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JIleopis i npaKmuKa Memarypeii

Beauuko O.I'., Boiiuenko b.M.
BuuTeio 3 riindoo0Kko10 BAAYHICTIO...

AHania icTopil po3BUTKY Hayku MokKasye, Lo YAM BULLE TEOPETUYHUMN PIBEHb TiEl YK
iHWwol obnacTti nACbKMX 3HaHb, TUM paHiwe MOBUMHEH NPOSABASATUCA TanaHT
ManbyTHbOro BYEHOro, YOMY CMpUSAE HE 3allOPEHICTb i THYYKICTb MOIO4Oro po3yMmy.
CBolo nepwy cTaTTiO NPO YTBOPEHHA TPIlWUMH Ha 3NMBKaxX CHOKIMHOI  cTani,
BMKOPUCTOBYOUM MaTepianu gunnomMHoi pobotun, ctygeHT OMeTtl B.l. BantuamaHcbkun
onybnikyBaB B «36ipHWKY HayKOBO-LOCNIAHMX POBIT CTYAEHTIB i MOMOANX BYEHUX»
(1940), sikmn cTaB iHKyGaTopoM A58 paay MONOAUX NoAer NOro NOKOMIHHS, WO cKnanm
3 YacoMm npeameT ropaoCTi iIHCTUTYTY.

Yxe B 1930-x pokax B [OMerTl, 9k B AocCnigHULbLKOMY YyHIBEpCUTETI, oTpumana
PO3BMTOK MpaKTUKa 3anyvyeHHs CTYAEHTIB OO0 HAyKoBO-AOCMigHWMX pobiT, wo 6yno
XapakTepHUM He Ons BCiX BY3iB TOro 4acy. 3rogoM HaykoBO-AoChigHUUbKa poboTa
ctyaenTiB (HOPC) ctana BisUTHOK KapTKOK HALLOMO iHCTUTYTY.

BiocnyxuBwn batbkiBWwmMHI  Ha nonsx 6utB  Benukoi BitunsHsHOI BinHW, B.I.
BanTnamaHcbkMin 3aBepLUMB CripaBy, po3noYvaTty Lie B CTYAEHTCbKI POKU, 3aXMUCTUBLLMU
KaHOWMOATCbKy AucepTauilo «TpilmHM Big TeMNepaTypHUX HamnpyXeHb B CTaneBuXx
anuekax» (1948), npucea4yeHy, ronoBHUM YNHOM, TEOPETUYHOMY aHari3y NUTaHHS.

Mi3Hiwe B.l. bBanTMamaHcbKknin 3i3HaBaBCS, WO XOTiB CcTaTu pisnkom, NpoTe nposa
XUTTS He pgosBonuna uboro. [lpoTe, BCA KMOro HaykoBa AisNbHICTL Oyna
nignopsgkoBaHa TeOPETUYHOMY aHanidy cranennaBuiibHUX NPOLECiB, NOTBEPAXKYOUN
adopn3M «HEMAE HIYOro npakTnyHiwe gobpoi Teopiin.

Y 1950-x pokax BiH nybrikyBaBcs B «YKpaIHCLKOMY XiMiYHOMY XXypHani» i «>KypHani
npuknagHoi  Ximii», BigCTOlOBaB CBOE 0OayeHHa  (PyHOAMEHTanbHUX  OCHOB
MeTanyprinHMux npouecis B nonemiui 3 BUaTHUMU BYEHUMWN.

«Pi3nyHi reHn» 3irpanu BupillanbHy posib B BaXNUBWUW ONA CBITOBOI MeTanyprii
nepiog nepexogy Bi4 KOHBEPTEPHMX MpoLeciB AOHHOrO MOBITPSHOrO AyTTa OO
BEPXHbOI KMCHEBOI NpoayBku. [NpoBiBLUM NabopaTopHi i MPOMUCIIOBI EKCNEPUMEHTH |
TeopeTuyHe  3iCTaBfleHHS  UMX BapiaHTiB  KOHBepTepHoro  nepeginy, B.lL
BanTtMamaHcbkun 3axucTMB OOKTOPCbKY aucepTauito (1960) i HanmcaB MoHorpadito
«MexaHi3Mm i KiHeTUKa npoueciB B KOHBEPTEPHiN BaHHi» (1960), ska cTana TOYKO
BiONiKy MOro aBTOPUTETY B HAyKOBOMY CBITi, SIK MpOBIigHOro daxisud B obnacTi
KOHBEPTEPHOro BUPOBHULTBA cTani. Y AuUCKycil Npo noganblui LUAsSXM PO3BUTKY
BITYM3HSAHOrO cTanennasunbHOro BupobHuutea ( «Ctanb», 1960) noro gaymka Ha
KOPUCTb MPIOPUTETHONO  PO3BUTKY KUCHEBO-KOHBEPTEPHOro npouecy 3irpana He
OCTaHHI0 posib. [1poBoasum gocniopkeHHA Ha Kadbeapi Teopii MeTanyprinHMx npoLecis,
a noTiM, KepywuuM noHaA 4BepTb CTOpivyYa Kadpegporo wmetanyprii crani, B.l.
BantuamaHcbkMn nocTaBuMB Opyry BiXy Ha CBOEMY >XUTTEBOMY LUMSXY, BuAABLUN
MOHorpadito «Teopisi KMCHEBO-KOHBepTepHoro npouecy» (1975) i nigkpecnmen B
Ha3BI, K i B NepLLIOMy BUMNAAKY, CBOI TEOPETUYHI NpiopuTeTu.

MoHorpadisa 6yna nepesmaaHa 3a kopgoHoM. BoHa Bunepeguna cBin vac i gotenep
3aNULLIAETBCA HACTIMbHOK KHUFOK HAyKOBLIB i BMPOOHUKIB. laei, BUMKNadeHi B Hin,
cTanv 6a30t0 45151 CTBOPEHHSA HOBUX TEXHONOTIN iHTeHcKdikauil NpoayBKM, MiABULLEHHS
YacTKM cKpany B LUMXTi KOHBEPTEpPIB, KOHTPOITKO KOHBEPTEPHMX MPOLIECIB.

Lli inel 3Hanwnm TakoX NpoaoBXeHHsi B po3pobui B.l. bannamaHcbknm Teopii,
TeXHoOmnorii  Ta YycTaTKyBaHHS Ge3nepepBHOro  cTanennaBuUMbHOrO  npolecy
KOHBEPTEPHOro TUMy, SKMA BHACIIQOK OpUriHaNbHOCTI | nepeBar po3rnagaeTbca K

Benunuko OnekcaHgp Npuroposuy — A.T.H., npod., YneH kop. HAHY, pektop HMeTAY
BowveHko Bopuc Muxannosud — 4.7.H., npod. HMeTAY
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OOVH 3 HaNNepCneKTUBHILLNX ANns BUpOOHMUTBA cTani B ManbyTHLOMY.

Konektne kadpegpwn metanyprii ctani nig kepisHuyteom B.l.bantuamaHcebkoro
OOQHUM 3 MepLKMX MoYaB AOCMIMKEHHS | po3poOKy iHHOBAUIMHMX TEeXHOMOorin Ans
nosaniyHoi obpobkn cTani: NpoayBKM MeTany B KOBLUI HeWTpanbHUM ras3om, MOro
aecynbdypadii, OTpUMaHHSA rMMB0oKO padpiHyuMX cTanb LWakis.

PosBuBatoum Teopito Ta npakTnky 6esnepepBHOi po3nuBkM cTani, byB po3pobneHni
MEXaHi3M BWHWKHEHHS1 Oed)eKTiB 3aroTiBOK, LU0 A03BONWMO BU3HAYNTU Oe3neyHi
LWUBWAKOCTI pO3NMBaHHS i MiABULLMTU NPOOYKTUBHICTL MaLIMH 6e3nepepBHOro SINTTS.

He 3anuwmnnca 6e3 yearu i npobnemm MapTeHIiBCbKOro BUpOOHMLITBA, pO3fMBaHHS
B BUNUBHWULI i T.N.

3a pokn cBoel HaTxHeHHOI npaui B.l. BanTnamaHcbkmii Hanmcae noHag 700 ctarten,
9 MoHorpadin, 8 nigpy4HukiB. Ha noro paxyHky 69 nateHTis.

3aBOskM MOro HaykoBOMY Ta neparoridyHoMy cragky Oynu CcTBOpeHi ymoBu Ang
BMKINagaHHA axoBux AMCUMNAIH Ha Cy4acHOMY HayKOBO-TEXHIYHOMY piBHi. Tak,
30Kpema, Bynn HanucaHi i 3aknageHi B OCHOBY BWULLOI  MeTanypriiHoi  OCBITM BiCiM
nigpy4YHUKiB, ABa 3 AKX oTpumanu [lepxxasHy npemito YKpaiHu B rany3si Hayku i TEXHIKK
(8 1975 i 1999 pokax). BiH gaB nyTiBky B BUCOKY HayKy 76 kaHangaTam i 20 goktopam
HayK.

3HayuHi 3acnyrn B.l. banTnamaHCbLKOro B HaykoBO-MeaaroriyvHin AianbHOCTI BUCOKO
OLiHEHI HaAyKOBOK rPOMAACLKICTIO: BiH 6yB o06paHui  4YreHOM-KOpPEeCnoH4EHTOM
HaujioHanbHOl Akagemil Hayk YKkpaiHn. Ha ubomMy nocTy, Ha nocagi 3asigyBada
Kadbegpwn, CyMMiHHO Mpauolyn B OepXXaBHUX OpraHax i rpoMafcbkuMx opraHisauisx,
BiH BHIC HEOL{IHEHHNI BKNaz B PO3BUTOK BULLOI OCBITU Ta MeTanyprinHoi ranyai.

KpaiHa rigHO ouiHuna patHy i MupHy npauto B.l. BanTuamaHcbkoro YncrneHHMMm
Haropogamu. HwuHi, konu BigsHavyaetbca 100-pivya 3 gHA  HapomkeHHa B.l
BanTuamaHCcbKOro, MK, MOro y4YHi, 3 BOSAYHICTIO 3ragyemo TypboTy Bumtens npo koner,
CniBpOGITHMKIB, NOr0 HaMONErnmBICTb | NPaLbOBUTICTb, LiNeCnpsiMOBaAHICTb i BMiHHS
nepenbaunTh xig nogin, 6rnMckyydy NEeKTOPCbKY MamCTEpPHICTb, HaMaraHHs 3pobuTn 3a
KOpOTKE IOACBHKE XUTTA sikomora binblwe. Hagikn 3anmwunaca gobpa nam'site npo
Baguma InnonitoBnya bantnamaHcLKOro B cepusix ycix, XTo WOro 3Has.

Bce »xutTa B.l. BantamaHCbKOro € NiaoTBEpIKEHHAM OYMKU, Sika Oyna BUCMOBEHa
BMAATHUM BIiTYM3HAHUM Gionorom H.K. Konbuosum: «KoxxeH BUOATHUMA BYEHUI
MOBWHEH BOJSIOAITU NOTArOM A0 Bragu ..., brnaropogHoo opMoo SKOro € nparHeHHs
nepekoHaTn  iHWKWX, MNepekoHaTm BeCb CBIT Yy  BiOKpUTIN ICTUHI».
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Beauuko O.I,, T. /Tio, Apamos C.0., 'puwun B.C.
HNIIBUIIEHHSA EOEKTUBHOCTI BOJOOXOJIOJKEHHSA

HAKOHEYHUKIB KUCHEBUX ®YPM

Velychko 0.G., T. Liu, Abramov S.0., Gryshin V.S.
ENHANCING THE EFFICIENCY OF WATER COOLING OF
OXYGEN BLOWING LANCE TIP

AHomauisi. Ha nidcmasi moOesntogaHHs 2idpoduHamMidHUX rpouecie, wjo 8idbysarombCsi 8 HAKOHEYHUKax KUCHEe8UX
ypm KoHeepmepig, 3pobIIEHO BUCHOBOK PO me, WO Cy4YacHi KOHCMPYKUil HakOHEYHUKie He 3abesmneqyomsb
eghekmugHe 0X0/100)KEHHS 8 3acors08il 30Hi. [l BUKITIOYEHHST YuX 18Ul po3pobrieHa KOHCMPYKUis HAKOHEeYHUKa, W0
8KrroYae MiOHUU 8iHeub ma cmareauli comnosull Kopryc, 8 AKux nepedbayeHi HarnpsMHi Momokie 800u.

Knroyosi criosa: HakoHEYHUK, KUCHes8a ¢hypma, criipanb Apximeda, eidpoduHamika, 0X0rn0OXEHHS, MOOeTt08aHHS.

Abstract. Based on the simulation of the hydrodynamic processes occurring in oxygen blowing lance tips of the con-
verters with vertical blowing, the authors of the current publication conclude that in spite of the target for the contempo-
rary existing designs of oxygen blowing tips to redistribute the cooling water flows and to intensify the overall cooling,
they allow forming the areas of hydrodynamic resistance in the vicinity of the tip nozzles leading to slowing the cooling
water flows and the thermal erosion of the nozzle rims. The findings of the authors have driven to the development of
the copper crown and the steel nozzle shell of special designs able to fight the indicated problem. The new idea of the
oxygen blowing tip is in equipping it with the blades on the inner side of the copper crown and with the blades on the
steel shell for additional directing the cooling substance flows. The contours of the blades are made as the segments of
the Archimedean spirals, which act as passive flow intensifiers. Mutually located, the segments and the outlines of the
blowing nozzles form the channels in a way similar to Laval nozzles, this makes the cooling substance flows run faster

and deliver the effective cooling to the oxygen converter blowing lance tips.
Key Words: tip, oxygen blowing lance, Archimedean spiral, hydrodynamics, cooling, simulation.

1. Introduction

One of the highly effective resource-saving direc-
tions is the optimization of both the blowing regimes
and the equipment designed for their provision, as this
allows rather fast achieved improvement on their
technical and economical parameters of the dedicated
processes as well as on their ecological friendliness
and attaining thereof without considerable financial
expenses. Thus, the blowing regimes stimulate the
research interest constantly being supported by the
studies on oxygen converter blowing lance improve-
ment, accounting those conducted with computer
simulation of the hydrodynamic processes in blowing
lance tips with the purpose to improve their service life
and stability in operation.

2. Previous Publication Background and Problem
Statement

Many publications have been devoted to the is-
sues of complex analysis conducted on heat and hy-
drodynamic work of the water-cooled tips of oxygen-
converter blowing lances under critical conditions of
their operation. This work allows Sushchenko A. V. et
al. to define the conditions stipulating the early wear-
ing of blowing lance tips and their short service
lives [1]. Moreover, this publication reports on the
principle types of blowing lance tip wearing: erosion of
the bottom end part of the copper crown, erosion of
the outcoming rim of the blowing nozzles, destruction
(weld cracks on the copper-steel junction). Further-
more, the conclusion is suggested that the indicated
types of wearing as well as the other types are of the

* Benuyko Onekcanap puropoBuy — 4.T.H., npod., YneH kop. HAHY,
Iio TaHbi — acnipaHt HMeTAY

Abpamos Ceprin Onekciriond — acnipaHT HMeTAY

MouvwuH Bonoanmup CepriioBuy — K.T.H., aoueHT HMeTAY

thermal nature.

The confluence of factors determining the with-
standability of the oxygen converter blowing lance tips
can be classified into two major groups:

External, those defining the intensity of heat deliv-
ered to the blowing lance and the heat removal;

Internal, those defining its thermal characteristics
and durability [2,3].

A certain amount of studies [4-7] resulted in the
conclusion that the vast heat flows cause the film boil-
ing of the cooling water on the inner surface of the
lance tip that is the way opened to its erosion. In [8],
based on critical analyses of a large amount of the
experimental and the analytical studies, it is shown
that the transition to the film boiling is related to the
critical overheat temperature reached within the liquid
on the wall being heated. Conducted with the assis-
tance of the turbulence model, the digital simulation
on the cooling water current within the oxygen blowing
lance evidences that the existing blowing lance tips
are cooled inefficiently due to the presence of stagna-
tion zones [8].

According to[9], for eliminating the stagnation
zones, one should split the main water current di-
rected into the paths between the nozzles and into the
circular gap between the splitter and internal surface
of copper cup. The water removing is provided by the
special tubes.

Based on the analysis conducted on the existing
achievements in the area of blowing lance tip efficien-
cy enhancing and blowing lance tip cooling, the ne-

pektop HMeTAY
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cessity to optimize the tip construction has been re-
vealed, these measures are to target the problem of
speeding up the water flows and their turbulence for
eliminating film boiling within stagnation zones.

3. Research Purpose and Tasks to Solve

The authors of the current publication aim at en-
hancing the durability of the blowing lance tips for ox-
ygen converters by means of intensification of the
zones located in the vicinity of their nozzles.

In order to reach the claimed target, the following
tasks have been solved:

- simulation of the hydrodynamic processes in 4-
nozzle tips and 5-nozzle tips of blowing lances;

- development of the structural element for both
the copper crown and the steel shell of the tip with the
purpose to enhance the effectiveness of inner surface
cooling.

4. Research Materials and Methods.

In the course of our research, the following meth-
ods were applied: the general methods of system
analysis and synthesis, applied systems analysis,
structured synthesis and computer simulation. The
named methods allow revealing the regularity in the
interaction of the processes occurring in tip operation,
tip constructions with thermal characteristics and du-
rability.

5. Research Results and Discussion.

In modern oxygen converter shops, a wide appli-
cation has found the blowing lances with distributor
plates, which direct the cooling water to the central
part of the copper crown [2,6]. The efficiency of cool-
ing and tip performance has been evaluated via the
operational results and the methods of computer sim-
ulation of the hydrodynamic flows of the cooling
water (Figure 1). In spite of the peripherical water
supply, the distributor plate of the shell is able to direct
the cooling flows (2) into the central part of the tip,
where they come to the centre of the crown at high
velocities, wash its inner surface and further pass into
the water removing duct. This judgment is supported
by the spectra of the cooling water velocity fields ob-
tained through computer simulation (Fig. 2).

As general, in the area behind the nozzles within
the tip inner surfaces, the flows of the cooling water
slow down and this leads to the formation of the stag-
nation zones. Further, the indicated zones are one of
the reasons why the blowing lance nozzle rims under-
go thermal erosion and in such a case we observe the
decreased withstandability of the blowing devices.

In order to determine the sizes of those very zones
within the nozzle vicinities where the cooling water
flows lose in their velocities, we have applied Solid-
Works Flow Simulation to carry out velocity fields
scanning at points of 1-9 (refer to Fig. 3). The results
of the simulation carried out for the tips equipped with
distributor plates are summarized in Fig. 5. In the
scanned points number 1 and number 9, the flow ve-
locities are quite high. While mixing behind the nozzle,
there have been recorded considerable decreases in
the velocities of washing, namely from point1l to
points 2—3 and further, from point 9 to points 8-7 and
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further. The scanned points are obviously within the
zone of well-expressed stagnation where the veloci-
ties registered are less than 1 m/s , irrespectively the
cooling water pressure.

The further experiments conducted with the idea to
eliminate the stagnation zones have allowed the de-
velopment of a new design for the copper crown of
the blowing lance [11]. The new copper crown pos-
sesses an arc shaped guiding blade behind each
nozzle, the contours of which are the segments of two
Archimedean spirals, described as follows: for the ex-
ternal segment - x(¢) = 12.8- ¢ -sing, y(p) = 12.8-
@ - cosg while for the internal segment - x(¢) =
12.79- ¢ -sing, y(p) =12.79- ¢ - cosp, where ¢ is
the turning angle in radians and the coefficients of
12.8 and 12.79 have been defined
experimentally (Fig. 5).

The contour of the through channel, formed by the
outer diameter of the blowing nozzle and the inner
surface of the blade, makes up the narrowing and the
expansion like the Laval nozzle. This allows the in-
crease in the cooling water flow velocity and prevents
the stagnation zones.

The cooling water hydrodynamic simulation con-
firms the above claimed as it has been carried out for
an arc shaped guiding blade which directs the cooling
flows into the areas behind the nozzles. The scanning
operations for points 1-9, located in these zones (re-
fer to Fig. 5), have showed a drop in the flow velocity
down to 5-6 m/s at different pressures (shown in
Fig. 6). However, at such velocities, the stagnation
zones do not form, that is the fact proved by the veloc-
ity fields simulation (Fig. 7).

When the pressure of the cooling water is less
than 1.0 MPa, the liquids occurring in the layer near
the wall slow down under the influence of the friction
acting on them from the inner surface of the tip. The
slowed velocity of cooling is able to shorten the ser-
vice life of the tip. Under conditions of an on-going
production, the increase of the cooling water velocity
is commonly done by the increase in pressure, but the
latter is limited with the feasibility of production facili-
ties, therefore the water redistribution is to be carried
out by means of the additional guiders for the water
flows. Moreover, the suggested technique does not
demand any extra energy supply and is a method of a
passive type.

In connection with the above stated, it is reasona-
ble to solve the problem of a blowing lance tip im-
provement by means of the peripherical water supply
without considerable complication on the blowing
lance tip design. For this, it seems quite enough to ar-
range the guiding curved blades on the steel shell with
the objective to redistribute the cooling water flows
and deliver them from the remote zones into the
thermally loaded inner surfaces in the areas behind
the nozzles. At this, it is completely impossibility for
the principle cooling flows and the additional ones to
conflict with each other since they move in the same
direction.
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Figure 1. The Cooling Flows within the Blowing Lance Tip Equipped with the Distributor Plate (1); Cooling
Water Flows (2)
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Figure 2 The Spectra of the Cooling Water Velocity Fields. Figure 3. Scanned Points to Determine the
Cooling the Inner Surface of the Tip Crown Equipped with  Cooling Water Flows at the Blowing Lance Tip
the Distributor Plate at the Pressure of 1.0 MPa: Equipped with the Distributor Plate
1 — Flows with Velocities of 1-3 m/s and Less (Stagnation
Zones);
2 — Flow with Velocities of 5-6 m/s and More (Effective
Cooling).
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Figure 4 Cooling Water Velocities at the Scanned Points
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Figure 5. Scanned Points for the Velocities
of the Flows within the Blowing Lance Tip
Equipped with the Distributor Plate and
the Blades of the Archimedean Spiral

Figure 7. Velocity Fields of the Cooling Water for
Inner Surface of the Tip Crown Equipped with the
Distributor Plate and the Archimedean Spiral
(the Pressure of 1.0 MPa).

In order to achieve this, the following is to be pro-
vided: behind the each blowing lance, namely, within
the zone between the tip and the vertical plane, on the
shell as well as between the blowing nozzles and the
flow intensifiers within the horizontal plate, one ar-
ranges a flow distributor in the form of an arc-shape
blade. The contour of the blade represents the seg-
ments of two Archimedean spirals, they start at the
center of each blowing nozzle and end at the outer di-
ameter of the shell (refer to Fig. 8). They can be de-
scribed by the formulae as shown: x(t) = -22tsint,
y({t) = 13tcost - for the external, and x(t) = -
20tsint, y(t) = 12 t cos t - for internal respectively.

Such geometrical parameters of the distributors
and their arrangement allow us to redistribute cooling
water flows and to intensify stagnation zones cooling.

Thus, the effective use of the whole volume of the
cooling water under pressure commonly applied in
oxygen converter shops is evidenced by the
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Figure 6 Cooling Water Velocities at the Scanned Points

Figure 8. Two Archimedean Spirals Forming the
Distributor.

simulation (refer to Fig. 9): a) the red color of the
spectrum indicates the flow movement at the velocity
of more than 6 m/s at a pressure of 0.8 MPa; b) within
the assembly of blowing lance tips without the ele-
ments of passive intensification of cooling turbulence
(distributors), there occur the areas in behind the noz-
zles where the flow velocity does not exceed 3-4 m/s
at the pressure of 0.8 MPa, which can lead to the
nozzles erosion.

3D model of the tip shell equipped with the water
flow distributors (2) for the oxygen converter blowing
lance (1) is illustrated by Fig. 10 [12].

By joining the designs of the copper crown and the
guiding blades made up by the Archimedean spirals
together with the steel shell equipped with the distribu-
tors of the water turbulence passive effort built in the
form of the Archimedean spirals, the new design of
oxygen converter blowing tip has been coined up (re-
fer to Fig. 11).
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a
Figure 9 The Area of the Nozzle Vicinity and The Spectra of the Cooling Water Velocity Fields at the
Pressure of 0.8 MPa - a) with Flow Distributors (the Passive Intensifiers of Turbulence); b) without Flow
Distributors.
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Figure 10. 3D-Model of the Tip Shell Equipped with the Water Flow Distributors (Turbulence Passive
Intensifiers)

/i

Figure 11. 3D-Model of the Blowing Lance Tip of the New Design.

The blowing lance tip of the new design is cooled
down by means as described further. The cooling wa-
ter passes through the delivery duct (1) until the dis-
tributor plate of the steel shell (3) and guided into the
tip central zone (4) between the blowing nozzles (7),
then it is distributed on separate flows by the flow in-
tensifiers (5). The latter are arranged on the copper

A-A
7 o
Z
J
4 A
6 R i

crown (4) after each blowing lance (7). They turbulize
the flows, whirl them clockwise and direct the water in-
to the water removing duct (2). If the pressure of the
cooling water is less than 1.0 MPa, the zones are
formed where the cooling water moves with the ve-
locities which do not exceed 4-5 m/s. Such conditions
cause the erosion of the blowing lances (7). In order

11
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to have an increase in the cooling water velocity longi-
tudinal component, we arrange the distributors on the
steel shell (3) within the area between the crown (4)
and the shell (3) in the vertical plate and those be-
tween the blowing lance nozzles (7) and flow intensifi-
ers (7) in the horizontal plate.

The experiments for verifying the theoretical as-
sumptions have been conducted and we have pro-
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duced the copper crowns and the steel shells of new
design tips for the experiments. They are shown in
Fig. 12. Since it was not suitable to apply the conven-
tional technologies for the samples manufacture, we
have to face the necessity of developing the technol-
ogy for their production at numerical control machine
tools.

Figure 12. Experiment Sample of the Shell (a) and the Crown Tip (b) of the Oxygen Blowing Lance.

6. Practical Perspectives

The complex analysis conducted both on theoreti-
cal studies and the experimental research has found
the new solution for a significant scientific and engi-
neering problem in the area of further development of
the lance tips for blowing from above and the ap-
proaches to their design.

Speeding up and turbulization of the cooling water
flows without increasing water pressure and without
water extra consumption but by introduction of new
elements into the tip design allow the drastic decrease
in the material expenditures and energy costs as well
as the enhance of the ecological safety.

7. Conclusions

The principle ideas derived from the research re-
ported can be summarized as follows:

The analysis on the existing publications has indi-
cated the perspectives of the further improvement on
the blowing lance tips for the contemporary metallur-
gical production, which demands high quality of blow-
ing along with excellent equipment durability.

Based on computer simulation of hydrodynamic
processes (via SolidWorks Flow Simulation), the per-
spectives for effective water cooling have been re-
vealed targeting the difficult zones.

The new design of the blowing lance tip has been
developed, patented and manufactured. Such a con-
struction is capable of providing effective cooling of
the inner surface by means of the guiding bladed in
the form of the Archimedean spirals, turbulizing and
speeding up the cooling water flow in the areas be-
hind the nozzle zones.
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Boichenko Sergiy, Boichenko B.M., Synehin E.V., Molchanov L.S.
QUALITY IMPROVEMENT OF FLAKESUSCEPTIBLE

CONTINUOUSLY CAST STEEL BY MEENS OF

Boiiuenko C.B, Boiiyueuko b.M., CuHezin €.B., Moa1uaHos JI.C.

BJIOCKOHAJIEHHA AKOCTI ®JTOKEHOYYTJIMBOI
BE3NEPEPBHOJIUTOI CTAJI HIJISIXOM HNOJIIMIIEHHA
I'TAPOANMHAMIYHHUX ITPOLECIB Y KOBIIII

The key basis of development of continuous casting technology on CCM flakesusceptible steel grades was investigated
inevitable increase of the hydrogen content in tundish in them, despite of preliminary vacuum treatment, due to
hydrogen occlusion by metal on the first 5 melts of the continuous series, that arrived from accumulated in pores
moisture and hydrogen, capillaries of a working layer restored lining, particles of slag mixtures added for whole series
and as a result of water steam adsorptions in slag phase and in surface of nonmetallic inclusions which are immersed
by streams of a liquid downwards.

Theoretical bases and practical actions on prevention of brucite Mg(OH), contact, included gunning mass, with liquid
steel were developed.

Basic elements of new continuous casting technology are alternate flow rate of argon that blows through porous blocks
of a special design in the bottom of the CCM tundish, and maintenance of a renewed cover on metal highly basic slag,
that at industrial approbation has prevented rejection of metal products owing to stable decrease of hydrogen
concentration in high-strength steel grades up to 1,4-1,7 ppm. Economic benefit of introduction can be 46,4 UAH on 1
tone metal products. Novelty and industrial utility of the developed technology are protected by Patents of Ukraine
Ne90886 « Cnocib pagiHysaHHs ¢hriokeHOHymnueoi pidkoi cmani» i Ne90970 « Crnocib 6e3nepepaHoi po3nusku grioke-
Houymnueux cmaneu » with a priority from 10.06.2014.

Key words: continuous casting, tundish, flakesusceptible steel grades, brucite, hydrogen, occlusion, inert gas, the
porous block, highly basic slag.

Abstract

AHoTauin

Knroyoeoro nidcmasoro po3pobku mexHonoeaii posnusaHHs Ha MBJI3 ¢priokeHouymiueux cmanel 3'agunacs eusisrieHa
00CNIOKEHHSIMU HEMUHYYICMb 3POCMaHHS 8 MPOMIXKHOMY KO8Wi 8MiCmy 800HI0 8 HUX, He38axkalo4yu Ha rornepeoHe ea-
KyyMy8aHHSs1, 8 pe3yribmami OK/to3ii B0OHI0 Memarnom Ha nepwux 5 nnaskax 6e3nepepsHoi cepii, wjo Hadiltiwos 3 HaKo-
rnuyeHoi sooeu i 800HIO 8 ropax, Kaninspax poboyoeo wapy 8iOHO8IEHOI hymeposKu, 88edeHUX Ha 8CH0 Cepito Yac-
muHKax wrakosux cymiwel i 8 pe3ynbsmami adcopbuii 00sHOI napu wiiakoeo ha3oo i MoBEPXHEID HemMemaseaux
BKJITKOYEHD, SIKi 3amsi2ytombCsi TOmMoKamu PiOUHU 8HU3.

Po3pobrieHo meopemuyHi 3acadu ma npakmuyHi 3axo0u wWo00 8UKOYeHHs KoHmakmy 6pycuma Mg(OH),, wo exo-
Oumb 0o cknady mopkpemmac, 3 piOKoto cmariiio.

OcHosHUMU efleMeHmamu HO80I mexHoroail 6eanepepeHol po3nueku 3'seurnucst 3MiHHa 8id rnaeku 00 nnasku eumpa-
ma apaoHy, wo nodaemscs Yepe3 rnopucmi 6510KU crieyianbHOI KOHCMPYKUii 6 OHuUWe npomixHoz2o koswa MbBJI3, i 3a-
be3rneyeHHsI MOHO8MI0B8aHO20 OKPUBY Ha Memarli 8UCOKOOCHOBHOZ0 WilaKy, Wo rpu MpoMuc/i080My 8urnpobyeaHHi eu-
KIto4urno 8idbpakosysaHHs MemanonpodyKuii 6Hacnidok cmabirlbHO20 3HUXEHHS KOHUeHmpauii 600HIO 8 8UCOKOMIUHUX
cmansx do 1,4-1,7 ppm.

Knro4yoBi cnoBa: 6e3snepepsHe po3nueaHHs, NPOMIXHUU Kigw, ¢hriokeHodymiuea cmarib, 800€Hb, OKIM03is, iHepmHul
2a3s, nopucmudi 610K, BUCOKOOCHOBHUU wriak.
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Introduction

An important part in modern iron and steel industry
in Ukraine and the world is the continuous casting of
alloyed steels and processes in the tundish in the
course of it. Tundish in recent years has become an
aggregate in which the possibilities of final refining
liquid steel from harmful impurities just before
crystallization are investigated.

Analysis of literary data and the formulation of
the problem

Among the points of view on mass-exchange
processes of occlusion hydrogen by steel and its
removal from it in the tundish of the continuous
casting machine (CCM) there is no single approach,

there are disagreements, no limiting links of the liquid
melt refining processes have been determined [1-4].
The practice of casting flakesusceptible steel grades
is encountered with unexpected deviation from the
limits of the requirements for low hydrogen content,
despite of the vacuum of steel before casting [5], and
this leads to loss of yield of a billet, to a decrease in
the quality of steel products [6].

Thus, systematic studies of the theoretical and
practical prerequisites for refining steel in the tundish
of CCM from hydrogen on the basis of the provisions
of physical chemistry, the theory of metallurgical
processes, and the solution of problems of improving
the quality of flakesusceptible steels is a topical task
of the present article.

Boichenko Sergiy — k.7.H., phD, Hau. Bigainy, Jansen AG, Lsenuapis.

BowveHko Bopuc Muxannosud — 4.7.H., npod. HMeTAY,
CuHeriH €BreHii Bonogumuposuy — K.T.H., HMeTAY,
Mon4aHoB J1aBp CepriioBuy — K.T.H., gou. HMeTAY
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Goals and objectives of the study

The aim of the work is to create new elements of
the technology of continuous casting of
flakesusceptible steels with guaranteed of low
hydrogen content.

The tasks that need to be done to achieve this
goal:

to perform an analysis of existing methods of
removing hydrogen from liquid steel;

to determine the ultimate level of hydrogen
dissolution in solid flakesusceptible, high-strength
steels, the excess of which causes product defects in
the form of flakes and cracks;

to investigate the forms of hydrogen damage of
steel unrestricted billets and the causes of deviations
in practice of the amount of flakes sensitive steel
deficiencies;

to define and evaluate the source of hydrogen
supply to flakesusceptible steel during the final
refining before it enters the mould;

to study the mechanism and kinetics of the
processes that determine the hydrogen content in
steel in the CCM tundish;

to scientifically substantiate, develop and
investigate the technology of refining by argon the
flakesusceptible steels from hydrogen in tundish
CCM;

to summarize the theoretical and experimental
results obtained in the work and carry out the
feasibility study of the improvement of the
hydrodynamic flows of flakesusceptible liquid steel in
the CCM tundish.

The object of study is the processes in the tundish
during continuous casting of flakesusceptible steels.

The subject of study are defects of continuously
cast steel hillets, which are caused by the presence of
hydrogen; the source of hydrogen in the
flakesusceptible steel in the CCM tundish; removal of
hydrogen from liquid steel before mould.

Materials and methods of research. For solving
the tasks assigned to the work, such methods and
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apparatus were used for research: theoretical analysis
of physical, chemical and thermodynamic processes
in the CCM itundish; statistical processing of industrial
data using standard computer programs; physical
modeling of refining processes of liquid steel from slag
inclusions and gases; application of computer
simulation of hydrodynamics of metal flows and slag
phases, modes of blowing them with neutral gas in
the tundish of CCM; carrying out industrial
experiments with sampling and samples with further
analysis

All experimental studies carried out using certified
instruments.

Research results

The carried out study, were caused by the
substantial in some cases rejection (by the results of
ultrasonic testing) of products from high-strength
alloyed steels smelted in the converters of the plant
"A" and cast on CCM. The following types of defects
of billets have been identified.

Flakes. In reflected light under a microscope they
look like enlightened spheroidal volumes of metal
enriched with hydrogen and highly recovered. It is
known that metal atoms as a result of penetration of
hydrogen protons acquire a different structure of
electronic shells compared with the surrounding
metal.

When cooling the cast, the austenite is enriched
with hydrogen, since its solubility in austenite is
greater than in ferrite. With further cooling, there is an
increasing stress in the hydrogen supersaturated
ferrite lattice. It causes the fractional cracks in the
cubic space-centered lattice that are dangerous
intrinsic tears in the metal (Fig. 1, a). In principle, the
appearance of cracks is the final stage of the
development of flake, which can come in hours or
even days after the load addition to the product.
Flakes are not necessarily tied to non-metallic
inclusions.

Fig. 1. Defects of high-strength steel: a - an internal tear, b - around non-metallic inclusions

Defects of "Fish eyes". The evolution of hydrogen
occurs on or near nonmetallic inclusions, and this
name is visually justified (Fig. 1, b). For defects
characteristic voids formations around nonmetallic

inclusions under a slow tensile test with, as a whole,
plastic material on the fault surface. "Fish eyes" are
formed only after some time. They were not found in
the case of an instantaneous fault or at high strain
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rates, for example, during impact tests of a sample
with a notch or dust.

Pores. Occur due to the emission of gases,
including hydrogen, with a decrease in solubility in
steel. At high pressure and temperature, carbides
decompose and methane is formed by the reaction:
FesC + 2H,? CH, + 3Fe. High internal pressure is
pumped. The stages of damage: the formation of
single pores, the fusion of pores near the field, the
formation of scars between individual pores, the end
of the growth of defects as a result of the formation of
cracks directed to the surface.

Delayed fracture (or stress corrosion). It is a
consequence of hydrogen evolution near or directly at
the site of the future fault. The diffusion of hydrogen
atoms to local expansion sites (base of notch / notch,
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end of crack, primary notch through hole corrosion)
occurs. There is a local damage of the lattice, the
union of a new crack with the original one. All this —
against the background of translational diffusion of
hydrogen into this region with the repetition of the
described process. First of all, it was found in high-
strength galvanized screws .

Certain mechanisms for the formation of defects
can be supplemented by the decoding model of Zapf
and Sims [7], according to which, in the case of the
presence of hydrogen in the steel, the atomic binding
forces of the metal lattice are weakened. There is an
additional increased solubility of hydrogen in the
stress field from stretching, especially at the ends of
the cracks. The damage pattern is shown in Fig. 2, a.

Fig. 2. Schemes of inter- or transcrystalline fracture (a) and steel damage with increasing local ductility due
to the presence of hydrogen (b)

From the position of the theory of the "hydrogen
increase in the local plasticity" of Bichem [8], the
prerequisites for defects are the hydrogen
concentrations in the stresses from the stretching and
the biases of the microvolumes of the metal initiated
by them relative to each other. Hydrogen facilitates
the shear mobility, shielding the stress fields.
Microcracks are formed only in the region of decrease
in the yield point, where the slip is localized. The
picture of damage is the so-called "crow's feet" (Fig. 2,
b).

Using the fundamental thermodynamic positions
[9-11], the hydrogen content in a- and y-Fe was
determined at different temperatures and partial
pressures of hydrogen relative to the production of
high-strength steels of the grades 20XI'A and
54 XTI CA.

Based on the theoretical assumptions and
calculations of the limiting solubility of hydrogen in
solid steel, above which flake and cracks appear in it,
the necessary corrections are applied to the
technology of out-of-furnace processing and rolling of
the melted spring steels of grades 20XI'A and
54XI'CA. They should approximate the hydrogen
content in the liquid melt to the calculated limiting
solubility in solid metal products, which is designed to
exclude the generation of excess hydrogen upon
solidification with the inspiration of the defects
described above.

The influence of technological factors, which
determine the operation of industrial steelmaking
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units, on the hydrogen content in flakesusceptible
steels was investigated.

Investigation of technological interrelations at the
plant "B" established that, as usual, the conventional
technologies of hydrogen desorption in steels
consistently provide low content of hydrogen by the
time of their casting.

Nevertheless, industrial experiments in a number
of domestic and foreign converter and electric steel
shops have shown difficulty in achieving small
rejection of metal products by flake
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Fig. 3. Influence of the order of melts in the series on
the lack of ultrasound in the permanent

At the plant "B" in the steelmaking shop, which has
heavy-duty electric furnaces, a ladle - furnace, a
chamber vacuum and a seven-jet caster, they are
forced to pass scrap of high-strength steel into scrap
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metal through the destruction of finished rolled metal
products by a flake of up to 100 mm in size.

In Fig. 3 such a rejection of high-strength steel
grade 35GS is demonstrated. The disadvantage due
to the detection of flakes in the finished product on the
first melts of the sequential casting ranges from 6 to a
maximum value of 15%. This required carrying out the
investigations described below.

We followed the gradual change in the hydrogen
content in liquid steel grades 35GS, 20GS, 09G2S. At
the initial [H] = 5.0 ppm, before degassing, its
concentration decreases gradually to 1.0 ppm during
vacuum evaporation, nevertheless it increases to 4.0
ppm in the tundish on the first melts of the series that
are casting, and sometimes to a level of 0.8-2.0 ppm
on the melts of the following. Thus, the "culprits"
growth [H] primarily on the first melt in the series and
the related rejection of the flakes (Figure 3) is the
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conditions for the steel to stay in the tundish. These
conditions should be given serious consideration.

In Fig. 4 shows the changes in the temperature of
the bottom of the tundish under a layer of gunning
mass with a thickness of 45 mm with its heating and
casting of the first 6 melts in the sequential series.
Curves 1, 2, 3 consistently refer to casting steel grade
35 GS with a bottom temperature at the beginning of
casting, respectively 450 °C (rejection of 1% melt —
was 11.3 %), 600 °C (rejection 8.0 %) and 750 °C
(rejection < 5 %). There is a clear dependence
between the temperature of the bottom of the ladle
and the mass of steel affected by flake. The last one
has maximum values at temperatures below 650 °C,
since the decomposition points of brucite Mg(OH),
have not yet been reached, which is a compound of
the gunning mass.
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Fig. 4. Change in the temperature of the bottom of the tundish under the gunning mass layer during its
heating and casting of steel

The melts of steels 35GS, 20GS and temperatures
of the bottom of the tundish 400-750 °C are
distinguished by increased content of hydrogen: after
25 minutes from the start of casting [H] = 4.0 ppm
(Figure 5), and the rate of defective products with
flakes in steel 35GS reaches 8.0%. But in the
following series of melts, due to the rise in the bottom
temperature to 800-1400 °C, by the time of hydrogen
content measurement [H] falls to 2.0 ppm, and the
return of finished products is rapidly declining.

In the converter shop equipped with a 150-tonne
converters, using refractory concretes and high-
resistant MgO-containing semi-dry gunning mass for
tundish also caused difficulties in providing hydrogen
contents in steels that contain: Cr within 1.0-1.15,
Mn=0,9-1,25, a certain amount of Mo and V
(flakesusceptible steel) - below the actual limit of 2.0
ppm with continuous casting of the first 3-5 melts in
the series, which consist of 7-8 melts (Figure 6, curve
1). The situation improves if the bottom temperature
of the ladle before casting is raised to 750 °C (Figure
6 curve 2).

Thus, it was revealed that during the stay in the
CCM tundish, liquid steel adsorbed hydrogen, and

actual studies of the sources of penetration and the
means of its removal. As a first practical result, the
proven feasibility of casting flakesusceptible steels at
bottom temperatures of the ladle exceeding the
removal temperature from the lining and the vapor
and crystalline moisture.

The mechanism and kinetics of the processes that
determine the hydrogen content in the steel in the
tundish of the CCM were established.

Hydrogen in the lining materials of the ladle, slag
composite, product of heating gas combustion is
contained in the open state and in the pores,
capillaries in the form of moisture (free and chemically
bound). In the zone of contact with these materials,
the liquid metal interacts with the wet. The main slags
and nonmetallic inclusions, as V.I. Yavoyskiy [12] has
shown, also well dissolve the water vapor and are
able to both absorb and transfer hydrogen of the
metal. The equilibrium concentration of hydrogen in
the liquid iron is determined according to Sievert's law
through the solubility constant of hydrogen in liquid
iron, which is determined by the Chipman equation. At
high temperature, the oxygen content in the steel is a
partial pressure of hydrogen P, = Pio-
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Fig. 6. Change in the content of hydrogen in steel
when casting the first 5 melts of steel composition,%:
C =0.2; Si=0.25; Mn = 1.25; Cr = 1.15 at different
temperatures of the bottom of the tundish from the
beginning of casting: 1 - 450 ° C; 2- 750 ° C (each
point - average values for 5 melts)

Calculations have shown that, due to the thickness
of the gunningmass (30-45 mm) layer and the patrticle
sizes of the mixtures of water vapor mass transfer into
the liquid metal, it proceeds gradually and is
exhausted, as usual, to the 4- or 5-th stage of the
melts in the series.

The absorption of hydrogen by steel in the tundish
is also due to the dissolution of the water vapor that is
always present in the atmosphere, in the slag phase
and on the surface of non-metallic inclusions, which
jump upstream as a result of excessive circulation.

The process of desorption of hydrogen from liquid
steel consists of three stages: 1) transfer of the gas
uncovered in the metal to its interface with the gas
phase; 2) adsorption of hydrogen atoms in the surface
layer of a liquid metal: 3) molization of adsorbed
atoms in the molecule and their transition to the gas
phase. The speed of the first and second stages is
described by the first-order equation.

de/dz = k(F/V)(c — Ceq)s (1)
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where 71 is time, s;

C—Cqq — difference of

concentrations at a moment and equilibrium with the
gas phase; k — the hydrogen mass transfer coefficient,
m/s; F/V — the ratio of the surface of the metal that is
in contact with the gas to its volume, m™.

The speed of the third stage is described by the
second-order equation

de/dr = Fllee, ~ Py, ) @

where k; and k, — the rate constants of forward
and backward reactions.

Nevertheless, researchers and we have
established that the rate of removal of gases from a
metal is described by an equation of the first order,
and the limiting stage is the adsorption-diffusion-
adsorption stage.

Removal of hydrogen takes place (Figure 7), if the
steel in the tundish is blown through the bottom by the
argon, which coincides with the current trends in the
purification of steel in this way from non-metallic
inclusions.

Povolotsky D.Ya. has obtained the following
equation to determine the required amount of mert
gas for the purpose of a given degassing, m 3t of

steel:
Y[HL)+ ), (3)

V =1120- K2 - P/[H]-Y[H], )+ [H]-[H],);
where P — the pressure above the melt, MPa;
[H ]0 [ [H] — the initial and final contents of

hydrogen in steel, % (10™ ppm).

Decisive influence on the efficiency of degassing is
provided by the first two factors of equation (1). The
higher (F/V), i.e. the smaller the sizes of bubbles that
are blown out, the more uniformly they are distributed
in the metal, the greater the thickness of the metal
layer that is blown and, therefore, the capacity of the
tundish, and also the greater the specific gas
consumption through the general effect to and F/V,
the higher efficiency removal of hydrogen when
moving it to the nozzle.

a 1% melt 2"dmelt 3™ melt 4™ melt 5t melt 20

B 5 3
o

== 05
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o
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10 normal md/t of steel
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Fig. 7. The balance of the removed and absorbed by
the steel of hydrogen in the tundish on the first 5
melts of the series: a — filling tundish; 1 — current
production; 2 — results of calculations using equation
(3) for a varlant of argon blowing with a consumption
of 0.75 m*/t steel; 3 — a rational mode of argon
blowing to obtain a guaranteed low hydrogen content

(<2 ppm)
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tundish

Further possibilities of the in steel
degassing from hydrogen are laid in 30-40 times more
hydrogen absorption of basic slag than the same
mass of metal. Quantitatively it is expressed

a(OH—) = Kx/ a'(CaO+MgO) , 4)

Where a(OHf) al’ld a(CaO+Mgo)

the activity of the hydroxyl ion and calcium and
magnesium oxides.

In the case of a neutral gas atmosphere, it is
advisable to make a limited calculation of the
composition and quantity of slags in the tundish during
the continuous series by decreasing its part and
charging fresh portions of CaO and MgO.

The simulation of hydrodynamics in the CCM
tundish was performed, which is necessary for
desorption of hydrogen from steel.

The dynamics of the blowing process on a cold
model recorded with a digital video camera for a long
time. The recorded images were processed using
image analysis program. This allowed to clearly define
the water-oil interface, the flow rate diagrams in the
vertical and horizontal sections of the model, and
recommend the expedient placement of blowing
blocks in the CCM tundish.

— respectively,

K J;V iy

Porous blocks

Fig. 8. Scheme of liquid steel flows in the CCM tundish with
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In mathematical modeling, the hydrodynamics of
the melt in tundish of a six-mould CCM with respect to
the casting of flakesusceptible high-strength steels
was studied using the equations of hydrodynamics,
which are mathematical operators of the physical laws
of maintaining the mass of a liquid; Newton's second
law (the change in momentum equals the sum of the
forces that act on the liquid); the first law of
thermodynamics (the change in energy equals the
sum of the additional heat and work that is performed
over the liquid).

The initial information for creating the geometric
model of the calculation area was a six-mould tundish,
equipped with a system for supplying argon for
injection into liquid steel, refractory thresholds and
"turbostop”. As a design area for creating a geometric
model, the internal volume of tundish taken up, that is
engaged in liquid steel.

Physical and mathematical modeling showed the
appropriate hydrodynamics when moving steel in the
tundish, the placement of blowing device attached,
their design, modes of supply of argon from in a
sequential casting for the stable production of [H] < 2
ppm contents, velocity vectors and total melt flow
rates, nonmetallic inclusions and gas bubbles

(Figures 8, 9).

tundish
/

porous block

Fig. 9. Design of the tundish blowing unit

the installation of blocks of the proposed design in the

middle of the filling sections

The organization of hydrodynamics of steel flows
in tundish, respectively, according to figure 8 due to
the regimes of the bottom supply of argon together
with the installation of blocks of a certain configuration
ensures the distribution of steel flows in the upper
horizons along the mirror in the direction from the
metal tip to the ends of the tundish and in the opposite
direction in the lower horizons.

This allows processing many times the flows with
argon to remove hydrogen and transport non-metallic
inclusions into the slag formation.

The new design of the blowing unit (Figure 9),
which has no pores for supplying argon on both sides

E
I, =(71+78)
\lp-n-axb-V.r
where: 7,1+7,8 — specific consumption of inert gas
during the casting of the first melts, dm%(t-min); E —
capacity of the ladle, t; p — density of solid steel, ttm?;

of the tundish axis at a distance of m = % L proved

to be expediently.

After statistical processing of industrial data for
flakesusceptible steels, the following
recommendations were developed for determining the
intensity of argon blowing in bubble mode through
porous blocks l5. When casting the first melt in the
series, the blowing is carried out with the consumption
of argon of 7.1-7.8 dm3/(t-min), while casting the next
four melts, the consumption of argon per 1 ton of the
tundish capacity is maintained in accordance with
equation [13]

, dm®/(t-min), 5)

n — number of working moulds; axb — the thickness
and width of the billets, m; V —casting speed, m/min; 1
— duration of casting, min. When casting the following
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melts and up to the end of the series, the I, remains
within 3.2+3.5 dm/(t-min).

Approbation of the developed methods to
exclude the contact of brucite Mg(OH), with liquid
steel with the advantages and disadvantages that
were manifested during the testing of each of
them and discussion of the results of the study.

An increase in the temperature of the concrete
walls and the bottom of the tundish before application
of the gunning mass from 85-100 to 120-130 °C.
Advantages: rapid evaporation of water, which was
added to gunning mass. Disadvantage: sliding of
gunning mass and the need to interrupt the gunning
process.

Reducing the thickness of the gunning mass layer
from 34 to 20 mm results in the temperature of the
bottom of the tundish under the gunning mass is 550
°C by the time of the start of the casting, and brucite
decomposes extensively. Reduces the consumption
of water for gunning mass of tundish by 30% and the
duration of the gunning mass. The consumption of dry
gunning mass is reduced by 35%. But the risk of
destruction of refractory concrete increases when
slags fall into the tundish.

An increase in the duration of heating tundish from
4 to 5 hours and a decrease in the thickness of the
gunning mass up to 28 mm ensure that the
temperature of the bottom of the ladle reaches 650 °C
by the time of the start of the filling and the complete
decomposition of brucite. But this is accompanied by
an increase in fuel consumptions and the need for
careful control of the completeness of its combustion.

The addition of surfactants (organic constituents)
in gunning mass reduces water consumption by 3%
and the consumption of gunning mass through the
effect of foaming. However, this reduces the strength
of the mass and the productivity of the gunning
machine.

Reducing the reaction surface of gunning mass by
producing 0.5-1 instead of <0.125 mm from grain
fraction powders also leads to a lower water
consumption, but the content of nonmetallic inclusions
in steel increases.

Impregnation (infiltration) of refractory concrete in
tundish with different additives prevents the
penetration of water during its gunning and heating
due to the clogging of capillaries, nevertheless leads
to the worst adhesion of gunning mass.

The use of gunning mass without hydrates
significantly reduces the hydrogen content in steel, but
their consumption is 3 times higher.

Heating of the tundish by using thermo-electrical
heaters, which are laid between refractory concrete
and fireclay tiles, provides a purposeful removal of
water from the concrete and gunning mass to the
surface of the tundish during the gunning and the
heating, allows avoiding microcracks and other
damages of the lining, nevertheless accompanied by
increased energy consumptions.

20

pin W X 4 1-2 2018

Comparison of the tested options for technological
and economic performance showed significant
advantages of the technology with an increase in the
duration of heating tundish from 4 to 5 hours.

However, the lining is not a single source of
hydrogen entering the tundish into liquid steel.
Therefore, the basis for our technology options is the
increase in the quality of steel by refining it from
hydrogen immediately before crystallization. The first
option is with a change in argon consumption in
accordance with equation (5).

In the 2nd (auxiliary) version of the problem is
solved due to the fact that during continuous casting
from the first to the fifth melts in the series in the
tundish it is charged additional material that contains
calcium and magnesium oxide, from the calculation of
the required mass (CaO + MgO) behind the equation
[14]

G _35+39 calt ©)

(Ca0+MgO) \/W » KO,

where G(CaO+MgO) — the required mass (CaO +

MgO), kg per 1 ton of steel; N — number of melt in the
series.

The inverse proportionality of the necessary mass
of calcium and magnesium oxides to the square root
of the melt number in the series is determined by the
physicochemical regularity, according to which the

activity of hydrogen absorbed by slags a(OH,) is
proportional to the square root of the activity (CaO +
MgO) in the slag a(orr)zk\ &(cao+mgo) - @nd the

water-resistant capacity of the basic slag is 30-40
times higher ability of the same mass of metal.

For successful correction of the composition of
barbotage slags in the tundish, was developed model
for dissolving solid materials containing CaO and
MgO in them with a melting point that exceeds the
temperature of the liquid phase. According to the
model, the internal mass transfer of substances J; in
this case is calculated after expression

Z-0-c0s6-d,

8ul

At insignificant circulation rates, dissolution
processes are limited by external mass transfer J,,
according to equation

J,=08- D% -u% d72.v k. AC , kg/(m?:s), (8)

In equations (7 and 8): Z — coefficient, which
depends of the features of interaction in the pore; o —
surface tension of the liquid, Jim?; 6 — wetting angle;
dae — averaging pore diameter, m; y — dynamic
viscosity, Pa's; | — depth of impregnation, m; D —
coefficient of molecular diffusion of a solid material in
a liquid, m%s; u, — fluid circulation velocity, m/s; d —
characteristic size of the material, m; v — kinematic
viscosity of the liquid, m*/s; AC — difference of material
concentrations in the liquid, kg/ms.

e kgl(m*s). (7)

‘Jl =My 'CR,1
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Excess slag, which had absorbed hydrogen, was
removed from the tundish by usual replacing it in the
end casting each with five melts.

The proposed technology for the two developed
variants was tested in the industry during the casting
of the first five melts of the sequential casting. Steel
grade 30XI'CA, melted and prepared according to the
current technological instruction, was cast on CCM in
a billets with a diameter of 410 mm. The initial
overheating of the steel in the tundish above the
liquidus temperature did not exceed 30 °C.

JIleopis i npaKmuKa Memarypeii

The tested technology provided the hydrogen
content in liquid steel, measured with “Hydris” system
at the ends of the tundish, within 1.4-1.7 ppm,
excluded the rejection of the products based on
ultrasonic flakes control results, resulted in an
increase in the durability of the tundish to 14 melts. A
comparison of the technological parameters of
experimental and control melts, cast by conventional
shop technology, is given in Table 1.

Table 1
The established technological indicators
Defective products | | . .

Technology [H], ppm affected by flakes, % Life of tundish, melts
Expenmental W|th_ a variable mode of argon 1.4-15 0 14
supply in the tundish
Experimental with renewable highly-basic )
slag in tundish 16-1,7 0 10
Comparative according to shop technology 2,2-3,0 1,7-2,2 10

The conducted pilot-industrial tests confirmed the
expediency of application the proven technology of
continuous casting of flakesusceptible steel grade to
reduce the content of hydrogen in them.

Conclusions

Based on the results of the analysis of the
fundamental  theoretical positions  of  fluid
hydrodynamics and the system processing of the
obtained data of laboratory and industrial
investigation, the proposed methods for improving the
quality of flakesusceptible, steels by reducing the
water capacity of the lining and improving the
hydrodynamics in the CCM tundish.

1. The basic contribution to the mechanism for the
formation of defects of flakesusceptible, billets is
made by the hydrogen relaxation of the atomic bond
forces of the metal lattice, a smaller influence is
exerted by an increase in the local plasticity and
facilitating the mobility and shifts of the microvolumes
of the metal relative to each other.

2. Growth of hydrogen content by 3-5 times when
vacuuming steels in the CCM tundish on the first 4-5
melts of the sequential casting is primarily due to the
physicochemical conditions of dissociation of brucite
as the main component of gunning mass on the liner
ladle under temperature conditions of continuous
casting.

3. A complex of sources and a particle of each in
the occlusion of hydrogen by liquid steel during the
residence time of its stay in the tundish have been
studied. They are also: free and chemically bound
moisture in the pores and capillaries of the lining after
combustion of the heating gas, the moisture of slag
inclusions that are drawn into the liquid by circulation

streams, since over the liquid phases there is an
ordinary air atmosphere even in the presence of a lid.

4. Based on the results of physical and
mathematical modeling, the disclosed patterns of
changes in the parameters of metal purification,
depending on the direction of its flows in the tundish.
The best results are achieved by the arrangement of
blowing blocks in the middle of each of the dispensing
sections, the absence of a particle of holes in the
block axis when adjusting the consumptions of argon.
This leads to the circulation of metal to the surface of
the bath and the creation of conditions for the
transition of hydrogen to the gas phase, the further
movement of the cleaned steel along the bottom of
the ladle directly into the nozzle dispense.

5. The technological interrelations established in
the work determine the proportionality of the
consumptions of argon for blowing the square root in
the tundish out of the ratio of the mass of the melt to
the mass of its actually cast metal, which correlates
with the proportionality of the hydrogen content in the
square root of the amount it enters during the
continuous series of casting.

A technology for refining flakesusceptible liquid
steel from hydrogen has been developed, which
includes a change of argon consumption for blowing
in tundish sections in the bubbles regime or a new
mode of renewal of the main slag. The use of this
technology allows to ensure the hydrogen content in
the flakesusceptible steel is less than 2 ppm - i.e. the
boundary to which the service properties became high
as a result of the absence of flake, exclude the
rejection of finished metal products by ultrasonic
testing results and increase the resistance of the CCM
tundish by 1.4 times.
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3ACTOCYBAHHS EJIEKTPOMATI'HITHUX CUJ Y

3AI'OTOBKH

Hoida D.1., Verzilov O.P.

APPLICATION OF ELECTROMAGNETIC FORCED IN THE

INTERMEDIATE TUNDISH OF CONTINUOUS CASTING
MACHINE

lMpoaHanisogaHo MemoOu efleKmpoMagHimHo20 erugy Ha piOKuli pos3nias y MPOMDKHOMY KO8Wi MawuHU
be3nepepeHo20 NUMMS  3a20MOBKU. Y3az2anbHEeHO OCHO8HI MPUHYUNU pobomu mexHOMo2iYHUX e8y3snie 0ns
eriekmpomazHimHoi 83aemodii 3 po3nnasom ma eudinneHo Hedoniku ma nepesazu pi3Hux memodis, ki ompumarnu
pO38UMOK y c8imoeili mpakmuuj.

Knoyoei criosa:

MBJ13, enekmpomazHimHe nepemiulysaHHs, NPOMiKHUU Kigw, enekmpomazHimHa 2idpoduHamika, sikicmb cmarii.

The features of the application of electromagnetic technology in various parts of the continuous casting machine are
considered. The methods of electromagnetic influence on the liquid melt in the tundish of the continuous casting
machine of the billet are analyzed. Three main operations with the use of electromagnetic impact on the melt in the
tundish were singled out: induction heating, electromagnetic stirring with the aim of averaging the chemical composition
and temperature of the liquid steel, electromagnetic control of the melt flow during outflow. The basic principles of
operation of technological components for electromagnetic interaction with the melt are summarized and the
disadvantages and advantages of various methods that have been developed in world practice are highlighted. The
design features of a two-chamber tundish with an electromagnetic stirrer to create a rotating magnetic field were
considered and the main advantages of using this design in practice in comparison with other technological solutions

JIleopis i npaKmuKa Memarypeii

HNPOMI’KHOMY KOBIII MAHIMHMU BE3IIEPEPBHOTI'O JIMTTA

were highlighted.

Bctyn

I'PyHTYIOUMCh Ha [OCBIAI 6araTopiuHOro BUKOPUC-
TaHHA TexHonorii 6e3nepepBHOro Po3nuBaHHS cTani,
BapTO Bif3HAYMTIN KOMMIIEKC TEXHOSONYHMX 3ax0siB,
AKUI BU3HAYaE sIKiCTb 6e3nepepBHONUTOT 3aroTOBKM.
B pamkax gaHoro komnnekcy HeobXxigHO Big3HAYMTU
paLioHanbHWn BMGip poboYMx napameTpiB NUTTS, Cy-
KYMHICTb BMKOPMUCTOBYBAHUX BOTHETPUBKUX BUPOGIB
Ha AiNsHUi «CTanepos3nMBHUIA KiBLI - KpucTanisatop
MBJ13», 3axucT ctani Big BTOPUHHOIO OKUCHEHHS i
TemMnepaTypHUA pexuM po3nuBaHHA. HapiBHi 3 uum
BMHUKae notpeba 3anobiraHHs pisHUX aedekTiB 6es-
NepepBHONNTOI 3aroTOBKK, a came AedeKkTn Kpucta-
nisauinHoro, ycago4Horo i nikBaUiHOro XapakTepy.
[na BupileHHs BMHMKalOYMX 3aBOaHb Y CBITOBIN
npakTuli OOCUTb 4acTO BOAKTLCS A0 creuianbHuX
TEXHOMOMYHMUX MPUMAOMIB, SIKi [O3BOMSAKOTb KOHTPO-
NoBaTU SKICTb MeTarny 3a paxyHOK perfiameHToBaHo-
ro NPMMycoBOro nepemillyBaHHSA pigkoi das3n bes-
nepepBHOSNIMTOT 3aroTOBKX 32 JONOMOIO HaknageH-
Hs1 pi3HOrO poAy enekTpoMarHiTH1X cun [1-4].

2. Ocob6nuBocTi 3acTocyBaHHA TeXHORMOTrii
efIeKTPOMarHiTHOro BMJIUBY Ha PIi3HUX AinNAHKax
MalUMHU 6e3nepepBHOro NMUTTS 3aroTOBKU

OCHOBHUM 3aBAaHHAM BinNbLIOCTI OOCNIAXKEHb €
paujioHani3auia TeXHONOrYHOro npouecy BUNMaBKU
cTani i oTpMMaHHa TBEPAOro HamiBNpPoAyKTy B YMO-
Bax MiHimi3auii BUpOOHUYMX BUTpPAT, WO AO03BOMMUTL

3HU3UTK COBIBAPTICTb 3aroTOBKW, | AOCATHEHHS BUCO-
KMX MOKa3HUKIB SKOCTi HaniBnpoaykty. Ons pocsr-
HEHHS NO3UTUBHOMO edhekTy Y AaHOMY HanpsMKy Ba-
PTO 3 aKueHTyBaTW yBary Ha opraHisadii JOMOMKHUX
3axopiB 3 pacdiHyBaHHSA cTani Ha AiNsHLUi NPOMIDXHOrO
KOBLIA MaluMHW Oe3nepepBHOrO NUTTS 3aroTOBKM 3
3aCTOCYBaHHSAM eNneKTpOMarHiTHoOro nepemillyBaHHS.

B paHomy Bunagky HaknageHHs enekTpoMarHiT-
HOro nong Ha piaKky crarnb, ska 3HaxoauTbCs B Npo-
MiDKHOMY KOBLUi MOXe 3abesnedyyBatu npumMycoBe
nepemilLieHHs MOTOKIB pO3MnaBy y BEPTMKanbHI abo
FOPU3OHTAarnNbHIN MAOWMHI, @ TakoX iX cnipanbHUi
pyx. MNMpu UbOMy, HE3aneXHOo Big KOHCTPYKUii, npu-
CTpOI Ans eneKkTpoMarHiTHOro nepemillyBaHHsa 3a-
Ge3nevyloTb NPAMUIA BNAMB Ha 3aroTOBKY TiNbKW Ha
MeBHI OOCUTb KOPOTKIN (Kifbka OEeCSATKIB CaHTUMET-
piB) AinsHUi. Y TOM e Yac, obrnagHaHHA anst enekr-
POMarHiTHOro nepemillyBaHHA MeTany Moxe OyTu
po3TalloBaHe MNPaKTUYHO MO BCi OOBXWHI  pigkol
asu Ha MBJI3 Big npoMixHOro koBLUa 4O 3yMndo-
BOI 30HM (puc.1).

Mpn BUGOpPI pexumiB i xapakTepy HaknagaHHs
eNleKTpoMarHiTHoro BMnuBY HeoOxigHO Opatn go
yBary Ton ¢pakT, Wwo nig Yac 6e3nepepBHOro posnu-
BaHHSA B AOCUTb LUMPOKUX MeXaxX 3MIHIOETbCS Linni
ps4a napamMeTpiB: XiMiYHWA cKnag cTani, Temneparty-
pa po3nuBaHHSA (B TOMY YuChi | TeMnepaTypa nepe-
rpiBy Hag niHieto nikBigyc), WBUAKICTb PO3NMBaHHA
cTani, nepetMH 06e3nepepBHO NMTOI 3aroTOBKW, pe-

[onga Janvin IropeBuy — AcnipaHT ®Pi3nMKO-TEXHOMOTIYHWIA IHCTUTYT MeTaniB Ta cnnasie HAH YkpaiHu
Bepsinos Onekcii MaBnoBuY - K.T.H., M.H.C. Pi3UKO-TEXHONOrYHUIA IHCTUTYT MeTanie Ta cnnasis HAH YkpaiHn
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XXMM TOMAaHHS KpucTanisatopa, cnocid nigseneHHs
cTani B KpucrtanisaTtop, pexumM BTOPUMHHOIO OXOJ10-
OKEHHS1, BUMOTN [0 KPUCTaniYHOI CTPYKTYpU i XiMiy-
HOI ogHOpoAHOCTI Ta iH. OTxe, onTMMi3auia napame-
TPiB €NEeKTPOMarHiTHOro nepeMillyBaHHs Ansi NeBHUX
KOHKPETHNX YMOB BUSIBMSIETLCHA BaXKKMM GaratodyH-
KUiOHaNbHMM 3aBAaHHSIM, LLIO BMMarae npoBeAEHHS
rmMMOOKMX SAKICHMX OOCnigkeHb. Y TOW Xe 4yac 3ara-

01. MPOMIXHWM KIBLL

02. KPUCTANI3ATOP

03. 30HA BTOPMHHOro
OXONOXEHHA

04. ®IHAJIbHA 30HA
3ATBEP/1IBAHHA

1-2 2018

NbHi 3aKOHOMIPHOCTI BNNUBY enekTpoOMarHiTHoro ne-
peMilyBaHHss Ha (OpMyBaHHS 0e3nepepBHO UTOI
3aroTOBKM NPeACTaBNSETLCS MOXIMBUM MPOCTEXNTU
Ha nigcTaBi CydacHUX YSBIiEHb NPO YMOBWU 3aTBepai-
BaHHA Npy NPUMYCOBOMY MepemillyBaHHi pigkoi da-
31 i y3aranbHeHHi 6araTouYMCNeHHNX NPakTUYHUX aa-
HUX, NpeacTaBneHnx y nitepatypi.

iHAYKLiAHe HarpiBaHHA eneKTpOMarHiTHe
nepemiwysanHs y MK

eneKTpoMarHiTHe (ycepepHeHHA 3a XiMiYHUM

KepyBaHHSl BUTPaTOH CKNajoM i TeMnepartypolo)

eNeKTpoMarHiTHe eneKkTopmarHiTHa ctabinizauyis

rafbMyBaHHA CTPYMEHS piBHSI HAaNUBY MeTany

- C (npuaylweHHs XBUNbOBUX
eNeKTOpMarHiTHe -
. npouecis)
nepemMillyBaHHa y

KpucTanisaTopi eNeKTPOMarHiTHUA BifXUM

e/IeKTPOMarHiTHe NepeMillyBaHHs (3MEHLIEHHS JOBXUHU 30HMU
CTOBMYaCTMX KpUcTanis, nogpibHeHs TBepauX KpucTanis,
3MEHLUEHHS CTYNEHI0 PO3BUTKY NiKBaLii)

eneKTPOMBIrHITHE 0BTUCHEHHS
e/leKTPOMarHiTHe nepeMiwyBaHHs (nogpibHeHHs piBHOBICHUX

KpUCTanie, NoflaBieHHsi 0CbOBOT NIKBALLiT, N0OjaBNeHHs
ycajiKoBOi NOpUCTOCTI)

PucyHok 1 - BacmocysaHHs1 eflekmpoMazHimHo20 ernusy Ha pisHux cmadisx npouecy bearnepepsHoz2o
po3nueaHHs1 cmarii

Ons  OOCArHEeHHS MaKCMMarbHO MO3UTUBHOIO
edeKkTy nNpu HaknagaHHi enekTpoMarHiTHoOro BnnvMBy
HeobXigHO BIiAMOBICTM Ha MEBHY KiNbKICTb 3anuTaHb:
AKi eHepreTUYHi NOKa3HUKX NMPUMYCOBOTO NepeMiLLy-
BaHHA Hambinbll pauioHanbHi (abo gonyctumi); ne-
PEBAXHUA PYX MPUMYCOBUX KOHBEKTUBHWUX MOTOKIB
po3nnasy (MiHiMHWIA abo UUPKYNALIMHWIA); SKa rpaHun-
YHa LWBMAKICTbL PYXy MOTOKIB i Ha SKMX cTafiax 3a-
TBEpAiHHA BOHa JOoMNycTUMa; Micle Ans BKMagaHHs
(posTalwyBaHHSs) oKepena BNuBY; KU obcsar pos-
nnaBy GpaTtume yvacTb B nepemillyBaHHi i SKUM Y-
HOM Lie BMNIIMHE Ha BCHO CUCTEMY; B SIKil Mipi NOTPi6-
HO PEKOHCTPYKLSl iCHYKOHOro TeXHosoriyHoro obnaa-
HaHHA NpU peanisavii 3anponoHOBaHOI CXeMu BMW-
BY TOLLO.

3. 3acTtocyBaHHA eneKTPOMarHiTHUX cun y
NPOMiIXKHOMY KOBLUi MalwMHWU Ge3nepepBHOro po-
3NMBaHHA 3aroTOBKU

Hanbinblw xapakTepHor 0coOnuMBICTIO po3noiny
LLUBMOKOCTEN KOHBEKTMBHUX MOTOKIB NpU enekTpomMa-
rHITHOMY nepeMillyBaHHi € X MakCMMarnbHUI Mokas-
HUK Ge3nocepeaHbO Yy Axepena BAAvMBY 3 noparb-
LUMM 3MEHLUEHHSIM iHTEHCMBHOCTI nepeMillyBaHHS B
Mipy HabnumkeHHs 0O oci 3aroToBku. MakcumanbHa
LUBUAKICTb NPUMYCOBUX MOTOKIB MPW eneKkTpomarHiT-
HOMY nepeMilllyBaHHI peryrnioeTbca 3a [J0rnoOMOrow
Hanpy>eHOCTi eneKkTpoMarHiTHoOro nons i Moxe Ao-
caratv 3HadeHb OeKinbkox MeTpiB Ha cekyHay. [Mpu
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LbOMY B 3anexHOCTi Bi YMOB BMMuBY B piakin dasi
MOXYTb (DOpPMYyBaTUCA AK NamiHapHi Teuil, Tak i Typ-
OyneHTHi MOTOKM | BUXPOBi 30HM.

Ak BuaHO 3 puc. 1 3aCTOoCyBaHHA eneKkTpoMarHiT-
HUX cun Ha MBJ13 noynHaeTbesa LWe B NPOMIKHOMY
KOBLLi, Ae cepeq OCHOBHUX onepaLin MoXHa Buginu-
™:

- IHOYKUINHWIA HarpiB;

- eneKkTpoMarHiTHe nepemillyBaHHS 3 METO yce-
peOHeHHS 3a XiMiMHUM CKnagoMm i Temnepartypi;

- eNneKkTpoMarHiTHe ynpasrniHHS BUTPaTOHo.

IHOYKUiIMHWIA HarpiB cTani 4O3BONSE SOCATU per-
NaMeHTOBaHMX MOKa3HWKIB 3a TemnepaTtypoto 6e3 ic-
TOTHOrO neperpiBy cTani, sika BUMYCKaeTbCs 3 crarne-
nnasunebHoro arperaty. LLnpoko Bigomo, WO enekT-
PUYHWUIA | TEPMIYHUI KOemILEHT KOpPUCHOT Ail iHayK-
LiMHMX KaHambHUX MPUCTPOIB - HanBULLMIA cepef
EenNeKTpUYHMX nedven i mikcepi. Kpim Toro, Kpim Ha-
rpiBy, Npv iHOYKUiNHOMY cnocobi nepegadi eHeprii, B
0bpobntoBaHOMY pigKOMY MeTani BUHMKaTb enekT-
poMarHiTHi cunmn abo NOoTokK, Lo NPU3BOASATL PO3n-
nae B pyx [5].

Y KOHCTPYKTMBHOMY MMfaHi OCHOBHi TeXHiYHi pi-
LUEeHHs, 3anporoHOBaHi Ans iHOYKUIMHOro nigirpiBy
cTani B NpoMiXKHOMY KOBLUi, 6a3yl0TbCA Ha CTBOPEHHI
JBOKaMepHOro NpoMiXkHOro kosLia. Npudomy Harpi-
BaHHA cTani 34iicHeTbes abo B NpuAMarnbHii Ka-
Mepi, abo npu nepeTikaHHA 3 OLHIET KAamMepu B iHLLY.
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BukopucToBytoun Ui nepesarn 6ynu po3pobrieHi
cUCTEMM IHAYKLIMHOroO HarpiBy B KaHani asis npoMik-
HUX KOBLLIB NOPIBHAHO HEBENUKOI (3a3BuYan MeHLle
30 T1) wmictkocTi. Lli HarpiBanbHi npucTpoi gocutb
KOMMNakTHi, o6 OyTn BOYOOBaHi B iCHYHOUI MPOMIDKHI
KOBLLI 6e3 Oyab-akux iCTOTHUX Mogudpikauin. binbL
TOro, Taki HarpiBanbHi NPUCTPOI NPaKTUYHO He 3Mme-
HLUYIOTb KOPUCHMIN 06'€M NPOMIXKHOIO KOBLLIA.

TexHornoris iHAYKUiINnHOMo HarpiBy B KaHani 4OCUTb
LUMPOKO JOCriXeHa i 3aCTOCOBYETLCA SNOHCHKMMU
komnaHiamn Kawasaki Steel Corporation, Nippon
Steel, Daido Steel, Sumitomo Metal i T.4. AHani3 Bi-
OOMUX pe3ynbTaTiB CBiAYMTb NPO Te, WO edeKTmB-
HICTb HarpiBy MeTtany [AOCUTb BUCOKa (NpMOBMN3HO
90% Big eHeprii, WO NigBOANTLCS, NEPETBOPIOETLCA
B TENIIO, SKe NOrMMHAETLCS B KOBLLI) i 3a6e3nevyeTb-
CSl XOpOLUOK KepoBaHicTo npouecom. lMpu upomy

ObepTanbHa kamepa

3axucka Tpyba

JIleopis i npaKmuKa Memarypeii

6nm3bko 5% Tenna BTpa4vaeTbCsA B E€NEKTPUHHOMY
naHutosi, a we 5% - Yepes BOrHETPUBKi CTiHW.

OpHak Npy O04eBUMOHWNX MepeBarax Takoro npowe-
CY BiH He Mo36aBrneHui i iICTOTHOTO HedoniKy, SKUA
BUpaXaeTbCHA B MiOBULLIEHIN BUTpaATi enekTpoeHepril
Ha piBHi 8o 15 kBT - rog / T cTani, a TakoX BUKOpPUC-
TaHHI JOPOroro, CKNagHoro B ekcrnnyaTaujii Ta pemo-
HTI yCTaTKyBaHHS.

Ona nigueHHs edeKTUBHOCTI BMAANEHHs He-
MeTaneBux BKMOYeHb sinoHcbka komnaHisa JFE Steel
po3pobuna ABoKaMeEpPHU MPOMIXKHUIA KiBLL, B SIKOMY
OfHa kamepa Mae UuniHOPUYHY opMy, LLO OO3BO-
Nnsie BMKOPUCTOBYBATW €reKTpoMarHiTHe none Ans
OOdaHHA pigkoi ctani obepTtanbHoro pyxy (puc. 2).
Llet npouec oTprmaB Ha3By «NPOMIKHWUIA KiBLU 3 Bif-
ueHTpoBuM pyxom notokiB» (CF Tundish).

Nopor  PoBo4a Kamepa NPOMIXHOro KoBLA
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PucyHok 2 - [IsyxkamepHul npoMiKkHUU Kiew 3 erleKmpoMacHimHuUM riepemiwiygadyem 07151 CmeopeHHs
MazHImHo20 rnoJsisi, Wo obepmaemscs: a — 8ud 38epxy; b6 — hpoHmMarnbHa naouwuHa (nepemuH)

3aBaskn obepTanbHOMY pyxy pigkol ctani 36imb-
LIYETLCA PE3NAEHTHUIA Yac ii nepebyBaHHs B NpOMi-
XKHOMY KOBLUI i BigMOBIAHO 3pOCTe MMOBIPHICTL BUAa-
NEHHS1 BENUKMX HEeMeTaneBuX BKMHOYEHb B pe3yrb-
TaTi iX cnnuBaHHA B Wnak. OOpobneHui Takum 4u-
HOM pO3nfaB MOTiM NOAAETLCA B PO3NMBHY Kamepy
yepe3 KaHan, sikuin BOyOOBaHO B OHO MPOMIXKHOMO
KoBLUA.

BrkopucTaHHs NMpoMiXkKHOro koBlla 3 00epToBMM
PYXOM MOTOKIB JO3BOMSE 3HAYHO 3MEHLLUNTM KiMbKiCTb
BETMKNX OKCUOHWX BKIHOYEHb (po3mipom Ginblue 10
MKM) B OTpuMaHi ctani. Hagani po3pobneHuii npo-
MiXKHWIA KiBLL | TeXHOSOris NigirpiBy cTani enekrpomMa-
rHITHUM nonem Byna BUkopucTaHa onsa BUpobHMLTBA
HepXXaBilovoi cTani BMCOKOI SKOCTi, PO3KMCHEHOI
arntoMiHiem.

B uinomy TexHonoria obepTansHOro pyxy noTokis
i X iHOyKUinHOro nigirpiey B MPOMIXHOMY KOBLUi Mae
neBHi nepesary nepeq iHWMMKM MeToaamu, ki nons-
raloTb B 3abe3neyeHHi piBHOMIpPHOCTI MigirpiBy, BUCO-
Koi edbeKTMBHOCTI 00pobKM B NnaHi BUOANeHHs He-
MeTaneBmx BKIMKOYEHb, HALIMHOCTI ekcnnyatauii i
npocToTi B 06CNyroByBaHHi, a TaKoX [03BONSE afa-
nTyBaTW L0 TEXHOMOTi0 B NPOMUCIIOBUX YMOBaXx Yy
npoMixkHux koswax MBJ13. Mpu uboMy cucTemy iH-
OyKUINHOro nigirpiBy 3 METOK 3HWXKEHHS EHEepProBuT-
paT, HanbinbL OOUINbHO 3aCTOCOBYBATU B KiHLi pO3-
NMBaHHSA KOBLUA B pasi 3HAYHOro MNafjiHHSA Temnepa-
Typw cTani npu ii nepenvey B KpUcTanisaTop.

Takox iCHYWOTb MPUCTPOI  enekTpPOMarHiTHoOro
ynpaeniHHA BUTPaTOld B MPOMIKHOMY KOBLUI, SKi
BCTAHOBIIOKOTLCA Ha AiNSAHLUI MK NPOMDKHUM KOB-
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WeMm i Kpuctanisatopom 6e3nocepeHb0 Ha 3aHype-
HUIA cTakaH. OgHaK Le TEXHOSONYHE PilLEHHS He Ha-
Oyno LWMPOKOro NOLUMPEHHS Ha MPaKTULL.

BucHoBku:

1. MoxHa cTBepaXyBaTy, LLO 3aCTOCYBaHHSA ene-
KTPOMarHiTHUX nonen, € edekTMBHUM 3acobom
BMMMBY Ha pigKy cTanb i 3HaxoauTb Bce Binbll Wu-
poKe i yCrillHe 3acTOoCyBaHHS B TEXHosorisix Geane-
pPEPBHOro poO3nuBaHHA cTani B cBiTi. [pyn usomy,
ereKTpOMarHiTHi CUCTeMM 3aCTOCOBYIOTbCA $K Ha
eTani NpoMiXKHOro KoBLUA i KpucTanisatopa, Tak i B
30Hi BTOPUHHOIO OXOSOKEHHS | 3yMnd)OBOI 30Hi.

2. 3a paxyHOK enekTpoMarHiTHUX cuctem 3ginc-
HIOETBLCA: NiQIrpiB po3nnasy i MOro nepemillyBaHHS,

pin W X 4 1-2 2018

ynpaBniHHA npoLecaMn BUTIKAHHS | BUTpaTU pigkoi
cTani, KOHTPOSb 3a pPiBHEM HanNuBy MeTany i po3BUT-
KOM XBWITbOBUX NPOLECIB.

3. BukopucTtaHHA TexHoNorii MarHiTHoOro nepemi-
LLYBaHHS po3niaBy B MPOMiIKHOMY KOBLLUI MOB'A3aHO 3
NiABULLIEHOIO BUTPATOIO erneKTpoeHeprii Ha piBHI o
15 kBT - rog / T cTani, a Tako)X BUKOPUCTaAHHAM LOPO-
roro, CKNagHoOro B ekcnnyartadii Ta peMOoHTi ycTaTky-
BaHHS.

4. 3 ornsigy Ha BWCOKI BMTpaTyM Ha obnagHaHHSA
Onsl enekTpoMarHiTHOro nepemillyBaHHs, NnpeacTas-
NAETbCA OOUINBHUM NOro BUKOPUCTAHHSA B MepLuy
Yyepry Ons cepegHbOo- i BUCOKOBYrneueBux (B TOMy
YMCri NeroBaHMx) ctanew, siki MaroTb MOPIBHAHO BU-
COKy [oaTKOBY BapTiCThb.
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Kanainuak B.B., YepHuenko 0.C., llleguenko T.I'., Ko3aoeyes C.B., /lopoma Kaaiu,
Ky3zemko P./., CiHesnbHIiK08 B.O.

MOJAEJIb I'OPIHHSA BYT'TJIVIA I PO3IT'PIBY BOI'HETPUBKUX

YACTHUHOK B TEXHOJIOI'TI ®AKEJIBHOI'O

TOPKPETYBAHHSA ®YTEPIBKUA KOHBEPTEPA

Kalinchak V.V., Chernenko A.S., Shevchenko T.G., Kozlovtsev S.V., Dorota Kalisz,
Kuzemko R.D., Sinelnikov V.0.

MODEL OF COMBUSTION OF COAL AND HEATING OF
REFRACTORY PARTICLES IN TECHNOLOGY OF
CONFECTIONAL TORQUETING OF CONVERTER

FOLLOWING

BanporioHosaHa hizuko-mameMamuy4Ha MOOEsb (haKeslbHO20 20PiHHSA | pyxXy CyMiwi HacmuHOK Muosy2ziibHo20
nanuea (l1Bl1) i soeHempueKo2o nopowky. Yeaza rnpudinsembcs mennogisuyHUX npouecam, siKi cripusiroms posigpigy
YacmuHOK MagHe3umy suwe memrepamypu po3M'sakweHHs. Takull npouec pearizyembcsi 3a805iKU 8UOINIEHHIO 8eJTUKOI
Kirilbkocmi merna npu 20piHHI YaCMUHOK 8y2inss 6 ¢hakeni. [1pu oKUCEeHHI 8yeifibHUX YaCMUHOK 8 KUCHI MPUUHSMOo, wo
Ha ix nosepxHi ma & 2a3o08il cymiwi rpomikatomb 2emepoeeHHi peakyii C+0,=CO,(l), 2C+0,=2CO(ll), C+C0O,=2CO
(1), 2CO+0,= 2CO(IV).

lNpusedeHi peaynsmamu y euensdi npoginie memnepamyp YacmuHoK obox ¢hpakuili ma 2a3080i cymiuwi, ea308020
cknady cymiwi, 0oni 8u2opaHHs 4acmUHOK KOKCY, cepelHbOi weudkocmi ma posmipy chbakesy. BcmaHoeneHo, wo
icHylomb Mapamempu Macoeoi eumpamu | 2paHyrloMempu4yHo20 CcKnady mOpKpem-Macu, Mpu sKOMY MOXI/uge
docsieHeHHs1 YacmuHok MgO m’sikoeo cmaHy ma 8UCOKOI MOBHOMU 320paHHS KOKCOBUX YaCMUHOK rpu HabnuwxeHHi 00
pymeposku KucHego2o KoHeepmepa.Knroyesi croea: syeinsns, 602HempusKuUll MOPOWOK, YaCMUHKU, ¢hakersl, 20PiHHS.

A physical-mathematical model of flare combustion and motion of mixture pulverized-coal particles and refractory
powder is described. When considering the kinetics of combustion reactions of coal patrticles, the scheme of reactions
C+0,=COy(l), 2C+0,=2CO (ll), C+CO,=2CO0O (lll), 2CO+0,=2C0O; (IV) is adopted.

In this work, attention is paid to thermophysical processes that promote the heating of magnesite particles above the
softening temperature. An analysis is made on effect of the coal particles' diameter and mass flow of gunite mass on the
maximum temperature (coke particles, refractory powder particles, gas mixture's), gas composition of the mixture and
completeness of coal particle's burnout. Varying the diameter of the carbon particles allows you to monitor the onset of
burning of coal particles and gas composition. Varying the mass flow of dust allows you to monitor the full burnout of

coal dust.

BceTtyn. Npu BunnaeLi ctani pytepoBka KUCHEBOIO
KOHBepTepa MOCTIMHO 3HOLIYETLCH 3i LIBMAKICTIO - 1
MM 3a nnasBky. [ligBULLEHHS CTiNKOCTi dyTepoBKu
KMCHEBUX KOHBEPTEPIB - HaBaxnuBila npobnema B
cyyacHin wmetanyprii [1, 2]. B paHun vac Ha
MeTanypriiHux koMbiHaTtax YKpaiHu SOCArHYyTO PiBHS
~ 7 TMC NNaBOK, a Ha AesKUX NignpuemMcTBax KpaiH
cBiTY - 40 Tc nnaBok i GinbL. 3amiHa yTepoBkm 350
T KOHBepTepa 0bxoanTbes B ~ 1 MNH. gonapis. [Ons
peMOHTY  yTepoBkM, ocobnmBo B  obGnacTi
NoKanbHOro 3HOCY (Hampuknag, B pawoHi uand)
BMKOPUCTOBYETLCS BUCOKOTEMMNEpaTypHe dakenbHe
TOPKpeTYBaHHSA. TOpKpeTyBaHHA yTepoBkM - Le
METOA rapsyoro PemMOHTY LUNSXOM HaHeCeHHs 3a
AOMOMOrOK TOPKPET - MalUWMH BOrHETPUBKOI Macu Ha
3HOLLEHI AinsHku dyTeposkn. CTiNKICTb GyTEPOBKM 3
MarHe3uToByrneLesMMn BorHeTpmeamu gocsirae 5-10
TUC. MNaBOK.

B xopgi aHanidy cyyacHux MeToauK, pesynbTartis
JOCTioKeHb, HOBITHIX TEXHOMOrNIN i HAKOMMYEHOro Ha
MeTanypriiiux kombiHaTax 4OCBidy BCTaHOBIEHO, LLO
AKICTb rapHicaxy iCTOTHO 3anexuTb K Bifl KOHCTPYKLi
camoi dypmn, ane B we OGinbwomy cTyneHi Big
npaBunbHOT opraHisauit CTPYMMWHHOIO
©araTOKOMMOHEHTHOMO MOTOKY, LLIO MUHAE 3 COMMOBUX
OnokiB, po3TalloBaHMX Ha Pi3HMX piBHAX. Llen posain
Teopil hakenbHOro TOPKPETYBAHHS Le He BUBYEHUN.

Mpyn BUKOpPUCTaHHI Ui€l TexHonorii BiAHOBMEHHS
dyTepyBaHHs 3aBXOuW icHyBana npobnema, Tak sK
KOHCTPYKTMBHO COMNa, Yepes sk 3aKkiHiyeTbCH rasoBa
CyCrneHsis (a30T + MOPOLLUOK) i KMCEHb, pO3TalLOBaHi
Ha pi3HMX PIBHAX. 3MEHLUEHHs BUTPaT MO [OOBXWHI
cTtoBOypa Npu3BOAUTbL OO0 3HWDKEHHST KiNIbKOCTi pyxy
MOTOKIB ra3oBOi CYCMEH3ii | KUCHI, MOripLeHHs
E€HEPreTUYHNX  XapakTepUCTUK  CTPYMEHIB,  LWO
BUTIKaOTb. [pUNMNaHHa XX PO3M’AKLWIEHUX 4aCTUHOK

KaniHyak Banepuit BnagumupoBud - 4. d.-M. H., npodecop, OHY imeHi I. . MeyHukoa m.Ogeca

YepHeHko, OnekcaHgp CepriioBuy — K.do-M.H., goueHT, OHY imeHi |. I. MeynnkoBa m.Opeca

LLleB4eHko, Tapac 'puropoBuY — reH. anpektop Mapiynonbckoro meTanypriiHoro kKombiHaTy

Kosnosues, Ceprili BiktopoBuy — Hay.uexy Mapiynonbckoro MeTanypriiHoro kombiHaty

Ooporta Kaniw, - dr. hab. eng. AGH University of Science and Technology, Krakow, Poland

Kysemko, PycnaH MuUTpoBuY — K.T.H., AoLEHT INMprnasoBCbKUn AepXaBHUIN TEXHIYHUI yHiIBepcuTeT M.Mapiynons
CiHenbHikoB Biktop AGH “Azovstal iron & Steel Works”, Krakow, Poland
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MOPOLLIKY Ha BOFHETPMBKOI NMOBEPXHI MOXMMBO TiflbKU
Toqj, Konm BOHU nepemiLLyoTbCs B
BMCOKOLLBUAKICHOMY moToui. Y ToW e vac
rOPU3OHTarnbHe i BepTMKarnbHe nepecyBaHHs TOPKpeT-
dypmun, 06epTaHHA HABKOJIO NO30BXHBOI oci Ha 180
° B obuasi CTOPOHM [O03BONSAE MNPOBOOUTM PEMOHT
dyTepoBkM B Oyab-AKOMY MiCLi KOHBepTepa.

Mpn onTuManbHIin BenUYMHI  NMTOMOI BUTPATU
KACHIO (POpPMYETLCA LUifIbHE BOrHETPUBKE MOKPUTTS,
nogibHe 3a  CKNagoM  BarHsHO-MNEPUKNa3oBUM
BOTHETpMBaM, SKi  BOMOAilOTb  TEPMOCTIVKICTIO,
MEXaHi4HO MiUHiCTIO | 3abesnevyloTb Tpusany
CTiKICTb (pyTepoBKkM KOHBepTepa B uinomy. He
OCTaHHE Micle B MpPOLECi TOPKPETyBaHHsS [palTb
KOHCTPYKLUIT coypM i conen. BukopucTaHHsi B TOPKpeT-
dypmMax conen creuianbHOI KOHCTPYKLUii cnpusie
Kpallomy 3MillyBaHHIO BOTHETPMBKOrO MOPOLLKY 3
nanueom i, omTxe, opmyBaHHIO Binblw SKICHOrO
TOPKPET-NMOKPUTTS. CninbHe BMKOPUCTaHHS
BMCOKOE(EKTUBHMX TEXHOSOTIN PEMOHTY Ta 3aXUCTy
OyTEPOBKM KUCHEBMX KOHBEPTEPIB — (hakenbHOro
TOPKPETYBaAHHA i MHEBMATUYHOIO OLUNAKOBYBaHHSA —
OaloTb Harkpawi pesynbtatn. OpgHak, ePeKTUBHICTb
¢akenbHOro  TOPKPETYBaHHA  MOXHa  iCTOTHO
NigBMLNTY, AKLWO, HaNpuUKnag, OUCNepCHUN NoTiK 40
conen TopkpeT-dypMu nogasatu Nigirpitum.

AkTyanbHa npobnemMa rapsyoro pPemoHTy i
HagiHOro  BIOHOBMNEHHS  MOLUKOMKEHOI  CTiHKK
(cbyTepoBka) KMCHEBOro KoHBepTepa  METOLOM
(bakenbHOro HarpiBy BOFHETPMBKOrO MOPOLLKY B
pesynbTati  3OINCHEHHA  TOPIHHSA  MUMOBYTiNbHOrO
nanuBa MoOB'A3aHa 3  KOMMNMIEKCHMM  aHamisom
B3aEMOBMNMNBY HEI30TEPMIYHOI  KIHETUKN  XIMIYHUX
peakuin ropiHHA YaCTUMHOK BYriNAs 3 npouecamu
TennomacooOMiHy | AnHaMikn pyxy das.

Mpn pakensHOMy  TOPKpPeTyBaHHi  OCHOBHUM
eremMeHTOM € BOOOOXOnodxKyBaribHa TopkpeT-dypma.
Uepe3 Hel nogaloTb KUCEHb | 3a [JOMOMOro
CTUCHYTOrO MOBITPA TOpPKpPeT-Maca, fka CKnagaeTbes
3 MarHesuTOBOrO MOPOLUKY i KOKCOBOIO Muny.
3ropsiHHA KOKCY B KUCHI 3abesneyye dopMyBaHHS
dakena 3 temnepartypoto 1800 - 2000 ° C. Mpu uin
TemnepaTypi BOrHETPUBKUIN MOPOLLOK NepexoauTb B
NNacTU4HUIM CTaH i B Npoueci HaHeCeHHA hakernom Ha
NMOBEPXHIO PYTEPOBKM MILIHO 3BAPIOETHLCS 3 HEIO.

AHanis nitepaTypHMX JAaHUX | nNOCTaHOBKa
npobnemn. TopkpeT-hypMa MpaUOe HaACTYMHUM
ynHowM. MNepen TopKkpeTyBaHHAM ypMy Yepes OTBIp B
KaMiHi KOHBepTepa BBOASITb B Oro pobounii NpocTip
Mo MO3O0BXHiM OCi Tak, Wob conna TopKpeT-macw i
KACHIO ©OynuM  cnpsmoBaHi  Ha  uUandoBi  30HM
dyTepoBkM. CnoyaTKy BKMHOYaOTb nodady TOPKpeT-
mMacu (Byrinna abo kokc - 30%, BOrHeTpuBKUM
nopotwok - 70%, Wwo Hece ras - as3oT, HaANULIKOBUNA
TUck nepen connom P = 0,6 MlMa), a notim, nicng i
MosiBK 3 COMeET, BKIMKOYaTb KACEHb NMPY NOYaTKOBOMY
TMcky PO2 = 1,6 Mla. TopkpeT-maca BuTikae 3i
winvH cpypmn 3i weugkictio 30 M / c, KMceHb Ha
Buxoai 3 conen mae wBuakictb 300 m / c. KiHeTnyHa
€eHeprid KACHIO B OecdATkM pasiB Oinblle, HiXK Y
TOpKpeT-Macn. PiBHOMIpPHICTb 1Oro 3akiHYeHHs 3
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conen nMpakTMYHO igeanbHa, TOMY KUCEHb €
OpraHi3ylouMMm eneMeHToM A1 MOTOKYy TOpKpeT-macy,
AKMA  Npu  Takin  opraHisauii CTpyMeHiB cTae
PiBHOMIPHMM.

TakuM  4Y/MHOM B MOPOXHWHY  KMCHEBOIO

KoHBepTepa, e Temnepatypa ~ 1300 ° C, BurTikae
ra3onopoLUKOBUIA CTPYMiHb. Byrinnst (kokc) roputb, a
YaCTUHKM  BOTHETPMBKOIMO  MOPOLLKY B dhakeni
HarpiBaloTbCa A0 NfacTU4HOro CcraHy i 6yayTb
HaBaptoBaTnca Ha " xonogHy " (~1000 °C) noBepxHio
dyTepoBku. BigctaHb Big conna oo dyteposkn ~ 2,7
M.

BvBYeHHA  ropiHHS  nunosyrinbHOro  dakena
3anvwaeTbCcs akTyanbHUM 3aBaaHHaM [3-6]. Ha yeary
3aCnyroBylOTb ekcrnepuMeHTarnbHi poboTU MO ropiHHIO
BYFifIbHOrO MUy B MOAENbHUX ycTaHoBkax [3] i B
dypMeHin 30Hi BarpaHku [4]. TypOyneHTHUA pyx nuny
iCTOTHO YCKIagHIOE MaTeMaTUYHUA OMNUC MPOLIECIB,
Wwo nportikatoTb. OfgHaK BUMKOPUCTAHHSA YMCENBHUX
MeTOAiB [A03BOMSATb MPOBOAUTU aHani3 pilleHb,
He3BaXkaloun Ha rpPoMI3aKiCTb, (hisnko-mMaTeMaTUYHNX
mMoaenewu [5, 6].

Mpu posrnaai KIHETUKM peakuin ropiHHA BYTifbHUX
YACTUHOK, Y4aCTO BMWHUKAE MNUTAHHA: Y4  MOXHA
0BITUCA OfHIED  peaKuield FopiHHA BYrnewto, LWo
«cnocTtepiraetbea» C + O, = CO, (I) abo C + CO, =
2CO (Ill) 3amicTtb cykynHocTi peakuii C + O, = CO;, (1)
,2C + 0, =2CO (ll), C + CO, =2CO (Ill), 2CO + O, =
2C0O, (IV)? BukopucTtaHHA oOfHiel BMOMMOT peakLii
O03BOSISE pO30MTU BeCb NWIOBYTiNbHUM dhaken Ha
30HM | 3Ha4yHO cnpocTuTM 3aBadaHHa [3]. OpgHak
HEBIJOMMMW 3anMLLAKTLCA KOPAOHU 30H. [JOo TOro X
nosiea B rasoBiil CyMilli YagHOro rasy B pesynbTtarTi
TypOYneHTHOro NepeHeceHHs Big NOBEPXHi YaCTUHOK
NPU3BOAMUTL O MOro OKUCHEHHS, i, OTXe, HarpiBaHHA
GesnocepeHbO ras3oBoi  Cymilli. Takmm  YMHOM,
npaBunbHUA 06NiK MexaHi3aMy pearyBaHHS Byrreuto 3
KncHem [6-8] posBonsie BpaxoByBaTW  BUAINEHHS
Tenna B pi3HMX o6racTax cuctemu, WO BNAMBAE Ha
TENNoodbMiH MixX il YacTuHamu.

Bigomo, Wo Ans 34iCHEHHS ropiHHA nonepeaHb0
XONOAHMX YaCTMHOK KOKCYy HeobxigHo abo HarpiBatu
HaBKONMULLHIA ra3, abo HarpiBaTM YacTku BULLE
KPUTUYHOI TeMnepaTtypu 3ariMaHHs [9].

MeTa i 3aBgaHHA pocnigxeHb. HasBHICTL B
no4yaTKkoBin YacTuHi hbakena Tpbox a3, sKi rparTb
pi3Hy ponb, CTaBUTb HEODXiIAHICTIO aHani3 NoBefiHKK
KOXHOI 3 HWMX MO [OOBXWHI (pakena. Tak 4acTku
NUNOBYTINBHOIO Nanuea € AXXeperiom BUAINEHHs Ha X
MOBEpXHi  BENUKOI  KiNbKOCTi  Tenna. YacTuHKM
BOrHETPMBKOIO MOPOLUKY € iHEPTHUMU YaCTUHKaMMU,
are ix HarpiBaHHS BULLE TeMnepaTypu pPO3M'AKLLEHHS
€ HeoOXigHMM [Ons  peanisadii  KiHUEBOI MeTu
dhakenbHOro TOpKpeTyBaHHs. [aszoBa pasa MiCTUTL
KNCEHb, HEOOXiOHWM ONns  OKUCIIEHHSI  BYIMeL
YacTtuHok lNBI1, i € nocepeaHnkoM nepeaavdi Tenna Big
yactmHok [BIM go 4yactMHok BorHeTpuBy. OTxe,
Temnepartypa umx a3 He NoBMHHa OyTW ofHakoBa, a
NOHATTA TemnepaTypu dakena, sKy i BU3Ha4alOTb
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b AR

eKCrnepuMeHTanbHUM  WNSXOM,  CTae  MEeBHUM
yCepeaHeHHs.
Cnig TakoX 3ayBaXuTW, WO iHTEHCUBHICTb

nepegadvi Tenna Big YactuHok MBI oo razoBoi cymiLi,
a noTiM i OO0 4YaCTUMHOK BOTHETPUBY 3anexuTb He
TiNbKX Bif IHTEHCUBHOCTI pyxy uux ¢as, a n Big
pi3HULi IX TemnepaTyp.

Tomy meTol JaHoro gocnifjkeHHs € nobyaosa B
HanbinblWw npocToMy BUrMSAl isMKo-MaTeMaTUyHOI

JIleopis i npaKmuKa Memarypeii

BOTHETPMBKOrO MOPOLUKY B YMOBaXx (pakerbHOro
FOPiHHA B KUCHI NiZ BUCOKUM TUCKOM.

[ONMOBHMM  HanpPsiIMKOM  JOCHIOKEHHS
po3rnag came Tennoduisvku  npouecy. Bnnue
Xapaktepy pyxy 4YacTMHOK | rasoBOi  CyMiLli
BPaxoBYETbLCS TYypOyneHTHMM koedpiuieHTamu
nepeHocy. Tak npu TypbyneHTHOMy pyci rasy
edheKTNBHI  KoeqiLlieHTU nepeHeceHHs (KoedilieHT
B'I3KOCTi, Andoysii D, TennonpoBigHOCTI) B rasosii
CyMilLi BM3HaYaloTbCS Yepe3 MonekynspHi (iHaekc m)
i TypOyneHTHi (iHOeKe t) XapaKTepucTuKu:

crano

15

T,+C T, P

'pg ng-I- P

Moaeni  YaCTMHOK TOpPiHHA | AguHamiku  pyxy
MUIOBYFIMIBHOTO  ManmmBa | PO3irpiBy  YaCTMHOK
Vg =Vgn ¥ Vg, D, =D, + Dy, Ay =g, + Ay
25
T, R(T,+C T,
ng :vgo T_ P T C ! gm :}\Jgo T_
0 + 0

s [s
D, ~18-10°u,
T

Martepianu i metogn pocnigxeHb. CknagHicTb
pilLEHHS MOCTaBMEHOro 3aBAaHHA nepenbavae
BMKOPUCTaHHS pady 0OrpyHTOBaHMX NPUMYyLLEHb:

- rasornopfjibHi NpoaykTn MarTb TemnepaTtypy i
LUBUAKICTb AUCNEPCHUX YACTUHOK,;

- 33 paxyHoK TypOYyneHTHOCTi KOHUEeHTpauji
rasonogibHmx KOMMOHEHTIB MOMEHTarnbHO
BCTAHOBIIOIOTbCS B OOpaHOMy o00csa3i, 4acTkM He
KoaryniowTb | B cepeiHbOMY piBHOBIAAANEH;

- YaCTMHKK i ra3 B dhakeni pyxatTbCs 3 O4HaKOBOK
LWBWAKICTIO, 3MiHAQ $KOI OMUCYETbCA TEOopPeTUYHO
OTPMMaHOK  3anexHicTio  ana  TypbyneHTHoro
CTPYMEHS 3 TBEPAVMMU AOMiLLKaMU;

- XiMiYHI peakuii NpoTikatoTb NO nepLUOMY NOPSAKY.

C+0, >CO, +39%kx ()

2 Re;mﬁ &(ﬂj‘lﬂ umncen Re< 10°),

T, +C

th = Dgtcgpg.

- BHYTpPIWHIM pearyBaHHAM BcepeauHi YaCTUHOK
KOKCy (a TakoX cTedaHiBCbKO Teuieto) Oyaemo
HexTyBaTM B 3B'A3Ky 3 BWCOKOK iHTEHCMBHICTIO
30BHILLUHBOIO MaconepeHocy.

Ons aHanitTmyHoro posrnagy TrOpiHHA | pyxy
TOPKPET-Macu B MOPOXHWHI KMCHEBOIO KOHBepTepa
BMKOPUCTOBYETLCA CUCTEMA pPiBHSIHb, 3acHOBaHa Ha
3aKOHax 30epexeHHst Macu, eHeprii Ta iMnynbey,
3aKOoHax XiMiYHOT KIHETUKM.

3a oCcHOBY AN1s1 OMUCY KIHETUKU XiMiYHMX NPOLIECIB i
TENOMacooOMiHy ~ KOKCOBMX  YaCTMHOK rnBn
npunmaetbes nigxig, onmcaHun B [8-10]. Tak B
npoueci pearyBaHHsa Byrneut 4YactuHok [1BI1 3
KMCHEM NPOTiKatoTb B OCHOBHOMY Taki peakuii

C+ %Oz — CO +110xIx (1)

3 nosiBoto razonoAibHuX NPoayKTiB peakuii BOHWU MOXYTb B NOAanbLIOMY BCTYNaTW B HACTYMHI peakLii

C+CO, »2CO-175k/Ix iy CO+

Peakuis (lll) BHOCMTb ICTOTHMN BHECOK npu
TemnepaTypax yacTtuHok suwe 2000 K, a peakuis (1V)
- jopaTkoBO nigirpisae rasoBy Cymill BXe npu
TemnepaTypax cymiwi noHag 1200 K npu HasiBHOCTI
YaHoro rasy.

B Mo,  k
Y, =— Py _ oK
Bk +k,)

CO,s
3MiHa TemnepaTypy YacTUHKM KOKCY BifOyBaeTbCS
3a paxyHOK TEMMOBUAINEHHS B reTePOreHHUX XiMivyHmX

%Oz — CO, + 285k/1x (V).

KoHueHTpauii  (MacoBi  4aCTKM)  KUCHIO i
BYIMEKWUCIOro rasy nobnunay NoBepxHi YaCTUHOK KOKCY
BM3HaYaloTbCH IHTEHCMBHICTIO MaconepeHocy:

DNu
Py, B=

Mo, (B+k3)Y°25+(B+k3) d.

3a paxyHOK MOJEKYNSPHOI i TypOyneHTHOI andysii, a
TaKOX TennooObMiHy BWNPOMIHIOBAHHA 3i CTiHKamu

peakuiax (1) - (1), TennoobmiHy 3 HaBKOMMWLLHIM ra3oM  (PyTEepOBKY, BIAMOBIAHO 40 PIBHAHHS:
c.p.d aT
e, S =0, -0, -0, T(x=0)=T, (1)
E
:((Q1k1+Q2 )pgs 0, ~ QKsPys COS)(l X,4) k =k, eXp(—ﬁj i=1.3, )
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—Tg), q,=ec(T*-T}).

TyT Ce Per O, U, T — mMTOMA TEMOEMHICTD,
WiNbHICTb,  OiamMeTp, BiOHOCHA  LWBKMAOKICTb i
TemnepaTypa yacTok [NBl1, X, - macoBa 30Ma B KOKCI
MBI1; Q;, K, E; - napHukoBMI edhekT B po3paxyHKy Ha 1
Kr aKTUBHOrO peareHTy, KOHCTaHTa i eHepris aktusauii
i-TOl  XIMiYHOI peakuil; Py, Ag Ty - LMbHICTD,
koediLieHT TennonpoBigHOCTI i TemnepaTypa rasoBoil

cymiwi; Nu - uyucno HyccenbTa, x - KoopauHaTa
1 od, u 1)
c __1C C
_Epcuc & - _(kl + 2k2)png025 +
Ho, Co,

HarpiBaHHs i 36inbLUEHHA TemnepaTypyu YacCTUHKK
BOrHETpMBKOro nopoluky (iHaekc f) BigbyBaeTbes 3a
PaxyHOK TenrnoobmiHy 3 HaBKOMMWLUIHBOK [a30BO0

pin W X 4 1-2 2018

©)

B340BX (hpakena, € - epeKTMBHUIN KOeiliEHT YOpHOTH
NOBEPXHI YaCTUHKK, SIKMA 3anexuTb O0OAaTKOBO Bia
KOHLEHTpaLii i po3mipy dakena; T, - Temnepatypa
CTIHOK dhyTepoBkM; B - KoediuieHT MaconepeHocy
KUCHIO 0,0 NOoBepXxHi yacTuHku MBI,

B pesynbTaTi NpoTiKaHHS reTeporeHHUX peakuin
3MEHLUYETBLCSA PO3MIp YacTKu:

k3pngC023 ! dc (X = O) = dcb @

CYMILLLLIIO, @ TaKoX TemnooOMiHy BUMPOMIHIOBaHHSIM
3i cTiHkamy pyTepoBkM 3rigHO AudbepeHuianbHNX
PiBHSAHb:

c.p.d oT
f6f fUf 8)(f =0y —Cws - T, (x=0)=T,, 5
A, Nu
Uy = d f(T T)' Gy =eo (T{ =T,)).
f
[iameTp YaCTMHOK BOrHETPMBKOIO MOPOLLKY HE 3MIHIOETLCH B Yaci (YacTKu iHEPTHI)
ad,
——p,u,—=0, d.(x=0)=d,. 6
> pPU; X f ( )=dy, (6)

3miHa TemnepaTypu rasoBoi cymiwi (iHOeKC @)

TeI'IJ'IOO6MiHy 3 YaCTuHKamu, TennoBTparamm 3

BM3HAYaETbCSl 3@ pPaxyHOK TEMMOBUAINEHHS B  HABKOJMLUHIM CEepedoBULLIEM i NEPEexoaoM 4acTUHU
FTOMOrEHHOI  peakuil OKMCREHHs YagHoro rasdy, KiHEeTUYHOT eHepril pyxy B TEMSOBY:
dT, ok S; Ny P, , duy
CyPgU PeYeo — 1 +0,———0q 5 P )
4™ co f az
gy d g g S U 9 g U q 979 dX
T,(x=0)=T,
\ . mMacoobmiHOM 3 noBepxHeto uyactuHok [1BI1, pe
Tyt N o N; —umucno yacTok, BniTatoTb B NepeTuH

dakena 3a 1 cekyHay.
3MiHa KOHLEeHTpauin ras3onogibHMX peyoBuMH B

NpoTiKalTb reTeporeHHi  peakuii, i
peakuii okMcneHHs YagHoro rasy (1V):

NPOTiKaHHAM

fa30Bil CyMilli B  OCHOBHOMY BU3HAYAKTHCH
—p,U, d;(; _ %k‘lpg\(w + (K, + Ky )Py Yose %% + Jo % @)
Pelq dz;oz - l::jj KapgYeo + “C: KiPgYo,s —KaPgsYeo,s %L\I—C — Jco,qaz % ©
pyU, dz;;(o =—K,p,Yeo + 2::20 KoPgsYo,s + ZP:Z:? KePysYeos %% ~ o % (10)

Yo, (X=0) =Yg, Yoo, (X=0) =Ygy, Yoo (X=0) =

COb

|_|ICJ'IF| IHTErpyBaHHA i OTpMMaHHA MaCcoBUX HYaCTOK KOMMOHEHTIB CyMILIJI KOXXHa 3 KOHLI,eHTpaLI,WI Ha KOXHOMY

eTani iHTGFDYBaHHﬂ MHOXXMnacda Ha MHOXHUK
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1
Yo, + Yoo + Yeo, ’

WO [A03BOSMANO [LIACHO 3HAXOOMTWM MacOBY YacCTKy KOXHOIMO KOMMOHEHTa i

YOZ +Yeo +YCOZ =1

JIleopis i npaKmuKa Memarypeii

BUKOHYBaTW PIBHICTb

[nsi OuiHKM 3MiHW cepedHbOI LUIBWOKOCTI ra30BOro cepefoBuLla BUKOPUCTOBYEMO cdhopmyrny ABpamoBuya
Ansi OCbOBOI LUBUAKOCTI 3aTOMNMIEHOTO ra3oBoro TypOyneHTHOro CTPYMEHS:

2
ou, _ Y

p 1
OX Uy, P 167,

u,(x=0)=ug,

(11)

Je X - BiACTaHb Bifl 3pi3y conna dypmu rsb — pagiyc conna gypmu.

3MiHa nnowli oCbOBOrO nepepidy CTPYMEHS 3HaxOAUTbCHA i3 3aKOHY 30epexeHHs Macu BNpOOOBX

NOLLMPEHHSA hbakeny:

, 0S

PyUy &:MCSC N —p,S

ou

X —ysS—
OX OX

Ons yncenbHUX pospaxyHkiB cuctemu (1) - (12)
BUKOpUCTaHi krnacuyHi  cxemmn PyHre-KyTta. Bcs
OOBXWHa dhakena po3bmeaeTbess Ha 500-3000
OINAHOK, B pes3ynbTaTti 4Yoro YTBOPKOKTLCHA NPodiri
TemrnepaTyp  CyMilli, BOFHETPUBKOIO  MOPOLLKY,
fpiameTpa i macu vyactuHok MNBIT.

Y okcupy MarHito € Tak 3BaHa Temnepartypa
po3M'skeHHs (1500 - 1550 ° C), gka ICTOTHO Hwbkya
3a Temnepartypy nnasneHHs (2825 ° C). B iHTepBani
TemnepaTtyp Big 200 go 1500 °C 3anexHicTb NUTOMOT
TennoemHocti MgO Big Temnepatypu MOXHa

anpokcumyeatm c, =185.8InT —51.85. UWinbHictb
kokcy B3aAta 1500 kr / m3, a nUTOMa TEnnOEMHICTb

anpokcuMoBaHa 3anexHicTio (B iHTepani 400-3000
°C): ¢, = 1000 + 60(T — 400)%*, Ix/(kr K).

Pesynbtatn pocnigkeHb. TopkpeT-maca i
KNCEHb MnonepeaHbO0 He  HarpiBalTbCsa  nepen
Buxogom 3 cypmu. OpHak Bigomo, wWwo Ans

30iNCHEHHSI TOPIHHA nonepeaHb0 XONOAHUX YaCTUHOK
KOKCY HeoOxigHO abo HarpiBaTy HaBKOJULLHINA ras,
abo HarpiBaTV 4acTku BULLE KPUTUYHOI TeMnepaTypu
3ananeHHs [9].

MpyynHOO HarpiBaHHA TOPKPET-MacK |  KMUCHIO
nepen BuxogoM 3 cypMum Moxe OyTuM 3anMaHHSA
NETIOYNX PEYOBUMH, $Ki MOMNepedHbO BUMXOAATb 3
yactuHok MBI npu TpaHcnopTyBaHHi. OaHak i Ang ix
3aiMaHHA TaKoX MOTPIOHO pOo3irpiB  cymiwi, ane
Habarato MmeHwe. [MpUYnHOI HarpiBaHHSA CyMiLLi
MO>e OyTK ropiHHA rasiB 3 MOPOXHMHU KOHBEpPTEpa 3
KACHEM  TypOyneHTHoro cpakema B obnacTi
3MiLlyBaHHS, 3BiAKW Tenmo i nepeaeTbCca BCepeamHy
GinbLL XONOOHNX BHYTPILLHIX 30H chakena.

lMpoaHanisyemMo pesynbTaT YNCENBHOTO PilLEHHS
cucteMn gudpepeHuianbHmx piBHsaHb (1) - (12). Ha
puc.1 300paxkeHi KOOpPAMHATHI  3anexHocTi: a)
Temnepatyp ByrinbHUX 4actuHok (T, cyuinbHa),
razosoi  cymiwli  (Tg, BEnNUKWA  MyHKTUP) i
BOrHETPUBKOrO NopoLky (T;, HEBENMUKMIA NYHKTUP); 6)
AiaMeTpiB YacTUHOK; C) cknady rasoBoi cymiwi; d)
BIQHOCHOI Macun BYriNbHUX YaCTUHOK, €) dopmu i f)
LUBUOKOCTi YaCTMHOK.

S(x=0)=S,. (12)

Y AKOCTi XxapakTepuCTUK MOBEAIHKM Takol CyMiLli
BCEpeOMHI  KUCHEBOrO  KOHBepTepa  po3rnsHemMo
HaCTYMHi:

1) HdoBxuHa 30HU nporpiBaHHA

NUNOBYriNbHOro Nanuea i NOPOoLKy X;. BusHaunmo
il AK OOBXWHY (bakena, KOnM AocsaraeTbCa neplua
TOYKa nepervHy Ha KOOpPAWMHATHIA  3aneXHOoCTi
TemnepaTypu 4YacCTUHOK d’T/idx® = 0. La ymoBa
CAMBOMI3yE  MOYATOK  aKTMBHOMO  PO3irpiBaHHS
YaCTMHOK 3a paxyHOK MpPOTiKaHHS EeK30TepMiYHUX
XiMIYHMX reTeporeHHMx peakuin. [o pedi, Touka
nepernHy Ha nNpoqini TemnepaTypu rasy 3HaxoauTbCA
hani no AOBXWHI dhakeny, siKui CUMBOMI3YE MOYaToOK
MNOro posirpiBaHHA 3a paxyHOK FOMOFEHHOI peakuil
OKuUCNeHHsa YagHoro rady. Came B uUel 4ac yacTka
YyagHOro rasy B CyMilWi [ocdarae MakCUmMarbHOro
3HaYeHHS, Micng Yoro BMICT MOro 3MEHLLYETLCS.

2) MakcumanbHi 3Ha4YeHHA TemmnepaTtypu
BYFifIbHUX i BOTHETPUBKUX YACTUHOK T U Timax,
rasoBoi  cymiwi = Tgmax. BusHauatotbca Sk
eKCTpeMyMn Ha BiANOBIOHNX 3aMEeXHOCTAX.

3) MexaHi4HU HepoOXOr BYriNIbHOFO MOPOLUKY
@. BusHavaetbca B BigcoTKax, sik maca Byrinns, o
He goropina. BusHavaeTbcs sk

m

Q= 1— —cw
m,

O6roBopeHHs pe3ynbTaTtiB. 3 aHanisy puc. 1
BMOHO, LWWO TFOPiHHA HacTae 4epe3 MNEeBHUW 4ac.
OCHOBHMM [Xeperiom TEeMnoBUAINIEHHA € BYTifbHI
YaCTUHKM, SKi HarpiBalTb rasoBy Cymill, sika Aani
HarpiBa€ BOrHETPUBKUI NMOPOLLIOK.

MpunycTumo, WO BOMHETPMBKUIA MOPOLUOK AOCAT
Temnepatypu  poam'skiieHHs. Moro  (nopotuky
orm3bko 70%) B mepwy 4Yepry MOBWHHI PiTU
BesnocepegHbO He YacTku BYrinns, a ras, Skun
oTouye ix. a3 rpitoTb YaCTKM BYTINNSA, SKMX NOPIBHSAHO
HeGarato. Tomy Mae OOTPUMYBATUCA HEPIBHICTb T
(MgO) <T4 (ra3) <T (C). OpieHTOBHI 3HaYeHHS
Temnepatyp y dakeni B iHTepsani 1500 - 2000 °C.
Ane ui emnipuyHi 3HadYeHHs OyaoyTb 6nu3bki OO
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TemnepaTtypu Tiei ¢a3n (ogHielo 3 TpbOX), SAKOI
s000; T. K a

2600
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Hanbinbwe. To6to MgO. A TemnepaTypu YaCTUHOK

101

Ug, M/C f
1507 &

10

PucyHok 1. pocpini a) memnepamyp KOMIoHeHMI8 cymiwi, b) Giamempie 4aCmMuUHOK, C) 2a308020 CK1ady
cymiwi, d) macu YacmuHok, e) gpopmu chakena, f) weudkocmi cymiwi npu e0y8aHHs MOPOWKY 3 po3Mipamu
8yeinbHo20 nopowky d, = 40 MKM U 802HemMpuUBKo20 nopowKy ds = 30 MKM ; KUCHIO ripu mucky 15 amwm;
rnovyamkoeoi memnepamypi cymiwi 1100 ° C i cepedHboro weudkicmio 100 m/c. Macosa sumpama rnopowky
(30% C + 70% MgO) = 80 ke/x8. Ob6'emMHa sumpama KUcHto - 14.8 m¥/xa.

BYrinns MoOxyTb ByTu i BUcoki. He 3abyBaemo, Lo
WBMAKICTb Tennosiggadi Oyae 3anexatu He Tifbku
BiJ LWBMOKOCTI pyxy CyMmiwi, a 1 Big pi3HUL
TemnepaTyp. OCHOBHOK 3anexHiCTIO € 3anexHiCTb
TemMnepaTypu MOPOLWKY, fKa B KiHUi dakena
nepeBuLLye TemnepaTypy PO3M'SKLLEHHS.

Y [paHin mogeni He BpaxoBYETbCA HasBHICTb
neTouMx rasiB, fKi 3Ha4yHO noninwartb posirpiB i
noganblue TrOpiHHS BYrfeueBMxX YacTUHOK. Tomy
HarpiBaHHs nopowky pfo 1300 - 1400 K He
NpU3BOAMTL A0 iX LWBUOKOIO 3aMaHHs.
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3rogoMm, Komm MOYMHAETLCHA 3ananeHHs i ropiHHA
YacCTMHOK, 4YacTka  KWACHIO  MOYMHAE  aKTMBHO
3MeHLlyBaTMCA. Ha noBepxHi 4YaCTUHOK 3'sBMSOTHCA
NPOOYKTW peakuin: YyagHuUn | BYrmekucnui ras, ski
NPakTM4HO  MUTTEBO  (TypbyneHTHMn  dhaken)
nepexoasTb B rasoBy cymiw. o Tux nip, MOKM
TemnepaTtypa CyMili HM3bKa i peakuiss OKUCNEHHS

YyagHOro rasy npakTUYHO He Wae, KOHLEeHTpauid
yagHoro rasy 36inbwyetbca. [MpyM  OOCArHEHHi
KPUTWUYHOI TeMnepaTypu BiAOyBaeTbCA «3ananeHHs»
YyagHoro rasy i MOro  KOHUEHTpauis  WBWMAKO
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Hapani
CyMiLLIi CKNagaeTbCa NepeBaXkHO 3 BYITEKNCIIONo raay.

HabnmxaeTbCa OO Hyns. rasoBui cknag

Mpn ropiHHI YacTMHOK KOKCY B KWUCHI Ha
no4yaTkoBOMY €Tani YacTKM iHWKX rasie OyayTb 4OCUTb
Manumu. A wBuakictb okucneHHss CO B KUCHI Ha
NopsAKN BULLE FETEPOreHHMX peakuii. Tomy, SKLWO i
3'aButbcst CO B reTeporeHHoi peakuii, BiH Bigpasy
Oyoe okucroBatucs 6ing nNoBepxHi YaCTUHKKW, a He
aaneko Big Hei. Llbomy cnpusie TypOyneHTHWn
xapakTtep nepebiry pyxy rasy i YaCTUHOK.

Takum YMHOM, BUOAMMUM pPe3ynbTaToM MPOTiKaHHSA
BCiX YOTMPbOX peakuin € YTBOPEHHS B CyMiLli
BYIMNEKUCIIOro rasy.

Mig yac pyxy daken poswwuproeTbca. B akocri
rapHoOro HalNMMXXEHHS MOXHa  BMKOPWCTOBYBATM
dopmyny Abpamouya [11]

JIleopis i npaKmuKa Memarypeii

i:i(h
S, 2

sika npegcTaBneHa NyHKTUPHOLO MiHiElo Ha puc. 1e.

3MeHLUEHHA cepedHbOro po3Mipy 4YacToK npu
NOCTINHIN BUTpATi MMMAOBOI CyMilWwi npu3BoauTb A0
30iMblUEHHST X KiFTbKOCTIi Ta MWTOMOI MOBEPXHi
reteporeHHunx peakuin. Lle cnpusie (tabn. 1) GinbLu
paHHbOMY MOYaTKy 3aWMaHHs BYriNbHOro nuny i,
omke, OinNblW MoOBHOrO iX BUropsiHHSA. [loBHe
BUIOPaHHS KUCHIO 3YMOBIEHO MPOTIKaHHAM peakuii
FOpiHHSI YagHOro rasy.

20(0.22xu, )0'2)

Tabnuuys 1

Brinue diamempa yacmuHOK 8y2iribHO20 MOPOWKY 8 CyMilli 3 HaCcmUHKaMu 802HEMpPUBKO20 rOPOWKY
Oiamempom 30 MKM Ha (1020 20piHHS 8CepPedUHI KUCHE8020 KOH8epmMepa 8 CIMpPYMEHI KUCHIO 1id muckom 15
amm i no4yamkosgoro weudkicmro nodayi 100 m/c. Macosa sumpama nopowky (30% C + 70% MgQ) = 80

Ke/xe8, 06'eMHuULl sumpama KUcHio - 14.8 mIxa.

o, MkM | XM | Tomo®C | Tamao®C | Timae®C | Toum % | Yeomr % | Yoo % | o, %
20 | 1.03 | 2425 | 2475 1675 0 99.0 10 47
30 | 1.33 | 2380 | 2175 1655 0 98.4 16 46
40 | 156 | 2375 | 1915 1605 6.5 89.2 4.3 54
50 | 1.74 | 2385 | 1705 1535 18 73.8 8.2 56
60 | 1.93 | 2390 | 1625 1485 32.4 57.3 103 48
Tabnuuys 2.

Brinue macogozo sumpamy riopowky (30% C + 70% MgQ) Ha (io2o 20piHHSI 8cepeduHi KUCHE8020
KOHB8epmepa 8 cmpyMeHi KUCHIO r1id muckom 15 amm i noyamkoeoro weudkicmro nodayi 100 m/c. Liamemp
4acmUuHOK 8yeinbHo20 rnopowky dc = 40 MKkM, Yacmok eocHempueKkoz2o rnopowlky df - 30 mkm. O6'emHa
gumpama KucHio - 14.8 m°/xe.

M | kr/xs XM | Thao’C | Tamaxs-C | Tmax, C YOZ/W' % YCOz/W’ % | Yoo % Pw, Y0
40 1,57 2560 1715 1510 29.7 63.9 6.4 80
60 1.56 2455 1840 1570 14.3 80.2 55 66
80 1.56 2375 1915 1605 6.5 89.2 4.3 54
100 1.56 2315 1960 1620 2.1 94.4 34 45
120 1.57 2260 1980 1630 0 97.2 2.8 39
36inblUeHHA CepedHbOro  pPO3Mipy YaCTMHOK YaCTWHKM BOTHETPMBKOrO MOPOLLKY A0 TemnepaTypu
BYMNNSA BIiANOBiAA€ 3MEHLUEHHI iX 4MCenbHOI  PO3M'SIKLIEHHS (Tabn. 1).

KOHLEHTpaLii B cymiwi. Taki 4YacTUHKM cranaxytoTb
GiNnbll Mi3HO i WBMAKICTb X FOPIHHS 3HAYHO HIDKYE.
Tomy ras HarpiBa€TbCsi He4OCTaTHbO CUJIBHO, LWOO
iCTOTHO MIgBULLUMTM  LUBMAKICTb  peakuil  ropiHHA
YagHoro ragdy. Tomy B CyMmiwi Mae Micue cyTTeBa
YyacTKa 4YagHOoro rasy i KUCHH.

LlikaBo npoctexutn BB MacoBOI BUTpaATU
nMIoBMM Macy npw noctindomy cknagi (30% C + 70%
MgO) i cepeaHbOMy po3Mmipi YacTMHOK (Tabn. 2).

Mani ButpatTy nuny BignNoBigalTb HELLiNbHOro
dakeny (Ha OOHy BYrifbHY YacTKy MpuUnagac KUCHHO
BinbLue, HiXX HeobxigHO Ans 1i MOBHOTO BUFOPSIHHS).
Lle cnpusie QOocArHeHHO BUCOKOI TemnepaTypu i
MOBHOTW 3ropsiHHA YaCTUHOK Kokcy. OgHak mana ix
KiNbKICTb He [O03BONSE Harpitm ras (3a paxyHoK
Tennosigaadi i ropiHHa 4YagHoro rasy), a nicng, i

3i 36inbleHHAM BUTpaATKM MNWfly, 4YacTka YafHoro
rasy 3pocTae, a, 3Ha4uUTb, i 3pOCTalTb TEMNepaTypwu,
[0 SIKMX posirpiBaeTbCa rasosa cymiw. [lpy UbOMy
KNCEeHb MPaKTUYHO 3HMKae 3i cknagy CyMili, i BoHa
CKNafaeTbCsl NepeBaXkHO 3 BYrnekucrnoro rasy. 3
iHworo 60Ky HegoCTaTHSA KiMbKICTb KWUCHIO 3MEHLUYE
MakcumaneHy TemnepaTtypy YacCTUHOK KOKCY i
MeXaHi4YHy NOBHOTY 3ropsiHHS.

AHanizytoun obuasi Tabnuui 1 i 2, MoXkHa BUGINNTK
OonTUMarbHi nNapameTpu BAYyBaHHS CYMilli KOKCy i
BOTHETPMBKOIO MOPOLLUKY, MpU  SKAX [OOCAraeTbCs
ronoBHa meTa (Harpis nopowky MgO oo nnactuyHoro
CTaHy) Npu MOBHIA BMPOOLj KNCHIO B CyMilli, WO €
NMO3NTMBHUM MOMEHTOM. Tak BapiloBaHHSA AdiameTpa
BYTiMIbHMX YACTUHOK OO3BOMISE CTEXUTU 3a MOYATKOM
FOPiHHA BYrifIbHUX YacCTUHOK | rasoBUM CKMNaZoM.
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BapitoBaHHs MacoBoi BUTpatTWU nuny [[O3BONSE
CTEXMWTN 3a MOBHOTOK BUFOPSIHHS BYTiNBHOMO NWMYy.

[MoBHOTa@ 3ropsHHS  BYFMBHOMO MUy  MOXe
pocsraty 6inbwe 50%. 3anuwKn KOKCOBMX YACTUHOK,
AKi 3anuwaTbcs B (OyTepoBLi NpW HaCTyNHIN nnasLi,
BMBEOYTbCS B YaBYH.

BucHoBku

B pesynbTati BMKOHaHOI poBoTn MOXHa 3pobuTtu
HacTyMHi BUCHOBKMW:

Po3pobka TennodisanyHoi mogeni  ¢hakenbHOro
TOPKPETYBAHHA 4719 PEMOHTY (PYTEPOBKM KMCHEBOIO
KOHBepTepa noTpibHa B 3B'A3Ky 3 HeobXigHicTio

MPOrHO3yBaHHA pe3yrnbTaTiB  (PakenbHOro ropiHHSA
KOKCOBUX YaCTUHOK Pi3HMX BUAIB Byrinns.
3anpornoHoBaHa disnko-maTemaTnyHa Moaenb

pin W X 4 1-2 2018

J03BOMNSE onuMcatu npouecu i  OUHUTU  OCHOBHI
napameTpu B NUITOKUCHEBOMY chakeni.

PosirpiBaHHs CcymiWli nuny i KUCHIO B Mexax
KMCHEBOro KOHBEepTepa MNOYNHAETLCA NPW NiABULLIEHHI
Temnepatypu go 1000 ° C. B pesynbTaTi OKUCHEHHS
YaCTUHOK KOKCy, WAe HarpiBaHHs rasoBoOi CyMili 3
OKUCFEHHAM YagHoro rasy, dka i HarpiBae 4aCTUHKU
BOTHETPMBKOrO  MOPOLLKY  Bulle  Temnepatypu
po3mM'skieHHs (1500 ° C).

MokasaHo, WO IiCHyHOTb napameTpy MacoBOIl
BUTPATW i rpaHyNOMETPUYHOIO CKnagy TOpKpeT-macy,
npu sIKOMy MOXIMBE [OCATHEHHS 4YacTtuHok MgO
M'SIKOr0 CTaHy, BUCOKOI MOBHOTW 3rOPSHHS KOKCOBUX
YaCTUHOK i MPaKTUYHO MOBHE BUIOPSIHHS KWUCHIO B
dakeni.
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Kamkina JI1.B., IIpoiidak 10.C., KamkuH B.10., Peme3 0.A., be3wKypeHko O.I.

HU3BKOBYIJVIEHEBA CTAJIb 1J11 TOHKOI'O JIMCTOBOI'O

IMPOKATY 3 IIIIBUINEHUMHA BJTIACTUBOCTSIMMU.
Kamkina L, Projdak Yu, Kamkin V, Remez O, Bezshkurenko O.

LOW-CARBON STEEL FOR THIN SHEET PRODUCTS WITH
ENHANCED PROPERTIES.

PosznsHymo mexHornogito eunnasku yrnbmpoHU3bKosyaneyegoi cmani Ons 8U20MOBIEHHS] MOHKOIUCMO8020
npokamy, AeghopmauiliiHy 06pobKy, WO BKI0HaE 2apsyy MpoKamkKy 31umka ma iHmeHcusHy riacmuyHy deghopmauiio
rnepepobHoi 3a20moskKu Ha nucm. BukoHaHO mepmoOuHamiyHi po3paxyHKU 3He8yaneyto8aHHs1 HU3bKosyareuesoi cmarii
3 emicmom eyeneuro meHwe 0,02% e dyeosili cmarnernnagusbHill reydi. 5Ik cmaHo8reHo eKcriepuMeHmarsnbHO ma
nidmeepOxxeHo mepmoOUHaMIHHUMU pPOo3paxyHKamu, ICHYe 38'A30K MK 6UMmparmol KUCHIO Ha OKUCIIEHHSI OOMIWOK,
20piHHSAM nanuea ma 8eslUYUHOI OKUC/IeHocmi ma memnepamypu Memarny Ha eurycky. OkucreHicmb memarny
8U3Ha4YaembCA 8UMPamMoio Ha 8udarneHHs1 8yaneylo 3 8UXiOHO20 Harignpodykmy 00 3adaHoi MeXi ma Ha OKUCIIeHHS
gyaneuto 3 ¢hepocnnasie. BenuyuHa okucrieHocmi mae 3HadyeHHs1 Orisi 3abe3riedeHHs1 yMo8 eaKyyM-gyerieyes020
po3KucnoeaHHs cmani. Skicmb Memany nidguwyemscsi Mpu  ymeopeHHi 2a30rodibHuUX npodykmie peakuil
poskucnoeaHHsl.  [ocnidxeHHss cmpykmypu cmani  O1HOT nokasdanu roKpaweHHsI KOMIIeKCY —MexaHidHUX
enacmusocmel npu 2nubokoMmy 3HesyaneurogaHHs. [ns onmumisayii cknady cmari 3acmocogaHoO mMemod ¢hi3uKo-
XiMi4HO20 MoOdeso8aHHsl. BusHavyeHO iHmMezparnbHi napamempu MiKamoMHOI 83aemodii KOMIMIOHEHmMI8 y po3rnasi.
Bcma+osneHa eenuyuHa napamempy d. [lapamemp eu3Hadae cepelHro 8i0cmaHb MiX amomamu. Xapakmepusye
83aemodito ennemeHmie Mixk coboro. BusHa4yae Mexi emicmy mapeaHuto, XpoMy, Hikerto, Kanbuito ma midi npu skux uel
napamemp He 3MiHIoeEMbCS. 3i 36inbWeHHsIM KpeMHito yel napamemp 3HUXyemscs. Od0epxxaHa 3azomoeka 0bpobrieHa
3a pexumom 3 Haepigom 0o 1000°C. [lpokamka 30ilicHeHa &8 obnacmi oO0HOgha3HOI aycmeHimHoi cmpykmypu 3i
cmyneHam Oegpopmauii 256%. 3acomoska oxonodxysanacb Ha nosimpi ma pasom 3 niqyro. OdepxaHo cmpykmypy 3
3epHom 30-70MKkm. CmpyKkmypa € pesynibmamom OeKinbKox 0bmucKysaHb rpu pi3HUX memrepamypax i nay3 Mixx HUMU.
OOdHo4vacHo 8i0bysaembcsi OeKinbKa npouecie cmpyKmypHUX 3MiH.

The technology of smelting of ultra-carbonic-carbon steel for the production of sheet metal, deformation processing,
including hot rolling of an ingot and intensive plastic deformation of processing sheet on sheet is considered. The ther-
modynamic calculations of carbonaceous carbon-carbon steel with a carbon content of less than 0.02% in an arc
steelmaking furnace are fulfilled. As experimentally established and confirmed by thermodynamic calculations, there is a
relationship between oxygen consumption for the oxidation of impurities, combustion of fuel and the amount of oxidation
and metal temperature at the output. The oxidation of the metal is determined by the cost of removing carbon from the
original half-product to a given limit and on the oxidation of carbon from ferroalloys. The amount of oxidation is important
for providing the conditions for vacuum-carbon deoxidation of steel. The quality of the metal increases when gaseous
products of the deoxidation reaction are formed. Research 01YUT steel structure complex showed improved mechani-
cal properties at deep decarbonization. For the optimization of steel composition, the method of physic-chemical model-
ing is used. The integral parameters of the interatomic interaction of components in the melt are determined. The value
of the parameter d is set. The parameter defines the mean distance between the atoms. Characterizes the interaction of
elements among themselves. Determines the limits of the content of manganese, chromium, nickel, calcium and copper,
at which this parameter does not change. With increasing silicon, this parameter is reduced. The resulting work piece is
processed under a heating regime up to 1000°C. Rolling is carried out in the area of single-phase austenitic structure
with degrees of deformation of 25%. Preparation cooled air cooled and in the furnace. A structure with a grain of 30-70
um is obtained. The structure is the result of several compressions at different temperatures and a pause between
them. At the same time, there are several processes of structural change
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Bctyn

TeHpeHuii CBIiTOBOIO BUPOBHULTBA cTani
BigobpaxaloTb CTpiMKE 3pOCTaHHS 0OCAriB BMMYCKY
enekTpocTani. KOHKYpPEHTOCMPOMOXHICTb i
3aTpebyBaHiCTb MeTanonpoayKLii Ha CBITOBOMY PUHKY
3anexaTtb Bif piBHA eKcrniyaTauiiHuX XapaKTepucTuk
rotoBoro BupoOy. B pgaHuii vac cnoctepiraeTbes
3pOCTaHHA BMMOr OO PpiBHA |  cTabinbHOCTI
TEXHOMOMYHUX, MEXaHiYHMX Ta  Pi3NKO-XiMIYHNX
BNacTMBOCTEN MeTany. 3a OCTaHHi pokM BUMOMM A0
OCHOBHMX CNY>XO0BMX XapakTepUCTUK (LUTaMnyeMICTb,
MILHICTb, KOpO3iiHa CTilKICTb) CcTanen 3pocnuv B
Kifilbka pasiB, L0 CBigYaTb NPO HEOOXiAHICTb MOLUYKY
HOBWX, MPUHLMMNOBO BiAMIHHMX CMOCOBIB JOCATHEHHS
3aaHOro piBHS BMacTUBOCTEN.

®isnko-xiMiYHi BNacTUBOCTI MeTany ¢opMyHTbCs

Kamkina Jliogmuna BonogumupisHa — A.T.H., npod. HueTAY
Mpowipak KOpin CeprinoBuy — A4.7.H., npod. HMeTAY
KamkmH Bonogumup HOpitoBuy — acnipaHt HMeTAY

Pemes Oner AHaToninoBuy — K.T.H., aou. HMeTAY
BeswkypeHko Onekcin eopriioBud — k.T.H. HMeTAY

MPOTSIrOM ~ YCbOro  BUPOOHMYOrO  LMKMY, OAHaK,
HaMOINbLIMIA BNNMB Ha SKICTb | BNACTUBOCTI FOTOBOrO
MeTany mae nosaniyHa obpobka, wo obymosnioe
HeoOXxigHicTb Nigbopy ii pauioHanbHMX NapameTpiB B
3areXHOCTi Bif, XapaKkTepUCTMK LiNbOBOrO NPOAYKTY.

Y psgi pobit [1-4] npuainsetbcs Benuka yeara
NATaHHAM  po3pobku  TexHonorii  BUPOOHMUTBA
HM3bKOBYrNeLueBsol  cTani, o0cobnuBo  AeTanbHO

OOCNiIKeHO BMNMB CPOPMOBAHOI CTPYKTYpU MeTany
Ha MexaHiyHi BractmBocTi meTtany. Y pobotax M.l

lNacuka [5] pQeTanbHO  pO3MMNSHYTO  MEXaHi3M
dopMyBaHHsI HemeTaneBmx BKJTHOYEHb B
LapMKoNigLWWNHUKOBIN enekTpocTani.

OpHak  3anMwaeTbCa  BIOKPUTMM  MUTaHHS

0obrpyHTYBaHHs BMOOpY Cknagy pPO3KUCMOBaYiB npwu
0o6pobui meTany B KOBWI, ONTUManbHOI  iX
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KOHUEHTpauii i MOMEeHTy BBeOeHHsl, i niadopy
paujioHanbHuUX pexumis BaKyyMyBaHHS, Lo
3a6e3neunTb HU3bKWUIA BMICT BYTTIELIO | MiHIMI3ye BMICT
HemeTarneBuX BKMYeHb. TakMM YMHOM, B aHUIW Yac

ana  MeTanyprintHix — nignpueMcTB  akTyanbHUM
3aBAaHHAM € po3pobka TexHonorii BMPOGHULTBA
YUCTUX CTanenm i3 3acToCyBaHHSIM  Cy4acCHOro

KOMMNIEKCY «ayroBa cranennasurbHa niv - ycTaHOBKa
nivy-kiBLW - BakyymaTtop - MawwuHa 06e3nepepBHOro
nutta 3arotoBkn (MBJI3)» (mani - ACI-YKII-VD-
MBJ13), wo o0cobnMBo BaXNMBO AN BUMYCKY
HN3bKOBYIMELEBUX CTanemu.

Ha BigMiHy Big  KWCHEBO-KOHBEPTEPHOro i
MapTeHiBCbkOro npouecie, age 60-90% wmeTano
3aBarku CTaHOBUTb PiJKUIN YaBYH, NpU enekTponnasLi
B 3aBanui BukopuctoByeTbcss Ao 100% ckpany,
BEMMKa 4YacTuHa $KOro HEeBiJOMOro MOXOMKEHHS.
Pigkui yaByH, kpiMm P i S npakTM4HO He MiCTUTb iHLLINX
OOMILLIOK, TOMY KOHBepTepHa i MapTeHiBCbka crani
MaloTb rapHy 3BaploBaHICTb i WAYTb B OCHOBHOMY Ha
nuctoBy npogykuito. Ckpan mnoctaBnse B MeTan
eneKkTpoayroBoi neYi JOMILLKU KOfbOPOBUX MeTarnis,
OKCUAHI | HITPIOHI BKMHOYEHHS, a TakoX MikpoaedeKkTu
Ha aTOMHOMY piBHi, BfacTvBi NepBOPOAHOrO MeTany
KOXHOrO LMaTka ckpany [6].

3acTocyBaHHA B CKMNagi LWMXTOBUX MaTtepianis
piOKOrO YaByHY YMCTOrO Bif LWKIAMUBMX AOMILLOK
[O03BOMSE 3HAYHO NIABULIMTU  YMCTOTY |  SKICTb
BMNMaBMNEHOro MeTany, OfHaK OnTUMaribHe Woro
KinbkicTb ctaHoBUTb =30% [7], TOMy WO 3 ogHOro 6oky
BiH BHOCUTb B BaHHY JOAATKOBY KifbKiCTb (Di3UYHOrO i
XiMiYHOrO Tenna, i ue BUKINUKAE CKOPOYEHHSA BUTpaTU
ernekTpoeHepril i NiABULIEHHA MPOAYKTMBHOCTI, a 3
iHLLIOrO BUWKIMMKAE HEODXiAHICTb OKWUCIEHHSI 3Ha4HOI
KINbKOCTI BYrneLto, Wo 30inbliye TpuBanicTb MiaBKy i
3HMXKYE NpPOOYKTUBHICTL [8]. Takox 3acTocyBaHHSA
pigkoro 4yaByHy B wwuxti [OCI npussoaute Ao
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nnaeky cTani 3 MeTany He BUAANseTbCH, NPU3BOAUTL
JO 3HWXKEHHS NnacTUYHUX BacTUBOCTEN cTani |
BUKIUKaAE YTBOPEHHS AedeKTiB B FOTOBOMY MpOKaTi.
Tak, B 3apybikHiA NpakTuui nNpy BUMPOGHMUTBI cTani
Anst 6yaiBenbHUX KOHCTPYKLUIA JONYCTUMUIA BMICT Migi
<0,48%, a B cTani gns XonogHoOKaTaHOro nucta
<0,06%. ToMy ONS 3HWKEHHS BMICTY Midi Ta iHLUMX
KONbOPOBUX MeTaniB B cTasni HeobxiaHo 3abe3neunTu
nigroToBKy OPyXTy.

OcobnuBICTIO  €nekTPomniYHOro HaniBNpoAayKTy €
nigBuLeHnin BMICT as3oTy, WO npu3BoguTb A0
YTBOPEHHSA AMCNEPCHUX YACTMHOK HITPUAIB 3anisa, Lo
ranbMytloTb PyX AMCIOKaLiN i 3HWKYIOTb NNACTUYHI
BNACTMBOCTI cTanu. 3rigHo 3 BigoMocTsMM aBTOpIB [9]
BMICT a30Ty B cTansix Ans rnubOoKOT BUTSHKKM He
MOBUHHO nepeBuLyBaTh 30-10™%. 3HIKEHHS BMICTY
a30Ty OOCAraeTbCsl 3aBASKM CENEKTUBHOMY Bigbopy
mMeTanobpyxty Ta BegeHHs npouecy B [ACI Ha
BcrniHeHoMy wnaky [10 - 12]. [Ona yneTpa
HU3bKOBYINELIEBUX CTanern BaXMBUM € TaKOX
CKOOPAMHOBAHWI KOHTPOIb BMICTY BYITELIO Ta KUCHIO
ONa  OOCSArHEHHA HMU3bKOrO  3afIULLKOBOTO  KUCHIO
NMPOTArOM  MpOLECy  3HEBYIMEUBaHHHA, WO €
KOPUCHUM A1 noninweHHsa ynctoTtu ctani [13, 14].

MeTa po6oTu. [1ns nigB1LLEHHS SKOCTi OTPUMaHOI
cTani i pauioHanisauii BUKOPUCTaHHS PO3KMCIoBaYiB
HeobxigHO o6rpyHTYBaTW ONTMMAarbHi napaMeTpu
€eneKTponiYHOro  HaniBnpoaykTy i ONTUMI3yBaTU
NnokasHMKM Mno3anivyHoi obpobku cTani. Ons uboro
HeobXxiaHo gocnigntn BMIVB XapakTepucTnk
HaniBNpoAyKTy  (OKUCMEHHSA, BMICT  BYyrneuw i
WKIANMBMX  OOMILLIOK, TemnepaTypa MeTany Ha
BUMYCKY) Ha nepebir npoueciB npuv noganbLuin
no3aniyHi obpobui Ans oTpUMaHHsa crani 3 3agaHuMm
piBHEM MeXaHi4YHMX BracTUBOCTEWN.

Pesynbtatn pocnigkeHb Ta pguckycia. [Ons
OLLiHKM HEODOXiAHOrO PiBHSA OKMCNEHOCTI MeTany nepeg

36iNbLUEHHS BUTPATU KUCHIO AN MPOAYBKM MeTany 3 BaKyyMyBaHHAM  BW3HAuMnM  BMICT  Byrmeul i
35 M3t npu poboTi 6e3 YaByHy B XTI 4o 37 M7 npu  BenuuMHy okucneHocTi HanisnpogykTty i3 OCI npu
BMicTi yaByHy B wuxTi 30% i go 45 M3T npu nMoro 1oro BUKOPMWCTaHHI ans BUPOOHULTBA
BMicTi 50%. HM3bKOBYrNeLueBol ctani (tTabn.1).
3abpyaHeHicTb cTaneBoro GpyxTy KONbOPOBUMU
MeTanamu, rofioBHUM YMHOM MiAdKo, sika B NPOLEC
Tabnuuysi1
[Toka3HUKU 171a80K 3 HU3bKUM 8Micmom 8yerneyro Ha sunycky 3 ACI1
Ne BMicT Byrnewto, % | ap Ha I;F';’;niz?) en E:;paTa Q2 Ha ro- EITI:(?::HH:a TpuBanictb
nna- | (gaHi no ximaHa- | BUMYCKY, PiHHSA  KOK- ; nnaeku,
BKM | ni3y/mo ag) ppm BANYCKOM, Cy’Kr(T cy, M/T AOMILLOK, XBUIUH
°C crani ' M/T
1 0,0554/0,035 1145 1653 10,22 9.54 10.18 49
2 0,0958/0,032 1299 1701 6,5 6.07 20.92 57
3 0,0765/0,038 1118 1719 5,79 5.40 21.55 49
4 0,0742/0,033 1213 1644 24,51 22.88 18.60 59
5 0,0542/0,026 1445 1703 29,76 27.78 11.62 65
6 0,0383/0,030 1316 1660 17,42 16.26 25.36 55
7 0,0293/0,025 1799 1741 8,21 7.66 27.69 73
8 0,0432/0,029 1470 1694 8,73 8.15 26.81 65
9 0,0508/0,025 1741 1707 13.57 12.67 15.64 61

Ha Bcix nnaBkax, He3BaXxkaloun Ha JOCUTb BESMWKY
KiNbKICTb BYrneueBMiCHUX MaTtepianis, WO nogarTbCs
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xiMiyHOMy aHanisy i 0,025-0,038% no okucneHocTi).
OxucneHictb MeTany Ha Bunycky 1118-1799 ppm,
TemnepaTtypa - 1653 - 1741°C. HasepeHi Takox
pesynbTaT po3paxyHKy KiflbKOCTi KMCHIO, LLO Mae Ha
OKUCIEHHS1 AOMILLOK, 3HAWAEHOro $K PIi3HMLK MiX
3aranibHOK KiNbKICTIO KUCHIO, IO NOAaeTbcs B MY i
BUTPAYaeTbCA Ha ropiHHA Kokcy. Cnig BigMiTUTH, WO
iCHyE NeBHWMA 3B'A30K MK BUTPaTOK KWUCHIO, LLO
nepeBullye  MOro  HeobXigHy  KiMbKiCTb  Anst
3abe3neyYeHHs cTexioMeTpii peakLii ropiHHS KOKCy, Ta
OKWCIEHICTIO Ha BUMYCKY Ta TEMMepaTypor MmeTary.

306inbLUEHHS OKUCNEHHS HaniBNpoayKTy
BigbyBaeTbCA nNpu 36inbLUEHHI BUTPATU KWUCHIO, LLO
nogaeTbest B [OCI i nepeBuWEHHI BENUYMHK

HeobXigHOI Mo CTexioMeTpii peakuin ropiHHs nanvea.
3a paxyHOK KiflbKOCTi KUCHIO NMOHAA, CTEXIOMETPUYHOTO
BiAOyBaETLCA OKUCMNEHHS BYIMELO i AESKNX JOMILLOK
ctani. Y TOM e 4Yac, OTPMMAaHHS AyXe BWCOKO
OKMCIEHOCTI HebaxaHo 3 TOYKM 30pY 3HWKEHHSI
BUXOAY NpuaaTtHoro (yrap 3anisa), a Takox 3 ornsgy
Ha 3HWXKEHHS CTiNKocTi dyTepiBkn. OKUCNEHICTb Npu
OTpUMaHHi  0cobnMBO  HM3bKOBYrMeueBol  crani
noBuHHa GyT Takoto, WO6 3abe3neunTy BUAANEHHs!
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BYrmneLlw 3 BMXIOQHOro HaniBNpPoOAyKTy [0 3ajaHol
MeXi, a TaKoX TWUX KiNbKOCTEM Byrneut, SKi
HaOxoAsTb MPU PO3KUCIIEHHI cTani 3 depocnagiB i 3
eneKkTpoaiB Npwu HarpiBaHHi CcTani Ha yCTaHOBL KiBLU-
niy, a TakoX 3 nepiknasoByrneuesol QyTepiBKX
CTanbkiBlwa (BMICT BYrfeut0 B pawoHi LUMaKoBOro
nosica 10-12%, y dyTepiBui CTiH i gHuwa - 6%). Ak
cBiguaTbh  pesynbTaTM  po3paxyHKiB  MiHiManbHO
HeoOXiAHOI  KiMbKOCTi  aKTUBHOIMO  KUCHIO  Ans
oTpumaHHA BMicTy Byrmneuto B ctani 0,005% npwm
pisHOMY BMXiOHOMY MOro BMICTi B HamiBNpoayKTy, B
OinblIOCTi  BMMAOKIB OKWCMEHICTb Ha BUMYCKY €
OOCTaTHbOI, @ 4aCTO HaBiTb HAOMULLKOBOW, ANd
BUOANEHHA BYyrneuw npu noganbLlin  nosanivHin
0b6pobui metany. lMpu LboMy HeobxigHO BpaxyBaTh
KiNbKICTb BYrNeuto, SKMM HaaxoauTb Michs BUMYCKY
Metany 3 nedi. Byrmeub moxe noctynatm 3
depomapraHueM Ta cunikomapraHuem. Tak npwu
po3kucrieHHi Byrneuesum depomapraHuem GMH78,
AKMA MICTUTb 0O 7% Byrneuto, npy gadi Noro B KiBL
Ha BWMNYCKYy Ta Mpu CTeneHi 3acBOEHHA 35%,
po3paxyBanu HeOoOXigHY KiNbKiCTb KUCHIO  Ans
OKMCNEeHHs Byrneuto hepocnnasy (Tabn.2).
Tabnuya 2

HeobxiOHa Kinbkicmb KUCHIO 0515 eUOaneHHs 8yareuro, SKull BHOCUMbCST ghepomMapaaHyem

Bui B Mpupict BMmicTy Byrneuto, | Kinekictb KucHio, ppm, HeobXigHOro
ro'\'lll'lc():;iﬁ'v::?rz;aimum B d)VI\I/TEa;ra}T %, Ak BHOCUTb PMH ANns okMcneHHs syrnevo PMH
’ 100 35 100 35

0.10 3.91 0.03 0.01 365.30 127.85

0.15 5.87 0.04 0.01 547.95 191.78

0.20 7.83 0.05 0.02 730.59 255.71

0.30 11.74 0.08 0.03 1095.89 383.56

0.40 15.66 0.11 0.04 1461.19 511.42

0.50 19.57 0.14 0.05 1826.48 639.27

0.60 23.48 0.16 0.06 2191.78 767.12

BrkoHaHi po3paxyHky Ta ypaxyBaHHAM peanbHUX
BENMYMH OKWUCIIEHHS1 CTasni Ha BWUMYCKY 3 nedi,
nokasywTb, WO TexHonoria nnasku B [OCII
3abe3rnevye OKMCMEHHA  O04AaTKOBUX  KiFTbKOCTEWN
BYIMeLto, WO BHOCATLCA OO MeTan Npu BUKOPUCTaHHI
depomapraHuto, Anst BCiX HU3bKOBYINELLEBUX MapoK

3aCBOEHHA BYyrneu 6nmsbko 45% npupicT Byrnewo
He Oyade cyTTeBMM i Ha Mapkax CTanM 3 BMICTOM
MapraHuto 0o 0,6%. [Ons 3HATTS nepeoKUCrneHocTi
mMeTany Ha BUIMYCKY nepeg npucaakoto
pO3KUCIoBaYiB He0OXiaHe BBEAEHHS MEBHOI KifTbKOCTI
antoMmiHilo 3 ypaxyBaHHAM pi3HOI BenuyuHW yrapy

ctani, B SKMX MapovHUA BMICT MapraHul He arnoMiHito Ta npu 3bepexxeHHi 30aTHOCTI MeTany Oo
nepesuLlye 0,3%. Y Tou e 4ac, Npu BMICTi BYrneLl CaMOPO3KUCIIEHHA  BYrfeueM npu  BakyyMyBaHHI
Ha Bunyck 6mm3bko 0,03% i 3 ypaxyBaHHAM cTyneHs (Tabn. 2).
Tabnuya 2
Bumpama antomiHito Ha docnidHux nnaskax 0715 3HAMMS NepeoKuCc1eHoCMi.
Butpata antomiHito Ha BuW- | Butpata anwoMmiHito Ha
No BenuunHa PeanbHa BuTpa-
o nna- NycKy ANsi 3HATTS NEePEeOKU- | BUMYCKY ANSA 3HATTA ne- L
nepeokucne- : : Ta anioMiHilo Ha
BKM : cneHocti ©6e3 BpyxyBaHHSA | peoKMcrneHocTi (yrap -
HOCTi, ppm o nnaBKy, Kr
yrapy, Kr/nnaBky 50%), kr/nnaBky
1 473 42.04444 84.08889 100
2 88.33333 7.851852 15.7037 100
3 164.6667 14.63704 29.27407 100
4 290.3333 25.80741 51.61481 0
5 789 70.13333 140.2667 150
6 872 77.51111 155.0222 0
7 1475 131.1111 262.2222 100
8 960.6667 85.39259 170.7852 100
9 1130.333 100.4741 200.9481 100
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B peanbHMx ymoBax npu BMICTi Byrneul Ha
Bunycky MeHwe 0,04% Ans HU3bKOBYrMneLeBmnx MapoK
ctani B kiBw (120 T) npucagxytote go 150 «kr
anioMmiHito B 3nuTkax abo CTPyxKy npecoBaHy B
Tabnetkax, B pesynbTaTi 4Yoro  MakcMMmarnbHe
3HMKEHHS okucneHHs (mpu 100% CTymneHo 3acBOEHHS
anomiHito) moxe cknact 1111 ppm. 3 ypaxyBaHHSAM
Toro, wo He MeHwe 50% anomiHilo yropse 3a
paxyHOK BMnMBYy atMocdepu i LWnaky nig Yyac BUNycky,
pearnbHe 3HWXKEHHSI OKUCNEHHSA He nepesuwye 555

ppm. MopiBHAHHSA BUTpaT antoMiHito 3a
TEXHOJOMYHOI0 KapTo | MO pO3paxyHKy nokasye, Lo
pearnbHa BEnu4YnHa noro KiNbKOCTi He
CniBBIOHOCMTBECA  3i  CTYMEHEM  MEPEOKUCIEHOCTI

MeTany. B pasi nepeBuTpaTU antoMiHil0 3HMXKXYETLCA
NOoTeHLiNHa MOXMMBICTb BUAANEHHA BYrneuw npu
BakyyMyBaHHi  (HeoOxigHe [oOaTkoBE BBEOEHHS
KUCHIO B TOMY 4/ iHLIOMY BWIMSA4i), @ B pasi HecTaui
anoMiHito npussege 40 HagMIpHOrO yrapy MapraHuo
3 dpepocnnaBy abo cunikoMapraHuto. Takmm YMHOM,
npu BaKyyMyBaHHi 3a paxyHOK BMUCOKOI OKUCIEHOCTI
MeTany MoOXe 3AINCHIOBATUCb 3HWXKEHHSI BMICTY
BYyrneLo

3pocTatodi BUMOMM A0 SKOCTi CTani NiacunioTb
yBary OO MPOLECIB PO3KUCMEHHA MeTany, sike €
3aKMYHOK OnepaLieto nepen poO3nMBaHHAM | B
3Ha4YHIN Mipi BU3HAYaE BrAaCTMBOCTI FOTOBOrO MeTany.
BMmicT  npogykTiB  pO3KUCREHHS  (HemeTaneBux
BKIIOYEHb) BM/IMBAE HA OCHOBHI  TEXHOSOriYHI
BI1AaCTUBOCTI roToBOI cTani: MNacTUYHICTb,
3BapHOBAHICTb, 06pobnoBaHICTb, nopir
XONOOHOMAMKOCTi, CXWNbHICTb [0 CTapiHHA i T.n.
OCHOBHMM 3aBAaHHSIM PO3KUCIIEHHSI € YMpaBIiHHS
NOBEAIHKOK | perynoBaHHAM BMICTY HeMeTaneBux
BKMOYEHb.  3HWXKEHHsA BMIiCTy rasiB B crani
3abesnedye  3MEHLWIEHHs  BMIiCTY i  po3mipy
HeMeTaneBMX BKIIIOYEHb, SKi MOXYTb rpaTtM porb
KOHLEHTPATOPIiB HanpyXeHb B CTPYKTypi MeTany i
OyTV NPUYNHOK BTOMHOTO pyMHYBaHHA ctani. CTyniHb
3HVXXEHHSI BMICTY KMCHIO B PO34uHi 3anisa 3anexuTb
Bij PO3KMUCMIOBASIbHOI 34aTHOCTI enemMeHTa, SKuin
BBOOUTLCA B MeTan. BoHa oOuUiHIOETbCA BMICTOM
KACHIO, PIBHOBaXHOro 3 TMEBHOK KOHLEHTpaUieto
poskucntoBaYda Npu 3agaHin Temnepartypi.

KuceHb B pigkin ctani 3HaxogutbCa B BUIMsAi
PO3YMHY | y BUIMS4I OKCUOHWX HemeTaneBux
BKMIOYEHb. TemnepaTypHa 3anexHiCTb PO34YMHHOCTI
KACHIO B 4YMCTOMY pigKkoMy 3anisi BupaxaeTbcd
piBHAHHAM [15]:

109%[O]max = - 6380/T + 2,765. 1)

Mpu TemnepaTtypi NnaBneHHs B YMCTOMY 3anisi B
noAaginHin cuctemi Fe-O posunHaeTeesa 0,166% KnCHI0
3a macot. Peakuito B3aemMofii KMCHIO 3 efleMEHTOM
pos3kucnioBadYeM B pigkomy 3anisi B 3aranbHOMY
BUrNSi4i MOXXHA NPeACTaBUTU PIBHAHHAM:

R,O, = x[0] + Y[R]. )

CniBBigHOLLEHHST MiX piBHOBaXKHUM BMicTOM [O] i
[R] B13Ha4aeTbCA KOHCTAHTOK piBHOBarK peakuii (2),
gKa Mpu  BiACYTHOCTI PO3YMHHOCTI OKcuay, Lo
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YTBOPHOETLCS B 3anisi

PiBHAHHAM
K=al-a=fy [%R} - fS-[%O], @

y X
ne fi wn f;

BM3HA4YaETbLCA

piakomy

KoediuieHTn akTmBHoCTI. [pun

PO3KUCIIEHHI KOHLEHTpaLUii enemMeHTa-po3KucroBaya
[R] v kucHio [O] Hesenmki. MoxHo npuiiHaT 8, ~[R] i

a,~[0], a npn yTBOpeHHi B pesynbTaTi peakuii

YACTOrO OKCuAOy WOr0 aKTUBHICTb [OopiBHIOE 1.
3HauyeHHA [oOyTKy  PIBHOBaXKHWX  KOHLEHTpauin
PO3KUCIIIOBaYa i KUCHIO BUKOPUCTaHI ANS MOPiBHSAHHA
PO3KUCIIOBArNbHOI  34aTHOCTI  BYINELO, KPEMHil i
MapraHuto B umuctomy 3anisi. [pn npoBedeHHi
TEPMOANHAMIYHMX PO3paxyHKiB BUKOPUCTaHI BMpas3w,
HaBegeHi B [16,17]. Ak nokasanu pesynbTatn
po3paxyHkiB Ansa 6iHapHUX cucTem, pPO3KUCTOBanbHa
3gaTHICTb BYrneuto npu ioro BMmicTi 0,55-0,62% Buwle,
HK KkpemHito npu BwmicTi 0,25-0,45%. MapraHeupb
NMOPIBHAHO CNabkui po3kucriioBad i He 3abeanedye
3HKEHHS OKWUCMEHHSI MeTany [0 HeoOXiZHUX MeX.
OpHak MapraHeub BMKOPUCTOBYKOTb MpU  BUNMaBLi
GaraTtbox Mapok crani. [Mo3nTnBHa AOis MapraHul Ha
BNAaCcTMBOCTI CTanu noB'a3aHa 3i 3MEHLUEHHAM BMICTY
cipku, NOMINWEHHAM BMOANEHHS  YTBOPEHUX
BKMtoYeHb MnO yepes HU3bKUA MibK(asHUin HaTar Ha
MeXxi noginy «MeTarn-BKIMYEeHHS MnO».
PoskucnioBanbHuin eekT MapraHulo B MPUCYTHOCTI
BYrmeLl MOXe BUSBNATUCA NpU BBeOEHHi Moro B
mMeTan cninbHo 3 iHWMN CUMbHILLMMK
PO3KMCOBaYaMm - KpeMHIEM, antoMiHIiEM.

BB mapraHulo i KpeMHito gk cnablumx
PO3KUCIIOBAYiB Ha pPO3KUCII0 BanbHy 34aTHICTb
Byrneul Ansa noTpinHUX CUCTEM BPaxoBYHOTb 4epes
napameTpu B3aEMOLii, 3HAYEHHS SKUX HaBedeHi B
[16,17]. 3 ornmagy Ha ue piBHOBaXXHUW BMICT KUCHIO B
MeTani nepej BakyymyBaHHSM cknaB makcumym 31,4
ppm (npu BMmicTi,%: Byrneut 0,55, kpemHito 0,25,
mapraduo 0,56); miHimym 27,0 ppm (npu BmicTi, %:
Byrneuto 0,61, kpemHito 0,42, wmapraHuto 0,85).
IMOPIBHAHHA OTPMMaHUX PO3PaxyHKOBMX 3HAYeHb
BMICTY KWUCHIO 3 pesynbTaTaMmu MPAMOro BM3HaYeHHS
okncneHHs gatynkamm CELOX, nokasano ix rapHum
36ir (miHiMmym 28 ppm, Makcumym 43 ppm) npu
Temnepatypi 1610-1630°C.

AnNIOMIHIn € ayxe CUMbHUM  PO3KUCIOBaYeEM,
BiNbl CUIMBHUM, HiXX KPEMHIM | ByrneLlb, Tak SK BXe
npyv He3Ha4YHOMy MOro BMICTi B MeTani JoCAratTbCA

PiBHi KWCHIO, 4Ki 3a0e3nevyloTbCA  KpeMHiEM i
Byrmeuem npuM  3HayHO  Binbll  BUCOKMX  iX
KOHLeHTpaLisiX. Ocobnueoi  yBaru notpebye

pO3paxyHOK Npucaaku antoMiHilo Ang OAHOCTa4iMHOro
PO3KUCIIEHHST MeTany nicnsi BakyymMyBaHHA. 3a vac
BaKyyMyBaHHA  BigOyBaeTbCA  CaMOPO3KUCMEHHS
meTany, ake ctaHoBuTb 14-20ppm. € BigomocTi [18],
3rigHO 3 AKMMU MpKU BMICTI Byrneuo B ctani binblie
0,2% KOHLUEHTpaLisi pPO3YMHEHOrO B MeTani KUCHIO
nicns BakyyMmyBaHHs cknagae 20 - 40ppm.

Mpn  piHiLLHOMY pPO3KWUCHEHHI cTani noTpibHa
iHbopMaLlis NPO BMICT aKTMBHOIO KUCHIO B MeTani
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nepeg BBEAEHHAM antoMiHilo i cunikokanbuito. Lle
0acTb MOXMMBICTb BU3HAYMTU BUTPATY arntoMiHito,
SIKUIA HeobXiaAHUIM Ans rMMBOKOro PO3KUCIEHHS | MOXe
3anolbirTn B3aeMopji KpeMHilo 3 CurikoKanbLjem Ta
KACHEM 3 YTBOPEHHSIM MEPBMHHMX  CUIIKATHMX
BKITHOYEHb.

3 ypaxyBaHHsM MapameTpiB B3aeMogii Ansi
BM3HAYEHHS1 PIBHOBAaXXHOrO BMICTY aKTUBHOMO KUCHIO
BUKOPUCTaHI 3aeXHOCTi:

JIleopis i npaKmuKa Memarypeii

- NpY Pi3HOMY BMICTi antoMiHito

Ig[O]; = 2/3IgK ; — 2/3Ig[AI +1,17[Al], (@)
63790

ne lgk, =——

- NPV Pi3HOMY BMICTi KPEMHItO

+20,58,

lg[0], =1/21g K, +1/2Ig 8,0, —1/ 219 Si]+0,037[Si], 5)
30477 YKpynHeHHs.  [pu  npokaTui BOHW  YTBOPKOKTb
ne lg K; =————+11,469. NaHUIOXK/ 3 TNWHO3eMy | MNOriplwyloTb  MeXaHidHi
. i BMacTMBOCTI cTanu. FAKWOo ogHo4acHo 3 antoMiHiem
Y npaktuui Bmp06an_|,T_Ba crani BUKOPUCTAHHS  gyukopucToBYIOTb  Kanblill, TO BKIKOYEHHS, LU0
KOMMMEKCHMX PO3KMCrtoBadiB Mae pag nepesar. [pu yTBOPIOIOTHCS,  SBNSIOTb  COBOK  Nerkonnaski

X 3aCTOCYBaHHI iCTOTHO noninwyoTLeA
TEpMOAMHaMIYHI YMOBU PO3KUCIIEHHA. Bigomo, wo
MapraHeub MiABULLYE PO3KMCMIOBAnNbHY 34aTHICTb
KpeMHito. MapraHeub i KpeMHiln OKpemo i ChifibHO
NigBULLYIOTE PO3KUCNIOBArbHY 34aTHICTb antoMiHito.
Lle nos'A3aHO 3i 3MEHLWEeHHAM TepMoauHaMiYHOI
aKTUBHOCTi  YTBOPEHOTO  OKCMAy B CKMagHWX
NpoayKTax pO3KUCNEHHS, sKi BiOPI3HAOTLCS B
CcKnagy NpoayKTiB Npu po3aifibHOMY PO3KUCHIEHHI.

Mpwn BMKOPUCTaHHI cunikokanbLijto ans
MoamdpikyBaHHS CTani KpeMmHin, Wo BXoAUTb [0
cknagy cunikokanbLito, MOXe Hagatu

pO3KMCHIOBanbHy Ait0 3@ YMOBU YTBOPEHHSA OKUCHOI
da3un (cvnikaTiB KanbLilo), B Sk akTuBHICTL SiO,
O6yne MeHwe oauHuui. MNpy 3MEeHLUEHHI aKTUBHOCTI
KpeMHe3eMy [fis KPeMHilo B cCKnagi cunikokanbLid
30inbwyeTbeca.  3rigHO 3 niTepaTypHUMKU  JaHUMU
MiHiManbHa aktuBHicTb SiO, pgopisHioe 0,024 B
ABoxKkanbLjieBoMy cunikati. Tomy,  po3paxyHKu
BMKOHaHi Ans ytBopeHHs 2Ca0-SiO,. Pesynbrartu
pO3paxyHKy PiBHOBaXXHOMO BMICTY KUCHIO MpPU PisHin
KOHUeHTpauii ernemMeHTIiB poskucoBadis i
TemnepaTypax HaBedeHi B Tabnumui 1 (pO3KMCNEHHS
npunHaTi Al,Os, SiO, i 2Ca0:-Si0,). Ak nokasyloTb
pe3ynbTaTv po3paxyHKiB, B Aiana3oHi KOHUEHTpaLin,
AKi BignoBigae MapoYHUM ckriagoMm ctani, HanbinbLy
pPO3KUCIIOBarnbHy 34aTHICTb Mae antomiHin. OpgHak,
Npv YTBOPEHHI [OBYXKamnbLIEBOro cumnikaty KpemHin
cunikokaneLis 30aTHU HagaBaTU PO3KUCTIOKYY Aito,
YTBOPIOKOYN CUMiKaTHI HemeTanesi BKMAOYEHHA. [1ns
TOro, o6 YHWMKHYTU YTBOPEHHS CUMikaTiB KarbLito,
HeobXiAHO MaTW BMICT aKTUBHOIO KUCHIO Huxk4e 2,5
ppm, wWwo 3abe3nevyeTbCcsi 3anULLKOBMM BMiCTOM
po3umHeHoro anomiHito B crani  0,025-0,027%
(BusHavaeTbcs gatumkom CELOX).

Bucoka xiMiYyHa aKTMBHICTb 4YMCTOro KanbLjto i
BMCOKa MPYXHICTb WOro napis npu Temnepatypi
craneBapiHHs nNpu3BoaATb Jo HeoOxiaHoCTi
BMKOPMCTOBYBATWU B METANypPrilHin  TEXHOMOrii He
UACTUIA KanbliA, a noro cnnaen. Hambinblw LwMpoko
BMKOPWUCTOBYIOTb  CUMIKOKanbLUii  pPi3HUX  Mapok,
crnnaBu 3 antoMiHieM, MarHiem. AnOMiHIA € HanbinbL
LUMPOKO  BUKOPWUCTOBYBAHMM  PO3KUCIOBAYEM i
ereMeHTOM, SIKUM MOAPIOHIOE 3epHO, arne BUKITUKaE
YTBOPEHHA TYrOMMaBKMX BKIMOYEHb, 34aTHUX [0

anoMiHaTK KanbLito. BoHM 3Haxogatbca B pigkomy
CTaHi i 30aTHi WBWAKO cnnmMBaTth B cTani. BknioyeHHs,
WO 3anMwunuca B cTani, MawTb Mani po3mipn i
chepruHy  opMy | HEe  3HWXKYIOTb  MeXaHiyHy
BNacTUBICTb CcTani.

Mpu po3KUCreHHi cTani anomoKanbliem cknag
NPOAYKTIB  PO3KUCIEHHS BU3HAYaETLCA [Aiarpamoro

crtaHiB FeO-Ca0O-A1,0;. AHania paHoi pgiarpamm
MoKasye  MOXIMBICTb  YTBOPEHHS HacCTYMHMX
HemeTaneBux as: MOHO-, Bi- i rekcaantomiHaToB

KanbLito, OKCWAIB KamnbLUilo i antoMiHilo, repuiHita,
okcugHoro posnnasy (FeO, CaO, Al,O3), a Takox
ra3onofibHoro KanbLito. [ONOBHUM € YTBOPEHHSI B
pigkiin  cTani nerkonnaBkMX 3 BUCOKOK  pigko
NAWHHICTIO NPOAYKTIB  peakuin  PO3KUCHEHHS Ans
3abes3neyeHHs acuMinAaLii ix Lwrnakom.

CyvacHummn npouecamun moaudikauii crani €
npogyBka MeTany B KOBLWIi  MOPOLUKOMOAiOGHOW
dopmoto  Kanbuito abo 1oro cnnaeiB Ha BenuKil
MubnHi  3aHypeHnMn  dypMamn;  BUCTPINOBaHHS
KOHTENHepa 3 KanbLieM B KiBL; BBEOEHHA B MeTan 3
BMCOKOI LUBMAKICTIO OPOTY, SKMA MICTUTb CMOMyKn
KanbLUito, NNakoBaHux ctannio. Ak 3asHadanocs B [4],
ehEeKTUBHICTb KanbLi€BMX CNaBiB NigBULLYETLCSA NMpu
BUKOPUCTaHHI X pas3oM 3 arnioMiHieM. Y UbOoMy

BUNagKy 3MEHLUYETHCS HeraTMBHUN BMAVB
CynbMIOHUX  BKMAOYMEHb | He  NpoSABNATLCS
XapakTepHi And rfUMHO3eMYy CKYMYeHHs 4YacTUHOK

(knacTepiB) okcicynbdigHNX BKITHOYEHD.

BrKOpUCTaHHS KOMMIEKCHUX PO3KUCIOBaYiB Npu
BUPOOHULTBI  CTani  [03BONSIE  BUKOPWUCTOBYBATU
CUHEpPreTUYHM edekT ChiNbHOI POo3KUCIoYol  Ail
erneMeHTIB-po3KkUCnoBadiB. 3acTocyBaHHS  KanbLiito
[03BOMSIE 3HAYHO MOMIMWKUTU SAKICTb CTani LUISAXoM
KOHTpOMO  Mopdornorii - HEMeTaneBuUX  BKIIOYEHD,
NigBULLEHHS CTYMNEHS PO3KUCIEHHS | Aecynbdypauii

Piz3uKo-ximiyHe MOOesIr08aHHSI ons
npoz2Ho3yeaHHs ma ynpaeJsiHHs
eslacmusocmsiMu cmari.

3anyyeHHs MeToaonorii i3nKO-XiMIYHOTO
MOZEmoBaHHA  [O3BONMNO  JOCUTb  eDEKTUBHO
BUPILUNTMA 3aBOaHHS MNPOrHO3yBaHHS BMNacTUBOCTEN
ctani.. Teopia  i3nKO-XiMIMHHOTO  MOAEnNtoBaHHSA
basyeTbcs Ha €aVHOMY MeTanoxiMiyHoOMy
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TPaKTyBaHHi  €MEMEHTApPHOro  akTy  MiXKaTOMHOI
B3aemogii. Pisnko-xiMiyHa MOOENb CTPYKTYpW CrnaBiB
E.B.Mpuxogbko 6a3yeTbcsi HAa BMKOPUCTaHHI PiBHSHb
CMCTEMU HEeNornspu3oBaHuX ioHHMX pagiycis (CHIP)
Onst  obYMCrneHHA MapaMeTpiB, MOEOHAHHAM  SIKMX

n X 4 1-2 2018

MOXHa OXxapakTepusyBaTu BNacTMBOCTI poO3nnaBy siK
XiMiYHO €guHOro ujinoro npu Oyab sSKOMy 4uchi
KOMMOHEHTIB B CUCTEMI | Pi3HMX CNiBBIOHOLIEHb MiX X
KOHLIeHTpaLiamu.

Tabnuuys 1.
PigHo8axHUU 8mMicm KUCHIO rpuU PO3KUCIIEHHI aritoMIHIEM | KDEMHIEM
. AKTUBHICTb  KUCHIO, ppm npu
EnemeHT- MpoaykT KOHLJ,eHTpaLI,IgI Temnepatypi (°C)
poskucnoBay PO3KUCTIEHHS po3kucriosava, % 1500 1550 1600
0,015 1,26 2,68 6,1
- 0,020 1,05 2,24 5,2
AniomiHii Al203 0,025 0,92 1,96 46
0,030 0,825 1,75 41
0,25 28,7 48,5 81,0
Kpemii SO, 0,30 26,0 44,0 74,5
0,35 24,0 41,0 69,0
0,40 22,6 39,0 65,0
0,25 4,35 7,5 12,6
. .o . 0,30 4,0 6,9 115
CwunikokanbLin 2Ca0:-Sio, 0.35 3.7 6.45 107
0,40 3,4 6,0 10,0

Ho ocHoeu napametpis CHIP BigHOoCcATbCS: Zy -
UYNCNO EeneKTPOoHIB. Wo 6epyTb y4acTb B YTBOPEHHI
cepeaHbOCTaTUCTUYHOIO aKUEeNTOPHOro 3B'A3Ky; LS
BEMMYMHA €  iHTerpanbHOK  XapaKTepPUCTUKOH
MibKaTOMHOI  B3aemodii B ©araTOKOMMOHEHTHIN
cUCTeMi i MOXe TpaKTyBaTUCH 5K XiMiYHWUIN eKBiBaneHT
3agaHoro cknagy; pl - cnpsimoBaHa 3apsiioBa
WiNbHICTb Ha nosepxHi ioHiB; d - BignosigHa Zy
MDK'SOepHa BiACTaHb; tga - TaHreHc KyTa Haxuny
npammx B koopauHatax Ru-n, pge Ru -
Hernonspu3oBaHUA  IOHHWA  pafiyc, a - 4uCcro
€ernekTpoHiB Ha opbiTansax atoma.

HeobxigHO TakoX Big3Ha4YMTW. WO B 3aneXHOCTi
BiJ XiMiYHUX OCOBNMBOCTEN KOMMOHEHTIB MeTaneBux
posnnasiB, B MNepwy 4epry, ix TMOMOXEHHs B
MepiognyHin cuctemi i BiANOBIAHOT LIMM MOSOXEHHSM
€rNeKTPOHHOI  KOHdDirypauii, = ponb  OCHOBHOIO
napameTpa, SKMW KOHTPOSIOE 3MiHWM Tiel 4YM iHLIOI
BMNaCTUBOCTI, MOXYTb BUKOHYBaTu abo Zy, abo d, abo
tga. 3ragaHi napameTpu BM3HAYalTbCA Ha MigcTaBi
MPUAHATOrO AOMYLEHHA NpO Te. WO WMOBIPHICTb
YTBOPEHHA NapHuUX 3B'A3kiB B po3nnasi AXBYCZ ...a
came A-A. A-B, AC,., B- B. B-C. .., CC
NPONopLinHI 0o0yTKY BigNOBIOHMX MOJTbHUX
KOHUeHTpauin. MNpu uboMy Byab-sike BiOXWMMEHHA Bif
CTaTUCTUYHOTO  BM3HAYEHHS MOXHa BpaxyBaTw,
BapilolyM  MOXITMBOCTAMW  BUHUKHEHHSA  3B'AI3KIB
pisHoro Tuny. Omke, MPOBiOHY POSib B YTBOPEHHI
napHUX 3B'A3KIB, 3 €HepreTU4HOI TOYKU 30pYy, rpalTb
XapakTep i CTyniHb Aedopmadii BaneHTHMX XMap iOHiB
napTHepiB, WO nNpU3BOAMTbL [[O Nepepos3noainy
€MEeKTPOHHOI LLiINIbHOCTI 3 eHepreTUYHNX NOBEPXOHb i
3MiHW 3apAg0BOro CTaHy SIK KOXXHOro napTHepa, rak i
BCi€i cMcTemu B Linomy.

Yum  cknapgHiwe cnnaB, 4YMM  BiH  OinbLu
GaraTOKOMMOHEHTHUN, TUM B OinbluU LUMPOKMX MeXax
CNocTepiraeTbCs 3MiHa WOro cknagy, npu LboMy
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3pocTae AianasoH 3MiHM MOro BracTmeBocterd Tomy
HeobXxigHO BpaxoByBaTM (POPMU  EHEPreTUYHOro
iCHyBaHHs neryloumnx i mogudikytoumx [obaBoK i
OOMILLIOK y crnnaBax, fKi BUM3HaA4alOTbCs 3apsigoBUMM
CTaHOM JOMILLOK i fnerytoumnx enemeHTis. Bnnve 6yagp-
Akmx [obaBok Ha BMacTMBOCTI  po3nnasy  crig
po3rnagatm 3 €OuHMX i3UKO-XiMIYHMX MO3uLin ans
OULiHKM eHeprii B3aemogji o6aBOK 3 OTOYyHUMMUK iX
YyacTkamu siK B NepLuUin, Tak i B Apyrini KoopauHaLinHin
cdoepi. Mpn HbOMYy HeOOXigHO BpaxyBaTy, WO B PignHi
BiJCYTHE CTalUiOHapHe OTOYEeHHs,, a WMOBIpHICTb
YyTBOPEHHA OyAb-AKOi napu BM3HAYaeTbCH, nepLl 3a
BCe, eHepreTMYHNUM CTaHOM NnapTHepIB.

MoxxHa npunycTuTe, WO NMOBIPHICTb YTBOPEHHS
napHux 3B's3kiB Tuny A-B, A-C, A-D B-C, B-D ... B
cuctemi A-B-C-D ... nponopuinHi JoByTKy BianoBigHUX
MOJTbHUX KOHLIEHTPALii OCTaHHIX.

MeTtoauka piweHHs CHIP possonsie npoBecTu
pPO3paxyHOK MapameTpiB eNeMeHTapHOro akTy napHoi
B3aeMOJiT iOHIB eNeMeHTiB CUCTEMU; CTYMNEHS IONHOCTI
3apsgoBoOro CTaHy, CTyMneHs CnpsMOBAaHOCTI i T.. WO
[03BOMSE SKICHO OUiHOBaTKU cTaH AedopMOBaHUX
€NEeKTPOHHMX 0B60NOHOK NPV B3AaEMOS|T KOMMOHEHTIB.

OpHielo 3 OCHOBHMX XapakTepPUCTUK, sika BpaxoBye
0CcobnNMBOCTI MeTanoxiMii KOMMNIIEKCHOTO feryBaHHs B
AKICHOMY acnekTi, € BenuuYMHa, fika Ha3nBaETbCHA
CTyrneHem CMPSIMOBAHOCTI 3B'A3KIB npu
enemeHTapHOMy akTi napHoi B3aemogii. Lia BennunHa
CTYMiHb i HANPSMOK 3MillEeHHs1 3aps40BOI LWiNIbHOCTI
y3aranbHeHOI eneKkTPoHHOI Xmapw, i sBnge coboto
anrebpaiyHy cymy 3apsagiB naptHepiB.  [lpwu
JOMyLLEeHHI Npo HanpasBneHun Xapakrep XiMiYHOro
3B'A3Ky | BUKOPUCTaHHI ANs MOro KinbKiCHOro onucy

CrpsAMOBaHOI  3apsiAoBOi  WinbHOCTI  pl  AouinebHO
BMKOPUCTOBYBaTM LEW napameTp Ans  OUiHKK
napuianbHnx TEPMOONHAMIYHNX BENUYMH

MeTanypriviH1x posnnasis.
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Ons  posymiHHA  MexaHiaMy  MoaudikyBaHHS
CrnaBiB BaXJMBO 3HATM, WO BigOyBaeTbca 3

aobaBkamMum MogudpikaTopiB NpuM BBEOEHHI X B
po3rnnaB i Ski OOYPEeHHs1 BOHW BUKIMKAOTb B LIbOMY
po3nnasi. O4eBMOHO, WO Ui 30ypeHHsA MOoB'A3aHi 3
B3aEMOJIEI0 aTOMIB  OCHOBHMX  KOMMOHEHTIB 3
enemMeHTamn - mogudpikatopamn, |. K Hacnigok,
3MiHOI (Pi3MKO-XiIMIYHMX BRAcTUBOCTEN PO3NMaBiB sk
B obemMi, Tak i Ha noBepxHi. 3acToCyBaHHS
MeTogonorii 40 OOCNiMIKEHHS NPOLUECiB NneryBaHHs i

MiKpOseryBaHHs [Jo3Bonse PO3BUHYTU i
KOHKpEeTM3yBaTy Lo igeto.
Onsa JOCHiaKEeHHSs BNAUBY €enemMeHTIB

mMoamdikaTopiB, a TaKOX OCHOBHUX MeEryumnx
KOMMOHEHTIB pO3paxoBaHWi psa napameTpis, LWO
XapakTepuayoTb CTaH cnnaBsy B uinomy (Zy, tga, d,

JIleopis i npaKmuKa Memarypeii

A). HaHi napameTpun po3paxoeaHi ons n'aTHagudaTw
ChnnaBiB Npu BapiloBaHHI OKPEMOro enemeHTa 3 Mme-
moto OuiHKU ~ BNNMBY KOHUEHTpauii nerywoumx i
MOAMMIKYOUM eneMeHTiB Ha BNacTMBOCTI cTani.

Buxogsun 3 BigomMocTen npo 3HaYHWA  BNAMB
XiMiyHOro ckragy crani Ha i BMNacTMBOCTI
nigrotoeneHa 0asa, wo Mictutb 150 cknapie ans
BU3HAYEHHS onTUMarbHOro ckragy
ynbTpaHu3bKkoByrneuesmx crtanen Ttuny  O01HOT,
01KOTA meTogoM  hi3MKO-XiMIYHOMO MOAENBaHHS.
JleryBaHHsa cTani Kinbkoma enemMeHTamu YcKnagHioe
ofepXaHHs  CcTani 3 3adaHuMK  3HAYEHHAMU
BNACTMBOCTEN 4epe3 KONMMBaHHS CKragdy CcrnaBy B
Mexax CcTaHgapTy. TunoBuin cknag [ochigkeHux
cranen O01HOTA T1a O01KOT Mae HacTynHuA BMICT
KOMMOHEHTIB, %Mac.:

Mapka | C Mn Si P S Cr Ni Cu Al Ti N, Ca

cTani

01HOT 0.003 | 0.13 | 0.02 | 0.008 | 0.012 | 0.01 |0.01 |0.02 |0.041 | 0.056 | 0.004 | -

01KOTA | 0,002 | 0,12 | 0,01 | 0,006 | 0,011 | 0,01 |0,01 | 0,02 | 0,05 0,062 | 0,005 | 0,0002
KoHueHTpauinHun giana3oH enemeHTiB 3agaBarim 01KOTA T1a  O01KOT. MetogoMm  ¢i3MKO-XiMiYHOMO

Ha  OCHOBI  niTepaTypHMx  AaHux  (Tabn.3).
MpoaHanizoBaHo 150 cknagiB JOCNiAHUX cTanen Tuny

MOAENOBaHHS pO3paxoBaHo NapamMeTpu Zy Ta d.

Tabnuys 3.

PospaxyHkosuti cknad crinagy murny 01HOT, 01KOTA 0nia modesntogaHHs Mi>kamoMHOi 83aEMOOIT i

iHmezpanbHUX napamempis.% mac.

C Mn Si P S Cr Ni Cu Al Ti N, Ca
0,002 0,091 | 0.01 0,0064 | 0,008 0,08 | 0,008 | 0,01 0,031 | 0,044 | 0,003 0,0001
0,0048 | 0,029 | 0,038 | 0,0094 | 0,0018 | 0,02 | 0,02 0,038 | 0,059 | 0,072 | 0,0058 | 0,0004
Tabnuys 4.
lNopieHsiHHA XimiYHUX cknadie docnidHux cmanel ma IF cmani
Mapka C Mn | Si P S Cr Ni Cu Al Ti N, Ca
crani
01KOTA 0,002 | 0,12 | 0,01 | 0,006 | 0,011 | 0,01 | 0,01 | 0,02 | 0,05 | 0,062 | 0,005 | 0,0002
01K0T 0,003 | 0,13 ] 0,02 | 0,008 | 0,012 | 0,01 | 0,01 | 0,02 | 0,041 | 0,056 | 0,004
0110T 0,003 | 0,12 0,01 | 0,005 | 0,011 | 0,01 | 0,01 | 0,02 | 0,041 | 0,07 | 0,004 | 0,0003
IF 0,002 | 0,17 | 0,01 | 0,012 | 0,08 | 0,04 | 0,02 0,041 | 0,072 | 0,0027
Tabnuys 5.
Pesynbmamu po3paxyHKy napamempie MixxamomHoi e3aemolil
Mapka ctani | Zy o Tg o d_zy da Rol
01KOTA 1,144184 2,8269 0,088081 0,008739 -0,00077 3,487499
01K0T 1,144581 2,8264 0,088068 0,009049 -0,00097 3,488385
0110T 1,144127 2,8269 0,088067 0,008585 -0,00071 3,4878
IF 1.148777 2.8267 0.088065 0.013178 -0.00079 3.488219
Hwxye HaBedeHi pesynbTaTtyu  pPoO3paxyHKy BYrneLo, MapraHLo, KpeMHito, docdopy Ta Cipku
3HayeHb napameTpy Zy B 3anexHOCTi Big BMICT Ans pospaxyHkosoro crnasy 01H0T
0 0,1 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9
C 0,0020 | 0,0023 | 0,0026 | 0,0029 | 0,0032 | 0,0036 | 0,0039 | 0,0042 | 0,0045 | 0,0048
Mn 0,0290 | 0,0359 | 0,0428 | 0,0497 | 0,0566 | 0,0634 | 0,0703 | 0,0772 | 0,0841 | 0,0910
Si 0,0100 | 0,0131 | 0,0163 | 0,0193 | 0,0234 | 0,0256 | 0,0287 | 0,0318 | 0,0349 | 0,0380
P 0,0064 | 0,0067 | 0,0071 | 0,0074 | 0,0077 | 0,0081 | 0,0084 | 0,0087 | 0,0091 | 0,0094
S 0,0018 | 0,0025 | 0,0032 | 0,0039 | 0,0046 | 0,0052 | 0,0059 | 0,0066 | 0,0073 | 0,0080
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[na pospaxyHkosoro crnnasy 01HOT BM3Hauunu 3MiHEHHA napameTpa Zy B 3anexHOCTi Bi4 BMICTY 3anisa,

MapraHuto, MarHito, 6opy i onoea

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
Cr 0.0200 | 0.0267 | 0.0333 | 0.0400 | 0.0467 | 0.0533 | 0.0600 | 0.0667 | 0.0733 | 0.0800
Ni 0,0080 | 0,0093 | 0,0107 | 0,0120 | 0,0133 | 0,0147 | 0,0160 | 0,0173 | 0,0187 | 0,0200
Cu 0,0100 | 0,0131 | 0,0162 | 0,0193 | 0,0224 | 0,0256 | 0,0287 | 0,0318 | 0,349 0,0380
Al 0,031 0,0341 | 0,0372 | 0,0403 | 0,0434 | 0.0466 | 0.0497 | 0.0528 | 0,0559 | 0,0590
Ti 0,0440 | 0,0471 | 0,0502 | 0,0533 | 0,0564 | 0,0596 | 0,0627 | 0,0658 | 0,0689 | 0,0720
N, 0,0030 | 0,0033 | 0,0036 | 0,0039 | 0,0042 | 0,0046 | 0,0049 | 0,0054 | 0,0055 | 0,0058

Po3paxoBaHo Takox 3MiHEHHs napameTtpa d B KpeMHilo, doccopy, Cipkm B po3paxyHKOBOMY
3anexHoCTi Big BMICTY ByrneL, MapraHuo, cnnasi 01K0T

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
Cr 0.0200 | 0.0267 | 0.0333 | 0.0400 | 0.0467 | 0.0533 | 0.0600 | 0.0667 | 0.0733 | 0.0800
Ni 0,0080 | 0,0093 | 0,0107 | 0,0120 | 0,0133 | 0,0147 | 0,0160 | 0,0173 | 0,0187 | 0,0200
Cu 0,0100 | 0,0131 | 0,0162 | 0,0193 | 0,0224 | 0,0256 | 0,0287 | 0,0318 | 0,349 0,0380
Al 0,031 0,0341 | 0,0372 | 0,0403 | 0,0434 | 0.0466 | 0.0497 | 0.0528 | 0,0559 | 0,0590
Ti 0,0440 | 0,0471 | 0,0502 | 0,0533 | 0,0564 | 0,0596 | 0,0627 | 0,0658 | 0,0689 | 0,0720
N, 0,0030 | 0,0033 | 0,0036 | 0,0039 | 0,0042 | 0,0046 | 0,0049 | 0,0054 | 0,0055 | 0,,58

OpepxxaHi faHi 3miHeHHS napameTtpa d Big cknagy
crnaBy MOKa3yloTb , LLO XiMiYHI efleMEHTU No-pisHOMY
BMMMBaAOTb Ha BiACTaHb MK atomMamu B PO3nnasi.
Ons crani 01KOTA napameTp d He 3MIHIOETBCA MpU
BMicTi  mapraHuio  0,009...0,024% i  xpomy
0,008...0,036% Ta npu BmicTi Hikento 0,009...0,023%,
migi 0,008...0,036%, kanbujto 0,0001...0,0004%. 3i

30iNblUEHHsIM  BMIiCTY  KpeMHito  napameTtp d
3HWXKYETLCH, HE 3MIHIOETBCS MpU  BMICTi  XpoOMy
0,02...0,08%, Hikeno 0,008...0,02%, Migi
0,01...0,038%. Ona crani O1KOT napametp Zy

3pocTae 3i 30iMblEHHAM BMICTY KPEMHIit0, MapraHuto
Ta Xpomy.

PoarnsHyTi iHTerpasnbHi napameTpu
XapakTepuaytTb CTaH CUCTEMU | OOYMOBIIIOOTL 3MiHY
BNacTuBoCTen cTaneh. Ha OCHOBi po3paxyHKiB
BMOpaHi KOHLleHTpauii eneMeHTiB Ans cTanen tuny
01KOT T1a O01KOTA, saki 3HaxoAsaTbCs B AianasoHi:
Byrneub 0,002...0,003%, mapraHeub 0,12...0,13%,
kpemHin  0,01...0,02%, doctop 0,006...0,008%,
cipka 0,011...0,012%, amntominin 0,04...0,05%, TnuTaH
0,05...0,06%, asor 0,004...0,005%, KanbLin
0,0002...0,0003%. Takmn KOHUEHTpaLiHUA iHTepBarn
eremMeHTiB 3abesnevyBaTumve ONTUMarbHU
KOMMNIEKC BracTUBOCTEN CTanemn.

Pesynbmamu npokamku 0OocniOHuUX 3pa3kie.
[edopmauinHi  pexumn  nNpokaTkn  AOCHIoKEHNX
MapoK cTarnen onpalbOoBaHi B NpokaTHii naboparopii
kacbegpn OMT HMeTAY. HarpiBaHHa meTany nepef
MPOKaTKOK MPOBOAMNM B  €NeKTPUYHIA  nedi  3i
weugkicTio  3°C/c, npokaTky 3diicHioBanmu  Ha
nabopaTopHOMY OAHO KNiTbOBOMY CTaHi 3a OAWH i 3a
OBa Npoxoaw, WBMAKICTb npokaTku ctaHoBuna 1,4
M/M, TpuBanicTb nayan Mk npoxogamu 13-15 cek.
3pa3sku nicnsg NnpokaTku OXONOXKyBanu Ha MoBITPI Bif
TemnepaTypm KiHUA MpokaTku [O TemnepaTypu
HaBKOMMLUHBOTO cepefnoBuLla, LIBUAKICTb
oxonomxeHHst 5-8°C/c, abo 3 mMeTol0 MoaentoBaHHSA
3MOTYBaHHS NCTa 3aBaHTaXKyBasnv B €NeKTPUYHY nid,
TemnepaTypa AKOT BignoBigae Temnepartypi
3MOTYBaHHS B PYFIOH, i OXONOMXKyBanu pasoM 3 nivyto
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00 TemnepaTypy HaBKOMULUHLOrO cepefoBuLLa 3i
wewuakictio oxonomxkeHHs 0,05°C/c. MikpocTpykTypy
3pa3kiB  BMBYanM 3@  OOMOMOIOK  OMTUYHMX
mikpockoniB  «Neophot-21». Llnidon rotyBarm B
nepeTuHi  MOMepevyHoMy  HampsMKy  NpOKaTKw,
BMKOPUCTOBYIOUW  LLUNiPyBanbHWUIA Nanip 3 nocnigoBHO
3MEHLUYIOYO  3EPHUCTICTIO,  Ans  nonipyBaHHS
3aCcTOCOBYBanu MofipyBaHHA Ha anmasHin  nacri.
TpaBneHHs 34iINCHIOBaNM B KOHLIEHTPOBAHIN a30THIKN
kumcnoti abo npoBogunu  XiMiyHe TpaBMneHHs B
HaCMYEeHOMY PO3YMHI XMOPHOro 3anisa B COMSHIN
KUCIOTi 3 [JoJaBaHHAM [OesKOl KinbKOCTi a30THOI
KNCNOTMW.

EkcnepuvmeHTansHa nepesipka nokasana
cniBnajaHHsl BNacTUBOCTEN 3 BUOpaHMMU CKragamu
ctanen. 3a pesynbTatamyM MexaHidHux BunpobyBaHb
BCTAHOBIEHO, MeXa MILHOCTI 3HAaXOoAWUTbCS B MeXax
354...362 Mra, BigHOCHE 3BY>XeHHSA cknano 84-85%,
a BiJHOCHe noaoBXeHHs, %: 5 B Mexax 42-44, 10
ctaHoBuno 33-36%. MexaHiyHi BRactmBocTi  3a
JiarpamMolo «Mexa MiLHOCTI — 3arafnibHe NoAOBXEHHS»
[19,20] gns nucToBMX CTanen Mokasye, WO BOHU
BigNoBigatoTb PiBHIO, BflacTMBOMY BUCOKO
nnacTnyHMmM IF-ctansm, sik No oTpMMaHoMy cknagy,
Tak i 3a BnactMBocTAMM. MikpocTpykTypa cTani
01KOT, aki gedopmoBaHi B ayCTEHITHIN Ta pepuTHiIn
obractax TemnepaTyp Ta OXOMOMKEHUX 3 MiY40
XapakTepuayeTbcsl APIOHNX | BENMKMX 3epeH dheputy.
Po3amip 3epeH crani 01HOT craHoButb 30-50 MKM. Y
0edOpMOBaHMX 3pa3kax CrocTepiraloTbCA CTPYKTYPHi
3MiHM, €Ki cBig4aTb Npo peanisauilo npolecis
pekpucTanisauii i nosniroHisauii. Y noBepxHeBil 30Hi
pedopmoBaHoro  nmcra npouecu BTOPUHHOI
pekpucTanisauii  po3BuBalOTbCs Oinbll  iIHTEHCUMBHO,
Wo i npu3BoAUTb OO0 YTBOPEHHS Pi3HO3EPHUCTOI
CTPYKTYpW. MpUymnHOIO (bopmyBaHHS Pi3HOI BEMUYUHYK
3epHa € HepiBHOMipHa Adedopmauia meTtany, LWo
NpV3BOANTL A0 YTBOPEHHSA TPILLMH NpY LUTaMMyBaHHi.
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BucHoBku

Ha nigctaBi BWKOHaAHOrO aHanisy mnoKasHWKIB
iCHytO4OI TexHOIorii BUNMaBkM i nosanivyHoi 06pobku
HU3bKOBYITIELIEBOI CTarni BCTaHOBMEHi hakTopw, Lo
CMPUSIOTb 3HUXKEHHIO BMICTY BYrMeEL0 B rOTOBOI CTani:
BMCOKA OKMCMEHHOCTb CTamni Ha BWMYyCKY MnaBKu;
BiJHOCHO HM3bKMI BMICT BYIfeL0 Ha BUMYCKY MIaBKu;
BMCOKa Temnepatypa meTtarny Ha BUMYCKY.

[NokasaHa MOXIUBICTb OTPMMAHHS Ha BUMNYCKY 3
OCI1 HaniBnpoaykTy 3 BMicTOM Byrneuo meHw 0,03%
i BMCOKOK OKMCIEHICTIO, LLO CTBOPHE NepeaymoBU
Onst OTpUMMaHHSA OCOGNMBO HM3BLKOBYINELEBOI cTani
npu Moro noganbLUin nosaniyHin 06pobui.

TepmoavHaMiYHVMK  po3paxyHKaMu i Ha OCHOBI
aHanizy pesynbTaTiB nonepeaHix OOMiAHMX NNaBokK
HM3bKOBYITIELIEBOI CTasli, MOKa3aHo, L0 aKTMBHICTb
KACHIO B HamiBNpoOAyKTy AN OTPMMaHHS 0coOnmBO
HU3bKOBYITELIEBOI CTani NoBMHHA OyTU Takow, LWo6
3abe3neunT BUOANEHHSA BYrneulw 3 HbOro Ao
3a4aHOi MeXi, a TaKOX TUX KifTbKOCTEWN BYrNeLto, sKi

JIleopis i npaKmuKa Memarypeii

HaOxoA4sTb MPU PO3KUCIIEHHI cTani 3 depocnnagiB i 3
€eneKTpoaiB npu HarpiBaHHi cTani B KOBLUI-nedi, a
TakoX 3 nepiknasoByrneLeBol oyTepiBkM CTarnbKoBLUIa
(BmicT Byrmneuto B panoHi wnakosoro noscy 10-12%, B
dyTepoBui CTiH i gHMWA - 6%); MeTan Ha BUMYCKY 3
OCI1 nepeokucneHvin. Butpata antoMmiHilo Ha BUNYCKy
He CniBBIAHOCUTBECA 3i CTyrNeHeM MepPeOoKUCIIEHHS
MeTany, wo 6yno 6 6axaHo ans crabinisauii i
3MEHLUEHHS yrapy CuikoMapraHuto; 3HWKEHHSI TUCKY
y BakyyMmHin kamepi go 100 m6ap TeopeTMyHO A40CUTb

ANs  MepeBaxalyoro  OKUCIIEHHA  Byrneuw B
MOPIBHSAHHI 3 MapraHuem i KpeMHiEM Yy BCbOMY
AdianasoHi TemnepaTyp TEXHOSOMYHOro  Mnpouecy.

MpencraBneHi pe3ynstaT 4isUKOXiMIYHOMO Moaento-
BaHHA AN BU3HAYEHHSI ONTUMAanbHOro cknagy Hu3b-
KOBYrrieueBoi crani. BctaHoBneHi pexxumun gedopma-
LiHOT 0bpobkn gocnigHuX 3paskiB ctani. BusHauyen-
HAM MOKa3HMKIB MeXaHiYHMX BNACTUBOCTEN Ta CTPYK-
TYpWU npokaTaHux 3paskiB NigTBEPOXEHO aKTEPUCTUKN
HWU3bKOBYrNeLeBoi cTarni.
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Kocmeuyuwkuii 10.B., Keacos IL.B., Kon1omieybs /I.B.

BUKOPUCTAHHS BIGPAIIIMHOI'O MOHITOPUHT'Y JJIsI
YIIPABJIIHHA NPOAYBAHHAM METAJIY B KOBIII

Kostetsky Y.V., Kvasov LV., Kolomiets D.V.

USING OF VIBRO-MONITORING TO PURGE CONTROL IN A

LADLE

Cmammio npucesiyeHo npobriemi sukopucmarHsi gibpocuzHarly 3 No8epxHi cmarnbskoswa 01151 30iliCHEHHSI KOHMPOJTKO |
ynpasniHHsi npouyecom rpodysaHHs Memarny iHepmHuM 2a3oM. Y cmammi po3arfissHymo MixaHi3M bopMy8aHHs
sibpocueHarny i npedcmasneHi pesynbmamu nabopamopHux ma fpoMucrogux 00CNiOKeHb 3 8UBHYEHHS 38'A3KYy MiX
napamempamu rpodysaHHs1 | xapakmepucmukaMmu eibpocueHary, a makox HasedeHO rnpuknad peanizauii cucmemu
ynpasniHHs pooyeKor.

Kisw-niy, npodysaHHsi, sumpama 2a3y, 6ynbbaluku, gibpaujisi, Yyacmoma, MOHIMOpUHe

The article is devoted to the problem of using data on the ladle surface vibration for the purpose of monitoring and
controlling the process of metal purging with an inert gas. The article analyzes the features of the vibroacoustic signal
formation during purging, presents the results of laboratory and industrial experiments to study the relationship between
the parameters of purging and the characteristics of vibrosignal. The dependencies between the gas flow rate and the
intensity of the vibration signal are established. The obtained data show that the level of the signal of vibration depends
on the purging gas consumption, the height of liquid column in a vessel, and the magnitude of liquid surface tension. In
the bubble mode, the relationship between the gas flow rate Q and level of the signal of vibration A has the form of a
power function of the form A = kQn. The results of experiments in experimental-industrial conditions also showed the
presence of proportionality between the purging gas consumption for 150t ladle with a value of the root-mean-square
value of vibration acceleration in the frequency range 15-95 Hz. It has been established that when processing a
vibrosignal one should take into account the parasitic effect of the signal from the electric arcs of a ladle furnace unit,
which manifests itself at frequencies that are multiples of the supply voltage frequency. An example of the
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implementation of a purging control system on a ladle furnace during steel secondary treatment is given.

1. Betyn

[na nepemiwyBaHHs BaHHW pigkoro metany nia
Yyac KiBLLOBOi OBpOBKM CTami Ha yCcTaHOBLj KiBLU-NiYy
LUMPOKO  3aCTOCOBYKTb  MPOAYBaHHs  poO3nnaBy
iHEpTHMM ra3oM Kpi3b AOHHI NpoayBHi nNpobku [1,2].
MpooyBaHHA 3abesnevye iHTeHcudikauito Tenno i

MacooOMiHHMX  npoueciB B 00’emi mMeTany,
BUPIBHIOBAHHA XiMIYHOrO cCKnagy i Temnepatypu
MeTany Ta, 3a MEeBHUX YMOB, NPULLBUALLEHHS

BMOANEHHsT HeMeTaneBux BKMYeHb. Buxogaum 3
MOTOYHMX TEXHOSONMYHUX 3aBAaHb BUTpaTa iHEPTHOrO
rasy NPoOTArom NraBkU MOXe 3MiHIOBATUCh Y LLUMPOKNX
mMexax. Big npaBwunbHOro BMbOpy i cTabinbHoro
nigTpMMyBaHHS 3afaHWX napapameTpiB  npouecy
npodyBaHHSA B 3HAYHIA Mipi 3anexaTb MNOKasHUKW i
pesynbTaTi no3aniyHoi obpodku ctani [3-6].

Ha pitounx arperaTtax KiBL-Miv4 AN 3agaBaHHS i
KOHTPOMIO  BWUTPATU  IHEpPTHOTO rasy 3asBu4van
BMKOPMCTOBYIOTb MpUnagu, WO BUMIPHOOTL TUCK B
aproHonpoBofax, 3BOPOTHUA TUCK i BUTpaTy rasy.
OpgHak Ui NOKasHWMKM  He  3aBXOW  KOPEKTHO
BigOOpaxtoTb (PaKTUYHY IHTEHCMBHICTb MPOAYBAHHS
posrnnasy. CnpaBa B TOMy, WO B MPOLUECI
ekcnnyaTtauii onip nNpogyBHOI NPoBKM  ra3oBomy
MOTOKY MOXe 3MIHIOBaTUCb [7], MOXNMBI TakKoX
HEKOHTPONbOBaHI BWUTOKM rasdy Kpidb HELLiNbHOCTI
3'egHaHb i T.i. Yepes ue 3agaBaHHA i KOperyBaHHS
MOTOYHOIO PEXUMY MPOAYBAHHA Ha KOXHIN nnasLi
30INCHIOITb Ha NiAcTaBi BidyarbHOMO0 KOHTPOSO PiBHSA
TypOyneHTHOCTI Ha MNOBEpPXHi MeTany B KOBWI Ta
po3Mipy Tak 3BaHOi «NpoAyBamnbHOI MnsiMuy». Ane

Takui nigxig He 3abesnevye cTabinbHOCTI MOKA3HMKIB i
He [03BONSE B MOBHIM Mipi peanisyBaTtv MOXMNUBOCTI
TexHonorii [8,9]. OcobnuBo cknagHO NiATPMMYBaTU
peXuM NpoAyBaHHS OnM3bKMI OO OMTUMAarbHOMO 3a
Manux BUTpaT rasy i 3a yCKNagHEeHOCTi BidyarbHOro
KOHTPOSO 32 CTaHOM MOBEPXHi MeTary B KOBLLUI.
Ockinekn npsAMi BUMIpU pyxy MeTany B KOBLUI

NPakTUYHO HEMOXNWBI, ANs KOHTPOM0 npouecy
npodyBaHHA MoXe OyTM BUKOPUCTaHUM  MeToq
BMOPOaKyCTMYECKOro  MOHITopuHry — [9-11]. Sk

nokasanu [AOCNiMKeHHsl, B XoAi KiBLLOBOI OOpoOKM
cTani BiH 34aTeH 3abe3neynTn 4o4aTKOBUA KOHTPOIb
3a poboTOK MpoAyBHUX NPUCTPOIB i HAQATU AaHi Ans
noKpalleHHs ynpasBniHHA MpPOoAYyBaHHAM po3nnaBy
iHepTHUM rasom [12-16]. [llepwwmin NPOMUCIOBUIA
3pa3oK CUCTEMU BIOPOAKYCTUYHOrO KOHTPOM Anst
YCTaHOBKM KiBLI-Mi4 po3pobuna i 3anposaguna vy
BMpOOHULTBO koMnaHis «Nipro Corporation» (CLUA)
[17,18]. Mi3Hiwe nogibHi cMcTeMrU MOHITOPUHTY Bynu
CTBOpeHi B €Bponi [6,19-22]. Y pisHun vac Oynm
BWKOHaHI OOCHiAXEHHs 3 BUMIpOBaHHAM CcuUrHanis
BiOpauii i 3Byky B IabopaTopHuMX i MPOMMCIIOBUX
YMOBax 3 METOK MOLYKYy 3B'SI3Ky 3 MnapameTpamu
npouecy npogyBaHHA Ta eHepriclo nepemillyBaHHS
[5,11,14,16,23]. 3okpema, JOChiIKeHHsA 3
KOMOBIHYBaHHSIM TPbOX TUNIB AaHUX (curHanis Bibpadi,
3BYKYy Oynbballok i po3Mipy npoayBanbHOI MsiMu)
ans BigoOpaXKeHHs NOTOYHOI iHTEHCUBHOCTI
nepemillyBaHHs po3nfnaBy B  KiBWi nig 4ac
npogyBaHHs MeTarny iHEpTHUM ra3oM rnokasanu, Lo
curHan Bibpauii Bigirpae nposigHy ponb [16]. Ane

Kocteupknii FOpiv BitBniioBuY - K.T.H., AOLEHT IHCMTYT enekTpo3saptoBaHHs iM. €.0. MNMaTtoHa HAH Ykpainn
Keacos Inns BiktopoBuy — acnipaHT [JoHeubkuiA HalioHanbHUM TEXHIYHUIA yHiBepcuTeT, M.[TOKpOBCbK
Konomieub Omutpo BikTopoBuY — acnipaHT IHCUTYT enekTpo3saptoBaHHs im. €.0. NaTtoHa HAH Ykpainu
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MOBHOrO PO3YMIHHA BMNAMBY Pi3HUX TEXHOMOMYHUX
UMHHWKIB Ha XapakTepuUCTUKM BiOpocurHany, Lo
BMHMKAE Mig 4Yac NpoayBaHHs, Lie He JocsirHyto. B
AaHOM JocnimpkeHHi Oyno nocTaBneHHe 3adaHHs
nornuounTn YSIBINEHHS wono dopMyBaHHS
BiBpoakyCTMYHOro curHany nig 4ac npoayBaHHSA

pidMHM rasoM Kpi3 AOOHHI npogyBHIi NPUCTPOI i
pocnigntn 0cobnMBOCTi BUKOPUCTaHHS
BiOpOaKyCTUYHOTO MOHITOPUHIY B ymoBax
BMPOBOHMLITBA.

2. MexaHi3m ¢opMyBaHHA BiOPOaKyCTUYHUX
CUrHaniB nig Yyac npogyBaHHSA PiAVHU ra3om

[HEepTHMM ra3, WO HagxoauTb Kpisb NPOOYBHY
npobky B 00O'emM BaHHWM pigkoro metany, ¢opmye
ra3opiguHHMA NOTIK, WO NigHIMAETLCA OO0 MOBEPXHI
MeTarny B koBLi. KoxxHa Oynbballuka npoxoantb cTagii
3apOKEHHS, BiApWBaHHS Big MOBEPXHi Npodku i
BIMIBHOTO  CMJMBAHHS,  sIke  CYMPOBOMXKYETbCS
PO3LUMPEHHSM i BiANOBIAHO 3MIHOK LLUBUAKOCTI PyXy.
Ha koxHin ctagii 6ynbbaluka reHepye KonmBaHHS, LLO
nowuptoloTbcst B 06'emi  pignHu. 3a  pocTaTHbOI
iHTEHCMBHOCTI BOHW MOXYTb OYyTW 3apeecTpoBaHi Ha
30BHILLHi NOBEPXHi KiBLIA 5K BiOPOKONMBAHHSA NEBHOI
yacToTu [24].

3a ouiHkaMu nig 4Yac BINbHOIO  CNIMBAHHS
OynbballoK HaMbINbLLNIA 3BYKOBUI TUCK CTBOPIOKTD X
ob'emHi (pagianbHi) nynbcauii  [25,26]. YacToTy
BMACHMX KONMBaHb Oynbballok rady, Wo 3HaxoasTbCs
B O0OeMi piguHM, MOXHA OUHUTM 3a HacCTYMHO
copmynoto [27]:

~_1 ’ﬁ
fo = ndp | Pliq’ @)

ne d, — pgiameTp 6ynbbalwku, M; Yy — MOKa3HUK
apiabatu rasy; P — rigpocTaTu4HMin TUCK y piguHi, Ma;
Pig — WINBHICTb pianHW, kr/m°,

Akwo npunycTuTh, Wo Gynbbawkn MaTb opmMy
Kyni, 4acToTy iX YTBOPEHHS MOXHa BU3HAYUTKU 3i
CNiBBiOHOLLEHHS:

forp = & = =2 @)

Vp %,

ne Q — BuTpaTa rasy, m/c.

TakMM 4YMHOM, BMXOOAYM 3 JdaHMX NpO pPO3Mip
OynbballoK rasy MoXxHa NporHo3yBaTh iH(POPMaTUBHI
YaCTOTHI Aiana3oHu, B SIKMX Crif O4iKyBaTu Kopensito
MK MapamMeTpamMu npouecy NpodyBaHHS i CUrHarom
BiGpaLil.

3a He3MiHHOro giameTpy nop NopucToi Npodkn Ta
cTanux BNacTMBOCTSX piavHKn giameTp Oynbbaluok Ta
yacTtoTa iX YTBOPEHHSI BU3HAYAETLCA BEJTMYMHOO
BUTpaTK rasy. [poTe ua 3anexHicTb Mae CknagHum
xapaktep [28]. Mo Mmipi 30inblleHHs BuTpaTu rasy
PO3PI3HIOITL TPU OCHOBHI PEXMMU NOr0 BUTIKAHHS B
obem metany — OynbbalLKoBURW, 3MillaHWA i, Tak
3BaHWN, CTPYMUHHUNA.

Y  bynobawkoBoMy  pexumi  BigbysBaeTbcH
YTBOPEHHS OKpeMUX HeBenuknx Oynbbawok. 3a
Manux BWTpaT rady 4acrtoTa iX BigpuBaHHA fomp
36inbLyeTbes 3i 36iNbLUEHHAM BUTPATU 3a NPaKTUYHO
He3MiHHOro 06'eMy Oynbbaluok Vy,. MoTiM, 3a BinbLumnx
BUTPAT, 4acToTa BigpuBaHHA Oynbbawok  fom,
nepecrae 3MiHIOBATHCh, npote MoCTynoBo
36inbLyeTbes ix 06'eM Vy. 3a ouiHkamum [12] Ha Lbomy
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eTani 06'em Oynbballok, O YTBOPHHTLCA Ha 3pisi
OTBOpY, 3p0OCTae NPONopLiNHO BUTpaTi rasy:

V, = = 0,10, 3
oTp

pe Q — BuTparta rasy, m/c.

Mopanblue 36inbLUeHHsI BUTpaTK rasy Npu3BoanTb
croYatky A0 TOro, wWo OynbbalkM noYnHarTb
anuBatuca  6e3nocepegHbOo  MOGNM3Yy  NOBEPXHi
npobkun, LWwe OBinblW YKPYMNHIOKYNCE  (NepexigHni
pexum). OpHo4YacHO 3MEHLWYETbCA 4YactoTa  iX
yTBOpEHHS. MoTiM npouec yTBOpeHHs | BigpuBaHHA
okpemmux  Oynbbawok  Big  MOBEPXHi  NpOOGKM
NPUMNUHSETBCA — HacTae  CTPYMUHHUA  pEeXUM
BUTIKaHHS.

BignosigHo Oyne 3MiHIOBaTUCh CrneKkTp
BiBPOAKYCTUYHOIrO BMMNPOMIHIOBAHHSA, MOB'A3aHOMO 3
UMMM NpouecamMu.

Ons pospaxyHky posmipis 6ynbballok, Lo
YTBOPIOKOTLCA Mg Yac NpoAyBaHHA PiOWHW rasom B
niTepaTypi 3anporoHOBaHO [feKinbka PiBHAHHb, SKi
GasyloTbCA Ha  pesynbTatax aHanisy  daHux,
OTpMMaHuX B pisHMX ymoBax [28,29]. Llupoko
BXMBaHUM [Ons po3paxyHkiB € piBHAHA M.CaHo i
K.Mopi anga nooguHoro conna [30]. MpoTe Buxoas4n 3
TOrO, L0 Y CyYacHin KiBLUOBIN MeTanyprii npogyBaHHs
MeTany iHepTHMM rasoM MepeBaXKHO 34iMCHIOETLCA
Kpi3b MOPUCTI BCTaBKU Yy [AOHWLLi KiBLY, LiKaBUMKU €
OOCTiXXEHHS 3 MOOENOBaHHA NpoLUecy MpodyBaHHS
piaMHK ra3om Kkpisb nopucty Bctaeky [31,32]. BoHu
nokasanu, WO po3Mip rasoBux Oynbbawok He
3anexuTb Big BHYTPILUHLOrO TUCKY Y PiaKin BaHHI, a
po3Mip NOp MOPMCTOI BCTaBKW BMfMBAE Ha poO3Mip
OynbballoK nuule 3a HU3bkux BUTpAT rasy (6nmsbko
40-50-10° m%c). Posnogin rasoBux 6Gynbbaluok 3a
po3Mmipamy Mig 4ac npoAyBaHHA Kpisb MOPUCTY
npoayBHY NPOGKY HOCUTb HOpMalnbHWIA XapakTep 3
BiJHOCHO HEBENVKUM BIiOXMNEHHSAM BiJ CepeaHboro

po3mipy. [Ons po3paxyHKy cepefHbOro posmipy
Bynbbaluky Irylwm 3anponoHyBaB HACTYMHE PiBHSAHHS
[31]:
B dpoiiq Y3, e (0160
=10s(2) " (5w

ne d, — cepegHiin giameTp nip NOpUCTOl BCTaBKK,
M; g — MPUCKOPEHHS BifbHOTO NagiHHS, m/c’,
Mpu ubomy kpuTepin Ppyaa 3anUcyeTbCs sK

()

2
Uug

Fr = ,
e2gdy

[e ug — LWBMAKICTb rasy, m/c;
£ — MOPUCTICTb.

A KpuTtepiin Bebepa BU3Ha4YaeTbCs
CniBBiAHOLLEHHSAM:
ugdppy
We = L= (6)
& o‘liq

Po3paxyHkn 3a HaBegeHVMMMU ChiBBIOHOLLEHHAMMU
(1-4) nokasylTb, WO rapMOHIKM BiGpOaKyCTUYHOro
curHany, noe'asaHi 3 NpoAyBaHHAM ra3om, Ang pigkoi
cTani NoBMHHI 3HaxoaMTUCk y aianasoHi go 1 kly. Ang
cUCTEMU Boa-ras, siKky 3a3Bmyan BUKOPUCTOBYHOTL Mig,
yac XONOAHOro MOZESOBaHHS, OKpim
HW3bKOYACTOTHOI CKMaJoBOi CUrHamy B yKaszaHOMY
JianasoHi MOXHa BM3HAUUTW | Apyry CKnagosy, LO
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NoB’si3aHa 3 YaCTOTOK BlAaCHUX KONMBaHb Oynbballok
rasy B gianasoHi yactoT 1-3 kl'u.

Pi3Hi ekcnepumeHTanbHi OOCMIAXEHHST NoOKasanu,
LLIO iCHYE XopoLua Kopenauis MiXK BENUYMHOK BUTpaTH
MpodyBHOMO rasy i MOTYXHICTIO curHany BiOpauii y
aianasoHi yactot go 100 Iy [11-21]. Buxogsaum 3
BMKNAOAEHOIO  BWLLE, MOXHa  NpuUNycTuTH, WO
Hambinbll  MOTYXHOK  CKNagoBOK  curHany €
aKyCTUYHE BUMPOMIHEHHS, WO BWHWKAE B MpPOLEC
opMyBaHHA raso-piAMHHOrO MOTOKY Y MOBEPXHI
npodyBHOro nNpucTporo. BumiptoBaHHA nokasanu, Lo
BWTIKAHHA aproHy Kpisb MOpPUCTY BCTaBKy y OO’em
pigkoro meTany B KiBWi reHepye BiGpoakyCTUYHUN
cvrHan notyxHictio 1,5-10,2 Bt/m? [24].

3 TOYKM 30py 3AINCHEHHS MOHITOPUHIY Mpouecy
NpodyBaHHS BaXMUBMM € BU3HAYEHHHA 3B'S3KY MiXK
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IHTEHCMBHICTIO  BiOpOakyCTM4HOro  curHamny, Lo
BWHMKAE Yy iHopMaTUBHOMY AdianasoHi yactoT. [Ang

BMPILLEHHA LbOro 3aBOaHHA Oynu  npoBedeHi
JOCTiIKEeHHs B nabopaTopHux i  gocnigHo
NPOMMCIIOBUNX YMOBaX.

3. Metoamka pocnigkeHHs 3B’A3KY MiX

iHTEHCMBHICTIO NpoAyBaHHA i XapaKTepucTukamu
BiOpocurHana

HocnimpkeHHss  npoBogaunm B nabopaTopHUX
yMOBax Ha XONnoAHi MoZeni i B ymoBax BUPOOHMLTBA
Ha 150-ToHHIM ycTaHoBui kiBw-niv (YKI1) kucHeBo-
KOHBEpPTEPHOro uexy EHakiiBCbKOro meTanypriiHoro
3aBsogy

Ons  npoBegeHHs nabopaTopHUX OOCHiSKEHb
Oyna sibpaHa ycTaHOBKa XOJIOAHOrO MOAEMOBaHHS
npouecy npoayBaHHA piaMHu rasom (puc. 1). Ak
MoZenbHY PiauHY BUKOPUCTOBYBAnM BO4y.

BENMMYMHOIO BUTPaATU rady Ha MpodyBaHHA i
4
f
e

3

7

Puc. 1. Cxema nabopamopHoi ycmaHo8KU 05151 00CIOXKeHHS 8i6poaKyCmuUXHUX Xxapakmepucmuk rpouecy
npodyeaHHs1 piOuHU 2a3om (1 — emHicmb 3 piOuHoK; 2 — pypmMa; 3 — 2a3orposio; 4 — eumpamomip; 5 —
eeHmurb; 6 — 2azosuli 6arnoH; 7 — eibpodamuyuk; 8 — y3200xyroquli npucmpit; 9 — kommn’romep)

Ons peectpauii BibpocurHanis BUKOPUCTOBYBanu
KOMMMEKT  peecTpyBarnbHOI  3BYKOBOBMOBAbHOI
annapaTypu 3YA-98 [33], go ckrnagy siKoi BXoawmnu
BibpogaTuMkm 3 iHTErpoBaHUMM  MigcuOBavYamu.
Bibpogatunkn peectpyBanu  Bibpauito  NOBEpPXHi
€MHOCTI 3 piguHO nig Yac npogyeaHHs. CurHan Big
BibpogaTuMkiB Yepe3  BIAMOBIOHI  Y3rogXyBarsbHi
NpuUCTPOi HaaxoAMB Ha KOMM'OTEp Ans noAanbLluol
006pobkn Ta 36epiraHHA. Y BMPOBHMYIX ymMOBax
AaTyvku Bigpauii posTalloByBanu 6esnocepeaHbo Ha

MOBEpPXHi CTaneBoOro KoOXyxa KiBWa B pPaunoHi
BEPXHBOTO i HUKHBOTO dhriaHLiB.

Onsa KOMM' IOTEPHOI 0bpobkm JaHnx
BMKOPWCTOBYBanm cneuianbHo po3pobneHe
nporpamHe 3abe3neyeHHs, CTBOpeHe Ha 0Gaai
nporpamHoro  komnnekcy “MATLAB 6.3", ske
3abe3ne4vyBarno pO3paxyHoK 3MiHEHHS
cepeaHbOKBagpaTUYHOro 3HAYEHHSs (CK3)
BiOPOMPUCKOPEHHSI  3apPEECTPOBAHOIO  CUrHamy y

OKpeMMX BM3HaAYEHUX CMyrax 4acToT i Bidyanisauito
3MiHeHHs1 CK3 BiOpONpUCKOPEHHS 3apeecTpoBaHOro

CcurHany y BM3HayYeHuX iHpopMaTUBHUX AianasoHax
yactoT [34]. B ymoBax nabopaTopHMX OOCHimXeHb
HalKpaLly KopensiLito MK iIHTEHCUBHICTIO NPOAYBaHHS
i piBHeM BiOpocurHany cnocrepiranM B AuanasoHi
yactoT 0-40 Iy [21]. ToMy 3BA3OK MK iIHTEHCUBHICTIO
npogyBaHHa i piBHem CK3 BiBponpunckopeHHs
cvrHany gocnigxyeanu came y LboMy avanasoHi. [ig
Yac [JocnifpkeHb B YMOBax BUPOOHMLTBA BEPXHIin
piBEHb YacTOTU iHOOPMATMBHOIO AManasoHy, Y SKoMy
po3paxoByBanu CK3  BibponpuckopeHHs, 6Gyno
nigHaTo o 95 Iy,

4. Pesynbtatm pocnigxkeHb B nabopaTtopHUx
ymMoBax

B xogi ekcnepumeHTiB Ha xonogHin mogeni 6yno
npoBeAEHO BUMIPIOBaHHA cuUrHany Bibpauii 3a pisHol
BUTPATM MpPOAyBaribHOrO rady 3a pisHOI KifbKOCTI
pigiHu B cocyai (1 nitp, 2 nitpu i 2,4 niTpn). Ha puc. 2
nokasaHi  pesynbTati, SKi  iNOCTPYOTb  3MiHY
BenuunHu CK3 BibponpuckopeHHs curHany Bibpalii 3i
3MiHO0 iIHTEHCMBHOCTI NPOAYBaHHSA.
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Butpata rasy, n/xs
PucyHok 1. SmiHa eenuduHu CK3 8ibpornpuckopeHHs 3a pi3Hoi sumpamu npodysasibHo20 2a3sy i pi3Hol
Kinskomi piduHu 8 cocyoi

MpencraBneHi gaHi NokasyoTb, WO 3i BiNbLIEHHSIM
BMTPaTV NPOXYBarbHOMO ra3dy iHTEHCUBHICTb CUrHany
BibpaLii y BU3Ha4yeHoMy Aiana3oHi 4YacTOT MOHOTOHHO
36inbwyeTbca. 3i  36inMbleHHAM BUTpaTtM rasy B
aecatb pasiB BenuuMHa CK3  BiGponpuckopeHHs
3pocna B 3 pa3u nig 4yac npoayBaHHS 1 nuTpa piganuHu
i B Npubnun3HoO B ABa pasn B iHWMX Bunagkax. Lo
3anexHicTb ANs YMOB €KCNepPUMEHTY 3 NPOodyBaHHAM

1 n  pigHWHM MOXHa  3a[O0BINbHO  BUPA3UTU
anpokciMauiiHuMm  piBHsHHAM  Bugy  CK3, =5-
5
4,5
4
35
0 3
I o
o 2,5
=l
o™ [ ]
x 2
O |
L n

15

05

0 20 40

1075Q + 0,0018 (R®=0,9888) i, BiAnoBiAHO, PIBHSHHSIM
Buoy CK3,=8-1075Q 4+ 0,005 (R*=0,9888) ans
eKkcrnepuMeHTy 3 2 n piguHu, e Q — BuTpaTa rasy y
n/xs.

Ha puc. 2 nokasaHi 3anexHocTi, ki BigobpaxatoTb
nigCUNeHHs MOTYXHOCTi 3apeecTpoBaHoro
BibpocurHany y iHjpopmatuBHoMy AdianasoHi 3i 3MiHOH
BUTPATW rasy AN pisHUX yMoB npoayBaHHS. 3i
30iNbLUEHHsIM 00’€My pigvHM B COCYAi MOTYXHIiCTb
curHany BignoBigHO 3poCTae.

®1lp ®M2p K240

60 80 100 120

BuTpaTa rasy, n/xs
PucyHok 2. 3miHa nomyxHocmi cuaHary eibpauii 3i 3MiHo0 sumpamu 2a3y

AHanis nokasye, WO LUe BOYEBUAb MOBSA3aHe 3
BIONOBIAHMM  30iNbLUEHHSIM ~ BENUYMHU  poBOTU
YTBOpPEHHS Oynbballok rasy, sika CKnagaeTbcs 3
BUTpaT eHeprii Ha MoJonaHHs Cui NOBEPXHEBOIO
HaTAry i BATpAT eHeprii Ha NoAoNaHHA 30BHILUHLOroO
TUCKY:

Ep = 4mrioy, + sm‘,f (Po + Pyig), )

ae r, — pagiyc bynebaluku, m; Py — atmocdepHui
Tnck, Ma; Pjg — TcK cToBna piaunHu, Ma.
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36inblueHHs  oB’'emy piouHu B cocydi Vg
npu3BoaUTbL A0 30iNblUEHHA  PiBHSA  piguHM i
BiMOBIOHOIO 3pOCTaHHSl BEMUYMHM TUCKY CTOBMA
pianHu Piiq = Prigghiiq = Prigd Viig/S)- I 3a
NpUGIM3HO HE3MIHHOI BUTPATK eHeprii Ha NoAOoNaHHs
CUI MOBEPXHEBOro HaTAry 3MmiHa 3aranbHOi BUTpaTy
eHeprii Ha yTBOpeHHs OynbballkM BU3HAYAETLCS
came 3MiHOK TUCKY. TOX MOXHa 3poBUTU BUCHOBOK,
O MOTYXHiCTb BiOpocurHany, WO peecTpyeTbes nig
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yac npoayBaHHSA, KOPEre 3 BENMYMHOK eHeprii, SK
BUTpaYaeTbCA Ha YTBOPEHHS OynbOallok rasy.

Cnig 3ayBaxuTn, WO B ymoBax JlabopaTopHOro
eKCrNepuMeHTY MpOoAyBaHHA piavHUM  34iNCHIOBanu

Kpi3b OoZlHoCOMsoBYy dypmy. BupaxxeHun
BynbbalLKOBUIA peXnM BUTIKAHHSA cnocTepiranu nuiie
3a BuTpat raszy B AgianasoHi 0-40 n/xs.

EkcnepumeHTaneHi gaHi Ans uboro AianasoHy 6ynu
06pobneHi okpemo (puc. 3). A 3 METOI0 BU3HAYEHHS
BMNUBY BENUYMHM MOBEPXHEBOrO HaTAry piavHU Ha
dopMyBaHHS curHany Bibpauii nig Yac npoayBaHHA
OyB MOCTaBIIEHUIN EKCMEPUMEHT Y SIKOMY 34iNCHUMM
npogyBaHHs  piauHi  3i  3meHweHuM Ha 30%
noBepxHeBNM HaTarom. [ns uboro Ao Boau Joganm
NeBHY KinbkicTb eTunosoro cnupty (2 n Boga + 0,4 n

cnvpt). PiBeHb curHany  Bibpauji, ckun 6yB
0.012
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3apEECTPOBAHUA  MPOTATOM  eKCepumeHTy, OyB
MEHLLUM HiX Mig Yac npoayBaHHsa 2,4 11 Boay (puc. 3).
Axkwo npunHAaTM 0o yBaru cniBeigHoWweHHsA (7), TO
OaHn pes3ynbTaT TakoX YKNagaeTbCs Y KOHUEnLUito
3BA'3KY MK €Heprielo YTBOPEHHs OynbOallok i

NOTYXHICTIO  BibpocurHany y  iHdopmaTMBHOMY
avanasoHi vactoT. [lpy ubomy 3anexHictb CK3
BibponpuckopeHHss  Big  BUTpatM rasy  gobpe
OMUCYETbCA  CTENeHeBOK  (PYHKLIE  HACTYMHOro
sBurnsay (puc.3):

CK3,=k-Q™, (8)

ae k — KoeQilieHT, AKMA nNpAMONpPONopLifHO

3anexuTb Bif, BMCOTM CTOBMa piauvHW (puc. 4); n —
MOKa3HWK CTEMEHI0, 3HAYEHHS SIKOro 3HaxoAuTbCs B
iHTepBani 2-3.

#1n ®2n 4A24n 024%n

30 40 50

ButpaTa rasy, n/xs
PucyHok 3. 3miHa senuyuHu CK3 8ibpornpucKkopeHHs 3a pisHOi sumpamu rnpodysasibHO20 2asy i pi3Hol
Kinbkocmi piduHu 8 cocydi (3ipoyKoro no3HayveHi daHi 01 ekcriepumeHmy 3 rnpody8aHHSIM PO3HUHY)
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0.0005
0

0.5 1

1.5 2 2.5

ButpaTa rasy, n/xs
PucyHok 4. 3Ha4yeHHs1 KoegbiuieHma nporopuitiHocmi K 3a pisHoi saumpamu 2a3y

TaknM YMHOM, MOXHa 3a3HayuTW, WO OCHOBHWUM
oxepenom  BibpocurHany y  iHbOpMaTUBHOMY
AdianasoHi 4YactoT € npouecw, WO BiAByBalTLCA
6es3nocepeaHbo 6ins conna, B 30HI POPMYyBaHHS
raso-piguHHoro notoky. [lpy LUbOMY MNOTYXHICTb
BibpocurHany MOHOTOHHO 30inbLyeTbCS 3i
36iNbLUEHHAM BMTPATK rasdy i KOpernoe 3 BENMUYMHOK

po60oTK, sika BUTpaYaeTbCs Ha YTBOPEHHA Byrnbbaluok

rasy.
B ymoBax BuWpoBHMUTBA [AOHHE MNPOAYBaHHS
MeTany iHepTHMM ra3oM B KiBWI $K npaBuio

30iNCHIOIOTE 3 BMKOPUCTaHHAM MOPUCTUX NPOAYBHUX
BCTaBOK. TOX YyMOBWU (POPMYyBaHHS ra30-piguHHOIo
MOTOKY Ha NOBEPXHi NPOAYBHOI NPOGKM MOXYTb AeLLO
BiOpI3HATUCL  TUX, WO MawTb  Micue npu
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BMKOPWUCTaAHHA OAHOOCO60BOI  oypmn. 3  MeTow
OOCMiIKEHHS 3B’A3Ky MK MapameTpamu curHany
Bibpauii i BUTpaTol0 rady Ha pearnbHOMy KiBLi Oynu
npoBefeHi BigNOBIOHI  OOCRIMKEHHA Yy  JocnigHo-
NMPOMWCIIOBUX YMOBAX.

5. Pe3ynbTtatm pocnigxeHb Yy AocChigHO-
NPOMMUCIIOBUX YMOBaXx

3aranbHUin  aHania OTpUMaHuWX Yy  JOCnigHo-
MPOMWCIIOBMX [JaHMX MOKa3aB, WO JaTyvky, Sk
pO3TallOBaHi Ha MOBEPXHI KOXyXa KiBLLY A03BOMSOTb
YCMiLWHO peecTpyBatu KopucHum curHan. [lpote
OKpEMUX $ICKPaBO BUPAKEHUX TAPMOHIK B CMEKTpi
BibpocurHanis noe'a3aHUX 3 napameTpamu BUTPATU
aproHy npw aHanisi cnekTporpam i CnekTpiB BUABUTU
He Bpamnocs (puc. 5). Y Tom xe u4ac Oyno
BCTAHOBMEHO, WO  €eHepria  BibpocurHany B
YacToTHOMy fAianasoHi 15-95 [ mae xopolly
Kopensuito 3 napameTpamm npouecy MNpoAyBaHHS
aproHom. Mpuyomy BinbLu TOYHUIA 36ir Mixk Npodpinem

n X 4 1-2 2018

pexumy 3miHn  CK3

NpoayBaHHS i
BiOpONPUCKOPEHs1 crocTepiraBcst And curHany, skin
peecTpyBaB [aTuyMK, BCTAHOBIIEHMA Ha HWKHbOMY
donaHui kiBwy, TO6TO Grivbkie A0 mKepena KOPUCHOro
cvrHany.

B npoueci gocnigpxkeHb Bynu oTpvMaHi AaHi Woao
3MiHi 3 yacom piBHa CK3 BibponpuckopeHHs ans 22

npoginem

NNaBoK. Butpaty rasy i piBeHb CK3
BiOpONPUCKOPEHHsT dhikcyBanu y cepeaHboMy KOXHi 3
CeKyHOM NpOTAroM nosanivyHoi ob6pobkyM MnaBky Ha
YKI1. MNpu usomy go ysarn 6panu nuie crauioHapHi
pexumMn npodyBaHHsA, TOOTO BiApi3kM 4acy, Komm

BUTpaTa npogyBanbHoro rasy 6Oyna cranoto.
OTpumaHi gaHHi niggann cTaTUCTUYHING 00pobui, 3a
pesynbrataMy SKOI BUKMHOUMNM  TPpyBi  MOMMIKM

BUMIPIOBAHHS Ta BMHAWLLINM cepefHi 3HayeHHst CK3
CurHamy Mo BCbOMY [jana3oHy 3HayeHb BUTpATK
npoayBHoro rasy (puc. 5).
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ButpaTa raasy, m*/roq
PucyHok 5. CepeOHi 3Ha4yeHHs1 CK3 sibpocuzHary 3a pisHUXx sumpam iHepmHoz0 2a3y rid 4ac 06pobku
cmani YKI1

OTpvMaHi  pesynbTatM  nokasanu, WO Ha
NMPOMMCIIOBOMY — arperati  TakoX CrnocTepiraeTbes
neBHa Kopersuis MK (HTEHCMBHICTIO NpoayBaHHA
pigkoro meTtany Kkpi3b OOHHI npoaysHi npuctpoi i CK3
BibponpuckopeHHs. 3i 36inblUeHHAM BUTpaTu rasy
pieeHb CK3  Takox  36inbwyetbca.  TobTo
OoCnifpKyBaHUA MeToL [03BOMSE B MPOMMCIIOBUX
YMOBax BiACTeXyBaTV nepebir npoLecy NpoayBaHHS i
OTPUMYyBaTU HaNpsiMi AaHi Woao (PaKTUYHOI NOTOYHOI
BuTpat rasy. [leBHe po3citoBaHHS pe3ynbTaTiB
BMMIiptOBaHHS (puC. 5) B 3HauHin Mipi nos’sizaHe 3
ymMOBaMu i 0CoBnMBOCTSAMM poboTu
eKkcrnepvMeHTanbHOI anapatypu, siKky 3acTOCOBYBanv
Ansi BUMiptoBaHHS BibpaLii.

Okpim TOro, o6pobka oTpuMaHNx JaHUX nokasana,
wo Ha piBeHb CK3 BibpocurHany Ha 4actoTtax
KpaTHMx 50 [y BnnvMBae poboTa eneKkTPUYHUX Oyr.
BignosigHo ue Tpeba BpaxoByBaTW i Buny4atun 3
po3rnagy Ui 4actoTu B iHhopMaTMBHOMY fjiana3oHi 3a
ONA NiABULLIEHHST IKOCTI OTPYMaHUX pe3ynbTaTiB.

50

3 iHworo Goky cknagoBi curHamy Ha 4actoTax
kKpatHmx 50 [y mMoOXHa BUKOpUCTOBYBaTW, LLOO
NMEBHOK MIpOI0 CYAMTU MPO YMOBM iX FOPiHHSA (puc 6).
Mepioogn dopmMyBaHHs pacpiHyBanbHi  LLNaky Ha
nodyatky obpobku i nig Yac nmponnaBnAeHHs nopuin
npucagKeHnx  LUMakoyTBOPOBasibHUX  Marepianis
XapakTepusyTbCa 3Ha4yHUM niginomom piBHa CKS.
MpoBeaeHi nabopaTopHi AOCNiMKEHHS NigTBEPOUNN
MOXIMBICTb ~ BUMKOPUCTaHHS  BMBPOAKyCTUYECKOro
aHanisy gns  AiarHOCTUKM - MOPYLUEeHHA  yMOB
€neKTpoayroBoro HarpiBaHHS BHAaCNiOOK OrofieHHst
OYyn, siKe BMKIMKaHe HeJOCTaTHbO KiNbKICTIO LUnaKy
abo Moro reteporeHHUM CTaHOM, a TaKOX 3a 3aHaaTo
iHTEHCMBHOIO NPOAYBaHHSA PO3niaBy iHEPTHWUM rasom.

6. MpomucnoBa peanisauis cucrtemu
MOHITOPUMHrY i ynpaBniHHA NpoAyBaHHAM

Ha ocHoBi pesynbraTtiB npoBegeHnx AoChigXeHb
HBO «[oHikc» cninbHO 3 [JOHELbKMM HauioHanbHUM
TEXHIYHUM  yHiBepcuTeTOM ©OyB po3pobneHunn i
yCrilWHO BMNPODYBaHUA Yy BUMPOOHUYMX YMOBax



1-2 2018

eKcnepvMeHTanbHUii 3pasok anapaTHO-MPOorpamMHoro

JIleopis i npaKmuKa Memarypeii

yl'lpaBJ'IiHHﬂ npouecom npoayeaHHA MeTany iHepTHMM

KOMMMEeKcy  BiOPOaKyCTUYHONO  MOHITOPUHIY Ta ra3oM Ha YCTaHOBL, KiBL-Miy [35].
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PucyHok 6. 3miHa pieHs CK3 sibpocuaHarny e yacmomHomy dianiazoHi 95-110 'y nid yac o6pobku cmanu Ha
YKTI1 (cmpinkamu rnokasaHi MOMeHmMuU rpucadxy8aHHs WIaKkoy8optosabHUKIG).

Komnnekc MOXe HagasaTu Jopaartkoy
iHdbopMaLito ANs NPUARHATTS BIPHOIO TEXHOSOrYHOro
pilweHHs i 3abesnedvyBaT aBTOMaTUYHE KepyBaHHS
BUTpaTol iHepTHoro rasy Ha YIK B npoueci
nosaniyHoi 06pobku. [pomucrosi BUNPOBYBaHHS
eKcrnepuMeHTarnbHOro 3pasky anapaTHO-MPOrpaMHoro
KOMMNJSIeKCy Mokasanu edgeKTUBHICTb po3pobreHmx
MeToAiB i MpauesgaTHICTb CUCTEMUM B yYMOBax
pearnbHOro MeTarnypriiHoro BUpooHULITBA.

KopucHuin ecbekt Big BMKOpPUCTaHHA noAiGHOI
CUCTEMM YNpaBfiHHA MPOAYBaHHAM MOXe OyTu
OTpUMaHui Ha Oyaib IKOMY COpTameHTi. ABTOMaTU4Ha
onTUMi3auia BuTpaT MpPOAyBanbHOro rasy nig 4ac
nosaniyHoi oOpobku [03BOMSE 3MEHLIMTU NUTOMY
BUTPATy aproHy, pPO3KUCHIOBAYiB, BOrHETpuWBIiB, a
TakoX 3abe3neunTn  edeKTMBHY  rOMOreHisaLlito
po3nnaBy i 3MEHLWeEeHHs 3abpygHeHoCTi MmeTany
HemeTanesnmm BKITHOYEHHAMMN. Okpim TOro
3abesneyvyeTbeA CTaHgapTu3auis pexuMiB
NpoAyBaHHS iHEPTHUM ra3oM Ha MnnaBKax.

7. BUCHOBKM

AHania  MexaHi3aMy YTBOPEHHS  aKyCTU4YHOrO
BUMPOMIHIOBaHHSl,  dKe€  BWHUMKAE B  MNPOLECI
npogyBaHHs pigvHM ra3om, nokasye, LWo Moro
HanbINbLL MOTYXXHa CKMagoBa NoBsA3aHa 3 MPOLIECOM
opMyBaHHA raso-piAMHHOrO MOTOKY Y MOBEPXHI
npoayBanbHOro MPUCTPOID, a BiAMOBIgHI FAPMOHIKM
BiDpOaKyCTUYHOIO CcurHany 3HaxoasiTbCa Ha YacToTax
po 1 «kly,.

EkcnepvMeHTanbHi  AOCMiAKEHHS nokasanu, Lo
HaWKpalwa Kopensuia MK BENWYMHO BUTpaTH
npogyBanbHOrO rasy i MOTYXHICTIO curHany Bibpauii
crnocTtepiraeTbca Ha Yactotax oo 100 Iu. MNpuyomy
MOTYXHICTb curHany Bibpauii 3pocTae nponopuinHo
30iMbLUEHHIO BUTPATK rasdy i KOpestoe 3 BESIMYMHOK
poboTu, sika BUTpa4YaeTbCs Ha YTOBPEHHS OynbbaLlok
rasy.

3a OynbballKkoBOro pexumy BUTIKAHHS rasy B
06’eM piauHM 3anexHICTb MK BENUYMHOK BUTPATK
rasy Ha npodyBaHHA | CcepegHbOKBaApaTUYHUM
3Ha4YeHHsIM BiOPONPUCKOPEHHS Y iHOpMaTUBHOMY
AnanasoHi mae creneHesun surnsag CK3,=kQ", oe k —
KoedilieHT, BenuuMHa SKOro npPsMo  NPOMOpPLIHO
3anexuTb Big BMCOTW CToBMa piguHW y cocypdi, a
NMOKa3HWK CTEMEHI0 N NPUIAMaE 3HaAYeHHS B iHTpeBani
2-3.

Pesynbtatu JocnigxkeHb y jocnigHo-
NPOMMUCIIOBUX YMOBaX TaKOX MOKasanu HasiBHICTb
NEeBHOI NPOMNOPLINHOCTI MiXkK BEMMMYUHOKO BUTPATK rasy
Ha NpoAyBaHHS | 3HaYEHHSIM cepeHbOKBATPATUYHOIO
3Ha4YeHHs  BIOPONPUCKOPEHHS Yy  BU3HAYEHOMY
AvianasoHi YacTor.

Ha nigcTtaBi pesynbTaTiB npoBegeHnx AoChigKeHb
OyB CTBOpPEHWUW i ycnilwHO BUMNpoOyBaHWN B YMOBaXx
BMPOOHULTBA NiNOTHWN 3pasok cuctemu
aBTOMAaTUYHOIO YMPaBIiHHA MPOAYBAHHAM iHEPTHUM
rasoM Ha yCTaHOBLL KiBLU-Miy.
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Kyaiw 10.10., Bep3inaos O. I1. .
3ACTOCYBAHHSA METOAIB MATHITHOI 't TPOINHAMIKHA

JJIA HIIBUINEHHA EPEKTUBHOCTI POBOTH
KPUCTAJIIBATOPA 1 30HI BTOPUHHOI'O OXOJIOJIKXEHHA

Kulish U.U., Verzilov A.P.
APPLICATION OF MAGNETIC HYDRODYNAMICS METHODS
FOR INCREASING THE EFFICIENCY OF THE MOLD AND THE
SECONDARY COOLING ZONE

Po3aistHymo memoOu efieKmpoMazHimHO20 eruey Ha piOkul posrnas 8 Kpucmarsnidamopi, 30Hi 8MmMOpUHHO20
0X0/100XXeHHS1 3a20mo8KU ma 3yrghosili 30Hi npu 6e3nepepeHomMy posnueaHHi cmarni Ha MBJ13, i ix noaumueHul ennue

Ha chopmysaHHs1 6e3repepaHoOUMUX 3a20MOBOK.

Knroyeesi cnoea: MBJ13, kpicmanizamop, 30Ha 8MOPUHHO20 OXONTOOXEHHS!, 3yMrighosa 30Ha, be3rnepepsHe po3nueaH-
HSl, erleKmpomazHimHe repemiulysaHHs, moHkul crsb, cmarb, efekmpomazHimHul nepemiwysay

Various methods of electromagnetic impact on liquid melt for steel casting on a continuous casting machine are
considered. The main electromagnetic effects on steel, such as the deceleration of the jet in the mold, mixing,
electromagnetic compression, as well as the crushing of dendritic crystals, are highlighted. The main positive effects, as
well as difficulties in installing MHD devices, and their negative effects on the casting process are highlighted. Devices
for controlling the flow of liquid in the crystallizer and the secondary cooling zone of steel, as well as examples of the
application of electromagnetic effects when casting thin slabs are given.

BcTtyn

Micnsa Buaadi ctani 3 NPOMIXKHOIO KOBLLY B KpUCTa-
nizatop MBJ13 HacTae eTan ¢opmyBaHHSA Ge3nepep-
BHONMUTOI 3aroToBkW. BiH nodnHaeTbcs Gesnocepen-
HbO B KpucTanisatopi i gani Tpmeae y 3BO i 3yndosin
30Hi.

Ha cborogHiwHin  geHb  po3pobrnieHo  psa
€reKTPOMarHiTHUX MPUCTPOIB, 3aCTOCOBYBaHMX AJ1S
30iNCHEHHsT BNMMBY Ha 3aroTOBKY sika TBepaie. Npu
LbOMY, CBITOBMMM figepamMu B LbOMY HanpsMKy €
komnaHii ABB i JFE Steel [1]. Ha nigcrasi
nabopaTopHux OOCHiOXeHb, NMPOMMCIIOBUX
BUNpoOyBaHb i MOAanbLUIOro BMPOBaXKEHHS TaKuX
MPUCTPOIB Ui KOMMaHii MPOMOHYKTb peanisoByBaTu
KOHLIeNL;ito MOBHOTO eneKkTpoMarHiTHoro
nepemillyBaHHs pigkoi dasn 3 BUKOPUCTaHHAM psagy
B3aEMOIMOB'A3aHNX CUCTEM Ha BCbOMY NaHLIOXKKY Bif
KpucTanisatopa Jo 3yndoBiv 3oHu (puc. 1).

MI' npucTpoi Ans BNAMBY Ha pigKy cTanb y
30Hi KpucTanizaropa

3okpema B 30Hi KpucTarnisaTtopa 3aCTOCOBYETHCS
NPUCTPIV ONst ENEeKTPOMAarHiTHOro ranbMyBaHHSA NOTO-
ki ctani EMBR (Electromagnetic Brake), sike 3HUXye
rigpoavHaMiYHMIM BMAMB Ha 3aroTiBKy sika KpucTtanisy-
€TCA Ha CTiHKax KpucTanizaTopa i nepeLukoaxae no-
NagaHHI0 BCEPeaUVHY PIiaKol JYHKM Meperpitmx crpy-
MeHiB cTani i Oynbbawok iHepTHoro rasy. Bapto
BiA3HAuUMTK, WO KpiM BULLIEHA3BaHWX MepeBar Taka
cuctema npurHiyye obypeHHs Ha MEHiCKy pigkoro
MeTany, Ski B CBOK 4epry MOXyTb NpU3BOAUTA OO

Kyniw tOnin KOpinosuy — itxkernep ®TIMC HAH Ykpainwn, Kvis

HEpIiBHOMIPHOIO TENMOBIABEAEHHSA i
aedektam 6e3nepepBHONUTOrO 3nMTKa.

noBepxXHeBMM

IIpomesy TOIHEIR KOBIM

EMBR; MEMS; FC Mold

FEMS

%

PucyHok 1 - EnekTpomarHiTHii BInvB nNpu
dopMyBaHHi 6e3nepepBHONUTOT 3aroTOBKM

KoHcTpyktBHO EMBR €  enekTtpomarHiTHOH
CUCTEMOK 3 [eKinbkoma nomcamm 3 obMoTkamu i
3aCTOCOBYETLCA NpWU NUTTI cnabis, a npuHumMn i gii
3aCHOBaHW Ha BUKOPUCTaHHI edekTy [apTmaHa -

3MiHM  npocpinto  WBKMAOKOCTI  pigkoro  metany i
npuayLleHHst TYpOYNEeHTHUX nynbcawin npu
HaKrnageHHi MnonepeyHoro MoCTiIMHOrO  MarHiTHOro
nonsi.

Y Tol Xe 4ac, Onsi po3fnMBaHHSA TOHKUX cnsibiB
komnanias POSCO pospobuna EMBR i3 3miHHOMO
reoMeTpielo  MmontociB (puc. 2) B 3anexHocTi Big
KOHCTPYKLii KpucTanisatopa i cranepasnMBOYHOro
cTakaHy [2].

Bepsinos Onekciii MaBnoBuy — K.T.H., M.H.C. IHCTUTYT PU3NKO-TEXHONOrMYECKUIA MHCTUTYT MeTansos 1 cnnasoB HAH YkpauHbl
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PucyHok 2 - EMBR i3 3miHHO0 2eomempieto rosntocie 0r1s1 be3nepepeHO20 po3riueaHHsI MOHKUX Crisibie

[HWKM BapiaHTOM 3 TOYKW 30pYy YNPaBMiHHS PYXOM
po3nnasy B kpuctanidatopi MBI3, € npuctpin FC
Mold (Flow Control Mold), Takox 3acTOCOBYETbCS Npu
nuTTi cnabiB | BUKOPUCTOBYE nornepedHe MarHiTHe no-
ne, cTBoptoBaHe HaraTononcHUMKU cuctemamm (puc.
3).

FC Mold 36inbLuye CTyniHb 3HATTS TENnoTu nepe-
rpiBy pigKoi cTani, cnpusie BUPIBHIOBAHHIO Temmnepa-
TYpU Ha MEHICKY, MEepPELUKOKAE 3aXOMMEHHI Heme-
TaneBux BKIMKOYEHb B TifO 3aroTOBKM.

AHarnoriyHum FC Mold TeXHOMOrYHNM pilLEHHSM,
sIke 3aCTOCOBYETLCS NPW PO3NUBAHHI CTani Ha CopTo-
BY 3aroTOBKY, € BWKOPUCTAHHS €neKTPOMarHiTHOro
nepemellisadyy MEMS (Mold Electromagnetic Stirrer).

IorpyxHOH CTA1epaZTHEOYHEIH CTARAH

~ | MArHHTHOIO MO.JIE
PucyHok 3 - EnekmpomazHim+e npucmpiti FC Mold

3 TOYKM 30pYy BUNMBKM TOHKUX CrsIBiB KOMMNaHi€
POSCO crtBOpeHi criewianbHi nepemiwyBadvi (puc. 4,
6). OouH 3 HUX MOXe nepemiwaTuca Mo BUCOTI
KpucTanisaTopa i 3abesneuyBaTtu pisHi pexXumMmn pyxy
po3rnaBy Ha MEHICKY i Ha piBHi 3aHYpeHOro CTtakaHy.
[HWMIA NepemilLyBay CTBOPIOE CUMbHE MarHiTHe norne,
BMKOPUCTOBYIOUM SIBULLIE HAANPOBIAHOCTI (puc. 4) [3]

Ona cnpoleHHs ekcnnyaTauii obrnagHaHHs, BCi
nepepaxoBaHi NPUCTPOI, AK NPaBWiO, KOHCTPYKTUBHO
noeaHylTbes 3 Kpuctanizatopom MBEJ3. Takox, npu
BUKOPUCTaHHI [OEKINIbKOX BUCOKOYACTOTHUX OOMOTOK,
Mae Micle OoOaTKOBE BiMKMMaHHS (SIK Npv nraBui B
XOrnoaHoOMy Turfi) TBepau 3aroTOBKW Big CTIHOK
KpucTanisaTopa, WO MOKpallye SKiCTb MOBEPXHi
3rMTKa | AOBrOBIYHICTb KpucTanisaTopa, npoTe Kinbka
MOTipLLIYE YMOBW OXOMNOMKEHHS 3arOTOBKM.

Tlorpy#H0H CTAIePATHEOYHLIH CTAKAH

ey

Jemrsxenre pacmiasa

1
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]
|
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]

'/' Cr10BbIe THHEH MAarHETHOTO 0OIR
amad

PucyHok 4 - Pyxomul eniekmpomagHimHul nepemi-
wysay

A

é
i

IIpomexyTogHBIR

PucyHok 5 - lNepemiwysay Ha HalnpoegiOHUX
MazHimax

PucyHok 6 - EnektpomarHiTHWM nepemiwysad, Lo
CTBOPIOE aKyCTUYHY XBUIIO NO FAMBUHI NyHKN
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Y CcBOW Yepry, HanbinbL iCTOTHAMW HeraTMBHUMMN
nposiBamu,  siki  CYNpPOBOMAXYKTb  HaKNaaeHHs
erieKTpoMarHiTHoro  BNAMBY B KpucTanisaTopi,
NPUAHATO BBaXaTw:

- PO3BUTOK CMYr HeraTMBHOI nuksauii ( «Binmx»
CMYT Ha cipyaHOMy BigOUTKY), SIKi 3BMEHLLYHOTb XiMiYHY
OLHOPIOHICTb 3aroTOBKM i MOXYTb NPU3BOAMTW A0 Nif-
BULLIEHOIO YTBOPEHHS TPILLMH NpU NpOKaTL;

- 30iMblUEHHS 3HOCY 3aHypPeHMX CTakaHiB, Lo
3HaxoOATbCA B 30HI BMMAUBY €MeKTPOMAarHiTHOro
nepemiLlysaHHs [4].

EnekTpomarHiTHi NpMCTPOi y 30Hi BTOPUHHOIO
OXONOAXEHHSA

Y 30Hi BTOPUHHOIO OXOMOMXEHHS MOXe 3aCTOCO-
BYBaTMUCH efieKTpoMarHiTHMA nepemiwysady SEMS
(Strand Electromagnetic Stirrer), siknin cTBOproe Bixky-
Ye abo obepToBe MarHiTHe nomne i MoXxe 3acTOCOBY-
BaTUCS NPWU OTPUMaHHI, Sk cnsabiB, Tak i COPTOBUX 3a-
rotoBok. OCHOBHOKO MeTOI € 3abe3neveHHs nonin-
LUEHHS SIKOCTi Ge3nepepBHO NUTOI 3aroTOBKWM B 30Hi
CTOBMYacCTMX (OEHOPUTHUX) KpUCTaniB 3a paxyHoK ne-
pEeMIiLLYBaHHS PifKoi CepLEBUHM 3NUTKA i NoganbLIoro
iX nogpibHeHHs i ywinbHeHHs. Kpim Uboro HasiBHiCTb
BMCXIOHUX KOHBEKTUBHUX MNOTOKIB 3abe3nevye neBHe
NigBULLEHHS YNCTOTU MeTany B L 30Hi.

Ockinbkn B 30HIi BTOPUHHOIO OXOMNOMAXEHHSA TOB-
lMHa 3aTBepainoi no nepumeTpy (y nonepeyvyHomy
nepepisi) YaCTUHM 3NMUTKa 3Ha4yHa i MalTb MicLe Be-
NUKi HemarHiTHi 3asopu, SEMS 3asBu4ai XuMBUTbCH
CTPYMOM HU3bKOT 4acTOTW.

MoxHa 3 yneBHEHICTIO CTBepAXyBaTy, WO Hakna-
OEHHSA enekTPOMAarHiTHOro nepemillyBaHHa B 30Hi
OpMyBaHHSA CTOBMYACTUX KpUCTarniB MOXe nepeLu-
KomkaTtn pOpMyBaHHIO Pi3HOMO poay NepemMuyoK Mixx
NPOTUNEXHUMU (PPOHTaMN 3aTBEPAIHHS, LU0, B KiHLe-
BOMY paxyHKy, 3a6e3neuntb 3Ha4yHe MPUrHiYeHHs ae-
dekTiB ycago4HOro (MOPUCTICTb) i NiKBALMOHHOE Xa-
paktepy. [lpy enekTpoMarHiTHOMy nepemillyBaHHi
(ocobnmBo B TypOYynMEHTHOMY  peXumi) YMOBM
hopMyBaHHS AeHapuTis MOXYTb iCTOTHO
3MiHIOBaTmUCS.

Lle B nepwy u4epry Oyaoe craButuca OO TuX
JeHapuTiB, SKi BUCTYNaloTb 3a (OPOHT 3aTBEPAiHHS B
pioky dasy. BignosigHo, npu Takin obpobui niHisa
dpoHTY 3aTBepaiHHa Oyde BuMpiBHIOBATUCH, a
KpucTaniyHa CTpyKkTypa - yuwlinbHioBaTucs. He moxHa
BMKINIOYATU TaKoX i BUCOKY MMOBIPHICTb TOrO, LLO Nig
BMNMBOM OWUHaMiYHMX HAaBaHTaXEHb YacTUHa BEPLUVH
aeHapuTie ©yae nNpoCTO MEexXaHiyHO pynHyBaTucs i
OCKOJKM TBEPAOI hasn NoTpannsaTb B PiaKy BaHHY, Oe
OyayTb NOCTYMOBO OCIiAATU B 3yMrOBYHO 30HY [5].

HasBHicTb 4yacTMHOK TBepaoi asm nepepn
(bpoOHTOM 3aTBeEpAiHHA B 30HI POCTY CTOBMYACTUX
KpucTanis y CBOK 4epry npu NeBHUX YMOBaXx Crpusie
MPUCKOPEHHIO Mepexody Bid 30HM CTOBMYaCTMX A0
30HW PiBHOOCHUX KpucTanis [6].

AHania pesynbTaTiB BMMAMBY €MEeKTPOMAarHiTHOro
nepeMilllyBaHHsA B 30Hi pOCTY CTOBMYACTUX KpUCTanis
nokasye, Lo BOHM BGaraTo B YOMY 3anexaTb BiJ MicLst
JoKrnagaHHs i iHTEHCMBHOCTI BMAMBY, BMICTY BYrneLo
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B CTani, CTyneHi neperpisy crani, LUBMOKOCTI PyXy i
CNpPsIMOBaHOCTi MPMMYCOBMX KOHBEKTVMBHMX NMOTOKIB Ta
iH. Tak, nogpibHeHHs1 CTOBMYacTUX KpucTanie npu
eneKkTpoMarHiTHOMy nepemillyBaHHi [OCAraeTbCa B
OOCUTb LUMPOKOMY [iana3oHi iHTEHCMBHOCTI BMMMBY
(Npu CTBOpPEHHI BepTMKanbHUX BUCXIOHWMX MOTOKIB).
OpHak uen edekT CynpoBOMKYETLCS, SIK MPaBWIIO,
YTBOPEHHAM «bBinoi» niHii (N0 cipyaHoro BiABUTKY)
nukeadii, sika nNpu 36iNbLUEHHI iIHTEHCUBHOCTI BMIIMBY
NposiBNseTbLCS Bce Ginbll sickpaBo. 3 ornsgy Ha Toun
dakT, Wo B niTepaTypi BiOCYTHI CEPNO3HI MPaKTUYHi
4oKaau, Wwo Taki «6ini» nikeauivHi cMyrm He pobnaTb
HeraTMBHOIO BMNMBY Ha SKiCTb 6GesnepepBHOMUTOI
3aroToOBKU, cnif, MabyTb, BU3HATV BUCOKY MMOBIPHICTb
HeraTMBHUX MpPOSIBIB  (BHYTPILHI  TPILLMHK)  npu
npokaTtyi Takoro wMetany. Y psgi gocnigkeHb
HaBOOATbCA ~ peKkoMeHdauii  WoAo  OOMEXEHHs!
3HayYeHb EeHepreTMYHMX napameTpiB  iHOyKTopa
(Hanpuknag, cunu CcTpymy) B 3anexHOCTi Bif, iHOEKCy
nposiBn «b6inoi» ninii. OgHak Taki gaHi He MOXyTb
HOCUTW YHiBEpPCanbHOro xapaktepy 4epes BigMiHHOCTI
B KOHCTPYKLUiT iHAYKTOpa i B yMOBaX pO3NMBaHHS.

3 iHworo ©OoKy, edeKkT enekTpomarHiTHoro
nepemilllyBaHHsi BMnnBae Ha (HOPMyBaHHS 3aroTOBKM
B AOCUTb Marnomy (B MOPIBHSAHHI i3 3aranbHUM Yacom
3aTBEpPAiHHS) YacoBoMy iHTepBani. Tomy npu BUXOLI

i3 30HM Oii enekTpoMarHiTHOro nepemillyBaHHs
BUABMSETLCA  LSIKOM  iMOBIPHUM  BiAHOBJIEHHSA
HOPManbHUX  3aKOHOMIPHOCTEN 3POCTaHHSA  30HU
CTOBMNYACTUX KpUCTanis, WO 3HWXYE OAOHOPIOHICTb

KpUCTaniyHoi  CTPYKTypu i
NOSIBY TPILLMH NPW NpoKaTLi.

TakuM 4YMHOM, HaknafeHHs enekTpoMarHiTHOro
nepemilllyBaHHsi B 30Hi POCTY CTOBMYaCTMX KpUCTanis
MOXEe MaTu §K MO3WUTMBHI, TaK i HeraTuMBHI MPOSBU.
[HTEeHcUBHICTL HaknageHHs BnnuBy 6arato B YoMy
obmexyeTbca  mpouecoM  POpMyBaHHA  «Binmx»
NiKBALMOHHUX CMYT, SIKi 3HUXYIOTb i3VYHY Ta XiMiYHY

nigsuLLye WMMOBIPHICTb

OfHOpigHIiCTL  3aroToBku. [lpn UbOMY  KiHLEBUI
pesynbTart 06po6KM Oyne BM3HaYaTUCS
pauioHanbHMM  BMOOPOM  pexuMmiB i Micuem

OOKNafjaHHa BNAMBY 3 YpaxyBaHHAM KOHKPETHUX
YMOB pO3MnMBaHHsA. TOMY B 3aneXHOCTi BiJ LUMX yMOB
Micue Ans BKNagaHHS BMMMBY MOXE BapiloBaTUCH B
3HaYHMX MeXax, L0 TAKOX YCKMafHIOE KOHCTPYKLitO
NPUCTPOI0 AN pO3TallyBaHHA €NEKTPOMAarHiTHoOro
iHOyKTOpA.

Kpim enekTpomarHiTHOro nepemiwlyBaHHS B 30Hi
BTOPVHHOIO OXOSOMXEHHSA MOXYTb 3aCTOCOBYBAaTUCSA
NPUCTPOI enekTPOMarHiTHoro o6TUCKY 3aroToBKW, SIKi
Ha CbOroAHILLHIM OeHb BiAOMI SiK AOCRiAHI 3pasku, oa-
HakK, LUMPOKOrOo 3acCTOCYBaHHsi BOHW He OTpumanu B
CUIy 3Ha4yHUX BUTPaT, SKi BNNMBaOTb Ha cobiBapTiCTb
KiHLLeBOT NpoayKLil.

MI'[] y 30Hi BTOPUHHOIO OXONOMXKEHHA

Y iHanbHIn 30HI 3aTBEpPAiHHS 3aroToBKWU (3yMn-
¢oBOI 30Ha) MOXe 3aCTOCOBYBaTUCHA €rneKTpOMarHiT-
HUA nepemewmBatens FEMS (Final Electromagnetic
Stirrer), SIKMW TakoX € HU3bKOYACTOTHUX. WMoro 3a-
BAaHHS - 3abe3neunTn BNNMB Ha OPOHT KpucTanisawii
3aroTOBKM, MEPELUKOKaTh 3POCTaHHIO CTOBMYACTUX



1-2 2018

KpuCTaniB B LieHTpanbHiN YaCTWHI 3nNuTKa i NpUrHidy-
BaTW npouecu nikeauii i cerperadii. OgHak cnig 3a-
3HAUUTK, WO EOMHOT AYMKU 3 NpUBOAY e(eKTUBHOCTI
FEMS i gouinbHOCTI NOro 3acTocyBaHHA 40 UMX nip B
cepenoBuLi PO3POOHUKIB i CMOXMBA4YiB HEMaE, LLO
MOSICHIOETLCS TPYAHOLLAMU BU3HAYEHHST MicLs MOro
ycTtaHoBkM Ha MBJI3 i BUGopy pauioHanbHUX pexnmis
poboTu.

Bubupatoumn pexumm eneKTpoMarHiTHOro
nepemillyBaHHst anst obpobku 3ymndoBoi 30HK, cnig
MaKCMMarbHO BpaxoByBaTM YMOBU (POPMyBaHHS
TBepaoi a3y 3aroToBkM. DakTUYHO Yy Ui 30HI
BigbyBaeTbca ob'emHa KpucTanizauis Ha 6a3i
YaCTUHOK TBepaoi dasu, Lo 3HaX04ATbCA B pO3nsiaBi.
Ak npaBuno, Taka kpucTanisauis CynpoBOSKYETbCHA
NnosBOKD TBEPAOro Kapkaca, SKAA Yy Mipy Woro
3pOCTaHHs cTae Bce Ginbll MiLHMM i MOro cknagos.i
MifKN NepeLIKoaKaoTb NIIKUBIEHHA PIGUHOK OOHHUX
0o0csriB piako-TBEpAOI BaHHW, LUO CMpUSiE PO3BUTKY
OCbOBOI NopucTocTi. BignosigHo, Ans noninweHHA
YMOB 3aTBEpfiHHs OCTaHHiX (OOHHMX) obcsriB
GesnepepBHO  NUTOI  3aroTOBKM  3a  OOUifbHe
npMMycoBe PYMHYBaHHA (OOPMYETLCA Kapkaca, ske
BUSIBNSETLCS MOXITUBUM npu NOpYLUEHHI
KOHBEKTUBHUX MOTOKIB.

HanGinblw pauioHanbHUM TEXHOSOMYHUM MpUINo-
MOM € PO3BUTOK MPUMYCOBUX LIMPKYNALLIMHMX NOTOKIB,
AKi po3TalloByBanmcs 6 B MMOLLMHI, NepneHankynap-
Hill OCi 3aroTOBKM, TaKk sk B LibOMY BMNaaky 3abesne-
YYeTbCH IHTEHCMBHE MepeMillyBaHHSA MeTany y BCbO-
My nepepisi. CTBOPEHHS X NPUMYCOBUX MOTOKIB, LLO
pyxalTbCs y300BX (PPOHTY 3aTBEPAiHHS, Ha HaLl no-
rnsg, He Moxe 3abe3neyunTy NigBULLEHHS SKOCTi 3aro-
TOBKM, TaK K 3yMndoBoi 30Ha 30araveHa niksartami i,
OTXe, pyx MeTany Yy3goBX (POHTY 3aTBepaiHHS
CrpuaTMME PO3BUTKY JOOATKOBUX NiKBALMOHHUX CMYT
NO3UTMBHOI NnKBaumm (Tuny V-noaibHoi nuksaumm ).

AHanisyloun BiJOMi eKkcrnepuMeHTarnbHi pesynbTa-
TW MO 3aCTOCYBaHHIO €EKTPOMArHiTHOro nepemilly-
BaHHA B 3yndOBil 30Hi, CNig 3a3HaunTy, LLO Ha npak-
TWUi B BiNbLUOCTI BUNaakiB pekoMeHayeTbes 06pobka,
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Lo 3abesnevye OpMyBaHHS LIMPKYNSALIMHUX NOTOKIB
B NNOLLMHI, NnepneHAKYNApHin oci 3arotosku [7, 8, 9.
PauioHanbHuiA BUGIp Micus i iHTEHCUBHOCTI goaaTku
Takoro BMNnvBy 3abesnevye iCTOTHE 3MEHLUEHHsI Npo-
TSDKHOCTI pigKOIl NMyHKW i BIONOBIAHO 3MEHLUEHHS Kinb-
KOCTi MakpogedeKTiB T1ny ycagoyHas nopucTiCTb Npu
noapibHeHHi 3epHa KpucTaniyHoi CcTpykTypu. [lpu
LbOMY MPaKTUYHO He NiJAaTbCa YNPaBMiHHIO OCLOBI
MOPUCTICTL | cerperauisi, OpMyBaHHSA SIKMX, BigOyBa-
€TbCA Ha 3HauvHIM BiacTaHi BiOg Micus AOKnagaHHS
BMnMBY. He icHye TakoXX OOHO3HAYHOI AYMKM LLOAO
NO3UTMBHOTO BMMBY €reKTpOMarHiTHoOro
nepemillyBaHHs Ha po3BuToK V-nogibHoi nuksauun. Y
pagi BUNagkiB Big3Ha4aeTbCcA 30inbLUEHHSA
NPOTSXKHOCTI  NiKBALUMOHHUX cMmyr. [puaylieHHsa uier
rpynu gedekTiB BUSIBNSETLCS MOXIMBUM, MabyTb,
TiMbKM NPY  BUKOPWUCTaHHI TaKk 3BaHOro MeToay
«m'skoro obtucky» (soft reduction), skun 3abesnevye
BUOABMIOBaAHHA pigKol hasn 3 nyHKM, 3a paxyHOK
06TncKky 6e3nepepBHO NMUTOI 3aroTOBKM Ha OCTaHHIl
cragii 3atBepgiHHa [10].

Kpim BulleHa3BaHuX, cnig 3ragatM Le Kinbka
TUNIB eNeKTPOMarHiTHUX CuUcTeM, SKi He 3Hauwnm
LLIMPOKOro  NPOMUCINOBOIO  3aCTOCYBaHHs, MpoTe
MatoTb NEPCNEKTUBM AN HbOTO.

Mo-nepLue, MoBa e NPo Tak 3BaHOMY «ENeKTpo-
mMarHiTHomy 6yctepi» (Electromagnetic Booster) -
NPUCTPOI, 3aCHOBaAHOMY Ha 3aCTOCyBaHHi HaanpoBia-
HUX MarHiTiB i TOKONOABOASALIMX enekTpodiB Ha diHa-
NbHIN cTagii kpucTanisauii 6e3nepepBHONNTOI 3aroTo-
BkU (puc. 7) [11]. Tak, marHiTHe none i NOCTINHUI
CTPYM reHepyloTb eneKkTpoMarHiTHy cuny, B 20 pasis
nepesuLLye rpaBiTauilo i cnpsiMoBaHy B34O0BX OCi
3nNuTKa NPOTUMEXHO HanpsamKy nutta. Pigka dasa
pyXaeTbCH 3 MEXOEHAPITHOrO MPOCTOPY MPOTUIIEXHO
HanNpsIMKY NUTTS. YTBOPUIUCA B OKPEMUX Micusax
3rIMTKa MOPOXHEYi, BUKNUKaHI  «MepexornneHHAM»
pigKol NyHKW i € HacnigkoM HepiBHOMIPHOCTI OPOHTY
KpucTanisadii, 3anoBHIOKOTBCS pigkoo  ¢haso. B
pesynbTati  cninbHOi  Aii  OBTUCKHUX  BamnkiB i
enekTpoMarHiTHOI cunu eekt ob6TUCKY NOCUMIOETLCS.

O0xaEMEOE BaIOK

MpexaMel 2
3aexTpoan

[ | Oxaaxaamomasn

Ceepxnposoasmse
oOMOTRE
/'/Rius:aa CepaneBHHA
CAHTRA

Kpreraaassyomancs
3aroTOBRA

O0xuMEOH BAJIOK
PucyHok 7 - EnekmpomazHimHuti 6ycmep
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Takoxx  BigOMi  creujanbHi  eneKTpoMarHiTHI
cucTeMnm AN KOHTPOM npoueciB 6e3nepepBHOro
po3anuBaHHa [12, 13], 30kpema, enekTpoMarHiTHUn
OaTYMK KOHTPOMIO MOMadaHHs 3axWCHOro Lunaky 3
NOBEPXHi MEeHicKa B TiSfI0O 3aroTOBKW, NPUHLUMN AT SIKOro
3aCHOBaHWMA Ha pi3HULI eneKkTpUYHUX BnacTUBOCTEN
MeTaneBol | LWNaKoBOI cepedoBulia, a TakoxX
iHOYKUIRHI  piBHEMipY ANS B MPOMIXHUX KOBLUIB i
Kpuctannusartopos MBJ13.

[nsa npouecy npsAMOro oTpMMaHHS nUcTa LUNAXOM
Ge3nepepBHOro NUTTS CTani B ABYXBANKOBUA KpUC-
Tannmsatop po3pobreHi enekTpomarHiTHi NpuUcTpoi
Onsi yNpaeniHHA MacoBMM BUTPATOO pigkol ctani [14,
15], 3a npuHUmMnom gii cxoxi 3 MI'l-ancnepratopamm
po3nnasy, a TakoX enekTpoMarHiTHi 3aTBOpM, WO 3a-
nobGiratoTb GiYHUI BUTIKAHHS pPO3MNnaBy 3 MNPOCTOPY
MiX Bankamu [16, 17].

BucHoBkuU:

MoxHa  cTBepaKyBaTWM, WO  3aCTOCYBaHHS
erneKkTpoMarHiTHMX nomnis, € edeKkTMBHUM 3acobom
BMIMBY Ha PpigKy cTanb i 3HaxoguTb Bce 6GinbLu
LUMpOKe | ycnillHe 3acTOCYyBaHHA B TEXHOMOrisxX

pin W X 4 1-2 2018

LbOMY, ENEKTPOMArHiTHi CUCTEMU 3aCTOCOBYHOTHLCS 5K
Ha eTani NPOMIKHOIo KoBLUA i KpucTanisaTopa, Tak i B
30Hi BTOPUHHOMO OXONOKEHHS | 3yMndhOBOT 30Hi.

3a paxyHOK eneKTPOMarHiTHUX CUCTEM 34iNCH!0-
€TbCA: Nigirpie posnnaeBy i MOro nepemillyBaHHS,
ynpaeniHHA npouecamy 3akiHYeHHS | BUTPaTU piakoi
cTani, KOHTPOSb 3a pPiBHEM HanuBy MeTany i po3BuUT-
KOM XBWUMbOBMWX MPOLECIB, €feKTpoMarHiTHe omkaTtue
3aroTOBKW B KpucTanis3aTopi i OGTUCHEHHSA B 30Hi BTO-
PUHHOIO OXNaXKeHisi, KOPUryBaHHs KpucTanisauinHmx
npouecis. B pesynbraTti Takoro BNnuBY crnocTepira-
€TbCA NIABULLIEHHS SIKOCTI MeTanonpoayKuil B YacTUHI
noninweHHs NOBEPXHi 3aroTOBKW, NiABULLEHHS YUCTO-
TV MeTany no HeMeTarniYHMX BKI4YeHb, NoapibHeHHS
KpucTaniyHol CTPYKTYpu, NpuayLleHHs aedekTis yca-
OOYHOrO i NMiKBAUMOHHOE XapaKkTepy.

Pasom 3 Tum, 3 ornsigy Ha BWCOKI BUTpaTU Ha
obnagHaHHSA ans €NeKTPOMarHiTHoro
nepemMilllyBaHHsi, NpeacTaBnseTbCA AOUINBHUM NOro
BUKOPUCTAHHA B MNepLlly 4epry and cepegHbo- i
BMCOKOBYIMELEBUX (B TOMY YMCIi NTEFOBaHUX) CTanewn,
SIKi MalOTb MOPIBHSAHO BUCOKOIO JOOATKOBOK BapTICTHO.
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BUPOBHUILITBO KOHBEPTEPHOI CTAJII 08I'T JIJ151
XIMIYHHUX PEAKTOPIB I3 3ACTOCYBAHHAM

ITO3AIIIYHOI'O BAKYYMYBAHHSA
Mel'nik S.G.

PRODUCTION OF BOF STEEL 08I'T FOR CHEMICAL
REACTORS WITH THE USE OF LADLE VACUUM

Anomaujis. HaeedeHi pe3ynbmamu OocnidxeHb npu po3pobui mexHonozii supobHUUmMea KoHeepmepHoi cmari 0ns
XiMi4HUX peakmopig. Ha nipuknadi cmani 08T noka3aHoO MoAiNWeEHHS SKICHUX Xapakmepucmuk memary, nokpaueHo
SKICMb [108EPXHI TUCMOBO20 MIPOKamy, 3HWXEHa KifbKicmb HememarniyHux eknoyers (HB).

[na noninweHHs AKocmi MemanonpoOyKyii cmarb 8unnasnsanu 8 KOH8epmopi 3 rodasnbwor MonupeageHmHo0
ro3ariyHo 06pobKoIo, WO 6KrYana eakyyMyeaHHs Ha ropuitiHomy eakyymamopi YIBC — 350, mikponezysaHHs
epomumaHom FeTi, paghiHysaHHsI meepdoto winakoymeoprotdo cymiwwio TLIC (CaO + CaF, + Al), 06pobky
HelimpanbHUM 2a30M - ap2oHoM. Cmarb po3nueanu Ha MawuHi 6esnepepgHo2o numms 3azomosok MBJI3.
BcmaHosneHo 3HUXeHHS emicmy 800HI0 6 cmarii 00 40 %, kucHo — 0o 50%, i HB npubnusHo 8 2 pasu. Pesynbmamu
Makpo — ma MiKpoKoHmporo nidmeepdxyroms icmomHe rnoninuweHHss cmpykmypu cmani 08T, eunnasneHoi 3a
3anpornoHosaHow mexHoroeieto. CrocmepizaembCs NPaKkmMuUYyHO [08Ha 6iOCYmHICmb 0Cb0BOI HEOOHOPIOHOCMI,
cmpykmypa memarny 6inbw cyuinbHa i WinbHa.

OmpumMaHi 3Ha4eHHs1 xapakmepucmuk MiUHOCMI — MeXi MIIUHHOCMI &y, MUMYaco8020 Oropy oy 3HAYHO MEPE8ULLYOMb
8i0rMoe8iOHi BUMO2U MeXHIYHUX yMo8. IcrmomHO roninwieHi i nnacmuyHi enacmueocmi cmarii — 8iOHOCHe MO000BXeHHS Js,
y0apHa 8'si3Kicmb ay, Yacmka 80510KHUCMOI cknadosoi 8 3nami DWTT.

Knoyoei cnosa: cmarb, XiMiyHUU peakmop, KoHeepmep, ro3anidyHa obpobka, 6e3snepepsHa posnuseka, Hememarsesi
BKJTIOHYEHHS], 800€Hb, MaKpO - i MiKpoCmpyKkmypa, MiyHiCHi erracmueocmi, niaacmuyHi eracmugocmi.

Annotation.The results of research in the development of technology for the production of converter steel for chemical
reactors are presented. For example of steel 08GT shows the improvement of the quality characteristics of the metal,
improved surface quality of the sheet metal, reduced the number of non-metallic inclusions.

To improve the quality of steel the metal was melted in converter with subsequent polyreagent ladle treatment, compris-
ing a vacuum on the portion vacuum vessel, the microalloying with ferrotitanium FeTi, refining of solid slag-forming mix-
ture (CaO + CaF; + Al), the blowing of inert gas - argon. Steel was pouring at continuous casting machine billet CCM.
The reduction of hydrogen is content in steel up to 40 %, oxygen-up to 50%, and non-metallic inclusions about 2 times.
The results of macro-and microcontrol confirm a significant improvement in the structure of steel 08GT, smelted by the
proposed technology. There is almost complete absence of axial discontinuity, the metal structure is more homogene-
ous and dense. Improved plastic properties of steel. The values of strength characteristics significantly exceeding the
corresponding requirements of technical conditions was obtain.

XumMuyeckme  peakTopbl  MNpedHasHayeHbl W HeXenaTenbHOro MNpPsiIMOr0  KOHTaKTa  KMCMoThI
MCMOMb3YIOTCA B XMMWYECKOW, HETEXMMUYECKOW, MeTannoM BHYTPEHHIOH0 MOBEPXHOCTb
MEOVUUHCKOW,  MUKPOOMOMOrMYeckon,  MULLEBON MeTarnfIMYeckux KOpMycoB MOKPbLIBAOT — 3Masbio.
MPOMBILMIEHHOCTM W B OpPYyrMX  CMeXHbiX [lpumeHsieMass TexXHOMNorMs 3aManupoBaHWsl CTamu
NMPOM3BOACTBAX Arlsl MONYyYEHUST U XpaHEHWUsI KUCMOT, npedycMaTpuBaeT nonHoe oTCyTCTBUE
LLenoYen, HedpTeNpPOaYKTOB, MEAMUMHCKMX  MOBEPXHOCTHbIX  AE(EKTOB  Ha  3Manupyemomn
NeKapCTBEHHbIX MpenapaToB, MULLEBbLIX MPOAYKTOB, MOBEPXHOCTU.

ankorons un ap. [1-3]. ®dotorpadum HeKoTOpbIX
BapuvaHTOB EMKOCTHbIX XWMWYECKMX pPEeaKTopoB,
npuBedeHHbIE B I/IHTepHeTcaVITaX, npenctaBneHbl Ha
puc. 1.

Takne  BaxHble  3NeMeHTbl  0bopyaoBaHus
pPEeakTopoB, KakK Kopryca, MW3roTaBnvMBalT U3

MeTanmnoB, CTekna 1 NonnMMepHbIX MaTtepuanos. Ons
MeTarnyIM4Yecknx KOPMyCOB XWMUYECKMX pPeakTopoB
NPVMMEHSIIOT Hep)kaBeloLlylo CTarnb, a Takke cTanb
YrnepoaucTbIX U HU3KOMErMpoBaHHbIX MapoK. B psage
crnyvaes, B XUMMWYECKMX peakTopax,
npegHasHaYeHHbIX [ONA NPOM3BOACTBA  aKTUBHbIX
BELLEeCTB, TaKMX KaK KWCMOTbl, Afsl yCTpaHeHWs

MenbHuk Ceprin Mpuroposud - 4.7.H., ¢.H.c. PIMC HAH YkpaiHu
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Hannune pedektoB Ha MOBEPXHOCTU FUCTOBOIrO
npokaTa, M3 KOToporo opMytT KpynHorabapuTtHble

Kopnyca XUMUNYECKUX peakTopos, npmeoanT K
obpasoBaHuto  dedpekta  amanu,  Ha3bIBAEMOro
«pblbben  vewyeny». [lpocaumBaHWe  aKTUBHOM

XMOKOCTU Yepes AedekT amany NpUBOANT K KOHTaKTy
C MeTannoM u co3faeT BEPOSTHOCTb aBapUMHOM
cutyauun. loatomy ans obecneveHunst Tpebyembix

Cﬂy)Ke6HbIX CBOWCTB XNMNYECKNX peaKkTopoB
HeobxoaMm MeTann He TOMbkKo C  A0CTaTOYHO
xopowunmMmun MeXaHNn4eCKMMn n nnacTtu4YHbIMU

CBOWCTBaMMU, HO U C ©6e3gedekTHON MOBEPXHOCTLIO
NpOKaTaHHOW NIMCTOBOW 3aroTOBKM.
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Puc. 1. EMKOCMHbIE XUMUYECKUE peakmopsbl

TpaguuMOHHO AN U3rOTOBIIEHUS  XMMUYECKMX
peaKkTopoB Ha HEKOTOPbIX MPeanpuaTUSX XMMMmalua
npumMmeHsinace cranb mMapok 08cn n 08T no TY14-1-
3172, KOTOPYKO BbINMNaBASanM B MapTEHOBCKMX Mevax
Ha MeTannypruyeckmnx npeanpuUsTUSX.
CyLLeCTBEHHbIM HeJoCTaTKoM cTanm 6bIno
MOBLILLIEHHOE HaNMyMe NOBEPXHOCTHbLIX AedEKTOB Ha

sarotoBkax. [log pykosogcteom [1.C. LUkonspa B
HUN «Xummaw» (r. MonTtaBa) U Ha NpeanpusaTUsax
Xummalua 6bina paspabotaHa v npeanoxeHa Ans
MPOM3BOACTBA XMMMWYECKUX PEaKTOPOB CTallb Mapku
08T (TY 14-1-2813). XvmMuyeckuid cocTaB ITOMU
cTanu npveeaeH B Tabnuue 1.

Tabnuya 1.
Xumuyeckuti cocmae cmanu 08I'T (TY 14-1-2813)

CogepxaHne aneMeHToB, mac %
Cranb . _ s [P Jcr [N Jcu [N, [As

C Si Mn Al Ti Hebonee

H.6. | 0,45- | 1,10- [0,015- | 0,05-
08It 010 | 035 | 150 0045 | 012 0,035 10,035 0,10 |0,25 0,25 0,008 | 0,08
TexHonormss npousBoAcTBa 3TOWM CTanmuM B HEWTpasrbHbIM ra3oM — aproHOM C LieNbio yCpeaHeHus!

bonbwerpysHbix 350 — TOHHbLIX KOHBepTepax C
nony4yeHMeMm nNUCTOBOrO Mpokata Ha cTaHe «3600»
Obina pagpabotraHa Ha MK  «Asosctanb» (I
Mapuynone) c y4yactmem coTpydHukoB HUA
«XnMmmatuay.

Mo aTow TexHomnorMuM BbINMABKY YrriepoaucToro
nonynpoaykra nponssoaunm B 350-ToHHOM
KOHBepTepe n3 nepeaernsHoro yyryHa "
MeTannonoMa npoayBKOW  TEXHUYECKU  YUCTbIM
KMCMOPOAOM Yepe3 5 — conmoByro BOOOOXaXOAEMYHO
dypmy. HayrnepoxvBaHue, packucrneHve  u
nerMpoBaHne MeTanna npouM3BOAMIM B  KOBLUE
eMkocTbto 350-T npucagkon pacHeTHbIX KONM4ecTB
SiMn, FeSi, TepmoaHTpauuta, Al un, npu
HeobXoaANMOCTH, apyrmx maTepuanos B
COOTBETCTBUM C 3aJaHHbIM XUMUYECKNUM COCTaBOM.

B npegnonmoxeHun, 4yto Ha obpasoBaHue
NMOBEPXHOCTHBIX AedEKTOB MpokaTa B BMAE MNIEH U

TpeLwunH 3HaYNTENbHOE BIndHune OKa3blBaklOT
BpeaHble npuMecM B CTannM U Hanuume
CBEpPXPaBHOBECHOIO coaepKaHus rasos, B
0COBGEHHOCTN BOOOPOAA M Kucnopoga, 6b110 NpuHATO
pelieHne ocoboe BHMMaHWe npu paspadboTke
TEXHONOrMM 00paTUTb Ha BHEMeYHyt o0b6paboTKy
ctarm. Mpu  3TOM  yuuTbiBanM  OCOBEHHOCTb

npuMeHsiemMon NpPoayBKW MeTanna B KOHBepTepe no
CXeMe «C nNepenyBOM», KoTopasi npuBoguna K
MOBLILIEHHOMY CBEPXPaBHOBECHOMY  COLEPKAHMIO
rasoB B Metanne. Ctanb B KoBlle 0bGpabaTtbiBanu

Temneparypsbl 7 XMMWNYECKOTO cocTaBa,
paduHMpOBanM TBEpAON LLakooOpasyoLlen CMeCbIo
(TWC) ns nseectn CaO, nnaeukosoro wnata (CaF,) n
anomvHus Al No gencTByOLLEN TEXHOOMUN.

M3 onblTa npon3BoacTBa HWU3KOYINEPOAUCTbIX
cTanen, npegHasHayeHHbIX ONs rryOOKOM BbITSHKKY,
M3BECTHO, 4TO OOMblWy pofb B  MNOMyYEHUM
Ka4eCTBEHHOW MOBEPXHOCTU NMCTa MNOCMe MNPOKaTKM
UMEET CHUXEHWe B MeTanne coaepXaHus rasoBs u
HemeTannmyeckmx BkmoyeHnn (HB). C  uenbto
YMEHbBLUEHUSI KONMYECTBa MOBEPXHOCTHBLIX AedeKTOB
nuctoB Obina npeanioxkeHa TEXHOMOMMA BbINaBKU
cTanen ons XMMMYECKUX PeakTopoB C NMPUMEHEHNEM
MX KOBLLEBOIO BakyyMUPOBaHUS.

Peakunsa yganeHus / pactBopeHus Bogopoga B
XMOKOW CTann npoucxoguT B COOTBETCTBUM C
YypaBHEHVEM

1)

2|H| s {H,},
roe ‘H ‘ - cofepxaHve Bogopoda B crarm, %,

{H ) } - codepxaHve Boaopoaa B rasoBon gase.

C yyetom 3akoHa CwuBepTca W KOHCTaHTbI
paBHoOBecus anga peakumm (1)
Ay S K& Py )

rAe a;y — aKTVBHOCTb BOAOPO/A B XUAKON CTanu;

K} - koHcTaHTa paBHOBecus peakumi (1);
Py napuvarnbHoe [aBneHve BoAopoda B

rasosown hase.
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B cootBeTcTBMU C NpuHUMnom Jle — LLaTense npu
yoaneHum Boaopoda U3 rasoBon pasbl npouecc
yoaneHvs Bogopoda W3  cTanu, OnucbiBaeMbIv
peakunen (1), 6yoet MaTM B HanpaeneHun nepexona
BOOOpOAA B rasoBylo ady u3 metanna. lNMpakruyeckm
yoaneHve Bogopoga M3 ra3oBoW asbl  MOXHO
OCYLLECTBUTb NPOAYBKOW HEMTPanbHbIMK ra3zamu unm
BaKyymvpoBaHueM, KoTopoe obecneudmBaeT 6ornee
achpekTuBHbIN  pedynbTaTt. [na  pasbaBneHHoro
pactBopa Bogopoaa B xerese 3akoH [eHpu
cnpaBegnuB Mpu JoObIX KOHLEHTpaumsx W npu
Temnepatype 1600 °C pacTBOpuMOCTb BOOopoaa B
XKMOKOM xenese MoXeT ObITb onpegeneHa, kak

|%H| = 0,0027./Pga,; , (3)

roe |%H| - cogepxaHue BoAgopoda B MeTanne,
mac. %; Py,; — NapumansHoe AasrneHvie Boaopoaa B
razoBou pase, atm [4].

AKTMBHOCTb ~ BOAopoda B CTamu |,
oTpaxawuwas Hanuune ceobodHOro Boaopoda B
MeTannmM4eckom pacnnaee, CBsi3aHa c
KOHLEeHTpauven B Hem Bogopoda |H| crnepytolimm
obpa3zom:

Ay = fu- |HI, (4)

rae fy - KoaPUUNEHT akTUBHOCTY BOOPOAA.

C yyetom [5, 6] maccoByw fono Bogopoda B
cTanv MoXHO onpeaenuTb no dopmyre:

rae Ky — KOHCTaHTa paBHOBECWS peakumu
pacTBOpeHust Bogopoda B cranu; K,— KOHCTaHTa
paBHOBECUS peakLun B3aMMOLENCTBUS Bodopoda C
KUCINIOPOAOM, PacTBOPeHHbIM B MeTanne; P,
NCXOQHOE MapuuvanebHoe JaBreHvne BOASHOro napa
rasoBon hase, aTM; o — aKTMBHOCTb K1cropoaa
crtanu; fiy — KO3MMULIMEHT aKTUBHOCTU Bodopoda
mMeTanne.

CHwxeHne coaepxaHusi BogopodaB cranu |H|
OyOeT npuBOAMTL K YMEHbLUEHMIO CBOGOOHOrO, Wim
CBEpXPaBHOBECHOIO, BOAOPOAA.

MopobHble paccyxaeHus MoryT 6biTe NpYBEAEHbI
N B OTHOLLEHUM CBOOOOHOTIO, UM CBEPXPABHOBECHOIO
MO OTHOLUEHUIO K peakuum 00e3yrrnepoXxuBaHus,
Kucropoga. YMeHbLLeHne cogepaHus
CBEPXPaBHOBECHOTO KWUCropoda, B CBOKW o4epenp,
Oyoetr cnocobCcTBOBaTb  MOHWKEHMIO  pacxodoB
packnucnuTensi,  NEerMpylowmnx,  MUKPOIErmpyoLwmx
MaTepuanoB “ MoAUMKATOPOB MpU  KOBLUEBOW
obpaboTke.

MpoayBka MeTanna MHepTHbLIM ra3oMm, Hanpumep
aproHoM, MpUBOOUT K CHWXEHMIO napuvanbHbiX
JaBneHWn rasoB B rasoson ¢ase — BOAOpOAa,

o @

o

kncropoda, asora, okcuaa yrmepoga U ap, Py, .y

COOTBETCTBEHHO, 4TO

Pio,y P{Nz} ) P{co} v Ap,
VHULIMMPYET MPOLIecC Aerasauuv MeTanna, a Takke
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yBenuumsaet peaKLMOHHYIO mexasHyto
NOBEPXHOCTb " co3naét yCroBusi Ans

OONONHUTENBHOW Aerasaunm.

C y4yeTOM 3TOro, C LEnblo yNyylleHUs KayecTBa
MOBEPXHOCTM CTanuM Afs  XUMUYECKUX PEaKTOpOB
Oblna npegnoxeHa TEXHOMNOMMSA NPOU3BOACTBA CTanu
YMyYLIEHHOrO KadecTBa, BKITOYaIOLLas
nonMpeareHTHyt0 BHeMne4YHyo obpaboTky meTanna.

Mcxoga 13 mocTaBneHHblX 3agad, yaaneHue
rasoB M HemMeTannMyeckux BkModeHun ctanu 08T
OCYLLECTBMANM NYyTEM BaKyyMUPOBaHUSA Ha YCTaHOBKE
NMOPLMOHHOIO BakyymupoBaHusa ctanm YINBC-350 [7].
OcHoBHblE TexHomormdeckue napameTpbl npolecca
BaKyyMUpOBaHMA OBYX OMbITHbIX nriaBok Ne 1 1 Ne 2
6binn  crnepytowmmn. Ha nnaske Ne 1 6bino
OOCTUTHYTO paspexeHne B BakyyMHOW kamepe 1 Mm
pT. cT.(134 Ma), Ha nnaeske Ne 2 — 0,9 mm pT. CT,,
KOMMYECTBO  LMKMOB  BaKyyMUpOBaHWS  Obino,
cooTBeTcTBEHHO, 40 u 25, TemnepaTtypa nocne
BaKyymmpoBaHusi cocTaensima 1570 n 1570 °C, B
npomesxyTouHom koBlwe MHM3 — 1530 n 1540 °C.
Mpu macce nopumn meTanna B BakyyMHOMN Kamepe He
MeHee 30 T M YMCre UUKNOB BaKyyMUPOBaHUS 25 n
bonee Kko3a(hPUUMEHT UMPKYNALUM COCTaBNsN He
MeHee 2,5.

OcobeHHOCTb pacK1CIieHMs NpY BbINfaBke cTanm
08T coctosna B TOM, YTO MEHbLUYD 4acTb
anioM1Hus npucaxvsanu B mMeTann B
cTanepasfnvMBOYHOM KOBLUE BO BpeEMS Bbiycka U3
KOHBeEpTEepa, OCyLLEeCTBNSASA npegBapuTensHoe
packucrneHuwe cTanu, a ocTaflbHOe KOnM4ecTBO
anoMUHUS OTh4aBanu B MpoLecce BaKyyMMPOBaHUS
Ha YINBC-350 ¢ y4yeToM M3MeHeHust koadburumneHTa
YCBOEHUS antoMuHWS, AMIOMUHUIA B BUAE rpaHyn npu
BaKyyMMPOBaHUM NPUCAXKMBANN MEXaHW3UPOBaHHbIM
crnocobom 6e3 pasrepmeTM3aUMM CUCTEMbl. 3ITa
TexHonorns obecnednBana ©onee adPEKTUBHYIO
3BaKyauulo rasoB 3a CYET 3HA4UTENbHO GonbLuero
Konmyectsa CBOBOAHOrO akTMBHOIO KMcCropoga B
cTanu neped BaKyymMuWpoBaHWEM B pesynbraTe
YaCTUYHOIO pacKUCNEHNss B NpoLecce BbiMycka W3
KoHBepTepa. Mo aTonm TexHomorum obLlimi pacxo
anioMMHUS  cHwxkanca ©Oonee 4yem B 2 pasa.
[MnaHvpyemoe npuvMeEHeHWe packUCNeHus cramm
BBEAEHWEM aAIIOMVHUEBOW KaTaHKM C MOMOLLBIO
Tpanb-annapara no3BonuT yNyywnTb aTOoT
nokasatenb 3a CYEeT yBenu4yeHus koadduumneHTa
yCBOEHWs antoMuHns [8, 9].

Mo 3aBepLUeHU BaKyyMUPOBaHS
cTanepasnMBOYHbIN KOBLL CO CTanblo nepegasany Ha
OfHY M3 yCTaHOBOK pgoBogkn meTanna (YOM), roe
OCYLLIECTBNANN AOBOAKY CTanu rno ee temnepartype u
XMMUYECKOMY COCTaBy MO AENCTBYIOLLEN TEXHOMOMMM
nepeq pasnuekon Ha MHIN3. Ha YOM ocywiectBnsnm
1 MUKpONnernpoBaHue cranm TUTaHoM, Npucaxusas B
KOBLW BO BpeMsi MpoAyBKM HeWTpanbHbiM rasom
depotntaH. [locne OKOHYaTENbHON BHEMNEYHON
obpabotkm cranmm Ha YIOM no pencTeyloLlen
TexHonoru, BKITlOYatoLLemn npoayBKy cTanm
HeWTpanbHbIM ra3oM, KOPPEKTMPOBKY TEMNepaTypbl 1
XMMWYECKOTO  COCTaB, €€  MUKpOrerMpoBaHue,
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cTanepasnMBOYHbLIA KOBLU NepedaBany B oTAeneHue
pasnvMBKM CTanu WM yCTaHaBnMBanu Ha MOBOPOTHbIN
cteng MHJI3. PasnuBky cTanm oOCyLIecTBRsnu no
aencraytoLwen TexHonorn Ha MHJI3 kpuBOMMHENHOTO
TMNa METOAOM «MraBka Ha nnaeky» [10]. O6e nnaBku
ctanu 08T pasnvBanu ¢ 3awWwmUTon CTpyM MeTanna ot
BTOPUYHOIO OKUCIEHMS.

Mocne pasnuMBKM HENPEpPbLIBHONUTLIE 3arOoTOBKM
cTanu nepejasanu Ha npokaTHbln cTaH«3600», raoe
npokatbiBann Ha nuctbl TonwwmHon h=10 mm. [Mo
pesynbTataMm WCCneaoBaHusl KadecTBa cTanu Ansi
XUMWUYECKNX PEaKTOPOB YCTAHOBMEHO, YTO Mpwu
BHEMe4yHon obpaboTke MeTanmna, BKOYaOLEn
BakyymuvpoBaHune, 13 ctanm ypansetca o 40 %
Bogopoaa, Ao 50 % kucnopoga u, NpUMEPHO BABOE

JIleopis i npaKmuKa Memarypeii

CHMXaeTcsl copepxaHve HemeTannmMyeckmx
BKITFOYEHUI B CTanu.

BrnsaHue TEXHONOMMYECKNX napameTpoB
npouecca BaKyymypoBaHua Ha nosegeHne HB

uccrenoBanu Ha MeTanne ABYX OfbITHbIX MMaBoK
ctarm 08T Ne 1 u Ne 2, Ina aToro OT IMCTOB
TonwpmHon 10 mMm oTtobpanm 17 npob, Ha KOTOPbIX
Obln BbIMNOSIHEH KOHTPOSIbHBIA XUMWUYECKUIA aHanus,

npoBeaeHbl nccneaoBaHus MakKpo- "
MUKPOCTPYKTYpbI. PesynbTathl KOHTPOINbHOro
XMMUYECKOTO aHanusa wuccnegyemon cranm 08T
MOMHOCTbLIO COOTBETCTBOBar TpeboBaHusaM

TexHudeckunx ycnosun TY 14-1-2813 (Tabnuua 2).

Tabnuya 2

KoHmponbsHut xumudeckul cocmae cmanu 08T nocne sakyymupogaHusi

TonwwuHa XvMnyeckuii cocTas ctanu, %
Ne nnaBku, nookaTa
Mapka crtanm P MM ’ C Mn Si S P Cr Ni Cu Ti
Ol\ég[j.r 10 0,06 1,20 0,31 0,023 | 0,020 | 0,04 | 0,04 | 0,07 | 0,058
Ol\égrz.l. 10 0,04 1,25 0,34 0,027 | 0,025 | 0,04 | 0,06 | 0,07 | 0,060
Makpoctpyktypy ctamm 08T wu3yyarnm Ha 3oHe nwmcta. B cramm O8I T nnaBkm Ne 1 B
nornepeYHbiX TEMMNSIeTax CHATMEM OTMEYATKOB MO  KOHTPOSIbHOM XMIMUYECKOM aHanuse npo6

BaymaHy 1 nocne rny6okoro TpaBneHns 50%
BoAaHbIM pactBopoM HCI. CepHble oTtnevaTtkm Mo
BaymaHy nokasbliBaloT B LENOM paBHOMEPHOE
pacnpegerneHue cepbl, Ha HEKOTOPbIX Yy4yacTKax
OTMeYaeTCsl NOBbILLEHNE COAEPX)KaHUSA Cepbl B OCEBOW

cogepxaHne cepbl coctaensano 0,024 n docdopa
0,020 %, Torma kak B cTanmm Ne 2 MeHblue,
cootBeTcTBeHHO 0,027 n 0,025 %.MakpocTpykTypa
nocne TpaBrfieHusa npeacraBneHa Ha puc. 1 mn 2.

r—

Puc.1. Makpocmpykmypa nucma cmanu 08T nocne mpaeneHus (nnaska Ne 1, h = 10mMm, konudyecmeso
UuKIos sakyymuposaHusi - 40)

S

Puc.2 . Makpocmpykmypa nucma cmanu 08T nocrne mpasneHus (nnaska Ne 2, h = 10mm, konudyecmeso
UUKI108 8aKyyMupogaHusi — 25)

C OByX CTOPOH Ka)doro TeMMneTa Ha paccTosiHUK
okorno 200 MM OT HeoBpe3HOW KPOMKM nUcTa MeTansn
MMeeT [OCTaToOYHO MNOoTHoe cTpoeHue. B ocesoi
30He, rge OObIYHO KOHLEHTPUPYIOTCS  NUKBaThI,

HabnoaalTcs NpPepbiBUCTbIE MOSTIOCKA MOBbLILLEHHOM
TpaBumocTu. Ha nnaske ctanu 08T Ne 1 noutn B 1,5
pasa fydle OpraHu3oBaHa dBaKyauuMs ra3oB, B TOM
yucne Boaopoaa, M3 pacnnasa, Tak Kak KOnmM4ecTBO
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LMKIOB BakyyMupoBaHusi 40 Ha aTow nnaeke Gonblue
25 UMKIoB BakyymMmMpoBaHus ctanu nnaeku Ne 2. 31tn
OBa YNy4LEeHWs BaXHbIX TEXHOMOrMYECKMX hakTopoB
npoussoactea cranm 08T okasanu cylecTBeHHoe
BMUSIHUE HA MAaKPOCTPYKTYpYy JIMCTOBOrO mMpokara.
Tak, oceBas 30Ha nucta ctanu 08T nnaBku Ne 1
XapakTepuayeTcs NpakTUYeckn NofHbIM OTCYyTCTBUEM
0OCEBOW HECNIIOLWHOCTN U umeeT 6ornee OAHOPOAHYHO
M NMAOTHYKO CTPYKTYPY, YEM OCeBas 30Ha fmcTa cranm
08I'T nnaBku Ne 2.
MuKpocTpykTypy cTanu
wrnundax, NOArOTOBMEHHbIX W3 Npob NMCTOBOro
npokara. OueHky HB npownssoannmn B
cooTBeTCTBOBaHUU ¢ TpeboBaHuammn NOCTa 1778 Ha
HeTpaBneHHoM NMOBEPXHOCTU wnmcos nog,
MuKpockornom ,HeodoT” ¢ yBenuuennem B 100 pa3s ¢

08T wm3yyann Ha

n X 4 1-2 2018

LLKanamu. mMeTarnna

CrpykTypy
TpaBneHuem LWnndoB B

4 % cnupToBOM pacTBope as3OTHOW KUCMOThI.

onpeaensanu

BenuunHy  gencTtBuTenbHOro  3epHa  MeTanna
onpefensnu B COOTBETCTBUM C  TpeboBaHuAMUK
FOCTa 5639. CtpykTypa mccrnefoBaHHOrO Metanna
deppuTo-nepnnMTHaa ¢ BESIMYMHON OENCTBUTESNBHOIO
3epHa Ne 8 n Ne 9 Ha ctanu 08T nnaBku Ne 1 n Ne 7
m Ne 8 ana nnaBkn Ne 2. WccneposaHus
nokasbiBaoT, 4to Mmetann ctanu 08T nnaBku Ne 1
nmeeT Oonee NMNOTHYKO W OOHOPOOHYIO CTPYKTYpY,

yeM MeTann nnNaeBkM 2, YTo oObAcHAeTcH
opraHu3aumen Gonee 3P eKTMBHOIO
BakyymupoBaHus. B Tabn. 3 npeacrtaBneHsbl
BbISIBMNEHHbIE B nucrax cranu o8rT

HemMeTalim4yeckne BKITHOYEeHUA: Cyﬂb(*)l/lﬂbl, oKcuabl,

nocregywwmm  CpaBHEHVEM C  STaloHHLIMW  XPYMKMEe paspyLUEHHbIE CUMMKaTbl, HUTPUAbI TUTaHa.
Tabnuya 3
Hememarnnuyeckue 8koveHUs 8 iucme 8akyymuposgaHHot cmarnu 08T
HemeTtannunyeckue skntoveHusa no NOCT 1778
Cunukatbl xpyn- Hutpunabl
Ne nnaBku Cynbdnapl Okcunapbl ke TWTana

1,0 0,5 0,5 0,5

Ne 1 1,0 0,5 3,0 0.5

1.0 0,5 1,0 0,5

1,0 0,5 0,5 0,5

Ne 2 1.0 05 05 05

1,0 1,0 3,0 0,5

Cvnukatbl 5-ro u 3-ro 6anna, obHapyXeHHble B
nncTe BakyymupoBaHHoW ctanu mapku 08T nn. Ne 1,
npueeeHsbl Ha oTorpadmax puc. 3 ¢ yBenu4eHmem
B 100 pas. Ha puc. 4 nokasaHbl HATpUALI TUTaHa (0,5

6anna), BbISBIIEHHbIE B JNCTE BaKyyMUPOBaHHOM
ctanu 08T ToW e nnaeku ¢ yBenudeHvem B 100
pas.

“~..

R S g 3

x100 a)

gaKkyymuposaHHou cmanu 08T

MexaHu4yeckue ceonctea ctanu 08T onpegensanu
B nabopaTtopusax koMbuHata Ha obopyaoBaHMM U MO
MeToaMKaMm, CepTUULMPOBAHHBIM aBTOPUTETHBIMM
MeXayHapoaHbIMM KrnaccmmKaLMOHHbIMM
obwectBamMn, 4YTO MOATBEPXKOAET [OCTOBEPHOCTb
MOSyYeHHbIX  PEe3ynbTaToB. MpoYHOCTHBIE n
nnacTu4Hble CBOMCTBa BakyymupoBaHHon ctanm 08I T
npeacTaBneHsl B Tabnuue 4.
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x100 6)
Puc. 3. Cunukamesi 5-20 (a) u 3-20 (6) 6anna, 0bHapy>XeHHbIE 8

x100
Puc. 4. Humpudsl mumana (0,5
banna) e iucme 8aKyymMupo8aHHOU

cmanu 08T

M3 paHHbIX, NpuMBeAeHHbIX B Tabnuue 4, BMAHO,
41O " NPOYHOCTHbIE (ogoT) "
nnactuyHble (ay, DWTT, xonoaHbINH 3aru6) CBOWCTBA
COOTBETCTBYIOT TpeboBaHNAM HOpMaTW1BHOM
OOKyMeHTaumMnm Ha 31y cranb. OTmevaeTcs
3HaYUTENbHOE MpEBbILIEHNE MO OTHOLIEHUO K
TpeboBaHNsIM TEXHUYECKUX ycrnosum Kak

MPOYHOCTHBbIX, TaK N MNAaCTUYHbIX CBOWNCTB.
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Tabnuuya 4

Pe3yrnbmambl MexaHU4YeCcKux xapakmepucmuk cmanu 08I'T

MexaHunyeckne csoncTea npu
Ne nnaB- pacTsKeHUn
Hanpasne- o
KA, TonuwmHa Hue npokat- | [pegen Te- BpemeiHoe OTHocuTeneHoe XoriopHein
Mapka nicta - P Ky‘leﬂcma conpoTuene- yANMHEHME 3arnb
cTanu H /vt T | Hue I, 5. o
H/Mm 5 70
373 481 30,0
Monepeur. | 5g9 481 28,0
MPOaoNbH 358 471 34,0 Ynosn.
No 1 10 353 476 36,0
08I'1I' MonepeyH 363 476 300
) 363 476 33,0 V08BN
Mpomonen. | 363 471 33,0 AOBI.
) 353 471 32,0
Monepeu 353 451 33,0
Ne 2 10 ) 358 456 37,0 V10BN
08r'T Moononen. | 348 461 36,0 Ao
POROTNEH. | 53 461 35,5
HeEMeHee
TY 142813 -1 245 343 21,0
[poueHT BOMOKHUCTOW COCTaBnsto-
Ne nnaeku, Ton- Hanpag- yiijfﬂ BRSKOCTE Oy uﬁam B U3riome,
Mapka cTanu JL'ILlI/IMCHTaa Jl:llsgr:mm Hrdew DWTT, %
+20 | O -20 -40 -60 +20 0 -20 -40 -60
Tun | 259 | 258 | 249 | 221 179 100 100 100 60 35
224 | 265 | 219 | 226 235 100 100 100 55 40
Ne 1 1 Mpogonsw, | 247 | 255 | 284 1233 1214 100 100 100 55 35
08F:I' 198 | 160 | 222 | 195 181 100 100 100 90 55
Tun Il 176 | 193 | 177 | 216 155 100 100 95 90 25
- 181 | 267 | 218 14 100 100 95 80 25
Tun | 138 | 120 | 135 | 112 7,0 100 100 100 70 30
113 | 124 | 122 | 110 8,0 100 100 100 75 20
Ne 1, 10 Monepey 124 | 141 | 109 | 116 - 100 100 100 60 25
08I'T ’ 78 80 73 63 26 100 100 100 95 45
T Il 70 71 77 72 18 100 100 100 0 30
72 78 103 | 64 23 100 100 95 80 30
Tvn | 132 | 95 147 | 77 64 100 95 50 30 15
No 2 132 | 102 | 153 | 91 69 100 90 40 25 15
08FT, 10 Monepeu. 136 | 88 129 | 73 55 100 80 35 20 15
79 45 92 33 27 100 100 35 35 15
Tvn il 82 43 84 29 31 100 95 35 30 10
77 46 90 33 25 100 95 25 30 10
Tun | 21 233 | 269 | 220 189 100 100 100 100 95
No 2 220 | 230 | 250 | 272 218 100 100 100 95 90
08I"I,' 10 MpomombH 226 | 232 | 249 | 237 242 100 100 100 85 90
1183 | 200 | 218 | 181 175 100 100 100 90 90
Tvn Il 210 | 89 279 | 94 187 100 100 100 90 90
208 | 95 224 | 172 60 100 100 100 30 15
TY 14-1-2813 Ct1.08I'T He meHee 30
MpuMeHeHne TexHONOorMM BbIMNMABKUM CTanM B CYLLECTBEHHO  MOBLICUTb  KayecTBO  JIMCTOBOrO

bonbwerpysHbix 350 — TOHHbIX KOHBepTepax,
MCMONb3oBaHWe COBPEMEHHbIX METOOO0B KOBLUEBOM
06paboTkK, BKIHOYAKOLLEN BaKyyMUpPOBaHWE CTanu, u
nocneaywouwen pasnuekm Ha MHIN3 nossonuno

npokata crtanu ana SManmMpoBaHHbIX XUMUYECKUX
peakTopoB U1, B MNepByw o4Yepedb, MNOBEPXHOCTU
3aroToBOK, NpeaHa3HaYeHHbIX O45d SManmpoBaHUA.
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JIleopis i npaKmuKa Memarypeii

Cicapwvos €.M., Koumona /1.C., Yy6iH K.I. .
BIIJIMB ITIOKPUBHOI'O IIJIAKY HA IIEPEBIT' KOBHIOBOI

I[ECYJII)(I)YPAI_[Ii YABYHY
Sigarev E.N., Kochmola D.S., Chubin. K.IL

INFLUENCE SURFACE SLAG ON PERCOLATION REACTIONS
LADLE DESULFURATION CAST IRON

EgexkmusHicmb npouecy koswosgoi Oecyrnbpypauii nepepobHo20 4YagyHy eu3Ha’yaembCs, 8 OCHOBHOMY, MUMOMUMU
sumpamamu peazeHmis, cmyrneHem Oecynbypauii ma empamamu 3anida i3 Koponbkamu. [MpucymHit Ha rnogepxHi
po3riniasy MoKpUSHUL Wiak Cymmeso 8Mnueac Ha KiHuesi nokasHUKU ornepauii eudaneHHs cipku 3 YagyHy. [ouinbHum e
sukopucmanHsi Al y sikocmi nipucadku 0o 4asyHy neped Oecyrnbghypauieto Ons nidmpumaHHsi piOKopyxomocmi
MOKPUBHO20 WiiaKy ma nid8uuweHHs eheKmu8HOCMI BUKOPUCMAHHS MazHito.

Knroyosi crioea: AECYIIb®YPALIS, NOKPUBHWN LLJTAK, 3ATTIMEHA ®YPMA, MATHIV, CIPKA, IH)XKEKLIS, YABYH,

KiBLLI.

The efficiency the process ladle desulphurisation of pig iron is determined mainly by the unit costs of the reagents, the
degree of desulfurization and the losses of iron with the cores. The slag present on the surface the melt significantly
affects the final parameters the operation removing sulfur from the cast iron. It is expedient to use Al as an additive in
cast iron before desulfurization to maintain slag liquidity and to increase the efficiency of magnesium use.

Key words: desulfurization, slag, lance, magnesium, sulfur, injection, cast iron, mathematical model.

Key words. DESULFURIZATION, SLAG, SUBMERGED LANCE, MAGNESIUM, SULFUR, INJECTION, CAST IRON,

LADLE.

Betyn. EdektmBHiCTE  npouecy  KOBLUOBOI
aecynbdypadii nepepobHOro 4aByHy BU3HaAYaETbCH,
B OCHOBHOMY, MUTOMUMW BMUTpaTamMM peareHTiB,
cTyneHem pJecynbdypauii Ta BTpaTamu 3anisa i3
KOPOSibKaMUn Yy MOKPMBHOMY LUMAKy, SKUWA CKa4vytoTb
nicns obpobkum 3 noBepxHi po3nnaBy. 3a
KOIHXEKLiNHOK ~ TEeXHOMOorielo  BAYBaHHAM  CyMilLli
MOPOLLKOMOAIOHOro BanHa Ta MarHito 3abe3nevyeTbes
BMOAMNEHHS CipKM 3 YaByHY Ta yTpMMaHHS cynbdigiB y
06’eMi MOKPUBHOIO LUMAKy 3a YMOB [OCTaTHbLOI
TOBLUWHW LIapy OCTaHHboro. 3a gaHumu [1], Bxe npu
TOBLUMHI NokpmBHOTo wnaky y 90 mm (y 100 - TOHHOMY
KOBLUi), yBecb obcsr cynbgigiB, WO BUMHOCATBCA 3
BaHHW, MNOrMMHaeTbCA wnakoM. [lpu HegocTaTHIn
KinbkocTi  wnaky (20-40 MM) uUel  NOKasHWK
3meHwyetbea go 40-70 %, a npu 10 mm — manxe
yBecb 06CcAr 3'’€4HaHHb CipKM BUHOCUTLCHA 3 KOBLUY Y
aTtmocaepy.

MpucyTHIM Ha nOBepxHi po3nnasy MOKPUBHUI
lnak CcyTTeEBO BMMUBAE Ha KiHUEBI MNOKa3HWKU
onepauii BuOaneHHs Ccipkn 3 4aByHy. 3a yMOB
BiACyTHOCTIi abo MiHiMi3auii po3mipiB BigKpUTOI 30HU
Ha noBepxHi BaHHW (Tak 3BaHOrO «OKa»), Ha rpaHuui
«MeTan-wrak» Ta y ob'emi WNaky OTPUMYOTb
PO3BUTOK MacoobMiHHI npouecu Mk MgS;; Ta CaO i3
YTBOPEHHAM BinbLU CTiKoro cynbgigy Kanbuito. [Npu
HeoCTaTHIN TOBLUWHI MOKPMBHOIO LUaKy MOXIMBUM
€ PO3LUMPEHHA MIOLLi «OKa» 3 BUHECEHHSAM 3a MeXi
KOBLIY  MepeBaxHOl  vacTuHuM  cynbigis i3
rasonunoBnM MOTOKOM. YcknagHeHHs 3
HaOXOMXKEHHSM KUCHIO aTmocdepu [0 MNOBEPXHi
MeTaneBoro posnnasy 3a3Buya  3abesneuvyoTb
BMKOPUCTAHHSAM 3aXMCHMX KPULLOK Ha KOBLUi, y TOMY

uncni  3i CTBOPEHHSIM 3axMcHOI aTmocdepu nig
KPULLIKOIO 3a paxyHOK BAyBaHHS ra3onogibHoro asoTy
[2]. B Tom xe wuyac, nepeBaxHa OinbLlicTb
TEXHOMNOrMYHUX BapiaHTiB KiBLLOBOI Aecynbdypadii
nepenbavae BMKOPUCTAHHS KOBLUIB 3  BiAKPUTOMD
NMOBEPXHEK BaHHU MNif Yac BAYBaHHSA peareHTiB-
gecynbdypatopiB. Takum 4uHOM, Ha nepebir
npovecis gecynbdypalii Ta pecynbdypaLlii posnnasy
fOesnocepegHin  BNAMB  Mae  nnowa  «okay,
XapaKTepPUCTUKM MOKPUBHOTO LWSaky [3] Ta NOTYXHICTb
nepemilLyBaHHs BaHHU rasoBvmm abo
rasonopoLUKOBUMU CTPyMeHsMU [4, 5].

MNMocTaHoBKa 3aBAaHb. MpucyTHOCTI y
MOKPMBHOMY LINaky He MeHw Hix 20% CaO, 3a
AaHuMy [6] 4OCTaTHBO ANs 3B’A3yBaHHA CNMBaOYMX
[0 NoBepxHi BaHHW cynbdiaiB marrito. B Ton xe yac,
KiHUEBI NMOKasHMKN Aecyrnbypauii CyTTeEBO 3anexaTb
Bi4 3MiHM cknagy wnaky no xogy o6pobku 3i
3MilLeHHsIM cniBBigHOWEHHA Mk CaO-SiO,-AlL,O3 y
HanpsiMKy O 30H B SIKMX LIMaky Ginbll 4yTTEBi OO0
CaS.

Bigomo, Takox [7], LLO OKpeMi KOMMOHEHTU LUMaky
MOXYTb CMpUATU MNIOBULLEHHIO KiHLUEBUX MOKa3HWUKIB
decynbdypauiil 3a paxyHOK edeKTy «BUMUBAHHSA»
YTBOPEHUX B pes3ynbTaTti nepebiry peakuin 4acTok
MgS;; 3 pigkoro metany O MOKPWMBHOro Lwnaky. [o
Takmx MoxHa BigHectn (Al,O3) —  BHacnigok
YTBOPEHHS  PigKMX  LUNAKoModibHMX cuctem  Tuny
(xCa0-SiO,-Al,03-MgO) Ta BUHECEHHA cynbdigis 3
ummun pigkummn cpasamm. OkpiMm TOro, NiABULLEHHS Y
wnaky Bmicty AlbOs 3 5 % po 8 % npu3BoauTb A0
3HMXKEHHSA B’A3KOCTI OCTaHHbOro 3 9 o 5 n3 npu
1500°C Ta 3 15 g0 6 n3 — npu 1450 °C BignoBigHo, Lo

CirapboB €BreH MukonarioBuy — A.T.H., npodp. 3aB. kacdeapu AATY m.Kam’sHcbke,

Koumona Omutpo CepritoBud - acnipant OOTY
Yy6iH KocTaHTUH IBaHOBMY —K.T.H., gou. OOTY.
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cnpusie  NiOBULLEHHIO  PiOKOPYXOMOCTI  MOKPUBHOMO
WMaKy i3 3MEHLUEeHHSM BMICTY KOpOSbKiB 3aniza B
OCTaHHbOMY.

HaBegeHi o6cTaBuMHM HabyBakTb 0OCOGNIMBOro
3MICTYy 3 TOYKM 30py MOLUYKY LUASAXIB MOAAnbLIOro
3MEHLUEHHs1 MUTOMUX BUTpaT AecynbdypaTtopis, Y
TOMY 4Yuchi Ana pOpMyBaHHS LUSIAKOBOrO MOKPUBY i3
3aJaHMN BriacTUBOCTAMMU, 3MEHLLEHHS BTpaT 3anisa
3 KOpoSfibkamMy MNpyv  cKadyBaHHi  Lunaky nicns
Jecynbdypadii, a TakoX BpaxyBaHHA  3MiHU
MOBEPXHEBOrO HaTAry Ta B’A3KOCTi OCTaHHbOro Mpu
nigsuweHHi Bmicty CaO ta MgO no xogy onepadii.
[ocnimpkeHHsM  BNNUBY  LUMAKOBOrO MOKPOBY Ha

MOBEpPXHi BaHHW Ha napamMeTpy «oKa» Yy KOBLLUi
npucesiueHa poborTa [8].
Meta pocnigxeHHsi. AHania  OOUINbHOCTI

BMKOpUCTaHHA Al y IKOCTi Npucagku OO YaByHy nepen
aecynbypauieto ond MNigTPUMaHHS PigKOPYXOMOCTI
MOKPMBHOIO LWUMaKy Ta nigBuWeEeHHS edeKTUBHOCTI

{Mg} + [O] = MgOr;

1
Mg} +[S]=MgS.s; Ig Kp =lgo——
Mg

e He € OOCTaTHbOK YMOBOK OJ1A 3aBepLUeHHA

1
0,
g

pin W X 4 1-2 2018

BUKOPUCTaHHA MarHito. BuaHayeHHs BNN1BY TOBLUMHMW
LLSIAKOBOrO MOKPOBY Ha MOBEPXHi KOBLLOBOI BaHHU Ha
napamMeTpu BiOKPUTOI 30HU («OKa») Y KOBLUI B YMOBax
iHTeHcndikauii BOyBaHHA peareHTiB Yy BaHHy 3
BMKOPUCTaHHsIM 06epTOBOi 3arnubHoi doypmu.

PesynbtaTty pocnigxeHb. B ymoBax BayBaHHS y
noToui as3oTy MOPOLUKOMNOAIOHOI CyMmilli Ha OCHOBI
BanHa Ta MarHito [9] Brnnb6 posnnasy nepepoBHOro
YaByHY Y KOBLUi Y NOBEPXHi Ny3upiB MarHito abo noro
CyMilli i3 ra3oM-HOCIEM aKTUBHICTb KUCHIO (&o)
HabnwxeHa 0O PIBHOBAXHOI i3 NapoM MarHito. Y Ui
obnacTi CTBOPIOKTLCS YMOBU, K Bigpi3HATLCS Bif
BiNbLUOT YAaCTUHM KOBLLUOBOI BaHHMW.

B ToM e yac, TepMoanHamiuHO Ao3BoreHa (AGY =
- 32,678 kx/monb Ta AG® = - 129,44 k[x/Monb npwu
T, = 1623K pna peakuin (1) Ta (2) BignosigHO)
MOXIMBICTb NPOTiKaHHA peakui

=22754 /T-9,63 @

=95248 /T-3361 (2

as

Mpw B1aganeHi MgS,; Ha noBepxHi ny3upis (puc. 1),

aecynbypauii  posnnaBy 4YaByHy. (PospaxyHku ski cnnmBaloTb 00 rpaHuui  «Wwnak-metan», abo
TEPMOOMHAMIYHMX  BEINMYMH Yy YMHHIN  pobOTi  PYMHYOTbCA  Ha  rpaHuui  «MmeTan-atModepar
nposoavnu ona T, = 1623K). MOXIMBMM € YTBOPEHHSI TEepMOAMHAMIYHO OinbLu
cTiikmx (AG® = - 268,15 k[x/Monb) oKkcuaiB MarHito

MgS, +1{0,}=Mgo, +[s} 19K =71361T-7:85 3)

y TOMY 4mMCHi 32 paxyHOK MarHito, He3acBOEHOro Ha Cipky YaByHy (AG® = - 98,60 kx/Monb).
[Mg] +1/2{02} =M@Or;  Ig K, = Ig 1; =39716/7T-1121 (4)
Poz2 ® PMQ

Ak BBaxawTb aBTopy poboTu [10], nigBMWMTK YaByHy). Takuin NPUAOM  MNOBWMHEH  MO3UTUBHO

CTYNiHb BMKOPUCTAHHS MarHilo Ha CipKy MOXIIMBO 3a
paxyHOK BBOAy Y BaHHy antomiHito (0,2-0,3 «kr/T

BMNUHYTU Ha nepebir gecynbdypauii y BigNoOBIAHOCTI
3 MPURHSTOI Y YMHHIN poboTi cxemoro (puc. 1, 0O).

[O]

Puc. 1 Cxema chopmysaHHs ma riepemiujeHHs 0 KOpMO8Oi YacmuHU ny3upsi rnieok okcudie ma cynbghudie
MagzHito be3 (a) ma 3a yMo8 rpucymH{ocmi y po3ariagi po34uHeHo20 antoMiHito (6)

MpoaykTn B3aemogii peareHTiB 3a peakuiamu (1-
4), y surnagi nnisok MgS;; Ta MgO,; HakonuuyeTbca
Ha MnoBepxHi cnnuBal4Mx ny3upis. ligpoavHamiyHi
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YMOBM Yy BaHHi Npu  MMOMHHOMY  BAYBaHHI
ra3onopoLUKOBOI  CyMilli  AOnyckaloTb PYWHYBaHHS
nnieok MgS,; Ta MgO,; npu nynbcauisix Ta iHLWMX
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HecTabinNbHOCTAX MOBEpPXHi MNy3upiB MO Xody Moro
nignomy Ao rpaHuui «wrnak-metan». Yactkn MgS,; Ta
MgO+rg NepemilytoTbCs MOTOKaMM  po3nnaBy [0
KOPMOBOI YaCTMHM My3uMpiB, a ToboBa NOro NoBepxHsi
CTae reoMeTPUYHO PiBHOOOCSKHOI ANs peakuin (1, 2)
(puc. 1, a). 3a Takux obcCTaBuMH nonepeaHe

MgSTB +Ca0 =CaSy + MgOTB;

Ons peakuii (5) AG® = - 87,59 k[>k/MOnb.

JIleopis i npaKmuKa Memarypeii

NPUCaMXXeHHA  anioMiHilo Y [10] €
0BrpyHTOBaHMM 3aX040M.

Micns nepeTUHaHHS rpaHuUi «LWnak-MeTany», npu
koixkekuii CaO 3 Mg, nepexig cipkm y oGemi
noKpWBHOrO wWwraky Big MgS;; go CaS;; BigbyBaeTbcs
3a CXEMOHK

BaHHY

IgK, =21381/7-1,38 )

3 iHWoro BoKy, NpU HakonuyeHHi y nokpusHoMy Lwnaky (Al,O3z), Ha rpaHuLi «LnNak-mMeTan» MOXIVBUM €

PO3BUTOK peakLil

Mgs,, + 1210, }+(A1,0,)=(MgO- AL,O, ), +[S]: lgK =75906,0/T -4,42  (6)

YTBOPEHHA LWNiHeMNi 3 Hebes3nekow pPO3BUTKY
pecynbdypaLii, 0co6rMBO Npu BiACYTHOCTI aKTUBHOTO
CaO. Tak, BenuuuHa 3MmiHM eHeprii 66ca npu ans
peakuii (6) cknagae - 314,42 k[bx/mMonb, WO MeHLle,
Hik ana peakuumn (7) (AG° = - 268,15 kx/Monb), a
MM Oinblwe ans peakuii (5) BignosigHo. HaeepeHi
0CcobnMBOCTI, HAMEBHO, Crig NpuMMaTh 4O yBaru npu
BU3HAYEHHI WNAXiB  NO4anbLUOro  yAOCKOHASeHHA
KOIHXeKLiNHOI TexHonorii gecynbdypaLii YaByHy.

[Mg] + (FeO) = MgOy; + [Fe];

I[HTeHCcMBHe GapboTyBaHHSA po3nnasy
CNNMBalOYMMM  rasoBMMM  Ny3upsimn  3abesnevye
cTane OHOBMEHHHA NOBEPXHi pPo3diny «Lunak-meTany.
Mpu po3kpuTTi Ny3upiB, SKi HecyTb MgS;;, Y BepxHix
rOpM3oHTax  MOKPMBHOMO  lWMaky  36arayeHHs
ocTaHHboro (MgO), ctae MOXNMBUM, Y TOMY YmMCri 3a
paxyHOK B3aemoAil He3aCBOEHOrO0 BaHHOK MarHilo 3
oKkcuaamu 3anisa Lwnaky

lgK » = 65359 /T -9,95 @)

HeobxiaHo 0cobo BigMiTUTK, WO y 3aMKHYTIN cuctemi Al,Oz MOXe akTMBHO BCTynaTh y B3aemogito 3 MgO;,

MgO,, + ALO; = (MgO+ ALO;)  +2[All; IgK , =4544/T +3,43 (8)

0OMeXyoUi MOXIMBOCTI BiAHOBMEHHS MarHil0 pO34YMHEHWM arntoMiHieM. Takuii npouec TepMoaMHaMIYHO
003BONEHNN Npy TemnepaTypax suwe 1622K 3a peakuieto

4MgO,, + 2[Al]=3{Mg}+(MgO-AL,0;),.: IgK , = -101770 /T +62,73 ©)

Ta Buwe 1758K 3a peakuieto

3MgO,, +2[Al]=3{Mgj+ALO,,: IgK , =-109530 /T + 62,29

BiONOBIOHO.

(10)

Y ToW xe 4vac, npu HasgBHOCTI y cucteMi CaOyg, PO3HUMHEHUI antoOMIHIN Y NepLLy Yepry YTBOPHOE antomiHaTH

KanbLjto

3MgO,, +3Ca0,, + 2[Al]=3(Ca0 - ALO,)_+3{Mg}
3MgO,, +Ca0,, +2[Al]=(CaO-Al,0,) +3{Mg}

wo 3abesnevye HeobXigHy Aons
MacoobMiHHMX npoueciB (3, 5, 7) Ta nonepemXeHHs
PO3BUTKY «OKa» PigKOPYXOMICTb MOKPWMBHOIO LLNaKYy.
TemnepaTypa no4yaTtky CaMOBIfIbHOIO
peakuin (11 Ta 12) 1650K Ta 1680K BignosigHo.

nepebiry

(11)
12)
OkpiM TOro, nMpu YTBOPEHHI «OKa» Ha MOBEPXHi

BaHHM PO3LUMPIOETLCS 3HaYeHHs BNNUBY
aTMocdhepHoro kucHwo (peakuii 3, 4, 7, 16, 17) (puc.

nepebiry 2).
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3armGna  BUIKPHTA 30H2
dypma \|

MindazoBa A
TpaHuLs

MeTa/1eBHii
po3miaB

n X 4 1-2 2018

~

({03 {02}

(o,)i soj  MS, '.

Puc. 2 Cxema ymeopeHHs «oKax» Ha epaHuui «wrak-memarny» fpu iHxXeKkuii peazeHmie y nomoui 2a3y-Hocito
yepe3 corna 3a21ubHoi hypmu 82nub saHHU y Koswi y mexax | p.3 ma Il p.3., y 6epxHix 20pu3oHmMax 8aHHU
ma Ha epaHuusix «memarn (M) — wnak (LU)», «meman (M) — ammocgpepa (IN)»

PospaxyHkn napujianbHOro TUCKY KWUCHIO Ha
rpaHuui «Lnak-meTan» Ha BMICT CipKM Y YaByHI
BM3HaYEHWI i3 BUKOPUCTaHHAM Bupasy [11]

1
— 104-011[%C] .p /2 . 326480-35,94T
[ppmS]s = 10 Fo,s € ( 8,314T

)a3)

[oBoOsATb  OBEpHEHO  MpPOMOPUIHMIA  BMMB
TemnepaTypu Ha BMICT Cipkn y po3nnasi.

TakuMm u4mMHOM, nepebir Ta cymapHi pesynbraTtu
KOBLLOBOI AecynbgypaLlii BUSHAYOTLCH KIHETUYHUMMU
Ta TEPMOAMHAMIYHMMY OOMEXEHHAMM:

- yTBOpeHHAM cynbcuais MarHito (2) Ta
BMHECEHHS X CMNBAKYMMK NMy3npsiM1 A0 LUNaKy Ta 'y
rasoBy ¢asy (puc. 1);

- BUTPATOd YaCTWHM HE3aCBOEHOINO0 Ha Cipky
MarHito Ha rpaHuui «wnak-metann» (7);

- B3aeMopfieto cynbuaiB  MarHito Ha - Lnaxy
CNIMBaHHA Yy MeTarsi 3 pO3YMHEHUM KUCHEM
Mg S +[O]=MgO;+[S], (14)

Ha rpaHuLi «LWwnak-meTan» - 3 okcuaamu 3anisa
(puc. 2)

MgS,; + (FeO) = [FeS] + MgOr;

lgK p =14767 /T - 052 (15)

Ta KUCHEM OTOYYHOHYOro cepeaosuLLa (puc. 2)

MgSTB + 1/2{0}2 + [Fe] = [FeS] + MgOTB;
lgKp = 66409 /T-6,99, (16)

a 3a BigcyTHocTi, abo HeaoCTaTHIN  KiNbKOCTI

PiAKOPYXOMOrO MOKPWMBHOIO  LUNaKy, Ha rpaHuui
«meTan-atmocdepa» (puc. 2) 3a peakuieto

2MgS;; + 3{O}; = 2MgOy; + 2{SO,};

lgKp = 241255 ,48/T -37,02. a7
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3 TOYKM 30pYy HAKOMWYEHHS Ta YTPUMaHHS Y
MOKPVMBHOMY LUMAKy CynbduaiB MOXIMBUM € SK
3BOPOTHIN Mepexia cipkn y meTtan 3a peakuigmu (7,
14-17) Tak i 36aravyeHHs wnaky MgO 3 BignosigHUMM
3MiHAMW  B’A3KOCTI  Ta  MOBEPXHEBOro  HaTAry
OCTaHHbOTO.

3 meTol 3’'AcyBaHHA 0COONMBOCTEN POPMYBaHHS
«OKa» Ha MDK(a3oBiN rpaHuui  «LWwnak-meTan»,
YTOYHEHHS TiApora3oamMHamiYHNX ocobnmBOCTElN Npu
BUKOpUCTaHHIi 06epToBOI  3armuMbHOi  dypmyn  Ans
iHTEeHCu@ikaLji BOyBaHHA peareHTiB MPOBENN cepito
EeKCrnepuMeHTIB Ha XONOAHiIN moaeni
BEMUKOBaHTaXKHOIO 3anmBanbHOIO KOBLLY.

[nsi ekcnepuMeHTIB BUKOpUCTaHa MOZENb KOBLLUY 3
nnekcurnacy y macwrabi 1:12 no BigHOLWEHH A0
230-1 3anuBanbHoro koswy [1AT «[HiNpoBCbKUiA
MeTanypriiHui kombiHaTt» [12]. Y skocTi MogenbHoi
piogvHM AN MeTaneBoro po3nfaBy BUKOPMCTOBYBamM
BOAY (ZOOC), rasy-Hocito — KOMMpecopHe MOoBITps, a
ONsi  MOAENOBaHHSA Lapy MOKPUBHOMO LUMaKy —
CUHTETMYHE MOTOpHe Macno. MopenbHi ypmn 3i
3MIHHVMMW HAaKOHEYHWKaMW 3aHYPHOBanu B PiaKy BaHHY
mubnHoto 280 MM Ta LWIAPOM «LUSIAKy» Ha MOBEPXHi
ToBLWMHOMO Bifg 6-Tn Ao 30-Tn mm. OCHOBHI NapameTpu
006’ekTy Ta Mogeni HaBedeHi y Tabnunui 1.

Mpouec opMyBaHHSA «oKa» Ta
rigporasognHamivHi 0CobnMBOCTI NOBEAIHKM BaHHM MO
Xo4y BAyBaHHA rasy ikcyBanM 3a [JOMOMOroH

UMdpoBOi  Kamepu «CASIO EX-FH25» 3
BMKOPUCT@HHAM  BMCOKOLLBWAKICHOI  3MoMKku (240
kagp/cek). Bigeopsa posbuBanu Ha kagpu Ans

noganbLUIoro aHaniay.

Onsi BW3HAYeHHs1 CTYMEH BMMBY OCHOBHUX
napameTpiB npouecy 06pobkuM piakoi BaHHN Ha yMOBM
OpMyBaHHS ~ «OKa»  BUKOpPUCTaNM  METOAUKY
nnaHyBaHHs  eKkcnepumeHTy. [Ons  BpaxyBaHHSA
OOHOYaCHOro BMMMBY LUBUAOKOCTI 0BepTaHHA dypmu
(X1(n), 06/xBMnN.), TOBLUMHW LLIAPY MOKPUBHOTO LUMAKY
(X5(8), mm) Ta BuTpaTM rasy-Hocito (X3(Q), n/xsun.)
OyB peani3oBaHW MOBHWUIA (PAKTOPHUIA eKCrnepUMEHT
(tabn. 2). MNpoBenu cepii eKCNepMMEHTIB Y KOXXHOMY 3
rpaHUYHUX, MPUNHATMX Y BIONOBIOHOCTI [0 paHile
oTpumMaHux pesynbTaTiB  [12], rigpoAMHaMiYHKX
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pe)KMMiB npoayBKM BaHHU Ta JianasoHax LWBMAKOCTI

obepTtaHHsa dypmu: 0-90 ob/xsun.; 90-120 o6/xBun.

Ta 120-240 06/xBun. BiANoBiaHO.

JIleopis i npaKmuKa Memarypeii

Tabnuuys 1
lNapamempu 06’ekma ma mModesi 3anusanbH020 KOsWYy
Ne MapameTp O6’ekT Mogenb
1 Bucota po60o4oro npocTopy 3anmBanbHOro KOBLUY, M 4,65 0,358
2 [iameTp AOHHOT YacTnHM POBOYOro NpocTopy
3anvMBasibHOro KOBLUY, M 3,25 0,250
3 [liameTp BEPXHbLOI YaCTMHM POBOYOro NPOCTOPY 3anMBaribHOrO 375 0.290
KOBLUY, M
4 MunbuHa pigkoi BaHHU, M 3,20 0,280
5 ToBwwuHa Lapy MOKPUBHOTO LMaKy 0.10-0,50 0.006-0,030
Ha MOBEPXHi BaHHW, M
6 MnoLa Mikcpa3oBoi MOBEpXHi «LUNaK-MeTany, M° 11,03 0,066
7 B'siskicTb nokpusHoro wnaky, Ma‘c 0,11-0,40 0,53
8 MYCTUHA NOKPVBHOIO LLNaKy, Kr/m® 2600-3400 0,87
9 "MnbuHa 3aHypeHHsi 3arnMnbHOT PypMKY Y BaHHY, M 2,90 0,260
10 Tuck rasy-Hocito, MlMa 0,55-0,60 0,50-0,55
11 . 3 0,0003
Butpara rasy-Hocito, Mm“/c 0,017-0,033 -0,00068
XapaKTepucTunka HakoHeYHvKa 3arnnbHoT ypmu: 1-2 1-2
12 |- minbKicTb conen, LT. 0,012-0,020 |0,001-0,0013
- BHYTPILLHIV giameTp conna, M
13 |lBmakictb 06epTaHHA 3arnMbHoi doypMu, 00/XBUIT. 160-180 0-240
Tabnuysi 2
3HauyeHHs1 pakmopie Ha Hynb08OMY, BEPXHBOMY ma HUXHbOMY PIBHSIX, iHmepearnu eapitoeaHHs
. X1(n) - weMakicTb X5(0) - TOBWNHA wWa- X;3(Q) - BuTpaTa rasy-
IHTepBan BapitoBaHHS, py MOKPUBHOrO Luna- )
. obepTaHHA  yp- HoCIlo,
piBEHb KY,
MK, 06/xBuUn MM n/xsun
BepxHin piBeHb 240 30,0 2,2
HwkHin piBeHb 0 6,0 1,0
OCHOBHUN piBEHb 120 18,0 1,6
IHTepBan BapitoBaHHs 120 12,0 10,6
Y MOBHIM BIONOBIOHOCTI OO0 TEOPETMYHOro PO3MIpiB NPOMOPLINHO A0 LWBMAKOCTI 0bepTaHHS

OBrpyHTYBaHHSI BCTAHOBIEHI OCHOBHI 3afeXHOCTi MixX
OOBXMHOIO ra3oBOro CTpPyYMEHO Ha BUXoZj 3 conna Ta
NMoLe «oka» Ha MOBEpPXHi BaHHW. Tak, npu
HEe3MiHHIN BUTpaTi rasy 4yepes COMMO 3 MOYaTKOM
obepTaHHA ypMM [OBXMHA CTPYMEHEBOI [LiNsiHKM
3MEHLLYETbCA NPOMOPUINHO LWBUAKOCTI 06epTaHHa. B
TOW Xe Yac, §K BCTaAHOBNEHO i Yy nonepeaHix
pocnigxeHHax [12], npu obepTaHHi 3arnmMbHoOT ypmu
HaBkoso Bici Mobnu3dy 3pidy conna 3aBXau iCHye
obrnacTtb CTPYMUHHOI AinaHkK. MNpu o6epTaHHi dhypmun
eHepris BUTIKaOHoro i3 conna CTPyMeHs
BUTPAYaETbCsl TaKOX Ha MOJOMAHHSA Cun  onopy
PiAVHN NepPeMILLEeHHIO YTBOPEHOI ra3oBOi NMOPOXHUHN
no KONy Bi4MOBIAHO 3 HaMPAMKOM obepTaHHA conen
dypmu. B Takomy BUNaaKy BTOPMHHA peakuiinHa 30Ha
(puc. 2) npunmae copmy enincoiga 3i 36iNbLLIEHHSIM

dypMKM Ta XapaKTEPHUM BMNIIMBOM Ha MNSOLLY «OKa» Ha
rpaHuLi «LWfak-MeTany.

BcTaHoBneHo, L0 napamMeTpu BBOAY rasy-HocCito y
BaHHYy CYTTEBO BMMMBAKTb Ha BiAHOLUEHHS MSIOLLj
«OKa» [0 3aranbHOi NMowi BaHHW (Sgpgu), SKe
3MIHIOETLCSA HE TiMTbKU 32 BENTMUMHOLD, are i 3a 3HaKoM
(Tabn. 3).

Tak, Hanpuknag, MakcumarbHe 3HaYeHHS Sy, =
49,36 % 3abe3nevyyeTbcs NpY LIBMAOKOCTI 0bepTaHHA
dypmn  y 240 ob/xsun. npu  MiHiManbHIn (Y
OOCNiIKeHNX Aiana3oHax) TOBLMHI wapy wnaky (6
MM), @ MiHimaneHe Sy, = 6,03 % — npun 240 06/xBumn.
Ta TOoBWWMHI wnaky y 30 mm BignosigHo (puc. 3, 4).
ToGTO, 3MEHLUEHHSA KifIbKOCTi MOKPMBHOMO  LUMAKy
npu3BoanTb A0 36inbLUeHHs pPo3MipiB «oka» OBinbLu
HiX y 8 paasis.
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Tabnuysa 3
Pesynbmamu ekcriepumeHmig 3 8U3HaYeHHs1 8IO0HOCHOI rriowi «oka», % y OOCIOKEHUX epaHUYHUX
OianasoHax weudkocmi obepmaHHs hypmu

Ne gocn. So-90, S90-120s S120-240,

3rigHO nnaHy % % %
EKCIePUMEHTY 1 2 1 2 1 2

1 26,30 | 28,14 | 29,50 | 26,75 | 28,10 | 27,65
2 25,0 31,9 25,0 31,90 | 25,0 31,9
3 46,38 | 45,80 | 45,2 50,60 | 49,36 | 51,20
4 39,06 | 52,40 | 39,06 | 52,40 | 39,06 | 52,40
5 13,55 | 12,20 | 9,9 14,38 | 6,03 16,07
6 17,84 | 12,18 | 17,84 | 12,18 | 17,84 | 12,18
7 17,84 | 25,80 | 11,01 | 25,87 | 31,88 | 13,40
8 20,48 | 10,45 | 20,48 | 10,45 | 20,48 | 10,45

Tym i Ha pucyHKy 4: 1 — «oKo»; 2 — cmeobyp 3a2nubHoi hypmu; 3 — wap wnaky
a— Q=1,0 n/xeun.; n=120 o6/xsurn.; 6 — Q=1,0 n/xeun; n=240 o6/xsur.;
8 — Q=2,2 n/xeun.; n=120 ob/xeun.; 2 — Q=2,2 n/xe; n=240 ob/xsur.;
Puc. 3 lNosepxHsi 8aHHU ripu 8uKopucmaHHi 00Ho- (A) ma dsocorniogoeo (b) HakoOHeYHUKa 3a2/IubHOT
ypmu, nepemiHHUX sumpamax 2a3y-Hocito (Q) ma mosuwuHi MOKPUBHO20 wWiriaKky 6 Mm

Puc. 4 NosepxHsa saHHU rfpu 8ukopucmaHHi 00HO- (A) ma deocoriniogoeo (b) HakoHeYHUKa 3aenubHoT
ypmu, nepemiHHux sumpamax 2asy-Hocito (Q) ma moswjuHi nokpueHozo wiaky 30 Mm

HeobxigHO BIAMITUTKM, WO BNAMB TOBLUMHM LIAPY MiHIMAnbHOro Sy, = 13,55% (90 06/xsun. npu 30 Mm
MOKPUBHOIO LUMAKy Ta LWBUAKOCTI 0bepTaHHa hypmu 'y  wnaky), cknagae Bxe 3,4 1a 4,5 gna gianasoHy 90-
aianazoHax 0-90 Tta 90-120 06/xBun. meHwWw cytTeBmin. 120 06/xBWn. BiANOBIAHO.

Tak, BiAHOLUEHHSA MaKCMMarbHOro PO3Mipy «OKa» Sgigy Ona  3armubHOi  cbypmm 3 OOHOCOMNIOBUM
= 46,38 % (90 o6/xBun. npu 6 MM LWNaky) A0 HAKOHEYHVWKOM OTPMMaHi HaCTynHi  MaTeMaTUyHi
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Moeni ANnst BU3HaYeHHs (Sgip), % (MO BiAHOLLEHHIO J0 ONsi fianasoHy WBMaKocTi obepTaHHsa dpypmmn 0-90
3aranbHoI NMoLi MOBEPXHi BaHHW): ob/xBun.

Sei=3,14—0,1237 'n +0,2927 "5+ 17,954 ' Q + 0,0007 ' n ' 6+0,1'n Q-
0,45 Q-0,0015n56Q (18)

Ons gianasoHy weuakocTi obepTaHHs dpypmun 120-240 o6/xBun.

Seign= 3,294 +0,0855 'n +0,2825 5 + 17,818 ' Q- 0,006 n 5-0,0167 n Q-
-0,3918'6 ' Q —-0,002'n' 5 Q (19)

BignosigHi maTemaTtnyHi Mogeni ons 4BOCONMOBOI 3arnnbHoi doypmMmn MaroTb BUMNSA;
Ons gianasoHy WBMakocTi obepTaHHsa doypmum 0-90 o6/xBun.

Sein= - 29,568 + 0,4577 'n +0,8438 5+ 39,584 Q—0,01388 'n 5—-0,2447 'n" & -
—-0,7715 6 'Q +0,0068 ' n &' Q (20)

Ons gianasoHy weuakocTi o6epTaHHs pypmun 120-240 o6/xBun.

Seign = - 29,569 + 0,0216 'n + 0,8438 "5 + 39,587 " Q + 0,00072 'n "5 —
-0,0106 ' n Q -0,7718 5 Q +0,00056 'n &5 Q (21)

Ona Bu3HA4YeHHA  CTAaTUCTUYHOI  3aNEeXHOCTI aJeKBaTHICTb OTPUMAaHMX MoAEeNen Ta MOXIUBICTb X
KoeqillieHTIB perpecii pos3paxyBanu X [OBipuYMA  BUKOPUCTAHHS AN NOLLYKY HANPSIMKIB 4O ONTUMYMY.
iHTepsan. [licna ouiHKM 3HauMMOCTi KoedilieHTiB Ha 6as3i wmatematuyHux Mopenen BUKOHAHO
perpecii NpoBOAWMM MEpeBipKy rinoTesan LWoAo AOCHMKEHHA 3MiHW  Syp,, % Yy 3anexHocTi Bif
afeKkBaTHOCTIi OTPMMaHMX PIiBHSAHb 3a KpUTEpieEM LUBMAOKOCTI obepTaHHA bypMM, TOBLLUMHWU MOKPUBHOMO
Qiwepa (F- kpitepiem). OCTaHHIN MEHWWA HXK  LWNaky Ta BATPAT rasy-HoCilo y BCiX dianasoHax 3miHu
TabnuyHe moro 3HaYeHHs, o poBoantb  hbakTopiB BMMMBY. PesynbTatu YMCENbHOro

MOZENOBaHHA HaBeEeHi Ha PUCYHKY 5.

6)
u52-54 e
F 52 °
m47-52 II_ _I_',' v
- 42
w4247 - 37
32
u37-42 - 07
w3237 |/ : 5
ol 45 5
27-32 f “ L\g
o 90
6 1015 5 -
hy,, Mm =30

r

Puc. 5 lNosepxHs gid2yKy, WO xapakmepu3ye 3anexHicmb Sgjs,, % 86i0 weudkocmi obepmaHHs ¢pypmu (05151

Oiana3oHy 0-90 o06/xsus.) npu sumpamax aa3y-Hocito (Q) = 1 n/xeun (a) ma 2,2 n/xeun (6) 0ns1 o0Ho- (a, 8)
ma 0soconsoeoi (6, 2) cbypmu 8idrnosiOHO
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HeobxigHo BigMITUT BCTAHOBMNEHY HEOOQHO3HAYHY
3anexHiCTb pO3MipiB «OKa», L0 YTBOPIHETLCS Ha
NnoBepxHi BaHHW Bif NapameTpiB BAyBaHHS rasy Ta
LWBMAKOCTI obepTaHHA ypmun. Tak, y gianasoni 0-90
00/xBuN. Ha po3Mipu «oka» OinbluMiA BNIVMB Mae
BUTpaTa rasy-Hocito, nNpy noAanblloMy MiABULLEHHI
0b6eptiB 0o 120 06/xBUN. BNAVB BUTPATU rady-HOCIO
MalKe PiBHOLIHHWIA 3i LWBMAKICTIO obepTaHHA dypmu,
a y pgianasoHi 120-240 o6/xBun. HanmbinbLl
BM3HayanbHUMK  akTopamuM CTaloTb  LUBUAKICTb
obepTaHHA Ta TOBLUMHA LWapy LUMaKy Ha MOBEPXHI
BaHHM.

Mpn 36iNblieHHi TOBLMHM MOKPMBHOMO  LUMAKY,
BMTPaTM rasy-HOCiA Ta LIBMAKOCTI obepTaHHSA
3arnMbHoOi hypMM reOMETPUYHI NapamMeTpu «oKay» Ha
MOBEpPXHi BaHHW 3MIHIOKTLCA  pPi3HOHaNpPaBneHo.
MigBnweHHsa Butpat rasy 3 1,0 go 2,2 n/xeun. ans
O[HOCOMSOBOI (hypMM BUKIMKAE 3MEHLLEHHST MMOLLi
«OKa» npu BIAMNOBIOHOMY 3pOCTaHHI  LUBUAKOCTI
obepTaHHA ypMM Ta TOBLUMHM MOKPUBHOIO LLFAKY.
30inblleHHa  wBMAKoCTi obepTaHHa dypMyu  npu
BUTpaTax rasy 2,2 n/Xxsun. npu3BoAuMTb [0
MPOMNOpPUINHOIO  30iMbLUEHHST MNIOLWi  «OKa»  Mpu
He3Ha4HiM KifbKOCTi LWnaky, a no xody HakoMU4eHHSs
Wnaky — OO0 3MEHLUEHHS BigMOBIAHOMO MOKa3HMKa.
Ona aoBoconnoBoi oypMu NpW MiHIManbHIN KinbKOCTi

lWnaky Ha MOBEpPXHi BaHHW  PO3MIpU  «OKay
NPOMNOpUiVHI  WBMAKOCTI obepTaHHs dypMu, a npu
30inbLUEHHI TOBLLMHN NMOKPWUBHOIO Lwnaky
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crocTepiraeTbCa TEHOEHUIA [0 3MEHLUEHHSA NnoLLi
«OKa».

BucHoBku. MigTBepoxeHa OOUINbHICTb
nonepeaHboro nNpUcamKeHHs arnoMiHilo Yy  YaByH
nepes BOYBaHHSAM peareHTiB i3 3abe3nedyeHHsIM

cTabinbHOCTi  Ta  NiOBMLLEHHAM  ePEeKTUBHOCTI
BUKOPUCTAHHA MarHito Ha CipKy, nigTpMMaHHsMm
PiAKOPYXOMOCTi NMOKPUBHOIO Lunaky. 3
BMKOPUCTaHHAM METOAVKM nnaHyBaHHs
eKCNepuMEeHTY OTpuMaHi MaTemaTtudHi mopeni And
onuMcy 3B'A3Ky MK napameTpamm  KOBLLOBOTIO
padiHyBaHHA  4YaByHy (BUTpaTamMu  rasy-HoCito,
KINbKOCTI  COMen Yy HaKOHEYHWKY Ta  LIBWMOKOCTI
obepTaHHA 3arnMOHOI  ypMM, TOBLUMHM  LIapy

MOKPMBHOTO LUMaKy) Ta yMOBaMy YTBOPEHHS BiAKPUTOT
30HU («oka») Ha rpaHuu; «wrak-metan».
BcraHoBneHa HeogHO3Ha4Ha 3anexHicTb
reoOMeTPUYHUX MapameTpiB «OKa» Bi4 OOCHIAKEHNX
dakTtopie  BnmBY. [lpu  30iMblUEHHI  TOBLUWHMK
MOKPMBHOTO LUIAKy MO XOAy BAYBaHHA peareHTis,
3MiHax BUTPaTU rasy-HOCis Ta LUBMOKOCTI 0bepTaHHS
3arnuMbHoi dhypMu reoMeTpuYHi napameTpu «okay» Ha
NoBEPXHi BaHHM 3MIHIOKOTLCA  Pi3HOHAMNpPaBsieHo.
MokazaHo, Wo Ana 3abesneyeHHs HaneXHUX yMOB
iHTeHcudpikauil KOBLLIOBOI AecynbdypaLii YaByHy npu
BAYBaHHI AMCNEpProBaHUX peareHTiB y MOToLi rasy-
HOCito Yepe3 obepToBy 3arnnbHy dypmMy HeobXiaHUM
€ MIATPMMaHHA MakCMMarnbHO MOXIMBOI TOBLUUHM Ta
PiOKOPYXOMOro CTaHy MOKPMBHOTO LLUMAKy Ha NpPOTASi
BCbOro Nepioay BAyBaHHS peareHTiB y po3nnas.
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MIPOMETAJIYPI'THAHI IPOLIECU NEPEPOBKU BTOPUHHOI

PYROMETALLURGICAL RECYCLING PROCESS SECONDARY

CHUPOBHUHU MIAI

Chervony L F.

COPPER RAW MATERIAL

AHomauyiss. B pobomi po3ansidarombcsi nipomemanypeiliHi npoyecu nepepobku 8MmopuHHOI MiOHOI CUPOBUHU - 802He8e
ma nna3amose memoOu pagiHysaHHs. HasedeHo mexHomnoziyHi nputiomu nepepobku 6mMOPUHHOI CUPOBUHU Ornis
802HEe8020 pachiHysaHHsI ma Maa3moeoeo pacghiHysaHHs. [lidkpecnoembcsi nocidosHicms onepauiti nid2omosku
wuxmu 3 Mmemoro 3abeanedeHHs1 Halibinbwoi skocmi KiHyesoz2o npodykmy. BcmaHoeneHo, wo peakuyii 3 amomapHum
KUCHEeM Maromb MeHwe 3Ha4eHHs1 nomenujany [i66ca, Hix peakuii 3 MonekynspHUM KucHeM. Lle doseornse gidmimumu,
wo peakuii OOMIWOK 3 amoMapHUM KUCHeM rpomikamumyms 3 6inbworo akmueHicmio i 3abeanedyromb 6inbuw
eghekmusHe paghiHysaHHs1 8MOPUHHOI CUPOBUHU.

Kmroyoei csoea: wMmiOb, cuposuHa, 6MmMOpuHHa CUPOBUHA, padhiHy8aHHsl, B02He8e pahiHyeaHHs, MIa3Mose
pacbiHysaHHsI, peakuisi, wuxma, KUCeHb, amoMapHUUl KUCEHb, MOMEKYNSPHIl KUCeHb, OOMIlKa, akmugsHicmb.

Abstract. Pyrometallurgical processes of processing of secondary copper raw materials - fire and plasma methods of
refining are considered in this work. Technological methods of recycling of secondary raw materials for fire refining and
plasma refinement are presented. The following is a sequence of batch preparation operations to ensure the highest
quality of the final product. It has been established that reactions with atomic oxygen have less significance of the Gibbs
potential than reactions with molecular oxygen. This allows us to note that reaction of impurities with atomic oxygen will
occur with more activity and provide more efficient refining of secondary raw materials.

Key words: copper, raw materials, secondary raw materials, refining, fire refining, plasma refining, reaction, charge,
oxygen, atomic oxygen, molecular oxygen, impurity, activity.

BeTyn

Migb, 3aBasikn CBOIM B1IaCTUBOCTAM -
TENMONPOBIOHICTb, EMEKTPONPOBIAHICTb, KOBKICTb i
TAryya, 3HaWWna  LWIMPOKE  3aCTOCYBaHHS B
npomMmncroBocTi. Poanogin cnoxuBaHHa Migi  no

ranyssix npuBeaeHui Ha pucyHky [1-3].

Ipyroe 16 % Crpoiimarepuaist 16 %

Bentimu 3 %

Tpancropr 3 %\\
%\[>

DnexrpoHuKa 5

HNuxenepus 6 %— 'J
TenexommyHnKanuu 8 %—"

—

Astoctpoenue 12 %

Puc. CrioxusaHHs1 Midi 1o 2as1y35X MPoMUci080cMmi

[1]

BupobHMUTBO Migi 3acHoBaHe Ha 00pobui migb
BMWUCHUWX pya i BTOPUHHOI CUPOBMHM - FIOMM i BiaxoaiB
nepepooku Mmiai.

BignoeigHo oo paHux [4-6] B 2015 poui ceiToBe
BMPOBHMLTBO MeTaneBoi Midi cknano 23 MiH. T, 3
sakoro 18,6 MnH. T. BMpOGNEeHO nipoMeTanyprinH1um
MeToAoM i 4,4 MIH. T - rigpomeTanyprintiim MeToaoM
3a TEXHOMOTIE «PiAVMHHA eKCTpaKLis — eneKkTponisy»
(solvent extraction - electrowinning (SX-EW

Onepreruka 15 %

—DnekrpoTexuuka 8 %

D

- Koumuunonepst 8 %

technology). 3 18,6 mnH. T. 3aranbHoro o6cary
nipomeTanyprivHoro  BupobHuytBa 3,6 MIH. T.
(15,6%) wmigi BupobneHo nepepobKo BTOPUHHOI
MiQHOI cMpoBUHK. Y cBiTOBOMY 06CA3i BUpOBHMLTBA

npubnusHo 85 % meTanesin Migi BMpobNsETHCA
nipomeTanyprivHum meTogom [7].

MeTa i 3aBAaHHsA gocnigXxeHHs

PosrnanyTu i3MKO-XiMiYHi 0COBNMBOCTI
nipomeTanypriiHoro padiHyBaHHs BTOPUHHOT MigHOT
CYPOBMHM  Ta  BU3HAYNTM  OCHOBHI  HaMNpsMKu
CTBOPEHHA  TEXHOSOMYHOrO Mpouecy 3 MeTo
nigBuLLEHHs  e(eKTUBHOCTI  nepepobkn  BUXiOHOI
CVPOBUHM.

MeToau Ta pe3ynbTaTti focnigkeHb

BorHeBe pacpiHyBaHHs1. TexHomnoris BOrHeBOro
padiHyBaHHA Migi [8-9] Ha nepwun nnaH BuUCyBae
NMUTaHHSA iCTOTHOrO MigBULLIEHHS KoediujieHTa
po3noAiny WKAMMBMX AOMILLOK MK  LUMAKOBOK i
MeTaneBow (asamn, a TakKoX LUIaKoBOMY i
TeMnepaTypHoMy pexumax nnaesku. [pu LboMy, siK

BXe HarosoLlyBarocs BULLIE, npobnema
3arocTproBanacs HeobXiaHicTio 3abe3neyeHHs
HaOHM3bKOTO  BMICTY  LIKIONMBUX  AOMILIOK  Npun

MiHIMarbHO MOXITMBUX BTpaTax Miai.

Ona oTpumaHHsa padiiHoBaHOI Mifi 3aCTOCOBYIOTh
Pi3HOMaHITHY BTOPUHHY MigHY CMPOBMHY. BMIiCT migi y
BTOPUHHIN CUPOBUHI KONMBAETLCSA B LUMPOKUX MEXax
—Big 8 0o 88 %. Mpu upboMy cknag BTOPUHHOI MigHOT
CYPOBMHU TaKOX Ayxe pisHoMaHiTHUIA. Hanpuknag,

YepBoHuit IBaH PenopoBuy — A.7.H., Npod. 3anopisbka AepXkaBHa iHkeHepHa akageMisi, M. 3anopixoks
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CTPpYyXKa MICTUTb MexaHiyHi JOMILLKWN 3ani3a, okcuais
KPEMHIl0, arntoMiHito, SIKi HaKOMMYylTbCA B Hi npu
MeXaHiYHin obpobui, 30opi i 30epiraHHi. MigHa
CTpykka Moxe Mictutm go 10 % 3emnuctoro
3acMideHHst | 4o 15 % ctanesux npucagok.

KpynHuii BpyxT npeacrasneHnii BignpalboBaHNMU

aBTOMOGINBHUMW | TPaKTOPHMMK  paiaTopamu,
KopabenbHUMU rBUHTaMN, TennoobMiHHMKamu,
pisHuMn  Tpybammn. BiH  3acMideHMn  YOPHUMM

meTanamm o 50 %, a OpyxT TennoobmiHHOro
yCcTaTkyBaHHA - Hakunom (kapboHatamu meTanis).
Bioxoan kabenbHOi npoaykuii: HenogineHi Biapisku
kabento B MonimMepHin, rymosin, 6aBOBHSHIN i3onsuii,
cTanesil, CBMHUEBIN abo antoMiHieBin OPOHI MOXYTb
MaTh 3acMiveHiCTb nanepom, GiTyMoM, NONiMepPHOLO i
6aBoBHsHOW i3onsuieto oo 15...60 %, rymoBowo
isonsuieto oo 20...45 %, 3anizom ao 18...30 %.

3aBaHTaXeHHA  BiACOPTOBAHOI  CUPOBWMHU MO
rpynax OpyxTy 34iMCHIOETBCA B PO3’EMHI kopobu, 3
AkMX OpyxT 6e3 3acToCyBaHHSA Py4YHWUX onepadin
nepeBaHTaXyeTbCs B KOHTEMHep 3aBarntoBasibHOI
MawwuHW. Bucokuii piBeHb MexaHisauii [o3Bonse
3abesneunMT N4  BOrHEBOro padiiHyBaHHA  Migj
COpPTOBAHOK LUMXTOK B 4060OBOMY poboyvoMy UuKni, a
TaKOX NoTpedu Lexy nUTTA cnnaeie i Migj nig npokar i
npecyBaHHs1.

Micna 3aBaHTaXXeHHA OCTaHHbLOI MOPUi  LUIMXTU
MOYMHaETbCS Nepiod nrasneHHs. MeTta yporo nepiogy
- OTpMMaHHea pigkoro posnnaesy Midi, 3agaHoi
OKWUCIEHOCTI i TeMnepaTtypu. 3 Ljieto METOK po3niiaB
npoayBalTb CTUCHEHUM MOBITPAM Yepe3 ypMu, ki
BBOOATLCA HUXYE PIBHA MeTany B nedi, napanernsHo
KOHTPOSOKYM CKNag MeTany i TemnepaTypy.

Mpouec OKMCIHOBarbHOro padiHyBaHHS
3OINCHIOETBLCA  MPOLYBaHHAM poO3nfaBy MOBITPAM
nicna posnnaeneHHs metany go 1100 °C. [Mpum
KOHTaKTi KMCHIO i po3nnasy BigbyBaeTbCs iHTEHCUBHE
OKMCIEHHs OinbLlUOCTi AOMILIOK, WO MOCTynawTb B
po3nnaB 3 BTOPMHHOK CUPOBMHOW. TepmoanHamiyHa
OuiHKa B3aemofii Midi 3 KUCHEeM MokKasye, LWo
yTBOpeHHA 3akmucy wmigi  (Cu,O) npumHsaTHIWe,
MOPIBHSAHO 3 YTBOPEHHSAM okucny Migb (CuO).

2Cu+0,,,, =2CuO, AG=-30187+0,1669T
4Cu+0, . = 2Cu,0, AG=-337,01+0,1448T .
3aknc Migi, €9k Ginblw peakuinHe 3'eOHaHHS,

3abesneyvye iHTEHCUBHE nepeBefeHHs [AOMILLIOK Y
BUrNS4i OKCUAIB B LLMAKOBUA CTaH.

[na ckopoveHHs TpuBanocTi nnaeBkuM B Xodi
3aBafieHHs | NnaBMneHHss 3acTOCOBYKOTb HACTYMHI
TEXHOMOriYHI NPUNOMMU:

IIMXTY 3aBaHTAXYIOTh B M4 3 pO3irpiro0 1o
temrrepatypu 900...1000 °C ¢dyrepiBkoro;

IHTEHCH(IKYIOTh ~ TepioJ]  IUIaBJCHHSA  HUISIXOM
MOEAHAHHS  TIOCTIHHOTO  TPOAYBaHHI 00’emMy  Tmedi
CTHCHYTHM TIOBITPSM 1 MiATUTABJICHHS MITHOI IIUXTH B
TIPOIIECi 3aBaHTAKEHHSI KICHEBUM HaJIbHUKOM;

MPOBOJATh NEPIOJMYHNI KOHTPOJIb OKHCIEHOCTI 1
TeMIepaTypHy B Tiedi 3 METOI0 3a0e3MeueHHs ONTUMAIHHOTO

JIleopis i npaKmuKa Memarypeii

CTYINEHsl OKHCJIGHHS JOMIIIOK 1 3anoOiraHHs IeperpiBy
MeTalny TTicIs 3aBCPUICHHS TJIABJICHHS.

Mpn wuUbOMY TpuBaniCTb NNaBMIEHHS CKMNagae
4,5...5,0 roguHW. |[HTEHCUBHE OKUCMEHHSA MeTaneBux
OOMILLOK B Mepiof NMaBfiEHHA CYNPOBOAKYETLCH
BUOINEHHSM 3HAYHOI KiNbKOCTI Tenna, Lo [A03BOonse
ckopotut Ha 3,0...3,5 roguHn TpuBaniCTb MOBHOIO
po3nnaeneHHs OpyxTy kinbkicTio 120 TOHH NO
YMCTOMY MeTany.

3aBOsKN OKUCMEHHIO Migi B nepiod naBfieHHS,
MOBHICTIO OKWUCNUAMUCA €enemMeHTM 3 MiaBULLEHO
XiMiYHOK cnopigHeHicTio 4o kucHio (Al, Si), a Taki
eremMeHTH, K LIMHK, XPOM i 3ani3o okucnmnmcs BinbLu,
HiX Ha 50 %.

Mepwa cTagia padgiHyBaHHA po3nnasy Midi
LUNAKOBUMM  CyMilLaMKW  BKMOYAE  PO3PIMKEHHS i
po36aBneHHsA NEPBMHHOIO LUMaKy 3 METOH 3HUKEHHS
aKTMBHOCTI MPOAYKTIB peaKUii OKUCMEHHS LIKIgNmMBUX
JOMILLIOK.

odntoc, no ckragy SKOro BXOANTb
rekcameTogpocgart HaTpito, BBOASATbL 4O po3nsaBy 3a
A0MOMOroK NHEBMOKaMEPHOrO HAacoca i Ha NOBEPXHIO
MeTany 3anexHo Big YMOB pacdpiHyBaHHSA Yy
cniBeBigHOWeEHHI Bia 1:2 oo 3:4 BignoeigHO. Y xoaj
NPOMMUCIIOBUX EKCMEPUMEHTIB BCTAHOBMEHO, O B
npoueci padiHyBaHHA BaXnvBe 3HA4YeHHA Mac
piBHOMIpPHMIA po3nogin cnocy No NoBepxHi MeTany.
TpuBanictb  nepiogy  006pobku  dontocom,  4ac
BUOANEHHs | MOBHOTA BMAAMNEHHS LUMNAaKy >XOPCTKO
pernameHToBaHi TOMy L0 HEBMKOHAHHA  LMX
HOpMaTMBIB Befle [0 3HWKEHHS KiHLIEBMX pe3ynbTaTiB
npoLecy.

Butpata dniocy BU3HayaeTbCs 3anexHo Bif
NnoYaTKOBOI KOHLUEHTpaLii CBUHLIO B po3nnasi Midi i
ckrnagae Big 8 go 17 kr/T. OnTumanbHi napameTpu
pobotn dcntocy BM3HAYEHi B XoAi MNPOMMCIIOBMX
BMNPOBYBaHb i BUpaxaroTbcs B cTabinizauii BennyunHm
OKUCNEHOCTI | TeMnepaTtypu posnnasy Migi. B nepiog
06po6KM pekoMEHAOBAHO NiATPMMYBATU: BMICT KMCHIO
Bia 0,25 go 0,35 %; TemnepaTypy po3nnasy Big 1090
0o 1110 °C.

Mepea nodatkoM MpeumsinHoro pacdiHyBaHHS
MiZHOrO pOo3nnaBy KOHLEHTpaLia KOXHOI 3 [OMILIOK
He nepeBuwye 0,0400 %. OyeBuOHO, WO B yMOBax
HaA3BUYaANHO HU3bKOI KOHLEHTpaLi JOMILLOK Oyxe
BaXMMBE  TOYHE  OOTPMMAHHA  TEXHOJSOMYHUX
napamMeTpiB MnaBkW. Haibinbla KoHUeHTpauis B
MiZHOMY po3nnasi Ha Ui cTagil nnaeBkM - Takux
JOMILLIOK, SIK CBMHELb, HiKenlb Ta ONoOBO CKlagae
BianosigHo go 0,0400 %, oo 0,030 % Ta oo 0,0250 %.

Opyra cragia padiHyBaHHA po3nnasy  Migi
LIMaKoBMMM CyMillaMW BKIHOMae BBeAeHHS doniocy,
[0 cknagy skoro BxoauTb docdig Mmigi. Butpata
dniocy BU3HAYAETbLCA 3anexHo Big NOYaTKOBOI
KOHLIEHTpaUil CBMHLIO Ta Hikento B po3nnasi Migj i
cknapae Big 20 go 47 kr/T.

O6pobka posnnaBy Migi drnocoM, OO cKnagy
SKOro BxoauTb hocpig migi, [o3sonde chopmyBaTu
Kncnuin pagiHyBaneHUA LWnak Ha ocHoBi P,0s, akui,
BCTYMawuM B XiMiYHY B3aEMOAil0 3 npodyKramu
OKMCIEHHS (OCHOBHMMM OKCuAamu), OO3BOMSE Pi3KO
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36iNbWMTK  CTyNiHb padpiHyBaHHA MeTany. [licna
BMOANEHHS CBMHUK OO HOPMOBAHUX 3HA4eHb
amdoTepHe pacdpiHyBaHHSA TpuBae, nNpu  LbOMY
KOHTPOSib  AKOCTi  pachiHyBaHHA MNPOBOAMTLCA MO
Hikero.

Tpeta cTagis padiHyBaHHA posnnasBy  Migi
LUAaKOBUMM CyMillamMKn BKSHOYMAE BBEOEHHA QontoCy,
0O cCcknagy 4€Koro BXOoAuTb kapboHaT — KanbLito.
Butpata dntocy BU3HAYaETbCA  3anexHo  Big
noYaTKoBOl KOHLIeHTpaLii cypMu B po3nnasi Migi i
cknagae an 150 po 155 «kr/t. OntumanbHi
napameTpy poboTu cnocy Bu3HA4YeHi B Xofi
NMPOMMCIOBUX BUNPOBYBaHb i NpeacTaBneHi HxkYe:

« okucneHictb migi Big 0,40 go 0,50 % KucHiwo B
meTani;

* Temnepartypa posnnasy Mmigi (1120 go 1130 °C).

O6pobka posnnaBy Migi dnocoMm, [0 cknagy
SIKOr0  BXOAWUTb KanbLMT, [03BONSE CcdopMyBaTu
OCHOBHMI pacpiHyBanbHMIN LUNAK Ha OCHOBI OKcuAy
Kanbuito. BcTtynatoum B xiMiyHYy B3aemogjio 3
NpoayKTamMyn OKWUCMEHHS (KUCIMMK  OKcuaamu), BiH
003BONSAE pi3ko  36inNbWNUTU  CTYNiHb  padiHyBaHHS
MeTarny Big 0ONoBa, CypMu, MUW’'AKY i cipku. [pu
LbOMY 3a paxyHok po3baBneHHs nosiTps CO,, sike
YTBOPHETLCSA npv pO3KragaHHi KanbuuTy,
OKUCNOBarnbHUA  MNOTeHUian rasy niaTpUMyeTbcA
HapiBHi, LLIO CNPUSE BO3IOHL CypMU.

Mpn HeobXigHOCTI rMMbworo padiHyBaHHSA Bifg
HiKento, Noro BUAANEHHS 30iMCHIOTb MiJ OCHOBHUM
¢rocoM, Hanpuknag, Ha OCHOBI  MarHito  npwu
Temnepatypi 1150...1170 °C. Y pgaHomy npuknagi
BMICT  Hikenio  wnaxom  padiHytoyoi  06pobkm
mMarHesiiHum cntocom Oyno 3HwkeHo 3 0,0159 go
0,0110%.

BigHoOBREHHA po3nnaBy 34INCHIOETBCS 3a paxXyHOK
npoAyBaHHs pigkoi Mmigi npupogHum rasom. [lepepn
noyaTtkoM npOAyBaHHS 3  MOBEPXHi  po3nnaBy
peTenbHO BUAANsAOTb LUMAaK TOMY, WO B MNPOLEC
BIOHOBMNEHHS, OKpPiM  Midi, BIOHOBMATLCA  TaKOX
MeTanesi OOMiWKW, €Ki Yy BUMSA4i  OKCUAiB
3HaxXo4dATbCA B LUNaKy, WO MOXe MpuMBECTU A0
MOBTOPHOTO HEKOHTPONbOBAHOTO 3abpyAHEHHSA Migi
AoMiwkamu. Ticng 3HATTS Wwaky niv repMeTusyioThb i
NnoYMHalTb NogaBaTy NPUPOAHMA ra3 B doypMu, SKi
3aHypeHi B MeTan. KucHeBun nanbHWK BUMUKaOThb, a
OCHOBHUW NanuBHWMA ManbM Mpauioe 3 Hegonanom,
CTyMiHb SKOrO KOHTPOSIOETBCA rasoaHanizatopomM

GesnepepBHOi  Aii. HagmipHmn  Tnck B newi
niaTpumyoTh LLFISIXOM Y3rogXXeHHs poboTu
anmococa.

BigHOBMEHHA  CynpOBOMAXYETLCA  MOrMAMHaHHAM
Tenna, TOMY OKpPiM BMICTY KWUCHIO HeoOXigHW

KOHTpOnb Temnepatypu posnnasy. [lig BAnueom
BMCOKOI  TemnepaTypwu BinOyBaeTbCA niponis
BYrMeBOAHIB, B OCHOBHOMY MeTaHy, NpOAyKTU SIKOro,
BOAEHb i BYrfeub, PO3KUCIIONTL Migb. a3, wo He
npopearyBaB, BUOINSETbLCS 3 PO3nfaBy i 3ropae B
poboyoMy NpoCTOopi Nevi, Ao0AAaTKOBO 3abe3neyyoum B
Hil CTBOPEHHS BigHOBNOKYOI aTMocdepu. [poaykTu
peakuii - [BOOKCWA BYrneuw i BogdHa napa -
crnpusitoTb Jerasauii posnnasy. Mpouec
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PO3KUCIIIOBAHHA MIQHOro po3nnasy TpvBae GnmM3bko
TPbOX rOAWH, BHACAILOK YOro BMICT KUCHIO B MeTani
3HMxyeTbes 3 0,250 go 0,015%.

Onepauii  npeumsinHoro  padiHyBaHHA  Migi
003BONATL 30iNbLUMTY CTYNEHi padiHyBaHHA Migi Big
UMHKY, 3anisa, onoea i cBuHUO 3 85...95 % nicns
3aKiHYeHHA nepLuoi ctagil padiHyBaHHA Mig NiYHUM
wnakom o 98...100 %, a cipku, cypmu i Hikerno 3
44...58 0o 79...90 % BignosigHo.

Micna 3akiHyeHHA padiiHyBaHHA MNOYMHAETLCS
BUMYCK MeTany no >onobax B TPbOX MOXIMBMUX
HanpsiMax:

y MiKcep NMBapHO-NPOKaTHOI NiHii BUPOGHMLTBA
MiOHOI KaTaHKu;

y Mikcepu ABOX NUBAPHUX MaLUMH BEPTUKASNBLHOIO
HaniBbe3nepepBHOrO JUTTA MMAOCKMX Ta  KPYrnmx
3NUBKIB Mifi;

y KOBLUM AN1S1 TPAHCMOPTYBAHHS B NIMBAPHUIA LEX i
BiANMBaHHA 3MMBKIB MigHWX cnnaeiB nig npokaT i
NpecyBaHHs.

Ha konobax Begetbcs nosaniyHa obpobka
posnnasy Migi. Y xodi Bunycky Migi no >xonobax
nigTpyumytoTe  cTabinbHi  NapameTpyu  po3nnaey.
PerynioBaHHs TexXHOMOM4YHUX MapameTpiB po3nnasBy
Migi no3a nivy4o Yepes HU3bKY iHEPTHICTb BUKOHAHHI
onepaLiv 4O3BOJISIE NNABHO PEryroBaTh BMICT KUCHIO
(3 TouWicio £ 0...100 ppT) | nigTpUMmysaTU
TeMnepatypy y By3bknx mexax (x 1...10 °C) B xogai
GesnepepBHOr0  pPoO3nNuMBaHHA, Ans  3abe3neveHHsi
OTPUMaHHS 3MMBKIB BMCOKOI SIKOCTI AN noganbLuoro
nepeginy.

PerynioBaHHs1 Temnepartypu posnnasy i
KOHLIEHTpaUil KMCHIO 3AINCHIOETLCS 3a MeXamu nedi
3a [JOMNOMOTrO) BMOHTOBAHMX B KpULILi 3aKpUTOro
neperiMBHOroO »osioba rasonoBiTPAHMX NaribHUKIB, 3a
paxyHOK 3MiHM X NOTYXHOCTi Ta CNiBBiOHOLUEHHS ras-
NoBITPS.

MpomncnoBa npeumsiiHa TEXHOMNOr BOFHEBOro
pacbiHyBaHHS Mifj, SKa CKNagaeTbCsl 3 HACTYMHUX
nepioais:

MIATOTOBKA MIHUX OPYXTY 1 BIIXOIIB JI0 TJIABKH;

3aBaHTAKEHHA MigHUX OpyXTy 1 BiOXOXiB JIO
IUIABUIIBHOTO arpeiaTy;

TUTABJICHHA IINXTOBUX MaTepialiB;

pacdiHyBaHHS PO3IUIaBy Mifl IiJ MEPBHHHAM IIIAKOM
CyMilllaMH, IO MICTATh TekcameTodocdar HaTpiro;

mperm3iiHe paiHyBaHHS Mili B TPU HOCIITOBHI CTAi1
i3 3aCTOCYBaHHSM JUI NUIAKOYTBOpeHHs: (ocdiny Mini
(CuPy); kanbiury (CaCOgz); maruesuty (MgO);

PO3KHCITIOBAHHS PO3ILIaBy Mii;

BUITYCK IIJITaBKH.

BkaszaHa Bulle NOCNIAOBHICTb TEXHOMOM4YHUX
onepaui i HaBegeHi napameTpu padpiHyBaHHSA
3abe3neyvyoTb OTPUMAHHSA Midi HEOOXiAHOI YMCTOTU 3
BUCOKUMW  MOKa3HWMKaMM  enekTpOnpoBiAHOCTI i
TennonposigHocTi. MNpu uboMy cepedHsa TpuBanicTb
npouecy padiHyBaHHA 3a BKa3aHMM CNoOcoOoM
cknagae 17 rogvH, 3 Akux 7 roavH TpuBae 3aBarieHH4,
NMNaBneHHs1 LUMXTU i BUAANEHHS NEPBUHHOTO LUMAKY i
10 roguH - 6e3nocepeHbO caM MPoLeC NPeLunsinHoro
pacpiHyBaHHS i BIQHOBMNEHHS.
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Mnasma - ue
YyeTBEPTUN arperaTHUA CTaH pPevYoBWHWM ChigOM 3a

NMnasmoBe padiHyBaHHS.
TBEPAMM , pigkum i rasonogibHum Mna3moto
BBa)XXalOTb CyMiLLl €MIEKTPOHIB Ta iOHIB , sika MoXe ByTu
(a B GinbLIOCTI BMNAgKiB Le came Tak) pos3nogineHa
BCEPeaVHi rasy 3 HewTparbHUX YacTUHOK. B uinomy

nnasmMa B CTabiNbHOMY CTaHi MOBWHHA OyTK
HenTpansHo.
Y wMeTanyprii MoBa unge Hacamnepeg npo

HM3bKOTEMMEPATYPHY Mnasmy, TobTo cucTemy, LO
CKMafaeTbCsl 3 CyMilWli HEenTpanbHUX YacTok 3
NnepeBaXKartoyo KINbKICTHO E€MNEKTPOHIB i MNO3NTUBHUX
iOHIB | Mae TemnepaTypu NopsaKy 10°...10" K. MosHa
BBaXaTu , WO TemnepaTypa MOBHICTIO iOHI30BaHOI
nnasmu craHoBuTb 10°K [10].

[Ona meTanypriiHux uinen nnasmy OTpMMYOTb 3a
OOMOMOTOK ENEKTPUYHOIO po3psifly Mk gBoma abo
Ginblle enekTpogamy 3 BUKOPUCTAHHAM MOCTIHOMO
abo 3MiHHOro cTpymy , a iHogdi 3a [JOMoMOrow
pO3psAiB Yy BMCOKOYACTOTHOMY €NEeKTPUYHOMY MOrii.
CyTHiCTb ioHi3aUii B po3psagi nonsirae y BUHUKHEHHI
€MeKTPOHHUX  NaBWH, sKe HOCUTb  XapakTtep
NaHLIOroBOI peakuii

TexHonoriyHi npouecu pacdpiHyBaHHA crnaBiB 3a
XapakTepucTukamm B3aEMOZiHUMX 3 PO3MiaBoM
cepefoBuvL, MOXHa 3BeCTU [0 00pobku meTany
rasamuv , TBEpAMMM i pigkumu peareHTamm (pritocom).
TepmMoamMHaMiyHMI aHani3 BigNoBigHMX ABOdA3HNX
CUCTEM  CBigYMTb MPO  MOXIMBICTL  NMOOKOro
padiHyBaHHA po3nnasy Bif HEMETaNeBMX BKNOYEHb i
gomiwok. OpgHak y MNpOMUCIIOBMX YMOBaxX Taka
MOXIMBICTb He 3aBXau peanisyeTbces. Lle nos'sasaHo 3
Pi3HMW CKNaoM CnnaBy i KOHUEHTpaUieo JOMILLOK Y
HbOMY , CMOCOBGOM i Mexamu iX BuAAnNEHHsa |,
HaWronoBHille, 3  TUMYacOBOK  ODMEXEHICTHO
npoueciB 00pobkn Yepe3 3HWKEHHS TemnepaTypu
po3nnaBy. YCYHyTU Liel Hedonik go3sonsie obpobka
po3nnagiB 3 BWKOPMUCTAHHAM MIa3MOBOro Harpisy
SAKUA ePEeKTVBHO MOXE 3aCTOCOBYBATMCS MPAKTUYHO
npu BCix cnocobax obpobku crnasis.

Mpouecn BIAHOBHOIMO B3aeMofji pi3HMX MaTe -
pianie B meTtanyprii BigbyBalTbCs, SK MpaBuno, B
piakomy i TBepAOMY CTaHi i nule AesKi , MeTOK SKUX
€ OTpUMaHHA OCOOMMBO YUCTUX PEYOBUH - B
rasonogioHomMy. ®Pisnko-xiMiyHi npouecn B ra3osin
dasi BigOyBatoTLCA 3HAYHO IHTEHCUBHILLE, NpoTe And
GaraTbOX MarepianiB JOCAIMU rasonofibHoro craHy
BEMbMW CKPYTHO Yepes3 HU3bKUIA napLianbHOro TUCKY
napu. BunapoByBaHHA Oyab-siKMx MatepianiB MoXHa
30iACHMTK 3a SONOMOrOK MMasMOBOro CTPYMEHS, npu
TemMnepaTypi SKOi NiABULLYIOTLCA LUBUAKOCTI XiMiYHMX
peakuin i ¢asoBux nepeTBopeHb. Yac npoTikaHHA
CTPYMMHHOIO Nia3mMoBOro MpPOLECy, WO BKYae B
cebe Taki cTagji, K po3nogin peareHTiB B CTPyMEHI,
HarpiBaHHS | BMNApOBYBaHHA 1X, XiMiYHY peakuito,
CcopOUjiHi  Npouecn Npu  OXONOMXKEHHi, CTaHOBUTb
0,01...0,1 c. T[Mpu BMKOpPUCTaHHI ra3onodibHux
peareHTiB, [On8 AKX  BUKOYAETbCA  CcTagid
BMMApOBYBaHHsI, 3a3HaYeHuin npouec BiobyBaeTbCA
OinbLU iHTEHCUBHO.

JIleopis i npaKmuKa Memarypeii

[Ona npuckopeHHs MeTanypriiHux peakuii B
pigkoMy MeTarni npOroHyeTbcsl 0bpobnaTn  noro

o6epToBMMKM  NNA3MOBMMM  MPUCTPOsiMU.  Taki
KOHCTPYKLUii  3abe3nevyoTb  Kpawly crabinisauito
nnasmoBol  AyrM i [O3BOMSAKTb  IHTEHCUMBHO

nepemMillyBaTim po3nnaB 3a pPaxyHOK ApobreHHs
ra3oBuX CTPYMEHIB.

HesBaxatouM Ha pi3HOMaHITTA 3anponoHOBaHUX
crocobiB i MnasMoBMX MPUCTPOIB AN  MUOMHHOI
00pobKM MeTaneBMX po3NnaBiB, BOHW He 3HaWLIMNu
NMPOMMCIIOBOrO 3aCTOCYBaHHS i 3anULIUINCA Ha PiBHI
BMHaxXOL)B. Lle  nosicCHETbCS  HeQoCTaTHLOK
BMBYEHICTIO NPOLIECiB B3aeMOfii nnasmopeareHTHUX
cepepoBul, 3 po3nfnaBOM, BIACYTHICTIO HaLiHOro
obnagHaHHA Ons OCBOEHHS TEXHOIONiA  FMUOUHHOI
06pobku cnnasiB NMasmoro, MOLYKOM pauioHarnbHUX
TEXHIYHMX PilLEHb LLOAO iX BUKOPUCTAHHSI.

Y  TexHomoriYyHMx  npouecax  BUpPOBHMLUTBA
MeTanonpoayKuii LUMPOKO 3acTocoBYeTbCA 0Opobka
cnnaeiB rasoBumy CTpymeHsamu. Mawoum B npuHUmni
iOEHTUYHUIA XapaKTep B3aEMOAil 3 po3nyaBoM, ras3osi
CTPYMEHI MaloTb CBOIMU OCOBMMBOCTSIMUI, 3aNeXHUMU
B cnocoby iX BBeOEHHS B MeTas, arperaTHoro
CTaHy, TemnepaTypu Ta iH. Le BigHocuTbCS,
FONMOBHUM YMHOM, 4O NPUKOPAOHHOIMO LWApy, B SKOMY
NpOTiKalTb OCHOBHI  hi3nKo-XiMiYHI  npouecn npwu
B3aeMofii CTpyMeHs 3 pigkum meTtanom. CTyniHb
OpobOneHHs1 CTpyMeHs B  poO3nnasi, BenuMyvHa
Mixkdpa3HOI MOBEPXHi, LWIBWAKOCTI PyXy CTPYMEHS i
MeTany, IHTEHCUBHICTb MepeMilllyBaHHA BaHHU B
LinomMy BU3Ha4yaloTb KiIHETUKY BMAANEHHSA OOMILLOK 3
cnnasi..

[Mna3moBi CTpPyMeEHS € BMCOKOTEMMEpPaTypHUMM
woao neperpisy pigkoro metany. ®akTMYHO BOHM
ABMNSOTb COOOK0 MOTIK HU3bKOTEMMEPATYPHOI Nnasmm
3 Manum CcTyneHeMm ioHisauii rady. [lo cBoin
KOHCTPYKLUii MpUKkaTogHa 30Ha NnasMoTpoHa nobivHol
Jii HabnuxaeTbca OO BiAOMOI B rasoaMHamili moaeni
TEnsoBoro conna.

TemnepaTypa noBepxHi po3diny cepenoBuL
pobuTb ICTOTHWI BMNAUB Ha MPOLIECU MaconepeHocy B
po3nnaBi, Big SKMX 3anexuTb edpeKkTUBHICTL 00pobKM
cnnaeiB. [lpu HagxomKeHHi B  pigkMi  meTan
3aHYpPEHUN MfasMoBUMA CTPYMiHb ApobUTbCS  Ha
OynbbaluKkn BUCOKOTEMMNEPATYPHOro rasy. 3anexHo
B, TemnepaTypu rasoBoi OGynbballku pos3nnae Ha
MOro MNOBEPXHi HarpiBaeTbCs, | MOXNMBO WNOro

BUMNapOBYBaHHS.

[onoBHa nepeBara MnasMoBMX  TEXHOSOrIN
pacbiHyBaHHsi CnnaBsiB, B MOPIBHAHHI 3 BiAOMUMMU,
06yMOBIIEHO MO>XIMBICTIO NoeaHaHHSA

nepemilllyBaHHsi BaHHN BUCOKOTEMMEPATYPHUM rasom
3 perynbOBaHWM HarpiBaHHAM posnnasy (3anexuvTb
Bi ENeKTPUYHOI MOTYXXHOCTI NrasMoTpoHa) npu
006pobui. 3HayHU Neperpis cnnaBiB B peakLinHiln 30Hi
n1asMoBOro CTPYMEHS B MNpoLUecCi nepemillyBaHHSA
CrpuUsie  pyMHYBaHHIO  MIKPOrpynipoBOK B HUX i
NPUCKOPIOE Mepexig po3nsasy B OOAHOPIOHUA CTaH, B
MOPIBHSIHHI i3 3BMYalHO TEPMO4YacoBOK 06POOKOI0.
I3 36inbLUEHHAM MOTY>XHOCTI NNasMOTPOHa Maca
KOMTMOHEHTIB, SIKi BMMApPOBYKTbCA 3a 4ac 06pobkM
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CnnaBy TakoX 3pocTae. [lapu KOMMOHEHTIB crnasy,
O YTBOPWINCS YacCTKOBO HagxogdTb B a3oBi
OynbbaLlLky | pa3oM 3 HUMW BUHOCSITBCS 3 peaKLiiHOI
30HM CTPYMEHS B NepudpepiriHuin o6'em BaHHU. PelwiTa
napy  HagxogdaTb Yy  po3nnaB i MMTTEBO
OXONOAXYITbCA A0 MOr0  CepefHbO0  MacoBol
TemnepaTypu («KOHOEHCYIOTBCAN). BHacnigok
ApobneHHs rasoBux MixypiB abo 3nuTTa ix B BinbLu
BENuKi napu MeTaniB 3 HUX TakKoX HagxoadtTb B
po3nnas i oxonoaxyTbcs. [py oxonoaxeHHi napis B
po3nnaBi yTBOPKKTLCA YACTUHKM «KOHAEHcaTy» i
Mikpoob'emu, AKi 3anexHo Bif poamipiB
iHTEHCUIKYIOTb MpoLeC 3apOoaKOYTBOPEHHSA B CNNaBi

i, nNomibHO OKCUAOHUM  BKIKOYEHHSIM,  CMPUSIIOTb
BWHUKHEHHIO OynbOalloK BOAHIO. YTBOPEHi B MPOLECI
OXONOOKEHHS napis MikpooO'emun MOXYTb
nepebyeBatM B po3nfaBi AesKAA 4Yac Yy BuUIMsAgi
KnacTepiB 3 BEIMKOK KifTbKiCTIO aKTUBOBaHWX aTOMIB.
Mpu koHOeHcauil napy KOMMOHEHTIB BUAINAETbHCA
Tennota ¢as3oBOro nepexogy, ska 30inbllye 4vac
iCHyBaHHS1 aKTMBOBaHMX aTOMIB B MIKpOrpynmnipoBKax.
Taki 3miHM B OyOoBi po3nnaey, WO BigOyBatoTbCA Npu
MUOWHHOI  0Opobui  NNasmMoBMM  CTPYMEHEM,
BMMMBAOTb Ha CTPYKTYpy Ta  XapaKTepUCTUKM
MiLLHOCTi BUITUBKM .

Tabnuysl

Pesynbmamu po3paxyHKy eenuduHuU 3MiHuU nomeHuiany [66ca npu sukopucmaHHi MOMeKynspHO20 i

amomMapHO20 KUCHIO

Peakuis i BenuumMHa 3miHm n0TeH|.|,iany l66ca (Ix/monb) KoecpiLlieHT niamiieHHs
NPy BUKOPUCTAHHI .
eeKTMBHOCTI
MOJEKYJNAPHOro KUCHKO ATOMapHOro KUCHKO
2Al+1,50, — Al,O, 2A1+30 — AlLO, i
AG =313,33T -1675687,67 AG =488,63T —2423202,33 '
Si+0, —»SIiO, Si+20—SiO, 15
AG =182,02T —910940 AG = 298,89T —1409280 '
2As+150, —» As,O, 2As+30 — As,O, 0
AG =270,44T — 656890 AG =445,74T —1404400 '
25b+1,50, — Sh,0O, 2Sb+30 — Sh,0, 04
AG =266,31T — 715460 AG=441,6T -1462970 ;
S+0, - SO, S+20-S0,
AG =-11,11T — 296900 AG =105,75T — 795240 2.1
Zn+0,50, —» Zn0O Zn+0—ZnO
AG =100,64T — 348110 AG =159,07T — 597280 1.8
Cu,S+0, — 2Cu+S0, Cu,S+20 — 2Cu+S0, o
AG=11,607T — 376396 AG =128,47T —874736 ’
Fe+0,50, —» FeO Fe+0O— FeO
AG =68,92T — 264850 AG =127,35T — 514020 2,0
Pb +0,502 — PbO Pb+0O — PbO
AG =101,22T — 219280 AG =159,65T — 468450 2,9
2Bi+1,50, — Bi,0, 2Bi+30 = Bi,0, ia
AG =269,9T —570700 AG =445,19T -1318210 '
Se+0, — SeO, Se+20 — SeO,
AG =-17,365T —126777 AG =99,493T — 625115 3.3
Te+0, - TeO, Te+20=TeO,
AG =180,48T — 325420 AG =297,34T —-823760 4.8
2Ag+0,50, —> Ag,0 2Ag+0— Ag,0 .2
AG =66,64T —31150 AG =125,07T — 280320 -
2Au+150, —» Au,0, 2Au +30 — Au,0, 2
AG =276,36T —3300 AG =451,65T — 750810 +

MpumiTka: D

2

aTOMapHOro KUCHHO.
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KoediuieHT kopucHoi gii (KK) ycTtaHOBOK, B AKMX
NNaBKy Pi3HUX CNNaB.iB 3AINCHIOITbL MOBEPXHEBOI
nNNasmMoBOK  OYyrow, 3anexutb Big  MNOTY>XHOCTI
nnasMoTpoHa, €MHOCTI NNaBuNbLHOT BaHHW,
KOHCTPYKTUBHMX OCOBMMBOCTEN arperary.

TepmoamHaMivyHa OLUiHKa B3aemofjii JOMILLOK
3 KkucHem Yy posnnasi Migi 6yno nposegeHo 3
ypaxyBaHHsM 3MiHM i306apHoro noteHujiany i66ey B
yMOBax BMNNMBY  HU3bKOTEMMEPATYpHOI  Nrasmu.
PospaxyHok 3miHu noTeHuiany [66cy nposoaunu ans
Temnepatyp Big 1100 go 1300 K 3 BMKOpUCTaHHAM
nporpamn on line FactSage. [Ona awHanidy
posarnaganucs JOMILLKM, AKi Han4vacrTille
3ycTpivaloTbCcsl Npu  nepepobui Migi 3 BTOPUHHOI
CUPOBUHKU. Pes3ynbTatv po3paxyHKiB HaBeOeHO Yy
Tabnuui.l

JIleopis i npaKmuKa Memarypeii

BucHoBku

bynv  po3rnaHyTM  nipoMeTanyprinHi - npouecu
nepepobkn BTOPWMHHOI MiOHOI CUPOBMHM - BOTHEBE Ta
nnasmose  Metoan  padpiHyBaHHSA. HaeepeHo
TEXHOMOrYHI  NpuiioMKM  Nepepobkn  BTOPUHHOI
CYPOBMHM  ANA  BOMHEBOro  padpiHyBaHHA  Ta
naasmMoBOro padiHyBaHHS. MigkpecntoeTbes
NocnigoBHICTb onepauini nigroToBKA LUMXTU 3 METOH
3abe3neyeHHs HanbinbLWOi  AKOCTI KiHLLEBOrO
NPOAYKTY.

BcTaHoBneHo, WO peakuii 3 aTOMapHUM KUCHEM
MalTb MeEHLUe 3HayeHHs noTeHuiany [i66ca, Hix
peakuii 3 MonekynspHum kucHem. Lle rosopuTe npo
Te, WO peakuil AOMIWOK 3 aTOMapHUM KUCHEM
npoTikaTUMyTb 3 GinbLuoto aKTUBHICTIO i
3abesnevyoTb  Ginblw  edekTuBHE  padiiHyBaHHSA
BTOPUHHOI CUPOBUHMN.
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HaniBNPOAYKTY
KOHBEPTEPHUI

YK 669.84.244.66

Yepnssmeeuy A.I'., Moa1uanos J1.C., Dukeguy I1.0., Bakyav4yyk B.B.

IUTAHHS TEOPII I IPAKTUKHU HNIABUINEHHA
E®PEKTUBHOCTI KOMBIHOBAHOI ITPO1YBKH

KOHBEPTEPHOI BAHHU
Chernyatevich A.G., Molchanov L.S., Yushkevich P.0., Vakulchuk V.V.

THE EFFICIENCY OF COMBINED BLOWING OF A
CONVERTER BATH

BuknadeHi numaHHs meopii i npakmuku po3pobKu i yOOCKOHaneHHs 8im4u3sHsHOI mexHorsoeii kombiHogaHOI MpodyeKu
KOHBEPMEPHOI 8aHHU KUCHeM 38epxy ma HelmpalrbHUM repeMillylo4yuM 2a30M (a3om, apa2oH) 4yepe3 OHuuje.
BanporioHogaHa Hoga mexHosoz2iss KoMbiHO8aHOI MPOOY8KU KOHBEPMEpPHOi 8aHHU 3 rodayero 8 poboyull npocmip
agpeeamy PISHOIMMY/IbCHUX CMPYMEHI8 KUCHIO | HelmpanbHO20 ea3y 4epe3 eepxHio bazamosipycHy cypmy i
HelimparbHo20 2a3y Yyepe3 OOHHI Oymmb0o8i mpucmpoi.

Knro4oei crioea: kucHesuli KoHeepmep, KombiHosaHa npodyeka, mpusipycHa gypma, eucokomemrepamypHe mModerio-
8aHHS1, MEXHIKO-€KOHOMIYHUU NMoKa3HUK

The development and improvement issues of the theory and practice of domestic technology of converter bath com-
bined blowing by the oxygen through the top and neutral gas stirring (nitrogen, argon) through the bottom have been
exposed. The new technology of the converter bath combined blowing with the introduction into the workspace of the
unit of the different impulse jets of oxygen and neutral gas through the upper many-level lance and neutral gas through
the bottom blowing was proposed.

Based on the data of high-temperature modeling of the converter bath blowing, a developed methodology for calculating
the main design parameters and the experience of developing industrial design of multi-level lances, a three-level lanc-
es of the new design and the combined oxygen and neutral gas blowing of bath in BOF of 160 t capacity are developed
for industrial implementation. The practical implementation of the presented solutions will provide an increase in the
technological and economic indexes of melting in comparison with the use of well-known developments in this field.
Keywords: oxygen converter, combined blowing, three-level lance, high-temperature modeling, technical and economic
indexes
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QUESTION OF THE THEORY AND PRACTICE OF INCREASING

CtaH nutaHHA.B pgaHun yac pgo 70% BCboro BUPOOHMUTBA AKICHOrO 3anisoByrneLeBoro
BUpOGeHoro B CBITI 3ani3oByrneLeBoro  HamiBnpoaykTy, L0 3aCTOCOBYHOTbCS 3apybikHUMMK
BUNNaBMSAETLCS B KMCHEBO- MeTanyprammu rnepeq rmnosaniyHoro obpobkoto crani
cnoci6. TexHomoriyHnin  MapLipyT  (puc. 1), BKModae HacTynHi etamu [1,2]:
pecypco- Ta eHeprosbepiratoHoro KOHBEPTEPHOro

qyryHa Aecynsgypaims o TR -

: 9 | Ha yTepoBKY

S S e . KOHBEpTEpE.

yoaneHue Sin P yaaneHue Cu P

Ca0 +CaF,

H Ca0 a

- N 0.9 DZ;O
0BT .
N, Ar N, Ar g g
E 4

»
v

yoaneHue Sin P
Ca0

yaaneHne Cu P

PucyHok 1 - Cy4dacHutll mexHosozidHul Mapwpym pecypco- ma eHep203bepicatodo20 KOH8epmepHoO20
8UPOBHUYMEa SIKICHO20 3arizogyaeueeozo Harliernpodykmy

I.Fnnboka pecynbdypauis YaByHy (OO PpiBHA <
0,005% [S]) B BWMMBHUX KOBLUAX MNepen KWCHEBO-
KOHBEPTEPHOHO NnaBKo i3 3aCTOCyBaHHSAM
ApibHO3epHMCTUX peareHTiB-gecynbgypartopis
(BranHoO, nNMaBMKOBMW LINAT, MarHin abo cymiui
OCTaHHbLOrO 3 BanHOM), siKi B pasi BukopuctaHHs (CaO

+ CaF2) paloTb Ha NOBEPXHIO BaHHU 3 MEXaHiYHUM
nepemiwyBaHHaM imnennepom (cnocio KR) abo
BAYyBalOTLCA Brn6G po3nnaBy B NOTOL asoTy 4vepes
3aHyploBanbHy ypMy 3a BapiaHTaMW MOHOIHXeKLi
(Mg) i koinxexuii (MgO + CaO).

Il.KomGiHOBaHa npoayBka padiHOBaAHOro Mo cipui

*YepHatesny AHatonui puropbeBud, 3aB. otaenom MYM HAHY, 4.1.H., npod.,

MonuaHos JlaBp CepreeBud, CT. H. coTp. M4M HAHY, K.T.H.,
HOwkeBwny Masen Onerosud, mn. H. coTp. MYM HAHY,
Bakynbuyk Bnagumup BuktopoBud, mn. H. cotp. M4M HAHY.
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YaByHy KMUCHEM 3BEpPXY i HenTpanbHUM
nepemiwytoumm rasom (N,, Ar) yepes gHuLEe B ABOX
abo oHOMY KOHBepTepax 3 MoAifioM MraBkv Ha ABa
nepiogn. [pn BMKOPUCTaHHI [OBOX KOHBEPTEpPIiB B
nepwioMmy  nepiogi  NpoAyBaHHA  3AiINCHIOETHCA
nepeBaXkHo Ans ChinNbHOro BWAANEHHS KPEMHIlo i
¢doccopy 3 noganblMM  BUMNYCKOM MeTany 3
KOHBEpTEpa B KiBW | 3anvMBKOK B HACTYMHUN
KOHBEpPTEpP, Ae Y ApYromy nepiodi no mManoLunakoBoi

TexHonorii  30INCHIOETLCS  3HEBYrNeELEeBYBaHHA i
noganbLua aecdocdopavuis po3nnaBy i3
3abe3ney4YeHHsaM HeobxigHoT Temneparypu

OCTaHHbOrO nepeg BUNYCKOM B CTanepo3nuBHUA
KiBLL. Y pasi BUKOPUCTaAHHA OAHOro KOHBepTepa nicng
peanisauii nepLlioro nepiogy NpoayBkU 3 BUAANEHHS

KPeMHito i doocopy  34INCHIOETECA  NPOMIXKHE
CKayyBaHHS LUNakKy,

[ll.  PopmMyBaHHS BUCOKOCTIMKOrO  LUMAKOBOIO
rapHicaxy Ha @yTepoBUi KOHBepTepa  LUMSAXOM

pO34yBaHHA a30THMMW CTPYMEHSMU 4Yepe3 BEPXHIO
dypMy  NigroTOBfIEHOr0  KiHUEBOro  LWWifaky 3
nigBuLLEHMM BMICTOM OKCMAy MarHito. Pigkun wnak,
O 3anuwuMBCS, NepeBedeHnin B HEeaKTUBHWUIA CTaH,
ePeKTMBHO YTUMI3yeTbC B Npoueci BuaaneHHs
KpemHilo i gedpocchopauii npyu HaACTynHin 3anusLj
YaByHy B KOHBeEpPTEP.

3a3HaveHi eTann KOHBEPTEPHOro BMPOOHWULTBA
3ani3oByrneLeBoro HaniBNPOAYKTY 4YacTKOBO
3aCTOCOBYIOTLCSA Ha pagi nignpuemcTs
MeTanyprinHoro KOMMJieKkcy YkpaiHu (MAT
«An4YeBCbKMA  MeTanypriiiuim ~ kombiHaTty, AT
«[HinpoBCbKMIN MeTanypriniun  kombiHaT») i Pocii
(BAT «HoBonuneupkun MeTanypriniHun KoMmGiHaT»,
AT «€EBpa3 HwxHbOTarinbCbkni  MeTanyprinHuin
koMOiHaT») [3 5]. OgHaK 3aKynneHHsl i OCBOEHHS, B
paMKax TEeXHIYHOro nepeo3BpPoeHHs,  3apybikHOI
TexHornorii  KOMBIHOBaHOI NpPOOYBKW  KOHBEPTEPHOI
BaHHW KWUCHEM i HEenTpanbHWM rasoM i KOHCTPYKUil
KMCHEBMX ypM 3  KNacuyHum GaraTtoconnoBum
HakOHEYHMKOM He  BuUpilLMNKM  Taki  npobnemu
Cy4acCHOro KOHBEPTEePHOro npouecy, SK MOripLUeHHS
TennoBoro H6anaHcy MraBkyM MpU MOHMXKEHOMY BMICTI
KPEMHIl0 B YaBYHi,

B panmm vac, B xapakTepHux ansa OGinbLiocTi
KOHBEPTEPHUX LexiB YKpaiHW ymoBax, KOonu B XoAi
poboYyoi KamnaHii koHBepTepa 3a3HalTb CYTTEBUX
3MiH  BUXIOHMX  NapameTpiB  noyaTtky  nnaBku
(Temnepatypa dyTepoBks i po3Mipu poboyoro
npocTopy arperaTty, SKiCTb 3aBafieHOro MeTaneBoro
OpyxTy, TemnepaTypa i cknag YaByHy  LIO
3anMBaETbCs), @ BepxHA i kombGiHOBaHa npoayBka
BaHHMW 3[JiACHIOETLCA 3 NMPUNHATHOI BUTPATOI KUCHHO
Yyepes 3Bu4yariHy baratoconnoBy ypMmy, He 3aBxau
BOAETbCA 3abe3neunTu:

- MPUCKOPEHE PO3YUMHEHHSI MPUCAMKEHUX BarHa i
MarHesianbHMX LUSIAKOYTBOPIOWOYMX MaTepianis 3a

BiACYTHiCTIO Oo0aBOK  MNnaBMKOBOrO  wnaty 3
(opMyBaHHAM B NOYaTKOBMK nNepiog MpOAyBKU
PiOKOMMUHHOIO  OKUCHOrO  LUMNakKy 3  HanexHo
OCHOBHICTIO i BMICTOM oOKcuay MarHito  gns
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BUNepeaKayoro OKUCNEHHs1 hocdopy B NOPIBHAHHI
3 BYrfeLem B po3nsasi;

- CMOKiHMIR, ©e3 BUKMAIB i BWHOCIB, XapakTep
NPOAYBKAM  KOHBEPTEPHOI  BaHHM B PEXUMI
«3arnubneHnx" KMCHEBUX CTPYMEHiB npwm
po3TallyBaHHi PiBHA CMIHEHOrO LUMaky BuLle 3pisy
HaKOHEeYHWKa PypMM MPOTArOM MepeBaXKHOT YacTUHM
Yyacy onepaduiii;

- Oinbw edpektneHe gonantoBaHHsa CO go CO, B
NMOPOXHWUHI KOHBepTepa AN NoninleHHs TenmnoBoro
GanaHcy nnaBok 3 MeTOK nepepobkn niaBuULLEHOT
KinbKOCTi 3anisopygHoi  CMPOBUHM (okaTnwis,
arnomepary) 4epes  gediuut  NiArOTOBMEHOrO
mMeTaneBoro 6pyxry;

- 3anobiraHHa iHTEHCMBHOIO 3aMeTarltoBaHHs
cTtoBOypa KMCHEBOI bypMU, rOPSIOBUHM KOHBEpTepa i
€KpaHHOI NoBEPXHi KaMiHa;

- BiNbLU iIHTEHCUBHE NepeMillyBaHHS KOHBEPTEPHOI
BaHHW Ha 3aKmoYHin cTafii NpoayBKW, MiHIManbHWUIA
BMICT KMUCHIO B  KiHLEBOMY 3ari3oByrieLeBomy
(20,08% C) i HaniBNpogyKTi Npy ONTUMarbHOMY BMICTi
OKCWAiB 3ani3a B LUNakxy.

Buxogaum 3 UbOro akTyanbHUMW 3aBA@HHAMU €
po3pobka (3 ypaxyBaHHsM HabyToro BITYM3HSHOIO

pocsigy [7-16]) i OCBOEHHA B TEXHONOrYHOMY
MapLUpyTi BMPOGHMLTBA 3anisoByrneueBoro
Hanisnpodykty  (pwc. 1)  HoBoi  TexHonorii

KOMOGIHOBaHOI NPOAYBKN KOHBEPTEPHOI BaHHW KUCHEM
i HeWTpanbHUM rasomM 3 YacTKOBMM [ONarntoBaHHAM

rasie, WO YTBOPHOWTLCA B poOOYOMY MNPOCTOPI
arperaty, no3baBneHa 3a3Ha4yeHuUX Heponikie i
OO3BONSE  AOCArTM  iCTOTHOrO  pecypco-  Ta

eHepro3bepiratoyoro egexTy.

MepeaymoBu BOOCKOHANeHHA TexHonorii i
3aBOaHHA pocnigkeHb. Ha nouatky 1980-x pp.
OCBOEHHS1  KOMOiIHOBaHOI  MpogyBkM Ha  160-T
KoHBepTepax 3axigHo-Cubipcbkoro meTtanypriiHoro
kombiHaty  (BCMK) ovommB  IHCTUTYT  4YopHOI
metanyprii im. 3.I. Hekpacoea HAH Ykpainn (I4YM).
OCHOBHOI METOH TEXHOSOrii KOMBIHOBaHOI NPOAYBKU
KOHBEPTEPHOI BaHHW KNCHEM 3BepXy i HeWTparnbHUM
rasom vepes3 gHuule [7-10] wo po3pobnsersca Oyrno
3HWKEHHA  BUTpATU  PigKOro  YaByHY  LUMSIXOM
NigBULLIEHHS CTyneHs JonantoBaHHS MOHOOKCMAOY

BYIMeLuto rasie, L0 YTBOPHWOTLCA B pobodomy
NMpocTopi  KOHBEpTepa, 3aBOsKM  BMKOPUCTAHHHO
OBOX'SIPYCHOI pypmm (puc. 2).

PospobrieHa MM i  3CMK  koHCTpykuUis

OBOX'ApYCHOI bypMM Marna B HaKOHEYHUKY 4YOTupu
conna JlaBana 3 KpUTUYHUM diameTpoMm (dp) 35 MM,
po3TawoBaHuX nig Kytom (a;) 150 pgo BepTukani. Y
BEPXHLOMY COMMOBOMY 0oL, po3TaloBaHOMYy Ha
2,5M BuLLE Bif, TOPLIS HAKOHEYHWKA, € LWICTb OBarbHUX
WinMHHMX conen (19x44 MM), posTalloBaHMX nig
KyToM (a3) 300.

Mpu BukopucTaHHi Ha 160-T kKoHBepTepax 3CMK
[7-10] ocBoeHOi TexHormorii KOMGIHOBaHOT NPOAYBKM,
fAka nepegbayae BepxHO MPOAYBKY BaHHM [ABOMa
HesanexHo perynboBaHUMM MOTOKaMM OCHOBHOIMO
kucHio  (300-350 M*/xB) uepea conna Jlaeans i
gopaTtkoBoro kucHwo (50-100 M3/xB ) 4epe3 BepxHi
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LWINWHHI conna ABOX'sipyCHOT ypMU1, a Takox nogady
HeWTpanbHUX rasiB (asoTy, aproHy) 3 BUTpaTol B
Mexax 6-16 mM*/xs yepe3 10 AOHHMX OfHOKaHaNbHUX
dypm (giameTp kaHany 6-8 mM), BOANOCA LUMASXOM

3aCTOCYBaHHA paujoHanbHOro AyTTa | npucagok
LLITaKOYTBOPHOKYNX mMatepianis 3abesneynTu
3HWKEHHS BWUTPaTWM 4YaByHy, BanHa i NNaBMKOBOIO

wnaty Ha 35-40, 4-5i 0,8 kr/T cTani BignosigHo. Buxig
pigkoi ctani npy ubomy nigsuwmecs Ha 0,5%.

OpHak BUSIBUBCS HeraTMBHUN Hacniaok
BMKOPUCTaHHA [OBOSPYCHOI dypMM Mpu A0AATKOBIN
08 0 o
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BuTpaTi  KucHo (B kinbkocTi  12,5-25,0%  Big
3aranibHOro) 4epes BEpXHiM sApyc comen, K
NPUCKOPEHUIA  TOKaNbHUA  3HOC  UMMIHAPWUYHOL |

BEPXHbOI KOHIYHOT YacTuH pyTepoBKN KOHBEpTEpa [7-
10]. Yepes npuckopeHun fokanbHUA 3HOC PyTEPOBKU
koHBepTepa nicna 150-180 nmaBok ApoBogmnocs
BMBOAMUTM OBOSIPYCHY doypMmy 3  ekcnfyaTauil i
nepexoauTy Ha NpPoJyBKy 3a [AOMOMOrOK 3BUYANHOI
5-m1 connosoi chypmu (conna Jlasans 3 dg, = 35 MM i
a; = 200), wo 3abesnevye BUTPATM KUCHIO HA PIBHI
380-400 m%/xa.

PucyHok 2 - Cxema KoHempyKUii (a) i sud (6) dsox'apycHoi pypmu: 1 - sBHympiwiHs mpyba 0ns nodayi
OCHOBHO20 MOMOKY KUCHIO 00 HaKOHEYHUKa; 2 - npomikHa mpyba 0ns nidsedeHHs1 0Xo100xy4oi 00U
00 HaKOHe4HuKa; 3 - npomixHa mpyba dns1 nodayi 000amKo8o20 KUCHI0 00 8EpXHbO20 COMI08oMYy br1OKY;
4,5 - 308HiWwHi mpybu dns 8ideody 8odu 3 cbypmu; 6 - conna flagans HakOHeYHUKa; 7 - HaKOHEYHUK
ypmu; 8 - 8epxHi WinuHo8udHi cornna; 9 -eepxHili cornoeoi 6510k; 10 - npomoyku 0715 NPoxody

ocH )Aon

0X07100XKyt040i 800U & corriosomy 6110uiQY Q.

Ona Buxody 3 MOMOXEHHS, LWO CTBOPWUIIOCH,
cninbHUMM 3ycunnamu CrniBpobITHMKIB 3CMK,
[HINpoA3epXMHCLKOro iHAYCTPianbHOro iHCTUTYTY M.
M.l. ApceHnuyeBa (HWHI [HINPOBCBHKUA OepXaBHWUN
TeXHIYHWI yHiBepcuTeT) i Cubipcbkoro MeTanyprinHoro
iHcTuTyTy iM. C.OppxoHikiase (3apa3 ue Cubipcbkuii
OepXaBHUA  iHAyCTpianbHUA  yHiBepcuTeT)  Oynu
po3pobieHi Ta peanizoBaHi 3axoau LWOAO MiABULLEHHSA
eeKTUBHOCTI KOMOIHOBaHOI MNpoAdyBku BaHHM 160-T
koHBepTepiB [11-13]. 3okpema, 6yno 3anponoHoBaHO
HOBY KOHCTPYKLiS1 BEPXHbOI OBYXKOHTYPHOI dhypmn 3
MOJEPHI30BaHOK CUCTEMOK MNiABEAEHHS [0 Hel
KMCHIO Ta a3oTy (pnc.3). 3acTocyBaHHSA Takoi ypmy i
MOAEPHI30BaHOI cuUCTeMM nigBeoeHHs 40  Hei
TEXHOMNOrYHMX rasiB 403BOMUIIO BNeEpLUE 3MiNCHIOBATH
npoayBaHHs KOHBEPTEPHOI BaHHMU aBoma
perynsoBaHMMm NOTOKaMW OCHOBHOIO i J40OAaTKOBOro
KACHIO 3  MOXIMBICTIO  pEeryrnboBaHOl  3aMiHu
OCTaHHbOro a3oTOM.

Kpim Toro, ©OynM CrpOeKTOBaHi, BWIOTOBMEHI i
BUNpobyBaHi NpoTarom TpmBanoi pobotn poboTi 12- i
36-TM  KaHamnbHi  HAKOHEYHWKM 3 [ABOPSLOHUM
po3TallyBaHHAM conen Ang OBOKOHTYPHOI dypmu
(puc. 3). Y 12-Tn kaHanbHOMY HakOHeYHuKy (puc. 3, 6)
BHYTPILLUHIA psia conen cknagaBcs 3 YOTUPbOX conen
NaBana (dep = 35 MM, a; = 150) i 3abesneuysaB
«KOPCTKE»  MNpOoAyBaHHS  KOHBEPTEPHOi  BaHHMW
Haa3ByKOBMMM CTpyMeHsamMu 3 Butpatoio  300-350
M>/XB  OCHOBHOMO  KWCHIO ana  iHTeHcndikauii

3HEBYITELbOBYBaAHHS i PO3MNaBrneHHst MeTanobpyxTy.
Biciv oBanbHUX wWinuHHUX conen (19x44 wmm),
PO3MilLieHUX B 30BHILUHLOMY Pl HaKOHEeYHWKa nif
Ky3TOM 0,=300, 3abeanevyBanu (npu Butpati 50-100
M°/XB [0OATKOBOrO KWUCHIO) 3HA4YHYy 3a Mrollen B
nonepeyHoMy rnepepisi 3aBiCy MMOCKUX 3BYKOBUX
KACHEBUW  CTPYMEHiB, CNpsiMOBaHWX B  Micus
«cauwyBaroro»suxogy CO Ha MoOBEPXHHO BaHHW ANs
Oinbll  edeKTMBHOrO  AonarntoBaHHA — MOHOOKCMAY
Byrneul OO Adiokcvay 3 nepegaderd Tenna, LWo
BUAINAETECA 3 METANEBOrO PO3nsasy.

Binblw JockoHana KOHCTPyKUis 36-TW KaHarnbHOro
HaKOHEYHMKa [O03BONANa 3a AOMOMOIoK LiEeHTParnbHOi
rpyny Haf3BYKOBMX CTPYMEHIB, O hOPMYHOTLCA Npu
Butpati  300-350 M>/XB OCHOBHOIO KWUCHIO yepes
yotupn corna Jlasana (d, = 35 Mm, a; = 120)
BHYTPILUHbOrO psay, CTBOPUTU B NEPIOA iIHTEHCMBHOTO
3HEBYITIELOBAHHSA KOHBEPTEPHOI BaHHW 00'€egHaHy
peakLuiiHy 30HY iIHTEHCUBHOIO BMAINEHHS MOHOOKCMAY
BYIMEUlD Ha MOBEPXH BaHHW. 3a [OOMNOMOro
CNPsIMOBaHMX 3BYKOBUX CTPYMEHIB 30BHILLUHBOMO psay,
Wo CcTikanm 4epe3d 32  UMMIHAPWUYHUX  comna
diametpom 8 mm nig kytom a, = 300 npu Butpari
[0faTKOBOMO KMCHIO 50-100 M%/xB, 3pilicHioBanocs
ponantoBaHHss CO pgo CO, B «CBMLLEBOMY» MOTOL
rasis, WO BiAX04dATb (Yepes Lwap ChiHEeHOro Lwnaky) 3
peakUinHOT 30HM rasiB B PEXNMI 3MEHLLEHHSA 3HAYHOTO
BMHOCY Kpanernb MeTany i wnaky.
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PucyHok 3 - Cxema pearizogaHol KoMbiHO8aHOI podyeKUu KOHBEPMEPHOT 8aHHU
(a) 3 sukopucmaHHsIM d8yxKoHMYypHOI chypmu 3 12-mu (6) i 36-mu (8) KaHanNbLHUMU HaKOHEeYHUKaMU 3
080psIOHUM pO3mauly8aHHsIM coresi

[ns OoHHOro nepemilyBaHHs KOHBEPTEPHOI BaHHU
HeMTpanbHMMM rasamm 3 BuTpaToo 6-16 M°/xB
BMKOPMCTOBYBanucs 8-10 OfHOKaHarbHuX
BOrHETpUBKUX OrokiB (BMpoOHMUTBa BcecotosHoro
IHCTUTYTYy BOTHETPUBIB i POCINCLKOrO  KomOGiHaTy
«MarHe3nT») 3 connamu  giametpom 8 MM,
pO3TaLlOBaHUMM MO KOHTYPY CErMeHTa kona, giameTp
skoro ctaHosuB 0,45-0,51 Big 3aranbHOro giametpa
aHvwa.

OCBO€EHHSI HanarogKeHoro pexummy KOMOGIHOBaHOI
npoayBKU Yepe3 OBOKOHTYPHY dypmy (puc. 3) 3 12-Tn i
36-TV KaHanNbHUMKN HakoHeYHnKkamu [11] 3abeanednno
GinbLU NOMITHE 3HWXXEHHSI BUTPaTV YaByHy i BarnHa (B
mexax 18,0-30,7 i 0,8-2,3 kr/T ctani BignosigHo) B
MOPIBHSAHHI 3 MPOAYBKOK 4Yepe3 OBOSAPYCHY ypmy
(pyc. 2) NpuM NOPIBHAHHUX BUTPATax OCHOBHOIO i
JoJaTkoBoro  kucHw. Pasom 3 Tum  6yno
nonepemkeHo JiokanbHUA  3HOC  LMMIHOPWUYHOI i
BEPXHbOI KOHIYHOT YacTWH (yTEepOBKU KOHBEpPTepa,
Wwo BigbyBaeTbCA MNPU BUKOPUCTAHHI ABOSIPYCHOO
dypmMK, B 3B'A3KY 3 UMM 3aCTOCYBaHHSA OBOKOHTYPHOI
dypMn cTano AouinbHUM NPOTAroM BCIET kamnaHii no
dyTepoBLji KOHBEpTEPA.

Byna TakKoX BLOCKOHarneHo TEXHOMOTIH0
koMbGiHoBaHOI npogyBku [12,13] 3 3acToCyBaHHAM
OBosipycHOi  cbypmu (puc. 2). 30inblueHHst BuTpat
OCHOBHOTrO kucHio (oo 350-380 M3/XB) Yyepes conna
JlaBansi i 3HWXEHHSA BUTpaTK JOAATKOBOrO KUCHIO (00
20-55 m%xB, wo cknagae 5,0-13,7% 3aranbHol
BATPATM  KUCHIO) Yepe3  LWiMHHI  comma 3
KOPOTKOYaCHOK 3aMiHOKO OCTaHHbLOro asoToM (3
Butpatoo 20-60 M3/XB) B MEBHi nepiogn AaHoi
onepauii (Ansa ocamXyBaHHS CMiHEHOro LWnaky npu
NOCTINHOMY BAyBaHHi 6-8 M>/xB HenTpanbHoOro rasy
yepes gHULLE O03BONUIN:

- Binbl THYYKO YNpPaBnATM CTAHOM CHiHEHOrO
Wwapy LunakoMeTaneBoi eMynbCii Ans 3anobiraHHs il
BMKMAiB, Oinbl edekTMBHO ponantoBatv rasu 6e3
MOCUIEHOTO 3HOCY hyTEPOBKM KOHBEPTEPA;
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- 3HM3MTW BUTpaTy YaByHy Ha 14,5 kr/T cTani, a
BMICT OKCMAIB 3ani3a B Lwnaky - Ha 0,5%;

- 30iNblWMTX 3anuLIKOBUMA BMICT MapraHuto Ha
0,02%, a Buxig npuagaTtHoro - Ha 0,8%.

B octaHHi pokM 3 MeTow  MigBULLIEHHS
edekTnBHOCTI  pobotn  160-T  koHBepTepiB  no
ManownakoBin  TexHonorii  [14] 3  NPOMDKHUM

CKayyBaHHAM MNEPBUHHOINO HM3bLKOOCHOBHOIO LUMAKY
Ha [0CnigHO-NPOMUCIOBIN KamnaHii nraBoK
JocnigpkeHa TexHONoris BepxHbOl MPOAYBKU BaHHU
yepes CrpoLLEeHY KOHCTPYKLi0 ABOX'ApYCHOI hypmMu 3
po3dineHum  KucHeBuM  noTtokoMm  [15,16] 3
iHTEHCUBHICTIO Nodadi KMCHIO Ha donantoBaHHS rasise,
wo craHoBuTb 3-5% Big 3aranbHoi. B pesynbTari, sK i
B 3apybixHux pocnimpkeHHax [17,18], Bpanocs
OOCArTM  3anobiraHHs  NnoKanbHOTO  PyMHYBaHHS
BEPXHbOI (PYTEPOBKN KOHBEPTEPA, @ TAKOX 3HAYHOrO
BigKragaHHA MeTany Ha ropsloBuHi arperary.

Pasom 3 TuM, A0 4Mcna BCTAHOBMNEHMX HeAoMikiB
CNPOLLEHNX KOHCTPYKLIiA ABOSpYCHUX chypm [15-18] 3i
cneuianbHUM  pO3MOAINIbHUKOM, BCTAHOBMEHUM Ha
kucHeBin  Tpybi  pypmu, WO BUKOHYE  QDYHKUT
po3noginy NOTOKY KMCHIO Ha OCHOBHUM i AOOATKOBUA,
SKi NOJalTbCA Yepe3 HWXKHIN | BepXHin sipycu conen
dypmmu BignosigHO (6€3 MOXIMBOCTI HEe3aneXHoro
perynioBaHHs BUTPAT Ha KOXEH sIpYC) BiQHOCATLCS:

- hopMyBaHHs Hag MHOTOCOMOBUM
HakoHeYyHukom  (MicTuTb  4-6  conen  JlaBans,
po3TaloBaHMX MO KoMy nig KyToOM A0 BepTUKanbHOI
oci oypmMKu) MeTanoLwiakoBoro HacTumy, po3mipu
AKkoro 36inbllyBanucs Big NNaBkyM OO0 MMAaBKKM, LWO
npu3sBoamMno A0 3HATTA dypMu Ona BuganeHHs
HacTuny;

- enizoguyHe MOLIKOMKEHHS 30BHIWHBOT Tpybu
dypMy Mg BEPXHIM connoBMM OMOKOM 4Yepe3 BhnvB
BEPXHIX KMCHEBUX CTPYMEHIB, LLO CYNpPOBOAXYBanocs
MoYaTKOBMM  YTBOPEHHSM BMMOIH Ha Tpybi 3
nodanblWMM MporapoM OCTaHHbOI | MNPUNMHEHHAM
ekcnnyarauii dypmu;
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- (bypma He npucTocoBaHa AN HaHECEHHsI
LLIaKOBOroO rapHicaxky Ha doyTepoBKY KOHBepTepa npu
nodadi yepes Hel as3oTy, TOMYy LIO BepXHin spyc
a30THUX CTPYMEHIB CTBOPIOE 3asBicy, sKa
nepeLuKkompKae MoNafjaHHI i HaMOPOXYBaHHIO Ha
NoBepXxHi BEPXHbOI YacTUHM (PyTepoBKM KOHBepTepa
LUITAKoBMX BPM30K, L0 YTBOPIOKTHCA NPY pO3A4yBaHHi
KIHLLEBOTO LUNAKy HUXKHIM SpYCOM a30THUX CTPYMEHIB.

3 ypaxyBaHHAM MepeBar i HeAoMikiB PO3rnsiHYTUX
TEXHOMOrin  KOMBIHOBaHOI NPOAYBKM KOHBEPTEPHOI
BaHHMW i OyTTEBMX NPUCTPOIB ANS ix peanisauii [7-16]
3arnpornoHOBaHO  HOBMW  croci6  kombiHoBaHOI
npogyBkn BaHHW  160-T  koHBepTepiB [6] 3
BUKOPUCTAHHAM HOBOI KOHCTPYKLUIT TpUApPYCHOI pypmu
i cuctemn nigBedeHHs OO Hel OBOX perynboBaHUX
MOTOKIB OCHOBHOrO i [J00aTKOBOrO KUCHKO 3
MOXIIMBICTIO MOBHOI 3aMiHM X Ha HEeWTpanbHWN ras
(pc. 4), WO [Oo3BoONSE ICTOTHO  PO3LMPUTU
TEXHOMOrYHI  MOXIIMBOCTI  KOMOGIHOBAHOI MNpOJyBKU
KOHBEpPTEPHOi BaHHK (ayB. Tabn.1).

[Ona po3pobkM KOHCTPYKLUii TpUApYCHOI dhypmu
(puc. 4, 6-r), 9ka nepenbavae yCyHeHHs HeOonikiB
OBOSIPYCHUX OYTTEBMX NPUCTPOIB, Byrno HeOOXigHO:

- 3 BMKOPUCTaHHSAM  BMCOKOTEMMEepaTypHOro
MoaentoBaHHsA npuabatu [OCToBipHY iHbopmauio
npo ocobnmBOCTI  DI3MKO-XIMIYHMX  SIBULL, B XOmi
NpOAYBKN KOHBEPTEPHOI BaHHU 3 [onarntoBaHHAM
rasis, LLO BiAX0OATb Yepes, ABO- | TPUAPYCHY hypmu;

- Ha OCHOBi [aHuX BMCOKOTEMMEpaTypHOro
MOZEN0BaHHA Ta [OCBigy PO3po0KM MPOMUCIIOBUX

B)
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KOHCTPYKLIN ABOKOHTYPHUX | [ABOSAPYCHUX dypm
[11,12,15,16] cnpoekTyBaTn TpPUAPYCHY dypmy i
3anpornoHyBaT pexum  KOMOIHOBaHOI  MpoayBKu
KOHBEPTEPHOI BaHHM 3 ii BUKOPUCTAHHSIM.

[o TenepilwHLOro Yacy BUSIBNEHO OCHOBHI (i3UKO-
XiMiYHi 3aKOHOMIPHOCTI MOBEAIHKM peakuinHOl 30HU
BMSIMBY KMCHEBUX CTPYMEHIB Ha KOHBEPTEPHY BaHHY B
XoA4i  BEpPXHbOI  MPOAYBKA 3 BUKOPUCTAHHAM
Oaratoconnosoux cdypm [19-21], B TOMY umcnhi
OBOKOHTYpHUX [21], napameTpu 3MiHM dopMn i
pO3MipiB KpaTepiB, LO YTBOPIOKTLCA, a TaKOoX
0CcobnMBOCTI OPU3royTBOPEHHS | BUXOAY HA MOBEPXHIO
BaHHW ra3onofibHuX NpPOAYKTIB OKUCIEHHS BYrreLto.
OpHak MOBHICTIO BiACYTHS iHOpMaLis Mpo pearnbHi
i3nKO-XiMiYHI siIBULLA, LLO CYNPOBOMLXKYIOTb BEPXHIO
NPOAYBKY KOHBEPTEPHOI BaHHM rpynamMmy Hag- i
3BYKOBUX KWCHEBUX CTPYMEHIB, WO popMyloTbCH
connamu Jlagana i UUNIHOPWYHUMK  OBO- i
TpUsSipycHMMKM  cbypMamn, WO He  [J03BONSE
YCBIJOMMNEHO MiginTM [0 po3pobky onTUManbHUX
KOHCTPYKLiN BaratosipycHUX ¢pypMeHMX MPUCTPOIB i
crnocobiB NpoayBKu , LLLO 3abe3neyyroTh:

- noninweHHs TennoBoro 6anaHcy KOHBEPTEPHOI
nnaekn 3a paxyHok ponamntoBaHHs CO pgo CO, B
MOPOXXHUHI KOHBepTepa i3 3anobiraHHsaM NigBULLEHOTO
NOKanbHOro 3HOCY dyTepoBkM BEPXHbOI
LUMNIHAPUYHOI | KOHYCHOT YaCTWH KOHBEPTEPa;

- 3HWXKEHHS iHTEHCMBHOCTI BigKnageHHs meTanny
Ha TexHomnoriyHomy obnagHaHHi (cToBBypa dypmu,
roprioBUHM KOHBEPTEpPA i eKpaHHOI MOBEPXHIi KaMiHa).

PucyHok 4 - [MpornoHosaHa cxema ocHaweHHs1 160-m KoHeepmepie peaynbog8aHuM nideedeHHSIM
MmeXxHOIsI02iYHUX 2a3ie 00 8epXHLOI MpusipycHOI pypmu i doHHUM dymmesum ripucmpiem (a), pomo ¢hypmu
(6), s8epxHBLO20 COMI08020 650Ky (8) i HUXHBO20 O8OPSOHO20 HAKOHEYHUKa (2)
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Tabnuys 1

Bas0aHHA ma winaxu ix eUpilueHHs1 8 HanpsIMKy nideuWeHHsI pecypco- | eHepao3sbepieatoyoi eghekmusHocmi

KoMbiHOB8aHOI rpodyeKU KOHBEPMEPHOI 8aHHU

MNocTtaBneHa 3agayva

Cnocobu BupiLLEeHHS 3aBOaHHSA

1. 30inbLUEHHSs Yncna Kepyr4uux BruBIB
Ha Xig npoayBKu

3acTocyBaHHSA TpUSAPYCHOI KUCHEBOI bypmu i opraHisauis
npodyBK/ KOHBEPTEPHOI BaHHM rpynamuv Hag- i 3BYKOBMX
KMCHEBMX | HEUTParibHUX ra3oBMX CTPYMEHIB

2. MprckopeHHsA npouecy
LUrIaKoyTBOpeHHs 6e3 Jo6GaBoK NNaBUKOBOrO
wnary, iHTeHcudikauis BUAANEHHS
dochopy npu BUCOKOMY BMICTi BYrneLo,
3HMXKEHHS BMIiCTy @30Ty | BOOHIWO B
3anisoByrneLesnx posnnasi B Xo/i NpoayBKu

30iMblUEHHSA KIMbKOCTI  peakuiiHuX 30H BMAMBY Hag- |
3BYKOBUX KUCHEBMX CTPYMEHIB Ha TMOBEPXHD BaHHW 3
OnTUManbHUM  PO3MOLISIOM  MOL4ABAEMOrO  KUCHID  MiXK
MeTaneBow, LUMAaKoBOl | rasoBo asamMuM  MOPOXKHUHM
KOHBepTepa | (OPMyBaHHSM CMiHEHOI  LUNakomeTanesoi
eMyInbCil, CTINKOT BinblUy YacTUHY Yacy NPOLYBKM

3. TMMoninweHHss TenmnoBoro 6anaHcy
KOHBEpPTEPHOI NNaBku

MigBuLEHHA edEeKTUBHOCTI  JOoMarntoBaHHA Yy  CrliHEHOMY
wnaky «csuiyBatoro» notoky CO, WO BUXOAUTb 3 OCHOBHOI
peakuinHOi 30HM B3aeMoZil HaA3BYKOBUX KUCHEBUX CTPYMEHIB 3
BaHHOW, LWNAXOM (POPMYBaHHS  3YCTPIYHO  CIPSIMOBaHOI
NoABINHMI 3aBiCK 3BYKOBUX KUCHEBUX CTPYMEHIB

4. 3anobiraHHs iHTEHCMBHOTIO
BiOKNadeHHss meTany Ha CToBOypi doypmu,
rOpIoBUHI KOHBEPTEPA | KamiHa

[NprayweHHs iIHTEHCMBHOMO BMHOCY Kpanesib MeTany i Wwiaky
B HanpsMky cToBbypa dypmu i roproBvHU KOHBepTepa 3a
PaxyHOK CTBOPEHHA Hagd OCHOBHOK pPEeakuiHOK  30HOM
MOABIMHOI 3aBiCM 3BYKOBMX KWUCHEBMX, a Npu HeobXigHOCTI
a30THUX CTPYMEHIB

5. 3anobiraHHa  nokanbHOrO  3HOCY
dyTEpPOBKM BEPXHbLOI YaCTMHWN KOHBEPTEPaA

MpuayweHHs arpecuBHOro BMNUBY hakerniB AonantoBaHHS
CO po CO, i nepeokucrneHHs LwWnaky Ha QyTepyBaHHi
nokanisaujeto  gonarnBaHHs B Mexax 0OinsadypmMeHHoro
«CBULLLYBaTOrO» NOTOKY BiAXiAHWX rasiB 3 OCHOBHOI peaKLifHOi
30HU

6. YnpaBniHHA ChMiHEHHAM LMaKy |

OcagXyBaHHsi HagMIpHO CMIHEHOrO LWNaKy i NpUAYLUEHHS

3anobiraHHsA BUKNAiB BMKMAIB 3@ [OOMOMOrOK  KOPOTKOYACHOI nogadi  a3oTHUX
CTPYMEHIB Mif CniHeHy LurakomMeTanesy eMynbCito
7. BHWKEHHSI OKUCIIEHHS MeTany i Lnaky Ona Bunnaeknm cTanu  cepeaHbLOBYrNeUeBnx  Mapok

Ha 3aKMYHOMY eTari NPoayBKM

npoAyBaHHs 3akiH4ytoTb npu oTpumaHHi 0,12-0,15% Byrneuto B
MeTani. [Ina BunnaBkv HU3bKOBYINeLEeBUX CTanen Ha 3akmnoyHin
cTafjii npoayBKu Mpu BMICTi BYrneLto B MeTarni Ha piBHI MeHLUe
0,12% nepexoaaTb Ha «KOPCTKE» KMCHEBE OyTTH Yepes conna

Jlagansa 3 nogayetd asoTy 4Yepes UMNIHOPUYHI comma 3
MiHiManNbHOIO BUTPATOl, LWOO YHUKHYTM «3anevyaTyBaHHS»
conen 6pu3kamMu MeTany i Lnaky
YcTaHoOBKa i MeToAuKa BUCOKOTEMNepaTypHoro 3'eqHaHWiA 3 MWMOBIOBOAHMM  BEHTUNSITOPOM i
mogentoBaHHA. [locnigXeHHs  npoBoAMnM  Ha  OMMapem.
3MOHTOBaHIN YyCTaHOBLj, WO Mana 60-kr koHBepTep OpHopsigHI MigHI HaKOHEYHMKM  OBOSIPYCHUX

(puc. 5, a), 3abesnevyeHUn MOXIMMICTIO

roproBvHM 3 BikHOM Anis cpikcauii xogy npogyBku

Bigeokamepoto 3i wenakictio 300 kagpis / C.
dyTepoBka KOHBepTepa  BUKOHaHa
HabuBaHHSA no LwabnoHax 3

LLUSIAXOM
obnaneHoro

3HIMHU  KMCHEBUX (PypM BUKOHaHi 3 YMOBOK [22] CTBOPEHHS
rpyrnol  Haf3BYKOBUX KUCHEBUMX CTPYMEHIB, LLO
CTikann 3 4oTMpbOX conen JlaBans, BiOOKpeMIIEHNX
(bypma Ne1 *) i ob'egHaHoi (cpypma Ne2 *)

peakUiiHUX 30H iHTeHCMBHOro BMxody notoky CO Ha

MarHe3nTOBOro MOPOLLKY 3i 3B'A3KOK0 Ha PiAKOMY CKi.
3MeHLLEeHHS TennosTpat OOCAraeTbCs
3aCTOCYBaHHAM LUapy KaorniHOBOI BaTW i NUCTOBOrO
a3becTy, NMPOKNafeHNX MK KOXYyXOM i (pyTepOBKOO
KoHBepTepa. Bunan i posirpiB yTepoBk/ koHBepTEpa
34iNCHIOBaBCA ra3oBuUM MNanbHWKOM. BigBegeHHs
OMMOBUX rasiB, WO YTBOPHOKOTLCA B XOAi posirpiBy
dyTepoBKM, Tak i MNpPoOOYBKM KOHBEPTEpPHOI BaHHU
MpoBOAUTLCH Yepe3 MeTaneBOLUIaHIoBUA  pyKas,
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NOBEPXHIO BaHHW. [na gonantoBaHHA MOHOOKCUAY
BYIMELI0 3BYKOBVMMMW KMCHEBUMU CTPYMEHSAMM BEPXHIN
MiOHUA  connoBuin  Onok  3abesnevyeHuin  8-10
UUNIHOPUYHUMM  connamuy,  po3TalloBaHUMK  nig
Haxunom 450 Oo BepTukani B MepLuoMy BapiaHTi
KOHCTPYKUii doypmm (Ne1 *) i 300 - y gpyromy (Ne2 *).
Ona BepxHbOI NPOAYBKM KOHBEPTEPHOI BaHHU
oynu BMKOPUCTaHI OBo- i TPUSAPYCHI
BOAOOXOJIO4KYBaHi KUCHEBI doypmu (Tabn. 2).



1-2 2018

JIleopis i npaKmuKa Memarypeii

6

PucyHok 5 - Bud nabopamopHo20 KoHeepmepa (a) i mpusipycHoi kucHesoi pypmu (6): 1-koHeepmep; 2
ypma; 3-oanss0ose 8iKHO; 4-memarnegowniaHao8ull pykae 0151 80800y KOHBEPMEPHUX 2asie; 5-muzesib
160-ke iHOyKUitHOI rneyi; 6,8-nampybku nidsedeHHs1 0CHOB8HO20 | 000amK08020 KUCHIO 8i0rnogioHo; 7,9-
nampyb6ku nideedeHHs i gideedeHHs 0x0n00xy4oi 800u 8idnoeidHo; 10 sepxHil connoeoi briok; 11-
080psIOHULI HAKOHEYHUK

Tabnuus 2
KoHcmpykmueHi napamempu 6azamosipycHuUx ¢oypm
Bua dypmu
MapameTpu ﬁga;)fpyCHa| - TousipycHa
HakoHe4HuK
Yucno conen JlaBans / uMniHOpUYHKMX, LWT. 4] - 4] - 4/8
KyT Haxuny oo Beptukani dpypmu, rpag conen llasans (a1) /
UmMniHapnyHuX (a2) 15/ - 12 /- 12/30
Kputnunnn (dy,) / BuxioHwuii (dg,x) AiameTtp conna JlaBana, mm | 1,7 /2,5 1,7/25 1,7/25
HiameTp umnivgpuyHux conen (DL), mm - - 1,0
BepxHin connosuii 6510k
Yuncno uuniHapuyYHMX conen, LWrT. 8 8 8
KyT Haxuny go BepTtukani (a3), rpag 45 30 30
HiameTp conen, Mm 1,0 1,0 1,0
BiactaHb BepxHbOro connoBoro 6roKy Bif Topus HakoHed- | 105 105 105
HuKa (Hy), Mm

[BOpSAAHMN  HAKOHEYHUK  TPUSIPYCHOI  dhypmu
CNpOEKTOBaHWN Tak, Wob 3a AOMOMOrow YOTUPLOX
OCHOBHMX HaA3BYKOBMX KWCHEBUX CTPYMEHIB, LLO
nodarTbCs Yepes conna JlaBans BHYTPILWHLOrO psay,
cchopmyBaTh 3aranbHy peakuiiHy 30HY iHTEHCUBHOIO
BuAaineHHs CO Ha NOBEPXHIO BaHHW MPW Pi3HOMY PiBHI
CMiHEHOrO WWIaKy, a [do4aTKOBMMK — 3BYKOBUMM
KACHEBUMW CTPYMEHSIMU 3 BOCbMMW  LIMMIHOPUYHMX
conen 30BHiWHbOro psaay gonanosatm CO go CO, B
Ge3nocepeHin 6nM3bKOCTi 4O METaneBoro posnnasy.
Kpim TOro, Ha wnaxy nogansioro pyxy notoky CO go
ropfioBMHW KOHBEPTEPA, B TOMY YMCHi Yepes CriHEHWI
wap wnakomeTanesoi  emynbCii, 3abe3nevnTu
OOofaTkoBe [JONartoBaHHS OCTAHHLOIMO 3BYKOBUMM
KNCHEBUMW  CTPYMEHAMM,LLO  CTikaloTb 3 8
LUMNIHAPUYHMX conen BEPXHBOro COMOBOro BI10KY.

B xopoi ekcnepuMeHTIB He3anexHo perynboBaHa
BMTPaTa OCHOBHOrO QY i AOAATKOBOTO Q’é‘;" KUCHIO

3miHoBaBca B mexax 0,12-0,25 i 0,011-0,13 M>/xB

abo 2,0-3,3 i 0,18-1,65 M°/T-xB BignoBigHO yepes
roynu conen Jlasans i uuniHapuyHux. B pgaHomy
BUNagKy iHTEHCUBHICTb noaadvi KWUCHIO Ha
gonanioBaHHs rasiB  craHoBuna 5,2-35,0% Bia
3aranbHOI Ha NPOAYBKY KOHBEPTEPHOI BaHHW. Bucoty
dypMn Hag piBHEM BaHHU B CMOKIIHOMY CTaHi
3MiHioBarm B Mexax 20-50 «kanibpie (giameTpiB
KPUTUYHOTO NepeTuHy conna JlaBans).

Pigkun HWM3bKOMapPraHUOBUCTUMM YaBYyH, WO Mae
XimiyHuM cknag 4,05-4,50% C, 0,49-0,90% Si, 0,03-
0,08% Mn, 0,022-0,050% S i 0,048-0,058% P i
Temnepatypy1600 -1650°C, rotyBann B KUCIOMY
MM 160-Kr  iHOYKUiIAHIA  nedi 3 ypaxyBaHHSAM
TENNoBTPaT 3a 4acC 3anuMBKW YaBYyHY B KOHBepTep i
nigrotoBumx poBiT (ycTaHOBKa rOpnoBuHK, BiABIp
npobu i BUMIpIOBaHHA TemnepaTypu YaByHy, BUMIp
rMBuHM BaHHK, dikcauis GaraTosipycHoi dypmy Ha
3aJaHin BUCOTIi) Nepes No4YaTKoM NpoayBKW.
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Mopsigok  MpodyBKM — YaBYHY KUCHEM  Yepes
GaratosipycHi cypmn 3  BBEOEHHSIM  KYCKOBMX
(cbpakuis 10-12 mm) BanHa i NNaBMKOBOrO LWINATy B
XoAi onepadii 3aMiHIOBanu 3a 3asgarnerigb CKrnageHor
nporpamoto. B xogi npogyBku npoBoauBcs Bigbip
npo6 metany i wnaky. lNicns nagiHHA dakena Hag
roprnoBuHoto koHBepTepa ([C] < 0,08%) nigHimanu
dypMy 3 OOHOYACHUM MPUNUHEHHAM Nodadi KUCHH0. Y
BignpaubOBaHOMY BapiaHTi AyTTbOBOrO i LUSAKOBOro
pexvmiB BeOeHHs MnaBkuM TemnepaTtypa po3snnasBy
3pocTana B xofi npoayeku 3 nodaTtkoBux 1300-1340
Jo 1610-1630°C nicrsi 3aKiHYEHHs! onepauii.

OcHOBHI pe3ynbTaTm BUCOKOTEMMEpPaTypPHOro
mogentoBaHHA. OOpobka oOTpumaHux B  XoAi
npoBedeHUX  MNNaBoK  MaTepianie  go3Bonuna

3 nopuii no 0.4 kr CaO u 0,06 kr Cak,
l_i_l 0,108 Hm I

(2,7 HMZ /T-MHH)
Q= 0,084 H M |

Z

Q5= 0,15 HvanH (3,75 HM3 IT-MuH)

Hg= 45 MM (26 kanubpos)
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Bpema npofysku, MUH

a

TemnepaTypa meTanna, °C
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iHpopmaLilo npo  0cobnMBOCTI

oTpumaTu
i3nKO-XiMIYHMX MPOLIECIB, LLIO PO3BUBAOTLCA B XOAi
NnpoayBKM KOHBEPTEPHOI BaHHW 3 [OMNantBaHHAM

HOBY

rasie, WO BIAXOOATb 3 BUKOPUCTAHHAM [ABO- |
TpUSIPyCHOi cpypm (Tabn. 2).

Y novaTtkoBui nepioa npogysku (8o 20-30% yacy
onepavuji), npyu HE3MIHHMX 3Ha4YeHHsX BUTpaT
OCHOBHOTO i 4OAATKOBOIO KUCHIO i BUCOTU (bypMuK Haf,
BaHHO MiCns CTIMKOro «3anasitoBaHHSA» MfaBky B
yMOBax  IMMOOKOrO  MPOHUKHEHHSA  HaA3BYKOBMX
KMCHEBUX CTPYMEHIB B posnnas YaByHY,
30iNCHIOETLCS HABEAEHHS] OCHOBHOMO OKMCHOTO LLINaKy
3a paxyHOK npucagku HeobXiaHOI KinbKOCTI BanHa i
NMnaBMKOBOrO LWNaTy (puc. 6).

3 nopumn no 0,4 kr CaO v 0,08 kr Cak,
|

Qﬁng 0,13 HaH (1,65 Hm® IT-mnH)

Qp{fﬂnzﬂ 0,08 Mk (1,0 Hi® [T-MuH)

Q5= 0,12 e (1,5 M IT-MuH)

Hg = 45 mm (28 kanubpoe)
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PucyHok 6 - 3miHa ximMidHo20 cknady | memnepamypu memara no xody naagoK 3 BUKOPUCMaHHSM
dsosipycHoi Ne2*(a) i mpuspycHoi (6) ¢pypm npu subpaHux napamempax Oymmsi i npucadok
wiriakoymeoproroyux Mamepiarie

Mpu uboMy OpMyeTbHCS peakLiiHa 30Ha BMMBY
KACHEBUX CTPYMEHIB Ha KOHBEpPTEpPHY BaHHy, LO
CKnagaeTbes 3 nepBuHHOIN (lps) i BTOpUHHOI (lIp.3.)
peakuinHnux 30H [23,24]. Y wmexax nepBUHHOI
peakuinHOi  30HM B  pe3ynbTaTi  ToTaslbHOro
CnarntoBaHHs 3anyyYyeHuXx B KUCHEBI CTPYMEHS 06csriB
YaByHy OTPUMYE MEPEBaXHUN pPO3BMTOK MpoLec
OKMCIEHHS 3ani3a

[Fe]+/~{02} — (FeO) D).

MepeBaxHo yTBOpPIOOTLCA B Ip.3. okenan 3anisa
HagxoOsdTb Yy BTOPUHHY peakuinHy 3oHy (lIp.3.), ae
pearyioTb 6e3nocepedHbO 3 AOMiWKamy meTtany Mo
peakuiax:

[Si] +2 (FeO) — (SiO,) +2 [Fe] (2);

[Mn] + (FeO) — (MnQO) + [Fe] (3);

[C] + (FeO) — {CO} +[Fe] (4);

2[P]5(Fe0) — (P,05) +5 [Fe] (5).
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Y nouaTkoBWUM nepiog NpoOyBKM Y BTOPUHHIN
peakuiiHin  3oHi  (llp.3.), BignosigHo [0 6GinbL
CNpUATIMBUX TEPMOAUHAMIYHMX YMOB, PO3BMBAETLCS
NMOBHE OKUCIEHHSI KPEMHit0, YacTKOBE MapraHuto i
doccopy, B pesyrnbTaTi Yoro yTBOPHOKTLCA NPOSYKTA
peakuin y Burnsgi 3anizo-mapraHueBux CcunikaTiB i
HEBMKOPUCTAHOI  4YaCTMHM  OKCuAiB  3anisa, ki
CNNMBalOTb Ha MOBEPXHIO BaHHM i B3aEMOSjl0Tb 3
npucagkamu KyCKOBOro BanHa i NriaByvKoBOro LUNaTy.

3 iHTeHcHdIKaLiE OKUCNEHHS BYIMELU 3a MeXi
peaKkuinHOI 30HW MNOCUIMKETLCA MOTIK BEINUKUX i
ApibHMX BpM30K MeTarny, CNpsiMOBaHUX B LUMakK, WO
YTBOPIOKOTLCA B pe3ynbTaTti NoAapiOHEHHs, mMeTanesi

KOPOJTbKU (k) niggalTbes B LUnaKy
3HEBYINELbOBYBaHHIO
[Clc+(FeO)—{CO}+[Felx (6).

Mpn ubomy ApibHi Bynbbawku CO HakonMyyTHCA
B LWMaKky i d¢opmytoTb ChiHEHy LUfakomeTanesy
eMynbCito.
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Ha mexi posginy wnak-meTtan i B 06cs3i cniHeHoi
LUakoMeTaneBol eMyrnbCii NepeBaXXHUW PO3BUTOK
OTPUMYE OKMUCNEHHS bocchopy Mo peakuii

2 [P]+5(Fe0)+4(Ca0)—(4Ca0-P,0s) +5 [Fe] (7).

3 no4yaTkom nepiogy iHTEHCMBHOIO
3HEBYIMeutoBaHHSA BaHHUW i YTBOPEHHSA PIiBHA CMiHEHOI
LUrTaKkoMeTarneBoi eMynbcit nobnmsy Topus
HaKOHEeYHWKa [OBO- i TpusipycHUx dypM npoayBka
CYNPOBOMAXYETHCS BMXOO4OM MOHOOKCMAY BYrneuio 3
peaKkuinHOT 30HM Ha MNOBEPXH BaHHM B dopmi
CBOEPIOHUX «CBULLIB», SIKi yTBOPIOKOTHCA B MOMEHT
PYVHYBaHHSl  CNAMBaKOYMX 3 MEBHOK  YacTOTOH
mMakponyaupis CO. Y ubomy BuUnagky OpMyBaHHS
dakenis gonanoBaHHs CO pgo CO, BigbyBaetbcs

TiMbKM Ha CTOPOHI «cBWWa@», TOOGTO B MPOUEC
gonanioBaHHsa  6epyTb  yyacTb  TiflbkM  3BYKOBI
CTPYMEHsi [J04aTKOBOrO  KWCHIO, OpiEHTOBaHi B

JIleopis i npaKmuKa Memarypeii

HanpsiMKy «CBULL@», iHLi X CTPYMEHi 3aHypIooTbLCH Y
CrMiHEHWI LUNAaK i B3aEMOAIIOTb 3 OCTaHHIM (puc. 7).

B ymoBax nepekpuTTs  LUNakoMeTareBo
€MyrbCiet0  BEpXHbOrO  COMMoBOro Gnoky  dypm
3aPOKEHHS B MeXaxX BTOPVMHHMX peakuiHMX 30H
o6caris CO, nopanblue 36iMblUEHHSA | ChnMBaHHA
YTBOPEHMX MaKpOMy3upiB, YacTKOBE OonantoBaHHA B
HUx CO po CO,, CcynpoBOAXYETLCS MNEPBICHUM
30iMblUEHHSIM BMCOTM CMIHEHOrO LUapy LUMaky B
OinachypMeHHin 30Hi 3 MogarnblUUM AOTO 3HUKEHHSIM
nicng BUXO4y | PYWHYBaHHAM Makponysvpsa Ha
noBepxHi Lwnaky. BucokoTemnepaTypHi rasonofioHi
NPOAYKTN peakLii AonantoBaHHs

{CO} + 2 {02} ={CO2} (8),

nepefatoTb TEMMO HaBKOMULUHBLOTO MaKpomny3ups
oBonoHUi  WwnakoMeTaneBoi  emynbCii, ska B
neperpitomy 8o Ginbl BMCOKOI TemnepaTypu CTaHi
BMHOCUTBCSI HA MOBEPXHIO BaHHW, Gepyyn yyacTb B
npoueci nepegadi Tenna Big AonantoBaHHS 4Yepes
LUNaK JO MeTaneBoi BaHHMW.

PucyHok 7 - KapmuHa rpodyeku KOH8epmMepHOi 8aHHU 3 pO3mauly8aHHSIM PIi8HS CIHEHOI Wwiiakomemasieegoi

eMynbCii HUXXYe mopuysi HakOHeYHUKa gpypmu: 1 mpusipycHa ¢pypma; 2 peakuiliHa 30Ha 83aEMOo0il KUCHEe8UX

cmpyMeHig 3 080psIOHO20 HAKOHEYHUKa 3 po3risiagom YagyHy; 3 ¢hakenu donanoeaHHsi CO do CO,; 4 suxid
rnomoky 6ypoeo oumy; 5 crinecku winakomemanesoi ¢pasu

MpoTAroM OCHOBHOIO nepiogy NpodyBKM A0 Tak
3BaHMX «nepexigHux» KoHueHTpauin Byrneuto (0,9-
1,1%) peakuis 3HeByrneLbOBYBaHHA MpOTiKae B
MeXax peakuinHOl 30HW | Ha Hel BUTpayvaeTbCs
NPaKTUYHO BECb OCHOBHUMN KUCEHb, SIKMA BAYBAETbCA
yepes conna JlaBana HakoHeuHuka dypmu. 3

NiABULEHHAM  LWUBWMOKOCTI  3HEBYrNeuloBaHHA i
BiOMOBIAHO 3i 30inblUeHHAM obcsary  MoHoOoKcuay
BYrMneLu, SKMA BUOINSETbCA 3 pPeakuiiHOI  30HM,

BiAOyBaeTbCs 30iMblUEHHS] PO3MIPIB MaKpomny3upen i
4YacToTK X MOSABMN HA NOBEPXHi BaHHW (puc. 8).

Mpy piBHIN LWBWOKOCTI 3HEBYrMNELOBAHHS BaHHU
edeKkTMBHICTb  gonantoBaHHS CO po CO,
36inblyeTbCA B pasi BUKOPUCTaHHA AN NpodyBKU
KOHBEpTEpHOI  BaHHWM  gBox'spycHoi  (Ne2*) i
TPUSPYCHOI  PypM, OCKINbKM X KOHCTPYKUiT 4epes
po3MilleHHA conen JlaBans B HAKOHEYHUKY Nif KyTOM

120° po BepTukani, 3abesnedyye opMyBaHHS
MOTY>KHOIO «CBULLYBaTOro» notoky CO, Wo BUXOAUTb
3a MexXi 3aranbHOi peakuilHOI 30HM OCECIMETPIYHO
y30oBX  cToBOypa  dhypmu. 3i  3HWKEHHAM
KOHLIEHTpaUiT BYrneLu HxKYe «nepexigHnx» 3HayeHb
nigBeleHHA KUCHIO NepeBuLlye NiaBeOEeHHS BYrneLo
Ha 3HEBYIMELIOBaHHA B peakUivHii 30Hi. OKUCNEHHsI
BYrmneLul B peakuilHin 30HI 3 BUAINEHHAM 3 Hei
3annneHoro NOTOKYy MOHOOKCMAY BYIMeuto nocTynoBo
cnabwae i novMHae iHTEHCMQiKyBaTUCL NpoLEC
3HeByrneutoBaHHa B 06CA3i MeTaneBoOi BaHHM Ha
crnnmaroumnx nyaupsix CO i B Micusax iX 3apOaKeHHs
Ha cyTepiBLi KOHBEpTepa 3a paxyHOK KUCHIO, LU0
HaaXxoOuTb i3 30HM MPOAYBKU. Y 3aKMOYHWUIA nepiof
npoayBkn Micnsa nafiHHA dakena Haj roproBUHOKD
KOHBepTepa 3 MOHMKEHHSAM BMICTY BYrfeuto y BaHHI
Hwkde 0,08-0,15% WBUAOKICTb  3HEBYrNELOBaHHS
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3MEHLLYETBCA MPOMOPLIMHO 3HWXKEHHIO KOHLIeHTpaLil
Byrneuyto B posnnaei go 0,03-0,04%. Hagnuwok
KUCHIO Yy BUMMSAI OKCUAIB 3aniza HaaxoauTb B LUNAK,

n X 4 1-2 2018

Lo BUKITMKaE BTpaTn BUXoay pigkoro
3ani3oByrneLeBoro HaniBnpoaykTy, ane oAaHOYacHo
iHTeHcudikye npouec aedocdopadli.

DMHJMM Wan My D"'”;MM Whn + ry
125 E0 125 5.0
100 40 100 4,0

75 30 15 30
50 202 50 205
25 1,0 25 1,0
0
% 2 4 & 8 10 12 14 %2 4 & 8§ 10 12 14
Bpems NpomyBky, MIH. Bpema npoaysku, MUH.
a 6

PucyHok 8 - 3miHa emicmy gyaneuto, Oiamempa Makporiy3upig, Yacmomu iX nosisu Ha o8epxHi 6aHHU 8
npoueci npodysKku Yepes 8osipycHy (a) i mpusipycHy (6) pypmu

Ak BigOMO, AN NPUCKOPEHHS  BUAAreHHs
¢docchopy Mpuv  BUCOKOMY BMICTi  Byrneuw B
KOHBEPTEPHIl BaHHI, @ TakoX 3anobiraHHs YTBOPEHHIO
MeTaroWwnakoBoro HacTuiy Ha CToBOypi 3BMYaMHOI
KMCHEBOI oypMU HeobXigHO Aocsaratm MakcumarbHO
PaHHLOro CRiHIOBaHHA LWMaKy i MOXNMBO 6inbLiof
TPUBArNoCTi  MPOOYBKM 3  HAsIBHICTIO  CMiHEHOI
LunakoMeTaneBoi eMynbCii, Lo HabnwkaeTbca [0
FOPfIOBUHM KOHBEpPTEpa, He JOMNyCcKaloun npu LboMy
BMHVKHEHHS BUKMIB.

Mpn Takmx ymoBax npodyBKM B  HaLMX
eKkcnepyMeHTax Ha 060X KOHCTPYKUISX ABOX'SAPYCHUX
dypm, nicns BUMYYEHHS 3 KoHBepTepa,
crioctepiranuca  MNepeBadHO  LUMAKOBi  HacTuni

poBxunHoto 230-250 MM Big, TOpUS HAKOHEYHMKA, SiKi B
npoLeci OXONo4XeHHS MWUMOBINbHO Biggananuca B
pesynbTaTti pO3TpiCKyBaHHHA. Y TOW Xe yac npu
MaroLnakoBin NpoayBUi Y PeXuMi «KOPCTKOro»
BMMMBY Ha[3BYKOBUX KUCHEBWUX CTPYMEHIB Ha BaHHY
3anobirTM BUHOCY ApibHUX Kpanenb MeTany i wnaky
Ha CTOBOYP PypMU i YHUKHYTW YTBOPEHHSA HAacTWUiy Ha
0box pypmax He Boanocs.

3as3Bnya HWx4e BEPXHbOMO SApycy comnen Ha
cToBOYpi hypmMu, AK i B BUPOOHUUMX yMoBax [15,16],
dopmyBanMcss B OCHOBHOMY MeTanesi HacTuni,
BUOANEHHS SKNX BUMararo 3Ha4yHWxX BUTpaT 4acy Ans
NnoBepHeHHs1 pypmu B poGoTy.

B pesynbTari npoBeaeHnx JocnigkeHb
BCTAQHOBMEHO, WO  MNigBUWEHHA  edeKTUBHOCTI
JonanoBaHHA rasis, WO BigxoaaTb i3 3anobiraHHAM
NoKanbHOrO  3HOCY  (QYTEPOBKW,  iHTEHCUBHOIO

3ameTanioBaHHa ypMW | TOPMOBWHU KOHBEpTepa
OOCAraeTbCsi B pesynbrari:

- CTBOPEHHSA [PYnol HaA3BYKOBUX KUCHEBUX
CTPYMEHIB 3arnmbrieHo0 B MeTanieBoMy poO3nJiaBi
peakuinHOi 30HM 3i «CBULLEBMMY» BUXOOOM 3 Hel
Y3[40BX CTOBOypa (hypMyM MOHOOKCMAY BYIMELo Ha
MOBEPXHIO ChiHeHoro wnaky. Lle 3abesnevyeTtbcs B
yMOBaX pO3TallyBaHHS HAKOHEYHWKa TPUSPYCHOI
dypMn Hap piBHEM MeTaneBoi BaHHW B CMOKIMHOMY
CTaHi Ha BWCOTi, WO [JOPIBHIOE [OOBXWHI sapa
MoOYaTKOBMX LUBUOKOCTEN HAA3BYKOBMX CTPYMEHIB 3
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ypaxyBaHHAM  3iTKHeHHs B MubuHi  posnnasy
NepBUYHHUX peakuiMHUX 30H MiHIMarnbHOro giameTpa;

- opraHisauji Ha LWniaxy «CBULLYBaTOro» MOTOKY
CO, Wwo BMXOAUTb 3a MEXi BTOPWMHHOI peakuinHol
30HMU, 3yCTPIYHO CNpSAMOBaHi NOABIVHI 3aBiCK 3BYKOBUX
KUCHEBUX CTPYMEHIB 3 PO3LUMPEHHAM B HUX obriacTen
3i WwBKMAKicTio 5-12 m/c, NOPIBHAHHOI 3i LUBUAKICTIO
nepemillleHHs ppoHTy nonym'a B cymiwi CO-O,. MNpu
LbOMY 3BYKOBi KMCHEBI CTPYMEHS, SKi 3aKiHYytOTbCS 3

UMMIHOPWYHMX  COMEeNT  HAaKOHeYHMKa i BEepXHbOro
connosoro  6mnoky, HeobxigHO HanpaenATU  Ha
30BHILLUHIN  KOPAOH BTOPUMHHMX  peakuiHUX  30H

nepeBakHOro BUAINEHHS MOHOOKCUMAY BYrneLul Ha
MOBEPXHIO BaHHW, YTBOPEHMX B yMOBax MMOOKOro
BMPOBa)KEHHA B MeTaneBui po3nnaB Haa3BYKOBMX
KNCHEBUX CTPYMEHIB.

Ha ocHOBi  OaHMx  BUCOKOTEMMNEPATYPHOro
MOZEenoBaHHA NPOAYBKN KOHBEPTEPHOI BaHHW Yepes
OBO- | TpuApycHy doypmu [25,26], cTBOPEHOT METOANKM
pO3paxyHKy OCHOBHWUX KOHCTPYKTMBHMX MapameTpiB i
OOCBigy  poO3pOoOKM  MPOMWCIIOBMX  KOHCTPYKLIN
OBOKOHTYpPHUX [21,22] i aBosapycHux coypm [15,16] ons
yMOB poboTu 160-1 KOHBEpTEpIB MAT
«ApcenopMittan KpuBuin Pir» cnpoektoBaHa 3
BUrOTOBMEHHSIM  pOBOYMX  KpecreHb  TpuspycHa
dypma  (puc.3) i 3anpOMOHOBAHMN  PEXUM
KOMGIHOBaHOI MPOAYBKM KOHBEPTEPHOI BaHHU 3 i
BUKOPUCTaHHAM [26].

TpuspycHa cpypma 3abesnevyeHa 12-Tm CONOBUM
OBOPSOHMM  HAKOHEYHWKOM, B SKOMY Mif KyTOM
Haxuny [o Beptukani (a;) 120 po3milleHi no kony y
BHYTpilLHbOMY psigy 4 corna Jlasans (dg, = 41 Mm), a
B 30BHILUHbOMY psfi 8 umniHgpuyHux conen (DL, = 9
MM, a, = 300), aki popmMyloTb BIANOBIOHO OCHOBHI
HaO3BYKOBI | 0OOATKOBI 3BYKOBI CTPYMEHS, @ TaKoX
BepxHiM 8 connosum 6nokom (DL = 13 mm, az = 300),
po3TawoBaHMM Ha BigcTaHi 2,6 M Big TOpuUS
HaKoOHeYHWKa, sKMn  3abesnedye npu  nofadi
00OaTKOBOrO KUCHIO OpraHisauito Apyroi 3aBicuM Hapj
30HOI0 MPOAYBKM 3 3BYKOBMX CTPYMEHIB, MPU3HAYEHMX
onsa  ponanoBaHHa CO  rasiB, WO BigxoaAaTh 3
OfHOYaCHUM 3HWKEHHAM iHTEHCUBHOCTI
3ameTarntoBaHHSA eXHOMOMYHOro 06ragHaHHs.
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MapameTpsl NPOAYBKM KOHBEPTEPHOI BaHHbI
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PucyHok 9 - BazanbHull 8u2sisi0 mpusipycHOI KucHegoi pypmu (a), dymmesud i wirnakosuti pexum (6)

kombiHosaHoI npodyeku eaHHU 160-m koHeepmepig MNAT «ApcenopMimman Kpusut Pie»: 1 eepxHili
connosull 6110K; 2 HaKOHEYHUK; 3 cornoguli 6510k 080psIOHO20 HaKOHEeYHUKAa

OcobnmBOoCTi OYyTTLOBOMO i LUMAKOBOIMO pPEXNMIB
BEEHHA  NnaBkMm  HacTymHi.  [oHHy  nogady
HeWTpanbHUX rasiB (@30T, aproH), siki nNepemiyoTb,
34iNCHIOTL 3 BUTpaTolo 12-16 M>/xB yepes 8 cypm
TMNy «Tpyba B Tpybi» 3 BOrHETPMBKOI 3armyLUKOKO B
LeHTpanbHOMYy  KaHami, pO3MillleHMX B  gHULLE
KOHBepTepa Mo OBOX komnax. Y nepion 3aBantoBaHHS
OpyxTy i 3anvMBKM 4YaByHy 4epe3 [OHMLLE MNoJaeTbes
asoT 3 BUTpartoio 8 M>/XB.

[MpoayBaHHA NNaBkU KUCHEM MPOTAroM 1-2 XBUMWH
nicna  «3anasnioBaHHs»  BeAeTbCA 3 BUTPATO
OCHOBHOTO KiCHI0 360 M%/xB. i AoaaTkoBoro 60 M/xB
npu BUCOTI TPUAPYCHOI OypMWU Hag piBHEM BaHHU B
crnokinHomy ctaHi 3,0-2,5 M. MNoTiMm dypma nnaBHO
onyckaeTbcs Ha BMUcOTy 1,7-1,6 M i NMpn 3asHa4YeHnx
BULLE MapameTpax npogyBaHHs BedeTbca A0
3aKiHYEeHHS nepiogy LUNAaKoyTBOPEHHS 3  MOBHUM
OKUCINEHHAM KPEMHito, nepeBaXxkHoI YaCTUHN
MapraHuto i pocdopy.

[na  NpucCKOpeHOro  HaBedeHHs1  MEePBUHHOMO
OKMCHoro wnaky (18-23% FeO, 1-2% MgO, Ca0/Sio?
= 1,9-2,1), dkmn mae HeobxigHy aAedocdopyrody
30aTHICTb, MPOBOAMTLCA Mpucagka 3BUYAWHOIO i
JONOMITU30BaHOro BanHa B CniBBigHOLUEHHI 3: 1 0e3
000aBOK NNaBMKOBOrO LUMATYy 3 MEPLUOi MO CbOMy
XBUNWHM ~ NPOAYBKM  TPbOMa-4oTUpMa  PiBHUMM
nopLisiMm 3aranbHow Baroto 2-3 T. TemnepaTypHui xig
npouecy perynietsca  npucagkoro 0,2-0,3 T
3ani30pyaHNX OKaTULLIB.

Micna sutpatn 2500-2800 M> KUCHIO Ha npoTsa3i 6-7
XB. MPOAYBKN 3 HASBHICTIO CNiHEHOI LUNakoMeTanesoi
eMynbCil  nepwuin  nepiof nraBKM  3aKiHYyETLCA
NMPOMDKHUM  CKayyBaHHSIM  MPUONN3HO  MOSIOBUHM
NEPBUHHOIO LUIAKY.

B nepion iHTEHCMBHOrO 3HEBYrNeLOBaHHS BaHHU
poboya BucoTa ypMu Hag piBHEM BaHHM B
CMOKIMHOMY CTaHi niaTpumyeTbes B Mexax 1,4-1,2 m, a

0 2 4 6 7 9 11 13 17 19 21
TMpOAOMKNTENEHOCTE NPOAYBKH, MHH
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15

BUTpaTa OCHOBHOMO i A0OATKOBOrO KMCHKO CTAHOBUTH
360 i 60 M*/xB BiQNOBIAHO NpUW OOHHIM nogadvi asoTty 12
M>/xB. MpoBoANTLCA HaBEOEHHS LUMaKy 3 OCHOBHICTIO
3,5-4,0 i Bmictom 10-12% MgO wnsaxom npucagku
nopLin 3BMYaNHOro i AONOMITU30BAHOrO BanHa, a npu
HeoOXigHOCTI MarHesianbHUX MogudiKaTopiB.

Mo pocarHeHHo BUTpaTK Ha npopaysky 4000-4500
M NPOBOAMTBECA 3aMiHa BAYBAEMOro 4epes AHULLEe
a30Ty Ha aproH 3 ButpaToto 16 M>/xB, mogava siKoro
36epiraeTbCa 4O MOMEHTY NoBarneHHsi KOHBepTepa.

B octaHHi 2-3 xB. NpoayBKM 3 METOK 3HWDKEHHS
OKUCMEHHs MeTany | wWnaky npu  Bunnasui
3arni3oByrneLeBoro HaniBNpoaykTy TpuspycHa dypma
onyckaeTbes Ha Bucoty 1,1-1,0 M, BUTpaTa OCHOBHOro
KMCHIO 36inbLuyeTbest Ao 390-400 M/xB, a JoaaTKoBui
KMCEHb 3aMiHIOETLCS Ha a30T 3 BuTpartolo 15-20 M>/xB,
Wo [Jo3sonse 3anobirm  3anevaTtyBaHHS  BEPXHIiX
uMniHApWYHUX conen Opuskammn MeTany i Lnaky.

3 no4aTkom BUMYCKY 3ani3oByrneLeBoro
HaMBNpOAYKTY 3  KOHBEpTepa 4epe3  OHuLle
nogaeTbCsl as3oT 3 iHTEHCUMBHICTIO 5 m*/xe. Mo
3aKiHYEHHIO BUMYCKY MeTany 3 Mepexogom Ha
pa3nyBKy KiHLLEBOTO LUaKy 3 HAHECEHHSM LUIaKoBOro
rapHicaxy Ha  yTepoBky, Wob  YHUKHYTK
3aneyaTtyBaHHsI AOHHUX ypM BUCOKOMArHesianbHUM
LMakomMm, BUTpaTa a3oTy CTaHOBUTbL 18 M3/XB, a nicnsa
OLUNaKyBaHHSA pyTepyBaHHSA 3HWXKYETbCS 40 8 M>/xB.
KiHueBun LWiNak, Lo 3anuLLIMBCH, BUKOPUCTOBYETHCS B
HOBI NnaBLi.

BUCHOBKWU

BuUCBITNEHO BITYM3HAHMI OOCBIA PO3pobkmM Ta
BOOCKOHAsEHHS TeXHOIorii KOMBIHOBaHOI MpoayBKM
KOHBEPTEPHOI  BaHHM  KUCHEM  3BEPXY  4epes3
OaraTtosipyCcHi  KUCHEBI dypMuM i  HEMTparnbHUM
nepemMiLLyro4MM ra3om (asoT, aproH) Yepes AHULLE.

Ha ocHOBi  gaHux  BMUCOKOTEMMEpaTypHOro
MOZEroBaHHS  MPOOYBKM  KOHBEPTEPHOI  BaHHMW,
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CTBOpEHOT MEeTOOMKN po3paxyHKy OCHOBHUX HeWTpaneHUM rasoM BaHHU 160-T KOHBepTepiB.
KOHCTPYKTMBHMX MapamMeTpiB i [Joceigy po3pobku [lpakTnyHa peanisauis npegcTaBfieHUX — pilleHb
NMPOMUCINOBUX  KOHCTPYKUiN BaratodpycHux dypm 3abe3neynTtb MiABULLEHHS TEXHOSOMYHMX i TEeXHiKo-
po3pobnieHO Ta 3anpornoHOBAHO OO0 MPOMUCIIOBOrO  €KOHOMIYHMX MOKA3HWKIB MMaBKM B TMOPIBHSHHI 3
OCBOEHHSI TpusipycHa dypma HOBOi KOHCTPYKLUii, BMKOPUCTaHHSM BiJOMMX PO3pOOOK B AaHin obnacTi.
TexHornoria  KOMbGiHOBaHOI  MpodyBKM  KUCHEM i
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PRINCIPLES OF MULTI THREAD NON EQUAL CHANNEL

ANGULAR EXTRUSION
®dpoaos A.B., 3y6ko 10.10., Bo6yx O.C.

BUTIKAHHAM

This paper presents an analysis of existing methods of intense plastic deformation that provides a high-quality
microstructure that provides high mechanical properties. also, the article presents a new method of intensive plastic
deformation, which was developed on the basis of the presented ones. The new method is devoid of the shortcomings
of its predecessors, and it allows to obtain a practically finished part for 1 deformation transition. The first study of the
new process was carried out to understand the flow of metal inside the instrument. The experiments were carried out on
lead and compare with FE model. All the results obtained are presented in the corresponding sections of the paper.

Key word: ECAE, NECAE, microstructure, deformation, extrusion, intensive deformation

Y daHiti cmammi npedcmaesneHo aHasi3 icCHyr4Yux Memodie iHmeHCcU8HOI niacmu4yHoi deghopmavyiii, o 3abesneyqye gu-
COKy siKicmb MIKpOCmpyKkmypu, sika 3abeanedye 8ucoKi mexaHiyHi enacmusocmi. Kpim mozo, y cmammi npedcmasrie-
Huli Hosuli Memo0 iHMeHCUBHOI nnacmu4yHoi deghopmauiii, sskul 6ye po3pobneHuli Ha ocHosi nonepedHukis. Hosul me-
mod ro3baeneHuli Hedorlikie c8oix nornepedHuUKi8, i ue 0038071sie ompuMamu rpPakmMu4yHo eomosy demarb 3a 1 deghop-
mayitHut nepexid. MNMepwi docnidxeHHs1 HO8o20 rnpouecy bynu nos’asaHi 3 MOMoKoM Memary 8cepelOuHi iHcmpyMmeHmy.
EkcrnepumeHmu rpoeodurnucsi Ha C8UHUYi, ma ropigHI8anuchb 3 KiHUeso-erieMeHmHow modenno. Bci ompumaHi pe-
3ynbmamu ripedcmasrieHi y 8idnosioHux po3dinax pobomu.

OCHOBU BATATOKAHAJIBHOI'O IPECYBAHHA 3 bIYHUM

Knrovosi criosa: PKKTT, HPKKT1, mikpocmpykmypa, dechbopmauisi, ekempya3isi, iHmeHcusHa nnacmu4yHa deghopmauisi

The main competitive advantage of steel products
produced using the processes of metal forming, is a
combination of high strength with sufficiently high level
of impact toughness. The metal structure elaboration
that after appropriate heat treatment provides the
uniform fine-grained structure of the metal, takes
place exactly in the processes of metal forming [1].
This structure is a necessary condition to achieve the
required combination of product strength and plastic
properties [2]. The analysis of the standards
requirements for steel products shows that with the
decrease of the conditional thickness of the product
the relation between the tensile strength and yield
strength usually increases for most known materials
[3, 4]. This is due to the fact that the increase of the
deformation degree leads to the decrease of the grain
size for the most of the technological processes of
metals forming.

The most common methods of the severe plastic
deformation are asymmetric rolling [5] and angular
pressing [6]. This work is concerned with the
development of the latter.

Angular pressing can be performed with decrease
of the cross sectional area in the deformation zone,
and without it. In this case it referrers to equal-channel
angular pressing (ECAP). ECAP is one of the
methods of severe plastic deformation [7]. Unlike
other methods of SPD, ECAP sufficiently uniformly
refines the grains and changes their shape. [6] This
method is used to produce ultrafine-grained [8]
plastically deformable metals. The intensification of
the processes of the plastic shear is caused by
changing the angle B between the inlet and outlet
channel of the matrix (Fig. 1).

Recently, equal-channel angular pressing has
progressed from the exotic method of metals

processing to the established and recognized method
of producing very fine grains at the wide range of
metals and alloys. Due to this, in the present time,
ECAP is the most developed of all the possible
methods of intensive plastic deformation. In addition,
ECAP has the greatest potential for use on industrial
scale [9].

The decrease of the grain during ECAP provides
the occurrence of metals superplastic effect that is of
great interest to modern aviation and aerospace
industry. [10]

Figure 1. The scheme of equal-channel angular
pressing:
1 — punch; 2 — matrix; 3 — work piece.

The important feature of the ECAP process is the
so-called additivity of grain refining with increase of
deformation number. This feature allows to expose
the metals and alloys with low plasticity, and
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considerable anisotropy of properties to the severe
plastic deformation [11, 12].

In the work of La’szlo” S. To'th, A.,, Rimma
Lapovok, Arman Hasania and Chengfan Gub "Non-
equal channel angular pressing of aluminum alloy"
[11] it is shown that NECAP is a potentially productive
process, but as the process itself it has not been
studied experimentally. In this work, the scientists
presented a comparative experimental study of the
processes of ECAP and NECAP. As samples they
used aluminum alloy AA2124 processed for 1 pass by
each of the methods. For NECAP the matrix
modernized in such a way that the ratio of the
diameters of the inlet and outlet channels was equal
to 2. All tests were performed at the room temperature
and the constant pressing speed of 1 s™. The optical
studies of the structure of the samples showed that
after one pass of NECAP (figure 2, b), the grains were
very elongated compared to the grains of the sample
processed with ECAP (figur?, 2, ).

a

Figure 2. The microstructure of the aluminum alloy
AA2124: a) original; b) after NECAP;
c) after ECAP; ED — extrusion direction, ND — normal
direction [15].

The results presented in this work show that
NECAP leads to obtaining finer microstructure in a
single pass than ECAP.

Thus, it can be concluded that the methods ECAP
and NECAP excellently manage with the formation
and development of fine-grained structure of the metal
and significantly increase the metal strength, ductility
and impact toughness due to shear deformation.
However, the known methods have one great
disadvantage. The result of these processes is semi-
finished product (rod, strip) that requires additional
treatment to obtain the finished product. However,
thermal or deformational impact on the metal in the
processes of such further treatment can negatively
affect the structure of the metal. Therefore, the task of
using SPD as finishing deformation operation in the
production of the finished product is actual. The
purpose of this article is to develop the method of
obtaining the details of the hub type using the method
of severe plastic deformation.

Multi-thread NECAE (hereinafter MNECAE) can
become a fundamentally new direction in the
production of fine-grained metals and alloys. As in all
reviewed methods, the core is in the punching of the

JIleopis i npaKmuKa Memarypeii

work piece through the matrix that has 2 and more
outlet channels located at the angle of 90° to the axis
of pressing. This configuration of the matrix allows to
provide shear deformations required for grain refining,
as well as sufficient hydrostatic support necessary for
the intensification of the processes of twinning [12].
The advantage of MNECAP in this case as well is that
unlike classical methods of SPD, the finished product
is obtained, for example a hub with spokes. At that,
the product is obtained from a relatively cheap round
work piece that can have the original cast structure.

For the development of the method of MNECAE
the tool for pressing of the parts of the hub type using
the method of angular pressing was designed and
manufactured at the department of metal forming of
the National Metallurgical Academy (figure 3).

L

Figure 3. The tool for MNECAE as an assembly: 1 —
punch, 2 — upper part of the container, 3 — work
piece, 4 — lower part of the container, 5 — support.

The peculiarity of the developed tool is that its
matrix is integrated with the container and is
performed dismountable. It provides the extraction of
the finished pressed part after pressing. Thus, the tool
consists of two main parts: the container for the work
piece with a half of the outlet channel of the matrix
and the support with the second half of the outlet
channel of the matrix. To prevent undesired
separation of the tool parts, a lock which can be
tightened by screws (not shown in the Fig. 6) is
provided at the place of their junction. The process of
multi-channel angular pressing is practically not
studied; therefore, first it is necessary to investigate
the metal flow inside the tool, as well as the
capabilities of managing the geometric parameters.
This will allow in future to study the microstructure of
the metal, as well as to develop the technology of
composite materials pressing.

Experimental study of metal flow inside the tool.

In order to avoid these drawbacks of lead of C1
grade was also used as a model material for
MNECAE. The experiment with this material was the
following:
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Five cylindrical work pieces of the diameter of 42
mm and the length of 100 mm were previously cut
lengthwise.

The coordinate grid with cell size of 2x2 mm was
applied with a steel needle on the jointing plane.

MNECAP was conducted at the laboratory press of
the nominal force of 160t of the Department of metal
forming of the National Metallurgical Academy of
Ukraine.

The pressing temperature was room temperature.

As a result of the experiment, the product samples
of the type "hub with spokes" were obtained. The
peculiarity of the products obtained in the experiment
was the split along the axis of two opposite spokes
(Fig. 4). Further investigation of the metal flow was
performed with simulation by the finite element
method implemented in the software package QForm
V8, kindly provided by the company Micas
Simulations Ltd (Dr. N. Biba). The main objective of
the study at this stage was obtaining of geometric
similarity of the process and the end product of the
type "hub with spokes" to the results of the experiment
on the following criteria:

Figure 4. Split along the axis of two opposite spokes:
1 — hub part; 2 — spoke; 3 — plane of split.

The nature of the metal outflow from the matrix
over time.

The direction of the spokes bending.

The nature of changes of the virtual coordinate
grid, similar to the experiment.

Pressure and temperature conditions of the
process as well as friction were also estimated in the
simulation process. The simulation process was as
follows:

The creation of a two-dimensional drawing of the
tool and work piece in the editor QDraft integrated in
the software product QForm. Also, the drawing can be
created in another editor.

Development of the geometric model of the tool
and work piece to the drawing and its segmentation
into finite elements grid was performed using the
module QShape (Fig. 5). In this simulation process,
the grid is automatically rebuilt into finer one,
improving the accuracy of the results.

The task of boundary conditions, which include the
coefficient of friction between the tool and the work
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piece, the material of the work piece and the tool, the
movement direction and the force affecting the punch,
as well as the condition of the process stop.

The calculation of the process.

Verification of the model adequacy. When
specifying the boundary conditions the data obtained
by the experiment were used, therefore, the
verification of the model adequacy was performed by
comparison of the simulation and experiment results.

Figure 5. The original grid of finite-element model: 1
— punch, 2 — upper part of the container, 3 — work
piece, 4 — lower part of the container, 5 — support.

The evaluation of the results of the experiment and
simulation.

The analysis of the nature of the metal outflow
from the matrix over time and the direction of the
spokes bend. The sample obtained in result of
simulation is similar to the experimental one according
to the nature and size of the spokes bend. Also in the
modeling process, it was evident that the nature of the
metal outflow over time was identical to the
experimental one. The main difference is less bend of
the spokes. This is probably caused by friction
conditions and rheological properties of the material.
The study of these parameters is a subject for further
research.

The analysis of the nature of the coordinate grid
change. Pressing of the sample with grid proved that
the coordinate grid change was qualitative and
conformed the experiment (figure 6). Quantitative
comparison of changes of the coordinate grid was not
carried out in this work. Having sized the model
sample grid and compared with the sizes of the
experimental sample grid, the boundary deviation was
4.5% that is high for FEM models. Thus, the software
package QForm V8 is well suited for studying the
process of MNECAE as well as for studying the
possibility of using this type of pressing at the
production of a part of the type “hub with spokes”.
However, the condition of metal fracture remained not
entirely clear from the simulation results.

The analysis of the jointing plane of the sample
allows to separate a few main areas on it (Figure 7).

Area of the established process, this zone contains
sites that received different ratio of shearing
deformation and drawing.
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Pressing part of the plastic zone (PPPZ) is
characterized by a smooth transition from the main
shear stresses through compressive to tensile.

Figure 6. The jointing plan of the sample after
MNECAE: a) — experiment (lead S1), b) simulation in
the program QForm V8; c) overlay of the images a
and b.

Figure 7. Location of the typical areas on the jointing
plane of the sample.
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Conclusions:

The process of multi-channel pressing is a
particular interest for industry as it allows to obtain
almost finished part with high mechanical properties of
round cast work piece for one transition.

Due to shear deformation and drawing, the
process MNECAE has the potential to control the
mechanical properties of the finished product.

The tool for MNECAP of the part of the type "hub
with spokes"”, which was checked during the pressing
of the plasticine and lead alloy C1, was developed.

As a result of the pressing the plasticine, the
qualitative results of the material flow irregularity
during MNECAP were obtained. It is established that
the central layers of the material are deformed easier
and the layers the flow of which is decelerated due to
peculiarities of the tool design, are deformed less.

The experimental pressing of the samples made of
lead of C1 grade with the coordinate grid drawn on
the jointing plane of the two halves of the work piece,
allowed to determine the nature of the metal flow of
the jointing plane in general and in the pressing part of
the plastic zone, in particular

The finite element model of the process of multi-
channel angular pressing in the software package
QForm V8, kindly provided by the company Micas
Simulations Ltd, was first-ever created and tested.

The modeling of the process MNECAE showed
good convergence with the experimental results.
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