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BCTYII

TemoBi mpomecu Nmpu 3BaprOBaHHI — ILI€ PO3MOIII TEMIeparyp y
BHUPOOI B KOHKPETHY MUTH 4acy. TemiiepaTypa € GyHKIIE0 Tem1ohi3nIHnX
BJIACTUBOCTEW MaTepiany, KOOpAWHAT Ta 4yacy:

T=T(X,Y, z, t) - 06°eMHe TemIepaTypHe MoJe;

T=T (X, Y, t) — mI0cKe TeMIepaTypHe moJje;

T =T (X, t) - niniitHe TemmepaTypHe moJe.

I3orepma - reoMeTpuYHE MICII€ TOYOK TiJIa,iKi MalOTh OJHAKOBY
TeMIIepaTypy.

Tepmiunmii uka 3BaproBants T = T (f) - 3aneXHICTh TeMIepaTypu
BiJ Yacy y sKiii-HeOyIb TOUIII .

TerioBmicT (eHTamNbIis) - TUTOMA KiUTBKICTh TEIUIOTH,SKY BBEIH B
Tino macoto 1 T pu HarpiBanHi doro Bix T1 mo T2.

3MiHa TemrepaTypu y HamnpsSMKy OyJb-iKOi Bici € TpaaieHTOM
TEeMITepaTypH:

or
grad T = O
O6'emua  rtemmoemuicte  Cp  (JDx/M’rpam) - KUIBKicTh

TeroTH,Heo0xiaHa i 3MiHneHHs Ha 1 K remnepatypu omuHUI 00’ emy.

KoedirienT TermionpoBigHOCTI A 7T HU3BKOBYTIIEHEBUX CTajed y
inTepBai Temmepatyp 600-800°C mopismioe 0,4 Jk/cm-c-Tpa;

1)x =1Hw™m=0,239 Kan.

1Bt =1 JIx/c

[Tportec po3moBCIOMKEHHS TEIUIOTH TP 3BapIOBAHHI PO3IOALIAIOTH
Ha TpH CTaJil:

- TEIJI0 HACUYCHHS,KOJIM TeMIIepaTypHe I0JIe 3POCTAE;

- TPAaHUYHUH KBa3iCTaI[ilOHAPHUNA CTaH ;

- BUPIBHIOBaHHS TEMIIEPATypH ITiCIIsl 3aKiHYCHHS 3BapIOBaHHS.



1 3AKOH TEIIJIOITPOBIAHOCTI ®YP’€

B zaranpHOMY BHUNIaJKy, TP BHAW TEILIONEpeaadyi:

- TEIUIONPOBITHICTB;

- KOHBEKIIis;

- IpOMEHEBA EHEPrisl.

VY TBepIuX TillaX CIOCTEPIraeMo MepIInii BUMAOK.

V piauHax Ta ra3ax — JApyTui Ta TPETiil BUMAJOK.

OnmHak y OOMEKEHHMX TiJlaX CIIOCTEpIraeMo 1 Jpyruil BHMAJOK, i
TpETii.

PosrisiHeMo crepkeHb 31 3MIHHOIO TEMIIEPaTypoOl0 Ta 3aKOHOM i

dr

po3noainy dx

Pucynok 1.1 - Po3nozin TemnepaTypu y CTepKHI

dT
dQ=A(——)F -dt
Toni dx , JIK, (1.1)
ne F — ToBmmHAA nepeTuHy.
Minyc o3Hadae, 110 MOTIK TEIUIOTH CIIPSIMOBAHO B OiK, TPOTHICKHAN
3POCTaHHIO TEMIIEPATYPH.

TermmoBwiA TMOTIK — KINTBKICTh TEIUIOTH CKpi3b TEpEeTHH, SKUN
PO3IIISIIA€THCS 32 OMHUIIIO Yacy.
dQ
do=—

dt | Jix/c, Br (1.2)



[Tutomuii TerI0BHiA MOTIK:

dD

q _
 dF | Brei  (13)

JUISI KOHBEKTUBHOTO TEIIOOOMIHY

q2K:ak(T_TO)1 (1-4)

ne T — Temneparypa Tina;

Ty — TemMnepaTypa OTOUYIOUOTO CEpeOBHUINA;

a,— Koe(iIliEHT KOHBEKTUBHOI TEIIOBIAIai, I[)K/c-CMz-"C
JUISL IPOMEHEBOTO TEIT000MIHY

T+273
G, = C(———)"
100 ~ (1.5)

ne C — koedilieHT, 3aexHuiT Bix cTaHa moBepxHi Tina, Jlx/c-em®°C

2 ITA®EPEHIIAHE PIBHAHHSI
TEIIJIOIIPOBIAHOCTI

3akoH TeronpoBigHOocTI DPyp’e mependayaB po3MOAIN Temia B

MeBHOMY HarpsMKy. OHaK MH Ma€eMO CIIPaBy 3 PI3HAMH CXEMaMHU, sKi He
MOXYTh OyTH OIHCAaHI IIM 3aKOHOM.

[Iportec po3noniny Tera i, BiAMOBIAHO, 3MiHU TEMIIEpaTypH B TiTi 3

KOOpAWHATAMHU X, y, Z Y 4Yaci OmmcyeTbcs MUdEepeHIIHHUM DPIBHSIHHIM
TETUTONPOBITHOCTI, SIKE B 3araJIbHOMY BHUITAJIKy MA€ B

oT A 0T T o&T

—= + =aV°’T
ot cp xt o 822)

2.1)



P =a (2.2)

2
ne VT - oneparop Jlamnaca,

2
m

a — KoediIieHT TemrepaTyponpoBigHocti, ¢

B piBHsHHI (2.1) mOKIaga€eThes, Mo A, C, P, 0 - IOCTIHHI.

Ane 31 3MIHOI TeMIIepaTypH, iX 3HAYCHHS 3MIHIOKOTHCS, OJHAK
ypaxyBaHHs IIi€i 3MiHU Yy 4aci npu pitieHHi piBHSHHSA (2.1) IpUBOIUTE 10
OTPUMAaHHS HETHIHHUX pIiBHSIHB, PIlIEHHS SKUX JUIs TEXHIYHUX 3a1a4
IyKe TPYJOEMHO, TOMY BHKOPHCTOBYIOTh CEpeIHI 3HAUYCHHS KOe(DilieHTIB
A, C, p, 0. B KOHKPETHOMY Jlialia30H1 TEMIIEpaTyp.

B nmoBigkoBiit mitepaTypi BU B 3M031 3HAWTH JiarpaMH 3aJIeKHOCTI
koedilieHTa B TeMIepaTypd Ta HUMH KopHcTyBatuch. JudepeHiiiine
PIBHSHHS TEIJIONPOBITHOCTI JIJIs TUIACTUHHU MA€ BUJI:

2 2
dt o't 2.3)
IJIA CTEPIKHA
dr_ T
dt o’ (2.4)

3 CXEMHU TUIA, IO HATPIBAETHCHA

Bci 3BapHi KOHCTpYKIii, Al SKAX HEOOXiTHO MPOBOAMTH TEIIOBI
PO3paxyHKH, YMOBHO PO3MO/IIICHI Ha IIICTh PO3PAXYHKOBUX CXEM.

3.1 HeoOmexeHe Tiio — TiIO y SKOr0O MeXKi HE BIUTMBAIOTH Ha
PO3IMOBCIOKEHHS TEIIOTH B3JIOBX OCeH X, V, Z.



3.2 HamniBoOMexeHe TIIO — CXe€Ma MAaCHBHOIO Tida 3 OJIHICIO
oOMexyouow TommHO z = (. B HanpsaMky iHmIHEX ~BICiB
PO3ITOBCIOKEHHS TEMIa HE OOMEKYIOThCA.

x

3.3 HeobOMexena miacTuHa — Tij10, oOMexene mromuHamMu z = 0 ta

z=0.B HampsIMKy X 1 Y TEIJIO PO3MOBCIOIKYEThCS HeoOMexeHo. [Ipu
IbOMY TIPUHHSATO, 110 PO3MOBCIOPKEHHS TEIlIa 10 TOBITMHI PIBHOMIPHO.

3.4 HamiBoOMexeHa IIacTHHA — T1710, 0OMEKEHE B PO3TOBCIOKEHHI
TeIUIa 110 Bici Z Ta y(X).

3.5 Ilmockwmii map — Tino, oOMexeHne TuiomuHaMu z = 01 Z = §, 10
TOTO X I10 TOBIIMHI PO3IIOBCIO/DKEHHS TeIIa HEPIBHOMIPHO, ajie y TOU ke
9ac TLIO Ma€ HEe HACTUIBKH BEMKY TOBLIMHY, 00 IM 3HEXTYBATH.

3.6. HeoOmexenundi Ta HamiBOOMEXEHMH CTEpKEHb — TiIO
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MPSIMOJIIHIMHOT Ta KPUBOMIHIIHOT ()OPMH, Y SIKOTO PO3MOBCIOKEHHS TerJia
M0 TOMEPEeYHOMY IEPETHHY PIiBHOMIPHO 1 HEOOMEXeHO Mo Bici X, abo
oOMeskeHe B OJI1H OiK.

H—
.|

B HajaHux cxemMax MOXyTh OyTH BHKOPUCTAaHI SIK JIEKapPTOBI, TaK i
MOJISIPHI KOOPIMHATH.

4 IKEPEJIA TEIIJIOTHU

MHUTTEBE TOUYKOBE JHKEPEIO TEIUIOTH — (hI3UYHO, 1€ BUIAI0K, KOJIU B
MIKpOO0’€M 3a JyKe Malliii MPOMIKOK Yacy BBeIeHa KUTbKICTh TeruioTh Q,
TOOTO B TOUYIlI 3 KOOPAMHATAMH X, Yo, Zo IIPH t ™ 0, KiJIBKiCTb TEIUIOTH =
Q. B HacTyIIHi MOMEHTH 4acy TOYHETHCS PO3MOBCIOKCHHS TEIIa, 3TiIHO
PIBHSIHHS TETUIOMPOBITHOCTI, IO MOXKE OYTH OMUCAHO PIBHIHHSIM:

R2
T = LG_TBI

3
c,o(V;zat)A 1 4.1)

2 2 2
R:ﬁx +y +z (4.2)

e t — Jac BiJl BBEICHHS TEIUIOTH

R - Bigcrasb Big mxepena Q 10 TOUKH, IO POITIIAIAETHCS.

MuTTeBe NiHIHE PKEPENo TeIIOTH — I1€ MUTTEBI TOUKOBI JKepena,
SIKi TIF0Th OJTHOYACHO Ta PO3TAIIOBaHi B OJIHY JIIHIIO — PO3PI3HAIOTH JIiHIHHI
Ta HOPMAITFHO JiHIHI MUTTEBI JpKepena.
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0 - temno PO3TMOBCIOKYETHCS] pIBHOMIPHO BiJTHOCHO Bici Z,
HOPMAJIBHO JIIHIHHUH

2

r
Ql e’ﬁ

cp - 4rat 4.3)
_xXE+y?
r=

MWUTTEBE TUIOCKE JDKEPENO TEIUIOTH - CYKYIHICTh MHTTEBUX

TOYKOBHUX JDKEPEN TEIIOTH, IIOYUX B OIHIHN TUTOIIHMHI.

N s,
I W
o=

7/
7

¥
TemmeparypHe noie MoXke OyTH onucaHe piBHIHHAIM

2

o n
co(4nat) % (44)

B npomy Bumaaky temmneparypa 3aJIeKUTh TUIBKH BiJl KOOPAWHATH X
it

MurTteBe 00’€MHE JUKEpelo — I PIBHOMIPHO PO3MOBCIOJDKEHE
JDKEPENo B yCiX HaNpsIMKax.

HenepepBro nitodi pkepena TEIUIOTH — SBISIOTh COO0I0 CYKYITHICTh
MHUTTEBUX JDKEPEI, PO3MOBCIOKEHUX Y Yaci.

[Tpu upomy JpKepena MOXKYTh OyTH HEPYXOMUMH, PyXOMUMH Ta
LIBUJIKOPYX OMHMH.




5 3BAPIOBAJIBHI JXKXEPEJIA TEIIJIOTH.

5.1 Jlxepena, TEIUIOBHH TOTIK SIKHX € TMOCTIHHMM Yy daci —
eNleKTpUyYHa 1ayra, rasose nomym s, (ELL3, EIT3).

5.2 Jlxepena, TEMJIOBHH TMOTIK SIKUX Ta HOrO PO3MOBCIOKEHHS
3MIHIOKOTHCS Ha IIPOTSI31 MPOLIECY 3BAPIOBAHHS:

- CTHKOBE KOHTaKTHE 3BapIOBaHHS, TOYKOBE, 3BAPIOBAHHS TEPTSIM Ta
iH.

3BapioBaibHa JIyra — 1€ JIOCTATHLO MOTYXHE JDKEPEIo Teria.

Temmneparypa B cToBii Ayru Big S000 — 6000°C.

[Insavu: - aHOOHI — HA TO3UTUBHOMY €JICKTPOMi, Ta KaTOIHI — Ha
BiI’€MHOMY €JIEKTPO/II.

Temneparypa KaTogHOI IUIAMH Ha 3aii3HOMY enektpoxi 2100 —
2300°C, na ByrizsHOMY — 3000 — 4000° C.

EdexTrBHA OTYXHICTD AyTH

qz) = nUIa ﬂgfc (51)

ne m - epexruBaM KK/, skwii sBiIste cO00I0 BiTHOMIEHHS KUTBKOCTI
TeIia, BBEJICHOTO JAYTOK0 B METall JIO TEMJIOBOTO E€KBIBAJCHTY MOTY)KHOCTI

nyra. s momaBKoro enekTpoxy Bimkputoro ayroto 1 = 70-85 %;

IUTS TITABKOTO eNEeKTpoxy i durrocom 1 = 85-95 %,

JUTS HE TIIABKOTO BYTUTbHOTO enekTpoay — 50-70 %.

LIimpHICTE TOKY pO3MOBCIOJDKEHA IO AaKTUBHIA IUIAMI AyTH —
AQHOJHIN YW KaTONHIA HEPIBHOMIPHO, Ta CEPEAHE 3HAYEHHS MOXe OyTH
BUPAXOBAHO 3 3aJISKHOCTI:
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. |
p %ds (52)

ne d, — riamerp akTHBHOI IUISIMH,
dy, — miameTp MIISIMU HarpiBy.

Pucynok 5.1 - Po3noain nijibHOCTI CTPyMY y Ay3i

3 pucynka (5.1) BHJIHO, IO TEIUIO JYT'M BBOIUTHCS Ha MOBEpxHi d,,
sIKa Ha3MBAEThHCS TIOBEPXHEIO HArPiBY.

[MuToMuii TEIIOBUI MOTIK (p, 31 CXEMH, HAHOLIBII MaKCUMAaJIbHUH B
MeXaX aKTUBHHUX ILISIM.

Jyra po3BuWBae TEIO B AKTHBHIA IDIIMI 33  pPaxyHOK
0e3MoCepeHHOr0  IEPETBOPEHHS  CHEPril  €ICKTPHYHO  3apsHKEHUX
OoMOapayl0UMX 4YacTHHOK Y TEIUIOBY €HEPril0 ITOBEPXHEBOTO IIapy
Matepiany enekrpona. KingplieBa 30Ha IUISIMH HAarpiBy, siKa JIGKHUTH HE B
aKTUBHIN TUISIMI, HarpiBa€ThCsl KOHBEKTHBHHUM TEIUIOOOMIHOM, TOIYM SIM
JYTU Ta IPOMEHEBHUM 31 CTOBITY JyTH.

Tomy nuToMuil TemIOBHI MOTIK ( 2 () CHaJa€ OUIBII NOBUIBHO, HIK
HIUTBHICTH TOKY 1, @ d > d , akTuBHOI TsAMKH nyrd. HopManbHUiA 3aKOH
po3mominy:

_ —dr?
q2(r) - que ! (53)

1€ qom — MAKCUMAJTBHUHN TETJIOBUU TOTIK B IIEHTPI TUISIMHA HATPiBY,

= ) (5.4)
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zie K — KoedilieHT 30cepemKeHocTi,1 /cM?, KMl 3aeKUTh Bifl BHIY
SNEKTPUYHOI AYTU Ta pexuMiB 3BaproBanHs — U, Ta L.

Jlxepeno 3 pO3MOALSIOM TEMJIOBOTO MOTOKY MO piBHAHHIO (5.3)
HA3UBAETHCSI HOPMAIBHO KPYTOBUM .

YMOBHUM pajliycOM IUSIMA HarpiBy BBa)KarOTh BIACTaHb Iy, Ha
sakomy qp (ry) mopisaroe 0,05 B LEHTPI MISAMH.

J1st nporo mpunymeHHs

3.46
4= Vx (5.5)

EnexrpouutakoBuii npotiec. TernoBuii motik npu EIL3 cknagaetses
3 JIBOX JPKEpEI TEIIOTH.

Mepmmii — nirounii Ha MeXi PIIKUI MeTan — UIaK 1 JPyruid - Mo
miHil 1nUtak-meran, To0TOo (aKTHYHO MH MaeMO CHpaBy 3 TUIOCKHM
TKEPETTOM.

[ToTy>XHiCTh METAJICBOTO KEPENa, JOPIBHIOE:

U = hponVa . (5.6)

1€ (m — MOTY)KHICTh METAJICBOr0 [uKepena, Jx/c;

hm — TEmIOBMICT OMMHMII MaCH PO3ILIABIEHOrO IPUCAIHOI0 METaja
MIpH TeMIIepaTypi UTaKy y aKTUBHIN 30H1 JX/T;

P IIUJIBHICTD, F/CM3;

Vmn — muToMHUl 00’€M TIpHCalIKd, SKHA ITONAETHCS B BaHHY 3a
ONMHMIIIO Yacy, CM/C.

[ToTyXHiCTh IITAKOBOTO JPKEpEra TOPIBHIOE PI3HUIIL

0w =0 - Om, (5.7)
q=nUl

Iie q — TToBHA e)eKTUBHA MOTYXHICTh JpKepena, JIx;
T = 80-88 %.
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6 IPOLHECH PO3INOBCIOJ’KEHHSA TEIIJIA
MUTTEBUX 30CEPEJKEHUX JI)KEPEJI

[opiBHsIHHA AyrHM 3 IHIOMMH JDKEpETaMd HarpiBy — Ta30BHM
MOJMyM’SIM, KOHTAKTHHUM 3BaplOBaHHSM, JI03BOJISIE BUAUITUTA HOro B
HAMOLTBII KOHIIGHTPOBAaHE JKEPENo, Ui CIPOUICHHS PO3PaxyHKIB,
MOKJIAJIal04M, 0 TEIJIO AYTH, SAKE BUIUIAETHCS HAa dy, 30CEPEPKEHO B
HEeHTpI MsiMU. ToJl 3 HEBETMKOK MOXUOKOI0, SIKa 3aJI0BOJIbHSE TEXHIUHI
pO3paxyHKH, MOXJIHMBO BBaXaTW JYI'y MHTTEBHM 30CEPEIKEHUM
(TOYKOBHM) JKEPETIOM HArpiBy.

7 POBINIOBCIOA’KEHHSA TEINIJIA MUTTEBOT O
TOYKOBOTI'O J’KEPEJIA

ToukoBe mKepeno MpUKIaJcHe 10 MOBEPXHI HAMIBOOMEKEHOTO Tija
B Tourr O.

B tourni O B mo4aTkoBUiT MOMEHT 4Yacy BBE/I€HA KUIBKICTh Teruia Q.
TemmnepaTypy Tijla B TOYaTKOBHI MOMEHT Yacy BBaykaemo piBHY 0.
Mexy Y0X BBa)ka€MO HETPOHUKHOIO, TOOTO TIPH:

2pa()a—T =0
z2=0, oz (7.1)

Iporiec po3MOBCIOHKEHHS Tema Bifl jpkepena Q, MPHKIAICHOTO Y
HEMpOMyCKaJy Tella TPaHUYHy IUIOMMHY HAmiBOOMEKEHOro Tina,
CKBIBAJICHTHUH TPOIECY PO3MOBCIODKEHHS Termiaa 2Q B HEOOMEKEHOMY
TLT, TOMY IO TOJATKOBE BiAOWTE JIKEPENO CIIBIIAJIA€ 33 HAIMPSIMKOM 3
roioBHUM. Topmi 3 piBHsHHS (4.1)
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T(R,) = Ly e dat
cp(4mat)’? (7.2)

I Bci Toukn B HamiBcdepi 3 pagiycoM R Oyayrb mMaTH OmHaKOBY
TEeMIIepaTypy.

Temmnepartypa Touku O 3 koopauHaTamu z = 0, x =0, y = 0 B MOMEHT
qacy t JOpIBHIOE:
T (0, t) = L&;/Z

8 POBINOBCIOA’)KEHHSA TEIIJIA MUTTEBOI'O
JIHIHHOT O J’KEPEJIA B IIJIACTHUHI

Mo miniitHoro emementa OO; B MoMeHT 4Wacy t = 0 mpukiangeHe

niHitHe mKepeno O JOBKUHOIO J i niroue o oci OZ.
]
1

v

BBaxkxaemo mmactTmHy — HeoOMexeHor. Tomy B mporeci
PO3MOBCIOKEHHS TeIUIa JIHIMHOTO Kepera TeMIieparypa IO TOBIIWHI
Oyne opHaKoBa, 32 YMOBH, IO BEpXHS Ta HW)KHS MeXa HE IPOIYCKAaIOTh
Teruo, i Moxke OyTu onmcana piBHSHHEM (5.2). Togmi:

o -
1

e 4at

T(r,t)=
cpdmat ©8.1)
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OpHak, B peaJbHHX YMOBax, 3-3a OOMEXEHHX MOXKJIHBOCTEH
POBIIOBCIO/DKEHHS TEMJIa B IUIACTHHI, CHOCTEPIraeThCcsl TEMIOOOMIH MiX
IUIOIIMHAMH Ta OTOYYIOUMM CEpENOBHIIEM, B pe3ylbTaTi TeMmIeparypa
Oy/ie Mo TOBIIMHI HEOJHAKOBOI — Ha TPaHUYHUX IUIOMIMHAX MEHIIE,
ycepenuHi — Oinmbmie. Lls HepiBHOMIpHICTE MoOXe OyTH BpaxoBaHa
BBEACHHSIM B DiBHAHHSA (8.1) CIIBMHOXHHKA e™, sxuit BpaxoOBY€ BILIUB
TEIUTOBia4i rpaHUYHKX IIapiB i J, Jie

o 2%

cpo (8.2)

b — xoediuienT Temnepatyposignaui, 1/c;
o - koedimient TermoBinmayi, Jx/c-em>°C;
0 - TOBINMHA IIJIACTHHH, CM,

i Toni piBHsiHHA (8.1) npuiimae BuI:

Q A
T(r,t)=—"—e¢ %

Temmora Bil MHTTEBOTO IIOCKOTO  JDKEpela B CTEPXKHI
PO3MOBCIOKYEThCA  AHANOTIYHO JIHIMHOMY JDKepelny B IUIaCTHHI, 1
PIBHSIHHS 3MIHU TEMITEPATyPH Y Yaci OMUCYETHCS PIBHSIHHSIM

X2
Q ————bt
T(x,1) = e 4at
cpF(4rat)’ 2 ©.4)
p b
cpf (8.5)

ne b - koedimient Temnepatyposimayi, 1/c;
P — mepumerp crepxkHs, cM;
F — muioma neperuny, oM’
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9 PYXOMI 30CEPEJKEHI JUKEPEJIA TIOCTIMHOI
MOTYXHOCTI

Pimennst 1iei  3amaui  3MIMCHIOETBCS HUISXOM  3aCTOCYBaHHS
OPUHIUITY HakJajaHHd. J{7s HbOro Bech mepion Aii Jpkepena po30HBarOTh
HAa HECKIHYEHHO MaJji Tepiogu Ta pO3IIIAJaloTh OKpeMi elleMeHTapHi
BILJIBH JKepernia Ha TiJlo.

[Ipu 1boMy eneMeHTapHi BIUIMBH MOXKHA PO3TJISLIATH HE3aJIKHUMH
olMH Bix oxHoro. JlndepeHiiHi piBHSAHHS JiHilHI, TOOTO iX KoedimieHTH
HE 3ajJexaTh, B JAHOMY BUIAJKY, BiJ TemmnepaTypu. B mudepeniiiinomy
PIBHSIHHI TEIUIONPOBIAHOCTI TAKOK 3MIHHOIO € KOSPIIIEHT 0L — KOSPIlieHT
TeMIIepaTypoIpoBiaHOCTi. Moro BemMumHy HPHIMAaIOTh IOCTIHHOIO,
OTPUMYIOUYHM 32 PaxyHOK IIbOrO MOXHOKY, MPUITYCTHMY JIJISI IPAKTUIHUX

PO3paxyHKiB.

10 PYXOME TOYKOBE J’)KEPEJIO HA TIOBEPXHI
HANNIBOBMEKEHOI'O TIJIA

Ha moBepxHi HammBOOMEXKEHOTO TijIa 3 TOCTIHHOIO MBUIKICTIO V 45
MIPSIMOIHIHHO PYyXa€THCS HKEPENO TelIa MOCTIHOI MOTYKHOCTI (.
BBaxkaemo, 1110 Mexka Xg O Yo HE MPOIyCKae Tera.

;Z : '/ o
,L

Pucynok 10.1 - Cxema pO3NOBCIOKEHHS TEIUIA BiJ PYXOMOIO
TOYKOBOTO JDKEpelia y HalliBOOMEXKEHOMY MaCHBHOMY TiJIi.
[ToyaTtox HepyxoMmoi, 3B’3aHOI 3 JKEPEIOM CUCTEMH KOOPAMHAT —
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0p — cyMicHHI1 3 MTOIOKEHHSAM TOYKOBOTO JKepena B MoMeHT t = 0, ToO0TO
MOYaTKy HOro Jii.
[Tpu mocriiiHil MBUAKOCTI MepeMimieHHs V B MOMEHT t Bill MOYaTKy
Ii1 Jkepena, BiH Oyje 3HaxoAauThes B Toulli 0 Ha BincTaHi Vt Bix Touku 0.
CymictuMo 3 TOuko0 (0 — MHTTEBUM MOJOKEHHSM TOYKOBOI'O
JDKeperia — pyXOMy CHCTEMY KOOPJMHAT XyZ, siKa CIIBIaJa€e 32 HAPSIMKOM
3 XoYoZo.
. ’ . '
Hexait B moment ! mkepeno Oyne 3HAXOAMTHCA B TOULI (U
’ _ ’
koopaunatamu (Vt°,0,0). 3a gac dt JIKEPEIOo BUALUTUTE TEIlIa dQ=qdt .
’
Buninene termno dQ, po3noBCIOIKYIOUNCH Ha TPOTA31 Yacy (t=1)

BHKJIMYE IO MOMEHTY t B TOUIli A 3MiHy TeMIepaTypu dT(t")

[MizcymoBany 3MiHy TeMmmepaTypd B Todlli A OTpUMAEMO,
MiJICYMOBYIOUHM 3MIiHM TeMIIEpaTypH, BHKIHMKAaHI CYKYIHICTIO JDKepen Ha
BchoMy nusixy 0q0

T(t) = de(r')
0 . (10.1)

IIpocTopoBwii paaiyc — BEKTOp

r_ T2 2 2
R=\(x, V) + 35 +2; 102

Toni Temmneparypa B Oyab-SKHii MOMEHT Yacy il pyXOMOro JpKepera
Oyze mopiBHIOBATH

T(xy,¥9,2 t)—j 29t ex —(xO_Vt’)Zer;jLzé}
T e dme - =0 0

AOGo Ticns iHTerpyBaHHS

27AR (10.4)
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AHaNOT1YHIM YMHOM MOKJIMBO OTPUMATH PIBHSIHHS IJISl JTIHIHHOTO
Ta IJIOCKOT0 PyXOMOTO JKepera.

11 HATPIB ITIOBEPXHI HAIIIBOBMEKEHOTI' O
TIJTA TOYKOBUM JKEPEJOM

[Iporec HarpiBy JpKEpEIOM IOCTIHHOI MOTYXHOCTI MOAUISETHCS B
3arajibHOMY BUIIAJIKy Ha TPH HePiojan.

I mepion — TerIoHaCHYCHHSI, KOJIM PO3MIp 3B’S3aHHUU 3 JKEPEIOM
HArpiToi 30HH 30UIBIIYETHCS.

II nepion — rpannyHKil 200 BCTAHOBIICHHUI CTaH, KOJIH TeMIIEpaTypHe
MoJIe 3aTUIIAETHCSI HE3MIHHUM.

11 mepiox — BUpIBHIOBaHHS TEMIIEPATYp.

PosrisiHeMO TpaHW4YHMIA CcTaH — TpU  HEPYXOMOMY JDKEpen,
HEpyXOMe IoJieé TPaHWYHOTO CTaHy HAa3MBa€ThCs cCraiioHapHuM. [lpu
pyxomomy mkepem (mpu V., = const, ¢ = const) 3B’s3aHE 3 HHM

TEMIIepaTypHE TOJIe TPAHUYHOTO CTaHa, HAa3WBAIOTh KBa3icTaI[lOHAPHUM,
TOOTO 3B’SI3aHUM 3 JIKEPETIOM.

IMone pyxomoro pkepena B TPAaHAYHOMY CTaHI OIMUCYETHCS
piBastHASM (10.4)

q
T(R,x)=——exp(—
(R, ) 27AR p

Vx VR)
2 2a

ne R — mpocTopoBuii pajiyc — BEKTOp B PyXOMili CHCTeMi KOOpAMHAT
(10.2);

X —abciyca TO9KH A B PyXOMiil CHCTeMi KOOpIMHAT.

YacTKOBHM BHITIAJIKOM LOTO DPIBHSHHSA OyJe HEpyXoMe JIKEperno.
IMpm TpuBanomy HarpiBi mpu t—oo, mpomec PpO3MOBCIOKEHHS Tea
IparHe 70 TPaHMYHOro Ta rmoknaxarun V = 0

T(R) = 49
27AR (11.1)



21

ToOTO TemmepaTypa B TpaHUYHOMY CTaHi Oyne 3aliekKaTd Bif
KoopauHatu R.

11.1 BnuiuB IIBUAKOCTI NepecyBaHHs JAxKepesa

s Touok Ha BiX’€MHIM HamiBBici aOcIuca JOPIBHIOE pajiycy —
BEKTOPY 3 MPOTHJICKHUM 3HAKOM — R.
[Ticnst miacTanoBku ioro B piBHsHHS (10.4) oTpuMaemo

VR VR
T(R) — q e 2a 2a
27AR _ (11.2)

TakyM YWHOM, PO3MOALT TeMIeparyp Ha Bil'eMHil Bici, TOOTO
nmo3ajly Jokepena, He 3alieKUTh BiJl NIBUJIKOCTI IEepecyBaHHS JpKepena Ta
BU3HAYAETHCS TUTHKH KOOPJIUHATOIO pajiiyca — BEKTOpa.

st mosutuBHOI Bici B piBHsAHHI (10.4) mimcraBumo X = R, Tomi
OTPUMAEMO

R
T(R)=—1_¢
27AR (11.3)

VR

Bupasz € ¢ Oyzme 3axmu MeHmne 1, omke unM Oiumpine V, THM
mBuIe Oyae cnajaTé TeMIlepaTypa nonepeay [HKepena.

IIpuknan:

TeMnepaTypHe moje rpaHUYHOrO CTAaHy IIPH HAIIaBJICHHI Bajlika Ha
MacuBHUi BHupi0, q = 4000 Ix/c, V=10,1 cm/c

CTyIiHp BUTATHYTOCTI TEMIIEPATYPHOTO IIOJI1 BU3HAYAEThCA HiI V, a

VR

napamerpoM @ | gKkuii BUpaKae BIAHOUICHHS MIBUAKOCTI JI0 KoedilieHTa
TEeMITEpaTyPOIPOBITHOCTI.
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4 A A A
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Pucynok 11.1 - TemriepaTypHe 1oJie pyXxoBOTro JKepena Ha MOBEpXHi
MaCUBHOIO Tija

12 TPAHUYHUMN CTAH B IIJJACTHHI, AKY
HATPIBAIOTH JIHIMHUM JI2DKEPEJIOM

PiBHSHHS TpaHMYHOTO CcTaHy /ISl IUIACTUHH, SKy HarpiBaroTh
JHIHHAM JHKEPEIOM, OIMICYETHCS 3aJISKHICTIO

v ¥V: b
T{r,x) = *exP(——x):Kn(r — +—),
2mwAd 2a Jia*  a (12.1)

JIe T — TUIOCKHUH pajiiyc — BEKTOp €IeMEHTa PYXOMOroO TOJs, TOOTO
BiJICTaHb TOYKU A BiJl MUTTEBOTO TIOJOXKEHHS JpKepena 0.
Ko (U) — dynkiis Beccens, BUpaxOBYETHCS 32 TAOTUIISIMH.

2
b=——
cpod . .
BpaxoBy€e IHTCHCHBHICTh 3HUXCHHS TEMIIEPATypH
TUTACTHHU TIPH TEIIOBIIavi B OTOUYIOUE cepeioBuie, 1/¢;
o - koedimieHT TeroBinaaqi, Jx/ c-eM>°C
[lome TemmepaTyp Oyme 3aBkmu OUTBII BHUTATHYTHM, HDK JUIS
HariBoOMexxeHoro Tiia (puc.12.1).
30UIbIIEHHST MBUAKOCTI PYyXy JDKepena IMPU3BOAE 10 3BY)KEHHS

i30TepM B HAIIPpAMKY, HNapaJICIbHOMY BiCi mBa Ta SrymyroThbCs MOICpeay
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JpKepena.

n 8 4 ) $
Pucynok 12.1 - TeMnepaTypHe MoJIe PYXOMOTO JDKepesa y MIacThHi.
30inblIEHHS] TIOTYXHOCTI JKepena MPHU3BOAEC N0 PO3MUPEHHS
i30TepM, MPUUOMY PO3MIpH IX PpOCTYTh OLIBII IHTEHCHBHO, HIX
MOTYXHICTb.
VY BUIaJIKy HEPYXOMOTO JiKEPENa

TR)=—"2_-.K
(R) 2 b 7%0) (r\/i) (12.2)

13 HEPIOAU TEIIJIOHACHUYEHHAA

Panime Mu po3rIsiHyIM TpaHUYHI YMOBH IIPOLECY PO3IOBCIOIKEHHS
TEIUTa, TOB’sI3aH1 3 [UKEPENIOM Terlia, TeMIIepaTypHe Mojie He 3MIHIOETHCS 3
YacoM 1 TUTHKH TIEPECYBAETHCS PA30M 3 IKEPETTOM.

Takuil rpaHUYHUN CTaH HACTYyNae He oApa3y. B MUTh po3namoBaHHs
IyTHU, TEIUIO BBOOUTHCSA B XOJIOMHUM METaJl, IOYaTKOBA TEMIIEPaTypa SIKOTO
OJTHAKOBA Y BCHOMY 00’ €Mi.

[To Mipi TopiHHS OyTH, TEIJI0 MOYMHAE PO3MOBCIOKYBATHCH B TiJIO,
TP IEOMY PO3MIpH 30HH, III0 HATPIBAIOTHCS, IOYHHAIOTH 30UTBIITYBATHCE.

B MuTh, KOMM poO3MipH 30HH, WIO HATPIBAETHCS, AOCITAIOThH
TeMnepatypu Tma ,TeMIepaTypa MPUIIMHSIE 3MIHIOBATUCH; BBAXKAIOTh, L0
MPOIleC HArpiBy JOCAT TPAHWYHOTO CTAaHY 1 , BIATOBIAHO, 3aKiHYMBCS
MPOLIEC TEIUIOHACUYEHHS.

[Ipu npomy, npu aii HEPYXOMOro JpKepesia MOCTIHHOI HMOTY)KHOCTI,
MPOLIEC PO3MOBCIODKEHHS TeIjla IparHe 0 I'PaHUYHOIO CTaliOHAPHOIO
crany. Ilpu nii pyxoMmoro mxepena, fKe PYyXaeTbCs MNPSMOJNIHIAHO 3
MOCTIHOIO IIBUAKICTIO, HPOLIEC PO3MOBCIOMKEHHSA TeIla MparHe 10
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IPaHUYHOTO KBa3iCTaI[IOHAPHOTO CTaHY.

Takum YuHOM, TEpioJ MPOLECY PO3MOBCIOKEHHS TeIia Bif
MoOMeHTy 4acy t = 0 10 BCTaHOBJIEHHS TPaHUYHOTO CTaHy Ha3MBAETHCS
TEIJIOHACHYCHHSIM.

B 1eii nepiox Temmnepatypa Oyab-sKO1 TOYKH 3MiHIOEThcs Big t =0
70 TeMIepaTypd TPaHUYHOTO CTaHy. Po3paxyHOK Temmeparyp IbOro
nepiofy 3AIMCHIOEThCS 3a paHille po3iOpaHuMu (QopMmysiamMu, aie 3
BBEJICHHIM KoedilieHTa TeruionacudeHus ‘P(t),

T(t) =¥(Tyy) (13.1)
3naueHHs koedimienta YW 3MIHIOETHCS BiJ HYJIsl B IOYAaTKOBUH
MOMEHT JI0 OJIMHHIII B MIEPI0JIi TEIIOHACUYCHHSI.

3HauyeHHs] HOTO0 BH3HAYAIOTHCS 33 HOMOTpPaMaMH IICIs MiJpaxyHKY
0e3po3mipHuX KoediieHTiB p i T [1].

13.1 /ins mpocTOpPOBOro TOYKOBOIO JKepeJia y HeCKiHYueHHOMY TiJi

Vit
T 3 = 5
4a (13.2)
VR
=— 13.3
Ps 23 ( )
13.2 [l ainiiiHoro pxepesia B IiIacTUHI

(13.4)

: (13.5)



cps (13.6)

1€ p - TICPUMETP CTEPXKHS
14 IEPIOA BUPIBHIOBAHHS TEMIIEPATYP

Ilo 3akinyeHHi nii JpKepena BBEIAGHE TEIUIO IPOIOBXKYE
PO3MOBCIOKYBATUCH TIO TUTy BHACIHIAOK ¥Horo TeruonpoBigHocTi. [lepiox
MIPOLECY PO3IMOBCIO/DKEHHST TEIla, IIOYMHAIOYM 3 MOMEHTY t = tg
3aKiHYeHHS [Mii JpKepena Ha3WBAEThCS — [EPIOOM  BUPIBHIOBAHHS
TEeMIEpaTyp.

Hexaii 30cepemkene mKepeno mocTiiHOI MOTYKHOCTI q = const i V =
const mie 3 momenty 0 mo K. IlpomoxkyBanicTe nmii mkepena tyx. 3MiHa
TeMIIEpaTypH B Nepiof TEIIOHACHUYEHHS BUpakeHo KpuBoro 0K.

PospaxyHok B mepiog 3piBHSHb TeMIIEpaTyp 3BEOEMO [0
PO3paxyHKy B MepioJ TEIIOHaCHYeHHs. BuzHaummo Temmeparypy TOUYKH
M 3 KOOpAMHATOIO Yacy t.

Hexait mxepeno, sike nNpunuHWiIO AicHO Harpie B Toumi K,
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MPOIOBXKYE (IKTHBHO IiSITH A0 MOMEHTY t (ToOTO T. M).

¢
T ks
\ lhll 'IIUE mEnaEms
o Pl 2
I | :
s ”'hﬁ*hl Purmodnmd
Lbdd  mensam
-g T Et_t_’_g_"

Pucynok 14.1 - Cxema nii ¢ikTUBHOrO JpKepena i QIKTUBHOIO CTOKY
TEIUIOTH

JlJiss BpIBHOBa)KEHHS MOT0 JisUILHOCTI BBEIEeMO (DIKTUBHHUMA CTiK Tiel
XK TOTY>KHOCTI (g

TakuM YMHOM, BBEICHHS (DIKTUBHOIO JDKEpelia HE 3MIHIOE
TEMIIEPaTypPHOro MOJIs TiJIa y Yaci.

Temneparypy Tg (t) B MoMeHT M B mepioai BHUPIBHIOBAHHS
TEeMIIEpaTypH MICIIsA MPUIIMHEHHS il JpKepela  MOXJIMBO PO3IJISIATH SIK
anreOpaiuHy CyMy TeMIiepaTyp Bij JKepena g, sike W maii mie, Tooto T(t) i
(hIKTUBHOIO CTOKY TeIIa — .

TB(t):T(t)_T(t_tK), (14.1)
npu t >y.
TemnepaTypu npaBoi 4aCTHHH PIBHSAHHS MOXJIMBO BUPA3UTH Yepe3
TEMIIEpaTypy TPAHUYHOIO CTaHy

T, ="F-T,0-vT,C-t)

JI€ ¥ - BU3HAYAETHCS aHAIOTTYHO Mepioy TeMJIOHACUYECHHS.

IIpuknan.

Ha noBepxHio MacuBHOro Tina, moynHaouu 3 T. O, HANIABISIOTH
Bamk 000k momxkmuoro 100 mm ¢ = 4000 HOx/c, V = 0,1 cm/c,
A=0,41 Ix,a=0,1 em?/e

Busznauuntu:

a) TemriiepaTypy Touku Og uepe3 20 ¢ micist moyaTKy 3BaplOBaHHS;

0) Temrieparypy Touku Ox uepe3 10 ¢ micis 3akiHUSHHS 3BapPIOBAHHSL.

Pozpaxynok:
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a) PO3PaxXyHOK TEMITEpAaTypH B MEPioj TEMJIOHACHYCHHS B MOMEHT
t=20c.
MHUTTEBI KOOPJMHATH TOYKH, KA JISKUTH HA Bici B MOMeHT t = 20 ¢

OyIyTh:

x=—W=—0120=—2OC/‘/l,y,: 0, z=0.

TemnepaTypy rpaHu4HOro crany Touku 0o, SKa JISKUTH HA Bil €MHIN
Bici, BHpaxyemo 3a piBHsHHIM (11.2)

4000
2-3.14-041-2.0

_ _ 0
T, (-2)= =776"C

Be3posMipHi kputepii BificTaHi i 4acy sl TOUKOBOT'O JKepea:

VR _0.1-2
y= ==

P T 00

2 122
S 8 e

4a 4-0.1

3 rpadika 3uaxomumo W3 (1;0,5) = 0,67. Toxi remnepatypa Touku 0o
B MoMeHT t = 20 ¢ B Tiepioi TeITOHACHICHHS

T=0.67-776=520°C

0) po3paxyHOK TeMIepaTypH B Iepioji BUPIBHIOBAHHS TEMITEPATYP.
TpuBamicts aii mxepena:

t = 20 _ 10100,
“ v 01 _

BBakaemo, 1110 q IPOTOBIKYE TIATH 10 TOUKH Oy
B momenT Ok ¢ikTuBHE HKepenno (CTiK), pyXarduch 31 MBUAKICTIO X
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= 0,1cm/c, Takok 3HAXOAUTHCA y TOUIT Oy
MuTtteBi koopauHaTH TOYKH Ox BIZHOCHO (IiKTHBHOrO cTOKa Oy
OyayTh

x,, =—0.1-10c = -1.0cm = 0; Z = O.

Toni myist rpaHryHOIO CTaHy 3a dopmysioro (11.2)

4000

= =1552°C
2-3.14-0.41-1.0

r,(=1)

TpuBasicts Aii gilicHOro Ta QIKTUBHOTO JHKEpET

t=100+10=110c.

t—tk=10c.
Py = g = gl—()){ =0.5
PRI
Tt —t,) = 0;‘1‘20'.110 =0.25

Y, (0.5;2.75)=1.0
¥,(0.5;0.25)=0.7

T=1552(1-0.7)=465°C
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15 BIIVIUB OBMEKEHOCTI PO3MIPIB TIJIA HA
HNPOHOEC POBINOBCIOJ’KEHHA TEIIJIA

Ha mnpaktuii My HaivacTillle CTHMKa€EMOCh 3 TUIAMH OOMEXKEHHX
pO3MIpiB, MPH I[LOMY YMM MEHIIA BiJICTAHb B JpKepela J0 MEXi, THM
OUTbIIIC BIUIMBAE€ BOHA HA TEMIIEpaTypHE IoJe JPKepela, i 3a3BuYaii BOHA
OyJie TepeBUIIYBAaTH TEMIIEpaTypy, sKa pO3paxoBaHa 3a PIBHAHHAM IS
HEOOMEXEHOro Tija.

15.1 HanniaBka Bajlika Ha NOBEPXHIO MJIOCKOTO APy

YMoBa — TOBIIMHA JIMCTa Taka, IO CXeMa IIaCTUHU (JIiHiMHE
JDKEpesIo) He MpHaaTHa, TOMY IO TeMIlepaTypa IO TOBIIMHI 3MIHIOETHCS,
cXeMa HaliBOOMEXKEHOro TiJla TaKOX HENpUJaTHa 3-32 OOMEKEHOCTI
TUTOIIIUHOIO Z = O.

Pucynok 15.1 - Cxema BBeIeHHA BIIOWTHUX DKEpen TpHU
HaIlIaBJICHHI Ha MOBEPXHIO IUIACKOTO IIapy

Po3paxyHOK BeIeThCs 32 CXEMOI0 TOYKOBOTO JDKepesna Ha IOBEpPXHi
TUIOCKOT'O TIapy.

I[Mporec po3moBCIOKEHHS Teuia Bix Jukepena Q MOTYXHICTIO ( B
IJIOCKOMY IIapi, KW HEe MPOITYCKAa€E TEIUIO Kpi3h mommHu z = 01z = §,
OyzeMo pO3TisiiaTH, SK YAaCTHHY NPOLECY PO3MOBCIOMKEHHSA TeIula Bif
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TOTO X JKepena B HeoOMexxeHoMy Tili. [ mboro moaBoiMo MoTYKHICTh
JDKepen Ta BBelneMo B Timo mkepena 1, 2, 3, 4 — ski € BigOuTUMU
JoKepenaMu Bin Ail rojioBHOro mkepena 0 Ha MIoMHI Z = O; 2 — BiIOUTKOM
mkepena 1 vHa miommHi z = 0 1 T.4. [Ipr 1bOMy HECKIHUCHHUH s JHKepert
1, 2, 3..., CHMETpUYHUN BIJIHOCHO OOMEXyrouux rionmH z = 0 i z = 9,
TOMY CYMapHUH TEIUIOBUM MOTIK Kpi3b OOMEKEHI IUIONIUHU JOPiBHIOE
HYJIIO, IK 00TOBOPIOBAJIOCH YMOBOIO.
TemmneparypHe 10jie TPAHUYHOT'O CTAHY BUPAXKAEThCS PIBHIHHSIMU:

T(r X2 =m(r,2) D cen(-2)- Ko o)

2wA6 (15.1)

Jie M — BpaxoBYE 30CePe/DKEHICTD JPKepenna Ha BEpXHIN TUTOIIHHI,

V_5 r

BH3HAYA€THCA B 3AIEKHOCT Bijl 3HaueHHs 24 i O 3a HoMorpamamu [1].

Ha BepxHiii IUIOMIKMHI TeMIlepaTypa BHINA, HA Z = O - HWKYA, [IPH
IbOMY 3 BiITaJCHHSAM BiJ JOKepela HEPIBHOMIPHICTE PO3MOALTY
TeMIepaTypH 3a TOBLIMHOK crmazae. Ha Biacrani r = 46 TemmepaTrypa
OOMEXYIYMX IUIOLIMH BIIpi3HAETbCA HE Oinpiie HDK Ha 5 % Bix
CEpEIHBOI.

Juis oci oz, piBHSHHS TPAaHHYHOTO CTaHy, 32 yMoBH R =7z, x =0,y =
0, Mae BUTIAL

g -
T(z)=K 2
(@=&(@ 2k , (15.2)

ne K(z)- BpaxoBye 0OMEXEHICTh Tijla 3HH3Y IIOIIHHU.
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15.2 Harpis npu pyci xaxepesta no0amnsy Kpar Tina

Puc. 17.15. Cxoma socaedwn MOMOARRTEABTOTO
ABMIKYHIRFOCH MCTOUMNKD i AR yIeTa oTpase:
HMs TENnAoTM or rpawwiam J—7:

a <= pasnpesssenne n--.p-'rypu I m I oY moToMMK-
OB @, W G M AARCTEE » TeMne:
WMEPDM O ywoTOM q-rp--tm. TAMMTTM UT ..---uu |

AN a4 —

G . 0 n BascTuRe

Pucynok 15.2 - CxeMa BBEJIEHHS JOAATKOBOTO JDKepena o Uit
ypaxyBaHHS BIJIONBaHHS TEIUIOTH Bif Mexu [-1

Jxeperno nepecyBaeTbest Ha BifcraHi y0 B kparo ruracTHHH. Mexy
Tijla BBa)KAEMO HEIPOHHMKIMBOIO JUIS CTOKA TEIUIa, a TOMY Bix Hel Oyme
BiIOMBATHCh TEIUIOBUI IMOTIK, IIPH IBOMY KiJIbKICTh BiIOUTOrO Termia Oyae
sanexatd Big BigctaHi y0. lle MOXIHMBO ySBUTH K Jif0 (PIKTHBHOIO
JoKepenna Ha Tiif ke BifcTaHi y0, a po3IoaiI TeMIIepaTyp 3alucaTd sIK CyMy
BILIUBIB PeajbHOro Ta (PIKTUBHOI'O IXKEPEI:

4 .2 / /
T= 27zlre K(r 2 )+K(r )

r=Axt+yt o z\/xZ +(2y, - )’

(15.3)

ac
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15.3 3BapoBaHHs JBOX BY3bKHUX INIACTHH

S P e T e g 2
st 4 )
i £ | 5 }
r'; il g1 I
I
B i | B

Pucynok 15.3 - Cxema ypaxyBaHHS JIBOX BIIOUTHUX JKepen
[Ipu Harpisi ABOX BY3bKHX IIJIACTHH, KOXKHA 3 SIKUX Ma€ IIUPHHY Yo,
BpaxOBYBaHHs BIZOWBaHHS TEIUIOTH 3JIHMCHIOETBCS BBEICHHSM JIBOX
(GIKTUBHHX JDKepen, sKi BinOuBaroThcs Bim (yo) Ta (-Yo). Temmeparypa
TOYKH A Oyjie BU3HAYATUCh SIK ayreOpaiuHa cyma BiJl TPhOX JKepel, sKi
JIIOTh B HEOOMEXKEHIH IJIaCTHHI, aHAJIOTUHO piBHAHHIO (15.3).

15.4 Harpis Bix kparo Tina

//

Pucynok 15.4 - Cxema ypaxyBaHHS BIigOWTOrO DKepena Ipu
3BaprOBaHHI BiJ| Kparo Tija

Maiike 3aBKIu MW pOOMMO HarpiB Bif Kparo Tina (IIaCTUHM).
OxpiM TOro, 110 i/1€ TEIUIOHACUYEHHS], CIIOCTEPIraeThCsl TAKOXK BiOMBaHHS
TerutoTy Bix mexi [-1.

BpaxoByBaHHs BiTOUTOr0 TeruIa 31iHCHIOETHCS BBEICHHIM
(hIKTUBHOTO JDKEpel, AIF0YUX Ha BiJCTaHi
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n=+(x _x2)+y§ r :\/(xo +x)2 +J’§ -\/(2)60 _x)2 +y§

SIKE MOYMHAE MIATH OJHOYACHO 3 PEATBbHUM, alle MEPECyBAETHCS B
nporunexauid  Oik. Temmeparypa TOUYKM A BH3HAUYAE€THCH SIK CyMma
TEeMIIepaTyp peaqbHOro Ta (GiKTHBHOTO JKepen 3a piBHAHHM (15.3).

15.5 Harpis Tin odepTanHs

HarpiB npu ogHONPOXiHOMY JYyrOoBOMY 3BaprOBaHHI MOB3JIOBKHIX
Ta KUIBIEBUX IIBIB TOHKOCTIHHUX IMIIHAPUIHUX Ta CHEPUIHUX 00OJIOHOK,
HE JUBJISTYMCh HA KPUBU3HY, MOXKJIMBO B OUIBIIOCTI BUIAJAKIB MPUPIBHITH
JI0 BUTAJKY HArpiBY IJIACTUHU JIIHIHHUM JHKEPEIIOM.

Pucynok 15.4 - Cxema BUKOHaHHS KUTBIIEBOTO IIIBY

B neskux BHmamkax Ha pO3MOBCIO/UKEHHS TEIUIa MOXE BIUIMHYTH
KpuBM3HA. B  mwimiHApax Majoro  miaMerpa IPH  3BaprOBaHHI
MOB3ZIOBXXKHBOT'O IIBa 3IIMCHIOETHCS 3yCTPid TEIIOBUX TIOTOKIB — I
BUIAJJOK MOXKE PO3TIISAATHCH K 3BaPIOBAHH IBOX BY3bKHUX IUTacTuH. [Ipn
3BapIOBaHHI KUTBIIEBUX IIIBIB MAJOro JliaMeTpa KiHelb [IBa 3aBapIOIOTh IO
migirpitomy wMeramy. llpm mpoMy TemIiepaTypHE TIONE pPyXaruorocs
JDKeperna TeIUIOTH NpW Tepexoli M0 IMoYaTKy IIBa, HAaKJIaTae€ThCs Ha
TeMIepaTypHe TOJNe, SKe MH MaeMO 1 SKe ITPaxOBYEThCS B TEPiox
3pIBHSHHS TEMIEPATYP.

[Ipu GaraTonpoxigHOMY 3BaprOBaHHI KiJIbIIEBHX TOHKOCTIHHHX TPYO,
PO3paxyHOK TEMIIEpaTypHOro MO 3MIHCHIOETHCS 3 JOMYIIEHHS, IO
HarpiB 3MiACHIOETHCS JIIHIHHUM JDKEPEIOM TeIlia, sSKe 3IIHCHIOE JeKiTbKa
00epTiB HaBKOJIO TPYOH.
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-2
X
T = 4 o 4aly bty

pm VT‘J*’HACPI'“ (154)

JIe N — KUTBKICTh MEPETUHIB JDKEPEIIOM TEIUIOTH TUIONIHHY [-1, B sKiit
3HAXOOUTHLCA TOUYKa A.

t, - 4ac, KM IPOMIIOB 3 MOMEHTY IIEPETUHY JUKEPEIOM IUIOMMHH [-
I mpu ocraHHBOMY, MEPEJOCTAHHBROMY 1 T. J. MPOXOJHi (Hymepaiis Bif
OCTaHHBOT'O MTPOXOITY).

[Ipy TBUHTOBIM HaIUIaBJIeHHI HAa TOHKOCTIHHUW UWIIHIP s
PO3paxyHKy TEMIIepaTyp KOPHUCTYIOThCS CXEMOI0 JDKepelna, IO HIBHKO
pyXaeTbCs B TUIACTHHI 3 TIJICYMOBYBaHHSIM TeMIIEpaTypHUX IIONIB Bix
OKpEMUX MPOXOJIiB.

Pucynok 15.5 - Cxema BUKOHaHHSI HAIIaBJICHHS 10 TBUHTOBIH JIiHii.

-2
Xn
ALy, btn

Ty L
'n Vﬁf*’ﬁicptﬂ (155)

JIe N - KUTBKICTh TEPETHUHIB HKEPEIIOM TEeIUIOTH TutomuHuy -1, B ki
3HAXOIUTHCS TOUKA A.

Xn - BicTanb 10 Touku A B muromuHi [-1 mpu pisHEX mpoxomax;

t, - Jac, SKMM MHUHYB 3 MOMEHTY IEPETHUHY IKEPEIOM TEIIOTH
wiomuay -1 npu octaHHROMY, TIEpEIOCTAHHBOMY Ta 1HILIHMX MPOXOAAX.

[Ipuknan:

Ha craneBwuit mact 6 = 18 MM HaruaBisoTh Battik q = 4000 [Ix/c,

V=0,11c™m/c, & = 0,40 Ix/c-Tpan, a = 0,09 em?/c.

PospaxyBaTu TemiepaTypy rpaHU4HOIO CTaHy B Toukax A i B, ski
3HAXOJATHCS Ha BEPXHIlM Ta HUKHIN TIONMIMHAX HA BiJICTaHi 2 CM 1033y



35

Jokepena i remmeparypy Toukd C HUKHBOI TUIOIIMHA O€3I1OCEPEIHBO TijT
JOKEPEIIOM.

Koopaunatu Toukn A: x =-2;y=0;2=0cm.

X=-2;,y=0;z=2cm.

PozpaxyHok mpoeneHo 3a dopmynoro (15.1) 3 mpumyiieHHs, 1o
TeMmIepaTtypa Touok A i B ogHakoBa

T (2,—2) = ﬂ exp
27-0.04-1.8

) — =

2.009 2-0.09

Koeopimienr m (r,z) BubGepemo 3a rpadikom [1] s 3HaYEHD
KpHUTEPIiiB:

[\S)
=)

VS 0118
2a 2-0.09 Ta

= =1.11

SO
—_
o0

msrz=0 m=1.13

T (2,-2.0) = 1.13-967 = 1092°C
maz=6 m=0.89

T (2, -2.2) = 0.89-967 = 800°C

4, 2160

= =1380°C
2720 2-7-04-0.6

T, = 1380-1.65-0.331 = 760°C

Ha Bincrani 2 cM mo3aay Jpkepena pisHHUIS TeMItepaTyp MO TOBIIWHI
cknamae 1030 — 815 =215° C.

Jus koopaunatu X =0, y = 0, z = 2¢cM, CKOPUCTYEMOCH (hOPMYIIOIO
(15.2).

Koeoimient K obupaemo 3a rpadikom [1] mis 3HaueHb



Toni

0 -210— 990 o o.1-2.o2
2.3.14.0.04-1.8 2.0-0.11

=2.10-800e ' =615°C

) =

16 PO3PAXYHOK TEMIIEPATYP IIPU
3BAPIOBAHHI PIBHOPIIHUX METAJIIB.

B omHOpIAHKMX CTEP)KHSAX MPH il MJIOCKOro JPKepeia TeMIiieparypa
Oy/ie oIHaKOBa 10 X1 1 X 1 1i MOXKHa onucaTu piBHSHHSIM 4.4

Pucynok 16.1 - Cxema 3BaproBaHHS Pi3HOPITHUX CTEPIKHIB.
OpHak, KO CTep’KHI BUTOTOBJIEHI 3 Pi3HUX MaTepialiB, TOOTO Aj i

A2, C1p1 1 Cop2, Q1 1 Q2 pi3HI, TO 1 pO3MOLT TEMITEPATYD B CTEPIKHAX Oyjie
pizauM. AT #AT,, ane B TOi e yac B CTUKY 1pH X = (), y HUX TeMIepaTypu
nopiBHIOIOTE AT.

Hexali B KOXeH CTep)KEHb MOTPANMIO B MOMEHT 3BaproBaHHs t = 0
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KuTbKicTh Temiotd Qp 1 Q; y moganemomy npu t> 0 OyaemMo BBaXkaTH, 110
CTEpKHI BiJ’€JJHAHI OJUH BiJ IHIIOrO 1 TEIJIOTAa PO3MOJUISETHCS B HHX
HE3aJIeKHO, TEIUIOO0MIH Kpi3b nepeTHH X = 0 BiACYTHIH.

Q/
AT, = ﬁ

it o

Q, /
AT 4a2t 2

t et -

3a ymosu Q = Q:+Q>.
B touni x; =01x, = 0AT; 1 AT, OyayTh OHAKOBI IIPH OY/Ib-SIKUX
3HavyeHHsX t. [IpupiBHIEMO iX

Toni

AT, = AT, abo

% %
/ F'l —byt F2 e*bzt

S S—
Vzhept | Arhepst g

YwmoBa AT; = AT, nipu Oyap-sikoMy t Oyie BUKOHaHA TUTBKH TIpH by =
b, - Tak i 6yzemo BBaxkat, Toxi €™ = 1. [OAITHMO TTOWICHHO PIBHSHHS
16.3.

F\4zAc pt :&
F2V47712C2P2t Q.

Ockinbku Q;=Q-Q3, TO
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0 =0 Fi\AzA e, pyt

F\JArnAdc,pt + F, |4, c,p,t (16.4)

17 HPOIIJIABJEHHSA OCHOBHOI'O METAJIA
3BAPIOBAJIBHOIO AYTIOIO

3BaproBaJibHa Jyra, BHACHIJIOK BHCOKOI KOHIICGHTpAI[il TerJa
MPaKTHYHO MMTTEBO OIUIABIIIOE IMOBEPXHEBUU IIAp METajia 1 Iporpisae
fioro o temmneparypu kuminHs. [llap po3miaBieHoro Merainy yTBOpIOE Ha
IMOBEPXHI OCHOBHOI'O Me€Tajia 3BaproBajibHy BaHHY. [1OTiK rasy, IIBHIKO
PO3LIMPIOETHCS. B [YTOBOMY MPOMIDKKY, BHACIIZIOK BHCOKOI TeMIepaTypu
JyTOBOT'O PO3pSILy, KWW THCHE Ha MOBEPXHIO BAHHM Ta BIITUCKYE PiIKUN
MeTaJl 3-11i1 OCHOBH JyTH.

Pucynok 17.1 - Cxema 3BaproBajIbHOI BAHHU

Posmipm BaHHM 1 30HM TPOIUTABIEHHS pPO3PAaXOBYIOTHCS 3
OPUIYIIeHHS, 1[I0 BCE TEIUIO JUKEpena  3BapioBAIBHOI  JIyTH
PO3MOBCIOKYEThCA B MeTali BHACIHIAOK TEIUIONMPOBIAHOCTI 1 mporpiBae
TPUJIETITY 10 JPKeperna 30HY BHIIE TEMITePaTypH T .

Jus TO4OK, SIKi 3HAXOAATHCS HA BiCl Baslika Ha IMOBEPXHI MaCHBHOTO
Tija Mo3ajy JKepena

q
T7)=——
@) 27Vt

TOOTO UIs1 TOYOK Ha Bici - R = V.,
3BiIKKM BU3HAYMMO Hac tg, 110 BUTIKaHHI SIKOr0 TeMIepaTypa BaJlika
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Oyzae nopiBHioBatH Ty;, TOOTO BU3HAYMMO Yac iCHYBaHHS BaHHHU.

t, = Q/(27) TanVss) (17.1)

— %
Pucynok 17.2 - JloBxuHa 3BapiOBaJIbHOI BAHHH.

TpuBanicte nepeOyBaHHsI METANIB B PIAKOMY CTaHi IOB’s3aHa 3 JOBKHHOIO
BaHHH L 3anexHicTio

t, = LIV, (17.2)

L=Vt =V
B 2mAT N, 27AT,

(17.3)

ToOTo po3Mipy 3BapIOBANIbHOI BAaHHW BHU3HAYAIOTHCS BEITHYHHOIO
TIOTOHHOT eHeprii JpKepena HArpiBy Ta HE 3alleKaTh BiJl IIBHIKOCTI
MepecyBaHHs [KEPEIL.

IIpuknan.

Buznauntin noBxuHy BamHm Ta Tepmiunuit KKJ[ mpomecy mpum
HaIUTaBIIEHHI Bajlika HA MacCHBHY JIeTallb 3 MAaJIOBYTJIEHEBOI CTaji TpH
pexumi [ = 600 A, U = 32 B, V = 12 m/ron = 0,3 cm/c. Ilnoma
nporutaBiaeHss Fp, = 1,25 CMZ, nn = 0,8, & = 0.4/1x/cm-c-Tpa.

BusHaunMo eeKTHBHY MOTYXHICTh JDKepena

Qu =Ml U = 15350 Tx/c
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JloBxxrHa BaHHU

15350
= =4cm
2-3.14-0.4-1520

Tepmiunnii KKJ[ m;, TOOTO BiJHOIICHHS YMOBHOI'O TEILIOBMICTY
V-Fup'p-Hyy TpoIIaBieHOro 3a OXMHHUIIO Yacy OCHOBHOIO MeTaja, 0
edexTruBHOI TEMIOBOT MOTYX)HOCTI MKepena Hy = 1360 Ix/r

_VF,-p-h, 0.33-1.25.7.8-1360
q, 15350

m ~0.288

18 HAT'PIB EJIEKTPOAY, ABO APOTY
EJEKTPUYHHUM CTPYMOM

Harpis enextpona crpymom B iHTepBam Bix 0 7o 800°C mMoXIMBO
TIPUOJIM3HO OIIHUTH 3 PIBHIHHS

A +T(x) _ A+ T, ot

, (18.1)
Tep _Tm Tep _TO
2
Ty =md,; +T, (18.2)
T
n= A (g
md, A, (18.3)

ne A, Jl;, M - excrepuMeHTalbHI 3HAYEHHS, SIKi BU3HAYAIOTHCS 32
TAOJIUIICIO B 3aJI©KHOCTI Bijl THITY IOKPUTTS Ta poay ctpymy; [1];

T (x) - mrykaHa Temmneparypa;

T, - Temmeparypa HarpiBy eJleKTponxa, SKa BH3HAYAETHCSH Y
3aJIOKHOCTI Bijl BUIITY enekTpoa Ta L. [1];

T, - rpanuuHa Temieparypa, SKa HAaCTYIa€ IIPU HECKIHYEHHO
TPHUBAJIOMY IPOTIiKaHHI CTPYMY I10 €IEKTPOAY;
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Ty - moyaTkoBa TemrepaTypa eIeKTpo/a;
t — "yac mpoTiKaHHS CTPyMY;

] — WIUIBHICTB CTPYMY;

d; - miamerp apory.

19 HATPIB EJJEKTPOAY AYIOIO

Enextpon — sik HamiBOOMEXKEHUI CTEPKEHb — OCKUIBKH EIEKTPOJ
MOCTIHO MOJA€THCS B JIyTY, TO HOTO HArpiB MOXKHA PO3TIISIATH SIK HATPiB
TiNa Tonepery JAyTH, sKa pyXaeTbesi, TOOTo X > 0. Po3paxyHKH MpoBOAATH
3a PIBHSHHSIM

X

IT(x)=(Ty, —T;)e * +T,

(19.1)

JIe ® - IMIBUJAKICTD II0Ja4i €IEKTPOIY, CM/C;

Tc¢ - Temmeparypa miairpiBy eIeKTpoa CTPyMOM;

T, - Temmneparypa TOpIs eNneKTpoja (i METAIEBOro EIEeKTpona
Tk = 2400°C)

20 PO3INJIABJIEHHA EJEKTPOAY

Axmo mo3HaunTH epEeKTHBHY KiIbKICTh TEIIa, sIKa BBOAWTHCS B
MeTas 3a OUHMIIIO Yacy (,a MOBHY TEMJIOBY NMOTYXHicTh ayru q = UL, To

q

=y,
imowenns 7 - Oynme KoedillieHTOM KOpPUCHOI [ii HarpiBy
eJIeKTPO/Ia JIyTOI0.

Toni
0, = gn, = IUn,, 1x

s KiTBKICTh Temja BUTPAYAETbCS HA HArpiB PO3IUIABICHOTO 3a



42

OJMHHUII0 Yacy €JIeKTPOJHOro MeTany Bix Temmeparypu Tt 1o
TemmepaTypH kpamenb T,

g, = oFp(hk-hr), Tk (20.1)

JIe ® - IMIBUJKICTh TOJa4i eIeKTPOJIa;

F — tutoma Topus;

p - IUIBHICTh METAJICBOTO SIICKTPO/IA;

hk - Temmmosmict kpamens, JIx/T;

hr - TEIIOBMICT eNeKTPOAHOrO MeTaja MpH  [OYATKOBIiH
TeMIIeparypi.

oFp - BHU3Ha4alOTh (j;Ta HA3UBAIOTh MHTTEBOIO IPOTYKTHBHICTIO
nporiecy posruiaBieHHs. [pupiBHseMo

qp(hK —h;)=1Un, (20.2)
3BigKn
IUn,
b h Th
KT (20.3)
% _,
Binnowenus | Ha3UBAETHCS KOSPIIIEHTOM PO3IUIABICHHS.

Hna P13 o, = 8-12 r/A-ron, nna AAD o, = 12-24 r/A-Tog.
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