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Abstract

Introduction. Mathematical modelling is effective in the analysis of industrial safety at metallurgical plants, in
particular for tracking problems of the man — machine system. To introduce the time factor, recurrence relations (in a
discrete model) and differential relations (in a continuous model) are used. However, it is also necessary to solve the
problem of linking the model parameters to the real conditions of the production environment and to the human factor.
The aim of this study is to create a method for determining the parameters of simulation mathematical models of the
dynamics of the operator’s psychophysiological indicators affecting the work.

Materials and Methods. The operator’s psychophysiological state (PPS) was assessed by performance, fatigue levels,
and error rate. The data were collected by the Digital Correction Task (DCT) test. Based on the obtained results, the
experimental values of the operator’s PPS indicators, which were reduced to the normalized scale [0, 1], were
calculated. These indicators for a particular respondent, the mathematical model and the developed algorithm were used
to determine the numerical values of the model parameters. In order to interpret the indicators of performance, fatigue
and error rate, we introduced scales with five gradations.

Results. The use of the authors’ modified version of the mathematical model showed a significant improvement in its
prognostic properties. Out of 10 participants the best result was shown by respondent no. 7, the worst result was shown
by respondent no. 8. During the first working hour (from 9.00 to 10.00) their performance increased almost equally,
from 0.5-0.55 to almost 0.6. Then the score of respondent no. 7 increased and remained well above the “good” level
until the end of the day. The score of respondent no. 8 dropped and was below average from 14.00 to 15.00. The
difference was largely determined by the operators’ chronotypes. Their chronophysiological characteristics also affected
fatigue and error rate. The model’s quality varied for different participants in the experiments. In one case it was
excellent (mean relative error <5%), in three cases it was good (<10%) and in four it was satisfactory (<15%).
Discussion and Conclusion. The proposed approach allows us to obtain the dynamic profiles of psychophysiological
characteristics for every individual, to assess their interrelationships and to perform a prediction on the basis of a
modified mathematical model. However, in order to extend the functionality of the models to the real working
conditions of the metallurgical plant operator, it is necessary to increase the sample size, reduce the discrete time step
and conduct studies for different working conditions, considering technological, climatic, environmental, psychological
and other factors.

Keywords: safety at metallurgical enterprises, man — machine system, psychophysiological state of the operator,
operator chronotype, operator performance
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MeToanka onpeesieHis MapaMeTPOB MaTeMAaTHYECKO# MO/IeJIH TMHAMUKH
Ncuxo(pu3n0J0rnYecKOro COCTOSIHUS ONepaTopa MeTAIIYPru4ecKoro 00opy10BaHusi

J.A. BumneBckuii ', JL.E. llonamnenckas =, H.A. JlenuncoBa, H.A. bonnapnb
Jonbacckuii rocyapCcTBEHHBIN TEXHHYECKUH YHUBEPCUTET, T. AirdeBcK, Poccuiickas denepanus
P4 natdeny@yandex.ru

AHHOTanUs

Beeoenue. MaremaTnueckoe MoOAETHpOBaHUE HPQPEKTHBHO TMPH aHAIHM3E IPOMBINUICHHOW O0€30macHOCTH Ha
METAJUTYPTHYECKHUX MPEANPHATHSIX, B YACTHOCTH JUIS OTCIIC)KUBAHUS IPOOJIEM CHCTEMBI «9EIOBEK — MalInHa». UToObI
BBECTH B paccMoTpeHHe (akTop BpEMEHH, 3aJeHCTBYIOT PEKyppEHTHBIE COOTHOLIEHHs (B JHUCKPETHOW MOJENH) U
muddepennnansabie (B HeNpepbIBHOW). OHAKO HEOOX0ANMO TaKXKe PELIMTH MPOOJIEMy MIPUBSI3KU ITAPaMETPOB MOJACIIN
K peaJbHBIM YCIIOBHSM IIPOM3BOJICTBEHHOW Cpesibl W K uenoBedeckoMmy (akropy. Llens maHHOTO MccienoBaHHS —
CO3JJaHMEe  MEeTOJa  ONpEJeNIiCHHs  MapamMeTpoB  MMUTALMOHHBIX  MaTeMaTHYeCKHX  MOAENeH  JAWHAMUKHU
NcUX0(U3UOIIOTHUECKHUX TTOKa3aTelel oneparopa, BIUSIOINX Ha ero padory.

Mamepuanvt u memoost. Ilcuxodusmonoruueckoe cocrosiaue (IIPC) omeparopa oreHHBaIM MO PabOTOCIIOCOOHOCTH,
yTomisieMocTd M ommbaeMoct. JlaHHble coOpamu no Tecty 1udpoBoii koppektypHoit npoObl (LIKIT). Ha ocHoBanmn
MOJTyYEeHHBIX Pe3yJIbTaToOB BBIUMCIMIN SKCIIEpUMEHTaIbHbIE 3HaueHus nokasareneit [IOC omeparopa, KOTOphIE IPUBETH K
HopmupoBanHOM mmkame [0,1]. DOTm mokasatenn Ui KOHKPETHOTO PECIIOHACHTA, MaTeMaTHYeCKyl0 MOIETb H
pa3paboTaHHBI aNTOPUTM 3aICHCTBOBAIM TPH ONpEACTICHUM YHCIOBBIX 3HA4YEHHH mapamerpoB Mozemu. [lmsa
MHTEpIIPETaliH MoKa3aTeNeld paboTOCIIOCOOHOCTH, YTOMIIIEMOCTH M OIIMOAEMOCTH BBEIH IIKAJIBI C TIATHIO TPAAUSIMHL
Pesynemamut  uccnedosanus. Vcnomb3oBanne MOIU(MHUIMPOBAHHOTO aBTOpaMH BapHaHTA MAaTeMaTHYECKOW MOIEN
TIOKa3aJI0 3HAUUTEIBHOE YIIydIICHHE €€ TIPOTHOCTUYECKUX CBOMCTB. M3 10 y4acTHHKOB HaMJIydIINi pe3yibTaT OKa3alics y
pecrionzienTa Ne 7, xyammii — y pecrionzieHta Ne 8. B teuenne 1-ro gaca padots! (¢ 9.00 o 10.00) nx paborocrnocodHOCTH
BBIPOCIIa IPUMEPHO OAMHAKOBO, ¢ 0,5-0,55 mourtu no 0,6. 3aTteM nokazarenb pecrioHeHTa No 7 akTHBHO YBEITUYHUBAICS U 10
KOHIIa pab0yvero JTHs OCTaBaJICs CYIIECTBEHHO BHIIIE YPOBHS «Xopomuii». [Tokasaresns pecrionienTa Ne 8 mayan u ¢ 14.00 no
15.00 oxazascst HUKe cpenHero. PazHuily Bo MHOTOM OIpeNesiIiM XpOHOTHIIB oneparopoB. X xpoHodu3nonornueckie
OCOOCHHOCTH CKa3aJINCh TaKKe Ha YyTOMISIEMOCTH M ommbaeMocTd. s pasHBIX yYacTHUKOB OKCIIEPUMEHTOB
BapbUPOBAJIOCH KAYeCTBO MOJIENH. B OHOM cilydae OHO OKa3anoch OTJIMYHBIM (CPEAHssi OTHOCUTENbHAs omnoka <5 %), B
Tpex ciy4asx — xopomuM (<10 %), B ueTbIpex — yAOBIETBOPUTEIBHBM (<15 %).

Oécyyncoenue u 3akniouenue. IlpennmaraeMplii TMOAXON IacT BO3MOXKHOCTD MONYYHTh TSI KaXIOTO WHIWBHIYyYMa
JMHAMHYECKHE MPOGHIN €r0 ICHXO(U3HOIOTHYECKIX XapaKTePUCTHK, OLCHUTh X B3aMMOCBSI3H U BBIITOJHHUTH IIPOTHO3 Ha
OCHOBE MOAM(UIMPOBAHHOW MareMaTudeckod momenu. OnHako Iy pacimpeHHs (PyHKIMOHAIBHBIX BO3MOXKHOCTEH
Mozeneld B pealbHBIX YCIOBHSAX pabOTHI OrepaTopa METANTyprHYecKOro 00OpYHOBaHHUSA TpeOyeTcs YBEIWYUTh O0OBEM
BBIOOPKHM, YMEHBIIHTH [IaT AUCKPETHOTO BPEMEHH M BHINOIHUTH MCCIEAOBAHMUS VIS PA3IMIHBIX YCIOBHIA PabOTHI ¢ yd4eTOM
TEXHOJIOTHYECKHX, KIIMMATHIECKUX, SKOJIOTHUECKHX, IICHXOJIOTMYECKUX U IPOUHX (haKTOPOB.

KiawueBbie ca0Ba: 0€30IaCHOCTL Ha MCTAJUTYPTUUCCKUX HNPCANPUATHUAX, CUCTEMAa «YCJIOBCK — MallluHa»,
HCHXO@)HSHOJ’IOFI/I"I@CKOC COCTOSIHUE OII€paTOpa, XpOHOTHUII OII€paTopa, pa6OTOCHOCO6HOCTB oreparopa

BaarogapHocTH. ABTOPHI BBIPAXXatoT MPU3HATEIBHOCTh COTpyAHNKaM J[0HOACCKOTO rocy1apCTBEHHOTO TEXHUYECKOTO
YHHUBEPCHUTETA 3a IMPOSBICHHBI HHTEpeC K 00CyXIaeMol Teme, J0OpPOCOBECTHOE MPOXOXKJICHHUE AHKETHPOBAHMS U
HMHTEPBBIONPOBAHHUS, OJarofapsT peJakIHOHHYIO KOJUISTHIO JKypHAJla U PELeH3eHTa 3a PO(ECCHOHANBHbIN aHaIN3
PEKOMEHAAINHN TSI KOPPEKTHPOBKU CTaThU.

dunancupoBanue. lccrnenoBaHusi BBIIOJNHEHBI 32 CYET CpPEACTB (enepanbHOro Omwmkera (KOA — TEMBbI:
FRRU-2023-0005 8 ETUICY HUOKPTP).


https://www.bps-journal.ru/
https://doi.org/10.23947/2541-9129-2024-8-1-7-19
mailto:natdeny@yandex.ru
https://orcid.org/0009-0000-3294-7483
https://orcid.org/0000-0001-8787-1375

Safety of Technogenic and Natural Systems. 2024;8(1):7-19. eISSN 2541-9129

Juast uutupoBanus. Buminesckuit JI.A., lonnunenckas JI.E., lenucoa H.A., bonaaps H.A. Meroauka onpezaenexus
MapaMeTPOB MaTEMATHICCKON MOAETH THHAMUAKH MCHXO(QH3HOIOTHISCKOTO COCTOSHIS OTIepaTopa METaJUTypriudecKoro
obopynoBanus. bezonacnocmv mexnozennvlx u npupoouvix cucmem. 2024;8(1):7-19. https://doi.org/10.23947/2541-
9129-2024-8-1-7-19

Introduction. According to the Federal Service for Environmental, Technological and Nuclear Supervision of the
Russian Federation, by the beginning of 2022, 1,280 hazardous production facilities were registered at metallurgical and
coke-chemical plants, 19 of which belonged to the first hazard class, 325 belonged to the second class, and
922 belonged to the third class!. According to the "Industrial Pages" journal?, in 2022, fires and explosions were the
most frequent incidents at Russian metallurgical enterprises. These incidents were caused by technical reasons and by
violations of industrial safety rules. For example, in January 2022, three employees of the Novolipetsk Metallurgical
Plant conducted a routine check of the interdepartment gas main without mandatory gas protection equipment. The
workers died as a result of poisoning by toxic fumes and gas.

In [1], technical, sanitary-hygienic, organizational and psychophysiological groups of accident and injury factors at
metallurgical and coke-chemical plants are identified. The latter two groups are closely related to the person involved in
the production process. From an industrial safety perspective, operators of high-technology units at metallurgical plants
are assigned special responsibility. In engineering psychology, they are commonly referred to as "human operators". In
the context of this work, the term "operator" will be used to refer to these individuals. On occasion, they prevent the
potential for a danger turning into an incident or accident at work.

GOST 12.0.003-2015° identifies dangerous and hazardous production factors of psychophysiological effects on
humans in an independent block. The operator experiences neuropsychiatric overloads associated with the intensity of
the work process’. These include:

— mental overstrain;

— overstrain of analyzers;

— monotony of work;

— lack of confidence in actions due to the lack of education and experience.

Emotional overloads lead to overwork, poor health, stress, etc. [1].

The reliability of a person as an element of a complex technical system depends on internal and external conditions
that change over time. Another variable is the person themselves. Work is performed by people with different personal
qualities, health, experience, etc.

In [2], data on accidents (AC) in the forging and pressing production (FPP) for 1985, 1987 and 1989 were analyzed.
Some patterns in the distribution of hours from start of work to incident were noted. These trends can be attributed to
the human element, more specifically, the daily work schedule (Fig. 1).
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Fig. 1. Distribution of AC in forging and pressing production according to the number of hours since start of work to AC [2]

! Annual report on the activities of the Federal Service for Environmental, Technological and Nuclear Supervision in 2021. Moscow: 2022. P. 407.
URL:https://www.gosnadzor.ru/public/annual_reports/I'01080i1%20014e1%2032%202021%20r.pdf (accessed: 22.11.2023). (In Russ.).

2 Opasnaya tendentsiya: avarii i ChS na metallurgicheskikh proizvodstvakh v 2022-2023 godakh. Promyshlennye stranitsy. URL:
https://indpages.ru/safe/avareeee-na-myetallurgeechyeskeeh-proeezvodstvah/?ysclid=Inshtjh0z2208396380 (accessed: 22.11.2023). (In Russ.).

3 GOST 12.0.03-2015. Occupational safety standards system. Dangerous and harmful working factors. Classification. Elektronnyi fond pravovykh i
normativno-tekhnicheskikh dokumentov. URL: https://docs.cntd.ru/document/1200136071 (accessed: 21.11.2023). (In Russ.).
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The graphs in Figure 1 show a fairly pronounced synchronicity of peaks, as well a minimal number of accidents
during the last hours of operation. This suggests that the operator's working time is a significant factor in the occurrence
of industrial accidents.

In [3], the need to take into account the operator’s chronotype when determining professionally important qualities
was established experimentally.

For metallurgical industry enterprises, mathematical modeling methods are effective in analyzing situations that:

— are related to industrial safety;

— may occur in a complex technical man — machine system;

— are formed and develop in various conditions of the internal and external environment.

Mathematical models describing the operator’s psychophysiological state have been developed in various
mathematical formulations. Tools for measuring primary indicators have also been used. V.G. Abashin has found out
how the use of biometric technologies is associated with the psychophysiological state of the operator of automatic
workplaces, its efficiency, a decrease in the number of defects and accidents of the technological process caused by
human error [4]. The operator's performance is modeled by keyboard handwriting. For this purpose, fuzzy sets are used
as the basis of adaptive models, both biometric and multibiometric [5].

The authors [6] use biometric features in a mathematical model (voice, keyboard handwriting and the manner in
which they work with a computer mouse). This allows them to judge the operator’s psychophysiological state: norm,
fatigue, intoxication, excitement, relaxation (falling asleep). The models are based on the Bayes strategy, as well as the
neural network approach, and allow you to assess the level of the operator's psychophysiological state and predict their
ability to perform their current tasks.

In [7], simulation mathematical models of the interrelation of factors of the operator’s psychophysiological state
were developed. The authors used recurrent relations in a discrete model and systems of differential equations in a
continuous model, which allowed them to introduce the time factor into consideration. In this case, the parameters of
the model were determined by:

— the results of testing a particular employee;

— their ability to a certain type of activity;

— the results of experimental studies on the workplace and the operator's functional actions.

This part of the simulation is less formalized than others and has the greatest impact on the possibility of using the
model to correct the real actions of the operator. The problem has not been solved at the moment. Thus, the issues of
determining the parameters of mathematical models that can correctly describe the interrelationships of various factors
of the operator’s psychophysiological state remain relevant. The aim of this article is to develop a methodology for
determining the parameters of such models. Scientific research in this area will help to determine indicators of the
condition of the metallurgical equipment operator, which affect their functional performance and can cause serious
errors with negative consequences.

Materials and Methods. To assess the operator’s psychophysiological state, the following indicators were selected:

— efficiency (the ability to purposefully perform work of a specific quantity and quality for a specified time);

— fatigue (decreased performance with impaired coordination of movements, decreased concentration and accuracy
of decisions [8]);

— error rate (estimated by the number of erroneous actions).

Fatigue can be determined by subjective and objective measures [9]. Subjective levels of fatigue were determined
using the fatigue assessment scale* (FAS) [10]. It was developed by a group of Dutch scientists led by H.J. Michielsen.
This scale consists of 10 questions related to the respondent's overall well-being on a daily basis.

Digital correction test (DCT)> was used as a source of objective parameters in this work. According to its results, the
experimental values of the indicators of the operator’s psychophysiological state were calculated. Numerical values for
model parameters were determined for a specific respondent by a combination of the named indicators and the model used.

The task of determining the parameters of a mathematical model that described the interrelationship between various
psychophysiological factors of an operator was divided into two stages.

The first stage was the experiment. Participants were tested and data was collected on the working conditions of the
operator and their personal qualities, which may affect the studied parameters of work activity.

The second stage was calculation. The database collected at the first stage was used. Taking into account the chosen
mathematical model, its parameters were estimated for each individual employee. With a sufficient amount of statistical

* Fatigue Assessment Scale (FAS). URL: https://wasog.org/dynamic/media/78/documents/Questionairres/fas_rus_anon.html (accessed: 21.11.2023).
(In Russ.).
® Tsifrovaya korrekturnaya proba.URL: https://metodorf.ru/tests/korrekt/korrektchis.php (accessed: 18.08.2023). (In Russ.).
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data in a wide range of variable parameters, averaged models were built that could be used to predict changes in the
operator’s psychophysiological performance in various conditions and taking into account the time factor.

In this study, a program presented by the online resource "Interactive Portal — book of self-development and
success techniques"® was used for electronic testing.

When performing the DCT, the participant looked through the numerical array generated by the program line by line
and then crossed out the numbers specified in the task. They were given three minutes to complete the test. The
program then generated the results described below.

1. The main primary indicators:

— test execution time ¢,

— total number of digits viewed up to the last selected digit ;

— total number of viewed up lines C;

— total number of digits to be crossed out #;

— total number of crossed-out digits M;

— number of correct answers S

— number of missed digits P;

— number of wrongly selected digits O.

2. Calculated indicators that characterize:

— speed (productivity) of attention 4;

— accuracy of work 7 (in three variants);

— mental productivity E;

— mental performance 4, ;

— concentration of attention K
— stability of concentration of attention K, ;

— volume of visual information V;

— speed of information processing Q.

To solve this problem, the indicators were selected, on the basis of which efficiency X, fatigue Y and error rate Z of
the operator were evaluated according to formulas (1-4).

1. Mental efficiency 4, (according to the digital correction test’, the unit of measurement is signs per second):

A4, =(N/t)x(M—-(O+P))/n). 1)
To bring the indicator to a normalized scale [0, 1] in dimensionless units, the authors proposed formula (2). The
result will be the i-th value of the efficiency indicator X (corresponds to discrete conditional time #):

x; = A, /max{4,}, (@)

where max{A4,} — maximum possible value of mental efficiency for this type of test, regardless of the employee
being tested.

Let us consider a standard DCT test with 1600 digits. We suppose the respondent completed the test correctly in
180 seconds. In this case, value max{4,} would be 8.889 characters per second. If the respondent completed the test in less
than 180 seconds, value X in the calculation using formula (2) would be greater than 1. Then value 1 was taken for X.

2. Fatigue Y was estimated by indicator K (concentration of attention):

Y=(1-K/100), 3)
where K = (M—0) n 100 — coefficient characterizing concentration of attention, %.

This indicator Y took dimensionless values in the range [0, 1].

3. Error rate Z was proposed to be estimated by the formula:

Z=(0+P)/(M+P). Q)

This indicator also took values in the range [0, 1].

In the future, we will characterize X, Y and Z as unified quantitative indicators of the operator’s psychophysiological
state associated with their main production activity. To interpret indicators X, Y and Z, a scale has been developed,
presented in Table 1.

¢ Interaktivnyi portal — kniga metodik samorazvitiya i dostizheniya uspekha. URL: https://metodorf.ru/ (accessed: 18.10.2023). (In Russ.).
7 Tsifrovaya korrekturnaya proba. URL: https:/metodorf.ru/tests/korrekt/korrektchis.php (accessed: 18.10.2023). (In Russ.).
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Table 1
Interpretation of the values of indicators in a qualitative form
Indicator Ranges of indicator values / qualitative characteristics

Efficiency X [0-0.20] [0.20-0.40] [0.40-0.60] [0.60-0.80] [0.80.—1.00]
low below average average good high

Fatigue ¥ [0-0.20] [0.20-0.40] [0.40-0.60] [0.60-0.80] [0.80'71.00]
low below average average above average high

Error rate Z . [Q—Q.Ol] [0.0.1—0.05] [0'.05.—0.10] [9.19—0.20] [0.20.—1.00]
insignificant noticeable significant significant high

Indicators X, Y and Z are dimensionless, unified with values in the range [0, 1].

At the second stage, there were two ways to select the parameters of a mathematical model.

1. Using the Excel Solution Search module, a system solution scenario was created for some initial parameters. It
was based on a system of recurrent equations of a mathematical model in a discrete form. Then, the Solution Search
output the optimal values of model parameters for the objective function, equal to the sum of the squares of the
deviations of the calculated values of indicators X, ¥ and Z from the experimental ones.

2. In the Anylogic program?, that allows you to automatically select the parameters of the considered mathematical
models in the discrete form of recurrent relations and in the form of a system of differential equations. It is advisable to
use Anylogic after analyzing the results of a preliminary assessment of the model parameters using the Excel Solution
Search module.

To test the proposed methodology, ten people were selected — students and employees of the Donbass State
Technical University. They worked as operators on training simulators with automatic and semi-automatic control. At
the beginning and at the end of the working day, the subjective level of fatigue was assessed on the FAS scale. At the
beginning of each hour, from 9.00 to 16.00, DCT tests were performed. The data were processed according to
formulas (1-4) for each respondent. The test results and their unification (X, ¥ and Z) were used at the second stage to
determine the parameters of the mathematical model.

In this paper, we applied a model in recurrent form [7], which was described by a system of equations:

Xi X
———(1-—")-bx;y; — hx;z;,

X =X +a
! ! dix; +¢ k

R )

.=V +a
Yivl = Vi 2 dzyi +02 kz

Z; Zi
———(I-—")+byy;z.

Z..1=Z +a
i+l i 3
dyz; +c; ky

The solution of system (5) is three conjugate time series of length m indicators X = {x; i=0, 1, 2, ..., m},
Y=1{,i=0,1,2,...,m}, Z={z,i=0, 1,2, ..., m}. Index i — variable that characterizes the discrete time in the system.
Parameters a;, b;, kj, h, d;, ¢; (j =1, 2, 3) are determined as a result of solving the optimization problem based on the
initial test data.

The mathematical model of the optimization problem is described by system of constraints (6) and objective
function (7).
8y(a;b .k hdc;)=(x —x ) <4,

— /P _ 2
Syi(aj’bj’kjlh’dj’cj)_(yi yl‘p) <4,
8.(a;.b;.k;hd;.c;)=(z —zF ) <4,
a;.b;.k; hd;.c; 20, (6)
xf 20,y 20,z 20,
xf <1,yP <120 <1,
i=1..,m,

j=123.

8 AnyLogic: imitatsionnoe modelirovanie dlya biznesa. URL: https://www.anylogic.ru/ (accessed: 12.11.2023). (In Russ.).
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V(a; bk hd e, )= ) 8,4 8,4 8, - min. ()
i=1 i=1 i=1

Here, index ¢ marks the actual values of indicators X, Y and Z found as a result of processing operator testing data,
p — calculated values of X, Y and Z determined from the solution of system (5) and depending on variables a;, b;, k;, h,
dj, ¢; (j = 1, 2, 3) sought in this optimization problem. For variable variables a;, b;, k;, h, d;, c; restrictions are set by the
maximum allowable value of A squared deviations (8., Oy, 0-;) calculated values of X, Y and Z from the actual values for
all m values of the considered time series. Objective function ¥(a,, b;, &, h, d;, ¢;) is equal to the sum of the squared
deviations (&xi, Oyi, Ozi).

The generalized reduced gradient (GRG) method was used to solve the optimization problem.

Results. The first stage was experimental. Test results of the participants in the experiment (respondents
no. 1-no. 10), converted to unified indicators X, ¥ and Z, are shown in box plots (Fig. 2—4). The center of the distribution
(median) is a dot, a rectangle indicates the boundaries of variation (quartiles 25%—-75%), "whiskers" — the lower and
upper limits of the indicator values (min — max). The diagrams were made using the "Statistica" software package.
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Fig. 2. Indicators of an operator’s efficiency
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The analysis of Figures 2—4 allowed us to identify respondents with the best and the worst estimates of their
performance (Table 2). The levels of indicators X, Y and Z, correlated with the gradations of Table 1, as well as quartiles
and intervals of variation of indicators, were taken into account.

Table 2

Ranking of respondents based on test results

. Lo Options (respondent's number)
Evaluation criteria
the worst the best
Efficiency X (the more, the better) 8,1,4,6 7,9,3
Fatigue Y (the more, the worse) 8,1,4,6 7,10
Error rate Z (the more, the worse) 4,8,1 9,10,7
Integrally (taking into account X, Y, Z) 8,4,1 7,10,9

The graphs in Figure 5 reflect the performance dynamics for respondents no. 7 (dotted line, best result) and no. 8
(solid line, worst result).
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-
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g ’ — ) — - 0= X7
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E 0.4 ~——
=
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Fig. 5. Dynamics of an operator’s efficiency

To explain a rather large difference in the data of respondents no. 7 and 8, we took into account their age, gender,
occupation, well-being, etc. The chronotype factor turned out to be the most significant. The classification, adopted
in 1970, implies three categories of people with distinctive behavioral characteristics and a genetic difference in
biorhythms. These are the so-called "larks", "owls" and "pigeons" [11]. Respondent no. 8 according to the chronotype was
"lark", no. 7 was "owl". As a result, the efficiency of no. 8 decreased by the day’s end, and for no. 7 it increased (Fig. 5).
The chronophysiological features of operators were also manifested in the dynamics of their fatigue and error rates.

The second stage was calculation. The parameters of model (5) calculated for each participant of the experiment were
obtained. To this end, we solved the optimization problem (6)—(7). Table 3 provides the ranges of parameter changes.

Table 3
Ranges of parameters of mathematical model (5) for a group of experiment participants

Indicator Parameter ranges Indicator Parameter ranges
a 0.0004-0.0300 bs 0.0001-10.1400
by 0-0.9700 k3 0.0020-0.0700
ki 0.5900-1.0000 ci 0.0010-0.2000
h 0-1.8100 (&) 0.0001-0.0010
a 0-0.0010 3 0.0100-0.3300
by 0.0070-0.2600 d ~0
k2 0,4200-1.0000 d» =0
as 0.0005-0.0600 ds 0.0400-0.9800

Technosphere safety
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Table 4 presents the results of evaluating the quality of mathematical models of the dynamics of changes in
indicators X, Y and Z, estimated by the standard error of the model and the average relative error for all respondents.

Table 4
Evaluation of the quality of mathematical models
Respondent's no. 1 2 3 4 5 6 7 8 9 10
Average relative error €, % 1427 | 4.54 | 2093 | 12.80 | 7.28 | 12.00 | 9.66 | 15.03 | 12.23 | 9.70
Standard error, units 0.182 | 0.107 | 0.253 | 0.267 | 0.158 | 0.247 | 0.271 | 0.256 | 0.192 | 0.166

For different respondents, the quality indicators of the model varied in a wide range. Excellent quality (e < 5%) was
obtained in one case, good (¢ <10%) — in three cases, satisfactory (¢ <15%) — in four cases. For two cases
(no. 3 and no. 8), it was not possible to satisfactorily solve the problem of optimal selection of parameters of the
mathematical model. This suggests that not all influencing factors were taken into account, or model (5) did not work in
some cases.

According to the results of the analysis of the algorithm for solving the problem, a number of simplifications will
improve the convergence of the results. For example, you can:

— reduce the number of system parameters (5) by three units, reducing the numerators and denominators of the
second terms of the right parts of the system by ¢, ¢», 3 respectively;

— remove the first, second and third restrictions from system (6), transferring them to the status of observed restrictions.

As a result, the algorithm of the GRG method will work better.

Figures 6 and 7 show comparative diagrams for evaluating the quality of the constructed mathematical models in
two versions:

— 1 — the original model (5);
— 2 — modified model.

As it can be seen from the diagrams, the solution to the problem of selecting the parameters of the mathematical model

of the dynamics of the operator's PPS indicators was significantly improved when using model 2 for all cases except no. 8.
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Fig. 6. Comparison of mathematical models based on the mean square error
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Discussion and Conclusion. The proposed approach makes it possible to obtain and predict dynamic profiles of
psychophysiological characteristics for each individual, and to create mathematical models of relationships. It is
advisable to increase the sample size, reduce the step of discrete time and perform research for various working
conditions, including technological, climatic, environmental, psychological and other factors that may affect an
employee’s efficiency. This should be done to expand the functionality of the models and their application in real-world
conditions of operation of the operator of metallurgical equipment.

The discovered effect of the human chronotype on the PPS requires more thorough research. In article [12] devoted
to the search for components of the circadian clock in humans, it was shown on large statistical samples that the
chronotype depended on many factors (gender, age, work schedule, etc.). All this must be diagnosed and taken into
account in mathematical models for evaluating the operators’ PPS.

It is also interesting to supplement the model with components of industrial safety culture [13], which can be
reduced to a quantitative form and used as correction factors.

In the future, it is planned to improve the model with additional variables. To do this, we will need to record
psychophysiological indicators and determine the operator’s location in real time.

The methodology presented in this paper can be used as a basis for solving the tasks described below.

— Compilation and analysis of the dynamic profile of an employee when applying for a job as an operator of a
machine, unit or device, where such PPS characteristics as efficiency, fatigue and error rate are important. This task is
solved for a specific person in certain production conditions, which allows you to choose the operator’s optimal mode
of work and rest, helps to preserve the health of a specialist and increase the level of industrial safety of the enterprise.

— Formation and maintenance of specialized databases of statistical data, including characteristics of workplaces and
employees, and their psychophysiological state. Based on the collected statistical material and real-time monitoring
systems of the operator's PPS, predictive models can be built to prevent abnormal and emergency situations at
metallurgical enterprises.
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Abstract

Introduction. When determining the number and technical equipment of fire departments, regulatory documents on fire
safety do not take into account natural, climatic and geographical features of the subjects of the Russian Federation in
an explicit form. At the same time, there is some information in scientific literature about the influence of certain
natural and climatic factors on the effectiveness of fire protection actions in extinguishing fires. The aim of this study
was to determine the influence of the system of natural, climatic and geographical characteristics of the subjects of the
Russian Federation on the rapid response indicators of territorial fire departments. The results obtained are
recommended for further use in rationing the number and technical equipment of fire departments.

Materials and Methods. A factor analysis of statistical data for 2020-2022 was carried out. The statistical data were
obtained from the Federal State Information System "Federal Database "Fires", from the website of the Federal State
Statistics Service of the Russian Federation and from other sources. For the analysis, the authors selected ten indicators
characterizing natural, climatic and geographical features of the subjects of the Russian Federation, two indicators of
the rapid response of territorial fire departments and four indicators of the fire situation.

Results. Five significant factors were identified, the change of which explained the change in the observed indicators.
The first factor characterized the relationship of climatic conditions with fire situation indicators. The second factor
connected the indicators of the rapid response of fire departments with the terrain features of the subjects of the Russian
Federation. The third factor described the relationship between fire situation indicators and rapid response indicators
with population density and forest cover of the territory. Other factors did not significantly contribute to the indicators
of fire situation and rapid response.

Discussion and Conclusion. By means of mathematical analysis and factor modeling, the authors investigated the
interdependence of natural, climatic and geographical features of the subjects of the Russian Federation, fire situation
indicators and indicators of rapid response of fire departments. The most significant factors influencing these indicators
were identified. They included the average air temperature, the area covered by forest, the presence of mountain ranges,
and population density. These indicators should be taken into account when determining the number and technical
equipment of fire departments to increase the efficiency of their functioning.

Keywords: fire protection, factor analysis, subject of the Russian Federation, death, injury, arrival time, climatic and
geographical indicators
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AHHOTaNUs

Beeoenue. HopMmaTHBHBIMH JOKYMEHTAMH TII0 TMOXKapHOW OE30MAacCHOCTH TIPH ONPENCICHWH YHCICHHOCTH U
TEXHHYECKOM OCHAIIEHHOCTH MOAPAa3/e/IeHHH MOXAPHOM OXpaHbl B SIBHOM BHJIE HE YYUTHIBAIOTCS NPHPOIHO-
KIUMaTHYecknue M reorpaduueckue ocoOeHHocTH cyOBekToB Poccuiickoit ®enepammu. [Ipm sTOM B HaydHOU
JIUTEpaType BCTPEYAIOTCSI CBEACHHS O BIMSAHUM OTICIBHBIX NMPHPOAHO-KINMATHIECKUX (PAKTOPOB Ha 3PPEKTUBHOCTH
JEHCTBUI MOXKapHOH OXpaHbl NpH TYLIEHWH MOXKapoB. Llenblo HACTOAMIETO UCCIENO0BaHMS SBUIOCH ONpEAEICHUE
BIIMSIHUSI CUCTEMBI TIPUPOJTHO-KJIMMATHYECKUX M TeorpapuyecKux XapakTepuCTHK cyOobekToB Poccuiickoit deneparyn
Ha I0Ka3aTeld ONEpaTUBHOTO PEarupoBaHUs TEPPUTOPHANIBHBIX MOJpa3[eseHHH moxapHOW oxpasbl. IlodydeHHbIe
pe3yJbTaThl PEKOMEHJOBAHbl JUISl JAlbHEHINEro HCIHOJb30BaHUS NPU HOPMHUPOBAHUU YMCICHHOCTU M TEXHUYECKOU
OCHAILEHHOCTHU NOJPA3ACIECHUN 10KAPHOI OXPaHBL.

Memoovl u mamepuanet. [IposesieH GhaKTOPHBIN aHAIN3 CTATUCTHYCCKUX NaHHBIX 32 2020-2022 rr. CTaTHUCTHYECKUE
JMaHHBIC TOJYYECHBI W3 (elepaabHON roCyIapCTBEHHOH HWH(POPMAIMOHHON cucteMbl «DenepainbHBI 0aHK JaHHBIX
«Iloxapsey, ¢ caiita @exepanbHON CIyXObI TOCYJapCTBEHHOW cTaTUCTHKH Poccuiickorr deneparmu u U3 APYrHX
nucrouHnkoB. st aHammsza otoOpansl 10 mokasareneil, XapakTepH3YIOIUX IPUPOAHO-KIUMATHUECKHE U
reorpaguueckne 0ocoOeHHOCTH CyOBekToB Poccuiickoir ®Penepannu, 2 mokaszaress OIEPATHBHOTO pearMpOBaHUS
TEPPUTOPHANBHBIX TOAPA3IEICHNH MOKapHOI 0XpaHbI U 4 ToKa3aTens 0OCTaHOBKH C ITOKapaMH.

Pesynemamut uccinedoeanusn. BrulieneHbl NATh 3HAUYUMBIX (PAKTOPOB, M3MEHEHHE KOTOPHIX OOBSCHSIET M3MEHEHHE
HaOmomaeMbIx rokaszarenieil. IlepBblil (akTop XapakTepusyeT CBA3b KIMMAaTHYECKUX YCIOBHH C IOKa3aTelsIMU
00CTaHOBKM C TOXapamu. BTopoil (akTop CBSA3BIBaCT IOKa3aTeNM OIEPATHBHOTO PEarnpoBaHUs IMOApa3eseHUuIH
MOXKapHOH OXpaHbl C OcoOeHHocTsIMH penbeda cyObekToB Poccumiickoit ®Deneparmu. Tperuii (akTop omnuchBaer
B3aUMOCBS3b IOKa3areliell 00CTaHOBKM C TMOXapaMH M TOKa3aTeled OINepaTMBHOTO PEarupoBaHUS C IUIOTHOCTBIO
HaCeJICHHsI U JIECUCTOCThIO TeppuTopuu. OcTanbHble PakTOphl B MOKa3aTeNIn 00OCTAHOBKH C MOXAPaMHU M ONEPATHBHOTO
pearupoBaHus CYHICCTBCHHOI'O BKJIa/la HE BHOCAT.

Oébcysycoenue u 3axntouenue. C TOMOIIBIO MaTeMaTHYEeCKOrO aHajlM3a U C HCIIOJIB30BaHHEM (HaKTOPHOTO
MOJICTUPOBAaHNS aBTOPAMH HCCIEJOBaHA B3aMMO3aBUCHMOCTh HPHUPOJHO-KIMMATHIECKUX M TeorpaduIecKkux
ocobeHHOCcTe cyOBekTOoB Poccmiickoit @emeparym, IOKa3aTelel OOCTaHOBKM C TIOKapaMH W IIOKa3aTelneit
OTIEpPAaTHBHOTO pPEarupoBaHMs IOAPA3AETICHUH MOXapHOH oxpaHbl. OmnpeneneHsl Hanbosiee 3HAYMMBIE (HaKTOPHI,
BIMSIONINE HA 9TH rokaszareny. Cpenu HUX CpeIHsis TeMIlepaTypa BO3AyXa, JIECHCTOCTb TepPUTOPHH, HATNYHE TOPHBIX
MacCHBOB, IIOTHOCTh HaceleHus. JlaHHbIE MNOKa3aTelaHW CIEeIyeT YYUTHIBATh IPH OIPEACTICHUM YHCICHHOCTH W
TEXHUYECKOH OCHAIEHHOCTH TIOJpPAa3JeiCHU IOXKapHOH oXpaHbl /s MOBBIMEHUS 3()PEKTHBHOCTH HUX
(YHKIIMOHUPOBAHUSI.

KiroueBble ciioBa: moxapHas oxpana, (hakTOpHBIN aHamu3, cyobekT Poccuiickoit denepanuu, rudeb, TpaBMaTU3M,
BpeMsI MPUOBITHUS, IPUPOTHO-KIIMMATHYECKHE U TeorpaduuecKue oKa3aTelu

BaarogapHocTH. ABTOPBI BBIPAXKAIOT OJIAr0JApPHOCTh PEAAKIIMUA U PEICH3CHTAM 3a BHUMATEILHOC OTHOIICHHE K
CTaThe M yKa3aHHbBIC 3aMEYaHHUs, YCTPAaHEHNE KOTOPBIX ITO3BOJIMIIO ITOBBICHTH €€ KadeCTBO.

Jass muruposanusi. Crpensio O.B., boopunes E.B., Vmasnosa E.IO, Kongamos A.A., Promuna C.1. Biusaue
MIPUPOTHO-KIMMATHIECKIX U TeorpapuuecKux ocobeHHOcTel cyOnhekToB Poccmiickoit Dexepannn Ha AEATEITHHOCTH
MOJIpa3ieieHnii TTOKapHOW OXpaHBL. bezonacnocms mexHozceHHvix U npupooHvix cucmem. 2024;8(1):20-29.
https://doi.org/10.23947/2541-9129-2024-8-1-20-29

Introduction. When determining the number and technical equipment of territorial fire departments, a survey of the
territory of the subject of the Russian Federation is carried out. This includes an analysis of the state of the existing fire
safety system of the subject of the Russian Federation, operational and tactical features of the territory under
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consideration, the frequency of fires, the risks of death and injury to people on them'. Among the factors influencing
the state of fire safety in the subjects of the Russian Federation, climatic and geographical characteristics are of great
importance. In this regard, in this work, using factor analysis, a study was conducted of the relationship between
natural, climatic and geographical characteristics of the subjects of the Russian Federation, indicators of rapid response
of territorial fire departments and fire situation indicators. Factor analysis is one of the most widely used methods aimed
at isolating a small number of latent factors from a variety of heterogencous indicators, the variation of which can
explain the change in most of the observed indicators [1-5]. This allowed us to build a mathematical model in which the
studied factors have a simple and visual structure [6]. Previously, the authors used factor analysis to study the rapid
response of fire departments [7], the social consequences of fires [8], the situation with fires in rural settlements [9], and
the readiness of fire departments [10].

Materials and Methods. The study included three stages. At the first stage, a matrix of initial indicators was
created. For this purpose, the values of 16 indicators were determined in each subject of the Russian Federation, divided
into three groups.

The first group included data characterizing the situation with fires (the designation of the indicator is indicated in
parentheses):

— the number of fires per 1 thousand people of the population, units (Y1);

— the average direct material damage from one fire, rubles (Y>);

— the number of deaths from fires per 100 thousand people, people (Y3);

— the number of people injured in fires per 100 thousand people, people (Y4).

— The second group reflected the indicators of rapid response of fire departments:

— the average time it took for the first fire department to arrive, min. (Z);

— the average time spent on extinguishing a fire, min. (Z,).

The third group consisted of indicators characterizing climatic, geographical and demographic characteristics of the
subjects of the Russian Federation:

— the population density, people/km? (X));

— the percentage of water surface area in the territory of the region, % (X2);

— the length of the sea coastline compared to the total length of the border of the subject, % (X3);

— the share of forested areas in the territory of the subject, % (X4);

— the average annual precipitation, mm per year (Xs);

— the average temperature in July, °C (Xs);

— the average temperature in January, °C (X5);

— the seismic hazard (presence of settlements with the specified seismic intensity for the degree of seismic
hazard), °C (Xs);

— the share of the territory occupied by mountains from the total area of the territory of the subject, % (Xo);

— the number of sunny days per year, (Xio).

Fire situation indicators and operational response indicators of fire departments were obtained from an electronic
database of fires, which was maintained using an automated analytical support and management system by the control
and supervisory authorities of the Ministry of Emergency Situations of Russia?.

Information on population density and forest area in the subjects of the Russian Federation was taken from the data
of the Federal State Statistics Service of the Russian Federation3. Climate characteristics of the subjects of the Russian
Federation were obtained on the reference and information portal "Weather and Climate"*. When determining the
seismic hazard in the subjects of the Russian Federation, the data from SP 14.13330.2014 were used®.

The selected statistical indicators were characterized by a wide range, which was due to different sizes of the
subjects of the Russian Federation (territory area and population), as well as differences in their natural, climatic and
geographical conditions. In this regard, in order to make statistical data more uniform, a number of indicators have been
normalized. This made it possible to transform many natural indicators into synthetic indicators. The normalization of

" Ob utverzhdenii metodik rascheta chislennosti i tekhnicheskoi osnashchennosti podrazdelenii pozharnoi okhrany. Order of the Ministry of
Emergency Situations of Russia from 15.10.2021 No. 700. URL: https://base.garant.ru/403136953/ (accessed: 18.12.2023) (In Russ.).

2 Ob utverzhdenii Reglamenta raboty v informatsionnoi sisteme "Avtomatizirovannaya analiticheskaya sistema podderzhki i upravleniya kontrol'no-
nadzornymi  organami MChS Rossii”. Order of the Ministry of Emergency Situations of Russia No.954 from 04.10.2022. URL:
https://fireman.club/normative-documents/prikaz-mchs-rossii-954-ot-04-10-2022-ob-utverzhdenii-reglamenta-raboty-v-informaczionnoj-sisteme/
(accessed: 11.12.2023) (In Russ.).

3 Regiony Rossii. Sotsial'no-ekonomicheskie pokazateli 2022. TFederal State Statistics Service of the Russian Federation. URL:
https://rosstat.gov.ru/folder/210/document/13204 (accessed: 08.12.2023) (In Russ.).

* Spravochno-informatsionnyi portal "Pogoda i klimat".URL: http://www.pogodaiklimat.ru/ (accessed: 08.12.2023) (In Russ.).

3 Seismic building design code. SP 14.13330.2018 from 25.11.2023. URL: hitps://docs.cntd.ru/document/550565571 (accessed: 08.12.2023) (In Russ.).
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indicators was carried out for the area of the territory of the subjects (population density, the proportion of forests and
water surface from the area of the territory of the subject) and for the population (number of fires, the number of deaths
and injuries in fires).

Further modeling was carried out using the obtained matrix of synthetic indicators. Significant factors were
identified using three of the most common methods: centroid, principal component, and maximum likelihood. All three
methods gave similar results, which were consistent within statistical errors. Subsequently, the principal component
method was used to perform factor analysis.

At the second stage, significant factors were obtained using the principal component method. To facilitate their
interpretation, the rotation of the obtained factors was performed using the following methods:

— varimax (this method, by reducing the number of variables for each factor, allowed for a better separation of factors);

— quartimax (this method, by reducing the number of factors related to each variable, made it possible to identify the
general factor and simplify interpretation);

— biquartimax;

— equimax.

Before performing the rotation, factor loads were normalized using the Kaiser method. This made it possible to
exclude the influence of variables with great similarity on the result. In subsequent studies, the varimax rotation method
was used, since the analysis of the results showed that factor loads did not significantly depend on the rotation method.

As a result of the factor analysis, five significant factors were obtained. The share of the total variance explained by
these factors was distributed as follows: the first factor — 22.1%, the second factor — 15.4%, the third
factor — 12.1%, the fourth factor — 9.7%, the fifth factor — 7.7%. These five significant factors explained 67.0% of
the total variance.

Table 1 shows the values of factor loads for each of the five factors (significant indicators are highlighted in bold).

Table 1
Matrix of factor loads
Variable Factor
(indicator) 1 2 3 4 5
Y 0.019 -0.179 0.681 0.212 -0.308
Y, 0.692 0.028 -0.241 0.027 0.123
Y; 0.692 0.164 0.484 -0.123 0.021
Y4 0.821 -0.095 0.229 0.046 -0.121
Z -0.362 0.587 0.417 0.091 0.306
Z> 0.009 0.218 0.509 -0.343 0.265
X -0.093 0.069 -0.587 -0.086 -0.063
Xz 0.018 0.234 0.056 0.070 -0.836
X3 0.000 -0.373 -0.155 -0.422 -0.532
X4 0.236 -0.305 0.536 -0.357 0.002
Xs -0.334 0.026 0.008 -0.758 0.016
Xe -0.636 0.032 -0.062 0.630 0.200
X5 -0.646 0.357 -0.343 -0.144 0.040
Xsg -0.073 -0.833 0.097 0.174 0.133
X9 0.058 -0.841 0.180 -0.019 0.051
X1o -0.437 -0.322 0.191 0.630 -0.081

At the third stage, a creative task was solved that went beyond the formal method. A meaningful interpretation of
the obtained factors using subject terms was carried out.

Results. It was found that the following variables made the greatest contribution to the first significant factor:

— the average direct material damage from one fire, rub. (Y>);

— the number of deaths from fires per 100 thousand people, people (Y3);

— the number of injured people per 100 thousand people, people (Y4);

— the average temperature in July, °C (X¢);

— the average temperature in January, °C (X7);

— the number of sunny days per year (Xio).

Among fire situation indicators, the indicator "the number of injured people in fires per 100 thousand people of the
population" made the greatest contribution to the first factor. This factor characterized the relationship of climatic
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conditions with indicators of the situation with fires. In those regions of the Russian Federation where the climatic
conditions were more severe (low temperatures, few sunny days), there were more severe consequences of fires (more
dead and injured people, higher property damage).

This relationship is demonstrated in Figures 1 and 2, which show the dependence of the number of victims (dead
and injured people) in fires per 100,000 people on the average temperature in January. It can be seen that with a
decrease in the average temperature, the number of victims of fires increased.
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Fig. 1. Dependence of the number of deaths in fires per 100,000 people on the average temperature in January in the subjects of the
Russian Federation. The straight line is the result of approximation by linear function y = -0.166x + 4.338
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Fig. 2. Dependence of the number of injured people in fires per 100 thousand people on the average January temperature in the
regions of the Russian Federation. The straight line is the result of approximation by linear function y = -0.248x + 3.565
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For the second significant factor, the following variables were the most essential:

— average time it takes for the first fire department to arrive, min. (Z1);

— seismic hazard (the presence of settlements with the specified seismic intensity for the degree of seismic
hazard C) (Xs);

— percentage of the territory occupied by mountains from the total area of the territory of the subject, % (Xo).

The second factor characterized the relationship of the indicators of rapid response of fire departments with the
geographical features of the subjects of the Russian Federation. There was an important dependence. The larger the
territory of the subject was occupied by mountains, the shorter the average time for which the first fire department
arrived at the place of the call was.

Figure 3 provides the distribution of factor loads for three groups of indicators in the plane of factors 1 and 2.
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factor 2
(@]

-1.0

factor 1

Fig. 3. Values of factor loads in the plane of factors 1 and 2. The indicators of the first group are indicated in green, the indicators of
the second group are indicated in red, and the indicators of the third group are indicated in blue

The following variables made the greatest contribution to the third significant factor:
— the number of fires per 1,000 people, units (Y1);

— the number of deaths in fires per 100,000 people, people (Y3);

— the average time it takes the first fire department to arrive, min. (Z);

— the average time spent on extinguishing a fire, min. (Z»);

— population density, people/km? (X1);

— share of forests from the area of the territory of the subject, % (X4).
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The third factor describes the relationship between fire situation indicators and rapid response indicators with
population density and forest cover of the territory. As previously conducted studies showed, with increasing density,
the average area of the service area of one fire department decreased, resulting in a decrease in the arrival time of the
first fire department. On the other hand, the lower the density, the larger the area of the territory where the same number
of people lived, respectively, more fires occurred in a larger area. It is also interesting to note that with increasing
population density, the number of fire victims per 100,000 people decreased.

The fire situation was also affected by the area of forests. With an increase in the share of the territory of the subject
of the Russian Federation occupied by forests, the number of fires per 1,000 people increased.

The dependence of the number of fires per 1,000 people on population density was obtained. As it can be seen in
Figure 4, the number of fires decreased with increasing population density. This dependence was described by an
exponential function.

Figure 5 shows the distribution of factor loads for three groups of indicators in the plane of factors 1 and 3.
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Fig. 4. Dependence of the number of fires per 1,000 people on population density. The curve is the result of approximation by
exponential function y = 3.412¢0.010%
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Fig. 5. Values of factor loads in the plane of factors 1 and 3. The indicators of the first group are marked in green, the indicators of
the second group are marked in red, and the indicators of the third group are marked in blue

For the fourth significant factor, the following variables are the most important:

— average annual precipitation, mm per year (Xs);

— average July temperature, °C (Xs);

— number of sunny days per year (Xo).

This factor is related to climatic characteristics of the subjects of the Russian Federation. The indicators of the first
and second groups did not make a significant contribution to this factor. It should be noted that the relationship between
the climatic characteristics of the subjects and the indicators of the fire situation was well traced from the analysis of
factor loads for the first factor (see above).

For the fifth significant factor, the following variables are decisive:

— the proportion of the water surface area of the territory of the subject, % (X>);

— the length of the sea coastline of the total length of the border of the subject, % (X3).

These hydrographic characteristics did not have a significant impact on the fire situation and on the operational
response indicators of fire departments in the constituent entities of the Russian Federation.

Discussion and Conclusion. For the first time, using factor analysis, a study of the influence of natural, climatic
and geographical features of the subjects of the Russian Federation on the level of fire safety was conducted. The
analysis showed that the following climatic, geographical and demographic indicators most significantly affect the
situation with fires and the activities of fire departments in the subjects of the Russian Federation: average temperature,
forest cover of the territory, the presence of mountain ranges, population density. Thus, when determining the number
and technical equipment of fire departments, it is necessary to take into account these features of the subjects of the
Russian Federation.
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Abstract

Introduction. Intra-laboratory comparison tests play an important role in ensuring the quality and reliability of research
outcomes in laboratories. These tests allow researchers to evaluate the accuracy and reproducibility of the methods they
use in their work, as well as to identify potential sources of error and inconsistency. The results of these tests are shared
with experts to confirm competence within the accreditation. Typically, comparison tests are carried out in laboratory
conditions in a familiar and calm environment for the testers. However, when laboratories conduct research as part of a
special assessment of working conditions (SAWC) they are required to conduct on-site comparisons at real-world
facilities, where customers may unwittingly disrupt the process and directly affecting the quality of the measurements.
The aim of this study is to evaluate the quality of on-site intra-laboratory comparison tests using the example of
determining the dust content in a bricklayer's work environment on a construction site, and to determine the minimum
number of measurements necessary and sufficient for this purpose.

Materials and Methods. To determine the dustiness of the bricklayer's workplace, a weighing method was used. This
involved collecting dust on filters and then weighing them to determine the concentration. The quality assessment of
intra-laboratory tests was conducted in accordance with GOST R ISO 5725-1-2002 "Accuracy (trueness and precision)
of measurement methods and results. Part 1. General principles and definitions".

Results. At the bricklayer's workplace, a 1.6-fold excess of the one-time maximum permissible dust concentration was
detected. The average dust concentration at the workplace under study was: Ky =9.57 + 0.81 mg/m?, the convergence
of the results obtained was r = 8.68%, the relative error 6 =8.50%. It was revealed that the maximum allowable
difference between the results of the two tests was 0.84 mg/m®. The difference in direct measurements of the mass of
the two samples should be no more than 0.1 mg.

Discussion and Conclusion. The results obtained demonstrated the possibility of conducting a minimum number of
measurements that, under reproducible conditions, are considered satisfactory and could be provided to experts for
confirming the competence of the laboratory. As part of a special assessment of working conditions, employees of the
object under study are recommended to use personal respiratory protection equipment that offers protection against
highly dispersed dust particles.

EDN: WBSVBI

Keywords: convergence, intra-laboratory control, dust content, construction site, workplace, special assessment of
working conditions (SAWC)
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AHHOTaNUs

Beedenue. BuayTpunabopaTopHbIe CIMYNTEIbHBIC UCIIBITAHUS SBIAIOTCS BaXHBIM M aKTyalIbHBIM MEPOIPHUATHEM IS
obecrieueHnsl KadecTBa M JOCTOBEPHOCTH DPE3yJIbTAaTOB HCCIENOBaHWH B Jlabopartopisx. OHM ITO3BOJIAIOT OLIEHHUTHh
TOYHOCTh ¥ BOCIIPOM3BOJMMOCTh NPHMEHIEMBIX B JJaOOPaTOPHN METOOB, a TAaKXKE BBIABUTH BO3MOXHBIE HCTOYHHKH
OmMOOK M HECOOTBETCTBMH B ee pabore. Pe3symbraTsl BHYTpWIAOOpaTOPHBIX CIMYHUTENBHBIX HCIIBITAaHUH
MIPEAOCTABISIIOTCS JKCIIEpTaM TIPH MOATBEPXJICHWM KOMIIETCHTHOCTH B paMKax akkpexuTaimuu. Kak mnpasuio,
CIIMYUTEJBHBIC HCIBITAHUS MPOBOJAT B JIAOOPATOPHBIX YCIIOBHSX B HPUBBIYHOW M CHOKOWHOW JUIsS HCIIBITaTENeH
obcraHoBke. OjHako JsabopaTopuy, IPOBOAALIME WCCIENOBAaHHMS B paMKax CIEHHUaNbHOW OLEHKH YCIIOBUH
tpyna (COYT), BBIHY)XIEHbl HPOBOJIUTH BBIC3JHBIE CIMYUTENbHBIC MCIBITAHMS Ha peajbHBIX O0BEKTaX, rae 3a
UCIIBITAaHUSIMHE HAOJIOJIAI0T 3aKa3uMKH, KOTOPHIE HEBOJILHO OTBIEKAIOT PAaOOTHHKOB J1a0OpaTOpHH, YTO HAMPSIMYIO
BIMSET Ha KadyecTBO u3MepeHuil. llenbio maHHOI pa®oThl SBISIETCS OIEHKAa KavyecTBa IPOBENCHUS BBIC3HBIX
BHYTPWJIA0OPATOPHBIX CIMYMUTENBHBIX HWCIBITAHMA Ha NpUMEpe OIpelelieHHs 3alblUIeHHOCTH pabodero Mecra
KaMCHIIMKAa Ha CTPOMTEIBHOM IUIOMAIKE M OMNPEICICHNE MHHHUMAIbHO HEOOXOAMMOIO M JOCTATOYHOIO IJISL 3TOTO
KOJIM4ECTBA U3MEPEHUI.

Mamepuanvt u memoowt. [Ins ONpenereHNs 3alblICHHOCTH pabodero mMecra KaMEHINMKa HCIOIb30BAJICS BECOBOM
METO/, KOTOpBIH 3aKiodaercss B cOope MbUIM HA (PUIIBTPHI C MOCHEAYIONIMM B3BCIIMBAHHUEM M OIPEACICHUEM
KoHIeHTpanuu. OIeHKa KadyecTBa NPOBEACHHS BHYTPHJIA0OpPATOPHBIX WCHBITAHUH NPOWU3BOIMIACH COTJIACHO
I'OCT P UCO 5725-1-2002 «TounocTs (IpaBUIBHOCTH M NPEUHM3UOHHOCTH) METOJOB M PE3YJIGTaTOB M3MEPEHH.
Yactb 1. OCHOBHBIE MOJNOKEHUS U OTIPECIICHUS.

Pesynomamut  uccnedosanus. Ha paboueM MecTe KaMEHIIMKA BBISBICHO IIPEBBINICHUE PAa30BOM IPEIETIbHO
JOMYCTUMON KOHLEHTpauuu mbut B 1,6 paza. CpelHsss KOHIEHTpauus NbUIM Ha HCCIeAyeMOM paboueM MecTe
cocrauna: Ky = 9,57 + 0,81 Mr/M>, cX0AMMOCTE TIOJTy9EHHBIX PE3YJIBTATOB, 7' = 8,68 %, OTHOCHTENbHAS MOTPEITHOCTh,
8 = 8,50 %. BbIABIEHO, YTO MAKCHMAILHO JOMYCTAMAs PA3HHIIA PE3YIIBTATOB JIBYX MCIIBITAHUN cocTaBiseT 0,84 mr/m>.
PasHuIa npsAmpeIx u3MepeHuit Macchl IByX 00pa3moB IoJbkHA OBITE He Oomnee 0,1 mr.

Oobcyyncoenue u 3akntouenue. IloiydeHHbIE pe3yJbTaThl MMOKa3ajdd BO3MOXKHOCTh MPOBENEHUS MHHHUMAJIbHOTO
KOJINYECTBAa M3MEPEHHH, YTO IO YCIOBHSM BOCIIPOM3BOJMMOCTH HCIIBITAHUS NPHU3HAIOTCSA YIOBJIETBOPUTEIBHBIMU U
MOTYT TIPEIOCTaBIATECS OKCIIEpTaM ISl IOATBEPKACHHS KOMIIETEHTHOCTH sabopatopun. B pamkxax COVT
pabOTHHKAaM HCCIEIyeMOro OOBEKTa PEKOMEH/YETCsl MCIOJIb30BAaTh CPENCTBA WHIWBHIYAIBHON 3allUTHl OPraHOB
JIBIXaHUS, IPEJOXPAHSIOIINE OT BBICOKOIUCIIEPCHOH ITBIIH.

KaioueBble ciioBa: cX0AMMOCTb, BHYTPHIIA00PATOPHBIIT KOHTPOJIb, 3aIIbUICHHOCTh, CTPOUTENbHAS IUIONIaAKa, padouee
MECTO, CrelanbHas omnenka ycnosuid Tpyaa (COYT)

BaarogapHocTH. ABTOPBI BBIPAXAIOT OJaroJapHOCTh PEAAKIIMA W PEICH3CHTAM 3a BHUMATEJILHOE OTHOIICHUE K
CTaTbe M yKa3aHHBIC 3aMEUYaHUsI, KOTOPBIEC TIO3BOJIMIIH MTOBBICHTE €€ KadeCTBO.

Jdas wurupoBanusi. Kopons E.A., [eraes E.H., [lymenko C.JI. Omnpenenenrie CXOIMMOCTH BHYTPIIIA0OPATOPHBIX
PE3yNIBTATOB M3MEPEHUH 3aNbUICHHOCTH CTPOUTENBHOH TUIOMIATKH. 5e30nacHochb: mexHOSeHHbIX U NPUPOOHBIX CUCTIEM.
2024;8(1):30—40. https://doi.org/10.23947/2541-9129-2024-8-1-30-40

Introduction. Measurements on dustiness of workplaces are carried out as part of a special assessment of working
conditions (SAWC) at the construction site in order to identify and assess harmful and hazardous production factors, as
well as to develop measures to eliminate or minimize them [1]. The results of a special assessment of working
conditions are the basis for the development and implementation of appropriate measures to improve working
conditions [2]. This may be a change in work processes, the use of new technologies, updating equipment or improving
sanitary conditions [3]. It is important to implement these measures taking into account the opinions of employees and
meeting their needs [4].
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Special assessment of working conditions on a construction site has its own characteristics related to the nature and
working conditions [5]. Such features include:

— outdoor work, which can lead to exposure to adverse weather conditions;

— use of construction machinery and equipment that can create noise, vibration, dust and other contaminants;

— work at height, which requires special training and certification of personnel;

— work with various materials and substances that may be dangerous to the health of employees;

— need to comply with occupational health and safety requirements, including the use of personal protective equipment.

The result of SAWC is that classes of working conditions for each profession are established as well as measures are
recommended to minimize the identified risks and consequences of the influence of harmful factors [6]. According
to SAWC, the management of the organization develops measures to improve working conditions and safety. The
amount of additional payments for workers employed in production with unfavorable or risky conditions is also
determined [7]. In instrumental study of workplaces, measurements and analysis of noise, degree of dustiness, natural
and artificial illumination, temperature, humidity, etc. are carried out [8].

Organizations with appropriate accreditation and experience have the right to conduct SAWC. These organizations
can be either specialized organizations or laboratories engaged in studying working conditions.

In accordance with Federal Law No. 426 dated December 28, 2013 "On special assessment of working conditions",
an organization engaged in SAWC must:

— have at least five full-time employees with a valid certificate for the right to conduct SAWC;

— be registered in the register of organizations conducting SAWC, which is maintained by the Ministry of Labor and
Social Protection of the Russian Federation;

— have a quality management system (QMS) conforming to GOST ISO/IEC 17025-2019 "General requirements for
the competence of testing and calibration laboratories" and GOST R 54934-2012/ OHSAS 18001:2007 "Occupational
health and safety management systems. Requirements";

— have an accredited testing laboratory that carries out research and measurements of hazardous and harmful factors.

Testing laboratory (TL) must have a valid accreditation certificate, an appropriate accreditation scope reflecting the
possibility of studying harmful and hazardous factors of production and working conditions, as well as certified testing
equipment (TE) and certified measuring instruments (MI) [9]. According to Decree of the Government of the Russian
Federation dated November 26, 2021 No. 2050 "On approval of the rules for accreditation in the national accreditation
system ..." accredited laboratories, as part of the confirmation of competence, must conduct comparative tests to
determine the convergence of measurement results. The convergence of measurement results during a special
assessment of working conditions is one of the key indicators that determine the quality of measurements.

Previous research in this area has mainly focused on interlaboratory comparative tests (ILC) and has not considered
intra-laboratory comparative tests. Thus, in the work of A.V. Kozlov, the results of ILC of geosynthetic material are
presented [10]. The author points out the expediency of rationing the requirements of precision tests. In the study of
M.M. Lekomtseva and E.V. Shendaleva the analysis of the results of ILC of petroleum products was carried out,
according to the results of which it was recommended to convert data into a linear dependence in order to obtain a
constant value of the standard deviation [11]. Yasin Durgut's work notes that interlaboratory comparative tests
conducted in accordance with GOST ISO/IEC 17025-2019 "General requirements for the competence of testing and
calibration laboratories" are performed more efficiently than comparative measurements in accordance with
GOST ISO/IEC 17043 "Conformity assessment. General requirements for proficiency testing" [12].

Meanwhile, according to GOST ISO/IEC 17025-2019 "General requirements for the competence of testing and
calibration laboratories", the results of intra-laboratory comparative tests are also very important, since they are used to
carry out corrective measures, improve quality of laboratory work and increase accuracy of the results [13]. Therefore,
the aim of this work is to assess the quality of on-site intra-laboratory comparison tests. Such an assessment is presented
by the example of determining the dustiness of a bricklayer's workplace on a construction site. Laboratories operating
within the SAWC framework are forced to conduct on-site intra-laboratory comparative tests, and their conditions differ
significantly from the laboratory ones. Laboratory staff is limited by the time of admission to the facility, so it is
important for them to perform research not only qualitatively, but also with a minimum number of tests. In this regard,
the task of the authors of the article was to determine the minimum necessary and sufficient number of such tests.

Materials and Methods. General sanitary and hygienic requirements for the air of the working area, as well as
methods for monitoring microclimate indicators and the content of harmful substances in the air, are regulated by
GOST 12.1.005-88 "Interstate Standard. Occupational safety standards system. General sanitary requirements for
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working zone air". To determine the dust content, a weight method was used', which consists in collecting dust on
filters, followed by weighing and determining the concentration.
Mass concentration K, of dust is determined by formula:

(mn —my)-1000

K, = 1
o v (1)
where K, — concentration of dust in the air, mg/m?; mo — mass of the clean filter, mg; m, — mass of the filter with
settled dust particles, mg; V> — volume of air brought to standard conditions, dm?.
V,-293.P
Voo = e )

(273+7)-101.33°

where V; — volume of air passed through the filter, dm?, P — atmospheric pressure, kPa; T — workplace air
temperature, °C.

According to the recommendations of the state system for ensuring the uniformity of measurements?, a reduction
method can be used to process the results of determining the dustiness of the workplace, which assumes the presence of
the values of the measured arguments obtained as a result of multiple measurements.

The result of indirect measurement A4 is found by formula:

- L A
- _J
A-ZF1 -, 3)

where L — number of partial values of the measured value; 4, — j-th value of the measured value; j — serial
measurement number from 1 to L.

Mean square deviation S (;1) of random errors of the indirect measurement result is calculated using the following

formula:

\2
L (4,-4)
2, - @
=1 L(L-1)
With a normal distribution of individual values of the measured value, the confidence limits of random errors are
determined by formula:
A=t,-S(4), 5)
where #,— Student's coefficient, depending on the confidence probability and the number of observation results.

Precision is estimated by the indicator of repeatability (relative standard deviation of repeatability), o, and by the
indicator of accuracy (limits of relative error), o:

o, = (6)
where x; — i-th test result obtained under repeatability conditions; ¥ — arithmetic mean of x test results under
conditions of repeatability (convergence).
A
6 =—100% < 25%. @)
X
The percentage of convergence is determined in accordance with expression:
c
r=—"2100%. ®)
X
To evaluate the convergence of the results of two measurements, it is necessary to use formula:
_a-wf o
1y =1——=100%, €

X
where x;, x> — results of two parallel measurements.
The measurement results obtained under convergence conditions are considered satisfactory if the obtained
convergence 7 is less than or equal to the normative convergence 7norm:
r<r.. =15%. (10)

norm

! Metodika izmerenii massovoi kontsentratsii pyli gravimetricheskim metodom dlya tselei spetsial'noi otsenki uslovii truda. M1 APFD-18.01.2018.
URL: https://normativ.kontur.ru/document?moduleld=1&documentld=390372 (accessed: 25.11.2023). (In Russ.).

2 Rekomendatsiya. Gosudarstvennaya sistema obespecheniya edinstva izmerenii. Izmereniya kosvennye. Opredelenie rezul'tatov izmerenii i
otsenivanie ikh pogreshnostei. MI2083—90. Moscow: Committee of Standardization and Metrology of the USSR; 1991.
URL:https://znaytovar.ru/gost/2/MI 208390 GSI_Izmereniya kosve.html (accessed: 25.11.2023). (In Russ.).
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Expression (8) is taken as the result:
x=XtA. (11)

The minimum number of observations depends on the coefficient of variation, i.e. the ratio of the standard deviation to the
average value, and is selected previously from the experimental data. The error in determining the average value (statistical
measurement error) must be sought under the assumption that the distribution law of the general set of measurements is
normal. If we know the error and confidence probability, it is possible to unambiguously establish a confidence interval for the
average value and estimate the maximum statistical error of measurements as the ratio of half the difference between the
boundaries of the error of the average value to the average value from the experimental data [14].

Results. Measurements were carried out to determine the dust content of the construction site during the
construction of an apartment building. Sampling was carried out at the bricklayer's workplace in the masonry wall area
with AFA type filters (analytical aerosol filters) using two PU-4E aspirators, providing sampling with a given volume
flow through an absorber through four parallel channels. To establish the statistical error of measurements by
instruments and laboratory staff at a given confidence probability P = 0.95 eight parallel measurements were performed,
the results of which are shown in Table 1.

Table 1
Results of eight parallel tests
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No.l | 30965.6 30966.5 2 102.2 60 21.1 7.46

No.2 | 31346.8 31347.8 2 102.2 60 21.1 8.29

No.3 | 33980.5 33981.6 2 102.2 60 21.1 9.12

No.4 | 355723 35573.6 2 102.2 60 21.1 10.78
9.33 1.39 10.29 | 14.85

No.5 | 34926.9 34928.3 2 102.2 60 21.1 11.61

No.6 | 30477.7 30479.0 2 102.2 60 21.1 10.78

No.7 | 326784 32679.5 2 102.2 60 21.1 9.12

No.8 | 32678.4 32679.6 2 102.2 60 21.1 9.95

To check whether the data obeyed the normal distribution law, a frequency histogram was constructed as one of the
ways to visually represent the distribution of data (Fig. 1). The histogram has the shape of a bell and is close to the
curve of normal distribution (Fig. 2)
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Fig. 1. Frequency histogram at n =8

The average value and confidence interval of the measurements were calculated and shown on the graph of density

functions of normal distribution (Fig. 2).
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Fig. 2. Graphs of normal distribution an = 8: @ — density function of normal distribution;
b — integral distribution function

The average value is taken as the result, indicating the confidence interval:
K5 =9.33£0.96 mg/m’ .
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To determine the minimum number of measurements, the coefficient of variation, the average sampling error and
the marginal sampling error were found (Fig. 3). The maximum statistical error was 0.26 mg/m>®. p = +1.16 mg/m?
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Fig. 3. Scope of measurement results

The minimum number of measurements is determined by formula [11]:

2.2
i =%, (12)
Hyin =1.20 % 2.

According to the obtained value of the minimum number of tests, two parallel tests were carried out to determine
dust concentration at the bricklayer's workplace (Table 2).

Table 2
Results of two parallel tests
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No.2 | 30654.3 30655.4 2 102.2 60 22.0 9.15
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Confidence interval of the results of two tests to determine dust concentration with a probability of 0.95 was
0.81 mg/m? (Fig. 4).
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Fig. 4. Density function of normal distribution

According to convergence conditions in conformity with GOST R ISO 5725-1-2002 "Accuracy (trueness and
precision) of measurement methods and results. Part 1. General principles and definitions" and GOST R 51672-2000
"Metrological ensuring of product testing for the assurance of conformity. General principles" the results of parallel
measurements can be considered satisfactory, since conditions (7) and (10) are fulfilled (Fig. 5):

ry =8.68% < ryo =15%, 8, =8.50% < 8, = 25%.
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Fig. 5. Dependence of the convergence of measurement results and relative error on the number of tests
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Based on the results of processing, it is accepted:

Ky =9.57 + 0.81 mg/m’>.

Determination of dust concentration by the weight method has a sufficiently high component of errors of measuring
instruments used and operations performed. The maximum allowable difference between the results of two
measurements is 0.84 mg/m3. The difference in direct measurements of the mass of two samples should be no more
than 0.1 mg. With a mass difference of 0.2 mg, the convergence rate of the results of two parallel measurements
becomes more than 18% and does not meet the precision conditions. When conducting tests to determine dust content
of the considered technique, it is possible to limit two parallel measurements, while the measurement error will be equal
to the instrumental error.

Construction dust is classified as low-hazard (Class IV), the single maximum permissible concentration (MPC)
is 6 mg/m?, the daily concentration is 10 mg/m®. According to the test results, a 1.6-fold excess of the one-time
maximum permissible concentration was revealed. To reduce the concentration of dust at the bricklayer's workplace,
comprehensive measures are recommended to reduce dust formation on the construction site, since the main sources of
dust are access roads, places of unloading and loading of building materials, as well as technological processes related
to the processing and cutting of construction materials [15]. It is necessary to take measures to reduce the concentration
of dust on the construction site and beyond [16].

Hygienic standard GN 2.1.6.3492-17 "Maximum permissible concentrations of pollutants in the atmospheric air of
urban and rural settlements" establishes a single maximum permissible concentration of construction dust in urban air of
no more than 0.5 mg/m?>.

Discussion and Conclusion. Determination of dust concentration by the weight method has a sufficiently high
component of errors of measuring instruments used and operations performed. It was revealed that the maximum
allowable difference between the results of two tests was 0.84 mg/m?. The difference in direct measurements of the
mass of two samples should be no more than 0.1 mg.

Processing of test results showed the possibility of carrying out two measurements to determine dustiness of the
bricklayer's workplace on the construction site. The convergence of test results within the framework of laboratory
competence confirmation is an important indicator of the quality of the assessment and indicates the reliability of the
data obtained, therefore, it is recommended to use at least six measurements within the framework of intra-laboratory
comparison tests [17]. The higher the convergence of the results, the less likely errors and inaccuracies in the
assessment of working conditions. This, in turn, provides more objective information about the state of working
conditions in the workplace and allows you to take reasonable measures to improve them [18].

Employees of the investigated facility are recommended to use personal respiratory protection equipment that
protects against highly dispersed dust. To reduce the concentration of construction dust on the construction site, as well
as outside it, it is necessary to spray the construction site with water to settle highly dispersed dust, to spray water on
access roads, to wash the wheels of vehicles both at the entrance to the construction site and at the exit [19].
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Abstract

Introduction. Harmful components of ore dust, formed during the unloading of products in the preparation of iron ore
concentrate (PPIOC) at the mixing stage, cause damage to both workers and equipment. To address this issue, liquid
aerosol spraying using nozzles with large diameters (>20 um) is used. However, this method proves ineffective in
capturing fine-dust particles. Therefore, enhancing the efficiency of the dust deposition method through PPIOC dust
spraying becomes a pressing challenge. The aim of this study is to investigate the impact of the Dry Fog technology,
generating liquid droplets up to 20 um in size, during the unloading stage of PPIOC at a mining and metallurgical
enterprise in the precipitation of suspended fine-dust particles. The primary goal of this research was to assess the
effectiveness and potential advantages of applying the Dry Fog technology for dust spraying with subsequent
precipitation, as this technology has not been previously applied to PPIOC dust.

Materials and Methods. The experiment on the PPIOC dust deposition was conducted in a specially designed
laboratory setup. Through physical modeling in the laboratory setup, parameters of the precipitation process were
obtained. Subsequently, the results were analyzed to understand the dependence of dust precipitation over time, taking
into account the influence of the Dry Fog technology. An experiment program was developed for physical modeling.
According to the devised program, dust was uniformly loaded into the interior of the laboratory setup (from the top),
distributed in the air stream throughout the volume of the setup by a fan, and an instrument located at the bottom
recorded changes in concentration over time. Experiments on dust precipitation were then conducted using liquid
spraying (filtered water as the liquid) introduced into the setup through nozzles generating droplets with sizes of 10 and
15 pm, concurrently with the loading of dust into the laboratory setup. The effectiveness of the Dry Fog technology in
the deposition of PPIOC dust was determined visually and further analyzed based on a comparison of graphs. The
dynamics of changes in the average dust concentrations depending on time was studied both during precipitation
without spraying and using the Dry Fog technology. During the experiment, the characteristics of the microclimate
inside the laboratory setup (humidity, temperature and air velocity) and the parameters of two nozzles — their operating
pressure and the supplied liquid spraying time — were recorded.

Results. The comparison of the results showed a reduction in the dust precipitation time by 40% and 75% when using
nozzles with sizes of 10 um and 15 pum, respectively.

Discussion and Conclusion. The experiment results confirm the effectiveness of the Dry Fog technology for PPIOC
dust precipitation during unloading at the mixing stage. Fundamental findings have been obtained, providing a basis for
further assessment of the efficiency of dust precipitation with the additional application of pulsating ventilation. In such
a combination, an additional 20-25% increase in precipitation efficiency is anticipated compared to the results
presented in this article. The obtained results will support the justification of rational parameters and the implementation
of the described method in production to enhance dust precipitation efficiency. Additionally, they will aid in developing
a methodology to accelerate the PPIOC dust precipitation using the pulsating ventilation method.

Keywords: ore dust, dust from iron ore concentrate preparation products, iron ore concentrate, liquid spraying, mass
transfer, dust deposition experiment, liquid aerosol, dust aerosol, pulsating ventilation method
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AHHOTANUA

Beeoenue. BpenHsie KOMIIOHEHTHI pPYJHOW TWBUIM, OOpa3ylomIedcs TpH pasrpy3Ke MPOAYKTOB IMOATOTOBKH
xkenezopynHoro konmentpara (IIIIDXKK) Ha cragum cMmemuBaHWs, HAHOCAT yuiepd Kak paOOTHHKaM, TaK U
obopymoBanuto. /s pereHus: 3Toi mpoOiIeMbl MPUMEHSICTCS OPOIICHUE KUIKOCTHBIM a3p030JIeM C UCIOJIb30BAHUEM
(dhopcyHok OobIux auamMeTpoB (>20 mM). OnHAKO HaHHBIH MeTox Hed()()EKTUBEH B YIaBIMBAHHH MEJIKOIUCIICPCHBIX
YacTHUI[ TBUIM, TO3TOMY MOBbImeHHEe 3((HEKTUBHOCTH MeToma ocaxkiacHus opomerueM mnbuti [TITKK cranoBurcs
aKTyaJabpHOH 3amaveil. Llempio TaHHOTO MCCIENOBAHUS SBISIETCS M3yUCHHE BO3ACUCTBHS TeXHONOTHH «CyXoi TyMamy,
TeHEePHPYIOMEH Kalik JKUAKOCTH pasMepoMm 1o 20 MM, Ha sTame pasrpysku [TIDKK ropro-meTamryprugeckoro
MPEeINPUATHS TPA OCAXKICHUH B3BEUICHHOW MeNKOAWCHepcHON mbutd. OCHOBHOW 3amadeil JaHHOTO MCCIIEIOBAHUS
SIBIITIACH OleHKa A((EKTUBHOCTH W BO3MOXKHBIX IIPEHMYIIECTB MPUMEHEHHS TEeXHONOTHH «Cyxo TyMmMaH» Ui
OpOIICHUS MBUIA C MOCIEAYIOMNM ocakaeHneM, mockonbky K meumw [ITDKK ommcanHas BeIIe TEXHONOTHS paHee HE
MIPUMEHSLIACK.

Mamepuanvt u memoodwt. JxcrniepuMeHT 1o ocaxaeHuto bt [ITDKK npoBoausics B cneluanbHO CO3JaHHOM
nmabopatopHoM cterae. [locpencTBoM (u3HYEcKOro MOIEIHMPOBAHMS OBUTH TOJXYYCHBI IMapaMeTphl IIporiecca
ocaxxaeHus. [lanee moiydeHHbIE PE3yJNbTaThl MOABEPraIMCh AHAIU3Y C TOYKU 3pPEHUS] TOJYUYEHHUS 3aBUCUMOCTH
OCXJICHUS TBUIM C TEYCHHEM BPEMEHH C yueToM BiusiHUsA TexHosoruu «Cyxoil Tyman». Jlns ¢dusmdyeckoro
MOJIeNTMpoBaHus Oblia paspaboTaHa mporpamma skcriepumeHTa. CorjiacHO AaHHO#M mporpamme, MbUTh PAaBHOMEPHO
3arpyaigach BHYTPb JIaOOpaTOpHOro CTEHAa (CBEpXY), paclpeieisiach B BO3IYIIHOM IIOTOKE MO BCeMYy 00beMy
CTEH/Ia KpPbUIbUATKOM, a MpHOOp, PACIOJIOKECHHBI B HWKHEH 4acTH, (UKCHPOBA HM3MEHEHHE KOHIICHTPALUH BO
BpeMmeHH. [lanmee OBUIM MPOBENCHBI SKCIEPUMEHTHI MO0 OCAXKIICHHUIO MBUIH C MPUMEHEHUEM >KHAKOCTHOTO OpPOIICHHS.
CoBMecTHO ¢ 3arpy3Kod IBUIM B O00BEM JIaOOPATOPHOTO CTEHIA IMOCPEICTBOM (POPCYHOK, TCHEPHUPYIOMIMX KarlTh
pasmepom 10 m 15 MKM, monaBanack *XHAKOCTb — OTQHIBTPOBaHHAS BoAa. DPQPEKTUBHOCTH TexHOJOTHH «CyXxoi
Tyman» nipu ocakaeHnu neun [TTDKK ompenensitack BU3yainbHO, U Tajiee — Ha OCHOBAHWH COIIOCTABIICHUS TPa(UKOB.
N3yvanack quHaMUKa U3MEHEHUS YCPETHCHHBIX KOHIICHTPAIUH MBUTH OT BPEMEHH KaK MPU OCAXICHUH 0€3 OPOIICHUS,
Tak U ¢ IpuMeHeHueM TexHonoruu «Cyxoil Tyman». B mporecce 3kcriepuMeHTa (PUKCHPOBAIHCH XapaKTEPUCTUKU
MHUKPOKITUMAaTa BHYTPU JA0OPaTOPHOTO CTeHIA (BIAXKHOCTh, TEMIIEpaTypa W CKOPOCTh JBIDKCHHS BO3AyXa) U
napamMeTpsl AByX (POPCYHOK — UX pabouee JaBJICHHE U BPEMs PACTIBUICHHS [T01aBACMOM JKUIKOCTH.

Pezynvmamut uccnedosanus. CpaBHEHUE Pe3yIbTaTOB HKCIIEPUMEHTA MTOKA3aJI0 YMEHBIIIEHUE BPEMEHH OCAXICHUS Ha
40 % u 75 % npu ucnonb3oBaHu GopcyHOK Ha 10 MKM 1 15 MKM COOTBETCTBEHHO.

Oécyscoenue u 3arxmouenue. Ilo pesyipraram dKCrepuMeHTa noArBepxkaeHa 3ddexTuBHOCTh TexHOMOrHH «Cyxoi
Tyman» ans ocaxnaeHus neu [ITDKK mpu pasrpyske Ha cramuu cmemmBanus. [lomydeHHble 6a3ucHBIE Pe3yIbTaThI
MMO3BOJIAT B JajbHEHIIEM OIECHHUTh S()()EKTUBHOCTH OCAKACHHUS IBUTH C NPUMEHEHHEM JOTOJIHHUTEIFHO DPEXHMa
MyTBCUPYIOMEH BEHTWIIIHHA. B TakoM COYETaHMH OXHUIOACTCS IOBBIMICHHE J(PQPEKTHBHOCTH OCAXKICHHUS eIlle
Ha 20-25 % OTHOCUTENBHO pPE3yJIbTAaTOB, MPEICTAaBICHHBIX B AaHHON craThe. [losydyeHHblE pe3ylnbTaThl OaroT
BO3MOKHOCTh O0OOCHOBATh PAallMOHATBHEIC IMapaMeTPhl M MPUMECHUTH Ha MPOU3BOACTBE BHIIICOMUCAHHBIA CIIOCO0 LIS
TTOBBITICHUS (PPEKTUBHOCTH OCAXKICHUS MBUTH. [IOMHMO STOTO, OHH CO3MAI0T OCHOBY JJS Pa3pabOTKH METOIWKU
yckopenus ocaxxaenust nput [ITDKK ¢ mpumenenneM MeToia My AbCUPYIOLIe BEHTUIISIIUH.

KuloueBble ciioBa: pyaHUYHAs MbUIb, MbUTE MPOAYKTOB MOJITOTOBKU KEJIE30PYJHOIO0 KOHIEHTpATa, >KeJIe30pyAHbII
KOHLIEHTPAT, »MWJIKOCTHOE OpPOLICHHE, MAaCCOIEPEHOC, OSKCIEPUMEHT II0 OCAXKIEHUIO, MKUAKOCTHBIM a3po30ilb,
MBUIEBOISTHOM a3p030J1b, METO/] IyJIbCUPYIOIIEH BEHTHIISIIIUN
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BaarogapHocT. ABTOPHI OJaromapsar peJakIMOHHYI0 KOMaHIy KypHaJa ¥ PEIICH3CHTa 32 KOMIICTCHTHYIO DKCIEPTH3Y
Y TEHHBIC PEKOMEHJAINN TI0 YIIYYIICHUIO CTaThh. Takke aBTOPHI OJIarofapsAT KOJUICKTHB W PYKOBOIUTENS Kadeapsl
«TexnocdepHas OesomacHocthy HUTY MUCHUC 3a momnmepkKy B CO3MaHWU J1abOpaTOpud U peain3aluu
Hccie10BaHuH.

Juast uurupoBanust. Kypuocos N.10., ®umun A.J., Tepteiunas C.B. OneHka BIUSHUS CUCTEMBI OPOIIESHUS Ha JTare
MOJTOTOBKA MPOJYKTOB JKEJE30PyIHOr0 KOHICHTpaTa. be3onacHocmb MexXHOLeHHbIX U NPUPOOHBIX  CUCHEM.
2024;8(1):41-49. https://doi.org/10.23947/2541-9129-2024-8-1-41-49

Introduction. In order to reduce the level of atmospheric dust in production sites, the mining and metallurgical
complex has successfully employed a range of innovative methods and advanced dust control technologies. Filtration
systems, cyclones and ventilation systems are used, that are designed to effectively capture and remove the smallest
dust particles [1-3]. In addition, engineers use methods of liquid spraying, aerial flotation and other advanced
technologies that together provide an integrated approach to solving the problem of dust. The effectiveness of dust
control measures is closely related to the unique features of the production processes, the characteristics of the
equipment used, the design features of the premises and other important factors. Systematic maintenance of technical
condition of the equipment is not just part of the technological process, but acts as an important element of the strategy
to reduce the impact of production activities on the environment, contributes to the optimization of production
efficiency. Comprehensive implementation of the above measures, combining various methods and technologies, allows
you to achieve maximum efficiency in reducing the level of dust load within the working area.

At the stage of unloading and preparation of iron ore concentrate, where a significant amount of the smallest
dispersed dust is formed, a liquid spraying system is used for a long time [4—6]. To create the smallest liquid aerosol,
various types of nozzles are used, forming droplets with a diameter from 30 to 150 microns. In addition, nozzles with a
larger diameter are also used. Deposition time t of the smallest dispersed dust (d =1-10 microns) when using such
nozzles can be quite long and reach 25,400 s (about 7 hours) [6]. At other stages of production, advanced Dry Fog
technology is used for effective dust deposition. This technology uses nozzles of a smaller diameter that spray liquid
with a droplet dispersion in the range from 1 to 20 microns [7]. In this technology, each drop of liquid serves as an
effective tool for capturing and ensuring the settling of the smallest particles, creating a unique combination of
technology and engineering in the fight against the problem of atmospheric dust.

Studies related to the use of the above-described technology for the deposition of fine dust in the preparation of iron
ore concentrate products have not been conducted before. Therefore, the aim of this work was to analyze the effects of
the Dry Fog technology, which generates liquid droplets up to 20 microns in size, at the stage of unloading the PPIOC
of a mining and metallurgical enterprise during the deposition of suspended fine dust. The task was to evaluate the
effectiveness and possible advantages of using the Dry Fog technology for dust spraying with subsequent precipitation.

Materials and Methods. To evaluate the effectiveness of the innovative Dry Fog technology, a series of
experiments were conducted to measure dust deposition of the smallest particles of iron ore concentrate products using
nozzles with diameters of 10 and 15 microns. To perform the experiment, a laboratory setup was developed (Fig. 1).
This setup was used to analyze the deposition of coal dust in [8]. It was a cubic container with a volume of 1 m3, made
of organic glass in an aluminum frame.

A high-precision aerosol particle mass concentration meter, AEROCON-P, was used as a means to monitor the
concentration of particles in the atmosphere. This measuring device has been developed taking into account the
requirements for determining the mass concentration of dust with a diverse origin and chemical composition. The mass
concentration meter has a unique ability to register the dispersion of the studied particles, including those with a
diameter of up to 10 microns.
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Fig. 1. Laboratory setup for dust deposition with a layout of equipment and measurement points:
1 — air flow generator; 2 — high-precision mass concentration meter for aerosol particles — AEROKON-P; 3 — fog generator;
4 — meteometer; 5 — humidity sensor; 6 — temperature sensor; 7 — nozzle; 8§ — filling funnel; 9 — air pulsator
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The order of measurements is indicated in Figure 1 by letters A, b, B (location of the Aerocon-P sensor) (2). Values
I, II and III (located next to the letters) correspond to the measurement points. According to the above scheme, the
experiment was carried out over the entire area of the bottom of the laboratory box, namely at its 9 points (measurement
points I, II, IIT should be understood as located in perspective, i.e. one after the other).

The experiments on dust deposition were carried out while monitoring the microclimate parameters. At the time of
the deposition experiment, these parameters were controlled using a TESTO 435 (4) meteometer. During the
experiments on dust deposition, the meteometer was used to control the parameters of the dust-air environment in the
laboratory box — air temperature and humidity. This made it possible to establish the initial conditions of the
experiment and conduct it under controlled conditions. The measuring device described above was used to monitor and
maintain air humidity inside the setup in the range of 25-30% and temperature in the range from 22°C to 25°C. The
assessment of the velocity of the air flow coming from the generator was carried out using a digital vane anemometer,
which ensured a stable air velocity at the level of 4 m/s. To simulate the spraying system in the laboratory setup,
an E218 installation was used, designed for misting by spraying liquid from various nozzles (Fig. 1). The operating
pressure of this unit was 5.4 MPa, and the maximum was 12.41 MPa. For the experiment, nozzles with a diameter
of 15 microns and 10 microns were used in this installation (Fig. 1).

The size of dust particles used in the deposition experiment, according to granulometric analysis, ranged
from 1 micron to 40 microns (Fig. 2). Since the device for recording the concentration of particles in the air measured
particles up to 10 microns in diameter, it was necessary to determine the percentage of these particles in the dust
sample. According to this analysis, the required dust particle size used for the deposition experiment was approximately
10% of 1 gram of the sample used in dust analysis [9]. To correctly determine the concentration change by the device,
the sample of the dust under study was increased to 5 grams in order to increase the concentration of fine dust with a
diameter from 1 micron to 10 microns.

Dust deposition experiment was carried out in the laboratory setup described above, in compliance with all
microclimate parameters regulated by appropriate measuring devices. A predetermined amount of dust weighing
m =5 g was placed into the laboratory box for 3—5 seconds using a filling funnel (Fig. 1). During this process, the air
flow generator was activated, providing air supply at a speed of V =4 m/s. The AEROCON-P measuring device, used
as a mass concentration meter for aerosol particles, periodically recorded dust concentration data with an interval
of 5 seconds, automatically transmitting the obtained values to a computer monitor [10]. The stage of the dust
deposition experiment was completed when the dust concentration value recorded by the device was equal to
n=0.00 mg/m?. The achievement of this value was considered as an indicator of completion of the experiment, in
which all dust in the laboratory box was considered settled.
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Fig. 2. Granulometric analysis of dust of sinter production of the mining and metallurgical complex:
C — percentage distribution of the number of particles in the sample by size, %;
dC — integral distribution of the percentage of particles in the sample by size, %;
d — particle size in the sample
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Using similar parameters of temperature, humidity and air velocity during the dust deposition experiment, studies of
the deposition of a dust-water aerosol were carried out with the alternate use of two nozzles (d = 10 and d = 15 microns)
and control of the supplied pressure (p = 5.4 MPa) of the liquid. In addition, spraying time t =2 minutes was monitored
(after two minutes, the air humidity in the laboratory setup became maximum and amounted to 98.5%).

Results. Under the described conditions, a series of 10 dust deposition experiments was performed to ensure the
reliability of the experimental data. The results of these experiments were processed, summarized in graphs and
analyzed. Figure 3 provides graphs of the change in dust concentration values over time during 10 experiments from the
deposition time.

According to the graph shown in Figure 3, the average dust deposition time without spraying and the use of
pulsating ventilation was on average 1,828 seconds (30.5 minutes). During this time, dust in the production
environment was in the air of the work area and caused harm not only to the equipment, but also to the personnel of the
enterprise.

The results of 10 experiments on the deposition of a dust-water aerosol using two nozzles were also presented in the
form of graphs of the dynamics of changes in the average concentration values from the time of aerosol
deposition (Fig. 4, 5).
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Fig. 3. Graphs of changes in dust concentration over time based on the results of 10 experiments

According to the graphs shown in Figure 4, the average deposition time of a dust-water acrosol when using nozzles
with a diameter of 10 microns was 1115 s (18.5 min). The efficiency of this method, relative to the time of self-
deposition of dust, was about 40%. However, according to Figure 5, when using a nozzle with a diameter of 15 microns,
the average deposition time of a dust-water aerosol was 475 s (= 8 min.). The effectiveness of this method was 74%.
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Fig. 4. Graphs of changes in the concentration of the dust-water aerosol over time
(nozzle dimeter 10 microns)
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Fig. 5. Graphs of changes in the concentration of the dust-water aerosol over time
(nozzle dimeter 15 microns)

Figure 6 shows the recalculated dependences of aerosol concentrations obtained as a result of spraying experiments
using nozzles with a diameter of 10 microns and 15 microns. During the experiments, different dust concentrations were
detected, which were recorded by the device. For ease of presentation, these concentrations were recalculated and
expressed as a percentage depending on the deposition time.

When comparing the previously determined values of the efficiency of dust deposition using nozzles of 10
and 15 microns, the latter gave a significant effect. With the use of a 15 micron nozzle, the dust deposition efficiency
was about two times higher than with a 10 micron nozzle. When using a 15 micron nozzle, dust particles exhibited low
tendency to stick together and formed large liquid droplets less effectively, which reduced the effect of "condensate"
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during spraying. Fine droplets filled the dusty air environment better and could be used in those places of technological
production where large droplets could cause damage.
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Fig. 6. Graph of changes in dust concentrations (%) over time under the conditions of dust deposition by spraying when
using nozzles with dimeters of 15 microns and 10 microns

Discussion and Conclusion. As a result of the conducted experiments on dust deposition in the laboratory setup, the
time of dust deposition was determined under two different scenarios: during the natural deposition of dust and during
the deposition of a dust-water aerosol (by exposure to a liquid aerosol using nozzles with diameters of 10
and 15 microns).

In the future, to develop a technique for dust deposition, it is necessary to use the following parameters as rational:

— humidity of air inside the laboratory — ¢ = 25-30%;

— air temperature in the laboratory setup — T = 22-25°C;

— air velocity generated by the airflow generator should be at the level of V=4 m/s.

The following technical parameters of the spraying system should also be used:

— it is recommended to use nozzles with diameters of 10 microns and 15 microns to disperse the liquid,

— working pressure in the liquid supply system — p = 5.4 MPa;

— spraying time of the liquid aerosol — 2 min.

The results obtained show different values of the efficiency of dust deposition using nozzles that generate different
droplet diameters used in the spraying process. The nozzles described in the article demonstrate a significant
improvement in the process of dust deposition by spraying when using nozzles of 10 and 15 microns, rather than when
using nozzles generating droplets larger than 15 microns in the spraying process [7]. In addition, reducing the amount of
moisture in the air of the production workshops will have less negative impact on the equipment.

The analysis of the data obtained confirmed the higher efficiency of dust deposition process when using the Dry Fog
technology during the unloading of the PPIOC at the mixing stage. The results obtained provide a basis for further
evaluation of the effectiveness of dust deposition process using the pulsating ventilation method. Based on the work of
other authors who use this technology [7], an additional increase in deposition efficiency values by 20-25% is
predicted, relative to the use of the Dry Fog technology. The results obtained in this work will be used in further
development of a technique for dust deposition of iron ore concentrate products using the pulsating ventilation method.

The obtained values of the efficiency indicators of the Dry Fog technology give reason to recommend it for
implementation in production for dust deposition in mining and metallurgical production sites with a high dust load.

Technosphere safety
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Abstract

Introduction. The increased intensity of noise and vibration of railway traffic may become not only an urgent problem
in the field of occupational safety, but also a serious environmental problem in the near future due to the constant need
to increase the weight of freight trains, the speed of passenger trains and the capacity of railway lines. Recently, a lot
has been done to minimize the negative effects of noise and vibration in railway transport. However, the problem of
exceeding the indicators of vibration noise factors remains relevant. Reducing the harmful effects helps to improve the
working conditions of train crew employees and improve the comfortable conditions of transport passengers. As a rule,
the main focus of the analysis is on the external impact of vibroacoustic factors on residential areas and less attention is
paid to the impact on rolling stock. However, these studies do not provide a complete picture of how noise and vibration
actually affect the train in motion. The aim of the study was to obtain the result of an analysis of the impact of
vibroacoustic factors on train crew workers and to propose a method of comprehensive protection based on the use of
vibration damping materials.

Materials and Methods. In the course of the work, regulatory documents were studied, a comprehensive analysis of
relevant information on this topic was carried out, and methods for calculating vibration and vibration acceleration were
used. The values of the sound pressure levels were obtained using a SPM-101 sound level meter. The object of the
study was a carriage of the "reserved seat" type in the process of movement. As part of the research plan, sound
pressure was measured at selected sites and a class of working conditions was determined.

Results. The result of the analysis of the impact of vibroacoustic factors on train crew workers indicated the need to
strengthen comprehensive measures to protect them. The obtained calculation of the vibration force became the basis of
the method proposed by the authors to minimize the harmful effects of vibroacoustic factors, which was based on the
use of vibration and sound insulation materials suitable for the necessary acoustic parameters in the construction of the
car. In particular, it was proposed to cover the floor of the car with dense rubber and the ceiling of the car with an
inorganic fiber material for sound insulation. The work also provides an economic assessment of the effectiveness of
measures to minimize harmful vibration noise effects.

Discussion and Conclusion. The proposed methods for minimizing noise and vibration impacts can help reduce the level
of sound pressure and vibration indicators to standard values, which will significantly reduce the negative impact of
vibroacoustic factors on train crew workers and railway passengers. The considered complex for minimizing vibration and
noise includes a set of methods in which affordable materials based on recycled substances have found application.

Keywords: sound pressure, vibration, noise pollution, sound insulation
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ObecneueHue 0e30MacCHBIX YCJIOBHUIT TPy/Aa NP BO3/AelCTBUN HA PA0OTHUKOB MOE3IHbIX
Opuraja BUOpoakycTHYeCKuX (pakTopon
I.A. Coxogos"~', E.W. I'osiouna = <

Boponexckuil rocy1apcTBEHHBII TEXHUUECKUH YHUBEPCUTET, I. Boponex, Poccuiickas denepanus

>< u00111@vgasu.vrn.ru

AHHOTALMSA

Beeoenue. lloBbIlIeHHAas WHTEHCHBHOCTH IyMa W BHOpAalMH HA JKEJIE3HOAOPOXXHOM TPAHCIIOPTE MOXKET CTaTh HE
TONBKO aKTYaJIbHOHW MPOoOIeMoii B 001aCTH OXpaHBI TPyAa, HO M CEPhe3HON IKOIOTHIECKOH Ipo0IeMoii B OIKaiiieM
OymymieM H3-3a HE0OXOANMOCTH MOCTOSTHHOTO YBEJIMUCHHUS BECa TPy30BBIX H0E3/10B, MOBHIILICHNS! CKOPOCTH JBIKEHUS
MACCAKUPCKUX TI0€3/I0B U BO3PACTAaHMs HMPOITYCKHOW CIIOCOOHOCTH >KEJIe3HOJOPOXKHBIX JHMHHUHM. B mocnennee Bpems
HEMaJIO C/IeJIaHO JJIsi MUHUMH3AIMU HETaTUBHOTO BO3AEHCTBUS IITyMa U BHOpPAIMU Ha >KEeJIe3HOOPOKHOM TPAHCIIOPTE.
Onnako mpobieMa IpeBBINIEHHsS IOKa3aTeleld BHOPOUIYMOBBIX (DaKTOPOB OCTAeTCs aKTyaJbHOW. YMEHBILICHHE
BPETHOTO BO3/ICHCTBUS IIIyMa U BHOpAIMU CIIOCOOCTBYET YITyUIICHHIO YCIOBUH Tpy/Ja paOOTHUKOB MOE3JHBIX OpHraz u
MOBBIIICHHIO KOM(DOPTHBIX YCIOBHH IS MacCaxupoB. Kak mpaBuiio, OCHOBHOE BHUMAaHHWE MPH aHAINU3E BO3IACHCTBHUS
BUOPOAKyCTHYECKUX (haKTOPOB YJEISIETCs] BHEIIHEMY MX BO3JCHUCTBHIO Ha CEIMTEOHYIO TEPPUTOPHIO U MEHbIIE —
BO3/ICHCTBHUIO HA MOJBIDKHOI cocTaB. K ToMy ke Takue McCIeoBaHMs HE SIBISIFOTCS KOMIUIEKCHBIMHU, TaK Kak HE JAl0T
MIOJTHOTO TPEJICTABICHHS O BO3ICHCTBHY IIyMa W BHOpPAIMK HEMIOCPEICTBEHHO Ha COCTaB B JBIXKEHUH. Llenb naHHOTO
WCCIIEIOBAaHUS — AaHalM3 BO3JCHCTBUS BHOPOAKyCTHUYECKHX (DaKTOpOB Ha pabOOTHHKOB IOE3AHBIX Opurag u
MAacCAKUPOB IS pa3pabOTKM METOAa WX KOMIUIEKCHOM 3allWThl, OCHOBAaHHOTO Ha NPHUMEHEHWH BHOPOTACSIINX
MaTepHaoB.

Mamepuanst u memoost. B xone paboTe ObIIIM M3y4eHBl HOPMATHUBHBIE JIOKYMEHTBI, IPOBEAEH KOMIUIEKCHBIN aHAIN3
aKTyaJbHOM MH(pOpPMalMK 10 AaHHOH TeMe, MCHOJIb30BaHbl METOAMKU II0 pacyeTy BHOpaluu W BHOPOYCKOpPEHHS.
3HavyeHHs ypOBHEH 3BYKOBOTO JIaBJICHUS! OBUIM MTOJy4YEHBI C IOMOIIbI0 mrymoMepa SPM-101. O6bexToM nccieioBaHus
ObUT BBHIOpaH BaroH THIA «IUIALIKapT» BO BpeMs IBIDKEHWS. B pamkax wnccienoBaHus OBLIO M3MEPEHO 3BYKOBOE
JlaBJIeHMe Ha BBIOPAHHBIX yYacTKaX AOPOTH U ONPEAENeH KIace YCIOBUH Tpya.

Pesynomamut uccnedosanuii. Pe3ynpraT aHamM3a BO3JCHCTBHSA BHOPOAKyCTHYECKHMX (AKTOPOB HA pPAOOTHHUKOB
MOE3JHBIX OpHTaj CBUAETEIBCTBYET B HEOOXOANMOCTH yCHIICHHSI KOMIUIEKCHBIX Mep MX 3amuThl. [lomydeHHbIH pacuer
CHJIBI BHOpAalMy CTajll OCHOBOM TPEUVIOKEHHOTO aBTOpPaMH METOJAa MHHHMH3AIMH BPEIHOTO BO3ACHCTBHUS
BHOpOaKyCcTHYECKUX (aKTOpOB, B OCHOBE KOTOPOTO HCIIOJIb30BAaHHE B KOHCTPYKIMM BaroHa BHOpO- W
3BYKOH3OJIMPYIOIIMX MAaTEpPHANIOB, MOJXOSIIMX 110 HEOOXOIMMBIM aKyCTHUECKMM IlapaMeTrpaM. B uacTHoCTH,
IPEUIOKEHO C IIENbI0 IIYMOM3O/SIUKM Ha IOJI BaroHa YJIOXKHUTh IUIOTHYIO PE3HHY, a Ha IOTOJOK — MaTepual U3
HEOpraHMYEeCKOTO BOJOKHAa. B pabore Tarke aaHa SKOHOMHYECKash oueHKa 3()(EeKTHBHOCTH MEpONPHATHH I10
MHHHUMH3ALUH BPEAHOTO BUOPOIIYMOBOTO BO3ICHCTBHSI.

Oécyscoenue u 3akniouenue. 11pennoxeHHpIe METOABl MUHUMH3AIMH IIIyMOBOTO ¥ BUOPAIIMOHHOTO BO3IEHCTBUS MOTYT
CIIOCOOCTBOBATh CHIDKEHUIO YPOBHS 3BYKOBOT'O IAaBICHHWS M ITOKa3areseil BHOpAlMU 0 HOPMAaTHBHBIX 3HAYEHHH, 4YTO
COKpAaTUT HETaTUBHOE BO3ICHUCTBHE BHOPOAKYCTHIECKMX (PAaKTOPOB Ha paOOTHUKOB IMOE3THOM OpHTrajpl W MacCaKUpPOB.
PaccMOTpeHHBIH KOMITIEKC 10 MAHMMH3AILMK BHOPAILMK | IIyMa BKIIOYAeT B ce0s COBOKYIMHOCTh METOZOB, B KOTOPBIX
HAIIUTH IPIMEHEHNE OI0PKETHBIE MaTepUaIbl, CO3IaHHBIC HA OCHOBE BTOPUYHO IepepadOTaHHOTO CHIPHSI.

KaoueBble ciioBa: 3BYKOBOC NaBJICHUC, BI/I6paL[I/I$I, ITYMOBOC 3arps3HCHUC, IITYMOU3O0JIALA

BaarogapHocT. ABTOPHI Osarogapst npodeccopa, J0KTopa TEXHHYSCKHX HayK |B;mecnaBa SlkoBneBuya MaHoanal

3a HaCTaBHHUYCCTBO.

s uutupoBanus. Coxonos [I.A., I'onosuna E.M. OGecnieuenne Ge30macHbIX yCIOBUIT TpyAa IPH BO3JCHCTBUU Ha
PabOTHUKOB HOE3IHBIX Opuraz BUOPOAKYyCTHUECKHX (AKTOPOB. He30nacHocmv mexHo2eHHbIX U NPUPOOHBIX CUCHEM.
2024;8(1):50-57. https://doi.org/10.23947/2541-9129-2024-8-1-50-57

Introduction. Rail transport has always created and continues to create noise and vibration, which, in most cases,
cannot be fully eliminated and are likely to have a negative impact on the environment, despite the use of various
mitigation measures. The problem of reducing the impact of noise and vibration of railway transport on people and the
impact on engineering structures is very difficult due to the large number of parameters and factors of distribution of
noise and vibration energy. The negative impact of vibroacoustic factors is growing every year due to an increase in the
number and weight of freight cars, their high wear and tear, untimely maintenance of passenger cars, as well as the lack
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of free space in urban areas, as a result of which new business and residential facilities are located in close proximity to
the railway. The problem of noise and vibration from railway transport is especially acute in large cities with large
railway connections, mainly due to short distances from the railway tracks to the nearest buildings. This fact limits the
possibilities for taking measures to reduce noise and vibration. To date, the primary task is to protect against excess
sound pressure using the "external noise source — environment" system. The system implies the impact of noise on
nearby infrastructure facilities, residential areas, and nature. Protection against such impacts is achieved by installing
acoustic screens. With their help, it is possible to significantly reduce the sound pressure.

The problem of complex protection against vibroacoustic effects is still poorly studied. It is also worth noting the
lack of vibration damping devices that would be able to reduce the combined effects of noise and vibration. According
to the authors, the scientific novelty of this study lies precisely in the fact that an integrated approach to solving the
problem of minimizing the impact of vibroacoustic factors is considered and simple noise-absorbing materials for their
mass installation are proposed.

Vibration from rail transport can have negative effects directly or in combination with background noise. A
significant excess of noise level standards causes discomfort not only to employees and passengers, but also to residents
of areas adjacent to the railway track, and is often a significant cause of deterioration in well-being and decreased
performance. The specificity of noise pollution in railway transport is such that, with long-term exposure in
combination with vibration, it has a very negative effect on railway transport workers [1]. Prolonged and systematic
exposure to excessive noise pressure can lead to the development of chronic diseases of the nervous system,
musculoskeletal system, be the cause of loss of vigilance, deterioration of well-being, discomfort, feelings of
irritation [2]. Constant exposure to noise, even at nominal values (especially at night), can cause sleep disorders and
chronic neuroses [3]. The number of people with sleep disorders is very large — most are exposed to constant noise
of 50-60 dB at night, which, in the absence of other daytime noise sources, is one of the main factors of insomnia [4].

Of all the harmful environmental factors, vibration is one of the most widespread ones. From 50 to 70% of the
population is under its influence [5]. The analysis of vibrations resulting from the movement of rolling stock is very
important, since the railway is the main transport system covering most of the territory of our country and neighboring
countries. The volume and quantity of goods transported by rail are growing every year [6].

Working vibration of the rails occurs at the junction of the wheel and the rail (wheel — rail system) and spreads not
only through the track support system to the ground cover and surrounding buildings, but also directly to the rolling
stock. In some cases, passengers can directly feel the vibration, which is usually referred to as vibration from the
interaction of the rolling stock and the railroad bed. Ground vibrations caused by railway traffic mainly occur in the
contact area between the wheel and the rail [7]. Therefore, it is important that the effect of this mechanism of
occurrence of a negative factor is minimized. The main source of vibration on the railway is rolling vibration caused by
an imperfect working surface of the wheel and defects on the working surface of the rail. These vibrations are
transmitted to the wheel and track structures, which leads to the occurrence of the values exceeding the threshold for the
main octave levels. As a result, vibration, transmitted through the wheelsets, the car truck, causes vibration of the car
body, which is especially noticeable at high train speed. High-amplitude vibrations can lead to a critical condition of car
components, damage to the structure of the rail rolling stock. In order to preserve equipment, vibrations of this kind
should be reduced not only in the wheel — rail system, but also by directly taking measures to protect the main parts of
the car. This, in turn, minimizes the appearance of secondary vibration from the car body. To minimize the mechanical
impact of the wheel and rail, the surface of the rail should be as smooth as possible. The vibrations created by the
construction of the car and car truck should also be minimized in order to reduce the amount of vibrations transmitted to
people in the car [8]. In order to create a system with the desired acoustic and structural-dynamic properties, while
minimizing human exposure to noise and vibration, it is necessary to take into account the design of the track, wheels,
trucks, and cars. Another important aspect is to ensure that these parts are maintained appropriately (timely maintenance
and scheduled repairs).

Current vibration reduction methods are generally divided into two main categories: the category of passive
measures and the category of active measures. Currently, passive measures are most often used. These include the use
of traditional vibration dampers, shock absorption systems of various kinds (collision of cars) and insulation of the
base [5]. However, modern vibration reduction methods should be aimed at passive-active vibration control, which
consists in the active application of a force equal to the opposite forces created by external vibration. Sometimes, to
dampen the vibrations, it is proposed to use developed control systems and damping forces that create vibration, as well
as structures created on the basis of new composite materials. In particular, piezoelectric elements can be used to
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dampen excessive vibration'. The essence of this method is that a piezoelectric element generates electrical energy
under mechanical tension and reacts in the form of deformation if electric energy is applied to it. Another method of
minimizing noise and vibration is the method of using disc brakes instead of cast iron pads. The replacement of cast-
iron blocks with agglomeration or composite ones is an alternative to disc brakes, which are more difficult to adapt,
install and are expensive. All the methods mentioned above are aimed at the main components of the car. The authors
carried out a calculation of vibration insulation in the car itself in the passenger seats.

Materials and Methods. A "reserved seat" type car was considered as the research material. The measurements
were carried out using a sound pressure measuring device — SPM-101 sound level meter. The areas with the most
negative impact of the vibroacoustic factor were selected based on the design features of the car truck and the internal
structure of the car space. Consequently, the research plan included measuring the sound pressure in the car and
determining the class of working conditions.

To analyze the possibility of noise reduction in the source of a "reserved seat" type car, the scheme of the car was
considered and the areas of the most negative impact of vibroacoustic factors were marked on it (Fig. 1). These sections
implied the highest sound pressure levels in the car, and as a result, a critical negative impact from vibroacoustic effects
under various conditions (speed, state of the railway track, etc.)

1 2

Fig. 1. Sound pressure values in the car by sections (1, 2, 3)

The next method of studying the minimization of vibration effects was the calculation of vibration insulation of
passenger seats in the car based on methodology?. Vibration-proof inserts made of rubber material were used. The floor
of the car at the base of the seat vibrated with frequency f= 50 Hz, with vibration velocity v = 0.4 m/s and a seat weight
of 22 kg. Let us assume a passenger weighs 70 kg. Modulus of elasticity: 6,on = 0.04 MPa, E=2.5 MPa, 7=0.1 m,
coefficient of resistance £ = 600 H-s/m.

Let us determine the mass of inserts when the passenger is sitting. The passenger's weight per seat is 70%, which
means:

m, =70-0.7 =49 kg, )
mys =49+22="71kg. 2)
Let us determine the maximum static deflection of the inserts:
c
z=nZen 1.2 6007 3)
E, 250
Frequency response of natural vibrations of an amortized passenger seat will be:
0=2122 231405 g9 4)

N 16-10

Vibration transmission coefficient is determined by formula:

! Snizhenie urovnya shuma v krivykh. Zheleznye dorogi mira. 2009;6:70-76. URL: https://zdmira.com/images/pdf/dm2009-06_70-76.pdf (accessed:
14.11.2023). (In Russ.).

2 Posobie po akusticheskoi vibroizolyatsii tsentrobezhnykh ~mashin. Moscow: lzdatel'stvo literatury po stroitel'stvu; 1973. 35p.
URL: https://meganorm.ru/Data2/1/4293801/4293801338.pdf (accessed: 14.11.2023). (In Russ.).
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Let us find relative damping D and circular frequency w:
= 5 __600__ 0.05 6)
20 -myg  2-79-71
oo=2nf=2-3.14-50=314s_1;ﬂ=ﬁ=4. 7
o, 79
We get:
2
1+(2-0.05-4
T, = I ( > ) =0.071. ®)
\/[1—(4)2] +(2:0.05-4)’
Then we determine the vibration velocity on the seat:
v=0.4-0.071=0.028 m/s . Q)
Frequency of oscillation of the seat will be:
g 79
=—=——=12.57Hz. 10
Jo 2n 2-3.14 (10)

Results. According to GOST 33787-2019, for a frequency of 12.57 Hz, vibration velocity should not
exceed 0.0056 m/s>. The indicator obtained as a result of the calculation did not meet this requirement. To improve it, a
vibration-proof material with other characteristics could be used — this could be a composite sheet made of tough
rubbers (Fig. 2). Due to a higher coefficient of resistance, vibration exposure could be minimized.

Fig. 2. Location of the vibration-proof material:

1 — passenger seat; 2 — vibration-proof insert

3 GOST 33787-2019. Rolling stock equipment. Shock and vibration tests. URL: https://docs.cntd.ru/document/1200170805 (accessed: 14.12.2023).
(In Russ.).
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Table 1 shows the results of measuring sound pressure levels in the areas shown in Figure 1. Comparing them with
the norms of the sound level in the car according to SP 2.5.3650-20, we could conclude that there was an excess of
indicators*.

Table 1
Noise pressure indicators in the car by zones
Section, no. Sound level, dB
1 71.5
2 74.1
3 78.5

The calculations carried out in this work allowed the authors to conclude that it was necessary to use a method
for minimizing vibroacoustic factors based on the use of vibration-damping materials. Its effectiveness was
confirmed by the presented study. The authors have proposed a set of measures, including the installation of
noise-absorbing material in the lining of the ceiling of the car in the most noise-prone areas to minimize noise
pollution. The material was a composite of inorganic fibers with a sheet thickness of 2 to 4 cm. Additionally, to
reduce noise and vibration, it was suggested to install inserts in the car's floor, similar to the creation of a
shock-absorbing system. To calculate the effectiveness of the method, the vibration effect on the passenger seat
was calculated taking into account the vibration of the floor of the car. The material was safe in operation for
humans and the environment, met the fire safety criteria that were established for a passenger car in accordance
with order of JSC "Russian Railways" dated November 5, 2009 No. 2255p°.

Discussion and Conclusion. The assessment of the effects of vibration and noise obtained in this study shows
that it significantly affects the working conditions of train crew workers and passengers. Workers who spend a lot
of time on the road, workers who repair tracks in the immediate vicinity of the railway track, and train passengers
are exposed to extremely harmful noise and vibration effects, which have a devastating effect on their health.
Therefore, it is so important to minimize this harmful effect at the source of its occurrence. Undoubtedly, the
improvement of the existing and the introduction of new methods to minimize the effects of noise and vibration
factors on the railway will positively affect the health of employees and will contribute to the creation of a
favorable social environment. It is worth emphasizing that measures to minimize the negative effects of noise and
vibration from railway trains give a relatively small economic effect, but at the same time, they are of great value
for ensuring the protection of the health of both employees and passengers, creating conditions that are more
comfortable for them.

The complex of measures proposed by the authors to minimize vibration and noise uses materials created from
recycled raw materials. Tough rubber is used for the floor of the car, and an inorganic fiber composite with a
thickness of 2—4 cm is used for the ceiling. By equipping wagons with these materials, it is possible to achieve:

— minimization of noise pressure in the car by 7-12 Db;

— reduction of the vibration effect.
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Abstract

Introduction. Sulfur is found in the organic and mineral parts of all types of solid fuels, and its concentration
determines the extent of the hazardous characteristics of mine seams. Therefore, research on the determination of sulfur
content in fossil fuels has not lost its relevance. The total sulfur content and its varieties has been studied in most cases
in terms of the efficiency of fuel processing processes, the quality and environmental safety of coal products. Less
attention was paid to the hazardous properties of mine seams, forecasting and developing preventive measures for
endogenous fires in coal mines. This work aims to develop an engineering method to calculate the elemental sulfur
content in the mineral mass of coal to predict the hazardous properties of mine seams.

Materials and Methods. According to the results of the correlation analysis, we established how the sulfur content in the
combustible part of the fuel depended on the total sulfur. We analyzed data on coals from almost all mine seams of the
Donetsk and Lviv-Volyn coal basins. We presented the ash ratios for the formation and basin samples, as well as the
information about the total sulfur and sulfur content in the combustible part. This allowed us to estimate the sulfur content in
mineral impurities by calculation. The initial data for developing the method were taken from reference and regulatory
documents.

Results. Seven aggregates were considered, which included from 149 to 1827 mine seams. For each, reference and
calculation data were summarized:

- sulfur content — total (/) and in the combustible part of the fuel (Sy);

- conditional points for adjusting the indicators to avoid obtaining negative average values;

- empirical equations that describe the calculated and corrected dependencies based on the ratio of §¢ and S;;

- correlation of these indicators;

- ranges of change in ash yield.

All this information was presented for clean and raw coals, for ash yields of more and less than 10%. In one case,
satisfactory results were noted for determining the calculated sulfur content in a conditionally non-combustible mass.
This was an aggregate of 149 mine layers. For 13 of them, the difference in indicators (S — S;) was greater than or
equal to zero. For 136 — less than zero. For 81, the sulfur content in the conditionally non-combustible part of the fuel
Su was less than zero. At the same time, there was a sufficient level of correlation (0.79) and a limited range of changes
in ash yield (2.4-10). The empirical equation corresponding to this aggregate was recommended for predicting the
hazardous properties of mine seams with an ash yield of less than 10%.

Discussion and Conclusion. The results of this study can be used to improve regulations for the safe conduct of mining
activities, taking into account sulfur content in organic matter and in mineral impurities of fossil coal.

Keywords: sulfur in fossil coal, engineering method for determining sulfur in the mineral mass of coal, prevention of
endogenous fires in coal mines
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Hayunas cmamos

OmnpenesieHue coePKAHUs cepbl B MHHEPAIBLHON Macce /1151 MPOrHO3a ONACHBIX CBOICTB
YroJIbHBIX IAXTOIJIACTOB

H.B. Iponckas '/, 3. H. ®uaatnesa 2=/, M.B. ®maarses >, H.B. llamuo 315 X

! NonGacckuii rocy1apCTBEHHBII TEXHUYECKUI YHUBEPCUTET, I. AJtueBCK, Poccuiickas @enepanst

2 JIyrauckuii rocyJapcTBEHHbIH YHUBEpCHTET uMeHu Biagumupa Jlans, r. Jlyrauck, Poccuiickas ®enepanus
3 JIOHCKO# roCyIapCTBEHHBIN TEXHUYECKUI yHUBEPCUTET, I. PocToB-Ha-Jlony, Poccuiickas ®enepanus

D4 ninelllsss@gmail.com

AHHOTANUA

Bgeoenue. Cepa npHCYTCTBYET B OpPraHMYECKOW M MHHEPAIbHON YacTH BCEX BHIOB TBEPAOrO TOIUIMBA, NPUYEM OT ee
COZleprKaHMs 3aBUCUT TPOSIBJICHUE OMACHBIX CBOMCTB IMIAXTOIUIACTOB. B CBSI3M € 3THM HE TEPSIOT aKTyaJbHOCTh Hay4YHbIC
W3BICKaHUS, CBSI3aHHBIE C OIPE/eNICHHEM KOJIMYECTBAa cepbl B MCKomaeMoM TorumBe. ConepkaHue oOIIel cepbl U ee
Pa3HOBHUIHOCTEH WM3y4ajoch B OOJNBIIMHCTBE CIIy4aeB ¢ MO3HMIUHK 3()(HEKTUBHOCTH MPOIECCOB TEPEepPadOTKH TOILIMBA,
KauecTBa M JKOJOTMYECKON OE€30MacHOCTH YroJIbHOM MPOMYKIMH. MeHbllle BHUMAHUS YICSIM TPOSIBICHUIO OMacHBIX
CBOICTB MIAXTOIUIACTOB, INPOTHO3MPOBAHMIO M pa3paboTke NPOQHIAKTHYECKUX MEPONPHATHH IO TPEIOTBPAIICHUIO
SHIIOTEHHBIX MI0KapOB B YTONBHBIX IaxTax. Llems nmpencraBieHHON paboThl — CO3IaHNE HHXKEHEPHOTO METOJa PACIETHOTO
OTIpeIeNIeHNSI HIIEMEHTHOTO COIIEPKaHMUs Cephl B MUHEPATLHON Macce YTilel UL MPOrHO3a OITACHBIX CBOMCTB IIAXTOIIIACTOB.
Mamepuanst u memoost. I1o pe3ynbpraTaM KOPPEISIIIHOHHOTO aHATN3a YCTAaHOBIIIN, KAKUM 00pa3oM CO/Iep>KaHue Cephl
B TOPIOYEH YaCTH TOILTHBA 3aBHCHT OT OO0IIel cepsl. PaccMoTpenyu maHHBIE IO YTIUISIM MPAKTHIECKU BCEX MIAXTOILIACTOB
Honeukoro n JIkBoBcko-BonbsiHCKOTO Oacceitnos. [IpeacTaBuian cOOTHOLIEHUS 30JbHOCTH IUTACTOBBIX U 000TaIEeHHBIX
1po0, a TakKe CBEJCHHS O COJEpXKaHUM OOIIeH cepbl M Cepbl B TOPIOYECH YacTH. DTO MO3BOJIMIO PACUCTHBIM IyTEM
OLICHUTh COZEp’KaHHWE Cepbl B MMHEpAIBHBIX INpuUMecsX. VIcXomHple AaHHBIE Uil pa3pabOTKM METoAa B3sUTH M3
CIIPaBOYHO-HOPMATUBHBIX JJOKYMCHTOB.

Pezynvmamul uccnedosanus. PaccMOTpeHbl CeMb COBOKYITHOCTEH, KOTOphIE BKItoUYany ot 149 no 1827 maxTomiacTos.
Mo xaxx0# 000OIIUIN CLIPAaBOYHBIC U PACUETHBIC TaHHBIE:

— cozepkanue cepbl — o0mel (S) 1 B roproueii yacTy Tomwmsa (Sy);

— YCIIOBHBIE TOUKH JJIsI KOPPEKTHPOBKH TIOKa3aTelIel BO M30eKaHIe IMOTyIeHNS OTPUIIATEIFHBIX YCPESIHEHHBIX 3HAUYCHUI,

— OMITUPUYECKHE YPaBHEHHS, KOTOPBIE OMHMCHIBAIOT PACUETHBIE 1 CKOPPEKTUPOBAHHBIE 3aBUCHMOCTH 110 COOTHOIICHHIO
Sau Sy

— KOPPEJSLHMIO 9TUX MOKa3aTeNe;

— JMana30Hbl N3MEHEHHS BBIXO/1a 307161

Bce aTH cBepeHus mpencTaBieHbl Uit 00OTalleHHBIX M He O0OTralleHHBIX Yriel, JJIs BbIXoja 30kl Oojiee W MeHee
10 %. B onHOM ciy4ae OTMEUEHBI YIOBJICTBOPUTEIBHBIC PE3YNbTAThl ONPENENCHUs PACUETHOIO CONEpKaHHUs CEphl B
YCIIOBHO HEropioueif Macce. DTo COBOKYIHOCTh u3 149 maxrtonnactos. s 13 u3 Hux pasHocTh nokasareneii (S — S;)
6onpmre win paBHa Hyo. g 136 — mensie Hyns. st 81 comeprkanue cepbl B yCIOBHO HETOPIOYEH YacTH TOIUIMBA
Sy Menbire Hyms. [lpm 3TOM oTMeuaeTcss HOCTaTOYHBIH ypoBeHb Koppemimuu (0,79) m orpaHHYeHHBIH IHATa30H
n3MeHeHHs BhIxoaa 3076! (2,4—10). CooTBETCTBYIOIMIEE ATOI COBOKYITHOCTH AMITUPHYECKOE YPABHEHHE PEKOMEHIYETCs
JUIS TIPOTHO3a OMACHBIX CBOMCTB IIAXTOILUIACTOB C BHIXOJOM 30161 MeHee 10 %.

Oécyscoenue u 3axnouenue. IlonydeHHbIe pe3yabTaThl MOKHO HCIOIB30BaTh ISl COBEPLICHCTBOBAHUS HOPMATHUBHBIX
JIOKyMEHTOB 110 0€30I1aCHOMY BE/ICHHIO TOPHBIX paboT ¢ y4ETOM COJep>KaHus Cephl, KaKk B OPraHMYEeCKOi Macce, Tak 1
B MUHEPAIBHBIX TIPUMECSIX UCKOIAEMOTO YT JIs.

KnawueBble ciioBa: ccpa B UCKOIIaCMOM YTIJIC, I/IH)KeHepHHﬁ METOA OMpPEACIICHUSA CCPhI B MI/IHepaHLHOﬁ Macce yris,
NpEeAOTBPAIICHUEC DHAOTCHHBIX ITOXKAPOB B YT'OJIBHBIX HIaxXTax

BaarogapHocTH. ABTOpHI BBIpaXalOT OJIATOAAPHOCTh PEAAKIMOHHOM KOJUISTMH JKypHala M PEIEH3EHTY 3a
npodeccHoHaNbHbII aHaIU3 U PEKOMEHJALUK [0 KOPPEKTHPOBKE CTAThU.

© Pronskaya NV, Filatieva EN, Filatiev MV, Shashlo NV, 2024
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Introduction. Sulfur is an element of compounds found in the organic and mineral parts of various fuels. In the
mineral mass of coals, sulfur is found as a rule in the form of sulfates (mainly calcium and iron) and iron disulfides FeS,
(pyrite and marcasite). In the organic mass, sulfur is found in the form of organic compounds.

There are several basic forms of sulfur in coals. These are parts of the total sulfur:

- sulfate Sso, — is a part of the inorganic mass of coal in the form of metal sulfates;

- pyrite S, — is a part of the inorganic mass of coal in the form of metal disulfides (pyrite and marcasite);
- organic S, — is a part of organic compounds.
Total sulfur and its varieties, unlike ash sulfur, are conditionally converted to elemental sulfur [1]:
S, =850, +S, + S, )

Sulfur content in ash is usually calculated in the form of sulfur trioxide (SO3). Sulfur is an undesirable and harmful
part of fuel. When burning coal, sulfur is released as SO,. It pollutes the environment, causes corrosion of metal
surfaces, and reduces the heat of combustion of fuel. During coking, sulfur turns into coke, deteriorating its properties
and the quality of the metal. For these reasons, the content of total sulfur and its varieties has been studied in most cases
from the standpoint of the efficiency of fuel processing processes, the quality and environmental safety of coal products.
Good results have been obtained in this direction, which is confirmed by the development and successful use of modern
industrial classification of coals according to genetic and technological parameters. To a large extent, it is based on data
from reference books, in which, based on the results of experiments, information was summarized on the quality of hard
coals and anthracites [2], as well as on their processing [3].

The successes in forecasting and developing preventive measures to prevent endogenous fires during work in coal
mines are less significant. Thus, for twenty years (from 1994 to 2015), more than two hundred endogenous fires
occurred in the mines of Ukraine [4]. According to open data, similar accidents occur in many coal-mining countries.
Thus, the problem that has been relevant since the 19th century has not been solved. At first, it was associated with
spontaneous combustion of coal in warehouses and during transportation. Then accidents began to occur in coal mines
caused by endogenous fires [5].

Sulfur content in coal not only determines its consumer qualities, but also significantly affects the manifestation of
hazardous properties of coal seams during mining operations [6]. In particular, with an increase in the total sulfur
content in coal by 1-6%, the probability of endogenous fire increases by more than three times [7]. There have been
attempts to figure out how dangerous properties of mine seams can be identified by mineral impurities [8]. However,
even now it is almost unknown how the studied risks depend on the type and form of sulfur in fossil coal. As a result, in
regulatory documents’ 2 the probability of endogenous fires in coal seams was determined only by the content of total
sulfur 3.

Studies [5] have shown that spontaneous combustion is largely due to the nature of not only coal, but also the
associated rocks?®. It is extremely important to establish the component of the fuel, on which the probability of
spontaneous combustion depends. Without this, laboratory research methods do not provide acceptable answers to the
questions posed. Along with laboratory studies of coal matter, it was assumed to take into account the presence of
carbonaceous rock from mineral interlayers, as well as from cover and soil rocks in fossil fuels. To do this, it is
necessary to additionally consider the ash yield and the content of all types of sulfur [5].

Guidelines for the prevention and extinguishing of endogenous fires °, as well as other regulatory documents on safe
conduct of mining operations, do not take into account the presence of mineral impurities. These issues are not
addressed in dust control measures in coal mines, predictions of gas emissions® and sudden emissions’ or in general, in
regulatory documents governing mining activities.

' Rukovodstvo po preduprezhdeniyu i tusheniyu endogennykh pozharov na ugol'nykh shakhtakh Ukrainy. KD 12.01.402-2000 from 18.12.2000.
Donetsk: Nauchno-issledovatel'skii institut gornospasatel'nogo dela; 2000. 216 p. (In Russ.).

% Katalog uglei SSSR, sklonnykh k samovozgoraniyu. Moscow: Nedra; 1982. 416 p. (In Russ.).

3 Rukovodstvo po preduprezhdeniyu i tusheniyu endogennykh pozharov na ugol'nykh shakhtakh Ukrainy. KD 12.01.402-2000. Donetsk: NIIGD; 2000.
216 p. (In Russ.).

*GOST 25543-2013.  Brown coals, hard coals and anthracites. Classification according to genetic and technological ~parameters. URL:
https:/files.stroyinf.ru/Data2/1/4293772/4293772639.pdf (accessed: 11.01.2023). (In Russ.).

5 Rukovodstvo po preduprezhdeniyu i tusheniyu endogennykh pozharov na ugol'nykh shakhtakh Ukrainy. KD 12.01.402-2000 from 18.12.2000. Donetsk:
Nauchno-issledovatel'skii institut gornospasatel'nogo dela; 2000. 216 p. (In Russ.).

® Rukovodstvo po proektirovaniyu ventilyatsii ugol'nykh shakht. Kyiv: Osnova; 1994. 311 p. (In Russ.).

" Pravyla vedennya hirnychyx robit na plastax, sxyl'nyx do hazodynamichnyx yavyshh. Standart Minvuhlepromu  Ukrayiny
No. SOU 10.1.00174088.011-2005. Kyiv: Ministerstvo ugol'noi promyshlennosti Ukrainy; 2005. 224 p. (In Ukr.).
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Content of mineral impurities, judging by the ash yield from coal seam samples [2] and [3], can significantly
exceed 40%. This undoubtedly affects the reliability of the forecast of hazardous properties of coal seams in mining
operations and indicates the relevance of improving the regulatory framework. To do this, it is necessary to develop an
engineering method for determining sulfur in the mineral mass of coals.

The aim of the presented work is to prove the fundamental and practically the only possibility of calculating the
elemental sulfur content in the mineral mass of coals for predicting the hazardous properties of coal seams during
mining operations. It should be noted that when implementing this approach, some standard indicators are used, which
are recorded in the reference and regulatory documentation on the consumer qualities of fuel for each coal seam. We are
referring to experimental data on sulfur content — common and in the combustible part of the fuel. Due to this
information, it is possible to establish the relationship between the sulfur content in the organic mass and mineral
impurities. According to ash yield, it is possible to determine the ratio between the organic mass and mineral impurities
for clean coal samples. The ratio of ash content of bed and clean samples allows us to estimate sulfur content in the
removed treatment products.

Materials and Methods. The research methodology is based on a close correlation (» = 0.93) of sulfur content in
the combustible part of fuel (S;) and total sulfur (S) for coals of almost all mine seams of the Donetsk and Lviv-Volyn
basins (Fig. 1)

S % 1

6 -

T T T

4 5 6 5%

w

0 1 2

Fig. 1. Dependence of sulfur content in the combustible part of fuel (Sr) on total sulfur (S) according to the statistical processing of
experimental data: 1 — averaging line; 2 — bisector of the coordinate grid (the authors' figure based on [2] and 3])

Statistical processing of dependence S; on S¢ was performed for 1827 mine seams, for which the sulfur content was
known — total and in the combustible part of fuel.

Reference normative document [3] provides general information on the consumer qualities of coal for 734 mine
seams, and reference [2] provides it for 1379 mine seams.

The proximity of averaging line 1 and bisector 2 of the coordinate grid (Fig. 1) shows that, in general, the sulfur
content in the combustible part of fuel (S;) can be higher or lower than total sulfur value (S¢). Difference between S¢
and S; (S — Sr) in the first approximation can be a criterion for the ratio of the elemental sulfur content in the
combustible mass and in the conditionally non-combustible part of the fuel. Indicator (S — S;) for 1315 coal seams was
negative, which indicated a predominant sulfur content in the combustible part of the mass. For 429 coal seams, this
indicator had positive values, which indicated the predominant presence of sulfur in the conditionally non-combustible
part of the fuel. Zero difference (S —S,) for 83 mine seams meant that the sulfur content in the combustible and
conditionally non-combustible parts of the coals was the same for the entire aggregate of mine seams considered in the
article.

Information is available for 2113 coal seams. For some of them, the data in different documents match, and this is
an argument in favor of the reliability of the information. The values of ash yield from bed samples are not given for
four mine seams (Table 1). For this reason, it is possible to analyze the experimental data on ash yield for 2109 mine
seams. Of these, processing was carried out for 1,622 mine seams, and for 487 it was not carried out.
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Table 1
Information on mine seams for which data on ash yield from bed samples is not provided
. Ash content, % Sulfur content, %
Source . Formation , -
Source Mine . 4| inthe combustible
page index | bed sample, 4,°| clean sample, 4, | total, S/

part, S:

I8 - 6.3 6.3 1.9
Ne 144

[3] 74 ks - 6.1 2.8 3.0
10-bis m3 - 7.0 3.2 3.5
[4] 106 | named after Voykov L - - - -

Results. The indicators from [2] and [3] made it possible to calculate sulfur content in the conditionally non-
combustible part of fuel S, for 827 mine seams:

100-8;' ~(100- 45 )5,
S = % ()

H AC ’

0

where 4,° — ash yield from clean samples, %.
Calculated values S, were related to indicator (S-S;) by a close directly proportional correlation (» = 0.91, Fig. 2 a).

S,

H

%

. SA-S, %
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Fig. 2. Dependence on criterion (S¢ — Sr) of calculated values of sulfur content (Sx) according to equation (2) in the conditionally
non-combustible part of fuel: a — for the entire aggregate of 1827 mine seams; b — for 1352 mine seams, the coals of which were
pre-cleaned; ¢ — for 475 mine seams with raw coals; 1 — averaging lines; 1' — adjusted positions of averaging lines;

A' — conditional position of a point to correct the location of line 1' and exclude negative ("wild") averaged values Su; X —
calculated values Su according to equation (2) [3, 4]

At the same time, we got a significant number of negative calculated values S, for 802 mine seams. Close
correlation of the indicators and the presence of "wild" (negative) results indicated possible influence of systematic
errors in determining the difference between total sulfur content (S¢) and in the combustible part of the fuel (S;). The
presence of negative calculated values S, could indicate that systematic errors in the determination of criterion (S — Sy)
were due to both an underestimation of the experimental values of total sulfur and an overestimation in the combustible
part of fuel.

In order to understand the origin of "wild" calculated values of sulfur content in the conditionally non-combustible
part of fuel according to equation (2), methods for determining the indicators from this dependence were considered.

Several approaches to the determination of total sulfur in coals are known — from the classical gravimetric Eschka
method to modern types of instrumental analysis [1]. The Eschka method, proposed in 1874, is still widely used in
world practice. It is regulated by GOST®. Coal sample is burned by sintering with a mixture of magnesium oxide and
anhydrous sodium carbonate (ratio 2:1 by weight) in an oxidizing atmosphere at a temperature of (800 + 250) °C. The
organic mass of fuel is burned, and sulfur is converted into sodium and magnesium sulfates. They are transferred to a
solution. The sulfate ion is quantitatively precipitated in a hydrochloric acid medium with barium chloride in the form
of barium sulfate BaSOs. The total sulfur content is calculated by the mass of BaSOs. The disadvantages of this
approach are high time costs (at least 67 hours) and the possibility of losing part of the organic sulfur during sintering
with a mixture [1]. In most cases, the method is used in case of disagreement. The total sulfur in standard fuel samples
for calibration of analyzers is determined only by the Eschka method.

For practical purposes, an accelerated standard method for determining total sulfur, regulated by GOST? is
recommended. The fuel sample is burned in a stream of oxygen or air in a tube furnace at 1350°C. Ash residue and
gaseous combustion products are formed, which include sulfur oxides (mostly SO,) and chlorine oxides. The analysis is

8 Pravyla  vedennya  hirnychyx robit na plastax, sxyl'nyx do hazodynamichnyx yavyshh. Standart Minvuhlepromu  Ukrayiny
No. SOU 10.1.00174088.011-2005. Kyiv: Ministerstvo ugol'noi promyshlennosti Ukrainy; 2005. 224 p. (In Ukr.).

® GOST 2059-95 (ISO 351-96). Solid mineral fuel. Determination of total sulfur.High temperature combustion method. Moscow: Stansartinform; 2008. 14 p. URL:
https:/files.stroyinf.ru/Data2/1/4294832/4294832840.pdf (accessed: 11.11.2023). (In Russ.).
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carried out in 40-60 minutes. This method was used in determining total sulfur content to establish the consumer
qualities of coals. Experimental values are given in reference and regulatory documents [2, 3]. An accelerated method
for determining total sulfur is recommended for monitoring the sulfur content in low-ash fuels. It is undesirable to use it
in the analysis of high-ash fuels with a significant content of calcium compounds. Due to the variety of the composition
of the mineral mass and sulfur compounds, it is impossible to be completely sure that some of the sulfur will not remain
in the ash in the form of CaSO4. As a result, the results are underestimated [1].
For most coal seams, after coal cleaning, the ash yield is less than 10%, but this indicator can also be much
higher (Fig. 3).
A, %

40 -

20 =

15 =

10 =

0 10 20 30 40 A, %

Fig. 3. Dependence of ash yield from clean coal samples (4.°) on ash yield from bed samples (4n°)
according to experimental data [2, 3]

For this reason, even after cleaning a significant part of the samples, there was no reason to consider all coals
low-ash. According to data [2, 3], no cleaning was carried out for 487 mine seams and the ash yield in many cases
exceeded 10%, which also did not allow the coals of this aggregate of mine seams to be classified as low-ash.

Calcium compounds are present in the mineral impurities of the coals of all mine seams. This is evidenced by
the typification of the composition of the ash (Table 2), according to which the CaO content can generally reach 40%.

Table 2
Typification of coal ash composition according to [2] and [3]
Composition fluctuation limits, %
Types of coal ash -
Ale3 SlOz F€203 CaO
Siliceous 8-30 40-70 to 20 to 20
Alumina 3045 40-55 to 20 to 20
Ferriferous 10-20 30-55 >20 to 20
Lime 5-20 15-40 5-20 2040

One of the reasons for obtaining "wild" calculated values S, according to equation (2) is an underestimation S¢ when
determined by the accelerated method. This conclusion is justified by:

- the analysis of ash yield from clean and bed samples;

- the possible content of calcium compounds in all types of ash.
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The second factor in obtaining negative calculated values S, is an overestimation of the proportion of the
combustible part of fuel using (100-4,°) as a multiplier in equation (2). Total sulfur content S refers to both organic
part and mineral mass (MM) of the fuel. For this reason, it would be more logical to use MM values in equation (2)
instead of ash yield 4, which have not been experimentally determined for the considered mine seams. According to
known empirical dependencies, the MM values always exceed the ash yield to the dry state. Accounting for such an
excess requires additional (missing) information about hydrate moisture, carbon dioxide released during complete
decomposition of carbonates, pyrite and sulfate sulfur. For an approximate estimate of the mineral mass content,
ratio MM = 1.1 A4,° is sometimes used [1].

The analysis showed the reasons for the systematic underestimation of product 100-S¢ and overestimation of
difference (100—A4,°) S: in determining the calculated values Sy, according to equation (2).

The presence of negative values Sy for an aggregate of 802 mine seams (Fig. 2 @) makes it possible to estimate the

average underestimation of criterion S? —S. , at which "wild" results were obtained

n

S5t

S8 =1 - T303_ 549 A3)
r n 802
Here n =802 — number of mine seams for which negative values Sy were obtained; Z(Std -5, ) — sum of negative

values S — S; for the aggregate of n = 802 mine seams.

Average negative value Std —S_=-0.42% corresponds to average negative value S, :

s,
5 -1

-1682.18
= =-210, %, @)
n 802
where ZSHi — sum of negative calculated values S, for the aggregate of n = 802 mine seams.

1

To exclude negative averaged values Sy, it is necessary to adjust the position of line 1 (Fig. 2a) taking into account

coordinates Std -8 =-0.42% and S, =-2.10%. Adjusted line 1' should pass at least below point A' with coordinates

Std —-§_ =-042% and E =-2.10%. Directly proportional dependence S, on (S —S;) (» = 0.91) indicates the fact that

the true position of corrected line 1' will be close to its parallelism with line 1. The use of values S;' in engineering
calculations, determined by equation 1' (Fig. 2 a), guarantees, at least, the absence of their negative averaged values.

Empirical equation 1' was obtained based on the experimental data for 1827 mine seams. Of these, pre-cleaning was
performed for coal samples from 1.352 mine seams. Ash yield from the bed samples of coals of the remaining 475 mine
seams was slightly lower, therefore, cleaning was not applied to them.

Preliminary cleaning significantly affected the ash yield compared to raw samples (Fig. 3). It was necessary to find
out how the accuracy of the calculated determination of sulfur according to equation (2) in the conditionally non-
combustible part of the fuel depended on cleaning. To do this, we considered individual characteristic sets of mine
seams. One aggregate of 1.352 variants included mine seams, the coals of which were subjected to preliminary
cleaning (Fig. 2 b). Before cleaning, the ash yield from bed samples was 11.0-48.2%, and after — 3.7-16.7% (Fig. 3).

In the second aggregate of 475 mine seams, the option was considered for mine seams, the coals of which were not
previously cleaned (Fig. 2 ¢), since they were conditionally classified as low-ash. The yield of ash from the untreated
coals of this aggregate of mine seams ranged from 2.4% to 28.1% (Fig. 3).

The ash yield for both considered aggregates of mine seams in many cases significantly exceeded 10%. The yield
ranges were 3.7-16.7% and 2.4-28.1%, respectively. This indicated the absence in some cases for both aggregates of a
reasonable application of an alternative accelerated standard method for determining total sulfur S [9]. As a result,
calculated values S were underestimated for most of the considered mine seams. As a consequence, the "wild" values
calculated according to equation (2) were obtained for 558 and 244 mine seams of both (second and third) aggregates,
respectively (Table 3).
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Table 3

Summary results of determination of calculated values S, according to statistical processing of experimental data for

different aggregates of mine seams
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Average negative values S? —S,. of the second and third aggregates were calculated using equation (3). They

were —0.42% and —0.41%, respectively. This indicated that the average errors of underestimation of the calculated total
sulfur content by an alternative accelerated method for both aggregates were almost identical when calculating S,
according to equation (2). Due to these circumstances, the accelerated method for determining total sulfur and possible
underestimations of its true values did not relate to the differences between the second and third aggregates of mine
seams.

Logic of equation (2) shows that different calculated values Sy of the second and third aggregates can be obtained
only taking into account the different ash yield from clean and bed samples of coals. For the convenience of analyzing
the potential impact of ash yield from clean and raw coal samples, equation (2) was presented in the form of terms.

For clean samples (aggregate 2):

Se =10(?-S;’ —@-Sﬁs‘;,%. (5)
4; 4,

For raw bed samples (aggregate 3):
n —100-Sd 100

S p
AS AS
n n

H

n s
S +S,%. (©)

Comparing the terms of equations (5) and (6), we determined the direction of their influence on the calculated
values Sy. The first term (100/ A7 ) ‘ Std of equation (5) was obviously larger than the corresponding term (100/ A; )-Std

of equation (6). This was determined by the undeniable excess of ash yield from bed samples compared with ash yield
from raw samples (4.° > A.°). The inequality suggested that the values of total sulfur determined by the accelerated
alternative method would be more underestimated for bed samples. For this reason, S values of equation (5), were at
least not less than in (6).

The second terms with a minus sign of equations (5) and (6) ((100/ Ag)-Sf and (100/ Ag)Sr") characterize an

increase in the proportion of sulfur content in the combustible part of fuel after coal cleaning compared with the content
in bed samples before cleaning. Under the influence of cleaning processes, the ash yield is reduced several

times (4o° < Ax¢, Fig. 3). As a result, the proportion of the combustible part of fuel of clean coals increases (100/ A7 )

compared with its share in bed samples (100/ A:[ ) . This, as well as the stability of sulfur compounds, cause an increase

in the relative (percentage) content of sulfur S;° in the combustible part of fuel after cleaning. These values always
exceed the percentage of sulfur in the bed raw samples, i.e. the inequality S.> S" is observed. Negative terms of

equations (5) and (6) ((100/ A ) -S? and (100/ AS ) . S:) in any ratio, make up only a certain part of the sulfur content in

the combustible mass. As a result, the total values of the second and third terms of equations (5) and (6) will be positive.
Let us consider the inequality of terms in (5) and (6): S7 > S| and (100/ A5 )-Std and (100/ A;)-S,d . This suggests

that cleaning leads to a percentage increase in the sulfur content in the non-combustible part of fuel (S,) and its close,
almost functional dependence (r = 0.94) on criterion S/~S; (Fig. 2 b). Strong correlation S, and S¢ — S, for clean coal of
the second aggregate is due to a significant forced reduction in the content of conditionally non-combustible (mineral)
impurities. This is evidenced by a reduction in the range of ash yield from bed raw samples from 11.0-48.2%
to 3.7-16.7% after cleaning. For the considered aggregate of mine seams, in most cases (about 90%), the ash yield was
less than 10%, which indicates an insignificant proportion of mineral impurities in coals after cleaning. Cleaning is
largely explained by the approximation of mass fraction of combustible part of fuel to the organic mass. Correlation
dependence 1 (Fig. 2 b) refers to an insignificant proportion (less than 10%) of mineral (conditionally nonflammable)
impurities preserved after cleaning. The relatively high regression coefficient of equation 1 (13.15) indicates a disparity
in the indicators:

- reduction of ash yield after coal cleaning;

- sulfur content in the preserved part of conditionally nonflammable (mineral) impurities [10].

As it can be seen from equation (5), high correlation dependence of S; on indicator S — S, for mine seams of the
second aggregate was ensured by a relative consistency of ash yield 4, for most mine seams in the range of 3.7-10.0%.
This effectively eliminates the significant influence of unpredictable fluctuations in the proportion of conditionally non-
combustible (mineral) impurities in wider ranges. Values S,° for the second aggregate of mine seams, calculated
according to equation (5), are determined by experimental data from S and S;°. This was confirmed by the results of
statistical processing (Fig. 2 b). Influence of fluctuations in ash yield 4,° after coal cleaning was minimized, and
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calculated values S,° were more dependent on two indicators — S and S°.

Such a stable relationship between S, and (S — S;) is not observed in the absence of cleaning processes (Fig. 2 c).
This resulted in a lower correlation coefficient (»=0.56) and a decrease in regression coefficients of empirical
equations 1 from 13.15 (Fig. 2 b) to 3.50 (Fig. 2 ¢).

When calculating S," according to equation (6) for the third aggregate of mine seams, the range of unpredictable
fluctuations in values 4,° of ash yield expanded to 2.4%-28.1%. This is significantly more than with a stable ash
yield from clean coal samples of the second aggregate. We note the increased influence of an additional factor
associated with significant fluctuations in the ash yield from bed samples in wider intervals. This led to a weakening
of correlation dependence 1 to value » = 0.56 (Fig. 2 ¢).

The vast majority of coals of the third aggregate of coal seams according to criterion S —S; < 0 should be
classified as low-ash. Out of 475 coal seams of the entire aggregate under consideration, 454 (i.e., 95.6%) criterion
values were negative. According to negative values of S — S; criterion, the main percentage of sulfur had to be
conditionally attributed to the combustible mass of the coals of these mine seams. Determination of S, according to
equation (6) for 244 mine seams gave "wild" values. For the remaining 231 mine seams, calculated values Sy were
positive (210 variants) or equal to zero (21 variants). The study revealed an approximately equal number of near-zero
calculated values Sy. This confirms the presence of systematic errors of experimentally determined parameters
included in (6). The proof is also the approximate equality in absolute magnitude of the average negative (-0.71%)
and average positive (+0.80%) calculated values Sy. This makes it possible to reasonably make quantitative
adjustments to the calculations in order to exclude "wild" results.

Comparison of calculated values of sulfur content in the non-combustible part of fuel for the second and third
aggregates demonstrates a significant difference in the initial parameters of the indicators that were used to
determine Sy and S," according to equations (5) and (6), respectively. The main difference was due to the preliminary
cleaning of coals of the second aggregate. Cleaning changed disproportionately the ratio of ash yield and sulfur
content in the combustible part of fuel. The initial ratios were formed in natural conditions and were associated with
the individual geological history of the formation of each mine seam, namely:

- consistent accumulation of precipitation;

- immersion and transformation of the initial substance at the stages of peat formation and diagenesis preceding
metamorphism.

In coals of the third aggregate of mine seams, the initial established natural ratios between the ash yield from bed
samples, the content of total sulfur and some of its part in the combustible mass of fuel have been preserved.

Cleaning of coals of the second aggregate of mine seams and the reduction of ash yield (in most cases
below 10%) predetermined the artificial proximity of the entire aggregate in terms of the content of mineral
(conditionally non-combustible) impurities. As a result of actual elimination of the influence of ash yield from clean
samples for most of the mine seams according to equation (5), calculated values S," were obtained, which were
largely directly related to criterion (S — S). This predetermined their high correlation interdependence (Fig. 2 b).

The main difference between the coals of the second and third mine seam aggregates is the values of ash yield
from clean and bed samples of coals. For a detailed understanding of the effect of ash yield from clean and raw coal
samples on calculated values S, four aggregates of mine seams of varying degrees of cleaning were additionally
considered (Fig. 4).

Sy %

S-S, %
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Fig. 4. Dependence of calculated values of sulfur content (Sx) in conditionally non-combustible
part of fuel on criterion (S — Sr) [2, 3]

According to the ash yield from clean samples, mine seams were divided into two groups: less than 10% and more
than 10% (Fig. 3). The corresponding aggregates were considered — fourth (Fig. 4 @) and fifth (Fig. 4 b).

The majority of mine seams (1181% or 87.4%), according to the ash yield of less than 10% of clean samples, were
attributed to the fourth aggregate. In the fifth aggregate of mine seams with an ash yield of more than 10%, calculated
values Sy for 171 mine seams were considered, which amounted to 12.6% of the total number of mine seams (1352), the
coals of which were cleaned.

Close directly proportional correlation dependencies of calculated values Sy on S — S, criterion were obtained for
both aggregates of mine seams after processing. The correlation coefficients are 0.95 and 0.92, respectively. The
regression coefficients of these dependencies (Fig. 4 a, b) were 13.84 and 7.50, respectively. The almost twofold

Technosphere safety



https:// bps-journal.ru

Safety of Technogenic and Natural Systems. 2024;8(1):58—-72. eISSN 2541-9129
T — A N — N N N N ————— — — — A N R —
difference between the empirical regression coefficients indicates significant differences between the coals of the fourth
and fifth aggregates. It can be explained by:

— quantitative and qualitative composition of mineral impurities in bed samples;

— different processing efficiency.

The influence of these factors requires a separate detailed study [11].

Similar aggregates of mine seams were formed by the ash yield from bed (raw) samples of less than and more
than 10%. For the sixth aggregate of 149 mine seams, the dependence of S, on S-S, criterion was established when
ash yield from raw (bed) samples was less than 10% (Fig. 4 ¢). In the seventh aggregate of 326 mine seams, similar
dependencies of calculated values of S; on (S¢—S;) criterion at an ash yield of more than 10% were
considered (Fig. 4 d).

The obtained directly proportional empirical dependences for the sixth and seventh aggregates of mine seams with
different ash yields from raw (bed) samples differ significantly. The differences are due to both the closeness of
correlations and the regression coefficients of empirical equations.

The ash yield of less than 10% from raw (bed) samples indicates a low ash content of coals of the sixth aggregate of
mine seams. In this case, the correlation is quite high (» = 0.79). For the more ashy coals of the seventh aggregate of
mine seams, the correlation is much weaker (» = 0.56).

The regression coefficients of the empirical equations of the sixth and seventh aggregates of mine seams differ by
more than three times. They are respectively equal to 8.27 (Fig. 4 ¢) and 2.53 (Fig. 4 d).

The revealed significant differences between the empirical dependencies of the sixth and seventh aggregates of mine
seams in terms of the closeness of correlations and regression coefficients indicate different features of the conditions for
accumulation of sulfur in the mineral (conditionally non-combustible) part of fuel for coals with different ash yield levels.

Low ash yield (less than 10%) indicates an insignificant content of mineral impurities. A fairly high correlation
coefficient (» = 0.79) is recorded between the calculated sulfur content in the conditionally non-combustible part and
criterion (S¢ — S;) (Fig. 4 ¢). This means that sulfur was formed simultaneously in mineral impurities and in organic
matter at different stages of coal formation. The absence of such a close correlation for high-ash coals indicates
different conditions for the formation of sulfur content in mineral impurities and in the organic mass of the seventh
aggregate of mine seams (Fig. 4 d).

Discussion and Conclusion. According to empirical equations (Fig. 4), the aggregates of mine seams were
considered in pairs, which, other things being equal, differed in two factors (Table 3):

- whether or not the coals were cleaned;

- ash yield from cleaned or raw coals was less than or more than 10%.

Processing significantly changes the relationship between:

- organic matter and mineral impurities;

- combustible and conditionally non-combustible parts of the fuel.

For this reason, the first, second, fourth and fifth aggregates of mine seams and the corresponding empirical
equations do not reflect the true natural sulfur content in non-combustible parts of fossil coals. They should not be used
to predict the hazardous properties of mine seams during mining operations.

Sulfur content in conditionally non-combustible mass of raw samples for the third and seventh aggregates is
underestimated due to the presence of a high ash yield and the use of an alternative standard method for determining the
total sulfur content. The scope of application of the empirical equations corresponding to these aggregates is limited to
coal mines with low-ash coals and an insignificant content of calcium compounds in mineral impurities.

The most reliable results of determining the calculated sulfur content in a conditionally non-combustible mass were
obtained for the sixth aggregate of mine seams. Practical application of the corresponding empirical equation is
recommended when predicting the hazardous properties of mine seams with an ash yield of less than 10%.

It is possible to improve the proposed method for determining sulfur in mineral impurities and expand its scope of
application. To do this, it is necessary to establish the following ratios:

- sulfur content in organic and combustible mass of coals;

- mineral impurities and ash yield (with the determination of its chemical composition).

The results of such studies can be used to improve standards for safe mining operations, taking into account the
sulfur content in both organic matter and mineral impurities of fossil coals.
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Abstract
Introduction. The issues of ensuring optimal fuel consumption modes are the subject of constant research in the field of
vehicle operation. Works in the field of reducing fuel consumption in most cases are devoted to the study of the design

of power units, transmission or aerodynamic features of the body of cars. At the same time, the issues of determining
the optimal laws of control of unsteady movement from the point of view of the synthesis of algorithms for controlling
the movement of a car have not been considered. To optimize the transmission ratio of cars with unsteady movement,
the authors of the work carried out analytical calculations to simplify the synthesis of motion control algorithms, which
in turn allowed reducing fuel consumption. The aim of the work was to determine the optimal transmission ratio, which
allowed solving the problem of synthesizing vehicle control to reduce fuel consumption.

Materials and Methods. The synthesis of algorithms for controlling the movement of a car considered in the work was
based on the application of the needle variation of L.S. Pontryagin to invariant features of the real movement. An
analytical method was used to estimate energy efficiency of vehicle performance, which was based on determination of
optimal transmission ratio of motor vehicles taking into account minimum fuel consumption. The presented method
took into account the amount of torque transmitted from the engine crankshaft to the transmission elements, which,
depending on the engine power, was realized in the form of traction force on the wheels of the car.

Results. The law of optimal change in the transmission gear ratio during acceleration of the car in a minimum time was
built. The problem of determining the optimal transmission ratio of the vehicle in the case of driving the vehicle at a
constant speed and constant fuel supply and in the case of accelerating the vehicle to a given speed at a constant fuel
supply, when the condition € = const was met, was solved. The result of the considered case of applying the optimal law
of change in the transmission gear ratio was the minimization of fuel consumption under restrictions on acceleration
(traction force) and speed of the car.

Discussion and Conclusion. The use by the authors of the analytical method for determining the transmission ratio of a
car, as well as the use of this method in practical calculations for a car with given characteristics, showed the possibility
of solving the problem of synthesizing vehicle control using a mathematical apparatus. This was confirmed by the built
graphical dependence based on the results of the calculations. The considered cases of movement made it possible to
determine the analytical dependencies of the optimal transmission ratio and the speed of the car. The initial data
obtained by analytical relationships are applicable for cars with a mixed control mode.

Keywords: transmission ratio, fuel consumption, energy efficiency
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AHHOTAIUSA

Beeoenue. Bonpockl obecriedeHHss ONTHMAbHBIX PEXHMOB pacxojia TOIUIMBA SIBISIIOTCS MPEIMETOM MOCTOSHHOTO
HCCIIeI0BaHMA B 00JIaCTH SKCIUIyaTallid aBTOTPAHCIIOPTHBIX CpelcTB. PaGoTel B 00nacTi CHIKEHUS pacxoja TOIUIUBA
B OOJNBIIMHCTBE CIIy4aeB IIOCBAIICHBI HCCIEHOBAHMIO KOHCTPYKIMH CHIJIOBBIX YCTAHOBOK, TPAaHCMHCCHU WM
a’pOANHAMUYECKIX OCOOCHHOCTEH Ky30Ba aBTOMOOMIIEH. BMecTe ¢ TeM BOIPOCH! OIIPEAEIEHHS ONTUMAIbHBIX 3aKOHOB
yTpaBICHUSI HEYCTAHOBHUBIIMMCS [JBIDKCHMEM C TOYKH 3PEHHMS CHHTE3a AJITOPUTMOB YIPABICHHSA ABHKCHHUEM
aBTOMOOWJIS HE pacCMaTPUBAIMCH. [ ONTUMM3AINK MEPEAATOYHOTO YHCIIAa aBTOMOOWIEH MpPH HEyCTaHOBUBIIMMCS
JBIDKCHUH aBTOpaMy padOTHl NPOBEACHBI aHAJTUTHYECKHE PacdeThl, MO3BOJIIONINE YIPOCTUTh CHHTE3 ajrOPHUTMOB
yIpaBieHUs] JBI)KEHHEM, YTO TII03BOJSIET CHH3UTH pacxox TorumBa. llenpio paboThl SBISUIOCH ONpeAeneHHe
ONTUMAJILHOTO NEPEAaTOYHOI0 YHCIA, O3BOJIAIONIEr0 PEIUTh 3a/1a4y CUHTE3a YIIPAaBICHUS TPAHCIIOPTHBIM CPEJCTBOM
JUIS CHIDKEHMSI pacXojia TOTIINBA.

Mamepuansl u memoodst. PaccmarpuBaeMblii B paboTe CHHTE3 aITOPUTMOB YNPABJIECHUS JABMKEHHEM aBTOMOOWIISA
OCHOBAaH Ha MNPUMCHCHUM K HWHBAPUAHTHBIM IIpHU3HaKaM ):[eflCTBPITeJ'H:HOFO JBUXXCHUA HUT0JIbYaTOMN Bapualuu JI.C.
[TonTpsirnHa. Vcrnonp30BaH aHAaJUTHUECKHHA METOJ OLCHKH JSHEPreTndeckod 3((EeKTHBHOCTH OSKCIUTyaTallMOHHBIX
XapaKTEepPUCTUK aBTOMOOWJISA, B OCHOBE KOTOPOIO JIEXKHT OIPEAE]eHHE ONTUMAJIBHOIO IMepelaTouHOro 4uciia
TPaHCMHCCHUH aBTOTPAHCIOPTHBIX CPEACTB C YYETOM HAMMEHBIIETO pacxoja TOIUIMBA. lIpencTaBieHHBIM METO[
YUUTHIBACT BEIMUYMHY KpPYTAILIEr0 MOMEHTA, IEPEAaBacMOro OT KOJEHYATOro Bajla JABUTATENsl HAa SJIEMEHTHI
TPAHCMHCCHHU, KOTOPBIH, B 3aBHCHMOCTH OT MOIIHOCTH [BHUTaTeNs, pealu3yeTcs B BHIE CWJIBI TSATH Ha KoJecax
aBTOMOOMIIS.

Pezynomamut uccnedosanun. I1ocTpoeH 3aKOH ONTUMAIBHOTO M3MEHEHHUS NEPEJaTOYHOTO YHCia TPAHCMHUCCHH TIPH
pasroHe aBTOMOOWJISI 32 MUHHMMAalbHOE BpeMs. Pemena 3amada oIpefeneHHs ONTUMAIBHOTO IEpPEeJaTOYHOro YHcia
TPaHCMHUCCHH aBTOMOOWIISI B Cilydae IBIDKCHHS aBTOMOOWIISI C TIOCTOSIHHOW CKOPOCTBIO W TOCTOSIHHOW moja4el
TOIUIMBA, a TaKKe MpPU pPasroHe aBTOMOOWJIS /O 3aJaHHOW CKOPOCTH IIPU MOCTOSHHOW Iojaye TOIUIMBA, KOT/A
cobmoyiaercst ycinoBue € = const. Pe3ynbTaToM pacCMOTPEHHOTrO cilydash NMPUMEHEHHs ONTHMAalbHOTO 3aKOHa
W3MEHEHMs MepelaTOYHOrO0 YMCIa TPAaHCMUCCHU SIBIISI€TCS MMUHHUMU3AIMS pacxoja TOIJIMBA IPU OTPAaHUYEHUSX Ha
YCKOpeHHe (CHITy TATH) U CKOPOCTH JIBHKEHUSI aBTOMOOWIIS.

Oobcysncoenue u 3axniouenus. llpuMeHeHre aBTOpaMU AHAIUTHYECKOTO METOJA JUIsl OMPENENIeHUs MepeaaTOuYHOro
YHucia TPAHCMHCCHM aBTOMOOHIS, a TakXkKe HCIOJIb30BAaHWE [TAHHOTO METOAa B IIPAaKTHUECKWX pacdeTax Uit
aBTOMOOWJIA C 3aJaHHBIMHM XapaKTEPUCTUKAMM II0Ka3bIBAET BO3MOXKHOCTH DPELICHUs 3aJaddl CHHTE3a YIPaBICHUS
TPAHCIIOPTHBIM CPEJCTBOM C IIPUMEHEHHEM MAaTEeMaTHYECKOTO amnmapara. OTO MOATBEPXKIACTCS IOCTPOCHHON
rpauIecKoi 3aBUCHMOCTBIO TI0 PE3yJIbTaTaM MPOBEICHHBIX pacuéToB. PaccMOTpeHHbIE Cly4an ABHKEHHS TTO3BOIHIN
OTIPEICTINTh AaHAJMTUYECKHE 3aBHCUMOCTH ONTUMAJIBLHOTO MEPEJAaTOYHOTO YHCIIA U CKOPOCTH aBTOMOOMIIA. McxonHbie
JIaHHBIC, TTOJyYEHHBIE 110 aHAJTUTHYECKUM 3aBUCHMOCTSIM, IPUMEHUMBI JIIsI aBTOMOOMIIEH CO CMEIIAHHBIM PEXHMOM
yIIpaBJIeHUSI.

KiaioueBble ciioBa: nepeaaTovYHOC YMCIIO TPAHCMUCCHUHU, pACXO/J TOIUIMBA, DHEPIreTUICCKas 3(1)(1)CKTI/IBHOCTL

BaarogapHocTH. ABTOPBI BBIPAXKAIOT OJAr0JApHOCTh PEAAKIIMUA U PEICH3CHTAM 3a BHUMATEILHOE OTHOIICHHE K
CTaThe U yKa3aHHbIE 3aMEeYaHusl, yCTpaHEeHHE KOTOPBIX TTO3BOJIMIIO TOBBICUTH €€ KaueCTBO.

Jdasi mutupoBanus. Kocenko E.E., Mapuenko 10.B., Mapuenko 2.B., ITomos C.U., N3iomoB A.M. Ontumuszaius
MEePEeIaTOYHOr0 YHKCJIa TPAHCMHCCHU IO PACXOAy TOIUIMBA. He30nacHOCmb MeXHOSEHHbIX U NPUPOOHBIX CUCTEM.
2024;8(1):73-81. https://doi.org/10.23947/2541-9129-2024-8-1-73-81

Introduction. Vehicle control mode is a combination of alternating acceleration, braking, as well as the need for
various maneuvering when driving motor transport, taking into account its movement in urban areas. Such control leads to
increased fuel consumption. Reducing fuel consumption in such conditions is usually associated with the need to increase
the time for maneuvers [1]. This makes it necessary to search for optimal laws for controlling the unsteady movement of
the car. In [2], energy characteristics of vehicle movement are determined primarily by the amount of torque transmitted
from the engine crankshaft and the thrust force realized on the propellers, which depend on the engine power and the value
of the gear ratios. The need to determine the optimal values of the transmission ratios of the vehicle is due to a decrease in
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the values of fuel characteristics [3], as well as a decrease in the amount of energy that is spent when maneuvering the car
in case of unsteady movement. Gear ratios are determined in accordance with the specified characteristic of the engine and
depend on the speed of movement of the vehicle, which has variable values [4].

When considering the approaches used to solve optimization problems, their diversity should be mentioned. Most of
these approaches use methods of optimal control and calculus of variations. The authors in [5] used the maximum
principle of L.S. Pontryagin with the definition of analytical dependencies for hybrid cars. A similar approach is
considered in [6]. Based on this approach, it is proposed to construct the law of optimal change in the transmission ratio
during acceleration of the car in the shortest time, as well as to determine fuel efficiency in the driving cycle [7]. The
analysis of the conducted research has shown a significant theoretical groundwork in the field of determining the
optimal gear ratio under various operating modes of the car. At the same time, it should be said that the optimal law of
changing the transmission ratio should be determined taking into account the minimization of fuel consumption with
restrictions on acceleration (traction) and the speed of the car. The authors of the presented work propose to apply an
optimization method to determine the optimal laws of control of unsteady motion (from the point of view of the
synthesis of control algorithms), which is based on the application of L.S. Pontryagin's needle variation to invariant
signs of actual motion. The proposed approach has not been considered by the authors of previous studies.

The aim of the work is to determine the optimal gear ratio, which allows solving the problem of synthesizing vehicle
control to optimize fuel consumption.

Materials and Methods. When calculating the instantaneous fuel consumption of a car, we used the following
dependence:

Gr = qyK,KyN,, Q)
where gy — indicator of specific fuel consumption corresponding to the maximum value N, = N,u; K, — value of the
coefficient determined taking into account the speed mode of the engine; Ky — value of the coefficient determined
taking into account the degree of engine load; N. — engine power at the current time.

Coefficients K, and Ky were determined taking into account empirical dependencies, K, was determined taking into
account the speed mode of the engine. Let us define it by formula:

2
K(D:aw—bm'me +Cw-[m6) , (2)

Oy Oy

where a., = 1.27; b, = 0.94; ¢, = 0.67; w. — current value of angular velocity of the crankshaft; wy— angular velocity
of rotation of the crankshaft corresponding to the maximum engine power N
Value w, is related to the gear ratio of transmission i and speed of the car X by dependence:

w,=(i-x)/r,. 3)
Then formula (2) will take the form:
b
Ky =ay——2—(i-3) 4 —0—(i-5) | )
(’ONrK ((DNrK)

Coefficient Ky depends on the degree of engine loading ¢. Value ¢ was determined by the ratio of engine power at
the current time, regardless of the mode of movement of the vehicle. We took into account: current value of the angular
velocity of the crankshaft w,. engine power N, at the time of full fuel supply and the same value of the angular velocity
of the crankshaft w.:

g=N . %)

ec

Value of the current power of the engine N, was determined by the differential equation of the movement of the car
along the x axis, having the form [5]:
5. N
Qg el
g mgx
Here J — value of the coefficient determined taking into account the power input, taking into account the increment
of the kinetic energy of the rotating masses of the engine, transmission and wheels during acceleration of the car;
nr — efficiency of transmission; m — gross weight of the car; y =fcosa + sina. — coefficient of resistance to
movement; kK — coefficient of air shape, which determines the strength of air resistance.

— ki’ (6)
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Coefficient § in the presented work was determined by the following dependence & = 1 +yi2, in which value y
depended on the design parameters of the car and varied within y = 0.001-0.003. Then, from equation (6), an expression
can be obtained for the current value of engine power:

. .2
N :@{”g’ )‘é+z//(t)+lo'c2}. @)
g

e
Nt
Value of engine power N, at the time of maximum supply of the fuel mixture was determined using a well-known
dependence (Leiderman formula) for the external characteristics of the engine, having the form:

2
N, =N, —e A+B(De—C(mej . (8)
(Y Wy Oy

Empirical coefficients 4, B, C, depending on the engine parameters, can be determined, for example, by the
dependencies given in [5]. After transformations taking into account (3), expression (8) takes the form
N,. = F(aix +bi*3* —ci’x* ), Q)

where coefficients a, b and ¢ were determined by formulas:

N
F=—1%: qag=4; b= B ;c= ¢ >
OpnTy OnT (o7} )
Empirical dependence for coefficient Ky has the form:
Ky =ay+by-e—cy-e*—dy €, (10)

where constants ay = 3.27; by =— 8.22; cy =— 9.13; dy = 3.18 for gasoline engines; ay = 1.20; by = 0.14; cy = 1.80;
dy = — 1.46 for diesel engines.
Degree of engine loading ¢ depending on (10), taking into account (5), (7) and (9), was determined by formula:

1+yi* .
MEON Tk {yz +y(r)+ kxz}
N max T g
e= T3 . an
ai+bi"x—ci’x
As an objective function, we used the amount of fuel consumption during time #., during which the car was moving

along trajectory x(f) <x. with variable speed X = f (t) The optimization problem was solved in accordance with the

following algorithm: a law was established according to which the change in the transmission ratio was determined i (x) ,

and the corresponding trajectory x(#) taking into account that the target functional took a minimum value:
Ix
J=J‘GT5cdt—>min, (12)
0

gear ratio, current speed and power satisfied the constraints:
i20y, ¥ <X

max? N@ SNmax’ (13)
where iy — transmission ratio of the main gear.
Results. The calculation results were used for the case of a continuous change in the transmission ratio. Then,
neglecting the inertia of rotating masses (at y = 0), optimal value i, if it existed, was found from condition:
a(GTX)—(aKMaKN &un(w@:o. (14)
Oi 0Oi 0i Ky 0i

Resulting expression (15) was used as the results of the study for two limiting cases.

The first case was the movement of the car with constant speed X =const and constant fuel supply, when & and
Ky = const. Therefore, the second term in equation (14) was zero, which allowed us to obtain a simple formula for
determining the optimal transmission ratio:

. b oyr,
o = 2 (15)
CpX

When minimizing the acceleration time to a given speed, the optimal transmission ratio was determined by

formula [5]:

Boyr, 34C
P ="Nrl1y N+ ) 16
ot =3 0% ( B? (o
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The second case was the acceleration of the car to a set speed with constant fuel supply, when the condition
¢ = const was met. In this case, the value of coefficient Ky = const and the optimal transmission ratio were determined
by the formula from the solution of equation:

oK, ox
=0.
Oi © 5
After the transformations, taking into account expression (4) for K, we get:
b b
~ o jio oy fiala, - Lo (ii)r—Co(1i) |2 2o, (17)
ONT (Oyh) ONT (oyr) El

Derivative 6_ in equation (17) was determined from the condition ¢ = const using expression (11). At the same
i

time, we neglected, as before, the inertia of rotating masses (y = 0) and the force of air resistance (lo'c2 ~ O). Then we

established the relationship between the speed of the car and the transmission ratio (at ¢ = const) from solving the
following equation:

i —biti—ai+ 1~
ed
where the notation was introduced:
d=tmeT ) { (t)}.
g

mgoy 7y
The resulting equation with respect to velocity had a solution if its discriminant was greater than or equal to zero.
4ci®
D =b%** +4aci* ————z(1)> 0.
ed
Then the condition must be met for the transmission ratio:

_#. (18)
ed(B2/4C+A)

The speed value corresponding to this condition was determined by formula:

19)

When accelerating the car, the maximum (minimum) value of the transmission ratio in» was determined from

condition (18), which allowed us to obtain a fairly simple expression for derivative e extend it to the entire trajectory
i

of movement:
OX b B
=y (20)
al 2amm 2C mtn

Substituting the obtained expressions into equation (17), after the transformations, we obtained the equation for the
optimal value of the transmission ratio:

b b '
[— o ;42 Co i')'cz:l)'c+|:am— o (j.5)4—S0 Z(i')'c)2:lﬁ=0,

2 .
OnTk (o) ONT (oynh) el

¢,B* | Boyr, _ b,B (B jz B
+cCy| — ———oyt, =0,
{ 20 P o0 B} 2 P { 2c PreolacP) |oge @

mm

_b_m+2cB oyt | 2Ca, b_m+ [Bijrk 0.
. C | i | BB B 2C

min

2c B R
coNrk -0y =0,
b lmm
2¢,B . Ri?
—b, + Oyt ——— 0y =0,
lmm
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Ri,> 2c,B

[0 : —
% _Tl*rik +b,05% =0,
Lmin

2
. 2 CUJB _ CmB bm
Lopt = Unin RC +\/(RC] (ONI"k—i2 R(DNrk ’

min

2Ca b B
R= S O wyr +c, | — oy |,
|:BB2 [3 Nk m(ij Nk:|

: z(t)
Imin = 2—(0Nrk :
ed(B”/4C+4)

For example, the calculation of fuel consumption for a car with the following characteristics was carried out: total
weight of the car m = 1800 kg; coefficients of external characteristics of the engine 4 = 0.64; B =1.36; C =1.0;
maximum engine power Ny = 100 kW; angular rotation speed of the crankshaft corresponding to the maximum engine
power @y =576 s°!; wheel radius 4 = 0.34 m; efficiency of transmission 7,,, = 0.85; transmission ratio of the main gear
io = 3.4 transmission ratios of the gear box is = 1.0, iy = 1.5; i3 = 2.2, i, = 3.2, i) = 4.8, coefficient of rotating masses
& = 1.0; coefficient of resistance to movement y = 0.12.

The given example of calculating fuel consumption for a car with specified characteristics clearly showed the
solution to the problem of synthesizing vehicle control. Acceleration graphs of a vehicle with a step-by-step gearbox,
illustrating the solution for the optimal law of gear ratio change, are shown in Figure 1. For comparison, a graph for
acceleration of a vehicle with a step-by-step gearbox is presented, which was built according to the obtained analytical
dependence.

At the first stage of acceleration to speed X,;, the curves coincide. In this case x,;, =6.14 m/s or 22.1 km/h.

V. Mexp [t\/biz +4a,c; } -V

Vi) =— , @1
Mexp[t\lbf +4a,c; J
Voi =Va
A - .
a, = (I)()max v G; bi — Bl(b()max G. (22)
) 1)
V, m/s
40 -~
iopt
30
icTyn
20 /’_k—
10 ~
0.0 2.5 5.0 7.5 t,s

Fig. 1. Acceleration graphs of a car with a step-by-step gearbox
(dry rolled road o = 100; f=0.025; y =0.118):
iopt — optimal transmission ratio;
icm — transmission
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_ b, £/b2 +4a.c,
’Yld)llma)C G, 1 1 alcl (23)

¢ =—" ,

1.2 =
' ) ! 2¢:

1

where Qoma — engine power factor; Vo; — initial speed of the machine in i-th gear; i = 1.3 — index indicating the gear
number; Vi(t) — speed of the car in i-th gear.

Discussion and Conclusion. The use of an analytical method by the authors in determining the transmission ratio,
as well as its use in practical calculations for a car with specific characteristics, demonstrates the potential for solving
the problem of vehicle control synthesis using a mathematical approach.

The goal set by the authors of this work — to determine the optimal gear ratio that allows them to solve the problem
of vehicle control synthesis in order to reduce fuel consumption — has been achieved. As a result of the research
conducted, analytical dependencies were obtained for two limiting cases of car motion.

The calculations carried out by the authors for the first case showed the optimal value of the transmission ratio,
which was determined in accordance with formulas (15) and (16). The value of the transmission ratio is inversely
proportional to the speed of the car. The speed value determined for the optimal transmission ratio will be less than the
gear ratio determined by acceleration time. The formation of an empirical dependence in the second case with variable
fuel supply Kn=f(t) and the optimal transmission ratio were determined as a result of the numerical solution of
equation (14).

The significance of the research is to simplify the solution to the problem of synthesizing control of unsteady vehicle
movement, which is clearly demonstrated by the obtained graphical dependencies. A similar outcome can be achieved
by applying the combined maximum principle.
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3assenennulii 6K1a0 c0a8MOpo8:

E.E. Kocenko — ¢opMupoBaHre OCHOBHOW KOHIICIIIIHH.
10.B. MapueHko — 1eH ¥ 334kl UCCIIeJOBaHMSI.

C.U. IlonoB — npoBeACHUE PacyeToB.

9.B. MapueHko — MOATrOTOBKa TEKCTA.

A . UzroM0oB — (opMHUpOBaHHE BHIBOJIOB.

Kongpnuxm unmepecos: aBTOpHI 3a5BIAIOT 00 OTCYTCTBUM KOH(IMKTa HHTEPECOB.

Bce asmopul npouumanu u 0006punu OKOH4AMeENbHBLI 6APUAHI PYKONUCU.
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Abstract

Introduction. The main disadvantage of traditional processes of diffusion surface hardening of steel products is its long
duration. Therefore, the problem of intensification of such processes is relevant. To solve it, the use of high-energy
effects on the material is proposed, which allows us to obtain a hardened surface layer from a coating composed of
ferroalloy powders containing alloying elements. There is no data in the literature on the required content and
dispersion of such powders in the composition of the coating. The aim of this study was to select the particle size of
ferroalloys and their concentration in the coating to achieve the most effective hardening of the processed product.
Materials and Methods. For experimental studies, cylindrical samples made of steel 20 with a diameter of 12 mm and a
length of 35 mm were used. On the surface of these samples, an alloying coating containing ferroalloy powders and an
electrically conductive gel as a binder was applied. After that, the samples were immersed vertically for half their length
into a metal container, which was then filled with carbon powder with a particle size of 0.4-0.6 mm. Then an electric
current of 2.5 to 3.0 A was passed in the circuit power source — container — carbon powder — sample. The duration
of the process was 2—8 minutes.

Results. The calculated estimation of the electrical conductivity of coal powder was performed, and the thermophysical
parameters of microarc heating of steel were calculated. These include the power released by electric current on the
surface of the steel product, the density of the heat flux, and the energy of a single microarc discharge. The expressions
for calculating the particle size of ferroalloy powder were obtained, as well as the experimental dependencies of the
diffusion layer thickness on the particle size of ferroalloys and their content in the coating.

Discussion and Conclusion. The results of this study have allowed us to determine the size range of ferroalloys and
their content in the coating. This information is essential for optimizing the alloying process and ensuring the most
efficient surface hardening treatment for steel products. The data collected will be used to develop improved
technological processes for the surface hardening process, leading to improved product quality and performance.

Keywords: chemical-thermal treatment, microarc energy, diffusion saturation of steel
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Conep:xkanue U TUCHEPCHOCTDH (peppociiaBoB B 06Ma3Ke PH MUKPOILYTOBOM
JErupoBaHHUHU CTAJIH
M.C. Crenanos = <, FO.M. JloMopoBcKmii

JIoHCKOM rocyapCTBEHHbIN TEXHUYECKUI yHUBEPCUTET, T. PocToB-Ha-JloHy, Poccuiickas denepanus
D4 stepanovms@yandex.ru

AHHOTANNSA

Beeoenue. OCHOBHBIM HEJOCTATKOM TPAJAWIMOHHBIX TPOLECCOB TUPQPY3UOHHOTO TMOBEPXHOCTHOTO YIPOYHEHHUS
CTaJBHBIX M3JIEIHH SIBIsieTCs] OOJbIIas NPOJODKUTENFHOCTD, IIO3TOMY IPOOJieMa MHTEHCU(HUKAIIMK TaKUX MPOLIECCOB
ABIISICTCA aKTyalbHOH. [[nsg ee pemieHHs MpeUIoKEeHO MPUMEHEHHE BBICOKOIHEPIeTHYECKOr0 BO3ACHCTBHA Ha
MaTepHal, MO3BOJISIONIErO MONYYUTh YIPOYHEHHBIH MOBEPXHOCTHBIN CIOH W3 OOMasK, B COCTaB KOTOPOW BXOMIST
opoIKy (heppoCIUIaBoOB, COACPIKAIIIIE JIETUPYIOMINE MIEMEHTHI. B nmuTepaType OTCYTCTBYIOT JaHHBIE O HEOOXOIUMOM
COJIEpKaHNU M ITUCIEPCHOCTH TaKWX IMMOPOIIKOB B cocTaBe oOMaskw. Llems mccnenoBanus — BBIOOp pa3Mepa 4acTHIl
(deppociuiaBoB M WX KOHICHTPAIMH B OOMa3sKe [UIA MTOCTI)KEHHS MAaKCHUMAaldbHO J(PPEKTHBHOTO YIIPOYHEHUS
00pabaThIBaEMOTO H3ICIHS.

Mamepuanst u memoost. J{1s1 SKCIIEPUMEHTATHHBIX UCCIICAOBAHINA UCTIONH30BATH MMIMHAPUIECKUE 00pa3Ibl U3 CTATH
20 quameTpoM 12 MM ¥ JITHHON 35 MM, Ha TIOBEPXHOCTh KOTOPBIX HAHOCHJIH JICTHPYIOIIYI0 00Ma3Ky, COICPIKAIIYIO
MOPOIIKK (heppOCIIaBOB M DJIEKTPONPOBOJHBIN Tellb B KadecTBe CBs3ylomiero. [locie aToro oOpasipl HOrpyKanu
BEPTHKAJIHHO HA MOJOBUHY JJTUHBI B METAJUTMYCCKHIA KOHTEHHEP, KOTOPBIN Jajiee 3aloHSIN YTOJbHBIM IMOPOIIKOM C
pasmepom yactuil 0,4—0,6 MM. 3aTeM MPOIMyCKaIM dJAEKTPUUECKUNA TOK BEIMYUHON OT 2,5 10 3,0 A B 1[eNmM UCTOYHUK
MUTaHHUsI — KOHTEHHEp — YTOJNbHBIN MOPOIIOK — 00pasel. [Ipo1omKnuTenbHOCT Mpoliecca COCTaBsIa 2—8 MUH.
Pe3ynomamut uccnedosanua. BrimoiaHeHa pacdeTHas OLEHKA AJIEKTPUYECKOH MPOBOAMMOCTH YTOJHHOTO IMOPOIIKA,
paccuuTaHbl TEIUIOPHU3UIECKUE MapaMeTpbl MUKPOIYTrOBOTO HarpeBa CTAJIM: MOIIHOCTb, BbIACISIEMAas JIEKTPUIECCKIM
TOKOM Ha ITOBEPXHOCTH CTAJFHOTO M3JENHs, TUIOTHOCTH TEIUIOBOIO IOTOKA, DHEPTUS €IMHUYHOTO MHKPOIYTOBOTO
paspsna. [lomydeHsl BBIpaKeHHS TSI pacdeTa pa3Mepa YacTHIl ITOpoIIka (heppoCcIUIaBoOB, a TAKKe dKCIIEPUMEHTAIbHEIC
3aBHCHMOCTH TOINIIHUHBI TP PY3HOHHOTO CII0S OT pa3Mepa JacTHIl (eppOCIUIaBOB U UX COAEPIKaHUS B 0OMa3Ke.
Obcyscoenue u 3axknrwyenue. Pe3ynbTaTbl HMCCIEIOBAHUS MO3BOIMIM ONPENENUTh AWANA30H pPa3MEpOB YaCTUIL]
(eppocriaBoB M MX cojep)kaHHE B OOMasKe, IO3BOJIIOIIME oOecneunTh Hamboiee 3((PEKTHBHOE JIETHPOBAHHE
MOBEPXHOCTH  0OpadareiBaeMbIX wm3fenuid. [lomydeHHble pgaHHBlE OyAyT HCIOJIB30BAaHBI MpU  pa3paboTke
TEXHOJIOTUYECKHX ITPOIIECCOB IOBEPXHOCTHOTO YIPOYHEHHSI CTAJIBHBIX U3/ETHH.

KiioueBble ciioBa: XUMUKO-TCPMHUYICCKasA 06pa60T1<a, OHEpPrusit MUKPOIYTH, ;[H(i)(i)ymom{oe HACBhIIICHUC CTAIN

BaarogapHocTi. ABTOPHI BBIpaKaroT OJAarofapHOCTh PEJAKIMU M PEIECH3EHTaM 32 BHHMATEIbHOE OTHOIIEHHE K
CTaThE M LIEHHBIC 3aMEYAHsI, KOTOPHIEC TIO3BOJIFIIH MTOBBICUTD €€ Ka4eCTBO.

Jas uutupoBanus. CrenanoB M.C., JomOporckuit FO.M. Conepkanue U QHUCIIEpCHOCTh (DeppoCIUIaBOB B 0OMa3Ke
IIPA MHKPOAYTOBOM JIETHPOBaHWUM CTalnH. besonacnocmv mexnozenmwvix u npupoousix cucmem. 2024;8(1):82-87.
https://doi.org/10.23947/2541-9129-2024-8-1-82-87

Introduction. The duration of various processes of chemical-thermal treatment (CTT) of steel can reach 8—
10 hours [1, 2]. Therefore, methods of their intensification based on the application of high-energy effects on the
material using plasma heating [3], electro-chemical-thermal treatment [4], combined heating methods [5] laser
treatment [6], microarc oxidation [7], and heating in an electrolyte [8] were previously proposed. However, these
methods are difficult to apply in practice and therefore have not been widely used. To intensify the CTT processes, it is
advisable to use microarc surface alloying, which allows you to achieve a significant (tenfold) acceleration of diffusion
saturation process, and does not require the use of complex equipment. A special feature of this method is the
immersion of the processed product with a coating applied to its surface in carbon powder. Then an electric current is
passed through them. The intensification of the saturation process is achieved due to the formation of diffusant ions and
their subsequent accelerated diffusion into the material under the influence of electric and temperature fields. In
previous studies, positive results have been achieved using this method for diffusion saturation with chromium,
molybdenum, vanadium [9], and tungsten [10]. For complex saturation, a coating was pre-applied to the surface of the
processed product, which included a ferroalloy powder containing a diffusant. These studies made it possible to
determine the structure and phase composition of the coatings obtained, but the task of achieving the maximum
hardening efficiency, which requires determining the optimal particle sizes of ferroalloy and its content in the coating,
was not set in previous studies.
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The aim of the study was to determine the conditions for the most effective hardening of steel products by microarc
alloying due to the choice of particle sizes of ferroalloy powders and their concentration in the coating used.

Materials and Methods. For experimental studies, samples of steel 20 containing 0.2 wt. % C with a diameter
of 12 mm were used, on the surface of which a coating prepared on the basis of an electrically conductive gel with the
addition of ferroalloy powders was applied. The samples were immersed vertically for half their length in a metal
container with a diameter of 35 mm, which was then filled with coal powder with a particle size of 0.4-0.6 mm. Then
an electric current of 2.5 to 3.0 A was passed through the sample for 2—8 minutes.

To prepare the coating, powders of ferrochrome, ferromolybdenum, ferrovanadium, ferrotungsten with a particle
size of 0.40—0.50 microns and a binder in a volume ratio of 1:1 were used.

The samples were polished according to the standard procedure, followed by etching with Rzheshotarsky reagent.
The microstructure of the diffusion layer was studied using a Neophot—21 microscope.

To measure the bulk density of coal powder, the methodology according to GOST 3258-2013 was used. The powder
was dispersed by particle size using a set of sieves according to GOST 33 029-2014.

Results. The bulk density of coal powder, i.e. the mass of a unit volume of freely poured powder, was determined
experimentally, the values obtained are shown in Figure 1.

I1, g/cm?
0.85
’——0
0.80 _— —
P
0.75 4]
0.70

0.2 0.4 0.6 0.8  x, mm

Fig. 1. Dependence of bulk density IT of coal powder on size X of its particles

In the size range from 0.4 to 0.6 mm, the average bulk density could be assumed to be 0.81 g/cm?. The obtained
value made it possible to determine the volumetric density of coal powder as the ratio of bulk density to the density of
coal, the value of which was borrowed from reference literature [11] and assumed to be 1.6 g/cm?, from where the
volumetric density was assumed to be 0.81/1.6=0.51. The obtained value approximately corresponded to the packing
density of a simple cubic lattice (0.52). Therefore, according to [12], it could be assumed that the total resistance of the
powder medium was the sum of the resistances of successive layers consisting of parallel chains of the contact
resistance RK between the particles and the resistance RM of the particles themselves (Fig. 2).

R,, R, R, R, R, R, R,

Fig. 2. Electrical contacts of carbon particles in the powder medium:
Rx — resistance of interparticle contacts;
Rm — resistance of a single carbon particle

Calculation according to Figure 2 allowed us to estimate the total electrical resistance R of the powder medium:

RZz":(RK+RM)d2 O
& 2nH (r +dj) ’

where m — number of layers of carbon particles; » — radius of the sample; d — diameter of the particles; H — depth of
immersion of the sample; Rx — resistance of interparticle contact; Ry — resistance of a single carbon particle. The
following values were used for calculations: d =0.5-103m, H=1.5-102m, » = 6 mm, Rx = 6 kOhm, Ry = 0. Value R
was assumed to be 15.5 Ohm. The obtained value allowed us to calculate: electric current power P = I’R, energy of a
single microarc discharge Qo, surface current density f, heat flux density g. Value Qy was defined as the ratio of the
current power to the total number of microarcs that simultaneously affected the heated surface for 1 second. According
to the video recording, value M was assumed to be 22,500. Table 1 provides the calculation results.
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Table 1
Values of thermophysical parameters of microarc heating
LA 1072, A/em? P102, W q 10°, W/m? 00103,]
2.5 45 0.97 1.71 43
2.75 49 1.17 2.07 52
3.0 53 1.39 2.47 6.2

Next, the maximum size dmax of a ferroalloy particle was calculated, for the vaporization of which the energy of one
microarc was sufficient.

The required amount of heat Q, taking into account specific heat of sublimation 4, can be written as: Q = Am, where
m — mass of the particle.

For a spherical particle with density p:

|
m=pV =—pnd” .
p 5 p
Therefore, the desired condition has the form:
Apnd® 16<Q,.
The maximum particle diameter required to fulfill this inequality:
6
= TQO' @)
p
Calculated dmax values are shown in Table 2.
Table 2
Calculation results
Ferroalloy Fe+Cr Fe+Mo Fe+V Fe+W
0.45 A/cm? 0.045 0.043 0.044 0.038
dimax, MM 0.49 A/cm? 0.048 0.046 0.047 0.040
0.53 A/cm? 0.050 0.048 0.050 0.042

Thus, it was established that the maximum particle size of ferroalloys used in the coating composition should not
exceed 38 microns.

The thickness of the diffusion layer was experimentally determined depending on the volume fraction of
ferrochrome particles in the coating and its thickness. To do this, ferrochrome powder FKhO10A with a particle size
of 40-50 microns was added to the binder in the amount necessary to obtain its volume content in the range of 10-50%

Figure 3 provides the results. It can be seen that the maximum coating thickness was formed at a volume
concentration of ferrochrome particles in the coating of 50% and its thickness of 0.5 mm. Thus, the maximum
intensification of the diffusion saturation process was achieved under the condition of the highest content of ferroalloy
particles in the coating, and the ferroalloy particles adjacent to the saturated surface must be exposed to microarcs.

H, pm

100

50

N

h, mm

—

—~
\;2\\\\
E— \

5 1

0. .0 1.5 2.0

Fig. 3. Dependence of depth H of the hardened layer on thickness h of the coating layer for different contents of
ferrochrome powder (vol. %) in the coating: 1 — 10; 2 — 30; 3 — 50

Discussion and Conclusion. Calculated assessment of electrical conductivity of coal powder used for microarc
alloying of steel products made it possible to establish the influence of the magnitude of electric current in the circuit on
thermophysical parameters of the process: the density of the heat flux on the heated surface, the power released on the
heated surface, the energy of a single microarc discharge occurring between the heated product and the surrounding
powder medium during the flow of electric current. The results obtained made it possible to determine the diameter of
ferroalloy particles used for microarc alloying, their volume fraction in the coating, which ensure the achievement of the
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greatest intensification of microarc alloying process. The research results will be used in the development of
technological processes for surface hardening of steel products by microarc surface alloying.
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Stimulation of the Bainite Transformation Scenario
by an External Magnetic Field
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Abstract

Introduction. 1t makes practical sense to change the properties of steels with a bainite structure, as with bainite
transformation under the influence of a magnetic field, it is possible to improve the ductility of the steel while
maintaining or even increasing its strength. Scientific research in this area has focused on the influence of the magnetic
field on thermodynamics and on the change in the phase transformation scenario. However, there is no detailed
description in open sources of the effect of a magnetic field on the structure and properties of the products of
intermediate bainite transformation. The aim of the work is to study the peculiarities of the influence of an external
magnetic field on the scenario and kinetics of phase transformation of steel.

Materials and Methods. The study was conducted using samples made of 65G steel. Their chemical composition was
monitored using a Magellan Q8 optical emission spectrometer. Heat treatment (resistive heating) was carried out in an
IMASH 20-75 installation for high-temperature research. The heating temperature was approximately 1000 degrees
1000°C, and the holding time was 10 minutes. The sample was cooled down using water-cooled electrical contacts. An
external magnetic field with a strength of 400 kA/m and 800 kA/m was created by an electromagnet integrated into the
vacuum chamber of the installation.

Results. The experiments confirmed the potential for altering the transformation pathway from pearlite into bainite in
the presence of an external magnetic field of up to 1 MA/m. Images of the microstructure and surface relief of samples
after cooling in a magnetic field were obtained. Kinetic changes and dependencies of the volumetric transformation
rates on the duration of isothermal exposure were analyzed. It has been found that exposure to a constant magnetic field
of 1.6 MA/m increased the volumetric transformation rate by 1.808 times (for 65G steel) and by 1.687 times (for
45Kh steel).

Discussion and Conclusion. The results of observations of changes in the surface relief during cooling in the absence
of a magnetic field, and in magnetic fields of various strengths, were recorded. This has allowed us to draw the
conclusion that the external magnetic field stimulates the bainitic transformation instead of the original pearlitic one.
Microstructural changes can be explained by the influence of the magnetic field on the initial phase magnetic state.

Keywords: bainite transformation magnetic stimulation, pearlite transformation, improvement of steel properties,
microstructural changes in steels, vacuum etching, magnetostrictive deformations
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AHHOTAIUSA

Beeoenue. V13meneHne CBOWCTB cTanell ¢ OCHHUTHOW CTPYKTYpOH MMEEeT MPaKTHYECKUH CMBICH, T. K. PpU OCHHUTHOM
MIPEBpAIEHUH IO/ BO3/IeiICTBIEM MarHUTHOTO IOJIsI BO3MOXKHO YJTyYIIIEHHE [UIACTUYHOCTH CTAIH MPU COXPAHEHUH WU
TIOBBIIIIEHUN €€ IPOYHOCTHBIX MoOKaszaTened. HaydHbple u3bICKaHUS B 3TOH cdepe Kacaauch BOIPOCOB BIUSHUSA
MarHUTHOTO TIOJISI HA TEPMOAWHAMUKY M CMEHY CIieHapus (a3oBoro npespameHns. OZHaKO B OTKPBITHIX HCTOYHHUKAX
HET AETAJbHOTO ONMHCAHHS BO3JICHCTBHS MArHUTHOTO IOJIS HAa CTPYKTYPY M CBOWCTBA MPOIYKTOB IPOMEKYTOYHOTO
OeitHuTHOTO TpeBpameHus. Llenp paboTel — HccieI0BaHNE OCOOEHHOCTH BIHMSAHUS BHEIIHETO MAarHWTHOTO TOJIS Ha
CIIeHapHi ¥ KNHETHKY ()a30BOT0 IPEBPAICHUS CTaIIH.

Mamepuanvt u memoowt. VicciemoBaHue TPOBOIMIOCH Ha oOpasmax w3 cramu 650, Ux xumudeckuit cocraB
KOHTPOJIMPOBAJIM IPHU TOMOLIM ONTHKO-3MHUCCHOHHOTO criekTpomerpa Magellan Q8. Tepmuueckyro o0paboTKy
(pe3UCTUBHBIN HArpeB) MPOBOAMIM B YCTaHOBKE JUIsI BBICOKOTEMIEpATypHBIX wuccienoBanuii «MMAII 20-75».
Temneparypa narpeBa — okousio 1000 °C, Bpemst Bbimepkkn — 10 MuHyT. OOpasery OXJaXIad INpH HOMOIIN
BOJIOOXJIXKIAEMBIX JJIEKTPOKOHTAKTOB. BHemHee MarHutHoe mone HampspbkeHHocThio 400 kA/M u 800 kA/m
CO03/1aBaJIOCh ANEKTPOMArHUTOM, HHTETPUPOBAHHBIM B BAKYYMHYIO KaMepy YCTaHOBKH.

Pesynomamut uccnedoeanusa. ODKCIEPUMEHTHl TOATBEPIMIM BO3MOXKHOCTH CMEHBI CIIGHApHUsA TPEBpALICHUS C
HEepJIIMTHOTO Ha OCWHHUTHBIN MPU BO3JCWCTBUM BHEIIHUM MarHUTHBIM mojeM 1o 1 MA/M. TlomydeHsl u300paXkeHuUs
MHKPOCTPYKTYPBI U TIOBEPXHOCTHOTO pelnbepa 00pas3moB Mmocie OXIaxIeHUsI B MarHUTHOM none. IIpoanann3npoBaHbl
KMHETHYECKHE HM3MEHEHHS W 3aBHCHMOCTH OOBEMHBIX CKOPOCTEH IpEBpAlICHUs] OT BPEMEHH H30TEPMHUIECCKON
BBIICP)KKH. Y CTAaHOBIIEHO, YTO JEHCTBHE MOCTOSTHHOTO MAarHUTHOTO TOJS HampspkeHHOCThIo 1,6 MA/M yBenmuamBaet
00BeMHYT0 CKOPOCTH TipeBpameHus B 1,808 paza (ms cranmm 6517) u B 1,687 pasa (st ctamu 45X).

Obcyscoenue u 3axnrouenue. 3apUKCUPOBAHBI PE3yNIFTATH HAOTIOACHUI 32 M3MECHEHHEM IOBEPXHOCTHOTO pelbeda
TIPY OXJIaXK/IEHUN 0€3 MAarHUTHOTO TOJISt ¥ B MarHUTHBIX TOJISIX Pa3IMYHOM HAINpPsHKEHHOCTH. DTO MO3BOJIIIIO ClENaTh
BBIBOJI O CTHMYJISIIMM BHEIIHMM MarHUTHBIM MOJeM OEHHHTHOro MNpEeBpalleHHs BMECTO HCXOIHOTO MEPIUTHOTO.
MUKpOCTPYKTYpHBIE U3MEHEHHUS OOBSICHSIIOTCS BIMSTHUEM I10JIs1 HA MAaTHUTHOE COCTOSIHUE UCXOIHOM (ha3bl.

Ki1roueBble ciloBa: MarHUTHOE CTHMYJMPOBAaHHE OCHHHTHOTO NPEBpAILCHHUS, TIEPIUTHOE NpEBpalleHNe, YIydlleHHe
CBOMCTB cTaseil, MUKpOCTPYKTYPHbIE U3MEHEHHUS! CTallei, BAKYYMHOE TpaBJIeHHEe, MarHUTOCTPUKLIMOHHbIE AedhopManin

Jas  mmrupoBanmsi. [lonrayes 10.B., Ilycrosoiir B.H., Hedenos [I.B. Crumynsuus OeWHHTHOrO —CLEHapHs
MpeBpaIIeHUs] BHEITHIM MAarHUTHBIM ToJieM. Be3onacHocmbv mexHozeHHbIX U npupooHwvix cucmem. 2023;8(1):88-96.
https://doi.org/10.23947/2541-9129-2024-8-1-88-96

Introduction. As it is known, the magnetic field affects thermodynamics[1], in particular, the equilibrium
temperature of phase transitions [2]. A significant shift in critical temperatures can be achieved only when using
sufficiently strong (pulsed) magnetic fields [3], which is associated with certain technical difficulties when implemented
in production conditions. The experiments indicate the appearance of a-phase in structural and tool steels under the
action of fields with strength of 1.6-2.4 MA/m [1]. These processes take place at temperatures that are much higher
than equilibrium and do not fit into the shift assumed by thermodynamic estimates [4]. The influence of an external
magnetic field during the heat treatment of steel is expressed in an increase in the rate [S] and dispersion of
transformation products [6]. It is known from [7] that during intermediate (bainitic) transformation under the influence
of a magnetic field with strength of up to 2 MA/m, structural changes allow for a greater margin of plasticity while
maintaining or slightly increasing strength parameters.

The regions with a short-range magnetic order in the y-phase undergo magnetostriction under the action of an
external magnetic field. This is due to the magnetic inhomogeneity of austenite [8] and causes a change in the field of
elastic forces of the lattice, and the energy of formation of the critical nucleus of the a-phase decreases. The external
magnetic field increases the number and size of ferromagnetic clusters [1]. As a result, the number of nucleation centers
multiplicatively increases during cooling in a magnetic field.

It is shown in [9] how the short-range magnetic order in austenite affects the change of the phase transformation
scenario. It is known from [10] that the magnetic state of y-phase determines the transformation of ferromagnetic o-
phase into one or another product. It can be ferrite, perlite, bainite or martensite.
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The aim of the presented work is to experimentally verify the possibility of changing the pearlite transformation
scenario to a bainite one when exposed to an external magnetic field up to 1 MA/m. In addition, it is necessary to
evaluate the change in the kinetics of bainite transformation when the field is applied.

Materials and Methods. Samples of one melting made of 65G steel were used. Their chemical composition was
monitored using a Magellan Q8 optical emission spectrometer (Table 1).

Table 1
Average content of elements in the samples
Mass fraction, %
Steel grade
C Si Mn Cr S P Cu Ni
65G 0.65 0.20 0.97 0.21 0.009 0.0012 0.08 0.13

Polished samples were placed in a vacuum chamber of an IMASH 20-75 high-temperature research facility. This
equipment provided vacuum in the working chamber of 1.3-107° + 6.6-107° Pa. This made it possible to implement the
vacuum etching method. The structure was revealed as a result of evaporation in a vacuum at high temperature under
the influence of surface tension. Upon cooling during phase transformations accompanied by shear processes, a
corresponding relief appeared on the surface of the sample.

The samples were subjected to resistive heating to ~ 1000°C for 10 minutes and cooled with heat removal to water-
cooled copper electrical contacts at a rate of ~28+32 °C/s. In accordance with the diagram of the isothermal
decomposition of austenite of 65G steel, the obtained cooling rate corresponded to the intersection of the nose of the
area of the beginning of the pearlite transformation. The high heating temperature contributed to the growth of the
austenitic grain and vacuum etching of its boundaries, which was required for video recording of surface relief changes
during phase transformation.

To measure the temperature, thermal junctions were welded in the middle of the sample. During cooling, the
processes occurring on the surface were recorded using an Eakins digital eyepiece. The obtained data on the
microstructure of the surface relief and inside the sample were processed to determine the volume fraction of the
structural components. For this purpose, SITAMS 800 analytical software was used in 16+25 fields of vision.

External magnetic field was created by an electromagnet integrated into the vacuum chamber of the installation [11].
The experiments involved fields with a strength of 400 kA/m and 800 kA/m. Samples without a field were processed in
the same way, but with an electromagnet removed from the vacuum chamber.

Results. With the bainitic or martensitic shear character of the transformation, a relief should appear on the surface
of the polished sample. If this did not happen, we were talking about a pearlitic transformation. Under experimental
conditions, the cooling rate was insufficient for quenching 65G steel with martensite. One could expect competition
between pearlite and bainite transformations depending on the presence or absence of an external magnetic field during
the cooling process.

Figure 1 shows screenshots of video frames of changes in the surface relief observed during the transformation of
supercooled austenite at various points in time (t). Each line in Figure 1 corresponds to the specified strength of the
external magnetic field (H).

H, kA/m

400

800

T, ms

1875

Fig. 1. Change in surface relief during cooling depending on strength of the external magnetic field (H, kA/m)
and transformation time (t, ms)
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Figure 2 shows the microstructures of the surface relief and inside the samples after various processing modes.

o

Fig. 2. Microstructure of the surface relief (@, b, ¢) and inside t he sample (d, ¢, f) after processing:
a, d — without a field; b, e — in a magnetic field with a strength of 400 kA/m;
e, f— in a magnetic field with a voltage of 800 kA/m

When processing without a field, changes in the surface relief were observed only in individual small formations
(1st line of Fig. 1 and Fig. 2 @). On the video recording of austenite grain cooling, the propagation of the wave process
over the surface was slightly noticeable. Apparently, this was a reflection of phase transformation. Microstructural
analysis of the inner layers of the sample showed the presence of an overwhelming amount (98%) of the pearlitic
structure (Fig. 2 d).

With the imposition of an external magnetic field, the surface relief was formed by nascent and growing bainite
needles (the 2nd line of Fig. 1 and Fig. 2 b). These crystals could not be classified as martensitic because of their slow
growth (Fig. 1). With increasing field strength, the intensity of shear transformation on the surface increased (Line 3 of
Fig. 1 and Fig. 2 ¢), a batch bainite was formed.

Under the action of a magnetic field with a strength of 400 kA/m, the volume fraction of bainite increased three-
fold — up to 6% (Fig. 2 e) compared with treatment without a field. In a magnetic field with a strength of 800 kAm, the
volume fraction of bainite was already 8+10%. This allowed us to conclude that it stimulated the change of the scenario
of transformation from pearlite to bainite during processing in an external magnetic field.

If the initial phase (austenite) was kept as long as possible during cooling, then the short-range magnetic order
(magnetic inhomogeneity), which increased in it with a decrease in temperature, would lead to an athermal martensitic
transformation scenario to its critical extent. This was known from [9]. It was shown in [1] that the superposition of an
external magnetic field during cooling of austenite led to additional, forced magnetic stratification of austenite due to an
increase in the number, size and time of stable existence of ferromagnetic clusters. Under the conditions of the current
experiment, artificially enhanced by an external field, the short-range magnetic order in the y-phase promoted the
bainite transformation instead of the pearlite one, which was natural for these cooling conditions without superposition
of the field.

Under the influence of a magnetic field, the kinetics of the bainite transformation changed significantly. This was
evidenced by the increase in the bainite reaction noted during the experiment with an increase in the magnetic field
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strength. In addition, [7] considered the imposition of an external magnetic field with a strength of 1.6 MA/m during
isothermal exposure of various steels. The results of this work also confirmed the above statement about the kinetics of
transformation.

To clarify the mechanism of the influence of an external magnetic field on the kinetics of an intermediate
transformation, the following factors were taken into account:

— specifics of the growth of bainite crystals, which depended on the rate of removal of carbon atoms from the y/a
boundary;

— structural stresses arising during transformation due to changes in the specific volume of the transforming phases.

This approach was due to the fact that relaxation processes at the interface were strongly inhibited at low
temperatures [12]. In such a situation, the stress gradient caused the drift of carbon atoms in spite of the concentration
heterogeneity. This played a decisive role in the rate of growth of the lower bainite. The movement of C atoms led to a
decrease in its concentration in the volumes of the y-phase along the growth front of the bainite plates. As a result, a
concentration gradient-controlled diffusion flow occurred. It was directed towards the growing crystal and reduced its
growth rate. Dependencies describing these processes were found in the works of L.N. Alexandrov and
B.Ya. Lyubov [13].

Magnetostrictive deformations occurred under the influence of an external magnetic field. Their elastic energy could
make a certain contribution to the energy of interaction of diffusing atoms with the field of structural stresses. An increase
in carbon drift and an increase in the growth rate of a-phase crystals should be expected. The rate of growth by the drift
mechanism in accordance with the calculations of L.N. Alexandrov and B.Ya. Lyubov is described by the dependence:

2PD

V= o~ 1)

Cﬂq) ;
R kT|1-| 22
CO

Here D — carbon diffusion coefficient in austenite; R, — radius of the critical nucleus under the supercooling;
Cu.p and Cy — carbon concentration in the a-phase and the initial austenite respectively. P characterizes the energy of
interaction of diffusing atoms with the field of structural stresses caused by dilation of € with a change in volume during
the transformation process, and is found from the ratio:

p=S g dwem @)
9" (3-av)(1-m)
where 7, — radius of the carbon atom; @ — parameter characterizing the dependence of the lattice constant on the
concentration of atoms of the dissolved element in solid solutions; £ — Young's modulus; v — Poisson's ratio;
p=(£/2)-(1-v)— Lame coefficient (shear modulus in the direction [100]); m = (a — b) - (a + b), where a and b —
dimensions of the semi-axes of the crystal in the form of an ellipsoid of rotation.
The calculation according to formula (1) was carried out for carbon steel at: Co=10.7; m =0.9; v=0.3; u = 73.5 hPa;

131 1 em®
3 3;)2]/ To j cm ;£€=0.01; =0.02. Value R, was determined from the ratio Ry, =20/ AFj.

Surface tension at the coherent boundary ¢ =0.2J/m? AF, at T=600K was 315 MJ/m3. Value C,y =04 was
determined as the concentration corresponding to the temperature of the beginning of the martensitic transformation
(600 K). The growth rate of a-phase crystals found in this way was ~ 8-10® cm/s, i.e. it was a value of the same order
as Vep ~ 107 cm/s, obtained experimentally for 65G steel when videotaping isothermal relief formation.

When the magnetic field was turned on, the measurement of the growth rate gave the same results, i.e. the effect of
magnetostrictive stresses on the intensification of drift was not experimentally detected.

Let us suppose the elastic displacement was equal to the true magnetostriction of the paraprocess A = 0.5-107 [14].
In this case, at H=1.6 MA/m and ¢ =400°C the stresses from magnetostriction were o) = E; = 10 MPa. They made a
very small contribution to the energy of interaction of diffusing atoms with the field of structural stresses. This was
explained by the fact that the magnitude of magnetostriction was two to three orders of magnitude less than the
magnitude of dilation (0.01 = 0.07 [15]) at a shear y—a transition. For this reason, the estimation of the contribution of
magnetostriction according to formula (1) gave a vanishingly small difference in the values of the growth rate during
processing without a field and in a magnetic field.

The acceleration of the bainite formation process can actually be estimated using the A.N.Kolmogorov
equation [16], which establishes a relationship between the degree of transformation, the rate of nucleation and the
growth of the centers of a new phase. The change in the volumetric rate of transformation in a magnetic field due to a
decrease in the formation of a ferromagnetic nucleus of critical size [1] can be found by formula:

D =0.0999 exp(
c
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L4
L)—H:exp Y- 1+i , 3)
Vo kt Af

where v — volumetric rate of transformation (indices 0 and H, respectively, indicate the processing conditions without a
field and in an external magnetic field); W — energy of formation of an equilibrium nucleus; / — magnetization; H —
magnetic field strength; Af — specific "chemical" driving force; Af* — free energy of formation of one ferromagnetic
cluster [1].

According to the classical theory of L. Kaufman and M. Cohen [17], the nucleation energy of the centers of new phases
is equal to:

W= 952,7-0%c> _
(Af+Af* )4

Here Af* — process of formation of ferromagnetically ordered clusters in austenite; 8 — parameter that takes into

“

account the influence of elastic deformation energy; o — surface tension. It is known from [17] that
0%6° =9.92 - 10'° J¥/m'2,

Calculations were performed for temperatures of 543 K (65G steel) and 628 K (45Kh steel) at a magnetic field strength
of H=1.6 MA/m. Energy of formation of the equilibrium nucleus ¥ was determined at a specific chemical driving force
Af= 150 MJ/m? taking into account the field strength and the average size of the ferromagnetic cluster ~ 1.8 nm [1], for
which value Af* =0.63 MJ/m*> was obtained. Calculation by formula (3) gave for the bainitic transformation in
65G steel vu/vy = 1.804, and in 45 Kh steel vp/vy = 1.665.

Dependencies of the volumetric conversion rate (Fig. 3) were obtained using experimental data [7] on the degree of
bainitic transformation in 65G and 45Kh steels at different times of isothermal exposure without a field and in a
magnetic field with a strength of 1.6 MA/m.
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Fig. 3. Dependencies of volumetric conversion rate (vertical axis, %/ s) on time of isothermal exposure: a — for 65G steel at a
temperature of 375°C; 6 — for 45Kh steel at a temperature of 320°C. The blue curve reflects processing data without a field, the red
one — in a magnetic field. Experimental points are marked on each line

Figure 3 allows us to consider the ratio of the volumetric conversion rate during processing in the field to processing
without the field vn/vy at the very beginning of the bainite reaction (extrapolated value in t=1 s). For 65G steel, it turns
out to be 1.808, for 45Kh steel — 1.687. This is close to the theoretical estimates given above: 1.804 for 65G steel and
1.665 for 45Kh steel. In the process of transformation, the speeds change. If we consider the very first experimental
points on the graphs, then:

— for 65G steel at =40 s vy/v = 1.75;

— for 45Kh steel at t=28 s vu/v = 1.629.

As the isothermal exposure time increases, the volume velocities become less correlated with the calculated values.

Conclusion. It has been experimentally established that by using an external magnetic field, it is possible to change
the transformation scenario from pearlite to bainite. This is explained by an increase in the degree of short-range
magnetic order in austenite as a result of an increase in the number and size of ferromagnetic clusters in the gamma
phase under the influence of a magnetic field. With an increase in its voltage, the magnetic heterogeneity of austenite
increases. As a result, the rate of bainite transformation increases. The calculated values of the increase in the
volumetric rate of transformation under the action of an external magnetic field are in good agreement with
experimental data for the initial rates of bainite transformation.
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