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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-phospho-

rus manganese alloy
Kawmkina JI.B., Beauuko K.O., Beauuko O.I'., An2 /Jocoxya

Diznko-xiMmiuHe 00IPYHTYBAHHS Ta eKCIIEPUMEHTAJIbHA MepeBipka
0e3BiAxoaHoro0 crnocody okucHoi aegocdopanii Bucoxodocdopucroro

MapraHmueBoro CiviaBy.

Mema  OocniOxeHHs:  (bi3uko-xiMiyHe  OBrpyHmMysaHHsi yMO8 rpouyecy ma po3pobka  pauioHarbHO20
anzopummyooHocmadiliHo2be38i0x00H020 criocoby OKUCHO20 degpochopysaHHs 8UCOKOghocghopucmozo
MapeaaHUuego20 criiagy. Memodu: mepmoduHamiyHULl aHani3 OCHOBHUX peaKuili Mpu OKUCIo8anbHOMYy paghiHyeaHHI map-
2aHuesux crisiasis 3 8UCOKUM emicmom ¢hocghopy. EkcrnepumeHmarbsHa nepesipka ocHosHux cmadili paghiHysaHHs. Pe-
3ynbmamu: Po32risiHymo hi3uko-XiMiyHy CymHicmb rpouecy pagbiHysaHHs 8UCOKOGOCcghopucmozo MapeaHue8o20
crinasy, KUl nossi2ae y cmeopeHHi yMoe 07151 OKUCHEHHS 8 Criiasi MapaaHyro, 8yaneyro ma KpemHito. TepmoouHamiqyHul
rpo2Ho3 nepebiey peakuyili 3a 3adaHUX yMO8 OKUCHO20 paghiHy8aHHS CyrymHb020 Memaiy rmnomeepoye MOXugicmb
ompuMaHHs mpbOX POOyKMig: Marnogocghopucmozo MapeaHuesoe20o WiaKy, 3arni3Ho2o posrnnagy ma ¢ocgo-
posmicHO20 winaky 3 emicmom okcudy gpocghopy 18-20 %. (cpocghopHe dobpuso). Haykoea Hosu3Ha: 3a pe3ynbmamamu
8uUCoOKomeMIepamypHo20 MamemMamu4yHo20 MOOESI08aHHSI 8CMAaHOBIEHO, WO Halbinbw pauioHasbHe CroXueaHHs
KUCHIo, sike 3abesneyye docs2HeHHs1 nocmasesieHux 3aedaHb, cmaHosums ~ 13 M3. B sskocmi okucntoeaya 0ouinbHO 8u-
Kopucmosysamu KuceHb, Wo HadysaembCs nosimpam, Akuli 8800simb y eaHHy KOHeepmepa 3a 00rnomMo20ol0 HadyeHo20
conna 38epxy. lNpu ybomy 3azanbHa sumpama rosimpsi Ha 100 ke crinasy nosuHHa 6ymu 65usbko 50 M3. MNMpakmuyHa
uiHHicmb: Y pobomi Ha ocHo8i mepMOOUHaMIi4HO20 rPO2HO3Yy Mo8edIHKU e/leMeHMI8 CyrymHbO20 Criiagy 8 OKUCHUX yMO-
8ax, OUiHKU mMepMiYHOI CmopoHU fpoyecy ma nodarnbwoi ekcriepumeHmarbHoi Mepesipku ompuMaHo pesynbmamu, sKi
niémeepdxyome MOXugicmb cmeopeHHs 6e38i0X00HOI MexHOI02i4HOI cxemMu paghiHysaHHs 8UCOKOgocghopucmozo
crinasy. Y ybomy 8unadky pagiHysaHHs crinagy OoyinbHO Mpoeodumu 8 ymoeax, HabnuxeHux 00 yMog Cy4acHo20 8upo-
6Huymea Mmaroghocghopucmux mapaaHuyesux wWrakie, rMpu sKoMy memrepamypa CyrnymHbo20 criagy CmaHo8umb
1320...1350°C.

Knroyosi criosa: enekmpomemanypeitiHe deghocghopysaHHsi Mapa2aHUe8020 KOHUeHmpamy, mManoghocehopHuUli MapaaH-
yesuli winak, 8UCOKOGhOoCGhOpHa MapaaHyesa fnicamypa, KUCeHb, Moeimpsi, KUCHeaul KoHeepmep, npodysaHHs.

The purpose of the study: physicochemical justification of the process conditions and development of a rational algo-
rithm for a single-stage waste-free method of oxidative dephosphorization of a high-phosphorus manganese alloy. Meth-
ods: 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 m3. 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 m3. Practical value: In the work, based on the thermo-
dynamic 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
is obtained from manganese concentrates in ore re-
duction furnaces by selective reduction of elements.
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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
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
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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-
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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 P03}, 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

Mn2oP MnzP2 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

Ne | Reaction Thermodynamic parameters at 1500°C

AH, kJ AS, JK AG, kJ
1 2MnsP + 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 2MnzP + 4,502(g) = 4MnO + P20s -2585.445 -650.295 -1432.374
4 5Mn + P20s = 5MnO + 2P -595.446 -36.214 -531.234
5 2Fe + O(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
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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,
manganese phosphides have high strength and their
dissociation is possible at a fairly high temperature: re-
action (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 Mnz2P, 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(Fe0)+4(Ca0)=(4Ca0-P.0s)+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-
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dride by the manganese of the alloy will more likely oc-
cur by reaction (3). As a result of the simultaneous flow
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.
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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 man-
ganese), 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: Qre203 = 5.134kJ/kg and Qreo = 3.744kJ/Kg,
the implementation of the endothermic reaction of car-
bon alloy oxidation by iron oxide to CO (~ 9500 kJ/kg
of carbon). According to calculations, the specific heat
consumption when using slag is about 4200 kJ/kg of
slag. Heat losses in the converter-type unit are esti-
mated to be 3.5% of the total heat energy input. Heat
losses with exhaust gases, which are formed during
oxidative refining of manganese 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? 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
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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 13m3 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 immersed 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 additives, purg-
ing was carried out for 3 minutes, which is necessary
to maintain the slag in a liquid state, to implement 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 av-
erage the metal and slag phase by chemical composi-
tion 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

Ne nn. 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 P20s content of 18-20%, the rest CaO
SiOz2. 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
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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).

The technological flow chart for processing of phosphorus-containing manganese ligature (PML)

(PML) in ingots

SO-EEEL Limestone

PML
in ingots (8-10t)
PML

0.2-0.4%
1.5-2.5%
5-6%

molten
from the ladle

allthe rest

PML
molten

(PM) Phosphorus-
containing Metal

(LPMS)
Low-Phosphorus
Manganese Slag

MnO
Sioz
Ca0

(cM)
Commodity Metal

Mn 2-3%

Lime
Limestone
PM —*

>5%

5% Fe all the rest

1.5% melt

up to 6t
allthe rest

approx. 7t

PS

(PS) Phosphate Slag
fertilizer
s

Si0, Ao 8%

BT P.O5 18-20%
Sal320 Ca0  50-55%
12-15%

=+ ORF =% FeMn FeO 20-25%

approx. 16t solid

approx. 3t

Ladle
(10t)
PM melt - 1450-1550°C

EAFor IF
(10t)
PML up to 1500°C

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.l. 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 man-
ganese content, but high concentrations of phospho-
rus make its use impossible. Tens of thousands of tons
of ligature in ingots are stored and await processing
using efficient technology.

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

GOR unit #1
(20t)
PM melt - 1450°C

10

Ladle
(101)
PM melt - 1450-1550°C

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 convert-
ers (GOR) provide oxidative blowing of melts and in-
tensive mixing during melting. The National Metallurgi-
cal Academy of Ukraine has accumulated extensive
experience in oxidative blowing in the GOR converter.

GOR unit #2
(9-101)
PM melt - 1450°C

cM
(up to 6t)
CM - 1600-1650°C
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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 commercial
product for smelting ferromanganese in the subse-
quent 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 N°1:

1. Electricity consumption — 300-350 kWh.

2. Oxygen consumption for oxidation of manganese
— 130 m3ft

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

4. Natural gas consumption — 15-17 m3/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 P-Os content of 18-

IN,, Ar, CH,

20%. After that new slag is induced and further oxida-
tion of phosphorus is carried out with further slag re-
moval 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
Nel and GOR unit Ne2 is about 2 hours.

There are ~ 10 melts per day.

Using 20 tons of GOR unit Ne1 and up to 10 tons of
GOR unit Ne2 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

11
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slag with a content of phosphorus oxide of 18-20%
(phosphorous fertilizer). It is promising and effective to
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...13m3. 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
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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., Popolov D.

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

Memoio docnidxeHb € 8usiBNIeHHS hakmopie, WO ernusaoms Ha eHep2oeMHICMb OOMEHHO20 8UPOBHUYMea, 8u3Ha-
YeHHs ma Ha0aHHs HayKo80-0brpyHmosaHux pekomeHdauyiti ujodo 3acmocysaHHs HeobxiOHo20 obrnadHaHHS, sike 00380-
JI5ie 3MeHWUMU eHepa0CoXUBaHHS 8 ICHYIYUX MEeXHOM02iYHUX mpakmax. BuseneHHs ¢hakmopie 8UKOHy8a/10Cb Memo-
dom eKkcriepmHo20 OujiH8aHHs. Ha nepwiomy emarii ¢popmyeanace ekcriepmHa epyrna 3 gaxigyie suwje3asHaq4eHo20
supobHuymea, Ha Opy2oMy emarii u3Hayanach ix KOMIemeHmMHicmb, Ha mpemboMy emarii 8UKOpuCmMo8ys8ascsi Memod
Henbcbu, ekciepmamu 6ynu chopmosaHi ghakmopu Kompi ennusaome Ha eHep20EMHICMb OOMEHHO20 8UpPObHUUMea;
Ha yemeepmomMy emari 6ynu HaldaHi OUiHKU cmyrneHs ennusy 3MiHu obpaHux ghakmopie. OmpumaHi 0aHi 06pobnsnuce
cmamucmu4yHUM MemoOOM ma paHXXy8asnuch y rnopsaoKy 3MEeHWEeHHs 8riu8y Ha eHepe2oeEMHICMb AOCNiOXy8aHO20 8UPO-
6Huymea. CmyniHb y3200xeHocmi OyMOK eKcriepmie oyiHr8anock 3a 00rnomMoeor KoegiuyieHma KoHkopOauii. 3a peayrib-
mamamu ompumaHOi eKcriepmHoi ouyiHKU 6yro ecmaHoeneHo, wo Haubinbwull ennue Ha eHep20EMHiCmMb OOMEHHO20
8upobHUYMea YUHUMb 8MICM HEKOHOUYIUHUX ghpakyiti KOKCy ma 3ari308MicHOi yacmuHu wuxmu. Tomy byna 3sgepHyma
yeaza Ha nid2omosui npoyecu noe’si3aHi 3 po3dinom MemarsypeiliHoi wuxmu 3a KpyrnHiCmo ma 8UKOHaHO aHari3 ¢hopmy-
8aHHS 2paHyloMempuyYHO20 CKady wuxmosux mamepiarnie Ha piaHux dinsiHkax mpakmy (io2o nepepobKu i mpaHcrop-
mysaHHs1 00 nodayi 8 OOMeHHY Mid. AHani3 ompumaHux 0aHuXx rnokasas, Wo Ha mpakmi wuxmomnid2omosKu 8idbysaembcsi
rnocmitiHe HapoulygsaHHs eMicmy HEKOHOUUilIHO20 Mamepiany 8 06’emi wuxmu, 8 moll e Yac egheKmueHiCmb 2poXo-
YeHHs cuposuHU He nepesuwiye 50 % ons aznomepamy ma 60 % 0151 KOKcy, Wo He 00380s1s€ 3abe3nequmu HeobXioHi
mexHornoaiyHi eumoau 0o nNpulHAMHuUx gidcomkie OpibHUX ghpakuill. 3’acosaHo, W0 8 noyamkosil wuxmi micmumscs 8,6
% i 19,9 % 3abusaroqux YacmuuHoOK, po3mipu kompux 6r1u3bki o po3mipy anepmypu cum (5 mm Onsi azrnomepamy ma
25 MM Orisi KOKCY) y 38’513KY 3 YUM, 8ip0oeiOHicmb iX MPOXOAXEHHS Yepe3 0meopu CisgHoi no8epxHi Habnuxarmbcsi 00 Hyns.
[pu 2poxo4eHHi BocnidxysaHux Mamepiarie moecmum WapoM 8aXKKOMPOXIOHi Yepe3 omeopu Cisg4oi M08epxXHi HaCMuUHKU
3 Yacom 3abusaroms ii, 8HacIi00K 4020 3HUXYEMbCS eheKmusHicmb gidcigy HEKOHOUUYIUHOI YacmuHU MemarypeiliHoi
wuxmu, Wo cymmeso 8rnaueae Ha eHep20eMHicmb OOMEHHO20 8UPObHULUMEea.

PexomeHdyembcs 3Halimu cy4YacHi mexHiyHi pilueHHs, ki 6 do3gonumnu 36inbwumu egheKmueHiCmb 2POXOYEHHS 3a pa-
XYHOK 3MEeHWEeHHs 3abummsi CisiHoi mosepxHi epoxomis, a makox 00HOYacHO 3 UUM 8upiluumu numadHs skocmi cmabi-
nizayii epaHynomMempu4yHo20 cknady wuxmu sika nodaemscsi 8 OOMEHHY riid.

Kno4oei cniosa: domeHHe 8upobHUUmMeo, po3cie, cmabinizauis, epaHyioMempuyHUl cknad, wuxma, eHep20eEMHICMb.
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 Yyacy, npu 3abesneyeHHi HanexHUXx ymoB, J03BOSSE
MeTanyprifiHe BMPOOHULITBO 3aBXaun Oyno pywii-  nigBuwmtn obcsiry i kicTb BUpobneHol Npoaykuii, Wo
HOK CUIOK eKOHOMIKM YKpaiHu Ta NpuMBabnuBoto ra-  gae cyTTeBy npubyTkosicTb. OgHak, 3apa3 MeTanypris
ny33t0 Ans iHBECTULN, OCKINIbKN 32 KOPOTKUA Mepiof  YKpaiHM 3HAaXOAMTbCS B AyXXEe CKMNagHOMY CTaHOBMLL

© 3acenscbknii B. M. - .T.H., npoc. HHTI AYET m.Kpueuin Pir  Zaselskyi V. - d.t.s. prof SUET Kryvyi Rih
Mononos . B. - k.T.H., gou. HHTI AYET m.Kpneun Pir Popolov D. - c.t.s. docent SUET Kryvyi Rih
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ampke obcarm BMpobHMUTBa B Nepiog BOEHHOIO CTaHy
Brianu GinbLUe HiX y M'ATb pasiB NOPIBHAHO 3 JOBOEH-
HUM PiBHEM.

Pasom 3 nepemoroto YkpaiHn HacTtaHe 4ac Bigpo-
DKEeHHA Ona MeTanyprinHol ranysi, ska noTtpebysa-
TMME YAOCKOHaneHHs il eHeproeMHUX nepeainis, L0
HagacTb MOXMMBICTb 3HU3UTU COBIBAPTICTL rOTOBOI
npoayKuii Ta 6yTn KOHKYPEHTO NpuBabnuneoLo ranyssio
Ha CBITOBOMY PUHKY.

AHani3 nitepaTypHuMxX [aHMX Ta NOCTaHOBKa
npo6nemu
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Bukopuctosytoun gari World Steel Association [1]
OyB NpoBeAeHUIN aHarni3 BUPOOGHULTBA YOPHUX MeTa-
niB B YKpaiHi 3a OCTaHHi 4eCATb POKiB, KW HE BKIHO-
YaB POKM BINCLKOBOI arpecii pocincokol deaepauil
(ams. puc. 1), 3a pesynbTaTamm KOTPOro BMAHO, LLO Ha
npotasi 2011/15 pokiB cnocTepiraeTbCs CTpiMKe 3HU-
XKEHHS BMPOBHMLUTBA cTani 1 YyaByHy Ha 35 % Ta 24,5
% BignosigHO. He3HauHe 36inblieHHs BUPOOHMLTBA
6yno B 2016 pouj, ane 3 KOMNEHCy4MM | Hagani npo-
rpecytounm nagiHHAM BUPOOHULTBA Yy HACTYMHOMY
poui. 3 2017 poky nomiTHa ctabinizauis obcsarie BUpo-
OHUUTBA YaBYyHy Ta cTani, sKi NPakTUYHO OOPIBHIOTh
OOWH OJHOMY, 3anuLIaYCb OCHOBHVMM Mepeainamm
MeTanyprinHoi ranysi YkpaiHu.

AP L ol T gy ]

2011 2012 2013 2014

=—e— BupoOHHIITBO CTalTi

2015 2016 2017 2018 2019 2020
Pix
== BupoOHHUITBO YaByHY

PucyHok 1 — BUpoBHMLITBO YOpHMX MeTaniB B YKpaiHi

PosrnsHnumo gnHamiky LiHOYTBOPEHHS 3a OCTaHHIN
Yyac Ha npuknagi craneBoi apmaTypu, ska € OCHOBHOMO
CTaTTEH YKPAIHCHLKOIO EKCropPTY.

3pocTaHHsA UiHW 3a TOHHY CTaneBoi apMaTypu Ha
CBITOBOMY PUWHKY, 3rigHo [2, 3], B TpeTboMy KBapTani
2021 poky cknano 26 %, Lo CBig4YMTb Npo CTpiMKe
3poCcTaHHA NonuTy Ha ctanb B €C, B cepeiHbOMy Ha
8,8 %, BUKIMKaHe 4aCTKOBOO 3YMUHKO MOTYXXHOCTEMN,
wo cknano 5 % Big 3aransHOI NoTyXHocTi €C, B Hacni-
aok COVID-19, spoctaHHa nonuty y O6’eaHaHux
Apabcbknx Emipatax — Ha 35 %, Caygiscbkoi Apasii —
Ha 18 % Ta €rmnTi — Ha 24 %. Bucoka uiHa cTumynoe
BMpOGHMKIB €C MacoBO 3anyckaTu MOTYXHOCTI, Lo
npocToloTh, Taky 2021 poui nnaHyBanoch 3anycTutu
M’ATb JOMEHHMWX NeYer 3aranbHO NPOAYKTUBHICTHO 11
MITH. T, ABOX €neKTpocTanennaBunbHuX neyern npoagy-
KTMBHICTIO 2,5 MIH. T.

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

Omxe, cnneck NonuTy Ha cTanb € TUM4YacoBUM i
3KOpEeryeTbcs y BiANoBigHOCTI 3 6inbLu cnabkoto avHa-
MiKotO 3pocTaHHsA BBI1, TakMM YMHOM, 3pOCTaHHS Npu-
OyTKy 3a paxyHOK 30inblUeHHSA 0bcsriB BUPOOHULTBA
CYMHIBHe.
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3Baxaroun Ha BULLE BUKIIAOEHE MOXHa 3pobuTu
BMCHOBOK, LLIO Ha AaHWIN Yac CBiTOBa MeTanyprisi 3Ha-
XOOUTbCS B TaK 3BaHi «HOBIM HOpManbHOCTI», KoTpa
He nepeabavae Hi SKnxX KpynHux nogin, axki 6 6ynu spa-
THi CNPOBOKYBaTW cTare 3pOCTaHHS CMOXMBaHHSA Me-
TanyprinHoi npoaykuii, Ta 1 ranysi B uinomy. B aaHux
ymoBax 1 pO3BUTOK MOXNMBUI 3a paxyHOK BNpoBa-
[DKEHHS1 HOBITHIX TEXHOJOriN ANst onTUMi3aLlii Ta 3MeH-
LLEHHSA onepauinHnx BuTpar. [5]

BpaxoByloun AMHaMIKy LiH Ha eneKkTpoeHeprilo Ta
NpUPOAHWIA ra3 aAns NPOMMCIOBOro BMPOOHULTBA YK-
paiHu 3a gaHumu [6, 7], siKi € KMHYOBUMU CKNagoBUMMU
KanbKynsAuii  cobiBapTocTi MeTanyprinHoi npoaykuii,
BCT@HOBMEHO, LLIO 3@ OCTaHHiI LWICTb POKiB TEMM iX po-
cTy cknaB B cepegHbomy 4,2 ta 0,8 % BignosigHo, Ta-
KM YMHOM, 3HWXKEHHS CMOXUBAHHS LINX pecypcis Ao-
3BOSISIE CYTTEBO 3MEHLUUTY OnepaLiiHi BUTpaTu.

AHani3 KanbKynsiuinn cobiBapTOCTi rOTOBOI NPOAYK-
Lii 3a MeTanyprinHuMmu nepeginamm 403BOMNMB BCTAHO-
BWTW, LLO HANBINbLL €HEPrOEMHMMM € KOKCO-AOMEHHE,
TOMY BUHMKaE HEOOXIOHICTb Y BUKOHaHHI aHanisy dpak-
TOpIB, WO BNMBAOTb HA EHEPrOEMHICTL came uuX Ai-
NSHOK 3 noAarnblUMM BU3HAYEHHSIM HAyKOBO-06I'pyH-
TOBaHUX peKOMeHAaLiN Woa0 BAOCKOHANEHHS iX Tex-
HOMOTIYHMX TPAKTIB, 3aCTOCYBaHHs1 HeObXigHOro obna-
OHaHHS.

CTOCOBHO KOKCOBOrO BMpOOHMLTBa B poboTax [8, 9]
Oynun npoBeAeHi AOCHiMKEHHS LOAO 3MEHLLEHHSA eHe-
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PreTUYHMX BUTPAT i 3anpoBamKeHHs HEOOXIOHMX Kpo-
KiB, SIKi 4at0Tb MOXIMBICTb BOOCKOHANUTW iCHYHOYI TEX-
HOSOriYHI TPaKTW NiArOTOBKM BYTifIbHOT LUMXTU OO KOK-
CyBaHHs1. [Ins gOMEHHOro BMpobHMLTBA Ha Tenepil-
HiM Yac Taki AOCNioKEHHS BIACYTHI, WO YHEMOXNUB-
Noe HagaHHs pekoMeHaauin, siki 6 go3sonunu niasu-
LNTK SIKICTb NIArOTOBKM LUMXTOBMX MaTepianis 4o nna-
BKM Ta 3MEHLUWUTU €HEProEMHICTb LIbOro MeTanypriv-
HOro npoLecy.

MerTa i 3aBAaHHA aocnigxeHb

MeToto gocnimkeHb Oyno Bu3HadYeHHSA hakTopi.,
AIKi MaloTb CYTTEBWI BMIIMB HA EHEPrOEMHICTb JOMEH-
HOro BMPOOHULITBA Ta HaaHHs1 HAayKOBO-0OI'pyHTOBA-
HUX PEKOMEHAALN WoA0 3acToCyBaHHsS HeobXigHOro
obnagHaHHs, sike A03BONMUTbL 3MEHLINTK Jito LnX chak-
TOPIB B iCHYIOUMX TEXHOMOrMYHMX TPaKTax.

Martepianu Ta meToau gocnigxeHb

BuaBneHHs hakTopis, WO BNNMBAOTb HA €Hepro-
€MHICTb [JOMEHHOro BMPOOHMLTBaA peanizoByBariocb
BMKOPUCTOBYIOYM METOL, EKCNEPTHOIO OLiHIOBAHHS.

Ha nepwomy eTtani BMKOHyBanocb hopMyBaHHSA
€KCMepTHOI rpynK Yy KiNbKOCTi AecsaTn ocid, B poboTi Ko-
Tpoi NpunHAnNK yyactb daxisui NAT «ApcenopMittan
Kpusuin Pir», KpuBopiabkoro HauioHanbHOro yHiBepcu-
TeTy, HaB4yanbHO-HaykoBOrO TEXHOJIOMNYHOrO iHCTU-
TyTy [lepxaBHOro yHiBepCcMTeTY €KOHOMIKM | TEXHOIO-
rin, MpAT «[HinpoBCcbKkuA MeTanypriiHuii 3asoay», Ha-
BYarbHO-HayKOBOTO iHCTUTYTY MPOMMUCIOBUX Ta Bi3Hec
TEXHOMOriN YKPaiHCbKOro AepXXaBHOrO YHiBEpCUTETY
Hayku | TexHonorin, [HCTUTYTy YopHoi meTanyprii im. 3.
|. Hekpacoea HAHY, lNMpra3oBcbkoro gepxaBHoro Te-
XHIYHOrO yHiBepcuteTy, MapiynonbCbKoro metanyprin-
Horo kombGiHaTty im. Inniva, A3oBcTar..

Ha ppyromy etani 3a metogukoto [10Momwunka!l
[>xepeno nocunaHHsa He 3HaWAeHO.] BUKOHYBaroch
BM3HAYeHHS1 KOMMNETEeHTHOCTI ekcnepTiB. OuiHka BUKO-
HyBarnacb 3a HaCTYNMHMMU XapaKTepPUCTUKAMW:

piBeHb KBanidikauii ekcnepta B JOMEHHOMY BMPO-
OHNUTBI;

piBEHb TEOPETMYHOI MiAFOTOBKY;

npakTU4HWIA JocBig poboTy;

LUMpOTa KPYro3opy.

Tabnuus 1 — BU3Ha4YeHHs1 KOMNETEHTHOCTI eKCnepTiB

JITeopis i NPaKMUKg Memarypeii

[MepepaxoBaHi XapaKTepuUCTMKX OLiHIOBanuChb 3a
[ecATMbanbHOK LLKANoK KEPIBHUKAMM BULLOT NaHKMN.
lMicna 4Yoro BU3Ha4aBCs MOKa3HKK, L0 XapaKTepusye
00’EKTUBHY OLIHKY KOMMETEHTHOCTI ekcnepTa 3a gop-
Myrioto

o 1
hsj:Z'ZKji 1)

e n — KiNbKICTb XapakTepucTuk, n = 4;

K;; — ouiHKa j-ro ekcrepTa 3a i-XxapakTepu1CTHKOLO.

Takox 3a gecATMbanbHOK LUKaNow BU3HaYaBCs
MoKasHWK BIOHOCHOI CaMOOLUiHKM ekcnepta —
Cy0’eKTUBHWI MOKa3HMK KOMMETEHTHOCTI J-ro ekcnepra

sj» 3@ BIONOBIOHMMW NPOECIHUMM SKOCTSMM, a
came:

10 — ekcnepT cnewjianiayeTbCcs B AaHin ranyai;

8 — eKcnepT NpMnUmae y4yactb B NpakTU4HOMY BUpi-
LEHHI 4aHOro NUTaHH4, ane BiH He BXOAUTb Yy cdepy
roro cnewianisadu,if;

5 — nuTaHHga TiCHO NoB’A3aHe 3 cneuianisauieto ek-
crnepTa (CymixkHa obnactb NPakTUYHOI SiSNIbHOCTI);

3 — NWUTaHHA TICHO He MOB’A3aHe 3 cnedianisadiero
ekcnepTa (03HaoMIeHHa 3 NpobremMoto 3a nitepary-
pHUMW DKepenamu, 3a 4oCBiaoM poboTu iHWKnX nian-
pUEMCTB).

KoMneTeHTHICTb j-ro ekcnepTta B JaHOMY MUTaHHI
XapakTepuayBanacb siK

0 ,5C

hyy = 2 Vi @
100

PesynbTaty ouiHky ekcrnepTiB Ta poO3paxyHOK ix
KOMMETEHTHOCTI HaBeaeHi B Tabn. 1Tabnuus .

Ockinbkn 3Ha4YeHHSA BaroBoro koeqilieHTa, Lo oLi-
HIOE KOMMETEHTHICTb j-rO ekcnepTa, MoXHa iHTepnpe-
TyBaTW K BiporigHiCTb B1uAayi ekcrnepToMm AOCTOBIPHOI
OLiHKK, TO 3Ba)kaloum Ha pe3ynbTaT HaBedeHi y Tabn.
1 MOXHa cTBepaKyBaTu, LLO BipOrigHICTb NOMUMKOBOI
OLiHKK rpynoto ekcnepTis He Byae nepesuitysatu 30
%, WO € JonyCTMMOI MOXMOKOH0.

Ne XapakrepucTtuka ho. e h.
eKcnepTa 1 2 3 4 sj sj sj
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 10 8,25 5 0,41
10 7 8 8 8 7,75 9 0,7
CepegHe 0,7
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Ha TpeTboMmy eTani BMKOPUCTOBYHOYM METOA
Henbcn [11] BMKOHyBanocb OpMyBaHHA eKkcrnep-
Tamn nepeniky akTopis, WO BNANBAOTL HA eHepro-
EMHICTb OMEHHOro BMpPOOHULTBA. KoxkHOMY ekcnep-
TOBi po3cunanacb TeMa OnNUTYBaHHS — «BunsHaueHHst
dhaKTopiB i OLiHKa iX BNAIMBY HA EHEPrOEMHICTb JOMEH-
HOro BUpOBHULITBa», Ta NPONOHYBanocb copmMyBaTu
BnacHumn nepenik. MNoyatkosuin nepenik 6y cdopmo-
BaHMM Ha nigcTtasi obpaHHs hakTopiB, WO Han4ac-
Tile 3ycTpivanuck, Takox OynuM JOOATKOBO BKIIOYEHI
dakTopu OoTpMMaHi Ha nigctaBi 06poOKM anpiopHUX
AaHuX, OTpMMaHux Ha 6asi obpobneHHs niTepaTypHUX
Dxepen [12-23]. Jani nepenik NOBTOPHO po3cunascs
eKkcrnepTam, siki MOBMHHI 6ynu ouiHUTY NpeacTaBneHni
CNWCOK, | BUCITOBUTW CBOK AyMKY 3 NPMBOAY MOro MnoB-
HOTM | onTManbHocTi. Mpu UubOMYy 0BUMCIIIOBaBCS KO-
eqilieHT KoOHKopAaUil, i AKWo B pesynbTaTi BUxoauna
Hey3ropKeHiCTb JYMOK eKCnepTiB — nepenik nepernsi-
AaBCs MOBTOPHO A0 TUX Nip, MOKM BOHA He 3'ABNsnacs.

lMicns gekinbkox TypiB NiGCYyMKOBWIA Nepernik ckna-
AaBcd came 3:

BMICTY 3ani3a (y BCii wmxTi 6e3 kokcy, dntocy), Xi;

BMICTY bpakuii <5 MM y 3ani3oBMICHIN YaCTuHI K-
XTh, X2;

BMICTY 3051 B KOKCi, X3;

MILIHOCTi KOKCY 3a NoKasHUKOM Mas, X4;

rapsivoi MiLHocTi kokey CSR, XGs;

CTMPAHHOCTI KOKCY 3a MOoKas3HUKOM Mo, Xs;

BMICTY dppakuii +80 MM B KOKCi, X7;

TemnepaTtypu gyTTs, Xs;

N M 1yN M z
B 12+ Y51 (Zi:l @ij = < Xj=1 Xi=1 aij)
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BMICTY dppakuii <5 MM y KOKCi Xo.

Ha yeTBepTOMYy eTani ekcnepTn BUKOHYBanu OLHKY
CTYNeHs BMAMBY 3MiHW haKTOpiB Ha €HEeproeMHICTb
OOMEHHOro BUPODOHMLTBA 3a AecATvbanbHOW LKa-
noto. [laHi onutyBaHHs 36upannce B EKCNEPTHIN KapTi
Ta obpobnoBanucb CTaTUCTUYHUMKU MeTodamu [24,
25], nicns 4Yoro ekcrnepTn 03HaMOMINIOBANUChL 3 OTPU-
MaHVMW pe3ynbTaTamm 3 NPOXaHHSAM CKOperyBaTu Ka-
pPTYy Ha CBill PO3Cyd, ane BpaxoByHO4YM OAYMKY 3arny4ye-
HOro ekcnepTHoro cepefosuwla. licns koperyBaHHs,
OTpMMaHi AaHHi 3HoBYy 06pobnioBanncb CTaTUCTUY-
HMMW MeToO4aMW Ta paHXyBanucb y Nopsiaky 3MeH-
LUEHHS! BMIMBY Ha €HEProeMHICTb JOMEHHOrO BMPOO-
HMUTBA.

OckinbKu, B OUiHLi i-ro ekcnepTa € hakTopwu siKi Ma-
I0Tb OAHAKOBMWM paHr, BM3HA4YaBCHA MOKA3HWK rpynu
3B’A3aHUX paHriB

Yii = tii — tui 3

Oe t; — KINbKiCTb OAHAKOBWUX paHriB B k-n rpyni
3B’A3aHMX paHris ans i-ro eKcnepra;
k — iHOeKC rpynu 3B’A3aHWX PaHriB MO paHXyBaHH!O,

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

CTyniHb y3roMKeHOCTi AYMOK eKCrepTiB 3 ypaxy-
BaHHSAM 3B’SI3aHMX paHriB OuiHIOBanack 3a 4ONoMOoru
KoedpiuieHTa KoHkopaauii

4)

M2 (N3 —N)—M-3TM 75y,

Je j — ingekc HoMepy 3a nopsakom gaktopy, j =1..N;

N — KinbKicTb dpakTopis;

i — iHAeKc HoMepy 3a rnopsakoMm ekcnepTa, i = 1...M;

M — KiNbKiCTb ekcnepTiB,;

a;j — PaHr j-ro akTopy, BU3HAYEHWNI i-M EKCNEPTOM.

lMicns 06pobkn 3BegeHUX pesynbTaTis, OTpuMaHux 3 opmynu (4), 6yrno BCTaHOBMEHO, WO BenuymHa koedi-
LieHTa KOHKopAaLii CyTTEBO BiAPI3HSAETLCS Big HYNsl, TOMY MOXHA BBaXaTy, LLO MK AYMKOIO eKCnepTiB € CyTTe-
BUI 3B'A30K. B LIbOMY BMNaAKy OLiHKa 3HAYHOCTI KoedilieHTa KOHKOpAaLii BUKOHyBanachk 3a KpUtepiem y2

%Z?’ﬂ L aij)z “(N-1)

X

. 12-3%, (Zf& a;j —
M-N-(N+1)-(N-1) =31, 55 v,

©®)

)

KOTPWIt NOPIBHIOBABCA 3 TABMNYHUM 3HAYEHHSIM x2, 0BpaHMM NpU Ynchi CTyneHs ceoboam f = N — 1 Ta piBHi

3HayHocTi a = 5 %, a came

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

Ockinbkn ymoBa BMKOHyBanachk, To 3 95 % noBip-
YOI0 BIPOTiAHICTIO MOXHa Byno cTBEpKyBaTH, LLO CTY-
NiHb Y3roMpKEHOCTi OYMOK eKCrnepTiB LWoAo OLUiHKM
BNNMBY 0O6paHux hakTopiB Ha EHEPrOEMHICTbL JOMEH-
HOro BUPOOHMLTBA HE BMKIMKana CyMHIBY.
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(6)

Pe3ynbTatn gocnimkeHb Ta ix 06roBopeHHs

3a pesynbTatammu 00pobKM eKCNepTHUX AaHWX Me-
TOOOM anpiopHOro paHXyBaHHA dhakTopiB Byno BcTa-
HOBJIEHO, L0, HANOINbLL iICTOTHWIA BASIMB HA EHEPTrOEM-
HICTb JOMEHHOTO BUPOOHULITBA YMHUTbL BMICT HEKOH-
anuinHot dppakuii (<25 Mm) y kokci Ta (<5 MM) 3aniso-
BMICHI YaCTUHI LLUNXTWN.
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AHania ximi4HOro cknagy arnomepaTty Ta KOKCy 3a
MeXHUMKM cpakuismm (puc. 2, 3) [O3BONMB BCTaHO-
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BUTW, LLO 3i 3MEHLLEHHAM PO3MIpY hpakuii BMICT LLKi-
ONMBUX €NEMEHTIB, TaKMX SK CipKa ansi arnomepary 1a
30MbHICTb i BOMOra Ansi KOKCY 3pOCTaloThb.

0,1
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PucyHok 2 — BMIcCT cipku B arnmomeparti 3a dopakuismm
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JlomeHnmit +25 MM

Topix 10-25 mm

Opakiis, MM
& Bostora W 3oima

PucyHok 3 — BicT Bonoru Ta 30nm B KOKCi 3a (hpakuismu

Tak 3 HaBedeHuxX rictorpaMm BWUAHO, WO LLKIAMMBI
eneMeHTn 3ocepenxyloTbes B dpakuisx 0-5 mvm ans
arnomepary i 0-25 mm ang kokcy. Cnig 3a3HaunTu, WO
arnomepar i KOKC € LUTYy4YHUM MaTepianom, skui oTpu-
MYETbCA METOAOM CriKaHHS 3 YTBOPEHHSIM 40CTaTHbO
BENMKOI KiNbKOCTi APiOHUX chpakLiit, Lo NOB’A3aHO 3:

HenpaBWbHOK Pyb4YacTo POPMOID, PUXITO Ta
abpa3snBHOIO MOBEPXHEID YacToK, sIKi CKkragatoTbes 3
BENUKOI KiNbKOCTI MOPOBUX KaHamiB, OKpiM LbOro, ar-
nomepaTty Bractmea isndHa Ta XimiyHa HeoaHopia-
HIiCTb;

0CcoBnuMBICTIO TEXHONOriI OTPUMaHHS, a came npo-
LIeCOM OXOITO[PKEHHSI CMEeKiB MeTogoM MOKporo abo
CYXOrO raciHHa — AJ1is KOKCy, abo NpOCMOKTYBaHHAM
Yepes LWap 3asganerigb 3pymMHOBaHOro nupora xonoa-
HOro NOBITPS — A8 arrnomMepary, Npy UbOMYy rpagieHT
Temnepatyp Ha MexXi «Crnek-OXOnompKylye cepeno-
BuLLe» gocsrae 875 °C, a WBUAKICTb OXONOMXKEHHS
konuBaeTbcs Big 8...12 °C/xB y arnomeparty, 00
50...60 °C/xB y kokcy. [26]

Takuin TEXHONOrMYHUIN NPOLEC OTPMMAaHHA AaHoi
CYPOBVHU CTBOPIOE MEpPesyMOBU AN BUHUKHEHHS B

LWMaTKax 3asILLKOBOI TEPMIYHOI HaMpyr, CKOHLEHT-
pOBaHoi, NepeBaxHo, B MiCUSAX YTBOPEHHS AedekTis
(TpiWwKH, HeoaHOPIAHOCTEN) | B 30HaX MakKCUManbHUX
3Ha4yeHb rpagieHTiB TeMnepaTtyp NPy OXONOMMKEHHI,
TOOTO Ha NOBEPXHi OKPEMMX LLUMATKIB.

Tomy Gyna 3BepHyTa yBara Ha MiaroToBYi MpoLecy
NoB’si3aHi 3 PO3AiNoM LUNXTU 3a KPYMHICTIO Ta BUKO-

HaHO aHania (OPMYyBaHHA  rPaHyNOMETPUYHOIO
cKragy LUMXTOBOro marepiarny Ha TpakTi noro nogadi B
OOMEHHY niu.

OuiHka BNNMBY HaMNpy>XeHOro CTaHy 4acTokK Ha rpa-
HYNOMETPUYHUIA CKNag arnomMepary i KOKCy npu 1horo
nepeMilLleHHi MO TPaKTy LWMXTonodadi AOMEHHOI nedi
BMKOHYBaracs LUNaxomM Biabopy npod B KOHTPOMbHUX
Toukax TpakTy wuxtonogadi AMN-8 MAT «ApcenopMiTt-
Tan Kpueui Pir» 3 ueHTpanbHummn 6yHKkepamu, rornos-
HUM YMHOM B TOYKaxX MNOAaHHS | pO3BaHTaXEHHSA KOKCY
i armomMeparty 3 noganbLUMM PO3CIBAHHSAM MO MEXHOMY
Knacy, 9KkMin onsa arnomepary i KOKCy cknagae -5 Mv 1a
-25 MM, BignoBigHo.

Ha nigcrasi oTpyMaHux pesynbTtartis 0ynun nobyno-
BaHi fiarpamMu, Lo XapaKTepusyoTb BMICT B MacuBi ar-
niomMeparTy i KOKCY HEKOHAMLIMHNX dopakuin (puc. 4).

17
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Touka BimOopy mpod
| - npunmanbHun ByHkep; Il - XnBunNbHUK rpoxoTy; lll - 30Ha po3BaHTaXXeHHS Citovoi noBepxHi; IV - BUNyck

HagpeLUiTHOro MPOAYKTY 3 NPOMIKHOrO OyHKepa; V - TpaKT 3aBaHTaXKeHHs ckina; VI - ckin
PucyHok 4 — BMmicT mexHOi dopakuii B MacuBi arnomeparty i KOKCy B TOYKax Bigbopy npob

3 aHanizy oTpyMaHux AaHuX BUTIKaE, L0 B NPOLIECI
TPaHCMOPTYBaHHSA arrioMepaTy Ta KOKCY MO TPaKTy LUu-
XxTonogauyi BiabyBaeTbCA MOCTIMHE HapOLlyBaHHA B
06'eMi LUMXTUN BMICTY HEKOHOMLINHUX dopaKLii, 3a pa-
XYHOK AOpOOIIEHHs1 YacTMHM LUMAaTKiB Ha MnepeBaHTa-
YKEHHSIX Nicns rpPOXOTY, BHACHIAOK YOro BMICT HEKOHAW-
LiMHMX ppaKLi B CKINOBOIT LUNXTi 3a5MWLAETbLCA BUCO-
kM. EdpekTnBHICTb rpoxoyeHHst He nepesuwye 50 %
ana arnomeparty i 60 % Ons kokcy, Wo He 403BOSsiE

=

o

3a6e3neunT TEXHOMOriYHI BMMOrKW, WO npea'sasns-
0TbCS 4O SAKOCTI NiZrOTOBKM METanyprinHoi WWXTK ne-
pea nNnaeKolo.

[ns BM3HAYeHHS MPUYMH HW3bKOI e(EeKTUBHOCTI
rPOXOYEHHST BMKOHYBAIoOCHA PO3CiBaHHS MOYaTKOBOrO
matepiany (Toyka Bigbopy npob Il - XnBUNbHWK rpo-
XOTY ) 3 noganbLUUM aHasni3oM OTPUMaHUX JaHUX LLUMS-
XOM MobyaoBu iHTErpanbHUX XapakTepucTUK pPOo3ro-
4iny po3mipiB YacTOK Mo4YaTKOBOro marepiany (puvc. 5).
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1 - arnomepar ¢abpuku  meTanypriiHoro  BMpoOHMUTBA; 2 -  arnomepaT  HKI3Ka;

3-koKC; A — «TpyaHi» 3epHa arnomepaTy; b - «TpyaHi» 3epHa Kokcy
PuUcyHoK 5 — IHTerpanbHuin po3noAin po3mipis YaCTOK NOYaTKOBOro Matepiany

3 aHani3y oTpumaHux iHTerpanbHUX po3noainis po-
3MipiB YacToK Byro BCTAHOBIMEHO, L0 B MOYaTKOBIN 3a-
Ni30BMICHI/ YaCTuHI WKUXTK (arnomepari) i nanuBHOI

(kokci) micTuTbeA BignosigHO Ao 6,84...8,6 % i 19,9

18

% 3abuBaloumnx YaCTUHOK, PO3MIpU sKMX Bnm3bki 0o
po3Mipy anepTtypu cuT (5 Mm ans arnmomeparty i 25 mm
ONsi KOKCY), Y 3B'A3Ky 3 YMM, BipOrigHICTb iX MpOXo-
OKEHHS Yepes OTBOPU CitoH0i MOBEPXHI HabNMXKaeTbCS
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00 HyIisA, WO NpM3BOAUTb A0 ii 3abMBaHHSA i 9k Hacni-
OOK, HU3bKih €eKTUBHOCTI IPOXOYEHHS.

TaknM YMHOM, B NPOLIECi TPAHCMOPTYBaHHS 3ani30-
BMIiCHOI Ta NannBHOI YaCcTMH MEeTanyprinHol LUMXTX Mo
TPpakTy LwwmxTonodadi BigbyBaeTbCs MNOCTIHE Hapo-
LLIyBaHHSA HEKOHANLINHMX ppaKLiin, BUAINEHHS SKMUX HA
iICHYIOUMX rPOXOTax MOBHICTIO He BUpiLLye 3aady 3HU-
XXEHHS BMICTYy Api6’'A3Ky B CKINOBIN LUNXTi, OCKINbKY ar-
nomepart i KOKC € BaXKKOrpoxoTMMMmM MaTepianom 3 Be-
NMKUM YUCITOM YaCTOK, Lo 3abusatoTe. B LbomMy Buna-
OKY HeOoDXiAHO 3HAMTK TEXHIYHI pilleHHs], siki 6 Jo3BO-
nnn 30iNbLNTY €PEKTUBHICTb FPOXOYEHHS 3 ypaxy-
BaHHSIM 3MEHLUEHHS 3abuBaHHSA Cistv0i NOBEPXHi rpo-
XOTiB, @ TAKOX OOHOYACHO 3 LM BMPILLIMTU MUTaHHS
cTabiniszauii rpaHyNnoOMeTPUYHOro cknagy LUUXTW, sika
MoAAETbCS Ha KOJTOLLHUK JOMEHHOI Mnevi.

JITeopis i NPaKMUKg Memarypeii

BucHoBku

JocnigpkeHHAMN BCTAHOBMNEHO, L0 HanOinbLWNNA
BM/MB B TENEPILLUHIN Yac Ha EHEPrOEMHICTb JJOMEHHOIO
BMPOOHULITBA YMHUTb OY>XE BEIUKUIA BMICT HEKOHOW-
LiMHMX ppakuin y KOKCi Ta arnomeparTi, SKi yTBOpHO-
IOTbCS B HACNIAOK iX TPAHCMOPTYBaHHSA Ta NepeBaHTa-
XKEHHS Ha TPaKTi LUMXTOMNIATOTOBKU MeTanyprinHoi cu-
poBuHW. [itodi rpoxoTn Ang BiaciBy HEKOHOWULINHMX
dpakui MatoTb HU3bKY €(PEKTUBHICTb IPOXOYEHHS, Lie
NOB’13aHO FOMOBHUM YMHOM 3 3abMBaHHAM Cito4Oi No-
BEPXHi, WO He Aa€ 3MOry 3HM3UTWU BMICT Api0'sA3Ky B
CKIiMoBiK LWNXTI.

Taknum YMHOM, AN 3MEHLLEHHS] EHEPrOEMHOCTI 0-
MeHHOro BMpobHuuTBa Tpeba 3HanTh Ta obpaTu Taki
TEXHIiYHI pilleHHs1, ki 6 JO3BONUNN CYTTEBO HA TPaKTi
NiAroTOBKM MeTanyprinHoOl LUMXTW OO NfiaBKM 3MEH-

LUMTU YaCTKy HEKOHAMLIMHUX dopaKLi armoMmepary Ta
KOKCY, SIKi NOCTynatTb B AOMEHHY Miy.
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JITeopis i NPaKMUKg Memarypeii

Investigation of hydrodynamic processes of a ladle bath when blown

through bottom blower devices

06’ckm AocnidxeHHs — 2i0poOUHaMiYHI MPOUeCcU K08WOBOI 8aHHU Npu nNpoodysui Yyepes OoHHI Oymmbosi npucmpoi.
Mema 0ocnidxeHHs1 — 8CMaHOB8IIEHHS OCHOBHUX NPUHYUIi6 hopmysaHHs1 6apbomaHoI 30HU i ii ennugy Ha wap wnaky,
a makox ouiHKa eghekmusHocmi 8udasieHHs1 HeMemaregux 8KII0YeHb Mpu rno3anivyHit obpoui cmarni Ha ycrmaHosui «Kiguw-
niyy.

HocnidxeHo cmaH numaxHs no3ariqyHoi 06pobKu cmari Ha ycmaHo8UI «Ki8W-riy», KUl rnokasas, wo Ha egheKmueHicme
pobomu OaHo2o aspescama Mae 3Ha4HUU ernnue npodysKa BKIIHYarHU po3matlysaHHsi OOHHUX rpodyeHux 6rokie ma
iHmeHcusHicmb macornepeHeceHHs. Crnuparducs Ha rnposedeHul aHarnis nimepamypHuUx Oxepes, po3pobreHo memo-
OUKy eKcriepuMeHmy ma CmeopeHo 1abopamopHy ycmaHo8Ky 071 npo8edeHHs (Pi3u4HO20 MOOEesIH08aHHS Ha XOI00HIl
modeni. CmeopeHo MamemamuyHi MOOesi Ha OCHOBI SKUX MoXe Bymu onucaHo 8riug mexHoso2ivHuUxX ghakmopie makux
AK: pexxumu rpodyeku, posmauysaHHs Oymmb0O8UX pUCMpPOois, sucoma wiiaKy, Ha eumpamu HelimparbHO20 2a3y i 8
€800 Yepay Ha 3MiHy Mamepiario- ma eHep2oeMHICMb cmarii rpu no3arniyHit 06pobu.

Bu3sHa4eHo, wo 36inbweHHs iHmeHcugHocmi npodysKu npu3eodums 00 3pOCmaHHsA eghbekmusHocmi 8udarneHHs Heme-
maresux 8KIMO4YeHb 3a paxyHok binbwoi 6apbomaHoi 30HU, 30Kpema, 8i0coOmMoK audaneHuX 8KITYeHb 3pocmac 8i0 8%
npu 100 n/xe 0o 22% npu 800 n/xe sumpam 2a3y. OKpiM moeo, onucaHo 8r/ug PisHUX napamempis, makux sik po3ma-
wysaHHs1 npodysHux briokie, Ha 83aeM0Qdit0 2a308020 MOMOKY 3 MemasioM i WakoM, a MmakoX iX ernue Ha ymeopeHHs
rpo0ysHoI nsiMu i memnepamypy mMmemarnesoi 8aHHU. Pe3ynbmamu ¢hidu4Ho20 MoOes8aHHs i MameMamuYHi Moderi
00380/15110Mb ONMMUMI3y8amu rpoyecu no3ariyHoi 06pobku cmarii, WO Crpusie MOKpauwjeHHI0 IKocmi 20moegoi npodyKuyii.
Knro4yoei cnoea: ycmaHoska «kigw-nivy», rnpodysHa nnsma, isudHe molertosaHHs, bapbomaxHa 30Ha, npodyska
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

BcTyn

MosaniyHa obpobka meTany € OAHWUM i3 KIHOYOBUX
HanpsMiB NiABULLEHHA SKOCTi Ta NOKpaLLeHHs BNacTu-
BOCTEW MeTanonpoayKLii MacoBoro Npu3HayeHHs i pe-
cypco3bepexeHHsa B meTanyprii. OgHum 3 HanbinbLu
edeKkTUBHUX 3acobiB  3HWKEHHS MaTtepiano- Ta
€HeproemMHoCTi cTani npu obpobui cTani Ha ycTaHoBL
«kiBLw-nivy» (YKI) € goTpyMaHHA BCTaHOBMEHUX pe-
XUMIB NpoayBKK, SKi CYTTEBO BNNMBaloTb Ha hop-
MyBaHHsi 6apbOTaXKHOT 30HM.
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[Mpoayska MoXe 3AiiCHIOBATMCA PI3HUMM METO-
namu, 30Kkpema 3Bepxy abo 3HU3y Yepes OOHHI AyTTb-
OBi NpMCTpPOI. BinbLl NOLWMPEHO0 B CBITOBIN NpaKTuULi
BBaXXa€ETbCS NPOAYBKa Yepes AOHHI AyTTbOBI MPUCTPOT
3 pi3HMM iX Micuem po3TallyBaHHs. B 3anexHocTi Big
po3TallyBaHHA  MNpPOOYBHMX OMOKIB  3MiHIOETLCSA
B3aemogis 6apOoTaxHOI 30HW Ha rpaHuli MeTarn-
Lnak, Wo B CBOK Yepry BNIMBaE Ha YTBOPEHHS Npo-
OyBHOI NNsSIMY, 3 NofanswUuMu BTpataMmu Tenna.

[nsa 3abes3neyveHHst 3agaHMX napameTpiB rigpoan-
HaMiK/ KOBLLOBOI BaHHW NpoAyBLi cTani, noctae nu-
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JITeopis i NPaKMUKg MemAarypeii wumssas

TaHHSA BUOOPY PO3MILLEHHS] OOHHUX OyTTbOBUX Mpw-
CTPOIB Ta iHTEHCMBHOCTI npoAyBku. B 3B’A3ky 3 Lum
BMKOHAHHS AOCHiMKEHHS riapPOANHAMIYHMX SBULL, KOB-
LLIOBOT BaHHW Npu NpoayBLi Yepes AOHHI AyTTbOBI Npu-
CTPOI, SIKi HanpaBneHi Ha BCTAHOBMEHHSI OCHOBHUX
npuHUuniB gopmyBaHHSA 6GapboTaxkHOT 30HU i T BNNMBY
Ha LLap LWnaky, a TakoX Ha e(PeKTUBHICTb NPOLECIB BU-
JaneHHs HemeTaneBuxX BKMHOYEHb MNPW NO3aniyHin
06pobui ctani Ha YKIT € focuTb akTyarnbHO 3agadeto.

AHanis nitepaTtypHuMX gaHux

MosaniyHa 06pobka cTani Ha yCTaHOBLLi «KiBLU-Mi4»
€ HeBid’€MHUM eTanom Mpu BUFOTOBMEHHI BUCOKO-
AKICHMX MapOoK cTani, Ska BKMnoyae B cebe npouec npo-
OYBKW iHEPTHUM rasom Afi roMoreHisauil xiMiyHoro
cknagy crarni i ycepeqHeHHs1 Temneparypu, Lo crpuse
BMOANEHHI0 HeMeTaneBmx BKMYeHb. Bigomo, wo xa-
pakTep Ta iIHTEHCUBHICTb PyXy CTani B KOBLLI 3anexarb
Big pagy napameTpiB NpodyBKW, SKi BMNUBaKOTL Ha Ti
e eKTMBHICTb, 30KpemMa Ha CTyMiHb roMoreHisauii me-
Tanesoi BaHHW [1].

ABTOpamu poboTu NpeacTaBneHi pesynbTaTv npo-
MUCNOBUX i NabopaTopHux gocnigkeHb A4BOGA30BOro
NMOTOKy, 6apbOTaXXHOT 30HW | PO3PUBY LLSAKOBOMO Mo-
KpoBY npw npoAayBLUi pigkoi ctani B KoBLwi. Mpomucnosi
OOCHNiIKEHHS NMPOBOAWMMUCS B 3aBOACBHKMX YMOBax B
30-ToHHOMy KoBwi. [ig 4ac nabopaTopHux Ao-
CrniMKeHb BUKOpPUCTOBYBanacs rigpaeniyHa mogernb
koBwa (macwTtab 1:4,5), npuyomy BUTPaTU rasy BCTa-
HOBIIOBANMCS BiANOBIAHO A0 KpuTepito nogobu Mop-
ToHa [2]. AnbTepHaTMBHI JOCNIOXEHHsST NpoueciB ne-
peMillyBaHHS i PO3pUBaHHS LLITAKOBOIO MOKPOBY Npo-
BegeHi asTopamu [3, 4]. MNpu Yomy B SKOCTi KpUTEPIto
nogobu 6yno obpaHo kputepin Ppyaa.

B pobori [5] npuBengeHi aaHi, wWoago BNNMBY po3Ta-
LUYBaHHS1 JOHHUX NpoAyBHUX BMokiB Ha eheKTUBHICTb
padiHyBaHHS cTani Ta NPOPUB LLTAKOBOrO MOKPOBY B
KOBLI, 9Ki MaloTb HeraTMBHUI XapakTep npu nosa-
nivHin 06podui. Bynbbalukn rasy, wo 6apboTytoTh Nig
YaC npodyBaHHs MeTaneBoli BaHHW, CApPUSOTb
padiHyBaHH0. IMpwn 36iNbLUEHHI IHTEHCUBHOCTI Maco-
nepeHeceHHs B KOBLUI BigbyBa€eTbCs BUPIBHIOBAHHSA
XiMiYHOro cknagy Ta Temnepatypu B ob’emi metany.
Onsa nigBuweHHA edeKTMBHOCTI BUaaneHHs HeMmeTa-
NEBWX BKIIOYEHb, HA OCHOBI NPOBEAEHMX JOCNIAKEHD,
aBTOPU PEKOMEHAYIOTb KOHQirypauito npoayBHUX
6rokiB 3 piBHMM po3noginiom noToky (1:1) Ta ogHako-
BMM pafianbHuM postawysaHHam conen (0,7R/0,7R,
45 rpapgyciB), Sika nigxoauTb SK ANS HA3bKUX, Tak i Ang
BMCOKMX LUBMAKOCTEN NOTOKY rasy.

ABTOpamn poboTu [6] BigMiYEHO, LLO BUAANEHHS
HemeTarneBuVX BKIIOYEHb 3i cTani Npu NpoaysLi iHepT-
HUMW ra3amu BigOyBa€eTbCA 3aBASIKN iX MPUKPIMIEHHIO
0o bynbballkv Ha Mexi meTan-ras, a Yac HeooxigHU
ans ix nepexogy 4vepes MikdasHy Mexy meTtan-ras,
MoXe ouiHioBaTucs sik 104 — 106 ¢. Lle cBigunTb npo
Te, Lo NpakTU4HO byab-sike 3iTkHeHHs HB 3 Bynbbalu-
KO0 ra3y HesanexHo Bif ii XimiyHoro cknagy i rigpoau-
HaMiYHMX YMOB NMOBWMHHO NPUBOAUTM [0 NPUKPINIEHHS
HeMeTaneBoi hasu Jo OynbbaLlku.
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Ha nigcTtasi npoBegeHux gocnigkeHs asTopamu [7
— 9] oTpymaHo AaHi ki ceigvaTb nMpo Ginbw edek-
TUBHE BWOANEHHS HeMeTaneBux BKM4YeHb Mig 4ac
npoAdyBaHHS 3HW3Y HiXX Npy NpoayBLi hypMoto 3Bepxy,
npuyoMy npu 36iMbLUEHHI KiNbKOCTi NpoayBHUX GokiB
e(hEKTUBHICTb BUAANEHHA BKIMIOYEHb TaKOX 3pOCTAE.
Lle obymoBneHo Tum, Lo BinbLua KinbKiCTb BKMHOYEHb
BTArYETLCH B LMPKYNAUIVHWIA NOTIK i NEpEeHOCUTLCS B
wnak. MNpu yomy, nepLui 2 XBUNWMHKU BuaaneHHs Biaby-
Ba€TbCA Binbll IHTEHCMBHO HDK HACTYMHi, WO Mosic-
HIOETbCS 3MEHLLEHHSM KinlbkocTi HB Ta 3BOpoTHWUM 3a-
XOMfEHHAM HeMeTaneBnx BKNIOYEHb B LIMPKYNALINHNA
noTiK.

B po6otax [10, 11] npuBeaeHa ouiHka BNNBY BAOY-
BaHHS aproHy B pO3niaBneHy cTarnb Ha ii YUCTOTYy, WO
BM3HAYaETBCA BMICTOM HEMETaNeBMX BKIOYEHb Mpwu
npoayBaHHi Ta 6e3 npogyBaHHsA aproHoM. TpuBanicTb
BAYBaHHSI aproHy B CTanb Ma€ AyXe 3Ha4yHUN BNnuvB
Ha KiHLEeBUI BMICT HEMeTaneBux BkIoYeHb. KopoTkui
Yyac BAyBaHHsI aproHy abo manui 06’em aproHy Moxe
npu3BeCTM OO0 TOro, WO KiHLEBUA BMICT BKITHOYEHb
MoXe OyTu BULLIMM, HiXX Ha noyaTtky. MiHiManbHuiA Yac
NPOdYBKM aproHoM, HeobXigHWA Onsi 3MEHLUEHHS
BMICTY HEMETarNeBNX BKIKOYEHb, CTAHOBUTL 7 XBWITWH,
a pekomeHgoBaHa BuTpata aproHy — 10 niTpie Ha XBK-
nnHY.

AHanITUYHMI ornag HaBedeHWX BuLLEe PobiIT noka-
3aB, WO Ha edEeKTBHICTb ycepedHEHHs1 XiMiYHOro
cknagy Ta TemnepaTypu CTani, a TakoX MpoLeciB
pacpiHyBaHHsS Big HeMeTaneBuX BKMOYEHb 3HAYHUN
BMNIMB Mae cnocib nigBeneHHs rasie, iHTEHCUBHICTb
Moro nogadi i Micusa posTallyBaHHSA JOHHNX MPOOYBHUX
6nokie. Kpim TOro, BoyBaHHs aproHy B po3nnasrieHy
CTanb 3Ha4yHO BnnMBae Ha BMICT HB, wo nigkpecntoe
BaXXNMBICTb KOHTPOSIO 3a TPMBAriCTHO Ta 06’eMoM BAy-
BaHHA rasy Ans [OCArHEHHst GakaHoro KiHLeBOro
cknagy ctani. ToMy akTyanbHOH 3ajadeto € npose-
OEHHs1 OOoCnipKeHb MO BUBYEHHIO TiAPOANHAMIMHUX
npoLecis, siki BinbyBatoTbca nig Yac odbpobku cTani Ha
YKIT npu npoayBLi Yepes3 AOHHI AyTTbOBI MPUCTPOI.

MinrotoBka Ao disnyHoro moaentoBaHHA Npo-
ueciB rigpoanHamiku KOBLUOBOI BaHHU npu nosa-
nivyHin o6pobui crani

Knio4yoBMM 3aBOaHHSAM MNpU 3HAXOKEHHi 4ducen
nogibHocTi Ans isM4HOro MoAentoBaHHA € BUOIp
Hanbinbl 3HaYyLMX NapameTpiB, siKi BMMBaOTb Ha
aocnigpkysaHui npouec. Buxogaum 3 aHanisy npouecy
Ta NOriYHMX MipKyBaHb CKMafeHo CYKYMHiCTb 3 He3a-
nexHux @IisnYHUX BENUYUH, SKi XapakTepusyloTb
disnyHy cuctemy 3paska, WO MOAerntoeTbesa. Buxo-
Os4M 3 NOriYHNX MipKyBaHb NPUAHATO, LLO Ha npouec
YTBOPEHHSA MPOAYBHOI MMsMW BNNMBalOTb: 06’'€MHa
BUTpaTa rasy - (.; AdiameTp BCTaBku - d; TOBLUMHA
wnaky — hwn; rMMburHa BaHHM - her; B'A3KICTb PignHm - v;
NMOBEPXHEBUI HATAT — Ocr; 'YCTMHA CTari — Pcr; NyCTUHA
LUIaKY - Puwn; FYCTUHA rasy — Pras; MPUCKOPEHHS BiNb-
HOro nagiHHsA — g.

Ona mopgentoBaHHs 00OMpaHO NOBHOMAKTOPHUIA
eKCNepuMEHT 3 BapitoBaHHSIM KOXHOro napameTpy Ha
TPbOX PIBHSAX: HWXHbOMY, BEPXHbOMY i HYIbOBOMY.
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KinekicTeb gocnigiB Ansg eKkcnepuMmeHTy 3 [Boma
3MiIHHUMKW MapameTpamMu OJ19 OOHOro po3TallyBaHHS

npobok cknagae n=3%. Omke Ons OBOX BapiaHTiB

po3TallyBaHHS NPOAYBHUX GIOKIB (0OMH NO LIEHTPY U
OBa Ha nepudepii).

JITeopis i NPaKMUKg Memarypeii

[na npoeBefeHHA gocnigkeHb rigpoanHamiku KOB-
LLIOBOI BaHHW Npw NpOAyBLLi Yepes AOHHI OyTTbOBI Npu-
CTpoi Oyna cTBopeHa nabopaTopHa yCTaHoBKa A4S
XOIOOHOro MOAEeNoBaHHS, sika 30bpaxkeHa Ha puc. 1.

Puc. 1 — Cxema ekcnepumeHTarnbHOi yCTaHOBKM

Hocnig npoBoamecs Ha nabopatopHoMmy obnagHa-
HHi kadbedpu meTanyprii YaByHy i cTani, ake cknaga-
nocs 3: 1 — komnpecop, 2 — peaykTop, 3 — BOAHUIA Ma-
HOMETp, 4 — NaMna HakanwBaHHs, 5 — Moaenb ycra-
HOBKM «KiBW-NiY», 6 — pigMHa imiTytoda MeTan,
7 — piavHa iMiTyoua wnak.

Hocnign npoBognnucsa 4epes ABa NOpPUCTMX NPO-
OyBHUX B6oka po3TalloBaHUX Ha nepudepii KoBLLA, Ta
yepes LEeHTpanbHWUI NPOAyBHWI OMOK, 3i 3MIHEHHAM
TOBLUMHK 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
pecynbdypauii metany, Ta padiHytoda — 0,32 n/xs.
KoHTpontoBanucst HacTynHi mapameTpu: TUCK rasy,
po3TallyBaHHS NPOAYBHMX BNOKIB, TOBLLMHY LUNaKy Ta
MNMOLLYy OroneHol NoBepxHi meTany.

XapakTep B3aeMopii razoBoro CTpyMeHsi 3 MeTa-
oM B KOBLUI Ta rigpoAMHaMiYHi MOTOKM BUBYAOTLCA Ha

vt {

p=

MoZensx B ymoBax HabnmkeHux oo Hatypu. [pu no-
Aadi OoyTTa 4Yepe3 MOpWCTi BCTaBKM, YTBOPHOOTLCSH
Bynbbalukw, ski nig gieto cunmn Apximega cnnueatoTh i3
posnnasy, CTBOptoYM GapOoTaxkHy 30HY BaHHM, Ta
OroneHHs Asepkana Metany Ha YCTaHOBL «KiBLU-NiY».

PesynbTtatu ¢hiznyHoro mopentoBaHHA rigpo-
AWHaMiKu KOBLLOBOi BaHHMW.

3a pesynbTatamu npoBegeHoro disndHoro Moge-
MNOBaHHA OTPMMaHo Bigeo dannu aki 6ynm poskagpo-
BaHi Ta NpoaHani3oBaHi 3a JOMOMOIo MPOrpaMHOro
npoaykty Adobe Photoshop. Ha pucyHky 2 306paxeHo
BUIMMSA MoOZerni BaHHW Mpu NpoaysUi Yepes nopucty
BCTaBKy pO3TaLLOBaHy MO LEHTPY KOBLUA 3 MiHiManb-
HAMW Ta MakcumanbHUMKn BuTpatamu rasy 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
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Ha pucyHky 3 306paxeHo BUrnsg mogeni BaHHU
npw NpoayBLUi Yepe3 NOpPUCTi BCTaBKM po3TalloBaHi Ha

w%v ¢ ISSN 1028-2335 Nel, 2024

nepuaepii KOBLLOBOI BaHHWN 3 MiHIManbHMMK Ta Mak-
cmaneHuMn Butpatamu rasy 0,32 i 2,6 n/xs, siki Big-
nosigatoTb 100 i 800 n/xB Ha NPOTOTUMI.

Puc. 3 — lMpopayBka cTani Yepes NOpUCTi BCTaBKM po3TalloBaHi Ha nepudepii koBwa: a — 06’emMHa BUTpaTa

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

B tabnuui 1 HaBeaeHi pesynbTatm MOAentoBaHHSA
rigpoAMHaMiku KOBLUOBOI BaHHM, 30Kpema po3Tally-
BaHHA Npobok y gocnigax, ob’emMHa BuTpaTa rasy q,
BMCOTa WNaky hwn, MOKa3HUKN BOASIHOTO MaHOMETPY

Ahwuan, CEPEOHBOBUTPATHA LUBUAKICTb ra3y W, BigHOCHa
nnoLLa oroneHHs g3epkana metany Sgs Ta 6e3po3mip-
HWUA KpUTEPIN TT1.

Tabnuus 1
PesynbTatn gocnigxeHb rigpognHamMiku KOBLLOBOI BaHHM

c":lfli.qyno- :;gg:’u':- ?I}MMH Nun, MM | Ahwaw, M| W, M/c Sas m

1 0,322 8 0,148 0,4 0 41,376
2 LleHTp 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 Mepudpepis | 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 LleHTp 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 Mepudpepis | 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 0,4 0 41,39
14 LleHTp 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 gocnifxeHb NpoayBKy npose-
O€EHO Yepes NopUCTY BCTaBKy pPO3TALLOBAHY MO LEHTPY
YCTaQHOBKU «KiBLLU-Mi4» MPU TOBLUMHI LUMAKOBOro Mo-
kposy Big 8 fo 10 mm, Ta 3 BuTpaTamu rasy Big 0,32 oo
2,6 n/xB. BcTtaHoBMEHO, WO Npy NpoayBLi 3 MiHiMarnb-
HAMW BWTpaTamMu rasy po3MnaB 3HAXoAWTbCA B
CMOKIMHOMY CTaHi, Npy LibOMy B3aemogist 6apOoTaxkHOi
30HM 3i LLUMAKOM BUpaXKeHa He3Ha4YHUMK 30ypeHHAMN,
SKi YHEMOXIMBIIOIOTE 3aTANYBaHHS LUMaKy B po3nsiaB
He oronto4m asepkano metany. [Npu 36inbLweHHi BUT-
paT rasy LUSakoBu1I MOKPOB 3HAXOOUTLCA Y HECTabINb-
HOMYy CTaHi, Yepes3 Le BiaOyBaeTbCA 3aHYpPEHHSs Kpa-
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nenb Wwnaky B metan. MigBuLLeHHs iHTeHCUBHOCTI NPo-
OYBKV NMPU3BENO A0 PO3LLMPEHHS diaMmeTpa NpodyBHOI
nnsiMu1, Yepes Lo 30inbLUyTLCA BTpaTK TEMMOTH B aT-
Moccbepy nedi. 30inblUIeHHS BMCOTM LUMAKOBOro Mo-
KpOBY Crpusie 3MEHLUEHHIO fiameTpa BiOKpUTOI npo-
AyBHOI Nnsimu (puc. 2).

Ha gpyromy etani — npodyBka BUKOHaHa Yepes ABi
NMOPUCTi BCTaBKM pO3TalLOBaHi Ha nepudepii koBLua
npw TOBLLMHI LLNAKOBOro NOKPoBY Big 8 Mm o 10 mMm,
Ta 3 BuTpatamu rasy Big 0,32 n/xe go 2,6 n/xs. Npu
padiHytoyin NpoAyBLi po3nnaB 3HAXOAUTLCH Y CMOKin-
HOMY CTaHi, MOBEPXHS LUMAKOBOrO MOKPOBY XapakTe-
pU3YETLCS MiHIMansHUMK 30YPEHHAMY HE YTBOPHOHOYM
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NPOAYBHOI MAAMU, LLIO CNpUsie 30epPeXEHHIO TEMIOTH
MeTaneBol BaHHOK. FAKLLO NOBEPXHIO BAHHN YMOBHO
pO34iNMTY Ha YOTUPKW CEKTOPU, TO MOXHa NoBavnTu, SK
Oynbballky HenTpanbHOro rasy, MpPOXOAsATb 4Yepes
wap wnaky B cektopax 3 Ta 4. [Npwn iHTeHCMBHI nogadi
rasy BigOyBaeTbCH 3CyB LUMAKOBOro MOKPOBY A0 Npo-
TUNEXHOro npogyBHUM Brokam 6opTa koslua. Xo4a
36inbLUEHHs NOTYXHOCTI NepeMillyBaHHs Crpusie nNpo-
TikaHHIO NpoLecy aecynbdypadii, Ta € iMOBIPHICTb 36i-
MNbLUEHHSA B CTani BMICTY HeMeTaneBux BKMOYEHb, 3a
paxyHOK 3aTryBaHHS BiApWBIB LUMNaKy KOHBEKTUBHMM

BuTpara rasy, /xe
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MoTOoKamMy B PO3MiaB, | Yepe3 OKWCMEHHS OroreHoro
A3epkana meTarny B 30Hi npogyBHOI nnsmu (puc. 3)

B xoai npoBeaeHHs AocnimkeHb, Oynu oTpuMaHi pi-
BHSIHHSA, SIKi AA0Tb 3MOrY BM3HAYWUTW, OCHOBHI MPWH-
uunu copmyBaHHs 6apboTaxkHOT 30HM i Ti BNAMBY Ha
Wwap wnaky, npu npoaysLi Yepe3 NpoayBHi 6Mnokn Lo
3HaxoaATbCsA MO UEHTpY i Ha nepudepii. 3a oTpuma-
HAMW MaTEMaTUYHUMKU MOLENAMMU, SiKi BiOTBOPIOOTb
peanbHi yMOBM Mpu NpoAyBUi HEWTPanbHUM ra3om,
BMKOHaHO po3paxyHKu napameTpis 0bpobkn meTany B
KOBLUi Ta NobyaoBaHi TpMBUMIPHI giarpamu (puc. 4 —
5).

OroneHHA BigHOCHOT nowyi
Asepkana metany, %

TOBLYMHA WAAKY,

Puc. 4 — Bnnve BUCOTM LUNaKy Ta iHTEHCMBHOCTI NPOAYBKM Ha MIIOLLY PO3KPUTTHA NPOAYBHOI NNSMM NPy nogavi
rasy 4yepes npogysHi 6110k po3TalloBaHi Ha nepudepii koBLia

LAl
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BuTparta rasy, n/xe

OroneHHA BigHocHOT nnowyi
A3epKana meTany, %
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Puc. 5 — Bnnve BUCOTM LUNaKy Ta iHTEHCMBHOCTI NPOAYBKM Ha MIIOLLY PO3KPUTTHA NPOAYBHOI NNSMM Npy nogavi
rasy 4yepes npofysHi 6110k po3TalloBaHi No LEHTPY KoBLUA

OTpuvMaHi 3aneXxHoCTi NMNoLLi NPoAyBHOI MsIMK Bif
TOBLLUMHU LUMAKOBOroO LWapy Ta BUTPAT rasy sikui no-
[aeTbCs Yepes NpoAdyBHi OrOKM po3TalloBaHi Ha nepu-
depii NoKasyoTb, LLIO iT MakcumMarnbHe PO3KPUTTS CKra-
nae 67,1 %, npu MiHiManbHin ToBWWMHI Wwnaky 0,2 m,
TOAI SIK Npy 30iNblUEHHI TOBLWMHKU wraky o 0,24 m
nnowia 3meHwyetbes Ao 59,7 %. Wo go pos3kputta
NPOAYBHOI MNsAMK, MPU BUKOPUCTaHHI LEHTPArbHOro
npoayBHoro 6noky (puc. 5), To BOHO Mae Taky X 3a-
NEeXHICTb — npu TOBWMHI wnaky 0,2 M OroneHHsa
BiJHOCHOI Mo A3epkana cknagae 6nmabko 61,5 %,
a npu 0,24 m wnaky — 59,2 %. 3i 36inbWeHHAM iHTEH-
CVMBHOCTI MpOAYBKW BiAHOCHa nnolla npoayBHOI

nnsamMu 30iNbLIYETLCS 3a paxyHOK B3aemogii 6apbo-
TaXHOI 30HI Ha rpaHuui MeTan-wnak go 750 n/xs, a
npu GinbLU IHTEHCKBHI NPOAYBL PO3KPUTTA Mabke He
BinOyBaeTbCs.

3aranbHUn BMA PIBHAHHA, SKWMA O03BOMSE PO-
3paxyBaTy BiGHOCHY MoLly NPOAYBHOI NIISIMU:

Szqunthm, (1)

ae A, n, m - emnipu4Hi koedilieHTN, BENMYNHN AKX
ONs1 pi3HUX BapiaHTiB po3TallyBaHHsi NPOOOK npen-
cTaBneHi B Tabnuui 2.
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Tabnuugs 2

EmMnipunyHi koedilieHT MaTeMaTu4Hol Modeni ANA po3paxyHKy 3MiHW NNOLLi NPOAYBHOI MASMU
Po3millleHHs npoayBHMX GIIOKIB A n m
LEHTP 1,82x10-28 9,1 -0,22
nepudepis 1,36x10-28 9,3 -0,61

Ha ocHOBi oTpyMaHWX [aHuUX BUKOHAHO OLHKY
e eKTMBHOCTI BuAaneHHs HeEMeTaneBuX BKIIOYEHb B
JocnigpKysaHoOMy Aiana3oHi NpoayBKM NP No3aniyHin
006pobui cTani Ha ycTaHoBLUi «KiBLU-MiY». /IMOBIpHICTb
3aKpINmneHHs1 BKIOYEHHS Pa Moxe OyTn onucaHa sk
BiQHOLLEHHS NMOLi OGMEXEHO KPUTUYHMM OiaMeT-
pOM 3axonnieHHs1, Yepes sikuii nnvee Bynbbaluka, oo
30%
25%
20%
15%

10%

5%

BiaCOTOK BUAAAEHHUX HeMeTasleBHX
BKAlOYEHDb

0%

0 100 200 300

nnowji obmexeHoi cymoto AdiameTpiB Oynbballky i
BKITHOUEHHS [12-14].

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

400 500 600 700 800 900

IHTEHCMBHICTL MPOAYBKM, N1/XB.

Pwuc. 6 — Bnnme iHTEHCMBHOCTI MPOAYBKM CTani Ha BiACOTOK BUOAMNEHHS HEMETaneBuX BKIIOYEHb

3i 36iMbLEHHSAM IHTEHCMBHOCTI NPOAYBKW BiACOTOK
BMOANEHUX HeMmeTaneBux BKIKYEHb 3pOCTaE, Y
3B'A3Ky 3i 36inblweHHa o6’emy 6apboTaxHOi 30HW,
OCKiNnbKM ix BuaaneHHs BiabyBaeTbCs 3a paxyHOK Npu-
KpinneHHss oo Oynbbawkn Ha mexi metan-ras. lMpu
BuTpatax razy 100 n/xB KinbkicTb BuaaneHux Hemeta-
NeBuX BKNOYEHb cknagae 6nmabko 8% 36inbLUMBLIN
iHTeHcMBHICTb NpoayBku Ao 800 n/xB iX KinbKiCTb Ckna-
natume 22% Bcix HB.

BucHoBKku

3a pesynbTatamy NpoBefeHNX OOCNIMHKEHb OTpU-
MaHi 3anexHoCTi BNMBY BUTpaT rasy, po3TallyBaHHS
npodyBHUX OMOKIB i KiMbKOCTi LINaky Ha BiAHOCHY
NMoLwwy NpoayBHOI NNsaMKU. 36inbLUeHHS 06’€MHNX BUT-
paT HeMTpanbHOro rasy, Npy posTallyBaHHi yTTbOBUX
NPUCTPOIB MO LIeHTPY i nepudepii, npu3BoauTb A0 CyT-
TeBOro 36iNnblUueHHA 30HM OapboTaxy, npu LbOMY
BiOMIYEHO, O NMpU BUKOPUCTAHHI NOPUCTOI BCTaBKM
po3TalloBaHOI MO LEHTPY KOBLUA LWMaK AOCUTb piB-

HOMIpHO 3MilLyeTbCS A0 nepudepii, a npu BUKOPU-
CTaHHi ABOX BCTABOK LUMAK 30CEPEeMKYETLCH B NPOTU-
NEXHiN CTOPOHI KOBLUA Bif iX po3MileHHs. BigMiHHOO
ocobnumBicTIO MpodyBKM Yepes ABa NpoAyBHMX Onoka,
ABNSAETLCA YTBOPEHHS 3acCTiHOT 30HW dKa 3Haxo-
anTbesa B cektopax 1 T1a 2.

BcTaHoBneHo, Lo npy MiHiManbHUX BUTpaTax rasy
LUITAKOBMWI MOKpUB 36epirae cTabinbHiCTb, a NpodyBHa
nnsiMa He YTBOPIETLCH, WO CNpuUse 30epeXeHHo
Tenna B MeTaneBin BaHHi. 3i 30inblleHHAM BuTpaT
rasy LUMAKoOBUIA MOKPUB CTA€ HECTAbINbHUM, BUHUKAE
3aHYPEHHA Kpanenb LUfaky B MeTan i PO3LMPEHHS
npodyBHOI Mnamu, Wo 36inbwye BTpatn Tennotu. A
npu 36inbLlueHHi ToBwmHKM wnaky Big 0,2 oo 0,24 m
MakcumarnbHe pPO3KPUTTA MNpPO4YBHOI MASAMU 3MEH-
wyetbes 3 67,1% £o 59,7%.

BuvkoHaHWN poO3paxyHOK BNNWBY IHTEHCUMBHOCTI
NpoAyBK/ Ha Npouec BUAaneHHs HeMeTanesux BKIHO-
YeHb. BcTaHoOBMEHO, LLO BiACOTOK BUAAneHux HemeTa-
NEBUX BKIIOYEHb 3POCTAE, 3a paxyHOK 30iNbLUEHHS
06’eMy 6apOOTaXXHOT 30HM.
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Koncrpykuil Ta aHaJi3 po0oTH 00J1aJHAHHA JJIA OJAAaYi CTAJi y

NMPOMIKHMI KiBII 6-TH CTPYMKOBOI0 M0JI3
Terekhov D.A., Stoyanov 0O.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 nocmiliHo 3pocmatroydi eumoau 00 eKcrilyamauiliHuX xapakmepucmuk rnpokamy, Habyeae akmyarnbHoCmi
npobrema nMidsuUWEHHs IKOCMI 3a20MO8KU, sKa 8U20MO8IieHa 3a MexHoso2ieln 6e3nepepsHo20 Po3IUBaHHS.
PosensHyma mexHonoeis nodayi memany cucmemu cmaneposanueHull Kisw (CPK) - gidkpumut cmpyMiHb - npoMiXHUU
kisw (1K) copmoeoi mawuHu 6e3nepepsHozo numms 3azomoegok (MbJ13). [oka3aHo npoyecu pyxy nomokie memary
npedcmasneHil cucmemi. 3asHauyeHo ocobriueocmi KOHcmpyKuii enemernmis copmosoi MBJ13, ki 3abesneyyoms paui-
OHaslbHe NPOX00XXeHHsI Memarty, Wo po3snueaemscs, 8 cucmemi CPK - gidkpumuti cmpymiHb - [1K. Lle 3abesneyye eche-
KmueHe ¢hopMysaHHs Momokie cmari e nputivanbHit kamepi K i cmeoproe ymosu Orisi nid8UUWEHHS SKocmi Memarty.
Knroyoei cnosa: [MPOMDKHWM KIBLL, SIKICTb, MBJ13, CTAJIEPO3IMBHWN KIBLL, METAJT, MOLETFOBAHHS

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 jet - PC system, are indicated. This ensures the efficient formation of steel flows in the receiving chamber of the

Nel, 2024

PC and creates conditions for improving the quality of the metal.
Keywords: INTERMEDIATE LADLE, QUALITY, MBLS, STEEL LADLE, METAL, MODELING

BcTyn. 3a nocrTinHo 3pocTaroumx BUMOT A0 EKCIIy-
aTauifHMX XapaKTepucTMK CTaneBoro npokarty ocob-
NNBOI aKkTyanbHOCTi HabyBae nNpobnemMa nNiagBULLEHHS
AIKOCTi 3aroToBOK Npu Ge3nepepBHOMY pPO3MMBaHHI
ctani. HanedekTMBHIlLMM cnocobom po3B'sA3aHHS
LibOro 3aBAaHHs € BcebiyHe BAOCKOHANEHHsI TEXHOSO-
rii 6esnepepBHOro PoO3nMBaHHA cTani. TexHiyHi pi-
LWEHHs1 BAOOCKOHANEHHs1 TexHororii 6e3nepepBHOro
po3nMBaHHA CTani, Sk NpaBuno, nonsaralTs B NepLly
Yepry y ynpaeniHHi rigpoanHamikolo MeTarny B NnpoMi-
XHOMY KOBLU.

Cuctema ctaneposnmeHui kisw (CPK) - Bigkputun
CTPYMiHb - IpoMixxHui kiBL (1K) [1] € HaBaxknNMBILWNM
TEXHOMOr4YHMM enemeHToM coptoBol MBJ13, wo not-
pebye BOOCKOHANEHHS TexHonorii Ta obnagHaHHS [2].

Mig yac poanuBaHHSA cTani U cucTtemMa 3Ha4YHO
Mipo0 BM3Ha4ae CTabinbHICTb NPOLECY PO3NMBaHHA
Ha NoYaTKOBOMY MOro eTani, gy)e BnivBato4u Ha nig-
BULLEHHS SKOCTi MeTany, Lo po3nuBaeThes, i cTabi-
NbHY poboTy MaLmHm [2].

MeTan i3 cTanepo3nuBHOro KosLl@ Y MNPOMDKHWUIA
KIBLL HAAXOOUTb BIOKPUTUM CTPYMEHEM Y MOMEHT Ha-
nosHeHHs (K [1-2]. Ha pwuc. 1 npeactasneHo komno-
HyBaHHS obnagHaHHs coptoBoi MBN3, wo 3abe3ne-
yye npoxomkeHHs pigkoi ctani 3 CPKy MK i gani kpu-
cTanisarop.

MocTaHoBKa npobnemw. NgpognHamika NOTOKIB y
NPOMIXKHOMY KOBLUI Mae BupillaneHe 3HadeHHd. [daHi

©  Tepexos O.A
CrosiHoB O.M.
ManywkiH M.B.
Cycrno H.B.
lyk €.C.
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Nnpo Teuito MeTany B NPOMIKHOMY KOBLUi € OCHOBOO
ONA 0ro BOOCKOHANEHHS.

CyuacHun npomixHui ki MBJ13 € meTtanypriii-
HUM arperaTom 0e3nepepBHOI Aii, rONOBHUMW 3aBAaH-
HSIMK SIKOro € cTabinizauia TemnepaTypu pigkoi crani
Ta BuAANEHHs1 HemeTaneBux BKNOYEeHb 3 Hel [1-4].
Cnocobu 1 ycniwHe BUpILLEHHS 3a3HavYeHux 3aBAaHb
3HAYHOIO MIpOIO 3anexaTb BiA rigpoaMHaMivyHNX ocob-
nuBOCTEN pyxy MeTany B NpOMKHOMY KOBLUI, NpsiMe
OOCHIMKEHHsT Akux nig yac 6e3nepepBHOro Moro pos-
NMBAHHS MPaKTUYHO Hemoxnuee. Tomy BUGIp pauio-
HanbHOI KOHCTPYKUiT MPOMIDKHOIO KOBLUA i pexumis
pyXy po3nnaBy B HbOMY I'PYHTYETbCS, SIK NPaBUIo, Ha
pesynbTatax ¢isuyHoro abo matemMaTuyHoOro moge-
ntoBaHHSA [5-7].

OnTnmanbHa €MHICTb MPOMKOBLUA BU3HAYaETLCA
nepepisom (LLMPUHOKD) 3aroTOBOK, LLO BiANMBalTbLCS,
YMCINOM CTPYMKIB, BIACTaHHIO MK CTPYMKaMW, LLIBUAKI-
CTHO PO3NUBAHHS, BUMOraMum OO MOXMMBOCTI CNnu-
YTBOPOBANIbHUM MOKPUTTAM. Ha BenuuYuHy €MHOCTI
NMPOMKOBLLA BMIMBAE TAKOX i PEXMM PO3NMBAHHSA: Y
pasi CepilHOro po3nMBaHHA EMHICTb MPOMKOBLUA 30i-
NbLUYETLCS 3 METO 3abesneyeHHst 3anacy meTtany,
HeobXigHOro Ans 3aMiHW CTanepo3nMBHOIO KOBLLA.

Ak nokasye npakTuka, 4ns BUCOKOLUBUAKICHUX COp-
ToBUX 6-Tu cTpymMkoBux MBJI3 emHicTb npomkoBLlia

Terekhov D.
Stoyanov O.
Galushkin M.
Suslo N.
Huk E.
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CTaHOBUTb, 9K NpaBusio, 25-30 TOHH 3a BUCOTU Hanu-
BaHHs meTany He meHwe 0,7-0,8 m. Buwinin piseHb me-
Tany B KOBLUI HaAMIpHO TypOyni3ye CTpyMiHb MeTarny,
a MeHWunn pobuTb MOro HeopraHisoBaHWM, 3MEHLLYE
Yac nepebyBaHHA MeTany B KOBLI i YCKIagHIOE po-
00Ty nig Yac po3nuBaHHs MeTany cepiamn. Baxnuesum
KpuTepiem BUOOPY pauioHanbHOro 3Ha4eHHA Macu me-
Tany B MPOMKOBLUI € TakoX 4ac nepebyBaHHA pigkol
cTarni B HbOMy, TOBTO Tak 3BaHUN «PE3NAEHTHUIA» Yac.
3HayeHHsa UbOro nokasHuka 3a3Buyaln BMOUPAETLCA
Ha piBHi 8-10 XBWNKH.

HasiBHICTb WNaKy B MPOMDKHOMY KOBLUi CTBOPHOE
Hebe3neKy noTpannsHHA Aoro B Kpuctanisatop. Tomy
Ana 3anobiraHHa YTBOPEHHHO TIMOK Nig Yac BUTIKAHHSI
MeTany B NpOMiXKHOMY KOBLLi, 0COGNMBO Nif Yac 3MiHN
CTaneposnvMBHUX KOBLLUIB, HeODXigHO MaTu 3anac me-
Tany 3aBBULLKN He MeHLwe 250...300 mm.

Cranb HagxoauTb y NpunMmarbsHy 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:
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MOMEHT BIAKPUTTS BMYCKHOrO OTBOPY (Ha nMoyaTKy
PO3NMBaHHS CTanepo3NMBHOIO KOBLLUA), KON 0gHOYa-
CHO 3 MeTaroM MepeMilaeTbCs NiCOK 3acUMKn 3 pos-
nmneHoro otBopy CPK. lpn ubOoMy B pPO3NMBHOMY
oTtBopi CPK, y noyaTtkoBMin MOMEHT pO3NUBaHHS, ne-
pebyBatoTb YaCTMHN CKOPUHKN CNIeYEHOi 3acunku i Ha-
CTMNMU MeTany, nNpu3BoauTb A0 BUXPOYTBOPEHHS B
CTPyMeHi MeTany, i 40 AedeKTy TNy «Bisno» B CTPY-
KTYpi BiZKPUTOro CTpyMeHs MeTany, Lo CTBOPHOE aBa-
PifHY cuTyaLito Ha NoYaTKy po3nuBaHHs [6];

CTanuin pexum MOTOKYy BIiOKPUTOro 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 npuiimManbHin
Kamepi; aBapiiHoi cuTyauil. BaxnuBo Bu3Hauutn, 3
ypaxyBaHHsIM NOMiB LWUBUAKOCTEN: paLioHarnbHi hopmMu
npurMManbHOi kamepu, BUcoTy 6opTy MK, KOHCTpyKLUito
3axucTy AHa kosLwia [7].

1 - cTeHa cTanepos3nmeHoro kosLwa; 2 - MK MawunHm; 3 - 30Ha BTOPMHHOIO OXONOMKEHHS

MeTa paHoi pob60oTu - NpoBeAeHHs MOAEMOBaHHS
HanoBHeHHs npoMixkHoro koswy MBJ13 nepen noyart-
KoM poanuaHHa ctani Ha MBJ13 Ne1 MpAT «Apceno-
pMittan Kpusui Pir».

MeTa MopenioBaHHs OyOb-SKOro MPOMUCIIOBOrO
npouecy ue 3mofenosatn disuky, O NEXnUTb B OC-
HOBI Npouecy, Tak, Wob MoxHa 6yno BU3Ha4MTK Bax-
nMBI NapameTpu NpoLecy Ta ynpaBnaTy HUMW, OAep-
XKYHOUM MPU UbOMY 3HAYHWUIA NPUBYTOK.

[ns moaentoBaHHS NpoLecy 3arnoBHEHHST NMPOMIXK-
HOrO KOBLLIA BaXNMBUMMK NapaMeTpamu, siki HeobXiaHo
BPaxOBYBaTU B NepLUy Yepry €:

- rigpoAMHamiyHi hakTopw, WO BNAMBaKOTb Ha NPo-
Lec noyatky Ta nepebiry npoLuecy po3nvBaHHs Ha Ma-
LWMHi 6e3nepepBHOro po3nmBaHHs 3arotoBok (MBJ13);

- MAWH pigKoro meTtany i XMBMEHHS1 CTPYMKIB;

- TennomacoobmiHi npouecw, siki BiabyBaloTbCs B
NPOMDKHOMY KOBLU.

FAKLLO NpoLec 3anOBHEHHSI MPOMDKHOIO KOBLUY npa-
BMITbHO MPOMOAENbOBaHUNA, MOXYTb OyTu nepenba-
YeHi rigpoanHamidHi chakTopu Lo BNANBAKOTL Ha NPO-
Lec noyatky Ta nepebiry npouecy posnmeaHHs MBJ13.
Moxxe 6yTv npoMoAenboBaHWIA BMAMB HA NIMH PigKoro
MeTarny i >XMBMEeHHS CTPYMKIB abo iHLIMX 3MiHHWUX Npo-
uecy. KinekicTb gocnigHMLBbKMX 3anMBaHb pigkoro me-
Tany moxe OyTW 3HAYHO 3MEHLLEHa 1 BUKOpUCTaHa B
OCHOBHOMY AnNs NiTBEPOXKEHHS KOHLenLil.

Modenb cucmemu Ons aHani3y npoyecy po3nu-
8aHHS 3i cmasiepo3iueHO20 Kogwa y NMPOMiKHUU
Kiew eiOKpuMuM cmpymMeHeM.

Mig yac cknagaHHa moaeni [8] BuKopmcTaHo Taki pi-
BHSIHHSA: 51K PIBHSAAHHS, LLIO OMUCYE PyX PiauHM B obnacTi
MOAENoBaHHA, NpuimMaemo piBHAHHA Hag'e-CTokca
ONna HecTauioHapHUX NOTOKIB piauHK (pigkoro me-
Tany), HepO3pUBHOCTI NOTOKY [7].
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"eomeTpia mogeni BU3Ha4aeTbCA KOMMNOHYBAHHAM
obnagHaHHsa posnueHoro oteBopy CPK i posTawyBaH-
HAM obnagHaHHs K woao cTpymeHs pigkoi ctani.
Macwitab moaeni ctaHosuB 1:1.

ou —s —n__'_
E+(u-V)u—F
pVii=0

Vp + vV

AR

[e i - BEKTOp LUBMAKOCTI PianHu;

F- BEKTOP 06'EMHMX CUIT;

p - TUCK pianHu;

Vp - rpagieHT TUCKY;

V- KOediLiEHT KIHEMaTUYHOI B'I3KOCTI;

V2 - nannaciaH u;

p - FyCTWHa cTani.

BekTop 06'eMHMX c1n 3 ypaxyBaHHSIM [il04oro rpa-
BiTaLiAHOro nonsl 3eMrli BU3Ha4YaeTbCst B OOpaHin cuc-
TeMi KoopauHaT sk

0
F=1| o @)
—p-g

e g — NPUCKOPEHHS BifbHOro NafiHHA.

MpunyweHHs npo MOCTiMHY FyCTUHY MeTany p
Moxe ByTu 3pobneHo AN po3NUBHMX NPUCTPOIB CUC-
Temu MNK-K y Bunagkax, konv pisHuus TemnepaTtyp pi-
OWHW HE HA4TO Benuka.

Mpwn po3paxyHKy TypOyneHTHMX Tevin meTany B Cu-
ctemi BukopuctoyBanm (K — €)-mogenb TypOyneHT-
HoT B’a3kocTi [1, 8]. MNMpu uboMy BBaXanu, LLO Ha nigc-
TaBi rinotean bycciHecka koeilieHT B’A3KOCTI, LUO
BXOOUTb J0 piBHAHb Hap’e-CTokca, BKNoYae Moneky-
NSPHY B’A3KICTb | | TypOYNeHTHy B’A3KICTb pT. Y MaTe-
MaTW4HI Mogeni NpoLecy po3nuBaHHA MeTany byno
3pobneHo Taki npunyweHHs [8]:

BBaXXaeMo, LLIO MOAEeNbOoBaHW NpoLec rnpoTikae B
06’emi, obmexeHOMy KOHTypoMm obnacti mogento-
BaHHS;

pigvHa € B’A3KOK0 Ta HECTUCIUBOID;

mMoAentemMo npouec posnusaHHs i3 CPK Bigkpu-
TUM CTPYMEHEM;

LWBMAKICTb BUTIKAHHA PiavHW 3i CTanepos3riMBHOMO
KOBLUA B NPOMIXXHWI KiBLU € NOCTINHOMO | 3a4aHOH0.

MaTtemaTnyHe MoaentoBaHHSA 34iMCHIOBanu 3 ypa-
XYBaHHSAM MOYaTKOBMX i rpaHuyHux ymos [1]. MNouaT-
KOBi YMOBW JOMOBHIOIOTL PIBHAHHA (1): TemnepaTypa
MeTany B MpomikHoMy KoBwi 1536+1551 °C, weug-
KICTb BUTSIryBaHHSA 3arotoBku 1,2...1,4 M/xB, gMHaMiI-
yHa B'a3kicTb ctani 0,006 Ma-c.

30

o %% ¢ ISSN 1028-2335 Nel, 2024

@)

Po3paxyHkoea cimka ma 2paHU4Hi ymosu

KoxHy mogenb ginvnu Ha kiHuesi enemeHTn. Kinb-
KICTb enemeHTIB BapiloBany 3anexHo Big KOMMOHY-
BaHHS obriagHaHHSA npuinmansHoi kamepw koBLia [4].

Ha Bxopai po3paxyHkoBOi obnacTi cuctemm (posnu-
BHUI OTBIp CTanepo3nMBHOro KOBLLIA) 3a4at0Tb NovaTt-
KOBY LLBUAKICTb NOTOKY MeTany, 4ns nepepisy 3aroto-
BOK @ 170 MM, LIBMAKICTb AOPiBHIOBATMME:

ii, = 0,667 m/c

[e 1, — BEKTOP MOo4YaTKOBOI LUBUAKOCTI MeTany Ha
Bxogi B K, m/c.

Ha pigky ctansb, o 3HaxoanTbecsa nobnuay Teepamx
MOBEPXOHb (CTIHOK), Ai€ MPUCTIHKOBE NPUMAMMNaHHS

=0 3

Lito rpaHnyHy YMOBY BCTaHOBIOKOTL Ha BCi BHYTpi-
LUHI cTiHkm noBepxHi MK, poanueHoro otBopy CPK.

Y300BX NMOWWHN CUMETPII, WO NpoxoanTb Yepes
Bicb LieHTpY [MK, 3agaeTbes ymoBa

- —

n-u=0,

Aeil - opT, NeprneHOVKYNsSpHUA [0 BiNbHOI Mo-
BEPXHi abo NnoLwmnHM cumeTpii.

Ha BinbHin nosepxHi - A3epkano metany B K 3a-
OaETbCsl yMOBa MPUNMNaHHA

7-d=0. 4)

Ha Buxopgi po3paxyHkoBoi obnacTi gouinsHo 3aaa-
BaTWU TUCK PIOUHN, SIK NPaBuUIIo, HYNbLOBUI:

p=po=0la.

Pesynbmamu modentoeaHHsi TOMOKie Memaisy
8 cucmemi

Mig yac nogaHHs pesynbTaTiB YMCENbHOro Mofe-
noBaHHs [1] 9k napameTpu Tedii OyoyTb NPUAHATI
nons LWBWAKOCTEN y CTPYMEHi MeTany, Lo nepemilla-
eTbcs 3 CPK'y npunmansHy kamepy MK.

Ha puc. 2 HaBeeHo nong LWBUAKOCTEN CTPYMEHIB
mMeTany B nonepeyHoMy nepepisi BiAKPUTOro CTpy-
MEHs1 MeTany, L0 HaaxoauTb y MpUMarnbHy Kamepy
npomixkHoro koswa i3 CPK.
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Puc. 2. MNMonga wBnaKocTen NOTOKIB CTasi B NONepeyHOMY Nepepisi KOMMNIEKTY CTPYMiHb MeTasny - NPOMDKHUIA

KiBLL:

1 - oHO NPOMDKHOrO KoBLUA; 2 - NoBEPXHs pigkoro meTany B MK;

3 - BigkpuTU CTpymiHb meTany 3 CPK

AHani3 pesynbTaTtiB MOAEMNIOBaHHS MpWBIB A0 Ta-
KNX BUCHOBKIB:

1) y npunmaneHin kamepi MK, nig yac po3nmeaHHs
Bigkputum cTpymeHem i3 CPK, cnoctepiratotbecsa no-
TOKM MeTany 3i WBMAKICTI, BinbLioto Big 4ONYCTUMOI
(0,13 m/c) [1], wo npu3BOAUTbL OO IHTEHCMBHOIO 3a-
xBaTy HB Ha noBepxHi po3giny wwnak - ctanb npuuma-
nbHoi kamepu MK MBJI3 i noganbLluoro 3ataryBaHHs
HB y MeTan, a Takox OroneHHs A3epkana metany B
npunmansHin kamepi MNK;

2) HanBinbLUi WBWAKOCTI MNOTOKIB MeTany 3a HOMi-
HarnbHOro PO3NMBY BUSIBNIEHO B MiCLAX BMXoAy BivHMX
CTiHOK KOBLU@ B panoHi AHa i CTUKy AHO - 6opT Nnpomix-
HOro KOBLLA.

[na nopiBHAHHS BIANOBIAHOCTI MaTEMAaTUYHOIO
MOZEMNBaHHA OO0 peanibHOro TEXHOMOrYHOro npo-
Llecy HarmnoBHEHHS nMpomikHoro koswa MBJI3 (puc.3)
Oyna ctBopeHa 3D mopgenb 6-TM CTPYMKOBOrO NpoMi-
XKHOTO KoBLUa B MacwTtabi (1:1) Ta 3a gonomorot npo-
rpamHoro komnnekcy NOVAFLOW & SOLID CV 4.6R4
NpoBeaeHO MOAEMOBAHHS.

Puc.3. Po3pobneHa 3D mogernb 6-Tu CTpyMKOBOro npomixkHoro koswia MBJ13: 1 - cuctema rHizgosuin 6mnok —
CTakaH KOMNekTop (BEPXHI Ta HWXKHIN); 2 — meTano -npumMad; 3 - BOrHETPMBKUIA wap; 4 — TopkpeT maca; 5 -
KpULLKa NPOMDKHOIO KoBLUa (306paxeHa yMOBHO); 6 - 3axucHa Tpyba maHinynaTopa.

MopiBHAHHS Mogenemn No HaMmOBHEHHIO MPOMIKHOMO KOBLLY 3a YMOB BigkpuTTs Ha 18T Ta 6T (puc.4), a Takox
haKkTUYHI LUBMAOKOCTI pO3NMBaHHSA i3 LWBMAKOCTAMM Ha NigcTaBi MOAENtOBaHHSA nNpeAcTaBneHi Ha puc.5-8.
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700 ¥ =-0,0039" + 3,5675x + 17,732
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y=-0,0041x% + 3,1649x + 33,739

Bucota HanoeHeHHs MK, mm
=
=]
<1

300 R®=0,9977
200
100
0
0 50 100 150 200 250 300 350

Yac sig, noyaTky HanosHeHHA MK, ¢

—@— MogaenosaHHA HanoBHeHHA MK npu BigkpuTTi Ha 181"

—@— MogaensaHHA HanoBHeHHA MK npu cTapTi Ha 6T

Puc.4 TopiBHAHHA hakTUYHMX JaHnX No HanoBHeHHto MK 3 gaHnMM MoaentoBaHHS
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Yac Big no4aTky HanosHeHHA MK, ¢

=== [aHi MOAESNIOBAHHA === PAKTUYHI A3HI

Pwuc.5 lMNMopiBHAHHS dakTUYHOT LIBUOKOCTI pO3NMBaHHS cTpyMka Ne6 3 AaHnMy MogentoBaHHs
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Pwuc.6 lMNMopiBHAHHS dakTUYHOT LUBUOKOCTI pO3NMBaHHsA cTpyMka Ne1 3 gaHnmy MogentoBaHHs
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Yac Big nouartky HanosHenHs K, ¢

LBMAKICTb PO3AMBAHHA, M/XB

= [laHI MOJENIOBAHHA =il QAKTHYHI AaHI

Puc.7 MNopiBHAHHA haKTUYHOI LUBMOKOCTI pO3nnBaHHA cTpyMka Ne5 3 JaHMMu MogentoBaHHs
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CTtpymok 2
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Yac sig noyaTky HanosHeHHA (K, ¢

== DAKTUYHI JaHI

Pwnc.8 MNopiBHAHHA hakTUYHOI LWBUAKOCTI po3nuBaHHsS cTpyMka Ne2 3 JaHUMK MOAEenNtOBaHHS

HaHi npuBeneHi Ha puc.4-8 MalOTb BUCOKUA CTy-
neHb 30iry (pakTUYHWX AaHuMX 3 JaHUMU MOAEnto-
BaHHSA. OkpeMi Nikn B paKTUYHUX OaHUX € pesyrbTa-
TOM BIiQCYTHOCTI dOyHKUIN 3rnamKyBaHHA sika npuTa-
MaHHa Ana obpaHoi nporpamMu MOAENioBaHHA Ta
BMIIMBY CUCTEMW KEPYBAHHS PIBHEM MeTary B 3anex-
HOCTI BiZ PiBHSA HAMOBHEHHSA KpuCTanisaTtopy MeTanom
nig Yac po3nuBaHHSA. TakoX Ha AaHi BiOXUNEHHS MO-
XYyTb BNnvBaTh HecTabinbHi NOTOKM MeTany B MPOMiXK-
HOMY KOBLUi Mg Yac BUTOKy MeTany i3 cTaneposnms-
HOTrO KOBLLY B NPOMDKHUI KiBLL Yepes 3axuncHy Tpyoy.

[aHi HaBefdeHi Ha puCyHKax OTpMMaHHi 3a yMOB
cTtaHgapTtHoi pobotn MBJ3, konm 3axucHa Tpyba
BCTaAHOBMNIOETLCA Nepen BigkputTaM wunbepHoro 3a-
TBOPY CTanepo3fMBHOIO KOBLUY Ta HE 3HIMAETBLCA AN
nponartoBaHHs KUCHEM.

BucHoBku

AHani3 ocobnueoctei pobotn cuctemn CPK - Big-
KpuTui cTpyMiHb - MK coptosoi MBJ13 nokasas:

cneumdiky HanoBHEHHSI BIiOKPUTUM CTPYMEHEM
NMPOMDKHOIO KOBLLIA COPTOBOI MaLUWHK i NONIB LWBUAKO-

CTen y npunmanbHin kamepi kosla. BuseneHo Hass-
HICTb BMCOKMX LLUBUAKICHNX MNOTOKIB 6ins CTIHOK nNpui-
MarnbHOI Kamepu KOBLUA, L0 MPU3BOAMTE A0 PO3MU-
BaHHSA 3axMCTy OHa MPOMDKHOrO KOBLUA i TOPKpeT-
macy;

o0 edheKTMBHO BMKIOHYATK BNIIMB NOTOKIB PiAKoro
MeTany Ha bGi4Hy NOBEpXHIO KOBLUA Ha mo4aTky npo-
Llecy po3nuBaHHS, 3aCTOCOBYOTLCS 4OAATKOBI BOrHe-
racHi 3acobu, Taki sik HeobxigHo 3acTocoByBaTu Aoaa-
TKOBi BOTHETPMBKI BUPOOM AN AHA NpuiMarnbHol Ka-
mepwu coptoBoi MBJI3 3 GiyHMM 3axmucTom GopTy KO-
Bwa. Lle cnpustume: 3HmwkeHH0 poamusy 6opty [K;
BMKIIOYEHHIO aBapifiHWX CUTYaLin nig Yac po3nuBaHHSA
ctani Ha MBN3; crabinbHocTi npouecy 6esnepeps-
HOrO PO3NMBaHHSA; NIABMLLEHHIO SIKOCTI pigkoi cTani,
LLIO PO3NMBAETLCA, 3aBASAKN 3MEHLLEHH!O KinbKocTi HB,
sk Bunagatotb 3 Ky kpuctanisaTop;

MOAEN0BaHHA rigpoanHaMiYHUX NpoLeciB po3nu-
BaHHS cTani Yepes NPOMIKHUI KiBLL 3 BUKOPUCTaHHAM
nporpamn NOVAFLOW & SOLID CV 4.6R4 moxnmBo
3 BMCOKMM CTyMNeHeM Kopernsiuii TeopeTudHum T1a dak-
TUYHUX JaHUX.
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Boiiko M.M., Efhumenko B.B., MaxopkiHna T.A., llonsakoea H.B., ’)Kypasavosa C.B.,
KoaecHikosa T.M.

AHaJi3 e(peKTUBHOCTI 3aMillleHHsI IPUPOIHOIO razy 0iomMacoro
B NIPoLeci 00maJjry 3a,1i30pyIHMX 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 Haligaxnusiwux 3aday y memarypeilHil 2any3i € 3HUXEHHS1 3anexHocmi 8i0 MpupodHo20 2a3y, KUl
8UKOPUCMOBYEMbLCS 8 Npoyecax sunasnteaHHs 3asizopyOHux okamuuwie. Bucoka eapmicmb i HecmabinbHicmbs nocma-
80K MPUPOOHO20 2a3y Maromb 3HaYyHUU 81/1U8 Ha eKOHOMIKY ma eKorloeito, 0cobnueo 8 yMogax rnpagHeHHs 00 3MEHWEHHS
sukudie CO2 ma iHWuUX WKIONUBUX PeyosuH. 3amilyeHHs1 MpupodHo20 2asy bionanueom, makum K flieHOUentono3Ha
biomaca, Moxe cmamu egpeKmuSHUM PilueHHAM, Wo 00380/IUMb 3HUSUMU CrIOXUBaHHS B8UKOMNHO20 nanuea ma
rnoninuiumu ekornoaidHi nokasHuKu supobHuuymea. OCHo8HO Memoto daHo20 O0CiOXXeHHS € po3pobka ma onmumisauyis
mMemody eukopucmaHHsi bionanuea 6 npoueci sunano8aHHs 3ani3opyOHUX okamuuwie, wo 0038o1ume docssemu Heob-
XiOHO20 pigHs memnepamypHO20 pexumy, 3bepiearoyu rpu ybOMy 8UCOKY sIKiCmb nPOOGyKUii ma MiHiMi3yrouu HezamusHuUU
8r1u8 Ha HasKonuwHe cepedosuwie. Memoduka: TeopemuyHe ma ekcriepuMeHmarsnbHe obrpyHmyeaHHs MOXIU8oCmi
3amiueHHs1 npupoOHo20 2a3y bionanueom 8 rnpoueci obnany 3anisopyOHUX okamuwig rnposedeHo 3a AOMOMO20K Po-
3paxyHKo8ux ¢hopMyiri, 839mux 3 8i0ro8iOHOI iimepamypu, a makox 3 8UKopucmarHsIM 8eb-000amky 0551 MOOeto8aHHS
ma aHanidy pesynbmamis. Pe3ynbmamu: 3acmocysaHHs bionanuea 0risi 3aMilyeHHs1 IpupoOHoe0 ea3y 8 rpoueci obna-
T108aHHS 3ani3opyOHUX OKamulig 8US8UIIO KiflbKa 8aXIueuUx acriekmis. BeedeHHs yacmuHok 6iomacu 6 nomik 2asy 003-
80/1UJI0 HYacmKo80o 3amMiHumu fpupoOHUll 2a3 6e3 cymmeego20 8rusy Ha mernaosull pexum obrnasioeasnsHOi MawuHU
yepe3 me, W0 NPoOyKkmu 320psiHHSA biomacu, a makox cmexiomempu4Hul 06'em rnosimps, HeobxiOHo20 07151 M08HO20
320psiHHS biomacu Marome MeHW Ul 06'eM MopieHSIHO 3 NPOAyKMamu 320PsIHHSI ma cmexiomempu4yHUM 06'eMoM rnosimpsi
Onis1 cnanosaHHs 2a3y. Lle o3eorisie Hisentoeamu HU3bKY merniomy 32opaHHsi biomacu. 3a pedynbmamamu po3paxyHKie
i 8paxosyroHu peasnbHull 00cei0 3aMiHuU MPUPOOHO20 2a3y YWINUHHSIM COHSIWHUKa MpPOMoHyembcsi Ha KoxHi 10% o6.
3aMileHHo20 rnpupodHoeo 2a3y cnanoeamu 0,2 Ke nywnuHHs coHsWwHuKa, 0,125 k2 depesHoeo 8yeinns, 0,22 ke mupcu
i 0,25 k2 conomu. Takox byrno pospaxoe8aHo Yac 320paHHsI YaCMUHKU rasuea pPOC/IUHHO20 MOXOOXEHHS 3anexHo 8io if
rnoyamkoegoeo diamempy. BupiwanbHull ghakmop wWo 8u3Ha4vae Yyac 320psiHHS YaCMUHKU € 8MICM JTIEMI0YUX PEYO8UH, WO
8 €800 Yepay 8U3HAYaE KiNbKiCmMb KOKCOB020 3alUlIKy YaCmUHKU. [OpiHHS KOKCOB020 3amuWKy YaCmuHKU € Halido8w ot
cmadiero y 3a2anibHOMY HYaci 320psiHHST HacmuHKU. Ompumani pe3ynbmamu weudkocmi 320psiHHS, 8i0 Haleuwoi: corioma,
TNYWNUHHS COHSAWHUKY, 0epeso, OepeaHe 8yainns. Lle o3Hayae, w0 coroma, siKk nasaueo wo mae Halsuwy weudkicms
320pPsIHHS, MOXe Mamu Halbinbwul po3mip YacmuHOK, wo 6ydymb 3a008irIbHAMU MexXHOI02iYHUM 8UMO2aM 8UKOPU-
cmaHHa makoeo euly nanuea y rnanabHUKy obnamwosanbHOi MawuHu. Haykoea Hosu3dHa. BcmaHoeneHo, wo npodykmu
3e0psiHHSI Giomacu maromb MeHwul 06’em, wo 00380M5i€ KOMIMEHcysamu i HUX4YYy MEnIomeopHy 30amHicmb i
MiHiMi3ygamu 8rnnue Ha mernnosull pexxum obnantoeansHoi MawuHu. 3arnpornoHo8aHo onmumaribHi criiggiOHoWeHHs bio-
macu 0nis1 3amiweHHs KoxHUux 10% o6’emy npupoOHO=20 2a3y, WO BKIIYaE JTyWINUHHS COHSIWHUKa, 0epesHe 8yeairnss,
mupcy i coromy. Takox, Ha OCHO8i po3paxyHKig Yyacy 320psiHHSI YacmuHoK bionanuea, 6y10 8cmaHoe8neHo, Wo cornoma
Mmae Halsulgy weudKicmb 320psiHHS, W0 00380/18€ 8UKopUCmMosy8amu i 3 6inbWwuM po3MipOM YacmuHOK y nanbHUKY
obnaneanbHOI MawuHuU, 3a0080/IbHSIKYU MexHooz2idHi sumoeu. NpakmuyHa 3Hadywicme. [TposedeHi 8 pobomi po-
3paxyHku 0o3eonstoms 3amicmumu 8i0 40 0o 60 06.% npupoOHO20 a3y Pi3HUMU munamu rnaauea PocIUHHO20 MoX00-
JKEHHSI, @ maKox 00380/1590mb OUiHUMU HeobXiOHUl epaHynomempuy4HUll ckrnad nanuea 0551 BUKOPUCMAaHHS 8 Mpoyeci
obnarny okamuuwis.

Knroywoei cnosa: 3anizHopyOHi okamuwi, obran, nanueo poC/IUHHO20 MOXOOXEHHS, cranteaHHs biomacu, weudkicms
CeOopsiHHSI YacmuHKU meepdo2o nasuea, coroma, fyUWnuUHHSI COHSILHUKY, 0epego, OepesHe 8yeairnrisi.

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
the partial replacement of natural gas without significantly affecting the thermal regime of the firing machine. This is be-

© Bonko M.M. — k.T.H., gou. YOYHT Boyko M. — c.t.s., docent USUST
E€dumenHko B.B. - YOYHT Yefimenko V. — USUST
MaxopkiHa T.A. — YOYHT Makhorkina T. — USUST
MonsikoBa H.B. — k.T.H., gou. YOYHT Polyakova N. — c.t.s., docent USUST
XKypaenboBa C.B. — k.T.H., gou. YOYHT Zhuravlova S. — c.t.s., docent USUST
KonecHikoea T.M. — k.cou.H. YOYHT Kolesnikova T. — c.s.s. USUST

34



Nel, 2024

ISSN 1028-2335

bk e

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
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rate, wheat straw, sunflower husks, wood, charcoal.

Betyn

OcHoBHMM nanueBom obnanoBanbHUX MalluH €
npmpoaHui ra3. CKOPOYEHHsI CNOXMBaHHS MNpupoa-
HOro rasdy € OfHi€l0 3 HaMBaXNUBILWKX npobnem ans
YkpaiHn. MOCTiNHI KONMMBaHHA LiH HAa NPUPOOHWIA ras
CTBOPIOKOTb 3amnexHiCTb y 6araTbox ranyssax eko-
HOMIKM, 0cOBNMBO B MeTanyprii. Takox Yepes3 BUKOpU-
CTaHHS BMKOMHOroO nanuea 36inbLyoTbest Bukuam CO2
i LUKIONMBUX PEYOBUH, LLIO HEFATUBHO BNIIMBAE HA HaB-
KONMULLHE cepeoBuLle. Y 3B’s13KY 3 LM aKTyarbHUM €
BMBYEHHS1 BUKOPUCTaHHs Giomacu ana BMpoGHWMUTBA
3anisopygHux okatuwis. JlirHouentonosHa Giomaca €
BIOHOBMIOBAHUM i CTiikUM [DXeperoMm Tenna Ta
eHeprii, ke MoXxe NOM'AKLWNTK 3MiHy knimaTty. OgHum
3 MOXNMBMX LUMSXIB CKOPOYEHHSI CMOXMBAHHA Npu-
poaHoro rady npu obnani okaTuwiB € gogaBaHHA Ya-
CTUHOK BiomMacy y MOTOK rady Takum YMHOM 3aMiLLlyoun
Aesiknii 06'eM NPUPOAHOro rasy.

AHani3z nitepaTypHux gaHuUX Ta MocTaHOBKa
npo6nemu

Y poborti [1] 6yna po3rnsiHyTa MOXMMBICTb 3aMiHU
aesikoro o6'eMy NPUPOLHOro rasy NyLWNUHHAM COHSLL-
HVKa. 3a paxyHOK HU3bKOI BUTPaTW NPUPOOHOrO rasy
Ta MiHiManbHux TemnepaTyp obnany 6yno JocsrHyTo
60 06.% 3amiHn NpupoaHOro raay, 3i 36inbLEeHHAM 3a-
ranbHOr0 CrnoXMBaHHA rady BOanocs 3aMiHUTK
MiHiMyM 40 06.%. Lle nosicHOeTbCA TUM, O Npu Be-
NWKiA BUTPATi NPUPOLHOro rasy yTBOPHETLCHA BEMUKUIA
TennoBuin noTik. OCKINbkM  LWUBWUAKICTb  3rOpsiHHA
NYLUNWHHSA COHSILLHUKY B NanbHWKYy obmexeHa, npu Be-
JIMKIN 11 KINbKOCTI, WO NoJa€eTbCs B NaribHUK, BOHA He
BCTUrae NoBHICTHO 3ropiTk B 30Hi dhakena, a TennoBumn
MOTIK 3MIHIOE MILHICTb 3ani3opyAaHux okatuwis. 3ara-
nom Byrinns, 6iomaca uv iHWwe TBepAe NanvMeo MiCTUTb
Pi3HY KifbKICTb BYMeLo, KUCHIO , BOOHIO, a30TY, CipKM,
BOJIOrM Ta 3onu. YactnHa nanuea, sika haktmyHo bepe
y4acTb Y NPOLECi FOPiHHSA, HA3UBAETLCS rOPHYO Ma-
COl0, YacCTMHa, sika He Oepe y4vacTi B ropiHHi, Ha3u-
BaeTbCs GanacTom, Hanpuknag sk 3ona/wnak. Cepeg
LMX enemeHTiB HebaxkaHa NPUCYTHICTb CipKW, OCKINbKK
BOHa pearye 3 BOMOrow AMMOBOrO rasy yTBOPHKYM
cipyaHy KMUCrOTY, gKa € HaA3BNYanHO KOPO3iNHO OIS
MeTaneBux enemeHTiB obnantoBanbHOi MawnHm [2,3].

JlimiTytoumm cbakTopom npu 3amiHi NPMPOOHOro
rasy nanvBOM POCIMHHOIO NOXOMKEHHST € ODMEXEHUI
Yyac WO HeobXiAHUI ANA NOBHOMO 3ropaHHs YaCTUHOK
TBepgoro nanvea. [lpu Benwukin BUTpaTi NPUPOAHOro
rasy yTBOPIOETLCSA BENMKNIA TENNOBUA NOTiK. OCKinbKu
LWBUAKICTb 3rOPSIHHSA NYLUMWHHA COHSILLHUKY B nanb-
HUKY OOMexeHa, Mpu BENuKiA il KiNbKOCTi, WO no-
[aeTbCs B NanbHUK, BOHA HE BCTUrae NoBHICTHO 3ropiTu
B 30HiI dhakena, a TENMOBUN MOTIK 3MIHIOE MILHICTb
3anisopygHnx okaTuwwis. EQeKTMBHICTb BUropaHHs Ya-
CTUHOK Manuea TakoxX BNNvMBaeE Ha BiAKNaAeHHs Ha BO-
rHETPVBKIN dyTepoBLi i Ha nepexig NyXHo3eMeNbHNX
mMeTanie y rasosy casy [1]. Tomy HeobxigHO po-
3paxyBaTu Takuii po3mip YaCTUHOK, SKUA 3abe3nevnTb
MOBHE 3ropsiHHA Nanuea i He 3aBacTb BMMUBY Ha TeX-
HOMOriYHWUIA Npouec obnany okaTuLiB.

3ropsiHHS YacTUHKM nepeabavae cknagHi isnyHi i
XiMiYHi B3aemogii. YacTuHka, Lo noTpanuna B rapsyni
rasoBUi NOTIK, HArpiBaeTbCA 32 PaxXyHOK TEMMOOOMiHY
Qcp | BUNpOMiHOBaHHSA Qrp Big NOTOKY rapayoro rasy i
Bi HABKOSMLUHBLOIO cepenosumLa. [lani npu KOHTaKTi 3
KMCHEM BiaOyBaeTbCA BUOANEHHS NETHOYMX | TOpPiHHSA
KOKCOBOIO 3anuLuky[2, 4].

LLiBnakicTe Harpisy BYrifbHUX YaCTUHOK Y Mepiof
3ariMaHHsi cTaHOBUTb 6nn3bko 108—10% K/c. OTpumani
eKkcrepumeHTarnbHi AaHi nokasyloTb, L0 4ac BUro-
PSAHHA BENUKUX pakuin aHTpaunToBOro nuny B Ao-
cnigXeHux ymoBax MponopLiiHo KBagpaTy BUXiOHOro
pO3Mipy BYFifIbHUX YACTMHOK i cnabKo 3anexuTb Big
TemnepaTypu rasoBoro cepegosuiLa. Lle xapakrepHo
ana audpysiiHoro pexumy ropiHHA. LlikaBo BigsHa-
4YUTK, LWLO BENUKi YacTkM aHTpauuty ( = 150 mMkm) i 3a
NopiBHAHO HM3bKNX Temnepatyp (Tg = 1200 + 1400K)
BUrOpsOTb Y ANMY3IHOMY pexumi J0 AyXe manux
po3mipiB - 20 MKM i Huxye [5].

3a pesynbTatamun gocnigkeHb [5], npouec ropiHHA
BYrfieLeBoro nanmea cknagaeTbCca 3 YOTUPLOX CTagin.
MepLia cTagis - nporpis YacTku A0 noyaTky 3anMaHHs
neTkMx peyoBuH. [nga yactkn po3mipoMm 750 MKM, LA
ctapia TpuBana 1,125 c. [pyra ctagis - ropiHHs net-
KuX y rasosiv dasi. Tpuanictb ii ctaHoBuTL 0,312 C.
®PpoHT nonym's rasonofibHMX NeTkMx mae opmy
cdepu, OeLlo BUTATHYTY Y BEPTUKANbHOMY HamnpsiMKy.
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YcepeavHi cdoepu nonym'st YiTko BUAHO e TeMHa BY-
rifibHa NOPOLLUMHKA, Lo He CBITUTbCA. Ha cdhoTorpadpiax
Y Lier Nepiod CnocTepiralnTbCa TaKoX rapsiyi CTPyMeEHi,
LLIO MPOHUKAIOTb 3a MeXi cdhepu Nonym's, - Le MOXYTb
OyT! BMKMOM PIOKUX MPOAYKTIB TEPMIYHOrO po3Kna-
OaHHA Byrinns. TpeTa cragisa - posirpis KOKCOBOro 3a-
NULLKY - HacTae nicng 3aBepLUeHHS MOosyM'stHOro
ropiHHa netkux. NoganbLunii posirpiB KOKCOBOrO 3a-
NVWKY BiAOGYBaETLCS BHACNIAOK XIMIYHOrO pearyBaHHs
Moro 3 KncHem. YeteepTta cTagis — BUrOPAHHSA KOKCO-
BOMO 3anvLLIKy — 3aBepluarnbHa ctagid npouecy. Ons
YyacTKu, WO posrnsgganacs, us cragisa Tpusana 6,3 ¢
[7].

BigHocHa 4acTka 4acy BWIOpPsSIHHS NETKUX CTaHo-
BUTb nuwe 5—3%. B iHTepBani Vn = 12 + 60%, 4ac
FOPIHHA FETKUX MNPaKTU4HO He 3MIHIOETbCH, Le X
MOXHa ckasaTu i PO TPUBAaniCTb 3aMMaHHsi KOKCOBOTO
3anuLky [7].

Tox onga aHanisy MOXnMBOCTI 3aMilLieHHs Npupoa-
HOro rasy nanvBOM POCITIMHHOIO MOXOPKEHHS B MPO-
ueci obnany 3anisopygHux okaTtuLliB, HeOOXiaHO po-
3paxyBaTy Yac 3ropaHHsA YacTUHKM B 3aneXHOCTi Big, il
JiaMeTpy Ta OLHMTU KiNbKICTb Nannea pOCSIMHHOO Mo-
XO[PKEHHS AN 3aMmilleHHs1 06'eMy NpMpPOgHOro rasy.

MeTa i 3aBaaHHA gocnigxeHb

MeTol gaHoro AOCnimKeHHS1 € BU3HAYEHHS Kinb-
KOCTi manueBa POCNNHHOIO NOXOAXEHHS Pi3HOro Tumy,
sIKe MOXXHa BUKOPUCTOBYBATK A5 3aMilLleHHS] YaCTUHN
BMTPATW NPUPOAHOro rady npu obnani 3anisopygHux
OKaTULWIB, @ TaKOX PO3PaxyHOK Yacy 3ropaHHs 4a-
CTUHKW NanvBa Pi3HOro TUNYy B 3anexHOCTi Big 1i dia-
MeTpY ANs BU3HAYEHHS MakCUManbHOI KPYMHOCTI Ya-
CTOK NManvBa B yMoOBax CnarsitoBaHHsi Oro B nasnibHMKax
obnarntoBanbHOT MaLLWHW.

Marepianu Ta meToaun focnigXKeHHA

Po3pisHsaoTe Tpu Buam TemnepaTyp ropiHHA na-
nvBa: KanopumeTpuyHy (tk), TeopeTudHy (tr) Ta gincHy
(t). KanopumeTpnyHa Temnepartypa — Le Temnepa-
Typa, A0 AKOI Harpinuca 6 NpodyKT! MOBHOIO rOPiHHS,
Akbm Bce Tennmo nanvBa Ta MOBITPA MilMO Ha
HarpiBaHHS rasiB. TeopeTudHa TemnepaTtypa Bpaxo-
BYE eHOOTepMiyHi peakuii Agucouiauii giokcmay By-
rmeuio Ta BOASIHOI Mapw, WO WAyTb 3i 36inbLeHHAM
06'eMy NpoayKTiB 3ropsiHHA. TemnepaTtypa Yy 30Hi 06-
nany makcumaneHo csarae 1350°C, 3a unx TemnepaTtyp
BULLIE BKa3aHi eHOOTepMiYHi peakLii He BiaOyBatoTbCs.
[incHa TemnepaTypa BpaxoBye Tennosigaadyy Big da-
Kena 0o maTepiany, Lo HarpiBaeTbCs, i KNaaku neui.
[ns BU3Ha4YeHHHA OiNCHOI TemnepaTtypu ropiHHS na-
nmBea BBOOUTBLCS MOHATTSA NipOMETPUYHOTO
koediujieHTa, Wwo byae popisHioBatun 0,9 [1].

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

ONs1 HEMOBHOIO 3ropsiHHS (KoediliEHT HaanULLKy
nosiTps <1): CO, CO2, SOz, H20, Na.
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ONnsi TeopeTMyHOro abo CTEXiOMETPUYHOrO 3ro-
psiHHSA (KoedpilieHT Hagnuwiky nositps = 1): CO2, SO2,
H20, Noa.

npu koedilieHTi Haanuwky nositTps > 1: CO2, SOz,
H20, N2, Oz [6].

[na BM3HAYeHHS KanopuMMETPUYHOI TemnepaTtypu
BMKOPUCTOBYIOTb PIBHSIHHA TEMMOBOro 6anaHcy:

LHV + g7 + 95 = Var - Crr -

)

ae LHV — Hmxya TennoTBopHa 34aTHICTb nanuea,
kbx/kr. Ana meTany - 35880; gr — isndHe Tenno na-
nuBa, KIK/Kr; ge — pisnyHe Tenno nosiTps, KIK/Kr; Vir
- obcsar npoaykTiB ropiHHs, M3/kr; Cnr - cepegHst Ten-
FNOEMHICTb NPOAYKTIB rOPiHHA B iHTEpBani TemnepaTtyp
0 - t, kx/m3. ®i3nyHe Tenno noeiTps Ta nanuea sigpa-
xoByeTbes Big 0°C.

®disnyHe Tenno nanveBa Ta MOBITPA pPO3paxo-
BYETbCS 32 (POPMYIIOH:

q=0C-t-V (2)

ae C — TennoemMHicTb 3a TemnepaTypu nigirpisy,
kx/(M3°C); tr - Temnepatypa nigirpisy, ° C; V - ob6'em,
M3,

KanopumeTpnyHa TemnepaTtypa po3paxoBYyeTbCS
3a PIBHAHHAM:

tk =
Qp+qT+qB (3)

vnr-¢nr

3ropsiHHA NPUPOAHOro rasy BiabyBaeTbCS 3a peak-
Lieto:

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

[ns BM3Ha4YeHHs NPOAYKTIB 3ropsHHS nanve poc-
NNHHOTO MOXOMKEHHs1 Byno BMKOpPUCTAHO BeO 3a-
CTOCYHOK, SIKMIA Byno po3pobreHo 3a pesynbTatamu
poboTtn [4]. Ona oTpumaHHs pes3ynbTaTiB, BeO 3a-
CTOCYHOK BUKOPWCTOBYE HACTYMHi PIBHSIHHS.

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

2241 (ct HY St-0!
5 =S (G 5)) ®)

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

Vo,

Vo' =% ©)

OG'em Byrnekncnoro rasy Ha kinorpam cyxoro na-
nvea:

22,41 C!
Veo, = 12 100 (10)

O6'em BOOAHOT Napu Ha Kinorpam cyxoro nanvea:

o _2241(H Wt
H20 ™ 100 (2 + 18) (11)
OG6'em giokcuay Cipku Ha Kinorpam cyxoro nanvea:
22,41 St
Vso2 =732 Too (12)
O6'emM NpoAyKTiB 3ropsiHHS:
Voga = Veo, + Vso, + Vn, + Viyo (13)

Oe C!, H', S' — gons Byrnewto, BOAHIO Ta CipkU Yy
nanwei, W — BonoricTb nanuea [4].

HeobxigHi oaHi onsa pospaxyHkiB Buais 6ionanvea,
LLIO pO3rnsgakThes, HaBeadeHi y Tabnuui 1.
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Tabnuuysa 1

BractvBoCTi nanvB poCiIMHHOIO NOXOOKEHHSA
Marepian Cl[%] [MH[%] IN[%] [S[%] [Oa)[%]|Ad[%] [HHV D) |LHV c) [Ixepena

[MJ/kg] [MJ/kg]

JTylwinuHHA 45.82  [6.32 2.61 0.14 38.31 [6.81 19.31 |17.6 [114
COHALUHUKY
[lepeBHe 84.18 [2.405 |0.8025 [0.015 [9,1525 [3.445 |30.0865 [29.4 [113
BYriiiA
Tupca 44.75  16.31 1.68 0.05 42.94 0.34 18.3 16.6 [115
MweHnyHa conoma 146.06  [5.00 0.53 0.11 48.30 [5 17.60 |16.2 [111, 120

PospaxoByeTbcs 3a pisHuueto, O [%]=100-C - H
-N-S-Ad

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 ekcnepumeHTanbHUX [AaHuxX npo  Tpu-
BaniCTb BWUIOPSIHHA KOKCIBHOTO 3anuLuKy YacTUHOK
Ny OCHOBHUX BMUAIB €HEPreTUYHOro BYrinns, LWo Bu-
KOPUCTOBYIOTbCA Ha BITYN3HAHMX €MEKTPOCTAHLLSAX No-
Ka3aB, LLO 3a KOHLEHTpaUi KUCHIO | TemnepaTyp, xa-
paKTepHWX 4N NUMOBYTINbLHOIO dhakena B TOMKax KoT-
niB, ropiHHS BYFiNbHMX YaCTMHOK, SIK NpaBuIio, Biaby-
BaeTbCA B ANy 3iHOMY pexnmi. BUHATOK cTaHOBNATb
nvwe apibHi dpakuii aHTpaumToBoro nuny (& < 100
MKM), SIKi 32 HWU3bKMX KOHLIEHTpALi KWUCHIO (MeHLue
5%) i Temnepatyp raszosoro cepegosuiia Tr < 1750 K
BUIOPSItOTb B KIHETUYHIN obnacTi [7].

Habip peakuiii Wo BM3Ha4Yae Mpouec BUrOpaHHSA
YaCTUHKMN:

C + 02 = CO2 + 394 [MO>x/monb)

2C + O2=2C0O + 219 [MOx/monb)

C + CO2=2C0 - 186 [MOx/monb]

2C0O + 02 = 2CO2 + 570 [MOx/monb]

C + H20— CO + H2 — 130.5 k[xx/monb

Mpw BM3HAYEHHI Yacy 3ropsiHHA YacTUHOK Yy Nanb-
HUKYy pOOUTLCS PAL NPUMYLLEHb:

Yac 3ropsiHHS1 YaCTUMHKN BU3HAYaETbCS YacoM 3ro-
PSIHHSI KOKCOBOTO 3aNLLKY.

306inbLUeHHA BMICTY BOASAHOI Napu npu HE3MiHHIN
Temnepartypi CnpuaTMME MNPUCKOPEHHIO [OOrOpPsiHHS
YagHoro rasy. Lle npu3sefe 4o TOro, WO YMOBHUIA PO3-
Mip obnacti BuropsHHa CO 6ing 4acTVHKM, 3MeH-
LINTBCH, WO He iCTOTHO BMAMBAE Ha AOCTYM KUCHIO 0
noBepxHi KoKcy. Lle nosicHoeTbest TuMm, Wo goaaTko-
BUIA MeXaHi3M rasudikadii ByrneLo no peaxuii 5 Hise-
MNOETLCSA 3MEHLLEHHSIM LUBUOKOCTEN reTEPOreHHMX pe-
akuin 1-3 Yepes 3HWKeHHs TemnepaTypu. Tomy npuin-
Ma€eTbCA WO BOASHUIA Map He BMMMBAE Ha 4ac 3ro-
PSIHHS1 KOKCOBOI YacCTUHKM | He BepeTbesa A0 yBaru npu
po3paxyHKax LUBWOKOCTI 3ropaHHs YacTMHKM nanuea.
[8, 9]

MpuiiMaeTbCa WO YaCTUHKU Nanuea Lo 3ropsitoTb
MatoTb chepuyHy hopmy.

Yac BUropsiHHA YaCTUHOK KOKCY TBEpOOoro nanuea
B AudpysiiHomy pexumi moxe OyTn 3HamaeHo 3a
E€MNIPUYHOIO 3aNEXHICTIO:

=k, 221108 2
TC - ¢ . T£'9[02]

(10)

[e Tc - TPMBArICTb FOPiHHS KOKCOBOIO 3arnuLKy, C;
ke - ekcnepumeHTanbHUI KoedilieHT, WO XapakTepu-
3ye crneundiky BUrOPSIHHSE YaCTMHOK ManueBa OaHOro
Buay; Oz - ob'emMHa KoHLeHTpaList K1cHio, %; 6 - gia-
MEeTp YaCTUHKU, M; Pc — YSIBHA ryCTMHA KOKCOBOrO 3a-
nnwky, kr/m?, Tg - TemnepaTypa rasy.

3a pesynbTatamu OCHigXKeHb eKkcnepuMeHTanb-
HuM koediuieHT Ke gopisHioBas Big 0,5 go 2,5. 3ara-
noM uen koediuieHT xapakTepusye BiOXUMEHHS
AiNCHOro Yacy BWUropaHHS YaCTUHKW Bif PO3paxyHKO-
BOro, 4epes3 PpisHMIA BUXiO NETIOYMX PEYOBMH LWO
MOB’A3YETLCSA 3 PI3HUMW LUBMAKOCTAMW HarpiBaHHs B
NOPIBHSIHHI 3i CTaHAApTHUM aHanisom. Tomy npuny-
CTMMO WO Uen koediuieHT byae gopiBHoBaTK 1 ons
BCiX BMAiB Gionanuea Lo po3rnsgarTbes.

YaBHA ryCTMHA KOKCOBOIO 3anuilKy po3paxo-
BYETbCS 3a PIBHAHHAM:

Pc=Pp-
100-wP-yP (11)

100

ae Wp i Vp — Bonorictb i BUXig NEeTKUX pe4OBUH Ha
pobouy macy, %; Pp - giicHa ryctuHa nanvea.

Yepes Te WO YaCTUHKKN NYLUMUHHS COHSALLHUKY, CO-
noMu Ta TMPCKU MalTb (POpMYy LLO CUIMBLHO BiApi3HS-
I0TbCA Bif, ChepnyHOi po3paxyeMo ANd HUX OiaMeTp
€KBiBaneHTHOro Lwapy, 3a hopmyIioko:

o = o[ (12)

Takox HeobxigHO BpaxyBaTy Lo Yepe3 BinbLuy no-
BEPXHIO KOHTAKTy 3 ra3oMm TensioHOCIEM YaCTUHKK
MAYLWAWHHSA COHSILLHKKY, COMOMU Ta TUPCU MatuMyTb
MEHLLUWIN Yac 3ropssHHA. ToMy MOXHa BBECTW A0AaTKO-
BUIN KoedilieHT cdhepryHOCTi Sk Byae BpaxoByBaTu
L0 0cobnMBICTb JaHUX BUAIB nanuea.

CdbepuuHictb KpymberiHa [9] po3paxoByeTbcs 3a
dopMyIIot:

we="[2 (13)

ne: Wy —cdepudHictb KpymbenHa, S —
MiHiMarbHa OOBXWHA YaCTUHKM Nanuea, | — npomikHa
JOBXMHA YacTUHKM nanuea, L — makcumarnbHa oB-
XVMHa YaCTUHKU nanvea.

Po3paxoBaHi  3HayeHHss  cdepuyHOCTi AN
NYWNMHHA COHALLHUKY, AepeBa Ta COloMU BignoBigHo
popisHtotoTh 0,32, 0,43, 0,24,

PesynbTaTtu gocnigxeHHs
PospaxoBaHi 06’eMn NPOAYKTIB 3ropsiHHA Pi3HUX
BMAiB Oionanvea HaBeaeHi y Tabnuui 2.
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[nsi po3paxyHKy 4acy 3ropaHHsi YaCTMHKM nanvea
POCMMHHOIO MOXOKEHHSI, HEOOXiAHO BU3HAYNTU ySIB-
HOrO CTaHy KOKCOBOFO 3asuLUKy 3a pPiBHAHHAM 11. Pe-
3ynbTaTh po3paxyHKy HaBegeHi y Tabnuui 3.
Tabnuugs 2
O6’eMun NpoayKTiB 3ropsiHHA Ans 1 kinorpamy TBEpAOro NanueBa POCIMHHOMO NOXOMKEHHS, M3,
Martepian VCO2 [VH20 |VSO2 VN2 |V noBiTps cTexioMeTpuYHmi 2V
JIyWNMHHA CoHALWHMKA 0,85 10,8 0,00098 |[3,56 (4,48 5,23
[epeBHe Byrinns 157 (0,29 |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
MpupogHui ras 1 2 7,52 19,52 10,52
Tabnuusa 3

38

BnacTvBOCTi nanve poCrVMHHOIO NOXOXKEHHS i po3paxoBaHa ysiBHa ryCTUHA KOKCOBOTO 3aruLLKYy.

HincHa ry- . YsBHa rycTuHa KOK-
; . o, | BMICT neTkux
Matepian CTVHa, Bonorictb, % o coBoro  3anvuky, | bkepena
peyoBuH, % 3
Kr/m3 Kr/M
TlywnuKs co- | g, 4 8,4 72,2 125 [1, 8]
HALIHUKY
Aepesrie By~ | 1509 5 30 780 [1.9]
rinns
Tupca 1360 10,5 80 129,2 [1, 8]
Mwennska co- | 3 9,62 79,82 64 [8, 9]
noma
Ha pucyHky 3 306paxeHo rpadik 3a pesynbratamv po3paxyHkis 3a piBHsAHHAM 10.
10 ;
9 {
8 f
7 /
: /
2 6 !
i j
2 5
o i
=] ¥ .
2 4 /f JlepeBHe ByT1LIA
R j
3 JIymmuaHA
) JlepeBo COHATITHUKY
1
0 ITimennyHa comoMa
0 0,0005 0,001 0,0015 0,002 0,0025 0,003 0,0035 0,004 0,0045 0,005
JliaMeTp 4acTHHKH, M
- IlepeBHE BYTILIA Hepero  —— JIyINNHHHA COHAITHUKY Conoma

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

OGroBopeHHs pe3ynbTaTis

AHanidytoun pesynbtatvi po3paxyHkiB ob'emiB gu-
MOBMX rasiB pi3HMX BuAiB Gionanuea, WO HaBedeHi B
Tabnuui 2 MoXHa MOMITUTK, LLIO 3rOpsiHHS TBEepOoro

nanuea B pes3ynbTaTi A€ MEHLUA CyMapHuin o6’emM
OVMOBMUX ragsiB, a TakoX NOTpebye MEHLINIA CTEXIOMET-
PVYHMIA 06’EM MOBITPS B NMOPIBHSHHI 3i 3rOPSIHHAM Npu-
pogHoro rasy. Lle gossonsie cnanoBaTv HeoOXigHy
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KiNbKICTb TBEPOOro nanvea Ans 36epexeHHs Tenno-
BOro eoeKkTy 3amilLieHHOro 06’emy NpupoaHoro rasy. B
pes3ynbTaTi AOA4aBaHHS NanvBa POCIMHHOIO MOXOoA-
)KEHHS y NanbHWK He Byae 3HaYHMM YMHOM 3MiHIOBaTH
TennoBsun pexum obnantoBaneHol MawuHu. 3a pe-
3ynbTaTamMu po3paxyHkiB i BpaxoByun pearnbH1n Jo-
CBiZl 3aMiHN MPUPOAHOTO ra3dy NyLUMUHHAM COHSLLUHUKA
NpOnoHyeTbest Ha KoxHi 10% 06. 3amiwleHHoro npu-
poaHoro rasy cnanoBatu 0,2 Kr NyLWNUHHA COHSILL-
Huka, 0,125 kr gepesHoro Byrinng, 0,22 kr tupcm i 0,25
Kr COJTOMMU.

B Tabnuui 3 HaBeaeHo pes3ynbTaT po3paxyHKiB
YSABHOT rNYCTMHM KOKCOBOIO 3anuLuKy. [okasHuK ysBHOT
rYCTMHM KOKCOBOrO 3asiMKy Mae€ NiHiMHWA BNAvB Ha
LWBMAKICT BUFOPaHHS 4YacTuHkM nanuea. Cupa 6io-
Maca Mae MeHLUY YSIBHY IYCTUHY KOKCOBOMO 3ariuLLKy,
aHix obpobneHa Giomaca, B gaHOMy Bunagky aepe-
BVHA, L0 OTpMMaHa B pesynbTaTi niponidy. Bupiwans-
HWW BMIIMB HA NyCTUHY KOKCOBOIO 3aruLUKy Ma€e BMICT
neTkmx peyosuH biomacu. Lie nigTBepmKyeTbCa psaom
eKcrnepuMeHTanbHUX AaHunX.

Tak cTBEpOKYETBCS L0 BYINELEBUIA 3aNuLLIOK Ya-
CTMHKM BiomacK BiOpi3HSAETbLCSA Big BYrneueBoro 3a-
NWLLKY BYTINMS Yepes MeHLLY LWiMNbHICTb YaCTUHOK, He-
npaeunbHy opMy Ta BUCOKY NMOPUCTICTb. Y poboTi [9]
AocnigpKyBanu peakuiiHy 30aTHICTb ropiHHA ByrneLe-
BOrO 3amnuLLKy, OTPMMaHOro 3 OEepeBVMHW COCHM Ta

Tabnuugsa 4
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npoca. Bonu nosigomunun, wo obupea Byrinns Gio-
Macu MalTb BUCOKY peakuilHy 3gaTHiCTb — B
NOPIBHSIHHI 3 peakuUinHO 34aTHICTIO BUCOKONETKOro
OiTymiHO3HOrO BYrinns. PeakuiiHa 3aaTHICTb ByrneLe-
BOro 3anuLLKy AeLlo 3HWKYETbCA nig Yac ropiHHS,
OCKINbKW HEOPraHiYHi KOMMOHEHTU 3a3HalTb i3ny-
HOro Ta XiMiYHOrO NMEepeTBOPEHHS, a TaKOX TOMY, LU0
OinblUe peakuinHO34aTHOrO BYIMEL0 OKUCIIETLCS Ha
paHHin cTagii. Y poboTti [10] BMBYanu peakuinHy
34aTHICTb Byrinng cupoi Ta ToppedumpoBaHHon Gio-
Macu, i BusiBunm, wo 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-
PIOETBCS KOKCOBUIA 3aNMLLOK 3 BUCOKOHO YSIBHOKO IyCTU-
HOI0, SIKM NOTpebye 3HaYHWUI Yac Ans BUropsiHHA. Ha
OCHOBi NobyaoBaHoro rpadiky MOXHa BU3HAYNTK
HeobXigHWA TpaHyNoOMEeTPUYHUIA Cknag nanvea and
BMKOPUCTaHHA Yy MarnbHWKY OnantoBarbHUX MaLLVH.
3anexHocTi Big 4Yacy nepebyBaHHSA YaCTUHKWN B 30Hi
FOPiHHS, MOXXHA BM3HAYUTN PEKOMEHOOBAHWI rpaHy-
NOMETPUYHUIA CKMag nanvBa pPOCHAWHHOIO MoXod-
)KEHHS LLIO J0AAaETbC Y NanbHWK obnantoBanbHOT Ma-
LUMHW.

PekomeHOoBaHWI rpaHynoMeTpUYHWUI CKNaa ANS PisHWX BUAIB NanvMBa POCIIMHHOMO NMOXOMKEHHS Lo AOo-

AaETbCA y NaNbHUK B 3aMNeXHOCTI Big Yacy nepebyBaHHS YaCTUHOK B 30Hi 3rOPSIHHS.
Yac nepeoby- 1 > 3 4 5
BaHH4, C
ﬂfnpeB”e BYINIA, | 0,25 0,4 0,52 0,65 0,7
Tupca, Mm 1,2 1,7 2 2,3 2,7
Tywnurba ——co- | 4 4 2 2,4 2,7 31
HSILLHUKY, MM
rwenmHa 2.1 3 37 45 5
coJloMa, MM

BucHoBku [MpoBeaeHoO po3paxyHKU YSABHOT N'YCTUHM KOKCOBOMO

[MpoBeaeHo po3paxyHKu KifbKOCTi Nanvea poCnuH-
HOro NOXOKEHHS, LLIO MOXe ByTun cnaneHo B 30Hi 00-
nany B IKOCTi 3amiHK 06’emy npupoaHoro rasy. Pospa-
XOBaHO 06’eM AMMOBUX rasiB nanvea POCAMHHOIO Mo-
XOMKEHHS. 3anponoHOBaHO ONTMMAanbHi nponopuii
NYLWNWHHSA COHSILLIHWKA, OEPEBHOro BYriNMs, TUPCU i
cornomu Ans 3amiweHHs koxHux 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.

3anuWwKy PisHWX BWUAIB NanuBa POCIMHHOIO MoXod-
XeHHsA. Ha ocHOBi OTpMMaHWX AaHWX BU3HA4YeHO 4vac
3ropsiHHA 4YaCTMHKM ManvBa B 3anexHocCTi Big ii Aia-
MeTpy. Ha ocHOBI po3paxyHkiB Yacy ropiHHs YaCTUHOK
Oyno BM3HaYeHo, WO cCofoMa Mae HavBuLly LWBWA-
KicTb 3ropsiHHA. Lle go3sonsie BukopucToByBaTw ii Yy
nanbHUKy obnantoBanbHOi MawuHKW 3 6inbluMM pos-
MipOM YacTMHOK: 5 MM Mpu yaci nepebyBaHHS B 30Hi
FOpiHHA 5 cekyHA, 3a40BOSbHAYM NPU LIbOMY TEXHO-
NOTiYHi BUMOTW.
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Maaniy M.I'., KamaH B.O0., Jlaiikoe /I.B., Aepamenko C.O.
IopiBHAIbHUN aHAJII3 TPOAYKTHUBHOCTI TA MOTY2KHOCTI Ipo1ecy
JAPO0JICHHS 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. lNposecmu ropieHANbHUU aHasi3 nPodyKmMueHoOcmi ma nomyxHocmi rpouecy 0pobrieHHsI CMUCKaHHAM ma 3Cys-
HUM HaBaHMaXXEeHHSIM y U,0Ko8UX Opobapkax 3 MpOoCMUM ma rnapasnesibHO-KOm08UM PyXOM.

Memoduka. [nsa aHanizy npodykmusHoOcmi ma nomyxHocmi npouyecy 6yr0 8UKOPUCMAaHO MOPieHANbHUL aHarni3 KiHema-
muyHux ocobriugocmel MexaHi3mie npugody pyxomoi W,oku 0551 Opobapok 3 MPOCmMuUM pyxoM mpaekmopii mo4ok poboyoi
r108epxHi, 3i CknadHUM pyxom mpaduuiliHOi KOHCMPYKUii ma 3 napanesribHO-KO/I08UM PYXOM WOKU MO 8Cill ii O08XKUHI.
Pe3ynsmamu. HagedeHo aHani3z pobomu Halbinbw nowupeHUx mpaduyiliHux KiHeMamu4HUuX cxem ujokosux opobapok
3 IPOCMUM PyxXoM ma cKnadHUM pyxoM WoKU. [JemarnbHo po3ansHyma ujokoea Opobapka 3 KO/l08UM PYXOM PyXOMOI
WOKU 1o 8cili if dosxxuHi, sika 3abe3srneyye nidsuuweHHs ii MpodyKMU8HOCMI 3a paxyHOK 36inblWeHHs NPaKmu4yHO Ha Y8epmb
UUKIT08020 Yacy po3gaHmMaxeHHs1 po30pobneHozo mamepiany. Po3paxosaHa nomyxHicmb Ha nodonaHHs cuil mepmsi
npu pylHysaHHI Wwmamekie 2ipcbkoi mopodu. Po3paxyHkamu Onsi pi3HUX 2ipcbKux mopid 0osedeHo, wo ujokosa dpobapka
3 KOJT08UM 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 8Cix 0OHaKOBUX NMOKa3HUKax
po3mipie kamepu ma ymos OpobrieHHs Hix mpaduyiltiHa wjokosa dpobapka 3 MPOCMUM PYXOM UW,OKU.

Haykoea Hosu3Ha. Lljokosa dpobapka 3 KOrioguM pPyXoM pyxXOMOI WOKU Mo 8cill i Q08XUHI npu pauioHarnbHil npodykmue-
Hocmi meopemuyHo nompebye 3Ha4HO MEeHWOoi (8 cepedHbomy y 1,76 pa3) nomyxxHocmi 05151 GpobrieHHs 2ipCbKoi mopodu
3 8paxysaHHsIM 8umpam Ha mepmsi fpu 8cix 0OHaKOBUX MOKa3HUKax po3mipie kamepu ma ymoe OpobrieHHsI Hix mpadu-
uitiHa wokosa Apobapka 3 MPOCMUM PYyXOM WOKU.

lNpakmuyHa 3Ha4ywicmb. HasedeHa kiHeMamu4Ha cxema OpobapKu 3 naparnesibHO-KOI08UX PYXOM WOKU 1o ecill if dos-
JKUHI meopemuy4HOo nompebye 3Ha4HO MEHLWOI MoMYyXHOCMmi, omxe Mmamume 6inbw 8UCOKUU piseHb eHEP20eheKMUBHO-
cmi, wo 6e3nocepedHbO ernnueae Ha eKOHOMIYHI MOKa3HUKU rpouecy O0pobneHHsi. EHepeoeghekmusHicmb ma nidsu-
WEeHHS1 MPOOYKMUBHOCMI MOXYMb CMamu KI1to408UMU KDUMEPISIMU 8 KOHKYPEHMOCIPOMOXHOCMI Ha PUHKY.

Knovoei crosa. Lljokosa Opobapka, nomyxHicmb, Mpo0yKmMugHICMb, eHep203bepexxeHHs, KiHeMamu4yHa cxema, 0e3iH-
meepauis, nopoda, HagaHMaxeHHsl, OPobIEeHHs, 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,
shear.
© Maniy M.I". — K.T.H., gou. YOYHT Malich M. —c.t.s., docent USUST
KataH B.O. — k.dp.-Mm.H.,gou. AHY im O.l'oHuapa Katan V. — c.fm.s, DNU
ITankos [.B. — acnipant YOYHT Laikov D. — PhD student at USUST
AspameHko C.O. — acnipaHT I'TM Avramenko S. — PhD student at IGTM

41



JITeopis i NPaxKmMuKg Memarypeii

Bcmyn. NMpouec opobrneHHs Ta NpocyBaHHSA po3a-
poOneHux WmatkiB Mo BMUCOTI kamepu OpobIieHHs B
LLIOKOBMX gpobapkax 3anexuTb Big KIHeMaTU4YHMX 0Co-
OGrnvMBOCTEN MexaHi3aMy npuBogy PyXomoi wwoku [1-3].
EHeproecekTMBHICTb npoLiecy ApobneHHs 3anexuTb
Bil XapakTepy pyxy PYXOMOI LOKU, ¢Di3UKO-MexaHiy-
HUX BMaCTMBOCTEMN PYMHIBHOrO maTtepiany Ta Bubopy
napameTpis npotecy [4-8], A& OCHOBHUMW YNHHMKAMM
€ YMOBWU MNpUKNagaHHsA HaBaHTaXEHHS.

PucyHok 1 - KiHemaTuyHi cxemu LWokoBmx apobapok
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OcHoeHa YacmuHa. Y gpobapkax 3 NpoCcTUM py-
XOM TPaeKTOPii pyxy TOYOK pobo4oi NoBepPXxHi OpoHe-
NAMTN SBNAIOTL coboto abo YacTuHu gyrm kona, abo
npami niHii [9]. Mig yac poboTutn Takui gpobapku
(puc. 1a) woka pobuTb KonNMBanbHWUI pyX, NPU LbOMY
HambinbLIMN Xig CTUCKaHHA S, (ropu3oHTanbHa ckna-
AoBa TpaekTopii pyxy 6yab-aKOT TOYKU LLIOKW) MaE iT HU-

XHA TOYKa.

a— 3 IPOCMUM PYXOM WOKU; 6 — 3i CKITaOHUM PyXOM U{OKU

Mpy UbOMY CUnM CTUCKaHHA P wmaTkiB nopoau y
BEPXHIi Ta HWXKHIN YacTuHax kamepu OpobneHHs no-
POOKYIOTb CKNagoBi R, siki HaNpaBneHi Bropy, a cunum
TepTa F, siki 3ab6e3neyytoTb 3axX0nneHHs wmaTtka - Jo-
HN3Yy.

[cTOTHUM HepgonikoM uux gpobapok € manui Xig
CTUCHEHHS y BEPXHIil YaCTWHI Kamepu ApobneHHs, LWwo
npu3BoAMTb OO MOraHOro 3axOnfieHHs marepiany,
AKWIN NOAAETbCA Ha ApobneHHs. PyiHyBaHHA LWMaTKa
nopoau BigbyBa€eTbCs 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 BinbLLIOro xoay
CTUCHEHHS, YacTMHa Kamepu He 3abesneyyeTbcs Joc-
TaTHLO KiMbKICTIO MaTtepiany. Takum YMHOM, NpoaykK-
TUBHICTb BEPXHbOI YaCTUHU Kamepu OpPOOMEeHHSA 3Ha-
YHO MEHLUE HiX HWXHBOI. [pn UboMy eHepris, Heob-
xigHa onsa ApobreHHst nponopuiiHa Mexi MiLLHOCTi Ma-
Tepiany Ha CTUCKaHHS y KBagparTi, a HeobxigHa noTyx-
HICTb MpoLiecy BUPaxoBYETLCHA 3a BiJOMOI0 (hOPMYIIOH0
J1.6. IleBeHcoHa [1]

2 2 2
N, = 2=y, M

e o, — Mexa MiUHOCTI gpoOHoro martepiany npu
cTuckaHHi, MNMa; L — poBxrHa Kamepu ApobneHHs, M;
N —yvacTtoTta oBGepTaHHs eKCLEHTPUKOBOro Bany, ¢~ 1;
D, d — makcMmManbHi po3Mipy LUMaTkiB BUXIOHOMo Ta
nogpibHeHoro martepiany, M; E — mogynb npyxHo-
cTi, Ma; n — KMNQ gpobapkw.

dakTnyHa NpoAYKTUBHICTL Takoi LLOKOBOI Apoba-
pKW, SiKa BM3HAYaETbCA 0OCSAroM roToBOro MPOAYKTY,
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LLIO BUMaAae 3 kamepu ApoBneHHs Npu Bigxodi pyxo-
MOi LLIOKM (XOrnocTomy xopi), BiaOyBaeTbcsi ABidi 3a
oavH obepT KpuBoLIMNa Ta Po3paxoByeTbCs 3a dop-
MYIIOHO.

_1 [gtga
T 24 25y’ ©

A€ g — NPUCKOPEHHS BINbHOrO MafiHHs, M/c?,
a — KyT 3aXOMMeHHs, sy — Xig PYXOMOT LLIOKU Y HUXHIN
TOuLi KaMepun ApOBEHHS, M.

Y ppobapkax 3i CKnagHUM pyxoM TpaguLiiHOT KOH-
CTpyKLUii (pyc. 1,6), y SKMX KPUBOLLMM i pyXnMBa LoOKa
YTBOPIOKOTb €AVHY KiHEMaTUYHY napy, TpaekTopii pyxy
TOYOK PYXOMOI LUOKM € 3aMKHYTi KpuBi, HanyacrTiwe
enincwu [1,2,10]. Y npoueci poboTtu Takoi agpobapku py-
XOMa LLIOKa Y BEPXHil YaCTWHI 30INCHIOE MPaKTUYHO KO-
noBwuK pyx, 3abesneyyroyumn TUM CaMMM XOpoLLe 3axon-
NeHHs Ta [JpobneHHa BuxigHoro martepiany. [lpw
LbOMY Y BEPXHI YacTUHi kamepu OpOOMEHHA cunm
CTUCKaHHA P LumarTKiB nopoan 3a paxyHOK TaHreHuin-
HOI CKITa0BOI Bifl PyXy PYXOMOI LLOKM Ta 30MMKEHHS 3
HEPYXOMOI0, 3aXOMIIIo0Th | pyxalTb WMaTK1 nopoau
OOHWN3Y Ta NOPOKYIOTb CUNK TepTa F, Aki HanpaeneHi
B Pi3Hi CTOPOHM, WO 3abe3nevye KOB3HE CTUCHEHHS.
PyWHyBaHHs1 LUMaTKa nopoau BiabyBaeTbCsA 32 YMOBU
nepeBuLLEHHS MEXi MILHOCTI Ha 3CyB, MPaKTUYHO Tak,
AK MPU aCMMETPUYHOMY HaBaHTaXKEHHI 3pa3ka nopoam
B npeci [11], a eHepria pyrnHYBaHHA NPONopLinHa Mexi
MILHOCTi mopoam Ha 3CyB y kBagparTi. B Toi xe yac y
cepeHini YaCcTuHi kamepu ApobrneHHst TPaekTopis pyxy
TOYOK LLIOKM 3MIHIOETBCA Ha eninconogibHy, a B ca-
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MOMY HWM3Y MPakTUYHO Ha MPSMOSIHINHY, WO NPUBO-
OUTb [0 TipLOro NpoLecy 3axOmnfieHHs i ApOoOneHHst
nopoau, po3TalloBaHOi HUXKYe cepeauHn kamepu gpo-
OneHHs [10]. Y HWXHIN YacTuHi Kamepu ApobMeHHs
PYNHYBaHHSA LUMaTKa nopoau BiabyBaeTbCH 3a yMOBU
nepeBULLEHHSA MEXi MILLHOCTi Ha CTUCK, NPaKTUYHO TakK,
AK y ApobapLii 3 NpocTUM pyxom, TOBTO siK Npu cumeT-
PUYHOMY HaBaHTaXKeHHi 3paska nopoau B npeci. [pwu
LbOMY eHeprisl, HeobxigHa Ana APOGNEHHS Y HWXKHIN
YaCTUHI Kamepy ApOBNEHHS TaKOX NPOMNOpLiNHA MeXi
MILHOCTI MaTepiany Ha CTUCKaHHS Y KBaapari, a noapi-
OHeHWIn maTepian NOCTIMHO BULLTOBXYETHLCS HAaropy Ao
TWX Mip, NOKK BiH 3peLTolo, He Byae 3axonneHun Ta
noapibHeHnn. Takum YMHOM, y Tpaauuiiiux gpobap-
Kax 3i CKnagH1m pyxoMm LLLOKN NPOAYKTUBHICTb Y HUXKHIN
YaCTUHI Kamepu ApOBMEHHS 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 MOSIOKEHHSI BHU3
Ha KyT 90° pyxoma LoKa pyxaeTbCs Ha3yCTpiy HEPYXo-
MUI. 3a paxyHOK CTUKaHHSI Ta TaHreHLUinHOI CcKknaao-
BOI, BOHA 3aX0NSto€ i NoYnHaE, akTUYHO 3CYBHMUM Ha-
BaHTaXXEHHAM, pyrHyBaTK BUXigHY nopoay Ta pyxae ii
BHU3, CPUAIOYN PO3BaHTaXEHHIO MoApibHEHOro maTte-
piany. Y apyrin gasi npu pyci KpmeoLuMna B KpanHe Hu-
)KHE MOJNOXEHHS pyXOMa LLOoKa MPOJOBXYE pyxaTucs
y6iK, NPOTUNEXHNA HEPYXOMIW LLOLLi, | BHW3, NPU LIbOMY
BiabyBaeTbCcA (popcoBaHMIn BMKMA nogpibHeHOro ma-
Tepiany 3 kKamepu ApoBneHHA 3a paxyHOK pyxy LLIOKW Y
Oik posBaHTaxeHHA. Hapani npu pyci 3 HUXHLOrO
KpanHbLOro MnoOnoXeHHA Bropy Ha kyt 90° pyxnusa
LLIOKa 34iNCHI0E CKNagHWI pyX, 3a 4ac siKOoro ii BEpXHS
YyacTMHa 34JINCHI0E pyX Bropy Ta B Oik, MPOTUNEXHWIA
BifL HEPYXOMOI LLOKM, @ HWKHSA YacTMHa pyXxaeTbesl
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Bropy i Ha3yCcTpiy HePYXOMil LLOL, LLIO HEe CNpUsE po3-
BaHTaXXEHHIO noApibHeHOI nopoan. B ueTBepTin,
OCTaHHIN, dasi HKHSA YacTUHA LLIOKN pyXaeTbes Y OiK,
NPOTUMNEXHNA HEPYXOMIN LLOLLi, | BFOPY, TaKOX nepeLu-
KOMXaroun BMNafiHH noapibHeHoro martepiany. Ta-
KM YMHOM, PyX LLOKM B TPETiN i YeTBepTIN casax ne-
peLLKOKae BUXoay rotoBoro po3gpobneHoro marepi-
any 3 kamepu apobneHHd, TO6To. BUNagaHHs roTOBOro
NpoayKTy i3 Kamepu ApobneHHs BiabyBaeTbCS ABidi 3a
0oavH o6opoT KpuBOLLMNY, SK | y Apobapok 3 NPOCTUM
PYXOM LLOKW.

B TexHivHin nitepatypi [1,2,3] MOXHa BuAINUTH
rpyny gopobapok, y sKMX TpaekTopis pyxy PyXomoi
LLIOKM 3MiHEHa 3a JOMOMOrO Pi3HUX KOHCTPYKTUBHMX
npuiomie, Ski 3abesnevyoTb NPUOIM3HO NOCTINHY Be-
NINYMHY X0y CTUCHEHHS Mo BCil BUCOTI kKamepu noapi-
OHeHHA. loea Takux KOHCTPYKTUBHMX PpilleHb 3BO-
OUTbCA A0 CTBOPEHHS OQHAKOBOIo KONoBoro, abo eni-
MCOIAHOro PpyxXy PyXOMOI LLIOKM MO BCiN ii AOBXMHI. Xa-
pakTepHUM NpuKnagomM Takum gpobapkmn € gpobapka i3
3aranbHUM eKCLUEHTPMKOBUM npusogHum Banom [10],
Y SIKOi KpYroBuiA pyx BEPXHbOI YaCTUHM LLIOKK 3abe3ne-
4yyeTbCA 0OepTaHHAM OLHOrO EeKCLIeHTpUKa, a Kpyro-
BUIA PYX HWKHBbOI YaCTWHM LLIOKM BigOyBaeTbCs 3a pa-
XYHOK pyXy PO3nipHOI NAUTK, WO HABOAWUTLCS iHLLMM
ekcueHTpukoM. lMpoayKTMBHICTL Takoi apobapku 6i-
nblLUa, HXX Yy NepernsHyTMX BULLE, OJHaK Yepes cknag-
HICTb BUFOTOBMEHHS Ta eKcnnyarauii BoHa He OTpu-
Maria NOLUMPEHHS.

Hasepemo npuknag gpobapku [12], sika 3abesne-
4yye napanenbHUN pyX PyXOMOI LLOKU A0 HEPYXOMOI 3a
paxyHOK 3acCTOCyBaHHSI [BOKPWBOLLIMMHOIO LUAPHIp-
HOro YOTMPUA3BIHHUKA i3 3aranbHUM NMPMBOAOM KPUBO-
wmnis (puc.2).

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

TpaekTopia pyxy TOYOK LLOKU Y 3anporoHOBaHiIN Ki-
HEMaTUYHIN CXEMi € NPaKTUYHO KOMOBOID, i Xig CTUC-
HEHHs1 Ta TaHreHLUiHOI CKIagoBoi MO BCi BUCOTI Ka-
Mepu NoApPiIOHEHHS NOCTiVHI. OCKINbKM AOBXUHU Kpu-
BOLLUMMIB OAHAKOBI, PyXnMBa LLoKa B nepLuini casi npu
pycCi KpuBoLIMNa 3 KPaNHbOro BEPXHLOrO MONOXEHHS
BHU3 Ha KyT 90° pyxaeTbCsl Ha3yCTpiy HEPYXOMIl LLOLL.
Mpy LUbOMY Yy BEPXHIN YaCTUHI Ta Y HWXKHIA YacTUHaxX

Kamepu OpoBMneHHs CUnKM CTUCKaHHA P martkiB no-
poawu 3a paxyHOK TaHreHLiMHOT CKNnagoBoi Bif pyXy py-
XOMOI LLOKU BHM3 Ta Ha3yCTpiy 3 HEPYXOMOO, 3axon-
NIOOTL | pyxalTb WMaTkn nopoan AoHu3y. Lle nopo-
Dxye cunu TepTa F, aki HanpaBneHi B pi3Hi CTOPOHW,
Lo 3abe3nedvye KOB3HE CTUCHEHHS MO BCil AOBXWHI Ka-
mMepu. PyliHyBaHHSA WwimaTtka nopoawu BigbyBaeTbcs 3a
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YMOBW NEePEBULLEHHA MEXi MILHOCTI Ha 3CyB, NPaKTu-
YHO TaK, SK NPW aCUMETPUYHOMY HaBaHTaXKEeHHi 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 PO3BaAHTAXEHHIO po3apobneHoro 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 hopcoBaHui BUKMA po3gpobneHoro mate-
piany 3 kamepu ApoOneHHs 3a paxyHOK pyXy LLOKK ybik
po3BaHTaXeHHs. Y TpeTin dasi poboTn KpuBowwmny
npu nepexodi 3 HWKHbOrO KpPaWHbOro MOMOXEHHS
Bropy Ha Kyt 90° pyxoma LLioKka pyXaeTbCsl Bropy i y0iK,
NPOTUAEXHUA HEPYXOMIN LLOLLi, NPOAOBXYOYN po3Ba-
HTa)XEeHHs1 po3gpobneHoro martepiany. Y 4eTBepTin
dhasi pyxnmBa LLOKa pyXaeTbCHA Bropy HasycTpiy Hepy-
XOMi LoUi, noYnHatoum apobneHHsa 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=yq 2sy ®)

Oe g — NPUCKOPEHHS BIiNbHOTO MafiHHS, M/c?,
a — KyT 3aXONSEHHS, Sy — Xig PyXOMOI LLIOKN Y HUDKHIN
TOuLi Kamepu APOBNEHHSs, M.

Takum YMHOM, BMNAAiHHS NPpM3MK rOTOBOrO NPOAY-
KTy 3 Kamepwu ApobneHHs BiabyBaeTbCs MPOTAroM
TPbOX uBepTen 06OpoTy KpuBOLUMMY, TOBTO B TPbOX
umknax pobotu gpobapku, IO MPaKTUYHO MOBHICTIO
BUpiWye npobrnemy nepenodpibHeHHS Ta A03BOMSAE
NiABULIMTY Ha YBEPTb YacTOTy obepTaHHA eKCLeHTpH-
KOBOrO Basy Ta NigHATY NPOAYKTUBHICTL NpoLecy Apo-
GneHHs.

B Tom xe yac HeobxigHa MOTYXHICTb OPOGNEHHS
nopoau y HaBeeHi ApobapLi 3 Takok KiHEMaTUYHOI
CXeMoto, dka 3abe3nedye KOB3HE CTUCKaHHSA MOXe BU-
3HayaTUCA 3a 3anexHiCTio 3rigHo 3 opMYIIoH

2 2 2
N, = SOy, )

e k—wmexa MmiyHocTi gpoBHoro marepiany Ha
3cyB, [Ma?;, L —pgoexuHa kamepu [OpoGReHHs, M;
N —yvacTtoTta oBGepTaHHs eKCLEHTPUKOBOro Bany, ¢~ 1;
D, d — makcumanbeHi po3mipu maTkiB BXigHOro Ta no-
ApibHeHoro matepiany, M; G — moaynb 3cysy, a; n —
KA opobapku, siknii 3a gannvn [13] ons gpobapok 3
CKNagHMM pyxoM LLIOKM NpuiAMatoTb Ha piBHi 0,45.

_ 2(1 +v)k?*nL(D? — d?)
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B ubomy Bunagky Tpeba po3ymiTu, LLIO KOB3HE CTU-
CHEHHS 3abe3nevyloTb CUM TepTa MK Mopodolo Ta
OpoHennuTaMmn 3a paxyHOK TaHreHuianbHOro HaBaH-
Ta)XEHHS BiJ PyXOMOI LLIOKM, @ MaKkCumarbHe JOTUYHE
Hanpy>XeHHs MOXXHa BMpaxyBaTu Npu BU3HAYEHHI 3y-
cuUnnsa gpobrieHHs (HanpyXXeHHst CTUCKY) Ta koedilie-
HTa TepTa 3a 3anNeXHICTIO Ty, = f0,. [1py KOB3HOMY
CTUCKaHHI pyMHyBaHHA nopoau BiAdy4eTbCA KoM
Tmax > k — Mexi onopy 3cyBy.

Topai 3 ypaxyBaHHAM 3B’s13Ky MiXK MOAYS1eM NPY>KHO-
cTi E i mogynem 3cyBy G ans Bu3HaydeHHs HeobXiaHo1
NOTY>XHOCTI Ha NMPYXHY AedopmaLito LWMaTKiB nopoau
3CYBOM Mpuv OPOOMeHHi 3 TaHreHuianbHMM HaBaHTa-
YKEHHAM Maemo

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

e — v- koeqiujieHT NyaccoHa.

Ane B Uin chopmyni He BpaxoBaHa NOTYXHICTb, siKa
BUTPaYaETbCA Ha poboTy cun TepTa y Apobapkax npwu
CKragHoMmy pyci Woku. MoTyxHicTb, HeobXxigHa Ha no-
AOMNaHHS cun TepTa MiXX MOPOAOH0 Ta ABOMA LLOKaMu1 B
Kamepi ApoBneHHs y MOMEHTM 3axXOnsieHHs Ta nepemi-
LLeHHs ApobneHoi nopoau MOXHa BU3HaYMTK 3a ¢op-
MYII0t0

N, = fQuqxmrncos % (6)
ae f— koediuieHT TepTa Mk NOPOAOI0 Ta LLOKOI;
Qmax — MaKcMManbHe 3ycunns gpobneHns, H; r — pa-
aiyc kpuBowwuna, M; n-—vactota obepTaHHsa, [Iu;
O — KyT 3aXOMSeHHs.

MakcumanbHe 3ycunns ApobreHHs BU3Ha4YaeTbCs

3a hopMysoto

Omax = 72— (D? — d?) )
max — q19.g.s, ’

e o—wmMmexa MiuHocTi nopoawn, MNa; L — goBxunHa
Kkamepu apobneHHs gpobapku, L = 0,4 M; D — po3mip
BuxigHoro martepiany, D = 0,18 m; d — cepeaiHi pos-
Mip NpoayKTy ApobnenHs, d = 0,042 ; E-—wmogynb
MPY>XHOCTi  BuxigHoro martepiany; E = 3,510 Ila;
S1—Xig pyxOMOI LWOKM B MICTi MPUKNagaHHA cunm

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

pTs MOXxHa 3anucatn N.. = N, + N,, a BigkopuroaHa
dopMyna Ana BM3HAYEHHA HeODXigHOI MOTYXXHOCTI
OpobneHHst nopoam y HaBefeHin apobapui, e pyx py-
XOMOI LLIOKM Ma€ OHaKOBY KOMOBY TPAEKTOPItO MO BCiN
Ti OBXUHI (pUcC. 2.), TO MOXXHa BBaxaTtu, WO s; = 2r i
¢opmyna mae Burnag,

e 12En

_ nL(D? —d*)n[(1 +v)k?

E 67

TakoX NOTYXHICTb BUTPAYaETLCS Y BCIX TUMNax apo-
Gapok Ha npyxHy aedopmaliio geTanen Ta Ha TepTs
B CMOMyYeHHsAX (Ha Tak 3BaHWI XONOCTUN Xia), WO 3ri-
OHO 3 [7], BU3HAYa€eTLCS 3a (PopMynoto
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fo *nL(D? — d?) a
T9Es, nreos - =
e ®)
+ ——cos—
3,8 2
N
Ny = 05K, (= - eall,) )

ae, K. — koedilieHT, Lo BpaxoBYyE PyX PYyXOMOIi
LWOKKM; N,, — BCTAHOBNEHa MOTYXHICTb ABUryHa, KBT;
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1,39 — HOMiHanNbHUI 3anac NOTYXHOCTI; Ky — koediLli-
€HT BiOXMMNEHHS 3anacy NOTYXXHOCTI Bi4 HOMiHANbHOrO;
e, —nNUTOMa KopucHa poboTta cun  OpobneHHs;
I1,, — MakcumarnbHa TEXHONOMYHa NPOAYKTUBHICTb
ApobneHHs.

3a gaHumu [14] BTpaTy eHeprii Ha poboTy NPYXHOI
aedopmadii BuTpadaetbcs 6nmabko 35%, a Ha TepTd
y Apobapkax 3i cknagHum pyxom Loku - 27,5%. B Ton
e Yac aHaniTu4Hi po3paxyHku aBTopis [1] NOkasyoTb,
Lo cyMapHa npyHa gedopmadis enemeHTiB gpoda-
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POK, LLO CEPINHO BUMNYCKaOTLCA Nid BASAIMBOM CU ApOo-
OneHHs1, NpMBEAEHUM A0 cepeanHn kamepu gpobapku
ctaHoBnATb 10-15% xoQy pyxOMOi LLIOKM Y Til e To-
yui.

B po6orti [15] BCTaHOBNEHO, WO NpY pauioHanbHin
NPOAYKTUBHOCTI ApOBMEHHS B LWOKOBMX Apobapkax,
konu KK[] 6yne makcumanbHUM, 3aranbHi BUTpaTu no-
TYXXHOCTIi Ha TepTa Ta XONnoCTui Xig y nepLuiomy Habnu-
XKEeHHi cTaHoBNSATL 2N,,. HaBegemo doparmeHT Tabnuui
(Tabn. 1) Wwoao BCTaHOBMEHOI NOTYXXHOCTiI ABUMYHIB Ta
MOTY>XHOCTI XONTOCTOro XoAdy ANns AeKinbKox Apobapok
3 CKnagHUM pyxoMm woku [13. Tabn. 6.1. cT. 166].

Tabn.1 MoTyxHiCTb ABMryHa N,, Ta NOTYXHICTb X0s10cToro xogdy N, LIOKOBMX Apobapok
[OTYXHICTb BigHolLeHHs1
[pobapkun 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 250900 40 3,291 0,082
Cknapgnuiipyx | CM-74 400*900 55 6,146 0,112
CM-16[1 1600*900 75 9,730 0,130
CepenHe 3HaYeHHS  BiQHOLLEHHS 0,11
N,/N,, % 11%

[MpoaHanizyeMo BiAHOWEHHA BUTpAT HEOOXigHOI
NOTY>KHOCTi Ha NoapibHeHHs B LWOKOBMX Apobapkax 3
NPOCTUM Ta MOKPALLEHUM CKITagHMM PyXOM LLOKM Ha
npuvknagi ApobneHHs Aekinbkox ripCbkmx nopig, 3 pis-
HAMM  (DIBMKO-MEXaHIYHMMM  XapaKTepucTUKamu
(Tabn.1), koediuieHTom NyaccoHa v = 0,25, koediuie-
HTaMu TepPTS MiXX NOpOAoto Ta BpoHennuTamu, npu f =
0,3, KKO opobapku n = 0,45, KyT 3axonneHHs a = 20°

Ta Npv OAHAKOBMX iHWNX NapameTpax. PospaxyHok Bi-
[OHOLLEHHS NOTYXXHOCTEeN ByaemMo paxyBaTtu 3a hopMy-
noto

_ (1+v)k2
2 [aee (10)

Ta 3aHOCUTW Y Ta6n 2, npm usomy byaemo BBa-
XaTu, WO BUTPATU MOTY>KHOCTI Ha XOMNOCTUI Xif OfHa-
koBi Ons Apobapok 3 MpOCTUM i CKNagHUM pPyxoMm
LLIOKMW.

COS ]

Tabnuus 2. Po3paxyHKOBi CMiBBiAHOLIEHHS] BUTPAT MNOTY>KHOCTI
npv ApobneHHi pisHUX ripCbK1x Nopif B LLOKOBUX Apobapkax

3 MPOCTMM Ta CKNagHUM KONoBuM pyxomM N, /N,

EkcnepuvmeHTanbHi TaHreHuinHi Ha- | BigHo- BigHo- Kagactp
Ty nopoau AaHi NPY>XeHHA LLUEHHA LLUEeHHSA [15,¢c]

k, MMNa o., MlNa Tmax, MINa o./k N,,/ N,
1 2 3 4 5 6 7
MoOHUOHUT 60 260 78,0 4,3 1,8 104
MoOHUOHUT 24 127 38,1 5,3 2,0 105
MoHuUoHNUT 7,5 48 14,4 6,4 2,1
lMickoBuK 10 55 16,5 55 2,0 158
Pyna rpaHg-marHeTntoBa 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 48 19 145
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 remaTnusoBaHum 25 134 40,2 54 2,0 67
CepepHe 3Ha4yeHHs BigHO- 5,6 1,98
LUEHHSA
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Po3paxyHku cun TepTs, siki 3a0e3neyytoTb TaHreH-
LinHi HanpyxeHHa npu f = 0,3 nokasyoTb, Wo Apob-
NEHHsI NOPOAM Yy LLOKOBMX Apobapkax 3i CKnagHuM py-
XOM LLIOKM BigbyaeTbCst KOMU Tpq, > k — MEXI onopy
3CyBYy, TOGTO CMN TEPTHA JOCTaTHBLO AN 3abe3neyeHHs
3CYBHOrO HaBaHTaXXEHHs1 B kKaMmepi ApobneHHs Ao pyn-
HyBaHHS NOpOAaMW.

Takum YMHOM eHepreTUYHUI aHani3 NoapiGHeHHS y
LLOKOBMX Apobapkax 3 MPOCTUM Ta CKNagHUM PyXOoMm
LLIOKM 3 KIHEMaTMYHOI CXEMOI0, Sika pearti3ye KOroBUi
PYyX PYXOMOI LLIOKM NO BCi Ti 4OBXMHI NOKa3aB MOXMn-
BiCTb 3HAa4YHOrO eHepro3bepexeHHsi (B cepeaHbOMY B
1,98 pas).

Ane, 9KWo BpaxyBaTu BUTPATU MOTYXXHOCTI Ha iHLWI
aucmnaTmeHi BTpaTtu, TOOTO, BBaXKaro4u, LLIO 3 ABOX MO-
TY)XXHOCTEW XONOCTOro XO4y Npuv pauioHanbHin npoay-
KTMBHOCTI, OfHa CKNagoBa iae Ha TepTs MiX LoKamm
Ta NOpoOAOHo, TO 3 ypaxyBaHHSAM LibOro BigHOLLEHHS No-
TY>KHOCTEWN 3MEHLWNTbCA B cepeaHbomy Ha 11%. Togi
3 ypaxyBaHHAM LibOro CEPeAHE 3HaYEHHS BiJHOLLEHHS
N,,/N.. 6yae ameHweHo Ha 11% Ta Byae oopisHIOBaTK
1,98 — 11% = 1,76.
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Takum YMHOM HeobXigHa NOTYXHICTb APOONEHHS y
LLIOKOBI ApobapLii 3 BUKOPUCTAHHAM 3CyBHOIO HaBaH-
TakeHHs1 byae TeopeTuyHO K MiHiMym y 1,7 pas me-
HLUIA B NOPIBHSIHHI 3 APOGNEHHAM CTUCKaHHAM ANsl ne-
PEBULLEHHSA MEXi CTUCKY Yy Apobapkax 3 NpocTuM py-
XOM LLOKK. TakoX HaBedeHa KiHeMaTuyHa cxema Lo-
KOBOI ApoHapku 3 KONOBMM PyXOM PyXOMOI LLokM Byae
3abesnevyBaTi NigBULLIEHOT NPOAYKTUBHOCTI 3@ paxy-
HOK 36inbLUEHHSs1 Ha YBEPTb LIMKITOBOro Yacy po3BaHTa-
XXeHHSA po3gpobneHoro martepiany.

BucHoegku. BueHaBegeHUM NpoBefeHo aHania
po60OTM OCHOBHUX, HAMBINbLL NOLUIMPEHMX ICHYHOUNX Ki-
HEMaTUYHMX CXEM LLOKOBUX Apobapok [loBeaeHo, Lo
LLloKOBa Apobapka 3 KONOBMM PYXOM PyXOMOI LLIOKU NO
BCil1 ii JOBXMHI TEOPEeTUYHO NOTpebye 3HAa4YHO MEHLLOT
(B cepegHboMy y 1,76 pa3) NOTYXHOCTIi 3 ypaxyBaHHSAM
BUTPAT Ha TepTs Ana ApoOneHHs ripcbkoi nopoan npu
BCiX OHAKOBMX NOKa3HMKax PO3MipiB kKamepu Ta yMOB
OpoOneHHs HiXX TpaauuiviHa wokosa apobapka 3 npo-
CTUM pyXOM LIOKW. 3anpornoHoBaHa KiHemaTudHa
cxema gpobapku Takox 3abesnevye niaBULLEHHA i
NPOOYKTUBHOCTI 3a paxyHOK 30iMblUeHHS MPaKTU4HO
Ha YBEpPTb LIMKIMOBOrO Yacy pO3BaHTaXeHHS po3apob-
neHoro marepiany.
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I'nadkux B.A., Py6aHn A.B., Ky3vmenko C.M., Psioyee 0.0., AHocos 0.B., KpasueHko B.IL
Buznayenns qacy TPaHCHOPTHOIO SaHiBHeHHﬂ IIUXTH IIPHA BI/IlIJIaBIIi
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 8iobysacmbcs 3a paxyHOK 8UPILIEHHS
numaxb 0rnepamusHO20 KepyeaHHs MEXHO02iYHUMU fpoyecamu, a ix onmumi3auiss noe’sdaHa 3 8UKOPUCMaHHSIM
HadilHUX MpakmMu4HUX 8uxiOHUX 0aHux. Tomy 8 pobomi 3 Memor 8CMaHOBNEHHSI KOPEAUIlHUX 83aEMO38'3Ki8 MiX
8UXIOHUMU napamempamu | KiHUe8UMU MOoKa3HUKaMu 3 ypaxye8aHHsSIM MeXHOJI0eidHOI iHepuitiHocmi npoyecy 3anporio-
HOBaHO CKopezao8aHy MemoOUKY «MmpaHCrIopmMHO20 3anisHeHHs1». EkcriepumeHmarsnbHO 8CmaHo8/IeHO 4ac
«mpaHCcrnopmHo20 3ani3HeHHs» enekmponeyi Pl13-63. [MpakmuyHa 3Ha4yywicmps pe3yrbmamig rnons2ac 8 ompuMaHHi
binbw AocmosipHUX MPOMUCIO8UX 0aHUX 3anexHocmi ernusy onopy enekmpoda (Rs) Ha npodykmusHicmb neyi (1),
numomi eumpamu enekmpuy4Hoi eHepaii (Qn) ma KoegiyieHm 8uny4yeHHs mapaaHyto y crnas (Nun).

Knroyoei cnoea: ¢hepocrinasu, mapaaHeub, wuxma, Pl13-63, «mpaHcrniopmHe 3arni3HeHHs», MPoMUC/Iosull 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 PI13-63 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 (Rs) on the furnace
productivity (1), specific electrical energy consumption (Q,) and the manganese extraction coefficient in the alloy (1wn).

Keywords: ferroalloys, manganese, charge, P13-63, "transport delay", industrial experiment, regression analysis, TEP.

Beryn. IHTeHcudikauis enekTpoTepMiyHMX npo-
uecis BMPOOHMUTBA MapraHuesBmx epocnnasis B
PYOHOBIOHOBMIOBANbHMX HAAMOTYXHUX depocnnas-
HUX enekTponeyvax Tuny Pl3-63 nos’sisaHa 3 po3pob-
KOI HOBMX i yAOCKOHANEHHSAM Aito4mx TexHonorin. MNo-
KPalleHHA  TEXHIKO-€KOHOMIYHWX  MOKa3HWKIB |
NiOBULLEHHS SKOCTi rOTOBOI NPOAYKLii B yMOBax BU-
KOPUCTaHHSA Pi3HOMaHITHOI MapraHueBOpyAHOI cupo-
BMHW | BMAcHUX BiOXoAiB BUpiLLYeTbCA Ha ©6asi Bnpo-
Ba[DKEHHsS aBTOMAaTU30BaHWX CUCTEM YrnpaBmiHHSA
OKpPEMVMW naHuramm i TeXHOMNOrYHNM NpoLecoM B
ginomy [1-4]. CyTTeBe 3HAYEHHs1 Mpu LpbOMy Haby-
BalOTb PILUEHHSI 3 BUKOPUCTaHHAM KOMM'IOTEPHUX TEX-
HOMOriN 3 OOCMIOKEHHs,, MOAEMOBaHHS i KepyBaHHSA
npouecamn  BMPOOHMUTBA  MapraHuesBux  de-
pocnnasis [5-8]. BupiweHHs nuTaHb onepaTmBHOrO

KepyBaHHS TEXHONOrYHMMKM npouecamu i X on-
TUMi3auUil nos’si3aHe 3 BUKOPUCTAHHAM  Hafgin-
HUX  NPaKTUYHUX BUXIOHWUX OaHUX.

AHaniz nitepatypHux AaHUX Ta NOCTaHOBKa
npobnemu. be3nepepBHU  BYrneLeBOTEPMIYHUN
npouec BMMNMaBkWU MapraHueBux oepocnasiB B MNOTY-
XKHUX 3aKPUTUX | FepMEeTUYHUX PyaoBIAHOBNIOBAbHUX
ernekTponeyax CynpoBOAXYyeTbCA GesnepepBHVUM 3a-
BaHTaXKEHHSAM LUMXTOBUX MaTepianiB Ha KOMOLUHUK
nevi. [na BUKNOYEHHs BUXoay dyepocrniaBHOro rasy
Yepes niyvHi OyHkepn B HMX MOCTINHO MOBUHEH
niaTpumyBaTUCb NOTPIOHMIA piBEHb | BignosigHa maca

napgknx B.A. — k.T.H., gou. YOYHT
Py6aH A.B. — k.T.H., gou. YOYHT
KyabmeHko C.M. — acnipaHt YOYHT
Ps6ues O.0. — acnipaHt YOYHT
AHocoB O.B. — acnipant YOYHT
KpaByeHko B.IM. — acnipant YOYHT
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wuxtn. B BaHHi depocnnasHoi nedi Tuny Pl13-63
3HaxoauTbed 6ina 300 T. wuxtum [9-12].

BigHoBntoBanbHi npouecy Ta (hopMyBaHHS LLMaKy
i MeTany BiabyBaeTbCS B NPMENEKTPOOHMX 30HaX i Ha
noauHi. B cepeaHbomy Yepes 2,66 roaMHu NpoaykTu
nnaeky BUMYCKalOTb i3 nevi. XiMiYHUA cknag BUXigHWX
LUMXTOBUX MaTepiarnis KOHTPOMKWTL OAWH pa3 3a
3MiHy. B nnaBunbHOMy >XypHani ikCyeTbCa TaKoX
Maca KO)XHOro BUTpaYeHoro 3a pobo4y 3MiHy LUMXTO-
BOr0 KOMMOHeHTa. XiMiYyHWA cknag depocnnasy,
lwnaky i IXx Maca KOHTPOIOKTLCA No-nraBoyHo. [pu
cknagaHHi marepianbHoro ©6anaHcy Bunnasku de-
pocnnaBy Ha BMPOBHULTBI BUKOPUCTOBYETLCH METO-
OvKa y3aranbHEeHHs NokasHuKiB 3a o0y i B uinomy 3a
BMAINEHUN Nepiog vacy.

Ona nepiognyHux ByrneLeBoBiOHOBNIOBANBHMX
npouecis Npu TakoMy MigxoAi i 3a 4YacoMm Mo4YaTok
3MiHEHHS cKragy LIMXTW BignoBigae HOBOMY ckragy
oTpumaHoro depocnnasy B nepiog nnasku. [NpoTe,
NOTYXHi pyaoBiAHOBNOBArbHI MNevi, fki nNpauoTb
Ge3nepepBHYM MPOLIECOM, MakTb BEMUKY [MMOUHY
BaHHM (0o 5 m). Came B Takmx nevax i BiaOyBaeTbcs
«TPAHCMNOPTHE 3aMi3HEHHS» MK MO4YaTKoM 3aBaHTa-
XEHHA 3MIHEHOro cKragy LWWXTU i noYyaTkoM OTpu-
MaHHS doepocrnaBy HOBOrO XiMIYHOrO cknagy, Skui
BiANOBIAAE Ui LUNXTI.

MeTa i 3aBgaHHA gocnigxeHHsA. B poboTi 3anpo-
MOHOBAHO CKOpPEroBaHy METOAUKY BCTAHOBMEHHS KO-

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
Anosov O. — PhD student at USUST
Kravchenko V. — PhD student at USUST
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pensuinHMX B3aEMO3B'A3KIB MiXK BUXIOHUMKW NapameT-
pamMu i KiHLEBMMM MOKa3HUKaMU 3 ypaxyBaHHAM Tex-
HOMOrYHOI  IHEpLIMHOCTI NpoLecy — «TpaHCMOPTHOro
3anisHEeHHSA». «TpaHCNOPTHE 3ani3HEeHHA» - Le Tou
nepiog yacy, Ha skun 6yge BiabyBaTUChb 3ani3HEHHSA
npmxoay LUNXTOBUX MaTepianis B peakuiiHy 30Hy neui
e YTBOPIOETLCA KiHLEeBUIA cknag pepocnnasy.

Matepianu Ta metoau pocnigxeHHA. B pobori
3anponoHoBaHa MeToauka Npu NPOBEAEHHI ekcrepu-
MEeHTarnbHNX NNaBoK B MPOMMUCMOBUX YMOBAX, sika 03~
BOJSIMNA BU3HAYNTK Yac «TPAHCMOPTHOrO 3ani3HEeHHA»
npyu Bunnaeui  depocunikomapraHuio 3 6a3oBuM
BMiCTOM MapraHuto (65-68%). 3miHeHHs1 BMiCTy 3ani3a
(3 3% po 11%) i mapraHuto (3 76% po 68%) B chepo-
cunikomMapraHui 3acsigyyBsasno npo Bi4noBigHICTb OT-
PUMaHOro KiHLUEBOro cnsiaBy 3MiHEHOMY paHiwe
cKragy LUMXTHK.

lMpomncrnoBi AOCHIMKEHHA NPOBOAMIUCEL B YMOBAX
depocnnasHoro uexy AT «Hikononbcbkuin 3aBog, de-
pocnnasiBy» Ha nedi Pl3-63, ska Bunnaensana depo-
cvnikoMmapraHeupb cknagy: 73-74% Mn, 17-18% Si, 6-
7% Fe, 3a npunHaTOolO TexHonoriel. ABTopamun po-
©oTM Byno npoBeAeHO NPOMMUCIIOBUI EKCMEPUMEHT 3
nepexody Ha iHWWA cKnag MeTany i3 3HWKEHUM
BMIiCTOM MapraHuto. PoboTa neui nig 4ac gocnigkeHb
BKIOYana nepiog, B sikMiA BioOyBaBcsi nepexig Big
BMMNMNaBKM TOBapHOro dyepocurnikoMapraHuio (cnna.
mapkun MHC17) 3 paHiwe BKasaHMM BMICTOM Map-
raHuto i 3anisa go 6asosux BignosiaHo oo [CTY3548-
97 BenM4YMH BMICTY LUUX enemeHTiB B hepocurikomap-
raHuto, %: Mn He meHwe 65, Si B mexax 15-20.

Bunnaeky depocunikomapraHulo Takoro cknagy
BENMW 3 MapraHUeBOi CUPOBMHN 3 JOBABKOK B LUNXTY
3anisopygHnx maTepianis. Cnig 3asHaunTy, WO TaKWK

<Fe> T
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ChMaB XapakTepuayeTbCs MiABULLEHOK LUIMBHICTIO i
MEHLLOK KPUXKICTIO, WO ChApusie nNig 4ac dpak-
LioOHyBaHHSA 3MeHLUEHHIO Buxoay BiaciBy (dp. 0-10
MM) NPaKTUYHO B 2 pa3n. B SKocTi 3anisoBMiCHOro KoM-
MOHEHTa LUMXTU BUKOPUCTOBYBANW CUpi 3anisopyaHi
obkoTuwi (62-63% Fe), ButpaTtn akmnx cknaganu 6-10
T. 3a pobouyy 3MiHy. Lle npu3Boguno A0 3HWKEHHS
BMICTY MapraHLo y rotoBomy cnnasi 3 76% [0 piBHSA
LOCTY 3548-97, a came — He meHLwe 65%.

CyTHiCTb MeTOaMKN Npy 06pobLi AaHNX NPOMUCIO-
BOrO €KCMepuMEHTY nonsrana B TOYHOMY (DiKCyBaHHi
yacy 3aBaHTaXEHHs Ha KOSOWHUK doepocnsiaBHOI
€IeKTponevi LUNXTK 3 0OKOTULIAMM i 3MiHM BMICTY Map-
raHuto B goepocnrnasi, sikuin 0yrno oTpMmaHo.

Pe3ynbTatu gocnigkeHHA Ta iXx 06roBopeHHs.
[Mpwn nigBuLLEHHi Macu 3anisa amiHoBanacbk 4ons Map-
raHul B Chnasi, WO AaBano 3Mory BM3HaAYMTU 4ac
«TPaHCNOPTHOrO 3anisHeHHs». PisHuUs yacy Mmix 3a-
BaHTaXXEHHAM €eKCNeprvMEHTanbHOI LWUXTU Ta 3MiHa
BMICTY MapraHuo y XiMi4HOMY CKrnagi rotoBoro ¢epo-
cunikomapraHuto i 6yna Bu3HavyeHa K «TpaHCnopTHe
3anisHeHHa». B KiHUi eKcnepuMeHTy BM3Hadanm
«TPaHCMOPTHE 3ani3HeHHs» 3a pobouMmMu 3MiHamu
(nnaBkamu) - 3aKiHYEHHS1 3aBaHTaXXEHHA OOKOTULLIB B
niv i 3MiHKM Macu MapraHut y depocnnasi, skuii 6yno
oTpuMaHo. [ns niaBuWEHHA HaAiNHOCTI BUCHOBKIB
Hamu Byno npoaHanisoBaHo poboTYy neyi BNpoaoBx 81
poboymx 3MiH, WO cknano mawxe 27 ai6 6esnepeps-
Hoi poboTu. [NpadpivHi pedynbTatn gocnigxeHb HaBe-
AeHi Ha puc.1. Cnig 3a3HaunTy, wo puc.16, € npogos-
XeHHsAM puc.1a 3a Biccto abcumc, Ha ki 3adikcoBaHO
KINbKICTb 3MiH npoTsirom 27 fib 6e3nepepBHOro ekcne-
pemMeHTa. a Ta puc.16.

[Mal]. %
76
74
72
70
68
66

64

24 30 36 42

N 3MiHH
Puc.1, a — XapakTtep 3miH1 macu 3arnisa, 3ag4aHoro 3 LUMXTO i oTpumaHoi YacTku (%) mapraHuto B Cnnasi
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Puc.1, 6 - Xapaktep 3MiHM Macwy 3anisa, 3a4aHoro 3 LWMXTO | OTPMMaHoi YacTkm (%) mapraHuto B cnnasi

3 ypaxyBaHHSIM OTpMMaHuX pe3yrbTaTiB aBTopamm
y noganblioMy Oyno onpaubOBaHO MacuB AaHuX
cTabinbHOI poboTK neui BNpoaoBx 2x micsuis — 180
pobounx 3miH. lig Yac opmMyBaHHS MacuBy OaHUX
«TPaHCMOPTHE 3amni3HeHHs1» CMOXWUTOI LUMXTK, LWO
BiQNOBigae BMNyLWEHOMY MeTany, BpaxoByBasnocs
HACTYMHUM YMHOM: Maca LLUMXTW BUTpaYeHa Ha BUpOO-
HULUTBO MeTany BiAMNOBI4A€E KINbKOCTI LUMXTU, Ska 3a-
BaHTa)KeHa B Ni4 NPOTArom L€l 3MiHW, ane cknag
BiANOBIgaEe cknagy LUMXTU 3aBaHTaXEHOMY 2 3MiHM
ToMYy. NepepaxyHOK «TPaHCMOPTHOMO 3ani3HEHHS», K
KINBbKICTb  CNOXWUTOI LUMXTU, 0 KiNbKOCTi OTPUMAHOro
MeTany, NpoBoAMTLCS 3a OPMYIIOH:

M1kn) = (M1n-2/Mwe-2)Mwe), T, D

Oe: Mikn) — Bara KOMMOHeEHTU 1, sika ckopurosaHa 3
ypaxyBaHHSIM «TPaHCMOPTHOrO 3anisHeHHs», T.; Myn-
2) — Bara KOMMOHEHTN 1 3a AaHUMMU XypHany i3 3anis-
HEHHSIM 2 3MiHW, T.; Mw (n-2) - 3aranbHa Bara LWKXTH i3
3ani3HeHHAM Ha 2 3MiHW, T.;

Muw (ny — 3a@rafibHa Bara LUMXTU 3a NOTOYHY 3MiHY, T.

CymicHe BigHOBMEHHSA MapraHLto | KpeMHito nig vyac
BUNNaBKN epocuriikomapraHuio CyrnpoBOKYETLCA
NPOTIKaHHAM CKnagHuxX i3nMKo-XiMiYHMX NpoLeciB.
Mpn UbOMY LLIMXTOBI MaTepianu NPoxXoaaTb Pi3Hi Tem-
nepaTypHi 30HM, 3a3Haloun psa 3MiH: gerigpaTadito,
aucouiauito okenais i kapboHartiB, YacTkoBe abo NoBHe
BIHOBMEHHS OKCUAIB, LLNAKOYTBOPEHHS, NoAiN npoay-
KTiB NMaBKW Ha LUNakoBy Ta meTanesy ¢asn, ocTaTto-
YHe hopMyBaHHA PO3nnasy.

KinbkicTe MeTany 3HaxoamnTbCs Y TICHOMY 3B'SI3Ky 3
TeMnepaTtypHUMn ymoBaMu MNaBku, WO BU3HAYa-
I0TbCA ENEKTPUYHUM pexxumMoM. Ha enektpuyHun pe-
XWM, y CBOIO Yepry, BrfMBaTb XiMiYHUIA Ta rpaHyro-
METPUYHMIA  CKNagu  LIWXTOBMX MaTepianis, ix
CNiBBiOHOLLEHHS, KiNbKiCTb BHECEHOI HWMWU BOJIOTW,
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Yyac nepebyBaHHS Yy Pi3HMX 30HaX, YMOBW LUNAKOYTBO-
peHHS.

Mpu TakoMy 6araTodakTopHOMY BMIIMBI HA Pe3yrib-
TaTu NpoLecy K KpUTepii ePeKTUBHOCTI MOXYTb OYTH
0b6paHi oBa-Tpu KiHLEBI MapamMeTpu NpoLecy i SK iHTe-
rpanbHUA MOKA3HWK - 3MiHA EKOHOMIYHOT edeKTumB-
HOCTi. Takumun KpuTepismmn edeKTUBHOCTI npouecy
BMNNaBkM epocunikomapraHulo obpaHO HacTynHi
TEXHIKO-eKOHOMIiYHi nokasHuku (TEI): npogyKTnBHIiCTb
nevi - KpUTEPIN, WO A€ OLUiHKy OCHOBHOI METU npo-
uecy (Mpun NeBHNX OOMEXEHHAX 3a BCTAHOBIEHOIO MO-
TYXHICTIO MiYHOro TpaHcdopmaTopa Ta 3MICTOM OC-
HOBHOrO MPOBIOHOrO eneMeHTa y BUXiaHin WnXTi, B Aa-
HOMY BMNaAKy MapraHuio); CTyMiHb BUIyYeHHS Map-
raHul $K MNpoBigHOrO enemeHTa; NMTOoMa BUTpaTa
enekTpoeHeprii [1,10].

Takum YMHOM, BCTAHOBIEHO, LLIO Yac «TPaHCMopT-
HOrO 3ani3HeHHs1» Ana bepocnnaBHUX enekTponeyen
Tuny Pr13-63 cknapgae 16 roguH. To6T1o 2 3miHW. MMpu
TakoMy Nigxofi KOPEKTHICTb pe3ynbTaTiB CTaTUCTUYHOT
06po6KkM BNMMBY BUXIOHUX OaHWX HA KiHLEBi MOkKas-
HWKN BUMIaBKN pepocurikomapraHuto 3HaqHo nigsu-
Lmnachb.

HalbinbLu eheKkTMBHMI MeTO BCTAHOBIEHHS Kinb-
KICHMX OLiHOK Ta gito4MX 3aKOHOMIpHOCTEN, 3acHOBa-
HUA Ha OOCHiMKEHHI CTaTUCTUYHUX B3aEMO3B'A3KIB Y
aKTUYHUX [aHKX, L0 XapaKTepusylTb npolec 3a
TpuBanun nepiog vacy. Lie nae moxnmeicTb 3a gono-
MOrOK CTaTUCTUYHOIO aHarnisy BCTaHOBUTU Xapakrep
3B'A3KIB Ta B3AEMHOrO BMNSIMBY €MNEKTPUYHNX XapaKTe-
PUCTUK Ta NapameTpiB TEXHOMOrYHOro npolecy, Aatu
X KiNbKiICHY Ta SIKICHY OUiHKY 3 METOK MOXIMBOCTI
CBOEYACHOIO pearyBaHHsl Ha BIOXWIEHHS Y TEXHO-
noriYyHoOMy npoLeci.
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BignosigHa obpobka pesynbTaTiB CroCTEPEXEHb
3a CKNnagoMm LUMXTOBMX MaTepianis, X04oM TEXHOMOr Y-
HOrO NpOoLECY, KINbKICTIO Ta AKICTHO NpoayKLuil [03BO-
nse nepepbavaT MOXIMBICTb MOPYLUEHHS] Heob-
XigHUX NapameTpiB KiHLEBMX NPOAYKTIB BUPOOHULITBA,
KONMM X SKICTb 3HaxoAuTbCA B 330aHUX Mexax i
CBOEYACHO BBOAUTY BIOMOBIAHI KOperyBaHHs, SKi 3a-
BesneuyloTb CTaniCTb TEXHOMOMYHOrO pexumy [12-
14].

MMig yac BupobHuLTBa hepocnnagiB y pyaoBiaHOB-
noBanbHUX MeYyax OCHOBHUMW MOSICHIOBANbHUMMN
3MiHHMMK, Big, AKX  3anNeXxuTb  IHTEHCUBHICTb
NPOTiKaHHS TEXHOSIONYHOIO NPOLLECY, € ENEKTPUYHI Xa-
PaKTEPUCTMKN Ta Yac, BUTPAYEHUIn Ha BUPOOHULITBO
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mMeTany (Big 3aKpuUTTS NbOTKW MONEPEAHbOrO BUMYCKY
MeTarny OO 3aKpUTTH NbOTKM NMOTOYHOTO).

Ha eTtani napameTpu3aLii 6yno BCTaHOBNEHO Taki
pe3ynbTytodi 3MiHHI: KINbKICTb CMOXWTOrO MNiv4t0 Map-
raHuto <Mn>, T; KinbKiCTb MapraHLto, siku 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 3MiHV 3HaYeHb eNEKTPUYHNX XapaKTepUCTUK
HaBeOeHVX 0O OAHOro enekTpoa, yac, BUTpaveHui
Ha BMPOBHMUTBO MeTany, KinbKiCTb, Cknag Ta maca
NPOBIOHUX €MEMEHTIB WNXTN Ta MeTany, skun 6yno
OTpMMaHO NpeacTaBneHi B Tabn.1

Tabnuusa 1

Mepenik Ta XxapakTepucTnka BUXIGHWX AaHWX (32 3MiHY)
HanmeHyBaHHS MNo3HayveHHsA OaouHnua |Makc.  |Cep. MiH.

BUMIpY

Bara mapraHuo, O CNOXNTO NiY4to <Mn> T 106,9 64,4 20,1
Yac, BuTpayeHuin Ha BUPOOHULITBO Me—,[MeT B, 759 452 140
Tany
Maca oTpumMaHoOro MapraHuo [Mn] T 95,15 48,3 14,3
Bara meTany, akun oTpumaHo [Me] T 130,7 66,8 20,0
[MpodyKTMBHICTb nedi MMn T/rog 14,8 8,9 1,6
KinbKkicTb BUTpaveHoi enektpoeHeprii  |Qn MBT-roa 563 286 66
CTpym enekrtpoga Ia KA 93,3 78,6 55,0
Onip enekTpoga Ra MOMm 1,37 0,93 0,47

Pe3ynbTaTh perpecinHoro aHaniy BUKOPUCTOBYBaNWUCA ANS OTPUMAaHHS PiBHSHb BNAMBY 3Ha4YeHb BXIOHUX
3MiHHMX Ha TEI poboTtu nevi: npoaykTuBHICTb [n, BUMyYeHHs mapraHuio nwn=[Mn}/<Mn>; nutoma BuTpaTa

erneKkTpoeHeprii Ha TOHy rotoBoro cnnaey, Qyx=Qn/[Me].

My = 0,0039 - 131,852 . Rg,959 0090,

_ Mn] _ 0,007 - 13,436 . RZ0.005

M 3

<Mn>

_ Qn _ 0,019 -0,132
Qyﬂ—®—2,217' I5 ‘R, .

BucHoBKM.

BpaxoBytoum Benuky iHepuUirHiCTb 3akputoi de-
pOCMaBHOI Meyi i 3HaYHi KONMBAHHSA MK BUXIOQHUMM i
KiIHLEBUMU AaHMMK Byno NpUAHATO NPOBOAUTM yCe-
pedHeHHsa pes3ynbTaTiB He 3a NnaBkamu, a 3a pobo-
ynumMmn 3miHamu. pu Takomy nigxodi NiaBULLYETHCS
KoeilieHT kopensauii Npyu BM3HAYeHHI yHKLioOHanb-
HUX 3B'A3KIB NOMiXK BMXiQHMMM napameTpamu i KiHue-
B/MU NOKa3HUKaMW.

@
T @
s @

EkcnepumeHTanbHO BCTaHOBMEHO, WO 3a YMOB
De3nepepBHOi pobOTU PyOOBIAHOBMNIOBANbLHOI €rek-
Tponeyi P3-63 npu cTabinbHin NOTY>XHOCTI y AEHHI Ta
HiYHi 3MiHW Yac «TPaHCNOPTHOrO 3ani3HeHHA» cKnagae
16 roguH - To6T0 2 3MiHW.

Ha ocHoBi 06po6kn MacuBy gaHUX MPOMMCIIOBUX
nnaBok depocunikomapraHul B poboTi BCTAHOBIEHO
3anexHocTi BNnvBy onopy enekrpoga (Rs) Ha npoayk-
TUBHICTL neyi ([a), NUTOMI BUTPaTU ENEKTPUYHOI
eHepril (Qn) Ta KOemiLieHT BUMYYEHHS MapraHuo y
cnnas (Nwmn).
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JlocaiiskeHHS BJIACTUBOCTEN CIIeYeHOI XPOM-HiKeIb-HI00I€BOI cTaJIi

Holub L., Nosko 0., Koval D., Kovzik A., Kushnir Yu.
Study of properties of sintered chrome-nickel-niobium steel

Mema. NposedeHHs aHari3y CyyacHUX MexHO0g2ili 8U20MO8IIEeHHS MOPOWKOBUX Mamepianie 0519 adumueHUX MexHOs10-
2ili supobHUYMBa, 8U3HaYeHHS iX KITIYOBUX Xapakmepucmuk ma 3’sCyeaHHs1 ernusy supobHuymea Ha KiHyesy siKkicmb
8upobie npu 3adaHux ymosax ekcrisiyamauii. [JJocnidxeHHs MexaHiYHUX erracmusocmel ma Kopo3iliHoi cmitikocmi eu-
poby 3 crie4eHoi XpoM-Hikerlb-Hiobiegoi cmarii eu2omoeneHo20 adumueHO MeXHOJOZIEH.

Memoduka. TeopemuyHi ma ekcriepumeHmaribHi 00CTIOXEeHHS 3pasKig crieyeHuUx nopowkosux cmarnet s3a ISO 2738, ISO
4003 Ons nopowkis, a makox Ornsi MexaHidHux ernacmueocmeti 3paskie 3a ISO 3325:2017; ISO 3928:2014; ISO
6892:2019; 1SO 6506-1:2019.

Pesynbmamu. [ocnidxeHo MexaHiyHi enacmueocmi ma KopogsiliHy cmilikicmb Crie4eHoi XpOoM-Hikerb-Hiobiegoi cmarii
rpu 3a0aHux ymosax ekcrilyamauii eupobis. BcmaHoeneHo ennue nopucmocmi Ha xapocmiliKicmb ma MexaHidHi enac-
mueocmi criedeHUx Mamepianis npu supobHuymea supobie memodom Selective laser melting.

Haykosa Hosu3Ha. OmpumaHHs HO80I iHgbopmauii, wo 00 MexaHiHHUX ma XapocmilKux xapakmepucmuk 0ns cmanel
SIKi 3anporoHoeaHi dnsi aBumueHOI mexHosozii npu nidsuLEeHUX memrepamypHUX yMogax eKkcrilyamauii supobis. 3’acy-
8aHHSI 8r1UBY KOHMaKMIe Crie4YeHUX YacmuHOK MOPOWKY Ha MexaHidHi eriacmugocmi nopouwKogozo eupoby.
lMpakmuyHa 3Havywicms. BcmaHosneHo, wo cnevyeri mamepianu, wo micmams 6ifibwly KiflbKicmb mepMocmiliKux Kom-
MOHeHMI8, Maromb HWXHIO 8i0KpUMy nopucmicme ma binbw KOPO3itHOCMIUKI Npu nidsuweHUx memnepamypax. 3anpo-
r1oOHOBaHi MexHonoeidHi Memoou nid8UUeHHST KOPO3ilIHOI cmilikocmi criedeHUX XpoM-Hikenb-Hiobiegsoi cmanel. Po3wu-
PEeHHs1 copmameHmy NMopoWKo8UX Mamepiarig 0511 adumueHUX MexHomogid.

Krowosi criosa: HEPXXABIFOYA CTA/Ib, XPOM, HIKE/Ib, SELECTIVE LASER MELTING, KOPO3IMHA CTIAKICTb,
MMOPOLLIOK, CrNEYEHI BUPOBU

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, 1ISO 4003 for
powders, as well as for mechanical properties of samples according to 1ISO 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

BcTtyn. Po3BUTOK agUTUBHUX TEXHOMOMN aKTUBHO
CTUMYOE NOLUYK HOBWUX MaTepiarnis Ta MeToAiB X BU-
pobHuuTBa [1]. 3aBasku 3Ha4YHOMY NpPOrpecy B L 00-
nacti 3pocTae iHTepec 40 BAOCKOHANEHHS NMOPOLLKO-
BVX MaTepianis. PUHOK marepianis NocTinHO OHOBIIO-
€TbCS1 30KPEMa, CMOCTEPIraeTbCs 3POCTaHHS iHTEpecy
00 MaTepianis, WO MaloTb NoninweHi MexaHiyHi Ta i-
3MKO-XiMiYHI Bf1aCcTUBOCTI.

HocnimkeHHs | aHani3 pisHWUX TEXHOMOTIN BUPOBHW-
uTBa MeTaneBux NOPOLLKIB AN agUTUBHOrO BUPOBHY-
LTBa, iX XapakTepucTmka Ta BnfmMB Ha SKICTb rOTOBUX
BMPOOIB € aKkTyanbHUM 3aBAaAHHAM Arsi MOPOLUKOBOI
MeTanyprii y TenepiluHin yac. 3 po3BUTKOM agUTUBHUX
TEXHOIOriN 00 BUPOOHULTBA NOPOLUKOBUX MaTepianis
BMCYBaOTbCA BCce Oinblue CyTTEBI BUMOIMM A0 SKOCTI
MOPOLLKIB, LLIO B CBOO Yepry noTpedye CyTTEBUX 3MiH Y
TEXHOIOrii BUPOOHMLTBA HE TiNbKM NMOPOLLKIB, a TAKOX
i 4O MaTepianiB 3 IKMX BOHW BMPOONAOTLCH. AOUTUBHI

© Tony6 . B—k.T.H., gou. YOYHT
Hocko O.A. — k.T.H., gou. YOYHT
Koanb [.0. — K.T.H., gou. YOYHT
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TexHonoril, ki Takox Bigomi sk 3D Apyk, Ha cborogHi-
LWHI OeHb € OOHUMW 3 HanbINbLL NepCneKTUBHUX Ha-
NPsIMKiB PO3BUTKY Cy4aCHOI MOPOLLIKOBOT MPOMUCIIOBO-
cTi [1, 2]. La TexHonoris [O3BOSsIE€ BUFOTOBMATU BU-
pobu Byab-AKOI CKNagHOCTI, MiHIMI3YHUM KiNbKiCTb Ma-
TepianbHMX BUTPAT i Yacy Ha BUPOOHMLTBO. OfHaK,
edEKTUBHICTb i SAKICTb KiHLEeBOro NpoAyKTy 3HayHON
MipOIO 3anexuTb Bif, SKOCTi Ta BNAaCTUBOCTEN MOPOLLI-
KOBWX Marepianis, LLO BUKOPUCTOBYIOTLCA B MPOLECI
aguTmBHoro BmpobHuuTtea [3-5]. Came Tomy TexHosno-
rivHi acnekTn BMpoOHULTBa nopoLwkis Ana 3D gpyky €
aKkTyarnbHOK TeMOW AN AOCHIOXEHHS, OCKiNbKW Big
HWX 3aneXuTb YCnixX BNPOBaMKEHHSA HOBUX agUTUBHUX
TEXHOIOriN y BUPOOHULTBO. [opoLLKOBi MaTepiany Bu-
KOPUCTOBYIOTLCH B Pi3HUX rany3sx aguTUBHOIO BUPO-
OHUUTBA: Big BUrOTOBEHHS MPOTOTMNIB 40 CEepilHOro
BMPOBHMLITBA geTanewn 4ns aepokoCMiYHOI, MeANYHOI,
aBTOMODINbHOT Ta iHLLKX.

Holub I. —c.t.s., docent USUST
Nosko O. — c.t.s., docent USUST
Koval D. — c.t.s., docent USUST
Kovzik A. —c.t.s., docent USUST
Kushnir Yu. — c.t.s., docent USUST
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AHania nitepatypHuMx AaHWxX Ta MOCTaHOBKa Mpo-
6rnemun. TexHornorii TPMBUMIPHOrO APYKy pPO3BMBa-
IOTbCA WBMAKMMK Temnamu. Big nepluoi cnpobu sno-
Hua Xigeo Kogamu 3anateHTyBaTu npouec LWBUAKOMO
npototunyBaHHsa (1981 p., oo pevi, cnpoba He Baa-
nacsl) Ta nosisu neplumx poboumx 3paskis 3D-npuH-
Tepa (1983-1986 p.p.) 4O CbOrogHi MUHYNO Tpoxu Bi-
nbwe 40 pokis. TexHornorid, 9ka BUKOPUCTOBYE OPYK
MeTaneBnM NOPOLLKOM BiAHOCHO HOBa, il KomepuiiHe
BMKOPUCTaHHS po3noyarnocs Ha nodatky 2000-x pokis.
CyuvacHi anapatu TPMBUMIPHOIO OPYKY O03BOMSAOTb
BMIOTOBMIATM NPOCTOPOBI BUPOOY i3 YNCTUX MeTarniB Ta
IXHiX cnnagiB, BKNOYAOUYN KOHCTPYKLUiMHI, HepXKaBitoui
Ta iHCTpyMeHTarbHi cTani [2, 6-7]. He3Baxatouun Ha Be-
JINKY KinbKiCTb Ha3B npouecis 3D apyKky meTanamu BCi
BOHW 3aCHOBaHi Ha NPWHUMNI MraBneHHs NOPOLUKO-
BOro wapy. TexHornoria BupobHuuTBa nonsrae y no-
lwapoBoMy TBepaodasHoMy abo pigkodasHomy cni-
KaHHi MeTaneBMX MOPOLUKIB HeOoBXiAHOro XiMi4HOro
ckragy nig BNnAvBoM 30BHILLHIX mxepen eHeprii [8]. Cy-
YacHe BMPOBHMLUTBO CTPIMKO PYXa€eTbCA B HaNpPsMKy
NigBULLEHHS e(PEKTUBHOCTI, 3MEHLLUEHHA MaTepianb-
HMX BUTpAT i Yacy, HeobXigHOro AN BUrOTOBIEHHSA Ae-
Tanen. 3D opyK TEXHOMOrA € OOHUM i3 KITOYOBUX Ha-
NPSIMKIB PO3BUTKY Cy4YacHOI NMOPOLLKOBOI MeTanyprii,
3aBAsIKM CBOI 34aTHOCTI CTBOpOBaTM BMpobu cknag-
Hoi pbopmm 6e3 NoTpebun y BUKOpPUCTaHHI 4OOATKOBUX
iHCTpyMeHTiB abo maTtpuub [9, 10].

3HayHa YacTMHa aguTUBHNX TexHonori 6asyeTbes
Ha BMKOPWUCTaHHI XxapakTepucTrK NOPOLLKOBUX MaTepi-
anis, TakMx SK Po3Mip YaCTMHOK, MOPAOMOris, XiMiy-
HWUIA cknag, i isnYHi BNaCTUBOCTI, 3aNeXnTb He TiNnbKn
AKICTb OPYKY, ane N NpOAYKTMBHICTb Mpouecy B Ui-
nowmy. Lle pobuTb npoLec BUroToBNEHHSA NOPOLLKIB 04-
HUM i3 HANBINbLL KPUTUYHUX eTaniB y BCbOMY JaHL03i
aQUTMBHOTO BMPOOHULTBA. TOMY O NOPOLLIKIB, LLIO BU-
kopucToBytoTbes Ansa 3D apyky, npen’aBnsoTbCS 0Co-
6nuBi Bumorn. Tak, Hanpuknag, ans Toro wob martu
BMCOKY MPOAYKTUBHICTb OPYKY, HEOOXIAHO BUKOPUCTO-
BYBaTW NMOPOLLKN 3 BUCOKOK TEKyYicTio. Lie npuinHATo
ONSA NOPOLLKIB cdhepnyHO0 PopMOI0 HacTok, SiKi BUTO-
TOBMSAOTb PO3NUMEHHAM po3nnasiB rasom [11].

Mopouku, Wwo BukopucToBytoTbea and 3D apyky,
KnacudikyroTbCA 3a KiflbkOMa OCHOBHWMW O3HakamMu:
XiMiYHWIA cknag, rpaHynoMeTpu4Huin cknag, Mopgo-
Nnoris YaCTUHOK, MeTod OTpUMaHHsS nopoLuky. MeTa-
neBi NOPOLLKM, 30KpeMa 3i cTari, antoMiHito, TUTaHy Ta
IXHiX cnnaeiB, € OCHOBHUMMW MaTepianammn ansg npoMum-
cnosoro 3D apyky [3, 4, 8, 9].

3D gpyk meTanom 3apa3s HapaxoBYe JOCUTb HeBe-
nvkni Habip cTanen, Takux SK: iHCTPYMeHTanbHi, He-
pXasitodi, XapOoMiLHi, KOHCTPYKUiMHi, WO MICTATb
XpOM, KODanbT, TUTaH; a TakoX crnewianbHi Cymiwi Ta
CKnagawm, Lo po3pobnisoTbCs Nif KOHKPETHE 3aBAaHHS.
Po3pobka HoBUX mMaTepiarniB Ta BOOCKOHAIEHHS! iCHY-
FOUMX TEXHOOriN iX BUPOOHMLTBA A03BOMSE 3HAYHO
po3LWnpuUT Mexi 3actocyBaHHa 3D apyky [4, 10]. Og-
HaK, pa3oM i3 LUIMPOKUMUN MOXKITUBOCTSIMMU, iCHYE HU3Ka
TEXHOMNOMYHUX BUKMUWKIB, MOB'A3aHUX i3 BUrOTOBIEH-
HSIM MOPOLLKOBMX MaTtepianis, WO MalTb HeobXiaHi
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XapaKTepucTukn ans 3abeaneyeHHss BUCOKOT AKOCTI Ki-
HLieBOro npoaykty. Lle HeoGXxigHiCTb CTBOpeHHs foc-
KOHaroro KOHTaKTy MiK OKpeMVMM Liapamu, OTpu-
MaHHSA CTPYKTYpW, WO Bignosigae BumMoram, Ta iHwe.
Came TomMy npwu po3pobui Bupoby, skun byae ekcnry-
aTyBaTUCS B KOHKPETHUX YyMOBax HeobxigHo obupatu
MOPOLLOK 3 3aJaHvMW BMacTMBOCTSIMM ekcnnyaTauii
BMPOOY Ta BOOCKOHAreHy TEXHOMOrilo BUPOBHULTBA,
aki 6 Bignosiganu Bumoram cyvacHux 3D npuHTepIB i
3abe3nedvyBany BUCOKY SKICTb KiHLeBKX BUPObiB. 3po-
cTalya KOHKYpeHList y MPOMWCMOBOCTI BUMarae Big
BMPOBOHWMKIB MOCTIMHOMO MOLLYKY iIHHOBALIHMX pillEeHb,
LLIO CTOCYIOTbCS SIK BNACTMBOCTEN MaTepianis, Tak i Te-
XHOMOFMYHMX NPOLECIB iX BUrOTOBSIEHHS.

OCHOBHOIO BMMOTO 40 MOPOLLKOBUX MaTepianis i
BMpobiB € 6e3BiAMOBHICTL poOOTM MaLUUH, anaparTiB
abo npunagis B 3agaHUX ymMoBaxX ekcnyaTallii, Wo xa-
paKTepU3YOTLCA PIBHEM | XapakTepoMm Ailounx HaBaH-
TaXeHb, TPMBANICTIO X 3aCTOCyBaHHHA, Temnepary-
poto, nepioguyHomy abo GesnepepBHOMY BMMMBY ar-
PECVBHOIO CepefoBumLLa MpU MiHIManbHUX BUTpaTax
marepianbHuX, TPYAOBWX i €HEepreTU4HMX PecypciB.
Tomy meTol0 poboTM 06paHO BUBYEHHS BMNMBY
cKnagy, CTPYKTYpu, MeTogy OTPMMaHHS Ha KOPO3ilHi
Ta oisnMKo-MexaHidHi BNacTUBOCTI MaTepiany ns 3a-
OOBiNbHEHA YMOB eKcniyaralii, kM 3pobreHo agu-
TUBHOIO TexHornorieto. TobTo, HeobxigHo, nigibpaTtu
MOPOLLKOBMI MaTepian, KM NO3UTUBHO MOBOAUTLCSA
npu 3agaHnx ymoBax ekcrnyaTtawii Bupoby, Skuii Buro-
ToBneHo 3D gpykom anga 3abesneyeHHs1 3MEHLUEHHS
KiNbKOCTi BiAX0AiB i NiABULLIEHHS €KONOriYHOI CTIKOCTI
BMPOBHNYMX NPOLIECIB 3 MEHLLMM BMSIMBOM Ha HaBKO-
NVWHE cepeoByLle, WO TakoX A0OA€E aKTyanbHOCTI
Ui Temi.

Martepianu Ta meToan JOCHIOKEHHS.

OCHOBHVMM NapameTpamu, Bif SKNX 3aNeXnTb K-
iCTb MOPMCTOro MaTepiany, € 3aranbHa NOPUCTICTb, pPO-
3Mip nip, MexaHi4Hi xapakTepucTuUkn AOCNigHMX 3pas-
KiB.

3aranbHy MNOPUCTICTb BU3HaYanu, BMXOAAYUM 3
06’emy i Mmacu 3pasky, Ta NOPIBHIOKOYM ii 3 LLUIMNBHICTIO
6esnopuctoro matepiany. [1na uboro 3saxysanu 3pa-
30K Ha NOBITPi i y BOAi. BusHayeHHs 3aranbHOi nopuc-
TOCTi NpoBoAMK 3a ctangaptom 1ISO 2738:2009, pos-
Mip nop - 3a ISO 4003. ns aHanisy MexaHiyHuX Bra-
CTUBOCTEN 06paHi HaCTyMHI MeTOAN: BU3HAYEHHS TUM-
4YacoBOro onopy Ta Mexi Tekyyocrti 3a 1ISO 3325:2017;
Moaynto npyxHocTi 3a SO 6892:2019; BU3HayYeHHSA
BiAHOCHOro noaoe)eHHA 3a 1SO 3928:2014; Bu3Ha-
YeHHsM TBepgocTi no bpiHennto ISO 6506-1:2019.

dopma i po3mipu 3paskiB AN BU3HAYEHHS TUMYa-
COBOro OMopy Ta BIAHOCHOrO MOAOBXEHHSA BigNOBI-
Aanv BUMoram i Manu HacTynHi po3mipu (pucyHky 1).
ToBwwuHa 3paska (6,0 + 0,3) mm. Ha noBepxHi 3pa3kis
He NoBMHHE ByTU BMCTYNIB, TPILLMH, 3aAMPOK, po3Lua-
pyBaHb, PAKOBUH i MEXAHIYHUX YLUKOMPKEHb 3HAYEHHS
napameTpiB LUOPCTKOCTI 06po6reHX NOBEPXOHb Po-
6040l YacTMHM nnockoro 3paska Oyna He Ginble 20
MKM.
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PucyHok 1 — 3pa3ok dnsi eunipobyesaHs

BunpobysaHHs Ha TBepgicTb no bpiHennio (HB)
30iACHIOBABCSA BOABMNEHHAM Y BUMNPOOYyBaHUIM 3pasok
CTaneBol KyfibkM BU3HAYEeHOro giameTtpa nig gieto 3a-
OaHOro HaBaHTaXEHHSI MPOTAroM BU3HAYEHOro 4acy.
HiameTp Kynbku i HaBaHTaXeHHs AN BMNpoOyBaHb
obupaHo Tak, Wob aiameTp BiabWTKa AopiBHoBaB d =
(0,25... 0,5)D. BukopucTtoByBanaca Kynbka giamert-
pom D = 2,5 mm. ToBwMHa 3pa3kiB 6 mm. [JiameTp Bia-
BuTka BUMIpIOBaBCH 3a JOMOMOTOK fyMK, Ha OKYNspi
SIKOT HAHeCeHa Lkana 3 posnoginamu.

Kpim TOro, nporHosytoun nigBuLLEHy KOpO3ilHY
CTIVKICTb Marepiany OUuiHIOBanM MNOro XapocCTilKiCTb.
OCHOBHVMM METOAOM JoChiAXeHHs: 06paHOo OLiHKY Xa-
POCTOWMKOCTI 3pa3kiB Ha MOBITPi Npu Temnepatypi 800
°C 3 po3paxyHKOM i aHani3aom nokasHuKiB KOpoasii, 3a
METOAMKOI BUKNaaeHoo B [12].

MeTa i 3aBgaHHa gocnigkeHHs. Bnnne ocHOBHMX
CTPYKTYPHUX i TEXHOMOrMYHUX (bakTopiB HA MeXaHiyHi
BNAacTMBOCTI MOPOLLKOBUX HepXaBilounx cranen €
00’EKTOM YMCNEHHUX JOCTiAXKEHb. 3HAYHO MEHLLE BU-
BYEHa kopogsinHa cTinkicte [13]. OgHak cnig 3a3Ha-
YUTW, O MOPIBHATU KOPO3iHi BIAaCTUBOCTI NOPOLLIKO-
BMX MaTepianis OCUTb BaXKO Y 3B’A3Ky 3 BiACYTHICTIO
€AVHOI MeToaukn BunpobyBaHb. TakoX Bi4OMO, LO
BMCOKa KOPO3iiHa CTINKICTb HepXXaBitouMX MOPOLLIKIB
obymoBrneHa nacvBalieto NMOBEpXHi 4YacToK i nopy-
WEeHHA MniBK1M MNpU3BOAMTL [0 PI3KOro 3HWXKEHHS
onopy marepiany Koposil.

HanBaxnuBiluMMn CTPYKTYPHUMW XapakTepucTu-
KamMu NMOPOLLIKOBMX HEPXKaBitoUMX CTanemn € NopucTICTb,
CTPYKTYpa YaCTUHOK MOPOLLKY Ta iX KOHTaKT. [HTeHcu-
BHICTb BMAMBY MOPWUCTOCTi Ha LUBMAKICTb KOPO3il BU-
3Ha4YaeTbCH CKNagoM martepiany, ymosamMu NOro oTpu-
MaHHS | ekcnnyaTauii (Cknag cepegosuLla, Temnepa-
Typa, TpuBanictb poboTun Ta iHwWi). BctaHoBneHo [14],
LLIO OMip KOPO3ii MOPOLLKOBUX HEPXKaBilOUMX CTanem ic-
TOTHO 3aneXuTb Bifg, CNOCOBY OTPMMAaHHSA MOPOLLKY Y
3B’A3Ky 3 CUITbHO PO3BMHEHOK MOBepxHeto (nigBu-
LLeHHA AUCNEPCINHOCTI CTPYKTYpu). TakoxX Ha LwBuAa-
KiCTb kOpO3ii BNnMBae 30iNbLUEHHS YMCTia KOHLEHTpa-
TOpIiB Hanpyru (MiKponopu, MikpoTpiLuHK). Tomy npu
BMOOPI NMOPOLLIKOBUX HepXkaBilounx cTanen cnig npar-

HYTW 0O OTPUMAHHSA PIBHOBAXHOI CTPYKTYpW 3 BENu-
KM 3€PHOM i MakCMMarbHUM pafiyCoM KPWUBU3HU B
BEPLUMHAX TPILLMH i MIKPOTPILLMH.

MigBMLEHHA KOPO3IiAHOI CTINKICTb TakoX Biabysa-
€TbCS NPU BBEAEHI Y CTamnb TakUX €NEMEHTIB SIK XpOM,
Hikenb (binbwe 14 %), maprareub (binbwe 14 %), Tn-
TaH, HioGin, monibaeH (6inbLue 1%) Ta 3HWKEHHAM BMi-
cty Byrneuto [15]. daHa poboTa npucesiieHa Oocni-
[PKEHHIO CneYeHoi XpoM-Hikenb-HiobieBoi cTani. Taka
nvTa cTanb 3a CBOIM CKMNaaoM € apocTinkot. OgHak
0COBNMBOCTI BUrOTOBMNEHHSA BUPOBIB METOOOM aauTu-
BHOTO APYKY NOTPEObYI0Tb AOCHIMKEHDb MEXaHIYHUX Xa-
PaKTEPUCTUK Ta KOPO3iiHOI MOBEAIHKM B OKMCIOBasb-
HOI aTMOcdepi Npy BUCOKNX TemnepaTtypax. Tomy 3a-
BAAHHAM JOCHiMKEeHHS Oyno BUBYEHHS BracTMBOCTEN
BMpODY 3 XpOoM-Hikenb-HiobieBOi cTani, Ta BMgayda pe-
KOMeHAaujin ans 3agaHux YMOB ekcrnnyaTadii BUpooiB.

PesynbTat pgocnigxeHHs. [lpoBegeHo pgocni-
KeHHs1 Bupoby oTpumaHoro 3D gpykom 3a selective
laser melting meTogom 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's93Ky
3 36inbLIeHHAM TeMnepaTypu ekcnnyaTauii Ha 250 °C.
Cranesui NOPOLLOK, OTPMMaHO METOAO0M ra3oBoi aTo-
Mi3aLii - po3nuneHHs po3nnaeBneHoro MeTany cTpyme-
HeM aproHy. Llen meTtoq go3Bonsie oTpumaTu cdepu-
YHi YaCTUHKM METareBOro MOpOLLKY 3 KOHTPOIbOBa-
HUM po3Mipom 60 BMPOOHWULTBO MOPOLLKIB LEe OOuH 3
rONOBHUX €TaniB L0 BMIMBAE Ha SIKICTb KiHLEBOTO BU-
poby. Mpu gocnigXeHHi OTPUMaHOro MOPOLLKY 3'ACO-
BaHO, WO SIKICHMI CKIag BianoBigae OCHOBHMM BUMO-
ram 4o bopmu 4acTMHOK (cchepmnyHa dhopma crnocrepi-
raetbcsa y 92 % yacTtok), copakuiniHoro coctay (95 %
BMXOQY 3aA0BiNbHOI bpakuii yacTuHok metany 40-
60-MKMm).

Micnsa apyky enemeHT 3pasky rotoBoi getani npo-
aHanisoBaHO 3a MeXaHiYHUMU Ta KOPO3iNHOCTINKUMMU
NnoKasHuKamu.

MNpn npoBegeHi OocnimKeHb MEXaHIYHUX BRacTu-
BOCTEl 3a 06paHnUMy METOAMKaMM OTPUMAaHI HACTYMHI
pesynbTtati (Tabnmusa 1).
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Tabnuusi 1 — BnacTMBOCTI MaTtepiany ki OOCTimKyBaBCS.

BnactuBicTtb Oga. Bumipy 3HayeHHs

Teepaictb no bpiHennto (HB) Og. 141

IMogoBXeHHS Npy PO3PUBI % 23

Tumyacosun onip Mlla 495

Mexa Teky4ocTi Mlla 215

Mogaynb Npy>KHOCTI Ma 205

TakoXX OTpMMaHi TepMiYHi BrMacTMBOCTi 0bGpaHoro
MaTepiany:

MakcmMmarnbHa xapomiuHicte 1050 °C;

TennonposigHicTb 13 BT/M-rpag;

KoedilieHT TennoBoro pPO3LUPEHHS
8/rpan.

OTpvMaHuin po3noin YacTUHOK NMOPOLLKY Yy 06’eMi
BMpobYy He € 4OCTaTHLbO PIBHOMIPHUM (PUCYHOK 2, a —

16,3-10°

a)
PucyHok 2. Makpocmpykmypa po3rodifly YacmuHOK rMOPOWKY Micrisi OpyKy

Ha pucyHky 3 HaBeAeHO OOMH i3 3pasKiB Ha sikoMy
Oyno npoBeAeHO OOCTiAKEHHS Ha KOPO3iliHY CTINKICTb:
a - Npu HaTyparnbHoMy po3Mmipi, 6 — npu 25 kpaTHOMY
306inbLUEHHI. IHTEHCUBHICTb OKUCNIOBANbHMX NPOLIECIB
OLjiHIOBaNoCh MO MNPUPOCTY Macy Ha OAVMHWLIIO MAOLL
3paska B oguHuLI0 Yacy. BisyanbHe cnocTtepexeHHsi
3a 3paskamu, Lo BUTpUMaHi go temnepartypi 800 °C
rnokasano HacTynHi 3amiHW. B no4aTkoBomy nepiofi Bu-
cokoTemMnepaTtypHol BUTPUMKM YCi 3pa3ku Manu ogHa-
KOBY TOHKY NIiBKY CBITNO-Ciporo konsopy. icns nisro-
ONHHOT BUTPUMKM 3pa3ky 3MiHWIKM Konip Big cpidnsicTo-

y HaTypanbHomy Burnagi, 6 — npu 25 kpatHomy 306inb-
LLIEHHI) cnocTepiraemo BiACYTHICTb NNaBMEeHHs!, HEpO3-
nnasfeHi YacTku, MOPUCTICTb, Lo MOXe MPUBECTU O0
3HWKEHHSA MeXaHiYHUX BNacTnBocTeln Bupoby y obna-
CTi CKyM4YeHHsA nycToT Ae Yy Bupobi cnocTtepiraetbes
3BYXKEHHS1 Ta 3MEHLUEHHS diameTpy Ta 36inbLuye mMo-
YKNMMBiI 3BMEHLLIEHHSA CTINKOCTi 10 TOYKOBOI Ta LLiNMHHOT
KOpO3ii.

Ciporo go TemMHo-Ciporo. llicna roguHu BUTPUMKK Ha
3paskax 3'ABuUnacs YiTko BUpaXKeHa okKarnvHa cipo-3e-
NEHOro Konbopy 3 neAp NOMITHMUMK BypyBaTUMK Nns-
MaMu, SKi HEPIBHOMIPHO pO3TaLLOBaHi MO MOBEPXHI.
36inbLUeHHs Yacy BUTPMMKN NpuBeNo Ao 36inbLUeHHSs
OKMCHEHOCTI MOBEPXHi 3pa3kiB, ane CyTTEBUX 3MiH KO-
nbopy Ta 06’eMy He cnocTepiranock. Pasom ¢ Tum cno-
cTepiranocs CKyM4YeHHsi OKUCHOI MNIiBKKM, O YyTBOPW-
nacs, Ta HepiBHOMIpHUI Ti PO3MNo4in No NOBEPXHI 3pa-
3KiB.

a)
PucyHok 3. 3pasok nicriss npogedeHo020 A0CTiOKEHHST Ha KOPO3iliHy cmilikicmb

O6roBopeHHs1 pe3ynbTarTiB. Bigomo wwo npu Bupoob-
HUUTBI AeTanen ckragHoi KoHdirypauil BUKOpUCTOBY-
toTb 3D Opyk 3 MNOpPOLLKIB HepXasilounx cTanemn
03X17H14M2 (AISI 316), 03X17H13M2 (AISI 316L)
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|
6)
[16]. Lli nopoLuku, Wwo mictatb MmonibaeH Ta MatoTb HU-
3bKUI BMICT BYrfeL0, BUKOPUCTOBYIOTb ANs APYKY Mi-

LHUX Ta OOBroBiYHUX AeTanen 3i ckiiagHow reomert-
pieto 3a 4ONOMOroH0 pi3HMX npouecis 3D-ApyKy, Taknx
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SIK CENneKTUBHE nasepHe cnikaHHs (SLS), npsime nase-
pHe cnikaHHs meTtaniB (DMLS), enekTpoHHO-npome-
HeBe nnaeneHHsa (EBM) Ta iHwi. Bupobu maiotb BuU-
COKY MILHICTb i BiAMIHHI aHTMKOPO3iiHi BNAcTUBOCTI, Ae
Lo NigBuLleHy TemnepaTtypy ekcnnyaradii. [Ans 36inb-
LLIEHHA apOCTINKOCTi Yy SAKOCTi maTepiany obpaHo
cTanb, dKka 3a[0BOMbHSE BMMOram A0 ekcnnyatauii
BMpPOBY Npu BUCOKMX Temnepartypax. Taky cranb 06-
paHOo 3 ypaxyBaHHSAM HACTYMHOrO: MiABULLLEHHSA Xapo-
CTIKOCTi MOXIMBO 3a paxyHOK BBOAY B CTalfb MeTa-
niB, WO AaloTb CYUiNbHY NNiBKY Ha NOBEPXHi BUPOOY,
sika 3a CBOIMW BNacTUBOCTAMM Bignosigae ymosi [ini-
Hra-begsopaca [12]. o Takux meTaniB BigHOCATb
arnoMiHin, TUTaH, kagMmin, Hiobin Ta iHwi. Came Tomy
obpaHo cTanb, WO MICTUTb Y CBOEMY CKriagi Hiobin.
AHani3 MakpoCTPYKTypy rOTOBOrO 3pa3Ky nokasas
HasIBHICTb HEBENMUKMX He cnedeHmx ob’emiB meTany,
LLIO B CBOK Yepry MOXe 3HMXaTu MexaHiyHi BnacTuBo-
CTi y Aeskux ainsHkax supoby. Npu aHanisi 3pas3kis Ha
KOPOSiNHY CTINKICTb, BUSBMEHO, WO MacOMETPUYHUIA
nokasHuk gopisHioe 2,07 r/m2-pik, a rmMMbMHWUIA Nokas-
HWK cTaHOBUTbL 6 Banie no 10 GanbHiN wWKani i BignoBsi-
Aae IV rpyni cTivikocTi (BIQHOCHO CTiviki MeTanu). Takun
NoKa3HWK 3a0BOSbHSAE yMOBaM eKcrnyaTtauii Bupoby,
ane He € BiAMiHHMM, a 3 ypaxyBaHHSIM HEPIBHOMIPHO-
CTi pO3MoAiny OKUCREHOI NMiBKM MOXe NpUBECTU A0

JITeopis i NPaKMUKg Memarypeii

3HWKEHHA KOPO3iMHOI CTIMKOCTI B ujiniomy. Tomy goui-
MNbHO PO3MMSAHYTU MOXIMBICTE BUKOPWUCTaHHSA cTane-
BMX BUPODIB, SIKi MOXYTb BUPOONATMCS 32 aOUTUBHUMMU
TEXHOMNOoriaMun Ta BignosigaT ymoBam ekcnnyaTtauii.

BucHoBkw.

[ns obpaHux yMOB ekcnnyaTtauii getanen cknag-
HOI KOHpirypaLii, ski BupobnstoTecs 3D-apykom i ma-
10Tb BUTpMMyBaTu TemnepaTypy 1050 °C moxHa peko-
MeHyBaTW BUKOPUCTAHHSA CTani HAaCTYNHOro XiMiYHOro
cKragy OCHOBHUX enemeHTiB: Byrneub 40 0,1 %, xpom
19-21 %, Hikenb 32-35 %, Hiobi (Ha ocHOBI MpoBeae-
HUX gocnigpkeHb) a Takox gobaska migi 1-2 %, wo ao-
3BOSIUTb 3MEHLLUTW MMOBIPHICTb OTPMMaHHSA He cneye-
HMX MixX coboto YacTuHOK. Lle cnpusie ameHLeHHto no-
pUCTOCTI, NiABULLEHHIO MILHOCTI i 3HOCOCTINKOCTI 3a
paxyHOK HasBHOCTI nerkonnaBkux ¢as. Lle HagacTb
MOXITUBICTb NPU NasepHOMY CrieyYeHi 3MEHLLNTN Nopu-
CTiCTb BUPOOY Ta MILHICTb 3B’A3KY YaCTUHOK MiX COBOI0
Ta NiABALWMUTL MEXaHiYHi Ta KOpO3iliHi BNacT1BOCTI BU-
poby npu 3agaHuMx ymoBax ekcnnyarauii. BogHodac
cnig BpaxoByBaTw, LLIO HAOMULLIOK Mifi MOXe cnpuyn-
HUTW 3MiHY iHLUWMX BNACTUBOCTEN, TaKMX K KPUXKICTb
abo 3MiHy CTpyKTypu cnnaBy, TOMY BaXMMBO NpPOBO-
OVTW 00AAaTKOBI AOCTIIKEHHSA NpW nepexoai 40 iHLOoro
XiMiYHOro cknagy cTani MeTaneBoro MOpoLUKy 3
000B’sI3KOBUM ypaxyBaHHSAM YMOB eKcriyaTauii BUpo-
OiB.
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Bu3zHaueHHA AKICHUX NapaMeTpiB OTPMMAHHA KOKCY 3 32/IaHUMH
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Kashirnaya N.O., Korenev 0.V., Sorokin E.L.
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Values of clear parameters for coke removal
with specified powers

Mema. Mposecmu docnidxeHHs1 3 onmumi3auii cknady 8y2ifibHUX WUxXm, Wo Micmams 2yCMUHHY pakuito crabkocrik-
118020 8yeainns 0ns ompumaHHsi HeobXxiOHUX erlacmueocmel MemarlypailiHo20 KOKCY.

Memoduka. [JocnioxeHHs MposedeHi 3 BUKOPUCMAaHHSIM UeHMparbHO20 KOMMO3UUilIHO20 opmoegoHanbHoMY nnaHy. [o-
cnidxeHHs 8rracmusocmed 30ilicHI08a10Ch 3a O0MOMOZ00 8U3HAYEHHS CIMPYKmMYypPHOI MiyHocmi, abpasusHoi meepdocmi
ma 2oproyecmi ompumaHo20 Kokcy 3 doOasaHHSIM KOHUeHmpamy crabKocnikueozo 8yains

Pe3ynbmamu. 3 doriomo20t0 UeHmpanbHO20 KOMMIO3UYiIHO20 OPmMO20HaNbHOMY MaHy ompumMaHi cmamucmuyHi Mo-
Oeni. [Mpakmu4HO 8Ci 8inbHI YNEeHU PiBHSIHb 8USIBUMUCS 3HaYyWUMU, OCKINIbKU pPO3paxyHKO8e 3HauyeHHs t-kpumepiro
Cmbto0eHma nokasanu 3HayeHHs suuje mabnuyHo2o. TakuMm YUHOM, OmMpUMaHi PiBHAHHS pe2pecii € adek8amHuUMU, OCKi-
TIbKU pO3paxyHKo8i 3Ha4yeHHs1 Kpumepito Diwepa maromp 3Ha4eHHs binbwe mabnu4yHo20 3HaveHHs Kpumepito Diwepa.
Haykoea Hosu3Ha. [posedere docnidxeHHs 00380/1UI0 8CMaHO8UMU 3aKOHOMIPHOCMI 8riiiugy emicmy OOMIUKU KOH-
ueHmpamy crabkocrikiueo20 8yeinsisi Ha sIKICHI MOKa3HUKU OmpuMaHo20 3 Uiei cyMilui KOKCO8020 3arulKy.
lMpakmu4Ha 3Havyumicmb. OmpumaHi pe3ynbmamu O0CiOXXeHHs 8rU8y KOHUeHmpamy criabKocriknueoeo 8y2inss, 3a
00MoMO20i0 UeHmMpasibHO20 KOMMO3UUiliHo20 0pmMo2oHaibHOMYy rnaHy 00380/15imMb PO3WUPUMU CUPOBUHHY ba3y KOKCy-
8aHHSI ma 3HU3uUmu cobigapmicmb OMpPUMYy8aHO20 KOKCY.

Knro4yoei cnoea. LeHmpansHe KoMno3uyiliHe opmozoHarnbHe nnaHys8aHHs, criabkocnikiuee 8yeinisi, cmpykmypHa miy-
HiCMb KOKCY, KOKCY8aHHS, mepMi4HUl riposni3, cuposuHHa b6a3a 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.
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Ornsag pocnigpkeHb [1-5], ski npucesiyeHi gocni-
[XEHHIO MO PO3LUMPEHHI0 CUMPOBUHHOI 6a3n KOKCy-
BaHHS MOKaaye, WO npoaHarnisoBaHi meToau noging-
IOTbCSA Ha AeKinbka rpyn, siki BiApi3HATLCA 3a Cnoco-
6om BnnuBy. [lo NepLuoi rpynu BigHOCATECA MEXaHiYHi
metoau. [lo apyroi — TepmidHi metoaun. [Jo TpeTboi —
MeToAM BNIIMBY Ha BYrinNnsa 3a AOMNOMOroK pisHOMaHi-
THUX goMilwok. [1o YeTBepTOi — MeToau, Wwo nepenba-
YalTb BUAIMEHHS 3i CMIKNWMBOro BYrinns LiHHOI peyo-
BMHM, TOOTO «cenapauiiHi».

HasiBHi mMeTOoOM LWOAO PO3LUMPEHHS CUPOBWUHHOI
©a3un KOKCyBaHHS B Cy4acHUX yMOBaXx, € ManoedekTu-
BHMMM ab0O €KOHOMIYHO HeaoUiNbHMMM, a TaKoX MoT-
pebytoTb Ynmanux kanitanoBknageHb. NpoTe y Haw
Yyac HabyBae MonynApHOCTI rpyna MeToAiB, HauineHa

© Kawwupnas H.O. — acnipant YOYHT
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Ha perynioBaHHA BMacTUBOCTEN CrMIKNMBOro BYrinns
LLAIAXOM CNPSIMOBaHOro BMMMBY Ha NPUpOAY BYTinns.
TyT BapTO 3a3HAUUTK, LLIO Lii METOAM MaIOThb fnLLE Te-
OpeTUYHMI XapakTep i noTpebyoTb AeTanbHOro Bu-
BYEHHSI CTPYKTYpW i BMacTMBOCTEN CMPOBWMHHOI 6a3n
KOKCYBaHHS.

Omxe, rpyna MeTogis, LLO 'PYHTYETBCA Ha Uinecn-
psIMOBaHOMY BMIvBi Ha NPUPOAY BYTiNns LWASXOM ne-
pepo3noginy KOMMOHEHTHOro cknagy, To6To Ha cnps-
MOBAHOMY pEryrioBaHHi BMacTUBOCTEN, € HanbinbLu
nepcnexkTuBHo. Lia rpyna xapakrtepusyeTsesa TUM, Lo
PO3LUMPEHHST CUPOBMHHOI 6a3n KokcyBaHHs BiabyBa-
€TLCA Yepes 3aryyeHHs OO0 cknagy BYrifbHOI LUNXTU
BYrinnsi, BUKOPUCTOBYBAHOTO B eHepreTuui. TyT Heob-
XiOHO 3a3HauuTK, WO BUKOPUCTAHHSA E€HEepreTU4HOro
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BYIiNNA nig Yac BUPOOHULTBA METanyprinHOro KOKCy
6e3 3MiHM A0ro TEXHOJOMNYHUX BAaCTMBOCTEN NPU3BO-
OWTb 00 3HWKEHHS AKOCTi OTPUMYBaHOrO BYrMeLeBoro
BiAHOBHMKA. TOMy ONS BUKOPUCTaHHA 3a3Ha4eHOoro
mMeToay HeobxigHe AeTarnbHe BUBYEHHS MOXIUBOCTI
3MiHM BMacTMBOCTEN HU3bKOMETamMopdi30BaHOro BY-
rinns, a Takox CTPYKTYpM i BNAcTUBOCTEN CMIKMMBOIO
BYrinns.

BaranbHa iges poboTn IpyHTYETECA Ha uinecnps-
MOBaHOMY BMMMBI Ha NpMpoAy BYFiNNs LWSXOM nepe-
po3noainy KOMMOHEHTHOro cknagy [6-8], To6To Ha
CNPSIMOBAHOMY peryroBaHHi BNacTMBOCTEN, € HaW-
Ginbw nepcnekTuBHOW. Lisi rpyna xapakrepuayeTbes
TUM, LUO PO3LUMPEHHSI CUPOBUHHOI 6331 KOKCyBaHHS
BiAOyBaeTbCA Yepes 3arnyyeHHs OO cknagy BYriNIbHOI
LUMXTW BYTINns, BAKOPUCTOBYBAHOTO B eHepreTuui. TyT
HeobXiaHO 3a3HaYNTK, WO BUKOPUCTAHHSA eHepreTuy-
HOro BYyrinns nig 4Yac BMpPOBHWUTBA MeTanypriiHoro
KokCcy 6e3 3MiHWM MOro TEeXHOSOrMYHUX BIacTUBOCTEN
Npu3BOANTb A0 3HWXKEHHS SKOCTI OTPUMYBaHOro BYr-
neueBoro BigHOBHMKA. TOMy Orisi BUKOPUCTAHHS 3a-
3Ha4yeHoro MeTody HeobxigHe peTanbHe BUBYEHHS
MOXJMBOCTI 3MiHM BfIAaCTMBOCTEN HU3bKOMeTamMopdi-
30BaHOrO BYTINISA, @ TAKOX CTPYKTYpU i BNAcTUBOCTEN
CMiKNMBOro BYrinns.

Y poboTi BUPILLYETLCA HAyKOBO-TEXHIYHA MNpO-
6rnema sika CTOCYETbCS PO3LUNPEHHS CUPOBUHHOI 6a3u
KOKCYBaHHS Ha OCHOBI Cy4acCHUX ySIBIIEHb NPO MOJIEKy-
NApHY | HagMonekynapHy 6yaoBy BYrinns pisHUX ma-
pOK, O [AO03BONUTb BMKOPWCTOBYBATM Y BYTiNbHIN
LWUMXTi ANst KOKCYBaHHSA CriabKoCMiknMBe eHepreTuyHe
Byrinnsa mapkum Al i oTpuMyBaTn MeTanypriiH1i KOKC 3
HeOobXigHMM KOMMMEKCOM 3a4aHuX BriacTUBOCTEN.

[ocnigpkeHHA 3 BUBYEHHSI CTPYKTYPU | BflacTUBOC-
TeWN ryCTUHHMX cppaKkLiin cnadbkocniknMBoro HU3bKome-
TamopizoBaHOro BYriNNa A03BOMSATb CTBEPAXY-
BaTW NPO MOXIMBICTb BUKOPUCTaAHHSA OKPEMMX (hpak-
uin Byrinna mapku O y WnxTi 4na KOKCyBaHHSA i oTpu-
MaHHS MeTanypriiHoro Kokcy i3 3agaHnuMu BnacTmBoO-
cTAMM.

OT1xe, pe3ynbTati 3 BUBYEHHS CTPYKTYPU OKPEMUX
NYCTUHHMX (bpaKLuin sk 4obpecniknneoro, Tak cnabko-
CMIKNMBOrO BYTiNMs, a TaKoX OTPUMaHMX OAHUX 3 BU-
BYEHHSI MOXITMBOCTI BUKOPUCTAHHSA OKpeMux cppakuin
cnabKoCNiKMMBOro BYFINMA B LUMXTi ANS KOKCYBaHHS
O03BOISATb MPOBECTM ONTUMI3aLito CkNnagy BYriNbHUX
LUMXT, WO MICTSATb FYCTUHHY bpakuito cnabkocniknm-
BOrO BYTiNNs Anst oTpUMaHHA HeoOXigHMX BNacTMBOC-
Ten MeTanypriiHoro KOkcy.
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[na onncy xapaktepy BMfAvMBY AOMILLKWA TYCTUHHOI
dpakuii cnabkocniknMBOro BYFINMA Ha SKICHI NMokas-
HMKW BYrMeLeBoro BigHOBHUKA Byno BUKOPUCTaHO Ma-
TeMaTU4HUA METOA NIaHyBaHHSA €KCNEepPUMEHTY LeH-
TpanbHe OpToroHarbHe nnaHyBaHHS [9].

Ak pakTopy BUKOPUCTOBYBANM:

X1 — BMICT JOMILLKKM rYCTUHHOI dhpakuii cnabkocni-
Knueoro Byrinns mapku O, [HTepsan BapitoBaHHS BU-
KopucTtoByBanu 5% 3 HynboBuM piBHeM cakTopy 10%;

X2 — rpaHynomMeTpuyHUiA cknag A04aHOI JOMILLKM
NYCTUHHOI cppakuii crnabkocniknMBOro BYrinNns Mapku
Or, npyn ubOMY KifnbKICHY OLHKY FpaHyfioMeTpUYHOro
cKnagy K hakTopy BUKOPUCTOBYBaSM BMICT Yy ppakLil
YaCTUHOK <3 MM. IHTepBan BapiloBaHHS LbOro ak-
Topy crtaHoBuTb 10% 3 HynbOBUM piBHEM (aKTopy
80%.

Ak napameTpn onTumisawii 6ynv obpaHi nokasHUKM
AKOCTi monepeaHbL0 OTpUMaHoro rabopaTtopHOro Ko-
Kcy. [nsa KinbKiCHOI OUiHKM napameTpiB onTumisauii
Opanu Taki NOKa3HUKK:

Y1 — CTpYKTypHa MILHICTb nabopaTopHOro KOKcy,
%. Len nokasHMK BUKOPWUCTOBYBAaBCH AN1S OLHKK
BMSAMBY AOMILLKA TYCTUHHOI dopaKuii Ha MOKa3HWMKK
TPILLMHYBATOCTi OTPMMaHOro NabopaTopHOro KOKCY,
npuv LbOMY BiH onocepeaKoBaHO OLIHIOE MakpOCTPYK-
TYpy.

Y2 — abpasuBHa TBepaicTb 3a [HcOyprom. 3asHa-
YeHU napameTp ONTMMI3aLil BUKOPUCTOBYBABCS Ans
OULiHKM LUiNbHOCTI YNakoBKW Ta opieHTauii 6nokis By-
rMEBOAHIB Ha MIKPOMOMEKYNSPHOMY piBHi, WO Aae
MOXTMBICTb OLUIHUTW BNAMB AOMILUKN NYCTUHHOI ¢ppak-
Lii cnabkocniknMBOro BYriNms Ha MIKPOCTPYKTYpY BY-
rMeLeBoro 3anuLuky;

Y3 — roptovicTb nabopaTopHOro Kokcy, r/c. Lie no-
Kas3HUK BMKOPUCTOBYBABCHA $K HEMNPSMUN MOKa3HUK
OLiHKM peakuiiHoi 34aTHOCTI NabopaTopHOro KOKCY.
Mpn UbOMY K KiNbKICHY OULHKY 3a3HadeHoro napa-
MeTpa onTuMisauil BMKOPUCTOBYBanu po3paxoBaHy
LIBMAKICTb BTPATM Macu 3paska nnabopaTopHOro KOKcy,
HarpiToro o 500°C Ha ginsHLui iIHTEHCMBHOMO FOPIHHSI.

3a pesynbTatamu LEeHTpanbHOro OpTOroHanbHOro
nnaHyBaHHA Oynu OTpUMaHi CTaTUCTUYHI Mogeni.
MpakTUYHO BCi BiNbHI YMNeHN PiBHSHL BUSBUMNUCS 3Ha-
YYLLUMMW, OCKINbKN PO3pPaxyHKOBE 3HAYEHHs t-kpu-
Tepito CTblogeHTa Nokasanu 3HavyeHHs BuLLe Tabnuy-
Horo. HesHauywmmu Oynu nuwe BiNbHI - YNeHn
PIBHSAHHS, LLO OLiHIOBaNM B3aEMHUI BNAMB GhakTopis
ONng nepLuoro i Apyroro napameTtpa ontumisauii [10].

OTxXe, piBHSAAHHSA perpecil matoTb BUrNaa;

— ANS NepLUoro napameTpa OnNTMMi3aLii, CTPyKTyp-
HOI MiLJHOCTI;

)

— 4N Apyroro napameTpa onTuMisauii, abpasuBHoi TBEpAOCTi;

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

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

+0,0025X +0,0024.X;

)
©)

OTpvMaHi piBHAHHSA perpecii € agekBaTHUMM, OCKINTbKM PO3PaxyHKOBI 3Ha4YeHHS kpuTepito Pilepa matoTb 3Ha-
YeHHs BinbLie TabnMyHoro 3HaveHHs kputepito diepa (6,256).

PospaxyHkoBi 3Ha4eHHs kpuTepito Piepa cknanu:
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F, =0,73(%,)
F,=0,22:(Y,);
FP = 0’34’(2),

(4)
(%)
(6)

MigcTaBMBLIN 3HAYEHHS PAKTOPIB B OTPMMaHIi CTaTUCTUYHI Mogeni, Oyno oTpMmaHo rpadivyHe 306pakeHHs
noBepxoHb (puc. 1 - 3), Lo AO3BONSATb OLHUTM ONTUMAarbHi 30HM BNUBY hakTopiB Ha NapameTpu onTUmisadil.

|

Puc. 1 MNoBepxHs BIATYKY «CTPYKTYpHA MILIHICTb»

100

Puc. 2 MNosepxHs Bigryky «abpasveHa TBEpPAICTb»

0034
0032
0.030

0,028

.7 0026 |

0024

0,022

Puc. 3 lNoBepxHst BigryKy «roproyictb»

Mpunmatoumn Oo yBaru nposeaeHHi JOCNIMKEHHS Ta
BPaxoBYHOUYM pe3ynbTaTu LIEHTPaNbHOro OpPTOroHarb-
HOro NnaHyBaHHs Oyny OTPMMaHi CTaTUCTUYHI MoZENi.
MpakTU4HO BCi BiNbHi YNeHN piBHAHb BUSBUNINCS 3Ha-
YYLLIMMK, OCKIfIbKM pPO3paxyHKOBE 3HAYeHHs t-kpu-

Tepito CTblogeHTa Nokasanu 3HadeHHs BuLe Tabnny-
Horo.

BiGniorpadiuHuin onuc

OTpuMaHi piBHSAHHSA perpecii € agekBaTHUMM, OCKi-
NbKN po3paxyHKOBi 3HaA4YeHHs KpuTepito dPiepa ma-
I0Tb 3HA4YeHHs Oinblie TabnMYHOro 3HaYeHHs Kpu-
Tepito diwepa.

TakMMm 4YnHOM, po3pobka pekoMeHaauin Woao oT-
pVYMaHHS TyCTMHHOI bpakuii cnabkocniknueoro By-
rinns goseonuna CTBepaKyBaTU MPO MOXIUBICTb OT-

pVYMaHHs1 3a3Ha4eHoro NPoAyKTY i3 3a4aHNMK BNacTu-
BOCTSIMW.
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