AHOTAIIIS

bapoun T.I1.  "OuiHOBaHHA  MIITHOCTI  KOHTaKTHHX  OiMeTalleBHX
TEPMOIIEPETBOPIOBAYIB  3aco00aMM  MaTeMaTHYHOTO W KOMII'FOTEPHOTO
MozemtoBanHs". — KBamidikariiiina HaykoBa Ipalis Ha MpaBax pyKOIIUCY.

Huceprariiss Ha 3100yTTs CTyneHsa JokTopa (imocodii 3 ramysi 3HaHb 11 —
Martematuka Ta CTaTHCTHKA 3a crerianpHicTio 113 — IlpukiagHa maTemaTHka. —
[HcTuTyT mpuknagHux mTpodiem Mmexaniku 1 marematuku iM. S.C. [ligctpuraua

HamionanpHoi akagemii Hayk Ykpainu, JIbBiB, 2025.

VY po0oTi BupillieHE BaXXJIMBE HAYKOBO-TIPUKJIAHE 3aBAaHHSI — PO3POOIICHHS
METOJMKHN JOCIIJPKEHHsI MIIHOCTI Ta €KCIUTyaTaliitHOI HagiiHOCTI KOHTaKTHHUX
OiMeTalieBUX  TEPMOIIEPETBOPIOBAYIB HA  OCHOBI  PIBHAHb  TPUBUMIPHOL

TEPMOMNPYKHOCTI.

O0’ekTOM [JOC/TIIKEHHS] € 3yMOBJIEHAa IHTEHCHUBHUM TE€PMOCHIOBUM
HAaBaHTa)XCHHAM TEPMOIIPYXHa IOBEAIHKAa OIMETaJeBUX TEPMOIEPETBOPIOBAYIB

CKJIaAHOI OPMU 1 CTPYKTYPH.

IIpeamerom JocCaiIKeHHsI € PO3BUTOK 3aC001B MaTEMaTUIHOTO, YHUCIOBOTO
1 KOMI'FOTEPHOTO MOJCIIOBAHHS I JOCHIIKCHHS TEIUIOBHX 1 MEXaHIYHHUX

MPOLIECIB Y TEPMOUYYTIMBUX KYCKOBO-OJHOPIIHUX TUIAX CKJIAAHOI (popmu.

HaykoBa HoBM3HA po0OTH:

1. Po3pobieHo MareMaTU4Hy MOJEIb NIl KUIbKICHOTO OMHUCY TEIJIOBUX 1
MEXaHIYHUX TPOIECIB B KyCKOBO-OTHOPITHUX TUJIaX CKJIATHOT POPMU 1 CTPYKTYpH
3a YMOB TEPMOCHJIOBOTO HAaBaHTa)XCHHS HAa OCHOBI TPHBUMIPHHUX 3aJICKHOCTCH
TEOpii TEIUIOMPOBIAHOCTI ¥ HEI30TEPMIYHOT TEPMOMPYKHOCTI Ta METOJIUKY
YUCJIIOBOTO  PO3B'si3yBaHHS  Cc(POpPMYJIbOBAHOI  3a7a4l  TEPMOTMPYKHOCTI 3
BUKOPUCTAHHSAM  METOAY  CKIHYEHHHUX  €JIEMEHTIB 1  OJHOKPOKOBHX
OararonmapamMeTpUYHUX AJTOPUTMIB;

2. [ToOynoBaHo  Ha  OCHOBI  pO3pOOJICHOI  YHMCJIOBOI  METOJUKH

OOYHUCITIOBAILHUN aJTOPUTM 1 CTBOPEHO BIAMOBIIHE MPOOIEMHO-OPIEHTOBAHE
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nporpaMHe 3a0e3nedeHHs ISl JOCTIKEHHS! TePMOMEXaHIuYHOI MTOBEIIHKA TEPMO-

MEPETBOPIOBAYIB 32 YMOB iX BHTOTOBJEHHS Ta €KCIUTyaTallii; MporpamHe
3abe3reueHHs] Bepu(IKOBaHE Ha HU3II MOJCIbHMX 3a7ad, IJIs SKUX BlIOMI
aHAITHYHI PO3B'A3KM; HA WIA OCHOBI JOCHIKEHO TOYHICTh Ta 301KHICTh
OTPUMYBAHUX YHCIIOBUX PO3B'SI3KIB;

3. JlocaimkeHo HamnpyKeHO-1e(OpMOBaHUN CTaH KOHTAKTHUX OIMETalIeBUX
TEPMOINEPETBOPIOBAYIB Ta 3aXHUCHUX OOOJOHOK [JIi HHUX Yy MPOCTOPOBO-
TpUBHMIpHOMY (OPMYJIIOBaHHI,

4. Ha miii OCHOBI 3ampoOINOHOBAaHO HOBHWH Kiac OIMETaleBUX TEPMO-
NEePETBOPIOBAYIB, OCOOJIMBOCTI OYJ0BH SAKUX YCYBAalOTh OCHOBHY MPUYUHY BUXOJY
3 J1aJy OCHOBHOTO KOHCTPYKIIIHHOTO €JIeMEHTa — PO3TPICKYBAHHS UM MOPYIICHHS
3YETICHHS M1 CKJIaITHUKaMH 3 pI3HUMU b13MK0-MeXaHIYHUMU
XapakTepucTUKaMu. Yepe3 NpPOMDKOK MK CKJIaJHUKaMU 1 OypTH 3aKpiIUICHHS
HaIpY>KeHHS Ha BHYTPIIIHIN MOBEPXHI CEKI[iH 3 OLIBIINM KOE(IIEHTOM JIHIHHOTO
TEMIIEPATypHOTO PO3IIMPEHHS 1 BEpXHIA MOBEPXHI CKIAJHUKA 3 OypTramMu 3
MEHIITUM KOe(IlIEHTOM HE MPaIlOI0Th Ha PO3PUB, TOMY TEPMOIIEPETBOPIOBAY MPHU
JTOBrOTPUBAJIOMY IMUKIIYHOMY TEIIOBOMY HaBAaHTAXXEHHI JI0 TEMIIEPATYP MOPSIAKY
760—850°C 36epirae CBOIO ITITICHICTB;

5. OTpumaHo KOe(DIIIEHTH 3amacy Ta OILIIHKH EKCILTyaTallliHOTO pecypcy
3aXMCHUX OOOJIOHOK Ha OCHOBI 3aIllpOIOHOBAaHOI PO3PAaXYHKOBOi CXEMH.
Bu3nadueHo rpaHWYHE 3HAYCHHS KITBKOCTI IUKITIB HAaBAaHTAXEHHS-PO3BAHTAKECHHS
JI0 pyHHYBaHHS JJI PI3HUX THIIOPO3MIpIB,;

6. [TopiBHAILHUH aHAII3 PE3yIbTATIB HA OCHOBI 3aIIPOIIOHOBAHOTO B POOOTI
TPUBUMIPHOTO TIIXOy 1 rajgy3eBOi HOPMATUBHOI METOJUKHA 3 BUKOPUCTAHHSIM
1H)KEHEPHUX CIIBBIIHOIICHb (OTPMMAHUX HAa OCHOBI MOJIe Oaiku) Mokaszas, IIO0
JUTsT HAOUIBIII HAaBAaHTAXKEHOI 3aXMCHOI OOOJOHKM MaKCHUMallbHI eKCIUTyaTarliiiHi

HaIpY>KEHHS BIAPI3HAIOTHCS Yy MIBTOPA pa3H.

I[IpakTuyHe Ta TeopeTHYHEe 3HAYEHHA OTPUMAHHMX Ppe3yJbTaTiB.
[IpakTyHe Ta TEOPETHYHE 3HAYEHHSI OTPUMAaHUX Pe3yJIbTaTIB MOJIATaEe y po3pooii

BapiaHTy METOJIUKH MAaTEMATUIHOTO 1 YUCIIOBOTO MOJICIIIOBAHHS 3yMOBJICHUX €10



3
TEPMOCHJIOBOI'O HaBAaHTAXXEHHS MPOLECIB TEIJIONPOBITHOCTI Ta JAe(OpMYBaHHS B

KYCKOBO-OTHOPITHUX TiJIaX CKIaAHOI popmu 1 cTpykTypu. Po3pobiiene mporpamae
3a0€3MeUYeHHs] HaJa€ MOXJIMBICTh aJ€KBATHOTO MOJIENIOBAHHS Ta JOCIHIKEHHS
TEPMOMEXAHIYHOI TOBEIIHKM KYCKOBO-OJHOPITHHX T 32 TEPMOCHIOBOTO
HABAHTAXKEHHA 1 MOXe OyTH OCHOBOIO pO3pOOKH palliOHAIBHUX 3a HAIPY>KEHHSIMU
KOHKPETHHUX E€JIEMEHTIB KOHCTPYKIIi 3a PI3HUMHU KPUTEPIIMH, 30KpeMa, 3 METOI0
3a0e3MeUYeHHs] B HHUX OaXaHOro YW OJM3BKOIO JI0 3a/JIaHOr0  PIBHS
eKCIUTyaTalllifHUX HaMpy>KEeHb.

[IpakTyHe 3HaUYeHHS OTPUMAHUX peE3yJdbTATIB TOJSIrae B  PpO3poOIl
OiMeTalieBUX  KOHTAaKTHUX  TEPMOIIEPETBOPIOBAYIB  HOBOTO  THILY, SIKUX
XapaKTepU3ye BHILA EKCIUTyaTallliiHa HaIIMHICTh y TMOPIBHAHHI 3 ICHYIOUHMH.
Pesynbrat muceprainiiiHoi poboTH BUKOpHUCTaHI B Jlep)KaBHOMY MiANPUEMCTBI
“JIbBiBCchKMU  nepxkaBHui 3aBoj  “JIOPTA” Tta HamionaneHiét axanemii
CYyXONyTHUX BICHK iMeHI reThbMana [leTpa Caraiigautoro.

3a A0MOMOroI0 PO3pOOJIECHOTO MPOTPAMHOTO 3a0€3MEYCHHS] BCTAHOBIICHO
TEeMIIepaTypHI Jianma3oHu Oe3MeYHOI eKCIuTyaTallli TepMOIEPETBOPIOBAYIB HOBOTO
TUIY Ta KOeDIIIEHTH 3amacy sl KO)KHOTO TUITY 1 pO3Mipy iX 3aXMCHUX 00OJOHOK.
Ha mixcraBi BUKOHAaHUX OOYHMCIIOBAJIBHUX EKCIICPUMEHTIB JUIS  3aXHUCHHUX
00OJIOHOK PI3HUX THUIOPO3MIPIB 3pOOJICHO BUCHOBOK PO MOXKIMBY O€3MEUHy
eKCIUTyaTarito OOOJIOHOK Ha HOMIHAJIBHMX pPEXKHUMax eKCIUTyaramii 3a
33JI0BUIBHOTO  CTaHy MeTally, BIJACYTHOCTI ~HEIOMYCTUMHUX AePEeKTIB 1
BIJIOBIJTHOCT1 pE3yJIbTAaTIB KOHTPOIKO METaly BUMOTraM HOPMAaTHUBHUX TIOKYMEHTIB

1 CTaHJIapTIB.

PoGorta ckiagaeTbcsi 31 BCTyNy, M'ATH PO3JALUIIB, BUCHOBKIB, MEPENIKY BU-

KOPUCTAHUX JIKEPEN Ta I0JATKY.

YV ecmyni HaBeneHO OOTpYHTYBaHHSI BUOOpPY TEMH JOCIHIJKEHHS; chopmy-
JHOBAHO METY, 00 €KT, MPEAMET 1 3aBJaHHS JAUCEPTaIIiHOI pOOOTH; BiTOOPAKEHO
HAyKOBY HOBHM3HY 1 NMpaKkTHYHE 3HAYEHHS OTPUMAHHMX pPE3yJIbTATiB; BUCBITICHO
3B’SI30K pOOOTH 3 HAYKOBUMH MPOTpaMaMH, TUTAaHAMH, TEMaMH 1 rpaHTaMu. Takox

BIJI3HAYEHO BHECOK 37100yBayKH, BIIOMOCTI MPO ampoOaIliio pe3ynabTaTiB JOCTi-
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KE€Hb, HABEJICHO CIMCOK IMyOIiKamii 3700yBavyku, MOJAHO CTPYKTYpy 1 oOcsr

poOoTH.

Y nepwomy poszoini mpoaHamizoBaHO HasABHI METOAM TEPMOMETPIi 1
HaBEJICHO OCHOBHI THIIM MPWJIAJIIB, CEpPea SIKMX BHUAICHO OiMeTalieBl KOHTAKTHI
TEPMOTIEPETBOPIOBAYi, SIK HAWIONIMPEHimIi. BucBiTieHo ixHI CuiIbHI 1 cladki
CTOPOHU 1 TIOKa3aHO, IO BHPIMICHHS MPOOJIEMH TJIBHUINCHHS EKCIUTyaTariiHol
HAJIMHOCTI OiMeTaIeBUX TEPMOIEPETBOPIOBAUIB 1 CTBOPEHHSI HOBUX, HATIWHIIINX
TEPMOMETPUYHUX CHUCTEM 1 CXEM, TICHO TMOB'S3aHa 3 HAsSBHICTIO aJCKBATHHX
METO/IIB OLIIHIOBAHHS iXHBOT MIITHOCTI. Y 3B'SI3Ky 3 IIUM IPOAHAIII30BAaHO B1JIOMI
MOZedl 1 METOAU JOCHI/DKEHHS Ta BHU3HAUCHHS HANpPY>KEHOro CTaHy 3a
TEPMOCHJIOBOTO HaBaHTaXCHHS 1 Ha Il OCHOBI OOIPYHTOBAaHO HEOOXITHICTH
JOCIIJIKEHHSI MEXaHIYHOT TOBEJIHKM CKJIQJAHUX 3a (OPMOIO CTPYKTYpPHO
HEOHOPITHUX 3ac001B TEPMOMETPIi 32 YMOB €KCILUTyaTallii Ha OCHOBI MPOCTOPOBO

TpI/IBI/IMipHI/IX MaTCMaTHYHHUX MOI[GHGﬁ.

Y opyeomy po30ini chopMyibOBaHO BapiaHT MaTEMAaTHUYHOI MOAENl JJIst
KUIBKICHOTO ONHUCY TEPMOMEXaHIYHUX TMPOIECIB Yy TMPYKHUX CTPYKTYpHO-
HEOJHOPIAHUX TBEPAUX TUIAaX 3a TEMIIEPATypHOTO W CHJIOBOTO HAaBaHTAKCHHS.
[IpuBeneHo 3arajabHi BUXIJHI CHIBBIAHOWICHHS [JIs JOCHIIKEHHS MPOLIECIB
TEIJIONPOBITHOCTI W JedopMyBaHHS B MPYKHOMY Tl 3a Jii KOMIUIEKCHOTO
HAaBAHTAKEHHA. 3a OCHOBY NPUUHATO MNPOCTOPOBO TPUBHMIPHHMM MIJIXiA, 1O A€
3MOTy JOCTaTHbO a/IEKBATHO KIJIBKICHO OMHMCATH HAaIpy>KEeHO-Ie(OpPMOBaHUI CTaH
MPY>KHOTO TiJIa CKIAJAHOI TeOMETPUYHOI (OpMH 1 CTPYKTYypH. TemmnepaTypHe moJe
B TUIl ONHCYE HECTAI[IOHAPHE pPIBHSIHHSA TEIUIONPOBIIHOCTI, a MpPOLECU
nedhopMyBaHHS — CHIBBIIHOIIEHHS KBa31CTaTHYHOI TEOpii TEPMOMPYKHOCTI. 3a
TaKuX 0OCTAaBMH MEXaHIYHA 1 TETUIOBA B3a€MOJIis Tija 13 30BHIIIHIM CEPEIOBUIIEM
BIIOYBA€ETHCS TAaKUM UYMHOM, LI0 MPOLEC HABAHTAXKEHHSA PpO3IISAAEThCs 0Oe3
BpaxyBaHHS 3B’SI3aHOCTI TIOJIIB TeMIepaTtypu Ta aedopmariiid, a mepeMilieHHs,
nedopmMairii Ta iXHI MIBUAKOCTI B TUIl MPUUMAIOThCS TAaKUMHU, 10 BUKOHYHIOTHCS
JHIAHI  3aJeXHOCTI MDK JaeopMalisMM Ta MEPEMIIIEHHAMH. Y TaKoMy

HaOMIKEHHI 3a1a4y chopMyILOBaHO 3a JBa etanu. Ha meprmomy erari 3amucaHo
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PIBHSIHHSI TETJIONMPOBITHOCTI ¥ BIAMOBIIHI YMOBHU TEIUIOOOMIHY MIX TLJIOM Ta

JOBKUUIAM, @ TaKOXX MK OKPEeMHUMH CTPYKTYpHUMH CKjJanoBumu Tina. Ha
JIpyroMy etami Juisi BU3HAYEHHS KOMIIOHEHT BEKTOpa IMEpeMILIeHb 1 TEH30piB
nedopMalliii  Ta HaOpyXXEeHb Yy Tl 3alUCYEMO BHUXIAHI CIIBBITHOIICHHS
KBa31CTaTHYHOI TEOPii TEPMONPYKHOCTI1, TEMIIEPATYPHI MOJS IS IKUX € BX1THUMU
(dac y 111 CIBBIIHOIICHHS BXOUTh SIK MApaMeTp).

3anponoHoBaHa MaTeMaTUYHa MOJIEIb OMHUCY TEPMOMEXAaHIUHUX MPOIIECIB Y
KyCKOBO-OJHOPIIHUX TBEPAUX TidaxX OpIEHTOBAHAa HA PO3POOKY UHCIOBOI
METOJUMKHA 11 PO3B’SI3yBaHHS 1 CTBOPEHHS  BIAIOBIIHOTO  IPOrPaMHOTO
3a0€e3MeUeHHsl JUIsl KOMIT FOTEPHOTIO MOJIEIIOBAHHS TEMIIEPATYPHUX 1 MEXAHIYHHUX

TI0JIIB B TAKUX TLJIaX 3a CUJIIOBOTO 1 TCMIICPATYPHOI'O HABAHTAXKCHb.

Y mpemvomy po3dini BIANOBIIHO A0 TMPUNHATOT PO3PAXYHKOBOI CXEMH
HaBEJICHO MPOILIEAYPY PO3B'A3yBaHHs 3a7a4l TepMonpykHocTi. Ha nepiomy erari,
BHACJIIIOK  NPOBEACHHA  CTAaHJAPTHOI  MPOLEAYpH  CKIHUYEHO-EJIEMEHTHOI
JUCKpEeTU3allil TuUla y BaplaHTI METOAY 3BAXKEHHMX 3aJUIIKIB, HECTalllOHApHY
3aja4y TEIUIONPOBIAHOCTI 3BEACHO /10 CHUCTEMHU 3BHYAMHMX AH(epeHIlaIbHUX
pPIBHSHb BIJJHOCHO HEBIJOMHX 3HAau€Hb TEMIEpaTypu Yy By3JIax CKIHYEHHO-
eileMeHTHoro mnoauty. Po3p’s30k  orpumanux 3agad  Komri moOyjoBaHO 3
BUKOPUCTAHHSAM TMPOCTUX OJHOKPOKOBUX OarartornapaMeTpUUHUX PI3HUIEBUX
anroputMmiB. OTprMaHi Ha MEPHIOMY €Taml 13 pO3B’S3KIB L€l 3a7adl pO3MOAIIH
TEMIEpaTypu € BXIAHUMH ISl 3aJadl APYroro eTamy — BU3HAYEHHS TEpMO-
HAIpPY>KEHOTO CTaHy TiJla y CKIHYEHHO-eJIEMEHTHOMY (DOpMYIIFOBaHHI.

HaBeneno oOuMciiOBajgbHI acmekTH peami3alii METONy CKIHYEHHUX
CJIEeMEHTIB 1 (pOpMyBaHHS KIIFOYOBHX CKIHYCHO-EJIEMEHTHUX PIBHSHB IS 3ajadi
TEIJIOMPOBITHOCTI Ta  TEPMOMPYXKHOCTI. JleTanpbHO OMHMCAaHO  AJITOPUTMHU
dbopMyBaHHS MaTPUYHUX XapaKTEPUCTUK ISl PI3HUX TUMIB CKIHYEHHUX
CJIEMEHTIB, X TMIJCYMOBYBaHHS, BpaxyBaHHS KpalOBUX YMOB, PO3B'SI3yBaHHS
CUCTEM JIHIHHUX alreOpaiyHuX piBHSAHB. PO3MIISIHYTO HU3KY MPUKIIAJIIB YUCIOBOTO
PO3B'SI3yBaHHS 3a 3alPONOHOBAHOI0 B pOOOTI METOJIMKOIO 3a/1ad, JJIsl SIKUX B1JIOMI

aHATITHYHI PO3B'SI3KH, 1 IPUBEJECHO PE3YyJIbTAaTH TOPIBHUIBHOTO aHAIII3Y.
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YV uemeepmomy po30ini DOCHIIKEHO HaNpPyKEeHO-Ie(OPMOBaHUI CTaH

KOHTaKkTHUX OiMeTajleBUX TEPMOINEPETBOPIOBAUIB PI3HUX THIIB 32 YMOB
eKCIUTyaTallli Ha OCHOBI OINHKCAHOI y JAPYroMy pO3IiJII MaTeMaTHYHOI MoAeN 1
3allpOIIOHOBAHOI y TPETHOMY PO3JUTI METOIWKH YHCJIOBOTO MOJICITIOBAHHS.
3anpomnoHOBaHO HOBY Bepciio OIMETarIeBOro TEPMOIEPETBOPIOBadYa 31 CYTTEBO
BUIIIOIO HAJIAHICTIO Ta pPOOOTO3MATHICTIO 3a JIOBTOTPUBAJIOIO IMKIIYHOTO
TEIUIOBOTO  HABAaHTAXEHHS.  3aBISKA  3alPONOHOBAHOMY  OPHUTIHAIBEHOMY
KOHCTPYKUIHHOMY pIIIEHHIO YCYHYTO MpPUYMHY BHUXOJY 3 JIaay OCHOBHOTO
eJleMeHTa, 1o 3abesneuye mporec  TepMmoMerpii. OTpuUMaHO  OLIHKH
TEMIIEpAaTypHUX [1alla30HIB HAAIMHOI POOOTH 3alpONOHOBAHUX KOHCTPYKIIN

TEPMOIIEPETBOPIOBAYA.

Y n’amomy po3dini TmonaHO pe3yJbTaTH BUKOHAHWX Ha OCHOBI
3alpOIIOHOBAHOI METOAMKH MATEeMaTMYHOTO W  YHCIOBOTO  MOJEIIOBAHHS
JOCITIIKEHB TEPMOMEXaHIYHOT MOBEIHKH 3aXHCHUX 000JI0HOK
TEPMOINEPETBOPIOBAUIB PI3HUX TUIOPO3MIPIB 32 YMOB T1PaBIIYHUX BUIIPOOYBaHb
1 cramioHapHOi ekcrutyaranii. BusHaueHo koedilieHTH 3amacy 3aXHCHHX
o0osioHok. HaBeneHO MOpPIBHAIBRHUN aHaNi3 pe3yJbTaTiB, OTPUMAHUX Ha OCHOBI
3aIMpPONOHOBAHOIO B pOOOTI MIAXOAY 1 HOPMATUBHOI raly3eBOi METOANKU B MEKax
CIPOIIEHUX MaTeMaTUYHUX Mojeneil. OTpUMaHO OIIHKH eKCILTyaTaliifHOro
pecypcy 3axMCHHX OOOJIOHOK Ha OCHOBI yYTOYHEHHMX JaHUX MPO HaIMpPyXKEHO-
nedopMOBaHMII CTaH B HUX IiJ 4ac CTallOHApHOi ekcruryaramii. JlocmimkeHo
MOXIJIMBICTh PYWHYBaHHS 3aXMCHMX OOOJIOHOK BiJf MAaJIOIIMKIOBOI BTOMH.
BusHaueHo rpaHMyYHe 3HAYEHHS KUTBKOCTI ITUKJIIB HaBaHTa)KCHHSA-PO3BAHTAXKCHHS

110 pyHHYBaHHS.

OcHOBHI pe3yJbTaTH JOCIHIKEHb, OTPUMaHI B IUCEPTAIlii, OMyOIIKOBaHO B
13-0x HayKOBHX MpallsiX, 30KpeMa B 4 CTaTTAX y HAyKOBUX (PaxoBUX BUAAHHIX (3
HUX OJIHYy CTaTTIO OIyOJIIKOBAHO B MEPIOJWYHOMY BHJAAHHI, IO BXOAMTH IO
MDKHApOJHUX HayKOMeTpuyHuX 0a3 manux WoS abo Scopus), 2 mareHTtax 1 /

Te3ax Ta JOMOBIJIAX y 30ipHUKAX MaTepialiB KOHPEPEHIIii.
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KaouoBi  cioBa:  TemmepaTypHe  HAaBaHTaXCHHS,  MaTEeMaTH4HE
MOJICITIOBAHHS, TEPMOIPYKHICTh, TEMIIEpaTypHI HaIMpPY>KEHHS, TEPMOUYTIUBICTD,
mapyBari OiMeTaaiyHl Tijla, METOJ CKIHYEHHHMX €JIEMEHTIB, aHaJIITHKO-YHCIIOBI
METOJIM, HamNpy>KeHO-1e(DOPMOBaHHUI CTaH, IHTCHCUBHICTh HAINpPY>KEHb, MIIHICTb,
nedhopMyBaHHS, KOMIT IOTEpHE MOJCITIOBAaHHA, Ae(pOopMiBHE TLIO, MaTeMaTH4HI

3aja4l

ABSTRACT

Bardyn T.P. "Evaluation of the strength of contact bimetallic thermoelectric
converters by means of mathematical and computer modeling.” — Qualifying
scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy (PhD) in the field of
knowledge 11 — Mathematics and statistics in the specialty 113 — Applied
Mathematics. — Ya. S. Pidstrygach's Institute of applied problems of mechanics
and mathematics of the National Academy of Sciences of Ukraine, Lviv, 2024.

The work solves an important scientific and applied problem - the
development of a methodology for studying the strength and operational reliability
of contact bimetallic thermal converters based on the equations of three-
dimensional thermoelasticity.

The object of the study is the thermoelastic behavior of bimetallic thermal
converters of complex shape and structure caused by intense thermal and force
loading.

The subject of the research is the development of mathematical, numerical
and computer modeling tools for the study of thermal and mechanical processes in
thermosensitive piecewise-homogeneous bodies of complex shape.

Scientific novelty of the work:

1. A mathematical model has been developed for the quantitative description
of thermal and mechanical processes in piecewise-homogeneous bodies of
complex shape and structure under conditions of thermal and force loading based

on three-dimensional dependencies of the theory of thermal conductivity and non-
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isothermal thermoelasticity and a method for numerically solving the formulated

thermoelasticity problem using the finite element method and single-step
multiparameter algorithms is proposed;

2. A computational algorithm has been built on the basis of the developed
numerical method and the corresponding problem-oriented software has been
created for the study of the thermomechanical behavior of thermal converters
under the conditions of their manufacture and operation; the software has been
verified on a number of model problems for which analytical solutions are known;
on this basis, the accuracy and convergence of the obtained numerical solutions
were researched,

3. The stress-strain state of contact bimetallic thermal converters and
protective shells for them in a three-dimensional formulation was researched;

4. On this basis, a new class of bimetallic thermal converters was proposed,
the structural features of which eliminate the main cause of failure of the main
structural element - cracking or violation of adhesion between components with
different physical and mechanical characteristics. Due to the gap between the
components and the fastening collars, the stresses on the inner surface of the
sections with a greater coefficient of thermal expansion and the upper surface of
the component with a lower coefficient do not act on the rupture, therefore the
thermal converter retains its integrity under long-term cyclic thermal load to
temperatures of the order of 760-850 °C;

5. The safety factors and the estimates of the operational resource of
protective shells were obtained based on the proposed calculation scheme. The
limiting values of the number of load-unload cycles before failure of different
standard size shells were determined;

6. A comparative analysis of the results based on the three-dimensional
approach proposed in the work and the industry regulatory methodology using
engineering ratios (obtained based on the beam model) showed that for the most
loaded protective shell, the maximum operational stresses differ by one and a half

times.
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Practical and theoretical significance of the obtained results lies in the

development of a variant of the methodology for mathematical and numerical
modeling of the processes of heat conduction and deformation in piecewise-
homogeneous bodies of complex shape and structure caused by the action of
thermal and force loading. The developed software allows for adequate modeling
and study of the thermomechanical behavior of piecewise-homogeneous bodies
under thermal and force loading and can be the basis for the development of stress
rational structural elements according to various criteria, in particular, in order to
ensure the desired or close to the given level of operational stresses in them.

The practical significance of the results obtained lies in the development of
bimetallic contact thermal converters of a new type, which are characterized by
higher operational reliability in comparison with the existing ones. The results of
the dissertation work were used at State enterprise "Lviv State Plant "LORTA" and
Hetman Petro Sahaidachny National Army Academy.

With the help of the developed software, the temperature ranges of safe
operation of thermal converters of a new type and the safety factors for each type
and size of their protective shells were established, and shells were also identified,
the maximum stresses in which, under conditions corresponding to the operational
ones, do not exceed the permissible ones. Based on the performed computational
experiments for protective shells of different sizes, a conclusion was made about
the possible safe operation of the shells at nominal operating modes under
satisfactory metal condition, absence of unacceptable defects and compliance of
the metal control results with the requirements of regulatory documents and

standards.

The work consists of an introduction, five chapters, conclusions, a list of

sources used and an appendix.

The introduction provides a justification for the choice of the research topic;
formulates the goal, object, subject and tasks of the dissertation work; reflects the
scientific novelty and practical significance of the results obtained; highlights the

connection of the work with scientific programs, plans, topics and grants. The
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contribution of the applicant is also noted, information about the testing of the

research results is provided, a list of the applicant's publications is provided, and

the structure and scope of the work is presented.

The first section analyzes the existing methods of thermometry and presents
the main types of devices, among which bimetallic contact thermal converters are
highlighted as the most common. Their strengths and weaknesses are highlighted
and it is shown that the solution to the problem of increasing the operational
reliability of bimetallic thermal converters and creating new, more reliable
thermometric systems and circuits is closely related to the availability of adequate
methods for assessing the strength and operational reliability of bimetallic contact
thermal converters. In this regard, the known models and methods of research and
determination of the stressed state are analyzed and on this basis the need to study
the mechanical behavior of structurally inhomogeneous thermometry tools of
complex shape under operating on the basis of spatially three-dimensional

mathematical models.

In the second section, a variant of a mathematical model is formulated for
the quantitative description of thermomechanical processes in elastic structurally
inhomogeneous solids under temperature and force loading. General initial
relations for the study of thermal conductivity and deformation processes in an
elastic body under the action of a complex load are given. The basis is a spatially
three-dimensional approach, which allows us to adequately quantitatively describe
the stress-strain state of an elastic body of complex geometric shape and structure.
The temperature field in the body is described by the non-stationary equation of
heat conduction, and the deformation processes are described by the relations of
the quasi-static theory of thermoelasticity. Under such circumstances, the
mechanical and thermal interaction of the body with the external environment
occurs in such a way that the loading process is considered without taking into
account the connection of the temperature and deformation fields, and the
displacements, deformations and their velocities in the body are assumed to be

such that linear dependencies between deformations and displacements are
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fulfilled. In such an approximation, the problem is formulated in two stages. In the

first, we write down the heat conduction equation and the corresponding conditions
for heat exchange between the body and the environment, as well as between
individual structural components of the body. At the second stage, to determine the
components of the displacement vector and the tensors of deformations and
stresses in the body, we write down the initial relations of the quasi-static theory of
thermoelasticity, for which the temperature fields are input (time is included as a
parameter in these relations).

The proposed mathematical model for describing thermomechanical
processes in piecewise homogeneous solids is focused on the development of a
numerical method for its solution and the creation of appropriate software for
computer modeling of temperature and mechanical fields in such bodies under

force and temperature loads.

In the third section, in accordance with the adopted calculation scheme, the
procedure for solving the thermoelasticity problem in two stages is given. At the
first stage, as a result of carrying out the standard procedure of finite-element
discretization of the body in the variant of the weighted residue method, the non-
stationary heat conductivity problem is reduced to a system of ordinary differential
equations with respect to unknown temperature values at the nodes of the finite-
element division. The solution of the obtained Cauchy problems is constructed
using simple one-step multiparameter difference algorithms. The temperature
distributions obtained at the first stage from the solutions of this problem are input
for the problem of the second stage - determination of the thermally stressed state
of the body in the finite element formulation.

The computational aspects of the implementation of the finite element
method and the formation of key finite element equations for the problem of
thermal conductivity and thermoelasticity are presented. The algorithms for the
formation of matrix characteristics for different types of finite elements, their
summation, consideration of boundary conditions, and solution of systems of linear
algebraic equations are described in detail. A number of examples of numerical

solution according to the proposed method of problems for which analytical



12
solutions are known are considered, and the results of comparative analysis are

presented.

In the fourth section, the stress-strain state of contact bimetallic thermal
converters of different types under operating conditions is researched on the basis
of the mathematical model described in the second section and the numerical
modeling method proposed in the third section. A new version of the bimetallic
thermal converter with significantly greater reliability and operability under long-
term cyclic thermal load is proposed. Thanks to the proposed original design
solution, the cause of the failure of the main element that provides the thermometry
process has been eliminated. The temperature ranges of reliable operation of the

proposed designs of the thermal converter have been estimated.

The fifth section presents the results of the research carried out on the basis
of the proposed methodology of mathematical and numerical modeling of the
thermomechanical behavior of the protective shells of thermal converters of
various sizes under the conditions of hydraulic tests and stationary operation. The
safety factors of the protective shells have been determined. A comparative
analysis of the results obtained on the basis of the approach proposed in the work
and the regulatory industry methodology within the framework of simplified
mathematical models has been presented. Estimates of the operational resource of
the protective shells have been obtained on the basis of refined data on the stress-
strain state in them during stationary operation. The possibility of destruction of
the protective shells from low-cycle fatigue has been investigated. The limiting

value of the number of load-unload cycles before destruction has been determined.

The main research results obtained in the dissertation were published in 13
scientific works, in particular in 4 articles in scientific professional publications
(one of them was published in a periodical included in the international sciento-
metric databases WoS or Scopus), 2 patents, 7 abstracts and reports in conference

proceedings.

Key words: temperature loading, mathematical modeling, thermoelasticity,

temperature stresses, thermal sensitivity, layered bimetallic bodies, finite element
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method, analytical and numerical methods, stress-strain state, stress intensity,

strength, deformation, computer simulation, deformable body, mathematical

problems
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