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GEODYNAMIC SAFETY WHEN INCREASING THE DEPTH
OF UNDERGROUND MINING OF ORE DEPOSITS

O.E. Khomenko?, V.I. Lyashenko

! National Technical University Dniprovska Polytechnic, Dnipro, Ukraine
2 Ukrainian Research and Design Institute for Industrial Technology, Zhovti Vody, Ukraine

Abstract

Statement of the problem (relevance of the paper): the paper describes main scientific and practical results of studies
on increasing geodynamic safety, while increasing the depth of underground mining of ore deposits, using operational
control data and the forecast for the stressed state of the rock mass with various dynamic signs of rock pressure, and
prevention of rock bursts. Using the example of ore deposits in Ukraine, we analyzed physical properties of rocks and
new hypothesis of rock pressure, taking into account the relation between the excavation of ore and rocks and time and
area, determining parameters of structural elements of development strategies. Purpose of the paper: the paper aims at
increasing geodynamic safety, when increasing the depth of ore deposit underground mining, by controlling and fore-
casting the stressed state of the rock mass with various dynamic signs of rock pressure, and by preventing rock bursts.
Methods used: we applied advanced methods of mine, laboratory and experimental studies, theoretical and physical
simulation, and analysis and generalization of the results of studies using standard and recommended techniques. Nov-
elty: novel elements include the systematization of technological solutions for managing developed areas of the mine,
taking into account the technology-related factors affecting the energy state of the mass, and showing ways to minimize
its impact on the technology of ore and nonmetallic mineral resources mining. The result: the paper proposes to change
the impact rate of the technology-related state of the mass formed by subsequent, contiguous mined-out areas, a method
for destroying the rock pillars separating their cavities, which reduces the energy tension of the mass by 6 times and the
secondary water cut of the ore deposits in the lying side of the mine field. This makes it possible to carry out preparato-
ry excavations without the use of supports and to increase a stope area by 1.5-2 times. The change in the shape of the
mined area of the mine by the formation of unloading cracks makes it possible to reduce the energy parameters of the
mass by 0.3 times, when developing the three underlying floors over ore deposits.

Keywords: underground mining, geodynamic safety, competence of the outcrop, energy zone.

Introduction

Scientists from Ukraine, Russia, Germany,
Austria, Switzerland, France, England, the USA,
Canada, South Africa and other developed mining
countries of the world actively engaged in the
development of technologies for underground
extraction of minerals with increasing depth of
development in tense rocks [1-5]. Most researchers
took into account changes in the array's tension due
to the degree of influence on the parameters of the
strength of the workings and development systems.
Such an approach made it impossible to reveal the
physical nature of the phenomenon of zonal
disintegration of rocks, which manifests itself
around all without exception, underground

* Continuation. The beginning is given in the journal // Vestnik
Nosov Magnitogorsk State Technical University. 2018. \VVol.16.
No. 2. P.14-21.

© Khomenko O.E., Lyashenko V.I., 2018

workings. Therefore, the provision of geodynamic
safety with increasing depth of underground mining
of ore deposits on the basis of operational control
data and prediction of a tense state of the rock mass
with various forms of dynamic manifestation of
rock pressure, prevention and prevention of
mountain attacks is an important scientific, practical
and social task [6-9].In order to solve the problems,
the authors carried out studies in the field of
providing geodynamic safety with increasing depth
of underground mining of ore deposits based on the
data of operational control and prediction of the
tense state of the rock mass with various forms of
dynamic manifestation of mountain pressure,
prevention and prevention of mountain bumps, with
the help of theoretical, laboratory and industrial
methods, theoretical analysis and generalization of
research results according to standard and new
methods [1-9].

4
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Theory and methods of research

The authors use the systematic approach, which
contains an analysis of the results of research and
design work on the development of new
technologies and technical means for underground
mining of ore deposits to ensure geodynamic safety
while increasing the depth of underground mining
of ore deposits. The physical properties of rocks and
the new hypothesis about mountain pressure are
analyzed taking into account the estimation of the
stability of the outcrops, revealing the patterns of
their deformation and destruction, linking the
excavation of ores and rocks in time and space,
defining the parameters of the design elements of
the development systems, the methods of fastening
and the corresponding types of crepe. Theoretical
experiments were carried out using thermodynamic,
improved and developed energy methods by the
authors [4].

Summary of research results

The level of concentration of stresses in the
massif at large depths necessitates the transition to a
technology with a continuous recess and a
straightforward front of purification  works.
Development systems with chamber recess and
laying of the developed space with different
compositions and strength in a wide range of mining
conditions allow not only to ensure the safety of
mining operations, to reduce the probability of rock
blows, but also to significantly improve the quality
and completeness of extraction of reserves from the
interior, which is gaining increasing importance in
the competitive struggle for markets of sale [5]. The
presence in the mine fields of up to 50% of the
developed spaces that have access to the surface of
the surface allows us to change their typology and,
as a consequence, to change the degree and nature
of influence on the host array. For example, it is
possible from the developed spaces that have access
to the surface of the surface to form the «blind».
This makes it possible to change the voltage fields
in the massif of the discharge zone of the developed
spaces and to create favorable conditions for the
pressure factor at the site of mining operations. It is
proposed to separate the developed space by means
of forming an artificial whole in its cavity. The
simulation of possible variants of transformation of
the developed spaces showed that the formation of
artificial helicopters consisting of the host rocks and
the bookmark array is effective. The artificial heaps
perceive the pressure of the rocks of the hanging
side and reduce the tension in the region of the
reference pressure. They also violate the

www.vestnik.magtu.ru

aerodynamic and hydrodynamic relationship with
the surface of the day and reduce air leakage
through the excavated space, as well as the
penetration of atmospheric precipitation into the
mine preparation and cleaning faces of the mine.

1. Classification of methods
for studying the state of rocks

The development of deposits in various
conditions of occurrence, different properties of ores
and rocks is characterized by cracking, stratification,
collapse, collapse, shock hazard and other forms of
manifestation of energy of mountain pressure. An
analysis of mining and geodynamic conditions for
the development of ore deposits in Ukraine has
shown that dynamic manifestations of rock pressure
indicate a high level of elastic potential energy of
rocks of domestic ore deposits. The processes of
accumulation of stresses in the massif and
destruction of rocks, arising in the process of
exploration of deposits, are studied by a variety of
methods. The basis of most applied research
methods is the principle of the dependence of
different properties of rocks with their strained-
deformed state under the influence of natural and
artificial energy fields in the array. In spite of the
variety of methods and means of diagnostics used
and the control of the strained-deformed state of the
array, they can be grouped into functional classes
(physical, laboratory, and analytical). In turn, the
classes are subdivided into groups (visual,
surveying, mechanical, geophysical, etc.) and
further on the species. Using the sign «way of
representing the array", the existing classification
was improved (Table 1).

2. Separation of extended developed spaces

The development of ore deposits of Kryvbass by
traditional systems of development to the depths of
1200-1300 m determined the formation of IPs,
which represent on the earth's surface the funnel of
displacement, and in the interior - void, partly filled
with collapsed rocks. These cavities contribute to
the redistribution of the initial stresses of the undis-
turbed massif and to the formation of areas of refer-
ence pressure at the mining sites. Through the de-
veloped space, an aerodynamic bond with the sur-
face is established, which increases the air leakage
into the mine's ventilation network, and the hydro-
dynamic bond increases the secondary watering of
the production units [6]. Effective is the formation
of artificial helicopters consisting of the enclosing
rocks and the rock massif. Thus, for example, it is
possible from the IPs having access to the earth's
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surface to form the «blind» VPs. The main element  of forming shut-off elements for different mining
of the proposed technological solution is the for-  conditions in the northern group of mines of the
mation of artificial helicopters with different ways  Kryvyi Rih basin (Fig. 1).

Table 1.Classification of the stress-strain state of rocks

Class Group View
Visual Observations and Assessments
Mine Surveying Mine surveying surveys

Unloading the array

Compensation load

. Pressure differences
Mechanical

Elastic inclusions

I. Natural Well deformation

(industrial) Depth Ramp

Acoustic

Ultrasound

Geophysical Radiometric

Electrometric

Geomagnetic

Density

Investigation of the properties of rocks Mechanical

Modeling on the press

Equivalent materials Centrifugal modeling

Il. Physical

(laboratory) Modeling on the press

Optical polarization Centrifugal modeling

Volume photoelasticity

Electrical grids

Electrodynamic analogies Conductive materials

Solid environment

Elasticity
I11. Analytical . Plasticity
(theoretical) Mechanics of rocks Creep

Boundary differences

Boundary elements

Finishing elements

a b c

_ 2 ."b'-'b:\.hbﬁbl'-
B AL NN
B nAE D e

LB AR B AN

Fig. 1. Principal schemes of the formation of locking elements of the type «shutter» (a),
«plug» (b) and «gatex (c) in the formation of artificial helicopters
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The space over the artificial whole is filled with
a dry or hardening tab. The experience of re-
exploration of the deposits of Kryvbas testifies to
the fact that the rocks that are destroyed in the de-
veloped space, with the condition of absence of
movement, are converted into a monolith over time
[7]. The experience of the Irtysh mine speaks of the
fact that the dry bookmark occupies a significant
part of the pressure of the enclosing rocks [8]. When
modeling the bookmarking process in laboratory
conditions, it was found that with a porosity of
10-12%, the laying material can accept a load of up
to 5 MPa with shrinkage not exceeding 13%. Pro-
vided that the rock placement is kept in a stationary
state and in the presence of a moist medium, its
bearing capacity approaches the bearing capacity of
the hardening bookmark. Homogenization of the dry
rock massif under the influence of static forces of
gravity, dynamic forces of explosive waves and the
infiltrational influence of atmospheric precipitation
helps to create an artificial whole, approaching its
properties to the natural.

3. Investigation and substantiation of
technological parameters of the developed spaces

The development of ore deposits at Kryvbasa
mines is carried out primarily by chamber systems
of development (70% of the total volume) and vari-
ous variants of underground collapse of ores and
adjacent rocks (30%) (Table 2).

The treatment of ore deposits by systems with-
out the maintenance of adjacent rocks leads to the
formation of developed spaces (IPs), in the zones of
influence of which stocks of various mineral raw
materials fall. These are rich, poor and oxidized
ores, related minerals, building materials, stone of
precious stones, etc. [9]. The development of the
Kryvbass deposits in complex technogenic condi-
tions is deeply studied by B. M. Andreyev, whose

work gives a classification of technogenic factors
and methods of their accounting [10]. However, to
date, no technical solutions have been proposed for
reducing the influence of the main man-made factor
in the Kryvbass — VP of mines. To this end, the au-
thors proposed a number of technical solutions for
the management of IP at the mines «Kryvbas». The
revealed patterns of distribution of voltage fields
and the nature of the deformation of the enclosing
FP of the array, as well as the presence in the mine
fields of a large number of different types of isolated
VPs, create favorable conditions for the selection
and application of effective methods for controlling
the energy status of a rock massif. Reduction of
mountain pressure in the areas of conducting pre-
paratory and treatment works is accompanied by
resource saving due to the use of less metal-
intensive fastening of preparatory workings, increas-
ing the size of the waste chambers, reducing the size
of inter-and inter-chamber helicopters. In particular,
the VP of «Ternovskaya» mines of PJSC «Kryv-
orozhsky PJSC» is represented by 1275 m of stale
and stratum deposits deposited to the horizon. The
collapse of the rocks of the hanging side in the mine
field is negligible. Stabilization of the parameters of
the displacement zone begins at depths of 500 - 600
m. On the northern flank of the fields of the Ter-
novskaya mine, there is a canned debris of poor ore
«Bulimmerka Magnetite» and a developed deposit
of rich ores «8P». The transformation of the VC of
the mine to reduce the pressure of the mountain on
its lying side is possible due to the destruction of
voltage concentrators - natural breeding helicopters
separating the separated VPs. This leads to the dis-
placement of the region of energy concentration to
the lower end of the newly formed VP, the decrease
in the mass of the craters that are destroyed in the IP
and the increase of the hydroplastic capacity of the
VP (Fig. 2) [11-14].

Table 2

Classification of technological solutions for «Kryvbas»

Condition

Class deposits of the next rocks

of the technological solution

Place of Execution
mining works

The essence

I. Without an exit un-
der sediment («blind») |Movement rocks

is absent

Connection of closeup VPs

Loose gaps between deposits

Il .With an exit Change Lower boundary
under sediment forms of PP mine VP shaft

II1. With an exit E)f:sf(t;utgt'tﬁz daytime sur- Separation of extended IPs Middle part
under sediment to the detached ones VP shaft

face

www.vestnik.magtu.ru
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Zz*

Fig. 2. The calculated scheme of parameters
of the destruction of a natural integer

In fig. 2 the following symbols are given: al and
bl are the vertical and horizontal semiaxes in the
array of the adjacent energy zone of the IP, which
extends to the earth's surface, directed along the ax-
es 0171 and O1X1, m; a2 and b2 are the vertical
and horizontal half-axes in the array of the contour
zone of the VP, which exits to the earth's surface
and surrounds the «blind» VP, and directed along
the axes 0272 and 02X2, m; o — angle of propaga-
tion VP, hailstones; all and al2 are the depths of
the contour energy zones of the «blind» and emerg-
ing on the surface of the VP, m; Ul and U2 are the
depths of possible fracture in the breeding unit, re-
spectively, from the SP that has an exit to the earth's
surface and the «blind» VP, m. The main technolog-
ical parameters for deep mines on the example of
Kryvbas, Ukraine are determined in the following
sequence. The size of the adjacent energy zone of
the PE along the rocks' stretch was determined ac-
cording to the method [15-17]. The size of the con-
tour energy zone extending to the earth's surface of
the VP, located in the breeding heap, m

4= (alz + 612 Xalgl )2
' (a161 )2 +1

Depth of the margin energy zone of the «blind» VP,
located in the breeding wholeness, m.

2 | 2 2
2 (a2 + 6, Xazgz)

T (a262 )2 +1

1)

—0,55h,,sina, (2

where hg; — vertical span of the «blind» VP, m.
Depth of propagation of the area of possible de-

struction in the massif of the generic integral for the
VP, going out on the earth's surface, m

U, = H(-0,00475, +0,9), ®)

where H — Depth of propagation VP, m; o, — The
strength of the rocks for compression, MPa.

The parameters of drilling and blasting works
for deep wells in the field of transient stresses can
be efficiently performed by cutting off contouring
wells with bursts of column charges according to the
method [18]. This reduces the energy costs of blast-
ing and drilling up to 25%. The method of drilling a
rock integral is determined based on the location of
preparatory and trench excavations on the corre-
sponding horizon. As the results of the calculations
for the conditions of the Ternovskaya mine show,
the destruction of natural helicopters separating the
separated VPs allows to reduce the tension of the
massif by 6 times and eliminate the secondary wa-
tering of the deposits located in the lying part of the
pipeline. This makes it possible to carry out prepara-
tory work without applying the crepe and increasing
the height of the waste chambers to 120-150 m [19].
The reserves of rich ore «Kryvbas» at the depth of
1100-1260 m to the north of 227 MO were original-
ly intended to be worked out after the complete
working out of magnetite quartzites with the use of
traditional technologies for working out of mine
fields existing in the Krivoy Rog Basin. In 1996, the
relevant recommendations were developed in order
to develop technological solutions to reduce the re-
serves of canned rich ores while maintaining the
possibility of further processing of the balance re-
serves of magnetite quartzites of the GNIGRI
GVUZ «KNU» (Kryvyi Rih) in 1996. They reveal
the possibility of partial extraction of up to 2.7 mil-
lion tons of rich ore reserves from the guarded
whole, while maintaining the possibility of further
processing of magnetite quartzites from the deposit
«Northerny due to the abandonment of barrier heli-
copters in the interior [20].

The collapse of the rocks of the hanging side oc-
curs with the lagging behind the front of the clearing
works on 1-2 working floors. The displacement of
the rocks of the hanging side stops from a depth of
450-550 m. From these depths, the surface dis-
placement process stabilizes and passes into a par-
tial dome-shaped destruction of the enclosing rocks
around the developed space. The angles of dis-
placement and breaking of the rocks by the stretch
correspond to 80°, in the hanging and lying sides —
55°. The «Yubileinaya» mines are represented by
the «Nest 1-2» and «Home» depleted to a depth of
1100 m (Fig. 3).
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Fig. 3. Schematic diagram of the parameters
of the discharge fracture

In fig. 3 the following conditional symbols are
given: Imin.min and m.sub.max — the lengths of
fractures where changes in the array intensity occur
within the first lower floor and, accordingly, the un-
loading of the second underlying floor, m; Ish.skv is
the length of the section of the crack formed by the
exploding of the wells at which the unloading of
three or more lower floors occurs, m; heath is the
height of the floor under construction, m; a and § —
respectively, the angles of incidence and displace-
ment of the rocks of the hanging side of the reser-
voir, deg.

Investigations have made it possible to establish
that the power of the IP, varying from 5 to 90 m, has
a small effect (up to 6%) on the overall level of the
intensity of the host massif, and the increase of the
contour energy zones occurs on the magnitude of
the change in the power of the cultivated deposit,
leaving the depth of influence unchanged and, ac-
cordingly, Voltage values [21, 22]. This fact made it
possible to conclude that in the massif around the
cracks formed similar energy zones with parameters
similar to the developed space. The results of the
research allowed to develop a method for reducing
the pressure of the mountain for the conditions of
working out of preserved reserves at the mine «Yu-
bileinaya» due to the formation of unloading cracks.
The essence of the process of unloading the underly-
ing massif lies in the development of the crack of
the underlying portion of the deposit. For IPs having
an exit to the earth's surface, a crack is formed in the
hanging side, above its level. The formation of the
fracture contributes to an increase in the horizontal
span of the VP and, as a consequence, an increase in
the contour energy zone and the redistribution of the
initial voltage fields. At the same time, the dis-
placement of the reference pressure region, which
envelops the treated chambers, takes place in the
direction of the formation of the crack and discharg-
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es the shaft cleaning units from the pressure of the
rock [23]. The presence of tapping workings in the
hanging side of the VP reduces the cost of forming
the crack and increases its length. On the basis of
the research carried out and the results obtained, the
authors determined the following parameters and
sizes below the established expressions and depend-
encies.

Total length of unloading crack, m

Im = Im,min + Im,max + Im.crc@ . (4)

The length of the fracture site at which the mass
of the intensity changes within the first underlying
floor, m

Im.min = hamtg (% - aj ’ (5)

where h,,, — floor, height of workable m; a — angle
of fall of the deposit, deg.

The length of the fracture site at which the sec-
ond lower floor is unloaded, m

Im.max = hamtg [% - ﬁj » M, (6)

where f — angle of rotation of the hanging side, de-
grees.

The length of the fracture site formed by the ex-
ploding of provocative wells, in which the unload-
ing of three or more underlying floors occurs, m

Im.crce = chetg (% - ﬂj + 0’5VV
: )

where |, — ength of discharge wells, m; W —
line of the least resistance of the explosive, m.

The regularity of the number of unloaded floors
from the length of the crack

Im.c;<6 = Ic;cetg (% - ﬂj + 015VV , sht. (8)

The maximum lengths of each fracture site are
taken from the technical capabilities of deep drilling
machines [24]. Thus, the measures taken to reduce
the negative influence of the developed space allow
us to justify the technological parameters of the
mining preparatory and treatment underground work
of the Krivoy Rog iron ore basin. Expected econom-
ic effect only from the reduction of the pressure on
the prepared and ready for production reserves is
more than 600 thousand. UAH / year, taking into
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account the management of the state of the massif,
reducing to 15-30% of total costs of sewage,
transport, ventilation, etc.

Direction of further research

The development of technologies for the extrac-
tion of ore raw materials in the conditions of tech-
nogenesis should be based on the classification of
deposits and development systems on the basis of
the «energy state of the array at the time of devel-
opment", which determines the methods for separat-
ing material from the array. It is also necessary to
consider the constant change in mining and geologi-
cal and man-made factors [25-27]. The systematiza-
tion of technological solutions for the management
of the developed space of mines while working out,
in particular, Krivbass deposits, takes into account
the man-made factors affecting the energy status of
the massif and shows ways to minimize its influence
on the extraction technology of ore and non-metallic
minerals, taking into account the developed mining
countries of the world [28].

Conclusions

1. It is established that minimization of the in-
fluence of extended developed spaces on the energy
status of mineral deposits is realized by separating
extended developed spaces and forming artificial
cavities in their cavity, which allows to reduce the
energy saturation of the massif in the field of mining
operations up to 6 times and reduce costs by 15% on
drainage, transport and ventilation of the mine.

2. It was shown that for the change in the inten-
sity of the influence of the technogenic state of the
massif formed by the successively-developed spac-
es, a method is proposed for the destruction of the
generic helicopters separating their cavities, which
allows reducing the energy intensity of the massif to
6 times and secondary watering of ore deposits in
the lying side of the mine field. This makes it possi-
ble to carry out preparatory work without the use of
fasteners and increase the size of cleaning chambers
in 1,5-2 times.

3. It is recommended that the change in the
shape of the developed space of the mine by creat-
ing unloading cracks allows us to reduce the energy
saturation of the massif by 0.3 times when working
out three underlying floors on ore deposits.
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IlocTanoBka 3agauym (aKTyaJbHOCTH PaldOTHI):
OIMMCaHbl OCHOBHBLIC HAYYHBIC U IMPAKTHYCCKHUE PC-
3yJIbTaTbl I/ICCHe)IOBaHI/Iﬁ IIOBBIICHUA TI'€OAUMHAMU-
YecKOl 0e30MacHOCTH NPH YBEJIWYEHUH TITyOWHBI
MOJ3eMHON pa3pabOTKH PYAHBIX MECTOPOXKICHHUN
Ha OCHOBE JAHHBIX OIEPATUBHOTO KOHTPOJIA U IPO-

www.vestnik.magtu.ru

THO3a HANPSIYKEHHOI'O COCTOSIHUSI TOPHOI'O MacCUBa
C paznu4HBIMH (hOpMaMU THHAMHYECKOTO MPOsBIIe-
HUSI TOPHOTO JaBJICHUSA, NPO(UIAKTUKNA U MPEIOT-
BpallleHusl TOpHBIX ynapoB. Ha mpumepe pyaHbIX
MECTOPOXACHUN YKpanHbl MPOaHATU3NPOBAHKI (U-
3U4YECKHUE CBOICTBA TOPHBIX MOPOJ ¥ HOBBIE TUIIOTE-
36l O TOPHOM JABJICHUU C YYETOM YBSI3KA BBIEMKHU
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PYJBI ¥ OPOJ BO BPEMEHHU M MPOCTPAHCTBE, OMpe-
JICTICHHUS TTapaMeTPOB KOHCTPYKTHBHBIX 3JIECMEHTOB
cucteM pazpaborku. Llesb padoThI: TOBBICUTE I'e0-
JTMHAMHYECKYI0O 0€30MacHOCTh TPH  YBEJIHUCHUH
TIyOHHBI pa3pabOTKH PYTHBIX MECTOPOXKIACHUHN Mmy-
TEM KOHTPOJS U MPOTHO3a HANPSIKEHHOTO COCTOS-
HUSI TOPHOTO MacCHBa C Pa3IHYHBIMU (HOpMaMHU JU-
HAMHYECKOT'O MPOSBICHUSA TOPHOTO JABJICHUS, TPO-
(UIAKTHKH ¥ TMPEIOTBPAIICHHS TOPHBIX YAapoB.
Hcnoab3zyeMble MeTOAbI: MPUMEHSIIUCH YCOBEp-
NICHCTBOBAaHHBIC METOJIbI IAXTHBIX, JTA00OPATOPHBIX
M MaTEeMaTHYECKUX HMCCIICAOBAHHUN, TEOPETHIECKOTO
1 (PU3HYECKOTO MOJACIUPOBAHUS, a TAKXKe aHATH3 U
00001ICHIE PE3yIbTATOB MCCIICIOBAHMIA IO U3BECT-
HBIM U pa3paboTaHHbIM MeTonukam. HoBu3HAa: k ee
3JIEMEHTaM OTHOCHUTCS CHCTEMATH3AIIHS TEXHOJIOTH-
YECKHX PEIICHUH M0 YHPaBJICHHIO BBIPAOOTaHHBIM
MMPOCTPAHCTBOM HIAXT, KOTOpAasAd YUUTHIBACT TCXHO-
TeHHbIC (haKTOPbI, BIMSIONINEC HA JHEPreTHYECKOE
COCTOSIHHUE MACCHBA, W TPEAONPEACIsIeT MyTH MH-
HUMH3AIlUU €ro BJIUAHUA Ha TCEXHOJIOTNMU I[O6])I‘II/I

PYAHBIX U HEPYAHBIX MOJNE3HBIX HCKomaeMbix. Pe-
3yJAbTaT: U1 U3MCHEHUS! MHTCHCUBHOCTH BIIUSIHUSA
TEXHOTEHHOT'O COCTOSIHUSI MacCHBa, C(OPMHUPOBAH-
HOTO IOCJEI0BaTeIbHO-COMMKEHHBIMU BBIPaOOTaH-
HBIMH TPOCTPAHCTBAMHM, MPEJIOKEH CHOCo0 pas-
PYIICHUS] TOPOAHBIX LEIMKOB, PAa3ACIIOIIUX HX
MIOJIOCTH, YTO MO3BOJIAET CHU3UTH YHEPTETHUECKYIO
HanpsKeHHOCTh MaccHBa A0 6 pa3 U BTOPHUHYIO
00BOJTHEHHOCTh PYAHBIX 3aJeXel B JiexkadeM OOKy
IIaXTHOrO MOJS. DTO JaeT BO3MOXHOCTH IPOBEIE-
HUS TTOATOTOBUTENBHBIX BEIPAOOTOK 0€3 MpHUMeHe-
HUS Kperel U yBEeJIUUEHUs] pa3MepoB OYMCTHBIX Ka-
Mmep B 1,5-2 paza. U3menenue ¢popmbl BeIpabOTaH-
HOTO TIPOCTPAHCTBA INAXThI IyTeM OOpa30BaHHS
Pasrpy30uHBIX TPELIMH IO3BOJISIET CHU3HUThH 3HEpPre-
THUYECKYIO0 HaChIIEHHOCTh MaccuBa B 0,3 pa3a npu
0TpaboTKe TPEeX HIKENEKALUINX ITAXKEH 110 PYAHBIM
3aJIeKaM.

Kniouesvie cnoga: mopzemuas pa3paboTka, reogMHaMH-
gyeckasg 0e30MacHOCTh, YCTOWYMBOCTh OOHAXKEHUH, HEP-
Ir€TUYCCKas 30Ha.
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AHanu3s nokazameneti dosl208e4HOCMU PYKOSIMU KapbePHO20 JKCKasamopa Benukaroe B.C., [MaH¢gpunoea O.P., Ycoe U.I'.

VJIK 658.588.8:621.81

AHAJIN3 MOKA3ATEJIEA JOJTOBEYHOCTHU
PYKOATHU KAPBEPHOI'O DKCKABATOPA

https://doi.org/10.18503/1995-2732-2018-16-3-13-20

Benmkanos B.C., [Taadunosa O.P., Ycos N.T.
Marnuroropckuii rocyjapcTBeHHbIH TexHuueckuil yausepcutet um. I'. M. Hocosa, r. MarauTtoropck, Poccus

Annomayun. PaccMOTpeHbI BONIPOCH! MIPOTHO3UPOBAHUS TOKa3aTeslell Halle)KHOCTH PYKOATH KapbepHOIO IKCKaBaToO-
pa. B xauecTBe OCHOBHOIO IIOKa3aTelld HaJCKHOCTU IIPHUHAT [I0Ka3aTeNb JOJINOBEYHOCTH — CpeAHUN pecypc. Llenbro
HCCIIE/IOBaHMS SIBUJIOCH 0OOCHOBAHUE PACUETHBIX 3aBUCUMOCTEH, TO3BOJISIONIMX ONPENEINUTh YHCIOBBIE XapaKTepH-
CTHKH pecypca PyKOSITH 9KCKaBaTOpa METoJaMH (pU3MUECKON TEOpHH HaleXHOCTH. Pa3pabortaHbl pacdeTHbIE (op-
MyJIBI AJISL ONMPENEeHNs] CPEJHETO Pecypca PyKOSITH HA OCHOBAHWU M3MEPEHUI UM pacdeToB AEHCTBYIOIINX Ha Hee
HArpy30K H, CI€I0BaTENIbHO, BOSHUKAIOIINX B PYKOSATH HaNpsDKeHUN. BenmnunHa nmocneIHuX, oTpaxkas yCIOBHSA DK C-
IUTyaTallil KapbepHBIX 3KCKAaBAaTOPOB, ABIAETCS CIydallHOW BEJIMYMHOHN, YTO OOYCIOBMIO CIydallHBIM XapakTep U
pecypca pyKosTH. B cBsI3u ¢ 3TMM BO3HHKJIA HEOOXOJUMOCTh OIICHKH BO3MOKHOTO OTKJIOHEHHUS 3HAa4YCHHs pecypca
OT cpefHero 3HadeHus. /g OLEHKH paccesHus pecypca PyKOSTH KapbePHOIrO HKCKaBaTopa NpEaoKeHa METOAMKA
pacueTa ero JUCIEPCHU M CPEIAHEro KBaJpaTHYECKOrO OTKJIOHEHHsS METOJIOM JIMHEapHu3aluu (YHKLUUHU CIIydaiHbIX
apryMeHTOB. B pesynbrare momydeHa MEeTOAMKA AN pacdyeTa YUCIECHHBIX 3HAYEHHH pecypca PYKOSTH KapbepHOIO
JKCKaBaTOpa € y4eTOM CIy4ailHOW MPHUPOABI 3TOTO MapaMeTpa W M3MEHSIOIUXCS DKCIUTyaTallMOHHBIX ycloBUi. B
KauecTBE MPUMEPA ONpEAEIIeH PeCypeC PyKOATH KapbepHOro skckaBatopa OKI'-5A. McxoaHBIMU JaHHBIMU AT pac-
yeTa IOCIYKWIIA PE3yNIbTaThl TEH30METPUUECKUX U3MEPEHUN HANPSKEHUM B PYKOATAX KapbepHBIX 9KCKaBaTOPOB B
YCJIOBHAX T'OPHO-000TaTUTEIBHOrO MPOU3BOACTBA MarHUTOrOPCKOro MeTalIyprudeckoro komOunara. Ha ocHoBa-
HUU aHAJIOTMYHBIX UCXOJHBIX JAHHBIX OPraHU30BaH U NPOBEJEH YUCIICHHBIM MAIIMHHBIA dKCIEPUMEHT IO METOAY
MonTte-Kapno. Uncnossle XapakTepHUCTUKU pecypca PYKOSTH KapbepHOIO IKCKaBaTOpa, ONpElesIEHHbIE METOJIOM
JMHHeapu3anuu QyHKIHN CIyYalHBIX apryMEHTOB M MeTogoM MoHTe-Kapio, cOOTBETCTBYIOT CTATHCTHUECKUM IaH-
HBIM 0 HapabOTKax pyKOSATEH B YCIOBHIX TOPHO-000TaTUTEIHHOTO POU3BOJACTBA MarHUTOrOPCKOTO METaJITyprud e-
CKOT0 KOMOMHaTa.

Knroueswie cnosa: HaJie)KHOCTb, JOJITOBEYHOCTb, PECYPC, IKCKABATOP, PYKOSTh, OTKA3, HAIPSLKCHHUS.

CTBYIOT O 3aMETHOM BIUSHUU Ha II0KA3aTENH
HaJEe)KHOCTHU YCIOBHHN 3KCIUTyaTalliy MAINH.
IIpu nuaHUpOBaHUM CPOKa BBIIIOJIHEHUS PEMOH-

BBeaenne

VcinoBust TOPHOTO  IPOM3BOJCTBA  TPEOYIOT

CBOEBPEMEHHOTO TMPOBEACHUS OOCTY)XUBaHUS W
TUIAHOBBIX PEMOHTOB MamluH W 00OpyIOBaHUS B
CBSI3H C TeM, YTO Jif00asi BHEIUTAHOBAs OCTAHOBKA B
pe3yJibTaTe aBapuilHON CUTyallud KpailHE HeraTHB-
HO CKa3bIBaeTCSl HA PUTMUYHOCTH PAOOTHI MIPEATIPH-
sty [1, 2]. C npyroit cTOpOHBI, O PalliOHATIEHON
SKCIUTyaTallield TOPHBIX MallWH ¥ 000pyIOBaHUS
M0/Ipa3yMeBaeTCs, B TOM YHCIE, MOJHOE HMCII0JIB30-
BaHUE UX pecypca. ITO HAKIIaAbIBAET OrpaHUYEHUE
Ha COKpaIlleHuE MEXPEMOHTHBIX TepuoaoB [3, 4].
KapbepHble 53KCKaBaTOpbl ABJISIOTCS Ba)KHEUIIEH
COCTaBJISIOMICH TPAHCIIOPTHO-TEXHOIOTUIECKIX
KOMIIJIEKCOB TOPHOJAOOBIBAIOIINX NpeAnpustuii. B
KadecTBe MpuMepa Ha puc. 1 u 2 mpencraBieHbl
JrarpamMMebl, WUTIOCTPUPYIOIINE OTKa3bl KCKaBaToO-
POB B YCIIOBHUSX Pa3HBIX TOPHBIX mpeanpusTaid. Ot-
Ka3bl CHCTEMaTH3UPOBAHBI MO TMPHU3HAKY MPHUHAI-
JISKHOCTH OTKA3aBIIEr0 3JIEMEHTa K TOMY WJIM MHO-
My y3ay [5]. Paznuuus B auarpaMmax CBHIETENb-

© Benukanos B.C., [Taudunosa O.P., Ycos .T., 2018

TOB M TEXHUYESCKOr0 OOCITYyKMBaHHS MAIIMH U 000-
pyIOBaHMS, KaK MMPABUIIO, UCIIOJIB3YIOT PEKOMEH 1a-
UMU 3aBoja-uszrorosurens [6]. M3 aguarpamm Ha
puc. 1 u 2 cnexyeTt, 9TO B 3aBUCUMOCTH OT YCIIOBHUI
dKCIUTyaTallud OOOPYIOBaHUS PEKOMEH]IOBaHHEIE
MPEIPUIATUEM-U3TOTOBUTEIIEM CPOKH MOTYT OBITh
CKOppeKTupoBaHbl.  OpraHuzaius IMOCTOSHHOTO
KOHTPOJIS HaJl TCXHUYECKHM COCTOSIHUEM JeTaliei U
y3JI0B MOXET OBITh BeChMa 3aTpPyIAHHTEIbHA, T.K.
3a4acTyr0 JJIs 3TOTO TpeOyeTcs OCTaHOBKA MAIllH-
Hbl. AHAJIUTUYECKUN MPOTHO3 pecypca Y3JI0B uie-
TajJel, COCTABIAIONIMX pa3IMYHbIE CTPYKTYpHBIC-
€JMHMIIBI 000PYI0BaHHMSI, MO3BOJIIET PEIIUTh 000-
3HaYeHHY0 npodniemy [7—23].

W3 nuarpamm Ha puc. 1 u 2 oueBUAHO, YTO 3HA-
yuTeIbHAs JIOJI1 OTKAa30B CBs3aHA C HApYIICHHEM
paboOTOCIIOCOOHOIO COCTOSIHHMS Ppabodero 000pyI0-
BaHusA. OMHUM M3 PACIPOCTPAHCHHBIX BUIOB OTKa-
30B SIBJISIETCS YCTAJIOCTHOE pa3pylICHHE DPYKOSTH
KaphepHOTO 3KCKaBaTopa.
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PA3PABOTKA NOJIE3HbIX UCKOIMAEMbIX

Dnekrpo-
I'uppocucrema, 00opynoBaHue,
7% 6,5%
IToBopoTHBIIH PaGouee
MEXaHU3M,
obopyznoBaHue,

5% 41,5%

X0/10BOM

MEXaHHU3M,
12%

HamnopHsrii
MEXaHU3M,
16,5%

Haﬁ;éi\/{;blﬁ
MEXaHM3M,
11,5%
Puc. 1. Pacnpenenenue 0Tka30B 9KCKaBaTOPOB
o y3nam 3a 2010-2015 rr. Ha MarHuToropckom
METaJUTypru4ecKOM KOMOMHATE
(YensiOunckast 061acTh)

OnexTpo-
obopyosanue, 5%

T'unpocucrema,
8%

Pabouee
obopynoBaHue,
34%

TToBopoTHBII
MEXaHH3M,
6%

XonoBoi
MEXaHHU3M,
9%

Hamnopnsrit
MEXaHMU3M, o = TTombeMHBIH
17% MEXaHU3M,
21%

Puc. 2. Pactipeenenrie 0TKa3oB 3KCKaBaTOPOB
no y3nam 3a 2010-2015 rr. Ha Y4yaJuHCKOM ropHO-
00oraTUTeNLHOM KOMOWHATE
(Pecny6ninka barkoprocTtan)

CTpyKTYypHO-(PYHKIIHOHATBHBIN METO/
AeKOMIIO3MIIMM MAIIMH HA TPYNIbI 3JIeMEHTOB
€O CXO0KUMU NMPUYUHAMH 0TKA30B

Jliobass mammHa COIEPKUT CTPYKTYPHBIE 3IIe-
MEHTBI, K&Kl U3 KOTOPBIX BBIMOJIHSIET COOCTBEH-
Hyto pyHkumio. JIro00ii U3 371eMEHTOB MOXXHO OTHE-
CTH K OJTHOM M3 TpeX TPYII: OCHOBHBIE 3BEHbS, CBSI-
3M CTPOCHHUS WIH CBS3H (YHKIHOHHPOBaHUS (TIPH-
Bozbl) [24]. K OCHOBHBIM 3BEHBSIM OTHOCATCS Me-
TaJUIOKOHCTPYKIIMU, K CBA3SIM CTPOEHUS — TMapbl
TPEHMS], TOALUINITHUKYN U OCH, a K JIEMEHTaM IIPHUBO-
JI0B — TIOAIMITHUKY, Bajlbl U 3yO4aTble Mepemay.
PykosiTh KapbepHOTO 3KCKaBaTOpa, OYEBHIHO, OT-
HOCHTCS K OCHOBHBIM 3BEHBSIM.

CTpyKTYpHO-()YHKIIMOHANBHBIA TOJIXO/ TI03BO-
JISIeT BBIACTHUTH B CTPYKTYpE JII000MH, B TOM YHCIIE U
MHOTOIBUTaTEIbHOM, MAaIIMHBI TPU (DYHKIHOHAIb-

HBIE CUCTEMBI: MEXaHUYECKYIO C CHJIOBBIMHU IPUBO-
JlaMH, KOTOpas BBIOIHSAET OCHOBHBIC (DYHKIIMU
MAIlIMHbBI; CHCTEMY BCIIOMOTATEIbHBIX YCTPOWCTB,
CITyKaIuX JJsl yMydIIeHWsS CBOWCTB MAIIWHBI, |
cucreMy ympasieHus [24].

IToncucremsl, BXoAsIINE B CTPYKTYpy Mexa-
HHUYECKON CUCTEMBI MHOTOJIBUTaTEIbHON Mallu-
HEI [24]:

- OCHOBHBIE HCITOJIHUTENbHBIE 3BeHbS. K HUM
OTHOCSITCSI DJIEMEHTHI, MJIsl JBIDKEHHS KOTOPBIX
npeaHazHadeHa MamuHa. Ha cTpykTypHOU cxeme
OHH 0003HAYAIOTCA TPEYTOJBHON paMKO#, a Hero-
JIBUKHOE OCHOBAaHHE — MPSIMOYTOJIBHOI;

- CBs3U cTpoeHusa. K HUM OTHOCATCS 37€MEHTHI,
oOpasylomye apXuTeKTypy MEXaHHMYECKOW CHCTe-
MBI [log HUMH TOHUMAIOTCSl KHHEMATHYECKHE Taphl
pa3INYHBIX KJIacCOB M TUIOB U MX COYETaHMA, a
TaKke KHHEMAaTU4YeCKHEe COEIUHEHHs OCHOBHBIX
3BEHbEB. IIpH CHATHM JTHX CBsI3el MEXaHMYECKas
CHCTeMa MAIllMHBI paclajaeTcs Ha OTAeNbHBIC 3Be-
HbA [25]. Ha cTpykTypHOU cxemMe OHH 0003Ha4YaroT-
csl TUHUSAMU 0€3 CTPEJIOK;

- cBa3u (yHKIMOHUpOBaHUS. K HUM OTHOCSTCA
3IIEMEHTHI, 00eCcTIeYrBaONINe ACHCTBIE CUCTEMbI
ee (yHKIMOHMPOBAHME; HATPUMEP, HPUBOIBI OC-
HOBHBIX 3BEHBEB, BKIIIOUAIOIINE B ce0s IBUTATEID C
CHJIOBBIM PEIYKTOPOM M KHHEMAaTU4YeCKHUe e  Te-
pelaToYHbIX MEXaHU3MOB. [Ipu CHITHUM 3TUX CBS3EU
MalllHa COXPaHseT CBOE CTPOEHHE, HO HE MOXKET
BEITIONHATE cBou (pyHKImu [26]. Ha crpykrypHOii
cXeMe OHHM 0003HAYaloTCs JIMHUSMHU CO CTPEIKaMHu.
Hawano nmuaMmM nmokassiBaeT, Ha KAKOM 3BEHE Pactio-
JIO’KEH JIBUTATEh.

Ha puc. 3 mpencraBnena cTpyKkTypHas cxema
KaphepHOTO 3KCKaBaTopa. B CTpykType BBIIENEHBI
OCHOBHBIE 3BEHBSI — XOJI0Basg pama 1, moBopoTHas
miatdopma 2, crpena 3, pykosith 4 u ko 5. CBsi3u
CTPOEHHS COEIMHSIOT OCHOBHBIE MEXIy COOOH —
MTOBEPXHOCTh KOHTAKTA T'yCEHHII C TPYHTOM (), TT0-
JIBI)KHOE COEAMHEHHE MOBOPOTHOW IUIATPOPMBI C
pamotii (b), a Taxke mIapHUPBI, COSTUHSIONINE CTPE-
oy ¢ TWIAaTQOPMOH, PYKOSTH CO CTPENOd M KOBII C
pykosThio (¢, d u € coorBeTcTBeHHO). CBsI3U (DyHK-
[IMOHUPOBAHUS TIpeICTaBlIeHbI TiprBoaamu xoxa (1),
nosoporta miardpopmsl (II), Hamopa pykositu (III),
noBopota pykosta (IV) u xopma (V).
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AHanu3s nokazameneli dosrzoee4yHocmu PYKOSIMU KapbepHOo20 IKCKagamopa

Benukaroe B.C., [MaH¢gpunoea O.P., Ycoe U.I'.

q

]

; J

Puc. 3. KapbepHslit 5KcKaBaTOp: a — cxema
OCHOBHOW KMHEMAaTUYECKOU TIeTIH; O — CTPYKTypHast
cxema; 1 — xomoBas pama; 2 — TOBOpPOTHAs
miatdopma; 3 — crpena; 4 — pyKosiTh; 5 — KOBII

MeTtoauka pacuera pecypca pyKosiTH
KaK (YHKI UM CJIYy4YaiiHbIX AapITYMEHTOB

11 HEeKOTOPBIX JeTalicii, BXOAAIIMX B COCTaB
CTPYKTYPHBIX 3JIEMCHTOB OOOpYOBAaHUS, TAKUX Kak
MOJIIIAITHUKY KAU€HUs], CYILECTBYIOT 3aBUCUMOCTH JJIs
pacuera pecypca. st Apyrux Aeraneil 3Tu 3aBUCUMO-
CTH MOTYT OBITh TOyYCHBI HA OCHOBE W3BECTHBIX Me-
TOJIMK Ha OCHOBAHUH YCIIOBUI UX TIpouHOCTH [27].

CpenHuii pecypc pykosTd T TIpU YCIOBHU €€
OTKa3a B pe3yJbTaTe YCTAJIOCTHOTO pa3pyLICHUS
3aBUCUT OT MHPOAOKUTEIILHOCTH IMKJIA Harpyxe-
HUSI, CJIE0BATEIBLHO, OT KOJIWYECTBA BO3ACHCTBUI
M3rU0AOIIEr0 MOMEHTA B SIMHHILY BPEMEHH.

T=-2, (L)

rae N — KOJUYECTBO 1IUKJIOB HArpy>KEHUsI PYKOSITH B
€IUHULy BPEMEHH, T.€. YUCJIO LUKIIOB 3KCKABallUU B
€IUHULy BPEMEHU;

N, — YMCJIO LUKJIOB HOPMAJBHBIX HAIIPSDKEHUI
JI0 pa3pylIE€HUs PYKOSTH,

m

n,=—1| -Ng. (2)

3aBuCHMOCTb (2) Moy4eHa U3 ypaBHEHUS KpH-
BOM YCTaJIOCTH JJIsl YCIIOBUS G, > 6.1 [27]:

o"-n =0,"-Ng, (3)

a (e

TJIe G.; — IIPEes BEIHOCIMBOCTH MaTepHraja PyKOsTH;

G, — pacueTHOe WM U3MEPEHHOE 3HAYEHHE aM-
IUIUTYbl HOPMAJbHBIX HAIPSDKEHUH, 3aBUCUT OT
JEHCTBYIOIIMX HAarpy30K M I€OMETPHUYECKHUX Iapa-
METPOB;

M — MoKa3aTeNib HaKJIOHA JEBOM BETBH KPHUBOMH
YCTaJIOCTH;

Ng — abcrucca TOUkH TiepenoMa KpHBOH ycTa-
JIOCTH.

[annple pacdyeTHble (HOPMYIbI TO3BOJAIOT KOP-
PEKTHPOBATh BPEMsI MEKPEMOHTHBIX IIEPHONOB VIS
pabodero o0OpyaOBaHHUA KaphePHBIX HKCKaBATOPOB
C y4eTOM KakK YCJIOBHUH SKCIUTyaTallMM Ka)aoi ma-
IIMHBI, TaK W BIMSHHUA TPOU3BOJACTBEHHOM MpO-
rpaMMBbl Ha pecypc pykosTH. llpencraBneHHsle 3a-
BUCHMOCTH COJZIEpXAaT apryMEHTbI, KOTOPBIE Xapak-
TEPU3YIOT YCIOBHUS SKCIUTyaTallMd 3KCKaBaTopa, —
HanpsDKEHUs, BOSHUKAIOLINE B PYKOSTH U KOJIHYe-
CTBO IIMKJIOB HAarpy)kKeHHs B €JUHMILY BpeMeHH. Be-
JIMYUHBI 3TUX [IAPaMETPOB 3aBUCAT OT YCUIMH, AcH-
CTBYIOIIMX HAa MEXaHU3MBbI dKCKaBaTopa. Y CHUIIuS, B
CBOIO Ouepelb, 00YCIOBIEHBI, B YaCTHOCTH, ILJIOT-
HOCTBIO U KpEHOCTHbIO pa3pabaThIBaeMOIl IKCKaBa-
TOPOM FOPHOM MAacCCHI.

B coctaB npennoxkeHHbIX 3aBUCUMOCTEH BXOIUT
MepeMeHHas, YYMTHIBAIOMIAs KOJUYECTBO LUKJIOB
Harpy’>keHusl B €IMHUILy BPEMEHH M OTpakarolasd,
TaKuM 00pa3oM, CKOPOCTH BBINOJIHEHHSI IKCKaBaTo-
poM pabouux omnepanuid. CKOpPOCTb, B CBOIO OuYe-
penb, oOycioBieHa TpeOyeMOd B COOTBETCTBHHU C
IIPOU3BOJACTBEHHOW IPOrpaMMOl IIPOU3BOJIUTENb-
HOCTBIO, KBaIM(UKAIMEH NepcoHaNa W JAPYyTUMH
u3MeHstoumucs paxropamu [7-11].

st TMmoBoro o00pyI0BaHMs, SKCILTYaTHPYEMO-
IO B CXOXHX YCJIOBHSIX, MPOIOJDKUTEIBHOCTD MEXK-
PEMOHTHBIX TEPHOIOB MOXKET OBITh OIpeaesIeHa
ONbITHBIM TiyTeM. OJHAKO HCIOJIb30BAHUE Kaphep-
HBIX JKCKaBaTOPOB B Pa3HbBIX TOPHO-TEOJIOTMYECKUX
YCIIOBUSAX 3aTPyJHSET MPUMEHEHHUE CTaTUCTUKU OT-
Ka30B, HAKOIUICHHOM Ha MpEeNNpUATHAX, B JIPYIHUX
ycIIoBHAX. B 3TOM citydae pacuer pecypca MpoHu3BO-
JUTCA TI0 JACTEPMUHHMPOBAHHOM MaTeMaTHYECKON
momenu [12,27]. CnywaiiHas mpupona (pakTopos
(KMHEMaTHYEeCKUX, CHJIOBBIX, TE€OMETPUYECKHX H
IIp.), BIFSIFOIIMX HAa PECypc, KaK Ha CIydailHyIO Be-
JIMYUHY, IPY 3TOM HE yuuThIBaeTcs [27].

Ilockonpky pecypc — city4aiiHas BEJIWYUHA, IS
€ro omnpeneneHus HeoOX0IUMO TOMUMO MaTeMaTH-
YECKOTO OKHJAHWS BBIUMCIATH CpeJHee KBaJlpaTH-
yeckoe oTkiIoHeHue. [Ipn Hanmauy nHpopManuu 0o
OTKa3ax 3a/adya pemraeTcss MeToJaMH MaTeMaTHde-
CKOM CTaTHUCTHKH.
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PA3PABOTKA NOJIE3HbIX UCKOIMAEMbIX

[Ipu OTCYTCTBUM TOCTOBEPHOM CTATUCTHYECKOMN
nHGOpPMAaLMM ISl pacueTa YMCIIOBBIX XapaKTepH-
CTHK pecypca pPYKOSTH KaphepHOrO HKCKaBaTopa
BO3MOXXHO IPUMEHEHHE MeToJa JIMHeapu3aluu
¢yHKUMH ciaydailHbIX aprymMeHnTtoB [28]. MaTtemaTu-
yeckoe OXuIaHue (YHKIUU PACCUUTHIBACTCSA IO
3aBHCHMOCTH

m, = f (mXl ,m, mx) (4)
rae Myq, Myq, ...
apryMEHTOB.

Jucnepcust U cpefHee KBaapaTHUECKOE OTKIIO-
HeHHEe (YHKLIUH ONPENEIIOTCS 110 3aBUCUMOCTSIM:

, My — MaTeMaTu4YecKue OKUAaHus

2
0 (of o | [of
D,=)|—| D, +2) | —| | —| K;; 5
y ,2:1: ox, ) s ; ox, ) \ox; ) ! ©)
2
- of ) S|
= L +2 — — | ro,o, (6
y | ox, i %; ; ()xi i dxi i ij% %~ x ()
rae %(I = fx'i(mxl,mxz, .,mxn) — IIpOU3BOJHAs

(GYHKIMH 110 I-My apryMeHTY;

Dyi, Oxi — AUCIIEPCHSI M Cpe/iHEee KBAJIPaTUIECKOe
OTKJIOHEHHE i-T0 apTyMEHTa;

Kij — KOppeJISILMOHHBIH MOMEHT i-r0 ¥ j-TO ap-
TYMEHTOB;

rj — ko3ddumenT Kopperauuu i-ro u j-ro ap-
TYMEHTOB.

[TpuHKMas gomymeHne 0 He3aBUCHMOCTH apry-
MeHTOoB Apyr ot apyra (Kj = 0 u rjj = 0), noirydaem
YIIPOILEHHBIE 3aBUCHUMOCTHU ISl ONIPEACTICHHS JIUC-
MEePCHU M CPEIHEr0 KBaJpaTH4eCKOrO OTKIOHEHUS
¢byskiyn [14]

2

D, =i s D, ; (7)

it \ OX;

m

(8)

Takum o6pazom, 3aBucumoctH (1) u (2) 10MKHBI
OBITh JOTMOJHEHB YPABHEHUSAMH ISl OTPEICIICHHS
JUCTIEPCUIl  COOTBETCTBEHHO pecypca pYyKOATH U
YHCIIa IIUKJIOB JIO €€ Pa3pyIICHUS:

1Y N\
D; :(Hj 'Dna+(—n—ij Dy 9)

m o"-N
D, =|———=%|:D, +
(el 0.71 O.a -1
2 2
m o -N o
— =D, +| = | Dy, + (0
a G
O-a Ga O-a
m 2
o -Ng nl <l .p
m m*
O-a O-a

Pacuer pecypca pykositu 3kckaBaropa JKI'-5A

Jns sxckaBatopoB Tuma OKI-5A, skcmmyatu-
pytomuxcsa B ycnoBusax ['OIT [TAO «MMK»y, B ka-
YeCTBE WCXOJHBIX NaHHBIX TIPH pacyueTe pecypca
PYKOSATH TMPUHUMAIOTCSA CIEAYIOUINEe MaTeMaThye-
CKHE OKUIAHUSA:

n =109 a (IpH MPOJOIKUTEILHOCTH LHKJIA
skckaBanuu 33 ¢ [15]);

6.1 = 290 Mlla (mpenen BBIHOCIMBOCTU CTalu
10XCHA [29]);

6, = 204 Mlla (ony4eHO TEeH30METPHYECKUMHU
n3MeperusiMu [ 15]);

m = 3,57 (s cramu 10XCHJI) [16];

Ng = 10° iukstoB (st cramu 10XCHJT) [16].

B cootBercTBHHM ¢ 3aBucuMocTsaMH (1) u (2) ma-
TEMaTHYECKOe OXHJAaHUE pecypca PYKOSTH IIPH Ta-
KHUX UCXOIHBIX JAHHBIX cocTaBiisieT 3218 4.

CpenHue KBaJpaTHUECKHUE OTKIOHEHHUS W JHUC-
MepPCUM HUCXOJIHBIX JaHHBIX M pecypca pPyKOSTH
npuBenieHsl B Ta0a. 1. HyneBbie 3HaueHus OTKIIO-
HEHUI MPUHSTHI JIJIS CIIPABOYHBIX BEJTUYHH.

Hpyroii croco0, TO3BOJISIONIMIA  ONPEACIUTh
AQHAJIOTHYHBIE YHCJIOBBIE XapaKTEPUCTUKH, — METO[
Monte-Kapro [21, 30]. Ota meronnka obecrieunBaeT
BO3MOKHOCTb BBITIOJTHUTh MAIIWHHBIN SKCTIEPUMEHT
MO0 M3MEPEHHIO BEIWYMHBI HAapaOOTKU dJeMEHTa Ha
OCHOBE M3BECTHBIX 3aBHCHMOCTEH HAJIsl pacdera pe-
cypca. s kaxmoro ciryqyaiiHOro aprymeHra, BIIUS-
IOLIETO Ha 3HA4YE€HHUE PECypca, COCTaBISIETCS COBO-
KYITHOCTh BO3MOYKHBIX 3HAYEHHUH MO MPHHATOMY 3a-
KOHY pactpenenenus. [lanee U3 Kakaol COBOKYIIHO-
CTH CIIy4alHBIM 00pa3oM BBIOMPAIOTCS 3HAYECHUSI, 110
KOTOPBIM pacCUMTBIBAETCs OXHIaeMblil pecypce. Ilo-
CJIe MHOTOKPaTHOTO TIOBTOPEHUS pacdera o0pasyercs
BBEIOOpKA 3HAYCHWH pecypca, UCCIeayeMas B Jajb-
HeWIIeM MeTOlaMi MaTeMaTHIeCKOW CTaTUCTUKH.

st pyKosSITH 9KCKaBaTOpa OMpPEEIEHO MaTeMa-
TUYECKOE OXXUJIAaHWE W JHUCIEPCHS pecypca Mo Me-
togy Monre-Kapno. IlpuHATo nomymeHue, 4To
KOKIBIA U3 apryMEHTOB MMEET HOPMAJBbHBIN 3aKOH
pacnpeneneHus. [lo pesynpraTaMm 4HCIEHHOTO JKC-

16

Becmuuk MI'TY um. I'.A. Hocoea. 2018. T.16. Ne4
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Benukaroe B.C., [MaH¢gpunoea O.P., Ycoe U.I'.

MEPUMEHTAa MaTeMaTHUYSCKOE OXHUIaHHE pecypca
coctaBmio 3262 4, mucniepcus 7930877, a cpenHee
KBaJpaTHdecKoe OTKIIoHeHue 2816 1.

Tabmuma 1
UwncnoBeIe XapaKTePUCTHUKH, TTOTyICHHEIC
METOAOM JIMHEapu3aluu

Matematu- Cpennee
[MapameTp |4eckoe Jucrniepcust  |KBaJpaTHIecKoe
OJKUIaHUE OTKJIOHCHHE
n,u’ 109 4,7 2,2
6.1, MIla 290 0 0
6,4, MIla 204 2025 45
m 3,57 0 0
Ng, IIUKJIOB 10° 0 0
T,4 3218 6426327 2535

Jnst moATBepKIEHHUS aJeKBaTHOCTH TIONy4YeH-
HBIX PE3yJbTaTOB ObLIM 00pa0dOTaHbI CTAaTUCTHYE-
CKHE [aHHble O HapabOTKax 10 OTKa3a PyKosTel
skckaBatopoB tuna JKI'-5 B ycnoBusax ['OIT ITAO
«MMK» [15]. CpaBHeHHE YHUCIIOBBIX XapakKTepu-
CTHK pecypca, MOJyYeHHBIX MEeTOJaMH JMHeapHu3a-
nuu 1 Monre-Kapio, co cTaTUCTHYECKUMH TaHHBI-
MU 00 OTKa3ax pyKOSITH ITPUBEEHO B TA0JI. 2.

Tabmuna 2
CpaBHEHHE YHCIIOBBIX XapaKTEPUCTHK pecypca,
HOJ'Iy‘-IeHHI)IX pa3J'II/I‘-IHI)IMI/I METOAaMHU,
C 3KCHepI/IMeHTaHBHBIMI/I JaHHBIMHA

Metox MaremaTnueckoe Tucrepcus
0KMJJaHHE
Jluneapuzanus 3218 6426327
MowuTe-Kapiio 3262 7930877
CTaTUCTHKA OTKAa30B 3069 9195012

ConocraBieHue MOJIYYCHHBIX PE3YJbTaTOB MOKa-
3BIBAET, YTO PACXOXKIIEHUE CPEIHETO 3HAUCHUS pe-
cypca, OmpeAeNicHHOE METOAOM JIMHEApHU3aIuh
(YHKIMU ~ CIy4alHBIX apryMEHTOB, IIPEBHIMIAET
cpenHecTaTucTHueckoe 3HaueHue Ha 4,8%. Marema-
THYECKOE OXKHJIaHUE, MOTYICHHOE MEeTOJ0M MoHTe-
Kapno, Takxe HECKOJBKO BBIIIE CTATUCTUYECKOTO
3HAYEHMs, pacxoxaeHue cocrasiser 6,2%. Hekoro-
pO€ TIPEBBINICHUE PACUYCTHBHIMU 3HAYCHHUSIMU CTaTH-
CTMYECKHX CBS3aHO C HAIIMYHMEM B CTATHCTUYECKHUX
JTAHHBIX HApaOOTOK JI0 OTKA30B, BHI3BAHHBIX HE yCTa-
JIOCTHBIM pa3pylIeHHEM, a JPYTUMH TPHIHHAMH.
Hampumep, K TaKUM 0TKa3aM OTHOCHTCSI MTHOBEHHOE
paspylleHue pyKOSTH B pe3yibTare JeHCTBUS
Harpy3Ku, NPEeBbIAONICH Npeaen MPOYHOCTA MaTe-
puaina. IlpemiaraemMpie pacdeTHbIE METOIUKH HE yUIU-
THIBAIOT OTKA3bI TOJJOOHOTO XapaKkTepa.

PacxoxkaeHne pacueTHBIX CpeIHUX KBaJpaTH4e-
CKHX OTKIIOHEHHH CO CTaTUCTHYECKHM COCTaBISET
16 m 7% COOTBETCTBEHHO TSI METOJIOB JTMHEapH3a-
uuu U Monre-Kapno. [Ipu 3Tom cpenHee kBagpartu-
YECKOE OTKJIOHEHUE, ONPEICIICHHOE 110 CTaTUCTHUYE-
CKMM [IaHHBIM, IPEBBIMAET PAaCUCTHHIE 3HAYCHUS.
OTO0 TaKXKe CBS3aHO C HAINYHMEM B CTAaTHCTHUECKON
BBIOOpKE HapaOOTOK JI0 OTKA30B, BBI3BAHHBIX CIIY-
YaliHBIMU COOBITUSIMH, HE CBSI3aHHBIMH C YCTaJOCT-
HBIM pa3pyIICHUEM PYKOSTH.

3akiIouyenue

Meton nuHeapu3aluM OTpaXkaeT Kak (u3nye-
CKYIO TIPUPOJY BO3HHUKHOBEHHS OTKA30B, TaK M HX
CIIy4alHBI XapaKTep U SBIAETCS INPUEMIIEMBIM IS
OLIEHKU HAJEKHOCTU T'OPHOTPAHCHOPTHOTO 000pYy-
noBaHus. IIoMHMO OIIEHKHM IMOKazaTeneld HalexHO-
CTH CYHIECTBYIOLIETO M JIKCILTyaTHPYEMOTo 000py-
JIOBaHUs, OH MOXXET MPHUMEHSATHCS HA CTaauu Mpo-
EKTUPOBaHUs, T.K. HE TpeOyeT MpOBEeIeHHs JKCIIe-
puMeHTOB. Paz0poc 3HaYeHUsT 0KUIAEMOTO pecypca
IIpyu 3TOM MOJYYaCTCd HECKOJbKO 6OHBHII/IM, yeM
npu pacuere metogoMm Monte-Kapno. 9To Beaer k
3aHIKCHUIO TaMMa-TIPOLIEHTHOTO pecypca  (mpu
v <50%), T.e. naeT 0oJIee OCTOPOKHBIHM MPOTHO3, YTO
MO3BOJISIET CHU3UThH PHCK BOSHUKHOBEHUS OTKA3a.

JpyruM mpeumyIiecTBOM MeTola JIMHEapH3aluu
SBJISICTCSI BO3MOXKHOCTb OLICHUTH CTEHEHb BIIUSHUS
paccesiHUsI KaXJI0ro W3 apryMEHTOB Ha JMCIEPCHIO
(GyHKIMHA. DTO MO3BOJSIET OTKA3aThCsl OT y4eTa pas-
Opoca HEKOTOPBIX BEJIMYMH B CIIydae, €CIIM MX BIIMS-
HHE Ha pe3yJbTaT He3HauuTenbHO. B 3TOM ciyuae
pacyeTHasi IMCTIEPCHsl pecypca MPUHUMAET HECKOIIBKO
MEHBbIIIee 3HAYEHUE, YeM TIPH Y4eTe THUCIEepPCHi BCEX
aprymeHToB. [Ipu 3TOM pacxokaeHHe MeXay MeTo-
JaMu JTuHeapu3aiuu 1 Monrte-Kapio ymeHbIIaercst.

Takum 00pa3oM, HpelcTaBIEHHBIA CTPYKTYPHO-
(YHKUMOHAIBHBIA TOIXOJ] MO3BOJISET OCYIIECTBISITH
Hay4yHO OOOCHOBAHHYIO JICKOMITO3UIIMIO TOPHOTO
obopynoBanus. Takasi TEKOMITOZUIIMS AT BO3MOXK-
HOCTb TPYIIIHMPOBATH JIEMEHTHI CO CXOXKEH MPUPOAOH
BO3HHKHOBEHHUS OTKA30B M PaCCUMTHIBATH TOKa3aTeNn
VX HaJIe)KHOCTH. Pa3paboTaHHas MeToMKa TTO3BOJISET
OIPE/IENIUTh YNCIIOBBIE XapaKTEPUCTHKU pecypca Jie-
Tajield, padoTaIOIMX B YCIOBHSAX 3HAKOIIEPEMEHHBIX
Harpy3ok. OHa TpUMeHnMa Kak ISl KapbepPHBIX JKC-
KaBaToOpOB, TaK W JPYroro TOPHOTPAHCIOPTHOTO 000-
PYZOBaHUS, JaeT BO3MOXKHOCTb YUHTBIBATH YCIIOBHSI
€ro OKCIUTyaTalid. AJEKBaTHOCTb MPEIIOKEHHBIX
MaTeMaTUYECKUX MOJIENIE MOATBEPXKIIAETCS CXO/Iu-
MOCTBIO pE3yJIbTAaTOB pacyera C pe3ylbTaTaMH Ma-
IIMHHOTO JKCTIepUMeHTa 1o Meroxy Monre-Kapno u
CTaTUCTUYCCKUMHU JaHHBIMH O Hapa60TKax J0 OTKa3za.
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Abstract. This paper considers the issue of predicting the
reliability parameters of the dipper handle. Durability — or,
mean life — was taken for the main indicator of reliability.
The aim of this research was to substantiate the calculated
dependences that help determine the numerical
characteristics of the dipper handle life by means of physical
reliability theory. The authors developed formulas to
calculate the average handle life on the basis of measured or
calculated loads and, consequently, the stresses arising in the
handle. The latter are represented by a random value, which
reflects the operating conditions of mining excavators and
determines the random nature of the handle life.
Accordingly, it was necessary to estimate possible deviation
of the service life value from the average value. To estimate
the spread of the service life values, the authors proposed a
method for calculating the dispersion and the mean square
deviation by linearization of the random arguments function.
This resulted in a method for calculating the numerical
values of the dipper handle life accounting for the random
nature of this parameter, as well as the changing operating
conditions. The authors provide an example of calculated
service life of the EKG-5A excavator handle. The measured
stresses experienced by the dipper handles at the mining site
of Magnitogorsk Iron and Steel Works were taken as the
initial data for the calculations. The authors used similar data
to carry out a numerical computer experiment following the
Monte Carlo method. The numerical characteristics of the
dipper handle life determined through linearization of the
random arguments function and by the Monte Carlo method
prove to be consistent with the respective statistics referring
to the mine excavators operated by the mining site of
Magnitogorsk Iron and Steel Works.

Keywords: Reliability, durability, life, excavator, handle,
failure, stresses.
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Abstract

Industrial waste waters rich in heavy metal ions and sulfates are a common phenomenon caused by oxidation of sulfide
ore bodies and associated waste. Oxidized products enter a water body leading to a greater number of metal ions, a
higher concentration of dissolved salts and a lower pH thus affecting the quality of water. As the environmental impact
of sulfates is less detrimental than that of dissolved metals or acidity, the sulfate control has received little attention in
many regulatory jurisdictions. It should be noted that the literature on sulfate removal from industrial waste waters is
relatively sparse. However, a number of techniques are available to lower the concentration of dissolved ions, including
sulfate ions. The sulfate control levels are based on the maximum permissible concentration (MPC) of approximately
100 mg/I for fisheries and on the secondary drinking water recommendations of approximately 500 mg/l. Methods of
sulfate removal from industrial waste waters can be of two types: removal through semi-permeable membranes; remov-
al by salt precipitation through ion exchange; permeable reactive barrier; biological recovery or insoluble mineral pre-
cipitates. This article offers an overview of the main sulfate removal options for industrial waste waters, as well as a
feasibility study comparing the available techniques. The feasibility study suggests that among the techniques available
today, biological methods and methods involving chemical reagents offer the most advanced options. An effective low-
cost pre-treatment option for sulfates includes lime treatment, which is relevant if the sulfate concentration exceeds
2,000 mg/l. The most suitable option for sulfate removal will be dictated by site-specific conditions of a particular min-
ing operation.

Keywords: removal options, acid mine waters, sulfate ions, reverse osmosis, chemical method, ion exchange, bio-
removal.

dissolved metals with high sulfate content, colloids,

Introduction solid suspended substances of both inorganic and
Wastewater treatment with the extraction of val- ~ organic origin [1]. -
uable components has received much attention in Technogenic waste waters are classified in three

recent years due to it is one of the most important ~ types: mine, quarry and subsurface. The contamina-
tasks of rational use of natural resources in the min-  tion of technogenic waste waters is primarily due to
for the wastewater treatment technology to include ity in hypergenic conditions. Technogenic waste
the receipt of demanded products and easily recy-  Waters are the most polluted. _
clable sludges. . A_Ithough the environmental impact of sulfate
The main difficulty is to treat large volumes of  10ns is comparably lower than other dissolved pollu-
technogenic wastewaters. This leads to high eco-  tants, the sulfate control and mine water condition-
nomic and material costs in the implementation of  INg have been given little attention in mining enter-
various treatment schemes. In addition, wastewater ~ PrISes.

is a complex multi-component system, containing The situation has changed due to reformations in
Russian environmental legislation. These changes
© Abdrakhmanova R.N., Orekhova N.N., Fischer H.-B., significantly increase the fees for discharges exceed-
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ing the limits, in 25 times instead of 5 to date. The
factor of 25 is used in respect of emissions and dis-
charges in excess of established permit limits on
emissions and discharges, as well as ultimately per-
mitted emissions (UPE) u normatively permitted
discharges (NPD) — if limits are not installed [2,3].
Rivers are water receivers of cleaned waters from
mining enterprises. In addition, in recent years, al-
most all the rivers have been transferred to the cate-
gory of fishery water reservoirs. It leads to increase
the demands on the water cleaning including salt
composition.

This review will assess the options available for
sulfate removal from mine, subsurface and other
types of technogenic waters for conditioning and
discuss an economic and technical comparison made
between the available technologies.

The article presents the review of existing sul-
fate removal options for technogenic waste waters.

Technogenic waste waters (TWW) of mining
enterprises are classified into: open pit, mine, and
subsurface. Open pit acidic waters are formed dur-
ing construction and operation of pits. Construction
and exploitation of mines leads to the formation of
mine acidic waters. Subsurface acidic waters contain
dissolved minerals leached from sulfide components
of the off-grade and off-balance ores, overburden
and enclosing rocks. The chemical composition of
acidic technogenic waste waters depends on sulfide
mineralization of ores such as ferrous, non-ferrous
and rare earth metals.

It is known that the following characteristics are
common for these waters: low activity values of hy-
drogen ions (pH = 1,5 -4,5), high concentrations of
sulfur-containing salts of macro- and microele-
ments, high values of redox potential (Eh) [6, 7].

According to their chemical composition, tech-
nogenic waste waters do not meet water quality
standards of fishery water bodies, including the
standard of maximum permissible concentration of
harmful substances in waters of fishery water bod-
ies. There are presented three of the main indicators:

- high mineralization (up to 3 g/l), therefore,
about 2 million tons of mineral salts are discharged
annually into water bodies and rivers;

- pollution with suspended solids (90-110 mg/l),
which causes water bodies siltation;

- the increased heavy metal ions content (in 1,5-
15 times).

The oxidation processes of sulfide minerals pro-
ceed through a complex multistage mechanism,
which leads to an increase in acidity and water satu-
ration with heavy metals cations and sulfate anions
[27, 46, 48].

Nevertheless, it is found that technogenic waste

22

waters with high sulfate concentration have a corro-
sive effect and a high scale potential as well [39].

The article presents the scientific and technical
literature review of Russian and foreign authors and
the comparative analysis of available sulfate remov-
al technologies from technogenic waste waters.

Sulfate removal methods can be divided into
physical, physicochemical, chemical and biological
[30, 32, 41-43, 50, 52].

Physical methods

Physical methods include reverse osmosis and its
modifications, filtration. These methods have not
previously been used for desalination of acidic tech-
nogenic waste waters of mining enterprises, but re-
cently the Russian’s largest mining and metallurgical
company "UMMC - holding" is studying the possi-
bility of using these methods in their enterprises.

The technogenic waste water removal technolo-
gy based on reverse osmosis which replies on a
semi-permeable membrane separating a strong solu-
tion and a dilute solution. In this technology, an ex-
ternal hydraulic pressure allows to overcome osmot-
ic pressure, thus forcing water through the mem-
brane receiving two streams [8].

Reverse osmosis is designed for the removal of
up to 99% of dissolved organic and inorganic sub-
stances, including sulfates.

The advantages of reverse osmosis are: firstly, it
does not require using of a traditional reagent-
precipitator, such as lime; secondly, receiving water
with pollutants concentrations ten times lower than
the requirements of maximum permissible concentra-
tions (MPC) for fishery water bodies, thirdly, the
possibility of using dilute solution as recycled water
in the enterprise production cycle [28, 31, 37, 38, 47].

The disadvantages include:

1. the necessity in pre-removal of suspended
particles on micro filters with a pore size of less
than 5 microns;

2. low dilute output at each stage and, as a con-
sequence, constructing a series of membrane ele-
ments to implement the process and reach 60-75%
level of the initial water flow;

3. the limitation of the minimum concentrate
volume, which is determined both the apparatus hy-
drodynamics, and the solubility of salts removed
from the water. It should be stressed that scale form-
ing salts can be deposited on the membranes surface
and lead to a decrease in productivity, membrane
elements corrosion and membrane surface fouling
by mineral deposits of insoluble salts (alkaline earth
metals carbonates, calcium sulfate in the gypsum
form);
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4. application of antiscaling agents for preven-
tion of crystalline salts deposit formation on the
membrane surface;

5. the problem of brine disposal, which is
formed during the division of technogenic waste
water into two streams and containing pollutants in
concentrations significantly exceeding the water
quality standards of fishery water bodies, including
standards of MPC of harmful substances in waters
of fishery water bodies [9, 10].

The following method for sulfate removal is fil-
tration, which is used to extract fine-dispersed sub-
stances at the stage of deep removal (post-treatment)
of technogenic waste waters after physicochemical
or biological treatment, consisting in the separation
of suspensions using porous partitions or granular
layers, which separate the dispersed phase and pass
the liquid.

The following filtering processes are used in the
practice of technogenic waste water treatment [25]:

- filtration through filter walls;

- filtration through granular layers;

- microfiltration.

The advantages of filtering are:

1. obtaining filtrate that meets the requirements
for the content of solid insoluble substances;

2. complete passage of filtrate through the filter
screen in comparison with reverse 0smosis;

3. the applicability of the filtration as one of the
stages in technological water removal process.

The disadvantages include:

1. the process duration;

2. obtaining filtrate with high metal and sulfate
content.

Physicochemical methods

Physicochemical methods include electrodialy-
sis, ion exchange [33].

In electrodialysis an external direct current and a
stack of alternating cation and anion selective mem-
branes are applied to extract the salts from techno-
genic waste water. In this electro-membrane process
anions and cations are attracted to the anode and to
the cathode. Cations and anions are concentrated
between cation-impermeable barrier and anion-
impermeable membranes.

Advantages of electrodialysis are, 1. this process
does not require additional reagents for its implemen-
tation; 2. processability: the electrodialyzers provide
ease of maintenance and reliability in operation; 3. low
power consumption; 4. the system is not sensitive to
effluent temperature or pH; 5. the recyclability of ex-
tracted components to the production; 6. Capital costs
are reduced due to lower working pressures.

www.vestnik.magtu.ru

Disadvantages: 1, the concentration polarization,
leading to the salts deposition on the membrane sur-
face, which leads to lower treatment efficiency; 2,
the low intensity.

Periodic (approximately every 15 minutes)
switching of the current polarity greatly improves
electrodialysis. The reverse electrodialysis reduces
fouling and facilitates membrane regeneration.

Nevertheless, insufficient pre-treatment may oc-
cur a large amount of calcium sulfate deposition on
the electrodes [11].

The ion exchange method (IEM) allows to clean
technogenic waste waters by means of absorption of
positive or negative ions of "pollution” by ion ex-
change resins in exchange for an equivalent amount
of hydrogen protons and hydroxyl anions of ionite
[12, 33].

The basic equations of ion exchange, schemati-
cally describing the reaction of the interaction of
ions with ion exchange resins, the following:

for cation exchange resins:
nK-—H"+Me"™ ->nK—-Me"™ +nH"
for anion exchange resins:

NA—OH™ + An"™ - nA—An" +OH "~

Thus, by means of ion exchange, technogenic
waste water is cleaned from heavy metal ions
(zn**,Cr* ,Hg*",Ni**,cu®’), including alkaline
earth metal ions (Mg®",Ca®"), ammonia salts and
anions (Cl~,SO?",CNS™,CNetc.) .

The ion exchange technology can be used to
treat solutions with sulfate up to 2000 mg/L.

The advantage of the IEM allows to achieve the
content of pollutants to the maximum permissible
concentration.

The advantage of the ion exchange method: it
has been designed to reduce gypsum levels in efflu-
ent thereby achieving the maximum permissible
concentration of total dissolved solids and reducing
corrosion potential.

The disadvantages of ion exchange are: 1. sig-
nificant consumption of aggressive reagents for re-
generation; 2. the operating costs, increasing in pro-
portion to the salinity of technogenic waste waters;
3. high costs of recycling solutions.

Chemical methods

Chemical methods include lime treatment, bari-
um-containing and aluminum-containing reagents.

Lime treatment is a traditional technology for
technogenic waste water treatment plants, based on
neutralization with the production of complex pre-
cipitation containing metal hydroxides and calcium
sulfate in the form of gypsum [34, 36, 44, 49]. This
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method provides only partial cleaning of technogen-
ic waste waters from sulfate ions. It should be
stressed that the concentration of sulfates in the
cleaned water exceeds the MPC of the fishery water
bodies value by 15-20 times.

The advantages of lime treatment is the simplici-
ty of the cleaning process and reagent availability.

The disadvantages include: 1. the insufficient
degree of cleaning of acid technogenic waste waters
from heavy metal ions; 2. a large amount of multi-
component sludge, 3. the necessity of an additional
cleaning stage from trace heavy metal ions and sul-
fates.

Barium salts such as BaCl,, BaCO; are used to
reduce sulfates concentration in technogenic waste
waters up to 100 mg/L [13, 40, 53]. Barium hydrox-
ide Ba(OH), [14] is proposed as an complex reagent
because of its good solubility and strong alkaline
reaction. According to stoichiometry the sulfate
concentration from 380 to 75 mg/dm® can be re-
duced with 0.54 g Ba(OH)s.

The advantages are: 1. all barium-containing re-
agents can remove sulfates from waste waters from
high levels to within regulatory standards; 2. acidic
waste waters can be treated directly with BaS and
Ba(OH),; 3. during the cleaning process valuable
products are created.

The main disadvantages are that barium com-
pounds are very toxic and the high cost of barium
containing reagents.

Sulfate removal through the precipitation of
ettringite can be realized by means of aluminum-
containing reagents.

The mechanism of the chemical process include
many stages. The first stages is the interaction of
aluminate anion in an alkaline medium with calcium
ions producing various hydrated forms of calcium
aluminate. This compound interacts with sulfate
ions [19, 20, 21, 22, 23, 24]. The product of this re-
action is the complex sulfate containing precipitate
in the form of calcium hydro-sulfur-aluminate
(CHSA):

3Ca0 x Al,O, x yCaSO, x xH,0,

20e y=1+3, x=12+32

The resulting calcium hydro-sulfur-aluminate
precipitations are insoluble and non-toxic com-
pounds. The undoubted advantage of this method is
the receiving valuable product which can be used as
a raw material in the building materials production
[4]. The disadvantage of the method is the high pH
value of water (above 12.0), which requires carboni-
zation stage to reduce the pH of cleaned water.

24

Biological methods

Anaerobic conditions allow to remove sulfate
from technogenic waste waters as stable sulfide con-
taining precipitates. The process of sulfate reduction
is brought about by strictly anaerobic bacteria of
two genera: Desulfovibrio spp. (five species) and
Desulfotomaculum spp. (three types). These organ-
isms use reductive sulfur compounds (sulfate, sul-
fite, etc.) in a respiratory metabolism generating
hydrogen sulfide [5]. Suitable conditions for the im-
plementation of a sulfate reduction system can be
made in flooded underground mine workings and
open pits.

Biological sulfate reduction include oxidation of
organic substances generally short chain organic
acids and the destruction of phosphates, nitrates,
ammonium ions. As a result, hydrogen sulfide reacts
with dissolved metal ions, forming insoluble sulfide
salts [15, 26, 29, 35, 45, 51].

This process requires a bioreactor [16, 17, 18],
with maintaining correct conditions to sustain bacte-
rial activity. To improve the efficiency of treatment,
it is necessary to strictly control the flow rate of
cleaned technogenic waste water.

Dill et al. investigated the practical application
of bioreactors in the current production. As a result,
it was found that the content of sulfate ions de-
creased from 3000 mg/l to 250 mg/l for 70 h [16].

The advantages of the biotechnological method
are: 1. the process does not require reagents for its
implementation; 2. reducing the concentration of
heavy metal ions and sulfates up to the MPC re-
quirements.

The disadvantages of biological treatment are:
1. duration; 2. complexity of hardware design; 3.
control for the temperature and flow rate of cleaned
technogenic waste water, as well as the addition of
reducing substances.

Evaluation of treatment options
for sulfate removal

The criteria for implementation one of the sulfate
removal options depend on the ability of the technol-
ogy to remove sufficient sulfates in a given time, the
effectiveness and economic parameters of technogen-
ic waste water treatment from polluting ions, dis-
charge of the treated water meets the water quality
standards of water bodies of fishery importance.

Table 1 presents data on the economic evalua-
tion of capital and operating costs for the treatment
of 1000 m® of technogenic waste waters per day. It
is established that the use of reverse osmosis is
characterized by the highest operating costs for wa-
ter cleaning in comparison with reagent methods.
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In conclusion, it should be noted that currently
the most popular are reagent-free methods, namely
membrane and ion exchange technologies. Howev-
er, the use of these methods to clean large volumes
of technogenic waste waters is constrained by tech-
nical and economic indicators: high capital and op-
erating costs and not fully solved environmental
problems associated with waste disposal.

Based on the fact that, at present, almost all min-
ing and processing enterprises use the traditional
and economical method of cleaning (liming) with an
increase in pH of water to 9-11, the reagent sulfate
removal technology is suitable by deposition in the
ettringite composition (Ca,Al,(SO,),(OH),, - 26H,0),
proposed in 1999 by J. R. Smith and the SAVMIN
process [50] (Fig. 1).

The process involves three successive stages: at
the first stage heavy metal ions removal in the form
of hydroxides by adding lime to pH 12. At the sec-
ond stage the removal of gypsum by fractional crys-
tallization and the addition of aluminum hydroxide
to form insoluble ettringite. At the final stage, to
reduce the pH, carbon dioxide is added and pure
calcium carbonate is precipitated. The ettringite may
be further disposed or dissolved in the sulfuric acid
for the regeneration of aluminum hydroxide. The
technology was successfully tested in South Africa,
during which 500 m* of water with an initial sulfate
concentration of 800 mg/l was recycled, further re-
duced to values of less than 200 mg/I. [3]

Despite the attractiveness of the technology, to-
day its use is not economically justified. Conse-
quently, it is important to adapt the technology for
mining enterprises.

Attempt at such adaptation was made by "Ev-
roSintez" Ltd in the enterprise of "Mednogorsky
copper-sulfur combine"Ltd located in the Orenburg
region, the treatment technology of technogenic
waste waters, suggests in our opinion the following
steps.

At the first step, the retention of the liming
stage, which consists in simultaneously and effec-
tively reducing the content of heavy metal ions and
sulfate ions. The content of sulfate ions after first
stage varies between 1,300 and 1,100 mg/I.

In the second stage, wastewater is treated to ob-
tain a stable high-sulfate containing form of ettring-
ite suitable for use in the construction industry.

One of the limiting factors in the stable type of
ettringite formation is the hydrogen index mainte-
nance at the level of 12.5 units during the entire
process of deep sulfate removal to values less than
100 mg/l.

Future research will include the calculation of
the thermodynamic conditions for the ettringite for-
mation with high and low sulfate content; determi-
nation the stability limits of the various ettringite
forms; the thermodynamic calculations of the for-
mation ettringite compounds containing various an-
ions and the kinetics of ettringite formation.

Technogenic l l l Technogenic
waste treated
water Metal Gypsum Ettringite Carbonization water

> hydroxides precipitation “|  precipitation g >
precipitation ¢
CaCOs;
Reagent L > G
Metal Gypsum regeneration ypsum
Hydroxides
Sulfuric
acid
Figure 1. The SAVMIN-process
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Table 1
Comparative analysis of existing sulfate removal options for technogenic waste waters
and with reagents of “Evrosintez” Ltd
Options
o Reagent options
arameter Reverse osmo- I . Reagents of ;
sis Filtration legstone/ BaS “Fvrosintez” Bioreactor
Lime
Ltd
Pretreatment Yes Yes No No No Yes
::_ee_d water sulfate Any Any Any Any Any Any
imits
Sulfate removal, % >99 > 95 50 > 98 >99 >90
Brine production Yes Yes No No No No
Sludge production low moderate-high| Low-moderate |Low-moderate | moderate-high| Low-moderate
Monitoring Low-moderate | moderate-high | moderate-high high moderate-high| moderate-high
Maintenance high high low low moderate moderate
Capital cost, £0.46 M [37.8/£0.14 M 11,5/ £0.13 M| 10,2 |£0.25 M |19.8 102 |£0.18M| 143
RUB/per10°m®/day ' ' ' ' ' ' ' ' ' ' '
gﬂ%ﬁ'?g cost £0.49 |40.3| £0.15 [11.9| £0.13 | 102 | £027 |21.4 50 | £0.2 |[158
- utilization of trace metal re-

drinking water |drinking water | trace metal H,S and CO,; | sulfate re- covery;
Advantages - . removal; . moval up to .

quality quality - verv chea - recycling of 100 ma/l: recycling of H,S

y P expensive BaS g/l and COy;

- scaling prob- |- scaling prob-

lems; lems; - limited sulfate |- little trace - cost of C +
Disadvantades - short mem- |- production of [removal; metal removal; |- production of |energy source;

9 brane life sludges - production of |- production of |sludges - production of

- production of |- limited sul- |sludges sludges sludges

sludges fate removal

Not suitable - sludge recy- |- sludge recy- |- sludge recy- ;:I-ir?gl;dge il
Improvements T/%ﬁlmi water |- cling cling cling -specific design

required
. proved that most of them are not suitable for
Conclusions

Sulfate removal from technogenic wastewaters
is considered to be of secondary importance com-
pared to removal of metals and acidity. As such, it is
worth noting that methods for sulfate removal up to
100 mg/dm? have not yet been implemented in in-
dustrial practice, because of technical and economic
acceptability.

Various options for sulfate removal were com-
pared in economic and technical aspects. The pre-
sented comparison of sulfate removal options

wastewater disposal of mining enterprises. Electro-
filtration methods are considered to be more attrac-
tive to treat technogenic waste waters up to
1000 m3/day for economic reasons. However, rea-
gent methods are more realistic for implementation
because of the presence of capacitive structures at
mining enterprises for collection and accumulation
of huge water volumes. Nevertheless, some limita-
tions of reagent methods are worth noting, i.e. rela-
tively inexpensive technical reagents and optimiza-
tion of the process kinetic.
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Annomauusn

TexHOreHHbIe CTOYHBIE BOJBI O0OTaThl MOHAMH U CYJb(]a-
TaMU TSDKEIBIX METaJUIOB, SBIISIOTCS OOBIYHBIM SIBIICHU-
€M, CBS3aHHBIM C OKHCIEHHEM CYIb(QUIAOB JOOBITHIX
PYIHBIX Tel W 00pabOTaHHBIX OTXOMOB. OKHCIIEHHBIC

MPOJYKTHI NONAJAIOT B BOAHBIN OpraHu3M, BIUSIONINM Ha
Ka4€CTBO BOJIbI 3a CYHET YBCIMYCHUA COACPKAHUA METAI-
JIOB, KOHICHTpAIMNU PACTBOPECHHBIX COJIEH U CHMKEHMS
MOTEeHIMajga Bojopona. BoszaeiictBue cynbdarta Ha
OKPY’KaIOIIYIO CpeAy HIDKE, €M paCTBOPEHHBIC METaJIIBI
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WIN KUCIOTHOCTD, M KOHTPOJIb HaZA CYIb(aTOM MOTydnII
MaJl0 BHUMAHUsI BO MHOTHX PETYIUPYIONINX FOPUCIUK-
musix. Crieyer OTMETHTb, UTO JIUTEpaTypa MO YAAICHHIO
Cy1b()aTOB N3 TEXHOI'€HHBIX CTOYHBIX BOJ CPABHUTEIHEHO
HeOoJbIass, XOTS HCIOJb3yeTcs W pa3paboTaHo He-
CKOJIbKO TEXHOJIOTHH /ISl CHU)KEHHsI KOHIIEHTpauuii pac-
TBOPEHHBIX HOHOB, BKIIOYas Cyiab(aTel. YPOBHH KOH-
TPOJIS CyTb(haTOB OCHOBAHEI Ha TPEOOBAHUAX MPEACITHHO
nmorryctuMblx  koHmeHTparuii  (IIJK) npubnmsurensHO
100 Mr/7 s IPOMBICIOBBIX BOJIOEMOB U PEKOMEH/IAIHI
10 BTOPUYHOM NHTHEBOH Boae mpubmm3uTensHo 500
MI/1. Metonsl ynaneHus Cyiab(paToB M3 TEXHOTCHHBIX
CTOYHBIX BOJI TOJPA3IEISAIOTCS Ha JBa THIA: yAalCHHE
yepe3 MOoNTyNpOHHUIIAEMOEe MEMOpPaHHOE pa3JelicHHe; yia-
JICHWE ITyTeM OCaXICHUS COJIM ITOCPEICTBOM HOHHOTO
oOMeHa; NPOHUIAEMBIH peakTHBHBIN Oapbep; OHomoru-
YEeCKOE BOCCTAHOBJICHHE WM 00pa3oBaHHE HEPACTBOPH-
MOT'0 MHHEpaJILHOTO ocajka. B crarhe mpezacrasiieH 00-

30p OCHOBHBIX BapHAHTOB yJaJIeHHs CyIb(aToB I TEX-
HOTEHHBIX CTOYHBIX BOJ, SKOHOMHUYECKOE U TEXHHIECKOE
CpaBHEHME NOCTYNHBIX TexHosorui. Ha ocHoBe mpope-
MOHCTPHPOBAHHOI'O CPaBHEHUSI U SKOHOMHYECKHUX BBITOJT
HanOonee NMEepCreKTUBHBIMUA Ha CETOJHSIIHUKN JICHb SIB-
JSIFOTCSL OMOJIOTMYECKUIT M peareHTHbIE TEXHOJIOTHH. J(-
(heKTUBHBIM BapHaHTOM HEIOPOTOH M IpeIBapHUTEILHON
00paboTku ans cynbdara sBisieTcss 00paboTka W3BECTH
IPU YCJIOBHH, YTO KOHIEHTpALUs Cyib(ara NpEeBHIIIACT
2000 mr/n. Hanbomnee moxxonsmuii BapuaHT AJIs yaaie-
HUS cynbdara OyneT OIpeAensaThCs CHeUUPpUISCKUMU
JUISl KOHKPETHOTO y4acTKa YCJIOBHSIMH JUIsi KOHKPETHOH
oreparyu 100bI4H.

Kniouesvte cnoga: MeToibl OYUCTKH, KUCIIbIE PYIHUYHBIC
BOJBI, Cynb(haT-HOHBI, OOpaTHBI OCMOC, peareHTHBIH
c110co0, MOHHBIH 00MEH, OMOOYHCTKA.
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V]IK 669.162.16

OIITUMM3AIIUA ITIOTPEBJIEHHMSA YI'OJIBHOI'O CbhIPbHSA B ITAO
«MMK» HA OCHOBE MATEMATHUYECKOI'O MOAEJIMPOBAHUSA

https://doi.org/10.18503/1995-2732-2018-16-3-30-38

JIunaTHUKOB A.B.l, [IImenéna A.E.l, CrenaHoB E.H.l, [[Tnaiinep Z[.A.2

‘Ao «MarHuTOropcKuif MeTauTyprudeckuii KoMOHHaT», T. Marauroropck, Poccust
2 JOsHO-Y panbckuii rocyaapeTsennsiii yausepenter (HAY), r. Yensbuuck, Pocens

Annomayun. MarHuTOrOpCcKHi MeTainTyprudeckuii komOouHat (MMK) — oMH U3 KpYMHEUIIHX MUPOBBIX TIPOU3BOIH-
TeJel cTand W BeAylas poccuiickas MeTauryprudeckas kommnanus. [TAO «MMK» mpencrapnser co0oit MeTauTypru-
YeCKHH KOMIUIEKC C ITOJHBIM NPOM3BOICTBCHHBIM IIUKJIOM, HAYMHAS C MOJTOTOBKH JKEJI€30PYAHOTO CBHIPhsS U 3aKaH4YH-
Bas TIIy0OKO# mepepaboTKoi uepHbIX MeTamioB. Pa3sutue ITAO «MMK)» uzer B HanpaBiICHUH MOBBIIICHUS KOHKYPEH-
TOCHOCOOHOCTH TPOAYKIMK W CHHIKEHUsI 3aTpaT Ha MPOU3BOJCTBO, YTO HEPa3phIBHO CBSA3aHO C PabOTOil TOMEHHOTO
nexa. TeXHUKO-KOHOMHYECKHE MOKa3aTean padoThl JOMEHHOTO [e€Xa B 3HAYMTEIBHON CTENEHU OIPEACIAIOT SKOHO-
MUKY NPEIIPHUATHS B IIETIOM, TOITOMY CHIDKCHHE C€OECTOMMOCTH YyTyHa SBISIETCS BXKHON M aKTyalIbHOM 3a1aueil.

B o0meit cTpykType cebecTOMMOCTH YyryHa pacXoAbl HA KOKC cOCTaBIIOT 0koio 30%. Takum o6pa3oM, enbio pado-
THI SIBJIICTCSl PEIICHNE 3aJadl M0 CHI)KEHHIO Ce0ECTOMMOCTH YyTyHa 3a CUET CHIIKEHHS pacxoja KOKca B JOMEHHOM
1[eXe Ha OCHOBE ONTHUMU3AIMH 3aKyNKH YroJIbHOM MHUXTHL. 3agaya ONTUMH3ALMU 3aKYIKH YTOJBHOW IIUXTHI 3aKII0Ya-
eTcsl B MoJ00pe J10JI€BOTO y4acTHs MOCTABIINKOB, 00ECIIEYHBAIONIET0 MUHUMAJIBHYIO CTOMMOCTD YTOJIbHOM HINXTHI TIPH
TEXHOJIOTUUECKH 3a8JJaHHOM KauyecTBe KoKca. Pe3ynbTaToM MccliefoBaHus SBISIOTCS: pa3paboTka METOIUKH ONTHMANb-
HOTO MOTPEOJICHNS YTOAbHOW IIMXTHI; ONPEAEICHNE HEMMHEHHBIX CTATUCTUYECKIX B3aUMOCBSI3EH MEXIy IOKa3aTes-
MU KayecTBa YTrOJNBHOM INMXTHl M MOKA3aTelIsIMH KadyecTBa MOIY4aeMOro KOKCa, MOKA3aTEIIIMH KadecTBa KOKcCa U
yZIeNBHBIM pacxofoM Kokca Ha ypoHe 70-80%; ompeneneHne NpUHIMIHAIEHONH BO3MOKHOCTH IIOCTPOCHHUSI MOJEIH
ONTHMHU3AIMM NPUBO3a U MOTpebieHust yroipHoro ceipbs B [TAO «MMK» Ha OcHOBE MMEIOUIMXCS CTATUCTUYECKHX
JTAaHHBIX; BO3MOXHOCTb CHIDKEHHS CTOMMOCTH, HCHOJIb3yeMOW YrOJBbHOM HIMXTHI MPH aHAIOTHYHOM KadyecTBe, JIHOO
yIy4IIeHUs] KauyecTBa KOKCa NPH HEM3MEHHOMW I[eHe Ha OCHOBE HCIOJIb30BAaHUS pa3zpaboTaHHON Monenu. [lanpHeiimee
pa3BUTHE MOJETH COCTOMT B pa3pabOTKe aBTOMATH3MPOBAHHOM CHCTEMBI IUIAHHPOBAHUS NPHBO3a U IMOTPEOICHHA
YTOJIbHOW IUXTHI, & TAKXKE /ISl IPOTHO3MPOBAHMS KauecTBA KOKca IPU (paKTHIECKOM ITPHUBO3E.

Knwuesvie cnoga: KOKC, KOKCYIOUIMNACS yroilb, 3aKyIKa YT, CACTEMBI NOAJEPKKU NPUHATHS PEIIEHHUH, TPOMBIIILIEH-
Hast ONITUMU3AIMsl, aBTOMATH3aIMs ON3HEC-TIPOLIECCOB.

JIMPOBAHUA IJId UX OINHCAHUA OTKPBLIBAIOT IIHUPOKUC

Beenenne BO3MOYKHOCTH IO CHHJKEHHIO M3JIEPKEK 0€3 HeoO-

Octpast KOHKypeHTHast Oopr0a Ha pBIHKE Me-
TAJJIONPOAYKIIMN BBIHYKJIAeT KPyHHbIE KOMOMHATHI
WCKaTh TMOTEHIMAJIbHBIE BO3MOXHOCTH JUIS CHIDKE-
HUS U3JIepKEeK MPAKTUIECKH BO Bcex cdepax cBoei
nesitenbHOcTH. [loTeHnmansl moBbimeHus: 3¢dex-
TUBHOCTH TPOM3BOZCTBA 3a cYeT OoJjiee WHTEHCHB-
HOTO HCIOJNB30BaHMS PeCcypcoB 00OpYIOBaHUS H
YBEIWYEHHS] TPOU3BOAUTEIHLHOCTH TpyAa MpPaKTH-
YeCKH HCYEpIaHbl, a MHOIZIa MOTYT NPHUBOJIUTH K
HEXEeJATeNbHBIM MOCIEACTBUAM, TAKUM KaK OTKa3bl
000pYZI0BaHUS U MPOU3BOJICTBEHHBIC TPABMBI.

Tem He MeHee CYHIECTBYIOT cephl, B KOTOPBIX
BCE €Ille OCTaeTcd MOTEHIMANl CHUXKEHMS 3aTpart.
Ontumuszanus  TEXHOJNOTUYECKUX W Ou3Hec-
MPOIIECCOB, MPUMEHEHHE MaTeMaTHYeCKOTO MoJie-

© JlunatuukoB A.B., llImenésa A.E., Ctenanos E.H.,
[naiinep J.A., 2018

XOJMMOCTHU K U3JIUIIHEMY CTUMYJIUPOBAHUIO TPYIa
WM SKCIUTyaTanun 000pyoBaHust Ha H3HOC [1].

HckmoueHne 4venoBedeckoro (akTopa U3 mpo-
necca NPUHATHA YIpaBlIeHUYECKUX PELICHUH T03BO-
JsieT MUHUMU3UPOBATh PUCKH, CBS3aHHBIC C BIHS-
HUEM (aKTopa YeIOBEYEeCKONH HPPaMOHAIBFHOCTH,
OJIHAKO CJIEAYEeT YYMTHIBATh BaXXHOCTh W IIOJE3-
HOCTb HAKOIUIEHHBIX JIFOABMH 3HaHWUH B 00g3aTelb-
HO HCIIOJNIb30BaTh UX MPH pa3paboTKe CHUCTEM MOJI-
JEPKKH MPUHATHS PELICHUH.

ABToMaTH3auusi W QopMaiM3alus deroBede-
CKUX 3HAHWU TO3BOJISIET WHTETPHPOBATH OIBIT Pa3-
JMYHBIX CIIYXO JAJIsl peleHus KOMIUIEKCHBIX 3ajad,
IIPY 5TOM MOJy4asi TaKHE PEIIEHHs, KOTOpbIE y4YH-
THIBAIOT OOJBIIYIO YacTh TPEOOBAHUI M TIOXKEITaHUH
ITUX CITYXKO.
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30



Onmumusayusi nompebsieHus y201bHo20 cbipbs 8 [TAO «MMK> ...

Jlunamnukoe A.B., lLimenéga A.E. u dp.

OnHoli 3 HamboJee CIOKHBIX COCTABIISIOIINX
MIPOM3BOJCTBA METAJUIONPOAYKIIUH C TOUKU 3PEHHUS
ONTUMM3ALUH YNPABIECHUS TEXHOJOIMYECKUM IIPO-
LIECCOM SIBIIIETCSI JOMEHHOEe Mpou3BoAcTBO. CHu-
JKEHHE 3aTpaT B 3TOM IIepeJiele BO3MOXKHO B TOM
qucie 3a CYET BHEAPEHUS B IMPOM3BOACTBO OIEpa-
THBHOTO W aJallTHBHOTO YIpaBiIeHUs [2].

OmnepatuBHOE ympaBlieHHE TMpenanoiaraer coop
JAHHBIX C MPHOOPOB y4yeTa, KOHTPOIb U KOPPEKTH-
POBKY Ipoliecca B PEXHUME OHJIAHH. ANanTHBHOE
yIpaBJIeHHE MPEAIoaraeT KOMIUIEKCHYIO ONTHMHU-
3alIMI0 arJIo-KOKCO-JIOMEHHOTO MPOU3BOJICTBA B Iie-
JIOM, BKJIIOYAsl 3aKYIKY YTOJBHOTO CHIPBS VIS MPO-
HU3BOJICTBA KOKca [3].

B nmpouecce npuHATHS pELICHUM, CBSI3aHHBIX C
3aKyNKOH YIJIsl, IPUHUMAIOT Y4YacTHE pa3IndHbIC
cry;k061  [TAO  «MMK»: HaydHO-TEeXHHYECKHI
LEHTP, KOKCOXMMHUYECKOE MPOU3BOJICTBO, YIIpaBiie-
HUE MaTepHaJIbHO-TEXHUYECKUX M SHEPreTHUECKUX
pecypcoB M ymnpaBieHHe 3KOHOMHKH. Dopmanusa-
U ¥ ONTHMHU3AIMS JTAHHOTO TpOoLecca MO3BOIHUT
CYIIECTBEHHO CHU3UTH TPYAOBbIC U BPEMEHHBIC 3a-
TpaThl, a TAK)XE Y4eCTb, B ONPEAEICHHON CTEIEHH,
MOKEJIAaHUS BCEX BBIICTICPEUHCICHHBIX CIIYKO.

OtnnuurensHoit ueproit [IAO «MMK» sBnser-
Csl OTCYTCTBUE TOCTOSHHOM, CTa0MIBHON CHIPhEBON
0a3bl. JlaHHOE 0OCTOSTENHECTBO OTKPHIBAET BO3MOXK-
HOCTB Ul ONTHMHU3ALMK IpoLecca 3aKyNKH U I0-
TpeOJIeHUsI yrOJbHBIX KOHIIEHTpaToB. Hanmuue
OOJIBIIIOTO KOJHMYECTBA IMOCTABIIMKOB YIJIS C pas-
JIMYHBIMH KaueCTBEHHBIMH XapaKTePUCTUKAMH I103-
BOJISIFOT MOJYYaTh YTOJBHYIO CMECh ONPEAETICHHOTO
COCTaBa Pa3IMYHBIMU CIIOCOOAMHU.

Takum 00pa3oM, OCHOBHas IeJib JAHHOTO WC-
CJIEZIOBAHMS 3aKJIIOYaeTcsl B MOMCKEe Haubonee me-
LIEBOTO BapHaHTa CTPYKTYPHI MOTPEOJICHUS] yroib-
HOW IIMXTHI, IPU KOTOPOW OyIyT BBHINOJIHEHBI BCE
TEXHOJIOTHYECKHEe TpeOOBaHUs, CBSI3aHHBIE C Kade-
CTBOM TIOCTaBIISIEMBIX KOHIIGHTPATOB, PBIHOYHON
KOHBIOHKTYPOH, COCTOSIHUEM 000pYIOBaHHUSI KOKCO-
XMMUYECKOr0 MPOMU3BOACTBA, 3aKIIOUEHHBIMH JIOT0-
BOpaMH, COCTOSIHHEM CKJIaJia YTOJNbHBIX KOHIIEHTpa-
TOB U T.1.

Mopean MPOTHO3UPOBAHMUA KAaY€CTBA KOKCa

MeTannyprudeckiuii KOKC — 3TO KPyHMHOIOpH-
CTBI MaTepuall BBICOKOW MPOYHOCTH, MPOU3BOAU-
MBI TP KOKCOBaHWU JHOO YIJIeH CHEerraabHBIX
MapoK, JIHOO YTrOJIbHOW IIMXTHI MPH TEeMIIEpaType
okono 1400 K. ITpumepHo 90% kokca, mpou3Boau-
MOTO M3 YrOJbHOM IIMXTHI, HCIOIB3yeTCA I Mpo-
M3BOJICTBA YyryHa B JOMEHHBIX neuax. [Ipu 3tom
KOKC BBITIOJTHSICT TPH OCHOBHBIE (DyHKITHH:

- B Ka4eCTBE TOIUIMBA KOKC 00eCreunBaceT Terio
JUTSL TIPOTEKAHWST DHIOTEPMHUYECKUX XUMHUYIECKHX
peaxiuii u A1 paciuiaBa uTaka v MeTajuia;

- B KaUeCTBE BOCCTAaHOBUTENSI KOKC 00pasyer ra-
3bI I BOCCTAHOBIICHHS KeJie3a U3 OKCHUIOB;

- B Ka4ecTBE MOPUCTON HACAIKU KOKC SIBISIETCS
€IMHCTBEHHBIM TBEpPIBIM MaTepHajoM B TOPHE JIO-
MEHHOW TICYM, KOTOPBIH MOIJCPKHUBACT UYYI'YH H
CO3/1aeT KOKCOBBIH TOTEpMaH, HEOOXOAWMBIH ISt
MPOTEKAHUS KUAKUX (pa3 MuIaka ¥ 4yryHa B TOPH H
MIPOABIKEHHUS Ta3a B MIaXTy JOMEHHOU neun [4].

Kokc — 310 HamOosee BakHBIN MaTepuan, 3a-
Tpy’XKaeMblii B TIe€4b, C TOYKH 3PCHHS BJIMSHUS Ha
XOJ IOMEHHOTO Mpoliecca U Ka4ecTBO MOIydaeMoro
yyryHa. BeicOkoe Ka4ecTBO KOKca JOKHO obOecrie-
YUBaTh IUIABHBIA CXOJl IMUXTHI, TPA 3TOM JaBas
HaVMEHBIIIee KOJMYECTBO IpHUMeEcei, HauOobliee
KOJINYECTBO TeIUIa, MAaKCUMaIbHOE BOCCTAHOBIICHHE
MeTalyla ¥ ONTHMAIbHYIO IPOHUIAEMOCTh IS
JKUJKHX M Ta30BbIX MOTOKOB ITOMEHHOU meuun. Hc-
MOJIb30BaHUE KOKCA BBICOKOTO KauyecTBa IMO3BOJIHT
CHHM3HTH YJENbHBIA pacxoj] KOKca, MOBBICUTH MPO-
M3BOAUTEIHHOCTh IOMEHHBIX TeUeil U CHHU3UTH Ce-
OecroumocTs yryHa [5].

Tak Kak pemraemas 3aj1a4a sIBISETCS Mo3aAa4uel
JUis 3a7a4n Oojiee BBICOKOTO YpPOBHS, a WUMEHHO
CHIDKEHHE Ce0ECTOMMOCTH 4YyTryHa, TO W 4YacTb
OTpaHWYEHUH, HAKIIAJBIBAEMBIX TEXHOJOTaMH, SB-
JSeTCsT HEe HEMOCPEJCTBEHHBIM TpeOOBaHHEM Ha
ompeiel€HHOE KaueCTBO YrOJIBHOW HIMXTHI, a Tpe-
OoBaHHEM Ha OmpezeNieHHOe KayecTBO Kokca. Cre-
JIOBATEeIbHO, BO3HUKAET JONOJHHUTENbHAs 3ajada
UCCIIEIOBAHUS 3aBUCUMOCTEH MEX]y ITOKa3aTeIsiMU
KadyecTBa KOKCAa M IOKa3aTesiIMA KayecTBa Yrojib-
HOW muXThl. JlaHHast 3a1aya OpuIa TIryOOKO M3y4YeHa
creraiuctamu [TAO «MMK» [6-8].

OOmasi oCTaHOBKa 3aJa4dl TpE/CTaBlieHa Ha
puc. 1.

K oCHOBHBIM TOKazaTenssM KaudecTBa YTOJILHOM
IIUXTBI OTHOCSTCS: copepxkanue Biaru (W), comep-
skanue 30561 (A), Beixon Jetyunx Bemiects (Vd), co-
JepykaHre cepbl (S), TONIIMHA IUIACTHYECKOTO CJIOS
(Y), nokazarenb otpaxkeHusi Butpunuta (R0), cymma
OTOLIAIOIIMX KOMITOHEHTOB (SOK) u koaduimeHT
texHonoruueckoit ierHoctu (TVC).

Jns pacuera mokazaTeniell KauecTBa YroJbHOM
HINXTHI UCTIOJIb3YETCS CPEJHEB3BELICHHAs CyMMa TIO-
Kazareniell ¢ Jo0aBIeHUEM KOPPEKTHPYIOLIETO KO3(g-
¢uenta (1). Koppekrupyrommuii ko3hGuImenT ot-
paXkaeT CpETHIO pAa3HUIy MEXAy (QakTHIeCKUMU
7a0OpaTOPHBIMH  JIAHHBIMH W CPETHEB3BEIICHHOM
CyMMOM TOKazaTeNieil kadecTBa YrojibHOM IIMXTHI B
COOTBETCTBHU CO CTPYKTYypo#i ee motpednenust. [Toka-
3aTeNM KavecTBa I KaXJIOro MOCTAaBIIMKA OIpesie-
JISIFOTCS] HA OCHOBE JJA00OPaTOPHBIX aHAIN30B.
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K:Z(ki'n)+kcorr, (1)
i=1

I — J10JId I-TO TIOCTaBILMKA B OOIIEN MOCTaBKE;
ki — mokasarenb kadecTBa i-ro mocrasmiuka (Wr,
A, Vd, S, Y, Ro, Sok, TVC);

kcorr — KOppeKTHpYyIomuil ko3dduuuent mno ox-
HOMY W3 IOKa3aTeneil;

K — cpenHeB3BelIeHHOE 3HAYEHHE ITOKA3aTeINs
Ka4ecTBa YTOJIbHOW IIUXTHI,

N — YHCIIO0 MOCTABIIUKOB.

K ocHOBHBIM moOKa3zaTessiM KauecTBa KOKca OT-
HOCSITCSI: TIPOYHOCTH 0 OTHOLICHHUIO K APOOSIINM
yeunusiM (Mjs), TPOYHOCTH 10 OTHOIIEHHUIO K MCTHU-
patormum  yeunusm  (Myg), peakmmoHHast CIocoo-
Hocth (CRI), ropsiaas mpounocts (CSR), comepika-
uue 30bl (Ad), cogeprkanue cepsr (Sd).

INokazarenn kadecTBa KOKCa HM3MEPSIIOTCS He-
CKOJIBKO pa3 B JIeHb, 00pa3ysl MeCSYHbIC ITOKA3aTEIH
KavecTBa.

JInst uccaenoBaHusl B3aMMOCBSI3H MEXKIy TTOKa-
3aTeNIIMH KauecTBa KOKCAa W TOKa3aTelsIMH Kade-
CTBa YrOJBHOM IIUXTHI HCIIOJB30BAIUCH METOJIbI
PEerpecCUOHHO-KOPPEISIIUOHHOTO aHanu3a. M3Ha-
YaJbHO, B Ka4eCTBE HMCXOMHOM 0a3bl JaHHBIX I
UCcIe0BaHus OblIa UCIIONb30BaHA CTaTHCTHKA pa-
OOTBI ~ KOKCOXMMHYECKOTO  IIPOM3BOACTBA 32
20112015 roxa. Beuay crporo periamenta pabo-
Thl Ha KOKCOXHMHYECKOM IPOHM3BOJICTBE, a TaKXKe
OOJIBIIIOTO BIIMSHHUSI TEXHOJIOTHYECKUX (DaKTOpOB,
TaKMX Kak IOTPEIIHOCTh METOJOB 0TOOpa Mpod u
NPOBEJCHUS 3aMEpOB  MOKa3aTeNneil, COCTOSHUE
YrOJBHBIX OameH W T.J., ObUIO PEIICHO JOMOJHHUThH
0a3y MaHHBIMH WHIUBHIYAJIbHBIX SIIUYHBIX CIIEKa-
HUM, TPOBOAMMBIX JabopaTopuell KOKCOXUMHYE-
CKOTO TIPOM3BOICTBA.

VYpaBHEHHS 3aBUCHMOCTEH MEXIy ITOKa3aTelis-
MH KauecTBa KOKCa W TIOKa3aTelIsIMH KadecTBa
YTOJBHOW IIUXTHI BRITJISIAT CIEAYIOLIMM 00pa3oM:

o Kk
Y = E W, X© + W, @)
i
rae Y — mokasaTellb KauecTBa Kokca (Mig, Mys, Ad,
Sd, CSR, CRI);

X— ToKa3arelb KadecTBa yroabHoi muxtel (Wr,
A Vd, S, Y, Ro, Sok, TVC);

Wi — K09 (UIHMEHT ypaBHEHUSI PErPECCHH, MO/~
OupaeMblil C MOMOIIBI0 METOJ[a HAMMEHBIINX KBaJl-
paToB;

W, — CBOOOIHBIH WICH ypaBHEHUS PETPECCHH;

K — cTeneHp ypaBHEHUs] PErpecCUH, ONpeensie-
Masi SMIMPUUECKH.

[lony4yeHHsle MOAENN WMEIOT HEJIMHEHHBIN Xa-
paxTep, 00yCIIOBJIEHHBII HAIMYHUEM SKCTpEMyMa Mo
HEKOTOPBIM TOKAa3aTelsiM KauecTBa YroJIbHOW MINX-
Th. CTeneHb 00BSICHEHHOCTH YPaBHEHHUH COCTaBIIs-
et mopsaka 70—80% s mokasateneit Myg, Mas, Ad,
Sd u Gosnee uu3kyro s nokasareneit CSR, CRI,
T.K. CTaTUCTHKA 110 HUM MEHEE IPEICTaBUTENIbHA.
[lanHple mokazaTenu ObLIM HCKIIOYEHBI NP Aajb-
HelmeM uccnenpoBanuu. OcTaBmiasics 4acTb, BEPO-
ATHO, O0YCJIOBJIEHA YeJOBEUECKUM (aKTOpOM, IO-
TOAHBIMHU YCJIOBHUSIMH M COCTOSIHUEM 000pYyJOBaHUSL.

Ha pwuc. 2 npeacraBneHa nuHamuka QaxThde-
CKOT'0 M PacCUUTAHHOT'O 10 MOAEIH MoKa3zareist My
Ha MecA4HbIX AaHHbIX 3a 2016 roa. Ilpu stom cie-
AYET YUYUTBIBATD, YTO IIPOTHO3 paCCUUTHIBACTCA Ha 1
mrar BIepel, a Mocjie NOJydeHHUs (HaKTUUIEeCKUX
JAaHHBIX YPaBHCHUA YTOUHAIOTCA.

Vmest nanHHble ypaBHEHHs, MOXXHO PAacCUUTHI-
BaTh KAaKOrO KauecTBa MOIYyYUTCS KOKC NPH OIpe-
JICJIEHHOM COCTaB€ yrOJIbHOM IIUXTHI, YTO OTKPbIBA-
€T BO3MOXKHOCTh K CPaBHEHHIO Pa3HBIX BapUAHTOB,
B TOM 4YHCJIe KOTOPHIX paHee He ObLIO, U MX IMOCe-
Iylomeld onTUMH3alud. TeM He MeHee CcledyeT
YUUTBIBaTh, YTO IpPHU KapAUHATBHOM H3MEHEHHH
COCTaBa yrojbHON LIMXTHI HEOOXOIUMO KOPPEKTH-
pOBaTh MOJIyYEHHbIE YpaBHEHHMS, 100aBIIsIs TaHHbIE
Mo clieKaHusAM B 0a3y JaHHBIX J1a0OPaTOPHBIX CIie-
KaHUH, U TIepeCUnThIBaTh PETPECCHOHHBIE KOAPU-
IIUCHTHI C Y4TEM HOBOI MHPOPMALIUH.

Mopeas NpuBo3a U MOTPedIeHNA
YI0JIbHOTO CHIPbSI

Kak 06bU10 yKa3aHO paHee, B IPOLECCce MPUHSITHS
pelIeHnit 1o 3aKylKe YT y4acTBYET HECKOJBKO
nofpasaeneHuid. Kaxnoe u3 3Tux nompasjesieHuH
UMeeT COOCTBEHHYIO LEJb: HAayYHO-TEXHHYECKOMY
LHEHTPY HEOOXOAMMO MOJYyYUTh HaujIydllee Kaue-
CTBO KOKCa, KOKCOXMMHYECKOE IPOHU3BOJICTBO
CTPEMHUTCS K MAaKCHUMH3AIMH MPOU3BOACTBA IMPH
MUHUMAaJIBHOM pacXxoi€ YIS Ha KOKC, a TaKxke
00eCIeYeHNIO CTPaxoBOro 3araca MIMXTHI, KOMMeEp-
YecKHe CIY)KOBI CTPEMSTCS MOTPATUTh HAUMEHBIIIEe
KOJIMYECTBO JIEHET, a YIpaBJIeHHe SKOHOMHUKH 3aUH-
TepecoBaHO B 00IIeM CHIKeHUHU 3arpar. Ha ocHoBe
9THX Lenel Obla pa3paboTaHa cielyromas MOAeIb:

F=>cr—min;

i=1
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IToxazarenu
KadecTBa
KOKCa

Ilokazarenu
KadyecTBa

yriIs

Henuneiinpie
MOJIEITH

DakTOpHBIH
aHau3

Obmas
CTOMMOCTD
3aKyNKH
YTOJILHOM
IIMXTHI

Oxumaemoe
HU3MCHCHHUE
pacxona
KOKCa

OnTuMusanys
JIOJIEBOTO
y4acTust

Puc.1. Jloruka Moxeny onTuMu3anuy notpebdiaeHus yroabHoro chipbsi B [IAO « MMK»

8,10

8,09

7.9 ;

fAnsape @espane Mapt 2016 Anpene Maii 2016 WiwoHb

2016 2016 2016

Aeryct CenTabpbe Oktabpe Hoabpe [exkabpb

2016 2016 2016 2016 2016 2016

—o— (haKT —e— MOJENb

Puc. 2. Jlunamuka (hakTHIECKOrO M paCCYUTAHHOT'O HAa OCHOBE MOJISITH TIOKAa3aTeNsl HCTUPAeMOCTH Kokca Mg

/ M10 < M10" @)
M 25> M 25" 5)
Ad_ < Ad] 6)
Sd, <sd; 7)
vd <vd” 8)
AVALLLUE-S VAR VALY )
M10<M10" > f, < 7 (4

i=1
Z"i =1 (11)
i=1

\ =0 (12)

e Cj — [IeHa OIHOW TOHHBI YTOJILHOTO KOHIICHTpATa
I-ro IOCTaBIIIMKA,

I — Z10JIs I-TO IIOCTABILKKA B OOIIEN IMOCTaBKE;

N — Yucjio ITOCTAaBIIHUKOB,

Mo, Mys, Adc, Sdc — ocHOBHBIE TTOKa3aTenu Ka-
gyecTBa Kokca (TpedyeMoe KauyecTBO OTMEUCHO 3BE3-

JIOYKOM);

V min
I — MUHHAMAJIbHOE KOHTPAKTHOE OTpaHM-
YCHUC IJId i'FO IIoCTaBIIMKA,

max
Vi — MAaKCHUMAJIbHOC KOHTPAKTHOC Orpa-

HUYEHHE TS I-T0 MOCTABIIKKA, THOO €ro MPOM3BO/I-
CTBEHHAs! MOIIIHOCTb;

Vi — 00beM MOCTaBKM KOHIIEHTpara i-ro mo-
CTaBIIIHKA;

fi — momst *KuMpHO#M YacTH B MapOYHON CTPYKTYpe
yrist, % (TpedyemMoe Ka4ecTBO OTMEUEHO 3BE3J0UKOMN).

lleneBast hyHKIMS TIpencTaBisieT COOOW CTOH-
Moctb 1 T yrompHO# muxThl (3). Kommepueckue
CITy>KOBI TIPEIOCTABIISIIOT TIEHBI JUIS 1IeNIeBOi (DyHK-
MM HAa OCHOBE IPOBOAMMBIX MAapKETHHTOBBIX HC-
ciaenpoBanuil. C 3TON TOYKU 3pEHUS] KOMMEPUECKHE
CIIy>KOBI  SIBJIAIIOTCS. OCHOBHBIMH  I10JIB30BaTEIISIMU
MOJIEINH, T.K. IleJieBast GYHKIUSI OTPaXKaeT UX TMOXKe-
JIaHUSL.

[lepBas rpynma orpannuenuii (4)—(7) mcxoaut
OT TEXHOJIOTOB U MPEACTABIAET COO0H MUHUMAIIEHO
JIOITyCTHMBbIE TIOKa3aTelld KayecTBa KOKca (O0TMmede-
HbI 3BE3/I0YKOH - *).

B rpynmny TeXHONIOTHYECKUX OTpaHUYCHUN Tak-
)K€ BXOJAT OrPaHWYCHUS HAa MAapOYHBIM COCTaB
yronbHOM miuxThl (10). HeoOxomumo coxpaHATh
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OIpE/ETIEHHBIE MPOMOPLUN Ta30BO-KUPHON U KOK-
Cyromeicst 9acTedd, 9YToObl TEXHOJOTHYECKUI Tpo-
[[€CC MPOTEKal B IUTATHOM PEXHUME U HE IPUBOIII
K aBapusM M TOJOMKaMm obOopynaoBanus. Hayuno-
TEXHUYECKUH LIEHTP MPEJOCTaBIseT AaHHBbIE Jabo-
PaTOpPHBIX aHAIM30B BXOASIIETO CHIPhS IO MOCTaB-
IIMKaM, HEOOXOAMMBIE AJISI pacueTa CpeJHEB3Be-
LIEHHBIX MTOKa3aTeNell KauecTBa YroJIbHON MIUXTHI.

Bropas rpynmna (9) npezacraBisier coOOH KOH-
TPAaKTHBIE OTPAHUYEHUS] BO3HUKAIOIIMX BCICACTBHUE
OTPaHMYEHHOCTH BO3MOXHOCTEH HOCTABOK pa3iny-
HBIX IPOJABIIOB YrOJBHOIO ChIphA. B 3Ty rpymmy
BXOZST TaKKe MOJTOCPOYHBIE JOTOBOPHBIE 00s3a-
TenscTBa, npeanuceiBaomue [TAO «MMK» mpu-
o0peTaTh OMpEeeIeHHOEe KOJINYECTBO KaKOTO-THOO
KOHIIEHTpaTa eKeMecs4yHo. JlaHHble orpaHuYeHus
MIPeIOCTaBIAET yrpaBjeHue MaTepuanbHO-
TEXHUYECKUX U DHEPTeTUUECKUX PECYPCOB.

Kokcoxumudeckoe  IpOM3BOACTBO  TpedyeT
o0ecreunBaTh ONpPEAEICHHOE COACP)KaHUE JIETYyUNX
BelIecTB B muxTe (8) st 6e30macHOCTH Mpoliecca u
MIPOM3BOJCTBA OINPEAENEHHOIO KOJIMYecTBa Mpo-
IOyKLUH.

TpeboBaHus ympaBiICHUS SKOHOMHKH 3aKJIIO-
YaTCs B OKOHOMHUYECKOW S(P(EKTUBHOCTU OIITH-
MHU3HPOBAHHOTO pacyeTa MO CPAaBHEHHUIO C BapuaH-
TOM, PACCUUTAHHBIM BPYYHYIO.

Tak kak Oromxer [IAO «MMK» B wacTu 3akyn-
KH yTOJIFHOTO CBIPBSl YTBEPXkKAAETCSA HA MECHI], TO U
IJIaH 3aKYMOK M COOTBETCTBYIOIINE €My IUIaHbI O-
CTaBOK JOJDKHBI aKTyaJIM3HPOBATHCA €XKEMECSUHO.
Llensp! akTyalM3upyroTCs yIpaBIEeHUEM MaTepHalib-
HOTEXHHUYECKOTO U IHEPTeTHYECKUX PECYPCOB TOXKE
exxeMmecsyHo. Tem He MeHee 3ajada ONTUMH3ALUH
3aKyIKH yrOJIbHOTO CHIPbS MOXKET PelIaThecsi B TPEX
BPEMEHHBIX HHTEpBaJIax:

- Ha MECSYHOM HHTepBaje, A HeOOIbIINX
KOPPEKTUPOBOK OIOJIKETA;

- Ha KBapTaJIbHOM HMHTEpBaJe, B BUIE COBETUHKA
YIpaBJICHUIO MaTePHANbHO-TEXHUYECKUX W SHEpre-
TUYECKUX PECYPCOB ISl 3aKIIOYEHHS HOBBIX KOH-
TPaKTOB C MOCTABIINKAMU;

- Ha TOJOBOM MWHTEpBaJie AJIs OINpPEAEICHUS
cTparernueckux npuopuretoB ITAO «MMK» Ha
PBIHKE YTOJIBHOTO CHIPhA.

Ha pumc. 3 mpexncraBnena ympormieHHas cxema
ousHec-miporiecca. Haunboilee BaxkHO# 4acThiO JaH-
HOro Om3Hec-mpolecca SBIACTCS aHaJIU3 pe3yJibTa-
ToB. Ha »TOM 3Tame Kaxaplil OTAeN AOIDKeH 00
MIPUHATH PE3YNbTATHl pacyera, MO0 MPEeAOCTaBUTh
3aMeuyaHusl W W3MEHHUTh BXOAHBIE JaHHBIE WIIH
ycnoBus pacuera. Takum oOpa3oM, IpoLEcC OCTaeT-
Csl UTEPaTUBHBIM, OJHAKO HE TpeOyeT OOIbLIOro
KOJIMYECTBA COBEIIAaHWW. PacyeT rapaHTHpYyeET, 4TO
BCE IOXeJIaHusl OyAyT BbIIOIHEHB. OHAKO MHOT/AA

BO3HHMKAET CHUTYyallus, MPU KOTOPOH obnacTe orpa-
HUYEHUH TPEACTaBIAIOT COO0H IyCcTOe MHOXKECTBO,
T.K. LI€JIM OTAEJIOB IPOTHBOIIOJIOKHBI.

Peanu3anust MoaeJn U BOSHUKAIOIIHE MPOOIeMBbI

BeinonHeHne aHaNTUTHYECKUX PacyeToB U OIl-
TUMH3aLUSA 10JICBOIO YYacTHs IOCTAaBIIUKOB OCY-
IIECTBIIIACh HA OCHOBE SI3bIKa MIPOrpPaMMHUPOBAHU
JUIL CTAaTUCTHYECKOH 0O0pabOTKM JaHHBIX M PabOTHI
¢ rpadukoit «R» [9, 10].

BxonHble 1aHHBIE TIOCTYMAIOT CO BCEX OTEIOB,
BOBJIEUEHHBIX B Ipouecc. Tak kKak ypaBHeHHS (2)
ABISIFOTCA CTATUCTUYECKUMH, HEOO0XOIUMO YTOY-
HATH UX 110 Mepe MOCTYIUIEHUs] HOBBIX NaHHBIX. bo-
Jiee TOTo, B JaHHOW 3a/1ave o0JacTh TEXHOJOTHYe-
CKMX OIPaHUYEHUH SIBISAETCS HEBBIYKJION, TaK Kak
YpaBHEHHUS 3aBHCUMOCTH KayecTBa KOKCa OT Kaue-
CTBa YTOJBHOW HIMXTHI (2) SABJISAIOTCS HETWHEHHBI-
Mu. [Ipu onTuMU3anuy HEBO3MOXHO HCIOJIB30BaTh
KJIACCUYECKUE METOJbI TMHEHHOIO MaTeMaTH4eCKO-
ro mnporpammuposanus. CienoBaTesnbHO, HE00XO-
JUMO JINOO MCIONB30BATh TPATUCHTHBIE METOJIBI
JIOKaJbHOM ONTHMM3ALUH, KOTOphIe OBICTPO HAroT
pe3yibTaT, HO HE TapaHTUPYIOT MPUOIMKEHUS K
r00abHOMY pEIIeHHI0, JTUOO HUCIOJNB30BaTh 3BO-
JIOIMOHHBIE TJ00aNbHBIE METOIbl ONTHMH3ALNH,
KOTOpbIe TPeOYIOT 3HAYMTEIbHBIX 3aTPaT BPEMEHU
Ha ONTUMH3AIMIO U B MPUHIIUIIE TOKE HE rapaHTH-
PYIOT TIPEBOCXOAHOTO pe3ylbTara. KoMOmHaIus
3TUX JBYX IOIXOAOB MOXKET CYIIECTBEHHO YIIyd-
IINTh PE3YJbTaT, OJHAKO IO-TIPEXKHEMY TII00aib-
HBIH MHHUMYM MOET U He OBITh JJOCTHTHYT.

BbII0 peleHo MCHoab30BaTh YCEUEHHBIN ajro-
putm Herotona (preconditioned truncated Newton
algorithm) u3 oTKpbITO# OMOIMOTEKN TS HEJTHHEH-
Hoit onrummsarmu «NLopty [11], T.x. oH maBan
HaWiIydlIde pe3yJbTaTbl NpU TECTHPOBAaHMM. Tak
KaK JaHHBIH aIrOpUTM IpeAroiaraeT 0e3yCcioBHYIO
ONTUMH3ALINIO, OTpaHUYEHHs OBLIM TepejieliaHbl B
mrpadpl 1e7eBod (YHKUUM pacIIUPEeHHBIM ajro-
putMom Jlarpamxa.

Bropoii MmaTemarnyeckoil mpoOIeMoil SBISETCS
HECOBMECTHOCTh OTPaHUYCHHMH, HaKIaJbIBA€MbIX
OJTHOBPEMEHHO Pa3IMYHBIMH CiIykOamu. B manHOM
ciry4ae o0NacTh JOMYCTUMBIX 3HAYEHWH HE HWMeEET
Jla)kKe HEBBIMYKJION TUIOIIAN W PEUICHHE 3aa4d He
CyLIECTBYET Kak TakoBoe. [laHHyro mpobieMy MOx-
HO pEeUNTh, TMpeoOpa3oBbIBasg OrpaHUYCHHUS B
mrpadHbIe YacTy 1eNeBOr QYHKIMH. 3aTeM MOKHO
MIPOBO/IUTH YK€ OE€3yCIOBHYIO ONTHMHU3ALHNIO, MPH
9TOM YacTh OIPaHUYEHUH MOXKET OKa3aThCsl HEBBI-
MOJIHEHHBIMU. [IpaBOMEpPHOCTh OTKa3a OT YacTH
OrpaHUYEHUI B OIpPECICHHON Mepe JOJKHO ompe-
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Jlunamnukoe A.B., lLimenéga A.E. u dp.

JIETSITBCSI CITY’KOOH, MOCTAaBUBINEH NTaHHOE OTpaHHYe-
HUE, TpH TPEABSIBICHAN PE3YIbTATOB pacyeTa.
Hampumep, ecnmm 1omycTuTh, 9TO Ka4eCTBO KOKCa He
JOCTUTAET TpeOyeMOro YpOBHS, HO CTOMMOCTh CYIIIE-
CTBEHHO CHIKAETCS, TO BO3MOXHO CIEAYET NMPUHSTH
TaKOW BapHaHT, pa3yMEeTCs, ECIM 3TO HE CKaKETCs Ha
Ka4ecTBe JANFHEHININX TIePEeeioB, a JIUIIb Ha YAeb-
HBIX TIOKA3aTelIsIX PACXOAHBIX KO3(D(DHUIIMEHTOB.

OcHOBHbBIE BBHIBOABI H pe3yabTaThl

Pemenue 3agaum ompeneneHust CTPYKTYpHl 3a-
Kyna yronsHoi muxtel B IIAO «MMK)» B Hacros-
Iiee BpPEMS OCYIIECTBIISICTCA B PYYHOM DEKUME.
CrpykTypa momdupaeTcsi BO B3aMMOACHCTBHU pPa3-
JUYHBIX CITYKO, TPUYEM KaXK1asi U3 HUX MPECIIeAyeT
CBOU IIeNTH, KOTOPbIE B OOJNBIIMHCTBE CIy4aeB Mpo-
TUBOIIONOXKHBI. Pa3paboTanHas Mozaenb ONTHMHU3A-
UM NOTPEOJICHUsT YrOJbHOW INUXTHI HO3BOJIIET B

aBTOMATU3UPOBAHHOM pEXHME IOJ0UPATh OIITH-
MaJbHBI COCTaB, YYHUTHIBAS TOXKETAHHUS BCEX
ciryk0 1 MaKCUMH3UPYS SKOHOMHYECKUH 3(pPeKT.

Jlist OLleHKM pe3yJIbTaTOB PEUICHHS HCIIONb3Y-
ercs 2 cpaBHHTEJBHBIC TaOuuilbl. B mepBoii oTpa-
JKEHO J0JIeBO€ y4JacTHe TMOCTABIIMKOB O ONTHMH-
3aIWH, T.€. paCCUNTAaHHOE BPYUYHYIO, U TIOCIE OITH-
Muzanuu (TadJa. 1).

Kak BuAHO W3 TaONHII, OTIMYME HE OYCHD
0ompIIOe M3-32 CTPOTHX KOHTPAKTHBIX OTpaHHye-
Huid. OmHAKO SKOHOMHYECKHH 3(PQEKT sBIICTCS
3HAYUTEIBHBIM, T.K. 3aKyMaeTcss OOJBIIOE KOJIHYe-
CTBO yTJIsl.

Tadauubl 2, 3, 4 oTpakaroT OKUJAEMOE U3Me-
HEHHUE TEXHOJOTUYECKUX U DKOHOMUYECKHX IMOKa3a-
teneid. [loka3aTenu pa3OMTHI HAa TPYMITBL: TIOKA3aTe-
JIM KayecTBa IIMXTHI, TIOKa3aTed KauyecTBa KOKCa H
o01I1e TEXHUKO-9KOHOMHYECKHE TIOKa3aTelH.

[TmannpoBaHKe 3aKyNKH YTOJIBHON ITUXTHI

TexHonornueckue
JIaHHBIE
Y OTPaHUYEHUS

ODKOHOMHYECKHE
JTaHHBIE
Y OTPaHUYEHUS

Pacuer

A

I

——p——————_————————- 1

OTyeTHBIE
JOKYMCHTBI
0 pe3yJIbTaTaM

AHanu3 pe3ynbTaToB
pacuera

Pacuet koppeKkTHbII

[IpunsaTHe pesyiprata B paboTy

Puc. 3. Yrporennas cxema Ou3Hec-Tporiecca MIaHUPOBaHUS 3aKYIKH YTOJILHOW ITUXTHI C HCIIOJIh30BAHUEM
MOJIENTA ONTHMU3AIMH TIOTPeOIeHNsT YToIbHOTO Chipbs B [TAO «MMK»
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Tabnuna 1
CpaBHeHHue 0a30BOTO M ONITUMAIEHOTO BAPUAHTOB
ITocraBimuku Mapxka yris bazoBeIii BapuaHT, % OnTUManbHbIA BapuaHT, % Pa3nuna, %
ITocraBmuk A K+KC 31,2 30,7 -0,5
ITocraBmux B TKO+XK 50 4.4 -0,6
ITocraBmmk C K 17,8 18,2 0,3
ITocraBmmk D KO +I'K - 15 1,5
IToctaBmuk E TK+XK - 15 15
ITocraBmux F K+KO 4,3 2,0 -2,3
ITocraBmmk G KC 51 5,0 -0,2
ITocraBmmk H OC 52 3,0 -2,2
IToctaBmuxk I KO 4,2 - -4,2
ITocraBmuk J oC 0,1 - -0,1
TTocTaBmmk K KC+OC - 3,0 3,0
ITocraBmmk L K 2,8 0,8 -2,0
Hroro 100% 100% 0
Tabmuna 2 K 0CHOBHBIM JOCTOMHCTBAM MOJEIA MOXKHO OT-
H3Mmenenne kauecTBa KOKca HECTH. .
- WHTETPAIVIO 3HAHWHA Pa3IHYHBIX CIY)KO B BH-
WHmiKaTo bazoBriii | OnTuManbHEIH Pasrma Jle OrpaHUYEeHNN MOJEINH;
A P BapHaHT BapHaHT 1 - JIONYCKH OCITa0JCHUH Ha OTpaHHYCHUS TpPU
MlO % 819 8.19 0.00 HECOBMECTHOCTH 00JIaCTH J0IIYCTUMBIX pemeHHﬁ;
My, % 88 64 88,65 0,02 - CHMJKEHHE I0JH ‘ICJ‘IOE@‘IGCKOFO (akTopa B
. Npolecce NPUHATHS PELLICHNN;
Ad, % 12,91 12,86 -0,06 - IPUMEHEHHE MOJIENIN He TpeOyeT KaKux-Iu0o
Sd, % 0,51 0,50 -0,01 W3MEHEHUI B TEXHUYECKOW WIM TEXHOJIOTMYECKOU
COCTaBJISIIOLIEH IpoLecca, a 3aTparuBaeT JUIIb Op-
Tab6muma 3 TFaHU3aIMOHHYIO €ro 4acTh;
- KOMIUIEKCHBIN MOJIXO/ K PEIICHHIO 33/1aud 3a-
N3meneHue kauecTBa yris .
KyTla yrOJIbHOW IIUXTBHI.
Wrmukato BaszoBeiii | OnTuManbHbIH Pasmuma
A p BApPHAHT BApPHUAHT & Tabnuna 4
W, % 8,42 8,36 -0,06 N3mMmenenne o0mux
Ad, % 9,81 9,75 -0,06 TEXHUKO-DKOHOMUYECCKHUX IMapaMeTPOB
Vdaf, % 28,75 28,72 -0,03 Ba3oBelil | OnTUManbHEBII
[MapameTtp Paznuna
Sd, % 0,59 0,58 _0'01 BAapuaHT BAapHUaHT
Y, MM 19,24 19,07 -0,17 YZICJ'H:HI)II/I 441]0 440,3 _0,7
Ro 1.07 1,08 0.01 pacxon Kokca, Kr/T
IIpousBonutens-
, % 34,40 33,13 -1,28 .,
Sox, % HOCTB oMeHHOH | 893000 | 894 270 1270
B kadecTBe TpeOyeMmbIX TOKa3aresneil KadecTBa E:{I/;Bpl\;gc/ﬂ:, il
KOKCa HCITIOJIB30BAJIMUCH ITOKA3aTCJIN Ka4dyeCTBaA 6330- (Ha MOMEHT 5771 5618,7 _152,25
BOro BapuaHTa. Bce mokaszarenu oka3aiuch JIy4ille TecTHpOBAHHS)
0a30BEbIX. 1}410 ocTalIcs TEM »Ke, T.K. 3TO HauboJiee O61e 3aTpars, 2803.4 3736 7 66,7
KPUTHYHBIN ITOKA3aTENb. MIIH PYO. ' ' '

B pexuMe ONBITHO-IPOMBINUICHHON HKCILTya-
Talliid YKOHOMHUYECKHH 3((HEKT OT MOJEIIU COCTaB-
nsiet okosio 50—70 miH pyO. B Mecsin 0e3 CHUKEHUS
KauecTBa KOKca.

Crie Iy oIy 3TaroM Pa3BUTHS MOJCIH SIBIISCT-
Cs €¢ ONBITHO-TIPOMBINIJICHHAS IKCIUIyaTalvs B BH-
Jie TWJIOTHOTO TmpoekTta. J[is 3Ttoro 3tama HeoOXo-
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Jlunamnukoe A.B., lLimenéga A.E. u dp.

JUMO pa3paboTaTh 0a30BBIN MPOTPAMMHBIN WHTEP-
(etic, ¢bopMBl BBOJA W BBIBOJA MHGOPMAIMH IJIS
Pa3IMYHBIX CITY>KO, HACTPOUTH MHTETpanuio ¢ 0aza-
MU JJaHHBIX M KOPIOPATHBHBIMU WH(OPMAIIHOHHBI-
mu cucremamu ITAO «MMK»y». CraenoBarenbHo,
JaNbHEHIIee pa3BUTHE MOJENH COCTOMT B paspa-
0OTKE MPOTrpaMMHOM ee JacTH. 3aBepIIaroNuM 3Ta-
oM pa3pabOTKU MOJICIHN CTAaHET ONKCaHuEe OU3HeC-
MpoIIecca, OTPAXKAIOIICTO B3aUMOJICHCTBHE pa3iInd-
HBIX CIYXO HJsl YCIENIHOTO W CBOEBPEMEHHOTO
(YHKITMOHUPOBAHUS MOJIEITH.
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Abstract. The Magnitogorsk Iron and Steel Works
(MMK) is one of the world's largest steel producers and a
leading Russian steelmaking company. MMK is a fully
integrated production complex beginning with the iron
ore preparation process through the ferrous metals down-
stream production. It focuses on increasing competitive-
ness of its products and reducing production costs, which
are directly attributed to the blast furnace shop operation.
The blast furnace shop performance indicators signifi-
cantly determine business economics in general; there-
fore, cutting pig iron production costs is an important

current task. Coke expenses take about 30% of a total cast
iron cost structure. Thus, the paper aims at undertaking a
task of reducing cast iron cost by cutting coke consump-
tion in the blast furnace shop as a result of the coal con-
centrate procurement optimization. The coal concentrate
procurement may be optimized by selecting the suppliers’
share that provides a minimum coal concentrate price and
the coke quality required by the process. The results of
the research are as follows: developing an optimum coal
concentrate consumption method; determining nonlinear
statistical relations between coal concentrate quality indi-
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cators and resulting coke quality indicators, between coke
quality indicators and specific coke consumption at 70-
80%; determining a possibility to create a model for op-
timizing delivery and consumption of coal concentrate at
PJSC MMK, using available statistical data; reducing the
coal concentrate price, while keeping the same coke qual-
ity or improving the coke quality without changing the
price, based on a developed model. Further development
of the model lies in developing an automated system for
planning delivery and consumption of coal concentrate,
and for forecasting the coke quality considering actually
delivered materials.

Keywords: Coke, coking coal, coal procurement, decision
support systems, industrial optimization, business process
automation.
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STUDY OF THE TECHNIQUE TO PRODUCE BIMETALLIC
DEFORMED SEMI-FINISHED PRODUCTS FOR JEWELRY
CHAINS MADE FROM RED GOLD ALLOYS

Sidelnikov S.B., Chibisova E.S., Lopatina E.S., Ditkovskaya Yu.D., Bindareva K.A., Lopatin V.A.
Siberian Federal University, Krasnoyarsk, Russia

Abstract. The authors of this paper propose and provide scientific substantiation for a new technique of producing
bimetallic wire from precious metals for jewelry chains. The method is protected with a patent of the Russian
Federation. The authors did calculations to define the processing regimes of cold rolling and drawing that would ensure
a uniform distribution of the drawing force between the passes thus minimizing the required drawing force parameters.
The PROVOL software was used for calculations that accounted for the actual production environment of the Gulidov
Krasnoyarsk Non-Ferrous Metals Plant (aka JSC «Krastsvetmet»). The software has a certificate of state registration.
Using the developed regimes, experimental studies were conducted to obtain a bimetallic wire with the core made of
925 silver alloy and the shell made of 585 gold alloy. A trial run of the technique, which was conducted by JSC
«Krastsvetmet» to produce bimetallic wire for Singapore style chains, resulted in quality products. A study of the
structure and properties of long-length deformed semi-finished products showed that the use of the new technique lead
to enhanced strength and performance of the bimetallic wire for jewelry chains preventing defects during the chain
bending process. Thus, the authors propose a new technique for producing bimetallic semi-finished products from
precious metals alloys that helps improve the quality and expand the assortment of finished jewelry products.

Keywords: bimetallic semi-finished product, jewelry chains, gold, silver, core, shirt, modes of deformation, rolling of

sections, drawing.

Introduction

Currently, the major share of the jewelry market
falls on the production of jewelry chains and brace-
lets, the deformed semi-finished products for which
are manufactured using metal processing operations
[1-4], and only 10% are exclusive jewelry with pre-
cious and semiprecious stones [5]. Jewelry market is
shrinking assortment of manufactured jewelry prod-
ucts, while Russia's share in world jewelry exports is
only 0.12% ($ 120 million). Most consumers prefer
more affordable products, for example hollow chains,
but at the same time in no way inferior in terms of
external characteristics of full-weight products. At the
same time, hollow chains are characterized by low
strength and performance characteristics, and, as a
rule, cannot be repaired. The main trends in the de-
velopment of the jewelry market are an increase in
competition for the import of jewelry a reduction in
demand for the existing range of products. This en-
tailed a reduction in the production of jewelry chains
and bracelets as they become unclaimed which stimu-

© Sidelnikov S.B., Chibisova E.S., Lopatina E.S.,
Ditkovskaya Yu.D., Bindareva K.A., Lopatin V.A., 2018
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lates jewelry companies to work on cheaper produc-
tion and facilitating products [6, 7].

At the result with these trends in the develop-
ment of the jewelry market the first main thing is the
search for new methods and technologies for the
production of jewelry chains from new alloys based
on precious metals characterized by manufacturabil-
ity in deformation processing and an increased level
of strength and consumer properties. The authors
suggest a method for preparing a bimetallic wire
made from precious metals [8] which allows achiev-
ing the above advantages and at the same time is
characterized by a relatively low production cost. In
this case, a silver alloy of 925 samples was proposed
as the core, and a new alloy of 585, which has a
high level of mechanical properties due to a change
in the percentage content of the alloy components
and the use of modifying additives [8].

JSC «Krastsvetmety» produces about 160 jewelry
braids which are based on various technologies for
obtaining a deformed semi-finished product. [4].
The fig.1 one of such typical technologies for the
production of type «Korda» chains:
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manufacturing of
~ : s bimetallic semi- intermediate
Eeunfinuous cashing finished product annealing
and long rolling
|
N
wiredrawing —>| filament annealing ——>| machine linking
|
W
etching operation —> final operation

Fig.1. Typical technology for manufacturing
jewelry chains

This technology is characterized by high process
complexity and the use of etching to make a hollow
chain. The basis of the bimetallic billet with the iron
core and the shoe is made of a band of gold alloy of
585 tests. The main operations for the manufacture
of lengthy deformed semi-finished products are the
following: obtaining the cast billet from a gold alloy
and rolling it to a strip of specified sizes: obtaining
an iron core with a diameter of 8,0-8.3 mm; folding
a gold strip around the iron core with a strip of gold,;
multi-transitional processes of cold profiled rolling
and drawing of a bimetallic semi-finished product to
produce a wire of the required diameter.

Analysis of the presented industrial technology
for the production of hollow chains and features
made it possible to propose the replacement of the
iron core with silver from a 925 silver alloy. The
shirt to be made from a new alloy based on 585 red
gold with additives of modifiers in order to obtain a
product with high strength and performance charac-
teristics.

In the proposed technology, a deformable alloy
based on precious metals has a high plasticity when
processing a bimetallic semi-finished product with
respect to an iron core that during deformation, can
lead to cracks in the workpiece and wire breaks. In
this connection problems of the correct choice of the
deformation modes were taken into account, taking
into account the limitations on energy-force parame-
ters. The appointment of intermediate annealing be-
tween the processing cycles, in order to restore the
ductility of the metal and to determine the mechani-
cal properties of the deformed semi-finished prod-

ucts for studying their structure at each of the pro-
cessing stages.

Computation of deformation modes of processing

Using the technical characteristics of the equip-
ment used for standard technology and data on the
geometric dimensions of the billet and wire, the de-
formation modes and energy-force parameters of
cold-rolled and multiple-drawing processes were cal-
culated. For their calculation, the PROVOL program
[9], developed at the Department of Metal Pressure
Processing of the Institute of Non-Ferrous Metals of
the Siberian Federal University was used. This pro-
gram was adapted to the industrial production condi-
tions of OJSC Krastsvetmet, taking into account the
existing scheme for the production of bimetallic
semi-finished products for chains of the “Korda” type
when rolling a billet 8 mm in diameter to a square rod
with dimensions of 1.12x1.12 and drawing it further
to a final wire diameter of 0.25 mm.

As a result, technological parameters for long
rolling and drawing were obtained then used to car-
ry out experimental studies in laboratory and indus-
trial conditions. An example of calculating the
drawing parameters is shown in Fig. 2.

Analysis of the base data showed that in contrast
to the existing technology for the production of
chains type of the “Korda” a uniform distribution of
individual extracts and values of the stock coeffi-
cients is ensured, ensuring the production of semi-
finished products without breakages during defor-
mation (Table 1).
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Fig. 2. The window to PROVOL program for calculating multiple drawing parameters
Table 1
Route of wire drawing
Travel | Diameters, | Cross- section Single Total Deformation Draw Reserve
number mm area, mm? rolling out | rolling out degree, % stress, MPa coefficient
1 0.90 0.64 1.48 1.48 324 379.3 1.83
2 0.75 0.44 1.46 2.16 315 5514 154
3 0.60 0.31 1.44 3.11 30.6 622.6 1.49
4 0.53 0.22 1.40 4.36 28.6 623.1 1.56
5 0.45 0.16 1.36 5.92 26.5 598.2 1.67
6 0.39 0.12 1.32 7.82 24.2 561.1 1.81
7 0.34 0.09 1.30 10.17 23.1 543.0 1.88
8 0.30 0.07 1.28 13.01 21.9 522.1 1.97
9 0.27 0.06 1.25 16.27 20.0 486.4 2.13
10 0.25 0.05 1.22 19.84 18.0 449.2 2.31

The results of the research and analysis

Experimental research on pilot-industrial testing
of the developed technology was carried out in the
conditions of JSC «Krastsvetmet». The alloy for
making the strip was obtained by direct fusing of the
main components in a continuous casting furnace in
a protective atmosphere. Modifying additives were
introduced into the melt in accordance with known
methods for modifying gold-based alloys. Rhodium
pre-precipitated from the electrolyte by galvanic
means to silver, was introduced into the melt in the
form of an Ag-Rh ligature with a rhodium content

of 0.001 to 0.01 wt. % immediately before crystalli-
zation. Iridium was introduced as a melt of Cu-Ir
components. The composition of the alloy was con-
trolled by quantitative chemical analysis.

The bimetallic wire consisted of a silver core
(alloy 925 — Sterling silver) and a shell of the pro-
posed alloy based on 585 gold. The tape of a gold
alloy 0.33-0.50 mm thick obtained by the cold roll-
ing method was wrapped around a silver core - a bar
with a diameter of 2.5-8.2 mm. This ensured the
production of bimetallic billets and reduced the risk
of shell detachment from the core of the wire during
processing. Thus the ratio of the cross-sectional are-
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as of the core and the body of the semi-finished
product was 0.27-2.6. The bimetallic billet was sub-
jected to cold long rolling and subsequent drawing
to a final wire diameter of 0.25 mm. In the process
of carrying out the pilot-industrial test during de-

BEC

Krastsvetmet

Fig. 3. Adjoining the golden shirt to the silver core after cold-rolled (a) and drawing (b)

x190

a

100pm

18 Apr 2018

formation, it was possible to ensure a tight fit of
the gold shirt against the silver core (Fig. 3), to
achieve a homogeneous fine-grained structure
(Fig. 4) and to reach a high level of mechanical
properties (Table 2).

x55 200pm  —
12 Apr 2018

b

T e W Y

Fig.4. Microstructure of the bimetallic wire with a diameter of 0.6 mm: a — shell of a gold alloy
of 585 samples; b — core made of 925 silver alloy, x500

Table 2
Mechanical properties of the metal bimetallic wire
Tensile Flow limit, Percentage Tensile Flow limit, Percentage
Diame- strength, MPa MPa extension,% strength, MPa MPa extension,%
ters, mm
Cover from alloy of gold 585 of JSC Cover of a gold alloy 585 samples
«Krastsvetmet» with the addition of modifiers
0,9 657 338 43.2 694 553 48.5
0,75 803 413 36.7 848 675 41.2
0,6 906 465 28.6 956 761 32.1
0,45 945 486 24.3 998 795 27.3
0,25 983 505 19.5 1038 827 21.9
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a

Fig. 5. Type of wire (a) with increasing x200 and jewelry chain «Double diamond» (b)

A comparative analysis of the data on the me-
chanical properties of a metal shell made of a 585-
alloy gold alloy used by JSC «Krastsvetmet» and a
shell of a new alloy [8] shows that the strength and
plastic properties of the latter are higher. This makes
it possible to assume that the chaining process will
take place without the formation of defects and the
performance properties of jewelry chains manufac-
tured by the new method will correspond to the ex-
isting requirements for this type of product.

From the obtained wire, experimental many
high-quality jewelry chains were made (Fig. 5),
with no breaks or detachments of the shirt from the
core during chain linking.

Conclusion

At the result, the conducted studies showed that
the proposed method of manufacturing bimetallic
wire provides an increased level of mechanical
properties and their uniform distribution along the
length of the product. The process of manufacturing
of bimetallic wire realized in industrial conditions
on the basis of this method, makes it possible to ob-
tain a tight fit of the shell to the core, is character-
ized by greater manufacturability of bimetallic semi-
finished products increased strength and plastic
properties of the metal. Decrease in the probability
of breaks in the drawing process and stratification of
the gold sheath during binding chain webs due to
greater uniformity of mechanical properties along
the length of the product. At the same time, the
quality of jewelry, the mechanical and operational
characteristics of the finished product is increased
and its cost is reduced which gives grounds to rec-
ommend the proposed method for producing bime-
tallic wire in production.

www.vestnik.magtu.ru
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Cubupckuii ¢penepanpHblil yHuBepcureT, r. KpacHosipck, Poccust

Annomayusn. IlperioxkeH 1 HaydHO OOOCHOBaH HOBBIN
croco6 monydeHHs OMMETaJUINYECKOH IPOBOJOKH U3
JIParoneHHBIX METAJUIOB JUIS IOBEIMPHBIX LENCH, 3aIliu-
meHHpd maTeaToM P®. [IpoBenens! pacuetsl aedopma-
IMOHHBIX PEKUMOB XOJOMHOW COPTOBOM MPOKATKH H
BOJIOUEHMSI, KOTOpbIe 00ECIeunBalOT PaBHOMEPHOE pac-
IpefesicHUe BBITSDKEK IO TMPOXOAaM M Jal0T BO3MOX-
HOCTP MHHHMHU3UPOBATh 3SHEPrOCHIIOBHIC ITapaMeTphl
0o0paboTku. s pacyeToB MPUMEHHUTENBHO K IIPOMBIII-
JeHHBIM ycnioBusaM npousBosctBa OAO «KpacHosipckuit
3aBoj BETHHIX MeTautoB uMeHn B.H. I'ymumosay (OAO
«Kpacmsermer») nmpumeneHa nporpamma «PROVOLy, Ha
KOTOPYIO TOJIY4E€HO CBUAETEIBCTBO O TOCYNAapCTBEHHOMN
peructpanuu nporpammsl it OBM. C ucnonb3oBaHueM
pa3paboTaHHBIX PEKHMMOB HPOBEACHBI SKCHEPHUMEHTANIb-
HBIC HCCIEOBAHHUA IO IOJYYCHHIO OMMETaIMYecKOH
IIPOBOJIOKH, Y KOTOPOH B KauyecTBE CEpJICUHHKA HCIIOIb-
30Baycs cruiaB cepedpa 925 mpoOsl, a B kKauecTBe 000-
JOYKH — cr@aB  3o010ta 585 1poOel.  OmbITHO-
MIPOMBINIJICHHAS anpoOaIis TEXHOJIOTHH TIONydeHUs Ou-

Metamuieckoid mpoBosioku B OAO «Kpacusermer» s
W3TOTOBJICHHS FOBENUpPHOW mermu Tumna «PomO mBOMHO
MO3BOJIMJIA MOJIYYUTh KAuye€CTBEHHYIO Nponaykuuio. Hc-
CJEIOBaHUSl CTPYKTYpbl U CBOWCTB IJIMHHOMEPHBIX -
(hopMHUpPOBaHHBIX TONYy()aOPUKATOB TOKA3aIH, YTO IPH
WCIIOJIb30BAaHUU HOBOTO CMOCo0a MOBBIMAIOTCA MPOY-
HOCTHBIE W JKCIUTyaTallMOHHBIE XapaKTEPUCTUKH OMMe-
TaJUIMYECKON MIPOBOJIOKH JJIsi TIPOU3BOCTBA IOBEIUPHBIX
LeTIel, U Mpollece IereBA3aHusd MPoXoauT 06e3 o0pa3oBa-
HUA gedekroB. Takum 00pa3oM, IpEATIOKEH HOBBIH CIIO-
co0 W TEXHOJOTHS MOIyYCHUS OMMETAILTMYSCKUX IOIY-
(habpuKaTOB Ha OCHOBE CIIABOB U3 JIPArOeHHBIX METall-
JIOB, KOTOPBIE TMO3BOJISIIOT MOBBICUTH Ka4eCTBO TOTOBOM
MPOIYKIIMA U PACIIUPUTh ACCOPTHUMEHT IOBEIUPHBIX U3-
TICIUM.

Knrouesvie cnosa: Oumeraumdeckuil monydadpukar,
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EFFECT OF INTERCRITICAL QUENCH HARDENING
ON MECHANICAL PROPERTIES OF 11% CR STEEL

Mirzaev D.A.}, Bezik A.S., Sozykin S.A.*, Makovetskii A.N.?2

! South Ural State University, Chelyabinsk, Russian
2 pJSC Chelyabinsk Pipe-Rolling Plant, Chelyabinsk, Russian

Abstract

The paper is devoted to the study of the possible use of corrosion- and heat-resistant steel grade 13Kh12N2W2MF
(0.14% C; 10.8% Cr; 1.5% Ni; 1.9%W,; 0.4% Mo; 0.3% V) for production of locking devices and parts of oil pumps.
Technical specifications for the steels of this class require corrosion resistance, V-notch impact toughness at —60°C
(KCV ) to be 24.6 J/cm? or higher, and yield and ultimate tensile strength greater than 650 and 800 MPa, respectively.
The difficulty is that the parts have different weight and, consequently, different cooling rates after high-temperature
tempering. Slow cooling of massive parts made of high-chromium steels may produce temper brittleness intensified by
carbide precipitation, which dramatically decreases impact toughness. The first part of the study is about the effect of
tempering temperature on room-temperature mechanical properties of the steel grade. Experimental data showed that
2-hour tempering at any temperature does not provide the required combination of strength and toughness, though the
results of tempering at 750°C are the closest to it. Attempts to use double tempering at 750°C were successful only in
several cases. This is probably due to the fact that, as dilatometric study showed, at 750°C austenite formation started
and proceeded in an isothermal mechanism, i.e. the amount of austenite increased with increasing holding time. If one
interrupts holding and cools the specimen down, then a part of austenite that formed during holding transforms to mar-
tensite. Thus, the first tempering is actually an intercritical quench hardening operation. So, in the second part of the
study the intercritical quench hardening was consciously performed by varying the temperature of the first tempering
from 750°C to 800°C and decreasing the temperature of the second one to 700°C (holding 2 hours, air cooling) in order
to eliminate the strengthening effect of fresh martensite. Results showed that plasticity & increases and strength proper-
ties decrease steadily with increasing temperature of intercritical quenching. The values of KCV are very high and
increase with increasing the temperature of heating in the intercritical range. This effect is mostly due to continuing
high-temperature tempering of martensite that had not transformed to austenite, though precipitation and coalescence of
carbide particles may play some role, too. However, in this series of experiments the required combination of mechani-
cal properties was not achieved either. It became evident that the temperature of the second tempering of 680—700°C is
too high, but now because of a great decrease in yield and ultimate tensile strength of a part of prior martensite that
transformed to austenite during the first tempering and then to fresh martensite during austenite cooling lower M. The
strength of this part of martensite is higher than that of prior martensite tempered in the intercritical temperature range,
at any temperature of the second tempering. Thus, the increase of the temperature of the first tempering increases final
impact toughness, while the decrease of the temperature of the second tempering increases strength characteristics. The
choice of temperatures of both temperings is a multivariant search that requires vast research. We tried only one addi-
tional mode, when tempering temperatures were taken as 765°C and 635°C. This provided the required level of me-
chanical properties with some extra impact toughness, which may be important for massive parts.

Keywords: 13Kh12N2W2MF steel; intercritical quench hardening; tempering; strength; impact toughness.

] up to 600 °C [1]. However mechanical engineers
Introduction started to use this steel for critical parts of oil

The steel grade 13Kh1IN2W2MF was devel-  Pumps, valves and other locking devives of oil pipe-

oped as a high-alloy chromium heat-resistant mar- ~ |ines due to its good corrosion resistance, high
tensitic class steel for exploitation at temperatures  Strength and significant impact toughness at nega-

tive temperatures. Technical requirements for steels
of this class include resistance to corrosion, V-notch

© Mirzaev D.A,, Bezik A.S., Sozykin S.A., Makovetskii A.N., impact toughness at —60 °C (KCV*GO) greater than
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24.6 Jlcm® and yield and ultimate tensile strength
(oo and o) not less than 650 and 800 MPa, respec-
tively. A difficulty in providing these requirements
is that the parts vary in size, and cooling rate after
high-temperature tempering differs in a rather wide
range. Slow cooling of massive parts made of high-
chromium steels may cause temper embrittlement
[2, 3] accompanied by carbide precipitation, which
decreases the impact toughness sharply. The engi-
neers of a «Konor» company (Chelyabinsk) have
faced this phenomenon. Finishing heat treatment at
that enterprise was quench hardening and 6-hour
tempering at 750 °C with subsequent air or oil cool-
ing. However, stable combination of required levels
of impact toughness and strength failed to be
achieved. Experiments with double tempering at the
same temperature did not yield positive results ei-
ther. So it became necessary to develop a special
heat treatment schedule of 13Kh11N2W2MF steel.
It is the main issue of this work. At the first stages
of research a problem of lacking information on crit-
ical points of this steel appeared; our study of this
problem was published in paper [4].

Materials and Methods

Standard specimens for tensile and impact tests
were turned from billets cut from a forging previously
normalized after 2-hour holding at 980 °C. Chemical
composition of the steel is shown in Table 1.

First, the effect of tempering temperature on
room temperature mechanical properties of the steel
was studied in order to reveal the tendencies of
change of principal characteristics. Tensile proper-
ties measured with INSTRON 5882 tensile testing
machine at tension rate of 5 mm/min are shown in
Table 2. Impact toughness tests were performed
with 10 5003-0.3-12 impact pendulum-type testing
machine and are shown in Table 3. The general
character of strength, plasticity and toughness
change is typical for alloy steels [5]. Of special in-
terest is the temperature range about 475 °C where a
small maximum of strength and minimum of impact
toughness is observed. Classical “475-degree brit-
tleness” cannot develop at 11 %Cr [6], so the rea-
sons of embrittlement are probably precipitation of
carbides and phosphorus segregation at prior austen-
ite grain boundaries.

Analysis of Tables 2 and 3 permits to conclude
that no one of the tempering regimes used permits to
attain the required combination of mechanical prop-
erties, the results of tempering at 750 °C being the
most close to it. Engineers of the Konar company
attempted to raise impact toughness by means of
double tempering at 750 °C, and in several cases
this result was achieved. However, in most experi-
ments the unallowable scatter of impact toughness
among specimens subjected to the same heat treat-
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ment was observed. This was probably due to the
following circumstances.

Table 1
Chemical composition of the 13Kh11N2W2MF steel, wt. %
C Si Mn Cr Ni w
0.144 0.60 0.23 10.8 1.50 1.86
Mo \% Cu S P
0.37 0.29 0.13 0.005 | 0.005
Table 2

Tensile properties of the 13Kh11N2W2MF steel
after tempering at different temperatures Tiemp
(measurements at room temperature)

Teemp, °C | 602, MPa | o, MPa 85, % v, %
200 1360 1570 11.3 54.7
400 1358 1536 12.1 53.9
450 1394 1510 12.1 53.7
475 1436 1550 12.0 53.1
500 1186 1370 13.8 59.3
550 1056 1210 14.7 60.7
600 940 1039 155 61.2
700 724 837 18.3 65.8
750 630 793 22.3 66.1

Table 3

U-notch impact toughness (KCU)
and Brinell hardness (HB) of the 13Kh11N2W2MF steel
after tempering at different temperatures
(measurements at room temperature)

Temp» °C KCU, Jicm® HB
200 60.1 442
400 59.0 439
450 52.1 436
475 37.6 447
500 72.5 390
550 86.2 346
600 102.1 318
700 133.0 249
750 160.0* 236

* KCV ™ =24.1J/cm?

Fig. 1 shows dilatograms of two specimens
heated to 980 and 750 °C and cooled. The dilato-
gram of the specimen heated to 980 °C at
30 deg/min does not show any effects near 750 °C.
For the second specimen, one sees first a bending,
and then abrupt but small lowering of the curve. On
subsequent cooling the curve proceeds lower, at al-
most constant distance from the heating curve. Near
410°C a new bending occurs, after which the curve
approaches the initial one. These phenomena have
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an unambiguous explanation. At 750°C austenite
formation starts; it occurs as isothermal, i.e. the
amount of austenite formed increases with increas-
ing holidng time. It follows from the growing hard-
ness of specimens held at 750°C for different time
and water cooled (Fig. 2).

Tl

300+

T T T T T T T T 1
200 400 600 800 1000
t,°C

Fig. 1. Dilatograms of heating of specimens
t0 980 (1) and 750 °C (2), holding and cooling

Hardness, HRC

0 1 2 3 4 5 6 7 8
{, hours

Fig. 2. Effect of holding time at 750 °C
on steel hardness after cooling

If the holding is interrupted and the specimen
cooled, then the portion of austenite already formed
transforms to martensite near 410°C. Consequently,
austenite formation and its transformation to marten-
site occurs both in the first and in the second temper-
ing at 750°C. The martensite formed at the final stage
of heat treatment is untempered and will of course
increase hardness and decrease impact toughness of
steel. Actually, any heating to 750°C is a mixed
treatment, i.e. tempering + intercritical quenching
(during cooling after the second tempering). To ex-
clude martensite formation, the second tempering is
to be performed at temperatures lower than 750°C.

www.vestnik.magtu.ru

Taking into account the results of investigation
[5], we thus realized consciously the intercritical
guenching, raising the temperature of the first tem-
pering-quenching stepwise from 750 to 800°C. The
temperature of the second tempering was chosen
lower than 750°C but high enough (700°C, holding
2 hours, air cooling) to decrease the strengthening
effect of martensite. Only in one of the regimes tried
the second tempering temperature was lowered to
680 °C (see Table 4).

Table 4

Mechanical properties of the 13Kh11N2W2MF steel
after double tempering

Tempering
No. | temperature, | o, b, 5, Kcvfzo,

°c* MPa | MPa | % | Jlcm

1st 2nd
0 750 700 | 626.1 | 759.3 | 24.8 51.7
1 765 700 | 548.6 | 732.0 | 26.4 67.4
2 765 680 | 526.0 | 729.5 | 27.3 65.1
3 780 700 | 509.0 | 7175 | 27.8 67.7
4 800 700 | 483.0 | 7105 | 27.8 69.2
5d | 765 630 | 651.9 | 807.0 | 22.9 54.8

* Tempering time 2 hours in all cases

Experimental results show that plasticity (ulti-
mate elongation J) increases and strength properties
decrease steadily with increasing temperature of the
first tempering (intercritical quenching) in the range
of 750-800°C. As for impact toughness KCV®, the
use of intercritical quenching with subsequent tem-
pering below Ac; makes it very high, and increasing
with the increase of intercritical quenching tempera-
ture. To explain such behaviour one must take into
account ght fact that when the steel is heated to inter-
critical temperature range, prior martensite is separat-
ed into two parts. One part remains o phase, i.e. prior
martensite subjected to very high temperature tem-
pering, has lost its increased dislocation density, mar-
tensite substructure and a large amount of dissolved
carbon, according to the phase diagram [5]. These
processes, as well as coalescnence of carbides, result
in softening of this part of specimen volume, increas-
ing plastiticity and impact toughness, the greater the
higher is the heating tempearture in the intercritical
range. Another part of prior martensite transforms
first to austenite, and on further cooling to fresh mar-
tensite with high dislocation density and, supposedly,
with higher carbon concentration. The strength of this
part of martensite increases steadily with decreasing
temperature of the second tempering due to retaining
greater amount of defects and carbon atoms in its
lattice. So, increasing temperature of the first temper-
ing (quenching) increases resulting impact toughness
of steel, while dcreasing temperature and duration of
the second tempering increases its strength.
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Let us apply these considerations to the data on
mechanical properties of heat treated steel in Table
4 (excluding the sample 5d). Increasing the tempera-
ture of the first tempering (intercritical quenching)
in no case yielded the required combination of me-
chanical properties, in spite of very high impact
toughness obtained in all regimes. Evidently, the
temperature of the second tempering of
680—700°Cwas too high again, but now because of
very great decrease of ultimate and proof strength of
the part of prior martensite that is retained during
holding in the intercritical temperature range. That
is, the choice of temperatures of the first and the
second tempering is a multivariant search that re-
quires vast investigation. We limited ourselves to one
additional regime 5d (Table 4), where the first tem-
pering was done at 765, and the second at 635 °C
(duration 2 hours in both cases). The obtained values
of mechanical properties satisfy the requirements,
and there is some extra impact toughness which may
be important for massive components. In conclusion
it should be noted that for clear understanding of the
processes in all detail one needs to study thoroughly
the character of precipitation and dissolution of car-
bides during the treatments.

Conclusion

1. Austenite formation on heating of
13Kh11IN2W2MF steel starts isothermally some-
what below 750°C.

2. The levels of meachanical properties of the
steel required by technical conditions for locking
devices of pipelines cannot be provided by any
combination of quench hardening and single tem-
pering, even at a temperature as high as 750°C.

3. Optimal regime of finishing heat treatment is
double tempering, the first stage being actually an
intercritical quench hardening. It is shown that in-
creasing the temperature of the first tempering in-
creases significantly final impact toughness, while
decreasing the temperature of the second one in-

VK 621.785.6/.7 : 669.15°26-194

creases steel strength.

4. Results demonstrate that there may be many
variants of tempering regimes that would provide
required combination of strength and toughness of
steel. One of such regimes tried in this research is
double two-hour tempering at 775 and then at
635°C.

The work was financially supported by the Ministry
of Education and Science of the Russian Federation
(state assignment No. 3.9660.2017/BCh; publication
number 3.9660.2017/8.9). Mechanical properties of the
steel were studied at the facilities of the Public Research
Institute Test Mechanical Engineering of the South Ural
State Unversity headed by the candidate of science
R.A.Zakirov.
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BIMAHUE MEXKPUTUYECKOMN 3AKANIKU HA MEXAHWYECKUE

CBOWCTBA CTANM 13X11H2B2M®

Mup3aeB AL Besuk A.C.Y, Cospikun C.A.Y, Makoseuknii A.H.?

! IOxH0-Ypanbekuii rocynapcrseHnslit yausepeutet (HUY), r. YensOunck, Poccus
2TIAO «YensiGHHCKHIA TpyOOmpoKaTHBIN 3aBOA», T. UensiOunck, Poccust

Annomayusa. CtaThsl MOCBSILIEHA U3YUYEHUIO BO3MOXKHO-
CTH HCIOJIb30BaHUSI KOPO3MOHHOCTOMKOM M >Kapomnpod-
Ho# ctanu 13X12H2B2M® nj1s1 M3roToBJICHHS 3aTIOPHOM
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apMaTypbel U Jetajeid He(TSHBIX HAcOCOB. TexXHHUYECKHE
YCIIOBHS JUTS CTAJIEH ATOTO Kilacca CBOMATCS K TpeOoBa-
HUIO CTOMKOCTH I10 OTHOIICHHIO K KOPPO3UH U YPOBHEH

Becmuuk MI'TY um. I'.A. Hocoea. 2018. T.16. Ne4




Effect of intercritical quench hardening on mechanical properties of 11% CR steel

Mirzaev D.A. et al.

ynapuoii Bsskoctn KCV mipu —60°C Goree 24,6 Jlx/cm?,
a TaKkKe TPeNeNoB TeKy4eCTH W MpogHOCTH Ooiee 650 u
800 MIla coorBercTBeHHO. CIOXHOCTH CHTYallHd 3a-
KJIFOYaeTCsl B TOM, YTO M3TOTaBJIMBacMbIe JETald MOTYT
HUMETh Pa3HYyI0 MaccCy, MOATOMY JUIsi HUX CKOPOCTb OXJIa-
KICHUSI OT TEMIIEpaTyp BBICOKOTO OTITyCKa IOCJIe 3aKall-
KA HM3MEHSETCS B JOBOJBHO MIMPOKMX Tmpenenax. [lpu
3aMEUICHHOM OXJIaKACHUH MAacCHBHBIX JI€Talel U3 BbI-
COKOXPOMHMCTBIX CTaJlIell MOXET BO3HHKHYTH OOpaThmast
OTITyCKHAsl XpPYNKOCTb, yCHJICHHAas BBIOCICHUSIMH Kap-
OupHOW (has3bl, YTO PE3KO MOHIKAET yJAapHYIO BSI3KOCTb.
B nepBoii yacTu uccienoBaHusl ObUIa IOCTaBJIEHA IIEJb
BBISICHUTH BIIMSTHHE TEMIIEPATyphl OTITyCKa Ha MEeXaHUYe-
CKHME CBOMCTBa CTagd INpU KOMHATHOH TeMIieparype.
AHanu3 MOJTydeHHBIX JaHHBIX TO3BOJIMI 3aKIIOYHUTh, YTO
HHU TIpU OJHOW TEMIIepaType ABYX4acOBOTO OTITyCKa He
ynaércsi JOCTHTHYTh TPeOyeMOro COYETaHWsI MEXaHHWYe-
CKHUX CBOMCTB, XOTS pe3yJbTatThl i1 oTiycka npu 750 °C
MaKCHMaJIbHO ONM3KKM K HeMy. [IOmbITKM HMCIOJIb30BaTh
IBYKpaTHbIi oTmyck npu 750°C okasbIBalIMCh YyCIell-
HBIMH TOJIKO B OTJEJBHBIX CIydasx, 9TO IIPOH3OILIO,
BEPOSITHO, B CWIIy cleqyromux npuduH. Kak mokasana
munatomeTpusi, mpu 750°C HaumHaeTcs oOpazoBaHHE
ayCTEHHUTa, KOTOPOE HJET 110 N30TEPMUYCCKOMY BapHaH-
Ty, TO €CTh KOJMYECTBO 00pa3yoLerocs ayCTeHUTa BO3-
pacraer 1mo Mepe MOBBIMICHUS [UINTEIBHOCTH BBIICPIKKH.
Ecnu mpekpaTuTh BBIJEPIKKY M MPOBECTH OXJaXICHHUE,
TO BO3HHMKIIAsl MOPLHS ayCTCHUTA IPEBpAIacTCs B Map-
TeHcuT. CremoBaTesNbHO, TMEPBBIH OTIMYCK (HaKTHIECKH
SIBISIETCSI MEXKKPUTHUECKON 3akankoi. [losTomMy Bo BTO-
POl 4acTH HccieoBaHus ObUIA CO3HATEIHHO PEalIn30Ba-
Ha MEXKpHTHYECKas 3aKajKa oOpa3loB IPH TeMIlepary-
pax nepBoro otmycka ot 750 mo 800°C, mpuuem Temiie-
patypa BTOoporo oTmycka Obuia cHrkeHa 10 700°C (BbI-
JIepXKKa 2 9, BO3AYX), YTOOBI yOpaTh yIpOUYHSIOMUH 3¢-
(eKT OT CBEXKEero MapTeHcuTa. Pe3ynbTaTsl SKCIepuMeH-
TOB MOKAa3aJIM, YTO C IOBBIIICHHEM TEMIIEPAaTYPhl MEX-
KPUTHYCCKOH 3aKaJKM BENWYWHA O (IUTACTHYHOCTE)
HENpephIBHO BO3PACTaET, a IPOYHOCTHBIE CBOMCTBA CHU-
xkatores. 3nauenns KCV ™ OKasbIBAIOTCS OYEHb BBICO-

KAMH, IPUIEM YBEITHMUUBAIOTCS C MOBBIIICHAEM TeMIIEpa-
Typel B MEXKPHUTHYECKOM HHTEpBajlie. JTOT 3PPEeKT B
OCHOBHOM CB$f3aH C NPOAODKAIOIINMCS BHICOKHUM OTITyC-
KOM HE TIPEBPATUBIIETOCS B ayCTEHUT MapTEHCUTA, XOTS
BBIJICJICHUE W KOATYJSALUs KapOWAHBIX YacTHIl MOTYT
oKazarh HeKoTopoe BiusHHe. OgHako TpedyeMoro coue-
TaHMS MEXaHMUYECKHX CBOMCTB M B 3THX OIBITaX JOCTHT-
HyTo He Obwuto. CTamo OYEBHIHBIM, YTO TEMIIEpaTypa
BTOporo otirycka 680—700°C oka3anach 3aBHIIIEHHOH, HO
TETeph IO MPUYNHE OYCHb CHIIBHOTO CHIDKCHHUS IIpere-
JIOB IPOYHOCTH U TEKYYECTH Y TOHM JIOJIHM UCXOJHOTO Map-
TEHCUTa, KOTOpasi B XOIe TIEPBOTO OTIIyCKa IpeBpalaer-
Csl CHavajla B ayCTEHUT, a MOCIIe OXJIAXKICHUS MOCIIe/IHe-
ro HUXE TOUYKM Mg — B cBexxui MapTteHcuT. Ero mpou-
HOCTh HpH JI000H TeMIepaTrype OTITyCKa BBIIIE, YEM Yy
HCXOAHOTO MapTEHCHTA, OTIYIICHHOTO IPH TeMIIepaTry-
pax MEXKPUTHYECKOTO HHTepBayia. MTak, MOBBIIICHUE
TEMIIEPATYpPBl IEPBOrO OTIIYCKAa IIOBBLIIIAET KOHEUHYIO
YIApHYIO BSI3KOCTb, TOTAA KaK CHW)KEHHE TEMIIEPaTyphI
BTOPOrO OTIyCKa YBEJIMYMBAET CBONCTBA INPOYHOCTH.
Br10op TemMneparyp nepBoro u BTOpPOTO OTITYCKa SIBISIET-
Cs1 MHOTOBapHaHTHBIM ITONCKOM, TPEOYIOIINM OOIIUPHBIX
uccienoBaHui. MBI OrpaHWYWINCH OJHHM JOIOJIHU-
TENBHBIM PEKHMOM, COTJIACHO KOTOPOMY TeMIeparypa
MEepBOTroO OTIyCKa Oblila MPUHSTA paBHOH 765, a BTOpOro
635°C. JlocTUTHYThIC BEIMYMHBI MEXaHHUECKUX CBOWCTB
YIOBJICTBOPSIIOT TPECOOBAHUSAM K U3ACIHSIM, IPUIEM HME-
eTcs 3armac Mo YAApHOW BSI3KOCTH, KOTOPBIH BaXKEH JUIS
MAacCHBHBIX JETaJICH.

Knroueswie cnosa: crans 13X12H2B2M®; mexkputuue-
CKasl 3aKaJIKa; OTITYCK; IPOYHOCTB; YAapHas BA3KOCTb.
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CHANGES IN THE CHARACTERISTICS OF TOOL STEEL
AFTER AEROTHERMOACOUSTIC TREATMENT

Atroshenko S.A.
Institute for Problems in Mechanical Engineering of the Russian Academy of Sciences, Saint-Petersburg, Russia

Abstract. This paper looks at ways to improve the characteristics of rapid steels. The authors try to understand how the
microstructure changes during aerothermoacoustic treatment in comparison with conventional heat treatment techniques
and what changes are typical of rapid steels under the aforementioned treatment. The main result of this work is an
understanding of how different aerothermoacoustic treatment regimes influence the behavior of rapid steels. It was
established that aerothermoacoustic treatment can be used to enhance the strength characteristics of rapid steels. A
qualimetric analysis was carried out to estimate the effect of aerothermoacoustic processing on the characteristics of

tool steels.

Keywords: aerothermoacoustic treatment, rapid steels, strength characteristics.

Introduction

Among the many hardening methods, it is prom-
ising to use the ability to control the characteristics
of metals and alloys (hardness, wear resistance, duc-
tility, cold resistance and corrosion resistance) by
means of their structural and phase changes, which
are realized in metals under the influence of power-
ful acoustic fields. Aerothermoacoustic treatment
(ATAT) [1-3] is one of the combined means of in-
fluence on materials. When it is carried out, the ef-
fect of temperature and acoustic fields is realized in
order to form the material properties in the desired
direction both in the entire volume (the depth of the
hardened layer is determined by the hardenability of
the steel) and in the surface layer.

The present work is devoted to the experimental
study of the microstructure of rapid steels after aero-
thermoacoustic treatment in combination with
standard heat treatment (SHT) in various combina-
tions and to elucidate the physical mechanisms that
cause changes in mechanical and structural charac-
teristics that determine the indices of durability and
strength.

Materials and experimental technique

Materials for the study were: rapid steel grade
R6M5 and American rapid steel grades HCV and
HS. These materials were metallographically exam-
ined after aerothermoacoustic treatment and for
comparison after standard heat treatment.

Studies of the microstructure were carried out on
an optical microscope Neophot-32 on metallograph-
ic sections after chemical etching.

The microhardness was determined by the Vick-

© Atroshenko S.A., 2018
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ers method on the PMT-3 device at a load of 100 g.
To study the change in the structure of rapid steel
grade R6MS5 from the surface to the center, the pan-
oramas of the change in microhardness from the
surface of the section to the middle were taken.

Results and discussion

The microstructure of the R6M5 steel drills in
the initial state — after the standard heat treatment
(SHT) consists of light carbides and dark grains of
tempered martensite. The structure of the drill made
from the same material after aerothermoacoustic
treatment and after work as a cutting tool is not sig-
nificantly different. The results of the quantitative
characteristics of the structure in the initial and pro-
cessed states are given in Table 1.

As can be seen, as a result of aerothermoacous-
tic processing, the grain size decreases and the car-
bides are crushed both small and large. In addition,
carbides are distributed more evenly in the treated
material. The increase in microhardness in the ma-
terial after ATAT in comparison with the initial one
(Table 1) is related to the homogenization of the
structure. The table shows average values of micro-
hardness measurements (HV aerage), @s Well as mini-
mum (HV i) and maximum (HV,.) for the esti-
mating the spread of microhardness values. Since
the diameter of indentation was 12-13 pm, and the
size of the carbide phase and grains of the a-solid
solution is much smaller (from 2 to 7 um), the mi-
crohardness is an integral one, characterizing the
microhardness of both these phases and the uni-
formity of carbide distribution in the solid solution.
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Table 1 Table 3
Results of quantitative characteristics of the structure of Characteristics of the structure in the surface layer
steel R6M5 and in the center of high-speed steel drills
Grain| Carbide ‘ Grain| Carbide
Material | size, | size, pm HVaverager | HViminy | HV Material | size. | Size, pm | HVaverage, | HVmin, | HVimax,
MPa | MPa | MPa ’ MPa | MPa | MPa
(336,2/}? 6,30 | 265|767 730 | 642 | 824 R6M5
R6M5 (SHT- | 6,40 | 2,73 | 7,60 680 642 724
5,67 | 2,05 | 7,47 860 642 | 1097 surface)
(ATAT) R6ME
To control the quality of drills of different (ATfAT' 58012331713 640 51z | 724
lengths and diameters, the microhardness of the ini- Sg%:;g)
tial (after SHT) and the drills after ATAT was (SHT-
measured. The results of measuring eight drills are base | 823 | 260|760 743 572 | 946
given in Table 2. metal)
Table 2 R6M5
Results of measuring the microhardness of drills (Abz'sAeT_ 560 | 1,87 | 7,27 799 642 946
. it i | Treat | HVuin, | HVaverager | HVmax: metal
Ne | Drill size ment MPa MPa MPa i h ) d
ince the processing temperature does not ex-
! _03mm| SHT 572 824 1097 ceed the temperature of the phase transformations,
2 [F135mmIATAT| 824 1097 1288 these structural changes can result from a change in
3 | g7mm1 | SHT 624 824 1288 the concentration of point defects, the forma_tlon of
~135mm new dislocations and microdefects of packing by
417 ATAT| 824 946 1288 their interaction and redistribution, as well as the
5 | gas5mm| SHT | 642 946 1097 result of redistribution of the elements dissolved in
1=70mm the solid phase, which can be caused by thermal dif-
6 ATAT| 946 1097 1288 fusion at multiple heating and cooling.
7 | g5mm| | SHT | 572 724 1097 A factor that increases the characteristics of
8 |=135mm [ATAT] 724 946 1288 steels can be a thermo-hardening, because when
heated and cooled, structural components, having

According to the results it can be seen that the
microhardness of the drills after aerothermoacoustic
processing is much higher than the similar values
after SHT.

After SHT, 28 holes were drilled, and after the
ATAO - 192 holes. The structure of @3,6 mm drills
was examined after testing at the Sestroretsk In-
strument Factory. Table 3 shows the characteristics
of the structure in the surface layer and in the center
of rapid steel drills.

It can be seen that in the treated drill in the sur-
face layer the size of the large carbides is somewhat
smaller than in the center, and the smaller is slightly
larger, i.e. the averaging of carbides in the surface
occurred, the grain size remained practically un-
changed; In the initial state, the structure is almost
identical on the surface and in the center.

Thus, in the surface layer of the material, after
the treatment, the structure is aligned. Homogeniza-
tion leads to a higher complex of mechanical prop-
erties of the material.

different physical properties (heat capacity, thermal
conductivity, coefficient of thermal expansion) and
strength, experience internal microplastic defor-
mation, which can also cause internal stress.

The structure of the R6MS5 steel drills in the
transverse and longitudinal sections is practically
the same. The structure of American drills also rep-
resents tempered martensite and carbides. Drills of
steel grade HCV in the longitudinal and cross sec-
tions have the same structure, and of steel HS - dif-
ferent.

In the HS steel, in the longitudinal section
(Fig. 1-1), the carbide banding is visible.

These accumulations of carbides cause a lower
microhardness (Table 4). In addition, this steel has a
rather large amount of residual austenite, which can
also explain the low microhardness for rapid steel.

The diagram of the change in microhardness
from the surface to the center of the section after
standard and aerothermoacoustic processing is
shown in Fig. 2.

www.vestnik.magtu.ru
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© 50 um

1

10 um )

Fig. 1. Structure of US rapid steel HS after standard processing, along (1) and across (2, 3) textures
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Fig. 2. Graph of the change in microhardness from the surface to the center
of the section after SHT and ATAT

It can be seen that the microhardness in the sur-
face layer of 100-150 pm from the edge of the drill
in the material after the ATAT is lower than after
the SHT. With further distance from the surface, the
character of the change in microhardness in the ini-
tial and processed drills is the same. Closer to the
middle - the microhardness of the drill after ATAT
is higher than after the SHT.

Table 4
Comparison of the microhardness of rapid steel grades
HCV and HS
i HVaverage' HVmin; HVmax|
Material MPa MPa MPa
Steel HCV 1019 824 1238
Steel HS 580 420 824
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The initial drill (after SHT) was drilled 28 holes,
and after aerothermoacoustic processing - 192 holes.
Thus, the drills made of rapid steel after aerother-
moacoustic processing are approximately 6.8 times
stronger and more productive than similar drills af-
ter standard processing.

From the obtained data it can be concluded that
the technology of aerothermoacoustic processing of
tool steels shows a significant improvement in the
strength properties of the drills being studied, and
has undeniable advantages over standard processing
methods.

Thus, the effect of processing on tool steel is
manifested in a change in the quantitative character-
istics of the structure - a more uniform distribution
of carbides, grinding them and grain, i.e. in the ho-
mogenization of the structure. Practically in all cas-
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es in tool steels after ATAT, an increase in micro-
hardness from 10 to 33 percent is observed, with
respect to SHT. Also, a homogenization of the struc-
ture is observed - grinding of carbides and austenite
grain after this type of processing.

Qualimetric estimation of rapid steels processed
by aerothermoacoustic method

1. Desirability function

The evaluation of the quality characteristics of
billets treated with the aerothermoacoustic method,
in comparison with the quality characteristics of
billets obtained by standard methods of processing,
is possible by means of the desirability function [4].

Desirability indicators are dimensionless nondis-
crete quality characteristics that vary from zero to one
in any range of dimensional quality indicators X;.

The basis for constructing a generalized function
is the idea of transformation the natural values of
particular parameters into a dimensionless desirabil-
ity scale. The desirability parameters q are calculat-
ed using the auxiliary parameters y (particular opti-
mization parameters) according to the following

formula:
1
=exp| — =— — 0<y< 1
q p[%} e% mas 0<y<eo (1)

Dimension values x; of natural quality indicators
are recalculated into dimensionless auxiliary param-
eters y by the formula:

y = ap + aiXi 2

As indicators of the quality of the blanks, the
microhardness and the size of the carbides were se-
lected. The initial information for constructing the
nomogram of desirability is given in Table 5.

Thus, substituting the actual data (microhard-
ness according to Vickers 762 HV and 860 HV in
equations (1) and (2), it turns out:

y =ag+ a;X = - 44,824 + 0,059-739 = 0,134;

q= exp[‘%} - exp[_%’ 13 4} —0,0006.

y =ap + a1 = - 44,824 + 0,059-860 = 5,916;

q= exp[‘%} = exzv[—}g, 916J ~0,844.

Similarly, the values of the desirability indices
and the corresponding dimensionless auxiliary pa-
rameters for the size of the carbides are found.

The quality grades are selected in accordance
with the data in Table 6.

Table 6

The values of the desirability indicators g and the
corresponding dimensionless auxiliary indicators y

Gradation Index Auxiliary
of quality desirability g index y
«Excellenty >0,9 > 10
«Splendid» >0,80 >4,50
«Good» >0,63 >2.18
«Satisfactorily» >0,37 >1,00
«Bad» <0,37 <1,00

The calculated data for the construction of nom-
ograms of desirability are given in Table 7.
Table 7

Values of desirability indicators and corresponding
dimensionless auxiliary indicators

Table 5 No Evaluation of changes in quality indicators
- . . . anle B Microhardness HV The size of carbides
Data for determining the dimensional desirability q q

parameters, X; J J
1 0,134 0,0006 39,23 0,97
Quality characteristics 2 5,916 0,844 38,168 0,97
Type of treat- - :
Ne t microhardness | size of car- R .
men HV bides, um The nomogram of desirability for the considered
1 SHT 739 7,67 quality indicators is shown in Fig. 3.
2 ATAT 860 7,47 When analyzing the nomogram of desirability,
the best | 836 (63 HRC) 15,00 the following conclusions can be drawn:
8 | GOST m T (62HRC) | 10000 — microhardness of a drill made of rapid steel R6M5

To transfer the values of microhardness to a di-
mensionless scale, the following system of equa-
tions was solved:

4,5=a, +836q,

10=qa,+771q,

a, =—44,824
a, =0,059

after aerothermoacoustic treatment corresponds to
the level of desirability «excellent», and the size of
carbides of this sample is «excellenty;
— while the microhardness of drills obtained after
standard processing corresponds to the level of de-
sirability «bady, but the size of carbides corresponds
to the level of «excellenty

www.vestnik.magtu.ru
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e @ sample of R6M5 steel after ATAT

Fig. 3. Nomogram of the desirability index

2. Cobweb of quality

Of the characteristics revealed in the metallo-
graphic study and the study of strength properties, it
is possible to form a comparison table for these val-
ues. A comparison of the microhardness of 8 samples
after SHT and ATAT is given in Table 2. A compari-
son of the structure characteristics in the surface layer
and the center of the drill made of steel R6M5 is giv-
en in Table 3. Based on them, it is possible to build a
cobweb of quality and compare the obtained charac-
teristics using the differential method.
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Table 8

Relative parameters of microhardness

Relative parameters

Ne Drill size | Treatment of microhardness
1 [23mm|=135 SHT 1

2 mm ATAT 1,33

3 | g7mm |1 =135 SHT 1

4 MM ATAT 1,15

5 | @3,5mm I=70 SHT 1

6 MM ATAT 1,16

7 g5 mum | SHT 1

8 =135mMm ATAT 1,31
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Table 9

Relative indicators of the quality of R6M5 steel
in the surface layer

Material Grindi_ng Crushi_ng of| Micro- | Carbide Ijet—
of grain | carbides | hardness | erogeneity
susrl:z;e 1 1 1 1 (no)
Q;[gge 11 11 0,94 1 (no)
Table 10

Relative indicators of the quality of R6M5 steel
in the center of the drill

Material|Grinding| Crushing | Micro- | Carbide het-
of grain | of carbides | hardness | erogeneity
SHT
center 1 1 1 1 (no)
ATAT
center | 17 1,05 11 1 (no)

From the cobweb (Figure 4) it is clear that the
area of the polygon occupied by the standard type of
processing is much smaller than the area of the pol-
ygon occupied by the aerothermoacoustic type of
processing, which indicates an improvement in the
quality of drills of different diameters and lengths in
the transition to ATAT. Similarly, it is possible to
build quality cobwebs for microstructural character-
istics in the surface and center of the drill. The ob-
tained data showed that both in the surface layer and
in the center of the drill, grinding of large and small
carbides and austenite grains occurs in steels after
ATAT.

From the constructed quality cobweb it is seen
that the ATAT occupies a stronger position than the
SHT in the center of the drill for such parameters of
quality as grinding of carbides, grain refinement,
increase in microhardness, which confirms the ex-
pediency of this treatment for hardening of tool
steels.

From the constructed quality cobweb, one can
conclude that the aerothermoacoustic treatment has
a positive effect on the increase in the quality char-
acteristics of tool steels. In almost all cases, in these
steels after ATAT, an increase in the microhardness
from 10 to 33 percent is observed, with respect to
SHT. Also, a homogenization of the structure is ob-
served - grinding of carbides and austenite grain
after ATAT processing.

Conclusion

During this investigation peculiarity of tool
steels microstructure formation during the realiza-

www.vestnik.magtu.ru

tion of different regimes of aerothermoacoustic
treatment combined with conventional heat treat-
ment regimes in different combinations and varia-
tions of mechanical properties and performance
characteristics determining indicators durability and
strength were studied.

1. The effect of aerothermoacoustic treatment on
the structure of the materials under study was re-
vealed. It was found that homogenization of the
structure is observed during the processing. In a
number of cases (tool steel R6M5), grinding of
grain and reduction in the size of carbides are ob-
served.

2. Rapid steel drill after aerothermoacoustic
treatment is approximately 6.8 times stronger and
more productive than similar drills after standard
processing.

@3

1 B
1,5

@7 @3,5

@5
—e— ATAT |

| —e—SHT

Fig. 4. Cobweb of comparison of microhardness
of 8 drills after SRT and ATAO

3. In almost all cases, in these steels after
ATAT, an increase in the microhardness from 10 to
33 percent is observed, with respect to SHT. Also, a
homogenization of the structure is observed —
grinding of carbides and austenite grain after this
type of processing.

Thus, ATAT technologies provide a significant
increase in the strength characteristics of tool steels
in comparison with traditional methods of heat
treatment.  Application of aerothermoacoustic
processing technology makes it possible to
effectively realize the reserves of durability of the
cutting tool. Consequently, it can be used in tool
production to increase the strength characteristics of
high-speed steels.

This study was carried out with the financial support
of the Russian Foundation for Basic Research (project
no. 16-01-00638a).
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HHDOOPMALIUA O CTATHE HA PYCCKOM A3bIKE
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BIMAHWUE ASPOTEPMOAKYCTUYECKOW OBPABOTKHU
HA XAPAKTEPUCTUKWU BbICTPOPEXYLLUX CTAIEN

Atpomenko C.A.

Wucruryt npobnem mammuoseaenus PAH, r. Cankr-IlerepOypr, Poccust

Annomayus. Pabota nocBsIeHa TOBBIICHUIO HKCILTya-
TaIlMOHHBIX XapaKTEPHCTHK OBICTPOPEXKYIIUX CTaJCH.
OOBEKTOM HCCIIC/IOBAHUS SIBISICTCS M3MEHEHHE MHUKpO-
CTPYKTYpPHI B IIpOLIECCE a’pOTEPMOAKyCTHUECKOH obOpa-
OOTKM NPU CPaBHEHHHU CO CTaHAAPTHBHIMU BUJIAMH TEPMHU-
4ecKkol 00pabOTKM M U3MEHEHHE IPH ITOM XapaKTepu-
CTHK OBICTpOpexXymux crtaneil. OCHOBHON JHOCTHTHYTBHIH
pe3ynbTaT paboThl — BBISBICHHE 3aBHCUMOCTH BIIMSTHUS
PEKHMOB a3pOTEPMOAKyCTHIECKOH 00pabOTKM Ha IOBE-
JieHue OBICTPOPEKYIIUX cTajeil. BriscHeHo, uTO mpume-
HEHHE a’pOTEPMOAKyCTHUECKOH 0OpabOTKH MOXKET HcC-

MOJTB30BAThCS AVl yBENWYEHHS NPOYHOCTHBIX XapaKTe-
PHCTHK OBICTpOpEXYIIUX cTanei. ONeHKa BINSHHS a3po-
TEPMOAKyCTHYECKOH 00pabOTKM Ha XapaKTepHCTHKH
OBICTPOPEKYIUX CTaJeH MpoBeIeHa KBATMMETPUIECKUM
METOJIOM.

Knrouesvie cnosa: asdporepmoakycTuieckas o6paboTKa,
OBICTPOPEIKYIIAs CTANb; POYHOCTHBIC XapPaAKTEPUCTHKH.
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IHEPTETHKA METANNYPIHH, S3HEPTOCBEPEMXEHHE
H ANEKTPOTEXHHYECKHE KOMMNJEKCDI

VIIK 621.31

MOJAEJIUPOBAHUE TEPMOJJIEKTPUYECKOI'O MOAYJIA
IHEJIBTBE B PEXKUME 'EHEPAIIUU DJIEKTPOOHEPT' U
B CPEJIE ANSYS WORKBENCH

https://doi.org/10.18503/1995-2732-2018-16-3-57-64

Pomanos K.B., Motopun A.B., Conomun E.B., KoBanés A.A., Ipsuenxo U.U., T'anees P.I".
OxHO-Ypanbckuii rocynapctBenHslil yausepeurer (HUY), r. YUensabunck, Poccust

Annomayusa. B MupoBoM coobuiecTBe Bce Oolipllice BHUMAaHHE YAENSCTCA albTEPHATHBHBIM HCTOYHHKAM SHEPIHU.
Mopnyns [lenpTse — npocTeiinmii npeodpazoBaTelib TEIIOBOI SHEPTUH B AJIEKTPUYECKYI0 U Hao0opoT. Ha nanHoM sra-
Il Pa3BUTHUS MPOMBINUIEHHOCTH, TEXHUKHU, JIEKTPOHUKA M MHKPONPOLIECCOPHBIX TEXHOJOTMH TepPMORJIEKTpUUIECKHE
aneMeHTHI [lenpThe B OCHOBHOM HCIONB3YIOT KaK TEIJIOBBIE HACOCHL. BciencTBHe MpOCTOTHI, BRICOKHX IOKa3aTenei-
HaJIS)KHOCTH, MaJIbIX TabapruTax, OTHOCHTEIHHO HEBBICOKOH CTOMMOCTH M APYTHX IPEUMYIIECTB TEPMONICKTPHUECCKHE
Monymu [lensTe paccMOTpeHBI KaK OYEBHAHBIE MCTOYHHUKH JJIEKTPUUECKOW 3Hepruu. McciemoBaHue NMpoM3BENCHO C
LETBIO OTPEENICHNST BOZMOXHOCTH HCIIOJIB30BAaHMS TEPMOBJICKTpHIECKUX Moxyeil [lenpThe B KauecTBEHHOM Mpeoo-
Pa30BaHMH TEIUIOBOM SHEPTUH B AIEKTPUUCCKYIO, a TAKKE T YCTAaHOBJICHHS HanOosee 3(h(EKTUBHBIX PEXUMOB pabo-
ThI 2JIeMEHTOB [lenbThe B KaueCTBE I'eHepaTopoB AIIEKTPHUECKOil SHepruu. B Xxone uccnenoBanuii BeinoseHa pabora,
HarfpaBJIeHHas Ha CO3JaHHe MOJICNIH, aHAJIN3 PA3JIMYHBIX CTATHYECKUX PEXHMOB IeHepaIuy eKTpodHepruu. IIpous-
BEJICHO MOJEIHPOBAHUE PEKUMOB PabOTHI AJIEMEHTapHOW S4YeWKH TepMol3JeKTpuueckoro moayins IlensThe B cpene
ANSYS Workbench. [Ipom3Benén mareMaTHdecKuil aHaIN3 pe3yJIbTATOB MOACIHPOBAHUS IIIEMEHTAPHOHN SYCHKH MO-
nyns IlenpTee B pasiMyuHBIX PEXMMax T'eHepalMu JIeKTpUueckoil sHeprun. OmpeznesneHsl pabodune XapakTepUCTHKU
TEPMOVIEKTPHUECKHX AIIEMEHTOB [lenbThe, BBIOIHEHA 00padoTKa pe3ynbTaToB. BEISBICHBI yCIOBUS MakCUMyMa 3¢-
(beKTHBHOCTH NPe0oOpa30BaHMsI TEIUIOBOW IHEPTUH B NEKTPUUECKYIO TEPMOAJICKTpHUECKHM MozyneM Ilensthe. Onru-
MaJbHBIMU PEXXUMaMHM CIEAYEeT CUUTATh HAarpeB OAHOM U3 cTOpoH Monayns [lenbre o Temmeparypsl, OIM3KOH K AOMy-
ctumoit. OmpeJiesieHbl pabodne PeXUMbl TEPMOIIEKTPUUECKUX 3IEMEHTOB, BBINOJIHEHAa 00paboTKa pe3yiabTaToB.
Y CTpoHCTBO, OCHOBAaHHOE HA MPUMEHEHHUH TEPMONIEKTPUIECKUX MOynel [lenbThe, BO3SMOXKHO IPUMEHUTH B Ka4eCTBE
aBTOHOMHOTO CPEJICTBA 3apsAAKHA aKKyMYJISITOPOB TA/IKETOB U CPEJICTB TeJe- U palMOKOMMYHHUKAIINH.

Knrouesvie cnosa: MOAyJib HeJ’IBTBe, TepMoaneKIquecxm‘/'I npeo6pa30BaTeJIL, AJIBTCPHATUBHAA SHEPIreTHKA, TCILIO-
OHEPICTUKA, YTUIN3alUA TEIUIOBOM OHEPIUU, DJICKTPOIHCPICTUKA.

Pa3HOCTH TEMIIEPATyp MEXKAY ABYMS COCTUHECHUSIMU
pPA3IMYHBIX METAUIOB WM CIUIABOB, OOpPAa3YIOIIUX
YacThb OJHOM U ToW ke uenu [2]. [aHHBIA BUA
YCTPOWCTB T€HEepaIH AIIEKTPHUECKON PHEPTHU OTIIH-
YaeTcsl OT TPAIUIMOHHBIX TeHEPAIMOHHBIX AJICKTPO-
DHEPreTHYECKUX CHUCTEM TEM, YTO TEIIOoBas SHEPTHS

BBenenune

Pa3zButne cOBpeMEHHON TEXHUKUA M TEXHOJOIHH
TIOCTOSSHHO CBSI3aHO C IOWCKOM HOBBIX HCTOYHHKOB
DHEPruu, a MEepBYI0 ouepenb — JeKTpudeckoir. Oc-
HOBHBEIM TPeOOBAaHHEM SIBIIETCS YBEIMUCHHE 00BEeMa

ee BbIpabOTKH, HO B TOCIICAHEE BPEMs Ha TEPEIHUMA
IUTaH BBIXOJAT JOMOJIHUTEbHBIC YCIIOBHS: 3HEpPIrus
JIOJDKHA BBIPAOATHIBATHECS DKOJIOTMYECKH YUCTHIM ITy-
TeM, JTOJDKHA OBITH BO300HOBIsIeMast. CeroTHs YCHITHS
MHOTHX YYEHBIX HAIPaBJICHbI Ha Pa3BUTHE «3EJICHON
SHEPreTUKH, B KOTOPOH OCOOEHHO OCTPO HYKIAFOTCS
EBpona u CIIIA [1].

Tepmonnexktprudeckuii 3¢ GeKT — TeHeprpOBaHNE
TEPMOJIEKTPOJIBUKYILIENH CUIIbI, BO3HUKAIOILIEH H3-3a

© Powmanos K.B., Motopun A.B., Conomun E.B.,
Kosanés A.A., dpsiuenko .U, T'anees P.I'"., 2018

HETOCPEJICTBEHHO IpeoOpasyeTcsi B HJIEKTPHUYECKYIO
SHEPIHIO, @ IPOMEKYTOYHOE 3BEHO B BHJE MEXaHHUYE-
CKOM DHEprum OTCYTCTBYET [3].

Ha nmannoMm stame pa3BUTHS MPOMBIIIIIEHHOCTH U
MPOYMX TMOMOOHBIX cep HEBO3MOXKHO HE OTMETHUTH,
YTO OOJIBIIOE KOJIMYECTBO OTPadOTaBLICH TEIUIOBOM
SHEPTUH BBIOPACHIBACTCA B OKPY)KAIOIIYIO cpeny 0e3
ee JaJbHEeHIIIero NCTIoNIb30BaHus [4].

Onement llenmsThe — mpocTeiimmii mpeodpasoBa-
TEJIb TEIJIOBOM SHEPTUM B AJIEKTPUYECKYIO IOCpE.-
CTBOM TEpPMOJJIEKTPUUECKOro 3(deKxra H, COOTBET-
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CTBEHHO, TIOTCHIMATILHO HanOosnee 3(pPeKTHBHBIA HH-
CTPYMEHT [UISl CO3JJaHMsl YCTAHOBOK YTHJIM3ALUM Tell-
J10BoM 3Heprun. Mozaynu [lenbThe N03BOJSIOT OCyLIe-
CTBUTH TIPSIMOE NPeoOpa3oBaHUE SHEPTUH TEIIOBOTO
MOTOKA B DJICKTPUYECKYIO DHEPTUI0 (TBEpAOTEIbHEBIC
TCHEPATOPhl AIEKTPUICCKOW DJHEPIHH) W HA00OpOT
(TepModIeKTpUIEeCKHE XOJIOMWILHIKH) [5], a ux pabo-
Ta B peXHUME TeHepaluH SIIEKTPUUECKON SHEpruu 3a-
BUCHUT TOJILKO OT HAIWYMA Tiepernana temmeparyp [6].
Tepmoanektpuaeckue reHepatopsl (TOI7) sBIBTEOTCS
9KOJIOTUYECKH YUCTBHIM HCTOYHHMKOM 3JIEKTPHUYECKOH
SHEPTUH, TO3BOJIIOT MOMYYUTh C OAHOTO TeHepaTop-
HOTO MOJYJISI SJIEKTPUUECKYIO SHEPIHIO MOIIHOCTBIO
1o 40 Br. IIpumeHeHre TepMODIEKTPHIECKUX MOIY-
neii obnazaeT uenbIM PAAOM IPEUMYLIECTB, TAKUX KaK
OTCYTCTBHE [IBIKYLIMXCS W W3HAIIMBAIOIIMXCSA Ya-
CTe, PKOJOTMYECKasi YMCTOTa, 3BYKOBas M JJIEKTPO-
MarHuTHas OeCUIyMHOCTh pa0OThI, MaJBIi pa3Mep |
BeC, BbICOKasi HagexHocTh — 10 200 000 yacoB Hapa-
OOTKH, yCTONYMBOCTh K MEXaHMYECKUM BO3IECHCTBUSIM,
BO3MOXKHOCTh PadOThl B JI00OM MNPOCTPAHCTBEHHOM
nonoxxeHny. KpoMe Toro, TBepioTenbHAas repMeTHy-
Hasg KOHCTPYKLMs TEIJIOBOIO Hacoca Ha OCHOBE Tep-
MoanekTprdeckux momyneit (TOM) mo3BomsieT 0TBO-
JIUTH TETUIO U3 TEPMETUYHO 3aKPBITHIX 00BEMOB [7].

OnHako B HacTosimiee BpeMsi moaynu llenbTbe
JOCTaTOYHO INUPOKO HCIIONIB3YIOTCA B OCHOBHOM
Uit oOpatHoro 3¢ dekra — BbIIEICHHUS TEIIOBOM
sHepruu (oxJaxJeHus wim HarpeBanus) [8]. Ha
pBIHKE OBITOBOTO O0OPYNOBAaHUS IPEICTABIICHBI
aBTOXOJIOMJIBHUKH, PACCUUTAHHBIE HAa HAIIPSDKECHHUE
aKKyMyJIITOpa MallHHbI C pa3HULIEH TemIreparyp ¢
okpy»xaromieit cpenoir 1o 30—40°C. Taxxe momynu
IlenbThe NPUMEHAIOT B KOMIIBIOTEPHOM TEXHUKE
JUISL OXJIaXKAEHUS 3JIEKTPOHHBIX KOMIIOHEHTOB BBI-
YUCIUTENbHOU TeXHUKH [9].

Lenbro naHHOW pabOThI ABJISETCS CO3JAaHUE MO-
JIeIT! ¥ UCCIIEIOBAHNE CTATUYECKUX PEKUMOB pabo-
THI TEPMOBJIEKTpuuecKkoro moayis IlensTee B mpo-
rpammHoM komiuiekce ANSYS Workbench. JTannoe
nporpaMMHOe O0ecrieueHre MO3BOJISIET TMPOU3BO-
JITh PacdeThl Pa3NYHBIX (U3NUIECKUX MPOIECCOB
METOAOM DPAa3JIOKEHUSI COCTABIAIOLINX CHUCTEMBI Ha
KOHEYHBIE JJIEMEHTHI.

OcHoBHast 3a/1a4a BBITIOJIHAEMOT0 pacyueTa 3aKiTto-
YaeTcsi B MOJICTIMPOBAHUM TIPOLIECCOB TEHEPAINN
JNIEKTPUUECKON 3HEepruu. PelieHne naHHOW 3amauu
MO3BOJIUT YCTaHOBUTH Hambojee 3(QEeKTUBHBIE pe-
JKHMBI TEHEpalliH, a TaKKe BBHIBECTH OCHOBHBIC TpE-
6oBanwms 1 nosbienns: KI1/1 npeo6pazosanmst. Mc-
X0l U3 OCOOCHHOCTEH KOHCTPYKIMH MOomyirst llems-
The (pHC. 1), paIMOHAIBLHO TIPOU3BECTH MOJICITMPOBA-
HHE PEKUMOB palOOTHI 2JIEMEHTapHON SUEHKH TEepMO-
ANEKTPUYECKOTO TeHepaTopa.

I'opsiuast cropoHa

Kepamuyeckue miacTHbl

P33 p-tuna | /

PDOD n-tumna

Xoso/Has CTOpoHa

Puc. 1. Moayas IlenbThe

OkoHOMUYecKast PPEKTHUBHOCTH JTAHHOTO HCCIe-
JIOBaHMS 3aKITIOYASTCS B TMOBBIIEHUH KoddduimenTa
MOJIE3HOTO JICMCTBUSI BO3MOKHOIO YCTPOWCTBA, CO-
3[IaHHOTO Ha 0a3e TEePMORJICKTPUUYECKUX DSIIEMEHTOB
HCJ'II)TI)G, 10 CPaBHCHUIO C MHUPOBBIMH aHAJIOraMM 3a
CYeT WCIION30BaHMs HamOosee 3HeprodheKTHBHON
TEXHOJIOTUH, a TAKKe B OOECIICUCHUH SHEPrOHE3aBHU-
CHUMOCTH OT 3JIEKTPUYECKOM CeTH, BO3MOYKHOCTU YTH-
TIM3AIMH M3JHIIHETO TeIlla MPH OTHOCHTENHLHO HEBbI-
COKOM CTOMMOCTH M BBICOKOW HaJEeHOCTH Ipeiara-
€MOro YCTpOWCTBAa MO CPaBHEHHMIO C IIOJOOHBIMH
YCTPOMCTBaMU B aJIbTEPHATUBHOM YHEPIETUKE.

MeTon nocTpoeHHus1 MOJIeJIU J1eMeHTaApPHO
TepPMO3JIeKTPUYECKOil T9eiiki B MPOrpaMMHOM
komiuiekce ANSYS Workbench

[ OLIeHKM BBIXOJHBIX XapaKTEPUCTHK SHEpre-
TUYECKOr0 MpeoOpa3oBaHus 1ejIeco00pa3HO MPOU3-
BECTH MOJICIIMPOBAaHHE B MPOTPAMMHOM KOMIIJIEKCE
ANSYS Workbench. [lis atoro HeoOXoauMo Ipo-
W3BECTH CIIEIYIOLIUE 00s3aTeIbHbIE 3Talbl MOJCIIH-
poBaHHUS: TOCTAaHOBKA 3ajauu (Preprocessing), pac-
yeT (processing) M aHaNU3 pe3yabTaTOB pacyera
(postprocessing). Ilockonbky moxynb IlenbTbe co-
CTOMT M3 HECKOJIBKHX COEIMHEHHBIX IIOCIIEA0Ba-
TEJIBHO DJIEMEHTapHBIX P-N  TMOJYIPOBOJIHUKOBBIX
MIEPEXO0JIOB, TO JUIS BBITIOJHEHHSI pacdeTa J0CTaTou-
HO OyIeT cMonenupoBarh OIHY P-N sueiiky. Boi-
MOJTHEHUE MOJAEIH MO3BOJIUT MOJIYYUTh SHEPreTHYe-
CKHe XapakTepucTuku monyns IlenbTee B pasnnd-
HBIX CTATHYECKHUX PEIKUMAX PabOTHI.

IlepBblii 3Tan noxpasyMeBaeT 3aJaHUE TaAKUX OC-
HOBHBIX J@HHBIX, KaK BBIOOp U CO3/IaHHE MaTepHalIOB
JUIsL TIpOeKTa W 3ajgaHue ux cBoictB (Engineering
Data). Marepuaibl, HeOOXOIUMBbIE [T CO3/IaHUS Tep-
MOJJIEKTPUUYECKON STYEHKH, — ATO JBAa Pa3HOPOIHBIX
BEILIECTBA: MOIYIPOBOIHUK U P- ¥ N-TUIIA, SJIEKTpUYe-
CKU COEIIMHEHHbIE MEIHOW IUIACTUHOU. DIEKTPOTell-
nodu3NYecKue CBOWCTBA 3aJaHbl B BHUJIE 3aBUCHMO-
creil. Ha pue. 2 uzobpaxens! 3aBrucumocTr K03 hu-
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ModenupoeaHue mepmMoanexmpuyeckozo Modyns lMenbmbe 6 pexume 2eHepayuu 3ekmposHepaul ...

Pomaroe K.B. u dp.

IUEHTA TEIUIONPOBOTHOCTH MAaTEPHAIOB OT TeMIIepa-
Typbl Jsl mean (a), MoIynpoBOMHUKA P-THma (0) u
MOJTYTIPOBOJHKKA N-THIIA (B).

210°, B0
' MK

25
2,0
15

1,0

0,5

0 ..

LE 0 o1 02 03 04 05 06 07 08 09 10
mC 6
19
18
1,7
1,6
15
14
13
1,2
11

B 100

"MC B
1,9

18
17
1,6
15
14
13

70 -60 -50 -40 -30 20 -10 0 10 20 30 40 50 60 70 (,C°
Puc. 2. 3aBucumoctu ko3hdunmenta
TEIUIONPOBOHOCTH MaTEPHAIIOB OT TeMITEPaTyphl
JUTSE MeJTH (a), TTOTYTIPOBOAHMKA P-TUTa (0) U
MIOJTyTIPOBOHHKA N-THIIA (B)

Ha puc. 3 n300paskeHbl 3aBHCHMOCTH YCIBHOTO
COMPOTHUBIICHUSI MaTEPHATIOB OT TEMIEpaTypbl JUis
Menu (a), TMomympoBOAHMKA p-Tumna (0) W MOITYyHpo-
BOJIHUKA n-THTA (B).

Ha puc. 4 nzo06paxensl 3aBUcUMOCTH K03hdu-
nuenra 3eedeka OT TeMIeparypsl sl HOJTYHIpPOBOA-
HUKOB P-THmna (a) u N-tumna (0).

Heo0xonuMo oTMeTHTh, 4YTO (U3UYECKUE
CBOWCTBa MaTepHasioB OepyTcs U3 TaOIMYHBIX, HO
C HEKOTOPBIMH MOTPaBKaMH, MOCKOJIbKY MOJIEIb
JUTsl Kaxkaoro u3 monyiei [lenbTbe HHAUBUAYATb-
Ha B CHJIy TOTO, YTO HEBO3MOXHO CO3JaTh JIBa U
Oosnee aOCONIOTHO HIACHTHYHBIX IO XapaKTepHu-
CTUKAM MOJIYJISL.

1,1 1.2 105K

Hanee crnemyer pa3paboTKa T'€OMETPHUYECKOM
mozenu (Geometry). I'eomerpuueckas Mozens P-n
nepexoza OblIa Co37[aHa MOCPEACTBOM BCTPOCHHBIX
UHCTpYMeHTOB Juis reometpun AnsysDesignModel-
er u mpeacraBieHa Ha puc. S. Takxe BBIIOIHEHO
NPUCBOCHUE (HM3MYECKUX CBOWCTB MaTEpPHAIIOB
anemeHTaM 3D Momenum um 3amaHme TpapUIECKUX
ycnoBuii (Model). Kpome Toro, Obu1 3aman MeTon
pa30MeHUs] MOJICTM Ha CETKYy KOHEYHBIX JJIEMCHTOB
(Path Conforming Method).

p10°, Omw™m
25 a
24
23
22
2,1
20
1.9
1.8
1,7
1.6
L5
14
1,3
1,2
L1
1,0
| " o
£10°, Oni 50 0 50 100 t,C
15 0
1.4
13
1,2
1.1
1.0
09
0.8
0,7
0.6
-50 0 50 100 t, C°
p10 S OmmMm B
L5
1.4
1.3
1,2
L1
1,0
09
0,8
0.7
=50 0 50 100 t, C°

Puc. 3. 3aBUCHUMOCTH YIEITBHOTO CONIPOTUBIICHUS
MaTepHajioB OT TEMIEpaTyphl Ui MeaH (a),
MOJTyTIPOBOAHIKA p-THIIA (0)
¥ TIOJYTIPOBOIHMKA N-TUTA (B)

JUIs KakJ0ro 2JeMeHTa JIaHHON Mojenu ObLIH
MIPUCBOEHBI YKa3aHHBIE paHee MAaTEepHalbl, a TaKXKe
ObuUIM 3afaHbl CJEOYIOUIME YCJIOBUS:HANpsLKEHHE
(3amaeTcs Ha KOHIAX TOKOBEAYIIMX IUIACTHH ISt
HavyagpHOro MomeHTa BpemeHnn 0 B), Tox (B
HaYaJIbHBIA MOMEHT BpeMeHHU Takke 0 A), Temrepa-
Typa «ropsaeii» croponsl (s npumepa — 80°C),
TeMIiepaTypa «xouoaHoi» cropoHsl (20°C).
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E 10"%

2,3 a
2,25
2,2
2,15
21
2,05
2,0
1,95

s 50 0 50 100 t, C°

-1,55 o
16
-1,65
17

-1,75

-50 0 50 100 t,C°

Puc. 4. 3aBucumoctu ko3 dunmenta 3ecdeka
OT TeMIIEPATYPhI JUIS TOTYIPOBOTHUKA
p-tuna (a) 1 n-tuma (0)

0 00025 0,005 (m) z‘/L‘

-
00013 00037

Puc. 5. T'eomeTpust TEpMOIIEKTPUUECKON TUEHKU

[Momumo mpodero, s TpaBUIBHOW PabOTHI
MpOTrpaMMbl HEOOXOJMMO HACHTH(QHIUPOBATH (HH-
3UYECKHE BEJTMYUHBI, KOTOPBIE TPeOyeTCs MOIyYHTh
B pe3yJibTaTe pacuera gaHHou moaenu [11]. OcHos-
HBIE TIapaMeTPhl — 3TO paclpeAesieHHe JJIeKTpHYe-
CKOTO MOTEHIMANa W KapTHHA PACIpEAeTICHUs TeM-
nepatypbl. TakuMm o0pa3oM, JaHHAsh MOJIENb TPH-
OMKeHa K peabHbIM YCIOBHUSM UCTIBITAHUH.

Ha nocnenyromem stame mporpaMMHBIH KOM-
IJIEKC aBTOMATHYECKH pPACCUUTHIBACT YKa3aHHBIC
nmapaMeTpsl 3afaHHbIM MeTonoM. Ilockombky pac-
cuuThIBaercs crarnueckas 3D 3amada u KOIMUECTBO
JJIEMEHTOB CETKH OTHOCHUTEIFHO HEBBICOKOE, TO
BpeMs pacuera HeOOJbIIoe.

Pe3yabTaThl MOASJMPOBAHUS B POrPAMMHOM
komiuiexkce ANSYS Workbench

AHanm3 pe3ynpTaToB pacyera MPeACTaBIseT Co-
00l HarmgHOE TMpENCTaBlICHHE PE3YIbTaTOB MOJe-
JUPOBaHUs, U300paKeHHOE HA PHC. 6 I pacmpe-
JISJICHNsT TeMIIepaTyp U PHC. 7 Ui MOTEHIHAJOB.
Koneunsrif pe3ynpTar MOXKET OBITH TPEACTaBIEH B
pa3INuYHBIX BapUaHTaX, HallpUMEp, TAaKUX KaK pas-
OreHue Ha CETKY KOHEYHBIX DJIEMEHTOB, pa3OueHue
W BbIJIETICHHE 30H PaclpOCTPAHEHUS HCCIETyeMOi
XapaKTePUCTUKH WU XK€ B BHUJE IJIABHBIX MEPEX0-
JIOB 30H 33JJaHHOTO TTapaMeTpa.

[Tony4yennsle naHHBIC AJIS TEMIEPATYyphl TOps-
yeit ctoponbl 80°C U TeMIepaTypbIXOJIOJHON CTO-
ponsl 20°C CBUAETENBCTBYIOT O TOM, YTO 3JIEMEH-
TapHas TEPMODIIEKTPHUYECKasl siueiika TeHepHpyeT
okouo 0,023 B npu nepenane temneparyp 60°C.

[Tockonbky B craHgapTHoM Mojayie IlenbTbe
127 stueex, To SAC xomocroro xona monyis Ilens-
Th€ HaXOJHUTCS

E, =nE,, (1)

rie N — YnCIIO SYEEK;
Eo— O/1C xomocToro xoaa 0HOH siueiKy.

0 0,0025

0,005 (m)
)

0,0013 0,0037

Puc. 6. Pesynbrar pacuera o pacmpeneicHuIo
TEMIIEPATYPhI

CrieoBaTeNbHO, B JAaHHOM PEXHUME paOdOThI MO-

nyns IlensThe Oyer BepabaThIBaTh
E, =127-0,023~3,0 B.

PesymbTat ombiTa X070CTOr0 X012 co3nanHoi 3D
MOJICTIM 1 XapaKTePUCTHUKH, CHAThIC PaHEe C JIeMEHTA
INenstee TEC-060 [10], npencrasieHs! Ha puc. 8.

BenuurHa anmpokcuMaIyy MOJTy9eHHBIX B XOJIC
9KCIIEPUMEHTOB XapaKTEPUCTUK XOJOCTOr0 XoJa W
CMOJIETMPOBAHHBIX cocTapisieT He Oonee 1%. Kpo-
M€ TOT0, U3 yPaBHEHUH TpaKOB BUIAHO MPAKTHYE-
CcKkH a0COIIFOTHOE COBIAJICHUS 3KCIIEPUMEHTAIBHBIX
HCCIICIOBAHUN U PE3YJIbTaTOB pacyera, YTO TOBOPUT
0 BBICOKOM TOYHOCTH MOJIEIMpOBaHud. Paznuuue B
KO3 UITMEHTE TAaHTeHCA yTia HAaKJIOHA OOBICHSET-
Csl TEM, YTO MOJIETIb HE YUHUTHIBACT TEIJIOBOE COMPO-
THBJICHAE KepaMU4YeCKUX Tutactud [11].
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Modenupoearue mepmoanekmpuyeckozo Modyns lenbmee e pexume 2eHepayuu 31eKmpPo3Hep2uU ..

Pomaroe K.B. u dp.

0.023143 Max
0,020572

-2,4072e-6 Min

0 0,0025
0,0013 0,0037

0,005 (m)
]

Puc. 7. Pe3ynbrar pacuera
10 PacIpeAEICHUIO IOTEHIAa

Exx,B
6
= 0,0494x
; =
TEC-060 (+20°C) R =0.9968
4 =
3 z y =0,0539x
- R?=0,9948
2 _
1 - Mozems (+20°C)
0 -
0 20 40 60 80 100 At,C
——DKclepuMeHT -~ —Pacuer

Puc. 8. PacueTHbie U 3KcrIepUMEHTANbHBIC
pe3yabTaThl X0JIOCTOrO X012

Jnst uccnenoBaHusl Harpy304YHBIX PEKUMOB P-N
nepexona B cpeae ANSYS nomosmHuM reomerpuro
MOJIEH TIEPEMBIUYKOM, KaK TOKa3aHo Ha puc. 9.

Hst Toro 4yToObI HepeMbluka paboTana Kak pe-
3UCTOP € BO3MOXKHOCTBIO M3MEHEHMS BEJIIMYMHBI
COIPOTHBIICHUSI, HEOOXOIUMO MPOU3BOJUTH pETY-
JUPOBKY BEIIMYMHBI YICITBHOTO CONPOTUBIICHUS T1e-
PEMBIUKH, HE U3MEHSs ee TeomeTpud [12]:

=21 @)

rne R — ConpoTrBieHre akTHBHOTO IPOBOTHHKA, OM;
p — YIenpHoe conpoTuBiicHre Matepuaia, OMm Mm;
| — mIMHA aKTHBHOTO MPOBOIHHUKA, M;
S — TwIoma s MOMEPEYHOTO CEYCHUSI aKTUBHOTO
TIPOBOJIHHKA, MM’

(] 00015 0,003 (m)
0,00075 00023

Puc. 9. I'eomeTpust TepMOITEKTPUUECKOM
SITYEHKHU C TIEPEMBIYKON

Tak, npu JUIMHE W IUPUHE aKTUBHOTO IPOBO/I-
HUKa B 1 MM 1 TommuuHe mwiactuael 0,1 MM 3amagum
yaensHOe compotuBieHne Matepraia 0,001 Om-m.
ITonyuum:

~0,001-1:10°
©1.10°.01.10°

Jlanee BBITIONIHSIEM Bce OIepalliy, Kak IPH CO-
3MaHUU TIPENBLAYIIEH MOJAENH, JOIMOJIHUB CIHUCOK
BBIXOJHBIX BEIMYMH OOIIEH IIOTHOCTBIO TOKA.

Pesynbratel MmogenupoBanus pu Harpy3ke B 10
Owm u nepenazne Temmeparyp 60°C ans pacnpenene-
HUS DJICKTPUYECKOTO IMOTCHIMAIa M300paKeHBI Ha
puc. 10 u s mnotHOCTH TOKA Ha puc. 11.

Jlns OLeHKH yJaenbHOM Benn4uHbl ToKa |, mpo-
TEKAOIIero M0 aKTUBHOMY IPOBOIHHKY, HE00XO-
JIMMO BBIYHUCIUTEH TOK, IpoTekaromuii mo 0,1 gactu
MIPOBOJIHUKA, OT TUIOTHOCTH TOKa Ha 1 MM, paBHBIH
0,02 A/mm?. TTomyanm

1,=01.0,02=0,002
i MM

=100m -

0.019473 Max
0017268
0015064
0012659
0,010654
0,0084492
0,0062444
0,0040397
0,0018349
-0.00036987 Min

0 0,0015 0,003 (m)

0,00075 0,0023

Puc. 10. PacueT 3neKkTpruiecKoro moTeHIaia
MIPH HArpy3Ke

22302
2.916de-5Min

0,003 (m)

0,00075 -—amn
Puc. 11. PacueTr miIoTHOCTH TOKa

AHanmu3upysl MOJTyYEHHbIE BETMYMHBI 3JIEKTpHYC-
cKoro moteHmuana, pasaoro 0,02 B, u yaensHO#N MIIOT-
HOCTH TOKa, paBHOH 0,002 A/MM, B CpaBHEHHH C Xapak-
TEPUCTUKAMH XOJIOCTOTO X0/1a, MOXKHO CZENaTh BBIBO O
MPaBUIIBHOCTU PACUETOB, TaK KaK MPOUCXOJUT MPOCai-
Ka HanpspKeHust Ha Harpyske. OHaKo 71 TIOTHOLIEHHO-
TO WCCJIEA0BAHUS HArpy304HBIX XapaKTEPUCTHK HE0Oo-
xoquMma Oosiee eTabHas NpopabdOTKa MOJENIU M Y4YeT
TaKMX MAapaMeTpoB, KaK TEIUIOBOE CONpPOTHBIECHHE Ke-
paMUYECKUX IJIACTHH, PACCEUBAHUE YacTH IIO/IBENICH-
HOM TEIUIOBOM 3HEPTruM yepe3 MoAyiib IlenbThe, morepu
110 3akoHy Jlxoyss-JIeHIa n mpo4nx napameTpoB.
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3aKkiIoueHne

Takum 00pa3oM, MPOBEICHHBIC HCCIICIOBAHUS
MOKa3alli PallMOHATIBHOCTh HCIIOJIB30BAHUS TEPMO-
ANeKTpUUecKuX Moaynel [lenbThe I reHeparuu
anekTpo3Hepruu. Haubosiee BBICOKOTO 3HAUYCHUS
KIIJI Bo3MOXXHO JOOWUTHCS MpH paboTe HAa MaKCH-
MAJIBHO JIOMYCTUMBIX TeMIepaTypax CTOPOH TEPMO-
ANEKTPUUECKOTO MOMYJIsA. [ TaBHBIC MPEeUMYyINEcTBa
MpeJiaraéMoro YCTpOWCTBa MO CPaBHEHHUIO C aHa-
JIOTMYHBIMH — OTHOCHTENbHAS TIPOCTOTA, & COOTBET-
CTBEHHO, BBICOKAs HaJIS)KHOCTh U JITTUTENBHBIA CPOK
CIIy>kObl, aBTOHOMHOCTb, YHUBEPCAILHOCTh MpUMeE-
HEHUS, BO3MOXXHOCTh YTHIIU3aIlUU TeIlIa.
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Abstract. In the global community, increasing attention is
paid to alternative energy sources. The Peltier module is
the simplest converter of thermal energy into electrical
energy and vice versa. At this stage of development of
industry, technology, electronics and microprocessor
technologies, the Peltier thermoelectric elements are
mainly used as heat pumps. Due to their simplicity, high
reliability, small size, relatively low cost and other
advantages, the Peltier thermoelectric modules are
considered as obvious sources of electrical energy. The
study was made to determine the possibility of using the
Peltier thermoelectric modules in the qualitative conver-
sion of thermal energy into electrical energy, as well as to
establish the most efficient modes of operation of the
Peltier elements as generators of electrical energy. In the
course of the research, work was done aimed at creating a
model, analyzing various static modes of power
generation and studying the Peltier modules in the mode
of an electric power generator. The operation modes of
the elementary cell of the Peltier thermoelectric module
were simulated in the ANSYS Workbench environment.
The mathematical analysis of the simulation results was
performed. The performance characteristics of the Peltier
thermoelectric elements were determined, the results
were processed. The conditions of maximum efficiency
of conversion of thermal energy into electrical energy by
the Peltier thermoelectric module were revealed. The
optimal modes should be considered to be heating one of
the sides of the Peltier module to a temperature close to
the permissible value. The operation modes of
thermoelectric elements were determined, the results
were processed. A device based on the Peltier
thermoelectric modules can be used as a portable
accumulator battery charging device for gadgets and
television and radio communication facilities.

Keywords: Peltier module, thermoelectric converter, al-
ternative energy, heat and power engineering, thermal
energy utilization, electric power industry.
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— PA3BPABOTKA MOJIE3HBIX UCKOTNIAEMBIX.

— METAJUTYPTUSI YEPHBIX, IBETHBIX M PEJKUX METAJIJIOB.

— OBPABOTKA METAJIJIOB JIABJJEHUEM.
— JINTEAHOE MPONU3BOJCTBO
— TEXHOJIOTUU OBPABOTKU MATEPUAJIOB.

— MATEPUAJIOBEJIEHUE U TEPMUYECKAS OBPABOTKA METAJLJIOB.
— CTAHJIAPTH3AIIMS, CEPTUOUKAIINS U YIIPABJIEHUE KAYECTBOM.

— MOJEJIMPOBAHUE METAJIJTYPTUYECKUX MPOLIECCOB.

— HOBBIE TEXHOJIOTMYECKHUE MPOLECCHI U OBOPYJTOBAHME.

— DHEPTETHKA METAJUTYPTUH, SHEPTOCBEPEKEHUE U JEKTPOTEXHUYECKHWE KOMITJIEKCHI.
— YIIPABJIEHUE, ABTOMATHU3ALUSI U UH®OPMALIMOHHBIE TEXHOJOTUU B METAJUTYPTUU.

— CTPOUTEJILHBIE MATEPUAJIBI U CTPOUTEJBHBIE TEXHOJIOTUHA B METAJLITYPT M.
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TPEBOBAHMUSA K CTATBAM, IPUHUMAEMbIM K ITYBJIUKAIIUN

1. IPEJABAPUTEJIBHBIE DJIEMEHTBI CTATBH
(Ha PyCCKOM M aHIVIMIICKOM SI3bIKAX)

1.1. HaumeHnoBanue ctatbu (He 60siee 15 cior). JlomkHO KpaT-
KO OTpa)xaTh coJepkaHue craTbu. He peKoMEeHIyeTcsl NCTIOIb-
30BaTh COKpAIIEHUS U aO0peBHATypHI.

1.2. Apduasiums. YxazeiBaercs (pamMuItisi, UMsi, OTIECTBO aBTOPOB
(TpaHCcTMTEpalys), YUCHas CTEICHb, 3BaHKE, JOJDKHOCTh, HHIUBH-
IyansHBIA aBTopckuil nnentngukarop ORCID, momHoe Ha3BaHue
opranmzanyu (ee O(HULINAIPHO NPHUHITHIA AHIIMICKAN BapHaHT),
aJipec MEKTPOHHOW MOYTHI XOTSI ObI OTHOTO U3 aBTOPOB.

1.3. Aunorauus (200-250 cnoB). Brimodaer moCTaHOBKY 3a1a-
4H (aKTyalbHOCTh PAabOTHI), LEJb, HCIIOIB3YEMBbIE METOABI (IKC-
MEPHMEHTHI), HOBH3HY, pE3yJlbTaThl, INPAKTHIECKYIO0 3HAIH-
MOCTB (HAIpaBJICHUS Pa3BUTHS).

Onnaiin-nepeBon 3anpemaercs!
1.4. KimroueBsble ¢j10Ba: 0T 5 10 15 OCHOBHBIX TEPMHHOB.

2. CTPYKTYPA OCHOBHOM YACTH CTATbH

2.1. BBegeHue (OCTaHOBKA MPOOIEMBI)

2.2. Teopusi, MaTepuaabl 1 MeTOAbI MCCJIeI0BAHUSI, TEXHH-
YyecKHe U TeXHOJIOTHuecKHe pa3padoTKu

2.3. Pe3yabTaThl HCCIeJ0BAHUS H UX 00CY:K1eHHe

2.4. 3akarouenue (BHIBOJIBI)

2.5. Criucok IuTepaTypsl (Ha pyCCKOM U aHIIMHCKOM SI3bIKaX)

3. TPEBOBAHUS K O®OPMJIEHUIO CTATbHU

3.1. PexomeHyeMbIit 00BeM cTaThil — 6-8 cTp.

3.2. Tekcr cratbh, CBEICHUS 00 aBTOpaX, aHHOTAIMS KITIOYEBBHIC
CIIOBa M CIIMCOK JIMTEPaTyphbl MPEACTABISIOTCS HA JJICKTPOHHOM
Hocutene B Buje (aiina, coznanHoro cpeacreamu Microsoft Word,
¥l pacrieyaTKoll Ha CTaHJaPTHBIX JTUCTax Oymaru opmara A4.

Ipu Habope crateu B Microsoft Word pexomenayrores cie-

IYIOIINe YCTaHOBKH:

o mpudrt — Times New Roman, pazmep — 11 T, MEKCTPOUHBIi
HMHTEpPBAJI — OJJMHAPHBIH, IEPEHOC CII0B — ABTOMATUUECKUIL;

e [Ipu BCTaBKe (pOPMYJI UCIIOJIH30BATH BCTPOCHHBIN PENAKTOP
¢dopmyn Microsoft Equation co craHmapTHBIMH yCTaHOBKa-
MH, IPUMEHSCTCSI TOJIBKO CKBO3HAs! HyMepaLys;

® WLIIOCTPALMM HE JIOJDKHBI MPEBBIIIATh IIHUPUHBI KOJOHKU
(80 Mm) wm mmpuHb! crpanuns! (170 mm). [t nonmuceit
QIEMEHTOB HAa  WUIIOCTPAlMM  HCIONB3YyeTcsl  mpHUdT
TimesNewRoman 11 nr. PUCYHKH MPEACTABIAIOTCSA B peAak-
LU0 B JIBYX (popMaTax: peJakTHPYEMOM U HEPEIaKTUPyEMOM
(*.jpg; kauectBo He MeHee 300 dpi). B TekcTe cTaThu TODKHBI
OBITh MOJPHCYHOUHBIC MOANMCH B MECTax Pa3MEIICHUs pH-
CYHKOB. B KOHIlE MOANMUCH K PUCYHKY TOYKA HE CTaBHUTCS.
Hanpumep:

Puc. 4. Pacuémmnas 3asucumocmo K1)=l/lng
om epemenu u yoarénnocmu K3 om 66160006
ACUHXPOHHO20 08USAMEIAL

e  TalauIbI HyMEpYyIOTCS, €CIIH UX YHCII0 Ooiee OgHOM. 3aro-
JIOBOK HEOOXOIMM, KOT/[a Ta0JIHI[a NMEET CaMOCTOSTENIFHOE
3HaueHue, Oe3 3aroJIoBKa Jal0T TaOJIUIBI BCIIOMOTaTeIbHOTO
XapakTepa.

3.3. Ilpu NOArOTOBKE PYKOIHCH HEOOXOIMMO PYKOBOJCTBO-
BaThcsl MexayHapoaHoii cuctemoit equnul CH.
4. TOKYMEHTBI, IPUJIATAEMBIE K CTATBE

4.1. DKcrepTHOE 3aKJII0YEHHE O BO3MOXKHOCTH OITyOIMKOBAHMSI.
4.2. loroBop.

Buumanue! [TyOnukanus crateit sBisiercs 6ecruiatHoi. [IpenMyniecTBo omyOIuKOBaHUS IPEOCTABIISETCS aBTOPaM H

YYpEeKACHUAM, 0(OPMUBIINM MOIIICKY Ha KypHAIL.

CTtaTbu IPOXOAT 00s3aTENbHOE HAYYHOE PEIICH3UPOBaHHE.

PC,HaKIII/IH OCTaBJISIET 3a OO0 IpaBO OTKJIOHATHL CTAaTbU, HE OTBEYAIOIINE YKA3aHHBIM Tp€6OBaHI/I$IM.
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