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Kamkina L.V., Velychko K.O., Velychko 0.G., Jiang Zhouhua
Physico-chemical justification and experimental verification
of a waste-free method of oxidative dephosphorization
of a high-phosphorus manganese alloy

Kawmkina JI1.B., Beauuko K.O., Beauuko O.I'., An2 /Jocoxya
Diznko-xiMmiuHe 00IPYHTYBAHHS Ta eKCIIEPUMEHTAJIbHA MepeBipka
0e3BiIX0aHOr0 crocody okucHoi aedocdopaiii
BUCOKO(DOCHOpPUCTOr0o MAPraHUEBOro CIJIABY

Mema docnidxeHHs: hi3uKko-xiMidyHe 0brpyHmyeaHHs1 yMo8 rnpouecy ma po3pobka pauioHasibHO20 anzopummyoOHO-
cmadiliHo2be38i0x00H020 criocoby okucHo20 deghocghopysaHHsI 8UCOKOGhocghopucmoeo MapeaHyegoeo crinasy. Me-
modu: mepmModuHaMiyHUl aHari3 OCHOBHUX peakuill Mpu oKucseanbHOMy pacghiHyeaHHi MapeaHUuesux criiagie 3 8Uuco-
Kum emicmom ¢pocghopy. ExcrniepumerHmarbHa repesipka 0CHogHUX cmadil pagpiHysaHHs1. Pesynbmamu: Po3ansHymo
pisuko-ximidHy cymHicmp rnpouecy pagiHygaHHs1 UCOKOGhOoCghopuCMOo20 MapaaHye80:2o0 crnasy, siKull rnorseae y cmeo-
PEHHI yMO8 01151 OKUCHEHHS 8 Criiiasi MapaaHyfo, 8yareyro ma KpemHito. TepmoduHamidHuUl npoeHo3 nepebiey peakuili 3a
3adaHux yMo8 OKUCHO20 paghiHy8aHHs CyrymHb020 Memarly niomeepoxye MOX/IU8iCMb OMPUMaHHSI MPbOX NMPooyKmia:
Mmarnogocehopucmoezo MapaaHyeeoeo wWiaKy, 3ani3Ho2o posnnasy ma ¢hochopo8MICHO20 wiiakKy 3 eMiCmoM OKcudy
gocghopy 18-20 %. (pocghopHe Aobpuso). Haykosa Hosu3Ha: 3a pesynibmamamu 8UCOKOMeMepamypHoO20 Mamema-
Mu4YHO20 MOOErTr8aHHS 8CMaHOB/IeHO, WO HaUbInbWw payioHanbHe CroXUsaHHS KUCHIO, sike 3abesrnedye 00CA2HEeHHS
rnocmasreHux 3aedaHb, cmaHosums ~ 13 M°. B sKkocmi okucoeaqa 00UiIbHO 8UKOPUCMOBY8amu KUCeHb, U0 Hady-
8aembCsi 108impsimM, siKull 8800siMb y 8aHHY KOH8epmepa 3a 00roMoeoto HadyeHoe2o corina 38epxy. [pu uyboMy 3aeanbHa
sumpama rnosimpsi Ha 100 k2 crinagy nosuHHa 6ymu 651u3sbko 50 M°. MpakmuyHa uiHHicms: Y po6omi Ha 0CHO8i mepmo-
OuHaMiYHO20 MpPo2HO3y Mo8eOdiHKU enleMeHmig CyrymHb020 Criiiagy 8 OKUCHUX yMO8aX, OUiHKU MePMIYHOI CrmopoHU npo-
uecy ma rnodasnbloi ekcriepuMeHmarbHOI nepesipku ompuMaHo pe3ysibmamu, SKi MiomeepoXXyomb MOXIIUSICMb CMeo-
peHHs1 6e38i0X00HOI MEXHOM02iYHOI cxeMu paghiHy8aHHS 8UCOKOghocghopucmozo crinasy. Y ubomy sunadky paghiHy8aHHs
crinagy OouinbHO Mpogodumu 8 ymosax, HabnuxeHux 0o yMo8 cy4acHo20 8UpobHuUUymea manogocgopucmux MmapaaH-
uesux wrakis, rpu KoMy memrepamypa cynymHboeo criiagy cmaHosums 1320...1350°C.

Knroyoei cnoea: enekmpomemarypeailiHe deghocghopysaHHs Map2aHU,e8020 KOHUeHmpamy, MamnogocghopHuli MapaaH-
uesul wirak, sUcokoghocchopHa MapeaaHyesa slicamypa, KUCeHb, Mosimpsi, KUCHe8ul KoHeepmep, rnpodye8aHHs.

The purpose of the study: physicochemical justification of the process conditions and development of a rational algorithm
for a single-stage waste-free method of oxidative dephosphorization of a high-phosphorus manganese alloy. Methods:
thermodynamic analysis of the main reactions during oxidative refining of manganese alloys with a high phosphorus
content. Experimental verification of the main stages of refining. Results: The physicochemical essence of the refining
process of a high-phosphorus manganese alloy, which consists in creating conditions for oxidation in the alloy of manga-
nese, carbon and silicon, is considered. The thermodynamic forecast of the course of reactions under the given conditions
of oxidative refining of the associated metal confirms the possibility of obtaining three products: low-phosphorus manga-
nese slag, ferric melt and phosphorus-containing slag with a phosphorus oxide content of 18-20% (phosphorus fertilizer).
Scientific novelty: Based on the results of high-temperature mathematical modeling, it was established that the most
rational oxygen consumption, which ensures the achievement of the tasks, is ~ 13 m®. As an oxidant, it is advisable to
use oxygen blown by air, which is introduced into the converter bath using an inflatable nozzle from above. In this case,
the total air consumption per 100 kg of alloy should be about 50 m®. Practical value: In the work, based on the thermody-
namic forecast of the behavior of the elements of the accompanying alloy in oxidizing conditions, assessment of the
thermal side of the process and further experimental verification, results were obtained that confirm the possibility of
creating a waste-free technological scheme for refining a high-phosphorus alloy. In this case, it is advisable to carry out
the refining of the alloy in conditions close to the conditions of modern production of low-phosphorus manganese slag, in
which the temperature of the accompanying alloy is 1320...1350°C.

Keywords: electrometallurgical dephosphorization of manganese concentrate, low-phosphorus manganese slag, high-
phosphorus manganese ligature, oxygen, air, oxygen converter, blowing.

Introduction

Manganese ferroalloys are widely used in the
smelting of steel and alloys, mainly in the form of ferro-
manganese and ferrosilicomanganese. When ferro-
manganese is smelted in ore reduction furnaces, fer-
romanganese brands and phosphorous slag are ob-
tained. The main component of the charge in the smelt-
ing of manganese alloys is low-phosphorus slag, which
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is obtained from manganese concentrates in ore re-
duction furnaces by selective reduction of elements.
From a thermodynamic point of view, phosphorus has
a lower affinity for oxygen than manganese. This fea-
ture is used for the carbon reduction of phosphoric an-
hydride coke, iron oxides, all higher manganese ox-
ides, as well as 5-10% manganese oxide to metallic
manganese with the production of low phosphorus
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manganese slag and a small amount of metallic phase
based on manganese, iron, silicon, phosphorus and
carbon. At the same time, almost all manganese oxide
and silica turn into slag. The established features of
dephosphorization of manganese-based alloys can be
used to justify a rational technological scheme and es-
tablish an effective algorithm for refining the accompa-
nying high-phosphorus manganese alloy from phos-
phorus.

Such an alloy with a high phosphorus content is a
waste of the existing method of producing low phos-
phorus manganese slag. The alloy has the following
chemical composition, %: Mn - 64.6; Si- 0.75; C - 5.8;
P - 1.37; Fe is the rest. The output of the accompany-
ing alloy when smelting 1 ton of slag is about 96 kg. At
the same time, up to 50 kg of manganese is lost for
every ton of phosphorous slag, which leads to the ac-
cumulation of manganese waste with a high phospho-
rus content, which has limited use. the possibility of its
use in justifying the conditions of oxidative refining, tak-
ing into account the different chemical affinity of the al-
loy elements (Mn, P, Si, C, Fe) to oxygen. At the same
time, the final goal can be not only the production of
commercial ferromanganese and slag with a high
phosphorus content [1], but also the creation of a
waste-free technology with the production of two prod-
ucts of different functional purposes - slag and metal.

Analysis of the features of the physical and
chemical interaction of the elements of the accom-
panying manganese alloy in the conditions of oxi-
dative refining.

The thermodynamic forecast of the course of the
process of refining manganese alloy from phosphorus
and other impurities, as well as the results of experi-
mental verification, indicate the impossibility of increas-
ing the efficiency of the process, in our opinion, without
creating special conditions for its intensification. An in-
crease in process indicators can be achieved by carry-
ing out oxidative refining of the alloy by blowing it with
a gaseous oxidizer. At the same time, the negative ef-
fect, which will manifest itself in a significant increase
in the temperature of metal and slag, must be trans-

formed into the advantages of the process, for exam-
ple, by using melting coolants (gaseous, solid or lig-
uid), the amount and composition of which will not de-
crease, but when certain refining conditions are cre-
ated, will increase metallurgical value of refining prod-
ucts.

The choice of parameters of oxidative refining of the
alloy, which will determine the features, mechanism
and course of dephosphorization, depends not only on
the initial composition of the alloy and slag-forming
agents, but also on the new properties that the system
acquires under the influence of external factors. The
parameters of these effects on the studied process can
be changed depending on the technological problems
solved during the process in order to regulate the
speed and direction of the main reactions of alloy refin-
ing.

Rational parameters of the refining process require
the creation of a model of physical and chemical inter-
actions between the reacting components based on a
thermodynamic forecast of the course of the main re-
actions, an assessment of the thermal side of the pro-
cess taking into account the known and established
features of the kinetics of the processes under the
given conditions of smelting. For the conditions of oxi-
dative refining of a manganese alloy as one of the fac-
tors that determines its physical and chemical proper-
ties and the course of oxidation of alloy impurities, it is
advisable to use the chemical affinity of the elements
of the melt to oxygen. Since manganese is character-
ized by a chemical affinity for oxygen greater than that
of iron [2, 3], it is practically impossible to effectively
remove phosphorus in slag without significant losses
of manganese through oxidative refining.

Phosphorus, which is contained in manganese ore
concentrates) in the form of anion P0O3~, is adsorbed
by manganese hydroxides and oxides, and is also rep-
resented by calcium phosphates [4-7]. In the process
of smelting manganese ferroalloys, phosphorus is al-
most completely reduced not only by carbon, but also
by silicon and manganese and turns into manganese
ferroalloys [8-11].

The following manganese phosphides exist in the Mn—P system [12, 13]:

Manganese phosphide MnsP

Mn2P MnsP2 MnP

Phosphorus content in phosphide, %wt. | 15,82

21,99 27,32 36,06

Table 1 Changes in the thermodynamic parameters of the main reactions during the oxidative refining of a

manganese alloy with a high phosphorus content

No. | Reaction Thermodynamic parameters at 1500°C

AH, kJ AS, JK AG, kJ
1 2Mn3sP + 5,502(g) = 6MnO + P20s -3367.019 -748.907 -2039.094
2 2MnP + 3,502(g) = 2MnO + P20s -1957.288 -511.493 -1050.334
3 2Mn2P + 4,502(g) = 4MnO + P20s -2585.445 -650.295 -1432.374
4 5Mn + P20s5 = 5MnO + 2P -595.446 -36.214 -531.234
5 2Fe + O2(g) = 2FeO -476.438 -99.367 -300.246
6 Si + FeO = Fe +SiO2 -470.537 -98.685 -295.554
7 7 MnO + C = Mn + CO(g) 288.379 172.248 -17.042
8 MnzP = 2Mn + P 209.509 45.040 -5.476
9 MnsP = 3Mn + P 274.350 101.357 -6.727
10 | MnP=Mn+P 170.308 43.343 -6.234




As shown in [13], there is a stronger interaction be-
tween Mn and P atoms than between Fe and P atoms.

Thermochemical calculations of the main reactions
that can be carried out under the conditions of oxida-
tive refining of a manganese alloy with an increased
phosphorus content were performed using the
FactSage package, which consists of a number of in-
formation, database, calculation and manipulation
modules that allow access and manipulation of pure
substances and databases solutions [14].

According to the data presented in the table 1, man-
ganese phosphides have high strength and their dis-
sociation is possible at a fairly high temperature: reac-
tion (8) - ~ 4500°C; (9) - ~ 2500°C; (10) - ~ 3800°C.
Analysis of thermodynamic conditions shows that the
essence and mechanism of physicochemical transfor-
mations during oxidative refining of highly phospho-
rous manganese can be as follows. The high thermo-
dynamic strength of Mn2P, MnsP and MnP phosphides
presupposes primarily reactions (1)-(3) with the for-
mation of MnO and P20s. Simultaneously with these
reactions, the reaction of manganese oxidation of the
alloy develops during interaction with P2Os and the for-
mation of slag based on manganese oxides and phos-
phorus, which dissolves in iron, creating a metallic
phase. In this case, the physicochemical model of oxi-
dative refining of a manganese alloy with a high phos-
phorus content will be determined by the factors of
thermodynamics and real kinetics. The simultaneous
implementation of reactions not forbidden by thermo-
dynamics with a speed determined by the chemical af-
finity of the elements to oxygen and their mutual influ-
ence is taken into account. In addition, the exothermic
nature of oxidation-reduction reactions (except for the
reaction of carbon oxidation with iron oxide), the arrival
of thermal energy from which leads to a significant in-
crease in the temperature of slag and metal, which re-
quires the creation of a cooling effect by adding melt
coolers. The high chemical activity of manganese to
oxygen creates conditions for intensive oxidation of
manganese, and "protects" phosphorus and iron from
oxidation with the formation of a metallic phase. The
formation of the slag phase on the basis of manganese
oxide and cooling materials, the quantitative ratio of
which ensures in the process of oxidative refining the
necessary melting temperature of the slag phase, its
fluidity and, accordingly, the achievement of high refin-
ing speeds.

Thus, the main provisions that can be used in justi-
fying the scheme and establishing rational parameters
of oxidative refining of the alloy were adopted: higher
chemical affinity of manganese to oxygen compared to
phosphorus; exothermic nature of the oxidation reac-
tions of manganese, silicon, iron and carbon with oxy-
gen; the need to cool the melt during the oxidative re-
fining of the alloy [15]; exclusion from the composition
of lime smelting coolers [16]; approximation of the av-
erage temperature of the process to the initial temper-
ature of the highly phosphorous alloy of current pro-
duction [17].
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In order to create a rational method of dephosphor-
ylation of manganese alloys that is efficient in terms of
costs and results, an analogy was drawn between the
physical and chemical features of the redistribution of
melts based on iron and manganese. Under the condi-
tions of steel melting in the oxygen converter, the ex-
cess amount of elements of the iron-carbon melt is ox-
idized by blowing oxygen and iron oxides (except for
sulfur, the transition of which is carried out by an ex-
change-type reaction). At the same time, a mandatory
condition for effective desulfurization is the creation of
the main slag. The oxygen-converter process is also
characterized by the gas mode of its implementation,
as a result of which steel and an inevitable by-product
are obtained - slag, in which harmful impurities, includ-
ing phosphorus, are assimilated.

The production of manganese alloys is carried out
under reducing conditions by endothermic reactions of
carbon-thermal reduction of manganese, silicon and
iron oxides using external sources of thermal energy.
When working with manganese raw materials, several
technologies are implemented to obtain at least two
types of materials and, accordingly, two types of waste
[18]. These features are determined by the fact that the
phosphorus of well-known manganese phosphides,
which have a fairly high strength, is largely transferred
from the ore raw material to the alloy, and when the
necessary conditions are created, it can be assimilated
by the slag or remain in the alloy [11]. From a physic-
chemical point of view, the implementation of
dephosphorization of a highly phosphorous manga-
nese alloy with the production of an additional amount
of commercial ferromanganese by a method similar to
the dephosphorization of steel (ferrite method) using
basic slag is practically impossible, since manganese
has a greater affinity for oxygen than iron [2].

During steel smelting, dephosphorization takes
place with the participation of the slag phase contain-
ing (FeO) as an oxidant, according to the correspond-
ing reaction:

2[P]+5(Fe0O)+4(Ca0)=(4Ca0O-P20s)+5[Fe] (1)

Under the conditions of ferromanganese produc-
tion, such an oxidizing agent can be (MnO) according
to the reaction:

2[P]+5(MnO)+4(Ca0)=(4Ca0-P20s)+5[Mn], (2)

Calculations showed that this reaction in the direct
direction does not occur, since manganese has a
greater affinity for oxygen than phosphorus. Manga-
nese acts as a reducing agent of phosphoric anhy-
dride, even if phosphoric anhydride is bound to calcium
oxide:

(4Ca0-P205)+5[Mn]=2[P]+5(MnO)+4(Ca0) (3)

However, in the conditions of refining an alloy with
a high phosphorus content, the reaction of oxidation of
phosphorus by iron oxide, which occurs intensively
during steel smelting, will not lead to a significant de-
crease in the phosphorus content in the alloy, since
during the refining of ferromanganese simultaneously
with this reaction, the reduction of phosphoric anhy-
dride by the manganese of the alloy will more likely oc-
cur by reaction (3). As a result of the simultaneous flow
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of reactions (1) and (3), iron oxide will oxidize manga-
nese with its transition into the slag phase. Thus, in the
conditions of ferromanganese smelting, oxidative refin-
ing of ferromanganese from phosphorus is practically
impossible thermodynamically. The main idea that de-
termines the final results of refining in its development
is to create conditions for the predominant oxidation of
manganese, oxidation of a certain part of carbon and
silicon with the formation of a low-phosphorus slag
based on manganese and metal oxides based on iron
and phosphorus.

In order to justify the rational physical and chemical
conditions for the oxidative refining of the accompany-
ing manganese alloy, thermodynamic calculations of
the forecast of the behaviour of the elements in the
conditions of the oxidative refining of the alloy were
carried out. In the future, based on the results of the
thermodynamic forecast and the established kinetic
laws of the process, it is necessary to substantiate the
optimal conditions and propose a technological
scheme of refining, which will ensure the implementa-
tion of a waste-free method of oxidative refining of the
alloy.

When calculating the values of changes in Gibbs
energy for the reactions that take place during the oxi-
dative refining of the accompanying manganese alloy,
in order to approximate real conditions, the values of
changes in AG of dissolution in iron C, Si, Mn, and P
were taken into account according to the expressions
given in [19]. The results of calculations of changes in
the Gibbs energy of the studied reactions as a function
of temperature confirm the possibility of creating the
necessary conditions, which in the process of oxidative
refining of the accompanying manganese alloy with a
high content of phosphorus, will ensure a significant
minimization of the oxidation of phosphorus in the alloy
and its transition to the slag phase. In this case, silicon,
manganese, iron and carbon of the metal alloy will
"protect" phosphorus from oxidation.

One of the most important parameters of the oxida-
tive refining of a by-metal is the temperature of the pro-
cess. Taking into account the fact that the temperature
of the accompanying metal according to the current
low-phosphorus slag smelting technology is about
1350°C, the interval of 1400...1600°C was previously
adopted as the most rational temperature interval for
the release of refining products, with the possibility of
approaching the temperature at the outlet to the tem-
perature of the original accompanying metal. The
adopted temperature interval is justified by the fact that
when using only air blast as an oxidizer, without addi-
tional cooling of the melt, the final temperature can
reach 2000°C, which requires the use of solid coolers
of the melt. Another, no less important parameter of the
oxidative refining of the accompanying metal is the
amount and type of oxidizing agent. To ensure the
maximum degree of oxidation of manganese and min-
imum phosphorus, it is advisable to use a combination
of two types of oxidizing agents - gaseous and solid.
Air is chosen as the main oxidizing agent necessary for
the intensification of the process. Its use in the refining

of the accompanying metal is justified by the possibility
of obtaining two positive effects of synergy: oxidation
of elements (Mn, Si and C) with air oxygen and cooling
of the melt with air nitrogen. In the case of a significant
increase in the temperature of metal and slag at the
outlet, its reduction can be achieved by adding materi-
als that are effective coolers, for example, rolling slag.
According to data [20], the cooling effect of scale is
about 4 times higher than that of scrap metal.

Thus, when using rolling slag in the process of oxi-
dative refining of the accompanying metal, two more
positive effects can be realized: cooling of the melt and
additional oxidation of alloy impurities. The total cool-
ing effect for the option of implementing the process at
1500°C is determined by the difference between the
heat input from the oxidation reactions of silicon
(~ 17,000 kJ/kg silicon), manganese (~ 3,000 kJ/kg
manganese), iron (~ 4,250 kJ/kg iron) and heating
costs melting coolers to a given temperature (slag,
SiO2, MgO, etc.), dissociation of iron oxides that are
part of the slag: Qre2os = 5.134kJ/kg and
Qreo = 3.744kJ/kg, the implementation of the endother-
mic reaction of carbon alloy oxidation by iron oxide to
CO (~ 9500 kJ/kg of carbon). According to calcula-
tions, the specific heat consumption when using slag
is about 4200 kJ/kg of slag. Heat losses in the con-
verter-type unit are estimated to be 3.5% of the total
heat energy input. Heat losses with exhaust gases,
which are formed during oxidative refining of manga-
nese alloy with air blast (N2 and CO), were also taken
into account.

In order to establish the possible influence of oxy-
gen consumption (O2 of air blowing and oxygen of iron
oxides (FeO + Fe203) and process temperature on in-
dicators of oxidative refining of manganese alloy (com-
positions of metal and slag), data were obtained that
establish a relationship between oxygen consumption
and compositions of slag and metal phases for the con-
ditions of oxidative refining of the alloy at different tem-
peratures of 1400...1900°C. The given values of
changes in the Gibbs energy of the investigated reac-
tions as a function of temperature confirm the possibil-
ity of creating the necessary conditions that, in the pro-
cess of oxidative refining of the accompanying manga-
nese alloy with a high phosphorus content, will ensure
a significant minimization of the phosphorus oxidation
of the alloy and its transition into the slag phase. In this
case, phosphorus will be "protected" by silicon, man-
ganese, iron and carbon of the metal alloy.

The analysis of the obtained dependences of the
compositions of the metal and slag phases on the ox-
ygen consumption and the temperature of the process
allows us to assume that when using ~ 13m?3 of oxygen
for the entire refining process of highly phosphorous
metal, the achievement of the set tasks is ensured -
obtaining manganese low phosphorous slag and a
metal phase based on iron and phosphorus. When
only air blowing is used as an oxidizer, the air con-
sumption, which will ensure that 13 m3 of oxygen en-
ters the bath, is about 61.9 m? (oxygen - 13 m? and



nitrogen - 48.9 m3). A decrease in the oxygen con-
sumption below 13m3 per 100 kg of alloy leads to a
decrease in the content in the slag phase (MnO), an
increase in the air consumption above 13m? in the in-
vestigated temperature range (1400...1900°C) - to a
decrease in the content in the slag (MnO) due to an
increase in it content (FeO). The intensity of formation
(FeO) will increase with a decrease in the content of
carbon, silicon and manganese in the metal. At the
same time, a decrease in temperature by 100°C leads
to a decrease in the completeness of the transition of
manganese to slag by ~ 0.8%. Increasing the temper-
ature of the process by 100°C increases the phospho-
rus content in the slag by 0.7% while increasing the
FeO content in it by ~ 0.9%.

Based on the analysis of the obtained data, no sig-
nificant effect of temperature on the composition of the
slag and metal phase at a constant oxygen consump-
tion was found. the ambient temperature of the release
of slag and metal melts is determined by the melting
temperature of low-phosphorus manganese slag,
which is about 1400°C, which is significantly higher
than the melting temperature of the remains of the iron-
based metal phase, which contains 4-6% phosphorus.

Experimental evaluation of the refining effi-
ciency of the accompanying manganese alloy un-
der oxidizing conditions.

Experimental melting was carried out on a high-
temperature model of a 30 kg converter-type unit with
a magnesite lining. As an object of refining, the accom-
panying manganese metal obtained during the produc-
tion of low-phosphorous manganese slag in the
amount of 30 kg with the following composition in % by
weight was used: Mn -50.00; Fe — 42.00; C — 3.50;
Si—0.20; P —4.30.

As a gaseous oxidizer, air was used, which was in-
troduced from the compressor into the liquid alloy
through the upper blowing two-nozzle lance, which
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was cooled by running water. The specific air con-
sumption per nozzle was 0.55 m3/min. The inner diam-
eters of the nozzles of the blowing nozzle were equal
to 3.8 mm. The temperature of the accompanying
metal, which was melted in the induction furnace, was
1320°C. The lining of the melting unit was heated up to
~ 1200°C before the experimental companion metal
was released into it. The location of the lance above
the level of the still metal was 76 mm (20 calibres). The
blowing time is 13 minutes. The total time of the pro-
cess of oxidative refining of the accompanying manga-
nese metal with three times the addition of flux
(3:0.5 min.) was ~ 14.5 min. Flux additives were made
using briquettes based on them (diameter - 3.2 cm;
thickness - 3.5 cm). The temperature of the metal melt
was measured using a BP5/20 thermocouple im-
mersed in the melt: the first measurement - after the
release of the accompanying metal into the laboratory
unit, the following - before the introduction of the flux,
the last temperature measurement was carried out
0.5 minutes after the end of purging.

The introduction of additives on the surface of the
liquid bath was carried out with the cessation of air
blowing of the metal bath for 0.5 min. The first portion
was placed on the surface of the metal bath after blow-
ing for 2 minutes; the second - after blowing for
4 minutes; the third - after blowing for another 4
minutes. After the addition of the last portion of addi-
tives, purging was carried out for 3 minutes, which is
necessary to maintain the slag in a liquid state, to im-
plement the final period of oxidation of manganese with
air oxygen, to raise the temperature of the slag and
metal residues to the outlet temperature
(~1550...1600°C) and to average the metal and slag
phase by chemical composition and temperature. At
the end of the process, slag and metal samples were
taken and their chemical composition was determined.

Table 2. Results of experimental high-temperature modeling of oxidative refining of highly phosphorous metal

No. Type of product of oxidative refining T,°Con
Low-phosphorus manganese slag, %wt. | Metal phase (ferrophosphorus), %wt. release
MnO FeO SiO2 P20s Fe Mn P Si
1 69.30 1.58 31.80 0.01 86.60 6.99 6.38 0.002 1530
2 73.8 1.25 29.7 0.02 85.40 6.57 6.30 0.003 1410
3 8.5 18.5 remain- | 2.7 0.002 1540
der

The temperature of the metal before the introduc-
tion of the first portion of the fluxes onto the surface of
the melt was ~ 1425°C; before introducing the second
portion of the melt onto the surface ~ 1495°C; the third
~ 1550°C. The temperature at the end of the oxidation
refining process before the release of slag and metal
was about 1595°C. As a result of the implementation
of the method of refining 30 kg of accompanying metal
(waste from the production of low phosphorous slag) in
laboratory conditions using a high-temperature model
of the converter type, low phosphorous slag in the
amount of 25.6 kg (melt No. 1) and a metal close in
composition to ferrophosphorus in the amount 17.4 kg.

The obtained ferrophosphorus in a liquid state was
transferred to the converter, limestone was loaded and
melt blowing was carried out. As a result, a commercial
metal containing 2-3% Mn was obtained, the rest - iron
and slag with a P2Os content of 18-20%, the rest CaO
SiO2. Such slag can also be used as a phosphate fer-
tilizer.

The obtained results indicate the expediency of us-
ing in industrial conditions of refining a highly phospho-
rous manganese alloy in oxidizing conditions using air
blowing.

The choice of the most rational algorithm for the
mode of blowing and slag formation is determined by
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the peculiarities of the real kinetics of oxidation reac-
tions, mainly by the change in the intensity of the car-
bon oxidation reaction of the metal melt. With a signifi-
cant increase in the intensity of carbon oxidation, which
corresponds to an increase in temperature to ~1450°C
and leads to a significant increase in gaseous products
formed in the volume of the metal melt, it is advisable
to reduce the specific air consumption during this pe-
riod. After the introduction of flux additives and scum
for cooling the metal bath, with a significant decrease

in the carbon content in the metal (~ to 0.2 + 0.3%), the
specific air flow can be increased to the optimal level.

In work based on thermodynamic forecast the be-
havior of the elements of the accompanying alloy un-
der oxidizing conditions, evaluation of the thermal side
of the process and further experimental verification, the
results were obtained, which confirm the possibility of
creating a waste-free technological scheme for refining
a highly phosphorous alloy (Fig. 1).

(PML) in ingots (PM) Phosphorus- (CM)
containing Metal Commodity Metal
R | Sl Limestone Lime
Si 0.2-0.4% PML by . Limestone Mn 2-3%
P 1.5.2.5% in ingots (8-10t) P 5% PM —* Fe all the rest
PML c 1.5% melt up to 6t
e S molten
Fe allthe rest from the ladle Fz | Sldees
l approx. 7t
ILU
PML PM B cM
u( molten melt melt
—— —
‘ Pl S LPMS - PS
!A (LPMS) (PS) Phosphate Slag
f 1 Low-Phosphorus 1 T fertilizer
N 0,,CH N 0,,CH
PML 2 2: 4 Manganese Slag 2 2 4 S0, 10 8%
melt H
MnO 75-80% P,0s 18-20%
deh | eHRR Ca0  50-55%
i Bl —> ORF —> FeMn FeO  20-25%
approx. 16t solid approx. 3t
EAF or IF Ladle GOR unit #1 Ladle GOR unit #2 CM
(101) (101) (201) (oY) (9-101) (up to 61)

PML up to 1500°C PM melt - 1450-1550°C PM melt - 1450°C

PM melt - 1450-1550°C PM melt - 1450°C CM - 1600-1650°C

Fig.1. The technological flow chart for processing of phosphorus-containing manganese ligature (PLM)

The classical scheme of ferromanganese alloys
production under the conditions of recycling high-phos-
phorus manganese ores of the Nikopol deposit has
been significantly changed. Under the leadership of
Academician Gasik M.I. specialists of the former Dne-
propetrovsk Metallurgical Institute and Nikopol Ferroal-
loy Plant proposed and adopted the technology of
smelting first low-phosphorus manganese slag from
the concentrate of high-phosphorus manganese ore,
and then, using this slag, proposed to smelt high-qual-
ity ferromanganese. Low-phosphorus manganese slag
contains 38-39% Mn (50-51% MnO), 32-34% SiO2
and 0.02% P and serves as a quality material for smelt-
ing manganese alloys in ore-recovery furnace.

Iron, phosphorus and partially manganese reduced
during processing form a metallic melt with high con-
tent of manganese and phosphorus. The composition
of the melt, which was determined at the plant as a lig-
ature, is manganese - 55-65%, carbon - 5-6%,
silicon - 0.2%, phosphorus - 1.5-2.5% and the rest -
iron. Up to 50 tons of such ligature are smelted per day.
The produced melt is a valuable material in terms of
manganese content, but high concentrations of phos-
phorus make its use impossible. Tens of thousands of
tons of ligature in ingots are stored and await pro-
cessing using efficient technology.

Therefore, processing of phosphorus manganese
ligature, a valuable by-product of low-phosphorus

10

manganese slag smelting, is an urgent and demanded
task.

The performed laboratory research and calcula-
tions allowed to propose a step-by-step separation by
selective oxidation of the main components of phos-
phoric manganese ligature - manganese, carbon,
phosphorus and iron. On 1t and 5t converters of gas-
oxygen refining of the National Metallurgical Academy
of Ukraine and the plant “Promarmatura” in Mirgorod
the semi-industrial and industrial testing of the compo-
nents of the proposed method of processing of phos-
phorus manganese ligature (PML) was carried out. In
particular, the possibility of oxidative blowing of PML
melt and obtaining low-phosphorus manganese slag,
as well as blowing of phosphorus-containing melt to
phosphate slag.

For Nikopol Ferroalloy Plant a technological se-
quence of FML processing was developed, the
scheme of which is proposed in Fig. 1.

Three steelmaking units are used for processing:
10t electric arc furnace (EAF) (or induction furnace of
the same capacity), gas-oxygen refining converters
20t - #1 and 10t - #2 (Fig. 2). Gas-oxygen refining con-
verters (GOR) provide oxidative blowing of melts and
intensive mixing during melting. The National Metallur-
gical Academy of Ukraine has accumulated extensive
experience in oxidative blowing in the GOR converter.
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Fig. 2. Gas-oxygen refining converter (GOR)

PML ingots are melted in 10t EAF (or induction fur-
nace). The melt is poured into a ladle and transferred
to the GOR converter section, after which it is charged
into 20t converter #1 through a neck at a temperature
of about 1500°C. Oxygen blowing is carried out
through bottom tuyere. During blowing 10t of PML in-
gots are loaded in several portions to cool the smelting
and limestone is loaded to form slag. Blowing mode
and cooling of the smelting is carried out in such a way
that oxygen blowing provides oxidation of manganese
and partially carbon, while phosphorus is retained in
the iron melt. As a result of oxidation manganese forms
low-phosphorus slag (LPMS) and its concentration in
the melt decreases from 50-65% to 5%. When manga-
nese concentration in the melt exceeds 5%, the latter
blocks phosphorus oxidation and its transfer to slag. In
this connection, oxygen blowing in the first GOR con-
verter is finished after manganese concentration in the
melt reaches about 5%. A large amount of low-phos-
phorus slag is formed, which is tapped from the con-
verter to the slag bowl 3 times. Slag composition:
MnO - 75-80%, CaO - 12-15%, SiO2 - 9-13%. Up to
17 tons of LPMS obtained (smelted) is used as a com-
mercial product for smelting ferromanganese in the
subsequent ore-reduction furnace. Another smelting
product is phosphorus metal (PM), which contains up
to 1.5% carbon, more than 5% manganese and about
5% phosphorus. The latter (about 7t) is poured into a
ladle and transported to GOR converter #2.

Approximate consumption of materials and energy
per 1t of PML in the GOR unit No.1:

1. Electricity consumption — 300-350 kWh.

2. Oxygen consumption for oxidation of manga-
nese — 130 md/t

3. Oxygen consumption for by-product decarburiza-
tion of metal — 45 m3/t

4. Natural gas consumption — 15-17 md/t

5. Nitrogen consumption — 15 m3/t

The purpose of GOR converter #2 is to remove car-
bon and successfully dephosphorise. In this oxygen
blowing process, converter #2 solves these tasks. Dur-
ing the blowdown, lime is loaded into the converter in
portions and slag is removed at a P20s content of
18-20%. After that new slag is induced and further ox-
idation of phosphorus is carried out with further slag

IN,, Ar, CH,

removal when it reaches 18-20% of phosphorus oxide.
Obtained phosphate slag (PS) contains 18-20% P20s,
50-55% CaO, up to 8% SiO2 and 20-25% FeO. The
amount of phosphate slag is up to 3 tons per smelting
or about 160kg per ton of phosphate manganese liga-
ture. Phosphate slag is a high-quality fertiliser for agri-
culture.

As a result of refining in the GKR #2 converter a
melt with relatively low carbon content and manganese
concentration up to 2-3% is obtained, which is in de-
mand as a metal billet. The amount of metal is ~ 6t per
melt or 300kg per ton of PML.

At the approximate duration of melting in GOR unit
No.1 and GOR unit No.2 is about 2 hours.

There are ~ 10 melts per day.

Using 20 tons of GOR unit No.1 and up to 10 tons
of GOR unit No.2 it is possible to process in a day
~ 200 tons of PML and approximately to receive:

low-phosphorus manganese slag (LPMS) -
160t (for manganese ferroalloys production)

phosphate slag — 30t (phosphate fertilizer)
commodity metal — 60t (ingots/billets for steel pro-
duction)

Per month (20 working days):

commodity LPMS — 3 200t

phosphate slags — 600t

commodity metal — 1 200t

Conclusions. Based on the results of thermody-
namic calculations, a rational algorithm for a waste-
free method of oxidative dephosphorization of the ac-
companying highly phosphorous manganese alloy,
which is formed during the electrometallurgical
dephosphorization of manganese concentrate, was
determined. The physico-chemical essence of the pro-
cess of refining a highly phosphorous manganese alloy
is considered, which consists in creating conditions for
the oxidation of manganese, carbon and silicon in the
alloy. The thermodynamic prediction of the course of
reactions under the given conditions of oxidative refin-
ing of the accompanying metal confirms the possibility
of obtaining three products: low phosphorous manga-
nese slag, iron-based melt and phosphorus-containing
slag with a content of phosphorus oxide of 18-20%
(phosphorous fertilizer). It is promising and effective to
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use blowing of the melt with oxygen in an oxygen con-
verter using a blowing nozzle from above with an oxy-
gen consumption of 15...13 m3. At the same time, the
total air consumption per 100 kg of alloy should be
about 50 m3. On the basis of the thermodynamic fore-
cast of the behavior of the elements of the accompa-
nying alloy under oxidizing conditions, the assessment
of the thermal side of the process and further experi-

mental verification, the results were obtained that con-
firm the possibility of creating a waste-free technologi-
cal scheme for the refining of a highly phosphorous al-
loy. At the same time, it is advisable to refine the alloy
in conditions close to the conditions of current produc-
tion of low-phosphorous manganese slag, in which the
temperature of the accompanying alloy is
1320...1350°C.
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Bu3zHayeHHs1 Ba)KJIMBUX YMHHUKIB €HEPrOEMHOCTI y npoueci

JTOMEHHOT0 BUPOOHUIITBA
Zaselskyi V.Y., Popolov D.V.

Identification of critical factors affecting energy consumption
in the blast furnace production process

Memoio docnidxeHb € UsiBNIEHHSI hakmopie, WO ernugaoms Ha eHepe2oeMHICMb OOMEHHO20 8UPObHUYMea, 8u3Ha-
YeHHS ma Ha0aHHS HayKog0-0brpyHmosaHux pekoMeHoauill ujo0o 3acmocysaHHsi HeobxiOHo20 obrnadHaHHS, sike 00380-
JI51€ 3MEeHWUMU eHep20COXUBaHHS 8 ICHYHOYUX MEXHOMO02IYHUX mpakmax. BusieneHHsi ghakmopig 8UKOHy8anocb Memo-
dom eKkcriepmHo20 OuiH8aHHs. Ha nepwiomy emarii popmyeanace ekcriepmHa epyrna 3 gaxigyie suwje3azHaq4eHo20
8upobHUYmMea, Ha Opy20My emarni 8U3Ha4yanack ix KOMemeHmHicmb; Ha MpemboMy emarli UKopucmosyeascsi Memod
Henbcbu, exkciepmamu 6ynu cchopmosaHi hakmopu Kompi 8nnusaome Ha eHep20EMHICmb AOMEHHO20 8UpobHUYmMea;
Ha yemeepmomy emani 6ynu HadaHi OUiHKU cmyrneHs ennuey 3mMiHu obpaHux ghakmopie. OmpumaHi daHi 06pobnsnuck
CmMamucmuyYyHUM MemoOOM ma pPaHXy8anuch y nopsiOKy 3MEHWEeHHSI 8rugy Ha eHepaoeMHICmb 00Ci0Xy8aHO20 eupo-
6Huymea. CmyrniHb y3200xeHocmi OyMOK eKCrepmie oyiHI8anock 3a dornomMoeor KoegiyieHma KoHkopOauii. 3a pe3yrb-
mamamu ompuMaHOi eKCriepmHoi ouiHKU 6yro 8cmaHoeneHo, wWo Haubinbwul 8rnue Ha eHep20EMHICmMb OOMEHHO20
8UPObHUYUMEea YUHUMb 8MiCM HEKOHOUUIUHUX ghpakyiti KOKCy ma 3anizoeMicHoi yacmuHu wuxmu. Tomy 6yna 3eepHyma
ysaza Ha nid2omosyi npoyecu noe’si3aHi 3 po3dinom MmemarypeiliHoi Wwuxmu 3a KpyrnHICIM0 ma 8UKOHaHO aHarli3 ¢hopmy-
8aHHSI 2paHyIoMempuUYyHO20 cKady Wuxmosux Mamepiarnie Ha pi3Hux OinsiHkax mpakmy (020 nepepobku i mpaHcrnop-
mysaHHs1 00 nodayi 8 OOMeHHY ni4. AHaniz ompumaHux 0aHUX rokasas, Wo Ha mpakmi wuxmornid2omosKu 8i0bysaembcs
rocmitiHe HapoulyeaHHs eMicmy HEKOHOUUiHO20 Mamepiany 8 06’emi wuxmu, 8 mol e Jac egheKmueHicmb 2poxo-
YeHHS1 cuposuHu He nepesuulye 50 % Onsi aernomepamy ma 60 % 0nsi Kokcy, w0 He 0o38orisie 3abesneyumu HeObXiOHiI
mexHoroai4yHi eumoau 0o npuliHIMHUX 8idcomkie OpibHUX ¢hpakuil. 3’scoeaHo, Wo 8 noyamkosil wuxmi micmumscsi
8,6 % i 19,9 % 3abusaroyux YacmuuHOK, po3mipu Kompux 651u3bki 0o po3mipy anepmypu cum (5 mm Ons aeriomepamy
ma 25 mMm Oril KOKCy) y 38°A3Ky 3 YuUM, 8ip0o2iOHICMb iX MPOXOOXEHHS Yepe3 omeopu CissHoi mosepxHi Habnuwxaombscs 00
Hyns. [pu 2poxo4eHHi ocnioxXysaHUX Mamepianie moecmuM WapoM 8aXKOMNPOXiOHi Yepe3 omeopu CissHoi MosepxHi Ya-
CMUHKU 3 Yacom 3abusarome ii, BHaC1i0OK 4020 3HUXYEMbCS egheKkmueHicmb 8idcigy HEKOHOUUIUIHOI YacmuHu Memary-
p2iliHOi wuxmu, Wo cymmeso ernnueae Ha eHep20eMHicmb OOMEeHHO20 8UpOobHUUmMea. PekomeHOyembcs 3Halmu cy4acHi
mexHi4Hi piweHHs, siki 6 do3eonunu 36inbwumu egheKmueHICMb 2POXOYEHHS 3a PaxyHOK 3MEHWeHHS 3abummsi cisqoi
108ePXHi 2pOXomi8, @ MaKoX 0OHOYaCHO 3 UUM 8UPILIUMU NUMaHHs sskocmi cmabinisayii epaHyiomMmempuyHo20 ckiady
wuxmu sika nodaemscsi 8 OOMEHHY [iy.

Knroyosi criosa: 0omeHHe 8upobHUUmMeo, po3cie, cmabinisauis, epaHynoMempuyHul cknao, Wuxma, eHep2oEMHICMb.

The purpose of the research is to identify factors that affect the energy intensity of blast furnace production, determination
and provision of scientifically based recommendations on the use of the necessary equipment, which allows to reduce
energy consumption in the existing technological paths. The identification of factors was identified by expert evaluation.
At the first stage an expert group of specialists from the above-mentioned production was formed, at the second stage
was to determine their competence; the third stage the Delphi method was used, and the experts identified the factors
that affect the energy intensity of blast furnace production; at the fourth stage, the assessed the degree of influence of
changes in the selected factors. The data obtained were processed statistically and ranked in descending order of influ-
ence on the energy intensity of the studied production. The degree of consistency of experts' opinions was assessed
using the concordance coefficient. According to the results of the expert assessment, it was found that the greatest impact
on the energy intensity of blast furnace production is made by the content of substandard fractions of coke and the iron-
containing part of the charge. Therefore, attention was paid to preparatory processes related to the separation of the
metallurgical charge by size and the analysis of the formation of the particle size distribution of charge materials at different
parts of the route of its processing and transportation to the blast furnace. The analysis of the data showed that in the
charge preparation path there is a constant increase in the content of substandard material in the volume of the charge,
while the screening efficiency of raw materials does not exceed 50 % for sinter and 60 % for coke, which does not allow
to meet the necessary technological requirements for acceptable percentages of fines. It was found out that the initial part
of the charge contains up 8.6 % and 19.9 % of clogging particles, the size of which is close to the size of the sieve aperture
(5 mm for agglomerate and 25 mm for coke), and therefore, the probability of their passage through the holes of the
screening surface are close to zero. When screening the materials under study materials in a thick layer, hard-to-pass
particles through the holes of the sieving clog the screening surface over time, resulting in a decrease in screening effi-
ciency of the substandard part of the metallurgical charge, which significantly affects energy intensity of blast furnace
production. It is recommended to find modern technical solutions that would allow to increase the efficiency of screening,
taking into account the reduction of clogging of the screening surface, and at the same time to solve the issue of quality
stabilization of the particle size distribution of the charge fed into the blast furnace.

Keywords: blast furnace production, screening, stabilization, granulometric composition, charge, energy intensity.

Bctyn NiaBULLMTK 0BCAMM i SIKiCTb BUPOONEHOI NpoayKLii, Lo

MeTanypriiiHe BMPOOHULITBO 3aBXaun Oyno pywii-  Aae cyTTteBy NpubyTkoBicTb. OgHak, 3apa3 MeTanypris
HOK CUJIOK0 EKOHOMIKM YKpaiHuM Ta NpuBabnuvBol ra-  YKpaiHM 3HaxoOuTbCs B AYXXKE CKNagHOMY CTaHOBMLL
ny33i0 Ans iHBECTULN, OCKINbKM 32 KOPOTKWUIA Nepiog  amke obcarn BUPOOHULITBA B NePiod BOEHHOTO CTaHy
yacy, npu 3abesneyeHHi HanexHux ymoB, OO3BOJISIE
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Brianu GinblUe HiXX y MaTb pasiB NOPIBHAHO 3 JOBOEH-
HUM PiBHEM.

Pasom 3 nepemoroto YkpaiHn HacTtaHe 4ac Bigpo-
[PKEHHS Ona MeTanypriiHoi ranysi, sika noTpedyBa-
TMME YAOCKOHanNeHHs il eHeproeEMHUX nepeainis, L0
HagacTb MOXMMBICTb 3HU3UTU COBIBAPTICTL rOTOBOI
npoaykKuii Ta 6yTn KOHKYPEHTO NpuBabnuneoLo ranyssio
Ha CBITOBOMY PUHKY.

AHani3 nitepaTypHuMX AaHMX Ta NOCTaHOBKa
npo6nemu

Bukopuctosytoun gaHi World Steel Association [1]
OyB NpoBeaeHWi aHarni3 BUPOOHMLITBA YOPHUX MeTa-
niB B YKpaiHi 3a OCTaHHi 4eCATb POKiB, KN HE BKIIO-
YaB POKM BIMCLKOBOI arpecii pocincbkol deaepauil

36000

Bupo6uunrso, THC. T

(amB. puc. 1), 3a pesynbTataMmm KOTPOro BMOHO, LLO Ha
npotsasi 2011/15 pokiB cnocTepiraeTbCsl CTPIMKE 3HU-
)KEHHS BUpobHMUTBa cTani v YaByHy Ha 35 % Ta 24,5
% BignoBigHo. He3HayHe 36inblUeHHs BUPOOHULTBA
6yno B 2016 pouj, ane 3 KOMMNEHCy4YMM | Hagani npo-
rpecyloyMM nafiHHaM BUPOOHMUTBA Y HACTynNHOMY
poui. 3 2017 poky nomiTHa ctabinizauia obcarie BUpo-
BGHMLTBA YaBYyHy Ta cTani, Ski NPaKTUYHO AOPIBHIOTb
OLMH OAHOMY, 3anuLlatyUCb OCHOBHUMU Nepeinamm
MeTanyprinHoi ranysi YkpaiHu.

Po3rngaHnmo guHamiky LiHOYyTBOPEHHS 3a OCTaHHIN
Yyac Ha NpuvKnagi ctanesoi apmaTtypu, sika € OCHOBHOH
cTaTTelo YKpaiHCbKOro eKcrnopTy.

@
N e =8

2011 2012 2013 2014

—e— BupoOHUIITBO CTai

2015 2016 2017 2018 2019 2020
Pix
== BupoOHHIITBO YaByHY

PucyHok 1 — BUpOBHMLTBO YOpHUX MeTaniB B YKpaiHi

3pocTaHHsA LiHM 3a TOHHY CTaneBol apMaTypu Ha
CBiTOBOMY PUWHKY, 3rigHo [2, 3], B TpeTbOMy KBapTani
2021 poky cknano 26 %, WO CBigYATbL NPO CTpiMKe
3poCcTaHHA NonuTy Ha ctanb B €C, B cepeiHbOMy Ha
8,8 %, BUKIMKaHe 4aCTKOBOO 3YMUHKO MOTYXHOCTEMN,
wo cknano 5 % Big 3aransHOI NoTyXHocTi €C, B Hacni-
aok COVID-19, spoctaHHa nonuty y O6’eaHaHux
Apabcbknx Emipatax — Ha 35 %, Cayaiscbkoi Apasii —
Ha 18 % Ta €runTi — Ha 24 %. Bucoka uiHa cTumynoe
BMpOOHMKIB €C MacoBO 3anyckaTu MOTYXHOCTI, Lo
NPOCTOTh, Taky 2021 poui nnaHyBanock 3anycTutm
MaTb AOMEHHUX Meyven 3aranbHOoK NPOAYKTMBHICTIO
11 MNH. T, OBOX enekTpocTanennaBurbHUX neyen
NPOAYKTUBHICTIO 2,5 MIH. T.

Pa3om 3 3pocTaHHAM NonuTy crnocTepiraeTbes no-
BiNbHE BIJHOBMEHHA E€KOHOMIK Yy psadi perioHiB, Ans
AKNX YKpaiHa € eKcnopTepoM NpoKaTHOI NpoayKLuil, Tak
3a aaHumu World Bank [4] sapocTtaHHa BBI1 y nepxa-
Bax €Bpo3oHu cknage 3,6 %, CLUA — 3,5 %, Kutain —
7,9 %, MENA — 2,1 %.

Omxe, cnneck NonuTy Ha cTanb € TUM4YacoBUM i
3KOpEeryeTbCs y BignoBigHOCTI 3 BinbLu cnabko AnHa-
MiKOtO 3pocTaHHsA BBI1, TakMM YMHOM, 3pOCTaHHs Npu-
OyTKy 3a paxyHoK 30ifblUeHHSA 0bcsriB BUPOOHULTBA
CYMHiBHe.

14

3BaXkalouM Ha BULLE BUKIAZeHe MOXHa 3pobutu
BMCHOBOK, LLIO Ha AaHW Yac CBiTOBa MeTarnypria 3Ha-
XOOUTbCS B TaK 3BaHi «HOBIM HOpManbHOCTI», KOoTpa
He nepeabavae Hi SK1x KpynHux nogin, gki 6 6ynu aaa-
THi CNPOBOKYBAaTW CTane 3pOCTaHHS CMNOXWBaHHS Me-
TanypriiHol NpoAykKuii, Ta 1 ranysi B uinomy. B aaHux
ymoBax 1 pO3BUTOK MOXNMBUI 3a paxyHOK BMNpoBa-
[PKEHHS1 HOBITHIX TEXHOJOri Anst onTUMi3aLlii Ta 3MeH-
LLEHHA onepauinHnx BuTpar. [5]

BpaxoByloun AMHaMIKy LiH Ha erneKkTpoeHeprito Ta
NPVPOAHUA ra3 Ans NPoOMMUCIIOBOro BUpobHMUTBaA YK-
paiHu 3a gaHumu [6, 7], siKi € KIHYOBUMU CKNagoBUMMU
KanbKynsuii cobiBapToCTi MeTanyprinHoi npoaykuii,
BCTAHOBIIEHO, O 3a OCTaHHI WiCTb POKIB TeMn iX po-
CTy cknaB B cepeaHbomy 4,2 Ta 0,8 % BignosigHo, Ta-
KM YMHOM, 3HUXXEHHS CMOXUBAHHS LINX pecypcis Ao-
3BOfISIE CYTTEBO 3MEHLUUTU OnepaLiiHi BUTpaTy.

AHani3 KanbKynsiuin cobiBapTOCTi rOTOBOI NPOAyK-
Lil 32 MeTanyprinHuMmn nepeginaMmv 403BONMB BCTaHO-
BUTMU, LLLO HAOINbLL EHEPrOEMHMMM € KOKCO-AOMEHHE,
TOMY BMHMKaE HEOOXIAHICTb Y BUKOHAHHI aHani3y dak-
TOpIB, L0 BNAIMBAIOTbL HA EHEeProeMHICTb came LuX gi-
NSIHOK 3 noAarnblUMM BU3HAYEHHSIM HAyKOBO-06I'pyH-
TOBaHUX pekoMeHAaLlin Woao BOOCKOHANEHHS X Tex-
HONMOrYHNX TPaKTIB, 3aCTOCyBaHHSA HEOOXigHOro obna-
OHaHHS.



CTOCOBHO KOKCOBOrO BUpOOHMUTBa B poboTax [8, 9]
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e MpaKTU4YHWUI OOCBIA poboTH;

Oynu npoBeeHi AOCNIOKEHHS WOA0 3MEHLLEHHS eHe-
preTM4HMX BUTPAT i 3anpoBamKeHHs HEOOXiOHMX Kpo-
KiB, SIKi 4at0Tb MOXIMBICTb BOOCKOHANUTW iCHYHOYI TEX-
HOMOFiYHI TPaKTX MiAFOTOBKWN BYFiNbHOI LUMXTU OO KOK-
cyBaHHs. [Ina goMeHHOro BMpobHMLTBA Ha TenepiLu-
HiM Yac Taki AOCNioKEHHS BIACYTHI, WO YHEMOXNUB-
N0e HagaHHs pekoMeHaauin, siki 6 go3sonunu niasu-
LNTK SIKICTb NIArOTOBKM LUMXTOBMX MaTepianis 4o nna-
BKM Ta@ 3MEHLLUUTU €HEProEMHICTb LIbOro MeTanyprin-
HOro NpoLecy.

LUMpOTa Kpyrosopy.
[MepepaxoBaHi XapaKTepPUCTMKN OLHIOBaNuCb 3a

necatTnbanbHOK LLKANoOK KepiBHMKaMU BULLIOT NaHKW.
lMicna yoro BM3HA4YaBCs MOKA3HMK, LLO XapakTepuaye
00’EKTUBHY OLIHKY KOMMETEHTHOCTI ekcnepTa 3a gop-

1 n
hj = ;'ZKji
i=1

Mys10t0

(1)

MerTa i 3aBAaHHA aocnigxeHb

MeToto gocnimkeHb Oyno Bu3HadYeHHSA haKTopi.,
AKi MaloTb CYTTEBMI BMIIMB HA EHEPrOEMHICTb JOMEH-
HOro BMPOOHULTBA Ta HadaHHS HayKOBO-OOI'pyHTOBA-
HUX PeKoOMeHAaLiN Woao 3aCTOCyBaHHS HEobXigHOro
obragHaHHs, sike A03BONUTb 3MEHLLWTU Lito umx hak-
TOPIB B iCHYIOYMX TEXHOMOMYHMX TpaKTax.

Martepianu Ta meToau gocnigxeHb

BuaBneHHsa dhakTopis, WO BAAMBAOTb Ha €Hepro-
EMHICTb [JOMEHHOro BUPODOHMLUTBA peanisoByBasrochb
BMKOPWUCTOBYIOYM METO[, EKCNEPTHOrO OLHIOBaHHS.
Ha nepwomy eTtani BMKOHyBanocb hopMyBaHHSA
€KCMepTHOI rpynK Yy KiNbKOCTi AecsaTn ocid, B poboTi Ko-
Tpoi NpunHAnNK yyactb daxisui NAT «ApcenopMittan
Kpueui Pir», KprBopisbkoro HauioHansHoro yHisepcu-
TeTy, HaB4anbHO-HaykOBOro TEXHOMOrMYHOro iHCTU-
TyTy [lepxaBHOro yHiBepcuTeTy EKOHOMIKM i TEXHOIO-

0e n — KiNbKiCTb XapakTepucTuk, n = 4;

K;; — OuiHKa j-ro ekcrnepTa 3a i-XapakTepuCTHKOLO.

Takox 3a gecATMbanbHOK LUKaNow BU3HAYaBCs
MOKasHWK  BIiQHOCHOI  CaMOOLHKM  ekcrepTta —
Cy6’eKT1BHWI MOKa3HMK KOMMETEHTHOCTI j-ro ekcnepTa

gj, 3a BIigNoOBIAHMMWN MNPOGECINHNMKN AKOCTAMK, a
cawme:

10 — ekcnepT cnewianiayeTbCcs B AaHin ranyasi;

8 — ekcnepT NnpunUmae y4actb B NpakTU4HOMY BUPI-
LLEHHI 4aHOro NUTaHHs, ane BiH He BXoAuTb Y cdepy
1oro cnewianisadu,if;

5 — nuTaHHga TiCHO NoB’A3aHe 3 cneuiani3auieto ek-
cnepTa (cymikHa 0b6nacTb NPaKTUYHOI AiANbHOCTI);

3 — nNUTaHHSA TiICHO He NoB’A3aHe 3 creuiani3auieto
ekcnepTa (o3HanomneHHs 3 Nnpobnemoto 3a nirepary-
pPHUMW DKepernamu, 3a AocBigom poboTu iHWKuxX nian-
pUEMCTB).

KoMneTeHTHICTb j-ro ekcrnepTa B JaHOMY MUTaHHI
XapakrepusyBanacb K

rin, MpAT «[QHinpoBCbKUA MeTanyprinHun 3asoa», Ha-
BYarnbHO-HaYyKOBOTO iHCTUTYTY MPOMMCIOBUKX Ta Bi3Hec
TeXHonorin YKpaiHCbKOro AepXaBHOro YHiBEpCUTETY
Hayku | TexHonorin, |HCTUTYTY 4OpHOi MeTanypril
im. 3. |. Hekpacosa HAHY, lNpnasoBcbkoro gepxas-

hy; =

0 ,cC
_hsj hg;

()

HOro TexHIYHOro yHieepcuteTty, Mapiynonbcbkoro me-
TanypriviHoro kombiHaTty iM. Inniva, A3oBcTarnb.

Ha gpyromy etani 3a metogukoto [100wmnbka! Uc-
TOYHMK CCbIIKA He HaWAeH.] BUKOHYBarocb BU3Ha-
YEeHHs1 KOMMEeTEHTHOCTI ekcnepTiB. OuiHka BUKOHYBa-
nacb 3a HaCTYMHUMW XapakTepucTMKamm:

piBeHb KBanidikauii ekcnepta B AJOMEHHOMY BU-

PesynbTaT ouiHKM eKkcnepTiB Ta pPo3paxyHOoK iX
KOMMETEHTHOCTi HaBeaeHi B Tabn. 1.

OckinbKn 3Ha4YeHHs BaroBoro koediljieHTa, Lo oLi-
HIOE KOMMETEHTHICTb j-r0 eKkcnepTta, MOXHa iHTepnpe-
TyBaTW SK BipPOrigHICTb BUAAYI €KCepToM AOCTOBIPHOI
OLliHKK, TO 3Ba)Xkaloum Ha pe3ynbTaT HaBedeHi y Tabn.
1 MOXHa cTBepaKyBaTu, LLO BipOrigHICTb NOMUMKOBOI
OLiHKN Tpynolo ekcnepTiB He Oyae nepeBuLlyBaTu

pPOBGHMLTBI;
e  piBEHb TEOPETMYHOI NiArOTOBKY;

Tabnuus 1 — BU3Ha4YeHHs1 KOMNETEHTHOCTI ekcnepTiB

30 %, L0 € [OMYCTUMOI NMOXUOKOH.

Ne XapakrepucTtuka B e .
ekcnepTa 1 2 3 4 sJ $J S
1 9 10 9 8 9 10 0,9

2 9 10 9 8 9 10 0,9

3 8 9 7 8 8 9 0,72
4 7 9 10 9 8,75 8 0,7

5 8 8 10 6 8 8 0,64
6 7 8 10 9 8,5 5 0,43
7 9 8 8 7 8 8 0,64
8 9 10 9 9 9,25 10 0,93
9 6 9 8 1 8,25 5 0,41
10 7 8 8 8 7,75 9 0,7
CepefHe 0,7
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Ha TpeTbOMy eTami BMKOPWUCTOBYKYM METOA
Henbcn [11] BMKOHyBanocb OpMyBaHHA ekchnep-
Tamn nepeniky akTopis, WO BNANBAKOTL HA eHEpPro-
EMHICTb JJOMEHHOro BnpobHuLTBa. KoxkHoMy ekcnep-
TOBi po3cunanacb TeMa OnNUTYBaHHs — «BusHaueHHst
dhaKTopiB i OLiHKa iX BNAIMBY HA EHEPrOEMHICTb JOMEH-
HOro BUpOBHULITBa», Ta NPONOHYBanocb copmMyBaTu
BnacHumn nepenik. MNoyatkosuin nepenik 6ys copmo-
BaHWI Ha niactaBi oOpaHHs dhakTopiB, WO Han4ac-
Tile 3ycTpivannck, Takox 6ynM JoOaTKOBO BKITHOYEHI
dakTopu oTpMMaHi Ha nigctaBi 06poOKM anpiopHUX
AaHuX, OTpMMaHux Ha 6asi o6pobneHHs niTepaTypHUX
Dkepen [12-23]. Jani nepenik NOBTOPHO po3cunascs
eKkcnepTam, siki MOBMHHI 6ynu ouiHUTU NpeacTaBneHnin
CNUCOK, | BUCITOBUTW CBOKO AyMKY 3 NPMBOAY MOro MnoB-
HOTW i onTuManeHocTi. MNpy LbOMy 0BYMCIIOBaBCS KO-
ediuieHT KoHKopAaUil, | AKWOo B pesdynbTaTi Buxoguna
Hey3roMKeHiCTb AYMOK eKCnepTiB — nepenik neperns-
AaBCs MOBTOPHO A0 TUX Nip, MOKM BOHA He 3'ABNsnacs.

lMicns gekinbkox TypiB NiCyMKOBWIA Nepernik ckna-
OaBce came 3:

e  BMICTY 3ani3a (y Bcin LwuxTi 6e3 kokcy, dntocy), Xi;
e  BMICTY ppaKLii <5 MM y 3ani30BMICHIi1 YaCTWHI LWK-
XTH, X2;

BMICTY 3011 B KOKCi, X3;

MIiLIHOCTi KOKCY 3@ MOKa3HUKOM Mazs, Xa;

rapsivoi MiLHocTi kokey CSR, Xs;

CTMPAaHHOCTI KOKCY 3a nokasHukom Mo, Xs;

BMICTY dopakuii +80 MM B KOKCi, X7;

e TemnepaTtypu OyTTs, Xs;
e  BMICTYy dppakuii <5 MM y KOKCi Xa.

Ha yeTBepTomy eTani ekcnepTn BUKOHYBanNM OLLIHKY
CTYMeHs1 BMnMBY 3MiHM (PaKTOPIB HA €HEpProEMHICTb
AOMEHHOro BUPODHMLTBA 3a AecATMOanbHOW LuKa-
noto. [laHi onutyBaHHs 36Upanncb B EKCNEpTHIN KapTi
Ta obpobnoBannck CTaTUCTUMHUMKM MeTodamu [24,
25], nicns 4Yoro ekcrnepTn 03HaMOMNIOBaNINCb 3 OTPU-
MaHUMK pe3ynbTaTtamu 3 MPOXaHHSAM CKOperyBaTtu Ka-
pPTYy Ha CBill po3cyd, ane BpaxoByK4n AyMKY 3aryde-
HOro ekcrnepTHoro cepegosuwa. icna koperyBaHHs,
OTpMMaHi daHHi 3HoBYy 06pobnioBanncb CTaTUCTWY-
HUMW MeTodaMu Ta paHXyBanuCb y MOPSOKY 3MeH-
LLUEHHS BMMMBY Ha €HEepProeMHICTb JOMEHHOrO BUPOG-
HUUTBA.

OckinbKku, B OUiHLUi i-ro ekcrnepTa € oakTopu siki Ma-
I0Tb OOHAKOBWI PaHr, BU3HAYaBCSA MOKA3HWK rpynu
3B’3aHNX paHriB

— +3
Vi = tii — tri 3)
Oe t; — KINbKiICTb OAHAKOBWUX paHriB B k- rpyni
3B’A3aHNX paHriB ans j-ro ekcneprTa;

k — iHOEKC rpynu 3B’A3aHMX PaHriB MO paHXXyBaHHIO,
k=1..K;

K; — KINbKICTb rpyn 3B’A3aHNX PaHriB B i-My paHxXy-
BaHHi (ans i-ro ekcnepra).

CTyniHb y3romKeHOCTi OyMOK eKcnepTiB 3 ypaxy-
BaHHAM 3B’Si3aHMX paHriB OLiHIOBanachb 3a AOnoMoru
koedpiuieHTa koHkopAau;ii

) 2
W= 12-30, (Zliw=1 a;; — ;Z?’n PR aij)

(4)

M2+ (N3 —N)— M- 35y,

e j — iHgekc HomMepy 3a nopsakom dgakrtopy, j =1..N;

N — KinbKicTb dpaKTopiB;

i — iHOeKc HoMepy 3a nopsakoMm ekcnepTa, i =1 ... M;

M — KiNbKiCTb eKcnepTiB,;

@;; — paHr j-ro hakTopy, BUHAUEHNIA i-M eKCrepToMm.

Micnst o6pobku 3BegeHNX pe3ynbTaTiB, OTpUMaHux 3 oopmynu (4), 6yno BCTaHOBMEHO, LLO BenuymHa koedi-
LieHTa KOHKOpAaUil CyTTEBO BiAPI3HAETLCS Bif, HYNs, TOMY MOXHa BBaXkaTu, LLO MK JYMKOIO eKCrnepTiB € CyTTe-
BUIM 3B'A30K. B LiIbOMY BMMaKy OLiHKa 3HA4YHOCTI koedillieHTa koHKopAaLlii BUKOHyBanack 3a Kputepiem y?

1 2
) _ 12-3%, (Zlivi1 a;; — ;Z?]ﬂ L aij) “(N-1)

X

®)

M-N-(N+1)-(N-1) =31 ¥ .

KOTPUIA NOPIBHIOBABCA 3 TABNUYHUM 3HAYEHHSAM x2, oBpaHuM Npu Yuchi cTyneHst ceoboau f = N — 1 Ta piBHi

3HayHocTi a = 5 %, a came

XTZ(a=5,f=9) = 16,92 < x?=51,5.

Ockinbkn ymoBa BMKOHyBanachk, To 3 95 % noBip-
YOI0 BIPOTiAHICTIO MOXHa Byno cTBEpKyBaTH, LLO CTY-
NiHb Y3ro>KeHOCTi OyMOK eKCrnepTiB LOAO0 OLiHKM
BNNMBY 06paHux hakTopiB Ha EHEPrOEMHICTbL JOMEH-
HOro BUPOOHMLTBA HE BMKMMKana CyMHIBY.

Pe3synbTaTtu gocnigkeHb Ta ix 06roBopeHHs

3a pesynbTatamun 0BpobKM ekcnepTHUX AaHUX Me-
TOLOM anpiopHOro paHxyBaHHSA dakTopiB byro BcTa-
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HOBJEHO, LLIO, HANBINbLL iICTOTHWIA BNTMB HA EHEPTOEM-
HICTb OMEHHOro BMPOBHMLUTBA YUHWUTL BMICT HEKOH-
AnuinHoT ppakuii (<25 Mm) y kokci Ta (<5 MmM) 3aniso-
BMICHI YaCTUWHi LUMXTMK.

AHani3 ximi4HOro cknagy arnomepary Ta KOKCy 3a
MeXHUMK dopakuismu (puc. 2, 3) OO3BONUB BCTaHO-
BUTK, LIO 3i 3MEHLLEHHAM po3Mipy dopakLii BMICT LLKi-
ONVBUX eNEeMEeHTIB, TakuX K Cipka ansa arnomepary 1a
30MbHICTb | BOMOra As1s1 KOKCy 3p0oCTatoTh.
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PucyHok 3 — BicT Bonoru Ta 3011 B KOKCi 3a dopakuisimm

Tak 3 HaBedeHWX ricTorpam BWAHO, WO LUKIOSINBI
ernemMeHTn 3ocepekytoTbca B dpakuigx 0-5 mm ans
arnomeparty i 0-25 mm anga kokcy. Cnig 3a3HaunTy, LWo
arnomepar i KOKC € LUTy4YHUM MaTepianom, K1 oTpu-
MYETbCS METOAOM CMiKaHHS1 3 YTBOPEHHSIM AOCTATHBO
BENUKOI KiNbKOCTI APiGHNX (hpaKkuii, Lo NOB’A3aHO 3:

— HenpasubHOK pybyacTo hopMOoto, PUXIIOK Ta
abpa3svBHOO MOBEPXHEID YacToK, sIKi CkrnagatoTbes 3
BENMKOI KiNbKOCTI MOPOBUX KaHaniB, OKpiM LbOro, ar-
nomepaTty Bnactuea ¢pisudHa Ta XiMiyHa HeogHopia-
HiCTb;

— OCOOMMBICTIO TEXHOMOrii OTPUMaHHs,, a came
NPOLIECOM OXONOMAXKEHHSI CNeKiB METOAOM MOKPOro
abo cyxoro raciHHg — Ans KOKcy, abo MPOCMOKTYBaH-
HAM Yepes LWap 3a3ganerigb 3pyMHOBaHOro NMpora Xo-
NOAHOrO NOBITPSt — AN arnomMepary, nNpu LboMy rpa-
JIEHT TeMnepaTyp Ha MeXi «CrNeK-OXonoaXxyye cepe-
posuLle» gocsarae 875 °C, a LWBUAKICTb OXONOOKEHHS
konueaeTecs Big 8...12 °C/xB y arnomepary, Ao
50...60 °C/xB y Kokcy. [26]

Taknii TEXHOMNOrYHMI Npouec OTPUMMaHHSA AaHol
CYPOBVHU CTBOPIOE NepefyMOBU ANA BUHUKHEHHSA B

LMaTKax 3anuLKoBOl TePMIYHOI Hamnpyru, CKOHLUEHT-
poBaHOi, NepeBaXxHO, B MICLSIX YTBOPEHHS AedeKTiB
(TpiWWH, HEOAHOPIAHOCTEN) | B 30HAX MaKCUMarnbHUX
3Ha4eHb rpafieHTiB TemMnepaTtyp Mpu OXONOMKEHHI,
TO6TO Ha MOBEPXHi OKPEMMX LLUMATKIB.

Tomy Gyna 3BepHyTa yBara Ha nigrotToBui NpoLecu
MoB’si3aHi 3 PO3A4iNIOM LUNXTU 3a KPYMHICTIO Ta BUKO-

HaHO aHania (OPMyBaHHA  rPaHyNIOMETPUYHOIO
cKrajy LUMXTOBOro Martepiany Ha TpakTi horo nogadi B
OOMEHHY niu.

OuiHka BNNMBY Hanpy>XeHoro cTaHy 4acToK Ha rpa-
HYNOMETPUYHUIA CKnaj arnomMepary i KOKCy npu 1Moro
nepeMilLleHHi Mo TPaKTy LMXTonodadi AOMEHHOI nedi
BMKOHYyBaracs LUNSXoM Bigbopy npob B KOHTPOSbHNX
Toukax TpakTy wuxtonoaadi AN-8 NMAT «ApcenopMiT-
Tan Kpveun Pir» 3 ueHTpansHummn ByHkepamu, ronos-
HVMM Y/MHOM B TOYKax MOAAHHS i PO3BAHTAXXEHHS KOKCY
i arnomeparty 3 noganbLlUUM PO3CIBAHHAM MO MEXHOMY
Knacy, 9KkMin onsa arnomepary i KOKCy cknagae -5 Mvm 1a
-25 MM, BignoBigHO.

Ha nigcTtaBi oTpumanux pesyneTaris 6ynv nobyno-
BaHi Jiarpamu, L0 XxapaKTepusyoTb BMICT B MacuBi ar-
nomeparty i KOKCY HEKOHAMLIMHWX dopakuin (puc. 4).
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HaapeLUiTHOro NPoAYKTY 3 NPOMIKHOrO GyHKepa; V - TpakT 3aBaHTaxeHHs ckina; VI - ckin
PucyHok 4 — BMmicT mexHOi dopakuii B MacuBi arnomeparty i KOKCy B TOYKax Bigbopy npob

3 aHani3zy oTpyMaHux AaHuX BUTIKaE, Lo B NPOLIECI
TPaHCNOPTYBaHHSA arrioMmepaTy Ta KOKCY MO TPaKTy LUK-
XxTonogadi BiabyBaeTbCH MOCTIMHE HapOLlyBaHHA B
006'eMi LUMXTN BMICTY HEKOHOMULIMHNX dopaKLii, 3a pa-
XYHOK ApOOMEeHHs1 YacTUHM LUMAaTKIB Ha nepeBaHTa-
YKEHHSAX NiCrs rpOX0TY, BHACMIZOK YOro BMICT HEKOHAM-
LiMHMX ¢ppaKLi B CKINOBOIT LUNXTi 3a5MWLAETLCA BUCO-
KMM. EchekTUBHICTL rpoxoyeHHst He nepesuLlye 50 %
ana arnomepaty | 60 % Ansa Kokcy, Wo He O03BOSISE

=

oo

3a6e3neunMT TEXHOMOrYHI BMMOrKW, WO npea'sasns-
HOTbCHA A0 SKOCTi NiArOTOBKM METanyprinHoi WUXTK ne-
pen nnaBKoHo.

[na BU3HAYEHHA MPUYUH HU3bKOT €dEKTMBHOCTI
rPOXOYEHHST BMKOHYBAIOCHA PO3CiBaHHS MOYaTKOBOrO
mMaTtepiany (Touka Bigbopy npob Il - X1BUNbHWK rpo-
XOTY ) 3 nogarnbLUUM aHarni3oM OTPUMaHNX JaHUX LLUMs-
XOM MobyaoBu iHTErpanbHUX XapaKTepucTUK pPo3ro-
Ainy po3mipiB YacTok NoYaTKoBOro MaTepiany (puc. 5).
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Po3wmip gacTuHOK, MM
1 - arnomepatr abpukn  mMeTanyprinHoro  BupobHuuTBa; 2 -  arnomepat  HKI3Ka;

3-koKC; A — «TpyaHi» 3epHa arnomepaTy; b - «TpyaHi» 3epHa Kokcy
PucyHok 5 — [HTerpansHMin po3nogin po3mipie 4acTOK MOYaTKOBOro Matepiany

(kokci) mictuTbCs BignosigHo o 6,84...8,6 % i 19,9 %
3abuBarOYMX YACTUHOK, PO3MIpU SIKMX BrM3bKi 4O po-
3Mipy anepTypu cut (5 Mm gns arnomeparty i 25 um

3 aHanisy oTpMMaHux iHTerpanbHUX po3noAinie po-
3MipiB YacTOK Oy0 BCTAHOBIEHO, LLIO B MOYATKOBIN 3a-
Ni3OBMICHI YaCTWUHI WWXTU (arnomeparti) i nanvMBHOI
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ONS KOKCY), Y 3B'A3KYy 3 4MM, BIipOrigHICTb iX MpoXo-
PKEHHS Yepes3 OTBOPU Citou0i MOBEPXHi HABMMKAETLCS
00 HyIsi, WO NpM3BOAUTbL A0 ii 3abMBaHHS i Ak Hacni-
OOK, HU3bKih €eKTUBHOCTI IPOXOYEHHS.

Takum YnMHOM, B NpoLieci TPaHCMOPTYBaHHS 3ani3o-
BMICHOI Ta NanMBHOI YaCTUH MeTanyprinHoi LWUMXTW NO
TPakTy LwmxTonodadi BigbyBaeTbCs MNOCTIHE Hapo-
LLIyBaHHS HEKOHANLINHMX ppaKLiin, BUAINEHHS AKX HA
iICHYIOUMX FPOXOTax MOBHICTIO He BUpiLlye 3aady 3HU-
YKEHHS1 BMICTY Opib’a3Ky B CKINOBIl LUNXTi, OCKiNbKK ar-
rfioMepar | KOKC € BaXKKOrpOXOTUMMM MaTepianom 3 Be-
FIKMM YMCITOM YacToK, Lo 3abusatoTb. B upbomy Buna-
OKY HeoDXiAHO 3HAMTK TEXHIYHI pilleHHs], siki 6 Jo3BO-
nMnn 30iNbLWNTY ePEKTUBHICTb FPOXOYEHHS 3 ypaxy-
BaHHSIM 3MEHLUEHHS 3abuBaHHSA Cistv0i NOBEPXHi rpo-
XOTiB, @ TAKOXX OAHOYACHO 3 LM BUPILLIMTU MUTaHHS
cTabinisauii rpaHynoMeTpuM4HOro cknagy LUMXTW, ska
noaaeTbCs Ha KOMOLUHMK JOMEHHOI Neui.
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BucHoBku

LocnimpKkeHHAMM BCTAHOBMNEHO, WO HanbinbLuni
BMMMB B TENEPILLHINA YaCc HA EHEPrOEMHICTb JOMEHHOMO
BMPOOHULITBA YMHUTb OY>XE BEITMKUIA BMICT HEKOHOW-
LiMHMX ppakuin y KOKCi Ta arnomeparTi, SKi yTBOpHO-
IOTbCS B HACNIAOK iX TPAHCMOPTYBaHHSA Ta NepeBaHTa-
XKEHHS Ha TPaKTi LUMXTOMIATOTOBKU MeTanyprinHoi cu-
poBuHW. [itodi rpoxoTn Ang BiaciBy HEKOHOWULINHMX
dpakui MatoTb HU3bKY €(PEKTUBHICTb IPOXOYEHHS, Lie
MOB’A3aHO FOfIOBHUM YMHOM 3 3aOMBaHHSM Cito4oi no-
BEPXHi, WO He Aa€ 3MOry 3HM3UTWU BMICT ApiO'sA3Ky B
CKIiNOBIW LUNXTI.

Taknum YMHOM, AN 3MEHLLEHHS] EHEPrOEMHOCTI 0-
MeHHOro BMpobHuuTBa Tpeba 3HanTh Ta obpaTh Taki
TEXHIiYHi pilleHHs1, ki 6 JO3BONUNN CYTTEBO HA TPaKTi
NiArOTOBKM MeTanypriiHoi LWMXTU A0 MfaBKM 3MEH-
LIMTW YaCTKy HEKOHAMLINHMX bpakLin armomepaTy Ta
KOKCY, SIKi NOCTynalTb B AOMEHHY Miy.
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BcTyn

Py6aH B.0., CmosHoe 0.M., Myciiiko B.1, lllawkuH T.A., Mapko A.D.
JocaigKeHH TiAPOAMHAMIYHUX MPOLECIB KOBIIOBOI BAHHH
NPH NPOAYBI Yepe3 JOHHI AYTThOBI NPUCTPOI
Ruban V.0., Stoyanov 0.M., Musiko V.1, Shashkin T.A., Marko A.F.
Investigation of hydrodynamic processes of a ladle bath
when blown through bottom blower devices

O6’ekm OocridxeHHs1 — 2i0poOuHaMiYHi MPouecu KosWwoeoi 8aHHU npu rnpodysyi Yepe3 OOHHI Oymmbosi npucmpoi.
Mema docnidxeHHs — 8CcmaHO8MEHHsT OCHOBHUX MPUHUUrie popmysaHHs 6apbomaxxHoi 30HU i i 8rnusy Ha wap wraky,
a makox ouiHKa egpbekmusHocmi 8udasieHHsI HeMemaregux 8KI0YeHb Mpu no3anivyHit obpoui cmarni Ha ycmaHosui «Kiguw-
niy». [JocnioxeHo cmaH numaHHs rno3arniyHoi 06pobku cmarni Ha ycmaHo8yi «Kigw-Mniy», KUl rokasas, wjo Ha egek-
mueHicmb pobomu OaHo20 agpezama Mae 3HaqyHuUl ernug rnpodyska 6KKYayYu po3mauly8aHHs1 OOHHUX MPOOY8HUX
6ri0kie ma iHmeHcusHicmb MaconepeHeceHHs. Crniuparoyucb Ha rnposedeHull aHarni3 nimepamypHux Oxeper, po3pob-
IIeHO MemoOUKYy eKcriepuMeHmy ma cmeopeHo 51abopamopHy ycmaHo8Ky 01151 po8eOeHHs (hi3uU4HO020 MOOesIto8aHHs Ha
X0n00HilU modesi. CmeopeHO MameMamuyHi MOO€esli Ha OCHOBI SIKUX MOXe 6ymu orucaHo 8riu8 mMexHOI02iYHUX ghak-
mopie makux siK: pexumu rnpooysKu, po3maluysaHHs Oymmb0o8uX Mpucmpois, sucoma wiaky, Ha eumpamu Helmparb-
HO20 2a3y i 8 c80K 4Yepay Ha 3MiHy Mamepiasio- ma eHepeoeMHicmb cmarii rpu no3aniyriti 06pobui. BusHaveHo, wo
36inbweHHs1 iHmeHcusHocmi npodysku npu3godums A0 3pOCMaHHs eheKmusHOCMi 8udarnieHHs HemMemarnesux 6KIIto-
YeHb 3a paxyHokK binbwoi 6apbomaHoi 30HU, 30Kpema, 8i0COMOK 8udaneHux eknYeHb 3pocmae 8i0 8% npu 100 n/xe
0o 22% npu 800 n/xe sumpam eaa3y. OKpiMm moeo, onucaHo 8riU8 Pi3HUX Mapamempis, maKkux siKk po3mally8aHHsi rpo-
OysHux briokis, Ha 83aemM00dil0 2a308020 MOMOKY 3 MemarsioM i WaKkoM, & MaKkoX iX 8rnue Ha ymeopeHHs rMpodysHOI
nasmMu i memnepamypy Memaresoi 8aHHU. Pe3yrnbmamu ¢hi3u4Ho20 Modesto8aHHs i Mamemamu4Hi Moderii 0380115110mMb
onmumidyeamu rpoyecu no3ariyHoi 06pobKu cmarti, Wo Cripusie MNoKpauleHHIo SKocmi 20moegoi npooyKuji.

Knroyoei cnoea: ycmaHoska «kigw-rid», npodysHa nnsma, ¢hizuyHe moderoeaHHsi, bapbomaxkHa 30Ha, npodyeka
iIHEPMHUM 2a30M.

The object of study is the hydrodynamic processes of the ladle bath during blowing through bottom blowers. The purpose
of the study is to establish the basic principles of the bubbling zone formation and its effect on the slag layer, as well as
to evaluate the efficiency of non-metallic inclusions removal during out-of-furnace steel treatment at the ladle-furnace unit.
The state of the art of out-of-furnace steel treatment at the ladle-furnace unit has been studied, which has shown that the
efficiency of this unit is significantly influenced by blowing, including the location of bottom blower blocks and the intensity
of mass transfer. Based on the analysis of the literature, an experimental methodology was developed and a laboratory
setup for physical modeling on a cold model was created. Mathematical models have been created on the basis of which
the influence of technological factors such as blowing modes, location of blowing devices, slag height on neutral gas
consumption and, in turn, on changes in material and energy consumption of steel during out-of-furnace treatment can
be described. It is determined that an increase in the blowing intensity leads to an increase in the efficiency of non-metallic
inclusions removal due to a larger bubbling zone, in particular, the percentage of inclusions removed increases from 8%
at 100 I/min to 22% at 800 I/min of gas flow. In addition, the influence of various parameters, such as the location of the
blowdown blocks, on the interaction of the gas flow with metal and slag, as well as their impact on the formation of the
blowdown spot and the temperature of the metal bath is described. The results of physical modeling and mathematical
models make it possible to optimize the processes of out-of-furnace steel treatment, which contributes to improving the
quality of finished products.

Keywords: ladle-furnace installation, blowout spot, physical modeling, bubbling zone, inert gas purge.

po3TallyBaHHS  npoAdyBHMX  Gnokis

3MiHIOETbCA

Mo3aniyHa obpobka MeTany € OgHMM i3 KIMHYOBUX
HanpsIMiB NiABULLIEHHS SIKOCTi Ta NOKpaLLEHHS BNacTu-
BOCTEN MeTanonpoayKLuil MacoBOro Npu3HayYeHHs i pe-
cypco3bepexeHHs B meTtanyprii. OgHMM 3 HanbinbLu
edeKkTUBHUX 3acobiB  3HWKEHHs Marepiano- Ta
€HeproemMHOCTi cTani npu o6pobui cTani Ha yCTaHoBL
«kiBw-nivy» (YKI) € goTpMMaHHS BCTaHOBMEHUX pe-
XVUMIB NpoayBKW, SKi CYTTEBO BNNMBaloTb Ha op-
MyBaHHsi 6apboTaXKHOI 30HM.

lMpooyBka MOXe 34IMCHIOBATUCA PIHUMW METO-
Aamu, 3oKkpema 3Bepxy abo 3HU3y Yyepes OOHHI OyTTb-
OBi NpUCTpPOI. Binbl NOWMPEHOLO B CBITOBIN NpaKTULi
BBaXKa€eTbCSH NPOAYBKa Yepes A0HHI AyTTbOBI NPUCTPOT
3 pi3HUM TX Micuem posTallyBaHHA. B 3anexHocTi Bifg
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AHani3 nitepaTypHuUx gaHux

MosaniyHa oOpobka cTani Ha yCTaHOBLUi «KiBLU-
niY» € HeBid’€EMHMM eTarnoM Npu BUrOTOBMEHHI BUCO-
KOSIKICHMX MapoK cTari, aka BKrovae B cebe npouec
NPOAYBKM iHEPTHUM ra3oM Ansi romoreHisawii Ximiy-
HOro ckragy ctani i ycepeaHeHHs1 TeMmnepaTypu, Lo
crnpusie  BUMAANEHHD  HemMeTaneBMX  BKITHOYEHb.
Bigomo, Wo xapakrtep Ta iHTEHCUBHICTb pyXy cTani B
KOBLLI 3anexartb Big psgy napameTpiB NpoayBKu, K
BMMBaOTb Ha Ti e(PeKTMBHICTb, 30KpeMa Ha CTyniHb
romoreHisauii metanesoi BaHHu [1].

ABTOpamu poboTu NpeacTaBneHi pesynbTaTi Npo-
MUCNOBWX i NabopaTopHux gocnigkeHb 4BOGA30BOro
MOTOKY, 6apbOTaXKHOT 30HW | PO3PUBY LLSIAKOBOMO MO-
KpoBY npw npoAayBLUi pigkoi ctani B KoBLwi. Mpomucnosi
OOCHIPKEHHST NPOBOAWNMNCS B 3aBOLCBKMX YMOBax B
30-ToHHOMy koBLWi. [lin yac nabopaTtopHux Ao-
CrniMKeHb BUKOPUCTOBYBanacs rigpaeniyHa mogernb
koBwa (macwTtab 1:4,5), npu4yomy BUTPaTU rasy BCTa-
HOBIIOBANMCS BiANOBIAHO A0 KpuTepito nogobu Mop-
ToHa [2]. AnbTepHaTMBHI JOCNIOXEHHSI MpoueciB ne-
peMilllyBaHHS | pO3pUBaHHS LLIAKOBOro NOKPOBY Npo-
BedeHi aBTopamu [3, 4]. [Npn YoMy B AKOCTi KpUTEpIto
nogobu 6yno obpaHo kputepin Ppyaa.

B po6oTi [5] npuBeaeHi aaHi, woao BNnvBy posTa-
WYyBaHHA [OHHMX MpoAyBHMX ONokiB Ha edek-
TUBHICTb padpiHyBaHHA cTani Ta NPOpPMB LUSIAKOBOro
MOKPOBY B KOBLUi, SiKi MalOTb HEraTMBHWUI XapakTep
npy no3aniyHin obpobui. bynbbaluku rasy, wo 6ap-
OOTYylOTb nMifg 4Yac npoayBaHHA MeTaneBol BaHHW,
cnpusitoTe padiHyBaHHK. Mpy 36inbLUEHHI iIHTEHCKB-
HOCTI MaconepeHeCeHHs B KOBLWI BiabyBaeTbCH
BMPIBHIOBAHHS XiMIYHOro cknagy Ta TemnepaTtypu B
o6’emi meTany. [ns nigBuLleHHA ePeKTUBHOCTI BU-
JaneHHs HemeTaneBuX BKIOYEHb, HA OCHOBI MpoBe-
OeHnX gocnigXeHb, aBTOPU PEKOMEHOYI0Tb KOHMIry-
pauito NpoayBHUX OMokKiB 3 piBHUM pO3MNOAiNIoM Mno-
ToKy (1:1) Ta ogHaKkoBMM pafianbHUM po3TallyBaH-
Ham conen (0,7R/0,7R, 45 rpagyciB), ska nigxoauTb
SK AN HU3bKMX, Tak i 4NS BUCOKUX LUBMOKOCTEN MO-
TOKy rasy.

ABTOpamu poboTu [6] BigMi4eHO, O BUAANEHHS
HemeTaneBuX BKIMOYEHb 3i cTani npy npoaysLi iHepT-
HAMKM ra3amm BigbyBaeTbCA 3aBOsdkM iX Mpu-
KpinneHHo o bynbbawku Ha mexi MeTan-ras, a 4Yac
HeobXigHWI 4Nsa X nepexoay Yepes3 MixkdasHy Mexy
MeTarn-ras, Moxe ouiHioBaTtuca sk 104 — 106 c. Lle
CBIQYNTb NPO Te, WO NPaKTUYHO Byab-sKe 3iTKHEHHS
HB 3 Gynbbalukoto rasy HesanexHo Big ii XiMiyHoro
ckragy i rigpoAMHaMiYHMX YMOB MOBUHHO NMPUBOANUTHU
00 NpUYKpINneHHs HemeTaneBoi asm Ao 6ynbbaLlku.

Ha nigctasi npoBegeHux gocnigkeHb aBTopamMu
[7 — 9] oTpuMaHoO AaHi siki cBigyaTh Npo BinbL edek-
TMBHE BUOANEHHS HEMETareBMX BKMOYEHb MNif Yac
npoAdyBaHHA 3HU3Y HiX npu npodysui dypmoro
3BepXxy, NpUYomy npu 36inbLUEHHI KiNbKOCTI NpoayB-
HUX BnokiB ePeKTUBHICTb BUAANEHHS BKITHOYEHb Ta-
KoX 3pocTtae. Lle obymoBneHo Tnm, o binbLua Kinb-
KICTb BKMNIOYEHb BTAYETLCSA B LMPKYMNALIAHWUIA NOTIK i
nepeHocuTbCs B LWnak. [pu yomy, nepLui 2 XBUNNHK
BvaaneHHs BiabyBaeTbCcA Oinbll iHTEHCUMBHO HiX
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HACTYMHi, WO MOSACHIOETLCA 3MEHLLUEHHSIM KiflbKOCTI
HB Ta 3BOPOTHUM 3aXOMfeHHAM HEMETaNeBMX BKIO-
YeHb B LIMPKYNALINHUIA NOTIK.

B po6otax [10, 11] npuBegeHa ouiHKa BMvBY
BAYBaHHS aproHy B pO3nnasrieHy ctanb Ha il 4u-
CTOTY, WO BUW3HAYaAETbCA BMICTOM HeMeTanesux
BKMIOYEHb Npu NpoayBaHHi Ta 6e3 npoayBaHHA apro-
HomM. TpuBanicTb BAyBaHHS aproHy B CTanb Mae ayxe
3HA4YHWUM BMAMB Ha KiHUEBUN BMICT HemeTaneBux
BKMOYeHb. KopoTkuiA Yac BayBaHHSA aproHy abo ma-
nunin o6’emM aproHy MoXxe NpM3BECTU OO0 TOro, L0 KiH-
LeBUIA BMICT BKITHOMEHDB MOXe BYTM BULLUM, HiXX Ha No-
yatky. MiHiManbHWIA Yac NpoayBKM aproHom, Heoo-
XiAHWA ONsi 3MEHLLEHHSI BMICTY HEMETaneBux BKItO-
YeHb, CTAHOBUTb 7 XBWUITMH, @ PEKOMEHOOBaHa BUT-
paTta aproHy — 10 niTpiB Ha XBUIMHY.

AHaniTu4yHMM ornag HaeegeHux BuLLe pobiT noka-
3aB, WO Ha €(EeKTUBHICTb yCepeoHEeHHA XiMi4YHOro
ckragy Ta TemnepaTypu cTani, a TakoX MpOoLeCiB
padiHyBaHHS Bif, HEMETaneBuUX BKITHOYEHb 3HAYHWUIA
BNNMB Mae cnocib nigBeaeHHs rasie, iHTEHCUBHICTb
Moro nogavi i Micusa posTallyBaHHA AOHHUX NpoayB-
Hux 6nokiB. Kpim Toro, BayBaHHs1 aproHy B po3nae-
NeHy cTarnb 3Ha4yHO BnnMBae Ha BMicT HB, wo nig-
KPECINIOE BaXXNMBICTb KOHTPOSIO 3a TpuBanicTio Ta
00’eMOM BAYBaHHS rady Ans OOCArHeHHs1 baxkaHoro
KiHLeBOro cknagy crani. ToMy akTyarnbHO 3agadeto
€ NpoBeAEHHSA AOCMigKeHb MO BMBYEHHIO Tiapoau-
HamiyHMX Mpouecis, dAki BigbyBalTbCa nig 4ac
06pobkun ctani Ha YKI1 npu npoaysui Yepe3 OOHHI
AYTTbOBI NPUCTPOI.

MigroroBka no ¢isMyHoro mopentBaHHA NpPo-
ueciB rigpoanHamikm KOBLLOBOI BaHHU Npu no3sa-
nivyHin o6pobui ctani

KritoyoBMM 3aBAaHHAM MpU 3HAXOOXKEHHi yucen
noAibHocTi ana gisM4yHOro MoaentoBaHHSA € BUOIp
HanbINbL 3HaYyLWMX NapaMeTpiB, SKi BMMBaOTb Ha
gocnigxysaHun npouec. Buxogauu 3 aHanisy npo-
Liecy Ta noriYyHMX MipKyBaHb CKrafleHO CYKYMHICTb 3
He3anexHnx QisnYHNX BENUYNH, SKi XapakTepusyoTb
di3nyHy cuctemy 3paska, Lo MoAentoeTbcHa. Buxo-
O54K 3 NOTiYHUX MipKyBaHb NPUAHATO, LLIO Ha npouec
YTBOPEHHSI MPOAYBHOI MISMKU BMMMBAKOTbL: 00’eMHa
BUTpaTa rasy - §.; AiameTp BCTaBku - d; TOBLYMHA
Waky — hwn; rMmMbuHa BaHHWM - her; B'A3KICTb pignHK -
V; NOBEPXHEBWUW HATAM — Ocr; NYCTUHA cTani — Per; ry-
CTMHA LWUNAaKYy - Pwn; NYCTUHA rasy — Pras; NPUCKOPEHHS
BiflbHOro NafiHHA — g.

Ons mopgentoBaHHA 06MpaHO MNOBHOMAKTOPHUI
€KCNEePUMEHT 3 BapitoBaHHSIM KOXXHOIrO NapaMeTpy Ha
TPbOX PIBHSIX: HWXHbOMY, BEPXHBOMY i HYITbOBOMY.
KinbkicTb gocnigis ana ekcnepumeHTy 3 ABoma
3MiHHUMW NapameTpamMun Ansg O4HOro po3TallyBaHHS
npobok cknagae n=3>. OTke Ana ABOX BapiaHTiB
po3TaLlyBaHHS NPOSYBHUX GIIOKiB (OOWH MO LEHTPY U
ABa Ha nepudepii).

[na npoBefeHHA gocnigkeHb rigpoguHamiku KoB-
LLIOBOT BaHHW NpuW NpoAyBLi Yepe3 AOHHI AyTTbOBI Npu-
cTpoi Gyna cTBopeHa nabopaTopHa yCcTaHOBKa Anis
XOIO4HOro MOAENOBaHHS, ska 306pakeHa Ha puc. 1.
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Puc. 1 — CxeMa ekcnepumeHTarnbHOi yCTaHOBKM

Hocnig npoBoamecs Ha nabopaTopHomy obnagHa-
HHi Kadbeapu MeTanyprii YaByHy i cTani, ake cknaga-
nocs 3: 1 — komnpecop, 2 — peaykTop, 3 — BOAHWUN Ma-
HOMeTp, 4 — namna HakaneaHHA, 5 — Mogenb ycTa-
HOBKM «KiBLW-NiY», 6 — piguHa imiTyloua MmeTan,
7 — pignHa imiTyroua Lwnak.

Hocnign nposogunnucsa 4yepes asa NOPUCTMX NpoO-
nyBHMX 610ka po3TalloBaHux Ha nepudepii koBLa, Ta
yepes UeHTpanbHUi NpoayBHUN BMOK, 3i 3MIHEHHSM
TOBLMHK Wwnaky (8 MM, 9 MM, 10 MM) Ta pexxumis npo-
OyBKu: ycepegHiooda 1,8 n/xB xapaktepHa Aans
nepiogy HarpiBy metany, iHTeHCUBHa 2,6 n/xs — nepioa
necynbdypadii metany, Ta padiHytoya — 0,32 n/xB.
KoHTpontoBanuca HacTymHi nmapameTpu: TUCK raasy,
po3TallyBaHHSA NPOAYBHUX OFIOKiB, TOBLUMHY LUMAKy Ta
MNMOLLYy OroneHol NoBepxHi meTany.

XapakTtep B3aeMogii ra3oBoro CTpyMeHs 3 MeTa-

1OM B KOBLUI Ta rigpoguHamiyHi MOTOKM BUBYaIOTLCH Ha
MoZensax B ymoBax HabnwkeHux go Hatypu. MNpu no-
Jadi OyTTa 4Yepe3 MOpPUCTi BCTaBKMW, YTBOPHOOTLCS
OynbbaLukw, siki nig gieto cunn Apximega cnnueatoTh i3
po3nnaBy, CTBOpHOOYM BapboTaxkHy 30Hy BaHHW, Ta
OrorieHHs A3epkana MeTarny Ha YCTaHOBLL «KiBLU-MiY».

PesynbTtatn ismyHoro mopentoBaHHA rigpo-
AWHaMIKU KOBLLOBOi BaHHMW.

3a pesynbTatamu nNpoBeaeHoro ¢oisn4yHoro moae-
MNOBaHHA OTPMMaHo Bigeo dannu aki 6ynm poskagpo-
BaHi Ta NpoaHani3oBaHi 3a JOMNOMOIo MPOrpaMHOro
npoaykty Adobe Photoshop. Ha pucyHky 2 306paxeHo
BUIMSA MoOZerni BaHHW Mpu NpoayBLi Yepe3 Mopucty
BCTaBKy pO3TalLOBaHy MO LLEHTPY KOBLUA 3 MiHiMarnb-
HAMW Ta MakcumanbHumMu BuTpatamm rady 0,32 i
2,6 n/xs.

Puc. 2 — MNpopayeka cTani Yyepes NOpUCTy BCTaBKy pO3TaLLOBaHY MO LIEHTPY KoBLa: a — 06'eMHa BUTpaTa rasy

0,32 n/xB; 6 — 06’'emHa BUTpaTa rasy 2,6 n/xes

Ha pucyHky 3 306paxkeHO BUMMSA4 Mogeni BaHHW
npv NpoayBLLi Yepe3 NOPUCTi BCTaBKM pO3TaLLOBaHi Ha
nepudepii KOBLLOBOI BaHHM 3 MiHIManNbHUMN Ta Mak-
cMmaneHuMn Butpatamu rasy 0,32 i 2,6 n/xs, siki Bia-
nosigatotb 100 i 800 n/x8 Ha NpoTOTMNI.

B Tabnuui 1 HaBeaeHi pesynbTaTi MOAENOBaHHS

rigpoauHaMikM KOBLUOBOI BaHHMW, 30KpeMa pos3Tally-
BaHHA Npobok y gocnigax, o6’emHa ButpaTta rasy q,
BMCOTa WNaky huwn, MOKa3HWKM BOASHOrO MaHOMETPY
Ahyan, CEpEAHBOBUTPATHA LUBUAKICTbL ra3y W, BigHOCHa
MnroLla oronieHHs a3epkana metany Sgs Ta 6e3po3mip-
HWUIA KPUTEPIN TT1.
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Puc. 3 — lNpoayeka cTani yepe3 NOpPUCTi BCTaBKN po3TalloBaHi Ha nepudepii koBwa: a — ob’eMHa BuTpaTa

rasy 0,32 n/xB; 6 — 06’emHa BuTpaTa rasy 2,6 n/xs

Tabnuus 1 — Pe3ynbtaTv 4OCNiMKEHb MApOANHAMIKMA KOBLUOBOI BaHHU

NQ. po- | Posralu. 9 hwn, MM | Ahyas, M | W, M/C Shs m
cnigy npobok n/mMmuH

1 0,322 8 0,148 0,4 0 41,376
2 LleHTtp 1,817 8 0,277 2,3 0,5017 233,35
3 2,600 8 0,405 3.2 0,64 333,99
4 0,321 8 0,124 0,4 0 41,189
5 Mepudpepia | 1,816 8 0,254 2,3 0,6135 233,24
6 2,602 8 0,383 3.2 0,6687 334,29
7 0,324 9 0,149 0,4 0 41,618
8 LleHTtp 1,810 9 0,277 2,3 0,5578 232,52
9 2,601 9 0,406 3.2 0,6806 334,08
10 0,323 9 0,125 0,4 0 41,43
11 Mepudpepia | 1,816 9 0,255 2,3 0,4294 233,32
12 2,603 9 0,384 3.2 0,6319 334,38
13 0,322 10 0,150 04 0 41,39
14 LleHTtp 1,811 10 0,278 2,3 0,4649 232,61
15 2,599 10 0,406 3,2 0,5739 333,82
16 0,324 10 0,126 0,4 0 41,67
17 Mepudpepia | 1,817 10 0,256 2,3 0,4847 233,41
18 2,601 10 0,385 3.2 0,6319 334,13

Ha nepliomy etani gocnigxeHb NpoayBKy npose-
O€EHO Yepes NopUCTY BCTaBKy PO3TALLOBAHY MO LIEHTPY
YCTAHOBKMN «KiBLU-MiY4» NPW TOBLUMHI LUMAKOBOro no-
KpoBy Big 8 o 10 mm, Ta 3 BuTpaTamu rasy Big 0,32 oo
2,6 n/xB. BctaHoBNEHO, L0 Npv NpoayBLi 3 MiHiMarnb-
HAMW BUTpaTaMy rasy po3rnnaB 3HAXOOUTbLCA B
CMOKIMHOMY CTaHi, Npy LiboMy B3aemogist 6apOoTaxHOi
30HM 3i LLUMAKOM BMpaXKeHa He3Ha4YHUMK 30ypeHHAMN,
SKi YHEMOXITMBIIIOIOTL 3aTANYBaHHS LUMAKy B po3nsaB
He oronto4m asepkano metany. [Npu 36inbLeHHI BUT-
paT rasy LUakoBuiA MOKPOB 3HAXOAUTLCA Y HECTabinb-
HOMYy CTaHi, Yepes3 Le BiaOyBaeTbCA 3aHYpPEHHST Kpa-
nenb Wnaky B MeTan. MNigBuLeHHs iHTEHCUBHOCTI Npo-
OYBK/ NPU3BENO A0 PO3LUMPEHHS AiaMeTpa NpodyBHOI
nnsiMu, Yepes Wwo 36inbLIyTeCA BTpaTK TEMOTU B aT-
mMoccpepy nedi. 36inblUeHHS BMCOTW LUMAKOBOro Mo-
KpOBY CMpUSi€ 3MEHLLUEHHIO iameTpa BigKpuToi npo-
OyBHOI Nnsimu (puc. 2).

Ha gpyromy eTtani — npogyBka BMKOHaHa Yepes ABi
NOPUCTi BCTaBKM pO3TawloBaHi Ha nepudepii koBLUa
Npv TOBLLMHI LLINAKOBOro Nokposy Big 8 mm oo 10 mMm,
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Ta 3 BuTpatamu rasy Big 0,32 n/xe go 2,6 n/xs. MNpu
pacpiHytouin NpoayBLi po3nnaB 3HAXOAUTLCH Y CMOKil-
HOMY CTaHi, MOBEPXHSA LUMAKOBOrO MOKPOBY XapakTe-
PU3YETHCSA MiHIManbHUMK 30yPEHHAMU HE YTBOPHOKYN
NpPOOYBHOI MIISAMY, WO CNpUsie 30epexXeHHI0 TenmnoTu
MeTaneBo BaHHOK. FAKLLO MOBEPXHIO BaHHM YMOBHO
PO34INNTY Ha YOTUPU CEKTOPU, TO MOXHA NoBaunTn, SK
Oynbbalukn HeWTpanbHOro rasdy, MPOXOAsiTb 4epes
Lwap wnaky B cektopax 3 Ta 4. [pn iHTEeHCKBHI nogadi
rasy BigOyBaeTbCSA 3CyB LUMAKOBOro MOKPOBY [0 NpO-
TUINEXHOro NpogyBHUM Onokam GopTa koBLia. Xoua
30inbLUEHHSI NOTY>XHOCTI NEPEMILLYBaHHSI CNPUSIE MPO-
TikaHHIO NpoLecy aecynbdypadii, Ta € iMOBIpHICTb 36i-
NbLUEHHS B cTani BMICTY HEMETaneBmX BKIOYEHb, 3a
paxyHOK 3aTaryBaHHs BigpPMBIB LUNAKy KOHBEKTUBHUMMU
noTokamy B pO3MIiaB, i Yepe3 OKUCIIEHHST OrONIEHOrO
A3epkana metany B 30Hi NpoayBHOI nnsimu (puc. 3).

B xopi npoBeaeHHst gocnimkeHb, 6y oTpumaHi pi-
BHSIHHSA, SIKi J4al0Tb 3MOry BM3HAYWTW, OCHOBHI MPWH-
uunu cbopmyBaHHs 6apboTaXkHOI 30HM i i BNMBY Ha
Lap Lwnaky, npy npoAyBLi Yepes npodyBHi 6roku Wwo



3HaxXoOATbCA Mo LEeHTpY i Ha nepudepii. 3a oTpuma-
HAMWU MaTEMaTUYHUMKU MOZENAMU, AKi BiATBOPHOOTH
peanbHi YyMOBW Mpu NpoayBui HENTpanbHUM ra3om,
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BMKOHaHO pO3paxyHK/ NapameTpiB 00pobkn meTany B
KOBLUi Ta NoOyaoBaHi TPUBUMIPHI diarpamu (puc. 4— 5).

OroneHHA BigHOCHOT naoLwi
AsepKana metany, %

ToBUIMHA LINAKY,

Puc. 4 — Bnnue BMCOTU WNaky Ta iHTEHCUBHOCTI NPOAYBKM Ha MNMOLWY PO3KPUTTA NPOAYBHOI NASMU Npu
nodaui rasy Yyepes npoayBHi 6110kM po3TalloBaHi Ha nepudepii KoBLuLa
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OroneHHA BigHOCHOI NAowWi
Asepkana metany, %

0,23374
0,25636

85
ToBLMHa WNAKY,

Puc. 5 — Bnnue BMCOTUK Wnaky Ta iHTEHCUBHOCTI NPOAYBKM Ha MNMOLLY PO3KPUTTA NPOAYBHOI NASIMU Npu
noJavi rasdy Yyepes nNpoAyBHi 61OKM po3TaLOBaHi MO LIEHTPY KOBLUA

OTpuMmaHi 3anexHOCTi NOoLLi NPoAYBHOI NAsSIMU Big
TOBLUMHM LUMAKOBOrO LWapy Ta BUTPAT rasy sikuii no-
[AeTbCs Yepes NpoayBHi 61okM po3TalloBaHi Ha nepu-
depii NoKasyoTb, LLO il MakcumarbHe PO3KPUTTS CKIla-
nae 67,1 %, npu MiHiManbHin ToBWWHI wnaky 0,2 m,
TOAI SIK Npy 30iNblUEHHI TOBLMHKU wraky o 0,24 m
nnowa 3meHwyetbes 0o 59,7 %. Wo go poskputTa
NpPOayBHOI MISIMK, NPU BUMKOPWUCTAHHI LIEHTpansHOro
npogyBHoro 6roky (puc. 5), TO BOHO Mae Taky X 3a-
NEeXHICTb — npu TOBWMHI wnaky 0,2 M oroneHHs
BiHOCHOI Mol A3epkana cknagae 6numabko 61,5 %,
a npu 0,24 m wnaky — 59,2 %. 3i 36inbWeHHAM iHTEH-
CMBHOCTI MPOAYBKM BiAHOCHA nuoLwia npoayBHOI

nnsmy 30iNbLIYETBCS 3@ paxyHOK B3aemogii 6apbo-
TaXHOI 30HI Ha rpaHuui meTan-wnak go 750 n/xse, a
npw GinbLL iIHTEHCUBHI NPOAYBL PO3KPUTTSA Malke He
BinbyBaeTbCs.

3aranbHuU BUA PIiBHSAHHSA, SIKMA [O3BONISIE PO-
3paxyBaTy BiGHOCHY MoLly NPOAYBHOI NIISIMU:

S=A4Axq"xh,, , (1)

ae A, n, m - emnipu4Hi koedilieHTn, BENMYNHN AKX

ONs1 pi3HUX BapiaHTiB po3TallyBaHHsi NPoOOK npen-
CcTaBneHi B Tabnuu,i 2.

Tabnuus 2 — EMnipyyHi koedilieHTn mateMaTU4HOI Moaeni anst po3paxyHKy 3MiHU NOLi NPOAYBHOI NIIsiMU

Po3milleHHs npoayBHMX GrOKIB A n m
LiEHTP 1,82x1028 9,1 -0,22
nepudepis 1,36x10-28 9,3 -0,61
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Ha ocHOBi OTpUMaHWX [OaHUX BWKOHAHO OL|HKY
e eKTMBHOCTI BUAaneHHs HEMETaneBuX BKIIOYEHb B
JocnigpKysaHoMy Aiana3oHi NpoayBKM NP No3aniyHin
006pobui cTani Ha ycTaHoBLUi «KiBLU-MiY». /IMOBIpHICTb
3aKPINNeHHs BKNOYEHHS Pa Moxe ByTn onucaHa sk
BiQHOLLEHHS NNOLWi OGMEXEHO KPUTUYHMM OiaMeT-
pOM 3axonnieHHs1, Yepes sikuii nnuee Bynbbaluka, oo
30%
25%
20%
15%

10%

5%

Bif,COTOK BUAANEHHX HeMeTaNeBHX
BKAOYEHDb

0%
0 100 200 300

nnow,i obmexeHoi cymoto AiameTpiB Oynbballky i
BKMOYEHHSA [12—14].

Ha pucyHky 6 3obpaxeHo rpadik 3anexHocTi
e(eKTMBHOCTI BMOANeHHs HeMeTaneBuX BKITHOYEHb
Bif, IHTEHCMBHOCTI NPOAYBKU CTani B KOBLLI.

400 500 600 700 800 900

IHTEHCUBHICTL MPOAYBKM, N1/XB.

Puc. 6 — Bnnue iHTEHCMBHOCTI MPoayBKM CTani Ha BiACOTOK BUAAnNeHHs HeMeTaneBmx BKMOYEHb

3i 36iMbLWEHHSAM IHTEHCUBHOCTI NPOAYBKW BiACOTOK
BMOANEHUX HeMmeTaneBux BKIKYEHb 3pOCTaE, Y
3B’A3Ky 3i 30inbleHHs o6’emy 6GapOoTakHOI 30HM,
OCKiNbKM ix BuaaneHHs BiabyBaeTbCs 3a paxyHOK Npu-
KpinneHHst oo Oynbbalwkn Ha mexi metan-ras. [pu
BuTpatax razy 100 n/xB KinbkicTb BUAaneHmx Hemeta-
NeBuX BKNOYEHb cknagae 6nmabko 8% 36inbLUMBLIN
iHTeHcMBHICTb NpoayBku Ao 800 n/xB iX KinbKiCTb CkNna-
natume 22% Bcix HB.

BucHoBKku

3a pesynbTatamn NpoBefeHNX AOCNIMHKEHb OTpU-
MaHi 3anexHoCTi BNMBY BUTpaT rasy, po3TallyBaHHS
npodyBHUX OMOKIB i KiMbKOCTi LINaky Ha BiAHOCHY
NMoLy NpoAayBHOI NNsiMU. 36iNbLUEHHS 06’€MHUX BUT-
paT HenTpanbHOro rasy, Npy posTallyBaHHi yTTbOBUX
NPUCTPOIB MO LIeHTPY i nepudepii, npu3BoauTb A0 CyT-
TeBOro 36iNnblUeHHA 30HM ©OapboTaxy, npu LbOMY
BiOMIYEHO, O NpU BUKOPUCTAHHI NOPUCTOI BCTaBKM
pO3TaLlOBaHOI MO LEHTPY KOBLUA LUNak AOCUTb piB-

HOMIpHO 3MilLlyeTbCA A0 nepudepii, a npyu BUKOPY-
CTaHHi [BOX BCTABOK LUMAK 30CEPEIKYETbCSA B MPOTU-
NEXHI CTOPOHI KOBLUA Big TX pO3MiLLeHHS. BigMiHHOO
ocobnumBicTIO MpoAyBKM Yepes ABa NPoAyBHMX Oroka,
SBNSIETLCA YTBOPEHHSA 3acTiHOI 30HM SKa 3Haxo-
antbcs B cektopax 1 1a 2.

BcTaHoBneHo, WWo npy MiHiManbHUX BUTpaTax rasy
LUITAKOBMWI MOKpUB 3b6epirae cTabinbHiCTb, a NpodyBHa
nnamMa He YTBOPKETHCS, WO CnNpusic 30epexXeHHIo
Tenna B MeTanesin BaHHi. 3i 36inblieHHaAM BuTpar
rasy LUITakOBUA NOKPUB CTa€ HecTabinbHUM, BUHMKAE
3aHYPEHHA Kpanenb LUnaky B MeTan i pO3LMPEHHS
npogyBHOI NnsiMu, Wo 36inblye BTPaTKM Tennotn. A
npy 36inbLUeHHI TOBLWMHK wraky Big 0,2 go 0,24 m
MaKCUMarbHe PO3KPUTTA MPOAYBHOI MMSIMU 3MEH-
wyetbes 3 67,1% 0o 59,7%.

BuvkoHaHMn po3paxyHOK BNAMBY IHTEHCUMBHOCTI
nNpoayBKu1 Ha NpoLec BuaaneHHs HeMeTanesmx BKO-
YeHb. BcTaHOBMEHO, LLO BiACOTOK BUAANeHux HemeTa-
NneBUX BKIKOYEHb 3POCTaE, 3a PaxyHOK 30iMbLUEHHS
06’emy 6apbOTaXKHOT 30HM.
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Tepexos /.A., Cmosinos O.M., I'aaywkin M.B., Cycao H.B., I'yk €.C.
KoncTpykuii Ta aHasi3 po0oTH 00/1aJHAHHS JIS OAAYI CTAJTI
y npomixxHuii KiBm 6-tu crpymxosoro MbJI3

Terekhov D.A., Stoyanov 0.M., Galushkin M.V., Suslo N.V., Huk E.S.
Design and analysis of the equipment for steel feeding into
the intermediate ladle of a 6-strand continuous casting machine

Bpaxosyroqu nocmitiHo 3pocmaiodi eumoau 0o ekcrislyamauiliHuX Xxapakmepucmuk npokamy, Habysae akmyanbHocmi
npobriema nid8ULWEHHS SKOCMI 3a20MOBKU, sIKa 8U20moerieHa 3a mexHorsozieto 6e3rnepepgHoz2o po3nueaHHs. Poserns-
Hyma mexHosioeisi nodaqi memary cucmemu cmasneposnueHull Kisw (CPK) - gidkpumut cmpymiHb - npomixxHul Kiew (1K)
copmoeoi mawuHu 6e3nepepsHozo numms 3azomosok (MBJ13). [NokasaHo npouecu pyxy nomokie memary e npedcma-
ereHili cucmemi. 3asHayeHo ocobnusocmi KoHcmpykuii enemeHmie copmosoi MBJ13, siki 3abesneqyroms pauyioHanbHe
POXOOXeHHs1 memarly, Wo posnueaemscs, 8 cucmemi CPK - gidkpumuli cmpymiHb - K. Lle 3abe3neyye echekmusHe
gopmyesaHHs1 momokie cmani 8 nputimanbHiti kamepi 1K i cmeoproe ymosu 0151 Nid8UUEHHS SKocmi memarty.

Knroyoei cnoea: npomixkHul kiew, sikicmb, MBJI3, cmaneposnueHull Kigw, Memars, MoOesto8aHHs

Taking into account the ever-increasing requirements for the performance characteristics of rolled products, the problem
of improving the quality of billets produced by continuous casting technology is becoming increasingly important. The
paper considers the technology of metal feeding of the steel pouring ladle (SPL) - open jet - intermediate ladle (IL) system
of a continuous casting machine (CCM). The processes of metal flow in the presented system are shown. The design
features of the elements of a long section CCM, which ensure the rational passage of the poured metal in the SRC - open
Jjet - PC system, are indicated. This ensures the efficient formation of steel flows in the receiving chamber of the PC and

creates conditions for improving the quality of the metal.

Keywords: intermediate ladle, quality, continuous casting machine, steel ladle, metal, modeling

BcTyn. 3a nocTinHO 3pocTaroumx BUMOT 0 EKCIIy-
aTauiiHUX XapakTepucTuK CTaneBoro npokaty ocob-
NMBOI aKkTyanbHocTi HabyBae npobnema nigBULLEHHS
AKOCTi 3aroToBOK npu Ge3nepepBHOMY pO3fMBaHHI
ctani. HanedekTMBHIlLMM cnocobom po3B'sA3aHHS
LibOro 3aBAaHHs € BcebiyHe BAOCKOHANEHHSI TEXHONO-
rii 6e3nepepBHOro po3nNMBaHHs cTani. TexHiuHi pi-
LUEHHS BOOCKOHANEHHsA TexHororii 6e3nepepBHOro
po3nuBaHHA cTani, 9K nNpaBuno, nonsaralTb B NepLly
Yepry y ynpaeniHHi rigpoanHamikoo MeTarny B NnpoMi-
XXHOMY KOBLU.

Cuctema craneposnmeHui kisw (CPK) - Bigkputun
CTPYMiHb - npoMixkHmn ki (IMK) [1] € HanBaxxnmBiLLWM
TEXHOMNOrNYHUM enemeHTom coptoBoi MBJ13, wo not-
pebye BOOCKOHANEHHS TexHonorii Ta obnagHaHHS [2].

Mig yac poanuBaHHSA cTani U cucTemMa 3Ha4YHO
Mipo0 BM3HaYae CTabinbHICTb NPOLECY PO3NMBAHHSA
Ha No4aTKOBOMY MOro eTani, AyXe BrnnvMBatyun Ha nig-
BUWLLIEHHST SIKOCTi MeTary, WO POo3fMBaETbCS, i cTabi-
NbHY pobOTYy MaLLnHK [2].

MeTan i3 cTanepos3nuBHOro KoBLUA Y NPOMDKHUIA
KIBLU HAOXOOUTb BIOKPUTUM CTPYMEHEM Y MOMEHT Ha-
noeHeHHsA K [1-2]. Ha puc. 1 npeacrasneHo Kommno-
HyBaHHS obnagHaHHs copTtoBoi MBJI3, wo 3abesne-
yye npoxodkeHHs pigkoi ctani 3 CPKy MK i gani kpu-
cTanisartop.

MocTaHoBKa npobnemw. NgpoanHamika NOTOKIB y
NPOMIXKHOMY KOBLUI Mae BupillaneHe 3HadeHHd. [daHi
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(OO

npo TeYilo MeTany B MPOMDKHOMY KOBLUI € OCHOBOHO
ANs NOro BAOCKOHAMNEHHS.

CyvacHun npomikHun kisw MBJ13 € meTtanyprini-
HUM arperatom 6e3nepepBHOI Aii, roNOBHUMM 3aBAaH-
HSIMM sIKOro € cTabinisauis Temnepartypu pigkoi ctani
Ta BMOANEHHA HeMeTaneBux BKIOYeHb 3 Hel [1-4].
Cnocobwu 11 ycnilHe BUPILLEHHS 3a3HayYeHux 3aBOaHb
3HAYHO MipOtO 3anexarb Bif rigpoguHamiyHMX ocob-
nMBOCTEN pyxy MeTany B NPOMDKHOMY KOBLUI, Npsme
OOCNiMpKEHHsT Akux nig yac 6e3nepepBHOro Moro pos-
NMBaHHSA MPaKTUYHO Hemoxnmee. Tomy BUGIp pauio-
HanbHOI KOHCTPYKLii MPOMDKHOrO KOBLUA i PEXMMIB
pyXy po3nnaBy B HbOMY 'PYHTYETBCS, SIK MPaBuUIo, Ha
pesynbTatax isuyHoro abo matemMaTuyHOro mopge-
ntoBaHHSA [5-6].

OnTmanbHa €MHICTb MPOMKOBLUA BU3HAYaETLCA
nepepisom (LLUMPUHOID) 3aroTOBOK, LLIO BiANMBAOTLCS,
YMCINOM CTPYMKIB, BIACTAHHIO MK CTPYMKaMW, LIBUAKI-
CTIO PO3NMBaHHS, BUMOramu [0 MOXMMBOCTI Cnnu-
YTBOPIOBANIbHUM MOKPUTTAM. Ha BENWUYMHY €MHOCTI
NMPOMKOBLUA BMSMBAE TaKOX i PEXUM PO3NUBAHHS: Y
pasi CepilHOro po3nMBaHHA EMHICTb MPOMKOBLUA 30i-
NbLUYETHCS 3 METOK 3abe3nedeHHs 3anacy metany,
HeoOXigHOro Ais 3aMiHM CTanepos3nMBHOIO KOBLUA.

Ak nokasye npakTuka, 4118 BUCOKOLUBUAKICHUX COp-
TOBUX 6-TM cTpymkoBux MBJI3 emHicTb mpomkoBLUa
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CTaHOBUTb, SK Npasuno, 25-30 TOHH 3a BUCOTU Hanu-
BaHHs meTany He meHwwe 0,7-0,8 M. Buwmin piseHb me-
Tany B KOBLUi HaAMIpHO TypOyni3ye CTpyMiHb MeTarny,
a MeHWun pobuTb MOro HeopraHisoBaHMM, 3MEHLLYE
Yac nepebyBaHHA MeTany B KOBLI i YCKMagHIE po-
00Ty nig Yac po3nuBaHHs MeTany cepiamn. Baxnuesum
KpuTepiem BUOOPY pauioHanbHOro 3Ha4eHHA Macu me-
Tany B MPOMKOBLUI € TakoX 4ac nepebyBaHHS pigkol
cTarni B HbOMy, TOBTO Tak 3BaHUN «PE3NAEHTHUIA» Yac.
3HayeHHs UbOro MoKasHvKa 3a3Bu4ain BMOUPaETbLCA
Ha piBHi 8-10 XBWMKH.

HasBHICTb WNaKy B NPOMDKHOMY KOBLUi CTBOPHOE
Hebe3neKy noTpannsHHA Woro B Kpuctanisatop. Tomy
Ana 3anobiraHHs YTBOPEHHHO TIMOK Nig Yac BUTIKAHHS
MeTany B NpoOMiXKHOMY KOBLLi, 0COGNMBO Nif Yac 3MiHK
CTaneposnMBHMX KOBLUIB, HEODXiAHO MaTu 3anac me-
Tany 3aBBULLKN HEe MeHLwe 250...300 mm.

Cranb HagxoauTb y NpunMmarnbsHy Kamepy npoMix-
Horo koBwa 3 CPK Bigkputum cTpymeHeM y noyarko-
BMI nepioa posnuBaHHs, npu BigkputTi CPK [1]. Mpwu
LbOMY MOXHa BUAINUTY ABa PEXUMU pyxy CTani:
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Puc. 1. KomnoHyBaHHs copTosoi MBJ13:

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2024, Ne 1
Theory and Practice of Metallurgy, 2024, No. 1

— MOMEHT BiKpPUTTS BMYCKHOTO OTBOPY (Ha noya-
TKYy PO3NMBaHHA CTaNepos3nyBHOIO KOBLUA), KONW oa-
HOYaCHO 3 MeTasloM NepPeMilLaeTbCs MiCOK 3acumnkn 3
po3nmeHoro oteopy CPK. lMNMpu ubomy B po3nmMBHOMY
oTtBopi CPK, y noyaTtkoBMin MOMEHT pO3NMBAaHHS, ne-
pebyBatoTb YaCTMHU CKOPUHKN CNIeYEHOi 3acunku i Ha-
CTMNMU MeTany, nNpusBoauTb A0 BUXPOYTBOPEHHS B
CTPyMeHi MeTany, i 40 AedeKTy TNy «Bisno» B CTPY-
KTYpi BiIKPUTOro CTpyMeHs MeTany, Lo CTBOPHOE aBa-
PirHY CUTyaLilo Ha NOYaTKy PO3NMBaHHS;

— CTanun pexmnm MOTOKY BIOKPUTOro CTpymeHs. Y
LbOMY BWMAAKy HTEHCUBHO PO3MMBAETbCA GiyHa Mno-
BepxHs MK, 3axuLLieHa TOPKPETMACOH | OCHOBHUIA Oe-
TOH CTiHKM koBwa. Lle mMoxe npu3Bectn: go nopy-
LLEHHS uinicHocTi GivHoi noBepxHi MK y npuiiManbHin
Kamepi; aBapinHOi cuTyalii. BaxnvBo BM3HauMTH, 3
ypaxyBaHHSM NoniB LWBMAKOCTEN: pauioHanbHi hopmMm
npunmanbHOI kamepwu, BucoTty 6opTty MK, KOHCTpyKUito
3axXu1CTy AHa KOoBLUA.

1 - cTeHA cTanepos3nuBHOro koBwa; 2 - NK mawwmHy; 3 - 30Ha BTOPUHHOTO OXONOMKEHHS

MeTa paHoi pob60oTu - NpoBeAEHHS MOAENOBaHHS
HanoBHeHHs npoMixkHoro koswy MBJ13 nepen noyart-
KoM poanusaHHa ctani Ha MBJ13 Ne1 MpAT «Apceno-
pMittan Kpusuin Piry.

MeTa MopentoBaHHs OyOb-SKOro MPOMUCIIOBOrO
npouecy e 3mofentosatn isnky, O NEXnTb B OC-
HOBI Mpouecy, Tak, Wwob MoxHa 6yno BU3HAYMTU Bax-
NMBI NapamMeTpu NpoLecy Ta yrnpaBnsaTy HUMW, OAep-
XKYHOUM MPU UbOMY 3HAYHWUIA NMPUBYTOK.

[na mopentoBaHHS NpoLEecy 3arnoBHEHHST MPOMIXK-
HOrO KOBLLIA BaXNMBUMMK NapaMeTpamu, siki HeobXiaHo
BpaxOBYBaTU B NepLUy Yepry €:

- rigpoanHaMiyvHi hakTopwu, WO BNAMBaKOTb Ha Npo-
Lec noyatky Ta nepebiry npouecy po3nvBaHHs Ha Ma-
LWMHi 6e3nepepBHOro po3nmBaHHs 3arotoBok (MBJ13);

- MMVH pigKoro meTtany i XMBMEHHS1 CTPYMKIB;

- TennomacoobmiHi npouecw, ski BiabysBaloTbCs B
NPOMDKHOMY KOBLLI.

AKLO Npouec 3anoBHEHHSA NPOMDKHOIO KOBLUY npa-

BWMBHO MPOMOAENbOBaHWIA, MOXYTb OyTu nepenbda-
YeHi rigpoanHamidHi chakTopu Lo BNANBAKOTL Ha NPO-
Lec noyatky Ta nepebiry npouecy posnveaHHs MBJ13.
Moxxe 6yTv npoMoAenboBaHWIA BB HA NIMH PigKoro
MeTarny i >XMBMEeHHS CTPYMKIB abo iHLIMX 3MiHHKX Npo-
uecy. KinekicTb AoCnigHNULBKMX 3anMBaHb pigKoro mMe-
Tany moxe OyTW 3HAYHO 3MEHLLEHa 1 BUKOpUCTaHa B
OCHOBHOMY Ansi NigTBEPOYKEHHST KOHLenLil.

Modenb cucmemu Ons aHani3y npoyecy po3nu-
8aHHs 3i cmasiepo3/iueHO20 Kogwa y NMPOMiKHUU
Kiew eiOKpumMuM cmpymMeHem.

Mig Yac cknagaHHsa Moaeni BUKOPUCTaHO Taki piB-
HSIHHA: 1K PIBHSAHHS, LLO OMNWUCYE pyX piavHKu B obnacTi
MOAENtoBaHHA, NpunmMaemo piBHAHHA Hag'e-CTokca
ONna HecTauioHapHUX NOTOKIB piauHK (pigkoro me-
Tany), HepO3pPUBHOCTI NOTOKY.

"eomeTpia mogeni BU3HAYaeTbCS KOMMNOHYBAHHAM
obnagHaHHA posnusHoro oteopy CPK i posTawysaH-
HAM obnagHaHHa MK wopo cTtpymeHs pigkoi cTani.
Macwitab mogeni ctaHoBuB 1:1.
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(1)

[e U - BEKTOp LBUAKOCTI PiavHY; F- BEKTOp 06'eM-
HUX CuUN; p - TUCK PiguHW; Vp - rpagieHT TUCKY; V -
koediLieHT KIHeMaTU4YHOT B'A3KOCTI; V21 - nannaciaH
p - FyCTWHa cTani.

BekTop 06'eMHUX C1N 3 ypaxyBaHHSM [i04oro rpa-
BiTALMHOro Nonsi 3eMni BU3Ha4aeTbCcs B 0OpaHin cuc-
TeMi KoopauHaT sK

0
F=| 0 (2)
—p-g

e g — NPUCKOPEHHSA BifbHOIO NafiHHA.

MpunyweHHs npo MOCTiMHY FyCTUHY MeTany p
MoXe OyTu 3pobneHo AN pO3NMBHMUX MPUCTPOIB CUC-
Temun MNK-K y BMNagkax, Konu pisHuus Temneparyp pi-
OVHU He HaaTo BEnuKa.

Mpun po3paxyHKy TypOyneHTHMX Tevit meTany B Cu-
ctemi BukopuctoByBanmu (k — €)-mogenb TypOyneHT-
HoT B’A3kocTi [1, 6]. Mpn uboMy BBaXanu, LLO Ha nigc-
TaBi rinotesn bycciHecka koediuieHT B’A3KOCTi, WO
BXOOUTb OO piBHsHb Hap’e-CTokca, BKNoYae Moneky-
NAPHY B’A3KICTb Y | TypOyneHTHy B’a3KiCTb ut. Y mare-
MaTW4YHIN MoAeni npouecy po3nuesaHHA MeTany 6yno
3poBneHo Taki NPUNYLLEHHS:

— BBaXaeMo, WO MoAeiboBaHMM NpoLecC npoTikae
B 00’eMi, 0OMexeHOMy KOHTypoM obracTi mogento-
BaHHS;

— pigvHa € B’sI3K0I0 Ta HECTUCIMBOLD;

— MoAentemMo npouec poanueanHs i3 CPK Bigkpu-
TUM CTPYMEHEM;

— LWWBWAKICTb BUTIKAHHS PigWHK 3i CTanepo3nmMBHOIO
KOBLLIA B NMPOMDKHWI KiBLL € NOCTINHOIO | 3a4aHOI0.

MaTtemaTnyHe MoLentoBaHHA 34iMCHIOBaNn 3 ypa-
XyBaHHAM MOYaTKOBMX i rpaHWdHuX ymoB [1]. MNMovat-
KOBi YMOBW JOMOBHIOKOTL PiBHSAHHA (1): TemnepaTypa
MeTany B MpomikHoMy KoBwi 1536+1551 °C, wBeug-
KicTb BUTAryBaHHA 3arotosku 1,2...1,4 m/xB, oMHaMmi-
YHa B’askicTb ctani 0,006 MNa-c.

*

Po3spaxyHkoea cimka ma epaHuU4Hi ymosu

KoxHy mogenb ainvnu Ha KiHuesi enemeHTu. Kinb-
KICTb enemeHTIB BapiloBany 3anexHo Big KOMMOHY-
BaHHA 06nagHaHHA NpMUMansHOT kKamepu kosLua [4].

Ha Bxopai po3paxyHkoBOi obnacTi cuctemm (po3nu-
BHMWI OTBIp CTanepo3nNMBHOroO KOBLLUA) 3a4atoTb noyar-
KOBY LLBUAKICTb NOTOKY MeTany, 4ns nepepisy 3aroTo-
BOK & 170 MM, LUBMAKICTb AOPIBHIOBATUME:

o = 0,667 m/c

[e i, — BEKTOpP NoYaTKoBOI LUBUAKOCTI MeTany Ha
Bxogi B K, m/c.

Ha pigky ctanb, LWo 3HaxoanTbecsa nobnmay TBepamx
NOBEPXOHb (CTIHOK), i€ NPUCTIHKOBE NPUMMNaHHS

u=0 )

Lito rpaHnyHy yMOBY BCTAHOBIOKOTL Ha BCi BHYTPI-
WHi cTiHkn nosepxHi MK, posnusHoro otsopy CPK.

Y300BX NMOWWHN CUMETPII, WO NpoxoanTb Yepes
Bicb LeHTpy MK, 3agaetbca ymoBa

n-u=0,

ae# - opT, NeprneHavKynApHUA OO0 BinbHOI Mo-
BEPXHi abo NMoLWnHM CUMETPIl.

Ha BinbHin noeepxHi - a3epkano metany B 1K 3a-
OaETbCS YMOBA MPUMNMNaHHS

i =0 )

Ha Buxopgi po3paxyHkoBoi obnacTi AouinsHO 3aaa-
BaTW TUCK PigUHK, SIK NPaBWUIo, HYIbOBUIA:

p=po=0Tla.

Pezynbmamu modentoeaHHsi TOMOKie Memaisy
e cucmemi

Mg yac nopgaHHa pesynbTaTiB YMCernbHOro Mofe-
noBaHHsa [1] 9k napameTpu Tedii ByayTb NPUAHATI
nonsi LWBWMAKOCTEN Y CTPYMEHI MeTany, Lo nepemilla-
eTbes 3 CPK'y npunmaneHy kamepy K.

Ha puc. 2 HaBeeHo nons LWBWAKOCTEN CTPYMEHIB
MeTany B norepeyHoMmy nepepisi BiOKPUTOro CTpy-
MeHS MeTany, LWo HagxoauTb Yy NpuruMarnbHy Kamepy
npomixHoro koswa i3 CPK.

u, M/c

0.8
0.7
0.6
0.5
0.4
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0.2
0.1

Puc. 2. MNonga weungkocTen NOTOKIB CTasni B NonepeyHoMy nepepisi KOMMMAEKTy CTPYMiHb MeTasy - NPOMIKHUIA
KiBLW: 1 - AHO NPOMIKHOrO KOBLUA; 2 - NoBepxHs pigkoro metany B 1K; 3 - BigkpuTuin ctpymiHb metany 3 CPK

30



AHania pesynbTaTiB MOAenoBaHHS NpMBIiB A0 Ta-
KMX BUCHOBKIB:

1) y npunmanseHin kamepi MK, nig yac po3nvBaHHs
BioKpuUTUM cTpymeHeM i3 CPK, cnocTepiratoTbesi no-
TOKM MeTany 3i LWBMAKICTO, GinbLIO Big AOMYCTUMOI
(0,13 m/c) [1], wo npu3BoANTbL OO IHTEHCMBHOIO 3a-
xBaTy HB Ha noBepxHi po3sainy wnak - ctanb npuimMa-
nbHoi kamepu MK MBJ3 i noganbLioro 3aTaryBaHHs
HB y meTan, a Takox OroneHHs A3epkana metany B
npunmansHin kamepi MNK;

2) HanBINbLWi WBWMAKOCTI NOTOKIB MeTany 3a HOMi-
HanbHOrO PO3MMBY BUSIBIIEHO B MiICLAX BUXOAYy BiYHMX
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CTIHOK KOBLUA B paloHi AHa i CTUKY AHO - 6OpT NpOMiX-
HOrO KOBLLA.

[na nopiBHAHHS BIANOBIAHOCTI MaTeEMaTUYHOrO
MOZEMBaHHA OO0 peanibHOro TEXHONOorYHOro npo-
Lecy HanoBHEHHS npomikHoro koswa MBJI3 (puc.3)
6yna ctBopeHa 3D moaernb 6-TM CTPYMKOBOrO MpoMi-
)KHOTO KoBLUa B MacwTtabi (1:1) Ta 3a 4onomoroto npo-
rpamHoro komnnekcy NOVAFLOW & SOLID CV 4.6R4
NpoBeAEHO MOOENIOBaHHS.

[NopiBHAHHA MoAenen No HaNOBHEHHIO MPOMIPKHOMO
KOBLUY 3a YMOB BigkpuTTa Ha 18T Ta 6T (puc.4), a Ta-
KOX haKTMYHI LUBMOKOCTI PO3IMBAHHS i3 LLUBUAKOCTAMM
Ha nigcTaBi MoAentoBaHHA NpeacTaBneHi Ha puc.5-8.

Puc.3. Po3pobneHa 3D mogernb 6-Tu CTpyMKOBOro npomixkHoro koswia MBJ13: 1 - cuctema rHizgosmn 6mnok —
CTakaH KOMekTop (BEPXHiN Ta HWXHIN); 2 — MeTano -npunmad; 3 - BOrHETPUBKWIA LWap; 4 — TOPKPET Mmaca;
5 — KpuLKa NPOMiIKHOrO KoBLUA (306paXkeHa yMOBHO); 6 - 3axvcHa Tpyba MaHinynatopa.

800

700 ¥ =-0,0039x + 3,5675x + 17,732

R*=0,9999
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BucoTta HanoeHeHHA MK, mm

100

0

y = -0,0041x% + 3,1649x + 33,739
R?=0,9977

200 250 300 350

Yac sig noyatky HanosHeHHa MK, ¢

—@— MoaenosaHHA HanoBHeHHA MK Npu BiAKPKTTI Ha 181"

—@— Mo/entoBaHHA HanosHeHHA MK Npu cTapTi Ha 6T

Puc.4 MNopiBHAHHA hakTU4HMX gaHnx no HanoBHeHHto MK 3 gaHnmMu moaentoBaHHS

@

x

~

=

&

ko

I

@

@

=

=

m

=]

o

o

=

=2

x

=

s

=)

L T = T B T I = T I Y e e Bt T N = e B BT = R o BT B = B B B B = B B
HH A AN NN NN MmN S S S ST T UNWNWWWL WD W W W WSS~
AN NSNS NSNS NSNS

Yac Big novaTtky HanosHeHHA (K, ¢

=== [laHi MOAENOBAHHA

el DAKTUYHI AEHI

Pwuc.5. TNopiBHAHHSA haKTUYHOI LWBUAKOCTI PO3NMBaHHSA cTpyMKa Ne6 3 JaHMm MoAentoBaHHS
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Ctpymok 1
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LUBmAaKicTb po3nuBaHHA,
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Yac Big noyaTtky HanosHeHHA K, ¢

=== [aHi MOAENIOBAHHA

== DAKTUYHI AaHI

Puc.6 MNopiBHAHHA hakTUYHOI LLBMAKOCTI po3nuBaHHA cTpyMka Ne1 3 AaHuMu MoaentoBaHHS
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Ctpymok 5
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Yac Big nouatry HanoBHeHHs K, ¢

e DAKTUYHI AaHI

Pwuc.7 MNMopiBHAHHS dakTUYHOT LUBUAKOCTI pO3NMBaHHsS cTpyMka Ne5 3 gaHnMy MogentoBaHHs
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Crpymok 2
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Yac Big noyaTKy HanoeHeHHA MK, ¢

= DIKTUYHI AGHI

Puc.8 MNopiBHAHHA hakTUYHOI LUIBUAKOCTI po3nuBaHHA cTpyMka Ne2 3 AaHMMKU ModentoBaHHS

OaHi npuBegeHi Ha puc.4-8 maloTb BUCOKUIA CTY-
neHb 30iry (PakTUYHMX OaHWX 3 OJaHUMKU MOZEnto-
BaHHS. OkpeMi nikv B pakTUYHUX OaHWUX € pe3ynbTa-
TOM BIiACYTHOCTI (OYHKUIA 3rnafKyBaHHA fKa npuTa-
MaHHa Ans obpaHoi nporpamMu MOAENOBaHHA Ta
BNAMBY CUCTEMU KEPYBAHHS PIBHEM MeTarny B 3anex-
HOCTI Bifl piBHS HANOBHEHHS KpUCTanisaTopy MeTanom
nig Yac po3nuBaHHA. TakoX Ha OaHi BiOXUNEHHs MO-
XyTb BNMBaTK HecTabinbHi NOTOKM MeTary B MPOMiX-
HOMY KOBLUI Mig Yac BUTOKY MeTany i3 ctaneposnme-
HOrO KOBLLY B NPOMDKHWUI KiBLLU Yepes 3axucHy Tpyoy.

[aHi HaBepgeHi Ha puCyHKax OTPMMaHHI 3a yMOB
cTaHgapTtHoi pobotn MBI3, konm 3axmucHa Tpyba
BCTaHOBMIOETLCA Nepen BiAKPUTTAM WnbepHoro 3a-
TBOPY CTanepo3Nm1BHOIO KOBLLY Ta He 3HIMaeTbCsA Ans
nponantoBaHHA KUCHEM.

BucHoBku

AHanis ocobnueocten pobotn cuctemn CPK - Bia-
KpuTuin cTpymiHb - MK coptosoi MBJ13 nokasas:

32

— crneundiky HamnoBHEHHS BIOAKPUTUM CTPyMeHeM
MPOMDKHOIO KOBLLIA COPTOBOI MaLUMHK | NOMIB LUBMOKO-
CTen y npunmarbHini Kamepi koBla. BussneHo Hass-
HICTb BMCOKMX LUBMAKICHUX NOTOKIB 6insi CTIHOK mpuii-
MarnbHOI Kamepu KOBLUA, L0 MPU3BOAUTL OO0 PO3MU-
BaHHA 3axuUCTy [Ha MPOMDKHOro KOBLUA i TOPKpeT-
macy;

— wob edeKTMBHO BMKIKOYATU BMNIMB NOTOKIB pia-
KOro metany Ha Oi4Hy MOBEPXHIO KOBLUA Ha MoYaTKy
npoLLecy po3nmnBaHHs, 3aCTOCOBYIOTbCS A0AAaTKOBI BO-
rHeracHi 3acobu, Taki ik HeobXigHO 3acTocoByBaTU
00JaTKOBI BOTHETPUBKI BUPOOY Ans AHA NpUAMarbHOi
kamepu coptoBoi MBJ13 3 6iuHMM 3axuctom 6opTy KO-
Bwa. Lle cnpusitume: 3HwkeHH0 po3musy 6opty [K;
BUIKITFOMEHHIO aBapilHUX CUTYaLii Mif Yac posnmBaHHSA
crani Ha MBJ13; crabinbHocTi npouecy 6e3nepeps-
HOrO PO3NMBaHHS; NIABULLEHHIO SIKOCTI pigkoi cTani,
LLO PO3MMBAETLCS, 3aBAAKN 3MEHLLEHHIO KinbKocTi HB,
aki Bunagatotb 3 Ky kpucranizatop;
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— MOZEeNoBaHHA TigpoAanMHamidHMX npoueciB po3-  Hsam nporpamu NOVAFLOW & SOLID CV 4.6R4 mox-
NMBaHHA cTani Yepes3 NPOMIKHUM KiBLL 3 BUKOPUCTaH-  fIMBO 3 BUCOKMM CTYMNeHeM Kopensuil TeopeTu4HuM Ta
GaKTUYHUX SaHKUX.
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KoaecHikosa T.M.

AHaJi3 e(peKTUBHOCTI 3aMillleHHsI IPUPOAHOIO razy 0ioMacoro
B NIPoLeci 00maJjry 3a,1i30pyIHINX OKATHIIIB

Boyko M.M., Yefimenko V.V., Makhorkina T.A.,
Polyakova N.V., Zhuravlova S.V., Kolesnikova T.M.

Analysis of the efficiency of replacing natural gas with biomass
in the iron ore pellet firing process

Mema: OdHieto 3 Halisaxknusiwux 3aday y memarypeitHil 2any3i € 3HUXEHHS 3anexHocmi 8i0 MpupodHo20 2a3y, KUl
8UKOPUCMOBYEMbLCS 8 Npoyecax sunasnoeaHHs 3aizopyOHux okamuuwie. Bucoka eapmicmb i HecmabinbHicmbs nocma-
80K MPUPOOHO20 2a3y Maromb 3HaYHUL 81/1U8 Ha eKOHOMIKY ma eKorloeito, 0cobu8o 8 yMo8ax pagHeHHs1 00 3MEHWEHHST
sukudie CO2 ma iHwux WKIiOnueux pevyo8uH. 3amilyeHHs1 npupoodHo20 2a3y bionanueom, makum SiK JlieHOUEer/103Ha
biomaca, Moxe cmamu egeKmuSHUM PilUeHHAM, Wo 00380/UMb 3HU3UMU CrIOXUBaHHS BUKOMHO20 nanuea ma
rnoninuumu ekoroaiyHi nokasHuUKu supobHuuymea. OCHOBHO Memoto daHo20 O0CiOXXeHHS € po3pobka ma onmumisauyis
mMemody eukopucmaHHsi bionanuea 6 npoueci sunano8aHHs 3anizopyOHUX okamuuwie, wo 0038o/umpe docssemu Heob-
XiOHO20 pigHs memnepamypHO20 pexumy, 3bepiearoyu rpu ybOMY 8UCOKY IKICmMb NPOOyKYii ma MiHIMI3yo4u HezamueHul
8r1u8 Ha HasKonuwHe cepedosuwie. Memoduka: TeopemuyHe ma ekcriepuMeHmarnbHe obrpyHmye8aHHs MOXIU8oCcmi
3amiueHHs1 npupoOHoe20 2a3y bionanueom 8 rnpoueci obnany 3anisopyOHUX okamuwig rnposedeHo 3a AOMOMO20K Po-
3paxyHKo8uUXx ¢hopMyiri, 83mux 3 8i0r08IOHOI iimepamypu, a makox 3 sUKopucmarHsIM 8eb-000amky 055 MOOeto8aHHS
ma aHanidy pe3ynbmamis. Pe3ynbmamu: 3acmocyeaHHs bionanuea 0risi 3aMilyeHHs1 IpupPoOHoe0 ea3y 8 rpoueci obna-
T108aHHS 3ani3opyOHUX OKamulig 8US8UIIO KiflbKa 8aXIueux acrekmis. BeedeHHs yacmuHok 6iomacu & nomik 2asy 003-
80/1UJI0 HacmKo80o 3amMiHumu fpupoOHUll 2a3 6e3 cymmeago20 8riusy Ha mernaosull pexum obrnasioeansHOi MawuHU
yepe3 me, W0 NPoOyKkmu 320psiHHSA biomacu, a makox cmexiomempu4Hul 06'em nosimps, HeobxioHo20 Or1si M08HO20
320psiHHS BioMacu Marome MeHWUl 06'eM MOpiHSIHO 3 MPOOYKMaMu 320pSIHHA ma cmexioMempuyHUM ob'emom rnosimpsi
Onis1 cnanosaHHs 2a3y. Lle 0os3eorisie Hisemtoeamu HU3bKY merniomy 32opaHHsi biomacu. 3a pesynbmamamu po3paxyHKie
i 8paxosytoyu peasnbHUl 00cei0 3aMiHU MPUPOOHO20 2a3y JyWNUHHAM COHSIWHUKA MPOMNOHyemMbCs Ha KoxHi 10% o6.
3amiujeHHo20 npupodHoeo eady cramsamu 0,2 Ke NywnuHHs1 CoHsiWHUKa, 0,125 ke depesHozo syeinns, 0,22 ke mupcu
i 0,25 k2 conomu. Takox byro pospaxoe8aHo Yac 320paHHsI YaCMUHKU ranuea pOC/IUHHO20 MOXOO0XKEHHS 3a/1exXHO 8id i
rnoyamkoegoeo Oiamempy. BupiwanbHull ghakmop wWo 8u3Ha4ae Yyac 320psiHHSI YaCMUHKU € 8MICM NTIEMI0YUX PEYOBUH, U0
8 CBOI0 Yepay BU3HAYAE KiNbKICMb KOKCOB020 3aulKy YaCmUHKU. ['OpiHHSI KOKCO8020 3anuwKy YacmuHKU € Halldo8WoK
cmadiero y 3a2anibHOMY HYaci 320psiHHST YacmuHKU. OmpumaHi pe3yrnsmamu weudKocmi 320psiHHS, 8i0 Halisuwol: corloma,
TNYWNUHHS COHSIWHUKY, Oepeso, OepesHe 8yainns. Lle o3Hayae, wjo coroma, sk nanueo wo mae Halsuwy weuoKicmb
320psIHHS, MOXe Mamu Halbinbwuli po3mip YacmuHoK, wo 6y0yms 3a008ifbHIMU MeXHOM02iHHUM 8UMO2aM 8UKOPU-
cmaHHsa makoeo eudy nanuea y nasbHUKy obrasntoeanbHoi MawuHU. Haykosa HosusHa. BcmaHoeneHo, wo npodykmu
3e0psiHHSI Giomacu maromb MeHwul 06’em, wo 00380M5€ KOMIEHCys8amu ii HUX4YYy MEnIomeopHy 30amHicmb i
MiHiMi3ygamu ennue Ha mernnosull pexxum obrnantoeansHol MawuHu. 3anpornoHo8aHo onmumaribHi criggiOHoweHHs bio-
macu 0nis1 3amiweHHs KoxHux 10% o6’emy npupoOHO=20 2a3y, W0 BKIIYaE JIyWINUHHS COHSWHUKa, OepesHe 8yeirnss,
mupcy i coromy. Takox, Ha OCHO8i po3paxyHKig Yacy 320psiHHSI YacmuHoK bionanuea, 6yn10 8CMaHoOB81EeHO, WO ColoMa
Mmae Halsulyy weudKicmb 320psiHHS, W0 00380/18€ 8uUKopUCMo8y8amu i 3 6inbwuM poO3MIpOM 4acmuHOK y ManbHUKY
obnaneanbHOI MawuHuU, 3a0080/bHSIKYU MexHooz2idHi sumoeu. MpakmuyHa 3Hadywicme. [TposedeHi 8 pobomi po-
3paxyHku 0o3eonstoms 3amicmumu 8i0 40 0o 60 06.% npupoOHO20 a3y Pi3HUMU munamu rnaauea PocIUHHO20 MoX00-
JKEHHSI, @ maKox 00380/15910mb OUiHUMU HeobXiOHUl epaHynomempuy4HUll ckrnad nanuea 0551 BUKOPUCMAaHHS 8 Mpoyeci
obnarny okamuuwis.

Knroyoei cnoea: 3anizHopyOHi okamutui, obnasi, nanueo poc/IUHHOZ0 MOXO0OXEHHS, crianmosaHHs biomacu, weudkicms
CeopsiHHSI YacmUuHKU meepdo20 nasusea, coroma, fyUWnuUHHST COHSILHUKY, 0epeso, OepesHe 8Yeainrisi.

Purpose. One of the most critical challenges in the metallurgical industry is reducing dependence on natural gas used in
the iron ore pellet firing process. The high cost and supply instability of natural gas have a significant impact on both the
economy and the environment, particularly in the context of efforts to reduce CO2 emissions and other harmful sub-
stances. Replacing natural gas with biofuels, such as lignocellulosic biomass, could provide an effective solution to de-
crease fossil fuel consumption and improve the environmental performance of production. The primary objective of this
study is to develop and optimize a method for using biofuels in the iron ore pellet firing process, aiming to achieve the
required temperature regime while maintaining high product quality and minimizing the negative environmental impact.
Methodology. Theoretical and experimental justification for the replacement of natural gas with biofuels in the iron ore
pellet firing process was carried out using calculation formulas from relevant literature, as well as utilizing a web application
for modeling and analyzing the results. Findings. The application of biofuels to replace natural gas in the iron ore pellet
firing process revealed several important aspects. The introduction of biomass particles into the gas stream allowed for
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the partial replacement of natural gas without significantly affecting the thermal regime of the firing machine. This is be-
cause the combustion products of biomass, as well as the stoichiometric air volume required for complete biomass com-
bustion, have a smaller volume compared to the combustion products and stoichiometric air volume required for natural
gas. This helps to offset the lower calorific value of biomass. Based on the calculations and considering real-world expe-
rience with replacing natural gas with sunflower husks, it is proposed to burn 0.2 kg of sunflower husks, 0.125 kg of wood
charcoal, 0.22 kg of sawdust, and 0.25 kg of straw for every 10% of replaced natural gas volume. Additionally, the com-
bustion time of biomass particles was calculated depending on their initial diameter. The critical factor determining the
combustion time of a particle is the volatile matter content, which in turn determines the amount of the particle’s coke
residue. The combustion of the coke residue is the longest stage in the overall particle combustion time. The obtained
combustion rates, from the highest to the lowest, are as follows: straw, sunflower husks, wood, and wood charcoal. This
indicates that straw, as the fuel with the highest combustion rate, can have the largest particle size that meets the tech-
nological requirements for use in the firing machine burner. Originality. The combustion products of biomass have a
smaller volume, which compensates for its lower calorific value and minimizes the impact on the thermal regime of the
firing machine. Optimal biomass ratios have been proposed for replacing every 10% of the natural gas volume, including
sunflower husks, wood charcoal, sawdust, and wheat straw. Additionally, based on the calculations of the combustion
time of biofuel particles, it was found that straw has the highest combustion rate, allowing for the use of larger particle
sizes in the firing machine burner, thus meeting technological requirements. Practical value. The calculations carried out
in this work enable the replacement of 40 to 60 vol.% of natural gas with various types of plant-based fuels. Additionally,
these calculations provide the means to assess the required granulometric composition of the fuel for use in the iron ore
pellet firing process.

Keywords: iron ore pellets, firing, plant-based fuel, biomass combustion, solid fuel particle combustion rate, wheat straw,

sunflower husks, wood, charcoal.

BcTtyn

OCHOBHMM nanvMBoM obnantoBanbHUX MalluvH €
npupogHui ra3. CKOPOYEHHS1 CMOXWBAHHS NPUPOA-
HOro rasy € OAHielo 3 HaMBaXNMBILWLMX nNpobnem ans
YkpaiHn. MOCTiNHI KONMBaHHA LiH HA NPUPOOHWIA ras
CTBOPIOKOTb 3anexHicTb y OaraTbox ranyssix eko-
HOMIKM, 0cOBNMBO B MeTanyprii. Takox yepes BUKOpU-
CTaHHs1 BMKOMHOro nanuea 36inbLytotecs Bukuam CO:2
i LUKIANMBUX PEYOBWH, LLIO HEFaTUBHO BMNMBAE HA HaB-
KOMULIHE cepenoBuLLe. Y 3B'A3KY 3 LIM akTyanbHUM €
BMBYEHHS1 BUKOPUCTaHHS Giomacu ansa BMpoOHWMLTBA
3ani3opygHux okatuwis. JlirHouentonosHa biomaca €
BiQHOBMNIOBAHMM | CTiKMM [DKepenom Tenna Ta
eHeprii, ke MoXe NoM'aKWNTK 3MiHy knimaTty. OgHUM
3 MOXNMBMX LUMSIXIB CKOPOYEHHSI CMOXMBAHHSA Npu-
poAHoro rady npu obnani okaTuwiB € gogaBaHHA Ya-
CTUHOK BiomMacy y MOTOK rady Takum YMHOM 3aMiLLlyo4n
Aesiknin 06'eM NPUPOAHOro rasy.

AHani3 nitepaTypHux gaHuX Ta nocTaHOBKa
npoo6nemu

Y pobori [1] 6yna po3rnsHyTa MOXNUBICTb 3aMiHU
aesikoro 06'eMy NPUPOLHOro rasy NyLWNUHHAM COHSLL-
HWKa. 3a paxyHOK HU3bKOI BUTPATU NPUPOLHOro rasy
Ta MiHiManbHUX TemnepaTyp obnany 6yno JoCsrHyTo
60 06.% 3amiHV NpMPOLHOro rasy, 3i 30iNbLUEHHSIM 3a-
ranbHOro CrnoXuBaHHA rady BAanocs 3aMiHUTH
MiHiMyM 40 06.%. Lle nosicHIOeTbCA TUM, O Npu Be-
NWKiA BUTPATi NPUPOOHOro rasy yTBOPHETLCHA BEMUKUIA
TennoBun MOTiK. OCKINbKA  LWBWUAKICTE  3rOPSIHHS
NYLUMUHHS COHSILLHUKY B NanbHUKY OOMexeHa, npu Be-
TNUKIR T KINbKOCTI, WO NOAAETLCH B NanbHMK, BOHA He
BCTUrae NoBHICTHO 3ropiTh B 30Hi dhakena, a Tennosumn
MOTiK 3MIHIOE MILHICTb 3ani3opyAHUX okaTuwie. 3ara-
nom Byrinns, 6iomaca uv iHwe TBepAe NanmMeo MiCTUTb
Pi3HY KiNbKiCTb BYrneLto, KUCHIO , BOOHI0, a30Ty, CipKu,
Borsioru Ta 3onu. YactnHa nanuea, sika dhaktuyHo bepe
yyacTb Y NPOLECi FOpPiHHS, HA3MBAETBLCS rOPKOYO Ma-
COl, YacTuHa, sika He Gepe y4acTi B ropiHHi, Ha3wu-
BaeTbcsA 6anactom, Hanpuknag sik 3ona/wnak. Cepep
LMX eneMeHTiB HebaxkaHa NPUCYTHICTb CipKW, OCKINbKK
BOHa pearye 3 BOSIOro AMMOBOIO rasy yTBOPHOHOYM

Cip4aHy KMCMoTY, sika € Hag3BNYaNHO KOPO3iMHOK As
MeTaneBux enemeHTiB obnantoBanbHOi MalmHm [2,3].

JlimiTytoumm cpaktopoM npu 3amiHi  NpUPOAHOro
rasy nanvMBOM POCIIMHHOIO NMOXOPKEHHS € OOMEXEHUN
Yyac Lo HeoOXiaHWI ONA NOBHOMO 3ropaHHs YaCTUHOK
TBEpaoro nanvea. [lpu Benukii BuTpati NPUPOSHOro
rasy yTBOPIOETLCA BEMVKNUIA TENMNOBUIA NOTIK. OCKINbKn
LWBUAKICTb 3rOPSIHHA TYLUMMHHA COHSILLHUKY B nanb-
HVKy OBMexeHa, Mpu BEenuKii ii KinbKOCTi, WO no-
[A€eTbCA B NanbHUK, BOHA HE BCTUrae NoBHICTHO 3ropiTu
B 30HiI hakena, a TenrnoBUW MOTIK 3MIHIOE MILHICTb
3anisopygHux okatuwis. EpeKkTUBHICTb BUropaHHs Ya-
CTMHOK NManuea TakoX BMfvBae Ha BiKknageHHs Ha BO-
rHETPUBKIN OyTepOoBLi | Ha Nepexia Ny>XHO3eMenbHUX
mMeTaniB y rasosy casy [1]. Tomy HeobxigHO po-
3paxyBaTyu Takuii po3mip YacTMHOK, SIKUA 3abe3nevnTb
MOBHE 3ropsiHHSA Manuea i He 3aB4acTb BMMMBY Ha TEX-
HOMOriYHMIA Npouec 0bnany okaTuLiB.

3ropsiHHSA YacTuHKM nepegbadae cknagHi isnyHi i
XiMiYHi B3aemogii. YacTuHka, Lo noTpanvna B rapsiyinii
rasoBUin NOTIK, HarpiBaeTbCA 3a PaxyHOK TEMNOOOMiHY
Qcp | BUNPOMIHIOBaHHSA Qrp Big NOTOKY rapsayoro raay i
Bi, HABKOSMLUHBOIO cepenosuLa. [lani npu KOHTaKTi 3
KMCHEM BiaOyBaeTbCA BUOANEHHS NETHOYMX i TOpPiHHSA
KOKCOBOIO 3anuLuky [2, 4].

LLBnakicTe HarpiBy BYrifbHUX YaCTUHOK y nepiof
3aliMaHHs cTaHOBUTb Gnnabko 108—104 K/c. OTpumaHi
eKkcnepuMeHTanbHi AaHi NokasyloTb, L0 4ac BUro-
PSHHA Benukux dopakuii aHTpauuToBoro nuny B AO-
cnigKeHux ymoBax MnponopuiiHo KBagpaTy BUXIOHOMo
PO3Mipy BYTiNMbHUX YACTUHOK i cnabko 3anexutb Big
TemnepaTtypu ra3oBoro cepegosuia. Lie xapakrepHo
ana audpysiiHoro pexumy ropiHHA. LlikaBo BigsHa-
YUTK, L0 BENWKi YacTku aHTpaumTy ( = 150 mkm) i 3a
NopiBHAHO HM3bKNX Temnepatyp (Tg = 1200 + 1400K)
BUrOpSOTb Y ANY3iHOMY pexumi 0 AyXe Manux
po3mipiB - 20 MKM i HuK4e [5].

3a pesynbTaTamu gocnimpkeHs [5], npouec ropiHHA
BYIMeLEeBOro nanuea cknagaeTbCcs 3 YOTUPbLOX CTafin.
Mepwa cTagia - nporpis YacTkM 40 NoyaTky 3anMaHHA
neTkux peyoBuH. Ons yactky po3mipom 750 MKMm, us
ctagia Tpmeana 1,125 c. [jpyra ctagis - ropiHHA NeTKMX
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y rasoBin dasi. Tpueanicte 1i cTtaHoBuTb 0,312 cC.
®poHT nonym'ss rasonodibHMx neTknx Mae copmy
cdepu, AeLo BATATHYTY Y BEPTUKANIbHOMY HanpsiMKy.
YcepeanHi cdepn nonym'st YiTko BUAHO LLEe TEMHA BY-
rinbHa NOPOLUMHKA, LLIO He CBITUTbCA. Ha doTorpadisix
y Liel nepiof CnocTepiraloTbCs TaKOX rapsiyi CTPYMeEHi,
LLIO MPOHUKaIOTL 3a Mexi cdhepn NonyMm's, - Lie MOXYTb
OyT! BUKMAOM PIOKMX NPOAYKTIB TEPMIYHOro po3Kna-
OaHHA Byrinna. TpeTs cTagis - posirpiB KOKCOBOro 3a-
MUKy - HacTae MiCns 3aBepLUEHHHA MONyM'sSHOro
ropiHHA NneTkux. lNMoganblnii posirpiB KOKCOBOrO 3a-
NULLKY BiaOyBaeTbCsl BHACMIAOK XiMIYHOrO pearyBaHHs
noro 3 KMCHeM. YeTBepTa cTajis — BUTOPSHHSA KOKCO-
BOrO 3anvLKy — 3aBepluanbHa cragid npouecy. [ns
YacTKu, WO po3rngganacs, uda ctagia Tpyeana 6,3 ¢ [7].

BigHocHa yacTka 4acy BUrOpPsSHHS NETKUX CTaHo-
BUTb nuwe 5-3%. B iHTepBani Vn = 12 + 60%, 4ac
FOPiIHHA NETKMX MPaKTUYHO HE 3MIHIOETBCS, Le X
MOXHa CkasaTw i Tpo TpMBanicTb 3alMaHHs KOKCOBOIO
3anuwky [7].

Tox onga aHanisy MOXnIMBOCTI 3aMilLieHHs Npupoa-
HOro rady nanvMBOM POCITMHHOIO MOXOMKEHHA B MpO-
ueci obnany 3anisopygHux okaTuLliB, HeObXigHO po-
3paxyBaTu Yac 3ropaHHsA YaCcTUHKM B 3aneXHOCTi Big, il
JiaMeTpy Ta OLiHMTU KiNbKICTb Nanuea pOCSIMHHOIO MNo-
XO[PKEHHS AN 3aMilleHHsi 06'eMy NpUpPOOHOro rasy.

MeTa i 3aBaaHHA gocnigxeHb

MeTolo gaHOro JOCnimKEHHS € BU3HAYEHHS Kinb-
KOCTi manueBa POCNIMHHOIO NOXOOXEHHS Pi3HOro Tumy,
sIKe MOXXHa BUKOPUCTOBYBATU ANs 3aMiLLleHHsI YaCTUHM
BMTPATW NPUPOAHOro rady npu obnani 3anisopygHux
oKaTuLWiB, @ TakoX pPO3PaxyHOK Yacy 3ropaHHs uya-
CTUHKM NanuBa pi3HOro TUny B 3anexHocTi Big Ti dia-
MeTpY ANsl BU3HAYEHHS MaKCUManbHOI KPYMHOCTI Ya-
CTOK Nanvea B yMOBax CnasitoBaHHsi KOro B nasnibHMKax
obnantoBanbHOI MaLLVHW.

Marepianu Ta meToaun focnigXKeHHA

Po3pisHsaoTe Tpu Buan TemnepaTyp ropiHHA na-
nuBea: kanopumeTpuyHy (i), Teopetuyny (tr) Ta gincHy
(ta). KanopumeTtpuyHa Temnepatypa — ue Temnepa-
Typa, A0 AKOI Harpinuca 6 NpodyKT! MOBHOIO rOPiHHS,
Akbm Bce Tennmo nanvBa Ta MOBITPA MilMO Ha
HarpiBaHHS rasiB. TeopeTudHa TemnepaTtypa Bpaxo-
BYE €HOOTEpMiYHi peakuii gucouiauii giokcnay By-
rMeuio Ta BOASIHOI Mapw, WO WAayTb 3i 30inbleHHAM
06'eMy NpoAyKTiB 3ropsiHHA. Temnepartypa Yy 30Hi 06-
nany makcumaneHo csarae 1350°C, 3a unx TemnepaTtyp
BULLIE BKa3aHi eHOOTepMIiYHi peakLii He BiabyBatoTbCs.
[incHa TemnepaTypa BpaxoBye Tennosigaadvy Big da-
Kena 0o maTepiany, WO HarpiBaeTbCH, i Knagku neui.
[ns BU3HA4YeHHHA OiNCHOI TemnepaTypu ropiHHS na-
nmBea BBOOUTBLCS MOHATTSA NipOMETPUYHOTO
koediujieHTa, Wwo byae popisHioBatu 0,9 [1].

3anexHo Big TNy  3ropsHHS  (koedilieHT
HaANMLLKY MOBITPS) ra3n 3ropsiHHs MOXYTb MICTUTK:

— [ANsi HENOBHOTO 3ropsiHHA (KoediLieHT HaanLLIKY
nosiTps <1): CO, CO2, SO2, H20, Na.

— Ansi TeopeTnyHOro abo CTEeXiOMETPUYHOro 3ro-
psHHA (koediuieHT Haanuwky nosiTps = 1): CO2, SOz,
H20, Noa.

—npu koedpiuieHTi Hagnuwky nosiTpsa > 1: COz,
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S0O2, H20, N2, O2 [6].
NS BU3HAYEHHS KanopMMETPUYHOI TeMnepaTypu
BVKOPUCTOBYIOTb PIBHSIHHS TEMMOBOro 6anaHcy:

LHV +qr + g5 = Vnr - Cor - (1)

ae LHV — Hmx4ya TennoTBopHa 34aTHICTb nanuvea,
kx/kr. Ons meTtaHy - 35880; qr — hismyHe Tenno na-
nuea, k/Kr; g — isanyHe Tenno nosiTps, KIDK/K;
Viar - 06CAr npoayKTiB ropiHHsA, M3/kr; Cor - cepeaHs Ten-
NOEMHICTb NPOAYKTIB rOPiHHA B iHTEpBani Temneparyp
0 - tk, kx/m3. disnyHe Tenno NoBiTps Ta Nanvea Bigpa-
xoByeTbcs Big 0°C.

disnyHe Tenno nanuBa Ta MOBITPA pPO3paxo-
BYETbCHA 3a POPMYFIOH):

q=C-t-V )

ae C — TennoemHicTb 3a Temnepartypu nigirpisy,
kOxx/(m3-°C); tr - Temnepatypa nigirpisy, ° C; V - 06'em,
M3,
KanopumeTtpnyHa TemnepaTtypa po3paxoByeETbCH
3a PIBHAHHAM:
_ Qp+qT+qB
7 vnrcnr 3)

3ropsiHHA NPMPOAHOro rasy BiabyBaeTbCs 3a peak-
Lieto:

2CH, + 40, - 2C0, + 4H,0 4)

[ns BM3HAYEHHs NPOAYKTIB 3ropsiHHS nanue poc-
FIMHHOrO MOXOMKEeHHs Oyno BukopucTaHo BebO 3a-
CTOCYHOK, sikuii Oyno po3pobneHo 3a pesynbTatamu
poboTn [4]. OnA oTpumaHHs pesynbTaTie, Beb 3a-
CTOCYHOK BUKOPUCTOBYE HaCTYMHi PiBHAHHS.

CrexioMeTpuyHMin 06'EM KUCHIO Ha Kinorpam cy-
XOro nanvea:

o _2241/ct H' si-0f
Vo, = 100 (12 + 4 + 32 ) ()

CrexioMeTpuyHMin 06'eM Cyxoro MOBITPSA Ha Kino-
rpam cyxoro nanuvea:

Vo
— 2
Ve = 0.21 (6)
OG'em Byrnekucnoro rady Ha Kinorpam cyxoro na-

nmBa:
2241 (!

=2 ™

V,
€02 12 100

O6'em BOOsAHOI Napu Ha Kinorpam cyxoro nanvea:

Vi =20 (1 1 (®)

T 100 \z 18
O0G'em giokcmay CipkM Ha Kinorpam Cyxoro nanuea:

22,41 St

Vso2 == T 9)

32 100

O0'eM NpoayKTiB 3ropsiHHS:

Voga = Vco, + Vso, + Vi, + Va0 (10)

ae CY, H', S — gons Byrnew, BOAHIO Ta CipkK y
nanmei, W' — sonoricTb nanusa [4].

HeobxigHi AaHi ona pospaxyHkiB Buais 6ionanvea,
LLIO pO3rNsfaloTbes, HaBeaeHi y Tabnuui 1.



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2024, Ne 1
Theory and Practice of Metallurgy, 2024, No. 1

Tabnuus 1 — BnacTMBOCTI NanuB POCIIMHHOIO NMOXOMKEHHS

. C[%] [MHI[%] |N[%] I[S[%] |[Oa)[%]lAd[%] HHVb) |LHVc) [Ixepena
Marepian [MJ/kg] [MJ/kg]
JTyLINMHHSA 45.82 16.32 2.61 0.14 38.31 16.81 19.31 17.6 [114
COHSALLHMKY
\depeBHe 84.18 [2.405 |0.8025 [0.015 [9,1525 [3.445 (30.0865 [29.4 [113
BYrinns
Tupca 44.75  16.31 1.68 0.05 42.94 10.34 18.3 16.6 [115
MweHnyHa conoma (46.06  |5.00 0.53 0.11 48.30 |5 17.60 |16.2 [111, 120
Po3paxoByeTbCa 3a pi3HULELD, o ped?

=k.-221-10% —< 11

O[%]=100-C-H-N-S—Ad Te = ke 2900,] ()

HHV = 0,3491-C+1,1783-H+0,1005-S — 0,0151-N —
0,1034-:0 - 0,0211-3ona

LHV = HHV - 2514((9H + W)/100)

AHani3 ekcrnepuMMeHTanbHUX [daHuxX npo Tpu-
BaniCTb BWUIOPSIHHA KOKCIBHOTO 3anuLuKy YacTUHOK
Ny OCHOBHUX BWAIB €HEPreTUYHOro BYrinns, Wo Bu-
KOPUCTOBYIOTbCA Ha BITYN3HAHMX €MEKTPOCTAHLLSX NO-
Ka3aB, LLO 3a KOHLEHTpaUi KUCHIO | TemnepaTyp, xa-
paKTepHMX A8 NUOBYTINBHOMO dhakerna B TonkKax KoT-
niB, ropiHHS BYFiNIbHUX YaCTMHOK, SIK NpaBuIio, Biady-
BaeTbCA B ANGY3iHOMY peXxnmi. BUHATOK cTaHOBNATb
niwe  gpibHi  dpakuii  aHTpauuToBOrOo  NUNy
(© <100 MKkMm), SIKi 3@ HU3bKMX KOHLIEHTPALiA KMCHIO
(meHwe 5%) i TemnepaTyp rasoBoro cepegosuia
Tr < 1750 K Buropsitotb B KiHETUYHI obnacTi [7].

Habip peakuiii Wo BM3HA4Yae Mpouec BUrOpaHHHA
YaCTUHKMN:

C + O2=CO2 + 394 [MOx/monb]

2C + 02 =2CO + 219 [MOx/monb]

C + CO2=2C0 - 186 [MOxx/monb)
2C0O + 02 = 2C0O2 + 570 [MOx/monb]
C + H20— CO + H2 — 130.5 k[x/monb

Mpn BU3HAYEHHI Yacy 3ropsiHHA YaCTUHOK Y Nanb-
HUKYy pOBOUTLCS PAL NPUMYLLEHD:

Yac 3ropsHHSA YaCTUHKM BM3HAYaeTbCs YacoM 3ro-
PSAHHSA KOKCOBOIO 3aIULLIKY.

306inbLUeHHA BMICTy BOOSIHOI Mapu Mpwv HE3MiHHIN
TemMnepaTtypi CnpusTUMe MNPUCKOPEHHIO [OOrOPSHHSA
YagHoro rasy. Lle npusseae 4o Toro, Wo YMOBHUIA pO3-
Mip obnacti BuropsHHa CO 6ind YacTWHKM, 3MeH-
LUMTBCS, WO HEe ICTOTHO BNMBAE Ha AOCTYN KWCHIO A0
NnoBepXxHi KOKCy. Lle NosICHIOETLCA TUM, LLO J0AAaTKOBUI
MexaHi3M rasudikauii Byrmeuto no peakuii 5 Hise-
MNOETLCS 3MEHLLEHHSAM LLIBUOKOCTEN reTeporeHHuX pe-
akuin 1-3 yepes 3HWKEHHS TemnepaTtypu. ToMmy npun-
Ma€eTbCS LLIO BOOAAHWUI Nap He BMfMBAE Ha Yac 3ropsiHHS
KOKCOBOI 4YaCTUHKM i He GepeTbcsi OO yBaru npu po-
3paxyHKax LWBWUAKOCTI 3ropaHHsA YacTUHKM nanuea [8, 9].

MpuiiMaeTbCa WO YaCcTUHKU Nanuea Lo 3ropsitoTb
MatoTb chepuyHy hopmy.

Yac BUropsiHHA YaCTUHOK KOKCY TBepOoro nanvea
B AudpysiiHomy pexumi moxe OyTM 3HamgeHo 3a
EMMIPUYHOIO 3aNeXHICTHO:

e Tc - TpMBanicTb ropiHHA KOKCOBOTO 3arnuLLKy, C;
ke - ekcnepumMeHTanbHU KoedilieHT, WO XapakTepu-
3ye cneumndiky BUrOpPsSHHA YacTMHOK ManuBa OaHoro
Buay; Oz - ob'emMHa KoHLEeHTpauist K1cHio, %; 6 - gia-
METP YaCTUHKWU, M; Pc - YSBHA NYCTMHA KOKCOBOrO 3a-
nnwky, kr/m?, Tg - TemnepaTypa rasy.

3a pesynbTratamu OCHigXKeHb ekcrnepuMeHTanb-
HuM koediuieHT Ke gopisHioBae Big 0,5 go 2,5. 3ara-
noM uen koediuieHT xapakTepusye BiOXUMEHHS
OiNCHOro Yacy BWUropaHHs YacTUHKW Bif PO3paxyHKO-
BOro, 4epes3 PpisHMIA BUXiO NETIOYMX PEYOBMH LWO
MOB’A3YETLCSA 3 PI3HUMW LUBMAKOCTAMW HarpiBaHHs B
NOPIBHSIHHI 3i CTaHAapTHUM aHanizom. Tomy npuny-
CTMMO WO Uen koediuieHT byae gopiBHoBaTK 1 ons
BCiX BMAiB Gionanuea Lo po3rnsgarTbes.

YaBHA TryCTMHA KOKCOBOIO 3anuilKy pOo3paxo-
BYETLCS 3a PIBHAHHAM:

_ 100-wP-vP

Pc = Pp- 100

(12)

ne Wp i Vp — BonoricTb i BUXig NETKUX pe4OBUH Ha
pobouy macy, %; Pp - gificHa ryctvHa nanvea.

Yepes Te WO YaCTUHKM MYLUMNHHS COHSALLHKMKY, CO-
nomu Ta TMPCWU MalTb (POPMYy LLO CUIbLHO BiApi3HA-
I0TbCH Bif, CHEPUYHOI PO3paxyeMO AN HUX AdiameTp
eKBiBaneHTHOro wapy, 3a opMysnoto:

3 [6abc
8., =
ek .

Takox HeobXigHO BpaxyBaT LU0 Yepe3 BinbLuy no-
BEPXHIO KOHTaKTy 3 rasoM TennoHOCIEM YaCTUHKM
NYLWNUHHSA COHSILLHKKY, COFIOMU Ta TUPCU MaTUMYyTb
MEHLLNIN Yac 3ropsHHSA. ToMy MOXHa BBECTW AoAaTKoO-
BUI KoedilieHT cdhepnyHOCTI Sk Byae BpaxoByBaTu
LiH0 0COONMBICTb AaHUX BMUAIB Nanvea.

Cdhepuunicte KpymbenHa [9] po3paxoByeTbCs 3a
dopmynoto:

3 (S
Yy = /E

ae Wy — cdhepuyHictb KpymberiHa, S — MiHimanbHa
JOBXMHA YacTUHKM nanuea, | — npomikHa OOBXMHA
YacTuHKM nanuea, L — makcumanbHa [OBXUHA 4Ya-
CTUHKW Nanvea.

PospaxoBaHi  3HayeHHs  cdpepuyHoCcTi  And
AYLINWHHS COHALIHMKY, AepeBa Ta CONoMM BigMoBigHO
popisHiotoTh 0,32, 0,43, 0,24,

(13)

(14)
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Pe3ynbTatn pocnimkeHHs

Po3paxoBaHi 00’eMy NpoayKTiB 3ropsiHHS Pi3HMX
BuAaiB 6ionanuea HaBeeHi y Tabnuui 2.

[lns po3paxyHKy yacy 3ropaHHsi YaCcTUHKX Nannea

POCIIMHHOIO MOXOMXKEHHHA, HeobXiOHO BM3HAYUTYU
YSIBHOIO CTaHy KOKCOBOFO 3anuLLUKy 3a PiBHAHHAM 12.
Pe3ynbTatn po3paxyHky HaBedeHi y Tabnumui 3.

Tabnuusa 2 — O6’eMu NPOAYKTIB 3ropsiHHSA AN 1 KinorpaMy TBepAoro nanuea POCIMHHOIO NOXOMKEHHS, M3,

MaTepian VCO2 [VH20 [VSO:2 VN2 V NOoBITPs CTEXIOMETPUYHNIA 2V
JIyWNMHHA COHALLHMKA 0,85 (0,8 0,00098 |3,56 448 5,23
[epeBHe Byrinng 1,57 10,29 |[0,0001 6,19 7,82 8,05
Tupca 0,83 0,83 |0,00035 |3,35 4,23 5,03
Conoma 0,86 |0,67 |0,00077 |3,02 3,82 4,55
MpupogHwuii ras 1 2 7,52 9,52 10,52

Tabnuus 3 — BnactuBocTi nanus POCITMHHOIO NOXOMKEHHA i po3paxoBaHa ydBHa ryCtHa KOKCOBOIO 3aJINLLKY

HincHa Bui YaBHa rycTuHa KOkK-
. . o MICT NEeTKMX
Matepian rycTuHa, Bonorictb, % o coBoro  3anuuwky, | xepena
3 pe4oBH, % 3
Kr/m Kr/m
JlyLUAWMHHA COHSALLHUKY 644.,4 8,4 72,2 125 [1, 8]
HepeBHe Byrinns 1200 5 30 780 [1,9]
Tupca 1360 10,5 80 129,2 [1, 8]
MweHnyHa conoma 613 9,62 79,82 64 [8, 9]
Ha pucyHky 3 306paxeHo rpadik 3a pesynbratamv po3paxyHkiB 3a piBHAHHAM 11.
10
]
9 I
|
8 f
’f’
7 §
: /
; 6 |
B J
= 5 i
E i
9 4 / JepeBHe ByTiLIA
& j
3 JIymmuHeA
2 Tlepeso COHSIITHUKY
1
0 I[imenuyHa comoMa
0 0,0005 0,001 0,0015 0,002 0,0025 0,003 0,0035 0,004 0,0045 0,005
JliaMeTp YACTHHKH, M
-JlepeBHE BYTULIA Hepero  ——JIyINNHHHEA COHAITHUKY Conoma

PucyHok 3. - 3anexHicTb Yacy BUropaHHs YaCTUHKM Nanvea Big giameTpy

OGroBopeHHs pe3ynbTaTiB

AHanidytoun pesynbtaTtv po3paxyHkiB ob'emiB gu-
MOBMX rasiB pi3HMX BuAaiB Gionanuea, WO HaBedeHi B
Tabnuui 2 MoXHa MOMITUTK, LLIO 3rOpsiHHS TBEepaoro
nanvea B pe3ynbTaTi A€ MEHLUMN CyMapHuii ob’em
OMMOBMUX rasiB, a TakoX NoTpebdye MeHLINA CTEXIOMET-
pYYHUIA 06’EM NOBITPS B MOPIBHSHHI 3i 3rOPSIHHAM Npu-
pogHoro rasy. Lle nossonse cnanioBatu HeobXiaHy

38

KiNbKICTb TBEPAOro nanvea Ans 36epexeHHs Tenno-
BOro eoekTy 3amilLieHHOro 06’emy NpupoaHoro rasy. B
pes3ynbTaTi AOA4aBaHHSA NanuvBa POCIMHHOIO MOXOA-
)KEHHS y NanbHKK He Oyae 3HaYHMM YMHOM 3MiHIOBaTH
TennoBsun pexumm obnantoBaneHol MawwuHW. 3a pe-
3ynbTaTaMu po3paxyHKiB i BpaxoByo4un pearnbHui 4o-
CBif, 3aMiHN NPUPOAHOrO rady NyLUNUHHSAM COHSILLHUKA



NPOMNoHyeTbCA Ha KoxHi 10% 06. 3amiweHHoro npu-
poaHoro rasy cnamoBaty 0,2 Kr MAyLNWHHS COHSILL-
Huka, 0,125 kr gepeBHoro Byrinng, 0,22 kr TMpcu i
0,25 kr conomw.

B Ttabnuui 3 HaBegeHo pesynbTaTy PO3paxyHKiB
YSIBHOI F'YCTUHM KOKCOBOIO 3anuLuky. INokasHuK ysBHOT
rYCTVHW KOKCOBOrO 3arnuLiKy Mae NiHinHWA BNNnB Ha
LWBMAKICTb BUrOpaHHA YacTuHKM nanuea. Cupa 6io-
Maca Mae MeHLUY YSBHY rYCTUHY KOKCOBOMO 3ariuLLKy,
aHix obpobrneHa Giomaca, B gaHOMy BuNagKy nepe-
BMHa, LLIO OTPUMaHa B pe3ynbTarTi niponidy. Bupiwans-
HWIA BMNMB Ha yCTMHY KOKCOBOIO 3anyvLKy Mae BMICT
neTkMx peyoBuH biomacu. Lie niagTBepmKyeTbCa psaom
eKcrnepMeHTanbHNX AaHNX.

Tak cTBEpPOKYETBCS O BYINELEBUIA 3aNMLLIOK Ya-
CTuHKM Biomacu Bigpi3HAETbCA Big BYrneueBoro 3a-
NWLLKY BYTINNs Yepes MeHLUY LWiMbHICTb YaCTUHOK, He-
npaBuribHy POpMy Ta BUCOKY NOPUCTICTb. Y poboTi [9]
AOCMiMKyBany peakuinHy 3aaTHICTb rOpiHHA Byrneue-
BOIO 3amnuLlKy, OTPMMaHOro 3 OEepeBMHW COCHM Ta
npoca. Bonu nosigomunu, wo obugsa Byrinns 6io-
Macu MalTb BMWCOKY peakuiiHy 3aaTHiCTb — B
NOPIBHSIHHI 3 pPeakKLUiNHO 34aTHICTIO BUCOKONETKOro
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OiTymiHO3HOrO BYrinns. PeakuiiHa 3aaTHICTb ByrneLe-
BOMO 3aNnULLKy AELlO 3HWXKYETbCHA Mif Yac ropiHHS,
OCKiNbKN HeOpraHiyHi KOMMOHEHTN 3a3HalTb qi3ny-
HOro Ta XiMiYHOro MEePETBOPEHHS, a TakoX TOMY, LUO
OinbLUe peakuinHO34aTHOrO BYIMEL0 OKUCIETLCH Ha
paHHin cTagii. Y poboTti [10] BMBYanu peakuinHy
34aTHICTb Byrinng cupoi Ta ToppedmpoBaHHon Gio-
Macu, i BusBunu, o ToppedikoBaHa biomaca MeHL
peakuinHo3aaTHa, Hixk cupa biomaca.

AHani3ytoum pucyHoK 3 MOXHa 3poOUTN BUCHOBOK,
LLIO AepEeBHeE BYTiNnsi Mae HanbinbLly TpuBanicTb BUro-
PaHHs Yepe3 MEHLMIA BMICT JIETKUX PEYOBUH Y
MOPIBHSAHHI 3 iHWKMK BUaamm biomacu. Yepes ue yTBo-
PIOETLCS KOKCOBWI 3aNMLLIOK 3 BUCOKOK YSIBHOH NyCTU-
HOH0, SIKUIA NOTPeDbye 3HAYHWUI Yac OIS BUropsiHHS. Ha
OCHOBi NobyaoBaHoro rpadiky MOXHa BU3HAYNTK
HeobXigHWIA TpaHyNoOMETPUYHUIA CKNnag nanvea angd
BMKOPUCTaHHA Yy MarnbHWKY OnantoBarbHUX MaLLVH.
3anexHocTi Big Yacy nepebyBaHHS YaCTVHKW B 30Hi
FOPiHHS, MOXXHa BWU3HaYUMTN PEKOMEHOOBaHWUN rpaHy-
NOMETPUYHUIA CKMag MnanvMBa POCIMHHOIMO Noxoa-
)KEHHS L0 J0AAaETbCs Y NanbHWK obnantoBanbHOT Ma-
LUMHW.

Tabnuus 4 — PekomMeHOOBaHWIA FpaHyTIOMETPUYHNIA CKNaa Ons PisHUX BUAIB NanuBa POCIIMHHOMO MOXOA-
YKEHHS WO AoAaeTbCs Yy NanbHUK B 3aNeXHOCTI Big Yacy nepebyBaHHSA YaCTUHOK B 30Hi 3ropsiHHS.

Yac nepebyBaHHs, C 1 2 3 4 5

[epeBHe Byrinns, Mm 0,25 0,4 0,52 0,65 0,7

Tupca, Mm 1,2 1,7 2 2,3 2,7
JIYLUINWHHSA COHSALLHMKY, MM 1,4 2 2,4 2,7 3,1
MNweHn4yHa 2.1 3 37 45 5

conoma, Mm

BucHoBKku [MpoBeneHoO po3paxyHKM YSBHOI N'YCTUHM KOKCOBOMO

[MpoBeneHo po3paxyHKM KiNbKOCTi NanvMea poCsvH-
HOrO NOXOKEHHS, LLIO MOXe ByTu cnaneHo B 30Hi 06-
nany B IKOCTi 3amiHK 06’emy npupoaHoro rasy. Pospa-
XOBaHO 06’eM AMMOBUX rasiB nanvea POCAMHHOIO Mo-
XOKEHHSA. 3anponoHOBaHO ONTUMaribHi nNponopuil
NYLWNWHHA COHSILLHWKA, OepeBHOro BYrinmns, TUPCK i
conomu Ans 3amiweHHs KoxxHux 10% o6’emy npupoa-
Horo rasy - 0,2 Kr nywnuHHA coHswHKKa, 0,125 kr ge-
peBHoro Byrinns, 0,22 kr gepesuHu i 0,25 kr conomu.

3anvKy pisHMX BMAIB NanuBa POCSIMHHOMO MOX0o4-
XeHHs. Ha OCHOBI OTpUMaHuX gaHWX BU3HAYeHO 4ac
3ropsiHHA 4YaCTMHKM NanvBa B 3anexHocTi Big ii gia-
MeTpy. Ha ocHOBI po3paxyHkiB Yacy ropiHHs YaCTUHOK
Oyno BM3HA4YeHO, LIO COfloMa Mae HavBuLly LWBWA-
KicTb 3ropsiHHs. Lle nossonsie BukopucTtoByBaTtu 1i y
nanbHUKy obnantoBanbHOi MawwuHKW 3 BinbluMM pos-
MipOM YacTMHOK: 5 MM npu yaci nepebyBaHHS B 30Hi
ropiHHA 5 ceKkyHA, 3a,0BOMbHSAYN MPU LbOMY TEXHO-
NOriyHi BUMOTH.
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Maaniy M.I'., KamaH B.O0., Jlaiikoe /.B., Aepamenko C.O.
IopiBHAIbHUN aHAJII3 NPOAYKTHUBHOCTI Ta MOTYKHOCTI IIPo1eCy
JAPOOJICHHS CTUCKAHHAM TAa 3CYBHUM HABAHTAKEHHAM Yy IIOKOBHX
ApodapKax 3 MPOCTUM Ta 3 MAaPAJIeJIbHO-KOJOBUM PYXOM ILIOKH.

Malich M.G., Katan V.0., Laikov D.V., Avramenko S.0.
Comparative analysis of the productivity and power of the crushing
process by compression and shear loading in jaw crushers
with simple and parallel-circular jaw movement

Mema. [posecmu nopieHAMbHUU aHasi3 npodyKmueHOCmMi ma rnomyxHocmi rnpoyecy 0pobrieHHs1 CMUCKaHHSIM ma 3cye-
HUM HaBaHMaXeHHsIM y W,0Ko8ux Opobapkax 3 MpoCmMuM ma rnapasnesibHO-KOmIo8UM PyXOM.

Memoduka. []ns aHanizy npodykmusHocmi ma rnomyxHocmi rpouecy 6y1o 8UKOpUCmMaHo ropieHsIbHUU aHari3 KiHema-
muyHux ocobriugocmel MexaHiamie npugody pyxomoi W,oku 0551 Opobapok 3 MPocmMuUM pyxomM mpaekmopii mo4ok poboyoi
r108epxHi, 3i cknadHuM pyxom mpaduuiliHOi KOHCMPYKUIT ma 3 napanesibHO-KO/I08UM PYXOM WOKU MO 8Cill ii O08XKUHI.
Pe3ynbmamu. HasedeHo aHarniz pobomu Halibinbw nowupeHux mpaduuyiliHux KiHeMamu4yHUX CXeM WoKosux 0pobapok
3 IPOCMUM PyXoM ma cKnadHUM pyxoM WoKU. [JemarnbHo po3ansHyma ujokoea Opobapka 3 KOrl08UM PYyXOM PyXOMOI
WOKU 1o 8cili if dosxuHi, sika 3abe3srneyye nidsuuweHHs i MpodyKmu8HOCMI 3a paxyHOK 36inbWeHHS NPaKmMuy4yHO Ha Y8epmb
UUKIT08020 Yacy po3gaHmMaxeHHs1 po30pobneHozo mamepiany. Po3paxosaHa nomyxHicmb Ha nodonaHHs cuil mepmsi
npu pylHysaHHI Wwmamekie 2ipcbkoi mopodu. Po3paxyHkamu Onsi pidHUX 2ipcbKux mopid 0osedeHo, wo ujokosa dpobapka
3 KOJTO8UM PYXOM PyXOMOI W,OKU 110 8Cill if OO8XUHI, 3a paxyHOK 3Cy8HO20 HagaHMaXeHHs meopemu4yHo nompebye 3Ha-
YHO MeHWoi (8 cepedHbomy y 1,76 pa3) nomyxHocmi Onsi OpobrieHHs 2ipCbKOI MopPoOU rpu 8ciXx 0OHaKOBUX MOKa3HUKax
po3mipie kamepu ma ymos OpobrieHHs Hix mpaduyitiHa wjokosa dpobapka 3 MPOCMUM PyXOM UW,OKU.

Haykoea Hosu3Ha. Lljokosa dpobapka 3 KOSTIO8UM PyXOM PYyXOMOI WOKU 10 8Cill if 08XUHI rpu paujoHanbHil npodykmu-
8HOCMIi meopemu4Ho nompebye 3Ha4yHO MEHWOI (8 cepedHbomy y 1,76 pa3) nomyxHocmi Onst OpobreHHs 2ipCbKoi no-
poou 3 8paxyeaHHsM 8umpam Ha mepmsi npu 6Cix 0OHaKOBUX MOKa3HUKax po3Mipie kamepu ma ymos OpPOONeHHS HixX
mpaduyitiHa wokosa dpobapka 3 MPOCMUM PyXOM W,OKU.

lpakmu4Ha 3HavYywjicmb. HasedeHa kiHemMamu4Ha cxema Opobapku 3 rnapaneribHO-KO08UX PYXOM WOKU 1o 6cill if
0o8xuHi meopemuy4Ho nompebye 3Ha4yHO MEeHWOoI Momy>xHocmi, omxe Mamume 6binbw 8UCOKUU pigeHb eHepaoeghekmu-
8Hocmi, wo 6e3rnocepedHbO 8rnueae Ha EKOHOMIYHI MOKa3HUKU rpouecy 0pobrieHHs. EHepeoeghekmugHicmb ma nidsu-
WEHHST MPOOYKMUBHOCMI MOXYMb CMamu KIto408UMU KDUMEPISIMU 8 KOHKYPEHMOCIPOMOXHOCMI Ha PUHKY.

Knro4doei cnoea: wjokosa opobapka, nomyxHicms, MpodykmueHicmb, eHepa03bepexeHHs, KiHemamuy4Ha cxema, 0esiH-
meepauis, nopoda, HagaHMaxeHHs1, OPObIIeHHs, CIMUCK, 3Cy8.

Objective. To carry out a comparative analysis of the productivity and efficiency of the crushing process by compression
and shear load in jaw crushers with simple and parallel-circular motion.

Methods. A comparative analysis of the kinematic features of the movable jaw drive mechanisms for crushers with simple
movement of the trajectory of the working surface points, with complex movement of the traditional design, and with
parallel-circular movement of the jaw along its entire length was used to analyze the productivity and power of the process.
Results. The paper analyzes the operation of the most common traditional kinematic schemes of jaw crushers with simple
movement and complex jaw movement. A jaw crusher with a circular motion of the movable jaw along its entire length is
considered in detail, which provides an increase in its productivity by increasing the cycle time for unloading the crushed
material by almost a quarter. The power to overcome friction forces during the destruction of rock pieces was calculated.
Calculations for various types of rocks have shown that a jaw crusher with a circular movement of the movable jaw along
its entire length, due to shear load, theoretically requires significantly less (on average, 2 times) power to crush rock at all
the same chamber dimensions and crushing conditions than a traditional jaw crusher with a simple jaw movement.
Scientific innovation. A jaw crusher with circular motion of the movable jaw along its entire length, with rational
productivity, theoretically requires significantly less (on average 1.76 times) power for crushing rock, taking into account
friction costs, with all the same chamber dimensions and crushing conditions, than a traditional jaw crusher with simple
Jaw motion.

Practical significance. The presented kinematic scheme of a crusher with a parallel-circular movement of the jaw along
its entire length theoretically requires significantly less power and therefore will have a higher level of energy efficiency,
which directly affects the economic performance of the crushing process. Energy efficiency and increased productivity
can become key market competitiveness criteria.

Keywords: jaw crusher, power, productivity, energy saving, kinematic diagram, disintegration, rock, load, crushing,
compression, sheatr.
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Bcmyn. lNpouec opobneHHs Ta NpocyBaHHSA po3a-
poGreHnX WMaTKiB MO BUCOTI kamepu ApobneHHst B
LLIOKOBWX gpobapkax 3anexuTb Big KIHeMaTU4YHMX 0Co-
OGrnvMBOCTEN MexaHi3aMy npuBogy PYXoMmoi Lwoku [1-3].
EHeproecekTMBHICTb npoLiecy ApobneHHs 3anexuTb
Bil XapakTepy pyxy PyXOMOIi LOKU, ¢i3MKO-MexaHiy-
HUX BMaCTMBOCTEMN PYMHIBHOrO maTtepiany Ta Bubopy
napameTpis npotecy [4-8], A& OCHOBHUMW YNHHMKAMM
€ YMOBWU MNpUKNagaHHsA HaBaHTaXEHHS.

PucyHok 1 - KiHemaTU4Hi cxemMu LLOKOBUX Apobapok

OcHoeHa YacmuHa. Y gpobapkax 3 NnpocTum py-
XOM TPAEKTOPIi pyxy TOYOK pobo40i NoBepxHi GpoHe-
nnuTK 9BnsitoTe coboto abo YacTuHM gyrn kona, abo
npsmi niHii [9]. Mig yac poboTtutn Takui gpobapku
(puc. 1a) woka pobuTb KonNMBanbHWUI PyX, NPU LbOMY
HaMBinNbLWWIA XiA CTUCKaHHA S, (ropmM3oHTanbHa ckna-
OoBa TpaekTopii pyxy O6yab-aK0oi TOUKM LLIOKM) MaE iT HU-
XKHS1 TOYKa.

a— 3 pocmuM pyxom woku, 6 — 3i cknadHUM pyxom WOKU

Mpu uboMy cunn cTUckaHHa P wmartkis nopoan y
BEPXHI Ta HWXHIN YacTuHax kamepu OpobneHHs no-
pOXKytOTb CKNMagoBi R, siki HanpaBneHi Bropy, a cunm
TepTa F, siki 3ab6e3nevyloTb 3ax0nneHHs wmaTtka - 4o-
HN3Yy.

[cTOTHUM HepgonikoM uux gpobapok € mManui Xig
CTUCHEHHS y BEPXHIil YaCTWHI Kamepu ApobneHHs, LWwo
Npu3BOAMTL A0 MOraHoOro 3axormeHHs MaTepiany,
AKUIN NOAAETbCA Ha ApobneHHs. PyiHyBaHHA LWMaTKa
nopoau BigbyBa€eTbCsl 32 YMOBU MEPEBULLEHHS MEXI
MILHOCTi Ha CTUCK, NPaKTUYHO TakK, ik NPU CUMETPUY-
HOMY HaBaHTa)KeHHi 3pa3ka nopoau B npeci. B Ton xe
Yac HKHS, BinbLL akTUBHA 3a paxyHoK BinbLLoro xoay
CTUCHEHHS, YacTMHa Kamepu He 3abeaneyyeTbes Joc-
TaTHLO KiNbKICTIO MaTtepiany. Takum YMHOM, NpoaykK-
TUBHICTb BEPXHbLOI YaCTUHW Kamepu OpPOOMeHHS 3Ha-
YHO MEHLUE HiK HWXHBOI. [pn UboMy eHepris, Heob-
xigHa ons ApobrieHHst nponopuiiHa Mexi MiLLHOCTi Ma-
Tepiany Ha CTUCKaHHS y KBagparTi, a HeobxigHa noTyx-
HICTb MpoLieCy BUPaxXOBYETLCA 3a BiJOMOI0 (hOPMYIIOH
J1.B. JleBeHcoHa [1]

2 2 2
N, = 2=y, (1)

e o, — Mexa MiUHOCTI gpobHoro marepiany npwu
cTuckaHHi, Ma; L — poBxrMHa Kamepu LpobneHHs, M;
n —vJacTtoTta obepTaHHA EKCLEHTPUKOBOro Bany, ¢~ 1;
D, d — makcumanbHi po3mipy LUMaTKiB BUXiZHOro Ta
noapibHeHoro Matepiany, M; E — Mogynb nNpyXHo-
cTi, Ma; n — KMNpg opobapku.

dakTnyHa NpoayKTUBHICTL Takol LOKOBOI Apoba-
PKM, sika BM3HA4YaeTbCs OBCAromM rotoBOro MpPOAyKTY,
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Lo BUMagae 3 kamepu ApobneHHst npu Bigxodi pyxo-
MOi LLIOKM (XOrnocToMmy xopj), BiaOyBaeTbcsi ABidi 3a
oauH obepT KpMBOLLMNA Ta po3paxoByeTbcs 3a dop-
MYIIOH0.

1 t
1 g g“, (2)
2 25y
[e g —NPUCKOPEHHS BIMbHOTO MafiHHA, M/C?,

Q — KyT 3aXOMMeHHS, Sy — Xig PYXOMOI LLIOKM Y HWDKHIN
TOYLi KaMepw APOONEHHs, M.

Y ppobapkax 3i CKNnagHUM pyxoM TPaguLiiHOT KOH-
CTpyKLUii (pyc. 1,0), y SKMX KPUBOLLMM i pyXnMBa LLoOKa
YTBOPIOKOTb €AMNHY KIHEMaTUYHY napy, TpaekTopil pyxy
TOYOK PYXOMOI LLIOKM € 3aMKHYTI KpuWBi, Han4acrTie
enincu [1,2,10]. Y npoueci po6oTu Takoi gpobapku py-
XOMa LLIOKa Y BEPXHil YaCTWHI 30INCHIOE MPaKTUYHO KO-
noBwWI pyx, 3abe3neyyroyumn TUM CaM1MM XOpoLLe 3axon-
NeHHs Ta [JpobneHHa BuxigHoro martepiany. [lpw
LbOMY Yy BEPXHi 4YaCTuHi kamepu OpPOOMeHHs cunu
CTUCKaHHA P LumaTkiB nopoan 3a paxyHOK TaHreHLin-
HOI CKIaJoBOi Bi PyXy PYXOMOI LLIOKM Ta 30MMKEHHS 3
HEpPYXOMOL0, 3axXOMMoTb i pyXatoTb LLIMAaTKM Nopoau
OOHM3Y Ta NOPOIKYIOTb CUNK TepTa F, Ski HanNpaBneHi
B Pi3Hi CTOPOHU, WO 3abe3nevye KOB3HE CTUCHEHHS.
PyviHyBaHHs1 LUMaTKa nopoau BiabyBaeTbCsA 32 YMOBU
nepeBuLLEEHHST MeXi MILHOCTI Ha 3CyB, NPAKTUYHO Tak,
AK MPU aCMMETPUYHOMY HaBaHTaXXEHHI 3pa3ka nopoam
B npeci [11], a eHeprisa pynHyBaHHS nponopuinHa Mexi
MILHOCTI MOpOAM Ha 3CyB Yy KBagparTi. B Ton xe 4ac y
cepenHiln YacTuHI kKamepwy OPOOIEHHS TPAEKTOPIS PyXy



TOYOK LLIOKM 3MIHIOETBCSI Ha eninconofibHy, a B ca-
MOMY HWM3Y MPaKTUYHO Ha MPSMOMIHINHY, WO NPUBO-
AWTb OO ripLworo npouecy 3axonneHHs i ApobrneHHs
nopoau, po3TaLloBaHOI HKYE cepevHN Kamepu po-
O6neHHa [10]. Y HWXHIN YacTuHi Kamepu ApobneHHs
PYMHYBaHHSA LUMaTKa nopoau BiabyBaeTbLCA 3a YMOBU
nepeBULLEHHSA MEXi MILLHOCTi Ha CTUCK, NPAKTUYHO TakK,
AK y ApobapLii 3 NpocTnM pyxom, TOBTO siK Npu cumeT-
PUYHOMY HaBaHTaXKeHHi 3paska nopoau B npeci. [pwu
LbOMY eHeprisl, HeobxigHa Ana APOBNEHHS Y HWXKHIN
YaCTUHI kKamepy OpOBNEHHSI TaKOX MPONopLiiHa MeXi
MILHOCTi MaTepiany Ha CTUCKaHHS Y KBaapari, a noapi-
OHeHWIn maTepian NOCTINHO BULLTOBXYETHLCS HAaropy Ao
TWX Mip, NOKKX BiH 3peLTolo, He Byae 3axonneHun Ta
noapibHeHnn. Takum YMHOM, y Tpaauuiiiux gpobap-
Kax 3i CKInagHUM PyXOM LLIOKW NPOAYKTUBHICTb Y H/XKHIN
YaCTUHI Kamepu ApOBMNeHHsS 3HaYHO MEHLLE, HiX Y Bep-
XHiR.

Y npoueci po6otn apobapku 3i CknagHUM pyxom
LLIOKM 3a TPaAMLiHOI CXEMOI0 B NepLUin dasi npum pyci
KPMBOLLUMY 3 KPaNHbOrO BEPXHLOIO MOSIOXKEHHSI BHU3
Ha kyT 90° pyxoma LoKka pyxaeTbCs Ha3yCTpiy HepPyXo-
MUI. 3a paxyHOK CTUKaHHSI Ta TaHreHLUiNHOI CcKknaao-
BOI, BOHA 3aX0NSto€ i NoYnHaEe, akTUYHO 3CYBHUM Ha-
BaHTaXXEHHAM, pyrHyBaTK BUXigHY nopoay Ta pyxae ii
BHU3, CPUAKOYN PO3BaHTaXXEHHIO MoApibHEHOro maTte-
piany. Y apyrin gasi npu pyci KpMeoLuMna B KpanHe HK-
XXHE MOMOXEHHS pyxoma LLOKa NPOAOBXYE pyxaTucst
y6iK, NPOTUNEXHNA HEPYXOMIW LLOLLi, | BHW3, NPU LIbOMY
BiabyBaeTbCcA popcoBaHMn BMKMA nogpibHeHoro ma-
Tepiany 3 kKamepu ApoOneHHS 3a paxyHOK pyxy LLIOKW Y
Oik posBaHTaxeHHA. Hapani npu pyci 3 HUXHLOrO
KpanHbOro nonoXeHHs Bropy Ha Kyt 90° pyxnuBa
LLIOKa 30iNCHI0E CKNagHWI pyX, 3a 4ac sKoro i BEpXHSA
YacTuHa 34iNCHI0E pyXx Bropy Ta B BiK, NpOTUNEXHWI

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2024, Ne 1
Theory and Practice of Metallurgy, 2024, No. 1

BifL HEPYXOMOI LLOKW, @ HWXKHS YacTUHA pyXaeTbCs
Bropy i Ha3yCcTpiy HEPYXOMIl LLOLI, LLIO HE CNpUSE po3-
BaHTa)XeHHIO noApibHeHOT nopoan. B ueTBepTin,
OCTaHHIN, dasi HKHSA YacTUHA LLIOKN pyXaeTbes Y OiK,
NPOTUNEXHWIA HEPYXOMIN LLOLLi, | BrOpY, TAKOX nepeLw-
KOMXarun BMNafiHH noapibHeHoro matepiany. Ta-
KM YMHOM, PyX LLOKM B TPETi i YeTBepTIiN casax ne-
peLLKOMKae BUXoay rotoBoro posgpobneHoro marepi-
any 3 kamepu apobneHHsd, TO6To. BUNagaHHs roTOBOro
NPOAYKTY i3 kamepu apobneHHs BigOyBaeTbCA ABiYi 3a
oauH 06OopOT KpMBOLLMNY, SK i y ApobapoK 3 NpoCTUM
PYXOM LLOKW.

B TexHivHin nitepatypi [1,2,3] MOXHa BuAINUTH
rpyny gpobapok, y sKMX TpaekTopis pyxy PyXomoi
LLIOKM 3MiHEHa 3a JO0MOMOIO Pi3HUX KOHCTPYKTUBHMX
npunomis, ki 3abesnevytoTb NPUBNN3HO NOCTIVHY Be-
NNYMHY XO4y CTUCHEHHS NO BCil BUCOTi kamepu nogpi-
OHEeHHs. lgest TakMX KOHCTPYKTMBHMX PpilleHb 3BO-
ONTbCSA OO0 CTBOPEHHSA OAHAKOBOrO KOMNoBoro, abo eni-
MCOIAHOro pyxy PyXOMOI LLIOKM MO BCiK ii AOBXMHI. Xa-
pakTepHUM NpuKnagomM Takum gpobapkun € gpobapka i3
3aranbHUM eKCLUEeHTPUKOBUM npuBoaHum Banom [10],
Y SIKOi KpYroBuiA pyx BEPXHbOI YaCTUHM LLIOKK 3abe3ne-
4yyeTbCA 0OEepTaHHAM OLHOrO EeKCLIEeHTpUKa, a Kpyro-
BUIA PYX HWKHBOI YaCTWHM LLIOKM BigOyBaeTbCs 3a pa-
XYHOK pyXy PO3nipHOI NAUTK, WO HABOAWUTLCS iHLLIMM
ekcueHTpukoM. lMpoayKTMBHICTL Takoi apobapku 6i-
nbLUa, HiX Yy NepernsHyTMX BULLE, OOHAK Yepes cknag-
HICTb BUFOTOBMEHHSA Ta eKcnnyarauii BoHa He OTpu-
Maria NOLUMPEHHS.

Hasepemo npuknag gpobapku [12], sika 3abesne-
4yye napanenbHU pyx PyXOMOI LLOKU A0 HEPYXOMOI 3a
paxyHOK 3acTOCyBaHHSA [OBOKPWBOLLMUMHOIMO LUAPHIp-
HOro YOTUPUA3BIHHMKA i3 3aranbHMM NPUBOAOM KPUBO-
wunis (puc.2).

PucyHok 2 - KiHemaTnyHa cxema gpobapku 3 napanenbHO-KONTOBUM PYXOM PYXOMOI LLIOKM OO HEPYXOMOT

TpaekTopia pyxy TOYOK LLOKU Y 3anporoHOBaHiIN Ki-
HEeMaTU4YHIN CXeMi € NPaKTUYHO KOMOBOID, i Xig CTUC-
HEHHs1 Ta TaHreHLUiHOI CKIagoBoi MO BCi BUCOTI Ka-
Mepu NoApPiIOHEHHS NOCTiVHI. OCKINbKM AOBXUHW Kpu-
BOLLUMMNIB OAHAKOBI, PyXSIMBA LLOKa B nepLlin dasi npu
pycCi KpuBoLIMNa 3 KPanHbOro BEPXHLOrO MOSOXEHHS
BHM3 Ha KyT 90° pyxaeTbCsa Ha3yCTpiy HEPYXOMIN LLOLII.
Mpy LbOMY Y BEPXHIN YACTUHI Ta Yy HWKHIN YaCcTUHaX

Kamepu OpOOGnEeHHs CUMK CTUCKaHHS P umarkis no-
pOAM 3a paxyHOK TaHreHUiNHOI CKNagoBoi Bid pyxy py-
XOMOI LLOKN BHM3 Ta Ha3yCTpiy 3 HEPYXOMOO, 3axon-
NIOOTL | pyxalTb WMaTkn nopoan AoHu3y. Lle nopo-
DKye cunu TepTa F, siKi HanpaBrieHi B Pi3Hi CTOPOHM,
Lo 3abe3nedvye KOB3HE CTUCHEHHS MO BCili AOBXWHI Ka-
Mepw. PyliHyBaHHS LUMaTKa Nopoau BigOyBaeTbCs 3a
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YMOBW NEPEBULLEHHA MEXi MILLHOCTI Ha 3CyB, NPaKTu-
YHO TaK, SK NPW aCUMETPUYHOMY HaBaHTaXKEHHi 3pa3ka
nopoan B Npeci, a eHepris pyrnHyBaHHA nponopuinHa
MeXi MILIHOCTi Mopoaun Ha 3cyB y kBagpari. B uen yac
3pYMHOBAHI LUMaTK/M NOPOAU PYXaETbCH AOHU3Y, LU0
TaKOX CNpusie pO3BaHTaXKEHHIO po3apobrneHoro mate-
piany. Y apyrin dasi npu pyci KpuBoLumna B KpanHe Hu-
XKHE MONOXEHHS pyXoMa LLoKa pyxaeTbes y bik, npoTu-
NEXHWIN HEPYXOMOI LLIOLLi | BHM3, NPW LIbOMY TaKOX Bif-
OyBaeTbCa hopcoBaHMn BUKUg po3gpobneHoro marte-
piany 3 kamepu ApoOneHHs 3a paxyHOK pyXy LLOKK ybik
po3BaHTaXeHHs. Y TpeTin ¢asi poboTn KpuBowwmny
npu nepexodi 3 HWKHbOrO KpPaWHbOro MOMOXEHHS
Bropy Ha Kyt 90° pyxoma LLioKka pyXaeTbCsl Bropy i y0iK,
NPOTUAEXHUA HEPYXOMIN LLOLLi, NPOAOBXYOUN pO3Ba-
HTaXKeHHs1 posapobneHoro matepiany. Y 4eTBepTin
dasi pyxnmBa LLOKa pyXaeTbCA Bropy Ha3ycTpiy Hepy-
XOMi Wwoui, NoYmMHaoum ApobrneHHs 3HOBY 3aBaHTa-
XKEHOro Yyepes 3aBaHTaXKyBanbHWUIA OTBIP LUMAaTKIB Mo-
poan. To6To, ANa Takoi KIHEMATUYHOI CXEMU MOXEMO
ckopurysaTu Bigomy dopmyny [1] Ans BUSHAYEHHS Ya-
CTOTK 0DepTaHHsa Bany, byaeMo matu

_ E gtga
n= 4«’ 25y (3)

Oe g — NPUCKOPEHHS BIiNbHOrO MafiHHS, Mm/c?,
a — KyT 3aXONSEeHHS, Sy — Xig pyXOMOI LLIOKN Y HUKHIN
TOuLi Kamepy APOBNEHHs, M.

Takum YMHOM, BMNAZiHHS NpM3MK rOTOBOrO NPOAY-
KTy 3 Kamepwu ApobneHHs BiabyBaeTbCsi MPOTAroM
TPbOX 4BepTen 060opoTy KpuBOLMMy, TOOTO B TPbOX
umknax pobotu gpobapku, WO MPaKTUYHO MOBHICTIO
BUpiLLye nNpobremy nepenoapibHEHHA Ta OO03BOSSIE
NiABULLIMTY Ha YBEPTb YacTOTy 0bepTaHHs EKCLEHTPU-
KOBOrO Barny Ta NigHATU NPOAYKTUBHICTb Npouecy Apo-
OneHHs.

B Tow e yac HeobxigHa MOTYXHICTb OPOGNEHHS
nopoau y HaBeeHi ApobapLi 3 Takok KiHEMaTUYHO
CXEeMOI0, dka 3abe3neyye KOB3HE CTUCKAHHS MOXe BU-
3HayaTuCA 3a 3anexHiCTio 3rigHo 3 opMYIIoH

2 2 2
N, = k nLl(ZDGn d )n, )

ae k—wmexa MiuHoCTi gpobHoro Martepiany Ha
3cyB, Ma?, L —poBxuHa Kamepu ApOGIEHHS, M;
n —vJacTtoTta o6epTaHHA EKCLEHTPUKOBOro Bany, ¢~ 1;
D, d — makcmaneHi po3mipu LUMaTKIB BXiAHOMO Ta no-
OpibHeHoro matepiany, M; G — mogynb 3cysy, a; n —
KA apobapku, skui 3a gaHumu [13] ana gpobapok 3
CKIMagHMM PyXOM LLIOKW NpuiiMatoTb Ha piBHi 0,45.

_ 2(1 +v)k?*nL(D? — d?)

B ubomMy Brnagky Tpeba po3ymitu, Lo KOB3HE CTU-
CHEeHHS 3abes3nevyloTb CuM TepTa MiX Mopogolo Ta
OpoHennuTaMmn 3a paxyHOK TaHreHujiarbHOro HaBaH-
Ta)XEHHS BiJ PyXOMOI LLIOKW, 8 MakcMmarbHe 40TUYHE
HanpyXeHHs1 MOXXHa BMpaxyBaTh NPW BU3HAYEHHI 3y-
cunnsa ApobreHHs (HanpyXXeHHst CTUCKY) Ta koedilie-
HTa TepTa 3a 3anexXHiCTIO Tpqy = fo.. [1pn KOB3HOMY
CTUCKaHHI pyMHyBaHHA nopoau BiAByOeTbCA KOmu
Tmax > k — MeXi onopy 3cyBy.

Topai 3 ypaxyBaHHAM 3B’s13Ky MK MOAYS1eM MPY>KHO-
cTi E i mogynem 3cyBy G Ans BU3Ha4YeHHs HeobXiaHoi
NOTY>KHOCTi Ha NPYXHY AedopmMadito LWmaTKiB nopoam
3CYBOM Mpuv OpOOGMeHHi 3 TaHreHuianbHMM HaBaHTa-

XEHHAM MaemMo
N, = 2(1+v)k?nL(D?-d?) n, 5)
12En

ae — v- koediujieHT NyaccoHa.

Ane B Uin dhopmyni He BpaxoBaHa NOTYXHICTb, sika
BUTPaYaETbcst Ha poboTy cun TepTa y gpobapkax npu
CKragHoMmy pyci Woku. MoTyxHicTb, HeobXigHa Ha no-
AOMNaHHSA cun TepTa MiXX MOPOAOH0 Ta ABOMA LLOKaMu1 B
Kamepi ApoBneHHs y MOMEHTM 3axXOnsieHHs Ta nepemi-
LLeHHs ApobneHoi nopoau MOXHa BU3HaYMTK 3a ¢op-
MYII0t0

N, = fQugxmrncos % (6)

e f— koediuieHT TepTa Mk NOPOAOI0 Ta LLOKOI;
Qmax — MaKkcmansHe 3ycunns gpobnenns, H; r— pa-
Adiyc KpuBowwmna, M; n-—vactota obepTaHHd, [Iu;
O — KyT 3aXOnfeHHs.

MakcumanbHe 3ycunnst opobneHHss BU3Ha4yaeTbes
3a cpopmynoto

o?L
Qmax = T5zs (D —d?), 7)
ae o —wmMmexa MiuyHocTi nopoaw, MNa; L — noexuHa
Kamepw gpobneHHs gpobapku, L = 0,4 mM; D — po3mip
BuxigHoro matepiany, D = 0,18 m; d — cepeaHiin pos-
Mip MpoaykTy ApobnenHs, d = 0,042 ; E-—wmogynb
MPYXHOCTi  BuxioHoro matepiany; E = 3,5-10%° [Ia;
S71—Xxig pyxomoi WOKM B MICTi MPUKNadaHHA cunm

Qmax- .
Takmm 4nHoMm, 3 ypaxyBaHHAM MOTY>XHOCTI Ha Te-

pTs MOXHa 3anucatn N.. = N, + N,, a BigkopuroaHa
dopmMyna Ana BM3HAYEHHA HeODXigHOI MOTYXXHOCTI
ApobneHHst nopoam y HaBedeHin apobapui, Ae pyx py-
XOMOI LLOKU Ma€ OfIHaKOBY KOJTOBY TPAEKTOPItO MO BCi
Ti JOBXUHI (pycC. 2.), TO MOXHa BBaXxaTtu, WO s; = 2r i
dopmyna mae Burnag,

er 12En

E 67

_ nL(D* —d*)n [(1 +v)k?

TakoX NOTYXHICTb BUTPAYaETLCS Y BCIX TUMax gpo-
Gapok Ha npyxHy aedopmaliio geTanen Ta Ha TepTs
B CMOMyYeHHsX (Ha Tak 3BaHWI XONOCTUI Xia), Lo 3ri-
OHO 3 [7], BU3HAYaeTLCS 3a hopMynoro

N, = O,SKC( Ny eAl'[m) (9)

1,39K

44

fo *nL(D? — d?) a
nrcos— =
1,9Es, 2
s ®)
c
38 %55

ae K. —koedilieHT, Wo BpaxoBYyE pPyX PYyXOMOi
LWOKKM; N,, — BCTAHOBNEHa MOTYXHICTb ABUryHa, KBT;
1,39 — HOMIHanbLHWIN 3anac NOTYXXHOCTI; Ky — Koediui-
€HT BiOXMNEHHS 3anacy NOTY)XHOCTI Big4 HOMiHaNbHOrO;
e, —nNUTOMa KopucHa pobota cun  ApobneHHs;



I1,, — MakcumanbHa TexHosorivyHa
APOONEHHS.

3a gaHumun [14] BTpaTh eHeprii Ha poboTy NPYXHOI
aedopmalii BUTpadaetTbcs 6nm3pko 35%, a Ha TepTay
Apobapkax 3i CKnagHUM pyxom LLoku - 27,5%. B o xe
Yyac aHaniTMYHi po3paxyHkn aBTopiB [1] NokasyoTb, WO
cymapHa npyxHa gedopmallia enemeHTiB apobapok,
L0 CepiHO BUMYCKaKTbCA Nig BNAMBOM Cuni Opob-
NeHHs, NpuBeaeHUM 40 cepeanHn Kamepu opobapku
ctaHoBnATb 10-15% xoay pyxOMOi LLOKN Y Tili e TouL,i.
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B pob6orTi [15] BCTaHOBMNEHO, WO NpW pauioHanbHil
NPOOYKTUBHOCTI OpOGneHHs B LLOKOBMX Apobapkax,
konu KK[ 6yge makcumanbHUM, 3arasbHi BUTpaTu no-
TY)XXHOCTi Ha TepTa Ta XONoCTWUi Xig y nepLiomy Habnu-
XKEeHHi cTaHoBNSATbL 2N,,. HaBegemo doparmeHT Tabnuui
(Tabn. 1) WoOo BCTAaHOBIEHOI NOTYXHOCTI ABUIYHIB Ta
MOTY>KHOCTi XONOCTOro xoAdy ANns Aekinbkox Apobapok
3 cknagHumM pyxom Loku [13. Tabn. 6.1. cT. 166].

Tabn.1 —MoTyxHicTe ABUryHa N,, Ta NOTYXHICTb XONOCTOro xoAy N, LOKOBMX ApoBapok

[MoTyXHicTb BigHoLLeHHs1

RApobapku N, , kBT N,, kBT N,/N,
1 2 3 4 5

CM-166A 160*250 10 1,264 0,126

C-182b 250*400 17 1,738 0,102

C-166A 250*900 40 3,291 0,082
CknagHunpyx | CM-74 400*900 55 6,146 0,112

CM-161 1600*900 75 9,730 0,130

CepenHe 3HaYeHHS1  BiQHOLLEHHS 0,11

Ny/Ny, % 1%

MpoaHanizyeMo BiAHOLIEHHSA BUTpAT HeOoOXigHOI
NOTY>KHOCTi Ha NogpibHEHHS B LOKOBMX Apobapkax 3
NPOCTMM Ta MOKPaLLEHUM CKNagHWM pyXOM LLOKU Ha
npuknagi ApobneHHst AeKiNbKOX ripcbkux nopia, 3 pis-
HUMM i3nKo-MexaHiYHNMK Xapakrepuctmkamu
(Tabn.1), koediuieHTom NyaccoHa v = 0,25, koediuie-
HTaMyM TepTd MK Mopogot Ta GpoHennuTamu, npwu
f = 0,3, KKOJ ppobapku n = 0,45, KyT 3aXONneHHs a =

20° Ta npu ogHaKkoBUX iHWKX napameTpax. Po3paxy-
HOK BiOHOLLEHHS MOTYXHOCTen Oyaemo paxyBaTu 3a
cbopmynoro

(1+v)k2 f(rc

Nn 12n cos] (10)

Ta 3aHOCUTW Y Ta6n 2, npm ubomMy bygoemo BBa-
Xatu, WO BUTPaTU NOTY>KHOCTI Ha XONOCTUN Xif OfHa-
koBi AN Apobapok 3 MpPOCTUM i CKNagHUM PyXoMm
LLIOKMW.

Tabnuus 2 — Po3paxyHKOBI CNiBBigHOLLUEHHS BUTPAaT NOTYXHOCTI Npy APOBReHHi pisHMX ripCbKMX Nopia B LLO-
KOBMX Apobapkax 3 NPOCTMM Ta CKNagHWM KOroBumM pyxoMm Ny, /N,

EkcrnepumeHTansHi TaHreHuinHi Ha- | BigHo- BigHo- Kapgactp
Tun nopoay OaHi NPY>XEeHHSA LLEHHA LLUEeHHSA [15,¢c]

k, MMa a., MMa Tomax, MINa o./k N,/ Nep
1 2 3 4 5 6 7
MoHuoHuT 60 260 78,0 4,3 1,8 104
MoHuUoHUT 24 127 38,1 5,3 2,0 105
MoHuUoHUT 7,5 48 14,4 6,4 2.1
MickoBUK 10 55 16,5 55 2,0 158
Pyna rpaHa-marHeTutoBa 22 117 35,1 53 2,0 67
Pyna marHeTutoBa 15 97 29,1 6,5 2.1 67
Anesponut 9,2 60,5 18,2 6,6 2.1 208
Anesponut 53 255 76,5 4,8 1,9 145
Aprunut 6,5 31 9,3 4,8 1,9 174
Porosuk 25 138 41,4 6,7 2,0 66
BunHsak 12 60 18,0 5,0 1,9 158
Tyd remaTnsoBaHum 25 134 40,2 54 2,0 67
CepegHe 3HayeHHs1 BIgHO- 5,6 1,98
LLEHHS

45
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PospaxyHku cun TepTs, aki 3abe3nevyoTb TaHreH-
LinHi HanpyxeHHa npu f = 0,3 nokasyoTb, Wo Apob-
NEHHsI NOPOAM Yy LLOKOBMX Apobapkax 3i CKnagHuM py-
XOM LLIOKM BigbyaeTbCst KOMU Tq, > k — MEXI onopy
3CyBY, TOBTO cUN TepTH AOCTaTHLO Ans 3abe3neyeHHs
3CYBHOrO HaBaHTaXXEHHs1 B kKamepi ApobneHHs o pyn-
HyBaHHS NOpOAaMW.

Takum YMHOM eHepreTUYHUI aHani3 NoapibHeHHS y
LLIOKOBUX Apobapkax 3 MpOCTUM Ta CKMNagHUM PyXOM
LLIOKM 3 KIHEMaTMYHOI CXEMOIO, Sika pearti3ye KOroBUi
PYyX PYXOMOI LLIOKM NO BCi Ti 4OBXMHI NOKa3aB MOXMn-
BiCTb 3HAa4YHOrO eHepro3bepexeHHsi (B cepeaHbOMY B
1,98 pas).

Ane, gKWo BpaxyBaTu BUTPATU MOTYXXHOCTI Ha iHLWI
amcunaTueHi BTpaTtK, TO6TO, BBaXkatouu, LLO 3 ABOX MO-
TY>KHOCTEW XOMOCTOro Xo4y npu pauioHanbHin npoay-
KTMBHOCTI, OHa CKnajoBa ie Ha TepTs MiX LLoKaMu
Ta NOpOAOHo, TO 3 ypaxyBaHHSAM LibOro BiHOLLEHHS No-
TY>KHOCTEWN 3MEHLNTLCA B cepeaHbomMy Ha 11%. Togi
3 ypaxyBaHHsIM LIbOro cepeHE 3Ha4YeHHS BiJHOLLEHHS
N,,/N.. 6yae ameHweHo Ha 11% Ta Byae oopiBHIOBaTK
1,98 — 11% = 1,76.

Takum YMHOM HeobXxigHa NOTYXHICTb OPOONEHHS y
LLIOKOBIN ApobapLi 3 BUKOPUCTAHHSAM 3CYBHOMO HaBaH-

TaXeHHs1 byge TeopeTUyHO K MiHiMym y 1,7 pa3 me-
HLLA B MOPIBHSIHHI 3 4POGNEHHAM CTUCKaHHAM ANs1 ne-
PEBULLEHHSA MEXi CTUCKY Y Apobapkax 3 NpocTuUM py-
XOM LLOKK. Takox HaBegeHa KiHeMaTu4yHa cxema Lo-
KOBOI ApoHapku 3 KONIOBMM PyXOM PyXOMOI LLokK Byae
3abesnevyBaTi NigBULLEHOT NPOAYKTUBHOCTI 3@ paxy-
HOK 30iMnblUEHHA Ha YBEPTb LIMKIOBOro Yacy po3BaHTa-
XXEeHHSA po3gpobneHoro matepiany.

BucHoeku. BuuieHaBegeHum npoBedeHO aHania
po60TM OCHOBHMX, HANBINbLL NOLUNPEHUX ICHYHOUNX Ki-
HEMaTUYHMX CXeM LLOKOBMX apobapok [JoBeaeHo, o
LLIOKOBa Apobapka 3 KONOBMM PYXOM PYXOMOI LLIOKU MO
BCil Ti JOBXWHiI TeOpeTU4HO NoTpedye 3HaYHO MEHLLIOT
(B cepegHboMy y 1,76 pa3) NOTY)XHOCTIi 3 ypaxyBaHHSAM
BUTPAT Ha TepTsa Anst 4pobneHHs ripcbKoi mopoam npu
BCiX OAHAKOBMX MOKa3HMKax po3MipiB Kamepu Ta yMOB
OpobneHHs HiXX TpaauuiviHa WwokoBa apobapka 3 npo-
CTUM pyXOM LIOKW. 3anponoHOBaHa KiHeMaTuyHa
cxema gpobapku Takox 3abesnevye niaBULLEHHA i
NPOOYKTMBHOCTI 3@ paxyHOK 36iNbLUEHHS NPaKTU4HO
Ha YBEPTb LIMKIMOBOro 4Yacy po3BaHTaXeHHs po3apob-
neHoro marepiany.
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Buznayenuns qJacy TPAHCIIOPTHOI'0 BaHi?pHeHHﬂ IIUXTH IIPA B]/IHJIﬂBHi
MAapPraHleBUX CIUIABIB Y HAANMOTYKHUX (PePOCIVIABHUX €JIEKTPONeYax

Gladkikh V.A., Ruban A.V., Kuzmenko S.M., Riabtsev 0.0., Anosov 0.V., Kravchenko V.P.
Determination of the charge transport delay time during the smelting

of manganese alloys in high-power ferroalloy electric furnaces

lNokpaweHHs mexHiKo-eKOHOMIYHUX MOKa3HUKI8 npouecy suriasku ¢ghepocrinasie 8idbysacmbcs 3a paxyHOK 8UPILIEHHS
numaxb 0rnepamusHO20 KepysaHHsI MEXHO02iYHUMU fpoyecamu, a ix onmumi3auiss rnoe’sidaHa 3 8UKOPUCMaHHSIM
HaldilHUX npakmMu4HUX 8uxiOHUX 0aHux. Tomy 8 pobomi 3 Memor 8CMaHOBNEHHSI KOPEAUilHUX 83aEMO38'3Kie MiX
8UXIOHUMU napamempamu | KIHUe8UMU MOKa3HUKaMu 3 ypaxye8aHHsSIM MexXHOI0eidHOl iHepuitiHocmi npouecy 3anporio-
HOBaHO CKOpe2osaHy MemoOuKy «MmpPaHCMoOPMHO20 3anisHeHHs». EkcriepumeHmanbHO 8CmMaHo8/eHo 4Yac
«MmpaHCrnopmHo20 3ani3HeHHs» enekmponedi Pl13-63. lpakmuyHa 3Ha4ywicme pe3yrbmamig rossi2ac 8 ompuMaHHi
binbw AocmosipHUX MPOMUCIO8UX OaHUX 3anexHocmi ernusy oropy enekmpoda (Rs) Ha npodykmusHicmb nedi (1),
numomi aumpamu enekmpuy4Hoi eHepaii (Q,) ma KoegiyieHm 8unyyeHHs mapaaHyto y crnas (Nun).

Knroyoei cnoea: ¢hbepocrinasu, mapaaHeub, wuxma, Pl13-63, «mpaHcriopmHe 3arni3HeHHs», NpoMuUc/osull ekcriepu-
MeHm, pezpecitiHull aHani3, TEIT.

Improvement of technical and economic indicators of the smelting process of ferroalloys occurs by solving issues of op-
erational control of technological processes, and their optimization is associated with the use of reliable practical initial
data. Therefore, in the work, in order to establish correlations between the initial parameters and final indicators, taking
into account the technological inertia of the process, an adjusted "transport delay” method is proposed. The "transport
delay" time of the RPZ-63 electric furnace was experimentally determined. The practical significance of the results lies in
obtaining more reliable industrial data on the dependence of the influence of the electrode resistance on the furnace
productivity, specific electrical energy consumption and the manganese extraction coefficient in the alloy.

Keywords: ferroalloys, manganese, charge, RPZ-63, "transport delay”, industrial experiment, regression analysis, TEP.

Beryn. IHTeHcudikauis enekTpoTepMiyHMX npo-
uecis BMPOOHMUTBA MapraHuesBmx epocnnasis B
PyOHOBIAHOBMIOBANbHUX HaAMOTYXHUX depocnnas-
HUX enekTponevax Tuny Pl3-63 nos’sisaHa 3 po3pob-
KOO HOBUX i yOOCKOHaNEeHHAM Aitodnx TexHonorin. lNo-
KpalleHHs  TEeXHIKO-eKOHOMIYHWX  MOKa3HWKIB i
NigBULLEHHA SKOCTi rOTOBOI NPOAYKLi B yMOBax BU-
KOPUCTaHHSA PI3HOMaHITHOI MapraHLueBOpyAHOI cupo-
BMHW | BMAcHMX BigxogiB BUpILLYeTbCA Ha 06asi Bnpo-
Ba[DKEHHS aBTOMAaTU30BaHWX CUCTEM YrnpaBmiHHSA
OKpPEMVMW naHLuramm i TeXHOMNOrYHUM NpoLecoM B
ginomy [1-4]. CyTTeBe 3HAYeHHs Mpu LpbOMY Haby-
BalOTb PILLEHHSA 3 BUKOPUCTAHHAM KOMM'IOTEPHUX TEX-
HOMori 3 OOCNIHKEHHS, MOAEIMIOBAHHA | KepyBaHHSA
npouecamn  BMPOOHMUTBA  MapraHuesBux  de-
pocnnasis [5-8]. BupiweHHs nuTaHb onepaTuBHOrO
KepyBaHHS TEXHONOrYHMMKM npouecamn i iX on-
TMMi3auil noB’A3aHe 3 BUKOPUCTAHHAM HagiHUX
NPaKTUYHMX BUXIOHUX OAHUX.

AHaniz nitepatypHux AaHUX Ta MNOCTaHOBKa
npobnemu. be3nepepBHU  BYrneLeBOTEPMIYHUN
npoLuec BUMNaBkU MapraHueBux oepocnasiB B NOTy-
XKHUX 3aKPUTKX | repMEeTUYHMX PyOOBIiOHOBMIOBANbHMX
ernekTponeyax CynpoBOAXY€ETbCA Ge3nepepBHUM 3a-
BaAHTa)KEHHSAM LUMXTOBUX MaTepianiB Ha KOMOLLUHUK
neyi. [ina BUKNOYeHHA Buxody hepocnnaBHOro rasy
Yyepes MiyHi ByHKkepW B HYX MOCTINHO NMOBUHEH MiATPU-
MyBaTWUCb NOTPiIOHWI piBEHb i BiANOBiAHa Maca LUMXTW.

apgknx B.A. — k.T.H., gou. YOYHT
Py6aH A.B. — k.T.H., gou. YOYHT
KysbmeHko C.M. — acnipaHT YOYHT
Ps6ues O.0. — acnipaHt YOYHT
AHocoB O.B. — acnipant YOYHT
KpaBueHko B.I. — acnipaHt YOYHT

(OO

B BaHHi chepocnnasHoi nedi Tuny Pr13-63 3Haxo-
antbca 6ins 300 1. wuxTtn [9-12].

BigHoBmoBanbHi npouecn Ta opMyBaHHSA LUNAKy
i MeTany BigbyBaeTbCA B NPUENEKTPOAHNX 30HaX i Ha
noauHi. B cepegHboMy Yepes 2,66 rognHu npogyKTu
nnaBKy BUNycKaroTb i3 nedi. XiMiYHuMn cknag BUxigHnx
LUMXTOBUX MaTepianis KOHTPOMKTL OAWH pa3 3a
3MiHy. B nnaBunbHoOMy XypHarni ikCyeTbCs Takox
Maca KO)XHOro BUTPA4YeHOoro 3a pobo4y 3MiHy LUMXTO-
BOro KOMMOHeHTa. XiMiYHUA cknag depocnnasy,
lwnaky i IX Maca KOHTPOIOKTLCA No-nraBoyHo. [pu
CKragaHHi maTtepianbHOro ©GanaHcy BunnaBku e-
pocnnaBy Ha BUPOBHMLTBI BMKOPUCTOBYETLCA METO-
AvKa y3ararnbHeHHs NokasHuWKiB 3a o0y i B uinomy 3a
BUAiNneHun nepiog vacy.

[Ona nepiognyHux ByrneLeBoBiOHOBNIOBANbHMX
npouecis npu Takomy nigxoAi i 3a Yacom noyaTok
3MIHEHHS ckrajy LUMXTU BignoBigae HOBOMY ckriagy
oTpumaHoro depocnnasy B nepiog nnasku. [lpoTe,
NOTYXHi PyOOBIOHOBMIOBAmNbHI Nedi, ki npauoTb
Ge3nepepBHYM MPOLIECOM, MaKTb BEMUKY [MMOUHY
BaHHM (Oo 5 m). Came B Takux nevax i BiabyBaeTbcs
«TPaHCMOPTHE 3ani3HEeHHA» MK MoYaTKOM 3aBaHTa-
XEHHA 3MIHEeHOro cknagy LUUXTW i MoYaTkoM OTpu-
MaHHSA dhepocnnaBy HOBOro XiMiYHOrO ckragy, SKUR
BiANOBIQAE LM LLMXTI.

Gladkikh V. —c.t.s., docent USUST
Ruban A. —c.t.s., docent USUST
Kuzmenko S. — PhD student at USUST
Riabtsev O. — PhD student at USUST
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MeTa i 3aBaaHHA gocnimkeHHA. B poboTi 3anpo-
MOHOBAHO CKOPEroBaHy METOAMKY BCTAHOBIEHHS KO-
pensuinHMX B3aEMO3B'A3KIB MiXK BUXIOHUMUW NapameT-
pamMu i KiHLEBMMM MOKa3HUKaMU 3 ypaxyBaHHAM Tex-
HOMOFYHOI  IHEPLIMHOCTI NpoLecy — «TPaHCNOPTHOro
3ani3HeHHs». «TpaHCMNopTHE 3ani3HEHHS» - Lie TOn
nepioag vacy, Ha skun Gyge BiabyBaTUChb 3ani3HEHHS
npmxoay LWNXTOBUX MaTepianis B peakuiiHy 30Hy neui
e YTBOPIOETLCA KiHLEBWIA cknag depocnnasy.

Marepianu Ta meTogu pocnigxeHHA. B pobori
3anponoHoBaHa MeToAvKa Npu NPOBEAEHHI ekcrnepu-
MEHTaNbHNX NMaBoOK B MPOMMCIIOBUX YMOBAX, Aka 0O3-
BOMUMIa BU3HAYMTK YaC KTPAHCMOPTHOIO 3ani3HEeHHs»
npy Bunnaeui  depocunikomapraHuio 3 6a3oBuM
BMiCTOM MapraHuto (65-68%). 3miHeHHs BMiCTY 3ani3a
(3 3% o 11%) i mapraHuto (3 76% no 68%) B depo-
cunikomapraHui 3acsigyyBano npo BigMOBIOHICTb OT-
PYMaHOro KiHLUEBOro CcnnaeBy 3MiHEHOMY paHiwe
cKragy LUMXTHK.

lMpomncrnoBi AOCHIMKEHHA NPOBOANIUCE B YMOBaX
depocnnasHoro uexy AT «Hikononbcbkuin 3aBog, de-
pocnnagiB» Ha neuvi P3-63, ska Bunnaensana depo-
cuvnikomapraHeub cknagy: 73-74% Mn, 17-18% Si,
6-7% Fe, 3a npunHATO TexHonorieto. ABTopamn po-
©oTM Byno npoBeAeHO NPOMMUCIIOBUA EKCMEPUMEHT 3
nepexofy Ha iHWWA cKnNag MeTany i3 3HWKEHUM
BMIiCTOM MapraHuto. PoboTa neui nig 4ac gocnigkeHb
BKIMOYana nepiog, B Akvi BigbyBaBcs nepexig Big
BMMNMNaBKM ToBapHOro dyepocunikomapraHuio (cnnas
mapkun MHC17) 3 paHiwe BKasaHMM BMICTOM Map-
raHuto i 3anisa go 6asosux BignosigHo go JCTY3548-
97 BENMYMH BMICTY LUX eNneMeHTIB B hepocurikomap-
raHuto, %: Mn He meHwwe 65, Si B mexax 15-20.

BunnaBky depocunikomapraHul Takoro cknagy
BEMW 3 MapraHLEBOI CUPOBMHU 3 JOOABKOK B LUNXTY
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3anisopygHux maTepianis. Crig 3asHaunT, WO Takn
ChfnaB XapakTepuayeTbCa MiABULLEHOI LUIMBHICTIO i
MEHLLOK KPUXKICTIO, WO Chpusie nNig 4ac dpak-
LiOHYBaHHA 3MeHLWeHH Buxogy BiaciBy (dpp. O-
10 mM) npakTuyHO B 2 pa3u. B sikocTi 3anisoBmicHOro
KOMMOHEHTA LLINXTH BMKOPMCTOBYBanu cupi
3anisopyaHi obkotuwi (62-63% Fe), Butpatm Akmx
ckrnaganu 6-10 T. 3a pobouyy 3miHy. Lle npussoguno oo
3HWKEHHS BMICTY MapraHuto y rotoBomy crnnasi 3 76%
0o piBHa [ICTY 3548-97, a came — He meHLwe 65%.

CyTHiCTb MeToaMKN Npy 06podLi AaHNX NPOMUCIIO-
BOrO €KCNepuMEHTY nornsrana B TOYHOMY (DiKCyBaHHi
yacy 3aBaHTaXEHHS Ha KOSOWHUK doepocnsiaBHOI
€IeKTponevi LUNXTK 3 00KOTMULIAMM i 3MiHM BMICTY Map-
raHuto B goepocnnasi, sikun 0yno otTpumaHo.

PesynbTtatu gocnimkeHHs Ta iXx oOroBOpeHHs.
Mpw nigBULLIEHHI MacK 3ani3a 3miHIOBanack 4ons map-
raHul B Chnaei, WO AaBano 3Mory BM3HA4YMTU 4ac
«TPAHCMNOPTHOrO 3anisHeHHs». Pi3Huuda vacy mix 3a-
BaHTaXXEHHAM €eKCNeprvMEHTanbHOI LWNXTU Ta 3MiHa
BMICTY MapraHuto y XiMiYHOMY CKragi rotoBoro ¢epo-
cunikomapraHuto i 6yna B1M3HavyeHa K «TpaHCMopTHe
3anisHeHHa». B KiHUI eKcnepuMeHTy BM3Ha4danm
«TPaHCMOPTHE 3ani3HeHHs» 3a pobouMmMu 3MiHamu
(nnaBkamu) - 3aKiHYEHHS1 3aBaHTaXXEHHSA OOKOTULLIB B
niv i 3MiHKM Macu MapraHut y depocnnasi, skui 6yno
oTpumMaHo. [ns niaBuLWEHHA HaAiMHOCTI BUCHOBKIB
Hamu Byno npoaHanizoBaHo poBOTy neYi BNPOAOBX
81 pobounx 3miH, Wwo cknano mavxe 27 aié 6esnepe-
pBHOi poboTn. [padiivHi pesynbTaT [OCHiAKEHb
HaBepfeHi Ha puc.1. Cnig 3a3HaunTtu, wo puc.16, € npo-
OOBXEeHHsIM puc.1a 3a Biccto abcumc, Ha SAki 3adikco-
BaHO KinbKiCTb 3MiH npoTsarom 27 ai6 6e3nepepBHOro
ekcnepemeHTa. a Ta puc.16.

<Fe>1 [Mn], %
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Puc.1, a — XapakTtep 3MiH1 Macu 3anisa, 3a4aHoro 3 LWMXTOK i oTpumaHoi YacTku (%) mapraHuto B Cnnasi
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Pwuc.1, 6 - Xapakrep 3MiHM Macu 3anisa, 3a4aHoro 3 LWMXTO | OTPMMaHoi YacTkm (%) mapraHuto B cnnasi

3 ypaxyBaHHSIM OTpMMaHuX pe3ynbTaTiB aBTopamm
y noganblioMy Oyno onpaubOBaHO MacuB AaHuX
cTabinbHOI poboTK neui BnpogoBx 2x micsuie — 180
poboumnx 3MmiH. ig Yac popmyBaHHA MacuBy AaHUX
«TPaHCMOPTHE 3amni3HeHHs1» CMOXUTOI LUMXTK, LWO
BignoBigae BuNyLWEeHoOMY MeTarny, BpaxoByBarocs
HACTYMHUM YMHOM: Maca LUMXTW BUTPaYeHa Ha BUpOO-
HULUTBO MeTary BiAnoBigae KiNbKOCTi LUMXTK, SKa 3a-
BaHTa)KeHa B Ni4 NPOTArom L€l 3miHW, ane cknag
BiANOBIgae cknagy LUMXTU 3aBaHTaXXEHOMY 2 3MiHU
ToMYy. NepepaxyHOK «TPaHCMOPTHOMO 3ani3HEHHS», K
KINIbKICTb  CMIOXMWTOI LUMXTWN, A0 KiNbKOCTi OTPMMaHOro
MeTany, NpoBoAMTLCS 3a OPMYIIOH:

Mikn) = (Min-2/Mwe-2))Mwe), T, (1)

e Mign) — Bara KOMMNOHeHTN 1, sika ckopuroaHa 3
ypaxyBaHHSIM «TPaHCMOPTHOrO 3anisHeHHs», T.; Min-
2) — Bara KOMMNOHEHTN 1 3a AaHUMU XypHany i3 3anis-
HEHHAM 2 3MiHW, T.; Mw (h2) - 3arasibHa Bara LKXTn i3
3ani3HEeHHAM Ha 2 3MiHW, T.;

M (ny — 3arafibHa Bara LUMXTU 3a NOTOYHY 3MiHY, T.

CyMicHe BiZHOBNEHHSA MapraHLto i KpeMHito nig yac
BUMMABKN drepocuriikoMapraHulo CynpoBOMAXKYETbCS
NPOTIKAHHAM CKNagHuX  i3nKo-XiMiYHMX npoLuecis.
Mpu UbOMY LLIMXTOBI MaTepiany NPoxXoaaTb Pi3Hi Tem-
nepaTypHi 30HM, 3a3Haloun psa 3MiH: gerigpaTadiio,
ancouiauito okenais i kapboHartiB, YacTkoBe abo NoBHe
BIHOBMEHHS OKCUAIB, LLNAKOYTBOPEHHS, NOAiN npoay-
KTiB NMaBKW Ha LUNakoBy Ta meTanesy ¢asn, ocTaTto-
YHe hbopMyBaHHA PO3nnasy.

KinbkicTe MeTany 3HaxoamnTbCs Y TICHOMY 3B'S3Ky 3
TeMnepaTtypHUMnU ymoBaMu MNaBku, WO BU3HAYa-
IOTbCA €MNEKTPUYHMM peXnMomM. Ha enekTpuyHuin pe-
XKUM, Y CBOIO Yepry, BIMBaOTb XiMIY4HUI Ta rpaHyno-
METPUYHMIA  CKMaguM WKUXTOBUX  MaTepianis, 11X
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CMNiBBiOHOLLEHHS, KiNbKICTb BHECEHOI HUMW BOJIOTH,
Yyac nepebyBaHHA Yy Pi3HMX 30HaX, YMOBW LUNAKOYTBO-
peHHS.

Mpw TakoMy BaraTopakTopHOMY BNMBI Ha pe3yrb-
TaTV Npouecy SK Kputepii edpeKTUBHOCTI MOXYTb ByTH
0obBpaHi gBa-Tpu KiHLEBI NnapameTpu NpoLecy i SK iHTe-
rpanbHU MOKa3HUK - 3MiHa E€KOHOMIYHOI edeKTuB-
HocTi. TakmMmn KpuTepisMu edeKTUBHOCTI npoLecy
BMNNaBkM epocunikomapraHulo obpaHOo HacTynHi
TEXHIKO-eKOHOMIiYHi noka3Huku (TEM): npogyKTUBHICTbL
nevi - KpUTEPIN, WO Oae OLUiHKy OCHOBHOI METU npo-
uecy (Npu NEBHNX OOMEXEHHSIX 3@ BCTAHOBIIEHOO MO-
TYXHICTIO MiYHOro TpaHcdopmaTopa Ta 3MIiCTOM OC-
HOBHOIO MPOBIOHOrO eneMeHTa y BUXiaHIN WnXTi, B Aa-
HOMY BMNaAKy MapraHuio); CTyMiHb BUIyYeHHS Map-
raHul $K npoBigHOro enemeHTa; NMTOoMa BUTpaTa
enekTpoeHeprii [1,10].

Taknum YMHOM, BCTAHOBIEHO, LLO Yac «TPaHCropT-
HOro 3ani3HeHHs» Ana hepocnnaBHUX enekTponeYven
Tuny Pl3-63 cknagae 16 rogmH. To6To 2 3miHK. Mpu
TakoMy Nigxoai KOPEKTHICTb pe3ynbTaTiB CTaTUCTUYHOI
06po6KM BNMMBY BUXIOHUX OAHWX HA KiHLEBI Mokas-
HWKW BUMNIaBKU pepocurikomapraHuto 3HaqHo nigsu-
Lmnachb.

HaibinbLu eeKkTMBHMIN MeTo BCTAHOBIEHHS Kinb-
KICHMX OLiHOK Ta gilo4Mx 3aKOHOMIpHOCTEN, 3acHOBa-
HUA Ha OOCHiAKEHHI CTaTUCTUYHUX B3aEMO3B'A3KIB Y
daKTUYHUX JaHuKX, IO XapaKTepusylTb npolec 3a
TpuBanum nepiog yacy. Lle nae MoxnueicTb 3a Aorno-
MOrOK CTaTUCTUYHOIO aHanidy BCTAHOBUTU XapakTep
3B'A3KiB Ta B3aEMHOrO BMNSIUBY €MNEKTPUYHUX XapaKTe-
PUCTUK Ta NapameTpiB TEXHOMOrYHOro npovecy, Aatu
IX KiNbKICHY Ta SAKICHY OLIHKY 3 METOK MOXIMBOCTI
CBOEYACHOro pearyBaHHs Ha BIOXWNEHHS Y TexHo-
noriYyHOMy MpOLECi.



BignoeigHa 06pobka pe3ynbTaTiB CNOCTEPEXEHD 3a
CKMagoM LUMXTOBUX MaTepianiB, XoooM TEeXHOMOoriy-
HOrO NpoLieCy, KiNbKICTIO Ta SAKICTHO NPoAYKLii 403BONSE
nepenbavaT MOXIMBICTb NOPYLUEHHS HEODOXIaHWUX na-
pameTpiB KiHLUEBMX NPOAYKTIB BMPOOHMUTBA, KOMK iX
SKICTb 3HaXoAUTLCA B 3adaHUX MeXaxX i CBOeYacHO
BBOOWUTM BIANOBIAHI KOperyBaHHs, siki 3abesneuyoTb
CTanicTb TEXHOMOrYHOro pexumy [12-14].

MMig yac BupobHuLTBa hepocnnagiB y pyaoBiaHOB-
noBanbHUX MeYyax OCHOBHUMW MOSICHIOBANbHUMMN
3MIHHMMK, Big AKX  3anNeXxuTb  IHTEHCUBHICTb
NPOTiKaHHS TEXHOSONYHOIO NPOLLECY, € ENEKTPUYHI Xa-
PaKTEPUCTMKN Ta 4ac, BUTPAYEHUIn Ha BUPOOHULITBO
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meTany (Big 3aKpuUTTS NbOTKM MONEPEAHBOIO BUMYCKY
MeTarny OO 3aKpUTTH NbOTKM NMOTOYHOrO).

Ha eTtani napameTpu3aLii 6yno BCTaHOBNEHO Taki
pe3ynbTytodi 3MiHHI: KINbKICTb CMOXWTOrO Miv4t0 Map-
raHuto <Mn>, T; KinbKiCTb MapraHLto, sikum 6yno otpu-
MaHo [Mn], T; kinbkicTb MeTany, skui 6yno Bunnas-
neHo [Me], T; KinbKiCTb BUTpayeHoi enekTpoeHeprii Qn,
kBT roa; npoayktuBHicTb nedi Mn, T/rog. MNepenik Ta
[ianasoH 3MiHM 3HaYeHb eNEKTPUYHNX XapaKTepPUCTUK
HaBedeHNX OO OOHOro enekrpofa, 4ac, BUTpaYeHun
Ha BMPOBHMUTBO MeTany, KinbKiCTb, Cknag Ta maca
NPOBIOHUX €MEMEHTIB WNXTN Ta MeTany, skun 6yno
OTpVMMaHO NpeacTaeneHi B Tabn.1

Tabnuus 1 —MNepenik Ta xapakTepucTyka BUXigHUX JaHUX (3a 3MiHY)

HavimeHyBaHHS MNo3HaveHHs OanHunuga | Makc. | Cep. MiH.
BUMIpY

Bara mapraHuto, O CNOXNUTO NiY4to <Mn> T 106,9 64,4 20,1
Yac, BuTpayeHMn Ha BUPOOHMLTBO fuer B, 759 452 140
MeTany

Maca oTpumMaHoOro MapraHuo [Mn] T 95,15 48,3 14,3
Bara meTany, aknn oTpuMmaHo [Me] T 130,7 66,8 20,0
[MpodyKTMBHICTb nedi MMn T/rog 14,8 8,9 1,6
KinbkicTe BUTpayeHoi enektpoeHeprii | Qn MBT-rog 563 286 66
CTpym enektpoga la KA 93,3 78,6 55,0
Onip enekTpoga Rs MOm 1,37 0,93 0,47

PesynbTati perpecinHoro aHanisy BMKOPUCTOBYBANWUCS AN OTPMMaHHSA PiBHSHb BNAMBY 3HAY€Hb BXiAHUX
3MiHHMX Ha TEI poboTu nevi: npoaykTMBHICTb [n, BUMyYeHHs mapraHuio nwvn=[Mn}/<Mn>; nutoma BuTpaTa

eneKTpoeHeprii Ha TOHy rotoBoro cnnasy, Qy;=Qn/[Me].

My = 0,0039 - [;3%% . RY?%7 . ¢, 0049 @)

- im:l = 0,007 - 13,436 ) R;o,oos . (0453, 3)
Q , -0, ,

Q= 2 = 2,217 1§08 RO 10 @

BucHoBku

BpaxoBytoun Benuky iHepUuinHiCTb 3akputoi de-
pocniaBHOI Nevi i 3HaYHi KONMBaHHA MK BUXIGHUMU i
KIHLEBMMU JaHUMK Oyro NMpUAHATO MPOBOAWTU yce-
pedHEeHHs pe3ynbTaTiB He 3a nnaBkamu, a 3a pobo-
YyumMmn 3MmiHamu. pu Takomy nigxodi NiaBULLYETHCS
koedpiuieHT kopensduii Npu BU3HAYEHHI dyHKUiOHanNb-
HWX 3B'A3KIB MOMIXK BMXiOHUMU napameTpamu i KiHue-
BMMU NMOKa3HNKaMM.

EkcnepumeHTanbHO BCTaHOBMEHO, WO 33 YMOB
Ge3nepepBHOi pobOTN PYyLOBIAHOBMIOBANBHOI EMeK-
Tponeyi PI3-63 npu cTabinbHin NOTY>XHOCTI y AEHHI Ta
HiYHi 3MiHW Yac «TPaHCMNOPTHOro 3ani3HEHHA» CKNadae
16 roguH - To6T0 2 3MiHW.

Ha ocHoBi 06pobku macuBy AaHWX MPOMMCIIOBUX
nnaBoK dpepocunikomapraHLo B poboTi BCTaHOBMNEHO
3anexHocTi BnnvBy onopy enekrpoaa (Rs) Ha npoayk-
TuBHiCTE nevi ([n), NUTOMI BWUTPaTU ENeKTPUYHOI
eHeprii (Qn) Ta koeiLiEHT BUMYYEHHST MapraHul y
cnnas (MNun).
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Holub L.V., Nosko 0.A., Koval D.O., Kovzik A.M., Kushnir Yu.O.
Study of properties of sintered chrome-nickel-niobium steel

Mema. lNposedeHHs1 aHari3y cy4acHUX MexHoo2ill 8U20MOBIIEHHs MOPOWKO8UX Mamepianie 01151 adumu8HUX MEXHOJIO0-
2ill supobHUUMea, 8U3Ha4YeHHSI IX K/TKHOBUX XapakmepucmuKk ma 3’acye8aHHs1 ennugy supobHuymea Ha KiHuesy siKkicmb
8upobie npu 3adaHux ymoeax ekcrisiyamauii. [JJocnidxeHHs MexaHiYHUX erlacmusocmeli ma Kopo3iliHoi cmitikocmi gu-
poby 3 crie4eHoi XpoM-Hikerb-Hiobiegoi cmarii eu2omoeneHo20 adumueHO MeXHOJOZIEH.

Memoduka. TeopemuyHi ma ekcriepumeHmarsibHi 00CiOXXeHHSs1 3paskKie criedeHuUx nopowkosux cmarnet 3a ISO 2738, ISO
4003 Ons nopowekis, a makox Onsi MexaHidHux ernacmueocmeti 3paskie 3a ISO 3325:2017; ISO 3928:2014; ISO
6892:2019; ISO 6506-1:2019.

Pesynbmamu. [ocrniOxeHo MexaHiyHi enacmusocmi ma KopogsiliHy cmiliKicmb crie4yeHol XpoM-Hikerb-Hiobiegoi cmari
rpu 3a0aHux yMosax ekcrimyamauii aupobis. BcrmaHoeneHo ennue nopucmocmi Ha xapocmiliKicmb ma MexaHidHi enac-
mueocmi crieyeHUx Mamepianig npu supobHuymea supobie memodom Selective laser melting.

Haykoea Hogu3Ha. OmpumMaHHsi HOBOI iHghopMauii, wo 00 MexaHidHUX ma Xapocmilikux Xxapakmepucmuk 0nsi cmanel
SIKi 3arporoHoeaHi 051si aBumueHOI mexHosozii Npu nidsuLeHUX memrepamypHUX yMosax ekcrilyamauii eupobis. 3’scy-
8aHHS 8I/1UBY KOHMaKmie Crie4eHUX YacmuHOK MOPOLWKY Ha MexaHiYHi enacmugocmi rnopouwKogoeo eupoby.
lNpakmuyHa 3Ha4ywicms. BcmaHosneHo, wo crneveHi Mmamepianu, wo Micmsims 6iribwy KifibKicmb mepmMocmiliKux Kom-
MMOHEeHMI8, MalomMb HUXHIO 8iOKpUMy nopucmicms ma 6inbw Kopo3itHocmiliki npu nidsuweHuUx memnepamypax. 3anpo-
r1oOHOBaHi MexHonoeidHi Memoou nid8uUUeHHST KOPO3iliIHOI cmilikocmi criedeHUX XpoM-Hikenb-Hiobiegoi cmanel. Po3wu-
PEHHS1 copmamMeHmy MopoWKo8UX Mamepiarie 0551 aOumueHUX mexHosoeid.

Knroyoei cnosa: Hepxasitodya cmarb, XpoM, Hikernb, selective laser melting, kopositiHa cmilikicmb, MOPOWOK, CrieYeHi
8upobu

Goal. Conducting an analysis of modern technologies for the production of powder materials for additive manufacturing
technologies, determining their key characteristics and clarifying the impact of production on the final quality of products
under given operating conditions. Study of the mechanical properties and corrosion resistance of a sintered chrome-
nickel-niobium steel product made by additive technology.

Method. Theoretical and experimental studies of samples of sintered powder steels according to ISO 2738, ISO 4003 for
powders, as well as for mechanical properties of samples according to ISO 3325:2017; ISO 3928:2014; ISO 6892:2019;
ISO 6506-1:2019.

The results. The mechanical properties and corrosion resistance of sintered chrome-nickel-niobium steel under the spec-
ified operating conditions of the products were studied. The effect of porosity on the heat resistance and mechanical
properties of sintered materials during the production of products by the Selective laser melting method was established
Scientific novelty. Obtaining new information regarding the mechanical and heat-resistant characteristics of steels pro-
posed for additive technology at elevated temperature conditions of product operation. Elucidation of the effect of contacts
of sintered powder particles on the mechanical properties of the powder product.

Practical significance. It has been established that sintered materials containing a greater number of heat-resistant com-
ponents have lower open porosity and are more corrosion-resistant at elevated temperatures. Proposed technological
methods of increasing the corrosion resistance of sintered chromium-nickel-niobium steels. Expansion of the range of
powder materials for additive technologies

Key words: stainless steel, chrome, nickel, selective laser melting, corrosion resistance, powder, sinked products

JlocaiIsKeHHS BJIACTUBOCTEN ClieYeHOI XPOM-HiKeIb-HI00I€BOI cTaJIi

BcTyn. Po3BUTOK aAMTUBHUX TEXHOMOr aKTUBHO
CTMMYIIOE MOLUYK HOBUX MaTtepiarnis Ta MeToAIB iX BU-
pobHuuTBa [1]. 3aBAskM 3Ha4YHOMY Nporpecy B Ui 06-
nacTi 3pocTae€ iHTepec 00 BOOCKOHAEHHS MOPOLLKO-
BVX MaTepianis. PUHOK maTepianis NoCTinHO OHOBIIO-
€TbCA 30Kpema, CNnocTepiraeTbCA 3pOCTaHHs iHTepecy
00 maTepianis, WO MaloTb NOAINWEHI MexaHidHi Ta gi-
3UKO-XiMIYHi BNaCTMUBOCTI.

HocnimkeHHs i aHani3 pisHUX TeXHONOri BUPOOHK-
LTBa MeTaneBmx NMOPOLLKIB AN aAUTUBHOIO BUPOGHY-
LTBa, iX XapakTepucTmka Ta BB Ha SKICTb rOTOBUX
BMPOOIB € aKkTyanbHUM 3aBAaHHAM Afsi MOPOLUKOBOI
MeTanyprii y TenepiwHin yac. 3 po3BUTKOM agUTUBHUX
TEXHOJOTIN [0 BUPOOHULTBA NOPOLUKOBUX MaTepianis
BMCYBalOTbCA BCce Oinblue CyTTEBI BUMOMM OO SAKOCTI
MOPOLLIKIB, LLIO B CBOIO Yepry notpedye CyTTEBUX 3MiH Y
TEXHOIOrii BUPOOHMLTBA HE TiNbKM NMOPOLLKIB, a TAKOX
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i 4O MaTepianiB 3 AKMX BOHU BUPOONAOTECA. AOUTUBHI
TEeXHONOTril, siKi TakoX Bigomi sik 3D Apyk, Ha CbOroaHi-
WHI OeHb € OOHUMW 3 HanbinbLL NepPCNeKTUBHUX Ha-
NPSIMKIB PO3BUTKY Cy4aCHOI NOPOLLKOBOI MPOMMCIIOBO-
cti [1, 2]. La TexHonoria [03BOMSE BUTOTOBNSATU BU-
pobu Byab-AKOi CKNagHOCTI, MiHIMI3YHO4M KiNbKiCTb Ma-
TepianbHMX BUTpAaT i Yacy Ha BUPOOHMLTBO. OaHaK,
eeKTUBHICTb | AKICTb KiHLEBOro NpoayKTy 3HayHOH
MipOI0 3anexuTb Bif AKOCTI Ta BAaCTMBOCTEN NOPOLL-
KOBWX MaTepianis, WO BMKOPUCTOBYIOTLCA B NpOLEC
aguTMBHOro BMpobHuLTBa [3-5]. Came ToMy TeXHoso-
rivHi acnekTn BMpobHUUTBa nopowwkiB Ans 3D gpyky €
aKTyanbHOK TEMOK OS89 OOCHIMKEHHSA, OCKINbKM Bifg
HUX 3aNeXUTb YCNiX BIPOBaMKEHHS HOBUX agUTUBHUX
TEXHONOriN y BUpOoOHUUTBO. [opoLLKoBi MmaTepiany Bu-
KOPUCTOBYOTLCA B Pi3HUX rany3sx aguTUBHOIO BUPO-
OHUUTBA: Big BUrOTOBIEHHS MPOTOTUNIB 4O CEPINHOro
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BMPOOHMLTBA aeTarnen ansa aepokoCcMivYHOI, MegnNYHOI,
aBTOMODIMbHOT Ta iHLIKX.

AHania nitepatypHuMx AaHWx Ta MOCTaHOBKa Npo-
6rnemun. TexHornorii TPMBUMIPHOrO APYKy poO3BMBa-
I0TbCA WBMAKMMN Temnamu. Big nepluoi cnpobu ano-
Hug Xigeo Kogamu 3anateHTyBaTu Npouec LUBUAKOMO
npototunyBaHHsa (1981 p., oo pevi, cnpoba He Baa-
nacsl) Ta nosisu neplumx poboumx 3paskis 3D-npuH-
Tepa (1983-1986 p.p.) 4O CbOroAHi MUHYNO Tpoxu Bi-
nbwe 40 pokiB. TexHonoria, ska BUKOPUCTOBYE OPYK
MeTaneBnM NOPOLLKOM BiAHOCHO HOBa, i KomepuiiHe
BUKOPUCTaHHSA po3noyanocs Ha noyaTky 2000-x pokiB.
CyuvacHi anapatu TPMBUMIPHOIO OPYKY OO03BOMSATb
BMIOTOBMIATM NPOCTOPOBI BUPOOY i3 YNCTUX MeTarniB Ta
IXHiX cnnagiB, BKNOYAOUN KOHCTPYKLUiMHI, HEpXKaBitoui
Ta iHCTpyMeHTanbHi cTani [2, 6-7]. HesBaxatoun Ha Be-
NUKY KiNbKiCTb Ha3B npouecis 3D apyky MeTanamu BCi
BOHM 3aCHOBaHi Ha MPWHUMMI MAaBAEeHHS MOPOLLKO-
BOro wapy. TexHornoris BupobHuuTBa nonsrae y no-
WwapoBoMy TBepaodasHoMy abo pigkodasHomy cni-
KaHHi MeTaneBMX MOPOLUKIB HeOoBXiAHOro XiMi4HOro
ckrnagy nig BNnAMBoM 30BHILWHIX mxepen eHeprii [8]. Cy-
YacHe BMPOBHMLUTBO CTPIMKO PYXa€ETbCA B HanpsiMKy
NigBULLEHHS e(PEKTUBHOCTI, 3MEHLLUEHHA MaTepianb-
HMX BUTpAT i Yacy, HeobXigHOro AN BUrOTOBIIEHHSA Ae-
Tanen. 3D opyK TEXHOMOrA € OOHUM i3 KITOYOBUX Ha-
NPSIMKIB PO3BUTKY Cy4YacHOI NMOPOLLKOBOI MeTanyprii,
3aBASAKM CBOIN 30aTHOCTI CTBOpOBaTN BMPOOM cknaga-
Hoi hopmmn Be3 NnoTpebu y BUKOPUCTaHHI OOaTKOBMX
iHCTpyMeHTiB abo maTtpuub [9, 10].

3HayHa YacTvHa aguTUBHNX TexHorori 6asyeTbes
Ha BUKOPWUCTaHHI XapakTepUCTMK NOPOLLKOBUX MaTepi-
anis, TakMx sIKk PO3Mip 4YacTUHOK, Mopdbororia, Ximiy-
HWI cknag i Pi3nYHi BACTMBOCTI, 3aNEXNUTb He TiNlbKK
AKICTb OpYKYy, ane N NpoayKTUBHICTb Mpouecy B Ui-
nowmy. Lle pobuTb npoLec BUroTOBNEHHSA NOPOLLKIB 04-
HMM i3 HaNBINbLL KPUTUYHMX eTaniB Y BCbOMY NaHL03i
aauTUBHOIO BUPOOHMLTBA. TOMY 4O NMOPOLLKIB, L0 BY-
kopucToBytoTeCa Ans 3D gpyky, npea’sBNs0TLCH 0COo-
6nuei Bumorn. Tak, Hanpuknag, onsa Toro wob matu
BMCOKY NPOAYKTUBHICTb APYKY, HEOOXiAHO BUKOPUCTO-
BYBaTW NMOPOLLKN 3 BUCOKOK TEKyYicTio. Lie npuinHATo
ONSA NOPOLLKIB cdhepnyHO0 PopMOI0 HacToK, SKi BUTO-
TOBNSAOTb PO3MUIEHHs M po3nnaseis rasom [11].

MopoLwuku, Wwo BukopuctToBytoTbcs Ansg 3D apyky,
KnacugikyroTbCsl 3a KinbKOMa OCHOBHUMW O3HaKamMu:
XiMiYHMIA cknaf, rpaHyrnoMeTpu4Hun cknag, Mopgo-
Norisi YaCTUHOK, MeTod OTpUMaHHsS nopoLluky. MeTa-
neBi NOPOLLKKM, 30KpeMa 3i cTari, antoMiHito, TUTaHy Ta
IXHiX cnnaeiB, € OCHOBHUMW MaTepianamu s npoMu-
cnosoro 3D gpyky [3, 4, 8, 9].

3D apyk meTanom 3apas HapaxoBye JOCUTb HeBe-
Nk Habip cTanen, Takux SK: iHCTPYMeHTanbHi, He-
pXasitodi, XapOoMiLHi, KOHCTPYKUiHI, WO MICTHATb
XpOM, KODanbT, TUTaH; a TakoX crnewianbHi Cymiwi Ta
CKnagawm, Lo po3pobrisitoTbCs Nif KOHKPETHE 3aBAaHHS.
Po3spobka HOBMX maTepianiB Ta BOOCKOHANEHHS iCHY-
IOUMX TEXHOMOriN X BUPOBHULTBA A03BOMSE 3HAYHO
po3LwmnpuT Mexi 3actocyBaHHa 3D apyky [4, 10]. Og-
HaK, pa3oM i3 LUIMPOKUMU MOXKITUBOCTSIMU, iCHYE HU3Ka
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TEXHOSOTMYHUX BUKMKKIB, MOB'A3aHUX i3 BUrOTOBMEH-
HSAM MOPOLLKOBMX MaTepianiB, WO MawTb HeoOXigHi
XapaKTepuUcTUKM A5is 3abe3nedeHHs BUCOKOT AKOCTI Ki-
HUEeBOro npoaykTy. Lle HeoOXxiagHICTb CTBOPEHHST Aoc-
KOHAroro KOHTAaKTy MDK OKpPEMWMW Liapamu, oTpu-
MaHHSI CTPYKTYpM, LLO BianoBigae BMMOram, Ta iHLle.
Came TomMy npw po3pobui BupoBy, skun byae ekcnny-
aTyBaTUCA B KOHKPETHUX YyMOBax HeobxigHo obupatu
NMOPOLLOK 3 3afaHMMK BNACTUBOCTAMU eKkcnnyaTauii
BMpOOYy Ta BOOCKOHAmNeHy TEXHOSOorilo BUpobHMUTBA,
sKi © Bignosiganu BuMoram cyvacHux 3D npuHTepIB i
3abe3neyvyBanu BUCOKY SKICTb KiHLEBMX BUpOOiB. 3po-
cTaroda KOHKYPEeHUist y NpOMUCIOBOCTI BUMarae Bif
BUPOBHMKIB NOCTINHOIO NOLUYKY iHHOBALNHMX pilleHb,
LLIO CTOCYIOTbCS SIK BNACTMBOCTEN MaTepianis, Tak i Te-
XHOMOTIYHMX MPOLIECIB iX BUFOTOBMEHHS.

OCHOBHOIO BUMOrOK 0 MOPOLLKOBMX MaTtepianis i
BMpobiB € 6e3BigMOBHICTb poBOTM MaluWH, anaparis
abo npunagis B 3agaHUX yMOBaxX ekcnyaTallii, Wo xa-
PaKTEPU3YIOTLCA PIBHEM i XapakTepoMm Ailounx HaBaH-
TaXeHb, TPUBAMICTIO iX 3acToCyBaHHS, Temneparty-
poto, nepiognyHomy abo GeanepepBHOMY BNNMBY ar-
pecuBHOro cepefoBuLla Npu MiHiManbHUX BUTpaTax
mMaTepianbHUX, TPYAOBUX i €HepreTUYHUX pecypcis.
Tomy meTolo poboTM 06paHO BUBYEHHS BMMBY
cKknagy, CTPYKTYpW, MeTogy OTPMMaHHS Ha KOPO3ilHi
Ta hi3vko-MexaHiyHi BNacTMBOCTI maTtepiany anga 3a-
AOBiNbHEHa YMOB ekcnnyaTtauii, akui 3pobneHo agu-
TMBHOK TexHonorietlo. TobTo, HeobxigHo, nigibpatn
NOPOLLKOBUIA MaTepias, KU No3UTUBHO NOBOAUTLCS
npv 3agaHnx ymoBax ekcrnnyaTtauii Bupoby, akuii Buro-
ToBneHo 3D gpykom gns 3abesneyveHHst 3MEHLLEHHS
KiNbKOCTIi BigXxoaiB i NigBULLLEHHSI EKOJIOrYHOT CTIMKOCTI
BMPOOHNYMX NPOLECIB 3 MEHLUMM BMNSIMBOM Ha HaBKO-
NULLHE cepefoBuLLe, WO TaKoX A0AaE akTyanbHOCTI
Lin Temi.

Martepianu Ta MeToau AOCHIAKEHHA.

OcHoBHMMU NapameTpamu, Bi AKUX 3anexuTb sk-
iCTb MOpPUCTOro maTtepiany, € 3aranbHa NOPUCTICTb, pPo-
3Mip nip, MexaHiyHi XxapakTepucTukn ocnigHnx 3pas-
KiB.

3aranbHy MOPUCTICTb BM3HAYanW, BUXOOSYM 3
06’emy i Macu 3pasky, Ta NOPIBHIOKOYM i 3 LLIMNBHICTIO
6e3nopuctoro matepiany. [1nsa uboro 3saxxysanu 3pa-
30K Ha NoBiTpi i y BoAi. BusHaueHHs 3aranbHOi nopuc-
TOCTi npoBoaunu 3a ctaHgaptom ISO 2738:2009, pos-
Mip nop - 3a ISO 4003. [ins aHanidy MexaHiyHux Bna-
CTUBOCTEN 06paHi HacTyMHI MeToaN: BU3HAYEHHS TUM-
YacoBOro Onopy Ta Mexi TekyyocTi 3a 1ISO 3325:2017;
Moayno npyxHocTi 3a SO 6892:2019; BU3HaAYEHHSA
BiHOCHOIo noaoBXeHHsa 3a ISO 3928:2014; Bu3Ha-
YeHHsM TBepaocTi no bpinennto ISO 6506-1:2019.

dopma i po3mipu 3paskiB 4N BUSHAYEHHS TUMYa-
COBOroO OMOpy Ta BIAHOCHOrO MOAOBXEHHSA BigNOBI-
Aanv Bumoram i Manu HacTynHi po3mipu (pucyHky 1).
ToswwmHa 3paska (6,0 £ 0,3) mm. Ha noBepxHi 3pa3skis
He MOBMHHE OyTK BUCTYNIB, TPILUMH, 3aQMpPOK, po3Lua-
pyBaHb, PaKOBUH i MEXaHIYHUX YLLIKOMKEHb 3HAYEeHHS
napamMeTpiB LLUOPCTKOCTi 06pobneHnx noBepXxoHb po-
6o4oi YacTuHM Nnockoro 3paska Byna He 6inblie
20 MKM.
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PucyHok 1 — 3pasok ans sunpobysaHb

BunpobyBaHHs Ha TBepgicTb no bpiHennio (HB)
3[iCHIOBaBCSA BOABMIEHHAM Y BUMPOOYBaHUI 3pa3ok
CTaneBol KyfibkM BU3HAYEeHOro giameTtpa nig gieto 3a-
OaHOro HaBaHTaXXEHHSI MPOTAroM BU3HAYEHOro 4acy.
HiameTp Kynbkv i HaBaHTaXXeHHs AN BMNpPoOyBaHb
obupaHo Tak, wWob aiameTp BigOWUTKA OOpiBHIOBaB
d =(0,25... 0,5)D. BukopucTtoByBanacs Kynbka giame-
Tpom D =2,5 mm. ToBLmMHa 3paskis 6 mm. [iameTp Big-
BuTka BMMIpIOBaBCH 3a AOMOMOTOK fYMK, Ha OKYNspi
SIKOT HAaHeCeHa LWKkana 3 posnoginamu.

Kpim TOro, nporHo3syloun nigBuLLEHy KOpO3ilHY
CTIVKICTb Marepiany OUuiHIOBanM MOro XapocCTilKiCTb.
OCHOBHVMM METOAOM JOCHiAKEHHs1 0OpaHO OLHKY Xa-
POCTOMKOCTI 3paskiB Ha MOoBITPi Mpu Temneparypi
800 °C 3 po3paxyHKOM i aHari3oM MoKa3HWKIB KOpos3il,
3a METOAMKOI BUKNadeHO B [12].

MeTa i 3aBAaHHA gocnigXeHHs. Bnnue ocHoBHMX
CTPYKTYPHUX | TEXHOMOTYHUX (PaKTOPIB Ha MeXaHiyHi
BNacTMBOCTI MOPOLLKOBUX HepXaBilounmx cranen €
00’€KTOM YMCNEHHUX JOCTiAXKEHb. 3HAYHO MEHLLE BU-
BYEHa kopogsinHa cTinkicte [13]. OgHak cnig 3a3Ha-
YUTW, O MOPIBHATU KOPO3iHi BIAaCTUBOCTI NOPOLLIKO-
BMX MaTepianis OCUTb BaXKO Y 3B’AA3Ky 3 BiACYTHICTIO
€AVHOI MeToaukn BunpobyBaHb. TakoX Bi4OMO, LLO
BMCOKa KOPO3ilHA CTIMKICTb HepXaBitouMX MOPOLLIKIB
obymoBrneHa nacvBalieto NMOBEPXHi 4YacToK i nopy-
LWEeHHa MniBK1M MpU3BOAUTL [0 PI3KOro 3HWXKEHHS
onopy marepiany Koposil.

HanBaxnuBillMMn CTPYKTYPHUMW XapakTepucTu-
KamMu NMOpPOLLIKOBMX HEPXKaBitouMX cTanemn € NopucTiCTb,
CTPYKTypa YaCTMHOK MOPOLLKY Ta iX KOHTaKT. IHTEeHCH-
BHICTb BMSIMBY MOPWUCTOCTI Ha LUBMAKICTb KOPO3ii BU-
3HAYaEeTbCS CKNagoM MaTepiany, ymoBamMm NOro oTpu-
MaHHs i ekcnnyaradii (cknag cepeaoBuLla, Temnepa-
Typa, TpuBanictb poboTu Ta iHwWi). BctaHoBneHo [14],
LLO onip KOpO3ii NOPOLLKOBUX HEPXKAaBitOUMX CTanen ic-
TOTHO 3aneXwuTb Bif cNocoby OTPMMaHHS MOPOLLKY Y
3B’A3Ky 3 CUITbHO PO3BMHEHOK MOBepxHeto (nigBu-
LLeHHA AUCNEPCINHOCTI CTPYKTYpu). TakoxX Ha LwBuAa-
KiCTb kOpO3ii BNnMBae 30inbLUEHHS YMCTia KOHLEHTpa-
TOpIB Hanpyru (MiKponopu, MiKpoTpiLLuHK). Tomy npu
BMOOPI NMOPOLLIKOBMX HEpXaBilounx CTanen crig npar-

HyTW OO0 OTPMMAaHHS PIBHOBaXHOI CTPYKTypW 3 Benu-
KM 3€pHOM i MakCcMManbHUM pafiyCoM KPWBWU3HW B
BEPLUMHAX TPILLMH i MIKPOTPILLMH.

MigBMLEHHA KOPO3IiMHOI CTINKICTb TakoX Biabysa-
€TbCS NPU BBEAEHI Y CTamnb TakUX €NEMEHTIB SIK XpOM,
Hikenb (6inbwe 14 %), maprareub (binbwe 14 %), T-
TaH, Hiobin, monibaeH (GinbLie 1%) Ta 3HKEHHAM BMi-
cty Byrneuto [15]. daHa poboTta npucssiieHa gocni-
[PKEHHIO CNeYeHoi XpoM-Hikenb-HiobieBoi cTani. Taka
nvTa cTanb 3a CBOIM CKMNaaoM € apocTinkot. OgHak
0COBNMBOCTI BUrOTOBIEHHS BUPOBIB METOOOM aauTu-
BHOTO APYKY NOTPeObyI0Tb AOCHIMKEHb MEXaHIYHUX Xa-
pPaKTEPUCTMK Ta KOPO3iNHOI NOBELIHKN B OKUCIIHOBASIb-
HOi aTMocdepi Npu BUCOKMX TemnepaTypax. Tomy 3a-
BAAHHAM JOCHiMKEHHS Oyno BUBYEHHS BracTMBOCTEN
BMPOOY 3 XpOM-Hikenb-HiobieBOI cTani, Ta BMgaya pe-
KOMeHZaLjin aAna 3agaHux yMoB ekcrnyaTalii BUpooiB.

PesynbTtatn pgocnipxeHHs. [poBeneHo Jocni-
DKeHHs BMpoby oTpumaHoro 3D gpykom 3a selective
laser melting meTtogom 3i cneveHoi ctani cknagy, %:
0.9 Byrneuto, 20 xpomy, 32 Hikento, 0.9 Hiobito, mapra-
Huto 1.9, kpemHito 1.0, monidaeH 0.5 Ta iWwHi y 3B's3Ky
3 36inbLeHHsaM TemnepaTypu ekcrinyatauii Ha 250 °C.
Cranesui NOpOLLOK, OTPMMaHO METOAO0M ras3oBoi aTo-
Mi3auii - po3nuneHHs po3nnaBneHoro MeTany cTpyme-
HeM aproHy. Llen meTtoq go3Bonsie oTpumaTu cdepu-
YHi YaCTUHKM METarieBoOro MopoOLLKY 3 KOHTPOIbOBa-
HUM po3Mipom 60 BMPOOHULITBO MOPOLLKIB Le OOuH 3
rONOBHUX €TaniB L0 BMIIMBAE Ha SIKICTb KiHLEBOrO BU-
poOy. lNMpu gocnimkKeHHI OTPUMAHOro MOPOLLKY 3'sICO-
BaHO, LLO SAKICHUI CKnapg BianoBigae OCHOBHMM BMMO-
ram go bopmu 4acTMHOK (cdhepmnyHa dhopma crnocrepi-
raetbes y 92 % 4vacTok), dpakuinnHoro coctasy (95 %
BMXOQY 3adOBiMbHOI ppakuii 4acTMHOK MeTany
40-60-MKMm).

Micnsa gpyky enemeHT 3pa3ky rotoBoi getani npo-
aHarnisoBaHO 3a MexaHiYHMMMK Ta KOPO3iNHOCTIMKUMM
nokKasH1Kkamu.

MNpn npoBegeHi OocnimKeHb MEXaHIYHUX BRacTu-
BOCTEN 3a 0OpaHNMy METOAMKAMM OTPUMAaHI HACTYMHI
pesynbTtatu (Tabnuusa 1).
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Tabnuus 1 — BnacTMBOCTI MaTtepiany sikuii OOCTiLKyBaBCS.

BnactuBictb Oga. Bumipy 3Ha4yeHHs
Teepaictb no bpiHennto (HB) Og. 141
[MogoBXEeHHSA Npu po3puBI % 23
Tumyacoswuin onip Ml la 495
Mexa Teky4ocTi Ml la 215
Mogaynb Npy>KHOCTI Ma 205

TakoXX OTpMMaHi TepMidHi BMacTMBOCTI 0bGpaHoro
marepiany:

— MakcumarbHa xapomiuHicte 1050 °C;

— TennonpoBsigHicTe 13 BT/m-rpag;

— KoedilieHT TEnoBOro
16,3-10%/rpag.

OTprMaHuin po3nogin YacTUHOK NMOPOLLKY Y 06’eMi
BMPOOBY He € JOCTaTHLO PIBHOMIPHUM (PUCYHOK 2, a —

PO3LLMPEHHS

a)

y HaTypanbHomy Burnsagi, 6 — npu 25 kpatHomy 306inb-
LLEHHI) cnocTepiraemo BiACYTHICTb NNaBneHHs, HEPO3-
nnaBneHi YacTKW, MOPUCTICTb, LLIO MOXe NPUBECTU A0
3HWKEHHSA MeXaHiYHUX BNacTnBocTeln Bupoby y obna-
CTi CKynm4yeHHsA nycToT Ae Yy Bupobi cnocTtepiraeTbes
3BY)KEHHSI Ta 3MEHLUEHHs AdiamMeTpy Ta 36inbLiye mMo-
XKINMBI 3MEHLLUEHHS CTIMKOCTI O TOYKOBOI Ta LUiNMHHOI
KOpO3ii.

PucyHok 2. MakpocTpyKTypa po3nofiny YaCcTUHOK MOPOLLKY Micnsa ApyKy

Ha pucyHky 3 HaBeeHO OMH i3 3pa3KiB Ha AKOMY
Oyno mpoBedeHO AOCHIOKEHHS Ha KOPO3ivHY CTil-
KICTb: @ - NpW HaTypanbHOMY po3mipi, 6 — npu 25 kpa-
THOMY 36inblUeHHi. |HTEHCMBHICTE OKMCMOBANbHUX
npouecie OuUiHIOBaNoCck Mo NpPUPoOCTy Macu Ha oau-
HULIO NNoLWi 3paska B ogMHuLI0 Yacy. BisyanbHe cro-
CTEPEXEHHS 3a 3paskamu, Lo BUTPUMaHI JO TeMmne-
patypi 800 °C nokasarno HacTynHi 3amiHW. B no4aTko-
BOMY nepiodi BMCOKOTEMNepaTypHOI BUTPUMKU YCi
3pasky manu OfHaKoBY TOHKY MMiBKY CBITMO-Ciporo
konbopy. licna niBroagMHHOI BUTPUMKM 3pasku 3Mi-

HUNK KOnNip Big cpibnsacTo-ciporo o TeMHo-ciporo. MMi-
CNsi rogvHM BUTPMMKU Ha 3pa3kax 3’aBunacs 4itko Bu-
paXkeHa oKanuHa Cipo-3efneHoro Konbopy 3 negp no-
MITHUMK BypyBaTMMK MASMamu, K HEPIBHOMIPHO
pO3TalLOBaHi N0 NOBepXHi. 36iMbLUEHHS Yacy BUTpU-
MKW NpuBeno A0 36iMblUEeHHS] OKUCHEHOCTI MOBEPXHi
3paskiB, ane CyTTEBMX 3MiH KONbopy Ta ob’emy He
crnocTepiranocb. Pasom ¢ TMM criocTepiranocs ckyr-
YeHHs1 OKMCHOI MMiBKK, WO yTBOpUnacs, Ta HepiBHO-
MipHUI 1T pO3NoAin No NoBepxHi 3pa3ski..

a)
PucyHok 3. 3pasok nicnsa npoBegeHoro JOCTiMKEHHS Ha KOPO3iHY CTIiMKICTb
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O6roBopeHHsA pe3ynbTaTiB. Bigomo wo npu Bu-
pPOGHULTBI OeTanen ckrnagHoi KoHirypauii BUkopuc-
ToBYOTb 3D ApYyK 3 MOPOLLKIB HEPXABIOUMNX CTanen
03X17H14M2 (AISI 316), 03X17H13M2 (AISI 316L)
[16]. Lli nopowikn, wo MicTsaTb MonibaeH Ta MatoTb HU-
3bKWi1 BMICT BYrneLo, BUKOPUCTOBYHOTb AN APYKY Mi-
LHUX Ta AOBroBiYHUX AeTanen 3i cknagHow reoMeT-
pi€to 3a ONOMOrot0 pisHMX npouecis 3D-apyky, Taknx
SIK CeneKkTMBHe nasepHe crnikaHHa (SLS), npame na-
3epHe cnikaHHa meTanis (DMLS), enekTpoHHO-Npo-
MeHeBe nnaeneHHst (EBM) Ta iHwi. Bupobun matoTb
BUCOKY MILHICTb i BiAMiHHI aHTUKOPO3iliHi BNacTnBo-
CTi, e WO niaBuLLEeHy TemnepaTypy ekcnnyaradil.
[nsa 36inblUeHHs XapOoCTIiNKOCTi y AKOCTi maTtepiany
obpaHo cTanb, sika 3a[0BOSbHSE BMMOramM [0 €Kc-
nnyarauii Bupoby npu BUCOKUX Temnepartypax. Taky
ctane obpaHo 3 ypaxyBaHHAM HACTYMHOro: niaBu-
LLIEHHS >KapOCTIVKOCTi MOXNMBO 3a paxyHOK BBOAY B
cTanb meTanis, WO AaloTb CyuinbHY NMiBKy Ha nose-
PXHi BUpOOY, sika 3a CBOIMW Br1aCcTUBOCTAMMU BigMNOBiI-
Aae ymosi MiniHra-begsopaca [12]. [lo Takmx meTanis
BiAHOCATb antoMiHili, TUTaH, KaaMil, HiOGIN Ta iHLW.
Came TOMYy OOpaHO cTanb, WO MICTUTb Y CBOEMY
cknagi Hiobin.

AHani3 MakpoCTPYKTypuW rOTOBOro 3pa3Ky Nnokasas
HasiBHICTb HEBENIMKMX He crevyeHux ob’emiB meTtany,
LLIO B CBOIO Yepry MoXe 3HWKaTu MexaHiyHi Bnactu-
BOCTi y Aesiknx ginsHkax Bupoby. NMpu aHanisi 3paskis
Ha KOPO3ilHY CTIilKICTb, BUSIBMEHO, LLO MaCoOMeTpUY-
HWI NokasHUK fopiBHIoe 2,07 r/mM2-pik, a rmmbuHuiA no-
Ka3HWK cTaHOBUTL 6 6aniB no 10 6anbHin wWkani i Big-
nosigae |V rpyni CTiKoCTi (BiAHOCHO CTiNKi MmeTanu).
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Takuin NokasHMK 3a00BOSbHSAE YMOBaM eKkcniyaTauil
BUpOOY, ane He € BiAMIHHUM, a 3 ypaxyBaHHSIM Hepi-
BHOMIPHOCTi po3noainy OKMCReHOI NNiBKKU MOXe npu-
BECTM [0 3HWXEHHS KOPO3iMHOI CTINKOCTI B Uinomy.
Tomy [OUINBHO PO3IMSAHYTU MOXIUBICTb BUKOPUC-
TaHHA cTaneBux BMPOBIB, AKi MOXYTb BMpOGnATUCA
3a aguTMBHMMK TEXHOOrisSIMM Ta BigNoOBiAaTM yMo-
BaM ekcnnyaTtauii.

BucHoBKM.

[ns obpaHnx yMOB ekcnnyaTauii getanen cknag-
HOT KOHdpirypauii, aki Bupobnsitotecs 3D-gpykom i ma-
I0Tb BUTpUMyBaTu Temnepatypy 1050 °C moxHa pe-
KOMeHOyBaTW BUKOPUCTaHHS CTasi HacTymnmHOro Ximiy-
HOro cKrlagly OCHOBHUX enieMeHTiB: Byrneub Ao 0,1 %,
xpom 19-21 %, Hikenb 32-35 %, HiOGil (Ha OCHOBI
npoBefeHUX AOCNiAXeHb) a Takox aobaeka migi 1-2
%, WO A03BOMUTb 3MEHLWWUTU WMOBIPHICTb OTpU-
MaHHS He cneYeHnx Mk coboto YacTuHoK. Lle cnpuse
3MEHLUEHHIO0 MOPUCTOCTI, MABULLEHHIO MILHOCTI | 3HO-
COCTINKOCTi 3a paxyHOK HasfABHOCTI NEerkonmaBKuX
as. Lle HagacTb MOXNMBICTb NpW na3epHoMy cre-
YeHi 3MEeHWWUTU MOPUCTICTb BUPODY Ta MilLHICTb
3B’A13KY YaCTMHOK Mix coB0t0 Ta MigBULLINTL MEXaHIYHI
Ta KOpO3iliHi BNacTMBOCTI BUpOOY npu 3agaHnX yMo-
Bax ekcnnyaTtauii. BogHoyac cnig BpaxoByBaTy, WO
Ha4MLLOK Migi MOXe CNPUYNHUTI 3MIHY iHLWMX Bnac-
TMBOCTEN, TaKNX SIK KPUXKICTb abo 3MiHYy CTPYKTypu
cnnasy, TOMy BaXITMBO NMPOBOAMTM AOAATKOBI AOCHI-
DKEHHS Npu nNepexoAi A0 iHWOro XiMiYHoro cknagy
cTani meTtaneBoro nopowky 3 oboB’A3KOBUM ypaxy-
BaHHSM YMOB ekcnnyaTauii Bupobis.
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Bu3HaveHHs AIKICHMX MapaMeTPiB OTPUMAaHHS KOKCY
3 32/IaHMMHU BJIACTHBOCTSIMH
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Starovoit A.G., Maliy E.L, Starovoit M.A.

Values of clear parameters for coke removal
with specified powers

Mema. lMposecmu docnidxeHHs1 3 onmumi3auii ckrnady 8y2iflbHUX WUxXm, Wo Micmsmb 2yCmuHHY gpakuito criabkocrik-
1u8020 8y2inisi 0nsi ompumaHHs He0bXiOHUX enacmusocmel MemariypeilIHo20 KOKCY.

Memoduka. [JocrioxeHHs MpoeedeHi 3 BUKOPUCMAaHHSIM UeHMpPaibHO20 KOMMIO3UYiliHO20 opmo2oHaibHOMY rinaHy. Lo-
cnidxeHHs ernacmueocmed 30ilicHI8aoCck 3a O0IMIOMOZ0I0 8U3HAYEHHS CMPyKmypHOI MiyHocmi, abpa3ueHoi meepoocmi
ma eoproyecmi ompuMaHo20 KoKcy 3 dodasaHHSIM KOHUeHmpamy crabkocrniknueozo syeainns

Pe3ynbmamu. 3 doriomoeoto yeHmpanbHO20 KOMIO3UYilIHO20 OPMO20oHaibHOMY MriaHy OmpuMaHi CrmamucmuyHi Mo-
deni. lNpakmu4HO 8Ci 8iNnbHIi Y/IeHU PiBHSHb 8USBUIIUCS 3HaYyU,UMU, OCKIflbKU PO3paxyHKo8e 3Ha4YeHHs t-kpumepito
Cmbro0eHma nokasanu 3HayeHHs suuje mabnuyHo2o. TakuMm YUHOM, OmpUMaHi PiSHAHHS pe2pecii € adek8amHuUMU, OCKi-
JIbKU pO3paxyHKo8i 3HayeHHs Kpumepito Diwepa marome 3Ha4eHHs binbwe mabnuyHo20 3HadyeHHs kpumepito Diwepa.
Haykoea Hoeu3Ha. [posedeHe docnidxeHHs1 00380/1UMI0 8CMaHOBUMU 3aKOHOMIPHOCMI 8riiugy emicmy OOMILIKU KOH-
ueHmpamy crabkocrikueo20 8yeinsisi Ha sIKICHi MOKa3HUKU OmpuMaHo20 3 Uiei CyMilui KOKCO8020 3aullKy.
lNpakmuyHa 3Ha4yumicmb. Ompumani pe3ynbmamu G0CriOXeHHs 8rusy KOHUeHmpamy criabKocriknueozo 8yainsns, 3a
G0rMomoeoto yeHmpasbHo20 KOMMIO3UYilIHO20 0OpMO20HaIbHOMY MiaHy 00380/15iMb PO3WUPUMU CUPOBUHHY 6a3y KOKCY-
8aHHs1 ma 3HU3uUmu cobigapmicmb OMpPUMy8aHO20 KOKCY.

Knroyoei crnoea. ueHmparsnbHe KOMIo3uuiliHe OpMOo2oHarbHe riaHye8aHHs1, criabKoCMiKuee 8y2inis, cmpyKmypHa miy-
HiCMb KOKCY, KOKCy8aHHs1, mepMiyHul riposi3, cuposuHHa 6a3a KOKCy8aHHs.

Carry out research into the optimization of the coal charge warehouse in order to replace the thick fraction of weakly
adhesive coal to remove the necessary power from metallurgical coke.

The investigation was carried out on the basis of the central compositional orthogonal plan. The investigation of the
authorities was based on the additional significance of the structural value, abrasive hardness and flammability of the
stripped coke from the added concentrate of weakly adhesive coal.

With the help of a central compositional orthogonal plan, a statistical model was derived. Almost all of the different terms
of the equations turned out to be significant, and some of the diversified values using the Student’s t-test showed values
higher than the tabulated ones. Thus, if the equal regression is considered adequate, the remainder of the divergent
values of the Fisher criterion may be more significant than the tabulated value of the Fisher criterion.

The investigation made it possible to establish the patterns of influx of weakly adhesive coal concentrate into the house
on the clear indications of the excess coke extracted from the mixture.

Obtain the results of the investigation by infusing a concentrate of weakly abrasive coal, in addition to the central
compositional orthogonal plan to allow the coking base to be expanded and the sobivartity of the coke to be reduced to
be reduced.

Key words: central compositional orthogonal planning, weakly compacted coal, structural value of coke, coking, thermal
pyrolysis, syrup base coking.

Ornsag pocnigxeHb [1-5], ski npucesayeHi gocni-
[XXEHHIO MO PO3LUMPEHHIO CUMPOBUHHOI 6a3n KOKCy-
BaHHA Mokasye, Lo NpoaHanisoBaHi mMeToau nofins-
IOTbCS Ha Aekinbka rpyn, siki Bigpi3HATLCA 3a CNoCo-
©om BnnuBy. [Jo NepLUoi rpynu BigHOCATECA MEXaHIYHI
meToan. [lo apyroi — TepmivHi metoau. [lo TpeTboi —
MeToaW BMUBY Ha BYriNNsA 3a AOMNOMOroK pisHOMaHi-
THUX AoMilok. [1o YeTBepTOi — MeToau, Wwo nepenba-
YalTb BMAINMEHHS 3i CNIKNMBOIoO BYTiNNSA LiHHOI peyo-
BMHU, TOOTO «cenapauiiHi».

HasBHi mMeToan LWOAO PO3LUMPEHHST CUMPOBUHHOI
0a3u KOKCyBaHHS! B Cy4acHWX yMOBaXx, € ManoedekTu-
BHUMU ab0 €KOHOMIYHO HeAoUiNbHUMK, a TakoX NoT-
pebytoTb Ynmanux kanitanoBknageHb. lNpoTe y Haw
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(OO

Yyac HabyBae nonynspHOCTI rpyna MeToAiB, HauineHa
Ha perynioBaHHs BNacTUBOCTEN CHIKMMBOro BYriNns
LUMSIXOM CMPSAMOBAHOro BMMMBY Ha NPUPOAY BYrinns.
TyT BapTO 3a3HAUUTK, LLIO Lii METOAM MalOTb nuLLle Te-
OPETUYHWIA XapakTep i NoTpebyoTb AeTanbHOro Bu-
BYEHHSI CTPYKTYpPWU i BMAcTUBOCTEN CMPOBWUHHOI 6a3n
KOKCYBaHHS1.

Omxe, rpyna MeTofiB, L0 IPYHTYETLCS Ha Linecnps-
MOBaHOMY BMAMBI Ha NPUPOAY BYTiNNS WASXOM nepe-
po3noginy KOMMOHEHTHOrO ckrady, TOBTo Ha cnpsiMo-
BaHOMY perynioBaHHi BMacTMBOCTEN, € HabinbLL nepc-
nekTnBHO. LIS rpyna xapakrepusyeTbCcsa TUM, LLIO pO3-
LUMPEHHS CMPOBMHHOI 6a3n kokcyBaHHSA BigbOyBaeTbCA
yepes 3arnydeHHs 40 CKnagy BYrifbHOI WNXTU BYTINNS,
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BMKOPVCTOBYBAHOIO B eHepreTuui. TyT HeobxigHo 3a-
3HaYUTK, LLO BUKOPUCTAHHS EHepreTMyYHoro BYrinmns nig
Yac BMpPOOHMUTBA MeTanyprintHoro Kokcy 06e3 3MmiHu
MNOro TEXHONOrYHMX BNACTMBOCTEN NPU3BOAUTDL [0 3HU-
XKEHHS IKOCTi OTPYMYBaHOrO BYTTELEeBOro BigHOBHMKA.
ToMy Ons BUKOPWUCTaHHS 3a3Ha4YeHoro Metogy Heob-
XioHe AeTanbHe BMBYEHHS MOXITMBOCTI 3MiHW BNacTu-
BOCTEN HU3bKOMETaMOPi30BAHOrO BYTINMsA, a TakoX
CTPYKTYPW | BMACTMBOCTEN CNIKNMBOIo BYTiNIs.

3aranbHa iges poboTu rpyHTYETLCS Ha Linecnps-
MOBaHOMY BMIMBI HA NpMpoay BYriNNs WISAXoM nepe-
po3noainy KOMMOHEHTHOro cknagy [6-8], To6To Ha
CNPSIMOBAHOMY peryroBaHHi BNacTMBOCTEN, € HaW-
Ginbw nepcnekTuBHOW. Lisi rpyna xapakrepuayeTbes
TUM, LUO PO3LUMPEHHS] CUPOBUHHOI 6331 KOKCyBaHHS
BioOyBaeTbCs Yepes 3anyvyeHHs A0 Cknagy BYrinbHOI
LUMXTW BYTiNns, BAKOPUCTOBYBAHOTO B eHepreTuui. TyT
HeOobXigHO 3a3HauNTK, LLO BUKOPUCTAHHA eHepreTuy-
HOro BYrinnsA Mig Yac BMPOBHWUTBA MeTanyprinHoro
KokCcy 6e3 3MiHWM MOro TEeXHOSOrMYHNX BIacTUBOCTEWN
Npu3BOANTb A0 3HWXKEHHS SKOCTI OTPUMYBaHOro BYr-
neueBoro BigHOBHWKA. TOMy Ansi BUKOPUCTaHHS 3a-
3Ha4yeHoro MeTody HeobxigHe AeTanbHe BUBYEHHS
MOXIMBOCTI 3MiHM BfIAaCTMBOCTEN HU3bKOMETamMopdi-
30BaHOrO BYriNMs, a TakoX CTPYKTYpW i BNacTUBOCTEN
CMiKNMBOro BYrinns.

Y poboTi BUPILLYETLCA HAyKOBO-TEXHIYHA MNpO-
Brema ska CTOCyEeTbCS PO3LUMPEHHS CUPOBUHHOI 6a3n
KOKCYBaHHS Ha OCHOBI Cy4acCHUX ySBIIEHb NPO MOJIEKy-
NApHY | HagMonekynsapHy 6yaoBy BYrinns pisHUX ma-
POK, WO [O03BONUTL BUKOPUCTOBYBATWU Y BYTifbHIN
LUMXTi ANs KOKCyBaHHSA cnabkocniknuee eHepreTudHe
Byrinnga mapku I i oTpyMmyBaTu MeTanypriiH1in1 KOKC 3
HeobXigHMM KOMMIIEKCOM 3afjaHuX BNacTUBOCTEN.

JocnigpkeHHs 3 BUBYEHHSA CTPYKTYpW i BacTUBOC-
TeW ryCTUHHMX hpaKLuin cnabKocnikMBOro HU3bKoMe-
TamMopdi30BaHOro BYTiNmns A03BONAIOTL CTBEPAXKYBATU
NpoO MOXNMBICTb BUKOPUCTaHHS OKpeMUX (opakLin BY-
rinnsa mapku A y WKXTi ANS KOKCYBaHHA | OTPUMaHHSA
MeTanyprivHoro KOKCy i3 3agaHnMmm BracTUBOCTAMM.

OT1xe, pe3ynbTati 3 BUBYEHHSI CTPYKTYPU OKPEMUX
NYCTUHHMX (bpaKLuin sk 4obpecniknneoro, Tak cnabko-
CNIKMMBOrO BYFiNMs, a TakoX OTPMMaHWUX OaHUX 3 BU-
BYEHHSI MOXITMBOCTI BUKOPUCTAHHA OKpeMmx copakuin
cnabKoCniKNMMBOro BYFINMsA B LUMXTi ANS KOKCYBaHHS
[03BONSA0TL NPOBECTM ONTMMI3aLito CKnaay BYrifbHUX
LUMXT, WO MICTSATb IYCTUHHY bpakuito cnabkocniknm-
BOrO BYTiNNs Anst oTpMMaHHSA HeoOXigHMX BNacTMBOC-
Ten MeTanypriiHoro Kokcy.

[na onncy xapaktepy BMAvMBY AOMILLKMA TYCTUHHOI
dopakuii cnabkocniknMBOro BYFINMA Ha SKICHI NMokas-
HWKW BYTTELEeBOoro BigHOBHUKA Byno BUKOPMUCTaHO Ma-
TeMaTUYHUIA MeTOoZ MilaHyBaHHA €KCMEPUMEHTY LIeH-
TpanbHe opTOroHarnbHe nraHyBaHHS [9].

Ak pakTopy BUKOPUCTOBYBANM:

X1 — BMICT JOMILLKKM rYCTUHHOI dhpakuii cnabkocni-
knueoro Byrinns mapku A, IHTepan BapitoBaHHS BU-
kopucTtoByBanu 5% 3 HynboBuM piBHeM cakTopy 10%;

X2 — rpaHynoMeTpUHHUIA CKnag, AOAaHOI SOMILLKM
NYCTUHHOI opaKkuii CnadKoCMiKNMBOro BYFiNNAs Mapku
O, npu ubOMy KifIbKICHY OLIHKY rpaHysIOMETPUYHOro
cknagy K hakTopy BMKOPMUCTOBYBanM BMICT Yy cppakuii
YacTUHOK <3 MM. [HTepBan BapitoBaHHS LIbOro hakTopy
ctaHoBUTb 10% 3 HynboBUM piBHEM chakTopy 80%.

Ak napameTpu onTumizauii 6ynu obpaHi NokasHUKM
AKOCTi nonepegHbO OTPMMAHOro fnabopaTopHOro Ko-
Kcy. [nsa KinbKiCHOI OUiHKM napameTpiB onTumisadii
Opanu Taki NOKa3HUKK:

Y1 — CTpyKTypHa MiLHICTb NabopaTopHOro Kokey, %.
Ller nokasHuK BUMKOPUCTOBYBABCA A1 OLLiHKMA BMAMBY
OOMILLKM NYCTUHHOT ¢ppakuii Ha NOKa3HMKN TPILLMHYBa-
TOCTi OTPMMaHOro NabopaTopHOro KOKCY, NPy LIbOMY BiH
onocepeakoBaHo OLHIOE MaKpOCTPYKTYPY.

Y2 — abpasuBHa TBepAicTb 3a [HcOyprom. 3asHa-
YeHnn napameTp ONTMMI3aLii BUKOPUCTOBYBaBCA ANs
OLIHKM LWiNbHOCTI yNakoBKM Ta opieHTauii 6rokie BY-
rMeBOAHIB Ha MIKPOMOMNEKYNSAPHOMY piBHi, WO Aae
MOXTMBICTb OLUIHUTW BNAMB AOMILUKN NYCTUHHOI ¢ppak-
Lii cnabkocniknMBOro ByriNAs Ha MIKPOCTPYKTYpY BY-
rNeLUeBoro 3anuLukKy;

Y3 — roptovicTe nabopaTopHOro Kokcy, r/c. Lien no-
Ka3HMK BMKOPWUCTOBYBABCA $AK HEMPSIMUA MOKa3HMK
OLiHKM peakuiHoi 34aTHOCTI NabopaTopHOro KOKCY.
Mpu UbOMY K KiNbKICHY OUIHKY 3a3HadeHoro napa-
MeTpa OnTuMiI3auil BMKOPUCTOBYBanu po3paxoBaHy
LIBMAKICTb BTPATM Macu 3pas3ka flabopaTopHOro KOKCy,
HarpiToro o 500°C Ha AinsHuUi iHTEHCUBHOIO rOPiHHA.

3a pesynbTatamu LeHTpanbHOro OpTOroHanbHOro
nnaHyBaHHa Oynu OTpUMaHi CTaTUCTMYHI  Mogeni.
MpakTUYHO BCi BiNbHI YMNeHN PiBHSHL BUSBUMNUCS 3Ha-
YYLLMMW, OCKINbKU pPO3pPaxyHKOBE 3HAYEHHs1 t-kpu-
Tepito CTblogeHTa nokasanu 3HadeHHs BuLe Tabnny-
Horo. HesHauywymm Oynu  nuwe BiNbHI - YNeHu
PIBHSAHHS, L0 OUiHIOBaNM B3aEMHU BNMB GhakTopis
ONng nepLuoro i Apyroro napameTtpa ontumisauii [10].

OTxe, piBHSAHHSA perpecii matoTb BUrNA4;

— AF19 NepLoro napamMeTpa onTuMisadii, CTPYKTYPHOI MiLHOCTI;

Y, = 61,36—2,87.X, + 108X, ~2,54 X} +0,58.X .

(1)

— 4N Apyroro napameTpa onTuMisauii, abpasuBHoi TBEpAOCTi;

Y, =0,97-0,043X, +0,017.X,—0,042X} +0,015X; .

— ANs TPeTbOro napameTpa oNTUMI3aLii, FoprY4OCTi;
Y, =0,024+0,0033.X, —0,0013.X, —0,0007.X X, +

+0,0025.X7 +0,0024.X7

)
®)

OTpumaHi piBHSHHS perpecii € aaekBaTHNUMM, OCKINbKN pO3paxyHKOBI 3HAYEHHsT kputepito diliepa MaloTh 3Ha-
YeHHs Binblie TabnmMyHoro 3HaveHHs kputepito diepa (6,256).
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Po3paxyHKoBi 3Ha4eHHs kpuTepito Piwepa cknanu:

F,=0,73;(Y,) 4)
F,=0.22;(Y,): (5)
F,=034;,(Y;); ©)

MigcTaBuBLUKM 3HAYEHHS PAKTOPIB B OTPMMaHi CTaTUCTUYHI Mogeni, Byno oTpymaHo rpadivyHe 306pakeHHs
noBepxoHb (puc. 1 - 3), WO JO3BONATb OLHUTY ONTUMAanbHi 30HM BNNUBY hakTopiB Ha NapameTpu onTUmisadii.

Puc. 3 MNoBepxHs BigryKy «roproyictb»

Mpuiimatoum oo yBaru npoBedeHHi AOCNiMKEeHHS Ta
BPaxoBYHO4M pesyrnbTaTh LeHTpanbHOro opToroHans-
HOro NnaHyBaHHs Oyny OTpUMaHi CTaTUCTUYHI MOAENi.

MNbKN pO3paxyHKOBi 3Ha4YeHHs kpuTepito diwepa ma-
I0Tb 3Ha4eHHs Oinble TabnMyHOro 3HaYeHHs Kpu-
Tepito Piwepa.

MpaKkTUYHO BCi BiNbHI YNeHN PiBHSHL BUSBUMUCS 3Ha-
YYLLMMK, OCKIMbKM pPO3paxyHKOBE 3HaYeHHs t-kpu-
Tepito CTblo4eHTa Nokasanu 3HadeHHs BuLwe Tabnuny-
Horo.

OTpumaHi piBHSHHSA perpecii € agekBaTHUMU, OCKi-

TakuMm 4YmMHOM, po3pobka pekoMeHAalin Woao oT-
pYMaHHsA TYCTMHHOI dbpakuii cnabkocniknueoro By-
rinns gossonuna CTBepaKyBaTu MPo MOXIUBICTb OT-

PUMaHHA 3a3Ha4YeHOoro NpPoayKTy i3 3agaHnMKM BNacTu-
BOCTAMMW.
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