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JIleopis i NPaKMUKg Memarypeii

Kamkinal L.V., Velychko? K.A., Velychko? A.G., Jiang Zhouhua*
Physico-chemical justification and experimental verification of a
waste-free method of oxidative dephosphorization of a high-phospho-

rus manganese alloy

Mema  OocniiOxeHHs:  (bi3uko-xiMiyHe  OBrpyHmMysaHHsi yMO8 rpouyecy ma po3pobka  pauioHarbHO20
anzopummyooHocmadiliHo2be38i0x00H020 criocoby OKUCHO20 degpochopysaHHs 8UCOKOghocghopucmozo
MapeaaHUuego20 criiagy. Memodu: mepmoduHamiyHUl aHani3 OCHOBHUX peaKuili Mpu OKUCo8anbHOMY paghiHyeaHHI map-
2aHuesux crifiasis 3 8UCOKUM emicmom ¢hocghopy. EkcrnepumeHmarbsHa nepesipka ocHosHux cmadili paghiHysaHHs. Pe-
3ynbmamu: Po32risiHymo hi3uko-XiMiyHy CcymHicmb ripouecy pagbiHysaHHs 8UCOKOOCcghopucmozo MapeaHue8020
crnasy, KUl noss2ae y cmeopeHHi yMoe Orisi OKUCHEHHS 8 Criiasi MapaaHyro, 8yaneyro ma KpemHito. TepmoouHamiqyHut
rpo2Ho3 nepebiey peakuili 3a 3adaHUX yMO8 OKUCHO20 paghiHysaHHs CyrymHb020 Memarny nomeepoxye MOXugicmb
ompuMaHHs mpbOX POOyKMig: Marnogocghopucmozo MapeaHuesoe0o wWiaKy, 3arni3Ho2o posrnnasgy ma ¢ocgo-
posmicHO20 winaky 3 emicmom okcudy gpocgpopy 18-20 %. (cpocghopHe dobpuso). Haykoea Hosu3Ha: 3a pe3ynbmamamu
sucoKomemnepamypHo20 MamemMamu4yHo20 MOOEs08aHHSI 8CMAaHOBMIEHO, WO Halbinbw pauioHarbHe CroXueaHHs
KUCHI0, sike 3abesrneyqye 0ocsizHeHHs1 nocmasreHux 3agdaHb, cmaHosump ~ 13 M3. B skocmi okucrirogaqa 0ouinbHO 8u-
Kopucmosysamu KuceHb, Wo HadysaembCs nosimpsam, skuli 8800simb y eaHHy KOHeepmepa 3a 00rnomMo2ol0 HadyeHo20
conna 38epxy. lNpu ybomy 3azanbHa sumpama rosimps Ha 100 ke crinasy nosuHHa 6ymu 61usbko 50 m3. lNpakmu4yHa
uiHHicmb: Y pobomi Ha ocHo8i mepMOOUHaMI4HO20 rPO2HO3Yy Mo8edIHKU e/leMeHMIg CyrymHb020 Criiagy 8 OKUCHUX yMO-
8ax, OUiHKU mMepMiYHOI CmopoHU fpoyecy ma nodarnbwoi ekcriepumeHmarbHoi Mepesipku ompuMaHo pesynbmamu, sKi
niémeepdxyomb MOXIUiCMb cmeopeHHs 6e38i0X00HOI MexHON02i4HOI cxemMu paghiHysaHHsT 8UCOKOghocghopucmozo
crinasy. Y ybomy 8unadky pagiHysaHHs crinagy OoyinbHO Mpoeoodumu 8 ymoeax, HabnuxeHux 00 yMog Cy4acHo20 8upo-
6Huymea Mmaroghocghopucmux mapaaHuesux wrakie, rpu sKoMy memrepamypa CyrnymHbo20 criagy CmaHo8umb
1320...1350°C.

Knroyosi criosa: enekmpomemanypeitiHe deghocghopysaHHsi Mapa2aHUe8020 KOHUeHmpamy, mManoghocehopHuUli MapaaH-
yesuli wrnak, 8UCOKOGhoCGhOpHa MapaaHyesa fnicamypa, KUCeHb, Moeimpsi, KUCHeaul KoHeepmep, npodyeaHHs.

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.
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

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
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phosphorus content [1], but also the creation of a
waste-free technology with the production of two prod-
ucts of different functional purposes - slag and metal.

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

The thermodynamic forecast of the course of the
process of refining manganese alloy from phosphorus
and other impurities, as well as the results of experi-
mental verification, indicate the impossibility of increas-
ing the efficiency of the process, in our opinion, without
creating special conditions for its intensification. An in-
crease in process indicators can be achieved by carry-
ing out oxidative refining of the alloy by blowing it with
a gaseous oxidizer. At the same time, the negative ef-
fect, which will manifest itself in a significant increase
in the temperature of metal and slag, must be trans-
formed into the advantages of the process, for exam-
ple, by using melting coolants (gaseous, solid or lig-
uid), the amount and composition of which will not de-
crease, but when certain refining conditions are cre-
ated, will increase metallurgical value of refining prod-
ucts.

The choice of parameters of oxidative refining of the
alloy, which will determine the features, mechanism
and course of dephosphorization, depends not only on
the initial composition of the alloy and slag-forming
agents, but also on the new properties that the system
acquires under the influence of external factors. The
parameters of these effects on the studied process can

wi %% ¢ ISSN 1028-2335 Nel, 2024

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

Mn2P MnsP> MnP

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

21,99 27,32 36,06

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].

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, JIKK AG, kJ
1 2Mn3P + 5,502(g) = 6MnO + P20s -3367.019 -748.907 -2039.094
2 2MnP + 3,502(g) = 2MnO + P20s -1957.288 -511.493 -1050.334
3 2Mn2P + 4,502(g) = 4MnO + P20s -2585.445 -650.295 -1432.374
4 5Mn + P20s = 5MnQ + 2P -595.446 -36.214 -531.234
5 2Fe + O2(g) = 2FeO -476.438 -99.367 -300.246
6 Si + FeO = Fe +SiO2 -470.537 -98.685 -295.554
7 7 MnO + C = Mn + CO(g) 288.379 172.248 -17.042
8 MnzP = 2Mn + P 209.509 45.040 -5.476
9 MnsP = 3Mn + P 274.350 101.357 -6.727
10 | MnP=Mn+P 170.308 43.343 -6.234

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, MnzsP and MnP phosphides
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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].

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.

JIleopis i NPaKMUKg Memarypeii

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-P20s)+5[Fe] (1)

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

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

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

(4Ca0-P205)+5[Mn]=2[P]+5(Mn0O)+4(Ca0) (3)

However, in the conditions of refining an alloy with
a high phosphorus content, the reaction of oxidation of
phosphorus by iron oxide, which occurs intensively
during steel smelting, will not lead to a significant de-
crease in the phosphorus content in the alloy, since
during the refining of ferromanganese simultaneously
with this reaction, the reduction of phosphoric anhy-
dride by the manganese of the alloy will more likely oc-
cur by reaction (3). As a result of the simultaneous flow
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
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scheme of refining, which will ensure the implementa-
tion of a waste-free method of oxidative refining of the
alloy.

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

One of the most important parameters of the oxida-
tive refining of a by-metal is the temperature of the pro-
cess. Taking into account the fact that the temperature
of the accompanying metal according to the current
low-phosphorus slag smelting technology is about
1350°C, the interval of 1400...1600°C was previously
adopted as the most rational temperature interval for
the release of refining products, with the possibility of
approaching the temperature at the outlet to the tem-
perature of the original accompanying metal. The
adopted temperature interval is justified by the fact that
when using only air blast as an oxidizer, without addi-
tional cooling of the melt, the final temperature can
reach 2000°C, which requires the use of solid coolers
of the melt. Another, no less important parameter of the
oxidative refining of the accompanying metal is the
amount and type of oxidizing agent. To ensure the
maximum degree of oxidation of manganese and min-
imum phosphorus, it is advisable to use a combination
of two types of oxidizing agents - gaseous and solid.
Air is chosen as the main oxidizing agent necessary for
the intensification of the process. Its use in the refining
of the accompanying metal is justified by the possibility
of obtaining two positive effects of synergy: oxidation
of elements (Mn, Si and C) with air oxygen and cooling
of the melt with air nitrogen. In the case of a significant
increase in the temperature of metal and slag at the
outlet, its reduction can be achieved by adding materi-
als that are effective coolers, for example, rolling slag.
According to data [20], the cooling effect of scale is
about 4 times higher than that of scrap metal.

Thus, when using rolling slag in the process of oxi-
dative refining of the accompanying metal, two more
positive effects can be realized: cooling of the melt and
additional oxidation of alloy impurities. The total cool-
ing effect for the option of implementing the process at
1500°C is determined by the difference between the
heat input from the oxidation reactions of silicon (~
17,000 kJ/kg silicon), manganese (~ 3,000 kJ/kg 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
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the slag: Qre2os = 5.134kJ/kg and Qreo = 3.744kJ/Kkg,
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 + Fe20z3) 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 m3 (oxygen - 13 m3 and
nitrogen - 48.9 m3). A decrease in the oxygen con-
sumption below 13m?3 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
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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
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-
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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
SiO2. Such slag can also be used as a phosphate fer-
tilizer.

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

The choice of the most rational algorithm for the
mode of blowing and slag formation is determined by
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-
cantincrease in the intensity of carbon oxidation, which
corresponds to an increase in temperature to ~1450°C
and leads to a significant increase in gaseous products
formed in the volume of the metal melt, it is advisable
to reduce the specific air consumption during this pe-
riod. After the introduction of flux additives and scum
for cooling the metal bath, with a significant decrease
in the carbon content in the metal (~to 0.2 + 0.3%), the
specific air flow can be increased to the optimal level.

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

(PML) in ingots

Mn  50-65%
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in ingots (8-10t)
PML

molten

from the ladle

P 1.5-2.5%
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Fe alltherest
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U(‘ molten
—_—
A

(PM) Phosphorus-
containing Metal
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Low-Phosphorus
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(€M)
Commodity Metal

Mn 2-3%

Lime
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PM —*] Fe

melt

Mn >5%
P 5% all the rest
Cc 1.5% up to 6t
Fe all the rest
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PS
(PS) Phosphate Slag
fertilizer

Nt to,cH
4 to..cH, Si0,  mo8%

MnO 75-80%

P20s 18-20%

Sl CaO  50-55%

Ca0 12-15%

=+ ORF =—> FeMn FeO 20-25%

approx. 16t solid approx. 3t

EAForIF Ladle GOR unit #1
(101) (10t) (20t)
PML up to 1500°C PM melt - 1450-1550°C PM melt - 1450°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
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Ladle GOR unit #2 cM
(10t) (9-101) (up to 61)
PM melt - 1450-1550°C PM melt - 1450°C CM - 1600-1650°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.
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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 m?3/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 P2Os content of 18-
20%. After that new slag is induced and further oxida-

IN,, Ar, CH,

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
slag with a content of phosphorus oxide of 18-20%
(phosphorous fertilizer). It is promising and effective to
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use blowing of the melt with oxygen in an oxygen con-
verter using a blowing nozzle from above with an oxy-
gen consumption of 15...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-
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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

nying alloy under oxidizing conditions, the assessment  temperature of the accompanying alloy is
of the thermal side of the process and further experi-  1320...1350°C.
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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.
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Bctyn

MeTanypriiHe BUPOOHULTBO 3aBxaun Oyno pyLuiv-
HOK CUIOK EKOHOMIKM YKpaiHu Ta nNpuBabnunBeoto ra-
ny33i0 Ang iHBeCTULi, OCKINbKW 3a KOPOTKUIA nepiog
yacy, npu 3abesneyeHHi HanexHWx ymoB, OO3BOIISIE
nigBULLMTN 00CArK i SIKiCTb BUPOONEHOT NpoayKuii, Lo
Aae cyTTeBy npubyTkoBicTb. OgHak, 3apa3 MeTanypris
YKpaiHn 3HaxoaMTbCs B AyXe CKNagHOMY CTaHOBULLi

apke obcsirv BUPOOHULITBA B MEPIO] BOEHHOIO CTaHy
Bnanu GinbLue HXX Yy MATb pasiB NOPIBHAHO 3 JOBOEH-
HUM piBHEM.

Pa3om 3 nepemoroto YkpaiHu HacTaHe 4ac Bigpo-
[PKEHHS ONns MeTanypriiHoi ranysi, sika notpedyBa-
TMME YOOCKOHarNeHHs ii eHeproeMHUX nepeginis, Lo
HagacTb MOXIMMBICTb 3HU3WUTWU COBIBapTICTb FOTOBOI
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NPOAYKLi Ta OYTW KOHKYPEHTO MPMBAOMBOLO ranyssto
Ha CBITOBOMY PUHKY.

AHani3 nitepaTypHuMX AaHMX Ta NOCTaHOBKa
npobnemu

Bukopuctosytoun gaHi World Steel Association [1]
OyB NpoBeAeHMn aHania BUpPOOHULTBA YOPHUX MeTa-
niB B YKpaiHi 3a oCTaHHi 4eCATb POKiB, KU HEe BKIHO-
YaB pPOKM BICbKOBOI arpecii pocincekoi deaepadii
(amB. puc. 1), 3a pesynbTaTtaMmm KOTPOro BUOHO, LLO Ha
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npotasi 2011/15 pokiB cnocTepiraeTbCs CTPiMKe 3HW-
XKEHHs BUpobHMUTBa cTani n YaByHy Ha 35 % Ta 24,5
% BignoBigHoO. He3HauHe 36inblueHHs BUPOOHULTBA
6yno B 2016 pouj, ane 3 KOMMNEHCY4YMM i Hagarni npo-
rpecytounm nagiHHAM BUPOOHULTBA Yy HACTYMHOMY
poui. 3 2017 poky nomiTHa ctabinizauia obcarie BUpo-
BHMLTBA YaBYyHY Ta cTani, Ski NPaKTUYHO AOPIBHIOOTb
OLVH OAHOMY, 3anuLlalyMCb OCHOBHUMM Nepeainamm
MeTanyprivHoi ranysi YkpaiHu.
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=—e— BupoOHUIITBO CTaJIl

PucyHok 1 — BUpoBHMLTBO YOpHMX MeTaniB B YKpaiHi

PoarnsaHnmo guHamiky LiHOYyTBOPEHHS 3a OCTaHHIN
Yyac Ha NpuvKnagi ctaneBoi apmaTtypu, sika € OCHOBHOMO
cTaTTelo yKpaiHCbKOro eKcropry.

3pocTaHHsA UjiHM 3a TOHHY CTaneBol apMaTypu Ha
CBiTOBOMY PMHKY, 3rigHo [2, 3], B TpeTbOoMy KBapTani
2021 poky cknano 26 %, Wo CBigYATbL NPO CTpiMKe
3poCTaHHsA nonuTy Ha ctanb B €C, B cepeaHboMy 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 %, CaygiBcbkoi Apasii —
Ha 18 % Ta €runTi — Ha 24 %. Bucoka uiHa cTumynoe
BMPOOHUKIB €EC MacoBO 3amnyckaTh MOTYXXHOCTI, Lo
npocTolTh, Taky 2021 poui nnaHyBanoch 3anycTutu
M’ATb JOMEHHMWX NeYer 3aranbHo NPOAYKTUBHICTHO 11
MITH. T, ABOX €neKTpocTanennaBuibHuX neyemn npoagy-
KTUBHICTIO 2,5 MIH. T.

Pasom 3 3pocTaHHAM nonuTty crnocTepiraeTscs no-
BiflbHe BIOHOBMEHHA EKOHOMIK y psdi perioHis, 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 € TUMYacoBUM i
3KOPEryeTbCs Y BiANOBIAHOCTI 3 BinbLU cnabkot aAnHa-
MiKOtO 3pocTaHHsA BBI1, TakMM YMHOM, 3pOCTaHHs Npu-
OyTKy 3a paxyHOK 30inblUeHHSA 0bcsriB BUPOOHULTBA
CYMHiBHe.
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3Baxaloun Ha BMLLE BUKINageHe MOXHa 3pobutu
BMCHOBOK, LLIO Ha AaHWI Yac cBiTOBa MeTanypris 3Ha-
X0oOuTbCA B TaK 3BaHin «HOBI HOpManbHOCTI», KOTpa
He nepeabavae Hi SKux KpynHux nogin, ski 6 6ynu spa-
THi CNPOBOKYBaTW CTare 3pOCTaHHS CMOXMBAHHSA Me-
TanypriviHoi npoaykuii, Ta 1 ranysi B uinomy. B gaHux
yMoBax ii pO3BUTOK MOXIMBUI 3a paxyHOK BMNpOBa-
[PKEHHS HOBITHIX TEXHOMOrI ANA ONTMUMI3aLii Ta 3MeH-
LLEHHA onepauinHnx BuTpar. [5]

BpaxoByloun AMHaMIKy LiH Ha eneKkTpoeHeprito Ta
NPUPOLHWIA a3 aAns NPOMMUCIOBOrO BUPOOHULTBA YK-
paiHu 3a gaHumu [6, 7], 9Ki € KNo4YOBUMU CKITaLOBUMMN
KanbKynsuii cobiBapTocTi MeTanyprinHoi npoaykuii,
BCTAHOBJIEHO, LLO 3@ OCTaHHI LWiCTb pPOKIB TEMMN iX po-
CTy cknaB B cepegHbomy 4,2 ta 0,8 % BignosigHo, Ta-
KM YMHOM, 3HWXKEHHS CMOXUBAHHS LINX pecypcis Ao-
3BOMSIE CYTTEBO 3MEHLUNTU OnepauinHi BUTpaTu.

AHani3 kanbkynsuin cobiBapToCTi rOTOBOI NPOAYK-
Lii 3@ meTanypriviHuMu nepeginamuv 4O3BONMB BCTAHO-
BUTW, LLIO HanbinblL eHEeProEMHUMU € KOKCO-AOMEHHE,
TOMY BUHMKaE HEOOXIOHICTb Y BUKOHaHHI aHanisy dpak-
TOpIB, WO BNMBAOTb HA EHEPrOEMHICTL came uuX Ai-
NSHOK 3 NnodanbLUMM BU3HAYEHHSIM HAYyKOBO-0OI'pYH-
TOBaHNX pekoMeHgauin LWoao BAOCKOHANEHHS iX Tex-
HOMOTYHMNX TPaKTiB, 3aCTOCYBaHHs1 HeobXxigHOro obna-
OHaHHS.

CTOCOBHO KOKCOBOrO BMpOOHMLTBa B poboTax [8, 9]
Oynv NpoBeaeHi fOCNiIIKEHHS OO0 3MEHLLEHHST eHe-
PreTUYHMX BUTpPAaT i 3anpoBafKeHHst HeobXigHMX Kpo-
KiB, SIKi 4at0Tb MOXIUBICTb BOOCKOHANUTW iCHYHOYI TEX-
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HOSOriYHI TPaKTW NiArOTOBKM BYTifIbHOT LUMXTU OO0 KOK-
CyBaHHs. [Ins gOMEHHOro BMpobHMUTBA Ha Tenepill-
HiM Yac Taki OOCHiOKEHHA BIiACYTHI, WO YHEMOXNNB-
NOE HagaHHA pekoMeHaauin, siki 6 4o3BONMIM NiaBu-
LNTK SIKICTb NIArOTOBKM LUMXTOBMX MaTepianis 4o nna-
BKM Ta 3MEHLUWUTU €HEpProEMHICTb LIbOro MeTanypriv-
HOro NpoLecy.

MeTa i 3aBaaHHsA gocnigxeHb

MeToto pocnimkeHb Byno BusHadyeHHA haKTopis,
AKi MalOTb CYTTEBWI BMIIMB HA EHEPrOEMHICTb JOMEH-
HOro BMPOOHULITBA Ta HaaHHs1 HAayKOBO-0OI'pyHTOBA-
HUX PEKOMEHAALIN LWoJo 3acToCyBaHHsS HeObXigHOro
obnagHaHHs, sike A03BONMUTbL 3MEHLINTK Jito LnX chak-
TOPIB B iCHYIOUYMX TEXHOMOMNYHUX TPaKTax.

Martepianu Ta meToau gocnigxeHb

BusiBneHHs dpaktopis, LLIO BNAMBaOTb Ha eHepro-
€MHICTb [JOMEHHOro BMPOOHMLTBaA peanizoByBariocb
BMKOPUCTOBYIOUM METOA €KCNEPTHOIO OLiHIOBAHHS.

Ha nepwomy etani BuKOHyBanocb (hopmyBaHHS
€KCMepTHOI rpynK Yy KiNbKOCTi AecsaTn ocid, B poboTi Ko-
Tpoi NpurHAnNuK yyactb daxisui MNAT «ApcenopMittan
Kpusuin Pir», KpuBopi3bkoro HauioHanbHOro yHiBepcu-
TeTy, HaB4yanbHO-HaykoBOrO TEXHOJIOMNYHOrO iHCTU-
TyTy [lepXaBHOro yHiBEPCUTETY EKOHOMIKM i TEXHOMO-
rin, MpAT «[HinpoBCbKUiA MeTanyprinHuim 3asoa», Ha-
BYarbHO-HayKOBOTO iHCTUTYTY MPOMMCIOBUX Ta Bi3Hec
TEXHOMOriN YKPaiHCbKOro AepXaBHOr0 YHiBEpCUTETY
Hayku | TexHonorin, [HCTUTYTy YopHoi meTanyprii im. 3.
|. Hekpacosa HAHY, NMpra3oBcbkoro gepxaBHoro Te-
XHiYHOrO yHiBepcuTeTy, MapiynonbCbKkoro MeTanyprin-
Horo komb6iHaTy im. Inniva, A3oBcTans.

Ha gpyromy etani 3a metogukoto [10Momwunka!l
[>xepeno nocunaHHsa He 3HaWAeHO.] BUKOHYBanoch
BM3HAYeHHs1 KOMMNEeTeHTHOCTI ekcnepTiB. OuiHka BUKO-
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[MepepaxoBaHi XapaKTepuUCTMKX OLiHIOBanuChb 3a
[ecATMbanbHOK LLKANoK KEPIBHUKAMM BULLOT NaHKMN.
lMicna 4Yoro BU3Ha4aBCs MOKa3HKK, L0 XapaKTepusye
00’EKTUBHY OLIHKY KOMMETEHTHOCTI ekcnepTa 3a gop-

MyIoLo

e n — KiNbKICTb XapakTepucTuk, n = 4;

@)

K;; — ouiHKa j-ro ekcrepTa 3a i-XxapakTepu1CTHKOLO.
Takox 3a gecsaTubanbHOK LUKanow BU3HAYaBCs

NOKa3HUK

BiHOCHOI

CaMOOLLiHKM

eKkcnepta

CyG’€KTMBHMI NMOKa3HMK KOMMETEHTHOCTI j-ro ekcrnepTa

c

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);

sj» 3@ BIONOBIOAHMMM NPOCECIUHUMU SKOCTAMYU, a

3 — NUTaHHS TICHO He NoB’A3aHe 3 creuianisauieto
ekcnepTa (03HaoMMeHHa 3 NpobremMoto 3a nitepary-
pHUMW DKepenamu, 3a 4oCBiaoM poboTu iHWKnX nian-

pUEMCTB).

KoMneTeHTHICTb j-ro ekcnepTta B JaHOMY MUTaHHI
XapakTepuayBanacb siK

h

sj —

0 ,5C
R RS

)

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

HyBanacb 3a HaCTYNMHMMU XapaKTepPUCTUKAMW:
piBeHb KBanidikauii ekcnepta B JOMEHHOMY BUPO-
OHUUTBI;

piBEHb TEOPETMYHOI MiAFOTOBKY;

npakTU4HWIA JocBig poboTu;

LUMpoTa Kpyrosopy.

Tabnuus 1 — BusHayeHHss KOMNETEHTHOCTi eKCnepTiB

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

Ha TpeTbOoMy eTani BMKOPWUCTOBYKUM MeETOZ
Oenbdun [11] BrKOHYBanocb ¢popMyBaHHS ekchep-

Tamu neperniky dakTopis, WO BNANBaOTb Ha eHepro-
EMHICTb [JOMEHHOro BMpobHMUTBA. KoxXHOMY ekcnep-
TOBi po3cunanack TeMa onuMTyBaHHA — «Bu3HaueHHs
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bakTopiB i OLliHKA X BNAMBY HA HEPrOEMHICTb JOMEH-
HOro BUPOGHWLTBaY, Ta MPOMOHYBasock copmyBaTu
BrnacHui nepenik. MNoyatkoBui nepenik 6yB cgpopmo-
BaHWI Ha niactaBi oOpaHHs dhakTopiB, WO Han4yac-
Tile 3ycTpivanuck, Takox OynuM JOAATKOBO BKIIOYEHI
cdakTopn oTpMMaHi Ha nigctasi 06pobku anpiopHUX
OaHuX, oTpMMaHux Ha 6a3i obpobneHHa niTepaTypHUX
xepen [12-23]. Jani nepenik NOBTOPHO pO3CUIaBca
eKkcnepTam, siki TOBMHHI 6ynu ouiHUTY NpeacTaBneHnin
CNUCOK, | BUCITOBUTW CBOKO AyMKY 3 NPMBOAY NOro MnoB-
HOTM | onTMManbHocTi. Mpu uboMy obumncnoBaBcs KO-
edilieHT KoHKopAaUil, | AKWOo B pe3ynbTaTi Buxoauna
HeY3roMKeHiCTb AYMOK eKCnepTiB — nepenik neperns-
AaBcs MOBTOPHO OO0 TUX Nip, MOKM BOHA He 3'SBNsnacsk.

Micns gekinbkox TypiB NigCyMKOBMI Nepenik ckra-
OaBcd came 3:

BMICTYy 3ani3a (y Bcii wunxTi 6e3 kokcy, dntocy), Xi;

BMICTY dppakLii <5 MM y 3ani30BMICHI YaCTUWHiI LK-
XTH, X2;

BMICTY 3011 B KOKCi, X3;

MILIHOCTi KOKCY 3a MOKa3HUKOM Mzs, X4;

rapsivoi MiLHocTi kokey CSR, XGs;

CTUPAHHOCTI KOKCY 3a Noka3HMKoM Mio, XG;

BMICTY (ppakuii +80 MM B KOKCi, X7;

Temnepartypu gyTTs, Xs;

BMICTY (ppakuii <5 MM y KOKCi Xo.

Ha 4yeTBepTomy eTani ekcnepTu BUKOHYBaIM OLLIHKY
CTYNeHs BNAMBY 3MiHM (PaKkToOpiB HA E€HEProEMHICTb

2
N M 1y M
12 'Zj:l( i=1 ij _ﬁZj=1Zi:1aij)
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OOMEHHOro BMPOOHMLTBA 3a OeCcATMOanbHOK LUKa-
noto. [laHi onutyBaHHs 30Upannch B EKCNEpTHIA KapTi
Ta 00OpobGnioBanMCcb CTaTUCTUYHUMK MeTodamu [24,
25], nicns 4Yoro ekcnepTn 03HaMoOMMNOBaNNChb 3 OTpU-
MaHVMW pe3ynbTaTamm 3 NPOXaHHSAM CKOperyBaTu Ka-
pPTYy Ha CBill po3cyA, ane BpaxoByHO4n AYyMKY 3aryde-
HOro ekcnepTHoro cepefosuwia. lNicns koperyBaHHs,
OTpUMaHi daHHi 3HoBYy 06pobnioBanncb CTaTUCTUY-
HAMW MeTOA4aMM Ta paHXyBanucb y NOpsSaKY 3MeH-
LUEHHS BMMMBY Ha €HEepProeMHICTb AOMEHHOrO BUPOO-
HMUTBA.

OckinbKu, B OUiHLi i-ro ekcnepTa € hakTopwu siki Ma-
I0Tb OAHAKOBMWWM paHr, BM3HA4YaBCHA MOKa3HWK rpynu
3B’I3aHNX paHriB

Yii = tii — tri 3

e ty; — KiNbKiCTb OgHaKoBUX paHriB B k- rpyni
3B’A3aHNX paHris ans i-ro ekcnepTa;
k — iHOeKC rpynu 3B’A3aHWX PaHriB MO paHXyBaHH!O,

K; — KiNbKIiCTb rpyn 3B’A3aHMX PaHriB B i-My paHxXy-
BaHHiI (ans i-ro ekcnepTa).

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

4)

M2 (N3 —N)—M-3TM 75y,

e j — ingekc HomMepy 3a nopsakom gaktopy, j =1..N;

N — KinbKicTb dpakTopis,;

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

M — KiNbKIiCTb ekcnepTiB,;

@;; — paHr j-ro haKTopy, BUHAYEHNI i-M eKCNepToM.

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

1 2
2 _ 12 'Z?’ﬂ( Liay; —;Z?’ﬂzlyﬂ aij) “(N-1)

©®)

X

M-N-(N+1)-(N-1) =31, 55

)

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

3HayHocTi a = 5 %, a came

XTz(a:s,fzg) =16,92 < y?=51,5.

Ockinbkn ymoBa BMKOHyBanachk, To 3 95 % noBip-
YOI0 BIPOTiAHICTIO MOXHa Byno cTBEpKYBaTH, LLO CTY-
NiHb Y3roMpKEHOCTi OYMOK eKCrnepTiB LWoA0 OLUiHKM
BNAMBY 06paHux hakTopiB Ha EHEProEMHICTb JOMEH-
HOro BMPOGHMLITBA HE BMKITMKaNa CyMHIBY.

Pe3ynbTaTtn gocnigxeHb Ta ix 06roBopeHHsA

3a pesynbTatamum 06pobKU eKCnepTHUX AaHUX Me-
TOAOM anpiopHOro paHxyBaHHSA chakTopiB Oyno BcTa-
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(6)

HOBJIEHO, LU0, HANOINbLL iICTOTHWI BNSIB HA EHEPTOEM-
HICTb JOMEHHOrO BMPOOHMLTBA YNHUTL BMICT HEKOH-
AVLUiIMHOI opakuii (<25 mm) y kokci Ta (<5 mm) 3aniso-
BMICHIl YaCTUHI LUNXTMW.

AHania ximi4yHOro cknagy arnomepaTty Ta KOKCy 3a
MeXHUMN dopakLismu (puc. 2, 3) OO3BONUB BCTaHO-
BWTHU, LLO 3i 3MEHLLEHHSIM po3Mipy dpakuii BMICT LLUKi-
ONMBUX eNEMEHTIB, TakuX SK Cipka Ans arnomepary ta
30MbHICTb | BOMOra Ang KOKCY 3pocTaroThb.
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o 12 ;1'5 \ 77 § /
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JlomeHnmit +25 MM

Topix 10-25 MM

[«)

Jpi6's30k 0-10 MM

Opaxuis, MM
8 Bosora [ 3oma

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

Tak 3 HaBegeHWX rictorpam BMAHO, WO LWIKIANMBI
enemeHTn 3ocepenxyloTbes B dpakuisx 0-5 mm ans
arnomeparty i 0-25 mm ang kokcy. Cnig 3a3HaunTy, Wo
arnomepar i KOKC € LUTy4YHUM MaTepianom, SKuii oTpu-
MYETbCS METOAOM CMiKaHHS1 3 YTBOPEHHSIM AOCTATHBO
BENMKOI KiNbKOCTi APiOHUX chpakLiit, Lo NOB’A3aHO 3:

HenpaBWbHOK pPybG4YacTo POPMOLD, PUXIIO Ta
abpa3nBHOO NMOBEPXHEID YACTOK, AKi CKragalTbcs 3
BENMKOI KiNIbKOCTI MOPOBUX KaHaniB, OKpiM LbOro, ar-
nomepaTty Bractuea cpisudHa Ta XimidyHa HeogHopia-
HICTb;

0CcobnuMBICTIO TEXHOSOriI OTPUMaHHS, a came npo-
LIeCOM OXOJTO[PKEHHSI CMEeKiB MeTogoM MOKporo abo
CYXOrO raciHHa — AJ1is KOKCy, abo NpOCMOKTYBaHHAM
Yepes Lwap 3asganerigb 3pyMHoOBaHOro nupora xonoa-
HOro MOoBITPsl — A8 arromMepary, nNpu LboMy rpagieHT
TemMnepaTtyp Ha MeXi «Cnek-OXONompKylde cepepno-
BuLLe» gocsrae 875 °C, a WBUAKICTb OXONOMKEHHS
konueaeTbca Big 8...12°C/xB y arnomepaty, 00
50...60 °C/xB y Kokcy. [26]

Taknii TEXHOMNOrYHMIA npouec OTPUMMaHHSA AaHol
CYPOBVHU CTBOPIOE NepefyMOBU ANA BUHUKHEHHSA B

LMaTKax 3asULLKOBOI TEPMIYHOI HaMpyru, CKOHLEHT-
pOBaHoI, NepeBaxHo, B MiCUSAX YTBOPEHHS AedekTis
(TpiWMH, HEOAHOPIAHOCTEN) | B 30HAX MaKCUMarnbHUX
3Ha4eHb rpafieHTiB TeMnepatyp Mpu OXONOOKEHHI,
TO6TO Ha MOBEPXHi OKPEMMX LLUMATKIB.

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

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

OuiHka BNAMBY Hanpy>XeHoro cTaHy 4acToK Ha rpa-
HYNOMETPUYHUIA CKNag arnomMepary i KOKCy npu 1Moro
nepeMilLeHHi MO TPaKTy LWMXTonodadi AOMEHHOI nevi
BMKOHYyBaracs LUnsXoM Bigbopy npob B KOHTPOMNbHUX
Toukax TpakTy wuxTtonogaui ArN-8 NAT «ApcenopMiT-
Tan Kpusun Pir» 3 ueHTpanbHummn ByHkepamu, ronos-
HVMM Y/YHOM B TOYKax MNOAAHHS i PO3BAHTaXEHHS KOKCY
i arnomepary 3 nogarnbLlUUM PO3CIBAHHAM MO MEXHOMY
Knacy, AKin ans arnomepary i KOKCy cknagae -5 mm ta
-25 MM, BignoBigHo.

Ha nigcTaBi oTpumanux pesyneTaris 6ynuv nobyno-
BaHi Jiarpamu, LU0 XapaKTepusyoTb BMICT B MacuBi ar-
nomMeparTy i KOKCY HEKOHAMLIMHNX dopakuin (puc. 4).

17
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@ ATJO-T MET. BUp-Ba 16,2 18,41 10,12 11,72 12,15 15,39
_E] Armo-t HKI'3Ka 10 11,3 5 53 5,45 8,25
B Kokc 3,85 4,5 1,15 16 1,65 3,85
Touka Bi1OOpY TIPOO
| - 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

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-
Ainy po3mipiB 4acTok noYaTkoBOro MaTepiany (puc. 5).

il T T
oot 2
£ 7
5 40 j |
2

. 80
Po3wmip yacTuHOK, MM
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



Nol, 2024 ISSN 1028-2335 & e sommewmisriiiik

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.

JIleopis i NPaKMUKg Memarypeii

JocnigpKkeHHAMN BCTAHOBMNEHO, L0 HanOinbLNIA
BM/MB B TEMEPILLUHIN Yac Ha EHEPrOEMHICTb JOMEHHOIO
BMPOOHULITBA YMHUTb OY>XE BEITUKUIA BMICT HEKOHOW-
LiMHMX bpakuii y KOKCi Ta arfiomeparTi, sKi yTBOpHo-
IOTbCS B HACNIQOK iX TPAHCMOPTYBaHHSA Ta NepeBaHTa-
XKEHHS Ha TPaKTi LUMXTONIATOTOBKU MeTanyprinHoi cu-
poBuHW. [itodi rpoxoTn Ang BiAaciBy HEKOHOWULINHMX
dpakui MatoTb HU3bKY €(PEKTUBHICTb IPOXOYEHHS, Lie
NOB’13aHO rOMOBHUM YMHOM 3 3abMBaHHAM Cito4Oi No-
BEPXHi, WO He Aae 3MOory 3HU3UTK BMICT Api6’'Asky B
CKIiNOBIW LUNXTI.

Taknum YHOM, AN 3BMEHLLEHHS] EHEPrOEMHOCTI 0-
MeHHOro BMpobHuLTBa Tpeba 3HanTh Ta obpaTu Taki
TEXHIiYHI pilleHHs1, ki 6 JO3BONUNN CYTTEBO HA TPaKTi
NiAroTOBKM MeTanyprinHol LUMXTW OO NfiaBKM 3MEH-
LUNTK YacTKy HEKOHAMUINHMX dopaKuii arnomeparty Ta

BucHoBku KOKCY, SIKi NOCTynatTb B AOMEHHY Miy.
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JlocaixeHHA TIAPOAMHAMIYHHX NMPOIECiB KOBIIOBOI BAHHHU IPH MPO-

AYBIIi Yepe3 JOHHI YTTHOBI NPUCTPOI

06’ckm AocnidxeHHs — 2i0poOUHaMiYHI MPOUECcU KO8WOo8OI 8aHHU Npu nNpoodysui Yyepes OoHHI Oymmbosi npucmpoi.
Mema 0ocnidxeHHs1 — 8CMaHOB8IIEHHS OCHOBHUX NPUHYUIiE ghopmysaHHs1 6apbomaiHoI 30HU i ii ennugy Ha wap wnaky,
a makoX ouiHKa eghbekmusHocmi 8udasieHHs1 HeMemaregux 8KII0YeHb Mpu no3anivyHit obpoui cmarni Ha ycrmaHosuj «Kiguw-
niyy.

HocnidxeHo cmaH numaxHs no3ariqyHoi 06pobKu cmarii Ha ycmaHo8UI «Ki8W-rliy», KUl rnokasas, wo Ha egheKmuesHicme
pobomu OaHo2o aspescama mae 3Ha4HUU 8rnnue npodysKa BKIIHYarHu po3matlysaHHsi OOHHUX rPodyeHux 6rokie ma
iHmeHcusHicmb mMacornepeHeceHHs. Criuparoyuck Ha rposedeHuli aHani3 fimepamypHuUx 0xepes, po3pobrneHo memo-
OUKy eKcriepuMeHmy ma CmeopeHo 1abopamopHy ycmaHo8Ky 071 npo8edeHHs (Pi3u4HO20 MOOEesIH08aHHS Ha XOI00HIl
modeni. CmeopeHo MamemamuyHi MOOesi Ha OCHOBI SKUX MoXe Bymu onucaHo 8riug mexHoso02idHuUX ghakmopie makux
SK: pexumu rnpodyeKu, posmauysaHHsi Oymmb0o8UX MPUCMpois, sucoma wiiaKy, Ha eumpamu HelimparbHO20 2a3y i 8
€800 Yepay Ha 3MiHy Mamepiario- ma eHep2oeMHICMb cmarii pu no3aniyHit o6pobu.

Bu3sHadeHo, wo 36inbweHHs iHmeHcugHocmi npodysKu npu3godums 00 3pocmaHHsA eghekmusHocmi 8udarneHHs HemMe-
maresux 8KIMo4YeHb 3a paxyHok binbwoi 6apbomaxHoi 30HU, 30Kpema, 8i0comoK audaneHuX 8KITrYeHb 3pocmac 8i0 8%
rpu 100 n/xe do 22% npu 800 n/xe sumpam 2a3sy. OKpiM moeo, ornucaHo 8Mnau8 Pi3HUX napamempie, makux sk po3ma-
wysaHHs npodysHux briokie, Ha 83aeMo0dit0 2a308020 MOMOKY 3 MemasioM i WiakoM, a MmakoX iX erniue Ha ymeopeHHs
rpo0ysHoI nasiMu i memnepamypy mMemarnesoi 8aHHU. Pe3ynbmamu ¢hidu4Ho20 MoOes8aHHs i MameMamuYHi Moderi
00380/15110Mb ONMMUMI3y8amu rpoyecu no3ariyHoi 06pobku cmarii, WO Crpusie MOKpauwjeHHI0 IKocmi 20moegoi npodyKuii.
Knro4doei cnoea: ycmaHoska «kigw-nivy», npodysHa nnsma, ¢isudHe molertosaHHs, bapbomaxHa 30Ha, npodyska
iHEPMHUM 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
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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 Marepiano- Ta
€HeproemMHOCTi cTani npu obpobui cTani Ha yCcTaHoBL
«kiBLw-nivy» (YKI) € goTpyMaHHA BCTaHOBMEHUX pe-
XUMIB NpoayBKK, SKi CYTTEBO BNNMBaloTb Ha hop-
MyBaHHsi 6apboTaXKHOT 30HM.

MpooyBka MOXe 30JIMCHIOBATUCA PI3HUMW METO-
AaMmu, 3o0Kkpema 3Bepxy abo 3HU3y Yepes AOHHI OyTTb-
OBi NPMCTPOI. BinbL NOLWMPEHOI B CBITOBIN NpaKTULi
BBaXXaETbCSA NPOAYBKa Yepe3 AOHHI AyTTbOBI MPUCTPOI
3 pi3HMM iX MiCLeM po3TallyBaHHs. B 3anexHocTi Big
po3TallyBaHHS  MNPOAYBHWUX  OfokiB  3MIHIETLCSA
B3aemogisd 6apOoTaXHOI 30HWM Ha rpaHuui MeTan-
Linak, Wo B CBOK Yepry BMfvMBae Ha YTBOPEHHA Npo-
OyBHOI NNsMK1, 3 nogansWwmnMMmn BTpataMu Tenna.

[ns 3abe3neyeHHst 3agaHUX NapameTpiB rigpoan-
HaMIKM KOBLLOBOI BaHHW NpoaysLi cTani, noctae nu-
TaHHA BUOOPY PO3MILLEHHS AOHHMX OYTTbOBUX MpPU-
CTPOIB Ta iHTEHCMBHOCTI NpodyBku. B 3B8’A3ky 3 umm

BUKOHAHHA JOCHIIKEHHSA rigpoAnHaMIYHUX ABULL, KOB-
LLIOBOT BaHHW NpuW NPOAYBL|i Yepes AOHHI AyTTLOBI Npu-
CTPOi, siKi HanpaBneHi Ha BCTAHOBMEHHS OCHOBHUX
NpuHUMNiB doopMyBaHHSA 6apboTaxHOT 30HM i iT BNMBY
Ha Luap LUMaky, a TakoX Ha edPeKTUBHICTb NPOoLECiB BU-
JaneHHa HemeTaneBuX BKIHOYEHb NPU MNO3aniyHin
06po6ui ctani Ha YKIT € gocuTb akTyanbHo 3agadyeto.

AHani3s nitepaTtypHux gaHux

MosaniyHa o6pobka cTani Ha yCTaHOBLi «KiBLU-MiY»
€ HeBid’EMHMM eTanom Mpu BUFOTOBMEHHI BUCOKO-
SAKICHUX MapoK cTani, sika BKroyae B cebe npoLec npo-
OyBKW iHEPTHMM ra3oM ANns romoreHisadii XiMiYHOro
ckragy crani i ycepeiHeHHs TemnepaTypu, Lo cnpusie
BUAANEHHIO HEMeTaneBux BKM4YeHb. Bigomo, Lo xa-
pakTep Ta iIHTEHCUBHICTb pyXy CTari B KOBLLi 3anexarb
BiO psay napameTpiB NpoayBKW, siKi BNNMBAKOTbL Ha 1i
eeKTUBHICTb, 30Kpema Ha CTyMiHb romMoreHisadii me-
Tanesoi BaHHM [1].

ABTOpamu poboTu NpeacTaBneHi pesynbTaTi nNpo-
MUCIOBUX i NabopaTopHMX JocnigkeHb ABOGa30BOro
noToky, 6apboTaXXHOT 30HM | PO3pMBY LLNAKOBOrO MO-
KpOBY Mpu NpoAyBLi piakoi cTani B KoBLi. [poMncnoBi
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OOCMiIKEHHS MPOBOAMIMMCS B 3aBOACBHKMX YMOBax B
30-ToHHOMy KoBuwi. [ig 4ac nabopaTopHUX [o-
CrniDKeHb BMKOpPWCTOBYBarnace rigpaeniyHa mogernb
koBwa (macwTab 1:4,5), npuyomy BUTpaTu rasy BCTa-
HOBMOBaNMCA BiANOBIAHO A0 kpuTepito nogobu Mop-
TOHa [2]. AnbTepHaTMBHI AOCNIMKEHHST NPOLECiB ne-
peMilLlyBaHHSI i pO3pUBaHHS LLTAKOBOro NOKPOBY Mpo-
BeaeHi aBTopamu [3, 4]. Mpu Yomy B AKOCTi KpuTepito
nopobu 6yno obpaHo kputepin Ppyaa.

B pobori [5] npuBeaeHi aaHi, wWoano BNNmMBY posTa-
LWYBaHHS JOHHMX NpOAyBHUX OrokiB Ha ehEKTUBHICTb
padiHyBaHHS cTani Ta NPOPUB LLIAKOBOrO MOKPOBY B
KOBLi, 9Ki MaloTb HeraTMBHUIN XapakTtep npu nosa-
nivHin 06pobui. bynbbalku rasy, wo 6apboTyoTh nig
Yyac npodyBaHHs MeTaneBoi BaHHW, CApPUSIlOTb
paciHyBaHHI0. [pu 36inbLUEHHI IHTEHCUBHOCTI Maco-
nepeHeceHHs B KOBLUI BigbyBaeTbCA BUPIBHIOBAHHSA
xiMiyHOro cknagy Ta Temnepatypu B ob’emi meTany.
[na nigBuEeHHA eeKTUBHOCTI BUAANEHHS HEMETa-
NEBUX BKIIOYEHb, HA OCHOBI NPOBEAEHMX OOCTIiAXEHb,
aBTOPV PEKOMEHOYHTb KOHAirypauito npogyBHUX
6GrokiB 3 piBHMM po3noginiom noToky (1:1) Ta ogHako-
BMM pagianbHum poatawysaHHam conen (0,7R/0,7R,
45 rpagyciB), sika MiOXOAUTb SK AN HU3bKUX, TaK i s
BMCOKMX LUBMAKOCTEN NOTOKY rasy.

ABTOpamn poboTu [6] BiamiYeHO, WO BUAANEHHS
HemeTaneBunx BKNOYEHb 3i CTani Npy NpoaysLi iHepT-
HUMW ra3amu BiaOyBa€ETLCA 3aBASIKN iX MPUKPIMMEHHIO
0o bynbballkm Ha Mexi meTan-ras, a Yac HeobxigHU
ans ix nepexogy 4vepes MixkdasHy Mexy meTtarn-ras,
Moxe ouiHoBaTucs sk 104 — 106 c. Lle cBigumTb npo
Te, WO NpakTu4Ho byab-sake 3iTkHeHHA HB 3 6ynbbalu-
KO0 ra3y HesanexHo Bif ii XimiyHoro cknagy i rigpoau-
HaMiYHMX YMOB MOBWMHHO NPMBOAUTM [0 NPUKPINIIEHHSA
HemeTaneBoi asu oo bynbballku.

Ha nigcTasi npoBeaeHux gocnigkeHs asTopamu [7
— 9] oTpymaHo gaHi ki cBigvaTb npo Ginbw edek-
TUBHE BWOANEHHS HEMeTaneBuX BKIOYEHb Mig 4vac
npoAyBaHHSA 3HWU3Y HiXX NPy NpoayBLi hypMoto 3BepXy,
npuyomy npm 36iNblUEHHI KinbKOCTi NpodyBHUX 6rnokis
eeKTUBHICTb BMAANEHHS BKIMOYEHb TaKoX 3pOCTae.
Lle obymoBneHo Tum, LWo GinbLua KinbKiCTb BKMHOYEHb
BTANYETLCH B LIMPKYNALINHWA NOTIK i NepeHoCcUTLE B
wak. Mpu YoMy, nepLui 2 XBUNMHWN BUAanNeHHs Biaody-
BaETLCA Oinbll IHTEHCMBHO HiK HACTYMHI, WO Mosic-
HIOETBCS 3MEHLLEHHSM KinbkocTi HB Ta 3B0poTHUM 3a-
XOMMEHHSIM HEMETANEBUX BKITIOYEHb B LIMPKYNALINHWNA
MNoTiK.

B pobotax [10, 11] npuBegeHa oLiHka BNNnBY BAY-
BaHHS aproHy B pO3MraBneHy cTasnb Ha ii YMCTOoTY, Wo
BM3HAYaETbCS BMICTOM HEMeETareBux BKMOYEHb Npu
npogyBaHHi Ta 6e3 npodyBaHHS aproHom. TprBanicTb
BAYBaHHSI aproHy B CTallb Ma€ AyXe 3Ha4yHUN BNIvB
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Ha KiHLEeBWI BMICT HemeTanesux BKItoYeHb. KopoTkui
Yyac BAYBaHHsI aproHy abo mManuii 06’em aproHy Moxe
npu3BecTM A0 TOro, WO KiHUEBMIA BMICT BKIHOYEHb
MoXe ByTu BULLIMM, HiXX Ha noyaTtky. MiHiManbHuiA Yac
Npo4yBK/ aproHoM, HeobXigHUM Ans 3MEHLUEHHS
BMICTYy HEMETaneBMX BKMOYEHb, CTAHOBUTb 7 XBUIWH,
a pekomeHaoBaHa BuTpaTa aproHy — 10 niTpis Ha xBu-
NnHY.

AHaniTu4yHM ornsg HaBeaeHux BuLe pobiT noka-
3aB, WO Ha edEKTUBHICTb YCepeOHEHHS XiMiYHOro
ckragy Ta TemnepaTypu cTarni, a TakoX npoLeciB
padiHyBaHHS Big HeMeTaneBuX BKIHOYEHb 3HAYHUI
BMNMB Mae cnocib niaBeaeHHs rasiB, iHTEHCUBHICTb
MOro nogadi i Micuga postallyBaHHSA JOHHUX NPOAYBHUX
6rokiB. Kpim Toro, BoyBaHHsS1 aproHy B pO3nsiaBrieHy
CTanb 3Ha4yHO BnnvBae Ha BMIcT HB, wo nigkpecnioe
BaXXMMBICTb KOHTPOIMIO 3a TPUBAnICTIO Ta 06’eMoM BAy-
BaHHA rasy Ansg [OOCSArHeHHs OaXkaHoro KiHUEeBOro
ckrnagy crtani. Tomy akTyanbHOK 3adadero € npoBse-
OEHHSA JocnigkeHb MO BWMBYEHHIO TiApPOAUHAMIYHMX
npouecis, siki BiabyBaoTbCs nig 4ac 06pobkm cTani Ha
YKIT npu npoayBLi Yepes AOHHI AyTTbOBI NPUCTPOI.

MigroToBka fo isnyHoro moaentoBaHHA NPo-
LeciB rigpoanHamiku KOBLUOBOI BaHHW npu nosa-
niyHin o6pobui cTani

Knio4yoBMM 3aBOaHHSAM MNpU 3HAXOKEHHi 4ducen
nopibHocTi Ana isnyHOro mopgenioBaHHA € BuUBIp
Hambinbl 3HaYyLMX nNapameTpis, SKi BNMMBaOTb Ha
aocnigpkyeaHui npouec. Buxogaum 3 aHanisy npouecy
Ta NOriYHMX MipKyBaHb CKNMageHO CYKYMHICTb 3 He3a-
NeXHUX  I3NYHMX BEMUYMH, $KIi  XapakTepusyoTb
disnyHy cuctemy 3paska, WO MoaenteTbcs. Buxo-
O94M 3 NOriYHMX MipKYBaHb NPUNHATO, LWO Ha Npouec
YTBOPEHHA MPOAYBHOI MMsMW BNAMBaKOTb: 00'€MHA
BUTpaTta rasy - (.; OiameTp BCTaBku - d; TOBLUMHA
wiaky — hun; rmMmnbrHa BaHHM - her; B'I3KICTb PiguHK - v;
NOBEPXHEBWUI HATAr — Ocr; 'YCTUHA CTari — Per; NYCTUHA
LUNAKY - Puwn; FYCTUHA rasy — Pras; MPUCKOPEHHS BiNb-
HOro nagiHHs — g.

Ons mopgentoBaHHA 06UpPaHO MOBHOMAKTOPHWUIA
€KCMepyMEHT 3 BapiloBaHHSIM KOXXHOrO napameTpy Ha
TPbOX PIBHAX: HWKHbOMY, BEPXHbOMY i HYNbOBOMY.
KinekicTe  gocnigis ans  exkcrnepumeHty 3 Asoma
3MiHHUMKW MapameTpamMu ANg O4HOro po3TallyBaHHS

npobok cknagae n=3%. Omke Ons ABOX BapiaHTIB
po3TallyBaHHA NPOAYBHUX BOKIB (0OMH NO LIeHTPY U
ABa Ha nepudepir).

[na nposegeHHA OocnimpKeHb rigpoanHaMikm KOB-
LLIOBO| BaHHW NpW NPOAYBLi Yepes3 OOHHI AyTTbOBI Npu-
cTpoi Gyna cTBopeHa nabopaTopHa yCTaHoBKa Ans
XOIo4HOro MOAENOBaHHS, ska 306paxkeHa Ha puc. 1.
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Puc. 1 — Cxema ekcnepuMeHTanbHOI yCTaHOBKM

Hocnig npoBoamBecsa Ha nabopaTopHoMmy obnagHa-
HHi kadbedpn meTanyprii YaByHy i cTani, Ake cknaga-
nocs 3: 1 — komnpecop, 2 — peaykTop, 3 — BOAHUA Ma-
HOMETp, 4 — NaMna HakanwBaHHs, 5 — Moaenb ycra-
HOBKM «KiBW-NiY», 6 — pigMHa iMmiTytoda MeTan,
7 — piavHa iMiTyoua wnak.

Hocnign npoBognnucsa 4epes ABa NOpPUCTMX NpO-
OyBHUX B6oka po3TalloBaHUX Ha nepudepii kKoBLLA, Ta
yepes LEeHTpanbHWUI NPOAyBHWI OMOK, 3i 3MIHEHHAM
TOBLUMHM Wwnaky (8 MM, 9 MM, 10 MM) Ta pexumis npo-
OyBKW: ycepegHiooda 1,8 n/xB xapaktepHa Aans
nepiogy HarpiBy metany, iHTeHCuBHa 2,6 n/xs — nepioa
necynbdypauii metany, Ta padiHytoda — 0,32 n/xs.
KoHTpontoBanucss HacTynHi mapameTpu: TUCK rasy,
po3TallyBaHHsI NPOAYBHMX BMOKiB, TOBLUUHY LUMAKy Ta
MNIOLLY OrofieHOI MOBEPXHi MeTany.

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

MoZensx B ymoBax HabnmkeHux oo Hatypu. [pu no-
Aadi OoyTTa 4Yepe3 MOpWCTi BCTaBKM, YTBOPHOOTLCSH
Bynsbalukw, ski nig gieto cunu 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 isndHoro Moge-
NOBaHHsS OTPUMaHO Bigeo channu ski 0ynm poskagpo-
BaHi Ta NpoaHani3oBaHi 3a JOMNOMOIo MPOrpaMHOro
npoaykty Adobe Photoshop. Ha pucyHky 2 306paxeHo
BUMMAL MoAeni BaHHW Npv NpoAyBLUi Yepe3 Nopucty
BCTaBKy pO3TaLlOBaHy MO LEHTPY KOBLUA 3 MiHiManb-
HAMW Ta MakcumanbHumMmn BuTpatamu rasy 0,32 i 2,6
n/xs.
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Puc. 2 —NpoayBka cTani Yepes3 NoOpUCTy BCTaBKy po3TallOoBaHy Mo LIEHTPY KoBLIA: @ — 06’eMHa BUTpaTta rasy
0,32 n/xB; 6 — 06’emHa BuUTpaTa rasy 2,6 n/xe

Ha pucyHky 3 306paxeHo BUrmsg mModeni BaHHU
npw NpoayBLi Yepe3 NOPUCTi BCTaBKWN po3TalloBaHi Ha

nepudepii KOBLLUOBOI BaHHM 3 MiHiIManbHUMN Ta Mak-
cumanbHuMn Butpatamm rasy 0,32 i 2,6 n/xe, sii
Bignosigatotb 100 i 800 n/xB Ha npoTOTMNI.

Pwuc. 3 — MNMpoayBka cTani Yepes NoOpuCTi BCTaBKM po3TalloBaHi Ha nepudepii koBwa: a — o6’eMHa BuTpaTa
rasy 0,32 n/xB; 6 — 06’emHa BuTpara rasy 2,6 n/xs

B tabnuui 1 HaBegeHi pesynbTatv MOLENOBAHHS
rigpoAnMHaMiku KOBLUOBOI BaHHM, 30Kpema po3Tally-
BaHHA Npobok y gocnigax, ob’emMHa BuTpaTa rasy q,
BMCOTa Wnaky huwn, NOKa3HWKM BOOASHOrO MaHOMETpPY

Ahwuan, CEPEOHBOBUTPATHA LUBUAKICTb rady W, BigHOCHa
nnoLla oroneHHs a3epkana metany Sps Ta 6e3po3mip-
HWUIA KpUTEPIN TT1.

Tabnuuga 1

PesynbTat gocnigxeHb rigpoavHamiku KOBLLIOBOIT BaHHU
Ne po- | PosTtaw. q,
cnigy npo6ok n/MuH hun, MM | Ahua, M| W, Mic Sas m
1 0,322 8 0,148 04 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
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4 0,321 8 0,124 0,4 0 41,189
5 Nepudbepis | 1,816 8 0,254 23 0,6135 | 233,24
6 2,602 8 0,383 32 0,6687 | 334,29
7 0,324 9 0,149 0,4 0 41,618
8 LieHTp 1,810 9 0,277 23 05578 | 232,52
9 2,601 9 0,406 32 0,6806 | 334,08
10 0,323 9 0,125 0,4 0 41,43
11 Nepudbepis | 1,816 9 0,255 23 0,4294 | 233,32
12 2,603 9 0,384 32 0,6319 | 334,38
13 0,322 10 0,150 0,4 0 41,39
14 LieHTp 1,811 10 0,278 23 0,4649 | 232,61
15 2,599 10 0,406 32 05739 | 333,82
16 0,324 10 0,126 0,4 0 41,67
17 Mepudbepia | 1,817 10 0,256 2,3 0,4847 | 23341
18 2,601 10 0,385 3,2 0,6319 | 334,13

Ha nepwomy eTani gocnimpkeHb npoayBKy nNpoBse-
OEeHO Yepes NopUCTY BCTaBKY PO3TalLLOBaHy Mo LEHTPY
YCTaAHOBKWN «KIiBLU-Mi4» NP TOBLUMHI LUMAKOBOrO Mo-
Kposy Big 8 Ao 10 mm, Ta 3 BuTpatamu rasy Big 0,32 oo
2,6 n/xB. BcTtaHoBNEHO, WO Npy NpoayBLi 3 MiHiManb-
HAMW BUTpaTaMn rasy posnnaB 3HaAXoaAUTbCA B
CMOKIMHOMY CTaHi, Npy LibOMy B3aemogis 6apboTaxHol
30HM 3i LLITAKOM BMpaXKeHa He3HaYHUMK 30ypPEHHAMM,
AKi YHEMOXIMBIIOOTh 3aTArYBaHHS LUMaKy B po3nnaB
He orontoroyy Asepkano metany. [Npu 36inbLweHHi BUT-
part rasy LUakoBui MOKPOB 3HAxXoaUTbCs y HecTabinb-
HOMY CTaHi, Yepes Le BiabyBaeTbCA 3aHypeHHs kpa-
nenb Wwnaky B metan. MNigBuLEeHHs iHTEHCUBHOCTI Npo-
OYBKW NPU3BENO 40 PO3LUMPEHHS diameTpa npoayBHOI
nnsMu, Yepes LWo 36inbLUyTbCA BTpaTh TEMNNOTH B aT-
Mocdgepy nedi. 30inblUeHHS BUCOTU LLSIAKOBOro Mo-
KPOBY CMpUSiE 3MEHLUEHHIO AiaMeTpa BigKpUTOI Npo-
AyBHOI Nnsimu (puc. 2).

Ha gpyromy etani — npoayska BUKOHaHa 4epes ABi
NMOPUWCTi BCTaBKU pO3TalloBaHi Ha nepudepii kosLua
npv TOBLLMHI LLNAKOBOro NokpoBy Big 8 mm oo 10 mm,
Ta 3 BuTpatamu ragy Big 0,32 n/xe 0o 2,6 n/xs. Npu
padpiHytoyin NpoayBLi po3nnasB 3HaXOAUTLCS Y CMOKiN-
HOMY CTaHi, NOBEPXHSA LLMAKOBOIO MOKPOBY XapakTe-
pU3YETLCS MiHIMaNbHUMK 30YPEHHSAMY HE YTBOPHOHOYM

BuTpara rasy, /xe

NPOAYBHOI MAsIMU, LLO CNpusic 30epexeHHI0 TennoTn
MeTaneBol BaHHOK. AKLLIO MOBEPXHIO BAHHU YMOBHO
pO34innTK Ha YOTUPU CEKTOPU, TO MOXHA NobaunT, siK
OynbbalKkn HewTpanbHOro rasy, NpoxoasATb 4epes
Liap wnaky B cektopax 3 Ta 4. [1pu iHTEHCKBHI nogavi
rasy BiaOyBaeTbCHA 3CyB LUMAKOBOro MOKPOBY [0 Npo-
TUNEXHOro npodyBHUM Bnokam GopTa KoBwia. Xo4a
30inbLUEHHS NOTY>KHOCTi NepeMilLyBaHHS CNpUsiE Npo-
TikaHHIO Npouecy Aecynbdypaldii, Ta € IMOBIPHICTb 30i-
NbLUEHHA B CTani BMICTY HEMEeTarneBnx BKIOYEHb, 3a
paxyHOK 3aTAryBaHHsI BiApWBIB LUNAaKy KOHBEKTUBHUMM
noTokamu B PO3MiaB, | Yepe3 OKWUCMEHHS OrorieHoro
A3epkana meTarny B 30Hi NpoayBHOI nnsimu (puc. 3)

B xoai npoBeaeHHs AocnimkeHb, Oynn oTpuMaHi pi-
BHSHHSA, SKi Aal0Tb 3MOry BU3HaYUTK, OCHOBHI NPWH-
uunu dpopMyBaHHs1 6apboTaXKHOT 30HM i Ti BNNMBY Ha
Lap wraky, npy1 NpoayBui Yepe3 NpoayBHi OrokuM Lo
3HaxoOsATbCs MO UEHTPY i Ha nepudepii. 3a oTpuma-
HAMW MaTEMaTUYHUMU MOLENAMMU, SKi BiATBOPIOKOTH
pearnbHi yMOBM Mpu MNpoAyBLUi HEWTpanbHUM ra3om,
BMKOHAHO pO3paxyHK/ napameTpie 06pobku meTany B
koBLWi Ta nobydoBaHi TpMBUMIPHI diarpamu (puc. 4 —
5).

100%

N )
2 3 3 =
X IS 5] 2
OroneHHA BigHoCcHOI naowyi
A3zepkana metany, %

.
4

0,22

o
%
&
ToBLHMHA WAAKY,

Puc. 4 — Bnnve BMCOTM LUNAKy Ta iHTEHCMBHOCTI NPOAYBKM Ha MIIOLLY PO3KPUTTSA NPOAYBHOI NNSMY NPy nogavi
rasy yepes nNpoayBHi 610K/ po3TalloBaHi Ha nepudepii koBLa
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Puc. 5 — Bnnus BUCOTYM LLNaKy Ta iHTEHCUBHOCTI NPOAYBKW Ha NIOLLY PO3KPUTTS NPOAYBHOI NASMKU Npy nogadi
rasy 4yepes npoAyBHi 6oku po3TalloBaHi No LeHTPY KOBLUA

OTpumaHi 3aneXxHOCTi MoLLi NpoayBHOI NNsIMK Big,
TOBLUMHW LLMAKOBOrO LWapy Ta BUTPAaT rasy sikuiA no-
AaeTbCs Yepes NpoayBHi 6510kn po3TalloBaHi Ha nepu-
depii noKasyrTb, L0 Ti MakCcuMarnbHe PO3KpUTTS CKia-
nae 67,1 %, npu MiHiManeHin ToBWWHI wnaky 0,2 m,
Togi SK Npu 36inblUeHHi TOBWMHKU wnaky o 0,24 m
nnowa 3meHwyetbes 0o 59,7 %. Wo go poskputta
NpoAyBHOI NNSMMW, MPU BUKOPWUCTaHHI LEHTPanbHOro
npoayBHOro 6noky (puc. 5), To BOHO Mae Taky X 3a-
NEeXHICTb — npy TOBWMHI wnaky 0,2 M OroneHHs
BiAHOCHOI nroLli A3epkana cknagae 6nusbko 61,5 %,
a npu 0,24 m wnaky — 59,2 %. 3i 30iNbLEHHAM iHTEH-
CMBHOCTIi MNpoAdyBKM BigHOCHa nnfowa npoAyBHOI

Tabnuua 2

nnamm 30iNbLUYETLCSA 3a paxyHOK B3aemogii 6apbo-
TaXHOi 30HI Ha rpaHuui MeTan-wnak go 750 n/xs, a
npw BinbLU iIHTEHCUBHI NPOAYBLi PO3KPUTTSA Malxe He
BioOyBaeTbCS.

3aranbHuUn BuA PIBHAHHSA, SKMA [03BONSE poO-
3paxyBaTy BiGHOCHY MIoLLy NpOAYBHOI NAAMU:

_ n m
S=Axq"xh, ", €))
ae A, n, m - eMnipn4Hi KOeILIEHTN, BEMNYMHN SKNX
ANs pisHWX BapiaHTiB po3TallyBaHHS NPoOBOK npen-
CcTaBneHi B Tabnuu,i 2.

EmnipunyHi koedilieHTU MaTeMaTu4Hol Moaeni ANA po3paxyHKy 3MiHW NOLL NPOAYBHOI MAsSMU

Po3millleHHs npoayBHMX GI10KIB A n m
LEHTP 1,82x10-28 9,1 -0,22
nepudepis 1,36x10-28 9,3 -0,61

Ha ocHOBi OTpuUMaHWX [OaHWX BWKOHAHO OLlHKY
eeKkTUBHOCTI BMAaneHHss HeMeTaneBux BKNOYEHb B
JocnimpkysaHoMy Aianas3oHi NPoAyBKU NPW No3aniyHin
06pobui cTani Ha ycTaHoBLi «KiBLU-NiY». IMOBIpHICTb
3aKpINneHHs: BKNOYEHHS Pa Moxe ByTn onucaHa sk
BIJHOLUEHHS Mo OOMEXEHOK KPUTUYHUM fAiaMeT-
pPOM 3axOnrieHHs1, Yepes sikuni nnvee Oynbbaluka, Ao
30%

25%
20%
15%

10%

5%

Bif,COTOK BUAANEHHX HeMeTaNeBHX
BKAOYEHb

0%

0 100 200 300

nnowli obmexeHoi cymoto diameTpiB Oynbbaluku i
BKMOYEHHSA [12-14].

Ha pucyHky 6 3o06pakeHo rpadik 3anexHocTi
edeKkTNBHOCTI BUAANEeHHs HemeTaneBuX BKIOYEHb
Bif IHTEHCMBHOCTI NPOAYBKW CTarsi B KOBLLi.

400 500 600 700 800 900

IHTEHCMBHICTL MPOAYBKM, N1/XB.

Puc. 6 — Bnnue iHTEHCMBHOCTI NpogyBKM CTani Ha BiACOTOK BUAANeHHA HeMeTaneBumx BKITIOYEHb
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3i 36iNbLUEHHAM IHTEHCUBHOCTI NPOAYBKW BiACOTOK
BMOANEHUX HeMeTaneBuX BKIOYEHb 3pocTae, Yy
3B’A3Ky 3i 36inblweHHs o6’emy 6apboTaXXHOI 30HM,
OCKINbKM iX BuganeHHs BiobyBaeTbCcs 3a paxyHOK Npu-
KpinneHHs o Oynbbaluky Ha mexi metan-ras. [Npu
BuTpaTax rasdy 100 n/XB KinbKiCTb BUAANEHUX HEMETa-
neBux BKMOYeHb cknagae 6mm3bko 8% 36inbLumBLLK
iHTeHCMBHICTb Npoaysku Ao 800 n/xB iX KinNbKiCTb ckna-
aatume 22% Bcix HB.

BucHoBku

3a pesynbTatamu NpoBeAeHUX AOCHiIKEeHb OTpu-
MaHi 3anexHOCTi BMAMBY BUTpaT rady, po3TallyBaHHs
NpoAyBHUX ONOKIB i KiNMbKOCTi LWNaKy Ha BiQHOCHY
nnowy npogyBHoi NnsMn. 36inbLieHHs 06’eMHMX BUT-
paT HEWTPanbHOro rady, Npu po3TallyBaHHi JyTTbOBUX
NPUCTPOIB NO LIEHTPY | nepudepii, NpM3BOANTL 40 CYT-
TEBOro 36inblUeHHs 30HM BapboTtaxy, npu uboMmy
BiOMIYEHO, L0 MPU BUKOPUCTAHHI MOPUCTOI BCTaBKM
pO3TalOBaHOiI MO LEHTPY KOBLUA LUMAK AOCUTL piB-

JIleopis i NPaKMUKg Memarypeii

HOMIPHO 3MilyeTbCa 00 nepudepii, a npu BUKOpU-
CTaHHi [JBOX BCTABOK LUJIAK 30CEPESKYETLCA B MPOTU-
NEXHIN CTOPOHI KoBLUA Bif iX pO3MiLeHHS. BigMiHHO
0CcobGnMBICTIO NPOAYBKM Yepes3 ABa NpoayBHMX 6Moka,
ABMNAETECA YTBOPEHHS 3aCTiHOI 30HM SKa 3Haxo-
auTbea B cektopax 1 T1a 2.

BcTraHoBneHo, Lo npy MiHiMansHUX BUTpaTax rasy
LUMakoBMN NOKpMB 36epirae cTabinbHICTb, a NpoayBHa
nnsMa He YTBOPKETLCS, WO Cnpusie 36epexeHHto
Tenna B MeTaneBil BaHHi. 3i 306inblUeHHSM BuUTpaT
rasy LUNIAKoBUIA NMOKPUB CTAE HeCTabiNbHMUM, BUHUKAE
3aHYpPEHHS Kpanenb LWaky B MeTan i po3LMPEHHS
NpoAyBHOI NNAMK, WO 30inblye BTpaTh Tennotu. A
npu 36inblUeHHi ToBLWMHKM wraky Big 0,2 go 0,24 m
MakcumarnibHe PO3KPUTTS MPOOYBHOI MfsiMA  3MEH-
wyeTbes 3 67,1% 0o 59,7%.

BukoHaHW po3paxyHOK BMMUBY iHTEHCUMBHOCTI
NPOAYBKM Ha NpoLec BuaaneHHs HeMeTaneBux BKto-
YeHb. BcTaHOBMNEHO, LLIO BiACOTOK BUOANEHUX HEMETa-
neBuX BKMIOYEHb 3pOCTaE, 3a paxyHOK 36iNnblUeHHS

06’emy 6apOOTaXKHOI 30HW.
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Tepexos /.A., Cmosinos O.M., 'aaywkin M.B, Cycao H.B., I'yk €.C.
Koncrpykuil Ta aHaJi3 po0oTH 00J1aJHAHHA JJIA OJAAaYi CTAJi y

NMPOMIKHMI KiBII 6-TH CTPYMKOBOI0 M0JI3

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

AHomauis. Bpaxosytouu nocmitiHo 3pocmatodi gumoau 00 eKcrilyamauiliHux Xxapakmepucmuk rnpokamy, Habyseae ak-
myanbHocmi npobrnema nid8uU,eHHs1 SKOCMi 3a20MOe6KU, sika eu2omoerieHa 3a mexHorsiozieto besrnepepeHo20 po3nu-
8aHHSI.

PosensiHyma mexHonoeis nodayi memany cucmemu cmaneposanueHull Kisw (CPK) - geidkpumuti cmpyMiHb - npoMiXHUU
kisw (1K) copmoeoi mawuHu be3nepepsHo2o numms 3azomosok (MbBJ13). lNoka3aHo npouecu pyxy nomokie memariy 8
npedcmasneHil cucmemi. 3asHauyeHo ocobriueocmi KOHcmpyKuii enemernmis copmosoi MBJ13, ki 3abesneyyoms pauyi-
OHarlbHe NPOX00XXeHHsI Memarty, Wo posnueaemscs, 8 cucmemi CPK - gidkpumuti cmpymiHb - [1K. Lle 3abesneyye eghe-
KmueHe ¢hopMysaHHs1 Momokie cmari 8 nputivanbHit kamepi 1K i cmeoproe ymosu Orisi nid8UWEHHST SKOCmi Memarty.
Knrouoei cnoea: MPOMIXKHWM KIBLL, SIKICTb, MBJ13, CTAJIEPO3/INBHUM KIBLL, METAJ1, MOAEITFOBAHHS

Abstract. 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

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-
aTauiiHMX xapakTepucTuK CTaneBoro npokaty ocob-
NMBOI aKkTyanbHOCTi HabyBae npobnema nigBULLEHHS
AKOCTi 3aroToBOK npu GesnepepBHOMY PO3MMBaHHI
ctani. HanedekTuBHiwmMMm cnocobom po3B'A3aHHSA
LbOro 3aBAaHHs € BcebiyHe BAOCKOHANEHHsI TEXHOMO-
rii 6esnepepBHOro po3nMBaHHA cTani. TexHiyHi pi-
LUEHHs BAOCKOHaneHHs TexHornorii 6e3nepepBHOro
pO3nMBaHHA CTarni, 9K NPaBuIo, NoNAraTb B NepLly
Yepry y ynpaeniHHi rigpoanHamikolo MeTany B Npomi-
XXHOMY KOBLU.

Cuctema ctaneposnusHui kiBw (CPK) - Bigkputun
CTPYMiHb - npoMixkHmn ki (IMK) [1] € HanBaxxnmBiLLUM

Puc. 1. KomnoHyBaHHs1 copTosoi MBJ13:

TEXHOMNOrNYHUM eneMeHTom copToBoi MBJ13, wo not-
pebye BOOCKOHaneHHs TexHororil Ta obnagHaHHs [2].

Mg yac po3nuBaHHA CTani us cuctema 3HayHOI
MipOI0 BM3Ha4ae CTabinbHICTb NpoUecy pO3NMBaHHA
Ha No4YaTKOBOMY MOro eTani, fy)Xe BnnvMBatoymn Ha nig-
BMLLUEHHS SIKOCTi MeTany, WO po3nuBaeThes, i cTabi-
nNbHY poboTy MaLumHm [2].

MeTan i3 cTanepo3nuBHOro KoBLUA Y MPOMIKHUIA
KiBLU HAOXOOWTb BIAKPUTUM CTPYMEHEM Y MOMEHT Ha-
noBHeHHs K [1-2]. Ha puc. 1 npeacraBneHo KOMmo-
HyBaHHS obragHaHHa copTtoBoi MBJ13, wo 3abeane-
yye npoxomkeHHs pigkoi ctani 3 CPKy MK i gani kpu-
cranisartop.

1 - cTeHA CcTaneposnMBHOIO KOBLLUA; 2 - MK mawumHm; 3 - 30Ha BTOPUHHOIO OXOJNOMKEeHHA
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MoctaHoBKa npo6nemu. [igpoanHamika NOTOKIB Y
NPOMDKHOMY KOBLUI Mae BupilLanbHe 3HaveHHsA. [aHi
npo Tevilo MeTany B NPOMiIKHOMY KOBLUi € OCHOBOH
ONsi KOro BAOCKOHANEHHS.

CyuacHun npomixHun kisw MBJ13 € meTtanypriv-
HUM arperaTtomMm 6e3nepepBHOI 4ii, FOfIOBHUMMK 3aBAaH-
HAMK SIKOro € cTabinisauia TemnepaTypu pigkoi crani
Ta BuAaneHHs HemeTaneBuX BKMYeHb 3 Hel [1-4].
Cnocobu 1 ycnilwHe BUPILLEHHSA 3a3HavYeHnx 3aBAaHb
3HAYHO MipOtO 3anexarb Bif rigpoguHaMivYHUX 0cob-
NIMBOCTEN pyXy MeTany B MPOMIKHOMY KOBLUI, nNpsime
OOCRiMKEHHsT Akux nig Yac 6esnepepBHOro 1oro pos-
NBaHHS MPaKTUYHO Hemoxnmee. Tomy BUGIp pauio-
HanbHOI KOHCTPYKUIT NPOMIKHOrO KOBLUA i peXmnmis
pyXy po3nnaBy B HbOMY 'PYHTYETbCS, SIK NpaBuIio, Ha
pesynbTatax isnyHoro abo mMatemaTuyHOro mope-
noBaHHs [5-7].

OnTmaneHa €MHICTb MPOMKOBLUA BU3HAYaETbCA
nepepisom (LUMPMHOID) 3aroTOBOK, LLUO BiANMBaKTbCS,
YMCMNOM CTPYMKIB, BIACTAHHIO MiDK CTPyMKaMm, LUBUAKI-
CTIO PO3NMBaHHS, BMUMOramu [0 MOXIMMBOCTI Cnnu-
YTBOPIOBANbHUM MNOKPUTTAM. Ha BenuyuHy €MHOCTI
NPOMKOBLLA BMNMMBAE TaKOX | PeXnM pPO3NUBAHHS: Y
pasi cepiiHOro po3nMBaHHSA EMHICTb MpoMKoBLUA 30i-
NbLUYETLCA 3 METO 3abesnedeHHst 3anacy meTany,
HeobXigHOro Ans 3aMiHM CTanepo3nNUBHOIO KOBLUA.

Ak nokasye npakTuka, 4N BUCOKOLLBUAKICHUX COP-
ToBMX 6-Tn cTpymkoBmx MBJI3 emHicTb npomkoBLua
CTaHOBMTb, sIK NpaBuno, 25-30 TOHH 3a BUCOTU Hanu-
BaHHA MeTany He meHwe 0,7-0,8 M. Buwni piseHb me-
Tany B KOBLi HagMipHO Typbynidye CTpyMiHb MeTany,
a MeHWunn pobutb NOro HeopraHisoBaHWM, 3MEHLLYE
yac nepebyBaHHA MeTany B KOBLI i YCKMagHE po-
00Ty nig Yac po3nmBaHHA MeTany cepiamu. Baxnueum
KpuTepiem BMOOPY pauioHanbHOro 3Ha4YeHHs1 Macu Me-
Tany B NMPOMKOBLUI € TaKOX 4ac nepebyBaHHs pigKoi
cTani B HboMy, TOOTO Tak 3BaHWUIN «PE3NOEHTHUINY Yac.
3HayeHHs UbOro MoKasHuKa 3a3Buyvain BMOUpaETbLCA
Ha piBHi 8-10 xBUNuH.

HasaBHICTb LMaky B MPOMIXHOMY KOBLUI CTBOPIOE
HebesneKy noTpannsHHA MOro B Kpuctanisatop. Tomy
Ana 3anobiraHHa YTBOPEHHIO MoK Nifg Yac BUTIKAHHS
MeTary B MPOMKHOMY KOBLUI, 0COBNMBO nif, Yac 3MiHK
CTaneposnvBHUX KOBLLIB, HEODXiQHO MaTu 3anac me-
Tany 3aBBULLKN He MeHLe 250...300 mm.

Cranb HagxoauTb y NpUAMarnbHy Kamepy npoMmix-
Horo kosLa 3 CPK BigkpuTuM CTpyMeHeM y no4vaTko-
BN nepioa po3nuBaHHs, npu BigkpuTTi CPK [1]. MpKn
LbOMY MOXHa BUAINUTK ABa peXnMu pyxy ctani:

MOMEHT BIZKPUTTS BMYCKHOrO OTBOPY (Ha MoyaTky
PO3NMBaHHS CTanepo3nNmMBHOIO KOBLUA), KON OgHOYa-
CHO 3 MeTaroMm nepemilllaeTbCs MiCOK 3acunku 3 pos-
nuBHoro otBopy CPK. lMpu uboMy B pO3nvMBHOMY

Vp + vV
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oTtBopi CPK, y noyaTtkoBMin MOMEHT pPO3NMBAHHS, ne-
pebyBaloTb YaCTUHN CKOPVHKM CMIeYEHOT 3acumKku i Ha-
CTUNM MeTany, Npu3BoAWTb OO BUXPOYTBOPEHHS B
CTPyMeHi MeTany, i 40 AedeKTy TNy «Bisno» B CTPY-
KTYpi BiIKPUTOro CTpyMeHst MeTany, Lo CTBOPHOE aBa-
PifHYy cuTyaLito Ha noyaTky po3nuBaHHs [6];

CTanun pexmm MnOTOKY BIOKPUTOrO CTpyMeHs. Y
LbOMY BUMNAAKY IHTEHCUMBHO PO3MMBAETLCA BivHa no-
BepxHs MK, 3axumLieHa TOpKpeTMacoro i OCHOBHUI Be-
TOH CTiHKM koBwa. Lle mMoxe npu3Bectn: go nopy-
LLEHHS uinicHocTi GivHoi noBepxHi MK y npuiimManbHin
Kamepi; aBapiiHoi cuTyauil. BaxnuBo Bu3HauuTn, 3
ypaxyBaHHSAM MosiiB LWBWAKOCTEN: pauioHanbHi hopmun
npurManbHOi kamepu, BUcoTy 60opTy MK, KOHCTpYKLUIto
3axuCTy OHa koBLa [7].

MeTa aaHoi po60oTH - NPOBEAEHHS] MOAENOBAHHSA
HanoBHeHHs1 NnpoMikHoro koswy MBJ13 nepen noyart-
koM posnusaHHs ctani Ha MBJ13 Ne1 MNpAT «Apceno-
pMittan Kpusuw Piry.

MeTta mopgentoBaHHA OyAb-AKOrO0 NPOMUCIIOBOrO
npoLecy Le 3MoAentoBaT gisnkKy, L0 NEXUTb B OC-
HOBI NMpouecy, Tak, Wob MoxHa Byrno BU3HAYUTK Bax-
NYBi NapameTpu Npouecy Ta ynpaBnsiTM HUMU, ofep-
XKYHOUM NPU LLbOMY 3HAYHUI MPUOYTOK.

[nsi mogentoBaHHA NpoLecy 3anoBHEHHS NPOMiX-
HOrO KOBLLA BaXXNMBMMMW NapaMeTpamu, siki HeoOXigHO
BpaxoBYyBaTW B NepLUy Yepry €:

- rigpoamHamiyHi hakTopw, Lo BNAMBAKOTb Ha NPo-
Lec noyatky Ta nepebiry npouecy po3nmBaHHS Ha Ma-
LWKnHi 6e3nepepBHOro posnueaHHs 3arotoBok (MBJ13);

- NAWH PigKOro MeTany i >XMBMEHHS CTPYMKIB;

- TennomacoobmiHi npouecw, aki BiabysatoTbCs B
NPOMDKHOMY KOBLL.

£AKL0 NpoLec 3anOBHEHHS MPOMIKHOIO KOBLUY npa-
BMITbHO MPOMOAENbOBAHUA, MOXYTb OyTu nepenba-
YeHi rigpoanHamidHi chakTopu Lo BNANBAKOTL Ha NPO-
Lec noyatky Ta nepebiry npouecy posnveaHHs MBJ13.
Moxxe 6yTv npoMoAenboBaHWIA BMAMB HA NIMH PigKoro
MeTany i >XUBMEeHHS CTPYMKIB abo iHLWNX 3MiHHWUX Npo-
uecy. KinekicTb gOCNiOHULBKMX 3annBaHb PigKkoro me-
Tany moxe OyTW 3HAYHO 3MEHLLEHa N BUKOpUCTaHa B
OCHOBHOMY AnNs NiTBEPOYKEHHS KOHLenLil.

Modenb cucmemu Ons aHani3y npoyecy po3su-
8aHHs 3i cmariepo3siueHoO20 Koswa y rnpoMiKHUU
Kiew giOKpumMuM cmpyMeHeM.

Mig yac cknagaHHa moaeni [8] BuKopucTaHo Taki pi-
BHSIHHSA: SIK PIBHAHHS, LLIO OMUCYE PyX PiauHu B obnacTi
MOAENoBaHHA, NpuiMaemo piBHAHHA Hag'e-CTokca
0N HecTauioHapHUX MNOTOKIB piauHM (pigkoro me-
Tany), Hepo3pMBHOCTI NOTOKY [7].

"eomeTpia moaeni BU3Ha4YaeTbCA KOMMNOHYBAHHSAM
obnagHaHHA posnueHoro oteopy CPK i postawyBsaH-
HAM obnagHaHHa MK wopo cTtpymeHs pigkoi ctani.
Macwtab mogeni ctaHoBuB 1:1.

@)
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[e i - BEKTOp LUBMAKOCTI PianHu;

F- BEKTOP 06'EMHMX CUIT;

p - TUCK pPianHu;

Vp - rpagieHT TUCKY;

V- KOediLiEHT KIHEMaTUYHOI B'I3KOCTI;

V2 - nannaciaH u;

p - FyCTWHa cTani.

BekTop 06'eMHMX C1n 3 ypaxyBaHHSM [i04oro rpa-
BiTALMHOro Nonsi 3eMni BU3Ha4aeTbCcs B 0OpaHin cuc-
TeMi KoopauHaT sK

0
F=1 o )
—p-g

e g — NPUCKOPEHHS BiNTlbHOrO NagjiHHS.

MpunylweHHa nNpo MNOCTiIMHY FyCTUHY MeTany p
Moxe ByTn 3pobneHo AN po3NUBHMX NPUCTPOIB CUC-
Temu MNK-K y Bunagkax, konv pisHuua TemnepaTtyp pi-
OWHW HE HAATO Benuka.

Mpwn po3paxyHKy TypOyneHTHMX Tevin meTany B Cu-
ctemi BukopuctoyBanm (K — €)-mogenb TypOyneHT-
Hoi B’aA3kocTi [1, 8]. Mpu uboMy BBaXkanu, Lo Ha niac-
TaBi rinotean bycciHecka koedilieHT B’A3KOCTI, LWO
BXOOUTb 00 piBHsIHb Hae’e-CTokca, BKntoYae Moseky-
NSAPHY B’A3KICTb [ | TYypOYNEHTHY B’A3KICTb UT. Y MaTe-
MaTWUYHIn Moaeni npouecy po3nNuBaHHS MeTany 0yno
3pobneHo Taki npunyLeHHs [8]:

BBaXXAEMO, LLIO MOAENbOBaHWUI MPOLIEC MPOTikae B
o6’emi, obmexeHOMy KOHTypoMm obnacti mogento-
BaHHS;

pigvHa € B’A3KO0 Ta HECTUCITUBOID;

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 JOMOBHIOIOTb PIBHSAHHA (1): TemnepaTypa
MeTany B MpomikHOMYy KoBwi 1536+1551 °C, weua-
KICTb BUTAryBaHHA 3arotoBku 1,2...1,4 M/xB, guHaMmi-
YHa B’askicTb ctani 0,006 MNa-c.

Po3paxyHkoea cimka ma 2paHU4Hi ymosu
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KoxxHy mMogenb ginvnu Ha KiHuesi enemeHTn. Kinb-
KICTb €neMeHTIB BapiloBanu 3asieXHo Big KOMMOHY-
BaHHs obriagHaHHSA NpuiManbHoi 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:

i, = 0,667 M/c

[e i, — BEKTOP NoYaTKoBOI LUBUAKOCTI MeTany Ha
Bxogi B MK, m/c.

Ha pigky ctansb, o 3HaxoanTbcsd nobnmay Teepamx
MOBEPXOHb (CTIHOK), Ai€ NPUCTIHKOBE NPUMMNaHHA

=0 )

Lito rpaHnyHy yMOBY BCTAHOBMIOKOTL Ha BCi BHYTPI-
LUHI cTiHkn noBepxHi MK, poanueHoro otBopy CPK.

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

n-u=0,

ae# - opT, NeprneHavKynApHUA 00 BinbHOI No-
BEPXHi abo NnoLwmnHM cumeTpii.

Ha BinbHin nosepxHi - A3epkano metany B K 3a-
AaETbCs yMOBa NPUNMNaHHSA

7n-d=0. 4)

Ha Buxopgi po3paxyHkoBoi obnacTi oouinbHO 3aaa-
BaTWU TMUCK PiOVHW, SIK NPaBUIIO, HYIIbOBUIA:

p=po=0Ila.

Pesynbmamu modentoeaHHsi TOMOKie Memaisy
e cucmemi

Mg yac nopgaHHa pesynbTaTiB YMCernbHOro Mofe-
noBaHHsa [1] 9k napameTpu Tedii ByayTb NPUNHATI
nons WBKWAKOCTEN ¥ CTPYMEHi MeTany, Lo nepemilla-
eTbcs 3 CPK'y npunmansHy kamepy MK.

Ha puc. 2 HaBeeHO nNons LWBWAKOCTEN CTPYMEHIB
MeTany B nonepeyHoMy nepepisi BiOKPUTOro CTpy-
MeHsi MeTany, Lo HaaxoauTb Yy NpuiMmansHy Kamepy
npomixHoro koswwa 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 rHizgosmn 6mnok —
CTakaH KOMNekTop (BEPXHI Ta HWXKHIN); 2 — meTano -npumMad; 3 - BOrHETPMBKUIA wap; 4 — TopkpeT maca; 5 -
KpULLKa NPOMDKHOIO KoBLUa (306paxeHa YMOBHO); 6 - 3axmcHa 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
R?=0,9999

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

CTpymok 6

LBnAKiICTE po3nnBaHHA, m/xs
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Yac Big no4aTky HanosHeHHA MK, ¢

=== [aHi MOAESNIOBAHHA === PAKTUYHI A3HI

Pwuc.5 lMNMopiBHAHHS dakTUYHOT LIBUOKOCTI pO3NMBaHHS cTpyMka Ne6 3 AaHnMy MogentoBaHHs

Crpymok 1
2,45
@
X 2,40
§~ 2,35
T 2,30
©
2225
&
g 2,20
5 2,15
S
2 2,10
g 2,05
3 207210213216219222225228231234237240243 246249252 255258261 264 267 270273 276279282
Yac Big noyatky HanoeHeHHA MK, ¢
e [laHi MOAENIOBAHHA === DAKTUYHI AaHI

Pwuc.6 lMNMopiBHAHHS dakTUYHOT LIBUAKOCTI pO3nMBaHHA cTpymka Ne1 3 AaHuMm MogentoBaHHs

Crpymok 5

2,400
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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 kosLia. BusasneHo Hase-
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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YK 669:162.1
Boiiko M.M., €Efhumenko B.B., MaxopkiHna T.A., [lonsakosea H.B., ’)Kypasavoea C.B., KoaecHi-
koea T.M.

AHaJi3 eeKTUBHOCTI 3aMillieHHsI IPUPOIHOIO0 razy 0ioMacor B po-
mneci o0naJjy 3aJi30pyITHMX OKATUIIIB

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 8171U8 Ha eKOHOMIKY ma eKos1oeito, 0cobIu8o 8 yMO8ax npagHeHHs1 00 3MEHWEHHS
sukudie CO2 ma iHwux WKiOnueux pevyo8uH. 3amilyeHHs1 npupodHo20 2a3y bionanueom, makum SiK JigHOUEer/103Ha
biomaca, Moxe cmamu egpeKmuSHUM PilueHHAM, Wo 00380/IUMb 3HUSUMU CrIOXUBaHHS B8UKOMNHO20 nanuea ma
rnoninuiumu ekoroaiyHi nokasHuKu supobHuuymea. OCHo8HO Memoto daHo20 O0CiOXXeHHS € po3pobka ma onmumisauyis
mMemody esukopucmaHHsi bionanuea 6 rpoueci sunano8aHHs 3anizopyOHUX okamuuwie, wo 0038o1umpe docssemu Heob-
XiOHO20 pigHs memnepamypHO20 pexumy, 3bepiearoyu rpu ybOMY 8UCOKY SIKICMb NPOOyKYii ma MiHIMI3yo4u HezamueHul
8r1u8 Ha HasKonuwHe cepedosuwie. Memoduka: TeopemuyHe ma ekcriepuMeHmarsnbHe obrpyHmyeaHHs MOXIU8oCmi
3amiueHHs1 npupoOHo20 2a3y bionanueom 8 rnpoueci obnany 3anisopyOHUX okamuwig rnposedeHo 3a AOMOMO20K Po-
3paxyHKo8uUX ¢hopMyiri, 83mux 3 8i0r08IOHOI iimepamypu, @ makox 3 sUKopucmarHsIM 8eb-000amky 0551 MOOest08aHHS
ma aHanidy pe3ynbmamis. Pe3ynbmamu: 3acmocysaHHs bionanuea 0risi 3aMilyeHHs1 IpupPoOHoe0 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 cnantosaHHs 2a3y. Lle 0oseorisie Hisemtoeamu HU3bKY merniomy 32opaHHsi biomacu. 3a pe3ynbmamamu 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 bynno pospaxoeaHo Yac 320paHHsI YaCMUHKU ranuea pPOC/IUHHO20 MOXOOXKEHHS 3aexHO 6id ii
rnoyamkoegoeo diamempy. BupiwanbHull ghakmop wWo 8u3Ha4vae Yyac 320psiHHS YaCMUHKU € 8MIiCM SIEMI0YUX PEYOBUH, WO
8 €800 Yepay 8U3HAYaE KiNbKiCmMb KOKCOB020 3alUlIKy YaCmUHKU. [OpiHHS KOKCOB020 3amuWKy YaCmuHKU € Halido8w ot
cmadiero y 3a2anibHOMY HYaci 320psiHHST YacmuHKU. OmpumaHi pe3yrnbmamu weudKkocmi 320psiHHS, 8i0 Halisuwol: coroma,
TNYWNUHHS COHSAWHUKY, 0epeso, OepesHe 8yeinns. Lle o3Hayae, wo coroma, sk nanueo wo mae Halsuuwly weuoKicmb
320pPsIHHS, MOXe Mamu Halbinbwul po3mip YacmuHOK, wo 6yOymb 3a008irIbHAMU MeXHO02iHHUM 8UMO2aM 8UKOPU-
cmaHHs makoeo euly nanuea y rnanabHUKy obnamwosarnbHOi MawuHu. Haykoea HosudHa. 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 KoxHux 10% o6’emy npupoOHO=20 2a3y, W0 BKIIOYaE JTyWINUHHS COHSWHUKa, OepesHe 8yeairnss,
mupcy i coromy. Takox, Ha OCHO8i po3paxyHKig Yacy 320psiHHSI YacmuHOK bionanuea, 6y10 8CMaHoO81EeHO, WO ColoMa
Mmae Halsulyy weuloKicmb 320psiHHS, W0 00380/18€ 8UKopUCMo8y8amu i 3 6inbwuM poO3MIpOM 4acmuHOK y ManbHUKY
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-
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
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indicates that straw, as the fuel with the highest combustion rate, can have the largest particle size that meets the tech-
nological requirements for use in the firing machine burner. Originality. The combustion products of biomass have a
smaller volume, which compensates for its lower calorific value and minimizes the impact on the thermal regime of the
firing machine. Optimal biomass ratios have been proposed for replacing every 10% of the natural gas volume, including
sunflower husks, wood charcoal, sawdust, and wheat straw. Additionally, based on the calculations of the combustion
time of biofuel particles, it was found that straw has the highest combustion rate, allowing for the use of larger particle
sizes in the firing machine burner, thus meeting technological requirements. Practical value. The calculations carried out
in this work enable the replacement of 40 to 60 vol.% of natural gas with various types of plant-based fuels. Additionally,
these calculations provide the means to assess the required granulometric composition of the fuel for use in the iron ore
pellet firing process. Keywords: iron ore pellets, firing, plant-based fuel, biomass combustion, solid fuel particle combustion

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

OcHoBHMM nanueom obnanioBanbHUX MalUuH €
npupogHuii ra3. CKOPOYEHHSI CMOXWMBAHHS NPUPOA-
HOro rasy € OfHielo 3 HaMBaXnNUBILWKX npobnem Ans
YkpaiHn. MOCTiNHI KONMBaHHA LiH Ha NPUPOOHWIA ra3s
CTBOPIOKOTb 3amnexHiCTb y 6araTbox ranyssax eko-
HOMIKM, 0cOBNMBO B MeTanyprii. Takox 4Yepes3 BUKOpU-
CTaHHS BMKOMHOroO nanuea 36inbLyoTbest Bukuam CO2
i LUKIONMBUX PEYOBUH, LLIO HEFATUBHO BNIIMBAE HA HaB-
KOMULIHE cepeaoBuLLe. Y 3B'A3KY 3 LIM akTyanbHUM €
BMBYEHHSI BUKOPUCTaHHs Giomacu ana BMpoGHWMLTBA
3anisopygHux okatuwis. JlirHouentonosHa Giomaca €
BIOHOBMIOBAHUM i CTiikUM [XeperoMm 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.

AHania nitepaTypHMX AaHuMX Ta MOCTaHOBKa Npo-
onemn

Y pobori [1] 6yna po3rnsgHyTa MOXNUBICTb 3aMiHK
Aesikoro o6'emy NPUPOOHOrO rasy fyLUNUHHAM COHSL-
HVKa. 3a paxyHOK HU3bKOI BUTpaTW NPUPOOHOrO rasy
Ta MiHiManbHux TemnepaTyp obnany 6yno JocsrHyTo
60 06.% 3amiHn NpupoaHOro raay, 3i 36inbLEeHHAM 3a-
ranbHOro CrnoXuBaHHA rady BAanocs 3aMiHUTH
MiHiMyM 40 06.%. Lle nosicHIOeTbCA TM, O Npu Be-
NWKiA BUTPATi NPUPOOHOro rasy yTBOPHETLCH BEMUKUIA
TennoBuin noTik. OCKINbkM  LWIBWUAOKICTb  3rOPsiHHA
NYLUNWHHSA COHSILLHUKY B NanbHWKYy obmexeHa, npu Be-
NWKIA 1T KINBKOCTI, O NOAAeTbCs B NarbHKK, BOHA He
BCTUrae NnoBHICTIO 3ropiTu B 30Hi hakena, a Tennosum
NOTIK 3MIHIOE MILHICTb 3ani3opyAHux okatuwis. 3ara-
nom Byrinns, 6iomaca uv iHwe TBepAe NanmMeo MiCTUTb
Pi3HY KifbKICTb BYrMeLo, KUCHIO , BOOHIO, a30TY, CipKM,
BOSOrK Ta 3onu. YactnHa nanuea, sika haktmyHo bepe
yyacTb Y MPOLECi FOpPiHHSA, HA3MBAETLCSA rOPIOYO Ma-
COl, YacTuHa, sika He Gepe y4acTi B ropiHHi, Ha3w-
BaeTbcs GanacTom, Hanpuknag sk 3ona/wnak. Cepeg
LUX enemeHTiB HebaxkaHa NPUCYTHICTb CipKW, OCKINbKK
BOHa pearye 3 BOMOrow AMMOBOrO rasy yTBOPHKYM
cipyaHy KMUCroTY, gKa € HaA3BNYanHO KOPO3iNHO Ans
MeTaneBux enemMeHTiB 0bnantoBanbHOI MalnHm [2,3].

JlimiTytourm pbaktopom npw 3amiHi NPUPOLHOro
rasy nanmBOM POCIIMHHOIO NMOXOMKEHHS € OOMEXEHNN
Yyac o HeoOXigHUMA Ar1si MOBHOMO 3ropaHHsi YaCTUHOK
TBepaoro nanvea. [Npu Benwukii BUTpaTi NPUPOAHOro
rasy yTBOPIOETHCA BEMVKUIA TENMOBUIA NOTiK. OCKINbKN

WBUAKICTb 3rOPSIHHSA TYLUMWHHA COHSILLHUKY B nanb-
HUKY OBOMexeHa, Mpu Benukini il KinbkoCTi, WO no-
[Aa€eTbCs B NanbHUK, BOHA HE BCTUrae NoBHICTHO 3ropitu
B 30HiI dhakena, a TEnnoBUN MOTIK 3MIHIOE MILHICTb
3anisopygHux okaTuwiB. ECPeKTMBHICTb BUropaHHs Ya-
CTMHOK ManuBa TakoX BMfvMBae Ha BiKnageHHs Ha BO-
rHeTPMBKIN doyTepoBLi i Ha nepexig Ny>KHO3eMeNbHNX
mMeTanie y rasosy ¢asy [1]. Tomy HeoOXxigHO po-
3paxyBaTu Takvi po3Mip YaCcTUHOK, SKuiA 3a6e3neyunTb
MOBHE 3ropsiHHSA Nanvea i He 3aB4acTb BMMMBY Ha TeX-
HOMOriYHUIA Npouec obnany okaTuLiB.

3ropsiHHSA YacTuHKM nepegbadae cknagHi isnyHi i
XiMiyHi B3aemogii. YacTuHka, Lo notpanvna B rapsiini
rasoBuUin NOTIK, HarpiBaeTbCA 3a PaxXyHOK TEMNOOOMiHY
Qcp | BUNpOMiHIOBaHHSA Qrp Big NOTOKY rapayoro raay i
BiJ HABKONMULLHBOIO cepegoBuLa. [lani npy KOHTaKTi 3
KMCHEM BiaOyBa€eTbCA BUAANEHHS NETHOYMX | TOpPiHHSA
KOKCOBOIO 3anuLuky[2, 4].

LLBMAaKiCTb HarpiBy BYriflbHMX YaCTMHOK y nepiog
3aliMaHHs cTaHOBUTb 6rnabko 1083—10% K/c. OTpumaHi
eKkcnepumMeHTanbHi AaHi NokasyloTb, L0 4ac BUro-
PSAHHS BENUKMX dopakuin aHTpauMTOBOro nuny B A4o-
CMiMKeHX yMoBax MPOnopuUiiHO KBagpaTy BUXIQHOro
PO3Mipy BYriNbHUX YACTUHOK i cnabko 3anexutb Bif
TemnepaTtypu rasosoro cepegosuiia. Lie xapakrepHo
ana andpysiiHoro pexumy ropiHHs. LlikaBo BiasHa-
YUTK, L0 BENWKi YacTkn aHTpaumTy ( = 150 mMkm) i 3a
NopiBHAHO HM3bKNX Temnepatyp (Tg = 1200 + 1400K)
BUrOPSOTL Y ANY3itHOMY pexxumi 0 AyxXe Manux
po3mipiB - 20 MKM i HuK4e [5].

3a pesynbTaTamun gocnimkeHs [5], npouec ropiHHA
BYrneLieBoro nanvBea cKnagaeTbCs 3 YHOTUPbLOX CTagin.
MepLa cTagis - nporpis YacTku 40 noyaTky 3anMaHHs
NeTKNX peyoBuH. [ns yactku po3mipoMm 750 MKM, usi
cTagia Tpueana 1,125 c. [pyra ctagis - ropiHHA nert-
KvX y rasoBin dasi. Tpuanictb ii ctaHoBuTtb 0,312 C.
@®poHT nonym'a rasonofibHnx netkux mMae opmy
cdepw, OeLo BUTSATHYTY Y BEPTUKANTBHOMY HaMNpsiMKy.
YcepeanHi cdpepn nonym'st YiTko BUAHO LLe TeMHa BY-
rifnbHa NOPOLLMHKA, WO He CBITUTbCA. Ha dhoTorpadisix
y e nepiof crnocTepiratoTbCsa TaKOX rapsiyi CTpyMeHi,
LLIO NPOHUKAIOTL 3a MexXi cchepu Nonym's, - Lie MOXYTb
OyT! BMKMOM PiOKMX MPOAYKTIB TEPMIYHOro po3kna-
OaHHA Byrinns. TpeTa cragisa - posirpiB KOKCOBOro 3a-
NUWKY - HacTae nicnd 3aBeplUeHHHA MOoryM'siHoro
ropiHHa netkux. lNMNoganblwmnin posirpiB KOKCOBOro 3a-
NWLWKy BiaByBaETLCA BHACMiAOK XiMIYHOIO pearyBaHHs
Noro 3 KucHem. YeteepTta cTagis — BUrOPSAHHSA KOKCO-
BOroO 3anuLLKy — 3aBeplianbHa ctagis npouecy. Ons
YyacTKu, WO po3rngganacs, us cragisa Tpueana 6,3 ¢

[71.
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BigHOCHa yacTka 4Yacy BUIOPSHHS NETKUX CTaHo-
BuTb nuwe 5—3%. B iHtepeani Vn = 12 + 60%, 4ac
FOPiHHA NETKMX MNPaKTUYHO He 3MIHIOETBCS, Le X
MOXHa cka3aTu i PO TPUBArICTb 3alMaHHsi KOKCOBOTO
3anuLuky [7].

Tox Anga aHanisy MOXnMBOCTI 3aMilLleHHs Npupoa-
HOro rasy nanvBOM POCIIMHHOIO MOXOPKEHHS B MPO-
ueci obnany 3anisopygHux okaTtuLliB, He0bXiaHO po-
3paxyBaTu Yac 3ropaHHsi YaCTUHKWN B 3aneXHOCTi BiA il
JdiameTpy Ta OLHWUTU KiNbKICTb NanmMea pOCAMHHOIO Mo-
XOMKEHHSA Ansi 3aMilLeHHs 00'eMy NPUMPOOHOro rasy.

MeTa i 3aBgaHHA gocnimkeHb

MeTol gaHoro AOCNiMKEHHS € BU3HAYEHHS Kinb-
KOCTi ManueBa POCIMHHOIO MOXOMXXEHHS Pi3HOro Tumy,
sIKe MOXXHa BUKOPUCTOBYBATU ANK 3aMilLleHHS YaCTUHN
BUTPaTW NpUPOAHOro rady npu obnani 3anisopygHux
OoKaTuLWiB, @ TakoX pPO3PaxyHOK 4acy 3ropaHHs uya-
CTUHKM NanvBa Pi3HOro TUNYy B 3anexHOCTi Big 1i dia-
MeTpY ANs BU3HAYEHHS MaKCUManbHOI KPYMHOCTI Ya-
CTOK NManvBa B yMoOBax CnarsitoBaHHsi Oro B nasnibHMKax
obnantoBanbHOI MaLLVHW.

Martepianu Ta meToan JOCHIOKEHHSA

PoapisHaoTe Tpy BUMOW TemnepaTtyp ropiHHA na-
nvea: kanopumeTpuyHy (i), Teopetuyny (tr) Ta gincHy
(t). KanopumeTpunyHa Temnepatypa — Ue Temnepa-
Typa, A0 AKOI Harpinuca 6 NpodyKT! MOBHOIO rOPiHHS,
Akbn Bce Tennmo nanvBa Ta MOBITPA MilMO Ha
HarpiBaHHs rasiB. TeopeTuyHa TemnepaTtypa Bpaxo-
BYE €eHOOTepMiyHi peakuii Agucouiauii giokcmay By-
rmeur Ta BoASHOI Napu, Wwo nayTb 3i 30iMbLIEHHSM
006'eMy NpoaykTiB 3ropsiHHa. Temnepatypa y 30Hi 06-
nany makcumaneHo csarae 1350°C, 3a unx TemnepaTtyp
BULLIE BKa3aHi eHOOTepMiYHi peakLii He BiaOyBaoTbCs.
[incHa TemnepaTypa BpaxoBye Tennosigaadvy Big da-
Kena 0o maTepiany, Lo HarpiBaeTbCs, i KNaaku neui.
Ons BU3Ha4YeHHHA OINCHOI TemnepaTtypu ropiHHS na-
nvea BBOOUTBLCS MOHATTSA NipOMETPUYHOTO
koediujieHTa, Wwo 6yae popisHioBaTtu 0,9 [1].

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

ONA HENOBHOTO 3ropsiHHA (KoeqilieHT HaanuLiKy
nosiTpsa <1): CO, COz, SOz, H20, N2.

ONnst TeopeTnyHoro abo CTEXIOMETPUYHOrO 3ro-
pSHHA (koediuieHT Haanuwky nosiTps = 1): CO2, SO2,
H20, Noa.

npu koediuieHTi Hagnuwky nosiTpsa > 1: CO2, SOz,
H20, N2, Oz [6].

[na BM3HAYEHHS KanopuMMETPUYHOI TeMnepaTtypu
BMKOPUCTOBYIOTb PiBHSIHHSA TENOBOro 6anaHcy:

LHV +qr + 9z = Vir - Crr -
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ae LHV — Huxya TennoTBopHa 34aTHICTb nanuea,
kx/kr. OAna meTany - 35880; gr — isndHe Tenno na-
nuBa, KIK/Kr; ge — pisnyHe Tenno nosiTps, KIK/Kr; Vir
- obcsar npoaykTiB ropiHHs, M3/kr; Cnr - cepegHst Ten-
NOEMHICTb NPOAYKTIB rOPiHHA B iHTEpBani Temneparyp
0 - t, kIx/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 - o6'em,
M3,

KanopumeTpnyHa TemnepaTtypa po3paxoBYyeTbCS
3a PIBHAHHAM:

tk =
Qp+qT+qB (3)

var-¢nr

3ropsiHHSA NpUPOAHOro ra3y BiabyBaeTbCA 3a peak-
Lieto:

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

[nsi BU3Ha4YeHHs1 NPOAYKTIB 3ropsHHSI Nanve poc-
FNIVHHOTO MOXOPKEHHs1 Oyro BuMKOpWUCTaHO BeO 3a-
CTOCYHOK, SIKMIA Byno po3pobreHo 3a pesynbTatamu
poboTtn [4]. Ona oTpumaHHs pes3ynbTaTiB, BeO 3a-
CTOCYHOK BUKOPWCTOBYE HACTYMHi PIBHSIHHS.

CrexioMeTpuyHMin 0B'EM KUCHIO Ha Kinorpam cy-
XOro nanvea:

0 _ 2241 (c" H!

=20 Ly
027 100 \12 ' 4

si—ol) ®)

32
CrexiomeTpuyHMin 06'eM CyxOro MOBITPSA Ha Kino-

rpam cyxoro nanuvea:

vo
o _ /02
Va_

021 ©)

O6'em Byrnekncnoro rasy Ha kinorpam cyxoro na-
nvea:

22,41 C!
Veo, =5 " 100 (10)
O6'em BoOAHOT Napu Ha Kinorpam cyxoro nanvea:
o _ 2241 (H!
- H20 7 10 (7
Wl
) (11)
O6'em giokcuay Cipku Ha Kinorpam cyxoro nanvsa:
2241 st
Vso, =57 " Tos 12)

O6'emM NpoAYKTiB 3ropsHHSA:

Voga = Veo, + Vso, + Vi, +
Vio (19

Oe C', H', S' — pons Byrnew, BOOHIO Ta CIpkU y
nanwsi, W — BonoricTb nanuea [4].

HeobxigHi oaHi onsa pospaxyHkiB Buais 6ionanvea,
LLIO pO3rnsgatTbesl, HaBeaeHi y Tabnumui 1.

)
Tabnuus 1
BnacTvBOCTi nanve poOCIIMHHOIO NOXOAKEHHS
. C[%] H[%] N[%] |[S[%] |[Oa)[%]Ad[%] HHVb) |LHVc) [Ixepena
Marepian [MJ/kg] [MI/kg]
JTyLINMHHA 4582 16.32 2.61 0.14 38.31 [6.81 19.31 |17.6 [114
COHSILLIHUKY
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[lepeBHe 84.18 [2.405 |0.8025 [0.015 [9,1525 (3.445 (30.0865 [29.4 [113
BYrinns
Tupca 44.75 16.31 1.68 0.05 42.94 0.34 18.3 16.6 [115
MweHnyHa conoma [46.06  [5.00 0.53 0.11 48.30 [5 17.60 |16.2 [111, 120

Po3paxoByeTbes 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 BUIOPSIHHA KOKCIBHOTO 3anuLuKy YacTUHOK
Ny OCHOBHWUX BMUAIB €HEePreTU4HOro BYrinns, Lo Bu-
KOPWCTOBYIOTBCS Ha BiTYM3HSAHMX ENEKTPOCTaHLisIX No-
Kasas, LLO 3a KOHLUEHTpaLUi KUCHIO | Temnepartyp, xa-
paKTepHWX 4N NUMOBYTiNbLHOIO dakena B TOMKax KoT-
niB, rOPiHHSA BYTINIbHUX YaCTMHOK, SIK NpaBuIio, Biady-
BaeTbCA B AMQY3iIMHOMY pexnmi. BUHATOK cTaHOBNATb
nvwe apibHi dpakuii aHTpaumToBoro nuny (& < 100
MKM), SIKi 38 HU3bKMX KOHLEHTPAUi/ KUCHIO (MeHLle
5%) i TemnepaTyp raszooro cepegosuila Tr < 1750 K
BUIOPSItOTb B KIHETUYHIN obnacTi [7].

Habip peakuiyi Wo BM3Ha4Ya€e Mpouec BUrOpaHHSA
YaCTUHKMN:

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

2C + 02 = 2CO + 219 [MO>x/monb)

C + CO2=2CO0 - 186 [MOxx/monb)

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

C + H.0— CO + H2 — 130.5 k[x/mornb

Mpw BM3HAYEHHI Yacy 3ropsiHHA YacTUHOK Yy Nanb-
HUKY poBUTbLCA psg NPUNyLLEHb:

Yac 3ropsiHHS YaCTMHKN BU3HAYaETbCH YacoM 3ro-
PSAHHS KOKCOBOTO 3aULLIKY.

36inbLUeHHA BMICTY BOASAHOI Napu npu HE3MiHHIN
Temnepartypi CnpuaTMME MNPUCKOPEHHIO [OOrOpPsiHHS
YagHoro rasy. Lle npu3sefe 4o TOro, WO YMOBHUIN PO3-
Mip obnacti BuropsiHHa CO 6ins 4acTUHKK, 3MeEH-
LUMTBCS, WO HEe iCTOTHO BNMBAE Ha AOCTYM KUCHIO OO
noBepxHi KoKcy. Lle nosicHoeTbest TuMm, Wo goaaTko-
BUIA MeXaHi3M rasudikadii ByrneLo no peakuii 5 Hise-
MNOETLCSA 3MEHLLEHHSIM LUBUOKOCTEN reTEPOreHHMX pe-
akuin 1-3 yepes 3HKeHHSA Temnepatypu. Tomy npuii-
Ma€eTbCA WO BOASHWIA Nap He BMMMBAE Ha 4ac 3ro-
PSIHHS KOKCOBOI YacCTUHKM | He BepeTbecsa Ao yBaru npu
po3paxyHKax LUBMOKOCTI 3ropaHHsa YacTMHKU nanuBsa.
[8, 9]

MpuiiMaeTbCA WO YaCTUHKU Nanuea WO 3ropsitoTb
MatoTb chepuyHy opmy.

Yac BUropsiHHSI YaCTMHOK KOKCY TBEPAOro nanvea
B AMdy3iiHOMY pexumi Moxe OyTu 3HangeHo 3a
eMNIPUYHOIO 3aNEXHICTIO:

T, =k, -2.21-108-

pcd?
~Tom (10)

e Tc - TpUBanicTb rOpPiHHA KOKCOBOIO 3amnuLlKy, C;
ke - ekcnepumMeHTanbHUin KoediLieHT, WO XapakTepu-
3ye creumndiky BUrOpAHHA YaCTUMHOK Manvea AaHoro

Tabnuugs 2

Buay; Oz - ob'eMHa KoHLeHTpaList K1cHo, %; 6 - gia-
MEeTP YaCTUHKU, M; Pc — YSIBHA ryCTMHA KOKCOBOrO 3a-
nnwky, kr/m?, Tg - TemnepaTypa rasy.

3a pesynbTatamu OOCHiAXKeHb ekcnepuMeHTanb-
HUI koedoilieHT Kc popisHioBaB Big 0,5 oo 2,5. 3ara-
noMm uen KoeqilLieHT XapakTepusye BiOXWUIEHHs
LiNCHOro Yacy BUrOpaHHsl YaCTUHKU Big, pPO3paxyHKO-
BOro, 4epes3 PpisHMIA BUXiO NETIOYMX PEYOBMH LWO
MOB’A3YETLCA 3 PI3HUMW LUBMAKOCTAMW HarpiBaHHs B
NOPIBHSHHI 3i CTaHAapTHUM aHanisom. Tomy npuny-
CTMMO WO Uen koedilieHT byae gopiBHoBaTK 1 ons
BCiX BMAiB Gionanuea Lo po3rnsgarTbes.

YsIBHa ryCcTUHa KOKCOBOFO 3alMLLKy pO3paxo-
BYETbCS 3a PIBHAHHAM:

e
100 1I/Ig0 14 (11)

ae Wp i Vp — BonoricTb i BUXig NEeTKUX pe4oBUH Ha
pobouy macy, %; Pp - giicHa ryctuHa nanvea.

Yepes Te WO YaCTUHKUN NYLUMUHHS COHALLHUKY, CO-
noMu Ta TMPCKM MatTb POPMY LLO CUMbHO BigpPi3HSA-
IOTbCA Bifg, ChepmyHOl po3paxyemMo And HUX adiameTp
€KBiBaNeHTHOro Lwapy, 3a hopmyIioko:

Boc = 1228 (12)

Takox HeobxigHO BpaxyBaTy Lo Yepe3 BinbLuy no-
BEPXHIO KOHTAKTy 3 ra3oMm TEensioHOCIEM YaCTUHKK
MAYLWNWHHSA COHSILLHKKY, COMOMW Ta TUPCU MatumyTb
MEHLLWI Yac 3ropsiHHsA. ToMy MOXKHa BBECTW 404aTKO-
BUIN KoedilieHT cdrepnyHOCTI Sk Byae BpaxoByBaTu
L0 0cobnMBICTb JaHUX BUAIB nanuea.

CdbepuuHictb KpymberiHa [9] po3paxoByeTbcs 3a
dopMyIIoH:

we="[2 (13)

ne: Wy —cdepudHictb KpymbenHa, S —
MiHiMarbHa OOBXWHA YaCTUHKM Nanuea, | — npomikHa
OOBXMHA YacTUHKM nanuea, L — makcumarnbHa OoB-
XVMHa YaCTUHKU nanuvea.

PospaxoBaHi  3HayeHHs  cdepuyHOCTi AN
NYLINUHHS COHSALLHUKY, AiepeBa Ta CONOMMU BignoBigHO
popisHtotoTh 0,32, 0,43, 0,24,

PesynbtaTtn gocnigpkeHHs

PospaxoBaHi 06’eMn NPOAYKTIB 3ropsiHHA Pi3HUX
BMAiB Oionanvea HaBeaeHi y Tabnuui 2.

[ns po3paxyHKy 4acy 3ropaHHsi YaCTMHKM nanvea
POCMMHHOIO MOXOOXKEHHS, HEOOXiAHO BU3HAYNTU YSIB-
HOro CTaHy KOKCOBOIO 3aruLLKy 3a piBHAHHSAM 11. Pe-
3ynbTaTh po3paxyHKy HaBedeHi y Tabnumui 3.

O6’eMmn NpoayKTiB 3ropsiHHA Ans 1 kinorpamy TBepaoro nannea POCIMHHOMO NMOXOKEHHS!, M3,
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Matepian VCO2 [VH20 |VSO:2 VN2 |V noBiTpsi cTEXiOMETPUYHUIA 2V
JlylwinnHHA coHAwwHMKa 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
MpypoaHni ras 1 2 7,52 19,52 10,52

Tabnuusa 3
BracTnBocCTi nanve pOCNNMHHOIO NOXOMKEHHS | PO3pax0oBaHa ysiBHA N'yCTUHA KOKCOBOIO 3ariMLLKY.
HincHa ry- Bui YBHa rycTnHa KOK-
. . o MICT NeTKMX
MaTepian CTUHa, BonoricTb, % o coBOro  3amuwky, | kepena
Kr/m3 peqoBuH, % Kr/m?
TIWNMHHS CO- | 1 4 8,4 72,2 125 [1, 8]
HSILLIHUKY
fepesre  By- | 1500 5 30 780 [1.9]
rinns
Tupca 1360 10,5 80 129,2 [1, 8]
Mwenvina co- | g4 3 9,62 79,82 64 [8, 9]
noma
Ha pucyHky 3 306paxeHo rpadik 3a pesynbTatamMm po3paxyHkiB 3a piBHSHHAM 10.
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9 /
Jlf
8 J
r’l
7 f
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g g4 J JepeBHe ByTiLIA
& j
3 JlymmuHes
) Tlepeso COHAIITHHUKY
1
0 [IimennyHa comoMa
0 0,0005 0,001 0,0015 0,002 0,0025 0,003 0,0035 0,004 0,0045 0,005
JiaMeTp YacTHHKH, M
‘JepeBue Byrunist = JlepeBo0 = JIyIMINHHHS COHAIMHHKY Conoma

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

O6roBopeHHs pe3ynbTaTis

AHanisytoun pesynbTaTtv po3paxyHkiB ob'emiB au-
MOBMX rasiB pi3HMX BMAaiB Gionanuea, WO HaBedeHi B
Tabnuui 2 MoXHa MOMITUTK, LLIO 3rOpsiHHS TBEepaoro
nanuea B pe3ynbTaTi 4Aa€ MEHLUA CyMapHuin o6’em
OVIMOBVIX rasiB, @ Takox NoTpebye MeHLLnn cTexiomeT-
PVYHMI 06’EM MOBITPS B MOPIBHSHHI 3i 3rOpsiHHAM Npu-
pogHoro rasy. Lle gnoseonse cnamnoBatu HeobXigHy
KINbKICTb TBEPAOro nanvea Anis 30epexeHHsa Tenno-
BOro edpekTy 3amilLleHHOro 06’eMy NpMpoaHoro rasy. B
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pesyneTaTti foAaBaHHA nanvea POCIWMHHOIO MOXOA-
XXEHHS Yy nanbHUK He Oyae 3Ha4YHVM YMHOM 3MiHIOBaTH
TEennoBun pexum obnantoBarnbHOi MalmnHU. 3a pe-
3ynbTataMu po3paxyHKiB i BpaxoBylouun peanbHuUi Jo-
CBif] 3aMiHN NPUPOAHOrO rady NyLNUHHSAM COHSILLIHUKA
NPOMNOHyeTbCA Ha KoxHi 10% 06. 3amillleHHOro npu-
pogHoro rasy cnanosat 0,2 Kr NyLWnNUHHA COHSALL-
Huka, 0,125 kr gepesHoro Byrinng, 0,22 kr tupen i 0,25
KF COSTOMMU.

B Tabnuui 3 HaBegeHo pesynbTaTv po3paxyHKiB
YSIBHOI 'YCTUHW KOKCOBOrO 3anuLiKy. [1okasHuK ysBHOT
NYCTUHU KOKCOBOTO 3arnuLiKy Mae€ NiHiMHWA BNNUB Ha
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LBUAOKICTb BUMIOpaHHSA 4acTuHkM nanvea. Cupa 6io-
Maca Mae MeHLUY YSIBHY IYCTUHY KOKCOBOMO 3ariuLLKy,
aHix obpobrneHa Giomaca, B AaHOMy BMNagKy nepe-
BMHa, LLIO OTPUMaHa B pe3ynbTarTi niponidy. Bupiwans-
HWIA BMMB Ha NyCTUHY KOKCOBOIO 3aruLUKy Ma€e BMICT
neTKnx pevyoBuH Giomacu. Lle nigTBepoKyeTbCa psiaomM
eKkcrnepuMeHTanbHUX AaHuX.

Tak cTBEpIKYETLCA LLO BYrMeLeBnii 3anuLlok ya-
CTMHKM Biomacu Bigpi3HSAETbCA Big, BYrneueBoro 3a-
NWLLKY BYTINNs Yepes MeHLUY LWiMNbHICTb YaCTUHOK, He-
npaeunbHy OpMy Ta BUCOKY NMOPUCTICTb. Y poboTi [9]
AocnigpKyBanu peakuiiHy 3aTHICTb ropiHHA ByrneLe-
BOIO 3amnuLUKy, OTPMMaHOro 3 OEepeBMHW COCHM Ta
npoca. BoHu nosigomunu, wo obuaea Byrinnsa Gio-
Macu MalTb BMWCOKY peakuiiHy 3aaTHiCTb — B
NOPIBHSIHHI 3 peakuUilHO 34aTHICTIO BUCOKONETKOro
BiTymiHO3HOrO Byrinns. PeakuinHa 3aaTHICTb ByrneLe-
BOr0 3anuLUKy AeLlo 3HWKYETbCA Nif Yac ropiHHS,
OCKiNbKM HEeopraHiyHi KOMMNOHEHTN 3a3HaloTb i3ny-
HOro Ta XiMiYHOrO MEPETBOPEHHS, @ TAKOX TOMY, LUO

Tabnuusa 4

JIleopis i NPaKMUKg Memarypeii

OinblUe peakuinHO34aTHOrO BYITIELIK OKMUCITHETLCS Ha
paHHin cTagii. Y poboTti [10] BMBYanu peakuinHy
30aTHICTb BYriNns cupoi Ta ToppedupoBaHHOM Oio-
Macu, i BusiBunu, wo ToppedikoBaHa biomaca MeHL
peakuinHo3aaTHa, Hixx cupa biomaca.

AHanisytoun pucyHoK 3 MoXHa 3pobuTu BUCHOBOK,
LLIO AepeBHe BYrinns Mmae HanbinbLly TpuBanicTb BUro-
paHHS 4Yepe3 MEeHLWMA BMICT NETKUX PEYOBUH Y
NOpPIBHAHHI 3 iHWKMK BUaamum 6iomacu. Yepes ue yTBO-
PIOETHCS KOKCOBUIA 3aNULLOK 3 BUCOKOHO YSIBHOKO IyCTU-
HOH0, SIKUIA NOTPebye 3HAYHWUI Yac O51s BUropsiHHS. Ha
OCHOBi NoOyaoBaHOro rpadiky MOXHa BU3HAYUTK
HeoOXigHWIA rpaHyNOMETPUYHUIA CKNad nanuea Aans
BMKOPUCTaHHSA Yy ManbHUKY OMNarnoBanbHUX MalluH.
3anexHocTi Big 4Yacy nepebyBaHHA YaCTUHKWN B 30Hi
FOPiHHS, MOXXHa BM3HAYUTN PEKOMEHOOBAHWI rpaHy-
NOMETPUYHUIA CKMag nanvMBa POCNMHHOIMO Noxoa-
XEHHS Lo A0Aa€ETbCA Y nanbHWUK obnantoBanbHOT Ma-
LUMHW.

PekomeHO0OBaHWUIA rpaHynoMeTPUYHWIA CKNag AnsA PisHWX BUAIB NanmeBa POCINUHHOIO MOXOMKEHHS Lo A0-
JAETbCA Y NanbHVK B 3aNEXHOCTI Big Yacy nepebyBaHHsA YaCTMHOK B 30Hi 3rOpsiHHS.

Yac nepeody- 1 2 3 4 5
BaHHA, C
ﬂzpeB”e BYRnNA, | .25 0,4 0,52 0,65 0,7
Tupca, MM 1,2 1,7 2 2,3 2,7
Tywnurns ——co- | 4 2 2.4 2,7 3,1
HALUIHUKY, MM
MweHnyHa 21 3 37 45 5
colioMa, MM

BucHoBku MpoBeaeHo po3paxyHKU YSBHOT FYCTUHIN KOKCOBOTO

[MpoBeneHo po3paxyHKM KiNbKOCTi NanvMea poCIvH-
HOrO NOXOKEHHS, LLIO MOXe ByTu cnaneHo B 30Hi 06-
nany B IKOCTi 3amiHK 06’emy npupoaHoro rasy. Pospa-
XOBaHO 00’eM OUMOBMUX rasiB nanumea pOCHMHHOIO No-
XOKEHHSA. 3anponoHOBaHO ONTUMaribHi nNponopuil
NYLWNWHHA COHSILLHWKA, OepeBHOro BYrinmns, TUMPCK i
conomu Ans 3amiweHHs KoxxHux 10% o6’emy npupoa-
Horo rasy - 0,2 Kr nywnuHHA coHswHuKa, 0,125 kr ge-
peBHoro Byrinns, 0,22 kr gepesuHu i 0,25 kr conomu.

3anuKky pisHUX BMAIB NanuBa POCIMHHOMO MOX0o4-
XeHHs. Ha OoCHOBI OTpUMaHuX gaHnX BU3HAYeHO 4ac
3ropsiHHA 4YaCTMHKM ManvBa B 3anexHoCTi Big ii gia-
MeTpy. Ha ocHOBI po3paxyHkiB Yacy ropiHHs YaCTUHOK
Oyno BM3HAYeHO, LIO COfloMa Mae HavBuLly LWBWUA-
KicTb 3ropsiHHs. Lle nossonsie BukopucTtoByBaTtu 1i y
nanbHUKy obnantoBanbHOi MawwuWHKU 3 BinNbluMM pos-
MipOM YacTMHOK: 5 MM npu yaci nepebyBaHHS B 30Hi
ropiHHA 5 ceKkyHA, 3a0BOMbHSAYN MPU LbOMY TEXHO-
NOriYyHi BUMOTW.
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JIleopis i NPaKMUKg Memarypeii

Maaniy M.I'., KamaH B.0., Jlaiikoe /I.B., Aepamenko C.O.
IMopiBHAJBLHUN aHAJI3 NPOAYKTHBHOCTI TA MOTYKHOCTI Mpouecy Apoo-
JIEHHSl CTUCKAHHSIM Ta 3CYBHUM HABAHTAKEHHSIM Yy IIIOKOBMX JApodap-

Kax 3 MPOCTHM Ta 3 NapaJieJibHO-KOJOBUM PYXOM IIOKH.

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.

Bcmyn. TMpouec ApobneHHs Ta NpocyBaHHS po3a-
pobneHnx LIMaTKiB MO BMCOTi kamepu OpoGneHHsA B
LLIOKOBMX gpobapkax 3anexuTb Big KIHeMaTUYHMX OCOo-
bnuBoCTel MexaHiamy npvBoAy pyxomoi wwoku [1-3].
EHeproedekTuBHiCTb npouecy ApobneHHs 3anexuTb
BiJ XapakTepy pyxy PyXOMOI LLUOKW, (Pi3MKO-MexaHiy-
HWUX BNaCTMBOCTEW PYyMHIBHOro martepiany Tta BMbopy

napameTpiB npotecy [4-8], A& OCHOBHUMU YNHHUKAMM
€ YMOBM NPUKNagaHHsA HaBaHTaXKeHHS.

OcHoeHa YacmuHa. Y gpobapkax 3 NnpocTum py-
XOM TPAEKTOPIi pyXy TOYOK poBGo4oi NoBepxHi BpoHe-
NUTK ABNSTL COO0 abo YacTuHM ayru kona, abo
npami niHii [9]. TNig yac pobotutn Takuh Apobapku
(puc. 1a) woka pobuTb KoNMBanebHWUIA PyX, NPY LIbOMY
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HaMBINbLWMIA Xig CTUCKaHHSA S, (ropu3oHTanbHa ckna-
[AoBa TpaeKTopii pyxy 6yab-AKoi TOUKM LLLOKW) MaE€ ii HU-
XKHS1 TOYKa.

s
a
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6

a— 3 IpocmMuM PyxoMm WioKu; 6 — 3i cknadHUM pyxXoM WOKU

Mpn ubOMY CUnKN CTUCKaHHS P wmaTkiB nopoau y
BEPXHIW Ta HWXHIN YacTMHaX kamepu ApobneHHs no-
POMKYIOTb CKNadoBi R, Aki HanpaBmneHi Bropy, a cunm
TepTa F, siki 3ab6e3nevyloTb 3ax0nneHHs wmaTtka - 4o-
HN3Yy.

IcTOTHMM HegonikoM uux Apobapok € mManuin xig
CTUCHEHHS1 Y BEPXHIlA YacTWHI kKamepu ApobneHHs, Wo
Npu3BOAMTL [0 MOraHoOro 3axornreHHs MaTepiany,
SIKUIA NoaaeTbesl Ha ApobneHHs. PynHyBaHHS WMaTka
nopoau BigbyBa€eTbCsl 32 YMOBMW MEPEBULLEHHS MEXI
MILHOCTI Ha CTUCK, MPaKTUYHO TakK, K Npu cUMeTpu4-
HOMY HaBaHTa)KeHHi 3pa3ka nopoau B npeci. B Ton xe
Yac HKHS, BiNbLU akTUBHA 3a paxyHoK BinbLIOro xogy
CTUCHEHHS, YacTMHa Kamepn He 3abesnevyeTbecs Aoc-
TaTHLO KiNbKICTIO Martepiany. Takum YMHOM, NpoaykK-
TUBHICTb BEPXHBOI YAaCTMHWN Kamepu OpoGneHHs 3Ha-
YHO MEHLLE HiXX HWXKHbOI. Npn LUbOMy eHepris, Heob-
xigHa ons ApobreHHst nponopuiiHa Mexi MiLLHOCTi Ma-
Tepiany Ha CTUCKaHHS y KBagparTi, a HeobxigHa NnoTyx-
HICTb NpoLeCy BUPaxoBYETLCA 3a BiOMOIO (HOPMYIIOH
J1.B. IleBeHcoHa [1]

Nn — chn:L(Dz—dZ) n, (1)
12En

Ae o, — Mexa MiLUHOCTI gpobHoro martepiany npu
cTuckaHHi, Ma; L — goBxnMHa Kamepu ApobneHHs, M;
N —yactota obepTaHHs eKCLIeHTPUKOBOro Bany, ¢~ 1;
D, d — makcmarnbHi po3mipy LIMaTKiB BUXiZHOro Ta
nogpibHeHoro Matepiany, M; E —Mogynb npyXHo-
cTi, Ma; n — KMNQ gpobapkw.

dakTMYHa NPOAYKTUBHICTb TaKoi LLOKOBOI Apoba-
PKM, sika BM3HA4YaeTbCsl OOCSAromM rotToBOro MpPOAYKTY,
LLIO BUMagae 3 kamepu ApobneHHs npu Bigxogi pyxo-
MOi LLIOKM (XOMnocToMmy xopi), BiaOyBaeTbcs ABidi 3a
oouvH obepT kpMBOLWIMNA Ta PO3paxoByeTLCA 3a op-
MYIIOHO.

_1 |gtga
n_zwf 25y (2)
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Ae g — NPUCKOPEHHS BINbHOrO MafiHHs, M/c?,
a — KyT 3aXONSIEHHS, Sy — Xig PYXOMOI LLIOKN Y HUXKHIN
TOuLji Kamepu OPOBneHHs, M.

Y gpobapkax 3i CknagHUMm pyxoMm TpaauLiiHOi KOH-
CTpyKLUii (pyc. 1,0), y SKMX KPUBOLLMM i pyXnMBa LLoOKa
YTBOPHOKOTb €4MHY KIHEMATUYHY Napy, TPAEKTOpIT pyxy
TOYOK PYXOMOI LLOKM € 3aMKHYTI KpuBi, Han4acrTie
enincu [1,2,10]. Y npoueci poboTu Takoi gpobapku py-
XOMa LLIOKA Y BEPXHi YaCTWHI 34INCHIOE MPAKTUYHO KO-
noBui pyx, 3abesnevyroum TMM caMyMM XOpOoLLIE 3axon-
NeHHs Ta [JpobneHHa BuxigHoro martepiany. [lpw
LUbOMY Y BEPXHIi YacTUHi kamepu OpOOMEHHA cunm
CTUCKaHHA P LimarTKiB nopoan 3a paxyHOK TaHreHuin-
HOI CKIagoBOI Bif PyXy PYXOMOI LLOKW Ta 30MMKEHHS 3
HEPYXOMOI0, 3aXOMIo0Th | PyxalTb WMaTK1 nopoau
OOHM3Y Ta NOPOXKYTL cUnu TepTa F, ki HanpasneHi
B Pi3Hi CTOPOHW, O 3abe3neyvye KOB3HE CTUCHEHHSI.
PywHyBaHHs1 LUMaTKa nopoau BiabyBaeTbCsA 3a YMOBU
nepeBuLLEHHA MeXi MILHOCTI Ha 3CyB, NPaKTUYHO Tak,
SK NPY aCUMETPUYHOMY HaBaHTaXeHHi 3pa3ka nopoau
B npeci [11], a eHepria pynHyBaHHSA NpONopLinHa Mexi
MILHOCTi mopoan Ha 3cyB y KkBagparTi. B Tou xe yac y
cepeHini YaCcTuHi kamepu ApobrneHHs TpaekTopis pyxy
TOYOK LLIOKM 3MIHIOETBCA Ha eninconogibHy, a B ca-
MOMY HWU3Y NPaKTUYHO Ha MPAMONIHINHY, WO NpUBO-
ONUTb [0 TiPLIOro npoLecy 3axonfieHHs i ApobneHHst
nopoau, po3TalloBaHOI HUXYe CepeiMHN Kamepu Apo-
6nenHst [10]. Y HWXKHIA YacTuHI kamepwn OpobneHHs
PYMHYBaHHS LUMaTka Nopoau BiabyBaeTbCs 3a YMOBHU
nepeBuLLEHHS MeXi MiLLHOCTi Ha CTUCK, NPaKTUYHO Tak,
AK y opobapLi 3 NpocTUM pyxoMm, TOBTO siK Npu cMmeT-
PUYHOMY HaBaHTaXXeHHi 3pa3ka nopoau B npeci. MNpu
LbOMY eHeprisi, HeobxigHa Ans OPOGNEHHS Yy HUXKHIN
YaCTUHi kKamepun OPOBNEHHS TakoX NPOMNOpLiNHa MeXi
MILHOCTi MaTepiarny Ha CTUCKaHHs y KBaaparTi, a noapi-
OHeHWI maTepiarn NOoCTIMHO BULLTOBXYETLCS HAropy 4o
TUX Mip, NOKW BiH 3peLuTolo, He Byade 3axonneHun Ta
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noapibHeHnn. Takum YMHOM, y Tpaauuiiiux gpobap-
Kax 3i CKnagH1M pyxoMm LLLOKN NPOAYKTUBHICTb Y HUXKHIN
YaCTUHI Kamepy ApOOMEHHS 3HAaYHO MEHLLE, HiX Y Bep-
XHin.

Y npoueci po6otn apobapku 3i cknagHUM pyxom
LLIOKM 3a TPpaAMLiHOI CXEMOI0 B NepLuin dasi npu pyci
KpMBOLLUMY 3 KPaNHbOrO BEPXHLOIO MONOXKEHHSI BHU3
Ha KyT 90° pyxoma LoKa pyxaeTbCs Ha3yCcTpiy Hepyxo-
MUA. 3a paxyHOK CTUKaHHA Ta TaHreHuinHoi cknago-
BOI, BOHa 3axONIioe i NoYMHae, PakTUYHO 3CYyBHUM Ha-
BaHTaXXeHHAM, pyrHyBaTK BUXigHY nopoay Ta pyxae ii
BHU3, CPUSIOYN PO3BaHTaXKEHHIO MoapibHEHOro maTte-
piany. Y apyrin gasi npu pyci KpyeoLlumna B KpanHe Hu-
)KHE MONOXEHHS pyXOMa LLoKa MPOJOBXYE pyxaTucs
YOiK, MPOTUNEXHUI HEPYXOMIW LLOL, | BHU3, NPY LIbOMY
BigOyBaeTbCa POpPCOBaHWIA BUKMA NOAPIOHEHOro Ma-
Tepiany 3 kKamepu ApoBneHHS 3a paxyHOK pyXxy LLIOKW Y
Oik posBaHTaxeHHs. Hagani npu pyci 3 HWXHLOrO
KpanHbLOro MnOnoXeHHA Bropy Ha kyt 90° pyxnuBsa
LLIOKa 34iNCHIOE CKNagHWI pyX, 3a 4ac siKOoro ii BEpXHS
YacTuHa 34iNCHI0E pyX Bropy Ta B BiK, NpOTUNEXHWI
BifL HEPYXOMOI LLOKM, @ HWKHSA YacTMHa pyXxaeTbesl
Bropy i Ha3ycTpiy HEPYXOMIl LLOL, LLIO HE CNpUsie po3-
BaHTaXXEHHIO nogpibHeHOI nopoan. B ueTBepTin,
OCTaHHIN, goasi HKHS YaCTUHA LLOKK pyXaeTbes Y Ok,
NPOTUNEXHUIA HEPYXOMIN LLOL, | BFOPY, TaKoX nepeLu-
KoMKaroun BunNagiHH nogpibHeHoro matepiany. Ta-
KMM YMHOM, PyX LLIOKM B TPETiN i YeTBepTin dasax ne-
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peLukogKae BUXOAY rOTOBOrO po3gpobrieHoro matepi-
any 3 kamepwv apo0oreHHs, To6To. BUNagaHHs roTOBOro
NPOAYKTY i3 kamepu apobneHHs BiaOyBaeTbCs OBiYi 3a
oauH 06OopOT KpMBOLLMNY, SK i y ApobapoK 3 NpoCTUM
PYXOM LLIOKMU.

B TexHiuHin nitepatypi [1,2,3] MOXHa BuAINUTH
rpyny gpobapok, y SKMX TpaekTopisa pyxy pyXomoi
LLIOKX 3MiHEHA 32 AOMOMOTOH Pi3HUX KOHCTPYKTUBHUX
npuromiB, aki 3abesnevyoTb NpUBIN3HO NOCTINHY Be-
NNYUHY XOAYy CTUCHEHHSI MO BCill BUCOTi kKamepw noapi-
OHEHHs1. lgest TakMX KOHCTPYKTUMBHMX pilleHb 3BO-
ONTBCS 0O CTBOPEHHS OHAKOBOTO KO0BOro, abo eni-
NCOIQHOMO PyXy PyXOMOIT LLIOKK NO BCiK IT AOBXWHI. Xa-
pakTepHUM NPUKIagoM Takunm opobapku € gpobapka i3
3aranbHYM eKCLEeHTpMKOBUM npmBogHumM Banom [10],
Y SIKOi KpYroBuiA pyx BEPXHbOI YaCTUHM LLIOKK 3abe3rne-
YyeTbCsl 0B6epTaHHAM OOHOro EeKCLEHTpUKA, a Kpyro-
BMIA PYX HWKHBOI YaCcTWHM LLIOKM BiabyBaeTbCa 3a pa-
XYHOK PyXy PO3nipHOI MAWTK, WO HAaBOAUTLCH iHLLIMM
ekcueHTpukom. [NpoayKTmBHICTL Takoi gpobapkn Gi-
NblUa, HiX Yy NepernsHyTuX BULLLE, OOHaK Yepes cknag-
HICTb BUrOTOBMEHHS Ta eKcninyaralii BoHa He oTpu-
Mana noLuMpeHHS.

HaBegemo npuknag gpobapku [12], sika 3abesne-
yye napanenbHUA pyx pyXoMol LLIOKK 0 HEPYXOMOI 3a
paxyHOK 3acTOCyBaHHSA [OBOKPWUBOLLMUMHOIMO LUAPHIp-
HOro YOTMPWUA3BIHHMKA i3 3aranbHUM NPUBOAOM KPUBO-
wmnis (puc.2).

PucyHok 2 - KiHemaTnyHa cxema gpobapku 3 napanenbHO-KONOBUM PYXOM PYXOMOI LLIOKM OO HEPYXOMOI

TpaexkTopia pyxy TOYOK LLLOKW Y 3anpOnoOHOBaHIN Ki-
HEeMaTUYHIn cXeMi € NPaKTUYHO KOIIO0BOIO, i Xif, CTUC-
HEHHs1 Ta TaHreHuiHOI CKNagoBoi MO BCi BUCOTI Ka-
Mepu noapidHeHHs1 NoCTiVHi. OCKiNbKM AOBXUHU KpW-
BOLLUMMIB OHAKOBI, pPyXn1Ba LLoKa B nepLuin casi npu
pycCi KpMBOLUMNA 3 KPaWHBbOrO BEPXHBLOTO MOSIOXKEHHS
BHM3 Ha KyT 90° pyxa€eTbCs Ha3yCTpiy HEPYXOMIMN LLOLI.
Mpu UbOMY Y BEPXHI YaCTUHI Ta Y HWXHIN YacTuHax
Kamepu OpOGMneHHs CUnKN CTUCKaHHA P umaTkiB no-
pOAM 3a paxyHOK TaHreHUINHOI CKNagoBoi Bif pyxy py-
XOMOIi LLOKX BHM3 Ta Ha3yCTpiy 3 HEPYXOMOLO, 3axor-
NoIOTL | pyxaloTb WMaTku nopoan AoHu3y. Lle nopo-
DXKye cunm TepTa F, aKi HanpasneHi B pi3Hi CTOPOHW,
Lo 3abe3neyye KOB3HE CTUCHEHHS MO BCili AOBXWUHI Ka-
mMepu. PyiiHyBaHHS WwmaTtka nopogu BinbyBaeTbcs 3a

YMOBM MepeBULLIEHHA MEXi MILHOCTI Ha 3CyB, NpaKTu-
YHO TaK, SK MPU aCUMETPUYHOMY HaBaHTaXXEeHHI 3pa3ka
nopoau B NPeci, a eHepris pynHyBaHHSA NpornopLinHa
MeXi MiLHOCTI Nopoaum Ha 3CyB Yy kBagpari. B uen yac
3pYMHOBaHI LUMAaTKN NOPOAU PYXaeTbCHA AOHU3Y, LWO
TaKOX CMpUsie PO3BaHTaXEHHIO po3apobrneHoro mare-
piany. Y apyriv casi npu pyci kpueoLumna B KpauHe HU-
KHE MOJIOXKEHHS pyXoma LLioKa pyxaeTbes y Bik, npoTu-
NEeXHUN HEPYXOMOT LLIOLLi | BHM3, NPY LIbOMY TaKOX Bia-
OyBaeTbCst HOPCOBaHMI BUKUA pO3apobrieHoro mate-
piany 3 kamepu ApobneHHs 3a paxyHOK PyXy LLOKK yBik
po3BaHTaXeHHdA. Y TpeTii ¢asi poboTn KpusoLLuny
npu nepexofi 3 HWKHbOrO KpanWHbLOro MOMOXEHHSA
Bropy Ha kyT 90° pyxoma LLioKa pyXaeTbCsl Bropy 1 yoik,
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NPOTUAEXHUA HEPYXOMIN LLOLLi, NPOOOBXYOUN po3Ba-
HTa)XEHHs1 po3apobneHoro martepiany. Y 4eTBepTin
dasi pyxnmBa LLOKa pyxaeTbCs Bropy Ha3yCTpiy Hepy-
XOMi Loui, NoYnHatoum gpobneHHs 3HOBY 3aBaHTa-
XKEHOro Yepes 3aBaHTaXKyBarbHWUA OTBIP LUMAaTKIB No-
poau. To6To, AN Takoi KIHEMATUYHOI CXEMU MOXEMO
ckopuryeatu Bigomy coopmyny [1] Ans BU3HAYEHHS Ya-
CTOTM 0BGepTaHHA Bany, byaemo matu

3 |gtga

4+ 25y’ ®)

A€ g —TNPUCKOPEHHS BIMBbHOTO MafiHHA, M/C?,
a — KyT 3aXOMMeHHs, Sy — Xif PYXOMOI LLIOKM Y HWDKHIN
TOuLI KaMepun APOBMEHHS, M.

Takum YMHOM, BMNAAiHHS NPpU3MK rOTOBOrO NPOAy-
KTy 3 Kamepw ApobneHHs BiabyBaeTbCsi MPOTAroM
TPbOX 4BepTen 06opoTy KpuBoLMMy, TOBTO B TPbOX
umknax pobotu gpobapku, WO MPaKTUYHO MOBHICTIO
BMpiLLyEe npobriemy nepenoapibHeHHs Ta A03BONSE
NiABULLIMTY Ha YBEPTb YacTOTy 0bepTaHHs EKCLEHTPU-
KOBOrO Basy Ta NigHATU NPOAYKTMBHICTb NpoLiecy Apo-
OneHHs.

B Toi e 4ac HeoOxigHa NOTYXHICTb OpPOGNEHHs
nopoau y HaBefeHin apodapui 3 Tako KiHEMaTUYHO
CXeMoto, fka 3abe3ne4vye KOB3HE CTUCKaHHA MOXe BU-
3Ha4YaTUCA 3a 3areXHICTHO 3rigHO 3 hopMyIoro

2 2 2
N, = k nLl(ZDGn d )n, 4)

e k-—mexa MiyHocTi apobHoro martepiany Ha
3cyB, a2, L —pgoxuHa kamepu [OpOGReHHs, M;
N —yacToTa 06epTaHHsl eKCLIEHTPUKOBOro Bany, ¢~ 1;
D, d — makcumanbeHi po3mipu WmaTkiB BXigHOro Ta no-
ApidbHeHoro matepiany, M; G — mogynb 3cysy, a; n —
KA apobapku, skui 3a gaHumun [13] ana gpobapok 3
CKNagHUM PyXOM LLIOKM NpunMatoTb Ha piBHi 0,45.

B upomy Bunaaky Tpeba po3ymiTu, LLO KOB3HE CTU-
CHeHHs1 3abe3neyyloTb CUNM TepTa MK NMOpoAoto Ta
OpoHennMTamMn 3a paxyHOK TaHreHuianbHOro HaBaH-
TaXXeHHS BiJ PyXOMOI LLIOKKU, a8 MaKcumMarnbHe OTUYHe
Hanpy>XeHHs MOXHa BUpaxyBaTh NP BU3HAYEHHI 3y-
cunns apobneHHst (HanpyXeHHs CTUCKY) Ta koediuie-
HTa TepTs 3a 3aNeXHICTIO T,y = f0.. [PV KOB3HOMY
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CTUCKaHHI pyMHYyBaHHS nopoau Biabyoetbcs Komu
Tmax > k — MeXi ornopy 3cysy.

Topai 3 ypaxyBaHHAM 3B’s13Ky MiXK MOAYS1eM NPY>KHO-
cTi E i mogynem 3cyBy G ans Bu3HaydeHHs HeobXiaHo1
MOTY>XHOCTI Ha NPYXHY AedbopmaLito LWmMaTKiB nopoan
3CYBOM MNpu ApOBGMeHHi 3 TaHreHuianbHMM HaBaHTa-
XXEHHAM MaemMo

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

e — v- koediuieHT MNyaccoHa.

Ane B uin hopMyni He BpaxoBaHa MOTYXHICTb, ska
BUTpaYyaeTbCs Ha poboTy cun TepTs y Apobapkax npu
cKrnagHomy pyci woku. MoTyxHicTb, HeobxiaHa Ha no-
OONaHHA cun TepTa MK NOPOAOH Ta ABOMA LLLOKaMu B
Kamepi 4poOneHHs Yy MOMEHTM 3axOnsieHHd Ta nepemi-
LLIEHHA ApobrieHoi NOpoAM MOXHA BU3HAYUTU 3a ¢pop-
MyJI0t0

N, = fQmaxTrncos %, (6)
ae f — koedilieHT TepTs MK NOPOAOoHD Ta LLOKOLD;
Qmax — MaKcMManbHe 3ycunns gpobneHns, H; r — pa-
aiyc kpuBowMna, M; Nn—yactota obepTaHHs, [u;
O — KyT 3aXOMNfeHHS.

MakcumansHe 3ycunns gpobneHHs BU3Ha4aeTbCA

3a chopmynotro

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

Oe 0 —mMmexa MiuHocTi nopoaw, MNa; L — poexuHa
kamepu apobneHHs gpobapku, L = 0,4 m; D — po3mip
BMxigHoro marepiany, D = 0,18 m; d — cepeaHi pos-
Mip npoaykty ApobneHHsa, d = 0,042 ; E— mopynb
MPY)>XHOCTi  BuxigHoro matepiany; E = 3,510 [Ia;
S1—Xig pyXoMOi WOKA B MICTi NpUKNagaHHa cunm

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

pTsa MOxHa 3anucatu N, = N, + N, a BigkopuroaHa
dopmyrna ans BU3HAYEHHS] HEOOXiOHOI MOTYXXHOCTI
ApobneHHs nopoaun y HasedeHin apobapui, Ae pyx py-
XOMOI LLIOKM Ma€ OAHaKOBY KOSOBY TPAEKTOPItO MO BCiN
Ti JOBXMHI (p1C. 2.), TO MOXHa BBaxaTw, Wo s; = 21 i
dopmyna mae surnag

2(1 +v)k?aL(D? —d%)  fo,*nL(D? — d?) a
er = 12En 19Es, 127
nL(D? —d*)n[1+Vk?® fo.> a ®)
- E [ 6n 38 °2

TakoX NOTYXHICTb BUTPAYaETLCS Y BCIX TUMax gpo-
0apok Ha npyxHy aedopmadiio geTanen Ta Ha TepTa
B CMOMyYeHHsAX (Ha Tak 3BaHWIA XONOCTUI Xia), WO 3ri-
OHO 3 [7], BU3Ha4a€eTbLCs 3a Popmyrnoto

N.
N, = 0,5K, (—1,3;( . 9)

ae, K. — KoemilieHT, WO BpaxoByE pyX PYyXOMOi
LoKK; N, — BCTaHOBMEHa MOTYXHICTb ABUryHa, kBT,
1,39 — HOMiHanbHUI 3anac NOTYXHOCTI; Ky — koediuj-

EHT BiAXWUMNEHHSA 3anacy NOTY>XHOCTI Bif HOMiIHaNbLHOro;
e, —MMTOMa KopucHa pobota cun  OpobneHHs;

- eAHm
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I, — MakcumarnbHa TEXHONOMYHa NPOAYKTUBHICTb
OpPOONEHHs.

3a paHumu [14] BTpaTyn eHeprii Ha poboTy NPYXHOI
aedopmadii BuTpadaetbcsa 6nmabko 35%, a Ha TepTs
y Apobapkax 3i CKnagHum pyxom LWoku - 27,5%. B Ton
XXe 4ac aHaniTUYHi po3paxyHku aBTopis [1] nokasyoTb,
LLIO CyMapHa npyxHa gedopmallis enemeHTiB gpoba-
POK, LLIO CEpINHO BMNyCKaloTbCA Nif BNIIMBOM CUI ApO-
GneHHs, NpuBeAEHUM A0 CepeanHn Kamepu apobapku
ctaHoBnaTb 10-15% xody pyxoMol LLOKK Y Til xe To-
yui.
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B po6orTi [15] BCTaHOBNEHO, WO NpY paLioHanbHink
NPOAYKTUBHOCTI APOOMEHHSA B LLOKOBMX Apobapkax,
konu KKL, 6yae makcumarnbHUM, 3arasnbHi BATpATH Mno-
TYXXHOCTi Ha TepTa Ta XONoCTUN Xig y nepLiomy Habnu-
XKEeHHi cTaHoBNATL 2N,,. HaBegemo doparmeHT Tabnuui
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(Tabn. 1) Wwoao BCTaHOBMEHOI NOTYXHOCTI ABUMYHIB Ta
MOTY)XHOCTI XOJIOCTOro X004y AS1s AeKinbkox apobapok
3 CKnagHUM pyxoMm woku [13. Tabn. 6.1. cT. 166].

Tabn.1 MNotyxHicTb ABMryHa N,, Ta NOTYXHICTb XONocToro xoay N, LOokoBUX Apobapok
MoTyXHiCcTb BigHoLeHHs
[pobapkn N, , kBT N,, kBT N,/N,
1 2 3 4 5
CM-166A 160*250 10 1,264 0,126
C-182b6 250*400 17 1,738 0,102
C-166A 250*900 40 3,291 0,082
CknapgHuiipyx | CM-74 400*900 55 6,146 0,112
CM-16[ 1600*900 75 9,730 0,130
CepenHe 3HaYeHHS  BiQHOLLEHHS 0,11
N,/N,, % 11%

MpoaHanizyeMo BiAHOLIEHHSA BUTpaAT HeOoOXigHOI
NOTY>KHOCTi Ha NoApibHEHHS B LOKOBMX Apobapkax 3
NPOCTUM Ta MOKPALLEHUM CKITagHMM PYXOM LLOKM Ha
npuknagi ApobneHHst AeKiNbKoX ripcbkux nopia, 3 pis-
HUMMN GiznKo-MmexaHiHHUMMN XapaKTepuctmkamm
(Tabn.1), koedpiuieHTom NyaccoHa v = 0,25, koediuie-
HTaMu TepTst MiXX MOpoaoto Ta GpoHennuTamu, npu f =
0,3, KKO oppobapku n = 0,45, KyT 3axonneHHs a = 20°

Ta Npy 0OHAKOBMX iHLWKX NapameTpax. Po3paxyHok Bi-
[HOLLIEHHS NOTYXKHOCTEN ByAemMo paxyBaTi 3a opMy-
noto

Nn _ o8 / k2 | foc’ (10)
N 127 6n 3,8
Ta 3aHocuTK y Tabn. 2, npu ubomy byoemo BBa-
XKaTtu, WO BUTPATK NOTY>KHOCTI Ha XONOCTMI Xig ogHa-
KOBi Ansi ApoGapok 3 NPOCTUM i CKNagHUM PyxOM
LLIOKMW.

a
cos —]
2

Tabnuus 2. Po3paxyHKOBi CMiBBiAHOLWEHHS BUTPAT MNOTY>KHOCTI
npu ApobneHHi pisHUX FipCbKUX Nopia B LLOKOBMX Apobapkax

3 NPOCTUM Ta CKIagHUM KOJIOBUM PYXOM Ny /N,

EkcnepumeHTanbHi TaHreHuinHi Ha- | BigHo- BigHo- Kapactp
Tun nopoay AaHi NPY>XeHHA LLEeHHA LLUEeHHSA [15,¢c]

k, MlMa a., MMa Tmax,» MINa o./k N,/ Nep
1 2 3 4 5 6 7
MoHuoHuT 60 260 78,0 4,3 1,8 104
MoHuoHuT 24 127 38,1 5,3 2,0 105
MoHuoHuT 7,5 48 14,4 6,4 2,1
lNickoBuK 10 55 16,5 55 2,0 158
Pyna rpaHg-marHeTutoBa 22 117 35,1 5,3 2,0 67
Pyna marHeTuToBa 15 97 29,1 6,5 2,1 67
Anesponut 9,2 60,5 18,2 6,6 2,1 208
Anesponut 53 255 76,5 4,8 19 145
Aprunut 6,5 31 9,3 4,8 19 174
PoroBuk 25 138 41,4 6,7 2,0 66
BunHsk 12 60 18,0 5,0 1,9 158
Tyd remaTnsoBaHum 25 134 40,2 54 2,0 67
CepegHe 3HayeHHs BigHO- 5,6 1,98
LUEHHSA

Po3spaxyHkn cun TepTs, ki 3a6e3neyytoTb TaHreH-
LinHi Hanpy>XeHHs Npu f = 0,3 NoKa3yoTb, Lo Opob-
NEHHS NOPOAN Y LLOKOBMX Apobapkax 3i CKnagHUM py-
XOM LLIOKM BigbyOeTbCsl KOMU Ty, > k — MeEXi onopy
3CyBY, TOGTO CUI TEPTS 4OCTATHBO AN 3a0e3neYeHHs
3CYBHOIO HaBaHTaXXEHHS B KaMmepi ApobneHHst 4o pyw-
HyBaHHS NOPOAM.

Taknum YMHOM eHepreTUYHUIN aHani3 NoApPIGHEHHS y
LLIOKOBUX Apobapkax 3 NpOCTUM Ta CKMagHUM PyXoMm
LLIOKW 3 KIHEMaTUYHOI CXEMOI0, SiKa peanisye Kornosui
PyX PYyXOMOIi LLOKW MO BCiN ii OBXWHI NOKasaB MOXIu-
BiCTb 3HA4YHOro eHepro3bepexeHHs (B cepeaHboMy B
1,98 pas).
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Ane, gKWo BpaxyBaTu BUTPATU MNOTYXXHOCTI Ha iHLWI
AVCMNaTuBHI BTpaTu, TOBTO, BBaXarouu, LLIO 3 ABOX MO-
TY>XHOCTEW XONOCTOro Xo4y npwv pauioHanbHin npoay-
KTMBHOCTI, OfjHa CKNnagoBa iae Ha TepTs MiXK LoKamm
Ta NoOpoAOHo, TO 3 ypaxyBaHHSAM LibOro BigHOLLEHHS No-
TYXXHOCTEWN 3MeHWNTbCA B cepeaHbomy Ha 11%. Togai
3 ypaxyBaHHAM LibOro CEpeHE 3HaYEHHS BiJHOLLEHHS
N,,/ N, 6yae ameHweHo Ha 11% Ta Byae oopiBHIOBaTU
1,98 — 11% = 1,76.

Takum YMHOM HeobXigHa NOTYXHICTb OPOONEHHS y
LLIOKOBIN ApobapLi 3 BUKOPUCTaAHHSAM 3CYBHOMO HaBaH-
TaeHHs1 byge TeopeTUyHO SK MiHiMym y 1,7 pa3 me-
HLUA B NOPIBHSIHHI 3 4POGIEHHAM CTUCKaHHAM A1s1 ne-
PEBULLEHHSA MEXi CTUCKY Y Apobapkax 3 NpocTUM py-
XOM LOKKN. Takox HaBedeHa KiHeMaTuU4yHa CXema LLo-
KOBOiI Apobapku 3 KONOBMM PyXOM PyXOMOI LLoKK Byae
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3abesnevyBaTi NigBULLEHOT NPOAYKTUBHOCTI 3a paxy-
HOK 30iNbLUEHHST Ha YBEPTb LIKITOBOIO Yacy po3BaHTa-
YXEHHS1 po3apobneHoro marepiany.

BucHoegku. BueHaBegeHUM NpoBefeHo aHania
poBOoTN OCHOBHMX, HAaNBINbLL NOLIMPEHMX ICHYHOUUX Ki-
HEeMaTU4YHMX CXEM LLOKOBUX apobapok [loBeaeHo, wo
LlokOoBa Apobapka 3 KONOBMM PYXOM PYXOMOT LLIOKU NO
BCil1 il JOBXMHI TEOPETUYHO NOTPedy€e 3HAYHO MEHLLOT
(B cepegHboOMy y 1,76 pa3) NOTYXXHOCTI 3 ypaxyBaHHAM
BUTPAT Ha TepTs Ans ApoOneHHs ripcbkoi nopoan npu
BCiX O4HAKOBMX MOKa3HMKax PO3MipiB kKamepu Ta yMOB
OpOOMeHHs HiXX TpaauuiiHa WwokoBa apodapka 3 npo-
CTMM pPYyXOM LLOKW. 3anpornoHoBaHa KiHeMaTu4Ha
cxema apobapku Takox 3abesnevye MiaBULLIEHHS i
NPOAYKTUBHOCTI 3a paxyHOK 30iNnblLUEHHS NPaKTUYHO
Ha YBEPTb LMKITOBOrO Yacy po3BaHTaXeHHs po3apob-

neHoro marepiany.
BibniorpaciuHuin onuc

1. KnywaHues b.B., Kocapes A.U., MynzemHek HO.A. Opobunkn. KoHCTpyKLus, pacyeT, 0cOBeHHOCTM aKkcnnyaTauum.
M.: MawwuHocTtpoeHune, 1990. 320 c.

2. bnoxuH B.C., bonblwakos B.W., Manny H.I". OcHoBHble NapaMeTpbl TEXHOMOMMYHbIX MaLlUWH. MalunHbl ans gesunH-
Terpaumm TBepAbIX MaTepuarnoB: Y4ebHoe nocobue, 4.1. AHenponeTtpoBck: MMA-npecc. 2006. 404c.

3. Bearman, Richard Ted. Jaw and Impact Crushers. SME Mineral Processing and Extractive Metallurgy Handbook,
2019, 367.

4. Korman, Tomislav, et al. Impact of physical and mechanical properties of rocks on energy consumption of jaw
crusher. Physicochemical Problems of Mineral Processing 51.2 (2015): 461-475. DOI:10.5277/ppmp150208

5. Valencia-Ochoa, Guillermo, et al. Energy saving in industrial process based on the equivalent production method
to calculate energy performance indicators. Chemical Engineering Transactions 57 (2017): 709-714

6. Miura, Norihiko, and O. Sukeo. Particle-crushing of a decomposed granite soil under shear stresses. Soils and
foundations 19.3 (1979): 1-14

7. Beniak, J., Krizan, P., & Matis, M. TOOLS FOR MATERIAL DISINTEGRATION. Annals of the Faculty of Engi-
neering Hunedoara. (2015). 13(1), 133

8. Li, Huigi. Discrete element method (DEM) modelling of rock flow and breakage within a cone crusher. Diss. Uni-
versity of Nottingham, 2013

9. Uenukos A.W. MawwuHbl n arperatbl MeTannypruyeckmx 3asogos. T.1. M.: MawwuHocTtpoeHune. 1987. 440 c.

10. Macnennukos, B. A. [lpobunku, paspywatowme matepuan cxatnem. N3sectmsa By3oB. [OpHbIn xypHan 10-11.
1996. ¢ 124-138.

11. Maniy M.I". EHepreTnyHui aHania ApobneHHs pyaHUX MaTtepiarniB aCUMETPUYHUM HaBaHTaXXeHHSAM. Teopis i npak-
muka memanypeii. OHinpo. HMeTAY. 2022. Ne3. c 38-44.

12. AT. Hukutun, B.W. NMonenkos, A.B. ButywkuH, H.[. KantoknHa. CpaBHUTENbHBIM aHanm3 paboThbl LWeKoBbIX Apo-
OUNOK C pasnNNYHLIMKN KMHEMATUYECKMMM cxemamu. Mi3BecTus By3oB. YepHas metannyprus. 2012. Ne10. ¢ 30-31.

13. LWrena B.M. Teopiqa. EkcnepumenT. MNMpaktunka. EHepro3bepexeHHs npu mawmHHOMY BUpo6HULTBI. MoHorpadis.
OrinponeTtpoBckk. IMA-npecc. 2009. 268c¢. (poc. MOBO).

14. Kocapes A.W., OyapeHko H.B. QHepreTndeckne notepu B wekoBbix gpobunkax. Tp. BHUWcTpongopmaw. M.
1977. Ne 77. c 21-25.

15. LWrena, B. M., NporHo3npoBaHue nonesHon pabotsl u KIMNQ npoektupyemoit mawwmHbl. MeTtannypriudeckast u rop-
HopyaHas npombiwneHHocTb 1. 2010. Ne3. ¢ 115-118

References

1. Klushantsev, B. V., A. |. Kosarev, and A. Muizemnek Yu. "Crushers. Design, Calculation, Features of
Operation."” M: Mechanical (1990).

2. Blokhin V.S., Bolshakov V.I., Malich N.G. Basic parameters of technological machines. Machines for disintegration
of solid materials: Textbook, Part 1. Dnepropetrovsk: IMA-press. 2006. 404 p

3. Bearman, Richard Ted. Jaw and Impact Crushers. SME Mineral Processing and Extractive Metallurgy Handbook,
2019, 367.

4. Korman, Tomislav, et al. Impact of physical and mechanical properties of rocks on energy consumption of jaw
crusher. Physicochemical Problems of Mineral Processing 51.2 (2015): 461-475.

5. Valencia-Ochoa, Guillermo, et al. Energy saving in industrial process based on the equivalent production method
to calculate energy performance indicators. Chemical Engineering Transactions 57 (2017): 709-714

6. Miura, Norihiko, and O. Sukeo. Particle-crushing of a decomposed granite soil under shear stresses. Soils and
foundations 19.3 (1979): 1-14

7. Beniak, J., Krizan, P., & Matius, M. TOOLS FOR MATERIAL DISINTEGRATION. Annals of the Faculty of
Engineering Hunedoara. (2015). 13(1), 133

8. Li, Huigi. Discrete element method (DEM) modelling of rock flow and breakage within a cone crusher. Diss.
University of Nottingham, 2013

9. Tselikov A.l. Machines and aggregates of metallurgical plants. Vol. 1. M.: Mashinostroenie. 1987. 440 p

46



JIleopis i NPaKMUKg Memarypeii

Nol, 2024 ISSN 1028-2335 & e sommewmisriiiik

10. Maslennikov, V. A. Crushers destroying the material by compression. Izvestiya vuzov. Mining journal 10-11. 1996.
c 124-138.

11. Malich M.G. Energy analysis of crushing ore materials by asymmetric loading. Theory and practice of metallurgy.
Dnipro. NMetAU. 2022. Ne3. p 38-44.

12. A.G. Nikitin, V.I. Lyulenkov, A.V. Vitushkin, N.D. Kalyukina. Comparative analysis of work of jaw crushers with
different kinematic schemes. Izvestiya vuzov. Ferrous metallurgy. 2012. Ne10. p 30-31

13. Shtepa V.P. Theory. Experiment. Practice. Energy saving in machine production. Monograph. Dnipropetrovs'k.
IMA-press. 2009. 268 p. (in Russian).

14. Kosarev A.l., Ovcharenko N.V. Energy losses in jaw crushers. Tr. VNIIstroydormash. M. 1977. Ne 77. p 21-25.

15. Shtepa, V. P., Prediction of useful work and efficiency of the designed machine. Metallurgical and mining industry
1.2010. Ne3. p 115-118

47



JITeopis i NPaKmMuKg Memarypeii

YOK.

o %% ¢ ISSN 1028-2335 Nel, 2024

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  NPaKTUYHWUX BUXIOHWUX OaHUX.

AHaniz nitepatypHux AaHUX Ta NOCTaHOBKa
npobnemu. be3nepepBHU  BYrneLeBOTEPMIYHUN
npouec BMMNMaBkWU MapraHueBux oepocnasiB B MNOTY-
XKHUX 3aKPUTUX | FepMEeTUYHUX PyaoBIAHOBNIOBAbHUX
ernekTponeyax CynpoBOAXYyeTbCA GesnepepBHVUM 3a-
BaHTaXXEHHAM LUMXTOBMX MaTepianiB Ha KONOLIHMK
nevi. [na BUKNOYEHHs BUXoay dyepocrniaBHOro rasy
Yepes niyvHi OyHkepn B HMX MOCTINHO MOBUHEH
niaTpumyBaTUCb NOTPIOHMIA piBEHb | BignosigHa maca
wuxtn. B BaHHi depocnnasHoi nedi Tvny Pr13-63
3HaxoguTbes 6ina 300 T. wuxty [9-12].

BigHoBnoBanbHi npouecu Ta popMyBaHHS LUaKy
i MeTany BiabyBaeTbCs B NPUENEKTPOOHMX 30HAX i Ha
noauvHi. B cepegHbomy yepes 2,66 roamMHu NpoaykTu
nnaBky BUMYCKalOTb i3 nevi. XiMiyHuin cknag BUXigHWX
LUMXTOBUX MaTepianiB KOHTPOMOKWTbL OAWH pa3 3a
3MiHy. B nnasunbHoMmy XypHarni (PikCyeTbcs Takox
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Maca KOXXHOro BUTPAYeHOro 3a poboyy 3MiHy LUMXTO-
BOFO KOMMOHEHTa. XiMiYHU/A cknag depocnnasy,
LUIaKy i iXx Maca KOHTPOMKTLCA No-nnaBoyHo. MNpu
CKrnagaHHi maTtepianbHoro ©GamnaHcy Bunnaeku de-
pocnnaBy Ha BMPOOHULTBI BUKOPUCTOBYETLCH METO-
OvKa y3aranbHEeHHs NokasHuKiB 3a o0y i B uinomy 3a
BMAINEeHUN nepiog vacy.

[na nepiognyHmx ByrneLeBoBigHOBNIOBANbHMX
npoLeciB Npu TakoMy nigxogi i 3a 4acom no4vartok
3MiHEHHS cKragy LIMXTW BignoBigae HOBOMY ckragy
oTpumaHoro depocnnasy B nepiog nnasku. [poTe,
NOTYXXHi PpyaoBiAHOBNOBArNbHI MNevi, fki nNpauoTb
6e3nepepBHYM MPOLIECOM, MalTb BEMUKY [MUOUHY
BaHHM (0o 5 m). Came B Takmx nedax i BiabyBaeTbcs
«TPaHCMOPTHE 3ani3HEeHHA» MK Mo4YaTKOM 3aBaHTa-
XEHHA 3MIHEHOro cKragy LWWUXTU i noYyaTkoM OTpu-
MaHHS doepocrnaBy HOBOrO XiMIYHOrO cknagy, Skui
BiANOBIAAE LN LUNXTI.

MeTa i 3aBgaHHA gocnigxeHHsA. B poboTi 3anpo-
NMOHOBaHO CKOpEeroBaHy MeTOAUKY BCTaHOBMEHHS KO-
pensuinHMX B3aEMO3B'A3KIB MiXK BUXIOHUMM NapameT-
pamu i KiIHLLEBUMW NOKa3HWKaMW 3 YpaxyBaHHSAM Tex-
HOMOTYHOI  IHEPLINHOCTI Npouecy — «TPaHCMOPTHOrO
3ani3HeHHs». «TpaHCrnopTHE 3ani3HEeHHs» - Le TOou
nepiog 4Yacy, Ha dkui Byge BigbyBaTUCH 3amMi3HEHHS
NpuxoAy LUNMXTOBUX MaTepianis B peakuiinHy 30Hy nedi
e yTBOPKETLCA KiHLEBUIN cknag oepocnasy.

Martepianu Ta metoam gocnigXxeHHsA. B pobori
3anponoHoBaHa MeToAvKa Npu NPOBedeHHi ekcrnepu-
MeHTanbHWX NNaBoK B MPOMUCIIOBUX YMOBAaX, ska A03-
BONWIMA BU3HAYUTM Yac «TPAHCMOPTHOMO 3ani3HEeHHA»
npyv Bunnaeui depocunikomapraHuio 3 6a3oBuM
BMiCTOM MapraHuto (65-68%). 3MiHEHHs1 BMICTY 3ani3a
(3 3% 0o 11%) i mapraHuto (3 76% no 68%) B depo-
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cunikomapraHui 3acsigyyBsasno npo BiAnoBiAHICTb OT-
pUMaHoOro KiHUEBOro cnsiaBy 3MiHEHOMY paHiwe
cknagy LUMXTu.

IMpomuncnoBi gocnimpKeHHs NPOBOAMANCE B YMOBaX
depocnnasHoro uexy AT «Hikononbcbkun 3aesog de-
pocnnagiBy» Ha neuvi Pl3-63, aka Bunnaensana gepo-
cvnikoMmapraHeupb cknagy: 73-74% Mn, 17-18% Si, 6-
7% Fe, 3a npuiiHATO TexHonoriel. ABTopamn po-
6ot 6yno npoBeaeHO NPOMUCHOBUA EKCNIEPUMEHT 3
nepexogy Ha iHWWA cknag MeTany i3 3HWKEHUM
BMICTOM MapraHuto. PoboTa neui nig 4ac gocnigkeHb
BKIOYana nepiog, B sk BioOyBaBcsi nepexig Big
BMMNMNaBKM TOBapHOro dyepocurnikoMapraHui (cnnas
Mapkn MHC17) 3 paHille BKasaHMM BMICTOM Map-
raHuto i 3anisa go 6asosux BignosigHo Ao ACTY3548-
97 BENUYMH BMICTY LUUX eneMeHTIB B hepocunikomap-
raHuto, %: Mn He meHwwe 65, Si B mexax 15-20.

Bunnaeky depocunikomapraHLulo Takoro cknagy
BEMW 3 MapraHUeBOi CUPOBMHN 3 JOOABKOK B LUNXTY
3anisopygHunx maTepianis. Cnig 3asHaunTy, WO TaKkvK
CMMaB XapakTepu3yeTbCA MIABULLEHOK LUIMBHICTIO i
MEHLLOK KPUXKICTIO, O ChApusie nig 4ac dpak-
LioHyBaHHA 3MeHLIeHHI0 Buxody BiaciBy (dp. 0-10
MM) MPaKTUYHO B 2 pa3un. B sikocTi 3anisaoBmicHOro Kom-
MOHEHTA LUIMXTU BMKOPUCTOBYBaNM cupi 3anisopygHi
obkotuwi (62-63% Fe), Butpatu skux cknaganu 6-10
T. 32 pobouyy 3miHy. Lle nMpu3BogMno A0 3HWKEHHS

JIleopis i NPaKMUKg Memarypeii

BMIiCTy MapraHLo y roToBomy cnnasi 3 76% [0 piBHA
OCTY 3548-97, a came — He MeHLe 65%.

CyTHiCTb MeToaMKN Npy 06podLi AaHNX NPOMUCIIO-
BOrO €KCMepuMEHTY rnornsrana B TOYHOMY (DiKCyBaHHi
Yacy 3aBaHTaKEHHS Ha KOMOLUHUK dbepocnnaBHOI
erneKkTponevi LUNXTu 3 0BKoTULIaMM i 3MiHM BMICTY Map-
raHuto B depocnnasi, sikuin 6yno otTprmaHo.

Pe3synbTtatu gocnigkeHHs Ta iXx oOroBOpeHHs.
[pwv nigBuLLEHHI Mack 3ani3a amiHoBanacbh 4ons Mmap-
raHul B Cnnasi, WO AaBano 3Mory BM3HaAYMTU 4ac
«TPAHCMOPTHOrO 3anisHeHHs». Pi3HMUs Yacy MixX 3a-
BaHTa)XEHHAM EKCMepMMEHTarnbHOI WKXTU Ta 3MiHa
BMICTY MapraHuto y XiMiYHOMY cKragi roToBoro gpepo-
cunikomapraHuto i 6yna BuM3HavyeHa SK «TpaHCMNopTHe
3anisHeHHa». B KiHUI eKkcnepuMeHTy BU3Havanm
«TPaHCMOPTHE 3ani3HeHHs1» 3a poboyMmMu 3MiHamu
(nnaBkamu) - 3aKiHYEHHS 3aBaHTa)KEHHSA ODKOTULLIB B
niv i 3MiHKM Macu mapraHuo y depocnnasi, sk Byno
oTpyMaHo. [nsa niaBULLEHHA HAAIAHOCTI BMCHOBKIB
Hamu 6yno npoaHanisoBaHo poboTy neyi Bnpogosx 81
pobo4mx 3MiH, WO cknano mawxe 27 ai6 6esnepeps-
HOi poboTun. MpadidHi pe3ynbTaTh OOCNIMKEHb HaBe-
AeHi Ha puc.1. Cnig 3a3HaunTy, Wwo puc.16, € npoaos-
»KEHHSIM pu1c.1a 3a Biccto abcumc, Ha siki 3adhikcoBaHO
KiNbKIiCTb 3MiH npoTsrom 27 Oib 6e3nepepBHOro ekcne-
pemMeHTa. a Ta puc.10.
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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:

Mikn) = (M1-2)/Muwn-2)) M), T,

1)

Oe: Mikn) — Bara KOMMOHEHTU 1, sika ckopurosaHa 3
ypaxyBaHHSIM «TPaHCMOPTHOrO 3anisHeHHs», T.; Myn-
2) — Bara KOMMOHEHTW 1 3a AaHUMK 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.

CywmicHe BigHOBMEHHSA MapraHLto | KpeMHito nig vyac
BUNNaBKU epocurikomapraHuto CynpoBOLKYETbCA
NPOTIKaHHAM CKnagHuX i3nMKo-XiMiYHMX NpoLeciB.
Mpn UbOMY LLIMXTOBI MaTepianu NPoxXoaaTb Pi3Hi Tem-
nepaTypHi 30HM, 3a3Haloun psa 3MiH: derigpaTadiio,
aucouiauito okenais i kapboHartiB, YacTkoBe abo NoBHe
BIHOBMEHHS OKCUAIB, LLNAKOYTBOPEHHS, NOAiN npoay-
KTiB MMaBKM Ha LUITAKOBY Ta meTanesy ¢asn, octaTto-
YHe hopMyBaHHA PO3nnasy.

KinbkicTe MeTany 3HaxoamnTbCs Y TICHOMY 3B'S3Ky 3
TeMnepaTtypHUMn ymoBaMu MMaBku, WO BU3HAYa-
I0TbCA ENEKTPUYHUM pexxumMomM. Ha enektpuyHun pe-
XWM, y CBOIO Yepry, BrfvMBaTb XiMiYHUIA Ta rpaHyro-
METPUYHMIA  CKNMaguM WWUXTOBUX  MaTepianis, ix
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CMiBBiOHOLLEHHS!, KiNbKiICTb BHECEHOI HUMW BOJIOTH,
Yyac nepebyBaHHS Yy Pi3HMX 30HaX, YMOBW LUNAKOYTBO-
peHHS.

Mpu TakoMy 6araTtodakTopHOMY BMIIMBI HA Pe3yrb-
TaTu NpoLecy K KpUTepii ePeKTUBHOCTI MOXYTb OYTH
0b6paHi oBa-Tpu KiHLEBI MapameTpu NpoLecy i SK iHTe-
rpanbHU MOKa3HMK - 3MiHAa E€KOHOMIYHOI edekTuB-
HOCTi. Takumun KpuTepismmn edeKTUBHOCTI npouecy
BMNNaBkM epocunikomapraHulo obpaHO HacTynHi
TEXHIKO-eKOHOMIiYHi nokasHuku (TEI): npogyKTnBHIiCTb
nevi - KpUTEPIN, WO Oae 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); CTyniHb BUIyYeHHS Map-
raHul $K MNpoBigHOrO enemeHTa; NMTOoMa BUTpaTa
enekTpoeHeprii [1,10].

Takum YMHOM, BCTAHOBIEHO, LLIO Yac «TPaHCMopT-
HOro 3anisHeHHsA» ANnsa depocnnaBHUX enexkTponeyen
Tuny Pr3-63 cknagae 16 roguH. To6T1o 2 3miHW. MMpu
TakoMy Nigxofi KOPEKTHICTb pe3ynbTaTiB CTaTUCTUYHOT
06pobKkM BNMMBY BUXIOHUX OaHWX HA KiHLEBi Mokas-
HWKN BUMIaBKW pepocurikomapraHuto 3HaqHo nigsu-
Lmnachb.

HalbinbLu eheKkTUBHMUIN MeTO BCTAHOBIEHHS Kinb-
KICHMX OLiHOK Ta gito4MX 3aKOHOMIpHOCTEN, 3acHOBa-
HUA Ha OOCMiMKEHHI CTaTUCTUYHUX B3aEMO3B'A3KIB Y
aKTUYHUX [aHKX, L0 XapaKTepusylTb npolec 3a
TpuBanun nepiog vacy. Lie nae moxnmeicTb 3a gono-
MOTOK CTaTUCTUYHOIO aHarisy BCTAHOBUTU XapakTep
3B'A3KIB Ta B3AEMHOrO BMNSIMBY €MNEKTPUYHNX XapaKTe-
PUCTUK Ta NapameTpiB TEXHOMOrYHOro npoecy, Aatu
iX KiNbKiICHY Ta AKICHY OUiHKY 3 METOK MOXIMBOCTI
CBOEYACHOIO pearyBaHHsl Ha BIOXWIEHHS Y TEXHO-
noriyHoMy 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

Tabnuusa 1

JIleopis i NPaKMUKg Memarypeii

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

Mepenik Ta xapaKTepucTUka BUXIOHVX AaHWX (3@ 3MiHY)

HarimeHyBaHHSA MNo3Ha4yeHHA OanHuua  [Makc. Cep. MiH.
BUMIpY

Bara mapraHuo, Lo CAOXMTO NiYYt0 <Mn> T 106,9 64,4 20,1
Yac, BuTpayYeHuin Ha BUPOOHULTBO Me-,[MeT B, 759 452 140
Tany

Maca oTpumMaHoOro MapraHuo [Mn] T 95,15 48,3 14,3
Bara meTtany, sknin oTpmaHo [Me] T 130,7 66,8 20,0
MpoayKTUBHICTb neui Mn T/ron 14,8 8,9 1,6
KinbKicTb 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 perpeciiHoro aHanisy BMKOPUCTOBYBanUCA AN OTPUMaHHS PiBHSIHb BMAMBY 3HA4Y€Hb BXiOHMX

3MiHHMX Ha TEI poboTu nevi: npoaykTMBHICTb [Nn, BUMyYeHHst mapraHuio nvn=[Mn}/<Mn>; nutoma BuTpaTa
erneKkTpoeHeprii Ha TOHy rotoBoro cnnaey, Qyx=Qn/[Me].

My = 0,0039 - ;%52 - RS . 1,204, @
- im:l = 0,007 - 15,436 ) R;o,oos . tﬁ‘:TSS; ©)

Qyp = Oon _ 2,217 - 18,019 . R50’132 .

Me]

BucHOBKM.

BpaxoBytoum Benuky iHepuUirHiCTb 3akputoi de-
pOCniaBHOI Neyi i 3HaYHi KONMBAHHSA MK BUXIGQHUMM i
KiIHLEBUMU AaHMMK Byno NpUAHATO NPOBOAUTM yCe-
pedHeHHsa pes3ynbTaTiB He 3a NnaBkamu, a 3a pobo-
ynumMmn 3MmiHamu. pu Takomy nigxodi NiaBULLYETHCS
koedpiuieHT kopensuii Npu BU3HAYeHHi yHKLioHarnb-
HUX 3B'A3KIB NOMiXK BMXiQHMMM napameTpamu i KiHue-
BUMW MOKa3HUKaMW.

0,093
twem )

EkcnepumeHTanbHO BCTaHOBMEHO, WO 33 YMOB
De3nepepBHOi pobOTU PyaOBIAHOBMNIOBANbLHOI €rek-
Tponeyi P3-63 npu cTabinbHin NOTY>XHOCTI y AeHHI Ta
HiYHi 3MiHW Yac «TPaHCMOPTHOrO 3ani3HeHHA» cKnagae
16 roguH - To6T0 2 3MiHW.

Ha ocHoBi 06po6kn MacuBy gaHUX MPOMMUCIIOBUX
nnaBoK dpepocunikomapraHLio B poboTi BCTaHOBNEHO
3anexHocTi BNnvBy onopy enekrpoga (Rs) Ha npoayk-
TUBHICTL neyi ([a), NUTOMI BUTPaTU ENEKTPUYHOI
eHepril (Qn) Ta KOewiLieHT BUIYYEHHs MapraHuio y
cnnas (Nmn).
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