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ABSTRACT

The paper considers the possibilities of modern technologies and software that make it possible
to create continuity of geomechanical monitoring of man-made objects from shooting in
automatic mode, robotic surveillance systems, transmitting information over the Internet to
cloud storage, to performing stability calculations, determining the parameters of displacement
and deformation of slopes of ledges and sides of quarries. The development of modern
technologies for collecting and processing information allows the use of artificial neural networks
that are adapted for modeling geodetic deformations. Technogenic objects, which are very
complex systems, have a huge number of external factors affecting the stability of the mountain
range, so it becomes incredibly difficult to take into account and determine the amount of
displacement and deformation. Due to the complexity and variety of influencing factors, it
becomes necessary to use a new system for assessing the state of objects, called "neural
networks". The training of such a system is based on the already available research results
collected during the direct operation of industrial enterprises. Neural networks can become an
alternative to various methods of describing deformation processes, especially in the continuous
monitoring of man-made objects, where there is no a priori knowledge of the underlying
deformation processes. For effective monitoring and forecasting of deformation processes at a
mining enterprise, a multiparametric monitoring method is needed, which includes a
comprehensive system based on GPS measurements, supplemented with data from sensors for
changes in water level and changes in stresses and deformations of the array. The results of
automated survey and data recording sent to the cloud storage are distributed using "Big Data"
technology and analyzed by geoinformation systems. In turn, the adaptation of neural networks
to model deformations allows specialists to obtain a good alternative to the description of
structural deformations of the mountain range.

Keywords: The concept of the "Internet of Things", deformation monitoring, "Big Data", neural
networks, analytical models, modeling of deformation processes.
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Introduction

sensor data on magnetic drives. At this time, time

Application of the concept of the "Internet of =~ measurements were increasingly replaced by
things" in the organization of observations of the constant and continuous observations in time. The

object.

prerequisite for automatic measuring digital

The automation of geodetic observations began  systems in geodesy was the availability of suitable
in the 1980s, when personal computers and analog  software for touch control and data processing [1].
signal modems appeared, which were used by These strain monitoring systems have been
engineers to control electronic sensors and record  developed as isolated applications for individual
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personal or industrial computers with limited or no
network functions.

Even today, more modern systems lack such
functions as an open network and data interfaces
for machine-to-machine interaction with third-
party software, which makes it difficult to integrate
them into sensor networks [2]. To coordinate
measurements over large areas, monitoring
systems must be integrated into sensor networks.

The possibilities of the "Internet of Things"
concept and modern technologies make it possible
to simplify access to the network in engineering
geodesy and surveying without costs and technical
problems [3].

The emergence of small single-board
computers, such as the Raspberry Pi, made it
possible in a short time to create inexpensive
middleware for monitoring and controlling tasks
using rapid prototyping methods. These embedded
boards are full-featured computers with an ARM or
MIPS processor, memory, and 1/O interfaces. In
addition, any application, for example, the
monitoring software discussed, can be launched
(Fig. 1). The concept of embedded sensor nodes is
also applicable to portable Android devices such as
smartphones and tablet computers. They can
provide the necessary interfaces for connecting
sensors, as well as mobile Internet access via
3G/4G. The reuse of such universal devices can

GNSS receivers connected to the
network

P - 2
(-\1\\\
o o A

Y|II|T\L§“‘\

e

Web interface

reduce the effort and cost of implementing sensor
networks [3].

At the moment, foreign research groups and
universities are already working on the
development of this direction. The result of such
work is a German system called OpenADMS [4]

It consists of several components:

- Open ADMS Control is a software for personal
computers designed to receive short—term data
from sensors.

- Open ADMS Web is a system designed to work
with a server, its main task is to work with a
complex of sensors and devices in the long term.

This system allows real-time observations of
the reference points of the observation stations of
the geomonitoring system and reflects on the
graph the displacement and changes in the
coordinates of the observation point, shown in Fig.
2.

The advantage of using this system can be
called the continuity of the work of the surveying
department. While specialists are in the field,
reproducing the shooting or it is performed
automatically by robotic surveillance systems, the
data obtained is immediately sent via the Internet
(or an internal LAN) to cloud storage. The data from
the repository is used to perform further
calculations of stability, the volume of work
performed, etc.

GPS

o? Total station connected to the
network

Figure 1 - The scheme of the "Internet of Things"
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Figure 2 - Observation of the displacement of the point coordinate using OpenADMS

Big Data and prospects of application in
desk work

The term "big data" (BD) was "officially"
introduced by the Oxford English Dictionary in
2013. He associates the term BD with a large data
set that is (almost) impossible to manage —
process using "traditional" tools [5].

BD can carry "big errors", such as lack of
consistency and reliability, "false" data, noise, lack
of representativeness, incomplete information, etc.

Currently, most of the "big data" consist of
spatial data, i.e. discrete representations of
continuous phenomena. Spatial data is represented
by the following basic models:

a) raster (grid): satellite images are good
examples of raster data;

b) vector: consists of points, lines, polygons,
and their combined (or multi-) analogs;

c) network: graphs consisting of spatial
networks form another important data type used to
represent road networks.

The problem of working with big data arises
when shooting large objects with a high level of
detail. The total amount of information about the
object can reach huge volumes, and every year it
will only grow exponentially. The main task of Big
Data is to work with such a volume of data, their
analysis, and processing. Within the framework of
this concept, cloud storage, database software,
machine learning, etc. are widely used.

Application of neural networks

The latest interesting developments in the
direction of software development are the method
of machine learning and the use of neural network
technology. Technogenic objects are very complex
systems that have a huge number of external
factors, which makes it incredibly difficult to take
them into account, so mathematical models have a
discrepancy with the established forecasts of their
condition [[6], [7]].

Due to the complexity of the influencing
factors, when trying to take into account most of
the conditions, a model is obtained that is difficult
to fully describe with dependencies. For this
reason, it becomes necessary to use new methods
for assessing the state of objects, using a system
called "neural networks" for this purpose. Though
they are in fact artificial neural networks, they are
often called neural networks or nets which are
basically IT systems that mimic biological neural
networks [ 8].

The training of such a system is based on the
already available research results collected during
the direct operation of industrial enterprises.
Artificial neural networks are adapted for use in
modeling geodetic deformations (Fig.3).

Surveyors and surveyors have long been faced
with the problem of finding effective solutions to
approximation functions that determine the

77—
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Figure 3 - Neural network operation diagram

amount of displacement and deformation,
especially when working with continuously
controlled processes. Most solutions are obtained
in the time domain, since measurements are
currently obtained online in the form of continuous
or discrete time sequences.

This system has a number of features:

- The system constantly accumulates data and
improves itself, which over time will improve the
quality of creating an object model, and will allow
analysis under changing operating conditions.

- It will be impossible to make clear
dependencies within this system, since it is closed,
and does not allow the user to see on the basis of
which calculations such a calculation was obtained,
however, the user can still make a comparison
based on the data entered and the result obtained.

- The real physical model may not fully
correspond to the one that was built by the neural
network.

The adaptation of neural networks to model
deformations allows specialists to obtain a good
alternative to the description of structural
deformations. Certain parameters, in this case,
weights, inherently describe the mapping between
input and output data, but cannot be used in any
other way as a representation of a typical
mathematical function for the deformation process.
It is very important to note that the results of using
neural networks strongly depend on the choice of
both input and output data, as well as the
architecture of the network used, since they are
able to learn anything. Figure 4 shows graphs of
real measurements and models built by a neural
network trained by researchers from the Institute
of Geodesy and Photogrammetry of the
Braunschweig Technical University. In the left part
of the graph, the parameters are adjusted, after
which the neural network makes its own forecast

regarding further changes in the coordinates of the
geodetic point. On the graph, in the right part of it,
you can track a large degree of convergence of real
measurements and the model of changing the
coordinates of a point built by a neural network.
Neural networks also have a disadvantage,
which is that there is no single analogous solution
for any given set of input-output data, since the
parameters determined depend on various settings
performed during the learning process, which rely
solely on personal human judgment. However,
neural networks can become an alternative to
methods of describing deformation processes,
especially in the continuous monitoring of man-
made objects, where there is no a priori knowledge
about the underlying deformation processes. Thus,
they can serve as an addition to the existing
methodology for modeling deformation processes.

Organization of a comprehensive monitoring
system using the latest technologies

The issues of creating an automated
geomechanical monitoring system are considered
in order to study the state of stability of the
Western and Eastern quarries of LLP "JV "Alaigyr"
based on the use of GPS equipment and software.

The Alaigyr deposit is located in the eastern
part of the Uspenskaya crumple zone. Devonian
and carboniferous deposits, and subvolcanic and
dike formations take part in the geological
structure of the deposit [10]. Of the magmatic
formations within the deposit, the subvolcanic
body of ore-containing high-potassium liparite
porphyries is of the greatest interest. A total of 20
dyke bodies have been identified at the deposit.
The Alaigyr lead deposit is localized within the
subvolcanic body of liparite porphyries. Since the
ore  mineralization along the strike has
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Table 1 — Summary of the recommended parameters of the ledges of the Eastern quarry

Figure 4 - Graph of comparison of neural network data with real measurements

Cut Type of breed Slope angle of the Ledge height, m
ledge, degree

I-1 Clay 40 12
Weathering Crust 50 12
Carbonaceous-siliceous shales 65 24
Terrigenous siltstones 65 24
1I-11 Clay 40 12
Rhyolite porphyries 65 30
- Weathering Crust 50 12
Rhyolite porphyries 65 30
Beresitized porphyry 65 30
Tufopeschaniki 50 12
V-1V Weathering Crust 50 12
Rhyolite porphyries 65 30
Beresitized porphyry 65 30
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interruptions, the deposit is conditionally divided
into three sections: Western, Middle, and Eastern.
During the exploration of the deposit, 11 major
tectonic disturbances were revealed [10]. The most
ancient discontinuous disorders complicating the
folded structure consonant longitudinal
(sublatitudinal)
interplastic disruptions. Violations of this type are

are

violations such as thrusts or
characteristic of the entire Assumption crumple
zone. A linear type weathering crust has been
developed at the deposit, confined to crushing
zones of the type of inter-plastic breakdowns
between liparite porphyries and host rocks.
rocks are represented by

intensely fractured rocks, often decomposed to the

Weathering crust
state of structural and structureless clays.

The stability of the sides and ledges of the
Alaigyr deposit is influenced by a huge number of
the
disturbances, a developed zone of weathering crust,

factors, such as presence of tectonic

intense fracturing of rocks, waterlogging of the
deposit, physical and mechanical properties of
rocks, technological features of mining, etc.

In 2018, Mining Research Group LLP carried out
work on the geomechanical justification of the
parameters of the quarries of the mining complex at

the Alaigyr deposit. Analysis of the simulation
results shows that the least stable areas are the

[ W
QI
)84 - - N
{ Profile lines of GPS monitoring stations
for monitaring open pit walls
Limit contour of
quarrying

Projected bridge for the

location of a robotic electronic

total station

AL

upper ledges composed of clays (SRF = 0.63), which
indicates the instability of the sides and ledges of
the Eastern Quarry. The simulation results are
summarized in Table 1.

Based on the Alaigyr field development project,
a combined scheme for monitoring the stability of
the sides of the quarry and ledges was chosen.

To monitor the stability of the sides, a GPS base
station will be used, which is installed on the roof of
the production and administrative building. Four
observation profiles and eight scoring reference
points are fixed on the sides of the quarries to
install a GPS receiver. (Figure 5, 6)

Also, based on the geomechanical justification
of the quarry parameters, the location of the
robotic electronic total station is selected.

Geomechanical control at the quarries is carried
out in order to obtain reliable information about
the condition of the sides of the quarry at various
stages of field development. One of the ways to
is to conduct instrumental
the of the
implementation of which the adequacy and

ensure such control
observations, on reliability

timeliness of decision-making on emerging
deformations of the instrument array depends.
Untimely response to emerging deformations can

lead to the death or loss of the working capacity of

people and increase production costs.

Figure 5 - Layout of profile lines for monitoring the stability of the eastern side of the quarry
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Figure 6 - Layout of profile lines for monitoring the stability of the western side of the quarry

Currently, there is a large amount of data, both
in the field of hardware layout of observational
surveying networks, and software products that
provide analysis and processing of incoming
information from deformation sensors. One of the
main manufacturers whose GPS equipment is used
in the creation of information collection and
processing systems (GPS receivers and
communication equipment) are Leica Geosystems,
Trimble, Garmin, etc [9].

In the field of software that allows you to fully
automate the control mode of deformation sensors,
collect and archive statistical data, process data in
real-time, as well as notify about exceeding
permissible values of deformations, the following
companies have achieved the greatest success:
InteTrak (Orion Monitoring Systems, Inc); 3D
Tracker (Condor Earth Technologies); GPS RTK
software (Geodetic Research Laboratory (GRL) at
UNB) [11].

Using high-precision equipment operating
around the clock in real-time with an advanced
warning system helps to secure mining operations
(for example, to remove equipment and field
workers from the zone of probable collapse). In
view of the fact that the mountain range is usually
heterogeneous, the function of the development of
the deformation rate is often not linear in nature. In
this regard, high-precision instrumental
observations with short intervals between
measurements are necessary to determine the

transition point of ordinary displacements to the
critical zone [1].

This multiparametric remote monitoring system
can monitor various characteristics of an unstable
landslide on a large scale before it collapses in
various aspects, which gives the geomechanical
service of the enterprise valuable time to prepare
anti-landslide measures [12]. According to the
different slope characteristics, different parameters
can be combined and different types of sensors can
be selected. Then the data is transmitted to the
control room using wireless communication
technology. In the control room, correct conclusions
are given through the system's data analysis system
and the expert's experience analysis, which can play
a real role in predicting and predicting deformation
processes.

To reproduce the real effect of monitoring and
forecasting on an unstable slope, a multiparametric
monitoring method is needed [[13], [14]]. Based on
the ideas presented, a combination of several
monitoring methods is proposed [15]. A
comprehensive monitoring system based on GPS
monitoring is  being created, which s
complemented by touch monitoring [16].

Firstly, the stability of the slope of the ledge is
influenced by many factors. To collect information
affecting the stability of the slope, a
multiparametric and multi-device monitoring
system based on the Internet of Things is proposed.

Secondly, the monitoring cycle of the slope
monitoring project is long, so it requires little real-
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Figure 7 - Geomechanical monitoring system

time data. However, due to the specifics of the
monitoring environment, it has high requirements
for energy conservation, scalability, and reliability of
the wireless transmission network [[6], [7]].

Thirdly, the efficiency and accuracy of
monitoring data play an important role in predicting
the stability of the slope of the ledge and the side of
the quarry [17]. Therefore, the data must be
properly processed and classified. The key to the
data management process is to extract useful data
from the array of monitoring data that are useful
for the forecasting process [18]. Monitoring data is
transmitted to the remote monitoring information
management center using ZigBee technology. A
large-scale information management system for
slope monitoring is being created (Fig.7). They
manage a database of ground and deep
displacements, a database of attributes of water
level changes, and a database of attributes of stress
and strain changes. Through Internet technologies,
geomechanics can view data in each database. To
make it easier for users to manage the application,
connection, device, and other contents of the
intermediate service components of the Internet of
Things, an Internet-based web services system is
used [[19], [20], [21], [22]].

Wireless sensor network data transmission and
middleware  management are implemented
respectively. The Access database stores
information about hardware, information about
applications, and so on. The Wireless Sensor
Network Data Interface (APl) packages wireless
sensor data into an interface and provides a call to
the user. It is economically feasible to use such a
system at large facilities where there is a large
amount of data and work performed. Due to the
automation of the process with the help of robotic
devices and sensors, data acquisition is possible in
automatic mode [[23], [24]]. The results of the
survey and data recording sent to the cloud storage
will be distributed using the "Big Data" technology,

after which further work with them is possible using
geoinformation  systems. Potentially, neural
network technology can be included in this
complex, but training the system will take time and
require large computing power [25].

Currently, a database is being created in order
to obtain reliable information about the condition
of the sides of the quarry at various stages of field
development, taking into account the complex
mining and geological conditions of development
and the results of instrumental observations of the
developed integrated monitoring system based on
GPS monitoring, which is supplemented by sensor
monitoring.

A similar approach can be applied to large
facilities such as the Ekibastuz basin coal pits, the
Vasilskovskoye gold deposit, the deep pits of the
Sokolovo-Sarbay Mining and Production
Association, and other enterprises of the mining
industry of the Republic of Kazakhstan [26]. In the
end we should not forget that beyond the
advantages big data has it is also like "(...) the new
plutonium. In its natural state it leaks,
contaminates, harms. Safely contained & harnessed
it can power a city" [27].

Conclusions

Modern technologies and capabilities of the
"Internet of Things" concept make it possible to
simplify access to the network in engineering
geodesy and surveying without costs and technical
problems. The German OpenADMS system, based
on working with a complex of sensors and devices,
allows real-time observations of the reference
points of the observation stations of the
geomonitoring system and reflects on the graph the
displacements and changes in the coordinates of
the observation point.

The total amount of information about the
object can reach huge volumes, and every year it
will only grow exponentially. When shooting large
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objects with a high level of detail, the main task of
Big Data is to work with such a volume of data, their
analysis, and processing.

Monitoring of man-made objects includes
taking into account the complexity of influencing
factors, while most of the conditions are difficult to
fully describe with dependencies. For this reason, it
becomes necessary to use new methods for
assessing the state of objects, using a system called
"neural networks" for this purpose. The adaptation
of neural networks to model deformations allows
specialists to obtain a good alternative to the
description of structural deformations.

Neural networks can become an alternative to
methods of describing deformation processes,
especially in the continuous monitoring of man-
made objects, where there is no a priori knowledge
about the underlying deformation processes. Thus,
they can serve as an addition to the existing
methodology for modeling deformation processes

The technology of the "Internet of Things" and
"Big Data" can really improve the situation, simplify
the way of data collection, bringing desk work to
almost automatic execution, but the use of these
technologies does not yet have a sufficient practical
basis.

Cite this article as: Besimbayeva OG, Khmyrova EN, Tutanova MS, Flindt N, Sharafutdinov RR. Modern data analysis
technologies used for geomechanical monitoring. Review. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of
Mineral Resources. 2023;326(3):05-15. https://doi.org/10.31643/2023/6445.23

FeomexaHUKaNblK MOHUTOPUHITI OPbIHAAY YLWiH KONAAHbINATbLIH Kasipri
3aMaHfbl AepeKTepai Tangay TexHonoruanapol. LWony
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TYWIHAEME

KymbICTa  aBTOMaTTbl peXUMAe TyCipyZeH, poboTTaHabIipbiifaH 6akblnay KyenepimeH
TEXHOTeHAiK OBBbEKTINepaiH, reomexaHuKanblK MOHUTOPUHTIHIH, Y34iKCI3AiriH KypyFfa, UHTEpPHET
»enici boiblHIWA aknapaTTbl BYNTTbl KoMMaFa Bepyre, OPHLIKTbINbIK eCcenTeynepiH oOpbIHAAYFa,
KapbepsepaiH, Kemepnepi MeH epHeynepi eHiCTepiHiH, KblKY *KoHe pedopmaums
napameTpaepiH aHblKTayfa MYMKIHAIK 6epeTiH Kasipri 3amaHfbl TexHO/NOrMANap MeH
bafmapnamanbiK KamMTaMacbi3 eTyAiH, MYMKIHAIKTepi KapacTbipbingbl. AKNapaTTbl KMHAY MeH
OHAEYAIH 3aMaHayy TEXHONOTUANAPbIH AaMbITy reofesuansbik aepopmaumnanapabl mogenbaeyre
beiiimaenreH »KacaHOpl HEMPOHAbIK Keninepai nanpanaHyFa MymKiHAiK 6epepi. ©Te Kypaeni
Kyienep 60sbin TabblnaTblH TEXHOrEHAIK 06beKTinepae MacCUBTIH, TYPaKTbUIbIK KafaalibiHa
ocep eTeTiH KenTereH CbIpTKbl dakTopnap 6ap, COHAbIKTaH Ko3fanbic neH AedOopMaLUAHBIH,
MeJILIepiH eCcKepy XaHe aHblKTay eTe KUblH. I9cep eTywinepaiH, Kypaeniniri meH anyaH
TypainiriHe 6ainaHbicTbl "HEMPOHABIK Keninep" pnen aTanaTtblH O6GBEKTINEpPAiH *KafaaWblH
6afanaygblH, KaHa JKYMeCiH KongaHy KaxkeT. MyHAal KyheHi OKbITy eHepKacinTik
KacinopblHAAPAbl TiKeNen nafanaHy KesiHAe uWHanfaH Konga 6ap 3epTrey HaTuKenepiHe
HerisgenreH. HeWpoHabIk, Keninep paedopmauumsanbik npouecTepai cunaTTayablH, apTypAi
opicTepiHe 6anama 6ona anagpl, acipece onapaplH HerisiHge XaTkaH pedopMaumsanbiK
npouectep Typasbl anpuopAblK 6inimi oK TexHoreHaik o6beKTiiepai y3aikcis 6akbliay KesiHae.
Tay-KeH KacinopHbiHAA Aedopmaumanblk npouectepai TMiMai 6akblnay xaHe 6oskay ywiH GPS-
e/weynep HerisiHae KelweHai XyneHi KAMTUTbIH MOHUTOPUHITIH, Ken napameTpAi a4ici KaxeT, on
Cy [AeHreiHiH, e3repy [aTYMKTEpPiHIH [OepeKTepiMeH »K9He MACCUBTIH, KepHeynepi MeH
AedbopmaumanapbiHblH, — ©3repyimeH  TOMbIKTbIpbLIadbl.  BynTTbl  Kolmafa  »KibepinreH
aBTOMATTaHAbIPbINFAH  TyCipiniMm  KaHe  AepekTepdi »Kasy Hatwkenepi "Big  Data"
TEXHO/IOTUACBIHbIH, KOMEriMeH TapaTblaZibl XKaHe reoaknapaTTbIK KylenepmeH TangaHagbl. 63
KeseriHae HeMpoHAbIK Keninepai mogenbaepaiH aebopmaumanapbiHa beiimgey mamaHgapfa
MaCCUBTIH, KypblibiMapblK AedopmMauuanapbliH cUNaTTayFa Kakcbl 6anama anyfa MyMKIHAIK
bepegi.

TyiiiH ce30ep: «3aTTapAblH, MHTEPHETI» TYCiHir, Aedopmauna MOHUTOPUHTI, «YIKEH AepeKTep»,
HeMpOHAbIK Xeninep, aHaAUTUKaNbIKk Mogenbaep, sedopmauma NpoLecTepiH MOAEeNbaeY.
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AHHOTauuA

B paboTe paccMOTPEHbl BO3MOMKHOCTU COBPEMEHHBIX TEXHONOTMIA U NPOrPamMmMHOro
obecneyeHunn, nossonsloWMe C€O34aTb HEpPaspbIBHOCTb [EOMEXaHMYECKOro MOHWUTOPUHIa
TEXHOTeHHbIX OOBLEKTOB OT CbEeMKM B aBTOMATUYECKOM pexume, pPobOTU3MPOBAHHBIMU
cuctemamu HabaogeHua, nepesaduvm MHGOPMaLMU MO CETU UHTEPHET B 061a4HOe XPaHUAULLE,
[0 BbINO/IHEHUA PACcYETOB YCTOMYMBOCTH, ONpeaeNeHns NapameTpoB CABUMKEHNA U aedopmaunii
OTKOCOB YCTynoB U 60pToB KapbepoB. Pa3Butne coBpemeHHbIX TexHonormin cbopa n 06paboTku
nHbopmaLuMmM  NO3BONAET  WCMONb30BaTb  UCKYCCTBEHHbIE  HEMPOHHbIE CETW, KOTOpble
afanTUPOBaHbl AN MOAEAMPOBAHUA reofesnyecknx gedopmaunit. TexHoreHHble OBbBEKTbI,
npeacTasnsowme coboli o4eHb CNOXKHbIe CUCTEMbI, 06/1a4at0T OrPOMHBIM KOIMYECTBO BHELLUHWUX
$aKTOpOB, BAMUAKOLWMX Ha COCTOAAHWME YCTOMYMBOCTM TOPHOTO MAaccuea, MO3TOMY Y4ecTb M
onpeaenvUTb BEANYUHY CABUXKEHUA U Aedopmaumn CTaHOBUTLCA HEBEPOATHO CHOXHO. M3-3a
KOMMIEKCHOCTM W pa3Hoobpasusa BauAOWMX GAKTOpoB, BO3HMKAET HeobxogumocTb
MCNO/Nb30BaTb HOBYKD CUCTEMY OLLEHKM COCTOSIHUA OOBEKTOB, HA3blBAaEMYK «HEMPOHHbIMMU
cetamuy. ObydyeHMe NOAOGHOM CUCTEMBI, OCHOBLIBAETCA Ha YXKE WMMEIOLMXCA pesy/bTaTax
nuccnenoBaHwWii,  COBpaHHbIX  NPW  HEMoOCPeACcTBEHHOW  3KCMAyaTauMM  MPOMbILAEHHbIX
npeanpuaTMit. HeMpoHHble ceT MOryT CcTaTb anbTepPHATUBOM pa3HOOBpasHbIM MeToaam
onucaHua  AedopMaLMOHHBIX MPOLLECCOB, OCOBEHHO NPU  HENPEPLIBHOM MOHWUTOPUHIE
TEXHOTeHHbIX 06bEKTOB, r4e HEeT anpPUOPHBIX 3HAHWUI O NeXKall X B X OCHOBe AedpOopMaLMOHHbIX
npoueccax. [Ana 3pPHeKTMBHOrO MOHWUTOPUHFA UM MPOrHO3UPOBaHUA  AePOPMALUOHHBIX
NPOLLECCOB HAa TOPHOM MPeanpPUATUM HEOHXOAMM MHOFONAPAMETPUYECKUIA METOL MOHUTOPUHTA,
KOTOpPbIV BKAKOYAET B ceba KOMMIEKCHYIO cucTeEMy Ha ocHoBe GPS-usmepeHwit, gononHsaercs
OAHHbIMU [ATYMKOB M3MEHEHUA YPOBHSA BOAbl U U3MEHEHWI HanpsKeHuin u aedpopmaumin
maccuBa. PesynbTaTbl aBTOMaTU3MPOBAHHON CbEMKM M 3aMUCU  AaHHbIX, OTNpPaBfeHHble B
06/1a4HOE XpPaHUAULLE, PacNpPeaensatoTca C NOMOLLbI0 TexHonormmn «Big Data», v aHanusupyoTca
reouHdopmMaLMOHHbIMK  CUCTeMaMW. B cBOK ouyepeab aganTauma HEMPOHHbIX ceTer K
Aedopmaumam mogenelt MNO3BOAAET CMEUManncTam MNOJIyYMTb XOPOLUYH  anbTepHATUBY
OMMUCaHUNIO CTPYKTYPHbIX AepopMaLLmii rOpHOro MaccuBa.

Kniouesbie cnoea. KoHuenuus «WHTepHeTa Beliein», MOHUTOPUHT aedopmauun, «bonblune
OaHHble», HEMPOHHble CeTW, aHa/NUTUYeCKMe MoAenu, MmoaenuposaHue aedopMaLMOHHbIX
npoLLeccos.
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ABSTRACT

The mismatch of the model and the topology of real objects is important in modeling technological
processes, which is the purpose of this paper. The problem is considered when modeling hot oil
pumping in the "Kasymov—-Bolshoy Chagan" oil pipeline. In this problem, the topology of objects
consists of the linear part of the pipeline and technological equipment (pumps and heating
furnaces) of the stations. The accuracy of the simulation results is determined by the calculations
of pressure and temperature in the oil pipeline. The pressure in the pipeline is created by pumps
at the stations and is determined by the dependence of the pressure and efficiency of the pump
on the oil flow rate. These characteristics change depending on the service life of the pump. The
identification of the actual dependences of the pressure and efficiency of the pump on the oil flow
rate was carried out by the regression analysis of experimental data. The pressure in the linear
part is determined by the hydraulic resistance of the pipeline. The actual dependence of the
hydraulic resistance coefficient on the Reynolds number and wall roughness was obtained by
regression analysis of experimental data. The temperature in the oil pipeline is created at the
stations by heating furnaces. The identification of the actual characteristics of the heating furnace
was also found by regression analysis of the experimental data. The temperature distribution in
the linear part is determined by the heat transfer of oil with the surrounding environment. An
undefined parameter for calculating heat transfer is the soil thermal conductivity, which depends
on the type of rock and the degree of soil moisture. The soil thermal conductivity is determined in
such a way that at a given oil flow rate, oil temperatures at the beginning of the section and soil at
the section, the calculated oil temperature at the end of the section has the smallest discrepancy
with the actual one. Thus, the determination of the actual dependencies of the objects makes it
possible to increase the accuracy of the results of hot pumping modeling and eliminates the
mismatches of the model and the topology of the objects.

Keywords: regression analysis, mismatches of the model and topology of oil pumping facilities,
the actual data of pressure, temperature and flow rate sensors.

Bekibayev Timur Talgatovich

Master of Engineering and Technology, Head of the Department of Research and Production
Laboratory "Modeling in Energy", Satbayev University, 22 Satpaev Street, 050000, Almaty,
Kazakhstan. Email: timur_bekibaev@mail.ru

Bossinov Daniyar Zhumadilovich

Master of Natural Sciences, Researcher of the Research and Production Laboratory "Modeling in
Energy", Satbayev University, 22 Satpaev Street, 050000, Almaty, Kazakhstan. Email:
dansho.91@mail.ru

Zhapbasbayev Uzak Kairbeekovich

Doctor of Technical Sciences, Professor, Head of the Research and Production Laboratory
"Modeling in Energy", Satbayev University, 22 Satpaev Street, 050000, Aimaty, Kazakhstan. Email:
uzak.zh@mail.ru

Kudaibergen Azamat Doskeldyuly

Master of Engineering, Researcher of the Research and Production Laboratory "Modeling in
Energy", Satbayev University, 22 Satpaev Street, 050000, Almaty, Kazakhstan. Email:
kudaibergen.azamatd28@gmail.com

Ramazanova Gaukhar Izbasarovna

Candidate of Physics and Mathematics, Deputy Head of the Department of Research and
Production Laboratory "Modeling in Energy", Satbayev University, 22 Satpaev Street, 050000,
Almaty, Kazakhstan. Email: gaukhar_iz_ram@mail.ru

Introduction

learning finds application in industry, such as rolling,

Machine learning is becoming a tool for sheet metal forming, oil production, and
researching technological processes in various fields ~ transportation, well logging in uranium deposits,
of technology and production. In particular, machine  etc. The application of machine learning methods
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Figure 1 - Pipeline structural diagram: tanks, linear part, stations, heating furnaces, pumps, and pressure

allows analyzing and generalizing actual data to
describe the patterns of processes. However, this
will require a large amount of reliable empirical data.
The presence of fuzzy data among them can have an
impact on the results of machine learning. For the
first time, Zadeh [1] introduced the concept of data
oddness. Currently, the theories, models, and
methods of decision-making based on fuzzy data
have been developed [[2], [3], [4], [5], [6]]. The
mismatch of the model and the topology of real
objects is important in modeling and optimizing
technological processes [[7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21]]. In
this paper, this problem is considered when
modeling the technological process of oil pumping.
The accuracy of the pumping simulation results
eliminates the mismatches of the model and the
topology of real objects and expresses the novelty of
this work. Below are the results of a study on
achieving accuracy in calculating the pressure and
temperature of hot oil transfer.

Nomenclature
OPS Oil pumping station
OHS Oil heating station

Problem statement

Oil is pumped in the technological sections of
the "Kasymov—Bolshoy Chagan" main oil pipeline
(see Figure 1). This main oil pipeline has only one
starting point for the beginning of the flow (the
"Kasymov" OPS) and only one endpoint for the end
of the flow (the "Bolshoy Chagan" station). Oil flows
through the pipeline in exactly one direction from
the start station to the end station. There are

intermediate stations in the pipeline. The topology
of the object consists of the topology of the linear
part of the pipeline and the topology of the stations.
The accuracy of the simulation results of hot oil
pumping is determined by the calculations of
pressure and temperature in the oil pipeline [[22],
[23]].

The pressure in the pipeline is created by pumps
at the stations and is determined by the dependence
of the pressure and efficiency of the pump on the oil
flow rate. These characteristics change depending
on the service life of the pump (see Fig. 2). The
pressure in the linear part is determined by the
hydraulic resistance of the pipeline. This value varies
depending on the Reynolds number and the
roughness of the pipeline wall (see Fig. 3).

The temperature in the oil pipeline is created at
the stations by heating furnaces and the energy
costs of the furnaces depend on the efficiency of the
furnace. The temperature distribution in the linear
part is determined by the heat transfer of oil to the
environment and depends on the accuracy of
determining the thermal conductivity of the soil (see
Fig. 4).

Machine learning regression analyzes the
accuracy of determining the characteristics of
pumps and heating furnaces, as well as the hydraulic
and thermal characteristics of the pipeline. For this,
the actual readings of sensors (pressure,
temperature, and flow) in the "Kasymov—Bolshoy
Chagan" oil pipeline are used.

The accuracy of the simulation results depends
on the accuracy of determining the characteristics of
objects at the station (pumps and heating furnaces),
as well as the hydraulics and heat transfer of the
linear section of the oil pipeline.




Complex Use of Mineral Resources. 2023; 326(3):16-24

ISSN-L 2616-6445, ISSN 2224-5243

a) Head curves

b) Efficiency curves

Figure 2 - Identification of the characteristics of the pump at the "Kasymov" OPS by the regression analysis of
experimental data.

Figure 3 - Identification of the hydraulic resistance coefficient of the "Kasymov—Bolshoy Chagan" oil pipeline by the
regression analysis of experimental data

Pressure distribution calculation along
the pipeline

The pressure in the oil pipeline can vary at the
stations and at the linear part. In the stations, the
pressure in the pipe can increase due to the
operation of pumps.

It is known that the pressure and efficiency of
the pump functionally depend on the flow rate of
pumped oil. This dependence, as a rule, is revealed
as a result of factory tests and is indicated in the
pump passport as the pressure and efficiency
characteristics of the pump. During operation, the
pressure and efficiency characteristics of the pump
change. Practice shows that using the correct actual
sensor data, for each pump, it is possible to obtain a

clear actual dependence of head and efficiency on
the flow rate of oil.

Figure 2 shows an example of the obtained
actual characteristics of the pump (main pump No. 1
at the "Kasymov" OPS), using data on flow rate, oil
density, pressure at the inlet and outlet of the pump,
and electricity consumption. The colored dots are
the actual pairs of head and flow rate values (see
Figure 2, a), as well as the pairs of efficiency and flow
values (Figure 2, b). The colors of the dots indicate
the concentration of data in the area: from blue (no
data) to red (maximum data concentration). The
white lines show the passport head and efficiency
curve, the black lines show the actual curve.

Thus, for each pump, it is possible to accurately
calculate its generated pressure (by a head) and
power consumption (based on efficiency) at a given
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oil consumption by using the machine learning
regression analysis.

At the linear part, the pressure changes due to
the loss of the resistance of the oil flow through the
pipeline. In the "Kasymov—Bolshoy Chagan" oil
pipeline, the oil flow regime is turbulent. Hydraulic
losses in the pipeline are calculated according to the
well-known Darcy-Weisbach formula [24]. The
hydraulic resistance coefficient of the Darcy-
Weisbach formula depends on the Reynolds number
and the wall roughness, which is determined by the
empirical formulas of the following works [[25], [26],
[27], [28], [29]].

The roughness coefficient changes during pipeline
operation. As well as the pipe roughness, it can be
non-uniform along the pipeline length, for example,
as a result of repairs, the pipe sections can be
replaced in the pipeline. It follows that without
actual data on the condition of the pipes, the
calculated values of total hydraulic losses in the pipe
may differ significantly from the actual ones. Using
the actual pressure and temperature data by the
machine learning regression analysis, it is possible to

construct the pipe hydraulic resistance coefficient
dependence and determine the wall roughness
effect. Figure 3 shows the found actual dependence
of the hydraulic resistance coefficient of the Darcy-
Weisbach formula on the Reynolds number in the
turbulent flow regime in the "Kasymov—Bolshoy
Chagan" oil pipeline.

Temperature distribution calculation along
the pipeline

The temperature in the pipeline may vary in the
stations and the pipeline linear part. In the stations,
the temperature can rise due to heating in the
furnaces. Using the actual data from the data of
heating furnace sensors, it is possible to build actual
dependences for the efficiency of heating furnaces,
as in the case of the pump (see Figure 2, b).

In the linear part, the oil temperature decreases
due to heat exchange with the surrounding soil of
the pipeline, and there are various models for
calculating the heat exchange of the oil flow with the
surrounding soil [[22], [23]].
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Figure 5 - Comparison of calculated and experimental data on the distribution of pressure (the blue line on the top
diagram) and temperature (the red line on the bottom diagram) along the length of the "Kasymov—Bolshoi Chagan" oil
pipeline at an oil flow rate of 1143 m3/hour. In the diagrams: the lines are the calculated data, and the dots are the
experimental data.

Some calculation parameters are known: flow
rate, insulation, soil temperature, and the properties
of oil and metal pipes.

The undefined parameter is the soil thermal
conductivity. It is known that the soil thermal
conductivity depends on the type of soil rock (sand,
sandy loam, loam, clay, etc.) and on the degree of
soil moisture.

It is obvious that the soil thermal conductivity
value is not constant along the pipeline length and
over time (it depends on the snowmelt season and
the frequency of rains for a given area). Therefore,
without investigating the actual data, the calculated
oil temperature distributions along the pipeline may
differ significantly from the actual one. When finding
the calculated thermal conductivity, its value is
averaged over the length and time. Averaging over
the length depends on the distribution density of
temperature sensors along the pipeline. In the
"Kasymov—Bolshoy Chagan" pipeline,
temperature sensors are located quite often (at a

main oil

distance of 5-15 km). Averaging over time is
sufficient to carry out by month or by 10-15 days (for
some months). The determination of the soil
thermal conductivity is carried out in such a way that
for a given oil flow rate in the pipe, oil temperatures
at the beginning of the section and soil
temperatures at the section, the calculated oil
temperature at the end of the section has the least
discrepancy with the actual one. Figure 4 shows the
comparison of the actual and calculated
temperature (see the red and green lines in the
figure) at the end of the section with the found value
of the soil thermal conductivity in the section of the
"Kasymov" OPS—the"Karmanovo" OHS.

Thus, by the regression analysis of the actual
data, the dependencies of the topology of oil
pumping facilities are determined and used for the
accuracy of thermal-hydraulic calculations. As can be
seen from Figure 5, the calculated pressure and
temperature distributions agree with the actual data
along the length of the "Kasymov—Bolshoy Chagan"
oil pipeline.
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Conclusions

The mismatches of the model and topology of
objects are determined by the accuracy of pressure
and temperature calculations along the "Kasymov—
Bolshoy Chagan" oil pipeline length. The results of
pressure and temperature calculations depend on
the actual dependencies of the pumps and heating
furnaces, as well as the hydraulic and thermal
characteristics of the pipeline.

The machine learning regression analysis makes
it possible to analyze the accuracy of determining
the actual dependencies of pumps and heating
furnaces, as well as the hydraulic and thermal
characteristics of the pipeline.

By the regression analysis of the actual data, the
following were obtained:

1) the dependences of the pressure
characteristics and efficiency of pumps, as well as
the efficiency of heating furnaces, considering their
operating resources;

2) the pipeline hydraulic resistance coefficient
dependence on the Reynolds number;

3) the dependences of the soil thermal
conductivity to determine the oil flow heat transfer
coefficient in the pipe with the environment.
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MyHait angay o6beKTinepiHiH, mogeni meH TONONOrUACHIHbIH, COMKECCi3AiriHiH,
npob6nemacol

beku6aes T.T., bocuHos [.}K., }an6ac6aes Y.K, Kyaainbepren A.[l., PamasaHosa I.WU.

Cambaes YHusepcumemi, Anmamel, KazakcmaH

TYAIHAEME

HaKTbl HblcaHAAPAbIH, MOAENT MEeH TOMOIOTUACHIHbIH, APacbliHAAFbI COMKECCI3AiK TEXHONOTUANDIK,
npouecTepai MoLeNbAEreH Ke3ae MaHbI3Apl *KIHE OCbl MaKanaHbIH, MakcaTbl 6onbin Tabblnagpl.
KacbimoB-bonbuoi WafaH MyHait KybblpblHAA bICTbIK MyHal algayabl mogenbaey maceneci
KapacTbipbingpl. byn macenese HbicaHAApAbIH, TONONOIMUACHI KyObipAblH, Cbi3bIKTbIK, GeniriHeH
JKOHE CTaHUMANApAblH, TEXHOMOTUAMbIK abaplKTapblHaH (COpFblap MEH XbIAbITy newTepi)
Typagpl. Mogenbaey HaTUKenepiHin, 4an4iri MyHa KybblpblHAAFbl KbICbIM MEH TEMMepaTypaHbIH,
ecenTeynepimeH aHblKTanagbl. Kybbipaafbl KbiCbIM CTaHUMANAPAAFbI COPFbIIAPMEH »Kacanaabl
JKOHE COpPanTbliH, KbiCbiIMbl MeH [19K-HiH, MyHali afblHbIHA TayenginirimeH aHbiKTanagbl. byn
cunaTTamasniap COpFfbiHbIH, KbI3MET eTy Mep3imiHe Kapan e3repesi. JKCNepuMeHTTiK ManimeTTepa,
perpeccuanblk Tangay apKblibl KbICbIM MeH COpfbl TUIMAINIMIHIH, MyHal LWbIFbIHbIHA HaKTbl
Toyenainiri aHbikTanabl. CbI3bIKTbIK GeniKTeri KbiCbiM KybbipAblH, rMApPaBAUKaNAbIK Keaeprici
apKblbl aHbIKTanagpl. MMapasBavKanbik Keadepri KosaddpuuMeHTiHIH, PeiHONbAC caHbiHa »KaHe
Kabbipfa Keaip-6yAaplp/ibifblHa HaKTbl Tayenainiri Toxipnbenik manimetrepai perpeccusnbik
Tanpay apKblabl anbiHAbl. MyHal KybbipblHAAFbI TEMMNEpaTypa CTaHUMANAPAA Kbi3ablpy newTepi
apKblbl  Kacanagpl. MbIAbITYy NewiHiH HakTbl cunaTTamanapblH  aHblKTay Taxipubenik
MaNIMETTEPA  perpeccusanblK  Tangay apKkbiabl  ga  Kyprisingi. Cbi3biKTblK — 6enikreri
TemnepaTypaHblH, Tapanybl MyHalAblH KOpLUaFaH OPTaMeH XKbly a/fMacyblMeH aHblKTanaapl.
biny 6epyai ecenteyaiH, aHblKTasMaraH MapameTpi TOMbIPAKTbIH, KblAy eTKiriwTiri 6onbin
Tabblnagbl, ON Tay XbIHbICTAPbIHbIH, TYPiHE KOHE TOMbIPAKTbIH, bIAFANAbINbIK AdpexeciHe
6annaHbICTbl. TONbIPAKTLIH Kbly OTKI3riLWTIr MblHaZaM TYpPAE aHbIKTanaabl. MyHalabIH, WbIFbIHbI,
yyacKeHiH, 6acbiHAA OHbIH, TemnepaTypacbl KaHe y4yacTKederi TOMbIPaKTbiH TemnepaTypachl
6epineai. OcbiHAaM XKaFpalinapaa y4acTKeHiH, COHbIHAA MyHalAbIH ecenTenreH Temneparypachl
daKkTimeH caikec Kenyi kepek. Ocblnaiwa, 06beKTINePAiH, HaKTbl TOYENAINIKTEPIH aHbIKTAY bICTbIK,
anpay moaenbaey HaTUXKeNepiHiH, AN4iriH apTTbipyFa MYMKIHAIK 6epegi oHe moaenb meH
06beKTIIep TONONOIUACHI apacbiHAAfbl CaMKecCi3aiKkTepai »oaapl.

Makana kengi: 15 maycoim 2022
CapantamagaH eTTi: 03 KbipKyliek 2022
Kabbinganabl: 13 KazaH 2022
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AHHOTAUMA

HecooTBeTcTBME MOAE/NM WU TOMONOTUM pPeasibHbIX OOBEKTOB BAXHO NPU MOAENNPOBAHWUMU
TEXHO/IOTMYECKUX NPOLLECCOB, YTO M ABMAETCA LEeNblo 4AHHOW CTaTbMu. 3a4aya pacCMOTPEHa npu
MOZe/IMPOBaHNM MepeKaykn ropsayein HedTn B HedTenposoge «KacbimoB—Bonbwon YaraH». B
3TOM 3agaye TONO/MOTMA OBBEKTOB COCTOMT U3  JIMHEMHOW 4acTu Tpybonposoga u
TEXHONOTMYECKOro 060pyAoBaHMA (HAacOCOB M HArpeBaTesibHbIX MNeyei) CTaHuui. TOYHOCTb
pe3ynbTaToB MOAENMPOBAHUA ONPeenseTca pacyeTamu [aBAeHWA W TemnepaTypbl B
HedTenposoae. [asneHne B Tpy6ONpOBOAE CO3[AETCA HACOCAMM HA CTAHUMAX U Onpeaensercs
3aBMCMMOCTbIO Hanopa u KM/ Hacoca oT pacxoda HedTU. ITU XapaKTEPUCTUKMU U3MEHAIOTCA B
3aBMCMMOCTM OT CPOKa CAybbl Hacoca. BbisBieHue peanbHbiX 3aBUcMMoOcTei Hamopa u KNJ,
Hacoca oT pacxoaa Hed Ty OCyLLECTBNANOCH NYTEM PErPECCUOHHONO aHaIM3a SKCNEPUMEHTA/IbHbBIX
JaHHbIX. [laBneHuWe B NMHEWHOW 4acTu onpeaensietcd ruapaBAMYECKUM CONPOTUBAEHWUEM
Tpybonposoga. dakTnyeckas 3aBUCMMOCTb KO3pULMEHTA TMAPABANYECKOTO COMPOTUBIEHNA OT
yucna PeiiHONbACA U LWEPOXOBATOCTU CTEHKM Bblia MoyyeHa NyTem PerpeccMoHHOro aHanumsa
3KCMEPUMEHTaNbHLIX  AaHHbIX. TemnepaTypa B HedTenpoBoAe CO343eTCA Ha  CTaHUMAX
HarpesaTe/ibHbIMW NeYamu. BbifiBNEeHME peasibHbIX XapaKTepUCTUK HarpeBaTe/IbHOM Meun TakKe
6bl10  YCTAaHOBNEHO NyTEM  PErPECCUOHHONO  aHa/iM3a  3KCMEPUMEHTA/IbHLIX  AAHHbIX.
Pacnpepenenve Temnepatypbl B JMHENWHOM 4acTW OMpeaenserca TennoobmeHoOM HedpTn ¢
OKpy:Kalowein cpepoi. HeonpegensembiM napameTpom s pacyeTa TenaooTAaun ABAAETCA
TENNoNPOBOAHOCTb PYHTA, KOTOPas 3aBUCUT OT TUMA MOPOAblI U CTEMEHW BAAXKHOCTU TPpyHTa.
TennonpoBOAHOCTb FPYHTA ONPeAenaoT Takum 0bpa3om, YTobbl NpY 3aJaHHbIX pacxose HedTH,
TemnepaTtypax HedTU B Hayase yyacTKa M rPyHTA Ha yyacTKe pacyeTHas Temnepatypa HedTw B
KOHLIe y4YacTKa UMesla HauMeHbLLee pacxoxaeHue ¢ akTuieckoi. Takum obpasom, onpegeneHme
peasibHbIX 3aBUCMMOCTEN 06BEKTOB MO3BO/IAET MOBbICUTb TOYHOCTb PE3YNbTaTOB MOAENNPOBAHUA
ropsyei 0TKauyku M yCTpaHAeT HECOOTBETCTBMA MOAE/M U TONOIOrMM O6BHEKTOB.

Kntoyesble €108a: PerpeccMoHHbIW aHain3, HeCOOTBETCTBMA MOZEAN U TOMONOrMU OBBEKTOB
nepeKayku, GaKkTUYecKmne faHHbIe AATYUKOB AaBIEHMSA, TEMMEPATYPbl U pacxoaa.
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ABSTRACT

ADME-Tox qualities should be considered while designing/engineering a novel medicine because
they are the primary cause of failures for candidate molecules in drug design development. Early
examination of these features during medication creation might save time and money. ADME has
played an important part in the drug engineering/design process throughout the last five decades.
The ADME characteristics of apple constituents were determined using SwissADME web servers.
The ADME profiles of the compounds were assessed, and most of them were deemed to be
appropriate for further research. In-silico ADMET analysis has been shown to be an effective
approach in drug engineering/design development. As a result, all compounds were tested for
ADMET prediction, and the phytochemical constituents were shown to be acceptable drug-like
molecules. More in vitro and in vivo research with our possible phytochemical compounds will be
conducted in the near future to find a solution to cure different diseases.
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Introduction

ADME stands for
metabolism, and excretion.

There have been multiple

research. The

absorption,
It describes the
pharmacokinetics of a pharmacological molecule.
reports
development efforts being abandoned due to poor
ADME profiles [1]. ADME profiling was shown to be
more effective prior to synthesis and
determination

Log P is a measure used to estimate a molecule's
lipophilicity and can be defined as the logarithm of
the ratio of drug concentration among two
unionized solvents [5]. The Lipinski rule establishes a
maximum limit of 5 for druggable substances. It is
well known that the lower log P values indicate the
higher lipophilicity of the drug. A compound's water
solubility has a large impact on its absorption as well
as distribution properties. On the other hand, low
water solubility relates to weak absorption,
therefore the overall goal is to avoid weakly soluble

distribution,

of drug

in-vivo
of ADME

characteristics of substances necessitates a slew of
time-consuming and costly experimental
techniques. As a result, in sillco ADME models have
been created. SWISS ADME predictor [2] was used
for the ADME investigation. The latter is considered
a free tool (web) that is used for estimating the drug
similarity, pharmacokinetics, as well as medicinal
chemistry of small compounds. As previously stated,
emphasis was placed on designing molecules that
adhered to the criterion of drug-likeness [[3], [4]].

substances. Log S is defined as a unit to represent
solubility which is the 10-based logarithm of
solubility and measured in unit mol/L. The Log S
distribution in traded medications indicates a value
ranging from -1 to -4, which will be ideal for
improved drug absorption and distribution in the
body [[3], [4]].

Food offers not only the necessary nutrients
needed for a living but also additional chemicals for
promoting health and preventing disease since it is a
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complex mixture of a broad range of components,
many of which are biologically active. Nutrients are
a group of previously identified substances that are
crucial for the body's development, maintenance,
and repair. Previous epidemiologic studies have
repeatedly demonstrated the critical impact that
nutrition plays in preventing chronic illnesses [6].
Remarkably, according to research, a diet high in
fruits and vegetables may reduce the risk of chronic
illnesses such as cancer and cardiovascular disease.

The bioactive components in these natural
products—dietary fiber and antioxidants, namely
phenolic compounds, flavonoids, phenolic acids,
etc.—are thought to be what give them their
beneficial effects [7]. Therefore, there is presently a
lot of interest in the numerous bioactive substances
that may be found in food, especially food that
comes from plants. These plant-based bioactive
substances are usually referred to as phytochemicals
[8]. Although it is considered that more than 5000
phytochemicals have been found, a significant
portion is still unknown and needs to be discovered
before their health advantages can be properly
comprehended.

The advantages of phytochemicals in fruit and
vegetables may, however, be much higher than
currently believed since oxidative stress brought on
by free radicals is thought to be a contributing factor
in the development of a wide range of chronic
illnesses [9]. Due to their content of phytochemicals,
several frequently eaten foods and drinks have been
identified as particularly advantageous in the diet.
Although there has been continuing study into the
health benefits of these foods, there are now
available evaluations of this work for all save apples
[10].

Because of a variety of variables, including
market accessibility and cultivar variation, apples
make up a significant amount of the fruit supply
throughout the year in most nations [11]. The adage
"one apple a day, keeps the doctor away" refers to
the widespread consumption of apples and their
overall health benefits. What is less generally
recognized, though, is that apples are a good source
of strong plant components such as phytochemical
constituents (Figure 1), and epidemiological findings
have connected apple consumption to a minor risk
of some malignancies, cardiovascular disease,
diabetes, and asthma [10].
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Figure 1 - Chemical structures of some phytochemical
constituents in apple
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ADME properties calculation

The structure was created in Chemsketch, and
the SMILES of each chemical were translated into
molfiles using an online SMILES translator and
structure file generator available in the online
program SwissADME. Furthermore,
pharmacokinetics such  as  gastrointestinal
absorption, skin permeability, blood-brain barrier,
as well as a drug-likeness estimate for instance
bioavailability score.

BBB penetration is a parameter used to
determine if a substance passes via the blood-brain
barrier. Numerous drugs must not cross over the
blood-brain barrier if the aim is unrelated to the
nervous system [12].

The skin permeability of the substance is a
significant feature regarding the adverse reaction of
the drug in the case of pharmaceuticals taken orally
to identify of accidental contact with skin and the
skin permeability of drugs to be administered
transdermally where skin penetration is a significant
aspect. The result value of a compound's skin
permeability is provided such as log Kp. Kp
[cm/hour] is described as Kp= Km*D/h, where Km is
called the distribution coefficient between the
vehicle and the stratum corneum, D is defined as the
average diffusion coefficient [cm?/h], and h is the
skin thickness [cm] [4].

The knowledge of chemicals that are considered
either a substrate or a non-substrate of the
permeability glycoprotein. It refers to the most
significant ABC transporter, which is vital for
evaluating active efflux through biological
membranes, for example from the wall of the
gastrointestinal to the lumen or even from the brain.
P-gp shields the central nervous system against
xenobiotics. Additionally, P-gp is overexpressed in
specific cancer cells, which leads to tumors in
multidrug-resistant [13].

Drug-likeness is considered a qualitative
evaluation of a molecule's chances of becoming an
oral drug by means of bioavailability. Drug-likeness
resulting from physicochemical or structural
examinations of research compounds progressed
sufficiently to be considered oral drug candidates.
This concept is commonly used in the filtering of
chemical libraries to refuse compounds with
characteristics that are most probable incompatible
with an appropriate pharmacokinetics profile [[4],

[14]]. The current SwissADME section offers full
access to five alternative rule-based filters together
with changing ranges of attributes within which the
molecule is regarded as drug-like. These filters are
frequently produced by pharmaceutical
corporations to enhance the quality of their
chemical collections. The Lipinski (Pfizer) filter was
the first to include the Ghose (Amgen), Veber (GSK),
Egan (Pharmacia), and Muegge (Bayer) technologies
[15].

A soluble molecule significantly simplifies
several drug development procedures, particularly
the simplicity of processing and formulation.
Solubility is an important property that influences
absorption in drug discovery plans aimed at oral
administration, and drugs aimed for parenteral
administration must be very water soluble to deliver
an adequate amount of active ingredient in the
minor volume of pharmaceutical dosage.
SwissADME includes two topological approaches for
predicting solubility in water.

The first model is called ESOL model
implementation, whereas the second one is adapted
from Ali et al. modification. Both differ from the
fundamental universal solubility equation by
omitting the difficult-to-estimate melting point
parameter. They show a significant linear
connection between anticipated and observed
values (R?=0.69 and 0.81, respectively). SILICOS-IT
created the SwissADME third predictor for solubility.
This fragmental method's linear correlation
coefficient adjusted for molecular weight is R? =
0.75. To calculate all expected values (log S), the
decimal logarithm of the molar solubility in water is
used. Additionally, SwissADME offers solubility in
mol/l and mg/ml units, as well as solubility classes
[[4], [16], [17], [18], [19], [20], [21] [22], [23]].

Results and Discussion

Table 1 shows the IUPAC name and the SMILES
code of some phytochemical constituents of apples.
SwissADME online version was used to estimate the
pharmacokinetic characteristics and drug-likeness of
apple phytochemical ingredients, and the results are
displayed in table 2 and table 3, respectively. All test
substances demonstrated pharmacokinetic
characteristics. The bioavailability score predicted
medication similarity in moderately soluble and
soluble gastrointestinal absorption.
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Table 1 - The IUPAC name and the SMILES code of some phytochemical constituents of apple

6-(hydroxymethyl)oxan-2-
ylloxyphenyl]-3-(4-
hydroxyphenyl)propan-1-one

[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-

No. | Phytochemical IUPAC Name Canonical SMILES
Constituents

1 Quercetin 2-(3,4-dihydroxyphenyl)- CC1CCC2C(C(=0)0c3c24c1C€CCc(03)(004)C)C
3,5,7trihydroxychromen-4-one

2 Catechin (2S,3R)-2-(3,4-dihydroxyphenyl)- C1C(C(0C2=CC(=CC(=C21)0)0)C3=CC(=C(C=C3)0)0)0
3,4-dihydro-2H-chromene-3,5,7-
triol

3 Phloridzin 1-[2,4-dihydroxy-6- C1=CC(=CC=C1CCC(=0)C2=C(C=C(Cc=Cc20c3c(c(c(c(o

3)C0)0)0)0)0)0)0

(1S,3R,4R,5R)-3-[(E)-3-(3,4-
dihydroxyphenyl)prop-2-

4 Chlorogenic
acid
enoyl]oxy-1,4,5-
trihydroxycyclohexane-1-
carboxylic acid

C1C(C(C(CC1(C(=0)0)0)0C(=0)C=CC2=CC(=C(C=C2)0)
0)0)o

Table 2 - Pharmacokinetics and drug-likeness prediction of some Phytochemical constituents of apple

No. | Phytochemical Pharmacokinetics Drug-likeness
Constituents | Gl Absorption BBB Log Kp (skin Permeation) Bioavailability Score
Permeability cm/s
1 Quercetin High Yes -5.96 0.55
2 Catechin High No -7.82 0.55
3 Phloridzin Low No -8.58 0.55
4 Chlorogenic Low No -8.76 0.11
acid

Table 3 - Water solubility prediction for some Phytochemical constituents of apple

No. Phytochemical LogP Water Solubility
constituents (Consensus LogP) Log$S (ESOL) Logs (Ali) LogsS (SILICOS-IT)
1 Quercetin 2.50 -3.42 -3.69 -2.03
2 Catechin 0.85 -2.22 -2.24 -2.14
3 Phloridzin 0.08 -2.71 -3.83 -1.66
4 Chlorogenic acid -0.57 -1.62 -2.58 0.40
Conclusions permeant (blood-brain barrier), implying no

According to Lipinski's rule-of-five (RO5), all
phytochemical elements of apple displayed strong
drug-likeness and were projected to be BBB non-

expected neurological adverse effects. It has been
demonstrated that it has a high bioavailability,
implying that the molecules could be absorbed and
transported throughout the body if used as a
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ANnmaHbIH TaHAaNFaH PUTOXMMUANDBIK Kypampac 6enikrepiH Tangayra
apHanfaH ADME Beb6-Kypanbl: KeweHAi 6ipiktipinreH oHnaitH nnatpopma

XanayH M. Anb Aszam, Puma X. Omapum

AMMGaH an-Axnusa yHusepcumemi, Amman 19328, NopdaHusa

Makana kengi: 30 mayceim 2022
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TYAIHAEME

ADME-Tox KacueTTepiH »KaHa npenapaTtrapabl KacafaHZa, eHAipreHae eckepy Kaxer, cebebi
6ynap Aspinik 3aTTapabl a3ipaey KesiHAe KaHAMAAT-MOoIeKynanap ywiH 601aTbiH CITCI3AIKTEPIHIH,
Heri3ri cebebi 6osbin Tabblnagbl. [api-gapmektepai AavbiHaafaHga 6yn cvnaTtramanapabl
Mep3imiHeH BypbiH 3epTTey - YaKbIT NeH akKliaHbl yHemaeyre MymKiHaik 6epeai. ADME coHfbl 6ec
OHXbINAbIKTA  A3pinepai KacaraHAa MaHpI3gbl pen aTtkapaabl. AnmanapgbiH, ADME
cunattamanapbl SwissADME cepBepniepiHiH, kKemerimeH aHblKTanabl. ADME KOCbINbICTAapbIHbIH,
npodunbaepi GaranaHabl KaHe oNapAblH, Kenwiniri KocbiIMWa 3epTTeynep YWiH Kapamapl aen
caHangpl. In-silico ADMET Tangaybl Aspifnik vHKeHepua/ausaiH asipaeyae TMIMAI TaCin ekeHi
KepceTingi. HatuxkeciHoe 6apnbik Kocbinbictap ADMET 60/KamMbl YWIiH CblHaNfaH »aHe
OUTOXMMMANBIK KypamaacTapAblH, KONaiabl A3pinik MoneKkynanap ekeHairi KepceTinreH. akpiH
apaga apTypai aypynapabl emaeyaiH, wewimiH Taby ywiH 6i3aiH bIKTMMan QGUTOXMMUANBIK
KOCbINIbICTapbIMbI3BEH in Vitro sKaHe in vivo 3epTTeynepi xyprisinea;.

TyiiiH ce30ep: SwissADME, ChemDraw, in silico 6onxay, ADME-Tox, An3aiiH, MeauLMHa.
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Beb6-uHctpymeHT ADME gnsa aHanu3a Bbi6paHHbIX PUTOXMMUYECKUX
KOMMNOHEHTOB A6/10Ka: KOMN/IEKCHAaA MHTErpupoBaHHan OHNAAH-NAaTdopma
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AHHOTALMUA

CsovictBa ADME-Tox cneayeT yuuTbiBaTb Mpu pa3paboTKe/NpoM3BOACTBE HOBbIX JIEKAPCTS,
NMOCKO/IbKY OHW ABAAIOTCA OCHOBHOW MNPUYMHOW Heygay ANA MOJIeKyN-KaHaMaaTtos npwu
paspaboTke nekapcTs. MpexaeBpeMeHHOe U3yyeHue AaHHbIX XapaKTEPUCTUK AaeT BOMOMXKHOCTb
CIKOHOMUTb BPEMA U AeHbIM NPU CO34aHMM IeKapcTBeHHbIX npenapatos. ADME urpaet BaxHyto
ponb B mpouecce pa3paboTKM NeKapCcTB Ha MNPOTAMKEHUU MNOCNEAHUX MATU AECATUNETUN.
Xapaktepuctukn ADME s610K 6binv onpeaeneHbl ¢ Ucnonb3oBaHMem cepBepoB SwissADME.
Bbinn oueHeHbl npodunn ADME coeauHeHWI, U BGONBWKMHCTBO M3 HUX ObIIO COYTEHO
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noaxXoAAWMMKN ANS AaNbHENLWMX uccnenoBaHuii. bbino gokasaHo, yto aHanus In-silico ADMET
ABAAeTcA 3GPEKTMBHLIM NOAXOLOM NPU NPOU3BOACTBE/pa3paboTKe sieKapcTs. B pesysbTaTe BCex
coegyHeHunin 6blAn NPOTecTUpoBaHbl Ha npeackasaHne ADMET, M 6bl10 MoOKasaHo, 4TO
bdUTOXMMMYECKME COEOMHEHUA ABAAIOTCA MNPUEMNEMbIMU NEKAPCTBEHHLIMW MOAEKynamu. B
6amkaiiwem byaywem ByayT npoBeAeHbl AOMNONHUTE/bHbIE UCCNef0BaHMSA in vitro 1 in vivo ¢
Y4ETOM BO3MOXKHbIX QUTOXMMMUYECKUX COEAWMHEHMUN, 4YTOBbl HAWTW pelleHue ANA fedeHus
pasnunyHbIX 3abonesaHuii.

Kniouesvie cnoea: SwissADME, ChemDraw, in silico nporHosupoBaHue, ADME-Tox, Au3aitH,
meguumHa.
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ABSTRACT

The purpose of the study is to evaluate the effect of fibers on the bending strength of fine-
grained concrete samples. The results of experimental studies of polypropylene and basalt fibers
for dispersion reinforcement of concrete are considered. The strength characteristics of fiber
concrete of different compositions have been determined. The regularities of the influence of
fiber type and concentration on the strength characteristics of fiber concrete are revealed. The
results of determining the bending strength of fine-grained fiber concrete without adding fiber
(control composition) and with the addition of polypropylene fiber 0.1, 0.5, 1.5, 2.5% of the
weight of cement and basalt 0.05, 0.1, 0.2, 0.5% of the weight of cement are presented. It is
shown that the optimal limits of the introduction of polypropylene fiber in the mixture of fine-
grained concrete can be considered 0.5 % by weight of cement. The introduction of basalt fiber
in the mixture of fine-grained concrete in an amount of 0.1 % of the weight of cement can
increase the bending tensile strength.

Keywords: fiber concrete, polypropylene fiber, basalt fiber, strength.

Nurbayeva Marzhan Nurbaykyzy

Information about authors:
Ph.D. Student, Department of Technology of Industrial and Civil Construction, L.N. Gumilyov
Eurasian National University, 010000, Satbayeva Street 2, Nur-Sultan, Kazakhstan. Email:
marzhan_nurbaeva@mail.ru

Aruova Lyazat Boranbayevna

Dr. tech. sc., Professor of the Department of Technology of Industrial and Civil Construction, L.N.
Gumilyov Eurasian National University, 010000, Satbayeva Street 2, Nur-Sultan, Kazakhstan.
Email: ecoeducation@mail.ru

Lukpanov Rauan Ermagambetovich

Ph.D., Professor of the Department of Technology of Industrial and Civil Construction, L.N.
Gumilyov Eurasian National University, 010000, Satbayeva Street 2, Nur-Sultan, Kazakhstan.
Email: rauan_82@mail.ru

Vainberger Sergey Adamovich

Master, head of the testing laboratory of construction product of D. Serikbayev East Kazakhstan
Technical University, 070004, Protozanov Street 69, Ust-Kamenogorsk, Kazakhstan. Email:
Adamihuka@gmail.com

Gunasekaran Murali

Professor of the Division of Research & Innovation, Uttaranchal University, Dehradun 248007,
India. Email: murali_220984@yahoo.co.in

Introduction

One of the promising ways to increase the
performance characteristics of concrete and
mortars is considered the introduction of
microfiber in their formulation [[1], [2]]. The use of
this material makes it possible to increase the
strength of the cement stone, which provides
higher compressive and bending tensile strength, as
well as increases other characteristics of cement-
based construction materials.

It is recommended to use polypropylene fiber
in the technology of fiber concrete, plaster,
masonry and installation mortars, hydraulic and
cellular concrete to reduce the delamination of
mixtures, increasing water resistance, frost

resistance, corrosion resistance, impact strength,
abrasion resistance [[3], [4], [5]].

To produce fiber concrete with the best
characteristics it is necessary to achieve
technological compatibility of concrete-matrix and
fiber, maximum anchorage of fiber in concrete. It is
categorically not allowed to get lumps of fiber, it
must be very carefully mixed [6].

The undoubted advantages of fiber concrete
include its high performance characteristics.
Concrete with fiber in its composition is much
superior to conventional concrete in quality,
strength and durability. Products made of it
become resistant to abrasion and chemical attack,
are not deformed during operation and have high
tensile and breaking strength. The use of fiber as a
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reinforcing material can significantly reduce the
labor intensity of concrete products. Such
structures do not require additional reinforcement
by means of metal frames and meshes. This factor
significantly speeds up the construction process
and eliminates labor-intensive costs [[7], [8]].

Among the most promising types of polymer
fibers are polypropylene fibers. Polypropylene
fibers belong to the class of fibers of organic origin.
This type of fibers is characterized by low cost, low
elastic modulus, high elongation coefficient and
corrosion resistance [[9], [10], [11], [12]]. High
corrosion resistance allows the use of fibers under
the influence of acids and alkalis, which is especially
important for concrete, hardening of which is
activated by alkaline solutions [13]. Polypropylene
fibers are produced by continuous method from
pure polypropylene pellets by extrusion as well as
by drawing when heated. When the fibers reach a
certain temperature, an oiling compound is applied
to their surface. It is this composition that
promotes surface adhesion and dispersion of
polypropylene fibers in concrete mortar. Fibers
have the form of thin white polypropylene fibers of
different sizes, which is an inert substance,
resistant to alkalis and various chemicals [[14], [15],
[16]].

The use of basalt fiber leads to the creation of
the simplest aggregate formations, while
viscoplastic properties are changed, as evidenced
by the increase in the plastic strength of the
system. The fibers improve the microstructure,
reduce internal stresses and shrinkage of the
cement stone [[17], [18]]. The spindle-shaped
structure of basalt fiber chemisorptionally interacts
with the cement system, creating conditions for the
growth of newly formed Ilow-base calcium
hydrosilicates in the contact zone. The structure is
strengthened due to adhesion, or fusion of fiber
fibers with new formations of the curing material.

Basalt fiber is produced from basalt rock melts.
The advantages of basalt fiber for disperse
reinforcement are that along with high strength it
does not pull under load, has chemical, corrosion
and thermal resistance to the environment,
temperature fluctuations and intense alternating
loads, and also has a low cost. Basalt fiber (chopped
basalt thread) is pieces of basalt fiber and is an
effective reinforcing additive for various types of
concrete [[19], [20]]. Basalt rock fibers have high
natural initial strength, resistance to corrosive
medium, durability, electrical insulation properties,
and are produced from natural, environmentally
friendly raw materials [21]. Therefore, basalt fibers

have prospects of application in industry,
construction, power engineering.

Purpose of the study: evaluation of the effect of
fiber on the strength of standard concrete
specimens.

To achieve the goal the following tasks were
solved:

1. Preparation of samples;

2. Strength at bending;

3. Strength in compression;

4. Analysis of the results.

Experimental technique

For the experimental work as a binder used
Portland cement PC 400 DO without additive, true
density - 3100kg/m3, bulk density - 1100-1600
kg/m3.

As a fine fraction of the aggregate used natural
quartz sand with a fineness modulus of 2.23, which
meets the requirements of GOST 8736-2014 «Sand
for construction works».

Polypropylene and basalt fibers were selected
for testing the mechanical properties depending on
the degree of reinforcement of fine-grained fiber
concrete.

The quantitative ratio of fibers in the
composition of the samples was selected on the
basis of their density ratios:

P pol. _ X (1)

Pbaz.

ai...dn, b]_...bn

Thus we obtain the necessary amount of each
type of fiber by weight, corresponding to their
equal volume in the sample. The variability of the
concrete  mixture with the addition of
polypropylene fibers is characterized by the
following variables: aj...an - the limits of adding
polypropylene fibers to the concrete mixture.
Accordingly, for the concrete mixture with the
addition of basalt fiber, the variability of the
composition is characterized by the variables
b1...bn.

Polypropylene fiber was introduced into dry
mixture for fine-grained concrete in the amount of
0.1, 0.5, 1.5, 2.5% of the mass of cement, followed
by thorough mixing and mixing with water. From
equation (1) you can find ratio for basalt fiber: 0.05,
0.1, 0.2, 0.5% of cement mass. The chosen range of
fiber dosage corresponds to the requirements of
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regulatory documents and  manufacturer's
recommendations. The physical and mechanical
characteristics of the fibers are given in Table 1.

Table 1 - Characteristics of fibers

Properties Polypropylene Basalt
Density 620 3100
(kg/m?)

Length (mm) 10 12

Dia. (mkm) 22 18
Tensile 170 -260 3000-
strength 4840

(MPa)
Elongation to 150 - 250 3.1-6.0
break, %

Tap water as mixing water for concrete mix
that meets the requirements of GOST 23732-2011
«Water for concretes and mortars».

Tensile bending strength of concrete were
determined on specimens of bars 40x40x160 mm in
size at the age of 3, 7 and 28 days of normal curing.
The procedure of testing the bending strength of
concrete bars was carried out in accordance with

GOST 310.4-81 «Cements. Methods for
Determining the Flexural and Compressive
Strength».

Consumption of raw materials of cement-sand
mortar samples is presented in Table 2.

Table 2 - Cement mortar composition

Type of sample | Cement, | Quartz | Fiber, | Water,
g Sand, g g g

Type 1 450 1350 - 180

Reference

sample

Polypropylene

Type 2 450 1350 0.45 180.18

Type 3 450 1350 2.25 180.9

Type 4 450 1350 6.75 182.7

Type 5 450 1350 11.25 | 184.5

Bazalt

Type 6 450 1350 0.225 | 180.09

Type 7 450 1350 0.45 180.18

Type 8 450 1350 0.9 180.36

Type 9 450 1350 2.25 180.9

The effect of micro-reinforcing fibers on the
properties of fine-grained concrete with a cement
to aggregate ratio of 1:3 and a water-cement ratio
of 0.4 was investigated.

Mixtures were prepared manually in a mixing
bowl in accordance with GOST 310.3-76.
Preliminary prepared mixture of cement and sand
was mixed with water for 2 minutes, after which
fibers were evenly introduced into it for 4 minutes
under constant stirring. After preparation of the
mixture its consistency was determined by its melt
on the shaking table in accordance with the
method of GOST 310.4-81. There were investigated
compositions  with  the  consumption  of
polypropylene fiber 0.1, 0.5, 1.5, 2.5% and basalt
fiber 0.05, 0.1, 0.2, 0.5% of cement mass, as well as
control composition without additions, which were
curing for 28 days in air-humid conditions.

Tap water as mixing water for concrete mix
that meets the requirements of GOST 23732-2011
«Water for concretes and mortars».

Figure 2 — After completing the test

Tests were conducted at 3, 7 and 28 days of
normal curing on an Automatic Pilot 500kN press
(Figure 1-2).

After testing by destructive method, samples
were inspected to visually assess the uniformity of

— 3y ——
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the distribution of fiber concrete along the shear
fracture of the beam (Figure 3-4).

Figure 3 — Samples, after completion of the test.
Side view.
a —reference sample; b - reinforced with fiber.

b

Figure 4 — Samples, after completion of the test.
Top view.
a - reference sample; b - reinforced with fiber.

Results and Discussion

Figure 5 shows the results of the reference
sample (without the addition of fiber) in bending at
the age of 3, 7 and 28 days of normal curing.

Figures 6-9 show the results of determining the
bending strength of fine-grained fiber concrete
with the addition of polypropylene fiber 0.1, 0.5,
1.5, 2.5% of the weight of the cement.

e
,/ = Data

Strength, MPa
o = N W R U v~ 0 DO
1 1

| points ||
n D 91 == Average
- B a
[ 148
0 10 20 30

Age of the concrete, days

Figure 5 — Reference sample, Fiber content 0%

14

|
1

20 1
s |
£
E‘E T B Data
] .
34 1 points | |
m 413 =)= \verage
2 14— -
2.65
0
0 10 20 30

Age of the concrete, days

Figure 6 — Polypropylene Fiber content 0.1%

18
16 ?.I_
14 "
2 -
E'U 1 = Data |
%3 points |
EG == Average f—
4 ||
2
0
0 10 20 30
Age of the concrete, days

Figure 7 — Polvpropvlene Fiber content 0.5%




Complex Use of Mineral Resources 2023; 326(3): 32-40

ISSN-L 2616-6445, ISSN 2224-5243

18

14,92
=

Data
):r 7.98 points
/ =l A\verage

w
tn
U

o n o SuengthMRa .
\\

0 10 20 30
Age of the concrete, days

Figure 8 — Polypropylene Fiber content 1.5%

14
13.22
12
@0 /
s
i
-Eu /F( 7.21
a0 . Data
g points
04 +— == Average
2 348
0
0 10 20 30
Age of the concrete, days

Figure 9 — Polypropylene Fiber content 2.5%

The test results show a positive trend in the
dependence of the bending strength on the dosage
of polypropylene fiber. According to Figure 6, an
increase of 46.5 % in bending strength on 28 days is
already observed with the addition of 0.1 % fiber
volume compared to the reference sample (Figure
5).

Analysis of the data shows that with the
introduction of 0.5% (Figure 7) polypropylene
fibers, the ultimate tensile strength of concrete at
flexure is in the range 16.33 MPa, and for the
reference type 7.32 MPa, that is, this index is 2
times higher than for the reference sample (Figure
5).

A further increase in polvoroovlene fiber
content of 1.5 and 2.5% in fine-grained fiber
concrete leads to a gradual decrease in bending
strength (Figure 8-9).

Figures 10-13 show the diagram of changes in
bending strength with the addition of basalt fiber
0.05, 0.1, 0.2, 0.5% of the weight of cement as a
function of curing time.
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Figure 12 — Basalt Fiber content 0.2%
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Figure 13 — Basalt Fiber content 0.5%

The introduction of basalt fiber in the concrete
mix contributes to an increase in the compressive
strength, tensile strength at bending by 5-14%, 24-
39% respectively [[22], [23], [24]].

Figure 9 shows that the addition of basalt fiber
in an amount of 0.05% bending strength of
concrete increases slightly compared to the
reference composition.

The most significant increase was observed
with the introduction of basalt fiber in an amount
of 0.1% (Figure 11) of the bending strength of
concrete - an increase of almost 2 times compared
with the reference composition.

The 0.2% content of basalt fiber in the concrete
also increases the bending strength, but compared
with the addition of basalt fiber at 0.1% there is a
slight decrease of about 3% (Figure 12).

Figure 14 shows comparative bending tensile
results with and without the addition of fibers.

18
16 x—\
14 / “‘\ﬁ%—o
(1]
o 12 x
s %7
_E-;lo
< 8
& 6 1 —0—Polypropelene Strengthof
P reference sample
o || »—sasant 7.32 MPa
O+ ——Referenced ) '
1 sample 3 4
Corresponding types

Figure 14 — Comparison of the results of the reference
sample with the addition of polypropylene and basalt
fiber

The introduction of basalt fiber in the amount
of 0.5% also increases the bending strength of
concrete, but there is a decline of 28% compared
with the addition of fiber 0.1% of the weight of
cement (Figure 13).

Figure 14 shows that the bending tensile
strength with the addition of various fibers is a
slightly higher than that without the addition. The
addition of fibers in  optimal amounts
(polypropylene fibers 0.5% and basalt fibers 0.1%)
has the most effective effect to increase the
bending tensile strength of concrete.

With the addition of polypropylene and
basalt fibers the crack resistance of concrete can be
increased. Based on studies, the introduction of
fiber in the mixture of fine-grained concrete
reduces water separation, as well as increases
resistance to cracking and impact [25].

If you visually compare two samples (a -
reference sample, b - sample reinforced with fibers)
on Figure 4-5, you can see that the reference
sample, without fibers, after the load broke into
two separate parts, the sample with polypropylene
fibers on its surface has no cracks, on the side there
are minor cracks. This means that the addition of
fibers not only increases the strength of concrete
samples, but also increases crack resistance. In
general, visual inspection of the samples, after their
destruction showed that the distribution of fibers is
quite homogeneous. Throughout the cut (fracture)
area, elements of fibers were observed.

Conclusions

Accordingly, the addition of polypropylene fiber
in an amount of 0.5% of the weight of cement in
the concrete mixture of fine-grained concrete
allows increasing the flexural strength by 2 times
more as compared with the reference composition.
This consumption is optimal for the bending tensile
strength, as a further increase in the consumption
of polypropylene fiber leads to a decrease in the
bending tensile strength.

The content of basalt fiber in the concrete
mixture of fine-grained concrete in an amount of
0.1% of the weight of cement can increase the
bending tensile strength by an average of 40%.
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AHHOTAUUA

MpoBeaeHbl UcnbiTaHMA 06pasLoB GUbpobeToHa ¢ pasnnyHbIMK TUNamu Gubpbl. PaccmoTpeHbl
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nonunponuaeHosoi Gubpbl B CMeCb MeIKO3epHUCTOro 6eToHa moryT cumntatbes 0.5 % oT macchbl
LuemeHTa. BBeseHve B 6GeTOHHYIO CMecb MesnKo3epHUcToro 6etoHa 6asanbtoBoi GMbBPbLI B
konunyectse 0,1-0,2% OT macchbl LLemMeHTa NO3BONAET NOBbICUTb NPOYHOCTb HA PaCTAXEHWEe nNpu
nsrube.
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ABSTRACT

This paper introduces the new technology of road construction pavement Superpave. From the
beginning of the technology, the method of calculation of road pavement temperature has been
taken as an example on the Shymkent city road in Kazakhstan. The material calculation for high
quality was conducted with the new climate data of the exact city. A new methodological approach
will determine the most accurate selection of bitumen binder grades using a specifically developed
PG Grade calculation based on the meteorological data for the period from 2000 to 2020 (20 years)
for the specific city. This will be intended to establish requirements for bitumen binders testing by
the traditional method for both original and modified bitumen, such as penetration, softening point,
and flash and fire point tests, taking into account the climatic characteristics of the republic. Today,
have to be accounted that the most common bitumen binder is a 70-100 penetration rating, which
means that quite incorrect to use at the highest temperature in Shymkent at +41.3°C and with the
lowest temperature at -17.8°C. The results will help to decide on the use of polymer modification of
binders, taking into account the design temperatures and operating conditions of asphalt concrete
surfaces.

Keywords: bitumen grade, bitumen binder, Superpave, PG Grade calculations, Penetration grading,
softening point, flash point.
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Introduction

Over the last few years, traffic on the roads of
Kazakhstan and the world as a whole has increased
significantly. At the same time, the number of vehicles
and the traffic load on the roadway has increased, but
with this load, road construction technologies
themselves are growing much more slowly than
necessary. To solve this problem, the government has
decided to commission new roads and repair old ones.
According to the road projects being implemented
under the state programme "Nurly Zhol", almost
all roads built will be provided with both asphalt and
cement surfacing. Since the territory of Kazakhstan is

subject to a sharply continental climate and the design
of the pavement design must take into account for the
climatic conditions of the construction area and the
appropriate pavement material [[1], [2]].

As road maintenance practice shows, the durability
of asphalt pavement is determined by its high
plasticity, adhesion, and low-temperature properties
as well as by its resistance to thermal oxidation aging.

Compared to closely related cement concrete
pavements, they are also characterized by high
evenness, good wheel grip, and the absence of
expansion joints. All this ensures that not only
individual vehicles but also all traffic can travel at the
specified speed of up to 150 km/h and more [3].
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For its part, the advantages of such pavements
include dustlessness and quietness in vehicular traffic,
low wear and tear (up to 1 mm per year), and easy
maintenance and repair, although there are
disadvantages such as increased slipperiness when wet
and often short service life due to wave formation,
shear due to lack of strength or excessive plasticity,
cracking due to excessive brittleness and flaking due to
insufficient water resistance. Considering the financial
part, which is always perceived as a stimulus to
domestic demand for the realization of economic
growth, stable development of regions, and urban and
rural settlements, the country still needs to carry out
further scientific research.

The purpose of the review information is to
provide a theoretical basis for an introduction to the
scientific and technical developments regarding the
improvement of pavement quality in Kazakhstan that
has recently been published in the open press.

According to the World Economic Forum's 2017
Global Competitiveness Index, Kazakhstan ranked
115th out of 137 countries in terms of road
infrastructure, between Russia and Zimbabwe.
According to the information Kazakhstan needs this
methodology [4].

Currently, according to the Road Committee of the
MTC RK, the total length of Kazakhstan's roads is
around 148,000 km, of which more than 93,000 km are
public roads, divided into 23,495 km of national roads
(including 12,992 km of international roads) and
70,116 km of local roads [4]. This indicates that most of
the pavement is asphalt concrete, with the above-
mentioned range of benefits, and needs to be
improved in order to operate for a long period of time.
For this purpose, our scientists such as B.B. Teltaev,
E.D. Amirbayev, K.D. Sakanov, B.A. Asmatulaev, B.S.
Murtazin etc. are engaged in research on the use of
various new materials in construction. For the optimal
solution in 2014, they stopped at the material warm
asphalt concrete, which significantly reduces energy
consumption, and gas emissions into the atmosphere
and helps to prolong the construction season for high-
performance asphalt concrete surface, also reminded
to test polymeric additives in asphalt concrete that
improve the properties of bitumen and bituminous
emulsions.

The materials used for road construction must also
be differentiated according to the characteristics of
each road - both in terms of operating conditions and
pavement design. For example, some roads are
predominantly used by passenger cars, others by large
vehicles. On some roads, the volume of traffic rarely
changes throughout the year, in others, it depends on

seasonal activities such as harvesting and transporting
crops from agricultural enterprises [[5], [6], [7]]. For
this reason, for each specific road, road builders
develop individual asphalt mixes.

To ensure high-quality asphalt mixtures for
highways, to make the best possible use of the effort
and money invested in their construction - helps the
US- Superpave methodology for creating best-
performing asphalt pavements [8].

This methodology addresses problems such as
classical deformation as well as resistance to fatigue
and low-temperature cracking in Figures 1 and 2 [9].
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Figure 2 - Fatigue and low-temperature cracking

The Superpave system incorporates 3 interrelated
components, successively updating the AASHTO and
ASTM regulatory framework:

- SHARP - specifications and test methods for
bitumen;

- Superpave - specifications and methods for the
design of asphalt mixtures with mandatory
determination of the pore characteristics of asphalt
concrete samples at the different compaction stages;

- Test methods and a system for analyzing the
rheological properties of asphalt concrete, focusing on
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the use of mathematical models of performance and
computer software [10].

1. The specifications for bitumen binders and
the corresponding rheological test methods are the
most complete part of the implemented research
programme. Not only the standard test methods have
changed dramatically, but also the approach to the
standardization of quality indicators of bitumen
binders for asphalt mixtures. It is customary to
characterize a bitumen binder grade by a temperature
performance interval (PG Grade) which corresponds to
the minimum and maximum design temperatures of
the asphalt pavement in the construction region in
question [11].

Experimental technique

Calculation of the pavement temperature. PG
grade bitumen binder is determined on the basis of
climate change for the last 20 years counting every 7-
day average maximum design temperature (instead of
the softening point temperature with ring and ball) and
the minimum design temperature (instead of the Fraas
embrittlement  temperature). The  maximum
temperature which describes the heat resistance of
bitumen binder can take values with a graduation of
6°C in the range from plus 46°C to plus 82°C. The
minimum temperature for the low temperature
properties of bitumen can take values in the range
from minus 10 °C to minus 46 °C with the same
gradation of 6°C. When selecting a binder grade, the
requirements for deformability and viscoelastic
properties remain unchanged, but the temperature
range in which these requirements have to be fulfilled
changes [[12], [13], [14], [15]].

Thus, when designing asphalt concrete mixtures,
the bitumen binder grade is selected based on the
climatic conditions and the purpose of the asphalt
concrete pavement. With respect to the working
temperature range for the 4 climatic zones of the USA,
the following binder grades were taken as the basic
ones: PG 52-28, PG 58-22, PG 58-16 and PG 64-10 [16].

The higher reliability indicated in the figure of 97.5
% means a correspondingly lower risk of selecting an
unsatisfactory binder grade. In order to increase the
reliability of selecting a satisfactory bitumen grade for
the region in question from 50 % to 98 % it is necessary
to reduce the low design pavement temperature by 6
°C and to increase the maximum design temperature
by 4 °C. The assumptions that remain unchanged are
the meteorological data recorded at the nearest
weather station in previous years over a period of at
least 20 years [17].

Distribution of design pavement temperatures

AV

AV

Normal distribution

-306 =20 -G +0 +20 +30

-16.4 % +38.7

-22.9 « > +42.14

97.5%
Figure 3 - Example of determining design pavement
temperatures for selecting bitumen binder grades (AV-
average temperature, o- standard deviation)

To reduce the risk of plastic deformation in asphalt
pavements in case of increased traffic loads as well as
in braking areas, it is recommended to use bituminous
binders of a higher heat-resistance grade.

Conventional Bitumen Test. Penetration, Ring and
Ball Softening Point, Flash and Fire Point tests were
used in order to investigate base bitumen and PMB
respectively. A standardized needle with a weight of
one hundred grams is used in the penetration test. The
needle is given five seconds to make its way through
the material while the load is being measured. The
penetration of the needle into the substance being
tested may be determined by the depth of penetration,
which is represented in units of 1/10 millimeter.
According to ASTM standard D5-13, the penetration
grade of the bitumen that was tested is determined by
the measurement taken at 25°C.

According to ASTM: D36-12, SP test method
consists of determining the temperature at which
bitumen, poured and cooled inside rings of given
dimensions, under test conditions softens and, moving
under the weight of a steel ball, touches the bottom
plate.

As the temperature at which a steel ball lying on a
bitumen film causes a deformation of 25,4 mm on
bitumen.

The bitumen Flash and Fire Point tests provided by
AASHTO Designation: T 48-06 or ASTM Designation: D
92-05a. The present test method consists of heating a
sample of bitumen in an open cup at a prescribed rate
until bitumen vapours flash over the surface of the cup
from an ignition device.

Research Results and Discussion

Calculation of the pavement temperature. The city
of Shymkent was considered as an example. Initially,
the estimated air temperature at a certain reliability is
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found. Data from the nearest weather station is
processed (Figure 3) The average shade air
temperature for the 7 consecutive hottest days of the
year over a 20-year period is 38.7°C. There is a 50%
probability that it will either be higher or lower than
38.7°C in any given year. It would not be correct to
assume an estimated summer temperature of 38.7°C
because, for example, with a lifetime of 14 years there
will be approximately 7 hotter years. Therefore, taking
its probability distribution as normal data for 20 years,
we find that the standard deviation of the air
temperature of the hottest week in a given year is
1.71°C. Using the probability integral table, we find
that a two-fold standard deviation corresponds to a
reliability of 0.9772, i.e. approximately 98%. Then the
calculated summer air temperature will be (38.7°C
+2°C*1.71)= 42.14°C with a 98% reliability. This means
that there may be a hotter summer about once every
50 years.

Similarly, we process observational data from the
same weather station on the minimum daily winter
temperatures, but here its variation is characterized by
a standard deviation of 3.25°C for a reliability of 98%.
Thus, the low temperature is (-16.4°C-3.25°C*2)=-
22.9°C. (Fig. 3)

Based on these air temperatures, it is possible to
find the calculated pavement temperatures. Then the
calculated summer temperature in the pavement at a
depth of 2 cm from the surface is expressed by the
formula:

Toomm = 0.9545 (T, — 0.00618Lat? + 0.2289Lat +
42.2) —17.78 (1)

where, T, — air temperature in shade, °C;
Lat —northern latitude in degrees, with solar radiation
absorption coefficient  0.9; solar  radiation
transmittance coefficient 0.81; atmospheric radiation
0.7 and wind speed 4.5 m/s taken into account when
deriving this formula.

Lat — 42.18 degrees north latitude of Shymkent
and our found summer air temperature of 42.14°C, we
obtain the calculated temperature of pavement in
summer Ty0mm = 61,44°C.

Taking the estimated winter temperature as the
same as the air temperature creates an excessive
reserve, according to Canadian researchers, and they
have proposed a formula

Timin = 0.856T,;,- + 1.7 (2)
By substituting it with the calculated minimum
one-day air temperature of minus 22.9°C, we obtain

the calculated winter cover temperature T,,;, =-
17.9°C.

According to Table 1 in 6°C increments we mark

the binder, i.e. in our example we have to choose
instead of 61.44°C the nearest high temperature grade
PG 64 and low temperature grade PG -22, i.e. for
conditions of Shymkent city the binder grade PG 64-22.
It turns out that in both cases the reliability is more
than 99% as "rounding off" in 6°C increments gave an
additional margin. In view of this, however, our design
air temperatures must be revised by reducing the
required reliability and the design reliability of the
resulting binder grade must be checked after the
design  pavement temperatures have been
determined. As a rule, when the absolute difference
between high and low design pavement temperatures
is greater than 90°C, a polymer-bitumen binder must
be used instead of bitumen.
Thus, the pavement temperature has to be calculated
for each region separately, taking into account the
individual climatic conditions. This is because,
according to studies, temperatures have changed
considerably over the last 10-20 years. In fact, all the
media are reporting on the negative effects of its rise
on society.

In our example of PG 64-22 this difference is (64-(-
22))=86 and you can probably get by without modifying
the polymer. But for PG 58-34, for example, it would be
(58-(-34))=92, and the binder would probably cost
about twice as much. According to Figure 4, which is
taken from the Kazakhstan Highway Research Institute
recommendation document, 80% of the republic needs
a modification to bitumen which is up to 90. After
recalculating the data, the percentage of regional
modification bitumen might change, because there are
differences in Shymkent city between our calculation
with new weather data PG 64-22 and their calculation
with 40 years past data PG 64-28 (purple region).

For each bitumen, the requirements for climatic
operating conditions are determined, i.e. for resistance
to rutting, fatigue failure, and low-temperature
cracking at design operating temperatures.

Before testing, the binder is first subjected to
artificial thin-film aging in an RTFO oven to simulate the
short-term aging process during asphalt mix
preparation, transportation and road laying and then
to a high temperature and pressure (PAV) chamber to
simulate the long-term oxidative aging process under
years of pavement use. The dynamic shear rheometer
test is then used to calculate the resistance to
permanent deformation accumulation (rutting) and
flexural fatigue of the pavement. It isintended to
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determine a complex shear modulus G* and phase
angle & of bituminous binders at design pavement
temperatures. The tests are carried out according to
the standard [[18], [19], [20]].

It can be seen from table 1 that the lowest
temperature is minus 46°C and the highest is 82°C. In
fact, in the northern states, the cover temperature can
drop to minus 46°C, but there is no state where the
average 7-day summer cover temperature reaches
82°C. It usually does not exceed 70°C.

The point is that the grade of PG 64-22 indicates its
suitability for 64°C summer design temperature and for
winter design temperature of minus 22°C in fast-
moving traffic (over 70km/h) of average intensity (up
to 10 million axle passes with a design load of 80kN
during the service life of the binder). But for sections
with slow traffic (for example, for taxiways of airfields

Table 1 - Binder grades according to operating conditions (PG)

or for intersections), where the average speed is
concluded within the limits of 20-70 km/h or for
sections, where the number of passes during design
load on one lane of roadway exceeds 10 million axles,
it is recommended to choose the binder one grade (by
6°C) "hotter", i.e. in our example for Shymkent PG 70-

22.

recommended that a two grades hotter binder is
selected, i.e. PG 76-22.

For very slow traffic areas where the average speed
does not exceed 20 km/h, two grades hotter, i.e. also
PG 76-22, are selected. Therefore, an area with a
realistic design summer pavement temperature of
70°C may require a maximum grade shift of 12°C,
which is accounted for in the table by the introduction
of PG 82 [[21],[22],[23],[24],[25]].

If these conditions are combined, it is

High temperature Low temperature grades, 0C
grades, °C
PG 46 -34 -40 -46
PG 52 -10 -16 -22 -28 -34 -40 -46
PG 58 -16 -22 -28 -34 -40
PG 64 -10 -16 -22 -28 -34 -40
PG 70 -10 -16 -22 -28 -34 -40
PG 76 -10 -16 -22 -28 -34
PG 82 -10 -16 -22 -28 -34
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Conventional Bitumen Tests Results. In the study
that was done on the qualities of base bitumen and
PMB, the findings showed that using a polymer
composition led to a considerable improvement in
most of the indicators. This was discovered via the
examination of those data. In particular, the needle's
ability to penetrate bitumen at a depth of 25 °C is
lowered by 14.3 millimeters. The temperature at
Softening point test begins to soften and rises from 49
degrees Celsius to 60.4 degrees Celsius, which lessens
the propensity of bitumen to distort. The Flash Point
temperature also increased for 12 degrees. All tests
results given in following graphs.
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Figure 5 - Conventional Bitumen Tests Results

Figure 5 shows the results of penetration and
softening point tests performed on bitumen. As can be
seen in Figure 5, the penetration tended to decline to

add any kind of polymer, here the Butonal NS was used
as a polymer. With the addition of polymers, the
bitumen's softening point increased, corroborating the
penetration test results. These findings suggest that
adding polymers to bitumen increases bitumen
hardness significantly. However, because the bitumen
gets harder following alteration, this is accompanied by
a reduction in elastic recovery. Polymers, on the other
hand, had an impact on bitumen's elastic
characteristics, with the percentage of elastic recovery
increases, the Butonal NS works well in increasing the
recovery process between 85-95%. In terms of flash
point testing, both the basic and polymer-modified
bitumen samples were found to have values that were
higher than the specified minimum of 220 2C, on the
other hand, there was still an increase with adding
polymer.

Conclusions

Thus, in order to develop requirements for
bitumen binder and asphalt concrete taking into
account climatic features of the republic, as well as to
make a decision on the use of polymer-bitumen
binders and asphalt concrete on their basis taking into
account design temperatures: its temperature in
winter and summer, design traffic intensity and traffic
flow rate of asphalt concrete surface calculations at 20
mm depth was studied. Furthermore, for the 64°C
pavement temperature of Shymkent city, just with
traditional ways of testing bitumen it was obvious that
base bitumen characterizes wouldn’t work properly,
and could not resist to road loads without adding
polymer.

In Kazakhstan, in 2013 the Kazakhstan Highway
Research Institute (KazdorNll) developed a
recommendation which is called "Rezoning of
Kazakhstan Territory by Design Temperatures for
Asphalt Concrete Pavements". However, the
information in this report is based on climate change
between 1987-2006, i.e. it is not considered suitable
for the preparation of asphalt concrete at present. The
data needs to be recalculated using climate change
data for the last 20 years to determine the composition
of high-strength asphalt concrete pavements.
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*ofapbl ceHimai achanbT6eTOH KocnacbiH 33ipaeyaiH 03blK, 34iCi

!Kocnapmakosa C.A., LlawnaHx ¥.A., 2TNonep M.

1/1.H. ymunee amoiHOarsl Eypasusa yammeolk yHusepcumemi, Hyp-Cyamax, KazakcmaH
2 Tasy-LUbireic TexHUKanbIK yHusepcumemi, AHkapa, TypKus

TYAIHAEME

Byn makanaga Superpave on Tecemaepi KypblIbICbIHbIH, KaHa TEXHOMOTUACHI YCbIHbIIAAbI.
TexHonOrUAHbIH, 6HacbiHaH 6actan Kon TecemiHiH TemnepaTypacblH ecentey agicTemeci
KenTipineni »kaHe mbican peTiHae KasakcTaHaarbl LLIbIMKEHT KanacblHbIH, }K01bl anblHaAbl. *KoFapbl
cananbl MaTepuanabl ecentey HaKTbl OCbl KanaHblH, aHa KAMMATTbIK AepeKTepiMeH Kyprisingi.
*KaHa agjicHamanbIK Tacin HaKTbl Kana ywiH 2000 xbingaH 2020 Kbinfa genidri kesenaeri (20 »Kbin)
MEeTEeOoPONOrUANbIK AepeKTepre Heri3aenin apHaiibl a3ipaeHreH PG 6afacbiHbIH ecebiH naiaanaHa
OTbIpbIn, 6UTYM 6aliNaHbICTLIPFbIL COPTTapbiH HEFYP/AbIM 43N TaHAan aHblKTanabl. byn

Makana kengj: 10 KeipKyliek 2022 pecnybnvKaHbIH,  KAMMATTbIK  epeKWenikTepiH  eckepe  OTbIpbIN,  €Hyre,  XymcapTy
CapantamagaH eTTi: 14 KasaH 2022 TemnepaTtypacbiHa, TyTaHy TemnepaTypacbiHa  CbIHAaKTap  CWAKTbl  BacTankbl  ’KaHe
Kabblnganabl: 28 kapawa 2022 moamnduKaumanaHFaH GUTyMFa ASCTypAi aaicneH 6uTymabl 6alinaHbICTbIPFbIlUTAPAbl CbiHAYFa

KOWbINaTbIH TananTapabl 6enrineyre 6afbiTTanatbliH 60nagpl. ByriHri TaH4a eH Ken TapanfaH 6utym
TYyTKbIpbl 70-100 neHeTpauua AOdpeXKeciHe Me eKeHiH, AFHW OHbl LLbIMKeHTTeri eH, ofapbl
Temnepatypacbl +41,3°C aHe eH, TeMeHri TemnepaTtypacsbl -17,8°C 60/bIn TypFaHAa naiiganaHyFa
601MalTbIHbIH ecKepy KaxeT. HaTuxkenep achanstbeToHAbl 6eTTepAiH ecenTik TemnepaTypanapsbl
MEH KYMbIC ’KaffalinapblH eckepe OTbipbiN, 6alNaHbICTbIPFLIW  3aTTAapAblH,  NoAMmepni
MoAMbUKALMACHIH KOAAAHY Typasbl WeLim Kabbligayfa KemeKkTteceaj

TyiiiH ce3dep: 6UTYM MapKacbl, 6UTym BainaHbicTbIpFbilw, Superpave, PG Grade ecenteynepi, eHy
[9pexKeci, }KymcapTy TemnepaTtypachl, TyTaHy TemnepaTypachl.

Aesmopnap mypansl aknapam:

PhD dokmopaHmebl, «OHEepPKacinmiK ¥ aHe a3amammelK KypblabiC MEXHO02UACLI» Kageopacsi,

Kocnapmakoea Caman AxmemasviegHa | )
J1.H. Tymunee ameiHOarbl Eypasus yammeiK yHusepcumemi, Hyp-CyamaH, KasakcmaH. Email:

smartsam0509@gmail.com

T.F.0, «OHepKacinmik XMaHe a3aMammolK  KypblabiC MexHOA02UAChI»  KaghedpacbiHbIH
LWawnaH onamaH AmaHzenduesuy npogpeccopel, JLH. [ymunes ameiHOarbl  EYY, Hyp-CyamaH, Kaszakcmad. Email:
zholamanalmatykz@gmail.com

T.F.0., npogpeccop Tasy-LUbireic TexHUKanblK yHusepcumemi, AHkapa, TypKus

lonep Mypam
P Myp E-mail: gmurat@metu.edu.tr
~ ~
YcoBepLueHCTBOBaHHbIN MeToA, Pa3paboTKM BbICOKOHAAEeXKHOM
~
acdanbTo6eTOHHOU Cmecu
'Kocnapmakosa C.A., 'LawnaH X.A., 2Monep M.
1 Espasulickuli HayuoHanbHell yHusepcumem um. /1.H. lymunesa, Hyp-Cynman, Kazaxcmat
2 bauxcHesocmoyHbIl TexHuuyeckuli yHusepcumem, AHkapa, Typyus
AHHOTALMUA
B paHHoOM cTaTbe NpeacTaBieHa HOBasA TEXHONOMMA CTPOUTENIbCTBA AOPOXKHbIX NOKPbLITUI Superpave.
C camoro Ha4ana NPMMeEHEHUA TEXHONOTUKN, MEeTOoA, pacyeTa TemnepaTypbl JAOPOXKHOIO NOKPbITUA
6bIn B3AT B KayecTBe npvmepa Ha gopore ropoaa LbimkeHT B KasaxctaHe. PacyeT matepuana Ha
Moctynuna: 10 cemabpa 2022 BbICOKOE Ka4yecTBo 6bl1 NpoBeAeH C YY4ETOM HOBbIX KIMMATUYECKMX AaHHbIX UMEHHO 3TOro ropoAa.
PeueHsnposaHue: 14 okmabpsa 2022 HoBbIt MeToaoNOrMYecKUit Noaxos MNO3BO/IUT onpeaenuTb Hanbonee TOYHbIN BbIGOpP MapoK
MpuHATa B neyatb: 28 Hosb6pa 2022 BUTYMHOTO BSXKYLLEro C MOMOLBIO CneumanbHo paspaboTaHHoro pacyeta PG Grade Ha ocHoBe

METE0oPOIorMYeckmx AaHHbIX 3a nepuog, ¢ 2000 no 2020 rog, (20 neT) ANA KOHKPETHOro ropoaa. 1o
6yAeT HanpaBneHO HA YCTaHOBNAEHWE TPeBOBaHUW K UCMbITAaHUAM OUTYMHBIX  BANKYLLMUX
TPAAWLMOHHBIM METOAO0M KaK ANA OPUTMHANBHOIO, TaK U AN MOAUOULMPOBAHHOIO BUTYMA, TaKMUX
KaK UCMbITaHMA Ha NEHeTPaLMIo, TeMNepaTypy PasmardeHuns, BCMbIWKY U TemnepaTypy BO3ropaHus,
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C YY4eTOM K/AMMATUYECKMX OcobeHHoCTel pecnybaMKu. Ha cerogHAWHWMA [AeHb NpUXoauTca
Y4MTbIBATb, YTO CAMOE PAcNpPOCTPaHEHHOE BUTYMHOE BAXKYLLLEE UMEET cTeneHb neHeTpaummn 70-100,
a 9TO O3HAYaeT, YTO COBEPLUEHHO HEKOPPEKTHO MCMONb30BaTh €ro NPU CaMoii BbICOKOM TemnepaType
B LbimKeHTe +41,3°C 1 npu camoi HU3KoM TemnepaType -17,8°C. Mony4eHHble pesyibTaTbl NOMOryT
NPUHATL pelleHne O NMPUMEHEHUU NONUMEPHOW MOAMDUKALIMM BANKYLIMX C YHETOM pacyeTHbIX
TEMNEPATYpP M YCNOBUIA SKCNIyaTaLmm achanbTOBETOHHbIX MOKPbLITUI

Knrodeebie cnoea: mapka 6utyma, 6UTYMHOE BAXKyLlee, Superpave, pacyeTbl Mapku PG, rpagaums
NeHeTpauuu, TemnepaTtypa pasmardeHus, TemnepaTypa BCrbiLKK.
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ABSTRACT

On the basis of the generalization of experience in the development of multilayer high-viscosity
fields X the influence of waterflooding in the late stage on the oil recovery factor of productive
formations has been studied. By applying statistical methods of data processing the dependence
of the oil recovery factor on the reservoir flushing factor, with a sufficiently high correlation
coefficient, has been obtained. The dependence obtained confirms the theoretical basis of oil
recovery from productive formations developed with waterflooding and can be used when
designing the process on similar objects. In many oil-producing regions of the world, the
tendency of deteriorating quality of the resource base and incomplete replenishment of oil
production by the growth of their reserves due to the discovery of new fields is observed. At the
same time, the costs of prospecting and exploration works are increasing, and geological,
andphysical conditions and specific reserves per each discovered field are worsening.

Keywords: Field, deposit, development, flooding, flushing, extraction, compensation, selection.
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Introduction

As a result, an increasing number of fields are
prepared for the development of a limited number
of prospecting and exploratory wells, there is a
problem associated with the lack of basic geological
and field data for the reliable calculation of

hydrocarbon reserves and addressing issues of a
rational and profitable development of these
objects. It is necessary to note, that now a number
of these fields are developed by single exploration
wells, and the overwhelming part of them is
mothballed and commercially developed.
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There is an urgent need to solve the issues of
the effective development of these objects,
including waterflooding since this method is the
most widespread method of increasing the oil
recovery factor due to relative ease of
implementation and availability of water.

To solve these problems in practice, various
methods of forecasting development indicators are
used, which are conventionally divided into the
following two groups:

1. Personal experience of the specialist and
intuition.

2. The method of analogy.

3. empirical methods based on data correlation.

4. Waterflood and depletion curves.

5. Analytical mathematical models.

6. Numerical mathematical models.

Numerical mathematical models are the most
modern, they allow taking into account known
physical processes, heterogeneity of formation
properties and complexity of structure, arbitrary
well operation and their irregular arrangement, etc.
At the same time, numerical mathematical models
require a large quantity of quality input data, a high
qualification of a specialist, and a lot of working
time. Therefore, when analyzing and predicting the
development, the need arises to use empirical
dependencies and various waterflood curves,
obtained on the basis of the generalization of
geological and field data of long-developed fields.

For instance, this approach was used for
substantiation of optimal compensation by the
surrounding production wells and reduction of risk
of water breakthrough by injecting wells through
highly permeable reservoirs.

The waterflood curves are used to evaluate the
influence of injected water volumes on the
technological performance of wells. All the
constructions and conclusions are based on the
compensation of withdrawals by injection for each
producing well.

In papers [[1], [2], [3], [4], [5]], the
dependencies obtained as a result of the
generalization of the experience of oil field

development in the Timan-Pechora province of the
Russian  Federation are used to predict
development indicators and the correctness of
calculation results based on hydrodynamic models.

The results of the generalization show that one
should not expect unambiguous answers from
experts about flooding efficiency due to the

diversity of mining and geological conditions of
each oil-bearing region of the world, as well as
geological and physical features and technological
solutions implemented at specific sites. Despite this
and considerable progress in the direction of
providing a theoretical basis for the development of
oil fields, the results of analysis, generalization, and
comprehension of the accumulated experience do
not lose their importance.

In this connection, let wus consider a
generalization of reservoir flushing factor (RFF) and
oil recovery factor (ORF) dependence on the
example of long-developed deposits of high-
viscosity field X, represented by terrigenous
reservoirs.

Research Materials

The geological structure of the X field and the
features of their development are considered in
many works. A more detailed description of the
parameters of geological and physical conditions
and the realized systems of development are given
in works [[6], [7], [8]]. However, the authors of this
study found it necessary to give a brief description
of the geological and physical conditions and the
implemented systems of development of field X,
which is as follows.

Neogene, Paleogene, Mesozoic (Cretaceous,
Jurassic), and Paleozoic sediments are involved in
the structure of the X field area. The total thickness
of the sedimentary cover in the central parts of the
depression is more than 10.0 - 12.0 * 103 m. in the
apparatus - 2.5 - 4.0 * 10% and more [[9], [10]].

A characteristic feature of the distribution of
hydrocarbon deposits is a significant increase in gas
content down the section. While Neogene and
Paleogene sediments are mainly oil-bearing, and
free gas accumulations are associated with gas caps
and single gas deposits, in the Cretaceous and
Jurassic sediments gas and gas condensate deposits
are predominantly developed. In the Paleogene
section, up to eight productive strata are
distinguished. Strata I, lll, and IV are represented by
fine-grained sandstones and siltstones. Formations
V, VI, VII, VI, and IX are carbonate rocks
(limestones and dolomites) [[11], [12]].

The reservoirs of the Mesozoic productive
strata are, as a rule, sandstones with interlayers of
siltstones. Only some horizons of the upper and
lower Cretaceous are represented by limestones.

— 5] ——
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Known small deposits of oil are of non-industrial
importance oil inflows from them are short-term
and unstable.

Oils of Paleogene deposits are mainly light (826-
884 kg/m?3), low-sulfur (0.05-0.75 %), paraffinic (1.4-
10.1 %), highly resinous (silica gel tar 5.29-30.2).
The viscosity of formation oils is low - 0.7-0.6
mPa*s, with initial gas saturation from 2-5 to 100-
150 m3/t.

Oil deposits are confined to narrow asymmetric
folds, the length of which is 10 15*10° m, width
does not exceed 2-3*10% m, bed dip angles are 20-
302C and more. Known oil and gas reservoirs are
mainly of formation-well type /5, 9, 10/. However,
as a result of intensive tectonic activity, tectonically
screened reservoirs are observed among them
according to the degree of their complication by
disturbances. Lithological screened deposits in the
region are distributed limited.

The productive deposits of the objects under
consideration are heterogeneous; they are
characterized by layered, zonal heterogeneity and
uneven fracturing.

Almost all fields are multilayer. Oil reservoirs
are characterized by low height, a small difference
between the initial reservoir pressure and the
pressure of oil saturation with gas.

During the development of the studied oil
reservoirs, regardless of the type of reservoirs, due
to their small depth of comparable size (oil
reserves), almost identical development systems
were implemented.

The following features of the implemented
systems are highlighted: [[5], [7], [8]]:

- drilling of deposits by a relatively dense
network of wells, placed in a triangular grid;

- joint exploitation of deposits of KKS, la, Ib, llI
horizons of some fields;

- deposit exploitation in the initial period on a
natural mode with subsequent use of various
waterflooding systems (deposits with relatively
small reserves are developed without reservoir
pressure maintenance).

Due to close values of initial reservoir pressure
of oil deposits and pressure of oil gas saturation, as
well as late application of flooding, and low activity
of contour waters, which more often than not had
no significant influence on the development
process, the vast majority of oil deposits were

drained in the initial stage of development in the
mode of dissolved gas.

Reservoir pressure maintenance by water
injection began with waterflooding. Exploration
wells and waterflooded oil wells were typically used
injection.
Earlier studies on the efficiency evaluation of

to perform waterfloods underwater

waterflooding point out that in spite of a number of
factors favorable for its successful application (small
size of deposits, low oil/water viscosity ratio), it
turned out to be relatively inefficient due to [[13],
[14], [15]]:

- poor hydrodynamic connection of the deposits
with the zonation zone, due to a sharp
deterioration of the reservoir properties of the
productive formation in the area of the initial
water-oil contact. The specified factor impeded the
development of the designed fund for injection
wells, as a result, the latter covered only separate,
not long stretches of the perimeter of the oil-
bearing area, and flooding had a focal character;

- significant heterogeneity of producing objects,
caused by the presence of tectonic and lithologic
screens and extensive zones of an outcropping.

Under the influence of these factors pumping
affected small areas of the deposit, and most often
only some of the production wells. Pressure
redistribution occurred very slowly and unevenly,
its growth was noted mainly in the zones of
injection, while the central parts of reservoirs
continued to be developed in the depletion mode:

- big difference in permeability of reservoirs,
which did not allow even by increasing the injection
pressure to cover the whole deposit by the flooding
effect. When the injection pressure was increased,
most of the injected water flowed into the borehole
area or through communicating fracture systems
penetrated deep into the reservoir, prematurely
watering the production of the producing wells.
After displacing small amounts of oil from the more
permeable fractured interlayers, the injected water
subsequently advanced along the same path,
isolating the with  low
permeability.

In 1960-1965, intensify the
waterflood process, many reservoirs widely used

areas of reservoir

in order to
the transfer of the injection line from the initial to

the oil-bearing and the
development of various intracircuit

contour
types of

current
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waterflood. The transition from bypass to various
types of bypasses waterfloods stabilized reservoir
pressure and increased annual oil withdrawals.

Implementation of this flooding enabled many
reservoirs to increase the efficiency of injected
water use owing to exclusion of water leakage into
the flooded zone, to stabilize the pressure in those
zones of the deposit, which were not influenced by
water flooding during flooding, to embrace tectonic
and lithologic screened zones of deposits [[5], [7]].

At present all objects under consideration are at
the fourth stage of development, which is
characterized by low rates of oil recovery - less than
2.0% of the initial recoverable reserves, high
watering of produced oil, and depletion of reserves
of (more than 90%), a significant drop in reservoir
pressure, despite the implementation of measures
to maintain it and relatively low values of the oil
recovery factor.

The achieved ORF values in connection with the
presence of objects in the closing stage of
development (in a part of them the development
has already been suspended because of full
watering of the produced oil) are close to their final
values. Therefore, we consider the achieved ORF
values as a result of the efficiency of the
implemented development system, in particular the
waterflooding method efficiency.

Research Methods

With the introduction of a new generation of
multidimensional computer modeling software in
recent years, there was a qualitative development
of methods for the geological and hydrodynamic
study of oil fields. As the experience of these
software applications, the results are determined
by the completeness and quality of the initial
geological and field information.

Solving geological and development tasks on
the basis of using literature and reference data or
analogue objects when building geological and
hydrodynamic models of oil fields can lead to
distortion and reduction of the credibility of the
results [[12], [16]].

In this connection, with the lack of necessary
qualitative  initial geological and reservoir
information, research to solve various problems of
development of models based on integral indices
and obtained by a generalization of geological and
reservoir materials of long-operated deposits is also

relevant in the current level of knowledge of the
theory and practice of oil field development [13].

On the basis of the above-mentioned
arguments, we used the least squares method,
which is the basic method of regression analysis in
order to solve the assigned task. In connection with
a choice of a method of studying the set problem, it
is appropriate to remind the words of the scientist-
geologist V.I. Vernadsky "Not hypotheses and
theories, but scientific facts and empirical
generalizations come into conflict with the theory
but confirmed by new facts, then the scientific
theory should change, not to contradict empirical
generalizations" [17].

Theory. Currently, the main oil reservoir
development technologies are based on the water
displacement of oil. The efficiency of these
technologies depends on the geological and
physical properties of oil-saturated reservoirs, oil
and water properties, and extraction conditions. As
the experience of oil field development shows, the
oil recovery factor (ORF) from reservoirs during
waterflooding is most strongly influenced by: the
ratio of oil and water Vviscosity; reservoir
heterogeneity in permeability; average permeability
and dissection, reservoir temperature; relative sizes
of water-oil zones; microheterogeneity of the
porous medium; oil saturation and capillary forces;
density of the net and waterflood systems [[8], [9],
[12], [13], [18]].

In [18] the results of studying the degree of
influence of these factors on the oil recovery factor
on the basis of multifactor analysis of 50 objects of
the Ural-Volga region. The analyzed objects,
confined to terrigenous reservoirs, were at a late
stage of development. Out of 50 studied objects, 18
were developed by in-situ flooding, 15 - by out-of-
situ flooding, and 17 - under the conditions of a
natural water-storage regime. The values of
geological and production factors at the analyzed
objects changed in a rather large range: oil/water
viscosity ratio from 1 to 25; average permeability
from 0.15 to 2.5 um?; reservoir temperature from
25 to 75 °C; effective oil-saturated thickness from 3
to 20 m; sand ratio from 0.55 to 0.95 relative
reserves of water-oil zone from 25 to 100%; oil
saturation from 0.75 to 0.95; well grid density from
10 to 60 ha/sq.m.; fluid production rate from
geological reserves from 2.5 to 7.5% [18].

In the indicated ranges of geological and
production factors changes, their relative influence
on the ORF was (%): oil/water viscosity ratio -21.1;
average permeability +15.4; reservoir temperature
+7; effective oil-saturated thickness +6; sand ratio
+6; relative reserves of water-oil zone -5.6; oil
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saturation +3.6; well grid density -3; flooding
system +2.2; fluid production rate from geological
reserves +0.6 ("+" and "-" are the positive and
negative influence of factors, respectively) [18].

Thus, we can conclude that in the considered
ranges of changes of geological and production
factors, the strongest influence on EOR is provided
by: the ratio of oil and water viscosity and average
permeability of strata; almost the same influence -
reservoir temperature, effective oil-saturated
thickness, sand ratio and relative reserves of the
water-oil zone; the least influence - oil saturation,
the density of well grid, flooding system and the
rate of fluid extraction.

At the same time, multifactor analysis
established that at different stages of development,
the degree of influence of geological and field
factors on ORF changes. For example, at later stages
the degree of influence of oil and water viscosity
ratio decreases, whereas the role of well grid
density increases. But at all stages of development,
the dominating influence of natural factors on the
oil recovery ratio is preserved.

At the same time according to many scientists,
the reservoir operating mode is a determinant one.
However, the wide use of this method of oil field
development is impossible without its further
improvement. In this connection, a lot of attention
has been paid to the peculiarities of artificial
waterflooding of reservoirs in various geological
and physical conditions and to the ways of its
improvement. Such studies, as is well known, on the
one hand, allow using the accumulated experience
of reservoir operation by artificial water flooding in
the process of designing the development of new
fields, and on the other hand, contribute to
effective post-development of depleted objects, in
which great material and technical resources have
already been invested [[12], [13]]. This is evidenced
by numerous works devoted to various issues of oil
field development in Bashkortostan, Tatarstan,
Kuibyshev, Orenburg and Perm regions, Ukraine
and Azerbaijan using waterflooding [[18], [19]].

The dependence of oil recovery on the
completeness of reservoir flushing in reservoir
development with waterflooding is the basis of the
well-known expression [20]:

ORF = Kd * Kcv, (1)

where Kd - displacement coefficient, which is
the ratio of displaced oil volume to its initial volume
in the reservoir during prolonged and intensive
flushing of the homogeneous element of the porous

medium; Kcv - coefficient of reservoir coverage by
volume of impact processes.

Coefficient Kd and Kcv change in time, as the
front of incoming water into the reservoir, as it
advances captures more new areas of the reservoir,
layers, and with changes in the direction of filtration
flows, stagnant and dead-end zones.

To evaluate the efficiency of the implemented
development systems, many researchers
recommend using the dependence of ORF on the
degree of formation flushing [[12], [13], [18]].

In this case, as a criterion for evaluating the
technological efficiency of development systems
implemented in the field is taken as achieved, the
oil recovery factor at the same degree of flushing
the volume of pores occupied by oil,

ORF =f (1), (2)

_Xof _ ; _
where t= TCOR flushing rate, > Qs

accumulated fluid withdrawal under reservoir
conditions; IGOR - initial geological oil reserves.

In contrast to numerous forms and types of
displacement characteristics long used in practice,
this method is convenient because it allows to use
of primary, and therefore less distorted source
data, such as fluid withdrawal, accounted in the
field conditions reliably enough, geological oil
reserves at the late and final stages of development
of category A + B, coefficients of conversion of
physical parameters of the fluid into reservoir
conditions and vice versa. The flushing ratio t, being
a relative value, is convenient for comparison, since
it is equally applicable in the analysis of both small
deposits and large fields [[12], [13], [20], [21]].

Calculation. Earlier in [13] for FNGO oil
reservoirs represented by terrigenous reservoirs,
straight-line dependences of ORF on RFF were
proposed:

- for the whole sample

ORF=0,1266 +0,2329 * T,

(R=0,8890); (3)
- for objects developed in the natural mode
ORF =0,0169 + 0,5604 * T,

(R=0,8983); (4)
- for objects developed with the use of water
flooding
ORF=0,1346 +0,1946 * 1,
(R=0,8700); (5)

Analysis of the proposed dependences (3) - (5)
show that at values t > 1.5, the ORF becomes more
than 1, which does not make physical sense.

—— §4 ——
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In this regard, the initial data used in /13/ for
obtaining dependencies (3) - (5) we re-processed
and obtained exponential dependences (Fig. 1 - 2)
of ORF on RFF:

- for all 25 development sites
ORF = 0,6996 * (1 —e *%7),
(R=0,824); (6)

- for 16 objects developed with water flooding
ORF = 0,7553 * (1 —e '0,6204*1'),
(R=0,953); 7)

- for 9 objects developed without waterflooding
ORF =0,2241 * (1 — e 08%15™),
(R=0,954); (8)

Fig. 1. Dependence of the oil recovery factor on the
reservoir flushing ratio for all FNGO objects represented
by terrigenous reservoirs:
®.- objects developed by waterflooding;

- objects developed withc & waterflooding.

08
ORG,
uhits.

Fig. 2. Dependence of the oil recovery factor on the
reservoir flushing ratio for FNGO objects, represented by
carbonate reservoirs and developed with the use of
waterflooding:

1 - Andijan field, CCS + | horizons; 2 - Andijan field,
Il horizon; 3 - South Alamyshik field, I+la horizons; 4 -
South Alamyshik deposit, Ib horizon; 5 - South Alamyshik
deposit, CCS horizon; 6 - South Alamyshik deposit, IlI
horizon; 7 - South Alamyshik deposit, XVIII horizon; 8 -
South Alamyshik deposit, XIX-XXII horizons;
9 - Khojaabad deposit, BPS+I horizons; 10 - Khojaabad
deposit, lll horizon; 11 - Western Palvantash deposit, BRS
horizon; 12 - Western Palvantash deposit, Il horizon; 13 -
Hankyz deposit, Il horizon; 14 - Chongora-Galcha deposit,
IV horizons; 15 - Boston deposit, CCS+ I+la+lb horizons;
16 - Boston deposit, Ill horizon.

Analysis of the obtained dependences (7) - (8)
show that their separate consideration for the
objects under development with and without
waterflooding  considerably  increases  their
reliability in comparison with the earlier proposed
(4) - (5). This allows us to conclude with their more
correct description of the mechanism and efficiency
of waterflooding of oil deposits.

Conclusions

The obtained results, the dependence of ORF
on RFF, show that the mechanism of reservoir
flushing by water inflow from the water-bearing
area and water injection into the formation through
the wells is the same. The achievable EOR value is
determined by the degree of formation flushing.
However, after each increase in the flushing ratio,
the volume of displaced oil naturally decreases. The
difference in the ORF values at the identical values
of CPR for the objects being developed with and
without waterflooding testifies that the effect of
water injection is achieved due to the increase of
coverage of the reservoir volume by the drainage.

It is recommended to use the obtained
dependences of ORF on RFF to assess the flooding
efficiency, and to compare and refine the results of
hydrodynamic calculations under similar geological
and physical conditions of the objects and the
implemented development systems.

Cite this article as: Agzamov A, Efendiyev G, Moldabayeva GZh, Syzdykov A, Suleimenova R, Tuzelbayeva Sh, Zaurbekov K.
On the degree of influence of waterflooding on the oil recovery factor from productive formations of high-viscosity
reservoirs X, represented by terrigenous reservoirs. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of
Mineral Resources. 2023;326(3):50-58. https://doi.org/10.31643/2023/6445.28
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ABSTRACT

The work is aimed at diversifying existing mines for the extraction and processing of natural
uranium through additional processing of spent blocks of uranium deposits with chemical
solutions using the method of in-situ well leaching (ISL) in order to extract associated useful
components. A feature of this technology is the use of the existing production infrastructure for
the extraction of associated useful components in existing uranium mines, without significant
capital investments in production infrastructure and mining operations. The technology of
underground borehole leaching has been reliably developed in uranium deposits for decades.
The fundamental similarity of the technology for the extraction of uranium and a number of
associated useful components (APC) - by the ISR method, allows the use of spent ore fields of
uranium deposits for the extraction of PPC. The use of ready-made technological infrastructure
(wells, pipeline network, pumping equipment, control units, etc.) allows, due to savings on
infrastructure costs, to obtain profitability when mining ore-bearing blocks with a content of
recoverable components from < 1 g/t, up to 0.1 g/t. Taking into account the indirect savings of
significant costs for the reclamation of spent blocks, it will be profitable to mine blocks with a
content of recoverable components up to 0.01 g/t. In view of the foregoing, this technology has a
good prospect for implementation in production.

Keywords: uranium mines, associated valuable metals, associated useful components,
underground well leaching, productive solution, chlorine-containing solutions.
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Introduction

In industrial practice, in the hydrometallurgical
method of gold mining, sodium cyanide solution is
used as the main reagent.

Taking into account the global trend of the
policy of strengthening the environmental
friendliness of production, studies on the
replacement of sodium cyanide with less toxic
reagents for dissolving gold are relevant. One of the
promising reagents for industrial use can be used
solutions containing active chlorine, in the form of
free halogen or in a compound in the form of
hypochlorites. In this work, the studies were carried
out on core samples obtained during exploratory
drilling of a well at the Semizbay field.

Studies were carried out on the possibility of
using the method of underground well leaching to
extract associated useful components (gold, iron,
aluminum, lanthanum, scandium, and others).

For gold leaching from underground horizons
by the method of underground well leaching, the
use of cyanides is practically excluded due to high
environmental risks. As an alternative, among the
leaching agents, chlorine-, iodine-, and bromine-
containing reagents can be used, which are more
environmentally friendly than cyanide reagents. In
the case of using the method of underground well
leaching, capital investments can be reduced by
dozens of times, so the process of underground
leaching can be economically efficient with a higher
consumption of chlorine, with a duration of mining
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of ore deposits of several months, as well as with
the development of poor off-balance ores [1].

In [2], gold leaching was carried out without
cyanides, using hydrochloride technology, which
makes it possible to ensure the environmental
safety of the work. As a solvent for the ores of the
Ural deposits, potassium hypochlorite, sodium and
chlorine are used.

When gold is leached [3] from crushed ore to a
particle size of -12 + 0 mm using the addition of
sodium acetate, it improves the kinetics of gold
dissolution and increases gold recovery by ~ 4%.

In [4], sodium hypochlorite was used as a
leaching agent in order to selectively extract gold
and silver from copper concentrate. Hypochlorite
leaching of copper concentrate was carried out
with preliminary water oxidation under pressure.
With direct hypochlorite leaching, the recovery of
silver and gold was 45.0% and 42.7%. Using
pressurized aqueous oxidation followed by
hypochlorite leaching, a selective recovery of 92.5%
silver and 90.0% gold from the copper concentrate
was achieved.

The dissolution of gold using flat flakes and
spheres in a chloride medium was studied in [5] by
the method of obtaining chlorine. Based on
thermodynamic and mass balance calculations
performed in the study at 1.27x10-2 M ClI2 and 0.48
M Cl-, it was found that molecular chlorine (CI2) is
the most predominant species, followed by the Cl-
ion at pH below 2.0. From pH 4.0 to 8.0 HCIO and
from pH 8.0 onwards, CIO- are reported to be more
predominant.

In [6], tests on the leaching of a refractory
mineral and tailings of a manganese-silver alloy
with a low content of silver in manganese-silver
minerals were carried out in two stages: extraction
of manganese with sodium sulfite and sulfuric acid
and leaching silver and gold with sodium
hypochlorite and hydrochloric acid, yielding 97%
silver recovery, over 80% gold recovery, and 98%
manganese recovery. The concentration of
hydrochloric acid is 200 g/I, and the concentration
of sodium hypochlorite is 50 ml at a concentration
of 3%. The tests were carried out at room
temperature.

In [7], gold leaching was carried out with a
solution of hydrochloric or sulfuric acid with the
addition of sodium hypochlorite at a ratio of 0.1 N
(HCl) and 0.1 N (NaClO). This solution is made
immediately before injection into the ore.

In many sulfide refractory gold ores and
concentrates, gold is often found as small inclusions
in sulfide minerals, especially in pyrite [8].

In [9] proposed a hydroleaching method
consisting of pre-treatment by pressure oxidation
and chlorination for refractory gold concentrates
with high sulfur content, and investigated the
leaching by gold chlorination thermodynamically
and experimentally.

It is advisable to maximize the concentration of
chloride or reduce the concentration of [AuCl4],
taking into account the thermodynamics of the gold
chlorination leaching reaction. The rational
thermodynamic conditions for gold leaching are as
follows: pH 3.5-7.8, redox potential over 0.9 V,
chloride concentration over 1 mol/l, 107°=10"* mol/I
AuCl4]” concentration. The redox potential must be
maintained above 1.0 V for 2 hours to obtain a high
percentage leaching in the chlorination of the gold
concentrate pre-treated by pressure oxidation.

If the redox drops below 1.0 V during leaching,
the dissolved gold chloride precipitates again and
the percentage of leached gold falls. The optimum
conditions for chlorination are: pH 4, redox
potential above 1.0 V, NaCl concentrations 75 g/I,
reaction temperature 40 °C, liquid-solid ratio 3:1,
and leaching time 2 hours. The percentage of gold
leaching reaches 96.54%.

In studies on the processing of refractory ores
and concentrates, the method of exposure to
chlorine-containing solutions to extract gold is
becoming more and more widely used [[10], [11],
[12], [13], [14], [15], [16]].

In [17], the RSM-CCD statistical method was
used to determine the optimal conditions for the
experiment on leaching a gold ore sample with
hypochlorite. SEM/EDX analysis showed that the
gold particles are bonded to sulfide and silicate
minerals. Moreover, the XRD spectrum showed
that the main phases are silicate and muscovite.
Elemental analysis by XRF confirmed the presence
of Si, Al, Fe and K as major elements in the gold ore
sample.

ANOVA analysis was applied to the results of
leaching experiments, which showed that the
amount of gold dissolved in the form of the gold
chloride complex [AuCl4]- was highly dependent on
the pH of the solution, followed by the
concentration of calcium hypochlorite [Ca(OCl)2]
and sodium chloride (NaCl) to facilitate the
formation of [AuCl4]- ions. Optimization of leaching
experiments at various pH values from 4 to 6,
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Ca(0Cl)2 molar amounts from 0.5 to 1.5 and NaCl
mole amounts from 2.5 to 3.5 showed that the best
theoretical conditions for hypochlorite leaching of
gold-bearing ores the sample had a lower pH of
4.05 with NaCl and Ca(OCl)2 concentrations of 2.93
M at 1.08 M, respectively.

Verification  experiments with  optimized
conditions showed that gold recovery rates were
obtained from 78.99 to 82.46%. Characterization of
the obtained residue from the verification
experiment by XRD showed that quartz is the main
phase. In addition, XRF analysis of the residue
showed the presence of a high mass percentage of
Ca and Fe compared with the original sample of
gold ore.

In [18], the extraction of gold and silver was
studied at a sodium chloride concentration in the
range of 0.5-3 m, which increased the stability of
gold chloride. However, within this range, more
than 50% of the silver still remains in the solid AgCl
form. Leaching of gold and silver using stirred
reactors and static tests confirmed that the
maximum recovery of gold and silver is controlled
by the concentration of sodium chloride. However,
recovery of gold and silver has reached 80% and
50% with reactor leaching.

If chlorinated sea water was used for leaching
(approximately 0.5 M NaCl and pH 5.5 and Eh less
than 1.00 V compared to the Ag—AgCl reference),
both gold and silver could not be fully recovered
due to the formation of hydroxide gold and silver
chloride. It is best to keep the pH below 4 and keep
the solution potential Eh above 1.00 V to keep the
gold in solution. Static tests simulating tailings
leaching show lower recoveries of both gold and
silver reaching 70% and 30% respectively.

In [19], the studied leaching parameters were
the S/L ratio, the type of oxidant, i.e. [Cu2+]/[Fe3+]
and [CI-]. The results showed that gold could be
dissolved under exceptionally mild conditions when
an appropriate adsorption/reduction site (activated
carbon) was provided immediately after leaching. It
has been found that the impurity metals iron and
copper originating from gold ore (Fe 1.6% and Cu
0.05%) are the preferred self-initiating oxidants and
87% gold can be dissolved in pure calcium chloride
solution (2.8 M).

The authors of [20] studied the oxidation of
sulfide minerals and the leaching of gold from a
gold-bearing sulfide concentrate using a chloride—
hypochlorite solution. The effect of calcium

hypochlorite  concentration, sodium chloride
concentration and initial pH of the leaching agent
on changes in pH and Eh of the slurry was
investigated. Then, taking into account the stability
range of the gold complex (Eh ~ 1000 mV) and the
formation of gaseous chlorine (pH<3.5), the optimal
leaching parameters were determined.

Optimum conditions were obtained at 200
g/dm3 calcium hypochlorite, 200 g/dm3 sodium
chloride and an initial pH of 11 (with a concentrate
of 200 g/dm3, agitation speed of 600 rpm and a
temperature of 25°C), at which about 82% gold.

In [21], the effect of various leaching conditions
on the extraction of gold from sulfur-containing
gold ore using an acidic sodium chlorate solution
was studied. The content of gold and sulfur in the
ore was 55.7 g/t and 11.67 wt. % respectively. The
presence of sulfur has been found to significantly
hinder gold recovery.

The optimum desulfurization temperature,
desulfurization time, leaching temperature,
leaching time, NaClO3 addition rate, HCl
concentration, NaCl mass ratio to sample, stirring
speed, and liquid leachate volume to solid sample
weight ratio were 650°C, 2 h, 40°C, 45 min, 0.25
ml/min, 3M HCI, 0.2, 250 rpm and 10, respectively.
The percent gold recovery and percent weight loss
of the sample were 97% and 8.8%, respectively,
under these optimum conditions. The leaching of
gold by this method was quite fast and efficient,
and the temperature was low. These characteristics
make it possible to apply this method in continuous
operation in industry.

Experimental part

Analyzing various literary sources based on the
results of experimental studies of the leaching
process of gold and other associated useful
components, a leaching solution with the following
contents of reagents was selected as the most
optimal:

NaClO + HCl(c) (hydrochloric acid with sodium
hypochlorite), pH=2.8-3.2.

For experimental work on leaching, samples of
the core material of the Semizbai deposit were
taken from three intervals - ore, supraore, and
subore.

The mother liquors obtained as a result of
agitation leaching were analyzed by the atomic
absorption method to determine the
concentrations of various elements (Table 1).
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Leaching of gold (Au) from their technological
samples. Works to determine the concentration of
gold in technological samples were carried out by
the laboratory "Technologies for the hydrocarbon
and mining and metallurgical sectors and related
service industries" of JSC "IMiO" in Almaty.

Analyzes in solutions were carried out on an atomic
absorption spectrometer. To determine the gold
content in the combined samples of the core
material, the assay method of analysis was used.
The results of the analyzes are presented in Tables
2 and 3.

Table 1 - The concentration of related and useful components in technological solutions

Leaching solution
Ne Ne Fe general, Al, La, Sc, concentration, %
samples mg/dm3 mg/dm3 mg/dm3 mg/dm3
1 P-4-1(H) 0.63 4.15 0.0053 0.00085
2 P-4-2(H) 22.96 15.09 0.0010 0.00027 >
3 P-4-3(H) 0.56 10.28 0.014 0.0041
4 P-5-1(H) 4.08 15.91 0.013 0.0048
5 P-5-2(H) 99.96 89.02 0.0043 0.056 8
6 P-5-3(H) 2.10 28.13 0.087 0.0023
7 P-6-1(H) 0.48 0.37 0.0088 0.00062
8 P-6-2(H) 136.03 14.43 0.26 0.0053 16
9 P-6-3(H) 34.24 12.90 0.023 0.0087

Table 2- Results of chemical analysis of pooled core samples using the assay method for gold

No Ne Au Interval
= samples g/l

Suprarutal interval

1 Well 1 0.20
Ore interval

2 Well 2 0.34

Under-ore interval
3 Well 3 0.34

Hrmntc

8000

B00N =

4000 |

2000

800

Picture 1- Results of X-ray ph

ase analysis of the core sample
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Picture 2 — Results of X-ray phase analysis of the core sample

The method of X-ray phase analysis was used to
determine the composition of the
samples. The data of X-ray phase analysis are
presented in Figures 1 and 2.

To study the local elemental composition of
core samples, chemical analysis was carried out

chemical

using a scanning electron microscope. Elemental
analysis of core samples was carried out by energy-
dispersive analysis on a Fei Quanta 3d 200i
scanning electron microscope.

The resolution of the microscope is up to 1 nm
at a voltage of 30 kV, the accelerating voltage is
from 0.5 to 30 kV, the magnification is from x 10 to
x 1,000,000, the beam current is up to 200 nA, the
elemental analysis was carried out in vacuum for a
number of elements C, O, Na, Mg, Al, Si, S, Cl, U,
Ca, K and Fe. The characteristic X-ray spectrum for
a number of elements and the general view of the
micrograph of the core sample under study with
the detected area are shown in Figure 3.

ciledax32\genesis\genmaps.spc 23-Hov-2020 18:49:24
LSecs: 100

3.6

Si

2.9 o

2.2 o

KCnt S

1.00 2.00 3.00 4.00 5.00 6.00 1.00 8.00 9.00 10.00
Energy - keV

a) sample spectrum (first point)

Element wWros A%
CK 17.44 27.23
OK 42.91 50.32
MgK 0.78 0.60

AlIK 6.43 4.47
SiK 13.59 9.08
SK 6.95 4.07
KK 0.78 0.37
Cak 0.76 0.36
TiK 0.27 0.11
FeK 10.07 3.38

Matrix Correction | ZAF

b) Elemental analysis of the obtained spectra in
weight percent Wt %

¢) micrograph 50 um
Figure 3 - Characteristic X-ray spectrum

Mineralogical analysis of core samples for
gold. To study the material composition of the core
sample of the ore interval, a polished artificial
briquette (size 0.25 mm) was made.

The sample material was studied under a
microscope of the LEICA DM 2500 P brand in
reflected light in order to diagnose and describe ore
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minerals, in immersion preparations for the
diagnosis of rock-forming minerals.
The result of the mineralogical analysis is

shown in Figure 4.

Figure 4 - Accumulation of globular pyrite.
Sample 1 (ore interval)
Polished briquette, led away. x 200

Table 3 - Comparison of the degree of recovery of
recoverability of gold from ore samples at various
concentrations

Ne Ne Au Leaching solution concentration,
samples | mg/dm?3 %

1 Well 1 0.033 5 (Surface interval)

2 Well 2 0.0171 8 (ore interval)

3 Well 3 0.057 16 (Under-ore interval)

More clearly, the degree of extraction of Au is
shown in Figure 5.

Au leaching
100
X
= 80
9
B 60
S
£ 40
Q
8 H
o
5 0
g 5% 8% 16%

Leaching Solution Concentration

Figure 5 - The degree of extraction of Au during agitation
leaching with NaClO solution with the introduction of
oxidizing agents at various concentrations

The discussion of the results

Analyzing the output of associated and useful
components in technological solutions (Table 1), it

can be noted that the highest output of
components in the solution was achieved when
core material was leached from the uranium-
bearing ore interval. Thus, the concentration of iron
was 136.03 mg/dm3, the concentration of
aluminum - 89.02 mg/dm3, scandium - 0.056
mg/dm3, lanthanum - 0.26 mg/dm3. X-ray phase
analysis of the core sample (Figure 1 and Figure 2)
in the range from 800 to 2050 nm in the
decomposition spectrum shows fluctuations in the
peaks of uranium (U), iron (Fe), copper (Cu),
manganese (Mn), zinc (Zn). In addition to the
above, the decomposition spectrum contains
fluctuations of rare earth elements, such as
osmium (Os), rhenium (Re), neodymium (Nd),
actinium (Ac), scandium (Sc), cesium (Ce), as well as
bismuth (Bi), etc. Note that the decomposition
spectra show spectral lines of mercury (Hg) and
unexpressed fluctuations of gold-Au.

The presence of mercury is interpreted by the
content of mercury in sulfide minerals that are
genetically related in chemical nature, which in turn
are formed during the formation of uranium ores.
During the amalgamation reaction, mercury forms
compounds with gold. For this reason, the
detection of lithophaneous reflections of gold and
clear spectra of mercury indicate the possible
presence of gold.

The characteristic X-ray spectrum (Figure 3)
shows that the elements Si, O, S, Fe and Al are the
main components of the sample, in which these
elements have the following percentages: silicon
(Si) - 13.59%, oxygen (O) - 42.91%, sulfur (S) -
6.95%, lron (Fe) - 10.07% and aluminum (Al) -
6.43%.

Mineralogical analysis of a briquette of a core
sample of the ore interval (Figure 4) shows the
presence of pyrite, sphalerite and technogenic
material in a small amount, resembling gold in
color. Pyrite is found in the form of fine
dissemination in non-metallic material and several
free grains up to 0.3 mm in size. After testing the
effect of HNOs acid on a grain resembling gold, it
dissolved, thus its technogenic nature was
established.

The result obtained from the data in Figure 5
characterizes a NaClO + HCl + H,0 solution with a
concentration of 16% as more effective for Au than
a solution with a concentration of 8% and 5%. The
degree of extraction of Au for solutions with 16%
leaching reagents reached 83.82%.
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Conclusions

Based on the results of laboratory experiments
on agitation leaching on samples of core material of
ores from the Semizbay deposit of the supra-ore,
ore and under-ore interval, it can be concluded that
for the extraction of associated useful components
by the ISR method from depleted uranium wells, a
chlorine-containing solution of the composition
NaClO + HCl) + H,0 (hydrochloric acid with sodium
hypochlorite) at pH=2.8-3.2.

The highest extraction of gold (83.82%) into
solution was observed during leaching of material
from the sub-ore interval, while for associated
useful components the highest degree of extraction
was observed during leaching of material from the
ore interval: iron - 136.03 mg/dm3, aluminum -
89.02 mg/dm3, scandium - 0.056 mg/dm3,
lanthanum - 0.26 mg/dm3.

At the moment, the sodium hypochlorite
leaching method together with hydrochloric acid is
not used for gold mining on an industrial scale. In
this work, the experiments were carried out
directly on the ore material, which makes it
possible to test this method in industry and the
result was achieved, which makes it possible to
apply this method on an industrial scale.

Thus, the use of the ISL method on spent ore
uranium blocks for the extraction of valuable
components is a breakthrough direction in research
in the mining industry.
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YpaH KeH opbliHAapbiHbIH, NaiiganaHbinFaH 610KTapblH eHAey Ke3iHge
KypambiHaa xnop 6ap areHTTepai naiiganaHy

'nyice6baesa T.C., 2Ap6y3 A.C.

19n-®apabu amoiHAarbl Kasak yammelk yHusepcumemi, Aamamel, Kazakcmax
2Hasapbaes YHusepcumemi, Hyp-Cyaman, KazakcmaH

TYWIHAEME

ymbic inecne naiaanbl KOMNOHEHTTEPA aNly MaKCaTbIHAA XKepacTbl YHFbIMasbIK CinTicisgeHaipy
dficiMeH ypaH KeH OpblHAAPbIHbIH, MaikAanaHblAFaH BGNOKTapbiH XMMUAMBIK epiTiHAinepmeH
KoCbIMILa eHaey ecebiHeH Tabusn ypaHabl OHAIPY KaHe KaWTa eHAey 6oMbIHLIA KyMbIC icTen
TypFfaH KeHilwTepai sapTapantaHapblpyFa 6afbiTTanfaH. by TeXHONOMUAHBIH, epeKLweniri (yprisinin
JKATKaAH XKYMbIC) KON4AHbICTafFbl ypaH KeHiwTepiHae inecne nahgansl KOMMOHEHTTEPAi eHAipy
YWiH KONZAHbICTaFbl OHAIPICTIK MHOPaKYPbINbIMAbI OHAIPICTIK MHOPaAKYPbIZIBIM MeH Tay-KeH

KYMbICTapblHa eneyni

Makana kengi: 24 mameip 2022
CapantamagaH etTi: 10 mayceim 2022
KabbingaHabl: 28 kapawa 2022

KypZ4eni canbimapcbi3 naiganaHy 6onbin Tabbiagbl. HepacTbl
YHFbIManapbliH LWaiimanay TEXHONOTMACHI YpaH KEH OpblHAAPbiHAA OHA@FaH Kbligap 6oibl
ceHimaj TypAae MbicbiKTanabl. YpaH eHAipy TEXHOMOMMACLIHbIH, XaHe bipkaTap inecne naingansl
KOMMOHEHTTEPAiH Tybereini yKcacTbifbl - XepacTbl YHFbIMAnbIK CinTici3geHaipy aaicimeH

nanaanbl KOMNOHEHTTePAi OHAIPY YLWiH YpaH KEH OpbIHAAPbIHbIH, NAlAaNaHbINFAH KEH epicTepiH
navganaHyfa MyMKiHAIK 6epegsi. [aiblH TeXHONOMMANbIK MHOPaKypbiabiMabl (YHFbIManap,

Kybbipnap enici,

COpfbl KabpabikTapbl, b6ackapy 6/0KTapbl XaHe T. 6.) naiganaHy

NMHOPAKYPLILIMABIK WbIfbIHAAPAbI YHEMAeY ecebiHeH eHAaipineTiH KomnoHeHTTepi < 1 r/T-gaH
0,1 r/T-fa peiniHri KeHai 610KTapabl eHaey KesiHae peHTabenbainik anyFa MyMKiHAIK Bepeai.
MapganaHbinFaH 610KTapapl KannbiHa KenTipyre KeTeTiH alTap/blKTal WbIFbIHAAPAbI KaHama
YHEMAeYAi eckepe OTbIpbiM, a/iblHaTbiH KOMMOHEHTTepAiH Kypambl 0,01 r/T aeiiH 6onaTbiH
6710KTap TMIMA XKyMbIC icTeiaj, »ofapblaa avWTblIFaHAapAbl eckepe oTbipbin, 6yn TexHonorus
OHAipICKe eHri3y YLWiH XaKCbl MepcneKkTuBafa ne.

TyiiiH ce30ep: ypaH KeHiwTepi, inecne 6aranbl meTangap, inecne nainganbl KOMNOHEHTTED, XKep
acTbl YHFbINAN Walrimanay, eHimai epiTiHai, xnopAabl epiTiHAinep.
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Ucnonb3oBaHUe XN0pCcoAeprKallunxX areHToB Npu 06paboTke oTpaboTaHHbIX
6710K0B YPaHOBbIX MECTOPOXKAEHUIA

tfyiice6aesa T.C., 2Ap6ys A.C.

!Kazaxckul HayuoHanoHbIl YHUsepcumem umeHu ane-dapabu, Aamamel, Kazaxcmax
2Nazarbayev University, Hyp-CynmaH, KazaxcmaH

AHHOTALUMUA
Pa6oTa HaueneHa Ha AuBepcuMdUKaLMIO AEICTBYIOWMX PYAHMKOB No Ao6bide M nepepaboTku

NPUPOAHOrO ypaHa 3a CYeT AOMNOJHWTENbHOM 06paboTKM OTpaboTaHHbIX 6710KOB YPaHOBbIX
MECTOPOXKAEHUIA  XMMUYECKMMM  pacTBOpamMu  METOAOM  MOA3EMHOTO  CKBAKMHHOTO
BbllenaumBaHua (MCB) ¢ Lenblo M3BJEYEHWUA NONYTHBIX NOJE3HbIX KOMNOHEHTOB. OCO6EHHOCTb
(npoBoamMmoli  paboTbl) 3TOW TEXHOAOFMM COCTOMT B  WCMOABL30BAHUM  CyLLECTBYHOLLEN
NPOU3BOACTBEHHOW MHOPACTPYKTYpPbl AAA A06bIYM MOMYTHbIX MOME3HbIX KOMMOHEHTOB Ha

[OEWCTBYIOWMX  YPaHOBbLIX  PYAHWMKAX, 6€3 3HAuMTe/IbHbIX KanWTaNbHbIX BJIOXKEHUA B
Moctynuna: 24 mas 2022
PeueH3nposaHue: 10 uroHa 2022
MpwHATa B neyaTb: 28 HoAbps 2022

NPOU3BOACTBEHHYIO MHPPACTPYKTYPY U ropHble paboTbl. TEXHONOTUA NOA3EMHOMO CKBAaXKMHHOTO
BbILLENIAYMBAHNA 3@ [AECATKM NeT HafeHO oTpaboTaHa Ha YPaHOBbIX MECTOPOXKAEHUAX.
MPUHLUMNMANbHAA CXOXKECTb TEXHOMOMMM A06bluM  ypaHa W pAaga NOMYyTHbIX MOME3HbIX
komnoHeHToB (MMK) - metogom MNCB, No3BoaseT MCNOAb30BaTb OTPaboTaHHble pyAHble NoAs
YPaHOBbIX MeCTOpoXAeHUn ana pobbiumn MMNK. Mcnonb3oBaHue yxe roToBOM TEXHOOMMYECKOM
MHOPACTPYKTYpPbI (CKBaXKMHbI, ceTb TpybonpoBoAoB, HacocHoe obopyaoBaHWe, ynpasaatowme
6710KM U T.4.) NO3BOAAET 3@ CYET ISKOHOMMM HA MHOPPACTPYKTYPHbIX 3aTpaTax, Moay4nTb
peHTabenbHoCTb Npu  OTpaboTKe pPYAOHOCHbIX 6G/I0KOB C COAEPKAHWEM  M3BEKaeMbIX
KOMMoHeHToB oT oT < 1 r/T, BnaoTb Ao 0,1 r/T. Mpu y4eTe KOCBEHHOW IKOHOMMM 3HAYUTENbHbIX
3aTpaT Ha PeKyNbTMBALMIO OTPaboTaHHbIX 610K0B, TO peHTabenbHO byaeT oTpabaTtbiBaTh 6/10KM €
COAepsKaHNeM M3BAEeKaeMblX KomnoHeHToB Bnaotb Ao 0,01 r/T. C yyeTom BblWeCKa3aHHOro
[AaHHaA TEXHOI0TUA UMeeT XOPOLWYIO NecneKTUBY A/1A BHEAPEHUA B NPOU3BOACTBO.

Kntoyesble c€n108a: ypaHOBble PYAHWKM, MOMYTHblE LEHHblE METaNNbl, MOMYTHblE MO/e3Hble
KOMMOHEHTbI, NOA3EMHOE CKBAXKMHHOE BbILLLENAYMBAHUE, XIOPCOAEPHKALLME PACTBOPbI.
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ABSTRACT

This article presents the results of production experiments to optimize the modes of silicon
smelting in an industrial arc furnace. The main factors of the melting process are the size of the
fractions of the charge components and the temperature regime of heating. The rate of charge
heating in the reaction zone in the temperature range from 950 to 14100C has a special effect on
productivity. In this temperature range, the formation of refractory silicon carbide on pieces of
quartzite was established, which causes a drop in the magnitude of the electric current in the
reaction zone and its freezing. The gornisage, which is formed, displaces the electrodes into the
zone of greater charge electrical conductivity - up, which leads to an increase in silicon monoxide
emissions through the reduced charge layer. Correction of such a process requires an increase in
the temperatures in the reaction zone and the duration of the melt. A method has been
developed for calculating the size of quartzite fractions, depending on the power of the furnace
and the size of the reaction zone. An example of a simplified calculation is proposed.
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Introduction

The practical value of such optimization is lost
due to the inadequacy of the recommended modes
to practical results [1]. This publication analyzes this
conclusion, undeserved by thermodynamics, and
provides an example of industrial studies explaining
such a delusion. Industrial experimental studies
were carried out on an electric arc silicon furnace
with a power of 1.8 kVA (2 kW). The reasons for the

furnace freezing were determined and a solution to
the problem is proposed by optimizing the
fractional composition of the charge components
and adjusting the modes of conducting the melting
process.

Experimental part

The study of high-temperature reduction
processes is a technically and economically difficult
task. For this reason, researchers in the field of
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carbothermal reduction of silicon from quartzites
take the results of thermodynamic modeling as a
basis. Existing  computer programs  for
thermodynamic analysis do not allow taking into
account the reality of changing conditions in the
system. And, experiments, apparently, are also
carried out “virtually”. This opinion was formed
since in practice, especially when starting new
silicon productions and when changing raw
materials, such recommendations turn out to be
useless for production technologists. The authors
were convinced of this when launched the
production of silicon from quartzites of South
Kazakhstan in the metallurgical shop of StekloK LLP.

In the production of metallurgical silicon,
problems arose, leading to the “freezing” of the
reaction zone in the furnace hearth, the
displacement of electrodes by the furnace
encrustation consisting of a mixture of silicon
carbides, inclusions of polycrystalline silicon,
oxides, and inclusions of coke (Figure 1). Such an
accident in production leads to an increase in
energy costs for process corrections and, in the
worst case, to a forced shutdown of the melting
process. According to the terminology of
metallurgists, this is the formation of a “bear” in
the furnace [bear — metal frozen in the volume of
the furnace or ladle as a result of a violation of the
normal technological process course or an
emergency release of metal from the furnace or
pouring ladle. [http://metaltrade.ru/ abc/a.htm].

The photo in Figure 1 shows a piece taken from
a “frozen” silicon furnace — the lower part of the
piece, lighter, is a solidified mixture of silicon
crystallites, silicon carbides and oxides. And the
upper part is a partially melted charge — a mixture
of coke, quartzite and reduction products: carbides,
silicon monoxide and silicon crystallites.

Specialists when developing technological
modes of the carbothermal process of silicon
reduction from quartzites use the results of
thermodynamic analysis, including thermodynamic
modeling [[1], [2], [3], [4], [13], [19]]. It should be
understood that thermodynamic studies allow to
assess the possibility of implementation, however
in practice it is very problematic to obtain the
expected result according to the thermodynamic
analysis without adjustment, taking into account
specific processes in the furnace.

The reasons for this problem lie in the fact that
in a real process there are changes in the
component  composition in the system,
temperature changes in the contact zones of the

system components, which create kinetic obstacles
to mass transfer processes in the reaction zone of
the furnace. For example, in a system of charge
consisting of pieces of quartzite, coke, coal, wood
chips [5], intermediate chemical compounds are
formed at the boundary between the reagents in
the reaction zone of the furnace, changing the
component composition of the system, therefore,
the thermodynamic conditions for chemical

reactions change. Taking into account the changing
conditions of the system’s thermodynamic state is a
very difficult and not yet solved problem in
modeling heterophase multicomponent systems.

Figure 1 - Photo of the frozen part of the charge and the
furnace encrustation in an industrial arc furnace:
crystallized mixture of silicon carbide with inclusions of
silicon and quartzite (silicon oxides) reduced by 20 times
M1:20

In this article, the authors consider the process
that occurs in an industrial silicon arc furnace,
studied by industrial experiments.

The efficiency of silicon reduction melting in an
electric arc ore-smelting furnacedepends on many
interdependent factors: the fractional size of the
charge components, the homogeneity of the charge
components’ distribution, the temperature in the
reaction zone, the duration of reaching the
temperature condition for the main process —
theprocess of silicon formation. Let us omit the
elemental and phase composition of the charge
components from discussions, since many scientific
works are devoted to this [[6], [7], [8], [12], [13],
[14], [17]]. This publication discusses the results of
studying technological factors that affect the
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effectiveness of the metallurgical process for
obtaining metallurgical silicon from quartzites. It is
known [[9], [10], [13], [18], [19], [20]] that the
production of silicon by the carbothermal method
is carried out according to the main four reduction
process stages. In the process of moving the charge
from the top zone to the electric arc furnace
hearth, the charge components are heated by gases
sublimated from the reaction zone, in which the
temperature reaches 2000-3000°C. The industrial
experiments were carried out on an industrial
three-electrode furnace with electrodes buried in
the charge by 1.2-1.5 m:

Stage 1. Heating the mixture with hot gas —
sublimates from the furnace reaction zone,
consisting of carbon monoxide (CO), carbon dioxide
(CO,) and silicon monoxide (SiO).

It is known [11] that a chemical reaction occurs
at the boundary of the solid phase with the gaseous
phase:

CO+CO=COx+C (1)

The resulting atomic carbon has an increased
activity, which was confirmed in practice and used
for a long time in the technology of carburizing
parts from structural steels in mechanical
engineering. This happens at a temperature of
940°C [9].

The formation of an active reducing agent,
atomic carbon, provides the conditions for the
reactions:

Si0, + C =Si0 + CO (2)
Si0O+C=Si+CO (3)

onHad wkana 8562 wan. Kypcop: 0.000

The products of reactions (2) and (3): SiO and
CO are gaseous, and Si is condensed under these
temperature conditions, SiO and Si are adsorbed on
the charge components’ solid phasesurface:
quartzite, coal and coke pieces (Figure 2) and the
gaseous product, carbon monoxide gas (CO), reacts
(1), and unreacted carbon monoxide and silicon
monoxide (SiO) above the top surface interact with
atmospheric oxygen to form carbon dioxide CO,
and SiO, — carbonwhite.

Stage 2. Silicon formed as a result of reaction
(3) is adsorbed by the charge components’ surface
and forms a film in the temperature range 950°C —
1410°C (up to the melting temperature of silicon —
1410°C).

In this temperature range, atomic carbon and a
silicon film are converted into a silicon carbide shell
according to reaction (4) Figure2:

Si+C=SiC (4)

The process of silicon reductionfrom quartzite
at this stage is determined by the carbon atoms’
diffusion rate through the shell of silicon and silicon
carbide, let’s call it “shell”. The shell is a sufficiently
strong and refractory screen between the reagents
(the melting point of silicon carbide is above 2730°C
[10]). With the melting of the quartzite pieces
inside the shell (the melting temperature of which
is above 1750°C), a change in the density of
guartzite occurs, as a result of which the shell is
destroyed — itcracks if it is not strong enough,
which depends mainly on the shell thickness.

a)

b)

Figure 2 - Photo of the quartzite piece extracted from the upper zone of the furnace shaft at a depth
of 0.5-0.6 m from the top:
a) a sample of quartzite coated with a thin layer of silicon and soot (carbon),
b) spectrum from light areas with a blue tint (the most intense peak of the silicon spectrum)
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With the melting of quartzite, the aggregate
composition of the components in the system
changes. The system, which consisted of solid and
gaseous reagents, is transformed into a system:
liquid — gas. Such changes in the system conditions

provide an increase in the rate of chemical
processes and implementation of chemical
reactions (2), (3) and reaction (5):

2SiC + Si0, = 3Si + 2CO (5)

The resulting liquid silicon flows down to the
furnace bottom, where it accumulates and after a
certain time the silicon melt is poured from the
furnace into the ladle.

In addition to the shell formation on the
quartzite pieces, reactions (3) and (4) also occur on
the reducing agent surface: pieces of coke and coal,
since SiO at temperatures exceeding the
condensation temperature of gaseous silicon
monoxide is adsorbed by coke and coal.

The result of these processes is the formation
on the charge pieces’ surface of a film of silicon and
then silicon carbide, which have a lower electrical
conductivity, this is accompanied by a decrease in
the electrical conductivity of the charge. The
consequence of such a change in the charge
composition and the intermediate products’
properties is a decrease in the electric current value
in the reaction zone of the main heat source, the
result of this is a decrease in temperature in the
reaction zone. In support of what — Figure (a)with
the quartzite piece coated with silicon carbide. A
very interesting fact was the discovery of the
formation of carborundum in the form of needle-
shaped crystals similar to twigs — dendritesin the
frozen reaction zone of the furnace (Figure 2b). This
fact indicates the crystallization of silicon carbides
from the gas phase — crystallizationof carborundum
dendrites occurs on the surface of the formed SiC
layer as a result of reactions (1), (2), (3) and (4).

Under these temperature conditions, CO, SiO
are gas phases, and C, Si, SiC are condensed phases.

The silicon reduction process abnormalityin the
furnace can be excluded if the technological
parameters are strictly observed: the charge
fractions’ size, the current density in the reaction
zone and the temperature, which should be higher
than the melting point of quartzite — above1750°C
(Since meltedquartzite has a high dynamic viscosity,
the heating temperature should be significantly
higher than the melting point of quartzite).
Therefore, the electric power in the furnace hearth

should provide the possibility of increasing the
electric voltage to maintain the current density in
the reaction zone at the required level, which is
determined by the quartzite fractions’ sizein the
charge.

i
vl o

Figure 3 - Quartzite coated with silicon carbide during
silicon carbothermy in an electric arc furnace

As a result of these chemical processes in the
reaction zone of the furnace, the “shell” becomes
sufficiently strong, the active electrical resistance of
the charge increases, the electric current between
the electrodes decreases, the furnace encrustation
is formed on the furnace hearth, the furnace
electrodes are forced upwards into the more
electrically conductive part of the charge, and on
the hearth there is a freezing of “slag-
carborundum” — amixture of quartzite, silicon and
carborundum (Figure 4).

Figure 4 - Photo of the furnace encrustation pieces —
Slagcarborundum from the “frozen” furnace
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The algorithm for solving this complex multi-
factorial problem is as follows:

1. Taking into account the peculiarity of the
carbothermal process in a silicon ore-smelting
furnace, where the reaction zone is under a layer of
charge with electrodes buried in the charge, its
sizes and shape are determined by the
interelectrode space with the temperature range of
more than 1750° C — thescheme is shown in Figure
5.

The production process can be with a
continuous discharge of the silicon melt, however
in practice it took root periodically, that is, at the
beginning, the silicon melt is accumulated in the
furnace, then the melt is released (discharged) into

- b
odel
|
| 7
L ’ coO

a ladle for refining by blowing with oxygen and
pouring into molds. Therefore, the process is
carried out in cycles. The temperature mode in the
furnace hearth is shown in Figure 6.

After discharging the silicon melt from the furnace,
the charge is deposited in the hearth. The
temperature of the charge entering the reaction
zone of the furnace should be 950...1000°C. The
authors recommend pushing the charge prepared
for loading into the furnace for the next cycle from
the top zone sides to the top center, while
maintaining  the  components’ distribution
homogeneity in the charge. The charge enters the
hearth in each subsequent cycle with a
temperature not lower than 950...1000°C.

SiO

t.c
A
. A
(<12 cm’
2000
1750
1410
1000
950
St nd .
["cycle 2%cycle
I .
0 20 40 60 80 100 120 140 160 T, min
<Stop>
<"Bear">

Figure 6 - Temperature mode in the reaction zone of the silicon carbothermal furnace:

Red line — the heatingmode at the current density
less than 12A/cm?,
leading to the furnace freezing;
Blue line — the heating mode at the current density greater than 12A/cm?
(for experiments in the studied production conditions —
the furnace with the power of 2 kW or 1.8 kVA)
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In the furnace hearth, the most important and
responsible process for melters begins: chemical
reactions (2, 3 and 4), it is necessary to prevent the
formation of a critical layer on the quartzite pieces
— “shells” of silicon carbide.

Important technological parameters in this
process are the quartzite pieces’ sizesin the charge
and the duration of their melting in the reaction
zone. The duration of heating until the melting of
the quartzite pieces provides the conditions for the
formation of the “shell”from SiC. The intensity of
heating the quartzite pieces in the reaction zone
depends on the current density in the reaction
zone.Coarse fractions take longer to heat up,
therefore, the duration of heating to the melting

temperature of quartzite increases, creating
conditions for the “shell” formation.
The charge’s fine fraction has a low gas

permeability, which contributes to the formation of
wormholes (a powerful torch from the reaction
zone, as a rule, along the electrodesurfaces). This
leads to thermal energy losses in the reaction zone
and the release of CO and SiO. Therefore, from this
point of view, the determining indicator of the
charge fractions’ sizes is the provision of gas
permeability. The larger the quartzite fraction, the
higher the charge’s gas permeability, and on the
other hand, with large quartzite fractions, it is more
likely to get “shells” from silicon carbides on the
quartzite pieces,which increases the charge’s
electrical resistance, and reduces the electric
current value in the hearth, therefore, reduces the
temperature in the reaction zone — fromwhich the
furnace “freezing” begins, that is, the “bear”
formation.

2014/07/12

Figure 7 - Photoof the carbothermal furnace,
used in the experiments

In the industrial experiments in the furnace
with the power of 2 MW (Fig. 7), the authors
experimentally established: for quartzite — piecesin
cross section should be from 50 mm to 110 mm, for
coke — from20 to 50 mm. The task is to calculate
the heating time of the quartzite pieces in the
reaction zone — abovethe melting temperature,
taking into account the quartzite melt viscosity, the
temperature should be above 1750°C.

Results and Discussion

Simplified calculation of the heating time of the
quartzite pieces in the reaction zone before the
melting:

Step 1. Determining the reaction zone size (see
Figure 3). The volume under the dome is calculated
using formula 1.1 [6]:

V= mth*(D/2 — h/3) (1.1)

where: V., — the volume under the reaction

zone dome; 1 — geometric constant ~ 3.14 — the

ratio of the circumference to the diameter; D — the

diameter of the working furnace hearth space, m; h
—the reaction zone dome height, m.

For approximate calculations, it is possible to
take the reaction zone dome height equal to D/2. In
the experiments, according to the results of
measurements of “frozen” working areas, h = 0.5-
0.7D. For approximate calculations of the charge
mass in the reaction zone, it is necessary to take
into account that part of this volume is occupied by
the graphite electrodes of the furnace.

Example: In the ore-smelting furnace with the
power of 2 MW, D = 1.75 m, h = 1.05 m, according
to the results of measurements of the melted and
“frozen” zones in the furnace, the reaction zone
volume was determined to be 1.8 —2.02 m3.

Step 2. Based on the bulk density of the charge
and its composition, the authors determine the
charge mass in the reaction zone — Gcharge rz, Which
occupies the reaction zone volume in the furnace
hearth. With an average bulk density gwux of the
charge in the industrial experiments equal to 0.85—
0.90 t/m3:

Gchargerz= gbulkvrz

The reaction zone volume occupied by the
electrodes is approximately 30%. Therefore, the
charge volume in the reaction zone will be 0.7V,,.

In the example under consideration: Gcharge .=
gouk0.7V, = 2.02:0.7-0.85 = 1.19 t.
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Step 3. Knowing the charge mass and
composition in the reaction zone, the authors
perform an approximate calculation of the energy
costs for heating quartzite in the charge and the
entire charge from 950°C to 1750°C.

The energy required to heat the charge is very
difficult to determine according to the laws of heat
transfer [[7], [8], [9]], in this case, there is no need

for an accurate calculation, therefore, the
calculation is limited to determining the difference
between the heat content of the charge

components at 1750°C and 950°C, taking into
account the furnace efficiency.

Taking into account the fact that intensive mass
transfer of the process of silicon reduction from
quartzite occurs after the melting of quartzite, the
authors assume that the quartzite mass changes
insignificantly. Then the amount of thermal energy
required to achieve the melting temperature of
guartzite in the charge:

AQcharge rz= unartzite rz*° (Cquartzite 1750~ Cquartzite 950) +
Gcoke rz* (Ccoke 1750 — ccoke 950) + Gcoal rz* (Ccoal 1750 — Ccoal

950)

Where: AQcharge rz — change in the heat content
of the charge in the reaction zone during heating
from 950 to 1750BC; Qcharge rz 1750, Qcoke 1750, Qcoal 1750 —
the heat content of quartzite, coke and coal in the
reaction zone at 1750°C; Qcharge rz 950, Qquartzite 950,
Qcoke 950, Qeoal 950 — the heat content of quartzite,
coke and coal in the reaction zone at 950°C;Cqyartzite
1750,Cquartzite950,ccoke 1750,Ccoke 950,Ccoal 1750,Ccoal 950 — the
heat capacity coefficients of quartzite, coke, coal,
respectively, at 1750 and 950°C.

Step 4. The authors determine the time
required to heat the charge in the reaction zone to
1750°C. Knowing the nominal power of the furnace
and the efficiency, it is possible to determine the
useful power of the furnace, that is, the power that
is spent on heating the charge in the reaction zone.
The efficiency according to the furnace passport is
n=0.60, therefore

Puseful = Prominal * n= Prominal0.60

The heating time (approximate) of the charge in
the reaction zone (1) is calculated as follows:

T= AQcha\rgerz/ Puseful,C

Step 5. The authors determine the duration by
the time required for the formation of the “shell”,
which reduces the electrical conductivity of the
charge, which is easy to control by the readings of
the ammeters on the control panel. An increase in
the active electrical resistance of the charge
reduces the current density in the reaction zone,
and the result of such a change in the process is
“freezing” in the reaction zone.

Figure 6 shows the scheme of the temperature
mode in the reaction zone of the carbothermal
furnace. The mode was selected experimentally.

For the practical use of the industrial
experiment results, the authors present a simplified
calculation of the optimal size of the quartzite
pieces in the charge according to the maximum
allowable duration of their heating until the melting
in the furnace hearth zone from 950°C. During this
duration — the time of heating the quartzite piece,
its heat content should increase from Qgspc to

Qui750°c:

Quseec = Cr123k% Mquartzite piece X Tstart
Q1750°c = Ca023kX Mquartzite piece X Tend

Where: C1123K, C2023K — the heat capacity of
quartzite at 950°C and 1750°C; Mguartzite piece — the
mass of the quartzite piece in the charge, to
simplify calculations, let’s take the form of the
quartzite pieces as spherical, Mguartzite piece = VquartziteX
Psio2, Where: Vguarzite— the volume of the quartzite
piece in the charge, for a sphere — 2mR3/3, psio2 —
the specific gravity of quartzite.

The difference between the heat content of the
quartzite piece from Quzseec to Qgsocc is the amount
of energy AQ that must be transferred to the
quartzite piece in the furnace hearth for a limited
time — this is the time during which the “shell” of
critical thickness does not have time to form.

Observations of the melting process in the ore-
smelting furnace allow to establish the duration of
the charge melting from the start of filling the
reaction zone with the charge to its melting with
different current densities at the furnace
electrodes. The current density (i) in the reaction
zone of the furnace is controlled by the operator,
by changing the voltage on the furnace electrodes
and by changing the electric current value between
the electrodes by their immersing into the reaction
zone. Taking into account that the nominal power
of the furnace is as follows:

— 7y ——
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Prominai= 1 * U; W

The electrical conductivity in the reaction zone
also depends on the component composition of the
charge, that is, the proportion of electrically
conductive components: coke, coal, and the degree
of gas ionization (SiO + CO + CO,) in the reaction
zone. The current density on the electrodes has a
limiting value and depends on the electrode
material. It is known that graphite electrodes
provide the highest current density, for example,
for electrodes with a diameter of 250 mm, the
maximum allowable current density is 21 A/cm?.

Inominal= Pnominal/ U Se=1"U / U Se=1 /Sel

Where: i — the electric current density in the
reaction zone, A/cm?; U — the electrical voltage on
the electrodes, V; Se— the electrode surface area
located in the reaction zone of the furnace, cm?, | —
the electric current value in the reaction zone, A.

The heating time of the quartzite piece in the
reaction zone before the melting, that is, up to
1750°C, can be approximately calculated by dividing
the amount of energy spent on heating the
guartzite piece to 1750°C by the thermal energy
perceived by the quartzite piece surface:

Theating the quartzite piece = AQquartzite piece/ i U'Squartzite

piece

Where: AQguartzite piece - the amount of energy
that must be transferred to the quartzite piece for
its melting in the reaction zone — spent on heating
the quartzite piece in the reaction zone from 950°C
to 1750°C; Squartzite piece — the quartzite piecesurface
area. Let’s take a sphere for the shape of the
quartzite pieces, then Squartzite piece = TLd?, cM?.

The quartzite piece heating rate in the furnace
hearth is carried out by radiant energy and thermal
energy transfer by thermal conductivity from the
quartzite piece surface to its center. Therefore, to
ensure heating of the quartzite piece in the
reaction zone of the furnace, the quartzite’s
thermal conductivity plays a decisive role in the
heating rate. This is clearly seen from the
calculation results (Table 1)

Theating the quartzite piece = AQquartzite piece/ iU-
2
“:d quartzite piece

Let’s transform this formula to calculate the
cross-section size of the quartzite pieces in the
charge:

dquartzite piece = (AQquartzite piece/ i U“Theating the
quartzite piece)-z;
iquartzite piece’ = AQquartzite piece / Theating the quartzite piece '
u- T[dzquartzite piece,
inominal= Pnominal/ U " Sel

Let’s set the cross-section sizes of the quartzite
pieces in the charge and calculate the
corresponding values of the electric current density
in the reaction zone of the carbothermal furnace.

Analysis of the results of these calculations
shows that it is energetically more profitable to
process a fine fraction than a coarse fraction of
quartzite, this is without taking into account heat
losses to the environment and losses on the
duration of the process due to the low thermal
conductivity of quartzite, due to which the duration
of melting of large quartzite fractions increases to
1750°C — temperature of liquid-phase reduction of
silicon.

Table 1- Calculation results of energy costs for melting the quartzite piece in the charge of the arc ore-smelting

furnace
dquartzitepiece, cm 5 10 20 30 40
unartzitepiece, cm 2.5 5 10 15 20
Theating the quartzite piece, C 0.36 72 1.433 4332049/35 min 2743/46 min
iquartzitepiece,A/sz 1.22 2.44 4.88 7.32 9.76
Vquartzite piece 32.656 261.7 2093 7053.75 16746
Mquartzite piece = unartzitex 84.9 680.42 5441.8 18339.75 43539.6
psiozlo'3, kg
AQguartzitepiece, J 59.43 476300 3780926 12833.8 30539.6
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Example of approximate calculation of the
technological parameters of a carbothermal
process in a2 MW furnace

Calculation of sizes of the reaction zone

Knowing the geometrical parameters of the
furnace: the electrodes’ diameters d«, the
electrodes’ decay diameter Dgecay, the furnace
bottom diameter (the furnace top diameter) Drurnace,
it is possible to calculate the volume of the reaction
zone. But for this it is necessary to determine the
area above the top (above the furnace hearth) with
a temperature — abovethe quartzite’s melting
temperature, we chose a zone with frozen pieces of
charge with melted traces. As a result, a dome with
a height of 650-700 mm was determined (see
Figure 4).

Approximately the volume of such a dome can
be calculated by the formula:

Vrz =T h2 (Dfurnace hearth/2 - h/3 ) [6]

Where: Vi; — the dome volume — the reaction zone
of the carbothermal furnace;

m- = 3.1415926535 = 3.14; h — the dome height, m;
Dturnace hearth— the furnace hearth diameter, m.

For the furnace in our experiments:
Vr,=3.14-0.7%- (1.0/2-0.7/3) = 0.41m3

The charge volume in the reaction zone is less
by the volume occupied by the furnace electrodes.
Therefore, the volume occupied by the charge in
the reaction zone will be: Venz = Viz —Verz; Ver
=3Tlide|2 . herz/4

Multiplying the value of the charge bulk
densitygni(ge= 0.9 t/m3) by the reaction zone
volume, we determine the charge mass in the
reaction zone Mchr,.

Mchrz= Vi 8hbd

Knowing the charge composition in the reaction
zone, taking into account the fact that wood chips
in the charge completely burn out inthe reaction
zone, the charge consists of quartzite, coke, coal
and charcoal (in our experiments, coal from
Shubarkul deposit was used instead of charcoal —
itsproperties are close to charcoal).

Mehrz = Vizs 8ba=0.41 - 0.9 = 0.369t = 369 kg

Next, we calculate the percentage composition
of the charge in the reaction zone, the zone where
the temperature reaches the melting temperature
of quartzite. Then we determine the mass content
of the charge components in the reaction zone. In
our experiments, the calculated composition was
verified by chemical analysis of samples from the
frozen reaction zone. The content, mass %, were
determined: quartzite 51-53, oil coke and coal 17-
19, Shubarkul coal 30-32. The calculated mass of
the charge (Mwar. = 369 kg) was distributed
according to the percentage values of their content
and obtained that in the reaction zone in our
furnace, in kg: quartzite 191-192, coal and coke
combined 66-69, Shubarkul coal 111-113. It was
difficult to analytically separate coal and coke in the
frozen part of the reaction zone. We combined all
reducing agents into one numerical value Vieduction =
177kg with the quartzite mass 192 kg.

We calculate the change in the heat content of
the charge in the reaction zone by the average
value of the specific heat of the charge components
(for accurate calculation, it is necessary to calculate
the change in the heat content in the reaction zone
for each component of the charge and then sum it
up). Taking into account that the coefficients of
specific heat capacity of the components differ little
and our calculation is approximate, we took Cihermal=
1.3kl / (kg - °C). [10].

To heat the charge in the reaction zone from
950°C to 1750°C, it is necessary:

In our experiments:Qchrz= Mchrz Cthermal + (1750-
950) =369 - 1.3 - 800 = 383760 kIJ

The furnace power taking into account its
efficiency, n =0.60— usefulpower, Puseru = 2 -10° -
0.60=1.2-10°W =1.2 - 10°kW

The charge heating time in the reaction zone
from 950°C to 1750°C is calculated by the formula:

T = Qchre/ Puseru= 383760 / 1.2 - 10° = 319.8 s
=320 s =5.3 min

With such a power of electric current, the
voltage between the electrodes was 90-100 V, the
current density on the electrode was 12.2 A/cm?.

Conclusion

A set of studies performed on the industrial
ore-smelting furnace with the capacity of 2 MW for
production of silicon allows us to conclude the
following:
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1. The most important factors determining the
success of the efficient production of silicon by the
carbothermal method in the electric arc furnace:

- the size and shape of the charge components,
which depend on the furnace power and the
maximum allowable electric current density on the
electrodes;

- the temperature in the reaction zone of the
furnace must be higher than the melting
temperature of quartzite;

- the important technological parameter is the
duration of heating the charge in the range: 950-
1750°C — the temperature range of the shell
formation containing silicon carbides.

2. In the reaction zone for the implementation
of a chemical reaction: SiC + SiO, = 2Si + CO,,
temperature should exceed 2250°C [7], and this is
an increase in the specific energy consumption for
obtaining the product, therefore, to ensure this
condition, it is necessary to carry out the silicon
reduction process with a minimum amount of
silicon carbide formed, which is formed in the
temperature range of 950-1750°C. Therefore, the
heating of the charge in this temperature range
should be carried out in a minimum time, the
possibility of this is ensured by the maximum
allowable current density for the electrodes, in our
experiments it is 12.5 A/cm?, and by upsetting the
charge into the reaction zone with the help of crush
(a mechanism for upsetting and crushing sintered
pieces from the charge) every 20-30 minutes of a
“quiet” process with the obligatory “peaking”
(piercing the charge layer with birch peaks) of the
charge on the top for uniform gas permeation.

3. After the release of the silicon melt from the
furnace and the collapse of the roof of the reaction
zone to move the charge with the temperature of
950-1000°C into the reaction zone, it is necessary to
switch the furnace to the maximum possible power

for the period of time of melting the quartzite
pieces in the reaction zone (in our experiments for
5.3 min — heating until melting the quartzite pieces
and for the implementation of the main reactions
of silicon reduction for another 10-20 minutes.

4. In the temperature range of 950-1000°C, the
furnace should provide the maximum charge
heating rate in the cyclic mode of unloading the
product from the furnace (discharging the silicon
melt). With the continuous release of the silicon
melt from the furnace, it is necessary to maintain a
mode with a current density on the electrodes
above 12 A/cm?. When the size of quartzite pieces
in the charge is not more than 200 mm.

5. Do not allow the charge to enter the reaction
zone with a temperature below 950°C.
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TYRIHAEME

Byn maKkanaga eHepKacinTik Aofanbl NewTte KpemHWiAl 6ankpITy peumaepiH oHTannaHaplpy
6oiblHWa eHAipicTik TaxipubenepaiH, HaTuenepi 6epinreH. BankbiTy npoueciHiH, Herisri
dakTopnapbl WKXTa KOMMOHEHTTEPIHIH, (GPaKUMANAPbIHbIH, Me/wepi KaHe Kbi3AbIPYAbIH,
TemnepaTtypanblk pexumi  6onbin  Tabbinagbl. 950-geH 1410°C-ka peiniHri Temnepatypa
[AVanasoHblHAA peakuua aliMafblHA@ LWMXTaHbl KbI3AbIPY KblAAAMAbIFbl OHIMAINIKKE epeKlue
acep eteai. byn TemnepaTypa AManasoHblHAA KBapuMT GenikTepiHAe OTKa TesiMmai KpemHui
Kapbuai Tysineai, 6yn peakuma aimarbiHAAFbl SNEKTP TOrbIHbIH, LIAMACbIHbIH, TOMEHAERYIHE KaHe
OHbIH, KaTyblHa aKenegi. Ty3inreH ropHM3ax 3N1eKTPoATapAbl 3apAAbl XKOFapbl INEKTP OTKI3rWTiK
alimafblHa  bIFbICTbIPAAbl, Oyn TemeHAeTinreH 3apaf KabaTbl apKblibl KPEMHWI TOTbIFbI
WbIFAPbIHABINAPbLIHbIH,  YNFaloblHA  dKenedi. MyHAal npouecTi KoppeKuuanay peakuua
alimafblHAaFbl TEMNepaTypanapapl KaHe 6ankbiMa y3aKTblFblH apTTbipyAbl Tanan ereai. MewTiH,
KyaTblHa »KOHe peaKuua aliMafblHblH, KenemiHe 6alinaHbICTbl KBapuuT GpPaKLuMANapbIHbIH,
MeJiLepiH ecenTey aaici asipneHai. eHinaeTinreH ecenteyaiH MbiCanbl YCbIHbIAAbI.

TyiiiH ce30ep: KpeMHUI, KBAapLMT, KOKC, Kapbua, oKcua, AoFabl new.
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AHHOTALMUA

B paHHOW cTaTbe npeacTaBfieHbl pe3ynbTaTbl MNPOU3BOACTBEHHbIX 3KCMEPUMEHTOB MO
ONTUMM3ALMM PEXUMOB BbINNABKM KPEMHUA B MPOMbILAEHHOW AyroBoin neyn. OCHOBHbIMM
dakTOopamm npouecca NNaBKM  ABAAOTCA padmep paKUMU  KOMMOHEHTOB  LIMXTbl U
TemnepaTtypHbIi pexkum Harpesa. Ocoboe BAWAHME Ha NPOU3BOAUTENbHOCTb OKasblBaeT
CKOPOCTb HarpeBa LWMXTbl B 30HE pPeakumu B AManasoHe Temnepatyp ot 950 go 14100°C. B sTom
MHTEpBane TemnepaTyp yCTaHOBAEHO 06pa3oBaHMe TyroniaBKoro Kapbuaa KpemHua Ha Kyckax
KBapLMTa, UYTO BbI3blBAaET MaZleHWe Be/IMYMHbI 3/IEKTPUYECKOrO TOKA B 30HE peakuum u ee
3amep3aHne. O6pasylolWmMiica  TOPHUCAXK  CMeLaeT  3MeKTpoabl B 30Hy  6osblueit
3/1eKTPONPOBOAHOCTM 3apsAfa — BBEPX, YTO MPUBOAUT K YBE/NMYEHUIO BblAENEHUs OKcuAa
KPeMHUsA Yepes C/IoN NOHMKEHHOro 3apasga. KoppeKuus Takoro npotecca TpebyeT nosbileHUs
TEMNEPATYP B 30HE peaKkuMM M NPOAO/IKMTENbHOCTM NAaBKW. PaspaboTaH meton pacyeta
pasmepoB GpaKkuMii KBapuMTa B 3aBUCMMOCTM OT MOLLHOCTM Meyu M pa3mepa 30Hbl peakuuu.
MNpeanaraetca npumep ynpoLLeHHOro pacyeTa.

Knroyesble cn108a: KpeMHWI, KBAPLUT, KOKC, Kapbua, MOHOOKcua, Ayrosas nedb
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ABSTRACT

This study is aimed to examine citric acids as a potential chelating agent to decrease colloidal
impurities in patchouli oil to improve its quality. It covers colour, specific density, refractive index,
acid value, iron content, oleoresin oil content, and patchouli alcohol. Complete Randomized
Design with factorial design is used with two factors and repeated 3 times. Factors are (1) citric
acid concentration consists of 0.25%, 0.5%, 1.0% and 1.50% (w/v), (2) stirring time of 30, 60 and
90 minutes. Further, purified oil by citric acid was compared to purified oil by Ethylene Diamine
Tetra Acetate (EDTA). Findings show that the concentration of chelating agents and the time of
stirring have an effect on the quality of patchouli oil. The higher the chelating concentration and
the more the stirring time, the better the quality of purified patchouli oil in terms of colour, specific
density, refractive index, acid value, and iron content. Findings also show that citric acid has almost
the same performance as EDTA. The main components in patchouli oil (patchouli alcohol and
oleoresin oil) are not affected by treatment. Purified patchouli oil by using citric acid meets
Indonesian National Standard (SNI) requirements so citric acid is one of the potential chelating
agents.

Keywords: Purification process, essential oil, chelating agent, patchouli oil, iron content.
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Introduction

Patchouli oil is extracted from the Pogostemon
patchouli plant or Pogostemon cablin Benth. It is one
of the priceless essential oil and until now there has
been no other type of essential or synthetic oil that
can replace patchouli oil as a fragrance binder

(perfume) [1]. Patchouli

Others, so that it can be used to make
compositions of a fragrance or perfumery
compound as a cosmetic
raw material [2]. Patchouli oil has fixative properties,
namely the ability of the oil to bind several other
odours/perfumes so that the composition forms a
unified odour. The smell of patchouli oil is pungent,

strong, long-lasting, and musty.

is usually not However, in recent vears, the price of patchouli

fractionated into its derivatives such as citronella oil,
vetiver, clove and others, because it has very
harmonious components and no one component is
very prominent and is the most difficult volatile
essential oil compared to other essential oils.

oil from local communities has fallen significantly
due to the poor quality of patchouli oil (high colloidal
impurities). The impurities cover dark brown colour,
high acid number, high iron content (ppm) and high
oleoresin oil content (%). The nature of patchouli oil
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is determined by its chemical compounds. These
components can be terpenes, alcohols, aldehydes,
acids, esters, ketones and others. In addition, these
components may contain saturated or unsaturated
bonds so that patchouli oil is easily oxidized,
hydrolyzed and polymerized [3].

Most local community farmers in developing
countries use metal iron distillers [[4], [5]]. Patchouli
oil turns dark in colour due to the influence of Fe;0;
which is a sensitizer to double bonds and the
compounds contained in the oil [6]. Due to the
influence of base and temperature, the resinification
reaction in essential oils is accelerated [7]. The
reaction between metal ions and acids in the oil will
form salts which will make the oil darker and more
concentrated. The decline in the quality of patchouli
oil can be prevented by using stainless steel distiller.
However, it is considered expensive by local
community farmers [8].

Patchouli oil purification can be done by vacuum
distillation and re-distillation [3], adsorption [9], and
using chelating agents [10]. The redistillation
purification method has the disadvantage of being
relatively expensive, long processing time and
charred-smelling oil [[11], [12]]. Purification of dark-
coloured patchouli oil by flocculation in principle is
to bind the metals contained in the oil by adding a
chelating agent to form a complex salt that
coagulates and settles. Furthermore, the precipitate
formed is separated from patchouli oil through
filtration. Chelating agents have been used such as
tartrate acid and Ethylene Diamine Tetraacetic acid
(EDTA). However, those chelating agents are quite
difficult and more expensive for local community
farmers. Meanwhile, citric acid has a chelating agent
effect, is organic, and has abundant availability [13].
Thus, this study aims to examine citric acids as a
potential chelating agent to decrease colloidal
impurities in patchouli oil to improve its quality.

Experimental part

Patchouli oil used in this study is patchouli oil
obtained from a local community farmer in West
Sumatera, Indonesia. The citric acid solution used
was a 65% concentration with the addition of 1%
ethanol 96%. Then, the amount of patchouli oil was
added with a solution of a chelating agent (65%) as
much as 0.25%, 0.5%, 1%, and 1.5% by weight of
patchouli oil and stirred with a rotation speed of 300
rom for 30 minutes, 1 hour, and 1.5 hours. CaO 1%
of oil is poured into the solution and stirred again for
2 hours with a rotation speed of 500 rpm. The
mixture is allowed to stand overnight until a layer of

patchouli oil is formed at the top and a precipitate at
the bottom which will then be separated by
filtration. The treatment which is a combination of
the level of concentration of each chelating agent
and the time of stirring is planned in a completely
random factorial with 3 repetitions. The purified oil
is examined based on Indonesian National Standard
(SNI 06-2385-2006). Qil clarity is in Transmittance
percentage (%T).

Results and Discussion

Preliminary analysis is carried out to determine
the physicochemical properties of patchouli oil
before purifying. It is compared with
physicochemical properties after purifying and
standard SNI 06-2385-2006. Table 1 describes the
physicochemical characteristics of patchouli oil
before purification.

Table 1 - Physicochemical characteristics of patchouli oil
before purification

Standard based
Characteristics on SNI 06-2385- value
2006

Color

- Visual Yellowish to Dark brown

- Transmisi, % dark brown 2.8+0.13
Specific density 0.943-0.983 0.98810.15
(25°C)
refractive index 1.504-1.514 1.512+0.12
(ND*)
Acid value Max. 5.0 8.04+1.86
Iron content, Fe - 328.04+ .98
(ppm)
Patchouli alcohol Min.30 28.54%
(%)

Table 1 shows the physicochemical

characteristics of patchouli oil based on standard,
before and after purifying. Based on the results of
the preliminary analysis of both the physical and
chemical characteristics of patchouli oil from local
community farmers, some characteristics such as
specific density, acid value, oleoresin oil content,
and patchouli alcohol do not meet standard SNI 06-
2385-2006. Patchouli oil is one of the important
characteristics that are below standard.

The dark colour of the oil causes the level the
clarity of the oil to be very low, and this is due to its
high iron content [[13], [14]] argues that
contamination by iron occurs during the distillation
process which uses a metal iron distiller. Iron ions
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can stimulate oxidation reactions in conjugated
double bonds found in patchouli alcohol compounds
in patchouli oil to produce colour-forming
chromophore compounds from groups >C=C< or
>C=C [15]. Patchouli alcohol compound is the main
component in patchouli oil. Dark colours cause low
clarity. Colour is a parameter that is easily visible,
therefore greatly affecting consumer acceptance
and can reduce quality [[16], [17]].

In the purification process, the effect of
concentration (EDTA, and citric acid) on the
patchouli oil clarity is presented in Figure 1.

90
89
88
£ 87
3\; 86
£ 85
% 84 M Citric acid
5 83 EEDTA
82
81
80
025 05 1 1.5

concentration (% w/v oil)

Figure 1 — Effect of concentration on the oil clarity

Findings showed that chelating agent
concentration has a significant effect on oil clarity.
The oil clarity could be 88.52%T by using 1% citric
acid and 88.61%T by using 1.5% citric acid as a
chelating agent. The significant oil clarity is
increased from a concentration of 0.5% to 1% citric
acid (w/v). Meanwhile if using EDTA as a chelating
agent, the oil clarity could be 88.67%T by using 1%
and 88.82%T by using 1.5% of concentrations. The
significant oil clarity is also increased from a
concentration of 0.5% to 1% EDTA (w/v). Citric acid
has nearly the performance as EDTA in
concentrations of 1% and 1.5%.

Fe content in patchouli oil is the cause of the
dark colour and low quality of the oil. Thus, the
effect of the chelating agent, concentration, and
time of stirring on Fe content is presented in Table
2.

Findings showed that the interaction of
concentration and stirring time has a significant
effect on Fe content. The higher concentrations and
the longer the stirring time, the less Fe content. The
least Fe content is by using a 1.5% chelating agent

during 90 minutes time of stirring. However, the
result of the 1% chelating agent during 60 minutes is
not different significantly when compared to 1.5%
chelating agent during 90 minutes.

Citric acid has 3 pairs of free electrons
meanwhile EDTA has 6 pairs of free electrons form
C=0 and N atoms. Thus, EDTA has better
performance. However, citric acid has almost similar
performance to EDTA. The further result before and
after purification is presented in Table 3.

Table 2 — Interaction between the chelating agent,
concentration, time of stirring and Fe content

Chelating | °"°" | stirringtime | ' comten

agent tration (minutes) (ppm)
(%)

EDTA 0.25 30 19.65

60 17.28

90 15.34

0.50 30 18.35

60 14.13

90 13.04

1 30 14.05

60 13.04

90 10.34

1.5 30 11.57

60 9.05

90 8.87

Citric acid 0.25 30 19.85

60 18.08

90 16.24

0.50 30 18.05

60 13.83

90 13.04

1 30 15.05

60 12.54

90 11.04

15 30 11.92

60 9.25

90 9.30

Table 3 showed that after purifying, specific
density (25°C), refractive index (ND%), acid value,
iron content (ppm), oleoresin oil content, and
patchouli alcohol meet the standard. Citric acid as
chelating agent has three carboxyl functional group
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(-COOH) by setting its concentration and strirring
time, H atoms occured deprotonation [18]. lon H*
replaces Fe?*. Thus, it could decrease Fe content and
increase clarity of patchouli oil [19].

Patchouli oil from local community farmers is
dark brown due to it contains colloidal Fe. The
addition of citric acid as a chelating agent reacts with
Fe metal to form chelate complex ions [20].

Table 3 - Physicochemical characteristics of patchouli oil
before and after purification by using citric acid as a
chelating agent

Standard After
Characterist | based on Before purification
ics SNI 06- purification

2385-2006
Color
Visual Yellowish | Dark brown | Light yellow
Transmision, to dark 2.8+0.13 57.310.16
% brown
Specific 0.943- 0.988+0.15 | 0.96310.26
density 0.983
(25°C)
refractive 1.504- 1.512+0.12 1.509+0.31
index (ND?°) 1.514
Acid value Max. 5.0 8.0411.86 0.12+1.63
Iron - 328.04+ .98 9.314.12
content, Fe
(ppm)
Patchouli Min.30 28.54% 34.84%
alcohol (%)

A chelating agent forms a complex salt that binds to
the iron occurred in the oil. The chelating agent in
forming the complex salt lumps is supported by
calcium oxide which also neutralizes the acidity in
the oil [21]. The decrease in Fe content significantly
from 328.04+3.98 ppm to 9.3#4.12 cause a
significant change in the colour of the oil. Patchouli
oil changes colour to clear yellow and is the
preferred colour in the market.

Conclusion

Purification of patchouli oil by using citric acid as
a chelating agent can significantly improve the
quality of the oil value. Its performance is almost
similar to EDTA in certain conditions. This refining
can improve the characteristics of the oil from the
aspect of colour, patchouli alcohol, acid number,
iron content (ppm) and oleoresin oil content (%).
Citric acid can reduce iron content by much as
97.16%. Therefore, citric acid has promising
potential to be used in patchouli oil refining for local
community farmers.
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TYAIH

Byn 3epTrey nayyau malibiHAafbl KOANOWMATHI KOCnanapApl asalTy apKplibl OHbIH CanacblH
JKaAKCapPTy YWiH JAMMOH KbIWKbINAAPbIH NOTEHUMANAbl XenatusaTop peTiHae naiganaHygpl
3epTTeyre 6afbiTTanfaH. 3epTreynep TYyCTi, MEHWIKTi TbIFbI3AbIKTbl, CbIHY KOPCEeTKIliH,
KbILWKbINABIK M3HIH, TEMIp KypamblH, 0/1€0pe3vH MaiblHbIH, Ma3MYHbIH }K3He Nayyau CnupTiH
KamTuapl. PakTOp/bIK AM3aMHMEH TONMbIK paHAOMM3aUMANaHfFaH AuM3aiH eki dakTopmeH
napanaHbinagpl aHe 3 peT KaWTanaHagpl. ®daktopnap (1) /AMMOH  KbIWKbINbIHBIH,
KoHueHTpaumscel 0,25%, 0,5%, 1,0% »aHe 1,50% (canm/kenem) Typaabl, (2) apanactbipy yakpITbl
30, 60 »kaHe 90 MUHYT. OfaH api IMMOH KbILWKbIJIbIMEH Ta3apTblFaH Mai 3TUNEHAMAMUH TeTpa
aueTatbl (EDTA) apKbl/ibl Ta3apTbiiFaH MaiMeH CanbICTbipblaAbl. HaTUMKenep navynn malibiHblH,
canacblHa XenaTTaHAbIPYLbl 3aTTapAblH KOHLLEHTPALMACHI MEH apanacTbIpy YaKbITbl 9cep eTeTiHiH
KepceTesi. XenatnsaTopApblH, KOHLEHTPaLMACHI HeFyp/ibiM Kofapbl 6onca kaHe apanactbipy
YaKbITbl HEFyp/bIM Ken 60/ca, Ta3apTbliFaH Navyyu MaliblHbIH, TYCi, MEHLUIKT Tbifbl3AbIfbl, CbIHY
KePCETKiLli, KbILLKbIIAbIK MIHI }KaHE TeMip meLwepi 6olbIHLLIA canackl COFYP/bIM ¥KaKcbl 6onagpl.
HaTukenep coHbIMEH KaTap IMMOH KbiwKblibl EDTA-mMeH bipaeii cunattamanapfa ue ekeHiH
KepceTTii. Mayynn maibiHAAFbI HETi3r KOMMNOHEHTTEP (NayYyau CNMPTI }KaHe ONeopesvH Malibl)
e3repmeinsi. IMMOH KbILWKbINbIH KONAAHY apKblibl Ta3apTblafaH Navyaun mavibl UHAOHE3NA YATTbIK
CTaHAapTbiHbIH, (SNI) TananTapbiHa caliKec Kenegi, COHAbIKTaH JIMMOH KbiILKbIIbl NOTEHLMANAbI
XenaT areHTTepiHiH 6ipi 601bIN Tabblnagpl.
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AHHOTALMUA

3T0 MccnefoBaHME HaMpaBAEHO Ha M3yYeHUe WUCMONb30BAHUA IMMOHHOM KUCNOTbl B KayecTse
NOTEHLMANbHOTO XenaTUpYIoLLero areHTa AnA yAydylleHUA KayecTBa Macna nayyiu 3a cyer
YMEHbLUEHWA KONNYECTBA KOIOUAHbIX Npumeceit. MccnenoBaHWA BKAKOYAIOT LBET, yAe/bHbIN
BEC, MOKasaTe/lb MNPENOMIEHUA, KUCNOTHOE UMCNO0, COLEPMKAHME Kenes3a, CoAep)KaHue
0/1e0pe3MHOBOr0 Macaa W CnMpT navyau. NMoNHOCTbIO PaHAOMMU3NPOBAHHBIN NAaH C GaKTOPHbIM
NNaHOM MCNonb3yeTca C AByMA ¢dakTopamu U nostopsetca 3 pasa. daktopbl BkAtoyatoT (1)
KOHLEHTPaUMIO IMMOHHOM Kucnotbl 0,25%, 0,5%, 1,0% u 1,50% (Bec/obbem), (2) spemsa
nepemewwmsanua 30, 60 1 90 MUHYT. Kpome Toro, macnio, papuHMpPOBaHHOE IMMOHHOM KUC/IOTOM,
CpaBHMUBaNM C MacioM, padMHUPOBAHHBIM 3TUNEHANAMUHTETPaaueTaTom (I4TA). PesynbTathl
MOKa3bIBaOT, YTO Ha KayecTBO Macna Mayy/iu BAUAET KOHLEHTPALMA XenaTUpYoLWMX areHToB 1
BpeMA CMelUMBaHMUA. Yem Bbllle KOHLEHTpaUMA xenatopa U AoAblue BPpeMA CMELUMBAHUA, TeM
Nlyylle KayecTBO padUHMPOBAHHOrO Macia NayvynuM C TOYKWM 3pEeHUn LBeTa, YAeNbHOro Beca,
NnoKasaTena NPenoMNEHUs, KMCAOTHOTO YUCNA W COAEpXKaHWA »Kenesa. PesynbTaTbl TaKxkKe
noKasann, YTO JIMMOHHAA KUCNOTa MMeeT Te e XapakTepuctuku, yto m 3ATA. OcHOBHble
KOMMOHEHTbI Mac/ia Nadyau (CMMpPT Nayvyim U Macio 01eopes3nHa) He U3MeHuMCb. Macno nadynu,
paduHMpPOBaHHOE C WCNO/Ib30BaHWEM JIMMOHHOW KWUC/IOTbl, COOTBETCTBYeT TpeboBaHMAM
HaumoHanbHoro ctaHgapta MHaoHesun (SNI), NoaToMy IMMOHHAA KUCAOTa ABNAETCA OAHUM U3
NOTEHLMANbHbIX XeNaTUPYIOLWNX areHToB.
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Kniouesble cnoea: npouecc OYUCTKY, 3¢MPHOE macno, Xel'laTMpyIOUJ,Mﬁ areHT, mMmac/n0 nadvynam,
coaepraHue XKenesa.
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ABSTRACT

It was established based on the analysis of the results of published works and the results obtained
by the authors that there is no information on the behavior and distribution of antimony
chalcogenides - Sb2Ss, Sh.Ses, Sh.Tes, as well as double systems - Sh,S3-Sh,Ses, Sh,S3-Sh,Tes and
Sh,Ses-Sh,Tes under the vacuum processing conditions for polymetallic mattes performed at 1100-
1250 °C and a vacuum of 15 - 0.7 kPa. It was found based on the saturated vapor pressure values
for monochalcogenides that the vapor pressure of free antimony sulfide will be 58.95 kPa at 1100
°C, i.e. the lower limit of the technological interval, which indicates its complete transfer to the
vapor phase when the mattes are evacuated; the vapor pressure of free antimony selenide at 1100
°C exceeds the atmospheric pressure value (101.3 kPa), and Sbh.Ses would be completely extracted
into the vapor phase in vacuum; the boiling point of liquid antimony telluride at atmospheric
pressure corresponds to 971 °C, and it would be extracted into the vapor phase under the
conditions of matte evacuation. The thermodynamic evaporation characteristics of antimony
chalcogenides were found. It was concluded based on the location of the boundaries of the liquid
and vapor phase coexistence fields that it is impossible to separate binary systems of antimony
chalcogenides into separate compounds in the process of one evaporation cycle — condensation,
in binary systems. Different effects of pressure reduction over melts were found. Lowering the
pressure from atmospheric one to 0.7 kPa in SbS3-Sh,Ses system did not change the position of
the boundaries of the liquid and vapor fields (L + V) under the temperature; field width (L+V)
decreases with decreasing pressure in Sb2S3-SbaTes system; the field width first decreases with
temperature, then increases in system Sh,Ses- SbaTes. At the same time, the position of the boiling
curves of antimony chalcogenide solutions indicates the complete transfer of compounds into the
vapor phase under the conditions of matte distillation processing (at 1100-1250 °C) at atmospheric
pressure which is important for assessment of the distribution of antimony and rare metals -
selenium and tellurium by processed products.

Keywords: antimony, sulfur, selenium, tellurium, chalcogenide, vapor pressure, vacuum, matte,
thermodynamics, distribution.
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Introduction

Copper sulfides (CuyS) and iron (FeS) are the
basis of polymetallic mattes of copper and lead
plants forming an unstable complex - FeCu,S; in
melt. There are compounds of non-ferrous metals
(PbS, ZnS), rare elements cadmium, antimony,
indium, etc. in the form of sulfides, as well as
selenium and tellurium, isomorphically replacing
sulfur in sulfides in addition to the main components
in the matte. Moreover, the largest amount in the
matte after PbS and ZnS is represented by antimony
chalcogenides.

Binary antimony sesquisulfide systems with CusS
and FeS as applied to the conditions of vacuum-
thermal processing of sulfide melts are considered in
detail in the monograph [1], the behavior of copper
chalcogenides under the same conditions - in [2]. As
a result, it was found that almost complete release
of antimony sulfide into the condensate during
distillation in a vacuum should be expected, and it
was confirmed in the process of factory
technological tests for the processing of mattes. The
dissociation pressure of pure copper sulfide will
fluctuate within 0.5-7 Pa, of copper selenide - 28-230
Pa, of copper telluride - 1.5-9 Pa in the process of
distillation of volatiles at low pressure [2],
performed, as a rule, at 1100-1250 °C. Therefore,
copper sulfide and telluride completely, and copper
selenide in the main degree will concentrate in the
stillage residue.

The liquid-vapor equilibrium in the chalcocite-
antimonite system at low pressures was studied in
the study [3], and it was found that almost complete
release of antimonite into the condensate should be
expected during distillation in a vacuum, however,
the pressure during  the technological
implementation of the matte distillation separation
process should be at least 700 Pa in order to avoid
Cu;S build-up formation.

The removal of non-ferrous metal impurities
from copper matte was studied by the authors in [4]
where it was found that the antimony content was
below 0.1 % after vacuum treatment at 1200 °C and
a pressure of 60 Pa.

The authors [[5], [6], [7], [8], [9], [10]] conducted
studies to determine the oxide solubility of copper,
lead, arsenic and antimony from copper-lead mattes
into slag. The results obtained can be used to predict
the loss of valuable components with slag, and to
develop optimal solutions to reduce the total loss of
metals during processing.

The teams of authors [[11], [12]] studied the
decomposition of jamsonite (PbsFeSbsS14), and the
optimal temperatures equal to 650 and 900 °C were
established for the separation of antimony and lead
sulfides. Up to 98 % Sb,Ss with a purity of 99.17 %
and up to 99.5 % PbS with a content of 98.7 % of the
main compound was obtained.

The extraction of non-ferrous metals from
secondary raw materials by vacuum sulfiding at
1050 °C was studied in [13], and a new method
intended to remove impurities from secondary
copper raw materials was proposed.

The authors of [14] found that when copper
mattes are evacuated at 1250 °C and a pressure of
130 Pa, up to 92 % of antimony in the form of sulfide
can be extracted into the vapor phase and,
accordingly, into the condensate.

To date, a modified volumetric model of the
molecular interaction of the components in a PbS -
Sb,Ss binary system was developed and used
consistent with experimental data. It can be used for
the technological separation and purification of
sulfides [15].

Despite a significant number of studies for the
Sb,Ss isolation from sulfide melts, there are no
studies on the behavior of other antimony
chalcogenides and their binary systems which form
a continuous series of solid solutions [16] under the
conditions of vacuum thermal processing of mattes.

In this regard, the behavior of antimony
monochalcogenides and binary systems of antimony
chalcogenides is of great interest at high
temperatures and low pressure, with the
construction of vapor-liquid equilibrium fields for
binary systems to consider which enable to judge
the distribution of elements, as well as the possibility
of their concentration in a separate middling
product.

Distribution of antimony
monochalcogenides

Judgment on the behavior and distribution of
antimony chalcogenides is based on the saturation
vapor pressure of each of them.

Vapor pressure over antimony sulfide. A
significant number of studies, including [[17], [18],
[19], [20], [21], [22], [23], [24], [25], [26]], and
summarized in monographs [[27], [28], [29]], are
devoted to determination of the magnitude of the
pressure and composition of vapor over antimony
sesquisulfide. Such attention to the thermodynamic
studies of Sb,S; is due to the semiconductor
properties of the compound and the very complex
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composition of the vapor phase. When the
composition of vapor over liquid antimony trisulfide
is studied, it was established [[17], [21], [22]] that
SbS, S;, Sb2S,, SbySs, SbaSa, SbsS,, SbsSs, SbiSa, SbaSs,
Sb4S4, SbsSs molecules and other fragment ions were
presentin it.

Due to the complex composition of the vapor
phase, when the boiling points of alloys were
calculated, the saturation vapor pressure of
antimony sulfide found by the boiling point method
was used [[23], [24], [30]]. This method does not
require knowledge of the molecular weight of the
vapor, and the corresponding dependences:

In prZsaa)[Pa] = 23,889_17718T_1, Wh||e the
thermodynamic functions of

AHE  =147,31k/mol,

J/(mol K).

The vapor pressure of free antimony sulfide at
1100 °C, i.e. at the lower boundary of the
technological interval, will be 58.95 kPa indicating its
complete transfer to the vapor phase when the
matte is evacuated at a rarefaction of 15 - 0.7 kPa.

Vapor pressure over antimony selenide. A
number of researchers were involved in
physicochemical studies of liquid alloys. The authors
of [31] measured the kinematic viscosity and density
of melts in the composition range of 40 mol. % Sb,Ses +
60 atm. % Se — 20 mol. % Sh,Se3+80 atm. % Sb from
melting temperature to 1100-1200 °C.

The crystallization kinetics of glassy alloys was
studied in [32] using differential scanning
calorimetry at different heating rates. SeigoxSbx
(25x<10), the activation energy of the crystallization
process, the order parameter, the rate constant, the
frequency factor was determined, and it was found
that chalcogenide glasses with a higher
crystallization rate, have lower thermal stability.

The authors of [33] studied the behavior of
antimony sesquiselenide during sublimation in
vacuum and established the congruent character of
evaporation.

Mass spectrometric determination of vapor
composition over Sh,Se; established [[34], [21]] the
predominant presence of SbSe molecules, half less -
Sb,Se,, triple less — Sb;Ses and so on in the
descending order: SbsSe, SbsSes, ShaSes, SbsSes,
SbsSe,, Se,, Sh,Ses and very few Sb,Se.

The vapor pressure of antimony sesquiselenide
using radioisotopes in the temperature range from
491 to 687 K (218-414 °C) was determined in studies
[[35], [36]]. The temperature dependence of the
vapor pressure corresponded to the expression:

evaporation:
Asggfsa(,) =102,79

Ig p[mm Hg]= 8,7906-6432,3-T,

Vapor pressure over liquid antimony selenide in
the temperature range of 550—-868 °C (823—1201K) was
determined by a static method using a quartz
membrane manometer in the study [20]. The results
of the determinations are described by the
equation: lg p[mm Hg]= (8,4130+0,0328) -
(7220,4+£250)-T .

Later, the authors of [[37], [38]] determined the
vapor pressures and activities of selenium and
antimony at 994 K (721 °C) by the isopiestic method
over the entire concentration range of the system.

The equation of the dependence of vapor
pressure on temperature recommended in [39] was
used by us to calculate the boundaries of the liquid-
vapor phase transition, and it was transformed by us

to the form: In prZS%(,)[Pa] =23908-16498-T *.
Hence the enthalpy and entropy of liquid Sb,Ses
vaporization: AHgR . ) =137,17 ki/mol,

ASE., 1, =102,95 J/(mol K).

The vapor pressure of free antimony selenide at
1100 °C, the lower boundary of the technological
range, exceeds atmospheric pressure (101.3 kPa),
and Sb,Se; will be completely extracted into the
vapor phase in a vacuum.

Vapor pressure over antimony telluride. The
number of works devoted to thermodynamic studies
of antimony sesquitelluride is not so large in
comparison with sulfide and selenide. The physical
and chemical properties of the antimony - tellurium
and Sh,Te; system were studied by the authors of
[[19], [20], [25], [29], [39], [40], [41], [42], [43]].
When the composition of the vapor was studied by
the mass spectrometric method, the existence of the
following molecules was established [[11], [29]]: Sba,
Sb,, SbTe, Sb,Te;, Te,. However, the authors of [41]
noted that the “degree of incongruence” is very low
during the sublimation of antimony sesquitelluride
in vacuum at 770-830 K.

Sb,Tes steam pressure values found by different
methods differ from each other. In this regard, the
dependence of the vapor pressure of antimony
telluride obtained based on measurements by the
torsion-effusion method in the latest work [26] were
used by wus and converted to the form:

IN Pgy 7o,y [Pa] =31776—-25181- T

The change in the enthalpy and entropy of
evaporation corresponds to the following values:

AHE ) =209,39 ki/mol,

ASgphre, 1) =168,36 J/(mole-K).
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The boiling point of liquid antimony telluride at
atmospheric pressure corresponds to 971 °C, and it
will be extracted into the vapor phase under the
vacuum conditions of matte.

Distribution of chalcogenides in Sh,Ss-
szSeg, szS3-szTe3 and szSeg-szTeg
systems

Measurements of microhardness and thermal
conductivity of Sb;S3-Sb,Ses alloys and X-ray
diffractometry established the formation of solid
solutions between these compounds which
crystallize in a rhombic lattice, in the same way as
the initial compounds [44]. When antimony selenide
is added to sulfide, sulfur atoms statistically replace
selenium atoms, and the lattice parameters
gradually increase as sulfur atoms are replaced by
selenium atoms with a larger atomic radius. In
connection with the formation of a continuous
series of solid solutions and the unlimited solubility
of antimony chalcogenides in the liquid phase, the
boundaries of vapor-liquid equilibrium are
calculated in Sb,S3-Sb,Ses, Sb,S3-Sbh,Tes and Sb,Ses-
Sb,Tes systems.

There are no studies on vapor-liquid equilibrium
in binary systems of antimony chalcogenides.

Due to the fact that the chalcogenides of one
metal, as a rule, have a very slight deviation or lack
thereof under the Raoult law [16], Sb,S3:-Sb,Ses,
Sb,Ss-Sb,Tes and Sb,Ses-Sb,Tes binary systems were
regarded as ideal ones.

The boundaries of the vapor-liquid equilibrium
fields were calculated based on the partial pressure
values of the saturated vapor of the alloy
components. At the same time, the temperature at

which the sum of the partial pressures of the vapor
of the components is equal to atmospheric pressure
or another one corresponding to the conditions of
vacuum distillation of mattes (15 - 0.7 kPa) was
considered as the boiling point of the melt.

The composition of the vapor phase at the
boiling point was determined on the basis of the
Clapeyron—Mendeleev equation as the ratio of the
partial pressure of one component to the total
pressure at this temperature. The boundaries of
vapor-liquid equilibrium in binary systems of
antimony chalcogenides are shown in Figure 1.

State diagrams of condensed systems are
constructed only for binary Sb,Ss-Sb,Ses and Sb,Ses-
Sb,Tes [44]. SbyS3-Sb,Tes system liquidus line is
drawn between the melting points of chalcogenides
conditionally, by a dotted line.

It can be concluded based on the position of the
boundaries of the liquid and vapor phase
coexistence fields that it is impossible to separate
binary systems of chalcogenides into separate
compounds in the process of one evaporation cycle
- condensation. The different influence of the
decrease in pressure over the melts should be
noted. A decrease in pressure from atmospheric to
0.7 kPa does not change the position of the
boundaries of the liquid and vapor fields (L + V) in
temperature in Sb,Ss;-Sb,Se; system; field width
(L+V) decreases with decreasing pressure in Sb,Ss-
Sb,Tes system; the field width first decreases with
temperature, then increases in Sb,Ses- Sh;Te;
system. Apparently, inaccuracies in determination of
the vapor pressure values of the initial antimony
chalcogenides are the reason for such a change in
the position of field boundaries (L+V) in the last two
systems.
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Figure 1 - Liquid-vapor phase equilibria in binary systems of antimony chalcogenides.
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At the same time, the position of the boiling
curves for the solutions of antimony chalcogenides
indicates the complete transfer of compounds into
the vapor phase under the conditions of distillation
processing of mattes (at 1100-1250 °C) even at
atmospheric pressure.

antimony chalcogenides will be completely
transferred to the condensate under the conditions
of distillation processing of polymetallic mattes
performed, as a rule, at 1100-1250 °C and with a
rarefaction of 15 - 0.7 kPa. Separation of antimony
chalcogenides into individual compounds during

distillation is not possible.
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It was established based on the saturated vapor
pressure values for antimony monochalcogenides
and the construction of the boundaries of vapor-
quuid equilibrium in Sb253-5b2563, Sb,Ss-Sbh,Tes and
SbySes-SbyTes systems that antimony
monochalcogenides, as well as solutions of
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LUTEAHAEPAI BAKYYMAbIK-TEPMUAJBIK, KAUTA OHAEY MAFOANBIHAA
CYPME XAJIbKOTEHUATEPIHIH, TAPANYbI

12BonoauH B.H., 'Tpebyxos C.A., 'HuueHko A.B., 'bypabaesa H.M., /IuHHuK K.A.

1 «Memannypaus xaHe KeH 6alibimy uHcmumymei» AK, Combaes yHusepcumemi, Aamamel, Kazakcmax
2 A0ponbiK pusuka uHcmumymel, Aamamel, Kazakcmax

TYRIHAEME

KapuanaHfaH }XymbICTapAafbl }KaHe aBTOP/Iap anfaH HaTUXenepai Tangay HerisiHae 1100-1250
°C Temnepatypaga »aHe Kbicbimabl 15-0,7 KMa AeliH cupeTy KesiHae Ky3ere acblpblnaTtbiH
NoAUMETaNN WTeNHAEepAi BaKyyMablK KalTa eHgey KafaanbiHaa Sb,Ss, Sh.Ses, ShaoTes cypme
XaNbKOreHnATepiHiH, coHaan-aK SbzSs-ShaSes, SbaS3-ShaTes kaHe SbaSes-SbaTes Koc XyienepiHin,
apekerTi MeH Tapanybl Typanbl ekeHgjri
MoHOXaNnbKOreHUATEPAIH, KaHbIKKaH By KbICbiMbl MeJlWepiepiHiH, Herisinge 1100°C kesiHae —
TEXHONOTUANBIK apasblKTbliH, TOMEHTi WeKapacbiHAa 60c cypme cynbduaiHiH, 6y KpicbiMmbl 58,95
KMa-Hbl KyPaWTbIHbI aHbIKTanApl, 6yn WTelHAepAi BaKyymaay KesiHae OHbIH by dasacbiHa TONbIK
aybicaTbiHbIH KepceTedi; 1100°C-ta 60c cypme ceneHugiHiH, 6y KpbicbiMbl aTMochepanbiK

ManimeTTepaiH, JKOK, aHbIKTaNAbI.

Makana kengi: 12 koipKyliek 2022 KbICbIMHBIH, WamacbiHaH acagpl (101,3 kMa) kaHe Bakyympaafrbl ShaoSes TonbiFbimeH by dasacbiHa
CapanTtamagaH eTri: 24 xenmokcaH 2022

Kabbinganapl: 26 kaHmap 2023

eTefi; CyMbIK cypme TeNnypuaiHiH, aTmochepasnbiK KbiCcbiMaarbl KaiHay TemnepaTtypackl 971°C-fa
CaViKecC Kenesi aHe WTelHAepAi Bakyymaay afaaibiHaa on 6y dasacbiHa whiFapbliagsl. Cypme
XaNbKOTeHUATEPiHIH,  6ynaHybIHbIH, cunatTamanapbl  Tabbingpl.  Koc
Xylenepgae cyiibiK xaHe by PpasanapbiHbiH KaTap 601aTbiH ©PICTEpPiHiH, LUeKapacbiH OPHANACTbIPY

TepMmognHaMUKanblK

HerisiHae Ccypme Xa/lbKOreHMATEPiHiH, KOC KyienepiHiH, 6ip 6ynaHy — KoHAEeHcauua LUMKAi
bapbicbiHAA KeKe KocblabicTapFa 6eniH6enTiHi Typanbl KOpbITbIHAbI Kacanapl. SbaSs-SbaSes
JKYWeCiHAE KbICbIMHBIH, aTMochepanbik KpicbiMHaH 0,7 KMa-fa aeliH TemeHaeyi Temnepatypa
6oVblHWA CYMbIKTbIK neH by (L+V) epicTepi weKapanapbiHbIH, KafpaibiH e3repTneidi; SbhoSes-
Sh,Tes sKyieciHae — epicTiH, eHi (L+V) KbiCbiM TOMEHAEreH caibliH asanabl; SbaSes-ShoTes syieciHae
epicTiH, eHi TemnepaTypa 60lblHWA anabiMeH asangpl, CoaaH KeliH ynfaagpl. CoOHbIMeH Katap,
Cypme XanbKoreHuatepi  epiTiHAinepiHiH,  KalHayblHblH,  KWUCbIK  Cbi3blfbiHbIH,  OpHanacybl
aTmocdepasnblK KbiCbiMAA LWUTENHAEPA] AUCTUNNALMANBIK KaiTa eHAey XKaFgaibiHaa (1100-1250°C
TemnepaTtypaza) KocbinbicTapAblH 6y dasacbiHa TO/bIK aybiCaTbiHbIH KepceTesi, by cypme »aHe
CUpEK KesfeceTiH MeTangapablH, — CeNeH MEH TeNNypAblH, KaiTa eHaey eHimaepi 6olbiHWwa
TapanyblH 6aFanay ywiH MaHpI3abl.

TyiliiH ce30ep: cypme, KYKipT, ceneH, Tennyp, XanbKoreHua, Oy KbICbiMbl, BaKyym, LWWTENH,
TEPMOAMHAMMKA, Tapany.
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AHHOTALMUA

Ha ocHOBaHMWM aHanM3a MONYYEHHbIX aBTOpPaMM pPe3yNbTaToB M OnybAMKOBaHHbLIX paboT
YCTaHOB/NIEHO OTCYTCTBME CBEAEHUIN O MOBEAEHWM U pacnpefeNeHun XanbKOreHUAoB CypbMbl
Sh,Ss, ShaSes, Sh.Tes, a TakKe ABONMHbIX cuctem Sb,S3-SbaSes, SbySs-ShaTes n Sh,Ses-ShoTes 8
YCNOBUAX BaKYyMHON nepepaboTKM MNONUMMETANNINYECKUX LUTEMHOB, OCYLECTBAAEMON npu
Temnepatype 1100-1250°C n paspexkeHun 15 — 0,7 kMa. Ha ocHOBaHMM BeNNYUH AaBAeHUA
HaCbILWEHHOro Napa MOHOXaNbKOreHUA0B BbIN0 YCTAaHOBNEHO, YTO AaBneHue napa cBoboAHOro
cynbdunga cypbmbl npu 1100°C — HUMKHEW rpaHULE TEXHONOrMYecKoro uHTepsana 6yaer
COCTaBNATb BenMumHy 58,95 Kla, YTo CBUAETENLCTBYET O ero No/JHOM nepesoae B naposyto dasy
npv BaKyyMWMpOBaHUW LUTEMHOB; AaBneHWe napa cBoboAHOro ceneHnga cypbmbl npu 1100°C
npeBbllLaeT BeANYNHY aTmochepHoro aasnenua (101,3 kMa) n B Bakyyme SbSes nosHocTbio 6ygeT
M3Bne4YeH B napoBylo ¢asy; Temnepatypa KWUMEHUA KUAKOTO Tenaypuaa CcypbMbl Npwu
aTmochepHom aasneHumn coorsetctayeT 971°C 1 B yC/I0BUAX BaKYYyMUPOBAHMUA WTENHOB OH byaeT
n3BneyeH B naposyl ¢a3y. HalgeHbl TepMogMHaMUYECKMEe XapaKTEPUCTUKU UCNapeHus
XaNbKOTeHWAOB CypbMbl. B ABOWMHbIX CMCTEMax Ha OCHOBaHUWM pPasMeLLeHWA TPaHuL, nonewn
COCYLLECTBOBAHMUA KMAKOW W napoBoi a3 caenaH BbIBOA O HEBO3MONKHOCTM pasfaeneHus
[ABOWHbIX CUCTEM XaNbKOreHWUA0B CYpbMbl Ha OTAENbHbIE COEAMHEHMUA B NpoLLecce 04HOro LMKAa
ncnapeHune — KoHgeHcauma. OTMeYeHo pasHoe BAUAHME NOHUMKEHWUA AaBNEHUA HAZ pacniaBamu.
B cucteme Sb,S3-SboSes noHwkeHue pasneHus ot atmocdepHoro go 0,7 klMa He uameHseT
MOJIOXKEHUE FPaHUL, NOAA XMAKOCTU M napa (L+V) no temnepatype; B cucteme ShySs-ShoTes —
LWKMpUHa nona (L+V) ymeHbLIaeTca ¢ NOHUXKeHNeM AaBieHus; B cucteme ShaSes- SboTes — wupuHa
noas no Temnepatype BHayane YyMeHbLUAEeTCs, 3aTem yBeAnYnBaeTcsa. Bmecte ¢ Tem, nonoxeHue
KPWBbIX KUMEHWA PacTBOPOB Xa/IbKOFeHWOB CypbMbl CBUAETENbCTBYET O MOJIHOM MepeBoAe
coegyHeHW B MmapoBylo ¢asy B YCAOBUAX AUCTUANALMOHHON nepepaboTku wTeilHoB (npu
Temnepatypax 1100-1250°C) npu aTmocpepHOM [AaBNeHWW, YTO BaKHO A/1A OLEHKU
pacnpegeneHus cypbmbl U PeAKUX METaIoB — CeNeHa U Telypa No NpoAayKTam nepepaboTku.
Kniouesbie caoea: cypbma, cepa, ceneH, TeNnyp, XaibKoreHna, AasBaeHve napa, Bakyym, LWTEMnH,
TepMOAMHAMUKA, pacnpeaeneHue.

BonoduH Banepuli Hukonaesuy

NHpopmayusa 06 aesmopax:

Jlokmop mexHu4YecKux HayK, npogeccop, enasHuili Hay4Hbili compyOHUK snabopamopuu
8aKyyMHbIx npoyeccos AO «MMHcmumym memannaypauu u obozaweHua», 050010, yn. LLles4yeHKo,
29/133; enaeHoblli Hay4Hbili compyOHUK 1a60pamopuu  UOHHO-M/AA3MEHHbIX mexHosa02ud,
UHcmumym sdepHoli ¢pusuku, Aamamel, KazaxcmaH. Email: volodinv_n@mail.ru

Tpebyxoe Cepzeii AHamonvesuy

KaHOudam mexHu4eckux Hayk, npogeccop, eedywuli Hay4yHbili compyOHUK aabopamopuu
8aKyyMHbIX npoyeccoe AO «MHcmumym memansnypauu u obozaweHus», yn. LLlesyeHko, 29/133,
050010, Anmamel, KazaxcmaH. Email: s.trebukhov@satbayev.university

HuyeHKko AnuHa BaadumuposHa

KaHOudam mexHuveckux Hayk, 3aeedyrowuli snabopamopueli BAKYYMHbIX Mpoyeccos
«MHcmumym memannypauu u obozaweHus», yn. lllesyenko, 29/133, 050010, Anmamei,
KasaxcmaH. Email: alina.nitsenko@gmail.com



mailto:volodinv_n@mail.ru
mailto:s.trebukhov@satbayev.university
mailto:alina.nitsenko@gmail.com
mailto:nuri_eng@mail.ru
mailto:xenija_linnik@mail.ru
mailto:volodinv_n@mail.ru
mailto:s.trebukhov@satbayev.university
mailto:alina.nitsenko@gmail.com

Complex Use of Mineral Resources 2023; 326(3):88-95 ISSN-L 2616-6445, ISSN 2224-5243

KaHdudam mexHuYyeckux Hayk, cmapwuli Hay4Helli compydHUK nabopamopuu 8aKyyMHbIX
Bypabaeea Hypuna MypamoesHa npoyeccos AO «MHcmumym memanaypauu u obozaweHus», yna. LLesyeHko, 29/133, 050010,
Aamamel, Kazaxcmat. Email: nuri_eng@mail.ru

Mazucmp mexHuyeckux Hayk, maaowuli Hay4Helli compyOHUK 71a60pamopuu BaKyyMHbIX
JluHHUK KceHusa AneKkcaHOposHa npoyeccoe AO «MHcmumym memanaypauu u obozaweHua», yna. LllesyeHko, 29/133, 050010,
Aamamel, KazaxcmaH. Email: xenija_linnik@mail.ru

References

[1] Volodin VN, lIsakova RA. Distillyatsionnyye protsessy razdeleniya sul'fidnykh i metallicheskikh rasplavov: teoriya i
tekhnologiya [Distillation processes for the separation of sulphide and metal melts: theory and technology] Karaganda.
tengri Itd. 2015, 260. (in Russ.).

[2] Nitsenko A, Volodin V, Linnik X, Burabaeva N, Tuleutai F. Behavior of Copper Chalcogenides During Vacuum-Thermal
Processing. Metalurgija (Zagreb). 2023; 62(1):125-128.

[3] Volodin VN, Khrapunov VE, Isakova RA, Shendyapin AS, Trebukhov SA. Ravnovesiye zhidkost'-par v sisteme khal'kozin-
antimonit pri nizkikh davleniyakh [Liquid-vapor equilibrium in the chalcocite-antimonite system at low pressures]. Vestnik
NAN RK = Bulletin of the National Academy of Sciences of the Republic of Kazakhstan. 2010; 3:45-51. (in Russ.).

[4] Kametani H, Yamauchi C, Murao K, Hayashida M. A Fundamental study on the treatment of molten matte and white metal.
Trans. JIM. 1973; 14(3):218-223. https://doi.org/10.2320/matertrans1960.14.218

[5] Dosmukhamedov NK, Zholdasbay EE. The solubility of Cu, Pb, As, Sb of copper-lead matte in the slag. Kompleksnoe
Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2020; 312(1):31-40
https://doi.org/10.31643/2020/6445.04

[6] Dosmukhamedov NK, Argyn AA, Zholdasbay EE, Kurmanseitov MB. Converting of copper-lead matte: loss of gold and silver
with slag. Kompleksnoe lIspolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2020; 314(3):5-14
https://doi.org/10.31643/2020/6445.21

[7] Dyussebekova M, Kenzhaliyev B, Kvyatkovskiy S, Kozhakhmetov S, Semenova A, Sukurov B. Study of the effect of fluxing
ability of flux ores on minimizing of copper losses with slags during copper concentrate smelting. Metals. 2022; 12(8):1240.
https://doi.org/10.3390/met12081240

[8] Volodin VN, Trebukhov SA, Kenzhaliyev BK, Nitsenko AV, Burabayeva NM. Melt-Vapor Phase Diagram of the Te-S System.
Russian Journal of Physical Chemistry. 2018; 92(3):407-410. https://doi.org/10.1134/50036024418030330

[9] Kenzhaliyev BK, Trebukhov SA, Nitsenko AV, Burabayeva NM, Trebukhov AA. Determination of technological parameters
of selenium recovery from metallurgical production middlings in a vacuum distillation unit. International Journal of
Mechanical and Production Engineering Research and Development. 2019; 9(6):87-98. IMPERDDEC20198

[10] Kenzhaliev BK, Surkova TYu, Berkinbayeva AN, Dosymbayeva ZD, Chukmanova MT. To the question of recovery of uranium
from raw materials. Metalurgija. 2019; 58(1-2):75-78

[11] Zhou Zh, Liu D, Xiong H, Wang Ch, Ma B, Wei L, Chen Y, Huang K. A vacuum distillation process for separation of antimony
trisulfide and lead sulfide from jamsinite. Vacuum. 2021; 188(6):110172. https://doi.org/10.1016/j.vacuum.2021.110172

[12] Dong Zh, Zhou Zh, Xiong H, Yang B, Dai Y. Direct extracting lead sulfide and antimony trisulfide via a vacuum distillation
method. Separation and Purification Technology. 2021; 279:119776. https://doi.org/10.1016/j.seppur.2021.119776

[13] Liu W, Ma B, Zhou Zh, Zuo Y, Wang L, Chen Y, Wang Ch. Efficient separation of impurities in scrap copper by sulfurization-
vacuum distillation. Vacuum. 2022; 202(8):111145. https://doi.org/10.1016/j.vacuum.2022.111145

[14] Allaire A, Harris R. Vacuum distillation of copper matte remove lead, arsenic, bismuth, and antimony. Metallurgical and
Materials Transactions. 1989; 20:793-804 https://d0i:10.1007/bf02670185

[15] Dong Zh, Li L, Xiong H, Liu G, Wang Y, Zhou Zh, Xu B Yang B. Application of modified molecular interaction volume model
for phase equilibrium of PbS - Sb,S; system in vacuum distillation. Vacuum. 2022; 201(7):111067
https://doi.org/10.1016/j.vacuum.2022.111067

[16] Sokolov VV, Dolgikh VA, Pashinkin AS, Novoselova AV. Davleniye nasyshchennogo para v sisteme PbTe — PbSe [Saturated
vapor pressure in the PbTe — PbSe system] Izv. AN SSSR. Inorgan. Materials = Izv. Academy of Sciences of the USSR. Inorganic
materials. 1969; 5(2):279-282. (in Russ.).

[17] Mostovsky AA, Sakseev DA. O vozmozhnosti primeneniya impul'snogo vremyaproletnogo mass-spektrometra k
issledovaniyu protsessov ispareniya slozhnykh veshchestv [On the possibility of using a pulsed time-of-flight mass
spectrometer to study the processes of evaporation of complex substances] ZhTF = JTPh. 1964; 34(7):1321-1323. (in Russ.).

[18] Ryazantsev AA, Pashinkin AS, Novoselova AV. Davleniye para nad zhidkim sul'fidom sur'my [Vapor pressure over liquid
antimony sulfide] Vestn. MGU. Khimiya = Vestn. Moscow State University. Chemistry. 1968; 5:95-96. (in Russ.).

[19] Ustyugov GP, Vigdorovich EN, Kudryavtsev AA, Kuadzhe BM. Davleniye para khal'kogenidov elementov pyatoy gruppy
[Vapor pressure of chalcogenides of elements of the fifth group] Elektronnaya tekhnika. Ser. Materialy = Electronic
engineering. Ser. Materials. 1968; 1:62-65. (in Russ.).

[20] Ustyugov GP, Vigdorovich EN, Kuadzhe BM, Timoshin IA. Davleniye nasyshchennogo para khal'kogenidov sur'my [Saturated
vapor pressure of antimony chalcogenides]. Izv. AN SSSR. Inorgan. Materials = Izv. Academy of Sciences of the USSR.
Inorganic materials. 1969; 5(3):589-590. (in Russ.).

[21] Sullivan CL, Prusaczyk LE. Carlson KD. Molecules in the equilibrium vaporisatin of antimony sulphide and selenide. J. Chem.
Phys. 1970; 53:1289-1290.

—— 94 ——


mailto:nuri_eng@mail.ru
mailto:xenija_linnik@mail.ru
https://doi.org/10.2320/matertrans1960.14.218
https://doi.org/10.31643/2020/6445.04
https://doi.org/10.31643/2020/6445.21
https://doi.org/10.3390/met12081240
https://doi.org/10.1134/S0036024418030330
https://doi.org/10.1016/j.vacuum.2021.110172
https://doi.org/10.1016/j.seppur.2021.119776
https://doi.org/10.1016/j.vacuum.2022.111145
https://doi:10.1007/bf02670185
https://doi.org/10.1016/j.vacuum.2022.111067

KomnnekcHoe Vcnonb3oBaHne MuHepanbHoro Ceipbs. Ne3(326), 2023 ISSN-L 2616-6445, ISSN 2224-5243

[22] Faure FM, Mitchell ML, Bartlett RW. Vapor pressures study of stibnite (Sb,Ss). High. Temp. Sci. 1972; 4:181-191.

[23] Nesterov VN, Isakova RA. Davleniye para sul'fida sur'my [Vapor pressure of antimony sulfide]. IMiO AN Kaz SSR. Alma-Ata.
Dep. v VINITI = IMOB AS Kaz SSR. Almaty. Dep. V ARISTI. 1974; 770:74. (in Russ.).

[24] Shendyapin AS, Nesterov VN, lbragimov ET. Davleniye para trekhsernistoy sur'my [Vapor pressure of trisulfuric antimony].
IMiO AN Kaz SSR. Alma-Ata. 1974. Dep. v VINITI = IMOB AS Kaz SSR. Almaty. Dep. V ARISTI. 1975; 1037-75. (in Russ.).

[25] Melekh VT, Semenkovich SA, Andreev AA. Termodinamika poluprovodnikovykh khal'kogenidov elementov IV i V grupp
[Thermodynamics of semiconductor chalcogenides of elements of IV and V groups]. Termodinamika i poluprovodnikovoye
materialovedeniye = Thermodynamics and semiconductor materials science. Moscow. 1983, 162-164. (in Russ.).

[26] Placente V, Scardala P, Ferro D. Study of the vaporization behavior of Sb,S; and Sh,Te; from their vapor pressure
measurements. J. Alloys and Compounds. 1992; 179(1-2):101-115. https://d0i:10.1016/0925-8388(92)90251-4

[27] Vanyukov AV, Isakova RA, Bystrov VP. Termicheskaya dissotsiatsiya sul'fidov metallov [Thermal dissociation of metal
sulfides]. Alma-ata: Nauka = Almaty: Science. 1978, 272. (in Russ.).

[28] Isakova RA. Davleniye para i dissotsiatsiya sul'fidov metallov [Vapor pressure and dissociation of metal sulfides]. Alma-ata:
Nauka = Almaty: Science. 1968, 230. (in Russ.).

[29] Novoselova AV, Pashinkin AS. Davleniye para letuchikh khal'kogenidov metallov [Vapor pressure of volatile metal
chalcogenides]. Moskva:Nauka = Moscow: Science. 1978, 112. (in Russ.).

[30] Ibragimov ET. Vakuumtermicheskiy sposob pererabotki sur'musoderzhashchikh polimetallicheskikh shteynov [Vacuum
thermal method of processing antimony-containing polymetallic mattes] Cand. ... cand. tech. Sciences: 05.16.03. Alma-ata:
IMiO AN Kaz SSR = Almaty: IMOB AS Kaz SSR. 1975, 165. (in Russ.).

[31] Andrianova TN, Alexandrov AA, Razumeichenko LA, Okhtin VS. Issledovaniye vyazkosti i plotnosti sistemy sur'ma —selen v
zhidkom sostoyanii [Investigation of the viscosity and density of the system antimony - selenium in a liquid state].
Teplofizika vysokikh temperature = Thermophysics of high temperatures. 1970; 8(6):1192-1196. (in Russ.).

[32] Mehta N, Zulfequar M, Kumar A. Kinetic parameters of crystallization in glass Sei1g0xSbyx alloys. Phys. status solid. A. 2006;
203(2):236-246. https://doi.org/10.1002/pssa.200521185

[33] Gospodinov GG, Popovkin BA, Pashinkin AS, Novoselova AV. Izucheniye povedeniya sul'fidov vismuta i sur'my i selenida
sur'my pri vozgonke v vakuume [Study of the behavior of bismuth and antimony sulfides and antimony selenide during
vacuum sublimation] Vestn. MGU. Ser. Khimiya = Bulletin Moscow State University. Ser. chemistry. 1967; 2:54-57. (in Russ.).

[34] Gorbov SI, Krestovnikov AN. Analiz i otsenka molekulyarnykh postoyannykh dvukhatomnykh molekul khal'kogenidov V
gruppy [Analysis and evaluation of molecular constants of diatomic molecules of group V chalcogenides] lzv. VUZov.
Tsvetnaya metallurgiya = News universities. Non-ferrous metallurgy. 1966; 6:26-35. (in Russ.).

[35] Shakhtakhtinsky MG. Issledovaniya uprugosti nasyshchennykh parov nekotorykh poluprovodnikov s primeneniyem izotopa
[Studies of the elasticity of saturated vapors of some semiconductors using an isotope] Tr. In-ta fiziki AN Az SSR= Works
Institute of Physics of the Academy of Sciences of the Az SSR. 1963; 11:52-107. (in Russ.).

[36] Shakhtakhtinsky MG, Kuliev AA, Abdullaev GB. Issledovaniye uprugosti nasyshchennykh parov nekotorykh selenidov
metodom radioizotopov [Investigation of the saturated vapor pressure of some selenides by the method of radioisotopes]
Voprosy metallurgii i fiziki poluprovodnikov. Poluprovodnikovyye soyedineniya i tverdyye splavy= Problems of metallurgy
and semiconductor physics. Semi-conductor compounds and hard alloys. Moskva: Izd. AN SSSR = Moscow: Ed. Academy of
Sciences of the USSR. 1961, 38-42. (in Russ.).

[37] Predel B, Piehl J, Pool MJ. Beitrag zur Kenntnis der thermodynamischen Eigenschaften flissiger Thallium-Selen-, Wismut-
Selen- und Antimon-Selen-Legierungen. Z. Metallkude. 1975; 66(7):388-395.

[38] Predel B, Gerdes F, Gerling U. Berlicksichtigung der Assoziation in der Dampfphase bei Aktivitatbes-timmungen und
Revision der Aktivitdten flussiger Legierungen der Systeme Selen-Thallium, Selen-Wismut und Selen-Antimon. Z.
Metallkude. 1979; 70(2):109-112.

[39] Porter RF, Spencer CW. Stabilities of the Gaseous Molecules BiSe, BiTe and SbTe. J. Chem. Phys. 1960; 32(3):943-944.

[40] Gerasimov Yal, Nikolskaya AV. Termodinamicheskiye svoystva telluridov vismuta (BizTes) i sur'my (Sb.Tes) [Thermodynamic
properties of bismuth (Bi;Tes) and antimony (Sb,Tes) tellurides] Voprosy metallurgii i fiziki poluprovodnikov = Problems of
metallurgy and semiconductor physics. Moskva: I1zd. AN SSSR =Moscow: Ed. Academy of Sciences of the USSR. 1961, 30-33.
(in Russ.).

[41] Boncheva-Mladenova Z, Pashinkin AS, Novoselova AV. O povedenii telluridov sur'my i vismuta i selenida vismuta pri
vozgonke v vakuume [On the behavior of antimony and bismuth tellurides and bismuth selenide during sublimation in
vacuum] Vestn. MGU. Ser. Khimiya = Bull. Moscow State University. Ser. Chemistry. 1969; 6:57-59. (in Russ.).

[42] Voronin GF, Degtyarev SA. Raschet termodinamicheskikh svoystv splavov po kalorimetricheskim dannym i diagrammam
fazovykh sostoyaniy. . Splavy sur'my s tellurom [Calculation of thermodynamic properties of alloys from calorimetric data
and phase diagrams. lll. Alloys of antimony with tellurium] Zhurn. fiz. khimii = Jour. physical chemistry. 1981; 55(7):1685-
1691. (in Russ.).

[43] Gautam G, Leo LH, Luc D. A thermodynamic assessment of the Sb — Te system. Z. Metallkunde. 1989; 80(10):731-736.

[44] Abrikosov NKh, Bankina VF, Poretskaya LV, Skudnova EV, Shelimova LE. Poluprovodnikovyye soyedineniya, ikh polucheniye
i svoystva [Semiconductor compounds, their preparation and properties]. Moskva:Nauka = Moscow: Science. 1967, 173.
(in Russ.).



https://doi:10.1016/0925-8388(92)90251-4
https://doi.org/10.1002/pssa.200521185

Complex Use of Mineral Resources2023; 326(3):96-106

ISSN-L 2616-6445, ISSN 2224-5243

= Crossref
DOI: DOI: 10.31643/2023/6445.33
Metallurgy

@creative
commons

Determination of the quality of special coke as a result of heat treatment of

coal from the Shubarkol field

Aubakirov A. M., 2Kaliakparov A. G., 3Tolymbekova L. B.

L3Toraigyrov University, Pavlodar, Kazakhstan
2ERG Capital Projects, Astana, Kazakhstan

*Corresponding author email: almat.aubakirov@list.ru

Received: November 12, 2022
Peer-reviewed: December 16, 2022
Accepted: January 27, 2023

ABSTRACT

To date, there is a tendency to increase the pace of production in the field of ferrous metallurgy.
The constant demand for steel products is accompanied by an increase in prices for raw
materials, including carbon reducing agents. In the conditions of the domestic market of
Kazakhstan, of great interest is the study and the possibility of using low-baking and non-baking
coal as a raw material for the production of special coke used as a reducing agent in metallurgy,
the relevance and expediency of which is also due to the resource conservation and energy
efficiency program in the use of raw materials put forward by the Government of the Republic of
Kazakhstan. In this article, as a result of the search for high-quality, alternative types of reducing
agents used in the production of ferroalloys, experimental data of thermal oxidation treatment
(coking) of long-flame, non-baking coals of the Shubarkol deposit (Kazakhstan) are presented. In
laboratory conditions, during the experiments, the tested grade D coals with a fraction of 70-80
mm were subjected to temperature exposure at temperatures of 800, 850, 900, 950 °C with
various preset heating speeds to determine the quality characteristics that meet the
requirements for reducing agents for the metallurgical industry, in particular for the production
of ferroalloys, in electro thermal, steelmaking, for agglomeration of iron and non-ferrous ores,
etc. A technical analysis of long—flame coal was carried out, the volatile and moisture content of
which are Vdaf — 44.5%, W — 14.8%, respectively. Also, the obtained special coke was evaluated
by the content of volatile components as a result of heat treatment of coals from the Shubarkol
deposit: the volatile content averaged 1.73-3.15%, the moisture was 0.73-1.65%.Based on the
results of the studies, the possibility of obtaining a special coke from these types of coals with
appropriate characteristics was shown.
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Introduction

The use of new (alternative) carbon reducing

The reduction of metals by carbon at high
temperatures has been called carbon thermal
reduction. Coke nut, anthracite, and special coke
are used as carbon-containing reducing agents in

agents from non—baking and low-baking coals for
the production of ferroalloys is relevant today - this
measure allows partially or completely eliminating
the use of expensive traditional coke [[1], [2], [3],
[4]].To use alternative reducing agents in the
production of metals, it is necessary to meet the
requirements of consumers in terms of technical
and chemical compositions, electrical resistivity,
reactivity, porosity, durability, etc. [[5], [6]].

the production of ferroalloys.

A feature of the carbon-thermal reduction of
metals is the formation of carbides, which leads to
the production of carbon-saturated alloys.
Therefore, such reduction is used in cases where
there are no restrictions on the content of carbon
in the ferroalloy or its decarburization is carried
out. Reduction of metals from oxides by carbon and
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CO can be represented by the following reactions

[1]:
Mey Oy + yC = xMe +yCO (1)
2Me, O, + yC = 2xMe + yCO; (2)
Mey O, + yCO = xMe + yCO (3)

Thus, the reducing agent plays a crucial role in
the production of ferroalloys.

The use of coal from the Shubarkol deposit for
the production of coke is one of the examples of
the use of these reducing agents in the production
of ferroalloys [[7], [8], [9], [10], [11], [12]]. Coals are
characterized by low ash content, as well as low
sulfur and phosphorus content. The quality
characteristics of this coal are presented in Table 1
[[13], [14], [15], [16]].

The special coke obtained from Shubarkol coal
has a low ash content (8-10%), an average sulfur
content (0.26%) and phosphorus (0.015%), also has
a high reactivity for CO, (4.61 cm? / g-s), has a high
resistivity (33.0 Ohm-cm), porosity is P = 62%, [[2],
[31, [4], [5]].The technical characteristics of the
special box are shown in Table 2 [[17], [18], [19]].

Table 1 — Characteristics of the quality of Shubarkol coal

Indicators Unitsof | Content
measur
ement
Workingmoisture— WP % 13.2
Analyticalmoisture— W? % 4.6
Yield of volatile substances of % 39.8
the analytical sample —V?
The release of volatiles to a % 44.1
dry ash-free mass V9
Carboncontent— C? % 65.0
Ash content of the analytical % 5.2
sample — A?
Sulfur—S % 0.46
Lower heat of combustion Q' ki/kg 23700

Table 2 — Technical characteristics of special coke

. Technicalcomposition,%
Material - -
Ash Volatile Moisture
Special coke 8-10 15-25 12-15

The resulting special coke meets the basic
requirements for carbon reducing agents for the
ferroalloy industry and is successfully used at such

enterprises as branches of TNC Kazchrome JSC
Aktobe and Aksu ferroalloy plants.

Since this type of coal belongs to non-baking
long-flame coals of the D brand, the production of
special coke in conventional coke batteries is
impossible, therefore, a thermal oxidation method
of coking on grate grates is recommended [[18],
[19], [20]].

Despite the large number of scientific works
carried out in the field of production of special coke
from non-baking coals of Kazakhstan, there is
incomplete information about the features of the
pyrolysis process of this type of coal and the
dependence on the physical and physicochemical
parameters of the special coke and on the
parameters of coking [[17], [18], [19], [20], [21],
[22], [23]].

For example, the increased humidity of the
special coke has a negative effect, leading to a
violation of the technological and electrical modes
of the furnace by reducing the accuracy of the
dosage of reducing agents. The high volatile
content also has a negative impact on the
technological process, in particular, leading to an
increase in temperature and electrical conductivity,
sintering of the charge and low fit of the electrodes.
According to VUKhIN'sresearch, in order to produce
a special coke for ferroalloy production, the volatile
yield should be 8-9% to ensure the absence of
resinous substances, which lead not only to
sintering of charge materials, but to clogging of the
reducing agent pores during pyrolysis, contributing
to a decrease in the reaction surface and reactivity
[4].

In turn, the stable content of humidity and
volatile parameters contribute to an increase in the
electrical resistance and reactivity of the special
coke [[1], [5], [18], [19], [20]].

The experimental part

To assess the quality of the obtained special
coke, laboratory experiments were carried out on
thermo-oxidative coking of long-flame coal at
various temperatures. Fractionated coals of the
Shubarkol deposit were considered as the test
material.

The purpose of this experiment was to study
the quality of the special coke in terms of volatile
content and humidity as a result of heat treatment.
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To achieve this goal, the following tasks were
defined:

- to carry out technical analysis of volatile
substances and humidity of coal and special coke;

- to determine the change in the volatile
content in long-flame coal during heat treatment at
temperatures of 800, 850, 900 and 950 °C.

The main equipment used was a muffle electric
furnace "SNOL", designed for analytical work with
various materials and various types of heat
treatment at temperatures up to 1300 °C.
Temperature regulation and control is carried out
by an electronic microprocessor-based thermostat
working in conjunction with a thermocouple. The
experimental program provided for heat treatment
in accordance with a given heating of 800, 850, 900
and 950 °C with different heating speeds.

For the experiments, 12 groups of lump coal
with a fraction of 70-80 mm were selected (Figure
1), 4 pieces of the starting material (three samples
for each temperature level).

The choice of the 70-80 mm fraction was made
on the basis of studies conducted on medium-
temperature coking of long-flame coals [24].

The technical analysis carried out in accordance
with GOST 10742-71 showed that the yield of
volatile substances of the initial coal (V¥f) was
44.5%, humidity (W) — 14.8%.

Figure 1 — Coals of the Shubarkol deposit

In accordance with the specified heating, each
group of fractional coal was placed in a furnace for
heat treatment. Visual observation of changes in
the shape of the sample was carried out at 300-500
°C and a given maximum temperature, as well as
changes during cooling.

Cooling for each of the two groups was carried
out to 600 °C and 400 °C, followed by immersion in
water at 40 °C and natural cooling to room
temperature for each third group. In the obtained
samples, after cooling, the content of volatile
substances and humidity were measured.

Figures 2-5 show the temperature dependences
of the heat treatment of samples with specified
heating modes up to temperatures of 800, 850,
900, 950 °C, to assess the behavior of samples
under specified modes.
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{ Y At 900 and 950 °C, a slight decrease in
indicators is observed: fractures and bevels are
formed, a decrease in the size of samples with

increased ash formation on the entire surface of

Figure 5 — Temperature dependence of heat treatment

of samples up to 950 °C with 30 min exposure and

cooling, experiments 10-12

Table 3 — Heating modes of the conducted experiments

the samples is noted.

Sample heating mode up to 800 °C

Experiment1

Experiment2

Experiment3

heating up to 300 °C,
speed 5 °C/min

heating up to 300 °C,
speed 2.5 °C/min

heating from 300-500 °C,
speed 4.2 °C/min

heating from 300-500 °C,
speed 8.3 °C/min

heating from 500 to 800 °C,
speed 3.3 °C/min

heating from 500 to 800 °C,
speed 3.3 °C/min

heating up to 800 °C,
speed 1.9 °C/min

cooling up to 600 °C,
cooling in water at 40 °C

cooling up to 400 °C,
cooling in water at 40 °C

naturalcooling

Sample heating mode up to 850 °C

Experiment4

Experiment5

Experiment6

heating up to 300 °C,
speed 5 °C/min

heating up to 300 °C,
speed 2.5 °C/min

heating from 300-500 °C,
speed 4.2 °C/min

heating from 300-500 °C,
speed 8.3 °C/min

heating from 500 to 800 °C,
speed 3.3 °C/min

heating from 500 to 800 °C,
speed 3.5 °C/min

sample heating up to 850 °C
at a heating rate of 2.02
°C/min

cooling up to 600 °C,
cooling in water at 40 °C

cooling up to 400 °C,
cooling in water at 40 °C

naturalcooling

Sample heating mode up to 900 °C

Experiment7

Experiment8

Experiment9

heating up to 300 °C,
speed 5 °C/min

heating up to 300 °C,
speed 2.5 °C/min

heating up to 500 °C,
speed 4.2 °C/min

heating up to 500 °C,
speed of 8.3 °C/min

heating from 500 to 900 °C,
speed 3.75 °C/min

heating from 500 to 850 °C,
speed of 3.75 °C/min

sample heating up to 900 °C
at a heating rate of 2.14
°C/min

cooling to 600 °C,
further cooling in water at 40 °C

cooling to 400 °C,
cooling in water at 40 °C

naturalcooling

Sample heating mode up to 950 °C

Experiment10

Experiment11

Experiment12

heating up to 300 °C,
speed 5 °C/min

heating up to 300 °C,
speed 2.5 °C/min

heating up to 500 °C,
speed 4.2 °C/min

heating up to 500 °C,
speed 8.3 °C/min

heating from 500 to 950 °C,
speed 3.96 °C/min

heating from 500 to 950 °C,
speed 3.95 °C/min

sample heating up to 950
°C at a heating rate of 2.26
°C/min

cooling up to 600 °C,
cooling in water at 40 °C

cooling to 400 °C,
cooling in water at 40 °C

naturalcooling
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Table 3 shows the values of the heating modes
of the samples with the specified heating rates of
all 12 experiments conducted.

Discussion of the results
1) Coking of coals to a temperature of 800 °C.
As a result of heat treatment, the obtained

samples retained their original shape: up to a
temperature of 300 °C, an endothermic reaction

b)

occurs with the absorption of heat and the
formation of microcracks and micropores, then
there is an abundant release of heat and gases,
which affects the reduction in the size of coal,
pores and cracks expand and increase. After slow
cooling, there is a small ash content on the surface
of the coke, which is washed off after cooling with

water with the appearance of characteristic

pigment spots in the places of salinity.
Figure 6 shows a photo image of the samples at
different heating rates.

c) d)

a) heating up to 300 °C; b) heating up to 500°C; c) heating up to 800°C; d) cooling

Figure 6 — Coal samples as a result of the conducted experiment when heated to 800°C

a) heating up to 300 °C; b) heating up to 500 °C; c) heating up to 850 °C;
d) natural cooling to 400 °C; e) water cooling at 40 °C

Figure 7 — Coal samples as a result of experiments 4-6

— 100——
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2) Coking of coals to a temperature of 850 °C.

Heating up to 300 °C is accompanied by heat
absorption with the formation of microcracks, the
shape and characteristic luster of coal is preserved.

Further heating up to 600 °C is accompanied by
gas release, an increase in the size and number of
cracks and pores.

Further heating to 850 °C — the samples
retained their shape, there is a slight decrease in
size, and thereare no gas emissions. As a result of
natural cooling, ash formation, microcracks, pores
are observed on the surface; cooling,
characteristic spots and small bevels are present in
the water at the sites of salinization.

The samples obtained are shown in Figure 7.

after

3) Coking of coals to a temperature of 900 °C.

Heating up to 300 °C is accompanied by the
formation of small cracks, the samples have
retained their shape, and there are no destructions,
chips. Further heating up to 500 °C is accompanied
by strong gas emission, an increase in the number
of microcracks and pores.

When the temperature reaches 900 °C, the
samples retained their shape, the surface is
covered with deep microcracks, chips, and there
are no gas emissions.

As a result of natural cooling, ash, microcracks,
pores are present on the surface, there is an
increase in bevels, samples have less strength; after
cooling in water, and characteristic spots are
present at the sites of salinization. The samples
obtained are shown in Figure 8.

4) Coking of coals to a temperature of 950 °C.

The samples obtained are shown in Figure 9.

Heating up to 300 °C is accompanied by the
formation of small cracks, the samples have
retained their shape, and there is no destruction,
no chips. Further heating up to 500 °C is
accompanied by strong gas emission, an increase in
the number of microcracks and pores.

When the temperature reaches 950 °C, the
destruction of samples is observed, the surface is
covered with deep microcracks, chips, and there
are no gas emissions.

As a result of natural cooling, ash, microcracks,
pores are present on the surface; after cooling,
characteristic spots are present in the water at the
sites of salinization, the formation and increase in
the size of bevels is observed, the destruction of
samples is observed.

Data on the volatile content and humidity of

the samples obtained from all the experiments are
presented in Table 4.

a) b

d)

) c)
o @

e)

a) heating up to 300 °C; b) heating up to 500 °C; c) at 900°C; d) natural cooling; e) water cooling

Figure 8 — Coal samples as a result of the conducted experiment when heated to 900°C

— 101——=
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d)

e)

a) heating up to 300 °C; b) at 400 °C; c) at 750 °C; d) natural cooling; e) water cooling

Figure 9 — Coal samples as a result of the conducted experiment

Table 4 — Data on volatile content and humidity

Core size class, mm Cooling after removal from Cooling after removal Cooling to room

the furnace at 600 °C. from the furnace at 400°C temperature

Experiment1 Experiment2 Experiment3

Vv w Vv w \Y w
Inner core 0-5 mm 3.11 1.54 2.72 1.23 2.23 1.10
Inner core 5-10mm 3.19 1.39 2.54 1.88 2.30 1.18
Outer part 10-25 mm 3.04 1.26 2.45 1.91 3.03 1.20
Outer part 25-40mm 3.27 1.28 2.61 1.59 3.06 1.15
Average per piece 3.15 1.37 2.58 1.65 2.65 1.16

Experiment4 Experiment5 Experiment6
Inner core 0-5 mm 291 1.53 2.63 1.36 2.19 0.97
Inner core 5-10mm 2.97 1.40 2.51 1.48 2.27 1.01
Outer part 10-25 mm 2.99 1.28 2.42 1.61 2.61 1.12
Outer part 25-40mm 3.01 1.27 2.56 1.57 2.72 1.05
Average per piece 2.97 1.37 2.53 1.50 2.45 1.04

Experiment7 Experiment8 Experiment9
Inner core 0-5 mm 2.83 1.44 2.53 1.37 2.01 0.83
Inner core 5-10mm 2.85 1.49 2.43 1.45 1.97 0.87
Outer part 10-25 mm 2.73 1.41 2.37 1.53 1.85 0.91
Outer part 25-40mm 291 1.47 2.44 1.49 1.73 0.99
Average per piece 2.83 1.45 2.44 1.46 1.89 0.90

Experiment10 Experiment11 Experiment12
Inner core 0-5 mm 2.21 1.42 1.97 1.40 1.85 0.75
Inner core 5-10mm 2.15 1.44 2.01 1.45 1.79 0.78
Outer part 10-25 mm 2.30 1.38 191 1.52 1.65 0.73
Outer part 25-40mm 2.31 1.41 1.85 1.51 1.61 0.81
Average per piece 2.24 1.41 1.93 1.47 1.73 0.77
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According to Table 4, as a result of thermal
exposure to the coals of the Shubarkol deposit, the
samples have the required humidity and volatile
values required for reducing agents.

In experiments 6, 9, 12, a decrease in humidity
indicators is observed due to the high rate of
coking.

At the same time, when temperatures reach
900 and 950 °C, there is a decrease in the size of
the pieces and their integrity, the formation of
bevels and, according to visual signs, strength.

Conclusions

In this work, experiments were carried out to
assess the quality of non-baking coals of the
Shubarkol deposit, and the influence of
temperature conditions on the quality of samples
of special coke obtained in laboratory conditions,
used as agents for metallurgical
production, was investigated.

reducing

In total, 12 experiments of thermal exposure to
long-flame coals of the Shubarkol deposit were
carried out in the temperature range up to
800...950 °C with different preset heating speeds.

s a result, the following results were obtained:

- technical analysis of long—flame coal with a
grain size of 70-80 mm, volatile V%’ — 44.5%,
humidity W — 14.8 %;

- samples were obtained as a result of heat
treatment up to 800, 850, 900 and 950 °C of long-
flame coals with a size of 70-80 mm;

- the assessment of the special coke on the
content of volatile components as a result of heat
treatment of coals of the Shubarkol deposit was
carried out: the content of volatile on average is
1.73-3.15%, the humidity was 0.73-1.65%.

Based on the obtained research data, the
following coking mode is recommended:

- coal size 70-80 mm;

- coking temperature800-850 °C;

The evaluation of the obtained results proves
the effectiveness of using long-flame coal from the
Shubarkol deposit as reducing agents for the
metallurgical industry, in particular ferroalloy
production, electrothermal, steelmaking
productions, for agglomeration of iron and non-
ferrous ores and other.
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LLly6apKen KeH OpHbIHbIH KOMipiH TEPMUANDIK 6HAeY HITUXKECIHAE apHaiibl
KOKCTbIH, CanacblH aHbIKTay
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TYRIHAEME

ByriHri TaHAa Kapa MeTannyprusa canacbiHAaFbl OHAIPIC KAPKbIHbIH apTTbIPY Ypaici 6arikanaabl. bonat

eHimaepiHe  TypakTbl

Makana kengij: 12 kapawa 2022
CapantamagaH eTTi: 16 ¥enmokcaH 2022
KabbingaHabl: 27 kaHmap 2023

KaXkeTTinik

WKKi3aT  6aFacbiHbIH, OHbIH, iwinge KeMipTeKTi

TOTbIKCbI3AAHABIPFLILTAPFA ©CYIMEH KaTap Kypyae. KasakcTaHHbIH, iWKi Hapbifbl KafaanbiHAA
MeTanNypruaga TOTbIKCbI3AAHABIPFbIW PEeTiHAE KONAAHbINATbIH apHavbl KOKC any YLWiH LWKKi3aT
peTiHAE TOMEH YKEHTEKTE/ITEH }KOHE YKEHTEeKTe/IMENTIH KeMipepai nainganaHy MyMKIHAIMH 3epTTey

YAKEH KbI3bIFYLWbINbIK TyAplpadbl, OHbIH, ©3eKTiNiri MeH MaKcaTTbiibifbl KP YKimeTi ycbiHFaH

LIMKI3aTTbl

nanganaHyaarbl

pecypctapabl  YHeMAey KdHe 3Heprua  TUIMAINiriH - apTTbipy

6argapnamacbiHa ga 6ainaHbIcTbl. byn makanaga deppoKopbiTnanap eHaipiciHae KongaHbliaTbiH

TOTbIKCbI3AAHAbIPFLILITAPAbIH, cananbl, 6anama TypnepiH i3gey HaTuxKeciHae Lybapken KeH

OPHbIHbIH, (Ka3akcTaH) y3blH JKaNblHAbI, KYWEXEHTEKTEMENTIH KemipZi TEPMO TOTbIKTbIPFbILL

eHAeYAiH (KOKCTeyain) Taxipubenik aepektepi KenTipinreH. 3epTxaHanblk Kafgaga, Taxipubenep
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Kyprizy 6apbicbiHga 70-80 mm dpakuuacel 6ap [ mapkanbl CbiHafATbiH Kemipiep cananbik,
cMMaTTaManapbliH aHbIKTAy YLWiH apTypAai BepinreH Kbi3gblpy XbligamapikTapbimeH 800, 850, 900,
950 °C TemnepaTtypafa TemnepaTtypanblik acepre ylwbipagbl METaNnyprua eHepkacibi ywiH, atan
anTKaHga deppoKopbITNanap eHAipIci yiWiH, 3aneKTpoTepMUuAnbIK, 6onat 6ankbITy eHAipiciHae, Temip
JKOHEe TYCTi KeHAepai arnomepauusanay YWiH KaHe T. 6. TOTbIKCbI3AaHAbIPFbILITAPFa KOMbINATbIH
Tanantapfa coMKec Keneai. ¥3blH Xa/blHAbl TaC Kemipre TEXHUKaNbIK Tangay Kyprisingi, onapabiH
yWNa ’KaHe binfan menwepnepi, caikeciHwe Vdaf — 44,5%, W — 14,8% kypaiabl. CoHaai-ak,
LLly6apKen KeH OpHbIHbIH, KOMIPiH TEPMUANBIK BHAEY HITUMXKECIHAE YLUNa KOMMOHEHTTEPAiH, Kypambl
60ibIHWa anblHFAH apHaibl KOKCTbI BaFanay Xyprisingi: yWwKplWTapaplH, Kypambl opta ecennex 1,73-
3,15%, binFangpinbibl 0,73-1,65% Kypagbl. HKyprisinreH 3epTreynepain, HaTMXKenepi HerisiHae THiCTi
cunatTamanapbl 6ap KemipaiH atanfaH Typ/aepiHeH apHalibl KOKC any MyMKiHAir KepceTing,i.

TyiiiH ce30ep:kemip, Kemip, TOTbIKCbI3AAHAbIPFbIL, aPHANMbl KOKC, KOKC, GeppoKopbITNa eHAipici,
Y3bIH KanblHAbI.

Aybakupos Anmam MykaHosuY

Asmopnap mypansl aknapam:
«Memannypausa» mamaHObIFbl 6olbiHwa O0okmopaHm, WHuceHepus ¢pakyasmemi, TopalFeipos
yHusepcumemi, /lomosa K-ci., 64, 140008, Masnodap, KazakcmaH. Email: almat.aubakirov@list.ru

Kanuaknapoe Aamaii luHdynnuHosu4

TexHuKa fulabimAapelHbiH dokmopel, bac capanwel, ERG Capital Projects, Kowkapbaee k-ci., 1/3,
010010, AcmaHa, KazakcmaH. Email: altay.recenrc@yandex.kz

Tonbimbekosa J1azam balizabelnosHa

PhD.,"Memannypeusa"  kageopacbiHblH  KaybiMOacmblpblaraH  npogeccopsl,  UH@eHepus
¢akynememi, Topalireipos yHusepcumemi, /lomosa k-ci., 64, 140008, Masnodap, KazakcmaH.
Email: lyazat-t@mail.ru

OnbITHOE onpeaeneHue KauecTBa CNELLKOKCA B pe3y/ibTaTe TePMUUYECKOIA
06paboTku yrnei LLly6apKoAbCKOro mecTopoXKaeHusn

'Ay6akupos A.M., 2Kanmaknapos A.l., *Tonbimb6ekosa /1.6.,

L3Topalievipoe yHusepcumem, laenodap, Kazaxcmax
2ERG Capital Projects, AcmaHa, KazaxcmaH

MNoctynuna: 12 Hoabps 2022
PeueH3nposaHue: 16 dekabps 2022
MpuHATa B neyatb: 27 AHeapa 2023

AHHOTALMUA

Ha cerogHAWHWI aeHb HabnogaeTcAa TeHAEHLMA HapalMBaHUA Temna Npou3BoAcTBa B 0b6aacTu
yepHolt meTannyprumn. MocTosHHAA NOTPeBHOCTb HA CTa/ZbHYHO MPOAYKUMIO COMPOBOXAAETCA C
POCTOM LiEH Ha Cbipbe, B TOM YMCAE U Ha YINepOoaUCTble BOCCTAHOBUTENU. B ycnoBMAX BHYTPeHHero
pblHKa KasaxctaHa 60/1bliOi MHTepec NpeacTaBAAeT U3yyeHue U BO3MOMKHOCTb WMCMOb30BAHUSA
cnabocneKaroWwmnxcsa 1 HeCNeKaloLWMXCa yraein B KayecTse CbipbeBOro Matepuana ana Npons3BoaCcTBa
CMeLKOoKca, MCMOo/b3YIoWerocs B KayecTBe BOCCTAHOBMTENSA B METasNypruM,  aKTyasbHOCTb U
LenecoobpasHoOCTb KOTOPOro TaKkKe 0bycnoBneHa B pamKax Nporpammbl pecypcocbepeeHuns u
3HeproaddeKTUBHOCTU B UCMONb30BAHUN CbiPbEBbIX PECYPCOB, BblABUraemMblx Mpasutensctsom PK.
B faHHOW cTaTbe, B pe3ynbTaTe NOMCKA KauecTBEHHbIX, albTEPHATUBHbIX BUA0B BOCCTAHOBUTENEN,
NpYMeHAlWUXcA B NpousBoacTee  ¢GeppocnniaBoB, MNpeacTaB/ieHbl  3KCNepUMEHTaNbHble
OAHHBIETEPMOOKUCIUTENBHOW 06paboTKM  (KOKCOBAHMA) AJIMHHOMAAMEHHbIX, HecneKarLwmuxca
yrnei LWy6apKoabckoro mectopoxaeHus (KasaxcraH). B nabopaTopHbiX ycnoBuax, B npouecce
NpPoOBEAEHMA OMbITOB, WCMbITyeMble YyrAnM mapku [, dpakuynern 70-80 mm noasepraauncb
TemnepaTtypHOMy BoO3geincTBuio npu TemnepaTtypax 800, 850, 900, 950 °C c pasnnyHbIMMU
33faHHbIMW  CKOPOCTAMM  Harpesa [ANA  OMNPeAe/sIeHUA  KAaYyeCTBEHHbIX  XapaKTepUCTUK,
COOTBETCTBYIOLLMX TPEBOBAHMAM K BOCCTAHOBUTENAM A1 METANNYPIrUYECKON NPOMBILNEHHOCTH, B
YacTHOCTM ANAa  npous3BoAcTBa (GEeppocnnaBoB, B 3NEKTPOTEPMUYECKOM, CTanennaBuabHOM
NPOU3BOACTBE, ANA Ar/IOMepPaLMK KenesHbiX U LBETHbIX pya U T.4. Bbin npoBefeH TeXHUYeCcKui
aHaIM3 KAMEHHOTOo ANMHHOMIAMEHHOTO YA, COAEPMKAHME NETYYUX U BNArK KOTOPbIX COCTABAAIOT,
COOTBETCTBEHHO, Vdaf — 44,5 %, W — 14,8 %. TakKe, npoBeAeHa OLLeHKa NOly4eHHOro CneLKoKca no
COAEPKAHUIO  NIeTY4MX  KOMMOHEHTOB B  pe3ynbTaTe Tepmuyeckol 06paboTku  yraei
LLly6apKO/IbCKOrO MECTOPOXKAEHUA: COAEp’KaHMe NeTyunx B cpeaHem cocrtasaser 1,73-3,15 %,
BNA¥HOCTb cocTtasuna 0,73-1,65%. Ha OCHOBaHMM pe3ynbTaToB NPOBEAEHHbIX UCCAef0BaHWUM,
6blNa NOKa3aHa BO3MOMKHOCTb NOMYYEHUA CNELKOKCA U3 AaHHbIX TUNOB Yr/ei C COOTBETCTBYIOLLMMMU
XapaKTepucTuKamu.

Knio4yesble cnoea: yrnn, BOCCTAaHOBUTENb, CMELIKOKC, KOKC, MNPOM3BOACTBO ¢eppocniasos,
OJIMHHONIAMEHHbIN.
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