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Cmebaanxo I1.0., /[bomiues K.E.

YUCEJBHE MOJAEJTIOBAHHSA CTAHY IIPYXHO-TIJIACTUYHUX NUJITHAPUYHUX
T I J1€10 BUCOKOTEMITEPATYPHUX HABAHTAXKEHD

JIHinpoa3epKUHCHKUI JepKaBHMii TexHiYHUi YHiBepcuTeT, M. Kam’gaHcbKe

PoGota mpucBsiueHa 4MCEIbHOMY MOJAEJIIOBAHHIO CTAHY MPYXHO-TUIACTUYHUX LIWIiHA-
PUYHUX TiJI T i€l0 BUCOKOTEMITepaTypHUX HaBaHTaXKeHb. Po3polbsieHo itepariiiitHuii
METOJ TIOKOMITOHEHTHOTO PO3LIEIJIEHHS ISl PO3B’SI3aHHS CHUCTeM AudepeHLiaJTbHUX
PiBHSIHB, 1110 ONTUCYIOTh MPOLIECH TETUIONPOBIIHOCTI i IepopMyBaHHS B HEJIiIHIMHUX CKJ1a-
JNEHUX UWJTIHAPUYHUX TijaX Uil YUCETbHOTO MOJEIIOBAHHS iX MPYXHO-TJIACTUYHOI 110~
BEIiHKMU ITifl BIUIMBOM TeMIIEpaTYpPHOTIO i CUJIOBOro HaBaHTaxeHHs . [Ipu 1iboMy BUKOpPU-
CTaHO alpoKCUMAIiMHUI amapaT HanpyXeHUX CIUIaiiHIB i KyboiuHux B-crnaiiHiB, skuii
JIO3BOJISIE BPAXOBYBATH CKJIAJHI 3aJIEXKHOCTI BJIACTUBOCTEI MaTepiany BiJi TepMOMeXaHiu-
HUX MpoIeciB. ABTopaMHu OyJI0 HOCHTIIKEHO TeMIlepaTypHe I1ojie LVIIHIAPUYHOTO Tila,
SIKe 3HAXOAUTBHCS Y BEPTUKAJBbHOMY TMOJIOXKEHHI i Mg KyTOM, a TakKoX BCi HEOOXimHi
eJIeMEHTH TEeH30piB Hanpyru i necdopmairii. HaBeneHi pe3yabrati MalOTh OiIbIIT BUCOKUIA
MOPSIIOK TOYHOCTI B TTOPiBHSIHHI 3 aHAJIOTIYHUMU pe3yJibTaTaMyi, OTPUMaHUMU 3a JIOTIO-
MOrol0 pizHMLEeBOro Metoay. OTpuMaHi pe3yabTaTh TO3BOJISIIOTH MPOTHO3YBAaTU JOB-
TOBIYHICTb i HamiHICTb 00’€KTIB, 1110 TMPALIOIOTh B YMOBaxX IIOKOBMX HECTalliOHApHUX
TeMIepaTypHUX HaBaHTaXeHb. 3arporOHOBAHO e(heKTUBHUI YMCETbHUI METOI TSl PO3-
B’SI3aHHSI TPUBUMIPHUX HECTALlIOHAPHUX 3aJay TEPMOMEXaHiKM, 3aCHOBAaHUI Ha 3Be-
JIEHHi 3a/1a4i 10 CUCTEMM TPbOX TMOCIiTOBHO PO3B’3yBaHMX ABOBUMIpPHUX 3a1a4, KOJU
HEBIZIOMi BEJIMUMHU TIPEACTABJICHI Y BUIJISIAI ABOBUMIPHUX TOJiHOMiaJbHUX i Hampyxe-
Hux crutaitHiB. [1oOynoBaHi itepauiiiHi ¢hopMyaun 1isi BUBHAYEHHST TeMIIepaTypu, IBU/I-
KOCTel 3MillleHb, KOMITOHEHTIB TEH30piB HANpyru i nedpopmatilii, 103BOJISIIOTH OTPUMYBa-
TH TPETiii TOPSIIOK METOAY alpoOKCUMAIIil 3a YacoM i TpeTiii Ta YeTBEpPTUil MOPSIIOK 3a
KOOpIMHATaMU.

KmouoBi cioBa: TepMoMexaHiuHi Tpolecu, TeMIepaTypHe Iojie, MeTO MOKOMIIOHEHT-
HOTO pO3IIETUICHHS, CIUIaiiHA, MaTeMaTUYHe MOJIEJIIOBaHHS, iTepalliiiHi MeToIu.

Ilocmanoexa npobaemu

Hetayi Ta eleMEHTH METalTypriiHUX KOHCT-
PYKIili B MpoLeci CTBOPEHHSI Ta eKCIUlyaTalii me-
peOyBaroTh ITiJI CYKYITHOIO Ji€I0 CKJIATHOTO HEeCTalli-
OHApHOTO CUJIOBOTO i TEeMIepaTypHOTO HaBaHTaXKeH-
Hs. HepiBHOMipHE BHMCOKOTeMIIepaTypHe HaBaHTa-
>KEHHS Til y MOENHAHHI 3 CUJIOBUMU YMHHUKAMU
MPU3BOAUTD 0 CKJIAIHUX MPOILECiB AedopMyBaH-
Hs. Jist MonestoBaHHS TOBENiHKU €JIeMEHTIB Me-
TaJypriiHUX KOHCTPYKIIii, SIKi TepeOyBarOTh ITif
Ji€el0 BUCOKOTeMIIepaTypHUX HaBaHTaXeHb, IO-
TPiOHO BM3HAYATU HeCTalliOHApHUII TepMOMeEXaHi-
YHUI CTaH Tijla HEe JIMIIe Ha TIPYXHIiA cTamii me-
(opMyBaHHs, a i 3a MeXel MPYXHOCTI 3 ypaxy-
BaHHSIM TEpMOMEXaHIYHMX IMapaMeTpiB MaTepiany,
SIKi 3aJiexXaTh Bill TeMImepaTypu.

HagBHi yncenbHi METOAM PO3B’SA3aHHS TaKUX

© Crebasitko I1.0., JpomiueB K.E., 2017

HecTalliOHapHUX 3a7ay TPU3BOISTh, SIK MPaBUIIO,
JI0 BEJIUKUX OOUYMCTIOBAILHUX TPYAHOILLIB, TOB’S-
3aHUX 3 BUPIILLIEHHSIM BEJMKUX CUCTEeM ajredpaiu-
HUX PiBHSIHb, 1110 HE 3aBXIW OyBalOTh €(EeKTUBHi.
Ili o6cTaBUHM CYTTEBO YCKJIAIHIOOTH MOJIEJIIOBaH-
HSI TIPY>KHO-TJIACTUYHUX UMJTIHAPUYHUX TiJT T [i€lo
BUCOKOTEMIIEPATYPHOTIO Ta CUJIOBOTO HaBaHTAXKEH-
HSI.

Ananaiz ocmannix docaioncens i nybaixauii

ITpoGiema MaTeMaTUUHOTO MOJIETIOBAHHS TEP-
MOMEXaHIYHUX MPOLECiB B MPYXKHO-TIJACTUUYHUX
HWJIIHAPUYHUX TijaX MPU CKIAAHUX HaBaHTAXKEH-
HSIX € HE HOBOKI Ta KOMILIeKCHO. Tomy, Takiit
poOJIeMaTHuIli IPUCBIUYEHO Oarato pooiT, 30Kpema:
CydyacHi ysIBJI€HHSI TPO 3aKOHOMIpHOCTi B3a€EMO-
BIUIMBY HeCTalliOHApHMX MPOLECiB pi3HOI (hi3nu-
HOI TIPMPOIM MOXHA 3HailTH B pobotax .. By-
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pak, P.M. Kymnip, B.I'. KapHayxoBa Ta iH.; KOHK-
PETHUM MOJAENSIM BU3HAUYEHHS, TOCIIIXKeHHS Ta OIl-
TUMi3allii MeXaHIYHOI ITOBEIIHKH TiJI IPU KOMIJIEK-
CHUX 30BHIllIHiX HaBaHTaXXEHHSX TMPUCBSIYEHi pO-
o6otu B.I'. baxeHoBa, A.P. 'aukeBuua, /I.B. I'pi-
nminekoro, B.C. INomosnua, P.C. Mycid 1a iH.; edek-
TUBHi YMCeJIbHiI i YyMceJbHO-aHaJiTUYHI MeToau
BUpilLIEHHS HecTallioHapHUX 3a7a4y MexaHikKu 3ar-
poroHoBaHi B poborax B.®. Meiima, O.0. Crpenb-
HikoBoi, SI.M. I'puropenka, B.I. Ky3bmeHka Ta iH.
Dopmyarosanns memu 00CAIONCeHHA
HesBaxatouu Ha BUILIEBUKIAAEHE, 3 HaIlOl
TOYKH 30pY, B HAYKOBIii JliTepaTypi He MPUALISIOCH
JIOCTaTHBOI yBarM MaTeMaTUYHUM MOJEJISIM i METO-
JaM, sIKi CIIPUSIIOTH MiABUILEHHIO TOYHOCTI BU3HA-
YeHHS i JOCIiIKEHHSI HEeCTalliOHApHOTO TEPMOME-
XaHIYHOTO CTaHy UWJiHAPUYHUX TiJl MPU BUCOKO-
TeMIepaTypHOMY Ta CUJIOBOMY HaBaHTaXKeHHi, KON
TepMOMEXaHiYHi TapaMeTpu MaTepiay 3ajexaTh Bill
TeMmIiepatypu. MeToro poboTu € po3podKa yuceb-
HOT'0 MeTOAy Ha 0a3i armapara crutaiiH-(QyHKITIH 1711
MOJIETIOBAHHSI MPYKHO-TJIACTUYHOTO CTaHY LIMJIiH-
IPUYHOTO Tijla T Mi€}0 BUCOKOTEMIIEPATYPHUX
HaBaHTaXEHb.
Buxaaod ocnoenozo mamepiany oocaidncenns
TemnepatypHe mosie [l i30TPOITHOTO TiJia y
BUMAJKy BpaxyBaHHSI Tellja, 110 BMAISETHCS B
npoiieci Moro aedopmyBaHHS TiA i€l TeMrmepa-
TYPHOTO Ta CUJIOBOTO HAaBaHTaXK€HHS, BUBHAYAETh-
sl LLJISIXOM PO3B’SI3aHHST HeCTallioHAPHOTO PiBHSHHS
TeTUIONPOBIAHOCTI MPU MEBHUX MOYATKOBUX i Ipa-
HUYHMX ymoBax [1,3,5]:

or _ 1 o [ HH, oT

o6 HHH,|dd'\ H 0dd
o ( HH, oT

+ 7| a : 2

oa H, O«

+aa3 aH;IHI §T3 W (1)
o , oa

ne W, — dyHKIisT po3citoBaHHSI ab0 IMUTOMA II0-
AT)
&P
130XOpHa TeMIIepaTypONpPOBiIHICTh, sIKa IJIS Tep-
MOUYTJIMBUX MaTepialiB 3aJIeXXUTh Bil TeMIiepaTy-
pu i ToTpedye OKPEeMOTro MaTeMaTUYHOTO MOJEIIO-
BaHHs; H; — mapamerpu Jlame (i= 1, 2, 3); - — Tou-
KOIO TIO3HAuYEeHi IMOXimHi 3a yacoM; ¢'— OpTOoro-
HaJIbHiI KpMBOJIiHIMHI KOOpIWMHATU:

TYXKHICTb BHYTPILIHIX IXKepe Terutotn; 4=

VV* :SUBIJ _ESi/Sg +
Tl _3 or\ o,
I U T
Sl] =O'l'j—5ij0, 9U :gl.j_é‘l.jg
Gll gii G = E 3E
3 09T T2 P, @

Tyr Sy, 31']' — BIiJIMOBIHO, JIeBiaTOPU TEH30PiB
Hanpyr i gedopmaniit; Oj;, &; — TEH30pH HaIpy-
v i gedpopmariii.

IToyaTkoBuMi1 PO3IOILA TEMIIEPATyPU B TiJli, 11O
BilTIOBila€ MPUPOJHOMY HEHANpPYXEHOMY CTaHY
Tijla, 3a0A€ETHCS TaK:

T =Ty(a') npu t =0. 3)

I'paHnyHi yMoBH, $IKi BimoOpaxkaroTb BIUIMB
HaBKOJIMIIIHLOTO CepeloBUIIA HA TeMIlepaTypy Tija,
3a/1aI0ThCSl B TaKUii CHOCIO:

E-Z:—a(T—H)—q’ (4)

JIe n — 30BHILLIHSI HOpMaJlb 10 TIOBEPXHi TiJla; a; —
Koe(DilliEHT JIIHIHOTO TeTJIOBOTO PO3LIMPEHHS; a —
Koe(ilieHT TeruIoooMiHy; Q — TeMrepaTypa HaBKO-

JIMIIHBOTO CepeoBUIIA;  — TEIUIOBUM MOTIK.

VY 3zaranbHOMYy BUMAAKy BeluuuHu a, Q, q
MOXYTh 3ajIeXaTu BiJ yacy W TOJOXEHHSI TOUKU
(a', a?, a®) Ha moBepXHi TpUBUMIipHOTO Tija V. YMO-
Ba (4) ipu pi3HMX 3HAYEHHSIX Koe(illieHTa a MiCTUTh
TPYU BUAU TPaHWUYHUX YMOB. ['paHMYHI YMOBU Tep-
LIOr0 POy TMOJISITaloTh Y TOMY, 1110 Ha IMOBEPXHi
TiJla B KOXHUWI MOMEHT 4acy 3adaHuil po3Moia
temneparypu (a—oo, ¢g=0). ['paHUYHI yMOBU ApY-
roro poay 3aJal0Th TEIUIOBUIA MOTIK q Yepe3 moBep-
xHI0 Tia (=0, ¢#0). [paHUYHI YMOBU TPETHOTO
pony GOpMYIIOIOTh 3aKOH TEIUIOOOMIHY MiX ITO-
BEpXHEIO Tijla i HaBKOJMILHIM CepeloBUILEM TpU
safaniit eunni 6(g=0,a#0) [2].

Okpim TeMnepaTypu B KOXHili ToUlli TiJia Tpeba
3HAWTU 3MIlEHHA TOYOK Tifa u ; (abo iX 1BMAI-
KOCTi v ; ) 1 TEH30pM Hanpyru ta aedopmariii.

Jns cTBOpeHHS MaTeMaTUYHOI1 MOJIeJTi TPYyXK-
HO-TJIACTUYHUX HWIHAPWUYHUX TiJ Mif Ji€l0 TeM-
MepaTypHOro Ta CUJI0BOrO HaBaHTaXKeHHSI HEOOXi-
HO OWJIbII JeTaJbHO PO3IJISIHYTH: T€OMETPUYHI
CITiBBiIHOIIIEHHSI Ta PIBHSIHHSI PyXy €JIeMeHTa MPyX-
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HO-MJaCTUYHOTO UMJIHAPUYHOrO Tijia, MOjaeNi
(hizMYHUX CIiBBiIHOILIEHb TEPMOIPYKHOCTI Ta Tep-
MoIIIacTUYHOCTI [1].

MateMaTuyHa MoOJeb TMPYXXKHO-TLIACTUYHUX
MWINHAPUYHUX Til Mif Oi€0 TeMIepaTypHOIro Ta
CHUJIOBOTO HaBaHTaXXeHHS SIBJISIE COOOIO cUCTeMY 16-
™M audepeHLialbHUX PiBHSIHb B YaCTMHHMX IIO-
XiIHUX, sIKa CKJIaJa€ThCs 3 PiBHSHHS TETLJIONPOBI/I-
HocTi (1), 1110 onucye TemriepatypHe IoJjie, B KO-
My BpaxoBaHa MOXJIMBICTh BUIIJIEHHS Terlja 3a pa-
XYHOK TeMIlepaTypHUX HaBaHTaXeHb 3a MEXer
MPYXXHOCTI, a TAKOX PiBHSIHb PYXy €JIeMeHTa Tija,
1O SIBJISIIOTH TePMOHaIpyXKeHoae(hOpMOBaHUIi CTaH
Tijla, TEOMETPUYHI CIiBBiIHOIIEHHS 151 IIBUIKOC-
Teil aedopmaliiit i izMuHI CIiBBiAHOLIEHHS, 11O
3B’SI3yI0Th CKJIAAOBiI TEH30piB HAIpyru Ta Aedop-
Maritii.

IToBHY cucTemy piBHSIHB 3allPOMOHOBAHOL
MOJIEJIi 3aIIiCaHO B BEKTOPHIil (PopMi:

oW oW =

o 24 a8 (5)
-1 9%

e W — BEKTOpP, KOMIIOHCHTaAaMMN AKOTO 6y[[yTI)

IIBUOKOCTI 3MilllcHb, KOMITOHEHTH T€H30piB HaIpy-
' Ta nedopmMarllii.

Cucrema po3B’SI3yETHCSI Ha OCHOBI METOXY
MOKOMITOHEHTHOT'O PO3IIETIJICHHS.

st po3B’si3aHHS cuUcTeMU (5) MPOMOHYETHCS
METOJ UMCETBLHOTO BUBHAUEHHS PO3B’SI3KYy HecTalli-
OHapHOI 3a1a4i TepMOMEXaHIKM TS TUIIHAPUIHIX
Tif. 11 mopanbioro 3acrocyBaHHs MITP cucre-
My (5) MOXHa mepenucaTi B UMJIIHAPUIHUX KOOpP-
JUHATaX:

a—W:AI‘SJ—W+EE, teltyt |
ot or 3 P+
aW:Az—W,tet it
ot roQ p+; Pt
3 3

oW oW 1

=4, —+-B, te|t ,;t )
o o 3 prs P (6)

3

Lle no3Bonsie omepxaTu mopsanok O(t"), ne T =
2; 2,5 BianoBinHoO s Ky6iyHuX B-crumaiiHiB i Ha-
MPYXXEHUX CIUIAHIB.

Ha BinmiHy Bim 4uMcTO pi3HULIEBOrO MiAXOMdy,

MOXiTHY 3a YyacoMm OymeMO anpOKCHUMYyBaTH 3a J0-
TIOMOTOIO CIUIAMHIB:

W, (a",t)z 53, ()W, | "t

TP (7)
Py
1
e 1="(t-t,) teftt,+7]
T
IMponudepeHiiitoemo (4) 3a yacom:
walan) 3, :
o _;zr:Ofr(ﬂ)Wm a Jp+5 - (8)
3

@yHK1ii (I)r(q), Ir (77) 3a1a10THCS B 3aJIEXKHOCTI
Bil TUIy BUKOPUCTaHUX crjaiH-GyHKuii. [pu
Mepexodi Bill piBHSHL OO Pi3HUIIEBOI CXEMHU iX
MOXiIHI 3a YaCOM PO3B’A3KM Yy By3Jax t,., 3, =1, 2,
3 BU3HaAyalThCs 3a JomnoMoroio ¢opmyn (4), a
MOXiAHI 32 KOOpAMHATAMHU 3aMiHIOIOTHCS BiIIOBi/I-
HUMU alpOKCHUMALIisIMMU.

VY Bumnaaky 3actocyBaHHs siBHOi cxemu MITP
npu t, = t, = t; = t/3 po3paxyHKOBY CXeMy MOXHa
3arMcaTy Tak:

2
1 1 P+ 1 P+
f3[3j Wn‘;ﬁl +f2(3j Wm 3 +fl(3j Wm 3 :le’
2
2 2\ p+o 2\ p+s
f3[3j wp +f2[3j W, 3 +f1[3j Wy 3=Lyy,
1

2
Awes n 0wl s f)wl 5 =1, )

L :T{/IIW‘” ZW‘”}— fo[l] we,
3 3

TSN 2
—_ T — - —_ —
Lo=S\ W 342wP |-l = |\we,
273 & 3 f°(3]

i .
Ly =5 2 = ). (10)
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Y kBagpaTHHX OyXKax GopMya (9) CTOSThb
BUpAa3H, IO € MPAaBUMM YaCTUHAMU (POpMYIT STBHOI
cxemu. OcobauBicTio cuctemu (8) € Te, 1110 10 Tpa-
BUX YaCTUH 11 piBHSIHB 3a gonomoromw L,,., L, Bxo-

1 2
IITh BEJINYMHNA W;”E Wf+§ nel=l1, 2,..., 15.
IleperBopumo cuctemy (5). 151 uboro 3 Tpe-

TBOTO PiBHAHHS 3HAiiIEeMO Wf”:

1 2
Pt P+

LBm_fl(l) Wm 3_f2(1) Wm 3

pri_ L
i 11
A0 (h
A0 BUKITIOYNTH BEJIMINHY W/{’ 13 nepiuo-
ro Ta APYroro piBHSIHb cUcTeMHU (8), TO OAEPKUMO
CHCTEMY, Ha OCHOBI SIKOi MOXHa OpraHi3yBaTH iTe-
paiiliHy Tpoleaypy BU3HAauY€HHSI MPOMiIXHUX Be-

2
+— +—
JIMYUH W‘ 3 Ta Wl 3 Ha JpOOOBMX KpOKax 3a
A A

JacoMm:
Py P+
a| W, +a,| W, =
J J
1 2

P+§ P+g

= () B W 2| +Bof W 2 | =leam), . (1D
J J

Ile j — HOMep iTepallil, a TaKOX BBeJeHi MO3HAYECH-
HS I BIIOMUX CTAJIUX.

Wm
HynboBe HaOMMXEeHHS 1151 BEIUUYNH
0

p+Z
w. 3
Ta| ™ BU3HAYAETHCS 3a TOMOMOTOI0 (hOpMYyJI,
0
OTpMMaHMX Ha OCHOBI sIBHOI cxemu MIIP.

ITicas uboro oOGUUCIIOIOTHCS BCi Cy;, Cyp,
1=1,2,...,15. Ilepua Ta Bci HAcCTyIIHI iTepamii

1 L2
3 Wp 3
Tal| " , e j=1,2,..., BU3HAUAIOTLCH

J J
3 cucremu (12). Ti po3p’si30k:

p+
w

m

1
pt- A A A
Wy 3 =/11L1m+’12(L2m)j—1+’73(18m)j—1’
J
2
pt- ~ A
w, 3 =/14L1m+/15(L2m) 1+ﬂb6( )i -1
J

aﬂgzas 4=§a 5= 3) 6 3

Y Bumagky 3acTOCyBaHHS HaIIpyXEHUX
CIUTIAiHIB:

4, =1.9949, 4, =—1.4058 A, =0.4109
4, =24058 A, =-0.7367, i, =0.3309.

ITpouec itepaitiii 3a gonomorow dopmyra (12)
MPOBOIUTLCS JOTH, IIOKM PO3XOIKEHHS MiX CyCilI-
HIMM iTepalissMy He OOCSITHe 3HAYCHHS Hallepesn
3agaHoi BeqmunHM. Ilicis mporo Ha OCHOBI op-
myau (10) BU3HAYA€eTHCS PO3B’SI30K BEKTOPHOTO

PiBHIHHS an“ Ha TTOBHOMY KPOIIi 3a 4YaCOM.

YuceavHni pezyavmamu

ABTOpaMu OyJ10 JociigkeHo [2,4,6] Temmepa-
TypHe MoJie UWJIIHAPUYHOTO TiJia, IKe 3HAXOAUThCS
B BepTUKAJILHOMY IMOJIOXKEHHI (puc. 1,a) Ta mia Ky-
ToM (puc. 1,0), a TakoX BCi HEOOXigHi eJleMeHTHU
TeH30piB HaMpyru Ta aedopmailii.

Hwninap, posramoBanuii mig kyrom 60° mo
MOBEPXHi, 3aMOBHIOETHCS PiANMHOIO (pO3TJaBOM
MeTaiy) 3 Temrepatyporo 7=1536°C 3i MIBUOKICTIO
MIPOCTYITaHHS B TiJIo 7 .

3armmmemo movaTtkoBi 7=T7,=150°C Ta Tpa-

HWYHi YMOBU: JUIST =425, e Z € [O; 31 10].

T (14)
or

Ha BHyTpillIHili TOBepXHi LUJiHApa TPaHUYHI
YMOBH 3aJI€XKaTh BiJl yacy Ta Bill KyTa Haxwiy LUJIiH-
nIpa g0 IToBepxHi 3eMuti. Tak, Ha Tiil YaCTUHI BHYT-
pillIHBOI TOBEPXHi, SIKa BXe 3ajJuTa PiIMHOI0, 3a-
MA€TbCd 3HaYeHHs TeMmeparypu: 1=1536°C, a Ha
1lle BiJIbHil BiJ piAMHU BHYTPillIHiil MOBEPXHi BU-

Numerical modeling of state elastic-plastic cylindrical bodies if exposed to high temperature loads
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a 0
Puc. 1. Cxema 3a1oBHEHHSI piIMHOIO MPYKHO-IIACTUYHOIO
LUJIiHAPUYHOTO TijIa: @ — UMIIHAP 3alIOBHIOETHCS PIIMHOIO
(po3ruiaBoM MeTally); 6 — UMJiHAPUYHE TiJIO 3alIOBHIOETHCS
PIIVHOIO Mil KyTOM

KOHYIOTbCSl yMoBU (14).

ABTOpU B pobotax [2,6] mis 3HAXOMKEHHS
TeMIIepaTypHOToO MOJisl MPYXHO-TUIACTUYHOTO Tija
CKOPUCTAJIMCSI METOAOM IpOOOBMX KPOKiB. YacTUHHI
MOXiAHI TT0 KoopauHaTaM OyJy alipOKCHMMOBaHI 3a
JIOTIOMOTOI0 CILJIaiiH-(DyHKIIiiA.

ITpu yuceabHOMY PO3B’sI3aHHiI 3aCTOCOBaHa
HACTyITHa MPOCTOpPOBa CiTKa:

(ri,q)o,zk); n=r_j+h, =247 1i=12.5,
Wy, =3@; =@ +jh,p =0,/ =12..24
Z = Zj—| +/’l3, zZp = 0, k= 1,2,....100

ne hy =35,6; hy =x/12; h;=31,1.

3aMiHMBILIY BiAMOBiAHI AU(epeHLiaIbHi omne-
paTopu BiAMOBITHUMU Pi3HULEBUMU BUpa3aMu,
PpO3paxyeMO y KOKHOMY BY3JIi YaCOBOI CiTKU:

1
Pt

p
t 3+Z’2,

2
3t e

n
3=t vt
W, =

p. P o
t )t =t +T3,l0—0,p—0,1,2,..

3aMiHMBILIY BiAMOBiAHI AU(epeHLiabHi omne-
paTopu BiAMOBIAHUMU Pi3HULIEBUMM OMepaTOpamu,
00YMCIMMO y KOKHOMY BY3Jli CITKU B TpU ApPOOOBI
KPOKM — CIeplly Ha TpeTili YaCTHHi, MOTiM Ha IBOX
TPeTiX i ITOTIM Ha ITOBHOMY KPOIIi 3a 4YacOM.

3agikcyeMO CTaH LWIHAPUYHOTO Tijla B MO-
MEHT, KOJIM TeMIlepaTypHe HaBaHTaXeHHS 3ailHsI-
JIo yci By3iu 1o i=1 i po3paxyemMo TemIiepatypHe
nose. Pe3yiabTaTu po3paxyHKY TeMmIlepaTypHOIo
MOJISI TIPM pO3paxyHKoBOMY Kpoli 3a yacom 0,1,

npuBeaeHi Ha puc. 2. Jleski pe3yabTaTy MoJIiB TeM-
rnepaTrypu, IBUIKOCTEM HaMpyKeHHS i Aedopmaliil
HaBeJeHO Ha puc. 2, puc. 3 ta Tabauui. [TopiBHsie-
MO iX 3 pe3yJibTaTaMu ISl UWAiHApa, SIKWil 3Haxo-
JUTHhCS Ha TUIOLIMHI Y BEPTUKAJIbHOMY TOJOXEHHI
(puc. 3, MyHKTUPHA JIiHiA — UMWIIHAP pO3TallloBa-
HUM Mg KyTom).
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Puc. 2. TemnepaTypHe moJie B IPY>KHO-IUIACTUMHOMY LIAJTiH/I-
PUYHOMY TiJIi

6 lo
@ s

02

)} X AT
r =247 r=425
Puc. 3. Tlone miBUAKOCTE HAMPYXKEHHS B

MPYXHO-TIJIACTUYHOMY LMJIIHAPUYHOMY TiJIi
Iloae mBuaKocTeil nedopmanii B NPyKHO-NMIACTUYHOMY
HUTIHAPUYHOMY Tiji Oyl / O; — WWJIHAP 3HAXOIUTbCS
BEPTUKAIBHO, Oy / O, — UWJIHAP 3HAXOIUTbCS i

KYTOM
r 247 [ 291,5 | 336 | 380,5 | 425
Gyi/0r | 0,420 | 0,125 | 0,120 | 0,120 | 0,012
G /0: | 0,420 | 0,124 | 0,040 | 0,010 | 0,010

AHaJ1i3 MoJIiB IBUIKOCTI HATPYXXEHHSI i LLIBUA-
KocTi gedopmalii 1moxkasye, 1o IIpu TeMIlepaTyp-
HOMY HaBaHTaXK€HHi MPY>KHO-TUIACTUYHOTO LIWTiH-
JPUYHOTO TiJla, sIK€ 3HAXOAUTHCSI TOPU3OHTAbHO,
IIBUJKICTh HAIpyXeHHsI PiBHOMIpHO CIaAa€ Mo
nepepisy Tijla, a WBUAKICTh AedopmMallii cranae i
crabimisyerbes 1o 0,01. ABropamu OyJIo Jociimke-
HO [2—3,6], IO B MPYXHO-TJIACTUIHOMY LVUTiHII-
PUYHOMY TiJli, 110 3HAXOAUTHCS TiA KyTOM, IOJe
IIBUAKOCTI HAampy>KeHHS 3MiHIOEThCSI XBUJIETIONi0-
HO, 1I€ MPU3BOAUTb A0 CTadiMi3allil IMoJs IBUIKOC-
Teil necdopMallii paHillie, aje BiTHOIIEHHS IIBUI-
KocTel Aedopmallii € 3HAUHO BUILUM i JTOPiBHIOE
0,12. Otxe, HaAMipHa IIBUIKICTh HABAHTAXXEHHS, i
TeMIlepaTypHUU yaap He JaloTh MOXJIHUBOCTI Mpo-
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SIBUTU MaTepiajgaM UWITHAPUYHOIrO Tijia TJIaCcTUYHI
BJIACTUBOCTi.

HageneHni pe3ynbTaTu MaloTh BUILUNA MOPSA0OK
TOYHOCTI B MOPIiBHSIHHI 3 aHAJOTIYHUMM Pe3yabTa-
TaMy, OTPUMAHUMM 3a JOIOMOTOI0 Pi3HUIIEBOTO
metonay. OTprMaHi pe3yabTaTu AalOTh 3MOTY IpO-
THO3YBaTU IOBTOBIYHICTb 1 HAAiliHICTb 00’ €KTIB, SIKi
MpalLoTh B yMOBaxX IIOKOBUX HeCTalliOHAapHUX
TeMIlepaTypHUX HaBaHTAXKEHb.

Bucnoexu

B poGoti posriasHyra MaTeMaTudHa MOJeJb
CTaHy NPYXHO-TJIACTUYHUX LMTIHAPUIHUX TiJ Tif
JIiel0 BUCOKOTEMITEpaTypHUX HaBaHTaXeHb, sKa
JI03BOJISIE BPaXOBYBAaTHU 3aJIeKHOCTI TepMoMmeXxa-
HiYHMX TTapaMeTpiB MaTepiajly Bill TeMmepaTypu.

3anponoHoBaHO e(eKTUBHUI YUCEbHUI Me-
TOA IJIs1 pO3B’SI3aHHSI TPUBUMIPHUX HecTallioHap-
HUX 3a/1a4 TEPMOMEXaHiKU, IKUI 0a3yeThCs Ha 3Be-
IeHHI 3a7adi IO CUCTEMM TPhOX MOCIIZOBHO PO3-
B’SI3yBaHUX JBOBUMIipHUX 3a/la4y, KOJIU HEBiOMi Be-
JIMYMHU MPEJCTaBICHI Y BUTJISIII IBOBUMIPHUX MOJTi-
HOMiaJIbHUX Ta HampykeHuX criaiiHiB. [TodymoBaHi
iTepaliiiHi opMyau 1J1s BU3HAYEHHSI TeMIepaTy-
pU, WIBUAKOCTEN 3MillleHb, KOMIIOHEHTIB TEH30DiB
HarpyTu Ta nedopmMallii, 103BOJSIOTh OTPUMYBATU
TpeTiil MOpSIIOK METOAY anmpoKCcUMallii 3a 4acoMm Ta
TpeTiii 1 YeTBepTUil MOPSIIOK MO KOOpAUHATAM.
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YU CJEHHOE MOJEINPOBAHUE COCTOAHUA
YIIPYTOINIACTUYECKUX HWINHIAPUYECKHUX TEJI
IO JEMCTBUEM BBICOKOTEMIEPATYPHBIX
HATI'PY30K

Cmebasnxo I1.A., /lemuues K. 9.

Paboma nocesujena uucieHHOMY MOOeAUPOBAHUID COCMOSI-
HUSL YAPY20-NAACMUMECKUX UUAUHOPUHeCKUX mea nod Oeticmeuem
BbICOKOmMeMNepamypHuiX Haepysok. Paspaboman umepayuontbili
Memood NOKOMNOHEHMHO20 PacuienieHus 04s peuerus cucmem oug-
epeHyUanbHbIX YPAGHEHUL, ONUCHIGAIOWUX NPOUECCh MEeNaonpo-
600HOCMU U 0eOPMUPOBAHUS 8 HEAUHEUHbIX COCMABACHHBIX UU-
AUHOPUYECKUX MeAax 0As YUCAEHHO20 MOOCAUPOGAHUS UX YNpyeo-
nAGCMUYECK020 N0gedeHUs: N00 GAUSHUEM MEMNEPAMYPHOU U CUAO-
60l Haepysku. [Ipu 5mom ucnoab306aHO ANNPOKCUMALUOHHYIT an-
napam HanpsjICeHHbIX CRAALIH06 U KyOuyeckux B-cnaaiinos, komo-
DbLil N0360451€m YHUMbIEAMb CAOJCHbIE 3AGUCUMOCIU CEOLICME MA-
mepuana om mepmomMexaHu4ecKux npoyeccos. Asmopamu 6v.10 uc-
C1e006aHO memnepaniypHoe nojie YUAUHOPUHECK020 mead, KOmopoe
HAX00UMCsi 6 6ePMUKAAbHOM NOAOJCEHUU U MO0 YeaoM, a maKice
6ce HeoOX0OuMble I1eMeHmMbl MEH30P08 HANpsdceHus u degopma-
yuu. [lpusedennvie pezysvmamol umerom bonee 6blCOKUL NOPIOOK
MOYHOCMU NO CPAGHEHUI) ¢ AHANOSUYHBIMU Pe3YAbMamami, noay-
YEHHBIMU C NOMOUWBbIO pa3HOCmH020 Memoda. [lonyuenHvie pe3yns-
mambol NO3605H0M NPOSHOZUPOBAMb 004206E4HOCHb U HAOEHCHOCHb
006eKmo6, pabomarouux 6 Yca08Usx WOKOBbIX HeCMAYUOHAPHBIX
memnepamypHoix Haepy3ok. IIpedroxcen s¢ppexmuerbiil uucaenHbil
Memo0 0451 peleHUst MPexXMepHbiX HeCMAayUOHAPHbIX 3a0a4 mepmo-
MeXaHUKU, OCHOBAHHYIL HA C6e0eHUU 3a0a4U K cUcmeme mpex noc-
N1€008aMeNbHO peliaemblX 08YMepHbIX 3a0a4, K0e0a Heu3eecmHble
BeAUMUHBI NPedcmasneHbl 8 8ude 08YMEpPHbIX NOAUHOMUANBHBIX U
HanpsiceHHvIX cnaatinos. [locmpoentovle umepayuoHHble Gopmyav
0451 onpedenenuss memnepamypul, cKopocmel cCMeueHul, KoMno-
HEHMOo6 MEeH30pP06 HANPANCEHUs U OeopmMayuu, no360410M HoAy-
yames mpemuti NOPsOOK Memodda annpoKcUMAauyuy no epemMeHu U
mpemuti, U Yemeepmoiii NOPAIOK N0 KOOPOUHAMAM.

KioueBbie cioBa: TepMOMeXaHUYECKHE IMPOLECCHI,
TeMITePaTypHOE TOJIe, METOJ] TOKOMITOHEHTHOTO PacIeTICHHUS],
CILJIAaiiHBI, MaTeMaTUYeCKOe MOJIEIMPOBAaHME, UTePALlMOHHbBIE
METOJIbI.

Numerical modeling of state elastic-plastic cylindrical bodies if exposed to high temperature loads
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NUMERICAL MODELING OF STATE ELASTIC-PLASTIC
CYLINDRICAL BODIES IF EXPOSED TO HIGH
TEMPERATURE LOADS

Steblyanko P.O., Dyomichev K.E.

The work is devoted to numerical modeling of the state of
elastic-plastic cylindrical bodies under the influence of high-
temperature loads. An iterative method of componentwise splitting is
developed to solve systems of differential equations describing the
processes of heat conduction and deformation in nonlinear composite
cylindrical bodies for numerical modeling of their elastic-plastic
behavior under the influence of temperature and force loading. In
this case, the approximation apparatus of strained splines and cubic
B splines is used, which makes it possible to take into account the
complex dependencies of material properties on thermomechanical
processes. The authors investigated the temperature field of a
cylindrical body, which is in an upright position and at an angle, as
well as all the necessary elements of stress and strain tensors. The
above results have a higher order of accuracy in comparison with
similar results obtained by the difference method. The results obtained
make it possible to predict the durability and reliability of objects
operating under shock non-stationary temperature loads. An effective
numerical method is proposed for solving three-dimensional non-
stationary problems of thermomechanics, based on reduction of the
problem to a system of three successively solved two-dimensional
problems, when unknown quantities are represented as two-
dimensional polynomial and strained splines. The constructed iterative
formulas for determining the temperature, displacement velocities,
stress tensor components and deformation allow us to obtain the
third order of the time approximation method and the third and
fourth order in coordinates.

Keywords: thermomechanical processes, temperature field,
method of componentwise splitting, splines, mathematical mod-
eling, iterative methods.
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