagnosed cases of pneumoconiosis in Poland are recorded. This
regularity is related to the structure of the industry in the Silesian Voivodeship and the highest
percentage of people employed in the mining industry in the Poland [2].

According to the Central Statistical Office [3], in the NACE — in section of mining and quarrying-
in dusty conditions, in 2020 there were 38,823 employees (an increase of 39% compared to 2019), of
which the largest number were employed in the hard coal mining section - 34,876 (89.8 %), i.e. more
than every second case of a person exposed to dust in Poland. Hard coal mining industry has the
highest rate of dust exposure per 1,000 employees in the plants covered by the research, which
increased by 175.5% over the last 5 years from 263.6 in 2016 to 462.5 in 2020. Miners in hard coal
mines are most often employed in conditions of exposure to fibrosing dusts 20,479 people - 70.2%
exposed to fibrosing dusts in Poland and carcinogenic dusts 14,397 people - 69.4% exposed to
carcinogenic dusts in Poland [4].

Considering the above facts, the constant increase in the number of cases of pneumoconiosis
among miners of Polish mines and the fact that despite many actions taken by mining companies,
the mines themselves and health and safety services, it should be worrying that we are still unable to
effectively reduce this trend. To find out the reasons for this situation, the employees of
the Department of Safety Engineering at the Silesian University of Technology, together with students
of the Pomeranian Medical University in Szczecin and a specialist in the field of pulmonology,
conducted a series of environmental, medical and surveys in one of the mines, trying to find
the answer to the question: "How to limit unfavourable trends and reduce the incidence of for
occupational diseases caused by industrial dust in the mining industry.

2. Materials and Methods — basis for the hazard assessment

The legal basis for recognizing and ascertaining occupational diseases in Poland is the Act of June
26, 1974 on the Labour Code and implementing regulations in this regard, which include, among
others, Regulation of the Council of Ministers of 30 June 2009 on occupational diseases, as amended.
Pursuant to Art. 235' of the Labour Code Act (Journal of Laws of 1974 No. 24 item 141),
an occupational disease is considered to be a disease listed in the list of occupational diseases, if, as
aresult of the assessment of working conditions, it can be stated unquestionably or with high
probability that it was caused by exposure to factors harmful to health in the working environment or
in connection with the way work is performed, referred to as "occupational exposure". An integral part
of the said regulation is the list of occupational diseases, in which pneumoconiosis was placed in item
3, including Item 3.2 pneumoconiosis of hard coal miners and the rules for documenting disease
symptoms authorizing the diagnosis of an occupational disease. Another equally important regulation
on exposure to industrial dust is the Regulation of the Minister of Health of February 2, 2011 on tests
and measurements of factors harmful to health in the work environment, as amended, and
the Regulation of the Minister of Health of January 24, 2020 amending the regulation in on chemical
substances, their mixtures, factors or technological processes with a carcinogenic or mutagenic effect
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in the work environment [5,6]. Both cited regulations contain guidelines for the correct assessment of
the harmfulness of dust to the human body. In the assessment of occupational exposure to dust, the
concentration of dust contained in the air in a given work environment (quantitative analysis) and the
assessment of the chemical composition of dust present in a given workplace (qualitative analysis) are
taken into account. Qualitative analysis is of particular importance in testing the mixed dusts, such as
mine dust, the chemical composition of which is uncertain.

Qualitative analysis of the collected sample is performed by X-ray diffraction or with the use of
absorption spectrophotometry. Obtained measurement results and calculated exposure factors refer to
arbitrarily determined maximum allowable concentrations (MAC) for identified hazard factors in
occupational exposure conditions.

MAC is determined for the following dusts:
— total dust (applies to all types of dust),

— respirable dust (applies only to dusts containing less than 2% of crystalline silica, natural graphite,
talc without asbestos fibres, Portland and metallurgical cement dusts, apatite and phosphorite dusts
and amorphous silicas),

— respirable fibrous (applies only to dusts with a fibrous structure, e.g. asbestos, artificial mineral
fibres, ceramic fibres).

Working conditions should be considered safe if the calculated exposure factor does not exceed
the MAC value for a given dust, and dangerous when concentration exceeds them. These indicators
are also the basis for the employer to fulfil another very important obligation contained in Article 226
of the Labour Code, according to which "the employer: assesses and documents the occupational risk
related to the work performed and applies the necessary preventive measures to reduce the risk;
informs employees about the occupational risk associated with the work performed, and about
the rules of protection against hazards”.

Risk assessment, also known as the process of analyzing and determining the acceptability of risk,
consists of five basic stages:

— STAGE I - collecting information,

— STAGE Il - identification of hazards,

— STAGE Il - risk assessment and determination of its acceptability,
— STAGE IV - development of corrective and/or preventive measures,
— STAGE V - documenting the risk assessment.

Its proper procedure and the computational methods used may affect the accuracy of preventive
measures taken by workplaces management and effectively counteract occupational morbidity, e.g.
pneumoconiosis among hard coal miners, which the authors will try to prove in the presented
publication.

3. Tests results and discussion

3.1. Characteristics of the tested object in the environmental tests

The subject of tests carried out as part of the cooperation of employees of the Department of Safety
Engineering of the Silesian University of Technology, with employees from the Central Laboratory for
Work Environment Research "Stanistaw Bielaszka" from Jastrzgbie Zdrdj and representatives of the
medical community of the Pomeranian Medical University in Szczecin were, among others, roadways
of the GRP-2 preparatory work department of the X mine and its employees. During the measurements
of air dust concentration at the workstations of the GRP-2 department, mining operations were related
to the drilling of a coal-stone slope using the AM-75 roadheader (Fig. 1) between the 900 m and 850
m levels.
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Fig. 1. Face GRP-2 of X mine

Employees of the preparatory department were employed in a three-shift system according to
the work schedule presented in Table 1, in six mine workings, to which the following letter
designations were assigned: A — slope 3 (face); B — roadway 4, C — roadway 7, D — roadway 11
(working connected with transport of the run-of-mine from the face to the central main); E - slipway
12, F - loading ditch (transport working), and at six workstations: shearer operator - 1, shearer operator
assistant - 2, miner - builder - 3, miner in transport - 4, conveyor operator - 5, miner in the face - 6,
shot miner - 7, driller - 8.

Table 1. Work schedule of the GRP-2 department team

Activities Dura!tion Total dura_tion of the
[min] shift
Going down and up 20
Transfer by passenger train 30
Getting to and from the workplace 35 .
450 min
Preparatory and transport work 60
Mining with a shearer and operation of conveyors 200
Construction of the frame of the roof support 105

Results of measurements of airborne dust concentration at each working and at the workstations of
the GRP 2 department of the X mine showed that the level of dust concentration and the content of
carcinogenic crystal silica in many cases significantly exceed the new hygienic standards both in
the mining face with a shearer and blasting work, as well as in transport workings (Table 2).
The respirable dust is a greatest threat to employees, as its concentration exceeded the allowable value
at each workstation by 3.7 to 5.1 times, and in the face and transport roadways by 4.6 to 6.0 times.
In turn, in the case of free crystalline silica, hygienic standards are exceeded even 9.0 times (Table 3).

Table 2. The results of measurements of hard coal airborne dust concentration in each working and at
the workstations of the GRP-2 department using the dosimetry method

L . . Indicator Wn
Depart- ocition Dust concen[tr;e;t/lrzg]m fractions Inc;:;:\ztlcr)r:%NE MAC (multiplicity of
ment MAC)
inhalable | respirable inh. | resp. [inh. [ resp.|inh. [ resp.
Workings

A 0.94-39.40 0.43-12.36 38.32 11.95 10 2 3.8 6.0

B 0.78-41.18 0.35-11.95 40.79 11.03 10 2 4.1 5.5

GRP-2 C 0.58-42.60 0.28-10.50 41.55 9.70 10 2 4.2 4.9
D 0.27-44.31 0.20-9.73 44.01 9.13 10 2 4.4 4.6

E 0.46-32.64 0.26-7.20 31.95 6.75 10 2 3.2 3.4

F 0.23-28.24 0.14-5.18 27.84 4.89 10 2 2.8 2.4
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Workstations
1 0.51-35.10 0.26-9.11 33.82 10.20 10 2 3.4 5.1
2 0.48-33.22 0.20-9.64 31.36 9.34 10 2 3.1 4.7
GRP-2 3 0.28-26.46 0.11-7.30 24.29 7.28 10 2 2.4 3.6
4 0.09-21.13 0.07-6.35 19.21 6.13 10 2 1.9 3.1
5 0.23-31.77 0.15-8.38 31.20 8.96 10 2 3.1 4,5
6 0.12-26.30 0.04-6.33 24.78 7.47 10 2 2.5 3.7

Table 3. Results of measurements of the chemical substance - crystalline silica in each working
and at the stations of the GRP-2 department using the dosimetry method

Depart- - Range of _conqeptrz_;\tion of Indicator MAC_ of the Indiqatqr_ Wi
o Position crystalllne S|I_|ca in the We [mg/m?] resplrgble (multiplicity of
respirable fraction [mg/m?] fraction MACQ))
Workings

A 0,066-0,945 0,912 0,1 9,1

B 0,058-0,873 0,826 0,1 8,3

C 0,056-0,764 0,703 0,1 7,0
GRP-2 D 0,049-0,614 0,596 0,1 6,0

E 0,028-0,582 0,527 0,1 53

F 0,025-0,430 0,392 0,1 3,9

Workstations

1 0,046-0,621 0,600 0,1 6,0

2 0,038-0,610 0,592 0,1 59

3 0,026-0,555 0,514 0,1 51
GRP-2 4 0,009-0,214 0,196 0,1 2,0

5 0,028-0,582 0,563 0,1 5,6

6 0,025-0,430 0,403 0,1 4,0

Medical examinations among employees of the GRP-2 department exposed to mine dust showed
a many functional and health disorders in 18% of active employees of the GRP-2 department [2,4],
and in the last 5 years, five cases of pneumoconiosis recognized on the basis of decision about
the occupational diseases.

3.2. Occupational risk assessment in a selected tested object

To estimate the occupational risk, various assessment methods are used in the world depending on
the prevailing hazards and the workplace specificity. They can be divided into qualitative and
guantitative methods.

Qualitative risk assessment methods are very often used for immeasurable factors for which no
limit values have been set. The magnitude of the risk is a combination of the hazard itself and the
severity of the hazard consequences.

Quantitative risk assessment methods are used for measurable factors for which limit values have
been set. They consist in comparing the value of the quantity characterizing the exposure P with the
limit value Pmax. These methods are used to calculate the concentration or intensity of harmful factors
[7.8]

In Polish hard coal mines, the method of the Polish Standard PN-N-18002:2011 [9] is most often
used to assess harmful factors, in which the risk (R) is defined as a function of the probability of an
event (P) and its potential consequences (S) referred to the value of exceeding the limit of a given
harmful factor (formula 1):

R = f(P,5) (1)
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and the Risk Score method [10], in which the risk (R) is defined as the product of the probability of
the hazard (P), exposure to the hazard (E) and the probable effects of the hazard (S), which can be
written as formula 2:

R=PXxEXS )

The Silesian University of Technology in its research projects, proposed an assessment of the risk
of harmful factors based on a number of mathematical indicators taking into account, in addition to the
value of exceeding the hygienic standards, also the number of employees exposed and morbidity [11],
so the health risk (Rzw) was defined as the product of exposure probability indicators (We ), exposure
factor (WEg), number of persons exposed (W), and probability factor of loss resulting from exposure
(Ws) according to formula 3.

Raw = Wy X Wy X W, X W @)

The assumptions of the above-mentioned methods were used in the research part to estimate
the health risk for employees of the GRP-2 department of the X mine, based on the measurement data
of airborne dust concentration given in Table 2, taking into account the nominal work time of
the miners of this department according to the time schedule presented in Table 1. Going down to
the mine and up the crew is practically not exposed to harmful dusts. During the arrival and departure
from the workplace, preparatory and transport work and other elements of the production process,
the measurement of the content of harmful dust was taken using individual dust meters of the CIP-10
and AP-2000Ex type. The measurements covered workstations in all workings in the GRP-2
department.

Health risk for the GRP-2 department was assessed at the workings level using all three risk
assessment methods mentioned earlier. A full health risk assessment for each method is presented in
Table 4 (PN-N-18002 method), Table 5 (Risk Score method) and Table 6 (Silesian University of
Technology method.

The measurements confirm the theses of other researchers [12,13] that the determination of
occupational (health) risk by the method of the Polish Standard PN-N-18002:2011, depending on
the considered event, has a relative error ranging from a dozen to even 60%, because this method
omits many important environmental parameters depending, among others, on the time of exposure
and the competence of the team assessing a given hazard. On the other hand, in the Risk Score
method, the most common method used by mines, the relative statistical error exceeds 15%. The Risk
Score method takes into account exposure to risk, which significantly improves its credibility, but does
not take into account the human factor and pathological changes. In the teams assessing the risk using
the Risk Score method, there is also no occupational medicine specialist who could assess the potential
impact of a harmful factor on the actual health condition of the employee. As a consequence,
the inability to take into account in both methods even small uncertainties in the calculation of
the original values of losses, the probability of events and the frequency of exposure results in a small
differentiation of the assessed objects in terms of the existing threat (Table 7). An underestimation of
the risk may result in unnecessary human losses such as an increase in the dynamics of
pneumoconiosis, while an overestimation of the risk may result in material losses for mining plants
due to too costly overestimation of the necessary preventive measures aimed at reducing the risk.
The method of the Silesian University of Technology, although laborious and complicated due to
the multitude of variable parameters, seems to be the most desirable in the assessment of health risk.
Its relative statistical error due to the use of actual variables is also the smallest due to the elimination
of the free assessment of facts by the members of the assessment team, which in turn affects the final
result of the occupational risk assessment and the possibility of indicating the effective preventive
measures.

© 2023 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 2, pp. 93-106 -

Table 4. Health risk assessment for workings of the GRP-2 department for mine X due to airborne
dust using the PN-N-18002 method

Workings of the department
Name oftthe Dip road 3 Road 4| Road 7 |Road 11 Inclined Loading
parameter (face) oadway & | Roadway 7 1Roadway L1 qrift 12 | ditch 850 m
Symbol A B C D E F
Average concentration of
1. |free crystalline silica SiO2 0.912 0.826 0.703 0.596 0.527 27.84
[mg/mq]
Average total dust
2. |concentration in the 38.32 40.79 4155 44.01 31.95 30.09
working, Cwe [mg/mq]
3. |[MAC fortotal dust 10 10.0 10.0 10.0 10.0 10.0
[mg/m3]
Average concentration of
respirable dust in the
4. lworking, Cwe [mg/m?] 11.95 11.03 9.70 9.13 6.75 4.89
5 MAC for respirable dust 20 20 20 20 20 20
[mg/m3]
Multiplicity indicator of
6. |exceeding the Kmac 5.6 52 4.6 4.3 3.2 2.3
normative
7. |Hazard probability high high high high high high
8 Severity of the harmful
" |consequences high high high high high high
9. |Health risk assessment high high high high high high
10 Admissibility of health
"|risk unacceptable
Table 5. Health risk assessment for workings of the GRP-2 department for mine X
due to airborne dust using the Risk Score method
Name of the _ Workings of the department _ _
parameter D'F()f;g:)d E Roadway 4 | Roadway 7 |Roadway 11 Idnr(;:c'tnfg dilt_cohagISr(;gm
Symbol A B C D E F
Average concentration of
1. |free crystalline silica SiO2 0.912 0.826 0.703 0.596 0.527 27.84
[mg/m?]
Average total dust
2. |concentration in the 38.32 40.79 41.55 44.01 31.95 30.09
working, Cwe [mg/m?]
3, |MAC for total dust 10.0 10.0 10.0 10.0 10.0 10.0
[mg/m°]
Average concentration of
4. |respirable dust in the 11.95 11.03 9.70 9.13 6.75 4.89
working, Cwe [mg/m?]
5 MAC for respirable dust 20 20 20 20 20 20
[mg/m3]
Multiplicity indicator of
6. |exceeding the Kmac 5.6 5.2 4.6 4.3 3.2 2.3
normative
7. |Hazard probability P 10 10 10 10 3 3
8. |Exposure to the hazard E 10 6 6 6 6 6
9 Potential effects of the 7 7 7 7 7 7
hazard - S
10.|Risk factor 700 420 420 420 126 126
11.|Category of risk Very high significant
12.|Risk zone Critical dangerous
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Table 6. Health risk assessment for workings of the GRP-2 department for mine X due to airborne dust

Name of the
parameter

Workings of the department

Dip road 3
(face)

Roadway 4

Roadway 7

Roadway 11

Inclined
drift 12

Loading
ditch 850 m

Symbol

A

B

C

D

E

F

Average concentration of
free crystalline silica SiO2
[mg/m®]

0.912

0.826

0.703

0.596

0.527

27.84

Average total dust

. |concentration in the

working, CW¢ [mg/m?]

38.32

40.79

41.55

44.01

31.95

30.09

MAC for total dust
[mg/m?]

10

10.0

10.0

10.0

10.0

10.0

Average concentration of
respirable dust in the
working Cwr [mg/m?]

11.95

11.03

9.70

9.13

6.75

4.89

TLV for respirable dust
[mg/m®]

2.0

2.0

2.0

2.0

2.0

2.0

Daily exposure for one
worker [hours]

7.5

7.5

7.5

7.5

7.5

7.5

Multiplicity indicator of

. |exceeding the Kmac

normative

5.6

52

4.6

4.3

3.2

2.3

Hazard risk indicator P

10

10

10

10

10

10

Average number of hours
worked in exposure by a
worker in a given
working per one year Lgw

1738

1738

1738

1680

1680

1680

10.

Number of working hours
in ayear Lgr

1950

1950

1950

1950

1950

1950

11.

Indicator of the risk of
absorption of a given
harmful factor by an
employee, Ec

5.0

4.6

41

3.7

2.8

2.0

12.

Hazard Exposure Risk
Index, E

10

10

10

10

10

10

13.

The average number of
employees exposed daily
to the harmful factor Lnw

15

12

12

12

14.

Total number of
employees of the
department, Laz

66

66

66

66

66

66

15.

Risk indicator of
exposure of a given
number of people
employed in the WL
excavation

0.23

0.18

0.14

0.09

0.18

0.18

16.

Risk indicator of the
number of people at risk,
WL

17.

Number of cases of
pneumoconiosis in the
last 5 years

18.

Average number of
diagnosed cases of
pneumoconiosis among
the department
employees in the last 5
years, Lch

19

Average number of
employees employed in

"|the department in the last

5 years Lzar

63

63

63

63

63

63
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Occupational morbidity

20. 0.00137 0.00137 0.00137 0.00137 0.00137 0.00137
rate of employees, W,
Loss risk indicator due to
21 the hazard, Ws 10 6 3 3 0.5 0.5
22.|Health risk index, Wrz 4000 1200 600 300 100 100
23.|Risk category Not acceptable | undesired significant acceptable acceptable acceptable
24. Risk zone critical Specially dangerous almost safe | almost safe | almost safe
dangerous

The tests enabled developing the final ranking of the workings of the GRP-2 department of the X
mine in terms of the risk category and the sequence of preventive actions according each method of
occupational risk assessment (Table 7).

Table 7. Ranking of the workings of the GRP-2 department regarding the risk of harmful exposure to
coal dust

Method of Polish PN-N-18002 Standard

Acceptance of risk in the working
Unacceptable Acceptable Acceptable
Dip road 3 (face)
roadway 4
roadway 7
roadway 11
Inclined drift 12
Loading ditch 850m

Risk Score Method

Critical workings Specially dangerous Dangerous workings Almost safe workings
workings
Risk factor | Workings Risk Workings Risk Workings name | Risk factor Workings
name factor name factor name
700 dip road 3 126 mclmleg drift

420 roadway 4
420 roadway 7
420 roadway 11

126 loading ditch

Method of Silesian University of Technology (Poland)

Critical workings Specially dangerous Dangerous workings Almost safe workings
workings
Risk factor | Workings Risk Workings Risk Workings name | Risk factor Workings
name factor name factor name
4000 dip road 3 1200 roadway 4 600 roadway 7 300 roadway 11
inclined drift
300 12

100 loading ditch

3.3. Questionnaire inquiry among GRP-2 department employees

68 employees of the GRP-2 preparatory department of the X mine took part in the inquiry. The vast
majority of the respondents were still active employees of the mine - 92.1%.

In addition to answers to basic questions related to age, seniority, professional status,
the respondents were also asked to indicate the department of the mine in which they worked for
the longest time and to answer the following 25 more detailed questions:

a) exposure to industrial dust at work,
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b) the type of sources of industrial dust that accompanies them at work,

c) changes that have recently taken place in the method of assessing the dust hazard at
the workplace,

d) health effects that may appear in connection with long-term exposure to industrial dust,
e) preventive measures taken by the employer to reduce the dust hazard.

The answer to the above issues gave an image of an average employee of the GRP- 2 preparation
department who:

1) Isin an average age of around 43 years old and has been working in a mine for 17 years, with an
average of 16.5 in preparation departments.

2) Is aware of the health issues, which might be caused by long-term exposure to mine dust.

3) Is exposed to dust, whose main source is the process of excavating and hauling, for about
5 hours per day in their workplace.

4) Mining and rock dust influences their wellbeing and they feel its influence on the respiratory
system.

5) Is informed by their employer of the dusting level at the workplace and is equipped with
personal protective equipment (Graph No. 1).

6) Knows about collective dust protection methods, although associates them mostly with reducing
dust’s explosive properties, rather than its harmful effect.

7) Isn’t aware of any additional obligations the employer has in view of the change in regulations,
which count crystalline silica as a carcinogen.

8) Performs a chest X-ray once every few years, sometimes a spirometry test, during the periodic
examinations, but is unlikely to have heard of any other diagnostic lung tests.

9) Shows interest in their actual health condition only when retired or when experiencing severe
respiratory ailments (Graph No. 2).

Doesn’t pay much attention to the occupational risk assessment, because usually doesn’t
understand the meaning of it.

4. Conclusions

Despite the international efforts and actions taken in order to reduce the exposure of coal mine
workers to harmful dust from mining process, there are still tens of thousands of miners exposed to its
harmful effects. One of the results of this exposure is pneumoconiosis, an illness commonly occurring
amongst miners, which has been the subject of research and scientific publications for many
researchers over the years. Apart from personal protective equipment provided for workers exposed to
dust-forming processes, other technical solutions such as sprinklers or dust control systems installed
on mining machines and in mine workings of hard coal mines are used in order to reduce the risk.
Those installations are designed to reduce the amount of dust in the workplace.

The results of the questionnaires are presented below in the form of graphs 1 and 2.
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Graph No.1. Answers to the questionnaire questions: a) Is there a high level of dust in your
workplace?, b) How often during the day are you exposed to dusty air at work?, ¢) What is the main
source of dust at your workplace?, d) Does the dusty air at your workplace adversely affect your
wellbeing?, e) Are you sufficiently informed about the dust levels at your workplace (you know the
results of dust measurements)? f) Do you know how long-term exposure to coal dust and dust
containing crystalline silica can influence your health?
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in relation to the change in the maximum concentration limits for dust and chemicals?, b) Is the
crystalline silica contained in mine dust classed as a carcinogen?, ¢) How often do you perform
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respiratory health checks? d) What type of respiratory tests were performed on you? €) What type of
dust protection equipment is most commonly used at your workplace? f) How would you rate the
effectiveness of the dust control measures in place at your workplace?

As shown by environmental studies carried out by employees of the Department of Safety
Engineering at the Silesian University of Technology and medical examinations of miners of the GRP-
2 division of mine X, the individual and collective protection measures currently used in mining,
despite advances in knowledge and new technical solutions, are not able to completely eliminate the
risk of illness among workers. This problem is particularly apparent for dusts containing free
crystalline silica, which is why most European countries have reduced the limit values for respirable
silica to no more than 0.1 mg/m?. These changes were introduced in Poland as a result of the Directive
(EU) 2017/2398 of the European Parliament and of the Council of 12 December 2017, amending
Directive 2004/37/EC on the protection of workers from the risks related to exposure to carcinogens or
mutagens at work (OJ EU L 345, 27.12.2017) [29] and extending the record of the Regulation of the
Minister of Health on chemicals, their mixtures, agents or technological processes with a carcinogenic
or mutagenic effect in the working environment to include "work involving exposure to crystalline
silica - respirable fraction generated at work." The clause introduced imposes additional obligations on
employers and physicians providing preventive health care to employees working in conditions of
exposure to harmful dusts, involving not only an increase in environmental measurements of air dust,
but also an extension of preventive medical care.

A well-conducted occupational risk assessment is also an important element in combating existing
health risks in the production process. The research presented in this publication has shown that the
use of simplified expert occupational risk assessment methods that omit some of the important
measurable parameters of the working environment can adversely affect the valuation of existing risks
and be subject to significant statistical errors, resulting in underestimation or overestimation.
Therefore, occupational health physicians should be included in the health risk assessment teams, who
will be able to estimate the health effects and implement appropriate medical prevention, which
should, in the long term, reduce the incidence of pneumoconiosis and other occupational diseases not
only in the mining industry.
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Abstract:

The paper focuses on experimental monitoring of tightening and floating
of the belt at controlled loading of belt gear. In general, the belt gear is
e-mail: jozef.mascenik@tuke.sk referred to as friction gear in practice the primary function of which is to
transfer the performance as a consequence of frictional forces occurring
between a driven belt pulley, a driving belt pulley and a flexible element.
In experimental measurements, the flexible element is represented by
a V-belt. The main advantages of the belt gears are peripheral speed,
flexible engagement, silent running, vibration absorption and their price.
Standard operation of the belt gear requires correct belt tightening which
is achieved by movement of a pulley and a tension roll. At the same time,
the belt tightening can be achieved by changing the spacing of the shaft
axes used in experiments. In the case of belt gears use, specific principles
must be observed. The principles include tightening of the belt with
particular force which represents, in fact, primary condition of
transmission of motion and force. At rest, the tension of both belt parts
is identical. Complex analysis of belt gears was followed by
experimental measurements on the stands designed for testing and
monitoring of belt gears. For the purposes of monitoring of the belt
floating there was a system designed which used a high precision sensor
to measure distance between the belt and the sensor. At the same time,
a device designed to determine the belt tightening was used as well.
All measurements were analysed and collected data and facts were used
to determine dependencies possible to be applied when the monitored
parameters are evaluated. The results of experimental monitoring of
the selected parameters at controlled loading of the belt gear can be
useful in practice for designing, checking and maintenance operations.

* Correspondence:

tel. +421 51 772 6337

Keywords: monitoring, belt floating, strength, belt gear, tension, load

Publisher: KOMAG Institute of Mining Technology, Poland
© 2023 Author(s). This is an open access article licensed under the Creative
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-9632-1129
https://orcid.org/0000-0002-3403-8141
https://orcid.org/0000-0002-7021-5061
https://orcid.org/0000-0002-0242-2704

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 42 Issue 2, pp. 107-118 -

1. Introduction

Currently, the frequency of utilization of V-belts is higher compared to standard flat belts. The reason
rests in capability to transmit higher torque. Frequently, they have of trapezoidal section which creates
friction in a keyseat of the pulley on the side faces. The keyseat in the pulley must be correctly shaped
to prevent the belt from reaching the bottom of the keyseat. Contrary to standard conditions, by means
of the V-belts it is possible to transmit relatively high performances with considerably shorter axis
distances and with higher gear ratios [1]. The gears with V-belts considerably damp strokes and
flexibility of the belts. An exceptional advantage is rather silent running, soft engagement and negligible
slippage. In practice, the customers are supplied with the open-ended V-belts in enclosed circle which
means that the belt length is determined either by technical conditions of the manufacturer of by
a respective standard. The gear containing more V-belts placed side-by-side require replacement of
the entire set of the belts. In the case of such belt types, there are not any modifiers to increase the friction
between the belt and pulley used.

The belt gears are commonly used in passenger vehicles as some types of vehicles are designed with
a friction gearbox. The gearbox in a passenger vehicle consists of two pulleys and of axially moving
bevel gear with the V-belt running in between. One of the pulleys is connected with an input shaft and
the other one is connected with an output shaft. Moving the cones closer and further results in change
of diameter, which the belt draws, along with gear ratio. During run-up, when the highest gear ratio or
tensile force is required, the lowest diameter is set in primary pulley [2]. The belt of such gear has fixed
length yet slight deformations are taken into consideration. With regards to the fact that the belt gears
are frequently used in different spheres and that the precision tolerance constantly increases, it is
inevitable to deal with the issue.

The belt gears are used in case of diverse industrial applications for their versatility, reliability and
low costs. However, floating of the belt may occur due to different reasons such as insufficient tension,
incorrect alignment, wear and tear and excessive loading. Floating of the belt may result in decreased
efficiency, increased energy consumption and premature failure of the belt gear system [3].

The designed monitoring system will include measurement and analysis of frequency of the belt
floating to detect and diagnose potential defects in the belt gear system. The system will use sensors to
measure vibrations of the system of the belt gear and the data will be processed and analysed in order to
identify frequency of the belt floating and other abnormalities. The results of analysis will be used to
determine the cause of the belt floating and to provide recommendations for rectifying measures.

The monitoring system was designed to allow simple installation and maintenance and to be
applicable in case of diverse types of the belt gears. The implementation of the designed system will
contribute to increase efficiency and reliability of the belt gear systems, to decrease maintenance costs
and to extend service life of the device [4].

2. Analysis and design of the belt gears

Analysis of the belt gears deals with examination of different aspects of function and performance.
Within the frame of the analysis the following factors are examined:

1. Torque capacity - it refers to the torque which can be transmitted by the gear with zero belt
damaging. The factor depends on width, material and tightening of the belt.

2. Efficiency — it refers to energy being transmitted from side to side. The efficiency of the belt gears
depends on many factors such as belt tightening, used belt type, belt width and gear speed.

3. Speed —gear speed depends on belt diameter, belt width and speed of shaft rotation. It is important
to remember that speed must be sufficient enough to reach required performance, yet it cannot be
too high to prevent belt damaging.

4. Noise level — belt gears can achieve high noise level, especially whenf using older models. Noise
level depends on type and material of the used belt.
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5. Service life — service life of the belt gears depends on many factors such as type, quality, use and
maintenance of the belt. Correct maintenance and regular check-ups can extend service life of
the belt gears [5].

Designing and checking of the belt gears is preceded by proposal of their dimensions. Significant
dimension is arithmetic diameter of the pulley referred to as “dp” for input pulley and “Dp” for output
pulley. Arithmetic length is referred to as “L,” which is applicable both for the flat belts and for
the V-belts. In fact, it is the length of the tightened belts in the plane of the neutral fibre. The length of
fibres remains the same at constant tension and deformation of cross-section by deflection.
The arithmetic length of the belt can be expressed as follows:

(Dp — dp)z

- T
Lp =2a+a(dp +Dp)+ 1a (1)

With “a” referring to axial distance of the pulleys. Consequently, it is possible to determine
approximate length based on the equation as follows:

a T wy
Lp =2a5+5(d”+D”)+M(D”_d") (2)

With a referring to angle of contact of smaller pulley and the value y can be calculated according to
the following equation:

oo\ _ (D —dy
y—<90 —7>—arcsm( 2 ) (3)

Consequently, standardized belt length can be determined according to the standard and approximate
axial distance of the individual pulleys can be expressed by means of the following equations:

axp+ypP—q (4)
Then p and g can be calculated as follows:
1 T
p:ZLp_g(dp+Dp) )
1 2
q =§(D,, _dp) (6)

Initial solution for calculation of the force was its calculation in tensile F; and relieved F, branch of
the belt gears (Fig. 1). In these calculations a perfectly flexible fibre was taken into consideration and at
the same time the angle of contact was defined along with coefficient of friction f. When taking into
consideration an elementary particle, an elementary normal dFy, tangential dF: tension, it is possible to
opt for relations for elementary tangential Fr and normal Fy force [6].
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l a_ h

Fig. 1. Force ratio in the belt gear
Euler’s formula is applicable for the forces F1 and F; in relieved and tensile branch of the belt gear:
F = Fz.ef"" (7)
with:
o — angle of contact of small pulley,
f — coefficient of friction stipulated by the standard,
e — Euler’s number - 2.718...

Checking the force ratios requires calculation of circumferential force of the small pulley according
to following equation:

5 o 2 Mh
°T T4, (8)

Then the torque can be defined according to the following equation:

Mk, = 2
L 9)

Consequently, based on resultant force balance of the selected belt the following relationship can be
detected:

F,=F-F (20)

The following relation is then applicable for force Fi:

ef
b=k (11)

Consequently, it is inevitable to calculate the belt tightening during installation. The respective
tightening is necessary to derive adherence force between the belt and the pulley. The following relation
is applicable:

bp=—— (12)
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Consequently, it is suitable to select actual prestress to increase prevention of slippage according to
the equation as follows:

Fs = (1,2+1,6).F, (13)

Resultant of the individual forces will be geometrical sum according to the equation as follows:

E, = JFIZ + F? + 2.F,.F,.cosy (14)

So angle y is possible to be calculated according to the equation as follows:
— 900 a
=" (15)

The aforementioned force causes transverse stress of the shaft.

3. Floating of the belt

Vibrations of the belt gear can cause diverse problems including increased noise, premature wearing
of the belt and of the pulley and decreased efficiency [7]. As regards the belt drives different types of
the floating can occur (Fig. 2) including the following phenomena:

1. Torsional floating occurs when the belt and pulleys are incorrectly adjusted which causes torsional
deflection of the belt. The slippage of the belt, excessive wearing and noise can be caused by
torsional vibrations.

2. Transverse floating to sides caused by excessive stress, incorrect adjustment or resonance is
referred to as transverse vibrations. Excessive wear of the belt, of the pulley and of the bearings
as well as increased noise level can be caused by transverse vibrations.

3. Axial floating occurs when the belt moves back and forth along its axis which is frequently caused
by insufficient tightening or incorrect adjustment. Axial floating can result in excessive wear and
noise of the belt and pulleys.

N\ "
L w

(a) : Vertical vibration (b) : Linear vibration
(= L) o Ko
2 T e—

(¢) : Twist vibration (d) : Lateral vibration

Fig. 2. Types of the belt floating

Floating of the belt drive can be caused by different causes such as incorrect tightening, incorrect
adjustment, worn out or ruptured belts, damaged pulleys or bearings and resonance. Correct tightening
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and adjustment are indispensable to minimize vibrations and preservation of optimal performance of
belt and pulleys.

Except for the aforementioned facts, a selection of high-quality belts and pulleys, regular lubrication
and maintenance, and also a prevention against resonance risk can forestall floating in the belt drive.
Regular check-ups and monitoring can contribute to an identification of possible problems with
vibrations before making them more complicated.

Floating in the belt drive can be caused by other factors apart from aforementioned types of
vibrations. Those can include the following cases:

— Belt resonance occurs when inherent frequency of the belt is identical with operating frequency of
the system which results in increased amplitudes of floating. Belt resonance can be decreased by
changing the belt tightening or by using different belt material.

— Bearing resonance occurs when inherent frequency of the bearing is identical with operating
frequency of the system which results in increased amplitudes of floating. Bearing resonance can be
decreased by using better bearings or by extending the system by absorption.

— Toughness of the belt: contrary to softer belts, the stiffer ones are more prone to floating. Selection
of the belt with accurate toughness is crucial for the respective application.

— Eccentricity of the pulley: Eccentric or diverging pulley can cause the floating of the belt. It can be
eliminated by changing the adjustment of the pulley or by using a new one [8].

Generally, a reduction of floating in the belt drives is crucial for improving the performance and for
decreasing maintenance costs. Regular check-ups and maintenance can help detect possible problems
and prevent excessive wearing and damaging of the system.

4. Design of belt floating monitoring system

While designing the belt floating monitoring system with highly precise sensor of distance, it is
indispensable to deal with different issues influencing performance and reliability.

1. The first factor includes a determination of correct positioning of the distance sensor. The sensor
should be positioned to be able to detect floating of the belt in both motors and at the same time
it should be isolated from external influence such as vibration or impacts.

2. The second aspect is a selection of suitable distance sensor with broad range of measurement and
high precision.

3. The third aspect is to build an algorithm for processing input data collected by sensor and for
determining the belt floating. The algorithm should be able to process the input data in real time
and to pre-set data related to belt floating in easily applicable interface [9].

4. The system should be designed to provide easy assembling and dismantling.

5. Measurement and evaluation of the belt floating

Procedure of the belt floating measurement in the belt gear by means of highly precise distance sensor
includes the following stages:

1. Preparation of the measuring system (Fig. 3): prior to measurement it is necessary to prepare
the measuring spot. It is recommended to conduct the measurement in clean space, adequately
illuminated by light, with minimal disturbance. At the same time, it is important to ensure correct
installation and calibration of the sensor.
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Fig. 3. Measuring system designed for the belt gear testing

2. Removal of the gear cover: installation of the sensor on the belt must be preceded by a removal
of the gear cover. Safety measures must be observed when removing the cover.

3. Installation of the sensor SICK OD2000-0501T15 (Fig. 4): the sensor must be positioned on one
side of the gear by means of universal magnetic stand and must be parallel with the belt.
The distance must be minimal. Installing of the sensor will ensure precise measurement of
the floating of the belt in the belt gear. It is recommended to position the sensor in the proximity
of the centre line of the belt which should enable a more precise measurement.

Fig. 4. Sensor SICK OD2000-0501T15
4. Fixation and adjustment of the distance sensor: the sensor should be firmly fixed on its position
to minimize influence of vibrations or of other external factors on the measurement.

5. Tightening of the belt by a tightening pulley to the first value of 105 N. The required value is set
by the belt tension meter SKF PHL FM10/400/A (Fig. 5).
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6. Preparation of the table environment to record the measured values: rotations with the values are
500 rev/min, 1000 rev/min,1500 rev/min, 2000 rev/min, 2500 rev/min. Selected tightening is
approximately 100 N, 200 N, 300 N.

7. Measurements: by means of the distance sensor the values of the belt floating are obtained.
The results should be recorded in real time along with all relevant data [10].

Table 1. Measured values

“T:"““""‘ Te"':i“ 0% 25% 50% 75%
pm] Nl I9AX TMIN sTR [MAX [MIN [STR |MAX |MIN |STR [MAX |MIN |sTR
105, -05 -14 09| -05 -15 11 07 -19] 12| -06 22| 16
202 2 13 0.7 1.8 1.3 0.5 1.9 0.8 1.1 1.9 1.1 0.8
500 306] 24| 17 08| 23] 16| 07 24| 14 1 23] 15 09
105| -03| -15 1 02| -22 20 07| -19] 14| 08 22 14
202 2.1 1.2 0.9 1.9 1.2 0.7 2 1.2 0.8 2.2 0.8 13
1000 306 24| 15 09| 23] 15| o8 22| 17/ o6 22/ 15| o7
105| -03| -16 15 -05 -1.8 13 -0.6 -2| 14| -05 22| 17
202 2| 14 o6 21| 13| o8 21 12] o9 22 11| 11
1500 306 28| 12 16| 26 12| 14 24| 16 07| 22/ 17 os
105 1 -2.6 3.6 2.7 -1.7 4.4 1.8 -0.1 1,9 2.4 -0.7 3.1
202 2| 12 o8] 21 11 1 41| -09 5 3 0 3|
2000 306 25| 17 o8| 24| 17 o8 25| 16 11| 28 13| 1s
105 29 -0.7 3.6 1.3 0.3 1 1 0.3 0.7 0.8 0.2 0.6
202] 53| -2 73| 22| o8| 14 25| os 2| 23] o07] 15
2500 306] 24| 15 09| 23] 16| 08 22| 15 o8] 23 15| os

8. Repetition of the measurements: the measurements are repeated using different values of tension
such as 105, 202 and 306 N (Table 1), or using different values of rotations and motor loading.

9. Data processing.

6. Data analysis

Measurement 1 — Input rotations 500 rev/min

Measurement 1

T 1
E 14 1,1 112
= 12 : ;
FR R I— —
% 08 0,5 o
o 06
= 04
S 02
a
1 2 3 4
—8—105N 0,9 1,1 1,2 16
=202 N 0,7 0,5 1,1 08
306N 0,8 0,7 1 0,9
Load [%]
=@=105N =@=202N 306N

Fig. 6. Dependence of the belt floating on gear loading and the belt tightening at 500 rev/min

Fig. 6 shows that at 500 rev/min and with the belt tightening to 105 N and with increasing percentage
value of the motor loading (ranging from 0 to 75%), the value of the belt floating increases. Furthermore,
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it is obvious that in the case of the belt tightening to 202 N and 306 N and with increasing gear loading,
the belt floating decreases.

Measurement 2 — Input rotations 1000 rev/min

Measurement 2

M~
(%2}

2

[

[y

Belt floating [mm/s]
t

1 2 3 4
—8=—105N 1 2 1,4 1,4
)02 N 0,9 0,7 0,8 13
306 N 0,9 08 0,6 0,7
Load [%]

Fig. 7. Dependence of the belt floating on gear loading and the belt tightening at 1000 rev/min

Fig. 7 shows that floating vibrations decrease with increasing values of tightening and loading of
the motor. For instance, in the case of tightening to 105 N for percentage loading of 0%, the belt floating
is 1 mm/s. In the case of percentage loading of 75% the belt floating is 1.4 mm/s. In the case of tightening
to 306 N, the belt floating is 0.9 mm/s for percentage loading of 0%. In the case of percentage loading
of 75% the belt floating is 0.7 mm/s.

At the same time, it can be seen that the value of the belt floating for each tension differs in relation
to percentage representation of tightening [11]. For instance, when tightening is 202 N, the belt floating
value is of 0.7 m/s for percentage representation of 25%, yet the belt floating value of 1.3 mm/s is typical
for percentage representation of 75%.

Measurement 3 — Input rotations 1500 rev/min

Measurement 3

— 1,7
L 18 1:% 14
£ 1,6 15& —__;_/
g. 1,4 \ 1,1
_?_:D 1'% 0,8 -_tgi./‘
® 08 0,6 0,6
e ’ /
= 06
= 04
g 0,2
0
1 2 3 |
o105 N 1,5 1,3 1,4 1,7
=02 N 0,6 0,8 0,9 1,1
306 N 1,6 1,4 0,7 0,6
Load [%]
= ]0S N =@ 202 N 306 N

Fig. 8. Dependence of the belt floating on gear loading and the belt tightening at 1500 rev/min
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Fig. 8 shows that the amplitude of the belt floating increases when tightening reaches 105 N and
202 N and it also increases with increasing percentage loading of the motor.

For instance, in the case of tightening value of 105 N and percentage ratio of 0%, the amplitude of
the belt floating reaches 1.5 mm/s and in the case of percentage ratio of 75%, the tightening value is
1.7 mm/s. In the case of tightening of 202 N and percentage ratio of 0%, the amplitude of the belt floating
reaches 0.6 mm/s and in the case of percentage ratio of 75%, the belt floating amplitude reaches the value
of 1.1 mm/s.

However, in the case of tightening of 306 N, the values of the belt floating decrease with the
increasing percentage loading of the motor. For instance, in the case of tightening of 306 N and
percentage ratio of 0%, the belt floating amplitude reaches 1.6 mm/s and in the case of percentage ratio
of 75% the values reach 0.6 mm/s.

Following the aforementioned facts, it is clear that the more tightened the belt is, the lower
the floating value drops.

Measurement 4 — Input rotations 2000 rev/min

Measurement 4

4,4

Belt floating [mm/s]
O = N W R U

1 2 3 4
—=@=105 N 3,6 4,4 1,9 3,1
=702 N 0,8 1 5 3
306 N 0,8 0,8 1,1 1,5
Load [%]
e |05 N === ?(02 N 306 N

Fig. 9. Dependence of the belt floating on gear loading and the belt tightening at 2000 rev/min

Measurement 5 — Input rotations 2500 rev/min

Measurement 5

8 7,3
-E. 7
E 6
- 5 3,6
£ 4
" 2 2
o - 1,5
2 5 0,9 18 - R— Q.’ﬁ
E 1
0
1 2 3 4
=105 N 3,6 1 0,7 0,6
=02 N 7,3 14 2 1,5
306N 0,9 0,8 0,28 0,8
Load [%]
el [0S N ==pum? (02 N 306N

Fig. 10. Dependence of the belt floating on gear loading and the belt tightening at 2500 rev/min
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According to the aforementioned measurements (Fig. 9, 10), it is possible to evaluate the results of
the belt floating measurement when changing the rotations, the belt tightening and loading at the output
by adjusting the load torque.

7. Conclusion

The paper points out that the design of the monitoring system for the belt floating in the belt gear
represents an important prevention tool of potential defects and failures of the motor. The system uses
sensors for measuring vibrations and temperature of the belt and for their processing by means of
algorithms applied to detect the belt floating. The designed system was verified by means of
experimental devices and the results proved its efficiency in detection of the belt floating as well as
options of further use in present gears. In the future, the system could be improved by using automatic
control of the belt tightening based on obtained data and thus its reliability and efficiency might increase
as well.

The design of the monitoring system for the belt floating in the belt gear has high potential in the field
of machine and device operation as it allows the operators to prevent an occurrence of serious failures
and to increase efficiency of operation. As regards the fact that the belt floating in the belt gear represents
one of the main factors causing wear of the belt as well as of other gear elements, it is important to have
a reliable and precise system for monitoring this parameter.
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1. Introduction

The collaboration of the chain links with the drum, the joint interaction between the individual links
in the articualted joint area, and the impact of aggressive environmental factors, account for the
complexity of the wear processes of link chains. The most important factors that increase the degradation
of chains and entire scraper conveyor assemblies are the following [1-7]:

— the occurrence of stone and coal dust in the chain link collaboration zone (articualted joints) [7-8],
— corrosive effects of mine water coming from sprinkler units and flowing out of goafs [9-16],

— dynamic loads from, among others, conveyor drive start-ups, uneven loading, frequent overloading
and blocking [17].

The interaction between the aforementioned factors usually leads to the occurrence of synergy effect
[18]. In order to determine the effect of synergy, it is necessary to determine the impact of a single
degradation factor and the aggregate effect of their combined impact.

One of the above-mentioned factors that can act synergistically on the wear process of link chains
includes variable dynamic forces. The impact is complex and often stochastic in nature, resulting from
the uneven loading of the conveyor itself, the frictional nature of the movement of the conveyor belt and
scraper elements in the trough, as well as other factors that are difficult to identify. Therefore, in order
to represent the synergism of the aforementioned factors in the best way, an identification of the dynamic
forces occurring in the chain tendon during steady-state operation of the rescue conveyor was carried
out. For this purpose, a dedicated test stand was developed and built at the KOMAG Institute.

This article is part of a broader study related to the synergistic effects of environmental factors on
chain link wear depending on the exploitation factors juxtaposed. In the work presented here, the
determination of forces acting on the tendon system of a rescue scraper conveyor during its steady-state
operation, for the above-mentioned research work, was carried out using a dedicated test stand
(description in [19]).

2. Materials and Methods

2.1. Test stand

The test stand (Fig. 1-6) was built based on the rescue scraper conveyor possessed by the KOMAG
Institute, equipped with the 14x50 chain strand. The research scraper conveyor under testing was
composed of 10 trough sections and equipped with the main (active) drive and the return drive. The
conveyor propulsion wheel was powered by a hydraulic motor, supplied by a hydraulic power pack and
controlled from a separate station. The load-inducing element was a friction brake bolted to the scraper.
In addition, the chain nominal load was varied by the chain pre-tension, adjusted through the turnbuckle
installed in the chain strand.
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1 2 3 t

[

e

Fig. 1. Diagram of the test stand for dynamic forces in the rescue scraper
conveyor (1- return wheel, 2- force sensor, 3- scrapers, 4-drive wheel, 5- friction
brake, 6- turnbuckle, 7- chain, 8- hydraulic motor)

o

Fig. 2. Dynamic forces test stand — view from the return drive side
(1- reflector, 2- friction brake, 3- return wheel, 4- force sensor)

2.2. Testing method

Tests of dynamic forces, occurring in the link chain, were conducted on a straight section of the
conveyor. A U2A-2T force sensor manufactured by Hottinger Messtechnik Baldwin was used as the
force measuring element. The sensor parameters are shown in the following Table 1.
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Table 1. Technical parameters of the force sensor U2A-2T Hottinger Messtechnik Baldwin [20]

Parameter/physical quantity Unit Value
Nominal load kg 2000
Construction material - Stainless steel
Accuracy class - 0.2%
Sampling frequency (set) Hz 50
Type - can-type weight transducer
Number of strands - 6
Bridge constant mVv/V 2

Fig. 3. Stand for testing dynamic forces — view from the drive wheel side, markings:
1- hydraulic motor, 2- drive wheel

Fig. 4. Hydraulic control unit
Publisher: KOMAG Institute of Mining Technology, Poland .
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Fig. 6. Instrumentation for speed measurement and data processing, markings:
1- data processing and recording unit, 2- speed measurement sensors

The force sensor was mounted in the line of the link chain. In order to prevent it from being damaged,
it was installed on a slide developed and manufactured at KOMAG, the design of which allowed the
sensor to move smoothly along the conveyor without causing additional dynamic impacts when passing
at the joints of the troughs. In addition, the test stand was equipped with a travel speed measurement
system to allow testing at a constant conveyor speed. For this purpose, two optical sensors were used,
installed along the route, at known spacing, calculating the speed of travel based on the time difference
in the reading of the signal from the reflector mounted on the friction brake moving with the chain. The
tests were carried out at a constant conveyor speed of ~1.3 m/s. The base (constant) load was generated
by a friction brake installed on the route, and the load differentiation was carried out by the degree of
chain tension set by the turnbuckle (read from the data provided by the force sensor). The tests were
performed in 8 series - from an unstrained chain (initial load - 0 N) to the initial load of about 3237 N.
Above this value, the operation of the conveyor was non-stationary due to the stick-slip effect occurring
when the friction brake was moved. The parameters of the test series are shown in Table 2.
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Table 2. Parameters of the test series

Series
number

The pre-tension of the tested chain S

1

ON

490.5N

686.7 N

1275.3 N

1863.9 N

2746.8 N

2943 N

2
3
4
5
6
7
8

3237.3N

Each of the test series consisted of 10 principle runs and 10 return runs of the measuring element. By
principle run the movement of the chain with the sensor in the direction of the drive wheel, and the
return run - in the opposite direction are meant. A total of 160 runs were made, during which the value
of the tensile force was recorded, as well as the control value of the supply pressure to the hydraulic
motor of the drive unit. The series were started with a basic run in the drive direction, which were

characterized by the presence of higher forces than for the sensor return movement (Fig. 7).

3. Results and discussion

The obtained results of measurements of dynamic forces in the chain and supply pressure are shown
in Figures 8+15 for All the test series (1-8).

2500
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the hydraulic motor
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Fig. 7. Variation of the results of dynamic force measurements for basic and
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return movement.
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Pressure and dynamic force diagram - Series No. 1
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Fig. 8. Graphs of supply pressure (upper figure) and dynamic forces in the chain (lower figure)
obtained for pretension S=0 N (Series 1)

Based on Figures 8+15, it is possible to determine the basic parameters of the dynamic force in the
chain strand during the travel of the rescue conveyor depending on the chain pre-tension. In addition to
the differences in the values of the extreme dynamic forces depending on the initial load, significant
differences in the forces depending on the direction of movement are also noticeable. Each time, higher
force values are observed in the case of the movement direction corresponding to the tensioning of the
part of the chain located in the upper compartment of the conveyor trough (the basic direction of the
conducted tests). This phenomenon is directly related to the design of the conveyor itself and the
orientation of the drive and return wheels in relation to the travel direction.

Pressure and dynamic force diagram - Series No. 2
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Fig. 9. Graphs of supply pressure (top figure) and dynamic forces in the chain (bottom figure)
obtained for pretension S=490.5 N (Series 2)
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Pressure and dynamic force diagram - Series No.3
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Fig. 10. Graphs of supply pressure (top figure) and dynamic forces in the chain (bottom figure)
obtained for pretension S=686.7 N (Series 3)

14 Pressure and dynamic force diagram - Series No. 4
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Fig. 11. Graphs of supply pressure (top figure) and dynamic forces in the chain (bottom figure)
obtained for pretension S=1275.3 N (Series 4)
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iy Pressure and dynamic force diagram - Series No. 5
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Fig. 12. Graphs of supply pressure (top figure) and dynamic forces in the chain (bottom figure)
obtained for pretension S=1863.9 N (Series 5)
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Fig. 13. Graphs of supply pressure (top figure) and dynamic forces in the chain (bottom figure)
obtained for pretension S=2746.8 N (Series 6)
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Pressure and dynamic force diagram - Series No. 7
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Fig. 14. Graphs of supply pressure (top figure) and dynamic forces in the chain (bottom
figure) obtained for pretension S=2943 N (Series 7)

Pressure and dynamic force diagram - Series No. 8
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Fig. 15. Graphs of supply pressure (top figure) and dynamic forces in the chain (bottom
figure) obtained for pretension S=3237.3 N (Series 8)
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As it has already been mentioned before, the primary objective of the tests is an identification of
dynamic forces in the chain of a rescue scraper conveyor for the purpose of mapping dynamic forces on
a test stand for chain link wear synergism. The basic values characterizing the dynamic forces (Fig. 16)
are the maximum (Max_F) and minimum (Min_F) estimates of the dynamic forces.
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Fig. 16. An exemplary course of dynamic forces for one travel of the measuring head
at the basic direction

Based on them, the amplitude A of changes in dynamic forces can be determined according to the
relationship (1):

_ Max_ F — Min_F

5 )

It is obvious that the actual forces loading the scraper conveyor will be different from the forces
loading the test stand due to the inability of the test stand construction to carry big loads. As an adequate
parameter, representing the actual variation of instantaneous forces acting in the chain, the ratio of the
amplitude to the initial force A/S and the dynamic surplus defined by the following relation are
accepted (2):

Max_F
S

DS = (2

The obtained values of dynamic forces and coefficients characterizing them are summarized in Table
3. In addition to the amplitude of the force, the frequency of dynamic forcing will be important for the
proper presentation of the actual state, however, this issue will be the basis of further research work
conducted by the authors.

© 2023 Author(s). This is an open access article licensed under the Creative
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)

Publisher: KOMAG Institute of Mining Technology, Poland .



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 2, pp. 119-131 -

Table 3. Results of measurements of forces and dynamic parameters

Base motion

nif;'gzr S[N] Max F[N] | Min F[N] AN] A/S DS
1 0.00 1400 500 450 - -
2 490.5 1500 600 450 0.92 3.06
3 686.7 2000 800 600 0.87 2.91
4 1275.3 3400 1000 1200 0.94 2.67
5 1863.9 3500 1200 1150 0.62 1.88
6 2746.8 5000 1000 2000 0.73 1.82
7 2943.00 5000 1000 2000 0.68 1.70
8 32373 4500 1500 1500 0.46 1.39

Return motion

ni?;'g:r SIN] Max_F[N] | Min_F[N] AN] AIS DS
1 0.00 300 0 150 - -
2 490.5 600 50 275 0.56 1.22
3 686.7 1100 300 400 0.58 1.60
4 12753 2400 500 950 0.74 1.88
5 1863.9 2600 400 1100 0.59 1.39
6 2746.8 4000 400 1800 0.66 1.46
7 2943.00 3600 400 1600 0.54 1.22
8 32373 3400 600 1400 0.43 105

As the chain pretension increases, there is a noticeable increase in the minimum and maximum
estimates for both the basic and return movements. For the basic movement, the minimum estimate
ranges from ~500 to 1500, while for return movement it ranges from ~0 to 600. The maximum estimate
is ~1400 to 5000 for the basic movement and ~300 to 4000 for the return movement.

The above results thus show an increase in the amplitude with increasing chain pretension.
For the basic movement it varies from 450 to 2000 while for the return movement it varies from 150 to
1800. Thus, the ratio of amplitude to initial force in the A/S chain for the basic movement ranged from
0.46 to 0.94, while for the return movement it ranged from 0.43 to 0.74. Also the differences in the
dynamic surplus, varying from 3.06 to 1.39 for the basic movement and from 1.88 to 1.05 for the return
motion are noticeable.

4. Conclusions

The paper presents the test results of the dynamic forces acting in the chain during the steady
operation of the rescue scraper conveyor. Based on them, the following conclusions were drawn:
— The values of the dynamic forces in the chain of the rescue scraper conveyor depend on the direction
of the conveyor movement.

— The coefficients characterizing the dynamic forces, regardless of the direction of movement of the
strand, decrease as the pretension of the chain increases.

— The ratio of amplitude to initial force in the A/S chain for the basic movement ranged from 0.46 to
0.94, while for the return movement it ranged from 0.43 to 0.74.

Based on the determined values of the relative coefficients, characterizing the dynamic forces in the
chain of the rescue scraper conveyor, in particular the A/S parameter, a method of applying a variable
load in the contact area if chain links will be developed.
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1. Introduction

The use of suspended monorail diesel locomotives (PDM) as the only vehicle in the coal mining
industry significantly increases the advance of longwall mining at coal mines. However, in the specific
conditions of thin coal seams of the Western Donbass mines the traditional schemes of attaching
the monorail route to the arch suport lead to bending the arches and changes the profile of the SMR
route. Tests [1] showed that when transporting the heavy loads on a deformed monorail route, dynamic
loads occur, which initiate the roof fall [2]. Moreover, in the conditions of intensification of mining
operations, traditional auxiliary transport required the development and implementation of innovative
technical solutions improving the technical condition of the route [3]. The expediency of implementing
such solutions is especially relevant when preparing new mining pillars. This is due to the need of
transporting heavy loads such powered roof supports, shearers, etc. to the assembly chambers and to
the workplaces. In the foreign practice of coal seams development by high-performance mechanized
systems, similar problems are solved by introducing alternative types of auxiliary transport and methods
for determining their technical condition [4]. Suspended monorail with diesel locomatives is currently
one of the most effective types of transport in the coal mining industry. In the specific conditions of
WD mines, transport effectiveness is determined by improvements of technological solutions in the area
of transport-technological system PDM — route fastening — rock mass, hereinafter reffered to as
“PDM-KV-GM”

2. Materials and Methods

It has been experimentally confirmed that the parameters of interaction between the elements of
the technological system PDM-KV-GM are currently poorly investigated [5]. In this regard, the
problems regarding the operational control of the monorail route technical condition and
a determination of their maximum permissible dynamic loads in real conditions of the mine environment
require special observations and theoretical studies.

It is recommended to solve non-traditional technical tasks for the industry by modelling
the conditions of interaction of the elements of the PDM-KV-GM system using the methods of
mathematical analysis of technical systems and the licensed SolidWorks Simulation software.
The gained experience of transporting the heavy loads through extensive networks of workings allowed
to define the tasks related to the special mine studies of the parameters of the new generation SMR in
the specific conditions of WD mines, namely:

— features of monorail route profile changes under the impact of dynamic loads and deformations
— the amount of deflection and the technical condition of the monorail beams;

— the consequences of the negative impact of dynamic loads to the route sections and centers of beams
of a monorail route sections during the transportation of heavy loads.

According to the results of testing the technical condition of the route of the SMR monorail route, it
was established that the main deformations in its profile, deflections in the arch support and the roof fall
of the rock mass are concentrated in the zones of the supporting arches to which the monorail route
section is suspended (Fig. 1). In the zones of intermediate arches, rockfalls were not observed. Thus it
can be stated that during the transportation of heavy loads, the areas of frontal contact of the monorail
route sections are the zones of increased dynamic loads to the arch support and the rock mass. This is
caused primarily by the design features of monorail route sections, the ends of which are beveled to
compensate the longitudinal deformations during the transport operation. The negative factors also
include emergency braking of the railway, which initiate dynamic overloads to the monorail beams,
which are transmitted through suspensions to the suport arch and in the result to the roof rock.
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Fig. 1. Mechanical failure due to dynamic loads and local deformation
of the roof

Currently, the most available methods of analyzing the loads and the resulting deformations of the
route of suspended transport systems in the conditions of their installation in mine workings are the
methods of mathematical and computer modeling using SolidWorks Simulation and Multi Body
System (MBS) software [6].

3. Results

3.1. Problems of interaction among the components of the PDM-KV-GM system

According to the observations of the actual routes of suspended monorails, focusing on the
deformations of the route sections and support arches, and based on the SolidWorks Simulation
software, the interaction of the "PDM-KV-GM" transport system and its strength reserves for typical
operating conditions were determined. It was found that the support arches and the middle sections of
the route are the most susceptible to mechanical damage in a result of dynamic loads (Fig. 1).

The actual data on the conditions of cooperation of the components of the "PDM-KV-GM" transport
system and the results of modelling its technical condition using the SolidWorks Simulation software
allowed to determine the specificity of transportingt the large, heavy loads along the suspended monorail
route and to develop assumptions as to how to reduce the dynamic loads to route sections of the
suspended monorail and arches of the support to increase capacity of the transport and technological
system in specific conditions of mining the coal seam.

Tests of the operating parameters of the suspended rail routes [7, 8] showed that to reduce the
dynamic loads to the fasteners of the route sections, it is necessary to ensure redistribution of dynamic
loads to the adjacent beams of the monorail route during the passage of the rolling stock, so that only
the minimum permissible deflection of the route segments occurs as a result.

In this regard, the method of modelling deformations of the monorail route sections joints under the
impact of heavy loads provides:

- identification of zones of maximum deflection of route segments when transporting heavy loads;

- forecasting possible negative consequences and meyhods to prevent them.
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3.2. Input data for interaction among the components of the PDM-KV-GM system

According to recommendations [1], the tasks were realized in stages.

At the first stage, to determine the technical condition of the track of suspended monorail, a base of
input data is formed, which includes physical and mechanical properties of the steel I-beam in operation,
as well as data characterizing the mine environment has been created.

The most important factors include: deformation of the roof rocks, which lead to a forced spatial
displacement of the monorail route from the assumed position; physical and mechanical properties of
steel monorail sections; mass of heavy loads and their dimensions, which significantly affect the speed
of transportation espcailly at the route turns.

Design, construction and operational documentation of mines [9, 10], monitoring and diagnostics of
the technical condition of the monorail route, as well as the results of testing the deformation
characteristics of the rock mass in the real conditions of the mine environment are the main sources for
the collection of input data.

In accordance with the program and methodology of comprehensive tests, in order to obtain initial
information about the technical condition of the suspended monorail transport system and stresses of its
components, it was necessary to determine the most heavily loaded sections of the monorail track as
well as the real forces acting on them, to establish the compliance of the calculated indicators of the
safety margin of these sections with the normative ones.

According to recommendations [11], spatial changes in the track of suspended monorail roads are
considered taking into account the isotropic properties and physical and mechanical characteristics of
steel monorail beams, which are deformed in all directions equally. In this regard, the deformations of
their material in the process of spatial change of the route of mine suspension roads are analysed
identically, but taking into account the impact of the rock mass behavior.

To generate the initial data on the components of the PDM-KV-GM system operation in real
conditions of the mine environment and to analyse the monorail route, a linear-elastic model of the
I-beam material was adopted, and the parameters of the elastic properties of the material (G) were
described by standard parameters, such as Young's modulus and Poisson's ratio [12]:

E
Sy @
where:
E — Young's modulus,
v — Poisson's ratio.

The formed database enabled assessment of the loads, the impact of which leads to plastic
deformation and destruction of the integrity of the I-beam structure.

In fundamental studies [13, 14], the Huber-Mises-Genki hypothesis of deformation energy is used to
describe the deformation models of a monorail track. Practical calculations and the equivalent stresses
are determined by the following relationship:

1
0j =_'\/(01—02)2+(02—03)2+ (03— 04)2 2
V2
where:
01,02,03,04 — Main values of the stress tensor.

According to (2), the equivalent stresses arising in the linear parts of the I1-beam monorail joint lead
to the transition of the material to the plastic state and at (ai = o) reach the yield point, and at (¢i = o)
the strength limit and can lead to the destruction of the structure.

Thus, this model of plasticity can be successfully used as a criterion for determining the limit states
and failures of 1-beam sections of the SMR monorail joint under different conditions of their operation.
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For the mathematical modeling of the interaction conditions of the PDM-KV-GM system, a section
of the monorail route is represented as a beam of length L, fixed on both sides, and a weight (F) is
applied to it. The deformation energy of the PDM I-beam joint is determined by the following
relationship:

1 dey?
_ 3
6V—2EL(dX) 6x (3)

where:
E — modulus of elasticity;

The potential energy of a curved I-beam is determined by the following expression:

1 1
V:U——qu)zdx 4)
2 0
where:
U - potential energy of deformation;
F - compressive force.

Previous studies [5] established that as a result of the deformations of the rock mass, spatial changes
occur in the mine monorail route, which leads to an increase in dynamic loads in the butt joints of I-beam
beams and the deflection of the monorail route and, as a result decreasing the carrying capacity of the
transport and technological systems.

It should be noted that the interactions among the components of the PDM-KV-GM system is an
understudied problem of mining production and requires special tests to establish the maximum stresses
and deformations in the linear parts of the monorail route and its nodal connections. In this regard, the
further examination of the technical task, which is not traditional for the mining industry, was carried
out comprehensively, through testing the interactions among the components of the PDM-KV-GM
system and their simulation using the SolidWorks Simulation software.

The initial data for modeling the linear deformations of the PDM route under the impact of dynamic
loads arising during the transportation of heavy loads were obtained from the results of testing the
deformations of rock mass and the arch attachment as well as changes in the profile of the monorail
route (Fig. 2).

Measuring station

Fig. 2. Measuring station for recording the deformations of arch fastening
during transportation of heavy loads
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In the process of modeling, the deformed section of the I-beam was analysed in the SolidWorks
Simulation program using the finite element method (FEM) [15]. The tests consisted in determination
of maximum allowable deflections and stresses in the butt joints of the sections of the track using the
generated CAD models. A similar approach enabled a structural analysis of the behavior of the system
under dynamic loads and predict changes in the technical condition of the beams of the monorail route
in the complex conditions of the mine environment.

The simulated section of the monorail track consists of I-beams 3.0 m long. I-beams are made of
alloy steel without any special coating. The physical and mechanical properties of the I-beam material
included in the generated CAD models are shown in Table 1.

Table 1. Parameters of the alloy steel

Properties Amount Unit
Modulus of elasticity 2.1et+11 N/m?
Shear modulus 7.9¢+10 N/m?
Mass density 7800 kg/m?
Tensile strength limit 8-108 N/m?
Poisson's ratio 0.28
Yield point 590593984 N/m?
Coefficient of thermal expansion 1.1e-0,5
Thermal conductivity 14 W/(m-K)
Specific heat capacity 440 JIkg-K

To simulate the conditions of interaction of the components of PDM-KV-GM technical system in
the CAD environment, the straight line section of the route of the underground monorail, as in Fig. 3,
was assumed.

Fig. 3. Load diagram of a route segment using a traditional transport trolley

3.3. Modeling the technical condition of a monorail using SolidWorks Simulation software

A straight section of the monorail track consists of I-beams with a length of | = 3 m, which are
attached to the arches of the support with chain slings. The route segments are connected to each other
in such a way that the bending moments at the connections are equal to zero. Such a constructive solution
allows to treat each segment of the route as a beam, attached individually, end-to-end, to the arches of
the support.

The tests of the technical condition of the suspended monorails in the mine showed that the areas
most exposed to deformations are the butt joints of the route sections and the central sections of the route.
The tests results were used as the basis for theoretical analyses on the conditions of interaction of
the PDM-KV-GM technical system components during the transport of heavy loads. In order to
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calculate the loads and deformations in the characteristic nodes of the butt joints of the route sections,
they were divided into elementary meshes. The CAD model of dynamic loads in the articulated nodes
of the monorail beams is shown in Fig. 4.

Fig. 4. CAD tetrahedral finite element mesh at route segment junction
developed to analyze stresses and strains

Loads to the central parts of the sections was modelled for the traditional transport trolleys (Fig. 3)
and for a new lifting and transport system, the principle of operation of which is described below.

Using the SolidWorks Simulation software, the maximum deformations in the segments of
the monorail route (Fig. 5) and stresses (Fig. 6) during the transport of a heavy loads were determined.

URES (mm)
15,789
14,210

.18
- 11,08
)
7855
6316
L 4737
3158
157

0000

Fig. 5. Deflection of the monorail beam when transporting heavy loads in a traditional way
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Fig. 6. Stresses in the beam of the monorail track resulting from the transportation of heavy loads
in a traditional way
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Equivalent stresses at the centers of monorail joint beams (Von Mises stresses) are shown in Fig 6.
The Von Mises stresses obtained from the simulation results are calculated according to the following
formula:

VON = {0.5 [(SX — SY)? + (SX — SZ)? + (SY — SZ)2] + 3 - (TXY? + TXZ2 + TYZ®)}(/2)  (5)
where:

VON - Von Mises stress;
SX - the normal stress along X;
SY the normal stress along Y;;
SZ the normal stress along Z;
TXY - Y-displacement in the YZ plane;
TXZ - displacementalong Z in the YZ plane;
TYZ - displacement along Z in the XZ plane.

VON = {0.5- [(P1 — P2)? + (P1 — P3)? + (P2 — P3)2]}(*/2) (6)
where:
Pl - the first major stress (the largest);
P2 - the second main tension;
P3 - the third main tension.

Based on the obtained equivalent stresses, it was found that the centres of I1-beam chains, where the
stresses reach 413 MN/m? are the most susceptible to fracture.

Based on the analyses of the obtained stresses, it was found that the most susceptible to damage are
the middle fragments of the route section, in which the stresses reach 413 MN/m?2.

In order to reduce the loads during the transport of heavy loads, a technical solution was developed
and an application for a Ukrainian patent was submitted [16]. The idea behind this solution is to
distribute the load over a larger number of route sections, which reduces the deflection of each section
and increases operational reliability during the transport of heavy loads. The diagram of the lifting and
transport system for moving heavy loads (1) consisting of load-carrying trolleys (2), rolling trolleys (3)
and suspensions to the support arches is shown in Fig. 7.

Fig. 7. Diagram of the crane and transport system with the load on the suspended monorail track

The results of simulation of interaction of the components of the lifting and transport system with
the arch support enabled determining the zones of equivalent deformations and indicators of the safety
margin of the monorail sections joints. Fig. 8, 9 show the equivalent stresses and deflection of
a monorail beam during the transportation of heavy loads (M > 4000 kg) using a lifting and transport
system.
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Fig. 8. Equivalent stresses of the beam of the monorail route from transportation of heavy loads
when using the lifting and transport system
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Fig. 9. Deflection of the monorail beam during transportation of large-tonnage cargo using the
lifting and transport system

Based on the results of the simulation of the deflection of the monorail beams, it was found that the
redistribution of loads to the monorail route due to the introduction of a lifting and transport system will
allow safe transportation of heavy loads weighing up to 16 tons in the difficult conditions of the mine
environment. The results of testing the deflection of monorail beams and forecasting their technical
condition using the traditional transportation scheme and with the use of a lifting and transport system
are shown in Fig. 10.
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Fig. 10. Comparative curves of deflection of route sections during the transport of heavy loads by
the traditional and lifting-transport system with load distribution into 2 and 3 route sections

4. Conclusions

Based on the results of modeling the interaction of the system components, the strength reserves of
the suspended monorail route sections were determined for typical operating conditions. It has been
experimentally proven that the most susceptible to dynamic loads and mechanical damage are the butt
connections of the route sections and the middle parts of these sections of the suspended monorail route.

The analysis of the results of the simulation of interaction of system components shows that dynamic
loads appear during the transport of heavy loads, the negative impact of which on the beam route sections
and arch fastening is significantly reduced when using the developed lifting and transport system

The obtained parameters of cooperation of the system components and the results of the assessment
of the technical condition of the connections of the monorail route segments allowed to conclude that in
the real conditions of the mine environment, the designed profile of the suspended monorail track is
a complex transport and technological system, which, under the impact of dynamic loads, continuously
changes its initial state both in vertical and horizontal planes. Based on the results of mathematical and
computer modeling of the PDM-KV-GM transport system, it was found that dynamic loads can be
significantly reduced by distributing them over several segments of the suspended monorail route.

The recommended technical solutions allow to increase the potential reserves and the area of
effective use of suspended monorails in the real conditions of the mine environment and to predict
the permissible loads to the monorail route when moving the heavy loads.
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1. Introduction

An alternative approach to mining for obtaining Rare Earth Elements (REES) is through recycling
[1, 2]. Waste Electrical and Electronic Equipment (WEEE) that contains NdFeB magnets (composed of
Nd.Fe14B alloy) exhibits significant potential for reuse [3, 4]. These magnets consist of REES such as
Neodymium (Nd), Dysprosium (Dy), and Praseodymium (Pr) [5, 6, 7]. Efficiency studies conducted on
NdFeB magnets produced from recycled raw materials have demonstrated similar performance to
conventionally produced magnets [8, 9, 10]. Furthermore, a comparative Life Cycle Assessment (LCA)
analysis comparing the production of new and recycled NdFeB magnets revealed lower emissions and
energy requirements in the case of recycling [11].

The currently conducted process of disintegration of hard drives causes many difficulties related to
the characteristics of the material [12]. The presence of magnetic materials poses difficulties as
the existing equipment used for shredding is constructed with ferromagnetic components, making it
ineffective for shredding WEEE containing NdFeB magnets [13]. This is because the magnetic particles
adhere to the ferromagnetic elements of the machine, resulting in reduced shredding efficiency and
requiring manual interruption and cleaning of the machine.

In order to facilitate the initial shredding process in magnet-to-magnet recycling, a specialized device
known as a disintegrator has been developed. Disintegrators operate on the principle of counter-rotating
pairs of cutting shafts. The functioning of this equipment is as follows: materials placed on the shafts
are captured by blades attached to the cutting shafts. The material is then pressed against the adjacent
shaft surfaces and shredded. The resulting fragmented material is further transported by the blades and
subsequently discharged from the machine after passing over the shafts. The primary components of
the machine consist of the cutting shafts and the shaft casing. The cutting shafts are composed of inner
shafts on which cutting knives in the form of discs are mounted. The fundamental concept of the design
revolves around employing paramagnetic and robust materials, along with optimizing the design
parameters of the machine components, to ensure an efficient shredding process for WEEE containing
NdFeB magnets. The shredded product is then directed for further recycling. Recycling enables
the recovery not only of REEs but also of other metals, including precious metals, and other component
materials from WEEE. The closed-loop magnet-to-magnet recycling approach facilitates the reuse of
REEs. Assuming selective separation and reuse of other components in the processed equipment,
the amount of waste generated will be significantly reduced, aligning with the principles of a closed-
loop economy policy.

The objective of the research presented in this publication is to develop a prototype shredder with
the capability to effectively shred WEEE containing NdFeB magnets, thus enabling the recovery of
valuable metals, including REEs. To achieve this primary goal, the project has established the following
specific sub-objectives:

— Motor and gearbox selection: The appropriate motor and gearbox will be carefully chosen to ensure
optimal performance and efficient power transmission within the shredder system.

— Shaft bearings selection: The selection of suitable bearings for the shredder's shafts will be conducted
to ensure smooth operation and enhance the longevity of the equipment.

— Gears design: Thorough design work will be carried out to develop efficient gears that will enable
reliable operation of the shredder, facilitating the effective shredding of WEEE materials.

- Cutting blades design: The design phase will focus on developing cutting blades that enhance
the shredder's cutting efficiency, enabling the successful separation of valuable metals from the
WEEE material.

2. Materials and Methods

In sections 2.1 to 2.4, the most important stages of designing the aforementioned device were
presented, including motor and gearbox selection, shaft bearing selection, gear design, and the selection
of construction material and shape of cutting blades. These tasks involved conducting calculations to
determine the minimum torque of the device or to determine the geometric parameters of
the components. Subsequently, based on the conducted calculations, 3D models of the parts comprising
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the disintegrator were designed. The 3D modelling was carried out using Autodesk Inventor 2020
software, which includes functions related to 3D mechanical modelling, CAD design, and visualization
of the developed elements. In section 2.5, the designed device is presented.

This project was developed taking into account the specifications described in the patent application
titled "Disintegrator for shredding used electrical and electronic equipment” [14].

2.1. Motor and gearbox selection

The selection of the motor and gearbox for driving the device began with calculating the minimum
force required to crush the target material. The following dimensions for the cutting blades were
assumed: blade diameter - 129 mm, cutting blade thickness - 12 mm. It was also assumed that
the material to be shredded would be a 3.5" hard disk drive (HDD). The components of the HDD include
neodymium magnets, a positioner arm with a head, disks, and a PCB (Printed Circuit Board).
The components that may pose difficulty in the shredding process due to their high durability are
the casing, which has a thickness of up to 12 mm and is made of aluminium, as well as the two steel
plates inside. The thickness and width of the HDD were assumed to be 12 mm x 101 mm.

The calculations began with determining the surface area on which the destructive force will act.

A=S,-G (1)

where:

A - cutting area, mm?,

S: - width of the cutting blade, mm,

G - thickness of the material being shredded, mm [15].

In the shredding process using disintegrators, the primary force acting on the material is cutting.
The shear strength of the shredded materials, such as aluminium and steel, which exhibit the highest
strength among the other materials contained in the HDD, was obtained from Table 1.

Based on the above calculations, the destructive cutting force for a single cutting blade was
determined using the following formula:

Rt=_ => thRt.A (2)

where:
Rt - shear strength, N/mm?,
Ft - destructive force on the material, N [15].

The calculated force F; needs to be increased due to the fact that in the actual shredding process,
multiple cutting blades are involved, depending on the dimensions of the material being shredded.
In the case of material with the assumed width mentioned above, the number of cutting blades will be
as follows:

S
1= ) (3)

where:
I - number of blades involved in the shredding process, 1,
S» - width of the material being shredded, mm.

The total required destructive force on the material in the shredding process is the product of
the required force for a single cutting blade and the number of cutting blades involved:

Fe=F-1 (4)

where:
F - total required cutting force, N.

Publisher: KOMAG Institute of Mining Technology, Poland .

© 2023 Author(s). This is an open access article licensed under the Creative
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 2, pp. 143-157 -

The next parameter to be determined is the minimum torque of the device. It is a derived parameter
from the cutting force F. and the radius of the blade r, [16]:

M=Ft'T (5)
My =F 1 (6)
Mg =Fs -1y (7)

where:

Fa, Fs - destructive force of aluminium, steel, Nm,

M, M., M - destructive torque of aluminium, steel, Nm,
r,» — radius of the cutting shaft, mm.

The assumptions for the calculations are presented in Table 1 [17].

Table 1. Assumptions for the calculations

Value
No. | Parameter —
Aluminium Steel
1 S1[mm] 12
2 rn [mm] 64,5
3. G [mm] 9 2,5
4 Rt [N/mm?] 75 305

where:
rr- radius of the cutting blade, mm

The previously determined torque applies to the aluminium casing and a single steel plate. Since
the HDD disk contains two steel plates, the calculated torque for a single plate has been doubled.
Additionally, a safety margin of 25% has been introduced.

M, = (Mg +2-M,)-125% (8)

where:
M. - total required torque.

Knowing the required torque, the selection of the gearbox and motor was conducted. It was assumed
that the rotational speed of the shafts should be within the range of 11-16 RPM. Firstly, the torque on
the output shaft of the gearbox was converted into force.

Fy=—" ©)

where:
Fq - force generated by the gearbox,
I'wz - radius of the input shaft of the gearbox [18].

Next, using the previously calculated force and the assumed dimensions of the cutting elements,
the rotational torque of the cutting blade located on its circumference was determined.
My = Fy - Ty (120)

where:
Mu: - rotational torque on the cutting shaft.
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Table 2 presents the technical data of the considered transmissions, which will be used to determine
the generated torque on the cutting shafts of the device [19]. This value will be compared to
the previously determined required moment of torque. Based on the knowledge of the torque values on
the cutting shafts, a specific variant of the gearbox and electric motor will be selected from the table
below.

Table 2. Parameters of considered gearboxes

No. Ny [rpm] N, [rpm] I [1] Ps [kW] M, [Nm]
1. 20,5 68,43 11 4710
2. 18,7 74,95 7,5 3520
3. 15,1 92,53 7,5 4360
4. § 13,8 101,33 55 3500
5. 11,6 120,33 55 4170
6. 11,3 123,75 55 4280
7. 10,6 131,78 55 4560

2.2.  Selection of chamber bearings

The calculations related to the selection of bearings for the device started with determining
the rotational speed and torque at which the input shaft of the gearbox would operate. Subsequently,
the bearing load was calculated, which allowed estimating the bearing durability expressed in
revolutions. The calculations assumed that each bearing would be subjected to half of the total torque
generated by the gearbox, considering the use of two bearings on the cutting shaft. The remaining
assumptions are listed in Table 3.

Table 3. Assumptions for determining bearing durability

No. | Parameter Value
1. ns [rev.] 1460
2. 1[1] 92,53
3. P [kW] 7,5
4. rn [mm] 64,5
5. L [years] min, 5

The calculations were performed using the following equations [18]:

9550 - P
M=—- (11)
nW
where:
nw - rotational speed of the gearbox input shaft, RPM,
ns - rotational speed of the motor shaft, RPM,
| - gear ratio of the gearbox, dimensionless.
F = M 12
== (12)

where:
F - bearing load, kN,
r - radius of the cutting blade, m.
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L=(— (13)

where:

L - bearing life, million revolutions,

C - dynamic load capacity, kN,

P - power exponent, for ball and roller bearings p=3,

14
16660 C
nw 7F

where:

L - bearing life, hours,

nw — calculated revolutions of cutting shafts, rev.

In the following Table 4, the data of bearings for the durability calculations are presented [20].

Table 4. Bearing life of the considered spherical roller bearings

No. Bearing Shaft diameter @ [mm] C[N]

1. 22210-E1-XL 50 109 000
2. 22209-E1-XL 45 104 000
3. 22208-E1-XL 40 101 000
4. 22207-E1-XL 35 89 000
5. 22206-E1-XL 30 64 000
6. 22205-E1-XL 25 48 500

2.3.  Gear selection

Gear parameters are essential in determining the functionality and performance of gears in various
mechanical systems. Selecting appropriate gear parameters, in line with specific application
requirements, is crucial for ensuring reliable and efficient performance in mechanical systems.
The following assumptions were made for the gear selection calculations: pitch diameter (equal to the gear
centre distance) - 110 mm, module - 5 mm. The following equations [21] were used for the calculations:

p=m-m (15)

where:

p - pitch,

m - module, mm.

The pitch of the gear refers to the distance between corresponding points on adjacent gear teeth along
the pitch circle. It is commonly denoted by the symbol "p" and is a fundamental parameter used in gear

design. The pitch of the gear determines the size and characteristics of the gear and is essential for proper
gear engagement and transmission efficiency.

=2 (16)

where:
Z - number of teeth,
d - pitch diameter, mm.
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The number of teeth of the gear refers to the total count of teeth present on the gear's circumference.
It is a critical parameter in gear design and is typically denoted by the symbol "N." The number of teeth
directly affects the gear ratio, meshing capabilities, and overall performance of the gear in various
mechanical systems. Proper consideration of the number of teeth is essential for achieving desired speed
and torque ratios in gear assemblies.

hy=m @an
where:
ha - addendum height, mm.
hy =125-m (18)
where:
ht - dedendum height, mm.
h =hg + hg (19)

where:
h - tooth height, mm.

The addendum is the radial distance from the pitch circle to the top of the gear tooth. It is denoted by
the symbol h, and represents the height of the tooth above the pitch circle. The dedendum is the radial
distance from the pitch circle to the bottom of the gear tooth. It is denoted by the symbol hrand represents
the depth of the tooth below the pitch circle. Together, the addendum and dedendum define the overall
height of the gear tooth and are crucial for ensuring proper meshing and engagement between gears in
a gear system. These parameters play a significant role in determining the strength, durability, and
performance of the gear during operation.

j =1(0,015-+0,04) - m (20)

where:
j - backlash, the highest value in the range (0.04) was chosen due to the small number of teeth in the
gear.

s=0,5p—j (21)
where:
s - tooth width, mm,
j — backlash, mm.

e=05p+] (22)

where:
e - gear width, mm.

Backlash, tooth width, and gear width are essential gear design parameters. Backlash is the clearance
between meshing gears, tooth width affects load capacity, and gear width influences gear-tooth contact
area and overall performance.

d, =d+ 2h, (23)

where:
da - addendum circle diameter, mm.

where:
ds - dedendum circle diameter, mm.
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The addendum circle diameter and dedendum circle diameter are important gear parameters that
define the tooth profile. The addendum circle diameter represents the outermost extent of the gear tooth,
while the dedendum circle diameter defines the tooth depth. These parameters ensure proper gear
engagement and transmission efficiency.

¢ =hp —hg (25)

where:

¢ - clearance at the tooth tip.

The clearance at the tooth tip refers to the gap between gear tooth tips when not in contact. It is vital
for smooth gear engagement, noise reduction, and preventing tooth damage during operation.

2.4.  Designing cutting blades

The cutting shaft consists of a set of cutting blades mounted on the inner shaft. The design of
the cutting blades began with the selection of the construction material for the prototype disintegrator's
blades. This material should be non-magnetic and have higher strength properties than the products
intended for shredding in the disintegrator. The disintegrator will be used for shredding WEEE,
including used HDDs. By using non-magnetic construction materials with appropriate strength
properties and optimizing the technological parameters of the device, it will be possible to recover rare
earth elements from WEEE containing NdFeB magnets and manage the remaining materials generated
during recycling.

The construction material of the cutting blades should have higher strength than the materials used
in the components of the HDD. It should also be non-magnetic to prevent magnets from adhering to
the working elements. The most challenging components of the hard disk drive (HDD) to be shredded
are its casing and NdFeB magnets. The HDD casing is made of an aluminum-silicon alloy, commonly
referred to as silumin alloy. The magnets inside the HDD are made of an NdFeB alloy. The strength
properties of the components are presented in Table 5 [22, 23, 24].

Table 5. Strength properties of HDD casing and magnet
No. Component Tensile strength Rm [N/mm?] Hardness [HRB, HRC]
. Casing 240-280 45,15 HRB
2. NdFeB Magnet 82,7 51,8 HRC

Next, the shape optimization of the cutting blades was carried out using Autodesk Inventor software.
Based on this, a 3D model of the cutting blades, which constitute the main working element of
the disintegrator, was developed. The shape of the cutting blades should ensure effective liberation of
the iron alloy with neodymium, dysprosium, and other rare earth elements from the remaining materials
generated during the disintegration/shredding of WEEE. This shape should also provide sufficient
fragmentation of the remaining materials generated during recycling, enabling their further recovery
processes.

3. Results

In this chapter, the results of the conducted project work are presented, including the selection of
the motor and gearbox, the choice of bearings, the selection of gears, and the design of cutting blades.
The disintegrator's illustration, along with its construction description and technical data, is also provided.

3.1. Motor and gearbox selection

In this subsection, the determined parameters necessary for selecting a motor and gearbox that meet
the previously stated requirements have been presented. Firstly, the shearing area, destructive force,
total required cutting force, and destructive torque for the given material were calculated, and the results
are shown in Table 6.
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Table 6. Obtained results necessary for selecting the disintegrator drive

No. | Material | A[mm?] F¢[N] Fc[N] Ma, Ms [Nm]
Aluminium 108 8100 30375 1959
Steel 30 9150 34313 2213

Then, utilizing the data from the above table, the total required moment of torque amounted
M. = 7982 Nm was determined.

The next step involved determining the values of the rotational torque on the cutting shafts for
the given variant of the electric motor and gearbox, which are presented in Table 7.

Table 7. Results of torque calculations
No. Mt [Nm]
8680
6487
8035
6450
7685
7887
8403

N |ol MW INIF

3.2. Selection of chamber bearings

The calculated values of rotational speed, torque, and force on the gearbox input shaft, based on
the above formulas, are presented in Table 8.

Table 8. Results of calculations for rotational speed, torque, and force on the gearbox input shaft

No. Parameter Value
Nw [rpm] 15,78

M [Nm] 4539,36
F [N] 70378

Then, the hourly bearing life (L) was calculated, assuming a weekly working time of 38 hours. It was
assumed that the bearings should operate for at least 5 years. The results of the bearing life calculations
are presented in Table 9. Due to the challenging working conditions in the shredder, only spherical roller
bearings were considered.

Table 9. Bearing life of the considered spherical roller bearings

No. | Bearing [22] L [rev] Ln [hours] | L [years]
1. | 22210-E1-XL | 43325098 45763 25,1
2. | 22209-E1-XL | 37047795 39133 21,5
3. | 22208-E1-XL | 33603858 35495 19,5
4. | 22207-E1-XL | 22043705 23284 12,7
5. | 22206-E1-XL 7343749 7757 4.3
6. | 22205-E1-XL 2913782 3078 1,7
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3.3. Gear Selection

Table 10 presents the calculated parameters for the gear. Based on these parameters, a 3D model of
the gear was created (Fig. 1) and a 2D drawing was generated (Fig. 2). The 3D model and drawing were
created using Autodesk Inventor 2022 software.

Table 10. Calculated parameters of the gear

No. | Parameter | Value | Parameter | Value
1. p [mm] 15,71 s [mm] 7,65
2. z[1] 22 e [mm] 8,05
3. ha [mm] 5 da [mm] 120
4, ht [mm] 6,25 ds [mm] 97,5
5. h [mm] 11,25 ¢ [mm] 1,25
6. j [mm] 0,15-0,2

°S °

-
>
> n B >

Fig. 2. Side view of the gear

Fig. 1. 3D model of the gear

3.4. Designing cutting blades

The SLM (Selective Laser Melting) method has been chosen for the production of the working
components of the disintegrator, specifically the cutting blade edges. This method involves the additive
manufacturing of parts by selectively melting layers of metal powder. This technology allows for
the production of complex-shaped parts with high strength properties. There are various powders
available, including titanium-based, nickel-based, iron-based, and others. Among the available powders,
a material called PowderRange 718 has been selected, and its properties are further characterized below.
This material has a granulation size of 15-45 um, suitable for SLM technology. It is a nickel-based alloy
[25] with a composition of alloying elements presented in Table 11.

Table 11. Chemical composition of PowderRange 718 powder

Element Ratio [%0] No. Element Ratio [%0]

Nickel 50,00-55,00 | 10. Chromium 17,0-21,0

l\-:-I:rt])tla.L:Tm+ 475550 | 11. | Titanum 0,65-1,15
Cobalt 1,00 12. Magnesium 0,35
Silicon 0,35 13. Carbon 0,08
Nitrogen 0,03 14. Phosphorus 0,015

Publisher: KOMAG Institute of Mining Technology, Poland
© 2023 Author(s). This is an open access article licensed under the Creative

Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 2, pp. 143-157 -

No. Element Ratio [%0] No. Element Ratio [%0]
6. | Molybdenum | 2,80-3,30 15. Sulfur 0,015
7. Aluminum 0,20-0,80 16. Iron Balance
8. Copper 0,30 17. Oxygen 0,03
9, Boron 0,006

The PowderRange 718 powder allows for the manufacturing of non-magnetic components and
exhibits high strength properties (Table 12) [25], surpassing the strength parameters of the materials
used in other HDD components, except for the hardness of the NdFeB magnet. Neodymium magnets in
hard disks are characterized by their small thickness of approximately 1.5 mm and low strength.
Therefore, their disintegration using cutting blades made from PowderRange 718 powder will proceed
smoothly.

Table 12. Strength properties of components made from PowderRange 718
Yield Strength Re [N/mm?] | Tensile Strength Rm [N/mm?] | Hardness [HRC]
1086 1425 43

The shape of the cutting blades, sketched using Autodesk Inventor software, was designed to ensure
effective separation of NdFeB magnet particles from other HDD components such as the casing, disks,
positioning arm, head, and PCBs. For this purpose, a cutting blade shape (Fig. 3) was designed with
a blade edge (1) that, during operation (rotation), will cause the tip (2) to penetrate into the material
being disintegrated, followed by cutting a small piece of material trapped within the surface area formed
between the tip (2) and the base (3) of the blade. The remaining surfaces of the cutting blade (4) are
rounded, as shown in Fig. 3. By using a small-sized blade edge (1), a sufficient level of fragmentation
of the remaining materials will be achieved, enabling them to be directed to further recovery processes.

Fig. 3. Drawing of the cutting blade featuring the preferred cutting blade shape

Based on the developed sketch, a cutting blade was designed that corresponds to the intended shape.
It consists of an inner part and interchangeable blades that are secured with screws. In conventional
designs without detachable blades, any damage to the blade requires time-consuming replacement.
By using interchangeable blade tips, the device maintenance is significantly accelerated as it eliminates
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the need to dismantle the cutting shafts along with the rolling and securing elements. Taking into account
the previously established assumptions presented in Table 1 and the considerations provided in
the patent application P.442603, a 3D model of the cutting blade was developed (Fig. 4).

Fig. 4. 3D model of the cutting blade

3.5. Disintegrator prototype

The components presented above were used to construct the prototype of the disintegrator.
This device is also comprised of supporting components, components enabling the loading and
collection of the disintegrated material, including covers. The 3D models of the components were
created using Autodesk Inventor 2020 software and are presented in the side view (Fig. 5) and top view
(Fig. 6) of the disintegrator prototype. The components include the casing (1), cutting shaft no. 1 (2),
cutting shaft no. 2 (3), feeding structure (4), flap (5), support structure (6), base (7), gear cover (8),
drawer (9), comb assembly (10), clutch cover (11), gear wheel (12), gearbox (13), motor (14), and clutch
(15).

1346

1092

1422

Fig. 5. Side view of the disintegrator prototype. Fig. 6. Top view of the disintegrator prototype.

In the following Table 13, technical data of the designed disintegrator prototype for shredding used
equipment equipped with NdFeB magnets are presented [26]. The efficiency of the device at this stage
of work is unknown. Currently, detailed technical documentation is being developed.
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Table. 13. Technical data of the disintegrator prototype for shredding
used equipment equipped with NdFeB magnets

No. Parameter Value
1. diameter of cutting blades [mm] 129
2. width of cutting blade [mm] 12
3. | rotation speed of shafts with cutting blades [min] 15,8
4. gear ratio of gear transmission [1] 92,53
5. power of the motor [KW] 7,5
6. motor speed, [min] 1460
7. weight of the shredder [kg] 590,0
8. | maximum weight of the installed component [kg] 118,0

4. Discussion

Based on the above calculations and assumptions, a gearbox with a gear ratio of 92.53 was selected,
which ensures the appropriate rotational torque. According to the table, in the variant with the chosen
gear ratio, there is a motor with parameters of 7.5 kW, 1400 RPM. However, due to local component
availability, a motor with parameters of 7.5 kW, 1460 RPM was ultimately used.

The requirement of a minimum bearing life of 5 years has been achieved for the 22207-E1-XL
bearing. This bearing has a bore diameter of ¥35 mm. However, since the shaft that will be supported
by the bearing has a diameter of @50 mm, it was necessary to use the 22210-E1-XL bearing, which has
the appropriate bore size and also exceeds the specified durability requirement. These bearings allow
for angular deviation correction and are lubricated with solid grease, periodically replenished using
manual lubricators

The parameters of the gear wheel for power transmission were determined, with a pitch diameter of
@120 mm and 22 teeth. Additionally, a cutting blade, which is a component of the cutting shafts, was
developed. The width of the cutting edge was determined to be 12 mm, and its diameter was @129 mm.

Considering the strength parameters of the components intended for shredding (WEEE, using HDD
as an example), the material for the cutting blade and the manufacturing technology using PowderRange
718 powder for SLM were selected. Details made from this material exhibit higher strength properties
than the materials being shredded.

5. Conclusions

The article analyzed the value of metals contained in WEEE, using HDDs as an example. The value
of metals contained in 1 Mg of used HDDs was estimated and converted to 100 g of WEEE (HDD),
amounting to 3.26 PLN. In southern Poland, 1 million residents discard 13.6 Mg of hard drives per year,
resulting in a value of 440,000 PLN for the metals they contain. These estimates illustrate the quantities
of valuable elements (including REEs and noble metals) present in WEEE. The Magnet-to-Magnet
method allows for the recovery of REEs from WEEE and their reuse in new products - new NdFeB
magnets. The first step in processing WEEE using this method is the shredding process, which requires
a device with both strong and non-magnetic components.

The publication includes the key elements of the disintegrator prototype project, including
calculations and design work using Autodesk Inventor 2022 software. The work involved calculations
that resulted in the selection of a gear transmission with a ratio of 1=92.53 and an electric motor with
specifications of 7.5 kW power and 1460 min* speed. Baryllium roller bearings - 22210-E1-XL were
also selected to support the cutting shafts.

The proposed solution is dedicated not only to HDDs but also to the processing of other small WEEE
containing NdFeB magnets, such as small motors, power generators, headphones, speakers, mobile
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phones, etc. The disintegrator can also be used for the preliminary shredding of other components of
computer and telecommunications electronics, such as lithium-ion batteries and printed circuit boards.
The approach focused on the recovery and reuse of valuable substances from WEEE aligns with
the concept of a circular economy. Due to the low emissions of the proposed Magnet-to-Magnet method,
it complies with the principle of "do no significant harm" outlined in Article 11 of Regulation (EU)
2020/852 of the European Parliament and of the Council of 18 June 2020 on the establishment of
a framework to facilitate sustainable investment and amending Regulation (EU) 2019/2088. Therefore,
it can be considered conducive to sustainable development. Negotiations with manufacturers are
underway to produce the device prototype.

6. Patents

A project of the disintegrator - was developed based on patent application P.442603 “The method of
disintegrating wasted electrical and electronic equipment containing neodymium magnets in order to
obtain particles of appropriate sizes for the recovery of neodymium-iron alloy, dysprosium, or other rare
earth elements”.
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