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MMAM’SITI HAJI3BUUAWHOI JIIOJUHU

Tpu peui HiKOJIU HE NOBEPMAOMbCS HA3A0 — UAC, CTI080, MOMCIUBICMb.
Tomy: uinyli uac, subupaii cnosa, He 8MpaUAti MOXIUBICMb.
Konyuyiti (551 — 419 p. do H.€.)

Mwuxaiino IBaHOBMY HapoauBcsl uepBHi 1929
poky B cesi CemeHiBKa I[lonoriBcbkoro paiioHy
3amopi3pkoi  o6smacti. Ilicist  3akiHueHHsT 3
BiZl3HAKOI [IHINIPOIIETPOBCHKOTO METaTypPTiliHOTO
iHCTUTYTYy OTpMMAaB CIIeLiaJIbHICTh «MeTamypris
yopHMUX MeTaliB». B 1961 pomi y Bili 32 pokiB
3aXUCTUB KaHAUOATCbKY Aucepraiit, y 1968 porui —
OOKTOPChKY. Ha Toit MOMeHT iiomy 6yJi0 39 poxkiB.

3 1974 poky Mwuxaiio IBaHOBMUY OYOIOBAB
Kadenpy enekTpoMmeranyprii 'y HalioHanbHi
MeTaIypriiiHiii akagemii Ykpainu (47 pokiB). 3a
el mepiom  mig  JOTO  KEepiBHUIITBOM  Ta
besrnocepelHbOI0 YYacCTI0O HAOGy/IM BUIIY OCBITY
JleKisibKa TMOKOJIiHb CrelliajiCTiB, SIKi Mpallol0Th Ha
MeTaNypriitHuX IMiANIPUEMCTBAX, Y HAyKOBUX
yCcTaHOBax YKpaiHi i CBiTy.

ITim kepiBHMIITBOM ITpodecopa 'acuka M.I. 6yno 3axuieHo 45 KaHAUMIATCHKI Ta
13 mokTopchbKUX AucepTalliii. Muxaiiao IBaHOBUY i3 3a40BOJIEHHSIM KOHCYJIbTYBaB Ta
IITMBCS imesiMM 3 HAYKOBISIMM Ta IMPaKTMKaMM TIiJl yac KoHpepeHIiit, ceMiHapiB,
Hapaj, HayKOBMX 3acCilaHb, SKUX B 11OT0 XUTTi OyJi0 6e3siu.

HansBuyaiiHi mocsirHeHHsT Muxaitia IBaHoBMYa OyiM Big3HaueHi Ha JepsKaBHOMY
piBHi — B 1990 poti BiH oTpumaB 3BaHHS akagemika HAH Ykpainu. Kpim Toro, B itoro
«TopTdeni Haropoa» € moyecHe 3BaHHS «3acayKeHilt Hislu HayKu i TexHikM YKpaiHm»
(1999 p.) Ta aBiui aypeat lepskaBHoi ripemii Ykpainu (1977, 1998 pp.).

ITpodecop l'acuk M.I. € aBTopom moHan 200 BMHAXO/iB, YMC/IEHHUX KHUKOK,
MoHorpadiii Ta HayKOBUX POOIT, SKi JSITJIM B OCHOBY PO3BUTKY 0araTboX Cy4yaCHUX
TEXHOJIOTii1 eJIeKTPOTEMETATYPTiifHOrO BUPOOHMUIITBA MeTaJTiB Ta CIIJIaBiB.

HaBepeHiil Buile CIIMCOK HAropop, BiI3HAK Ta JOCSTHEHb He IpeTeHIyE He
BUYEPIHICTh, MPOTe Bpaxkae cBOiM Maciutabamu. Ille gpeBHi Mymapeli Kaszamu
«Bubepu cobi pobory mo myir, i ToOi He HOBemEeTbCS MPAIIOBATU JKOJHOTO IHS Y
CBOEMY JXUTTIi», 30A€TbCS B LIMX CJI0BAaX KPUETHCS XXUTTEBE Kpeno HaA3BUUYAMHOIL
TaJIaHOBUTOI JIAVHU, PSIAOM 3 SIKOO HaM MOLIACTUIIO XXKUTH 1 TIPaLOBaTH.

Cepiie Muxaitno IBaHoBuy I'acuka 3ynmuHmIOCh 5 ciuns 2021 poky.

BiH Ha3aBXAM 3aJIUIIATBCS B TAM’SITi TMOCMiXHEHUM, AOOPO3UWIMBUM, 3
BUTOHYEHUM ITOUYTTSIM TYMODY.

3a mopy4yeHHSIM peJaKIiliiiHOi paau
FOpiii [Tpoiinak, TetsHa CeniBbopcToBa, Bagym CeniBbOpCTOB
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P.I1. AunpioxiH, JI.C. MonyaHoOB, €.B. CuHerin'

®I3UYHE MOJEJIIOBAHHS 'OMOTEHI3ALII CTAJII TP ®IHIIIHOMY
JIETYBAHHI Y BUJIMBHUIII

Y cmammi 062080pH0EMbCa MeXHON02ia (DiHIWH020 Jle2y8aHHs cmasi Npu po3nueaHHi
38epxy ma cugoHom. 3a paxyHOK 3MeHWeHHS aKkmueHOCmi KUCHI0 8 Memaii uepe3
NOpIBHSIHO HUMUY 8i0 nonepedHix emanieé cmaneniasuibHo20 nepeodiy memnepamypy
po3aueku 00cseaemuvcs 3MeHUleHHs yeapy (epocniasie ma 30i1bULYEMbCS CMYNiHb
3ACB0€HHS KOPUCHUX enemeHmis pepocnnasis. Knwouosum acnekmom 0ns 00CsizHEHHS
MAKCUMANbHOI  epeKmuBHOCMi  po32/IsHYMoi MexHon02ii € wWeuUdKe pPO3UUHEHHS
(epocnnasie ma pieHoMipHUll po3nodin nezyouux KomMnoHeHmis y memani. Memorw
Ub020 JOCNIOHEHHS € BU3HAUEHHS HAUOLIbW PayioHANbHOI 3 N0210Y Uacy ycepeoHeHHs
memany 3a XiMiUHUM CKJIA0OM MexHOJI02ii eeedeHHs 000aeku. /[Ina eupiweHHs
nocmasnexoi 3adaui 06y10 3acmoco8aHo Memood i3uuHo20 MOO0en8aHHsT HA B0OHIll
npo3opiti Moodeni i3 BUKOPUCMAHHAM (ayopecyeHmHo20 6apsHuka. 3a pesyismamamu
cepii ekcnepumeHmige 0y/70 6U3HAUEHO PAYIOHANbHULI CNOCIO PO3NUBKU MA PeHUM
ggedeHHs1 Jsiezyiouoi dobasku 011 3abe3neueHHs Hatiwleuowiozo ii po3nodiieHHs 6
memadni.

Kniwouosi cnosa: isuune modenosarnus, QiHiwiHe Jse2y8amHs, po3auU8Ka Cmai,
20MozeHi3auyis.

CtaH nuTaHHA Ta IOCTAaHOBKA 3a4a4 ,IlOC.TIi,IDKeHI)

OCHOBHOI0O 337auyel0 BBEIEeHHS JIerylouMx MaTepiaiB y BWIMBHUIKO MiJ 4ac
PO3JIMBAHHS € YTBOPEHHSI HOBUX (a3 (KapOimHMX, HITpUIHMUX, KapOOHITPUIHMX) Ta
CTPYKTYPHMX KOMIIOHEHTIB, SIKi IiJBMIIYIOTh 400 Hamal0Th MeTaly CIeliaJbHUX
BJIACTMBOCTEM. IX BBeJeHHs Yy pO3IUIaB Hajfyacrinie 3AiiicHIOTh y (opmi
MOPOIIKOBOTO APOTY ab0 BMCOKOJIETOBAHOTO CTajeBoro apoby [1, 2]. OmHum 3
Pi3HOBU/IB TEXHOJIOTiN 1X BUMKOPUCTAHHSI € MiKpOJieTyBaHHS, IiJ SKUM PO3yMilOTb
BBEJIeHHS Y MeTaJIeBUIi pO3IJIaB HeBEMKOI A0 1 KI/T KiJIbKOCTI JIeryI0uMX eJIeMeHTiB
IJ1s1 3SMiHEHHS BlacTUBOCTel cruiaBy. Crieliudiky onepaiiii MikposeryBaHHS YaByHY i
CTaJi JeTaJIbHO PO3TJISTHYTO aBTOpaMu pooir [3, 4, 5, 6].

ABTOpuU pobOTHM [7] HArONOUIYIOTh HAa TOMY, IO ejlieMeHTU-MoAudikaTopu B
3aJIEXKHOCTI Bif IPUCYTHOCTI Y MeTajeBOMY PO3IIaBi iHIIMX KOMIIOHEHTIB, 30Kpema,
asoTy, KWUCHI0O Ta HAJAMUILKy BYIVIEI[I0 MOXYyTb YTBOpIOBAaTM HOBi ¢asu 3
MiABUIIEHMMM MeXaHIYHMMM BJIACTUBOCTSIMMU. BUTpaTa Jeryrumx KOJIMBAETHCS Y
IOCUTb IUPOKUX Mexkax 5+30 kr/T. 3okpeMa BeleHHS Yy CTPYMiHb MeTany 7 KI/T

© Awngproxid P.I1., Monuanos JI.C., Cunerin €.B., 2021
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dbepoTuTaHy CYyTTEBO MOKpAIITye PiIBHOMIPHICTbh PO3MO/Iiy BYIJIEIIO ¥ TOTIEPEUHOMY
repepisi 3aroToBKM [8].

OmHuM 3 edeKTMBHUX HaIpPSIMKIiB PpO3BUTKY € TeXHOJIOTiS QiHilIHOTO
JIeTyBaHHS MeTaJliB y BUAMBHUII. PaHimie 6yyo roka3aHo B po6oTax [9] BBemeHHS
piIKo3eMe/lIbHMX MeTasliB B PiAKy CTa/ib B MpPOILieCi eJeKTPOLIIaKOBOT0 KOKIJIbHOTO
JIUTTS CIpUsE 3MEHIIeHHIO 3a0pyAHEHOCTI HeMeTaJeBMMM BKIOUEHHSIMU. B
pe3yinbTaTi MoAM(QiKyBaHHSI CIIOCTepiraeTbcsa 3MiHa MOpPQOJOrii, 3MeHIIeHHS
3arajbHOI KiJIBKOCTi 1 pO3MipiB HeMeTaJeBUX BKIIOYeHb. HemeTaneBi BK/IIOUEHHS
HaOyBalOTh IlepeBaXXHO TIIOOYIsIipHY dopmy. MoaudikyBaHHS MiliMeTaleBOi
uepieBoi rpynu B mpoieci EKJI cramum 4X5M®C BUpOOASTM 10 3HAYHOTO
MiABUIIEHHS yAAPHOI B'I3KOCTI i IVIaCTUYHOCTI.

PaHime npoBogmincs AOCTIAXKEHHS TUIBKM MO AOCTIIKEeHHIO BUIAJIEHHS
HeMeTalIeBUX BKJIIOYEHbD 3 PO3ILIaBy Y BiMBHMII [10] B it cTaTTi aBTOPU BUBYAIN
BIUIMB IIapaMeTpiB pO3AMBAHHSI Ha BUOAJEHHS HeMETaJIeBUX BKIKYEHb VY
BWIMBHMUIII, TaKOX BUBUAJIOCS (OPMyBaHHSI HeMeTaJeBUX BKIIOUEHb IIpU
pPO3/IVBaHHI yepe3 OroJIeHHS [3epKaja MeTaly B BUIMBHMLI [11], mocaiiskeHHS 110
pPO3IOLIIEHHI0O HeMeTajeBMX BK/OUEeHb B 3aJIeXXHOCTI Big ix posmipy [12], a
BUBUEHHS BUIAJIeHHSI METOJOM roMOTreHi3allii B camiii BUTMBHMUIlI BUBUEHO He OYJI0.

BasknuBMM IMMOKa3HMKOM peasti3allii 3allpOIIOHOBAHOI TEXHOJIOTi1 € JieryBaHHS
CTaJIi Y BWJIMBHMIII JIJIT OTPMMAaHHS CTaJjli IeBHOI MapKy B Majux 00'eMax.

MeTo0 [OC/TiIKEeHHSI BU3HAUUTU paljiOHaJbHE MiClle BBEIEHHS JIeryluux B
06beM pO3ILIaBY i CIIOCi6 po3aMBAHHS, IJI HAIKPAIIOro PO3UYMHEHHS.

MeToauKa MpoBeaeHHSs TOCTiI)KeHb

CxeMa eKCIlepMMEHTa/IbHOI YCTAaHOBKM 300paxkeHa Ha PUCYHKY 1. YcTaHOBKa
cKiazanacs 3 MoAedi BUIMBHMIN y macmTabi 1:3,5 3 cudOHHOIO Ta BEepPXHBOIO
pO3IMBKaMM, HaJ, BWIMBHMIIEI0 Oyna IIpoBeleHa TpyOKa, W0 iMiTye Mopenb
PO3JMBHOIO CTaKaHy CTaJIePO3JIMBHOIO KOBIIA, IS TTOJa4i BOAY 3BEPXY, SIKY MOXXHO
OyJI0 TepeMiCTUTU [Jisi pPO3JUBKU 3Bepxy abo cudoHom. IIpu MopaentoBaHHI
PO3/IVBKY 3B€PXY OTBip Y JHI BUIMBHULII 3aKyTIOPIOBAJIN.

[ns imMiTyBaHHSI PpO3UMHEHHSI Jeryo4oi Ao00aBKM Y CTaldi BUKOPUCTAIU
ynbTpadioneroBuit 6apBHMK Losa glow (manbTomekcTpuH, pubodsioBiH). s
MigcBiuyBaHHSI OapBHMKA 3 000X OOKiB BWIMBHMIIL Oy/JIM BCTAaHOBJEHi
ynbTpadioneToBi saMiu, noTykHicTio 40 BT i 3 moBXMHOIO XBMJIi 365 HM KOXKHa.
3iioMKa 3[IiiicHIOBaJIaCh Ha KaMepy 3 po3[aiJibHOI0 3maTHicTio 1280x720, saka Gyia
BCTAHOBJIEHa Ha IITaTMB. B XO4i KOXHOrO eKCIIEPMMEHTY 3MiHIOBAJIOCS MicCle
BBelleHHs1 OapBHMKA (1leHTp, 50% pagiycy i mif CTiHKYy BWIMBHUILG) i MOMEHT
BBeneHHS (25%, 50%, 75%, 98% BucOTM HamMOBHEHHS BUIMBHMUILI). Byso mpoBegeHo
TpU cepii AOCTiOiB 3 pi3HMM CIIOCOOOM pO3JMBKM Ta BBeIeHHSI OapBHMKA:
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1) posnuBaHHSI 3BepXy 3 BBeIeHHSIM OapBHMKA Y BWIMBHUINO; 2) PO3JMBAHHS

cudoHOM 3 BBeIEeHHSM OapBHMKA Y BWIMBHMUINIO; 3) po3aMBaHHS cuUdOHOM 3
BBeJIeHHSIM OapBHMKA Y ILIeHTpoBy. Ilicig TIpoBemeHHS eKCIIePUMMEHTIB, 3a
BiI3HATMMU Bifmeo, BM3HaYa M YaC TOMOTeHi3aIllii Bi MOMEeHTY BBeIeHHs OapBHMKA.
3a yac MoBHOi roMoreHisaliii mpuitmMaau MOMEHT PiBHOMipHOIO 3a6apB/IEHHS YChOTO

00’eMy piguHN.

5 p—

==\

2/

PucyHok 1 — CxemMa eKCIIepMMeHTaTbHOI YCTaHOBKU:
1 — BumBHULA; 2 — yabTpadioneTosi tammm; 3 — Boga; 4 — eHTPOBA;
5 — Mofiesib pO3MBHOIO CTaKaHy CTAJI€PO3IMBHOTO KOBIIA

PesynbTaTn

3a pesyibTaTaMy IIPOBENEHUX eKCIIepUMEHTIB Oyn0 IMobymoBaHo rpadik
3aJ1eKHOCTi Yacy MOBHOTO ycepeqHEeHHS BiJl piBHS pPiguHM IIpU BBeAeHHI OapBHUKY
IIJIST KOSKHOI 3 TPbOX cepil JocmifiB (PUCYHOK 2).
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PiBeHb pianHv npu BBeAeHHi OapBHUKY, %

®Po3n1BaHHA 3BEpXy O PasnuBaHHA cUOHOM 4 BBeaeHHA B LEHTPOBY

y=0,2012x+ 11,765
R?=0,8482

y=0,0107x2- 0,7123x + 33,831 ¥ = 0,0413x2-2,7631x + 48,854
R? = 0,672 R*=0.85

PucyHoK 2 — 3ajekHiCTh Yyacy ITOBHOTO ycepeaHeHHS BiZl piBHS piayHu
TIpY BBeJleHHi 6apBHMKA
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0) B) r)
PucyHoK 3 — Po3/iMBKa 3Bepxy, BBeJIeHHS 3BepXy Ha 25% HarmOBHEHHS, a) MOMEHT
BBemeHHs1. KoHIleHTpallis i po3unH 6apBHMUKY Ha 6) 50%, B) 75%, r) 100% HammoOBHEHHS

a) 6) B) r)

PucyHoOK 4 - Po3nuBKa cuoHOM, BBeIeHHS 3Bepxy Ha 25% HaAIlOBHEHHSI, a) MOMEHT
BBemeHHs. KoHIleHTpallis i po3unH 6apBHMKY Ha 6) 50%, B) 75%, r) 100% HammOBHEHHS

a) 6) B) r)
PucyHOK 5 - Po3iuBKka crdboHOM, BBeJIEHHS Y LIEHTPOBY Iepe HAaITTOBHEHHSIM, ) MOMEHT
nogauvi pigvuu. KoHieHTpaliis i po3unH 6apBHMUKY Ha 0) 25%, B) 75%, r) 100% HallOBHEHHS
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[lo rpadiky Oy/s0 mpoaHali30BaHO, IO YycepemHeHHS OapBHUKY OisbIIl
eekTMBHO TIpM MEHIIOMY PiBHIO DPiAVMHM B BWIMBHUIL, ayke TMepeMilTyBaHHS
BiOyBa€ThCs 3aBISKM MOTOKAM PiIMHU B BUAMBHMIII, UMM BUIIil piBeHb piiuHU Y
BWIMBHUIIi, TUM IIOTOKM IepeMimryBaHHS cjabmii. Ha rpadiky crocrepiraerbcs
MiHiMi3allis yacy ycepegHeHHS Py ONTUMaJIbHOMY PiBHIi piguHu. [ po3anBaHHS
3Bepxy Ta CM(POHOM 3 JoJaBaHHSIM OapBHMKA Y BWIMBHUIIO ONTUMAaJIbHUI PiBE€Hb
cknanae 33%. [lpu BBemeHHi 6apBHMKA Y LIEHTPOBY BifOYBa€ThCSI HE3HAUHE MPSIMO
TporiopiiifiHe 30iabllIeHHS Yacy IIOBHOTO YycepeIdHeHHS 3i 30iJbIlIeHHSIM piBHS
pinuaM y BuauBHMIl. Cepen IpoaHaTi30BaHMX CIOCOOIB PO3JMBAHHSI CTali
Halte(eKTUBHIIIMM 3 TIOIISIAY TOMOTreHi3allii Jieryiouoi A00aBKM € PO3TMBAHHS
cudonom. Ha pucyHKy 3-5 3006pakeHO KaApy 3 3ab6apBHEHHSM PiIVHM Ha Pi3HUX
eTarax HallOBHEHHSI BMJIMBHMIII IIPM BBeJIE€HHi OapBHMKA Ha piBHI 25% Bim BMUCOTH
BUJIMBHULII.

BucHoBKU

3a pesyabTaTaMy [TOCTIIKEHHSI OyJ0 BCTAaHOBJEHO, IO [JiS PO3JMBAHHS
3BepXy BBOIAMUTHU JIETYIOUI HA OrojieHe [3epKajl0o MeTaly CJIif MPU ONTUMAIbHOMY
piBHi piguHu 33%. [Ipu posnuBaHHI CMGOHOM JIEeryidi ONTUMMAJbHO BBOIUTU Y

LIEHTPOBY Iepe]] PO3IMBAHHSIM.
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UDC 669
R. Andriukhin, L. Molchanov, Y. Synehin

PHYSICAL MODELING OF STEEL HOMOGENIZATION
DURING FINISH ALLOYING IN THE MOLD

The article describes the method of finish alloying steel in molds in top and bottom
casting. Due to the reduction of oxygen activity in the metal due to the relatively lower
casting temperature than the previous stages of steelmaking redistribution, it is achieved
the reduction of the ferroalloys loss and increasing the yield of useful elements of
ferroalloys. An important indicator of the implementation of the proposed technology is the
alloying of steel in the mold to obtain steel of a certain brand in small volumes. The aim of
the study is to determine the rational place of addition of alloys into the volume of the melt
and the method of casting, for the best dissolution of alloys in steel directly in the mold. To
solve this problem, the method of physical modeling on a water transparent model using a
fluorescent dye that glows brightly in ultraviolet light was used. The experiment consisted of
three series of with different methods of casting and introduction of dye: 1) top casting with
the introduction of dye into the mold; 2) bottom casting with the introduction of dye into
the mold; 3) bottom casting with the introduction of dye in the trumpet. It was analyzed
that the averaging of the dye is more efficient at a lower liquid level in the mold, because
mixing occurs due to the flow of liquid in the mold, the higher the liquid level in the mold,
the weaker the mixing flows. The research revealed minimization of averaging time at the
optimal fluid level. For top and bottom casting with the addition of dye to the mold, the
optimal level is 33%. When the dye is introduced into the center, there is a slight directly
proportional increase in the time of complete homogenization with an increase in the liquid
level in the mold. Among the analyzed methods of steel casting, the most effective in terms
of homogenization of the alloying additive is bottom casting. The color of the liquid at
different stages of filling the mold with the introduction of the dye at the level of 25% of the
height of the mold is analyzed.

Keywords: physical modeling, finishing alloying, steel casting, homogenization.

AHOtoxin Poman Ilasnosuu — acmipaHt, Kadbenpa metanyprii uaByHy i crasi, HamionaabHa
MeTa/lyprifiHa akagemiss YKpaiHu.
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HayK YKpaiHu.
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I.A. KoHoHeHxko, O.A. CadpoHoBa?

®I3UYHE I MATEMATUYHE MOJEJIOBAHHS I'APSYOI ITIJIACTUYHOI
IE®OPMAIIIl IABOPATOPHUX 3JIMTKIB CTAJIEN JJI1 OCEH

AHomauis. [IposedeHo 027150 00CnidnceHs Y 2any3i MOOeNBAHHS NPoyecie y memanni nio
uac mepmoobpoOKu ma 00poOKuU Memany muckom ma enaus o06pobKu Ha ¢i3uxo-
MexaHiuHi enacmueocmi cmani 3 XimiuHum ckaadom 0,59%C, 0,31% Si, 0,73%Mn.
Po3pobneno mamemamuuHy MooOenb pO3PAxyHKy (Pi3uko-mexamiuHux enacmueocmeti
cmani 8 npouyeci zapa4oi nnacmuunoi degpopmauii. B peaynemami modenrosanus 6yau
ompumai pyHKkyii: eequuuHa depopmayii 8 HaNPAMKY npukaadeHoi cunu, nodineHa Ha
nouamkosy 008xcuHy mamepianry. OmpumaHo KoepiyicHm nodosxceHHs mamepiany 3
akmuuHum xiMiuHum ckaadom npu memnepamypi 1250£10°C, ska cknas 0,32. Ilpu
NOpiHSIHHI 3HAYUEHb HABAHMANEHHS, Wo 0Yn0 3acmocosaro npu I'TI/] & 1abopamopHux
YMO8axX i 0MpuUMaHo 8 pe3yibmami po3paxyHkis 3 BUKOPUCMAHHAM po3po0bieHoi Moodeni
8CMAHO0B8JIEHO, WO 80HU MArMb OauU3bKi 3HaueHHs ~ 45 MIla. Llum nidmeepdicyembcs
adekeamuicmes 0OMpuMaHoi modeni.

Kntouosi cnoea: modeneaHHs, HANpyi#eHHs, z2eomempis, oci, niaeka, @isuko-
MeXAHIUHi 871aCMu8ocmi.

Bceryn

3a paxyHOK MigBUIIEeHHS BAHTa)XHOCTI BaroHiB MiABUILYETHCS
dbakTMuyHe HaBaHTaKeHHS Ha Bich, a 30iJbllleHHS IIBUAKOCTI Beme MO
3pOCTaHHS OMHAMIUYHOTO BIUIMBY KOJIiI Ta PyXOMOIO CKJIaAy, a TaKOX 4uCia 3MiHU
LIMK/IiB HampyXeHb B OAVHUIIO 4Yacy, II0 BUKJIMKAE TiJABUINEHHS HAIpPYyKeHb B
JleTalsIX BaroHiB i JIOKOMOTMBIB, a TaKOX PEMKOBOro LLISXy. Bce 1je BU3Haudae
HeoOXimHiCTh 30i/MbIIEeHHST MIITHOCTI Ta CIY)XK00BOI HAaAilfiHOCTI BY3JIiB i JeTaseii
pyxomoro ckiaazny [1, 2].

V 3B'SI3KY 3 IIBUAKUM CKOPOUYEHHSIM CTPOKIB OCBOEHHS BUPOOiB Y BUPOOHUIITBI
BeJIMKe 3HAueHHSI Ma€ BUKOPUCTAHHS  €JeKTPOHHOI Ta  pO3paxyHKOBOI
TexHiku. Tomy mpoBimHiI ¢ipMMu 3aCcTOCOBYIOTh THYUYKi BUPOOHMUYI CUCTEMH,
SKi 6a3yl0TbCSI Ha aBTOMAaTHu3allii BCbOTO JKUTTEBOTO LIUKIY BUPOOIB [3].
MopentoBaHHS [1O3BOJISIE CYTTEBO CKOPOTUTM BUTPATU 4Yacy Ta MaTepiaJbHUX
pecypciB MpM OCBOEHHI HOBMX BUIIB IMPOAYKIlii ab0 BIOCKOHA/JIEHHiI TeXHOJOTii
BUPOOGHMIITBA. HaimommpeHimmMMy MporpaMamu JIjiss MOZETIOBAHHS IIPOIECiB Y
MeTasti nmpu gedopmaliiiiHiit Ta TepmiuHiil 06pobili € Taki: QForm, moayns Magics [4]
nporpamu Materialise, ANSYS, SOLIDWORKS.

© Bab6auenko O.I., [Tomonabcbkuii P.B., Ibomina K.I'., Kononenko I'.A., Ca¢ponoBa O.A., 2021
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ITocTaHOBKM MeTM i 3aBIaHb JOCTiI)KeHHS

IocmigskeHHSIM BIUIMBY peXMMIB ngedopMaliii Ha IPOpPOOJEHHS CTPYKTYpU
TOTOBMX BMPOOIB 3aiiMasiocs 6araTo BUIATHMX BUYEHMX Y Taly3i ITPOKATHOIO
BUPOOGHMIITBA Ta B raaysi KyBaJbHOTO BUPOOHMIITBA [5, 6]. [HTeHCUbiKallisT peXXUMiB
medopmallii MPaKTUYHO 3aBXAM IMO3UTMBHO II03HAYAETHCSI HA IIPOPOOJIEHHI
BHYTPIlIHIX [OiJISTHOK BUPOOiB, 1m0 nedopmyiorbes [7]. Ias migBuilleHHS SKOCTi
3ai3HMYHMUX OCeil HeoOXimHO MiaBuINyBaT AedopmalliiiHy Ipopo06/IIOBaHiCTb
yopHOBOi oci rpu I'TII. s gociigskeHHS BIUIMBY rapsiyoi IlacTMUHOiI gedbopmairii
Ha CTPYKTYPY Ta BJIACTUBOCTI CTaJTi )i 3aIi3HUYHMUX OCei, B JTaOOPaTOPHUX YMOBAX
OyB BUTOTOBJIEHMII 3JIMTOK CTaIi, IO 3a XiMiYHMM CTaHOM BiIIIOBiae CKIamy CTai
1t 3anmisHuuHuX oceit Mapku OC srigHo IICTY I'OCT 31334:2009.

Marepiaa i MeTogMKA OOCTiI’KeHb

B ymoBax IHCTUTYTY 4opHOi MeTanyprii Oyja BMKOHAHA BUILIaBKa JOCTiTHOI
IUIaBKM. BUIUIAaBKy BUKOHYBaJIM 3a OOMOMOIOK KOMIUIEKCHOI YCTaHOBKM, IO
cknamaeTbcsl 3 minaBwiabHoro arperary  ITIIE-0,01 3akputoro Tumy i
BMCOKOYACTOTHOIO [kepena crpymy BTI-20-22, mo Mae BOyIOBaHY CTaHIIiIO
aBTOHOMHOTI'O OXOJIO[P)KEHHSI. 3araJibHUI BUTJISIZT KOMIIJIEKCHOI eKCIIepUMEeHTabHO1
YCTAaHOBKM TMOKasaHO Ha pwuc. 1. Lg ycTraHOBKa [03BOJISIE BUIUIABISITUA B
7abopaTOpHMX YMOBAx [MOOCTIMHI CTajdi, B TOMY UMCJi CIeliaJbHO JeroBaHi
MapraHiieM, KpeMHieM, XpOMOM, MOJTiOIeHOM Ta iH.

Pucynok 1 - [Ipoliec po3ruiaBjieHHs CTasi

s 3abe3meueHHs] HEOOXiTHMX IMOKAa3HMKIB B MOCTIMKyBaHMX BapiaHTax i
BiICYTHOCTi HebGaskaHUX JOMIIIOK IIPUCYTHIX B PSAIOBOMY OpPYXTi B SIKOCTi BUXiZHOL
CUpPOBMHM BUOpaaM MeTas KOMicHOi Mapku kimacy C — ByrJieleBa sSIKiCHa CTaslb 3
BMicToM ByrJelo 0,72%, mac.
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[l1aBKy IMPOBOAM/IM METO/IOM IeperyiaBII0BaHHS 6e3 MPUMYCOBOTO OKMCIEHHS
IOMIIIIOK. 3 OTJISITy Ha Majuit oocsr medi (mo 12 kr), i Toit akT, 1o JAiaMeTp TUTJIS
CTAaHOBUTDb BChOTO OJIM3BKO 43 MM IIMXTY MOAPiOHIOBAIM A0 po3MipiB 10x7,5X5 MM,
rornepeaHbO BiMYCTUBIIM MeTas B MydebHil medi. @akKTUUHUI XiMiYHMUIA CKIIa,
MpeICcTaBJIeHui B Tabmmii 1.

Tabmuig 1

dakTUUHMI XiMIiYHMI CKIaL Tab0paTOPHOI 0CbOBOI TUIABKY

C Si Mn Cr Ni Mo Al Cu \% Ti

0,59 | 0,31 0,73 | 0,057 |0,087 |0,008 |0,01 |0,141 |0,002 | 0,002

HocnifiskeHHSI MiKpPOCTPYKTYPU OOCHIAHOTO 3JUTKY B JUTOMY CTaHi (puc. 2)
MPOBOAWIOCH 3a AOIMOMOTOI0 BUTPaB/IeHHS B 4% pPO3UMHI HiTalasl Ta TapsyoMy
pO3uMHi IMKpaTy HaTpilo. MikKpocTpyKTypa - ¢epuTo-IepaiTHa 3 IepJiTOM pi3HOi
aucrnepcHocTi. [leHApUTHA CTPYKTypa, SKa BUSIBIASIETHCS IO Cifax XiMiyHOI
HEOAHOPIAHOCTi, XapakTepusye Ipolecu KpucTamidailii. 3 pUCYHKIB BUIHO BIJIVMB
HMIBMUIKOCTI OXOJIOIKeHHS IIpY KpUCTasTi3allii B 3a/IeXKHOCTI Bifl BificTaHi 10 ITOBepPXHi
BUIMBHUIII (IOBEPXHS, Y2 pajiiyCy, lIEHTP) Ha AUCIEePCHICTh TePBUHHUX KPUCTAIIB.

LleHTpanbHa 30Ha
PucyHoK 2 — MiKpoCTpyKTypa 1a60paTOPHOTO OChOBOTI'O 3JIUTKY B IMTOMY CTaHi, x100
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MexaHiuHi BIaCTMBOCTI MeTaly, BU3HAUAIOThCSI J10T0 CTPYKTypoto. Haii6inbiin
epeKTMBHMM CIIOCOOOM TIiIBMINEHHS] BJIACTMBOCTEN MeTaly € 3HMKEHHSI PO3Mipy
3epHa. [loapiGHeHHS IilfiCHOTO 3epHAa MPaKTUYHO He BIUIMBAE HA XapaKTEePUCTUKU
MIITHOCTI cepelibO- i BUCOKOBYTJ/IEI[eBO1 CTasli, ajle YMHUTh MO3UTUBHMUI BIUIMB Ha i1
TUIACTUYHICTD [8].

Takox rapsya pedopmallisi 3MeHIIYE CTilKiCTh ayCTeHITy B IepJiTHIiA
obsacti i 30iabIIye MIBMUIAKICTh IEPJITHOTO II€pPETBOPEHHS, B pe3yJbTaTi 4oro
YTBOPIOETHCS  BMCOKOOMCIIEPCHMIT mepsiT. IHTeHcubikyouniti BIUIMB rapsdoi
medopmallii Ha IepiTHe IIepPeTBOPEHHS IPOSBISETbCS TUM CWIbHIIIE, UMM BUIIE
CTYIiHb 00TUCKY [9].

3aBOaHHSAM JOCTiIKeHb Oysna po3pobka MojeNli po3paxyHKy pPO3MOIiTY
(iszMKo-MexaHiYHMX BIACTUBOCTEN CTasIi i 3aai3HMUHMX oceil mipu I'TIJI Ha 50% 1o
repepisy UWWIHAPUIHKX 3pasKiB (124,9MMmx@31MMm) B riporpami QForm. Takoxk 6y/10
npoBeneHo naedopMallilo 3paskiB B JIA6OpaTOPHMX YMOBax Ha YHiBepcabHil
BUITPOOYBasIbHil MallyHi.

B mporpami QForm mnpoBoauiaoch MOAEeNIOBAaHHS €KCIIepMMEHTY IIpoiecy
rapsiuoi mactuuHoi  gmedopmarii  (ITIO) wHa 50% uuaiHOApUYHMX 3paskiB
71abopaTOPHUX OCbOBUX IIABOK MJIsI MOCTIMKeHHST 3MiHM Mopdosorii amMToi
CTPYKTYPU.

B sKOCTi BUXiZHMX YMOB 3aJaBajiCsl TUIM Omepaliil — po3paxyHOK TepMO-
MPY>KHO-TIAaCTMYHOI 3agaui. I[To6ymoBa reomeTpii 3paska MpOBOAMIOCS B IIpoOrpami
KOMITAC. KpecnenHsi ekcroptyBajsiocss B ¢gopmarti *.stp B QForm. Temmnepatypa
medopMmailii  BcraHoBieHa 1250°C. Iloka3aHO TIIpolieC 3MiHM iHTE€HCHMBHOCTI
HanpyxeHHs B Marepiani npu ITII, cepelHe HaNpyXeHHS Ta IUIACTUYHA

medopmailis (puc. 3).

— i

PucyHOK 3 — MopemoBaHHS rapsiuoi macTuuHoi nedhopmaiiii mpobu 3 1a60paTOPHOTO
3JIMTKA CTaJTi AJIS 3aJTi3HUYIHMX Oceli B po6oyomy mmpoctopi QForm

Ha migcraBi ;aHOro MOAe/il0OBaHHSI OTPUMMaHHI pe3yJbTaTu IO iHTEHCUBHOCTI
HaIIpy>KeHHs, IKi cKiany 61m3bko 45-50 MIla, Ta po3Ioig Hampy>KeHHS 110 3pa3Ky
JOCJTigHOI cTati Ojis 3aIi3HMUYHMUX Oceil, sKi ckiaanyu 6amu3bko 40-50 MIla B obsacTi
KOHTAKTY 3 iHCTpyMeHTOM Ta 6;113bKo 10-15 MIIa B 6e3KOHTaKTHili 06/1aCTi.
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B pesynbTaTi MomentoBaHHS OyiIM oTpuMaHi GyHKIIi: BesnunHa gedopmaiiii B
HAIpsIMKy TPUKIafeHOoi CwWiM, MOAileHa Ha I0YaTKOBY [OOBXMHY Marepiainy.
OtpumaHOo Koe(illieHT MOMOBXKeHHS MaTepiany 3 GaKTUUYHUM XiMiYHMM CKIaZOM
npu temmepatypi 1250£10°C, ska cknana 0,32. OTpumMaHo ¢isMUHy BeIMUMHY, SIKa
MpeJCTaBJIsI€ CUTY HA OJVHUINIO TIONII B OTOYE€HHI MaTepiajbHOI TOUKM Ha peasibHil
MoBepxHi abo 3006paskeHHi CyIibHOrO cepemoBuina. OTpUMaHO 3HAYEHHS
HampyXeHb B 06/1aCTi KOHTAKTY 3 iIHCTpyMeHTOM 0113bKko 44,76 MITa.

V  nabopatopHumx ymoBax Oyna  IpoBeleHa  rapsiya  IUIaCTUYHA
medopmaillis mpobm pgiamerpom 31 MM Ta BUCOTOI 124 MM 3 [DOCTiZHOrO
3JINTKY IUISIXOM OCaJiKyBaHHS Ha BeanuuHy 50% (puc. 4). TemmnepaTypa HarpiBaHHS
npo6 min rapsiuy nedopmaiiiro mopiBHoBasa 1250°C. B pe3ynbTaTi eKCIlepUMEHTY
OTpuMMaHO (AKTUYHIi 3HAUEHHS] HaNpyXeHb B 00/1aCTi KOHTAaKTy 3 iHCTPYMEHTOM
6/m3bK0 46 MIIa.

PucyHoK 4 — 3araabHuii BUIJISII, TIPO6 3 TOC/TiIHOTO 3/IUTKY A0 Aedopmarii

MikpocTpyKTypa JoCaimKyBaHoi 1abopaTopHoi maaBku micst I'TIJI ckiamaeTbes
B OCHOBHOMY 3 (DepuTO- MepIiTHOI CTPYKTYPH, CIIOCTEPIrajimch OiISTHKM 3 TPyoOI0
IJIACTMHYACTOIO CTPYKTYPOIO MepiiTy (puc. 5). JocmiaKkeHHS JeHAPUTHOI CTPYKTypU
10Ka3aJio BUTSDKKY AeHAPUTIB B 00sacTi Y2 paniycy Ta LeHTpaabHOiI YaCTUHMU, IO
MATBEPIKYE CIPUSTAUBUII BIJIMB HA PIBHOMIpPHICTb CTPYKTypuU. PiBHOMIipHiCTb
CTPYKTYpU [JOcsirajach 3aBISIKM BIUIMBY rapsiuoi IUIacTM4HOI nOedopmaiiii, ska
BUPIBHIOE HETaTUBHI HAC/IiAKY JIMTOTO CTaHY.

[Ipu TOpiBHSHHI 3HaueHb HaBaHTa)KeHHS, 10 Oyno 3actocoBaHo mpu ITII B
7a60paTOPHUX YMOBAX i OTPUMMAHOTO B pe3y/IbTaTi pO3paxyHKiB 3 BUKOPUCTAHHSIM
pPO3p0o06IeHOI MOJIe/Ti BCTAaHOBJIEHO, IO BOHM MAalOTh O/M3bKi 3HaueHHS ~ 45 MIla.
LM miaTBepIKy€ETHCS aleKBAaTHICTh OTPMMAaHO1 MOJIeTi.
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[leHTpasibHa 30Ha
PucyHOK 5 - MikpocTpyKTypa 1abopaTOpHOTO OCbOBOTO 3/MUTKY ITicsst I'TI, x100

B rmopanpiioMy oTpuMaHi pe3ynbTaT OYOyTh BUKOPUCTAHI IPO pPO3pOOITi
MO/l pOo3paxyHKY 3MiHM (i3MKO-MeXaHiYHMX BJIACTMBOCTEN MeTaay 3ali3HMYHOL
oci mpu po3poObIIi MePCIeKTUBHUX CIIOCO0iB Ta peskuMiB ii I'TI/.

BHCHOBOK

1. [IpoBemeHo MopeNOBaHHS Tapsiuoi IutacTUYHOi pgedopmariii Ha 50%
71a60paTOPHOTO OCHOBOTO 3MUTKY Ipu Temriiepatypi 1250£10°C 3 XiMiyHUM CKIaI0M
0,59%C, 0,31% Si, 0,73%Mn. BusHaueHo koedillieHT ITOIOBXKXEHHSI MaTepiasny, sIKuit
cknas 0,32.

2. JJoCii>KeHHST TeHAPUTHOI CTPYKTYpU TMOKa3ajJ0 BUTSDKKY [EHAPUTIB B
obsacti Y2 pamiycy Ta 1eHTpaabHOI YaCTMHMU, IO MiATBEPIKYE CIIPUSITAUBUI BIIUB
Ha PiBHOMIipHiCTb CTPYKTYPH.
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UDC 621.771.294
0. Babachenko, R. Podolskyi, K. Domina, G. Kononenko, O. Safronova

PHYSICAL AND MATHEMATICAL MODELING OF HOT PLASTIC DEFORMATION
OF LABORATOR STEEL INGOLES FOR AXES

A review of research in the field of modeling processes in metal during heat treatment
and pressure treatment of metal and the effect of processing on the physical and mechanical
properties of steel with a chemical composition of 0.59% C, 0.31% Si, 0.73% Mn. A
mathematical model for calculating the physical and mechanical properties of steel in the
process of hot plastic deformation has been developed. As a result of modeling, the
following functions were obtained: the amount of deformation in the direction of the
applied force divided by the initial length of the material. The coefficient of elongation of
the material with the actual chemical composition at a temperature of 1250 = 10 ° C, which
was 0.32. In the laboratory, hot plastic deformation of the sample with a diameter of 31 mm
and a height of 124 mm from the test ingot by deposition of 50% When comparing the values
of the load applied to the GPA in the laboratory they have close values of ~ 45 MPa. The
microstructure of the studied laboratory smelting after GPA consists mainly of ferrito-
perlite structure, areas with a rough lamellar structure of perlite were observed. The study of
the dendritic structure showed the extraction of dendrites in the area of % radius and the
central part, which confirms the favorable effect on the uniformity of the structure. This
confirms the adequacy of the obtained model. In the future, the obtained results will be used
to develop a model for calculating the change in physical and mechanical properties of the
metal of the railway axis in the development of promising methods and modes of its GPA.

Keywords: modeling, stress, geometry, axis, melting, physical and mechanical
properties.
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OJOCJIIIKEHHS BIIVNIMBY KPUCTAJITYHUX PEIIITOK HA ®PAKTAJIbHI
XAPAKTEPUCTHUKU MATEPIAJIIB

3HauHUli iHmepec npeocmasnsOMes KpUCMAiiuHi mina, aKi Xapakmepusyomoscs
8NOPSIOKOBAHUM PO3MAWYBAHHSAM amomis. [[o Kpucmanie MoxcHa eioHecmu MiHepau,
8ci memanu, coni, OiLWICMb OPeAHIUHUX CNOJIYK 1 8eNUKY KiNbKICMb IHWUX MEepoux
min. 3axkoHomipHa i dockoHana zeomempisi Kpucmaini@ 2080pums Npo HASI8HICMb
3akoHomipHocmeli i 8 ix 6HympiwHiti 6ydosi. Lli 8nopsa0K08aHi cmpykKmypHi uacmuHKu,
Wo po3mauio8aHi NpasuIbHUMU pAdamu 8 cmpoziti iepapxiutiti nociido8Hocmi i mawomeo
ocb cumempii 0Opy2020, mpemwv020, uemeepmozo i wWocmozo nopsaodkie. Cmpozo
mamemamuyHo 0osedeHo, wo eiomiueHi nopsadku oceti 8 momy abo iHUIOMY NOEOHAHHI
015 Kpucmanie €OUHO MoXcuei. IHuUx nopsdKie oceli cumempii, N0BOPOM HABKOJIO SIKUX
nepesoous 6u epamu Kpucmana cami 8 cebe, 8 KAacuuHiti kpucmanoepagii He iCHYE.
Tomy € ceHc nobydysamu nogepxHi dpyz020, mpemu0o20, uemeepmozo nopsiokie cumempii
ma nposecmu avanisz ix pakmanvHux xapakmepucmux. Llikasum 00CniOHeHHAM €
no6ydosa ppakmansHux po3nodiieHb makux N08epPXoHs.

Knwuosi cnosa: ¢ppakmanvHa posmipHicme, ppakmaivHi po3nodiieHHs, KpucmaniyHa
pewimka, Kedsikpucmanu, wiexmmaxim, obepmanbHa cumempis, nopsaodok cumempii,
Mmo3aika Ilenpoysa, kpucmaniuna ma K8a3ikpucmaniuHa ppakmaivHa noBepxHsi.

ITocTaHoBKa MpPo06IeMM Ta aHAJIi3 OCTAaHHIX JOCTiI)KeHb

CTpyKTypy TBEpAMX TiJl B TPUPOLI MOXKHA pO3OUIMTM Ha Tpu kiacu: 1.
HEBIOPSAKOBaHI amMop@Hi Tina, B SIKMX TOBHICTIO BifICyTHSI 3aKOHOMIipHIiCTb VY
B3a€EMHOMY PO3TalllyBaHHI aTOMiB; 2. KPUCTAIIUHI TiJa, 0 XapaKTePU3YITHCS iX
BIIOPSIAKOBAHMM pO3TAllyBaHHSIM; 3. KBas3ikpucTaau, M0 PO3IJSAAIOTBCS SIK
MpoMiskHi hopMu Mixk amopdHUMM i KpUCTATiUHUMMU Tiamu [1].

Ilo KpucrajaiB MOXHA BigHeCTM MiHepaau, BCi MeTajau, COJIi, OiNbIIiCTH
OpraHiuHMX CIIOJIyK 1 BeJIMKY KUIbKICTb iHIIMX TBepAMX Til. 3aKOHOMipHa i
JIIOCKOHaJ/Ia TeOMEeTPisi KPUCTa/IiB TOBOPUTH MPO HASIBHICTb 3aKOHOMIipHOCTEJ i B iX
BHYTpimHii 6ymoBi. Ili BmopsgakoBaHi CTPYKTYpPHiI YaCTMHKM, IO pO3TalllOBaHi
MpaBWIbHMMM pSilaMM B CTPOTil i€papXidyHili TMOC/AiZOBHOCTi, BM3HAUYalOTh
MPOCTOPOBI KPUCTa/iUHi rpatT¥ i MawTb OCb CUMeETPii HOpyroro, TpPETHOTO,
YeTBEpPTOro i mocToro mopsiakiB. CTporo maTreMaTHMYHO AOBeAEHO, IO BigMiueHi
TIOPSIAKM Oceii B TOMy abo iHIIIOMY MO€THAHHI [JIT KPUCTAJiB €IMHO MOSKJIMBI.
[HIIMX TIOpSIAKIB Oceii cuMMeTpii, MOBOPOT HABKOJIO SIKMX TIepeBOAMB OM IpaTu
KpuCTaJia cami B cebe, B KJIaCMYHii Kpuctanorpadii He icHye.

© Xyp6a A.O., 2021
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VY 1984 pori [I. lllexTmanoM OyB BigKpUTHit CIIaB a/JIOMiHil0 3 MapTaHileM 3
HEe3BUYANHMMM BJIACTUBOCTSIMMU. BiH MaB CTPYKTYypy CXOXY Ha KpUCTaJ, aje iM He
OyB, OCKiJIbKM MaB 00epTajbHy CUMETpPil0 5-ro MOpsiIKy. BusBieHa cTpykTypa
3rogoM OyJia Ha3BaHa IeXTMaHiToM. HasiBHiCTb piskux Au@paKiiiiHuX MaKCMMYyMiB
CBigumia mpo BIIOPSIAKOBAHE PO3TAalllyBaHHS aTOMIB B CTPYKTYpi, IO XapaKTepHa
IJIsT KPUCTAJiB, a HasSIBHICTb OCi CMMeTpii 5-ro MOpsiAKy, IO CIIoCcTepiraaacs,
cynepeunna (QyHIaMeHTJIbHUM IMpeACTaBJIeHHSIM KIacM4YHOi Kpuctanorpadii i
roBopuia Mpo Te, WO AOCIIIXKyBaHAa PEUYOBMHA HE € KPUCTAJOM. Taka CTPyKTypa
OoTpMuMaJia Ha3By KBasikpucrasia.

Mopemntio IBOBMMipHOTO KBa3ikpucTrana € Mo3aika [leHpoy3a, 1110 sSBJis€e 06010
BIIOPSIAKOBAHY CTPYKTYPY, SIKa CKJIAJA€THCS 3 ABOX POMOIB 3 pPiBHMMM CTOPOHAMM.
Taka Mo3aika mMae 6araTo BJIACTMBOCTE, XapaKTepHMUX sl KBa3iKpPUCTaTiuHOTO
CTaHy PeYOBUHU [2].

Tomy € ceHc MOOymyBaTH TTOBEPXHi APYroro, TPeThOro, YeTBEPTOTO, I’ SITOTO Ta
IIIOCTOTO TIOPSIAKIB CMMETpii Ta MPOBeCTM aHami3 iX GpakTaJbHUX XapaKTePUCTHUK.
[likaBMM JOC/TiIKEHHSIM € TT00y1oBa GpaKkTaTbHMUX PO3IOAiNIeHb TAKUX TOBEPXOHb.

MeToro 1iei pod6oTM € po3pobOKa MMPOrpaMHMX MOAYIB [JisI I0O0YIOBU
KBa3iKpUCTAJIYHUX Ta KPUCTWIIYHMX PEIITOK 3 CUMETPi€0 pi3HUX IOPSIKiB;
obOumciieHHs] GTaKTaAbHUX PO3MipHOCTE Ta MoOymoBa GpakTaJbHMUX PO3MO/iJeHb
MPUPOIHUX Ta KOMIT'IOTEPHUX ITOBEPXOHb KPUCTAJIIB i KBa3iKpUCTaIiB.

BukiiaieHHSI OCHOBHOTO MaTepiay JOC/i I KeHHSs

B xomi mociimkeHHS po3po6jeHO MporpamMuHmii mpoayKT PenrouseFS, sikumit
JI03BOJISIE TTOOYAYyBaTH (PpaKkTajbHi MOBEPXHi HA KPUCTATIYHMUX pEIliTKaX 3 Pi3HOI0
TIOBOPOTHOIO CMMETPi€l0 Ta Ha KBasikpuUcTaldiyHux pemriTkax. Ilo6ymoBaHi
dbpakTa/sbHi MOBEPXHi KPMUCTATIUHMX Ta KBA3IKPUCTATIUHUX CTPYKTYP 3a TOTIOMOTOI0
MeTOAa BUIIQAKOBOTO 3CYBY CepelHbOi TOUku. JaHMIT METOH, PO3MOYMHAETHCS 3
TPUKYTHUKA, 1110 JIEXKUTb Y AOBiNbHINI momnHi. CepegHi TOYKM CTOPiH TPUKYTHUKA
3’e¢HaHHI MiX CO00I0 TaKMM UYMHOM, IO TPUKYTHUK BUSIBJISIETHCS TOIIIEHMM Ha
YOTUPU MeHIIi TPUKYTHUKU. ITic/is 4oro KoxkHa cepeHsI TOUKA 3CYBA€TbCS Bropy
abo BHM3 Ha TMeBHY, BUIAAKOBO 00paHy BeanuuHy. Takmit cammit mpoiec
3aCTOCOBYETHCS IO KOXKHOTO 3 MEHIIUX TPUKYTHUKIB, IMOTIM [0 Ije MEHIINX i TaK
naji HecKiHueHHO [3]. ETanu mo6ymoBu ¢pakTasibHOI TOBepxXHi HaBeeHi Ha puc. 1.

YV 1upoMy MeTOAi 3CYBYy CepelHIX TOYOK BUIIAAKOBI BeJIUUYMHU IS
TepeMillleHHsI CepefHiX TOYOK Yropy abo BHU3 KepylTbCS IEBHUM 3aKOHOM
pO3TIOAiNy, KUt MiAOupaeThcs, MO0 oTpuMaTy OGIM3bKY aIllpOKCHMMaIlilo O6axkaHOi
nosepxHi. TakuMM YMHOM, 3a [OOMOMOIOK METOAY 3CYBY CepefHbOl TOYKM 3
KPUCTa/IIYHOI pelriTKX MOKHA CTBOPIOBATY (PpaKTaabHi CKIaHi MOBEPXHi 3 IEBHOIO
TOBOPOTHOIO CUMMeTpi€to. Bysmo mocimkeHo, 10 Y BCiX MOBEPXOHb, MOOYIOBAaHMUX
IaHMM METOAOM iCHY€E 3arajibHa BJIACTUBICTb: Mipa IMOpi3aHOCTi abo CKIAmHOCTI ix
CTPYKTYPU BUMipIOETHCS (PpaKkTaaIbHOIO PO3MipHICTIO.
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Pucynok 1 — ETany mo6ymoBu ¢ppaKkTaJbHIUX TOBEPXOHb
Ha MpUKJafi eT1eMeHTiB Mo3aiku [leHpoy3sa

B xopi po6oTu 6y10 MO6YIOBaHO YMCENIbHY KiTbKiCTh (hpaKTaTbHUX ITOBEPXOHD
KPUCTAMIYHMUX Ta KBA3iKPUCTAIIYHUX CTPYKTYP 3 BUKOPUCTAHHSIM HaBeIEHOr0
MeTody: IMOOymOBaHi KPUCTATiUHi CTPYKTYpU [IpPyroro, TPEThOTO, UYETBEPTOTO,
IIOCTOTO TIOPSIZIKIB CMMeTpii Ta KBa3iKpPUCTaTiyHi CTPYKTYpU 3 Pi3HOIO KiJIbKiCTIO
iTepauini (Bim 4 mo 9), g9Kka BiANOBiAae 3a CTyHiHb [JeTasnisaliii MOBepxHi Ta
TpoBefeHNii aHajmi3 iX @pakTaabHUX XapakTepucTuk. IIpu 1bOMy I10OYHOBa
TIOBEpPXHi pO3MouMHaIacs 3 PO3OUTTS IMOYATKOBOI KPUCTAMIUYHOI peIriTKM, 0
npencTaBjieHa KBagpaTamy (AJjis1 KPUCTIIYHOI CTPYKTYpU APYTrOoro MOPSAKY) UM
NPSIMOKYTHUKAMU (IJ1s1 KPUCTAMIYHOI CTPYKTYpU UYETBEPTOro IOpSAKy) Ha [ABa
TPUKYTHUKY, OO SIKUX OYJI0 3aCTOCOBAHO METOJ, BUIIAJIKOBOTO 3CYBY CepeIHbOI
TOUKM. [TOUaTKOBI KpUCTaTiUHi PemriTKy A MobymoBu (PpakTaJbHUX IMTOBEPXOHb
NpencTaBJieHi Ha puc. 2.

a) 6) B)
PucyHnok 2 — Kpucrajiuna pemnritka apyroro (a), TpeTboro (0),
YeTBepTOro (B) Ta IMIOCTOrO (T) MOPSAAKIB 00epTaIbHOI cuMeTpii

3a [OMOMOrow po3po6IeHOT0 MPOTrPaMHOTO MPOAYKTY Oy/I0 IMOOYZOBaHO
YyOTUPU BUAM (GpaKTAIbHUX IMOBEPXOHb HA KPUCTATIUHMX pelliTkax Ogpyroro,
TPEeThOI0, YEeTBEPTOr0 Ta IIOCTOrO0 MOPSIKIB OOepTaJibHOI CHMMETpii 3 KiJIbKiCTIO
iTepaliii Bim yoTHMpbOX OO0 nOeB’siTu. Ha puc. 3 HaBemeHO OTpuMaHi dpakTalbHi
TOBEepXHi. 3 MpeacTaBIeHUX Ha PUC. 3 KPUCTATIYHUX TTIOBEPXOHb MOKHA MOOAUUTH
KPUCTaTIYHY PEeIIiTKY, 110 6paiacst 3a OCHOBY ITPY MTOOYA0Bi ITIOBEPXHi.
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PucyHok 3 — KpucrasniuHi moBepxHi 3 Opi€HTAIliifHOIO CMMeTpi€0 apyroro (a), Tpetboro (6),
YeTBepTOro (B) i IOCTOro (T) MOPSIAKIB

[ToBepxHi KBasiKpuCTadiyHUX CTPYKTyp - TmoBepxHi I[leHpoy3sa - Oyau
1mobymoBaHi Ha OCHOBiI Mo3aik [leHpoy3a 3 BMKOPMCTAHHSIM METOHY BUIIQIKOBOTO
3CYBY cepeHbOi TOuku. [Ipu 11boMy MoOymoBa MOBEPXHi pO3MOYMHAIACS 3 PO3OUTTS
KOKHOTO 3 pOMOiB, SIKMMM Ipe[cTaBaeHa Mo3aika [leHpoy3a, Ha ABa TPUKYTHUKMN,
o0 SIKMX Oy/lo 3acTOCOBAaHO METOJ, BUIAAKOBOTO 3CYyBY CEpeaHbOI TOUKU.
HouinbHicTs  1MOOYHOBM  TOBepXOHb  [leHpoy3a  3yMOBJIeHAa  BJACTUBICTIO
camorofi6HocTi Mo3aiku IleHpoysa, sika sIBjsie COG0I0 MOAENTb KBa3iKpuCTay.
[TouaTKOBa KBa3ikKpMUCTaJTidyHA peUIiTKMU IJjs1 MOOYmoBU (paKkTaJbHUX ITOBEPXOHb
MpeJcTaBjieHa Ha puUC. 4.

SRR
LICH

bk

2

PucyHnok 4 — KBasikpucrasiyHa pemriTka
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Ha puc. 5 HaBeleHO TPUK/IAL KBa3iKpUCTATIYHOI MOBEpPXHi 3 00epTaJbHOIO
CUMeTpi€I0 I’ ATOTO TOPSAIKY.

3k E . o W
1. _,,ll_.""_{.“.{:‘. e R -_.1--_1.1,_.‘1|| gy

Pucynok 5 - K
06epTanbHOI0 CMMETPIEI0 IT’SITOTO MOPSIKY
Ha puc. 6 mnpexacrapieHi 300paskeHHS (QpaKTaJbHOI ITOBEPXHi 3 KiJIbKiCTIO
iTepariit 4 Ta 9. 300paskeHHsI MpeACTaBIeHi Y YOPHO-0iIMX KOabopax, e YOPHUM
KOJIbOPOM 3a3HaueHi 00J1acTi, 0 He Mifjsiraau o6poOlli aJropuTMoM (HaHVDKYI
TOYKM), OiIMM KOJIbOPOM — HaMBMUINI TOUKM. 3 puc. 6 BUOAHO, IO UMM OisibIIa
KiJIbKiCTh iTepalliit, TMM Oijgbllle OiMX TOYOK Ha 300paskeHi i TUM TOYHiIIe

PucyHok 6 — [Ipuknan ¢ppakTaabHOI MOBepXHi Ha OCHOBI Mo3aiku [TeHpoy3a 3 pi3HOI0
JeTamisalliero (PMCYHOK iHBepCOBAHO): a) KiIbKIiCTh iTepaliiit - 4; 6) KibKicTb iTepariit — 9

JocaiakeHHs KPUCTATIYHUX NTOBEPXOHb, 1[0 3reHepoBaHi
3a JOMOMOro0 KOMIT’I0TepHOi nnporpamu PenroseFS

[lyist 300paskeHb MOOYI0BaHUX ITOBEPXOHb KPUCTATIUHMX Ta KBa3iKpUCTATIUHUX
CTPYKTYp OyJI0 TTpoBeJeHO (PpaKTaJbHMII aHaji3, 10 CKIAJAEThCS i3 BU3HAUEHHS
(dbpakTanbHOI po3MipHOCTI Ta MOOYHOBM (PpaKTaJbHMX pO3IOAileHb. PpaKTaabHa
pO3MipHiCTh BM3Hauanacsi 3 BuUkopuctaHHsam Metony BOX COUNTING, gkwuii €
Haibi/MbII yHiBEpCAJIbHMM Ta AO3BOJISIE MPAIIOBATU i3 300paskeHHSIMM OYIb-SIKOI
CTPYKTYypH. [IJisT oTpuMaHHSI GpaKTaJbHUX PO3TOAieHb BUKOPUCTOBYETHCSI METOT,
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KOB3aluoro BiKHa, SIKUii MOJISITa€ y BU3HAUeHHi paKTaabHOI pO3MipHOCTI B Meskax
BiKHa, pO3Mip SIKOTO MOXKHA 3aJlaBaTy JOBiJIbHO. BiKHO MOITiKCe/bHO MepeMilllyeThCS
1o 3o00paskeHH0. IIpy 1bOMY Ha KOXHOMY KpOIli OOUYMCIIOEThCS (paKTaabHa
PO3MIpHICTh 300pakeHHsI, IO IIOTpalmMJI0 Yy KoB3awue BikHO. Ilicisg doro
IIPOBOAUTHCA rmobymoBa ix eMIIipUYHOTO po3noaity IMOBipHOCTe
W(D)/Wmax(D). CknagHi 300paskeHHS TMicasI 00uMcieHHS (GpaKTaJTbHUX
PO3IIO/Ii/IeHb NAI0Th OaraTOMOIa/IbHI PO3IOMIi/INA.

AHani3 KpUCTaJiyHMX MOBEPXOHb 3 CUMMETPi€l0 Pi3HMX MOPSAKIB TO3BOJIMB
BU3HAUUTM iX ¢pakTalbHi PO3MipHOCTI, MOOYmyBaTM PpO3IOIiIEHHS JIOKAJTbHUX
dbpakTanrbHUX posmipHOCTeil. B Xomi mocmimkeHHs Oy/0 BU3HAUEHO 3POCTAHHS
dbpakTasbHOi PO3MIpPHOCTI i3 30iUMbIIEHHSIM KiJIbKOCTi iTepatiit. Ilpu 1bomy
BiJ3HaueHO Maike Ha BCiX BUIAX I[OBEPXOHb HE3HAUHe 3HMKEHHSI 3HA4YeHb
dbpakTasbHOI PO3MipHOCTI ITpM KiJIbKOCTI iTepaliiit, 1110 JOpiBHIOIOTH 5 Ta 6 (Tabs. 1).
HajimeHIie 3HaueHHS (paKkTajJbHOI PO3MIpHOCTI IIpM HaAVMEHIIi meTasisarii
TMOBEPXHi.

Tabmuisg 1
@pakTasabHa pPO3MipHICTh KPUCTATIUHMX TOBEPXOHb 3 Pi3HMUM CTYyIeHeM AeTati3allii
MopsimoK cumerpii 3HaueHHSs fbp.aKTaan.m P?3M1pHOC'I:1 H.OBEIZ')XHI .an n'ou6yn0131 B
. . . | 3aJIe3KHOCTI BiZ JeTasisaliil moBepxHi (KUIbKICTh iTepaliiin)
KPUCTATIYHOI ITOBEPXHi
4 5 6 7 8 9
2-TO TOPSIAKY 1,65 1,81 1,86 1,79 1,85 1,87
3-r0 MOPSIAKY 1,58 1,73 1,75 1,67 1,72 1,74
4-T0 TIOPSIIKY 1,72 1,85 1,85 1,87 1,85 1,85
6-T0 MOPSIAKY 1,59 1,72 1,75 1,68 1,72 1,75

Ha puc. 7 HaBemeHo rpadik 3MiHM 3HaueHb (GpaKTaabHOI PO3MipHOCTI B
3aJIeKHOCTI Bifm cTymeHwo merasisaiii moBepxHi. 3 rpadiky BUAHO, IO HaOiNbIIi
3HauUeHHSI (QpaKTaabHOI PO3MipPHOCTI MalThb KPUCTATiIUHi MOBEpPXHi 4-T0 MOPSIAKY
cumeTpii. KpucraniyHi moBepxHi 3-ro Ta 6-r0 MOPSAKY CUMETpil MalOTbhb IyXKe
6/113bKi 3HAaUeHHS ¢paKTaabHOiI po3MipHOCTi. [Ipy iboMy iX 3HaUe€HHS (paKTaIbHOI
PO3MIPHOCTI MEeHIIIi 32 KPUCTAJTIYHI MOBEPXHI 2-TO Ta 4-T0 MOPSIIKY CUMETPii.

1.9
1.85 H P
18 \/
1.75 1
17 - =& 2-r0 NOpAAKY
1.65 == 3-r0 NopAaKy
16 4-ro nopaaKy
1.5 1 6-ro nopaaxy
15 4
145
14 +
4 5 6 7 8 9

PucyHok 7 — I'padik 3MiHM 3HaUeHb QpaKTaJIbHOI PO3MipHOCTI B
3aJ1e’KHOCTI Bif| CTYTIeHIO JeTasi3allii moBepxHi
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Pe3ynbTaTu OOCTiIKeHb KPUCTATIYHUX CTPYKTYp HaBeleHO B TabOJ. 2, 3 SIKOi
BUIHO, 10 (pakTajbHi pO3IOiIEHHS Maiiske IJisI BCiX BUIiB MOBEPXOHb MAalOTh
6araToMoJaJIbHUI PO3IIOIIN i IIMPOKMIA PO3KI, 3HAaUEeHb (PpaKTaJIbHOI PO3MipHOCTI,
SKMII BKa3ye Ha CKIaAHI 300pakeHHs. @DpakTajbHe pO3MOMAiJIEHHS KOXHOI i3
MOOYyI0BaHMX ITIOBEPXOHb Ma€ KiJIbKiCTb MO, SIKa CIIiBIaJa€ 3 IMOPSAKOM CUMETpii.
TakuMm uMHOM, ¢paKTaabHi METOAM AO3BOJISIOTh BU3HAUATY MOPSAOK 06epTalbHOI
CUMeTpii KPpUCTATIYHUX MaTepiasiB.

Tabmuisa 2

dpakTanabHa pO3MipHICTh Ta GpaKkTaabHi PO3MOIiIeHHS TOBEPXOHb 3
Opi€HTalli/iHOI0 CMMEeTpi€I0 PYTroro, TPeThOro, YeTBEPTOTO Ta IIOCTOTO MOPSIAKiB

306paskeHHS TOBEPXHi @paxTanbHi po3M0aieHHS

1

CumeTtpist 2-TO TTOPSIAKY
2 MOIM PO3IIOIiIeHHS

WD Wmax

CumerTpisq 3-ro mopsaKy
3 MOV PO3TIOAiIeHHS

CumeTpist 4-T0 MOPSIAKY
4 MOV PO3MOgiIeHHS

Cumertpist 6-ro mOpSIOKY
6 MOJ, pO3TIOfiIeHHS

v v as
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HJocnigkeHHs MPUPOSHUX MOBEPXOHb KPUCTATIYHMUX MaTepiajiB
Ha MPUKIaAi CHDKMHOK

Bynb-sika CHiXKMHKA 3aBXAM Ma€ IIicTh mpoMeHiB. Taka dbopma 3ymoBjeHa
MOJIEKY/IIPHOIO OYIOBOIO BOAM. BOHa CKIamaeTbCs 3 aTomMa KMCHIO i IBOX aTOMiB
BojgHI0. KoskHa MoseKkyna BOAM € TPUKYTHMK. Kpucranu nbomy MaioTb ¢Gopmy
IIEeCTUKYTHUKA, SIKUI CKIaJA€TbCS 3 TAKUX TPUKYTHUKIB (puc. 8a). Llei Havinepiumii
KPUCTAIMK i € MaiibyTHS cHiXXKMHKA. Jlali BiH pocTe 3a paXyHOK IMPUEAHAHHS HOBUX
MOJIEKYJI 0 KPUCTAIUKY puc. 80).

[Mopsimok mpuenHAHHSI HOBUX MOJIEKYJ BUIMAAKOBUIA, ane B IiCYMKY BOHU
UIMKYIOTHCS B IIECTUTPAHHUKM, TaKi X, K i TepUInii KpUCTAIUK (pUC. 8B).

Hani y CHIDKMHKM TIOYHYTh POCTU Biframy>keHHs. SIK came BOHU OYyIyThb
BUTJISIAATH, 3aJ€XKUTh Bif, TeMIlepaTypy, BOJIOTOCTi, TMCKy Ta iHIIMX (PaKTOpiB.
Kpucranuku npuegHyOTbCSI OJUH A0 OJHOTO 3aBXAY TPAHHIO i HIKOJIM KyTOM, TOMY
TIPOMiHb CHIXKMHKY 3aBXIY Oyze MecTUKyTHUM (puc. 8r).

Bim mpomeHsI MOKYTh BiIXOOWUTHM TiJIKM, ajle BOHM 3aBXKOM OYOyTh POCTU ITif
KyToM 60 ° a6o 120 ° puc. 8m). Tak Mae BUIJISIAATH ileayibHa CHIXKMHKA. Y peaJbHOCTI
BeJIMue3He CKYIUeHHS «TiIOK», SIKi MPUPOCTAIOTh Y BUIIAAKOBOMY MOPSIAKY, POOUTH
KOXKHY CHIXKMHKY YHIKa/JIbHOIO [4].

PucyHoK 8 - ITpoiiec moOymoBYM CHisKMHKMU

Posrnsimaroun CHIXXMHKM, MOKHA MOMITUTHM, IO XKOAHA 3 HUX HE ITOBTOPIOE
inmry. Ilepen6aua€eTbcs, M0 B OOHOMY KyOiYHOMY MeTpi CHiry 3HaxoauTbcst 350
MiJIbJIOHIB CHIDXKMHOK, KOXHa 3 SIKMX YHiKajgbHa. He OyBae ITUSTUKYTHUX YU
CeMUKYTHUX CHIXXMHOK, BCi BOHM MalOTh CTPOTO IECTUKYTHY (opmy.

VY 1951 poui MixknapogHa Kowmicist 3 CHiry i JIbomy mpuitHsiia kinacudikailiro
TBEpAMX OINajaiB. BigmoBimHO m0 Hel BCi CHIrOBI KpUCTa/JM MOXKHA PO3OUIMTU Ha
HACTYMHI Tpynu: 3ipyacTi OeHOPUTHU, TUIACTUHKM, CTOBIILi, TOJIKM, IPOCTOPOBI
OeHAPUTH, CTOBIIli 3 HAKOHEYHUKOM i HempaBu/bHi dopmu. [Jo HUX OOOATUCS Iiie
TpU BUIM 00JIeIeHi/IM OTaAiB: ApibHA CHiroBa KpyIiKa, KpuskaHa Kpyrma i rpaj.
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[Tpu mocnimkeHHi ¢dpakTaIbHUX BAACTUBOCTEN OYyJI0 ITpoaHaTi30BaHO OG/IM3bKO
50 300paskeHb Pi3HOMAHITHUX CHIKMHOK, IO BiJHOCSTbCS OO Pi3HUX TIPYIL
IIpu mocnimskeHHi GpakTasbHa PO3MipHICTh MIiKPOCTPYKTYP BM3Hauasacs METOOOM
BOX COUNTING. [jnsg mobymoBu (paKTaabHUX PO3MOMAiIEHb BUKOPMCTOBYBABCS
MeTO/[i KOB3al0uOro BiKHa.

[Tpu ob6uncieHi GppakTalbHUX BAACTUBOCTEN CHiIKMHOK OY/IO MMpoaHasi30BaHO
psiz 300paskeHb 3 PisHMMM TUITAMM CHIDXKMHOK. B Tab1. 3-4 npeacTaBiieHi pe3yibTaTu
o0ulc/ieHb (PpaKTaJbHUX XapaKTEPUCTUK CHIKMHOK TUMY «IITaCTMHKM» Ta TUITY
«3ipyacTti meHmapiTv». [JIT KOXHOTO 300paskeHHsI Oy/no oOumciieHO (pakTaabHi
PO3MipHOCTI Ta MOOYyn0BaHO GpaKTaIbHI PO3IOIiIeHHS.

B Tabn. 3 mpencraBieHi (pakTasibHi XapaKTEPUCTUKM CHIKMHOK TUITY
«[Imactuukmu». IDmacTMHKM — 6e3jiu KpuskaHuMxX pebep SIK HiOM OisTh Jomari
CHDXXMHOK Ha ceKTopa. BoHM Mm0cKi i TOHKI.

B pesynbraTi mochimkeHHsS 6ysJ0 BMUSIBJIEHO, MO MJISI TPYNM CHIXMHOK
«[lmacTMHKM» Aianma3oH 3HaueHb (pakTanbHOi po3mipHocTti Bim 1.54 mo 1.81, a
KiJIBKICTh MO/, PO3TIOiiJIeHHS 6.

Ta6smis 3

@paxTanbHi XapaKTepPUCTUKYU CHISKMHOK TUITY «[[1acTUHKM»

300paskeHHSI CHisKMHOK . .
dpaxkTasbHa PO3MipHICTh Ta (PpaKTaabHe PO3ITOAiIeHHS
D=1.74
| |||.‘J||Iii”
D=1.79J |
L | | .I ‘II “ll i I |
D=1.79
N || J||| i i I |
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VYV Tabmuui 4 mpexncrtaBieHi (pakTadbHi XapaKTepPUCTUKM CHISKMHOK TUITY
«3ipyacTi meHapUTU». 3ipUacTi JTeHAPUTH - KpUCTaa abo iHIlle YTBOPEHHS, [0 Mae
IepeBoroibHy CTPYKTypy. BoHM MalOTh HIICTh CMMETPUYHMUX OCHOBHMUX TilIOK i
6e3Jliu PO3TAIIOBAHMX B JOBIIbHOMY IOPSAIKY BiAramaykeHb. IX posmip - 5 MM i
6isipIlle B IiaMeTpi, SIK ITPaBMUJI0, BOHM IUIOCKI i TOHKI - Bchoro 0.1 Mmm.

B pe3ynbTaTi JoCTigKeHHS 6Y/10 BUSBJIEHO, IO JIJI IPYIIM CHIKMHOK «3ipuacTi
OeHAPUTU» [ialla30H 3HaueHb (pakTaabHOi posmipHocti Bim 1.55 mo 1.72, a
KiJIBKICTh MOJ, PO3TIOii/IeHHS 6.

Tabnuisa 4
@paxTanabHi XapaKTePUCTUKY CHIKMHOK TUITY «3ipuacTi JeHIApUTU»
300paskeHHS CHisKUHOK @pakTanbHa pO3MipHICTb Ta ¢ppaKkTaabHe PO3IMOAieHHS

i D=1.64

| 1 ||. ‘ " I I |

D=1.65

L I‘ll II

D=1.55

L. ol |

JocniakeHHsI KOMIT' I0OTEPHO1 MOBEepPXHi KBa3iKpUCTaIiB

Ha puc. 9 mnpexncraBieHO 300paskeHHS MMOBepxHi IleHpoysa, HaBemeHO ii
dbpakTagbHi PO3MIpHOCTI IMPM KiJIKOCTI iTepamiii Big YOTMpPHOX OO MOEB’SITU Ta
robymoBaHo rpadik 3anexxHOCTi GpakTaabHOI pO3MipHOCTI Bif KiTbKOCTi iTepariii,
Ha SIKMX 10 0Ci abcIyc BiKameHa KiJbKiCThb iTepaliiii, a o oci OpAMHAT - 3HAaUEeHHS
dpakTanbHOi po3MipHOcTi. I'padik ma€ MOKIMUBICTb IPOCTIIKYBAaTU 3POCTAHHS
dbpakTagbHOi PO3MIpPHOCTI i3 30iMbIIEHHSIM KiJIbKOCTi iTepauiii. Ilpu 1bomy
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CTIOCTepiraeTbCs He3HauHe 3HMKEeHHS 3HaueHb (GpaKTaJIbHOI PO3MIpHOCTI IIpu

JleTanizalia moBepxHi

(KLIBKICTB 1Tepaliiii) 4 5 6 7 8 9
dpakTaTsHa
PO3MIPHICTE 1,75 1,77 1,76 1,78 1,82 1,83

PucyHoK 9 — 3anexxHicTb paKkTaabHOI pO3MipHOCTI roBepxHi [TeHpoysa
Bij KiJIbKOCTI iTepairii

Ha puc. 10 mpexacrtaBieHo ¢paKTajlbHe PO3MOAiIEHHSI KBa3iKpUCTaTidHOi
nmoBepxHi [leHpoy3a. @pakTajibHe PO3NOAiJIEHHS HaBedeHO IJis IOBEePXOHi JuIle
MpM KiJIBKOCTI iTepaliiii, 10 JOOpPiBHIOE 9, OCKUIBKM PO3IOMiaA JIOKAIbHUX
(dpakTaIbHMX PO3MIPHOCTEN Bif KiJbKOCTI iTepailliii iCTOTHO He 3MiHIO€TbhCs. Lleit
dakT roBopuTh mpo Te, IO Bim OiUNBIIOI meTasisalii MoBepxHi ii OCHOBHI

BJIACTUBOCTI 3a/IMIIAKTHCS HE3MiHHMMM.
1

WD WM ay

JHaYeHWE PpaKTanbHbX pazMepHocTel, D

Pucynok 10 — Po3rofijieHHs JIOKaJIbHUX (hpaKTaIbHUX PO3MipHOCTE OBepXoHb [leHpoy3a

3 puc. 9 BumHO, 1m0 QpakTaabHe pO3IOIiIEHHS KBa3iKpUCTalTiuHOI MOBEPXHi
Ma€ OaraToOMONAJIbHMIT PpO3IOMIT i MMUPOKMII PO3KUA 3HAueHb GpaKTaIbHOI
PO3MIipHOCTI, SKUit BKa3ye Ha ckiagHe 300paskeHHs. KoskHa Mo/ia TaKOro pO3MOIiTy
BilMOBimae KkmacTepy 300paskeHHSI, IO Ma€ OjM3bKi 3HAUEHHS JIOKAJIbHUX
posmipHocTeii. [Ipy 11bOMy CJ1if Bii3HAUUTH, IO (ppaKTasbHE PO3MOIiIIEHHS OYIb-
SIKO1 13 KBa3iKpuCTaaiyHMX MOBepXOHb [leHpoy3a mae m’saTh Takux mof. Lle Bkasye
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Ha 00epTa/ibHy CMMETPIil0 I'SITOTO MOPSIZIKY, SIKy Ma€ Mmo3aika IleHpoy3a, a oTke — i
KBa3iKpUCTa/IiYHi MOBEPXHi.

HJocniakeHHS MPUPOJHOI IOBEePXHi KBa3iKpuUCTaIy

PaHimme BBaXasocs, IO KPUCTAIiYHI PEUYOBMHM HE MOXYTb BOJIOLITU
cuMeTpielo 5-ro mopsigky. ITomuMpeHicTh ke I[bOr0 TUITY CUMeETpii y pOCiauH iy
TOJIKOIIKipMX BUKOPUCTOBYBAJMU SIK CBITUEHHS TOTO, IO KUTTS SIBJISIE SIKICHO 1HIINI
piBeHb opradisainii. ¥ 1984 poiii 6yno 3po6ieHO BiIKPUTTS B MiHepasorii:
BUSIBWJIOCS, IO METaJIX B CKIOMOAIOHOMY CTaHi SIBJISIOTh COOOI0 HOBMIT BUJ,
BIIOPSIAKOBAHOCTi aTOMiB. BOHM Hi KpucTaliuHi, Hi MOBHicTI0O aMopdHi; iX Ha3BaIu
KBasikpuctasamu. IBMAKO 0OXOJOIKeHMI 3pa30K IeXTMaHiTa - CIUIaBy aJIIOMiHil0 3
MapraHiieM - BOJIOJIi€ CMMeTpi€lo 5-To MopsAKy. Taky K CMMeTpil0 MOsKHAa OTPUMAaTH
i y 6aratbox iHmMX MeTasiB. lllexTMaHOM, SIKIIO OTO PO3TUIABUTU i HIBUIKO
OXOJIOAUTU, YTBOPIOE TI/UISACTI CTPYKTYpM, CXOXi Ha CHIrosi maacTiBii. OpHak
KBa3iKpUCTa/JIM IIeXTMAaHiTa, Ha BiAMiHY BiJi KpUCTAaJiB JbOAY, MAalOTh CUMETPil0 He
6-T0, a 5-TO OPSIAKY.

Ha puc. 11 HaBemeHO 300paskeHHsSI KBa3iKpMCTa/lly MIEXTMaHITy Ta HaBeIeHO
300pakeHHs (PpPaKTaJIbHOTO PO3MOAINIEHHS] KBAa3iKpMUCTaTy IIEeXTMAaHiTy, siKe Mae€ 5
Mop, po3noaineHHs. Taky XX KiJbKiCTb MO, pO3IIO/iJIeHHSI MalOTh i KBa3iKpucTaaiuHi

IIOBepXHi, 3TeHepoBaHi KOMII'IOTEPHUM LUIIXOM. @DpakTajbHa PO3MIpHICTh
KBa3iKpUCTaly IIEXTMAHITy Ma€ Take X 3HaueHHS $K 1 KOMII'IOTepHa MOJelb
KBa3iKpPUCTAIIYHOI IMOBEPXHI IPU HAMBUILOMY CTYTIEHI AeTasti3ailii.

.. -
- ‘- «

QEBKTB.I"H:HDE pacnpegencHue Hes crnamueatns pasMepH ocTen

WD MW Vmanx

b _|I. .|‘|L

1 2

3Hauekne ppaKTantHeix pasmeprocTei, D

Pucynoxk 11 — KBasikpucrain mexTMaHiTy. @paKraabHe po3MnofAiJeHHS Ta
(dbpakTasbHa pO3MipHICTh KBa3iKPUCTATY IIEXTMAHITY

BucHOBKU

B poborti Oyamu mocmimKkeHi IMpUPOAHI Ta KOMIT'IOTEpHi KpUCTaJiuHi Ta
KBasikpucTasaiuHi ¢pakTajsbHi MoBepxHi. [Ijis1 KOKHOI MOBepxHi Oy/I0 0OUYMCIIEHO
dbpakTambHy pPO3MIipHICTh Ta MOOymOBaHO ¢paKTajsbHe poO3MoAiieHHsI. B xomi
IOCTiIKeHb OyJIO BUSBJIEHO, O (PpaKTajabHi PO3MOMAiIEHHS Maibke IJIs1 BCiX BUIIB
KPUCTATIYHMX Ta KBa3iKpUCTATIUHMX TIOBEpPXOHb MAalTh OGaraToMomaabHU
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PO3TIOAIN i MMUPOKMUI pO3KKI 3HAUeHb (paKTaJIbHOI PO3MipHOCTI, SIKMIi BKa3ye Ha
CKIamHi 300paskeHHs. dpakTajbHe PO3IOMIIEHHS KOXHOI i3 MOOyIOBaHUX
IMOBEPXOHb MAa€ KiJIbKiCTh MO/, SIKa CIiBMaAa€ 3 MOPSIIKOM CMMeTpii.
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A. Zhurba

INVESTIGATION OF THE INFLUENCE OF CRYSTALLINE LATTICES ON
FRACTAL CHARACTERISTICS OF MATERIALS

In the work, natural and computer crystalline and quasi-crystalline fractal surfaces
were investigated. For each surface, fractal dimension was calculated and fractal distribution
was constructed.

During the study, PenrouseFS software is developed, which allows the fractal surfaces
on crystalline grates with different rotary symmetry and quasi-crystalline lattices. The
fractal surfaces of crystalline and quasi-crystalline structures are constructed using a
random shear method.
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In the course of the work, a numerical number of fractal surfaces of crystalline and
quasi-crystalline structures was built using the given method: the crystalline structures of
the second, third, fourth, sixth, sixth forms of symmetry and quasi-crystalline structures
with a different number of iterations (from 4 to 9), which are responsible for the degree of
surface detailation, was constructed. and analyzed their fractal characteristics.

Analysis of crystalline surfaces with symmetry of different orders allowed to determine
their fractal dimensions, to construct the distribution of local fractal dimensions. During the
study, the growth of fractal dimension with an increase in the number of iterations was
determined. In almost all types of surfaces, a slight decrease in the values of fractal
dimension in the amount of iterations equal to 5 and 6. is the smallest value of fractal
dimension with the smallest detail of the surface.

The greatest values of fractal dimension have crystalline surfaces of the 4th order of
symmetry. The crystalline surfaces of the 3rd and 6th order of symmetry have very close
fractal dimensions. In this case, their value of fractal dimension is smaller than the
crystalline surfaces of the 2nd and 4th order of symmetry.

In the study of fractal properties, about 50 images of a variety of snowflakes belonging
to different groups were analyzed. In the study, the fractal dimension of microstructures was
determined by the Box Couning method. To construct fractal distributions, a method of
sliding window was used.

When calculated fractal properties of snowflakes, a number of images of "plates” and
"Star Dendrites" type were analyzed. As a result of the study, it was found that for a group of
snowflakes "Plates” range of fractal dimension values from 1.54 to 1.81, and the number of
modification modes 6, and for the group of snowflakes "Star Dendrid" range of fractal
dimension values from 1.55 to 1.72, and the number of modification modes 6 .

The image of the Quasi crazi-crazinite has 5 modes of distribution. The same amount
of distribution mods have a quasi-crystalline surfaces of pentroose generated by a computer
route. The fractal dimension of the quasi-crystal of shekhtmanite has the same meaning as a
computer model of a quasi-crystalline surface at the highest degree of detail.

During the research, it has been found that fractal distributions almost for all types of
crystalline and quasi-crystalline surfaces have a multimodal distribution and a wide spread
of fractal dimension values, which indicates complex images. Fractal distribution of each of
the built surfaces has a number of mods that coincides with the order of symmetry.

Keywords: fractal dimension, fractal distributions, crystal lattice, quasicrystals,
Schechtmanite, rotational symmetry, symmetry order, Penrose mosaic, crystalline and
quasicrystalline fractal surface.
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PO3IIOAIZIEHI AJITOPUTMMU PO3B’S3KY IIPUKJIAITHUX 3A/TAY B
EKCTPEMAJIbHIN ITIOCTAHOBIII

Ins  OdocniowceHHs mennogisuuHux eracmusocmeti mamepianie 3a 00NOMO020i0
obepHeHux memodie 0y/10 eusedeHO 6i0N0GIOHULI KAAC MamemamuyHux mooeneli.
IIpoyedypa o006pobku mamemamuuyHux Mmooeneii 38edeHa 00 eKCMPeEMANbHOI
nocmaHosku, wo 00360JIUN0 po3podumu egpekmueHi aneopummu po3s'a3y8aHHs
KoegiyieHmHux 3adau 008iN1bHO20 NOpsadKy mouHocmi. IIpedcmasneHi pe3yibmamu
p038’3Y8aHH mecmosux 3adau Ha OCHO8I 3anponoHo8aHozo nioxody. BueedeHo
dodamxkosi ymosu, siKi 00380/5110myb po3dinumu 0ocnidxicysaHy npobaemy Ha 08i 3adaui:
a) memnepamypHy; 6) nomokogy. Ilepwia 3 Hux 0ae MOMIUBICMb pO36’a3ysamu
KoegiyieHmHy 3adauy Ha 6cbomy 3adaHomy O0iana3oHi 3MiHU memnepamypu 3d
donomozoio  ynpaensiou020 napamempa y eu2asdi kKoegiuienma OJugysii; Opyza
CNpAMOBAHA HA BU3HAYEHHs1 Koeiyienmis mennonposioHocmi abo mMenaioEMHOCMI.
HocnioxwenHs mamemamuuHux modeneti 1 i 2 npogodunu i3 3acmocy8aHHIM Memoady
npsimux. 3anponoHoeai modeni d0360/15110mMeb po36°13y6amu 3adaui 8 eKCmpeManbHux
nocmaxoekax. [N po3s’13aHHA 3adaHux 3adad memooamu MamemamuuHozo
MOOenn8aHHs. po3pobneHo naxkem npukaadHux 3adad. CmeopeHHs nakemy O6Y10
30ilicHeHO 3 ypaxysaHHsAM 8UMO2 06'EKMHO-0PIEHMO0B8AH020 hpoepamysawHs. IIpoyedypa
MmodeniogaHHs Oyna peanizoeaHa HA OCHOBI 3ACMOCY8aHHs 6azamonpoyecopHoi
obuucniosanvHoi cucmemu. Ilakem npukaadHux npozpam npusHaueHuii ons
onpayeaHHs menao@izuuHux ekcnepumeHmie 06epHeHUMU Memooamu.

Knwuosi cnosa: xoegiuienmui 3adaui, ekcmpemanbHa NOCMAHOBKA, MAmemMamuuHi
Modeni, menionposioHicmos, menaonposioHicms, menjionepeoauda.

ITocTaHOBKa MpooGIEMM

[Ipy aHami3i mepeHeCeHHs TeIUla 3a PaxXyHOK TEIJIOMPOBIAHOCTI TOYHICTb
pe3y/bTaTiB pillleHHS Tiei abo iHIIOI 3amadyi MOKe CWJIbHO IOCTpaXkmaTu uepes
HeIOCTAaTHOCTI BiOMOCTi Mpo Teraodi3uyHi XapaKTepPUCTUKU CcUCTeMM. 3 1€l
MIPUUMHY BAXKIMBO BUPA3HO YSIBIATU €06i (Pi3sMuHMit ceHC Ta Mpolec 3MiHU IUX
XapaKTepUCTUK BiJ TemmepaTypu Ta MeTOAiB, 3a [ONOMOTOKI SIKMX BOHU
eKCIIePUMMEHTAIbHO BM3HAYAIOTHCSI, @ TAKOX Ti OOMeXeHHs, A0 SIKUX Ii 3MiHM
cxunbHi [1 — 3]. o OCHOBHUX TeIa0(Qi3sMYHUX XapaKTepUCTMK MaTepiamiB, IO
BM3HAYAIOTh YMOBM iX TEIUIOBOI 0OPOOKM, BiTHOCSTHCS €HTAJIbITisI, TEIJIOEMHICTD i
KoeillieHTH TerIo- i TemMIiepaTyponpoBigHocTi. i mapameTpu BXOSITh B PiBHSIHHS
TEIUIONMPOBIAHOCTI Ta BM3HAYAIOTh TeMIlepaTypHe II0Jie yCepeauHi pPeYOBMHMU.

© IBamenxko B.II., llIBaunu I'.T'., IBamenko O.B., 2021
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Temnodisnuni XapaKTepUCTUKU pEeYOBUHU 3a1exxaTh Bif BeJIMKOI1
KiJTbKOCTi YMHHMKIB, TOMY €KCIIEpMMEHT € €IVHMUM [I>)KepeioM OTPUMAaHHS IUX
xapaktepuctuk [3]. IIpore, 3 MOSIBOI i PO3BUTKOM HOBOTO HAIpsIMy, IO JiCTaB
Ha3By obepHeHUX 3amau TeruionpoBigHocTi (O3T), cTae MOXIMBUM He JIMIIE
oocmimkeHHST GopMM Ta 3MIiCTy MaTeMaTMYHMX Mopeseii, 0 BigOoMBaIOTh
dbeHOMEeHOIOTiUHMIt OINUC MPOIIeciB, ajie Vi 3HaUHe MiIABUINEHHS iHPOPMaTUBHOCTI
TEeIUVIOBOTO  ekcriepuMmeHTy. OTke, Oe3srnocepegHbO 00poOKa  pe3ysbTaTiB
eKCIepMMEeHTaTbHUX AaHUX TMOBMHHA IOCTIIKYETbCS 3a IOMOMOTOI0 TOTO Kiacy
3a7auy MeTalypriitHoi Teruiodi3mku, SKi CKIamaloTh TPyMy OOepHEHUX TeIIOBUX
3amay. Y  6araThbOX BMIIQJKax OCHOBY MaTeMaTM4YHOro 3abes3mneuyeHHS
HeCTalliOHapHMUX  TEeIUVIOBUX  EKCIIePMMEHTIB  CTaHOBJSITh CaMe  MeTOIU
pO3B’sI3yBaHHSI obOepHeHMxX 3amau TeruionpoBigHocTi (O3T), cepen SKMX MOXKHA
Ha3BaTM BU3HAUEHHS I'PAaHMUYHUX TEIJIOBUX PEXMMIB, imeHTHiKaIlil0 MpolieciB
repeHeceHHs TerJia i Macu, BiJHOBJIEHHSI 30BHIIIHIX i BHYTPIllIHiX TemMmOepaTypHUX
nmoniB i T. A. OcHOBHOW0O cdepoto 3actocyBaHHS O3T 3amuinaeTbcsi 00poOKa it
iHTepripeTallisi pe3ynbTaTiB TEIUIOBUX eKcIlepuMeHTiB. Came TYT OyJ0 JOCSITHYTO
HaMOIMbIINX YCHiXiB TEOPeTMYHOro ¥ MPUKIALHOTO XapaKkTepy 3 TOUYKU 30py
e(eKkTMBHOCTI METOMIB i HIMPOTH iX MPAKTUYHOTO BUKOPUCTAHHS.

V nmaHiii poboTi 3amaya oOGpPOOKM pe3y/ibTaTiB eKCIIepUMEHTATbHUX TaHUX
peai3yeTbCs 3BeIeHHSIM 11 [0 eKCTpeMabHOI MOCTaHOBKM. Takuii miaxim moJisirae B
TOMY, 110 B IIbOMY BUIIQJIKy IIyKaHi MPUUMHHI XapaKTePUCTUKU TEIJIO0OMiHHOTO
MpOLeCy pO3I/SIAIOTBCS SIK MapaMeTpyu KepyBaHHS, LIO BXOASATb Y PO3B’SI30K
MpSIMKX 3a7ad.

AHaJi3 oCTaHHIX JOCTiIKeHb i myosTikaIin

AKTya/IbHICTD TIpO6GIEMM PO3POOKM UMCAOBMX METOMIB IJIsI PO3B’SI3yBaHHS
0araTOBUMMIipHMX CHUCTEM MapabOMiYHMX KBa3iTiHIHMX PiBHSIHB, IO OIMCYIOTh
MPOIeCH TEIIo — i MacooOMiHy, MOKHA BBaskaTM TaKOlo, 1[0 HE BUKIMKAE CYMHIiBiB.
OpHMM 3 HaANMIIKABIMIMX MPUKIALIB TaKUX CUCTEM MOXYTb CIY>KUTU PiBHSIHHS
riipogMHaMiku Ta MeTanypriiiHoi Teriodisuku [4, 5]. IIpo macoBe pilteHHS
HeCTallilOHapHMX 3aJa4 BUCOKOIO IIOPSILKY TOYHOCTI Ha HMHINIHBOMY piBHI
TeXHiYHOI MOMJIMBOCTI Ta Ha 0a3i TpaguiiiiHMX METO/iB, pPO3pPOOJEeHUX 0
TeNnepilHboro Yacy, mMabyTb, MOXHa TOBOPUTH, TiJIbKM BpaxoOBYIOUM HACTYITHI
06CTaBMHMA.

[To-mepiiie, MosiBa HOBMX i HeIOpPOIrMX 3aco6iB KOMyHiKaIlii 00UMCII0BaIbHOI
TEeXHiKM CTUMYJII0BaJIa PO3BUTOK HOBMX iH(DOpMaIIiiHMX T€XHOJOTii: CTPYKTYPHOTO
MporpaMyBaHHSI, MepeXXeBUX oOmepaliifHuX CUCTeM, 00'€KTHO-OPi€HTOBAHOTO
MporpaMyBaHHSI, CCTeM IapajeabHoi 06pobku iHGopmariii i Tak gani. OpraHisairis
rnapasneabHOI 00pOoOKMU iHhopmatiinHmx MOTOKIB, 3B'SI30K mpobJiemM
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po3napajieqitoBaHHS 3 apxitekrypotro  I[IEBM, CUCTeMM  TapaliejibHOrO

MporpaMyBaHHSI, METOIM i aJTOPUTMM THapayieIbHUX OOUMC/IeHb — OCh KJIIOUYOBi
TeMU PO3BUTKY 00UMC/II0OBAIBbHOI TEXHiIKM Ha IIbOMY eTarri [1, 6, 7].

[lo-ngpyre, OO0 TemepiliHbOrO 4Yacy HaMITWIMCS TI€BHI TeHIEHIlil II010
PO3BUTKY 00UMC/TIOBAJIbHMX METO/IiB i3 CKJIaJHOIO JIOTiYHOIO CTPYKTYPOIO, IO MAalOTh
B TIOpiBHSIHHI 3 TpagulliiHUMM CKiHUEHHO-Pi3HULIEBMMM MeTOdaMM BUIIUI

nopsiiok TouyHocTi [8 — 10]. Cepito3HuM mporpecoM B 0067acTi pO3B’SI3yBaHHS
6araToBMMipHMX MPOCTOPOBUX 3a7ad MOKHA BBaKaTy PSIJ, MPOMO3UILiit, He 30BCiM

eKBiBaJIEeHTHUX OAMH OJHOMY, ajie MalOThb OJHY CTEePEOTUIIHY METY — 3BeCTU 3a7aui
TPUBMMIPHOTO PO3MOMily 00/IacTi 3MiHM 3MiHHMX IO TOCTiTOBHOCTI CXeM, IO
BK/IIOYAIOTh HEBiJOMi BeIMUYMHM JUIlIEe B OJHOMY HAMNpsSIMKy, — IOINEPeMiHHO B
TOJIOBKHBOMY, TIOTIEPEYHOMY i BepTuKaabHOMY. JJoCUTh AeTalbHa Oibmiorpadis mmx
pobiT mpencrasiaeHa B [8, 9]. [ToMiTuMO, 110 BUKOPUCTAHHS MPU 1IbOMY HESIBHUX
cXeM TIPUBOIUTDH OO CUCTeM JiHiitHuX anreopaiunmx piBHAHb (CJIAP), 110 MaioTh
TPbOXJiaroHa/IbHY CTPYKTYpPY [9]. Takum umMHOM, OPUIHATTS 32 METOHOJIOTiYHY
OCHOBY pi3HMIIEBi CXeMM PO3IIEIUIIOBAHHS, MO-Tiepiie —3abe3reuyye eKOHOMIUHY i
CTilKy peastis3allilo YMCI0BUX MOJeJeil MeTOA0M CKaJsSIPHUX IPOTroHiB. I, mo- gpyre,
BiloMO, 1110 HaM6iMbIMII edeKT Bif mapanaebHOTO IMPOIECcopa MOCSITAETHCS B TUX
BUITA[IKaX, KOJM BiH 3aCTOCOBYETHCS [JiT BUKOHAHHS MATPUUYHUX OOUMCIIEHD
JiHitHOI anrebpu.

VY 1iit poboTi imeHTHdiKallis TPOIECiB TEIIOMPOBITHOCTI PO3IISIIAETHCS Ha
MPUKJIaAl pillleHHS PiBHSHb TEIUIONPOBISHOCTI B AEKApPTOBiMl CUCTEMi KOOPAMHAT
st obJacTi Y€[Yo,VL],t €[0,00). OueBMOHO, IIO MpM 3aJaHUX BXITHUX HAHUX
pPO3B'SI30K 1Ili€l 3amaui AOCUTb IIPOCTO peali3yeTbCsl CKiHEYHHO-Pi3HULIEBUMMU
MeTogaMu. BMKOPMUCTOBYHOUM HESBHI CXeMM 3a 4acOM i ILeHTpa/JbHI pi3HMUI 3a
MIPOCTOPOBilt 3MiHHi/, OTPMMAEMO CUCTeMY JIiHiIiTHUX anredbpaiudHmx piBHSIHB (CJIAP)
TPbOXAiarOHaJIbHOI CTPYKTYpU. BUKOPMUCTOBYIOUM MeETOJ MPOTOHKM, MOOYAZYEMO
eKOHOMIUHY Pi3HUIIEBY CXeMYy pillleHHs TPSMOi 3amadi. 3 aHasi3y 1liei ajre6paiuHoi
MM Burikae, mo g CiTKOBOi 06jacTi BM3HAUEHHS INyKaHOi (QYHKIIii
Yp,P = 1,2,3,...,2m,m e Z B KOXKHOMY Yp =My citkoBoMy By3si B koedittieHTn CJIAP

BXOASITh AVICKPETHI 3HAUYEHHS lp,l’ CVp,l' SIK BUIHO, YMCJIO HEBIJOMUX 110’1, CVp,l B

IBa pasu Oisibllle uucia CiTKOBUX piBHSIHb. Taka He3zamkHyTa CJIAP mpu Bimomux
3HAUEHHSX TeMIlepaTypu y By3jaX CITKM 3a IMPOCTOPOBiMi 3MiHHIA MOXe MaTu

HeCKiHYeHHY 6e3jiu pillleHb BiIHOCHO HEBiTOMMX lpl’c‘/pl'
) )

dbopmanbHMii Miaxig He m03Bossie chopMymoBaTu pinieHHs KoedirieHTHnX O3T B
JlaHili MOCTaHOBII.

OTxXe, 4YUCTO
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MerTa i 3aBOaHHSA JOC/TiIKeHHS

MeTa [OOCTiAKeHb TOJSITa€ B TOMY, OO [JisT BM3HAUYEHHS TeruiodisMuHmUxX
BJIACTUBOCTE} MaTtepianiB obepHeHMMM MeTOJaMM BUBECTM BiAIOBiIHMIT Kiac
TeMIIepaTypPHUX 1 rpafi€eHTHUX MaTeMaTuuHux mopesneri (MM). OCHOBHe 3aBOaHHS
IOCTiIKeHb TIOJSITa€ B TOMY, LI00 IMpolenypy o6pobku MM SK KepoBaHMUX 3a
BXiJHMMM MMapamMeTpaMu 3BeCTU, Ha OCHOBI MPUHIIUITY HEB'I3KU, A0 €KCTPEMAJIbHO1
rocTaHoBKM. Takuit migxig mo3Bosisie po3poouTy edeKTUBHI aaropuTMM pillleHb
Koe(ilieHTHUX 3amauy Ha MM [OOBIJIBHOTO MOPSIAKY TOYHOCTI 3 ajarTalli€lo 3a
YaCOBUMM peXXMMaMy TerioQi3uuHOTO eKCIIepUMEHTY.

Hapani BBaxkaTuMemo, 1110 OGHOBMMIipHA MOCTAaHOBKA 3a3a4 TEIIONPOBiTHOCTI
€ OCHOBHOI0 PO3PAaxyHKOBOIO MaTeMaTUYHOIO MOJEJUII0, IJsT SIKOi MawTb OyTHU
nobynoBaHi ebekTuBHiI po3B’ss3ku O3T i aropuTmMu 06poOKM eKCIepMMeHTaTbHUX
IaHMX 3 METOI0 BU3HAUEHHS TeIIo(i3MUHMX XapaKTepUCTUK MaTepiay.

BukiiazeHHsI OCHOBHOTO MaTepialy JOCTIiI)KeHb

Po3B's130K TOCTaB/lI€HO] 3a4aui MOXHAa OTPUMATU Y TOMY BMIIaAKY, SIKIIO
IIyKaHi TeMIlepaTypHi 3aJe>XXHOCTi /I(T),CV(T) JIOKQJIi3yBaTU B KBaJpaHTax y

BUIVISIII KYCOYHO-CTQ/IMX 3aJIeKHOCTE Bif, TeMIlepaTypu, SIK 3a IIPOCTOPOBIit
3MiHHIili, TaK i 3a 4acom, a B SKOCTi MM CKOHCTpywOBaTu TeMIlepaTypHy Ta
rpafieHTHY 3a1eXHOCTi. [lokaskemo, 110 [J1s1 KOKHOTO TaKOro MPOCTOPOBO-YaCOBOTO
KBaJjpaHTa 3aMKHYTi pillleHHSI ITI04YaTKOBOi maudepeHIliaJibHOI 3amadi JOCUTH
eekTMBHO OyAYIOTHCS Ha pillleHHSIX 3aga4i Ko :

oo 532,n 1 d"T, 1(‘9t) 1 )2/n+1 1 d"T, 2(5t)
Tp+e, (et 6y) = , - , (D)
—0 (2m!a def! Ap~ (2n+1)! ap def!

me p=1,2m-1 — Homepu CIiTKOBMX BY3/JiB TIO0 IIPOCTOPOBilt 06IACTi

ye [yo,yL] ; Tp,l(gt)’ Tp,Z(gt) — nani Kol (TemnepaTypHi Ta MOTOKOBI), SIKi 3afaHi
y By3j1axX CiTKOBOi 06J1acTi mpu &y = 0; ap — 006e3po3MipeHMit CiTKOBUIT KoedillieHT

‘p1 Dtl
CVpl Dylz

TeMIIepaTypOIIPOBiAHOCTI (ap = ). IIpocTopoBa Ta 4yacoBa 3MiHHI B (1)

HOpMOBaHi 3aJIEKHOCTAMMN:

Y=Y,
e, =—L e[-11
T [-11]

LIS 0,1
efo]

@)
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IOns p—x CITKOBUX BY3JIiB, pO3IO/iJIEeHUX PIBHOMIPHO, PO3B'sI30K 3amaui Komm
I03BOJISIE TIOOYAYyBAaTY 3aMKHYTI MaTeMaTMUHi MOJiesli BiTHOCHO HEBiIOMMX MaHUX
Korri y BUrasai cuctemu 3sudainHux nudeperianbuux piBHsaHb (C31Y). [ToknaBum
B (1) &y = +1 orpumaemo C31Y N-ro nopsiiky:

N 1/ap n)

ng (2 )u pl

1N Vap
Ap n=0 (2n+ @n+1)! P2

(&)= (Tp+1,1(€t)+Tp_1,1(5t))
, NeZ, 3)

(&)= (Tp+1,1(€t)—Tp_1’1(€t ),

Oe3mepepBHMX B YacoBiit o6smacti. Hampukmam, mpu N = 1 orpumaemo C3IY
nepuioro nopsaky y ¢opmi Ko, me rpasi yactunm 6yayTh BigoMmumu GyHKIISIMU
yacy. B 11boMy BUITIQ[IKy pillleHHST AOIIIbHO MOOYIyBaTU B KYCOUHO - aHATITUUYHOMY
BUTJISIOL:

-2
T, 1(6) =Ty 1 (e) + (T 1(0)= T, (O P

4

Ty oet) =T, 2(5t)+( 20)-T, 2(0))5
e {Tp 1(gt),T; z(gt)} — YaCTUMHHUIA PO3B'SI30K HEOOHOPIAHUX PiBHSHbD,
{Tp 1(0),Tp2(0)} — Bigomi mnouaTkoBi AaHi. Y 3arajbHIillOMy BMIIAAKY, [OJIS

IOBI/IbHOTO 3HAUeHHS IIiJIoUMCce/NbHOTO Mapamerpa N, Bim audepeHIiaIbHUX
piBHSIHB (3) IOLJIBHO TepeiTu 10 HopManbHMUX C3[IP mepiioro mopsiiKy, o MarThb
dopmy Komri. Takum umMHOM, Tpollelypa iHTETpyBaHHSI PiBHSHHS B YaCTMHHUX
MOXiTHMX 3BeleHa HamMu 110 iHTerpyBaHHs C3/IP mepiioro nmopsinky y ¢opmi Komn,
SIKi MOKYTb OYTYM BMKOPUCTaHi MPY pillleHHi KoedillieHTHMX 3a1a4 sIK KepoBaHi MM
BigHOCHO KoeQillieHTiB Teruio- i TemIiepatyporpoBigHocTi. Ciig migKpecanuTu
TaKOX, 110 BK/IIOUeHHS B MM 3HaudeHHs LiijiouncenbHOro napamerpa N, sIK BXiZHOI
BeJIMUMHM, AO03BOJISIE KOHCTpPyHOBaTU MM 3 HOBiIIbHMM MOPSIAKOM TOYHOCTI Ta
ajanTalii€lo 3a MopsaKaMu aripokcumalliii.

3eedents npobnemu 8U3HAUEHHsT menjogi3uuHux eaacmugocmeti mamepianie 00
ekcmpemanvHol nocmaHosku. OOHUM i3 MepCHeKTUBHUX HAMpPSIMiB OIpalOBaHHS
3a7au TeIUI0O0OMiHYy OOepHEeHMMM MeTOoJaMM € 3BelleHHS iX [0 eKCTpeMaJbHUX
IMOCTAaHOBOK 3 BMKOPMUCTAHHSIM UMCIOBMX METOAIB Teopii omTumisaliii. Y TOUHil

eKCTpeMaJibHii MTOCTaHOBIII BM3HAUYEHHS MapamMeTpiB A 1> Cvp 1 Ha MM (3) a6o (4)

BiATIOBimaTuMe MiHiMi3allii HeB'SI30K y BUTJISAAI GYHKITIOHATIB:

Jp1(R)= (Tpl(g R)- f(gt,R))z

b 5)
Jp2(R)= (sz(g R)- O(gt,R))
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Ile R — nrykaHi mapameTpu yIpaBJIiHHS.

Benmuununau | 9 B mpocTopi Ly 3a Takoi MOCTaHOBKM MOKHA PO3IJISAOATH
b

1> p
Ak  QyHKUil 3migHMX R. IX uucioBe 3HauyeHHs BM3HAYaA€ BifACTaHb Y
(GyHKITIOHATBHOMY IIPOCTOPI Ly MK 3amaHumn f(&t,R) ,Q(&t,R) BenmmumHamuy,

BilOMMMM 3 eKCIepMMEHTy Ta MOJe/bOBaHUMU Tp 1(&t,R), Tp 2(¢,R)  3a

KepoBaHuMu MM (3,4).

VY KO’KHOMY KOHKPETHOMY BUITa[Ky MOXKHA 3 SIKOIOChb JOCTOBipHICTIO HA OCHOBI
amnpiopHoi iHdopMmalii omicaTy OesiKy JOIyCTUMY Oe3jIiu BXigHMX mapamMeTpiB R.
Toni, sikmio posrisaaty MM sIK KepoBaHi, TO TapaMeTpy YIIpaBIiHHS CJTiJ migiopaT
TaK, o6 dhyHKIioHaNN (5) 6ynu MiHiMaTbHUMM. SIKIO AOMYCTUMI iHTE€pBaIM 3MiHU
rapaMeTpiB YIpaBIiHHSA IIOKPUTKU CITKOBUMM By3jlamu R, TO IIpu 3aJaHux IX

3HaueHHsIX PyHKioHanu (5) MOXYTh 6yTU 06unciieHi. TakuM YMHOM, MMOCTiAOBHICTb
{J(R,)} minimisyiouoro, sikimo rpaunust J(R,),v =1,2,.... JO3BO/SIE BUSHAYMTH #10OTO
MiHiMym. IIpy 1IbOMY B OKOJIMIII MiHIMyMy 3HaueHHS (YHKIliOHaja MO}Ke OyTu
IpencTaBieHe PO3KIaLaHHAM B psif Teiiopa:

Foregl@ =Ty 1 +eRSy 2+ eRSy 5+ ©)

zie &g :R—}};e — HOPMOBAHMUI apryMeHT QYHKIIii; ]v,Z’ ]v,S'"' — TeIoPiBChKi
R -Ry
KOMIIOHEHTY I1ePUIOro Ta APYroro MOPSAKY.
36epirmm B po3KIagaHHi (6) Tpoe AOAAHKIB i CKOPUCTABIINCH EHTPATbHUMU
Pi3HULIIMMU [J151 TEMIOPiBCbKMX KOMIIOHEHT

]V,Z - ;(]v+1,1 _]v—l,l )

1
I3 :2(]v+1,1+]v—1,1_2]v,1)

ITiCc/s BM3HAUYeHHSI ITIOXiAHOI Ta IPMPIBHIOBAHHIO 11 3HA4YeHHSI HYJ/I, BUHUKAE

, (™)

MOKJIMBICTb ITOOYIOBY iHTEPIIOISALiIHOT hopMyJIN:

_ _1 _ ]V+1_]V—1
R=R, = (R, 41 -R/) T +), 1-20 ®

3a SKMMM MOXXHA OpraHi30BYBaTH iTepalliiiHuii UK. 3 I[bOTO aITOPUTMY BUXOIUTD,
0 9K TiIbKM OyHe BCTAHOBJEHMII Bigpi3oK BigJijeHHS IIyKaHOrO ITapamMeTrpa
yIIpaBJIiHHS {RP +1’RP—1} , Ha IKOMYy HeB'si3ka y ¢yHKIioHasi (5) 3MiHIOE 3HAK, TO
ToJaJibllie YTOUYHEHHS Iapamerpa yIpaBiaiHHS Ipu pimeHHi O3T Moske O6yTu
YTOYHEHE PeKYPEeHTHO 3a ¢GopMyJIok0 (8) 3 OyIb-IKOI0 Hallepes, 3aJaHO TOYHICTIO.
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Excnepumenmansti dami i ix 00poOka. BaskaMBUM eTarioM IOCTiAKeHb CTasia
po3pobKa makeTy npukiaagHux mporpam (III1IT) gyt po3s’si3yBaHHST KoedillieHTHUX
3a7a4  TeIUIONPOBIOZHOCTI MeTomaMM MaTeMaTM4yHOro MopjentoBaHHsa [10].
CTBOpeHHSI TaKeTy BMKOHAHE 3 YpaxyBaHHSIM BMMOI 00'€KTHO-OPi€HTOBAHOTO
nporpamyBaHHsI. [Iporemypa MomenoBaHHSI Oyja peani3oBaHa Ha OCHOBI
3aCTOCYBaHHSI  6araTornpolecopHoi obumciaoBaabHOi cuctemu [11].  Ilaker
MIPUKJIAIHMUX TIpOrpaM IIpM3HAUEHO MJIsI 00POOKM Termodi3sMyHUX eKCIIepMMEeHTIB
obepHeHMMM MeTomamu. OCHOBHOIO METOIO, SIka CTaBWIACsS MpPU #Oro CTBOPEHHI,
Oy/JI0 HaJaHHSI TPAKTUUYHOI JOTIOMOTrM [OCHITHMKOBI Ha YCix eTarax 0O6poOKwu
eKCIIepUMMEHTATbHUX TaHUX.

Y 10poMy pO3Aii  OOCHIAKEeHb PO3IVISILAKTBCS OONATKOBI yMOBM, SKi
JIIO3BOJISIIOTh PO3AITUTU OOCTIIKYBaHi 3aaui Ha ABi — TeMIlepaTypHY Ta MOTOKOBY.
[lepiia 3 HUX Ja€ MOXIMBICTb PO3B’si3yBaT KoedillieHTHiI 3ajaui B YyCbOMY
3aJIJaHOMY [iara3oHi 3MiHM TeMIlepaTypu 3 IapaMeTpPOM YIIPaB/IiHHS y BUIJISIIOL
KoedillieHTa TeMIlepaTypOoIIpOBigAHOCTI (Mozenb 1), Ipyra — y BUIJISIAI KoedillieHTiB
TeIUIONPOBIAHOCTI abo TeruioeMHOCTI (Momenb 2). Takuit migxim Bigmosimae
KJIAaCMYHMM MeToJaM TexHiuHOl Teriodisuku. [JOoCHiIKeHHS MaTeMaTUUHUX
Mozeneit 11 2 mpoBelieHO i3 3aCTOCYyBaHHSIM MeTony NpsiMmux. [Ipu npomy mozens 1
(Hampukian, anrebpaiuHa a6o (QyHKkuioHasmbHa) i Momenb 2 (TpajieHTHA)
NO3BOJISIIOTh PO3B’SI3yBaTU Koe(illieHTHY 3aJilauy B eKCTpeMasbHili MocTaHOBIIi. B
SIKOCTi TeCTOBOTO 3aBIaHHS OyJ0 3alpONIOHOBAHO BU3HAUEHHS TeIio(i3smyHmux
BJIACTMBOCTEM KOHKPETHOTO IIPOMMCIOBOro Mmatepiany [3]. JIOCHiIKyBaaucs
BJIACTUBOCTI KOKCY, BUTOTOBJEHOIO 3 ra3oBOro BYTri/uisl. s 1IbOrO MOZET0BAIN
TeMIlepaTypHe Iojie 3paska, 1o Mae ¢opmy HuaiHapa. IIpu po3B’si3yBaHHI Takoi
Koe(illieHTHOI 3ajadi 3aCTOCOBYBa/JIMCS HACTYITHI IMOYATKOBi MdaHi: KoedillieHT
TeMIIepaTypoNpoBiTHOCTI dy=a, N =5. Pe3ynbTaT MOJENIIOBaHHS, BMKOHAHOIO
3aco6aMy 6araTompoIeCopHOi 06UMCIIOBAIbHOI CUCTEMH, TIPEeACTaB/IeHI HA PUCYHKY
1. Po3B’sa30Kk Koe(illieHTHOI 3a7auvi IMPOBOAMIOCS 3 YHOpPaBIiHHIM BiJHOCHO
06e3po3MipeHOro KoedillieHTa TeMIiepaTypoIpoBifHOCTI Ipu R=a/a,. 3 aHanidy
pesy/ibTaTiB MOJENIOBaHHS (PUCYHOK 1) BUXOOUTb, L0 MIiHIMyM HEB'SI3KU
BinoBifgae 3HaueHHIO napameTrpa R~ 1. TouHe X 3HaYUE€HHS ITapaMeTpa yIIpaBIiHHS
R=1. [ins 3amaui TeruionpoBigHocTi 3a Tabmmuaumu gmauumu  A=0.16.

ImenTudikarlis Takoro mapamerpa BioopaskeHa Ha pPUCYHKY 2.
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Jo Jo
0.48
0.040
0.030 0.36
0.020 | 0.24
0.010 | 0.12
R | R
0.000 980 '0.88 0.96 1.04 112 120 0.00 "000 006 013 019 026 032
Pucynok 1 — I'padik pesynbTaTiB Pucynok 2 — I'padik pesynbTaTiB
pO3paxyHKy KoedillieHTHOI 3a1a4i mpu pO3paxyHKy KoedillieHTHOTO 3aBAaHHS IIPU
R= a/ o 3 IMapaMeTpPOM YIpaB/IiHHS R =/ 3 mapameTpom ympaBliHHS BiJHOCHO
BiZHOCHO KoedinieHTa Koe(illieHTa TeIrIoNpPOBiJHOCTI

TeMIIepaTypONpPOBiAHOCTI

Po3po6sieHMii  aJirOpuUTM  pO3B’sI3yBaHHS Koe@illieHTHOI 3amadi MOsKHA
BBaKaTu 3a[I0BUIbHMM, OCKiJIbKM 1OTO BapiaHT 3 BMKOPUCTAHHSIM TOYHUX BXiTHUX
JaHMX abCOJIIOTHO CITiBMAJa€ 3 TOYHMM Pe3y/JIbTaTOM aHAJITMUHOIO PO3B’SI3KY, a
TOXMOKM Pe3y/bTaTiB PO3PaxXyHKYy BiJHOBIIOBAHUX MPUUMHHMUX XapaKTEPUCTUK, B
SKUMX BpaxOBaHA ITOXMOKAa BXiTHMX MHAHUX, IPUOIU3HO HOPIBHIOIOTH ITOXMOITi
BUXIOHUX JaHUX.

BucHoBKu

Po3B’s130K 00epHeHOi Koe@illieHTHOI 3amauvi B 3aIpOIIOHOBAHIl ITOCTAHOBII
3BOJIUTHCSI IO MPSIMOTO BU3HAUEHHS MOCTIiTOBHOCTEl 3HaUeHb QyHKIlioHaNiB (5) Ha
MaTeMaTUYHUX Mopensax (3) i obuuciaeHHS B HUX MiHiMaJbHUX HOCIiB Jmin -

[Tpouiemypa BU3HAYEHHS | Moke OyTM peasi3oBaHa 3a JOTOMOTOI0 MPOCTOTO

min
copTyBaHHSI ab0 3a 3MiHOI 3HaKy ]*(a)- ]*(b) Ha Bimpisky R=a, R=b, ne nnsa
JiHitHOrO 3HaueHHs QyHKIioHana (5) (a<b). 3posymino, 110 ]*(R)=O Ha
BiOKpeMJIEHOMY Bifpi3Ky Re[a,b] MaTuMe KOpiHb. YTOUHEHHSI 3HAauy€Hb 1[bOrO
KOpeHsI MOXe OyTM peasi3oBaHe 3 Oy[Ib-sIKOI Harepes 3aJaHOK TOYHICTIO 3a
3aeXXHiCcTIO (8) 260, HATIPUK/IAI, 3a JOTIOMOT'0I0 METOIY XOp/I, a00 JOTUYHMX.
[TomiTMMO, 10 PO3GUTTSI TOBHOTO YAacCOBOTO iHTepBa/ly Ha CaMOCTiliHi
iHTepBa/siM 3 pilleHHSIM OOepHEHMX 3a7au B KOKHOMY 3 HMX 3a BKa3aHOIO BUIIE

CXeMOIO [I03BOJISIE BM3HAUMUTHM 3HAUEHHS IMIyKaHUX IlapaMeTpiB K QyHKITA
TeMIiepaTypu Tp 1(T) . Tomy HacTynmHuMi eTamn 00pOOKM eKCIIepMMEeHTaNbHUX JaHUX
)

TI0JISITa€ B MOOYIOBI TeMIepaTypHUX 3a1e€KHOCTeN ﬂp 1(T), Cv(T)y BUTTIAAL BESKUX
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MOJIHOMIaJIbBHMX PO3KJIadaHb [OesIKMX TOpPSIAKIB MEeTOAOM MaTeMaTUYHOro
IUVIAHYBAHHS Ta perpeciiHoro aHamidy. Ha 1npbomy erami [Ojs1 IepeBipku Ta
BCTAHOBJIEHHS aJeKBAaTHOCTiI MOIIIbHO BUKOPUCTOBYBATU OUCKPETHY HEeJiHIHY
MaTeMaTU4YHYy MOJe/ib Ha TIOBHOMY ITIPOCTOPOBO-YaCOBOMY iHTepBasli.
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UDK 681.3.012:621.1
V. Ivashchenko, G. Shvachych, O. Ivashchenko

DISTRIBUTED ALGORITHMS FOR SOLVING APPLIED PROBLEMS
IN AN EXTREME SETTING

The corresponding class of mathematical models was derived from studying the
thermophysical properties of materials using inverse methods. It was shown that one-
dimensional formulation of thermal conductivity problems is the primary computational
mathematical model, which requires building effective solutions of the inverse thermal
conductivity problem and algorithms for processing experimental data to determine the
material's thermophysical features. The processing mathematical models procedure is
reduced to an extreme formulation allowing to development of practical algorithms for
solving coefficient problems of arbitrary order of accuracy. Herein, the algorithm's variety of
accurate input data entirely coincides with the exact result of analytical solutions, and the
computational results errors of the recoverable causal features, including the input data
error, are approximately equal to the original data errors. The paper presents the results of
solving test problems based on the proposed approach. Additional conditions are derived,
dividing the studied problem into two tasks: a) temperature; b) streaming. The first allows
solving the coefficient problem over the entire given range of temperature changes by the
control parameter as the diffusion coefficient (model 1); the other aims at determining the
coefficients of thermal conductivity or heat capacity (model 2). Studies of mathematical
models 1 and 2 were performed by the direct method. The proposed models allow solving
problems in extreme situations. That approach is that the heat transfer process' desired
causal features are considered the control parameters that are part of the direct problems
solution. To solve the given problems by mathematical modeling methods, we developed a
package of applied problems, which primary purpose was to provide practical assistance to
the researcher at all experimental data processing stages. The package covered the
requirements for object-oriented programming. The simulation procedure was implemented
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based on the multiprocessor computing system. The application package is designed to
process thermophysical experiments by inverse methods.

Keywords: coefficient problems, extreme formulation, mathematical models, thermal
conductivity, thermal conductivity, heat transfer.
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BIIJIUB EJIEMEHTIB KOHCTPVYKIIII BUJIMBKA HA EBOJIIOLIIIO
TEXHOJIOTTYHUX NE®EKTIB

DopmysaHHs earacmueocmeli 3a20moeok nid uac 3a1u8aHHs ma Kpucmanizayii piokozo
po3niasy eumazae 3acmocy8aHHs eeKkmueHux Kpumepiie KOMNJIEKCHOI OUyiHKU
dezpadayii mamepiany npu opmoymeopeHHi sunuekie. 3anponoHo8aHo 3acmocysamu
Mmemod LM-meepdocmi ma kpumepiti mexHOJ102iUHOI NOWKOOHY8AHOCMI O/l AHAJI3Y
CMPYKMYPHUX 3MIH NPU 8U20MOBJIEHHI TUMUX 3A20MO0B80K, 32I0HO SIKO20 8U3HAUAEMBCS
cxunpHicme mamepiany 0o (QopmysaHHs mexHON02iuHUX Oegpekmie 3a cmyneHem
PO3Cil08aHHS xapakmepucmuk meepoocmi mamepiany HA emani KOHCMPYKMOPCbKO-
mexHon02iuHoi nidzomoeku eupobHuymed. IlokazaHo OOUiNbHICMb BUKOPUCMAHHS
po3pobieHoi MemoOduKU Npu aHanisi 8naudy po3miujeHHs KOHCMPYKMUBHUX efleMeHmMi8
BUIUBKA 13 AIIOMIHIEB020 CNIABY HA NPOZHO3YBAHHS PO3BUMKY CMPYKMYPHUX depekmia
i HeodHOpidHOCmeli y mamepiani 8upooy.

Knwouoei cnoea: 3azomoseka, UNUBOK, xummeesuli Yuka 6upolby, mexHoa02iuHull
npouec, mexHoJ02iuHe YChaokoB8YB8aHHs., 20MO2€HHICMb, MexHO10214UHa
NOWKOOHYBAHICMb

ITocTaHOBKa MpooGIEMM

EkcriryaTaliiiini XapakTepuCTUKM Ta IMOKAa3HMKM HaAiliHOCTi BMUPOOIB pasom
i3 pernamMeHTOBaHMMM TexHiYHMMMU ymoBamu (TY) ix mapamerpamMu SIKOCTI
TiCHO MOB’SI3aHi 3 BOKJIMBMMM eTariaMu Ta CTaAisIMU SKUTTEBUX LMKIIIB AeTasei
mammH [1, 2]. EBomtouisi TexHosorii mammMHOOYAyBaHHSI 6a3y€TbCs Ha TaKUX
OCHOBHMX HarpsMKax [3]: po3po6sieHHS HAyKOBMX OCHOB IIiJIeCIIPSIMOBAHOI
dbopMO3MiHM  3aroTOBKM; €KOHOMisl JIOpOrMX MarTepiajiB, 3abe3redyeHHs
eKCIUTyaTalliffiHMX XapakKTepUCTUK Ta MOKA3HMKIB HAiiTHOCTiI BMPOOiIB; CKOPOUEHHS
eTary TEeXHOJIOTiYHOi ITiITOTOBKM BUTOTOBJIEHHS HOBMUX BUPOOIB IpM AOTPUMAHHI
TVY; Momen0oBaHHS TEXHOJIOTiUHMX IIPOIECiB MeXaHiuHOTro oOpoO/eHHs AeTtaseil i
CKJIaJaHHSI MaIIMH TOIO. ICTOTHI po36isKHOCTI MisK TPOTHO30BaHMMU Ta PeaJTbHUMMU
3HAUeHHSIMM (QYHKI[IOHAJIbHUX IlapaMeTpiB MMOBEMiHKM BUPOOIB Ha BasKIMBUX
eTarnax i CTafisix iX >KUTTEBMUX LMKIIB CBimuaTh Mpo HedEeKTUBHICTb BUPIIIEHHS
MOCTaBJI€HUX MpobseM Juile 3a [JONOMOIO TeOpeTMYHUX MeTofiB [1, 2].
BinsHauaeTbes [4, 5], mo mociigkeHHs (GisMUHMUX TPOLIECiB 3HOIIYBaHHS, BTOMM,
KOpO3ii TOIO y IO€AHAHHI i3 iMOBipHICHMMM MeTOZaMM € HalipallioHaJbHIIIUM
HaIIpSIMKOM TIOJIa/IbIIIOTO PO3BUTKY TEXHOJIOTiIYHOTO 3abe3IeueHHsI IlapaMeTpiB
SIKOCTi BMPOOiB, iX eKCcIuTyaTaliiiHuX XapaKTePUCTHK i TOKa3HUKIB HaJilfHOCTI.

© Kycwuit .M., JInuak O.B., 2021
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Ha choromHimHin meHb He 3aBXIU e(QeKTUBHUMM € iCHYIOUi KpuTepii
KOMIIJIEKCHOI OLIiHKM Jlerpajailii Matepiaay BUpPOOY SIK PU 1 iOro BUTOTOBJIEHHI, TaK
1 mpM mnopanpllifi exkcruyaTaunil i3 BpaxXyBaHHSAM CIIAAKOBMUX BJIaCTUBOCTEN
MaTepiaay y TeXHOJOTiYHOMY JIaHITIOXKKY 3arOTOBKa-KiHIeBUii BUPib [6].

BigcyTHICTp paljiOHAJIBHOTO KPUTEPi0 KOMIUIEKCHOI OIL[iHKM pJerpagarii
MaTepiasy BMpPOOYy € OCOOJMBO BiIUYTHOIO Ha eTalli BUPOOHMIITBA 3aroTOBOK
BUpoG6iB. HemockoHaymol € TpaauiliiHa MeTonuKa BMOOPY 3aroTOBKM TIPU
pO3pO0OJIEHHI  TeXHOJIOTiYHMX IIPOIeCiB, IO 3BOAUTHCSI 10 TIOPiBHSIHHS
aJIbTEPHATUBHUX METOMIB OTPUMaHHS 3aroTOBKM 3a KPUTEPIEM TEXHOJOTiYHOL
cobiBapToCTi, HexTywuM chHOpMOBaHMMM B 3aroTiBeJbHUX Ie€xaxX BiIlIpaBHUMMU
eKCIUTyaTaliiHMMM XapaKTepUCTUKAMM [eTajleli MauiMH. B cydacHiii HayKoBO-
TeXHIUHiN JiTepaTypi HeJOCTATHbO BPAXOBYETHCS POJIb 3arOTiBeJIbHUX OIlleparii i
IIpM aHaji3i BIUVIMBY TEXHOJIOTIYHOI CMaJKOBOCTI Ha MapaMeTpu SIKOCTi KiHIIEBOTO
BUpOoOy. BinmpaBHY CTPYKTypy Ta TMOYaTKOBi BJIACTMBOCTiI 3arOTOBOK MOTPiGHO
po3mIsgaT B TICHOMY B3a€MO3B’S3Ky 13 CIIaAKOBICTIO MeTasy, IOYMHAKOYM 13
BUIUIaBKM pO3IUIaBy. IlepmiMm eTarioM BUTOTOBJIEHHS OyIb-SIKOi 3aroTOBKU €
OTpPMMaHHS BWINBKIB Ha MeTalypriiHomy mignpueMcTBi. Bigomo, 1o ycboro 25 %
BJIACTUBOCTEl BUXiMHOI IIMXTU TIepela€eTbCsd 3aroToBli, a 6su3bko 75 %
dbopmyeTbCsl MiA Yac 3aJMBKUM Ta KpUCTadisailii mpu OXONOIKyBaHHI [3, 6].
TexHosoriuHi ¢akTopu, [0 BUHUKAIOTD Y BiAlIpaBHOMY MeTaaypriitHOMY MHpolieci i
IIpU 31/ ACHEHHI KOBAJIbCHbKO-UITAMIIYBaJbHUX 1 TepMiYHMX OIllepauiil y Ky3Hi,
MPOXOJSTh B TOAAJBIIOMY 4Yepe3 IMOBHMII TeXHOJIOTiUHMIA JaHIIor (QopmMO3MiHU
BUPOGIB i CyTTEBO BIUIMBAIOTh Ha (oOpMyBaHHS HEOOXiTHMX eKCIUTyaTaliifHuX
XapaKTepUCTHUK BUKOHABYMX [TIOBEPXOHB [3].

Po3po06sieHHS Ta JOCTiIKEHHST pallioHAIbHUX KPUTEPiiB KOMIUIEKCHOI OIiHKM
nerpajailii MmaTepiasy BUpoOy M0 TEXHOJOTiUHOMY JIAHITIOKKY BiJIlpaBHA 3arOTOBKaA-
KiHLIeBuit Bupi6 iHTeHCU(}iKyBao 6 poOOTM CTOCOBHO CTBOPEHHSI HAyKOBO
OOrpYHTOBAaHOI MeTOHoJoTii i3 edeKTMBHMM KepyBaHHSIM YChOTO IIMKIY POOIT 3
MPOEKTYBAaHHS Ta BJOCKOHAJIEHHSI B3a€MO3B’SI3KiB  3aroroBka (Bupib) -
TeXHOJIOTiYHa CUCTEeMaA.

AHaJi3 oCTaHHIX JOCTiIKeHb i myosTiKaIin

B po6orax [1, 2, 7, 8] BCTaHOBJEHO, IO JIOKAJbHA MPUPOAA PYHYBAHHS B
Tpolieci 3HATTS IIapy MeTay Je30BOK 0OpoOKOI0 BM3HAYa€ IOTpeOy B aHami3i
Mpoilecy HaKOMMUYEHHSI TeXHOJOTiuHMuX AedekTiB y maTepianax i cljiaBax Hpu ix
MeXaHiYHOMY OOpOOJIEHHIO Ta MPOTHO3YBAHHS iX «IepepoisKeHHS» Y TeXHOJOTiuHi
TIOIIKO/PKEHHS ITPY HeCTIPUSITAMBUX YMOBAX eKCIUTyaTallii BUpo6iB. 3aragom mpoiec
pYVHYBaHHS BKJIIOUAE Taki eTanu [9]:

1) HarpomamkeHHs1 nedekTiB, GOpMyBaHHS TEXHOJIOTIUHMUX MOIIKOAKEHb i
TOpYIIeHHS IiJIiCHOCTI MaTepiany y o [Iii HampyskeHb Ta Aedopmaiiiii;

2) pO3BUTOK MiKpOTPIilllMH Y TeheKTHOMY CepeqOBUIIIi;
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3) PO3BUTOK TPIIIMH i BiJOKpeMJIEHHS YaCTMHOK MaTepiany Mpu 3aJaHuX Ha
MeyKax 3aTOTOBKM MUTOMUX HaBaHTAKEHHSIX 1 mepeMill|eHHSIX.

[Tig MOMKOMKYBAHICTIO PO3YMIIOTh €BOJIOLIHUII MpoLeC HepiBHOMIPHOI
3MiHM reomMeTpuuHOi GOpMM i PO3MipiB KOHTAKTYIOUMX ITOBEPXOHb CIIPSIKEHUX
JleTasei, CTPYKTypu 1 BJIaCTMBOCTEN MaTepiasly MoBepxHeBuUX mapiB. Hacmigkom
MOIIKOIKYBAHOCTI € TOUIKOIKEHHS, 10 XapaKTepU3YETbCS 3MiHOI CTPYKTYPH,
reoMeTpUYHMX i Pi3MKO-MexaHiUYHMX BJIACTUMBOCTEN ITOBEPXHEBUX IIAPiB BUPOOY ITif
yac yioro excryaranii [10, 11].

[nsi MexaHiKM MOIIKOJXKYBAHOTO CepefoBMINA CIpaBeljuBa MaTeMaTU4yHa
3a7IeXXHICcTh [12]:

M =M/(1-Dy), (1)
ne M, M - BigmoBimHO BeaWuMHM iCTMHHOI Ta eeKTUBHOI BIACTUBOCTEM
00po6sII0BaHOTO Marepiany BuUpoOy; Dy — KiHeTMKa HAKOMMYEHHSI TOIIKOIKEHb
(TTOLIKO/IKYBaHICTh) [1J151 3aJaHO1 BJIaCTMBOCTI MaTepiany geTaJli.

VY KJIacMYHMUX poOOTax MeXaHiKM, M0 OMMUCYIOTh MOIIKOIKYBaHiCTh BUPOOIB, ii
dbopMyBaHHSI He TIOB’SI3yIOTh i3 CTPYKTYpOIO MaTtepiasiB. JIuiie mpu 3acTOCyBaHHi
eHepreTMYHUX KOHLEILi/ [/ ONUCYy IIPOLIeCiB HArpOMaJKeHHS TOIIKOKEeHb
BCTaHOBJIEHO [9], 1110 B pe3y/ibTaTi B’SI3KO-TJIAaCTMYHOI Aedopmaiiii GopMyOThCS OBa
BUIM MiKpPOIOIIKO>KEeHb — IO TiTy i IO TPaHULISIX 3€PEH.

BusHauanbHy posib y (pOopMyBaHHI TEXHOJOTiUHMX IMOILIKOIKEeHb i mpoljecax
MIXK3epeHHOTO PYVHYBaHHS CIUIaBiB MalOTh BeJIMKOKYTOBI I'paHMIi 3epeH. Bruius
MeX PO3TOAiTYy Pi3HOTO MOXOIKeHHST Ha Ipolecu nedopMyBaHHS Ta PYHYBaHHS
CIUIaBiB € HEeBMBUYEHMM. 3HAYHOK MipOK0 1€ TIOSICHIOETbCSI HEBPAaxXyBaHHSIM B
icHyrouMx Mopensx MeX 3epeH OymoBM 1 CTPYKTYpHO-(}a30BOTO CTaHy
IIPUTPAaHMYHMX 30H 3epeH [13].

VYV mpakTuili MarTepiajlo3HaBCTBA Ta TEXHOJIOTii MallMHOOYAYBaHHS Bimomi
MeTOAM OL[iIHKM CTYIeHIO MOIIKOIKYBaHOCTI MaTepiasy Ha MiJCcTaBi HampalloBaHHS
3a pesyJbTaTaMM SK OpsiMuX (MEeTOAM BUBAXKyBaHHsS, MeTasjorpadii ToIo), Tax i
HenpsMux (OMIYHOTO OIOPY, aKyCTMYHOI eMicCil TOIl0) BMMIipIOBaHb MeXaHIUHUX
XapaKTepUCTUK MeTany 6e3 pyiiHyBaHHS [14]. 3acTocyBaHHSI BKa3aHUX CIIOCOOIB 1jist
OLIHIOBAaHHS [erpajaiil marepiany B pe3yjabTaTi HAKONMYEHHS IOIIKOIKeHb IIi[
yac HaIpalloBaHHS CYMIPOBOIKYETbCS  BENUKMMM  TIOXMOKaMM,  OCKiIbKU
B3a€MO3B’SI30K MK BUMIPIOBaHMMM I[apaMeTpaMMu Ta XapaKTepUCTUKAMU
CTPYKTypHO-(a3oBoro cTaHy [Jig IIMPOKOI  HOMEHK/JIATypu  MmarepiasiB
HEOJHO3HAUYHMUI Ta [PYHTOBHO HE BUBYEHMIA.

3 BifOMMX MeTOiB OL[IHKM HAaMMPUAATHIIIMM 3@ CBOIM TE€XHIYHMM 3MiCTOM €
crioci6 BUMipIOBaHHSI TBepPHOCTi Martepiany BMpOOY Ha BU3HAUEHUX CTaMisix
HarpalloBaHHA. [Micns 1IbOTO, BPaXOBYIOUU KOpeJisiii MeXaHIuYHUX
XapaKTepUCTUK,30KpeMa TBePAOCTi, i3 mapaMeTpaMy CTPYKTYPH, OL[IHIOIOTb CTYIIiHb
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TIOIIKO/IKYBAHOCTI Marepiany. daHuit crmoci6 € HeiHGOpMATMBHMM i HETOUHUM,
OCKIJIbBKM MIK TBEPHICTI0 Marepiaay Ta MOro TEeXHOJOTIYHOK MOUIKOIKYBAHICTIO
KopeJsiiiist cyiabka Ta He 3aBXIM OfHO3HayHa [13].

[Mopsig 3 TMM NPy BUPIillIEeHHI IPUKIASHUX iHKeHEPHUX 3aBIaHb 3aCTOCOBYIOTh
MeTton LM-TBepmocTi, po3pobiaennii mig KepiBHMIITBOM akageMika A.O. JleGemeBa.
XapakTepHOW0 0c06/MBicTI0O MeTony LM-TBepaoCTi € BMKOPUCTAHHS IJIsl aHasi3y
TIOIIKO/IKYBAHOCTi MaTepiaay He abCOMIOTHOTO 3HAUYEHHSI, a CTYIMeHsI pO3CiloBaHHS
XapaKTePUCTUK MeXaHIYHMX BJIACTUMBOCTEN MaTepialy Ha 3pyMHOBAHMX 3pasKax
ITiC/I HAIMpalOBaHHS MPU PiSHUX PIBHSIX HampyXeHb. [JaHuii MeTon, HaMIPOCTille
peasizyBaTu, BUKOPUCTOBYIOUM SIK ME€XaHiUHY XapaKTepPUCTUKY TBEPAiCThb, 3HAUEHHS
SIKO1 3aCTOCOBYIOTb [IJIS1 HEIIPSIMO1 OLIiHKM BJIaCTUBOCTEN MaTepianis [14-17].

[lapameTpom, 10 iHTErpaJibHO XapakTepuU3y€e CTaH MarTepiany Iif dvac
OIpalllOBaHHS pe3y/jbTaTiB BUMIpPIOBaHb TBEpPOOCTi, € TOMOreHHIiCTb, SKa
OIIiHIOETHCS 3a KoedilieHToM Beitbysna (m) [14, 16]:

me—4 @)
2.30259-S (/g (H))

Ie d(n) — mapaMeTp, 1[0 BU3HAYAETHCS KiJIbKiCTIO BUMipIOBaHb 1;

S5 ()= 15 X(1s ()-8 (H)) ®
8(H)= X () @

AHani3 perpapanii BIacTMBOCTel MaTepialy JeTajieili MallMH MPOBOJSITH
TaKOX IMPY 3aCTOCYBaHHi KoedillieHTa Bapiaiiii [14, 16]:
1 1
FI 1 n

-Z(Hi—ﬁ)z

n-113

, )

V=

ne H - cepefHeE 3HAYEHHS TBEPIOCTI.

g aHamisy (QakTMUYHOI MOIIKOMKEHOCTI MaTepiajly BUpPOOIB B pe3y/abTaTi
TepeTBOPEHHS TEeXHOJIOTiYHUX [edeKTiB Yy TeXHOJIOTiYHi IONIKOIKeHHSI TIpu
HeCNIPUSITIMBUX YMOBAX eKcIuTyartaillii apropamu [15, 17] 3arrponoHOBaHO mlapameTp
Am, a [jis1 OLLiIHKY IHTEHCUBHOCTI 3pOCTaHHS MOLIKOKEHOCTI — XapaKTePUCTUKY O:

my, —Mmy;,

am =" "Tam (©)

m,

5="n—Ton (M)

mnm

Ie m,, Mp, — 3HaAUeHHS KoedillieHTiB romoreHHocTti Beitbymia (m), BUMipsiHi
BiITIOBiIHO /IS TOYATKOBOTO i TOTOYHOTO CTaHy MaTepianxy BUPOOY.
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[Ipu mexaHiuHOMY 0OpOOJIeHHI BMPOOY 3a BilOMMM pO3IOAiIOM KoedillieHTa
rOMOTeHHOCTi Beiiby/uta (m) [OOLIBHO aHali3yBaTM [Jerpajalilo CTPYKTypu
MaTepiany 3a JI0ro TeXHOJIOTIYHOIO MOWKOKyBaHicTio D [6, 11, 13]:

m:
D=1- l ’ (8)

mmatr.

e m; — 3HaueHHs KoedillieHTa Beitbyia st i-ro i3 n 1epepisiB; Mmar. - 3HAUEHHS
KoediiieHnTa BeitOysuia [ji1 OCHOBHOIO MaTepiaay BUpoOy.

MeTa pochaigykeHHs. MeTOI0 NaHOTO AOCIIIKEeHHS € NOCTiIKeHHSI BIUIUBY
KOHCTPYKTUBHUX €JIeMeHTiB BUIMBKA IS .

BuxknageHHs1 OCHOBHOTO MaTepiany JOCTiI)KeHHSA
3 oISy Ha CKIAHOLLI TEOPeTUYHUX METOIB aHaJli3 BIUIMBY KOHCTPYKTUBHUX
eJleMeHTIB BWIMBKA Ha Jerpajalilo CTPYKTypu JOro Marepiaay IIpOBeleHO Ha

MMiJICTaBi eKCIIepUMEeHTAIbHUX TOCiIKEeHb.

[linroToBKa Ta peasni3aliii eKClIepMMEHTAIbHUX JOCTiI)KeHb
B mimaHo-rauHsICTY ¢opMy OYyJIO BiIJIMTO TIIOCKY 3aroTOBKY i3 po3MipaMu
165x155x22 mm 3 matepiany AK21M2.5H2.5 TOCT 1853-93 (ta6u. 1, puc. 1). Kpait
BWINMBKA, J10T0 BUIIOPM i IMBHMK OyJI0 BifmpizaHo muiow Tipu nogadyi MOP y 30HY
pizaHHS. TemnepaTypHUIT pesKMM OXOJIOM>KeHHS BuanuBKa — 690-710° C.

Tabmauisa 1
XimiuHMI CK/Tag MaTepiany BUJIMBKa
XimMiuHMI1 e;1leMeHT Binmcorok, % XimMiuHMI1 e;1leMeHT Bimcorok, %
Al 70.953+0.080 Mn 0.255+0.008
Si 23.219+0.078 Cr 0.184+0.008
Cu 2.895+0.012 S 0.114+0.007
Fe 1.119+0.011 Ni 0.084+0.003
Zn 1.096+0.006 Ti 0.083+0.013

[Ticna kpucranizanii BuwinBKa mpodpesepyBanayu ioro 6a3oBy IMOBEPXHIO Ha
BepTUKaIIbHO—(pe3epHOMY BepcTaTi Mofl. 6P12 KiHieBoio ¢peso & 30 mm. Okpim
TOrO PO3LIMMIN BiANpaBHY 3aroTOBKy Ha TpU 3pas3kKu 3 KOHIEHTpaTOpamMu
Halpy>XeHb: 3 JIMBHMKOM, MaJuMM 1 BeJUMKMM Buriopamu (puc. 2). Metoro
eKCIepUMeHTIbHUX MOC/TiIKeHb 0y/10 BCTAHOBUTM BIUIMB PO3MillleHHS JIMBHMKA Ta
MaJIoTo BUITOpa Ha eBOJIIOIiI0 TEXHOJOTiUHMX AedeKTiB y MaTepiasli Bif ToBepxHi A0
MaTpuIii Ta BUSIBUTU HedeKTHUI map i3 MaKCMMaabHOIO KiJbKiCTIO TEXHOJIOTiUHUX
TMOIIKOIKeHb, IO MiJJISITa€ BUAAJTIEHHIO Y CTPYXKKY.
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PucyHok 1 — TexHOJIOTiUHMIA TIPOIIeC BUTOTOBIEHHS BUJIMBKA Y
MillaHO-TJIMHSCTi dopmi

Topuesi cropoun 1 i 2 3paskiB (puc. 2) ABidui moueproBo ¢pesepyBaivM Ha
yHiBepcaibHO—-(dpe3epHOMY BepcTaTi Mon. 676 (B=2 mm; t=45 MM; Sy =42 MM/XB;
n=640 xB7!) KiHLleBoW ¢pe3ow & 45 mm (z=2). Ilicig KoskHOTO (pe3epyBaHHS
BMMIipIOBa/IM TBEPAICTb y II’ITU nepepisax (1o 30 3HaueHb) HA BifcTaHIX 2, 4, 7, 12,
17 MM Bif moBepxHi BWIMBKA. BumipioBaHHS 3pilicHioBanu Ha mpuiani TP-5006
T'OCT 23677-79 3a mkanoio H 3a momomoroio Kyjabkyu @ 3.175 3 HaBaHTaKeHHSIM
588.4 H 3a cTaHIapTHOI MeTOAMKOIO [6, 18].

PucyHoOK 2 — 3pasku [Jid eKCiepuMeHTaIbHUX AOC/iIKeHb:
N2 1- 3 manum Bunopom; N2 2— 3 TMBHUKOM; N2 3— 3 BeJIMKUM BUIIOPOM
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CraTucTuyHe OonmpanmloBaHHA Ta OﬁI‘OBOpeHHH pESYHLTaTiB JOCJTiI’)KEeHb

Ha mimcraBi ekcmepuMeHTaJbHMX [OOCHiMKeHb y cepemoBuili Mathcad 15
obuncmmm koedilieHT romoreHHocTi Beitbymia (m) 3a dopmynamu (2-4) i
TEeXHOJIOTIUHY IMOIIKOMKYyBaHiCTh MaTepiany BuiauBKa D 3a ¢opmysoio (8). 3miHa
KoedillieHTa TOMOTeHHOCTi (m) i TeXHOJIOTiYHOI MOIKOMKYBaHOCTI D MO TOBIIMHI
(rmbuMHi) BUIMBKA MpUBeIeHa Ha pucC. 3.

Pe3ynbTaTy eKCliepMMeHTIbHUX AOCTiIKEeHb CTPYKTYPHU Ta MOMIKOAKYBaHOCTI
JIUTO1 3arOTOBKM CBiUaTh MPO HACTYITHE.

1. Haitb6inpma KiJgbKiCTh TeXHOJOriUYHMX AedeKTiB xXapaKTepusye CTPYKTYpPHi
30HM MaTepialy BUIMBKA Ha INIMOVMHI 0 2 MM Bif ITOBEpXHi 111 3pa3Ka i3 JIMBHUKOM
MOPiBHSHO i3 3pa3skKOM 3 MaJMM BUIIOPOM. 3i CTOPOHM Majoro BMUIIOpa Lieii BIJIUB
iHTeHCUBHIIIMIA, 3i CTOPOHM BEJIMKOTrO BUITOpa - cjaabmuit (puc. 3). lle BU3HAYAETHCS
0COGIMBOCTSIMM KpMCTasTi3allii MaTepiany, HasiBHICTIO OMIIIIOK i HEOTHOPiTHOCTEI
y MOBEpPXHEBOMY Illapi Ta YyCaAKOBOI PaKOBMHM, 3MIillleHOI Bif Bici cumetpii Ta
30pIEHTOBAHOI Y HAIIPSIMKY A0 MaJIOTO BUIIOPA, Ta MiATBEPIKYETHCS MiHIMaJIbHUMMU
3HAUeHHSIMU KoedillieHTa romoreHHOCTi Beitbymia (m), a TakKoXX MaKCUMMaJbHUMMU
3HAYEHHSIMM TEeXHOJIOTIUHOI MOIIKOIKYBAHOCTI D. YV 3B’43Ky 3 MM LIap MeTaay Ha
IJIMOMHI 2 MM BiJ MOBEpXHi Mifjisirae MexaHiYHOMY OOpOOJIEHHIO AJIS1 BCiX BUJIIB
3aroTOBOK.

D
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PucyHok 3 - I'padiku 3anesxxHocTei koedillieHTa roMOTeHHOCTI m () i IOITKO/IKYBaHOCTi

maTepiany D (6) mo BucoTi 15t 3paskiB N2 11 N2 2: 1, 2 — Bij Bumopa majioro Ijis Iepiioi tTa
IpyToi cepii JOCIiAiB BiANIOBiAHO; 3, 4 — 3 TPOTUJIEXKHOTO TOPIIS BiJi BUTIOpA Majoro AJist

TepIoi Ta APyroi cepii moCTiAiB BiAmoBigHO; 5, 6 — 151 IMBHMKA 31 CTOPOHM BUITOpA MaJIOTO
IIJIS TIepIIoi Ta Apyroi cepii moc/iAiB BiAmoBigHO; 7, 8 — IJs IMBHMKA 3i CTOPOHM BUIIOpa

BeJIMKOTO [1s1 Meplioi Ta APyroi cepii oCaiaiB

h, mm

2. Ilpu nepeMillleHHI Bif MTOBEepXHi 4O OCHOBHOTO MaTepiany y repepisax Bif 2
g0 4 MM CIIOCTepiraeTbCs TEHAEHISI OO 3MEHIIeHHS TeXHOJOTiUYHO1
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MOIIKOAKYBAHOCTI A1 3pa3ka 3 MaJ/iMM BUIIOPOM IIpU ITlepexoji BiJ, mepiioi 10
npyroi dpesepHoi 06pobok (puc. 3). [Mopsia 3 TMM B PO3T/SIAYBAaHMUX Tepepizax 3i
CTOPOHM BiJl JMBHMKA ITOLIKOAKYBAHICTh € BUIOIO, IO CBiAYMUTH IIPO BIUIUB
eJleMeHTiB KOHCTPYKIii (GopMu Ha po3MNOmil OOMIIIOK i HeOJHOpiJZHOCTe! Yy
CTPYKTYpPHMX 30HaxX BwiuBKa. [l 3pa3ka i3 JIMBHMKOM TEeXHOJIOTiYHA
MOIIKOIKYBAHICTh 3POCTA€E MpPU IMepeMillleHHI A0 YCaAKOBOI PaKOBMHM [JIsI APYroil
cepii gocrigiB.

3. [lopganpliiie mepemillleHHS Bif, IOBEPXHi 3arOTOBOK 4O OCHOBHOI'O MaTepiairy
y Tepepizax Big 4 1m0 17 MM CYOpOBOIKYETbCS 3MEHIIEHHSI TeXHOJIOTiUuHOi
TIOIIKO/IKYBAHOCTI MaTepiany D. Crabinisaris mpoiecy (3MeHIIEHHSI IVMHAMiKu
3MiHM BeJIUYMHM D) TOUYMHAETHCA i3 TAMOMHM 7 MM, IO ITiJATBEPIKYETHCS
3pOCTaHHSIM 3Ha4YeHb KoedillieHTa roMmoreHHoCTi Beitbysia (m) i ix HaOAMKeHHSIM
IO pallioHaJbHUX 3HaueHb (puc. 3). OgHaK [Jis Mepepisy JMBHUKA (31 CTOPOHU
Majioro BUIIOpa) MepeMillleHHSI A0 MOro LeHTPY CYIPOBOAXKYETHCS 3MEHIIEHHSIM
3HaueHb KoedillieHTa roMmoreHHocTi BeiiGymna (m) mpu Iepexoji Bij mepmioi Ao
apyroi cepii. Taki pe3yabTaTu MNOSICHIOIOTHCS BIUVIMBOM HAsIBHOI YCaJKOBOi
PaKOBMHM Ha €BOJIIOLIiI0 JOMIIIIOK Ta Qi3MKO-XiMiuHUX Ae(eKTiB CTPYKTYPH.

4. Ha mizgcraBi aHalmi3y pe3y/lbTaTiB eKCIIepUMeHTaIbHUX MOCTiAKeHb (puUc. 3)
BCTAHOBJIEHO, 11O /IS 3pa3Ka i3 BUIIOPOM MiHiMaJsibHa IM6MHaA AedheKTHOro mapy i3
MaKCMMAaJIbHOIO KiUJIbKICTIO TEXHOJOTIYHMX TMOIIKOAKeHb piBHA 4 MM 31 CTOPOHMU
BJIaCHe BUIIOpa i 7 MM 3 IPOTWIEXKHOTO BiJi MaJIOrO BUIIOpa TOpL. [1Jis1 3arOTOBKM i3
JIMBHMKOM MiHiMa/IbHe 3HaUeHHS IIPUITYCKY 31 CTOPOHM BEJIMKOIr'0 BUIIOpA CKIafae 7
MM. [lepepi3 nMBHMKA 3i CTOPOHM MaJOTO BUIIOpA XapaKTepPU3YETHCS 3HAUYHOIO
CXWJIbHICTIO 1O TEXHOJIOTIYHOI MOIIKOIKYBAHOCTI MpPU MEHIIUX MOPIBHSHO 3
iHmMMM Tepepisamm 3HaYeHHSIMM KoedillieHTa roMoreHHOCTi BeitOymra (m) 3a
HaBiTh Ha MIMOMHI 10 17 MM, IO MOSICHIOETHCS OJIM3bKICTIO YCaJIKOBOI PAKOBMHM 3
OTJISIAY Ha 1ie pallioHaJIbHMM BapiaHToOM OyJie YTuili3allisi 3pa3Ka i3 JIMBHUKOM.

BucHoBKu

P03p06sieHO MeTOMIMKY OLIiHIOBAHHS BIUIMBY €JIEMEHTiB KOHCTPYKIIii BUIMBKA
Ha MPOTHO3YBAaHHS PO3BUTKY CTPYKTYpPHUX HedeKTiB i HeOmHOpiZHOCTe y iioro
marepiasi. 3arporOHOBAHO KPUTEPii TEeXHOJOTiYHOI TMOIIKOAKYBAHOCTI IIpU
3aCTOCyBaHHI Metony LM-TBepmocTi pAjsg aHamidy CTPYKTYPHUMX 3MiH 0OpU
BUTOTOBJIEHHI JIMTUX 3aroTOBOK 3a CTyIleHeM PO3CiIOBaHHSI XapaKTEPUCTUK
TBepOocTi Marepiany. Ha mifmcTaBi pe3ynbTaTiB eKCIlepUMMEHTIbHUX OOC/TiIKeHb
BCTAHOBJIEHO MiHiMaJIbHi 3HAUE€HHS MPUITYCKiB Ha 0OPOOJIeHHS JTUTUX 3aTOTOBOK i3
KOHLIeHTPAaTOpaMy Hallpy>KeHb i3 aJIOMiHi€BOrO CIUIABY.
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UDK 621.9.015:621.9.019
Ya. Kusyi, O. Lychak
INFLUENCE OF DESIGN ELEMENTS OF THE CASTING ON
THE EVOLUTION OF TECHNOLOGICAL DEFECTS

The formation of product quality parameters, their performance characteristics and
reliability indicators are closely related with the important substages and stages of the
Products Life Cycles. The differences between the predicted and real values of the functional
parameters of products during their Life Cycles indicate the disadvantages in the solving of
the tasks using only the theoretical methods. The initial structure and initial properties of
the blanks should be considered in close relations with the heredity of the material, starting
from the melt smelting. About 25% of the quality parameters of the original material are
transferred from the blank, and about 75% are formed during casting and crystallization of
the liquid melt during cooling. The local nature of fracture during cutting determines to
needs to analyze the process of accumulation of technological defects in materials (alloys)
and predict their degeneration into the technological damages under adverse operating
conditions of products. The method of LM-hardness, developed under the guidance of
Academician A.O Lebedev, are used effectively to solve applied engineering problems. A
characteristic feature of the LM - hardness method is to use of the degree of scattering of
the characteristics of the mechanical properties of the material samples after operation at
different stress levels, such as hardness, for the analysis of material damages degree. The
actual damages degree of the product material and the intensity of its increasing are used to
analyze the processes of material degradation during the operation stage of the machine
parts. In this paper a criterion of technological damageability of the product material for the
analysis of structural changes during castings manufacturing is proposed. Experimental
researches for casting in sand molds from aluminum alloy AK21M2.5H2.5 GOST 1853-93 are
realized. Based on the results of experimental studies, the distribution of technological
defects in the material is determined and the minimum values of allowances for processing
of aluminum alloy castings with stress concentrators are established.

Keywords: blank, casting, Product Life Cycle, technological process, technological
inheritability, homogeneity, technological damageability.
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MO/JEJIOBAHHS MMPOLIECY AE3IHTEIPALIL PYIHOI IIOPOAU
B BAPABAHHOMY MJIMHI 3 BUKOPUCTAHHAM
METOAY CKIHYEHUMX EJIEMEHTIB

AHomauis. PosensHymo ocobausocmi pyxy pyoHux mamepianie 8 6apabaHHomy MUHI.
Po3pobneHo mamemamuuHy Mooeb npoyecy noopibHeHHs pyoOHUX Mamepianie 3 no3uyii
Oanaucy eHepeemudHux GeJIUUUH Npoyecy pyliHy8aHHA 3a UKOPUCMAHHAM Memody
CKIHUEHUX esleMeHmi8 NnokasaHo, wo eudineHuti 6 0YOb-aKoMy Micui enemeHm
3asaumarceHHss nhiddaemecs degpopmauii 3 60Ky CYCIOHIX eleMeHMi8 3a8aAHMAMCEHHS
(wmamkie  pyou) 8 yMo8ax BCe0iUHO20 HEPIBHOKOMNOHEHMHO20 CMUCHEHHS
KOHmakmHumu cunamu. IIpoananizosaso eniué HanpsMKy cui KOHmMakmHozo mepms
npu CMUCHEHHI HAa epekmusHicmb pYiiHy8aHHs1 pyoHOoi macu JlavHi cuau cymmeeo
8NIUBAIOMB HA N0SI8Y MAKCUMAIbHUX 3CYBHUX (QOMUYUHUX) HANPYHEHb, SKI 3a1exams
8i0 MAKCUMAIbHUX HOPMAJIbHUX HANPYXCEHb, WO BUHUKAIOMb 8 WMAmKax pyoHoi
nopoou IlokasaHa MOMIUBICMb KEPYBAHHS pPeXUMAMU HABAHMAMNEHHS  Ons
nidsuuieHHs epekmueHocmi npoyecy noopiOHeHHs.

Kntoyosi cnosa: pyoHa maca, mpy6HUl Kyab08Ul MAUH, KOHMAKMHe mepms
noopibHeHHS, pyliHYBAHHSA, HANPYXeHHS, MOONOBAHHS.

Bceryn

HesiHTerpallisi MMUXTOBMX MaTepialiB i MOJA/JbIIOTO BUJIYYeHHSI PYIOHOI
CMPOBUHM € CKJIAIHMII Ta eHeproeMHmit mporec. Big 6araTbox ¢akTopiB I[bOTO
TIpOLIeCy 3aJeKUTh SIKICTh MOAPiOHEHHS Ta PeHTa0eTbHICTh BChOTO BUMPOOHMUIITBA B
uijiomy. TomMy MomyK NUISIXiB IMigBUIIeHHS e(eKTUBHOCTI Ipoliecy Ae3iHTerpaiiii B
O6apabaHHMX MJIMHAX € aKTyaJbHOIO 3a7auer0. MaTemaTuuyHe MOEIIOBAaHHS B
CYKYTTHOCTI 3 3aCTOCYBAaHHSIM CyYaCHUX KOMII'IOTEPHUX TE€XHOJIOTiN Ta iH)KeHepHOro
aHaji3y, gKi 0asylTbCS HAa UMCEJIbHOMY pillleHHi piBHAHb (i3suKu Mpoiecy 3
BUKOPUCTAHHSIM METOJy CKiHUEHMX eJIEeMEeHTIiB [a€ MOXIMBICTb Ha OCHOBI
reoMeTpMYHUX TapaMeTpiB JOedOpMyBaHHSI, BJACTUMBOCTEN  KOHTAKTYHUUX
MaTepiasiB Ta yMOB poOOTM TPyOUACTOro MJIMHA TTOOYAYBAaTH MaTeMaTUUYHy MO/Ie/b
Trpolieca MoApiOHeHHS 3 BUCOKMM CTyIIeHeM aIeKBaTHOCTI.

ITocTaHoBKa mpoo6/ieMu

OcranHi mmy6sikaiii 3 gesinterpartiii pyn [1, 2, 3] B 6apabaHHUX MJIMHAX JOBEIU
1[0 PyX PYAHOrO MaTepiany 3aBaHTakKeHHS (puc.l) CKIAma€eThCs 3 TPbOX eTalliB:
MiaioM I0 KpyroBilt TpaekTopii DA, mamiHHs 1Mo mapabosmiuHii TpaekTopii AB i

© Maniu M.T',, 2021
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Bizkat o KoHTypy n'stu DC. IIpu 1iboMy iCHYIOTh XapaKTepHi o61acTi mepexony 3
onHiei TpaekTopii Ha iHITY. TOMY PO3TISIHMMO MOTIepeUHMii epepis 6bapabaHy.

- ",
=,

PucyHok 1 — Cxema pyxy Ky/JbOK Ta PyJHOIO Marepiaay B TpyouacTOMy MIIMHI

Mopenb 6ynemMo poOuTH MO TPaAUIIiiHi KOHIIEIIii — pO30UTTS BCbOTO 00’ €My
MJ/IMHA Ha eJIEMEeHTM 3aBaHTa’KeHHS KamMepu, SIKi pyXatTbCs i1, CUJIOK0 TSDKIHHS Bif,
Macu MIMAaTKiB IMOPOAM Ta KyJbOK 3aBaHTAXE€HHS, BIIIEHTPOBUX CWJI iHepIii Ta
peaxiiii moBepxHi oOMeskeHHsS mpocTopy. OmHaK, paHillle CTBOpPeHi Mopesi He B
MMOBHOMY 00CSI3i BpaxOBYBaJIM CUJIM BHYTPIIIHHOTO Ta 30BHIIIHBOTO TEPTS MikK
mapamMu martepiaay, Big B3aeMoii IIMAaTKiB MOPOAY MiX COO0I0, MiK IIIMAaTKOM Ta
KYJIbKOIO TIpM BOJIOTOMY Ta CYXOMY TOJPiOHEHHIO 3 HEIMOBHOI 3aBaHTAXKEHiCTIO
Oapabana [4, 5]. B 3anpornoHoBaHiit Mofesi OCHOBHY yBary MpuijieMo CiUjiaM TepTs,
MIXK IIapaMy MaTepiajy Ta Cujiam B3a€EMO[il MK MaTepiaJioM Ta KyJIbKaMyu B BUIIE
3ralaHMX YMOBax.

BHYTpilIHIO €MHicTh 6apabaHHOrO MJ/IMHA i3 3aBaHTAXKEHHSIM TOPOIM Ta
KyJIbKaMM pO36MBAEMO Ha IIJIOCKi apy MOTEePeYHMUM Mepepi3om siKi, B CBOIO Yepry,
CK/IQJAIThCSl 3 ILIAPiB eJeMeHTapHMUX eJIeMEeHTIB 3aBaHTaXeHOTO Marepiaay Ta
KYJIbOK, L0 PYyXalThbCs IO BUILE 3ralaHUX TPAEKTOPisxX. BBakaemo, 10 3a3HavYeHi
eJleMeHTM 3aBaHTAXKEeHHS, Ha SIKi po36MTHIT BeCh OOCST MJIMHA, MAlOTh OJTHAKOBY
dbopmy 3 OIMHUYHUM PeOPOM Tak SIK 6yJI0 3aIIPOIIOHOBAHO Y POOOTi [6].

PyltHyBaHHSI YaCTMHOK TBEpOTrO Tijla BiflOYBA€TbCS B TOMY BUITIQIKY, SKIIO
MmigBeIeHoi eHeprii JOCUThb IJISl TONOJIAHHS CUJI BHYTPIIIHBOTO OIOPY Marepiany
YaCTUHKU. B TOJ Xe yac CyKymHi BeIMUMHU Pi3HUX BUAIB Aedopmaliiit Ta MmiliHOCTe
st uux medbopMarliii, Ipy iHIIMX PiBHMX YMOBaX, OyAyThb BU3HAUYATU CKIATHUI
HaIpy>keHo-ae(opMOBaHMii CTaH YaCTUMHKU TipChbKOI OPOIH, 1110 XapaKTepU3yEThCS
B3a€MOZI€I0 KOXXHOIO MIMaTKa MOPOAY 3 IHIIMMM HIMaTKaMy Ta KyJIbKaMy, a TaKOX
3 (pyTepoBKOIO M/IMHA

IOnsa iHXeHepHUX pO3PaxyHKiB BUKOPUCTOBYIOTHCS, TaK 3BaHi, Kpurepii
pyiiHyBaHHS (200 KpMBi «IMO3MOBXKHS Oedopmallisi —MO3/I0BXKHE HAIPY>KeHHS Ta iX
MO3aMeXHi 4YaCTUMHM»), 3a SIKMMMU 1 BU3HAYAETbCSI MOMEHT PYMHYBAHHSI YaCTUHOK
Topoau B Impotieci Ae3iHTerpaiiii. s 1bOro MOTPiOGHO AOCHIAUTHA XapaKTePUCTUKNA

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



“Cyuacui npo6aemu meranyprii”, N2 24 - 2021

MILIHOCTI Marepiany, BHYTPIIIHbOIO Ta KOHTAKTHOTO TepTS, MOAY/b IIPYKHOCTI
Ta MexXy MinHocTi. Ili [maHi OTpMMYIOTh €KCIIepMMEHTA/JIbHO B YMOBAaX
CyJacHMX MeXaHiyHMX JlabopaTopiii NUIIXOM  [OOCTIIKEHHS  PYyiHYBaHHS
3pasKiB TipCcbKMUX MOPin IMpu pisHMX Bumgax medopmyBaHHS. OcTaHHIMM pOKaMu
pPO3p006JIeHi MEeTOIMKM aHATITUUHOI TTOOYIOBY KPUBUX «TIO3[IOBKHS AedopMallis —
MO3J0BXHE HAIpPYKEeHHS 3 IX I03aMeXHMMM YaCTMHAMMU» IPU OAHOBICHOMY
CTMCKAHHIO 3pa3KiB TipCbKMX TOPiA s pisHMX GopM pyiiHYBaHHS, 3 ITOCTATHBO
BJMCOKO JIOCTOBIpHICTIO [7].

Tpeba TakoX BpaxOBYBaTH, 1[0 MiHEepaJIOTiUHi Pi3HOBUIM PyA, Pi3HUX POIOBMIIIL
MalOTh BigHOCHO BeIMKi pPO36IKHOCTI (i3MKO—MeXaHiYHUX BIACTUBOCTEN B
MOPiBHSIHHI 3 JIabopaTOpHUMM JaHMMU [3], Ta e ¥ 3 ypaXyBaHHSIM MaclITaGHOTO
dakTopy Ta TpIilIMHYBATOCTi, IO BUHMKAE B pe3yabTaTi IpOBeAeHHS
OypoITiApuBHMUX POOIT B Ipoiieci BUAOOYTKY KOPUCHUX KOTIAJIVH.

AHani3 pe3ynbTaTiB AOC/iIKeHb IMOKa3aBp, IO Mil[HICTh TipChbKOI MOpPOAM Ha
cTuck B 5-10 pasiB Buile Mexi MillHOCTi Ha 3cyB i B 8-15 pa3iB Buille MeXXi MiITHOCTi
Ha pO3TAryBaHHS. TakoX BiZOMO, 10 31 3MeHIIeHHSIM po3Mipy 3paskiB Bifg 100 mm
J0 1 MM MIIHICTh TIPM OJAHOOCBOBOMY CTMCKaHHI MIIJHMX PYOOBMICTHUX IODif,
30ibIIYEThCS IPUOAM3HO B 3-8 pasiB. ABTopamu [5], HaNmpuKIaj, BCTAHOBJIEHO, 10
€HeproeEMHICTb MpPU pyMHYBaHHI CTaHAAPTHUX 3pa3KiB MarHeTUTOBMX pyZ Ha
TTAT «IliBHiuamii I'3K» mpu medopmailissx ctucky B 17,4 pasu Oinblne, HiK Ipu
pyliHYBaHHI 3CYBHUMM HAIIPYKEHHSIMU.

[Ipu pyliHyBaHHI MOpPOAM B KYJAbOBMX MJIMHAX IPUCYTHE PO3YaBIIOBAHHSA i
CTMPAHHS IIMaTKiB Bi, KOUeHHS KyJIb, 3iTKHEHHS IIapiB 3aBaHTaKeHHS MiX c000}10,
BUMHMKAIOTh 3CYBHi JedopMallii B IIMaTKaxX B CepeluHi 1apy 3aBaHTaKeHHSI Ta Ha
roBepxHi QyTepoBKM, yoapu BiJ MafiHHS IIMaTKiB Ta Ky/b. Bim Toro, sikmit crioci6o
Oyme TepeBaskalOuMM i SIKMiT BHECOK KOXKHOTO 3 HUX, 3a/IEXKUTD KiJIbKiCTb eHeprii, 110
BUTPAYAETbCS HaA IIOSIBY OJAMHMIII HOBOI IIOBEpXHi, TOOTO e(deKTUBHICTh
ToJIpiGHEeHHS

ExcriepuMmeHTanbHi gocaimkeHHs [9] Ta aHamiTMYHI MeToau [7] pO3paxyHKy
HaIlpy’KeHOTO CTaHy MpM BeIMKMUX HEe3BOPOTHUX HAedopmaliisix Ta 3aauIlKOBOi
MIIIHOCTi [TO3BOJIWJIM BCTAaHOBUTM, IO 3 POCTOM OIiYHOTO TUCKY CTYIiHb
nofpi6bHeHHsT Topim Tipu medopmailii Mae mexy. IIpu 3MeHIIeHHI poO3Mipy,
YAaCTMHKM OpOOJIEHHS ITC/AS  [Ie-SIKOro  po3Mipy MPakTUYHO IIepecTaiTh
nopi6bHIOBaTHCh. 1le BM3HAUAETHCS PO3MipaMy CTPYKTYPHMUX €JIeMEHTiB: 3epeH i
KpUCTaIiB.

TakuM UYMHOM, BpPaxOBYIOUM BHUIE HaBeleHe, a TaKOX KOHCTPYKTMBHI i
TEXHOJIOTiUHi  0COGIMBOCTI poOOTHM TpybUacTMX KYyJAbOBMX MJIMHIB Tpeba
YCBiIOMJTIOBATM, IO pe3yJbTaT¥ iX e(eKTMBHOCTI IIOJApiOHIOBAaHHS  Ta
eHepro3aoniajiskeHHs 3ajexkaTh Bif 6e3siui ¢akTopiB. OCHOBHMMM 3 HUX E€:
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KPYIHICTh BXiAHMX IIMAaTKiB MOPOAM, PO3MIp 1 PO3NOAUI KyJIbOK, MMIBUAKICTH
obeptaHHs 6apabaHa, dopma i matepian GyTepoBKHM, a TAKOXK OOCIT 3aBaHTAKEHHS
TIpU CYXOMY Ta BOJIOTOMY ITOIpiOHIOBAHHI.

B pobGoTti peanizoBaHa imes migBuIIeHHS e(QEeKTMBHOCTI MHOApiOHEHHS 3a
pPaxXyHOK BMKOPUCTAHHSI CUJIM BHYTPIIIHBOTO Ta KOHTAKTHOTO TEPTS YaCTUHOK
MOpPOAM MiX 00010, 3 MeTaJeBUMM KyJIbKamMi Ta 3 GyTEepPOBKOIO BHYTPIIllIHiX CTiHOK
6apabaHy 3a MPUHIUIIOM: PYMHYBaHHSI TipchbKOi IOPOAM 3a PaxyHOK CTBOPEHHS
TepeBaskHO 3CYBHMX HAIIPY>XeHb.

MeTo0 PpoGOTM € TONIyK Haibiabil e(@eKTUBHOTO CIHiBBiJHOIIEHHS
TEXHOJIOTIYHMX Ta KOHCTPYKTMBHMX MapaMeTpiB IIpouecy [HOe3iHTerparii
(monpibHeHHS) pyAHMUX MaTepiajiB y 6apabaHHOMY MJIMHi, Ha OCHOBi MO Ee/TIOBaHHS
CaMoro IMpolLecy pyiHyBaHHSI MaTepiaiy.

[l po3paxyHKy HampyXkeHOro cTaHy Ta pAedopmaiiii mopogu B miapi
MIpUITMEMO CJTiIyIOUM TIPUIYIIEHHS: PYMHYBAHHSI TipchbKOi MOPOaM BimOyBaeThCs
KOJIM 3HAaUeHH$1 3CYBHOI CKJIaJOBOI HAIIPY)XEHOTO CTaHy JIOCSIrae€ MeXXi MILIHOCTIi; B
SIKOCTi TPA@HUYHOTO TT0 3CYBHMMM HaIlpy>KeHHSIM 3HAU€HHSI BUKOPUCTOBYETHCSI MesKa
TIPY>KHOCTI, TaK SIK MesKi MillHOCTi i To3aMeskHO1 MillHOCTi MalOTh Y GiJIbIIIOCTi BUZIiB
TipChbKMUX TOPiJl Ha TOPSITOK MEHIIy 30HY (00J1acTh) iCHYBaHHS, a TaKOXX BUCOKMIA
Koe(illieHT KPUXKOCTi; IJIsT BUBUEHHS HAIIPY>KEHOTO CTaHy TipChbKUX ITOPiJl B yMOBax
HEpPiBHOKOMITOHEHTHOTO CTMUCHEHHSI BUKOPUCTOBYIOTBCSI [OaHi MPO BJIACTUBOCTI
TipChbKMX TIOPiA, OTpUMaHi eKCIiepMMEeHTaJIbHO B YMOBaX OJHOBiICHOTO CTUCKY, ab60
aHAJIITUYHO 10 MeToAMKaM [7].

3MOAe/II0EMO MpPOoLeC B3a€EMOZII MIMATKIB TripChbKOI MOPOAY B TEXHOJOTIYHOMY
npolieci moApiOHeHHS [ aHalizy e(@eKTMBHOCTI Ta BM3HAUEHHS PiBHS
eHeproBUTpaT y BUIJISIAI TMOTeHIliifHOI eHeprii medopmarllii mopoau B mapi.
MogentoBaHHS IJIOCKOTO HAIIPY’KEHOr0 CTaHy BUMKOHYETHCS Ha OCHOBI MeTonmy
ckinuenux enemeHTiB (MKE) [8] 3 3acTocyBaHHsIM nakeTa nmporpam Solidworks.

MaTemaTuyHe  MOZEIIOBaHHS  MOOYyJOBaHO HAa  OCHOBI  UMCEIbHOTO
pimenHss MKE, nge OCHOBHi 3aJieXKHOCTi HarpyXeHO-IedhOpMOBAaHOTO CTaHy
eJleMeHTiB 3aBaHTaXeHHS B 6apabaHHOMY MJIMHI IpPeJCTaBA€Hi B OMUCY TUITY
CKIHUEHOrO eJIeMeHTY.

CKiHU€HO-eJIeMeHTHY MO[Jiesib Hampy>keHo-1e(hOopMOBaHOTO CTaHy
3aBaHTaXeHHST MJIMHA OyIyeEMO 32 HACTYITHMMM eTaraMu:

1. ®opmyBaHHs reoMeTpii Mozesi, [0 BK/IKOYAE BM3HAUEHHSI T€OMETPUUYHUX
MiCIIb XapaKTepHMX 30H KyJIbOBOT'O MJIMHA, BPaXyBaHHSI XaOTMYHOTO CTaHy IIMAaTKiB
pPyay 3 MOKJIMBUM MafiHHSIM KyJib, PYXY LIapiB €JIeMeHTiB 3aBaHTaKEHHSI.

2. T'eHepallis CiTKM CKiHUEHMX eJIeMEeHTiB, IIMaTKiB pyau, 1o AedOpMYyIOThCS,
KYJIbOK, BHYTPIllIHiX CTiHOK ()yTE€pOBKY MJIMHA.

3. BunineHHS rpaHMYHMX YMOB B3a€MO/Ii1 e/leMeHTIB.
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4. 3aBOaHHSI BJAACTUBOCTENM MaTepiasiB TipCbhbKOI IOPOAU, PO3MipiB KYJbOK,
BJIACTMBOCTE QyTepoBKM GapabaHy MIMHA.

5.MopentoBaHHSI  [il0OYOTO  HaBaHTaXeHHSI HA  BUJUIEHI  e/leMeHTHU
3aBaHTaXXEHb.

6. 'paiuHa iHTepIIpeTallisi OTpUMMaHUX Pe3yabTaTiB IO HATIPYKEHHIO.

AHasi3 BeJIMKOTO uicaa eKCriepuMeHTaIbHMUX pe3yJibTaTiB [3, 5] 1okasas, 10 B
yMoOBax O0O0'€MHOr0 HepiBHOKOMIIOHEHTHOTO CTMCHEHHS TipChbKOi Iopoau
pYiHYBaHHS BiJOYBA€ThCSI 3a PAXyHOK IIPOPOCTAHHSI KPUTUYHO OPi€HTOBAHUX
3CYBHMX TPIllVH.

Ha ocHOBi Buille mpeACTaBIeHOr0 aHaIi3y MOXHA MiATBEPOUTU TillOTe3y Mpo
HasIBHICTh 3CYBHOTO MeXaHi3My pPYHHYBaHHS MaTepiajly B MJIMHI, SKUi1
MiICUITIOETBCS TP BOJIOTOMY TOAIPiOHEHHi (puc. 2) Ta MpU CyXOMY - 3 HEIOBHUM
3aIIOBHEHHSIM ITYCTOT MiXK KyJISIMM, IO BifmoBimae mopesi Gijbln epeKTUBHOTO
KOB3HOTO CTUCHEHHS, SIKMIi € OCHOBHMM (akTopoM eQeKTUBHOTO Mpoiecy
nesinrerpauii [10] .

PucyHoK 2 — CxeMa pyXy Ky/JIbOK Ta PyJHOTO MaTepiaay B TpyOuacToMy MJIMHI
TIpY BOJIOTOMY IOJIpiGHEHHi

Ha KOpuUCTb NOPUIHSITOrO TBEpPOKEHHS  CBiAUMTb 1 BCTAaHOBJIEHUM
eKCIIepMMEeHTaJbHO Ta aHaJITMYHO MeXaHi3M camoopraHisaliii pyiiHyBaHHS Ta
pPO3BUTKY Aedopmalilii 3a MexKkelo MilJHOCTi [7] 0 TIOIIMHAX 3CYBY, sIKi POpMYIOThCS
Ha MaiJaHuyMKaxX KOHTAKTY [3].

[Tpn mobymoBi Mojesni BpaXxOBYBaaMCs OCOOJMBOCTI HaBAaHTAKEHHS IIMAaTKiB
pynu B 6apabaHHOMY MJIMHi.

[Tpu cyxomy Toapi6GHEeHHi B peXXMi HEITOBHOTO 3alIOBHEHHS IMOPOJIOI0 CTiHKMU
6apabaHa 3axOIUTIOIOTh Bropy KyJli, a Kyji, B CBOIO Yepry 3axXOIUIIOIOTh YaCTUMHKMU
nopoau. I[Ipu ckouyBaHHI HaBaHTasKeHHS IO MOXWJIOMY CXMUJTy YACTMHKYU MOPOAYU He
CKOUYIOTbCS PasoM 3 KyJISIMU, a MPardHyTh MPOBAJUTUCS B TMOPOKHEUI MiK HUMU
BepPTUKAIbHO BHUS. Lle MpU3BOAUTD 00 3CYBHOTO CTUCKAHHS, a OTXKE 10 BUHMKHEHHS
3CyBHUX Jedopmaliiii.

[Ipy BojOroMy IIOApiOHEHHI eHepris pyxy Kyab Oinbll  edeKTMBHO
BUKOPUCTOBYETHCS Y BepXHiii, 30€3BOAHEHIt 30Hi, B 5IKiii € MOX/IMUBICTb PYIiHYBaHHS
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NeKibKOX YacTUHOK, a He OfHiei, 9Kk y mnynbmi. lle npusBoguth 00 OiIbII
edeKTUBHOIO PyiHYBaHHS 3a PaXyHOK 30iblileHHS 3cyBHMUX Aedopmariiiii [10].

Takox Mpy BUKOPUCTAHHI XBUJISICTOTO TTPodiio hyTepyBaHHS BUHUKAE OiUHMIA
TUCK, B 3B'SI3KY 3 LIMM iCHYE MOXJIMBICTb 3CyBY 3€pE€H OAVH BiTHOCHO OJHOIO yepe3
HEOOHOPIAHICTh MO KPYITHOCTI BChOTO IIapy marepiasy. ToMy Opu OIiHIII OIIOpPY
ripchbKOI MOPOaM PYIMHYBAHHIO HAMOIIbII TOLIIBHO MIPUHSTY KOHLIEIIII0 OLiHKY ii
MIIIHOCTi 32 MaKCMMaJbHUMM 3CYBHUMM HaIIPY>XKeHHSIMMU.

HaHi pisHMUX HocCaigxkeHb [4, 6] MOKasywThb, U0 B 3CYBHOMY IIOTOL|I MOXYTb
iCHyBaTM TpM OCHOBHI MeXaHi3MM IIOSIBM HAIPYK€Hb: KOHTAKTHOTO TepTS MixX
YaCTUHKaMM, TepTsi MK YaCTMHKaMM Ta KyJbKaMM Ta MK 4YaCTMHKaAMM i
dbyTepoBKOlo, TTlepeHeCeHHs iMITy/IbCy 3a PaxyHOK IepeMillleHHsI eJleMeHTiB Mopoan
3 OJHOTO LIapy B iHIIMIA Ta MepeHeCceHHS IMIYJIbCYy 3a PAXyHOK 3iTKHEHHS MiX
ejeMeHTaMu. Bci 11i MexaHi3MM Ail0Th IIPU PYCi eJieMeHTiB 3aBaHTa’KeHHS B Kamepi
6apabaHHOro MJIMHA. Xoya BOHM [ilOTh OJHOYACHO, OCOOGJMBOCTI po6GOTHU
6apabaHHOTO MJIMHA TO3BOJISIIOTh BUAIIUTY 00/1aCTi pyXy eJleMeHTiB 3aBaHTasKeHHS],
Ile TlepeBaka€ OVH 3 BUJIiB HATIPY>KeHHS.

Po3risiHeMo Tipollec mepefadi iMIyabCy yrinb eleMeHTiB 3aBaHTAKEHHS.
[IpencrtaBMMO ejieMEeHTM 3aBaHTa)KEHHS, PO3TAlllOBAaHI B IUIOU[MHI TEPeTUHY, Y
BUIVISII TIOXWJIOTO JIAHIIOKKA, $IKi PyXalTbCSd pasoM 3 IHIIOK YaCTUMHOIO
3aBaHTaKeHHs, IMiAJal0TbCSI TUCKY Bif, OMOpY CYCiAHIX eJeMeHTiB. 3 IeBHUM
CTyIleHeM TOYHOCTI TaKi HaIlpy>KeHHS MOKHA BBasKaTy IVIOCKUMM.

BHyTpimHii 06'eM 6apabaHHOrO MJIMHA i3 3aBaHTAKEHHSIM PO30MBAETHCS Ha
IUIOCKI TTOTIepeyvHi repepisu sKi, B CBOIO Uepry, CKIaJalThCs 3 MIapiB eJieMeHTapHUX
eJIeMEeHTIB 3aBaHTAXKEHHS, IO PyXalThCS M0 TPAEKTOPIisIX. BBaXkaeMo, 1110 3a3HAYEHI
eJleMeHTH 3aBaHTa’keHHsS, Ha SIKi po36MTHii BeChb 0OCAT MJIMHA, MAlOTh OJHAKOBY
dbopmy 3 pebpom Al

[TpuiimeMo, 1110 Ha Ti/lO, SIke 3HAXOAUTHLCS B CTaHi piBHOBAaru, AilOTh 30BHIIIHI
cwii. JIsi HbOTO 3aJa€ThCsl JlesiKe BipTyasbHe ITOJie IlepeMilleHb, sike Oyaemo
mykaTtu. IlepemillleHHSI XapaKTepU3YETbCS B KOXKHIM TOUL MPOCTOPY 3HAYEHHSIM
BekTOpy. PiBHOBara 6yze TibKM TOZi, KOJM IPY JOBIIbHUX BapiallisxX IepeMillleHb
BipTyasibHa po00Ta 3O0BHIlIHIX CUJ JOPiBHIOE pPOOOTI BHYTPIIIHIX CUJI OIOPY
nedopmosanoro Tina. [Ipu 11boMy 1oJje BipTyaJbHUX IepeMilleHb Ha KOHTUHYYMi
nedopMOBAaHOTO Tila Mae OyTM TMpeAcTaBieHO Oe3repepBHUMM (GYHKITIIMU
MIPOCTOPOBUX KOOPAMHAT i 3aJOBOJIbHSATI KiHEMaTUUHMM YMOB Ha 1i0T0 KOPJIOHAaX.

3a Teopii mpy>kHOCTI JedopMOBaHOrO Tijlia BioMO, 110 CyMa 3MiH IMOTeHIIiiiHO1
eHeprii 30BHIllIHiX HaBaHTaKeHb i BHYTPIllIHbOI eHeprii gedopmaliii mpu mesKomy
TI0JTi TepeMillleHb IopiBHIOE HYI0. To6TO, SIK i B poboTi [6] Maemo:

d(A+Wp):d(H)=O. (1)
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Pob6oTa 30BHilIHiX HaBaHTaXkeHb W MOpPiBHIOE MOTEHIIiIHiN eHeprii omopy Tina,
110 1e(OpMYy€ETHCSI, TOOTO Wp =-W . TakuM UYMHOM, €eHepreTUYHMI1 CTaH MeXaHiuHO1

o)
CUCTeMH, sIKa eOPMYETHCSI XapaKTePU3YETHCSI BUPA30M BUTIISITY ﬁ =0. Koxne

3 CKJIAJOBUX TMOTeHIiliHOi eHeprii medbopmyBaHHS [T € nesikolo (YHKIIE€O Bif
BEKTOpy IepeMilieHb {o}. @YHKIIOHa/A IOTEHLi{HOI eHeprii Ijas OUCKPeTHOI
o6acTi BUu3HaUeHHS Je(hOpMOBAHOTO TiJia 3aMMUIIIEMO Y BUTJISIT

E E
II = Z(Ae _I;I;rz) _ Zﬂe
e=1 e=1 (2)
me E — 4YuQIo eJieMeHTIiB AMCKPeTHOI o6sacTi Bu3HaueHHs; I1® - yvacTka
TOTEHIIi/IHOI eHeprii OKpeMOoro CKiHueHoro ejgeMeHTa. Toxi 3ammiieMo HeoOXimHi
BUpasyM IJISI CKJIAJOBMX TTOBHOI MOTeHIi/iHOI eHeprii Tiia, mo medopMyeTbcs Ha
CKiHUEHOMY ejleMeHTi. BHyTpimHsa eHepris npedbopmaliii mjisi MopAeaiOBaHHS
cepeOBUINA TiPCbKUX MTOPiJ, BUSHAYAETHCS BUPA30M BUTISIAY:
A€ = j 172} {shav, (3)
e
Ie iHTerpyBaHHs BeeThCs 3a 06CSITOM CKiHUeHOro eleMenTa — VE.

OG6uMC/IeHHSI BEKTOPY HampykeHb {5} MPOBOAUTHLCS Mic/s pillleHHS OCHOBHOI
CUCTEMU pIiBHSIHb, 3[ICHIOETHCS 3a BiJOMMMM BY3JIOBUMM 3HAUEHHSIMU IT0JIS
nepemillieHb i medopmaliiii cKiHueHOro ejgemeHTa. [IJisl mpeicTaBJIeHHsT pe3y/abTaTiB
PO3paxXyHKy OOCUTb OOUMCIUTM HAIPY>KEHHS B BYy3JlaXx i B IEHTPi CKiHYEHOTO
efleMeHTa. BeKkTop HampyXeHHS B BY3Ji CKiHYEHOTO ejieMeHTa 3alMCyETbCS Y
sursni {o} =[D][B]{s}®, ne [B] - MmaTpu1s gedopMariiii.

BupimieHHs1 1IbOTO 3aBHAaHHS TepeBipeHO Ha TpuUKIANAi GparmeHTa Imiapy,
CKiHUEHO-eJleMeHTHa MOJie/ib SIKOTO MOoOyAoBaHa i3 3aCTOCYBAaHHSIM 00'€MHOTO
HaIpy>keHo-1e(OpMOBAHOTO CTaHy, [le TOBIIMHA ¢parMeHTa (B HAIMPSIMKY OCi Z)
IOpiBHIOE 1 MM.

[Tpu MopenOBaHHI MJIOCKO-HABAHTAKEHOTO CTAHY CepeloBMINaA, SIK i B poOOTi
[6] BUIOiNMMO TpM XapaKTE€pPHUX MOJIOKEHHS eJIeMEeHTa 3aBaHTaKEHHSI.

V nepuioMy BMUIIQAKy e€JIeMEHTM 3aBaHTAXXEHHSI B 30HI IT'SITM 3HAXOOSThCS Ha
IrYMOBilt (yTepoBIli Mii TMCKOM BepXHiX Ky/JIb HaBaHTa)KeHHS i MaaiHHS Ky,
giametpom 100MM 3i mBuAKiCTIO B MOMeHT yaapy — 0,4 m/c. BpaxoByeTncs, 110
JiI0Tb TepeBaXXKHO HOpMaJibHI HarpykeHHs. Ha pucyHKy 3 1moka3aHi pO3paxyHKOBI
HaMpYy>XeHHS, SKi BUHMKAIOTh B €JleMEeHTax 3aBaHTaKeHHSI Ha TyMOBIil ITOBepPXHi
byTepoBKM ITic/Is yaapy iX KyJasiMu, sIKi 1IaialoTh B paiioHi IT'SITH.
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PucyHok 3 — Hanpy:keHHS B eJieMeHTax PucyHoK 4 — Haripy>keHHS B YaCTMHKaxX
YaCTMHOK IOPOAU B MOMEHT MOPOAM B CepeAuHi 1mapy IiJi TUCKOM

MagiHHS KYJIbKI BerHiX ejieMeHTiB 3aBaHTa)KeHHS

Y nopyroMy BMMOAAKy i€ TUCK TiIbKM BepXHiX Ky/Jdb 3aBaHTakKeHHS, SKUi
BU3HAUYAETbCS HACUIIHOK IIi/IbHICTIO MaTepiaqy MOpoAyu i BUCOTOW Mmiapy. s
pPO3paxyHKy IpUIHSITA HIIIbHICTD p =5250 Kr/™M°% i Bucota mapy — 1Mm. B manomy
XapaKTepHOMY BMIIaAKy (PUCYHOK 4) — pO3paxyHKOBe HaBaHTa)KeHHSI HMKHiX
eJieMeHTiB (IIIMAaTKiB) 3aBaHTaKeHHS ITiJ, TUCKOM BePXHiX eJleMeHTiB 3aBaHTaKeHHSI
3aJlaHOI BUCOTHU ILIApy i IIiIbHOCTI eleMeHTiB. [Ipy 11bOMy HOpMaJIbHi Hallpy>KeHHS
BCepeIVHi eJIeMeHTiB 3aBaHTaXKeHHSI B 00JIaCTi KOHTAKTy 3 KyJIbKamMy CIabIIaioTh,
3aTe 30i/IbIIYIOThCSI HABAHTaXKeHHS 3 OOKY eJIeMeHTIB Iapy.

VY TpeTbOMY BUMAIKY i€ TUCK, SKUit cPOpMOBaHMIi TAKUM Xe YUMHOM, ajie BxKe
i JesIKMM KyToM. BigOyBaeTbcs mimiioM ejleMeHTiB 3aBaHTa)KeHHS, i HeOOXiJTHO
BPaxoBYBaTH IMOSIBY JOTUYHUX HAIPYKeHb i, BIATIOBiIHO, HAIIpy>KeHb 3pyllieHHs. Ha
puc. 5 mokasaHi HampyXeHHsI B UaCTMHKAaX IMOPOJM B pe3yabTaTi gedhopmaliiit 3cyBy
BCepelVHi 3aBaHTaKeHHSI B 30Hi MigiioMy 3 TO3uIlii OajaHCy eHepreTUYHUX
BeJIMUMH TTPOIIeCy MoApiOHEeHHS: pO6OTH 30BHIIITHBOTO CMJIOBOTO BILIMBY i 3HAUEHHSI
BHYTPIllIHbOi TOTEHIIifHOI eHeprii medopmaliii mMMaTKiB pyAay Ta 3acHOBaHe Ha
BUKOPUCTAaHHI MeTOMy CKiHUeHMX eJleMeHTiB, aHa/li3y HaIlpy>keHO-Ie(OopMOBaHOTO
CTaHy eJIeMeHTIiB 3aBaHTaXXeHHs, O0JIiKy CKJIAJHOI CTPYKTYpU B3a€MOZAii HIMAaTKiB
pyAyu B IIapi YaCTMHOK MiJi TUCKOM.

0 pummnz papy)

PucyHok 5 — HanipyskeHus B e/leMeHTaxX 3aBaHTaKeHHS IPU MOsIBi
3CYBHMX HaIlpy>keHb Ha MeXi MIiIJHOCTi MaTepiany
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Bupinenuit B Oyab-SIKOMY MiCIli IIMaTKa MOPOAM eJeMEHT 3aBaHTaKeHHS
migmaeTbest qedopmailii 3 60Ky CyCigHiX ejleMeHTiB (IIMaTKiB ITOpoAy abo KyIbOK) B
yMOBax BCEOIYHOTO HEPiBHOKOMIIOHEHTHOI'O CTMCHEHHS KOHTAKTHUMM CUJIAMU.
HaHHi cuayM BU3HAUYalOTh IOSIBY MaKCUMMaJbHUX 3CYBHUX (OOTUUYHMX) HAIpPYKeHb,
SIKi 3ajieXkaTb BiJi MaKCMMaJbHMUX HOPMa/JIbHMX HAIIPyKeHb, 1[0 BUHMUKAIOTh Ha
KOHTAaKTHMX MaiilaHuUMKaxX IIMaTKiB mopoau. s 1bOTO ejieMeHTa I0OyIoBaHi
emopy HAIPY>KEHb.

Ha pucyHKy 6 Noka3aHi emwopy MakKCUMa/JIbHUX HOPMaJIbHUX HAIPYy>KeHb, SIKi
BMHMKAIOTh HA BKa3aHMI1 eJleMeHT B TPbOX PO3PaXyHKOBUX MOJIOXKEHHSIX.
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PucyHOK 6 — Enopy HOpMaIbHUX HaIMPYKeHb 1)1 HaBeIeHUX BUIIE
TIOJIOKEHb €JIEMEHTIB 3aBaHTaXKEHHS

Po3paxyHKM ToKasajiu, 0 HaibiibIri HOpMasbHi HAINIpy>KeHHSI B €JIeMeHTi B
cepeHi pO3pPaxXyHKOBOiI 00J1acTi, 3HAXOMSITbCSI B TPeTbOMY BMIIQJIKy. B pisHUX
OOCJiIKeHHSIX Ta B pobori [11] mokaszaHo, 1m0 Tpu 30ibllIeHHI 6, BifOyBa€eThCsS
nepexirg, HaIpy>XeHOro CTOaHy eleMeHTa opoan 3 BCeBGiYHOTO
HEPiBHOKOMITOHEHTHOTO CTMCHEHHSI B  00jaCTh  y3araJbHEHOTO 3CYyBY i
PO3TATYBAaHHS, 00'€MHAa MilIHiCTb ITOPi/JI, Pi3KO 3MEHIIIYEThCS.

Lle migTBepmXKye, 110 MPM BUKOPUCTAHHI BOJIOTOTO IOAPiOHEHHS Ta CyXOro 3
HEMOBHUMM 3aBaHTaxkeHHsIM [10] ckiagamTbcsl Oifbll COPUSTAMBI YyMOBU [0
3CYBHOTO CTMCHEHHSI YaCTMHOK I[MOPOAM, L0 B CBOK 4Yepry NMpU3BOAUTH A0 MOSIBU
PYVHIBHMX OOTUYHUX HANpy>XeHb, SIKi MepeBUIIYI0OTh MeXy MIITHOCTI 3a KpUTepiem
KynoHa Ha niHisIX 3cyBy. BimbyBaeTbcs rpoiiec eeKTUBHOTO PYiHYBaHHSI [TOPOMN.

TakMM UMHOM, MOJEJIOBAHHSI MpPOLeCy PYHYBaHHS IMOPOAMU B KYJIbOBOMY
M/IMHI Ha OCHOBiI  [JOCHIIKEeHHS HampyXeHb B IIMaTKax I[OpPOAU B
mapi 3aBaHTa’keHHSI METOJIOM CKiHUeHMX ejieMeHTiB Ha 6asi makety Solidworks
MOKa3ajo, 1[0 OCHOBHUM BIUIMBOM Ha PyMHYBaHHS € MOSIBA 3CYBHMUX HaAlpy>KeHb B
YaCTUHKaxX OPOAU.

Po3pob6sieHa MoJenb TMiATBepIyKeHa OTPUMAHMMMU eKCIepUMeHTaTbHUMU
pe3yibTaTaMu Ae3iHTerparili MimHux 3anisHux pyn Ha BAT «IlontaBcekmii I'3K» Ha
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mimuuy-Humaxa MIIP-4,0%*5,0 mepiioi cTamii moAgpiOHeHHS 3 KyJsMM JiaMeTpoM
100 mm. Lle 103BONMMIIO B TEXHOJIOTIYHUX CXe€MaxX PyAOMiArOTOBKM 3 BXiJHUM KJIaCOM
rnopoau 6-8MM 3HU3UTU IMUTOMi BUTpPaTH KyaboK Ha 10% i 3SHUM3UTU IUTOMI BUTpATU
eJIeKTPOeHePrii B I[iIoMy Ha TEXHOJIOTIUHY CeKIlilo Ha 5-6%.

BucHOBKU

1. Po3pob6iena mMaTeMaTU4YHa MO/ieJib rporecy MO PiOHeHHS
PYOHMX MaTepiaJiB B KyJIbOBOMY MJIMHI 3 TMO3MIlii 06ajaHCy €eHepreTUYHUX
BeJIMUMH TIPOLIECY PYWHYBAHHS: pPOOOTM 30BHIIIHHOTO CUJIOBOTO BIUIMBY i
3HAUeHHS BHYTPIIIHbOI TIOTeHIi/iHOI eHeprii medopmarlii mmarkiB pyaun 3
BUKOPUCTAHHSIM  METOAY  CKiHYEHMX  eJIeMEeHTIB, aHaji3y  HalpyXeHO-
necOpMOBAHOTO CTaHy eJIeMEeHTIB 3aBaHTaKeHHSI, B3a€EMO/Iii IIIMATKiB pyau B IIapi
YAaCTMHOK TIIii TUCKOM 3a YMOBM 3MiHM 3CYBHMX 1 YyJApHUX HaBaHTaKeHb.
MartemaTuyHa MOJeNIb [OO3BOJSE pPO3paxyBaTU MaKCMMa/IbHi HaBaHTaKeHHS B
eJleMeHTax 3aBaHTaXeHHs (pya, KyJi, BOa).

2.TlokazaHo, 10 BuUAiIEeHU B OyIb-SIKOMY MiCIli eJleMeHT 3aBaHTasKeHHS
migmaeTbes nedpopmaitiii 3 60Ky CyCiiHiX eJleMeHTiB 3aBaHTasKeHHS (IIMATKiB pyay) B
yMOBaX BCe6iYHOTO HEPiBHOKOMIIOHEHTHOTO CTUCHEHHSI KOHTAaKTHUMM CUJIAMU.
JaHHI CMAM BU3HAYAIOTh MOSIBY MAKCUMAaJbHUX 3CYBHUX (OOTUYHMX) HAIPYKEHb,
SIKi 3ajexaTh BiJi MaKCMMaJIbHUX HOPMAQJIbHUX HAIPYyKeHb, 110 BUHUKAKTH B
IMaTKaxX IMOPOAN.

3. Pe3ysnbTaTu MOJE/NIOBAHHSI HAIpy>XKeHO-IedhOpMOBAaHOTO CTaHy eJeMeHTIiB
3aBaHTaXeHHSI MiATBEpPAM/IM, IO IPU 3aCTOCYBAaHHI BOJIOTOTO IIOJPiOHEHHS Ta
CYXOro MOJIpiOHEeHHS 3 HEMTOBHUM 3aBaHTasKEHHSIM CK/IAJal0ThCsT OUTbII CIIPUSITAUBI
YMOBM A0 3CYyBHOTO CTMCHEHHS YaCTMHOK MOPOAM, 110 B CBOIO Yepry NpuU3BOAUTD 10
TOSIBM PYMHIBHMX [OOTUYHUX HAIPYKeHb, §IKi IepeBUILYIOTb MeXy MIIJHOCTI 3a
kputepiem KynoHa Ha JiHisix 3cyBy. BinbyBaeTbcs mnpoiiec eeKTMBHOTO pyiHYBaHHS
MopoAu, IO B CBOK Yepry Bede OO 3HWKEHHS €eHepProEMHOCTI IIpolecy
MOJpiGHEeHHS.
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M. Malich

MODELING OF THE PROCESS OF DISAGGREGATION OF ORE ROCK IN A DRUM
MILL USING THE FINISHED ELEMENT METHOD

Peculiarities of ore materials movement in a drum mill are considered. A mathematical
model of ore materials grinding process in a drum ball mill is developed from the position of
balance of energy quantities of destruction process: work of external force influence and
value of internal potential energy of deformation of ore pieces. Using the finite element
method, the analysis of the stress-strain state of the loading elements, the interaction of
pieces of ore in the layer of particles under pressure under the condition of changes in shear
and shock loads. The mathematical model allows to calculate the maximum loads in the
loading elements (ore, spheres).

It is shown that the loading element selected anywhere is subject to deformation by
the neighboring loading elements (pieces of ore) under conditions of comprehensive non-
uniform component compression by contact forces. These forces determine the appearance
of maximum shear (tangential) stresses, which depend on the maximum normal stresses
occurring in the pieces of rock.

The results of modeling the stress-strain state of the loading elements confirmed that
the use of wet grinding and dry grinding with incomplete loading creates more favorable
conditions for shear compression of rock particles, which in turn leads to destructive
tangential stresses exceeding the Coulomb strength. shear lines. There is a process of
effective destruction of the rock, which in turn leads to a decrease in the energy
consumption of the grinding process.

Keywords: ore mass, tube ball mill, contact grinding friction, fracture, stress,
modeling.
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I1.T. Menbsinuio, O.M. Jlocikos, B.C. Ha3apeIip, B.K. CI/I,E[OpeHKO7

MMIABUILEHHSA IMICJISIPEMOHTHOI IOBrOBIYHOCTI HACOCIB
MII>XWBJIEHHSA AKCIAJIBHO-ITOPIIHEBUX I'TIPOMAILINH

IIposodumucs  ekcnepumeHmanvHe nidmeepoxeHHs epekmueHocmi 8npoeaodHceHHs
KOHCMPYKMUBHUX 3ax00i8 N0 3HUMCEHHIO 00 €EMHUX 8UMpam 8 Kauawn1omy 8y3Ji Hacoca
nioxcuesneHHs uepe3 1i020 mopyesuti 3a3op. 3anponoH08aHO KOHCMPYKUil cmeHdy ma
MemoouKy 07151 00Kamxu i 8unpoOy8aHHs HACOCI8 NIOHUBJIEHHSL.

Knrouoei cnoea: Hacoc nioxusneHHs, mopuyesuti 3azop, 06’ emHi gumpamu, KoegiyieHm
nodai, nicAPemMOHMHA 008208iUHICMb.

ITocTaHOBKa MpooGIEMM

Mo6inbHI MalMHA, [0 OCTAHHIM 4acOM IIMPOKO 3aCTOCOBYIOTHCSI B TipHUYO-
MEeTaJIypriiHOMy KOMIUIEKCi, 3a KOHCTPYKTUMBHMMM DpilIEHHSIMM OCHallleHi
riipaBaiuHMMM  TpaHcMicismMu. B 3HauHili  Mipi 1le  0OYMOBJIIOETHCS
KOHCTPYKTUMBHMMM TepeBaraMu TiipaBJiyHMX TpPaAHCMicCiii B TIOpPiBHSHHI 3
MeXaHiYHMMM, K 3 TOUKM 30pYy 3PYYHOCTi KEPYBAHHS MOOiJIbHOI0 MaIIMHOIO TaK i ii
eKkcruTyaTaliiHoi HagiiHocTti. OCHOBHMMM arperaTaMyu TigpaB/idyHOI TpaHCMIcCil
SIBJISIIOTBHCSI aKCiaJIbHO-TIOPIIIHEBI riijpoMalinHy (aKCialTbHO-IIOPIITHEBUIA TiIpOHACOC
HIT-90 3 peryiboBaHMM 00’€MOM Ta He peryjabOBaHMI aKCiaJTbHO-TIOPIITHEBUIA
rigpomotop MII-90).

BripoBaiskeHHS TiIpaB/iuHMX TPAHCMICiii B MOOIIbHMX MalllMHaAX Iepeabdavae
IX BUCOKY eKCIUTyaTaliliHy HaJiiiHICTb B IOPIBHSHHI 3 MeXaHIYHMMM TPAHCMICisiMy,
3a PaxyHOK OCOOJIMBOCTI KOHCTPYKIIii 06’€MHMX rigpoMalliyH, Kauyamdi B3/ SKUX
CK/IQJAITbCSl 3 JeTajeil, BUTOTOBJIEHUX 3 BUCOKOK TOYHICTIO TE€OMETPUYHUX
po3mipiB. Pasom 3 TuM, IMpoBeleHMII aHaji3 eKCIuTyaTalliiHOl HamilfHOCTi
riIpaB/IivHMX TPAHCMICiii MOGITbHMX MaIIMH IIOKA3ye, IO Ha TigpaBIiyHMII TPUBIH
TpaHcMicii npunazgae 1o 30% BigMos [1].

[IpoBemeHuii HaMM [OeTaJbHUII aHaJMi3 BiAMOB, MOKa3ye, IO OCHOBHA iX
yactuHa (60-75%) mpuiiagae Ha eKcIuTyaTallifiHi BigMoOBM, SIKi 0OYMOBJIIOIOTHCS
HACTYITHUMU IPUUMHAMM

- eKCIUTyaTallisl TiApaBaiyHMX MalIMH Ha pobouYMX pimMHaxX, SKi 3a KJIacom
YMCTOTU He BiATIOBiIal0Th TeXHIiYHUM BuMoram (40-45%);

- He CBO€YacHa 3aMiHa poboumx piauH Ta QIIBTPYIOUMX €JIEeMEHTIB, SIKi
nepenbaveHi  perjaMeHTOM  IUIAHOBO-3aIOOiKHOI  CUCTEMM 3  TEXHIYHOTO
06C/TyroByBaHHs Ta peMoHTY (15-20%);
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- eKCILTyaTallisl TigpaBIiuyHMUX TPAHCMICilt 3 HU3bKMM PiBHEM Po0O0YOi piayiHu B
rizpasiiuHOMy 6aky rimzpocuctemu (3-5%);

- eKCIUTyaTallis TiZpaBIiyHMX MalllMH Ha poOOUMX piAMHAX 3 3aBUINEHUM
BMicTOM B HUX Boau (1-3%);

- eKCIUTyaTallis TigpaBaiyHMX TPAHCMIcCiii Ha poOOUMX piIMHAX 3 3aBUILNEHUM
BMICTOM IIOBiTpS B poOOUiii pimuHi B pesyabpTaTi MOpPYIIEHHSI repMeTusallii B
rigpasiiuHii cuctemi (1-2%).

€ oueBMIHMM, 110 BKa3aHi NPUUYMHM BIUIMBAIOTh HA 3MiHY CTPYKTYPHUX
rapaMeTpiB TEXHIYHOTO CTaHy JieTajieid, siki B CBOIO uepry 0O0yMOBJIIOIOTh 3pOCTaHHS
00’eMHMX BTpAT poOOYOi piAMHM Ta 3MeHIIeHHS 00’eMHOro KoedillieHTy Iomayi
aKCiaJIbHO-MOPIIHEBOrO TiipoHAacoca i BTpaTy pPoOOTO3HATHOCTI MPU HOOCSTHEHHI
JAOr0 rPaHUYHOTO 3HAUYEHHSI.

Iyis 3a6e3meveHHs KoedillieHTa mogavi akciaJbHO-TIOPIIHEBOrO TiIpoHacoca, B
BiIMOBIZHOCTI OO0 J¥Or0 TeXHIYHOI XapaKTepUCTUKM, Ha TIPOTSA3i TpUBAIO]
eKCcIUTyaTallii, B KOHCTPYKIIii rimpoHacoca mepeabayaeTbCsl 3aCTOCYBaHHSI Hacoca
I IKMBJIEHHS, TOJIOBHUMM (QYHKIIIMM SIKOTO SIBJISIETbCSI, KOMITEHCAIliI 00’€MHUX
BTpaT B KaualuoMy BY3Ji aKCiaJIbHO-TIOPIIHEBOTO TipoHacoca Ta 3abe3rneueHHS
poOOTH cUCTeMM KepyBaHHS i0TO po60UnM 00’ €MOM.

TakuM 4YMHOM, MOXHA MPUIYCTUTH, IO 3MiHA CTPYKTYPHMX IlapamMeTpiB
JmeTasieil Hacoca MiIKMBIEHHS aKCiaJbHO-TIOPIIHEBOTO TigpoHacoca Oyme TaKOX
BIUIMBATM Ha Joro poboTo3daTHICT i 6esmocepelHbO HA eKCIUTyaTalliliHy
JIOBTOBiUHiCTh. BiZHOB/IEHHS pOOOTO34ATHOCTI HACOCIB ITiIKMBJIEHHS, SIK ITPAaBUJIO
MIPOBOJIUTHCS B CEPBICHMX INiANPUEMCTBAX, a IiCASIPEMOHTHA IOBrOBiUHICTb Oyje
00yMOBJIIOBAaTUCh SIKICTIO PEMOHTHMX OIlepalli/i TeXHOJIOTiYHMX IIPOIecCiB, SIKi
3aCTOCOBYIOThCSI HA BUPDOOHUIITBI.

HeTanbHUI1 aHa/Ii3 TEXHOJIOTIYHMX TIPOLECiB MOKA3ye, 10 3alpOIIOHOBAHMII B
HMX METOJ, BiIHOBJIEHHS PpPOOOTO3JaTHOTO CTAaHy HACOCIB  ITiIKMBJIEHHS,
OCHOBYETbCS Ha METOZi BIIbHUX PEMOHTHMX PO3MipiB, SKUII XapaKTepPU3YEThCS
3a0e31eyeHHsIM 3amaHoi popmu poboUOoi MOBEpXHi meTami, 3HATTIM 3 ii IMOBepXHi
3HOIIEHOTO Imapy MeTasy. € OueBMIHMM, IO JOro peasisailis 0OYMOBIIIOE
3MeHIIIeHHsT ~ KoedillieHTa  Tojaui Ta  eKcIUTyaTallifHOro  pecypcy  V
BiIpEMOHTOBAaHOIO Hacoca B TIOPiBHSIHHI 3 HOBMM, B pe3yJbTaTi 3MiHU
reOMeTPUYHMX PO3MipiB JieTaseii.

YcyHeHHsI BUIlle HaBeJeHMUX HeIOJiKiB MOX/IMBE 32 PaXyHOK BIPOBAIKeHHS
repegoBUMX METOJIiB BiTHOBJIEHHS POOOTO3TATHOCTI HACOCIB  IMiIKMBJIEHHS,
peasizanisi SIKMX 3a06e3[eunTb BUCOKY SKICTb PEMOHTY Ta eKCIUTyaTalliiiHy
JIOBIrOBiUHICTbD.
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AHaJi3 oCTaHHIX JOCTiIKeHb i mMyoTikaIin

PecypcHa BiZiMOBa Hacoca MiKMBJIEHHS aKCiaJbHO-MOPUIHEBOrO TrifpoHacoca
0OYMOBJTIOETHCS TimpoabpasyBHUM 3HOIIEHHSIM POOOUYMX MTOBEPXOHbB AeTajieii 1oro
Kayaruvoro By3Jia, 1[0 MPUBOAUTD A0 3pOCTAHHS 3a30PiB B CIIPSIKEHHSX 1 BiITIOBITHO
00’€eMHMX BTparT.

B pob6orax [2, 3], aBTOpM BiAMiTMIM, 1[0 3MiHA CTPYKTYpPHUX MapaMeTpiB
JleTaseil B CIPSDKEHHSIX «TOpellb IIeCTepHi-BepXHS KPUIIKA» 1 «TOpelb IIeCTepHi-
HIVDKHSI KpUIiKa» (OPMY€E TOPILIEBMIA 3a30p, a B CIPSDKEHHI «KOJIOISI3b KOPITyCy-3y6
IIecTepHi» - pagiaJbHNUIT 3a30p, 1[0 0OYMOBJIIOE 3pOCTaHHS 06’€MHUX BTpAT po60YOi
piiMHM, a 3HAUYUTh NMPUBOAUTH OO 3MEHIIEeHHs1 mogauvi Hacoca (Q) J/XB i ¥ioro
06’eMHOT0 KoedillieHTa KOPUCHOI [Iii 1).

[y KoMITeHcallii TopieBoro 3a3opy, B poboTi [4], aBTopamMy 3ampoIIOHOBAaHO
KOHCTPYKTMBHe pillleHHS KOMIIeHcallii TOpILieBOro 3a30opy, [0 BKIKYAE B cebe
IJIACTMHY 3 pOOOYOI0 ITOBEPXHEI0 i MPYKHOAEeMII(PYyIouoro ejieMeHTa, y SIKOMY
IOATKOBO PO3TAILIOBAaHI KaHAJIM i KaMepU TiAPOCTAaTUYHOTO IiAKUMY, TIPU [bOMY,
KaMepy TiApOCTaTUYHOIO MiIKMMy pO3MillleHi 1o Koy dyepe3 90° i 3’emHaHi Mixk
cob6010 KaHajJaMM, OTBOPM SIKMX CIIOJyYeHi 3 KamMepolo HarHiTaHHs. BomHouac, B
poOOTi peKOMEHAYEThCS, /ISl 3MEHIIeHHsT 06’€MHMUX BTpaT pobouoi pigmHu yepes
TOPIEBUIT 3a30p, 3abe3meuynTy MiHiMaabHUII 3a30p, SKuit 6u dopmyBaBcs 3
BpaXyBaHHSIM TeOMETPUYHOT0 po3Mipy abpasmBHMUX dacTuib (50 MKM), KiTbKiCTh
SIKMX MaKCMMajbHa JIsT AeCAITOTO KIacy UYMCTOTM pobouoi piauHM, Ha SKiil B
BiAMOBIAHOCTI [0 TEeXHIYHMX BUMOT, E€KCIUIYaTyIOTbCSI HACOCU MiJI>KUBIEHHS
aKCiaJIbHO-MOPIIHEBUX TiApOMAaIInH.

IaHi KOHCTPYKTMBHI pillleHHS I[IpPeICTaB/lieHi TeOpeTUYHO i He MawThb
MpaKTUYHOI peaji3alii, BIPOBAIKEHHSI SKOi XapaKTePU3YETHCS OCOOJMBOCTSIMU
bisMyHOro MOJe/I0OBaHHS Kaualwyoro By3ja Hacoca MigKMBJIEHHS aKCiaJbHO-
MOPIIHEBOTO TipOHAcOCa, KOHCTPYKTUBHMUMM OCOOGIMBOCTSAMMU CTEHAY [JIsSt
TPOBeJIeHHsI J1abopaTOPHUX MOCTiIKEeHb, METOAMKM BUSBIEHHS (PYHKI[iIOHATbHOI
3aJ1eXKHOCTI MisK pecypcoM Hacoca i i1oro 06’eMHUM KoedillieHTOM KOPUCHOI [Iii.

MeTta mocigKeHHS

Meta [HOCHiIKeHHS — MiATBepIkKeHHST e(eKTUBHOCTI BIIPOBAKEHHS
KOHCTPYKTUBHMX 3aXOiB IO 3HIMKEHHIO 00’€MHMX BTPAT B Ka4al0uoMy BY3JIi Hacoca
I KUBJIEHHST 4yepes3 JI0oro TOpPIEeBMII 3a30p, B IPOIECi PEMOHTY, ITPOBEIEHHSIM
eKCIIepUMEeHTa/IbHUX JOC/IiI3KeHb.

BukiiaieHHSI OCHOBHOT'O MaTepiay JOC/iaKeHHSs

ExkcnyaTatiifiHa JOBrOBiUHICTh HACOCIB MiJI)KMBJIEHHS, 1[0 BXOMSITh IO CKIady
peryjaboBaHMX aKCiaJIbHO-MOPIIHEBUX TiPOHACOCiB, B 3HAUHil Mipi 00YMOBITIOETbCS
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TeXHIYHUM CTAaHOM CTPYKTYPHMX IapaMeTpiB JieTajei 1oro Kayardoro BysJa, SKi
3MiHIOIOTHCSI B pe3yJIbTaTi 3HOIIEHHS JleTajieii i 00yMOBJIIOIOTh 3POCTAHHS 00’€MHUX
BTpaT pobouoi pimuHM uepe3 TOPIEBMIT 3a30p B KayalouoMy BY3/i Hacoca, IO
MPUBOAUTh OO0 3MEHIIEeHHSI #oro 06’eMHOro KoedilieHTa momayi [0 TpaHUYHUX
3HaueHb (KQ <0,62) i pecypcHoi BigmoBH [5].

Inis BigHOBIEHHS pOOOTO3IATHOTO CTAHY HAcoca ITiIKMBJIEHHS, HA CEPBiCHUX
MiAIPUEMCTBAX 3aCTOCOBYIOTh METOJ, BUIBHMX PEMOHTHMX pO3MIpiB, KU
XapaKTepu3y€eThCs BUOAJIEHHSIM CJiZiB CIIpalfoBaHHS Ha pOOOYMX ITOBEPXHSIX
JleTajsieil TOpIEeBOro 3a30py, 3 3aCTOCYBaHHSIM Olepallii YOPHOBOTO 1 YMCTOBOTO
TIPUTUPAHHST POOOUNX TTOBEPXOHb BEPXHbOI Ta HIDKHBOI KPUIIIOK HAcoca Ta TOPIIiB
3yba Bemyuoi i BemeHOI miecTepeHb. JJaHuii MeTon Moske OyTM peasi3oBaHMt [Jis
JIeTajieil 3 He 3HAUHMM 3HOUIEHHSM, TaK SIK MPY 3HAYHOMY 3HOIIEHHI CYTTEBO
3MIHIOIOTbCS TEOMETPUYHI PO3MipM [OeTanei Micasi MPOBEeAeHHS TMPUTUPOYHUX
omepailiif, o OOYMOBJIIOE 3MEHIIEeHHS 00’€MHOro KoedillieHTa Jforo momadvi i
BiZMOBIAHO MiCJSIPEMOHTHOTO pecypcy.

OmHMM i3 eeKTUBHMX 3aXO[iB, SIKUI MO3BOJISIE 30IMBIIUTU TiCASIPEMOHTHY
JOBrOBIUHICTh HAcoCa IMiIKMUBJIEHHS, IIPU IIOCTYNaHHI OO PEMOHTY, SIBJISIETbCS
3aCTOCYBaHHS B Ka4alOuMx By3JlaX MexXaHi3My KOMIIeHCallil TOpLeBoro 3a3opy [4].

Ins jioro peasnisalii aBTOpU pPeKOMEHAYIOThb, MPU IPOBEJEHHI PEMOHTHUX
pPOOIT, yCTAHOBUTY B BEPXHili KPUIIII Hacoca IJIACTMHY JIJIsI KOMITeHCallii TOpIeBoro
3a30py, SIKa CKJIAJAEThCS 3 po60YOi MOBEPXHi i MPYKHOAEMII(DYIOUOTO eJleMeHTa, Y
SIKOMY [OJATKOBO PO3TAlllOBAaHI KaHA/IM i Kamepy TiApOCTaTUYHOrO MiJsKUMY, TIPU
IIbOMY KaMepy TiipOCTaTUYHOTO MiIKMMY pO3MillleHi 1o Koy uepe3 90° i 3’eqHaHi
MiX c00010 KaHa/IaM¥, OTBOPY SIKMX CIIOJIyYeHi 3 KaMepoio HarHiTaHHS (PUCYHOK 1).

[ 7|

e

PucyHok 1 — KOHCTpYKIIisl TUTaCTMHM KOMITEHcallii TOpIeBoro 3a3opy: 1 - pob6oya MmoBepxHsi;
2 - OTIOpHA TTOBEPXHS; 3 - MPYKHbOAEMITPYIOUNii eJIeMEeHT; 4 - KaMepH ITiIKUMY;
5 — KaHaIM AJ1s1 TIoJavi pigviHu
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Ins  migTBepmskeHHS e(eKTMBHOCTI [aHOTO CIIOCOOYy peMOHTYy Hacoca
i IKUBJIEHHS, 3 TOUKM 30py 30iJbIlIeHHS #0ro MiCc/JIIPeMOHTHOI JTOBTOBiYHOCTI, B
TOPiBHSIHHI 3 3aCTOCYBaHHSIM iCHYIOUOi TEXHOJIOTii peMOHTY Hacoca, sika 6a3yeTbCs
Ha 3aCTOCYBaHHI BiIIbHMX PEMOHTHUX PO3MIipiB i XapaKTepu3YyeETbCSl BUIOAJTE€HHSIM
CJIiZIiB 3HOILIEHHSI HA POOOUMX MOBEPXHSIX JeTaneit, siki popMyloTh TOpIEBMIi 3a30P
(«Topellb 1IecTepeHb-BePXHST KPUIIIKA HACOCa», «TOPEellb IIeCTepeHb-HMUKHS KPUIIIKA
Hacoca») IMIPOBOISITHCS JIaOOPaTOPHi MOCTiKeHHS.

Y BiIHOBIEHMX HACOCIiB 3ampoIlOHOBAaHMMM Crocobamy BM3HaAYajaach

dyHKITiOHa/TbHA 3aJIeKHICTh MiXX 00’€eMHMM KoedillieHTOM Iojadi Hacoca (KO) i
jioro Hapob6iTkoM B 1mepiri 50...60 roguH 0oro poboTH, SIKi XapaKTepPU3YIThCS
iHTEHCUBHICTIO 3HOIIIEHHS] POOOUMX MOBEPXOHb AeTasieil, Mo GOPMYIOTb TOPLIEBUIA

3a30p, B pe3y/abTaTi 1X MMPUIIPALIOBaHHS | BIUIMBAIOTh Ha MiCIASPEMOHTHUI pecypc
Hacoca B yMOBax eKCITyaTallil.

O6’emHMIT KoedilieHT mogaui Hacoca (K| BM3HAuaBCcad 3 3aCTOCOBYBAHHSIM
0

BUpasy [6]:

KO=

, (D)

éo ‘é_o

ne Qd: - ¢akTUYHA ITojava Hacoca NP HOMiHAJIbHUX TUCKY i YaCTOTi oOepTaHHS

Basa, cm® /06 ; Q,, — TeopeTnyHa (PO3paxyHKOBA) IT0Jlaya HACOCa IIPY HOMIHAJIbHI

vacToTi 06epTaHHs BaIy Hacoca, cM° / 00 .

[T BUKOHAHHSI 1ab0paTOpHMUX MOCTimKeHb Oyja MpoBeeHAa MOMAEepHi3allis
crenpa KI1-4815M, rigpaBiiuHa cxema SIKOrO HAaBOAMTBCS HA PUCYHOK 2 [5].

MopgepHizoBaHa KOHCTPYKIIiSI CTeHAYy Ma€ pos3lupeHi ¢yHKIIiOHA/IbHI
MOSKJIMBOCTI JIJIsT BUITPOOOBYBAHHS TiIpaB/IiuHMX HACOCIB B MOPiBHSAHHI 3 iCHYIOUMMM
mapkamu creHaiB (K1-4815M, K1-4200), mo sSIKMX MOXKHA BiJHECTU 6e3CTyIeHeBe
peryJiloBaHHSI IIBMUAKOCTI Beoydol LIeCTepHi Hacoca 3a AOIMOMOIOI 3aCTOCYBaHHS
riIpaB/liyHOTO TIPUBOMY BeAy4yoro Bajy Hacoca, SKHUii TaKoX 3abe3reuye
BUIIPOOYBAHHS HACOCIB 3 JIiBUM i IpaBUM HaIlpSIMOM OOGepTaHHSI BeIydoi IecTepHi
Ta CTBOPIOBATM CTATO-IAMHAMIUHMII pekMM poOOTM Hacoca 3a IMBUIKICHUM
pPEKMMOM.

Buripo6oByBaHHS HACOCIB IMPOBOAMIMCH Ha Mac/li JJIs TiIpaB/liuHMX IIPUBOIiB

MTIE-46B (TY 38.10150-70), mpu Temmeparypi 50+5°C Ha po6ouUMX LIBMAKOCTSIX

MIPMBOJHOTO BaJIy B iHTepBasIi (n :700...1450)(6'1), a iX TeXHiYHMI CTaH BUM3HA4YaBCs
no ¢dakTMUUHii Tomadi 3a JOMOMOrOI0 TimpaBiiyHoro jdiumibHuKa [DKY-25M-16
(OCTY 12671-01), mpu HOMiHAJIbHOMY TMCKY pOOOYOi piAuMHM B HarHiTaluii

maricrpani (P, =1,44+0,01MIla ) i vacToTi 0O6€pTaHHS BEAy4YOro Baly N = 1450x87".
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Pucynok 2 - l'gpaBiriyHa cxeMa CTeHa it OOKaTKM Ta BUITPOOOBYBAHHS HACOCIB

MTiKVBJIEHHS aKCialIbHO-TIOPIIHEBOI rimpomManiuu [5]:1 - rigpaBiaiuynmii 6ak;
2 - Hacoc, 110 BUITPOOOBYETHCS ; 3 - TigpaB/IiuHMiT IPMUBO/, BEIy4OT0 BaJly Hacoca;
4 - eJIeKTPOABUTYH; 5 - IIUMIIbHUK 00€epTiB; 6 — BAKYYyMMETp; 7 — MaHOMETP;
8 - perynboBaHmit Apocenb; 9 - GinbTp TOHKOI ouncTKM; 10 - po3moAinbHMI1 6/I0K;
11 - 610K ouniieHHSI pobouoi pigmuaN; 12, 13 - TivmIbHUKAMY PigVHY;
14, 15 - 3BOpOTHI K1anauu; 16 - 6JI0OK OXOJIOIKEHHS

[Ipy TpoBeeHHi eKCIIepMMEHTaJbHUX PpOOIT Ha CTEHIi BUTPUMYIOTHCS
CIiIyI0un 3arajbHi YMOBMU: piBeHb pobouoi piavHU CTEeHIY
MepioAMYHO KOHTPOJIIOETbCS, a ii 3a0pygHeHHS He [IOMYyCKa€ThCs; TS
MIPOBEIEeHHS Ha CTeHJi JeMOHTAKHMX pPOOIT, IO BKIIYAITh B cede po3’e€IHaHHS
TpyOOIIPOBOMIB, i3 cUCTeMM  BUAAISIETbCS  TOBITPS;  MAKIIOUEHHS [0
CTEHIy MOJATKOBMX IMPUCTPOIB, HEOOXiAHMX IJIsI TIPOBEJIEHHSI €KCIIepUMEHTY, He
TTOBMHHO 3MiHIOBaTY TiZipaB/IiuyHMii OITip Ta 06’€M HarHiTaI40i MaricTpasi, a TaKOxXK
BIUIMBATU Ha TUCK B 3/IMBHII MaricTpai.

@daKkTUYHaA I0Javya HACOCIB BM3HAua/JaChb Yepe3 KOXHI JecAaTb TOOMH iX
BUIIPOOOBYBAaHHS, IIpYM HOMIiHaJbHMX 3HAUEHHSI TUCKY PiAMHM B HarHiTawoouii

maricrpani (P, =1,44+0,01MIIa) i 4acTOTi 06€pPTaHHS BeAydYOro Balyn =1450x67!.

B nmpoMiskkax vacy, KoJi1 rojjaua Hacoca He KOHTPOJII0Ba/Iach, MOJIe/IOBAIMCh YMOBU
jioro pobOTH, SKi MaKCMMa/IbHO BiITBOPIOBAIM pEXMUM pOOOTM B yMOBax
eKcIuTyaTtartiii Tabamii 1.
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Tab6mauisa 1
Pesxum po60TH Hacoca Ha eKCITIepUMeHTaIbHOMY CTEH/Ii IPOrOM iHTepBaTy AeCSITh TOAVH
TpI/IBaJ'IiCTb EngiTamqiﬁ B Temnepatypa YacToTa O6epTaHH${
BUITPOOOBYBaHHS Maricrpai — 0c IIPMUBOIHOTO |
Hacoca B roq. nacoca, MITa BaJly CTeHOA, X6
1,0 0,22+0,01 50+5 700
2,0 0,36+0,01 50+5 783
3,0 0,50+0,01 50+5 866
4,0 0,64+0,01 50+5 949
5,0 0,76 +0,01 50+5 1032
6,0 0,90+0,01 50+5 1075
7,0 1,04+0,01 50+5 1115
8,0 1,1840,01 50+5 1198
9,0 1,32+0,01 50+5 1250
10,0 1,44+0,01 50+5 1450

ExkcnmyaTtaliis Hacoca Ha JaHMX peXumax MOiaBUITyBaja dOCTOBIPHICTb
pe3y/bTaTiB eKCIIepUMEHTA/JIbHUX [OC/TiI’KeHb 3 BUSBAeHHS (QYHKI[IOHAIbHOI
3aJIe’KHOCTI MixK KoedillieHTOM mofaui Hacoca i yacy HarpalloBaHHsI.

PesynbTaTtu CTEHIOBUX IOCTiIKEeHb BUIIPOOYBaHHS HacociB
IMKUBJIEHHS Bil 4Yacy HampalioBaHHSI HaBemeHo B (Tabmuigx 2, 3) i
HAaTIJISIAHO MpeJiCTaB/IeHi B PUCYHKY 3.

Tabmuisa 2

PesynbTaTi eKcriepMMeHTaTIbHMUX TOC/iIKeHb 3MiHM KoedillieHTa momaui Hacoca
MiIXKMBIEHHS 3 MeXaHi3MOM KOMIIeHcallii TOpLieBOTo 3a30py BiJ yacy HallpaljloBaHHS

Yac Teoperiina rofasa IliticHa nomava Hacoca | KoeditieHT
6 Hacoca npn Howmi i1 | TIpu HOMiHaJIbHil | 00’€MHOI

OoRaT | nomimamsuiii  vacrori s Y4acToTi obepTaHHs | ITomavi

Hacoca, o6epTaHHs Bany, TICK, MIla 5o p Hafoca X

ron. )

)i o’ /06 BaIy, CM” /0 Q

10 19,50 1,44+0,01 17,47 0,896

20 19,50 1,44+0,01 17,41 0,893

30 19,50 1,44+0,01 17,36 0,890

40 19,50 1,44+0,01 17,34 0,889

50 19,50 1,44+0,01 17,32 0,888

60 19,50 1,44+0,01 17,30 0,887
ISSN-print 1991-7848 75

ISSN-online 2707-9457



“Modern problems of metallurgy” N2 24 - 2021

Tabanig 3

PesynbTaTy eKCIiepMMeHTaTbHMX TOCTiIKeHb 3MiHM KoedillieHTa momadi Hacoca
ITiI)KMBJIEHHS BiTHOBJIEHOTO 3a TUIIOBOIO TEXHOJIOTI€I0 BiJl Yacy HaIpaIloBaHHs

Yac l‘:ggf:MqHa nonr?;; Hiticua momaua Hacoca | KoedinieHt
Hacoca, o6GepTaHHs Bay, TUCK, MIla 5o p e
ron. )
)i CM3/06 BalIy, CM” /0 Q
10 19,50 1,44+0,01 17,12 0,878
20 19,50 1,44+0,01 17,04 0,874
30 19,50 1,44+0,01 16,91 0,867
40 19,50 1,44+0,01 16,83 0,863
50 19,50 1,44+0,01 16,75 0,859
60 19,50 1,44+0,01 16,63 0,853
Ko
0900 ?
“——-.0%_‘_‘_ ! _ ._
0890 v —
— _\_\_\_!’
0880 |~
~%_ 2
- £
0870 — S &
I~
\\x
0860 S~
e
0850

0 20 30 40 S0 60 t zod
PucyHok 3 — 3ayesxkHicTb KoedillieHTa rmomayvi (KO) Hacoca IiKMBIeHHS Bi HapoOiTKYy (t ):

1 — Hacoc migKMBIEeHHS BiIpeMOHTOBAHO 3 3aCTOCYBaHHSIM MeXaHi3My KOMMeHcallii
TOPILIEBOTO 3a30pY; 2 — HACOC Mi>KMBJI€HHS BipeMOHTOBAHO 32 TUIIOBOIO TEXHOJIOTI€I0

[IpoBemeHMit aHajai3 OTpUMMAHMX pe3ylbTaTiB, HaBedeHUX B (Tabm.2, Tabi.3)
TOKasye, 10 Mic/IsT HAapOOiTKY mecsTh roAvH KoedillieHT Imojavi Hacoca, y SIKOTro B
KaualuyoMy By3/li BCTAaHOBJIEHO MeXaHi3M KOMIIeHcallii TOpLLeBOro 3a3opy,
craHoBUTb K, =0,896, 10 MpakTUYHO MPUPIBHIOETHCS [JO HOBOIO HACOCY

(K5 =0,90...0,92), Tomi K y Hacoca, BipeMOHTOBAHOIO 338 TUIIOBOIO TEXHOJIOTIEIO,
Koe(illieHT mogavi CTaHOBUTD KQ =0,878.

[TosiBa Takoi pi3HMIII B MOKa3HMKAxX KoedillieHTa mmofaui Ha HauaJbHUX eTarax
eKCIuTyaTallii HacoCiB BKa3y€ Ha Te, IO 3alPOIIOHOBAaHA TEXHOJIOTiSI PEeMOHTY 3
3aCTOCYBaHHSIM MeXaHi3My KOMIIeHcallii TOpIeBoro 3a30py, 3abe31euye MiHiMaIbHe
3HAUYEHHSI TOPIIEBOTO 3a30py B CIIPSDKEHHI «MOBEPXHSI MPUTUCKHOI TUIACTUHU —
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TOpellb IIecTepHi», SIKUii (OPMYETbCS CITiBBiIHOIIEHHSIM CUJIM TIPUTUCKAHHS
IJIACTMHY 0 TOPIEBOi YaCTMHM IlIeCTepHi, i CwI BiATUCKaHHS, SIKi OyAyTh
BiITMCKAaTM IJIAaCTUHY Bif TOpIEBOI ITOBEPXHIi IllecTepeHb 3a PaxXyHOK CUJIM HeCcydoi
3JATHOCTi MacC/SHOI IUTiBKM po60YO0i PigMHM B TOPILIEBOMY 3a30Di.

BigHocHa 3miHa KoedillieHTa mogayi Ijisi Hacoca, 3 MexXaHi3MOM KOMITeHcallii
TOPILIEBOT'O 3a30pY, BiJl MOYATKy BMIIPOOYBaHb OT0 Ha CTEH.i i J0 iX 3aBeplIeHHS
craHoBuTh 1,0%, 10 BKa3ye Ha CTabibHY pPOOGOTY MexaHi3My KOMIeHcallii
TOPIIEBOTO 3a30py B Kauar0uoMy BY3JIi Hacoca.

BopgHouac, y Hacoca MigXMUBJIE€HHS, BiJHOBJIEHOTO 3a TUIIOBOK TEXHOJIOTIE€I0,
3HAUEeHHS TOPIIEBOTO 3a30py Ma€ BeJMUYMHY, SIKa OOYMOBJIIOETHCS BEJIMYMHOIO
reOMeTpUYHMX PO3MipiB meTaseit, 1m0 chOpMyBaIuCh INCAST iX TNPUTUPAHHS B
Mpolieci peMOHTY. € OUeBMIHMM, IO B MpoIleci MOoAaablloi eKcIulyaTallili JaHOTO
Hacoca, po3Mip TOpIEBOro 3a3opy Oyae 36iabLIYBATHCh B Pe3y/abTaTi 3HOLIEHHS
neTajieit, 10 MiATBEePIKYEThCS 3HAYEHHSIM KoedillieHTa Iojaadi, SIKMii CTaHOBUTH
Ko =0,853 3a 60 roz. o6kaTky HAacoca Ha eKCIIePYMEHTATbHOMY CTEHAL.

BimHocHa 3MmiHa KoedillieHTa TMofauvi Mg [OaHOTO Hacoca Bi TMOYATKY
BUIIPOOYBaHb JOTO Ha CTEHJi i O iX 3aBepIleHHsI CTAHOBUTH 2,9%, 110 BKa3ye Ha
IHTEHCUBHICTh 3MiHM TOPIIEBOTO 3a30py B pe3yJbTaTi MPUIIPALIOBAHHS JeTajleil B
CIIPSDKEHHSIX Ha TIOYaTKy pob0TH Hacoca i BiIOBiMHO 3MeHIIIeHHST pecypcy Hacoca B
repiof, ioro ekcruryaTallii.

HeTanbHMit aHasIi3 oTpuMaHuX rpadikiB Mokasye, 1[0 HA MOMEHT 3aBepIlleHHS
CTEHIOBMX BUIIpOOyBaHb KoedillieHT Tojaui Hacoca, BipeMOHTOBAHOTro, 3
3aCTOCYBaHHSIM MeXaHi3My KOMIIeHcallii TOpIeBOro 3a3opy, Ha 4% Oinbiinii, B
MOpiBHSIHHI 3 KoedillieHTOM Momaui Hacoca BigpeMOHTOBAaHOTO 3a TUIIOBOIO
TEXHOJIOTI€I0.

SIBnsieTbCcsl  SIBHMM, 1[0 3a0e3levyeHHsI BiJHOCHO BMCOKOTO ITOKa3HMKA
KoedilieHTa momaui Hacoca IiIKUBJIEHHS, BiJHOBJIEHOTO 3 3aCTOCYBaHHSIM
MeXaHi3My KOMIIeHcallii TOopIeBOoro 3asopy, B Iiepiod J#oro o6KaTKM Ta
BUITPOOOBYBaHHS 3abe3rneunthb y-pecypc (80% Bim pecypcy HOBOTO Hacoca) mIJist

BiIpeMOHTOBAHOI'0 HACOCA B YMOBAX €KCIUIyaTallii.

BucHOBKU

1. ITpoBeneHmin JeTanbHUN aHai3 BiJMOB aKciaJibHO-MOPIIHEBUX
rigpomaimmH, TIOKa3aB, IIO OCHOBHA ix uwactuHa (60-75%) mnpumagae Ha
eKCIUTyaTalliliHi BiIMOBMU, $IKi B OCHOBHOMY OOYMOBJIOIOTHCSI TE€XHiUHUM CTaHOM
pobouoi pigvMHM, [0 TPUBOAUTL IO TigpoadpasMBHOrO 3HOIIEHHSI POOOUMX
TOBEPXOHb AeTajieil Kauarouoro By3Ja Hacoca MiIKMBJIeHHST aKCiaJlbHO-MTOPITHEBOTO
rizpoHacoca, 3poCTaHHSI 3a30PiB B CIIPSKEHHSX i BiAIIOBiZHO 06’€MHMX BTpaT.
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2. Ins 3abe3mneveHHsT MiCASPEeMOHTHOI AOBTOBIYHOCTI HACOCIB ITiJIKMBJIEHHS
MpU BigHOBJIEHHI iX pOOOTO3HATHOCTI, PEKOMEHAYEThCSI 3aCTOCYBaHHSI B iX
KavaluMx By3/JaX MexaHi3My KOMIIeHcallil TOPLEeBOro 3a30py, SIKMil MpeACcTaBIIsie
co6010 TUIACTMHY, IO CKIAZAETbCS 3 POO0OYOi TMOBEPXHi i MPYKHOAEMII(PYUOTo
eJleMeHTa, y SIKOMY [OJATKOBO PO3TalllOBaHI KaHaIM 1 Kamepu TiApOCTaTUYHOTO
MiKUMY.

3. Po3pobeHa KOHCTPYKILiSI CTEHY [T 0OKaTKM Ta BUIIPOOOBYBAHHS HACOCIB
MiKUBIIEHHS, sIka 3abe3reuye Oe3CTyleHeBe peryjioBaHHS MIBUIKOCTI Beaydyoi
[IeCcTepHi Hacoca 3a JOIMOMOrOK 3aCTOCYBAaHHS TiApaB/JIiYHOTO MPUBOAY BeAy4OTO
Ba/ly, BUITPOOYBAHHSI HACOCIiB 3 JIiBUM i IpaBMM HAIpSIMOM OOepTaHHS Beaydoi
IIeCTepHi, Ta CTBOPIOE CTATO-AVMHAMIUHUI peKMM poOOTM Hacoca 3a MIBUIKICHUM
pPEKMMOM.

4. BimHocHa 3MiHa KoedillieHTa Tmomaui MO Hacoca, 3 MexaHi3MoM
KOMIIeHcaIlii TOpPIeBOro 3a30py, BiZl IMOYaTKy BUIIPOOYBaHb J1Or0 Ha CTEHAi i A0 iX
3aBepilieHHs1 CTaHOBUTHb 1,0%, 1m0 BKa3ye Ha CTabiibHy poOOTY MexaHiZmy
KOMIIeHcallii TOpIeBoro 3a30py B KaualouoMy By3Ji Hacoca i edeKTUBHICTh
3alpOMIOHOBAHMX pillleHb 3 TOUYKM 30py 30iJbIIeHHS JOT0 MiCASIPeMOHTHOI
IIOBT'OBIYHOCTI.

5.BigHocHa 3miHa KoedillieHTa Tmojaui IS Hacoca  MiKMBIEHHS,
BiTHOBJIEHOTO 3a TUIIOBOIO TEXHOJIOTI€I0, BiJl [TOYATKYy BUIIPOOYBAaHb IOTO HA CTEHI i
IO iX 3aBeplIeHHS CTaHOBUTD 2,9%, 110 BKa3y€ Ha iHTEHCUBHICTb 3MiHU TOPLIEBOTO
3a30py B pe3yabTaTi NMPUIPAIIOBAHHS JeTaieil B CIPSDKEHHSX Ha MOYaTKy pobO0TU
Hacoca i BiATIOBIJHO 3MEHIIeHHS PecypCy Hacoca B Iepiof] oro eKCIuTyaTallii.

6. Ha MoOMeHT 3aBepllleHHSI CTEHIOBUX BUIIPOOyBaHb KoedillieHT Iomayi
Hacoca, BiApeMOHTOBAHOTO, 3 3aCTOCYBAaHHSIM MeXaHi3My KOMII€HCAIlil TOPILEBOTO
3a30py, Ha 4% OinplMii, B TIOPiBHSHHI 3 KoedillieHTOM IIojaui Hacoca
BiIpEMOHTOBAHOIO 3a TUIIOBOIO TEXHOJIOTi€l0, IO 30i/JbIye JIMOBipHiCTH
3abe3neyeHHs y -pecypcy (80% Bim pecypcy HOBOro Hacoca) JJisl BijpeMOHTOBAHOTO
Hacoca B yMOBax eKCITyaTallil.
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P. Melyantsov, O. Losikov, V. Nazarets, V. Sidorenko

THE INCREASING OF POST-REPAIR DURABILITY OF AXIAL-PISTON
HYDRAULIC FEED PUMPS

The influence of constructive decisions on compensation of an end gap in the pumping
unit of the pump of feeding of the axial-piston hydraulic pump, at restoration of its working
condition, on its post-repair durability is considered.

The influence of the end gap in the couplings of the pumping unit of the feed pump on
the volumetric losses of the working fluid and on the volumetric coefficient of its supply is
investigated. A method of conducting experimental and laboratory studies to identify the
functional relationship between the supply coefficient of the pump and its operating time.

The proposed design of the stand for experimental research on running-in and testing
of feed pumps, which provides stepless speed control of the pump drive gear using a
hydraulic drive shaft, testing pumps with left and right direction of rotation of the drive
gear, and creates a static dynamic mode speed mode, which ensures the efficiency of the
running-in mode of the parts in the couplings of the pumping unit of the feed pump.

The developed design of the stand for running-in and testing of feed pumps can be
realized at the enterprises on technical service of hydraulic units.

A detailed analysis of failures of axial-piston hydraulic machines, which showed that
most of them (60-75%) are operational failures, which are mainly due to the technical
condition of the working fluid, which leads to hydroabrasive wear of the working surfaces of
the pumping unit of the axial feed pump piston hydraulic pump, increasing gaps in the
couplings and, accordingly, volume losses.
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The relative change of the supply factor for the pump is determined, with the
mechanism of compensation of the end gap, which indicates the stable operation of the
compensation mechanism and the efficiency of the proposed solutions in terms of
increasing its post-repair durability.

It is shown that the change in the supply factor of the pump, restored by standard
technology, is due to the intensity of the change of its end gap as a result of running in the
couplings at the beginning of the pump and accordingly to reduce the pump life during its
operation.

From the comparative assessment of the supply coefficients of pumps repaired using
the end clearance compensation mechanism and the typical technology, it follows that the
proposed technology is more likely to provide 80% of the resource in service conditions for
the repaired pump.

Key words: booster pump, end clearance, volume losses, charge efficiency, post-repair
durability.
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STUDY OF THE DESIGNS OF BOTTOM BLOWING DEVICES FOR
OXIDATIVE BLOWING IN TEEMING LADLES

It is discussed in the article the concept proposed for the production of ultra-low carbon
steel, which involves the production of crude steel in basic oxygen furnace followed by
oxidative blowing with an oxygen-argon mixture in a teeming ladle to decrease a carbon
content in steel to less than 0.03%. The objective of this article is to study the influence of
design of the blowing devices, namely, the position and shape of the pores, on the
efficiency of metal homogenization in the teeming ladle. Based on the water modeling,
the most efficient design of the blowing devices has been selected.

Keywords: steel, homogenization, ultra-low carbon steel, oxidative blowing
Introduction

Ultra Low Carbon (ULC) steels have good formability and a superior surface
quality. These advantages provide their use as automobile panels since the latter
half of the 1980s. This automobile panel material is normally produced by cold
rolling and annealing after hot rolling, in which hot rolling is usually finished in the
austenite region at the elevated temperature [1].

Conventional IF steels which following the introduction of vacuum degassing
technology contained carbon in the range of 40-70 ppm and nitrogen in the range of
30-50 ppm. Later, niobium and/or titanium were added to these steels to stabilize
the interstitial carbon and nitrogen atoms [1].

Carbon and nitrogen in sheet steel results in higher mechanical properties, age
hardening, and deterioration of the r-value (measure of resistance to thinning and
drawability). Liquid steel is processed through a vacuum degasser to reduce carbon
and nitrogen to levels low enough that the remainder can be “stabilized” by small
additions of titanium and niobium [1].

Titanium and niobium are strong carbide/nitride formers, taking the remaining
carbon and nitrogen out of solution in liquid iron, after which these latter two
elements are no longer available to reside in the interstices between solidified iron
atoms. Non-ageing IF steel has no yield point elongation, which means fluting and

stretcher strains are never a problem [1].

© Molchanov L., Arendach N., Synehin Y., 2021
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The IF steel made using only titanium is very common and is used to produce
the best mechanical properties for deep drawing. Also, a very popular type of IF
steels is stabilized with both titanium and niobium. The synergy of these two
elements allows complete stabilization to be achieved at lower levels of each
element. Depending on the relative amounts of titanium and niobium, the steel
needs to be annealed at a higher temperature during galvanizing and has slightly
inferior mechanical properties to the Ti type [1].

Literature Review

There are 3 technological routes for the production of ULC steel: 1) smelting of
crude steel in an EAF followed by refining in AOD converter; 2) smelting of crude
steel in BOF or LBE-converter followed by processing in RH-OB, VOD or VD-OB and
3) LWS-process [2-4]. The third route is not used outside of France [5]. Both
technological routes significantly increase the cost of steel through application of
additional units for deep decarburization of steel below a critical concentration of
0.03%. A cheaper alternative to the above-mentioned technologies is smelting of
crude steel in BOF to carbon content of 0.03%, followed by oxidative blowing in a
teeming ladle with oxygen-argon mixture [6].

Important indicators for the implementation of the proposed technology are
the durability of the blowing devices and the mixing time of the metal in the ladle.
The high durability of blowing devices can be achieved by a rational blowing mode
and gases flow rates. The mixing time depends of many factors, including the design
of the blowing devices, their location, the blowing mode, etc. [6].

It has been carried out number of studies aimed to determine the optimal
location of the blowing devices and blowing modes [7-13]. But the effect of pores
location and type of porosity in the blowing devices on the averaging mixing time
still remains unexplored.

The aim of the study is to determine the effect of pores location in the blowing

devices on the mixing time.

Material and methods
Investigation of the pores shape effect on the mixing time is possible by two
methods: 1) mathematical modeling using special commercial programs [8-11] and
2) physical modeling on water models [8, 10, 12-14]. In the present study, the second

method has been used, which has been successfully applied in previous studies [6-8,
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10, 12-14]. Estimation of mixing time during physical modeling on water models is
possible in three ways: temperature, optical, and chemical (conductive) [15]. Since
the temperature method has a high inertness, and the results obtained with the
conductive method can differ depending on the location of the electrodes in the
ladle model, an optical method has been chosen to estimate the mixing time, which
has a sufficiently high accuracy and visibility.

The object of the study was a unit cell mixing of the teeming ladle of 250 t
capacity, in which the distribution of the additive occurs. According to the principles
of similarity theory, the gas flow rate can be described by the dimensionless

volumetric flow rate [13] and the mixing time by the modified homochromous

number [6]
0=—1_, (1)
Vg d°
Ho' =87 2)
d b

where q - gas flow rate; g — acceleration of gravity; d — diameter of porous plug;
T — mixing time.
By using the linear scale of the model, it can be determined from formula (1)

the gas flow rate for the model, as well as the homogenization time for the prototype

d 2.5
- Zm
qm - qp { dp J ’ (3)
d
p
T, =T ’— . 4)
p m
dm
Table 1
Parameters for prototype and model
Parameter Prototype Model
Fluid level, m 3,768 0,45
Diameter of porous plug, m 0,120 0,014
Gas flow rate, I/min 100-500 0,49-2,46
Usual processing time, min 10 3,5
Q number 0,11-0,53 0,11-0,57

For the experiment, an experimental facility (Fig. 1) was assembled on a 1:8

scale, consisting of a compressor 1 that pumps air into the receiver 2, which is
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necessary for maintenance of constant pressure and smooth regulation by valve 4.
A pressure gauge 3 is installed to measure air pressure and a float-type area
flowmeter 5 PM-0.63 to measure its flow rate. As a model of a unit cell of mixing, a
cylindrical tank 6 of acrylic plastic was used. It consists of a chamber and a socket in
which a model of the porous plug was installed. Specifically, for the experiment,
porous plug with round pores (4 pores of 1 mm in diameter), rectangular (4 parallel
slots 5x1 mm in size and spaced 1 mm apart) and with non-oriented porosity were
made. To make a high-quality video, the model was installed in the dark chamber 9,
which reduces the light glare on the model walls. Artificial lighting allows getting a
directed beam of light.

—— 6

10

Figure 1 — General scheme of the experimental facility: 1 - compressor; 2 — receiver;
3 — pressure gauge; 4 — valve; 5 — float-type area flowmeter PM-0.63;
6 — the model of an elementary mixing cell; 7 — video camera; 8 — a lamp;
9 — the dark chamber; 10 — control sample

As a tracer imitating chemical heterogeneity of the melt, we used a 30%
aqueous solution of KMnOy, in an amount of 100 ml. A tracer was poured at the top
of the model. The completion of melt homogenization was judged by approximating
the color intensity of the solution to the color of a 3.5% KMnO, aqueous solution
installed in a transparent container on the other side of the transparent model.

Results

Using the video, the time was estimated for which the entire volume of liquid
reached a uniform color, the same as the color of the control sample. Frames
corresponding in time to 0, 2, 3, 4, and 5 seconds after adding a tracer for each
design of the blowing devices are shown in Fig. 2. To obtain adequate results, 5
series of experiments were carried out using each design of the blowing devices.
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k) m) o o)
Figure 2 — Change in water color right after adding a tracer (a, f, k), after 2 s (b, g, 1),
3(c,h,m),4s(d, i, n)and5 s (e, j, 0) when using blowing units with pores of round (a-e) and
rectangular (f-j) shapes and with non-oriented porosity (k-o)

Discussion

Figure 3 shows a comparison of the average tracer mixing time in water. As can
be seen from the comparison, blowing devices with non-directional porosity provide
the shortest mixing time. This is probably due to the larger total specific area of the
bubbles that form on the surface of the blowing device with non-oriented porosity.
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Figure 3 — Comparison of mixing time when using porous devices of various designs

At the same time, plugs with non-oriented porosity have two significant
disadvantages [16]. The first is the rapid wear of the working part of the blowing
devices in contact with the metal. The second disadvantage is their low throughput.
The last one is eliminated when using plugs with slot porosity. However, when using
such plugs, there is a risk of deep infiltration of liquid metal into the slots during an
uneven argon supply.

Conclusions

Using the method of physical modeling in a water model, it has been found that
the best results on mixing the chemical composition of liquid metal in a ladle show
blowing devices with non-oriented porosity. They are ideally suited for oxidative
blowing in a teeming ladle with an argon-oxygen mixture necessary for the
production of ultra-low carbon steel with an oxygen content of less than 0.03%. The
aim of further research is the development of the design of the mixing chamber of
the blowing device, in which oxygen and argon are pre-mixed before being blown
into the liquid metal.
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VIIK 669
JI.C. MosiuanoB, H.A. Apengau, €.B. CuHerin

JOCIIAXEHHSA KOHCTPYKUII JOHHUX ITPOAYBOYHUX IMPUCTPOIB JJI5
OKMCJ/IIOBAJIBHOI IMPOZAYBKUA YV CTAJIEPO3JIMBHUX KOBIIAX

Y craTTi OOTOBOPIOETHCS  KOHIIEMIIisl, 3alpolioHOBaHa [Jjisi BUPOOHUIITBA
YJIbTPOHM3bKOBYTJIEIEBOI CTasi, sIKa Mependavyae BUPOOHUIITBO CUPOi CTali B KMCHEBOMY
KOHBepTepi 3 MOJa/IbIIOK OKUCIIOBAJIBHOI IPOAYBKOK CYMINIIII0 KUCHIO Ta aproHy B
CTaJepO3JMBHOMY KOBIII i1 3MEHILIEHHSI BMICTy ByrjeLo B cTadi no MeHm HixX 0,03%.
Bucoka epeKkTUBHICTb 3aITPONIOHOBAHO1 TEXHOJIOTii MOXK/IMBA JMile 38 YMOBM iHTEHCMBHOTO
MPOTiKaHHSI TPOIeCy 3HEeBYIJIellbOBYBAHHSI MeTally, SIKUii CKIaJa€TbCsl 3 TPbOX JIAHOK:
IiIBeIeHHST peareHTiB A0 ra30BOi OyIb0aIKky, XiMidHa B3a€MO/Iisl peareHTiB Ha MiXKdasHiit
TOBEepXHi i BiABeIeHHs BiJ Hei MPOIYKTiB peaxilii. 3a HM3bKOI KOHI[EHTpallii BYT/Ieli0 B
MeTasTi JIiMiTyI0UuOI0 JIAHKOIO IMPOIeCcy CTa€ MacoIepeHic BYIJIelo 10 Mik(asHoi IToBepXHi,
SIKUit MOXKe OyTM iHTeHCH(diKOBaHMII IepeMilllyBaHHSIM pO3ILIaBy. 3aBAaHHS Iii€i cTaTTi
TMOJIITa€ Y BUBUEHHI BIUIMBY KOHCTPYKIIii MPOAYBOUHUX MPUCTPOIB, @ caMe pO3TallyBaHHS
ta dopmu Tip, Ha edeKTUBHICTh TOMOTeHi3allii MeTasiB y CTajJepO3JIMBHOMY KOBIIi. [Iist
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BUpIiIIeHHS TTOCTaB/IeHOi 3amadi 6yys0 06paHo MeTon Gi3sMYHOTO MOJENIOBAaHHSI Ha BOIHI
Mpo30piit Mojesi. PO3rsHyTO MPOAYBOYHI MPUCTPOi 3 KPYyrOBMM OTBOPOM, IINIapMHOI Ta
HeHalpaB/JIeHOK MOpHUCTicTIO. [l mpoBeneHHsT (Qi3MYHOrO MOMAEIIOBAHHS 3a TeOpPeMOI0
Bykinrema 6ysi0 06paHo umcaa MoAo06M [ OMMCAHHS JOC/TiIKyBaHOTO MpoIecy. 3oKpeMa
3aIIpOIIOHOBAHO BMKOPUCTOBYBATM 06e3po3MipHy 06’€MHY BMUTpaTy i MoamdikoBaHMI
KpPUTEePiii TOMOXPOHHOCTI. BuKopucToByoun meton Qi3sMuHOro MoOAeaI0BaHHS Ha BOJSIHIiN
Mojeni, 6yJ0 BCTaHOBJIEHO, IO HaMKpallli pe3yJabTaTU 3 ycepeIHeHHS XiMiuHOTO CKJIamy
piIKOrO MeTaay B KOBIII [AeMOHCTPYIOTh IIPOAYBOYHI IIPUCTPOI 3 HEOpPi€HTOBAHOIO
MOPUCTICTI0. BOHM ileanbHO MiAXO0ASITh A1 OKMCHOTO MPOAYBaHHS B IepelOBHEHOMY KOBIITi
CYMIIIIIITI0 aprOHy Ta KMCHIO, HEOOXiTHOIO [IIT BUPOOHMIITBA HAJHM3bKOBYTJIEIIEBOI CTasli 3
BMicTOM KucHiO MeHine 0,03%. MeTo IOAaIbIIMX AOCTIIKEHb € PO3p00OKa KOHCTPYKILii
3MilllyBaJIbHOI KaMepyu IIPOJYBHOTO IIPUCTPOIO, B SKili KUCeHb i aproH IONepeaHbo
3MINIYIOThCS TIepe], BAyBaHHSIM Y PiIKuUii MeTaJl.

KnwouoBi cioBa: cTanb, TOMOTeHi3allis, HaAHMU3bKOBYyIJelleBa CTajlb, OKMCHE
MPOIyBaHHSI.

UDC 669
L. Molchanov, N. Arendach, Y. Synehin

STUDY OF THE DESIGNS OF BOTTOM BLOWING DEVICES FOR OXIDATIVE
BLOWING IN TEEMING LADLES

It is discussed in the article the concept proposed for the production of ultra-low
carbon steel, which involves the production of crude steel in basic oxygen furnace followed
by oxidative blowing with an oxygen-argon mixture in a teeming ladle to decrease a carbon
content in steel to less than 0.03%. High efficiency of the proposed technology is possible
only under the intensive process of metal decarburization, which consists of the three
stages: supply of reagents to the gas bubble, chemical interaction of reagents on the
interfacial surface and removal of reaction products. At low carbon concentrations in the
metal, the limiting link of the process is carbon mass transfer to the interfacial surface,
which can be intensified by melt stirring. The objective of this article is to study the
influence of design of the blowing devices, namely, the position and shape of the pores, on
the efficiency of metal homogenization in the teeming ladle. Blowing devices with a circular
hole, a slit and undirectional porosity were considered. To perform physical simulation by
Buckingham's theorem, similarity numbers were chosen to describe the considered process.
In particular, it is proposed to use dimensionless volume flow and a modified
homochronicity number. Based on the physical simulation on the “water” model, it was
found that the best results of homogenization of the chemical composition of the liquid
metal in the teeming ladle show blowing devices with undirected porosity. They are ideal for
oxidative purging in a crowded ladle with a mixture of argon and oxygen required for the
production of ultra-low carbon steel with an oxygen content of less than 0.03%. The purpose
of further research is to develop the design of the mixing chamber of the purge device, in
which oxygen and argon are pre-mixed before injection into the liquid metal.

Keywords: steel, homogenization, ultra-low carbon steel, oxidative blowing
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JOCJII)KEHHS HA ®I3UYHIN MOJIEJII OCOBJIMBOCTEN BIVIMBY
3AIINJIEHOCTI CEPEJOBUIIA HA AKICHI IIOKA3HHUKU I'A30BOTI'O,
ITAJIAIOYOT O ®AKEJIY

IIpoyec KucHe8020 KOHBEPMYBAHHSI CYNPOBOOHYEMBCA BUOLNEHHAM 3HAUHO20 00Cs2Y
2asie, wo Mmicmsames 8 OCHOBHOMY NpOOYKMU peakyiti OKUCNeHHs 8Yeneuio, sKi
popmytoms nanaruuti paken Hao 20ps08uUHOI0 KoHeepmepa. IIpu yvomy 3 KOH8epmepa
BUOINIAEMBCS 3HAUHA KiJIbKICMb Nuly pi3Hoz20 cknady i ¢pakuii 8 3anexcHocmi 8id
mexHoN02iuHUX 0coOIu8ocmeti npodyeku, docnioHceHHs i 061K 8nausy aKoi Heob6XiOHUTI
0J11 pO3YMIHHS AKICHUX Xapakmepucmuk ¢axkena i KoHeepmepHozo npouecy syinomy. Y
pobomi HasedeHi pe3ynsmamu AocaioxeHHs Ha Qi3uuHoi modesni, wo imimye nararuuti
(aken 6 3anuneHomy cepedosulyi, WISIXOM 68e0eHHS Mmeepoux NOpPOWKi8 pIZHUX
peuosuH, Ha SKICHI NOKA3HUKU 20piHHSA (pakena: ei3yanvHi 1 menionepedauy.
ZocnioxceHo nodauy 8 nanarouuli paken nopowkie xnopudy Hampiwn, okcudie 3anisa,
KPEeMHII0 ma aaioMiHilo, YUCMUX NOPOWKi8 3anida, KPemHilo ma aaMiHilo, caxci i
epagimy. BcmaHos/ieHo, ujo 88edeHHs Pi3HUX KOMNOHEHMIB 8 (akes 3 memnepamypor
HUMcue, HIXC memnepamypa ¢akena, Hagime NPU MOXUBOMY 8i3yaANbHOMY 30ibUIEHH]
ACKpasocmi xapakmepucmuk, ujo 30Kpema 6CMaHo61eHo npu 66e0eHHI XJ10pudy Hampiro
abo nopowiky 3aniza, cnpusilome 3HUMEHHIO mennonepedaui 8i0 ¢hakena 3a paxyHoK
8i060py menJia Ha Haz2piBaHHS i 320PSAHHSL UACMUHOK, W0 880051MbCS.

Kniouosi cnosa: ¢izuune modenwearHs ¢Gakeny donanoeaHHs KOHeepmepHux zdasis,
nopowKosi mamepianu, 8i3yanvHi xapakmepucmuxu gakeny, menjionepedaua.

BcTyn

KucHeBo-KOHBepTepHMUIA  MpolieC  3aCHOBAHMII HA  TIiCHi  B3aeMoOii
pigkoi i razosoi da3 [1, 2]: OCHOBHUM UMHHMKOM, II0 OOYMOBJIIOE€ TMPOTiKaHHS
BCiX IMPOIECiB, CIYKUTb CIIPSIMOBAHMIA MOTIK KUCHIO, & CaM IPOLeC KOHBEPTYBaHHS
CYTIPOBO/IKYETHCS ~ BUIIIEHHSIM  3HAYHOro  oOcary  rasiB, 1[0  MiCTSITh
MpoAyKTU peakiin okucieHHs Byriaenp (CO i COz), a TakoX asoT, BOLEHb I
KMCeHb. 3a3HaueHi TIIpolecM MNOpu TeMIlepaTypHMX 1 XiMIiYHMX YyMOBax
KOHBEPTYBAHHSI CYIIPOBO/IKYIOTbCSI TOPiHHSIM 3 YTBOpPeHHSIM (pakesa: B IMTOPOKHUHI
KOHBepTepa B peakllifiHiii 30Hi 1 [JomaawBaHHS ras3iB, IO BiJAXOISTb,
HaJ, TOPJIOBMHOI0 KOHBepTepa [1, 2].

KucHeBuii ¢akes, 1o 3abesmneuye ¢isMKo-xXiMiuHi IIpollecy B peaklliiiHii 30Hi,
i ¢aken momanaoBaHHS rasiB, 110 BiIXOHSTh, TiCHO B3a€MOIIOB'sI3aHi MiK c06010 [3].
OTxXe, BMBYEHHS i KOHTDPOJIb OCTaHHBOIO, SIK JIETLIEe PEECTPOBAHOTO 3a XOLOM
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MPOAYBKY B YMOBaX pea/ibHUX BUCOKOTEeMIIepaTypPHUX IIPOILIeCiB, MOKe JAATU SKiCHY
iHdopMalliro mMpo TeIIoBi i MacOOOMiHHI IpoLecH, IO MPOTIKAIOTh B ITOPOKHMHI
KOHBepTepa.

3HaYHMII Ta30BUii TOTIK BUHOCUTH 3 COOOI0 3 KOHBEpTEpa TAaKOX BEJIUKY
KinpkicTe nuny [4-6]. Ilpu BepxHiii KUCHEBii NPOAYBLi NUJIEBMHOC MOXKHA
OXapakTepM3yBaTU HACTYIIHMMM IIOKasHMKaMM [6]: KOHIIEHTpalisl 3araJbHOro
3ajiisza B ity (57-79%), metaneBoro 3anisa (1,8-62%), smict Byrieio (0,7-2,6%),
JianasoH po3MipiB 4yacTMHOK mwmiay ckiaagae 0,1-1000 mrm. PisHOpigHI 4aCTUMHKMU
MMJTY, KOJIM BOHM TIPUCYTHI B 3HAUHil KiJIbKOCTi, MTOBMHHI BIUVIMBATU Ha BIACTUBOCTI
razoBoro ¢axejly, a 3HAUUTb AKTYAJIbHUM € IOCTIIKeHHS BIUIMBY 3amlMIeHOCTi
cepefoBMIA Ha JIOT0 XapaKTePUCTUKN.

3 orsimy Ha BuMIlle HaBeleHe, B poOOTi Oy/J0 MpoBemeHO AOCTiIKEeHHS Ha
(di3muHiil Mopmesi BIJIMBY BBeIeHHS TBePAOi IMOPOIIKOBOI da3y Ha XapaKTepUCTUKNA
dakerna.

MeToauKa MpoBeaeHHSs TOCTiI)KeHb

g mpoBefeHHST AOCTiIKeHb Oyla BUTOTOB/NeHA GisuUHA MOMENb, IO
IIO3BOJISIE IMITYBaTU MpPOLIEC TOPiHHS rasiB, MO BiAXOISTh, B YMOBaX 3alMJIEHOTO
cepenoBuia. EkcriepuMeHTabHa YCTaHOBKA MpeAcTaBieHa Ha (GOTO HA PUCYHKY 1.
OCHOBHMM KOHCTPYKTMBHMM €JIeMEHTOM YCTAaHOBKM OYB ra3oBMii MaJTbHUK, IO
dbopmye manarounii daken. Coruio majgbHMKA i 6e3mocepenHbo Gopmyemuii dhakesn
po3MilllyBa/siucsl SIK B KBapIOBili Tpybi, IO BUKIIOUAJIO BIUIMB KOHBEKTUBHUX
TIOTOKIB IMPM TeIIonepenadi Mixk ¢akesoM i MiIHOIO IUVIAaCTUHOIO, sIKa peecTpyBaia
TeIJIOBUI TOTIK, [JSI MOXJIMBOCTI BMMIpy BIUIMBY BOYBAa€MMX TOPOUIKIB Ha
Teruioniepenavy Bing ¢dakesy BUIIPOMiHIOBAHHSM, Tak i 6e3 Hei mjsi peecTpailii
3arajbHOrO0 TEIUIOBOrO IIOTOKY. IlOpomoK (3 KiIMHATHOK TeMIIepaTypolo) s
CTBOPEHHSI Ta30IlOPOIIKOBOI CyMillli HaAXoauB 3 OyHKepa Oe3rocepelHbO B
najarounii dakes 3a [OOMOMOrow BAYBAaHHS TOBITpsSM, IO IIOAABAaIOCs Bif
KoMIIpecopa. B xoni mocniiniB 6e3mepepBHO BMMIipIOBaiM TeMIlepaTypy MOBIiTPSI B
KiMHAaTi B paiioHi K001, TeMIIepaTypy MiJHOI IVIACTUHY i TeMIIEpaTypy 30BHIIIHbO1
TOBepxHi Koyiou 1if ¢akesoMm. Burpara rmoporiky 6yia mocTiiiHow i Bu3Havansacs 3i
3MiHM 11OTO Macu.

PucyHnoxk 1 — ®0To eKcliepyMeHTa/IbHOI YCTaHOBKM: 1 — KBapIiioBa KoJjioa;
2 — ra3oBMii ITaJIbHMK; 3 — MifHa I1acTUHA
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OckinbkM B XO[Ii KOKHOTO HOC/TiAYy KBapiioBa Tpyba HeMMHyue HarpiBasacs
i cama cTaBaja mXKepejoM Temjolepedadi OO MigHOI IUIaCTMHMU, TMepef
KOXXHMM [JOCHiIOM i1 OXOJOMKyBa/IM [0 KiIMHATHOI TeMIlepaTypy MOTOKOM
MPOXOJIOAHOTO MOBITPS.

IOnst imiTanii 3ammieHocti dakena BuKopucToByBaiu mopoiiku FeO, AlOs,
NaCl, rpadit, micok, caxy, MOpOIIKM 3aii3a, amdioMiHil0 i KpemHiio. [liama3oH
PO3MipiB YaCTMHOK BMKOPUCTOBYBAHMX MOPOIIKiB 50-460 MKM.

PesyabTaTy JOCITiIKEeHb

Ha pucyHKy 2 1j1s1 NpUKIamy HaBeleHi HaiOiMbIl SICKPaBO iTIOCTPYIOUi (OTO
eKCIIePMMEHTIB: 3 MPOIYBKOI 6e3 MOPOIIKY, 3 BAYBAHHSIM B (aKes caxi, TOPOIIKY
3aJii3a i XJiopuay HaTpito.

G e
T |
PucyHOK 2 — DOTO AiNISTHOK yTBOPeHHS (dakesa sl MPOAYBOK: a - 6e3 MOPOIIIKY,
06 - roJava MopoIIKY 3a1i3a, B - CaxKi, I' - XJIOPUIY HATPilo

Byjsio Bim3HaueHO, 10 BBeOEeHHS Ppi3HUX TBEPAUX, HOPiOHOOMCIIEPCHUX
KOMIIOHEHTIB B Tayialounii ¢dakeyj IMOPi3HOMY BiOMBAETbCS HA MOTO BUAMMUX
xapakTepuctukax. Tak, mpu BAyBaHHI B (aken caxi i rpadiTy BimsHauamocs: mesike
Bi3yasibHe 30i/JIbIIIeHHST J10r0 SICKpaBOCTi. BijbIn 3HauyIne 306i1bIIeHHST Bi3yaJbHOI
SICKPaBOCTi Bii3HAUeHO TMpU MOJavi MOPOLIKY XJOPUAY HATPil0 3 XapaKTepHUM
SKOBTMM CBIiTiHHSIM, a Hai0isbIne 30iMbIIeHHS SICKpaBOCTi ¢akesia BigIMoBimamo
BapiaHTOBI 3 IOJavel0 3a/Ji3HOrO MOPOIIKY 3 YTBOPEHHSIM BeJIMKO1 KiJIbKOCTi icKOp
Maaaunx YaCTMHOK MOPOIIKY (PUCYHOK 2).

Kpim  30inbllieHHS  Bi3yaJIbHMX  IIOKa3HMKIB  SICKpPABOCTi  Bif3HaueHO
3MiHY JOBXMHM Buaumoro Qakena. Ilim vac mpomyBaHHS 6e3 Imopaui MOPOIIKY B
OaHUX IOC/IiTax AOBKMHA BUAMMOI yacTUHM (aKesa CTaHOBWIA 6M3bKO 57 - 1073 M,
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nmpu 1omadvi rpadity abo caxki OoBKMHA BUAMMOrO (akenay 306iablryBagacs
MpuUOJM3HO BABiUi. BBemeHHS TMOPOIIKY XJIOPUAY HATpilo  IPU3BOAMIO
o 306inbIIeHHS MOBXMHM ¢akeny y 4,7 pasu, a IIpM BBeAeHHI MOPOIIKY 3aji3a
Bi/I3HAUeHO HaibibIlne 36i/bIIeHHS JOBXMHM, 3 YpaXyBaHHSIM iCKOD, MIPUOIU3HO B
6,7 pas3iB (pUCYHOK 3). 30i/JIbIIIEHHSI TOBXMHM BUAMMOI YacTMHM (haKesly CBiTumUTh
IIPO MOXJIMBICTb JeSIKMX ITOPOIIKiB BUIIPOMiIHIOBATM IIPM HAarpiBaHHI Ta 3TOpSIHHI
MpU [OCSITHEHHi TemriepaTypu ¢dakeny (1[0 B yMOBaxX HAHOTO eKCIIepUMEHTY

ckiaamana 6am3bko 1000 °C).
500
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PucyHOK 3 — 3icTaByieHHS JOBKMHM BUAMMOI YacTUHM dakesa Ipyu mogadi B
HbOTO Pi3HUX IMOPOUIKOBUX PEYOBUH

ITopiBHSHHS eeKTUBHOCTI TeIuionepenayvi BUIIPOMiHIOBAHHSIM, SIK OCHOBHUM
IIUISXOM Iepejavi Teria Bif ¢gakesa, mpy BAyBaHHI B HbOT'O Pi3HMX IOPOIIKIB OY/I0
pO3pax0OBaHO, BUXOASUM 3 3apEECTPOBAHUX [aHUX, IO BeJIUUYMHI CepegHbOr0
TeIIOBOTO MOTOKY 10 MifHOI miacTuHu 3a GopmyJioro [7]:

Cu Cu
CC mc (t - —t _ _ 5
‘- ucu \ Ykin noll) i3,26"tCu —tomou A , Br/™m?, (1)
fCuT

Ile Ccu — MUTOMA TEeMJIOEMKICTh MigHOI ruiactTuHu, Ixk/(kr-°C); me, — maca MigHOI

Cu Cu

IVIACTUHM, KT, t.° M t7 — BIAMOBIAHO ITOYATKOBA 1 KiHIEBAa TeMIlepaTypa MiJHOI

racTuuu, °C; fe, — TUIOIIA TTOBEPXHi IIACTMHY, M?; T — YaC OJHOTO JOCTIy, C; tcy U

Zomoq — BIAMOBIAHO cepelHs TeMmIlepaTypa MiJHOI TUIACTMHU 1 HaBKOJMIIHLOTO
cepemoBuUIllA MPOTATOM Oocaimy. Ha pucyHKy 4 HaBemeHO pe3ylbTaTy PO3PaxyHKY.
Sk BuAHO HaNOiIbIIa BeJMYMHA HAAJIMIIKOBOI IIIJIBHOCTI TEIJIOBOI'O ITOTOKY
BUIIPOMIHIOBaHHSIM BiJIIOBilae BapiaHTy 06e3 TMojavi IOPOIIKiB. BBegeHHS
MOPOIIKOBUX MaTepiajiB MpOSIBJIOCS B 3HIDKEHHI BeJIMUYMHM TeIJIOBOTO ITIOTOKY
BUIIPOMiHIOBAHHSIM, IIIO TTOB'SI3aHO K 3 BiOOpPOM Tellyla YaCTMHKaMM TOPOIIKY Ha
HarpiBaHHS Ta 3TOPSIHHS, TaK i 3 TMM, IO BBeIEHHS MOPOIIKIB 3[ilICHIOBAJIOCS 3a
JIOTIOMOTI'OI0 TIepeHeCeHHSI IMMOTOKOM XOJIOAHOIrO MOBITPS, 10 3HUXKYE TeMIlepaTypy
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daxkesna. [Tpu 061Ky TOrO, 110 BUTpATa MOBITPS B yCiX mOCTigax MigTpUMyBagacs Ha
OOHAKOBOMY DiBHi, 3@ OTPMMAaHMMM pe3yJbTaTaMMU MOXXHA SIKICHO CYyAUTU TIPO
BIUIMB Ti€l UM iHILIOI JOC/iI)KeHOI peYOBMHM Ha Telljionepenady BUIIPOMiHIOBAHHSIM.
Tak HaliMeHIINIA BIJIUB 1040 BCiX AOCIIAKEHMUX PeYOBMH UYMHMIIA TT0a4Ya XJIAOPULY
HATpil0 (3HVDKEHHSI BEJIMUMHU TEIUIOBOTO MOTOKY BUIIPOMiIHIOBAaHHSM B 1,42 pasn).
Hasi 1o MeHIIiil BeJIMUMHI BIUIMBY CJAiAyBa/IM MOPOIIKM a/IOMiHiI0, 3ai3a, MiCOK i
ByIJIellb BMIiCTHi MaTepiasu (caxka Ta TpadiT) (3HMKEHHS BeJIUUYMHU TEIIOBOTO
notoky B 1,70, 1,83, 1,93, 2,13 i 2,43 pasu BiamoBigHo). Haiibinbimnit BIVIMB cepep,
IOCTII)KeHX PeYOBMH UMHMB TMOPOIIOK OKCUAIB 3aji3a i aJlOMiHIIO (3HMKXEHHS

IIiTbHOCTi TEIJIOBOTO MOTOKY B 3,12 i 5,01 pasiB BiAmoBigHO).
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PucyHok 4 — [TopiBHSIHHS 1Ii/IbHOCTI TEIIJIOBOTO MOTOKY BUITPOMiHIOBAHHSIM
TP BAYBaHHI Pi3HUX MOPOIIKiB

[lJist KOXKHOTO 3 BapiaHTIB MoAaui TBepAMX MaTepiajiB y manaiounii ¢paxken OyB
BM3HAUeHMI TaKOX 3arajbHMII TeIUVIOBMII TIOTIK 1 BKJIAA4 PI3HMX THUITIB
Teruiornepeayvi: KOHBEKI[i€l0, BUIPOMiHIOBAHHSIM 200 KOHTAKTHUM TeIIOOOMiHOM Y
3araJbHOMY 00CSI3i TEIJIOBOTO MOTOKY (PMUCYHOK 5).

3aranbHUi TEIUIOBUIT
notik, Br/m? 35,2

26,0 21,7 23,6 34,2 283 31,1 31,2 27,8 28,4
100% I

40% -

1

N
S
X

Jonst crioco6iB Tenonepenad

20% 1

0% 1

6e3 Si02  AIRO3 FeO NaCl Si Al Fe Crpadit Ccaxa
MOPOLIKY

B KouBekuis BumnpominroBanus B KoHTaKTHUN TEII000MiH

PucyHok 5 — CriBBigHOIIIEHHS Pi3HUX TUITIB TeIUIoNepeaayi Mpy BAyBaHHI Pi3HMUX MTOPOIIIKiB
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AHaJti3 OTpMMaHMX JAaHUX CBiZUMTH PO HAcTyIHe. He 3Baskaoum Ha TOV (aKT,
[0 BAYBAHHSI TBEPAMX <«XOJIOOHMX» BiTHOCHO TeMIlepaTypu Iajamudoro daxkemry
TOPOIIKiB 3HAYHO (y pa3wu) 3HWKYIOTbh MOKa3HMK BUIIPOMiHIOBaHHS (pakesy, BIJIMB
Ha 3araJibHUii TEIIOBMII TIOTIK TBEPAMX YACTOK memio iHmmii. Ile o6ymoBIeHO
IOJATKOBOK MOXJIMBICTIO TepeHeCeHHS Telula KOHBEKTMBHMMM ITIOTOKaMM Ta
KOHTAaKTHMM TeIIOOOMiHOM 4YacCTOK, IO ITPOTPiBalOThCS IaysalounM dakeaoM, 3
MigHOIO TUIacTMHOIO (Y pasi mpoayBaHHS 0e3 KBapiioBOi Tpyou). BcraHOB/IEHO, 110
cepeql TepeiKy BUIIPOOYBAHMX IMOPOIIKIB HaliMEeHINI BIUIMB YMHUTb BAYBaHHS
ropomiky NaCl (3HMKeHHS 3araJbHOrO TEIJIOBOI'O IMOTOKY Ha 2,8%), a HalOiabIImii
BIUIMB UMHUTb BIyBaHHSI IIOPOIIKIB OKCU/IB 3aji3a i aJiMiHil0 (3HMKeHHS
3araJibHOTO TEIUIOBOTO MOTOKY Ha 33,0 Ta 38,3%).

BucHoBxu

TakuM 4YMHOM, IIPOBEIEHi MOC/iIKeHHSI Ha (QisuyHIi Mojeni I03BOIUIU
SIKICHO JOCHiAUTM BIUIMB BBeOeHHS Pi3HMX TMOPOIIKOBMX MaTepiajiB Ha Taki
XapaKTepUCTUKM Ta/Ialovuoro (akeny, sIK BisyasbHi MTOKa3HUKY i Teruionepeaavy Bif
daxkeny. BusBieHo, 1m0 1ojada 6y[b-SIKOTO TBEpPJOro MaTepiaay 3 TeMIlepaTyporo
3HAYHO HIDKYOI0 3a TemIlepaTypy dakesa HaiOilbIl HEraTMBHO BigOMBAETHCS Ha
Terioniepemadi Big @dakesa BUIIPOMIHIOBAHHSIM  HaBiTh MpPU  MOXJIMBOMY
Bi3yaJbHOMY 306ijIbIIIeHHI SICKPABOCTi ITOKa3HMKiB. IIpoTe Ha 3araJibHUI TEIIOBUIA
MOTiK TMojauya TBepAMX MaTepialiB y manaiounit ¢gakea YMHUTH 3HAYHO MEHIIMIA
BIuiMB. OTKe, i PO3YMIHHSI pea/ibHO TPOTIKAlUMX B KOHBEPTEpi MpoIleciB
IOTaII0OBAHHS rasis, 10 BiAXOASITh (HaIpUKIIad, IIPY OLHII Terionepenavi dakesia
BaHHi), HeOOXiTHO BpaxOBYyBaTM IMOTOYHI YMOBM ropiHHS (aKkesa, SKi 3ajexaTb Bif
TEXHOJIOTIUHMX 0COOIMBOCTEN BeJIeHHS IJIaBKMU.
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UDC 669.184
L. Molchanov, Ye. Sinegin, T. Golub, S. Semykin

INVESTIGATIONS ON THE PHYSICAL MODEL OF THE PECULIARITIES
OF THE INFLUENCE OF DUST ON THE QUALITY INDICATORS
OF A GAS BURNING TORCH

The oxygen converter process is accompanied by the release of a significant amount of
gases, containing mainly the products of carbon oxidation reactions, which form a burning
torch over the neck of the converter. A significant amount of dust of different composition
and fraction is also released from the converter depending on the technological features of
the blowing, the study and accounting of the impact of which is necessary to understand the
qualitative characteristics of the torch and the converter process in general. The paper
presents the results of a study on a physical model simulating a burning torch in a dusty
environment, by introducing solid powders of various substances, on the qualitative
indicators of torch combustion: visual and heat transfer. The supply of powders of sodium
chloride, oxides of iron, silicon and aluminum, pure powders of iron, silicon and aluminum,
carbon black and graphite to the burning torch was investigated. It was established that the
introduction of various components into the torch with a temperature lower than the
temperature of the torch, even with a possible visual increase in brightness characteristics,
in particular when introducing sodium chloride or iron powder, reduce heat transfer from
the torch due to the heat absorption for heating and combustion of introduced particles.

Keywords: physical modeling of postcombustion converter gas torch, powder
materials, visual characteristics of torch, heat transfer.
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MOJEJINPOBAHUE MAKCUMAJIBHO ITAPAJIJIEJIbHBIX CTPYKTYVYP
AJITOPUTMOB PEIIEHUS TEIIVIOBBIX 3ATAY

B danHoli pabome Ha npumepe peuleHUs Menaos8sIX 3adau Mamemamuueckol Guauxu
NOKA3aHa  B803MOMCHOCMb  CO30AHUS  MAKCUMAIbHO — NAPANIENbHOU  (hopMbl
BBIUUCUMETIbHBIX AI20PUMMO8 pelleHUss Menjosslx 3adau u ux omobpayceHue Ha
apxumekmypy MHO20NPOYeCCOpHbIX  cucmem. Ilokazamo, umo 3ppekmusHsim
cpeocmeom Uucciedo8auus 3adau Mmensio- U MAccooOMeHAd 8 Memaitypeuiueckom
npou3soocmee MOXHO CUUMAMs NPUMeHeHUEe MeXHON02Ull NAPAJLIeNbHbIX BbIYUCIEHUL
Ha pachpedesieHHbIX CUCMEMAX KAACmepHOoz0 Mmund, Komopole UMerom cpasHUumenbHo
HeOOoIbUIYI0 CIMOUMOCMb U JOCMAMOUHO JIe2KO MACUMadupyromcs Kak no Koauuecmay
npoyeccopos, mak u no ob6semy onepamueHoli namamu. Pacnapannenusanue cucmem
mpexouazoHaneHoli  CMpYKMypsl — peanu308bl8anocs — UUCAEHHO-AHAAUMUUECKUM
noodxo0om, umo npedonpedenusio UX MAakCUMAJIbHO NAPANIENbHYI AJI20PUMMUUECKYHO
opmy. Takoii nodxod cnocobcmeyem MUHUMATBHO B03MOMCHOE 8peMsl peanudayuu
paspabomaHHoz20 anzopumma Ha NApaiieNbHuIX 8blUUCIUMENbHBIX cucmemax. Kpome
9020, 80 BpeMsi NApPaNNeNbHblX BbIUUCTEHUL apupmemuueckux evlpaxceHuti, 6
paspabomaHHoM anzopumme NOZPEUIHOCMb BbIXOOHbIX OaHHbIX 0mdensemcs om
onepayuti okpyeanexus. Takoti no0xo0 cnoco6cmeyem MUHUMAILHO 803MOMHOE 8peMs
peanusayuu paspabomaHHo20 An20PUMMA HA NAPAJIENbHBIX  8bIUUCTUMENBHBIX
cucmemax.

Knrouesvie cnosa: mennossie 3adauu, NapaiienbHole 8bIYUCTIEHUS, MHO2Z0NPOUECCOPHAS
cucmema, napanienbHslli anzopumm, Memoo nPsAMbiXx.

ITocTraHOBKa MpOGIE€ MBI

[IpakTMKa MOC/IeAHMX JIeT MMOKa3bIBaeT, UTO HM MHTeHCUUKAIINUS TIPOLEeCCOB
TOPHO-MEeTaJTypTUIYeCKOr0o MPOU3BOACTBA, HU KOHCTPYKTUBHOE
YCOBEPIIIEHCTBOBAHME COOTBETCTBYIOIIEr0 OOOpPYAOBaHMSI HEBO3MOXHBI  6e3
M3yuyeHUsT U aHaau3a TeIuio- M MaccoobMeHa MeTOAAMM MaTeMaTU4ecKoro
MoJenMpoBaHusl. MaTeMaTUuyeCcKoe MOJeIpoBaHye 6a3upyeTcs Ha MCIIOTb30BaHUM
BBIUMCAUTENbHOV TeXHMKMU. Ero 3HauMMOCTh BO3pacTaeT B CBSI3M C TeM, 4YTO
COBpeMeHHasl HayKa M TEeXHMKA IMOCTOSIHHO TpebOyeT MAHHBIX O TaKUX IpOIleccax,
9KCIepUMeHTa/IbHOe M3yUueHMe KOTOPBIX B TaO0PaTOPHBIX MJIM HATYPHBIX YCIOBUSIX
OueHb CJIOKHO M J[AOpOro, a B HEKOTOPbIX CJIy4yasX M TPOCTO HEBO3MOXHO.
Kiaccuuecknit Togxo[, K pelieHNuIo TeIIOBbIX 3a/ay MeTa/UTypruu U TOPHOTO Jejia
He BCerJa OKasbIBAeTCs IMPUTOAHBIM [JISI MCIIOJAb30BaHMUSI MHOTOIPOIIECCOPHBIX
BBIUMC/INTENbHBIX CUCTEM M3-3a HU3KOW CKOPOCTU pellleHMsI 3afaul, HeBbICOKOIA
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TOYHOCTM, OOJBIIOTO OOBbeMa MaMSITM BbIUMCIUTEIbHBIX PeCcypcoB. B aToit cBsi3u
CpenCTBa BBIUMCIUTENbHOM MaTeMaTUKU CTUMYIMPYIOT Pa3sBUTHE U peann3alyio
HOBBIX uaein. UM Torma, Kak CJlenCcTBMe, CO3L0AaeTCs HOBBIM IMOAXOH, OIS
KOHCTPYMPOBAHMSI UMCIEHHBIX 3KCIIEPMMEHTOB Ha OCHOBe 60Jiee COBEPIIEHHOTO
MaTeMaTUYeCKOro armrmapara, KOTOPbI OpPUEHTUPYETCS Ha MCIO0JIb30BaHUe
MHOTOIIPOLIeCCOPHBIX BBIUYUCIUTEIbHBIX CUCTEM.

B HacTosiee BpeMsi HOBble BbIUMCIUTEIbHbIE CUCTEM XapaKTepU3YIOTCS
BO3MOKHOCTBIO OJHOBPEMEHHOTO U TMapaIeJIbHOTO WMCIIOAb30BaHUS 60JbIIOTO
KOJIMYeCcTBa IIPOIEeCCOPOB s  0OpabOTKM COOTBETCTByMWOMIIE wHOOpMaImm.
Co3pmaHme TakMxX CUCTEM ONpeneauwio OOHO M3 BaXKHEMIIMX HalpaBJIeHUN
MOBBIIIEHMST CKOPOCTM pelleHus CJHOXKHBIX U TpygoeMKuxX 3amad. OIbIT
9KCIUTyaTalluy TePBBIX Mapajuie/ibHbIX CUCTEM ITOKa3asl, 4To AJjs1 UxX 3¢h(PeKTUBHOTO
MCIIOJIb30BaHMS HY>KHO PaJVKAJIbHO U3MEHSTh CTPYKTYPY UMCIOBBIX METOLOB.

OueBMIHO, YTO KJIacC 3anay, KOTOpble MOXHO pellaTbh, WCIOIb3YS
napaJijiefibHble aArOPUTMbI, OTMeYaeTCsl He TOJIbKO pa3HOooOpasueM, Takue 3aauu
OYeHb BaKHBI [JI1 IIPOMBILIJIEHHOCTU U 3KOHOMMKU. OLHAKO ClenyeT YUUThIBATh,
YTO MapasuleJibHOCTh 3a/lauM 3aBUCUT He TOJbKO OT ee (GMU3MUeCKOro CMbIC/IA, HO U
OT BBIOPAHHOTO YMCJIOBOTO aJroputMa. B maHHOI paboTe, Ha MpuUMepe peleHus
TEIUIOBBIX 3a7au MaTeMaTU4ecKoi (u3mKy, IMokazaHa BO3MOXKHOCTb CO3JaHMUS
MaKCHMMaJbHO Mapasuie/ibHOV (OpMbI BBIUYMCIUTETbHbBIX aJITOPUTMOB.

AHa/mm3 nocjaegHuUX JOCTV KeHUI B JaHHOM 00/1acTu

[Ipo6iema pa3pabOTKM UMCIEHHBIX METOHOB [JISl MCCIeIOBaHUSI TEIUIOBbIX
MIPOLIECCOB TOPHO-META/TyPrMUeckoro KOMILUIeKCa Ha CerofHsIIHUIA JeHb He
BbI3bIBA€T HUKAKUX COMHeHUil. Tak, HeoOXOOMMOCTb YyuyeTa TerIo0OMeHHBIX
MPOIIeCCOB B BEHTU/ISILIMOHHBIX pacyeTax ocBeleHa B paboTax B [1, 2], JOCTaTOYHO
IepPCIIEKTUBHBIM IMOAXON K OIMCAaHMIO TeIUIOBBIX IIPOLIeCCOB B MeTallypruu
TpeJicTaB/ieH B paboTax [3, 4] .

BMmecTe ¢ TeM, OTMeTUM, UTO CepPBUCHBIE MMaKeTbl, KOTOPbIE UCIIOIb3YIOTCS LI
MCC/IeJOBaHMSI TETIJIOBBIX ITPOLIECCOB, 6a3UPYyIOTCS HAa 06paboTKe MacCMBOB JAHHbIX,
YIOPSIAOUEHHbIX OTHOCUTEJIbHO Y3JIOB CETOYHOI 06siacTu. IIpy 3TOM B MpaKTHUKe
VICIIOJIb30BaHUSI MeTOJOB KOHEYHO-PAa3HOCTHOM alIpOKCUMM3aLUM CI0XKWIOCH
YCTOUMBOE MHEHME O HeOIpeleIeHHOCTM W3MeHeHUs MCKOMON (QyHKuumu B
MHTEepBaJlax MeXAy Y3J0BbIMM TOYKAMM CETOUHOW ob6mactu. Tak, MO0 MHEHMIO
aBTOpPOB paboT [5, 6] mpocTbie Maeu, KOTOpble JieXXaT B OCHOBE IPUMUTUBHOM
3aMeHbl TTPOU3BOAHBIX KOHEUHBIMM pa3HOCTAMM, O6e3 aHaiusza U ydyeTa
crienuduueckux CBOMCTB pellleHui i KOHKPETHOTO Kjacca 3ajay, He MOTYT ObITb
ycrnemHbiMKU. [Ipy  cOCTaB/leHUM BBIYMCIUTEIBHOTO aJrOpuUTMa HeobX0oAuMO
MCIIONB30BaTh alpMOpPHYI0 MHGOPMaLMI0 O 3ajauve, U B MEPBYID Ouyepelb — O ee
MPUHAJIEXKHOCTU K TOMY WIM [OPYrOMYy KJIaccy TIaAKOCTU (QYHKIUIA, KOTOpbIe
OMMCBHIBAIOT COOTBETCTBYIOIIME Tpolilecchl. OTMeueHHbIl MOAX0/ cTa 6a30BbIM IS
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pacnpeneseHHOr0 MOJIeMPOBaHMSI BEKTOPOB pellleHUiI MPUKIAAHbIX 3a4a4y r'OpHO-
MeTa/JTyprmueckoro KomMIuiekca.

3HaunUTe/JIbHOE YCKOPEHME BbIYMUCIEHUII KOHEYHO-PAa3HOCTHBIX IIPOTpPamMm
mocturaeTcs 3a cueT 3dgdekra pacnapaienuBaHus [7]. OTAenbHOro BHUMAaHUS
3aCJIY)XMBAIOT YUCJIEHHO-aHAIUTUUECKME QJITOPUTMbI pPeIlleHUs TMOCTaBJIE€HHbIX
3apau [8]. BeicoOKoe yCKOpeHMe BbIYMCIeHU 110 CPAaBHEHUIO ¢ KOHEYHO-Pa3HOCTHLIM
TIOJIXO/IOM MOSKHO OOBSICHUTH MCITOJIb30BAHMUSIM aHATUTUUECKUX PEIIeHNi, KOTOpbhIe
MMO3BOJISIIOT TPOBOAUTH BBIUMC/IE€HME OOHOBPEMEHHO M MNapa/uieJibHO I10 BCeM
BpPEMEHHBIM CJIOSIMM, HE€ WCIIONb3ys IIpUM STOM KOMOMHMPOBAHHYIO IIaMSITh.
CrnemoBaTe/ibHO, Haubojee TEpPCHeKTUBHBIM IMOAXOAOM K MaTeMaTU4eCKoMy
MOJIeJIMPOBAHUIO 3a7au, KOTOpbIe MCCJIEAYeTCS B TaHHOM paboTe, ciefyeT CUMTATh
TOT, KOTOPBII OCHOBBIBAETCS HA UMCIE€HHO-aHATUTUUYECKUX PelleHUSIX.

B oToit cBSI3M 3¢ @eKTUBHBIM CpPeACTBOM MCCAeIOBaHMS 3a7ad TeIlvio- U
MaccooOMeHa B TOPHO-MEeTa/UTypTMUYecKOM IIPOU3BOJICTBE MOSKHO CUMTATh
MIpUMMEeHeHMe TeXHOJIOTUI IlapaslyIe/IbHbIX BBIUMCIEHUII Ha paclpene/ieHHbIX
cucTeMax KiactepHoro tuma [9 — 11], KoTopble MMEIOT CPaBHUTEIbHO HEOOJIBIIYIO
CTOMMOCTbD ¥ AOCTATOYHO JIETKO MACIITaOMPYIOTCS KakK MO KOJIMYECTBY IIPOIECCOPOB,
TaK ¥ MO0 00beMy OIlepaTMBHOI MaMsATH. B maHHOI paboTe Ha mpuUmMepe pelieHus
3a0a4M TeMJONPOBOAHOCTM MpeACTaB/JIeHbl AJTOPUTMBbI pelleHus TaKuxX 3ajad,
KOTOpbIE OTIMYAIOTCS HaMOOIbIIel CTeNeHbIO ITapaie/in3Ma.

Lenb ucciegoBaHUs

Kiaccuueckue MeTOAbI pPelieHusT TeIUIOBBIX 3a/1a4 TOPHO-METa/ITypruueckoro
KOMIIJIEKCA IIPU MCIIOJIb30BAHUM MHOTOIIPOIIECCOPHBIX BBIUMCIUTEIbHBIX CUCTEM
pemalTcsl He ObICTpee, a IOPOJ M Topasno MepdjieHHee, 4YeM TMpU IpUMeEHEeHUU
OJTHOIIPOLIECCOPHONM BBIUMCIUTEIBHONM TEXHUKHU. ITO OOCTOSITEILCTBO OOBSICHSTCS
pPeKyppPeHTHBIM ITOJX0/I0M, KOTOPbBIii IMOJIOXKEH B OCHOBY K/IaCCMYECKUX METOIOB. B
9TOJ CBSI3W 1IeJIb JTAHHOM paboThl SBASETCS KOHCTPYMPOBAHME MaKCUMMAaIbHO
rapasuieIbHbIX CTPYKTYP aJITOPUTMOB pellleHNs TeTUIOBBIX 3a/1a4 M UX OTOOpaskeHMe
Ha apXUTEKTYPy MHOTOIIPOI€CCOPHBIX CUCTEM.

H310keHie OCHOBHOTO MaTrepmuajia uccIea0BaHUM

Hnst YpaBHEHMS TEIIJIOIIPOBOOHOCTU BUOA

2
%:a%, xe[x,%, ], te[t,T] (1)
paccMaTpuBaeTcsA pellleHre KpaeBou 3amauu [{lupuxje ¢ HayaJIbHBIM
Y g, =90 @)
U TPAaHNYHBIMMU YCJIOBUSMMU
Y gy =YW, Y, =YL(). (3)
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O6nactu omnpeneneHus nckomoit dyHkium Y (t,x) B 3amaue (1)—(3) cormocraBum
CEeTOYHYIO 06/1aCTh

t.=]xDtl, j=1,M, Dtl=T/M, MeZ
: 4)

xp:prxl, p=0,2m Dxl=(x;-x,)/2mmeZ ’

rae m — 1eJIOYUC/IeHHbIN ImapaMeTp B TOIIOJIOIMUM IMOCTPOEHMS CETOUYHBIX Y3JIOB IIO

IIPOCTPAHCTBEHHO IepEMEHHO X.

Memo0d koHeuHblX pasHocmeil. Bocmoib30BaBIIMCH HEABHONW CXeMOI IO
BpPEMEHHOU IlepeMeHHO! U amnmmapaToM IeHTpaJbHBIX Pa3HOCTeN N0 IMepeMeHHOM
X, IPUXOJAT K CJIeAyIolNell cucTeMe YpaBHEHUM

CYp1-Y,1+D,Y, 11 =1p1, P=1,2m-1, (5)
roe
C,=D,=—2_, A=—%_pp1
(1+24) Dx1? ©
_ YOp,1
Jo, T (1+24)

3mecb  ceTouyHble  (QYHKIUMU Yo1= fW(t]-), Yom1= fL(tl-) OIpeesioT
rpaHMuYHbIe yCJIOBUS (3), a IpaBble 4acTu fp1 — HayvaJbHbIE YCJIOBUS, TaK Kak
ceTouHble (QYHKIUA YOID1 OepyTcsl ¢ Tpeabiayiiero j—1-ro BpeMeHHOTrO CJIOS.

CiiemoBaTe/IbHO, YMCJIEHHBIN aqropuTMm (5),(6) SIBJISIETCS] 9BOTIOIIMOHHBIM U COCTOUT
3 aKTOB ITepexo/ia OT OTHOTO MOMEeHTa BpeMeHM ¢;_; K apyromy t; =t; ; +Dtl.

Cxema memoda npsimuix. TIpyMeHsIsl IO OTHOIIIEHNIO ypaBHeHus (1) mpoleaypy
OUCKpeTM3aluu 10  BpeMeHM, TMpPUXOASIT K  CUCTeMe  OObIKHOBEHHBIX
nuddepeHIIMATbHBIX YPaBHEHMI BUIA:

" ]- ]_
Yo, @)= Y pis, (6 =2 Y0, (X), (7)
e Yop+g I(X) - ¢yHKIMS, orpenensieMasl HayaJbHBIMM  YCIOBUSIMMU,

(X_Xp)
Ey =7
(Xp+1 _Xp)

B cBoem KOHeuHOM BHUe pelleHMeM ypaBHeHUs (7) SBASeTCA Clenyrolias

e[ -1,+1] - HopMMpPOBaHHas IPOCTPAHCTBEHHAs! TePEMEHHaSI.

3aBUCUMMOCTbB:
Yoy (60 = Ypes 1(5)+ C,C1 B(6,)+ D, Sn B2y, ®)

roe Cp,Dp— KOHCTaHTbl MHTErpupOBaHNS; Yp+gx,1(x)— YaCTHOE pelleHyne

1
HEeOLHOPOSHOI'0 ypaBHEHUS (N); p= N - cOoOCTBEHHbIE yucia

XapaKTEepUCTUUYECKOTO YPAaBHEHMA.
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KOHCTaHTBI MHTErpupoOBaHUS Cp,Dp OIpenesiloTCd UCXOSl U3 YCJIOBUI BUIA
g, =%1:

Yp+gX,1 (8)( )‘gXil - Ypil,l ’ ©)

TOT/Ia TTOJTyYaloT pellieHne ypaBHeHust (7) B Bue caedylomeii 3aBUCMMOCTMI:

sk Snﬂ(1+5 ) sk
Yp+gX’l(5x):{Y p+ey (6x)+ 877,3(5)())( [Yp+1,1_Y p+1,1}+
(10)
S’]ﬂ(l_é‘ ) 3
e Y =Y ] )

Snp(ey)
[Tonoxus B BoIpakeHuu (10) &, =0, mepeiizemM OT pacnpezeeHHOV (OpPMBI

peleHus K ero AMCKPeTHOMY aHaJIOTy B BUJIe CMCTEMbI JIMHEHBIX airedpandecKkux
ypaBHeHMii (5), HO ¢ APYrMM QYHKIMOHATbHBIM HAIIOJIHEHUEM:

C _D _Snpey) _ 1
PP Snple,) 2CnpP(ey) ,p=12m-1, (11)
fp1= CpY i1 Yp1 DY Ty
OT/IMYAIOIIETOCS OT PaCCMOTPEHHOTO KOHEYHO- Pa3HOCTHOTO TOAXOZA, MMEIOLero

dopmy (6).

PacnapannenuBaHue MaTeMaTUMUYeCKOM MOJeNM MOpyu IOMOINM YMCIEHHHO-
QHAJIUTUYECKOTO MeTona IMpsMbIX. laHHBIA STal MCCAeJOBaHMII HallpaB/ieH Ha
peanin3aluio Ipoliecca pacnapajieaMBaHus CUCTeMbl ypaBHeHMI (5) mpu ycioBum,
yTo ee (QyHKUMOHA/JIbHOE HaloJHeHMe CcooTBeTcTByeT Buay (11). 3mech
ruInepooaMueckKMM (QYHKIMSIM TIOCTaBAE€HbI B COOTBETCTBYE JIMHETHbIe KOMOMHAIIUYN
06a31CHOro pemeHus: KpaeBoii 3amauu (7), a IpaBble YACTU IIPEACTaBJISIOT CO0O0I
COBOKYITHOCTb €T0 YaCTHbBIX pelIeHUA.

PaspabaTbiBaeMblii  aATOPUTM KOHCTPYMPYeTCSI Ha OCHOBE KyCOYHO-
aHAIUTUYECKUX pelleHusX. BrosiHe OueBMOHO, UTO 3TO OOCTOSITEIbCTBO
HeoOXOAMMO  TIPMHSITH  BO  BHMMaHMe  TIpM  peajms3auuu  Impoiiecca
pacnapasienMBaHus cuctembl ypaBHeHuit (5). Takyio MIer0 MOXKHO pas3sBUTb Ha
OCHOBaHUM IIpMMeHeHUs MeToZ nporoHok [8]. IIpm 3TOM mponecc mpsAMOi

MPOTOHKM HaIllpaB/ieH Ha ormpeaeneHne Ko3(pduimeHToB E, Gy, (p=12m-1),

KOTODpPbIE OIMpeaead0oTCsd Ha OCHOBaHUNU COOTHOIIIEHUI BUaa:

C G = DyGyi ~fpa

E =— P , (12)
p p
1-D,E, | 1-D,E, |

rae HauaJio pelieHus TaKoM 3agaun obecreunBaeTcs dieayromnMn rapameTpamn
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IIpstMast TIPOrOHKA IMPOTEKAaeT IO HaIlpaBJIeHMIO BO3paCTaHMs MHIOEKCa p M0
3HauUeHus1 p = 2m—1. B Toxe BpeMs, 06paTHYIO IMPOTOHKY Peaan3yloT I0 Caeayolei

peKyppeHTHOI1 opmyre:

Yo1=E, Yy

1 +Gp- (14)
[Tpu 3TOM ObecrneunBaeTCs HalpaBjeHNe U3MeHEeHUs MHIeKca p OT p =2m—1
no p=1. Hayano BBIUMC/IEHUII OCYIIECTBJSETCS HAa OCHOBAHUM BBITTOJIHEHUS
yenosust Yy, 1 = fL(t;), KOTOpoe 3afaeT B aArOPUTM IPOrOHOK IpaBoe PaHIYHOe
ycrnoBus (3).
OxasbIBaeTcsl, 4TO MCIIOJAb30BaHMe QYHKIMOHAIBHOTO HAMOJHEHUS [IJIs
K03(pduiieHTOB C,, D, m mpaBbix 4acTei fp’l, B ¢opme (11), mosBossger

BBITIOJIHUTH pacyeThl II0 IIPSIMOI IIPOTOHKEe M ChHOpPMMUPOBATh BbIPAsKEHUS [IJIS
BbIUMC/IeHUST KO3(hPUILIMEeHTOB E,, G, mo dopmynam (12) kak GyHKIIMIT HOMepa

CeTOYHBIX Y3JIOB:

__snpw)
Posnp(p+1)’

1 P )
P B Yo1- ;, fi 15180

VIMEeHHO 9TO 0OCTOSITEILCTBO Jajiee HaIllpaBJIeHO Ha TO, YUTOObI Ha OCHOBAHUMU

, p=12m-1. (15)

TOJICTAHOBKM BbIpaxkeHui (15) B peKyppeHTHOe COOTHOIIeHMe s O0OpaTHOI
MPOroHKM (14), MOKHO ObIJIO ObI OIIPEIENIUTD pellleHM e CUCTEMbI ypaBHeHMIA (5) s
JI000TO y3J1a CETOYHOI 06/1acTH (4):

4 577,6’(1')
. snp(2m-v) YZm,l_gmme—i,l
Yomy1(V)=—7— ' ,v=1,2m—1,(16)
, SU,B(ZWI) oS ,B(v) v _Zmi_v 577,3(1) .
T & e

rae runepbonnyeckue GYHKIUM TPEACTABASIOT CO00I pellleHMe OJHOPOIHBIX
cuctem ypaBHeHUMI (7), a KOMILJIEKCHI fp’1 =Y p1] 2cnp(p)Y p’1+Y p11

COBOKYITHOCTb €r0 YaCTHBIX PelleHNIA.

PaspaboraHHBIN IOAXOJA K paclapajjieIMBaHUI0O MaTeMAaTUUYeCKON MOJesu
OTJINYAETCA YCTOWYMBOCTBHIO MIJIA Pas3JMYHOTO THUNA BXOAHBIX AAHHBIX. Kpome
TOTO, OH HMeeT MaKCUMAaJbHO Ilapa/lIeIbHYI0 (GopMy U  OTJIUYaAeTCA
MUHUMAaJIbHBIM BpeMeHeM pelieHu s 3amaum MIPUMEHUTEJTbHO K
MHOTOIIPOIECCOPHBIM BBIUUCJIUTEIbHBIM cucTeMaM. Jro 00'bsACHAETCA
caenyiomuMm obpasoMm. Eciaum rumoreTryecKu IPEeIJIOKUTH, YTO HA OAUH y3eJ
pacyeTHON CETOUYHOI 00JacTHM MOKHO HA3HAYUTH OOWH IIPOIECCOpP Ha3HAYUTh
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OOWH TPOIECCODP, TO BBIYUCJIEHUS MOTYT IIPOBOAUTHCA IIapaLJIeIbHO U
OTHOBPEMEHHO Cpa3y IJIs BCEX Y3JI0B PACUETHOU CETOUHOI 00JIacTH.

3KCHepMM9HTaJIbHBIe AJaHHbIE€ U UX 06p360TKa

TIpei/105KeHHbII TOAXOM, K pellleHMIo 3aad TelIoNpOBOAHOCTY Pean30BaH B
BUIe  Tpouedypbl  MaTeMaTM4yeckoro  MOJeIMPOBAaHMSI  IpM  TOMOIIM
MHOTOITPOIeCCOPHOI BBHIYMCAUTEILHOM CUCTeMBL. [Ipy 3TOM pacCMOTPUM OfMH U3
BapMAHTOB €ro peaan3alyin.

Tecmoseas 3adaua. TIycTb Ha TIOBePXHOCTYM IUIACTMHBI 3aJaHbl T'PaHUYHbIE
ycnosus 1-ro popa. Ilpu 9TOM [Jis ONpeleNeHHOCTM TPaHUYHYI0 (QYHKIMIO
TW (t)6ymem paccMaTpuBaTh KaK M3BecTHyIo, a TL(t) GymeT uckomoii hyHKumeli B
pelleHuM 3a[auM  TeIUIONPOBOJHOCTM. B  KBasUIMHEHHOM  IpUGIMSKeHUM

ypaBHeHMI0 (1) B CETOYHOI 06JIaCTM  COTOCTAaB/ISIETCSI  CUCTeMa  €ro
nuddepeHIIMaTbHbBIX CI€ICTBUI, KOTOphIe mpuobpeTtatoT Bua, COIY, To ecTh

Tp/,rH—l (&)= {Ap (n+4)(n +2)Tp,n+3 (&)+ B, (n+ 1)Tp,n+2 (& )} ) (17)
misin=0,1,2,..., Ipu 3TOM
A -
A,=Dt1—P1 _ ‘ecu p=1,2m—-1; (18)
CV, Dx1’
A
B,=Dt1—2 .
CV, Dx1’

Cuntasi HeSBHYIO II0 BpPeMEHM CXeMy IepBOro IOpsaKa MPUOIMKEHHON U
OTIpe[leSIMB 3aMbIKAIOIIVe CBSI3U, TOYYAIOT IE€HTpaTbHbie PA3HOCTU CJIEIYIONIETO
BUIA:

T(Tp+1,1 - Tp—l,l )

(Tp+1,1 +T, 1,27, ) ’

T  —
P2 (19)
T, =

D= D=

Jlajiee MOy4yaroT CUCTEeMY YPaBHEHUN TpeXaAuaroHaabHOM CTPYKTYPBI, T.e.

Clpuy—T,1+D, Ty, =f, p 1 (20)

IIpMy 3TOM
(AR (A8,

P (1424,) P (1+24,)

TO —
— Pl _ecmm p=1,2m-1. (21)

(1+24,)

Pemenne cucremsl ypaBHeHU# (20) peanmnsyeTcsi MeTOAOM MPOTOHOK. [ljist

fp,l -

pelieHus NPSIMO¥ 3amaun B cucrteme ypasHeHuit (20), (21) ciegyeT OOIyCTUTD, YTO
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T0,1 :TW(tj) u TZm,l :TL(ti). Korpa ke TW(tj) — 3aJlaHHasg, a TL(tl-)— MCKOMas
rpaHnvHas GyHKIMS, TO, pelllasi 3a/1a4y TeIIOIPOBOTHOCTM, HEOOXOAMMO (QYHKIIUIO

TL(t]-) 1og00paTh TaKMM 00pa30M, YTOOBI B pellieHUSIX cucTeM ypaBHeHuii (20), (21)

GYHKIIMOHAT CO CpegHEeKBaJpaTMUYHOI HEBSI3KOi ObUT ObI MMHMMAaAbHBIM. Bech
BpeMeHHOJ MHTepBajJ, B KOTOPOM MCKOMas QyHKIUS T(t,x) orpezessieTcs

TIOCTaHOBKO¥ ycsI0BUiA (2), (3), pa30uBalOT Ha BpeMeHHbIe MHTepBasbl Dtl 1Mo cxeme
auckpetnsdanuu. llar ke ckaHMpPOBaHME BO BpeMsl pelleHUs] TPAaHUYHONM 3amaunu
TeIUIONPOBOAHOCTM He 00sI3aTeIbHO TO/DKEH COBMAZATh C IaroM AVCKpeTU3alyuun
Dt1, npuHATBIM B yIIpaBJisieMoil cucreme ypaBHeHun (20), (21). Anroputm peunieHust
IPaHUYHOM 33[,aU¥ TEIUIONIPOBOLHOCTM HAUMHAETCS C [IepBOro 1Iara CKAaHMPOBAHMS.
[TycTh B KayecTBe HY/IEBOTO TpUOIIVKeHUS] TPUHMMAETCS HEKOTOpoe 3HaueHMue,
korga R = TL, OHO M3BeCTHO C anmpuoOpHOi MHMPOpMaIMK U SIBHO 6OJIbIIE MCKOMOIA
TPAaHNYHOM (QYHKIMU. ODTO OOCTOSITENILCTBO IIPOBEPSIETCS] IKCIEPUMEHTATbHO
MEeTOAOM MaTeMaTU4eCckoro mopenupoBaHus. [locime moacTaHOBKM 3HadyeHus R B
pelieHue yIpaBjsemMoil maTeMatuueckoi mogenu (20), (21) mosyyaroT pacyeTHyIo

BeJIMUMHY TeMIlepaTypHOI QYyHKIUU Tp(t;’) B TOM Xe MeCTe [0 KOOpAMHATe, Iae
3alaHO0  (PYHKIMIO Te(tj), KOTOpasi M3BeCTHAa M3 3KCIIepMMeEHTa. IJTO J[JaeTr
BO3MOXXHOCTb HaiTM UMC/IOBOE 3HaUeHue HeBsA3Ku (Tp (ti) - T, (tj)). Ecnn HeBsi3Ka

(Tp (t]-) - T, (ti))> 0, To 3HaueHMe R ymeHbIlIaeTCsl HA HEKOTOPYIO BenunHy AT. B

IPYIUX CIy4dasx yBeIMuMBAeTCs Ha Ty Ke BenuumHy (AT). [Janee 3TOT Ipoliecc
pa3BMBaeTCsl [0 TexX IOop, II0OKa HeBsS3Ka He M3MEeHUT CBO 3HAaK Ha
MIPOTUBOIIOJIOKHBI. YCTAaHOBJIEHMEe 3TOro (akra O3HAYaeT, YTO MCKOMBINI
npubIMKeHHOe pellleHNe 3a7jaul TeIIONPOBOIHOCTY JIEKUT B MHTepBaie [a, b], roe
a 1 b 03HAYaAIOT uMcCIa, IIPU KOTOPBIX 3HAUeHMST (YHKILMII B 3TUX TOUKAX MMeeT
pa3Hble 3HAaKU. BbIUMC/IMB BeJIMUMHY HEBI3KM B CPEIVMHHON TOUYKE, KOTOpAs JIEXKUT
MeXay a M b, MOXKHO [ajiblile YTOUHUTb 3HaUeHMe MCKOMOI IpaHMUYHOM (DYHKIUU
MpY TIOMOIIY MHTEPIOSIMOHHON Gopmybl. IIOBTOpUB 3Ty UTepaliMOHHYIO
MpolieAypy HeoOXOoIuMoOe KOJMYEeCTBO pa3, BBIUMCISIIOT 3HAUYeHMe IapameTrpa
yIipaBjieHus C 000t Harepes, 3aJJaHHOV TOUHOCTbhI0. ECTeCTBEHHO, UTO MPU ITOM

Heo0XoaMMO MMeTb B BuAy, uro QyHKumAT, (ti) M3BeCTHA MO pe3yjabTaTam

SKCIIEepMMEHTa M MMEET HEKOTOPYIO IIOIpeITHOCTb ¢£. Takum O6p8.30M, CKOMoOe
penieHne 3aaauM TEIJIOIMIPOBOAHOCTM IIPOMCXOAUT IIO IIaraMyu CKaHMPOBaHUA U,
IIpeaInoJa0XmnB HMHEﬁHylo IO BpEMEHHBIM CJIOAMM aIllIpOKCHMMaliI0, 3aIlMMCbIBAIOT,
4yTo

TLy (¢)=TL,,+&TL, ,, (22)

ISSN-print 1991-7848 105
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 24 - 2021

TIpU OTOM

TLv,z = (TLV+1,1 - TLV,I)
t—-t
gt = ﬁ S I:O, ].:I

,eam v=12,...,. (23)

Torna IIOJIY4AaIOT BO3MOJXHOCTb pelieHus 3adady TeIVIOIIPOBOOHOCTU Ha

TIIOJITHOM BpPEMEHHOM MHTEpBaie, Koraa t e |:t0 tk] 10 v — MM BpE€MEHHbIMU CJIOSIMMU.

Takast BO3MOXXHOCTb BO3HUKAET, BO-IIE€EPBbLIX, B CMJIY TOTO, UTO aJITOPUTM IITPOTrOHOK
peaqm3yeT MCKOMOE€ HeCTallMOHapHOe pelieHue Ha JT1060M BpeMEHHOM C(CJIoe.

[Tepexon ke B cucrtemax ypaBHeHuii (17) - (21) K BpeMeHHOI MepeMeHHOM &

YHUGUIIUPYET aJITOPUTM OTHOCUTETbHO JII0O00TO BPEMEHHOTO WHTepBaja IMpu
MOMOIIIM aBTOMAaTMUeCKOr0 yueTa Haua/lbHbIX 3HaueHuii. [Ipoiiecc MmogenpoBaHus
ObUT peasM30BaH Ha IE€PCOHAJIbHOM BBIUMCIUTENIBHOM KiacTepe. M3 aHanmmsa
pe3yJbTaTOB MOAEIMPOBaHMUSI CjedyeT, UTO pa3pabOTaHHbBIII MeTOJ pelleHus
3a1a4¥ TEIUIOMPOBOAHOCTY AOCTATOUHO 3(PheKTUBHO 0becIrieunBaeT MUHUMMU3AIMAIO
HeBsI30K. OTMeTMM TaKKe, YTO pa3pabOTaHHBINM aATOPUTM B paccMaTpUBAEMOIA
TTIOCTAHOBKe SIBJISIETCS aO6COMIOTHO YCTOMUMBBIM.

BoiBOBI

B maHHOV paboTe IMpeacTaB/ie€Hbl AJITOPUTMbI peIleHMs] TEIUIOBBIX 3ajau
MeTa/UIypruy U TOPHOTO Jiea C MCIIOJAb30BaHMEM MaKCUMMajbHO Iapalyie/IbHbIX
BBIUMC/INTENbHBIX  (opm. PacmapaiienuBaHue CUCTEM  TpeXOMarOHATbHOM
CTPYKTYPbl  PeaiM30BbBIBAIOCh  YUCJIEHHO-aHUIUTUUYECKUM  IMOAXOAO0M,  4TO
npeonpese/nio UX MaKCMMaJIbHO TapajuiesibHYIl0 aJIrOpUTMUYecKyio (opmy.
Takoif MOAXOM CIOCOOCTBYET MMHMMAIbHO BO3MOKHOE BpeMs peann3anumn
pa3paboTaHHOIO aJITOPUTMAa Ha MapauleJbHbIX BBIUMCIUTENbHBIX cucTeMax. Kpome
9TOro, BO BpeMsl Iapa/ieJibHOTO BbIUMCIeHUS apudmeTudyecKuUx BbIPaKeHWUI, B
pa3pabOTaHHOM QJTOPUTMeE ITOTPENIHOCTb BBIXOJHBIX MAHHBIX OTAEJUTh OT
ormepauuii okpyriaeHus. Takas mpouenypa craja BO3MOXKHOJ, MOTOMY 4YTO IIpU
TaKOM TMOAXOAEe MCKIIYAEeTCs PEKypPPeHTHAasl CTPYKTypa BBIUMCIEHUSI BEKTOPOB
pelieHnit, KOTopasi OObBIYHO U TIpeAonpeesisieT HaKOIIeHMe OIMOOK OKpYyIJIeHMe.
Takum o6pa3oM, pacnapauieJiMBaHusl TPeXIMaroHaJbHbIX CUCTEM Ha OCHOBeE
YNCIEHHO-aHATUTUYECKUX METOHNOB OUCKpPEeTU3aluu, BO-IIePBbIX, HE HAK/IA[bIBAET
KaKMX-JMOO OrpaHMYEeHMII Ha TOIOJIOTUIO CETOYHBIX y3JI0B pacuyeTHOi obnactu. U,
BO-BTODbIX, — MPUMEHUTENbHO K IMapasjielbHOMY BbIUMCIEHUIO apudmeTnyecKmux
BbIPakKeHMI1 B HEM OTAe/ieHa MOTrPEeNIHOCTb MCXOOHBIX OAaHHBIX OT OIlepaLuii
OKpYyIJIeHUSI, CBOMCTBeHHas peanbHbIM [IDBM. Ilpu Takom ropxome MCKIHYaeTCs
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PEeKyppeHTHasl CTPYKTypa BBIUMCIEHUSI MICKOMBIX BEKTOPOB pelleHnit, KOTopasi, KaKk
MPaBUJIO, ¥ IIPUBOIUT K HAKAIUIMBAHUIO OLIMOOK OKpyraeHus. [TocTpoeHHas] TaKUM
obpaszoMm mapasuieabHas ¢Gopma aJIropuTMa  SIBISETCS  MaKCUMMAaJabHOM, W,
c/IeloBaTeIbHO, MMeeT MUHMMA/IbHO BO3MOKHOE BpeMs peannsaluy aJropMTmMa Ha
rapasiiebHbIX BHIUMCIUTEIbHbBIX CUCTEMAaX.

Kpome Toro, 6b1a yuTeHa Heo6XoAymasl IJIaJKOCTh MCXOJHOTO peIlleHus u
BXOJHBIX [JAaHHBIX [JiS KOHKPeTHO! 3ajauy, UTO II03BOJM/IO aJamnTupOBaTh
BBIUMCIUTEIbHBI aJTOPUTM K OCOOEHHOCTSIM UMCJIEHHOro peineHus. Takas
TIpOIIeTypa BHIMOJIHSIIACh 3@ CUET IOMOJHUTENIbHBIX Y3JI0B, PACIOIOXKEHHBIX MEKIY
y3/laMM  3aJlaHHOJ CEeTOYHOi o06jacTu. ITO II03BOJISIET TOYHO OTOOGpaXkaTh
BBIUMC/INTEIbHBIN aITOPUTM. IIpy 3TOM pacueThl MPU MOCTPOeHUM TpadUKOB MU
M30JIMHUII MOTYT BBITOJHSIIOTCSI Tapa/l/IeJIbHO M OJHOBpPeMeHHO. IIpoBeeHHbIe
BBIUMCIMTEIbHbIE  SKCIEPMMEHTbI  ITOKAa3alM  BBICOKYI0O  3((PeKTMBHOCTh
MIpe/IJI0’KeHHOTO MOAX0/1a.
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UDK 681.3.012:621.1
D. Moroz

MODELING OF MAXIMALLY PARALLEL STRUCTURES
OF ALGORITHMS FOR SOLVING THERMAL PROBLEMS

The paper demonstrates the possibility of creating a maximum parallel form of
computational algorithms to solve thermal problems and their mapping to the architecture
of multiprocessor systems based on solving thermal problems of mathematical physics. It is
shown that an effective tool for studying heat and mass transfer problems in metallurgical
production could be parallel computing technologies on distributed cluster systems with a
relatively low cost and reasonably easily scalable both in the number of processors and in
the amount of RAM. Tridiagonal structure systems' parallelization was implemented by a
numerical-analytical approach, which predetermined their maximally parallel algorithmic
form. That approach is facilitated by the minimum possible implementation time of the
developed algorithm on parallel computing systems. Furthermore, during the arithmetic
expressions parallel computations, the developed algorithm separates the error in the
output data from rounding operations. Thus, the parallelization of tridiagonal systems based
on numerical-analytical discretization methods does not impose any restrictions on the
topology of the mesh nodes of the computational domain.

Furthermore, as applied to the parallel computation of arithmetic expressions, it
separates the initial data error from a real PC's rounding operations. That approach
eliminates the recurrent structure of computing the sought-for decision vectors, which, as a
rule, leads to the round-off errors accumulation. Such a parallel form of the constructed
algorithm is maximal and has the shortest possible implementation time of the algorithm on
parallel computing systems. The developed approach to parallelizing the mathematical
model is stable for various types of input data. It has the most parallel form and is
distinguished by the minimum time for solving the problem as applied to multiprocessor
computing systems. That is explained as follows. If it is hypothesized that one processor can
be assigned to one processor and one processor can be assigned to one node of the
computational mesh domain, the computations can be processed in parallel and
simultaneously for all nodes of the computational mesh domain. The simulation process was
implemented on a PC cluster. It follows from the simulation results analysis that the
developed method for solving the heat conduction problem effectively minimizes residuals.

Keywords: thermal problems, parallel computing, multiprocessor system, parallel
algorithm, method of straight lines.
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OOCHIIXEHHS NIOJIIUITHUKIB PITUHHOTO TEPTS
POBOYUX KJIITEM 630 CTAHY 550

AHani3z excnayamayii niowunHukis pidunHozo mepms (IIPT) cmanie 630 noka3as, uio
empamu macmuiaa Ha kaimsx 630 docsizaioms 00 10 moHH 3a pik. TIpuuuHo0 Yb020 €
HeA0CKOHANICMb KOHCMPYKUIl YUliJIbHEHHS, a Ue 8 C8010 uepzy He 3abe3neuye HeoOXiOHUL
pexcum 3mawysauns IIPT i npu3eodums 00 BUCOKOIHMEHCUBHO20 3HOCY NOBEPXOHb
emysnku ma ekaaduwia niowunuuxa. Illo npussodums do euxody 3 nady IIPT paniuwe
8CMAH08JIEH020 CMPOKY 3AMIHU 8MYAKU MA 8KAAOUWA.

Memoto docnidieHHs € 8usHaueHHs HasaHmaxceHocmi ITPT wiisixom mamemamuyuHozo
MO00e08aHHA 0711 8U3HAUEHHSl eHep2o-CUI08UX Napamempié NpoKamku HAa npukaaoi
weenepy N¢14, susHaueHHs Koeiyienmy mepms, 00CiOHeHHS npoyecy 3HOCY N0BEPXHI
emyaku ma exkaaduwa IIPT ma HadaHHus pekomeHndayii, w000 MOMAUBO20 ULISXY
yodockoHaneHHs ywineHenHsi ITIPT knimeti 630. Po3paxyHok niddsepdue nepexio 0o
2PAHUYHO020 mepms npu 3Hoci 00 padianbHozo 3a3opy 6 4 Mm, WO cnocmepizanocy npu
excnayamauii IIPT. 3anponoHosaHa YOOCKOHANEHA KOHCMPYKUYiSt YUWlilbHEHb 3
BUKOPUCMAHHAM V-n00iOHUX MaHHcem.

Knwuosi crnosa: poboua knims, nidwunHuk piouHHo20 mepms, MOO€N08AHHS, Memod
CKIHUEHUX eJleMeHmMie, 3yCULIsl NPOKAmKU, KoegiuieHm mepmsi, 3H0OC, YW ibHEHHS

ITocTaHoBKa mpoo/ieMu

Sk BimoMo mo0 ckiagy copToBOro craHy 550, sikuit Tpu3HaueHuUit IJs
BUPOOHMIITBA TMePioanUHUX Mpodiseii METOIOM MO30BKHbOI IMPOKATKU, BXOISATh
ciMm pobounx kiaereir 630. Bajky B IMX KIITSIX BCTAHOBJEHO Ha ITiJIIMITHMKAX
pimuaHoro teptsa (ITPT). B mpoueci ekcrayaranii ITPT 6yso BuUSIBJIEHO 3arajibHi
BTpaTu MacTujaa Ha ciMox KkiiTsx 630 mo 10 ToHH 3a pik. [IpMUMHOIO LIOTO €
HeIOCKOHAJTiICTh KOHCTPYKIIii YIIIiJIbHEHHS, a 1le B CBOIO Uepry He 3abe3Ieuye pesxxum
3mamyBaHHs [IPT i migmuMmHuK BUXOOUTH 3 JIaAy paHille BCTAHOBJIEHOTO CTPOKY
ekcruryataiiii. TomMy HeoOXimHiCTh mocCiimskeHHsS pobounx mnapametpiB IIPT e
aKTyaJIbHOIO 33/1aUelo.

MeTa ODocaiaKeHHs

MeTo mOCHiIKeHHSI € BM3HAYeHHs HaBaHTaxkeHOCTi [IPT, Bu3HaueHHSs
Koe(illieHTy TepTs, MOC/iIKeHHSI MPOoliecy 3HOCY ITOBepXHi BTYJIKM Ta BKIaIMIIA
I[IPT Ta HamaHHS peKOMeHJallii, N[00 MOXJIMBOIO INUISIXY YAOCKOHaJIeHHS
yuiiyibHeHHs [1PT.

© CamcoHeHKO A.A., I'anyu B.1., bBepreman C.B., 2021
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HaBauTtasxenicts IIPT

Ing Bu3HavueHHs1 HaBaHTakeHoOCTi ITPT HeOOXimHO 3HANTU eHepro-cuaoBi
rmapaMeTpy MHPOKAaTKY B KITIX 630. 11 1bOro oO6MpaeMo IIBeJIepHUII mpodisib
N914. [lng BU3HAUEHHS €Hepro-CWJIOBUX IlapaMeTpiB IIpolecy IPOKATKU
mBejiepHoro mpodino  O6ysl0  TpoBelIeHO MaTeMaTuyHe  MOJENTIOBaHHSI 3
BUKOPUCTAHHSIM IIporpamMHoro mpoaykty QForm 9 (BukoHaHo Ha kadempi OMT
HMeTAY B paMKax yrogau mpo BukopucTtaHHs rmporpamu QForm No. MSL2015 10 5
Big 28.10.2015 p.). IIporpama QForm mnpusHaueHa mAjsi MaTeMaTUYHOTO
MOZe/II0OBaHHSI, HA OCHOBI MeTOAY CKIHUEHUX €JIEMEHTIB, TeXHOJIOTIYHUX IPOLIeCiB
00pOOKM MeTaliB TMCKOM 3 ypaxXyBaHHSIM TepMOMeXaHiuHMX IPOIeciB HarpiBy Ta
OXOJIOMIKEHHSI MeTasly, B TOMy YMCJi y mpoiieci medopmaiiii, a TakKosk B3aeMOZii
3arOTOBKM, 1110 AeDOPMYETHCS, 3 TEXHOJOTIYHMM iHCTPYMEHTOM Ta OOJIaJHAaHHSIM
[1]. MaTeMaTMYHOI0 OCHOBOIO IPOrPaMM € CUCTEMa PiBHSIHbD, SIKa BK/IIOYA€ PiBHSIHHS
piBHOBarm, piBHSHHS 3B’SI3Ky MDXK II0JIeM IIBUAKOCTEM MaTepiaJibHMX TOYOK Ta
MIBUAKOCTeN medbopmaliii, piBHSIHHS 3B’SI3Ky MiK HaIlpy>keHMM Ta HepopMOBaHUM
CTaHOM, YMOBM HECTUCHEHHSI, KPUTEPili IUIAaCTUYHOCTi, PIBHSIHHS €HEepPreTUYHOro
6amaHcy [2, 3].

MopenoBaHHsI OyJI0 IIPOBEAEHO [IJIT YMOB ITpOKaTKyM miBenepy N2 14 B KIiTIx
N2 2 - 8 crana 550 IIpAT «/IHirMpoOBCbKUIT MeTaNypriiiHuii 3aBod». byno nmpuitHITO
HACTYIHI BUXiOHI gaHi:

— rabapuTHi po3Mipy 3aroTOBKM Tic/is po3pizHoro Kamiopy (h x b) — 105x 120 mm;

— TeMIlepaTypa HarpiBy 3arotoBku B meui — 1200 °C;

— MaTepias 3arotToBKu — crajib 09I'2C;

— MBUJKICTh 06epTaHHs BaskiB —60...120 06/XB;

— cepenHii giameTp BaikiB — 700 MM.

VYMOBU TepTsl B KOHTAKTi iHCTPYMEHTY Ta 3arOTOBKM OyJIO 3aJaHO MOEJIIIO
JlesaHoBa 3 ¢akTopom TepTs 0,8.

3arajibHMIT BUT/SAA, Mogeti ajs 7 mpoxony (kKiaiTh N2 7) HaBeleHO Ha PUCYHKY 1.
Posnopin cuam NpoKaTKu Mo KIITSIX HaBeJleHO Ha PUCYHKY 2.

SIk 6aunMo, HalobibII 3yCHIIJIT TPOKATKY i BiATIOBimHO HaBaHTaskeHHsT Ha [TPT
OoynyTh miaTv B KiIiTi N4 Ta mocsratu mpu 3axBaTi poskarty 2,8 MH. Haiimenmri
3YCUJIJISI TIPOKATKM i BifroBigHo HaBaHTakeHHST Ha [TPT OymyTh misiTu B KiiTi N28 Ta

JocsiraTy mpu 3axBarti po3kary 1,1 MH.
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QForm $.0.30

1 — BepxHili BajOK, 2 — HMJKHil BajiOK, 3 — po3KaT
PucyHok 1 — 3arajgbHuMi1 BUTJISII MO TPOKATKY IIBeJiepHOoro rmpodiio B 7 mpoxoi

S nix yac 3axpary
H cTaamii npouec

Smix yac 3axBary

cTagamii npouec

25 25

.

7

o
)
.

20777
_

Cuuia npokarkn, MH
n

Cuuia npokarku, MH
o

-

0,5 0,5

2 3 4 5 6 7 8 2 3 4 5 6 7 8
Ne xriri Ne giri

a) 6)
PucyHOK 2 — Po3mnogis cuim MpoKaTKY MO KIITSX AJ1s1 YMOB 3aXBaTy Ta CTaJIOro Ipoliecy:
a — BEepXHiii BaJoK, 6 — HMUKHili BaJIOK

BusHnaueHHsI KoedillieHTy TepTs

KoeditlieHT TepTs A5 MiAMIMUITHMKA PiAMHHOTO TePTSI BUSHAUAETHCS, SIK [4]
u o
p=m et (1)
o-p d,
Jle 1 — OIMHaMiyHa B'I3KiCTb Macia (4151 MiHepaabHOro Macia YT npu Temneparypi
migmmnauka 50°C), ITa-c; u — WMBUAKICTP KOB3aHHS Handy ITigIIMIIHMKA, M/C;
d — pamianbHMIT 3a30p, M; p — CepenHiit TUCK B MmigmumnHuky, Ila; d, — giamerp
uandu migmmuITHuKa, M.
Cepe[Hiil TUCK B MiAUIUITHUKY [4]
Y
p=——-, Milla. (2)
I-du
TYyT Y — HaBaHTaXeHHd, 10 Aie Ha [IPT (cmpolileHO mpuitMaeMo, SIK ITOJIOBUHY
3yCUJIISI IPOKaTKu), H; 1 — mOB>kMHaA BTYAKYM MOAIIUITHMKA, M.
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KinemaTuyHa B'SI3KiCTh MiHepajJbHOro Mmaciaa YT 1ipu Temmeparypi
migmumHauka 50°C — v=29,75-10° m%/c.

OuHamMmiyHa B'I3KICTb MiHepasibHOrTO Macina YT npum  Temrmepartypi
nigmmnanka 50°C

77:1/-,0:29,75-10_6-898,220,0267 Ia-c. (3)
Ile p — IIIbHICTh Mac/ia, Kr/m>.

[IIBMAKICTb KOB3aHHS Lan(u MigmnIHuKa
u=w-r, :%-ru =%-0,5-0.45=5M/C.

’ 4)
e ® — KyTOB allIBUAKICTb BaJIKiB, C'!; v — MIBUAKICTb MPOKATKU, M/c; D — miameTp
BajKa, M.

B Tmabmuui 1  HaBemeHO  pe3y/lbTaTM  PO3PaxyHKy  CepegHbOro
TUCKY Ta Koedinienty Tepts B IIPT xmiteii 630 1pu 3axBaTi po3Kary.
OTpuMaHMii pe3ynbTaT CBigUMUTb, IO 30iMbIIEHHS HaBaHTaXKEHHS, IO i€ Ha
MiJIIUITHUK He CyTTEBO BIUIMBAE Ha 3MiHy KkoedillieHTa TepTsi B HbOMY, SIKUIA
3HaxoauThs B Mexkax 0,0027 — 0,00274.

Haiibinpiile Ha BenuMuuHy KoedillieHTa TepTsl U OyAyTh BIUIMBATU B’SI3KiCTh
MacJia 1 Ta BeJIM4MHa pajiaJbHOro 3a30py o.

Tab6mauisa 1
CepepiHiit THCK Ta KoedillieHT TepTs B KIiTIX 630
Ne kmiti | 3ycwmis nmpokatku, MH CepepHiii Tuck p, MITa KoeditieHnT Teptst u
2 1,914 5,8 0,00273
3 1,41 6,3 0,00272
4 2,836 4,6 0,00274
5 2,544 9,3 0,00270
6 1,962 8,3 0,00271
7 1,868 6,4 0,00272
8 1,072 6,1 0,00272

Po3rsiHeMoO, SIK BIUTMBAE 30i/IbIIIeHHS 3a30PY 3 HOMiHaJIbHOTO JI0 IOITyCTVMMOTO
Ha koedittieHT Tepts IIPT miis kit N24, pe3yabTaTy 3aHeCeHO 40 Tabiuili 2.

ITpu 36inbineHi 3a3opy 3 1,2 MM 1o 1,8 MM, Koy 3a IpaBWIaMM eKCILTyaTallii
[TIPT [5] HeoOXimHO 3amiHIOBATH Tapy BTYJIKY-BKIQAuUII KoedillieHT TepTs
36inbIryeTbest Ha 48% 3 0,0027 mo 0,004. A mpu katacTpodiuHOMY 3HOCI 0 3a30py B
3 Ta 4 MM KoedinieHT Tepts 36iabmyeTbes go 0,007 Ta 0,009, Tob6TO MpUiiMae
3HAYEeHHSI, IPU SIKMUX HACTa€ rpaHiyHe TepTsl.
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Tabmuisa 2
PesynbTaTi po3paxyHkKa 3MiHM KoedillieHTa TepTs mpu 306i/IbIIeHi 3a30py

N¢ | 3a3op 5, MM KoedirtieHT TepTs p

1 1,2 0,0027

2 1,3 0,0029

3 1,4 0,0031

4 1,5 0,0034

5 1,6 0,0036

6 1,7 0,0038

7 1,8 0,004

8 3 0,007

9 4 0,009

BusHaueHHs 3HOCY BTYJ/IKHA l'Ii,T.[IlII/Il'IHI/IKa

OpnHiero 3 XapaKTepuCTMK pobOTM BTYJAKM Ta BKIAOMINA ITiJIIUITHMUKA
PiIIVHHOTO TEPTS € 3HOC 1X ITOBEPXOHb (pUC. 3) Ta iIHTEHCUBHICTb 3HOCY.

I'paHMYHMIT 3HOC HeTasli abo rpaHNYHMIA 3a30p B 3'€IHAHHI YaCTO BM3HAYAIOTh
10 KPMBiii 3aJIEXKHOCTi 3HOCY JIeTasli abo 3MiHM 3a30py B 3'€JHAHHI BHACIiIOK 3HOCY
Bif HampalloBaHHSI.

T

2016/07/10 02:05 PM

- - = I
PucyHok 3 — @ororpatiii 3HoCy oOBepx0oHb BTyJIKM Ta Bkaaauma [TPT kiiTti 630

BenuunHa 3HOCY NMOBEPXHi MiJMNUITHMKA [6]

Ai=A0+I.SI.’ (5)

e Ao — MOYATKOBUIT pO3Mip HeTasli, B HAIlIOMy BMITaQAKy IOYATKOBUIL 3a30D
6=1,2 MmMm=1200 MKM; I — iIHTEHCUBHICTb 3HOCY; S; — HISIX T€PTSI, MKM.
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[IInsx TepTst BKAAAMINA MTiAIMIUITHMKA PiAMHHOTO TepTs 3a 1 06epT
S, =7n-D=7-0.45=1,4137 m=1413717 mxm. (6)

Yac pobotu crana npuiimaemo — t=8000 roguH.

UYncno obepriB Banka n=212 06/xB = 12720 06/roguHy.
MaxkcumasnbHe unciao 06eptiB n=1000 06/xB = 60000 06/TognHy.
Topi 3aranbHMI LIISX TEPTS 3a PiK

S, =S, -t-n=1413717-8000-60000 = 6.8 -10'* mxm.

(M
BennumHa 3a30py Ipu 3HOCI TTIOBePXHi BKAaauiia 3a 1 pik
5, =1200+107"%.6,8-10" =1268 mrm =1,268 mm.
JLOBroBiYHICTB [6]
5|-6
T = H—O, (8)

I-vs

He [d] — momycTMMMI 3a30p, MKM; Vs — LIBUAKICTb IepecyBaHHS BTYJIKU U
BKJIAVIIA BITHOCHO OAMH OJHOT'0, MKM/TO/I.

14
Vv, = 568107 8.5-10'° mxm / 200uny.
t 8000 9)
7- 180071200 _ 70588 200un.

1071%.8,5-10™

ITpu po6oTi B 8000 roguH 3a pik, T=8,8 poky.

TakuM 4MHOM BeJUUYMHY 3a30py 6=1,8 MM, pU OOCSTHEHI SIKOTO 3aMiHIOIOTh
BKJIQAVII Ta BTY/AKY MiAMINITHKKA Oyae oTpuMaHo uepes 8,8 pokiB ekcrutyaTtaiiii. Ane
eKCIUTyaTalliiiHi JaHi CBig4aTh IPO Te, IO TAKOro 3a30py [OOCSTAITh 3a 3 POKU
po60TH. 3HMKEHHST CTPOKY eKCIUTyaTallii MmiAIUITHIKA TTOSICHIOEThCST HEBiIMOBITHMM
pEeXMMOM TepTs, a camMe He NOTPMMAaHHSM IlapamMeTpiB B’SI3KOCTi Macja Ta Jioro
HEJOCTAaTHBOIO KiJIbKICTI0O B MiAIIMITHUKY. [IpMUMHOI 1bOTO € BUTIKaHHS Macija
yepe3 HeHafiliHe VIIiIbHEHHS Ta TOTpAaIUIIHHA B HbOro abpasmBy Ta
0XOJIO/IKYBaJIbHOI PiIHM BaJIKiB.

VYaockoHa/IeHH yiijibHeHb [IPT

[IngXoM YHMKHEHHS BKa3aHMUX HEIOJIKIB € YJOCKOHAJIEHHS VIIiJIbHEHb
ITPT xmiti 630 (puc. 4). YiniJbHIOBaJbHY (QVYHKII0O TYT 3AiMCHIOIOTH V-IIOi0OHi
MaHxkeTu [7], BCTaHOBJIeHi Ha Hacajlli, 3akpireHoi Ha BTy/Li-mandi Badka i
KOHTAKTYI0Ui i3 JIOCKMMM KOHTAaKTHUMU IMOBEPXHSIMM 3aJHbO1 KPUIIKU. 3aXUCT Bif,
TIOTOKY OXOJIOMKYBaJIbHOI pigvHM, 3abesmeuyeTbcs Mamkerolo Tuiry PHCT.
IomaTKOBMIt 3aXMCT Bi, MPOHMKHEHHS B MiJIIMITHUK PiIVHM OAIOTh XOJOOKM Ha
30BHIIlIHi/i TIOBepXHi 00epTOBOi YacTUMHM JAabOipMHTOBOro VIiJibHEHHS. Boga
HAaKOIMMMYYETHCSI B KOJIOOKY-Y/IOB/IIOBAaYi, SIKMit mepebyBae HAMpPOTU B HEPYXJIUBiit
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YaCTHHI JIaOipMHTOBOTO YIIIiJIbHEHHS ¥ CTiKa€ BHU3 yepe3 JpeHaskHUit oTBip. Takox
BCTAaHOBJTIOEMO apMOBaHy MaHKeTy Ha JIiBY OIOpY ITic/IsI )KOJIOOKiB.
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PucyHok 4 - KpecsienHs HoBoro yiiibHeHHS ITPT kiiti 630

BuicHOBOK

Anani3z exkcrmyaranii IIPT craniB 630 moka3aB, 10 BTpaTM MacTujia Ha
kiiTsax 630 mocsraroTe A0 10 TOHH 3a pik. [IpMYMHOI IIBOTO € HEeAOCKOHAICTb
KOHCTPYKIIii YIIiJIbHEHHS, a 1Ie B CBOI0 Uepry He 3abe3reuye HeOOXiTHUIT pexXuM
3MmainyBaHHs [IPT i npu3BOAUTE IO BUCOKOIHTEHCUMBHOTO 3HOCY IMMOBEPXOHb BTYJIKU
Ta BKIaguiia nigmmnauka. Mo npusBoauts no Buxony 3 naany IIPT panime
BCTAHOBJIEHOT'O CTPOKY 3aMiHM BTYJKM Ta BKIaguiua. [IpoBegeHO MaTteMaTuUyHe
MOJEMIOBAaHHSI [JI1 BU3HAUEHHSI €HEepro-CWIOBMX IapaMeTpiB TMPOKATKM Ha
npukiaagi mBesiepy N214 njs Bu3HaueHHs1 HaBaHTaxkeHocTi [IPT. [ocmimskeHO
koediient Tepts B IIPT kimiteit 630. OTpuMaHMii pesyabTaT CBiIUUTh, IO
30i7blIIeHHST HAaBaHTaXKeHHSI, 10 [i€ Ha MiAIIMITHUK He CYTTEBO BIUIMBAE HA 3MiHY
KoedillieHTa TepTsi B HBOMY, SIKMII 3HaxoauTbsd B Mexkax 0,0027 - 0,00274.
Haii6inbiiie Ha BeaMuMHy KoedillieHTa TepTs | OyoyTh BIUIMBATHU B’SI3KiCTh Macjia m
Ta BeJMYMHA pagiaJibHOTO 3a30py o. Po3paxyHOK migaBepauB Iepexin Oo
TPAaHMYHOTO TepTs IMPU 3HOCI 4O pajaiaJbHOro 3a30py B 4 MM, IO CIIOCTepiraaoch
npu excruryararii [TPT. 3anpornoHoBaHa KOHCTPYKILiS YIIJIbHEHb 3 BUKOPUCTAHHSIM
V-11ofiObHMX MaHKeT.
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UDC 669.02
A. Samsonenko, V. Hanush, S. Berheman

RESEARCH OF FLUID FRICTION BEARINGS
OF WORKING STANDS 630 OF ROLLING MILL 550

Analysis of the operation of fluid friction bearings (FFB) of mills 630 showed that the
loss of oil on the cages 630 reaches up to 10 tons per year. The reason for this is the
imperfection of the seal design, which in turn does not provide the required mode of
lubrication of the FFB and leads to high-intensity wear of the surfaces of the sleeve and
bearing liner. Which leads to the failure of the FFB before the deadline for replacement of
the sleeve and liner. The aim of the study is to determine the load of FFB by mathematical
modeling to determine the energy and power parameters of rolling on the example of
channel N214, determine the coefficient of friction, study the wear of the surface of the
sleeve and liner FFB and provide recommendations for possible ways to improve FFB seals
630. To determine the energy and power parameters of the rolling profile of the channel
profile, mathematical modeling was performed using the software product QForm 9. The
QForm program is designed for mathematical modeling, based on the finite element
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method, technological processes of metal forming by taking into account thermomechanical
processes of heating and cooling of metal, including in the process of deformation, as well as
the interaction of the deformable workpiece with technological tools and equipment. The
greatest rolling forces and, accordingly, the load on the FFB will act in the cage N24 and
reach 2.8 MN when the roll is captured. The obtained result indicates that the increase in the
load acting on the bearing does not significantly affect the change in the coefficient of
friction in it, which is in the range of 0.0027 - 0.00274. The value of the friction coefficient u
will be most affected by the viscosity of the oil n and the value of the radial gap 8. The
calculation confirmed the transition to the maximum friction during wear to a radial gap of
4 mm, which was observed during the operation of the FFB. The value of the gap 4 = 1.8 mm,
at which the replacement of the liner and the bearing sleeve will be obtained after 8.8 years
of operation. But operational data show that such a gap is reached in 3 years of operation.
The reduction in bearing life is due to inadequate friction, namely non-compliance with the
viscosity parameters of the oil and its insufficient amount in the bearing. The reason for this
is the leakage of oil due to unreliable sealing and ingress of abrasive and coolant rolls. An
improved design of seals using V-shaped cuffs is proposed.

Keywords: working stand, fluid friction bearing, modeling, finite element method,
rolling force, coefficient of friction, wear, sealing.
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Yu. Stupak, T. Khokhlova'?

ON SOME ASPECTS OF THE STUDY OF PULVERIZED COAL AND
FUEL MIXTURES COMBUSTION IN A DROP TUBE FURNACE

The article considers some aspects of the pulverized fuel combustion modelling in the
laboratory on installations called vertical tube furnaces (referred to as drop tube
furnaces in scientific periodicals). We have considered the scheme of the installation to
study the process of pulverized coal (PC) combustion in conditions similar to the
conditions of heating and ignition of coal particles in the blast flow of the blast furnace
and their subsequent gasification in the raceway. We have formulated the basic
requirements for ensuring the reliability of modelling results. We have examined the
methods of combustion completeness (burnout) estimation used in similar studies. We
have proposed a convenient method for the estimation of the burnout of two-component
fuel mixtures. According to this method, the estimation can be performed for any ratio of
components in a two-component fuel mixture with the use of data on the initial ash
content in each of them and the relevant burnout. We have obtained the estimated data
on the dependence of the burnout of PC (anthracite, lean coal) with fuel additives. It has
been shown that the proposed approach can be used to evaluate experimental data
regarding the study of the combustion completeness of fuel mixtures. It has been
established that for the initial stages of PC combustion (heating, emission and ignition of
volatile matters), which occur before the fuel particles enter the blast furnace raceway,
the fuel mixtures burnout values recorded in the experiments do not differ significantly
from the estimated ones. For the final stages of PC combustion (heating and burnout of
char), which occur mainly in the raceway and outside, the combustion completeness
determined in laboratory studies was significantly higher than the estimated one. The
obtained results confirmed the efficiency in the use of drop tube furnace to model the PC
combustion process during the fuel injection with the heated blast flow in the blast
furnace raceways and study of the influence of various factors on the combustion
process. The results of such studies can be used to improve the design of PC injection
units in the blast furnace and to study the possibilities for improving the coal particles
combustion completeness and the specific consumption of PC.

Keywords: blast furnace, tuyere, raceway, pulverized coal (PC), drop tube furnace, fuel

mixtures, additives, volatile matter, combustion completeness, burnout.
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1. Problem statement

In the technology of pig iron smelting with the use of pulverized coal (PC),
which is widely used in modern metallurgy, the use of fuel mixtures is promising,
which is confirmed in practice, due to the growing shortage of quality coal. But the
effective use of mixtures containing low-quality fuel or its substitutes such as waste
from agricultural and other industries requires further research. One of the ways of
such research consists in modelling of the PC combustion using the drop tube
furnaces. This method is widely used by researchers and allows us to obtain results
of practical value for the development of the processes of pyrolysis and gasification
of various fuels, including those in power plants. But the methodology of laboratory
studies with the simulation of combustion conditions which are similar to the
conditions of PC combustion when injected into a blast furnace requires further
development and refinement based on the gathered experience. The methodology
for determining combustion completeness of mixtures in such studies also needs to

be clarified.

2. Analysis of recent studies and publications

Coal usually has been and remains a raw material used for the production of PC
for injection into blast furnaces. As a rule, it is unsuitable for coking, but it has high
carbon content (anthracite, lean, etc.) and the lowest possible amount of ash and
harmful impurities. At the end of the last century, the European plants of Tissen AG
(now called ThyssenKrupp AG) and some others successfully tested and
implemented the coal mixtures injection, with adding to the PC’s main component a
certain amount of coal with a high yield of volatile matters [1].

The A. Carpenter’s monograph gives examples of injection of mixtures of PC
with coal with a high yield of volatile matters, as well as with plastic waste, into a
blast furnace. Concerning plastic waste, it is suggested that the interaction between
coal and plastic waste can be used to increase PC combustion efficiency. Also, it can
help to maximize furnace productivity while reducing costs and minimizing
environmental impact. Among the problems with plastics, the author indicates the

difficulty of their preparation to ensure a stable fractional and chemical
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composition. Regarding coal mixtures, there are examples in which the flammability
of PC from low-reaction coal is enhanced by mixing with coal with a high yield of
volatile matters. However, the author raises the question of the need to further
refine the relevant laboratory techniques and to verify the conformity of
experimental data on the combustion of the mixtures with the conditions in the
blast furnace. It is also emphasized the need to develop standard tests for evaluation
of coal and plastic waste, standard tests for determining the reactivity of coal or
plastic waste, and so forth. The main requirement is the compatibility of the test
conditions with the conditions of the blast furnace [2].

Since the early 2000s, there have been more and more publications of studies
on the combustion of new fuels, such as biomass of various origins and their
derivatives, household waste such as rubber or plastics. For example, promising
innovations in Japan involve combined injection scenarios in which crushed ore or
renewable materials, such as biomass or plastic waste, are injected into
blast furnaces through blow tuyeres. It is expected that such technologies can
help to solve today's problems related to carbon emissions, energy production
and resource availability [3]. However, the use of biomass in the metallurgical
industry is still limited, and it is in strong competition with fossil fuels. As noted
in publications [4, 5], the problems of biomass use in the metallurgical
industry include technical and economic aspects that require synergies between the
steel and bioenergy sectors.

Based on the above, it was advisable to compare the method developed and
improved with the involvement of the author [6, 7], with those used in similar
studies. The results of the analysis are shown in Table 1.

These examples became the motive for the refinement of the laboratory
experiments method for modelling the combustion of PC and fuel mixtures using a
drop tube furnace, as well as the methods for the evaluation of combustion process

completeness and the influence of various factors on it.
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Table 1
Comparison of methods for calculating pulverized fuel
combustion completeness used in some laboratory studies
Name* Unit | Formula for calculation Comments Source
Apc - ash
content in
the original
Combustion |, APCl(loo_Ares) PG
completeness % - A (100-Apc) <100 A = ash 7]
es PC content  in
the residue
after
combustion
Ashea — ash
content in
the original
coal;
Burnout % l:l—( Ashegq) J(IOO Ashear J:lxloO Ash, - ash|[8]
100 - Ash, Ashg .. content in
the residue
after
combustion
Ash,. - ash
content in
the residue
AShuC — AShrC %100 after
Burnout % Ash,. (1_ASher combustion; | [9]
100 Ash,. - ash
content in
the original
coal
%6 Cinitial and
%AShinitia -
content  of
carbon and
ash in the
Fixed carbon | Unit %6Cinal X 6 ASh il orlglnal. fuel,
burnout r 1- %C  x%Ash; respectively; | [10]
) initial inal %Csina~ and
%AShsinal -
the same in
the residue
after
combustion

* — reproduced according to the source materials
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Name*

Unit

Formula for calculation

Comments

Source

Combustion
ratio

%

b X g

X xA
100—[ a* bjxlOO

X, and X, -
carbon
content in
the semi-
coke particles
and the raw
coal,
respectively;
A, and A, -
ash content
in the semi-
coke particles
and the raw
coal,
respectively

[11]

Burnout

%

10* (A - 4)
4,100 4))

Ao - ash
content in
the original
coal;

Ay - ash
content in
the residue
after

combustion

[12]

Char burnout

Mass
fr.

fa _fa,O

fa (l_fa,o)

fo and foo0 -
mass
fractions of
ash in the
residue after
combustion
and the
original fuel,
respectively

[13]

* — reproduced according to the source materials

3. The purpose of the study

The purpose of the study is to clarify the method of studying the combustion of
PC, which is a mixture of coal with different degrees of metamorphism or contains
several other types of pulverized flammable fuels. More accurate information on the
processes that occur during the combustion and gasification of fuel particles in the
hot blast and the blast furnace raceway is extremely important for the improvement
of the PC injection technology, which is widely used in many enterprises.
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4. The substantive material of the study

4.1. Method

The study of the pulverized fuel flow combustion was carried out in the drop
tube furnace, the concept of which was developed under the guidance of
P. Bondarenko and V. Kotov [6]. Later, this installation was improved in order to
eliminate some shortcomings and expand the possibilities for modelling the final
stages of PC combustion [7]. You can see a simplified principle diagram in Figure 1.

Gear In the upper part of the
N— — furnace the most critical unit of
e

fuel container 0O, N etc.)

motor

the installation is set: it is a screw
feeder which provides the
pulverized fuel to the combustion
zone. In addition to the injection
of fuel, this unit must provide
oxidant delivery and uniform
distribution of the oxidant, as well
as cooling of the feeder structure
elements to prevent premature
heating of the fuel and other

air
A

Fuel combustion zone

it o W negative  consequences. The
g combustion products and
St > accumulation of the fuel residues
Figure 1 - Drop tube furnace scheme after combustion are removed in

the lower part.
Taking into account our own experience, as well as the results

of experiments with the use of similar equipment of other researchers
[8-13, etc.], the following basic requirements were met in the manufacture of the
installation (Figure 1):

- the combustion zone of the furnace, where combustion takes place, had a
clearly defined and unchanged over time isothermal zone of the required (under the
conditions of modelling the combustion process) length;

- the design (technical characteristics) of the feeder provided acceptable
dosing accuracy, stability and consistency of fuel consumption and its ratio to the
oxidant (air, oxygen, etc.) throughout the experiment (series of experiments);

- the design of the cooler, mounted in the lower part of the furnace, provided
a rapid stop of the combustion process (without smouldering) of fuel residues that
have reached the lower part of the furnace;
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- technical analysis of the raw fuel, as well as the residue after
its combustion, was performed according to the requirements of the relevant
standards [14, 15].

To evaluate the results of the fuel combustion process modelling, we used an
advanced method [7], which was used to calculate the so-called combustion
completeness (burnout) for a particular fuel. The main advantage of the method is
the relative simplicity: only the data on the ash content in the raw fuel and in the
residue after its combustion are used in the calculations. Comparison of this method
with others (Table 1), which was given at the beginning, showed its acceptability in
relation to the purposes of the study and the absence of fundamental differences
with the approaches used in similar studies.

Several types of coal with different degrees of metamorphism, as well as peat
and lignin were used in pulverized fuel fabrication. The raw coal and other fuels after
drying were ground to a powdery state in a ball drum mill. The particles were ground
to the size that meets the requirements for the PC fractional composition for
injection into the blast furnace. The control of the fractional composition of
pulverized fuel after grinding was carried out on vibromechanical sieves Fritsh
Analysette. Technical analysis and fractional composition of fuels used in the
studies are shown in Table 2.

Table 2
Proximate analysis and fractional composition of coal, peat and lignin
Proximate analysis, % Distribution by size, % (by weight)

Type of fuel W |a¢ | ST | v | 250-100 um | 100-71 um | <70 um
COAL:

Anthracite 6.7 17.2 | 1.26 | 4.8 39.9 31.6 28.5
Lean coal 10.0 | 9.5 1.82 | 10.6 |29.8 40.8 29.4
Coal G 11.6 |[11.4 |1.66 |356 |13.7 45.7 40.6
Coal D 12.6 |26.3 |1.38 |40.0 |17.8 33.0 49.2
Coal B 58.0 | 179 |3.22 |68.7 |42.2 26.3 31.5
Peat 55.0 |30.6 |0.28 |62.8 |10.2 22.6 67.2
Lignin* 60.0 | 159 |0.69 |63.8 |27.6 24.9 47.5

* — product of processing (acid process) of agricultural waste and wood chips

The isothermal zone of the furnace combustion zone (Figure 1) was constructed
in such a way as to equal the residence time of the fuel to the residence time of PC
particles entering the hot blast flow of the blast furnace at a point away from the
tuyere cut by 0.3...0.6 m. This time was 0.01... 0.02 s, which corresponds to the
estimates given in [16, 17], as well as to more recent ones, according to which the
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residence time of coal particles in the PC plume before reaching the end of the
raceway is about 0.01... 0.05 s [18]. Ensuring a stable and time-constant ratio
between Cr and Oy (C;— carbon content in the fuel, O, - oxygen content in the
atmosphere into which the fuel is released) was an important condition for
modelling. Based on this ratio, the feeder productivity was calculated and the air
flow was controlled (with or without oxygen).

4.2. Results and their discussion

Studies of previous years, the results of which were highlighted at the
beginning of the article, showed the possibility to significantly intensify the PC
combustion by adding coal with a high yield of volatile matters, as well as other fuel
additives with low ignition temperature. But the next question remained unresolved,
namely whether the higher completeness of fuel mixtures combustion is a
consequence of mechanical mixing of individual results of combustion of two types
of fuel, one of which has significantly higher flammability (combustion
completeness in identical conditions).

To find the answer to this question, we composed and solved a system of six
equations at the first stage:

Afl(100- A% )

Te.

¢ =|1- x100; A%, = A%d + Add,;

AL (100- 47 )

resl

A%(100- A4
~1- § (100~ 470) «100; A4 = ad

d .
Ad (100 B Ag) TeS iy resldl + Areszdz’

res2
A (10041 )
ArdesmiX (100 - Arcrilix )

where ¢, ¢ and ¢mix are the combustion completeness (burnout) of the first and the

¢mix =

second fuel of the mixture, as well as the mixture itself, calculated according to the

method [6]; AY,AJ, A%, and A% are the ash content in the first and the second

T€Smix
fuel, in the initial mixture and in the residue from its combustion (% by dry mass)
respectively; d; and d, respectively are the share of basic fuel and fuel additive in the
mixture.
As a result, we obtained an equation describing the dependence of the
combustion completeness (burnout) of any two-component fuel mixture (@mix) on
the amount of fuel additive (d) contained in it:
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As can be seen from equation (1), the calculation of the fuel mixtures
combustion completeness (burnout) requires data on the burnout of each fuel (¢)
under conditions identical to the conditions of mixture combustion. For the fuels
shown in Table 2, such data were obtained experimentally (Table 3). Experiments on
the modelling of combustion in the initial stages (before the PC enters the raceway)
were performed in the furnace shown in Figure 1. Modelling of the final stages was
performed on the same equipment, but with some design differences which are
considered in [6]. All studies of the PC and fuel mixtures combustion were carried

out in normal ambient air without oxygen enrichment.

Table 3

Data on the combustion completeness of pure fuels (¢, %)
obtained experimentally in the furnace during PC combustion modelling (Figure 1)

Stages of PC | Coal o
. - Peat Lignin

combustion Anthracite | Lean CoalG | Coal D Coal B

Initial 12.2 17.4 41.4 44.1 51.4 59.6 56.5

Final 43.1 45.8 65.4 67.2 69.8 76.9 73.9

Using the obtained data (Table 3) with the equation (1) in the Excel spreadsheet
environment, we obtained the dependences ¢gmix = f(d) for two-component
mixtures of anthracite and lean coal with fuel additives. The proportion of
additives (d) was varied from 0 to 50%. The results of the calculations

are shown in Figure 2 and Figure 3.
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Figure 2 — Fuel mixture burnout (initial stages of combustion) depending
on fuel additive amount: a — mixtures with anthracite; b — mixtures with lean coal
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Figure 3 — Fuel mixture burnout (final stages of combustion) depending
on fuel additive amount: a — mixtures with anthracite; b — mixtures with lean coal

The results of the calculations shown in Figure 2 and Figure 3 were compared
with experimental data regarding the fuel mixtures combustion completeness
(burnout) in the initial and final stages of the combustion process. This comparison
revealed that in the initial stages of the PC combustion process the experimentally
determined combustion completeness of mixtures with the addition of fuels with a
high yield of volatile matters does not exceed the calculated one. This is due to the
short residence time of the fuel particles in the furnace’s isothermal zone (in
practice, in the hot blast flow in the area from the point of entry to the tuyere cut)
and the rapid release of volatile matters from the relevant fuel additive. The latter is
a significant barrier to the contact of oxygen molecules with the carbon skeleton of
fuel particles. In the final stages, in contrast to the initial stages, the completeness
of fuel mixtures combustion in the experiments was higher than the calculated one.
With an increase in the share of additives in the fuel mixture over 15-20%
(depending on the type of additive), the difference between the theoretical and the
experimental combustion completeness increased markedly. It should be noted that
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due to the small amount of experimental data, the obtained results need further
clarification and are the subject of further research.

5. Conclusions and prospects for further studies

The analysis of recent publications has shown that the use of coal mixtures in
energy and metallurgy, as well as fuel additives to PC such as biomass, wastes such
as rubber or plastics, is very promising. We have considered the structure of
experimental installation and the method for modelling the process of combustion
of fuel mixtures during their injection into the blast furnace. We have offered the
formula for the calculation of combustion completeness of PC mixtures with fuel
additives. The obtained results allow us to summarize the following:

- in the initial stages of the PC combustion process, occurring in the inner
space of the tuyere and partially in the raceway, the experimentally determined
combustion completeness of mixtures with the addition of fuels with a high yield of
volatile matters does not exceed the calculated one;

- in the final stages, the fuel mixtures combustion completeness in the
experiments was higher. With an increase in the share of additives in the fuel
mixture over 15-20% (depending on the type of additive), the difference between the
theoretical and the experimental combustion completeness increased markedly;

- the proposed formula can be used to estimate the combustion completeness
of coal mixtures of different quality, as well as PC with the addition of peat and other
fuels containing carbon. The possibility to use the proposed formula in studies of PC
combustion with the addition of wastes such as rubber or plastics needs to be
clarified.
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VK 669.162.22+267.4
10.0. Crynak, T.C. XoxioBa

IMTPO AEAKI ACITEKTU OOCJ/III>XEHHSA I'OPIHHS ITMJIOBYTTJIbHOT O ITAJIMBA
TA IMTAJIMBHUX CYMIIIEN V BEPTUKAJIbHIN TPYBYACTIN MEYI

V cTaTTi pO3IJISHYTI OKpeMi acIieKT MOJIeTI0BaHHS TOPiHHS MMIOTIONiOHOTO MainBa B
71ab0opaTOPHMX YMOBAx Ha YCTAaHOBKAx TUITY «BepPTMKaJbHA TpybuacTa Iiu» (B HAyKOBilt
nepioauiii - drop tube furnace). Po3rasiHyTO cxemy yCTaHOBKM IJISI JOCJTiISKEHHST TIPOIIeCy
ropiHHs numioByribHoro mnamusa (IIBII) B ymoBax, 1o IOAiGHI M0 YMOB HarpiBy Ta
3aiiMaHHSI YaCTOK BYTI/UISI B IMOTOIli IYTTS JOMEHHOI Ieui Ta iX mopasbliuoi rasmdikaiiii y
dbypmenomy ocepenky. ChopmyaboBaHi OCHOBHI BMMOTHU OO 3a6e3medeHHsT HaIilfHOCTI
pe3yabTaTiB  MopemoBaHHS. [ocCmigkeHi CMoco6u OIiHKM TIOBHOTM 3TOpPaHHS, IO
3aCTOCOBYIOThCSI B TMOHIOHMX J[OCTiIKEHHSX. 3aIllpOIIOHOBAHMIA 3pyUHMil  CIIOCiO
PO3PaxyHKOBOI OI[iHKM ITOBHOTY 3rOpPaHHS JBOKOMIIOHEHTHUX MaJMBHUX CyMilllei. 3a 1um
CIIoco60M pO3paxyHOK MOXKe 3[IiiICHIOBATUCS [IJIsT OYAb-SIKMX CITiBBiTHONIEHh KOMIIOHEHTIB Y
JBOKOMITIOHEHTHil CyMillli majuMB 3 BUKOPUCTAHHSIM JIaHUX I1I0JI0 BUXiIHOTO BMICTY 30/ B
KOXXHOMY Ta BIAIOBiZHOI IOBHOTM 3TopaHHsA. OTpuMaHi poO3paxyHKOBi [aHi IIoAo0
3aJIe5KHOCTI TMOBHOTM 3ropaHHs IIBII 3 aHTpaumuTy Ta ITiICHOTO BYTi/UISL 3 MaJMBHUMMU
nmo6aBkamy. I[lokazaHo, IO 3aIPOIIOHOBAHMI IiAXiJ MOKe 3aCTOCOBYBATUCS IJISI OI[iHKMU
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eKCIIepMMEeHTA/IbHMX [aHUMX 3 BUBUEHHS TIOBHOTM 3TOpAaHHSI TMaJUMBHUX CyMilllefi.
BcTaHoBieHo, 10 AJi MOYaTKOBUX cTafilt ropinHg I[IBII (HarpiB, BuAileHHS Ta 3aliMaHHS
JIETKUX PEUOBMH), SIKi BiOYBAIOTHCS M€ [0 MOTPAIUISTHHS YacCTOK IMajuBa 10 (ypMeHOro
ocepenKy [IOMEHHOI TIiedyi, 3HAueHHS IIOBHOTM 3TOpaHHS MaJUMBHUX CyMilleii, 110
dikcyBanmcss B eKCepMMeEHTaX, CYTTEBO He BiApi3HSIOTbCS Bil pO3paxyHKOBUX. [IJist
3aKMIOYHMX crafiii ropiHHsa IIBII (HarpiB Ta BUropaHHSI BYIJIEI€BOTO 3aJMINKY), IO
BiIOYBaIOTHCS MEPEBAKHO Y GypMeHOMY OcepeIKy Ta 3a /ioro MeskaMmu, ITOBHOTA 3TOpaHHS,
BM3HAUeHa B JJaOOPATOPHMUX JOCTiIKEHHSX, BUSBWIACS TOMITHO BUILOIO 33 PO3PaXyHKOBY.
OTpuMaHi pe3yiabTaTu MiATBEpAMINM e(EeKTUBHICTh BUKOPUCTAHHSI YCTAHOBKU TUITY
«BepTUKaJbHA TpybUacTa Imiu» AJIsT MOAETIOBaHHS Ipoliecy ropinHs IIBII mpu BBemeHHi
MajyinBa 3 MOTOKOM HarpitToro AyTTS Yy @ypMeHi ocepeiKy TOMEHHOI Ieui Ta JOCTiIKeHHS
BIUIMBY Ha IIpOlleC TOpiHHS pi3HMX (pakTOpiB. Pe3ynbTaTi MOAiOHUX MOCTIIKEHb MOXYTh
BUKOPUCTOBYBATUCS IJIs1 BAOCKOHAJIEHHSI KOHCTPYKIIiii By3JiB BBefdeHHs [IBII B JoMeHHY
M4 i BUBUEHHS MOXIMBOCTEI IIOA0 MiABUIIEHHS MOBHOTM 3TOpaHHS 4YaCTOK BYTULISA Ta
nuTomMoi BuTpaTu I1BII.

KniouoBi cimoBa: gomeHHa miv, dypma, ypMeHe BOTHMILE, MUIOBYTiJIbHE MaIMBO
(TIBIT), BepTMKaabHA TpybUacTa IIiu, CyMmilri ImaamMBa, JOO6ABKM, JETIOUi peUuOBMHM,IIOBHOTA
3TOpaHHSI, BUTOPAHHSI.
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ENERGY EFFICIENT WATER-COOLED ELEMENTS FOR
FOUNDRY CLASS ELECTRIC ARC STEELMAKING FURNACES

Low energy efficiency of foundry class electric arc steelmaking furnaces (EAF) mainly
is caused by heat loss by massive lining during forced downtime. A low-power
transformer doesn’t allow, in the conditions of classical technology, practice
of traditional water-cooled elements in order to replace partially the lining,
what determines increased refractory consumption. The aim is energy and refractory
savings. On the basis of numerical modeling of heat exchange by radiation in the EAF
working space, taking into account capacity, bath shape factor, duration of technological
period of heat, a multiple regression equation for power of heat loss with cooling water
was obtained. Three-row water-cooled wall panels with a spatial structure are
elaborated, which provide a decrease in heat loss by 14 %, in comparison with two-row
ones. Estimates of optimal relative cooled surface of the EAF working space, providing
refractory savings up to 25-30%, are substantiated.

Keywords: foundry class electric arc furnace, water-cooled elements, energy efficiency.

Introduction

Possibility of a wide choice of original charge and variation of oxidation
potential in melting process makes the electric arc furnace (EAF) a general-purpose
unit in foundry shops of engineering industry

Energy-intensive classical technology with at usually low specific power
of the transformer, irregular operation with forced downtime predetermine a much
lower, in comparison with “large” metallurgy, energy efficiency of foundry class
furnaces [1, 2]. Flat and shallow steelmaking bath of the EAF enhances the problem
due to increased heat loss by radiation in the conditions of long refining period.

Application of traditional for EAF of "large" metallurgy water-cooled
elements (WCE) with one row tubes dense structure [3] substantially limited
by reason of technological risks, causes high energy losses, which heightens
refractory materials consumption. A promising solution seems to be WCE with a
spatial tubes structure (one row untight, two-row), which is characterized by reduced
on 25-35 % heat losses due to heat insulation and heat accumulation properties of
deposit slag filling [4].
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Known mathematical models of heat and mass transfer in the EAF workspace
[5, 6] don’t pay sufficient attention to the thermal state and energy loss in WCE in
relation to foundry class furnaces.

The development of WCE with reduced heat loss and grounding on the base of
mathematical model an optimal relative cooled surface of workspace, taking into
account the peculiarities in foundry class EAF, are urgent.

Purpose

Work aims to improve energy efficiency and refractory savings in the EAF due
to WCE design improvement.

Method

Mathematical modeling and numerical study of thermal state of WCE in
foundry class EAF workspace.

Main research material

A mathematical model of heat exchange by radiation, adapted to the EAF
conditions [7], was used. It deals with primary sources of radiation: surfaces of bath,
arcs and electrodes. Insignificant contribution of secondary radiation, caused by dust
and gas environment, was not taken into account in given comparative analysis.

Scheme of radiant heat transfer heat in AC EAF is shown in Figurel.

Y

Figure 1 — Scheme of heat exchange by radiation in the EAF workspace. 1 — bath, 2 — casing,
3 — electrode, 4,5 — conditional surfaces of electrodes and arcs, respectively, 6 — WCE
X,V, Z, ¢, p — coordinates; y, 0 — direction angles, r — radius-vector
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Radiation heat exchange workspace formed by bath with diameter D,, casing
with diameter D, and height H,, electrodes with diameter d,, height H, and pitch
diameter d,, arcs with length h, . The elementary area dF,, around point A, located

on the tubular WCE, receives radiation from each elementary area dF, ; of bath,

electrodes and arcs around the points B, C and D, accordingly. Emitting surface of
arcs and electrodes is the lateral surface of cylinders with diameter dp. Arc length is

approximated by dependence from EAF capacity M, t: h, =0.15+0.003M, m.

Temperature of the bath surface, arc and WCE is taken 1820, 3550 and 1100 K,
respectively. Temperature of electrode radiating surface

T, =3050+19200¢ * - 48000¢ * +40400¢ %-13800; , K is a function of relative
height of given point of conditional cylinder surface above the bath ¢, obtained
basing on data [6].

The power of heat loss with cooling water by working WCE surface F, . (m?
with temperature T (K) from radiating surface F,,; (m?) with temperature T, ,; (K),
taking into account mutual irradiation factor, is, kW:

4 4 cos0 cosy
Pyee =06(Tqq=T") j J.j (r—zj AF;qqAF e (D
che Frad

where o - Stefan-Boltzmann constant, kW/(m?K*); ¢ - reduced emissivity of heat
exchange surfaces; 6,y ,r — direction angles and radius vector, respectively; k., —

averaging coefficient of heat flux on WCE surface.

Evaluations of energy loss (1) seems convenient by approximation with
multiple regression equation versus capacity of the furnace, steelmaking bath shape
factor m (diameter to depth ratio) and relative area of water-cooled wall surface S, .

In the context of 3-12-ton foundry class EAF this is, kW:
Pe =Ko (50.78M+46.63m+833.75ﬂw —282.31) (2)

The expression (2) was obtained under the condition that relative area of
cooled roof surface, realized in central part, critical in terms of refractory resistance,
is, from the design positions, 0.25-0.32. Averaging coefficient of the heat flux k.,

depends on WCE design.

Taking into account the world [8] and domestic [4] experience in the area of
energy-saving WCE, a three-row panel (Fig. 2) with a spatial structure has been
developed for foundry class EAF.

Introduction of additional row of pipes contributes to increase thermal
resistance to the passage of heat flux to water due to a stable slag deposition within
spatial structure.

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



“Cyuacui npo6aemu meranyprii”, N2 24 - 2021

Stationary heat exchange between EAF working space and tubular WCE, filled
with thermal equilibrium layer of slag, is described by the equation:
(T,-Ty)
(b/%+bg kg +1/a,)

qQ-(1-& 4o )o T, - 0 (T5-Ty)=0, 3)

where g — heat flux; ¢

wee — €mMissivity factor; «,, ¢ — heat transfer coefficient from

pipe wall to water and into environment, respectively; b,ﬂ,,bg,ig— thickness and
thermal conductivity of slag and pipes, respectively; T;,T,,Ts,T, — temperature of

working surface, water, outer surface and environment, respectively.

Figure 2 — WCE of traditional design with dense tubes structure (a); two-row (b) and
three-row (c) panels section with spatial structure. Arrow shows actual heat flux direction.
Designations are in the text

Two-dimensional problem of WCE thermal state in the EAF workspace was
simulated in application package ELCUT 6.2 by the finite element method. Energy
loss through outer WCE surface was neglected. Initial and boundary conditions of
numerical modeling are given in Table 1.

Table 1
Initial and boundary conditions of numerical modeling
Name of block (B) and | Heat conductivity () for block. . .
. . . . Dimensions,
edge (E), its number in | Temperature (T) heat transfer coefficient
. o mm
Figure 3 (o, o), emissivity (¢) for edge
Slag (B1) A =2.5 W/(mK) [9]
Pipe (B2) A =42 W/(mK), steel-20 d =60,
Working surface (E1) | 6=5.6710% W/(m*K*); T= 1900 K; £ = 0.7. b=10

Cooling surface (E2) a = 3000 W/(m?*K); T=320 K.

Thermal fields in the WCE under action of heat flux q for reviewed panels
options are shown in Fig. 3.
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Figure 3 — Temperature fields in traditional (a), two-row (b) and
proposed three-row (c) WCE. Lines are isotherms; arrows show heat flux value and direction.
Designations are in Table

Integral heat loss with cooling water, evaluated by means of package on edges
E2, presented in Fig. 4.

According to calculations, the transition from traditional panel to WCE with
spatial two-row structure reduces heat loss with cooling water by 30 %, and three-
row design gives additional 14% energy savings in comparison with two-row panel.

Q."DSS

NANNN

3 b C

Figure 4 - Relative heat loss with cooling water Q,, for reviewed WCE options a, b, ¢
according to Figure 2, 3

Analysis of heat flux, passing along direction x of working surface modulus
(edge E1 in Fig. 3) through spatial WCE structure to cooling water, is shown in Figure
5. Pursuant to numerical modeling, spatial structure promotes increasing of panel
thermal resistivity and, respectively, reduction of heat loss with cooling water.
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Figure5 — Relative heat flux g distribution along WCE modulus relative coordinate x
for panels design options a, b, ¢ according to Figure 2, 3

On the base of these data, the values of averaging coefficient of heat flux on
WCE surface for panel options were obtained, in a first approximation, as half-sum
of the boundary relative heat fluxes in considered modulus. For traditional, two- and
three-row panels k., is 0.82, 0.67 and 0.61, respectively.

The energy balance of refining period in 3-12-t EAF is made for next
conditions: melting of structural steel; forced bath inert gas stirring; reduction of
bath shape factor from traditional 4.5 to 2.5; combined roof with central water-
cooled part with relative area 0.25-0.32. For proposed three-row WCE an average
relative cooled surface of walls in 3-12-t EAF can reach 0.5-0.6. Given value of S,

ensures reduction in refractory consumption up to 25-30 %.
Conclusions

Three-row water-cooled wall panels with a spatial structure are elaborated,
which provide a decrease in heat loss by 14 %, in comparison with two-row ones, and
by 40% in comparison with traditional one-row dense structure WCE.

Estimates of optimal relative cooled surface of the EAF working space,
providing refractory savings up to 25-30%, are substantiated.
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UDC: 621.365.22
S. Timoshenko, E. Nemtsev, M. Gubinski

ENERGY EFFICIENT WATER-COOLED ELEMENTS FOR FOUNDRY CLASS
ELECTRIC ARC STEELMAKING FURNACES.

Analysis of recent research and publications. Low energy efficiency of foundry class
electric arc steelmaking furnaces (EAF) mainly is caused by heat loss in massive refractory
lining during forced downtime. A low-power transformer doesn’t allow, in the conditions of
classical technology, practice of traditional water-cooled elements in order to replace
partially the lining, what determines increased refractory consumption. Known
mathematical models of heat and mass transfer in the EAF working space don’t pay
sufficient attention to the features of thermal state and energy loss in water-cooled
elements in relation to foundry class furnaces.

Purpose. Work aims to improve energy efficiency and refractory savings in foundry
class EAF due to water-cooled elements design improvement.

Method. Work is based on numerical modeling of heat exchange by radiation in the
working space of the EAF and thermal state of water-cooled elements with spatial structure.

Research findings. On the base of radiation heat exchange study, a multiple
regression equation for power of heat loss with cooling water was obtained, taking into
account capacity of the furnace, steelmaking bath shape factor (diameter to depth ratio),
duration of technological period of the heat and averaging coefficient of heat flux through
working surface of water-cooled element. For traditional one-row, two- and elaborated
three-row panels averaging coefficient is 0.82, 0.67 and 0.61, respectively.

Practical significance. Three-row water-cooled wall panels with a spatial structure
are elaborated, which provide a decrease in heat loss with cooling water by 14 %, in
comparison with two-row ones and by 40% in comparison with traditional one-row panels
with dense structure. Estimates of optimal relative cooled surface for 3-12-ton EAF working
space, providing refractory savings up to 25-30% due to three-row water-cooled panels
installation, are substantiated.

Keywords: foundry class electric arc furnace, water-cooled elements, energy
efficiency.

VIK 621.365.22
C.M. Timomenko, E.M. Hemues, M.B. I'yGuHCbKMiA

EHEPTOE®EKTUBHI BOJOOXOJ/IOJAKYBAHI EJIEMEHTU OYTIOBUX
CTAJIEIUVIABWIbHUX IMEYEN JIUBAPHOT'O KJIACY

Anamiz ocraHHiX pgocimigkeHb Ta Iy6mikamiii. Hwusbka eHeproedeKTUMBHICTb
CTaJIeIJIaBUIbHUX €JIEKTPOIYyTOBUX Ieveii Kiacy auBapHoro kiacy (ICIT) roJoBHUM YMHOM
06yMOBJIeHA BTpaTaMy TeIla Y MaCMBHUX BOTHETPUBKMUX (PyTepOBKaXx ITiJy YaC BUMYIIEHOTO
npocto. TpaHcdopmaTop Manaoi MOTYKHOCTI He TO3BOJISIE B YMOBAX KJIaCUMYHOI TEXHOJIOTi1

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



“Cyuacui npo6aemu meranyprii”, N2 24 - 2021

3aCTOCOBYBATY TPAAMIIiIHI €JIeMEHTH 3 BOASTHUMM OXOJIOMKEHHSIM, 1106 YaCTKOBO 3aMiHUTU
(dyTepoBKy, 10 0OYMOBJIIOE 30i/JbIIEHHS BUTpPAT BOTHETPMBKMX MartepianiB. Bimomi
MaTeMaTUYHi MOJei TeIio- Ta MacorepeHocy B po6ouomy mpocropi JCIT He mpuainsoTsh
IOCTaTHBOI YBaru 0COGIMBOCTSIM TEIVIOBOTO CTaHy i BTpaTaM eHeprii y BOJI00X0JIOIKYBaHUX
ejleMeHTax, KOy MOBa iijie Ipo meyvi JMBApHOTO Kjacy.

Meta. Pob6ora cripsmMoBaHa Ha MigBUIIEHHS eHeproedeKkTUBHOCTI Ta €KOHOMii
BorHeTpuBiB y JICII sauMBapHOro Kkjacy 3a paxXyHOK TIOKpallleHHSI KOHCTPYKIIil
BOJI00X0JIOJKYBaHUX €JIeMEHTiB.

Merton. Po6ora 3acHOBaHa Ha  UYKMCEIbHOMY MOJEIOBAaHHI  TeIJIOOOMiHY
BUITPOMiHIOBaHHSAM y pob6ouomy mpoctopi JCIT i TeryioBoro craHy BOJOOXOJOIKYBaHMUX
eJleMeHTiB ITPOCTOPOBOI CTPYKTYPH.

PesynbTaTi gocmimkeHb. Ha OCHOBi JocCmimkeHb pafialiiiHOro TeImjaooOMiHy OY/I0
OTPMMAHO PpIiBHSHHSI MHOXMHHOI perpecii Ojsi TMOTYXHOCTi TeIJIOBMX BTpaT 3
OXOJIOMKYBAHOIO BOJMIOI0, 1[0 BpaxXxOBY€ IIOTYKHICTb Iedi, KoedillieHT dopmu
CTaJeIUIaBMIbHOI BAHHM (BiTHOIIEHHS JiaMeTpa OO IIMOVHM), TPUBAIICTh TEXHOJIOTTYHOTO
repiofly HarpiBy ¥ ycepenHIowuMii KoedillieHT TeIIOBOTO MOTOKY Yepe3 pobouy MOBepXHIO
BOJIOOXOJIOJ;)KYBAHOTO ejieMeHTa. [ TpagulliiHuX OOHOPSIAHUX, ABOPSAHUX i CKIaAHUX
TPUPSIIHUX NaHenel KoedilieHT ycepegHeHHst craHoBuTb 0,82, 0,67 i 0,61 BimmoBigHO.

[lpakTuuHe 3Ha4YeHHS. PO3p06J/ieHO TPUPSOHI BOMOOXOJIOMKYBaHI CTiHOBi IMaHesi 3
MIPOCTOPOBOI0 CTPYKTYPOIO, IO 3abe3redye 3HVKEHHS TEIJIOBMX BTPAT 3 OXOJIOIKYBAHOIO
BOJIOI0 Ha 14% y moOpiBHSHHI 3 ABOpsimHMMM i Ha 40% y MOPiBHSHHI 3 TpaauLiliHUMMU
OOHOPSIAHVMMM TIaHEASIMM 3 IIiIJIbHOKO CTPYKTYpol. OTpMMaHO OLiHKY OITMMaabHOI
BiTHOCHOI OXOJIOMKYBaHOI IMOBepxHi po6ouoro mpoctropy OCIT 3-12 1, mo 3abesmneuye
€KOHOMil0  BOTHeTpuBYy [n0 25-30% 3a paxyHOK BCTAHOBJIEHHSI  TPUPSIHUX
BOJOOXOJIOI)KYBaHUX MTaHeein.

KniouoBi cjioBa: eieKTpoAyroBa iy JIMBApPHOIO KJacy, BOJOOXO0/IOIKYBaHi eJleMeHTH,
eHeproe(eKkTUBHICTb.
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IMMPOTHO3VYBAHHS BJIACTUBOCTEN ®I3UKO-XIMIYHUX
CHUCTEM TA IX PO3IIJIABIB

14

B pamkax 6aHky daHux «Memanypeisi» cmeopeHi i nocmitiHo po3susaromecsi 6a3u 0aHux
«3anizopyoni mamepianu», <«llnak» i «®epocnaasu». baza davux «3anizopyoHi
Mamepianu» micmumo 8idomocmi npo enacmusocmi 6invuie 1200 cknadis pizHux eudie
3ani30pyoHOi  CUPOBUHU, W0  BKJOUANMb  XAPAKMEPUCMUKU  MiUHOCmi i
gucokomemnepamypHi enacmugocmi. Onucaia cmpykmypa 6asu eKxcnepumeHmansHux
(Qi3uKo-XiMIUHUX OAHUX NPO 8]1ACMUB0CMI WAAKOBUX i OKCUOHUX po3nnagis «Ilnak».
Po3pobneHo npozpamui 3acobu 015 4ucnosoi ideHmudikauii i 2eHepauii nompitiHux
diaepam 0ns pi3Hux okcudHux cucmem. ba3za danux «®Depocnnasu», BKIUAE
iHpopmauiro npo eupoOHUYME0, XiMiuHuli ckaad i eumozu, wo npeod's8asmscs 00
(epocnnasis pizHux 2pyn. [laHi 6a3 daHux sUKOPUCMOBYOMbC hpu po3podyi modenel
0J11 NPO2HO3YBAHHS (Pi3UKO-XIMIUHUX 871CMUBOCMELl OKCUOHUX | Memanesux cucmem, a
Makox 8 sIKocmi 8uUXioHUX napamempis npu mamemamuuHomy, Gpizuko-ximiuHoMy ma
QisuuHomMy memoodax MOOeN8aHHS Npoyecie, wWo npomikarome npu 63aemoolii 8
cucmemi «mMeman-waaK».

Knwuosi cnosa: 6asu dauux, 3anizopyoHi mamepianu, wiiak, diazpamu, gepocniasu,
enacmueocmi.

B IncTtuTyTi yopHOi MeTanyprii (IYM) B paMKax CTBOPEHOI0 B KiHI[i MMHYJIOTO
CTOMITTA ranyseBoro baHky nmaHux «Meranypris» (bIMet) [1] cucTeMHO BenyThCs
po6oTu 3i cTBopeHHs 6a3 gauux (BI), ki HaIAIOTh KOPUCTYBAYeBi MIMPOKMIL CEPBIc,
[0 [IO3BOJISIE He TiJbKM pallioHaJIbHO 30epiraTu HeOoOXimHi HaHi, a ¥ 3py4HO
onepyBaTy HumMu. CtBopeHi B IYM 6a3u maHMX, a TAKOK MOAET [/ TPOTrHO3YBaHHS
Gi3suKO-XiMiUHMX BJIACTUMBOCTEN BUBUEHMX OKCUIHMUX CUCTEM JOBeleHi Mo
KOMII'IOTepHOI peastisaliii, 1110 poOUTH iX JOCTYIIHMMM IIPU BUPIIIEHHI KOHKPETHUX
MMPaKTUUYHMUX 3aBAaHb (OL[IHKM $SIKOCTi 3ali30pygHMX MaTepiasiB, OINTMMIi3allil
IIJIAKOBOTO  PEeXMMY OOMEHHOro 1 CTaJelUIaBW/IbHOTO IIPOLECiB, OLIiHKU
TeXHOJIOTIYHMX BJIACTMBOCTEN IIJaKiB i TipChbKMX MOPiA MpU iX BUKOPUCTAHHI B
OymiBesIbHIN Ta iHIIMX Taay3sIX MIPOMMCIOBOCTI Ta iH.).

s BemeHHs1 6a3 maHUX po3pobseHa Ha MOBi rporpamyBaHHs C# i mocTiitHO
po3BuUBaeTbcsd  iHGopMaliiHo-mionrykoBa cuctema (I[IC), 1m0 3abe3meuye
aBTOMAaTM3allil0 MiATOTOBKY, BBeEHHS i KOPUTYBAaHHS OaHUX, MOIIYK i JIOTiKO-
CMHTAKCMYHUI KOHTPOJIb BXigHOi iHdopmalii. [ MBUIKOTO MOCTYITy A0 OyAb-
SIKOTO JOKYMEHTY 0a3M aBTOMATMUYHO OYIyeTbCS iHOEKCHMII daiia, sSIKuit MiCTUTb
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iHdopMallito MMpo po3TallyBaHHS BiAIIOBiZHMX XapaKTepPUCTUK B IOKyMeHTaX. B
cucTeMi nepenbavyeHa aBTOIHIEKCAIisI IO TEKCTOBUX IOJSIX JOKYMEHTY abo Oynb-
gKoi iX CKJIagoBOi 4YacTMHM BigmoBigHO nmo «Mmackm». [liajmorosi 3acobm
KOMIIJIEKCHOTO Tepernsaay iHdopmariii B 6a3i 3abe3mneuyroTh ii meperisy 3rigHo 3i
CTPYKTYpOIO SIK B 00cs3i Bcix mojiB 6asu, Tak i Oyab-sIKOTO 71OTO CEerMEHTYy IO
JIAHIIOTY «CXeMa — 3alIuT — JOKyMeHT». ChelliaabHi mporpamMHi 3acobu
3a6e3MeuyIoTh CKaHYIOUMit MONIyK iHGopMallii 3 6y/1b-sIKOI0 BKa3aHOK 03HAKOI0 abo
ix KombiHaIlii i BUBaHTaXkXyBaTu 3HalimeHy iHdopMaiiito B ¢aiim Excel.

®I3HKO - XIMIYHE MO/JEJIFOBAHHHA
METAJYPITHHHX PO3ILIABIB TA IMPOILECIB

' CHCTEMH
YIIPABIIHHA

k. ﬂﬂenpmm

PucyHok 1 — BxigHe BikHO y cucTemy B/IMeT

ba3u paHux, $Ki MICTATb pe3yJbTaT eKCIIepUMMEHTAIbHUX [OC/iI)KeHb
BJIACTMBOCTEI MeTaJlypriiHux po3IiaBiB, B TOMY UMCJIi IUIAKIB i iHIIMX OKCUIHUX
cucTeM, CIykaTb iHGOpPMAIiffHOI OCHOBOIO [IJiS TEOPETUUHOI Ta MPUKIAFLHOI
MeTaJTypTii Mpy po3poObILii NUISXiB BIOCKOHAJIEHHS iCHYIOUMX i MPUHIMIIOBO HOBUX
TEXHOJIOTii1 OTPpMMaHHS MeTaJIONPOIYKIlii HeOOXiTHOI SIKOCTi MPY 3HVKEHHI BUTpAT
Ha 1ii BUPOOHMIITBO i TIOJIIIIEHHS €KOJIOTiYHMX IIOKa3HMKiB. Haiibinbimit
inbopMmauiituuii morexniaa bIMetr marmTh 6a3u JaHUX «3ali30pyaHi MaTepianam»,
«[Inak» i crtBopeHa «®epocmiaBu» (pUCyHOK 1). JIo TerepiliHbLOrO Yacy BOHU
Hai6i/bI 3aTpebyBaHi i aKTMBHO IMOMOBHIOIOTHCS [2-4].

baza maHux «3ani3opyaHi MaTepiaan» CTBOpeHa Ha OCHOBiI HakonuueHux B [YM
BJIACHMX eKCIepUMEHTA/JIbHUX NAaHMX i JiTepaTypHUX ITyOJiKalliii iHIIMX aBTOPIB
(rmubuHa momryky - 70 pokiB), a TaKOX JaHi AOBimHMKiIB, MOHOTpadiit. 3rimHO 3
pPO3p06JIeHUM CTaHIAPTOM MiATOTOBIEHO TOHAa[I 120 MacIiopTiB
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ekcriepuMeHTanbHUX nanux ([IEM) [1] mpo BaactusocTi 6isbiie 1200 ckaafiB pisHUX
BU[IB 3a/li30pyAHOI CUMPOBMHM, IO BKJIKYAKTb XapaKTepPUCTUKM MIIHOCTI i
BUCOKOTEMIIePaTypPHi BJIACTUBOCTI (TeMIlepaTypy MOYaTKy i KiHIS PO3M'SIKILIEHHS 1
TUIaBJIEHHS Py/[I, KOHIIEHTPATIB i aryiomepary).

Hesiki MmaTepianu Mpo IUIABKiCTh, MillHICTb, BiAHOBJIIOBAHICTb IIpEeACTaBJIEH] Y
BUIVISII CYIyTHIX €eKCIIeEpUMMEHTAJbHMM [aHMM aBTOPU30BAaHUX MOJeJeNn, M0
OIMCYIOTh 3aJIeKHOCTI LUMX BAACTUBOCTEN BiJi KOMIIOHEHTHOTO XiMiYHOTO CK/Iafy.
Henmonik Takux piBHSIHb TOJISITA€ B TOMY, 1[0 BOHM 3a6e3MeuyloTh JOCTOBipHICTb i
TOUYHICTb PO3paxyHKiB TiJIbKM B YMOBaX KOHKPETHOi BMOIpKM CKIafIiB,
BUKOPUCTAHUX [JIsI IX BUCHOBKIB, He BpPaXOBYIOTb CTPYKTYpPY 3alIi30pyIHUX
pO3IUIaBiB, i BaXKKO BMKOHATM aHaji3 iX (Gi3sMUYHOTO 3MicTy. 3HAYHOIO Mipoio
IUCKYCi/iHMI XapakTep BMCHOBKIB aHaIi3y eKCIepuMeHTIbHUX JAaHUX B TOAiOHMX
BUIIQJKaX  OOYMOBJIEHMII  HEJOCKOHAJCTI0O  3aCTOCOBYBAHOI  METOMAOJIOTii
IOCITiIKeHHSI B3a€MO3B 13Ky CK/IaZly 0araTOKOMIIOHEHTHUX CUCTEM 3 KOMIUIEKCOM iX
BJIaCTUBOCTEIA.

CrBopeHa 6a3a JaHUX CTaia OCHOBOIO IS MOJAJIbIIOI pO3POOKYM Moeei st
BUPpIllleHHSI 3aJauy IIPOTHO3YBAaHHS BJIACTMBOCTEN 3a/li30pygHMX MaTepiaaiB Ha
OCHOBi iX XiMiUHOrO CKjaamy 3 BMKOPUCTAHHSIM (i3UKO-XiMiUHMX IlapamMeTpiB
MDKaTOMHOI B3aeMozil [1]. BinnoBigHO 1O MeTOAVMKY IIPOrHO3YBaHHS BIaCTUBOCTE
3a/Ti30pyaHUX MartepianiB panimie [5] B [YM O6ynu cTBOpeHi Momesti Ajisl po3paxyHKy
MeTaJIyPriiHUX BJIACTUBOCTE arjioMepaTiB i OKOTUIIIIB B 3aJIEKHOCTI Bif, BMICTy B
Hux Fe;0s; FeO i mapameTpiB p - KiJbKiCHMII MOKa3HMK KaTiOHIiB 0 aHIiOHIB i
Ae - 3apsfoBMI CTaH CUCTEMM, LIO XapPaKTEPU3YIOThb CTPYKTYPY 1 BIACTUBOCTI
IIVIAKOBOi 3B'SI3KM CUCTEMM Y BUIJISIAI piBHSIHb: Brnactusicts = f (p, Ae, FeO, Fe;05).
[Tpu upomy 6GyaM BUKOPUCTaHi J1abOpaTOpPHi pe3yabTaTV BMKOHAHI Ha YCTAaHOBKAX
[YM HacTymHMUX MeTaaypriiHMUX BIACTUBOCTEN arjioMepaTiB i OKOTUIIIB BCix (habpuK
kpain CH/: MilHiCcTh 110 BMX0AY KOHAMIIiiHOI dpaxiiii +5 MM (X +5,%); CTUpAEMICTh
o Buxopy knacy 0,5-0 mm (X.05,%); cTymiHb BimHOBIeHHS (Res,%) i MeTamizarii
(0cs,2%) pu 800°C (mo TOCT 19575-84) i ipu 1050°C, mpociganust mapy (AH,%),
rnepernag, TUCKY TrasoBoro mnoToky (AP, Ila) mnpu BigHOBJIEHHI MIapy IIif
HaBaHTaxkeHHsIM (110 'OCT 21707-76).

B pesynprari akTyasisaimii 6a3u maHux «3aji3opymHi MaTepiajy» HOBUMM
Omy6IiKOBAaHMMM eKCIIepUMEHTATbHUMM JTaHMMM 3 PpO3IIMPEeHHSM [ialla30HiB
3MiHM XiMIUHOrO CKJaAy 1 BJaCTUMBOCTeM OTpPMMAaHi 3aJeXXHOCTI MIlHOCTI,
BiHOBJIIOBAHOCTI, TMpPOCiAaHHSA IIapy 1 mnepenagy TUCKY Ta30BOTO IIOTOKY
arjomepariB i OKOTUIIIB BiJ, BMicTy B HuX Fe,0s, FeO i iHTerpanbHuX mapameTpis p i
Ae, SKi B OKpeMMX BUIIaAKaX HOCIThb HeJiHiMiHMI XapakTtep (puc. 2). B pe3ynbTari
OTPMMAHO PiBHSIHHS [JIs1 PO3PaxXyHKY BJIAaCTUMBOCTEN arjiomepariB i OKaTUILIB, IO
BUKOPMCTOBYIOTbCSI B JOMEHHOMY BUPOOHMIITBI Ha miampueMcTBax YKpainm [1].
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baza ekcmepuMeHTa/JIbHUX (i3UMKO-XiMIUHMX [aHMX TIPO  BJIACTMBOCTI
IUTakoBUX posiiaBiB «Ilmak» mpotsarom 6isnbire 20 pokiB 3HAXOOUTHCS B CTamii
MOCTIMHOI eKCIUTyaTaliii i aKTMBHOIO IIOTIOBHEHHSI HOBMMU JIITEpATyYPHUMMM Ta
BJIACHMMM €KCIIEPUMEHTATbHUMU JAHUMMA.
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PucyHOK 2 — 3aJIexkHiCTb BJIaCTMBOCTEI arioMepaTiB i OKOTUIIIIB Bi BMicTy B HUX Fe203,
FeO i inHTerpasbHOro rapameTpy p

B minomy 6a3a maHux «Illnak» mMicTuTh iHpopMallito Ipo BJIACTMBOCTI IIaKiB
pi3HOTO MpU3HAUYEHHS: JOMEHHUX, MapTeHiBCbKMX, KOHBEPTOPHMX, padiHyBaTIbHUX
IJIST TI03amiyHoi 06po6KM 4YaByHY i cTasi, ¢epocruiaBHOrO BUPOOHUIITBA, MJISI
pO3MMBaHHS CTaMi Ta iH. basa maHmx 1mo30aBisie OOCTAITHMKA Bifg HeoOXimHOCTI
MMPOBOAUTU TPUBATI, TPYAOMICTKI i JOpOTi eKCHepuMMeHTU, MPUCKOPIE MOUTYK
HeoOximHOi iHdopMmalii, a TaKoX J03BOJISIE MPOBECTH, IMUIIXOM OOUMCTIOBATbHOTO
eKCIIepUMEeHTY, BMUOip CKIaAiB OKCMIHUX CUCTEM 3 HEOOXiTHMMM BJIACTMBOCTSIMU B
3aJjaHOMy TeMIlepaTypHOMY iHTepBasi. baza maHux «lllnak» micTuTh iHbOpMAaIllito
mpo ¢dha30Buii, MiHepaJOTiYHMI CKJIAJ i BJaCTUBOCTI IMOTPIMHMX i YeTBEPHUX CUCTEM
ckiagy: CaO-SiO;-Al,0s-MgO B mpoueci iXx Kkpucramisaiii (pucyHku 3 i 4).
Takosk 0a3a TIONIOBHEHA eKCIepUMEHT/JIbHUMM [OaHMMM [P0 B'SI3KiCTh Ta
eJIeKTPOIIPOBIIHICTh NIIAKIB TPOIECY eJeKTPOIIAaKOBOrO MeperviaBy, sIKi Oyan
OTpMMAaHI B paMKax CyMICHMX HayKOBMX [OCIiIKeHb 3 [HCTUTyTOM
ejieKTpo3BaproBaHHA iM. €. O. [Tatona HAHY.
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V 3B'SI3Ky 3 HEOOXiHiCTI0O 3a0e3IevyeHHsI HAYKOBUX AOC/iIKeHb TaHUMM IIPO
BJIACTUBOCTI IIJIAKOBMX PO3IUJIABiB PIi3HOTO TEXHOJOTIYHOrO MpPU3HAYEHHS],
iHbopMalliitHo-TIONTyKOBa cuctemMa 6asu «Ilmak» TIOMOBHEHA MPOTPAaMHUM
3abe3meyeHHSIM™* > (PUCYHOK 5), sIke JO3BOJISIE BUKOHATY YMCJIOBY imeHTMiKallii0
TPbOX- i  UYOTUMPBOX KOMIIOHEHTHMX jmdiarpamM  ¢asoBoro craHy abo
3MiHM BJIaCTMBOCTEM OKCUIHMX CUCTE€M Ppi3HMX 3a XIMIiYHMM CKJIaJOM.
[lpuHUMT pobGOTM TPOrpaMHOTO 3abe3IeueHHsI TMOJIATa€E B 3aBaHTAKEeHHI
BiITIOBiMHOI, TpbhOX- ab0 YOTUPHOX KOMIIOHEHTHOI TIOTpiifHOiI miarpamMu i
3HAXOJ/KEeHHi B ITOJIi JiarpaMy HeoOXiTHOI TOUKM 3 maHuMM IIpo da30Buit ckiamg abo
TEeBHUX BJIACTUBOCTEN (TemmepaTypa JiKBiAyC, B'S3KICTb, €JE€KTPOIMPOBIOHICTD,
TOBepxXHeBMii HaATAr Ta iH.). B pesynbTaTi 4oro BUBOAUTHCS iHdOpMalisi mpo
XiMIUHMIA CKIa[ cucTeMu Ta il BaacTuBoCTi. [Iporpama 3pmaTHa BupimryBaTu i
3BOPOTHI 3aBJaHHS, 3 BUKOPUCTAHHSIM IIPOTHO3HUX MOJEJeil reHepyBaTy MOTPiliHi
JiarpaMu 3MiHM BJIACTUBOCTEN (PUCYHOK 6).

i — e T brce Fenier o e |

Onperm fery Floues ooy Geprnc Beosa
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PucyHok 6 — UncnoBa imeHTudikaris PucyHok 7 — T'eHHepallisl TOTpiitHOI
niarpamu dasoBoro crany cuctemu SiO,-CaO-  miarpamMu 3MiHM €JIeKTPOITPOBITHOCTI M1JIst
MgO 3 BmicTom 10% Al;Os cuctemu CaO-CaF;-Al;0s5

* [IporpaMHe 3a6e3mneueHHs po3pobieHo imk. I kat. [YIM HAHY C.C. YepcbKkum.
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SIK mokasye ocBif 1Jist 0O6IpyHTOBAHOTO BMOOPY pallioOHATIbHOTO CKIAAy IUIaKiB
3 MO3uIlii 3a6e3MeueHHs IKOCTi BUILJIABJIEHOTO MeTaly i ONTMUMi3allii eHepreTUYHUX
BUTpPAT Ha MOT0 BUILUIABKY /MJIsI KOHKPETHMUX TEXHOJIOTIYHMX YMOB POOOTU
MeTaypriifHOr0 arperaTy HeoOXiJTHO BpaxoOBYBaTM CTPYKTYpHMI i ¢a3oBuit ctaH
LIJIAKOBOT'O PO3IUIaBY [6].

Basa manux «®epocruiaBu» MICTUTh iH(GOPMAIlil0 BiTUM3HSIHUX i 3apyOiKHUX
aBTOpPiB IIPO BUPOOHMUIITBO, XiMiUHMII CKIad i BMMOTM, IO IIpeJ SIBJSIIOTHCS MO0
depocmiaBiB pisHMX IpyIl. B maHuit yac B 6a3y maHux BBegeHo 35 IEJI, 110 MiCcTSTh
inpopmarrito (moHan 200 ckimamiB) Mmpo KomiuieKe (ismko-xiMiyHux, QizsMuHmx i
Teruiodi3sMUHMX BIACTUBOCTEN ¢epocCIiaBiB IIMPOKOTO COpPTaMeHTY: (epoxpomy,
depocmrinito, ¢epomapraniilo, ¢epoBaHafilo, ¢eporutady, @epoHiobilo,
depoHikeio, GepoLpKOHi0, GepoMoTibaeHy, CMUTiKOKAIbIIiI0, CMIIKOMapraHIlio Ta
in. Indopmartiiss mpo HalBaxauBini TeriodizuyHi, ¢GiszMko-ximMiuHi i dizuko-
MexaHiuyHi BJaCTMBOCTI CUCTeMAaTK30BaHa i MpUB'sI3aHa 4O KOHKPETHOTO XiMiYHOrO
CKJIaIy JaHOoi MapKu ¢hepocIuiaBiB.

3okpemMa, B poOOTi [7] 3ampoOrOHOBAHO PIiBHSHHSI IJIS1 OLIHKKU (i3UUHUX,
disuko-XiMmiuHMX 1 TeruiodQi3sMUHMX BAACTMBOCTEN (€HTANbITsI, IIIbHICTD,
TeMIlepaTypa IUIaBJ€HHS, TeIUIOEMHICTb, TeIUIOTa ILIaBJAeHHS, KoedillieHT
TeIJIONPOBIIHOCTI, KoedillieHT TeMmepaTypoIpOBiTHOCTI, MUTOMMII €JIeKTPOOIIip)
depocmiaBiB MPOMMUCIOBMX MAapoK, HasBHI eKCIepuMMeHTalIbHiI JaHi IO SKUM
o6MexkeHi abo HOCSTb CylepewinBuii xapakTep. Po3po6iieHO HariBeMITipUuHi
MOzei, 10 JO3BOJSIIOTh MPOTHO3YBAaTU BIUIMB 3MiHM CKJIaay, BUPAXKEHOro yepes
iHTerpasibHi MapamMeTpu MiKaTOMHOI B3a€MO[ii, Ha BJACTUBOCTI CTAaHAAPTHUX
Mapok ¢epocriaBiB pisHUX Tpy [8]:

a) XpoMmCTi (epocriaBu (BUCOKO-, CepegHbO- 1 HU3BKOBYIJIEIEBUIL
dbepoxpom);

6)MmapraHieBi ¢epocruiaBu (BUCOKO-, CepelHbO- 1 HU3bKOBYIJIEIEBUit
dbepomaprasnelib), GepocunikomapraHellib, MapraHelib MeTaJleBuii;

B) CIJIaBM KpeMHil0 (pepocutilliit Bcix Mapok);

r) dbepoBaHaziii, pepoHiobiit, pepobop, hepoTuTaH, hepoHiKeb.

HasgBHicTp 6a3 maHMx i Mojesieil II0 KOXHOMY Iepefily BUPOOHMIITBA
METaJIONPOYKIIii T03BOJISIE OMEpaTMBHO TeHepyBaTM iHCTPYMEHTa/lIbHI 3acoou
(migcucTeMu) st KOMIUIEKCHOTO aHauli3y, TPOrHO3YBaHHS Ta ONTHMI3allii (i3mko-
XIMIUHMX TMPOILIECiB; TEeXHIKO-€KOHOMIUYHMX IIOKA3HMKIB TEXHOJIOTii OTpUMAaHHS
MeTany (IPOAYKTUBHOCTI, €HepreTMYHMX 1 CUPOBUHHMX BUTpAT), a TaKOX
HACKpi3HOTO aHaji3y MNpolieciB OTPMMaHHSI BMCOKOSKICHOI TIPOAYKIiI Ha BCiX
nepepinax, ayaguTy MiAIPUEMCTB i raaysi B [IJIOMY 3a paxXyHOK 3a/IydeHHSI Cy4aCHUX
IOCSITHEHDb aKaJleMiuHOi i rayiy3eBOi HayKM.
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D.N. Togobitskaya, D.A. Stepanenko, A.I. Bel’kova, A.F. Petrov, Y.M. Lihachov

DATABANK "METALLURGY" - AN INFORMATION BASIS
FOR PREDICTING THE PROPERTIES OF PHYSICAL AND
CHEMICAL SYSTEMS AND THEIR MELTS

The Metallurgy data bank has been created at the Institute of Ferrous Metallurgy,
systematic work is underway to create and develop an integrated knowledge base for end-to-
end analysis of metal production based on modern information computer technologies. The
greatest information capacity is possessed by databases on the properties of iron ore
materials (database "Iron ore materials") and slag melts (database "Slag"), which are most in
demand and are actively replenished. The "'Iron ore materials" database contains
information on the properties of more than 1200 compositions of various types of iron ore
raw materials, including strength characteristics and high-temperature properties. The
database "Slag" contains more than 500 documents containing information on the
properties of more than 8000 compositions of slags and oxides for various purposes. The
"Ferroalloys" database includes information from domestic and foreign authors on
production, chemical composition and requirements for ferroalloys of various groups. At
present, 35 passports have been entered into the database, which contain information (more
than 200 compositions) about a complex of physicochemical, physical and thermophysical
ferroalloys of a wide range: ferrochrome, ferrosilicon, ferromanganese, ferrovanadium,
ferrotitanium,  ferroniobium, ferronickel, ferrozirconium, ferromolybdenum |,
silicomanganese, etc. The presence in the Metallurgy data bank of databases and models for
each redistribution of metal production allows you to quickly generate tools (subsystems)
for complex analysis, forecasting and optimization of physical and chemical processes;
technical and economic indicators of metal production technologies, as well as end-to-end
analysis of the processes of obtaining high-quality products, audit of enterprises and the
industry as a whole by attracting modern scientific achievements.

Keywords: databases, iron ore materials, slag, diagrams, ferroalloys, properties.

Tozo6uuwvka dap’s Muxonaiéna - p.T.H., Tipodecop, 3aB. Bimmisiom ¢i3nKo-xXiMiuHMX
Mpo6JieM MeTalTypriiiHMX IMpolieciB, IHCTUTYT yopHOi MeTtanyprii im. 3.1. HekpacoBa HAHY.
CmenaneHnko Imumpo OaekcaHopoeuy — K.T.H., CTApIINii HAyKOBUI CITIBPOOITHUK Bimmimy
(disuko-xiMiuHMX TIpo06JIeM MeTalypriiHux mpomeciB, IHCTUTYT dYopHOi MeTamyprii
im. 3.1. HekpacoBa HAHY.
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Mpo6JieM MeTalTypriiiHMX MpolieciB, IHCTUTYT yopHOi MmeTtanyprii im. 3.1. HekpacoBa HAHY.
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YK 669

AHgptoxiH P.M., MonuyaHos J1.C., CuHeriH €.B. ®isuyHe mopentoBaHHA romoreHisauii ctani npu @iHiwHOMy
NeryBaHHi y BUIMBHUL,

Po3rnapaerbca TexHonoria iHILHOrO NeryBaHHA cTani y BUAUMBHULAX NPU PO3/IMBaHHI 3B8epxy Ta cudboHom. Ana
3HaXO4KEeHHA OMNTUMANIbHOIO MicLA BBEAEHHA JIErYIOUMX Yy PO3MNJIaB MO Mipi HaNOBHEHHA BUAMBHULI b6yno nposegeHo 3
cepii eKcnepuMMmeHTiB, 32 pe3y/ibTaTamMmn AKMX BM3HAYaAM Yac NOBHOI romoreHisauii 6apBHUKA y pianHi. BctaHoBNEHO, Lo
BBEJEHHA Neryloymx NpucajoK Ha A3epKano meTany y BUIMBHULI AOLINbHO 3A4iACHIOBATH NicAA HAaNOBHEHHA BUAMBHUL Ha
TPETUHY He3anexHo Big cnocoby po3IMBaHHA.

Bi6n. 12, in. 5.

YK 669

AHgptoxmH P.M., MonyaHos J1.C.,, CuHernH E.B. ®dusuuyeckoe moaennpoBaHMe romoreHuMsauuu Ccraam npu
GUHULLIHOM NermpoBaHUm B U3NI0KHULE

PaccmatpuBaetca TexHoN0rMA GUHULIHOTO JIETMPOBAHUA CTalM B U3NOXKHULLE MPU Pa3IMBKe CBepXy U CUdOHOM.
[Na HaxoXKAeHUa oNTMMaNbHOro MecTa BBOAA IETMPYIOLMX B PACcnIaB Mo mepe Hano/IHEHUA U310XHULbI Bbl10 NpoBeAeHO
3 cepuu 3KCMEePUMEHTOB, NO pe3yabTaTaM KOTOPbIX ONpeaensnn BPpema MOAHOW rOMOreHM3aummn KpacuTensa B XMULKOCTU.
YCTaHOB/EHO, YTO BBeAEHME NIerMpyIoLLMX NPUCAA0K HA 3epPKafo MeTanna B U3NOXKHULE LenecoobpasHo OCyLecTBAATb
nocne HanoNHEHMUS U3NOXKHMLbI Ha TPETb HE3aBMCUMO OT cnocoba pasIMBKMU.

Bubn. 12 un. 5.

UDC 669

Andriukhin R., Molchanov L., Synehin Y. Physical modeling of steel homogenization during finishing alloying in the
mold

The technology of finishing alloying of steel in a mold during casting from above and with a siphon is considered. To
find the optimal place for introducing alloying agents into the melt as the mold was filled, 3 series of experiments were
carried out, the results of which were used to determine the time of complete homogenization of the dye in the liquid. It
has been established that the introduction of alloying additives on the metal mirror in the mold is expedient to carry out
after filling the mold by one third, regardless of the casting method.

Bibl. 12, ill. 5.

YOK 621.771.294

BbabaueHko O.l., Mogonbcbkuit P.B., AbomiHa K. T., KoHoHeHKo T.A., CadpoHoBa O.A. ®Pi3uyHe i maTtemaTuuHe
MOAEeN0BaHHA rapAYo0i NacTMYHOI Aedopmauii nabopaTopHUX 3AUTKIB cTane gna ocei

Po3pobneHo maTematMyHy MoLenb POo3paxyHKy ¢i3MKO-mexaHiYHWX BAacTUBOCTEM CTani B npoueci rapavoi
naacTmyHoi gedopmauiii. OTprmaHo KoediLieHT NOAOBXKEHHA MaTepiany 3 GaKTUYHUM XIMIYHUM CKNaZoM Npu TemnepaTypi
1250+10°C, sKka cknas 0,32. Mpu NOpPiBHAHHI 3HaYeHb HaBaHTa)KeHHs, Wo byno 3actocosaHo npw MM B nabopatopHUx
YMOBAxX i OTPMMaHO B pe3y/nbTaTi pPO3paxyHKiB 3 BMKOPUCTAHHAM pPo3pobieHOi Moaeni BCTAaHOBNEHO, WO BOHWM MatOTb
6113bKi 3HaYeHHA ~ 45 MMMa. Uum niaTBepaKyeTbca afeKBaTHICTb OTPUMAHOT Moaeni.

bi6n. 9, in. 5, 1abn. 1

YOK 621.771.294

babayeHko A.U., Mogonbckuint P.B., [emuHa E. T., KoHoHeHKo A.A., CadppoHoBa A.A. Pusmyeckoe wu
MaTeMaTM4YeCcKoe MoAeIMpoBaHue ropayeit nnactmueckoi gepopmaumnm nabopaTopHbIX CANTKOB CTaNEN ANA Ocei

PaspaboTtaHa maTematuyeckas MogeNb pacyeTa U3MKO-MEeXaHMYECKMX CBOWCTB CTa/sM B npouecce ropsyen
nnactuyeckor aedopmaumu. MonyyeHol KOIGOULMEHT yAJINHEHNA MaTepuana ¢ GaKTUYECKMM XMMUYECKMM COCTaBOM Mpu
Temnepatype 1250 + 10 ° C, Kotopasa coctaBuaa 0,32. MNpu cpaBHEHUWU 3HAYEHMUI Harpysku, 6bn NnpumeHeH npu MM B
NabopaTopHbIX YCNOBUAX U MOJYYEHbl B pe3y/ibTaTe pacyeToB C MCMNO/b30BaHMEM pa3paboTaHHOM MoAenn yCTaHOBNEHO,
YTO OHW UMeIOT B1M3KMe 3HaYeHUa ~ 45 Ma. DTUM NoATBEPKAAETCA aAEKBATHOCTb NOJYYEHHOW MOAENN.

Bnbn. 9, nn. 5, tabn. 1

UDC 621.771.294

Babachenko O, Podolskyi R. Domina K., Kononenko G., Safronova O. Physical and mathematical modeling of hot
plastic deformation of laboratory steel ingoles for axes

A mathematical model for calculating the physical and mechanical properties of steel in the process of hot plastic
deformation has been developed. The coefficient of elongation of the material with the actual chemical composition at a
temperature of 1250 + 10 ° C, which was 0.32. When comparing the values of the load that was applied to the GPA in the
laboratory and obtained as a result of calculations using the developed model, it was found that they have close values of ~
45 MPa. This confirms the adequacy of the obtained model.

Bibl. 9, ill. 5, table. 1
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YK 681.3.012:621.1

IBaweHko B.M., Weaumny T.I., IBaweHko O.B. Po3noaineHi anroputmu pos3s’A3Ky MNPUKNAAHMX 33gay B
eKCTpemasibHiA NOCTaHOoBL

Ona pocnigxeHHA TennodisnyHMX BNaCTMBOCTEN maTepianiB 3a gonomoroto obepHeHUx meTtoais 6yno BMBeaeHo
BigNOBIAHMI KNac matemaTMuHMX mogenei. Mpoueaypa obpobKM MaTemMaTUYHUX MOAeNel 3BefeHa A0 eKCTpemanbHol
NOCTaHOBKM, WO A03BO/IMNI0 PO3POOUTU ePEKTUBHI anropuTMmM po3B'A3yBaHHA KoedilieHTHMUX 33434 A0BIIbHOMO MNOPAAKY
To4HOCTI. MpeacTaBneHi pe3ynbTaTv po3B’A3yBaHHA TECTOBMX 3aZay Ha OCHOBI 3anMpONOHOBaHOro nigxoay. BueegeHo
[OZATKOBI YMOBM, fIKi LlO3BONAIOTb PO34IAUTU AOCNiAKYBaHy npobaemy Ha ABi 3agadi: a) TemnepaTypHy; 6) NoToKosy.
Mepwa 3 HUX JAE MOKNUBICTb PO3B’A3yBaTU KoedilieHTHY 3a4a4y Ha BCbOMY 3a4aHOMY Aiana3oHi 3miHW TemnepaTypu 3a
[O0MOMOrol0 YNPaBAAYOro napameTpa y suraagi koediuieHta andysii (mogenb 1); gpyra cnpamoBaHa Ha BU3HAYEHHA
KoediujieHTiB TensonposigHocTi abo Tenao0eMHOCTI (Mogenb 2). JocnigkeHHA matemaTUUHUX mogeneit 1 i 2 nposoamau i3
3aCTOCYBaHHAM MeTo4y NPAMMX. 3aNPONOHOBAHI MoAeNi [03BONAOTL PO3B'A3YBATU 33a4i B eKCTPEMasbHUX NOCTAaHOBKaX.
[na po3s’A3aHHA 3af4aHWX 33434y MeTO4aMM MATEMATUYHOTO MOAE/NIOBAHHA PO3pP0o6AeHO NaKeT NPUKAAAHWMX 33jad.
CTBOpeHHA nakeTy 6yno 3aiicHeHO 3 ypaxyBaHHAM BMMOT 06'€eKTHO-OpPIEHTOBAHOTO nporpamysBaHHA. [poueaypa
MOAentoBaHHA byna peanisoBaHa Ha OCHOBI 3acTocyBaHHA 6araTonpouecopHoi o6uncntoBanbHoOi cuctemu. [Maket
NPUKNAAHUX NPOrpam NpU3HaAYeHU’ 417 oNpaLLoBaHHA Tena1odi3nyHMX eKcnepuMeHTiB 06epHEHMU MeTodaMMU.

Bi6n. 12, in. 2.

YK 681.3.012:621.1

MBaweHko B.M., Weauny TI., MBaweHKko E.B. PacnpepeneHHble anroputmbl pelieHUA MPUKNAAHLIX 33434 B
3KCTPEeMasibHOM NOCTaHOBKEe

Ona vccnepoBaHua TennodM3MYECKMX CBOMCTB MATEPUasoB C MOMOLbIO ObpaTHbIX MeTogoB Obla BbiBEAEH
COOTBETCTBYIOLWMI KNAcC mMaTemaTuyeckux mogenei. Mpoueaypa 06paboOTKM maTemMaTUYecKux mogenei ceegeHa K
3KCTpemasibHOM NMOCTAaHOBKE, YTO MO3BOAMIO pa3paboTatb 3GGEKTUBHbIE anropUTMbl peleHnsa KoadpduLMeHTHbIX 3aga4y
NPOU3BONBLHOIO MopAAKa TOYHOCTW. lpeacTaBneHbl pe3y/bTaTbl PelleHWA TeCTOBbIX 3afay Ha OCHOBE MpPeANoXKeHHOro
noaxogza. BoiBeseHbl 4ONOAHUTENbHBIE YCIOBUA, KOTOPbIE NO3BOAIOT PasfaennTb Uccaeayemyro npobaemy Ha ABe 3aaun:
a) TemnepatypHyto; 6) notokosylo. MepBana M3 HMX NO3BOASAET pewaTtb Ko3dUUMEHTHYIO 3adadvy Ha BCEM 3a4aHHOM
AManasoHe U3MeHEeHUA TemnepaTypbl C MOMOLLbBIO YNpaBaAAoWero napameTpa 8 suae KoadduumeHTta auddysmu; sTopas
Hanpas/ieHa Ha onpeaeneHne KoaddUUMEHTOB TENNONPOBOAHOCTU WAM TENNOEMKOCTU. NccnepoBaHMe matemaTUYecKux
mogeneli 1 u 2 npoBOAMAOCH HA OCHOBE MPUMEHEHMA MeToZa NpAMbIX. [peanoXKeHHble MoAenn MO3BO/AIT pellaTb
33/a4M B IKCTPEMasbHbIX MOCTAHOBKAxX. [N pelleHna 3afaHHbIX 3aja4y MeTogamu MaTemMaTUYeCKoro MoAennpoBaHUA
paspaboTaH nakeT npuKkNagHbix 3agad. Co3gaHuve naketa 6bL10  BINONHEHO C yd4eTom TpeboBaHUM O6BEKTHO-
OpPUEHTUPOBAHHOTO NporpammupoBaHua. fMpoueaypa MoAeNMpPOBaHWMA Oblia peannsoBaHa Ha OCHOBE MNPUMEHEHUA
MHOFONPOLLECCOPHOM  BbIYMCAUTENBbHON cucTeMbl. [MakeT NpUKNagHbIX NporpamMmm npegHasHavyeH Ana obpaboTku
Tennodr3nNYECKMX IKCNEPUMEHTOB 06PaTHbIMU METOAAMM.

Bubn. 12, un. 2.

UDK 681.3.012:621.1

Ivashchenko V.P., Shvachych G.G., Ivashchenko E.V. Distributed algorithms for solving applied problems in an
extreme setting

A proper class of the mathematical models had been deduced for investigating the thermophysical properties of
materials by means of reverse methods. Procedure for treatment of the mathematical models is reduced to the extreme
statement that allowed to develop the effective algorithms for solving the coefficient problems of the optional order of
accuracy. Results of the test problems solving on the basis of the offered approach had been presented. The additional
conditions allowing to divide the problem to be investigated into two problems: a) temperature; b) the flow one had been
considered. The first of them gives possibility to solve the coefficient problems within the whole given range of
temperature changing with the control parameter in the form of diffusivity coefficient (model 1); the second one is in
presented form of coefficients of heat conductivity or heat capacity (model 2). Investigation on the mathematical models 1
and 2 had been carried out with application of the straight lines’ method. Model (1) for example, algebraic or functional,
and model 2 gradient, allow to solve the coefficient problem in extreme statement. A package of applied problems had
been developed for solving the coefficient problems of the heat-conductiving with the methods of mathematical
simulation. Creation of package had been carried out considering the requirements of the object-oriented programming.
The simulation procedure had been realized on the basis of application of multiprocessor computer system. The package of
applied programs is intended for treatment of thermophysical experiments with reverse methods.

Bibl. 12, il. 2.

YK 39.311-06-05

Maniu M.I. MopaentoBaHHA npouecy AesiHTerpauili pyaHoi nopoan B 6apabaHHOMY MAWMHI 3 BUKOPUCTAHHAM
MeToAy CKiHYEHUX eNleMeHTIB

PosrnaHyTo ocobauBOCTi pyxy pyAHMX MaTepianisa B 6apabaHHOMY MMHI. Po3pobneHo maTemaTUuHy MoAenb
npouecy noapibHeHHA pyAHMX MmaTepianis 3 nos3uuii 6anaHcy eHepreTUYHUX BESIMYMH MpoLecy pyiHyBaHHA 3a
BMKOPUCTAHHAM METOZAY CKIHYEHUX eNleMEeHTIB MOKa3aHo, Lo BUAINEHWUIA B Byab-AKOMY MiCLi eneMeHT 3aBaHTaXKeHHA
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nigoaetoca  aedopmauii 3 BOKy CycigHiX enemeHTiB  3aBaHTaXKeHHA (WMmaTKiB pyau) B ymoBax BcebiyHoro
HEepPiBHOKOMMOHEHTHOIO CTUCHEHHA KOHTaKTHUMM cuiamu. MpoaHani3oBaHo BN/MB HAaNPAMKY CU KOHTAKTHOTO TepTa npu
CTUCHEHHI Ha epEeKTUBHICTb PYMHYBaHHA pyaHOI Macu [aHHi CMAM CYTTEBO BN/MBAIOTb HA MOABY MAKCMMANbHUX 3CYBHUX
(BOTUYHMX) HaMpy)KeHb, AKI 3anexaTb Bif, MaKCMMasbHUX HOPMAJbHWUX Hanpy»KeHb, WO BMHMKAOTb B LWMATKax pyaHoi
nopoan [loKasaHa MOXKAMBICTD KepyBaHHA pPEeXMMaMK HaBaHTAXKEHHA Aaa nigsuueHHA edeKTUBHOCTI npouecy
noApibHeHHS.

bi6n. 11, in. 6.

YK 39.311-06-05

Manuny H.I. MopgenupoBaHue npouecca Ae3nHTerpauuuM pyaHoW nopoabl B 6apabaHHON MenbHUUE C
MCNO/Ib30BaHMEM MEeTOA,a KOHEUYHbIX 3/1eEMEHTOB

AHHOTauMA. PaccMoTpeHbl 0COBEHHOCTU ABUMKEHUA PYAHbIX MaTepuanos B 6apabaHHoM menbHuue. Pa3paboTaHa
MmatemaTtnyeckas Mogesib Npouecca M3MeNnbYeHUs PyaHbIX MaTepuanos C nosmumm 6anaHca SHepreTUYecKMx BeanduH
npouecca paspyleHna 3a UCMoAb30BaHMEM METOoAa KOHEYHbIX 3/1eMEHTOB MOKa3aHo, YTO BblAeNeHHbIN B Nto6om mecTte
3/IeMeHT 3arpysku nogsepraetcs gedbopmauMm CoO CTOPOHbI COCEAHWUX 3EMEHTOB 3arpy3ku (KYCKOB pyAbl) B yCA0BUAX
BCECTOPOHHEro HEePaBHOKOMMOHEHTHOMO CXaTWSA KOHTaKTHbIMU cunamu. MpoaHann3MpoBaHO BAUAHME HaMpaBAeHUA CUA
KOHTaKTHOro TPEHUA NPU CKaTMU Ha 3GHEKTUBHOCTb pa3pyLlleHns pyaHon maccbl. [JaHHble CUAbl CYLLEeCTBEHHO B/MAIOT Ha
NMosiBNEHNE MaKCMMaJIbHbIX CABUIOBbIX (KacaTesibHbiX) HaMpsKeHWi, KOTopble 3aBUCAT OT MaKCMMasbHbIX HOPMasbHbIX
HanpAXeHW, BO3HUKAIOWMX B KyCKax pyaHoi nopoapl. MokasaHa BO3MOMKHOCTb YNPaBAEHUA PEXKUMaMU HarpyXeHua ans
nosblleHNA 3GPEKTUBHOCTM NPOLLECCa U3METbYEHUS.

Bubn. 11, un. 6.

UDC 39.311-06-05

Malich M. Modeling of the process of disaggregation of ore rock in a drum mill using the finished element method

Peculiarities of ore materials movement in a drum mill are considered. A mathematical model of ore materials
grinding process in a drum ball mill is developed from the position of balance of energy quantities of destruction process:
work of external force influence and value of internal potential energy of deformation of ore pieces. Using the finite
element method, the analysis of the stress-strain state of the loading elements, the interaction of pieces of ore in the layer
of particles under pressure under the condition of changes in shear and shock loads. The mathematical model allows to
calculate the maximum loads in the loading elements (ore, spheres).

It is shown that the loading element selected anywhere is subject to deformation by the neighboring loading
elements (pieces of ore) under conditions of comprehensive non-uniform component compression by contact forces. These
forces determine the appearance of maximum shear (tangential) stresses, which depend on the maximum normal stresses
occurring in the pieces of rock

The results of modeling the stress-strain state of the loading elements confirmed that the use of wet grinding and
dry grinding with incomplete loading creates more favorable conditions for shear compression of rock particles, which in
turn leads to destructive tangential stresses exceeding the Coulomb strength. shear lines. There is a process of effective
destruction of the rock, which in turn leads to a decrease in the energy consumption of the grinding process.

Bibl. 11, ill. 6.

YK 629.7:658.512.2

MenbaHuos I.T., /locikos O.M., Hazapeup B.C., CugopeHko B.K. MNiaBulEeHHA NiCAApeMOHTHOI AO0OBroBiYHOCTI
HACoCiB NiAXKMBNEHHA aKCia/IbHO-NOPLIHEBUX FiAPOMALLUH

Po3rnapatoTbca MeTogm 3 BiAHOBAEHHA PobOTO34aTHOCI HACOCIB NIAMKMBNEHHSA aKCiaAbHO-NOPLUHEBUX TiAPOMALLMH.
3anponoHoBaHO MexaHi3mMm KoMMeHcaLii TopLeBOoro 3a30py B KayaroHomy By3/i Hacoca NiAMKUBAEHHS, WO 3HAaYHO 36inbliye
NiCNAPEeMOHTHY [OBroBiYHICTb BigHOBNEHWX Hacocis. lMpoBegeHo nabopaTopHi BUNPOOYBAHHA eKCNepuMeHTasIbHOro
Hacocy. [oka3aHo nepeBary 3anponoHOBAaHOro MeTOAYy PEMOHTY B NMOPIBHAHHI 3 iCHYIOUYMMM TEXHONOTIAMM.

bi6a. 6, in. 3, Tabn. 3.

YOK 629.7:658.512.2

MenbsiHuos IN.T., /locukos A.M., Hazapeub B.C., CugopeHko B.K. MoBbilweHne nocnepemMoHTHOW A0NroOBEeYHOCTU
HaCcOCOB NOAMNUTKN aKCUaJIbHO-MOPLUHEBbIX TMAPOMALLUH

PaccmaTpuBaloTcs MeToAbl BOCCTAaHOB/MEHMA pPaboTOCNOCOBHOCTM HACOCOB MNOAMWUTKM  aKCMasbHO-MOPLIHEBbIX
rmapomawmnH. MNpeasoKeHo MexaHU3M KOMMEeHCauMW TOPLEBOrO 3a30pa B KayaloWem y3ne Hacoca MNOAMNUTKM, 4TO
3HaYMTe/IbHO YBE/IMYMBAET NOC/NEPEMOHTHYIO LONTOBEYHOCTb BOCCTAaHaBAMBAEeMbIX HacocoB. lMpoBeaeHo fabopaTopHble
MCNbITaHMA 3KCMEePUMEHTaNbHOro Hacoca. [MokasaHo mpeumyLLecTBO NpeasioXKeHHOro MeTofa PeMOHTa B CPaBHEHUMU C
CYLLLECTBYHOLLMMM TEXHONOTUAMMU.

bi6a. 6, in. 3, Tabn. 3.
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UDC 629.7:658.512.2

Melyantsov P.T., Losikov O.M., Nazarets V.S., Sidorenko V.K. The increasing of post-repair durability of axial-piston
hydraulic feed pumps

The methods for recovery of booster pumps of axial-piston hydraulic feed pumps are considered. The mechanism of
compensation of the end clearance in the oscillating unit of the booster pump that significantly increases the post-repair
durability of restored pumps is offered. Laboratory tests of the experimental pump were carried out. The advantage of the
proposed method of repair in comparison with existing technologies is shown.

Ref. 6, ill. 3, tabl. 3.

YK 669

MonuaHos J1.C., ApeHgad H.A., CuHeriH €.B. Jlocnig*KeHHs KOHCTPYKLii AOHHMX NPOAYBOYHUX MPUCTPOIB ANA
OKWUCNIOBa/NIbHOI NPOAYBKU Y CTaNepO3/IMBHUX KOBLUAX

Po3rnAHyTO 3aNponoHOBaHY aBTOPamM TEXHOIOTIHO OKMCNIOBANbHOI NPOAYBKM CTani B CTafIepO3/IMBHOMY KOBLUI ANA
OTPUMAHHA YNbTPaHM3bKOBYrNeUeBoi CTani. MeToo [O0CNiAXKEeHHA € BWM3HAYeHHA paLioHa/IbHOI KOHCTPYKLUiT OOHHWUX
NPOAYBOYHUX MNPUCTPOIB ANA ePeKTUBHOro nepemillyBaHHA pPiavHW. PO3rnsaHyTO NpPOAyBOYHI MPUCTPOI 3 KPyroBum
OTBOPOM, LIMAPUHOIO Ta HEHanpPaBAEHOK MOPWUCTICTIO. BCTaHOBNEHO MNOPIBHAHO BUCOKY eQPEeKTUBHICTb MPOAYBOYHWUX
NPUCTPOIB 3 HEHaNPaB/IEHO NOPUCTICTIO, AKI CYTTEBO 3MEHLUYIOTb Yac roMOreHi3aLii metany.

bi6n. 16, in. 3, Tabn. 1.

YK 669

MonuaHos J1.C., ApeHgay H.A., CuHeruH E.B. UccnepgoBaHue KOHCTPYKLMU AOHHDBIX NMPOAYBOYHbIX YCTPOMCTB ANA
OKUC/IUTENbHOM NPOAYBKU B CTa/iepa3InBOYHbIX KOBLUAX

PaccmoTpeHa npeasiorKeHHasa aBTOPamMM TEXHOIOTUA OKUCAUTENbHOM NPOAYBKM CTaNn B CTasiepa3/IMBOMHOM KOBLUE
ONA  NONyYeHUA YNbTPaHWU3bKOYraepoaucTon cranu. Lenbto wccnepoBaHua nABAAeTcA onpeaeneHue pauyoHaNbHOM
KOHCTPYKUMWM  AOHHbIX NPOAYBOYHbIX YCTPOUCTB Ans  3GGEKTUBHOrO NepemellvMBaHUA  KUAKOCTU. PaccmoTpeHsl
Npo/AyBOYHbIE YCTPOMCTBA C KPYroBbIM OTBEPCTUEM, LLENbIO U HEHANPaBAEHHOW NOPUCTOCTbIO. YCTAHOB/IEHO CPAaBHUTE/IbHO
BblCOKaA 3pdEeKTUBHOCTb NPOAYBOYHbIX YCTPOMCTB C HEHaMNPaB/eHHbIM NMOPUCTOCTbIO, KOTOPbIE CYLLECTBEHHO YMEHbLUAOT
BpemMA romoreHu3aunn meTtanna.

Bubn. 16, nn. 3, Tabn. 1.

UDC 669

Molchanov L., Arendach N., Synehin Y. Study of the designs of bottom blowing devices for oxidative blowing in
teeming ladles

The technology of oxidative blowing of steel in a teeming ladle for obtaining ultra-low carbon steel proposed by the
authors is considered. The aim of the study is to determine the rational design of bottom blowing devices for efficient
mixing of liquid. Blowing devices with a circular hole, a slit and undirectional porosity are considered. A relatively high
efficiency of blowing devices with undirectional porosity, which significantly reduces the mixing time of the metal, has been
established.

YK 669.184

MonyaHos /1.C., CuHeriH €.B., Tony6 T. C., Cemukin C. |. focniaxeHHA Ha ¢i3nyHin moaeni ocobamsocteit Bnamnsy
3anMAEeHOCTi cepeaoBULLa HA AKICHI MOKA3HMKM ra3oBoro, nasatyoro gpakeny

Y poboTi HaBeAeHi pe3ynbTaTu AOCHigKeHHA Ha i3MYHOI Mogaeni, Wo imiTye nanatoumnii daken B 3anuiaeHomy
cepefoBULLI, LWNAXOM BBELEHHA TBEPAUX MOPOLUKIB Pi3HUX PEYOBWUH, Ha AKICHI MOKa3HWKM ropiHHA ¢dakena: BidyanbHi i
Tenaonepeaayy BUNPOMIHIOBaHHAM, K OCHOBHOro cnocoby Tensonepeaadi Big nonym'a. [locnigKeHo nogady B nanatounia
daKen NopoLLKIB XN0pPUAY HaTpPito, OKCUAIB 3ai3a, KPEMHIIO Ta a/IlOMIHIIO, YNCTUX MOPOLLKIB 3a/i3a, KPEMHIIO Ta a/loMiHiIto,
caxi i rpadity. BctaHOBNEHO, WO BBEAEHHA Pi3HUX KOMMOHEHTIB B daken 3 TemnepaTypord HUNKYe, HiXK TemnepaTypa
daKena, HaBiTb NPU MOXK/AMBOMY Bi3yasibHOMY 36iNblIEHHI ACKPABOCTI XapaKTepUCTUK, WO 30KPema BCTAaHOB/EHO Mpu
BBeAEHHI xnopuay HaTtpito abo NOpPOLLKY 3a/i3a, CNPUAIOTb 3HAYHOMY 3HUMKEHHIO Tensonepeaadi Big ¢dakena 3a paxyHok
Big6OpY Tenna Ha HarpiBaHHA i 3ropAHHA YAaCTMHOK, LLLO BBOAATLCA

bibn. 7, in. 5.

YK 669.184

MonyaHos /1.C., CuHeruH E.B., Fony6 T. C., CembikuH C. N. UccnepoBaHma Ha pusnuecko moaenu ocobeHHocTeln
B/IMAHUA 3aNblIEHHOCTU CpeAbl HAa KauecTBEHHbIe NOKa3aTeNn ra3osoro, ropsawero ¢pakena

B paboTe npuBeaeHbl pe3ynbTaTbl MCCAEAOBaHMA Ha GU3MYECKON MOALENM, UMUTUPYIOLWLEN ropawmin daken B
3anblNeHHON cpeae nyTem BBOAA TBEPAbIX MOPOLLKOB Pa3/IMYHbIX BELLECTB Ha Ka4yeCTBEHHbIe NOKa3aTenn ropeHuns dakena:
BM3ya/ibHble U Tenionepeaady usnydyeHnem, Kak OCHOBHOro cnocoba Tensonepeaayun ot niamexHu. MccnegosaHa nogaya 8
ropAwmin Gpaken NOPOLUKOB XN0pUAA HATPUA, OKCUAOB ’Kefe3a, KPeMHMA M aNIOMUHUA, YUCTbIX NMOPOLLUKOB *Kenesa,
KPEMHUA 1 aNIIOMUHUA, CaXKK 1 rpaduTa. YCTaHOBAEHO, YTO BBOJ, PA3/IMYHbIX KOMMOHEHTOB B haKen ¢ TemnepaTypon Huxke,
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yem Temnepatypa dakena, gaxe NPy BO3MOXKHOM BU3yasIbHOM YBE/IMYEHUMN APKOCTHbIX XapaKTEPUCTUK, B YaCTHOCTU Npu
BBOE X/10pUAA HATPUA WAM NOPOLLKA Kefesa, CNnocobCTBYHOT 3HAUMTE/IbHOMY CHUMXEHUIO Tennonepeaayn ot ¢akena 3a
cyeT oTbopa Tensa Ha Harpes M CropaHMe BBOAMMbIX YacTULL.

Bubn. 7, un. 5.

UDK 669.184

Molchanov L.S., Sinegin Ye.V., Golub T.S., Semykin S.I. Investigations on the physical model of the peculiarities of
the influence of dust on the quality indicators of a gas burning torch

The paper presents the results of a study on a physical model simulating a burning torch in a dusty environment, by
introducing to the torch of solid powders of various substances, on the quality indicators of torch combustion: visual and
heat transfer by radiation, as the main method of heat transfer from a flame. The feeding into a burning torch of powders
of sodium chloride, oxides of iron, silicon and aluminum, pure powders of iron, silicon and aluminum, carbon black and
graphite were investigated. It was established that the introduction of various components into the torch with a
temperature lower than the torch temperature, even with a possible visual increase in brightness characteristics, in
particular, when sodium chloride or iron powder were introduced, contribute to a significant decrease in heat transfer from
the torch due to heat absorption for heating and combustion of the introduced particles.

Bibl. 7, ill. 5.

YK 681.3.012:621.1

Mopos .M. MogenvmposaH1Me MakCUMasbHO NapanienbHbiX CTPYKTYP airOPUTMOB peLLeHMUA TennoBbIX 33434

B AaHHOW paboTe Ha npumepe pelleHUs TennoBbIX 3a4a4 MaTemaTU4yecKon (M3MKKM MOoKasaHa BO3MOXKHOCTb
CO34aHMA  MaKCMMasbHO napansiefnbHo GOpPMbl BbIYUCIUTENbHBIX aNTOPUTMOB pEeLUeHMA TemnoBbIX 3afdady W WX
oTOBpaXeHNe Ha apXMUTEKTYPYy MHOroMpoLLEeCcCOpHbIX cucteM. MoKasaHo, YTo 3QGEKTUBHBLIM CPeACcTBOM MCCeAo0BaHMA
3afa4 Tenno- M MmaccoobmeHa B METa//IYPrM4ecKOM MPOU3BOACTBE MOMHO CYMTaTb MPUMEHEHWE TeXHOOorUi
napanfienbHbIX BbIYUCAEHUI HA pacnpeneneHHbIX CUCTEMAX KAaCcTepHOro TMMa, KOTOpble MMEIOT CPaBHUTEIbHO HeBONbLLYIO
CTOMMOCTb M A0CTAaTOYHO NErKO MaclTabupyroTca Kak Mo KOMYecTBy MPOLECCOPOB, Tak M no obbemy onepatmsHOM
namaTtv. PacnapannenueaHue CcUCTEM TPEXAMArOHasbHOM CTPYKTYpbl pPeasiM30BbiBafioCh YMC/AEHHO-aHAUTUYECKMM
NMoAXOA0M, YTO NMPeAOoNnpeae/iMiI0 UX MaKCUMabHO NapansiefibHyo anroputmudeckyto opmy. Takoit noaxos cnocobereyert
MWHUMaNbHO BO3MOXHOE BpeMa peannsaummn paspaboTaHHOro aaropuTMa Ha napaniesbHbIX BbIYUCAUTENbHBIX CUCTEMAX.
Kpome 3TOro, BO Bpems nNapanfieNbHblX BblMCAEHUI apUOMETUUYECKMX BbipaXKeHuid, B pa3paboTaHHOM anroputme
MOrpewHoCTb BbIXOAHbIX AAHHbIX OTAENAETCA OT onepaumit oKpyrneHua. TakoW noaxog cnocobCcTByeT MUHUMAsbHO
BO3MOXHOE Bpems peasim3aumm pa3paboTaHHOro anropntma Ha napannesbHblX BbIYMCAUTEIbHbIX CUCTEMAX.
bubn. 12.

YAK 681.3.012:621.1

Mopos .M. MogentoBaHHA MaKCMMaabHO NapanesibHUX CTPYKTYP afiropuTmiB po3B'A3aHHA TeNN0BUX 3ada4

Y paHit poboTi Ha NpUKnagi pilleHHA TenjaoBMX 3a4a4 MaTemaTMyHOI (i3MKM MOKasaHa MOKAMBICTb CTBOPEHHSA
MaKCMManbHO napanenbHoi popmu 06YUCAOBAaNbHUX aNrOPUTMIB PO3B'A3aHHA Ten0BMX 3afay i iX BigobOpakeHHA Ha
apxiTekTypy baratonpouecopHux cuctem. NokasaHo, Wo epeKTMBHUM 3ac0BOM AOCNIAKEHHA 3a4a4 TeNNo- | MacoobmiHy B
MeTanypritHomy BUMPOOHULTBI MOMHA BBaXaTW 3aCTOCYBaHHA TEXHOJOrM MapasiefibHUX 0buMCieHb Ha PO3NOoAiNeHWX
cUCTEMAX KNacTepHOro TUMy, AKi MaloTb MOPIBHAHO HEBEMKY BapTICTb i JOCUTbH NErKO MaclITabyloTbCsA AK 33 KiNbKicTiO
npouecopis, Tak i 3a obcarom onepaTMBHOi nam'aTi. Po3napanenioBaHHA CUCTEM TPbOXAiarOHaNbHOI CTPYKTYpU
peanizoByBanocA YUCAOBO-aHANITUYHUM MiAXOAOM, WO 3YMOBUIO X MaKCMMaNbHO MapasnesibHy anroputmiyHy dopmy.
TaKkui Nigxig cnpuae MiHIManbHO MOXK/IMBUI Yac peanisalii po3pob1eHOro aAropuTMy Ha napanenbHUX 06YNCNIOBANBHUX
cuctemax. Kpim uporo, nig 4yac napanenbHUx obuncneHb apudmeTUUHUX BUPAsiB, B pO3pobAeHOMY anroputmi noxmbka
BUXiOHUX OaHUX BiAAINAETbCA Big, onepaLliit OKpyrieHHA. Takui niaxis cnpuae MiHIMasibHO MOXAMBUIA Yac peanisauii
po3p061eHOro anropuTMy Ha napanenbHUX 06YNCAIOBANBHUX CUCTEMAX.

Bi6n. 12.

UDK 681.3.012:621.1

Moroz D.M. Modeling of maximally parallel structures of algorithms for solving thermal problems

In this paper, using the example of solving thermal problems of mathematical physics, the possibility of creating the
most parallel form of computational algorithms for solving thermal problems and their mapping to the architecture of
multiprocessor systems is shown. It is shown that an effective tool for studying heat and mass transfer problems in
metallurgical production can be considered the use of parallel computing technologies on distributed cluster systems,
which have a relatively low cost and are fairly easily scalable both in the number of processors and in the amount of RAM.
Parallelization of systems of tridiagonal structure was implemented by a numerical-analytical approach, which
predetermined their maximally parallel algorithmic form. This approach is facilitated by the minimum possible
implementation time of the developed algorithm on parallel computing systems. In addition, during parallel calculations of
arithmetic expressions, the developed algorithm separates the error of the output data from rounding operations. This
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approach is facilitated by the minimum possible implementation time of the developed algorithm on parallel computing
systems.
Bibl. 12.

YK 669.02

CamcoHeHKo A. A., MaHyw B. |., BepremaH C. B. locnigeHHA NigLWMNHUKIB pigUHHOro TepTa poboumnx Kaiteit 630
cTaHy 550.

Po3rnaHyTo ekcnayaTtauito NigWwmMnHUKIB piguHHOTO TepTa cTaHiB 630. NpoBeseHO maTeMaTUYHE MOAENIOBAHHA ANA
BM3HAYEHHA EeHepro-CUI0BUX MNapameTpiB NpoKaTku weenepy Neld. [ocnigeHo KoedilieHTM TepTAa B NiAWMNHUKY
piguHHoro TepTta KAiTi 630. BM3HayeHO napameTpu 3HOCY BTY/AKM Ta BKA3agMWa MiAWMNHMKA. 3anpornoHOBaHO
YAOCKOHaNIeHHA KOHCTPYKLUIT YW iNIbHEHb 3 BUKOPUCTAHHAM V-NOAIBHUX MaHKeT.

bibn. 7, in. 4, Tabn. 2.

YOK 669.02

Samsonenko A., Hanush V., Berheman S. Research of fluid friction bearings of working stands 630 of rolling mill
550.

The operation of fluid friction bearings of mills 630 is considered. Mathematical modeling for determination of
energy-force parameters of channel rolling Ne14 is carried out. The coefficients of friction in the bearing of liquid friction of
the cage 630 are investigated. The parameters of wear of the sleeve and the bearing liner are determined. It is proposed to
improve the design of seals using V-shaped cuffs.

Bibl. 7, ill. 4, table. 2.

YK 669.162.22+267.4

Ctynak 10.0., Xoxnosa T.C. Mpo pesKi acneKTU AOCNIAKEHHA FOPiHHA NUAOBYriIbHOrO NajsMBa Ta NAJIMBHUX
CyMmillen y BepTUKaNbHil TpybyacTiii neui

PO3rnAHYTO CXeMy YCTaHOBKM A1 AOCAIAMKEHHA MPOLEcy ropiHHA nuaosyrinbHoro nanuwea (MBM) B8 ymoBsax, Wo
noAibHi 40 ymOB HarpiBy Ta 3alMaHHA 4YacCTOK BYriNAA B MOTOLi AyTTA AOMEHHOI nedi Ta ix noganbwoi rasmdikauii y
dypmeHomy ocepeaky. ChopmynboBaHi BUMOTM WoA0 3abesneyeHHA HAAIMHOCTI MOAENIOBaHHA, NpoaHanisoBaHi cnocobu
OLLiHKM MOBHOTW 3rOpaHHA i 3aNpPONOHOBAHO cnocib ii po3paxyHKy ANA ABOKOMMOHEHTHMX NaauBHMX cymiwel. dopmyna,
LLLO 3aNPONOHOBAHA, MOXE BUKOPUCTOBYBATUCA A/1A OLIHKM MOBHOTU 3rOPaHHA CyMilLen Byrinns pi3HOi AKOCTI, a Takox MBI
3 A0AaBaHHAM TOpdy Ta iHWNX NANKB, WO MICTATb ByraeLb.

bibn. 18, in. 3, Tabn. 3

YK 669.162.22+267.4

Crynak 0.A., XoxnoBa T.C. O HeKOTOpbIX acneKkTax uccanefoBaHMUA rOPEHUA NblCYroIbHOIO TON/IMBA U TON/IMBHbIX
cmecei B BepPTUKanbHOM TpybuaToit neumn

PaccmoTpeHa cxema yCTaHOBKM A/ UCCNeA0BaHMA NpoLecca ropeHus nblieyronbHoro tonamea (NYT) B ycnosusx,
nogo6HbIX YC/IOBUAM HarpeBa M BOCMIAaMEHEHUS YacTul, yrasa B MOTOKe AyTbA AOMEHHOM neun M X gasbHellwen
rasupmkaumm B dypmeHHom odare. ChopmynmpoBaHbl TpeboBaHMA Mo obecneyeHUo HaLEeKHOCTU MOLENMPOBaAHMA,
NpoaHanM3npoBaHbl cnocobbl OLEHKM MOAHOTbI CropaHusa W NpegsoXKeH cnocob ee pacyeTa ANA OBYXKOMMOHEHTHbIX
TONAMBHbLIX cmecel. MpeanoxkeHHas Gopmyna MOXKET MCNOb30BaTbCA AJ/1A OLEHKU MONHOTbI CropaHUsa CMecel yrien
pa3Horo KayecTBa, a Takxke NYT ¢ aobaBneHnem Topda n Apyrnx TONAUB, COAEPKALLNX YINEPOA.

Bubn. 18 un. 3, 1abn. 3

UDK 669.162.22+267.4

Yu. Stupak, T. Khokhlova. On some aspects of the study of pulverized coal and fuel mixtures combustion in a drop
tube furnace

We have considered the scheme of the installation to study the process of pulverized coal (PC) combustion in
conditions similar to the conditions of heating and ignition of coal particles in the blast flow of the blast furnace and their
subsequent gasification in the raceway. We have formulated the basic requirements for ensuring the reliability of
modelling, methods for evaluating combustion efficiency are analyzed, and a method for calculating it for two-component
fuel mixtures is proposed. The proposed formula can be used to estimate the combustion completeness of coal mixtures of
different quality, as well as PC with the addition of peat and other fuels containing carbon.

Bibl. 18 ill. 3, tab. 3

YK 621.365.22

TumoweHko C.H., Hemues 3.H., ybuHcknii M.B. dHeproadpdeKTMBHbIE BOAOOXNAXKAAEMbIE 3/IEMEHTbI AYroBbIX
CTanennaBu/bHbIX NeYei INTERHOro Knacca

Ha ocHoBe uMcneHHOro mMofenupoBaHuA TennoobmeHa usnyyeHnem B paboyem npoctpaHctee ACHM, ¢ yyeTom
BMeCTUMOCTH, KoadpduumeHTa $Opmbl BaHHbI, MPOAOIKUTENBHOCTU TEXHOJOTMYECKOro nepuoja MAaBKW, MONy4YeHOo
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YPaBHEHME MHOXECTBEHHOW perpeccun Ana pacyeTa MOLLHOCTM MOTepb TenaoTbl C BOAOW. Pa3paboTaHbl TpexpsagHble
BOA0OX/IaXKAAeMble CTEHOBbIE NaHe M C NPOCTPAHCTBEHHOW CTPYKTYPOW, KOTOpble CHUXKAIOT noTepu TennoTbl Ha 14 % B
CpaBHeHUU ¢ AByxpAaAHbIMU. O60CHOBaHA OLEHKa ONTMMANbHOM OTHOCUTE/IbHOM OX/aXKAAeMOoi NOoBepXHOCTM paboyero
npocTpaHctea AClM, obecneunsatoLleit SKOHOMUIO OrHeynopos Ao 25-30 %.

Bubn. 9, uan. 5, tabn. 1

YOK 621.365.22

TimoweHKko C.M., HemueB E.M., T'ybuHcbkuii M.B. EHeproe¢deKTUBHi BOAOOXONOAKYBaHI €/NeMeHTU AyroBux
CTafnennaBuIbHUX NeyYeil IMBapHOro Knacy

Ha ocHOBi YMceNbHOro MogeNtoBaHHA TenI006MiHY BUNPOMiIHIOBaHHAM B pobodomy npoctopi ACl, 3 ypaxyBaHHAM
MmicTKocTi, KoediuieHTa GopmM BaHHM, TPMBANOCTI TEXHOJIOFYHOTO nNepiogy MAABKW, OTPMMAHO PIBHAHHA MHOMXWHHOI
perpecii ana po3paxyHKy MNOTYKHOCTI BTPAT TEN/I0TU 3 BOA0H. PO3p0o61eHO TpbOoXpsAAHi BOLOOX0N0AKYBaHI CTIHOBI MaHeni 3
NPOCTOPOBOD CTPYKTYPOIO, AKI 3HUKYIOTb BTPATU TenIoTW Ha 14% B NOpPiBHAHHI 3 ABOPAAHUMU. OBFPYHTOBAHO OLiHKY
ONTMMaNbHOI BifHOCHOI OX0N0A4KYBabHOI NOBEPXHi poboyoro npoctopy ACH, wo 3abesneyye eKOHOMilO BOrHETPUBIB A0
25-30%.

bi6n.9,in.5, Tabn. 1

UDC 621.365.22

Timoshenko S.M., Nemtsev E.M., Gubinski M.V. Energy efficient water-cooled elements for foundry class electric
arc steelmaking furnaces

On the basis of numerical modeling of heat exchange by radiation in the EAF working space, taking into account
capacity, bath shape factor, duration of technological period of heat, a multiple regression equation for power of heat loss
with cooling water was obtained. Three-row water-cooled wall panels with a spatial structure are elaborated, which
provide a decrease in heat loss by 14 %, in comparison with two-row ones. Estimates of optimal relative cooled surface of
the EAF working space, providing refractory savings up to 25-30%, are substantiated.

Bibl. 9, fig. 5, tab. 1

YK 669.02/09:669:681.3.001.8

O.M. Torobuuybka, A.0. CrenaHeHko, A.l. Benbkosa, A.MN. Metpos, KO.M. JlixaueB BaHK BaHuUX «meTanypria» -
iHdopmauiiiHa OcCHOBa NPOrHo3yBaHHA BAACTUBOCTEN Pi3UKO-XiMIUHMX cUCTeM Ta iX po3nnaBsis

B pamKkax 6aHKy gaHux «MeTanypria» cTBOpeHi i MOCTiiHO Po3BMBatOTbCA 6asu gaHuX «3anisopynHi matepianuny,
«LWnak» i «®epocnnasu». basa aaHUx «3anisopygHi matepianm» mMicTuTb BiZOMOCTI Npo BaactTueocTi binbwe 1200 cknagis
pi3HMX BMAIB 3ani3opyAHoi cMpoBMHW. OnucaHa CTPyKTypa 6a3u eKkcnepMMeHTaNbHUX i3UKO-XIMIYHMX AaHMX Npo
B/IACTMBOCTI LW/IAKOBMX i OKCcMAHWMX posnnasie «llnak». Bbasa gaHux «®epocnnaBu», BKAOYAe iHGoOpmaLito npo
BMPOOHMLTBO, XiMIYHMI CKNag, i BMMOrM, WO npea'sasaaoTbea Ao depocnnasiB pisHux rpyn. [aHi 6a3  gaHux
BMKOPMUCTOBYIOTLCA NpU Po3pobui moaenein ANA NPOrHo3yBaHHA $isMKO-XiMIYHMX BAACTUBOCTEM OKCUAHWUX i MeTaneBux
CMUCTEM, @ TaKOX B SAKOCTI BUXIZAHWX MapameTpiB Npu maTemaTUyHOMy, ¢i3MKo-XiMiYHOMY Ta ¢isMYHOMY MeToaax
MOZeNtoBaHHA NPOLECIB, LLIO NPOTIKAlOTb NPU B3aEMOZ,i B CUCTEMI «MeTasl-LUNaK».

bi6n. 8, in. 6.

YK 669.02/09:669:681.3.001.8

O.H. Torobuukasn, A.A. CtenaHeHko, A.U. Benbkosa, A.®. MNeTtpos, 0.M. /inxaueB BaHK JaHHbIX KMeTanayprua» -
MH$OPMALMOHHAA OCHOBA NPOrHO3MPOBAHUA CBOUCTB PU3NKO-XMMUUYECKUX CUCTEM U UX PAacNNaBOB

B pamKax 6aHKa AaHHbIX «MeTannyprua» cosfaHbl M NOCTOAHHO pa3BumBatoTcA 6asbl AaHHbIX «KenesopyaHble
matepuanbl», «lnak» n «Peppocnnasbi». basa AaHHbIX «KenesopyaHble maTepuasbl» COAEPKNUT CBEAEHUA O CBOMCTBAX
60nee 1200 cocTaBoB PasNUYHbIX BUAOB KeNe3opyaHoro cbipba. OnucaHa cTpyKTypa 6a3bl sKCnepuMeHTaNbHbIX GU3MKO-
XMMUYECKUX JaHHbIX O CBOMCTBAX LWNAKOBbIX U OKCUAHbIX pacnnaBoB «Llnak». Basa gaHHbIx «Peppocnnasbi», BKAOYAET
MHPOPMaLMIO O NPOU3BOACTBE, XMMUYECKMIA cOCTaB U TpeboBaHMAX, NpeabaBaaeMbiX K GeppocnaaBoB PasIMYHbIX rpynnm.
[aHHble 633 AaHHbIX UCMNOL3YIOTCA NpWU pa3paboTke mogenen paa NPOrHO3MPOBAHMA (GUIMKO-XMMUYECKUX CBOWMCTB
OKCUAHbIX U MEeTaNIMYECKMX CUCTEM, @ TaKKe B KauyecTBE MCXOAHbIX MapamMeTpoB MNpU maTeMaTUyeckom, ¢usMKo-
XMMUYECKOM U PU3MYECKOM MeTo[axX MOLENMPOBAHUA MPOLLECCOB, MPOTEKAWMX NPU B3aUMOLENCTBUM B cUCTEME
«MeTaNN-WAAK».

Bubn. 8, un. 6.

UDK 669.02/09:669:681.3.001.8

D.N. Togobitskaya, D.A. Stepanenko, A.l. Bel’kova, A.F. Petrov, Y.M. Lihachov Databank "metallurgy" - an
information basis for predicting the properties of physical and chemical systems and their melts

Databases "Iron Ore Materials", "Slag" and "Ferroalloys" have been created and are constantly developing within
the Metallurgy database. The database "Iron ore materials" contains information about the properties of more than 1,200
compositions of different types of iron ore. The structure of the database of experimental physicochemical data on the
properties of slag and oxide melts "Slag" is described. The "Ferroalloys" database includes information on production,
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chemical composition and requirements for ferroalloys of different groups. Databases are used in the development of
models for predicting the physicochemical properties of oxide and metal systems, as well as as initial parameters for
mathematical, physicochemical and physical methods of modeling the processes occurring in the interaction in the system

"metal-slag".
Lit. 8, ill. 6.
YJIK 530.1

yp6a A.O. flocniaKeHHA BNAMBY KPUCTaNiYHUX PeLUiTOK Ha PppaKTaNbHi XapaKTepUCTUKK maTepianis.

B poboTi byan aocnigxeHi NnpupoaHi Ta KOMN'IOTEPHI KPUCTaNiyYHi Ta KBasikpucTaniyHi ¢paKkTanbHi nosepxHi. Ans
KOYKHOI noBepxHi 6yno obuncneHo GpakTanbHy po3mMipHicTb Ta NobyaoBaHO ¢paKTanbHe po3nogineHHs. B xoai AocniaxeHb
6yno BusBNEHO, WO ¢GpaKTasbHi PO3NOAINEHHSA MaliXKe ANs BCiX BMAIB KPUCTANIYHUX Ta KBA3iKPMCTaNiYHWUX MOBEPXOHb
MatoTb HaraTomoanbHU PO3MNOAIN | WMPOKUIA PO3KMUA 3HaYeHb $paKTanbHOI PO3MIPHOCTI, AKWMIA BKasye Ha CKNAZHI
306parkeHHA. ®paKTasbHe PO3MOAINEHHA KOXHOI i3 NobyaoBaHMX MOBEPXOHb MAE KiNbKiCTb MOA, fAKa CniBnafjae 3
nopAAKOM cumeTpii.

bi6n. 4, in. 11, Tabn. 4.

VJIK 530.1

ypb6a A.A. UccnepoBaHne BAMAHMA KPUCTAIIMUECKUX PELLETOK Ha PppaKTa/ibHble XapaKTepPUCTUKU MaTepuanos.

B pabote 6blAM uMccnegoBaHbl NPUPOAHbIE UM KOMMbIOTEPHbIE KPUCTaN/IMUECKME W KBAa3MKPUCTaIMYEeCcKne
¢dpaKTasbHble MOBEPXHOCTM. [NA KaxKgoW mnoBepxHOCTM 6bina BbluMcieHa ¢paKTasbHas PasMepHOCTb M MNOCTPOeHO
¢dpaKTanbHOEe pacnpegeneHune. B xoae nccneaoBaHuin 66110 06Hapy»KeHo, YTO dpaKTasbHble pacnpeaeneHua noytTn ansa
BCEX BWAOB KPUCTANIIMYECKMX M KBa3MKPUCTAN/IMYECKUX MOBEPXHOCTEN MMEIOT MHOroModasibHoe pacnpefesneHue u
LUMPOKKNIA pa3bpoc 3HaYeHUt dpaKTaNbHOW Pa3sMepPHOCTU, KOTOPbIN YKa3blBAaeT Ha CAOXHble M306paskeHns. PpaKTanbHoe
pacnpegesieHve Kas4oi M3 MOCTPOEHHbIX MOBEPXHOCTEN WMMEET KONMYEeCTBO MOZ, KOTOpOe COBMagaeT C MopAgKom
CUMMETPUMU.

bubn. 4, un. 11, Tabn. 4.

uUDC530.1

Zhurba A.A. Investigation of the influence of crystalline lattices on fractal characteristics of materials.

In the work, natural and computer crystalline and quasi-crystalline fractal surfaces were investigated. For each
surface, fractal dimension was calculated and fractal distribution was constructed. During the research, it has been found
that fractal distributions almost for all types of crystalline and quasi-crystalline surfaces have a multimodal distribution and
a wide spread of fractal dimension values, which indicates complex images. Fractal distribution of each of the built surfaces
has a number of mods that coincides with the order of symmetry.

Bible 4, ill. 11, tab. 4.

YAK 621.9.015:621.9.019

Kycuin A.M., Nlnyak O.B. Bnane enemeHTiB KOHCTPYKL,iTi BUIMBKA Ha €BO/TIOLLIK0 TEXHOOTYHUX AedeKTiB

dopmyBaHHA BEJ/IMKOI KifIbKOCTI BNACTMBOCTEN 3aroTOBOK Mif, Yac 3a/IMBaHHA Ta KpuWcTanisauii pigkoro posnnaBy
BMMAra€e BUKOPUCTaHHA epEKTUBHUX KPUTEPIiB KOMIMIEKCHOI OLHKM AerpaaaLii matepiany npy ¢opmMoyTBOPEHHI BUAMBKIB.
3anponoHoBaHo meToa LM-TBepaoCTi Ta KpUTepili TEXHONOFYHOT NOLWKOAXKYBAHOCTI ANA aHaNi3y CTPYKTYPHUX 3MiH npu
BMTOTOBNEHHI JIMTUX 3aroTOBOK. 3a CTyneHeM pPO3CilOBaHHA XapaKTEPWUCTUK TBEPAOCTi MaTepiany BU3HAYAETbCA MOro
CXWUNbHICTb A0 GOPMYBAHHA TEXHONOTIYHUX AedeKTiB Ha cTagii CTBOpPeHHA BMPOOY MOro KMTTEBOro UMKAy. lMokasaHo
[OOUINbHICTb BUKOPUCTAHHA PO3p06aeHOi METOAMKN NPU aHani3i BAUBY PO3MILLEHHA KOHCTPYKTUBHUX €NEMEHTIB BUIMBKA
i3 aNlOMiHIEBOTO CNNaBy Ha NPOrHO3yBaHHA PO3BUTKY CTPYKTYPHUX AedeKTiB i HeoAHOpIAHOCTEN Y MaTepiani BUpoby.

bi6n. 18, in. 3, Tabn. 1.

YAK 621.9.015:621.9.019

Kycobii .M., /ibivak O.B. BAausHUe aneMeHTOB KOHCTPYKLMM OT/IMBKU Ha 3BOJIIOLMIO TEXHOOTUYECKUX AedeKToB

dopmurpoBaHMe HONBLLIOFO KO/MMYECTBA CBOWCTB 3aroTOBOK BO BPEMA 3a/MBKU WM KPWUCTANIM3ALMM KUAKOTO
pacnnasa TpebyeT ncnonb3oBaHUA 3GPEKTUBHBLIX KPUTEPUEB KOMIMIEKCHOM OLEHKM Aerpagauuv matepuana npu
dopmoobpasoBaHum oTMBOK. MNpepnoxkeH metos LM-TBepAoCTM M KpUTepuii TEXHONOTMYECKON MOBPEXAAEMOCTU AN1A
aHanM3a CTPYKTYPHbIX WU3MEHEHWW MpU WU3roTOBNEHWMU NUTbIX 3aroToBOK. 10 CTemeHW paccerMBaHWA XapaKTepuCTUK
TBEPAOCTM MaTepuana onpeaenaeTca ero CKIOHHOCTb K GOPMMUPOBAHMIO TEXHOOTMYECKMX AedPeKTOB Ha CTagMu CO34aHuA
M3[eNnA ero XusHeHHoro uukaa. NMokasaHa LenecoobpasHOCTb UCMO/Ib30BaHMA pa3paboTaHHON METOAMKK Npu aHanuse
BIMAHNA Pa3MeLLeHNA KOHCTPYKTUBHbIX 3/16MEHTOB OT/IMBKU M3 aJIlOMUHMEBOrO CrJjiaBa Ha MPOrHO3MpoBaHME Pa3BUTUA
CTPYKTYPHbIX AedEeKTOB U HEOAHOPOAHOCTEN B MaTepuane nsaenms.

Bbubn. 18, nn. 3, Tabn. 1.
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UDK 621.9.015:621.9.019

Kusyi Ya., Lychak O. Influence of design elements of the casting on the evolution of technological defects

The formation of a blanks properties during pouring and crystallization of the liquid melt requires to use of effective
criterion for a comprehensive assessment of the material degradation during the formation of castings. It was proposed to
use the method of LM-hardness and the criterion of technological damageability for the analysis of structural changes
during the castings manufacturing. Using LM-hardness allows to estimate the tendency of the material to form
technological defects at the stage of desuign and technological pre-production. The expediency of using the developed
technique for the analysis of the influence of the placement of structural elements of the aluminum alloy casting on the
prediction of the development of structural defects and inhomogeneities in the product material is represent.

Ref. 18, ill. 3, tabl. 1.
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