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Paccmartpueaetcs AByMepHas 3aja4a HArpeBa CTaJbHBIX LHJIMHAPHYECKHX O6pa3LOB B COJIEHOM-
JaJdbHOM HMHAYKTOpe. PoJydyeHsl 4mncjaeHHbIE OIEHKH TOJMMHBI €JI0Sl, MPOrpeToro A0 TeMmeparyp,

HEOOXOQMMBIX /ISl MOCJHEAYIOUEH 3aAKAJIKH.

Boamoxknasi TeXxHHKa BBICOKOUACTOTHOH 3akaJjiku [1]
CBfI3aHA C HArpeBOM LWJIHMHIPUYECKHX O0pPAa3LOB TO-
kKaMu DyKO MpU UX MNOTPYKEHHH B COJIGHOWJ KOHeu-
HOM jiuHBL. B pabore [2] anasusupoBasach Mojefb
Harpepa, rae W COJMeHOWJ W ofpasel NPUHUMAJHCD
GeckoHeuHBIMH. B 3TOM cjydae oLeHHMBaJsaCh TOJLIMHA
TMPUIIOBEPXHOCTHOTO CJI0s1, TPOTPETOro 10 TeMIEePaTyphl
AyCTEHHTHOTO NPEBPALLEHHs U JaJjee 3aKajJeHHoro (mpu
OXJIAXK JICHHH),

OnHako ecjiM HarpeBalIlasl CHCTEMAa HMeeT Ko-
HEUHYI0 JJIMHY, TO BOJIM3H TOPLOB COJIEHOH/IA 3JeK-
TPOMAarHuTHOE MOJIe PACCEeUBAETCsl U MJOTHOCTH TOKOB
dyxko ocaabepaer. B Hacrosiel padore npeicrapjieHa
npUOJKEHHAsE MOAEb JJIST OLEHKH 3Toro sddexta
U COOTBETCTBEHHO MaJIeHHUsl YPOBHS TEMIMEpaTyphl B
obpasue BOJH3U TOPUOB NpU Harpese. [Ipengaraiorcs
TpU cnocofa KOMIEHCAUWH TAKOro MajieHHs, U ¢ I0-
MOLIbI0 MATEMATHUECKOTO IKCIEPUMEHTA OLEHHBAIOTCS
MX BO3MOXKHOCTH.

1. TemnepaTypHOe moJie B KOHEUHOM OOpasle JJId-
HEel L W paguyca R, NOTPYKEHHOM B KOHEUHBLIH
COJIEHOHJ panmuyca a > R, ONHUCHIBAETCs pelleHHeM
AKCHAJBbHO-CHMMETPHYHOH KpaeBoH 3a1auH:

= c(upy(w) o,

ou

0z|,_41,

u|t:0 = Uo,

rie u(r,z,t) — TemmepaTypa B JaHHOH TOYKe, a
A, ¢,y — KajopuMeTpuueckre Ko3()PpULUEHTH.

3JIeCh KpaeBble YCJOBHSI COOTBETCTBYIOT TOMY, UTO
cpellHee BpeMsi HarpeBa o0paslia OTHOCHTEJNLHO Ma-
JIO ¥ TMOTOKOM TEIJia BOBHE MOXKHO TpHHEOpPedL M0
CPaBHEHHIO C TIIOTOKOM, MOPOXKIACHHBIM BHYTPECHHHM
UCTOUHHUKOM Q.

dusnyeckue napamerTpel Mouedau (A, ¢, p) Gepyres
TakHe XKe, KakK B pabote [2], TensoBbie HCTOUHHKYA UMe-
10T MHIYKUHMOHHOE MPOMCXOXKeHue: Q = 0.120|W %,
rje ¢ — YlAeJdbHasg MPOBOAMMOCTL ob6pasua, W —
AMILJIUTYIa FApMOHMYECKH MEHSIIOIIErocss BO BPEMEHH
3JIEKTPHUECKOTrO MOJIs1, TIOPOKAAEMOTrO COMCHOUIOM.

[Ipn anropurMuuecku onpejeseHHOH BejuunHe @
TeMIepaTypHOe M0Je PacCUNTHIBAETCSI METONOM Iepe-
MEHHBIX HanpasJjeHui [3].

[Inextprueckoe nose W onpenessercss ypaBHeHUs-
mMu Makcsesiia (6e3 yuera TOKOB CMeILeHHs1 B oOpasiie
M TOKOB MPOBOJMMOCTH BHE €ro) ¢ YCJOBHSMH CONpsi-
JKEeHHsI Ha TPAHULAX U YCJIOBHIMH OIPAHHUEHHOCTH TPH
r—0 1 r— oco. KoahdpuurenTs 31X ypaBHeHHH 3a-
BUCSIT OT TEMIIEPATyphl u, OJIHAKO, KaK cJjenyer u3 [2],
JJIsT 3aJIaHHBIX XapaKTepUCTHK MaTtepuasa MOxKHO 0e3
3HAUUTEJNBHOH MOTEPH TOYHOCTH IMPH pacueTe TemIle-
pPaTypPHBIX MOJIEH OrPAHHUUHTBCS «JIOKAJbHO-CTALHOHAD-
HBIM» NpUOJIMKeHHeM ypaBHeHul Makcgesia, rie tem-
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mepatypa paccmaTpuBaercs Kak napamerp. C apyrod
CTOPOHEI, BOCIIOJ/Ib30BABIINCL NPUOJIHAKEHHEM XOPOIIO
npopoxsmero obpasua: Wl,_.r—o — 0 npu A — oo,
MOXKHO HCKJKOUUTL W npu r > R; TOrma yCJ/0BHUA
CONPSKEHHs! 3aMeHSIIOTCS] PAHUYHBIMHA YCJIOBUSIMHU:

(W oy (B 0By

plu) \ r or Jl,_p \r or
L ow|  _om
p(u) 0z - 0z

3nech Ey(r,z) — aMILIMTYAA 3/1eKTPHUCCKOrO MOJs
COJIEHOM/A, CBfI3aHHAs C AMILIATYIOH MAarHUTHOTO MO-
JIsl YPaBHEHHUAMUA MaxkcepeJia. AMHJII/ITYILa MATHUTHOT'O
[10JIs1 HAXOJUTCA NMYTEM HHTEIrpUupOBaHHsA MMOJAA OJHOIO
BHUTKA:

I

r=R

z=+xL z=+xL

L,
Ho={Ho0, Ho:} = [ h(rz-€)de,
_L,
rae h(r,z — £) — MarsuTHOe IOJIe BHTKAa C TOKOM

(B ceuennu z = £). Besimunna h Bhipaxaercst siBHO [4]
yepes 3JITUINTHUECKHE HHTErPaJibl:

I z aZ +r2 4 22
h’l':_ — ﬁE ,
2mp\/(a+7)%+ 22 (a—7)2+2z
I 2.2 L2
hz: 72 (K‘|‘7a 7'2 Z2E)
2m \/(a+7)2 + 22 (a—7)2+2z

H MOXKeT ObITLb IoCuMTaHa TouHO. 3mech K, E —
3JIJIMITUYECKHE HHTErpajibl COOTBETCTBEHHO MePBOro H
BTOPOro pona, I — CcuJjla TOKa B BHTKE.

[lone W BHyTpH oOpasla OIUCHIBAETCH KpPaeBOH
3ajayedl 715l ypaBHeHHsl C IIOCTOSIHBIMM KO3(rLmeH-
TaMH:

1o (oW |
r Or r@r

W, ow
a or
ow
0z
ow
0z |,__;
W|r:R = 0’

*W , 1
W— (ZUVW—|-T—2)W:0,

= [r,

r=R

i 1)

z=L

|W| < o0.

JLsist 5TOH 3amaun onpejiesneHo siBHOe MpejacTaBeHue
B BHJIE CYMMBI JIBYX (Dyphe-Pa3aoKeHHH, KOTOPBIMH MBI
U 10J1b3yeMCd B pacyeTax.

[lacyer oGjeruaercss Tem, 4TO NpU OOJBIIMX 3HA-
YEHHSIX [apaMeTpa opuw BO3MOXKHO HCIOJAb30BaHHE
ACHMIITOTHUECKUX (DOPMYJI JIJIsi BLIUUCJACHHST COOCTBEH-
HBIX (DYHKLUHH H COOTBETCTBEHHO BeJHuHHB Q(r, z,1).

[laccmoTpeHHBIH BhIIIE a/1TOPUTM IO3BOJISIET IPOBEC-
TH pacueT TeMIepaTypHOro moJjsi B JoOOH TOuke 00-
pasua. [lematomum KpuTepueM 1151 OLEHKH pe3yJbTaTa
MBI CHHTaeM TOJIIWHY CJOsd, MNPOrpeToro a0 MW BLIIIE
Temnepatypsl Acs. Jlisi OeckoHeuHOro UMJHHApPA 3Ta
BeJHWYKHA MMOCTOAHHA, AOJd HUJAWUHAPA KOHEUYHOH JJINHBI
OHAa 3aBUCHT OT CTeNeHH YNAaJeHHOCTH OT TOPLOB H
NPUHUMAET HAUMEHbIIHe (HyJeBbie) 3HAuUeHUst BOJH3H
nux. [lannune rpaHuubl r = ryq,(z), onpenesneHHOH
HesiBHBIM 00pa3oM ypaBHeHHeM A 4(r, z) = Acg, 3a1aer
pabouyio o6jacTh MpU HATPEBE, B KOTOPOH TOJIBKO H
MOYKET MPOU30HTH 3aKajKa CJa0s MPH MOCJAeNyIOLEeM
(mocTaTouHO GBICTPOM) OXJIAXKIEHHH.

2. C nomouiblo MpsSIMOr0 MaTeMaTHUeCKOI'o 3KCIle-
pHMeHTa MOXKHO OLUeHHTb KpaeBele 3 (eKTh B 3aBU-
CUMOCTH OT I'€OMeTPHUYECKUX H CHJIOBHIX [1apaMeTpoB
YCTAHOBKH.

[lacnipenesienre MJOTHOCTH TEMJIOBBIX HCTOUHHKOB
BloJab ofpasua npu L = Ly, u I(§) = Iy = const
(puc. 1) mokaswiBaet, 4TO BOJHM3H TOPLOB IJOTHOCTD
MCTOUHHKOB 3HAUHTEJNBHO CHHXKaercs (Gojee ueMm B
nBa pasza). [Iro nNpUBOAMT K YyMeHbIIEHHIO BOJH3H
TOPLOB TOJLIMHBI CJIOS, MPOIPETOro 10 TEMIepaTyphl
aycreHUTHBIX npespameHud (T = Acg = 790°C) u co-
OTBETCTBEHHO K YBEJHUEHHIO XPYNKOCTH JIeTajel Mmpu
3aKaJjke.

0, Tox/mm 3

| | | | |
Up 100 200 300 400 500 500

Z, MM

Puc. 1. 3aBUCHMOCTb IJIOTHOCTH TEIJIOBBIX HCTOUHHKOB OT
KOOPAHHATBl Zz Ha IIOBEPXHOCTH O6pa3ua JLIsL 06BIYHOTO
COJIEHOH 1A

[Ipn mpoBeneHur MaTeMaTHUECKHX 3IKCIEPHUMEHTOB
paccMaTpHUBaoCh TPH COCO0a YMEHBIIEHHS TOJLIMHEL
HENpOrPeToro CJosl.

l. Ynaunenue cojieHoujga Takoe, uToObl ero JJMHA
HECKOJILKO MPEBOCXO/IN/IA XapaKTepHYO NJIUHY o6pas-
ua (L, > L), 6e3 n3MeHeHHsl pacnpejiejleHds TOKa 110
JUIMHE WHIYKTOpa. B 3TOM cjayuae ynpaBJsiolIvM Tia-
paMeTpoM OKAa3bIBaeTcsl JJHHA cojeHouna L, (puc. 2).
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r, MM
25 T T T T T
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Puc. 2. 3aBUCHMOCTE TOJIIHHBI CJIOSI, TPOTPETOTO O U BHIIIE
TeMIepaTypsl Acs, OT KOODAHHATH z IPH PASHBIX 3HAUEHHSIX
JUTHHBL coleHouna L W mapaMeTpoB MOMOMHUTENBHBIX HHEpTe-
THuyeckux 3atpat K (cBepxy BHH3): 2L, = 600 mmMm u K = O;
620 MM 1 3.3%; 660 Mm u 10%; 700 mm 1 16%; 800 mm u 33%
2. YBesnnueHue CHJBI TOKA BO BCeM HHIYKTOpPE, UTO
HpI/IBOILI/IT K yBeJH/ILIeHI/I}O HaHpﬂ)KeHHOCTI/I MATrHUTHOT' O
noJisi cosieHouna. [Ipu 3TOM ynpaBJsOLIMM NapaMer-
pOM SIBJISIETCSI CHJIA TOKA B HHAyKTOpe (pHc. 3).
7, MM
25 T T T T T

20

1 1 1 1 1
Ug 100 200 300 400 500 600
Z, MM

Iluc. 3. 3aBUCHMOCTD TOJIIMHBI CJIOSI, IPOTPETOTO O H BhILIIE
TeMIepatypsl Acs, OT KOOPAHHATH % IIPH PA3HBIX 3HAUEHHSX
JIMHERHOH IUIOTHOCTH ToKa [ BO BeeM cojieHoHue ([yivHA
coseHorna 600 MM) M M4apaMeTpPOB JOMOJNHHUTEJBHBIX SHepre-
trdecknx 3arpat K (cBepxy Buus): I =165 A/um u K = 0;
174 A/mm mn 5.5%; 177 A/mm u 7.3%; 180 A/mm u 9%;
183 A/mm u 11%; 186 A/mm m 13%; 192 A/mm u 16%;
195 A/mm u 18%

3. YBeJMUeHHe UHCJa BUTKOB HA KpasiX COJIEHOMIA,
B pe3yJ/ibTaTe 4ero BO3pacTaeT MJOTHOCTh TOKA B CoJle-
HOHJIe HA eAUHHUIY AJUHBL B 3TOM cayuae ympasasio-
MKUMHA [MapaMeTpaMi CJayKaTt AJWHa JO0MNOJJHUTEAbHBIX
HHJIyKTOPOB Ha KOHIAX COJIEHOHJA WU CHJIa TOKa B
HUX. OILHaKO YHCJIEHHBIH IKCIIEPUMEHT I[I0KasaJl, 4TO
PU TakoM crocode 6opeObI ¢ KpaeBbIM 3(PheKToM st
JOCTH2KEHH A onpene.neHHoﬁ TOJMKHHBI TPOTPETOTO CJ0A
TpefyloTCsl IHepreTHdecKHe 3aTpathl, KOTophie OoJjee
YeM HA TMOPSJOK BHIIE, YeM TIPU BTOPOM CHocode
(yBeJiMUueHHe CHJIBI TOKA BO BCEM COJIGHOMIE).

Merton yniuHeHHs coJieHOMJA HPUBOIUT K TOMY,
YTO YyUacCTOK, IJle IPOUCXOJUT NajieHHe HaNpPsKeHHOCTH
10Jis, OTONBUTI@eTCst OT TOpUOB 00pasua, B pesyJbrare
Yero TOJLIMHA 3aKaJeHHOI'O CJIOSl Ha TOpLAX YBeJlu-
YUBAeTCsl U CTAHOBUTCS [IPUMEPHO TAKOH »Ke, KaK B
cepenune. MeTon Ke yBeJHMUYeHHsl CUJBl TOKA BO BCeM
coJleHouzle of0ecreuyuBaeT I[pOrpes JO TeMmIleparypsl
Acs npakrtuueckd Bcero obpasua (Ipu JOCTHKEHHH
[pUeMJIeMbIX 3HAYeHHH TOJILMHE [POIPETOro  CJosl
BOJIM3H TOPLOB).

Jlist oueHkH 3()(PeKTHBHOCTH MeTONOB HCIIOJb30-
BaJICSl KPUTEPUH MUHHMH3AUUU SHEpPreTHUecKux 3a-
TpaT, HEOOXOMUMBIX JJisl YMEeHbIlIeHHsl KpaeBoro 3g-
(exta. OUEHOUHBIM MapaMeTPOM CJYKHJIO OTHOIIe-
HHe noTpebJaseMOd MOINHOCTH, HeOOXOMUMOH maJs
yMeHbIlIeHUs1  KpaeBoro a¢dekra (P), K MOLIHO-
cTH, notpeb/sdeMOd OOBIUHBLIM  cojleHouaoM  (FPp):
K=AP/Py,=(P-PR)/P.

[lo 3TOMYy KpUTepHI0 HeCKOJbKO OoJiee BBITOJHBIM
OKasblBaeTcsl NepBHH clocod — yIJUHEeHHe COJIEHOU IA.
Bropo# cnocot TpedyeTr HeCKOIbKO OOJBIINX IHEPro3a-
TpaT, HO NpPH ero HCIOJAb30BAHUM MPOUCXOAUT GoJee
CWUJIBHBIH Harpes ofpasua BOJM3W OCH, UYTO MOXKeT
IIPUBECTH KAaK K YBeJMUYEHHIO 3aKaJIeHHOIO CJlosl IpH
OXJIAXKJIEHUH, TAK W K €ro yMeHbIIEHHI (BCJaenct-
BUe TOI'0, YTO 3aKaJjKa MPOUCXOMWT [PU NOCTATOYHO
OBICTPOM OXJXKJEHHH, UeMy MOXKeT NpeNsTCTBOBATh
MOTOK TemJja u3 LeHtpa obpasua). B 310l cBsisu
BO3HUKaeT 1npobJ/ema pazpadOTKH MaTeMaTHYeCKOH MO-
JIeJId TIpoLecca OXJiaxKaeHus. AHanua 3ToH npoOJaeMbl
C WCII0J1b30BaHUEM MOJYUYeHHBIX Pe3Y/bTaTOB SIBJSIeTCs
00LEKTOM JaJbHEHIINX UCCe0BAHUH.

[lesaysbTaThl NpOBENEHHOIO MAaTEMAaTHUECKOro 3KC-
nepuMeHTa W Pa3pabOTaHHOH METOJAUKH MO3BOJISIIOT
OIpelie/ITh 3aBUCHMOCTh TOJILMHE [OATOTOBJIEHHOTO
K 3aKaJjKe CJos OT [apaMeTpoB MOJEJMW JJsi HUHIyK-
TOpa KOHEYHOH [IJIMHBI W OLEHUTEL PasjnuyHble MeTOMIbl
ycTpaHeHnHust KpaeBbix 3¢ (hekToB.

ABTOpBI CTATHH BBIPAXKAIOT NPU3HATEABHOCTD MPOd.
B.JI. Kasnbuepy 3a moJie3nble 00CYKIEHUS,
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