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B.®. banaxkin, I.A. ConosiioBa, I0.M. HukonaeHKO

ITPOEKTYBAHHS MAPIIPYTIB BUPOBHUILITBA TPYVB 3 TUTAHOBUX
CIIJTABIB HA CTAHAX XIITP

AHomauia. /[ns npoekmysaHHs 8apiaHmis mapuipymie supooHULUmMaea x0J100HOKAMHUX
mpy6 3 MUMAaHosux Ccniagie HeoOXiOHO: BUKOPUCMO8YB8AMU 8 KOMXCHOMY Npoxooi
mapupymy 8ci Moxnusi sapiaHmu 007a0HAHHS Ol X0JI0OHOI NPOKAMKU Memarny,
obmexcysamucs  yHiikosaHumu po3mipamu diamempie ma MOBWUHU CMIHKU
3a20mMo080K, po3mipu 8UXiOHOI 3a20MO8KU 00Mexcysamu cCopmameHmom 3azomosoK ma
guxkopucmosysamu  pexcumu  Odepopmauii, wo 3abe3neuyrmv  MaxKcuManbHe
BUKOPUCMAHHA NAACMUYHUX 8]acmusocmeti memarny. Memoio 00CniOHeHHS € aHani3
MemoOuK po3paxyHKy Mapuipymis, mexHoJI02iUHUX Kapm, MmexHon02ii, 0CHOBH020 ma
00NOMiHHO20 00/1a0HaHHs O 8upobHUYMBa mpyb HA CMAaHax Xoa00HOI NpoKamku
mpy6 poauxamu (XIITP) 3 mumanosux cniasis. Po3po6.ieHi aizopummu ma npozpamue
3abe3neuenHss 00380JI10Mb  BUPIWUUMU  NUMAHHSL  NPOEKMYBAHHS  MAapuipymis
8upobHUYmMBea xo100HOKamaHux mpy6 3 mumaxosux cnaasie Ha cmavax XITTP Ha 6as3i
MamemamuyHux modeeli npouecis decpopmauii.

Knrwouosi cnoea: 3azomoexka, mpyba, mumaxosuii cnias, abcosomHe 00MUCHEHHS,

depopmayis, memoouxa, mamemamuuHa Mooesib, CMamucmuyHUtl aHanis.
ITocTaHoBKa NMpo6IeMM Ta MeTa JOCTiIKeHHS

Bupo6HUIITBO X0M04HOAepOPMOBAHMX TPYO OOHMX i TUX 5Ke BUIIB, Ta PO3MipiB
MIPU3BOAUTH 0 BUKOPUCTAHHS Pi3HMUX TEXHOJOTIUHMX CXe€M 1X BUTOTOBJIEHHS, i3
3arOTOBKM pi3HMX PO3MipiB 3a pi3He uyuciao UMKIIB gedopmariii. ITig uyac
MIPOEKTYBAaHHS BapiaHTiB MapUIpyTiB BUPOOHUIITBA XOJOAHOKATaHUX TPyoO 3
TUTAHOBMX CIUIaBiB HEOOXiTHO:

- BUKOPMCTOBYBaTM B KOXXHOMY IIPOXOZi MapuIpyTy BCi MOX/IMBI BapiaHTU
obsafHaHHS JJ151 XOJI0OAHOI POKAaTKMU MeTanly;

- obMexyBaTucs YHidiKOBaHMMM po3MipaMu [iaMeTpiB Ta TOBIIMHU

CTiHKM 3arOTOBOK;

© Banakin B.®., ConosiioBa I.A., Hukonaeuko 10.M., 2024
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- po3MipM BUXiJTHOI 3aroToBKM OOMEXYBaTM COPTAMEHTOM 3aroTOBOK Ta
BUKOPUCTOBYBATM pexumyu gecdopMailii, 110 3a0e3IeuyioTh MaKCUMaJibHe
BUKOPUCTAHHS IJIaCTUYHUX BIaCTUBOCTEN MeTany [1, 2].

MeToio pobOTM € aHali3 MeTOAMK PO3PaxyHKy MaplIpyTiB, TeXHOJOTiUHUX
KapT, TEXHOJIOTii, OCHOBHOI'O Ta JOIIOMiXKHOI'O 00J1aJHAHHS JIJIT BUPOOHUIITBA TPYO 3
TUTAHOBMX CIUIaBiB cta”Hax XIITP. Ha migcraBi mux maHuX pO3pOOMTU aJrOPUTM
PO3paxyHKy MapUIpPyTiB Ta TEXHOJIOIIYHMX KapT IJIsI BUPOOHMIITBA TPYyO Ha CTaHaX

XIITP Ta BignoBigHMI IPOrpaMHUIT KOMIUIEKC [2].

Marepiaau i pe3yabTaTi JOCTIIKEHb

715 po3paxyHKy MapHIpPyTy IPOKaTKM OJjisi BUPOOHUIITBA XOJOAHOKATAHUX
TpyO 3 TUTAHOBUX CIIaBiB Ha cTaHaxX XIITP BMKOPUCTOBYETHCS YAOCKOHAJIEHA
MeTonuKka [3]. A6cCOnOTHe OOTMCHEHHS MO [iaMeTpy Ipu IMpOKaTii Tpyo 3

TUTAHOBMX CILIaBiB Ha cTaHax XIITP HaBeneHo B Tabuili 1.

Tabmnug 1

A6coioTHe OGTMCHEHHS TI0 iaMeTpy Ipu MpokaTiii Tpyb Ha ctaHax XIITP (TutaHOBI
cruiasu IIT-1M, IIT-7M)

HianasoH AiameTpiB, MM AGCOMIOTHE OGTUCHEHHS IO
MiHiMaJibHe 3HAaUeHHS], D1 MaKCHMMaJbHe 3HaUeHHS, D2 niamertpy, AD | mm

3 18 2

19 32 3

33 58 4

59 75 5

Ha migcraBi mMpakTUYHMX OaHMX IOOYIOBaHI aHATITUYHI 3aJ€KHOCTI (JTiHii
perpecii) abCcoOMIOTHOrO OOTMCHEHHS IO [iaMeTpy Bim AiameTpy TroToBUX TpYyo.
Po3r/iSHYTO Ba BapiaHTa JIiHil perpecii: JiHiliHa, cTeneHeBa. CTaTUCTUYHMIT aHAJTi3
3aJeKHOCTel (auB. Taba. 1 Ta puc. 1, MOKa3HMK AeTepMiHallii) Ja€ MOXKIMBICTb
BUOOpY Tiei PyHKIIii, SKa afeKBaTHO BifmoOpaskae MPaKTUUHi (eKcIiepyMMeHTaIbHi)

IaHi, TOOTO PO3PaxXyHOK SIKOi 3 OKPYIJIEHHSIM [I0 IiINX AA€ MiHiMaabHYy MMOXUOKY:

AD =0,0494 - D +1,6549
) (1)
R= =090

Po3paxyHOK fiiameTpa 3arOTOBKM 3/i1iICHIOETHCS BiITTIOBITHO 3a/I€KHOCTI:
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D e[Dy;D2]—>Dg=D+4D. (2)

AD,mm 3.5 vy =0,0494x+ 1,6549

R?=0,9019

y = 0,6002x04368
R?=0,9132

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

D, mm

deltaD OKPYI/1{deltaD}-niniina

NuHeiiHan (deltaD) = = = CTeneHHas {deltaD)

PucyHok 1 — Po3paxyHOK JIiHil perpecii A/ BU3HaYeHHS AD 10 npakTMYHMM DaHUM

3a pe3ynbTaMM aHaIi3y BUSIBJIEHO, 1O JIiHiJiHA JIiHIS perpecii mpu OKpyriaeHHi
o0 LiINMX [ae HaiiMeHITy MOXMOKYy (CTaHAApTHe BigXwieHHS]) IIpM ITOPiBHSHHI
MPaKTUYHUX TA CTATUCTUIHUX AAHUX.

Ha migcraBi manux (puc. 2) BiAMMOBiZHO 0 TUIA CTali, TOBUIMHU CTiHKU TPyOU
Ta 3aroToBku i TuUnopo3Mmipy craHa XIITP BuBenmeHi ¢opmyanu 3aJeXXHOCTI
MaKCMMaJbHO MOK/IMBOI TOBIIMHM CTiHKM TPyOM Bif TOBIIMHM CTiHKM 3aTOTOBKMU

BiZMTOBifHO. 3a/1€XXHOCTi MalOTh BUJ, MiHIHUX QYHKUI Bif, t,,,, , TOOTO a-t,o,y, +b,

ne KoedilieHTM a, b 3ajexxaTb Bim TUIIOPO3Mipy cTaHa (IUB. puUC. 2, Ta6JI. 2).
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XNTP 8-15

t3ar, mm
2,7

2,5

y=1,0576x+0,5515
R?=0,9762

_A

2,3

2,1

19

XNTP 30-60

3,5
y=1,239x+ 0,5753
3,3 R?=0,9875
2,9
’l
2,7 r’
%
rs

2,5 -

2,3 o
/
2,1

1,7
y =1,4893In(x) + 1,5619
R?=0,9741

15 T T

1 1,2 1,4

—+— Pagl

e [lnHeriHan (Pagl)

1,6 1,8 2
t rot, mm

= == [lorapu¢muueckan (Pagl)

19 /: 1,9006In(x) + 1,7191

2 _
A R*=0,9839

1,7 1

15 T T T T T T 1
1 1,2 1,4 1,6 1,8 2 2,2 2,4

—4—PApn] e lWHeliHaA (PAAl) = = = lorapudmuyeckan (Paal)

PucyHok 2 — Po3paxyHOK JiHili perpecii OJisi BU3HaUYe€HHS TOBIIMHM CTiHKM 3aTOTOBKM 3
TUTAHOBOTO CILJIABY

Tabanig 2

AHpOKCI/IMaL[iH QJYHKL[iFIMI/I 3HA4Y€Hb TOBIIVHA CTiHKM 3aTOTOBKMU 3 TUTAHOBOI'O CII/IaBYy

Cran XITTP PiBHsgHHS perpecii
XIITP 8-15 tp =10576-t+0,5515
XIITP 15-30 tp =13-t+039
XTIITP 30-60 tp =1239-t+ 05753
XIITP 60-120 tp =11196-t +11321

Ile mae MOXIMBICTHL aBTOMATM3yBaTM PO3PaxXyHOK MapUIPyTy MPOKATKM Ha

ctaHax XIITP (puc. 3) mo MopejsiMm Ta BUKOPUCTOBYBAaTM OTpPMMaHi po3paxoBaHi

BEeJIMUMHM IS aBTOMAaTM30BAaHOTO PO3PaxyHKy TEXHOJOTiUHOI KapTy M0 MapuipyTy

(puc. 4). Bci po3paxyHku 06’efHAHI B OHii1 Mporpami.
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A B c D E F
1 Tun npoxeny ‘rm“ s To enGopy poapaxyHkis ‘
2 Bxigmi zami MoznauenHs:
3 [liametp rotoBoi Tpy6n D 8|Mepesipka BUXIAHKX AaHW
¢ TormmrHa cTiEKH roToBoi Tpy6H T 1,1|Mepesipka BUXigHMX AaHK
5 Ilponomyerses TN cTany 8815
& Pospaxynxosi gani Pospaxynok @
7 Pospaxymox makcaMannuo gomycramoro deltaD 2,0 bl
2 Po3paxyHox TOBmMHEEH CTIHKH 3aroTOBKHE Tz 1,7 To ‘
9
10 | JiameTp 3aroToEkE Dz=D+deltaD 10 TI
11 ToRmHEA CTIHKH 3ar0TOBKH T 1,;
1 =PUDIDL(D309D4
13 KoedinieAT BETHEKH 0 mpoxoxy u 1,87
.
15 Crynins zedopmanii 3a mpoxox € 0,47
16
17 JonycTHMe 3Ha4eHAS CePEIRBOrO YaCTHOT0 BHTATY a craHax XITTP Hx 1,04
18 ctrok 2
19 ctov 1
20 JToB&HHA ILIRHKH 00THCKY Lo 170

Bu3HaueHHA PO3MIpIE 3aroToBKM

BusHaweHHS po3MipiB 3aroTOBKH IIpO ITpoKatHi Tpyd Ha cTaHax XIITP

Bxinni naui Po3paxynkogi aani

THn 3Mazkn: Tun craHy:

‘ Pinke Mo j ’W

KoediuienT Teprs:

HiameTp 3aroTieKu:

Mapka cTaui:
TopmuHA CTIHKH 3aroTiBKH:

| oT-1M B I

JiameTp rotosoi Tpy6m:

’87 ,I[onycnlme O0THCKAHHSA:

ToBmHHA CTIHKH TPYOH:

‘ | covase |

PucyHok 3 — Po3paxyHOK MapuipyTy npokaTku Ha ctaHi XI1TP

[Ip TIpOEKTYBHHI TEXHOJOTIYHMX KapT I[epes KOPUCTyBaueM 3'SBJISIEThCS
BiKHO, y IKOMY MOXHa BMOpaTu OAMH 3 TPbOX BapiaHTIB TEXHOJIOTIUHMUX CXEeM IS
JaHHOTO MapIIPyTy BUPOOHMIITBA, IO (OPMYE CIMCOK AOMOMIKHUX OIlepalliii B
TEeXHOJIOTiUHili KapTi (IuB. puc. 4):

— micasa XIITP nepen BOMOYiHHSIM;

— micasa XIITP nepen XIITP;

— nicist XIITP niepen 3maueto.

[Tpu BMOGOpi BiAOBiZHOrO MapuIpyTy 3'SIBIASIETHCS BiKHO (IUB. puc. 4 a) sKe
MiCTUTh Yy c0O0i CIIMCOK oIlepalliii BiZIMOBigZHMIAI JaHOMY MapUIpyTy, Ta CIIMCKU 3
00J1alHAaHHSIM i MMOJISI 3 KpUTEePisiMM BMOOPY JaHOTO 00JalHAHHS, 1110 TepeaoavarThb

BUOip 32 yMOBaMu:
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— BUTpATHMI1 KoedillieHT MeTay;

— BapTiCTh orepallii Ha TOHHY MMPOAYKILii;

— IIPOAYKTUBHICTb 001aTHAHHSI.

Takuit migxig mTae MOXKIMBICTH OINTMMI3yBaTH BMOiIp 0OOJamHAHHSI IIpU
BJIOCKOHAJIEHHi iCHYI0UOro ab0 IMpOeKTyBaHHi HOBOTO BMPOOHMIITBA.

PospaxyHok TexHoJ1oriunoi kapta nicias XITTP nepen

Crp.1 Crp2 I

Or.aa 30BHIMALOT noBepxHi 100% Tpyd | Crena imcnexwiikuia L=5m | |1
PeMoHT aefekTiB | BE3LEeHTPOBO-WNKDYBaNbHUWIA BEPCTAT ANA maM&'j ‘ 2
KOHTpo.Ib reoMeTpHYHHX po3Mmipie 100% Tpyé | KoMnnekc npunagie ans y/3 KOHTp. Tpy6 D = 3,!j ‘ 2

TMickocTpYMHHHA 06podka

MalurHa Ans NoWTy4H. 0BpoBKMA TPYB 3 BHYTP. Iﬂ ‘ 2

Tigpo-, nHeBMo-i iHmi BHOpoOYBAHAN TPYO | Obopyaoeatve 4ns oT6opa 06pasUos 4 ﬂ ‘ 2
IlacHByBaHHEA | Bamma ana nacueyiouoro posumky 1 | ‘ 4
Topizka Tpy6, 0bpizka kinnie | TpyGoobpisHuit crarok MN-65 | ‘ 2
Or.1a1 30BHIMALOT noBepxHi 100% TPy | Crenax imcnexwiituit L=5m | ‘ 1
PeMoHT aedekTiB | Be3LeHTPOBO-LWNibYBaNsHUIA BEPCTAT Ans ,maME'j ‘ 2
IlpoayBaHHS CTHCHEHHM HOBITPAM | 0GopyaoBaHMe ANA NPOMYBKK 4 ﬂ ‘ 2
CTHI0CKOMIIOBAHHSA | CTunockon "CrexTp" L<=5 M j ‘ 2
YnakoBKa; | Makysanbha MawmHa MMLL L<=10 1 BN
3BaRyBAHHA | Barw crauionapHi nnaTcopwes 86 M-57 | ‘ 2
a
A B © D E F_| 6 H i K L M N
i i E e
BBl % 3
[ = £ g Bara BaTpatit no maci
H & & 3
H 2 - H
77 e Posmip TpyEn = 2 Z | Npomixni onepauii 2
78 Dn, amc S, m Fr, wn® XITTP-sgaqa 1m 1rpySa  [Yoix TpyE{% K
73 [ 10,0 17| 4482 |m nopisxa TpyE, ofpiska KiEE 1] 024841 1.40| 1.29763|
80 1 5 1.1]  23.84 7.17] 157|815 |Top i3HATIA dackl TPYD; 1] 0.18871 1.34) 1.22823|  4.25%| 0.05338311
81 2 g 1.1]  23.84] 8,61 SHeRHpeRHA (BUIATERRR MACTHITA) 1 0.13] 1.23| 123451  7.75%| 0.1037128
82 [MickocTpyMEEa ofpoda;
83 Ornaz eRyTpimeesci nosepxri 100%% TpyE 3 naery,
84 TepuooGpolEa; TPIEKa;
25 Binfip spaskie wa eunpodyEaEs;
86 Topmopansa i SEATIA dackn TpyE
87 Tpasnenas; Opaska
88 Ensxrponomipossa;
25 MacusysanHA;
90 Ormag BEYTpimERC] mosepxm 100% tpy6 3 maxery;
91 Ornan sosgimmeol noseprai 100% tpy6 s maneTy; [
92 Penonr nedexTis;
33 Korrpons reomerpuasmx posuipis 100% tpy6 s maxery;
34 [MickocTpyMEEa ofpoda;
95 Tigpo-, meeemo-i inmi BMnpoSyEIRES TPYE;
£ N3CCHEHPOEAHTE,
97 opiska Tpy0, ofpiska siEmE;
%8 Ornag sopmimaso] nosepxei 1007 tpy6 = naxety:
99 PenorT medesTis
100 [IpomyBanes CTHCHEHEM TOSITRAN;
101 CTIIoCEOIiFBaHAR,
102 Y MAKOBKA, SEARYEIHAA

6

PucyHok 4 — TexHoJIOTiUHA KapTa II0 MapuipyTy:
a — omepartiist - o6;agHaHHsA; 6 — PO3paxXyHOK MapaMeTpiB TEXHOJIOTiUHOI KapTu
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BucHoBku

[IpoBeeHO aHa/i3 METOOMK PO3PAaXyHKy MapUIPyTiB, TEXHOJOTIYHMX KapT,
TEXHOJIOTii, OCHOBHOTO Ta [IONOMiKHOrO OOJIagHAHHS [JIS BUPOOHMIITBA
XOoJIogHOKaTaHuxX Tpyd Ha crta”Hax XIITP. Po3pob6seHi aaropuTMm Ta IIpOrpaMHe
3a0e3meYeHHs] JO3BOJISIIOTh BUPIMIMTM TMTAHHS IPOEKTYBAHHS MapUIPYTiB
BUPOOHMIITBA XOJOAHOKATAHMUX TPYO 3 TUTAHOBMX CIUIaBiB Ha craHax XIITP Ha 6a3i

MaTeMaTUYHMX MojieJiei IpolieciB gedopmaririi.
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V. Balakin, I. Soloviova, Yu. Nykolayenko

DESIGN OF PIPE PRODUCTION ROUTES MADE OF TITANIUM ALLOYS
ON MILLS OF COLD ROLLING OF PIPES WITH ROLLERS

In order to design variants of routes for the production of cold-rolled pipes from
titanium alloys, it is necessary to: use in each pass of the route all possible variants of
equipment for cold rolling of metal, be limited to uniform dimensions of the diameters and
wall thickness of the blanks, limit the dimensions of the initial blank to the range of blanks
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and use deformation modes that ensure maximum use plastic properties of metal. The
purpose of the study is to analyze the method of route calculation, technological maps,
technology, main and auxiliary equipment for the production of pipes from titanium alloys
on mills of cold rolling of pipes with rollers. On the basis of these data, develop an algorithm
for calculating routes and technological maps for the production of pipes on mills for cold
rolling of pipes with rollers and the corresponding software complex. The work uses an
improved method of calculating the rolling route for the production of cold-rolled titanium
alloys from pipes on a cold rolling mill with rollers. On the basis of practical data, analytical
dependences of the absolute compression along the diameter on the diameter of the finished
pipes were constructed. Two variants of regression lines are considered: linear, power.
Statistical analysis of dependencies makes it possible to choose the function that adequately
reflects the experimental data, that is, the calculation of which with rounding to integers
gives the minimum error. Derived formulas of dependence of the maximum possible
thickness of the pipe wall on the wall thickness of the workpiece according to the type of
steel, the thickness of the pipe wall and the workpiece, and the standard size of the mill for
cold rolling of pipes with rollers. The developed algorithms and software make it possible to
solve the issue of designing routes for the production of cold-rolled pipes from titanium
alloys on the mills of cold rolling of pipes with rollers on the basis of mathematical models
of deformation processes.

Keywords: workpiece, pipe, titanium alloy, absolute compression, deformation,
mathematical model, statistical analysis
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EHEPT'OCITOXVUBAHHS IIIKOJIU B YMOBAX HEITIOBHOI 3AMHATOCTI
JJIs1 PI3BHUX PEJKUMIB OITAJIEHHS ITPUMIIIEHD

AHomayis. YV cmammi po3ensdaemecsi  akmyansHa — npooOsiemMa  3HUMCEHHS
eHepzOCNOMUBAHHS 8 YKpaiHceKux wikonax. [JlocnioweHHs — okycyemuca Ha
eHepzoe(heKMueHOMy BUKOPUCMAHHI WKIIbHUX NpOCmopie 6 ymMo8ax HenoeHoi
3atiHamocmi npumiujeHs. Memoodu auanizy ekawuarmos eHepzemuyuHe Mo0en08aHHS 8
DesignBuilder. OcHO8Hi pe3yibmamu nokasyoms, Wo po3MiujeHHs KAACHUX KIMHam
o0Ha-Hao-o0HOW 3abe3neuye Hatisuuly eHepzoegekmusHicms, Ha 22,3% euwy
NOpPIBHAHO 3 [HWUMU KOH@izypauismu. Takox eusseneHo, wo 0e3 MmoodepHizauii
oONnanio8anbHOi CUcCmemu HEMOMIUBO 3abe3neuumu KOM@POpmHi ymosu Yy XO0J00HI
nepiodu. Pesynomamu yiei pobomu eaxiusi 015 po3pobku cmpameziti ynpasiHHs

WKIMbHUMU NPOCMOPAMU 8 YMOB8AX HENOBHOI 3aliHAMOCMi NPUMilleHtv.

Knrouosi cnoea: cnoxusaHHs menjiogoi eHepeii, eHepzemuuHe M0oOeno8aHHs Oydises,

menniosa i3oa1auis 6yodieens.
Beryn

B octaHHi poku mepen YKpaiHOIO mocTajao 6araTo BMK/IMKIB. BiiiHa He yniie
3aBjajia BeJIMKUX 30MUTKiB, ajie i1 B 3HAYHIl Mipi 3MiHM/Ia TTOBCSIKIEHHS.

HaBuanpHMit mpoliec B MIKOJaX TaKOX 3a3HaB BeJauue3HMX 3MiH. [lloHaliMeHIIIe
1,7 minpiioHn pitert iMmirpyBanu 3a KOpHOH [1], pemra 3iTKHYJIach 3 3HAUHUMMU
Ipo6ieMaMy B HaBYaJTbHOMY ITPOIIECi.

IvicTaHIIiViHe HaBYaHHS CTAJI0 OAHUM 3 BUXOZIB 3 CUTYyallii, TpOTe MeBHa rpymna
IIKOJISIPiB HE Ma€ MOXJ/IMBOCTI HOPMa/JbHO HABUATMUCh B JOMAalIHiX ymMoBax. [Ipu
IIbOMY 3K 3HAUHe CKOPOYEHHS KiJIbKOCTi YUHiB CTaBUTh IIiJi IMTAHHS OOILiJbHICTb
eKCIUTyaTallii 6yaiBerb MKiTbHUX 3aK/IaiB B pesKMMax JOBOEHHOTO Yacy.

JIlaHHaA CTaTTs, CTABUTh 32 METY AOCTIAUTU aJbTepHATUBY TUIIOBOMY PEXKUMY
eKcIUTyaTalii OymiBesib IIKiJ, M[00 e(PeKTMBHO 3aJ0BiTbHUTU IOTPEOU IIKOJISPIB,

npn IbOMY CKOPOTUBIIN €HEeProCIIO)KMBAHHSA IIKOJIN.

© Bimoyc L.1O., Tony6enko 0.0., 2024
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B OCHOBi migxomy /eXWUTb BUKOPUCTAHHS YACTUMHM HaBYaJbHMX KJIaCiB B
YMOBax 3aKOHCEpPBOBAHOI IIIKOJIM, @ TAKOK MA€ a MeTy 3allpONOHYyBaT OITUMaJbHe
PO3MillleHHSI TaKMX MpPUMIlIeHb I MaKcuMisalii ekoHomii. OcobiuBa yBara
MIPUIIISETHCS aHaJi3y e()eKTUBHOCTI BUKOPMCTAHHS €HepPropecypcis.

B mopanbiiomy, 1ie AOC/TiIKeHHS MoXe OyTM BUKOPMCTATM IJIsT ONTHMMi3aliii

BUTpAT Ta MigBUIIEHHS e(eKTUBHOCTI YIIPaBIiHHS MKIJIbBHUMHU ITIPOCTOPAMMA.

AHasti3 ocTaHHIX JOCTiIKeHb i myoJTiKain

VYV KOHTEeKCTi CydyaCHMX BMKJIMKIB, IIO CTOSITh Mepejl OCBIiTHIMM yCTaHOBaMM,
30KpeMa y IMMUTaHHi OonTuMi3allii BUKOPUCTAHHS WIKUJIbHMX NPUMIillEHb B YMOBax
HEeIIOBHOI 3ai{HSTOCTI, BayK/IMBO 3BEPHYTU yBAary Ha OCTaHHI HayKOBi JOC/IiIKEHHS B
1iJi ramysi.

HepaBHi mociigkeHHs B 00/1aCTi ONITMMIi3allii cucTeM omnajeHHs, BeHTUIIALII Ta
KOHIUI[IOHYBaHHS MigKpeCc/II0Th 3HAUHUN IIOTEeHIIial 3HIKEHHS
€HeprocIoXMBaHHS B MIKIIbHMUX MPUMIIIeHHSIX. BUKOpUCTAHHST iHTeNeKTyalbHUX
CUCTeM, SIKi alaliTyIOTbCS A0 peajbHOrO YMcia JIoAei y MpuMillleHHi, J03BOJISIE He
TUIBKM 3HIWDKYBaTM BUTpATM Ha eHeprilo, aje i MOiATpMMyBaTU OINTUMa/IbHUI
MiKpOK/IiMaT AJ151 YUHIB i BUUTEIB [2-4].

Oxpemi gocChigkeHHSI aKIEHTYIOThb YyBary Ha BaKJIMBOCTI CTBOPEHHS
KOM(OPTHOTO HaBUYaJbHOTO CepefoBMINA, 3BepPTalouM yBary Ha Taki mapameTpu, SiK
sakicTb moBiTps (piBeHb CO,), TemmepaTypy, BOJOTICTb, i OCBITJIeHICTb [5-9]. [6]
MIPUMIJSE OCHOBHY YyBary TeIJIOBOMY KOM@OpPTY B MAONIKIJIbBHMM HaBUaJIbHUX
3aKaajax, B [7] DOCTIIKY€ETbCS BIUIMB TEIJIOBOTO 3aXMUCTy Ha KomdopT, a [8] Ta [9]
dbokycyioTbcsl Ha SIKOCTi MOBITpsi. KOHTposib LMX IMapaMeTpiB MoOXe 3HAYHO
MTOKPAIIUTY YMOBU TMepeOyBaHHS YUYHIB y IIKOJIi, 1110, B CBOIO 4epry, MO3UTUBHO
BIUIMBAE HA iXHE 3[TOPOB'sI, 6JIAarOMOIyYUsl Ta HABYAIbHY €(PeKTUBHICTb.

BuxopuctanHs  iHHOBAILliMHMX  TEXHOJIOTIYHMX  pillleHb, TakKux K
iHTe/leKTya/ibHi CeHCOpM Ta CUCTEeMM VIIpaBAiHHA OymiBAIMM, MOXe HaaaTu
KepiBHUIITBY IIKiJ iHCTPYMEHTM Ijisi Oi/ibII TOYHOTO MOHITOPMHIY i ajarTariii
MIKITBHOTO TIPOCTOPY [T, 3MiHHI TOTpe6u, MpoTe TaKi AOCTIMKEHHS X OiabIil

aKTyaJIbHMMM 32 YMOBM HOpPMaJIbHOI ekcIutyaTtailii Oymisii. IIpoTe peasisariis
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iHTe/IeKTyaJIbHOTO KepyBaHHSI MiKpOK/IiMaToOM OymiB/i € HEIpOCTOI0 3ajaveio 3
TOYKM 30py arlapaTHoro 3abesmneuenHst [10].

[Ipy 11bOMY 3K iCHY€ BiguyTHMI AedillUT MOC/iIKeHb, TPUCBIYEHMUX THYUKOCTI
BUKOPUCTAHHS ITPOCTOPY B INKOJIAX, OCOOGJIMBO Y KOHTEKCTi HEITOBHOI 3aliHSITOCTI.
[leperuianyBaHHS IIPUMIillleHb [JISI CTBOpEHHSI 06araTo(yHKI[iOHAJbHMUX 30H, SIKi
MO>KHA afanTyBaTy IIiJ pi3Hi MMOTpedu, BiIKpMUBaA€E MIISIXM I Oibill e(eKTUBHOTO
BUKOPUCTAHHS pecypciB i mpocropy. Lle Takoxk BKIHOUaEe B cebe MOSKIMBICTD
OITMMi3allil eKCIuTyaTallii Juile 4YacTUMHM MOPUMIilleHb 3aJIeXKHO BiJ, MOTOYHUX
IOTPeO IIKOJIN.

V3arajabHIOIOUM, MOKHA CTBEpIKYBaTM, IO CY4YaCHi HOCTiIKeHHS B 00JacTi
ONTHMIi3anil yMOB eKCIUTyaTalil IIKUIbHMX IPpUMIilIeHb Y CBIiTVIi HEINOBHOI
3aHSTOCTI BiAKPMBAWOTb HOBi IepCIeKTUBU MJisi MiABUILEHHS e(QeKTUBHOCTI
BUKOPUCTAHHS pPeCypcCiB i CTBOpeHHS ONTUMAa/JbHMX YMOB [JisI HaBUYaHHS i

PO3BUTKY YUHIB.

MerTa pociaimKeHHS

MeTo0 [HaHOrO [JOCHIMKEHHSI € BUBUMUTU IIiAXOAM O BUKOPUCTAHHS
MpUMillleHb 338 YMOBM HEIIOBHOI 3aliHATOCTi Ta HaAaTM peKOMeHIallil Moo

Hali6inbIiI eHeproeeKTUBHMX pillleHb B IIbOMY MMUTaHHi.

OCHOBHi MaTepianu JOCTiIKeHHS
O6'ekTOoM  mOCHimKeHHS € imiTamniiiHa Momenb OymiB/Ii  cepemHbOi
3araJibHOOCBITHBOI IIKOJM, IO 06a3yeTbCs Ha peanbHO icHylouiii Oyaismi C3II
po3TaioBaHoi B IBaHO-®paHKiBChKiit o6acTi. [lIkosna Mae Tpu MoBepxu Ta TUIIOBY
nns wkin H-momi6bny dopmy. Pik mobymoBm 1966. 3aranbHa InIomma OymiBimi
1959,35m2.
OropoaKytodi KOHCTPYKILii Oy/1iB/Ii MaloTh HACTYIHY KOHDirypaliito:
) CTiHM — uepBoHa 1era 0,525M 6e3 101aTKOBOI 130711111 ;
o BiKkHAa — MeTa/JIOIIaCTMKOBUII Ipodinb, IBOKAMepHi (3aMiHa BiKOH
MPOBOAMIIACST HEI[OAABHO);
o migjiora — Igjora IO TIpyHTYy, OetoHHa ItumTa 0,25M, iHimr;
npuBeneHuit KoedimieHT Teruionepenadi 0,31Bt/(Mm2K),

. nax — 6eronHa rmTta 0,25m, 6iTyMm.
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Omip oropojskeHb OyaiBIIi IIpeacTaBieHMit B Ta61. 1.

OnaneHHs  3abe3rnevyeHe  BJAACHOI  Ta30BOK  KOTe/lbHEIO,  CUCTeMa
TEIUIOTIOCTAYaHHSI — BOJsIHA, ABOTPYyOHA, CHUCTeMa MeXaHiYHOi BEHTWJSIii Ta
peKkyrmnepaliii BiiCyTHSI.

[Ipu oMy, OYAiBIS PO3I/ISOAETHCS B UaCTKOBO «3aKOHCEPBOBAHOMY» CTaHi,
TOOTO, cucrtema omnajgeHHs Ta I['BII OymiBii He eKCIUIyaTyeTbCs, a OiJbIIiCTh
MIPUMIlleHb 3aJIUIIAI0ThCS HEOTIATIOBAJIbHUMMU.

3 OymiBjai BUIIASETbCS OJIOK KIAaciB 3 I’SITU KIAciB, SKi MOXYTb OyTU
BUKOPUCTAHI [Jig TepeOyBaHHSI B HMX Y4HiB, Ta IIPOIIOHYETbCS PO3IJISTHYTHU
OITMMaJbHe pO3MillleHHS [IiTeli B TPbOX i3 HUX.

OnaneHHs LMX MPUMillleHb 3a6e3IeuyeTbCsl HarpiBayamu [jisi 3abe3revyeHHs
KOMMOpPTHMX YMOB IiepeOyBaHHSI [iTeii B TNpPUMIlleHHSIX 6e3 HeobOXigHOCTi
eKCIUTyaTyBaTy CUCTEMY OMajieHHS IIKiJIbHOTO 3aKaamy.

3 MeTol0 y3araJbHeHHSI pe3yJbTaTiB, OrOPOMKYIOUi KOHCTPYKIIii OyiBii 6ynu
IOBeIeHi 1o MiHiManbHMX 3HaueHb 3rimHo IBH B.2.6-31:2016 tTa JIBH B.2.6-31:2016
[11,12].

IIPOMO/Ie/IbOBAHOI OYiBJIi HaBeAeHa B Tab/mIIi 1.

Pisuuust Mk TertodisMUHMMM  BJACTMBOCTSIMM  peajlibHOI  Ta

Tabmuug 1

KoediuieHT Terionepenaydi oropoiKyBaabHUX KOHCTPYKILili, BUKOPUCTaHI
B Mojensax, Br/(m2K)

Twun oropogskeHHs

IcHytounii cTan

IOBH B.2.6-31:2016

JBH B.2.6-31:2021

30BHIIIHI CTiHU

0,8

0,303

0,25

BikHa

1,67

1,33

1,11

Jax

0,89

0,167

0,143

JlocTiIKeHHsT TPOBOAMIOCh HA OCHOBI €HepreTMYHOI0 MO/Ie/TIOBaHHS OYIiBJIi B
nporpaMHoMy cepenoBuiii DesignBuilder [13].

DesignBuilder OO3BOJISIE IIPOBOAUTHA IOVHaMiuHe MoOJen0BaHHS
€HepProcCIIOKMBAHHS OY/IiBji 3 ypaxyBaHHSIM [IeTaJbHOTO BimoOpaskeHHs rpadikis
MIPUCYTHOCTI JII0Mel, OOJIagHAHHS Ta OCBiTJIeHHS. Takoxk, MmporpaMa BpaxOBYE

IepeTOoIy MiK IIPUMIIIeHHSIMHU, 1[0 KPUTUUHO A7 JAHOTO JOC/TiaKeHHSI.
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oo Toro 3k, DesignBuilder mo3Bosisie BMKOPMCTOBYBAaTM IIOTOAHI JaHHI
kiimatuuHoro (aity IWEC [14], 10 BpaxoBYIOTb TeMIepaTypy 30BHIIIHbOTO
TIOBiTpsI, BIUIMB BiTPYy Ta COHIISI B CyO-TOAMHHMX YaCOBUX iHTEpBaIax.

B wingx mocmimkeHHs 3 OymiBiai OyB BUIiIeHMIT OJIOK 3 IUSITM HaBUYaJIbHUX

KimHart (puc. 1.):

Pucynok 1 — [JoctiaKkyBaHi IpUMillleHHST OyAiBTi

Penpe3eHTaTuBHI MNpUMIillleHHSI MalOTh ONaJIOBaJbHy IUIOomy 45-48M?% B
3aJIeKHOCTI Bif, po3MillleHHS1 MpuMilleHb. Ilioma CTiH, IO KOHTAaKTYHOTh 3
HeOITa/IIOBAJIbHUMM TPUMIILIEHHSIMM cgra€ 75,5M2, IUIoIa 30BHIIIHBOI CTiHM He
nepeBuiiye 30mM?, CKIiHHSA 3agaHe Ha piBHi 30%.

KnacHi KiMHaTH 119 JOCTimKeHHS Oy 0OpaHi 3 psiLy MPUUMH:

. B OyniBii obmMeskeHa KiIbKiCTh KJIAaCHUX KiMHAT pO3TalllOBaHUX OIMH-
HaJ-THOIO;

° Po3smip o6paHux KiMHAT € perpe3eHTaTUBHUM [IJIsI TaHOi OYIiBIi;

. [MpumimnenHst cripssMoBaHi Ha IliBgeHb, TOOTO, TSI IIMX IPUMIIIEHb
COHSIYHI TEIUVIOHAAXOKeHHSI € MaKCUMaJIbHUMM.

Hapami, mjis momanbIoro OOCTIIKeHHS, Oynu po3pobseHi 4 KoHgiryparii
pPO3MillleHHSI eKCIUTyaTyeEMMX IPUMIillleHb OJlHe BiJHOCHO OJHOTrO0. 3aIlpOINOHOBaHi

KoH(irypailii HaBeZleHi Ha pUCYHKY 2:
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PucyHOK 2 — 3anpomnoHOBaHi MPUKIAAM PO3MillleHUX MPUMIllleHb IIPY HEeTIOBHili 3aliHATOCTI
OyaiBji: a) Be3 KOHTAKTy 3 aXOM Ta Mifjoroi (KoHdirypailis A); 6) KOHTaKT 3 OJHi€I0
30BHIIIHBOIO CTiHOIO Ta MifJioroo (KoHdirypaiiist b); B) 63 KOHTaKTy 3 30BHILlIHIMY CTiHAMM
(xoHbirypatiisi B); r) KOHTaKT 3 OHi€I0 CTiHOW Ta JaxoM (KoHpirypais I).

KoskHa 3 mocmimkyBaHMx KOHQIrypalliii Mae CBOi mepeBaru, a caMme:

o Kondirypaiis A - m#OpuMmilieHHS KOHTAaKTyIOTb B OiIbIIOCTI 3
HeOoIaI0BaJIbHUMM MPUMIilLlIeHHSIMM, BiICYTHICTh KOHTAKTy 3 JaXOM Ta IMiJJIOr0I0 0
TPYHTY.

o Kougirypaiiisi b — BifCyTHiCTb KOHTAKTy 3 JaXOM OY[iBjIi, JOCTYI 10
OJTHOTO 3 IIPUMillleHb BiIOyBa€ThCS Uepe3 Mepiunii IoBepx OymiBri.

o KoHdirypamis B -  MiHiMa/JibHa  KiIbKiCTb ~ KOHTAaKTy 3
HeOTa/IIBAIbHUMU ITPUMIllleHHSIMMU, TTOTEeHIIiiiHi TeIJIOHAAXOMKeHHS BiJl Jaxy.

. Kondirypauis I' — BiACYTHICTh KOHTakKTy 3 MiJJIOrOI0 IO TPYHTY,
TTOTEHIIiiTHi TeIJIOHAIXOMKeHHS BiJl Jaxy OyIiBJii.

[l TipUMillleHb, 110 eKCILTyaTyloThCs, 6y po3pobieHi rpadiky mpucyTHOCTI
JII0JIel1, BUKOPYCTAHHS OCBIiTJIEHHS Ta 00J/1afHAHHS, a TaKOX rpadik omageHHs (puc.

3) 3 ypaxXyBaHHSIM TUIIOBMX CBSIT Ta KaHiKyJI.
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Tabmuis 2
I'padik BUKOpUCTAHMIL IJISI TPUMIllleHb 3 TTPUCYTHICTIO JIIOA i

[lpucyTHiCT,  NIOJEN, BUKOPUCTAHHS

Cucrtema onajeHHS 00J1aTHAHHS Ta OCBIT/IEHHS

Buxigui Ta Buxigui Ta
T'oguna IMu-IIT CBSITKOBIi OHi T'oguna IMu-IIT CBSITKOBI IHi
00:00-6:00 BigiMKHeEHO BigiMKHeEHO 00:00-6:00 0 0
6:00-7:00 16°C BigiMKHeHO 6:00-8:00 0 0
7:00-15:00 20°C BimimkHeHO 8:00-15:00 100% 0
15:00-16:00 | 16°C BigiMmkHeHO 15:00-16:00 0 0
16:00-24:00 | BimiMKHEHO BigiMKHeEHO 16:00-24:00 0 0

B nipumillleHHSIX BBeJeHO peryaloBaHHS OINaTl0BaJIbHMUX MPWIAJiB 3 IiIbOBUM
piBHEM TeMIlepaTypy MOBITPsSI BCTaHOB/IeHOMY Ha piBHi 20°C 3rigHo 3 [15].

B 1isisix eKkoHOMii, ITPOIIOHYETHCS IOBHICTI0O BMMMKaTM HarpiBaui 3 16:00 go
6:00, ockibKM OY/IiB/ISI 3aKOHCEPBOBAaHA Ta PU3MK ITOLIKO/IKEHHSI OyAiBIIi BiICyTHIIA,
MpoTe, 3a ABi roAVHM A0 MOYaTKy HaBUaJIbHOTO IMPOIeCy MPOIIOHYEThCS MPOTpiBaTh
MIPUMIIIIeHHST [Ji1 AOCATHEeHHS HOPMAa/JIbHOTO piBHSI TeMIlepaTypu Ha MOMEHT
MIPUOYTTSI JIOIEN.

[lepuiM KpPOKOM B JOCTIIKeHHI CTaJi0o BM3HAueHHSI e(eKTUBHOCTI
pO3MillleHHSI TIPUMillleHb Ha OCHOBi €HeprocIioXMBAaHHSI CUCTEMOIO OIaJIeHHS JIJist
OyniBesib 3 TpbOMa pIiBHIMM TeIUIOi30JsIii 3ragaHMMu Buile. PesynabraTu
MOJe/JIIOBaHHS CIOXMBAHHS CUMCTEMOK OMNaJieHHs B PiYHOMY 3pi3i HaBedeHi Ha

PUCYHKY 3:
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KoHdirypauia A Kondirypauia b KoHdirypauja B Kondirypauial

]

CrnoxKMBaHHA Ha ona.sieHHA, KBT*roa/m3
[Wa

W Be3 lzonauii w JBH 2016 m[BH 2021

PucyHok 3 — [IUTOMe CITOKMBAHHS eHeprii CMCTeMOI0 OTaJieHHS 1S pi3HUX KoHirypaitii
PO3MillleHHS IMPUMIllleHb Ta Pi3HUX PiBHIB i30ss11ii 6yaiBIi

AHati3 piyHOTO CIIOKMBAHHSI €Heprii Ha onajeHHs MoKasye, 1o, KoHdirypaiiis
B € HaiiKkpaiow 3 TOYKM 30py eHeproe(eKTUMBHOCTi, MOKa3yw4u K MiHIMyM Ha
8,5% MeHIIle CIOXMBAHHS BigHOCHO iHIMX Bapiamiin (22,3% BimHOocHO A, 8,5%
BimHOCHO b Ta 16% BimHOocHO I).

Take TMoOKpalleHHS BUKIMKAHO MEHIIOK 3HAYHO IUJIONIEI0 OTOPOAKYIOUMX
KOHCTPYKIIilf 1[0 KOHTAKTYIOTh 3 HEOTaTI0BaJIbHUMU ITPUMIIIeHHSIMUA.

Ilo Toro >k, BapiaHT B OuiKyBaHO € HaMOiTBII YYTAMBMUM 0 ITOKpAIEeHHS
TeIUI0i30/s1ii OY/iB/Ii, OCKiJIbKM KOHTAKTye 3 maxoM. IlokparnieHHs no piBHS [IBH
2016 poky 3MeHIIye CIIOXXMBaHHS eHeprii Ha 17,7%, a mo piBHsa IBH 2021 poky Ha
20,2%.

Kondirypatiisi A pusBOOUTb 0 HaMOIMBIIOTO CIOXMBAHHS eHeprii. Takum
YMHOM, MOXKHA 3pOOUTM BMCHOBOK, 110 €KCILTyaTallis IMUIle OJHOTO ITOBEePXY OYy/IiBJIi
He € edeKTMBHMM pillleHHSIM, TUM CaMMM, BUK/IIOUAlOUM BUKOPUCTAHHS,
HaIlpUKJIaJ, Py NPUMIileHb Ha MepUIOMY ITOBEPCi 3 METOI0 IMOJIMNIIeHHS JOCTYITy

IO HaBUYAJIbHMX KJIACIB.
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Koudirypatii b ta I' € 6AM3bKMMM II0 €HEProCOXMBAHHIO, TOOTO, COHSIYHI
TeIUVIOHAAXOMKeHHSI Ha JaxX He TMepeKpuBalTh BTpPaTM uepe3 OropoIKyloui
KOHCTPYKIIii. 10 TOrO 3K, 3i 30i/bIIeHHST PiBHS i30/s11ii OyAiB/Ii PisHULI MiXK LIMMMU
BUITaIKaMM 3HMKYEThCS (8,2%, 3,8% Ta 3,6% mys OymiBii 6e3 i30/s11ii, yrerieHoi 1o
HopMmatuBy 2016 Ta 2021 poKiB BiANOBIZHO), IO A€ 3MOrY MPUITYCTUTH, IO IJIST
OymiBesib 3 BUCOKMM piBHEM i30Jis11ii gaxy pexkxuM I' 6yme 6i/1bIn BUTiZHUM.

[HIIMM BasKJIMBUM UMHHMKOM [IJISI MOK/IMBOCTI BIIPOBaIKEHHSI TAKUX PEKUMIiB
eKcIUTyaTalii 6ymiBeb € KoM(POPTHICTh epeOyBaHHS JIIOIel B IPUMIllleHHSIX.

Jlyist mporo Ojist BUIIAAKy B, sIK Haibinbil eheKTMBHOTO MPOBEAEHUI aHaIi3
TeMIlepaTypy TIOBITpPsI Ta pafiallifiHOi TeMIlepaTypu, SIK pelpe3eHTaTUBHUX
MOKa3HUKIB TePpMidyHOI KOM@POPTHOCTI B MPUMillleHHi B [T04aCOBOMY 3Pi3i.

KonvBaHHS TemIepaTypu IOBITps Ta pafialliiiHOi TemIiepaTypu IJisl KOKHOTO
3 IPUMIIleHb OJIs1 HaliXOJOQHIIIO1 700U cepel HaBUAJIbHMX NIHIB (32 pe3y/bTaTaMu
MOJe/NIOBaHHS 1ie 9 ciuHsg) JocaimkyBaHoro poky (2020p.) mnpuBedeHi Ha

puUcyHKax 4 ta 5:
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PucyHoK 4 —Temmeparypa IOBiTpsI Ta cepeaHs paialliiiHa TeMIIepaTypu s
HalXOMOMHIIIOI 06U POKY, BUMTaA0K OymiBi 6e3 i3ossaiii
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PucyHok 5 — TemmnepaTypa IOBIiTps Ta cepenHs pafialiiiiHa TeMmepaTypu st
HalXOJIOMHIIIOT 106U POKY, BUITAA0K OyiBii yremaeHoi 1o Bumor JIBH 2016 poky

AHani3 mokasye 3HauHe 3HIWKEHHS pafialliiiHol TemmepaTypyu BigHOCHO
TeMIlepaTypy BHYTPIIIHbOIO TOBIiTpsl, SIKa B Halripimiomy BapiaHTi (0ymiBist 6e3
i3oss1ii, KimHaTa B) mocsrae 8°C B yacu repeOyBaHHS JOel B OyiBJIi, 110 3BiCHO,
He € KOMDOPTHUMM YMOBaAMU.

Cutyallilo IMOKpaIlye 30iJblIeHHsT i30/1ii OymiBmi, TakKuMM UMHOM, MOSKHA
mocsartu temriepatypu 10°C gjist bOro camoro BUITaAKYy.

Buxopsium 3 OTpUMaHMX pe3yJabTaTiB, BIPOBAIKEHHS TaKUX PEKUMIB
3aMfHSTOCTi 6e3 IMonepeaHbOI MOIepHi3allii OyAiBJli He peKOMEHIYEThCS, BUXOISUN 3
MipKyBaHb KOM(OPTHOCTI ITepeOyBaHHS B MIPUMIIllEHHSIX.

Takox Ha rpadikax moMiTHe pi3ke 3pOCTaHHS TeMIlepaTypu MOBITps B KiMHAaTi,
1[0 CBiUUTH MPO BUCOKY MOTYXKHICTb MpWIaAiB onajaeHHs. Pe3ynbTaTu CUMYyJISILii

MOTYKHOCTi CMCTEMU OTa/IEHHSI HaBeJleHi Ha PUCYHKY 6:
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PucyHok 6 — HeobximHa MOTYXHICTb CMCTeMM OTIaJIeHHSI TP BIIPOBAKeHHi 3aX01y

HeobxigHa MOTYKHiCTh KOJMBa€Tbcd Bim 7,3 mo 13,4 kBT. TakuM UYMHOM,
peKOMeHAyBaTy 3alpPOIIOHOBAHI peXMMM eKCIUTyaTallili MOXKHa B JBOX BUIIAJKax:
SIKILO B OYZiB/Ii HasgBHA CUCTeMa LIeHTPai30BaHOTO OMaJeHHs 3 peryjJloBaHHSIM Ha
MpwiIafax ornajaeHHs], 00 3a YMOBM CYTTEBOTO 30iJbIIeHHS MOTYKHOCTi JIOKAJTbHUX
oTa/II0BaJIbHUX MPUIAIiB.

OckinbKkM GinblI TUIIOBUMM BUIIAAKOM € TeIIOBa MOTYXKHICTb OMal0BaTbHUX
MpwiafAiB B TpuUMillleHHi 613bko 2KBT. AHaji3 BHYTpilllHIX TeMmepaTyp [Js
BEpPTUKAIbHOTO PO3MIillleHHSI MPUMillleHb 3 TUIIOBOIO TMOTYKHICTIO OMaJTIOBAIbHUX
npwiagiB Ta AoBeJeHMMU A0 MiHiMmasibHMUX BuMOTr JIBH 2021 oropomKyBajbHUMM

KOHCTPYKIIiSIMM HaBeJleHO Ha PUCYHKY 7:
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Pucynok 7 —-Temneparypa NoBiTpsl Ta cepefHs pafialiiiHa TeMnepaTypu OJs
HalXOJIOIHINIOT 106M POKY, BUITAA0K Oy/miBti 6e3 i3ossiii

[Ipu BUKOpMCTaHHI 2KBT onanoBa/ibHUX MPUJIAAIB CUCTEMAa OTIaJIEHHSI HE MOJXe
3aJI0BUIbHUTM MiHIMa/IbHy TeMIlepaTypy IOBITps IIpU MepepuBUYACTOMY PeXUMI,
HaBiTh B BUIIAJIKy JOOpe i30/1bOBaHOi OY/IiBIIi,

CepenHs pazaiamiriHa TemIeparypa TaKOK He BiJTIOBia€
KOMGOPTHUM YMOBAM.

Ockinbky TIpwiIaAy OIajieHHS He MOXYThb 3a[0BiIbHUTUM KOM@OPTHI yMOBMU
Tpu mnepepuBuacToMy rpadiky omajeHHs, TaKoX OyauM IpoaHasai3oBaHi

TeMIlepaTypy JJIS TIOCTiITHOTO pexXumy onajieHHs (puc. 8).
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Pucynok 8 —-Temneparypa noBiTps Ta cepefHs pafialiiiHa TeMnepaTypu Ijs
HalXOJOIHIIIOI 106 POKY, BUMTAA0K OyiBIi 6e3 i3ossirii
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HaBiTb nipu mocriitHomy rpadiky ornajyieHHs, B riepioau repedyBaHHS JTIOAe B

MIpPUMIillleHHi TeMnepaTypa IMOBITps He J0ocsIrae MiHiMaabHUX HOpMaTuBHMUX 18°C.

BucHoBKu

CyuacHi ymMoBM B YKpaiHi, 0co6/MBO 3 orjisimy Ha gemorpadiuHi 3miHm Ta
BIUIMB BiliHU, CTABJISTh HOBi BUK/IMKM Mepe1 CUCTEMOIO OCBiTH, 30KpeMa B KOHTEKCTi
eeKTMBHOrO  BMKOPMCTAHHSI Ta  VYIpPaBIiHHS  WIKUIBHUMM  IIPOCTOPaMMU.
HlocnigskeHHs, IpOBeleHe B paMKax I[i€l CTaTTi, BUCBIT/IIO€ MOTEHIIiaa ONTMMi3allil
PeKMMIB eKCIUTyaTallii MKiJIbHMX OyIiBe/ib B YMOBAxX HEIIOBHOI 3a/iHSITOCTi, 3 METOI0
3HIKEHHSI €HeprocIIOKMBaHHS Ta 3a6e3meyeHHs KOM(POPTHUX YMOB IJIs1 YUHIB.

AHaji3 eHepreTMYHOro MOMEIOBAaHHSI B IMPOTPaMHOMY CepelOBUIIi
DesignBuilder moka3sye, 1m0 BapiaHTy KOHQirypailii KJIacHMX KiMHaT MOKYTb 3HAUHO
BIUIMBATH Ha eHeproedeKTUBHICTb OymiBii. Hammpukiam, njs BapiaHTy 6e3 i30/si1iii,
pO3MillleHHS NpUMillleHb B PSJ IIOKa3ajJo IMUTOME CIIOKMBAHHSI Ha OIaJIeHHS
41kBt*roa/m?, njist po3miieHHs «1iTepoio I'» 34,8kBt*roa/m?, a 1jisi BEpTUKAIbLHOIO
po3mimeHHs 31,8kBt*roma/m?.

Hajikpaii pe3yabTaTy 3 TOUKM 30py eHeproedeKTUBHOCTI Oy OTpUMaHi IJIst
KoH(iryparii posmilleHHsI KiMHAT OJHA-HaJ-OOHOI0, IepeBepIIMBIIM BapiaHT 3
pO3MillleHHSIM TPbOX KiMHAT Ha cepegHbOMY MoBepci Ha 22,3%, Ta KomMOiHOBaHi
KoH(pirypamii Ha 8,5% Ta 16%. Takuit pesyabTaT IOOCITA€ETHCS 3a PaxXyHOK
MiHiMi3allil0 KOHTAaKTy 3 HeOIaJIBaHMMU NOPUMIIIEHHSIMM Ta MAaKCUMMaJbHOTO
BUKOPUCTAHHS  COHSYHMX  TeIUIOHAAXomXkeHb.  BomHouac,  MojepHisallis
Teruioizonallii  OymiBiai migBuiye edeKTMBHICTh BUKOPUCTAHHS eHeprii Ta
3a6e3rieuye Oisbill KOMMOPTHI YMOBM IJj151 TIepeOyBaHHS YUHiB.

BepTukanbHe poO3MillleHHSI TaKOX 3abesmeuye Oisbll KOMGOPTHI yMOBU
nepebyBaHHS B IIPUMIillleHi B TTOPiBHSIHHI 3 iHIIMMM KOHQiryparismn.

[IpoTe, BakMMBO IMiAKpecanTH, 1o 6e3 BiAMOBiMHOI MojepHisarii OymiBii,
BUKOPUCTAHHS OOMEXeHUX IpUMillleHb MOXKe He 3abe3leuyBaTy HaJIeXHUX YMOB
KomdopTy, B XOJIOAHiI Tepioau. s OOCTiIKyBaHMX KiMHAT (Tioma 45-48m?)
HeoOXilHA TMOTYKHICTb ONAJIOBAJbHMUX TIPWIAAiB, M0 IIOTPEeOYIOThCS  IJIsI

3a0e3mneyeHHsT KOM(POPTHMUX YMOB BapitoeThest Bif 7,5 mo 10,5kBT B 3a/Ie3KHOCTI Bif
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piBHSA i30ss11ii, 110 B 3-5 pa3iB Oisibllle 3a CTaHAAPTHY MOTY)XHICTh OMAIIOBaJbHUX
MpUIaAiB AJ1s1 TAKOTO TUITY IPUMIllleHb.

3abe3neueHHs KOMGOPTHMX YMOB 0e3 MoJepHisallii cucTeMM OmajeHHS B
XOJIOAHI mepioiy pOKy HEMOX/IMBEe HaBiTh MPU BUCOKMX MOKA3HMKAX TeIlJI0i30JIS1Ii1
OymiBii Ta rocTiftHoMy rpadiky ornajeHHs.

TakuM UMHOM, BIIPOBAKEHHST YaCTKOBOTO BUKOPUCTAHHS OyiBJIi HaBUa/JIbHUX
3aK/JafiB, He 3Ba)KalouM Ha BUCOKUI IOTeHIias 30epeskeHHSI eHeprii He Moske
3aJ0BIJIBHUTM YMOBM KOMMOPTHOCTI y4HiB 6e3 BiIMOBiZHMX ITOKpaileHb. IIpore,
npu BMOOpi KoHirypallii po3MilieHHs MMPUMillleHb, BAPTO 00MpPaATH PO3MillleHHSI
MpUMillleHb OHe-Hal-OOHUM, SIK 3 TOUKM 30py eHeproedeKTUBHOCTI, TaK i 3 TOUKHU
30py TEIJIOBOTO KOM@OPTY.

Y MaitbyTHbOMY, TaKi JOCTiIKEHHSI MOKYTh CJIYTYBaTM OCHOBOIO [IJISI PO3POOKM
KOMIIJIEKCHMX CTpaTeriii ympaB/liHHS IIKIJIBHUMMM ITPOCTOpPaMM, IO BPaxOBYIOTh
3MiHHI YMOBM BMKOPMCTAHHS OyAiBesb Ta 3a0e3Ieuyl0Th ONTMMAaJIbHE IMO€THAHHS
eHeproeeKkTUBHOCTi, €KOHOMIUHOCTIi Ta KOMGOPTY [IJs Y4YHIiB Ta IIepCOHAY.
Pe3ynbTaTu ILbOTO [HOCTIIKEHHS MOXYTh OYTM KOPUCHUMM [JISl IIKiTbHUX
agMiHicTpaliit, MiclleBMX OpraHiB YIIpaBJliHHSI OCBIiTOI, a TaKOX JJIsI PO3POOHMKIB
TIOJTITUKM B Tay3i OCBiTH i eHeproedeKTUBHOCTI.

B HacTymHMX OOCHiIKeHHSIX MPOMNOHYETbCS MOCTIAMTU BIUIMB 130JISIIIi1
BHYTpIIlIHiX CTiH OYZiBJi, MigBUIEHHS MOTYKHOCTiI OMaalOBaJbHUX MpPUIALiB Ta
OTa/ieHHsI HEeKOHIMIIIOHOBAaHMX KiMHAT [0 TEeBHOTO piBHSA TeMIepaTypu Ha

eHeproe@eKkTUBHICTb Ta YMOBM KOMGOPTY B MIPUMIlIIeHHSX Jle PO3MillleHi JIIOIN.
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UDC 620.91
I. Bilous, O. Holubenko

ENERGY CONSUMPTION OF THE SCHOOL UNDER CONDITIONS OF
PARTIAL OCCUPANCY FOR DIFFERENT HEATING MODES

The challenges facing the Ukrainian education system, particularly in light of
demographic changes and the impact of war, are examined in this research. It highlights the
potential for optimizing the operation modes of school buildings under conditions of partial
occupancy to reduce energy consumption and ensure comfortable conditions for students.

Energy modeling analysis using DesignBuilder software shows that the
configuration of classrooms significantly impacts the energy efficiency of buildings. The
best results for energy efficiency were achieved with rooms stacked on top of each other,
outperforming the variant with three rooms on the middle floor by 22.3%, and mixed
configurations by 8.5% and 16%. This efficiency is due to minimized contact with unheated
premises and maximized solar heat gains. However, without appropriate building upgrades,
the use of limited spaces may not provide adequate comfort conditions in colder periods. For
the rooms studied (45-48m?), the required heating device capacity to maintain comfortable
conditions varies from 7.5 to 10.5 kW, depending on the level of insulation, which is 3-5
times more than the standard capacity for such spaces.

Providing comfortable conditions without upgrading the heating system in cold
periods is unfeasible, even with high levels of building insulation and a constant heating
schedule. Therefore, implementing partial use of school buildings, despite their high
potential for energy savings, cannot satisfy student comfort needs without corresponding
improvements.

Future research could provide a foundation for developing comprehensive
strategies for managing school spaces, considering variable building usage conditions and
ensuring an optimal combination of energy efficiency, cost-effectiveness, and comfort for
students and staff. The findings can be useful for school administrations, local educational
authorities, and policymakers in education and energy efficiency. Further studies are
suggested to explore the impact of internal wall insulation, increased heating device
capacity, and heating unconditioned rooms to a certain temperature level on energy
efficiency and comfort conditions in occupied spaces.

Keywords: thermal energy consumption, building energy modeling, thermal

insulation of buildings.
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A.A.Baniokos, JI.B.Kamkina, B.I1.IBamenko, 1.B.MgaHoBcbKa, I1.0.Ca30H0OB

AHAJII3 CTAHY TEPMIYHO PE3EPBHOI 30HU JOMEHHOI IIEYI ITPU
BUKOPVCTAHHI B IIUXTI PYJIOBYTIJIbHUX KOMITO3UIII

AHomauis. Po32naHymo 8UHUKHEHHs1 ma iCHy8aHHs1 30H Y JOMeHHill neui, 06yMosieHe
3aKoHOMIpHOCMAMU Meni000MmiHy. Y cepedHili 30HI JoMeHHOI neui memnepamypa
nomokxy easy, w0 euxooumoe, 3aJUUIAEMbC BI0HOCHO NOCMIliHOW [ 8 Hill He
gidoysaiomucs ximiui npouecu. Ile "mepmiuHo pe3epeHa 30HA", 8epXHs UACMUHA Yi€l
30HU - "XIMIUHO pe3ep8Ha 30HAa" npedcmasyeHa 8HCMUMOM, SIKULL He B8IOHOBIIOEMbCSL.
Pe3epes uiei 30HU - ymeopeHHs 2a3080i ¢a3u. IIpu dobaskax y wiuxmy pyoosyziibHux
Komno3suuiti 8idbysaemucs 8i0H08MeHHS okcudie 3aniza (t=1000 °C) 3a peakxyieio
Fe203+C=Fe304+C0O2 ma 2a3ugikauii eyzneuto CO2+C=2CO (Peakuis Fydyapa).
TI'azoea ¢asa (CO), wo ymeopremuvcs, IHMEHCUBHO BiOHOBMIE OKcudu 3anisa.
Komno3umu 0ns domeHHOi nnasku 6upobisomscsl i3 CyMiwli OOMEHHUX Waamie i3
dobasxkamu yemenmy. Cymiw nepepobisiemocsi 8 pyoosyeinvHi KomyHu abo OGpuxemu.
IlomenHa nnaska Ha memanypeitinux 3asodax Yxpaiuu, ITisdenHoi Kopei, Snouii
noKasana, wo 8UKOpUCMAaHHsi pyo0osy2ilbHUX KOMNO3umie € epekmueHoo do6askow 8
wuxmy OOMEeHHOI naaeKku 01 3HUMCEHHS eumpamu KOKcy. B ocHosi egekmy
pyodosyeineHozo Komnozumy Jexcums meopis "TicHozo koHmakmy" (Coupling
Phenomenom) mixc 8yzneyesumu i 3ani308MIiCHUMU Mamepiaiamu 6 OKamuiui-
Komnosumi. Ixua e3aemodis 6i00ysacmucs, AK NOKA3aau  O00CHIONEHHs, npu
memnepamypax 250-420°C 8 ammocgepi CO. 3 ypaxysanHsam peakuii Bydyapa
memnepamypa 8 mepMmiuHO pe3epeHili 30Hi doMeHHOI neui 3HUXCyemoca Ha 80- 200°C.
Takum YuHOM y XiMiUHO pe3epeaHili 30Hi - 8i0HOB8JIeHHS 8'tocmumy 8i00y8acmucs He npu
1000°C, a npu 920-800°C i 8oHa 3miwyemubcs O6auxcue 00 30H (POPpMY8aHHs UABYHY i
waaky. Y cmammi npoaHanizosaso mepmozpamu y 0OMeHHill neui 3 ypaxyeaHHsIm pyoo
8Y2I/IbHUX Kpmno3umis. XiMiuHO pe3epeHa 30HA pO3Maulo8yemucsl y cepeduHi waxmu
(8i0 nosepxui unaxy) 11,2 m. 3i 30inslueHHsamM sumpamu Komnosumy 6 wuxmi (30%)
cmaHosuue pe3epeHoi 30HU 3HUMXYeMubcst 3 11,2 00 6,2m. IllupuHa mixc mepmozpamamu

1200°C - 1400°C € xapakmepHoo 30HO0 K02e3ii, 3i 30i1blEeHHAM 8UMPAm KoMno3umy

© Bahwkos A.A., Kamkina JI.B., Isawenko B.I1., MaHosecvka A.B., Ca3oros I1.0., 2024
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3HUM#Cyemoca 3 2,1 m m (6e3 3asanmaxieHHs Komno3umy) do 0,9 M npu eumpami

komnosumy 30%.

Knrouosi cnoea: domenta niu, pyoogyziibHuli KoMno3um, 8i0HO8JIeHHs oKcudie 3anisd,
2asugikayis eyeneyiw, mepmozpamu 8 OOMEHHIli neui, mepmiuHO pe3epeéHa 30HA

JdoMeHHOI neui, 30Ha Koze3il.

AHasti3 cTaHy IMTaHHS.

@®opMyBaHHSI TEXHOJIOTIYHMX 30H B JOMEHHil Iedi. 3ani3o Ta ii IMPOXYKILis
MeTaJTyprii Ile HalBaskJIuBilINMit MaTepianbuuit QyHIaMeHT iCHYBaHHS CYCITiIbCTBA.
Huui 6inbiricTh 3amiza BUPOOJSETbCS y JOMEHHMX ItedyaxX i KoHBepropax. Cepen
Oi/IBIIIOCTI IIpOIIeCiB JOMEHHA ITiu € HaltedeKTUBHiIMM arperatom. OgHaK HaBiTh y
TaKOMY IIPOLIeCi € HM3Ka MOKIMBOCTEN MigBUILEHHS e(eKTUBHOCTI 3 IIOIVISITY
TepMOAMHAMikKi. BUHMKHEHHSI Ta iCHYBaHHS 30H Y JIOMEHHiil meui 06yMOBJIEHO
3aKOHOMipHOCTSIMU TeIJIO0OMiHY.

M.A. I1aBnoB [1] Big3Hauae HagBHICTb 30HM MOMipHMUX TeMrepaTtyp 800-1000°C,
B SIKil/i 3MiHa TemmepaTryp e IOBUIbHIlEe, HIXX y BUIIE i HVMKYE PO3TAIIOBAHUX
TOPM3OHTAx 3a PpPaxyHOK YTBOPEHHS BIOCTUTY. [loYyaTOK pO3BUTKY Teopii
TeIIo00MiHy y JOMeHHil Tedi BukaageHo y poborax B.I. KutaeBa [2-4]. V niporieci
pob0TH JOMEHHOI Iedi GOpMYEThCS TPU UiTKO IOMITHI 30HM: HUKHS (3aIlJIEUMKH,
posnap i HMXKHSI YacTMHA IIaXTH), B SIKiii y Mipy pyxy rasy Bropy BifOyBa€eTbCs
IIBUIKE OXOJOMKEHHS 10T0; cepenHs, e TemMrepaTypa BUCXiJHOTO ITOTOKY rasy
3aMUIIAETHCS BigHOCHO mocTiitHOW 800-1000°C; BepxHS (BepXHS YBEpPThb IIaXTH), B
sIKiii BimbyBaeTbcs BimHOBIeHHS okcuiB Fe203, Fe304, FeO, mBuaKe 0X0a0IKeHHS
rasy B Mipy pyXy Bropy 0 piBHS 3acuIly. B 0CHOBY aHasti3y Telioo0OMiHy B JJOMeHHi
nevi MPUIHSTO BOJASIHUI €KBiBaJeHT (TEIJIOEMHICTb 3 YpaxyBaHHSIM yCiX Qi3MuHMX
Ta XiMiUHMX IepeTBOPEeHb) Ta30BOT0 MTOTOKY, SIKMIi He3HAUHO 3MiHIOETHCS 10 BUCOTI
mevi, a BOASHMII €KBiBaJ€HT WIMXTU Pi3KO 30i/bIIYETHCS B 00JIACTi MPSIMOTO
BiJHOBJIEHHS], 1110 Ji/ie 3 BeJIMKOI0 BUTPATOIO TEIJIOTHU.

Y KOKCOBii1 Hacanli JoMeHHOI meui (HMKHSI 30HA) peakilis rasudikairii
BYTJIEII0 KOKCY HabIMKAETHCS A0 PiBHOBATM i BYT/IEI@eBMiCHUIT Ta3 IpeCcTaBIeHMIA
TYT OKCuaom Byrienio (peakiuisi bymyapa): CO2+C=2C0-172 m/IDK/kmonb CO, ska
Ma€ BUCOKY eHeprito akTuBauil (360 mIJK), Tomy il IIBUOKICTb 3HMKYETHCS TPU

OXOJIOAKeHHI Ta30BOro moToky. B pesyabtari npu 1000°C miokcup, ByTJelo, IO
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YTBOPUBCSI, BCTYIIA€ B peakilil0 3 ByIJIelleM, B pe3yibTaTi rasudikailii Byr/eIio
YTBOPIOETHCS OKMC Byrjiaeln. OgHak y cepenHiii 30HI yTBOpeHMIA BIOCTUT He
BiHOBJIIOETHCS Yepe3 Masy KoHleHTpaliito CO.

V cepenHiil 30Hi TOMEHHOI Iiedi, Ae TeMIlepaTypa BUCXiJHOTO IIOTOKY Tra3y
3aJMmaeThCsa BigHOCHO mocTiriHow (800-1000°C, me TepmiyHa pe3epBHaA 30HA). Y
BepXHilt 30Hi (BepXHSI UBEPTh IIAXTH) BifOYBA€THCS MIBUAKE OXOJIOIKEHHS Ta30BOT0
TIOTOKY B Mipy pyXy OO PiBHSI 3aCUMIKU. B pe3ynbTaTi BUCOTa BEPXHbOI 30HU He
BejMKa i Temmeparypa rasy Ha Buxozi 3 meui = 100-200°C. Ilig yac pyxy rasoBoro
TIOTOKY Yy BEepXHiii 30Hi BiJHOBIOIOTBHCS BuIli okcuau 3aniza Fe203, Fe304 mo
BIOCTUTY i ITOUMHAE 30i/bIIyBaTICS KOHIIeHTpalisi CO2 moMeHHOMY Tasi.

Pe3ysbTaTOM 1bOTO € YTBOPEHHS [0 BUMCOTI AOMEHHOI Iledi TepMidHO
pe3epBHOI 30HMU, B $SIKi/i BeCh 3aj1i30BMICHMI1I MaTepiaJ MpeACcTaBJIeHMIT BUKIIOUHO
BIOCTUTOM, SIKMIf He BiJHOB/IIOETbCSI, KOJM CKJIaf, Tra3y HaOGAMKaAETbCS [0
piBHOBaXkHOTO 111 cuctemu FeO-Fe [5]. BepTukanbHa AOBKMHA TepMiUYHO pe3epBHOi
30HM B Pi3HMX ITeyax HeOJHAKOBa, a MPU BUCOKIiM iHTEHCUMBHOCTI IIJIaBKM IS 30HA
Moyke OyTH BiiCyTHbOIO [6]. PiBHOBara cucTeMyu BIOCTUT-3a/1i30 B IIbOMY BUITAAKY He
JIOCSITAETHCS i OKCHUJI, BYIJIEII0 TPOAOBIKY€E BiTHOB/IIOBATH 3a/1i30 3 BIOCTUTY.

o Halobinpml BaskIMBUX 30H JOMEHHOI medi BiJHOCUTBCS 30HA KOKCOBOI
HacaJky, TepMiUHO pe3epBHA 30HA B Ieyi, SIKi BUMKOHYIOTb POJIb CBOEPiZHOIO
oydepa, aKi xiba 1m0 3MIaAKYIOTh HEIOMiIKM, 10 BMHMKAIOTh i IIMM 3a0e3I1euyl0Th
BJMCOKY CTabi/IbHICTh JOMEHHOTO mpoillecy. EkcriepuMeHTanbHi JaHi PO pO3IOIia
TeMIepaTyp 3a BMCOTOI JOMEHHOI Ieui A03BOJWIM BCTAaHOBUTHU, IO B Mipy
CKOpOYEeHHSI BUTpaTM MaJMBa Ta BiAMOBIAHO KiJbKOCTI ra3iB Ha OAMHMUIIIO IIMXTHU
CyyacHOi JOMEHHOI IIJIaBKM, CKOPOUYETbCS BUcCOTa pe3epBHOi 30HM [7-10]. He
CIIOCTEPIraeTbCs Iji€l 30HM i BEpPTUKAJIbHUX eeMeHTax Meui 3 MaKCMMaJbHUM
PYOHUM HaBaHTaXeHHSM. lle TOB'S3aHO i3 3MeHIIIEeHHSIM BOJSIHMX €KBiBaJeHTiB
IIMXTY Ta rasy [7].

Po3paxyHok O.M. Pama 1715 peajibHMX Cy4aCHUX YMOB IOMEHHOI IIJIaBKU Jla€
BeJIMUMHY MiHiMaJabHOI Pi3HMIII TeMIepaTyp Tasy Ta IIMXTU B cepenHiii 30Hi 50-
150°C [8]. Ilpsmi Bumipnm H.I. KpacaBiieBa onHi€ 3 AOMeEHHUX Teueil ITOKa3aau
AQHAJIOTIUHY BeJIMYMHY Yy Pi3HMX Toukax papiyca maxtu 30-150°C [11]. dx iy

M.A.IlaBnoBa, 1ii AaHi CBiA4aTh MPO YMOBiJIbHEHHSI 3MiHUM TeMIlepaTypy B 11ili 30Hi.
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[TpupoaHo, 1151 30Ha BiTHOCUTBHCS IO BIOCTUTY i He BilOYBA€THCS 10T0 BiHOBIEHHSI.
Tob6To MOXHa 3a3HAUUTH, IO Ie XiMiYHO pe3epBHA 30HA - BEPXHS YaCTMHA
TepMiUuHO pe3epBHOI 30HN.

[Ipu 3ouayBaHHi neui I.I. ToBapoBchkuit Ta B.II. JIsuttok [6], 3a3Ha4a0Th, 110
yyuM OJIMKUe BepTUKa/Ib 30HIa 00 nepedipii, TMM Ginbliie BUMIp iae y 6iK HMKUMX
TeMIlepaTyp i TMM SICKpaBimie "ifo3is" yMOBiJIbHEHHS HIBUAKOCTI 30iJbIIeHHS
TeMIIepaTyp IO BUCOTi 1edi, TOOTO € HasIBHICTh TEPMiUYHO pe3epBHOI 30HU Y BUTJISITI
isoTepmiuHoi minsgHKM BucoTH. lle MiATBEPIKYETHCS CXEMOIO TEIIOOOMIHY IT10
BUCOTi JOMEHHOI Meui Ipu CydacHiil TeXHOJIOrii MJIaBKM YaBYHY, KOTpPa BKJIIOYAE:
BEPXHIO Ta HIMKHIO OiSIHKM YIIOBIJIbHEHOTO TEIUIOOOMiHY; 30HM BiTHOBJIEHHS
reMaTUTy, MarHeTUTy Ta BIOCTUTY, 30HM HEIPSIMOTO Ta MPSIMOTO BiJHOBJIEHHSI.
BcraHoBIIeHO [1Bi i30TepMiuHi fingHku [11, 12].

TakuM 4MHOM, TE€pPMIiUHO "pe3epBHA 30HA" BMHUKAE SIK MPaBWIO B CepemHil
30HI [OMEHHOi Ieui B 30Hi YIIOBiIbHEHOTO Teruioo6MiHy. Came B IIiii 30HI
3HAXOAUTbCSI BIOCTUT i MOpM JiOro BigHOBJIeHHS yTBOpleTbcsa CO2, mpu uux
TeMIlepaTypax B IIiii 30Hi He BimOyBaeThcsl rasmudikailis Byriemio. OueBUIHO,
TepMiUHO pe3epBHAa 30HA BMHMKIA, 10O ii pe3epBM BUKOPUCTOBYBATU [IJISI
3HIDKeHHs  Temriepatryp Hwkdye 1000°C i OZHOYAaCHMM  BiJHOBJIEHHSIM
FeO+CO=Fe+CO2 3 momanpmoi rasudikamiero Byrienw CO2+C=2CO i3 cyTTeBUM
MOIJIMHAHHSM TeMJIOTU Ta 3HMKEHHSIM TeMIepaTypu B TepMiuHO pe3epBHiii 30Hi
JIIOMEHHOI 1edi. /OIiJIbHO BMKOPMCTOBYBATM 1ieii 0OCAT Iedi TepMiuHO pe3epBHOI
30HM, 3 METOI0 3aBepIleHHS IMATOTOBKM IIUXTU [OJsS BUCOKOTEMIIepPATypPHUX
TIpOoI1IeCiB PO3IJIaB/IeHHS YaBYHY Ta LIJIaKYy.

OTpuMaHHS pyAo0 BYyTiJIbHMX KOMITO3UTIB B JaHUI YacC € JOCUTDb IIMPOKO Bigomi
CIIOCOOM MiATOTOBKY 3aj1i30pYIHOI CMPOBUHM Y BUTJISII PYAOBYTIIbHMUX KOMIIO3MUITiiA
[13-16]. Ilpu ix BMKOpPUCTAHHi B IIMUXTi 3a6e3IMeUyrThCS MPOIEeC BiTHOBIEHHS
BIOCTUTY i ras3mdikallii Byrieio B KOMIIO3UTi. Y TepMiUyHO pe3epBHiit 30Hi IOMeHHOi
Tevi, 3a paXyHOK peakilii rasudikaiiii Byrjeito, sika IpoTiKae i3 BUTPATOI TEIJIOTH,
3HMUKYETHCS TeMIeparypa y 1iit 30Hi [17]. PygoByroyiibHi KOMIIO3UTH BUPOOJISIIOTHCS
SIK TpM BUIIAJeHHI KOTYHiB, TaK 1 3a paxyHOK OTpPMMAaHHS IX MLIISIXOM

6e3BUMATIOBAIbHUX KOTYHIB a60 OpMKETiB, OTpMMaHMX Ha IIeMeHTHiit 3B'S31Ii.
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Bnepiiie BMPOOHMUIITBO OOIMajeHUMX KOMIIO3UTIB i3 CyMimni 3ami30pymHOro
KOHIIEHTpATy i BYrijuig O6y/j0 31iiiCHEeHO Ha MOC/igHii (habpuili OKOMKYBAHHS, SIKi
Oy/JM OTpMMAaHi 3 CyMillli 3a/1i30pyJHOTO KOHLIEHTPATy 3 MOAPIOHEHMM BYTIJLISM,
CYMiIll OKOMKOBYBAJIacs Ha YalleBOMY TPaHY/ISITOpPi i OKaTuIli oOIaaoBaIMcsa Ha
obmamioBanbHit  MammHi  OK-18. KommosuTu xapakTepusyBaJUCS TaKUMMU
nmokasHukamu: Fesar - 62.5-63.3%; FeO 28,8-31,3%; Femet 2,3%; IHmekc ymapom
73,1-80,04%; ctupanus 10,8%; C=1,1%.

Oxkatuiii Oyau IpoIUIaBjeHi Ha MeTalypriifHOMY 3aBOJii B ABOX JTOMEHHMUX
nevax o06'emom o 400 M3, 110 BUILIAB/SUIM JUBapHUiA YaBYH. OTHUM 3 BasKIMBUX
MOKAa3HMKIB IIMX KOTYHIiB, 11e BMiCT Byrienw -1,1% . B muxty gomasanu 20% nux
OOKOTHIIIB, BUTpaTa KOKCY 3HM3MIach Ha 5,5% Ta 30imbIimaach MPOAYKTUBHICTD
Ha 8,7% [17].

Byno BupoOeHO IPOMMUCIOBY TapPTil0 KOMIIO3UTIB Ha BUIIAIIOBAJIbHIN
mamuHi OK-278 o6'emom 21870 ToHH, sIka Oyia mpoIuiaB/ieHa B JOMEHHMX ITedax
MeTanypriiiHoro 3aBomy iM. IleTpoBcbkoro. KilbKiCTh AOC/IIKEeHMX OKATUIIIB Y
IOMeHHi muxTi ckiana Big 47 po 81% [18]. HocnigHi okotmmi mictunm 0,39%
ByIJIel[}0. Y MepepaxyHKy Ha MacCy TaKMX OKOTMIIIB BMICT ByIJIel[l0 B LIMXTi 3,29
Kr/TuaB, mo MmiaBuimio Bmict FeO mo 10,16%, 3MeHIIMIach CTYIIiHb IIPSIMOTO
BigHOB/eHHS 3 31 g0 30,6%, BUTpaTa KOKCY 3HM3UIAaCh Ha 14 Kr/T4aB.

PynoByrisbHI KOMIIO3UTH Oy/iM BUITPpOOYBaHi Ha [itouiii momeHHiii neui B Kopei
[15, 16], 3 BMKOpPUCTAHHSIM TPUCTPOIB, 1[0 MOJENIOITh. By/lo BCTAHOBJIEHO, IO
3aBaHTaXXEHHSI PyAO0 BYTiIbHMX KOMIIO3UTIB He HaJa€ HEeraTMBHOIO BIIMBY Ha
ra30MPOHMKHICTD MIMXTOBMX MaTepialiB, Ha CTAOi/IbHICTh CXOMY IIMXTH i HA PiBHICTh
XOOy NOMeHHOI meui. BimHOB/IeHHS 3a/1i30BMiCHUX MaTepialiB IMTOYMHAETHCS B 30HI
HU3bKMUX TeMIepaTyp 1 3aKiHUyeTbCSI ILIBUJIIE TOPiBHSIHO 3 arJioMepaTom i
oKoTuIIaMu. Pe3ynbTaTt mocaigHoi miaBky TpuBasicTio B 80 mi6 Ha JOMeHHil meui
Ha 3aBogi Oita Works [16] mokasanu 3HM>KeHHSI BUTpaT Kokcy Bim 6,0 mo 11,0
KI/TuaB. Bim3HavaeTbcsl, 1[0 BUKOPUCTAHHS KOMITO3UTY € e(PeKTUBHUM MeTOIOM
3HMKEHHSI BUTPAT KOKCY B JOMeHHi miasii [15].

B Vkpaini 3 2005 poky BBelleHO B eKcIUTyaTallilo Gabpuky 3 BMPOOHUIITBA
6e300maibHNMX 0OKOTHUIIIB Ha TTOPTAaHAIIeMEeHTHIl 3B'SI311i 3 CyMillli WY i IUTaMiB

JOMEHHOTO Ta KOHBEPTOPHOTO BMPOOHMIITBA MHPOAYKTMBHICTIO 120 TMC. TOHH
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OoOKOTMIIIIB Ha pik, ocCHOBHicTi0 1,5-1,7 [17-19]. Byno Bupo6neno 21000 TOHH
KOMITO3UTY 3 BUMKOPMCTAaHHSIM MNWIIB Ta LIJaMiB JOMEHHOI Iedi 3 [0JaBaHHSIM
1leMeHTy. BmicT Byriierto y Komro3uti craHoBuB 20%. ExcriepyMeHTM TIPOBOAMIINCS
Ha JOMEHHili meui obcsarom 5775 M3, BuUTpaTa KOMIIO3UTY 54 Kr/T4aB. Pymo
BYTUJIbHUIA KOMIO3UT 3aBaHTaXyBaBCsl A0 paiiOHy LIApy IIUXTH, € BigHOBJIEHHS
MeHme - 500 MM Bimg cTiHKM KosiomHMKa. Kommk 3 Mpo60i0 KOMIIO3UTY Ta
arJioMepary  OITyCKaBCsS, KoiauM  30HA TokasyBaB  900-950°C. Kommo3sur
pPO3TaIllOBYBAaBCSI MiX arjiomMmepaToM Ta KOkcom. KoMMo3uUT BigHOBJ/IIOBABCS paHillle,
Hi>XXK arsiomepat. TemIiepaTypa OOMEHHOI Iledi B TOYIli piBHOBaruM mnpu BUTPATi
KOMMO3UTY 54 Kr/TuaB, 3HM3uiacsad Ha 83°C. BcrTaHOBJ/IeHO, IO IIpU 3HIDKEHHI
piBHOBa)KHOI  TemmepaTypu  KoxkeH  1°C  3HMXKYE  BUTpATy  BYIVIEIIO
Ha 0,05 krC/1°C [17].

Peaxiiii BiHOB/JIEHHSI MIpU 3HMKEHiM TemIlepaTypi B IIaxTi JOMeHHOI Imeui
3a6e3MmevuyoTh CKOPOUYEHHSI BUTPATH BiJJHOB/IIOBAJIbHOIO areHTa AOMEHHOI Iedi, 3a
PaxXyHOK ITiATOTOBKM IIUXTU Y BUIJISIAI KOMIIO3MTiB. HaBemeHO 3a/ieXXHICTh MiX
IIOYaTKOBOK TEMIIEpaTypOl0 eHA0TEePMIUHOI peaxilii, BiAoBiAHO1 peakiiii byayapa,
Ta Macoi Byielto B muxTi [20-23]. ko mpoba KOMITO3UTY CKIAJAETHCS JUIIE 3
KOKCY, TO TOYaTKOBa TemIlepaTypa eHAoTepMiuHOi peakilii 6am3bpko 1000°C. Ilg
TeMIepaTypa 3HAayHO 3HIMKyBajlacs, KOAM BYIJIEllb 3HAXOOUThCS Y CKIaAi
KOMITIO3UTY. 3i 30i/IbIIIeHHSIM Y IINUXTi BMICTy BYTJIel0 A0 5% (3a Maco) moyaTKoBa
TeMIepaTypa peakiliii BiJHOBJIEeHHS CYTTE€BO 3HWXKYeTbca nA0 750°C i mnpu
MiJBUILEHHI BMIiCTy BYIJIEI[I0 ITOHAZ, 5% 3aIMIIaeThCsl Maibke MOCTiliHOWO [23]. V pasi
BiAMMOBIAHOCTI TeMIIepaTyp TePMiUYHO pe3epBHOI 30HM JOMEHHOI Ieydi Ta MOYaTKOBOI
TeMIepaTypu peakiiii Byayapa 3HWKeHHS BUTpAaTU BiJHOBJIIOBAJIbHOTO areHTa,
3aBISIKM 3HWKEHHIO TeMIlepaTypyu TepMiuyHO pe3epBHOI 30HM [IOMEHHOI Iieui,
3MEHIIIYEThCSI BUTPATa BiTHOB/IIOBAJIbHOTO areHTa.

TepmiuHa pe3epBHA 30Ha JOMEHHOI IleUi € BiIMiHHMMM pUCaMM HEaKTUBHOI
30HU. Pe3epBHi 30HM BMHMKAIOTh CIIOHTAHHO Uepe3 TePMOAMHAMIKy Ta MeXaHi3Mu
peakilii MiXK BiJHOBJIEHHSIM 3a/li30BMiCHMX OKCHUAIB i rasmudikallielo BYIJIEIO
[23, 24]. OmHa 3 YMOB KOHTPOJIIOIOUMX BiJHOBJIEHHS JOMEHHOI Ieyi - 1ie 3HMKeHHS
TeMIlepaTypu B TEePMIiUHO pe3epBHili 30Hi IIJISIXOM 30i/JbIIIeHHS PeaKTMBHOCTI

BYIVIEI}0 KOKCY. SIK MOJIinieHHsI XiMiuHOI aKTUMBHOCTI BYTJIEI[l0, TaK i CKOPOUYEHHS
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KPYITHOCTi BYTJIEIIEBMiCHOTO MarTepiasly, € MeTomaMy 30iabllIeHHS peakiliifHOi
30aTHOCTI BYTJIEI1O.

SJKIIO MBUAKICTh BiJHOBJEHHS OKCUIIB 3aji3a MOKe 30iJbLIYBATUCS Ta
TovyaTKoBa TemIlepaTypa peakiiii rasmudikainii sHmkyeTbest (C+C0O2=2C0O-a), TO
BHACTiAOK IIbOTO CJIiJi OUiKyBaTy MigBUIeHHS e(eKTUBHOCTI JOMEHHOrO IMpoIiecy 3a
PaxyHOK IMOBHIIIOTO BiAHOBJIEHHS. 3MiHa MeXaHi3My peaxilii MOXXHa ITPOCTEXUTU B
KOMIIO3UTHOMY PYZOBYTiIIbBHOMY OKOTMINI, IO HaBeldeHi Ha puc.l. [louaTkoBolO
peakiiero Mae Oytu peaxiig (3). OmHaK MexaHi3M ITOJAJbIINX peakiiiii MoKe
BiApi3HATHMCS i 3MiHIOBATUCh B 3aJIe;KHOCTI BiJ pO3TalllyBaHHS BYIJIEII0 Ta OKCUZIB
3ajti3za. Y mo3uiiini (a) puc.1, peakuis (3) Hikoau He TIpoTikaTuMe, a peakiiii (1) Ta (2)
IoMiHyBaTMMyTb. OIHAK 3arajbHy CUTYallil0 BiHOBJIEHHS Ta rasmdikailii Baskko
TOSICHUTH, YOMY IIBUKICTb peakilii MPUCKOPIOETHCS JNilie Yepes3 UUPKYJISIIiio rasy.
VY 1bOMYy BUIIAQJIKy iCHY€ JuIlle OAHA MOXJIMBICTb IJISI TOSICHEHHS I[i€l CUTyallii:
BiicTaHb MiXX YaCTMHKaMM Ma€ OyTM MiHiMajabHOIO, TOOTO MeXKa peaxilii Mae OyTu
BUJIMMOIO OTHMM Ta iHIIMM MaTepiaioM.

Ha migTBepmskeHHSs 1iiei Teopii [22] Oynu mpoBeJeHi eKCliepuMeHTH, B SIKUX
BiIcCTaHb MiX MOBepxHi rpadity Ta okcumy 3amiza ckiaagaanu (1,2 ta 0,5 mwm).
ExkcriepumeHT mpoBoauau B aTmocdepi CO2 ta CO. Byjno BCTaHOB/IEHO, IO
1oyaTKOBa TemIlepaTypa BiJHOBJeHHs Ta Trasudikailii B mapi remaTtuT-rpadiT B
atmocgepi CO - 250°C, Tomi sk TemIiepaTypa okpemoro remartuty - 420°C.
B atmocdepi CO2 Temnepatypa 1iei mapu - 600°C, a rasmdikaiii rpadity 900°C.
[IpoBeneHi eKkcCllepMMEHTM I[IOKa3aau, 10 MiK BiJHOBAEHHSM Ta Ta3udikalli€o
“coupling phenomenon” icHye — Iie TiCHMII KOHTAKT MK OPiOHMMM 4aCTUHKAMMU
OKCM/IiB 3aj1i3a Ta BYIJIEII0, KMt GOPMYETHCS B PYHO-BYTiIbHOMY KOMITO3UTi

ExcnepMMeHTAasIbHI JOCTiI)KeHHS BiTHOBI€HHS PYIOBYTI/IbHMX KOMIIO3UTIB

KoMmo3uT oTpumyBaiau i3 CyMillli TOHKOIOAPiOHEHUX MaTepiatiB: ILJIaMiB
JOMEHHOTO Ta KOHBEPTOPHOIO BUPOOHUIITB, XiMiunmii cknap: Fesar-43%, C -7-9%,
CaO 12-16, Si02-7-8%. IIpoba KOMMIO3UTy po3MipoM 5-10 MM 3aBaHTa)KyBajoCs B
TUTeJIb i HarpiBasiacs B efekTporiedi B aTmocdepi aproHy. BimHOBIeHHS KOMITO3UTY
npoBoawn mipu Temmepatypax 900,1000 i 1100°C mpotsarom 150 i 240 xBunuH. Ha
puc. 2 HaBeJeHO 3MiHy Macu IpOOM 3aJIeXKHO Bif, TPUBAJIOCTI eKCIIepUMEHTY Ta

tTemrepaTypu. CTyIiHb BiJHOBJIEHHS KOMIIO3UTY 3a pPaxXyHOK BYIJIEIIO, IO
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MicTUTbCS B mpobi, HaBedeHi B Tabimmii 1. CTyIiHb BiIHOBJEHHSI 3a pPaxXyHOK
BYIJIEI}0, II[0 MiCTUTbCSI B KOMIIO3UTi, cKiaagae Ipu Butpumii 150 xB - 67,5% -
68,7%, ipu BuTpuMili 240 xBuIuH 69,6% - 69,9%.

KoMmosut pob/aTh 3 CyMillli TOHKOIIOAPiOHEHMX 3aj1i30pyJHMX MaTepiasiB i
BYTJIELIbMICTSIUMX KOMIIOHEHTIB 3 T00aBKOIO B’sbKydoi pedoBuHM. Tomi mpu Harpisi
ycepenuHi OKoTHIIa Ha KOHTaKTi TBepme — TBepae (Fe;OstB - CTB) BimOyBa€ThCs

MIpolLieC BiJHOBJIEHHS MO peaKIlisiX:

Fe,0s + 3C = 3Fe + 3CO (1)
Fe,0s + 3CO = 2Fe + 3CO; 2)
C+C0,=2CO (3)

Ha puc. 1 cxemMaTMYHO iJMIOCTPYIOTbCSI Ppi3HI MeXaHi3MM BiJHOBJI€HHS
KOMITO3UTY 3 BYIJIeIleM, PO3MillleHMM B CepeAyHi 0OMaloBaJIbHUX OOKOTUIIIB, Ta

ByrJjieieM po3TalliOBaHMM 30BHi 0OKOTMIIIA.
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Pucynoxk 1 - CxeMa i/ilocTpyloua pi3Hi MexaHi3Mu BiHOBJIEHHSI:
a) 0OKOTMIII, 110 CAMOBiZHOBITIOIOTHCS, peakilii 1, 2 i 3 MpoTikaloTh y cepeAHi 0OKOTUIIIA;
6) 3BMyYaltHi ob6maseHi OOKOTHUIII: pO3TAIIyBaHHS BYTJIEI[I0
Ha iX ITIOBepXHi.

[ imiTalniii yMOB HarpiBy MIMXTH, MOAIOHMX A0 YMOB B IOMEHHi Teui, mepiiri
45 XBUJIMH cepenHs HMIBUIKICTb HArpiBy B ejieKTporiedi migTpumyBanacsi 17°C/xB,
nmoTiMm ii sHMKyBanu Ao 4°C/xB. JIocaigyu MpOBOOMIM TaKMM YMHOM. Y pob6oumMii
MpoCTip meui 3asgasnerigp Harpitoi g0 200-220°C BCTaHOB/IOBaAM B MiJBillIEHOMY
CTaHi aJlyHOOBUII TuUrenb 3 JOCHIKyBaHMM MaTrepianom. Ilicist ycTaHOBKMU
aJTYHJOBOTO TUIJISI B €JIEKTPOITiU OMYCKAETHCSI aayHIIOBA TpyOKa, uepe3 Ky B ITiu

MOJTa€ThCSI aproH y KibKocTi 0,5 mM3/XB BIPOMOBXK 3 XBUJIMH : BUTpaTa aproHy B
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Trepiii XxBwinHM Oysia y3siTa 3 001Ky 06'eMy BifHOBHOI Kamepu piBHO0 0,5 nm3. dai
BUTpPATy aproHy IiJi 4Yac eKCIIepMMeHTYy IIiATpumyBaau y Kiabkocti 0,1 gm®/xB.
BIipozioBK yChOT'O €KCIIEPMMEHTY TeMIlepaTypa B Ieui KOHTPOJIIOEThCSI TePMOIApOoI0
i peecTpyeThCSI aBTOMaTUYHUM ITOTEHI[IOMETPOM.

3aspmaneriip OO MPOLeCy BiHOBJIEHHSI KOMIIO3UT BUCYIIYBAJIM B CyILIapHiN
madi npu Temmepartypi 105+5°C mo mocriitHOi Macu. BigHOB/IeHHIO B TUIII
migmaBaiv 1yl o6KoTuin, podmipom 10-15 MM, y KiabKoCTi 4-5 MITyK, 3acuUmaHi
KOKCMKOM, KPYITHICTIO 3-7 MM - JJISI CTBOpPEHHS cjabo BimHOBHOI aTmocdepu 3
METOI0 3MEHIIEeHHST OKMC/IEHHS BiTHOBJIEHUX KOMITO3UT. Macy KOKCMKa BM3HAvYaIN 3
YMOBU 30epeskeHHSI pyJHOIO HaBaHTasKeHHsI, piBHOTO 4. BimlHOBIeHHS] KOMITO3UTY 3
BUTPUMKOIO BIpoaoBX 150 a6o 240 xBuaMH mpoBomuiu mpu Temmeparypax 900,
1000 i 1100°C. 3miHa macu IMpo6M B 3aJeKHOCTI BiJi TPUBAJIOCTI €KCIIEPUMEHTY

HaBe[eHa Ha puUc.3.
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PucyHOK 2 - 3MiHa BTpaTy Macyu Ipooy 3aJIesKHO BiJl TPMBAJIOCTI JOC/iAY Ta TeMIlepaTypu B
Teyi: 3aKpecaeHa 06/1aCTb - BUTPMMKA KOMITO3UTY TPOTSAroM 150 XBUIMH TIpU TemIiepaTypi
1000°C; e- 3miHa TemIlepaTypy B I1edi; A - BTpaTa Macyu HaBasKKIA.
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PuyHOK 3 - 3a/ieXXHiCTb CTYIIEHIO BiJHOBJI€HHS BiJl TPUBAIOCTi €eKCIIepUMEHTY IS
KOMMO3uUTY - 15,8% koKkcy B aTMocdepi aprony.
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ITpu TemmepaTtypax 900°C i 1100°C cTymiHb BigHOBIEHHSI HIKYe 73,25% i
78,25% BinmoBigHo. CTyIiHb BiZHOBJIEHHS BM3HAUeHa MO0 XiMiyHOMY aHati3y 84,6%
- 85,7% BignoBigHo. CTyIiHb BiIHOB/JIEHHS 3a PaxyHOK BJIACHOTO BYTJIEIIO, IO

MiCTUTBCS B OOKOTMHIII, CKIaia 66-67% (puc.4).

BigHOB/I€HHSI KOMIIO3UTY B CTPYMi BOJHIO.

JlociIKyBaIy IMpoliec BiTHOBIEHHSI OOKOTMUIIIIB KOMITIO3UTY B CTPYMEHi BOJIHIO
i ix mMilHicTh Micasa BimHOBIEHHS. BimHOBIEHHS 3[iJiCHIOBa/JIM B TPyOUacTiit revi B
inTepBasni Temmnepatyp 500-1100°C B ctpymi BogHio (500 cm3/xB). MocmimKyBanu
ookorumi po3mipom 10-15 mm. IIpM BigHOB/IeHHI B CTpyMi BOAHIO Ipoba
MOMilllajacs B Ta30NPOHMKHMI KOIIMK 3 HepKaBiluol CTali i HarpiBagacs Ao
TeMIlepaTypyu AOCiay B aproHi. I[ToTiMm ii BiZHOB/IIOBaIM B CTPYMi BOAHIO BIIPOIOBXK
30 xBuwiuH (puc.4). ITicast boro mpoby OXO0JIOMKYBaIM B CTPYMi aprony. MillHiCTb
BiJHOBJIEHMX TpaHy/l BU3HAUYaJIM MO OMOPY CTUCKYBaHHIO. CTyIleHb BiJHOBJIEHHS

OIIiHIOBa/IM 1O BTpati Mmacu. EkcriepyMeHTaIbHi JaHi IIpecTaBieHi HA puc.5.

6

Brpata macu,r

0
500 700 Q00 1100

Temmneparypa,C®
PuyHOK 4 - 3anexHiCTb BTpaTy Macy KOMIIO3UTY B IIPOLIECi BiTHOBJIEHHS BOAHEM Bif,
temreparypu: (D — cymapsa; @ — nporpiBanus 10 toC - eKCIIepuMeHTY;
(3) —BimHOBJIEHHS BOIHEM

3 excnepuMMeHT/JIbHUX JaHMUX, MpUBeJEeHuX Ha puc.4, ciigye, 1O TIIpu
toC=5000C B mpolieci ImporpiBaHHsS BTpaTa Macu ~5-7%, 1110 BiJIIOBia€ BUIAIE€HHIO
BOJIOTHU TifparTa i ieTkux Kokcy. [Ipu 7000 C - cTyreHb BiJHOBIEHHS BOAHEM CKjajia

~ 20%, Tomi gk Byriaenem (uac TnporpiBaHHS) - 4-5%. IIpum 9000C cTymneHb
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BiTHOBJIEHHSI BOOHEM i TBepAuM ByTIJenieM piBHi 1Mo 14,0-15,0%. V inTepnari toC -
700-9200C cTyrieHb BiZHOBJIEHHS 3a paxyHOK BJIaCHOTO BYIJIELl0 ckjiajia 76,2%, a B
intepBani Temmnepatyp 700-11000C -77,6%. Takum uMHOM, MpOBeleHi
eKCIIEPMMEHTHU I10 BiTHOBJIIEHHIO KOMITO3UTY 32 PaXyHOK BJIACHOTO BYIJIELIO i BOJHIO
ToKa3ajau, IMpollec BiHOBAEHHSI OKCHUIIB 3ajli3a y KOMITO3UTi MpUOJM3HO Ha 2/3

BiIOYBAETHCS 3a PaXyYHOK TBEPAOTO BYIJIEIIIO.

O6I‘OBOpEHHH E€KCIIEPVMMEHTA/IbHUX JaHUX 3a pe3yJabTaTaMU

BiJHOBJ/IEHHSI KOMIIO3UTY.

YV TOpiBHSIHHS i3 3arajbHO MPUMHSITUM METOMOM AOCTIAXeHHS BiJIHOBJIEHHS
3ai30pyOgHMX OOKOTMIIIB B CTPyMi BigHOBHOrO rasy, IpeacTaBjieHa poboTa
BiIpi3HSIETbCSI: TMPUCYTHICTIO €HAOTEepPMIUHMX peakiii rasmudikaliii ByT/IeIio
JIiOKCMIOM BYIJIELl0, @ TAaKOX IMapaMyu BOAY MpU AerigpaTallii 3B'I3KM Yy KOMIIO3UTA,
[0 CKJIAA€THCS 3 TiAPOCUIIIKATIB Ka/lbllil0; MykKe BeJMKOI IMUTOMOI MMOBEPXHEIO i
TICHUM KOHTAaKTOM 3a/li30BMICHMX MaTepiajiB i TBepAOro MaamBa, sSKi i micas
peakiiiii Ha KOHTAKTaxX PO3AJIeHi BiICTAaHHIO B MiKPOHMU.

BigHOB/IEeHHS OOKOTUINIB, IO MICTSITh OKCUAM 3ali3a i 4YacTKM TBEepAoro
Ma/vBa, He BimOyBa€TbCSl B i30TE€PMIUHMX YMOBAX i IpOIleC BiTHOBJIEHHS ITPOTiKa€e
MIpY iICTOTHUX TeMIlepaTypHUX IpafiieHTaxX. 3HauHa PoJib B LIMX MpPOllecax HaJeKUThb
KPYIHOCTI YaCTMHOK 3aji3HOl pyau i Bymienw. Po3Mip 4YacTMHOK IIaMiB
JTIOMEHHOTO i KOHBEPTOPHOI'O BMPOOHMIITB i KOKCMKA CKJIajgae B ocHoBHOMY 70-80%
BesimumHy Big 10 mo 70 mxm. Bigcrans ams CO2, 1106 mpoiTH Bim Miclis #0ro mosiBu
(JacTMHKA IJIaMy, IO MiCTUThb BYyIVIellb 3 OKCMAOM 3ajai3a) OO0 Miclsd Jioro
3HUKHEHHST MOXKe OyTu 6;113bko 100 MiKpOH B MiCIISIX 3 BMCOKOIO TeMIlepaTypolo, Jie
aKTMBHO IIPOTiKa€ xiMiuHa peakiis. L5 mucTaHIisg MOpiBHSIHHA 3 cepelHiM BiIbHUM
IIpo6iroM MoJjIeKyJI rasis, 110 JO3BOJISIE 3pOOUTH BUCHOBOK IIPO Te, IO ITIepeHeCceHHs
MacH rasisB He € JIIMITYIOUOIO CTaZi€l0 OJIs MBUIKOCTI peakKiiii.

TeruionmepeHOC B MOPUCTOMY TIPOCTOPi  BKJIKOYAE: TEIUIOMPOBiAHICTD,
BUIIPOMIiHIOBaHHSI i KOHBEKIIil0. BifHOCHI 3HaueHHSI X MeXaHi3MiB BapilOIOThCS
3aJIeXXKHO Bif, BJIaCTMBOCTe : TBepaoi (asu, CTpyKTypHu IIip, iHTepBay TeMreparyp i
pyxy rasy. [Ijisi JaHOTO BMUIIAJIKy IIBUIAKICTh Mepefadi TEIIOTY BUIPOMiHIOBAHHSIM

Ha TpU TIOPSAKM  MEHIIa, HiXX TeIyIoNnpoBigHicTio. 3i  30iJbIIeHHSIM
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TEeIUIONPOBIAHOCTI MIMXTU TeMIlepaTypa B CUCTeMi i MBUAKICTb 3araJibHOI peaxilil
3HAUYHO 30isbInyeThcs. bBinblme TOro, paHHS MeTaji3alis 30ilbInye TepMiuHy
MPOBIAHICTh peaklifiHOl CyMillli 3aBASIKM MiABUIIIEHOMY BMIiCTy MeTaJieBOro 3asi3a.
Vce 11e mae Mo3suTUBHMIL eeKT, 36iIbIIYI0YM IMBUIKICTh XiMiYHOI peakiii.

30isbIlIeHHS] MUTOMOI IMIBUIKOCTI XiMiuHOI peakiiii rasudikaiiii Byreiio mae
MiHiMa/JbHMII e(eKT Ha IBUIKICTh 3arajabHOi peaxiiii. lle Moske O6yTH ITOSICHEHO
TakKMM UMHOM. 30iJbIlIeHHS IIBMUIKOCTI €HJOTepMiuHOi peakilii rasmdikarii
BYIJIELII0 IIOB'sSI3aHe 3i 30i/IbIIEHHSIM IIBUMAKOCTI CIIOKMBAHHSI TEIIOTH. Peakiris
rasmdikailii BymIen cama II0 co0i TaKOX CWJIbHO 3aJeKUTh Bill TeMIlepaTypu.
[IBMaKe MOIVIMHAHHS TEIUVIOTH 3aBIASKM MIBUAKIV rasmdikallii ByT/IeIo MaTuMe
TEHJIeHIIil0 10 3HIKEeHHS JIOKaJbHOI TemIlepaTypu, Sika Befe OO0 3HIDKEHHS
JIOKQJIbHOI IIBMUAKOCTI XiMi4HOI peakiiii. Buxomsiuu 3 1ibOro, MO>xHa OpUITYCTUTH, 1O
3arajJibHa KiHeTMKa peakiiii MoXke KOHTPOJIOBATUCS ILIBUAKICTIO TeIrioliepeHoca,
00 iHilioBaTy i miaTpuMyBaTy rasudikaiiito Byrierio 3a paxyHok CO; i H;O.

OpHa 3 mepeBar BiJHOBJIEHHSI KOMIIO3UTY MOJISITA€ B TOMY, IO IPU 3HAYHI
KIJIbKOCTI TiCHMX KOHTAKTiB MDX BYyIJIElleM i OKCHMIaMM 3aji3a MPOTiKae peakiiis
MIPSIMOTO BimHOBJIeHHS 10 ABYX3BeHHii1 cxemi (FeOx + CO — FeOx-1+ CO;: CO,+ C =
2CO). [Tpuyomy, 11i ABi peakilii IPOTiKAIOTh OJHOYACHO.

HocmigkeHHST MOKasaayM BUCOKY IIBUIKICTh peakiliii BigHOBJIeHHS 3aji3a i
rasucdikallii Byryelo i HM3bKy IMOYAaTKOBY TeMIepaTypy rasmdikailii Byriemo 250-
420°C [22]. OpHi€lo 3 TPUYMH LIBOTO SIBUILA, € PEIMPKYJISLiS Ta3y B 0OKOTHIII, 1110
BUHMKAE B pe3yJbTaTi peakiiii MPsSAMOTro BigHOBJeHHS. I[IpMCKOpeHHS peakilii
BiTHOBJIEHHSI BimOYBAa€ThCSl 3a PaxXyHOK pEHMPKY/AIii rasy 3aBOSKM KOPOTKiit
BiICTaHi Mi)K YaCTMHAMM 3/1i30BMiCHMX Ta BYyTJelleBMX KOMIIO3UTIB Ta iX pO3MipiB.,

Jle BiicTaHb MiXk HUMM KOPOTKA i Mexka peakiiii «BUAMMa» OJHUM i iHIIMM.
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Tabmuug 1

Po3paxyHOK 36i/bllIeHHsT KOHIleHTpallii raza CO B BiTHOB/IIOBaJIbHOMY ra3i 3a paxXyHOK
BuKropuctanasg CBO

Butparta CBO,60 KI/Tuasyuy ButpaTta CBO,160 KI/Tuapyuy

8,8%C | 9,5%C | 16,2% C | 24,7% C | 8,8%C | 9,5%C | 16,2% C | 24,7%C
Buxig rasa CO | KI/Tuasymy | 5,3 5,7 9,7 14,8 14,1 15,2 25,9 39,5
Buxin rasza CO M*/Taapyny | 9,9 10,6 18,1 27,6 26,32 | 28,3 48,3 73,7
Buxiz MY/ Ty | 1692|1692 | 1692 | 1692 1668 | 1668 | 1668 1668
rOPHOBOTO rasa
Buxin
BIATOBMIOBAILH | sy | 676,8 | 676,8 | 6768 | 676,8 | 667,2 | 667,2 |667,2 | 667,2
X rasiB (BMiCT
CO~40% )
06’em rasa CO,
SIKUI BUXOIUTD | M*/Tuasyny | 24,75 | 26,5 45,25 69,0 65,8 70,8 120,75 184,3
3 CBO
CamapHa
KVIBIICTE M/ Ty | 701,55 | 703,3 | 722 7458 | 733|738 | 787,7 | 8512
BiZTHOBJTIOBA/IbH
oro rasy (CO)
306isblIIeHHS
KOHIeHTpallii B | % 3,52 3,8 6,3 9,3 9,0 9,6 15,2 21,7
BiTHOBJ/IIOBaui

[Ipuitmaemo BuTpaty KOMIO3UTIB: 60 Ta 160 KI/Tuasywy ; BMICT BYIJIEII0 B
Komrio3uTi: 8,8; 9,5; 16,2; 24,7. O1iHKa BIUIMBY 30iJbIIeHHS KOHIIeHTpallii raza CO
B BiTHOBJIIOBAJIbHOMY Ta3i: Y 3B’3KY 3 BiICYTHICTIO CTaTUCTUYHUX AAHUX PO BIUIUB
36inbIeHHsT KoHIeHTpallii CO B rasi BiZHOBJIOBaYi, BUKOPUCTAIM TEXHOJOTiIUHI
IaHHi IIPO BIIMB KOKCOBOro rasy. KoedilieHT 3aMiHM KOKCY KOKCOBMM Tra30M (BMiCT
CO; Hy; CO; mpu Bukopuctansi go 200 m3/T), cknagae 0,45 xkr/m>.

HocmigkeHHsT 3MiHM TeMIlepaTyp 3a BUCOTOK [JOMEHHOI Iieui mifg 4ac
BUKOPMCTAHHS KOMITO3UTY

Kommosur (abo 6pukeTH) BUPOOISIIOTHCS i3 CyMillli IIJJaMiB JOMEHHOIO Ta
KOHBEPTOPHOTO BMpOOHMIITBA [18-20]uutamMy MiCTSITh OKCUAM 3ajli3a Ta BYIJIEIb.
I'paHy/IOMeTpUUHMII iX CKIaJ, XapaKTepu3yeTbCsl BMicTOM ¢pakiiiit -45 mkm (95-
97%), 1110 BiAnoBiae Teopii TICHOTO KOHTAKTy MiX ByTjeleM i OKCUAOM 3aji3a mpu
BUPOOHUIITBI

KOMMO3uUTy. IlepBMHHA peakilisi TMpM HarpiBaHHi KOMIO3UTY
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MIPOTiKAITh MiK BYIJIEIleM i OKCHAOM 3amiza 3 yrBopeHHsIM CO i BinOyBaeThCs ixXHe
po3'eqHaHHs. Ilicas bOTO BXXe JOMiHYIOTh peakilii BigHoB/leHHS FeO+CO—Fe+CO2
ta rasudikanis Byrieno 3+CO02—2C0-165,797 mIIJK. 1Ii B3aemonii BinOoyBaioThbCs B
TicHOMy KoHTakTi. OcTaHHS peakiis (peakiiss byayapa) Mae BMCOKY eHepriio
aktuBalii (-360 mI>K/Kmosib). JioKcua BYT/Ielo, 0 YTBOPKETLCS, MOMEHTA/IbHO
B3a€EMOJi€ 3 YaCTMHKAMM BYIJIEIl0, I[0 BMMAara€ 3HAUYHMUX BUTpPAT TEIJIOTHU, IO
3HMKY€E TeMIepaTypy B TEPMiUHO pe3epBHili 30Hi JOMEHHOI 1eui.

IIpu MopenoBaHHI poOOTM JTOMEHHOI Iledi 3 BMKOPUCTAHHS PY[0 BYTiJIbHOIO
kommno3ury — 0%,10%, 20%, 30% 6yn0 oTpuMaHO i30TepMM 3a BUCOTOIO JTOMEHHOI
rieui, gjis temriepatyp 1200°C, 1400°C Ta BigcTaHb MiXK MMM i30T€pMaMM 1O BUCOTI
IIOMeHHOI mevi. BMKOHAHO aHaJi3 i30TepM 3a BMUCOTOK HOMEHHOI Ieyvi Bif piBHS
MOBePXHi IIaKy — 11,2 MeTpiB 10 piBHS 3aCUITy TIPU 3MiHEHHI BUTPATU KOMITO3UTY.

Buxinhi gani mys aHamiszy isorepm: moMeHHa IIiu eekTuBHMUM 06'emom 2303
M3, miameTp ropHa 11,2 m, Bucota 25,2 m.

OrnepaTuBHI YMOBM ITIOKa3HMKIB OyTTS Ta BayBaHHs [TYT:

Temmnepartypa oyTTS - 1050°C;

O06'eM OyTTS - 4119 HM3/xB;
36araueHHS KUCHEM - 3,0 [monb - %];
Bonoricte nytTs [H20/HM3] 2,3;

ImyT 8,0 [kr/cek];
Temneparypa [°C] 2124;
@i3M4YHi BIaCTUBOCTI araoMepaTy Ta KOMIO3UTY:
Fe3zar% 59,4...52,7
Temmneparypa mpu 25 25
3aBaHTa)KeHHS:

IinpHicTH KI/M3 3500... 4200
UYnuHHUK hopmu 0,84... 0,95
IiameTp, MM 16, 30, 15
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AHanm3 i3oTepM Mo BUCOTI Iedi, sika MpaIio€ 3 BUKOPUCTAaHHSIM KOMIIO3UTIB

Tabang 2
[TonoskeHHS i30TepM MO BUCOTi Ta pagiycy

Bigcranb Butpara CBO 0% 10% 20% 30%

M I3orepma mo Bucori | 11,2 9,8 8,0 6,2
1200°C

M I3oTepma 1o Bucori | 9,1 8,0 6,5 5,3
1400°C

M I3oTepma 1o mupuHi | 2,1 1,8 1,5 0,9
1200-1400°C

Lndpyu B Tabmmili 3BimHOCSITHCS OO IMonoskeHHS i3orepM 1200°C mepedipii B
MeTpax Bim piBHSI mUIaky. 3 OTPMMAaHMX OAHUX BUIUIMBAE, IO 3i 36iIbLIIEHHSIM
BUTPATU KOMIIO3UTY, TTOJIOXKEHHS TePMiUHO pe3epBHOI 30HM 3HMXKYETbCA 3 11,2 1o
6,2 M 1ipu 30% kommo3uTi. PisHuiis Temneparyp izotepm 1200-1400°C BiZHOCUTBCS
IO TIOJIOKeHHST 30HM Kore3ii. [llupuHa MiX LIMMM TeMIlepaTypaMy CKOPOUYYETHCS i3
30i/IbIIIEHHSIM BUTPATM KOMIIO3UTY i3 2,1 MeTpa 6e3 3aBaHTaKeHHSI KOMIIO3UTIB 10
1,8 m; 1,5; 0,9; ipu 10%, 20% Ta 30% KOMIO3UTY BiAIIOBigHO.

InutepBan i3otepm 1200-1400°C BM3HAuaeTbCsAd SK 30Ha Koresii. BoHa
3MIILIYETbCSI BUCOTOIO mmaxTu 3 11,2 M go 6,2 M Big piBHS IOBepxHi maaky. lle
TOB'SI3aHO HacaMmIiepe[, i3 3HMKEHHSIM pPiBHSI TemMmepaTyp Yy TepMiUyHO pe3epBHiii
30HI JOMEHHOI Iedi. Y 1[bOMYy HOCJIiIXeHHi BepXHs Meska TeMIlepaTyp TepMiuHO
pe3epBHOI 30HM CTAaHOBUTHL 11,2 M BiJ, piBHSI mOBepxHi 1iaky i Bignosigae 1000°C
0e3 3aBaHTa’KeHHSI KOMIO3UTY. [Ipu 3aBaHTaskeHHi 30% KOMITIO3UTY TeMiiepaTypa
TepPMiYHO pe3epBHOI 30HM TOMEHHOi Ieui 3HMKyeTbcst g0 750°C, a mipu 20% mo -
800°C i gst 10% mo - 900°C. Y BepxHiil mo3ullii 3a/1i30BMiCHiI OKCUAM ITpeicTaB/IeHi
BIOCTUTOM, SIK OyJI0 TOKa3aHo Buille. I 151 TemIiepaTypa BiJIOBiJa€e TemIiiepaTypi
peakiii Bymyapa, To6TO, BIOCTUT He BiTHOBJIIOETHCSI Hi IMPsIMO, He mobiuHo. ITosBa
KOMIIO3UTIB Y 1Ii/i 30Hi aKTUBY€ IpolleC BiJHOBJEHHS Ta rasudikaliii ByTJeIio.
[IpUCyTHICTh KOMIIO3UTY 3 TOHKOITOJIPiOHEHNMX YACTUMHOK BYTJIEII0 Ta OKCU/IIB 3aj1i3a
(mo MmeHme 50 MKM) iHillifoO€ peakilifo BiIHOBJE€HHS BIOCTUTY Ta rasudikaiiiio
Byrjielilo BXe mnpu Temmeparypax 800-900°C, mio BiamoBigae Teopii TicHOro

KOHTAKTy MiX 3a/1i30BMiCHMMM Ta BYT/I€I[bBMiCHMMM KOMIIOHEHTaMM KOMITO3UTIB.
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BucHoBKku

1. Po3rasHyTo 0CHOBM (hi3MKO-XiMiUHMX ITPOIIECIB Y JOMEHHI Medi 3 MOTJsay
YTBOPEHHSI TEXHOJIOTiYHMX 30H, IO 3a0e3IeuyioTbh eQ(eKTUBHICTh JOMEHHOTO
npoiiecy. B 3B’S13Ky 3 1M, O6yJIO DOC/TiIKeHO iCHyBaHHSI TepMiUyHO pe3epBHOI 30HU
IIOMEHHOI Tedi, 1o 3abes3neuye IMiATOTOBKY IIMUXTU IJISI PO3IUIABAEHHS Yy BUTJISIII
IIJIaKy Ta YaBYHY.

2. Po3rnsiHyTO MOKIMBOCTI MpOLieCiB BiJHOBJIEHHS OKCHIIB 3aji3a Ta
rasudikallii Byrjieiw B pyJOBYTiIbHOMY KOMITO3UTi, 110 OAI0ThCs B mnXTY. Lli aBi
peaxiiii, IO MPOTiKalOTh MiXX TOHKOIOAPiIOHEHMMM MaTepiajaMy KOMIIO3UTY,
3a0e3I1euyioTh 3HIDKEHHSI TeMrepaTypyu BimHOBAeHHS Ta rasudikaiiii. OcraHHE
OOIpYHTOBAaHO  Teopielo  Iepebiry  mpoleciB  IpM  TiCHOMY  KOHTAaKTi
TOHKOMOAPiOHEHMX OKCHUIIB 3aJli3a Ta BYIVIELI0, KOJIM MesKa peakilii CITiJibHa JBOM
y4yaCHMKaM IIpoliecy.

3. HaBemeHo ekcriepMMeHTa/IbHI MaTepiain o040 BifHOBIEHHS PyAOBYTIIbHUX
KOMIIO3UTiB. BCTaHOBJ/IEHO, 1110 CTYITiHb BiTHOBJI€EHHS KOMIIO3UTY 3a PaXyHOK BMiCTy
TOHKOITOZPiOHEHOr'0 BYTJIEII0 CTAHOBUTH 66,0-67,0%.

4. MogenioBaHHSIM TOMEHHOTO IIPOLieCy OTPMMAHO i30TepMM TeMmIepaTyp 3a
BMCOTOIO JOMEHHOI Meui, BU3HAUeHO iX mapameTpu 3a BUCOTOl0. IIpoaHanizoBaHO
3MiHM mapametpiB izoTepm 1200-1400°C, mo BM3HA4YalOTh 30HM KOre3il JOMEHHOI
neuvi. [lokazaHa $K 3a paxyHOK 3HMKEHHSI TeMIlepaTyp y XiMiuHii TepMi4HO
pe3epBHiiil 30Hi, 3SMEHIITYETbCSI PO3MipyM 30HM KOresii i BOHa 3MilllyETbCSI HUKYE.

5. Ha ocHOBi aHa/li3y TepMorpam II0 BMUCOTi AOMEHHOI TMedi BCTaHOBJEHO
TOJIOXKEHHSI TEPMiUHO pe3epBHOI 30HU JOMEHHOI Meui, sKa IepeMillla€ThbCs 3 BUCOTHU
neui 3 11,2 M mig yac po6oTu 6e3 kommo3uty 10 9,8 m, 8,0 M Ta 6,2 M BiAIoOBigHO 3i
30i/IbIIIEHHSIM BUTpaTy KoMro3uty Ha 10, 20, 30%

6. Briepiiie BCTaHOBJIEHI 30HM KOTe3il MO MIMPUHI 3 BUKOPUCTAHHSIM BiACTaHi
Mix i3oTepmamu 1200-1400°C, 110 3MiHIOIOTBCS 3 2,1 M IIpM poOOTi 6€3 KOMITO3UTY
mo 1,8 m, 1,5 m.
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ANALYSIS OF THE CONDITION OF THE THERMAL RESERVE ZONE OF
THE BLAST FURNACE WHEN USING COAL COMPOSITIONS
IN THE CHARGE

The emergence and existence of zones in the blast furnace due to the laws of heat

exchange are considered. In the middle zone of the blast furnace, the temperature of the
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outgoing gas stream remains relatively constant and no chemical processes occur in it. This
is the "thermal reserve zone", the upper part of this zone - the "chemical reserve zone" is
represented by wustite, which is not restored. The reserve of this zone is the formation of a
gas phase. When additives are added to the charge of ore-coal compositions, iron oxides are
reduced (t=1000 °C) by the reaction Fe203+C=Fe304+CO2 and carbon gasification
CO2+C=2CO (Boudoir reaction). The resulting gas phase (CO) intensively reduces iron
oxides. Composites for blast furnace smelting are produced from a mixture of blast furnace
slurries with cement additives. The mixture is processed into coal pellets or briquettes. Blast
furnace smelting at metallurgical plants in Ukraine, South Korea, and Japan has shown that
the use of ore-coal composites is an effective additive to the charge of blast furnace smelting
to reduce coke consumption. The coal-coal composite effect is based on the theory of
"Coupling Phenomenon" between carbon and iron-containing materials in the composite
pellet. Their interaction takes place, as research has shown, at temperatures of 250-420°C in
a CO atmosphere. Taking into account the Boudoir reaction, the temperature in the thermal
reserve zone of the blast furnace decreases by 80-200°C. Thus, in the chemical reserve zone,
the recovery of wustite does not occur at 1000°C, but at 920-800°C, and it moves closer to
the zones of iron and slag formation. The article analyzes thermograms in a blast furnace
taking into account red coal deposits. Chemically, the reserve zone is located in the middle
of the mine (from the slag surface) 11.2 m. With an increase in the consumption of
composite in the charge (30%), the position of the reserve zone decreases from 11.2 to 6.2 m.
The width between the thermograms of 1200°C - 1400°C is a characteristic zone of cohesion,
with an increase in the consumption of the composite, it decreases from 2.1 m t (without
loading the composite) to 0.9 m with a consumption of the composite of 30%.

Keywords: blast furnace, ore-coal composite, recovery of iron oxides, carbon
gasification, thermograms in a blast furnace, thermal reserve zone of a blast furnace,

cohesion zone.
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EFFECT OF TREATMENT TEMPERATURE ON STRUCTURE FORMATION
IN CR-MO-V STEEL

Abstract. Properly selected heat treatment, which have the purpose to create a structure
that would satisfy the requirements of the manufacturer, is the main way to improve the
quality characteristics of the steel. The investigated steel 31CrMoV9 was heated to
temperatures in the range of 850-1050°C and cooled in water and air. The structure
consisted of bainite and martensite with different ratios, after normalization. An
increase in the heating temperature leads to an increase in the amount of martensite
from 5-10% at 850°C to 50% at 1050°C, that was shown by investigation. The
microhardness of the steel increases respectively. The structure of the 31CrMoV?9 steel
consists of the tempered martensite, which is characterized by various morphology, after
heating to different temperatures, quenching and tempering. Average of the
microhardness of the steel decreases with an increase in quenching temperature. The
change of the microhardness is probably due to an increase in the volume of residual
austenite and the dissolution of alloyed carbides. Detected that with an increase in the
heating temperature, an increase in the initial austenite grain led to the enlargement of
martensite needle. Determined, that with increasing heating temperature, the dispersion
of pearlite depends on the size of austenitic grains. An increase in the austenization
temperature leads to an increase in the interplate distance. The alloy steel should be

heated at the temperature of 850°C to obtain the uniform structure.

Keywords: alloy steel, heating temperature, structure, grain size, bainite, martensite,

heat treatment, quenching, normalization

Introduction.

Structural steels alloyed by chromium, molybdenum and vanadium are widely
used in the various of the industries to manufacture critical products that operate
under high pressure and temperature conditions [1]. Such alloying allows to harden
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products of larger cross-sections at lower cooling rates. The size of the austenite
grain in the steel significantly depends on the heating temperature during heat
treatment, which in turn affects the final structure of the steel and mechanical
properties after treatment [2, 3]. Often, the malfunctions on the production line
associated with a violation of the temperature and time treatment regime lead to
excessive heating of metal products. One of the consequences of this is obtaining
products with a change in the size of the initial austenite grains. Therefore, studying
of the effect of austenization temperature on structure formation in 31CrMoV9 alloy

steel is represents the interest.

Literature Review.

The technology for the production of alloy structural rolled products is a
complex of the operations to give it the required properties (mechanical,
technological) and form. The size of the steel grain significantly affects the complex
of mechanical properties (plasticity, viscosity and hardness) [4, 5], with an increase
in the austenite grain size, the intensity of wear increases [6]. In [4] showed, that the
average increase in the size of the grains of the previous austenite is equal to
0,008 mm per 100°C increase in the austenization temperature. Research [5] of the
Cr-Mo-V high-alloy steel was provided, that temperature range from 1010°C to
1070°C, the average diameters remain within the same grain size class, and at a
temperature of 1100°C was observed a significant growth of the grains [5]. In [6]
showed, that after austenitization at 950°C, an abnormal grain growth occurs.

The larger the grain, the more susceptible the steel is to quenching cracks and
deformation, and the grain size greatly reduces the structural strength and the
impact strength [7]. In [8] shows that an average grain size of more than 0,04 mm is
not preferable for alloy steel in automotive industry. And for carbon alloy steels [9],

abnormal grain growth is observed in the temperature range of 1000-1100°C

Research Methodology.

The research was conducted on the samples of the 31CrMoV9 steel, the
chemical composition of which (Table 1) corresponded to EN 10085:2001 [10]. The

samples were heated in a furnace to temperatures of 850°C, 950°C and 1050°C with a
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holding time of 30 min and subsequent cooling in water (quenching), in air

(normalization) and in a furnace (annealing).

Table 1
Chemical composition of the steel 31CrMoV9
Designation, C Si Mn Cr Mo v P S
% by mass. max max | max
The experimental | < 1555 | 059 |259 |025 |01 |0011 |0,025
sample

0,27- |0,17- | 0,40- | 2,30- |0,15- | 0,06-

EN 10085:2001 034 1037 |070 |270 |025 |0.12

0,025 | 0,035

After quenching, the samples were tempered at 250°C for 1 hour and then
cooled in air. The microstructure was studied using an Axiovert 200M MAT optical
microscope after etching with an alcohol solution of nitric acid. The austenite grain
size was determined by measuring the chord length after etching with a solution of
picric acid. The microhardness was measured with Vickers micro hardness tester,
type PMT3, test load 100 g.

Results

By research of the grain size determination of the austenite from the
investigated steel was provided, that the steel is characterized by the variety of
grains (Fig. 1). An increase in the austenitizing temperature increased the number of
large grains. In general, the grain size of the austenite of the investigated steel
increased by 25-35%.

Established, that 31CrMoV9 steel is characterized by a significant increase in
the size of the austenite grain when heated from a temperature of 950°C.
Investigated steel has a multigrain structure, with a conditional grain diameter in
the range of 0.028-0.063 mm at a heating temperature of 850°C, 0.033-0.079 mm at
950°C, and 0.035-0.084 mm at 1050°C. The research results showed that the size of
the austenite grain increases with increasing austenitization temperature, which can
lead to a change in the structure of the test steel after heat treatment. With an
increase in the austenitization temperature, the effect of the thermal factor is
manifested, as a result of which the actual cooling rate of steel increases [11].
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Figure 1 — Changing of the austenite grain size with increasing heating temperature

The increase in the grain size is associated with secondary recrystallization,
which occurs as a result of the dissolution of dispersed (5+20 nm) particles of the
carbide phases that restrained grain growth. In this case, with increasing
temperature, special vanadium carbides dissolve [11].

During assigning setting of the heat treatment regime for chromium,
molybdenum and vanadium-alloyed steel, the temperature of the sharp increase in
the grain size should be avoided. Otherwise, the structure can have a large grain size
dispersion, which leads to a decrease in mechanical properties.

Investigated, the influence of the austenite grain growth on structure
formation in 31CrMoV9 steel during heating to different austenization temperatures
and cooling at different rates under different conditions.

After heating to different temperatures in the range of 850-1050°C and cooling
in air, the structure of the experimental steel 31CrMoV9 consists of bainite,
martensite, and excess alloyed carbides (Fig.2). After normalization from
temperature 850°C, the percentage of martensite was 5-10%. Martensite is non-
needle-like (light areas in Fig.2), it has the form of small grains with no
characteristic needle-like structure, and no clear boundaries between martensite
crystals are observed. The average microhardness of the steel is 3340 MPa. The
alloying elements induce liquidation (striping), which begins to appear when cooled
from a higher heating temperature of 950°C (Fig. 2, b). Small excess alloyed carbides
are also observed in the steel structure. With an increase in the normalization
temperature under equal cooling conditions, the amount of martensite formed

increases. This is mainly due to an increase in the total area occupied by martensite
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without changing its morphology. Increasing the temperature to 1050°C resulted in

the formation of about 50% of martensite, in addition to bainite (Fig. 2, c).

Figure 2 — Structure of the 31CrMoV9 steel after normalization
from 850°C (a), 950°C (b) and 1050°C (c)

The light areas of non-needle-like martensite look like grains and stripes. The
average microhardness of the sample heated to 1050°C increased to 4075 MPa
(Fig. 3). Changes in the size of the austenitic grains can be reflected in the
martensitic structure obtained during final heat treatment. Changes in the
morphology of the martensite affect the reduction of mechanical properties: impact
strength, yield strength, hardness, etc. Therefore, the effect of the increasing the
austenitizing temperature on the martensitic structure of the 31CrMoV9 steel was
investigated. After heating to different temperatures, quenching, and tempering, the
structure of Cr-Mo-V steel consists of the tempered martensite (including residual

austenite and decomposition products of residual austenite) and alloyed carbides
(Fig. 3).
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Figure 3 — Structure of the 31CrMoV9 steel after quenching from 850°C (a), 950°C (b) and
1050°C (c) and tempering; d - middle size of the martensite needle after quenching at
different heating temperatures

A significant enlargement of martensite with increasing temperature is
observed. It is known that the size of martensite plates (needle size) depends on the
size of the prior austenite grains: the larger the austenite grains, the more needle-
shaped the martensite is formed. The size of martensite needles after quenching
from 850°C is approximately 4 um, from 950°C is 10 ym, and for quenching from
1050°C is 18 um (Fig. 3, d). The size of the austenitic grain affects the martensitic
transformation due to the nucleation density provided by the grain boundary zone
and due to the strengthening of the austenitic phase as the transformation
progresses [12].

In addition, the solubility of excess vanadium carbides [13] in steel increases
with increasing heating temperature, and their amount decreases significantly when
heated to 1050°C (see Fig. 2-3, c).
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Although the microhardness of the liquefaction areas increases with increasing
quenching temperature, the overall average microhardness of the steel decreases
(Fig. 4, b), unlike the steel cooled in air (Fig. 4, a).

In Cr-Mo-V steel, vanadium carbide is released in a very finely dispersed
granular form. Since vanadium forms difficult to dissolve carbides, at the traditional
quenching temperatures of 800-900°C, it remains bound in carbides and does not
transform into austenite. This also affects the change in microhardness of the

investigated steel.

6000

5000

4000

] W

i

2000 2000

3000 -

Microhardness, MPa
Microhardness, MPa

1000 L 1000
850 950 1050 850 950 1050

Temperature, °C Temperature, °C

a b
Figure 4 — Microhardness of the 31CrMoV9 steel after normalization (a) and quenching (b) at
different heating temperatures

The average microhardness values of the 31CrMoV9 steel after quenching and
tempering were: 4060 MPa for 850°C, 3960 MPa for 950°C, and 3894 MPa for 1050°C.
Such a change in microhardness is probably due to an increase in the amount of
residual austenite, since an increase in the quenching temperature increases the
amount and degree of metastability of residual austenite, its enrichment with carbon
and alloying elements due to the dissolution of alloyed carbides. In addition, an
increase in the quenching temperature, and hence an increase in the degree of
solubility of carbides in austenite, causes a decrease in the temperature of the onset
of martensite transformation and, as a result, an increase in the amount of residual
austenite.

The results, which were obtained in [14], shown that as the holding time or
temperature increases, the initial average diameter of the austenite increases, as
well as the size of blocks and packets in the martensite. This affects the mechanical
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properties because a smaller grain has more blocks and packets and the higher
density of the dislocations in relation to the same area. When heated to 1050°C and
cooled in air and water, the widest interval between the minimum and maximum
microhardness values of structural components is observed, which may further
adversely affect the properties of this steel.

The dispersion of the pearlite in the carbon steels depends on the
austenitization temperature and, accordingly, the size of the austenite grain, it is
known [15]. An increase in the austenitizing temperature of thr steel leads to an
increase in grain size and the formation of more special boundaries, which leads to
an increase in pearlite dispersion and austenite stability. All samples of the
31CrMoV9 steel heated to 850-1050°C and cooled at rate of ~0.05°C/s have a ferrite-
pearlite structure. A large amount of the excess carbides of the alloying elements is
observed in the structure of the steel heated to 850°C (Fig. 5, a).

3000

2000 | *_____H”}

1000 |

Microhardness, MPa

850 950 1050
Temperature, °C

¢ d
Figure 5 — The structure and microhardness (d) of the 31CrMoV9 steel after slow cooling
from temperatures of 850°C (a), 950°C (b), 1050°C (c)
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With an increase in the austenitizing temperature to 1050°C, most of the
carbides dissolve (Fig. 5, c). The average grain size of the pearlite increases with
increasing austenitization temperature and is 0.019 mm for 850°C, 0.047 mm for
950°C, and 0.088 mm for 1050°C. An increase in the austenitizing temperature also
leads to change in the dispersion of the pearlite, i.e. an increase in the inter-plate
distance. Researched, that the inter-plate distance in pearlite increases from
0.25 pm to 0.95 uym. The smallest deviation in the microhardness values is observed
after heating to 850°C and slow cooling with an oven. Therefore, during increases
the heating temperature, the actual cooling rate may differ from that predicted by
the thermokinetic diagram. This should be taken into account when setting the heat
treatment regimes for alloy steel. With an increase in the austenitizing temperature,
the microhardness of the alloy steel increases (Fig. 5, d), which is caused by the
dissolution of the small carbides of the alloying elements and their enrichment of
cementite in the pearlite composition.

Investigated the mechanical properties of the 31CrMoV9 steel after treatment
according to the standard quenching regime with austenitizing at 850°C. The
industrial steel billet 31CrMoV9 had a diameter of 120 mm. The obtained results
showed that the mechanical characteristics of this steel correspond to the standard
values (Table 2).

Table 2
Mechanical properties of the steel 31CrMoV9

Characteristic E/Ie;;ﬂe Strength’Yield strength, MPa [Elongasion, %
The experimental sample [995 868 14.5
EN 10085:2001 900-1100 >700 >11

Thus, to obtain a uniform fine structure in 31CrMoV9 steel it is necessary to
heat it to 850°C before quenching and normalizing heating which will also lead to

resource savings.

Conclusions

During investigations was determined the effect of the increasing the

austenitizing temperature on the change in the structure of the Cr-Mo-V steel.
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Received results allows to tentatively predict the final structure of the
31CrMoV9 steel after various heat treatment modes.

Determined, that the austenitizing temperature affects the cooling rate. To
obtain broader results of this effect, it is necessary to conduct additional
investigations of the kinetics of the transformations in the 31CrMoV9 steel during
cooling from different temperatures. After heating 31CrMoV9 steel to different
austenitization temperatures in the range of 850-1050°C and cooling under the same
conditions, the steel structure changes.

After normalization, the structure of the 31CrMoV?9 steel consisted of bainite
and martensite, the amount of which increases with increasing temperature from 5-
10% martensite at 850°C to 50% at 1050°C. The microhardness of the steel increases
accordingly.

After heating to different temperatures, quenching and tempering, the
structure of the 31CrMoV?9 steel consists of tempered martensite different dispersity.

Established, that with an increase in the heating temperature, an increase in
the prior austenite grain was observed, which led to the enlargement of martensite
needles.

Determined, that with increasing heating temperature, the dispersion of
pearlite depends on the size of austenitic grains.

To obtain a uniform fine structure for alloy steel is recommended the heated at
a temperature of ~850°C before quenching or normalization.
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BIIJ/INB TEMITEPATYPU OBPOBKU HA ®OPMYBAHHS CTPYKTVYPU
CR-MO-V CTAJII

[TpaBuibHO mifibpaHa TepmiuHa 06poOKa, sSIkKa Ma€ Ha MeTi CTBOPEHHS CTPYKTYPH, 110
3a7I0BOJIbHSIE BMMOTaM BUPOOHMKA, € OCHOBHMM CIIOCOOOM TOKpAIIeHHSI SIKiCHUX

XapakTepucTuk crani. JocaigxyBaHy crainb 31CrMoV9 HarpiBaiu [0 TemmepaTyp B
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niamasoHi 850-1050°C i oxoyioKyBa/in y BOZi Ta Ha MOBiTpi. CTPyKTypa micjis HopMatisallii
ckimamanacss 3 OeilHITY Ta MapTEeHCUTY 3 Pi3HMM cHiBBigHOIIeHHSM. [ligBuUIIeHHS
TeMIrepaTypy HarpiBy IPU3BOAUTb A0 30iJIbIIeHHSI KiJIbKOCTi mMapteHcuTy 3 5-10% mpu
850°C mo 50% mpu 1050°C, mo 6ys0 MoOKa3aHO AOCTiMKeHHSIMM. MiKpOTBepicTh CTasli
BimmoBigHO 3pocrae. Crpykrypa crani 31CrMoV9 ckinagaeTbcs i3 3arapToOBaHOTO
MapTEeHCUTY, SIKUI XapaKTepU3YyeThCsl Pi3HOI MOpoJsori€io Imicias HarpiBaHHSI OO0 Pi3HUX
TeMIlepaTyp, rapTyBaHHS Ta Bigmycky. CepemHe 3HaueHHSI MIiKpOTBEpPAOCTi cCTasi
3MEHIIYETbCS 3i 30iMbLIEHHSIM TeMIIepaTypy 3arapTyBaHHsS. 3MiHa MiKpOTBEpPIOCTi,
IMOBipHO, TOB'sI3aHa 3i 306ilbIIeHHSIM 06'€éMy 3aJIMIIKOBOTO ayCTEHITy i PO3UMHEHHSIM
JIeTOBaHMX KapOifiB.

BusiByieHo, 110 3i 36i/IbIIIEHHSIM TEMITEPATypPy HArpiBy 30ibIII€HHS ITOYATKOBOTO 3epHa
ayCTeHiTy TMPU3BOAUTb N0 YKPYIIHEHHS TOJKM MapTeHCUTy. BcTaHOB/IeHO, 10 3
MiABUILIEHHSIM TeMIlepaTypy HarpiBy [AUCHEpPCHICTb TepJiTy 3aJIeXUTh BiJl PoO3Mipy
ayCTeHiTHMX 3epeH. IlimBUIeHHSI TeMIlepaTypy aycTeHisallii Mpu3BOAUTb A0 30i/lbIIeHHS
MDKIUIACTMHHOI BifcTaHi. s OTpMMAaHHS OOHOPIZHOI CTPYKTYpM JIeroBaHy CTajlab CJIif
HarpiBaTu rpu Temiepatypi 850°C.

KnrouoBi cioBa: jeroBaHa CTajab, TeMIepaTypa HarpiBy, CTPYKTypa, PO3Mip 3epHa,

6eliHiT, MAapTEHCUT, TEpMiuHa 06pPOOKa, rapTyBaHHSs, HOpMaJi3allist
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OJOCIIAXXEHHS BIIVIMBY N OBXUWHU 30HU KAJIIBPYBAHHS
MOHOJIITHOI BOJIOKU HA HEPIBHOMIPHICTb JE®OPMAIIII [TPU
BUPOBHUITBI HU3bKOBVYIJIEHEBOI'O JPOTY

AHomauis. 3HauHy uacmuHy 8 HOMeHKAamypi memusis, wjo 8upobaomsCcs, CK1aoae
Jdpim 3 Hu3bvKo8y2/neyesux Mapok cmajneti. B cmandoapmax, 3a SKuMu nocmadaemocs
dpim, peznameHmymuvcsi Mexci 1i020 MeXaHiuHux enacmusocmeii. Ha piseHb
MeXaHiuHux esacmueocmeli eniueae HepisHomipHicmes degpopmauii memasny nio uac
npoyecy 8onouiHHA. OOHUM 3 OCHOBHUX hapamempie, sAKull 8NJIUBAE HA
HepigHOMipHicMb dehopmauii memarny € KoHpizypauis pobouozo iHcCmpymeHmy, a came
0o8iuHa pobo4oi 30HU Ma 30HU KanibpysaHHs. BupobHuku incmpymeHmy Hadaiwomop
8i0noeioHi pexomeHOauii 3 8uGOpy 008MCUHU 30HU KanibpysaHHs 8 3anexcHocmi 8id
diamempa OJpomy. Ha nidnpuemcmeax, y 60s0Kax, aki Oy1u 3HOWeHi nid uac
nonepeoH»020 80JI0UIHHS, PO3MOUYIOMb 30HY KanibpysaHHs Ao HeoOXiOH020 po3mipy no
diamempy. 3 oenady Ha cmanicms 008MUHU B80JIOKU Ue Nnpu3eodums 00 3MiHU
CNiBeiIOHOWIEHHS. MiXc Q08MCUHAMU POOOUOI 30HU MA 30HU KANIOPYBAHHS i, IK HACNIOOK,
00 3MiHU piBHs1 HepigHOMipHOCMI Oeopmauii. PigeHb MmexaHiuHux eracmusocmeti
Odpomy 8U3HAUAMb NepesarcHo 3a 00NOMO2010 pe3YJbinamis eKCnepuMeHMmManbHux
docnioxeHs, w0 npu3sodums 00 3HAUHUX sumpam mamepiany i eHepezii. B pobomi 3
BUKOPUCMAHHAM KOMN’IOMepPHO20 MOOeN08AHH MemodoM CKiHUeHUX eJieMeHmis,
docnioxeHo énue 008X UHU 30HU KANIOPYBAHHS HA HepieHOMIpHICMb dedpopmauii npu

goJiouiHHi dpomy 3i cmani 1030 diamempom 1,85 mm.

Knrwouoei cnoea: 8050uiHHS, cmanb, 80J10KA, 30HA KaliOpPY8aHHs, HEPIBHOMIpHICMb
depopmayii, MexaHiuHi enacmusocmi, cuna
Berym.

3HauHy 4YacTKy arperaTiB IJjisi BOJIOUiHHSI CTajJeBOTO APOTY Ha BITUM3HSIHUX
MiIMTPUEMCTBAX CKIAJal0Th 6araToKpaTHi CTaHM MarasyHHOTO TUIY (0e3 KOB3aHHS

IpOTY 3 HAKOMMUYeHHsIM). Taki CTaHM B JaHUI YaC He BUITYCKAIOTbCS Yepe3 X HU3bKY

© Konosodos /1.B., bosipkin B.B., botiko M.I., Ienee O.M.,2024
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eHeproeeKkTUBHICTb Ta MPOAYKTUBHICTh. AJTbTEPHATUBY iM CKJIaAAl0Th METIbOBI Ta
MPSIMOTOYHI BOJOYWIbHI CTaHM, SIKi IPALIOIOTh 3 aBTOMAaTUUHMUM pPeryJIl0BaHHSIM
IIBUIKOCTEH MPOMisKHMX OapabaHiB 6€3 HAKOIIMYYBAHHS APOTY.

3araJibHMMM HeAOoMiKaMM CydyacHMX MallMH 3 MPOTUHATSDKIHHAM, SK
MeT/IbOBMX TaK i MPSIMOTOYHMX, € C1abe OXOJIOMKEHHST APOTY Y 3B’I3KY 3 KOPOTKUM
yacoM IlepeOyBaHHSI Ha KOXHOMY OapabaHi, HempsiMe OXOJIOKEHHS [pOTY,
6apabaHiB Ta BOJIOK, 3HaUHi rabapuTu. [Ijis1 po3poOKM TEXHOJIOTii BOJIOUiHHS IPOTY
TOHKMX 1 HAWTOHIIMX [OiaMeTpiB 3 HM3bKOBYIJEIleBMX MapoK CTajeil Ta
IIPOTHO3YBAHHS PiBHS MeXaHiUYHMX BJIACTUBOCTE TOTOBOTO IPOTYy, HEOOXiZHO

BpaxOBYBaTM OCOOGIMBOCTI 3MillTHEHHS CTaJTi TPY IJIACTUYHI medopMalrii.

AHaJti3 ocTaHHIX JOCTiI)KeHb 1 IyOJIiKalLi.

Yepes HepiBHOMipHiCTh medopMaliii MeTasy B IIpoIleci BOJOUiHHS Ha ITOBEPXHi
3aroTOBKM BMHMKAKIOTh 3a/JMILKOBI HAIlpy>)KeHHSI PO3TSATaHHS, a B LIEHTPAIbHUX
nmapax — cTuckaui HanpysxkeHHs [1]. Lieit pakTop HeO6XimHO BpaxoByBaTH, TakK SIK
TIOBepXHEBi HAIpPYXeHHSI PO3TSTaHHS 3HMKYIOTh IJIACTUYHICTh METalTy i MOXYTb
OyTM TIPUYMHOIO TTOSIBY TIOBEPXHEBUX TPilllMH. HampyskeHHS, SKi BUHMKAIOTh B 30Hi
medbopmallii Ipy BOJOYiHHI, OKa3ylOTh BM3HAUaJIbHMII BIUIMB SIK Ha MPOIEC
BOJIOUiHHS B 1I1JIOMY, Tak i Ha BJIaCTUBOCTi OTPMMAaHOIO JPOTY.

[lepeBakHO pPOOOYMM iHCTPYMEHTOM [JISI BOJIOYiHHSI OPOTY € MOHOJITHI
BOJIOKM. IX BUTOTOBJIAIOTDH 3 iIHCTPYMEHTAJbHUX CTaJell Ta TBepAyX CIIaBiB. Bosoka
Ma€e poboumii OTBip (KaHa/), IIO CKIAJAETbCSI 3 YOTUPbOX 30H: BXiJHOI abo
MacCTWIbHOI, pobouoi, 30HM KalibpyBaHHS Ta BUXiZHOI 30HM. OCHOBHOIO 30HOIO
KaHa/ly BOJIOKM € poboua 30Ha, Jie 3[ilCHI0OETbCS nedopMailisi 3aroToBKuU. Kyt
KOHYCHOCTi po0O0oYoi 30HM 3aJIeXXUTh Bif BIACTMBOCTENI MaTepiasly Ta TUITY
3arOTOBKM i CTAHOBUTD 6 - 12°.

[Ipy po3paxyHKy mapaMeTpiB IIpolecy BOJIOUiHHSI (PAKTUUYHYy KapTUHY MIJIs
HampykeHo-Ae(opMOBaHOTO CTaHy MeTa/ly B 30Hi fedopMallii 3HaUHO CIIPOIIYIOTh.
3HeBaXXalOThb 3CYBHMMM HAMPYKeHHSIMM, a pajiiaibHe Ta MO3[0BXHE HaIpy>KeHHS
BBOXXAlOTh TOJIOBHMMM, TMepile 3 SKUX MiHiMaJbHe, a [Apyre MaKCHMMaJibHe,

TaHTeHIliaJbHi HaIIpYy>XKeHHS PU IIbOMY He 6epyTb yuacTb B aHasti3i [1,2].
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B mepepisi BXOAy CHOCTEPIrar0TbCsI MAaKCMMaJIbHI pajiajibHi HAINIPY>KEHHS, 110
3HAYHOI0 MipOI0 BM3HAuya€ HaiOi/MbIINMII 3HOC BOJIOKM B IIbOMY Iepepisi. IIo Bcii
IOBXMHI 30HM Aedopmallii MO340BXKHI HapPy>KeHHSI 3HIDKYIOTbCSI Y HAIPSIMKY Bif
IIeHTPaJbHMUX IapiB 10 mnepudepiiinnx. MakcuMalbHi IIO3I0BXHI HampysKeHHS
CIIOCTEPIraloThbCsl B LEHTPAJIbHUX IIapax B Ilepepisi BUXOLYy MeTaly 3 KOHYCHOI
YaCTUHU BOJIOKM.

Ha mpaktuiii yacto HeoOXimHO, Imo6 apitT micias medopmaliii Ha KiHIEBUIA
po3Mip, MaB MeBHi MeXaHiUHi Ta TEXHOJIOTiYHi BjacTUBOCTiI. ToMy Iipu BUOOpi
IiaMeTpa BUXiJHOI 3arOTOBKM HEOOXiZHO 3HATM He TiJbKM ITOYATKOBi BJIACTMBOCTI
MeTany (MexXy TeKy4doCTi Ta MeXy MIIJHOCTI), a Vi XapakTep IX 3MiHM B IIpoLeci
BOJIOUiHHS. CKIAOHICTh ypaxXyBaHHS  IUIACTUYHMX  BAACTUBOCTEN  MeTay
TIOSICHIOETHCSI TUM, IO Ba)KKO BU3HAUMUTM y3arajbHeHUI MOKA3HUK IJIACTUUYHOCTI
MeTtany [2]. ToMy maacTU4HiI BJAACTUMBOCTI BU3HAYAKOTh Yepe3 BiJHOCHI MOKa3HUKU
(BiTHOCHE TIOJIOBKEeHHI, 3BY)KeHHSI IIMIIKYM Ta iHIIL.), SIKi Ba)KKO BBECTU B PO3PaXyHOK
MapuIpyTiB BOJOYiHHSI.

I OOCTimKeHHSI TIpolLiecy BOJIOUiHHS [OPOTY YacTO BUKOPUCTOBYIOTh

MaTeMaTH4YHe MO Ee/IIOBaHHA 3 BUKOPUCTAHHAM METOOY CKiHUEeHMX eJIeMEeHTIB [3-6]

MeTa gociaigKeHHs.

MeTow pob0TH € CTBOPEHHSI MaTEMATUYHOI MOJIeJTi ITPOIleCy BOJIOYiHHS IPOTY
3 BUKOPUCTAHHSIM METOY CKiHUeHUX eJIEMEeHTiB Ta AOC/iIP)KeHHS 3 BUKOPUCTAHHSIM
CTBOPEHOI MoOpesi BIUIMBY JOBXMHM 30HM KaldiOpyBaHHSI BOJIOKM  Ha

HepiBHOMIipHicTb AedopMallii MmeTany Ta mapaMeTpy IpolLiecy BOJIOUiHHS.
OCHOBHi MaTepianu JOCTiIKeHHS.

JIJisT TEOPeTUUYHOTO [OC/IiIKeHHSI MexaHi3My (OpMO3MiHM MeTally B 30Hi
nedopMallii mpM BOJIOUiHHI, BUKopucToByBasach mporpama QForm UK [7]. QForm
UK - 1e mporpaMHMii KOMIUIEKC IJisI MaTeMaTMYHOTO MOJEOBaHHSI Ha OCHOBI
MeTOy CKiHUeHUX eJIeMeHTiB pi3HOMaHITHMUX ITpOlleciB 00pOOKM MeTajliB TUCKOM i
TepMiuHOi 06po6KM [8,9].

VYV mnporpamHoMmy KkKomiuiekci QForm UK 06yn0 CTBOpeHO BiceCMMETPUUHY
MoJesib ITPoIlecy BOJOUiHHS, 1110 JO3BOJIM/I0 3HAYHO CKOPOTUTH Yac PO3PaxXyHKy Ta

00csIT JaHUX Y TTOPiBHSIHHI 3 BUKOPUCTAHHSIM TPUBUMIiPHOI MOJIeTi.
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KyT po6ouoi 30HM BOJIOKM cKaamaB 12° y Bcix Bumagkax momaenioBaHHs.CxeMa

TIOIIePEYHOTO TTepepi3y BOJOKM ITPeICTaBIeHO Ha PUCYHKY 1.
p127"
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PucyHok 1 — OCHOBHI po3Mipy BOJIOKMU
1 — BxigHa 30Ha; 2 — poboua 30Ha; 3 —30Ha KaJlibpyBaHHS; 4 — BUXiJlHA 30HA

st onucy (isMuHMX BIACTUBOCTE MaTepiany apoty (ctaiab 1030) Ta BoJIOKU
(cranp X12M®) 6yna BMKOpMCTaHa 6asa AaHuX IporpaMHOro cepemoBuia QForm
UK. Peosoriuni BaactuBocTi ctati 1030 6panuch TaKOX i3 1Ii€i 6a3u.

I'paHMYHI YMOBMU IIpOIIECY:

- TI0YaTKOBA TemMrmepaTypa 3aroToBku i Bonoku — 20 °C;

- TemIepaTypa HaBKOJMUIIHbOrO cepenoBuina — 20 °C;

- MaKCMMaJIbHa MIBUIKICTh BOJIOYiHHS — 12 M/C;

- IJISL OTIMCY HAIIPYy>KeHb TEPTSI Ha KOHTAKTi MiXX iHCTpYMEHTOM Ta 3arOTOBKOI0
BUKOPUCTOBYBIM 3MilllaHMI1 3aKOH.

- KoedillieHT 3MiHM 06’eMy AJ1s1 3arOoTOBKM - 1,0;

- HaKOMMUYeHMI CTYIiHb Aedopmallii AJis IepIioro Mpoxoay — BifICYTHilA.

CtBopeHa Mopenb (puc. 2) Oyna BMKOPMUCTAHA IJIsI AOCIiIKEHHS IMTPOIecy
BOJIOUiHHSI ApoTy nmiameTrpom 1,85 MM 3 KaTaHKu JiameTpoM 5,6 MM. Mapuipyt

BOJIOUiHHS IIpeIcTaBIeHMi1 B Tabumli 1.
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Pucynok 2 — I'padiuHe Bimo6pakeHHs POLIeCY BOJOUYiHHS

Tabmuug 1
MapuipyT BOJOUYiHHS
1 2 3 4 5 6 7
[TapameTpu CeKI[isl |CeKIisl |CeKLis |[CeKIis |CeKIis [CeKI[isl |CeKIis
miaMeTp APOTY,MM 4,45 3,65 3,07 2,65 2,33 2,05 1,82

00THCK IO TiaMeTpy, % 36,85 [32,72 29,26 25,49 22,69 22,59 21,18

cymapHMii  00TMCK  1027,9 57,5 69,9 77,6 82,7 86,6 89,4
niametpy, %

[4aCTKOBUIL Koedinient1,59 1,49 1,41 1,34 1,29 1,29 1,27
BUTSIKKU

CymMapHUit KoediieHt9,47
BUTSKKA

MIBUIOKICTb BOJIOUiHHg, M/c 2,007 2,984 4,217 5,660 7,322 9,458 {12,000

IaHuit MapuipyT Ma€ HeBeJMKi YaCTKOBI BUTSIKKM, IO 3HMKYE BipOTiIHICTH
00puBy MeTany, epeKkT cTapiHHS Ta 3a6e3MeuyloTh Kpallli IJIAaCTUYHI BIaCTUBOCTI.
OpHak 36i7bllleHHS  KiJIbKOCTi  TepexofliB  BOJIOUiHHS Ta HepPiBHOMIpHICTb
medopmailii Mo mepepiszy APOTy, MOXKe BIUIMBATM Ha MeXaHiUHi XapaKTepUCTUKU
IPOTY i HABITb MMPUBECTU 10 MOSIBU TPIll[MH.

BUKOpPUCTAHHS BEJMKUX CYMapHMUX Ta YaCTKOBI BUTSDKOK IIpU BOJIOYiHHI
3MEHIIY€ KUIbKICTh Iepexo[iB, IO MiABUIINYE MPOAYKTUBHICTh mpoiecy. OmHak
3pocTa€ BipoOriAHiCTh 0OPUBiB, TOMYy HEOOXiTHOI YMOBOIO € BMKOPUCTAHHSI Oi/bIll
SIKiCHOI 3aroTOBKM, SIKICHOTO MacTuja, SKICHOTO OXOJIO[JKeHHsI OapabaHiB,

IOPOTY Ta BOJIOK.
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3 BUKOPUCTAHHSIM CTBOpPEHOI MaTeMaTMUHOI Mopedi Oyl0 BUKOHAHO
IOCTiI;KeHHS Hallpy>)keHb B 30HI gedopmaliii, TemIiepaTypHO-IIBUIKICHUX
rapaMeTpiB Ta CWIM BOJIOYiHHS IJISI IBOX 3HAU€Hb MOBXKMHM 30HU KalibGpyBaHHS
Bosiok 0,2d Ta 0,5d, me d — miameTp mpoTty B mpoxoni. Takuit miara3oH 3HaueHb
IOBKMHM 30HM KajIiOpyBaHHS peKOMeH/Iy€e IMOCTayaJbHMK pOO0OUOTro iHCTPYMEHTY.

Ananiz posnomisy mBUAKOCTI nmedopmaliii B cepenuHi 30HM nedopmartiii
1OKa3aB, IO IPU 3POCTAHHS MOBXMHM 30HM Ka/liOpyBaHHSI BOJIOKM Bil 3HaAUeHHS
0,2d mo 0,5d, HepiBHOMIpPHICTb PO3MOAITY MBUAKOCTEN Aedopmallii 3MEeHIITYEThCS.
Ha pucyHky 3, y IKOCTi mpuK/iIagy, HaBeJeHO pO3IOia MBUAKOCTI Aedopmaliii as

IIIOCTOTO MPOXOAY P Pi3Hil JOBXKMHI 30HM KaTiOpyBaHHS.

a 6

a-1lk=0,2d; 6 - lk=0,5d
PucyHok 3 — Posnoain mBuakocTi nedopmaiiii y mocToMmy Impoxo/ii

Sk BumHO 3 puc. 3, MBUIAKICTh Aedopmarlii pu 36i/ibllIeHH] JOBXMUHU 30HU
KaJiOpyBaHHSI 3MEHIINYETbCS 3a aOCOMIOTHMMM 3HAYEHHSIMU Ta PO3IOMIISIETHCS
6inmpIn piBHOMipHO. CIim Bim3HAumMTH, IO B OCTAaHHIX ITPOXOJaX, 3i 3MEHIIEHHSIM
IiaMeTpa JpOTYy, BIUVIMB MOBXMHM 30HM Ka/liOpyBaHHS Ha 3HAUE€HHS Ta PO3MOJIia

HMIBUAKOCTeN nedopmaliii 3pocTae.
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Ha pucyHky 3 1ioka3aHi [OaHi 3Ha4eHb CWJIM BOJIOYiIHHS [JISI BUITAAKY
MojeoBaHHsI Aedopmaliii y mepuioMy Ipoxofdi 3 miamerpa 5,6 MM Ha IiaMmeTp
4,45 MM.
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a-1lk=0,2d; 6 - lk=0,5d
PucyHok 4 — Cuia BOJIOUiHHS y IEPIIOMY ITPOXOAi

3MiHa mOBXMHM 30HM KajnibpyBanHs Bim 0,2d (puc. 4, a) mo 0,5d (puc. 4, 6)
iCTOTHO He BIJIMBA€ Ha CUJIYy BOJIOUiHHSI MIPU 3aJaHMUX BUXITHUX JAaHUX Ta CKIATAE€
6,1-6,2 kH i 6,2-6,3 KH BiamoBigHo. TexX caMe CIIOCTEPIiraeThCs i B iHIIMX MIPOXOAax,
TOOTO CUIM TEePTS IpU 3MiHi JHOBXMHM 30HM KamiopyBaHHs Bim 0,2d mo 0,5d He
OKa3ylThb CYTTEBOTO BIUIMBY Ha €HEProcuaoBi mapaMeTpyu BOJOYiHHS. 3arajiom
IOCTiI)KeHHS 110 BCiM IepexofaM MaplIpyTy BOJIOYiHHSI MOKa3aJiu, 0 CUJIU TEPTS
TIpy 3MiHi DOBXMHM 30HM KajiopyBanHs Bim 0,2d mo 0,5d 36imbIIyi0Th 3HAUEHHS
CUJIY BOJIOUiHHS 110 1,6%.

AHaJti3 HampysKeHb Ta MIBUAKOCTeN gedopmallii miaTBepAUB iCHYIOUi YSIBJIEHHS
Ipo Te, IO TpM 30iJbllIeHHI MOOBXMHM 30HM KayliOpyBaHHS HepiBHOMipHICTb
nedopMallii 3MEHIIYETbCS, IO 3MEHIIYE PU3UK BUHUKHEHHS 3aJMIIKOBUX
Harpy>keHb B MeTaJli, Ta 3MEHIIy€ BipOTiJHICTh MOSBU Yy 30BHIllIHIX IIapax ApPOTY
BEJIMKUX HAIIPyKeHb po3TsAraHHs. Kpim TOro, 4ymMmM IOBIIE 30HA KaJaiOpyBaHHS, TUM
OisbII MOBHOIO € Aedopmallis 1o Iepepisy BOJOKM i TUM Oilblle 3HVKYIOThCS

panianbHi HamnpyXeHHs. 3HWKEHHS piBHS 3HaueHb pajiaJbHMUX HaAMNpPYyXeHb
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orocepeKOBaHO BKa3y€e HAa MOSK/IMBE 3MEHIIIeHHST 3HOIIEeHHST BOJOKM. HaioinbImii
edeKkT BIIMBY TOBXMHM 30HM KaJTiOpyBaHHSI IIOMITHO B OCTaHHIX ITpoxXojax, e

Hali6isbIlla HepiBHOMipHiCTb medopmaririii.
BucHOBKU.

CTBOpeHO MaTeMaTU4YHy MOJe/Ib IPOoIecy 6araTOKpaTHOTO BOJIOUiHHS OPOTY.
Bu3HaueHo, 10 3i 30i/JbIIEHHSIM JOBXMHM 30HM KaJliOpyBaHHS IIPY OJHOYACHOMY
3MEHIIeHHi HOBXMHM pPOO0OUYOi 30HM BOJIOKM, CIOCTEPIra€ThCsl 3MEHIIEeHHS
HepiBHOMipHOCTI Aedopmallii Ta He3HAUHMII PiCT CUIM BOJIOUiHHSI. MaTeMaTuyHa
MO/IeJTb MOXKe OYTY BUKOPUCTAHA JIJIs MOIBIINX JOC/TiIKeHb IPOLIeCY BOJTOUiHHS.
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D.V. Konovodov, V.V. Boiarkin, M.H. Boiko, O.M. Ivliev

INVESTIGATION OF THE MONOLITHIC DIE BEARING LENGTH ON THE
NON-UNIFORM STRAIN DURING THE LOW-CARBON WIRE PRODUCTION

Low-carbon steel wire takes a large part in the production of wire products. The wire
standards regulate the limits of its mechanical properties. Drawing non-uniform strain
determines the mechanical properties. One of the main parameters determines the non-
uniform strain is the die dimensions, specifically the length of the die bell and the length of
the die bearing. Tool manufacturers provide appropriate recommendations for choosing the
length of the die bearing depending on the wire diameter. In industry, the die bearing is
bored to the required diameter size in worn out dies during previous drawing. Considering
the constancy of the die length, this leads to a change in the ratio between the lengths of the
die bell and die bearing and to a change in the level of non-uniform strain. The mechanical
properties of the wire are determined mainly through the results of experimental
investigations, it leads to significant costs of material and energy. In this work, using FEM
computer simulation, the influence of the die bearing on the non-uniform strain while
drawing 1030 steel wire with a diameter of 1.85 mm was investigated.

Keywords: drawing, steel, drawing die, die bearing, non-uniform strain, mechanical

properties, force.
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I1.T. MenbsinuioB, O.M. JlocikoB, B.K. CugopeHKo

AHAJIITUYHI OBIPYHTYBAHHS CTPYKTYPHUX ITAPAMETPIB
TEXHIYHOTO CTAHY OITOPMU IT’SITU IVIYH)XEPA AKCIAJIbBHO-
ITOPITHEBUX I''TPOMAIIINH

AHomauis. IIposodsmubca aHanimuuHi 0oCnioneHHs 3 00TPYHMYBAHHSI CIMPYKIMYPHO20
napamempy KOHMPOJI0 MexHIUH020 CMaHy Kilsyesoi onopu n’amu niyHmepa
Kauawn4yozo 8y3/a AaKCialbHO-NOpuiHesoi zidpomawiuHu 01 YMO8  Cep8iCHUX
nionpuemcmes. OmpumaHa AHANIMUYHA 3AJEXCHICMb 3a30pY Y CNPSIXCEHHI «Kilbyesa
0nopa n‘amu — onopa oabKU» 810 3HOCY KiJblye80i 0nopu no eucomi ma mucky po6ouoi
nokasana, wo 8 SIKOCMi KOHMpOJo1020 CMPYKMYpHO20 nhapamempa 0Jis1 KOHMpOJI
KiJIbliegoi onopu n’samu NayH¥epa moxe 6ymu 8UKOpucmaHa eucoma Kiislesoi onopu
n’amu, 3a ymMoeu piBHOMIpHO020 ii 3HOweHHS. BcmaHossneHo, wio empamu pooouoi
pIOUHU MiXc KiNblesolo onopoiw n’amu i Onopow KU 3d C80iM 06°€mom He
gnaueaioms cymmego Ha 06‘emHuil KKII mpaucmicii i Moxuyms KOMNEHCy8amucs

HACOCOM NiOHCUBIEHHSL.

Knwouoei cnoea: akcianvHo-nopuiHesa 2idpomawuHa, Kauawuuii 8y301, n’ama
NJIYH}epPHa, Kifblyeaa onopa n’smu nayHiepa, 2iopocmamudtuti NiOWUnHUK, akciansHa
HOopcmKicmo, cmpykmypHuii napamemp, 2idpoabpasugHe 3HOWEHHS, 00°€MHI empamu

piduHu.
ITocraHOBKa mpooIeMu

[Ipame3gaTHiCTh  TigpocucTeM  MOOUTBHMX  KOJMICHMX Ta  TYCEHUYHUX
TPaHCIIOPTHMX 3ac00iB y 3HAUHiM Mipi 3aJekuTh Bif (QyHKIIiOHYBAaHHS 00’€MHUX
TiApaB/IiYHMX TPAHCMICili, B SIKMX IIMPOKEe 3aCTOCYBaHHS 3HAXOISITh aKCiaJbHO-
TOPIITHEBi rimpoarperaTu, SKi Ha KOHCTPYKTMBHOMY PiBHi IMOBMHHI BigmoBimaTu
BMCOKMM ITOKa3HMUKM eKCILTyaTalliiiHOI HaAiliHOCTi.

BogHouac, [0 akciaJibHO-TIOpIIHEBMX TipOMalIMH IIOCTiiiHO 3pOCTalOTh

BUMOTM 1O iX HaJiifHOCTi, B 3B’SI3KY 3 3aCTOCYBaHHSIM MOOIJIbHMUX MalIuH

© MenvsaHuos I1.T., Jlocikos O.M., Cudoperko B.K., 2024

ISSN-print 1991-7848 73
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 27 - 2024

OCHAaIlleHUX rigpaBJIiyHUMN TpaHCMiCisIMM B pi3HUX rajry3sx
HapOAHOIO rocrnoaapcTaa.

Lle migTBEpIKYETHCS MMOCTiMAIHMM iHTEpecoOM BUEHMUX, iH;KeHEPIB i BUPOOHMKIB B
06j1aCcTi MiABUILEHHS IX POOOUYMX XapaKTEPUCTUK, 30iTbIIEHHIO HOBrOBiYHOCTI i
0e3BiIMOBHOCTiI iX pOOOTHM, AOC/IIKEHHIO YMOB MaIllleHHS OCHOBHMX I1ap TepT,
3HIMKEHHIO BUTpAT poboyoi piiuHu, rymy Ta Bibpariii [1, 2, 3, 4].

Pazom 3 TuM, aHaii3 eKCIUIyaTal[iiHOl HAMiliHOCTI TiApaBAiYHMX TPAHCMICIii
TIOKa3ye, 1110 B YMOBaX eKCIUTyaTallii BUHMKAIOTh SIK PeCYPCHi, Tak i parToBi BiIMOBH, SIKi
MIPUIIa[Ial0Th HA arperaTi TiApaBIiuHoi TpaHCMicii [5].

BimmoBa akciaJibHO-TIOPIIHEBUX arperaTiB IPMBOIUTHL O 3HAYHMX BUTpAT i3-3a
MIPOCTOI0 MOOIIbHOI MallMHM, 338 PaxXyHOK BifCYyTHOCTI edeKTUBHUX 3ac06iB
IiarHOCTYBaHHS 00’€MHMX TiIpaBIidYHMX TPAHCMICil, a TaKOXK 6e3rmocepeaHbO i3 3aTpaT
Ha IPOBEIEHHS] PeMOHTHMX POOIT, SIKi XapaKTepu3yIlTbCS B CBOili OLIBIIIOCTI 3aMiHOIO
JeTaeli 3i caigamMmy 3HaUHOTO 3HOILIEHHS Ha HOBI KOMILIEKTYIOU.

BigHOBeHHS MOCaAKM HeTajieil B CIPSDKEHHSX TaKMM MeTOIOM He 3abe3reuye
BiZIITpaIlOBaHHS HMMM ITIOBHOTO MiKPEMOHTHOTO pecypcCy, Tak sSK OOHa i3 JeTtaseit
CIIpSDKEHHST (3 MEHIIMMM CJlilaMy  3HOIIEHHS) BiJHOBJIIOETbCS 3aCTOCYBAHHSIM
MIPUTUPOYHMX OTfepaliiii, Mpy BUKOHAHHI SKMX He 3aBXIM BIAETbCS BiTHOBUTU
reoMeTpuuHy (GopMy AeTasli Ta KJaCc UYMCTOTU MOBepxHi. B 3HauHilt mipi Takuit ctaH
TTOSICHIOETHCST BiICYTHICTIO OOIPYHTOBAHMX CTPYKTYPHMUX MMapaMeTpPiB TEXHIUHOI'O CTaHY
JeTaneli KadaluMxX BY3JIiB TiAPOMAIlIMH, $IKi 3aCTOCOBYHOTBCS MJIsI KOHTPOJIO 1X
TEeXHIYHOTO CTaHy Py IMPOBeIeHHI MPSIMOTO JiarHOCTyBaHHS. OCOOIMBO 1€ CTOCYETHCS

JleTasnel INTyYH)KepHOi TTapy Kauaruyx By3/IiB aKCia/IbHO-MOPIIHEBYX TiIpOMaII/H.

AHaJti3 ocTaHHIX IOCTiIKeHb Ta IMMyO/TiKaILii

B Kkauvarooumx By3jJax akCiaJbHO-TIOpIIHEBMX TiapoHacocax (AIIH) i
rizpomoTopax (AIIM) 3aCTOCOBY€ETBHCS IUIYHKepa apa 3 riApOCTaTUUHUMMU ITITAMU,
SIKi B Mpotieci po60TH BMKOPUCTOBYIOTh TifpOCTaTMUHe po3BaHTakeHHS. HasiBHICTh
TiIpOCTAaTUUHOTO IiAIMUITHMKA [O3BOJISIE IIpalfioBaTy TiJpoMaliMHaM Ha Oijblil
BUCOKMX IIBUIKOCTSIX, TUCKAX, & TAKOX 30i/IbIIye iX pecypc [6].

KOHCTPYKTMBHO TigpOCTaTUUYHMII MiAMIMIIHUMK TISATU IUTyHXepa [O03BOJIsIE

3MEHIIUTY MeXaHiuHi BTpaTM 3a PaxXyHOK AESKOro pocTy ob6’eMHmuxX BTpart. Lliei
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TOUYKM 30py SOTPUMYETHCS 1 psif, aBTOPIB [6, 7]. [Ipy posrnsimaHHi HUMM 3araIbHUX
MUTaHb TiAPOCTaTUUYHOTO BPiBHOBAa)KEHHS ITiAIINUITHMKA, OOHI€I0 i3 OCHOBHMX 3ada4
OyJIO HaXOIKEHHSI YMOB MiHiMa/IbHMX CYMapHUX 00’eMHUX BTpaT. 1)1 ii BupimeHHs
BOHU IMiAXOOUIN 3 KOHCTPYKTUBHOI TOUKM 30Dy, BUSHAUYAIM ONITUMAaJbHi ITapamMmeTpu
II'SITU, BUCOTY KUIbLIEBOI ONOPY, TOBIUMHY 1i ONMOPHOI yacTuHU Ta iH. IIpu npomy,
MIPaKTUYHO He PpO3IISIAaJoCh IIMTAHHS pPOOOTM TiApOCTaTMUYHOI oOmopu 3
BPaxyBaHHSM 11 3HOILIEHHS, SIK€ BUHMKAE B MPOLIECi eKCIUTyaTallii TiApoMallinH, 110
MigTBEPIKYETHCSI B pOOOTI [6], me aBTOpM BiaMiuawTh, IO AJISI KiJIbLIEBOi OIMOpHU
IU’SITU IUTYHKepa XapakKTepHuM Oyme rimpoabpasyuBHe 3HOIIEHHS i B IIpoleci
PEMOHTY 10T0 HeOOXiTHO yCyBaTH.

BupaneHnHs caigiB rigpoabpasuMBHOrO CIIpallloBaHHS Ha po0O0Uili ITOBEpXHi
Ki/IblleBOI OIOpM II'SITU IUTYHXKepa B yYMOBAax TEeXHIUHOTO CepBiCcy MHpPOXOIUTH 3
3aCTOCYBaHHSAM MPUTUPOYHMX OIlepalliii, 10 MTOBHOTO BUAAJeHHS rigpoadpasMBHUX
PUCOK, SIKi pPO3MIIIYIOTbCSI Ha pOOO0Yili ITOBEPXHiI CTOXAaCTUMYHO i MAalOTh pi3HY
rIMouHy. B pe3ynbTaTi mMpoBeAeHHS BigJHOB/IIOBAJIbHMUX OIepalliii BUCOTa KiIbIeBOi
OTIOpM I’ATU TUTYHKepa Oyae pi3HOIo, IO 00YMOBJIIOETHCS INIMOMHOI0 aOpasMBHUX
PUCOK i BiJICYyTHICTIO OOIPYHTOBAHOTO CTPYKTYPHOTO IlapaMeTpy, 3a SIKMM MOKHA
OyJi0 6 KOHTPOJIIOBATU TEXHIUHMIT CTaH KiblleBOi omopu AT IIyHXXepa i JaBaTu
OI[iHKY MO0 MOAAJbIIOT0 BUKOPUCTAHHSI TUTYH)KEPHOI Mapyu B TEXHOJOTiYHOMY
MpolLieci peMOHTY aKCiaTbHO-OPIITHEBOTO arperary.

IlaHy cuTyallito, 10 CKaaaach, MOXKHA MOSCHUTU He AOCTAaTHbOI iHpOopMalli€io
1010 BIUIMBY 3MiHM CTPYKTYpPHOIO MapaMeTpa TeXHiYHOro CTaHy KiJblleBOi omopu
I’SITY TUTYHXKepa Ha Tpane3faTHICTh TigpoMallyHM depe3 3POCTaHHS 00’€MHUX
BTpaT pobouoi piauHM, 0OyMOBJIEHMX TiApoabpa3MBHMUM 3HOIIEHHSIM po6OYOi

OIIOpU I SITH.

MeTa gociaigkeHHS

Meta pAoOCHiIkeHHS — OOIPYHTYBaHHS KOHTPOJIOIOUMX CTPYKTYPHUX
rapamMeTpiB TEXHIYHOTO CTaHy KiJbI[eBOI OIMOpM ITSITU IUIyHKepa BUSIBJIEHHSIM
byHKITIOHATbHOI 3a/IEXKHOCTI MiK 3MiHOIO CTPYKTYpPHOTO MapaMeTpy Ta 00’€MHUMM

BTpaTy pobouoi pimyHu.
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BuknageHHsI OCHOBHOIO MaTepiaay JOCHiIKeHHS

OG6rpyHTYBaHHSI CTPYKTYPHOTO IapaMeTpa MAJisi KOHTPOJIO TEXHIYHOrO CTaHy
JleTaseil CIpsDKeHHS «KijblieBa OIopa I'STU-OIopa JIIJbKa» (OJjs TigpoHacoca) i
«KiJIpIieBa omopa IUSTU-TIOXuja Iaiba» (ISl TiZpoMoTOopa), 3 METOI BU3HAUYEHHS
PEMOHTOMPUIATHOCTI ISITU TUIyHKepa, MOTpebye pos3IIsiay BIUIMBY 3HOIIEHHS
Ki/Ib1IeBOi1 OIopM I’SITU IUTyHKepa IO BMCOTiI h Ha 3a30p 0 MiX OMNOpPOIO ITSITH i
OTIOPHOIO MMOBEPXHEI0, BUXOSIUM 3 TOTO, 110 3pPOCTAaHHS 3a30py Oy/ie 06yMOBJTIOBATH
3POCTaHHSI BUTOKIB pOO0YOi pigyHu.

[lpy oMy, NpuitMEMO YMOBY, IO akciaJbHa >KOPCTKICTb, SKa 3arobirae
IepeKOlIeHHI0 IUSTM IUTyH)Kepa II0 BiJHOIIEHHIO 10 oropu, 3abesmneuye
rapaieJibHiCTh MiK IIOBEPXHSIMU TePTSI.

Cxemy po6OTHM TiIpOCTaTMYHOrO IIiAI ATHMKA [T0Ka3aHo Ha (puc. 1).

[ —
fo———
e
[ —
[ —
f——

gn L}A/y

LT

UUUNTUT LY

PucyHok 1 - Cxema po6OTH TipoCTaTUUYHOIO PO3BAHTAXKEHHS i1 ITHMUKA
1 - ’sra; 2 — cemapartop; 3 — IyHXep; 4 — Npy>KMHa

CkiazmemMo piBHSIHHS 6ajiaHCy CUJI, SIKi Oil0Th Ha IT’SITY 3rigHo (puc. 1):

PxS,+F,,-P,x5,+P, x5, =0, (1)
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me P, — 3ycwuls BiOTMCKaHHS, IO BMHMKA€E Ha IUIOLIi II SITM OOMeKeHOi
KiJIbII€eBOIO OTIOPOI0;

P, — Tuck po60uoi piavHM B KOPIYCi rifpoManiniu;

P, — Tck po6040i piivHM Ha IUIOILY TUTyHXepa;

S, — TUTOLIA IT SITH, 110 06MEesKeHa Ki/IbIIeBOIO OTIOPOIO;

S, — TUTOIIIA 1 SITH, Ha SIKY [Ti€ TUCK P, ;

S, — mIoLIa IIyHxepa, Ha SIKy Jie TucK P ;

F,, — 3yCcuuis IPY>KMHY Ha ' ATY.

3 Bupasy (1) BusHavaemo P, :

_ By tBxS+ R xS, S

F, P/xS
P+ np+ 2 2
! S S,

2
S @

CkazmeMo YMOBY 30epeskeHHSI BUTPaTH PigyvHM, BBAsKAIOUM I10:

AP xS
Q=Kx=—, ©)

ne K — koedilli€HT )KOPCTKOCTi MPYKUHU;

AP - mepemnaj TUCKY;

[ — moBXMHA KaHAIY;

S - ioia nepepisy OTBOPY.

Toxi uepes oTBip TIyHkepa 6y1leMO MaTy BUTpaATy:

Q,=Kx % , 4)
Ie S, — IIola nepepisy oTBOpY IUTyHXXepa;
[, — moBXXMHA KaHay, 0 MPOXOJIUTDb Yepes IUTyHXep.
BuTtpaTy yepes KiJbleBY IIIIMHY MiXK II ITOI0 Ta OIOPOI0 OYAYTh BM3HAUATICh

BUPa30M:

(P -P,)x3x2xmxR

Q,=K
<2 x }\’ ’

)

e & — BUCOTa UIiIMHN;
R - papiyc, ne npoxoguth nepenan P, Ha P, ;

A — IOBXMHA TOSICKY, Ha IKOMY IIPOXOJSITh BUTOKU PiAVIHU.

ISSN-print 1991-7848 77
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 27 - 2024

[TpupiBHIOIOYYM OTPMMAaHI 3HaUE€HHSI BUTPAT BUSHAYMMO O :

(P3-P1)><S4><7L

o= 6
[, xnxDx(P, -P)’ ©)
[lincraBuBmyM P, 3 piBHSIHHA (2) B (6) 3HA/AEMO 3aJ€XHICTb BUCOTU ILUIMHU
o Big P,:
S, xA P, -P)*S
8=_ 4)( X(l- (3 Z)X 1 )’ (7)
[, xnxD S;xPy+E +P,x(S,-§,)

Takum UuMHOM 3 BUpasy (7) BUILUIUBAE, LI0:

6=f(B,F,), )

Skmo s6epertu Py, TO CTMpaHHS BUCOTM KinbueBoi omopu F, . Oyne
NPU3BOINTH 10 3MiHu F,

E,., =FE,xcosa, 9

E,=Kx(l,-1,), (10)

e . — XapaKTepHMIT KyT HaXMTy 11 SITH I10 BiJHOIIEHHIO 10 IUTYHKepa;

[, — mo4yaTkoBa JOBXMHA NIPYKUHH;
I, — IOBXMHA CTUCHEHOI MPY>KUHMU.

Topi 3 (puc. 2) BUXOOUTb, IO AOBXMHA CTUCHEHOI IIPYKMHY BU3HAYAETHCS SIK:

=A-h-§,, (11)
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5
=
LS

‘\\I\\\\\\
S 5

<y
I

P]/ICYHOK 2 - 1o BM3HAYEeHHS JOBXUHU CTUCHEHOI IIPY>KMHU

[Migcrasastoun Bupa3s (11) y (10) orpumaemo:
an=Kx(IO-A+h+80)’ (12)
Topi Bupa3s (8) 3 BpaxyBaHHIM Bupasy (12) orpumae Bup:
5=Fx|p,,Kx(l,- A+h+3,)], (13)

TakyMM 4YMHOM, MM OTPUMAIM 3B‘SI30K MiX BMUCOTOIO 3a30py & Ta BUCOTOIO
KOHCTPYKIHI m'Ty IayHxkepa h, sika B Ipoleci poboTH MOKe 3MIiHIOBATUCh 3a
pPaxyHOK 3HOCY.

3HaligeMo 3aJIeKHICTh MiXK BigXMJIeHHSIM Y6 TOOTO Ad Ta BiIXWIEHHSIM

yh T0OTO Ah:

Ao =F, xF, xAh, (14)
F. =K, (15)
S, x\ (P,-P,) xS
= —x(1 e 7)> (16)

mh -I4><n><D

(S;xP,+F,+P,%(S,-S,))

MimcraByumo y Bupas (14) sHauenns F, Ta ng OTPUMAEMO:
TIp) hy

S4 XXX(P3-PZ)><81><KXAh

AO =- ,
l4xnxDx(SsXP3+an+P2X(Sz'S1))Z

(17)
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Bupas (17) 3B°s13ye 3MiHy BMCOTM KiJIbLIEBOI OIIOPY 3 BEJIMUMHOKO IIIIMHM MiX
Ki/JIbII€BOIO OIIOPOIO I ITY i1 OIIOPOIO JIFOJIBKY 260 MOXKU/I0]1 Iaiiou TigpoMoTopa.

PospaxyHOK 3a30py Ad MiX KUJIbLIEBOI OMNOPOI0 IM'SITU ¥ OMOPOI0 JIKOJIbKU
3aJIe;KHO BiJ, 3HOIIYBAaHHS KiJblIeBOi OIIOpM II0 BMUCOTIi Ah BUKOHYBaBCSI 3a
HaCTYIIHMM JAHMMM: TUIONIA MEepeTMHy OTBOPY B IUIyHXepi S, =8MM’; HOBXMHA
MOSICY Ha SIKOMY BiZOYBa€TbCsS BUTIK pobodYoi pimvHM A =4Mm; IUIOIA IT'SITH,
OGMEXEHOI0 Ki/lbI[EeBOI Omopoio S, =281IMM*; MOBKMHA KaHaly B IUIYHXKepi
[, =90mm ; xoedinieHT kopcTKOCTi NpykuHU K =34,1; 3HOIIYBAHHS KiJIblleBOi
omopu 1o Bucoti Ah=0,1....0,7MM ; mioma IIyHkepa S, =286mMM’; miamerp Ha
SIKOMY BifmOyBaeTbcs mepenaj Tucky P, Ha P,, D=20MM ; TUCK pobOUOi pigMHu Ha
ywkep Py =3,5;15,0,21,0MIla ; 3ycuis, sike po3BuBace npyxuna F, =128H ; Tuck
po60ouoi pimyHu B ApeHaxHiii marictpani P, =25x10>MIla ; ruromma m‘saTu rIyHkepa
Ha SIKY Jli€ TUCK ApeHaxy S, = 276,32MM>.

Pe3ynbTaTy po3paxyHKiB MpeacTaBieHi B Tabuuii 1 i 306paskeHi rpagiuHo Ha

(puc. 3).

Tabmuusg 1

3anexxHiCTh 3a30PY B CIIOTYY€HHI «Ki/IblieBa Oropa M'saTi — Oropa JIIJIbKU» BiJl 3HOLTYBAHHS
KiJIbII€BO1 OTIOPM IT'SITY IO BUCOTI ¥ TUCKY PO6OYOi pimnHuA.

3HOUTYBaHHS 3HaueHHS 3a30PYy MiX KiJIbLIeBOIO OIMOPOIO IT'SITU i OTIOPOIO JIIOJIBKU B
Ki/IbIIeBOi ~ OTopM | MM, TIPU TUCKY POOOYOT pifuHI

TI0 BUCOTi, MM P, =3,5MIla P, =15,0MIla P, =21,0MIIa

0,1 0,0013 0,0018 0,0016

0,2 0,0026 0,0036 0,0032

0,3 0,0039 0,0054 0,0048

0,4 0,0052 0,0072 0,0064

0,5 0,0065 0,0090 0,0080

0,6 0,0078 0,0108 0,0096

0,7 0,0091 0,0126 0,0110
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« 0,013
AS, MM

0,012

0,011

0,01

0,009

0,008
0,007
0,006
0,005 -
0,004
0,003

0,002 -

0,001

0,1 0,2 0,3 0,4 0,5 0,6 0,7 Ah, MM

PucyHOK 3 — 3ajekHicTb 3a30py (Ad) y CIIpsDKeHHI «KiblieBa OIopa I sITu — oropa
JIIOJIbKY» Bif 3HOCY Ki/IbIleBOi omopu 1o BucoTi (Ah) Ta Tcky pobouoi pimnHmn:
1- P,=3,5MIla;2 - P,=150MIIa ;3 - P, =210MIIa

AHaniz oTpMMaHMX pe3y/bTaTiB IOKa3ye, IO IIPM 3HOIIYBAaHHI KiJIblleBOI
OIOpM II’SITU TUTYHXXepa Mo BucoTi 10 0,7 MM 3a30p MiX MiX KiJIbIIeBOIO OIIOPOIO i

OIIOpOI0 JIOJIbKY 3pocTae Ha 38 %, Bix 0,0091 mm npu P, =3,5MIla, 1o 0,0126 Mmm
npu Tmcky P, =15,0MIIa . IIpy njpomy, crioctepiraeTbCs 3pOCTaHHS 3a30py Juille Ha
20 %, mno 0,011 mm npu P, =210MIla B nopiBHsIHHI 3 3a30poMm npu P, =3,5MIla.

Taka He BIAIOBIAHICTb 3pPOCTAaHHSI 3a30piB, MPU Pi3HUX TUCKAX, MOSCHIOETHCS
CIiBBiIHOLIEHHSM IUIOLII S; IUTyH)Kepa [0 IUIOII S, ISITH, SIKi Ha KOHCTPYKTUBHOMY
piBHi nipi6paHi TakMM YMHOM, 110 IPY HOMiHAJIBHOMY TUCKY P, =P, =21,0MIla Mix
TIOBEPXHSIMMU TepTst POpMY€EThHCS ONTUMAaIbHMIA 3a30D.

30isbllIeHHS 3a30pYy MiXK KiJIbI[eBOIO OIMOPOI0 M'SITU ¥ OTIOPOIO JIIObKY, Uepes
3HOIIYBAHHSI MepIIoi, Oyae CHOPUUMHSATU ¥ 3POCTAaHHS BTpPAT poOOYOi pimuMHN.
BpaxyBaBIiy, 110 akciaJibHa KOPCTKIiCTh TiIpOCTaTUUHOTO MigIIUITHKKA 3a6e3meuye
rapajieJibHiCTh TIOBEPXOHb TepTs OeTajaeil, BM3HAUMMO BUTPATy piAMHU uepes

3a30p, BUKOPUCTOBYOUM BUpa3 [6, 7]:

oY - TI:XP3X83

=~

P (18)
6xvxpxin-=>
n
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Ie v - KoeillieHT KiHeMaTUYHOI B’SI3KOCTi pignHu;

p - HIJIBHICTH pO6OYOI pPigviHM;

r,, I, — BIATIOBITHO 30BHIIIHI i BHYTPIlIHIN pafiycy KiJbL,eBO1 OIOPU IT'SITU.

Bupas (18) mo3Bojsie BM3HAUUTM BTpPATM POOOYOI PiAMHM IJISI CIPSIKEHHS
«KiIbLIeBa OIlopa M'SITU-0II0Pa JIOJIbKI».

Tomi cymapHi BTpaTu pobouoi pimmHM yepe3 3a30p y Mapi «KilblieBa oropa
I'SITU-OTIOpa JIIOJbKM», 3 BpPaxyBaHHSIM TOTO, IO Kauyalouuii By30J TiipOMallIMHU
Ma€ [eB'sSTh TaKUX Map, M'STh i3 SIKMX Mpalllo€ B MaricTpaai BUCOKOrO THUCKY, a

YOTMPYU B MariCTpasi HU3bKOTO TUCKY, BU3HAYAIOThCS 32 BUPA30M:

Tx P x§’
Q' =—————x(P,xZ+PxZ,), 19)
6xvxpxin-=*
h
e P, _ repernaj TUCKY po6oyvoi piiyMHM MiXK MaricTpaasiMu BUCOKOTO TUCKY i

IpPEeHaKHOI0 MariCTpasuIio;

L repernaj TUCKY pob0dYoi pimgMHM MiXK MaricTpajsMyu HU3bKOTO TUCKY ¥

I peHa>KHOI0 MariCTpaliio;

Z, i Z, BiAMMOBIAHO 4YMCJIO IITYHXKEPiB, SKi 3HAXOASITBhCSI B MaricTpasii

BMCOKOTO 1 HU3bKOTO TUCKIB.
Po3paxyHOK CyMapHUX BTpaT pobouoi piguHM, 0O0yMOBJIEHMX 3a30pOM Mixk

KiJIbII€BOIO OTIOPOIO IT'SITU ¥ OTIOPOIO JIFOJIbKY BUKOHYBABCS 38 HACTYITHUMM TAHUMM

3a30p y CIIOJIy4yeHHi 5:0’0013'"0’0112’”]”; BHYTPIillIHi/ pajiiyC KiJbleBOi OIOpU

f=9MM ; sopmimmiii paniye ximbuesoi onopu ™~ MMM nepenan tucky poGouoi

piIMHM MK MaricTpajasiMyM BMUCOKOTO TUCKY ¥ JpeHaKHOK MariCcTpasuiio

P4=3,5;15,O;21,O]\4Ha; mepernaj; TUCKY pobOYOoi piauMHM MiXK MaricTpansimu

. . P.=1,45MII .
HU3bKOTO TUCKY Ji ApeHaXHOI Marictpaaiw 5 7 5 a; YUCI0 TUTYHXKePiB, 110
nepeOyBalOTh Yy MariCTpaji BUCOKOTO TUCKY 21:5; YUCIO TUTYHKepiB, M0
nepebyBalOTh Y MaricTpajgi HU3bKOTO TUCKY Z, =4; I[iJIbHICTh po60YOi pigyHu

_ 2 3 _ -6 2
p =L1x10°ke/m [7]; KoediumieHT KiHeMaTH4YHOI B A3KOCTi v=10=x10"m"/c

Pe3ynbTaTy pOo3paxyHKY 3BeJieHi B TAGIMITIO 2.
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Tabmuus 2.

3HaueHHs BTpaT pobouoi pigyHyu, 00YMOBIEHMX 3a30pOM Y CIIOJIyUYEeHHi «KiJIbIieBa OIropa
II'SSTU — OTIOPa JIJIbKU»

3uauenss ¢ i Q” npu 3uauenss ¢ i Q” npu 3HavenHs J i Q” mpn
AP, =3,5MI1a AP, =15,0MI1a AP, =21,0MI1a

AP, =1,45MITa AP, =1,45MITa AP =1,45MIIa

3, MM QY,eM* /c 3, MM Q',eM*/c | d,Mm Q”,em® /c
0,013 1,34-102 0,0018 1,22:10" 0,0016 1,18-10"
0,026 1,07-10" 0,0036 9,810 0,0032 9,510
0,0039 3,62-10" 0,0054 3,31 0,0048 3,20
0,0052 8,57-10! 0,0072 7,83 0,0064 7,60
0,0065 1,67 0,0090 15,31 0,0080 14,85
0,0078 2,89 0,0108 26,46 0,0096 25,66
0,0091 4,60 0,0126 42,0 0,0112 38,60

OTpuMaHa 3a71eXHiCTb, IIpeAcTaBieHa rpadgiuHo Ha (puc. 4).

afw’
7
o /c

. /

25

2
3

5 }
V%

v a
z /& 7

5 e

— i

/ L /
. é//
0 qaot Qa0 000k5 00060 00075 00090 46 i

PucyHOK 4 — BrpaTu po6ouoi pizuau Q”, mo 06yMoBiieHi 3a30poM A y CrIpsDKeHHi
«KiJIbI€Ba OII0Pa IT ITU — OITOPA JIIOJbKM» IIPU:
1- AP, =3,5MIla, AP, =1,45MI1a;
2 - AP, =15,0MIIa, AP, =1,45MI1a;
3 - AP, =21,0MIIa, AP, =1,45MI1a
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AHnaniz rpadiuHOi 4YacTMHM TIOKa3ye, IO TPU MaKCMMaJIbHOMY 3a30py
A6 =0,0112vm i HOMiHaMBHOMY poboyomy Tucky AP, =21,0MIla BTpaTu pob60dOi
pimvuay cra"oBnaTh QY =38,60cm® /c, a mpu 3aszopi AS=0,0126mm i TUCKY
AP, =15,0MIla BTpaTi po6ouoi pimmuu cranosisat QY =42,0cm® /¢, mwo Ha 8,8 %
Oisbllle HiK TpU HOMiHAJIbHOMY TUCKY. Lli 3HaUeHHS cCyMapHUX BTpaT pobouoi
piIVIHM Ha TOPSILOK HMWKYe BiJ, BTPAT y CIPSDKEHHI «PO3IMOOIIBHUK — TIPUCTAaBHE
IHO» 1 MOXYTb KOMIIEHCYBaTMUCSI HACOCOM MiIKMBJEHHS B YyMOBaX psAOBOi
eKCIuTyaTallii riipoarperaris.

OTe, mpy piBHOMIPHOMY 3HOIIEHHI KiJbIEeBOI ONMOPM I SITU IUTYHKEpa
TeXHIYHMIT CTaH JeTaieil CIPSKEeHHS «II siTa — Oropa» He 6yae CyTTEBO BIUIMBATY Ha
BTpaTy Ipalle3JaTHOCTi arperaTiB 3a paXyHOK 00'€éMHMX BTpaT, a KiJibKicHa OIliHKa
3HOIIIEHHSI KiblleBoi oropu B iHTepBasi 0,1...0,7 MM Moske OYTU BMKOPMCTAHA [IJISI
KOHTPOJII0 TEXHIYHOTO CTaHy BUCOTY OTIOPU IT'SITU.

B Ginb1riit Mipi TEXHIUHMIA CTaH AeTaseli JaHOro CIIpsKeHHs Oyae BIIMBATU Ha
npale3gaTHUIA CTaH TPAHCMIcCii 38 yMOB HepiBHOMiIpHOTO CIIpalil0oBaHHSI IIOBEPXOHb,
KOJM TIOPYIIYETbCS poOOTa TiAPOCTAaTUYHOIO IiAMIMIIHMKA i B Iapax TepTs
BUHMKAIOTh MOBEPXHi 3 YMOBaMM I'DAHMYHOIO Ta CYXOI'O TePTS. IX BUMHMKHEHHS
MIPpU3BOAUTHL 10 30iJbIIeHHS MeXaHiuHMX BTpaT Ta 3POCTAHHS TeMIIepaTypHOTO
pexxumy pob6oTu arperaTiB. TpuBajma ekcIUTyaTallis IISITM B TaKOMy CTaHi
OPU3BOAUTL [O BUPUBY II'ATH i3 3apobku IUIyH)XKepa Ta aBapiifHOMy

BiiKa3y TPaHCMICii.
BucHOBKU

1. OTpumaHa aHajiTMYHA 3aJIE€KHICTb 3a30py (Ad) y CHOpsDKeHHI «KijlblieBa
OIopa I1'SITU — OIopa JIFJIbKU» Bill 3HOCY KiJIbIIEBOI OMOpM 110 BMCOTI (Ah) Ta TUCKY
pobO0UOi MOKA3YeE, IO B SKOCTI CTPYKTYPHOTO MapamMeTpa Ijisi KOHTPOJIIO KibIleBOi
OTIOPM IT’SITU TITYH)XKepa MOsKe OYTM BUKOPMUCTAaHA BUCOTA KiblIeBO1 OIOpYU IT’SITH, 3a
YMOBM PiBHOMipHOTO i1 3HOIIIEHHSI.

2. [Ipu 3HOIIEHHI KiJIbI[EeBOI OTIOpU I’SITU TUTYHXXepa 1o BucoTi 1o 0,7 MM 3a30p
MiX KiJIblIeBOIO OMOPOI0 i OIOpOI0 JI0JAbKM 3pocTtae Ha 20 %, mo 0,011 mm mpu

P,=21L,0MIla B mnopiBHgHHi 3 3a3opom 0,0091 mm npu P,=3,5Mlla, o

MIOSICHIOETBCS CITIBBIAHOIIEHHSAM IUIOLII S, IUIyHXXepa OO Iulowi S, mATH, fKi Ha
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KOHCTPYKTMBHOMY piBHi Mii6paHi TakMM YMHOM, IO MPU HOMiHaJbHOMY TUCKY

P, =P, =21,0MIla MiX TIOBepxXHsIMU TepTs (GOPMY€ETHCS ONITUMaTIbHUI 3a30D.
3. Ilpuy makcumanbHOMy 3a3opy A8=0,0112um i HOMiHaJIBHOMY pPO6GOYOMY
TUCcKy AP, =21,0MIla BTpaTM pob60OYOi piAMHM MiX KiJTbLIeBOIO ONOPOI0 I'SITU i
y _ 3 . .
OIIOPOI0 JIIOJIbKM CTAHOBIATL Q° =38,60cm’ /c, SKi Ha MOPSILOK HUXKYE BiZl BTpAT y

CIIOJTyYEHHI «pO3MOOIIbHUK — TMPUCTAaBHE [OHO» 1 MOXYTh KOMIIEHCYBATUCS
HACOCOM ITiIKMBJI€HHS.

4. Tlpy piBHOMipHOMY 3HOIIEHH] KiJIbI[€BOI OMOPY IT ATU IUTYHKepa TeXHIUHMIA
CTaH JeTajieil CIpSDKeHHS «II 9Ta — ONopa» He Oy[e CYTTEBO BIUIMBATM Ha BTPATy
Mpale3gaTHOCTI arperaTiB 3a paxyHOK 00'€eMHMX BTpaT, a KiJbKiCHA OIliHKa
3HOIIEHHS KijbleBoi onopu B iHTepBasi 0,1...0,7 MM MOske OYTM BUKOPMUCTaHA IJIsI

KOHTPOJIIO TEXHIYHOTO CTaHy BUCOTY OTIOPU IT’SITH.
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UDC 62-82
P. T.Melyantsov, O. M.Losikov, V. K.Sidorenko

ANALYTICAL SUBSTANTIATION OF THE STRUCTURAL PARAMETERS OF
THE TECHNICAL CONDITION OF THE FIVE-PLUNGER SUPPORT OF
AXITAL-PISTON HYDRAULIC MACHINES

The purpose of the work was to provide an analytical justification of the structural
parameters of the technical condition of the annular support of the five plungers, which
could be used to evaluate the further use of the plunger pair in the technological process of
repairing the axial-piston hydraulic unit. To achieve it, the first step is to analyze the
operating conditions of the fifth plunger of the pumping unit of the hydraulic machine,
which is a hydrostatic bearing, which allows to reduce mechanical losses in friction pairs at
the expense of some increase in volumetric losses provided for by design solutions. At the
same time, it is noted that the change in the structural parameters of the ring support of the

heel as a result of hydroabrasive wear leads to an increase in the gap in the friction pair and
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causes an increase in volume losses of the working fluid. The analytically obtained
relationship between the height of the annular support of the heel of the plunger, the gap in
the coupling and the pressure of the working fluid relates the change in the height of the
annular support to the size of the gap between the annular support of the heel and the
support of the cradle for a hydraulic pump or an inclined washer for a hydraulic motor,
which indicates the possibility use as a structural parameter to control the ring support of
the heel of the plunger its height, subject to uniform wear. To determine the volumetric
losses of the working fluid, which are formed by increasing the gap between the ring support
of the heel and the support of the cradle, a dependence was analytically obtained. It was
determined that the losses of the working fluid between the ring support of the heel and the
support of the cradle do not significantly affect the volumetric efficiency of the transmission
and can be compensated by the booster pump. The obtained quantitative assessment of the
wear of the height of the ring support of the heel can be used to normalize the height of the
support during direct diagnostic work when determining the technical condition of the
plunger heel.

Keywords: axial-piston hydraulic machine, pumping assembly, plunger heel, plunger
heel ring support, hydrostatic bearing, axial stiffness, structural parameter, hydroabrasive

wear, volume loss of fluid.
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OJOCIIAXXEHHSA BIVIMBY MOAU®IKYBAHHSA BUCOKOAUCIIEPCHUM
KAPBIJOM KPEMHIIO HA IIIVIBHICTb TA MAKPOCTPVYKTVYPY
BMNJINBKIB 13 BTOPMHHOT'O CIIJTABY CUCTEMMU AL-SI 3A PI3HUX
TEIVIO®I3NYHNX YMOB 3ATBEPAIHHS

AHomauis. IIpedcmaeneni  pesynomamu  00CNiOHEHb  BU3HAYUEHHS  BNJUBY
MOOUiKy8aHHs 8MOPUHHO20 AIIOMIHIEBO20 JUBAPHO20 chaasy cucmemu Al-Si
gucokoducnepcHum kapbioom kpemuino mapku F1200 3 po3mipom uacmox 1 — 3 mkm y
kinekocmi 6id 0,1 do 0,3 mac.% Ha wineHicme IUMO0O20 Memany ma Makpocmpykmypy
UuniHopuuHux eunuekie eucomow 150 mm ma cepedHim diamempom 50 mm, wio
ompumaxi aummsm 68 KOKilb ma 6 niwaHo-2auHucmy ¢opmy 3 000a8aHHIM
gucokooucnepcHozo Kapb6idy Kpemiwo. JocnioweHHs WilbHOCMi Memany 6uJUBKis,
3a1umux 8 KOKile ma niwavo-2iuHucmy gopmy, wjo nposodunu 3a 00NOMO2010
2idpocmamu4Ho20 36aXCy8aHHS 3PA3Kie HA AHANIMUUHUX 8d2aX, NOKA3ANU HASABHICMb
gniugy ModugikysanHs ma mennoQizuuHux ymo8 3ameepoiHHS Ha 8i0n08ioHi
nokasHuxu. B memanesiii popmi weudkicmos 3ameepdiHHsa cniasy suuid i cmpykmypa
cmae Oinbll WiNbHOW (WIiNbHICMb 3pasKie euauskie, wio ompumai 8 III'®, Ha 2,7%
MeHUIA 8 NOPIBHSAHHI 3 BUJIUBKAMU, W0 OMPUMAHMI 8 KOKiji). YV 3pa3kax eujuekis, uio
Oyau 8ionumi 8 niwaHo-2auHucmy ¢opmy, 3i 30invuwieHHAM Kinrvkocmi SiC 3Hauyuioi
3MiHU wineHocmi cniagy matixce He 8id0ysaemoca. Ompumari daHi ceiduames Makox
npo me, wo, i cnoCi6 oMpuUMaHHs 8UIUBKI8, i MOOUDIKYB8AHHS cniasy enauawmsy Ha

lioz0 makpocmpykmypy.

Knrwouoei cnoea: OdocnioxicenHs, emopuHHuli sausapHuii cnnae cucmemu Al-Si,
MoOugikyeaHHs, kapbio KpeMHilo, 8UNUBOK, WiNIbHICMb, MAKPOCMPYKMypa
Bcrym.

Bigomo, mo mjs1 migBMUINEHHS SIKOCTi JMBapHMX CIuiaBiB cuctemyu Al-Si
BUKOPUCTOBYETbCSI, B TOMY UMCJIi, TEeXHOJIOTiE O0OpPOOKM IMOPOUIKOBUMMU

MmoaudikaTopamu [1]. OKpeMe Mmiclie B 1IIbOMY CEHCi 3a/iMalOTh BTOPMHHI aJlOMiHi€Bi

© Cenisbopcmos B.IO., /Touerko FO.B., Ceniebopcmosa T.B., 2024
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CIUIaBY, IO TTOCTYMNAKTBHCS 3a SKICTIO MEPBMHHMM 3 NPUYMHM, B IEpIIy 4Yepry,
HasIBHOCTi HeOa)kaHMX B KOHKPETHili Mapili CIUIaBy JOMIIIOK, SIKi MOTParsiioTh 3
IIMXTU B IIpolleci MeperyiaBy i BUKIMKAIOTh HEOOXiTHICTh B J0OJaTKOBUX
TEXHOJIOTIYHMX OIlepallisix 3 jeryBaHHs, padiHyBaHHS Ta MoAubiKyBaHHS, IO, B
CBOIO uepry, HeraTMBHMM YMHOM BIUIMBA€ Ha cobiBapTicTh. OgHAK, BUKOPUCTAHHS
BTOPUMHHUX aJIOMIHI€BMX CIUIaBiB [JISI BUTOTOBJIEHHS BWJIMBKIB 3a/IMIIAETHCS
MEepCHeKTMBHMM CcaMe 3 TOYKM 30py €eKOHOMIUHOi pgouinbHOCTi. Tomy
IIPOIOBKYIOTHCS TOC/IIKEHHS BIUIMBY 3a3HaUEHMUX METOMiB 00pOOKM, B TOMY UMCJIi,
moaudikyBaHHsI BucokoaucnepcHum SiC, Ha JAMBapHi BJAACTMBOCTI Ta SKiCTh
OTPMMYBAHOrO BuiMBKa [2]. 10 3HAUylIMX BJIACTUBOCTEM MOXKHA BiJHECTU TaKOX
IIiIbHICTh CIUIABY Ta HAsBHICTh MakpomedeKTiB, 30KpeMa IIMNapucTOoCTi, B JIUTOMY
MoauGikoBaHOMY MeTaJli 3a pi3HUX TeII0di3aMUHMUX YMOB 3aTBEPIiHHS.

AHati3 JiTepaTypHUX JaHMX Ta 3aBJAHHSA JOCTiIKeHHSI.
BTopvHHMM aniOMiHi€EM Ha3MBalOTh aJIOMiHI€BI CIJIaBM, OTPUMAaHi LIJISIXOM

neperjiaBy JoMy Ta Biaxo#iB [3]. Binblile cTa poKiB TOMY TeXHOJOTisSI IepepoOKu
aJIOMiHI€EBMUX BiZXomdiB Oysa myske IMPMMITMBHOIO, YCi IIpolecy o0poOKM Ta IIaBKU
BUKOHYBIM BPY4YHY. BiylydeHHSI MeTany B TOTOBY MPOAYKILil0 HE MepeBullyBaso 73
- 75% [4, 5]. BHac/mimok HM3bKOI SIKOCTi OTPMMaHHOIO BTOPMHHOTO aJIOMiHil0 ii0T0,
B OCHOBHOMY, BMKOPUCTOBYBaJIM B YOPHili MeTanyprii Ajsi po3KUCAeHHS cTami. Y
MOJAJbIIOMY alOMiHi€Ba MPOMMCIOBICTb (BMPOOHMUIITBO aJIOMiHiI0) OTpMMasa
3HAUHMII PO3BUTOK, 1[0 3a6e3Meunsio nMpoKke BIIPOBAIKeHHS aJIlOMiHi€BUX CIIaBiB
B MalIMHOOYIyBaHHi, TPAaHCHOPTi Ta MOOYTi. BHACTIZOK 11bOr0 YTBOPEHHS BigXO[iB
Ta JIOMY aJIIOMiHiI0 Ta JOro CIUIaBiB IIBUIKO 3POCTAJIO Ta SIKiCHA Iepepobka ixX crasia
BOKIMBOIO HapOJHOTOCIIOAAPChKOW 3amaveto. I[IpoTe, 3aBoau, IO 3aifHSTI
BUMPOOHUIITBOM BTOPMHHOTO aJIIOMIiHiI0, Ille JOBI'MIf Yac 3a TEXHIYHMM OCHAIIeHHSIM
Ta KyJbTYpPOIO BUPOOHMUIITBA 3aJUIIMINCSI HEJOPO3BMHEHMMM 3 TOUKU 30Dy
BiJITIOBiIHOCTi TTOTpeb6aM y cIiaBax 3 ¢Qi3MKo-MeXaHiYHMMM XapaKTepUCTUKaMU, 110
HaOIVKeHI 10 aHaAJOTiYHMX XapaKTepUCTUK TEepBMHHUX CIUIaBiB. B maHmMii vac
BTOPMHHMIA aIIOMiHili OTPUMYIOTh Ha BeJMKUX CIIellia/li30BaHMX 3aBOJIAX
MTOTYKHICTIO TTOpSAKY 50 THcsU TOH Ha pik. Ha 1ux 3aBojmax BMPOOHMUI ITpoLiecH B
3HAuHili Mipi aBTOMaTM30BaHi, a TEXHOJIOTisI 6a3yeThCsl HA CydacHOMY O0JiaJHaHHI

(crieKkTpabHi MeTOAM BUIIPOOYBAaHHSI CMPOBUHM Ta KOPUTYBAHHS pO3IIaBy, IJIaBKa
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B CleliayIbHMX TleYax, ITaKeTyBaHHS BiIXOMiB i T.1.) B pe3ynbTaTi bOro BUJIyYEHHS
MeTaly B TOTOBY IPOAYKIil0 miaBuimiaocs a0 91,0 — 91,7%, a KiCTb BTOPMHHUX
aJIOMiHi€EBMX CILIaBiB 3HAUHO MOKpallyiIach, 3aBIASKM YOMY OiJibllla YacTMHA iX
BUKOPUCTOBYETHCS SIK TMOBHOIIHHMII MaTepiaa B MammMHOOymyBaHHi. IIIBumkmit
PO3BUTOK QJIIOMiHi€BOI MPOMMCIOBOCTI OyZie CIIpUSITU MiABUILEHHIO Y KilibKa pa3iB
00csITy BUpOOHMIITBA BTOPMHHOTO a/IIOMiHil0. B TemepilHii yac y cBiTOBii mpakTuiri
3[iMICHIOIOTBCS MPOEKTU 3aBOJIB BTOPMHHOI KOJBOPOBOI MeTaMyprii ¢ MOTYKHICTIO
amoMiHieBoro BupoOHMITBa 80 — 120 THMCAY TOH, IO 06JaJHAHI €JIeKTPUIHUMMU
iHIYKUiAHMMM TIaBUIBHUMM Ta BaKyyM-AUCTUISIIHMMY padiHyouuMy redyamu 3
KOMILJIEKCHOI0O MeXaHi3aIli€elo Ta aBTOMATM3aIli€l0 BUPOOHUUYMX IIPOILIECIB.
P03po6/SIIOTbCSI HOBi TEXHOJIOTiYHI IIpoIlecH IIiATOTOBKM i TUIaBKM OpyxTy Ta
BiIxXomiB i padiHyBaHHS OTPMMAaHOIO PO3IUIaBy 3 METOI0 3HAYHOTO MiJBUILEHHS
SIKOCTi BTOPMHHMX aJIIOMiHi€BUX CI/IaBiB.

BropuHHa anoMiHi€eBa CHMpOBMHA MOyKe pi3HOMAaHITHa 3a BCiMa BUIAMM
Kiacudikamii 6pyxTy Ta BimxomiB. 3HauHa ioro dyactuHa (o 40%) — cTpyKka, II0
YTBOPIOETHCS TP MeXaHiuHiii 06poOIli aJlfoMiHil0 Ta Oro CruiaBiB. ATOMiHieBMit
OpyXT Ta BiIXOAM MOXYTh OYTM IIpeICTaB/ieHi TaKOX ITOKOBKaMM, BUJIMBKAMMU,
npodisibOBaHMM MMPOKATOM, JIMCTAMU, IIPYTKaMu Ta APOTOM, (PoJIbrolo Ta iHIIMMU
Mmarepiasiamu. [>kepesamMmy yTBOPE€HHSI BTOPMHHOI aJlOMiHI€EBOI CUPOBMHU TaKOX
MOKYTb OyTU JeTasli MalllMH, JIiTaKOBUIT OPYXT, OPYXT aBTOMOOIIbHMX i aBiallifiHUX
IBUTYHIB, Pi3HMX MpPUIaiB, MOOYTOBMX Ta €JIEKTPOTEXHIYHMX BUPOOIB Ta iH.
[TepepobKka BTOPMHHOI aJIOMiHi€EBOi CMPOBMHM B JaHMI Yac IIPOBOAUTHCS IIISIXOM
JIOTO meperviaBJeHHSI ITlepeBa)XHO HaA CIUIaBM MEeBHOro ckiaamy. s TIaBKuU
aJlOMiHieBOro  OpyxXTy i  BigXomiB  3acTOCOBYIOTb  BigOMBHI,  IIaxXTHi,
KOpoTkobapabaHHi (10 00epTaloThbCs), i eNeKTpUuHi iHAyKuiliHi neui. Haiibinbiie
MIOIIMPEHHS 10 I[bOTO Yacy Y BTOPMHHIM MeTalyprii ajqioMiHil0 MalOTh BigOMBHI
Tevi, OraifoBaHi pigKMM abo ra3onmoAiOHMM MMaJIMBOM, a TAKOX iX cymirimo. [TraBka
aJIOMiHi€EBMX CIUIAaBiB y BiZOMBHMX ITeuax NMpUAATHA IJIs1 IIepepoOKM MPaAKTUUHO BCiX
BUiB BTOPMHHOI CMPOBMHM Ha OCHOBIi ajoMiHil0. BOHa xapakTepusyeTbCsl OOCUTD
BMCOKOIO TIPOAYKTUBHICTIO, TPOCTOTOI0 KOHCTPYKIIii meui Ta ii TeXHOJIOTiYHOIO
YHIBEpCaAJAbHICTI0O Ta IIOPiBHSIHO HEBEJUKUMM eKCIUTyaTalliilHUMM BUTpPaTaMu.

Big6uBHi meui ajOMiHi€eBOro BUPOOHMIITBA PO3PIi3HSIIOTHCSI MiXK 00010 (OPMOIO
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MiYHOI BaHHM, MICTKiCTIO, KiJIbKiCTIO POOOYMX KaMep Ta CIIPSIMOBAHICTIO PyXy
ra3oBOro MOTOKY I10 BiTHOIIIEHHIO OO0 IMepeTiKaHHS po3IuiaBy. MiCTKiCTh BimOMBHUX
reuveit amomiHieBoi I1wiaBky craHoBUTH 10...50 T1. Haii6inpil [gOCKOHAJIMMU
BiIOVBHMMM II€UaMM IS IIJIABKM BTOPMHHOI aJIFOMiHi€BOI CMPOBMHM € IBOKaAMEpPHi
revi mMpOTUTOYHOTO TUITY.

EdekTBHMM CrOCcO60M MigBUINEHHS MeXaHiUYHMX BJIACTMBOCTEl BUPOOIB 3
BTOPMHHMX aJIIOMiHi€EBUX JMBAapHMX CIUIaBiB € 3MiHM Mopdosorii da3, 1mo
KPUCTai3yIOThCs, 32 paXyHOK 3aTBepHiHHS i MoAaudiKyBaHHS iX, B TOMY YMCJi, Y
SICKPaBO BMPaKeHUX HEePiBHOBAXHMUX YMOBax [6 - 9]. 3aBAsSKM LIbOMY CTBOPIOIOTHCS
YMOBM IS TIOAPiOHEHHSI CTPYKTYPHUX CKJIQJOBMX, 3HAUHOTO ITiIBMUIIEHHS
PO3UMHHOCTI Yy TBEPAOMY CTaHi, MNPUIYIIEHHS 3POCTAaHHS TPyOMX BKIIOUYEHD
TepBMHHMUX iHTepMeTanimiB. lle, B CBOW0 dYepry, poOUTh 3HAUYIIMii BIUIMB Ha
BOCTpeOyBaHMIT (3 TOUKM 30py EKCIUIyaTaliiHMX XapaKTePUCTUK) PiBeHb SIKOCTi
JUTOTO MeTaly, A0 CKJIafOBMX SIKOTO, B TOMY YMCIi, BigHOCSITbCS ITOKAa3HUKU
I[iIBHOCTI Ta MAaKpOCTPYKTypa OTPUMYBaHMX BWIMBKIB. ToMy aKTyaJbHUM
3aBIAHHSIM TIPECTAB/ISIEThCSI OTPUMAHHS HAYKOBO-OOTPYHTOBAHMX pe3y/IbTaTiB
IOCTiI’)KeHb IIOA0 BM3HAUEHHSI 3a3HaueHMX IapaMeTpiB BTOPMHHMX JIMBApHUX
criaBiB cucteMu Al-Si.

MeTo10 po6OTHU € BU3HAUEHHS Ii/IbHOCTI BTOPUMHHOTO CIUIaBy cucteMu Al-Si,
1m0 moaudikoBaHuit obaBkamu BucokomuciiepcHoro SiC y kinbkocti 0,1 - 0,3 mac.%
y TIOPiBHSHHI 3 HeMoAM(iKOBAaHMM CIIJIABOM TP JIUTTI B KOKiJIb Ta 00’€MHY MillIaHY
dbopmy, a TakoX aHa/li3 MaKpOCTPYKTYpM BUJIMBKIB, 110 OTPMMAaHi 3a 3a3HaueHUX
YMOB 3aTBEpPIiHHS.

Marepianu Ta MeTOAM IOOCHIAKeHb. [Iji1 MpoBeleHHS MOOC/iIKeHb i3
BTOPMHHOTO ajlOMiHi€BOrO cIjiaBy (Tabs. 1) BUTOTOBJS/IM BUWJIMBKU LMITIHIPUIHOI
dbopmMu B cTameBOMY BUTPSIXHOMY KOKiJIi (puc.l), a TakoX B MilllaHO-TJIMHUCTI
dopmi (III'D) 3 Tiew X KOHiryparico Ta po3MipamMu poboY0i MOPOKHUHM. BmicT
moaudikaTopa y posmiaBi ckiaamas Big 0,1 mo 0,3 mac.%. B skocti moaudikaTopa
BUKOPUCTOBYBaJIM MOPOIIKOMOAiOHMIT Kap6in KpemHito mapku F1200 dpakitiero 1 —
3 MKM. 3aJIMBKY 3AilicHIOBaiu rpu temnepatypi 690 — 700 °C. Posmnonin 3pa3kiB ajist

TIpOBeJIeHHS JOCiI)KeHb IMpeiCTaBJIeHuIi Ha PUC. 2.
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Tabmuug 1
XiMiuHMI1 CKJ1a[l, BTOPUMHHOI'O a/IlOMiHi€BOro CIUIaBy, Mac.%

Mg Cu Si Al Fe Zn Mn
0,528 | 1,124 11.539 | 84,969 0,905 | 0,692 | 0,242

70

150

130

50

130

PucyHok 1 — Cxema BUTPSIXHOI'O KOKiJIIO

3pa3ku Ojis JOCiIpKeHb BUTOTOBJISIZIA 3 TEMIUIETIB, BUPi3aHUX 3 Tijla BUJIMBKIB

Y BiATIOBiJHOCTI OO CXeMU, 1110 IpeAcTaBjieHa Ha puUc. 2.

64

1 g | 2.1 [
| 22]23]24 [
5 o [25[26]27]
28(29 210 g
50 16

PucyHok 2 — CxeMa po3iTy 3paskiB: 1 — aHa/li3 MaKpOCTPYKTYPH; 2 — HOCIiI>KEeHHS
BJIacTMBOCTe: 2.1 — 3amip TBepaocTi meTany; 2.2, 2.3, 2.4 - MeTanorpadiuHi JoCTiIKeHHS,;
2.5, 2.6, 2.7 — pocnigskeHHS MiIbHOCTI; 2.8, 2.9, 2.10 — gocmigkeHHS
MeXaHIUHMX BJIaCTUBOCTEN
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AHami3 MakpOCTPYKTypU BWIMBKIB TPOBOAMIM 3 BUKOPUCTAHHSIM IIKAJIU
mmapucrtocti BIAM (puc. 3): 6an 1 — ngpibHa mimapucTricTh; 6am 2 — 3HMKEHa

HIIIAPUCTICTh; 6a 3 — cepeHs MITapUCTiCTh; 6as 4 — MiABUINEHA IIIAaPUCTICTh; 6aj
5 — BMCOKa IIMapUCTiCThb.
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PucyHoxk 3 - lllkana mmapuctocti BIAM

['a30By MIMapuCTiCTh TEMIUIETIB BWJIMBKIB BM3HAuaJaM Ha TPbOX KBagpaTax
TUIOLMHOKW 1 cM? KOXKHMI (pUC. 4).

PucyHok 4 — Cxema po3TalllyBaHHSI KBaJpaTiB Ha MakpoITidax

KinpKicTh 1mop Ta ixHili po3Mip BU3HavaaM SIK cepenHe apudMeTHUUHe TPbOX
BuMipiB. CTymiHb IIMapuCTOCTi MakpouutipiB B 06Gajax BCTaHOBIIOBAIN
TOPiBHSHHSIM iX 3 €TaJIOHAMM LIKaJIN.

JocmigskeHHST MIIBHOCTI CIUIaBY MPOBOAMIM 3a AOMOMOIOI0 TiIpOCTaTUUYHOIO
3BaXyBaHHS 3pa3KiB Ha aHamiTMuHux Barax WA - 21 B mnoBiTpi Ta B
YOTUPBOXXJIOPUCTOMY ByTJelli 3 TouHicTio 10 0,001 r/cm3.

[inpHicTh 3pa3KiB o6unc/I0BaMM 3a hopmysomw (1)

P
p=—(5-2)+ 2
P-Q (1)
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e P — maca 3paska B MOBITpi, T;
Q - maca 3paska B CCly, T;
d — miispHicTh CCly — 1,5959 r/cm3;

A — minbpHicTD MoBiTps — 0,00122 r/cm3 .

PesynbTaTi gociaimkeHb. OTpyMaHi pe3yibTaTy OOCTiIKeHb 3pasKiB JIMTOTO

MeTasty (Tabs. 2) cBigyaTh IMpo Te, 10 mpoiiec MoaMbiKyBaHHS 30i/IbIIy€ MITbHICTD

CILJIABY.
Tabmuig 2
PesynbTaTy BU3HaYeHHS IiIbHOCTI JOC/TiI)KyBaHUX 3pa3KiB

YMoOBU Maca 3pa3ka B HlueHicTs
3aTBEPAiHHS MoBiTpi Maca spaska B | cruiasy,

: ’ CCly, 1 r/cm®
Koxdrb 6€3 | 1 164 0,481 2,715
Mo aubiKyBaHHS
Koxkinp+ 0,1SiC 1,516 0,641 2,761
Koxkinp+ 0,2SiC 1,873 0,782 2,735
Koxkinp+ 0,3SiC 1,414 0,595 2,752
Ir'd+0,1SiC 1,451 0,587 2,673
IIr'®d+0,3SiC 0,879 0,356 2,676

Lle meMOHCTpPY€ 3pa30K JUTOTO BTOPUHHOIO aJIFOMiHi€BOTO CIUIABY 3 KiJIbKIiCTIO
moaudikaTopa 0,1%, miinbHicTb sIKOTO Ha 1,6 % 6inbIlia B MOPiBHSIHHI 3i 3pa3kom 6e3
MmoaudikaTopa. 3 MiABMUINEHHSIM KibKoCTi Kapb6imy kpemuiro 3 0,2% mo 0,3%
HIiIJIbHICTh CIUIAaBY 3pOCTa€, IMpOTe, 3aJIUIIAETbCS MeHIow, HixX 3 0,1% SiC. V
3paskax, 10 Oyau BiguUTi B MilllaHO-TAMHUCTY (Popmy, 3i 36iblIIeHHSIM KiJIbKOCTi
SiC 3MiHa IIiTBHOCTI CIJIaBY Maiiske He BilOyBa€ThCSI.

[MopiBHSUIBHUMIA aHa/i3 TMOKAa3HMUKIB ILIUIBHOCTI MeTally BU/IMBKIB, 3aJUTUX B
KOKiJIb Ta MilllaHO-IJIMHUCTY (HOopMy, MTOKa3aB, 1110 Teriodi3nyHi yMOBM 3aTBepIiHHS
TaKOX MaloThb CBili BIUIMB. B MeTasneBiit hopMi MIBUAKICTb 3aTBEPAiHHS CIIJIaBYy BUILIA
i cTpykTypa cTae GilbIl IIIbHOW (IIIBHICTh 3pa3KiB BWJIMBKIB, II0 OTpUMaHi B

[II'®, Ha 2,7% MeHIIa B MOPiBHSIHHI 3 BUJIMBKAMU, 1[0 OTPMMAaHi B KOKiJIi).
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MakpocCTpyKTypa BTOPMHHOTO cIIaBy cuctemu Al-Si mocimimHMX BWJIMBKIB

TpeicTaBieHa Ha puc. 5 - 7.

a
PucyHOK 5 - MakpoCTpyKTypa BUIMBKIB, 1[0 OTPMMaHi B KOKiJIi 6e3 MogudikyBaHHS (a) Ta 3
nmomaBaHHsaM 0,1 mac. % SiC (6)

MakpocTpykTypa BWINBKa, 110 He wMoAudikyBaBcs, BK/IOYae B cebe
30Cepeis)keHy IIMapuUCTICTb Y BEepxXHiA YacTMHI Tijla BWJIMBKA, a TaKOX
po3ocepemKkeHy Y BCbOMY 10ro Tijli. 3a mikajoro mmapuctocti BIAM mannii gedext
BimmoBimae 3 6any — cepeqHs MMapuUCTicThb (puc. 5, a).

MaxkpocTpyKTypa 3pasKa, 3aJuToro B Kokiab 3 0,1% SiC, Ma€ KOHIIeHTpPOBaHY
yCaZKOBY PaKOBMHY IMIMOMHOW0 27 MM 3 rpyoumu Tpimyuamu 10 — 12 MM B HUKHI
YaCTUHI paKOBMHU. A TaKOX 30Cepe/iKeHy yCaJKOBY IIMAapUCTiCTh B BepXHilt 4aCTUHI
BUAMBKA. MakposedeKTy B HIKHIN YaCTMHI BUIMBKA BiACYTHi. 3arajoM, BUIUBOK

BifmoBimae 2-omy 6any — 3HIMDKEHA MITAPUCTICTh (puUc. 5, 6).
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PucyHOK 6 - MakpOoCTpyKTypa BWIMBKIB, 110 OTpMMaHi B KOKiJii 3 sogaBaHHsIM 0,2 mac. %
SiC (a) Ta 0,3 mac.% SiC (6)

MaxkpoCTpyKTypa MeTa/ly BUJIMBKA, 110 3aJUTUI B KOKiJb, 3 0,2% SiC Bk/IOUae
KOHIIEHTPOBAaHY YCaJKOBY PaKOBMHY INOMHOI0 30 MM 3 rpyommu TpimyHamvu 12-15
MM B HVWKHIN 11 yacTuHi. [1i pakOBMHOIO yTBOpUIACS 30CepelsKeHa IIMapuCTiCTh,
[0 33 CBOEK KOHIIEHTPAII€l0 MEHIIa 3a IIMapucTicTb y 3pasky 3 0,1% SiC.
MaxkpopgedeKkTy B iHIIIII YaCTUHI Tijlla BUJIMBKA BiJICyTHi. BUIMBOK BifmoBigae 1-omy
OaJty HIMapMCTOCTI 3a MIKasio mmapuctocti BIAM — api6Ha (puc. 6, a).

MaxkpocTpyKkTypa BWIMBKA, IO OTpMMaHuii B Kokimi, 3 0,3% SiC, mae
KOHIIEHTPOBAHY YCaJIKOBY PaKOBMHY IJIMOMHOIO 26 MM 3 TPill[MHOIO 8 MM B ITpaBiii ii
YaCTHHIi, a TAKOX 30CepeKeHy yCaJKOBY IIMapUCTICTh, K i y BUuInBKy 3 0,2% SiC.
['a30Bi mopm B iHIII YaCTUHI BUAMBKA BiACYTHI. 3araioMm MakpOCTPYKTypa BUIMBKA
BiAmoBimae 1-omy 6Gamy 3a mKajowo mmapucrtocti BIAM - npibHa

HITIAPUCTICTh (pUC. 6, 0).
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PucyHOK 7- MaKpOCTPYKTypa BUAMBKIB, 1[0 OTPUMaHi B MilllaHO-TIMHUCTI hopMi 3
nomaBanHusaMm 0,1 mac. % SiC (a) Ta 0,3 mac.% SiC (6)

BisyanbHuii aHasi3 3pa3kiB BUIMBKIB, BiIJIMTUX B IMilllaHO-TAMHUCTY (HOpMY,
mo MmoaudikoBaHi Kapbimom KpeMHilo B Kigbkocti 0,1% Ta 0,3%, mokasas, IO
BWIMBKM 332 MaKpOCTPYKTYpOIO MiXX CO00I0 Maiiske He Bifgpi3HSIIOTbCS. B BepxHiii
YaCTMHI 000X BUJIMBKIB MPUCYTHS 30Cepe/isKeHa IMapucTicTb. B cepennHi Ta B3I0BXK
6iuHoi moBepxHi BmwiIMBKa, moaudikoBaHoro 0,3% SiC, micTsTbCS Ta30Bi mopwu
pisHoro niameTrpy. MaKpoCTpyKTypa JMTOTO MeTaldy BiAmoBimae 1-omy Oany
HITTapUCTOCTI 3a mKanow BIAM (puc. 7).

BucHoBku

1. 3a pesyapraTammu AOCTIIKEHb BCTAHOBJIEHO, IO IMIIJIbHICTh JIUTOIO
BTOPMHHOTO cIIaBy cuctemMu Al-Si, oTpuMaHOro B KOKii 3 MoaudikyBaHHSIM
Kapbigom KpeMmHilo B Kinbkocti 0,1%, 3poctae Ha 1,6% i ctaHOBUTDb 2,761 r/cM3 y
MOpiBHSHHI 3 He MoaudikoBaHMM MeTasioMm (2,715 r/cm®). 3i 36iablIeHHSIM BMIiCTy
Kapb6igy kpemHito mo 0,2% IIiibHICTh MeTany ckiagae 2,735 r/cm®, mo Ha 0,9%
MeHie, HiXx y BuiuBka 3 0,1% SiC. IIpu Bmicti SiC B KinbkocTi 0,3 Mac.% WHIibHICTD
MeTasy 3poctae Ha 0,6% i craHoBuUTh 2,752 r/cm®. IllinbHicTh MeTany BWIMBKIB,

OTPUMaHMX y MilllaHO-IIMHUCTIV GopMi 3 moaudikyBanusam 0,1% Ta 0,3% kapbimy
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KpeMHilo, Ha 2,87% MeHIlIa MOPiBHSIHO 3 BWIMBKAMM, BIOJUTUMM B KOKIiJb, i
IopiBHIOE 2,673 r/cm® Ta 2,676 r/cM> BiATIOBiAHO.

2. BcTaHOBIEHO, 1110 MAaKPOCTPYKTYpa JIMTOIO BTOPMHHOIO CIIJIaBy cucTeMu Al-
Si, mo He mimmaBaBcsi MOAM(IKyBaHHIO Ta 3aJMBABCS B KOKiJib, Ma€ HEBEJIMKY
yCagKoOBY PaKOBMHY Ta pO30CepeskeHy IIMapuCTiCTb y BCbOMY 00’€Mi MeTamy
BWINMBKA i BifIoBigae 3-omy 6asy 3a mkanaoio BIAM. MakpocTpyKTypa BUJIMBKIB, IO
Moau@dikoBaHi BMCOKOAMCIIEPCHMM KapOigoM KpeMHil0 BK/II0YA€ KOHIIEHTPOBAaHY
yCaJIKOBY PaKOBMHY IMIMOMHOIO 26 — 30 MM 3 rpyoumu TpimmHamu 8 — 15 MM B
HVKHIl YaCTHHI paKOBMHU. A TaKOX 30CepesKeHy yCaJKOBY IIMapUCTICTh B BEPXHili
yacTuHi BuUAMBKA. MakpoaedekTu B HUXKHili 4aCTMHI BWIMBKA BiCYTHi. 3arajiom,
MaKpOCTpyKTypa BuauBKiB 3 0,1 — 0,3 mac.% SiC Ta 3aJiIMTUMM B KOKiJIb, BiATIOBiga€
2-My Ta 3-My 6ay MIMapuUCTOCTi 3a 1Kanow BIAM.

3. JocnimkeHHSI MakKpOCTPYKTYpPM BWIMBKIB, BiIJIMTUX B MillAHO-TJAMHUCTY
dopmy 3 MomudikyBaHHSIM Kapbimom kKpemuiio 0,1% Ta 0,3 mac.%, Mmoxkasaau
HasSIBHICTb 30CepemkeHO0l yCcaJKOBOI LIMapMUCTOCTi B BePXHiili YaCTMHiI BUIMUBKIB Ta
HasIBHICTh ra30BMUX MOP Ha OiUHii ITOBEpXHi, 110 BiAIoBigae 1-oMy 6aay 3a MIKAJIO0
BIAM. Takox IMpoBeeHMiT aHali3 MOKa3as, 110 BOHM He MAalOTh SICKPaBO BUPAKEHO1
KOHIIEHTPOBAHOI YyCaJKOBOi PakKOBMHM 1 BCSl IIMNApUCTICTb po30cepelskeHa 3
30BHIIIHLOTO OOKY BMJIMBKA, IIPU 1IbOMY, B BepXHiii UaCTMHi 06MIBa BUAMBKA MAIOTh

IpibHY 30CcepemKeHy MIapuCTiCTh.
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UDC 621.745.55
V. Selivorstov, Yu. Dotsenko, T. Selivorstova

STUDY OF THE EFFECT OF MODIFICATION WITH HIGHLY DISPERSED
SILICON CARBIDE ON THE DENSITY AND MACROSTRUCTURE OF
CASTINGS FROM THE SECONDARY ALLOY OF THE AL-SI SYSTEM

UNDER DIFFERENT THERMOPHYSICAL SOLIDIFICATION CONDITIONS

Presented are the results of research on determining the effect of modification of the
secondary aluminum casting alloy of the Al-Si system with highly dispersed silicon carbide
of the F1200 brand with a particle size of 1-3 ym in the amount from 0.1 to 0.3 wt.% on the
density of the cast metal and the macrostructure of cylindrical castings with a height of 150
mm and with an average diameter of 50 mm, obtained by casting in a metal mold and in a
sand-clay mold with the addition of highly dispersed silicon carbide.

Studies of the metal density of castings poured into a metal mold and a sand-clay
mold, carried out using hydrostatic weighing of samples on analytical balances, showed the
presence of the influence of modification and thermophysical conditions of solidification on
the relevant indicators.

In the metal form, the rate of solidification of the alloy is higher and the structure
becomes denser (the alloy density of the castings obtained in the sand-clay mold is 2.7%
lower compared to the castings obtained in the metal mold). The alloy with the addition of
0.1% SiC and poured into a metal mold has the highest density.

In samples of castings that were cast in a sand-clay mold, with an increase in the
amount of SiC, there is almost no significant change in the density of the alloy. The
obtained data also indicate that both the method of obtaining castings and modification of
the alloy affect its macrostructure. In particular, the macrostructure of the cast secondary
alloy of the Al-Si system, which was not subjected to modification and poured into the mold,
has a small shrinking sink and scattered porosity throughout the volume of the casting
metal and corresponds to the 3rd point on the reference scale.

The macrostructure of castings modified with highly dispersed silicon carbide includes
a concentrated deep shrinking sink with coarse cracks in the lower part of the shell. As well
as concentrated shrinkage porosity in the upper part of the casting. There are no
macrodefects in the lower part of the casting. In general, the macrostructure of castings with
0.1-0.3 wt.% SiC, poured into the mold, corresponds to the 2nd and 3rd sparring points on
the reference scale.
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Studies of the macrostructure of castings cast in a sand-clay mold with silicon carbide
modification of 0.1% and 0.3 wt.% showed the presence of concentrated shrinking sink in
the upper part of the castings and the presence of gas pores on the side surface, which
corresponds to the 1st point for reference scale. The analysis also showed that they do not
have a pronounced concentrated shrinking sink and all porosity is concentrated on the
outside of the casting, while in the upper part of both castings there is a small
concentrated porosity.

Keywords: research, secondary casting alloy of the Al-Si system, modification, silicon

carbide, casting, density, macrostructure
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EKCIIEPTHA CUCTEMA OLIHKHA ®I3UKO-XIMIYHUX TA
TEIUIO®I3UYHUX BIIACTUBOCTEN
MAPTAHELIbBMICHUX ®EPOCII/IABIB

AHomauia. MapzaHeuvemicHi epochiasu y cmaneniasunibHomMy 6upoOHUymei €
0e3yMOBHUM J1i0epOM Npu po3KUCTIEHHI Cmani, 00HAK MAKOXC 8UKOPUCMO8YIOMbCsl i 015
ii nezysaHHs 6 3anexcHocmi 6i0 cknady i nocmasjeHux 6umoz 3aMOBHUKA 00
Memanonpodykuyii. He 3eaxcarouu Ha 3HauMi ycnixu HayKoeuis-ooCni0HUKi8,
excnepumMeHmanbHi mMemoodu 8U3HA4eHHs enacmueocmeli ¢epocniasis, wo nompioHo
0J19 BU3HAUEHHS IX MeXHOJI02IYHOCMI NPU BUKOPUCMAHHI, 8Ce we 3aaullanmascs 00Cumao
mpydomicmkumu  ma — 0OMexceHi  MexHIKO-KOHCMPYKYIHUMU — MOMJIUBOCMIMU
00/1a0HAaHHs, siKe 3acmocosyembcsi. Kpim mozo, 3 02n110y Ha XimiuHy ma cmpykmypHy
MIKPOHEOOHOpiOHicmb 006a80K, KA ICHYE Y B8UCOKOMEMNepamypHux HAoNiKeidycHux
obnacmsax, He 3aexc0u 00380JI10Mb ompuMamu adekeamui pesyvmamu 00CaioxeHb
0ns nodanvuiozo axanizy. Ha ocHO8i OCHOBHUX NOJI0XCEHb KOHUENyii CnpsiMo8aHo20
XIMIUHO20 38’3KY HA PIBHI MiMAMOMHOI 83aEMO0ii 8CMAHOBJIEHI AHANIMUYHI 8upa3u
011 NpPO2HO3YBAHHS nepuiouepzosux  (pi3uko-ximiuHuUx ma menaoQizuuHuUX
gracmusocmeti mapzaHeub8micHUX pepocnnasie. OdepxcaHi 3anexcHocmi npotiuiiu
excnepmHy OYiHKy Ha NPOMUCT08UX OAHUX.

Knrouosi cnoea: mapzaveuv8MicHi (pepocniasu, napamempu MixamomHoi 83aemodii,

MO00en8aHHs, NPozZHO3, (i3UKO-XiMiuHI ma menaogisuuHi e1acmusocmi, sKicms cmani
BcTyn Ta mocTaHOBKA IIPOOGIEeMM.

JIleneryBaHHSI MeTaJypramiu - HayKOBLISIMM YaCTKM CBOiX 3HaHb, HAKOIMMUEHOT'O
pOKaMM AOCBiZly, pe3y/ibTaTiB eKCepMMeHTaJbHUX AOCITiIkKeHb AJjis1 GOpMyBaHHS
iHTeNeKTyaJbHUX CUCTEM y BUIJISIAI MPOTpaM INPUIHSATTS YIIPaBIiHCbKMX pillleHb

HACKpi3HOTO aHaji3y UM OKpeMMUX TIPOTHO3HMX OJIOKiB Ha KOHKPETHUX

© Tozobuuska /.M., [TosopomHus L.P., I[linmiwok B.I1., I'pexos C.B., Kykca O.B., 2024
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MeTaJypriiiHuxX I[epenisiax COpPUSIIOTb BCTAHOBJIEHHIO CUHEPreTUYHOTO 3B'SI3KY
HAayKM i BUPOOHMIITBA 3aj1 BMKOHAHHS €AMHOI Micii - BUIOTOBJIEHHS
BMCOKOSIKiCHOT'O KOHKYPEHTOCIIPOMOKHOTO MeTaJly.

AKTUBHICTh KOMIT'IOTepM3aliii MeTaaypriiHoi IMpPOMMCIOBOCTI 3HAYHO 3pocCia
3a OCTaHHIi [JleKiJibKa AEeCSITKIB pPOKiB, MPOTE iCHYIOUYI OOAATKM Ta CIlieliajli30BaHi
IporpaMHi KOMIIJIEKCM He 3HaTHi OXONMUTM IIOCTifHO 3pocTaiodi moTpedu
CIIOKMBAYiB 1 BMMOrM [H0 SKOCTi, (@isuMko - XiMiuyHMX, TemIopisMUYHMX,
eKCIUTyaTalliliHuX BJIACTMBOCTEl, OOMEKEeHb IIOJO0 BMICTy eJeMeHTiB, a Oike
MOTPeOYIOTh  IIOCTiAHOTO IIOMOBHEHHSI [JAHHMX, M0 3aK/J1agaloTh OCHOBY
IIporpaMHOro Ta iHdopMaliiiHoro 3abesneueHHs, iX aKTyasi3allilo 3TiTHO Cy4yaCHUX
ySIBJIEHb Ta 3aluTiB. 3BiCHO € OOMEXXEeHHS, CIpPOINEHHS, IO 3aK/IaJaloThCsl Y
mporpamax i BiZilfoBiHa 1moxmubka Ta TOUHICTb Pe3y/ibTaTy, OCKiIIbKY MeTaTypTiiiHui
nporuecc € 6araTo@akTOpHMM, OJHAK pPasoM 3 MMM 3'SBJISIETbCS MPOCTIp OJIs
PO3pPOOKM HAYKOBO OOIPYHTOBAHMX KOMIUIEKCHMX IIOKAa3HUKIB, IO HJO3BOJISITh
MIPOBECTU OIlepallil0 «3TOPTKM» Ta 3HU3UTU MapaMeTPUUHICTb Ipoileccy. Baxknupy
pOJib Bifirpa€ HasIBHICTb OOCTOBIPHMX OAaHMX, IO 3aKAaAAl0Thb MiAIPYHTS IJISI
aZeKBaTHOI POOOTHM yCiX CKIaMOBUX MTOTEHIIi/iHO po3pobaenux cucrem ACYTII.

B [HCTUTYTI YOpHOI MeTalyprii akTMBHO po3BuBaeThcsa Cuctema ba3 maHux,
[0 SIBJSIIOTHCS CKIaAOBMMM OaHKa maHux <«MeTanyprist» sIK iH(poOpMaliiiHOro
dbyHmaMeHTa OJ1s1 MOJIETIOBAHHS Y CMaJIeNIaBMIbHOMY Ta JOMEHHOMY BUPOOHUIITBI
[1]. Tak 6a3a gaHux «PepocmiaBu» [2] BKIIOUA€E BiIOMOCTI PO KOMIUIeKC ¢i3uKo-
XiMiuHMX, QisMuHMUX i Teriogpi3sMUHMUX BIACTUBOCTEN (EepOCIUIaBiB IIMPOKOTO
copTaMeHTy. 3a OCTaHHiii yac 6asa «®epocruiaBu» IIOMOBHEHA ITAHUMM IIPO
BJIACTUBOCTI ¢epoxpomy, (pepolypKoHiio, pepoHikeao, ¢epocriaBaMmy Ha OCHOBI
MapraHip Ta KpeMHiio. IHTepdeiic 6asu manux «depociuiaBu» € 3pPYUYHUM IJIS
KOPUCTYBAHHS Ta PO3YMiHHS, SIK IOCBilUEHOMY KOPMCTYyBauy Tak i MOYaTKiBIO, a
IIOIIYK HeoOXimHoi iHdopMalii 3HiliCHIOEThCSI II0 KOJOBMM CJIOBaM, aBTOpY,
MeTOIMIli, Tpu3HaueHHIO i T.n. Ha ocHOBi HakomuueHoi y Hiil iHopmalii
po3pobienuit Moayib [JisI TPOTHO3YBAaHHSI KOMILIEKCY (i3MKO-XiMiUHMX Ta
Teriodi3UUHMX BIACTUBOCTEN GepocIiiaBiB MIMPOKOTO COPTAMEHTHOTO psaay [3].

AHai3 ocTraHHiX HOCTigKeHb i myOikamiii. YHiKa/lIbHICTh depocIiuiaBiB 3

MO3MUIIiii iX BIUIMBY Ha CcHpsSIMOBaHe (OPMYBaHHSI 3aTpeOyBaHOi CTPYKTypu Ta
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BJIACTUBOCTE} MeTaJieBUX pO3IUIaBiB € AOCUTb HAYKOBOEMHMM MUTAHHSIM, IO
IIPOIOBKY€E OYTUM y TPEeHIi HMPOTSroM 6araTbOX POKiB. 3HAUHi YCIIiXM y BMBYEHHI
di3Mko-XiMiuHMX 1 TeriogisMUHMX XapaKTepUCTUK ITPOMUCIOBUX (epociuiaBiB
IOCSITHYTi B pob0Tax HAYKOBIIB Ta ix mociaimoBHMKiB M.I. T'acika, I.I1. Kasaukosa,
A.l. CtporanoBa, B.C. IrHaTheBa, B.A. BixsieBmiyka, B.I. J)KyukoBa, H.A. BartosniHa,
AJL 3aB'suioBa, C.JI. MakypoBa, M.B. Bonomienka, B.€. BiaceHka Ta iH. BaxxiuBicTb
BpaxyBaHHS TeMIlepaTypHUX YMOB, SIK JIIMITYI0UOI JJaHKM B OTPMMaHHI SKIiCHOrO Ta
KOHKYPEeHTO3[IJaTHOrO MeTasy, BiimiueHa y poborax A. Kagawa [4], A.A. Howe [5],
G.Allan [6] Ta 6araTbox iHIIMX BYEHUX.

YV 3aKOpIOHHMX ITyOJIiKaIliSX HayKoBa CITiIIbHOTA BCe 4YacTille IifiiiMae
MUTaHHS BUPOOGHMIITBA depocIviaBiB y pisHux iommHax [7-9]. Tak y po6ori [10],
SITIOHChKI HAYKOBIIi HAroJIONIyIOTb Ha HeOOXigHOCTI IIPOBEOEHHS IpoIecy
PELMKIIIHTY CTa/llelVIaBM/IbHUX IIJIaKiB 3 MeTOI0 eKCTPaKIlii MapraHiiio 3 #0ro ckaamy
3a7jI1 BUTOTOBJIEHHSI Y TIOAAJbIIOMY MapraHieBux (epocriiaBiB, y 3B’SI3Ky 3
3HAUHMM IIOMMUTOM Ha JaHMii Kiaac (epocriaBis, 10 3a0e3MeYnTh 3HMKEeHHS 10T0
cobiBapTOCTi y TMOPIBHSIHHI 3 KJIACMYHMM CIIOCOO0OM BMPOOHMIITBA. PepocruiaBu
aKTMBHO PO3TJISITAIOTh He JIMIIIEe Y KOHTEKCTi Jeryioumux ao6aBOK, aje i y SIKOCTi
3MiHIOBauiB ()OpMM, KiJIbKOCTi Ta CTPYKTYPHUX CKIaJOBUX HeMeTajeBUX BKIIOUeHb
y MeTaJli, [0 3abe3mneuye ofeps>kaHHS BiIIIOBiIHOTO PiBHS JOr0 UMCTOTM Ta SIKOCTI.
ABTopu poboTtu [11] mimiiimam o NUTaHHST BIUIMBY (epocIliaBiB Ha HeMmeTaseBi
BKJIIOUEHHS 3 ifleosiorii, 1o gepocmiaBy MicTSITh y c0bi yke HeMeTaseBi ocepenKu,
IIe 10 BBEIEHHS Y POCIIAB, UMM 30iIbIIYIOTh 00'€M, IO MpUMIagace Ha HUX. Takuit
Migxig criBmagae 3 YSBJIEHHSIMM IIPO  MiKPOHEOIHOPIIHY KJIacTepHY OymoBy
MeTaJIeBUX PO3IlIaBiB. YCi Iii MMTaHHS 3BOASITHCS A0 OJHOTO CHiIbHOTO 3HAMeHHMKA
- 3HAHHA BJIACTMBOCTel ¢depocriaBiB, 10 € OOHUM 3 KJIIOUOBUX AacIleKTiB Yy
BUpillleHHi BUIlle3rajaHux 3agad4.

Pazom 3 TuM depociiaBu Ta iX OOCTIIKeHHS MalTb PSJ TPYIOHOIIB, IO
CIIPMUYMHEHi 1X BMCOKOTEMIIEPATYyPHICTIO i K HACTIAOK CKIaJHOIAMM IIPOBeAeHHS
eKCIIePMMEHTIB 3 TMO3MUIliii TeXHOJOTiYHOro obMeskeHHS objamHaHHs. Came 1IIi
dbaxkTopu y 3HaAUHil Mipi BIUIMBAIOTh Ha HAIBHICTb iHOI CymepeuanBoi iHbopMallii y
JiTepaTypHMX [pKepejax IIpO IIepIIOYeproBi BIACTMBOCTI depociuiaBiB  Ta

OTpebyIoTh iX yrouHeHHS. OnepskaHHS AOCTOBipHOI iHdopMarllii momo ¢i3mko-
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XiMiUHUX, TeI10i3MUHMX BIACTUBOCTEN (hepoCIUIaBiB € BasKIMBUM HiAIPYHTSIM /IS
BUpIllIeHHS TEeXHOJIOTIYHMX AacCleKTiB BeJleHHs IUIaBKM, 30KpeMa MUTaHb
3a6e3MeYeHHs] MaKCMMaJbHO MOSK/IMBOTO CTYIIEHIO 3aCBOEHHSI TOPOTOBApPTiCHUX
I00aBOK, eHepro3bepeskeHHs, pallioHali3alii MpUITHATTS iHXXKeHepHUX pillleHb Ta
PO3POOKYM HOBUX TEXHOJIOTIUHMX CXEM OJlepsKaHHS SIKiCHOTO MeTally.

BupillleHHs1 BKa3aHMX IIMTaHb MOIMBE 3a paxXyHOK pO3BUTKY MeTO[iB
MaTeMaTUYHOTO MOJIeJIIOBaHHS, PO3pOOKM aneKBaTHMX IIPOTHO3HUX MoOeseil
BM3HAUEeHHS BJIaCTUBOCTel depociiaBiB Ta KOMIT'IOTEPHOTO aHasi3y 3 3aJTy4yeHHSIM
BiITIpaBHMX ITO3UIIiJi OyIOBM MeTa/ieBUX PO3IUIABIB i MOIIMOJIEHHS 3HAaHb IPO iX
GdisuKo-XiMiuHy IHAMBIOya/JbHICTH, IO [JOTIOMOKE HAOIM3UTUCHh [0 BUOOPY
eekTMBHOI J00aBKM Ta PO3POOKM HOBUX palliOHAIBHMX KOMIUIEKCHUX CKIIAIiB
depocriaBiB 3 peasizalli€lo MOAaibIIOl OCHOBHOI HAyKOBOi MeTU — OJep>KaHHS
SIKiICHOTO MeTasy.

OmHuM 3 edpeKTUMBHMX CIIOCO0iB omucy (i3MKO-XiMi4HOi CyTi BJIaCTUMBOCTEN
MeTaJieBUX pO3IJIaBiB Ta UMCEJIbHOTO iX BM3HAUeHHS, IIOSICHEHHSI IIPOlLieciB
TPOTiKaHHS B3a€EMOZi MiXK HUMM € KOHIIEII[isl CIIPSIMOBAHOr'O XiMIi4HOTO 3B’SI3KY,
SIKy 3aCHYyBaB B IHcTuTyTi YopHOi MeTanyprii HAH Vkpainu (IYM HAHY) IIpuxonpko
E.B. [12-14]. IIpyHUMIIOBA BigMiHHICTh HAQHOTO MMiAXO4Y BiJ, 3arajabHOBiZOMMX
TIOJISATAE Y PO3IJISIAL PO3IIABY, SIK XiMiUHO €MHOI CUCTEMU, a He TPOCTO MeXaHiuyHO1
cymilni XiMiYHMX eJleMeHTiB Ta BIIPOBAaJ)KEHHI IHTerpaJibHUMX MapaMeTpiB
Mi’)KaTOMHOI B3a€MO[il y HEpPO3PMBHOMY JIAHIIOTOBI «CKJad — TEXHOJIOTiS —
CTPYKTYypa — BAACTUBOCTI». 3T1JHO BiAIPaBHMUX IMOJIOKEHb KOHIIEIIIil CIIPSIMOBAHOTO
XiMIYHOTO 3B’SI3Ky: XiMiuHa IHAMBIAYaJbHICTb CUCTEMM, peakiiiliHa 3IaTHICTb,
CTPYKTYPHMI1 CTaH pPO3IUIaBiB BUPAKAlOThCS 3a AOMOMOIO0 METOAY KOAYBaHHS
XiMIYHOTO CKJaay OOCTiIHOrO PO3IUIaBy B iHTErpaIbHMX IMMapamMeTpax MiKaTOMHOI
B3aeMofii: ZY — mapameTp 3apsii0BOTO CTaHy cucTemu, e; d — cepelHbO3BaskeHa
MiX’simepHa BigcTaHb, 10'HM; tga — KOHCTaHTa [Jisi KOKHOTO €JIeMEeHTy, sKa
XapaKkTepusye rpafi€HT 3MiHM pajiiyCcy ioHa Ipy 3MiHi JAOTO 3apsiay; pi — CIIpsIMOBaHa
3apsii0Ba IIiJIbHICTh, €/HM.

EdexTUBHICTh JAaHOTO METOAY Yy BUPillleHHi HaraJabHUX MUTaHb MeTaTypriitHOi
rayrysi miaTBepIskeHa 6araTosiTHIM JOCBioOM Ta IUligHOIO ciiBmpatieio [YM HAHY 3

MIPOBiTHMMM MigNIpueMcTBaMM YKpaiHM Ha SKUX BIPOBAKEHO PO PO3POOIEHMUX
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TEXHOJIOTIYHMX YIIPABJISIIOUNX PillleHb CIIPSIMOBAHMX Ha MOKPAaIleHHs SKOCTi CTaJli, a
TaKOX HOBITHIMM  po3po6KaMM 110 TPaHTOBMM  HAIpsIMKaM  HayKOBOi
IisTbHOCTI [2, 15-17].

Metra poGoTM -  eKCIlepTHa  OI[iHKA KOMIUIEKCY  BJIACTUBOCTEN
MapraHelbBMicHMX (epocIiyiaBiB BiTUM3HSIHOTO BUPOOHMIITBA 3aJisl OHepsKaHHS
KOHKYPEHTO3/1aTHOTO MeTaJy.

Pe3ysibTaTi Ta OCHOBHMIA MaTepian gocaimkeHHss. OCHOBHi ¢Gi3uKo-XiMiuHi
BJIACTUBOCTI (pepociuiaBiB 1e Temmepartypa ruiasiaeHHs (Ti,°C), minbHicTh (D-103,
Kr/M®) 1 Termnodi3MuHi XapaKTepUCTUKM (TEIUIOMpPOBimgHiCTL - A, Br/MK;
termoeMHicTh — C, JDk/Kr-K; Temnora mwiaBaeHHS — Qrul, KJIDK/KT; TUTOMMIA
efnekTpoorip - p, MOMxM ; TUMYacoBuii omip — o, MIla). 3 MeTO OLIiHKMK
TepMiyHOro BIUIMBY (pepocruiaBiB, SIKi BBOISTh B CTa/leIUIaBUIbHY IIid, KiBII B
3aJI€;KHOCTI Bif TEXHOJIOTiYHOI KapTy BeJleHHSI KOHKPETHOTO IIPoIecy BUPOOHUIITBA
BXX/JIMBO 3HATM TeMIlepaTypy ix 1aBiaeHHs. Ilimbip depocmiaBy — 6askaHO
3OiJiCHIOBAaTM 3 MaKCMMaJbHO OJM3bKOIO TemIlepaTypol IIJIaBjJieHHS [0
TeMIIEpaTypy PO3IIaBy MeTasy, 00 YHUMKHYTM OXOJIOIKEHHS MeTaay BHAC/iZOK
npucagky A006aBKM Ta JOCATTM TIOBHOIIIHHOTO ii pO3IJIaBJIeHHSI 0e3 3aJMIIKiB
TBepOOi IOpoAM, IO CIPHUSITHMME TiABUIIEHHIO ii 3acBO€HHS. Y [OOBiJIKOBIit
JiTepaTypi TeMmepaTypa IUIaBieHHSI (epocriiaBiB HaBOAUTHCS ab0 OTHUM
3HauUeHHSM, ab0 [iarma3oHOM TeMIepaTypHOro iHTepBay IjaB/eHHS.

3HaHHSI IIUIBHOCTI, SIK BaX/IMBOI CTPYKTYPHO-UYTJIMBOI XapaKTepUCTUKU
depocriaBiB g03BOSIE HAYKOBO-OOIPYHTOBAHO ITAXOOUTU OO BMUOOPY IiIOBOI
I00aBKM, IO BBOASATb B MeTaj, a TaKOX peryjaoBaTH iOHOOOMiHHI i Teruio-
MacoOOMiHHI mpollecu B CUCTEMi «MeTasl-IuIak-mobaBka». Ocob6iuBa LiHHICTD MIJIS
e(eKkTMBHOTO BMKOPMCTAHHSI [OOABKM € BUKOHAHHSI HACTYMHOI YMOBU: Dyerary >
Diosasxu 2 Dinaxy, 110 CIIPUSIE JOCTAaTHbOMY 3aHYPEHHIO J00ABOK Y TIMOMHY MeTaly Ta
3aXMCTY Bif OKucIeHHsI aTMocdeporo. HarnsaHicTh Ta 3HAUMMICTb JOTPMMAaHHS
BKasaHOi yMOBM 300paskeHa Ha puc.l. IIpu BBemeHHi B pigkuii MeTayq IIMaTKa
BaXXKOTO (pepocIiaBy BiH IMOCTYIIOBO OCila€ Ha AHO i MOBIIBHO PO3UMHSIETHCS (A).
[IImaToK Jierkoro depocriaBy Ipu BBeeHHi B 00'eM CTaJli CIIMBA€E Ha TTOBEPXHIO Ta
iHTEHCMBHO OKMC/IIOETHCS, 1[0 MPU3BOAUTb OO 3HAYHOI BTpaTU IMPOBIJHOTO

enementy (T, MI). Jlo6aBka 3 pallioOHAJbHOIO HIiIIBHICTIO IMOBHICTIO 3aJy4a€ThCS 10
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TiIpOoAMHAMIUHMX TIOTOKIiB 1 IIMPKYJI€E B 00'€Mi BaHHM, BHACIIIOK YOrO
BiIOYBA€THCS MIBMIIIE ¥ TIOBHillle 3aCBOEHHS KOPUCHOTO eJIeMeHTY ¢depocCIuiaBy Ta
jioro piBHOMipHMIT posmomin y o6'emi metany (B). TakuM UYMHOM, 3HAYEHHS
pallioHaJabHOI IIIBHOCTI ¢epocIuiaBy Ma€ KOHKPETHI Mexi, SIKi MOB'sI3aHi 3 pyXOM
jloro mmMarkiB B  posmiaBi. basywounuch Ha  6araToNliTHbOMY  JOCBifi
eKCIIepUMEHTAJbHUX Ta TEOPEeTUYHUX [OOCHiAKeHb, MPOMMCIOBI MNpPaKTULI
nMpoBigHUX ¢axiBiiB ramysi [18-22] B meTanypriiiHux Kojsiax BCTaHOBWIACh OyMKa,
[0 BeJMYMHA palioOHa/JbHOI IIJIbHOCTI IIpUM BBedeHHi B MeTajeBUii pPO3ILIaB
3HaxXoauThcsl B Meskax Bim 5000 go 7000 kr/m® B 3a71€5KHOCTI Bij ckiaamy dhepocIiiaBy,
0 BBOAMUTHCS. IIpM 1IimbHOCTI pigkoro HamiBopomykty 7000 Kkr/m3, sKiio
depocmiaB Mae ryctuny 6isbiry Hisk 7000 Kr/M3, BiH HaJIEXKUTD [0 TPYIM BaXKKUX, a

SIKIIO J10TO IIibHiCcTh MeHIe 5000 Kr/M> - 70 TPYIN JIETKUX.

Pucynok 1 — ®ikcoBaHe (CTaTMUHEe) MOJIOKEHHS IMaTKa (epocIiyiapy B 3aj1i30BYIJIelleBOMY
PO3IUIaBi Y 3aJIESKHOCTI Bif iioro misibHOCTi: A - 7500 kr/m?, B - 7000 kr/m°, B - 5000 kr/m>, T
- 3500 xr/m?, 1T - 2000 kr/™M° 3rigHO HaHuX [22]

TertompoBigHicTs (A, BT/M'K) — 1le 3maTHICTH IlepemaBaTy TemJyO Bi OiJbII
HarpiTUX OISSHOK 0 MeHII HarpitTux. TeIyIoeEMHICTD (34ATHICTh MOIJIMHATY TEILIO)
depocmiaBy (C, IIx/kr-K), sika BigmoOpaskae KiJbKiCTh TeIlIa, IO BUTPAYAEThCS Ha
jloro HarpiBaHHSI MOBMHHA 3a6e3MeuyBaTy MiHiMaJibHE OXOJIOMKEHHSI pigkoi crasri
npu ioro BBeneHi. Teruiora maaBiaeHHS (Qrui, KIK/Kr)— KiJbKiCThb TEIUIOTH, SIKY
HeoOXiTHO HAaAATU PeUYOBMHI B PiBHOBaXHOMY i300apHO-i30TepMiuHOMY IIpOIlECi,
o6 repeBecTu ii i3 TBEpPAOro KPMUCTAJTIYHOTO CTAHy B PigKMii TIpu TemIlepaTypi

IJIaBJIeHHS, ab0 X KiJIbKiCTh TeIIOTH, IO BUIIISETbCS IIPU KpUCTasIisalii
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peuoBuHM. Ili TemnodisuMUHI BeNIMUYMHM XapaKTepU3YIOTh TeIIOiHepIiiiHICTh
pPEYOBMH, 3JATHICTh CIpMitMaTy abo BimgaBaTu TEIUIOTY, TOMY MAalOThb BaKIMBe
3HaAUeHHs B IIpollecax, MOB'SI3aHMX 3 IX HarpiBaHHSIM Ta BiAINOBIAHO 3
pO3IIaB/IeHHSIM 71 3aCBOEHHSAM (depocriaBiB.

CyuacHi iHdopmariiiHi TexHomorii - 1e edekTMBHMIT 3acib BuUpilIeHHS
6araToIJIaHOBMX 3aBHaHb CIIPSIMOBAHMX Ha IIOJIIIIEHHS SKOCTi MeTaJONpPOMYKIIii,
0 AaKTUMBHO BMKOPMCTOBYIOThCSI B  Bigmimi  ¢ismMko-XiMiuHuMX  Ipobiem
MeTanypriiiaux mnpouecis [YM HAHY, mo 30KpeMa BimoOpaskeHUii y CTBOPEHUX
6a3ax JaHuX, sIKi PopmMyIOTh 6aHK JaHMUX «MeTanyprisi» Ta MicTITb iHGOpMalIilo IIpo
BKa3aHi Buille (i3uKo-xiMiuHi, Termodi3mMuHi BIaCTUBOCTI MeTaJeBUX PO3IJIaBiB.
HemonmaBHo 6a3a paHux «®epocruiaBu» 0Oysia TIONMOBHEHA HOBUMMU I[iIHHUMMU
MIPOMMUCJIOBMMM JAHMMM 3aBOAY «A» 040 BaacTUBOCTel depomapraniio PMH78 Ta
depocmnikomapranifo MHC17, 110 aKTMBHO BUKOPMCTOBYIOTHCS Y BiTUM3HSIHOMY
BUPOOHMIITBI*. [IpoBeleHO aHa/Ii3 MMOYATKOBOI HACKPi3HOI BMOIpKM HPOMMCIOBUX
IaHuX, Mo Hamiuye 14 554 mmaBok Ha BigmoBigHicTh Bumoram JICTY 3547-97 nmns
mapku OMH78 Ta [OCTY 3548-97 pgna  MuC17 (tabn.l) [23]. V pesyabrati
criBcTaBiieHHsT MacuBy A0 Bumor JICTY Bimiopano 1199 miaBok mjisi IOOAIbIIOro
a”anizy ®MH78 micis mpolenypyu COPTyBaHHS, a pelliTa JaHUX 10 XiMiYHOMY CKJIagy
BifHeceHi 10 pepocrnaBy depocuikomapradeito mapku MHC17. KibKicTb I71aBOK
3 HEHOPMOBAaHMM BMICTOM eJIeMeHTiB, IIO BiIXWJISIETbCS BiJl CTaHIApTiB 3a
BKa3aHMMM MapKaMu (epociuiaBiB HaBeJleHO Ha puC.2. Bisiblia KiJbKiCTh IJIaBOK 3

BiIXMJIEHHSIM BiJl HOPM CITOCTEpira€eThCs 3a XiMiuHMUM cKjagom ¢epocrinapy MuC17

Ha BigMiHy Big ®MHT78.
Tabmnug 1
Bumoru 1o BMicTy MapraHelbBMiCHUX (epocCIiiaBiB
OCTY Mapka Mn, % C,% Si, % P, % S, %
3548-97 MuC17 | >65,0 <2,5 15,0-20,0 <0,6 < 0,03
3547-97 ®Mu78 | 75,0-82,0 <7,0 <6,0 <0,7 <0,03

* ABTOpM BUPaskalOTh BEIUKY IOASAKY di.KopecrnongeHTy HAHY, p.1.4., mpod. B.JI. Masypy Ta
I.T.H., 3acaykeHoMy MeTanypry Ykpaiuu B.C Kyiiny 3a inpopmariiitny ninTpumky ranyseBoro banka

Janux «Metamypris»
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u Si>6% = P>0,70%

PucyHoxk 2 — KibKicTb m1aBOK 3 BigxuyieHHSIM Big JICTY g5t MmapraHellbBMiCHUX
depocruiaBiB gociaKyBaHOT BUOIpKYM JaHUX BiTUM3HSIHOTO BUPOOHUIITBA

BnactusocTi depocmiasiB Oyau po3paxoBaHi 3a po3pobieHuMu Gopmynamu 3
TOYHICTIO TporHO3y R?>0.9, gki maioTh Taky CTpyKTypy: Trin = f (ZY, pl, tg a); D = f

(Z¥, tg a, Ad, Zc*Mn); CTB = f (Ad, ZY, Zc*Mn); A = f (ZY, tg a, d); Q1 = f (ZY, tg a, Ad);
Zc™MMn
p =f(ZY, tga, Z2¢"C); o= f(ZY, Ad, tg a, Zc*Mn), ge Zc*Mn ta Zc"C - BignoBigHO

cepelHi 3apsiiy MapraHIl0 Ta BYIVIENI0 B po3muiaBi ¢epocriaBy; Ad - mapamerp

XiMiUHO1 HEOAHOPIHOCTi.

Ciip 3a3HaUMTH, IO OJepsKaHa PO3pPaxyHKOBa iHGOopMallisl Ipo Mepuoyepro.i
BJIACTUBOCTi (hepoCIiaBiB la€ MOK/IMBICTb TEOPETUUYHO CIIPOTrHO3YBATH Ta HAYKOBO
OOrpyHTYBaTM Biporimumii xim tpomecy. IIpo e(eKTMBHICTb BUKOPUCTAHHS
dbepomapraHiilo y peajibHOMY MeTaaypriifHOMY Mpolleci MOXHa CyAUTU Y
KOHKpPETHOMY BUIMAJIKy 110r0 3aCTOCYBaHHS [J151 BATOTOBJIEHHS 3aJaHO1 MapKy CTaJIi.
KoHkpeTusaliiga 3ajeXXHOCTeil TUITy <«BJACTUBICTH — IlapaMeTp MiXKaTOMHOI
B3a€MOZii», a caMe iX CIPSIMOBAHOCTI MOX/MBAa 3a PaXyHOK IMMOKOMIIOHEHTHOTO
a”anizy BIUVIMBY CKJIaJOBMUX XiMIiYHOro ckiaagy @epocriiaBy. AHami3 BIUIUMBY
TMOKOMITOHEHTHOCTI MOKHA 3/IiliCHIOBAaTM 3a JBOMAa HampsIMKaMM, a caMe y TaHJeMi
3 BJACTUBOCTSIMM (depocmiaBy abo X y KOOpAMHATaX «IIOKOMIIOHEHTHICTh -
rapaMeTpy Mi>KaTOMHOI B3a€MO/Iii».

[TOKOMIIOHEHTHICTh BU3HAYAE JiAUPYIOUKI BIUIMB IIEBHOI CKIa0BO1 XiMiYHOTO
CKJIaay, y TOW Yac, K MmapaMeTpy Mi’KaTOMHOI B3a€MO/Iii € pe3y/JbTYIOUOI0 [i€l0
yCcbOro XimiyHOro ckiaamy. Huskue HaBeoeHO BIUIMB CKJIa[OBUX e€JIeMEHTIB
dbepomMapraHiio Ha MapaMeTpy MikaTOMHOiI B3a€MOZii MpM 3BefeHHi iX 10 Bigpi3Kky

y pianasoHi [0+1] . CyTTeBMIi BIZIMB HAa 3MiHY UMCEIbHUX MOKA3HUKIB IMapaMeTpiB
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Mi’KaTOMHOI B3a€MOZil 3[i/CHIOE Tpilika eJeMeHTIiB — ByIJellb, KPEeMHili Ta
MapraHenpb, SIK TIPOBiIHI CKJIamOBi MaTpUUHOI mimcucrtemu, 10 GOPMYIOTh
CTPYKTYpHMIA Kapkac depocmiaBy (puc.3). 36iAbIINTY 3apsSOOBUIA CTAH CUCTEMU
po31/IaBy (pepoMapraHiilo MOKHa 3aBISKM KpeMHil0, a MOHMU3UTU ByIJeleM Ta
MapraHieM. AHAJOTiUHMII BIUIMB eJIeMeHTiB 30epircs i mjsi cepe3sHbO3BaKeHOi
MK’ SIIepHOl BiZICTaHi, IMPOTe 3B'SI30K 3 MapraHIleM Ma€ MEHI YiTKul HampsMm Ta
XapaKTepU3yeTbCs 3HAUHUM PO3KUIOM JaHuX. CIIpSIMOBAaHYy 3apsilOBY IIiJIbHICTD
CYTTEBO MOKHA 3MiHUTM Yy CTOPOHY 30i/IbIIIEHHSI B TaHOMY Kjaci epocIiiaBiB mpu
3MiHi BMICTy BYIJIeI[l0 Ta MapraHIl0 3a pPaxyHOK KOJIEeKTMBi3allii eJleKTpPOHiB
TapTHePiB 3B’SI3Ky. A OCb ITPAJli€EHT 3MiHM pPaAiyCy iOHa Bif, 100 3apsiiy He KOPEeJIoe
31 3MiHOIO BMICTy MapraHIil0 Ta HaBIIaKM PETYIIOEThCS ByTJeleM i KpemHiem. Ha
pUC. 3 CIIOCTepiraeTbCs MepeTuH OAaHUX [JIS1 BYTJIEII0 Ta KPeMHil, 10 BipOrigHO
CBiTUMTH IIPO HEOOXiAHICTh 3aCTOCYBAHHS iX CITiBBiIHOIIEHDb y SIKOCTi MOKa3HMKA
3afJ1s1 CIIPSIMOBAHOTO KOperyBaHHS YMCIOBMX 3HaUeHb BJIACTMBOCTEN (hepocCIliaBy.
3miBCTaB/IeHHSI TMOBEMiHKM eJleMeHTiB XimiuHoro ckinamy @epocrmiapy ®MHT78
HaBeJleHMX Ha puc.3 3 3aKIaJeHMMM B CTPYKTYpy MOJe/eil IapaMeTpamu
Mi’)KaTOMHOI B3a€EMOZil BKa3y€ Ha TMPUMAHITTS KOHKPETHUX pillleHb, OO0

TMiIBMUIIEHHS] KOMIIJIEKCY BJIaCTUMBOCTEN pO3IIaBy.
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PucyHok 3 — BruimB ximiuHoro ckinagy ®MH78 Ha 3MiHy apamMeTpiB MiKaTOMHOI B3a€MOJi1
(epomapraniiio

TicHUIA B3a€MO3B'SI30K IIIJIBHOCTI CIIOCTEpiraeTbCcsi Ha puc.4 3 ByIJeleM

(R?=0.87) Ta kpemHiem (R?=0.84) Ha 110 BIuIMHYJIa Qi3MKO-XiMiuHa iAMBiAYyaNbHICTDb

XiMIUHMX eJleMeHTiB Ta iX peakillifiHa 3JaTHICTb IO BiJHOIIEHHIO A0 IMapTHEpiB

MiXKaTOMHOTO 3B’S13Ky y (epociuiaBi. Bka3aHi ejeMeHTU 3MeHIIYIOTb MiX IepHY

BiZicTaHb, a OTXKe MiABUIIYIOTb ITOKa3HMKM IIiITbHOCTI 32 paXyHOK YTBOPEHHS MillTHUX

MiXKaTOMHMX 3B’sI3KiB. HaTomicTh 3 MapraniieM MeHII TicHuit 3B's130K (R?=0.35),

TpoTe € 061acTi, e MPOCTiIKOBYETbCS 3HAUHUIT BIUIUB MPU MPUITIIBHOMY PO3TJISIIi

Ta BiJICilOBaHHI YaCTKM BUOipKM JaHUX.
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PucyHOK 4 — ®parMmeHTH B3a€MO3aJI€SKHOCTI pO3paxoBaHMX BIACTUBOCTEN hepomMapraHiio
(®MHT78) 3 eleMeHTaMU 110r0 XiMi4HOTO CKJIaLy

Ha pwuc.5 mpencraBieHi pe3yabTaT IPOTHO3YBAaHHS  BJIACTMBOCTEN
MapraHelbBMicHUX (epocIuiaBiB IS yciei BMOiIpKM AaHMX Ta IUIABOK, IO MAlOTh
HEHOPMOBaHMI BMICT XiMiYHMX €JIeMEHTiB, 30KpeMa IIiJIbHOCTI Ta TeMIlepaTypu
TJIaBJI€HHSI. AHAJTI3 pUC.5 MOKa3ye, 110 MacuB XapaKTepuU3y€eThCSI PiIBHOMIpPHICTIO Ta
HaBiThb BUKUIOM 3HAXOISITbCS y MexXkax chOpMOBaHMX 3ajiesKHOCTel. PesyinbTaTu
pPO3paxyHKOBMX 3HaueHb IIiJIbHOCTI PUC.5 KOPeTIoTh 3 JaHUMM puc.1l, Ae BKa3zaHo
pallioHa/IbHMI [Oialla30H 3MiHM MOKAa3HMKIB IIJIbHOCTi, 11O CTBOPIOE 3acaiy Ha
KOPUCTb MMOBIPHOTO iX BMKOPMCTAHHSI, OCKiJIbKM 3a0e3I1euyeThbCsl HeOoOXimHMIA
piBeHb BJIACTMBOCTEl (epocriaBiB. 30iMbIIeHHS CepeIHbOro 3apsay MapraHIlo
(Zc*Mn) y posmiaBi depocriaBiB MPU3BOAUTb [0 3POCTAHHSI TeMIlepaTypu ioro
TJIaBJI€HHS, IO CJTii BpaxOoBYBaTy MPY BUKOPUCTAHHI (epocIiaBiB 3 migBUIeHUM

BMiCTOM MapraHiiio.
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PucyHOK 5 — 3aeXHiCTb po3paxoBaHUX 3HAUEHb BJIACTMUBOCTEN [IJIT MapraHelbBMiCHUX
depocrnaBiB
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Ha pwuc.5 HaHeceHi cepenHi 3HaueHHS TeMIlepaTypyu IUIaBJ€HHS, IO
po3paxoBaHi 1o MozessiM poboTu [24] mas IBoX Mapok crajieit, a came C72DM Ta
006S10M.  Ockinbkyu TeMIlepaTypy IJIaBJeHHS CTajeil 3HauyHO Buili 3a Tm
IOoCTimKyBaHUX (epocruiaBiB, MOTEHIIAHO IiX MOKHA BUKOPMCTOBYBATU [IJISI
IOBeeHHS 3a XiMiYHMM CKJIaZIOM IIpU TMO3aIliuHiii 06po01ii BKa3aHMX MapoK CTasIei,
aZyke BUKOHYETHCS TOJIOBHA JiMiTytoun ymoBa Tmi crani > Ton ¢gepocmiaBy, 1o
CIIpMsi€ IBUAKOMY PO3IJIaBJIeHHIO 30KpeMa MapraHelbBMicHUX (epocriiaBiB

(®MH78 Ta MHC17), a OTKe i iX 3aCBOEHHIO.

BucHoBKU

BuKOHaHMII CTAaTUCTUUHMIA aHaII3 perpe3eHTAaTUBHOI BUOIpKM XiMiUHOTO
CKJIaAy  HakonmuueHux B  baHky  pmaHux  «Mertamypris»  NPOMMCIOBUX
MapraHenbBMicHMX depociiaBiB (n = 14554) Ta 3ampoIloOHOBaHI Ha piBHIi
MiXKaTOMHOI B3a€MOii aHAJIITUUHI BMUpasM OJs OLIHKM iX (i3MKo-xXiMiuHMX Ta
temodisMuHmMx BiacTuBOCTeil. Iloka3aHo, 10 aHadi3 XiMiYHOro CKJIamgy
dbepocriaBy, TiIbKM 3 TTO3UILil JOTPMMaHHS HOPM CTaHIAPTY 3a XiMiUHMM CKJIaJIOoM
He € iHpOpMaTMBHMM Ta HeOOCTATHil IJiS OI[iHKM TEXHOJIOTiUHOTO CIIPSIMyBaHHS
JA0TO BUKOPUCTAHHSI.

[lpeacTaBieHnit KOMIUIEKC pO3pO0OJeHMX aHATITUUHUX  BUpA3iB 4
TIPOTHO3YBAHHS BaXIMBUX (Pi3MKO-XiMiYHMX Ta TeruiopisMUyHUX BJIACTUBOCTEN 3
BUCOKOIO TouHicTh (R?>20.9) mo3BOAUTb CTBOPUTU  3acagu  e(@eKTUBHOIO
BUKOPUCTAHHS HaBiTh HE 30BCiM (PYHKIIIOHAJIbHOTO (T€XHOJIOTIYHOI0) 3a XiMiUYHUM
ckiagom depocmiaBy. Came olliHKa 3 OISOy Ha 3abe3mneueHHS 3aTpebyBaHOIO
piBHSI BJIAaCTUBOCTEl HAJa€ IOCTOBIpHI MAaHi O NOPUNHSTTS YIPaBIiHChKUX
(pallioHAJIBHUX TEXHOJOTiYHMUX) pillleHb BUPOOHMIITBA KOHKYPEHTO3JATHOIO
MeTasry. B po6OTi 1mokasaHo, 110 BUKOPUCTAHHS BiIMIOBiIHO /10 €KCIIEPTHOI OI[iHKA
Ha OCHOBi 3aIpONOHOBAHMX MOJejieit BiITUM3HSIHI MapraHelbBMicHi ¢epocIiaBu B
PO3MISIHYTUX [ialla30HaX CKIagy MOXJIMBE 3a iX NMPU3HAYEHHSIM 3 JOTPUMaHHSIM
NMeBHMX YMOB. JlOAATKOBMIT pPO3IJISH i OIiHKA IbOTO TUTAHHS JO3BOJIUIU
KOHCTATyBaTU MOSKJIMBICTbh BUKOPUCTAHHS BiTUM3HSIHUX (PpepocriiaBiB Mapok ®MH78
ta MHC17 3 BKasaHMMM BiIXUJIEHHSIMM [0 XiMiYHOMY CKJIaay IIpU BUPOOHMUIITBI

CTaJii MacoBOTrO IIPpU3HAYEHH.
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D.Togobitska, I.Povorotnia, V.Piptiuk, S.Grekov, O.Kuksa

EXPERT SYSTEM OF ASSESSMENT OF PHYSICOCHEMICAL AND
THERMOPHYSICAL PROPERTIES OF
MANGANESE-CONTAINING FERROALLOYS

The uniqueness of ferroalloys from the point of view of their influence on the targeted
formation of the desired structure and properties of metal melts is a rather scientific
question that continues to be in trend for many years. Significant progress in the study of
physicochemical and thermophysical characteristics of industrial ferroalloys has been
achieved by both domestic and foreign scientists. At the same time, ferroalloys and their
research have a number of difficulties caused by their high temperature and, as a result, the
difficulties of conducting experiments from the standpoint of technological equipment
limitations. It is these factors that significantly affect the availability of sometimes
contradictory information in literary sources about the primary properties of ferroalloys and
require their clarification. Given the demand for reliable data, the Institute of Ferrous
Metallurgy is actively developing the Database System, which is a component of the
"Metallurgy" data bank as an information foundation for modeling in smelting and blast
furnace production. The purpose of the work is an expert assessment of the complex
properties of domestically produced manganese-containing ferroalloys in order to obtain a
competitive metal. One of the effective methods of describing the physical and chemical
nature of the properties of metal melts and their numerical determination, explaining the
processes of interactions between them is the concept of directed chemical bonding, which
was founded by E.V. Prikhodko at the Iron and Steel Institute of Z.I. Nekrasov National
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Academy of Sciences of Ukraine. Based on its postulates, the main physicochemical
properties of ferroalloys are considered: melting temperature, density, and thermophysical
characteristics (thermal conductivity; heat capacity; heat of fusion; specific electrical
resistance; temporary resistance). A statistical analysis of a representative sample of the
chemical composition of industrial manganese-containing ferroalloys accumulated in the
"Metallurgy" Data Bank was performed and analytical expressions for evaluating their
physicochemical and thermophysical properties were proposed at the level of interatomic
interaction. It is shown that the analysis of the chemical composition of the ferroalloy, only
from the standpoint of compliance with the standards of the chemical composition, is not
informative and insufficient for assessing the technological direction of its use. The
presented complex of developed analytical expressions for predicting important
physicochemical and thermophysical properties with high accuracy (R?>0.9) will allow to
create the principles of effective use of even a not quite functional (technological) ferroalloy
in terms of its chemical composition. It is the assessment with a view to ensuring the
required level of properties that provides reliable data for making management (rational
technological) decisions for the production of competitive metal. The work shows that the
use of domestic manganese-containing ferroalloys in the considered ranges of composition
is possible according to their purpose, subject to certain conditions, according to an expert
assessment based on the proposed models. Additional consideration and assessment of this
issue made it possible to state the possibility of using domestic manganese-containing
ferroalloys with the specified deviations in chemical composition in the production of
mass steel.

Keywords: manganese-containing ferroalloys, parameters of interatomic interaction,

modeling, forecasting, physical, chemical and thermal properties, steel quality

Hap’s MwuxosaiBHa Toro6mubka - IOKTOpP TeXHiUHMX HaykK, Mpodecop, MPoOBimHMIt
HayKOBMII CIIBpOOITHUMK Bigminy Qisuko-xiMiyHMX TMpo6IeM MeTanypriifHUX IMpoiieciB
[HCTUTYTY YOpHOI MeTasnyprii iM. 3.1. HekpacoBa HaijioHanbHOI akagemii HayK YKpaiHu
Ipuna PomaniBHa ITOBOPOTHSI — KaHOMIOAT TeXHIYHMX HAyK, HAYKOBUII CITiBPOOITHUK
Binminy dizuko-xiMmiuHMx mpobaemM MeTanypriiiHUX mpoleciB [HCTUTYTY YOpHOI MeTamyprii
im. 3.1. HekpacoBa HallioHanbHO1 akageMii HayK YKpaiHu

Bitanini IlerpoBuu IlinTIOK - KaHOMAAQT TEXHIUHMX HayK, CTapliMii HayKOBUI
CIiBpOGITHMK Biaminy @i3uKo-TexXHIiYHMX Mpo6seM MeTanyprii crtadi [HCTUTYTYy 4YOpHOI

meTanyprii im. 3.1. HekpacoBa HailioHanbHO1 akagemii Hayk YKpaiHnu
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CranicnaB BikTropoBuu I'pekoB - HayKOBMII CIiBPOGITHMK Biafiny ¢i3mMKo-TeXHIUHUX
rpo6sieM MeTanyprii crami [HcTuTyTy YopHOI MeTanyprii im. 3.1. HekpacoBa HanioHanbHOI
aKageMii HayK YKpaiHu

Oner Bomoamumuposuu Kykca — KaHOMOAT TEXHIUHMX HayK, HAYKOBMII CITiBPOOITHMK
Bimminy ¢disuko-xiMiuyHMX Mpo6JIeM MeTalypriiiHMX MpoleciB IHCTUTYTY YOpHOI MeTanyprii
im. 3.1. HexkpacoBa HailioHanbHOI akagemii Hayk YKpaiHnu

Daria Togobitska — doctor of technical sciences, professor, leading researcher of the
department of physical and chemical problems of metallurgical processes in Iron and Steel
Institute of Z.1. Nekrasov National Academy of Sciences of Ukraine

Iryna Povorotnia - candidate of technical sciences, researcher of the department of
physical and chemical problems of metallurgical processes in Iron and Steel Institute of Z.1.
Nekrasov National Academy of Sciences of Ukraine

Vitaliy Piptyuk - candidate of technical sciences, senior researcher of the department of
physical and technical problems of steel metallurgy in Iron and Steel Institute of Z.I.
Nekrasov National Academy of Sciences of Ukraine

Stanislav Grekov - researcher of the department of physical and technical problems of
steel metallurgy in Iron and Steel Institute of Z.I. Nekrasov National Academy of
Sciences of Ukraine

Oleg Kuksa - candidate of technical sciences, researcher of the department of physical and
chemical problems of metallurgical processes in Iron and Steel Institute of Z.I. Nekrasov

National Academy of Sciences of Ukraine

ISSN-print 1991-7848 119
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 27 - 2024

DOI: 10.34185/1991-7848.2024.01.09
VK 669.162.22+267.4.
10.0. Crynak, T.C. XoxyoBa

OJOCJIIAKXEHHSA I'OPIHHSA ITUJIOIIOAIBHOI'O TBEPAOTI'O ITAJIMBA TA
BII/IUB OKPEMMUX F1OT'O BJIACTUBOCTEM HA XAPAKTEP ITPOTIKAHHSA
ITIOYATKOBUX CTAIIN I'OPIHHSA

Anomayia. Y cmammi po3znsHymo oxkpemi memodosioziuHi nioxoou 0o mMo0enio8aHHs
20piHHA nu1onodibHoz0 nanuséa 6 J1abopamopHux ymoedx, w0 cgopmysanucs 3a
oCmauHi decsamunimms ma okpemi pe3yabmamu 00CNi0HeHb 20PiHHS NOO0OUHOKUX
uacmox 3a donomo2zor B8UCOKOWwB8UudKicHoi pomo- ma gideogixkcayii. IlokazaHo, wio Ha
Cb0200HI ChopMOBaHi uimki ysi8ieHHs Wodo Npouecy 20piHHS K NOOOUHOKUX NAJIUBHUX
uacmok, mak i 20piHHA ix y pakeni. 3asHaueHo, w0 01 deaKux eudie naausa nooi.n
npouyecy 20piHHsI 4acmok Ha cmadii € 8enbMU YMOBHUM, OCKIIbKU uepe3 npupody
(Noxo0xceHHs) NANUBHOI CUPOBUHU OKpeMi cmadii MOXyms HAKAA0AmMucs 00Ha Ha 00OHY
abo 83azani 6ymu eidcymui. BucyHymo me3y npo me, w0 He3ajiexHo 8i0 Kpumepiie
epekmueHocmi  BUKOpUCMAHHA naauea 07 po3poOKU Halibineul egpekmusHux
mexHoJ102ill 1i020 cnanoéaxHs cnid epaxogysamu He minbku cneyudiky (ymosu) mux uu
iHwux azpezamie ma npouecie, ane Ui npupody (Noxo0dxHeHHs) NANUBHOI CUPOBUHU, WO
BUKOPUCMOBYEMbCS, OCKIIbKU 80HA 0e3nocepedHb0 BU3HAUAE (PI3UKO-XIMiKO npouyecy
20piHHA. AemopamMu eKCnepuMeHMAIbHO NidmeepoxeHo MiCHUli 38'I30K  MixC
memnepamyporw 3atiMaHHs naauea ma 6uxo0oM 3 Hb020 JIeMKUX Peu0BUH, 30Kpemda
3’9c08aHo, uj0 memnepamypa 3atiMaHHsa NalU8a PyHKYioHAIbHO 3anexums 8id emicmy
CO 8 nemkux pe4osuHax, 6uxio K020 3 nanusa moxe 0ymu OOHUM 3 BAMIUBUX
Kpumepiie npu ouivyi iio2o 2oprouocmi (3aiimucmocmi). BucyHymo me3y npo
JOYiNIbHICMb BUKOPUCMAHHSL napamempy «memnepamypa 3atiMaHHs» K maxozo, KUl
cnid epaxosysamu (a 6 OKpeMux 6unadkax — eusHauamu), OCKiIbKU 6iH MICHO
noe’a3amuli Sk 3 4acom 00 3alMAaHHS YacCMoOK Naaued, mak i 3 NOBHOMO10 11020 320PaAHHS

Ha nouamkosux cmadisix, uio 6yn0 008e0eH0 eKcnepumMeHmManibHUM ULISIXOM.
Kniouosi cnoea: nunogyziibHe ma nuionodioHe naaueo, cmaodii 20piHHA, NOOOUHOKI

nanugeHi uacmku, 6ionanueo, 6uxid JIeMKUX peuosuH, memnepamypa 3atiMaHHs,

nosHoma 320paHHA.

© Cmynaxk 10.0., Xoxnosa T.C., 2024
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1. ITocTaHOBKa 3agaui

He 3BakawouyM Ha CydyacHi TeHIeHIii IOA0 CKOpPOUEeHHS BUKOPUCTAHHS
BUKOITHOTO MajMBa 3afJji1 3MEHIIeHHS BUKU[IB T.3. MapHUKOBUX ra3iB, 3aBIaHHS
opraisaiii MaKCMMaJbHO e(EeKTMBHOIO BMKOPUCTAHHS TBEPAOTO I1aJMBa
3QJIMIIAETHCST BeJIbMM aKTyaJbHUMM Ha HaiOmmkui gecatwniTrtsa. IlpuHaiiMHI B
YOpHiii MeTanyprii, a came - BMPOOHMIITBI CIUIaBiB Ha OCHOBi 3aiiza 3
BUKOPUCTAaHHSIM JOMEHHMUX Ileyeil, Ae B SIKOCTi 3aMiHHMKA KOKCY BXXe JOCTaTHbO
JIIaBHO BMKOPUCTOBYIOTh MuJIOBYyTi/ibHe manuBo (IIBII) Ha OCHOBi Byrijuisi 3 Mapok,
SIKi He TIPUIATHI [IJIs1 BUTOTOBJIEHHS KOKCY.

B ocraHHi mecATUIITTS Oy/l0 3alpOIIOHOBAHO UYMMAJIO CIIOCOOIB Ta BUIIB
nanuBa Ajsi BurotosyieHHs1 [IBII, cepen sSkux — AoAaBaHHSI A0 BYTUIBHOTO MUY
JIETKO3aiIMMCTUX BUJIB TBEPHOrO MajauBa, TakKuxX sSK Oype Byriuisi, Topd, JirHiH
TOlO. B SKOCTI MOmATKiB MOXYTb TaKOX BUMKOPUCTOBYBATMCSI TBepAi Biaxoau
ITOOYTOBOTO, CiJIbCHKOTOCIIOAAPCHKOTO Ta ITPOMMCIOBOTO ITOXOKEHHSI, SIKi MOXYTb
OyTu IOCTaTHBO e(heKTUBHO YTUIi30BaHi B Pi3HUX €HEPreTUUHMX Ta MeTATYyPriitHuX
npouecax. OKpiM IMeBHOI KiJIbKOCTI Tera, 10 MOKHA OTPUMMAaTU MpPM CIIAJTIOBAHHI
BiIXO/iB, BOHM MOKYTb OYTM TBepAMMMU Ta/ab0 ra3orofiOHMMM BiJHOBJIIOBaYaMU,
3aMiHIOI0UM TpaAuIiiliHi, OUIbII JOpPOTi KOMIIOHEHTM MeTaaypriiiHoi UIUXTU
aHaJIOTiYHOTr0 MpMU3HAUYEHHS.

Sk mokasana IMpakKTuKa, CIAJIOBAHHS BeMMKMUX OOCSTIB IMajmMBa 3a KOPOTKMIA
MPOMIKOK 4Yacy 3 MaKCUMMajJbHO MOXJIMBUMMU IIBUAKICTIO Ta e(eKTUBHICTIO
(MOBHOTOI0 3TOpaHHSI) € Haiboinbil edeKTMBHMM B pa3i BUKOPUCTAHHS
MJIOTIOIOHOTO CTaHy MajnBa, 3 ONTUMATbHOI KPYITHICTIO OKpeMMX YaCTUHOK. s
TpaAULiiiHUX BULIB BYTi/UIS Pi3HUX MapoK, TOpdy Ta iH. 3aKOHOMipHOCTi TOPiHHS SIK
OKpeMMX YaCTOK, Tak i y daKesi, JOCTiIKeHi B OCTaHHI JECITUIITTS GibII-MeHII
IIVMPOKO i JeTanmbHO. AJe X IJISI BiIXOMIiB Pi3HOTO MOXOMKEHHSI, 0COOIMUBO THUX, IO
TIJIbKM BiTHOCHO HeJaBHO MPUBEPHYIM 0 cebe yBary MOCTiAHUKIB (HepeBHA Tpicka
abo Tupca, Iarrip i KapTOH; Ci/IbCbKOTOCIIOAAPCHKIi BiIX0AM, TaKi SIK COJIOMa, PUCOBE
JAYIINUHHS, MIKapajylna ropixiB, KiCTOUKM BMHOTpPAAy, OJMBOK TOILO; IIJIaM 3
narnepoBux GabpuK Ta iHIIMX IKepesl, a TAKOK eHepreTUUHi KyJIbTypH, CelliaTbHO
BUPOILEHI IJI1 BMKOPUCTAHHSI B SIKOCTi OiomaynuBa), OKpeMi acIleKTu IoA0 iX

ECI)EKTI/IBHOI‘O BUKOPUCTAaHHA HOTpe6yIOTb YTOUHEHHA.
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Ha cphoroghi BMmpoOyBaHO Ta VCITIIHO 3aCTOCOBAHO 0araTo MeTOIUK
JOOCTiIKeHHSI TOPiHHS MMJIONOAIOHOIO MajaMBa, B T.4. MaJMBHUX CYMillleil pi3sHUX
TUITiB. BpaxoBytoun uncesibHi pe3yibTaTH, 110 OTPMMaHi, MOKHa KOHCTaTyBaTu, 110
BUpilllajJibHe 3HAYeHHSI Ma€ OpraHiszallisl CIajJloBaHHS IaJMBa, 3 YypaxXyBaHHSIM
IIeBHMUX, HE 3aBXOM OUEeBUAHMX XapaKTePUCTUK, IIOB’SI3aHMX 3 IIPUPOIOI0 abo
TIOXO/KEHHSIM TaJIMBHOI CUPOBMHM. Buxomsium 3 1bOro, BOAYAETHCS OOLIIHBHUM
BUMIINTY HaAMOIMBII TpMUOATHI MeTomM i Miaxomu [IJisl MOC/iIKeHb Cy4acHUX
MaJIMBHMX MaTepiasliB Ha OCHOBI BYTiJUIS, BiIXOAiB, 110 Oy/IM Ha3BaHi Ta ix cymilieii,
a TAaKOX JOCTiIKeHHSI HalOiIbII BasKIMBUX OCOOJIMBOCTE TOrO UM iHIIIOrO ITaJIMBa,

110 TTOBMHHI BPaXOBYBaTUCS JIJISI MAKCMMAaJIbHO e(eKTUBHOTO 10T0 BUKOPUCTAHHS.
AHaJti3 ocTaHHIX JOCTiIKeHb i myoJTiKai

CyuacHi ysiBJIeHHS ITPO MPUPOAY Ta 3aKOHOMIpPHOCTI FOpiHHS rasiB i TBeporo
najuBa chopmMyBaMcs Ha 0a3i TEOPETUYHMUX Ta eKCIepUMEeHTAJbHUX HOCTiIKeHb
H.H. CemenoBa. S.B. 3enpmoBuua, [I.A. ®paHk-KameHenpbkoro, A.C.
[TIpensoautenesa, C.[. IBOPCHKOro Ta iHIIMX BYEHMX. Y CBIT/I CydaCHUX YSIBJIEHb
OCHOBOIO MpOILeCy TOpiHHS MaauBa Ta CIIOJNYK, IO MICTSITh BYIJIElb, € XiMi4Hi
peaxilii ropounux eJeMeHTIB i3 KucHeM. Y TOIIKOBMX i MOAiOHMX iM 3a ymMOBaMu
TOpiHHS MajaMBa arperarax Iii peaxiii MPOTiKalTh y MOTOILi /i yMOBaxX HaK/JIageHHS
HU3KM (dizMuHMx GakTOpiB Ha OCHOBHiI XiMiuHi IpollecM Ta IepeTBOPEHHS.
OpHouacHMIA BIUIMB BeIMKOI KiJIbKOCTI (paKTOpiB, 10 CYTTEBO BIIMBAIOTh,
3YMOBJIIOE CKJIAJHICTh TEOPETUYHUX Ta €KCIIePUMEHTIbHUX JOCTiIKeHb, uepe3s 110
MPakTUYHO BCiMa JOCAiAHMKAMM TIPUIIMAKOTbhCI Ti UM iHIII CIIPOIIEHHS Ta
npunyiieHHs. He 3Bakarouy Ha Te, 0 Ha3BaHi CIIPOILEHHS YaCTO BHOCSTDH ITOMIiTHi
CIIOTBOPEHHS B pe3yJbTaTU €KCIIEPMMEHTIB i € MPMUMHOI MEeBHOI HEBiATOBIAHOCTI
OTPMMaHMX B J1aOOPAaTOPHMX YMOBaX pe3yJabTaTiB MPaKTUIli, OKpPeMi MeTOIUKU
JOCTi)KeHHSI  TOpiHHSI, 3ampoBaJkeHi Ie B cepeauHi XX  CTOJITTS,
BUKOPUCTOBYIOTHCSI JOCTITHUKAMM i JOHMHI.

Cepen, MeTOOMK MOCTIMIKeHHS TOpPiHHS TBepAOro TMajmuBa y dakedi Ciif
3a3HAUUTU IHAYKTUBHUI METOJ, HAyKOBOTO IOCTi’KeHHS, 3a SIKMM BMBUAIOTh He
ropiHHsl ¢akesa B IIiJIoMy, ajie TOPiHHS OKpeMO B3STUX YaCTMHOK IlajiMBa, 3

nmogajbmiMM  BUKOPUCTAaHHAM (13 IIéBHUMU SaCTepe)KeHHHMI/I) OTpPUMaHUX

122 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu meranyprii”, N2 27 - 2024

pe3yJbTaTiB AJIs1 YTOUHEHHST 3aKOHOMipHOCTel ropiHHS daKesia B IIIJIOMY Ta MMOLTYKY
CII0CO0iB MOKpallleHHSI TUMX UM iHIIMX IapamMeTpiB Ipoiecy. OOHMMMU 3 MepuInX
BKasaHuii MeTon OyB 3ampomoHOBaHMii y KouuimHboMy BTI B.I. Babiem i3
cniBpobiTHukamyu [1]. OTpumaHi uMcenbHi pesynbTaTM UMX OOCTIIKEHb OyIn
Mi3Hille y3arajibHeHi B [eKiIbKOX MoHorpadisx. Ha cremiaasbHO CTBOpeHiii
nabopaTopHilt yCTAHOBIII 3a pe3yJbTaTaMy CIIOCTepeskeHb (IBUIKiCHA KiHO3/1OMKa)
3a OJMHOYHMMM YaCTMHKAMM, IO TOPSITh, Oy/IM OTPMMaHi JaHi 100 abCoMIOTHOI i
BiIHOCHOI TPMBAJIOCTi Pi3HMX CTaJili 3aiiMaHHS i BUTOPSIHHSI YaCTUMHOK BYTiJIbHOTO
MUy, BUBYEHMI XapaKTep 3MiHM TemMIepaTypyu i po3Mipy YaCTMHOK BYTiJIbHOTO
MWIy B Tpoleci iX BUTOpPSIHHSI. BMBUE€HO BUTOpPSIHHS TOPOIIMHOK MPU iCTOTHO
3HIDKEHMX KOHIIEHTPAIIisIX KMCHIO, 1[0 MaloTh MiClle Ha 3aK/JII0YHUX CTaJlisIX MpoLecy
TOPiHHS ITPAKTUYHO B YCiX TEXHOJIOTiSX 3i criasoBaHHSIM [1BI1 y dakerti.

3a pesyiabTaTaMM IOC/TiIKeHb Ha3BaHMX aBTOPiB, IpOIleC TOPiHHS YaCTKU

BYTJJISI MOKe OyTM YMOBHO PO3IiJIeHMIi Ha YOTUPU CTajii, TPMUBAIICThb SIKMX i3

3aJI0BiJIbHOIO TOYHICTIO MOYKHA XapaKTepu3yBaTy HACTYITHUMMU PiBHSIHHSIMU [2]:

1. ITporpiB yaCcTKu 10 3aiiMaHHS I€TKUX PEUOBMH:

Ton = K32-5,3- 104 T4 598, (1)

Ile 7;, — TPUBAJICTb IPOTPiIBY YACTKM 10 3aliMaHHS JI€TKMUX PEUOBUH, C; T —

TeMIlepaTypa OTOUyUOro cepenoBuina (rasy), K; 6 — cepefiHiii mouyaTKOBUI pO3Mip

YacTKU, M; K 5, — BITHOCHMIT KoeillieHT, 1110 BU3HAYAETHCS TOCTITHUM ILJISIXOM JIJISI
BYTiJI/ISI KOXKHOI MapKMu.

2. TopiHHS T€TKUX PEUOBUH:

Tr. = kr.n.'o,s'loé‘Tr_4'52, (2)
Ie 6 — BUXigZHMIA pO3Mip YacTKU, M; K., — JOCTiAHMI KoedillieHT, XapaKTepHMIA
JIJIST KOKHO1 MapKy BYTiJIIsL.
3. IIporpiB KOKCOBOTO 3aJUILIKY [3]:
Tux. = 5,36-10% T 12515, (3)

4. BUTOPSIHHS KOKCOBOT'O 3aJIAIIKY:

Trx = erZ,leOS 100-4;  p,-5° (4)

100 r%%.0,’
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e Trx — TPUBAIICTb TOPiHHS KOKCOBOTO 3aluIIKy, C; K; ki« — mocimimHuit
KoedillieHT, 1110 XapakTepusye crelndikKy BUTOpaHHS YaCTOK BYTiJUISI IEBHOI MapKu;
A — BHYTPIIIHSI 30JIbBHICTh KOKCOBOTO 3anuuiky, %; O; — 06’eMHa KOHLEHTpallis
KUCHIO, %; p; — TYCTMHA KOKCOBOT'O 3aJIUIIIKY, 1110 3Ja€ThCSI, KI/M>.

Cragii ropiHHS OKpeMOl YaCTKM TBepAOro IajauBa, SKUMM BiAIOBiAalOTh
piBHSIHHS 1-4, 1OBOJIi MOKA30BO UTIOCTPYE puc. 1, Ha IKOMY HaBeAeHi JaHi OAHOTO 3

MOAIOHMX TOC/iIKeHb.

.. rﬁu.

Craprt 3animaHHA _3aBepmef|_r!f| rOpPiHHA NeTKUX Byrneupb

>

3aBeplUeHHs HarpiBy 3aliMaHHA i FOPiHHA NeTKUX

PucyHOK 1 - [TocninoBHi eTany cria/itoBaHHS YaCTUMHOK 3pasKy 6iomacu [4]

HoBosi iHhOpMaTMBHOIO € eMIIipUYHa 3a/JIeXXHICTb IJI1 CyMapHOI TPUBAJIOCTIi 10

3aliMaHHSI KOKCOBOTO 3JIMIIKY (ZTsx. = G + Ton T Tnx):

= 1,12:100k, - 225 22| (5)
T 02

Ie ps — TYCTUHA BYTULIS y MOBITPSIHO-CYXOMY CTaHi, KI/M%; & — pO3Mip 4acTKu
BYTi/IS, M; Ksx — mocHimuuit koediuieHt; n = 0,15 — A/ aHTPALMTOBOrO MUy, N =
0,25-0,5 — o5t Kam’sTHOTO Ta 6ypOTOo BYTiJIS.

[MonibHi emmipMuHi 3a/JeKHOCTI OyIM OTpUMaHi B eKcIlepuMeHTaxX ¥ iHIIMX
IOCTiAHMKIB, HATPUKIIAL, TUX, 1110 HaBeJeHi B MoHorpadii [5].

YucenpbHi CyyacHi JOCTII)KeHHS [6, 7 Ta iH.] B OCHOBHOMY JIMIlle YTOUYHIOIOTh
OTpUMaHi B MUHYJI OeCITWIITTS OaHi, OJHAK 3 BUMKOPUCTAHHSIM HalCy4yacCHIIIoOro
HAYKOBOTO O0JIaHAHHS 1 PO3PaxXyYHKOBUX METOAMK. Xoua pe3ylabTaTU OKPEMUX
CYy4yaCHUX IOCTiIKeHb TOPiHHS MOOAMHOKMX MWIOMOAIOHMX YaCTOK IajuBa BapTo
TIOPiBHSITH i3 BXe 3rafganumu [1-3, 5].

Tak, y aHamitTuyHomy ornsai Big €. Mapek (Ewa Marek) ta Kk. CTaHbUMK
(Krzysztof Staniczyk) y3araabHEHO IIMPOKUI CIIEKTP METOAMK, SIKi OYJIM CTBOpPEHi Y
Hel[olaBHil iCTOpil AOCiI>KeHb TOPiHHS OKPeMMX YaCTMHOK BYTiJUISI TA MOTUMBOBaHi

HeOoOXiTHICTIO PO3BUTKY 3HAHb [IJISI HOBUX, UMCTUX TEXHOJIOTii BYTU/IIsI. ABTOpaMu
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3a3HAYAETHCS, 10 B OIMBIIOCTI AOCIIiIKeHb OCTAHHIX POKIB CITA/JIIOBAHHS BYTi/LIS
3a3BMyYall 3BOOUTHCS IO XapaKTepUCTUKM SIBMILLA 3aliMaHHSI YaCTMHOK Ta MiJeTalriB
CIIaJIIOBAaHHS YaCTMHOK, ajie Yepe3 pi3Hi HeOOJ/NiKM MeTO/0JIOTiii pe3y/bTaTu
IOCTiIKeHb Iell0 BiApi3HSIOTbCS i He 3aBXKIOM Y3TOMKYIOTbCSI HaBiTh MpPU OIMCI
oIHi€l ¥ Tiei X mocuimkyBaHoi rpobsemu [8]. Ha migTBepaskeHHS 11i€i Te3u MOXKHA
HaBEeCTY MOPIiBHSUIbHI pe3yJbTaTy CIIATIOBAHHS YaCTUHOK BYTI/IJIS B Pi3HMUX Ta30BUX
aTMocdepax i3 3a3HAUEHHSIM MeXaHi3MiB 3rOpsiHHSI (IBOCTYII€HEBe CITaJI0BaHHSI:
TrOMOT€HHe Ta TreTeporeHHe, OOHOCTAMiliHe CITaJIIOBaHHS: rereporeHHe abo 6e3

3amnajgeHHs1), orpuMadi aBropamu R. Khatami, C. Stivers, K. Joshi Ta iH., 1o rmoxkasasi

Ha puc. 2.
[A — BitymMiHO3HE BYTi/I.15 3 BHCOKHM BHXO0I0M JIETKHX Pe4OBHH
N, 3ananioBaHHs o
EELL Gl e BiACyTHe  3a3BMYail O4uH eTan
(eupaste nonyw's) - OLVH EONHOYACHUA _
v ¢ >
L v Aasa etanu abo oauH eTtan gran
p e
0 10 20 30 40 SO 60 70 80 9% 100 0 10 20 30 40 SO 60 70 80 90 100
MonspHa yactka O2, % MonsipHa yactka Oz, %

[B — biTymiHO3He BYTiL 18, M0 KOKCYEThCSA
N,

3ananioBaHHA

ABa eTanu & oauH eTan BiACYTHE 3as3Buyaii oauH eTan
i' l Tinbkv oauH eTan V1 /| Tinbku oguH eTan
.
3 >
|
0 10 20 30 4 SO &0 JO %0 9% 10 0 10 20 30 40 SO 60 70 B0 9 100
MonsipHa yactka Oz, % MonspHa yactka Oz, %
N, 3ananoBaHHs
BiACYTHE
L nepesaxae OAWH etan ' TiNbKv oguH eTan
§ > PP
0 10 20 30 40 S0 G0 70 80 90 100 0 10 20 30 40 S0 60 70 80 90 100
MonsipHa yactka Oz, % MonspHa yactka Oz, %

PuCyHOK 2 - T[TopiBHSIHHS pe3y/IbTaTiB CITAJIOBAHHS YaCTUMHOK BYTL/UIS B Pi3HUX ra30BUX
armocdepax i3 3a3HaUeHHSIM MeXaHi3MiB 3rOpSIHHS [9)]

HaBeneHi Ha puc. 2 maHi melo Bigpi3HSIOTHCS Bifl KOHIIEIIil Ta BiAIIOBIAHMUX
pesy/ibTaTiB, HaBemeHMX padime (popmynu 1-4), ame X II€BHOIO Mipow ix
YTOUHIOIOTH IOAO POJi KMCHIO Yy MpOILieci 3aiiMaHHSI 4YaCTMHOK B Pi3HUX Ta30BUX
cepenOBUILAX.

JloBOJIi TIOKA30BMMM Ta [AesKOl Mipow iHdopmaTuBHMMMU € HOaHi (oTo- Ta
Bimeodikcaliii 3aliMaHHs Ta BUTOPAHHS MOOAMHOKMX YaCTOK Ia/IMBa, SIKi OTpUMaHi y

6araTboOX JOCTiIKeHHSIX OCTaHHiX poKiB. Tak, I[ikaBMMM, B T.4. 3 HAYKOBOI TOUKMU
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30pY, € pe3yJbTaTy JOCTiIKeHb BUTOPAHHS ITOOAMHOKMX YaCTOK BYTi/IISI Ta 6iomacu,

110 MOoKa3aHi Ha puc. 3 ta 4 [10, 11].

PiseHb

QO0OQQQVO0O0QQLE

140
120

SREUUOOS 3

48.2ms 53.1ms 57.9ms 62.7ms 67.6ms 72.4ms 77.3ms 82.1ms 85.0ms 40

0.2ms 4.7ms 9.5ms 14.4ms 19.2ms 24.0ms 28.9ms 33.7ms 38.5ms 43.4ms

(a) Yactka A (150-212 um).

PiseHb

DoooocQQo0oo o

160
0.0ms 3.9ms 7.9ms 11.9ms 16.0ms 20.0ms 24.0ms 28.1ms 32.1ms 36.1ms 140
120

O OaQ 9 P P oo .

40.2ms 44 2ms 48.2ms 52.3ms 56.3ms 60.3ms 64.4ms 68.4ms 72.4ms
(b) Yactka B (106-150 um).
PucyHoOK 3 - [IceBokostipHi 300paskeHHS iHT@HCMBHOCTI CBiT/Ia YaCTUMHOK [10]

A — 0iTyMiHO3HE BYTLLIISl 3 BHCOKHM BHXOJOM JIETKHX

B - kokciBHe 6iTyMiHO3He BYTiLIa

(9
3
i
o,
17

ii
C - airmit I

PuCcyHOK 4 - KapTuHKM 3 €KCITIePMMEHTIB 3i CITaroBaHHSI YaCTUHOK Pi3HUX MAJINB Y TOBITPi
(Ha MaJIOHKaxX BKa3aHO yac BiJl MTOSIBM YaCTKU B peakTopi, Mc) [11]
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Cnim 3a3HauYMTH, IO OOCHIIKEHHSI TOPiHHS MOOAMHOKMX YaCTOK BMUMAarae
IeBHOTO, IOAEKyAM He [elleBOro (HallpuK/Iad, Y BUIIAAKY BUCOKOIIBUAKICHOL
BiZe03i10MKM BMCOKOI PO3[diIbHOI 3JaTHOCTI) 06IafHAHHS, a TAKOX IJIAaHYBaHHS Ta
3MiJiCHEHHSI eKCIIEPMMEHTIB Yy TaKMil CIIOCiO, IIO M03BOJISIE MaTU OiJIbII-MEeHII
MPUIHATHY BiATBOPIOBAHICTh (TIOBTOPIOBAHICTh) pe3yJbTaTiB Ta I1X IOAAJbIILY
00pOOKY CTAaTUCTUUYHMMM MeTomaMu. I[Ipy 1IbOMY BasKIMBOIO € HABiTb KOHIIEILIisT
MOOYI0BY eKCIIepyMMeHTAaIbHOI YCTAaHOBKM JJISI JOCTiIKeHHSI TOPiHHS TTOOIMHOKMUX
yacTtok. Tak, HalpuK/Iaj, pesyabTaTy, o oTpuMadi B.I. Babiem 3 Kojeramu, Imo
Oy/nu HaBeleHi Ha MouaTKy [1-3], BUKOHYBajaMCSI Ha YyCTAaHOBIIi, MOAiIOHIN [0 TOi,

MIPUHIIMIIOBA CXeMa SIKOi HaBeJeHa Ha pucC. 5.

PeakniliHa PeryasTop
Kamepa TeMIlepaTypH

- Ksapuesa ro;ika

Kamepa

OTpuMaHHS
CHTHATY a (600ms) b (600ms)

3o6pasKkeHHS YACTKH BYTLi/L1Is, 0 TOPHTH Y KaMmepi

PucyHoOK 5 - Cxema OC/TiIHUIIBKOT YCTAHOBKYM 3 MOXK/IMBICTIO TeHeparlii
MikporpasiTtanii [12]

[lokasaHa Ha puc. 5 cxema, SK i 6araTo MoOmiOHMX, Ma€ CBOi IlepeBaru Ta
Hepomiku. OKpeMi 3 HUMX He [A03BOJISIIOTb AOCTaTHbO aJeKBAaTHO MOJe/TI0BATU
TOpiHHS YacToK y dakesi B TOMKaxX KOTJoarperaTiB abo B IOTOLi AYTTSI TOMEHHOI
rneyvi (B TeXHOJOrii 3 BAyBaHHSM NWJIOBYTIBHOTO MajayuBa 4epe3 TOpPH), Xoya i3
TEeBHMMM 3aCTepesKeHHSIMM OKpeMi BUCHOBKM Ta eKCTPAIIOJIsIlii MOX/INBI.

Iomi  KoHUemmii mOOyZOBM  YCTAaHOBOK IS MOMIOHMX  JOCTiIKEeHb
repen6avyaloTh, HAPUKIIAM, BBEIEHHS ITPOOM IajuBa J0 peakiliifHoi Kamepu, 1o €
«TOYKOI BifjTiky» B mociifi (puc. 6), «IOHITyuYHEe» BBeAEHHS YacTOK MaauBa M0
peaxiiiiiHoi Kamepu i3 KOHTPOJIbOBAHOIO Ta30Boi0 aTMocdepoio (puc. 7) Ta iHII

IIPMHLIAIIN.
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PUCYHOK 6 - PeakTop nepiognunoi aii [13]:
1 - BXig mpormany; 2 — BXiJ noBiTpsi/Oz; 3 — ManbHUK; 4 — KaMepa 3ropsSHHS;
5 — kepaMiuHMIT HATIOBHIOBAY; 6 — KaMepa peakTopa; 7 — BUXif rasiB; 8 — Kpuiika 3
rnopirHeM; 9 — Kamepa oxoomkeHHs ; 10 — BXiJl 0X0J/IO[KyIOUOro rasy; 11 — orisimoBe BiKHO;
12, 13 — Tepmornapu; 14 — Bigbip rasy.

dineTp - BUNYCK
peakuinHa
Kamepa eKpaH
-
30upancHa Hl__:'
niHaa |
PO3WenneHHA
.~ - NPOMEHA
o 1 t 06'ekTHE
i —— o
. - & 22
. ™ <
'
nasep HeNe KOHBEpreHTHa . dinbTpy
ONTHKa 3 -
. Py

! 2

-~

'
NasepHuit INbTP  hoToeneKTpUUHMIL
NOMHOXyBay

PucyHOK 7 - [IpoTounuit peakrop Sandia [14]

Haii6inbm 6M3bKMM 3a OYI0BOIO Ta MPUHIIMIIOM [ii 70 JOCTiTHOI YCTaHOBKH,

1ITO BUKOPHUCTOBYBAJIaCd aBTOpaMu, € KOHIIEIIT, IoKa3aHui Ha puc. 8, a.
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Lobasku (0,, N, Ta iH.)

MIPOMETP Hnanoalcie PR DN
+ Da/yBo nosiTpa
BeefeHHA 4acTok >
SKMBUNBHUK + } ey €
. lNopaya rasy == e I
YactoKk =
BOAa
% > LUHEKOBUM
BUPIBHIOBAY NOTOKY T _‘;
[BUryH 3
: . peayKTopom
HarpieanbHi " s
ENEMEHTH wet, 3
N g
pagiauiitHa SFMEpa g
—— e '3
30Ha ~U x
B
ormAnoee 1, 0D 5y
BiKHO ™™ NeTKux g
T
2 Q
TOPIHHA e
BYIMEewuesoro
(Kokcoeoro)
3anuw
s MpoaykTn
3ropaHHs (rasm) Pty
< L Boga
EI'GCIHHFI <=‘— A7 -
TeepAauii 3a1ULWOK Ed
BiA 3ropaHHAa nanuvea
a 6

P1CyHOK 8 - [Toc/TiIHUITBK] YCTAHOBKY TUITY «BepPTUKaIbHA TpybUacTa Imiu»
(drop tube furnace):a — cTeHp A1 JOC/iIKEHHS TOOAMHOKMX YaCTUHOK B [TiBHiUHO-
cxigHOMY YHiBepcuTeTi, BocToH [11]; 6 — ycTaHOBKA JJ1s TOCTiKeHb TOPiHHS
MUIOTIOIIGHOTO MaIMBa, 1[0 BUKOPUCTOBYBasacs aBTopamu [15, 16]

Ha puc. 5-8 mokasaHi juine aesiki KOHCTPYKTMBHI pillleHHS Ta MeTOAUYHI
MAXoay MIOA0 MOC/iIKeHHSI TOPiHHS 4YacTOK MMJIOMOAIOHOrOo IlajiMBa — SIK
MooauHOKuX (puc. 5, 8,a), Tak i B moroui (puc. 6, 7 ta 8,0). Y HayKoBiit nmepioauii
ONPUJIIOIHEHO YMMaJIO0 iHIINX MOAIOHMX METOAMK 3 TUM UM iHIIMM OCHAIIeHHSM,
aje 3a 3arajbHOI0 CYTTIO Ili METOAMKY MaJIO BiIpi3HSIOTbCS. BaskiMBuM 3aBIaHHSIM
aBTOPiB y IIbOMY KOHTEKCTi OYy/J0 YTOYHEHHS MHaHMUX IIOJ0 OCOOJMBOCTEIN
MMPOTiKAHHS MOYaTKOBMX CTajili TOPiHHS YaCTOK TBepHOro IajuBa, B T.Y. BiIXOIiB
pi3HOrO MOXOIkKeHHs, sIKi Bxke OyjM Ha3BaHi (OepeBHa Tpicka, Marip i KapToH,
CiZTbCbKOTOCIIONAPChKI BigX0oau, crieliajibHi eHepreTUuHi KyJabTypu TOINO). K 6ys0
CBOTO Yacy JIoBe/ieHO y poboTi [17], came moYaTKOBi cTafii ropiHHSI MUIONONi6HOTO
MajiBa € BUPIlIATbHMUMMU HIOA0 eDeKTUBHOCTI O0ro BUKOPUCTAHHS B Iijiomy. TyT
CJIiT YTOYHUTH, 10 e(eKTUBHICTh BUMKOPUCTAHHS MMJIOMOAiOHOTO MaauBa (BYTi/IIS,

Top®, JIirHiH, 6ioMacca pi3HOro MOXO/KeHHS) Ma€ JIelllo Pi3HMIT 3MIiCT B eHepreTutii
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Ta B MeTanyprii. B eHepretuili KpurepisiMu ePeKTUBHOCTI BMKOPUCTAHHS TaJnBa
MOXXHA BBaXaTuM MiHIMaJbHUIA MeXaHiIUHMII HemomaJ TP MaKCMMaIbHO
MOXXJIMBOMY TeIJIOBOMY K.K.[. MpOIleCcy TOpiHHS i arperaTy (ropijiku) B Lijomy. B
pasi BoyBaHHS B foMeHHi 1eui [IBII, Ta jioro cymiliei 3 Jierko3aiiMUCTUMM BUAAMU
TBEpPOOro MajayuBa Ha Iepliuii IUIaH BUXOISATb MAaKCMMaJbHO MOMX/IMBA BUTpaTa
MajiuBa 3 MaKCMMaJbHO MOSKIMBUM Koe(illieHTOM 3aMiHM KOKCY IpU 36epeskeHHi
cTabiIbHOTO XOMy [JOMEHHOi TIedi Ta KepoBaHOCTI ¥ IependavyyBaHOCTI
Mpo1Iecy B IIIJIOMY.

CupoBuHOIO, 3 sKOi BUTrOTOB/SAIOTH [IBI1 njsg BoyBaHHS B JOMEHHi Ieui,
3a3BUYaii OYJI0 i 3a/IMIIAETHCS JOTENep KaM 'sTHe BYT/LIsL. SIK mpaBuio, - HelpuaaTHe
IJIsT KOKCYBaHHS, ajie 3 BMCOKMM BMIiCTOM BYIJeL0 (aHTpaluT, MicHe Ta iH.) i
SIKOMOT'a HM3bKOIO KUJIBKICTIO 30/IM Ta MIKIAAMBUX AOMIIIOK. HampukKiHIi MMUHYJIOTO
CTOJITTSI Ha €BpoONeicbkuxX 3aBomax KoHuepHy Thissen Shtahl AG (3apa3 -
ThyssenKrupp AG) Ta messkux iHIIMX OyJIO YCIIIIHO BMIPOOYBAHO i BIPOBAIKEHO
BIYBaHHSI BYTUIBHUX CyMillleii, mogalumu 10 OCHOBHOro kommnoHeHTa [IBII meBHy
KUIBKICTb BYTU/I/IS 3 BUCOKMM BUXOJ0M JIETKMX pedoBMH [18].

B moHorpadii A. Carpenter HaBOAATbCSI NMIPUKIAAM BAYBAHHS B TOMEHHY IIiu
cymimieir TIBIT 3 Byrijuisim 3 BUCOKMM BUXOAOM JIETKMX, a TaKOX 3 BiIXOmamu
rtactMac. [logo ocTaHHIX BUCIOBIIOETHCSI Te3a, IO B3a€MOisl MiXXK BYTI/IJISIM Ta
BiIXomaMy IIJIaCTMacC MOKe CIPUSITY IiABUIEHHIO eeKTUBHOCTI 3ropsiHHs IIBII, a
TaKOX [TOTIOMOXXe MaKCUMMi3yBaTy IPOAYKTUBHICTh Iedi, BOJHOYAC 3MEHIIYIUU
BUTpATH Ta MiHiMi3yl0uM BIUIMB Ha HaBKOJMIIHE cepemoBuie. Cepen rmpobieMm 3
IJIaCTMacaMM  BKa3YEThCSI CKAAMHICTh iX TMiATOTOBKM IOAO0 3a0e3IeveHHs
cTabisibHOrO (PpakiiifHOro Ta XiMiUYHOTO CKJIamy. BimMiduaeThcs TaKOK, IO AOCI He
icHye cTaHOapTHUX BUIIPOOYBaHb [IJiSI BM3HAUEHHS peakiliifHOi 3[IaTHOCTi BYTi/UIS
ab0 BiJIX0[IiB IJIacTMac B yMOBaxX IoMeHHOi 1eui [19].

3 mouatky 2000-x mepmaji vacTimne 3'IBJASIOTHCS MyOIiKallii 3 pe3yabTaTamu
JOCTigKeHb, TPUCBSIUYEHUX BUBUYEHHIO TOPiHHSI BiJHOCHO HOBUX BUJIB I1aJMBa,
TaKMX SIK 6iomaca pi3HOTO MOXOKEeHHSI Ta ii MoXiaHi, TOOYTOBi Bixoayu Ha 3pa3oK
rymu abo 1wiactMacu. Tak, HaINpuKIaA, TepcrnekTuBHI iHHoBalii B SmoHii
nepenbavaloTh KOMOiIHOBaHi clieHapii BAyBaHHSI, B SIKMX MoApiOHeHa pyma abo

BiTHOBJTIIOBAJIbHI Martepiann, Taki sIK 6iomaca abo Bigxomu IUIACTUKY, BBOOSTH B
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IOMeHHi Tedi uepe3 ypmu. SIK OUiKy€eThCsI, MOiOHI TeXHOIOTii MOKYTh JOIMTOMOITH
BUPILINTY CHOTOAHIIIHI Mpob6/sieMy, MOB'SI3aHi 3 BUKMUIAMM BYIJIEKUCIOTO Trasy,
BUPOOHUIITBOM eHeprii Ta mocTtymHicTio pecypciB [20]. OmgHak, 3acTOCYBaHHS
6iomacu B MeTaypriiiHiii IPOMMCIOBOCTI Bce Ie oOMeXeHe, a JaHi Iomo ii
MacOBOTO BUKOPUCTAHHS B JJOMEHHUX Ileyax BifcyTHi. BpaxoByloun cydacHi cBiTOBI
TeHJEeHIlii, 30KkpemMa - EBpOIeiicbKMUit 3eJeHuit Kypc i MparHeHHs 3abe3rneuyeHHS
CKOpOYEeHHsI BUKUAIB MapHMKOBMX rasiB B kpaiHax €C Ha 55 % mo 2030 poky [21] Ta
BiAnoBigHI iHiuiaTuBY ypsany Ykpainu (HBB2) [22] Ha ;ymMKy aBTOPiB CJIiJ, O4iKyBaTU
pi3KOro ITiABUIIEHHSI iHTepecy 3 OOKy MeTaaypriB A0 aJbTepPHATUBHUX BUJIB
nmajuBa. 30Kpema TaKux, [0 MaloThb MiHiMaJbHMII «BYIJIElleBUit Caig» - Giomaca
pi3HOTO IOXOMXeHHSI Ta BOAEHb, SIK IMaJMBHMII NOOATOK — 3aMiHHMK KOKcy. Ha
IYMKY aBTOpPiB CITQJIOBAaHHS aJIbTePHATUMBHMX BUIIB TNaauBa Oyme HaOiIbII
epekTMBHMM Yy pa3i BpaxyBaHHSI TEeBHUX XapaKTePUCTUK, MOB’SI3aHUX 3 IXHBOIO
NpupoaoI0 (MOXOIKEeHHSIM), 30KpeMa — TeMIlepaTypol0 3aiiMaHHS Ta KiHETUKOIO

TIpo1ecy ropiHHs, 0COOGIMBO - JI0r0 MOYATKOBUX CTaIilA.

MeTa gociaigKeHHs

MeTo10 mOC/HimKeHHS Oy/I0 YTOUHEHHS BiZOMOCTel OO0 IOYaTKOBMUX CTajii
TOpiHHSI TNMJIONOMAIOHOrO IajaMBa, a caMe 3’SICYBaHHSI 3B’SI3Ky TeMIlepaTypu
3aliMaHHS YacTOK Ma/JiMBa Bif 1Oro mpupoau — BUIY, €JIeMEHTHOTO CKIaay Ta
XiMIYHOTO CKJaAy rasiB, IO BUAUISIOTBCS Ha CTafil Jerasallii mpyu HarpiBaHHI y

6€30KMCHIOBAJIbHOMY CEpPeIOBUIIII.

OcHOBHMIT MaTepia JOCTiIKeHHS

JIJ1s1 BUTOTOBJIEHHS TIMJIOINIOiOHOrO MajaMBa BUKOPUCTOBYBAIM JIeKiJIbKa BUIIiB
BYTJISI pi3HUX CTyIeHiB MeTamop@dismy, a Takox Top@ i sirHiH. TexHiuHMIT aHai3
Ta eJeMeHTHMIA CKJIaJ, MaTepiaiiB, IO BUKOPUCTOBYBAJIMCS B [OCHiIKEHHSIX,
HaBeJleHi B Tab/1. 1. BuximHe BYTi/UIS Ta iHIN BUOM MaaMBa Iic/s CYIIKY ITiITaBaIncs
IoMeNly [0 MWIOMOAIOHOTO CTaHy B Ky/JIbOBOMY OapabaHHOMy MiMHi. I[Tomen
3[i/iCHIOBABCSI 1O KPYITHOCTI YaCTOK, IO 3a0BOJIbHSIE BMMOraM miono gppaxiiiiiHoro
ckiagy IIBIT g BoyBaHHSI B OOMeHHi medi. KoHTposb (pakiiiiiHoro ckiaamy
MIJIOTIONIOHOTO TMaiMBa ITiC/IS TOMeNTy 3[i/iCHIOBAaBCS Ha BiOpoMexaHiuHMX CUTaX
Fritsh Analysette.
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Tabmuug 1
TexHiuHMIi aHasi3 i eJleMeHTHMI CK/Ia/ MUIONOAiGHOrO MMaanBa

By naymsa Texuiunuii aHamis, % BmicT eieMeHTiB Ha cyxy 6€330/IbHY Macy, %

W/ Al S! var | C H 0 N C/H
BYTTLIA:
AHTpanur 6,7 17,2 | 1,26 | 4,8 94,2 1,3 2,3 0,7 72,5
ITicue 10,0 | 9,5 1,82 | 10,6 | 91,9 3,8 0,6 1,7 24,2
l'azoBe 11,6 | 11,4 | 1,66 | 35,6 | 80,1 5,2 11,1 1,7 15,4
Topd 55,0 | 30,6 | 0,28 | 62,8 | 57,6 6,1 33,5 2,5 9,4
Jlirumin* 60,0 | 15,9 | 0,69 |63,8 | 68,9 9,7 18,0 2,6 7,1

* — MPOAYKT MepepooKy (KMCAOTHE BapiHHS) CiTbChbKOTOCIIONAPChKMUX BiIXOMIiB

Ta AepeBHOI TPiCKU

3aBHAaHHSIM AOCTiIKeHHS 0y/10 BUBUEHHS /151 IaJINB, 110 IIpeCcTaB/IeHi y TabJl.
1, 3B'I3Ky MiXX TeMIepaTypol0 iXHbOTO 3aiiMaHHS Ta CKJIaJOM JIeTKUX PEeUOBUH, 11O
BUOISIIOTBCS TPM HarpiBaHHi. OgHMMM 3 TepIIMX Ha MOMiOHMII 3B'SI30K IIe
MiBCTOMITTS TOMY BKasayiu JI. bormanzi ta I'. EHrenb. 3rigHO JaHMX, HAAAHUX LIUMU

aBTOpaMM, 11eii 3B'SI30K OJIM3bKMUIi 0 GYHKITiIOHATBHOTO (pHC. 9).
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PUCYHOK 9 - 3anexxHicTh TeMIepaTypy 3aiiMaHHS Bif] KiTbKOCTi TOPIOYMX CK/IAIOBUX Y
CKJIaAi TeTKUX peuoBMH Mpu HarpiBaHHi [1BIT y 6e30KMCHIOBATbHOMY CepeIoBMILL [5]

Ilyis BUpillleHHS TOCTaBJEHOrO 3aBOaHHSI Ha CHelia/ibHO CKOHCTPYOBaHiil
nabopaTopHiii yCTAHOBLi MAOCHIOMIM CKIad JIETKUMX pedoBMH (TasiB), 110

BUIIISIIOTBCS  TIPYM  HarpiBaHHi manumBa y Oe30KMCHIOBAJIbHOMY CepeIOBUIIN.
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[lonepenHbO 3BaskeHi MpPoOOM ManaMBa OMYyCKaaM B CIIEIiaJIbHO BUTOTOBIEHOMY
KOHTeliHepi y posirpity mo 800 (*15) °C miy, 3 BHYTPIillIHbOTO IIPOCTOPY SIKOi
rornepenHbo Oy/I0 BuIaaeHe MOBITPs (MPOAyBKa aproHom). I'asu, 110 BUIIISIMCS B
pesyibTaTi TepMiuHOi mecTpyKiii manuBa depe3 mnoriauHau (CaCl;) momaBanucs 3
KaMepu-yJIoB/IioBaya Ha BXifg xpomartorpada «Ilomryk-2». OTpuMaHi pe3yabTaTu

TipeficTaB/ieHi y Ta61. 2.

Tabang 2

Ckuap rasiB, 10 BUIIIMIMCS IIpY HarpiBaHHi MWIOMOAi6HOrO MaauBa (XapaKTePUCTUKA
HaBeJleHi B Tabs1. 1) y 6e30KMCHIOBAILHOMY CepeIoBUIIT

l'asu y | BmicT rasiB (% 00.), 1110 BUIJIMIICS TIpY HArpiBaHHi MMajnBa

CKIaAi AHTpanur [TicHe l'azoBe Topd JIirHiH
JIeTKUX BYT/LISI BYTL/LISI

CO, 52,30 4,61 5,90 30,22 11,62
H, 27,88 47,57 36,16 23,99 22,17
N, - 1,74 1,87 2,30 1,81
CH4 9,79 43,26 38,59 7,52 28,50
CcO 10,03 2,82 17,48 35,97 35,90

N1 BU3HAUEHHS TeMIlepaTypy 3aiiMaHHS AOC/TiIKyBaHMX 3pas3KiB IajaMBa

BUKOpUCTOBYBanacsi Metoauka II'C (KoauiHiik

IHCTUTYT TipHUYOI

CIIpaBu),

HaBeJleHa B MoHorpadii [23]. 3B'130K MiXX TeMmepaTypolo 3aiiMaHHS AOC/iIKyBaHUX
BUAIB MajaMBa Ta CKIAAOM JIETKUMX PEUYOBMH, IO BUIUISIOTBCS TPU iXHBOMY
HarpiBaHHi, OOC/TIIKyBaIM 3a JOMOMOTOKI KOPEeJSIiifHOTO aHali3y 3 IepeBipKOoIo

BiITIOBiTHMX HYJIb-TilIOTE3. Pe3yabTaTy JOC/IiIKeHb IIPeICTaBIeHO B TabI. 3.

Tabauig 3

PesynbTaTy AOCTiIKEHHS OKPEMUX BIACTUBOCTE MUIONOiOHOTO TaInBa
(XapaKTepUCTUKM HaBe[eHi B Tab1. 1)

[ToKa3HMKM, 110 BU3HAYAINCS Bun TTatnpa — Koe.
’ AnTpanur | Ilicue | TasoBe | Topd | JlirHin KopeJisnil

Temmneparypa 3aiimaHHs, °C 419 431 | 399 315 301 -

Buxin neTkux pe4yoBuH, % 4,79 10,6 | 35,3 | 62,8 | 63,8 0,96

Buxin 3 manmuBa (H2+CH4+CO), om3/r | 0,18 0,99 | 1,49 1,84 | 2,99 0,86

Bmictr CO B ropiou. ckiuamosiii | 21,03 3,01 | 18,95 | 53,32 | 41,47 | 0,92

JIeTKUX, %006

Bmict CO B JIeTKMX peuoBUHAX, %006 10,03 2,82 | 17,48 | 35,97 | 35,90 | 0,98

Buxin 3 manmuBa CO, x10 gm3/T 3,84 2,99 | 28,14 | 97,90 | 123,89 | 0,99
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IaHi, 10 HaBedeHi y Tab/. 3, CBiquaTh PO TiCHUIT 3BOPOTHO-ITPOTIOPITiiHMI
3B'I30K MiXK TeMIIepaTypor 3aiiMaHHS MajyBa 3 BUXOLOM JIETKUX PEUOBUH —
BigmoBigHMII KoedilieHT Kopessiii ckiaaB 0,96. 1li maHi MO3BOSIIOTH YTOUHUTHU
BYCHOBKM aBTOPiB [5] II0JO 3a/JIeXKHOCTI TeMrepaTypu 3aiiMaHHS BiJ KiJIbKOCTi
ropouMx CKJIaJOBUX Yy CKiaafgi JjgeTkux peuyoBuH IIBII, a came: Temmeparypa
3aiiMaHHS ManuBa QYHKIIIOHAABHO 3a7eXuTh Bim BMicTy CO B JeTKMX peuoBMHAX,
BUXiJl SIKOTO 3 MajMBa MOke OyTM OIHMM 3 BasKIMBUX KPUTEPiiB MpM OIiHITI
rOpPIOYOCTi (3aiIMUCTOCTI).

Crmipg 3a3HauMTH, IO TeMIlepaTypa 3aiiMaHHS TiCHO (IPSMO MPOMOPIIiiHO)
TOB’sI3aHa 3 YacoM IO 3aliMaHHSI— UMM BMIIOI0 BOHA €, TUM [JOBIlle TPUBAE CTadis
MPOrpiBy YacTOK MaauBa OO0 3aliMaHHSI JIeTKUX peYyoBUH (OuB. ¢dopmynay 1 Ha
TIOYATKY), 10 OyJI0 eKCIIeEPMMEHTAIbHO ITiITBEPIKEHO Ha MOCTiAHI YCTaHOBIII JIJIsT
BUCOKomBuaKicHoro DTA [24].

B mocmimKkeHHSIX, pe3yibTaTU SKUX OIpWIOAHEeHO y [25], Oy/no MmokasaHo
MOXINBiCTh iHTeHcuikamii mpoiecy ropinHs IIBII nuisxom momaBaHHSI IO 70Oro
CKJIaZy BYTi/JISI 3 BUCOKMM BUXO/IOM JIETKMX PEUOBUH Ta YTOUHEHO OKpeMi BasK/IMBi
acrekTy. ['opiHHS MOTOKY YaCTOK MMUJIONOAiOHOrO Ma/iMBa Y Ha3BaHUX JOC/TiIKeHHSIX
3Oi/ICHIOBAJIOCSI aBTOpPAaMM Ha YCTAHOBIIi TUITY «BepTHKaIbHA TPyOdYacTa ITiu», OINUC
SKOi BIlepille OyB ompuilofHeHuit B poOOoTi [26]. IlisHilne 110 yCTAaHOBKY O6yJ0
YAOCKOHAJIEHO 3 METOI YCYHEeHHSI OKpeMUX HeAOJiKiB i po3INpeHHsSI MOX/INBOCTEN
MO0 MOJENIOBaHHSI 3aKmioyHux crafin ropinHs [IBIT [15]. I[IpuHiunosa
(cripolieHa) cxeMa YCTaHOBKM HaBeJleHa Ha puc. 8,0.

TexHiyHMIT aHaMi3 BUXITHOIO IajauBa, a TAKOX aHaji3 3aJMIIKy ITiCaAs AOTO
TOpiHHSI TIPOBOOWMJIM 3TiIHO BMMOT BIiAIOBiOHMX CcTaHAaptiB [27, 28] Ta 3
BUKOPUCTAHHSAM BJIOCKOHa/IeHOi MeToauKu [15], 3a $5IKOI0 OOUMC/IIOBaIM T.3.
«TIOBHOTY 3TOpaHHS» JJISI TOTO UM iHIIOTO TMainBa. B pesynbrati 6y/10 BCTAHOBIEHO
TiCHMIA 3B'SI30K MiXXK TeMIIepaTypOI0 3aliMaHHS Ma/iMBa Ta MOBHOTOIO MIOTO 3rOpaHHS
Ha IOYATKOBMX CTafisiX, ajie aHajli3 OTPUMMAHMX y LMX HTOCTiIKEHHSIX TaHUX

MOTpedye OKPEMOTO PO3IJISIY Ta 0OrOBOPEHHS.
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5. BUCHOBKM i IepCeKTUBYU MOOAIbIINX JOCTiI’KeHb

AHaJi3 po3BUTKY METOMOJIOTii AOC/iI)KeHHSI TOPiHHS MUJIONOAiOGHOro IajnBa
3a OCTaHHI IiBCTOJITTS Ta pe3yJbTaTiB BIAIOBIOHUX OOCTIAKeHb IMOKa3ye, 110 Ha
CbOrofHi copMoBaHi UiTKi ySBAEHHS MHIOAO IIPOIECY TOPIiHHSA SK ITOOAMHOKMUX
MaJIMBHMX YaCTOK, TaK i TOpiHHS iX y ¢akesi. [lepin 3a Bce 1ie CTOCYETHCS IOMITY
Mpolecy TOpiHHS TBEpPAOTO MNWJIOMOAIOHOrO mMajauBa Ha CTafii, II0 MalTh CBOI
XapaKTepUCTUKY Ta MeBHUI BIUIMB Ha e(EeKTUBHICTh BUKOPUCTAHHS (CHIATIOBAHHS)
naauBa B 1uiomy. OKpeMuMM OOCTiIKeHHSIMM TIOKa3aHO, IO [Jisl AesIKMX BUIIB
rajaMBa MOAUI Ha CTaAil mpolecy TOpiHHSA 4YaCTOK € BeJIbMM YMOBHUM, OCKIJIbKU
yepe3s Tpuponay (MOXOIKEHHS) ITaJMBHOI CUPOBUMHM OKpeMi CTaail MOXYTb
HaK/IaJaTuCs OOHA Ha OOHYy abo B3araji OyTu BiacyTHi. TMM He MeHIlle, HA OYMKY
aBTOPiB, 3 METOAMYHOI TOUKM 30PYy TaKUil IMAXiZ 3aJMIIA€TbCS aKTyaJbHUM MOJIsI
Oyob SIKOrO MaauBa, OCOOAMBO Y BMIIaAKax, KOJJM CIIQJIOBAHHS BMMarae
MaKCMMaJIbHO TOBHOTO 3rOpaHHS BeJMKOI Macy 3a KOPOTKMI IIPOMIKOK Uyacy.

He3sanexxHo Big KpurtepiiB eeKTUMBHOCTI BUKOPUCTAHHS ITa/IMBa JIJIsI pO3pOOKMU
HaloibIn e)eKTUBHMX TEXHOJIOTIN JIOTO CHAJIOBAHHS CJIiJl BpaXOBYBaTM He TiJIbKMU
crietindiky (YMOBM) THMX UM IHIIMX arperaTtiB Ta IIpoOLIeCiB, aje ¥ IIPUPOIY
(MOXOmMKeHHSI) TMaJMBHOI CUPOBMHM, 110 BUKOPUCTOBYETHCSI, OCKIJbKM BOHA
6e3mocepeHbO BU3HAUa€ (Pi3MKO-XiMilo ITpoliecy ropiHHSI.

[TlinTBepIkeHI aBTOpaMM [OaHi IIOAO TiCHOrO 3B'SI3KY MDXK TeMIlepaTypolo
3aiiMaHHS IaJMBa Ta BUXOAOM 3 HbOTO JIETKMX PEUOBUH JTO3BOJISIIOTh YTOUHUTMH, 1110
TeMIlepaTypa 3aiiMaHHs naqnuBa GyHKIIOHAIbHO 3a7eXuTh Bif BMicTy CO B JIeTKUX
peuoBMHAX, BUXiJ SIKOTO 3 TaauBa MOke OyTM OJHUM 3 BaXKJIUBUX KPUTEPIiB Ipu
OLIiHIIi 10TO rOpPIOYOCTi (3alAMUCTOCTI).

Ha nyMKy aBTOpiB TeMmIiepaTypa 3aiiMaHHS MOXKe BUKOPMCTOBYBATUCS SIK
rapameTp, SIKMii CJTif, BpaxoByBaTU (@ B OKpeMMX BUITaJKax — BM3HAUATH), OCKIJIBKU
BOHA TiCHO IMOB’sI3aHA SIK 3 YaCOM OO0 3aliMaHHSI 4aCTOK Ma/iMBa, TaK i 3 IIOBHOTOIO

JI0TO 3ropaHHs Ha MMOYaTKOBUX CTaIisIX.

JIITEPATYPA

1. Ba6iit B.I., IBamoBa LII. TIpo TemmepaTypy BYTIIbHMX YaCTMHOK TIpu TOPiHHI //
TeruioeHepreTuka, 1968. — N22. — C. 34-37.

ISSN-print 1991-7848 135
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 27 - 2024

2. Babiit B.I., KyBaes 10.®. T'opiHHS BYTri/IbHOTO MWy i pPO3paxyHOK MUIOBYTIIBHOTO (akeny. —
Eneproartomisnar, 1986. 209 c.

3. Bab6iit B.I., IBanoBa LII. TpuBamicTh 3ajiMaHHS i TOPiHHS YaCTOK MUY Pi3HMX MapoK BYTiUIS //
B ku.: Topinas tBepmoro mnammBa (IIpami III KoHd. 3 ropiHHSI TBEpAOro maaMBa). —
HoBocubipcek: Hayka, 1969.— C. 82-92.

4. Riaza | et al. Ignition and combustion of single particles of coal and biomass // Fuel (2017),
http://dx.doi.org/10.1016/j.fuel.2017.04.011

5. Bormaunmi JI., Exrenp T.J0. BigHoBneHHsi 3amisuux pya. Ilep. 3 HiM. -
Meranypris, 1971. - 519 c.

6. Jappe Frandsen F., Wu H., Glarborg, P. et al. (2011). DTU Research Database. PSO Project
10085: Final Report — Co-Firing of Coal and RDF in Suspension. DTU Chemical Engineering.
https://backend.orbit.dtu.dk/ws/portalfiles/portal/58570614/prod21378460578762.R1202_PSO
_Project_10085_Co_Firing of Coal and RDF in_Suspension.pdf

7. Variny, M., Varga, A., Rimér, M. et al. Advances in Biomass Co-Combustion with Fossil Fuels
in the European Context: A Review. Processes 2021, 9, 100. https://doi.org/10.3390/pr9010100

8. Marek Ewa, Stariczyk Krzysztof. Case studies investigating single coal particle ignition and
combustion // Journal of Sustainable Mining. Vol. 12 (2013), No. 3, pp. 17-31.
https://doi.org/10.7424/jsm130303

9. Khatami R., Stivers C., Joshi K. et al. (2012) Combustion behavior of single particles from three
different coal ranks and from sugar cane bagasse in Oy/N; and O,/CO, atmospheres //
Combustion and Flame Vol. 159, pp. 1253-1271.
https://doi.org/10.1016/j.combustflame.2011.09.009

10.Xiaojing Bai, Gang Lu, Tom Bennet et al. Combustion behavior profiling of single pulverized
coal particles in a drop tube furnace through high-speed imaging and image analysis //
Experimental Thermal and Fluid Science 85 (2017) 322-330.
http://dx.doi.org/10.1016/j.expthermflusci.2017.03.018

11. Levendis Y.A., Joshi K., Khatami R. et al. Combustion behavior in air of single particles from
three different coal ranks and from sugarcane bagasse. Combustion and Flame. (2011) Vol.
158, pp. 452-465. https://doi.org/10.1016/j.combustflame.2010.09.007

12. Tang G., Zhang H., Zhu M. et al. Experimental Study on the Ignition Process of Single Coal
Particles at Microgravity // Microgravity Science and Technology. (2010) Vol. 22, pp. 27-35.
https://doi.org/10.1007/s12217-008-9101-9

13. Ponzio A., Senthoorselvan S., Yang W. et al. Ignition of single coal particles in high-
temperature oxidizers with various oxygen concentrations // Fuel (2008): Vol. 87, pp. 974-998.
https://doi.org/10.1016/j.fuel.2007.06.027

14. Murphy J].J., Shaddix C.R. (2006): Combustion kinetics of coal chars in oxygen-enriched
environments // Combustion and Flame Vol. 144, pp. 710-729.
https://doi.org/10.1016/j.combustflame.2005.08.039

15. Crynak 10.0. BuB4YeHHS ITpolLiecy TOPiHHS MUJIOBYTIIBHOTO MaIMBa y 1JabopaTOPHUX YMOBaX //
I3B. By3iB. YopHa MeTanypris. 1993. N28. C. 35-36.

16. Crymak 10.0. IIpo pdesKi 0cCOGJMBOCTI J1a6OpaTOPHMX HOCHIMKEHb IIPOIIECY TOPiHHS
muononi6bHoro maauMBa / B Mar-jax MiKHaApogHOI HayKOBO-TIPAKTUYHOI KOHdepeHIrii
«IHdopmatiitHi TexHosorii B MeTanyprii Ta MammHOOymyBaHHi - ITMM’2021» (16 — 18
6epesus 2021 p., [duinpo, VYkpaina). - [uinpo: HMetAY, 2021. -C. 47-52.
https://doi.org/10.34185/1991-7848.itmm.2021.01.006

17. Crymak 0.0. Po3po6ka MeTomiB iHTeHcuikallii ropiHHsS TBepaux HOMATKiB, IO MiCTSITh
BYIJIellb, Y IOMEHHilt meui. [l1cc. Ha 3006YTTS HAyK. CT. KaH[. TexXH. HayK 3i crer. 06.16.02. -
IuinpomneTpoBchbK, 1994. — 205 c.

136 ISSN-print 1991-7848
ISSN-online 2707-9457


http://dx.doi.org/10.1016/j.fuel.2017.04.011
https://backend.orbit.dtu.dk/ws/portalfiles/portal/58570614/prod21378460578762.R1202_PSO_Project_10085_Co_Firing_of_Coal_and_RDF_in_Suspension.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/58570614/prod21378460578762.R1202_PSO_Project_10085_Co_Firing_of_Coal_and_RDF_in_Suspension.pdf
https://doi.org/10.3390/pr9010100
https://doi.org/10.7424/jsm130303
https://doi.org/10.1016/j.combustflame.2011.09.009
https://doi.org/10.1016/j.combustflame.2010.09.007
https://doi.org/10.1016/j.fuel.2007.06.027
https://doi.org/10.1016/j.combustflame.2005.08.039
https://doi.org/10.34185/1991-7848.itmm.2021.01.006

“Cyuacui nmpo6iaemu meranyprii”, N2 27 - 2024

18. Gudenau H. Kohlenstaubeinblasen in den Hochofen - Steirung der Einblasrate durch den
Einsatz von Kohlemischungen / H.W. Gudenau, B. Korthas, R. Kiesler, L. Birkhauser //
Stahl und Eisen. — 1990. -N211. - P. 35-40.

19. Carpenter A. Injection of coal and waste plastics in BFs // United States Energy Association
(USEA). (2010) http://surl.li/spixc

20. Clean Coal Technologies in Japan. Technological Innovation in the Coal Industry. 2nd
Edition. NEDO. Kawasaki City, 2015. 148 p. https://www.nedo.go.jp/content/100861237.pdf

21. Commission welcomes completion of key ‘Fit for 55" legislation, putting EU on track to exceed
2030 targets // European Commission official portal. - [Electronic resource]. — Access mode:
https://ec.europa.eu/commission/presscorner/detail/en/IP_23 4754

22. The government approved the goals of Ukraine's climate policy until 2030 // Government
portal: The single web portal of the executive authorities of Ukraine. — [Electronic resource]. —

Access mode: https://www.kmu.gov.ua/news/uryad-shvaliv-cili-klimatichnoyi-politiki-
ukrayini-do-2030-roku
23.Cxnsp M.J.,, TwoTionHukoB  10.B.  Ximig  TBepaux  ropoumMx  KOHNaAMH.  —

K.: Bumia mkosa, 1985. — 247 c.

24. Crynak 10.0. Meton nmudepeHLitHOTO TepMiUYHOTO aHali3y B HOCTiIKeHHSIX IeCTPYKIii
TBEPAOTO MUJIOMOMIOHOTO MajaMBa 3a BMCOKOI IIBMAKOCTI HarpiBaHHSI / B mMar-jmax MixXHap.
HayK.-TpakT. KoH(}. «IHdopmariifini TexHomorii B Meranmyprii Ta MamyMHOOYTYyBaHHI -
ITMM’2024» (10 — 11 xBiTHS 2024 p., JHinpo, YKpaina). — Juinpo: YIYHT, 2024. —-C. 81-89.
DOI: 10.34185/1991-7848.itmm.2024.01.014

25. Stupak Yu., Khokhlova T. (2021) On some aspects of the study of pulverized coal and fuel
mixtures combustion in a drop tube furnace. Cyuacui mpo6semu metamyprii. Haykosi BicTi.
Ne24. 2021. - C. 119-131. https://doi.org/10.34185/1991-7848.2021.01.12

26.bougapenko II.K. MopgenioBaHHS ITpoliecy TOpiHHSI TWIOBYTIIBHOTO TManmBa y Gypmi
nomeHHoi mnevi / I1.K. Bongapenko, B.1. Kotos, 10.0. Ctynak // I3B. By30B. YopHa MeTamypris.
-N27. - 1990. -C.103.

27. Byrinnsi. Texuiuaumii a”ani3 : JCTY ISO 17246:2010. [Uuunwuit Big 2012-01-07] . — Kwuis:
HepskcnoxkuBcTaHAapT YKpainu, 2014. — 4 c.

28. ITanuBo TBepae MiHepanbHe. MeTtoau Bu3HaueHHs 3o0ibHOCTI. TOCT 11022-95 (ISO 1171-97).
[UmuaHwMit Big 1997-07-01]. — MiHcbk: BIIK «Bun-Bo ctanpapris», 1996. -8 c.

REFERENCES

1. Babii V.I., Ivanova I.P. Pro temperaturu vuhilnykh chastynok pry horinni // Teploenerhetyka,
1968. — N22. — S. 34-37.

2. Babii V.I., Kuvaiev Yu.F. Horinnia vuhilnoho pylu i rozrakhunok pylovuhilnoho fakelu. -
Enerhoatomizdat, 1986. 209 s.

3. Babii V.1, Ivanova I.P. Tryvalist zaimannia i horinnia chastok pylu riznykh marok vuhillia // V
kn.: Horinnia tverdoho palyva (Pratsi III konf. z horinnia tverdoho palyva). — Novosybirsk:
Nauka, 1969.- S. 82-92.

4. Riaza | et al. Ignition and combustion of single particles of coal and biomass // Fuel (2017),
http://dx.doi.org/10.1016/j.fuel.2017.04.011

5. Bohdandi L., Enhel H.Iu. Vidnovlennia zaliznykh rud. Per. Z nim. — Metalurhiia, 1971. - 519 s.

6. Jappe Frandsen F., Wu H., Glarborg, P. et al. (2011). DTU Research Database. PSO Project
10085: Final Report — Co-Firing of Coal and RDF in Suspension. DTU Chemical Engineering.
https://backend.orbit.dtu.dk/ws/portalfiles/portal/58570614/prod21378460578762.R1202_PSO
_Project_10085_Co_Firing of Coal and RDF in_Suspension.pdf

ISSN-print 1991-7848 137
ISSN-online 2707-9457


http://surl.li/spixc
https://www.nedo.go.jp/content/100861237.pdf
https://ec.europa.eu/commission/presscorner/detail/en/IP_23_4754
https://www.kmu.gov.ua/news/uryad-shvaliv-cili-klimatichnoyi-politiki-ukrayini-do-2030-roku
https://www.kmu.gov.ua/news/uryad-shvaliv-cili-klimatichnoyi-politiki-ukrayini-do-2030-roku
https://doi.org/10.34185/1991-7848.2021.01.12
https://backend.orbit.dtu.dk/ws/portalfiles/portal/58570614/prod21378460578762.R1202_PSO_Project_10085_Co_Firing_of_Coal_and_RDF_in_Suspension.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/58570614/prod21378460578762.R1202_PSO_Project_10085_Co_Firing_of_Coal_and_RDF_in_Suspension.pdf

“Modern problems of metallurgy” N2 27 - 2024

7. Variny, M., Varga, A., Rimar, M. et al. Advances in Biomass Co-Combustion with Fossil Fuels
in the European Context: A Review. Processes 2021, 9, 100. https://doi.org/10.3390/pr9010100

8. Marek Ewa, Stanczyk Krzysztof. Case studies investigating single coal particle ignition and
combustion // Journal of Sustainable Mining. Vol. 12 (2013), No. 3, pp. 17-31.
https://doi.org/10.7424/jsm130303

9. Khatami R., Stivers C., Joshi K. et al. (2012) Combustion behavior of single particles from three
different coal ranks and from sugar cane bagasse in Oy/N; and O,/CO, atmospheres //
Combustion and Flame Vol. 159, pp. 1253-1271.
https://doi.org/10.1016/j.combustflame.2011.09.009

10.Xiaojing Bai, Gang Lu, Tom Bennet et al. Combustion behavior profiling of single pulverized
coal particles in a drop tube furnace through high-speed imaging and image analysis //
Experimental Thermal and Fluid Science 85 (2017) 322-330.
http://dx.doi.org/10.1016/j.expthermflusci.2017.03.018

11. Levendis Y.A., Joshi K., Khatami R. et al. Combustion behavior in air of single particles from
three different coal ranks and from sugarcane bagasse. Combustion and Flame. (2011) Vol.
158, pp. 452-465. https://doi.org/10.1016/j.combustflame.2010.09.007

12. Tang G., Zhang H., Zhu M. et al. Experimental Study on the Ignition Process of Single Coal
Particles at Microgravity // Microgravity Science and Technology. (2010) Vol. 22, pp. 27-35.
https://doi.org/10.1007/s12217-008-9101-9

13. Ponzio A., Senthoorselvan S., Yang W. et al. Ignition of single coal particles in high-
temperature oxidizers with various oxygen concentrations // Fuel (2008): Vol. 87, pp. 974-998.
https://doi.org/10.1016/j.fuel.2007.06.027

14. Murphy J.J., Shaddix C.R. (2006): Combustion kinetics of coal chars in oxygen-enriched
environments // Combustion and Flame Vol. 144, pp. 710-729.
https://doi.org/10.1016/j.combustflame.2005.08.039

15.Stupak Yu.O. Vyvchennia protsesu horinnia pylovuhilnoho palyva u laboratornykh umovakh //
Izv. vuziv. Chorna metalurhiia. 1993. N28. S. 35-36.

16.Stupak Yu.O. Pro deiaki osoblyvosti laboratornykh doslidzhen protsesu horinnia
pylopodibnoho palyva / V mat-lakh mizhnarodnoi naukovo-praktychnoi konferentsii
«Informatsiini tekhnolohii v metalurhii ta mashynobuduvanni - ITMM’2021» (16 — 18 bereznia
2021 r., Dnipro, Ukraina). — Dnipro: NMetAU, 2021. -S. 47-52. https://doi.org/10.34185/1991-
7848.itmm.2021.01.006

17.Stupak Yu.O. Rozrobka metodiv intensyfikatsii horinnia tverdykh dodatkiv, shcho mistiat
vuhlets, u domennii pechi. Dyss. na zdobuttia nauk. st. kand. tekhn. nauk zi spets. 06.16.02. —
Dnipropetrovsk, 1994. — 205 s.

18.Gudenau H. Kohlenstaubeinblasen in den Hochofen - Steirung der Einblasrate durch den
Einsatz von Kohlemischungen / H.W. Gudenau, B. Korthas, R. Kiesler, L. Birkhauser //
Stahl und Eisen. — 1990. -N211. - P. 35-40.

19. Carpenter A. Injection of coal and waste plastics in BFs // United States Energy Association
(USEA). (2010) http://surl.li/spixc

20. Clean Coal Technologies in Japan. Technological Innovation in the Coal Industry. 2nd
Edition. NEDO. Kawasaki City, 2015. 148 p. https://www.nedo.go.jp/content/100861237.pdf

21. Commission welcomes completion of key ‘Fit for 55" legislation, putting EU on track to exceed
2030 targets // European Commission official portal. — [Electronic resource]. — Access mode:
https://ec.europa.eu/commission/presscorner/detail/en/IP_23 4754

22. The government approved the goals of Ukraine's climate policy until 2030 // Government
portal: The single web portal of the executive authorities of Ukraine. — [Electronic resource]. -

138 ISSN-print 1991-7848
ISSN-online 2707-9457


https://doi.org/10.3390/pr9010100
https://doi.org/10.7424/jsm130303
https://doi.org/10.1016/j.combustflame.2011.09.009
https://doi.org/10.1016/j.combustflame.2010.09.007
https://doi.org/10.1016/j.fuel.2007.06.027
https://doi.org/10.1016/j.combustflame.2005.08.039
http://surl.li/spixc
https://www.nedo.go.jp/content/100861237.pdf
https://ec.europa.eu/commission/presscorner/detail/en/IP_23_4754

“Cyuacui nmpo6iaemu meranyprii”, N2 27 - 2024

Access mode: https://www.kmu.gov.ua/news/uryad-shvaliv-cili-klimatichnoyi-politiki-
ukrayini-do-2030-roku

23.Skliar M.H., Tiutiunnykov Yu.V. Khimiia tverdykh horiuchykh kopalyn. -K.:
Vyshcha shkola, 1985. — 247 s.

24. Stupak Yu.O. Metod dyferentsiinoho termichnoho analizu v doslidzhenniakh destruktsii
tverdoho pylopodibnoho palyva za vysokoi shvydkosti nahrivannia / V mat-lakh mizhnar.
nauk.-prakt. konf. «Informatsiini tekhnolohii v metalurhii ta mashynobuduvanni -
ITMM’2024» (10 — 11 kvitnia 2024 r., Dnipro, Ukraina). — Dnipro: UDUNT, 2024. -S. 81-89.
DOI: 10.34185/1991-7848.itmm.2024.01.014

25.Stupak Yu., Khokhlova T. (2021) On some aspects of the study of pulverized coal and fuel
mixtures combustion in a drop tube furnace. Cyuacui npobnemu meranyprii. Haykosi BicTi.
Ne24. 2021. - C. 119-131. https://doi.org/10.34185/1991-7848.2021.01.12

26.Bondarenko P.K. Modeliuvannia protsesu horinnia pylovuhilnoho palyva u furmi domennoi
pechi / P.K. Bondarenko, V.I. Kotov, Yu.O. Stupak // Izv. vuzov. Chorna metalurhiia. -N27. -
1990. -S.103.

27. Vuhillia. Tekhnichnyi analiz : DSTU ISO 17246:2010. [Chynnyi vid 2012-01-07] . - Kyiv:
Derzhspozhyvstandart Ukrainy, 2014. - 4 s.

28.Palyvo tverde mineralne. Metody vyznachennia zolnosti. HOST 11022-95 (ISO 1171-97).
[Chynnyi vid 1997-07-01]. — Minsk: VPK «Vyd-vo standartiv», 1996. -8 s.

Received 13.02.2024.
Accepted 18.03.2024.

UDC 669.162.22+267.4
T.Khokhlova, Y.Stupak

STUDY OF THE DUSTY SOLID FUEL COMBUSTION AND THE INFLUENCE
OF ITS INDIVIDUAL PROPERTIES ON THE COURSE OF THE
COMBUSTION INITIAL STAGES

The article discusses separate methodological approaches to modeling the combustion
of pulverized fuel in laboratory conditions, which have been developed over the past
decades, and separate results of research into the combustion of individual particles using
high-speed photo and video recording. It is shown that today clear ideas have been formed
regarding the process of burning both individual fuel particles and their burning in a torch.
It is noted that for some types of fuel, the division of the combustion process of particles
into stages is very conditional, because due to the nature (origin) of the fuel raw materials,
individual stages may overlap one another or be absent altogether. The thesis is put forward
that, regardless of the criteria for the efficiency of fuel use, for the development of the most
effective technologies for its combustion, not only the specifics (conditions) of certain units
and processes, but also the nature (origin) of the fuel raw materials used, as it directly
determines physics and chemistry of the combustion process. The authors experimentally
confirmed a close relationship between the ignition temperature of the fuel and the release
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of volatile substances from it, in particular, it was found that the ignition temperature of the
fuel functionally depends on the content of CO in volatile substances, the release of which
from the fuel can be one of the important criteria when assessing its flammability. The
thesis is put forward about the expediency of using the "ignition temperature" parameter as
such, which should be taken into account (and in some cases - determined), since it is
closely related to both the time to ignition of fuel particles and the completeness of its
combustion in the initial stages, which was proved experimentally.

Keywords: pulverized fuel, stages of combustion, single fuel particles, biofuel, release

of volatile substances, ignition temperature, completeness of combustion
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C.II. ITanTeikoB, {.I. BoHmapeHnko, A.A. PomaHeHKo, [.I.Y3yHOB

AHAJII3 ITPOLECIB CTYIIIHYACTOTI'O BIJHOBJIEHHS MAPI'AHIIIO 3
MOr0 IIOKCUIY TA30M CO I TA3U®IKAIIII TBEPJIOT'O BYTJIEI[IO3
IMMO3UIII TEPMOJUHAMIKU

AHomauis. Y cmammi HaeedeHi pe3ynemamu mepMoOUHAMIUHOI OUiHKU nepebizy
XIMIUHUX peaxyili cmyniHuacmozo 6i0HOo8JIeHHs1 mapzaHyio 3 1iozo diokcudy 2azom—
gionosHuxkom CO i 2a3uixkauii meepdozo syzneuto. Memow pobomu € 8U3HAUEHHSI YMO8
nepebizy KOXCHOI XiMiuHOI peakyii i 3Ha4eHdb iX 2paHUUHUX (PIBHOBAXCHUX) Memnepamyp
3a 0onomoz2010 8upasie 3 JimepamypHux Oxepes ma OMpUMAHuUx Gopmyn ons
po3paxyHKy einvHoi eHepeii I'i6Oca 3anexcHo 8i0 memnepamypu. ITiomeepoxceHi ma
meopemuyHo 002pYHMOBAHI NOJIONEHHS NP0 MOMIUBICMb hnepebdicy npu NeeHuUx
memnepamypax peansHo20 NPoyecy y 8i0H08HUX neuax peaxkyiti HenpsimMo20 8i0H0B8E€HHS
Mn;0s 3 MnO,, MnsO; 3 Mn;0s, MnO 3 MnsO,4 3a paxyHok 2a3y CO i peakuii benna-
Bydyapa, a makoxc npo Hemoxugicme nepeobizy y 8i0HO8MI08ANbHUX Neuax peakyii
Henpsmoz0 8idHoserHHss Mn 3 MnO za3zom CO.

Kniouoei cnoea: 8i0H081€HHS, OKCUO MAp2aHyio, MOHOOKCUO 8yesieyto, XIMIUHA peakyis,
2asugikayis gyzneuio, eHmasvnis, eHmponis, evepeia I'ib60ca, zpaHuuHa memnepamypa,

mepmoouHamika, peaxkyis benina—-bydyapa.
BcTyn
[Ipu BUILIABII MepepOoOHUX YaBYHiB MapraHellb y JOMeHHY Miu MOTparvise i3
3aCTOCOBYBAHOI0 CMPOBMHOIO — arjiomMepaTtom, a iHOAi — i B CKIaAi OOJaHUX
HeBeJIMKUX KiJIbKOCTell MapraHileBUX pyd, a Npu BUILIABLi depoMapraHiipo — y
CKJIaJli MapraHilieBoOro arjioMepary abo MapraHueBux pya. Y JaBHUHY IIPY BUILIABII
CTQJIeBOI KpMUI[i B CUPOAYTHUX TOpPHAX 1 CTPIUKOBUX TMedax SK CUPOBUHY

BUKOPUCTOBYBIM Pi3HI 3ami3Hi pyau, SIKi TaKOK MICTUIM Yy CBOEMY CKIafi

MapraHelib.

© Ilanmetikos C.I1., boudapenko 4.1., PomaneHko A.A., Y3yHos I.1., 2024
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MaprasHenp y pygax 3HaXOOUTBHCS TOJIOBHUM UMHOM Y BUTIAi MnO;, Mn,Os i
Mn;sO4, a B ariomepari — y BUIJISIAL cuiikaTiB Maprasiiio MnO-SiO; i (MnO),-Si0,.

TepMoayHaMika MpoleCciB TepMiYHOTO BiJHOBJIEHHS MeTajieBOoro Mn 3 Jioro
okcuaiB MnO;, Mn;0s, Mnz04 Ta MnO pi3sHMMM BiZTHOBHMKAMM CTaHOBUTb 3HAUHMUIA
MpaKTUYHMUI iHTepec TMpuM po3poOblli Ta BIPOBAIKEHHI TEXHOJIOTi IIPSIMOTO
BiITHOBJIEHHS i3 3a/li30BMiCHOi CMpPOBMHM 3aji3a — piAKOro 4aByHy abo Jioro
aJbTepHAaTUBHOro aHayora (3amiza DRI, HBI Ta LRI), Takox, 110 OijbIlI ITepeBaskHO,
6e3mocepeHbO CTali (4Oro IO TeIepilrHboro 4acy, Ha >kKajab, He OyJIO ITOCSITHYTO,
He3Ba)Kalouy Ha YMCJIEeHHi CIIpoOu 11e 3p0OUTH IPOTSITOM OCTaHHiX moHazd 60 poKiB).
Ile BaskIMBO IJIsS MiIBUIIEHHS CTYIIEHS pecypco3bepeskeHHsSI TeXHOJIOTii IPSMOro
OTPMMAaHHS 3aJli3a 32 paXyHOK 30i/IbIIIeEHHSI B HbOMY BMiCTy MapraHIlio, J03BOJISTIOUM
3HMXKYBATU IIPpU 1IbOMY BUTpPATy MapraHiieBMiCHMX ¢epocIijiaBiB i MaTepiasis.

3a3HayveHi Mpolecy BiJHOBJIEHHS MapraHIl0 (Tak caMo, SIK 3aji3a Ta iHIIMX
MeTaJliB) BigHOCSTBCS MO CKJIAOHMX TeTeporeHHuX (isuKo-xiMiuHMX MpPOIIEeCiB, B
SIKUX OepyTh y4acCTh PEUYOBMHM B TBEPAMX, PiIKMX i ra3ornomioHmx crtaHax. SIK
BiJTHOBHMKM MapraHliiio 3 i10ro OKCuiB (pyau, arjiomepary, KOTYHiB TOIIO) 3a3BMuaii
BUKOPUCTOBYIOTh PEYOBMHM, 10 MAIOTh Oi/NIbII BUCOKMI CTYIiHb XiMi4HOI
CIIOPiAHEHOCTi J0 KUCHIO [1], Hi>k Mn i /ioro okcuau.

Bigomo [2], mo mpoiiec BiJHOBJIEHHSI MapraHil0 3 Oro OKCUAIB IMPOTiKae
CTYIiHYACTO — BiAIIOBiIHO A0 MPUHIIUITY MOCTiJOBHUX IIEPETBOPEHD, TOOTO IIISIXOM
MOC/iIOBHOTO TepexoAy BiJl BUINOTO OKCUAY IO HMKYOIO, BiJi HMKUOTO A0 Iie

HMKYOTO, @ B CAMOMY KiHIIi — Bify HA/THMKYOT'O OKCUY 1O MeTaJeBOro MapraHiio:

MnO; — Mn;03; — Mnz0, — Mn (mipu t<570°C), (A)

MnO; — Mn;0s — Mns;Os; — MnO — Mn (ripu t>570°C), (B)

MeTtanypriB, sSK MOpaBwIO, IiKaBUTb BUcCOKOoTeMmepaTypHa cxema (B)
BiJHOBJIEHHS MapraHIlo.

BBakaeTbcsl, 10 1eil mpolec CTYIIIHYAaCTOTO BiJHOBJEHHSI MapraHIl0 Mir

TIPOXOAUTMU SIK Y IPEBHIX CUPOAYTHUX T€Yax, TaKk i IPOXOAUTH Y CYyYaCHUX TOMEHHUX

Ta iHIIMX BiJHOBHMX I€Yax 3a PaxXyHOK B3a€MOJil OKCUIIiB MapraHIlo 3 TBepAUM

ByrieneM C (mipssMe BiJHOBJIEHHSI) J€pPeBHOTO BYT/UISI abo0 KOKCY BiMOBiTHO, a
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TAaKOX 3 BIJHOBIIOBAJIbHMMM Tra3amu (Hempsime BigHoBieHHs) CO i H, (gkmo

OCTaHHili MPUCYTHil B aTMOcdepi 1eui SIK BiIHOBHUK) [3].
ITocTaHOBKa MPOOIEeMMU.

He3Bakalouy Ha HAsIBHICTb 3HAYHOI KiJIbKOCTiI pOOIT iHIIMX aBTOPiB MIOA0
BiAHOBJIEHHS MapraHip razom CO romepenHiii TepMOAMHAMIUHMIA aHaji3 yMOB
mepebiry BCiX peaklliii CTYIiHYacTOro BigHOBIeHHS Mn, K i TepMOOMHAMiUHMIA
aHami3 peakuii rasudikauii TBepmoro ByIeNio, 3 I00yZOBOK rpadiuyHux
3aJIeKHOCTEeI He IMMPOBOAWINCS, Xoua (GopMyau Ijsi pO3paxyHKy BiJIbHOI eHeprii
[i66ca Ta KOHCTAHT PiBHOBArM BCiX IMX peakiliil y jgiTeparypi €. OmHaK TaKuii
TepPMOOMHAMIUHMII aHaji3 HeoOXimHMI, OCKiJIbKM JO3BOJISIE BM3HAYATM [ialla30H
IOMYCTMMMX 3HAUueHb TeMIlepaTyp Mepebiry KOKHOi i3 3a3HaueHMX peaklii, 1o 3
MO3MIIi/i [OPYyroro IIOYaTKy TepMOAMHAMIKM HO3BOAMIO O 3 yIeBHEHICTIo
KOHCTATyBaTM PO MOXIMUBICTb (a00 HEMOXJIMBICTb) iX iCHYBaHHSI MPU peaibHUX
TeMIlepaTypax MeTaayprifHOTO IIpoliecy, 3'SICYBaBIIM IMPM ILbOMY, IO X Oyme
BiJHOBHMKOM Ha KOXHil CTajiii CTYIiHYAaCTOro IPOIeCy BiJHOBJIEHHS MapraHiio, i
BU3HAUUTM 4YMCe/IbHI 3HAUYEHHS PIiBHOBaXXHMX (HA3BAaHMX Yy CTATTi rPAaHUUYHUMMU)
TeMIepaTryp, Buime abo HICKUe 3a SIKi MOXIMBI IMpoIlecM B KOXHIiM cramii
BimHOBmMOBaAbHOI cxemu (B) Ta rasmdukailii TBepAOro BYIJELIO /s 30iIblIeHHS
KoHIeHTpallil CO y miyHuX rasax.

AHaji3 ocTaHHiX JOCSATHeHb Ta NyOikalii. 3BajkalouM Ha HASBHICTb Yy
IIAXTHUX TPOTUTOUYHMUX BiJHOB/IIOBAJbHMX T[euvaxX [JisI OTPMMaHHSI 3ajisa i3
3a/1i30BMiCHOI CMpPOBMHM (CMPOOYTHUX TOpHaX, MITIOKOeHax, 6jayodeHax,
IOMEeHHMX Teyax TOII0) 3aBaHTAXXyBaHOIO A0 HUX KOKCYy abo AepeBHOTO BYTi/is,
YTBOPIOETHCS 3HAUHA KiJIbKiCTh BifHOBMOBA/IbHOTO rasy CO B pe3y/ibTaTi HEIIOBHOTO
(TOGTO TIpM HeCTaui KUCHIO) TOPiHHS BYIJIEI}0, IO MiCTUTBhCS Yy 3a3HAUEHUX
marTepianax, 3a peakii€to: 2C + O, = 2CO.

Bigomo [2], 1m0 MpM BigHOBAE€HHI MapraHIil0 B PYIHO-TEPMIiUHUX IIAXTHUX
mevax IIii BIUIMBOM Ta3y-BimHOBHMKA CO 3 KOXHOTO OiJbIll BUINOTO OKCUITY

MapraHiilo MOKHA BiTHOBUTU JIOTO HACTYITHUI HYOKIMIT OKCUJ,:

2MnO; + CO = Mn,0s3 + CO; + 227,56 M]Ik, (D)
3Mn;0s + CO = 2Mn;0 + CO; + 170,77 MIIx, @)
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Mn3z04 + CO = 3MnO + CO; + 52,08 MIIk, (3)

YiTka TOUKa 30py MpPO YMOBM Iiepebiry 3a3HaueHUX BiJHOBIIOBAIbHUX
TIPOLIECiB Y MeTanypriliHii Haylli A0 CbOTOAHIIIHbOTO JHS BiICYTHS.

3a omHiew Bepciewo [4] Mn;0Os Ta yacTkoBO Mns;O4 BigHOBIIOETHCA 3 MnO,; Ha
BepxHixX ropmsoHtax 3zacumy mnpu 300-400°C 3 BuaijieHHSIM Teluia. BigHOBeHHS
pemrt MnsO4 i MnO BigmoBigHO 3a peakiissmu (2) i (3) BimOyBaeTbCsl B 1IaXTi Ievi
npu 400-800°C. IIpu BMKOPUCTAHHI MAapraHIEBUCTOTO arjioMepary OKCUIN
maprasio (MnzO4 Ta MnO) BiZHOB/IIOKOTHCS ITPU arjaoMepariiii.

3a gpyroto Bepcieto [5] BigHOBAEHHST Mn;0s 3 MnO, noumnHaeTbes mipu 500°C
ab0 3a 6iybI HM3bKOI TemIiepaTypu. [IpMbGAM3HO IMIPK KX Ke TeMIepaTypax Biggae
CBili KuceHb oKcua Mn;Os, yTBoproooun okcua MnszOs MnszO, — MilHimmMiA okcup,
ToMy 3 HbOro MnO BigHOBIIOETHCS B iHTepBami Temiepatyp 570-1050°C. Ilpu
11bOMY YacTHa Mn30,4 i yacTuHa MnO BigHOB/IIOETHCS BignoBigHO 3 MnO, Ta Mn,Os.
Oxcupg MnsO4 3a3BMUait BUIIAPOBYETHC (BipHillle CIIOYaTKy BUTAQHSIETHCS METaJIe BUI
Mn, a y BepxHiX rOpM30HTax BiH OKUCIIOEThCS A0 MnsO4 i B TakOMy BUIJISIAL Tize 3
reui).

3a TpeTbOl Bepci€ [6] Buii okcuay wmapraHuo (MnyOs i MnszOs)
BiJHOBJ/TIOIOTBCSI MPAKTUYHO OO0 KiHIg Bke mpu 400-500°C. BigHoBnennss MnO 3
Mn;04 mepebirae B inTepsasti 600—1000°C.

[Ipy cTBOpeHHi KiHETMYHOI MOZeJIi MpoleCcy BiMHOBJIEHHS OKCUAIB Mn rasom
CO aBTOpu poboTH [7] BBaxkaiu, 1o okcua MnsO4 BiZHOBIIOBABCS BiJipa3y 3 OKCUTY
MnO;, a okcua MnO BigHOBIOBaBCcS 3 OoKcuay MnsOs 3a peaxiiero (3), TOO6TO
BiIHOBJIEeHHS okcuay MnO BigOyBasocss He 3a TPUCTALifHOIO CXEMOIO
MnO; — Mn;0s — Mnsz0s — MnO (To6T0 3a peaxkiismu (1)—(3)), a 3a ABOCTaAiiHOO
cxemoro MnO; — Mn3z04 — MnO.

ABTOpM pob0TM BCcTaHOBWIM [8], 110 IIpM HarpiBaHHI y BiAHOBHi aTMocdepi
MnO BigHOBOBaBCs 3 MnO; 3a OHY CTailo IIpy TeMIepaTypi, o Huskua 3a 550°C,
MIpU 1IbOMY IIBUAKICTb 1IbOTO BiTHOBJIEHHS 3aj1eKajia Bif, po3Mipy YaCTMHOK OKCUIY
i konueHTtpaiiii CO. Konu temneparypa mocsirana 550°C, mpucyTtHiit MnO; mBUAKO
posknamaBcs 10 Mn;0Os, 3 SKOro IIpOJOBXyBaB BimHOBmoBaTucs MnO, TOOTO
BiIHOBJIEHHS BimOyBajgocsi 3a CxeMOl0 A 3a BUK/IIOUHHSIM OCTaHHbBOI CTafii

Bi,[[HOBHEHHH MeTaJIeBOTO MapraHIio.
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ABTOpamu po60oTH [9] BUSIBNIEHO, 1[0 TeMIlepaTypy BiJJHOBJIEHHS 3a/IeXKaTh BiJ
tuny pyaou, aine npu 70%CO i 30% CO, okcuayu MapraHiilo B ycCix pyaax uepes 1
roaunay npu temnepatypi 800°C nmepetBoprooBanucs Ha MnO.

3 mpuBoAy BimHOBAEeHHS Mn 3 HaitHMKkUoro okcuay MnO 3a paxyHok razy CO
TaKOX ICHYIOTb pi3Hi Teopii [3, 10-20].

3a opHieo 3 Hux [10-12] Mn 3 MnO Mmoxe BigHOBIOBaTucsa razom CO 3a

peaxliii€lo HelmpsIMOro BigHoBIeHHs rasom CO [2]:

MnO + CO =Mn + CO; — 121,80 Mk, 4)

1110 TOUKY 30py MOKHA 3yCTPITM i Y CydacHUX HayKOBUX poboTtax [21, 22].

3a iH1IOI0 Teopi€lo mepenbavaeTbes [3, 6, 13-15], mo aJis nepebiry peaxiiii (4)
HEeIIpSIMOTO BiZHOBJIEHHSI MapraHiio motpioHo mexiie 0,01% CO, B ra3osiit ¢asi, a B
peajbHUX YMOBAaX BiJHOBJIIOBAJIbHOI IIJIABKM 1€ HeJOCSKHO; IIPU IIbOMY HaBiTh IIPU
HeBeMMKUX KiIbKOCTSIX CO; MOX/IMBA 3BOpPOTHA peakilis (4). TibKM Ha miAcTaBi
HEBiATIOBiMHOCTI peaJibHOTO CKJIaay ra3oBoi a3y B BigHOB/IOBAJ/IbHINM Iedi UM
yMOBaM Ilepebiry peakiiii (4) mpuitMaTh, 10 Mn 3 MnO B pealbHMUX YMOBaX MOKe
BiTHOB/IOBATUCS Ti/IbKM MPSIMUM LUISIXOM, TOOTO 3a paxyHOK TBepjoro ByrJjeiio C.
HaHe monoxxeHHs 1ipo BmicT CO; B ra3oBiii ¢asi 6yn0 BMUKIageHO B mKepei [13], 3
SIKOTO aBTOPM BCiX HACTYITHUX POOIT, OUEBMUIHO, ITPOCTO KOMi0Ba/M 1110 pa3y B CBOi
pob6oTH.

[lle omua Teopis [2, 4, 5, 16—20] nmepenb6avae, MO0 HENMPSAMUM ILISIXOM (3a
paxyHoK razy CO) Mn 3 MnO BigHOB/IO€TbCSI 3HAUHO Baxkye, HiXk Fe 3 FeO, Tomy
peakiisi (4) HenpsMOro BiJHOBJEHHSI MapraHil0 B yMOBaxX peaJibHOL
BiTHOBJ/TIOBAJIbHOI TJIaBKM IIPAKTUYHO HEMOXIMBa, a Mn 3 MnO BigHOBIIOETHCS
TUIBKY TIPSIMUM IIUISIXOM, Ta ¥ TO 4aCTKOBO.

Ha mimcraBi ABOX OCTaHHIX Teopili BBaXKalOTh, IO 3aK/JIOYHA CTamdis
BiJHOBJIEHHS MapraHil0 3 JOro OKCUIIB — Ile eHJ0TepMiuHa peakllisi IPsIMOTro

BimHOBIeHHS Mn 3 MnO TBepauMm Byriieriem C KOkCy abo lepeBHOTO BYTiUIs [3]:

MnO + C=Mn + CO - 288,29 MK, (4a)
a KiJIbKiCTb BiJJHOBJIIOBAHOTO MapraHiiio, BiJIIOBIIHO [0 3a3HAueHOi peakilii

(4a), iCTOTHO 3pOCTAaE€ 3 MiABUILEHHSIM TE€MIIepaTypu.
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[Tpu upomy BKa3yeTbCA [4], 110 TepMOAMHAMIYHO 3[i/iCHEHHS LIbOr0 IIPOLeCy B
CTaHJAAPTHUX YMOBAX CTa€ MOKIMBUM, ITouMHaoun 3 1430°C, a B ;oMeHHiii meui Mn
3 MnO BiZHOBIIOETbCSI TIPU YAaCTKOBOMY 3B'SI3yBaHHi 110ro 3 ByrjelneM Yy BUTJISII
Kapbimy, i g obcTaBMHA 3a0e3Ileuye BigHOBJIEHHSI MapraHilo BYIVIEIeM 3a OiabIl
HU3bKUX TeMIlepaTyp, Hixk 1430°C.

3a iHmow Bepcieto [5] merasneBuit Mn BiJHOBJIOETHCSI TBEPAUM BYyTJIelleM 3
MnO, noumnHawum 3 1100°C; y mpucytHocTi Fe BifHOBIE€HHSI MOYMHAETHCI IIPU
1030°C, a momiTHUX KiJIBKOCTSIX (Bim 15 mo 73%) — npu 1200-1400°C, npu 11boMy He
3po3yMisia «IIpUCKOpPIOBajbHa» MOis 3ajisa. IIpu BimHOBIeHHi rpadiTom y BakyyMmi
Ipoliec MOYMHAEThCS Mpu TemiepaTypi 850-900°C i 3akinuyeTbcst mpu 1050°C. B
yMOBaxX IOOMeHHOI Iedi Mn He MOBHICTIO IepexXoAuTb A0 YaBYHY — 3a3BMUYaii
nepexoautb 40-60% Bchoro Mn; 5-10% BMHOCUTBCS 3 rasom, a pelura iige o
IJIAKY.

laz CO yTBOpPIOETHCS Yy BiOHOBHINM Ileyi He TiJIbKM 3a HaBeOeHOK BUIIE
peakiii€lo ropiHHS TBepaoro Byrieio C Mpy HecTadi OKMC/IIOBAyYa, a i 3a paxyHOK
peakirii rasudikarii TBepmoro Byrieito C [17], 6inbpin Bimomoi sk peakilist besnna-
bynyapa [3]:

C+CO;=2C0O - 166,32 MIIx, (5)

SIKa € BaXKJIMBOIO 3 TOUKM 30pPY 3a0e3IeueHHs] HePSIMOI'O BiTHOBJIEHHS Y Iedi
Hacammnepen okcuaiB Fe, a Takok okcuaiB Mn Ta iHIINMX e€/IeMeHTIiB, 110 MiCTSIThCS B
3aJi3HMX Ta iHIIMX pyAax, a TakoX B aryiomeparax [18].

[Ipu bOMY YacTMHA BYEHUX-METAIYPriB BCe K TAKM HAMAra€ThbCs MOSICHIOBATHU
peaxiliio (4a) MpSIMOTO BiTHOBJIEHHS «8I0HOBJIEHHAM MAP2AHUI0 uepe3 2a308y (asy»
(Teopis I'.I.UydapoBa) — 3a paxyHOK cCyMapHOro Iepebiry peakiiiit (4) i (5), 3 SKux i
BUBOMSTh Peakilito (4a), TOBOPSIYM MPO MOXKIUBICTh BimHOBIeHHSI Mn 3 MnO raszom
CO (4) «6 npucymHocmi meepdozo gyzneyto» [10-15, 23]. TakMM UMHOM BUXOAUTH, 110
NpsiMe BiJHOBJIEHHSI MapraHIll0 B IOMEHHili 1edi MOBHICTIO BiICYTHE, aJi’ke MpoI1iec
MpSIMOTO BigHOBAEeHHSI MapraHiio 3 MnO (sK i 3anisa 3 FeO) 3BoguTbCcs A0 10Or0
HernpsiMoro BimHoBeHHs1 razom CO. Lle mosioskeHHST i 3apa3 MOKHa 3yCTPITU Yy
KOHCIIeKTaX JIeKIi/i i HaBYaJbHMX IIOCIOHMKAX, IO CTBOpPEHi [JisI HaBYaHHS

3100yBauiB MeTaaypriifHOTO i XiMiUYHOTO HAMPSIMKIB y 3aK/1afax BUILOI OCBIiTH.
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MeTta mociaigskeHHs. MeTo0 JaHOI poOOTM € TepMOAMHAMiUuHa OI[iHKa YMOB
repebiry XiMiuHMX peakiliit IpoIleciB CTYIiHYACTOIO BiJHOBJIEHHS MapraHIIo 3 Jioro
nmiokcuay razom-BigHoBHMKOM CO 3a cxemoro (B) i rasmudikaliii TBepaoro ByIJelio
3a peakiielo bemta-Bygyapa 3a [0MOMOrow HasiBHMX Yy TeXHIUHil JiTepaTypi

BMpa3iB Ta 3a OTPMMaHMMM PIiBHSHHSIMU [IJISI pO3paxyHKY BibHOI eHeprii ['i66ca

0
(izobapHo-i3oTepmiuHOro rmnoreHuuany) D GT 3anexHo Big Temmnepatypu T,
MIOPiBHSIHHSI OTPMMAaHMX pe3yJbTaTiB B 000X BUITaAKaX [JIsI YTOUYHEHHSI 3HaueHb

TPaHMYHMX TemrepaTyp T, Ui KOXKHOI XiMIYHOI peaxiiii.

OcHOBHUIT MarTepian pociaimkeHHsA. SK Bigomo [24], y Oyab—sikoMy
XiMiYHOMY IIpOIleci OJHOYACHO MHil0Th ABa MHPOTWIEXHI (PaKTOpu: eHTPOITiHMIL
(T-AS°) Ta entanbmiituuii (AH®). CymapHuit edpexkt nux QakTopiB y mpoiecax, Io

MPOXOJSATh TMPU TMOCTIHHOMY TUCKY Ta IEBHili TeMIlepaTypi, BU3Haua€ 3MiHEHHS

(3MeHIIIeHHS 260 36iIbIIIeHHST) YMCeTbHOTO 3HaUeHHSs BiibHOI eHeprii ['i66ca D G'Iq .

3 Teopii meranypriiinux mpoueciB [3, 10, 23, 25-28] Bimomi Bupasu ajs
3HaXO/KeHHSI 3HaueHb KOHCTAHT piBHOBaru [3, 23, 25, 26] mjas XiMiyHMX peakiiii
(H-4), SIKi IO3BOJISIOTD, BUKOPUCTOBYIOUM PiIBHSIHHS i3oTepmu
Baut-T'odda [10, 24]

0
D GT =-2.3RTxgK, =- RT xInK,,, (6)

0
OTpUMAaTH BUpa3u [Jis 3HAXOMKeHHS 3HaueHb BibHOI eHeprii [i66ca D GT,

0
Ta Oe3rnocepenHbo Gopmynau st pos3paxyHky D GT ximiunmx peaxuiit (4) i (5)

3anexxHo Big tremnepatypu T (v K) [10, 27, 28]:

0

nyst peakiii (1) - D GT =-23862,508+33,840-T, [Ixx/monb CO [3, 25], (1.1)
0

st peakiiii (2) — D GT =-214754,255+37,498-T, [I>x/monb CO [3, 25], (2.1)
0

s peaxiii (3) - D GT =-10043,871-12,222-T, IIxk/monb CO [3, 25], (3.1)

0
st peakuii (4) — D GT =102309,463+14,384-T, JIxx/monb CO [3, 25], (4.1)

0
D GT =102491,000+13,855-T, Ixx/monb CO [10], (4.2)
0
D GT =102118,230+14,342-T, l'x/monb CO [23], (4.3)
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0
D GT =124745,000-1,840-T, Ilx/mons CO [26], (4.4)
0
st peakuii (5) - D GT =172130,000-177,46T, Ix/mons CO, [10, 27], (5.1)
0
D GT =170821,000—174,58-T, Ilx/mons CO; [28], (5.2)

0
3aIeXXHOCTi 3HaueHb BibHOI eHeprii I'i66ca D GT Big Temmepatypu T (y °C)

0
st peaxiiii (1)—(5) imoctpye puc. 1, skuii mobymoBaHmii 3a 3HaYeHHsiMu D GT | mo

oTpMuMaHi 3a moromoro Bupa3siB (1.1)—(5.2) 3a maHMMM JiTepaTypHUX JIKepe.

Temnepamypa, °C

-1500 -1000 -500 0 500 1000 1500 2000
400000

2Mn02+ CO = Mn203 + €02 (1), (1.1)
3Mn203+ CO = 2Mn304 +C02 (2). (2.1)
Mn304+ €0 =3Mn0 + COZ (3), (3.1)
MnO +C0 =Mn + €02 (4], (3.1)

MnO + €O =Mn + €02 (4], (3.2)

— = MnO+CO =Mn + €02 (4),(4.3)
—-==--Mn0Q+CO =Mn +C02 (4), (4.4)

C+C02 = 20 (6), (6.1)

— — - C+(02=200 (6).(62)

(5.1)

300000 | (22}

200000 =

(4.4)

100000 - ==

—

(a.1) @2) | (43)

Enepziali6bca AG®, Qximons

. (3.1) |
-100000
~N

-200000 \

(2.1)

-300000

0
PucyHok 1 — 3aseskHocTi eHeprii I'i66ca D GT Big Temneparypu T ajist peakiiiii (1)—(5), mo

pO3paxoBaHi 3 BUKOPUCTAHHSIM JaHUX 3 JiTepatypu [3, 10, 23-28]

Yepes Te, 1110 gaHi Ha puc. 1 MalOTh AeSIKy PO30isKHICTD, /I XiMiUHMX peaKxiiii

(1)-(5) 6yB TakOX MpOBeAeHN BIACHUI TepMOIMHAMIUHMIT aHaJTi3 32 OTPUMaHUMMU

dbopmynamu [jisi po3paxyHKy BiibHOI eHeprii [i66ca D G'I(3 B 3aJIeXKHOCTI Bif
temnepatypu T (y K).

OtpumaHHs Gopmys 3[iiCHIOBAJIOCS 32 METOAMKOIO, 1110 OMCaHa B JAKepesax
[29, 30], i3 3acTOCYBaHHSIM TaOAMYHMUX 3HAUEHb CTAHAAPTHUX €HTAJIbIIili YTBOPEHHS
AH® 23 Ta eHTpomMiii AS°9s HEOpraHiUHMX PEYOBMH, IO HABOASATHCS B JiTepaTypi

[31]; uncenbHi 3HaUEeHHST HEOOXiTHUX 3 HUX HaBeeHO B TaoiI. 1.
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Tabmuug 1
CraHpaptHi eHTasnbIii yrBopeHHs AH 598 1 @HTpOITIT AS®9 pEYOBUH

PeuoBuHa CTaH peuyoBMHM AH®f 3908, KII)XK/MOJTb AS®y9s, IIk/(Monb-K)
MnO, KPUCTaTiYHUI -521,5 53,1

Mn;0s KPUCTATiYHUI - 957,72 110,46

Mnsz0,4 KPUCTAJTIYHMI - 1387,6 154,81

MnO KPUCTaTiYHUI - 385,1 61,5

Mn KPUCTATIYHUT 0 32,0

C KpucTamiuHuii (rpadir) 0 5,74

CcO ras - 110,52 197,54

CO, ras - 393,51 213,67

Mertonuka BuBeneHHs (opmyn [29, 30] nmas obGuuciaeHHS 3HAuYeHb BibHOI
0
eHeprii ['i6bca D GT B 3a/ieXXHOCTi Bif TemriepaTypu T moJisira€ B HACTYITHOMY.

0
dopmyna ajisl po3paxyHKy 3HaueHb eHeprii [i66ca D GT 6yngp—saKoi XiMiuHOi
peakiiii B 3a/JieXKHOCTI Bif, TemrepaTypu T 3HAXOOUTbCS, BUXOASUYM i3 HACTIAKY

3akony l'ecca [29, 30]:

0
DGT=DH’-T>DS°, (7)
oe AH°, AS° — BigmoBigHO eHTasbInis (I>X/mMoab) Ta eHTporis (Ix/(Moib-K))
aHa/Ii30BaHOI XiMIYHOI CUCTeMM; iX 3HA4YeHHSI 3HaXOASTbCS 3a HACTYIHUMMU

Bupasamu [29, 30]:

AH® =g 4H) | -§ AH;, =(d<4H; +cxaH]) - (bxaH; +axaH)) 8)
AS°=§ AS) , -§ A4S, =(dxAS; +cxAS]) - (bxAS; +ax4S)), 9)
ned AH) i§ Aprao_ — CyMa CTaH[JApTHUX €HTabIlili yTBOPEHHS BiAIOBiTHO

MIOYaTKOBMX PEUYOBMH i MPOAYKTIB peakiii, Ixk/Momnb; § AS) i § AS°

now. moo. — CYMa
CTaHAAPTHUX E€HTPOIMiil BiAMOBIiAHO MOYAaTKOBMX PEYOBMH Ta MPOIAYKTIB peakiiii,
Ix/(monp'K); DH), DH), DH;, DH] - craugapTHi eHTanbmii yTBOpeHHS
BiJITTOBiTHO TTOYATKOBUX PEUYOBMH i TPOAYKTiB peaxiiii, [xk/mMonb (AuB. Tabs. 1);
DS),DS?iDSy, DS, - craumapTHi eHTpOIii BiAMOBIAHO MOYaTKOBMUX PEUYOBMH i
NpoayKTiB peakiii, [k/(monb-K) (amus.Tabn.1l); a, b, ¢, d — crexiomeTpuuHi

KoeillieHTU XiMiuHOI peaxiiii.
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0
dopmynu A1l po3paxyHKy 3HaueHb BiibHOI eHeprii ['i66ca D GT peaxiit (1)-
(5) 3anexxdo Bim temmepatrypu T (y K), mmo oTpumaHi 3a 3a3Ha4eHOI0 METOJIMKOIO,

BiJIIOBiIHO MalOTb BUIJISI,:

njis peaxiiii (1) - D G'I(2 =-197710-20,39-T, [I>x/monb CO, q))
s peakiii (2) - D G'I(2 =-185030+5,63-T, Isx/Mmosb CO, 1))
Iyist peakiii (3) — D G'I(2 =-50690-45,82-T, [I>x/monb CO, (1II)
It peakiiii (4) - D G'F =102110+13,37-T, I>x/monb CO, (IVv)

s peakiii (5) - D G'I(2 =172470-175,67-T, Ixx/moab CO,, W)

0
3aMeXXHiCTh uMcenbHUX 3HAuUeHb eHeprii [i66ca D GT Bim Ttemneparypu T
(v °C) mns ximiudmx peakuit (1)-(5) 3a HaBemeHumu Buile Bupaszamu (I)—(V)

imocTpye puc. 2.

Temnepamypa, °C

-1500 -1000 -500 0 500 1000 1500 2000
400000

——— 2Mn02 + CO = Mn203 + COZ (1), (I)
(V) 3Mn203 + CO = 2Mn304 + C02 (2). (1)
300000 —— Mn304+ CO =3Mn0 + €02 (3}, {IIl)
——— MnO +CO =Mn + CO2 (4), (IV)
2 ——C+ €02 = 20 (5), (V)
5 200000
£
g I —
2 100000 e
1) —
| (Iv)
3
8
s} 0
ng
= () —
] —
?;:.’L -100000 —
= A
I —
~200000 m —
Il ——
— Y

-300000

0
PucyHoK 2 — 3aneskHocTi eHeprii I['i66ca D GT Bim tremnepatypu T st peakiii (1)—(5), mo
po3paxoBati 3a ¢opmynamu (I)-(V) aBTopa

[Ipu 11bOMY YMCe/bHi 3HAUYEHHS rPaHNYHMX Temmepatyp T, ajis peakiii (1)-

0
(5) moBMHHI 3a70BOAbHATY YMOBIi piBHOBaru D GT =0 koxkHoi peaxkiiii (1)—(5) sk 3a
Bupasamu (I)-(V), Tak i 3a piBusgausimu (1.1), (2.1), (3.1), (4.1)-(4.4), (5.1) i (5.2), a
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nepebir 3a3HayeHMX XiMIYHMX peaklliii y MpSIMOMY HampsiMKy Oylie MOXIUBUM

juiie 3a ymoBu D G'I(2 <0.

Il HAOYHOCTI OTPMMAaHMX pe3yJbTaTiB BCi 3HANIOEHI 3a Bupasamu 3
JgiTepatypu i 3a oTpumMaHMMM (GoOpMyJaMM TeOPEeTUYHi 3HaYeHHSI TI'PAaHUYHUX
Temmneparyp T, mas peakuiii (1)-(5) i miamasoHy Ttemmepatyp ix mepe6iry T,
3aHeceMo A0 Taoi. 2.

AHani3 oTpumaHMx pesynabTariB. [IpoaHamizyemo rpacdiuHi 3a1ekHOCTi, IO

300paskeHi Ha puc. 1 Ta puc. 2, a TaKOX JaHi B TaOI. 2.

Tabanig 2
PospaxyHKkoBi (TeopeTnuni) Temneparypu T, i T, mna ximiaaux peakuiii (1)-(5) '
®opay Po3paxyHKOBi 3HaU€HHSI
XimiuHi peakuii pospzzxyHKy T, i mianasony T, , °C
DGT
(L1) T, =432,157;T, <T,
2MnOz+CO=Mn;05+CO+Qu(1) ® T,=-9969,42;T >T
@1 T, =5454,086;T, <T_
3Mn;05+CO=2Mn3z0,+CO,+Qx(2) @ T, -32592,009;T, <T,
(€)) Tgp =—1094,773;Tnp >Tgp
Mn;0,+CO=3MnO+CO+Qs(3) () T —-1379,285;T, >T,
@1 T, =-7406,556;T, <T
(42) T, =-7670,402;T, <T,
MnO+CO=Mn+CO»-Qs(4) Eﬁ; T,=-7393,222;T,<T,
) T, =67523,196;T >T
T, =-7910,248;T, <T
[CR)) T, =696,965;T >T
C+C0,=2C0-Qs(5) Ef]‘)z) T,=705,468;T, >T
T, =708,784;T, >T

' TIpo TepmoauHamMiuHi yMOBU mepebiry peaxuii (1)—(5) cBimuath 3HaKM “>” i “<” Mik Tnp i Tgp
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[lpoBemeHMit TepMOAMHAMIUHMII aHami3 (AuB. puc. 1 i Tab6il. 2) XiMiuHUX
peaxuiit (1)-(5) 3a icHylouuMMu B JiTeparypi piBHSHHsSMU [3, 10, 23-28] s
00uIMC/IeHHs X KOHCTAaHT PiBHOBAru Ta BijibHOI eHeprii ['i66ca rmokasas, I1o:

— 1epe6ir mpsimoi peaxkiiii (1) MOXK/IMBMIA JuIlle ITPU HU3bKUX TeMIlepaTypax, a
caMme: HIDKUe 3a IpaHMYHY (PiBHOBaxkHYy) TemIiepaTypy 432,157°C, mio iije B po3pi3
i3 TBepmkeHHsiMU [5, 9] npo BigHOBAEeHHS Mn,;0s 3 MnO; nipu 500-550°C°C (muB.
BUINIE), @ 3HAYMTh CTAaBUTH ITiJ CYMHIiB abo IIi TBepmKeHHSI, ab0 IPaBUJIbHICTb
dbopmynu (1.1);

— IpsiMa peaxilisi (2) MOX/IMBA TP BCiX TeMIlepaTypax, SIKi € HMKUMMMU 3a
TpaHMUHY TemIiepaTypy 5454,086°C, TOOTO MOK/IMBA TIpM BCiX TemIlepaTypax
peasbHOTO TIPOolLiecy y BiTHOBIIOBAJIbHUX Mevax;

- mepebir mpsMoi peaxiii (3) MOXIMBMIZ TIpU BCiX TeMmrmeparypax ITOHaI
rpaHnuyHy TemmnepaTtypy —1094,773°C, TOOTO MOKIMBUIA IIPU BCiX TeMIlepaTypax
peasbHOTO IPOoLeCy y BiTHOBIIOBAJIbHUX M1evax;

— IIpSIMUI HAIIpSIMOK peakilii (4) MOXIMBMUIT ab0 HIDKUE 3HAUY€Hb IE€BHUX
TpaHUYHUX TeMmIlepaTyp: —7393,222°C un —7406,556°C, un —7670,402°C (32 omHUMU
IaHuMMK), abo BuUIlle TPaHMUYHOI TemIiepaTypu 67523,196°C (3a iHIIMMM DAHUMM),
TOOTO B 000X BMUIIAJIKaX € HEMOX/IMBUM IIPU BCiX TeMIlepaTypax peajbHOr0 Mpoiecy
y BiJHOBJIIOBaJbHUX I€Yax, MpU LbOMY IpaBMJIbHICTb GopMynu (4.4) BUKIUKAE
JIesiki CyYMHiBM Yepe3 [ello iHIIMI XxapakTep i1 JiHii TOpIiBHSIHO 3 JiHiIMM
dbopmyn (4.1)-(4.3);

— IIpssMa peaxiist (5) MOK/IMBA TIIbKM TIPU TeMIIepaTypax, sIKi 3a 3HaUeHHSIM €
BUIlE BM3HAUEHMUX TPAaHMUYHMUX Temreparyp: 696,965°C ab6o 705,468°C, T0OOTO
MOXJ/IMBA TMPU TMOMIpHMX 1 BMCOKMX TeMIlepaTypax peaJbHOro TpoLecy Y
BiJHOBJ/IIOBAJIbHMX IT€Yax.

TepMmomuHamiuumii aHamis (OuB. puc.2 i Tabm. 2) 3a OTPUMAHUMMU

(BuBegenumu) dopmynamu (I)-(V) mas po3paxyHKy BinbHOi eHeprii I'i66ca D G'I(2
TOKa3aB Jelllo iHIIy KapTUHY:

— mepebir npsmoi peaxiii (1) MOXKIMBUIZ TIpMU BCiX TemIlepaTypax, 3HauUeHHS
SIKMX € BUIIMMU 3a TpaHMUHY TeMmepatypy —9969,42°C, TOGTO MOXKINBUIL TIPU BCiX
TeMIlepaTypax peaJibHOTO MPOIeCy Y BiJHOBIIOBAJbHMX MeUaX, 110 He CYlIepeunThb

TBepIKeHHSIM [5, 9] mpo BigHOB/IeHHST Mn;03 3 MnO; ipu 500-550°C°C (auB. BulIe);
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- IIpssMa peaxiiist (2) MOKIMBA HIDKYe IpaHUMYHOI TemIiiepatypu 32592,009°C,
TOOTO  MOXIMBA MpPU  BCiX  TeMmIepaTypax  peajJbHOro  IIporecy y
BiTHOB/IIOBA/IbHUX IT€Uax;

— 1epe6ir psIMoi peakirist (3) MOXIMBUIA IIPU TeMIlepaTypax, II0 € BUIMMMU 3a
rpaHMUHy TemIiepaTypy —1379,285°C, ToOTO MOXIMBMII IIpU BCiX TeMIlepaTypax
peasbHOrO IPOLeCy Y BiTHOB/IIOBAJIbHUX T1€YaXx;

— Tepe0ir peaxkiiii (4) y IpSIMOMY HaIIPSIMKY MOKIMBUIA JIUIlle HUKYE 3HAYEHHS
rpaHMYHOi TeMmmepaTypu —7910,248°C, TOOTO HEMOSK/IMBUIA IIPU BCiX TeMIIEpaTypax
peaJibHOTO TpPOLIeCY B BiAHOBIIOBAJIBHMUX Ie€Yax, LIO IiATBEPIKYE BUCHOBOK MPO
HEMOXJIMBICTb BiTHOBJIEHHSI MeTa/ieBOTO MapraHilio 3 MnO paxyHok rasy CO;

— y IIpSIMOMY HaIlpsSIMKY peakiiis (5) MokauBa Julile 3a TeMmIiepaTyp, 10 BUIILi
3a rpaHuyHy Temiepatypy 708,784°C, TOOTO MOXIMBA MPU MOMIPHUX i BUCOKMUX

TeMIlepaTypax peajibHOTO ITPOolleCy Y BifHOB/IIOBAIbHUX ITevax.

BucHoBku

Ha migcraBi  mpoBemeHOTO  TePMOAMHAMIUHOIO — aHali3y  IIPOLIECiB
CTYIiHYACTOTO BiJHOBJIEHHS Mn 3 #10ro OKCUiB i rasmdikailii TBepAOro BYTJEII0
OynM TMiATBEpIsKeHi i TeopeTMUHO OOIPYHTOBAHI ITOJIOKEHHSI IIPO MOK/IUBICTb
nepebiry Mmpu BCiX TemIlepaTypaxX peajibHOTO IpOliecy B BiJHOBIIOBAJIbHUX Iedax
peaxilifi HenpsiMoro BimHoBaeHHS Mn;0s 3 MnO;, Mns;04 3 Mn;0s, MnO 3 MnsO,4 3a
paxyHOK razy CO, mpu HOMipHMX i BMCOKMX TeMIlepaTypax peajbHOTO Ipolecy
peaxiii rasudikailii TBepmoro Byriemo C, a TaKOX PO HEMOXKIMBICTh Iepediry
peaxkilii HempsMoro BigHOBJeHHS Mn 3 MnO 3a paxyHok razy CO mpu BCix
TeMIlepaTypax peaJibHOTO MPOIeCy B BiHOBIIOBAJIbHMX ITeUax; yTOYHEHO 3HAaUEeHHS
rpaHMYHOI (PiBHOBasKHOI) TeMIlepaTypu peakiiii rasmdikaiiii TBepmoro Byriaeiio C,
sike ckiano 709°C; ue o3Havae, 110 peakiiii (1)—(3) HeMpSIMOro BiTHOBJIEHHSI OKCU/IiB
MapraHIl0 y 30Hax Ieui, B SgKuX TemIieparypa Hwkda 3a 709°C (3a pisHUMU
JiTepaTypHUMM JaHMUMU 1is1 TeMIiepatypa cTaHoBUTb 697°C a6o 706°C) nmepebiraioTh
BUKJIIOUHO 3@ PaXyHOK OCTATOYHOI KiIbKOCTI ragy CO y BiAXiIHMX MiYHMX ra3ax, a y
rapsiuinmx 30Hax Iedi (To6To Buie 3a 709°C) — TakoxX i 3a paxyHok rasy CO, 110

YTBOPIOETHCS B pe3yibTaTi nepebiry peakiii beimna-bymyapa.
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3BajkalOuyM Ha CyIMepeuaMBiCTh HAsIBHMUX Y JIiTepaTypi i OTpMMaHUX y POOOTi
JaHMX 100 3HAUeHHS TPAaHMUYHOI TemIlepaTypu peakiiii BimHOBAeHHST Mn,0Os u3
MnQO;, a TakoX OesgKoi Po36i’KHOCTI 3HAUYeHb IPAHMYHOI TeMIepaTypyu peaxilii
Benna-Bynmyapa, HeoOXiIHO IIpOBeCTM IIOHiOHMII (3a [OIMOMOIOK piBHSHb 3
JiTepaTypyu Ta OTPUMAHMX) TepMOAMHAMiUHMIA aHami3 piBHSIHB (1)—(5) HenmpsIMUM
MeTo[oM, Oisblll Bimomum sik meTtopn, Eninrema [32], B OCHOBi SIKOTO JIEKUTb TaKa
BJIACTUBICTb PEUYOBMH, SIK iX XiMiUHa CIIOPiAHEHICTh 10 KUCHIO.
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S.P. Panteikov, Ya.l.Bondarenko, A.A. Romanenko, I.I. Uzunov

ANALYSIS OF THE PROCESSES OF MANGANESE STEP
RESTORATIONFROM ITS DIOXIDE BY CO GAS AND GASIFICATION OF
SOLID CARBONFROM THE POSITION OF THERMODYNAMICS

The article presents the results of a thermodynamic assessment of chemical
reactions of the manganese stepwise reduction from its dioxide with the reducing
gas CO, as well as chemical reaction of solid carbon gasification. The purpose of the
work is to determine the conditions for the occurrence of each chemical reaction and
the values of their boundary (equilibrium) temperatures using expressions from
literary sources and the resulting formulas for calculating the Gibbs free energy
depending on temperature. Based on the thermodynamic analysis carried out,
confirmed and theoretically justified the provisions on the possibility of indirect
reduction reactions of Mn;0s from MnO;, Mns0, from MnO; at all temperatures of
the real process in reduction furnaces by CO gas, gasification reaction of solid carbon
at moderate and at high temperatures of the real process in reduction furnaces, as
well as the impossibility of the indirect reduction reaction of Mn from MnO by CO
gas at all temperatures of the actual process in reduction furnaces; the value of the
boundary (equilibrium) reaction temperature of the gasification reaction of solid
carbon was specified, which, according to the author, was 709°C; this means that the
reactions of indirect stepwise reduction of MnO from MnO; in furnace zones in
which the temperature is below 709°C (according to various literature data, this
temperature is 697°C or 706°C) proceed exclusively due to the residual amount of CO
gas in the exhaust gases of the furnace, in hotter zones of the furnace (i.e. above
709°C) - also and due to CO gas formed by the Bell-Boudoir reaction. Considering

the inconsistency of the data available in the literature and obtained in the work on
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the value of the boundary temperature of the reduction reaction of Mn,0s; from
MnO., as well as some discrepancy in the values of the boundary temperature of the
Bell-Boudoir reaction, it is necessary to carry out a similar (using equations from the
literature and obtained during the work) thermodynamic analysis of chemical
reactions of the stepwise reduction of manganese from its dioxide with the reducing
gas CO, as well as gasification of solid carbon by the indirect method, better known
as the Ellingham method.

Keywords: reduction, manganese oxide, carbon monoxide, chemical reaction,
carbon gasification, enthalpy, entropy, Gibbs energy, boundary temperature,

thermodynamics, Bell-Boudoir reaction.
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THE PHENOMENON OF THERMODYNAMIC ACTION DURING PLASTIC
DEFORMATION OF METALS AND THEIR ALLOYS

Abstract: The most important problem of modern technology for mechanical processing
of structural materials is to increase the efficiency of shaping operations. Its full value
solution requires the establishment of a functional relationship between the parameters
of the force influence on the workpiece and the characteristics of the natural adaptive
behavior of the processed material. In this regard, using metals and their alloys as an
example, the mechanism and general laws of thermodynamic excitation of solid
crystalline bodies during plastic deformation are considered. The relationship between
the change in the thermodynamic potentials of the substance of the deformed volume and
its behavior during the process of shape forming, as well as in the postoperative period,
is described. It is shown based on the synergetic method of analyzing highly
nonequilibrium systems that from a technological point of view the most favorable
adaptive functional response arises in the case when the deforming influence is exerted
taking into account the natural ability of the workpiece substance to relaxation. The got
results create the basis for improving the operations of mechanical processing of metals
and their alloys by taking into consideration the properties and features of the natural
deformation behavior of each concrete material under concrete conditions. They are

applicable not only for metal forming operations, but also in cutting technology.

Keywords: metals and their alloys, pressure processing, mechanical action,
thermodynamic excitation, thermodynamic potentials, thermodynamic action,

deformation behavior.
Problem Statement

The current level of development of production presupposes the use of flexible
and cost-effective methods making it possible to produce from very different
materials high-quality products that guaranteed have a given set of operating
properties [1]. Their creation requires not only clear views about the behavior of

© Kuznetsow E. V., 2024
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each concrete material under specific conditions, but also ensuring the possibility of
obtaining a quantitative estimation of the workpiece state parameters at each stage
of its shape forming in order to make, if necessary, timely appropriate amendments
in the course of the technological process. Such management corresponds to a
qualitatively different, higher, technological level of production organization, based
on the possibility of using with the greatest efficiency the natural properties of
workpieces and the characteristics of their deformation behavior during the shaping
process. An integrated approach, involving a synthesis of the results of both already
became classical and the latest fundamental and applied research in the field of
physics of deformable solids, metal forming technology, as well as in related fields of

natural science is required to its implement.

Analysis of the latest research and publications

In 1973, British scientists M. F. Ashby and R. A. Verall, studying possible
combinations of plastic deformation mechanisms, came to the conclusion that in
fact metals and their alloys have an almost unlimited supply of plasticity [2]. It was
shown subsequently that the possibility of its manifestation depends on the degree
of development of adaptive processes of natural self-organization in the
thermodynamic system of the deformed volume under the conditions of exerting a
deforming influence on it. In other words, the deformation behavior of workpieces is
determined by the conditions of their loading [3 — 6]. Meanwhile, in relation to the
technology of pressure processing of metals and their alloys, methods for
manufacturing products continue to be developed until now based on the concepts
of the classical theory of plasticity, as well as the results of modeling and analysis of
often very abstract general schemes of technological operations. In this case, the
main attention is focused on determining the energy-power characteristics
necessary to achieve the required degree of deformation of the workpiece. The
reliability of the results obtained in this way is ensured by the use of empirical
correction factors, which take into account the average statistical peculiarities of the
dynamics of the deformation process, typical for processing of the selected range of
materials on equipment of a concrete type in concrete production conditions [7 -

11]. At the same time, a number of more complex technological problems are not
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solved. Their list includes the calculation of the dynamic parameters of the
workpiece heating and the associated structural changes during deformation, taking
into account the anisotropy of the deformed material and the dynamics of its
hardening, assessing the likely degree of post-operative warping of products in case
if they are insufficiently rigid, and so on. Varied researches in the listed directions,
of course, are being carried out [12 - 17], but their results are rather
phenomenological in nature. Due to the lack of appropriate methodology, they are
not used directly in the generally accepted practice of designing deformation
operations. This significantly reduces the efficiency of technological processes for

manufacturing articles.

The purpose of the research

The purpose of the research is to improve the method for designing
technological operations for deforming metals and their alloys by establishing a
functional relationship between the parameters of the force influence on the
workpiece and the characteristics of the natural deformation behavior of its material

during the shape forming process.

Main research material

Let a solid crystalline body, for example a metal or metal alloy, which is in a
state of internal equilibrium, is subjecting to a deforming influence. During its
course, over a time interval At=t—t;, external forces perform work to change the

linear dimensions and shape of the body

A, = [[pdsdl = [[pdSvat, (1)
where [, and | respectively are the initial and final linear dimensions of the
body in the direction of the external force action; p is the pressure exerted by such

influence on its contact surface; S, is the area of this surface; v =qu/ dt - the rate of

changing of the linear dimension | during deformation.
According to the laws of dynamics [18] mechanical action of these forces

A, At=([[ bds, didt = [[d(m, )l = [(m, [dv+v]dm,)dl =
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—p [(V, [dv +V[av,)dl = pv (e[ v +7[de)dl, @)

where m, =pV, is the mass of the displaced volume of the deformable
substance; p - its density; V, =Ve - the displaced volume of substance; V - the
volume of body; e = ln(l/lo) — the true degree of relative deformation when its linear

dimension changes in the range from |y to | .

This action upsets the internal balance in the deformed volume of the
substance, as a result of which a field of additional internal reactive forces appears in
it. According to the Le Chatelier — Brown principle [19], they will aspire to

compensate for external influences, thereby preventing body deformation.

The volumetric distribution of additional internal forces fv may be represented

as the integral sum of their distributions fS over the area S of all surfaces identified
in the space of the deformable volume V. In practice, it is most convenient to
consider in this capacity various families of plane sections of the body. In the
general case of a section oriented at an angle 0 <a <90° to the direction of external
influence, the forces acting in its plane will be decomposed into components normal
fs” and tangential f; with respect to this section. Their specific values will
determine the magnitude, respectively, of the normal & and tangential 7
components of the mechanical stress in the considered section. Taking this into
account, the resultant of the spatial system of additional internal forces arising in
the volume of the solid crystalline body at its deformation,

j f,dv = j aafls dv = —dV a;—ldv j 99 4y +j—dv (3)

\ \Y \%

Then, in absolute value, the work that these forces will do in a unit of volume

of the body, hindering its deformation,

A, jfvdz jfs =[fede=[fids+[fide = [cde+ [rde=f;ds, (4

0 0 0 0 0 0
where ¢ =(I—1,)/I=Al/l is the conditional degree of relative deformation of the
body in the external force direction; f; and ¢; are the operators of the stress and the

strain tensors respectively.
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Equalities (3) and (4) show that the creation of the field of additional internal
forces and, consequently, their ability to make a work are associated with the
creation of a stress-strain state in the volume of the solid crystalline body. According
to the energy conservation law the entrance of energy necessary for this occurs due
to the work (1) done by the external forces during loading. The amount of energy
AE,, that the substance of a body absorbs during its course is determined by the

value of uncompensated energy flow passing through the contact surface area of the

body over the time interval At :

AE
D, = ab , 5
ab At ( )

It follows from the expression (2) that the creation of this flow is a component
of the action of external forces on the body. According to the first law of
thermodynamics [20], the energy transported by it will be partially expended on
increasing the internal energy U of the body and, ultimately, will be dissipated into
the environment in the form of heat, and partially will be spent to a work (4) of

additional internal forces fij. Thus, taking into account equalities (1) and (5), we

obtain that the amount of energy absorbed by a body, when a deforming influence is

exerted on it, is

AE,, = jq)ab dt = j [pds.dl =[dU+|da, =de+jfﬁjdgiidv, (6)
\% \%4 Vo

ty Iy S, \%4

Equality (6) shows that plastic deformation is based on the mechanism of
thermal excitation of substance of a solid crystalline body. It consists in interrelated
changes in the thermodynamic potentials of the deformable volume. Other
consequences of the action of this mechanism are the heating of the body and the
creation of a stress-strain state in its volume.

The ability of a substance to absorb energy and, due to this, move from one
state to another is determined by the magnitude of possible changes in the system of
its thermodynamic potentials: enthalpy (total heat), internal energy, Gibbs energy
(Gibbs thermodynamic potential), free and bound energy. Internal energy U
characterizes the energy of thermal chaotic motion and interaction of particles —
atoms, ions or molecules — in the considered volume of substance. Enthalpy
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H=U+f;V is a measure of the amount of energy that a substance, being in a state

of equilibrium with the environment, is capable to convert into heat and work.
Bound energy TS characterizes part of the internal energy that cannot be
transferred to other bodies during the work performed by the substance, provided
that its temperature T and entropy S are constant. Free energy F =U—TS reflects
that part of the internal energy, due to the change in which the thermodynamic
system of the considered volume of substance is capable to make a work against
external forces in a reversible isothermal process. Finally, the Gibbs energy
G=H-TS characterizes the ability of the considered volume of matter to make a
work due to its internal sources, that is, due to a change in enthalpy [20]. Taking into

account these concepts, it follows from the first law of thermodynamics (6) that

AE,, =jjpdscd1=jdH=de+jd(Ts)+jjﬁ,dg,.,dv, (7)

Iy S. v
Equality (7) makes it possible to determine what part of the absorbed energy
falls on the elastic component of deformation (the first item in its right-hand side),
what part will be spent on structural changes in the plastic domain and heating of
the body (the second item), and what part will be spent on counteracting to external
forces (third item).

Change of enthalpy [5, p. 77]
dH =dU+d(f,V)=dF+d(TS)+d(f,V)=dG+d(TS).

Expressing from here the value of the change in free energy and substituting
the result into equality (7), we obtain a formula that allows estimating the natural

deformability of a solid crystalline body in each concrete case of its loading:

AE,, =jIpdSCdl=Id(TS)+jdG—jjﬁjdgiidV, 8)
S, 14 \4 Vo

Iy S,

According to the equality (8), it is determined by the value of the Gibbs energy
of the perturbed volume of substance. Knowledge of this quantity allows us to
predict whether the body will behave as low-plastic, plastic or short with the chosen
deformation method. The corresponding conclusion is easiest to do by analyzing the

relationship between the change in the Gibbs energy dG of the substance
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deformable volume V' and the work f;de;dV that additional internal forces will do
in it, hampering its deformation. If dG > f;de;dV, the body will behave like plastic,
when dG = f;de;dV , its behavior will be low-plastic, and if dG < f;ds;dV, the body

turns out to be brittle.

Equalities (6), (7) and (8) are different ways to write the synergistic
management function that, based on the thermodynamics laws, describes the
process of forced adaptation of a solid crystalline body by exerting a deforming
influence on it. Considering the loading conditions, they allow us to evaluate the
real efficiency of the external action (2) performed on the body and, depending on
the choice of integration limits, to explain the features of the deformation behavior
of the processed material at its micro-, meso- or macroscopic structural levels.

Traditionally, most of the existing machining methods suppose the rendering
of a force influence, which, if we don’t take into account the own dynamics of the
technological system machine - device — tool - workpiece and the effects of
dynamic instability arising from loading and unloading, is constant. Such influence
breaks the natural course of the plastic flow of metals and their alloys. As a result, a
vortex dissipative structure, which gives the plastic flow the character of an unstable
or, more precisely, non-stationary process, appears in the deformed volume. Exactly
it is responsible for the development of the parabolic stage of strain hardening
[21 - 24]. Another consequence of such contravention is the energetic
supersaturation of the deformed volume. It is reflecting in the intense heating of the
workpiece and the appearance of big residual stresses in its volume. Their relaxation
causes postoperative deformation of the product and, in the case of strong energy
supersaturation, can lead to its fracture. The same phenomena are typical for plastic
deformation by impact or explosion, when the workpiece is exposed to the influence
of strong dynamic loads.

The regularity of intense heating and quick strain hardening of metals and their
alloys under constant force influence or dynamic loading can be explained, if we
consider the difference dG-f;de;dV on the right-hand side of equality (8) as a

quantity that determines the kinetic energy and, consequently, the intensity of

plastic flow. Since the possibility of changing the value of the Gibbs energy, that
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characterizes the natural ability of a solid body to deform, is restricted to some
limiting value, which depends on the physical nature and properties of the
crystalline substance under the considering conditions, it follows from equality (8)
that all excessive energy absorbed by the body under loading will be spent on
changing the bound energy of the deformable volume and on execution of the work
(4) against external forces. The bound energy TS is also finite and also depends on
the physical nature and properties of the body. It can change both at the expense of
a change in body temperature T and at the expense of a change in the degree of
statistical disorder, that is entropy S of its crystalline structure. In accordance with
the thermodynamics laws [20], provided constancy the aggregation state and
preservation of the deformable volume integrity, the possibility of changing its
entropy during heating or cooling are limited by the specific heat capacity of the

substance:

T oS

“moT’

where M is the mass of the workpiece body.

According to the Dulong and Petit law the heat capacity of metals and their
alloys remains practically constant at temperatures typical for most technological
operations of the machining. It follows hence that the main part of the change in the
bound energy of the deformed volume will occur due to the change of its entropy
during the process of adaptive reorganization of the crystal structure [25]. This
conclusion is true not only for the case of plastic deformation, but also for heat
treatment. The structure change is accompanied by an increase in the potential
energy of intracrystalline interaction [26]. Accordingly, the work (4), which
additional internal forces make, counteracting deformation, also increases. As can
be seen from equality (8), provided that the integrity of the deformable volume is

preserved, its value f;de;dV can increase only due to a decrease in the difference
dG-f,;de;dV, that is due to a decrease in the intensity of plastic flow. In

combination with the conditions of deformation, the interrelation of these factors
determines the appearance on the hardening curve of a section with a parabolic

dependence of the deformation resistance (true stresses) on the degree of

166 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu meranyprii”, N2 27 - 2024

deformation. As the degree of energy supersaturation increases, the parabola
coefficient is changed. In accordance with the J. F. Bell’s theory on the quantization
of the parabolic response function during finite plastic deformations [27], the rate of
this process depends on the physical properties of the deformable solid body, the
type and state of its crystalline structure, as well as on the amount of the energy flux
(5) absorbed by the body per unit time, that is from the loading dynamics (2).
According to the energy conservation law the change in the difference

dG-f,;de;dV determines the amount of the total, mechanical and thermodynamic,

internal action that does in the volume of a deformable solid body during a time

interval At =t—t,:

A, At = j [dGat - j | j f,de dvat, )

to V LV O
Taking this concept into account, it follows from equalities (2) and (8) that the

mechanical action of external forces

A At = j j [ pas.didt = sj [dTdt+ Tj. [ dsat + j [da,dt, (10)

to Iy S, toV tyV toV
Equality (10) is another form of writing the synergistic management function of
the plastic deformation process. Using this equation, we can show that an internal
residual action occurs in the volume of the workpiece after the cessation of loading.
It occurs in the process of relaxation due to a decrease in the thermodynamic

potentials of the disturbed substance:

ApAc= [ [dAdt= Hdet—”jfijdgijdth:—SJIdet—T_”det, (11)

ATV ATV ArV 0 ATV ATV

where Ar is the time of disturbance relaxation.

By analogy with external mechanical action (2), its synergistic development
causes the occurrence of postoperative deformation, the magnitude of which
depends on the degree of thermodynamic excitation of the workpiece’s substance,
that is, on the amount of energy (5) absorbed by the workpiece during the

disturbance process:
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Arnr=pV e, [dv+v[de,)dl, =-S5 [ [dTdt-T [ [asat, (12)
ATV

ATV

Equalities (11) and (12) describe a particular case of a spontaneous adaptive
response that arises in the disturbed volume of a solid crystalline body. A similar
response arises in the process of external influence too. Analysis of the relationship
between equalities (10) — (12) shows that its natural development takes place if this
influence is carried out taking into account the ability of the workpiece’s substance
to relaxation.

The stated analysis is applicable not only to the case of mechanical processing
of structural materials, primarily metals and their alloys, by pressure, but also to
cutting operations. It is also true for other types of technological influence. Various
cases of combined influence carried out with the aim of additional activation of the
workpiece material have the special interest among them. These include heating,
ultrasonic influence, electrical impulse stimulation, etc. In accordance with the
Boltzmann’s time-temperature superposition principle [28], their usage makes it
possible to reduce the value of the applied load or, if its value is unaltered, to
achieve a greater degree of one-time deformation. However, at the same time, the
problem of internal action remains. In the case of strong energetic supersaturation,
it can lead to destruction of the workpiece during its machining or in the

postoperative period.
Conclusions

1. The process of plastic deformation of solid crystalline bodies is based on the
mechanism of thermodynamic excitation of the substance. It consists in interrelated
changes in the thermodynamic potentials of the deformed volume.

2. The magnitude of such changes determines the behavior of a solid crystalline
body, for example metal or metallic alloy, during its machining, as well as in the
postoperative period.

3. For the technological point of view, the most favorable behavior of
machining material arises when the external influence on the workpiece is taking

into account its natural ability to relaxation.
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VIK 621.77.014
€. B. Ky3HenoB

ABUIIE TEPMOJAWHAMIYHOL O11
IIPU INTACTUYHOMY JE®OPMYBAHHI METAJIIB TA IX CITJIABIB

AHamiz ocTraHHIX OOCTIIKeHb Ta IyOJIKalliifi ITOKasye, IO IIpM IIPOEKTyBaHHi
TEXHOJIOTiYHMX OIlepaliiii 0oOpoO6KM MeTasiB TMCKOM OCHOBHA yBara [0Ci TpaauIliitHO
30CepeKyEThCSI HA BU3HAUEHHI €EHEPTrOCMIOBMUX XapaKTEePUCTUK, HEOOXigHUX IS
IOCSITHEHHST HeobximHoro crymeHs medopmariii 3arorismii. IIpu mpoMy udepes BiICyTHICTh
BiIMOBiAHOI METOAMKM 30BCiM He BPaxOBYEThCS AMHAMiKa PO3BUTKY MPUPOIHUX MPOIIECiB
ajganTalii TepMOAMHAMIUHO 30Yy[KEHOTO O0O0CSITy PEeYOBMHM, SKa BM3HAYAE XapaKTep
medopMalliifHOi IOBeOiHKM 3aroTiBii. Lle cyTTeBO 3HMKYE e(deKTMBHICTh TEXHOJIOTiUHMUX
MpOoIIeCciB BUPOOHMUIITBA BUPOOIB.

MeTO0 OOCTIAKEHHSI € BIOCKOHAQJIEHHSI METOAY IPOEKTYBaHHSI TEXHOJIOTiUYHMX
ormepaitiiii ;edopMyBaHHS MeTaJliB Ta iX CIUIABiB IUISIXOM BCTaHOBJE€HHS (QYHKI[IOHAJIbHOTO
3B'SI3Ky MDK IlapaMeTpaMy CUJIOBOrO BIUIMBY Ha 3aroTiBAI0 Ta XapaKTepUCTUKaMu
npupoAHoi nedopmalliifHOi MoBemiHKM ii MaTepiany B mpolieci GopMOYTBOPEHHSI.

OcHOBHMIT MaTepiaa JocaiaKkeHHs. Ha nipukiaai MeTasiB Ta iX CIUiaBiB pO3IJISTHYTO
MexXaHi3M i 3araJibHi 3aKOHOMIpPHOCTi TepMOIMHAMIYHOrO 30YIKEeHHS TBEpPAUX
KPUCTQTYHMUX Til TIpU IUIaCTUUYHOMY nAedopmyBaHHi. OmucaHo 3B’SI30K MiX 3MiHOIO
TepMOAVHAMIUYHMX TTOTEHIlia/liB pe4OBMHM 06’ €My, 110 AeOpPMYETHCS, Ta 100 MOBEAiHKOIO
B TIipoiieci (OpMOYTBOPEHHSI, a TaKOX Y IIiciasorniepainiiiuuii mepioa. Ha ocHOBIi
CMHEPTeTMYHOTO METOY aHasli3y CMIbHO HEPiBHOBAaKHMX CUCTEM ITOKA3aHO, IO HaMGiIbII
CTIPUSITAIMBUI 3 TEXHOJIOTIUHOI TOUKM 30pY afanTUBHUI QYHKI[IOHAIbHUI BiATYK BUHMUKAE Y
pasi, Komu medopMyIOuMii BIIMB BUSIBJISIETbCSI 3 YpaxyBaHHSIM IIPUPOIHOI 3TATHOCTI
pPEeUOBMHM 3aroTiBiai A0 penakcaiii. OTpuMaHi pe3y/nbTaT CTBOPIOIOTb OCHOBY [JISI
BIOCKOHAJIEHHSI OIlepalli/i MexaHiuHOi 0OpOOKM MeTasliB Ta CIIIaBiB IUISIXOM ypaxXyBaHHS
BJIACTMBOCTEI Ta O0COOJMBOCTEl TpUpPOAHOi medopMalliiiHOI TOBEMiHKM KOXHOTO
KOHKPETHOTO MaTepianay Yy KOHKPeTHUX yMOBax. BOHM 3aCTOCOBHi He Ti/IbKM JIJISI oTepairiit
00pOOKY METaiB TUCKOM, aJie i TeXHOJIOTii pi3aHHS.

KniouoBi cimoBa. Metasim Ta ixX crutaBu, 00OpoOKa THMCKOM, MeXaHiyHa [is,
TepMOAMHaMiuHa 30YMKEeHHS, TepMOAMHAMIUHi ITOTeHIliaJu, TepMOAMHAMiuHa i,
nedopmailiiiiHa IoBefiHKa.

Ky3HenoB €Brex BikTopoBuu, KaHAMIAT TEXHIYHUX HAYK, AOIEHT Kadeapyu TeOpeTUUHUX

OCHOB MeTaNypriiiHuX TMpoleciB IHCTUTYTY NPOMUCIOBUX Ta Oi3HEC TeXHOJOrii
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YOK 621.774.35

BbanakiH B.®., ConositoBa |.A., HukonaeHko KO0.M. MpPOeEKTyBaHHA MapLpyTiB BUpO6HULTBA TPYy6 3 TUTAHOBUX
cnnasis Ha craHax XMTP // CyuacHi npo6aemu metanyprii, Ne 27 — 2024. C.3-10
[na NpoeEKTyBaHHA BapiaHTIB MapLpyTiB BUMPOOHMLTBA XONOAHOKATHMX Tpyb 3 TWUTAHOBWMX CMNJaBiB HeobXxigHO:
BMKOPUCTOBYBATU B KOXHOMY NPOXOAi MapLlipyTy BCi MOX/AWBI BapiaHTM 06/MafHAHHA ANA XONOLHOI MPOKATKM meTany,
obmerKyBaTUCA YHIQIKOBaHMMM pPO3MipamMu AiameTpiB Ta TOBLMHM CTiHKM 3aroTOBOK, PO3MipM BUXiAHOI 3aroTOBKM
obmeKyBaTM COPTAMEHTOM 3arOTOBOK Ta BMKOPUCTOBYBATU pexumu gedopmalii, wo 3abesneyytoTb MaKcMmaibHe
BMKOPWUCTAHHA NAACTUYHUX BIAaCTUBOCTEM MeTany. MeTow [OCNIAMKEHHA € aHaNi3 MeToAMK PO3PaxyHKy MapLupyTis,
TEXHO/IOTIYHMX KapT, TEXHO/Orii, OCHOBHOrO Ta AOMNOMIXHOro obnagHaHHA gna BUPOBGHMUTBA TPy6 Ha CTaHax X0n04HOI
NpoKaTkM Tpyb ponnkamu 3 TUTAHOBUX CnnasiB. Po3pobneHi anroputmu Ta nporpamHe 3abesneyeHHA [A03BONAKOTb
BUPIWWTU NUTAHHA NPOEKTYBAHHA MapLUPYTiB BUPOOHMLTBA XONOAHOKATaHUX TPY6 3 TUTAHOBMX cnnaBiB Ha cTaHax XMTP Ha
6a3i maTemaTMUHMX Moaenei npouecis gedpopmadii.

bi6n. 3, in. 4, Tabn. 2.

UDC 621.774.35

Balakin V., Soloviova I., Nykolayenko Yu. Design of pipe production routes made of titanium alloys on mills of
cold rolling of pipes with rollers// Modern problems of metallurgy, Ne 27 —2024. P. 3 - 10.
In order to design variants of routes for the production of cold-rolled pipes from titanium alloys, it is necessary to: use in
each pass of the route all possible variants of equipment for cold rolling of metal, be limited to uniform dimensions of the
diameters and wall thickness of the blanks, limit the dimensions of the initial blank to the range of blanks and use
deformation modes that ensure maximum use plastic properties of metal. The purpose of the study is to analyze the
method of route calculation, technological maps, technology, main and auxiliary equipment for the production of pipes
from titanium alloys on mills of cold rolling of pipes with rollers. The developed algorithms and software make it possible to
solve the issue of designing routes for the production of cold-rolled pipes from titanium alloys on the mills of cold rolling of
pipes with rollers on the basis of mathematical models of deformation processes.

Ref. 3, fig. 4, table 2.

YK 620.91
binoyc I.10., FTonybeHko O.0. EHeprocno}KMBaHHA WKOAN B YMOBAX HENOBHOI 3aiiHATOCTI ANA PiI3HUX PeXXUMIB OnaneHHsA
npumiweHb// CyyacHi npobaemu metanyprii, Ne 27 — 2024, C.11-28
Y cTaTTi po3rnsaHyTa akTyanbHa npobnema 3HWMKEHHA EeHEeprocnoXMBAHHA B YKPAIHCbKMX LWKoNax. [JocniaxeHHs
dOKYCYyeETbCA Ha eHeproedpeKTUBHOMY BWMKOPMCTAHHI LIKINIbHMX MPOCTOPIB B YMOBAX HEMOBHOI 3aMHATOCTI MpUMILLEHb.
MeToamM aHanisy BKAOYAOTL eHepreTMyHe mogentoBaHHA B DesignBuilder. OCHOBHi pe3ynbTaTv MNOKasyloTb, WO
PO3MILLLEHHS KNAaCHUX KIMHAT oAHa-HaA-o4HOM0 3abe3neyye HaliBULy eHeproedeKTUBHICTb, Ha 22,3% BULLY NOPIBHAHO 3
iHWUMKM KoHirypauiamm. Takoxk BuABNEHO, WO 6e3 mopgepHisaLii onantoBasbHOI CUCTEMU HEMOXKAMBO 3abesneynTu
KOMOPTHI YMOBU Y XON0AHI nepiogmn. PeaynbTati Liei poboTH BaXKAMBI Ana po3pobKM cTpaTerii ynpaBaiHHA WKiNbHUMK
NpoOCTOopaMu B yMOBAX HEMOBHOT 3aiMHATOCTI NPUMILLLEHb.

Bi6n. 15, in. 8, Tabn. 2.

UDC 620.91

Bilous I., Holubenko O.Energy consumption of the school under conditions of partial occupancy for different
heating modes// Modern problems of metallurgy, Ne 27 — 2024. P. 11 - 28.
The challenges facing the Ukrainian education system, particularly in light of demographic changes and the impact of war,
are examined in this research. It highlights the potential for optimizing the operation modes of school buildings under

conditions of partial occupancy to reduce energy consumption and ensure comfortable conditions for students.
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Energy modeling analysis using DesignBuilder software shows that the configuration of classrooms significantly impacts the
energy efficiency of buildings. The best results for energy efficiency were achieved with rooms stacked on top of each
other, outperforming the variant with three rooms on the middle floor by 22.3%, and mixed configurations by 8.5% and
16%. This efficiency is due to minimized contact with unheated premises and maximized solar heat gains. However, without
appropriate building upgrades, the use of limited spaces may not provide adequate comfort conditions in colder periods.
For the rooms studied (45-48m?2), the required heating device capacity to maintain comfortable conditions varies from 7.5
to 10.5 kW, depending on the level of insulation, which is 3-5 times more than the standard capacity for such spaces.
Ref. 15, fig. 8, table 2.

YOK 622.778.873.6

BaHtokoB A. A., Kamkina J1.B., IsawweHko B.M., MaHoBcbKa A.B., CazoHos [1.0. AHani3 cTaHy TepmiyHO pe3epBHOI
30HM [OMEHHOI neyi NPU BUKOPUCTAHHI B LMXTI PyAOBYriAbHUX Komno3suuii// CyyacHi npobnemu metanyprii,
Ne 27 —2024. C.29-49
PO3rnAHYTO BUHWKHEHHA Ta iCHYBAHHA 30H Y AOMEHHi neyi, 0bymoBneHe 3aKOHOMIPHOCTAMM TennoobmiHy. Y cepegHii
30Hi JOMEHHOI neyi TemnepaTtypa NOTOKY rasy, WO BUXOAMUTb, 3a/IMLLAETLCA BiHOCHO NOCTIMHOW i B Hili He BiabyBaloTbca
xiMmiuHi npouecu. Le "tepmiyHO pe3epBHa 30Ha", BEPXHA YAaCTMHA L€l 30HU - "XimiyHO pe3epBHa 30Ha" npepacTaBneHa
BIOCTUTOM, AKUI He BigHOBNOETbCA. Pe3epB Uji€i 30HU - yTBOPEHHA ra3osoi ¢asun. MNpu gobaskax y WKUXTY PyAOBYribHUX
KOMMNO3uLil BigOyBaeTbCcA BigHOBNEHHA OKcuais 3aniza (t=1000 °C) 3a peakuieto Fe203+C=Fe304+C0O2 Ta rasuodikauii
Byrneuto CO2+C=2CO (PeaKuisa byayapa). Masosa ¢asa (CO), wo yTBOPHETbCA, IHTEHCMBHO BiAHOB/IIOE OKCUAM 3asisa.
Komnosutn pana AOMeHHOI nnaBKM BUPOOAAOTbCA i3 CyMilli AOMEHHMX wWnamis i3 gobaBkamu uemeHTy. Cymil
nepepobAAeTbCA B PYAOBYTi/ibHi KOTYHM abo H6pukeTn. [lomeHHa NiaBKa Ha MeTanyprinHux 3asogax YKpaiHu, MiBaeHHOI
Kopei, finoHii nokasana, o BUKOPUCTaHHA PYAOBYriIbHUX KOMMNO3UTIB € eHeKTUBHOI A06aBKOIO B LUMXTY AOMEHHOT N1aBKM
017 3HUKEHHA BUTPATU KOKCY. B OCHOBI edeKTy pyA0ByriNbHOro KOMNO3UTY NEXUTb Teopis "TiCHOro KOHTaKTy"

Bibn. 24, in. 4, 1abn. 2.

UDC 622.778.873.6

Vanyukov A. A., Kamkina L.V., lvashchenko V.P., Myanovska Ya.V., Sazonov P.O. Analysis of the condition of the
thermal reserve zone of the blast furnace when using coal compositions in the charge// Modern problems of metallurgy,
Ne 27 —2024. P. 29 - 49.
The emergence and existence of zones in the blast furnace due to the laws of heat exchange are considered. In the middle
zone of the blast furnace, the temperature of the outgoing gas stream remains relatively constant and no chemical
processes occur in it. This is the "thermal reserve zone", the upper part of this zone - the "chemical reserve zone" is
represented by wustite, which is not restored. The reserve of this zone is the formation of a gas phase. When additives are
added to the charge of ore-coal compositions, iron oxides are reduced (t=1000 °C) by the reaction Fe203+C=Fe304+C02
and carbon gasification CO2+C=2CO (Boudoir reaction). The resulting gas phase (CO) intensively reduces iron oxides.
Composites for blast furnace smelting are produced from a mixture of blast furnace slurries with cement additives. The
mixture is processed into coal pellets or briquettes. Blast furnace smelting at metallurgical plants in Ukraine, South Korea,
and Japan has shown that the use of ore-coal composites is an effective additive to the charge of blast furnace smelting to
reduce coke consumption. The coal-coal composite effect is based on the theory of "Coupling Phenomenon" between
carbon and iron-containing materials in the composite pellet. Their interaction takes place, as research has shown, at
temperatures of 250-420°C in a CO atmosphere. Taking into account the Boudoir reaction, the temperature in the thermal
reserve zone of the blast furnace decreases by 80-200°C.

Ref. 24, fig. 4, table 2.
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YK 621.785:669.15-194:669.1.017

lTonybeHko T.M., JlyueHko B.A., /lyueHko O.B. Bnaue Temnepatypu 06po6Kku Ha ¢popmyBaHHA cTpyKTypu Cr-Mo-
V crani// CyyacHi npo6aemu metanyprii, Ne 27 — 2024. C.50-61
Po3rnapaerbca BNAMB NiABULLEHHA TemnepaTypu HarpiBy Ha CTPYKTypy i BnactusocTi ctani 31CrMoV9. lNokasaHo, wo
36iNblWEHHA TeMNepaTypu aycTeHi3aLii (Mpy 0Xono4KeHHi 3 04HAKOBO LBUAKICTIO) NPUBOAMUTL A0 36iNblEHHA KiNbKOCTI
MapPTEHCUTY, YKPYNHEHHA MOro rosok Ta 36iNblIeHHA MiXKNNAaCTMHKOBOI BiAgcTaHi B nepAiTi. Ana OTPMMaHHA pPiBHOMIpHOI
CTPYKTYpPM B N€rOBAHOI CTajli CAlig HAarpiBaHHA NPoBOAMTU Npu TemnepaTtypi 8502C.

Gibn. 15, in. 5, Tabn. 2

UDC 621.785:669.15-194:669.1.017

Golubenko T., Lutsenko V., Lutsenko O., Effect of Treatment Temperature on Structure Formation in Cr-Mo-V
Steel// Modern problems of metallurgy, No 27 — 2024. P. 50 — 61.
Considered the effect of increasing heating temperature on the structure and properties of 31CrMoV9 steel. Established
that an increase in the temperature of austenization (with cooling at the same rate) leads to an increase in the amount of
martensite, enlargement of its needles, and an increase in the interplate distance in pearlite. To obtain a uniform structure
in alloy steel, heating should be carried out at a temperature of 8502C.

Ref.15, fig. 5, table 2

YOK 621.778

KoHoBogos [.B., bosapkiH B.B., Boiiko M.I., Ienes O.M. [ocnig}KeHHA BNAMBY AOBXMHWU 30HU KanibpyBaHHA
MOHONITHOI BONIOKM Ha HepiBHOMIpHicTb aedopmauii npu BMpo6bHULUTBI HM3bKOBYrneuesoro apoty// CydacHi npobnemu
meTtanyprii, Ne 27 — 2024. C.62-72
PosrnaHyTo ocobausocTi gedopmaliii npu BoNOYiHHI ApoTy. JocnigKeHHA NPUCBAYEHI BUSHAYEHHIO BNANBY FEOMETPUYHMX
napameTpis BONOKM Ha Adedopmauito. CTBOPEHO MaTeMaTUyHy MOAENb MPOLECY 3 BUKOPUCTAHHAM METOAYy CKiHYeHMX
e/leMeHTiB B nporpamHomy cepegosuuii QForm UK. BM3HaYeHO BMN/IMB OOBMMHM 30HM KanibpyBaHHSA BOJIOKM Ha Cuay
BOJIOYIHHA Ta HEPiBHOMIpHIcTb Aedopmaliii.

Bi6n. 9, in. 4.71abn. 1

UDC 621.778

Konovodov D.V., Boiarkin V.V., Boiko M.H., Ivliev O.M. Investigation of the monolithic die bearing length on the
non-uniform strain during the low-carbon wire production// Modern problems of metallurgy, Ne 27 — 2024. P. 62— 72.
Deformation features during wire drawing were considered. Research is devoted to determining the influence of the
geometric parameters of the die on deformation. A mathematical model of the process was created using the finite
element method in the QForm UK software environment. The dependence of the wiring force and non-uniform strain sides
on the die bearing length was determined.

Ref. 9, fig. 4. table 1

YK 62-82

MenbsHuos M. T., JlocikoB O. M., CugopeHko B. K. AHaniTU4YHi O6rpyHTYBaHHA CTPYKTYPHUX Napametpis
TEXHIYHOro CTaHy oOnopu N’ATM NAYHXepa aKcianbHO-NoplHeBuX rigpomawmH// CydacHi npobnemun metanyprii,
Ne 27 —2024. C.73-87
Po3rnapatotbca ymoBM poboTH N'ATU MAYHKEpa Kavyaktoyoro By3/ia aKCianbHO-MOPLHEBOT FiApoMalLnHK, AKa NpeacTaBAsAE
coboto rifpocTaTUUHUI NIAWKUMNHKK, | OpMYE 3a30p B CNPANKEHHI «KinbLeBa onopa N'ATM — onopa NKAbKKUY, 3MiHa AKOrO

BN/IMBAE HA NpaLLe3AaTHICTb rigpoarperaTy. AHaNITUYHO BUABAEHO 3a/1IEXKHICTb MiX 3MiHOIO BMCOTW KiNbLeBoi onopu n'aAtu
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NAyH}Kepa, 3a30pOM B CMPAMEHi Ta TUCKOM poboYoi piAMHM, AKA BKA3YE HA MOMAMBICTb BUMKOPWUCTAHHA B AKOCTI
CTPYKTYPHOrO NapameTpa ANA KOHTPOJIO KisbL,eBOi Onopu N'ATW NAYHXKepa i BUSHAYEeHHA NPUAATHOCTI ii N4 npoBeaeHHA
BigHOBNOBaNbHUX ONepaLii, BUCOTY KifbLLeBOi onopu n'AT1, 32 yMOBU PiBHOMIPHOTO ii 3HOWEHHA. BU3Ha4YeHo, WO BTpaTK
poboyoi piANHM MiXK KiNbLLeBO ONOPOI N'ATM i ONOPOIO ONbKM 33 CBOIM 06‘EMOM He BMNAMBAIOTbL CYTTEBO Ha 06‘EMHMIA
KoediLiEHT KOPMCHOI Aii TPaHCMiICIT | MOXKYTb KOMMNEHCYBATUCSA HACOCOM MiZAXKUB/IEHHS.

Bi6n. 7, in. 4, Tabn. 2.

UDC 62-82

Melyantsov P. T., Losikov O. M., Sidorenko V. K. Analytical substantiation of the structural parameters of the
technical condition of the five-plunger support of axial-piston hydraulic machines// Modern problems of metallurgy,
Ne 27 —2024. P. 73— 87.
The operating conditions of the heel of the plunger of the pumping unit of the axial-piston hydraulic machine, which is a
hydrostatic bearing, and forms a gap in the coupling "annular support of the heel - support of the cradle", the change of
which affects the performance of the hydraulic unit, are considered. The relationship between the change in the height of
the annular support of the plunger heel, the gap in the coupling and the pressure of the working fluid was analytically
revealed, which indicates the possibility of using the height of the annular support as a structural parameter to control the
annular support of the plunger heel and determine its suitability for carrying out restoration operations five, provided that
it wears evenly. It was determined that the losses of the working fluid between the ring support of the heel and the support
of the cradle in terms of their volume do not significantly affect the volumetric efficiency of the transmission and can be
compensated by the booster pump.

Ref. 7, fig. 4, table. 2.

YK 621.745.55

CenisbopctoB B.HO., [oueHko H.B.,, CenisbopctoBa T.B. [ocnigeHHa 8BnaAuMBy mMoAUdIKyBaHHA
BUCOKOAUCNEPCHUM Kapb6ifom KPeMHilo Ha LWiNbHICTb Ta MaKPOCTPYKTYPY BMAMBKIB i3 BTOPUHHOrO cnaasy cuctemu Al-Si
3a pi3HuX TennodisnuHnX ymos 3ateepaiHHa// CyuacHi npobaemu metanyprii, Ne 27 — 2024. C.89-102
MpeacTaBneHi pesynbTaTv JOCNIAXKEHDb BU3HAYEHHA BNAMBY MoANdiKyBaHHA BTOPUHHOIO a/ItOMiHIEBOrO JIMBAPHOrO Ch/aBy
cuctemu Al-Si BucokoamcnepcHMM Kapbigom KpemHito mapku F1200 3 po3mipom yactok 1 — 3 mKm y KinbKkocTi Big 0,1 go 0,3
Mac.% Ha WiNbHICTb IMTOTO MeTaNy Ta MaKPOCTPYKTYPY LUAIHAPUYHMUX BUIMBKIB BUCOTOO 150 mm Ta cepeaHim giameTpom
50 MM, LLLO OTPUMaHi IMTTAM B KOKi/lb Ta B MNilLaHO-TIMHUCTY GOpMY 3 A,0AaBAHHAM BUCOKOAMUCNEPCHOIO Kapbiay KpemHito.

Bi6n. 9, in. 7, Tabn. 2.

UDC 621.745.55

Selivorstov V., Dotsenko Yu., Selivorstova T.Study of the effect of modification with highly dispersed silicon
carbide on the density and macrostructure of castings from the secondary alloy of the Al-Si system under different
thermophysical solidification conditions// Modern problems of metallurgy, Ne 27 — 2024. P. 89— 102.
Presented are the results of research on determining the effect of modification of the secondary aluminum casting alloy of
the Al-Si system with highly dispersed silicon carbide of the F1200 brand with a particle size of 1-3 um in the amount from
0.1 to 0.3 wt.% on the density of the cast metal and the macrostructure of cylindrical castings with a height of 150 mm and
with an average diameter of 50 mm, obtained by casting in a metal mold and in a sand-clay mold with the addition of highly
dispersed silicon carbide.

Ref. 9, fig. 7, table. 2.
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YK 669.02/09:669.168:669.15'74-198..003.12

Torobuubka .M., MoopoTHa |.P., MinTiok B.M., Tpekos C.B., Kykca O.B. EKcnepTHa cuctema OuUiHKK ¢i3uKo-
XiMiuHUX Ta Tennodi3MYHMX BNACTMBOCTEH MapraHeubBmicHUX ¢epocnnasis // CyyacHi npobnemu meTanyprii,
Ne 27 —2024. C.102-119
PO3rnfAHYTO MOX/MBICTb BUKOPUCTAHHA epocnnagiB, WO He BiANOBIZAOTL CTaHAAPTaM 33 XiMIYHMM CKnagom y
MeTaNypriiHin ranysi, 3 MeTol OTPUMaHHA AKiICHOI cTani. Po3pobaeHO Ta 3anpomnoHOBaAHO MoZeni ANA NPOrHO3yBaHHA
di3nKo-ximiuHMx Ta TennodisMyHMX BAACTMBOCTENM MapraHeubBMiCHMX ¢epocnnaBiB Ha OCHOBI KOHLENLii cnpsamoBaHOro
XiMIYHOTO 3B'A3KY 3 BWCOKOK TOYHICTIO. poBEAEHO eKCMepTHY OLiHKY aAeKBaTHOCTI po3pobneHux mogenen Ha
NPOMUCNIOBUX AAHUX.

Bi6n. 24, in. 5, 1abn. 1.

UDC 669.02/09:669.168:669.15'74-198..003.12

Togobitska D., Povorotnia I., Piptiuk V., Grekov S., Kuksa O. Expert system of assessment of physicochemical and
thermophysical properties of manganese-containing ferroalloys// Modern problems of metallurgy,
Ne 27 —2024. P. 102-119.
The possibility of using ferroalloys that do not meet standards in terms of chemical composition in the metallurgical
industry in order to obtain high-quality steel is considered. Models for predicting the physicochemical and thermophysical
properties of manganese-containing ferroalloys based on the concept of directional chemical bonding with high accuracy
have been developed and proposed. An expert assessment of the adequacy of the developed models based on industrial
data was carried out.

Ref. 24, fig. 5, table. 1.

YK 669.162.22+267.4

Crtynak 10.0., Xoxnoea T.C. focnipgKeHHA ropiHHA nunaonogi6bHoro TBepAoro naausa Ta BMJIMB OKPeMUX UOro
BNAcTMBOCTE HA XapaKTep npPOTiKAaHHA NOYATKOBMX CTaail  ropiHHa// CydyacHi npobnemu  metanyprii,
Ne 27 —2024. C.120-140
EKcnepuMmeHTanbHO NiaTBEPAXKEHO TICHMI 3B'A30K MiXK TeMnepaTypolo 3aliMaHHA Na/svBa Ta BUXOLOM 3 HbOFO JIETKMUX
pPeyoBMH, 30KpeMa 3’ACOBaHO, WO TemnepaTypa 3almaHHA nannea QyHKLUiOHaNbHO 3anexuTb Big Bmicty CO B NeTKMX
peyoBMHaX, BUXiA, SKOTO 3 NasvBa MoXe 6yTM OAHMM 3 BaXK/IMBMX KPUTEpIiB NpW OLiHLi MOro roptoyocTi (3armucTocTi).
BUCYHYTO Te3y Npo AOLINbHICTb BUKOPUCTAHHA NapameTpy «TemnepaTypa 3aliMaHHA» AK TaKoro, AKWIA Cif BpaxoByBaTu (a
B OKPEMWX BUMafKax — BM3HAYaTW), OCKiZIbKM BiH TICHO NOB’A3aHWUI AK 3 4acOM A0 3aliMaHHA YacCTOK Na/nMBa, TaK i 3
NMOBHOTOO MOro 3ropaHHA Ha NMOYaTKOBMX CTaAifX, WO 6yN0 f0BEAEHO EKCNEPUMEHTASIbHUM LUIAXOM.

Bibn. 28, in. 9, Tabn. 3

UDK 669.162.22+267.4

Stupak Yu., Khokhlova T. Study of the dusty solid fuel combustion and the influence of its individual properties
on the course of the combustion initial stages// Modern problems of metallurgy, Ne 27 — 2024. P. 120- 140.
Experimentally confirmed a close relationship between the ignition temperature of the fuel and the release of volatile
substances from it, in particular, it was found that the ignition temperature of the fuel functionally depends on the content
of CO in volatile substances, the release of which from the fuel can be one of the important criteria when assessing its
flammability. The thesis is put forward about the expediency of using the "ignition temperature" parameter as such, which
should be taken into account (and in some cases - determined), since it is closely related to both the time to ignition of fuel
particles and the completeness of its combustion in the initial stages, which was proved experimentally.

Ref. 28 fig. 9, table. 3

180 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu meranyprii”, N2 27 - 2024

YK 669.173 + 544-971

MaHTtewkos C.M., boHaapeHko fA.l.,, PomaHeHko A.A., Y3yHoB |.I. AHani3 npouecis cTyniH4acToro BiAHOBNEHHA
MapraHuto 3 iioro giokcuay rasom co i rasudikauii TBepgoro syrnewtos nosuuiii TepmogauHamiku// CyyacHi npobnemu
meTtanyprii, Ne 27 —2024. C.141-158
Y cTaTTi HaBeAEeHi pe3ynbTaTM TEPMOLMHAMIYHOT OLHKM Nepebiry XiMiyHMX peakuiii CTyniHYacToro BigHOBAEHHA MapraHLo
3 1ioro giokcuay razom—BigHoBHUKoOM CO i rasmoikauii TBepaoro Byrneuo. Metowo poboTu € BU3HAYEHHA yMOB nepebiry
KOYKHOI XiMiYHOT peakujii i 3HaueHb X rPaHNYHMX (PiIBHOBAXKHMX) TeMNepaTyp 33 AONOMOro0 BMPa3iB 3 NiTepaTypHUX gKepen
Ta OTPUMaHMX GopMyN ANA PO3paxyHKy BinbHOI eHeprii M66ca 3anexHo Big TemnepaTypu. MigTBepaKeHi Ta TeopeTUyYHO
06rpyHTOBaHi MOMIOXKEHHA NPO MOXAMBICTL Nepebiry Npu NeBHUX TemnepaTypax peasbHOro npouecy y BiAHOBHMX nevax
peakuiit Henpamoro BigHoBAeHHA Mn203 3 Mn02, Mn304 3 Mn203, MnO 3 Mn304 3a paxyHok rasy CO i peaku,ii benna—
Byayapa, a TakoX MPO HEMOXKAMBICTb Mepebiry y BiAHOBNAIOBANbHUX Meyax peakuii Henpamoro BigHosaeHHA Mn 3 MnO
rasom CO.

Bibn. 32, in. 2, Tabn. 2

UDC 669.173 + 544-971

Panteikov S.P., Bondarenko Ya.l., Romanenko A.A., Uzunov l.I. Analysis of the processes of manganese step
restorationfrom its dioxide by co gas and gasification of solid carbonfrom the position of thermodynamics// Modern
problems of metallurgy, Ne 27 — 2024. P. 141—- 158.
The article presents the results of a thermodynamic assessment of chemical reactions of the manganese stepwise reduction
from its dioxide with the reducing gas CO, as well as chemical reaction of solid carbon gasification. The purpose of the work
is to determine the conditions for the occurrence of each chemical reaction and the values of their boundary (equilibrium)
temperatures using expressions from literary sources and the resulting formulas for calculating the Gibbs free energy
depending on temperature. Based on the thermodynamic analysis carried out, confirmed and theoretically justified the
provisions on the possibility of indirect reduction reactions of Mn203 from Mn0O2, Mn304 from MnO2 at all temperatures
of the real process in reduction furnaces by CO gas, gasification reaction of solid carbon at moderate and at high
temperatures of the real process in reduction furnaces, as well as the impossibility of the indirect reduction reaction of Mn
from MnO by CO gas at all temperatures of the actual process in reduction furnaces; the value of the boundary
(equilibrium) reaction temperature of the gasification reaction of solid carbon was specified, which, according to the
author, was 709°C

Ref. 32 fig. 2, table. 2

YOK 621.77.014

Ky3HeuoB €. B. flBulie TepmoagMHaMiYHOro BNAMBY Npu naactTuuHomy aedbopmMyBaHHiI meTanis Ta ix cnnasis. //
CyyacHi npobnemu metanyprii, Ne 27 —2024. C.159-172
Ha npuknagi metaniB Ta ix cnnasiB po3rnAHYTO MeXaHi3m Ta 3arajibHi 3aKOHOMIPHOCTI TepMOAMHAMIYHOTO 36yAXKEeHHSA
TBEPAMX KPUCTANIYHWUX Tin MNpuU  nNnacTuyHoMy aedopmyBaHHi. OnucaHo O YHKLiIOHANbHUIA 3B'A30K MiK  3MiHOMO
TEPMOAMHAMIYHMX MOTeHLianis peyoBnHU aedopmoBaHoro ob’emMy Ta MOro NoBeAiHKOW B mnpoueci GopmMOoyTBOPEHHA, a
TaKOX y nmicnaonepauinHuii nepios. Ha OCHOBI CMHEPreTUYHOro MeToAy aHanidy CUNbHO HEPIBHOBAXKHUX CUCTEM NOKa3aHo,
WO HaMWbinbWw CNpUATAMBUI 3 TEXHOJIOTIYHOI TOYKM 30Py afanTUBHUWA OYHKLIOHANbHUIN BiATYK BUHMKAE y pasi, Koau
nedbopmytoumnini BNAUB 34iMCHIOETLCA 3 yYpaxyBaHHAM NPUPOAHOT 34aTHOCTI PeYOBMHM 3aroTiBni A0 penakcauii. OTpumaHi
pe3ynbTaTh 3aCTOCOBHI He TiIbKK A41a onepawini 06pobKM meTanis TUCKOM, ane i B TEXHONOTIi pi3aHHA.

bi6n. 28.
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uUDC 621.77.014

Eugene V. Kuznetsow. The phenomenon of thermodynamic action during plastic deformation of metals and
their alloys. // Modern problems of metallurgy, Ne 27 — 2024. P. 159—172.
Using metals and their alloys as an example, the mechanism and general laws of thermodynamic excitation of solid
crystalline bodies during plastic deformation are considered. The functional relationship between the change in the
thermodynamic potentials of the substance of the deformed volume and its behavior during the process of shape forming,
as well as in the postoperative period, is described. It is shown based on the synergetic method of analyzing highly
nonequilibrium systems that from a technological point of view the most favorable adaptive functional response arises in
the case when the deforming influence is exerted taking into account the natural ability of the workpiece substance to
relaxation. The got results are applicable not only for metal forming operations, but also in cutting technology.

Ref. 28.
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