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MATEMATHYECKOE MOJAEJAHPOBAHHE B CBAPKE

IIEPCITEKTHUBHI PA3BUTUS
MATEMATHYECKOTO MOJEJUPOBAHUS
1 THOOPMAIIMOHHBIX TEXHOJIOTHII B CBAPKE
1 POJACTBEHHBIX MPOITECCAX

Maxnenxo B.H.

Hnemumym anexmpoceaprxu um. E.O. IHamona HAHY, Kuees, Yxpauna

MWupOBOH 3KOHOMHYECKHIH KPU3WUC CYIIECTBEHHO NO-
BJIMSIJI Ha BBIIOJHEHHE 11EJ0T0 psifla Hay4dHO-TEXHU-
YeCKUX MTPOEKTOB, B TOM YHCJE U B 00JIACTH CBAPKM U
POJCTBEHHBIX TeXHOMOTHH., TeM He MeHee, MHTEpEC K
MaTeMaTH4eCKOMY MOJAEAMPOBAHHIO OCTAETCS Ha 10CTa-
TOYHO BBICOKOM ypOBHE, 60JIee TOro, CTpeMJIeHHE CHI-
3UTh MATePUANbHbIE 3aTPAThl, CBA3AHHBIE C JKCIEPU-
MEHTAJ/bHBIMU UCCJENOBAHUSIMH, B OIIpe/le/IeHHOH cTe-
[IEHH CTUMYJIMPOBAJH MHTEPEC K METOJAM MaTeMaTu-
4ecKoro mMomeauposanus [1-4].

B nacrosiwenn paboTe He paccMaTpUBAINCh TaKue
BaXXHble BONPOCHI, KaK MCTOYHMKHU TEILIa NP CBapKe,
[J1aBJIEHHE OCHOBHOIO U MPUCAZ0YHOTO METAJLIA, B3aU-
MOZeNCcTBYE KUAKOTO MeTaslja C UCTOYHUKOM HarpeBa,
TMAPOJMH IMUKA B )KMAKOH BaHHe U T. . ABTOp Orpa-
HUYHJICS B OCHOBHOM MaTEPUAJIOBENYECKHUMM BOIIPO-
camu.

Kpucraaimsauus >kuakoii Bannel, Teopuu JByx-
dasnoii 30ub1. D10 yHAAMEHTANBHOE HAMpaBJIEeHHE
B CBapKke U POACTBEHHBIX TEXHOJIQTUSX I[IPUBJEKAeT
BHHUMAaHHE UCCJeoBaTe el B CBSI3U ¢ DOCTOM IIpHMe-
HEHUS B IPOMBIILUIEHHOCTH MaTePHAJIOB, 151 KOTODBIX
MEPBUYHAS KPHUCTAIN3ALKMSA (PaKTHYeCKH 00YCA0BIIH-
BAET MHUKDOCTDYKTYPY M MeXaHWYeCKue CBOIHCTBA I1e-
PEeILIABJIEHHOrO MaTepHana. 34ech 0co60e BHUMAHHE
[PUBJIEKAET CTAAMsl OXJIAXKAEHUs] B TeMIIepaTypHOM
unrepsane T; —Ts, rae T — Temneparypa JAUKBUAyCA
u Ts — TeMmeparypa COJNMAYCA, OIpefessioue Tak
Ha3blBaeMyI0 AByXdasHyo 30Hy. IIpoueccrr, npoxoas-
U11e B 3TOH 30He, TPYAHO OMHMCATb B paMKaX AeTepMH-
HUPOBAHHBIX MOAX0/0B, YTO OTMEYAJ0Ch HEOJHOKPAT-
HO B padotre [5] u ap. [Ipeanaranucs cooTBeTCTRYOLINE
TEOPUU ABYX(PA3HOU 30HbI, OCHOBAHHbIE HA BEPOSITHOC-
THBIX M0,1X0JaX, HAllpUMeD, [10 TeMIlepaType B Ipe/e-
jnax Ts < Ty <T; OTHOCHTEJBHO 3apOXKAEHHS TBEPAOH
asel, YTO MPUBOAMT K OMPEJENIEHHON XAOTUYHOCTH,

© MAXHEHKO B.H., 2010

CBA3AHHOM € pPa3/MYHBIMM BapUAHTAMH BbIAEJEHU
CKPBITON TEMJIOTHI KPUCTAMMHIALMH Qe

2
K(I = 1y) o G
€ “, do = T, '

g =dqo (D

[era-tiar

T,

rae Ty — cayuvaiinas remreparypa B nHrepsase T <
< Ty < T, onpepensiemast meromom MorTte-Kapio
(puc. 1).

Taxoit noaxoa nocraroyHo 3ddexTUBEH A1
6osplinx 06beMOB ABYX(a3HOH 30HDBI, XapaKTEPHOU
JUISL TIPOLIECCOB CIIeL3/IeKTPOMETaITy PIUH.

CraGuibHOCTD MHKPOCTPYKTYPbI NEPBHUHOI KpHC-
rasumzanun (CIIK). Haubosee xapaxkTepHbIM € I10-
sunuid CITK ams npakTHKK sIBJSTIOTCST XPOMOHUKeIe-
Bble CTaJH.

Ha puc. 2, a npusejena amarpaMMa rceBAoOMHa-
proro craBa Fe—Cr—Ni npu 70 % sxenesa u3 [6].
Bugno, uto npu 15 % Cr 1 Bblille HAPAAY € AyCTEHUTOM
u ¢eppurom Hike 850 °C mossisercs Tperbs dasa

(o-basa) — ovenp He)kesaTesnbHast asa, B COCTaB
KOTOPOH MOTYT BXOAMTDH KapOHABI XpOMa U [APYTMX
METAJJIOB — TMpUMecel, a TaKXKe HHTePMeTaJJUAbl.

Bomnpocs! pacueTHON OLEHKH coAepIKaHusi G-asbl pH
CBapKe M DOACTBEHHBLIX NPOLEccax ABJSIOTCS A0CTa-
TOYHO aKTyaJbHOH 3azauell.

e o 2
g= qoe—K(l -7
g =const=Q /T —T;

/
7

T, Ty T, 7

Puc. 1. Pacnpegenetue ckpbITOH TENAOTDI (1N1ABJIEHHS § B HHTEDBaJe
temneparyp T, — T

A1,



MATHEMATICAL MODELLING IN WELDING

Solidification mode

T, F T, °C
A AF { F/L\ F
T 1600
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2600 & 1400
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Note: Solidification modes above are:
A — austenite solidification

AF — primary austenite solidification
F — ferrite solidification

a

Puc. 2. Aunarpamma iicespoGuuaproro ciasa Fe—Cr—Ni npu 70 % xestesa [6] (a) u TemrieparypHas 3aBUCUMOCTb ATMTENLHOCTH NATEHTHOTO
nepuoa o6pasosanust coeantiennst TiAly Ha rpaHuLie OBEPXHOCTHOrO KOHTAKTa TBEPAOTO THTAHA C JKHAKUM ajioMmunnem (6)

Jlokanuaanus KpHTEPHER CBADHBACMOCTH COBpe-
MeHHBIX cTaseii H cntasos. Ha mpakTuke mupoko nc-
TOJb3YIOT KPUTEPHH CBAPUBAEMOCTH, HE CBA3bIBAA HX
rnapaMeTpbl ¢ KOHKDETHBIM COCTOSSHMEM TOYEK CBAPHO-
ro COeAMHEHMA, I'ZIe BO3MOXKHO BO3HMKHOBEHUE HAPY-
IICHH CBAPUBAEMOCTH THIIA FOPSIYMX JUOO XOJTOIHBIX
TPELIMH.

ITpumep. O6pasoBaHue XOJOAHBIX TPEUIMH IIPH
CBapKe BBICOKOIIPOYHBIX HU3KOJIETHPOBAHHBIX CTaIeH.

Wnpgexc «Susceptibility».

Jlnst cnyydast capku mpo6er (puc. 3) Ha MPOAOJb-
Hble X0JI0AHBIE TpeumHb! 115 cTaau 14XT2CAD 1 [7]:

P, 0,2655 0,1053
Crans OchosHOH — [Tpucagounvit —
14XT2CAD [ AHII-10

Pesyabrarter pacuera pacrnpeaenesus guddy3noH-
HOTO BOJOPOJA U MAapTEHCUTA B MONEPEUHOM CEUEHUU

Counepxcaine Bapuantos M = A, B8,C, B; E,;F, G [_“C]_

{ \Mw T “
A B C
8, MM !|

P = 12P, + logH,; . |
<9,5 <0,18 <0,18 <0.18
p C+Si Mn + Cu + Cr o 018 018 8
= Tt + = < =
CcM 30 20 (2) ,9—19,1 A !
Ni Mo V 19,1-38,1 <0,18 0,18 74
50160 T10 B 38,1-76 0,18 80 110 |
| >76 93 121 136 |
BapMa3HTbI MHWUHHUMANBHOTO noaorpena B 3aBHCHUMOCTH oT M E F G
H, em” /100 1, B upucamoyHom MeTanne [pH CPEAHEM YpPOBHe ) D
ecTkocTu u P npoGst ) 0, MM
By | | <95 <0,18 71 138 160 ‘
‘ H, em®/100 T ) ”
<0,18 | <023 | <0,28 | <033 | <038 9,5-19,1 80 116 143 160
5 A B c D | 19,1-38,1 110 138 149 160
10 B c E F | 38,1-76 130 140 149 160 |
30 C D E F >76 149 160 160 160 ‘|




MATEMATHYECKOE MOAEJIHPOBAHHE B CBAPKE
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Puc. 3. Cxema XOpHEBOro 1UBA C NONEPEUHBLIMH | M MPOAOJBHBIMU 2, 3 TPEUlHHAMM AJIS CBAPOUHON 11POOLI TONWMHON & M wMpHHOi 2L,
3aKperietHol (h1aHroBbiMy LWBAMK Ha (nTe (@) M TEPMOAMHAMMYECKAA AMarpamMma HPeBpaLieHust aycTernta 8 cranun 14XT2CAD /L (6)

coequHeHust Mpo6bl npu L = 50 MM M Pa3/Iu4HbIX TEM-
neparypax 1 = 11-120 °C npuseaensl Ha puc. 4, 5, 1Mo
KOTODBIM TPYAHO MOSICHUTB, TodeMy rnipu 1o = 120 °C
BEPOSITHOCTb OOPA30BaHMst XOJIOAHBIX TPEUIMH SIBHO HY-
nesast, a ipu To = 70 °C ~ 20 % u npu Ty < 11-100 °C.

PesysbraThl MOAENUPOBAHUST TPETHETO HEOBXOAM-
MOro )aKkTOpa — HATMPSIIKEHHOTO COCTOSIHUSL — [PUBE-
[eHbl Ha puc. 6—8 AJ1s1 pa3iMyHbIX BapUaHTOB MO Ty,
L w H. llo BemyuHaM Gy, B 30HE NOTEHUMATBHOTO
06pa30BaHust IIPOAOJILHON XOJIOAHON TpEIMHbI, T. €.

B Metassie 3TB, rae gocraTouHo Beicokue H, u Vi,
Ha6MI04aeTCA TEHAEHUMS CHUIKEHUS STUX 3HadyeHMil
NpY CPaBHEHUY BAPUAHTOB C BBICOKON BEPOSTHOCTHIO
06pa30BaHus TPEIUMH ¢ BAPHAHTAMU C HYJIEBOH BEPO-
ATHOCTBIO. JJIsl KOJTMYECTBEHHOIO OTIHCAHMST ITOrO $iB-
Jierust B [8] UCII01b30BAIY BEPOSITHOCTHDBIH 3aKOH Beit-
6yana (puc. 9), rae napamerpbl A u B onpeaenniu
Ha OCHOBE JAHHBIX puc. 6—8 B 3aBUCUMOCTH OT BEJIU-
ynHbl H, B NIPUCaJOYHOM MaTepuase U YCJOBUM, 4TO
Vm > 50 %.



MATHEMATICAL MODELLING IN WELDING

BapuaunTbr ucnbiTanuii Ha 06pa3oBaHne X0A0AHbIX TPEULHH

5o 2L, MM T,°C H, /100 r oléf)ﬁ;‘:ﬁfg; Bepoathioate i
BapralTa Sz paspymes )
! 100 11 4,0 Mo MIUC 10 0 0.89
2 00 |11 6,0 Ty=1880°C | 5 0,5 0,89

3 100 i 7.0 0 1,0 0,8 |

4 |10 |1 8,6 0 j 1,0 089 |

5 140 1 8,6 4 0.6 089 |
6 200 M| 86 9 0,1 0,89
| 7 100 0 | 86 2 08 0,72
8 100 90 8.6 = - 0,65
9 | 100 120 8,6 f 10 0 0,50

Pesy ibratel, IpUBeACHHEbBIE HA DUC. 9, MOKa3bIBa-
IOT, YTO BeJIMYMHA A OCTaTOUHO XOPOLIO KOPPENUPYET
C KPUTHUYECKMMU 3HAYEHMSIMM HOMUHAJLHBIX HaTps-
SKEHUIT Oy, B TIPOGE «HUMIUIAHT» AJS AAHHON CTajiu, a
BEMMUUHA B ABJSIETCH IPHMEPHO NOCTOSHHON BEeMUun-

X, e

1, e 100 r

4,06
3,67
3.28
2,89
2,50
2,12
1,73
1,34
‘ " (.93

0 0,15 0,30 0,46 0,61 Y, ¢m

1

0,56 4.01
0,48 3,60
0,40 3,20
. 2.79
0,22 2,39
0,24 198
0,16 |‘57
0,08 | 1,17
ST 0,76

0 0,16 0,32 0,48 0,64 Y, en
3,97
3,55
3,13
2,71
2,29
{,87
,45
{,03
{

=
o

0 0,17

0,34 0,51 0,67 Y, ¢

Puc. 4. Pacnipenenenue ancdy3HoHHOr0 BOAOPOAA B CEUCHUY 2 =
= const B mMomeHT ppeMeru ¢t = 195 ¢ 10CIe NPOXOMKACHNST MCTOY -
HUKOM sanHoro cevctst ipu Ty = 11 (a); 70 (6); 120 °C (e)

Ho#t u paBHa 100 MIla npu o6bemMax KOHEUHDbIX a.l€-
MenToB AV = (0,25 x 0,25 x 1 MM B 30He MHTErpHUpO-
AV 0,25
BaHUs, T. €. Mpu 05~V " 0,02.
Kpurepuit nosry4eHust XONOAHBIX TPOJONbHDIX TPE-
wuH [7]:

4
P=1-exp ,J:( B ) dv: 3
Oyy> A(HY, V(H, V).

PazBurue KpHTHYECKHX TeXHOJIOTHII B CBapke M
poacrTBennbix npoueccax. CoppeMeHHAaa KOHICYpPEeH-
UM Ha MHDPOBOM PbIHKE [IPOMBDIIINIEHHOIO MPOHU3BOA-
CTBa 00YCJIOBJINBAET BO3MOM(HOCTD MOJYUEHUS KOHKY-
PETHOH TMPOAYKLMH B OCHOBHOM IPU HCIIOJb30BaHHH
KPUTUYECKUX TEXHOJJOLUH, T. €. B JOCTATOYHO Y3KOM
HHTEPBAJIE TEXHOJIOTHMYECKUX [TAPAMETPOB, MOUCK KO-
TOPBIX YHCTO SKCIIEPUMEHTAMbHbIM MyTeM (TP Cpea-
HEM MHHTYULHM) 4acTO JEJaeT TpoLecc paspadoTiu Tex-
HOJIOTHUX MaJIO NEPCIIEKTUBHLIM. VIMEETCSI MHOIO TaKMX
[PUMEPOB B 06/1aCTH CBADKM W POACTBEHHDLIX TEXHO-
JIOTHI, IOrJla MaTeMaTUYECKOEe MOAEINPOBAHKE TTOMO-
raeT AOCTATOYHO ONEPATHBHO HAXOAUTbL HEOOXOAMMDIE
peinenusi. Hanpumep, xapauusatue merogom IDILIT
B TOKOBEJYLUEM KDPHCTALIM3ATODPE C KMAKHUM IpHCa-
JIOYHDBIM MATEPHAJNOM KDYITHBIX CJIUTKOB MJM DEMOHT
CBApKON MarucTpajpHbIX TpyOOIIpoBoAon 03 BhIBoAa
UX u3 sKciyaraumu [9] w T, 4.

Tlocsieansist TEXHOJIOTHS IPUBJIEKAET OOJIbIIOE BHHU-
MaHue CIenUaluCcTOB BO BCEM MUPE, MOCKOJbKY B 3Ha-
YUTEJHHOHN CTENeHU ClIoCOOCTRYET COXPAHEHMIO KOJI0-
UK ¥ PE3KO CHHUIMKAET BPEMS IIPOCTOS TPYOOIIPOBOAOB
npu pemonTe. CTep>KHEBBIM BOMPOCOM JIJISL 3TOH KPH-
THYECKON TEXHOJIOTHH SIBJISIETCS BOMPOC 6E30TTaCHOCTH
KaK B I1poUecce pemMoHTa (C y4eTOM OMUAAHUS B OME-
PE/M HA PEMOHT), TAK ¥ MOCJE PEMOHTA /IS KOHKPET-
HBIX CJy4aen.
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Prc. 5. Pacuernble 3nauenus Vi B 10MepedHOM ceuetun Kopresoro wea npu L = 50 My u Ty = 11 °C (a); 70 (6); 90 (e); 120 (2): 7 —
rpanuua 30HbI cnaapiaenns; 2 — rpanuua 3TB; 3 — rpaunmua, rae Vi 2 0,5
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MATEMATHYECKOE MO/AEJHPOBAHHUE B CBAPKE
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Puc. 9. Bansaune conepxxannsa audpdy3HOHHOro Boa0poaa B 11pHca -
JI0YHOM MeTaJiie Ha tapaMeTpo! Beiibysua A u B (3)

0

STUM BOMIPOCOM 3AHUMAIOTCSI MHOTHE OPraHU3alnu
B Pa3HbIX CTPaHax.

[Ipornosnposanne pecypca GesonacHoii axcriya-
TALHH CBAPHBIX Y3JI0B H KOHCTPYKUMIT IO pe3y.ibTa-
TaM TeXHHYECKOH AHATHOCTHKH HX cocTosiHus. VHTe-
pec x aTo# npobseMe 0OYCIOBJIEH CMEHOH OCHOBHOM
KOHLENUUH obecrieverus (e30MACHOCTH OTBETCTBEH-
HbIX KOHCTPYKUMH 110 PE3YJbTATAM IJIAHOBBIX TEXHU-
4eCKUX JIMaCHOCTUK MX cocTosgHus. Ha cMeny crapoi
KOHUEIUHH «OOHADYKUI—YCTPaHAH» NpHLLIa HOBas,
B OCHOBY KOTODOU TOJIOEH TPOrHO3 MOBEJEHUS KOH-
CTPYKLMH, IO KpaHEH Mepe, 10 CAEAYIOUIEH TIJIAaHOBOU
TEXHUYECKON AMATHOCTUKM W TIPUHATHUS pelieHus Ha
OCHOBE TAKOro NPOrHOo3a. 34ech OOMbLIas POJb OTBO-
AWTCA PacUeTHBIM METOJaM, OCHOBAHHBIM Ha COOTBET-
CTBYIOILEM MATEMATHYECKOM MOZEJHPOBAHUM MPOLEC-
COB Ae(POPMHPOBAHUS U PA3PYLIEHNS XaPAKTEPHBIX Y3-
7108 (B TOM YMCJIE CBAPHDBIX ) TIPY PA3JTHIHBIX YCIOBUAX
HATPY>KeHHs C YYeTOM MMEIOILHUXCS TPHHLMIEMATbHBIX
aKTOB UCTOPHU KaK KCIIYATALMH, TaK ¥ U3TOTOBJIE-
Hus. OJIHUM U3 TAKUX BOIIPOCOB, TECHO CBSI3AHHBIX C
TeXHOJIOTHEH, SIBJIAETCS POJIb HEPEJAKCHPOBAHHBIX OC-
TaTOUYHBIX HalpPSKEHUN,

Ponv nepenraxcuposanisvix oCmamounblx Hanps-
KeNul npu CmAamuuecKoMm HAZPYMEeHUU CEaAPHbLX
y3anoe. Hapany ¢ TpaAMIMOHHDBIMU CAYYAAMH XPYIIKO-
ro rnosefeHust (HU3KKE TEMIIEPATYPbI, PAAMALMOHHOE
obJydeHne M T. 11.) HaGIOAAETCS 3apOXKAEHNEe U POCT
KOPPO3HOHHBIX TPELIHH.

Ha puc. 10, @ npuseaena cxema aparpaMmbl CTaTH-
4eCKOH KOPPO3HMOHHON TPEUIMHOCTOMKOCTH METAaJIJIOB,
KOTOpas SABJSETCS OCHOBOH pacueTa pacripoCTpaHeHus
KOPPO3HOHHBIX TPELLHH B CBAPHBIX KOHCTPYKLMSX pas-
JyHOTro HasHavenwsi. Ha puc. 10, 6 npupeneH npumep
TAKOH KOHCTPYKUYMH — I[IapOreHepaTop COBPEMEHHBIX
6s0k0oB ADC Ykpawumbl, IJIs1 KOTOPBIX aTta rpobJema
ABJAETCS JOCTATOMHO AKTYaJbHOW M OleHKa CTeleHH
PHCKA BBIMOJIHSIACH HEOZHOKDPATHO [9] ¢ y4yeToMm ocra-
TOYHBIX CBAPOYHDBIX HAIIPSIKEHMIA.
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Puc. 10. JQuarpamma CTaTHUECKOH KOPPO3HOHHON TPELIHHOCTOM -
xoct Metannos (a) u cxema naporeneparopa [1[B-1000M (6):
1 — KOpNyC NnaporeHeparopa TeryioHoCcHTeNs; 2 — KONIEKTOD Tell-
JoHocHTesT; 3 — nepdopHPOBAHHAA 30HA KOJLIEKTOPA B 06J1aCTH
KIHHA, 4 — «KapMaH» KOJJIEKTOpa

CoBpeMentbie cpe/icTBA MATEMATHIECKOI0 MOJe-
JHPOBAHHA B CBapKe H POACTBEHHDIX TEXHOJIOTHAX,
3anavyy MexaHWKW CILIOMHON cpeabl: MPUBJIEKAIOTCA
AHAMUTHYECKHE ¥ YHCJIEHHDbIE METOJbl, METOJ KOHEeY-
HBIX pasHOCTeH U MeTOA KOHEYHDBIX 3JIEMEHTOB, Bapua-
LHOHHbIE (DOPMYIMPOBKU KDPAEBbIX 3a4a4.

U Wk

m=-1,n-1,k

m, n, k—1

O
m-1,n k-1
n—-1, k-1
Puc. 11. TeomeTpuueckas MOLe/b CPEADbI

O
m—1,
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|__Design Optimization |

[Ipubnexacmple YHCAEHHbIE METOABI CYILECTBEHHO Teomempuuecrkas modeav cpedo::
3aBUCAT OT BO3MOMKHOCTEM COBDEMEHHON BBIYMCIIH-
TeJIbHOW TEXHMKH, TIOBbILIEHYE GbICTPOAEHCTRHIS H pes-
KO€ yBeJHYeHUe OTIeDATHBHON NaMSTH KOTODPOH 103BO- Ae,, = AU 8 =AU -y, J
JIAET MCIOb30BATD [IPOCTHIE MOAECAH KOHEUHBIX 3JIe- Ponjo b ™ T 1wk
MEHTOB, CHUJIBHO CIyIias CETKY B 30HE BbICOKHX I'pa-
JIMEHTOB KaK {10 NPOCTPAHCTBY, Tak U 110 BPEMeHH. AU, wx AV, , »~AV
PaccmoTpuM maeosiormio Takoro nogxona Ha IIpHu- Aggp = ‘
MEpEe PELICHUS 3aJa4K yIPYrOmIacTHYECKOro Aedop-
MEPOBAlMS CILICIIHOH CPEJbI C YYETOM I'eOMETPUYEC-

m=1.nk

+
rm, n k (76)% nok (76)711 ~ 1t n /z’

. o AW, - AW, -
KOHM HCJIHMHEUHOCTH. Agzz - —"LL_"M]
Zm, ok Zm. n k-1

Ucrnompayerest LnIMHAPHYECKas CHCTeMa KOOPIU-
nat 7, z, B. (puc. 11).
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1
AE,B = 5 X
« r(Z\V/T)m) n k (AV/T),” - 1,0k + A(Jm, nk AL[m, n—1,k
L Twon b " Tm=1t,n & (rﬁ)m, mk (rB)m, n=1,k '
1
Agg = 5 X (4)
‘ AVm, noh AVm, n, k~1 A‘A/m, n ok AWm, n—1,k% ‘
X + A
Zoyn k" Zmon k-t (rB)m, nok (rB)m, n—1, k_|
1
) Ag,, = 5 X
x ‘ AUW‘ n ok AUm, nok=1 ¥ AWm, n ok AW”_ 1, n, /e_]
L Zm, ok Zm,n, k=1 Foron b — Y= 1, n, k _l

Dusuueckas modenrv cpedw:

Aey = Yoy — 8;0) + §;(Ka) — by, (5)

rae §; — cumBonx KpoHekepa; ¢ = —;— (o, + Opg + 0.);

w=§%npnf=0?—0§(m)<0; w>§15npnf:0,

cocrosnue [ > 0 HeLOMyCTHMO.
1
3necn €; = N [(o, = opp)* + (0, — 0,0 + (Opp —

- g, + 6(633 + 0%, + 0[232)0’5] — JKBHBaJIEHTHOE Ha-
E K = 1-2v
1+ E
XapaKTEePUCTHKM MaTeprala; 6{(w) — conpoTusenne
MaTteprasta 1eOPMUPOBAHUIO BBILIE [IPEJETA TEKYYe-
CTH, 3aBUCUT OT XapaKTEPUCTHKM AeDOPMALMOHHOIO
YNPOYHEHHUST — mapameTp OJKBUCTA 0 B JAHHOHU TOUKE
(ysne m, n, k); b;; — u3BecTHAS DYHKUMA [OTIOIHY-
TEJbHbIX AeQOPMALNH, OMPEAEASETCS YEPES HAIPSIKE-
HUE Ha [MPEAbIAYUIeM 1are HarpyXenus ¢ — At

npsxenne; G = ; E, v — yupyrue

sz ‘l: 2G + SIJ(KO) - At:

1
E,= 5 'fv (0 + Yi)Ae,d V+ '[5 PAUSS,,; (6)

_ _1_ Gy~ 6,’,0
YU Y] [ 2G l » + 51‘,‘(0):—At~

Menoapaosanne kommepuecknx cpenacrB. [laxe
VIS JOCTATOYHO CJIOXKHBIX TE€OMETPUYECKH HEJMHEH-
HBIX YTIPYTOMNACTUYECKHX 32124 MEXAHUKH AeDOPMH-
POBaHHBIX CILIOLIHBIX CPeJ MOXXHO Ha COBDEMEHHDIX

ITK ctpouTs A0CTaTOMHO 3 PEKTUBHBIC YUCACHIbIEC pe-
ILIEHUST, YTO €CTECTBEHHO TPEGYET ONPe/eieHHOTO yeep-
DUst, aKKYPaTHOCTH, TepreHus. Xyxe 06CTOUT /1810 ¢
uHTepdeficoM, ofecreuBalOUMM 06paboTKy O TYICH-
HBIX PE3YJbTATOB, XOTS MaTeMaTHYeCKHe TPYAHOCTH
TaM HECKOJIbKO MHOTO IJ1aHa. B UTore MOXKHO OTMETHTD
[BE€ TEHAEHLMM B pa3zpaboTKe KOMITBIOTEPHBIX H T. II.
CPEACTB AL HCCJ/IEOBAHUHA, TPOTHO3NPOBAHUA HA OC-
HOBe MaTeMaTHYeCKOr0 MOAEJHPOBAHUS

e pPa3paboTKa AOCTATOYHO KOHKPeTHbIX (Ipobiem-
HO-OPHEHTHPOBAHHBIX) CPEACTB HEMOCPEACTBEHHO II0-
TpeGUTENEM;

¢ pa3paboTKa AOCTATOYHO YHUBEDCAIbHDIX CPEACTB
podeCCHOHANBHBIMY KOJIEKTUBaMI (CM. Tabauiy).

EcrecTBeHHO, MOTYT MCIOAB30BATbCS 00€ TEHAEH-
LM, XOTS BO MHOTHX CJIYYasiX KPOME AEIIEBN3HBI 0CO-
6ble IPENMYIIECTBA TPYAHO BBIAETHTD.

1. Mamemamuuecxoe mogeamposanne ¥ MHPOPMALHUOHHDBIE TEX~
HOJIOTHH B CBAPKE M POACTBEHHbIX lpoueccax // Mexuy-
nap. wouch. 16-20 cenr. 2002 r., Kunupenu, Kpoim, Yi-
paunra: C6. tp. / Iloa pea. B.W. Maxnenxo. — Kues: M13C
um. E.O. Itarona HAH Yxpaunbt, 2002. - 266 c.
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pauua: C6. tp. / llog pen. B.U. Maxueuko. — Kuen: U3C
unm. E.O.[Tarona HAH Yxpaunst, 2004. — 266 c.

3. 16th Int. Conf. on Computer Technology in Welding and
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and Information Technologies in Welding and Related Pro-
cesses // 6-8 June 2006, Kiev: Abstracts of Papers for the
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Ukraine, 2006. — 326 p.
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HOJIOTMH B CBAPKE W POJCTBEHHBIX npoueccax // 4-as Mex-
ayHap. koud. 27-30 mas. 2008 r., Kaumsenu, Kpbim, Yipan-
na: C6. tp. / Iloa pea. npod. B.M. Maxucuro. — Kues:
U3C um.E.O Jlatona HAH Ypaunnt, 2008. — 182 c¢.

5. Nastac L. The stochastic modeling of solidification structures
in alloy 718 remelt ingots / L. Nastac, S. Sundarraj, K.-O
Yu, Y. Pang // JOM. — 1998. — Ne 3. — P. 30-35.

6. Welding Handbook. Materials and Applications — P. 2. —
Miami, Fla: AWS, 1988. — Vol. 4. — 621 p.

7. Pucx o0pa3oBaHus XOJOAHBLX TPELUHMH IPH CBAPKE KOHCTPYK-
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INEPEPACHPE/IEJIEHUE JIETUPYIOIINX
" ®OHOBBIX INIPUMECEM ITPU BHIPAIIIMBAHUN
MOHOKPUCTAJLJIA KPEMHUS
METO/IOM 3JEKTPOHHO-JIYYEBOM
BECTUTEJBHOM 30HHOMN IIJIABKI

Acnuc E.A., Jlecnoit A.B.

Hucmumym snexmpoceapru um. £.O. Hamona HAHY, Kues, Yxkpaurna

[IpuBeielnt Pe3yabTaThl IKCIEPHUMEHTANbHBIX UCCACAOBAHNUE XUMUUECKOH HEOAHOPOAHOCTH MOHOKDHCTANNO0B KPEMHUA,
TIO/IyUCH HBIX METOAOM 3JEKTPOHHO-1Y4eBOH GeCcTHIesbHON 30HHOH MuaBKH. 3aKOMOMEPHOCTH (POPMUPOBAHMA KOHLEHT-
PalKOHHOrO COCTOAHHA MOHOKPHCTANNA QHAIH3UPYETCS HA OCHOBE MaTeMaTHYECKOro MO/AEAHPOBAHMS 1IPOLECCOB MACCO-
o6MeHa, NPOTEKAIoWHX NPy 30HAOH naaske. [Ipeicrapelivl peayaprarel pacyeros (GOPMHPOBAMHA XHMMYECKOH Heod-
HOPOAHOCTH MOHOKPHCTA/A B 3aBUCUMOCTH OT TEXHOJOTMYECKHX 11APAMETPOB i1asky. HarypHbiM sKClIEpUMENTOM yCTa~
HOBJEHO, YTO COAEPIKAHHE KUCAOPO/A NOCIE NePeKPHCTANN3ALINHN Y MEHBLIACTCS HA /BA [I0PA/AKA, (ocdopa — Ha NOPALOK,
npy 2TOM OBECHEYMBALTCS PAaBHOMEDHOE PaCNPEALJEHNEe XMMHYECKOIO COCTaBa 110 Ajanue oOpasua. PacuyeTnble JaHHbie
NOKA3bIBAIOT, YTO ITOT PE3YALTAT NPEUMYUIECTBEHHO IOCTHIAETCA 3a CUET IPOLECCOB UCMapeHHst Co CBOSOAHOI NOBEPXHOCTH

pacliJIaBAeHHON 30HbLI.

O4ncTKa KPUCTAJIOB KPEMHUSE OT TPUMECEN U 0COOeH-
HO OT KHCJOpOZa SBJSIETCST aKTyaJbHOM 3amadveil.
Kpemunit ¢ MabIM COAEPIKAHUEM KUCJIODOAA SIBISIETCS
DEePCNEeKTUBHBIM MaTeDUAIOM [IJISI U3TOTOBJIEHUS CUeT-
YUKOB MOHUSUDPYIOILUX M3IYYEHUH, COJNHEYHBbIX HaTa
peft, pasnuynbix Tinos Anonon (CBY, MMy abcHbIX,
MEPEKJIIOYAIOIINX ) U T. . ITONYIPOBOAHUKOBBIE MATE-
pUaJIbl BBICOKOM YHUCTOTHI MO3BOJISIOT O0ECTEYUTD TAK-
JKe HaZlesxHO 060CHOBAHHOE 3TAJOHUPOBaHUE Haubosree
BXHBIX I1apaMeTPOB MATEPUAJIOB [JIsS 3JEKTPOHHOU
TeXIIMKU.

O6ecniederre HEOGXOAUMOTO YPOBHSE 3JEKTPOPU-
3M4YeCKUX CBOMCTB MaTepuaJa TECHO CBSI3aHO C BO3MOK-
HOCTbBIO (hOpMHUPOBAHUS 3aJaHHOIO XUMHUIECKOIO COC-
TaBa o6pasua. [Ipy mpUMeHEHUH WU POKO PACIIPOCTPa-
HEHHBIX METOJOB 30HHOrO neperiasa (Hoxpalbckoro
u Bpumxmena) paduHUpOBaHUE MaTepuana AOCTHI&-
€TCsI B OCHOBHOM 34 CUeT PasHUIIbI B PACTBOPUMOCTH
JIMKBHPYIOLUETO BELIECTBA B XKMAKOH U TBEPAOH hase,
KOTOpasl MO3BOJIsIET OTOrHAaTh IIPUMECh B XBOCTOBYIO
4acTb obpasua. [IpnMeHenne 3TUX METOAOB AJS TIOJY-
4yeHust 06pasyoB HEOOXOANMOH MPOTSPKEHHOCTH C 3a-
JaHHBIM XHMHYECKMM COCTAaBOM NpeNyCMaTpUBAET JO-
BOJIBHO TPYZNOEMKHE TIPOLIECCHI BBIPE3KU HAYAIBHOIO
yyacTKa M MHOIOKDATHOIO Meperiasa.

OpxruM u3 Haubosee MEPCIEKTUBHBIX METOAOB IO-
JIyI€HHsT TTOJTYIIPOBOAHUKOBBIX MaTepPHaJIOB BBICOKOU

© ACHUC E.A., JIECHOW A.B., 2010
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YYCTOTBI SBJISIETCS] 97IEKTPOHHO-JIy4yeBast GeCTUrEJIbHas
sonHas maska (DJIB31I). Merox 3JIB3I1 npexyc-
MaTpHUBaeT 06Pa30BAHUE DACIIJIABJIEHHON 30HBI, KOTO-
pas YOEPXKUBAETCS CHJIAMU TTOBEPXHOCTHOI'O HATSIKE
HYSE, YTO UCKJIIOYAET BO3MOXKHOCTH 3arps3HeHUs Pac-
nJ1aBa MaTepUasoM TUr/st (aMIyJibl) W CO3AAET JOMOJ-
HUTEIBHYIO BO3MOIKHOCTD PaQUHIDOBAHUS 32 CHET UC-
NapeHusi B BaKyyM.

[IpoBenerHble HATYPHDIE IKCTIEPUMEHTDI [T0Ka3aJ/IHu,
YTO MepeKpUCTaNIu3auns KpeMHus MetogoM IJIB3I1
B BaKyyMHOH KameDe NMpH NaBJIEHUHU 107 MM pI. CT.
MI03BOJISIET CHU3UTD COJEPIKAHME KUCJOpOZa Ha ABa
nopsiaka (¢ 1077 go 1072 at/cem®), docdopa — Ha
omnx mopsinok (¢ 107 o 107 ar /em?). Vismepenus
NPOBOAMAN METOAOM VIK-CrIeKTPOCKONMUH, XOJOBCKUM
METONOM ¥ METOAOM 3JEKTPOHHOrO NapaMarHMTHOTO
pe3oHaHca MOHOKDPUCTAIIOB KPEMHUS.

[TpuBeneHHble 3KCIEPUMEHTANBHbBIE JAHHDIE JAIOT
UTOTOBBIM XUMHUYECKHUH COCTaB IOCJE TMEpenana, Ko
TOPBIH HE NTO3BOJISIET BLISIBUTH 3AKOHOMEDHOCTH U OLe
HUTH BO3MOXKHOCTH (OPMUPOBAHMS KOHUEHTPALMOH-
HOTO COCTOSIHUSI TIEPEIIABJSIEMOro MaTepuaia. B cBs-
3M C 3THUM [T MCCIEA0BaHUS (OPMUPOBAHUS KOHUEH-
TPALMOHHOTO COCTOSIHUSI NePerJassieMoro ofpasua
6BIJI0 IPENJIOKEHO UCITIOIH30BATh MaTEMATHYECKOE MO-
JEJMPOBAHMUE MTPOLIECCOB MACCOOOMEHA, TPOTEKAIOLIMX
npu DJIB3TL.

Mopeans maccooomenna npu JJIB3II. Tlpeamoaa-
raercs, 4To B 06pa3ue AJUHON L NoAAePIKUBaETCs MOC-
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TOSIHHasi BbICOTA DacCIaBjieHHON 30HLI L,, CKOpPOCTH
nepemcieHusi GPOHTA 3aTBEPAEBAHUS W IJIABJIEHUS
TOMKZAECTBCITHBI M 33JaHbl KOHCTAHTOH ¥, KOHBEKIHS
JOCTATOYHO MHTEHCUBHA AJIsi TIOJINON rOMOTeHU3alU
PaCIIaBJIEHHOI 30HbI. B 3T1OM CoTyae KOHLEHTPAI[MOH-
HOe COCTOsIHUE TieperniaBsieMoro o6pasua npu JJI6311
OTIPCTE TSAETCST KMHETUKON 6ajlaHca MacChl B PACILIAB-
nexHo# sone (puc. 1). YpasHeHue GamaHca Maccel
UMeeT CJeAYIONUHil BUA!

aC
14 E 2=E(E)+5 = (qd + qm)Si + QOtSZ
aC |
9a=D 57 Je=Emre ImT UCo = C|z=§(t)+5)’
Go = a(caut - C:z T;(L)+6)'
rae dq — IOTOK MacCbl OT IpaHMUbI 3aTBEPAEBAHUA,

npouc/AlUmMi ckBo3b AU PY3MOHHBIA NMPUTPAHHYHBIH
CJIOR; ¢,, — TIOTOK MacCChl C UCXOAHOUN KOHIEHTpaluen
Cy, MOCTYTAKIIIK B SIAPO KUIKON 30HBI 32 CYET PO
JIBYKEHUS] PPOHTA TIJIABJAEHUSA; o — [OTOK MCIape-
HUsI CO CBOGOAHOM TOBEPXHOCTH PACIIIABJIEHHOMN 30HbBI,
S1, §2 — maowags 60KOBOrO M MOTIEPEYHOTO CeYEeHUSs]
pacIJiaBieHHoMH 30Hbl; V' — o6bem pacrisiasa.

Ha rpaniue 3atBepaeBanust BbITONHSAIOTCS CIIELYIO-
LIMe YCJIOBHS TiepepaclipeaeeH s MacChl:

[Daa—c =oi-kC|
L% e z=E0)
|c§i =kc|

0 2= g

rae k — K03 PHUIMEHT JIMKBALMY DACTBOPEHHOIO Be-
IECTBA.

[TepeHoc Macchbl OT IPaHMUB! 3aTBePAEBAHUS K PaC-
IIAaBJIEHHOH 30HE B 1IPUIPAHUYHOM AUPPY3rOHHOM
CJI0€ 3a[aHHOM TIPOTSXKEHHOCTH & OMUCHIBAETCS YpPaB-
HeHueM Tddy3un
¥c

3z°

aC
— = ) <z<EB)+0.

ot
Mexons u3 toro, 470 x03(hpuuueHT uddy3un B
3aTBep/AEBIIEM MaTepHase 3HAUUTENbHO MEHbLIE, YeM
B JKM[KOM, MACCOTIEDPEHOC B 3aTBepAeBlIedl yacTu o6
pasla He yUUTbIBAETCA. B HaYa bHbIil MOMEHT BPEMEHU
o6pasel 0 BCel ATUHE UMEET OJHOPOAHBIIH XUMMUIEC-
KM cOCTaB ¢ 3afanHoil konuentpauuei C(z, 0) = Cy.
Ha ocroBe nprsegenHoN MaTeMaTu4eCckoi Moaeu
61110 pa3paboTaHO [TPOrPAMMHOE OGECTIEUEHHE JITIsI MO
AEMPOBAHUST KMHETUKHM MACCOOOMEHHbIX ITPOLECCOB U
MIPOTHO3UPOBAHHUSL (DOPMUPOBAHMS XMMUIECKON HEO-
HODOJAHOCTH I10 Ji/IMHe 06pasia B 3aBUCUMOCTH OT bu-
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0 4¢3 o) + 8

Puc. 1. Cxema pacueTHOH o6aacTu

3HUECKUX XAPAKTEPUCTHK MaTEPHUaa U TeXHOJIOTHYeC-
xux napamerpos IJIB3II.

ITpu pacuerax ObINM MPUHSITBI CIEAYIOIINE T1apa-
MeTpbl Mozesu: mauHa obpasua 10 cm; BpICOTa pac-
njasienHo#t sousl 0,75; 1; 1,25 cm; xoaddunuent
mucddy3um KOMIIOHEHTA B paclljaBe 5107 eM? /¢; tipo-
TSOKEHHOCTb AU (DY3MOHHOTO NDUTPAHUYHOIO CJIOS
0,1-0,4 cM; xoacbpuument suksanyu: 6op — 0,8; xuc-
nopox — 0,5; docchop — 0,035. Hucnennsle pesyib-
TaTbl TIPEACTABJIEHbl B BUAE OTHOCUTENDLHOH KOHIEHT-
pauuu C = C/Cqy, rae C, Cy — COOTBETCTBEHHO WC-
THHHAS M UCXOAHASE KOHLEHTPALMS,

Ha puc. 2 moxasaHo coaeprcanue xucaopoaa u goc-
copa B 3aTBepaeBILeM yyacTKe 06pa3lia B 3aBMCHMOCTH
OT CKOpOCTH meperyaBa. M3 rpacduxos cieayer, 4TO
ofliee CHYIKEHHe MACCOCOAEPIKAHMS TIPUMECH U XUMH-
YeCKas OHOPOJHOCTD 110 AJIHHE 3aTBEPAEBIIETO yHaCTKa
HAXOZSITCSE B 06PaTHON 3aBUCUMOCTH OT CKOPOCTH IIeperr-
naBa. UeM HiDKE CKOPOCTb IMJIABKM, TEM MEHbLIE ofllee
MacCOCOAEPIKAHNE TIPUMECH, HO TIPU 3TOM IOBbBIILAETCA
XUMUUECKas! HEOAHOPOLHOCTD TIO JJIMHe ofpasiia.

[TpuBeneHble JaHHbIE IOKA3BIBAIOT, YTO CKOPOCTD
NeperaBa MOXKeT BbIGUPATBCS IO ABYM KPHTEPHSIM:
HIDKHUA JHATIA30H CKOPOCTEH — IS TOJyUeHUsT M-
HHUMAJbHOTO OOIIero MacCOCOAEDPXKaHUS IIPHUMECH,
BEPXHUN JMATa30H CKOPOCTeH — /15 MOBbILIEHNS O
HOPOJHOCTH XUMMYECKOrO COCTaBa B 3aTBEPIEBILEM
MaTepuase Npu JOMYCTUMbIX OTPAHMYEHMSIX HA M3Me-
HEIINC KOHUEHTPALUMH 1T0 ATHMHE 06pa3la ¢ y4eToM TOro
chaxra, 9TO MOJENDb JAET OUEHKY ITPOTSLKEHHOCTH MakK-
CUMAaJIbHO HEOJHOPOJAHOrO y4acTka, KOTOPbIX MOXKET
6bITh y/IAJIEH.

B xauectBe 06061iao1el OLEHKH CTereHu padu-
HMPOBAHUS 06pasLa BOCIIONb3YEMCst CIeAYIOUIUM KPH-
repueM: R = (1 — C,/Cy)-100 %. Vcrnomsays R, pe-
3yJIbTATDI, NPUBEAEHHDbIE HA DUC. 2, MOXKHO TIPEJICTa
BUTbH B Bue rpachukoB Ha puc. 3, 13 KOTOPOTO CIeAYET,
YTO [JIst YIYUIIEHVS TTOKa3aTenst paPUHUPOBAHUSA [1Jis
Kuca0poia Hanbosee 3(GHEKTUBHO TPOBOANTD IIEpe-
KpucTaLIMaaumo mpu v < 3-107 em /¢, ans docdo-
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C, % C, %
5 1,0
1,0 5
4 / 0,8 |
0,9 3
0,8
0,74 2
7
0.6 F
0,5
0 1,86 3,80 5,73 7,67 0 1,86 3,79 5,73 7,66 x, cm
a 6
Puc. 2. Bausinne CKOPOCTH NEPEKPUCTALIMIAUMN HA MePEPACcnpeie/Ie e JMKBaHTa: ¢ — wucaopou; 6 — docdop; v = 107 (1), 107°
(2), 107 (3), 107 (4), 1077 (5) cu/c
R, % L na moxaszaresns padMHUPOBAHUS JJ1sI KUCJIOPOAA TIPU
JIBYX 3HAYEHUSIX CKOPOCTH neperniasa. V3 npuBeieHHbIX
3 JAHHBIX cieayer, uto npu v < 107 oM /¢ audbdysnonnbie
MPOLECCH] YCITeBAIOT TIPOWTH I0CTATOMHO MOJIHO, NPOTS-
0,6 - JKEHHOCTb  AUQPQY3HOHHOTO  €J10s  He  OKasblBaer
3HaQUUTEJbHOTrO BIMSHMS Ha padMHHPOBaHKE, HO BbICOTA
PACTLIABIECHHON 30HbI HTpaeT 60J1ee 3HAUNTENbHYIO DOJIb.
Hpuov-~ 1073 oM /¢ abmiofgaercst o0paTHast 3aBUCHMOCTD:
0,3+ o
U3MEHEHHE BLICOTHI PACILIABICHHON 30HBI MOYTH He CKa
o 3bIBaeTCS Ha papUHUPOBAHHH, a POJIb NPOTSHKEHHOCTH
M1 Y3HOHHOTO CJI0S1 BO3PACTAET.
01‘ TlpencraBaentpie pesyabTathl (CM. puc. 2) 1oxa-
J - 1 | | -
1076 1075 1074 108 v, eM/c 3bIBAIOT, YTO OYMCTKA KPEMHMS 3a CYET JIMKBAUWH HE

Puc. 3. 3asucusocTs 1oxasatesis pa)MHAPOBANKS OT CKOPOCTH 11e-
pensasa
pa — npn v <0,75107 cm /¢, nanbHeitiee TORMIKe-
HME CKOPOCTH HE TIPHMBOJUT K CYIIECTBEHHOMY U3Me-
HEHHIO 3TOTO ITOKA3aTeJIs.

IHa puc. 4 moxasaso BIUSHUE TIPOTSIKEHHOCTH Anch-
(by3MOHHOrO ¢J10s1 d W BBHICOTLE PACIIABJIEHHON 30Hbi

R, %

14,0

L =125c¢cm
13,0r—

1 cm

0,75 cmM

I Y Y FNS—

L.
0,05 0,10 0,15 0,20

N N—

0,25

1 ) W
0,30 0,35 0,40

T103BOJISIET CHU3UTD KOHUEHTPALUIO KHCI0pO/1a HUKE,
uem Ha nonanopsaxa (0,5Cg) 3a OAWH NEPEILIAB TPH
HaJIMYHHM 3HAUUTENbHO! XHMHYECKOH HeO/HOPOAHOCTH
o aumue obpasua (€0,5-0,9)Cy), B TO Bpems KaK Aau-
HbI€ SKCIIEPUMEHTAIBLHBIX HCCIIEA0BAHNE CBU/ETEbCT-
BYIOT O /IOCTAaTOUYHO HHU3KOH XHUMHUYECKOH HeO,1:I0POA-
HOCTU M CHMXXEHHM KOHIEHTPalMK KUCJAOPO/a Ha 1Ba
MOPSAKA.

R, %

S
3 L=125cm

3.0 1cMm

0,75 cM
2,5
2,0

1,5

1,0

0,5
0,05 0,10

0,15 0,20 0,25

-4 -3
Puc. 4. Bansinne napameTpos nepeniiaBa Ha noxasatesb padurnuposanua aas kncnopoa upn v = 107 (@) u 107 (6) cm /¢

0,30 0,35 d,cm
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1 1 1 1 1 1 1 |

HhEEAE

Cnl

4

0t 1 1 1 1 ?
0 .28
G

L ]

1
5.6 83 111 139 16,7 194 22,2 4o

Puc. 5. KoxuenTpaunonnoe coctosnue 3arpepaesuiero o6pasua (@) u xnucol 301p1 (6) npu padanaisix K03(pOHUREHTAX NOBEPXHOCTHOrO
uenapenus kucaopoga s pakyym: o =0 (1), 107 (2), 107 (), 1072 (4), 107" (5) at/ (cm?c)

B cBs3n ¢ 3TuM 6bly1a IPOBEAEHA OLEHKA TIPOIlecca
UCITApEHUs] B BAKyyM, KOTODPBIH MOXET NpOTEKaTb C
Pa3/IMYHON HHTEHCHBHOCTHIO B 3AaBUCHMOCTH OT JlaBJIe-
HUSI OCTATOYHbBIX Ta303, Mleperpena CBOGOAHOR NOBEPX-
HOCTH ¥ ApYyrux dakTopos. Ha puc. S npuseaeHe! pe-
3yJIbTaTbl CEPUK PACYETOB, KOTODbIE AEMOHCTPUPYIOT
CHHIKEHHE KOHUEHTDPAlMY JUKBAHTA B 3aTBepAeBIIEM
y4acTKe 06paslia ¥ paclJIaBJeHHON 30HE B 3aBUCHMO-
CTH OT U3MEHEHMsI KOHCTAHTBI UCTIAPEHUST O,

PacyeTs! MoKa3bIBAIOT, YTO CHUYKEHMIO KOHIIEHTPA-
UMM KUCJIOPOAA HA ABA TOPSAKA COOTBETCTBYET (L =
=0,1 aT/(CM2~c), docdopa Ha OAMH MOPSAAOK — O =
= 0,4 ar/ (cm?0), [py 3TOM 06eCcrieuHBaETCsS BbICOKAS
OJHOPOJHOCTH XHMUUECKOTO COCTaBA MO AJIHHE 3aTBED-
gepureit vactu o6pasua (cM. pHC. 5, @) 3a MCKJIIOUE-
HMEM HavYaJbHOIO Y4YaCTKa HE3HAYMTESBHOM MNpPOTS-
YKEHHOCTH.

TakyM 06pasoM, MpUBEJAEHHDbIE DE3YAbTATBl UHC-
JIEHHBIX M HATYPHBIX HMCCJIENOBAHUHN [TOKA3bIBAIOT 3¢~
PeKTHBHOCTD U MepcreKTUuBHocTb MeToga IJIB3IT ans
padMHUPOBAHUSA KPEMHUS, B YACTHOCTH, 110 KHCJIOPOAY
u hochopy, KOTOPDBIN 1M103BOJIIET O6ECTIEYNHTD MOy Ye-
HUe BbICOKOKAaYeCTBEHHDIX [I0JyIPOBOAHUKOBEIX MaTe-
PHAJIOB.

Buisoani

1. MeTonoM BBHIYMCANUTEBHOIO IKCIEPUMEHTA IIPOAHA-
JIM3UPOBaHbl 32KOHOMEPHOCTH (DOPMHUPOBAHUST XUMU-
4ecKO HeOAHOPOAHOCTM B MOHOKDHCTAJIIE KPEMHUSA
TIpU €ro mepexkpucrasaunsaunu Merogom JIB3IL

2. Tloxasano, 4To 06lee MAaCCOCOAEPIKAHNE M XU-
MHYECKasi OJHOPOAHOCTb 110 AJHMHE 00pa3slia 3aBHUCAT
OT CKOPOCTH TEePEKPUCTANINIAINH 1 UMEIOT 06DATHYIO
3aBUCHMOCTD, TIPY CHIDKEHHY CKOPOCTH KPHCTAJIN3a-
uuu 0611ee MaCCOCOAEPIKAHNE JIMKBAHTA CHUMKAETCH, a
XUMMYECKAst HEOAHOPOAHOCTD MO AJIMHE o6pa3lia BO3-
pacraer.

3. Tlokasano, uto paHHHPOBaHKHE palUOHAJbHO
MPOBOAUTH TIPH CKOPOCTH MepexpucTaiinsaiuu (1—
5)-107% cM /¢, meperias co CKOPOCTHIO Hike 10 Sem/c
HeaddexTHneH.

4. PacduHuposanne IpH HaJAWYHE CBOOOJHOH IO-
BEPXHOCTH DPACILJIaBJIEHHOI 30HbBI OMpenessieTcs Npo-
[eCCAMM MCTIAPEHUsT B BAKyyM, IIpu 3TOM 00ecIieuuBa
eTCs OJHOPOAHOCTb XMMHUYECKOTO COCTABA IO JJIHHE
06pasia, CHIKeHNe KOHIeHTpalu docdopa Ha rnops-
JIOK ¥ KMCJOPOJAA HA ABA ITOPSAKA.

5. PacyerHo-3KCcrniepuMEHTAIbHBIM METOAOM OIpe-
JeJEHBI KOHCTAHTBI ucnapenus aas docdopa 0,4 at/
(cm?¢) wn xucsopoga 0,1 at/(em’c) B TexHosOrH-
YeCKMH BaKkyyMm 107 MM pT. CT.

19



MATHEMATICAL MODELLING IN WELDING

PACYET OCTATOYHBIX HAIPS;KEHUN
1 JED®OPMAIIUU TP MHOTOITPOXO/THOM
MATHUTOYIIPABJSIAEMOUI AVIOBOI CBAPKE
TUTAHOBBIX CIIJIABOB B Y3KHI1 3A30P

Axonun C.B., Beaoyc B.JO., Myxuuenxo A.D,

Hnemumym sarexmpoceapku um. E.O. Hlamona HAHY, Kues, Yxpauna

Paapaém’aﬁﬁaﬂ MATEMATHHECKaA MONEAb NIPOLECCA CTBIKOBOM CBapKy B }’31(”}? 3a30D LIO3BOJISIET YHECTh BJAHAMME OCHOBHDBIX
MapamMeTpoB CBapKH MEXI'HHTOy[IpaBJIﬂEMOﬁ L[_\/I'Of( U ITOAYUNUTD 3aBHCHMQOCTL CBAPOYHbIX LLC(l)Opl\‘IZ\LLHfI oT ciloco6a CBapKH

¥ TOJL(MHDBI CBAPHBACMOro MeTaslia.

IlpuMeHeHNe YIIPABJIAIOWEr0 MArHHTHOTO MOJA TpH
CBAPKE THUTaHa PacLUMPSIET TEXHOJOIMYECKHEe BO3MOIK-
HOCTH TPaAMIMOHHOM aproHOAyroso# ceapku. Paspa-
GOoTaHHast TEXHOJIOTHUS CBAPKWM 33 CUYET HAJOKEHHS
BHELIHEro IIONepeYHOro MarHuTHOTO I10Js1, CO34aBae
MOIrO 9JIEKTPOMarHUTOM, IIO3BOJISIET TMepepacnpene
JIATE TEIJIOBYIO SHEPTUIO AYTH IIPM CBAPKE MOBEPXHOC
THOW QyTOH M A03HMPOBATDL BJOYKEHWE TENJIOBOI aHep-
I'MU AYTH B HIKHIOO CTEHKY Pa3AeJiii, BEPTUKAAbHbIE
601OBbIE KPOMKH M JKMAKYIO BAHHY IIPY CBApKe B y3KUi
3a30p.

JlyroBass cBapia BOMH(MPAMOBBIM 3JIEKTPONOM B
cpe/le MHEPTHLIX [a30B — aproHa U Iejidsi — OCTaercs
Haubosiee PaCIpPOCTPAHEHHBIM, OTHOCHTENBHO [IPOC-
THIM ¥ YHUBEDPCAJbHBIM CTOCOOOM M3rOTOBJIEHHS KOH-
CTPYKUMH M3 THTAHOBBLIX crsaBos. [yrosasi cBapka B
Y3KUH 3a30p ¢ YIPaBJAIOIINM MATHUTHBLIM Mosiem [1]
MEPCIeKTUBHA B COCAMHEHMM AeTasedl 3HAYUTEJbHOU
(go 100 MM) TOMILMHDI.

CBapnBaeMoe COeJWHEHUE IIPU BLINOJIHEHHH MHO-
rOCJIOHBIX 1I1BOB [TOABEPraeTcs CBAPOYHbIM gechopMa-
LUSIM, MHOTOCJIOMHASA CBAPKA B PA3AEJIKY COTIPOBOMIa-
€TCS 3HAYUTE/IBHBIMKY YIJIOBbIMU AehOPMALMSIMHU 110
Mepe 3anosiHeHus paspeaxu. CBapka B y3KuH 3a30D
BOJIB(PAMOBBIM 3JEKTPOAOM C MATHUTOYIIPAB/ISIEMON
AyToil MPOM3BOANTCS C OHON CTOPOHDL. 1loaTomMy yrio-
Bble gehOpMalMU COEMMHEHUS TIPUBOAST K ITOCTENEH-
HOMY YMEHDUICHMIO UIMDHMHDBI 3a30Da MENAY CBapw-
BAEMBIMH KDOMKAMM M MOXKET HACTYIHTb MOMEHT,
KoTrJa MO0 HE YAAETCS ONYCTUTD B PA3AEIKY 3JEKTPO
¥ MarHMTOIPOBOA C HANPaBJSAIOUIEH A/ MOJaYH NP
Cal0YHON MPOBOJIOKH, MO0 3aKJINHHUBAET MATHUTONPO-
BOA B 3a30pe. Bo usbexanue 3TOro HEOOXOAUMO CO-

© AXOHUWH C.B., BEJIOYC B.1I0., MYKHUYEHKO A.®., 2010
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6uparTh TMOJ CBAPKY AeTaJsM C TIPeABAPUTENbHO 3aJaH-
HbIM yTJIOM Pa3Bajia KPOMOK WM BbIMTOIHATD PA3AENKY
CO CKOCOM KpOMOK. B sro6oM cayvae HEOGXOAUMO 3a-
paHee 3ajaBaTh YroJ pa3Baja KPOMOK, NpHYeM [JIs
Ka>KJON TOJIIIMHBI COSJMHSIEMDIX 3JIEMEHTOB OH MHIM-
BUAYAJIEH.

Ha ¢dopmy nposapa ocHOBHOro Metanana, opmy
3TB u BenuuuHy cBapOYHDIX AehOpMAIUH BANAIOT KAK
napaMeTprl [IPOLecca CBAPKH — TOK CBapKH, KOJINYEC-
TBO HAIJIABJASEMOrO METAs/a, 4acToTa MepeMelleHus
WCTOYHUMKA HAIPEBA MEXIY KPOMKAMHU, TAK ¥ YCJIOBU
3aKpervieHus cBapHoro coeauuenust [2]. B cBaswm c
GOJIBIINM KOJNYECTBOM MapaMeTpoB CBAPOYHOIO Mpo-
fecca IIpy CBapKe MarHUTOYNPaBJ/IseMON Ayroi axcrie-
pPUMEHTA/NbHOE U3yYeHe 3aKoHoMepHOCcTe hopMuIpo-
BaHMUS CBAPHOIO COEAWHEN A N BOSHUKAIOUIUX CBaPOY-
HbIx Aedopmalinit OueHb TPYAOEMKO M JOPOrOCTOSIIE,
OCOGEHHO TPH CBAPKE BBICOKONPOYHBIX THUTAHOBBIX
cri1aBoB. [loaTomy apTopamyr 6pLIO NPOBEALHO MCCIIE
[IOBaHUE TPOLECCA CBAPKM C YIIPABJSIIOLUNM MarHUT-
HBIM TIOJIEM [TyTEM MaTeMaTHHyecKoro MOAEJNPOBaHHS
CBApKW IJIMT N3 TUTAHOBOTrO cryiaBa BT6 B yskuil 3asop
C nepeMellanlIMCcs HCTOYHHKOM Harpesa [3].

Jlis pacueTHOro ONpefesIeHHsT BAMNSHUS TTapaMer-
POB MarHUTHOTO TOJIST M PeykuMa CBapKH Ha OpMU-
pOBaHue CBAPHOro mIBa GbLIa MOCTPOEHA TPEeXMepHast
MareMaTHyecKasi MOAEb TENJIOBbIX U TepMoaedopMa-
(MOHHBIX [POLECCOB, MPOTEKAoUINX B THTaHE IIDH
MHOTOCJIONHON CBapKe MATHUTOYINpaBJseMof Ayrof.
MogenupoBanie NO3BOINAO0 U3YUUTD BJINSHUE TaKHX
napaMeTpoB CBAPOYHOrO MpoLecca, Kak BeJHYHHa 110-
TOHHOM HEPIUH, CKOPOCTH NepeMellleHNs UCTOYHMKA,
dopma u pasmepsr 3TB, ycnoBus 3akpensieHus cBa-
DUBAEMBIX KPOMOK, BPEMST OCTBIBAHUS MEXAY BBINOJ-
HEHMEM MTPOXOJ0B U HEKOTOPDBIX APYTHX, & TAKXKE Ope-
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Z

Puc. 1. Cxema sanonnenus paspencu (@) ¥ KOHEUHO3AEMEMTHAA
MO/e/Ib, HCIOJIb30BaHHast B pacyerax (6)

JEJINTD BeJIMYHHY OCTATOYHbIX HanpspkeHud u xedop-
MaLHMit, BOSHUKAKIIMX NPU MHOTONpoxoanoi (22 npo-
X0/Ja) CBapKe CTHIKOB TOJWMHOK a0 110 MM,

[lJ1s1 pac4era TeNJIOBBIX YCJIOBHUH, COTIPOBOKAAN-
LIMX TIPOLECC OMJIABJIEHUS CTEHOK Pa3esIKy U [OBEPX-
HOCTH MeTasia, Obija KCII0JAb30BaHa MAaTeMAaTUYeCKas
MOZEb, OCHOBY KOTOpPOH cocraB/aser auddepen-
UMa/JIbHOE yDaBHEHHE TETLIONPOBOAHOCTH B TPEXMEP-
HOH [JeKapTOBOH cucTeme KoopawHaT. [las pacuera
TepMoJeOPMAIMOHHBIX  IIPOLECCOB  HCIIOJIH30BAJIH
ypaBHEHHSI paBHOBECUSI.

McTodHMK COBEPIIAET [IEPEMELUEHUS 10 IEPUMETPY
pasAesKH 1104 BO3JEHCTBHEM BHEUIHETO YIIPABJISIOLUE
ro MarHWTHOTO TIOJIsE, 3aKOH M3MEHEHMS] MarHUTHOM
WHAYKIMH B 30HE AYTH 3aJaeTCS BEJWYMHON TOKA Ha-
MATHUYUBAHNSA, TIPOTEKAIOLIErO Yepe3 3J1eKTPOMAruuT,

CxeMa 3amloJIHEHMS pa3/iesIK¥ TNpEACTaBJEeHa HA
puc. 1, a. CBapka OCYWECTBJSIETCSI C NMPUMEHEHHEeM
OCTaIOIENCs1 TTOAKIAAKH, KOTODPAsi MPUBAPUBAETCS C
06PaTHOM CTOPOHBI COEMHAEMbBIX JEMEHTOR. [l s 3a-
NOJIHEHHA PasfesKy npu tosumue 110 My tpedyercs
22 1npoxojga, 3a OAMH TIPOXOM HArJIaBJSIeTCSl BaJUK
BBICOTON 5 MM IO Bceit wupune pasgesnxu. Cpapra
BBIITOJTHAETCS BOJIb(PAMOBBIM 3JIEKTPOAOM, PACIIONIO-
JKEHHDIM B LIEHTPe pa3aeaxu. [lpucafounas npoBoaoka
MONAeTCsl NEPIEHAMKYJISPHO 3JEKTPOJY B FOJIOBHYIO
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— 100

e 1668
— 1700
= 1900

= -
Puc. 2. TemuepatypHoe 110i€ BO BPEMs BuIIIOJHEHMST IEPBOTO 11PO-
xo/a

YacTb CBAPOYHOW BAHHBI, MATCHUTHOE TIOJE CO3JaeT
aJeKTpoMaruut ¢ cepaeunukom [3]. Tox cBapku coc-
tasiseT 400 A, cKOPOCTb CBapKku 8 M /4.

KoHeuHoasieMeHTHAs] TPEXMEPHAsA MOAENDb TerJso-
BBIX U Je(HOPMAlMOHHDBIX I1DOLIECCOB CBAPKH TIJIMTBI U3
TUTQHOBOI'O CTJIABA B NIPSIMOYTOJbHYIO DA3JesKy C IIe-
peMeLIaonMMcsT HCTOYHUKOM HarpeBa IpeAcTaB/eHa
na puc. 1, 6. Kpast Momen HaXOAsTCsl B CBOGOAHOM
MOJIOKEHUM, OHA U3 CBAPHMBAEeMBIX ILJIACTHH 3aKper-
JeHa 3a QJIMHHBIH TOpell, Apyras NpMBapeHa K Hel
Yyepes MOoANOXKKY, MHOronpoxo,iiast csapka Tpedyer
HECKOJIbKHMX PecTapToB. BO BpeMs I1epBOro Ipoxoja
AKTUBUDYIOTCS 3JEMEHTDBI, COOTBETCTBYIOLIME 3TOMY
MIPOXO/Y, B IIPOLIECCE BHIMOJIHEH ST TOCAEAYIOWIHX [IPO-
X0/I0B aKTHBHPYIOTCS 3JIEMEHTDI CJIeAYIOIMX LIBOB.

Ha puc. 2 npezacraBiieno TenjoBoe ToJe, CO30aBa-
eMoe B TeyeHue MepBOro NpoXoja, Ha KOTOPOM BUAHA
JieBas TacTMHa (IpaBasi HE TOKa3aHa), TOMJI0KKA 1
nepBbiit woB. OHAM U3 Ba’KHBIX MOKa3aTeJeld B 3TOM
CIyvae sIBJISIETCS XOPOINMH IIPOrPeB CTEHOK.

Puc. 3 u 4 namocTpupyIoT nonepeyHbie nepeMeLe-
HUS ABYX MJACTHH 10CJI€ BHIIOJHEHUS COOTBETCTBEHHO
MEPBOrC ¥ TPETbEro MpPoxXoaa.

CONTDUR!

Uy
Time 1009
Comput.Ref €

Min = -1.2¢
HMax + 0.2%

S11413E
-1.0021¢
-0.6B20¢
-0.72374
-0.584514
-0.44531
-9.30B1¢
-0.1BB9!
~0.0277¢
0.111504

O T

Puc. 3. Ilonepeunvie nepemeternna U, ABYX ¢BapHBAEMbIX INACTHH NOC/E NEPBOIO 1IPOXOAA

21



MATHEMATICAL MODELLING IN WELDING

Puc. 4. [lonepeunbie nepemewtedus U, aByX cBapHBaeMbix 1JIACTHH
110Ce TPETLEro MPOX0Aa

15 TpoBepKM MOJYyUEHHBIX DPACYETHBIX HaHHBIX
6bLIO BBHIMTOJIHEHO IKCIIEPUMEHTANIBHOE U3MepeHUe YI-
JIOBbIX JedopMalliil CBAPHOrO COeAMHEHUS. 3aBUCH-
MOCTDb yrJI0oBOH nedopMalMy OT HOMepa IPOX0Aa NPE-
CTaBJIeHa HA PHC. J.

Haubosbiast seMuuea yriosseix pecdopmauuit oT-
MeueHa [IpH HallIaBKe [IEPBOro CA0st Ha OCTAIOUIEH S MO/
KJIaJKe. JTO OODBSICHSIETCST TeM, YTO COOTHOLUEHUE IJIy-
GVHbBI NTPOTLIABJIEHHS ¥ TOJLLLMHbI [TO/{KJIAKH B 3TOM CJIy-
yae MaKCHMMaJbHOE M HaxOAHTca B npeaenax 0,7-0,8.
Tpy BBINOJIHEHWH ITOCJIEYIOLINX CAOEB NPUPALLEHHE YI-
JIOBBIX JedopMaLlMil oc/Ie KasK/I0ro NpoXoAa yMeHblla
eTcsi. MeHblllas BeJMUMHA YIJIOBBIX Aedopmauuii 1o
CPABHEHWIO C PACYETHbIMH NAHHBIMH IIDU 3KCIIEPUMEH-
TAJIbHON CBapKe [10CJ/E BBIIOJHEHUS [MEPBOrO MPOX0aa
O6bSICHSETCS  BJIMSIHMEM 3aKpeIVIEHUs] CBAPUBAEMOIO
o6pasua B c60POYHOM TIPUCIIOCOGIEHUM NIPH PEANBHOM
rnporecce cBapKy. [Ipy BBIOIHEH N TOCIeAYIOLIMX TPO-
XOJ/i08 3TO BJIMsSIHUE Ha AedOpPMAnMIO CBADHOrO COENM-
HeHUs] He3HaYMTeJBHO B CBSI3M C HU3KOH JKECTKOCTBHIO
cOOPOYHOro IIPUCIIOCOGTEHUS. K CIIEPUMEHTANBHBIE UC-
CJlelOBaHHs [IOKa3aJH, YTO IPU COOPKE 1 CBapKe JeTasrel
M3 TMTAHOBBIX CILIABOB Ha (DOPMUPYIOLIEH BOLOOXIANK-
[laeMOH NOJKJIafKe YIJI0Bble AehOPMAIIMHU IT0CIE IEPBOrO
NIPOXOJAa HE3HAuYMTeabHbI. [lokasaTenbHO, YTO 3HAYM-
Tesbias yactb (o 40 %) yrmoseix pedopmauunii coe
[JMHEHHs IIDU CBapKe B y3KHMI 3a30D CO3Ja€TCst IIPH BbE
TNIOJIHEHUH NEPBLIX YETBIPEX NPOXOAOB — IIPH HAMJIABKE
HIKHIK 20 MM 1uBa.
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DKCTIEPUMEHT

Pacuer

L | | S
1 3 S 7 9 11 13 15 t7 19
Ne mpoxona

Puc. 3. 3aBHcuMoCTb yrioBoi gechopMauu 3 CTbIKOBOro coednte-
HMSL OT [IOMEPa 11POX0/ia [PH CBApKe B Y3KYIO Pa3/eKy

[TomydeHHble pe3ysbTaTbl MMO3BOJIMJIN ONPENeIUTh
BEJVYHHY MMOTIEPEYHBIX U YIJIOBBIX CBAPOYHBIX Aedop-
Mauui, a TaKKke Heo6XOAUMBIH yroJl pasBajia KPOMOK,
KOTOPBIH 6BLI IOJYYEH MCXOAS M3 TOrO, 4TO 3a OJMH
NPOXO0/ HATLIABJSETCS BATUK BbIcOTOH S MM. Ha ocHo-
BAHWH IIOJYYEHHBIX DE3YJIbTATOB IIPEJIONKEHbl MEpBI
N0 yMEHbLUEHNIO JedOPMALMU COENNHEHNH THTAHOBbIX
CTLJIABOB NPU CBapKe B Y3KMH 3a30p MarHUTOYIIPaBJIs-
eMOU Ayroi.

Boiroib

1. Pazpa6oranHa maTeMaTHuecKass MOZeJab IIpouecca
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M3 TUTAHA U CILJIABOB HA €ro OCHOBE, IT03BOJIAIONIAs
Y4ecThb BJIMSHHE OCHOBHBIX TaPAMETPOB CBAPKH MarHu-
TOyIpasisieMod ayrod Ha opMy MpOIIaBIEHUS,
dopmy 3TB u BesmunHy cBapo4HbIX AecdopManuil.

2. MerogoM MateMaTUUECKOTO MOACIUPOBAHUA YC-
TAHOBJIEHA 3aBUCHMOCTE BEJTMUNHbBI CBAPOYHDBIX fAedop-
MaUHH COeQMHEHUH THTAHOBLIX CILJIABOB OT CIocoba
CO6OPKHM ¥ TOJILIMH CBAPHBAEMOro MeTaslja.
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PA3PABOTKA KCIIEPTHOM CUCTEMBI
PA3JIMYHBIX TUIIOB OBOPY/IOBAHUY
CBAPOYHOTO ITPOU3BO/ICTBA

Bbampanun A.B., Kpexmyaesa P.A., Cosemuenxo b.D.

Tomcrutl norumexnuueckull ynugepcumem, Tomck, Poccus

ﬂﬂﬂ UPpOBENEHNR CpaBHl’lTeJIbHOr[ OUEHKH [IPUMEHHMMOCTH CBAPOYHOFO o()opy/loaaﬂpm /151 BbIIIOJIHEHNHMA M3AELJMA C Onpe-
ACAEHHBIMH DKCIJIYaTalMOHHBIMW XAPAKTEPHUCTHKAMK aBTOPaMH paapaOOTaH Binyaanbu‘& TEXHOJIOTHYECKUH MO/LY /b,
ﬂOSBOJlHlOLLlHﬁ TIPOBECTH ATTECTAUMIO oéopyuonauym LIYTEM 3aMCHbl HATYPHDLIX 3KCHEPUMEHTOB KOMUBIOTEPHBIMA.

B HacTosiliee BpeMst CyIecTBYeT G0JIbII0e KOJTHYECTBO
BUZIOB CBAPOYHOr0 060Dy I0BAHUSI, HA KOTOPOM PEaJH-
3YI0TCS TEXHOJOIUH Gosiee 4eM 110 50-TH pasIHUHDBIM
HalpaBJIEHHUAM CBAPOYHOTO MMPOU3BOACTRA. Kax nssec-
THO, LeJIb Ka>KAOH M3 TeXHOJOrHMH 3aK/II0YaeTCsl MU
B COEMHEHNH, UJIY B pa3beJHHEeHUM MaTepHaloB pas-
4ol npupoan!. Ilockonbky dbusnko-Mexanudeckme
M XUMUUECKHe CBOMCTBA MATEPHANOB BapbUPYIOTCS B
CaMbIX LIMPOKHX ITIpejiesiax, TO ITUM COOTBETCTBEHHO
W OTIpesiesIsieTCst 60JIbIN0E KOJTHMYECTBO TEXHOIOTHIT CBa-
POYHOTI'O NPOM3BOACTBA, KOTOPLIE KAACCU(DULHPYIOTCSI
B 3aBHCUMOCTH OT CBOHCTB 06pabaThiBaeMbIX MaTEPUa-
noB. TeMm He MeHee, 3HAUUTEeJbHAast YacTb TEXHOJOIMH
OCHOBaHa Ha TelJIOBOM BO3/IeHCTBHH HA MATEPHAJ, YTO
CO3/1aeT YCJOBHUS AJIS1 CO3/aHUSI SKCIIePTHOM CHCTEMBI
(3C) v mposeseHus ¢ ee MOMOWIBIO CPaBHHUTEJILHOM
OUEHKH TIPUMEHUMOCTH TOTO MJH HHOIO CBapOYHOIO
060pYLOBAHUS AJNS TTONYUYEHUST KOHEYHOTO U3ALJUS C
OTIpeeIeHHbIM HAG0POM 3IKCIIYyAaTALMOHHBIX Xapak-
TEPUCTHK.

[Ton OC B gaHHOM Ciy4ae [IOHUMAETCS MPOTpaM-
MHBIH TIDOAYKT, KOTOPbIl 06aaeT HEeKOTODPBIM CIie-
uuuyecknM HabopoOM KayecTB, CPean KOTOPbIX HeOl-
XOZVMMO BBLAEJIHTD CJIEAyIOLIHE:

® CTPYKTYDPUPOBAHHbBIE 3HAHUS O TEMIO(MUIUUECKIX
cBOlcTBaxX MarepuatoB (B 6a3e AAHHBIX COAEPIKUTCS
uHbopMauus o 31-m marepuane);

¢ CTPYKTYPHUDPOBAHHbIE 3HAHNS 06 UCTOYHHKAX BO3-
neicrsust Ha mMatepuan (comepikurcs 10 BuaoB);

e CrienHaJbHbIH MEXAHM3M BBO/IA [AOMOJHUTEIbHOM
nudopmarny 06 usyyaemom o6vexte (reomerpust CBa-
pUBAEMbIX YacTeH, TreoMETPUS pa3fesKH KPOMOK,
HCIIOJIb3yeMbIH 3alIUTHBIN Ta3 U T. o.);

® KOMITbIOTEPHAsI MOJ(€JIb PEaJbHOIO TEXHOJIOTUYec-
KOTO ITPOLIECCa.

© BATPAHUH A.B., KPEKTYJIEBA P.A., COBETHEHKO 5.®d., 2010

[Tpn atom IC opraHmzoBaHa TakuM 06pa3oM, 4TO
[epBble «KayecTBa» B Hel JIerKo MOTYT ObITh M3MEHEHDI
MOJIb30BATENEM, HAIPUMeD, AOTIOJHEHb! M YTOYHEHDI, a
MOCJIeIHIE /BA «KAYeCTBa» MOTYT ObITb H3MEHEHD! TOJb
Ko paspaboranxom DC. Ha puc. 1 npeacrasiena nosrarn-
Hast cxeMa cozfanust JC, KOTOpask COOTBETCTBYeT 6a30-
BbIM IPEACTABJIEHUSIM, U3JI0KeHHbIM B paboTax [1, 2].

Ha nepsom arane 6bi1 poBeneH MHGOPMALHOH-
HbIH MOHUTOPHHT CUTyaluy B UesoM. byt gocratoy-
HO ITOJTHO [IPOAHANMU3UPOBAHD! JIAHHbIE O MaTEMATHUIEC-
KOM MOZEJMPOBAHMH TEXHOJIOIMH CBAPOYHOTO NPOH3-
BOJCTBA, METO/[AX PElIeHYst MAaTeMAaTHYeCKHX TOCTaHO-
BOK 3a/1a4 M KauecTBe MOJIyYaeMbIX peureHui. OueHka
Ka4yeCTBa PEUIeHU I TPOBOAUNACD 110 KPUTEPUIO MX I10-
JIEBHOCTY € TOYKY 3PEHUs] T1PEeACKA3aTeSbHOW CHJIbI
YMCJIEHHOH MOjienn. Dbpliu BbIAESEHbI TPH YPOBHS:
NepBblil — MOZAEJND JaeT KaueCTBEHHOe U KOJIUUECTBEH-
HOE COBMaJeHue C SKCTePUMEHTANbHBIMU JAaHHDIMMY,
BTOPOM — MOJe/Ib jiaeT KaueCTBEHHOe COBMAajEHHE,

YcoBepuieH-
CTBOBAHHE —
CHCTEMDBI

MnbopmaLtoHHbIH
(|  sonutopuur

TecTrposanue
l 6/10K0B
DopMyAUPOBAHHE
Waentudukauus ROBO#! —
3a7auK D — KORLEMLHH
Dopruposanme
l W pa3BuTHe
KOHLIENTYAAbHBIX | |

npeacTaBieHHH

e 1

CocTaBsJjienve
Ga3nl 3HAHHHI

CTpyxTypupoBaRHe
3RAHH

Onpitran
Mozenn 3C

Puc. 1. Sranbl paspaborku IC
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TeoMeTpus BA
obpasua \ HCTOYHHKOB
B MHuumanuaayms B/
MaTePHAJIOB e MOJEAU Iy
S — | | E—
Y
A,
MasoBble Pewetue 3agauu Ynpassetue
e pexoab! (MKP) pacyeToM
Boeisoa Wurepdeiic
pes3yIbTaToB KT
CoxpaHenye
Pe3yAbTATOR

Puc. 2. ApxuTexTypa I'POrPaMMHOro 06eCeeHNs

TPETHH — MOJENb HJIIOCTPUPYET KAKOe-TO BbICKA3DLI-
BaHHE aBTOpa.

Hano otMeTHTh, UTO TEOPHSI CBAPOYHBIX MPOLECCOB
BKJIIOYAET OueHb GOJIBILIOE KOJHYECTBO BCEBO3MOXKHBIX
MaTeMaTHYECKUX TIPECTaBJIEHHH O MOJENHNPYeMbIX 06T
EKTax. 10 CBSI3aHO ITPEXK/E BCEro ¢ TeM, UYTO UMEHHO
B CBapOYHBIX MpoueccaX, KaKk HH B KaKHX JAPYTHUX,
IPHUCYTCTBYIOT BCE IHEPIeTHYECKUE [TPEBPALIECHHUS, H3-
BECTHbIE HayKe:

E=A,+E +E +E+E, +E., +E, 1)

Tae A, — pabora MEXAHWUECKUX CHJI, BBI3HIBAIOUIAS
nepeMeliBaHe U ABMIXKEHUE paclliaBa B CBAPOYHON
panHe; £, — TensoBas sHeprus; £,, — sHEPrus dJeK-
TPOMATHUTHBIX CuJt; £y, — 9HEPrus XMMHUECKOIo B3au-
MozedcTBYs; E  — SHEPTUS PaAHaluMOHHOTO H3JIyIe-
Hust; E., — 3Heprus cBeToBOTO u3jydyeHus; E, —
SHEPIUS BHYTPUAAEPHOIO B3anMogenctsust (CHIBHOTO
1 cna6oro).

Kpome Toro, B CBapOUYHBIX TPOLECCAX MPUCYTCTBY-
10T, KaK MPaBWJIO, BCE arperaTHble COCTOSTHUS Bellec-
TBa: TBEPJAOE, XM/IKOE, ra3006pa3Hoe M MJa3MEHHOE.

ilpu TaxoM mroroo6paszun GU3NUECKUX SIBJIEHUH

CUTYyalUHNIO CIlacaeT 1<paime HepaBHOMEDPHOE [MPOLEHT-

C, Ix/(xrK)

1400 -
1200 +
1000
800

600—0/0//

400 =
200

1 1

1 1 1 Il
600 1000 1400 1800

HOe pacrpejeseHne SHePreTHYeCKUX KOMIIOHEHTOB B
cootnowenuu (1). Tak, HANpUMep, [1PU BBICOKOCKO-
POCTHbBIX ¥ JAETOHALMOHHBIX MPOLIECCAX CBAPKY I1peBa-
JUPYET AOJISI MEXAHWYECKOH paboTbl, OHA COCTABJISET
npumepro 90 %. [t cBADKM MJ1aBJeHNEM OCHOBHas
yacth (0x0/10 95 %) SHEPIMU pacxXOAyeTcs Ha TEILIo.
IT0T QAKT KaK pa3 M CJHYKHUT OTIPABHBIM MOMEHTOM
[ist paspaboTku IC, xapaKTepUu3youiei BO3MOKHOCTH
060pyAOBaHVS IPY CBAPKE TUlaBjeHneM. TakuM obpa-
30M, Ha sTarne HHGOPMALHOHHOI0 MOHUTOPHHTa Oblja
YCTAHOBJIEHA MPWHUMIHATIbHAS BO3MOXKHOCTD CO3/a-
Hus 9C.

Ha caeayiomem grare, NpeACTaBIsSIOUIEM UACHTH-
dbuxaumio 3agaun, 6bLIO CO3MAHO NPOrpaMMHOe 06ec-
redyeHne, KOTOPOE MO3BOJISIET DEIaTh 3a/4ady MOJIEH-
POBaHMs Psijla TEXHOJIOTMYECKUX IpoLeccon (cBapKy,
HaIJIaBKH, KHCJIOPOAHOM PE3KH) B TPEXMEPHOM I1DOC
TPAHCTBE. ADXUTEKTYpa MPOrPaMMHOro 06ecredeHus
npezacrasseHa Ha puc. 2 [3]. Ero neHTpaabHbIM 610KOM
SIBASETCS. GJI0K pEUleHUsT TPEXMEPHOH IMHAMIUECKOH
324N TEMJIONPOBOJHOCTH C Y4ETOM HEMMHEHHOCTH
Terao(bu3nYecKux CBOHCTB MaTEPHAaIOB U YYETOM BCEX
u3BeCTHbIX (Pa30BbIX MEPEXOAOB KaK MIPH HarpeBse, Tak
W [IPU OXJIQXKJIEHUH .

Jran popmMupoBanust 6a3bl 3HAHUI 3aK/IHOYAETCST B
cGope u 06paboTKe 3KCIIEPUMEHTANILHON HHPOPMALINH
0 cBO¥CTBaX MaTepUasoB, AYTH, 3JEKTPOHHOIO Jyda,
KHCJI0PO/HO# cTpyu. Cio/ia JKke BXOAAT yPaBHEHUsI COC-
TOSIHMSL MATEPUAJIOB, HAMPUMEp, B CACAYIOUIEM BHAE:

(2)

Sy = CijriEary

rie oy — TeH3op Hanpsukenui; Cip — TEH30p ynpy-
X TOCTOSIHHBIX; €, — TeH30p aedopMaunil, a Taroxe
ypaBHeHe XUMUYECKOH KMHETHKYN B BU/IE

(3)

rje m — Macca OKMCIMBIUETOCS BEIIECTBA; { — BPEMS;
F — mocrosinnas @apajest; G — 3JeKTPOXUMUIECKHUIT

Q, Br/(MK)

70

60

50

40

30

|

i 1

1800 T, K

L

20 L

I i i
200 600 1000 1400

Puc. 3. Teroemrocts C 1 TenaonposoAHocTs Q kenesa B Auatazoxe Temuepatyp 300-2000 K
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NoTeHU AT, K — TIOJHOE COTPOTUBJIEHWE OKCHAHON
TUTEHKH.

B 6a3y 3Hanuil BXOLSIT ApYyTHe NOJIE3Hble YpaBHe
HUS, QU3UYECKHE KOHCTAHTDI, TAOTMYHbIE JaHHbBIE, Ha-
npuMep, cBofcTBa xeJyesa (puc. 3).

Ha stane OpMUDOBaHMS M DA3BUTHUS KOHLENTY-
AJIbHBIX TIPEACTABJEHHH TPOPadaThIBAETCA CTPATETHs
pewenus 3aaayd. Onpegensiercs, u3 Kakux 6oJiee yac-
THBIX 3a/ay,/TOoA3aNau OHA MOMET COCTOSATH, KAKHE
B3aMMOCBSI3M U OTHOMIEHUSI MOTYT ObITh YCTAHOBJEHBI
MeX Ay nojisanavyaMu. Hafo OTMETHTD, YTO B MHTEJIJIEK-
TYaslbHBIX CHCTeMax HacuuThbiBaercst 60jiee 200-x 6a-
30BbIX OTHOUIEHUH, TAKHX KaK «IPUYHHA—CJIEACTBHES
[OCJIEA0BATENBHOCTD Onepanuit (HanpuMep, NP MHO-
TONPOXOIHON CBAPKE), APYTHE MPOCTPAHCTBEHHO-BPE-
MEHHbIE OTHOUIEHUS. Bce OHM AO/KHBI GbITh OMpee
JIEHHBIM 06pa3oM (DOPMAJIM30BaHbl B IPOrpPaMMHOM
o6ecriedeHuH,

OueHb BaXXHBIF 3Tal — TECTUPOBaHUE OJIOKOB U
cucTeMbl B LesoM. IlecMorps Ha TO, UTO B HaydyHOH
JIMTEpaType €XeroJHO MyO6JUKYeTCs OrPOMHOE KOJIH-
YeCTBO 3KCNIEPUMEHTAJIBHEIX PabOT, UX Yallle BCErO He-
BO3MOXKHO HCTOJIb30BATh B KAYECTBE TECTOBOIO MaTe
pHaJla U3-3a HENOJHOTBI MPEACTABIEHHBIX UCXOAHBIX
naHHbIX. Kak yike orMeuanoch BbIlie, CBAPOYHbBIE TEX-
HOJIOTHH COIPOBOXKAAIOTCS GOJIbIINM KOJHUECTBOM (e
HOMEHOJIOTHYECKUX SIBJIEHUH U, COOTBETCTBEHHO, 6OJIb-
MM KOJMYECTBOM BXOAIBIX mapaMerpos (reomMerpu-
YECKUX, SHEPIeTUYECKUX U T, [.), KOTOPHIE B TOW MK
MHOM CTENEHN BJIHSIOT Ha KOHEUHbIH pedyJibrar. VrHo-
pUPOBaHHE KaKOIo-TO COOBITUS HJIN [TapaMerpa, Hecy-
[{ECTBEHHOTO 10 MHEHWIO aBTOpPa B OMMCAHUU IKCIE
DHMEHTA, HE [103BOJISIET UCTIIOJb30BATh TAKOH IKCIEepH-
MEHT JJIS1 TECTUDOBAHUS AEKBATHOCTH TEOPETHYECKHX
MOJE/IEN WM BBIHYKAAET HENOCTAIOUINE IKCIIEPUMEH-
TaJIbHbIE JaHHDIE 3aMEHSTb MOAEJIbHBIMHU NPEACTABJIE
HUSMH, YTO MPHUBOAUT K YCJOMHEHHUIO 6a30BbIX MaTe
MaTHUECKUX U TEOPETHUECKUK Moaesneit. C passurnem
HHTEJIJIEKTYaJbHBIX CHUCTEM TOSIBUJIACH BO3MOYKHOCTb
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HCTI0/Ib30BATD UHTEJJIEKTYAJbHbIE CUCTEMDI 60JIEE HU3-
KOTO YPOBHS [JIsi MOJIYYEHHUsT HEAOCTAOMENR HHPOpMa-
MY NPH CO3JAHUM CUCTeM G0Jiee BBHICOKOTO yDPOBHS
[2]. Dror moxxon peanu3oBaH B gaHHOU pabote. [IBa
NpOrpaMMHbIX KoMruiekca «Mezas [4] u «Bupryans-
Hoe pabouee MecTo» [5] o6benwHEHBI B OAHH KOMI-
gexc. OHu MOryT paboTaTb CaMOCTOSITENBHO KAK BbI-
YUCJIUTENbHDBIE CUCTEMBI U COBMeCTHO Kak IJC, 1no3Bo-
JISIOIAsE OIIEHUBATH MEPCIEKTUBHOCTD TOW WJIM HHOH
TEXHOJIOTMY MJIH TOIO MJIM MHOro 060pyAOBaHMSs, BO3-
MOXXHOCTb WX BHEJPEHUs B [IPOM3BOACTBO A0 UX NPH-
06pETEHUS.

B saknioueHne OTMETUM, UTO B HACTOSIIIEE BpEMS
IC wWUPOKO BHEAPSIOTCS B Pa3JInyHbIE CPEPDHI YETOBE-
YeCcKOH NesTesIbHOCTH, HANPUMED, MEQUIIUHY, dKOJIO-
FHIO, NUIIEBYIO IPOMBIIIJIEHHOCTh. B CBapoYHOM Mpo-
U3BOACTBE TAKXKE €CTb OTAEJbHbIe 3BEHDbS, I'A€ TPYA
YeJIOBEKA-IKCIIEPTA MOYKET ObITh 3aMEHEH HHTEJIEKTY-
anpHOl cucremoii. B manHON pa6oTe MOCTPOEH aJro-
pUTM co3aaHus Takoit IC, KOTOpas MOXET aHaJH3u-
pPOBaTb BO3MOXKHOCTH CBApOYHOro OGOPYLOBAaHUS B

peasbHOM IIPDOMU3BOACTBEHHOM LUKJIE.
1. Comnuux C.JI. Kypc nexunit o npeamety «OCHOBDI POEKTH-
POBAHUSA CHCTEM C MCKYCCTBEHHbBIM MHTEJUIEKTOMY. — Peum
npocryna: http:/ /www.codenet.ru/progr/alg/ai/htm/
Potxos A IT. HOpMaALMOHHDBIH MOHUTOPHHT CIOXHBIX NPO-
LLeCCOB: TEXHOJOTHYECKHME M MaTeMaTH4YeCKHe OCHOBbI / /
Wnrensiekryanbubie cucremsl. — 2008, — T. 11, Bboin. 1—
4. — C. 101-136.
Bampanun A.B., Kpexmynesa P.A., Yepenanos P.O. Pas-
paBoTKa CPEeJACTB  KOMIILIOTEPHOTO [IPOEKTUPOBaHUA 00pa-
GOTKK MATEPHAIOB KOHLEHTPUPOBAHHLIMM NOTOKAMM SHEPTUH
/' / Maremartnueckoe MOZENHMPOBaHME M KpPaeBble 3ajauu:.
Tp. 7-it Bcepoccuiickoit HayuH. KoHd. € Mex/yHap. ydac-
THEM. Y. 4. MndopmaunonHble TEXHOJIOTHMHM B Mare-
MaruueckoM monesupoBanun. — Camapa: CamITVY, 2010. —
C. 25-27.
Kpexmyneea P.A., Bampanun 4.B., Bexun O.H. [lpumene-
HHe NporpamMHoro obecrevenus «Meza» s oueHKH Aedek-
THOCTH CBApHbIX COEJMHEHMH HA CTazMH 1IPOEKTUPOBAHUSA
/ / Cpapka W avarHoctuka., — 2009, — Ne 2. — C. 36—42.
Kpexmynesa P.A., Bampanun A.B. Paszpa6oTika BHPTyalb-
HOTO paouero Mecta [Jif [OArOTOBKH MHXKeHEPOB-CBAPLIMKOB
// CoBpemeHHbte npobiaembl MallMHOCTpOeHus: Tp. 4-oi
MesxyHap. Hayuto-tex. koud. (Tomck, TIIY, 26-28 nosb-
psa 2008). — Tomck: TIIY, 2008. — C. 319-323.
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BOJIbTAMIIEPHBIE XAPAKTEPUCTURKUA
KOMBVMHHUPOBAHHOI'O
JASEPHO-AYTOBOI'O PA3PAIA

Bywma A.H., Cudopeuy B.H.

Hucmumym snexmpoceaprxu um. E.O. ITamona HAHY, Kues, Yxpauna

HOJ‘I)’L!GHI)J AMNNPOKCHUMALIHK KBa3HCTATHYECKHX BOJLTAMIEPHLIX XapaKTEPHUCTHK I(OMGMHHPOB&HHOI'O JIa3EePHO-AYTOBOTO
pa3psja, KOTOpbie ABJSIOTCS PE3YJIbTaTOM HATYPHOTO U YMCJAEHHOIO 3KCACPUMEHTOB. llpoaHEUIHBMDOBaH OAWH M3 BO3MOX-
HbIX MEXAHHU3MOB BBBHMOllelleTBHﬂ JIa3€PHOTO flyYKa W [1J1a3Mbl UYTH, I[pMBO}_LSILLlMﬁ K [TaZleHHUI0 HAUPAMEHWS Ha AYTe.

B nocnegxue rognl BO BCEM MUpe NIPOSIBJISETCS OrPOM-
HBbIH MHTEPEC K KOMOMHMPOBAHHBIM J1a3€PHO-IyTOBbIM
poueccaM, B YacTHOCTH, CBapke ¥ o6paboTke mare-
PUAJIOB. T MPOLECChl OGECIIeUNBAIT 3HAYUTENBHOE
NOBbLIIEHNE KAYEeCTBA MBAEAMI ¥ TIPOU3BOAMTEILHO-
CTH, & TaKXXe TOJYYeHHE HOBBIX THUIIOB IMPOAYKLMH,
KOTOpPbIe HEBO3MOXXHO M3rOTOBUTDL C MOMOLIBIO Jadepa
W 3JIEKTPUYECKON AYTH B OT/ENbHOCTH.

B nacrosiiee npemMs s OCYUIECTBIEHUS JIa3ePHO-
AYTOBOTO MPOLECCA NPUMEHSIETCS 06bIYHOE CBAPOIHOE
060PYAOBAHKE, B YACTHOCTH, AYTOBbIE UCTOYHHUKH [TH-
TAHYSI, ITO HE BCETAA ONPABAAHO. [IpakTUYECKIH OIIbIT
CBUIETEJIBCTBYET O HEOOXOAMMOCTH PaspaboTKy Clle-
LHaJH3HPOBAHHBIX HCTOYHHKOB TTHTAHHS NA3€PHO-AY-
rOBOTO paspsila. PeuleHne 3Toil 3agad BKAIOUAET B
ce6si aHAMM3 3JIEKTPHYECKUX Lened ¢ COCpesoTOYeH-
HBIMH NTAPaMETPaMHU, B COCTAB KOTOPBIX BXOJMT J1azep-
HO-YTOBOW Da3psif.

Hacrosiee ucciieqoBanne NOCBSIEHO paspaboTie
MOJIEJIM JIA3ePHO-AYTOBOIO pa3psiia Kak 3JeMeHTa
ANEKTPHIECKON LIETTH.

31ccnep:mcu'ra.-’mmm: HCCACA0BaHKUS BOH'lhTHMlICp—
HBIX XapaKTepHCTHK KoMOuHHpoBanHoro paspajaa. B

U, B
28

20 +

16
0 20 40 60 80 I, A

Puc. 1. DKCriepuMeHTalbHbIE BONBbTAMIIEPHbBIE XAPAKTEPUCTHKH KOM-~
GUHMPOBAHHOIO paspsaa: ! — apronoayromas csapka;, 2 — JI +
+ /IH3 cBapka 11pH MOWHOCTH Ja3epHoro uaydenvs 900 Br

© BYIUMA A M., CUAOPEL B.H., 2010

paborax [1—3] ocHOBHOE BHUMAHHE YAEJIEHO BAUSHHIO
naseproro mydxa (J1) Ha 3JE€KTPHIECKYIO AYTY, TOps-
wyto Ha Herassimemcs saextpose (JIHI) B unepTHOM
raze. Tax, B [1] rpeacraBieHbl Pe3yJabTaTbl SKCIIE-
DUMEHTAIbHBIX MCCAEAOBAHMI XapaKTepUCTUK JYTH
MOCTOSIHHOTO TOKA MpsiMoit nossgprocTy ipu JI + JIHO
CBapKe B aprone o6pasluoB U3 KOPPO3MOHHOCTOHKOH
cranu 08X 18H10T. OxcriepuMeHThI TPOBOJMIIN C IIPH-
menennem CQOy-nasepa HENPEPHIBHOTO AeHcTBUs MO
HocTbio | KBT 1 ycTaHOBKM 4151 aprOHOAYTOBO CBAPKH
BOJ/Ib(HPAMOBBIM 3JIEKTPOAOM, IIPH 3TOM CBAPOYHYIO I'0-
PESKY DACIoJarany Iepeji Jy4oM MOA yriaom 45° x
MOBEPXHOCTY u3fe . [lo ocumsnorpamsiaM TOKa M
HalpsSKEHHS HA JIYTOBOM IPOMEXXYTKE CTPOMJM 3a-
BUCHMOCTH HAIPSDKEHUS Ha AYyre OT MOLIHOCTH Jiasep:
HOTO M3JY4YeHHsl TIPU PA3JNIHbIX 3HATEHHSIX CBapOY-
HOTO TOKAa, a TAK)Ke ee BOJbTaMIIeDHble XapaKTepHC-
THKU IIDH JYTOBOU ¥ KOMOWHUDPOBAHHON CBapKe. JKC-
[epUMEHTHI IOKA3AIH, ITO BO BCEM UCCJISIOBAHHOM A1
a30He TOKOB HAIIPSKEHIE Ha AyTre TPH J1a3epHO-AyTOBOH
CBapKe HWXe, yeMm mpu ayrosod (puc. 1), nmpuuem sta
pasHuLa CTAHOBUTCS Hanbosee CyIECTBEHHOH, ecan
MOIIHOCTb JIa3epHOro nmyuxa npespriraer S00 Br.

B panbHelniem aBTopsl padotsr [1] pacummpuin
CBOH MCCJIE0BAHNST, KACAKIHECS BJAUSAHUSI Ja3€PHOTO
M3JYyYEHUst HA DJIEKTPUUIECKHe TapaMeTph! CBapOYHOM
AyTH, ITPUMEHHB 06Pa3Lbl U3 PA3JIMYHbIX MATEePHANOB
[3]. 3aBucumocty, noA0GHbIE [TOKA3AHHDBIM HA puC. 1,
GBIV TIOCTPOEHDB! U1t TUTAHA, MeIH, aTIOMHUHUA, Tpa-
dura. TlonydeHnbie pe3yabTaTel CBUAETEIBCTBYIOT O
TOM, 4TO [JISL BCEX WUCCJEJOBAHHBIX MATePHUANOB Ha-
npsokenvie Ha ayre rnpu JI + JAHOI cBapke Hike, yem
npu Ayroso csapxe. IToppluienHe HanpsOKEHHS 0[]
BO3AENCTBUEM JNA3EPHOIO M3MYYEHHS HaAOJII0/a10Ch
JUUIb AJIST Iy TH, TOpsitied Ha TpadUTOBLIN aHO, (. ABTO-
pbI OOBSCHSIOT 9TOT (DAKT YBEJMYEHHUEM AEHCTBUTEN D
HOM JNMEBL IYTH B peayabTate 06pa3oBaHus Ha oBep-
XHOCTH rpacduTa y3Ko# KaHaBKy TAySHHOH 2-3 MM.
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Teoperndeckue HCCACAOBAHMA BOJbTAMIEPHBIX
XapakTepHCTHK KOMOMHHPOBaHHOIrO paapsijaa. llpu
peasM3aliiid MHOTMX TIPOLIECCOB JIa3epHO-AyroBOH 06-
PaboTKY MaTepHUaJsIOB JIA3EPHBIH MyUOK MPOXOIUT OT-
pefeJeHHOe DacCcTosiHMe B IjasMe crosba ayru. [lpu
3TOM B3aUMOJEHCTBME JIa36pPHOTO M3JIy4eHUS C I1J1a3-
MO ZyTOBOTO Pa3psi/ia MOXKET IPHBOUTD K 3HAUUTE b
HOMY M3MEHEHWIO ITOJIHOTO 3HEPreTHuecKoro fasnanca
paspsaa, a TalkKe K NepepaclipefeseHNIo JOKaabHbIX
XApaKTEPUCTUK AyTOBOM IJA3MDI, CBSA3AHHOMY C JIO-
KaJIbHbIM XapaKTepOM ee Harpepa CPOKYCUPOBAHHBIM
JIa3ePHBIM MMy4yKoM. KpoMe TOro, B pesyJibraTe TIOrJIo-
WEHMA ¥ pedPaKUUX Ja3epHOTO U3JIy4YeHUs B ILJIa3Me
MOeET HaOI0AaTbCsl 3HAYUTEIbHOE Tlepepacipeene
HMe HHTEHCUBHOCTM M3JIYYEHHMsS] B CaMOM JIa3epHOM
nyyke. B TOM cayyae, KOrfa MOWIHOCTD, BHOCHMAS B
naa3My AyTU JIa3ePHBIM M3Jy4YeHHEM, COM3MEpPUMa C
€€ 3JIEKTPUYECKOH MOLIHOCTBIO, PEaNM3yeTcsl HOBbIH
THII pa3psiia — KOMOWHUPOBAHHBIN Ja3€PHO-AYIOBOK
paspsn [4], cBofictBa KOTOPOTO OTJIMYAKOTCS OT
CBOMCTB Kak OOBIYHOW AYTH, TaK U ONTUYECKOrO pas-
psAZa, TTOAJAEPIKMBAEMOrO JIA3ePHBIM U3JIyUEHHEM.,

PaccmaTpuBaJICs AyTOBOY pa3psi/l IOCTOSSHHOTO TO-
Ka, HaXOASIIUICS Moj BO3ZeHCTBrEM ChOKyCHpoBaH-
HOTO U3JIy4EHUS 1a3epa HeNpPEPHIBHOrO AefCTBYS, TIpH
Crefyiomux ycaosuax. [Ayra ropurt ¢ TyronjaaBkoro
KaTOAa B AKCMANbHOM TIOTOKE I11a3M0O06Da3yIoILEro
rasa 1 Ha HayaJbHOM Yy4acTKe paspsiga CrabuJIu3u-
pyeTcsl CTEHKOU LMJIMHAPHYECKOrO MiIazmModopmu-
PYIOLLEro KaHaja COMJia 11a3MOTPOHA, BJIOJb OCH KO-
TOPOrO pacIpOCTpaHsAeTcs ChOKYCUPOBAHHBIN Jasep-
bl yyox (puc. 2). OTKpwIThIH yyacTok paspasa (BHe
1a3MOQOPMUPYIOIIEro KaHana) o6ayBaeTesd Koak
CHAJIbHBIM TOTOKOM 3alMUTHOTO rasa, HaBJieHue BO
BHEWIHel cpefe — atMocdepHoe, Takue ycnosust pea-
JIM3YIOTCSl, HallpuMep, B YCTPOWCTBAX AJIS JIa3epHO-
J1Ia3MEHHOH CBapku M 06paboTku Marepuasios [5—7].

[Ipn mocrpoeHuy MareMaTHYECKOW MOIEIM pac-
CMaTPHUBAEMOr0 Pa3psifa NPeanoJaratoch, 4To KOJb-
LeBOH Tyromaaskuil KaToa (MM CHCTEMA LITBIPEBBIX
TEPMOKATO/OB, DACIIOJIOXEHHBIX [0 OKPYIKHOCTH)
UMEET COOCHBIA ¢ TMIa3MODOPMUPYIOUMM KaHANIOM
BHYTDEHHEUN TOHKOCTEHHDIN IMAMHADWYECKUA HACALOK
panuycoM Ri (cM. puc. 2), obpasyoumit BMeCTe cO
CTEHKOY KaHaJjla KOJbLEBOE 3/IEKTPOJHOE COILIO, Uepesd
KOTODOEe ITI0AAeTCS 4YacTb I11a3MO06Da3yIoNIEro ra3a u
npoTeKaeT Bech TOK Ayr# /. BrixoaHoe ceyeHne Haca-
Ka TIPUHUMAJIOCh 3a Hadalo DACYETHOrO yyacTKa pas-
pana (z = 0) W n0saranoch, 4TO OHO HAXOAWTCS HA
JOCTaTOYHOM YZJAJEeHUH 0T pabodero Topua KaToaa.
JTO TIO3BOJISIET HA TIEPBOM 3Tane UCK/IIOYUTb M3 pac-
CMOTDEHUsT IPUKATOAHbIE TIPOLECCH], CYUTATD KOJIbLE
BOM TIOTOK AYTOBOH IJIa3Mbl HA CPe3e KATOQHOIO Ha-
CagKa OCECUMMETDUYHBIM M OJHOMEDHBLIM B Halpas-
Jgenur ocut OZ U, TeM CaMbIM, KOPPEKTHO 3a/1aTh BXO-
Hble rpaHnyHbIe yea0Bus. [Ipeanonaratocs Takke, 4to
OCTaJbHOH M1a3M006DPa3youIni ra3 INojaercsl yepes
BHYTDEHHIOI NOJOCTb HACAAKA W MOCTYNAeT B KaHaJtl
XOJNIOOHDBIM, MpUUueM ero pacxog Gi MOMKET BapbuUpo-

BaTbCs HE3aBUCMMO OT pacxonxa G2 miasmoobpasyio-
Iero rasa, IOAaBaeMoro 4epe3 2JjeKTPOAHOE COIIQ.
Hakoweu, gonyckasnaoch, YTO aHOA AYTHM DaCIOJIOMNKEH
JOCTATOYHO [JAJEKO OT BLIXOJHOTO CEYEHHS KaHaJa
MJIa3MOTPOHA M HAXOJUTCA 33 MpPeiesaMd DacyeTHO
06J1aCcTH. JTO NMPEANTON0KEHWE NTO3BOSIET IIPH DACYETE
XapaKTEePHCTUK TIIa3Mbl HCCJAEAYeMOro paspsiia He
YUHTBIBATH NPUAHOLHDIE [YTOBbIE ITPOLECCDI.
3aBHCHMOCTD

U
wEUIT 0,

OT MOILHOCTH JIZ3€PHOIO Jyda [JIg ydacTKa pPaspana
LAHOM 20 MM IPW Pa3JIUYHBIX TOKAX AYrYW NPeACTas-
nerna Ha puc. 3 (3gecs U, — TnaleHue HampsiKeHus
Ha y4acTke paspsza AAuHO#N L; Q, — nor/oueHHas
Ha 9TOM YK€ yYaCTKE MOIHOCTD JIA3EPHOTO U3IYYeHUs).
3aBMCHMOCTb TIafeHus Hanpsixkenus U, Ha paccMart-
PHBAEMOM y4acTKe OT TOKa Ayrd TpH pasaudubix Q°
WJIIOCTPUPYET pHUC. 4.

Kax cneqyer u3 npuBeieHHBIX HA PUC. 3 PACUETHDBIX
[JaHHbIX, TIOBBILIEHME MOIHOCTH MCXOAHOIO MyyKa
TIPHBOAMT K BO3PACTAHMIO €r0 POJN B IIOJHOM JHEPIe
THUECKOM GanaHce HayaJbHOro y4acTKa pasdpsifa. JITo
CBSI3aHO C yBEJMYEHHEM IIOIJIOLWIEHHOH MIa3Mol MO~
HOCTH JIa3€pPHOTO u3JydeHuss L U OAHOBPEMEHHDBIM

()

g AU Y

.

2

A
TSI

z
Puc. 2. Cxema n14a3MOTPOHA ANS CO3/aHMA KOMOUMHUPOBAHHOTO Jia-
3epHO-zyroBoro paspana [4]: 1 — tyromaniuii katon (uau cucrema
KaToA0B); 2 — aHO[ IyTH; 3 — COMJIO f11a3MOTPOHA; 4 — KaTOAMbIH
HAcajoK; 5 — rpaHdUa NAasMbl; 6 — TPaHMLA JNa3€PHOro IyuKa
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0,75

0,50

0,25

y

1,00

1 S

0,50 0,75 1,25 QO xBr
Puc. 3. Bammymomb OTHOCHTEJIBHON MOLLIHOCTH AYroBO# cocTass-
touteit paspaga Q° ot ero obuweit mournocTH Yoo L =20 MM, G, =
=0,1r/¢; G, =001 r/c; 7, =0,2 mm; F =10 mm; 7 =10 (1), 50
(2150 (3) A

0 0,25

YMEHDbLIEHHEM 3JIeKTpudeckoi MouHoctr Upl 3a cuer
60Jiee 3HAYNTENBHOIO CHIDKEHIs HANPSDKEHHS Ha 5TOM
xe yuactke ¢ poctom Q° (e, puc. 4). Tfipu [/ = 10 A
Ha (DOHE TJIABHOTO YMEHBLIEHUS YL C YBEJHUEHHEM
MOIIHOCTH JIA3€PHOrO MyUKa Haémoaaercg ee pesxoe
cHwxenne 1o YL < 0,5 npu (i = 0,7 kBt (cM. xprByIO
7 Ha puc. 3). IT0 03HayaeT, YTO MOBLILeHHE O MpH
MaJIBIX TOKaX Jy['H IPUBOIUT K MOYTH CKAaUKOOOPa3HO-
MY ITePexXony OT B OCHOBHOM /IYTOBOTrO Crocoba noaiaep-
xanust masmol (Y2 > 0,5) Ha paccMaTpUBAEMOM yuac-
TKE Pa3psifia K IPEMMYIECTBEHHO onThdeckomy (Y, <
< 0,5). llpu Gosbumix Toxax (cm. xkpusbie 2 u 3 Ha
pHC. 3) OTMeYeHHbIe U3MEHEHNS B TIOJHOM SHEPreTH-
qecKk: 6asaHce TIA3MBI B 3aBHCUMOCTH OT O IIPOMUC-
XCTAT GOJIeE MABHO, a CHIDKEHWE MOZ AeHCTBUEM Jia-
3ePHOIO W3JIYYEHUs! HAMPSOKEHMs HA Paspsifie CTaHo-
BUTCS Menee 3ameTnbiM (cM. puc. 4). Cnepyer oTme
TUTB, YTO MPHBEEHHbIE HA PUC. 4 DACUETHDBIE BOJIbTAM-
MEpHbIE XaPaKTEPUCTHIH CTON6a APrOHOBOH Ayrul, Ha-
xogsiuieitcs moa Bo3geicTerem usnyuenus COz-nase-
pa, ¥ XapaxkTep MX M3MEHEHMS C DPOCTOM MOIIHOCTH
JIA3€PHOTO 11yYKa XOPOIIO COrJIACYIOTCS ¢ IKCIIEPUMEH-
TAJIBHBIMH JIAHHBIMH, TIOJTYYEHHBIMU ABTOPAMH PaBOThI
[1] mpu JI + JTHD csapxe B armocdepe aprona (cm.
puc. 1). TakuM 06pa3omM, OCHOBHBIM MEXaHH3MOM CHU-
JKEHUST HATIPSDKEHMST HA [1yre B aprole npu KOMOWHH-
poBaHHOM cBapke ¢ npuMerenuem CO2-jasepa sBJIsi-
€TCs1 YMEHDbILUCHHE HAaNPSDKEHHOCTH 110 B CTON6E 32
CYeT JOMOJTHHMTEJIBHOTO HArpesa JyroBoil rjiasmer Ja-
3€DHBIM HM3JTY4YEHHMEM, & He aHOQHOIO MaJeHUs MOTeH-
U, B

30

20

15

10 25 50 75

100 125 1, A
Puc. 4. Teopemqeume BOJIbTAMIIEPHbIE XaPAKTEPUCTHKN KOMOUHH-
posartsoro paspsga: Q°=0,5 (1), 1,0 (2) u 1,5 (3) «Br; wrpuxosas
COOTBETCTBYET IJIEKTPHIECKOH Ayre B kaHaae npu Q =0

uMaja 3a cYeT MCIIapeHHst MaTepuasa aHoJa, Kak yT-
Bepokgaercss B padore [1].

B uesioM pe3yJbTaThl HHCAEHHOIO MOJIC/IMPOBAHHS
Bo3zelicTBus coKycupoBanHoro usaydenns COp-na-
3epa Ha IIasMy crosiba Ayrd, ropsiiieil B aproHe B
JI0CTaTOYHO JJIMHHOM LMJIHH/APUHYECKOM KaHaje, TMo-
3BOJIAIOT CAEJNATh BBHIBOJ, YTO y1<a3aHHoe BO3/IEHCTBHE
mpu [ > 10 A (Re = ZSMM)MQ > 0,7 xBr G =
= 0,2 MM) TPUBOAUT K BO3HUKHOBEHUID KOMOHHMDO-
BaHHOrO JJa3€PHO-YTOBOIO Paspsiia, pacrnpeieieHuble
W WHTErPAJIbHDbIE XAPAKTEPUCTHKH KOTOPOrO CyLIeCT-
BEHHO OTJTUHAIOTCH OT COOTBETCTBYIOUHX XapaKTepuc-
THK OOBIYHOH JIEKTPHYECKOH YT B KaHaJe.

Annpokcumanus BOJBTAMIIEPHBIX XapaKTePUCTUK
komOuuHpoBannoro paapsiaa. Kax BUAHO U3 U3JIOXKEH-
HOTO BRILIE, NPEJTaraeMas MoLesab a[eKBAaTHO ONMChI-
BaeT CBOMCTBA J1a3epHO-AYrOBOro paspspa. OaHaxo
OHa 0OKa3aJlach HENPUMEHHUMOI I ONHCAHUSA Jasep-
HO-IYTOBOrO paspsifia Kak 3JIeMEeHTa 3JIEKTPHYECKOU
uerntt. OGbACHAECTCS 3TO, B IEPBYIO Ouepe/b, TPOMO3 -
KOCTBIO KaK Ha CTa/IMM MOATOTOBKH, TaK ¥ Ha CTaJuu
peamuzauuy. Ha craaun noarotroBxu HEOOXOAUMO 3a-
JAaBaTb MHOTO MCXOAHBIX JIAHHBIX, HE CBOMCTBEHHBIX
JUIST KJTACCa 3JIEKTPOTEXHUYECKIX 3a/a4. B3 pedyibrare
MOYTH YaCOBOTO pacyeTa MOJYYAeTCs CTaTUYecKast BO-
JIbTAMIIEDHAST XAPAKTEPUCTUKE, KOTOPYIO HEBO3MOXKHO
HCIIOJIb30BaTDh [AJIsl UCCJIEJOBAHUS AUHAMUKH DJIEKTPH-
YeCKHX Lerel H, B 4aCTHOCTH, H3Y4IeHUs MpobjeM yc-
TONYMBOCTH.

B Wucruryre anextpocBapku um. E.O. Ilatona
paspadorana 06061IeHEAS MO/Eb JHHaMUYECKOH yTH
[8], xoTOpast ONMChIBAET JUHAMUKY JYTH KAK 3JIEMEHTA
AJIEKTPUYECKOH IEMM € MCIOIb30BAHMEM CTATUYECKON
BOJIbTAMIIEDHOH XapaKTEPUCTMKM B KauecTBe HUCXO-
HbIX AaHHbpIX. OFa X0pOoIo 3apeKoMeHA0Baa ce6st Mpu
AHAJIM3E BJIEKTPUYECKUX [Iellell, B COCTaB KOTOPBIX BXO-
it gyra. [Ipu moctpoeruu aToit MOAEIN TIpearoIara-
JIOCh, 4TO CTATHYECKasi BOJbTaMIIEPHasl XapakTepUCTH-
Ka JYyTH OIPEAEJISIETCS NIPeBAPUTENBHO 160 3KCITe-
PUMEHTAJIBHO, JTMOO B Pe3yJsbTaTe UHCIEHHOro pacde-
Ta. VIMEHHO 3T [Ba CJiyyasi DPACCMOTPEHBI BBILUE,

Wrak, ans npuMenerust 0606ieHHON MOAETH AHHa
MUYECKOM Nyrd HeoGXOAMMO AlITPOKCUMUPOBATDL HMEIO-
HIMeCcst CTATHUECKHE BOJbTAMIIEPHBIE XaDAKTEPHCTUKH.
[IpogeMOHCTpUPYEM 3Ty TPOLEAYPY Ha NpPHUMEPE Xa-
DPAKTEPUCTHK, MPEACTABJIEHHbIX Ha pHC. | U 4.

Oco6eHHOCTBIO aNIIPOKCHUMAMY SIBJISETCST HalndKe
0COBEHHOCTH (DYHKIIMHM, KOTODAsl ONUCLIBAeT CTaTHYec-
KYIO BOJHTAMIIEPHYIO XaPaKTEPHCTUKY, MO3TOMY ObLIO
peLIeHo MPOBOAUT AIITPOKCUMALIMIO YacTH psa . lopana

UG = 2 a,i*,

k=-1

(2)

rge d, — K0dP@ULHeHTh! alpOKCHMALMU.

28



MATEMATHYECKOE MOAEJNHPOBAHHE B CBAPKE

MaxkcumanbHass MOrPeltHOCTd aMMPOKCHMALY C
K03 DULMEHTAMU, NIPUBEAEHHBIMU B TabJIulle, He TIpe-
BbIIIAET 2 %:

|
Koadpduumenrnsl annpoxkcumautu |

Ne kpuBoi |
d_y \ ag ay a;
! Jxcnepument (cM. puc. 1)
|1 68,13 25,18 0,176 1,35:10°°
2 7,76 21,88 -0,125 1,06-107°
r Yucnenuniii pacuer (cM. puc. 4)
Impu- | 151,14 14,35 0,129 ~2,44107
xo8ds
! 192,32 8,61 0,198 -5,14-107"
L2 157,86 6,75 0,224 -6,31-10" |
| 3 13288 | 7,15 0204 | 539107 |

CpaBHUTETbHDI AHANHMS TIOKA3a, ITO YBENANUEHIE
KOJIMYECTBA YWIEHOB PSIIa KAK C TTOJIOXKUTENBHBIME, TAK
M ¢ OTPHUATEIBHBIMU CTETIEHSIMU He OKa3bIBAeT 3HAUM-
TEJIBHOTO BJIMSHUSI HA MOTPELIHOCTD AMIPOKCHMALIHH,

3aBHCHMOCTS XapaKTEPHCTHK KOMOHHHPOBAHHOTO
paapsja oT MOIHOCTH H3Jy4YeHus Jgasepa. [Ipeacras-
JIsieT MHTEPEC BbISICHEHHE 3aKOHOMEPHOCTEH 3aBuCH-
MOCTH XapaKTePUCTUK KOMOUHMDOBAHHOTO Pa3psiia OT
MOUIHOCTH JIA3EPHOTO U3JTYUEHUsI,

ITO CTAHOBUTCS BO3MOXXHBIM GAAr0AAPST IPHUMEHE-
HHIO B KayecTBe Moaesy 0606LIeHHOH ArHaMHUIeCKOH
MOJENH AYTH, T. K. OHA TOCTPOEHA HA 3aKOHE COXpa-
neuns aueprur [9]. B HEKOTOPBIX CoryHasgx MOXKHO 3a-
TUCATD SIBHOE BbIPAXKEHUE AJI5I KAKOW-160 YACTH STOTO
3axoHa. B pa6ore [10] 6b1I0 MCCIEA0BAHO BAUSHUE CKO-
POCTH 06/1yBa AyTH 3aLHUTHBIM Fa30M, TOCKOAbKY MOYKHO
3amnCaTh JOMNOJHUTEIBHBIH YIEH, KOTOPBbIH COOTBETCT-
ByeT MOLUHOCTH, OTBOANMON OT Jyru IOTOKOM ra3a.

IMocrynnM aHANMOTHYHO U B HALUEM CJIY4Yae, BEIPA3UB
4acTb MOABOAMMON MOIIHOCTH OT JIA3EPHOrO M3JIyue-
HHSt JOTIOJHHUTENBHBIM YJIEHOM

aQ

dt

3necy Q BHYTDEHHSST HEPIrusi IJIa3Mbl AYTH;
P — moaBogmMas MOLIHOCTb, KOTOpast 06ecredrBaet-
Cs1 3JNEKTPHYEeCKOHM Uembio; Pg — OTBOAMMAsT MOII-
HOCTb; P; — noABOAMMAast MOLIHOCTD, KOTOpas obec-
1€YNBAETCS JA3eDHDBIM H3JIYHeHHEeM.

B nepnom npubainkeH MOXXHO NPUHSTD, YTO MOT-
JoaeMas maa3Moil MowHocTs P, = oQP TIPOMOPLHO-
Hasbta MoutHocTy asepa Q°, pu arom K03 hUUHEHT
norJouleHust o 6y/1eM pacCMaTpHUBaTh HEH3MEHHDIM.

ITosTopstst mpoueaypy [10] nosnyvenus sasucnmoc-
Tel, MOJNYyYHM M[apaMETPUYECKYI0 3aBUCHMOCTb st
QYHKUMM KBa3HCTATHYECKHX BOJBTAMIIEPHBIX XapPak-
TEPHCTHK KOMOMHHMPOBAHHOIO JIA3€PHO-AYIOBOr0 pas-
psiia, KOTOPbIE YYUTBIBAIOT MOLIHOCTD JIA3€PHOTO U3-
JIyYEeHHUST;

p—Py+ P (3

Uylia. 1) = Ulig\ 1 — o

- (4)
Ulto)ie
N Py (5)
I, (g, P;) =1y N1 — ———,
L( 6 L) 0 U(le)le
rae U(i) — QyHKUMS CTATHYECKOH BOJbTAaMIIEPHOMN

XapaKTepUCTHKU JAyrOBOTO Paspsiia; iy — TOK COCTO-
sHust ayru [9], KoTopwlil B aTHX (DOpMyJsax Hrpaer
pOJIb TapameTpa.

[TonyuenHble 3aBMCHMOCTH B OOLIEM MPABHJIBHO
OTMCBIBAIOT TEHAEHUNIO Na/IEHHSI HANIPSDKEHHS HA KOM-
GUHIIPOBAHHOM JIA3€PHO-AYTOBOM Pa3psiie MO CPABHE-
HIIO C YTOBBIM Pa3pPsiZioM U C TTOBBIIIEHHNEM MOIIHOCTH
JIA3€PHOTO M3JYUYEeHUst, HO TIOJydaemMas MIpH 3TOM TOU-
HOCTb ANMpOKCUMaliy HejocTatouna. O4YeBHAHO, YTO
HEOOXOAMMO YYUTBIBATH ADYTUE MEXAHU3MbI B3aUMO-
JNEeHCTBHST JIA3€PHOTO U3JIYYEHUs] M TJIa3Mbl JYTH, Ha-
TPUMED, 3aBUCUMOCTb KO3(MGUUMEHTA NOTJIOUIEHHST ¢
OT TOKa AYyTH.
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PACYHETHOE MOJAE/INUPOBAHUE ®@OPMHNPOBAHUSA
XUMHUYECKOTO COCTABA METAJIJIA BAHHbI
ITPH 1YTOBbIX CITOCOBAX CBAPKHA
B TEPMOANMHAMUWYECKOM IIPUBJIMKEHNUI

I'onoexo B.B.1, Tapabopxun J.A.1 2

1MHcmumym anexmpoceapxu um. E.O. Ilamona HAHY, Kuee, Yxpauna
QHT}’Y «Kueeckutl norumexnuneckui uncmumyms, Kuee, Yxpauna

PagpafoTannas MOAE/b IO3BOASET YHCAEHHO OLEHHTD MACCOBDIE 10N NETHPYIOWHX SIEMEHTOB B KHAKOH BaHHE It METaNAE
WBa npy AyroBoit ceapke 1104 GAIOCOM HA OCHOBE CBEAEHHMH O XMMHYECKOM cocTase (hjuoca, ITPOBONOKH U CBApHBaeMOi
crany. Ilpeanouennbll NOAX0OA MOXKHO HCNIOAB30BATD JIJIA APYTUX CLIOCOGOB CBAPKY 11JABAECHUEM, HAIIPUMED, OKPbITHIMH

INEKTPOLAMHU U HOPOLUKOBOFI l(pOBOﬂOKOﬁ.

BblaaomumMcs JocTHxKeHeM MeTadaypruu XX Beka
CTaJI0 CO3/{aHHUE BBICOKONPOYHBIX HU3KOJIErMPOBAHHBIX
(BIIHJI) craneit. OnTuMasnbHOe COYETaHUE MEXaHMU-
YeCKUX CBOUCTB M 3KOHOMUYHOCTH H3TOTOBJIEHHS 3THX
crajeil 06ycJoBHIO OYPHOE UX PAa3BUTUE U WHUPOKOE
npuMeHenue. Bo3MOMXHOCTD AOCTHIKEHUS TAKOTO COYe-
TaHKs 06ecnevyuBaeTcs, B 4ACTHOCTH, 33 CYET UCIIOJIb
30BaHMA IIPOLECCOB paPUHUPOBAHUSA U IKOHOMHOIO
MUKPOJIETHPOBAHMS.

OCHOBHBIE YCUJIVSI METAIIYProB GblIN HATpaBJe-
Hbl Ha MNOJy4eHUe MeTasia ¢ 6oJiee U3MeJbUeHHOMH
CTPYKTYPOH, T. X. UMEHHO Da3Mep 3€pHa ABJSETCS O
HUM M3 CaMbIX CYILECTBEHHDBIX (DAKTOPOB, ONpeAeAsIo-
X cayske§Hble CBONCTBA HU3KOJErHPOBAHHBIX CTa-
sett. 1o ry4eHHBI ONBIT paboT MO M3yUeHMIO 0CobeH-
HOCTEH BJIMSIHUS HEMETAINYECKUX BKJIIOUEHUN HA YC-
JI0BUS (POPMHPOBaHUS CTPYKTYDbl HU3KOJErMpOBaH-
HBIX CTaJIEH U YPOBEHD UX CJYXKESGIIBIX CBOHCTB, KOTO-
PbIi IPHUBEJ K CO3J4HMIO TPOMBILIIEHHBIX TEXHOJIOTMH
NPOU3BOACTBA COBPEMEHHBIX KOHCTDYKLMOHHBIX CTa-
Jieit, CBUZeTeNIbCTBYeT 06 aKTyATbHOCTY MCCIEA0BAH U
B 9TOM HaNPaBJEHUH METAJLIa CBAPHBIX IIIBOB, BHINOJ-
HEHHbIX Ha HM3KOJIETUPOBAHHDBIX CTAJSX MOBBILIEHHON
1 BLICOKOH MPOYHOCTH.

B cBsi3u ¢ 5THM NpeACTaB/SAETCS BAXXHOW M MHTE-
pecHOM 3a/laya co3JaHUS HA OCHOBE CUCTEMHOIQ MO/
XO/Ja KOMILIEKCHOH MareMaTHueckol Mogesnn o6paso-
BaHUA U POCTA HEMETAJJIMYECKUX BKIOYeHnit. OaHuM
M3 CYUIECTBEHHbBIX BOMPOCOB B 3TOM aClEKTe SABJISETCH
MOZeNMpoBanue (POPMUPOBAHUSI XMMHUYECKOTO COCTABA
MeTaJslfa BaHHBL IIPU IYTOBBIX Criocofax CBAPKHU.

© [OJIOBKO B.B., TAPABOPKHH J1.A., 2010

C ues1pio yIpaBACHUS MEXAHUYECKUMU CBOUCTBAMHU
MeTaia 1IBa U J0BEAEHUs UX [0 YPOBHS DErNTaMeH-
THUPOBAHHbBIX TPOU3BOACTBOM TpebOBaHUI HEO6XOAUMO
OIMCATh PA3BUTHE IIPOLECCOB B3aUMOAENCTBUS MY
IJIAaKOM U MeTalllloM. CBapka noJ (PJIoCOM SABJIAETCA
ONIHMM U3 CaMBIX CJIOMHBIX ITPOLECCOB JJIS KOMILIEK
CHOTO OMUCAHUSI KApTUHBI MPHUYUHHO-CJIEACTBEHHDIX
CBA3eIl B CUCTEME <«COCTAB~CTPYKTypa—cBoiicTBa». B
(hOPMUPOBAHMY MeTaJlsia 1UBA TPUHUMAIOT Y4acTHe BCe
M3BECTHDBIE B HACTOSLIEE BpEMs arperaTHble COCTOAHUA
MaTepHH; TBEPAOE BEILECTBO, KUAKOCTb, ra3osas dasa
u miasMa. Metasypruyeckue peakiuuy B 3TuX gasax
M Ha MexXa3HbIX FpaHMLAax MPOTEKAalOT B JIMANa3oHe
Temneparyp okoJsio 1000—10000 K. AauTebHOCTD yKa-
3aHHBIX peakuuit cocrasiser or 107° cexyma no ne-
CKOJbKMX CeKyH[J. B npouecce cBapKku COLEPIKAHUE
KOMIIOHEHTOB B OT/JE/JbHBIX (hazax MOKeT U3MEHAThCA
Ha 2-3 nopsiaka. Hanwuue BbICOKOTPARMEHTHIX TEM-
NepaTypHbIX ¥ KOHLEHTPALMOHHDIX MMOJeH, xapaKrep-
HBIX [JISI CBAPOYHBIX NPOLECCOB, CYLUECTBEHHO CKa3bl-
BaeTCs HA XapaKTepe MPOTEKAOIINX B3aUMOAEHCTBUH.

C uesnbio ynpoIIeHUs JOCTaBJIEHHOM 3ajad4y MC-
MOJIB3YETCS TOCTAAHMHBIN METOA U3y UeHN A OCOOEHHOC-
Ted MeTaJaypruu cegapxu nox duiocoM. s 3Toro
[IPUHSTO YCJIOBHOE CXeMAaTHYeCKOe PAa3AejeHUE Npo-
yecca opMUPOBAHMS MeTaJia 1iBa Ha TPU 30HbL: 30Ha
peaKiui Ha CTAAHM Kalesb, 30HA PeaKUUid B 06J1acTH
BBICOKHX TeMIIEPATYD M 30Ha peakuuit B 00.1aCTH HU3-
KMX TEMIIepaTyp.

B cooTBercTBUM C OMUCAHHOM CXeMOW ObLIM pac-
CMOTPEHDI TPH OCHOBHbBIE MOJEJIN:

® MOJIeJTb MeTaJinyecKod (asbl;
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MATEMATHYECKOE MOAEAHPOBAHHE B CBAPKE

e MOJIEJIb LJIAKOBOH hasbl;

e MOJeJ/Ib ra3oBoi dasbl.

Ha cerognsiinuil feHb e AMHCTBEHHBIM LIIUPOKO A0~
CTYTIHBIM METOAOM DacyeTa aKTHBHOCTEH B MeTaJLIM-
4eckoil hase, 06ecreYeHHbIM YHCIOBbIMI 3HAYEHUSIMU
TTAapaMeTPOB AJ1sT GOJIBIIMHCTBA UCMOJIb3YEMDIX B Me-
TaJULY PrUU 3JIEMEHTOB, SABJISIETCSI METOA (Pa3JIoKeH )
Barwepa, nosroMy oH M 6bin1 BoiOpaH B KadyecTBe Oa-
30BOTO.

Ojnaxko MeToa BarHepa He BKJIIOUAeT TEPMOAMHA-
MHYeCKUX TPeGOBAHUN K YpaBHEHWIO COCTOstHusA. C
APYTOH CTODOHbLI, TEOPUS CyODPEryASPHDIX PAaCTBOPOB
(TCP), mpeacraB/sisi A0CTATOYHO TPOCTYIO MOAEJD,
YIOBJIETBOPSIIOILY O OTIPEAENAEHHBIM TEPMOLANHAMUYEC
KUM TPeGOBAHUSIM, U UMES 3HAUNTEIbHbIE TIPEUMYIIEC-
TBa MpY ONMUCAHHH MHOTOKOMIIOHEHTHDBIX CUCTEM, HE
ofecrieveHa YHMCAEHHbIMM 3HAYEHUSIMY [TADAMETDOB.

CosmectHoe ucriosn3oBanve TCP ¢ pacuerom Ko
shGUUHEHTOB 10 TapaMeTpaM B3auMogeitctnusi Bar-
Hepa B TEPMOAVHAMHUYECKONW MOAEJH paclIpefeseH s
IEMEHTOD MEXAY METAJJIOM, IIIJIAKOM M Ta30Boil (ha-
3011 oBecrieunBaer 60Jiee BbICOKYIO KOPPEJSLUIO Pac-
YeTHBIX M OKCIIEPUMEHTAJILHLIX JAaHHLIX BO BCEU 06
JIaCTH COCTABOB.

st pacueTa aKTMBHOCTEH B ULIAKOBOY hase Ha-
HAYYIIEeH NpeAcTaBsgeTcs MOAEAb, B KOTOPOH LIJIaKkH
paccMaTpMBAIOTCS KaK PACTBOD, KOMIIOHEHTaMH KOTO-
POTO SIBJISIOTCS S7eMEHTH! [IepHOAHYECKOH CHCTEMBI,
YTO TIO3BOJISIET BBIYMCISTD UX AKTMBHOCTH HE3aBUCH-
Mo. IloaToMy nust MOCTPOEHMST MOAENH CUCTEMBI Me-
TATI—ULIaK ObLT UCIONIb30OBAH METON KOJJIEKTUBU3HU-
posaxheix anektponos (MK3) A.T. IloHoMapeHKO,
onucaHubId B kuure: I'puropsu B.A., Cromaxur A.4.,
[Tonomapenko A.I'. 1 ap. (DU3UKO-XHMHYECKHE pacye-
TBI 3JIEKTPOCTAJIETIIABUJIBHBIX TpoLieccoB. — M.: Me-
Tastyprus, 1989, — 288 c¢. ITor MeTOA, MOJHOCTHIO
00€eCTIeUEHHBIH BCEMH HEOOXOAMMBIMU YHUCJIEHHBIMU
nmapaMeTpaMe, [03BOJISET PACCUUTBIBATE AKTUBHOCTH
KOMIIOHEHTOB ILUJIAKOBOH (Pa3bl, a TAKIKE CaMbIM 06IINM
06pa3oM YUUTHIBATL HECTEXHOMETPHMYHOCTh BCeX a3,

Jlnst pacyera razoBoil has3nl HCTIOIB30BATM MOAEID
peakTopa TepMoauHamuueckoro pasuosecus (TER),
CIIPOEKTUPOBAHHOTO AJIS BBIYMCJAEHHS XUMHYECKOTO
paBHOBECHUSI B MHOILOKOMIIOHEHTHBIX HEOAHODOMIHBIX
CHCTEMAX, 3aMKHYTDIX C TEPMOAMHAMHYECKOH TOUKH
aperust. IlporpaMma peaxrtopa TEPMOAMHAMHYECKOTO
DABHOBECHST UCIIOJIL3YeT OOLINI NPHHIIMIT MAaKCHMYyMa
SHTDOMUM JIJIst BBIMUCJIEHUST XUMHYECKOrO U (hasoBOro
coctaBa ¥ paboTaer B cocTaBe nakera nporpamm Che-
mical WorkBench (xomnanus «Kunernueckne texuo-
noruny , Mocksa, Pocenst).

Paspa6oTanHast MOAEH [MO3BOJISIET YHCJIEHHO OLle-
HUTb MaCCOBBIE JOJIM JIETHPYIOLIMX 2JEMEHTOB B JKHA-

3

KOW BaHHE W MeTaJlje IIBa [PH AYTOBOH CBapKe 01
durrocoM HA OCHOBE CBeJEHUI O XMMHUECKOM COCTaBne
doroca, MPOBOJIOKM U CBAPUBAEMON CTaJH,

BxoaHbIMK MapamMeTpaMu SIBJSIIOTCS CJIeAyIOUIHE:

® XUMUYECKME cocTaB uiioca, NMPeACTaBJEHHbIHN B
okcugroM Buae. IIpH 3TOM MpearnoJaraeTcs, 4To Ha-
YJaJbHbBIM COCTAB UIJIAaKOBOW CHCTEMBI COBMAAAET C COC-
TaBoM (JEOCa U COAEPIKUT BCE Y HEKOTOPbIE U3 KOM-
MOHEHTOB, a nMenHo: Si0,, Al,O3, CaF,, MgO, MnO,
TiO,, CaO, cyMmMmapHOe cofepyKaHue KOTOPBIX AOJMKHO
papusatbea 100 %;

e CO/AEPIKAHNE JIEFMPYIOUINX KOMIIOHeHTOB Si, Ti,
Mn, Al (B Bec. %), a TaxKe KMCJIOPOAa B CTalu U
CBApPOUYHOI NTPOBOJIOKE;

¢ OTHOCHTEJIbHAS OIS YYACTHSI OCHOBHOrO MeTaslaa
B METaJLIe JKMAKON BaHHDI,

® TEMIIEPATYPHbIE XaPaKTEPUCTUKU paccMaTpUBae-
MOrO TIPOLEcCa.

K BoixonsnM (pesy IbTaTHBIM) NEPEMEHHBIM MO/E-
JIU OTHOCSITCSL:

e cogeprxanue xucaopoqa (B sec. %) B cCBAPOYHOM
BaHHE;

® MaccOBbIE JOJM JEMHUDPYIOIMX dmemeHToB Si, Ti,
Mn, Al B »kuaxoil BaHHE;

® COJIEPIKAHME JIETHPYIOUNX djieMenToB Si, Ti, Mn,
Al (B Bec. %) B Merajue wBa.

AJICOPUTM PACUETHOU MOAENH COAEDIKUT CJIEAYIO-
L{Me 3TAMb:

e OrpefeseHUe COAEPIKAHUSA KUCJIOpOAa B ra3oBoit
base no MogeM peakTopa TEPMOAMHAMUYECKOTO PaB-
HOBECHS;

® DaCueT COAEPIKAHUS] KUCJIOPOAA B CBAPOYHOMN
BaHHE;

e pacyeT COAepIKAHUA
MK3;

e onpenesienue koaddUIIMEeHTa paclpeaeseHus
KHMCJIOPOAA MEX[AY WIJIAKOM H METaljJOM CBApOUHON

KHCJIODOAa B UIJAKE I10

BaHHBI;

¢ BBIYHMCJEHHE aKTHBHOCTH JIETHPYIOIIUX 2JIEMEH-
TOB, NepellefIIMX H3 LLIaKa B MeTall CBAaPOUHON
BAHHBDI;

® DacyeT COAEPIKAHUS JIETHUPYIOLIUX JIEMEHTOB Si,
Ti, Mn, Al (B Bec. %) B cBapOYHOIl BaHHe ¥ LIBE.

Cpean GopMapHO TEPMOAMHAMHYECKH BO3MOXK-
HbIX TIPOAYKTOB XUMHYECKUX peakuwi Ha cragnu
Kanum nporpamma Chemical WorxBench srigaer sua-
YUTENbHOE KOJIMYECTBO TaKUX, KOTOPbIE Ha IIPAKTHKE
MOJKHO HE YYMTBIBATD B JAJIbHEHIINX pacyeTax, MoaTo-
My MTOJIYUEHHBIH CIMCOK NPOAYKTOB PEAKLMH NOABED-
raeTcsi PEBH3MH W COOTBETCTBYIOLIEMY CYLIECTBEHHOMY
cokpauieHuio. KoMIbioTepHYIO peanu3alluio ONUCaH-
HOCO AJITOPUTMA BBITOJIHIAN B O6BEKTHO-OPUEHTUDO-
BaHHON cpe/e BU3yaJbHOro nmporpammuposanus Del-
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T Pacuey coae paaima NeTHpyILKX § E80pOUNDR Baniie S =]
Lons yuacrus o
ConepxaHue ———— Conepxarue [0]% 8
[0]% & kanne (00772 ETé:E;TH"H": 033 gchoewom meranne  |0-02
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XUHHUECKMA COCTAB CTANK M MPOBONOKKU Terneparypa. K
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nposonoka |0.98 0.065 0.002 m

Maccu 3nemenTos i Boiaucnurs
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01372 0.00201 0.0070. __DNewarnn |
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1 30scpuus pasory |

Puc. 1. Murepdeic KoMMbioTepHOR nporpamMmbl AJsi YHCAEHHOTO
MOAETHPOBAUMSA IEPEX0/AA JAECTUPYIOUUX DIEMEHTOB B XHAKYIO BAHHY
¥ METaJIT WBA NPH cBapke nou docom

Puc. 2. Cxema ¢opMupoBaHus CBAPHOTO WBA NIPH AYyTOBOH cpapke
IO/ arJIOMePUPOBAHHbIM DIOCOM

phi7. CoanaHnasi KOMIBIOTEPHAS NporpaMma paboTaeT
MO yIIpaBJIeHHeM ONepaluoHHOl cucteMmsl Windows
XP. Ilocne 3amycka nporpaMma BBIBOAUT Ha SKpaH
MOHHTOpA (DOPMY, KOTOPAS CONEPIKUT ITOJIsI U TAOIHIIBI
[UIA BBOJA W BBbIBOJA HAHHDBIX, NPUBEEHHBIX B OMHCA-
muu anropurMa (puc. 1),

[TporpaMma 1O3BOJIIET MHOTOBAPHUAHTHbBIE BBIYM-
CJIeHUst I (PUKCHPOBAHHOTO Hab0opa 3HAYEHWIT BXO/I-
HBIX MePEeMEHHbIX, ITOCKONbKY ZOMYyCKAET BBINOJIHEHIE
HOBOTO pacueTa 6e3 MoJIHOH 0YnHCTKY BCell (hOPMBL, T. €.
MOCJI€ U3MEHEHUsI JIMIIb HEeKOTOPBIX, Aa)ke OLHOrO, U3
BBEJEHHBIX 3HAYEHWH.

llpoBepky aZexBaTHOCTH pa3pabOTaHHON MOAEH
NPOBOAMJIHN MPH [AYTOBOH CBapKke C ITPUMEHEHWEM ar-
JIOMEPUDPOBAHHBIX (DJIIOCOB, COCTaB KOTOPBIX GblJ MOC-
TpoeH Ha uwtakosoit cucrteme MgO-SiO;—Al,O3—
Cal,. Cxema dhopMUPOBaHUS CBAPHOIO 1IBA, UCIIOJIb-

Mn, %

1,2 - —&Wﬂ
2
os _W
1
0,4 F
L | - L L
0 S 10 15 20 e daroca

Puc. 3. CpaBHeHue pe3yibTaToOB YHUCIEHHOTO MOAEHPOBAHH llepe-
X0/a MapraHua B MeTa/ WBa ¢ dKCIEPHUMEHTANbHLIMY JaHHBIMH,

LOJIYYEHHDIMHU 1EpM cBapKe 104 dJiocoM: | — 3Kcnepument; 2 —
pacder

(o1}, % (01, %
1,2 - 0,30
1,0 40,25
0,8 { +4 0,20
0,6 40,15
0,4 - -4 0,10
0,2 J 0,05

0 ’_ L L . . I L 0

1 3 S 7 g 11 13 15 17 Ne duoca

Puc. 4. CpaBrenue pe3yabTaTeB YHCJAEHHOTO MOAEAMPOBAHUS 11€Pe-
XOAa KMCAOPOAA B META/L LUBA C IKCIEPUMEHTAJbHDIMU JAFHbIM,
NOJYYeHHbIMK 1P CBapke noa daiocoM: | — pac4eTHOE COAEP-
YKaHMe KUCJIOPO/A B XKUAKHX KAILIAX; 2 — U3MEPEeHHOe CoaepKalime
KMCIOPO/A B HAlLJABJIEHHOM MeTaie

3yeMast UL OLleHKH JOJIH YYaCTHsl OCHOBHOTO MeTaJlla
B METAJIJIE XKU/KON BAHHDI, NPUBEJEHA HA DUC. 2.

Ha puc. 3 u 4 npuBejeHblr pesyJbTaTbl CONOCTAB-
JIEHUS] paCYeTHRIX JIaHHBIX O COAEPXKAHHU MapraHua u
KUCJIOPOZA B MeTaJljIe LiBa ¢ JAHHbIMU, MIOJIY4YE€HHbIMU
Ha ofpasliaX HAMJIABJIEHHOTO MeTaJsa, CBADEHHDIX 10X
OMBITHBIMU ¢hTi0caMU. PacXoskaenue Medxay pacder-
HBIMH U 3KCIIe pUMEHTATbHBIMYU AAHHBIMHY MOKHO 06bsI-
CHUTb HEOOXOUMOCTBIO PA3BUTHS NPE/TJI0XKEHHOI MO-
A€W B CTOPOHY Y4yeTa KMHETHYECKUX XapaKTEPHCTHK
npouecca U paxkTopa 06pa3oBaHUs HeMeTaJIMYeCKUX
BKJIIOYEHUN B MeTaJjLIe UIBa.

ITpensIoXKeHHbIH NOAXOL U Pa3padoTaHHas pacueT-
Hasl MOJIE/Ib MOTYT ObITh PACIIpOCTpaHeHbl U Ha JIDYTHe
Croco6b! AYTOBOUM CBADKH ITJIaBJIEHHEM, HAIIpUMED, N0
KPBITBIMY 3JIEKTPOJAMU Y TTOPOIIKOBOH NMPOBOJIOKOM.
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ENERGY DISTRIBUTION CHARACTERISTICS
AT DEFOCUSED LASER HEATING
ALONG HIGH CURVATURE PATHS

Grden M., Mundt J. and Vollertsen F.

Bremer Institut fuer angewandte Strahltechnik GmbH, Bremen, Deutschland

Processes using a local heating are highly dependent on the resulting temperature distribution in the workpiece. In
thermal forming the temperature profile within the workpiece affects the bending angle for formed sheets directly. In
order to achieve the desired bending effect it is important to understand the temperature field evolution. In this paper
the aim is set to the application of local heat sources in connection with heating paths of high curvature. In such
configurations the midpoint of the heat source is not the location of the maximum induced energy on the sheet. With
this also the point of maximum plastic deformation and the local bending axes are shifted. A mathematical description
of the energy distribution along the heated ring surface is provided for several broadly used power density profiles to
show the profile specific degree of affection. The discussion of it is supplemented by examples of experimental and
numerical results on thermal forming at the example of stainless steet St 1.4301.

Thermal forming is a flexible way of creating complex
sheet metal forms with nearly no spring back effect
[1]. This process subsumes the laser bending method
which has been investigated by several authors [ 1-3].
An alternative to the laser utilization is the plasma
jet forming. Experimental results on this subject have
been published in [4-6]. Both methods base on the
same bending principles which are the local creation
of thermal stresses beyond the yield strength and plas-
tic-elastic deformations. The difficulty of the utiliza-
tion of thermal bending in order to form complex
geometries lies in the prediction of correct process
parameters like required laser power, velocity or num-
ber of irradiations. To avoid high experimental effort
attempts has been made to simulate the bending by
a finite element analysis [7, 8]. This method involves
a thermo-mechanical calculation which is costly in
terms of time, particularly because thermal bending
is often achieved by a multi-pass approach. For this
reason research has been done in the past years [6, 8]
and is still going on aiming at the time efficiency
increase. This paper aims at a better understanding
of the local energy input distribution on the sheet
metal surface in the context of thermal bending along
curved irradiation paths. This is done mainly in the
way of mathematical considerations of geometrical
and time related aspects motivated by thermal ben-
ding experiments utilizing a plasma jet. The formu-
lations are extended to be able to handle typical laser
power density profiles.

© GRDEN M., MUNDT J. and VOLLERTSEN F., 2010
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Experimental background and motivation. The
mathematical considerations undertaken in this paper
are motivated by results obtained by thermal bending
experiments addressing curved irradiation paths in
the framework of [6]. Those experiments have been
supplemented by numerical simulations which were
thereby validated and provided extended insights in
the thermo-mechanical material responding. That in-
vestigation utilized a non-transferring plasma jet as
the underlying heat source with a nominal power of
6 kW wherefrom 16 + 3 % were absorbed by the
St1.4301stainless steel sheets 2 mm thick. Other pro-
cess parameters were as follows: heat source spot ra-
dius of 7 mm, Gaussian distribution of the power
density in the spot, irradiation path radii between 39
and 95 mm, and velocity of 3400 mm /min. The aim
of the work covered by the cited reference did consider
time efficiency increase of the simulation method by
a model decomposition supplemented by specific
boundary conditions regarding heat flux and mecha-
nical forces. In that context several observations tar-
geted at the understanding of elasto-plastic strain be-
havior in the directly heated up zone have been per-
formed. Figure 1 provides exemplarily a snapshot of
the local expansion state in radial direction involving
the quarter circle path geometry. The thermo-mecha-
nical interdependency leading to the depicted distri-
bution has not been understand so far.

This paper addresses in a deepened way the geo-
metry and time related aspects affecting the local heat
input. More precisely, it deals with the distribution
of the energy input per unit area with a special focus
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direction relative to « value

Expansion behavior in .x-

/ (i

Figure 1. Local sheet expansion state at mid-thickness (duc to FEM-simulation) after short cooling phase of 4 s between successive
irradiations in an incremental thermal bending process in the outer (/) and inner (/1) part of the heated-up surface

on radial direction and thereto related inner and outer
heat input amount. The hereby presented mathema-
tical considerations involve differently shaped power
density profiles, since the work done in [6] is about
to be continued in the scope of laser utilization. It is
a step on the way to understand the affection of the
bending axis by specific thermal process parameters.

Local energy input density. In the following the
issue considering the local energy distribution within
the area covered by the moving circle spot being the
heat source is addressed. The circle spot with a radius
7 follows an irradiation path of constant curvature
1/R (Figure 2), The subsequently constructed for-
mula provides information on the induced energy den-
sity in a certain perpendicular distance to the irradi-
ation path. Also the dependencies between the geo-
metrical parameters, the velocity and typical heat so-
urce characteristics are taken into consideration.

In Figure 2 the geometrical framework with the
variables used is introduced. The velocity Vg is known
for the circle arc (b, = ) being part of the curved
irradiation path, which cuts the laser spot. The vari-
able # represents the shortest distance between the
irradiation path and a point of interest for which the
energy input per area is desired. Local heat source
velocity V), specified by equation (1) along a circle
arc of length b, is lower than Vg at negative % values,
whereas it is larger than Vy for positive A values:

R+ 1
R

Vi=V, (D

Laser /plasma
spot —_— Irradiation

path

/

Figure 2. Local heat source spot moving on a curved path (for
designations see the text)

The duration £, of the local surface irradiation is
given by (2) as the length of the local circle arc
bounded by the spot and divided by the local heat
source velocity V.

by

- V/JI (2)

£

The length by, of the local circle arc cutting the

spot is calculated by a commonly known formula for

the arc length of a circular segment — here for a

circle with the radius R + /2. The remaining question

regarding by, given by (3) is that of the height d; and
width s of the circular segment:

2d
arctan [—Sz—} (4d§ + 32)
2d,

(3)

b/l =

The variable s can be obtained by the Pythagoras
theorem involving lines s/2, » and d:

s =2V - dgl.

The value for dy provided by (5) is obtained by
combining the above relation with a second Pythagoras
relation between the lengthss/2, R + d; and R + /:

(4)

CRR PR,

1 (5)
2R

By the relation i = d — d», d, is also given and
now all quantities to calculate ¢, are available.

If now the considered power density profile was
a homogenous one («top-hat») than the local energy
density E;, could be described by (6):

Ey = 8,P, (6)

where P is the power per unit area.

In the case of inhomogeneous power density pro-
files like the Gaussian distribution the calculation of
E;, is more complex, since it evolves into an integral.
This is because the calculation involving such power
density profiles does have to consider the temporal
distance of the point of interest to the center of the
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spot during the spot movement. Only by this approach
the correct value out of the power density profile can
be considered at a specific moment in time. To calcu-
late the temporal distance r,(#) the commonly known
rotation theorem is used. Therefore a coordinate sys-
tem with the origin being the center of the irradiation
path is defined. In this system the point of interest with
the coordinates (M, = 0, M, = R + /) does not move,
whereas the center of the heat source A with the initial
coordinates (A,, A,) provided by equations (7) and (8)
is rotated with the angular velocity o, which is given
by the velocity Vj along the irradiation path:

Ag

(7

SIE

=y

X

A, =VN(R + h) (8)

The new coordinates of A are given by the rotation

theorem for 47 by (9) and for A — by (10):
A; (1) = cos (1A, = sin (wH)A,; 9
A, (t) = sin (0t)A, + cos(wt)A,,. (10)

Now it is possible to calculate r,(t) according to

(1):

() =M, — AL (O + (M, — A, (D). (1)

The local energy input at a position specified by
h can be calculated by (12):

&

(12)
E, =] Py,
4]

where P(ry(¢)) is the power density profile function
dependent on the provided argument, which is a
length between 0 and r.

Energy distribution for different power density
profiles. As introduced earlier it is of interest how
the thermal energy input of different heat source char-
acteristics is affected by geometrical properties of high
curvature irradiation paths. Therefore three typical
power densty distributions used often to represent a
thermal load in numerical simulations are compared
in the following. Gaussian normal distribution (13),
aramp distribution (trapezoid function) and a homo-
genous distribution «top-hat» are considered:

\2 N

1l J

For the Gaussian distribution a more specific va-
riation is undertaken by the choice of the o value
from 1.0 to 2.5. A comparative depiction of the power
density distributions is provided in Figure 3. The
shown profiles A-F differ in their maximum peak.

flx) = pe[ (13)

A
B
3
'Q C
g
=
O
o
E
F
0 Radius

Figure 3. Symbolic depiction of typical rotational power density
distributions representing a local heat source (each distribution
equals in total power input over the spot): profiles A-D — ¢ =
=1.0, 1.5, 2.0 and 2.5 respectively, Gaussian distributions; £ —
ramp; F — «top-hat»

This is because of the condition to represent equal
total power over the spot. Hence, steep profiles have
a high peak, whereas flat distributions possess a low
peak.

The earlier constructed formula for the local ener-
gy density Ej, requires to be solved numerically. This
has been done for the 6 given profiles. In Figure 4
the local energy density at the perpendicular position
f is shown in relation to the local energy density at
the position %. The depiction does not name a specific
power profile, since the calculations have shown that
the maximum difference between the two values £
and —# does locally differ up to 0.5 % at highest.

Beyond the four exemplary cases depicted in Fi-
gure 4 it has been ascertained by numerical investi-
gation, that for any pair of radii » and R with the

. sameratio and power density profile the same behavior
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relatively to radius 7 is to be expected. Hence, the
main driving aspect behind the behavior of the com-

E/l(h)
Ep(—=h)

4

1.0 [ I L

270 -5.6 -4.2 2.8

Figure 4. Local energy density on inner part of the irradiated plane
in relation to the local energy density at the corresponding location
on the outer part of the irradiated plane at # <0 mm, » =7 mm
(1—4) and R = 14 (1), 21 (2), 35 (3) and 65 (4) mm

-1.4 0 /1, mm
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Ej,, W-s/mm?
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parative values has to be the ratio of the spot radius
to the path radius and the spot radius itself. The
inner-outer energy density behavior for any desired
radii  and R can be approximately described by the
following numerically determined expression:

4

R
.

The expression (14) is in particular useful, when an
energy density distribution considering the simpler case
of straight path irradiation is known. In such case the
energy density distribution within a curved plane could
be formulated as a product of the mentioned expression
and the available distribution function.

Addressing the integrated energy input amount on
the inner part of the irradiated surface and putting
this in relation to the integral of the energy on the
outer part of the irradiated surface it comes to aresult,
which is specific for a chosen power density profile.
Figure 5, a provides the energy density distribution
Ej, with respect to the perpendicular position % for
the earlier introduced profiles A—F. The parameter
used were as follows: 7 mm spot radius, 65 mm path
radius, 60 mm /s velocity, and 900 W absorbed power.
The provided distributions possess peaks between
0.75-2.85 W-s /mm?. The energy density maxima are
ordered in the same way as the maxima of the consi-
dered power density profiles (see Figure 3). More
interesting, however, is the surplus amount of energy
per square millimeter, that is at work on the inner
part (4 < 0) of the irradiated surface. The largest
surplus occurs considering the homogenous power dis-
tribution (profile F), the lowest surplus occurs with
the Gaussian power density profile A.

(

| N
16485 0012022005 - 1

r
7/
3

Elt(h)

E[I(_/Z)

h<o. (14

36

7 A, mm

Outer plane

Inner plane

Figure 5. Local energy distribution regarding profiles A=I" the
distance /4 to the irradiation path at path radius R = 65 (a),
21(b), 14 (¢) mm, spot radius »=7 mm, velocity V, =60 mm /s,
and power P =900 W

Figure 5, b provides the result for the same process
parameters as in Figure 5, @ but with a changed radius
of the irradiation path from 64 to 21 mm. The main
consequence of this is given by the increased surplus
amount of energy at work on the inner part of the
irradiated plane to 16 % in the case of profile F.

Even more clear with respect to the influence of
the power density profile characteristics appear the
result of the energy density distribution provided by
Figure 5, ¢. Here the radius of the irradiation path
has been further increased to 14 mm. Thereby the
surplus energy on the inner plane increased in amount
up to 25.2 % (profile F).

The provided Figure 5, a~c¢ do indicates a relation
of the two considered radii and the emphasized surplus
amount of energy. In Figure 6 the difference in the
energy input with respect to the inner and outer part
of the irradiated surface is comparatively shown for
different ratios of the radii r and R in the range from
2.0 till 9.3. Each one of the provided functional be-
haviors can be approximately described by the follo-
wing expression:

dlu[x:% d1u,, k]:%dwkk’-’. (15)
X

Function d/U expects one known value (d/U})
representing the energy difference for a radii ratio &
and calculates there from the energy difference for a
desired ratio x. In the context of the considered power
density profiles, which are characterized by their mo-
notonically non-increasing behavior the «top-hats
profile corresponds to the maximally possible diffe-
rence in energy input regarding the perpendicular di-
rection to the curved path. For R /7 ratio of larger
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or equal to 9.3 the considered energy input difference
is under 5 % for a Gaussian, ramp or «top-hat» char-
acterized power density profile (see Figure 3). To
reach a value of 1 % using the «top-hat» profile a
ratio of more than 37 is required.

Generally speaking, it can be stated that the lower
the peak of the power profile and the lower the ratio
of the two radii, the larger is the considered energy
difference. Addressing the velocity by which the spot
is moved along the irradiation path the numerical
analysis revealed beside the global multiplying affec-
tion no influence as it comes to local changes of the
energy distribution. An analogous effect has a change
to the overall total power within the spot.

For rotational symmetric power density profiles
of monotonically non-decreasing character it is assu-
med, based on the overview given in Figures 4 and
6, that the difference in the inner /outer energy input
on the irradiated surface is larger or equal than the
one provided by the «top-hats profile. Since such
types of power density profiles were not considered
among the ones used and planned to use in experi-
ments, there has been no numerical investigation un-
dertaken in this direction.

CONCLUSIONS

In this paper the effect of process parameters including
the path geometry, velocity and power density dist-
ribution of the utilized local heat source were consi-
dered in the context of thermal bending along curved
irradiation paths. This investigation aimed at a better
understanding of the bending behavior at fixed pro-
cess parameters except for the path curvature. The
focus hereby was set to a formulation of a mathema-
tical description and the identification of the depend-
encies of the local energy input from specific process
parameters. Therefore, formula (12) has been const-
ructed calculating the local energy input density de-
pendent on the lateral position regarding the irradi-
ation path and on the afore listed process parameters.
For this non-linear integral-based formula the results
had to be calculated by a numerical approach. Cal-
culations involving parameter variations and a nume
rical solution approach of (12) provided in particular
following information:

1. The lower the power density profile peak and
the ratio of the path radius compared to spot radius
is, the larger is the difference between inner and outer
energy amount.

Ei= Eout, %
F
24
E
18 -
D
12 - C\
B
SL : k
0 2 4 6 8 R/r

Figure 6. Difference in energy input density regarding opposite
locations with respect to the irradiation path for profiles A-F de-
pending on the ratio of path R and spot 7 radius

2. The velocity does influence the energy density
distribution regarding the path radial direction only
globally, not locally.

3. The behavior of the difference between the inner
and outer local energy density in relation to a decre-
asing radii ratio R /7 is next to an inverse exponential
character. A simplified mathematical approximation
describing this has been given.

4. The behavior of the total amount of encigy
within the inner part of the heated-up surface in re-
lation to the energy amount on the outer part is of
asymptotic character to the value of 0. A simplified
mathematical approximation describing this has been
provided.
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YUCJEHHOE MOJEJ/IMPOBAHUE
MHOTOBUXPEBOI KOHBEKI[UU
AUCIIEPCHbBIX KOMIIOHEHTOB
B PACIIVIABE METAJLJIA
1101 AEMCTBUEM JIASEPHOT'O U3JIYUEHUS

I'ypun A.M., Kosanes O.DB.

Hucmumym meopemuueckol u NPUKIAdHOT Mexanuku
um. C.A. Xpucmuanosuwa CO PAIl, Hosocubupck, Poccus

[Ipennokena GUINKO-MATEMATHYECKAR MOAEAb MHUKDOKOHBEKLHH [UCITEPCIBIX JErUPYIOUIHX KOMIIOHEHTOB B BAHHC, pac-
MJIaBAEHHOH JIA3EPOM, C y4eTOM WX B3auMmo/eicTsus ¢ paciiasoM mMetasaia. [onydena MuoroBuxpenas cTpyKTypa TeUeHHUs
pacniasa, KOJAMYECTBO BUXPEH B KOTOPOiH 3aBHCHT OT M3MENHEHHA HOBEPXHOCTIIONO HATSXEHHS, TEMIEPATY PbI M MOWHOCTH
Na3epPHOrO u3yHeHuaA. Tenno- u MaccooOMeH TYTOMAABKHUX YacTHL, WX AMHAMMKA M KOHBEKTUBHOE lEepeMElINBAHUE B
paciizaBe PaCcCuMTHIBACTCA 1A OCHOBE ABYX(A3HON TPAEKTOPHOI MOAEIH.

IIpr BHeCEHHMH B 30HY PaclljiaBa MOPOIIKOO6PA3HDLIX
MaTePHAaNOB /s MOANGULHPOBAHUS [TOBEPXHOCTH €
TaJ el MM HapalUBaHUst TOKPBITHIL, MTONyUYeHUs CBAP-
HBIX COEUHEHUH U T. I1. BAUAHUE [TOBEPXHOCTHBIX 3~
dexros Ha GOPMY M BHYTDEHHIOI CTPYKTYDY [eper-
JIABJICHHOH 30HbBI 4Ype3BblYaliHo rmoBbiuaercsi. Cuok-
HOCTb ¥ MHOT0O6pasHe MpoLecCoB, MPOTEKAOUINX IIPU
BLICOKOI TeMmIepaType B JIOKANbHOH 06.J1acTu BO3ei
CTBUSt JIA3EPHOTO U3JNYUEHMSI, HE MTO3BOJISIET B HOJHON
MEDE IPOBOJAUTL KCIEPUMEHTANBHBIE HCCIEOBAHNS
U AUarHocTHKY. Cna6o pas3BUThl METOAb! BU3YaNU3a-
UMM W PETUCTPALUK IPOLECCOB BUXPeoOpasoBaHus,
NePEMELIHBAHUS U TTepepaciIpeiesierust J06aBOK, CBe-
JEeHUH, M03BOJAIOIMX TNY6KE TTOHATL B3AMMOCBSI3AH-
HbIE MEXaHHM3MBI, [IPDOTEKAIOLIME [IDH JTa3€PHOH MOBED-
XHOCTHOU ofipaborke (CBApKE, TOPOUIKOBON HATIAABKE
¥ Ap.), KpaliHe HEeZOCTAaTOYHO. B CBsA3M C 9TUM BO3-
PaCTaeT po/b MaTEeMATHYECKOrO U YMCAEHHOTO MOJAE-
JTUPOBAHUSL, KOTOPOE MOXKET JOMOJHUTD B OTUACTH 3a-
MEHHUTL (DU3UYECKUE IKCIIEPHMEHTBI.

ITnaBaeHne MeTanaa noJ AeHcTBHEM J1a3ePHOTO 13-
JIYYEHHS COITPOBOXK/IAETCS ABUKEHNUEM €0 PACILiaBa ¢
ofpa3oBanueM Buxpei. TedeHust B pacriaBe OTpe/e-
JISIOT XapakTep IEPEHOCa TEIJa H BEIeCTBA U MOIYT
CHJILHO BJIMSITD Ha CKOPOCTb IIPOTJIABAEHUS U (HOpMy
BAITHDI PacILlaBa, YTO SIBJSIETCS CYIECTBEHHBIM IIPU
P53JIMYHBIX TEXHOJOIMYECKMX N POIeccax, OCOGEHHO
IPH Ja3epHON CBapKe UM JIOBEPXHOCTHON AasepHON
o6padoTKe. TIOBEPXHOCTHDIE SIBJIEHUST OKa3bIBAIOT Cy-
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I{ECTBEHHOE BJIHMSIHME Ha ITPOLIECCHI ITepeHoca B KU/
KUX CJIOSTX TOJIUWHON Menee 10 MM i CTAaHOBATCA Olpe-
JEJSIIOUWIUMK B CJIOSIX TOJMIUHONW MeHee 1 M.

[lpu nasepHoM yNpPOYHEHUM UCIIOJIL3YIOTCA pas-
JIMYHBIE MEJKO/AUCTIEPCHBIE TYTOTJIABKIE METaJ/IJIbl U
kepamuka. YacTUubl TOpOLIKA, UMes TeMmIeparypy
ILJIaBJICHUSI BBILIE, YEM Y METaJIa, [I011a/1as1 Ha TTOBEPX-
HOCTB paciliaBa, CMadMBAIOTCA U MPOHUKAIOT B Pacl-
Jgag. [loj Bo3selcTBMEM KaNMAMSPHBIX MHKDOTEYE-
HUit, KOTOPbIE BO3HMKAIOT B BaHHe, (JOpMUPYEMOH Ja-
3epOM, YACTHIBI COBEPLIAIOT HEKOTOPOE BHMKEHHE,
YYACTBYIOT B TENI00OMeHE, BO3MOXKHO, IJIaBATCA, a
TaKXe MOTYT BCTyNaTh B Me)kdasHOoe M XHMHYECKOE
B3AUMO/IEUCTBHE C PACIJIABOM C 00PA30BAHUEM MeTall-
JIMYECKUX VI HEMETAJIUIECKWX XUMHUECKHX COeMU-
HEHUM C BblJEJIEHUEM OTIPEAEEHHOTO KOMUMYECTBA TEIl-
ja, Tlpu oxJjaXkJeHun M KpHCTAATU3alMy pacliaBa
NPEJCTABJISIET UHTEPEC MECTOPACIIONONKEHHUE HCXO[-
HBIX YaCTUI[ MJIN 4acTUll HOBOU ¢a3bl B NeperaBleH-
HOM 3o0He. Upe3BblyalHO BaXXHBIM M CJOXKHBIM [JIA
MpeaCcKa3aHus siBJseTCs AMHAMIKA YacTUl TOPOLIKa B
pacrjiane, PAaBHOMEDHOCTD 11X PACNIPEIEIEHNA B IOBEP-
XHOCTHOM CJIO€ IIPH JIETUPOBAHUY HJH CBapKe, HO UC
CJIeIOBAHUIO YKA3aHHDIX NTPOLIECCOB B JIUTEpaTypPe yae-
JISIETCSI MaJI0 BHUMAHUSI.

B nanHoif pa6oTe Ha OCHOBE U3BECTHbLIX IIPE/ICTAB-
JeHuHt 0 MOAEIMPOBAHNUI TEPMOKANMAAAPHONR KOHBEK
wmu [ 1-3] npeanoxena GU3NKO-MaTEMATUYECKASE MO-
Aeab AByx(hasHblX TePMOTHPOAUHAMHYECKMX TeUe
HUU B pacrjaBe CTaJbHON MOATOXKKH, KOTOPbIE BO3HU-
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Kal0T TIOA Ae¥cTBHEM JadepHOro u3sayveHus. Ocoboe
BHUMAaHHE yeJIeHO ONMCAHUIO TTOBEJIEHUS YACTHL TyTO-
MJTaBKUX METAJIOB, OOLIYHO A0GABISIEMBIX B BAHHY,
paCILIARJSEMYIO JIA3ePOM.

ITocranoska 3agaun. PaccMaTpuBaloTcs peskKUMbl
KOHBEKTHBHDLIX MUKDPOTEYEHMI TIpU BO3AEHCTBUM HA
varepuan usaydeHuss COj-nazepa MOITHOCTBIO A0
1 xBr, xapaxrepHol AJig Ja3epHON MOBEPXHOCTHOM
06paBoTKH WJIM CBAPKU TOHKOJIUCTOBBIX METALIOB. Jla-
3epHBIH JIy4, ABUIasch 10 MOBEPXHOCTH MaTePHUANa,
HarpeBaeT ee A0 TeMmIlepaTypbl IiaBjeHus. Ha nonep-
XHOCTH 00Pa30BaBUIENCs BAHHDBI PACILIABA CYIECTBYET
rPaUeHT TCMIIEPATYPbl, KOTOPBIH MPUBOAUT K TIOSIB-
JEHUIO TEPMOKAITMJLIADHDLIX cHJl. Tloa aeficTBueM aTHX
CHJI B SKUAKC # METAJIJIE BOSHIKAIOT BUXPEBbIE TEYEHHUS,
KOTOPbIE OKa3bIBAalOT BJHSHME HA MEPEHOC Tel1a B
BaHHe pacIjlaBa ¥ M3MeHAIoT ee Gopmy. B kauectse
JErHPYIOLUX NOGABOK HCIIONb3YIOTCH MEJKOAUCIIEDC-
Hble TYTrOILJIABKUE METAMJbl WM Kepamuka. Jfobase-
HHUE YaCTUL TIPOM3BOAUTCS C UEJbI0 U3MEHEHHS CTPY K-
TYPbI IOBEPXHOCTY MaTepuaia. T Bepable YacTHLbI, TIO-
asasi Ha MOBEPXHOCTD KUJKOCTH, CMAYUBAIOTCST ¥ OKa-
3BIBAIOTCST BOBJIEYEHHDBIMU B MUK POKOHBEKTUBHOE [BU-
JKeHHe, IIDOHMKas B pacIljaB. B neperuiasiesHol 30He
oCJIe CXOJA JIyda OCTAETCSl HEKOTOPOE paCIIpe/eSIeHHeE
YAaCTHL, PacyeT KOTOPOIO U SIBISIETCS ONHOM U3 uenei
JlaHHON paboThl.

OCHOBHbLMU NPEONONOKEHUIMU U QONYUETHUSIMU,
8 PAMKAX KOMOPHIX CMPOUMCS MOOeNb, AGASIOMCS
credyrouue:

e JIBIDKEHUSI PAcriasa, KOTOPblE BbI3BAHLI AEUCT-
BHEM JIa3€PHOIO M3JyYEHUSs, OIUCLIBAIOTCS MOZENDbIO
TEYEHHS BSA3KON HECKUMAEMOH TEINOIIPOBONHON YK/
KOCTH B pUOJMKeHUNn DyccuHecka B ABYMEpHOH Je-
KapTOBOH CHUCTEMe KOODAMHAT;

e MaTep} aJibl TIOAJIOKKH U 9acTHUL[ NOPOLIKA SBJIS-
I0TCSL CIJIOUIHDIMU M OZHOPOAHBIMH C FOMOTEHHDLIMH
Ter10hU3UYECKHMH CBOMCTBAMU, KOTOPBIE TOCTOSIHHBI
B TBEDAOM M JKHUIKOM COCTOSIHUSX;

¢ u3MeHeHHEM (DOPMBI MMOBEPXHOCTH JKUAKOCTH 32
CYeT WCIIapeHust IpeHebperae;

e cBOOOJHAA TIOBEPXHOCTb >XMUIAKOCTU CYUTAETCS
TJIOCKOT;

¢ 00bEeMHDBIM TEILIOBLIM DACIIMpEHNeM MaTepuasa
YaCcTHL ¥ TIOJJIOKKH TIpeHeOPeraeM;

® COZleprKaHIe YaCTUL B PACILJIABE HACTOMBKO MAJIO,
4TO CHJIOBOE BJIUSIHUE TUX YACTHI[ HA €ro TeyeHue, a
TAK)KE CTOJKHOBEHHE YaCTHL[ MEXAy co6od He pac-
CMATPUBAETCS;

® B3aMMOAENCTBUsT YaCTHL C TBEPAOH TpaHULIEH CBO-
[ATCS K CTOJIKHOBEHHSM, KOTOPBIE CYMTAIOTCS YIIPYTUMH;

¢ B CHJIy MAJOCTH KOHLEHTPALMH YACTHL[ OTCYTCT-
BYET MX BJIHSHUE HA TOBEPXHOCTHOE HATSIKEHUE, KOTO-
pO€ 3aBHCUT TOJIBKO OT TEMIIEPATYPLI.

Ypasnenus Hasve—Cmoxca. JIna MOaeIUDOBAHNS
TEYEHHUS PACIIIAaBa UCMOAb3YIOTCS CAeAYIOWHE Y PaBHE-
HUST:

a—u+a—0=0; (D
dox dy
2 2
E)ﬁ+i[2+£}+—(uv):iavu+a—u; (2)
at ax ¢ 8y Re ax2 ayZ
2 2
@g(uv)i@u@;a_mg 3
at  ox oy c) Relge? 5y

rae t — BpeMS; X, ¥ — KOODAMHATHI; ¥, ¥ — KOMIO-
HEHTbI BEKTODA V)cxopocm JKU/JKOCTH; p — JABJIEHHUE;
p=p,, — IUIOTHOCTh PacriaBa; Re = = 2(Dop|V]/lu —
yrcsio PellHobACa; 09 — paauyc ﬁaaepHoro Jyda —
3/ech BbI6paH B KAYECTBE XapaKTepHOro pasmepa.

Ypasnenue nepenoca menaa. Jlinsa onucanus mnepe-
HOCA TeTJ1a B PAacIliaBe ¥ TBepAOM MaTepHuaJe HCII0b
3yeTCsi ypaBHEHVe JHEPTUM B 3HTAJbIMMAHON dopme.
B 3aBHCUMOCTH OT 3HTAJBIIMY HCCAeAyeMast 06J1acTb
pasfuBaeTcsl Ha TPU MOAOGNACTU: TBEPAYIO, XKUAKYIO
W AByxha3HyIO C TEMIIEPATY PO, PABHOI TeMmepaType
masaenust T,

0H 0 d 1
— +— (uH) + — (vH) + V(kVT);, (4)
S (H) 3 ) 4 o
H/(cps), H < cpsT,
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s H < ¢ Ty
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Uc
rne Pr = 5 T wmcno [Tpaunaras; w — xoadUnHEHT
JMHAMHYECKOH  BA3KOCTM  pacmiasa;, H =
T

_[p(T)c(T)dT — osyranpnus; T — Temneparypa; ks,
TO

k, — x0athdUUHEHTB! TENIOIPOBOAHOCTH; Cs, Cp —
YIEJbHBIE TEMJOEMKOCTH; Ps, P — IJIOTHOCTb TBEP-
JIOr0 ¥ SKUAKOI'O MaTepuana COOTBETCTBEHHO; T,
TeMneparypa miasienus; H, CKpbITast TEIJIOTA
NJIABAEHUS .
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Ypasuerus mpancnopma u nazpeea wacmuy, nopo-
wra & pacnrase. llns OMMCAHUSA TEPMOAUHAMUKH M
TPAHCIIOPTA YacTHL 6y AeM HCII0Ib30BATD TPAEKTOPHBIH
METO/, COI'JIACHO KOTOPOMY YPAaBHEHHS, OTMHCHIBAIOLIHE
[BWIKEHHE IMCIIEPCHON Cpenbl, 3arMChIBAIOTCA B Jiar-
PaH’KEBDBIX NEePEMEHHbBIX W UHTErPUDPYIOTCS BAOJb TPa-
eKTODUH MH/IUBUAYAJbHBIX YACTHUL, IIPU 3TOM TIOJIE
TeueHust KUAKOCTH (pacrpegesienue CKOPOCTH Vu
Temneparypsl 1) cuMTacTCs U3BECTHBIM. [l 0AMHOY-
HOW 4aCTHUDBI PAAUYCOM 7, PACCMATPUBAETCS BEKTOD
CKOPOCTH V) LIEHTpa MacCc M CpenHsisi Mo oHbeMy
qactuua ¢ temiepatypoit T, Tpaextopubii meToa
CIIDaBe/INB MPH HHU3KOH OOGBEMHOH KOHLEHTDPALMH
4acTHL. Y paBHEHUE ABMIKEHUA OAMHOYHON p-4aCTHI(bI
chepuueckoit OPMBI B IOTOKE YKUAKOCTH 3AITUILIEM B
BU/IE

(‘%:%LW VU7 -T2 (6

é ?_d_l;[ﬁ_ Al _k_ _ .
b3 17, it 4mry, Py Nu, (T, = T) |,
T,=
/)/Csv H <c Tmpy (7)
=\T ¢ Tmp < H <c Tmp + Hmp>
Tm + (Hp Cs mp mp)/Cm' H >cC Tmp + fImp;
Ca(Re,) = (1 +0,179Re)” + 0,013Re,),
®
3 T,D‘V‘ '
<10°, Re,= ’—H——P
Nu, = 2 + 0,459Re) P, (9)

3necy Cy — xoadduiuent conpotussienus; ), =

TV

= J. c(T)dT ~ snTabmus YacTUL[ 7, — PamiyC Tac-
Ty
THLBL; P — TJIOTHOCTD YaCTHLLBL, ?p — CKOPOCTb 4ac-
TULBL; Ty — TEMIIEPATYDA IJIABJIEHNS MAaTePHAJIA Yac-
MU, Hp, — CKPBITAs TEILIOTa NAABJCHHS.
Jaseproe usnyuenue. Vicrionpsyercss uaJsydeHue
COj-nazepa mouHocTbio 10 1 KBT ¢ AaMHOR BOJIHBI
10,6 MKXM M pacripenesienyeM [JIOTHOCTH UHTEHCHBHO-
cTi B myyke B Bune ¢dyxwumu laycca: [ = 2W/
Tt(n% exp (—2x2/(1)(2)), rne W — MOIIHOCTD U3JNYUEHUS
Wy — Paguyc MmyyKa.

rop
9

ol

glon

Puc. 1. Cxema pacuerHolt o6nacru

Hauanenvie u zpanuynvle Ycao8us 0L YypasHenui
Hasve—Cmoxca u nepenoca menaa. Ha puc. 1 npexn-
CTaBJeHa CXeMA NIPAMOYIOJILHON pacyeTHON o6sacTy,
B KoTOpoit pemaiorca ypasuenus (1)—(9). ObGaacrts
COCTOMT M3 MKHJIKOH BaHHbI 4 M TBEPAOrc MaTepHana
riopoxKy Ly O U Q= {x, y: dog < x < 4wy, 0<y <
< 2w}, TpaHuupl obsactu dQy yaaneHbl OT 30HbI fefi-
CTBUSA JIyda ¥ BaHHBI pacrsana Qy asst TOro, YTOOBI
MOYKHO ObLJIO B ZOCTATOYHON MEPE UCKJIIOUUTD UX BJIUS-
HHUe Ha TEIJIOBOE COCTOSIHHE BAaHHBI M (hOPMY TIOBEPX-
HocTH (ba30Boro nepexona 008! Havasnbuble yc10Bus
anst ypasHenuii (1)—(5) MocTosAHHBI BO BCeil 061aCTu
QuUQyt=0 V=0 T=2300K

Ypasuenus Hasbe—Croxca (1)—(3) u sxeprun
(4)—(5) paccMaTpupaloTcsi Bo BCelt obmactu L2y U Ly
6e3 BblAEJEHUS! KPHUBOJIMHENHON! rpannupl (a3oBoro
nepexoza 0Q%. TloTox Terra Ha BepXHeH MAOCKOi
[OBEPXHOCTH 3a4a€TCSl C Y4eTOM CyMMapHOTo 6anaHca
TOABOAMMOrO U OTBOAHMOTO TeIlJIa:

oT

k
il — _ g — —
E— Lo, wan, = Al = 5 Nu(T = T0)

% (10)
—eo(T" = T8 = Lom,

3necy Ay — K02(D(DULIMEHT NOTJIOIIEHHsT H3JIyUe-
HUsT, KOTOPBIH CYMTAETCS TOCTOSIHHBIM; Nu — 4ucJI0
Hyccennta; £, — k03 ULIHEHT TENIONPOBOAHOCTH
OKpysKatoleh cpeint (Bodayxa); L, — TeILIora Hcrna-
PEHUs; 72 — MACCOBasi CKOPOCTh MCIAPEHUs METALIA,
KOTODasi OTIpENeJIsieTCst Uepe3 CKOPOCTh ABUIKEHHUS TPa-

U
HMLBI 3a cyeT ucrapenus [4]; m = p,Voe 7, rne U =
_ ML, i
=_ — MossipHasi Macca; N, — IOCTOSIHHast
Nakb

Asoraapo; k, — xoucranra bosbumana; Vo — cKo-
POCTDb 3BYKAa B PACILIaBJIEHHOM MeTaJlle.

Tak Kak IOBEPXHOCTD TOMJIOKKH CUMTAEM [IOCKOI],
TO IPaHUYHOE YCJIOBHE [JISI CKOPOCTU 3alUILeM B BHJIE

du oT

“52; an\ap:_'Ya‘x anp, (11)

(&)
rage W — AMHaMHu4YeCKas BA3KOCTD; Y = a—T — KOHCTaH-

Ta MapaHroHu.
Ha 60xoBOM M HMXHEN NOBEPXHOCTAX IOMJIOKKU
(cM. puc. 1) craBuTCs yCJIOBHE TENJIOU30JISILUH

aT

- Qz:0. 12)
n

Ha rpanuue ¢asosoro mepexona Anfs CKOPOCTH
KUAKOCTH CTABUTCS YCJIOBUE NPUJIMIIAHHUS

Py = 0. (13)
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Tennodusnieckre cBoMCTBA MaTepHala I0AN0KKH

77777 B Temneparypa niassaenns T, /temieparypa xuienus 7,, K 1700,/3137
Temsora nnasnesust A,/ tensaora kurnennst Hy, KK/ Kr 276 /6100
5 ) Tens011pOBOAHOCTb TBEPAOr0 K./ xunakoro k,, meraina, Br/(m-K) 31,5/30,4
[130THOCTD TBEPLOTO P,/ MUAKOTO 0, METAIIA, kr/ o 7870 /6610
Y e ibHAs TEIIOEMKOCTb TBEPAOTO ¢,/ KuAKoro ¢, smeramna, kK / (krK) 0,477 /0,810
| KoadduuueHr noraoieHuss METajoM Ja3epHOro usiyueHust A, - 0,12
s Korcranta Mapatirons v, H/ (M K) -3,5-107 |

Takum obpazom, MaTeMaTHYECKas MOCTAHOBKA 3a-
nagy cBo[MTCA K ypaBHenusiv Hasse—Croxca 14 pac-
YeTa BEKTODPA CKOPOCTH JKUIKOCTH U AaBJEHUS, YDaB-
HEHWIO 9HEPTUU [JI TEMIIEPATYPb! C BHYTPEHHEH CBO-
6oauo# rpaHuued (asoBoro nepexona, KOTopas orpa-
HUYMBACT 30HY paclliaBa u onpeaesser GOpMy U pas-
Mepbl XKUAKON BaHHbl, HayaspHble U rpaHUYHbIE yC-
JIOBUSL TOJIHOCTBIO OMpeAesioT 3a4adyy. B pacyerax
MCIO/IBb30BANUCh UCXOJHbIE JaHHbBIE U MaTepuasa
MOAJIOKKM [5], npunesentbie B TaOAULE.

Hauanvrvte u zpanuumvie ycioeus O 4acmuy,.
HauanbHble yci0BUS MU 4acTHIL 3aBUCAT OT criocoba
UX BBO/IA B BaHHYy pacr.asa. PaccMaTpuBaau ABa Crio-
co6a BBozaa. llepBoli crioco6 Mpeanoaras BBOA HEKO-
TOPOH TODPLUH ¥aCTHL B yxxe cHOpMUDPOBABLIYIOCS
BaHHY DaClliaBa C Pa3BUTOH YCTAHOBHBLIEHCS CHCTE-
MO BUXpEBBLIX Teyenuit. CuuTasoCch, YTO B JAHHOM
Clyyae B HAYaJbHbIH MOMEHT BpPEMEHH TMOBEPXHOCTb
pacrjana MPHOBEHHO MOKPbIBAJACh CJI0EM YACTHIl B
KoJu4yecTBe N WITYK C PABHOMEPHDBIM paclipefeseHHeM
MO0 pa3MepaM B 3a/laHHOM jauanasone. [Ipu aToM cKo-
POCTb KAXKAOM YACTUIIBI TIOJIArasach PaBHOM HYJIIO, a
TeMIiepaTypa 6blja paBHa TeMIlepaType pacniasa. Bro-
po#t crtoco6 BBOAA YaCTULL TPEAYCMATPIBAJ TIPEABAPH-
TesbHOe (repes MPOXOXKAEHUEM Jyda) UX HaHECEHWE
Ha TIOBEPXHOCTH MOJJOKKU C HEKOTODLIM 3a/JaHHBIM
pacnpeneseHueM. CKOPOCTb KAXKJAOH Y4ACTHIBI B 3TOM
cIyyae TaK)Ke roJiarajgach PaBHOW HYJIO, a TEMIepa-
Typa 6blya paBHA TEMIIEPATYPE IJIABJIEHUS MaTepuaJa
noaoxkK1. CTOJIKHOBEHYE YACTUIL C TBEPAOH MOBEPX-
HOCTbIO (PPOHTA IIABJIEHMSE CUMTANH a6COJIOTHO YII-
DPYTUM M PaCCYMTBIBAIN TI0 3aKOHY: YroJ MMafeHus pa-
BEH YIJIYy OTPaXKEHUS.

Merop pacuera. Ypasuenus Hasbe—Croxca pewua-
s merogom Marker and Cell [6]. [Ins pacuera gasie-
HHS MCIIO/Ib30BAIY ABHBIM METO/ UCKYCCTBEHHON CoKU-
MaeMOCTH, peayM3anus KoToporo 6oJiee nogpo6HO Ou-
caHa B [6]. /Lns BoIYHC/IEHYS JABJEHMS HCIIOIb3YETCA
ypaBHeHHe [lyaccoHa, KOTOpOe MOJIyyaeTcss U3 ypas-
HEHMST HEPA3PbIBHOCTH ITyTEM [TOJCTAHOBKY B HETO BbI-
Pa>KeHUH KOMIIOHEHTOB CKODOCTH U3 YDaBHEHUS] M-
nyabca. Pacuernast o6sacts (M. puc. 1) paBHOMEDHO
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TMIOKPBIBAETCS CETKOH C MpsMOYTrOIbHBIMU AYEHKAMH.
K ueHTpam siyeex OTHeCeHbl 3HAUEHMUS TAKMX CKaJsID-
HBIX BEJMUYMH, KaK AaBJjeHue ¥ aHTasenus. [lns obec-
MeyeHusl YCTOMUMBOCTH MeTOAa pacyeTa KOMIIOHEHTBI
CKODPOCTH BBIYUC/ISIIOTCS B TOYKAX, JIEXKALUUX HA IPAHAX
syeek. JT0 06JerdaeT peasu3aluio rPAHUUHbBIX YCII0-
BUH, T. K. He TpeOyeTcst 3a/|aBurh TPAHUYHDIE YCJIOBUSA
[UIst AaBaeHUust. AJITODUTM YHUCJEHHOIO PEWEHMS OCHO-
BaH Ha ABHOW KOHEYHOPAa3HOCTHOW CXeMe BTOPOro Mo-
pAdKa TOUHOCTH IO MPOCTPAHCTBY C UTEPAUUAMM IO
JABJIEHUIO HA KaXXIOM LUAre T10 BDEMEHU.

Peayabrarsl pacieTtoB u ux aHaauid. Ha puc. 2—4
TIpefCTaBJeHbl DPE3yJbTAThl PACYETOB B BHUAE NoJeH
CKODOCTH, TeMIIepaTypbl, JUHHUII TOKA M IOJOXKEHHs
YacTHL, [I0JyYyeHHbIE B [BYMEPHOH I1JI0CKOH NTOCTaHOB-
K€ C y4eTOM 0CO6EHHOCTe! MUK POKOHBEKTHBHBIX TEYe-
HUI1 pacr/asa, KOTOpble BO3ZHUKAIOT M0A BO3CHCTBHEM
JIa3epHOro usJsaydeHus momHocteio W = 500 Bt ¢ pa-
muycoM rmyyka wo = 0,5 MM,

MHoz08Uuxpe8an MepMOKANULNIAPHAR KONBEKUUA
pacniaga. TlonoxeHne JuHUM PasoBoro Mepexona u
ToJie TEMIIePaTyPhl B Pa3Hble MOMEHTHI BDEMEHU TTOKa-
3aHbl HA PUC. 2, =6, JIHUY TOKA — HA pHC. 2, 27€.
Havano nuasjenus ¥ o6pa3oBanys BaHHBI DaclljiaBa
COTMPOBOYKAAETCSH BO3ZHUKHOBEHUEM M Pa3BHUTHMEM KOH-
BEKTHBHBIX TEYEHWH, 06yCa0BaeHHbIX apdexTom Ma-
panronu. HauasnpHbi nepuos xapaktepuayercs o6pa-
30BaHMeM ABYX CHMMMETPUYHO DAaCIIOJO)KEHHBIX BHX-
pel, TeyeHue B KOTOPbIX HAMPABJIEHO U3 LeHTPa K e
pudepun. C TeueHNEM BpEMEHU BUXPH YBEJHYHBAIOT-
CSl B pa3Mepax Mo Mepe PacIlMPEHHs 30HbI IJIABJIEHNUH,
3areM HabJII0AAeTCst TIOSIBJIEHUE elle ABYX BUXPeH, Ha-
NpaBJIeHHbIX MPOTUBOIIOJIOYKHO MEePBBIM [JBYM, KOTO-
pble 3aPOKIAIOTCS B HMJKHEH YacTy BAHHBI.

K momenty Bpemenu £ = 1,92 ¢ MakcuMabHas CKO-
pocTh B pacrsase gocturaer 0,94 m/c. Pasorpesae-
MBI JIA3€pPHBIM M3JYYEHHWEM B ITOBEDXHOCTHOM CJIOE
pacriaB MeTasJa NEPEHOCUTCS OT LEHTPa B CTOPOHBI
CUMMETPUYHO DACIOJOYKEHHBIMI BUXPEBbIMU MOTOKA-
MU, paclIupsst BaHHY pacriasa. OgHOBpeMeHHO 6oJiee
XOJIOMHBIH pacriaB NOAHUMAETCA K [IOBEPXHOCTH, [&-
JIasi BAHHY MeHee rIy60KOoil, pHyeM CKOPOCTb BUXPe-
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Tempaiotuia
2200
2000
1600
1200
T e 800

400
300

Temperatune
2200

Puc. 2. Passutie MHOrOBHXpeBoit TepMOKAUMIASPIOH KOHBEKLHHM PACILIABA HOA ACHCTBMEM J1a3epHOTO M3nydeHus 3a ppems L = 0,12

(aq, 2), 0,72 (6, 8), 1,92 (¢, e) ¢

BbIX TEYEHHUIl Y ITOBEPXHOCTHM Ha IIOPS/(OK BDBIIE MX
CKOPOCTH Y /IHA BAHHDL

Hunamuxa wacmuy, nopowxa 6 8anue Pacniasd.
[Ipencrapasier uHTEpEC ICCAEOBAHNE TIOBEAEHUS Yac-
THLL IOPOUIKA, BHE3ATHO MOIA/IAIONMX HA TIOBEPXHOCTD
BAHHBI PACIIJIABA C y)Ke PAa3BUTON TEPMOKAIIJISPHON
KOHBeKuHeHR. JTO MOXKET IIPOU30UTH, HATIpHMED, B pe-
3yJabTare CTPYHHON MNojaud I[OpowKa B JasepHoe
naTHO. Pacter jABusxenus dacTui {cM. puc. 3) BbINOJI-
HeH TIpu (PUKCHPOBAHHOM ILJIII YCTAHOBHBIIEMCS DAc-
TIpe/ieJIeHu CKOPOCTH paciLiaBa i TeMiepatypsl (cM.
puc. 2, 6, €). B Hava/bHDLIT MOMEHT BPEMEHU MU | =
= 1,92 ¢ moBepXHOCTb pacilyiaBa MOKPLIBANACh CJIOEM
qactuit B kosmuectse N = 109 wiryk ¢ pasHoMepbiM

nl
o
i B T

=2 «1 ]

pacripesesiennem 1o pasmepam B npejienax ot 0,1 1o
2,0 mxM. B nHavambHbIH MOMEHT CKOPOCTH YaCTHL
PaBHBI HYJIO X OHU CJAYYaHO PacIIpe/iesIeHbl B IIOBeD-
XHOCTHOM cioe pacriasa (cM. puc. 3, @).
Jaibliciiliee nopefedHue YacTull, UX IIOJOXKEHUE B
BUXPSAX B PA3JIMUHBIE MOMEHTBI BPEMCIIM TOKA3AHbI Ha
puc. 3, 6—e. TIocKo/bKY YaCTUIIbI OTJIUIAIOTCS 110 Pas-
MepaM, HabJIOMAIOTCA PA3JIMUMS B MX 3aras3AblBaHuu
110 CKOPOCTH ¥ PaCIIpeAeSIEeHHH 10 JHHHAM TOKA KN/
KocTH. MOXHO BHAETDH, YTO YaCTULbl HE OCEAAIOT Ha
[IHO BAHHBI PACIIaBa, a NOCTeNeHHO IIPOHNUKAIOT B TIep-
Bble BEPXHUE BUXPH U IIPUXOAAT K HEKOTOPOMY ITEPHO-
AMYECKY IIOBTOPAIOUIEMYCS] KBA3UYCTAHOBUBIEMYCS
JIBUKEHHMIO. B cuty MasocTi pa3mMepoB YacTHIIbL OCTa-

Puc. 3. Jlunamuxu uactuu nopouwka B sate paciuiasa upu £ =0 (@), 0,003 (6), 0,005 (), 0,007 (2), 0,01 (), 0,02 (&) ¢
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I0TCSl COCPEIOTOUEHHBIMH B BEPXHEH 4acTH BaHHDI, B
HIDKHIE, 60JIee vieJTEHHbIE BUXDU, OHU HE IPOHMKAIOT.

Hunamuxa nepepacnpederenus uacmuy 6 nepe-
nAaeAeHHOT 30He. BBIMOIHEH pacueT pPOLeccoB, Co-
MPOBOXKAAOIUMX [TOSBJIEHIE U PA3BUTHE TEIJIOBOU KOH-
BEKLMM pacl/iaBa MeTajljIa B HEKOTOPOH BbIOpaHHOMN
IJIOCKOCTH IPH ABHMXKEHUU JIyYa ¢ 3aJaHHO! CKOPOCTBIO
Vs > 0 nepnengukyasipHo 3TOM mIockocTu. Ecau ta-
KO mtockocteio cuutats OXY (em. puc. 1), To un-
TEHCUBHOCTD JIa3€PHOTO JIy4a JOJDKHA U3MEHSTBCA CO
Bpemerem 1o saxony I1(¢) = 2W /nwd exp (-2(x* +
+22(0)) /w}), rne 2(t) = 2w, + t V,. Ipencrasser
MHTEDPEC PacyeT, B KOTOPOM YacCTHIIbI IIOPOLIKA [TPEeA-
BADUTENIbHO HAHECEHb! Ha IOBEPXHOCTH MOAJIOMNKH.
[Ipu asmoxennn ryua uaydaau auHaMuxy GopMupoBa-
HMS BAHHDI PacnjiaBa B BIGPAHHOM MJIOCKOCTH. B aTOM
Cly4Jae B KOHBEKTHBHbIE [BMIKEHUSI DACIJIABA BOBJIE-
KaJIUCh C TIOBEPXHOCTU TOJBKO TE YACTHUIIbI, KOTOPbIE
nonajaJuM Ha TPaHUIly 30HBbI TsiTHa pacniasa. Cko-
POCTh KAKAOW BOBJIEKaeMOM YaCTHIIBI I10JIAaTafH paB-
HOM HyJIO, a TeMrepaTypa Oblia paBHa TeMIepaType
IJIABJIEHUST MATEPUAJIA TTOAJIOKKY.

Ha puc. 4 npencraBneHo pasBuTue O BpeMeHU
MHOTOBMXPEBOH TEIINIOBOM KOHBEKIIMU PACILIABA U NIPH-
MECH, NDEABAPUTENbHO HAHECEHHOW HAa TMOBEPXHOCTH
MOMJIOK KK Mepesl NPoxoxaeHHeM ayda. Ha dbone pac-
NpeAeeHUsT CKOPOCTH TEUEHUs! JKMAKOCTU [TOKA3AHBI
HANPABJIEHUS BEKTOPOB CKOPOCTH YKUAKOCTH BIOJIb JIN-
HMHA TOKa B BUXDPsiX. OTREIBHO BBIZENEHO NIONOXKEHHE
NBYX(a3HON 30HBI, KOTODASI OFPAHUYUBAET BAHHY Dac-

rasa. ToukaMu yKa3aHb! MOJIOMKEHUST OMMHOYHBIX Yac-
THLl B BUXDEBbIX TEYEHUSIX PACIIABA U [I€perIaBeH-
HOH 30HE I0CJIe OCThIBAHUA.

3a Bpemst ¢ = 1,25 ¢ nocse Havana AeUCTBUS JTyUa
[IOBEPXHOCTD IMOAJIOMXKH AOCTUTAET TEMIIEPATYPHI [1J1a-
BaeHust 1,,, 30HA pacnjaBa yBEJUYUBAETCS U CTAHO-
BUTCSl 3aMETHLIM BO3HMKAIOLUEe ABIDKEHHE B SKUIKOH
JyHke. PacrnosiodxeHHble HAa TOBEPXHOCTH YaCTULILI 110-
pOuUIKA BOBJIEKAIOTCST B OOlee ABIDKEHHE PpacIyaBa,
06'beM KOTOPOTO HETIPEPBIBHO yBemiauBaeTcst. Ilpnt =
= 3,8 c BaHHA DAaClJaBa HUMeeT Y)K€ MaKCHMAaJbHbIe
pasmepbl. 3a aT0 BpeMs 06pa30BAIOCh YETbIPE BUXDSL:
[Ba BePXHUX — O60Jiee KPYNHDIX, CKODOCTb B HUX BBI-
cOKasl, YTO XOpOIIO NPOCMaTPUBAETCS HA puc. 4), u
[(BA IOHHBIX — CHU3KOI CKOPOCTHIO TeueHus. Brauae
YACTHULBI IBHXKYTCS TOJBKO B BUXPSX Y MOBEPXHOCTH,
3aTeM Ha ¢ = 3 C OHM HAYUNAIOT IPOHUKATL B JOHHDIE
BUXpU. HacTh NPOHUKUINX KPYITHBIX YACTHI] yCIIEBAET
0CenaTh, IPUOIIIKASCh K TPAHULIE IIJIABJEHUA B CaMOl
HWDKHEW 4acTH BaHHbBI pacriasa. 1Mk MHTEHCUBHOCTH
U3JIyUEHHUsI CO BPEMEHEM CHUIKAETCS, BaHHA DaclliaBa
YMEHBIIAETCST U HAOIIOJAETCsl NTPOLECC OCThIBAHUA 1
3aTBEpAEBAHMUS METANNA NPU KprcTasm3anuy, JacTs
YACTHLI, OCEBUIUX HA AHO, OCTAIOTCA B IIepPETIaBJIeHHON
30HE, a APYrUe YBIEKAIOTCS BEPXHUMU BUXPSIMHU, KOTO-
pble TIOCTENEHHO YMEHbLIAIOTCS B pa3Mepax. 3o Bpems
OCTBIBAHUSI BAHHBI YACTHLIBI M3MEHSIIOT CBOIO TpPaeK-
TODHIO ABWIKEHUS M CTATMBAIOTCS K LeHTpy. Ilpn £ =
= 5,4 ¢ pacnyiaB MOJIHOCTBIO 32TBEPAEBAET. KaK BUAHO
Ha puc. 4, e, OCHOBHasl Macca 4acTHIl 3acThljla B He

Puc. 4. ﬂMHaMHKa ¢)pom"a T1ABJICHUA, BMXPGOGP&E}OB&HMF{, nepeMemwInBaHus 4acTUU B BaHHE paclljlaBa W WX nepepacnpeneieHus

HEpErIaBIeHHOM 30He rocse ocTbipanua pu ¢ = 1,7 (@), 2,4 (6), 3,12 (8), 3,85 (2), 4,5 (3), 5.4 (e) ¢
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6oubLiIol o6acti y caMOl IIOBEPXHOCTH OYTH B Li€H-
TPE BaHHBL.

BriBobi

Pa6ora nocasileHa paspUTHIO METOJOB MaTeMaTHYeC
KOTO U YHCJCHHOTO MO/EIMPOBAHHA COTIPSKEHHDIX 3a-
a4 Kalluuisipuol TerioBON KOHBEKIIMU JMCIIEPCHOMN
OpHIMecH M pacryiaBa MeTasIa 1oj AeHCTBUEM Jasep-
HOTO uaJtyyeHusi. lIpemyioxeHa TJIOCKAsS MOCTAHOBKA
3aJla4M 0 KOHBEKTUBHOM TEIJIOMACCONEPEHOCEe, KOTO-
pbIil 8036y AAETCs B SKMAKOM METaJLIE MTOCTOSIHHO Aei-
CTBYIOUIMM JIa3eDHBIM H3JydeHueMm 3a cueT addexra
Mapanronn. B anTasbnufHON 1TOCTAaHOBKE UMCJIEHHO
peiueHa aByxdasHast samava Credana 0 niaBieHun
MEeTAJIa JIadepHLIM IYYKOM C TaycCOBLIM DAacIIpeje
Jlenres MHTeHCcHBHOCTY. TloToxenne BHyTpeHHEH CBO-
6oaHoM rpaHnupl $aszoBoro nepexoaa, KoTopast orpa
HUYUBAET 30HY IJIABJIEHUS METAJUIa U OlpelesisieT
opMy U pasmepbl BaHHbI paclljaBa, PACCUMTBIBAETCS
C YUETOM MHKDOKOHBEKLMU JKHAKOH Dasbl.
[Hosyyena MHOTOBUXPEBAA CTPYKTYPA TEUEHUS PAC-
IJIaBa, KOJMYECTBO BUXPEH B KOTOPOI 3aBUCUT OT U3-
MEHEHUs] TIOBEPXHOCTHOTO HATSKEHUSI, TeMIIePaTyphl
1 MOUIHOCTM JIa3epHOI'O H3Jaydenusi. ccienosano
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BiUsiHIE (DU3NUECKIX TTAPaMeTPOB 3aJa4d Ha (popMy
BaHHBI 06PA3YIOIIErOCs paclylaBa IpH Ja3epHOM (1IP0I
JIABJICHUN CTaJbHON MOAJIOMKKH.

[IpepJsoxkena HU3HKO-MATEMATHYECKAs: MO/LEJb
JUTA pacyeTa KOHBEKIIMN MEJIKOAUCIIEDCHBIX JIETUDYHo-
LIMX KOMIIOHEHTOB B BaHHE, DacCIlJIaBJIEHHON JIa3€pOoM.
BrIroJsiHensl pacyeTh! KOHBEKLUHM AUCIEPCHON NIpUMe-
cu. [loxaszano BAMGHHUE MHOTOBUXPEBON MUKPOKOHBCI-
LHH Ha PaclpeAeIEHHe YacTHI NOPOUIKA B IIOBEPXHOC
THOM CJIO€ TIOAJIOMXKH T0CJE OCTBIBAHMSA.
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MATEMATUYECKOE MOJIEJMUPOBAHUE JIBYX®A3HBIX
TEYEHUIN C KOAKCUAJIBHOU CTPYUHOM IIOIAYEI
IIOPOIIKA IIPU ITIPIMOM HAHECEHUU MATEPUAJIA

3atuee A.B., Kosanes O.B.

Hucmumym meopemuueckou u npukiaoHol MEXanuKy
um. C.A. Xpucmuanosuua CO PAH, Hosocubupck, Poccus

Paszpa6orana QU3HKO-MaTEMATHUECKAS MOEb MHOFOCHORHBIX TEYEHUH ra3a ¢ KOJbLEBbIM BBOAOM M KOAKCHAIbLHON TpaH-
CNOPTHPOBKOHN 4aCTHL NOPOLIKA NPUMEHHTENBHO K TEXHOJOTMAM JIA3EPIOH HAlIABKH U NPSMOro HaRECEHMA MaTepHana.
VccnenoBanbr MeXaHM3Mbl B3aMMOJAEACTBHMA MHOTOCJOMHBIX KOJIBLEBBIX CTPYH MpH MCTEYEHMH M3 KaHAJOB TPOHHOro
KOAKCHaJIbHOTO COT/IA M OCOBEHHOCTH HaTeKaHusi KOMOMHMPOBAHHOH ABYX(ha3HOH ra3onopouUIKOBOK CTPYM Ha IJIOCKYIO
uperpany. [Tokazana HeOGXOAMMOCTL pacyeTa KaK BHEWHMX TeueHuil (Mexcay corjioMm M HOAJNONKOA), Tak u TedeHHit
BHYTPM KOJIbUEBbBIX KaHAJIOB KOAKCHAJIBHOTO COMJIA, FEOMETPHS KOTOPhIX OKA3bIBAET CYLUECTBEHHOE BAUSHUE Ha MapaMeTphl
BHEUIHEero cTpyHHOro teyenus. Yucaeo uccnes08ansl 0COOEHHOCTH BJIMAHUS YIPYrOro M HEYNPYroro OTPaXK€HUA YaCTHIL
OT CTEHOK COTUJIa Ha XapaKTePHCTHKM cXoasuleHcs /ByX(a3roi CTpyH, pachpeielieHue MIOTHOCTH MOTOKa YacTHL H UX

PoKycHpoBKY.

JlazepHas nanyiaBka sSBJSETCS U3BECTHON aJAUTHBHON
TEXHOJIOTHel 06pab0TKU U 3aKJIIOYAETCSA B MOJYYeHUU
Ha TMOBEPXHOCTH JEeTaly TOKPbITHUS MYyTEM paclljab-
JIEHWsT OCHOBBI ¥ HAaHECEHHs HOBOIO MaTepHaa, KOTo-
PDBIH ITOCTaBJISETCA B 30HY PacIlJlaBa B IIOPOIIKO0ODA3-
HOM Bie. B nocsennee BpeMst MOy YUIM HHTEHCUBHOE
pasBUTHE MeToAbl POPMUPOBAHUS TPEXMEPHBIX 06beK-
TOB HE 3a CYeT yJaJeHuss MaTepuasa 3aroTOBKH, a IIy-
TeM NOCTEIIEHHOTO €ro HapalluBaHU B JIOKAJbHOU 06
JgacTu peraqau. Jlaseprnas HarsaBKa Kak TEpPCIEKTUB-
Hasi MHOTOOGEIIAIOIAsT TEXHOIOTUS [103BOJISIET OCYIIle-
CTBJIATD IIOCJIOHMHOE HAHECEHWEe Marepuala, 4yTo J2AET
BO3MOKHOCTL CO34aBaTh TPEXMEDHDIE METAJLIMUECKHE
06DbeKTDI JIOGON CTerneHu CI0XHOCTH. B 3TOM CMbICE
TEXHOJIOTHS JIa3€ PHOW HATIIaBKH SIBUJIACH OCHOBOM ISt
HOBOTO €Toco6a Jjla3epHot 06paboTkn — Merona npsk-
Moro Hanecenus marepuana (DMD or anrn. direct
material deposition).

Merox DMD B nacTosiiiee BpeMst UMEET HIHPOIOe
npumMenenne. OH NpeAHa3HAYeH AJIsT TOJIyYEeHUs pas-
JIMYHDIX METaJIMYECKUX, METAJIIOKEPAMHYECKUK U
BBICOKO [DAJAMEHTHBIX ITOKPBITUH C OCOOGBIMH CBOMCT-
BaMH, a TaKXKe CO3[JaHHUsI IIIOTHDBIX , KOMITAKTHBIX, TBED-
[bIX TE€J TIPOU3BOJILHON NPOCTPAHCTBEHHOH (OPMbI
[1]. IIpumMeHenyre y1a3epHOrO COTPOBOMKAEHHUS TIO3BO-
JISET OCYIECTBJAThL YIPABJsSEMOe KOMIIbIOTEPOM-Ma-
HUITYJIATOPOM H3TOTOBJIEHUE U IPOU3BOACTBO TPEXMED-
HBIX OODEKTOB ITyTEM IOCTENEHHOIO HAPALIMBAHUS U3
METAJLJIMYECKOro IOPOMIKA C HCIIOIb30BAHHEM TAKHX
MaTeprasioB, KaK WHCTPYMEHTaJbHbIE CTaIM, TYro-

© 3ANLIEB A.B., KOBAJIEB O.5., 2010

MJIABKHE CTAJIbHDBIE CIIJIABDLI, HEKEJIEBBIE CYIIePCITJIABbI
u ap. VIsrorosieHHbI# MaTepHAT MOXET UMETh MeXa-
HUUECKHE W (DU3HYECKUEe XapaKTEPUCTUKH, WAEHTHY-
Hble CBOMCTBAM MaTepualsa, MOoJyYeHHOrO TPaAULIHOH-
HOW KOBKOH msm sutheM [1]. TIpakTuyeckoe mpuMeHe-
HME TEXHOJIOI UM KOHCTPYHUPOBAHUSI B HACTOSIILEE BPEMS
CBOJMTCSI K M3rOTOBJIEHHIO IIPOTOTUIIOB TPEXMEPHDBIX
feTasled ¢ MMOCAeAYIOWEN UX JOBOAKON MEXaHNYECKUM
criocobom. Huske npencrasiienn! dororpadui npouec-
ca naszepHott Harnasku (puc. 1, @, 6), npotoTUna je-
tanau U3 crtasa Ti6Al4V, nosyyennolt merogom DMD
(puc. 1, 8) ¥ KOHEUHLIH BuA 3TOH [AeTaly 1ocje Me-
xaHuueckoi obpaborku (prc. 1, 2).

IIpu nasepHoM HaHeceHWH NOPOUIOK TPaHCTOPTH-
pyeTcs IOTOKOM ra3a Yepe3 KOHHUECKOoe KOAKCHAIbHOE
COMJIO K JIa3epHOMY Jydy u nojuioxke. Ilapamerpor
ra3oBOCO NOTOKa A0JDKHBI ObITH ONTHMU3MPOBAHDI A/
06eCneyeHH st MIABJIEHNST YaCcTUL B 30He AeHCTBUS U3-
JIyYeHUsl U UX CTOJKHOBEHUS C TMOJITOXKOH B COOTBET-
CTBYIOUIEM MeCTe.

TUnIUYHBIA pasMep 4acTUL B 9TOM CJydae cOCTap-
ssier 20—100 MxM, AuaMeTp JIa3epHOro NMATHA Ha MOJ-
noxke 45 mm. [lpouece xapaxrepusyercs o6paso-
BAHMEM CJIOSI PACILIaBa, B KOTOPBIN MOCTABJSIOTCS Yac
THIBI TIOPOIIKA, MPHHECEHHbIE Ha MOAJIOXKKY CTpyeH
rasa. llocraBka MpPHUCaZOYHOTO Marepuala SIBJLICTCH
YyIPaBAAWUM (HAKTOPOM, KOHTDOJUDYIOUIMM IIPO-
1ece, 1 ero 0TpaboTKa ABJISETCA YPe3BbIYalHO BasKHBIM
MOMEHTOM.

Ha puc. 2, ¢ nokasaHo TpoliHOe KOaKCHaIbHOE COTI-
JIO AJSl OPraHW3aLUM TeUeHWH 3alIMTHBLIX, HECYLIHX
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Puc. 1. [pouecc .nasepHo-110pouikoBoil Hanaaskd (g, 6), actanby u3 cuiasa TiGAI4V cnosknol upocrpancTsenuoi opsbl, 1oaydenas
METOAOM NPOTOTHIMPOBaHKS (6) 1 ee OKOHYATeNbHBIH BIJL OCE MEXAIMYECKOH goBodku ()

ras3oB C HellpepbleHOH noxavelt nopouika. Ofman cxe
Ma YCTpPOHCTBa JasepHOM TOJOBKH NPE/CTABAEHA HA
puc. 2, 0, rjle NoKa3abl KOJBIEEbIe KaHaahl COMIa,
UX HA3HAYEHWe, a TalKe MOJOIKEHIE COILIa OTHOCH-
TEJILHO MO/II0KKU. XapaKTepHoH 0OCOGEHHOCTBIO AB/IS-
eTCS TO, YTO JOKAJMIAIMA 110/1a4il TOPOLIKA B Jasep-
HEIH sy hopMupyeTest TpeMs, B3aUMOALIICTRBYIOUIMM 1
KOAKCHANBHO CTPYHULIMIL TEUCHUSIMU: LEHTP2. ILHbBIM,
MJTH OCEBDBIM, IIPE/IHAHAUCHHbIM /1151 3ALI[UTHI OTITHYEC-
KOH CHCTEeMbI; cpeaHuM GOKOBBIM, TPaHCIIOPTHDYIO-
LIMM YaCTHLB! IIOPOUIKA; M BHELIHHM CHKUMAIONTUM, KO-
TOpOE OXBaTLIBaeT ABYX(a3HbI MOTOK C 4ACTHLIAMH U

PEryaupyeT pasMep U MOJIOXKEHHE 30HbI C MAKCHMAab-
HBIM MACCOBBIM ITOTOKOM YaCTHIL.

Heo6xoguMo 3aMeTuTh, YTO 060pYyAOBAHUE AN
DMD B nacrosiiee BpeMs He SIBISETCS JOCTATOYHO
COBEPILEHHBIM B CUJIY MHOTOOODA3HS B3ANMOCBI3AHO
MPOTEKAUINX QU3HYECKNX TPOLIECCOB U HETTPEPBIBHO
PaCLIHpPSIIOUIETOCS! CIIEKTPA KCIOJAb3YEMLIX MaTepHa-
JoB. JUJIsT aIeKBATHOTO MOHUMAHUS U CAMOCOIIACOBAH-
HOT'O OMHCAKUS TPOLIECCOB, COTPOBOXKAAIOIUINX METO; 1Ll
DMD, neobxoaumMo passuTHe (DU3MKO-MaTeMaTUYeC-
KUx MopeJiell, mocrpoerue sPPeKTHBHDIX YUCASHHDIX
AJTOPUTMOB DELIEHVS] HECTALIHOHADHBIX Y MHOTOMEp-

Puc. 2. Jlazepraa ronoska (TRUMPF, TepManus) juls HEUPEPBIBHOH NOAAYH LIOPOUIKA, W3JIYueHHA W 3awmTHOro rasa (@) u cxeMa
BHYTPEHHETO YCTPOHCTBA KOAKCHAIbHOTO cotna {6): 1 — nojaua nopouwska; 2 — HopMupyIowmii rad; 3 — necyiunii ras; 4 — UEHTPAALHOE
COlA0; 5 — NOANONKKA
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HBIX COTIPSDKEHHDIX 33724 MEXAHWKHM CIIIOIHBIX CPEJ
¥ UX 3KCHEePUMEHTabHAsA BEPHUMHUKAIIMS.

[IpsiMoe na3epHO-MHAYIIMPOBAHHOE HAHECEHUE Ma-
TepUaJa NPeACTaBIIsieT COBOKYITHOCTD CBA3AHHDIX MEX-
ay co6oi (husmueckux npoteccos. B psae pa6ot usnio-
JKeHb! (PU3HYECKUE MTPEACTABJIEHUS O NPOLIECCax, Mpo-
TEKAIOIIUX NpH Ja3epPHO-TIOPOWKOBoH Hanuapke [1].
ToJsbKO TI0JIHOE KONMYIECTBEHHOE MOHUMAHNE MEXAHM3-
MOB JIA3€PHOTO0 HAHECEHHS M HAMJIABKU MOXCET NPUBE-
CTH K JOCTMXKEHHIO Ha NPaKTHKe He0OXOAMMOH aBTOMa-
TU3AIUY TIPOLIECCOB NPOTOTUIIMPOBAHUS, MOJIYUYSHHIO
KAYEeCTBEHHBIX M3ACJHH W X yCTOHYMBON MOBTOPSIE-
MOCTH. DBOJIBLUMHCTBO MEPBOHAYAJIBHBIX MOJEJIEH Ja-
3€PHOH HAIJIABKH, U3 KOTOPOH BIIOCJIEACTBUM IOSBHII-
cs1 meton DMD, npennonaranu, uto dopma BepxHel
BBIIYKJION TOBEPXHOCTH BAHHBI PACILIABA SIBJISETCS U3-
BECTHOH arnpuopy. BblcoTy ¥ WIMpHHY BaJnKa paccyu-
TBIB&JIM U3 IIPOCTBIX HHXKEHEPHO-aHAJTUTHYECKUX (Oop-
MyJI, KOTOPbIe BKJIIOUAIOT CBONCTBA MATepHasa OO
Ka M IOAJOXKY, MOLHOCTD H3JYYEHHS, PACXOJ I0-
pOLUKa M CKODPOCTDb NepeMellleHust ayya. TernmoBoe coc-
TOSIHME TIOPOLUKA M TOJIOXKKHM, MEXAHU3MBI €ro Jo-
KaJIbHOW AOCTABKH B IATHO M3JIYYEHNS B MHXKEHEDHBIX
MOJEJISIX He ObLIY IPEeACTABJIEHDI B JOCTATOUHON Mepe,

C paspurtueM Jla3epHOH TEXHHKM U pacCllUPeHUeM
obJ1acTell ee MpUMEHEHUS MHTEPEC K JIA3€ DHOU HATIJIAR-
ke Bo3poc. 3a nocaenHue 10—15 ner ata T€XHONOrHUsI
MONYYHJIA CYIECTBEHHBIN UMITYIbC B pa3BUTHH. B aTol
CBSI3H BO3POCJIM TPEGOBAHHS K MOJAETUPOBAHUIO TTPO-
LeccoB. B Hacrosllee Bpems AeHCTBYeT NMPUHIUII Or-
DaHMYEHHOTO MOZEJMPOBAHUS, KOrAa H3 MHOroo6-
pasnst 6bICTPOMPOTEKATOIINX B3ANMOCBSI3aHHBIX (DU3M-
YECKMX MPOLECCOB BBIAESIOTCS T€ [JIABHBIE, KOTOPbIE
OOBSIBISIOTCS] BEAYIMMY 1, TI0 MHEHMIO aBTOPOB, UM
oTHaeTcsl mpeAriouTeHre. Bee npyrue mpoueccobr o
TMOJIHOCTBIO, JTHGO YaCTHYHO UTHOPHPYIOTCS, AU60 MO
[eJMPYIOTCst KpanHe pubinkerno [2-8].

Liu u Lin [2] 4MC/IeHHO MCClenoBasu MPOIEce Ha-
rpeBa YacTHll ITIOPOLUKA M3 Heprkapelowell cranu pacgo-
KYCMPOBAHHbBIM JIYIOM B YCJIOBLSX, MPHOIMKEHHDBIX K
KoaKCHaJIbHOM Jsia3epHOl HariaBke. [last  pacuera
JBIDKCHUSA U HarpeBa OAMHOYHON chepHUeCKOHN JacTHIIbI
B TIOTOKE HEeCyiero rasa {aprona) WCHONb3YETCs M3
BECTHAS TPAEKTOPHAsI MOJEJIb, KOTOPAas JOTMOJIHEHA TIPOC-
TBIMH OCDEJHEHHBIMK TI0 pasMepy YacTHI[ IOJy-
SMITUPHYECKUMH MOAECJISIMU TIJTABJIEHUS, TEI/IO- M MAcCo-
o6MeHa ¢ OKPYIKAIOLMM ra3oM. IToxasaHo, 4To Ja3epHbIil
HarpeB MOBBIIIAECT TeMIEpaTypy nopowka. [1pu aTom yr-
BEPIKJAETCS, YTO UCTIapeHHe YaCTHIL IPH BBICOKON MOUE
HOCTM H3JIyYEHHS BbI3bIBA€T 3HAYUTE/LHbIE I[OTEPU
MAacchl MaTepHaJa NOPOUIka, KOTOPble MOTYT JOCTMIaTh
J0 25 % I CTAJIbHBIX YacTull ¢ auameTpom 20—200 Mrm
TPY MOWHOCTH u3syueHust 1o 3000 Br.
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Han w Choi B patorax [3, 4] npeanoxnian asymep-
HYIO MOJIeJ1b JIA3€PHOU HaIlIaBKH, I/ie u3MmeHeHue dop-
MBI HATIJIABJIAEMOf OBEPXHOCTH MPOMCXOUT 3a CUET
ITPUTOKA YACTULL TIOPOLIKA U TOBEPXHOCTHOIO HaTsXKe-
HUSL C YYETOM TEPMOKAMMIIASIPHON KOHBEK K 06pasy-
rolerocst pacriasa. [IpeacrabieH yuMcIeHHbI aHAINS
BJIMSTHUST TTAJAIOIINX HaCTHIl HA BOJHOBYIO KAapTHHY
cBOGOAHOMN TOBEPXHOCTH YKUAKOCTH ¥ 06Pa30BaHUE B
CBSI3M C 3THM LUEPOXOBATOCTH NOCJIE OCThIBaHus. B Mo-
JIleJIM OTCYTCTBYET ra3oJHHAMHYECKas UacTb 3aJdud.
[Ipo6iema TpaHCIIOPTa M HarpeBa YacTHIL MOPOLIKA B
MOTOKE HECYLIEro ra3a HUKakK He 06CY>KAaeTcs.

Pan u Liou [ 5] mocTpou/iu CTOXacTUYECK YO MOJEND
[UISL ONIMCAHMST CTOJTKHOBEHHUST YaCTHIl HecepniecKoi
OpPMBI CO CTEHKOHN KOAKCHAJLHOIO COIMJa B IPOLEecce
ITOJTyaBTOMATHIECKOrO 1a3ePHOrO HAHECEHU A MaTepUa-
ga. llockosbky AByxdaszHoe TeyeHne BHYTPU y3KOTO
KaHaJa KOAKCHAJBHOIO COIIa OCYLIECTBASETCS B yC-
JIOBUSIX NOMUHHMPOBAHMS IIPO6JEMBI CTOJIKHOBEHMH CO
CTEHKOMH, aBTODbI PEKOMEHIYIOT He PacCMaTpuBaTh Te-
4yeHre Hecyllero rasa. ViM ygaercst npaBUIbHO TPEAC
Ka3aTb MPOQUIIb I0TOKA YACTHIL IIPH BRIXOAE U3 COlL.Ta.
OnHaxko aBTOPEI KOHUEHTPUPYIOT BHUMaHHE Ha Teue-
HUM BHYTPM KOaKCHaJILHOIO COILIa ¥ OCTABJSAIOT B CTO-
poHe Tpo6JieMy AOCTABKU YACTHI[ B JKMAKYIO BaHHY,
TI€ HA TIYTH MEXAY COTLIOM U NIOLJTOX KO TPOHCXOANT
CJIOXKHOe C(POKYCHDOBAHHOE CTPYHHOE B3auMoJelcT-
BUE MOTOKOB YaCTHILl, HECYLIETO M 3aILUTHOIO rasos.

Mazumder B pa6ore [6] npentoKUI TPEXMEPHYIO
MOJEeJTh a3ePHON HAlJIaBKM, B KOTOPOH BCE BHUMAIINEC
COCPENOTOUEHO Ha MOAEJNMPOBAHMM Mpolecca 06pa3o-
BAHUSI HATJIABJIEHHOrO CJefa, pacyeTe ero (OPMbl M
JUHEHHDIX pa3MepoB. OnucaHne B3aMMOAEHCTBUS U3~
JIy4eHHs: ¢ KOAKCHAJbHBIM MTOTOKOM YaCTHI, BKJIOUas
ocylabjieHue MHTEHCHBHOCTH Jyva M IOBBILUEHUE TeM-
mepaTyphbl YacTHI[ MOPOUIKA nepe 30HOH pacriana,
OCHOBAHO Ha IIPOCTBbIX ypaBHElksIX TPHMTOKAa Macchl
yacTuil ¥ 6ananca aHeprun. Meron QyHKUMH yPOBHS
MCIIOJIb3YeTCs IS pacdera (POPMbl CBOGOAHOM MOBep-
XHOCTH HapalliuBaeMoro mMerasuia. [Ipo6iemsl, cBs3at-
Hble C TeYeHHEM ra3a U TPAHCIIOPTUPOBKON YacTHIL 10
POIIKA, aBTOpaMM JaXke He pPacCMaTPHUBAIOTCS.

Zekovic [7] monbitasncs: paccyntaTbh TPEXMEPHBIE U
AByx(a3Hble TeYeHHUs], KOTOpble BO3HMKAIOT NMPK HC-
MOJIb30BAHUN CTIEIHAJIbHON MHOIOCOTUIOBOH raso-To-
POLIKOBOM TPAHCIOPTHON CHCTEMBI. Y CTPOUCTBO Ha-
MJIABOYHOM TOJIOBKH TaKOBO, 4TO LEHTPAJBbHOE COILIO,
yepe3 KOTOPOE TMOJAETCS JIA3EDHOE M3JIYYEeHUE, OKPY-
KEHO HeckoMbkuMu (3-Ms un 60JIbIIe) OTAENbHBIMMU
ra3o-MopPOIIKOBBIMU COMJIAMH. Y TBEDIK, 1A€TCA, UTO Ta-
KOH croco6 paauaibHONH MHOTOCTPYHHOH roxati mo-
pOIIKA UMeeT NMPEUMYLIECTBA MO CPABHEHHIO C KOAK-
CHANbHON Tofauel, 61arogapst 4eMy B JajbHeHIueM
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MO>KHO TTOBBLICUTE 3¢hderTuBHOCTE MeToaa DMD. Typ-
6yJictiTHbie ABYX(ha3Hble TEYEHUS PACCUUTHIBAIOTCH C
ucnosp3opanuem nmaxera FLUENT. Hucnennoe moze
JUPOBAHHE MOPOUIKOBBIX CTPYU TPOBOMUTCS 6€3 yyeTa
BJMSAHUS JIA3€PHOTO M3JYYEHUS, TIOATOMY TPAKTHYEC
KO€ UCIIOJIb30BaHUE PE3YIbTATOB PACYETOB CUALHO Or-
panmIeHo.

Mogens, npeanoxennas Peyre [8], Bkioyaer aHa-
JIUTHYECKHE PACYET TeMIIEpATYDPbl YACTUI[ MOPOLIKA C
UCTIONB30BAHUEM TIPUOIVIKEHHOTO ONUCAHUS TJIOT-
HOCTH pacupe/esne st MOIHOCTH nanyyerns Nd: YAG
J1a3epa ¢ y4eToM ocsabieHust 3TOrO PACIpeeseHus 3a
CYET IIPUCYTCTBUS YACTUIL TOPOLIKA HA [TYTH JIA3€PHOTO
Jiyya, YCUIHS aBTOPOB CKOHIEHTPUPOBAHBI HA TTOCT-
DOEHUU CXEMBl MOAENNPOBAHUS HAPAUMBAHUS MHOIO-
CJIOMHOH KOHCTPYKUMHM TUIIA CTEHKM M3 criaBa TAGV
32 CYUET MHOFOKDATHOTO IIOCJIOMHOIO TOBTOPEHHS Ha-
rraBku Metogom DMD. [lnst pewenns tersiosoit 3a-
J1a4yu MeTO/I0M KOHEYHBIX 3JIEMEHTOB WCIIOAb3YeTCsl
mporpaMmupiil xommsieke COMSOL. Ilpobaemer Tep-
MOTMADOAMHAMUKHN DACIJIABA, PABHO KAK U CTPYHHbIE
TEYEHMS ra3da ¢ YaCTHIAMH [TOPOLIKA, ABTOPAMH HE Pac-
CMaTPHBAIOTCS.

B nauno# paore npeacTaBeHbl PE3yAbTATHl MATE
MaTHYEeCKOIrO MO/IETHPOBAHNS TA30{HHAMIYECKUX PO~
L[ECCOB, IPOTEKAIOUIMX ITPH JIa3ePHO-TIOPOILIKOBOM Ha-
HeceHHU Metaia. Ocoboe BHUMAHUE YAEJEHO YHCIEH-
HBIM HCCJIEJOBAHUSIM MHOTOCJOUHBIX TEYEHUIT 3aUIUT-
HOrO M HECYUIEro ra3oB C KOAKCHAJIbHOH Togadyeidt H
ra3oCTPyMHON TPAHCIOPTUPOBKON YaCTHIl MOPOLIKA.
PadoTa HarrpasJ/iena Ha u3yueHne 0COOEHHOCTEN TakIX
TeUEHHH ¢ LEJbIO NTOBBILIEHUS 3(DMEKTHBHOCTH YIIPAB-
JIEHUS! JIOKAJIbHOW TTo/lavel mopoluka.

O0mwne npeanooKeHHsa W OCHOBHBIE YPABHEHHA,
(DH3MKO-MaTeMATHYECKOE OMTUCaHUe rporeccos DMD
BKJIIOYAET TPU IJIaBHBIE 32424H MOAEIHPOBAHUSA ra3o-
BYIO AMHAMHUKY CTPYHHBIX TE€YeHUN HECYILLETO U 3aIUHT-
HBIX [a30B; TPAHCIIOPTUPOBKY ¥ HAIPEB YaCTHII B ra30-
BOM IIOTOKE C YYaCTHUEM JIa3€PHOTO U3JYUEHHS; UHA-
MHYECKOe, TEMJIOBOE B3AUMOJCHCTBUE MOTOKA YaCTHIL
C MOAJNIOXKKOHM M HapaulMBaHUE BaJMKa WK CJIOS NOK-
poiTusi. B panHoit padore orpaHdHMcs PacCMOTPEHU-
€M J[ByX TIEPBBIX 3afay.

[Tpeamonoxkenus u yNpouleH s, KOTOPbIE HUCIIO/b
30BaHbl NpPU HNOCTPOCHHH (DHU3UKO-MATEMATHUECKOM
MOJEJIM, CBOISITCS K CAEAYIOUIEMY:

® PACCMATPHBAETCSA TEYEHHE BA3KOIO, CXKMMAEMOTO
Y TEIJIOTIPOBOJHOrO Ia3a;

® BHYTPEHHSs TEOMETPHS TPOHHOTO KOAKCUANBLHOTO
comsa 6AM3Ka K PeasbHoi;

® BO BCEX KaHa/jax COIJia I0AaeTcs OJMH U TOT JKe
ra3 (apron) ¢ TOCTOSHHBIMM 3HAYEHUAMU BA3KOCTH,
TEIJIONPOBOAHOCTH U [OKa3aTesist aanabarol;
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® MATEPUAJIBI TIOJIOKKH ¥ YACTHIL IBJASIOTCS CILIOU-
HEIMM M OAHOPOJIHBIMM € TOMOTEHHBIMU Tennodusn-
YeCKUMH CBONCTBaMU;

» paccMmarpusaercs usaydenne COy-1a3epa ¢ AU-
HOM soaHsl 10,6 MKrM;

® pDAacCesiHUE JIA3€PHOTO W TEMJIOBOIO M3Jy4Yelus
AByx(a3HbIM TOTOKOM HE PACCMATPHUBAETCS;

® HAJWYHUE YACTHI He OKA3bIBAET BJAMSAHHE HA [a3 1
Ha pacrpejie/leHne IJIOTHOCTH MOIIHOCTH B Iy4Ke Jia-
3EPHOrO H3JyUEHUS;

® MEXAHM3MbI B3aUMO/IEACTBUS YACTUI[ CO CTEHKON
COTLIA CBOJISITCA K CTONKHOBEHUSIM, KOTOPbIE CHUTAIOT-
cg ynpyrumu (6€3 moTepu sHEPruu) WM HEYTIPYTUMU
(c moteped sHepruu) Mpu yaape O CTEHKY;

® CofepIKAHME YACTHI B TOTOKE HECYIErO ra3a Ha-
CTOJIBKO MAJIO, YTO BJIUSIHHE YACTUI[ Ha TEUEHHE ra3a,
a TaK)Ke CTONKHOBEHME WACTUI[ MEXK/Y COO0H He pac-
CMAaTPHUBAETCS;

Moderuposanue OunaMUKU CMPYUHBIX meyenull
2asza. [Lns ONUCAHMA AUHAMUKH KOJbLUEBBIX CTPYUHBIX
TEUeHM rasa, HATEeKAHNs HeCYUIero ¥ 3aulUTHOIO ra3a
Ha TJIOCKYIO TPErpagy-rnojJ0KKy pacCMaTpHBAIOTCH
ypasHenuss Happe—CTOKCa, B OCECUMMETPUYHON ITOC
TaHOBKE!

9p 1 9pxu dpv
gt X odx dy
2
%l+iapxu +8puv+a_p:
ot X ox dy ox
o)1 dxu dvu
=AU+ W | —[——+—
x\X dx dy
25, (1)
ap_0+_1_apxw+apv +a_p:
ot X oOx dy Oy
Lo [1 dxu do
SUWADH W [T+ |}
dy\ ¥ ox dy
i E+l HpE +p)xu+ opE + p)v CAT + @
ot x dx dy
p=pT;, E=e+ @ +0)/2); e=c,T. (2)
3pecy ¢ — BpeMs; X, ¥ — LMJAHHADUYECKAs

CUCTeMa KOOPAMHAT; ¥ — ocb cummerpun; P, T, 1, W,
-
KOCTb, O6beMHAsi BA3KOCTD U TEIJIONPOBOAHOCTD rasa,

COOTBETCTBEHHO IIJIOTHOCTDL, TEMIIEpaTypa, BA3-

U, U — KOMIOHEHTBI BEKTOpa CKOPOCTH Trasa; E
[OJIHAs SHEPTUs; ¢ — BHYTPEHHAS sHeprus rasa; $ =
2
du do
gr %
ox

2
v
dy

1o
0x

=U 3 — JAnCCHIa-

TUBHasl QyHKLMS.
Hauwanwnwvie u zpanuynsie ycaosus. Cxema pacyer-
HOH 06/1aCTH BKJLIOUAET BHY TPEHHIOIO T€OMETPHIO KOJIb

dy
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TaGamia 1. Tennodusndeckne cRORCTHA MATEPHAIA YACTHI(
S e = AR D A A B

Temueparypa nnassenus T, / remnepatypa 17003137
| ennenus Ty, K
I = = —_—
| Tennora usasnenns H,,/Teinnora KHnewus ~ 272 /6100
H,,, «x/xr - )
TennonpoBoAHOCTL TBEPUOTO A,/ YKHAKOTO A, 31,5,/20,0
| merasia, Br/ (mK) o I
| | [1n0THOCTDL TBEPAOTO P,/ MKHUAKOTO P,, METANA, 6900 /6610 |
I KT /\1 B |
| YeabHas TensI0eMKoCTh TBEPAOTO ¢,/ 0,477 /0,810 ;

i .
aro ¢, Meratna, k/x/ (xr-K) | |

1€BbIX KaHAJOB COMLJIA, MOJUIOKKY M TPOCTPAHCTBO
MEXIY COMIOM U noaosxkolt (cm. puc. 2, 6).

I[1pu pewennu ypapnenut (1)—(3) B xauecTBe Ha-
YaJbHbIX yCJIOBUIU Ha MOMEHT BpeMenu £ = 0 B o6sracTy,
3aHATON Ta3oM, 3a[aBaliUCh YCJIOBHS OKPYKalolieH
BHeuUIHel cpeapl: P = Py = 0,1 MIla, T =Ty = 300 K,
V=0

VleXoiHbIMU JAHHBIMH [ OTPENENEeHUs [a30/Iv-
HaMHYEeCKMX [1aPAMETPOB B pacCMATPHBAEMON 061aCTH
[BIDKEHUS rasa ¥ YacTHI ABJAETCS BHYTPEHHAS reo-
METDHSI TPOHHOTO KOAKCHANBHOTO COMIa, Pacxoj rasa
BO BXO/IHbIX CEYEHUSX TPEX KOJIBIEBBIX KAHAJIOB U
TENJIOQPUINYECKHE
(taba. 1),

Crenyioniute yCJIOBHS MCNOJIb30BAMU B KavYecTBe
FPAHHMYHBIX

CBOMCTBA MaTepuaJa JaCTHILL

- ita BXOJle B KaHaJ KaKZ0ro COIJIA 33/1aBajli pac-
xon Hecyero G, 3atuutHoro G, u pabouero (5, rasa,
a taxxke temneparypy I = Ty;

® Ha CTEHKAX COILJIA M HA MTOJIOKKE JLISA [IapaMeTpoB
rasa 3a,1aBaJIn YCIOBHS IPUJTUIIAHUS, BEKTOD CKOPOCTH
rasa V' =0 u temnosoit uzonsuuu 9T /9n = 0;

® HA NPOHUIIACMBIX [UJIS Fa3a IPAHHIAX PacYeTHOMH
o0.1acti hUKCUPOBAIM AapjaeHne P = Py u TeMnepary-
pa rasza T = Ty, [Ipy 3TOM MPEAIOJATAIOCH, YTO NIPO-
HUIlaeMble TPaHHUIbl PACYETHOH OGJACTH JOCTATOYHO
yIAJeHbl OT COTIA U O8JACTH B3AUMOAEHCTBUST CTPyW
C TIO/IJIOXKKOM.

Memod uucnennozo pewenusi. Uncnennoe peure-
uue ypasuenuit Hasoe—Crokca (1)—(3) ocywecTs.isi-
JIM METOZOM KOHEYHBIX DPA3HOCTEH HA HEPABHOMEPHON
CEeTKE C pPACIUEIVIEHMEM IO MPOCTPAHCTBEHHBIM Iepe-
menubiM [9] v npumenennem WENO-cxeMbl TpeTbETrO
nopsaxa rouHocTu [10]. TTospluieHne TOUHOCTH pacye-
TOB B 06J1aCTSX C CHJIBHO U3MEHSIOWMMUCS TPALHEH-
TaMKM 06€eCrneyrnBasoch H3MeabucHUEeM ceTKH. [locTo
BEDHOCTbH pacyeToB U 3 ek TMBHOCTD pa3dpaboTaHHbIX
aJTOPUTMOB M ITPOTPAMM [TPOBEPSLIH [IYTEM CPABHEHUS
C M3BECTHBIMH TOYHDBIMH PEUIEHHSAMH 33/la4 ra3onuHa-
MHKH, a TAKKe HAJIWYHEM CXOAUMOCTH YHCAEHHOIO Pe-
LIEHUS [IPY U3MEJIbYEHUN ILATOB CETKU.
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PacueTnas o6acTb BKJIOUAET COILIO, TOBEPXHOCTD
TO/IJIOXKIKH, PACCTOSTHIE MEX/Y COILIOM ¥ ITOTOKKOI
(cm. puc. 2, 6). Yto6bl N0 BO3MOKHOCTH UCKIOUHTE
BJIMSIHVE UPAHUL], TPAHUIIB! PACUETHON 06NacTy 10CTa
TOYHO y/aJ€HbI OT 30HbI B3AUMO/IEHCTBUsI CTPYH Ta3a
¢ noanoxkKo#. [lig pacuera MCIIO/bL30BAMU IPAMO-
YTOJDLHYIO HEPABHOMEDHYIO CETKY € OBIIMM YICI0M
sueex 600 x 800. Paskiepsnr sf4eeK yBEAHIUBAIM [1DU
MpuOIMIKEHMH K MIPOHMIAEMBIM J(151 rasda rpaluiaM
pacueTHoi obsactTi, MUHMMANBHBIA pasMep A4ecK 3a
JlaBaJjicst B patfoHe BbIX0/1a rasa 13 colljia, OH COCTABJISI
0K0JI0 SO MKM.

OI[UC:IIH!L" T(‘l)}[{l,"ulllilmﬂI\'li H TpaHCnmopTa YaCTHI{
nopouka. Qnucarue mepmoOUHAMUK U U MPAUCIOPMA
yacmuy, TPOBEJAEM C MCTIONB30BalEM TPAEKTOPHOIO
METO/a, COTJIACHO KOTOPOMY YDABHEHMUS, OINICLIBAIO-
Hye J(BIDKEHNe AUCIEPCHOI cpejibl,
JIArPaHIKEBbIX [TEPEMEHHBIX U HHTEIPHPYIOTCS BAOJD

3allUCbLIBAIOTCsA B

TPAEKTOPHH HHAUBHAYAJbHDBIX YACTHIL, [IPH ITOM I10.1¢
Tevenus rasa (pacrnpesenenue CKOpoctit 1 TeMiepary-
DBI) CYUTAETCS M3BECTHBIM. [/ OAMHOYHOL UACTHIIbE
pajuMycoM 7, PaCcCMaTPHMBAETCS BEKTOP CKOPOCTH 'Li.,
LeHTpa MacC W CPeJHsIsl M0 00bEMY YacTULIa ¢ TEMIle-
parypoii T,. Ilpeanonaraercs, 4To GopmMa OANHOYHOI
YaCTHILbI MOXKET ObITh OTJAMIHON OT cepuueckod. C
YYETOM U3BECTHDIX PACNpeeeHHi CKOPOCTH V 1t Tem-
nepatypbl 7 rasa, a Tak)e IJIOTHOCTH MOUIHOCTH Ja-
seproro uanydenvs [(x, y) ypaBHEHWS AWHAMHKN
WHAMBHAYAIbHON YaCTHIIBI MOTYT OBITh 3allMCAHbI B
BH/IE

__%
oV

§p_ - _/i
Al ivV(V1)+

4

4 3dH
Pr3 ™o ~qp

—/mr e

N N &)
X 71 Nuy(T, = T) + oe(T) — Tq)J + ALl Y);
LT

Hp/cw H <c Tlllpv
= Tm: ¢ TmpS Hp sc Tm/) + Hmpv

Tm + (H/) CsTmp mp)/cml H >c Tmp+ H

(6)

Ty

mp
3necn Vp = (u,, v,)
Tu

H,= J c,(T)dT

Ty

BEKTOD CKODOCTH YaCTHIL,

X 3HTaAJbIIMA; p,U — IIJIOTHOCTDb

MaTepHaJa vyacTull; p — TJIOTHOCTDL rasa; uucjio Pefl-
erp!\?f Vp|.
Mg ’

HoJsbaca Re, = Ay — TCILIONPOBOAIOCTD

nocTosinHass bBosblMaHa; € — CTelenb
7=0,959 — ye
xopeuve csOOOAHOIrO mageHus; A,, cpeHuil 1o
[OBEPXHOCTH YaCTHI[bI KOI(DDHULUHUEHT [TOIVIOMEHNS Na-
seproro uanyvenus; [(x, y) — I[JIOTHOCTH MOU{HOCTH

B rase; o
YePHOTDHI TTOBEPXHOCTH YACTHUILBI;



MATHEMATICAL MODELLING IN WELDING

Tabauua 2, Dopmyibl juis pacdera koadduumenta conporusietns Cy

i e e S ——— S

b, = 0,0964 + 0,5565¢
by = exp (4,905 ~ 13,8944¢ + 18,4222¢° — 10,2599¢%)
by = exp (1,4684 + 12,2584¢ — 20,7322¢% + 15,8855¢%)

—t i

I Ne _ I Jlutepatypubiit ||
| poparys | Ca = f(Rey) ' Re, HCTOUHIK i|
= | - 3 T it Y|
[ ! | C,= éi— (1 +0,179Re,"* + 0,013Re,) | Koy &40 |
: S - S | |
|z o4 Re, < 0,2 | (1] ’
d |
| Re, "
" ] Ci= 22 (1+0,187R |
“ 0= ﬁe? 1+0, e, 0,2 <Re, <2,0 I
. 24 081 , l
, I C,= Re, (1+0,11Re,™™) ‘ 20 < Re, < 21 ’ .
l’ Cy= 24 (14 0,189Re 0 !l
| « = Reu_( +0,189Re, ™) - 21 < Re, < 200 ;
—— — —— — —_ e = —_—e — = i - — — 1
;’ 3 ' c - 24 4 bR 4+ 5P e, JlioGoe Re, f12] l}
d_ﬁe—)( +6,Re,”) + B+ Rey ™€
( [ 7
=

b, + exp (2,3288 — 6,4581¢ + 2,4486¢7) ‘

Jla3epHOTo uanydenns; H,,, — TensoTa njapjieHus Ma- K [OBEPXHOCTH 3TOW 4acTuubl. Yucso Pelinonpaca Re,
TepHaJia 4YaCTHL; C, Cp, — TEIJIOEMKOCTD MaTepKaja dac-  3[4EeCh PACCUUTBIBAETCS MO AUaMeTpy chepbl, NMEILLEH
TUIl COOTBETCTBEHHO B TBEPAOM M JKMAKOM COCTOSIHMM.  TaKOH ke oObeM, Kax peajpHas JacTuua. Tax, mjis
Cpearss temnepatypa wactvunl 1, onpeaenserca cdeppl ¢ = 1,0, 11s 3/MICONAA BPALIEHUS C TIONYO-
¢ yuyeroMm addexra rnasienus (6). IloTox Temsa K CAMH, OTJIMyaIOWMMUCA & 2 pasa, ¢ = 0,9, ans xyba
MHIUBUAYAJIbHON yacTHLUE g, BKJIIoyaeT Terioobmer ¢ ¢ = 0,62. Ha puc. 3 npezcraBsieHbl NPUBEJAEHHDIE B
ra3oM, pafvaliMOHHble TETJIOBbIE TOTEPH ¥ IPUTOK Ter- 370l Tabymue 3asucumocTit Cy(Re)).
JIA 32 CYeT TTOTJIONIEHUS] JA3EPHOr0 U3JyIeHMs. Havanvnvie u epanuunsie ycaosus O0As 4acmuly,.
Koadpuument conpornsenus: C, 8 obutem ciryuae  Yactuna HaYMHAET CBOE JBMIKEHHE B KOJIbLEBOM Ceye-
3ABYCHT OT (DOPMBI HACTHIIBI M YCJIOBUI ee OOTEKaHMs. HUM HECYLIero COIa B TOYKE BBOJAA C KOOPKMHATON
Buipaxkenus quist kosppuumerita conporusnenns Cy =  y = y, B MOMEHT BPEMEHHU ¢ = L, KOTOPbIH CUMTAETCS
= f(Re,) mpusenexsl B Tabn. 2. Kpome T0ro, UCHO/Ib-  CTAPTOBLIM. 3afaeTcst 061ee YyC/I0 BBOAUMbBIX YaCTHLL
3YIOTCs JIBE anmpokcumManuu yucna Hyccenbta B 3a- N, OAMHAKOBOTO pasMepa ¢ AMaMeTpom d, = 27, Kom-
BUCHUMOCTH OT uucsta Pedinonpaca Re, n Ilpanatas Pr: mOHeHTh! BEKTOpa CKOPOCTM YacCTHUBI B TOYKE BBOAA
NPeNCTABJASIOTCS. B BUAE [JBYX CJAaraeMbIX: _V}p =

Il

Nu, = 2 + 0,459Re) P’ Re, < 2; (7) :
i P P = V'+ 8V, OaHO M3 HUX COOTBETCTBYET KOMIOHEHTAM

Il

(8) CKODOCTH rasa 7 B TO4YKEe BBOJaA, APYroe ONMChIBAET

Nu, %
OTKJIOHEHWE OT CKOPOCTH Tasa oV. Benwunna u 3HAK

1,05Re)°Pr’®, 2 < Re, < 500.

Kosghpuyuenm conpomusrenus wacmuy nopowxa.  3Toro OTKJIOHEHUs (IJIIOC VI MMHYC) ONPEAESAIOTCs
IIpo6aema pacueta KoabpuunenTa conpoTuBaenusi C,  cayuaiubiM o6pasom. Temreparypa 4acTHUBI B TOUKE
B 3aBUCHMOCTH OT uMcja PeliHoNbJca M3yyeHa JOCTa- BBOJA 33JA€TCsl MOCTOSIHHOM M paBHOW TemmepaType
TOYHO II0JTHO M XOPOLLIO NIPEACTaBJ/IeHa BO MHOTUX JIuTe-  okpysKatowed cpeael T, = Tp. [lpu dopmysuponre
paTypHBIX MCTOYHHMKaX, Harmpumep, B [11-14]. Ham rpanuusbIx ycJOBHE AJst yacTHL, TpeSyeTcs 3a/(aHHe
HeoOX0AMMO BpI6paTh (MDYHKIMOHANBHYIO 32BUCHMOCTD  3aKOHA B3aUMONENCTBUs YacTHL C TBEPAOHl CTEHKOH
Cq = f(Rep) ;115 calyyas ABYOKEHNST YaCTHL B KaHajJe  CONJIA WM TIOIONKKH,

COTIJIa M BHELIHeM CTPYHHOM JO3BYKOBOM ITOTOKE Ia3a, Yeaogus ompaxenus wacmuy, om meepovix cme-
(DopmyJbl A/ pacyeTa Ko3(p(PUIINEHTa CONPOTUBIIE- HOK COnAd. JacTula ABVDIKETCS B MIOTOKE ra3a co CKO-
HUs lIpuBeseHbt B Tabs1. 2. 3amerum, uto Gopmysa 3 pOCTbIO, OTpenenseMoil ypasHerneM (4) 10 Tex 11op,
B 9TOIl Tab/IMLIe YUNTHIBAET OTKJIOHEHHE YACTHL OT C(De-  TOKa He NMOKMHET PACUETHYIO 06JaCTb MJHM HE CTOJK-
puyeckoit ¢popmbl, 3gech §< 1 — BesnunHa, o6paTHast  HETCs ¢ TBepAOit cTeHKoil. B peanbHol cUTyallnyu napa-
ko3 PunHeHTy (GOPMbBI, — 3TO OTHOLIEHME IJIOIA[AM METPBI OTPAXKEHUS YACTHIl 3aBUCAT OT MaTepHaIa Jac
NOBEPXHOCTH IIapa, CPABHUMOTO ¢ 00bEMOM YaCTUIIBl, THIl ¥ CTEHKH, (DOPMbI YACTHIL U CTETEHU LIEPOXO0Ba
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Cq
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Puc. 3. 3asncumoctb koaPpuiinenTa conporusaetis yactuunt cepnieckoit (@) n necepuyeckoit ¢opmst (6) B LOTOKE rasa oT 4ucaa

Pefinonbica B orapudmuteckoit cucreme KOOPAMHAT

TOCTH CTEHKH U MOTYT ObITh OTIPEIeIeHbI B 06LIEM CIIy-
4yae TOJIbKO 3KCIIEPHMEHTANbHO. 3aKOH B3aMMOAEHCT-
BYsI YaCTULbI CO CTEHKOH XapaKTepuayercsi koaddu-
UMEHTAMH BOCCTAHOBJIEHHS] HOPMAaJbHOW M TaHreH-
UMaJIbHOM COCTABJSIONIMX CKOpocTH: Vo, = —k,Vy,,
Voo = BV Tlpu k, = 1 CTOJKHOBEHME YACTULIBI CO
CTEHKOW CuYHMTaeTCs YIpyrum, npu k, << 1 — HeyI-
pyrum [12]. TTocse coyaapeHust 4aCTHUbI CO CTEHKOU
6€3 CKOJIbKEHHSI CKOPOCTY HaCTHIIbI HAXOAATCSH U3 CO-
oTtHoweHu# [13]

(9)

U

u!)Z
p2 (Su/)i + 2rpmpl); va = 7'&110;71; (Dp'l = 7y

1
7 P

[nsa pacyera K0a(dPUINEHTOB BOCCTAHOBJIEHUS UC-
NOJIb3YIOTCST IMITUPHUECKHE COOTHOLIEHUSI, IOy YeHHbIE

NpH OOTEKAHMY LIMJINHAPA MTOTOKOM rasosssecu [14]:

k, =1 —0,41580 + 0,49940 — 0,2920s,

k,=1-2120 + 3,07750% — 1,1, (10)

rae ot — YToJl Mex /iy HalpaBJIeHUEM CKOPOCTH [0 yaa-
pa M KacaTesbHOH K MOBEPXHOCTH B TOYKE yAapa.

Peayanratel pacueros. Junamuxa cmpyiinozo me-
ueHus 2a3a, €030A6aem020 MPOUHBIM KOAKCUALDHBIM
consiom. PacueTpl CTDYHHBIX TeYeHHH ras3a mpoBOAUIIM
Ha OCHOBAHWH W3JI0)KEHHON BbILLIE TIOCTAHOBKM 3a/a41
(1)-(3) ¢ HayaJbBHBIMU M TPAHUYHBIMU YCJOBUAMU
(4)=(5). TeomeTpust KOAKCUANBHOIO COTLIA U MOJIONKE-
HUE TOMJIOKH 32[aBaJIMCh COMJIACHO pUC. 2, 6 TIpH-
MEHUTEJbHO K ycrtaHoBke DMD-505. 3amerum, 4ro
LIEHTPaJbHOE COTIJIO MOXET TIepeMeIlaThcsi 110 CBOEH
ocu A5l QOKYCHPOBKM MJIM AeDOKYCHPOBKU [OTOKA
YACTULL

Ha puc. 4 nokaszana kapTuHa J03BYKOBBIX TE4EHUH
rasa B PacueTHOM 06/1aCTH, KOTAa MOANOIKKA HAXOAUT-
cst Ha pacctosinnu 20 MM U IeHTpatbHast YaCTH COILIA
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BoIABHHYTa. Ha pucyHke npeacrasieHO paclipefesne
HYIe CKODOCTH, TJIOTHOCTH M JIMHUH TOKa ra3a BO BHYT-
pEHHEM U BHEIIHEM TeueHusx. KapTuHa TeueHus cooT-
BETCTBYET MOMeHTY Bpemenu ¢ = 10 ¢ 11ocse 3anycka
coria. BO BXOAHBIX CEYEHUSX KOJIBLIEBBIX KaHaJIOB
3aaBann CJeAYIOLVe 3HaYeHNsI pACXo/a rasa: pacxon
B LEHTDPAJbHOM WJIH OceBoM KaHajse cormta G,
= 18 1n/MuH, pacxox TpaHcnoprtHoro rasza G, =
20 n1,/mMuH, pacxon 3amutHoro rasa Gy = 20 j1,/MuH.
G, 3a/1aeTCst T/IABHBIM 06Pa30M JIJIst 3AIMTbL OTITHYEC
KOW cHCTeMBbI. B UEHTPaJIbHON 06J1aCTH MEXKAY COILJIOM
M TIOAJIOXKKOH (POPMUPYETCS MOUYTH LIMJIMHAPHYeCcKas
crpys (eM. puc. 4, ). Buxpenble TEYEHUS B OKPYIKAIO-
M CTPYIO TPOCTPAHCTRE 110 XapaKTepy HecTaluoHap-
Hble, HO CO3JJaBaeMble MU OCLIMJIJISILIMHI HE OKa3blBaIoT
CYUIECTBEHHOTO BJIMSIHUSI HA OCHOBHOW TTOTOK.
CornacHo puc. 4, 6 BHEmIHee OTKPbITOE TEUEHUE
rasa BIIOJIHe MOXHO OblJI0 Obl CYUTATH HECOKUMAEMbIM,

[IOCKOABKY TLJIOTHOCTD Ta3a 3/1eChb CPAaBHUMA C [IJIOTHO-
CTBIO OKPY>KaIole! Cpesibl, 1ero HUKaK Hesb3s CKa3aTh
O BHYTPEHHUX TEUEHUSIX B COIMJe. Pa3Mepnl KOJIbIIEBbIX
KaHAJIOB TPOMHOrO KOAKCHAJIBHOIO COILJIA MaJjbl M COC-
TaBJSIOT B CPEAHEM HECKOJBKO MHJIMMETPOB. [Ipu
[I03BYKOBBIX TEUEHHSIX BA3KOrO rasda B TaKHX KaHaslax
MOryT (POpMHUPOBATbCS TMOTPAHMYHDBIE CJIOM, CDaBHU-
MbI€ TI0 BEJHYMHE C UX MUHUMAJbHBIMM pas3MepaMu.
Jlns obecrieyeHnst 3aJaHHbIX YCJIOBUH pabounx Xapak-
TEPUCTUK rasa B IIPEACONIOBOM 06beMe TOAAEPIKUBa-
ercst u3bbitouHoe aapiaenue ot 0,2 10 0,7 atm. 3a cyer
3TOrO IJIOTHOCTb Ta3a BO BHYTPEHHHX KaHajlaX Koak-
CHAMbHOTO COMIA MOYKET CYLIECTBEHHO U3MEHATLCSA. Ha
puc. 4, 6 MOYHO BH/AETH, HACKOJbKO TJIOTHOCTDL rasa
B 3alMTHOM ¥ HECYLUEM COTLIaX OTJIMYaeTCsl OT MJIOTHO-
CTU B OKpy>KartoueH cpeae. HecMoTps Ha TO, 4TO MaK-
CMMaJIbHOE 3HaueHue uucja Maxa BO BHYTPEHHEM
TeueHU! He ripesbliiaeT (0,1 u [OCTUraeTCst TPU BbIXOAE
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Puc. 4. Konviesnle C'fp‘yl‘rJbele TECHEHHUST ra3a apu HaTeKatHi Ha NAOCKYK HOANOXKY € HCII0AL30BANINEM TpOl‘jIHOI'O KOAKCHUANBHOrO conna:
a — 110n€ CKOPOCTH M JiHlny TOKA ra3a; 6 — paclipepeieHHe [TAOTHOCTH ra3a

M3 KOJILLIEBBIX KaHAJOB, TeYeHMe ra3a 3Jech yXe He-
JIb3s1 PACCMATPUBATh KaK HECIKUMAEMOE, [OCKOJIbKY
TJIOTHOCTD ra3a He IBJISIETCSI TOCTOSIHHON. Y BeJIMUeH’e
pacxoja rasa B 3aLIHTHOM MJIM TPAHCIIOPTHOM COILIAX
OKa3bIBaeT 3aMeTHOE BJIHSIHHE HA HCTeUeHHE U3 APYIHX
KOAKCUANbHBIX KaHaJOB. MaKcuMalbHasi CKOPOCTD Ia-
3a (cM. puc. 4, @) HaGMOAAETCS NPY BBIXO/E U3 TpaH-
CHOPTHOTO COMJIa U cocTassieT 16 M/ c. [losyuenHoe
TakUM 06PA30M YCTAHOBUBIIECCS PACIPEAEIEHIE AP a-
METPOB TeYeHHs rasa MCIIOIb30BaJIOCh [a/ee MpH Bbl-
YHUCJIEHUH TEPMOAMHAMUKH M TpPaHCIOPTa YacTHU No-
pOLIKa K IMOAJIOMNKKE. '

Tpancnopm wacmuy k nodaoxxe . LacTuupl nopoi-
Ka Hau 1Ha0T CBOE JABMIKEHWE B KOJBLEBOM CEYEHUM
TPAHCIOPTHOIO COILIA B TOYKE BBOJA C KOOPAMHATOH
Yp = =10 Mm. 3amaBanock obuiee 4ucso yactun N, =
= 100 oauHaKOBOrO pasMepa CO CPEAHHUM AMaMETPOM
dp B ipenenax 20—100 mxM. Pacxom uacTui cocTaBasi
F =60 r/Mun, TeMilepaTypa 4acTHL 3aJaBasach Noc-
TOSIHHOU M COOTBETCTBOBAJA HA4YaJbHOW TeMIlepaType
T, =Ty = 300 K. KoMIOHEHTBI BEXTOPa CKOPOCTH
YaCTHLBI B TOUKE BBOJA MAJIO OTIMYANUCH OT BEKTOPa
CKOPOCTH rasa V=2u0mM/cu pPacCYUTBIBAJIUCH
CTATUCTUYECKH C MCMOJAb30BAHUSM JAaTUMKa CIydail-
HBIX UMCEJ 110 CXeMe, ONMCAHHOI Bbie ¢ 8V = 0,2
u 0,1 M/c.

CorsacHo ganubM [1] o dopme u pasmepax uc-
NOJIb3yeMBIX CTAILHBIX YACTHL NOPOLIKA OTKJIOHEHUS
4acTHL OT chpepuyeckor POpMbl MOXKET GLITh 3HAUM-
TeIbHBIM. /ISl OTNMCAHUA 3TOrO OTKJOHEHHS M €ro
BJIMSIHUS HA TIOBEAEHUE YacTHL B ABYX(DA3HOM MOTOKE
pacuer kosdduunenta conporusiexns Cy(Re,) npo-
W3BO/IUJCS C UCTOIb30BAHNEM GOpMYABT 3 U3 Tab.I. 2,
npHy 3TOM napameTp (GOPMbI ¢ BAPbUDPOBAICS B IIPE/e-
gax 0,3-1,0.

Tpaextopuu crasnpHbIX uyacTul AuameTpom 20 u
80 MKM, PacCYMTAEHbBIE C YYETOM UX CTOJKHOBEHHII CO
CTEHKAMH COMJIa ¥ abCOJIIOTHO YIPYTHUM OTPa’KEHUEM
(9) ¢ k, = 1, npeacraBieHsl Ha pUC, 3, @, 6.
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Meuxue (d, = 20 MKM) YaCTHIIBI XOPOLIO YBJEKa-
FOTCSI Fa30M, UCIIBITHIBAIOT MEHbLIEE KOJUYECTBO OTpa-
JKEHUH OT CTEHOK COMJIA, He TIPOHUKAIOT B siAPO MOTOKA,
KOTOpoe (hOPMUPYETCS UCTEYEHUEM ['a3a U3 1(CHTPalb-
HOro comsa, ¥ nioxo goxycupyiores (cm. puc. 5, a).
Kpynuse (d, = 80 MxM) yacTHILI 60JIe€ HHEPIMOHHDI,
yeM MeJIKME, M 332 CYeT CTOJKHOBEHHII CO CTeHKaMU
comsia JAOT pasMbIToe TNATHO (Gokycuposku (CM.
puc. 5, 6). 3amena yipyroro orpaxerus (9) ¢ k, = 1
Ha Heyrnpyroe ¢ k, < 1 IPHBOAWUT K MOTEpPe 2HEPIUH K
CTAGHIM3UPYET MOTOK YacTHIL[, NpH 3toM dopMa no-
POLUKOBOW CTPYM CTAHOBHTCS eule OJIDKe K LUJIMHA-
puyeckoH, a Touka GOKYCHUPOBKH YacTHL| NepeMellia-
€TCSI BHU3 110 NIOTOKY. 31€Ch DACCMATPHBAIOCh TOJIBKO
OJHOKPATHOE COYAAPEHIE YACTHI] C MOAJI0NKKOMH, T. €.
NoCJIe CTOJKHOBEHUS ABMOKEHIE YacTHIBI NIPEKpalla-
JIOCh M OHa Mcuesasa. [lpu yBeIMdeHNN pacxoga rasa
B 3aL{HTHOM COILJIe CPeAHsisi CKOPOCTh YacTHL, BO3pac-
taer. HacTuub! MOKUMAIOTCS K LEHTPY CTPYH, IIpH
3TOM yJaydwaercss crenedb ux okycuposku. Ha
pucC. 5, ¢ MOKa3aHO TUIIMYHOE PACIIpeeJIeHne Macco
BOrO MOTOKA YACTHIL ¢, Ha TMOBEPXHOCTH HOIIONKKH,
KOTOPBIH XapaKTEPHU3YET CTENEHb JOKAJH3aUHN 1101a-
94U MOPOLIKA B IISITHO JIA3EPHOTO U3JIYUEHUS.

IlpoBeaeHnbl 4uC/IeHHble UCCACIOBAHUS BAMSTHUA
napaMerpa (GOpPMbI ¢ Ha CPEIHIOI0 CKODOCTD YaCTHL( B
noroke rasa. Ha puc. 6 noxasanp! U3MEHEHHST MOLY IS
BEKTOPA CKOPOCTH ra3a M cpefgHel CKOPOCTH YacTHL
[OPOLIKA BAOJB OCEBOH KOOP/IMHATHI i. Bpixo/(HOe ce-
YeHHe COTLIa HaXOAHTCsl B TOUKe i = 28 MM, MOJJIOXKA
PACIIOIOIKEHA Ha pacCTOAHMK 0Koo 20 MM OT COmJia
(y = 48 mm). [duamerp d, 1 mapamerp GOPMBI HaCTUL|
BapbupoBasii. Haubosbluee yCKODEHHE Ta3a M 9aCTHL
MPOMCXOAUT BO BPEMS UX ABIIKEHHS B Cy>KarouleHcs
4acTH comgia, MaxcumaspHasg CKOPOCTb 4aCTHULl DU
5TOM JOCTUTAETCS HE B COTLIE, @ BO BHELIHEM TEYEHHH.
JlaneHelliee ABMIKEHUE YACTHL 3aMeJISeTCs] BCAeL:
CTBHE DACWIHPEHHS Ia3a M YMEIbIIEHUST CKOPOCTH €r0
TEYEHM MOCAE BBIXO/(A U3 COILNIA, & TAKIKe BOMU3U IOL-
JIOXKKH, TAe HAGIIOAAETCSl TOPMOXKEHHE ra3a U HaTeKa-
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Puc. 5. Tpascnopr nopoiika K nognoxke: tpaektopuy dactuu auamerpom 20 (a) u 80 (6) mkM; namenenue ckopoctit 100 0AMHOYHBIX
YacTU auaMeTpoM 80 MKM, BBEAGHHBIX B FasoBbli MOTOK ¢ HayalbHON CKOPOCTHIO, MMEIOLIEil CTaTHCTUYECKOE oTKIOHe e (8); pacnpe-

JeNeHHe MacCcoBOoro NoToKa HacTHi 1IOPOLIKA Ha [10AJI0KKE (Z)

HUE €ro Ha TBEPAYI IJIOCKYI MOBEPXHOCTb (CM.
puc. 4, a). IToxasaHo, 4T0O OTKJIOHEHNE (OPMbI YaCTHIL
OT C(epHUUeCKOH NMPUBOAMT K CYUIECTBEHHOMY YBEJIH-
4eHUIO KoaduumeHTa conpoTusjaenus Cy U poOCTY
ckopocru wactuu V), Ha puc. 6, @ maxcumanbHas
CpPelHsA CKOpPOCTh YacTun nopouma (rpu ¢ = 0,3)
usmensercs B uutepnate or 6,0 no 10,5 M /¢ npu Bcex
uccnenyeMprx pasmepax uactuy oT 20 go 100 mmM.
Jlasepnviil pasozpes wacmuy, 8 nomoxe zasa. Vlc-
[OJb30BAJIOCh JIA3€PHOE U3JIYUEHUE C JJIMHOM BOJIHDBI
10,6 mxm MowmHOCThIO 1,2 XKBT 1 /MH3a ¢ POKYCHDBIM
paccrosiauem 230 MM, Manyuenue GoxycupoBasoch Ha
paccrosuuu 100 MM BbILIE MOANOMXKKH, YTO O3BOJISLIO
noJjyyarb paauyc nartHa 4,5-5,0 MM. 3ajgaBanoch ra-
YCCOBO pacrnpenesieHye JIOTHOCTH MOIIHOCTH B Ty YKe.
Ha puic. 7, 6~z npeicTaBiIeHO U3MEHEHWE TEMIIEpa-
TypeI ABYX yactuy auamerpom 100 mxm no ocu OY,
pOJIETAIOIUX Yepe3 Ja3eDHDBIH Jyd 110 pa3HbIM Tpa-
extopusim. Ha puc. 7, 6 MokasaHo pacripefeserue

TEMIIePATyPbl BHYTPH CaMOH YaCTHI(bI HA Pa3HbIX TPa-
exTopusx. IIpu sToM okasasoCh, UTO CaMM YaCTHLbI
MOYTH MFHOBEHHO NMPOrpeBanTcst. MOYKHO BUAETD, YTO
pa3HuIa MeXAy TEeMIepaTypoll B LEHTPE YaCTHULBI U
Ha ee NIOBEPXHOCTH He3HauuTeaAbHa. Ha puc. 7, z npen-
CTaBJIEHO THITMYHOE PACIIPE/EJIEHNE CPEAHEN TeEMIIEpa-
Typbl CTPYH YAaCTHL MOPOLIKA Ha NMOBEPXHOCTH MOA-
JIOXKKH. B yCI0BUSX IAMTENBHOTO BO3AEHCTBHA JIa3ep-
HOI'O U3JIYYEH WS YACTHIIbI MOT'YT He TOJbKO JIaBUTHCA,
HO [a)Ke KWIeTh ¥ UCNapsThecs. TeMreparypa 4acTHlL,
NafaiouinX Ha NOBEPXHOCTDb MOANOXKKH CYLWECTBEHHO,
3aBHCUT OT TPAEKTOPHHU UX ABM)KEHHA M BDEMEHHU NPe
ObIBAHUSI B JIyUe.

Brisoast

[ansas pa6oTa MocssilieHa M3y4eHHIO Ta30JnHaMUYeC-
KUX U TEMNOBbIX NPOGJEM, KOTOPble BO3HHKAKT IPH
TPAHCIOPTUPOBKE YACTHI MOPOLIKA, a TaKXKe CTPYHHBIX
TeYeHuH paGounX M 3AUIMTHBIX [A30B MPUMEHUTEbHO K
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Puc. 6. MaMerenue MOAYJIst BeKTOpa CKOPOCTH rada (WTPUXOBAS) ¥ CPEAHEH CKOPOCTH YaCTHLL, PACCHHTAHHOM 110 ancambnio u3 100 wactuu
3a/laHHOrO Pa3mepa, OT TOYKH BBOAA A0 MOAAOKKH Np d, = 20-100 mxm 1 ¢ = 0,3 (@), 0,6 (6), 0,8 (8), 1,0 (&)

COBPEMEHHBIM TEXHOJIOIMSIM J1a3€PHO-TTOPOLUIKOBON Har
[UIaBKM W TIPOTOTHIIMPOBaHMsT Mertonamu DMD.

Ha ocnoBe pemenus noaHplX ypaBHeHuUH Hapbe—
CToKca B OCECMMMETPUYHOH TOCTAHOBKE CO3/aHA BbE
YUCJIUTEbHAsT TEXHOJIOTUS JIsl UCCIIeI0BAHUSI CTPYH-
HBIX TeYeHUH DPaGOUMX Y 3aIMTHBIX I'a30B B TPOHHOM
KOAKCHaJIbHOM COTIJIE TIPUMEHMTEJIBHO K ITPOLECCaM JIa-
3epHOr0 HaHeceHMsl MaTepuasa. V3yueHbl 0cOGEHHO-
CTM MHOTOCJIOMHBIX KOJIbUEBBIX TEYEHUM M WX B3aUM-
HOTO BJIMSIHUS Ty TEM BaPBUPOBAHUS HAYAIbHBIX 3HAUE-
HUH Pacxofa ra3oB B KOAKCHAJIbHOM COILIE,

Pazpa6orana TpaHCIOPTHAS MOAENDb MOPOIIKOBBIX
CTPDYHHLIX TEUEHWH, TpeAHa3HAUYeHHAs [UIsi pacdera
TEPMOJUHAMHUKY M ITEPEHOCA YACTUL[ TTOPOIIKA K IO/
JIOKKE, YUCJIEHHO MCCIIE,;[0BAHBI MEXAHU3MbI YIIPYTOro
Y HEYIIPYIroro OTPaXKeHMs YaCTUIl OT CTEHOK COTIa.

OcobeHHOCTY ra30BOH JAMHAMHUKY NnpoueccoB DMD
CBSI3aHbI ¢ HEOOXOMMOCTBIO PACUETA HE TOJLKO BHEI-
HUX TeYeHUM rasa (Mexmy COTIJIOM ¥ TOZJIOMNKOH), HO
U TeYEHUH BHY TPH KOJIbLIEBBIX KAHAIOB KOAKCHAJIBHOTO
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COMJIa, TEOMETPHSI KOTOPBIX OKa3bIBAeT CYLIECTBEHHOE
BJIMSIHHE HA TapaMeTPbl BHEILHEIO CTPYHHOIO TEYEHMUsI.

PacueTHbIM MmyTeM TOKa3aHO, YTO BHEIUHEE OTKDbI-
TOE TEYEHUE Ta3a BIIOJIHE MOYKHO ObLIO Obl CUMTATh
HEC)KMMAEMbIM, T[OCKOJbKY TIJIOTHOCTL ra3a 3J4ech
CpaBHUMA C TIJIOTHOCTBIO OKPY>KaIOLIeH Cpeabl, 4ero
HUKAK HEJIb3S CKa3aTh O BHYTPEHHUX TEYEHUAX B KOAK-
cuasbHOM corle. HecMOTpst Ha TO, UTO MaKkCUMalbHOE
3naueHue yucjaa Maxa BO BHYTDEHHEM TEYEHMM ra3sa
He npesbimmaer 0,1 u gocTHUraeTcst B BBIXOAHBIX Cede
HUSIX KOJIbIEBBIX KaHAJ0B, JO3BYKOBDbIE TEUEHUS BA3-
KOro rasa 3/ech YK€ HeJb3sl pacCMaTpMBaTh Kak He-
C)KMMAEMBIE, MTOCKOJbKY IJIOTHOCTD Ia3a HE SABJIAETCS
[IOCTOSIHHOM.

(Dopma yacTHl MOPOLIKA MOYKET 0Ka3blBaTb 3Ha-
YUTEJbHOE BJIMSHME Ha HU3MEHEHHE MX CKOPOCTH B
IOTOKE rasa.

B ycioBusx BO3nEeHCTBMA J1a3€PHOTO M3JYUEHUS
YACTHULLI MOPOIIKA MOrYT HE TOJIbKO IJIABMUTBCS, HO
Jladke KMIIEeTb U UCApAThCs. TeMrepaTypa 4acTull, ma-
JAIOIIMX HA MOBEPXHOCTD MOANOXKKH, CYLIECTBEHHO 3a-
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Puc. 7. TennoBoe COCTOAHKE HacTHL 0OPOUIKa lipH ﬂaﬂepHOﬁ HanNaBKeE: d — CXEMa B3AMMOAEHCTBUSA JIa3€PpHOTO TtydKa ¢ yaCTHLUAMH Ifa
HABYX PA3HBIX TPAEKTOPHUAX, 6 — CCIJGPH‘{GCKH CHMMETDHUROE pacnpe/ieAcHue remnepaTypbl BHYTDH HaCTHIbL; ¢ — H3MEHEHHE TeMIIepaTy Dbl
HaCTHIl BAOJb TPACKTOPHH, 2 — pacfpeiesenne C])C]_{Heﬁ TeMueparypbl B CTPye 4YacTHL Ha NOBEPXHOCTH HOANOXKH

BHCUT OT TPAEKTODHU UX ABYDKEHHS U BPEMEHH Npebbl-
BaHUA B Nyyke. Pasorpes wacTHL JIa3ePHBIM U3JIyde-
HUEM MOXKET OBECTEUNTb UX MHTEHCUBHOE UCITapEeHHe
U TIPHBECTH K MOTEPSAM MacChl Marepuasa IOopoLIKa.

Paboma 6wira evinonnena npu noddepxxu Poc-

cutickozo honda yndamenmanrvnbly uccaedo8amuil
(zpanm Ne 08-08-00238_a).
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MATHEMATICAL MODELLING IN WELDING

HEAT SOURCE MODELS IN SIMULATION
OF HEAT FLOW IN FUSION WELDING

Karkhin V.A.f, Pittner A.2, Schwenk C.?° and Rethmeier M.?

, st. Petersburg State Polytechnic University, St. Petersburg, Russia
“Federal Institute for Materials Research and Testing, Berlin, Germany

Models for bounded volume heat sources with different power density distribution are proposed. The distributions are
exponential, normal and parabolic. The sources represent real heat source (welding arc, laser beam, electron beam,
plasma jet, gas flame, etc.), convection in the weld pool and the latent heat of fusion and solidification. Unknown
parameters of the distributions can be found by solving an inverse heat conduction problem. The functional-analytical
technique for calculating 3D temperature fields in butt welding is developed. The proposed technique makes it possible
to reduce considerably the total time for data input and solution. [t is demonstrated with an example of hybrid welding

of steel plates.

At the present time different heat source models for
calculating the temperature fields including weld pool
and heat-affected zone dimensions are used. The nu-
merical heat transfer and fluid flow codes for fusion
welding have so far been used mostly as a research
tool. Current computer models require prescription
of a large number of input parameters, several of them
cannot be easily specified from fundamental princip-
les. For example, such parameters are the arc/beam
heat efficiency, effective thermal conductivity and
the effective viscosity of the liquid metal in weld
pool. These parameters depend on the welding con-
ditions. In order to find such dependence an optimi-
sation (inverse) problem has to be solved by using
corresponding experiment. Such calculation requires
highly trained personnel, much time and expenses.
The method of choice for solving the heat conduc-
tion problem is governed by the accuracy required
with respect to the further use of the results. If the
residual stresses and distortion or the metal microst-
ructure and properties after welding are calculated,
only the temperature profiles in a solid part of the
weldments are of interest. Therefore, the temperature
problem formulation can be simplified. Convection
in the weld pool can be substituted for such a system
of apparent heat sources which produce required weld
pool shape and size and consequently the adequate
temperature field outside the molten pool. This ap-
proach resembles the «equivalent heat source» con-
ception [1]. The mathematical structure of the heat
source models should at least approximately represent
the phenomena in the molten pool (real heat source,
convection, etc.). The unknown parameters of the
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sources can be estimated by using experimental data
and multivariable optimisation. Many volume heat
source models are known, for example, the sphere
model [2], double ellipsoid model [3-5] and its mo-
dification [6, 7], conical heat source [8], cylindrical-
involution-normal heat source [9]. However these mo-
dels do not take into account more complex power
distributions and limitation on the heat source size.
For instance, it is unrealistic to assume that a volume
heat source acts outside the molten pool.

The aim of the study is to demonstrate the ma-
thematical models of apparent volume heat sources,
allowing for a real heat source and influence of con-
vection in the weld pool, and functional-analytical
technique for calculating the temperature fields. The
models contain unknown parameters which are esti-
mated by using a set of experimentally measured weld
dimensions. The inverse problem is solved by direct
simulations in connection with multivariable optimi-
sation [10, 11]. It has to be noted that the computa-
tional requirement to solve a single direct problem is
the key criterion that governs the overall efficiency
of the inverse problem solution [12]. The technique
is demonstrated with an example of gas metal arc-laser
hybrid welding of steel plates.

Heat source models. The models for apparent heat
sources should allow for real source as well as influ-
ence of convection in the weld pool (Figure 1). The
distribution of heat flux on the workpiece surface
exposed to a real source (welding arc, laser beam,
electron beam, plasma jet, gas flame, etc.) can be
described by the Gaussian (normal) distribution [2,
3, 13]. According to the published results of experi-
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ments and calculations the heat transport by convec-
tion can be approximated by continuous smooth fun-
ctions with zero value at weld pool interface.

In Figure 2, @, a unit volumetric power distribu-
tion is shown. Each heat source is a bounded region,
so that its active domain is a parallelepiped [x/, x”] x
x [y, y”]1x[2’, 2”]. The unit power distribution along
an arbitrary axis is schematically illustrated in Fi-
gure 2, b. It has to be noted that the area below this
curve bounded by & and &” remains unit for all dis-
tributions at any time. Several power distributions
can be derived. As denoted in Figure 2, ¢, the normal,
exponential as well as parabolic distributions are pre-
sented here in more detail.

The normal power distribution, that is also refer-
red to as Gaussian distribution, along an arbitrary
axis with local coordinate § is given by the following

formula:
7 ANl 1v.E’—§
/&) =§ . [@ (%) - [%—]J B
" QY
with ®(u) = % f e dh,
0

where &, is the geometrical power distribution para-
meter which corresponds to the distance to the origin
of the heat source where the power has fallen to 1 /e
of its maximum value at the heat source origin; & and
£ are the heat source boundaries. Goldak’s ellipsoidal
heat source [3] is a specific case of the proposed model
in equation (1), if the heat source is unbounded (x” =
_ y/ = —co, 7 = 0, x = y// =7 = oo)

[ Apparent heat source g Sapp I

I Latent heat g, ] I Convection ¢, J rReal heat source g.,

D> 91 O

Welding
direktion

Figure 1. Illustration of the apparent heat source and reference
frame

The exponential power distribution along an ar-
bitrary axis with local coordinate & is given by the
following formula:

L E g

. e\~ 1 .
f(é):g—e—(e —e ) e .
The parabolic power distribution along an arbit-

rary axis with local coordinated & is given by the
following formula:

(2)

f®

1
3%

-1
—[ao@"fé')%al(é"z—EJ2>+ <&"3*&'3>} X (3)

x (ay + @& + art?),

Unit power
distribution, ny !

TGN
.
"y
y : . e
;4‘ v : [ (&) dg=t
5 i I\ €'
‘L____ —2z' Heat source
el 7 origin
[ 3 BNe ; 5
S S 0 _ x| & ‘dct, ‘;‘ (v, y, 2)
a! Myt Yyt {:' 4
a b
(&) . Normal [(%) Cxponential (&) Parabolic
\ \ \ /
N \ \ /
K . N 4
1 J . [\l.-; M R
£ g g g enoe g’ g

C

Figure 2. Power distribution of unit heat source: ¢ — bounded unit volumetric power distribution; & — power distribution along local
&-axis where & can correspond to the global x, y or z-axes; ¢ — types of power distributions
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where the power distribution is defined by the para-
meters ap, @1 and a.

It has to be stressed that all parameters of the
proposed heat source models can be time-dependent.

Solution of the heat conduction problem, The
following assumptions are made:

e the continuum is homogeneous and isotropic, its
dimensions L,, L, and L, can be finite or infinite (see
{'igure 1);

e all bounding surfaces are heat impermeable

e the thermal material characteristic values (ther-
mal conductivity A, thermal diffusivity @, heat capa-
city ¢ and density p are temperature-independent);

e the ambient temperature and initial temperature
are constant, T., = const;

e the coordinates of the heat source origin (xg, yo,
zp) at any time ¢ are known.

Then the energy conservation equation can be writ-
ten as

ar
3t

= av'T + P
pc

(4)

The three dimensional transient temperature field
due to the action of a volumetric heat source can be
obtained by using the source method [2, 13]:

T, y, 2, 8) =T =

min(t, £.)

-9 | e, pew, Hoe, ndt,

pc

(s)

where ¢ is the power of the source which represents
part or entire apparent source @,pp; ty is the welding
time; and © is the temperature increment due to an
instantaneous unit heat source. If the power ¢ is time-
dependent as in pulsed power welding then g should
be considered as part of the integrand. This integrand
can be calculated for an arbitrary power distribution
f(€) along an axis on a basis of the method of images
as

e, t) = 4nac)‘/2ffg)‘5‘ Y «

h=- j=-1.1

[ []§+(r—]xo—2/eL]] ©
X exp iai dg,
or on a basis of the Fourier's method as
O, &)=L "x
x {1 +23 cos[% ] exp[ kznz”]f ) co [THQM dg)
k=1

Here the parameters are defined in correspondence
to Figure 2, b. The heat source location (xg, yg, 20o)
can depend on time; the dimension of @ is m' Equ-

58

ations (6) and (7) enable to derive the temperature
due to a heat source with normal, exponential or pa-
rabolic power distribution. If the surface heat transfer
is taken into account then the equations become more
complex [12].

Normal power distribution. For sake of clarity
the coordinate system of Figure 2, b is considered
with x as global coordinate and & being the local
coordinate attached to the source. If (1) is inserted
into (6), the temperature due to an instantaneous unit
heat source with normal distribution can be found as

(e AT !
Ox, t) = {\/n(4dt + &) [cp L%j - [%j} X
(- m—zw) (8)
x 2 Yo S [FE) - FE),
=00 j=-1.1
where
RV L 2’2L)§c\3
F(”):(D[E "t T Viagaat+ 8 J @

If the Fourier’s method is applied, the following
equation can be derived by inserting (1) in (7):

‘Ix
L

Ofx, t)
S0
( 5 b 3 _k'),'; (1[+£
2 & N knx '!) 12 4/
X ll +:§[¢ (EJ (Q(J k;]cos [T/a, X
x [F(&") = FEHN
where
krxy u . kn&, }_
F(u)—cos( 7 }Re[@[g Z—ZLJ
[k . [tb u_,kn&e}_ (11)
sin | — m Tl )

2 f ,
O(w) = — J. exp (—A°)dh
Ty
and @ = r + is with i = V1.

Exponential power distribution. Inserting (2)

into (6) and (7) yields

é' _%’_’ _at

A 2

5[& [e e
/

Ox, b) =
o Jla = jxg = 2kL) (12)
x 2 Ee " FE) - ),
k=—ca j=-1.1
where
B u— jlx — jxg — 2RL) \/Zz?}
Fu) _<1>[ Tiot + ) (13)
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and
1 £
O(x, t):z{1 +2£e ~e j X
o 2 71 —/eznzat
XE:, {1 +(£TL[EJ } cos [%]e Lo (14)
x [FE) - FEH,
where
Flu) =
_ “gj {kn&e | Rm(xg + ) km(xy + u) il (15)
=e 7 sin 2 —cos| ||

Parabolic power distribution. Inserting (3) into
(6) yields

O(x, t) :%x

ap

!
x[ao@" — S € -Ey+ Z —é’%] X

N (16)
> X FE) - FE)),
h=—o j=-11
where
at . .
Fu) = N5 - () = aglu = jx = o = 201 =
B (1~ jla - Jx, = 2k L)Z)
— ay2j(x — jxo — 2kL))e fat 1+ (17)

+ [(ag + aylx — jxo — 2RL) + a,2at +
u—j(x = jxy— 2kL)
Vat

Inserting (3) into (7) enables to write:

Lx
L

)

+ ay(x — Jxg — 2RLYAD [

Ox, ¢) =

x {1+ 2aE &)+ S €7 -EY+ Z &7 - P x
: (18)
k ~k*p’
x X cos (B exp (B2 1R - FE,

k=1

where

{L
+ a,

- COS
+a ):2L
2L kp

k
F(u) = gy sin M

L
[kn(xo + u)} kT[(xO + U)
— | tusmn|————
L
kp(xo + )

(e o
2ol o

k

kp

2%, COS[ b +1)

It should be noted that in the general case the

image method for the unbounded sources in the bo-

unded solid cannot be used, because in this case the

prescribed power s, in (4) changes and the energy
conservation law is violated.

|
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Inverse problem solution. Inverse modelling pro-
vides the estimation of unknown parameters (vector
p = {9, % Yo, Ze, ...}) using measured temperature-
related (heat-induced) weld characteristics (tempe
rature, weld penetration, weld pool length, etc.).

The corresponding optimisation problem (minimi-
sation of the objective function F) with the set of
inequality constraints of physical nature is presented
in the following form [10]:

N
F(p) =,

n=

@l [fy = fup)) +
1

K

+ 2 Wh(ph ~ pot — min;
k=1

(20)

G E G S0 22, <X mags

where N is the number of observations; K is the num-
ber of unknown parameters; /i’ and £, are the respec-
tive measured and calculated weld characteristics;
wl and @} are the weighting factors; pj is the guessed
value of the k-th parameter pj; gmax is the peak allo-
wable value of power g. The global minimum of the
objective function (true optimum) can be found using
numerical optimisation. It should be remembered that
many dozens of 3D direct problems have to be solved
in order to solve one inverse problem. Therefore the
CPU time for a direct problem is of the utmost im-
portance. The time needed to obtain the results by a
functional-analytical method is less by many orders
of magnitude than by a numerical method.

Example. Gas metal arc-laser hybrid welding of
6 mm thick plates of S355J2 steel were conducted by
using a fibre laser and a pulsed arc process in order
to show the applicability of the proposed heat source
models for real applications. The averaged arc power
was 7300 W, the laser power was 7200 W, and the
welding speed was 50 mm-s™'. The following parame-
ters were assumed: A 30 W/ (m "KM, ¢
= 6257 /(kg”" K™, p = 7680 kg:m™, the liquidus
temperature was set to 1770 K and ambient tempera-
ture 7., — to 293 K. According to Figure 1, the
geometry of the specimen was defined as L, = 290 mm,
L, =120 mm, L, = 6 mm, yo = 60 mm and z; = 0.
The source moves uniformly and linearly with cons-
tant velocity parallel to the x-axis.

For the solution of the inverse problem the weld
boundary in the weld cross-section, the tailing part
of the end crater as well as the thermal cycles were
used as input data. The simulation results are in good
agreement with the experimental ones (Figure 3).
The simulation model contains three sources, the de-
finition of the bounded region of each heat source
refers to Figure 2.

The first normal distributed source models the ac-
tion of the laser beam with x, = y, = 1 mm, 2z, =
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Figure 3. Experimental and simulation results: @ — top weld pool
shape; 6 — peak temperature isolines in the cross section; ¢ —
thermal cycles

=100 mm, x" = y” =-0.15 mm, &7 = y” = 0.15 mm,
Z =0, and 2”7 = 6 mm as well as an heat input per
time of 3900 W.

The second source moves 3 mm in front of the laser
and imitates the action of the arc. It is setup as normal
distributed source with the following parameters: x, =
Y. =3 mm and z, = 5 mm. The bounding is set as x” =
=-20 mm, x” =10 mm, y" = —-2.5 mm, y’ = 2.5 mm,
Z'=0and z” = 0.25 mm with a heat source power of
1800 W,

The third source incorporates the action of the
latent heat as well as the convection in the weld pool.
It issetup as continuously distributed doubleelliptical
source acting 5 mm behind the first source (laser).
The following parameters have been used [12]: for
the front source x, = 1 mm, and for the rear source
x, =6 mm with y, =5 mm, z, = 10 mm for the front
and the rear parts. The bounding is defined by x” =

=-20 mm, x” =2 mm, ¥ =-1.5 mm, ¥y’ = 1.5 mm,
z’=0andz”=0.75 mm. The power was set to 2150 W.
The net heat input of the simulation is 7850 W in
comparison to a gross heat input of 14,500 W of the
hybrid welding process. It has to be noticed that the
one direct simulation takes about 1 s on an ordinary
office PC which confirms this method to be approp-
riate for inverse problem solution.

CONCLUSIONS

1. The proposed models for bounded volume heat so-
urces with different power density allow describing
apparent heat sources considering the real heat source
and convection in the weld pool.

2. The technique developed for solving the inverse
heat conduction problem enables the heat input dis-
tribution and the temperature field to be found using
measured weld parameters. The corresponding direct
heat conduction problem is solved by the functional-
analytical methods.

3. The proposed approach makes it possible to
reduce drastically the total time for data input and
solution.
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PECULIARITIES OF THERMAL
AND HYDRODYNAMIC PROCESSES OCCURRING
IN TIG AND A-TIG WELDING OF STAINLESS STEEL

Kovalenko D.V., Krivtsun I.V.,
Demchenko V.F. and Kovalenko 1.V.

E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Analysis of distribution of temperature over the weld pool surface in TIG and A-TIG welding of stainless steel by using
the stationary and moving arcs was conducted on the basis of calculation and experimental data. It is shown that the
distribution of temperature, which is higher than the boiling temperature, on the weld pool surface in TIG and A-TIG
welding has a characteristic plateau, the size of which is comparable with size of the anode spot of the arc. The maximal
temperature of this plateau is a bit lower, and its size is smaller in A-TIG welding. Problems of mathematical description
and modelling of Marangoni convection in A-TIG welding developing by the thermal- and concentration-capillary
mechanisms are discussed. Two circular flows may form in the weld pool, the interaction of which resulting in an inward

flow of the melt in the weld pool.

In our previous studies [1, 2] we considered the phe-
nomenological model of interactions in the TIG/A-
TIG arc—weld pool system, as well as the probability
of existence of the quasi-keyhole in A-TIG welding.
Peculiarities of the effect on formation of the weld
pool and weld by thermal, mass exchange, electro-
magnetic and hydro(gas)dynamic processes occurring
in the arc plasma and weld pool in A-TIG welding
by using the surface stationary and moving arcs were
studied on the basis of analysis of experimental data
and theoretical estimates. The fundamental difference
was shown in formation of the TIG- and A-TIG-welds
in welding with the moving and stationary arcs, this
difference consisting in the fact that in welding with
the moving arc the weld metal melting and solidifi-
cation processes occur simultaneously, whereas in spot
welding they are separated in time. Moreover, the
characteristic deep crater with reinforcement over the
weld periphery forms in spot A-TIG welding as a
result of subsequent shrinkage phenomena. Compared
with TIG welding, A-TIG welding is characterised
by the probability of a radically different formation
of the arc plasma with a flow over the surface of the
weld pool from its periphery to centre, this leading
to transfer of the overheated metal towards the pool
bottom and formation of narrow and deep welds.

In our next study [3] we offered a conjugate ma-
thematical model of thermal, electromagnetic and
hydrodynamic processes occurring in a workpiece in
stationary (spot) TIG welding. As established by mo-
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delling, parameters determined the thermal state and
hydrodynamics of the weld pool in arc welding are
sizes of the anode spot (diameter of current channel
at the anode) and thermal (heat) spot of the arc. The
fundamental difference in penetrating power of the
TIG and A-TIG welding processes is caused by diffe-
ring ratios of the anode (current) R, to heat Ry spot
sizes. Comparative analysis of the effect of three dif-
ferent force factors (Lorentz force, Marangoni effect
and Archimedes force) on the thermal state and hyd-
rodynamics of the weld pool was carried out on the
basis of the results of experimental and calculation
investigations of the penetration kinetics in TIG and
A-TIG welding. 1t was shown that with the anode
spot diameters less than 4 mm, the dominating factor
determining the depth and shape of a weld spot is a
centripetal component of the Lorentz force.

Analysis of the results of our studies and studies
conducted by other authors required further experi-
mental and theoretical investigations.

The purpose of this study was to conduct compa-
rative analysis of the experimental and calculation
data on distribution of temperature over the weld
pool surface, and study peculiarities of the capillary
convection in TIG and A-TIG welding of stainless
steel by using the stationary and moving arcs.

Peculiarities of distribution of temperature over
the weld pool surface. The calculations performed
by using the mathematical model [3] showed the prob-
ability of increase in density of the heat flow, leading

2010
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Figure 1. Simulation of temperature distribution on the weld pool
surface in transverse direction at R, = 1.25 mm, R, = 1.5 mm

to extra overheating of the weld pool surface above
the boiling point T}, at certain sizes of the anode and
heat spots of the stationary TIG arc in welding of sta
inless steel 304. This results in growth of heat losses for
evaporation and decrease in the degree of assimilation
of heat from a heat source by a workpiece. The tempe-
rature profile in overheating of the weld pool surface
(in transverse direction) above the boiling point has a
characteristic plateau at 7 > Ty, (Figure 1).

An experiment on evaluation of the distribution
of temperature over the weld pool surface along the
welding direction was carried to check the modelling
results. The TIG and A-TIG welding processes with
the stationary arc were performed on a 5 mm thick
specimen of stainless steel 304. Aerosol activating flux
PATIG S-A was used for A-TIG welding. The welding
process parameters were similar to the calculated ones:
welding current of 100 A, set length of the arc of
1.5 mm, and welding speed of 100 mm /min. Welding
was performed by using tungsten electrode with 2 %

Figure 2. Appearance of experimental unit with pyrometer (a),
and computer system (b)
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ThO,, having a diameter of 3.2 mm and pointing angle
of 35°. The shielding gas was argon with flow rate of
12 1/min.

Appearance of the experimental unit is shown in
Figure 2. RAYTEK computerised infrared pyrometer
Marathon MM 1MN was used as a measurement de-
vice, Specifications of the pyrometer were as followed:
measured temperature range of 650-3000 °C; spectral
range of 1 um; error of £0.3 % or +1 °C; response time
of 1 ms; and measurement spot diameter of 1 mm.

The fixed pyrometer was focused on a point marked
on the workpiece surface and located in the arc mo-
vement plane. The weld pool formed by the arc moved
during welding through the marked point, and tem-
perature on the weld pool surface was measured along
its longitudinal axis. Design of the experiment is
shown in Figure 3.

The experimental results are shown in Figure 4.
The distribution of temperature over the weld pool
surface above the boiling point in TIG and A-TIG
welding with the moving arc has a characteristic pla-
teau, the size of which is comparable with that of the
anode spot of the arc [4]. Diameter of this plateau
for TIG and A-TIG welding is 1.75 and 1.5 mm, res-
pectively. In A-TIG welding the maximal temperature
of this plateau is a bit lower, i.e. 2600 versus 2650 °C
in TIG welding that is not fully understood and re-
quired further investigations. In addition, the tailing
part of the weld pool in A-TIG welding has a some-
what increased temperature level.

It should be noted that the presence of such an
overheated metal region proves the probability of ex-
istence of the quasi-keyhole in A-TIG welding [1].

Role of hydrodynamic processes and peculiari-
ties of capillary convection in penetration of metal
in TIG and A-TIG welding. The calculation data ob-
tained in our study [3] are indicative of the fact that
at the certain ratios of the anode to heat spot sizes,
and at anode spot radius R, of less than 2.0 mm,
which are characteristic of A-TIG welding, the domi-
nating force factor determining hydrodynamics of the
weld pool is a centripetal (rotation) component of
the Lorentz force ﬁot. For the weld pool surface, this
force component can be directly expressed in terms
of the welding current I [1, 2]

2

?roz(ry 0) =1 E:)» 0<r<R,

]
where L1 is the magnetic permeability.

It should be noted in the context of further desc-
ription that value of the centripetal force is directly
proportional to square of the welding current I* and
inversely proportional to the cube of anode spot radius
RJ. The effect of size of the anode spot on value of
the centripetal force is illustrated in Figure 5.
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Figure 3. Diagram of experiment: 7 — weld pool and weld; 2 — TV camera; 3 — TIG welding torch; 4 — pyrometer; 5 —
temperature-time distribution; 6 — direction of welding; 7 — weld; 8 — weld pool; 9 — welding arc; 710 — flux; /7 — arc and weld

pool

The centripetal component of this force generates
a vortex flow of the melt in the weld pool, which
near the free surface of the weld pool is directed from
the periphery towards its. The opposite flows of mol-
ten metal in the weld pool turn to the axial direction,
thus transporting the metal overheated to a tempera-
ture above the boiling point or higher (see Figures 1
and 4) from the centre of the heat spot to the weld
pool bottom. As velocities of the molten metal persist
at a very high level (max [V] =50 cm/s), the metal
flow retains much of the overheating. As a result, a
concentration of temperature with a high temperature
gradient is formed in the weld pool near the melting
front. This provides conditions for increase of the
penetration depth.

Consider the effect of the Marangoni convection
on penetrating power of the arc in A-TIG welding.
It is a known fact that surface-active elements affect
the value of surface tension coefficient y of metal. In
A-TIG welding, it is oxygen, sulphur, fluorine, etc.
that can be the surface-active elements supplied from
the flux to the melt. For example, as reported in [5],
surface tension coefficient vy as a function of oxygen
content C in steel grows with decrease in the concen-

tration of oxygen| B¢ = % < 0. Asthe concentration

of oxygen on the weld pool surface decreases with

JaC
increase in temperature, then a— > 0 and, therefore,
4

oC
Bca‘ < 0. This is indicative of the probability of
”

formation of the reverse concentration-capillary Ma-
rangoni convection caused by the gradient of the con-
centration of oxygen on the free surface of the weld
pool. At the same time, according to [6], the tempe

rature interval of surface tension By = % of the iron

melt with an oxygen content of 150-350 ppm takes
a positive value within a temperature range of 1873-

oT
2123 K. As a result, we have that B¢ B_T < 0, which

proves the probability of the reverse thermal-capillary
convection. With the combined concentration-capil-
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Figure 4. Experimental temperature-time curves of distribution of
ternperature on the weld pool surface along its longitudinal axis:
a — range of temperatures of 1300-2800 °C; b — 2200-2800 °C;
{1 — TIG welding; 2 — A-TIG welding
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Figure 5. Simulation of |F ,(R,, 2)| distribution against radius of
anode spot at / =100 A: 71 — R,=1;2 — 2, 3 — 3mm

lary and thermal-capillary convections, the condition
of balance of tangential stresses on the free surface

v,
of the melt can be written as follows: v 3 =

z 2=0

1| or ac}

=—= — + Be —|.
p{BT or Pe or

Therefore, in A-2'1G welding the probability exists
of formation of the reverse (from the periphery of the
weld pool to its centre) Marangoni flow caused both
by the thermal- and concentration-capillary mecha-
nisms. In experimental evaluation of 87 and B, it is
extremely important to provide conditions required

for determination of particular derivatives % and

%, otherwise the experimental data may be invalid.

Note another important circumstance related to
high temperature heating of metal to boiling point
T =Ty, which takes place in the central part of the
weld pool surface in a region of the overheating pla
teau we established. As follows from physical consi-
derations, y(T, C) — 0 at T — Ty, independently of

oy oT
the content of oxygen. It means that % = [ > +
r v

aC ‘
+ Be —8 in a certain temperature range (T < T <
r

< Ty) below the boiling point, i.e. the surface tension
coefficient at temperature T = Ty has a maximum,
and the direction of the surface force within this tem-
perature range corresponds to a straight (from the
centre of the weld pool to its periphery) capillary
convection. Therefore, the straight (from the centre
of the weld pool to its periphery at T € [Toy, Th1)
and reverse (from the periphery of the weld pool to
its centre at T < Ty) capillary convections may si-
multaneously take place in A-TIG welding. In this
case, two vortexes may form in the weld pool, the
interaction of which will result in the melt flow di-
rected deep into the weld pool.

Concluding this consideration, we have to note
that the available experimental data on dependencies
Be = Be(T, C) and Br = Bp(T, C) within a wide
temperature range are not enough to make with cer-
tainty any theoretical evaluations of the effect of the
Marangoni convection on penetrating power of the
arc in A-TIG welding. Taking this into account, we
refrain so far from analysis of the results of our pre-
liminary calculations made in this direction.

CONCLUSIONS

1. In TIG and A-TIG welding the distribution of tem-
perature over the weld pool surface above the boiling
point has a characteristic plateau, the size of which
is comparable with that of the anode spot of the arc,
i.e. 1.75 and 1.50 mm, respectively. The maximal
temperature of this plateau is a bit lower in A-TIG
welding, i.e. 2600 versus 2650 °C in TIG welding that
is required further investigations.

2. 1t is shown that in TIG and A-TIG welding the
probability exists of formation the straight and reverse
Marangoni convection caused by the thermal-capillary
and concentration-capillary mechanisms. Two circular
flows may form in the weld pool, the interaction of which
resulting in an inward flow of the weld pool melt.

3. Further experimental investigations of the de-
pendence of surface tension coefficient upon the tem-
perature and concentration of an activating element
in the melt, especially for the conditions of interaction
of the flux layer with weld pool surface, are required
to study the effect of the Marangoni convection on
penetrating power of the arc in A-TIG welding.

4. For a more detailed quantitative evaluation of
penetrating power of the A-TIG welding process (like
all other arc welding processes), it is expedient to
develop the self-consistent mathematical model des-
cribing relationship between the welding arc column
and activated surface of the weld pool, i.e. the closed
one with regard to sizes of the current and heat spots.

1. Paton, B.E., Yushchenko, K.A., Kovalenko, D.V. et al.
(2006) Role of quasi-keyhole and Marangoni convection in
formation of deep penetration in A-TIG weldirclﬁ of stainless
steel (Phenomenological model of A-TIG welding of stain-
less steel). In: Proc. of Joint 16th Int. Conf. on Computer
Technology in Welding and Manufacturing and 3rd Int.
Conf. on Mathematical Modelling and Information Teclhno-
logies in Welding and Related Processes (Kiev, Ukraine,
June, 2006). Kiev: PWI, 258-263.

2. Yushchenko, K.A., Kovalenko, D.V., Kovalenko, I.V. et al.
(2007) Phenomenological model of existence and interaction
of the system of activated arc and Iijquid channel of metal
pool in A-TIG welding. [TW Doc. XII-212-1112-07.

3. Yushchenko, K.A., Kovalenko, D.V., Krivtsun, L.V. et al.
(2008) Experimental studies and mathematical modelling of

enetration in TIG and A-TIG stationary arc welding of sta-
inless steel. /W Doc. XI[-212-1117-08.

4. Yushchenko, K.A., Kovalenko, D.V., Kovalenko, 1.V.
(2003) Investigation of peculiarities of A-TIG wel({ing of
stainless steels. 7IW Doc. 212-1047-03.

S. Lancaster, J.F., Mills, K.C. (1991) Recommendations for
the avoidance of variable penetration in gas tungsten arc
welding. ITW Doc. 212-796-91.

6. Taimatsu, M., Nogi, K., Ogino, K. (1992) J. High Temp.
Soc., 18(1).

64



MATEMATHAECKOE MOAENTHPOBAHIIE B CBAPKE

AJTEKBATHOCTb TEPMOTHUIPO/IMHAMUNYECKOM
MO/JAEJN CBAPKU TUT U A-TUT CTHIKOBbIX
COEJIMHEHUI HUKEJEBOTIO CIIJIABA NIMONIC-75

Koeaaenko Zl.B.f, Hasgaax ZI.A.‘?,

Cyonux B.A.‘?, Koeanenxo H.B.!

1};’Hcmumym anexmpoceapxu um. E.O. Ilamona HAHY, Kues, Yxpauna
Tynvckuil zocydapcmeennviil yrueepcumem, Tyna, Poccus

[Ipencrapsaeno cpasHenue axcnepumeHTos 1o dopsmuposanuio wsa npu ceapke THI w A-THI cinasa Nimonic-75 u
l(OMIIb}OTepHO}\;l HUMHTALHH, BbIIOJHEHHOH B TyfleKOM IOCYNaPCTBEIHOM YHHBEPCHTETE, a TAIOKE aHaNn3 BAMAHMS OGPQTHOH
CTOPOHbI 1IBA Ha KOHBEKIMIO paciijiaba ¥ (HOPMY LIBA <«IECOMHbIE 4acbly. JKCIIEPHMEHTb! BLINOAHEHDI C TPHMELEHHEM
akruBupyowero ¢moca PATIG Nim-75 n 6e3 Hero Ha nuactynax roaunuon 3,15 ms npu rorax ceapru 40-240 A, jutune
nyru 1=4 Mm u ckopocth csapru 50—500 MM/ MuH. ALleKBAaTHOCTb MOIE/TH OLEHHBAJIK COMNOCTABJIEHUEM PA3MEPOB PEAJIbHDIX
M MMHTHDYEMbIX LIHGOB. BbinonHer aHaAN3 NPHUHH PEUHPKYMSALHOHHBIX Tedenit. O6Cy < 1eH0 COBUALEHHE IKCIIEPUMEH-

TaJbHLIX U PaCHeTIbIX JAaHHbIX.

[TonoxutenbHble pesynbTaTsl npu cBapke THI Tutana
CO 3HAYUTEJIbHBIM YBEJMYEHUEM [JIyGHHbI [TPOTIAB/IEHN
NI HAHECEHUH aKTHBUDYIOILETO (DJII0CA Ha TIOBEPXHOCTh
cBapuBaemoro metasina (crmoco6 A-TUT), nosyuenmbie
T'ypeBuyeM u 3aMKOBbBIM B VIHCTUTYTE 3/1€KTPOCBApKU
uM. E.O. Tlarona HAHY [1, 2], ctumyuposanu ucc.1e-
AOBAHMsI 110 KOHTPArMPOBAHUIO CTONGA IyTH TIPH CBApKe
TUT craneit u apyrux mMarepuajos [3—35].

Uccnenosanue Heiple and Roper (Rockwell Inter-
national Energy System Group, Golden, CIIIA) [6]
BJIMAHUS [I0BEPXHOCTHO-aKTHBHbBIX BEILECTB HA IJyOH-
HY TIPOILIABJIEHNSA TOJOKHUIIO HAaYas10 paboTam 10 aHa-
JIU3y KOHBeKUHUH npu cBapke. Mills u ap. [7] axcne
PHMEHTAJIbHO [OATBEPIAMJIH MOJOXKEHUA [6] 0 KIoUe-
BOM (PaKTODE yBeNMUeHUS [y GUHbBI TIPOILIABIEHUST —
V3MEHEHUHM 3HAKA TEMIIePATYPHOrO KO3 PHLIHEHTA [10-
BepxHocTHOrO HaTshKenust do/dT ¢ OTpuLATENbHOTO
Ha TOJIOXKUTENbHbIH. BBe/eHHe MoBepXHOCTHO-aKTHB-
HBIX BEILECTB MOHIKAET [TOBEPXHOCTHOE HaTsKEHHE
NP TeMIEpaTypax [JaBJjeHuss U KoahduuueHt
do /dT cranosutcs nostoxurenbrbiM, QONHAKO TPY MO~
BBILIEHUY TEMIIEPATypbl A0 Ipubausurensro 2000 °C
[IOBEPXHOCTHOE HATSKEHHE JOCTHUTAET 3HAYEHHH, Xa-
PaKTEPHBIX IS YHCTOTO MeTaia ¢ MAKCUMYMOM [IPH
«KPHUTHYeCKOI» Temrieparype, u xoaddunuent do/dT
CHOBA CTAHOBUTCA OTpUuATeNbHbIM (T. €. JaJjiee caey-
eT 3aBUCHMOCTH ZJI YUCTOIO METaIa).

Ilepsas B Mupe (1983 r.) AByxMepHas MOJEIb KOH-
sexuuu Oreper, Eagar u Szekely [8] Teopernueckn
MOATBEPAMIA TONOXKeHUsT paboTbt [6] u mokasana, 4To
CHJIBI [TOBEPXHOCTHOrO HATSKeHHs MapaHroHu sABAS-

© KOBAJIEHKO A.8., ITIABJIAK A.A., CYAHHK B.A., KOBAJIEHKO M.B., 2010

FOTCS TOMUHUDYIOIMMU, a BMECTE C 3JEKTPOMaTHHUT-
HbIMU cHiamu JIopeHua — OTBETCTBEIILIMU 32 MOSB-
JIeHHe ABOHHDBIX BUXpeBbiX obsnacteit. Tlozanee ycra-
HOBJIEHO [9], YTO 3HAK TEPMOKOHLEHTPALMOHHON 3a-
BUCUMOCTH [IOBEPXHOCTHOIO HATSIXKEHUST U €10 BeJIHYH-
Ha OMpeseSslOT HAPaBJIeHWe KOHBEKTHBHOTO TEIJIO-
NepeHoca Mo AYTy W KOJIWIECTBO BUxpelt. Mogenpo-
BaHUE CO3JAHUS 3JIEKTPOMATHUTHBIX CHJI B MPOLECCE
ceapxn A-THUT npoaosrkaercs, Ho O CHX IOD OHO HE
[O3BOJIHIO MONYYUTh OAHO3HAuHbIH oTBeT. C OaHOH
CTOPOHDI, YCTAHOBJEHO, YTO CKaTHe AYTH HE BJMSAET
HA MPOIJIABJIEHUE AYCTEHUTHBIX CTaJell, HO AOJOKHO
YUUTBIBATHCA KAK BCroMorarespHbiii (haxrop [10, 117;
C ZAPYroit CTOPOHDI, TOKA3aHO, YTO 3JIEKTPOMArHHTHAA
KOHBEKLMA CTOCOOCTBYET IIyGOKOMY IMPOIJIaBJEHUIO
[12] i ueHTPOCTPEMUTENBHAS COCTABIISIOIAS 3JEKTPO-
MarHWTHO®M CUJIBI SIBJSETCS NOMHUHUPYIOIMM daKkTo-
pom mportaBiaenus [13]. Ony6auKoBaHHbIE PE3yJb-
TaTbI IPEJCTABJIEHBI TONBKO [JJIsl TPOCTeHILEro 0cecum-
METPHYHOrO CIYyUast CTALMOHADHOIO UCTOYHHKA Tellsla
HECKBO3HOTO TPOIUIABJEHHUS Ha HETIOABMIKHOM H3JE
JIMU M3 ayCTEHWTHON CTaJH,

Texuonorus csaprur A-TUT rnuxenesoro crasa Ni-
monic-75 pnepsbie onpotosana B MIC um, E.O. [la-
tora HAHY [14]. Ona ocHoBana Ha IpUMEHEHUH KO-
potko# (1,5 MM) yIH ¥ aKTHBUPYIOLIErO COJEOKCHI-
woro gaioca PATIG Nim-75, congepskauiero gropub
u oxcuzael MeranoB. DTOPUAL! COCOGCTBYIOT KOHT-
pakuuy Xyru [S] v BAMSIOT HA TPOMCXOASILIME B HEH
cdusmyeckue npoueccer [15, 16]. Hampumep, Taxue
dbTopuLHbIe QIIIOCH MO3BOJISIIOT CBAPUBATH THTAHOBLIE

65



MATHEMATICAL MODELLING IN WELDING

Puc. 1. bopma nonepeyHslx CeYeHUH WBOB C [IOJHLIM [1POIINAB-
JeHueM crutasa Nimonic-75, HONYYEHHBIX [PH CKOPOCTH CBapICH
200 mu/mue na roxe 100 A npu csapke A-TUT (@) u 180 A npu
ceapre TUT (6)

JUCTBI Tomuuoi 10 8 mm [17, 18], ITaton u ap. [19]
paspaboTasy TEOPEeTUIECKYIO MOAEb KOHTPAKLIMK Ay~
ri QTOPUAHBIMU (PJIIOCAMH H, HATIpUMED, AJIst (bTOpUIAA
natpust Nal' npu toxke 100 A monyuunu ouenky pa-
Auyca aHOZHOIO UsiTHA 7, = 1,5 MM, JIpyrol HukeensIi
criap (Nimonic-263) cBapMBaiH MO CJOI0 OT/EJbHBIX
OKCHJOB THTAHA ¥ UX CMECell M MOAEMPOBAIM [IPOLECC
CBapKy ¢ NOMOUIBIO KOMMepyecKkon nporpammsl PHOE-
NICS [20], HO pesynbTaThl BHIYMCACHUIH OTJUYATMCE
OT 9KCIIEPUMEHTANBHBIX JAAHHBIX .

B nocneaHee BpeMsi KOMIBIOTEPHOE MOAENUPOBA-
HHUE CTAHOBUTCS OCHOBHBIM METO/0M Hay4HBIX UCCie-
fJoBaHu#. Pa3paGoTunMKur MporpaMMHbIX KOACB M 3KC-
TIEDUMEHTATOPDI, HAuMHAIOLME WCTIONB30BATL TaKHE
pOTpaMMbl, CTOST IIEPe BOMIPOCOM, KaK JOJKHA ObITh
oueHeHa oMubKa Pe3yabTaToB MOAENUpoBanus? Kom-
NpIOTEPHAS MMMTALMs 3aKAHUWBAETCSA TIPOTHO30M pe
3yAbTaTa CBapKH, U HanboJee BaXXHOM XapaKTepUCTH-
KO TIpOrHO3a SBJSAETCA JIOBEPUTENBHBIN YPOBCHb.
Ommbxa npornosa cornacuo Cyauuxy, Pagau u rpo-
(eesy [21) npeacrasnsercst BexTOpHON CyMMON OUIM-
60K MMUTAIIMH U JKCIIEPHMEHTA C YHETOM HOPMAJbHOTO
Cy4allHOTO PacTpeeIeHUs JAHHBIX. 3HAYUMOCTD He-
COOTBETCTBUS PE3Y.IbTATOB uMuTauun (IPorHo3a) aKc-
11IC}:MMEHTY OIIPEACNSAETCST MO CTAaTHCTHYECKUM KPUTe-
pHsAM, HAllPUMED, IIPH CDABHEHHM AMCIIEDCHI M0 KPH-
tepuro Pumepa [22] uan npu HEM3BECTHON aUCTIC)-
CHH, UTO 4aCTO BCTPEYAETCH HA IPAKTHKE, 10 KDUTEPUIO
Crbrogenrta [22].

Ilenbro faHHOH palOoThl SIBJISETCS CPABHEHME IKC-
TNlepUMEHTAJIBHON (POPMBI LIBA, TTONYYEHHOTO Ha CILIABe
Nimonic-75 npu cBapke "UI'u A-TUT co ckBo3ubmM
MPOIJIABACHUEM, C UMHTALMEN, BBITONMHEHHOR B Ty
CKOM IOCYJaPCTBEHHOM YHUBEDCUTETE, & TAKIKE AHATUS
BJIMSHH 06PATHON CTOPOHDBI 1I1BA Ha KOHBEKIWIO Pac-
n1asa 1 GOpMYy IBa.

JKCnepHMEHTAIbHbIE HCCAEAOBAHUS. JKCIIEPUMEH-
TaJIbHblE UCCIELOBAHUS TPOBO/IMIIN [IPH aBTOMATHYEC
KOM CBapKe CTHIKOBBIX COeNMHEHHWI Ha Becy IJIaCTHH
U3 HUKEJIEBOTO CIljlaBa TOAMHON 3,15 MM 1 pasmMepoMm
200 x 20 mm. Cornacxo crangapty BesuxoGputanniu
BS HR203 [23] criras Nimonic-75 nmeer caeayiomi
xuMuyecku# cocras, %: 0,14 C; 0,14 Si; 0,39 Mn;
21 Cr; 3,4 Fe; 0,28 Ti; 0,05 Cu; 0,001 S; 0,008 P;
0,0175 O; Ni — ocHosa.

CBapKy BbLIMOJIHSIJIM BOJb()PAMOBBIM 3J€KTDPOLOM
C cofepikanueM 2 % Topusi, AnaMeTpoM 2,1 MM, yriom
sarouxu 30° u mpuryrenuem 0,5—0,8 mm. B kavectse
Kax samurtHoro rasa (pacxon 10 n/Mun), Tak u rasa
Ha oaays (pacxonx 2 1/ MUH) UCHONbB30BAIHN aproH C
coneprkanuem npumecelt ne 6osee 0,1 %. st cBapku
npuMeHstIu ueTounnk rmutabus BCBY 315. Jxcnepu-
MEHTbI BBIIIOJIHEHBI ¢ TPUMEHEHHEM a9PO30JIBHOTG ak-
tusupyomero dmoca (axtusatopa) PATIG Nim-75-A
u 6e3 rero npu toke cpapku 40-240 A, mpawuHe Ayru
1—=4 MM u cxopocty cBapku SO0—500 MM/ mMuH,

B KaXXA0M ONbiTe Ha MOBEPXHOCTL IJIACTHHDBI Ha-
HOCHMJICS DABHOMEPHBIH C/OM aKTHBATOpPa TOMUIMHON
80—100 mMxmM. B nipotiecce BbITIOJIHEHUS 9KCIIEPUMEHTOB
KOHTPOJIMPOBAJIM TOK CBAPKU, HANPSDKEHUE HA AYre U
CKOPOCTh CBapKu. Ilocse cBapKy M3roTaB/IHBaH MaK-
pourmudbi, MPOU3BOAUAM 3aMEPbI TEOMETPUYECKUX
pa3MepoB U MPOBOAMJIM BU3YAJbLHYIO OLEHKY KaluecTBa
LIBOB.

Ha puc. 1| npeacrasnena opma TIONEPEUHLIX Ce
YeHHUH IIBOB C MMOJIHBIM NPOMaaBieHeM criasa Nimo-
nic-75, MOTyYeHHBIX HA OAMHAKOBOI CKOPOCTU CBApPKU
200 mm,/mun, Toxe 100 A nipu csapre A-TUT (@) u
180 A npu csapxe TUT (6). Kax Buano, s monyye-
HUS [OJHOTO NpOraBienus msa npu csapke A-TUT
MOYKHO YMEHBIUIUTH TOK U, COOTBETCTBEHHO, TEMJIOBIO-
JKEHHe [T0UTH B 2 pa3a I10 CpaBHeHuo co ceapxoit THT.

Ha puc. 2 npeacrasneHpl MakpoULTH( B UIBOB, BbI-
nonneruprx cBapkoit A-THT wa toxe 100 A npu Ha-
npsoxenus Ha ayre 10 B, anuue aytu 1,5 MM 1 CKOPOCTH
cBapku 200 MM,/ MUH, KOTOpbIe ObLIM BbLIPE3AHLI MO
[LJHE W3 OQHOro ofpasua criasa Nimonic-75. Oue
BUAHO, Pa3époc POPMbI U pPa3MepoB MO LIMPUHE 1UBa
OGBSICHAETCS HEKOTOPOM HECTaOUABHOCTHIO POPMUPO-
BaHWS IIBa MIPU CBAPKE C TIOJIHBIM TIPOTJIaBJAEHUEM Ha
BECY,

Puc. 2. Pas6poc pasmepubix 3xadenuit 110 wmpyre wiBa obpasua cnaasa Nimonic-75 npu ceapke A-THT, sbtronmernod va toxe 100 A
ripyu narnpsokendu Ha gyre 10 B, anuna ayre 1,5 mam 1 cxopocru cBapku 200 MM/ My
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MM

Puc. 3. ConocrassieHue 3KCIEPUMEHTANBLHOTO ¥ PACUETHOrO LIBOB
npu csapke THUT na Toke 180 A

Mmurtanua nporeccos cBapku. /[lnsg MMUTAUUH
pPacCMaTpPHBAEMbIX TPOLIECCOB UCIOJAb30BAHA TEPMO-
TMAPOAMHAMUYECKAS, MOAEIb CKBO3HOIO MPOILIABJIE
HUsA, paspaboranHas B TyJbCKOM rOCYAapCTBEHHOM
yHuBepcuTeTe [24], xoTopas MOCTpPOEHA Ha OCHOBE
ypaBHEHUH aHepruu, apwxkeHust Haspe—CroKca U He-
Pa3pbIBHOCTH C COOTBETCTBYIOLMMYU [PAHHIHBIMU YC-
JOBUAMH, YUMTHIBAXOUINMH OCOBEHHOCTH [MPOLECCOB
cpapkt TUT n A-TUIT,

Tenmodusnyeckue cpodcTBa crasa Nimonic-75
M3BECTHLI TOJIBKO ITPH KOMHATHON Temnepatype [23].
AHanoroM cmasa sBisieTcss B Poccuu HuUKeeBbli
crtaB XHSSBMTKIO, 8 CIHA — cntas Inconel-718
[25], B T'epmanuu — Nicrofer 2520 — alloy 75 [26].
M3BecTHb! TeMnepaTypHble 3aBUCUMOCTH CILTaBa Inco-
nel-718 u Nicrofer 2520 — alloy 75, cpaBaenue koto-
DBIX C PelepHbIMH TOYKaMH criaBa Nimonic-75 noxa-
3bIBaeT UX XODOlllee COOTBETCTBHE,

ITpouecc ceapxu THT. TlpuruManu ciegyioune
ucxonHble nanuble: Tox 180 A, Hanpsokenue 9 B, anuna
nyru 1,5 mm, KIIJI xoporkoit ayru 94 %, ckopocTb
ceapku 200 MM,/ MuH, TeMIepaTypHBIH KOI(DOUIIHEHT
nosepxHOCTHOro Hatskenua —0,017 H,/ (emK), pa-
JUYC 3IEKTPUUECKOrO NATHA 5,1 MM, pasnyc TenyIoBoro
naTHa 6,8 Mm. PacueTHas MakcumanbHas TemMiiepaTypa
B cBapo4YHOMN BaHHE Ty = 1780 °C. Pacyernas mupuna
mBa 8,87 MM, skcnepumMentaibiag — 10,5 mm. Pac-
qeTHast WHPHHA MPOIJIABIEHHS 5 MM, 9KCIIEDHUMEH-
Ta’tbHas — 0—5 MM. HecTabuabHOCTD MIMPUHBI NPOTT-
napneHust B sxcrepumente (Ne 47) o6bsCHAETCS BbI-
6opoM peXknMma B OGJACTH MepeEXona OT HENOJHOro
(170 A) « cxBosnomy (180 A) nponnasreHuIo
(puc. 3). Ouenka NMOJOKEHUs TPAHUIbI POTLIABITE
HUST MOXET OMNpeessiTbCsl IPHUHSTON TeMrneparypoil
niasiernst T, crtasa (1380 °C) winm KOrepeHTHOCTH
(CBSI3BHOCTH), TIPM KOTOPOIt OTCYTCTBYeT XuaAKas (hasza
Ty, pasruoit T, — (T, — T.) /3 (1367 °C) [27] (na
puc. 3 31a 06JacTh 3AUTPUMXOBAHA).

ITpouecc ceapxu A-THT . Tlpunumany cieayoue
ucxoanble Aanubie: Tox 100 A, Hanpspkenue Ha ayre
10 B, pmuna gyru 1,5 mM, KIT/ koporxoit ayru 94 %,
cxopocTh cBapiu 200 MM,/ MHUH, yuuTbIBas OCOGEHHO-
CTH IIpolecca:

® DaAUYC TEILIOBOrO NATHA 2,2 MM HM3-33 U30JIs-
UMOHHOTO NEUCTBHA aKTHBHUPYIOWEro PJoca;
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Puc. 4. Tpexmepunlit Bua uMnTanun upouecca csapii A-THUT Huke-
nesoro cnaasa Nimonic-75

! *\;';; \\l

® pazMyc TokoBoro nstHa 0,9 MM M3-3a KOHTPAKLUK
oyru PTOPOM;

e Ha BepXHeH [TOBEPXHOCTH TeMIlepaTypPHbIH KO3~
duupenT nosepxHocTHoro Hatsbkenus +0,01 H/ (erK) ¢
y4eToM 06paTHOH KOHBeKUMM MapaHroHu;

® Ha HIDKHeH IMOBEPXHOCTH, T/e YCJOBUS He H3Me
HSUTHCD, TEMITEPaTyPHBIA KO3((ULUMEHT IT0BEPXHOCTHO-
ro HaTspkenust puHaT pasHbiM —0,017 H/ (emK).

Ha puc. 4 npuBegeH TpexMepHbIH BUA UMUTUDYE
MoH nuacTusbl. MakcumarnpHas TemIepaTypa CBapo-
HOU BaHHBI T qay = 2700 "C X0OpOWO COOTBETCTBYET
COBPEMEHHBIM ITPEACTABJIEHUSIM O TPOLIECCE CBADKH He-
IIaBALIMMCS JEKTPOAOM C YUeTOM OXJAXKAAIOLIETO
JEUCTBUSA UCMAPEHUS, YIUTBIBAEMOTO B TPAHUYHbBIX YC-
JIOBUSIX MOJEJIH.

Ha puc. 5 npuBeaeHsl pe3ysbTaTbl pacdeTa s
NPOJONBHOrO ceveHns mBa npu csapke A-THUIL (x =
1,2 ¢M), I€MOHCTPUPYIOLIME XOPOLlIee BOCIPOU3Be-
AeHve (POPMbI TUINA «II€COYHbIE 4aChly . AHAJIU3 NOJTY-
YEHHBIX Pe3yIbTAaTOB IIOKA3bIBAET, UTO CBADOYHAS BaH-
Ha ¢ ABYMs CBOOOAHBIMM NOBEPXHOCTAMM MMEET [BE
BUXDeBbie 0GJACTH C KOHBeKUMHA MapaHronu, npuyemM
Y HIDKHEH MOBepXHOCTH BAHHBI TeMIlePaTy pHO-KaIluJ-
JspHOe Tevyenre MapaHroHu nMeeT KJIacCHuiecKui BUA
OT €e 1eHTpa K KpasiM. Ha BepxHell MOBEPXHOCTH Kap-
THHA Te4eHHs UMeeT GoJIee CJIOXKHDIN BU/ C 971eMeHTaMU
KaK NpAMOiT KOHBEKIMM MapaHronu (0T LeHTpa K KpasM
BaHHbB1), TAK U OGPATHON KOHBEKINK MapaHroHu K LeH-

TPy CBApOYHON BaHHbI. Pasmepbl MoNepevHbIX ceyeHHH

Puc. 5. Corocra/ieHue 3KCIEPUMEHTANBHOTO W PACHETHOrO LIBOB
ripu cBapke A-TUT Ha Toke 100 A
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Tabauua 1. Pesynprarel SKCHNEPUMEHTOB U PACYETOB, NOJIyHEHHblE NO LWIKPHHE WBOB, BbMoJHeHHnX csapkod A-TUL w THUIL ua
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06031aYyaIoT COOTBETCTBEHHO AKCMEPUMEHTANILHOE i MOANIDHOE BHAUCHHE.

Tabamua 2. PesynuraTpl 3KCHepHMEHTOB M PAcYeTOB, [OJYYEHHbIX 110 wHpuse W u Bbicote | FOPNOBMHDBI 11Ba B BUAE <«IIECOYHDBIX

yacoB» MpH MMMTALMK Iponecca capkn A-TUT

|

l [Ulnpria ropaosaiin:, MM
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" [ r Mo |
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C TOPJIOBHHOM M KApPTUHBI TEUEHHH B HUX Pa3/IMYAIOTCS
[UIs pa3HbIx ceueHuit. Jluist Taxux KapTuH Gosee Lese-
coo6pasHo TpexMepHoe OOBEMHOE IIPEACTABJIEHUE Te-
ueHnil, nopo6Hoe BbINOIHEHHOMY B padore [28].

AnexkpaTHoCTh MaTeMaTHuyeckoit moaean. Ilox anex-
BaTHOCTbIO OOBIYHO [IOHUMAETCSI CTENEHb COOTBETCTBHUS
OJHOMMEHHDIX CBOHCTB 06 beKTa U Moaesu. IIpodenypa
OLEHKH a/IeKBATHOCTH KOMIIBIOTEPHON UMHUTALIMU NIPO-
necca csapku A-THI cnuapa Nimonic-75, xapaktepu-
3YIOUIErOCs TPOTUIABJIEHHEM B (HOPME <IECOUHbBIE
vacel» (cMm. puc. 5), u npouecca ceapku THT coctosina
B CTaTMCTHYECKOHM O6paBOTKE De3yJbTaTOB 3KCIEpU-
MEHTA Y [TOJIYYEeHUH OUEHKU.S CPEAHEKBAAPATHIECKOTO
OTKJIOHEHUs] 3HaueHust frapamerpa (Kajkaoro u3 pas-
MEepOB MIMPUHBI WIBA Ha BepXHeit W u HwkHell B cTo-
POHAX JIMCTA, & TAK)Ke WIMPHHbI Wi M BBICOTBI FOPJIO-
BUIbL [ «NIECOUHBIX 4aCOB» )

s

n—1

2 (yam JMOIJ)

j=1

TOE Ysier Yuon — COOTBETCTBEHHO IKCIIEPUMEHTANLHOE
W pacyeTHOe 3HAYEHUs [1apaMmerpa; # — OObeM Bbl-
6opKH.

Ouenka ageKBaTHOCTH NPOBOAUJIACH O CTATHCTH-
geckomy xpurepuio CTbiofeHTa
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TAe Ly 1-q — TabMU4yHOe 3HAYeHME [-DACHDEAE/NEHNS,
0. — YDPOBEHb 3HAYUMOCTHU.

PeaybpraThl pacyeToB U 3KCNEPUMEHTOB IIPUBELAE
Hbl B Tadn. 1 u 2.

CoBrnageHnss CPpEAHUX 3HAUEHUH MPHHUMAIOTCH C
[IOBEpPUTENILHON BeposiTHOCThI0 0,95.

Boisoabt

1. 9xcnepumenthl o cBapke A-TUT nuactun ns HuKe
nesoro craasa Nimonic-75 toruunoit 3,15 my nokasa-
JIM, 9TO CBApHOi1 WIOB NPy MONHOM (CKBO3ZHOM) NPOI-
JIABJIEHHU NPUHUMAaeT JOPMY <«IIeCOUHbIe Yachly .

2. ViMurauusi ¢ IIOMOL{BIO TEPMOTHADOANHAMUYEC-
KOM MOJeM CBAPOYHON BaHHLI NpoLecca CBapKU A-
TUT BocnpousBoauT GopMbl MOJHOTO (CKBO3HOTO)
NPOMIaBAEHUST B ByJe MECOYHBIX YacOB TIPH CBADKe
MJIACTMH U3 HUKeJeBoro crurasa Nimonic-75.

3. OueHKa TOYHOCTY BOCITPOU3BEAEHHUS Pa3MepOB
[ONIEPEYHOrO CEYEHHs] 1JBA JAHHOH MOJE/bIO IyTeM
CpPaBHEHMs CPEeNHMX IKCIIEDUMEHTATbHBIX H pacyer-
HBIX 3HayeHuH 1o kpurepuio CTbOZEHTA MOKasasa,
YTO JaHHAS MOJe/fib a/leKBATHA C [OBEDHUTENbHON Be-
posiTHocTsiO 0,95.



MATEMATUYECKOE MOJEJAUPOBAHHE B CBAPKE

4, MDopma 1IBa B BH/IE TIECOUHBIX YACOB ¢ GOJIbIIEN

IIMPHHON 1UBA HA HMXKHEHN MOBEPXHOCTH, YCTAHOBJIEH-
Has SKCTIEPUMEHTAILHO U MMOATBEPIXKIEHHAA PacyeToM,
00yCIOB/IEHA LEHTPOCTPEMUTENBHBIM TEUEHHEM ITEpe-
TPETOro MeTajlla ¢ BEPXHell TIOBEPXHOCTU K HIDKHEH
101 NE€WCTBHEM 3JIEKTPOMArHUTHOH cHJbl JlopeHua u

PEeUMPKYIALHUOHHBIMY TEPMOKATIMANSDHBIMY TEUEHUST-
MU ¢ 06pa30BaHUEM BHUXpENL.
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MO/ZIEJIMPOBAHUE UCIIAPUTEJBHOTO MEXAHU3MA
YCKOPEHUIS YACTHUI[ IOPOINKA IO/ AEMICTBUEM
N3JIYYEHUL IIPU JIASEPHOM HAILJIABKE

Kosanesa H.O., Kosaaes O.B.

Hucmumym meopemuueckot U npuKiadHOU MeXaHUuKy
um. C.A. Xpucmuarnosuua CO PAH, Hosocubupck, Poccus

HPCHJIO)K(:‘HH MOAENDb, YHYHTbIBAIOL sl YCKOPDEHHUE YaCTHL( [10PpOUIKA 3a CHET CHJIbl, KOTOpas OG}’CJIOBJICHH D(‘)ﬂ[(l_ll’lel;'l OTAauun
oapos MartepuaJia oényqenﬂoﬁ HACTL HOBEPXHOCTH YaCcTHUDL, HDe/J,C’I'aBJI(')IIbl pPe3yAbTAThI HHCJIEHHOTO alla/n3a fIpoueccos
TEIIO- K MaCCOOOMCeHA HPH ABHIKEHMH OAHHOUHDIX HaCTHIL NOPOIIIKa B IIOTOKE fa3a U H3JIyHYEHHUs NpH naaepuoﬁ HaIJlaBKeE.
yCKODel{He YaCTHIbl 3aBUCHUT OT €€ AWaMeETpa, CKOPOCTH HECYUIEIO rasa, CBOUCTB MaTepHaJda MopoWKa, a Talkoke MOWHOCTH
JIA3EPHOCO H3JIY4Yelins 1 CTCHEeHH 0CNA0NEHHSA IOTHOCTH MHTEHCHBHOCTH [ 1IYHKE 110 HalpapJentio ero BOBLU;‘!\;ICTBHH.

TexHoOrMs Na3epPHOR HAMLIABKYM M3BECTHA M LUIMPOKO
MPUMEHSIETCS B PA3TMYHBIX OTPACIAX MALIMHOCTPOCHHS,
B YACTHOCTH, AJISI BOCCTAHOBJIEHUS] M3HOLIEHHBIX JeTaJIEN
Pa3MUYHBIX Mailuy. Harpumep, BOCCTAHABIMBAEMbIE
METOAOM JIa3ePHOU HAILTABKY AeTaJiil KOJEHYAThIX BAJIOB
6OJIBIIErDY3HBIX ABTOMOGHIIEH UMEIOT pecype padoTel,
CpaBHUMBIH C pecypcoM paBoTbl HOBOTO U3ZAENMS.
CTouMMOCTD BOCCTRHOBJIEHUS TIPU 3TOM cocrasister 30—
40 % CTOMMOCTH HOBOrO KOJIEHUATOrO BaJa.
WccnepoBanuo J1a3epHO-TIOPOUIKOBON HANJIABKU
MOCBSIUIEHO MHOrO padoT, 0630pbl KOTOPBIX MOKHO
Haiitu B psiae mouorpaduit [1-3]. Ilpu nasepuott ua-
TUIaBKE MOPOUIOK TPAHCIIOPTHPYETCS MOTOKOM ra3a B
30HY AeHCTBHS JIA3€PHOTO JIyda M K NMOAJIOKKe, [lapa-

METPBI razoBoOro HOTOKA M M3JYYEeHUs] JOJDKHDBI ObITh
ONITUMU3UPOBAHBI AJ1sf OGECIIEYEHUS [I/IABJIEHUS YACTULL
M X CTOJTKHOBEHUSI C TIOAJOXKKOH B COOTBETCTBYIOLIEM
Mecte. MOIUHOCTD JIa3€PHOIO U3JMyYeHUs, ero Qoiy-
CUPOBKA, MJIOTHOCTD PAClpeaeseH!s] B ITyUKe, a TaKKe
OpraHu3alus CTPYHHBIX TEYEHHUH ra3a 1 4aCTUL, IPUCE
JIOUHOIrO MaTepuaJja siBJSIOTCS yIPaBAAIOLIMMHU (pak-
TODAMH, KOHTPOJNPYIOWIMMU HANIABKY.

Ha puc. 1 npeacrannena cxema mpouecca ¢ Ipu-
MeHeHUeM CIIEIIHAJbHON MHOIOCOMNJIOBOH ra3o-nopourn-
KOBOW TpaHcropTHO# cucremnr [4]. Ycrpoiicrso Ha-
NJABOYHOH TOJIOBKH TAKOBO, YTO LUEHTPAIbHOE COILIO,
4yepe3 KOTOPOE IOJaeTcsl JIa3€PHOe H3JYyHEHME, OKDY-
YKEHO HECKOJbKUMH OTAEJIbHBIMU [a30-TIOPOLIKOBBIMU

Puc. 1. [Ipouece n1a3epuot HalIaBIKK: d — HALABOUHASR NA3ePHO-IOPOWIKOBAs rO10BKA ¢ 06padaThiBacMOi AeTaNbIo;, § — CXeMa ycTpolicrsa
JIa3ePHO-[I0POWKOBOH rONOBKM: | — nasepublfl Jiyd; 2 — yvacruubl; 3 — HOAAOKKA; 4 — Ca0l HAnAasBiu; 5 — 3alUMTHbLH ra3; 6 —

HECYLUME ra3 ¢ qacTHUaMK

© KOBAJNIEBA M.O., KOBAJIEB O.5., 2010
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comyaMy. YTBepxkzaaercs [4], yto TakoH crnoco6 pa-
OMANpHOM MHOTOCTPYHHOH nogayM MNOpOLIKA HMMEET
MPEUMYLIeCTBa N0 CPABHEHHIO C KOAKCHAJIBHOH Noja-
weit [3], uro B 6ynyuicm mosxer noseicuth ader-
TUBHOCTD J1IA3€PHON HANJABKU.

Oka3sbIBaeTcst, ecan Ha YaCTULY MONajaer Jiasep-
HBIA J1yd, TO Ha OGJIYYeHHOW UaCTH ee MOBEPXHOCTH
MOTYT CO37aBaTbCsl pPa3JIMuHble DEXXUMBbl HCNAPEHVS,
KOTODBIE 3aBUCAT OT UHTEHCUBHOCTH JIa3eDPHOIO H3.1y-
vyeHusi. Ha BO3HUKHOBEHMWE CUJibl OTAAYM, O6YCIOBIIEH-
HOI BBI6POCOM MApOB C MOBEPXHOCTH TBEPAOrO TeJja
NPH MCMOJb30BAHUM JIa38DHOrO MUCTOUHMKA JJs CO3-
[aHUsl PeaKTUBHOMN TAry, 6bLJIO yKa3aHo paHee B pabo-
tax [, 6]. B HacTosiee BpeMs yiKe CYUIECTBYIOT Jia-
3epHble ABHTATEJM, OCHOBAMHBIE HA HUCIIADUTEIBHOM
MEXaHM3Me PEaKTUBHOH TATM, BO3HMKAWOLIEH 32 CUeT
BO3/EHCTBUS CHOKYCUPOBAHHOTO U3JIYUEHYST HA Bellle-
CTBO, BBINOJIHSIOUIEE POJIb TOMJIMBA.

MccnenoBanuio MexaHn3Ma yCKOPEHHUST MaJIbIX vac-
TULL TIPH MX JIa3€PHOM MCIIapeHUU NOCBSAIIEeHbl PaboThI
[7, 8]. 3xcrnepumenTanbHo noxasaHo [7], 4To anoMu-
HUEBbIE 4aCTULIBI AMAMETPOM 25 MKM IIPYU HCIOJb30-
BaHMUM MOIIHBIX JIA3EPHBIX MMIYJbcoB (ropsaxa
10'% Br/M®) moryt nocturats ckopocreit 10 200 M/ c.
B pa6ote [8] npeacraB/ieHbl pe3ysbTaTbl TEOPETHUEC-
KOrO aHa/i3a HUCII0Jb30BAHHS CBEPXMOILHOIO Ja3ep-
roro uanyuenus (soiure 10'° Br /M%) ais abasuponso-
ro yckoperust masaprx gactun (0T 25 mkm 20 1 MM) 10
sxcTpeMasbHo Bbicoknx (10° M/¢) ckopocreit.

ITpy nasepHoit HaniapKe OGBIYHO MCIOIB3YETCS U3-
JIy4EHHE MOIUHOCTBIO A0 5 KBT ¢ nsiTHOM (OKYCUPOBKH
Ha TMOAOKKY 4—5 MM, uTo cocrasiseT oxono 10P—
10° Br /Mm%, Uccaenosaduio TEPMOAMHAMMKM U TPAHC-
NOPTa YacTHLl NOPOLIKA IIPU JIa3epHOH HallJIaBKe Io-
cBsilleHo Hemasto pabor [1—4, 9], oaHako MexaHusMm
BJIMSIHUA J1a3€PHOTO UCMAPEHUS HA MOBEEHVEe YaCcTUIl B
ra3oBOM IIOTOKE 0 CUX IO HUKEM He PACCMATPUBAJICS.

[annasn pa6ora MocBsieHa U3yYeHIO IIPOLECCOB Har
rpesa M TPAHCIOPTHPOBKU YACTHI[ MOPOIUKA B ra30BOM
NOTOKE B YCJIOBUSIX [AEHCTBUS JIA3EDHOLO M3JIydeHwUs .
[Ipeanoxcena puU3NKO-MaTEMATUYECKAS MO/EJD, OMHCHE
BaOLAsl YCKOPEHHe YACTHL IIOPOILKA 3 CYET CHJIBI, KO-
TOopasi 06yCJIOBIeHa peakLuel OTJaun MapoB MaTep1asa
¢ 06.TyHeHHON YaCTH MOBEPXHOCTH YaCTULIBL.

O6mue npeanoIoKennsi, OCHOBHbIE YPABHEHHSA H
meTo/ pewenns. [Ipy BHeuiHeM MOABO/E TeMja K Me-
TaJJMIECKON YacTHIle, HAaXOASAIIENCS B INOTOKE rasa
FUIM [1J1a3Mbl, TPOUCXOAUT €€ Pa30rPeB U IJIABJEHUE,
C panpHEHIIMM TIOBBILEHHEM TEMIIEPATYPbI YIKE B
JKUAKOH YacTHLE HAYHHAETCS WClapeHue, WHTEHCHB-
HOCTb KOTOPOI'O HapacTaeT o Mepe MPUOIMIKEH IS TeM-
mepaTypbl 4aCTHLBI K TOuKe kunenus. /lanee HaunHa-
ETCSI MHTEHCHMBHOE HCIIADEHHE, MPU KOTOPOM AMAMETD
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Puc. 2. Cxema pu3HYeCKOH MOACJIM HATPEBA H TPAHCIIOPTA YaCTHLbI
1TOPOLLUKa [IPH JIa3eplolt Hanaaske

YacTUIbl YMEHBITAETCA, a TEMIIepaTypa OCTaeTCs 110C-
TOSIHHOW M PaBHOU TeMmnepaType xunenus. /[Bruskenue
YaCTHULEI B MOTOKE ra3a OCYIIECTBJSAETCS 3a CYET THA-
POAMHAMUYECKUX CUJI, O6YCIOBJIEHHDBIX B3aUMOAEHCT-
Buem ¢ razom [ 10—12], a UMEHHO: CUTBI COTTPOTUBJIEHUSA
33 CYEeT BSI3KOCTH rasa Fy, KOTOpasi sIBAseTCsl OHOH
M3 [J1aBHBIX, OOBIYHO pacCMaTpUMBaeMbIX CHJI, U CYMMbI
cuin F, pasguyHoi TIMAPOAMHAMMYECKOH MPUPO/ILI
(Marnyca, npucoeaMHeHHBIX Mace, Tepmodopesa u
APYTUX), KOTOPbIMHK yacTo npexe6peraot. Ilpu Heob-
XOAUMOCTU €llle BKJIOYAIOT CMJY TSDKECTH. TaKOBbI
IIPUMEPHO CJ0KUBIINECS PUIHUECKHE IDEACTABIIEHMS]
0 MOJeUPOBAHMY HAarpeBa M TPAHCIOPTa OAMHOYHBIX
YaCTML B MOTOKE rasa uJiu nasmol [10—-12].

Ha puc. 2 npuseneHa cxema GU3UUECKON MOJCTH
Harpepa u Tparcnoptra yactuubl. CornacHo [11] Oy aem
PacCMATPHUBATh 3aKOHBI COXDAHEHUs] NMPU ABUKEHIH
OJIMHOYHBIX YACTUI[ METaJjJja B IIOTOKE ra3a M H3Jy-
yenHsi. KpoMe BbILIE NEPEUMCAEHHDBIX CUJI, AEHCTBYIO-
IIMX HA YaCTHIly, BBEJEM B pacCcMOTpeHue cuay Fg,
KOTOpasi CBSI3AHA C WUCIAPEHMEM MaTeprajsa YacTHIEI
3a CYeT OJHOCTOPOHHErO BO3/EHCTBHS Ha Hee NPSIMOro
naszepHoro uasnyuenus [5, 6].

I1pu NJIOTHOCTY MOIIHOCTH B [Iy4Yke, He NPeBbIIaio-
et noporosoro anayenust (I < [y,), MMeeT MeCTO TAKOI
PEXKUM Harpeba, KOTAa TEMJIO, MOABOAMMOE K MOBEPX-
HOCTH YACTHUBI, YCIIeBAET OTBOAMUTLCS B YAaCcTHULY 3a
CYET MPOLECCOB TEIJIOOTAAYH M TENJIONPOBOAHOCTHU.
Hactrua pasorpesaercs, MJIAaBUTCSA U MO JOCTHXKEHUM
TeMnepaTypel kuneuus Ty, HauMHaeT ucnapaTbes. Ta-
KO perxxM 6yeM Ha3bIBATD MeAJIEHHDBIM PEXKHMOM HC-
napeHus. Ecay e MJIOTHOCTb MOLIHOCTH B Iy 4Ke [Ipe-
BbILTAeT oporosoe snaderue (I > Iy), UMeeT MecTo
6BICTPbIM PEXKUM UCTAPEHMS, KOT/Aa TOBEPXHOCTHDBIN
CJIOM YACTHI(BI TIIABUTCSI M UCTIAPSIETCS HACTOJIBKO BBIC-
TPO, YTO MPOUECCHI TEJIONPOBOAHOCTH HE YCleBaloT
BKJIIOYHTHCS] U YACTHIIA HE YCIIeBaeT JaXKe HArPeThCs.
B ofoux caygasx cyuecTByeT peakuns OTAayHd MapoB
Marepuasa ¢ o6ayueHHOH IMOBEPXHOCTH YacTUUBI, 3a
CUET KOTODPOH BO3HUKaeT PeaKTHLHAsI cUJIa.
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[peamnonoxedus U yIpoLeHus, KOTOPbIE UCIIOb-
3YIOTCS MPH MOCTPOEHUH (PUIHKO-MaTEMATHUYECKO MO-
JIEJIV, CBOASITCS K CJEAYIOLUEMY

¢ paccMaTpUBaeTCs OAMHOYHAS YacTHLA, KOTopas
umeeT Gopmy cPEPBI C PALUYCOM 7

® CKOPOCTb HeCyllero rasa V, 3afaeTcsa nNoCTOsIHHOH
M COBNAJAOLIEN N0 HANPABJIEHUIO JEHCTBUS JIY4a;

e ncrionb3yercs usnyvenue COy-nazepa ¢ ASUHON
BosiHbl 10,6 MKM, TUJIOTHOCTb MOUIHOCTH JIa3epHOMH
axepruut /(x) MOCTOSHHO HAXOAWTCH Ha yPOBHE (HHK-
CUDOBAHHOIO AMaMeTpa NYyYKa U YMEHBIUIAETCS C pac-
CTOSIHHEM X MO0 €r0 OCH 3a C4eT yrJja pacXodIeHHS
&: [ =2W/[nlx tan (8§ /2) + wy)] [9];

® PacCcMaTPUBAETCS CPEAHUN 110 CEYEHHIO YACTULbI
Ay xosdduument noryowenus Ky, 1a3epPHOTO M3JTY-
YEHHS, KOTOPDBIH CYUTAETCS MOCTOSTHHBIM;

® [IPEATOJIAraeTCs, YTO ra3d IIpo3payet AJIs H3JTyUe-
HUS, T. €. B3aUMOJEHCTBIE MEX Y Ta30M U JIA3EPHBIM
JIYYOM OTCYTCTBYET;

® 32 CYET [aBJIEHUS OTAAYM NapoB MPU HCIAPeHUH
BO3HUKAET PEAKTUBHAs cua F'g, HampaBeHue AeHCTBUs
KOTODOH COBMNanaeT C HalpaBJeHHEM AeHCTBUS JIyya.

Ocuosuvie ypasnenus. Y paBHEHUs TEIOMAcCo0G-
MEHa ¥ TPAHCMOPTa OAWHOUHON YacTHLBl MACCOH
3anuileM B BU/E 3aKOHOB COXPAHEHUSI:

dmE

=== A4, Ky — H(T —T)S —eo(T" ~ T})S;

dt O

amV 1
amvy _ 3 0, AV, = VIV, =V, )Cp+ mg+ Fr; (2)

dt
dx
&y
ar =V (3)
dm )
dc = 5o "
4
: M P 4 .
- el /N a . _2
w K_g YR 7—;/ P(I In Pu _ PU ,om 3 TC?’jpp,
E
= < .
CS’ E - CSTIU!
Tml CsTm <EZ< CST,,, + L/',
T= Ty Gyt Lf +Cy(Ty—T,) <E< (s)
T< CsTm + L[ + Cm(Tb - Tm) + Le;
T + E- Cme B L[_ Lg‘
m C"I y
E2CT,+L;+C, (T, -T,)+ L,
T _ 8
w,
E:J.C(T)de 1=2W/ n(tan§x+_29.} :
T{l
O, T< me [ < It/l; (6)

Fr=10,544,P, T > T,, I I,
Ap[Kabue/Lel I Tt/r

3necs t — Bpems; m — Macca dactunsl; [(x) —
WHTEHCHUBHOCTD JIa3€PHOTO U3ay4deHust; Iy, — Noporo-
Bass MHTEHCUBHOCTD, IJISL CTaau fy = 30-108 BT/Mz
[1]; x, V) — KOOpAMHATA M CKOPOCTb YACTHLDI; Vg —
CKOpoCTb rasa; T, T, — TemnepaTypa YaCTHUbI U ra3a
COOTBETCTBEHHO; Py, P, — MIOTHOCTH rada U MaTepua-
Jla vactuunl; T, — TeMmmeparypa nJuaBjeHus; T, —
TeMmreparypa Kunenus; L, — yaesbHas TeNJoTa Ucna-
penust; Ly — yaenbuas trensora rnasgienns, Cg, C, —
YAEIbHAS] TEMJIOEMKOCTb YaCTHIIBI COOTBETCTBEHHO B
TBEPAOM H JXUAKOM COCTOSHUSIX; € — CTENEHDb YEPHO-
o1, 6 — nocrosinnas Credana—bBosbumana, M, —
MOJIEKyIApHas Macca mapa; W, K, — MOIIHOCTb M
K02(pPULIMEHT NorIoWeHns naayuenns; Hy, K, — xo-
3 OUILHEHTDI TEMJIO- 1 MacCOO6MEHa; myg — CHJla Ts-
JKECTH, § — YyCKOpeHue cBOOOAHOTO NafeHus; Frp —
peaxKTHBHas CuJa; O, g — YroJ PACKOYKAEHHUS U Ha-
yasbHbBIH paguyc nyua; S = 4nd?, A, = nr; d = 2r;
U, = VP(ISSYRTg/Mg — CKOpOCTb MCTeYeHHs mapa c
NOBepPXHOCTH MMpH Temrneparype wcrnapeHust Tq; Ty <
<T,<1,6T, [6]; vy — OTHOLIEHUE TeMNJOEMKOCTell
ra3a; R — yHUBepcajbHas ra30Bast TOCTOSHHAS;
P, — naBJsieHHe HACBIWEHHOTO Mapa, AJs cranu P, =
=1,0133-10° exp [13,8 = (4,33.10° /T)] Ha [9]; P, —
atmocdepHoe gaBienne; Cp — K0addHUUMEHT cOMpo-
TUBJIEHVS.

Koadbduunent rernoobmena Hy = Nul,/(27) Bbi-
YHCJISIETCST ¢ MOMOWbIO yucaa Hyccempra Nu = 2 +

Cgld

+ 0,6(Pr)1/3(Rep)1/2, Hpanaraa Pr = g[ . roe
g

g Ly BSI3KOCTD, yAEIbHAS TEIJIOEMKOCTb W TerJIo-

o _ 27|Vg - Vp’pg

NMPOBOAHOCTD Ta3a, 1 Pefinonbaca Re, = —
ShD,

Koadpuumenr maccoobmena K, = 5, paccun-

TBIBAETCS C HCToJIb30BaHueM yncha [lepsyna Sh =2 +

+0,6(S0)'? (Re,)'/? u limnara Sc = ng ,
9Pg

rae

o

D, — xosdpduunent quddysnu B rase.

[ns Bbl4MCIeHHA KO3(D@UUHEHTa CONPOTUBIEHUSA
Cp MCronb3osatach anrnpoKCHMAaLKs CTaHAAPTHOH 3a-
BHCHMOCTH KPHBOU CONPOTHBIEHHA ChHepbl B HECIKUMA-
emo sxnaxocty [12]:

Cp = (24/Re,)(1 + 0,179Re;”
npu Re, < 1000.

+0,013Re,)

Memod wuCAeNN020 PEUEHUS, TLAUANLDHBIE YCIOGUSL
u ucxodmnwvie Oannvie. Vicxonnnie ypashenus (1)—(6)
6b1H NpeobpPa3oBaHDbl U IPUBEAEHDI K CHCTEME OOBIK-
HOBEHHBIX AuddepeHIMaNbiblX  yPaBHEHMH  Buaa
dX

+ o .
aF = f(Y’), ABAAOLENCAS aBTOHOMHOM, T. €. IpaBas
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W, »/c; T-10° K; d/dg

100 X, MM

Puc. 3. Mamenense CKOPOCTH, TEMIEPATYPbl ¥ AMAMETPA YACTHLbI [IPH CJEAYIOUMX HCXOUAHBIX Janubix: V=3 M/c, Vg =1m/c, wy =

=300 mxM, W = 1000 Br, Fg =0, dy = 45 (@) u 75 (6) mim

4aCTb HE 3aBHCHT OT mapamerpa t. 3aecs X = (x, E,
Vo, 7). JIns YUCJEHHOTO pelleHts] UCTI0Ib30BaNCs Me-
tog Pynre—Kyrra 4-ro nopsigka TOYHOCTH C MepemMeH-
HBIM IUArOM IO BPEMEHM NP CJEAYIOWIMX HAYAIbHBIX
yermoBusix: £ =0,x=0,T=T, Vp = Vpo, Hnr=rgyC
ABTOMATHYECKUM DeryJIMPOBAHUEM 331aBaeMOil Tou-
HOCTU BBIYHCJIEHHH.

B pacuerax BappupoBaJMCh HawadbHas CKOPOCTh
Vo= 1-3M /¢, HauasbHbI} AuaMeTp qacTiu do = 2,9 =
= 25-200 mxm, ckopocts rasa V, = 3-10 M/ ¢, mom-
HOCTh uaayuenus W = 500-3000 Br, a takxe uHTeH-
CHBHOCTD ITyUKa 33 CYET UBMEHEHUs yTIJIa PACX 0K JeHHUs!
d = 30-50° 1 HawajmbHOrO paguyca myuka wy = 300—
400 Mx¥M. /[BMKEHME YaCTHI PACCMATPUBAJIH HA OTPE3-
ke or 0 go 150 M. B kauecrse gaHHBIX O Marepualse
YaCTUIl WCIIONB30BAIU Teropu3udecke CBOUCTBA
cTanu, NpUBEAEHHbIE B TabJIHIE.

Pezyabrarer pacuertos. PacueTst, npeacrasienusle
HIDKE B BU/JE OJ{HOMEDHBIX IPadUKOB, HOCIT TECTOBbILH
XapaKTep ¥ NOKA3bIBAIOT U3MEHEHYEe NapaMeTpoB COC-
TOSIHUSL 4acTHIBI (CKOPOCTH, TeMIIepaTy pbl, AHAMETPA)
B 32BUCHMOCTH OT ee MEeCTOIIOJIOKEHUS UM KOOPAHU-
HaTBl X B YCJIOBUSIX ACUCTBUSA Ja3€PHOrO UJIYYEHHS U
ras0BOrO MOTOKA. BIMSHUIO UCTIADUTENBHOIO MEXAHU3-
Ma 32 CYeT OTJA4YM [APOB HA NOBEJEHWE YACTHMILI U ee
napaMeTphl B pacueTaxX yAeasiioch 0cO60e BHUMAHUE,

Pacuemsr 6e3 yuema peaxmugnoi cusve. Xapak-
TEPHOE U3MEHEHME CKOPOCTH, TEMIIEPATY DBl U AUaMeT-
pa OJMHOYHON wacTuLbl 6e3 yuyeTa peakTUBHOM CHJIBI
B TOTOKE ra3a 1t U3JIy4eHHsa HATIOCTpUpyeT puc. 3. Kax
¥ CJIEJ0BAJIO OKUAATH, CKOPOCTb YAaCTHLL AMAMETPOM
45 1 75 MKM MOHOTOHHO BO3DACTaeT OT TOYKU BBO/JA B
HyJie M CTPEMUTCS K CKOpocTH rasa V, = 3 m/¢c, TaK
¥ He JOCTUTast 3TOr0 3HAUEHME HA BCEM DAaCCMaTpUBa-
eMoM oTpe3ke. TemrepaTypa 4acTUl(bl IPU MOLHOCTH
usaydenus 1000 BT or HawanbpHoro sxavenust T, =
= 300 K 3a xopotkuit (0k0s0 5~7 MM) IIPOMEKYTOK

3HAYHTESbHO H3MEHSETCS, YacTUIl@ YCHEBAET pac-
IJIABATBCS M AOCTUTHYTH BbicoKoit (2300 K) temmnepa-
Typbl (puc. 3, 6) win TeMnepartypsl, 6n3Kol Kk Ty =
= 3137,6 K (puc. 3, a).

[Tormxenue ¢ KOOPAMHATON X UHTEHCUBHOCTU W3-
syuerns [(x) TPUBOAMT K OXJI@XKAEHHIO YACTHUBI 38
cuer Ter1oo6mMena ¢ 60s1ee XOJOHBIM ra3oM U Havay
cHKeHus ee Temrieparypsl. [locse npeogonenus pac-
crostaust oxoso 20 MM HaburogaeTcst IpONece 3aTBep-
[leBaHUs YacTUlbl pu Temueparype I = T, KoTOpas
OCTAeTCsl MOCTOSIHHOW [0 MOJHOW KPHUCTAIIM3ALMH.
Lajee remMrepaTypa “acTUlbl IPOAOIKAET MOHOTOHHO
CHYDKATbCs. JlMameTp YacTUIBI NMPU JAaHHBIX apaMeT-
pax MOIHOCTH He U3MEHSETCS.

Takum o6pasom, pasMep HacTULl BJIMUSIET Ha 3HAUE-
HYe MaKCHMaJbHOU TeMIepaTtypbl M DAacCTOSIHHE, KO-
TOpOE OHAa YCIeBaeT NPOJIeTeTb, YTOOBI AOCTUTHYTb
nuKa remmneparypsel. Ilpeacraniennble Ha pUcC. 3 pacue-
Tbl COLJIACYIOTCH TIPM YKa3aHHBIX [apamerpax ¢ pe
3yJbpraramMy pacueros B [9].

TlonbITKa YBEJUYUTD MOUIHOCTD H3JIYUEHHUST [0
3000 Br npu orcyrcteum B ypashenusax (1)~(6) pe-
aKTUBHOU cuabl Fg U YCAOBHH, YTO BCE APYIUE UCXO-
Hbl€ IIapaMeTpel OCTAIOTCSI HEU3MEHHBIMH, NPUBEJIa K
3HAYUTEJSBHOMY YMEHBIIEHUIO AUaMeTpa YacTUll 3a
cyeT uX ObICTPOrO 3aKUINAHUS U UCTIIADEHMS, a B CBA3U

Tensothuanueckue CBOMCTBA CTANBHON 4aCTHLIbL

) B
Temieparypa usasnenus T, /TeMieparypa | 1809,/3137,6
xunenus Ty, K
Y penbras Teriota nnasienus L/ yaenpnasn 272/6100
tergora ucnapenus L, xJx/kr |
[1noTHOCTDL YBEPAOTO P,/ XKUAKOrO P, METaNIa, 6900 /6610
Il(r/MS
Y ienbHas TEIIOEMKOCTD TBEPAOro 0,477 /0,810
¢,/ wuproro ¢, metaina, ki (kr-K)
Koadduurenr nornowenus uanyuenuns K, 03
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10

el

Vo, M/c; T10° K; d /d

Puc. 4. 3ameHeHue CKOPOCTY, TEMNEPATYPbl ¥ AHAMETPA YACTHLO! (APH CACAYIOUHX HCXOKHBIX ARHHDIX Vg =3m/¢c, V/,O =1Mm/c, wy =

=300 Mk, W =3000 Br, Fr =0, dy = 45 (@) u 75 (6) mum

C 3TMM K HEONPaB/JaHHO DE3KOMY MOBBILIEHHUIO HX CKO-
poctu. Ha puc. 4 npeacrasiens! rpaMKy U3MEHEHHUS
CKOPOCTH, TEMIIEPATYPhI U AHAMeTpa YaCTHLl, KOTOpbIe
O6DSICHAIOT OTNMCAHHYIO BBILIE CHTYaLUIo. Y CKOpeHHe
YacTHL 06YCJIOBJIEHO U3MEHEHNEM UX MACCHI IPU HCITa-
penuu. [IpeacraBum JeBYIO YacTh yDaBHEHUS COXpPa-
HeHUst uMIyJabcoB (2) B BuAe AByX CJaraembix:

d d

d
pr m Vp =m f Vp+ Vp —— m. YMeHblleHHe MacChl

dt

d
yactuupl aet —— m < 0, mpu V, > 0 Bropoe caiaraemoe

dt

Bcerja MeHbIIe HYJIst, YTO PaBOoTaeT Ha IOBBILIEHHE
CKOPOCTH 4acTHUDBI 32 CYET COKPAUIEHHS ee MacChl.
YBesmyernne MourHoctH sazepa A0 3000 Bt npusoaur
K PE3KOMY YCKODEHHIO YaCTHI U [TOBBILIEHUIO CKOPOCTH
Ha BCeM oTpesKe. TeMrepaTypa MOYTH MTHOBEHHO YC-
TaHaBJIMBAETCA HA yPOBHe, OMM3KOM K TeMIlepaType
kunenus 1, = 3137,6 K, vyacTuua HayuHAET
WHTEHCHBHO HCIIAPSATHCS, YTO NPUBOAUT K 3HAYUTE/Ib-
HOMY yMeHblIeHHIO ee auameTpa: a0 10 (puc. 4, @) u
20 % (puc. 4, 6) ero nepBoHAYAIBLHOTO 3HAUEHHUS.

Taxum o6pasom, B cJiyuae NOBBILIEHUS MOUIHOCTH
u3Jlygenus: 6e3 ydyera PEAKTHBHON CHJIBI BCE YACTULILI
6yAyT IPOCTO UCTIAPSATHCS. JTO O3HAYAET, YTO MOTEPS
MaCCbl HAHOCHMOIO MarepHala A0KHA ObITh YPE3BbI-
YaiHO BbICOKA. B peasbHOCTH 3TOrC HE ITPOMCXOLIMT,
wHaue Obl 3PPEKTUBHOCTD Ja3epHOM HAIIaBKU Gblia
6p1 Hu3KoM. IlpesncTaByieHHble Ha DUC. 4 pacyeThl yKe
HE COIJIacyIOTCs PY YKA3AHHbBIX TapaMeTpax ¢ PE3yib-
TaTaMK DacueToB, npusefeHHbiMu B pabore [9], rue,
K COXAJIEHUIO, HEKOPPEKTHO UCIIOIb3YETCs 3aK0H COX-
PaHeHUSsE MMITyJibca YacTuy. Macca 4aCTHLBI €CTh e
JIMYHMHA IEPEMEHHAS, K OHA He MOJYKET ObIThb MIPOCTO TaK
BbIHECEHA Tepes 3HAKOM ITPOU3BOJHON [0 BPEMEHU B
JIEBOY UACTH YPaBHEHUS UMITYJIBCOB, KAK 3TO CAEIATH
aBTopsl pabotsr [9].
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Pacuempt ¢ yuemom peaxmugroil cusvt. Bruoye-
Hue B 3aKoHbI coxpatenus (1)—(6) peaxTUBHON CHIIBI
Fr (nist kotopoit Buipaskenue (6) npu 6pIcTpoM Hcma-
peHur 6bLI0 3aUMCTBOBAHO M3 paboTsl [6], a npu Mex-
JIEHHOM WCIapeHrd — U3 [5]) moxasaJio, 4To Npu He-
BBICOKO MOITHOCTH JI&3€PHOT0 H3JIyYeHust 10 3—5 kBT,
O6BbIYHO HCIIOJb3YEMO# TpH Ja3epHOIl HarlJIaBke,
YacTULsl BBOAMMOrO B MOTOK IMOPOIIKA TPHOGPETAIOT
JOTIOMHUTESbEBIA KMITYIbC, KOTOPBI 06ecrieuuBaeT ux
3HAYUTEJIbHOE YCKOPEHUE C MUHUMAIbHBIMH [TOTEPSAMU
Maccpl Ha uX ucnapenue, [Ipu MOIMIHOCTH JIa3ePHOTO
ussydenus W = 1000 Bt u guamerpe yactullsl dy =
= 45 MxM HaburioaeTcsl ObICTPBIF PEXUM UCIApeHUs
(puc. 5, @), Ipu KOTOPOM MHTEHCHBHOCTb M3J1ydYeHUs:
MOMeT TIPEBBIATh MoporoBoe 3uaderue [(x) > [y, u
Fr = AIK u,/ L, [6]. TloBepXHOCTHBIN CIOH yacTy-
UbI UCTTAPSIETCSt HACTOJIBLKO OBICTPO, YTO MPOLECCh! Tell-
JIOTIPOBOAHOCTY HE YCIIEBAIOT BKJIOYUTHCA H YacTHLA
He ycrnepaeT Harperscest. 110 rpacduxy BUAHO, UTO yac-
THUA AOCTUTaeT CKOPOCTH IouTH 9,5 M /C, TpoJseTes
Bcero suwb 0,4 MM, W fgajee MJaBHO 3aMeaJsieTcs.
ITpu 3TOM CKODPOCTH YACTULLI HA PACCMATPUBAEMOM
OTpe3Ke BCerga IIpeBhILIAeT CKOPOCTb HECYLIEro rasa.
34ech 4aCTHLA JAXKe He PACTIJIaBUIAch, ee TeEMIIepary-
pa ycmeBaeT AOCTHIHYTb TOJbKO NIDUOIH3UTENBHO
1000 K, npu aTtoM AuaMeTp YacTHULBI OCTAaeTCst
NPAKTUIECKH HEU3MEHHBIM. AHAJOTHYHBIA PE3YIbTAT
MIOJIyYaEeM MPH yBEJIUUEHUHM HAYaIbLHOIO AMaMeTpa yac-
vl 10 dg = 75 mxm (puc. 5, 6). TIpu HEM3MEHHbBIX
IPOYKX NMAapaMeTpax yBeandyeHHe HadalbHOro AHaMeT
pa YaCTHUUbI NMPUBOJAUT K CHIDKEHWIO MaKCHUMAJIbHBIX
3HAYEHUH TeMIepaTypbl U CKODOCTH.

[lepexon x 6onpuredt momwHocty W = 3000 Bt He
mensier o6wmmit xapaxtep noseaenus yactuu (puc. 6).
C noBbIlleHHEM MOUIHOCTH W3JYy4eHUsI BO3pOCaa CKO-
POCTb YACTHII, @ MAKCHMATbHAS TEMITEPATY Pa [IPH 3TOM
ewe 60s1plIe TOHM3UNACH. Hanpaurnsaercst BbIBO, 4TO
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Puc. 5. MsmMeHeHHe CKOPOCTH, TeMaepaTyphl H AMAMETPa YaCTHLbI C yUETOM PEAKTHBHOI CHJIbl 1IDH C/IEAYOWKX HCXOAHBIX AAHHBIX: V, =
=3m/c, V,o=1m/c, wg =300 mxnm, W = 1000 Br, dy = 45 (@) n 75 (6) mxm
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Puc. 6. Vismenende ckopocT, TemnepaTypbl ¥ AHAMETPA YACTHLLI C Y4ETOM PEAKTHBHOH CHJIbI PH CAEAYIOWMX HCXOAHbEX AaHHbIX: V=

=3m/c, Vg=1m/c, wy =300 murt, W=3000 Br, dy =45 (a) n, 150 (6) mim

12
N
10
N
h 8 4
&
2 3
= 6
.{
= 2
N
2 1
1 ]
0 0 50 100 X, MM
6

Puc. 7. Mi3MeHeHne CKOPOCTH, TEMIIEPATYPbI ¥ AMAMETPA YaCTHLb! C YUETOM PEAKTHBHOI CHUbI MPH CAGAYIOLWNX HCXOAHBIX AaHHDLIX: Vg =
=3m/c, Vo=1m/c, wy =350 mxm, W =1000 Br, dy = 45 (a) u 60 (6) mxm

75
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MOBBIILIEHIE MOUIHOCTH JIA3€DHOT'O M3JIYYEHHUST [IPH Ha-
TJIABKE HE BCErjla OMpaBAaHO. 3a CueT AeWCTBHS pe-
AKTUMBHOH CUJIBI YaCTHIIbI OBICTPO MOKHAAIOT 30HY JIy-
ya, He yCIIeB Kak CJelyeT pa3orperhCs.

Cureyolui pacyeTr AeMOHCTPUPYET CIyvail npo-
sBJIeHNS a3 eKTa MeJIEHHOrO NCIIAPeH s, KOrAa Jyac-
TULIbI HAIPEBAIOTCH, MJABSATCS W HAYMHAIOT MEJJIEHHO
HCIIAPATHCS Nepes 3aKUMaHueM, He JOCTUTHYB TEMITe-
paTypel kuneHud. Ha puc. 7 mMOKasaHbl pe3yJIbTaThl
Ae¥cTBHA Ha yacTHLy elie 60J1ee pacOKyCHPOBAHHOIO
JIa3epHOTO My4Ka, KOTOPBIH MOAYYAETCS TIPH YBENNYE-
HUM HavYaJbHOrO paanyca Jyua (g. Ilpu HadansHOM
anamerpe yactui dg = 45 1 60 MKM, MOLIHOCTH Jia3epa
W =1000 Bt 1t 0y = 350 MxM HabI10JaeTCs MeAIEHHbIH
pexxum ucnapenus. 3pecy Fr = 0,544,P, [5], xorza
HHTEHCHBHOCTD H3JIyYEHUst He TTPEBBIIIAET [TOPOroBOro
sunavenust [(x) < [y, 3a cYET TEMIONPOBOAHOCTH T10T-
JIOLLIEHHOE TeIJI0 YCIEBAET OTBOAMNTHCS B I1y6h YaCTHII,
OHM HATPeBAIOTCS, NJIABSITCS M AOCTHIAI0T MAaKCHMAaIb-
HOl Temmepatypnl oxoso 2300 K, 3aTem nocreneHHO
HaYMHAIOT OXJXKZAThCS W 3aTBEPAEBAOT. HacTHIBI
pasmepoM 45 u 60 MrM NposeTaoT 0kos10 30 MM Npesk-
L€, YEM X CKOPOCTDb IOCTUTHET MAKCHMANTBbHOTO 3HAYE-
Hust coorsercrsenno 12,0 m 5,7 Mm/c, 3ateM 3a cyer
CHJIBI a3DOJWHAMHYECKOrO COMPOTUBJIEHHS CKOPOCTb
TIOCTENEHHO CHHYKAETCS, HO TAKIKE OCTAETCS BBIIIE CKO-
DOCTH HECYLLEro rasa Ha paccMaTpHBaeMOM OTPE3KE.
Hasmune peakTHBHOHM CWJIbI HE NMO3BOJISET YACTHIAM
HarpeThbCst HACTOJIBKO CHJIbHO, YTOObI HAYaTh TEPSATH
CBOIO Maccy,
YACTHUL B JAHHOM CJIyyae IIPAKTHUECKH OTCYTCTBYET.

cJIegoBaTeJIbHO, HU3MEHEHHE AuaMeTpa

Briroapl

Ilpennosxena MOZeNb, YUYUTHIBAIOLIAS. YCKODEHHE
YACTHIL MOPOLIKA 33 CUET CHJIbI, KOTOPasi 06yCI0BIeHA
peaxuuelt oTaaun mapoB MaTepuasa ¢ 06ayYeHHOH yac-
TH TIOBEDPXHOCTH YaCTHIBI. I1POBEEHHDbIE pPaCYeThl
MOKa3aiH, YTO PeaKTUBHAS CHJIA TIPUBOJUT K 3aMETHO-
MY YCKODEHHIO HacTHUbI 110 HANPaBJIEHMIO JeHCTBUA
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U3JTYYEHHsT, IPH 3TOM CKOPOCTb YaCTHILI MOXKET 3Ha-
YUTEJBHO MPEBBIIATL CKOPOCTh HECYILETO ra3a. Brlio
PacCMOTDPEHO MOBEAEHHE YACTHUI] AuameTpomM oT 20 go
200 MM, auaa3on MotHoCTH uanyyvenust COy-s1asepa
cocrasJst 500-3000 Br. Ycxopenve 4acTHIIbI 34 CUET
JIA3EPHOr0 HCMAPeHHs 3aBUCHT OT AHWaMerpa M Ma-
TepraJa Nopouika, CTelmeHH (QOKYCUPOBKHM M ocjad-
JIEHUs pacrpeeieHusi WHTEHCHBHOCTY M3JYUYEeHHs 110
HAlNPaBJIEHHIO er0 pacpoCTpaHeHUs. JuaMeTp yacTu-
bl TIPAKTHYECKH HE W3MEHSIETCS] NMPH HAAUYUM peax-
THUBHOM CHJBI, TOTEPH MACChI HATIIABJISEMOTO MaTePHa-
JIa 33 CYeT WCMapEeHUst NpeHebpes kMo Maslbl,
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MATEMATHYECKOE MOJAEJHPOBAHHE B CBAPKE

MATEMATHYECKOE MOAEJNPOBAHUE
CTPYKTYPHBIX IPEBPAIIIEHUI1 B CBAPHBIX IIBAX
HA BBICOKOIIPOYHbBIX CTAJIAX
C UCIIOJIb3OBAHUEM KOMIIVIEKCA GLEEBLE 3800

Kocmun B.A., I'puzopeuxo I'' M., 2Kyxoe B.B.

Hucmumym aaexmpocsapxu um. £.O. Hamona HAHY, Kues, Vxpauna

B pa6ore u3y4eHo BAHSIHUE JIETMPOBAHHA MeTaJlNa LIBOB MapraHieM v TUTAHOM Ka 0cO0eHHOCTH (POPMUPOBAHHS BTOPHYHOH
CTPYKTYPbI CBapHbLIX COEAUHEHWH HA NPHUMEPE BLICOKOIIPOUHOI HHU3konernposanuoi crany 12XH2M/D. [Ipeanoxkena
perpeccHMoHHas MOAEb, [103BOJIAIOAA NPOrHO3MPOBATh TeMIIEPATYPY Hadyasa # KOHUA [ipeBpalleHis XapaKTepHbIX CTPYK-
Typ, MOPMUPYIOILMXCSt B MeTa/yie LIBOB HA BHICOKONPOYHBIX HH3KOJErHpoBaHHbiX crassnx. Conocras/ieHbl pe3y/bTaTbl,
NOJIY4EHHbIE HA Pa3/IMYHbIX MOAEAX, C AKCNEPUMEHTAMbHbIMU 3HAYEHHAMM. Y CTAHOBJIEHO, YTO /IS ONpPeAeJIeHHA TEMMe-
patypbl Ha4asla M KOHLA 06pa3oBaHus (a3 ciedyeT HCMOIb30BATb PErPecCHOHHYI0 MOAe/b, & NS ONPEAeieHHA KOJNHUYeCTBa
o6pasyiowmxcest da3 lesecoobpasHeil HCMOAb30BATL MOAEID NPeBpallelnsi, NpeanIokennyo Bxaaews.

HMocnenrue coboiTusg B MeKCUKAHCKOM 3a/UBE TTOLHS-
JIM Ha HOBBLIH ypOBeHb NpobJieMbr GECOTIACHOCTY U Ha/l-
€XHOCTH CBAPHBIX KOHCTPYKIMH U3 BLICOKOIPOYHBIX
HM3KOJIETMPOBAHHBIX CTaJel, paboTaloluX B 9KCTPe
MasnbHBIX ycaoBusix. Ob6ecnieuenue pecypca paGoThl
MODCKHX 6YPOBBIX MIaTOPM, MOCTOBBIX dhepm, Hedr
Te- ¥ ra3oNpoOBOJOB, KOPITYCOB MOPCKUX TAHKEPOB TPE-
6yeT Moy 4eHNs HaIe>KHbIX CBADHDBIX COEMHEHUH, pa-
6OTAIONMX B CJOMHBIX CHJIOBBIX, BETPOBBIX U TMOrOL-
HBIX YCJIOBHSIX.

Hosble Tpe6GoBaHus K TAKUM METAJJIOKOHCTPYKIHSIM
JUKTYIOT TIOTPeGHOCTh B OCBOEHMH HOBBIX MAapOK BBICO-
KOTPOYHDBIX HU3KOJErHPOBAHHBIX CTajEl C MOBBILIEH-
HBIM ypPOBHEM MexaHuyeCKux cpoiicts. Cucrema ux Je
TMPOBaHUS MPEATIOIAraeT MOBBILIEHHOE COAEPIKAHME ITe-
MEHTOB, YIIPOYHSIIOWINX TBEPABIA PACTBOP TIPY OAHOBPE
MEHHOM CHW)KeHUM COZepkaHus yrnepoga [1-3].

OcroBHOI 3agavedl py CBAPKE BBICOKOIIPOUHBIX
cTaselt sIBJIsieTCst GOPMUPOBAHHE TAKOTO MHKPOCTPYK-
TYPHOTO COCTOSIHUSI METAJJIA ILBa, KOTOpOe Gbr obecrie-
YHUBAJO KaK BBICOKYME MEXaHUYECKHUE CBOMCTBA CaMOro
IIBa, TaK U PAaBHOINPOYHOE COEJUHEHHE CBAPHOTO 1BA
¥ OCHOBHOTO Merasta. CoyeTaHne BbICOKMX MMOKa3aTe
JIEH TTIPOYHOCTH, TIJTACTUIHOCTH U BSI3KOCTH MOXKET OBITh
JOCTUTHYTO B CJydae O6pa30BAHUSI B CTPYKTYype Me
TaJlJla LiBa BBICOKOTO CONEPIKAHUS HU3KOTEMIIEDATY -
HBIX QOpM (eppuTa MEJKO3ePHUCTON MOPDOJOrH.

B pa6ore [4] ycraHOBIEHO, YTO MOBBILIEHUE COAED-
JKaHUsT B MeTaJjlJle LIBOB MapraHua [PUBOJUT K CMe
wenno CCT-puarpaMmsl mnipeppauiesuit B o6gactsd

© KOCTHH B.A., TPUTOPEHKO [.M., XKYKOB B.B., 2010

TIPOMEYKYTOYHOTO TIPEBPALIEHUS, CHUYKAeT TeMIlepary-
py Hawasna 6eMHUTHOTO MPEBPAILEHUsT M OCTABJISIET TEM-
TIepaTypy OKOHYAHHWSI MPEBPALICIIUS TTDAKTHYECKH HE
nsmenHo#. Ilpu sernpoBaHuy MeTassla IUBOB MapraH-
LIEM COEPIKAHHE CTPYKTYDPHBIX COCTABATIOMNX, 06pa-
30BaBWIMXCS B Tpolecce GEHHUTHOrO NMpeBDPALIEHUS,
OTIpENIEISIeTCST TEMIIEPATYPHBIM JAUATIa30HOM JaHHOIO
TUIIA TIPEBPALUEHUs] U YBEJUUHMBAETCS C MOBBILIEHUEM
COJep’KaHUsl Maprasua B MeTasje IIBOB.

B pa6ore [S] mokasano, 4ro serupoBanue MeTasla
IIBOB TUTAHOM yBeJUYUBAeT padnoobpasue Ghopm dep-
pura, GOPMHUPYIOLIEroCs B CBaPHLIX IIBAaX B MPOLIECCE
pacrazga aycrenura (vMeercss B BUAY IJIACTUHYATHIN,
UTOJLYATBIN, TTOMUIAPUIECKHH, TTOJUTOHAJIbHBIN dep-
PHMT), XOTS 3TO MPAKTUYECKH He BAUSIET Ha [IOBbIIIEHHEe
MEXaHUYECKUX CBOHCTB CBAPHBIX WIBOB, T. K. B METaJJe
[IBOB, JIETMPOBAHHBIX TUTAHOM, (POPMHUPYETCs MOBBI
[IEHHOE COJAEPYKAHUE CTDYKTYPHBIX COCTaBJSIIOUINX,
KOTOPbIe 06Pa3yrOTCs B BBICOKOTEMIEPATYyPHOH 30He
6eitnuTHbIX NipeBpateHud. [Ipu o6pasoBanuu CTpyx-
TYPHBIX COCTABISIONNX , 060X TTOBBILUEHHDIMU
[IOKA3aTENSIMU TIPOYHOCTH M BSI3KOCTH, AUDEDY3UOH-
HbIE TIPOLECCHI HIPAOT OCHOBHYIO POJb (GeHHMTHBIN
deppuT), MOITOMY KOMILIEKC JErUpPYIOLIX U MUKDO-
JIETUPYIOIUX 3JIEMEHTOB, BBOAUMBIH B CBAPOYHY O BaH-
HY, JOJUKEH ObITb BBIGPAH TAKUM 06pa30oM, YTOBBI OKa
3bIBaTh BJIMSIHME HA TEMIIEPATYPHBIH [JHaNla30OH Kak
deppuTHOro, Tak ¥ 6eHHUTHOrO IIPEeBPalleHHs.

Yu4er Bcero xommexca akTopoB, BAMSIOUWMX Ha
HOPMUPOBAHUE CTPYKTYPHO-(PA30BOTO COCTOAHKS, AB-
SIETCS OCTATOYHO CJOYKHOH M TPyZOeMKOH 3amadeH,
MO3TOMY LIeN1eCO06PA3HO HCMOJIb30BaTh MAaTEMATUYEC
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Tabanua 1. XuMUUECKUIA COCTAB OCHOBHOIO METAJJIA H CBAPOHYHOM NIPOBOJIOKH, BEC. %

Cocran C Si Mn Ni Mo Cu Cr \4 Al N ) ‘ B
OcHoBHOW MeTaLI 0,12 0,253 0,44 2,16 0,27 0,47 0,80 0,02 0,01 0,005 ‘ 0,010
12XH2M /1D

| Ceapounas 0,10 0,050 1,01 H,/0 H/0 H/0 H/0 H/0 H/0 0,012 0,009
NpoBOMOKA
Cs-08I'1HMA 1 -
TaGmima 2. XuMuueckuil COCTAR META/UIA UCCAEJ0BAHHDBIX WBOB, JErMPOBAHHDIX MAPTAHLEM W THTAHOM - -
. Xumudcckuii coctas, Bec. %
O6paseu =
c Mn Si S P Al Ti Cr |
rA13 0,072 0,39 0,318 0,008 0,007 0,0082 <0,002 0,26 |
I'A09 0,070 0,45 0,170 0,007 0,008 0,0128 <0,002 0,27
I'At19 0,070 0,50 0,127 0,007 0,008 0,0182 <0,002 0,27
FA13T 0,072 0,66 0,323 0,009 0,010 0,008 <0,002 0,24
TA09T 0,060 0,85 0,174 0,010 0,010 0,011 <0,002 0,24
TA19T 0,069 0,93 0,135 0,007 0,011 0,016 <0,002 027
TA13T 0,078 0,43 0,437 0,008 0,009 0,012 0,027 0,24
I'A0ST 0,073 0,48 0,227 0,007 0,010 0,019 0,084 0,25
rA19T 0,075 0,54 0,181 0,006 0,009 0,028 0,127 0,25
TA13IT 0,087 1,38 0,453 0,009 0,010 0,021 0,013 | 0,24
TAQ9IT 0,081 1,45 0,331 0,004 0,010 0,026 0,017 0,25
TA19TT 0,087 1,59 0,247 0,002 0,010 0,033 0,021 0,27
rA122 0,039 1,40 0,533 0,011 0,015 0,019 0,019 <0,002
rA123 0,052 1,39 0,499 0,010 0,014 0,020 0,026 <0,002
Oxonuanue 7na6/t.___2
XHMHYECKHH cocTas, sec. %
O6pa3cu Dioc
Mo Ni Cu (V) Nb O
TA13 0,19 1,27 0,41 <0,002 0,125 Kucabiii |
TAQ9 0,19 1,22 0,41 <0,002 0,054 HeiirpanbHorii I
TA19 0,19 1,26 0,41 <0,002 0,039 OcHoBHO#M
A13r 0,19 1,23 0,41 <0,002 0,112 Kucuniit
TA09T 0,18 1,22 0,40 <0,002 0,056 i He#irpasapubiit -
TA19T 0,19 1,27 0,42 <0,002 0,035 ' Octostoit
| TIA13T 0,19 1,22 — <0,002 0,101 Kucubiit I
TAQ9T 0,19 1,24 = <0,002 0,054 | Hefitpasphprit |
TA19T 0,19 1,23 - <0,002 0,032 OcHoBHOH
TA13IT 0,10 0,38 0,013 0,013 0,132 _| Kucurbiit
TA09TT 0,11 0,39 0,017 0,015 0,035 HelirpasbHblit
FA19TT 0,12 0,37 0,04 0,020 0,023 OcuoBro#t
TA122 0,53 0,46 0,04 } 0,006 0,071 OcHoBHOH
FA12?>_ | 0,53 0,46 0,04 J 0,006 _Q,078 OcHOBHOM |

78




MATEMATHYECKOE MOAEAHPOBAHHE B CBAPKE

Ta < A, ~ 9, -
J a Jd, O 2 0/, M h i
TaGmua 3. CopepikaHue CTPYKTYPHBIX COCTaBASIOWMX MeTanja wsos (%), JerHpoBaHHbIX MapraHieM U THTAHOM

Dopna heppHTa

Obpasen \ [TaacTHHMACTLL Hepaur '\
| u M ) . Buamarurrer- |
| Hronpuarsiit [Moauronaibibtii ] [MonuaapHUecKuit o
| C HCYTIOPSL. ¢ ynopsa.

I -0 basod 2o basod

| oit (ravoit o#i hasoit J “
|
rai3 - - J - J 79 Jﬁ - j 21 |
- i ;‘

rA09 - - - - 68 - ‘ 32
rA19 - - ( - - 81 J - 1 l\

FA13T 49,5 2 J 17 N 26,5 J - =
T | 'i‘
TA09T 48 9,5 9 3,5 30 - l = [
o - _
rA197 61,5 13,5 3 - J 22 | - ‘ = |I

| TA13T 23,5 10,5 21,5 7,5 ; 29 8 =
I — ‘ i

TAO9T 10 20 - - 50 16 | 4 '\
—_— 1

TA19T 15 13 30 6 } 16 20 = \

— |
. TA13IT 12 " J S 5 ( 17 J 29,2 = |
(— |

TAOSTT 18 10 J 6 6 7 f 18 =

TA19TT | 20 10 J 6 7 18 r 24 | - |‘

ra122 ‘ 95 2 J - - \ 3 = | = I

| "
rA123 | 97 { 2 L - [ - ; 1 - | - |

KHe METOAbI IPOrHO3MPOBAHMS CTPYKTYPHO-ha30Boro
coCTaBa MeTasla CBapPHDIX 1IBOB.

Llesb JaHHOY PaboThl 3aKA0YANACh B TIOUCKAX Ma-
TEMATUYECKUX METOOB, ONMCHIBAIOIINX KHHETUKY Pac-
naza ayCTeHHTa B BBICOKONPOUHBIX HH3KOQJIETUPOBAH-
HBIX CTaJIIX Ha OCHOBAHMM 3KCIEPUMEHTAJbHBIX pe-
3yJIbTATOB, MOJYYEHHDIX C MTOMOILbBIO CHCTEMbBI UMHTa-
LMK TepMoAedOpMALHOHHOro cocTosiHus csapky Gle-
eble 3800.

Marepuas U MeTOHKa HCCJaeA0BaHuA. Moaenn-
pOBaHUE CTPYKTYDPHBIX MPEBpauIeHuil CTPOMJIOCH Ha
OCHOBE 3IKCTIEDUMEHTANbHBIX DPE3YJbTATOB, IMOJYYEH
HBIX ¢ romoubio cuctembl Gleeble 3800.

[L1st mocTpoerust Mofeny 6bLIY BRIGpaHbl 06Pasiibi
MeTaslja IIBOB, [OJYYEHHBIX NIPH CBAPKE BBICOKOIPO-
4HOH HM3KOJerupoBaHHOH cramu 12XH2MAMD nog
duocamMy ¢ pa3JNYHBIM YPOBHEM KMCJIOPOJHOIO IO-
TeHuMasa. [IBbl, BbITOTHEHHDIE IO KHCABIM (DIIOCOM,
umenn unupexc 13 (lg ap = —0,83), nox Helitpaab-
woim — 9 (lg ag = —-1,25), noxg ocxopHbM — 19
(Igay = -1,70) B coueranmu c nposoJoxoi Cs-
08T1HMA auamMeTpoM 4 MM.

l3MeHeHHe CTENEHN JIETHPOBAHWSA IIBOB OCYUIEC-
TBJISJIOCH 32 CYET BBEAEHUS B COCTAB arJOMepPUPOBAH-
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noro duioca metanauueckoro mapranua (99 %), tu-
taua (25 % Ti B deppoTuTane) U UX KOMOHHALMH.

XuMudeckuii cocTaB OCHOBHOIO METaJJia U CBapoy-
HOU TIPOBOJIOKYM NpHBEAEH B TabJ. 1, XUMHU4eCKUH coc-
TaB MeTaNNa UCCAENOBAHHBIX WBOB — B Tabx. 2.

M3 cBapHbIX COEAMHEHUI BbIpe3aty IOIepedYHble
00pasubl A UCCJAENOBAHUS CTPYKTYDPbI U (Ha3oBoro
cocraBa Merasia. KoJuyecTBO CTPYKTYPHbIX COCTaB
JISHOIIMX NpHBefeHo B Tabu. 3. MUKDOCTPYKTypa HC-
CJIeOBAHHBIX LIBOB NOKa3aHa Ha puc. 1.

Jlns aHanv3a BAMSIHYMSI MapraHua ¥ TUTAHAa Ha KH-
HETHKY Dacnaza ayCTeHUTa B MPOLECCE HENPEPbIBHOTO
oxnaxaenus Ha ycraHoske Gleeble 3800 6puin noct-
POEHBI TEPMOKMHETHYECKNE AMArpaMMbl [JJIsSl 1LIBOB C
Pa3UYHBIM CONEPIKAHMEM MApPraHua W TUTAHA, [OJY-
YeHHBIX IpH CBapke 1ok GJIocoM ¢ Pa3JHYHON OKHC
JIUTENBHON croco6HOCTbio. Bo BCex MCCIenOBaHHbBIX
IBaxX [peBpaUleHHEe I[1€PEOXJIAMAEHHOIO ayCTEHMTA
Npoucxoauio B GeppuTHON ¢ GeliITHOH 061aCcTaX.

Bunsitue sierupoBaHus Ha KHHETHKY NpeBPAlleHNs
ayCTEHUTa B MeETa/Jle WIBa M3y4and IPU CKOPOCTSIX
oxJaxaenus Wy = 1; 5 u 10 °C /¢ (puc. 2).

TemrnepaTypsi HaYana ¥ KoHna GeppUTHOTO U Geit-
HUTHOTO TIPEBPAlEHNs YKa3aHbl B Tads. 4. AHanus
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NOJIYYEHHBIX DE3YJIbTATOB MOKA3BIBAET, UTO [PU CKO-
pocTax oxJjax<aenns 0xoso S u 10 °C /¢ HeEBO3MOXKHO
Pa3fieuTh KOHell (PePPUTHOrO U Hayano GeHHUTHOTO
NpeBpalleHui AN METAJIA HCCIAEOBAHHBIX LIBOB.
UIser cepuit TA122 u TA123 HeMOHCTPUPYIOT MaKkCH-
MaJIbHYIO TeMIlepaTypy Hauaga o6pasonaHus Gpeppurta
(747 u 755 °C cooTnercTBeHHO) 1 Geftnura (635 °C ),
YTO MOJIOKUTENDHO CKA3bIBAETCS Ha MX CTPYKTYDE U
CBOHCTBAX.

AHa/m3 noJyYeHHsIX pesyabraroB. [[i1s Mogesu-
POBaHUs YCJOBHH NPOTEKAHMSA CTPYKTYPHBIX NIpeBpa-
weHnit Ha ycraHoske Gleeble guarpammy tepmuuec-
KOro0 LIUKJIa CBAPKU BbIGUPAIHN TAKKMM O6PA30M, UTOODLI
CKOPOCTb oxJaaxaenus B untepsase 300-500 °C coot-
BETCTBOBAJa YCTAHOBJEHHBIM 3KCIEePHMEHTANbHbIM
3HaYeHUsIM. AHAIU3 AHArpaMM, MOJIYIEHHBIX IIDU HC-
MbITaHUY 06PA3LIOB MeTAJJIA LIBOB PA3JIMIHON CUCTEMBI
JIETUPOBAHUSI, MO3BOJMI YCTAHOBUTH AJISL HUX KOOD-
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JIMHATBL TOUEK HAYATA W KOHIlA CTPYKTYDHBIX NpeBpa-
menutt. K nonyuennnim pesyastatam (cm. tabn. 2 u
4) Gb1Jl NPUMEHEH METO/, PETPECCHOHHOTO AHANM3A A5
MPOrHO3UPOBAHNS TEMIIEPATY PbI HAYAIA U KOHIA 06pa-
3opanus deppuTa 1 GeHHUTA.

(OcHOBHAsI TUIOTe3a, NPUHSITas B Npolecce MOAe
JIIDOBAHUS, 3AKJIOUATACh B TOM, YTO MEXIY 3TUMHU
TeMrepaTypaMyd M KOHLEHTPALMEeH XUMUYeCKUX 3JIe-
MEHTOB CYUIECTBYET JUHEHHAs B3aUMOCBA3b. AHaan-
TUYECKY 3TO MOXKHO 3aNUCATh B BHTE

T ooy + oql% C) + opl% Si) + a3l% Mu] + )
+ [ % Mo] + as[% Ti] + ag[% Al] + az[% O],
e ¢y — CBOGOAHDIH KOa(DPUUMEHT; o; — Koaddu-
LUMEHT DU COOTBETCTBYIOLICM JJIEMEHTE.
B maTpuunoM puae seipakenue (1) moxer GbITh
3arMcato B BHAE
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Puc. 2. Bausinie mapradua M THTaHa Ha XapakTep pacriala aycTeHMTA MeTajiia wBoB Ha o6pasuax I'A09 (a), TAQST (6), TAOT (e):
1 — nauano (eppuTHOro npeppaiienusi; 2 — kounel (HEPPUTHOrO NpesBpallenus; 3 — Havyalo GeRHMTHOro npespawenus; 4 — KOHel

GEHUTHOrO 1IPEBpALLEHHS

o o |[c
2 2 .

T - %0 & O Si 2)
o) 047 0%157 O

B pesyabrate 6bLIM ycTaHOBIEHDI KO3(GDULIMEHTDI
DErPECCHOHHOrO YPABHEHUS [UISI PA3JMYHBIX CKOPOC-
Teit oxsaxaeHus metasta wsa (tabn. 5).

CorocTaBieHye SKCIEPUMEHTATbEBIX Pe3yAbTaToOB
C pe3ysbTaTaMM, MOJYYEHHbIMU N0 YPAaBHEHUAM per-
PeCcHH, MOKa3bIBAET, YTO IOrPEUIHOCTD 10 TEMIIepaTy-
paM Havata GeppUTHOrO M GEHHUTHOrO NpeBpalleHus
He NpeBBIaeT 5 %.

[IpuMeHeHHe METONOB PErPECCMOHHOTO aHaAM3a
K KPUBBIM pacnaza aycrenura {puc. 3, a) noxasano,
YTO OHM C JOBOJIbHO BBICOKOH CTEIEHDBIO KOPPENSLHH
(R? = 0,97) onuchiBaloTesi pacrpeneesnem Bosblr
mana (3):

Apacn =0 + (al - (X2)/(1 +exp ((“t - .TCO)/CZ'X)),

(3)

rae Apacn KOJIMYECTBO DPACIABIIErOCs ayCTEHUTA.
st vccnenoBanublX cxopocTeidt oxnakaenns (1; 5;
10 °C/¢) xoacbduumnentnst ypasuenus (3) npeacras-
JIeHbI B TabJI. 6.

Wcnonp3yst MOAMMDULMPOBAHHYIO HAMH KOMIIbIO-
Teprylo nporpammy «Colling», ocHosanHyio Ha (i
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3UYECKUX 3aKOHOMEDHOCTSIX 3apOXKAEHHS U pOCTa
CTPYKTYPHBIX COCTABJASIONIMX B [IPOIlecce pacnaja ayc
TEHUTa, KOTOpast Oblia paspadorana B KeMOPUIKCKOM
VHUBEDCUTETE TPYIINOH YYEeHHBIX, BO3TJIABJSIEMBIX
npod. bxanemn [6], 6s1m paccumTanbl KPUBbIE pac-
naja ayCcTeHUTa ¥ AOJS 06Pa3yIOLIMXCA CTPYKTYPHBIX
cocrapsiionnx. IlosyyeHHble pe3ysbTaThl NPeaCTaB-
JIEHDbI Ha puc. 4.

AHAM3 TIOJNYYEHHBIX DE3YJbTATOB IIOKA3bIBAET,
4TO O6uIMe 3aKOHOMEDHOCTH Ipollecca paclaja ayc
TEHHTa MOAEND DXaJelly OMUCHIBAET BEPHO, OJHAKO
KOHKpeTHbIE apaMeTpbl KPUBOH pacraja AOBOJHHO
JaseKy OT 3KCIIePUMEHTAbHDIX 3HaveHu# (cM. puc. 3,
a; 4). Bmecre ¢ TeM, 06li1ee KONNUECTBO CTPYKTYPHBIX
COCTaBJSAIOIMX AAHHAS MOZENb IPeJCKa3blBaeT JOCTa
TOYHO XOPOIUO. BO3MOXKHO, HECOOTBETCTBHE IOYUEH-
HbIX DE3YJNbTATOB C MOJAEJBIO Bxanmemn o6ycJIoBIEHO
0COBEHHOCTSIMU (DOPMUPOBAHMS TEMIIEPATY PHO-HATIPSE
JKEHHOrO COCTOSIHMSt B CBApHBIX IIBaX W, KaK CJel-
CTBUE, TMPOTEKAHWEM B HUX MPOLIECCOB Pacliafa ayc
TEHUTA.

Boisoabr

1. VlccnenoBaHO BAMSHUE JJETUPOBAHUA MeTaJlJla 1LIBOB
MapraHueM ¥ TUTAHOM IIDH AyroBOi cBapKe nox (-



MATHEMATICAL MODELLING IN WELDING

Tabauia 4. Bausinue CKOPOCTH OXJIQXKACHHS HA TEMNEPATYPY Hayaia M KOHua obpasosaHns ¢al

Temneparypa,/spems, °C /¢

CopoeTs: XAANHIEHRS; , ,
| C/e Hisam Gopprriore | HemUGSpmEREG | SliEE Safiesherd Kowew Gerore |
| MPeBPALLCINA NpCBPAILCIHA NpeBpaLLeiis npeBpaieiHs
TAQYLT, T, = 919,6 °C B |
1,0 761,04 l 701,04 701,04 610,03 |
| 158,19985 | 218,19979 | 218,19979 309,1997 |
" 5.4 722,52 633,76 - 633,76 457,55 |
) 35,89996 52,69995 52,69995 84,9992
10,3 706,07 608,42 608,42 | 451,82 |
‘ 20,79998 3029997 | 30,29997 45,4996 !I
) FA13IT, T, = 919,6 °C
1,0 723,04 680 654 | 448
186,94982 230,79978 256,74975 | 461,24956
5.4 | 680,05 650 634 441 ]
i 42,29996 47,74995 50,69995 | 86,1499 1 B
10,3 | 683 646 634 ' 454
- 22,12998 25,68998 26,87998 | 44,40996
_ TA19IT, T, = 9163 °C B )
“ 1,0 738 606 7ﬂ'| 540 419 |
| ) 177,24983 310,5997 375,44964 497,94952 l
‘ 5.4 711 457
B 37,69996 84,34992
10,3 701 455
B - 20,99998 44,84996
[A122, T, =933,6°C B .
1,0 i 747 664 630 448 |
186,59982 268,29975 303,79971 484,44954
| 5.4 | 673 448
'| i 47,89996 B 89.24992 |
| 10,3 641 452 _‘n
| 28,49998 | ) 46,84996
[A123, T, = 9383 °C - _'
1,0 755 666 655 451
3 183,14982 272,09974 283,09973 486,29953
5.4 728 B 43
38,64997 ) 90,94992
10,3 o 666 B 457 |
|\=_ 26,49998 B 46,79996

82




MATEMATHYECKOE MOJAEJHUPOBAHHE B CBAPKE

Tabmuua 5. JlnHeitnsie K0aQMUUMEHTH PErPECCHOHHOI0 ypaBHua npu w =1 °C /¢

KoathdHumenTbl perpecCHONHOrO ypaBHHsA
‘ O()paacu I:.;xcn I:Sreop
| J o [C] | [Si] [Mn] [Mo] J [Ti] AN [0}
| rat3 745 747 741 0,496 | 55,52 17 27,7 0,127 | 4,67 -88
f
rAQ9 755 750 741 0,482 29,68 ~-197 | 277 0,127 ~7,47 -38
TA19 747 754 741 0,489 22,17 ~21,8 J 27,7 0,063 -10,6 27 |
\ TA131 738 733 741 0,496 56,39 -28,8 27,7 0,127 —4,67 =79
TAQ9I 733 724 741 0,413 \ 30,38 | 3741 26,2 0,127 —6,42 -39
| FA19T 735 729 J 741 0,475 J 23,57 J -40,6 27,7 0,127 -9,33 =25
[ |
\ [A1312 703 707 741 0,641 | 57,61 \ 47,2 | 26,2 0,127 —4,67 =70
TAQ9I2 707 708 741 0,523 35,79 -56,4 26,2 0,127 -7,58 —30 |
I TA19I2 677 680 741 0,572 24,62 -73,4 26,2 0,127 -10,5 =25 :
\ TA13T 760 | 775 741 0,537 76,29 -18,8 27,7 1,709 ’ -7,0 =71 ‘
| TAQ09T 762 r 765 741 0,503 39,63 -21,0 27,7 5,317 -11.1 —38
!| TA19T 779 773 741 0,517 31,60 -23,6 27,7 8,039 -16,3 —22
ll TA13T2 801 789 741 0,861 97,25 -20,5 24,8 8,229 -16,9 =72
[A09T2 798 798 J 741 0,572 67,91 —22,3 26,2 15,450 -22,8 =21
!l TA19T2 770 775 741 0,813 37,89 =227 23,3 18,800 -31,5 =15 I
". TA122 747 753 741 0,406 93,06 61,2 77,2 ] 1,203 0 (1 -50
A123 _755 749 ﬁ 741 ‘ 0,358 87_\_12 ‘6Q_.7 77,2 J 1,646_ -11,7 -35 I
Apacny %
100 k :
50 | i
60 - o
ol I
20 F -
0 . — s —
800 700 600 500 400 800 700 600 500 T, °C

a

6

Puc. 3. Bausinne cxopoctu oxnaxsgerns (7 — 1; 2 — 5; 3 — 10°C /) va KOAMYECTBO PACHABLIETOCA AYCTEHNTA: @ — 3KCIIEPUMEHTAJBHBIE
pesysipTaTsl; 6 — No pacrnpegeseHuio Bonbumana

Ta6amua 6. Koshduumnentsr perpeccontoro ypanueuus 8 pacrpesesienuu Boabumana (3)

“ o, °C/01F a a, x, 4' dx R? B
I 1 L 98,447 -1,182 564,671 23,323 ] 0,99909
i 5 98,845 -0,873 535,147 17,247 0,99942
| 10 97,646 —2,471 518,506 20,267 0,99808 |
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Ap;lcm %
100
80 % O6pazen TA09, © =10 °C/¢c
60 - 1 [onst CTPYKTYPHBIX COCTABJISIOWMX!
Depput 0,4224
40 | 2 [epaur 0
3 Beitrur 0,4775
L Maprescur 0,0936
20 Ocratounprit aycrenur  0,0065
Beero 1,0000
0 1 !
800 700 600 500 T,°C
a 6

Puc. 4. Bananue cxopoctu oxsaaenna (1 — 1;2 — 5; 3 — 10 °C/¢) Ha konu4ecTBo pacnasuierocs aycredura (@) 1 [OJst CTPYKTYPHBIX
COCTABJSIOUINX, 06PA30BABLIMXCS B LIPOUECCE Paclaia ayCTeHMTa no Moiean bxageww (6] (6)

COM Ha OCOOEHHOCTH (PODPMUPOBAHUSl BTOPHUHOM
CTPYKTYPbl CBApHBbIX COEAMHEHUH HH3KOJEerMpOBaH-
HbIX CTaJsiell BBICOKOU MPOYHOCTH.

2. CosnaHa perpecciOHHAsI MOJE/b IPOrHO3MPOBa-
HUSI TEMITEpaTyp HavyaJa i KOHIA [TPeBPAIEH s XapaK-
TEPHDBIX CTPYKTYDP, POPMUDPYIOLIMXCS B METaJJIe IIBOB
Ha BbICOKOIPOYHbBIX HU3KOJIErMDOBAHHBIX CTAJIAX.

3. CorocrtaBiieHbl pe3yJbTaThl PErpecCUOHHON U
dusHuecKor Mogesed ¢ 3KCIEePHMEHTAJIbHBIMU 3Ha-
YeHMSIMH. Y CTAHOBJIEHO, YTO /ISl OIIPEAeIeHUS TeMIIe-
patyp Hauasa ¥ KOHLA o6pa3oBaHUst (a3 Jyulle HC-
[0JIb30BaTh PErPECCUOHHYIO MOJAEJb, AJIS ONpefese
HHsE KOJIMYeCcTBa obpasylouinxcs gas 1uesecoobpasHent
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UCIIO/b30BaTh MOJE/b NpeBPalleHus], TPeJIOKEHHYIO
Bxageu.
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MO/IEJIMPOBAHUE YIPYTOIIJIACTUYECKOTIO
JTED®OPMUPOBAHUSI CBAPHBIX COEIMHEHUN
C YYETOM TPAIUEHTHOM
HEO/ITHOPO/HOCTH CBOICTB

Kpexmyaesa P.A., Cogemuenxo b.®D., Uepenanoe O.H.

Tomcxuu noaumexnuveckuld ynusepcumem, Tomck, Poccus

Oécymueﬂa npoénema ajgantauMn METOUO0B U aNrOPUTMOB YUCAEHHOTO DELIEHHA 3aual MEXAHNKKH CILIOLIHOM CpeUbl Ana
MOUEAHPOBAHHA KBA3UCTATUYECKOr0 Harpyxeiia CTRpYKTYPIO HEOAHOPOAHBIX MATEPHAJIOB ¢ I'Da/(MEHTHbLIM pPaCIIpENEeneE-
HHueM q)HBHKO-MeXaHH‘{GCKI/IX CBOHCTB. PaapaGOTaHa BapHAUMOHIO-PA3HOCTHAA CXEMa PELICNINA 3ala4u ynpyroyaactuiec-
KOro TEYEHHA yiPOHRAIOWErocst MaTepuana 8 AByX- H TPCXMGPHOﬁ nocraHoske. Ha MOAenbHbIX pacyeTax r1oKa3aHo, Y10
JNoKanscHaa LLG(t)OPMaLlMﬂ B 30HE CBAPHOro COCAMHEHUS {IPK oupe;{e.nem‘roﬁ HEOAHOPOUAHOCTH CBOMCTB MOIKET ObITH B HE-
CKOAbKO paal 6oabule CDCL[HGH, YTO MOUTBEPXKEHO 1IDOBEACHHBIMH 1{ATYPHbLIMW 2KCHEPHUMELITAMH.

HeoAHOPOAHOCTE BHYTPEHHErO CTPOEHHMSI MaTepualsa
ABJSAETCSE NPUYHHON JIOKAIN3aLUU AeOopMavil 1 KOH-
UeHTPallMM HanpspKeHuH Ha MEe30YPOBHE. B pamKax
KOHTMHYaJbHOTO [I0AX0Aa B 3aBUCUMOCTH OT IIPUHSTO-
ro A8 MOACJTHPOBAHUS MACILTAGHOrO U CTPYKTYDPHOIO
ypoBHs [ 1—4] rpanuubl pazgesa CTpyKTyPHbIX dJeMeH-
TOB MOTYT PACCMATPUBATHCS KAK [IOBEPXHOCTH Da3pbl-
Ba (DAKTOPOB KpUcTaIorpaduueckoit opuenTaum (ro-
JIMKPUCTAJIIBI C KPYTIHBIMU 3€PHAMN), YIPYTHX MOC-
TOSHHBIX (AMCTIEPCHO-YTIPOYHEHHbIE, BOJOKHUCTBIE KOM-
TIO3UTHL), NPEAEIOB TEKYUECTH U IPOUHOCTY (CBapHbIe
COEAMHEHHS) MW KaKOU-TM60 KOMOUHALNH STHX Tapa-
mMeTpoB. HeoaHnopoanbiit xapakrep Aedopmaluu Ha-
6mofaeTcs Ha Bcex MacwTabHbIX ypoBHAX. Tak, ¢ Ha
4aJI0M I1ACTHYECKOrO TEYEHHS JIOKAJIBbHO NPOSBASETCS
aHM30TPONUs CBOUCTB, MPUMEPOM KOTOPOH SIBJASIOTCS
CJIeAbl MOHO- UM MYJIbTUTLJIETHOIO CKOJIBIKEHUS B 3€P-
Hax MosuKpucTawIon [5], a HeogHOPOAHBIH XapaKrep
AedopManuy NposBJIseTcs NpH AeOpPMalii CBapHbIX
coeaunenuit [6] na meso- u mMaxpoyposusx. Ocoben-
HOCTH gehOpMaly TPAANEHTHON CTPYKTY PHO HEOAHO
DPOAHOM Cpeabl Ha ME30YPOBHE CTABAT MpobeMy aaan-
TaUKX MeTOAOB W aJTOPUTMOB YHMCJIEHHOIO PeLueHHs
3a/a4 MEeXaHHKHM CIUIOIIHOM cpeapl AJIs MOAEJHPOBa-
HHSI 9THX MPOLECCOB.

JL1s1 pelenus 3a4a4y UCHOJIb3yeTCsl BADUALIMOHHOE
ypaBHenue Jlarpamxa HHKPEMEHTAIbHON TEOPHH NJIAC-
TUYHOCTH, MOAW(MDUUMPOBAHHOE [JIS aHAIM3A HAIps-
JKEHHO-1e(DOPMUPOBAHHOIO COCTOSIHUSL C HECHMMET-
DUYHBIM TEH30POM Hanpsukenuit [2—4]. Ha ato#t ocHo-
Be pa3paboraHa BapUALHOHHO-DA3HOCTHASI CXEMA Pe-

© KPEKTYJIEBA P.A., COBETUEHKO B.d., HEPE[IAHOB O.M., 2010
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IIeHHUS 334a4M [L1ACTUYECKOro TEeUEHUS YNPOUHAOLIE-
rocst MaTepuaja Npu KBa3UCTATHUECKOM HarpyXXeHHH
B ABYX- M TPEXMEPHOH [IOCTaHOBKe. Y pasuenue Jlar-
paHa HMHKPEMEHTAJbHOU TEOpHM MIacTUUHOCTH [7]
MOANGUUMPOBAHG AJIS aHAIN3A HaNpPsHKEHHO-Aedop-
MMPOBAHHOIO COCTOSHUS C HECUMMETPHUHBIM TEH30-
pom Hanpsokenuit. OHO uMeer caeayowni sug [4]:

J‘J‘J‘ (y‘f, + ﬂ*yg)ﬂil'ni}a’v(”) +
1%

.”J‘ 5+ Lypallmdv®™ —

’ (1)
_J‘H @, + IP)a(Tupyd vV?® +
1%
—Hf (T; + NDa(Ou)dS™ =0,
Sy
rae n/l'e;, nJl'my; — moaudbuLMpPOBAHHbIE TEH3ODHI

nedopmanuit ['puHa ¥ MaTEPUA/ILIIONG TOBOPOTa COOT-
BETCTBEHHO; yg + 1'y; — mMoaudUUUpPOBaHHBIH TeH-
30p Hanpsbkenut Kupxroda; P;, AP; u T;, AT; —
BHElIHHE O6BbEMHbBIE CHJIBI M UX [IPUDALIEHUS] Ha 7-M
ware wnarpyeuus; [du;, a(/lw;) — npupauenus
nepeMeneHuil 1 ux Bapuauuu. Pacyer BeAeTcsa B nepe
MeHHbIX Jlarpamxa.

Ornpenensolge COOTHOIIEHUS AMA YNPYTOXDPYIF
KOMJIACTHYECKON MOAEJM Cpeibl B MHKPEMEHTANbHOH
teopuu [1, 7] nmeior Bug
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A*Gl‘j = C;‘jkl - OL*A*eij,
# (af/acpqcpqij)(af/acmncmnkl)

Cott = Gt O 87 /36,,Cr/30,)
=1, flo;, B)=0, @f/dcpde,>0,  (2)
o'=0, floyB) <0

unn f(oy, B) =0, (9f/doy)dey <0,

re Cijel — TeH30p yIPYTHX TOCTOSHHBIX.

B pacueTax MCMOAb30BAIH KPUTEPUH TEKYUECTH yII-
POUHSIIONIErOCS ¥ O/IHOBPEMEHHO HAKAIJIMBAIOUIErO
MHKDPOIIOBPEX AEHHUs MaTepraia B GOPMe, NpeaioxKeH-
HOW B pabore [1]:

foy, B) = S5y = 2pB)IT = 04 = 0,
p®) = po+2/U1/a)B - B,
1 (3
H =240 - o0ap(®) | 5 L~ B,

a
KPUTEPHH MIaCTHYHOCTH Mu3eca [UIsl YIIPYTOHALa b
HOITJIACTHYECKOr0 MaTepHAasa, a TAIOKe KyCOTHO-TIal
Kast HYHKIMS TEKYYECTH, COOTBETCTBYION[As KOHLET-
LMK CKOJIbXKEHNUS [4]. B aToM ciyuae paccMarpuBaiu
BapHaHTbl MOJEJH, MOPOXKIAIOWNE ACHMMETPUIO TEH-
30pa HarpsukeHui A'Cyj.

Ypasuenne (1) 3amMeHsI€TCA €0 ANCKPETHBIM aHa-
noroM. PacuerHas obiacts (mMe3006bemM) pazbupaercs
KOHEYHODA3HOCTHOM CETKOW Ha ajieMeHThl (sAveiiu).
B cBoto ouepenn, ocHOBHOW asement cetxu (urectu-
TPaHHMK B TPEXMEPHON 3aJaue WK YETHIPEXYTONbHUK
B JIByXMEPHOMN) DacCMaTpuBaercs KaK 3JeMeHT, cob-
DaHHBIA M3 TETPasApOB WK Tpeyroabuukos (puc. 1).

B npenenax rerpasapa (TpeyrobHUKa) pOu3Bo/-
Hbie anNpoOKCUMMPYIOTCs 10 HOpPMyIaM, KOTOPbIE S5
JISIOTCS! CJIE/ICTBHEM TEOPEMBI O TPAAMEHTE U TEOPEMbI
o cpegHem [7, 8]:

” AukdS
S 4
grad (Auk)|P(x. y, e AV = = > (J‘)

av

AV

rie Au* — wommouenTs! BexTopa {Auf} npupamenus
nepemeinerus Ha (n + 1)-M ware warpyxenus; AV,
AS — o6bpeM U MJIOWA/(b 31eMeHTa COOTBETCTBEHHO.

Takum o6pasomM, 3aja4a OJJHOBPEMEHHO pellaeTcs
JUIsL ABYX TUIOB pa3buenust. Kaxabll aleMeHT Haje
JISIETCSE, MTPY HEOOXOAMMOCTH, CBOUM HaBopoM (DU3NKO-
MEXAHMYECKUX XAPAKTEPUCTHK, a TaKKe MOXKeT OTJIH-
4aTbCs OT APYTUX IIEMEHTOB M BHAOM OyHKIMHU IJ1ac-
tiynocty f(Gy;). PeayibTaToM 3THX MOCTPOEHMH SIBJIS-
eTcst To, uTO KO03(PdUUMEHTH! NMPH HE3aBUCHMbBIX Ba-
pHALMSIX [TepeMeIleHII S(Aug) B [IPOU3BOJIbHOM Yy3JI€
cetxn (7, s, 1) 06pasyrOT HEJIMHERHYIO anrebpanyec-
Ky10 CUCTEMY YDABHEHWI OTHOCWTEJIDHO NEpPEMEeNICHIH
Aug. Ona uMeer caefyIOMWMH BUI:

# 1 X 5 X I
ﬂ:(Auq) 5 6/11(7] Ciit {5 5%‘;)}} -

w11 « |1 ~
- |:(Au(/) ) m;i)(/j Cijkl(E m?jqﬂ +

1z =1 ~
E|_2 sB E1L =B | 5
+ 0y [2 51‘1‘;1]* Gij [2 ifq] %)
K 1 ~
- {(Au’;x&/)cz-,k, [5 co?,'pm AvyY -
- (PP + APHAVY — (T8 + ATHAS) = 0,
rae Aug — KOMITOHEHTBI BEKTOpa {Aug} MpHpalienus

nepemewmensii Ha (7 + 1)-M ware HarpyXXeHust; p —
HOMED 2JIEMEHTA CETKH, UMEOUIEro B KayeCcTBe OJHOM
w3 cBOMX pepuvH y3aesn (7, s, t); § — HOMED BEPUIMHDI
B asemente p; Sfyg, ..., G)qu, A} — pasHocTHbBIE Orepa-
TOPBI AJIsA BHIUNCIIEHU S KOMIIOHEHT TEH30POB AedopMmar

X3 X3

xy, X

1 1
2 2
4 X2, X2 4
3 3

0

Xy, X

Puc. 1. AnnpoxcuMaildst NpOCTPaRCTBEHHBIX IPOM3BOARDIX: OCHOBHASI fyeiika cobpaHa W3 TEeTPasUPOB; MCHOJIB3YETCs ABOACTBEHHOE pa3-

Guenne — «xpacroe» (cuesa) n «uepnoe» (cnpaca)
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LM, MaTepuasbHOTO II0BOPOTa M WX BapHaluy,

n) (n)
AVEY, ASS
TJOWaAb M [JMHA KOHTYpa B [ABYXMEpHOH 3axadve)
AUEHKU Ha 7-M [1are HArpyxKeHus.

o6beM M TIOLIaAb oBepxXHOCTH (MK

BapbupopaHnue nepemelieHUH AP B y3Jax CeTKH
(r, s, £) OCYIECTBJISIETCA C YIETOM OrPAaHHUYEHUH, KO-
TOpBIE A/ TpaHuYHbIX Toyek P(x, y, z) HakiaxbiBa-
IOTCS TPAHMYHBIMH YCJIOBUSIMU BUIA

uP = aﬁ,

Px,y,z)e S,
Gif}-nj =P, Px, y, 2) € S,

(6)

Eciu uncnonbsyercs tensop aedopmanui Kown,
TO cucTema ypasuennit (5) HEMOCPEACTBEHHO PEIIAETCS
MeTogoMm uckmoderns [aycca. B ciyuae npuMeHenus
HEJMHERHDIX COOTHOWEHMH Ans aepopmauuit (tenso-
pa sedopmaunit [puHa) OHa MPEABAPUTENBHO JUHER
pusyetcsi meroaoM Hplorona—Padcona.

OKCIIEPUMEHTATBHBIE UCCIEAOBAHMS TIPOYHOCTH
CBapHBIX coeanHeHWH [6] MOKaspIBAIOT, YTO pa3BUTHE
nnacTudeckux gedopMaunil HAET B ME30CKOMHYECKUX
TI0JI0CaX JIOKAMM30BAHHOIO C/IBUra, KOTOPBIE 3aPOXK A&
I0TCSI Ha KOHUEHTPATOPAX HaNPSKEHHH PasHOro Mac-
mtaba. [1s YUCIEeHHOTO MOAENUPOBAHUSI 3TUX D eK-
TOB PacCMaTpPUBAJICS TUIOCKHN 06pa3ey cO CBapHBIM
wsoM (puc. 2) us cranu 10, HaXOASUHUICS B YCIOBUSIX
nockoft nedopMauMK MM TIIOCKOTO HAIPSPKEHHOTO
COCTOSIHHSI.

PesyibraTh! HEKOTOPBIX MOAETLHBIX PACYETOB ITPO-
recca Jokamuszauuu gedopManuil CBapHOTO COEANHE-
HMsI Ha OCHOBE YTIPYTOTIJIACTUYECKON MOJEH C yIIPOY-
HEHWEM PACCMOTPHUM Ha cjefyoumem npumepe. Ocra-
HOBUMCSI Ha [JIOCKOM HATIPSDKEHHOM COCTOSIHUM KRA/L
patHoro o6pasiia ¢ HGU3NKO-MEXAHUYECKIMU XapaKTe-
puctnxkamu E = 200 ITla, v = 0,3 npu pacTspreHUH
BAOJIb Oocu X.

B coorsercTBUM ¢ TIPUHSTON MOZEJIBIO MCXOLHASI
CTPYKTYpPa OMHUCHIBAETCS HEQLHOPOAHBIM paclipenee
HUEM HAYaJbHOH OODLEMHON IJacTHuecKkod aedopma-
MM, BUZ 3@BUCHMOCTH KOTOPOH OT IIPOLOJIBHON KOOpP-
AuHATBl X MOJKET ObITh 334aH B COOTBETCTBHUIU C SKCITe-
PUMEHTAIbHBIMU JAHHBIMU 110 PACIIPEAEIEHNIO MUK DO-
TBEPLOCTH,

[11s1 OCHOBHOTO MeTaJi1a MPUHATO, YTO OTHOCHTEb-
Hasi HavaibHasl 06beMHAs MylacTHdecKast AedopManus
cocrapiser 1 % oT ee MaKkcuMasabHoro sHauenus 0,01
(MakcMMaJbHOE TTACTHYECKOE H3MeHeHHe 00beMa
pasro 1 %). B 30He KOPHEBOTO TIPOX0/1a 3TOT [TAPAMETP
3ajaBajcs paBHbiM 3 %, a B 3TB on nuHelino usme
HSLJICSL MEXIY 3TUMM KpaHHUMU 3HadeHusiMM. Takum
06pa3oM, CTPYKTYPHAsA HEOJHOPOAHOCTD OIIUCHIBAETCS
eAMHCTBEHHDIM MapaMeTpoM, PU3UUYECKUH CMBIC] KO-
TOPOTO — 3TO «DPa3PLIXJEHHE» CTPYKTYDbI 33 CUeT

A E H D

B F G C

Puc. 2. Cxema csapHoro coeaurenus: ofsactu AEFB, EHGF,
HDCG cooTBercTBYIOT KOPHEBOMY NPOXOAY, 30HE TEPMHYECKOTO
BAKAHUA M OCHOBHOMY METaNNy
06beMHBIX AedeKTOB 60siee HU3KOIO MacIuTabHOTO
yposusi. [ pyrue napaMerpbl Moxenn [{parona—Mpysa
COOTBETCTBOBAJIM B pacyeTax YCJOBUIO Hauasa IJIac-
TUIECKOro TeueHus npu HanpskeHusx 100 MIlaun max-
cumaabromy Hanpsokernio Tedennst 200 MIla, xotopoe
BO3PaCTaeT B pe3yJibTaTe YIIPOYHEHMs, TIPM AepopMa-
unn pactsoxenus 0,07,

[paHuIHbIE YCIOBHUS AJSL OAHOOCHOTO DACTSIKEHUS
MMEIOT BUA!

oin =0, P, y)e S, Ss 7

Al =0, P ye S, (8)

Au' =0, Pz y)e S, (9)
Au'=nAu, P, y)e S; n=1,2, .., 10)

rae Au'
PaccMmatpuBaicst 1 6osiee JKeCTKUN BapHaHT rpa
HIYHBIX yCa0Bu# (GKecTKas MpoAOsbHAs OCb LIBA) C

— 1ar HarpysKeHusi B NI€pEeMELEHHUAX.

JOTIONMHUTEJLHDBIM YCJIOBUEM

P(x, y) € S, a1

0,008

0,006

0.004

0,002

Puc. 3. Joxanusaums racruyeckux aedopmaunii 8 3TB
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B sTOM cyyae BHeLIHSsI TPaHUIIA ABJISETCS AOTIOJ-
HUTEJbHBIM KOHLEHTPATOPOM HallPSDKEHUH, TOpoXaa-
IOIIHUM «IOTOJHUTESBHYIO» MOJIOCY JIOKAJIH30BAHHOTO
CHBUTA, B OTJINYHE OT «MSITKOTO» BapHaHTa IPaHUYHbIX
ycaoBui. Pacuersl mokasajsu, 4TO IOJOCEI JIOKATH30-
BaHHOTO C/IBUra 3aPOXKIAIOTCS Ha KOHIIEHTPATOpaX Ha-
NPSDKEHUH, KAKOBBIMM SBJSIOTCS BHEWHSST IPaHULA
(nns orectkux» rpanmunbix yenosuit) u 3TB (06
JIACTh TIEPEXOa OT OCHOBHOTO METAJNa K KOPHEBOMY
mBy). Pe3ysibraThl pacuera, NpPEACTABJIEHHbIE Ha
pHC. 3, MOKa3bIBAIOT Havyasao GOPMUPOBAHUS MOJOCHI
JIOKQJIM30BAHHOTO CABUTa, WHULIMMPOBAHHOMN yrIOBBI-
mu Toukamut 3TB («MsArKkue» rpaHUYHbIE YCJIOBUS CO-
OTBETCTBYIOT OJHOOCHOMY PACTSDKEHHUIO).

ITpuBeneHHBIR NIPUMeD pacueTa NMOKA3BIBAET, YTO
nedopMUPOBAHNE TIPOUCXOLUT HepaBHOMEPHO. Mak-
cUMaJbHble [ed)OpMaLiy PAa3BUBAIOTCSt BO BHYTPEHHHUX
obnacrsx 3TB.

Paspa6oranbl mporpaMMbl JBYXMEpPHBIX DPAaCYETOB
ILJIOCKOTO HATIPSDKEHHOTO U TIJIOCKOTO NehOPMUPOBAHHO
0 COCTOstHUSE TuiacTuH (B IEKapTOBBIX KOOpAMHATAX)
Tpy6uateix 06pasuoB (B UMIMHAPHYECKOHR cucTeMe
KOOPIMHAT) CO CBaPHBIM IBOM. PaszpaboTana unc/ieHHast
MOJEJb KBa3MCTaTHYECKOTo mpollecca Jedopmanuu
CBapHbIX COeAMHeHHuH, omuceiBaomas 3dderTo! JToKa-
Jusany fedpopmauMi Ha Me30ypoBHe W pedopma
LHOHHOe yripounenre. Ha MOReNbHBIX pacuerax MoKa
3aHO, YTO JIOKasbHas AedopMallusi B HECKOJLKO Da3
60oJblle CpenHel, CIeNOBATENBHO, B MAKPOCKOTUYECKON
ararpamme 1ehOPMUPOBAHUST CKPBITHI XapaKTePUCTHKH
KaK MaTepHala, Tak 1 o6pa3ua B LesoM. bes ornenenus
3TUX (PAKTOPOB APYT OT APYTa BPSII JTH BO3MOXKHO BEPHOE
ONUCaHHe MEXaHU3MOB pa3pyIleHUst.

ITokasaHo, YTO HCXOAHas CTPYKTYPHAS HEOAHOPOL-
HOCTDb MaTepHaia MOXeT ObITb OM1CaHA HEONHOPOIHO-
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CTBIO paCHpefeseHVsi HAYaJbHBIX NJIACTUYECKHX e
dopmauuii, 00yCca0BJIEHHBIX NPEAbICTOPHEN MaTepHa-
Jla. JTO BeCbMa BaXKHO IO caenyiomei npuunte. Oue-
BUJIHO, YTO OObIYHBIE JOITYLIEHUsI MEXaHUKU CIIJIOLIHON
cpeabl 06 OTCYTCTBUM HAYAJbHDLIX HAIPSLKEHUH 1 jac-
opmaLmii He TpUMEHUMBI Ha Me30ypOBHe. CoBeplIeH-
HO OYEBH/IEH M HEJOCTATOK AOCTOBEPHOH nHpOpMaIILK
0 COCTOSTHUH MaTepHaJa Ha yPOBHe Me30CTPYyKTYPbI [0
Harpy>XeHUs, ero NpeabICTOPHHU.

[lpuBnexarenbHast CTOpOHA Pa3BUTOrO NOAXOMA K
OTIMCAHMIO UCXOLHON CTPYKTYPBI MaTepHaa 3aK/Jro4a-
€TCst B TOM, 4TO HavaJlbHOE DaclpenesieHHe nedop-
Maumii («pa3pbIXJeHHe» MaTepUasia Ha ME30yDOBHE)
OLIEHUTH IKCHEPUMEHTAJIBHO, BEPOSITHO, TOPA3A0 JIeT-
Yye, YyeM HayajbHble HATIPSDKEHUST WM ADYTHE «CHJIO-
Bble» XapaKTePUCTHKHU.
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MOAEJIMPOBAHUE ITPOLECCOB TEILJIO-, MACCO-
11 3JEKTPOIIEPEHOCA B AHOJHOI OBJIACTU
1 CTOJIBE CBAPOYHOM /IVTU
C TYTOIIVIABKUM KATO/IOM

Kpuxeuwm H.B., Kpueuyyn H.B., /lemuenxo B.D., Cemenos A.Il.

Hucmumym srexmpoceapxu um. E.O. Ilamona HAHY, Kues, Yxpauna

Ha ocHoBe camoCOriacoBarHoH MaTeMATHYECKOH MOJCIH IPOLICCCOB TEILI0-, MACCO- M 2JEKTPOLEPEHOCA B aHOAHOH 061acTH
1 CToJi6€ CBAPOYROM AYrH HPOBEACH YHUCJIEHHDLIH AHAIM3 TEMJIOBbIX, HJEKTPOMAIHMTHBIX M Ia30AMHAMUYECKMX Xapak-
TEPUCTHK [11a3Mb1 CBOGOAHO ropsiileil aproHoBoil Ayri aTMOCEPHOTo AaBJeHNs C Tyronnaskum (806G paMoBLIM) KATOAOM
M MCAHBIM BOAOOXJIKAAEMbIM aHOAOM. Pe3y/sraThl pacuetoB MAOTHOCTWM TOKA Ha aHOAE W TEeMJOBOr0 NOTOKA B aHO
CONOCTABJAIOTCA C MMEIOLLMMUCS 3KCHEPUMEHTANbHbIMM AaHHLIMKA. [loKazaHO, 4TO ydeT B MOAENM aHOIHOrO MajeHHs
noTeHLMasa N03B0AsIET ¢ GONbLIEH TOUHOCTDBIO NPOrHO3HPOBATL XAPAKTEPHCTHKH JJIEKTPUUECKOrO B3AUMOACHCTBHA Y TOBOH

[{JIa3Mb!l C [NOBEPXHOCTHLIO aHO/a.

Jli1st 3bdEeKTUBHOIO HCIONb30BAHMS 3TEKTPUIECKON
JAYTY B KauyecTBe MCTOYHMKA TeNJIa IPU CBApKe I1/aB-
JleHreM HeoOXOAMMO pacroJfiaraTe MHMOPMalMei o ee
TENJIOBOM M AMHAMMYECKOM BO3AEHCTBHM HA paciJas-
JeHHbIt MeTas1 (CBApOYHYIO BaHHY MJIM KAILIIO JIEK-
TpoAHOro Metasia). [locKo/bKy SKCTIEpUMEHTANBHOE
OnpejeNeHne TaKUX HanGOoJIee BasKHBIX C TEXHOJOTH-
YECKOH TOUKM 3DEHHSs] paclpelesieHHbIX XapaKTepHC-
TUK CBAPOYHOM AYIM, KaK MJIOTHOCTb JIEKTPUYECKOrO
TOKA U TEIJIOBOI! IIOTOK HA MOBEPXHOCTH METaJIHYEC-
KOH KaIll/IM MJIM CBAPOYHON BAHHBI 3aTPYHEHO BCJIE-
CTBHE BbICOKHMX 3HA4YEHUH TeMIepaTypbl AyroBoil nas-
MBI U [IOBEPXHOCTH DACIIJIABJIEHHOTO MeTaJslIa, Maa0CTH
reOMETPHUYECKHUX Pa3MepOB INPHIJEKTPOAHbIX ObJac-
Tell QYT W psiia ADYTUX (DaKTOPOB, BECHMA AKTYyasb-
HBIM TIDEJACTaB/SIETCS HCCJIEAOBAHKME CBAPOYHBIX QYT
METOJAMH MAaTeMaTHYECKOr0 MOZESUPOBAHHMSI.
CyuectByer 60/blIOe KOJHYECTBO MOJesed AJis
YHCAEHHOTO UCCJIEAO0BAHNS MIPOIIECCOB TIEPEHOCA IHED-
THH, UMITYJIbCA, MACChI M 3aPs/a B I1/1a3Me 3JIeKTPHYec-
KON XyTH aTMOCEPHOTO AABAEHHSA, & TAKIKE [IPOIIECCOB
€e B3aMMOAEHCTBHUS C JIEKTPOAAMM, B TOM YUCE MPH
Pa3/IMUHBIX criocobax AyroBoi csapku [1—14]. OxHako
B 60NBLIMHCTBE M3 HUX AYroBas IIa3Ma IIPEATIoJIaraercs
OJHOKOMITOHEHTHOH, T. €. COAepKaLleil aTOMbI U HOHBI
3aIUTHOTO ra3a, Yalle Bcero, nueprraoro. [lnasma peans
HbIX CBAPOYHbBIX AYT, KaK IPABHJIO, MHOrOKOMIIOHEHTHA,
MOCKOJbKY HApSIAY € YACTUIAMU ra3a COAEPIKHUT ATOMBI
M MOHDbI UCIADEHHOTO MaTepHasa 3JIeKTPONOB. Tarum
06pas0ox, DU NOCTPOEHUN aAeKBATHON MAaTEMATUYECKOM
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MOJIENN CBAPOYHON MAyrd HEOOXOAMM y4eT MHOIOKOM-
NIOHEHTHOCTY AyrOBOH I1/1a3MBbl.

Elte ofHOU Ba)KHOW XapaKTepPUCTHKOH TakKod MO-
e JoJDKHA ObITh ee CaMOCOTJ/IacOBAHHOCTD, T103BO-
JISIIOLAST YYUTHIBATD B3aMMOCBSI3b (DU3UHECKUX NPO-
LECCOB, ITPOTEKAIOLINX HA 3JEKTPOAAX W B NPHUIJIEKT-
POAHBIX OBJACTSIX IJIa3Mbl, C TpoleccaMy B CTOJI6E
ayru. Cneayer OTMETHTH, YTO B GOJBIIMHCTBE paboT
0 KOMILJIEKCHOMY MOJETMPOBAHUIO 3JIEKTPHUYECKOH, B
TOM YHCJIe CBAPOYHOH, AYIH HCIIOIb3YIOTCS BECbMa yII-
POLLEHHbIE MOJEJIV MPUIJEKTPOAHDBIX obactell [4, 6,
9-12], torma kax B paforax, CrelMaJbHO MOCBSIIEH-
HBIX UCCJIEJOBAHUIO TIPUIJIEKTPOAHBIX siBieHui (Ha-
npumep, [15, 16]), HEAOCTATOYHOE BHUMAHHME YAEJIS-
eTCsl TIPOLleccaM, TIPOUCXOASIIMM B CTO6e AYTH.

PaccmoTpuM aIEKTPUYECKYIO AYTY NIPH CBAPKE HE-
NJIABALIMMCS 71€KTPOAOM B MHEPTHOM rase (puc. 1).
[TockosbKy TEOPHS M MaTEMAaTHYECKHe MOLEIH KaTOMX
HBIX SIBJIEHWI, BKJIOYAs IIPOIIECCHl B IIPUKATOXHOH
MJ1a3Me, AU AYTH C TyroniankuM (Heucrnapsoummes)
KATOAOM pa3paboTaHbl JOCTATOYHO noApobHo [15, 17—
20], ocHOBHOe BHUMAaHME yJEJIUM NpOLEccaM, NpOTe
KAOWM B CTOJIOE ¥ aHOAHOH 06J1acTH pacCMaTpHBae-
MOHM ZyrH, C YYETOM BO3MOKHOTO MCIAPEHUS MeTasia
aHoja. CamocorsiacoBaHHasi MaTeMaTHdeckas MOAE/b
YKA3aHHbBIX INTPOIECCOB NPHMEHUTENBHO K YCJIOBUAM
CBAPKU HEIJIABALIMMCS 3JIEKTPOJAOM U IJa3MeHHOH
CBapKM B MHEPTHOM rase Gblia NPEAsIOKeHa B paboTe
[21]. Uenbio HacTosiiLeR paboThl sBJIsIETCS BepHduKa-
1Usi JAHHOU MOJEJNH [IyTeM YHUCJIEHHOrO HCCJIeJ0BaHNA
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Puc. 1. Cxema npouecca CBapKkH HEraBAUMMCA 3AKTPOAOM: | —
tyronaasuit (BosnbdpamMoBbiil) KaToX;, 2 — COLMO [N NOAAYHM
sawtHoro (MuepTHOro) rasa; 3 — ceapuBaemoe usaenue (aHOA);
4 — cpapounas Banua; 5 — adoaHas 00sactb; 6 — CcTONO AYrM;
7 — karopHast 06JaacTb

pacripefie/IEHHbIX XapaKTEPUCTUK MJa3Mbl cTo6a 1
aHOAHOM 06/1aCTH aprOHOBOM IYTH aTMOC(HEPHOTO AaB-
JIEHUS C TYronaaBkum (BobdpaMOBbIM) KATOLOM, To-
psilied Ha MeAHbIM BOJOOXJIaXXIaeMblit aHOA, U CpaB-
HEHUE TOJIYYEHHBIX DE3Y/IbTATOB C UMELIUMUCH K-
CTIEPUMEHTAIBHBIMU JAHHBIMHU.

B coOTBETCTBUM € TOAXOAOM, HCIIOJIb30BAHHDIM B
[21], camocorsacoBaHHass MaTeMaTH4ECKass MOIEND
MIPOLECCOB SHEPTO-, MACCO- ¥ 3JIEKTPONEPEHOCA B CTOJ-
6e 1 aHOAHOH 06J1aCTH CBAPOYHOM AYTH C TYTOMIABKUM
KaTOAOM BKJIIOYAeT JBE B3aWMOCBA3AHHDBIE MOJEJH:

® MOZEJIb TEIUIOBBIX, JEKTPOMATHUTHBIX, Ia30/u-
HaMH4eCcKUX ¥ IudPy3NOHHBIX NPOLECCOB B MHOIC-
KOMNOHEHTHOH MJasMe cTo6a YTy,

e MOZE/b AQHOZHOW O6/IACTH, KOTOpast MO3BOJISET
CaMOCOTJIaCOBaHHBIM 06pa3omM chOPMyIHPOBAThL I'Da-
HMYHbIE YCJOBHUSI Ha aHOJE, HEOOXOAMMbIE MU pe
WIEHUs1 ypPaBHEHUI MOJe I cTo16a JYTH, a TAKXKe Ollpe-
[EJIATh XaPaKTEePUCTHKY €€ TEIIJIOBOrO U 3JIEKTPUYEC-
KOO B3aUMOMENCTBUSA C TOBEPXHOCTDHIO aHoLa (CBapou-
HOIl BAHHBI).

Ipennoxennast B [21] mozaesb aHOmHON obsacTu
IyTH C UCTIAPSIIOUIMMCS aHOJLOM TTO3BOJISIET BBIMUC/IATD
JgoxanpHble (B KaKZOW TOYKE TMOBEPXHOCTH AHOAA)
3HAYEHUS aHOLHOTO magenus norenuuana U, = —AQ
(rme A9 > 0 — pasHOCTH MOTEHIIMATIOB MEKLY Ipa-
HALEH cToI6a MyT¥ M TIOBEPXHOCTHIO AHOAA) W ITLIOT-
HOCTH TEILIOBOr0 NOTOKa ¢°, BBOAUMOTO IYTOH B aHOL,
MpY YCJIOBUHM, UTO COOTBETCTBYIOUINE 3HAYEHHS IJIOT-
HOCTYM TOKa Ha aHOje J,, TEMMEpPATypbl 3JEeKTPOHOB
nJ1a3mbl BOIM3M aHOAa T ey, & TAK)KE TEMIIEPATyPbI ero
nosepxHocty Ty n3BecTHb!, Kak 6yIeT ToKa3aHo HIDKE,
MpH KOMIJIEKCHOM MOJEJHPOBAHUM AyTH C TYLOIJIaB-
KMM KaTOAOM paclipezesierve j, u T, BLOTb aHOAHOH
NOBEPXHOCTH ONPEENSIETCS B paMKax MOJEIH cToda
[yTH C CAMOCOTJIACOBAHHBIMHU I'PAHNYHBIMY YCIOBHSIMH
Ha aHOJE.

Hcnonpayembie B fabHENIEM PACUETHDIE 3aBHCH-
MOCTH AQ U ¢, OT TEMIIEPATYPbl 3JEKTPOHOB B aHOZHOH
06J1aCTY ¥ TIOTHOCTH 3JIEKTPUUECKOrO TOKA Ha aHOLE
[UIST aprOHOBOH IyTu aTMOChEepHOro AaBJ/IeHHs C TYro-
IJIABKMM KaTOJOM M MEIHBIM BOAOOXJAXKIAEMbIM aHO-
[IOM NIpHUBEJEHBI Ha pUC. 2, 3. 3eCh C/IEAyEeT OTMETHUTD,
YTO MPU TIPOBEAEHUM BCEX PACYETOB TEMIEpATypa I0-
BEDPXHOCTH aHO/a OLIEHMBAIACHh HA OCHOBE 3KCIIePUMEH-
TaJIbHBIX JaHHbIX [22] u cocrasisia 720 K.

Ap. B
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Puc. 2. Pa3HoCTb NOTEHLMANOB MEXuy rpanuued cronda Ayru w
NOBEPXHOCTHIO aHO/AA B 3aBUCUMOCTH OT TEMIIEPATYpbl 3JE€KTPOHOB
B aHoAHO# 06nacTh (@) U LIOTHOCTH NEKTPUYECKOrO TOKA Ha aHO/e
(6) nast aproHoBoi Ayru aTMOCHEPHOro NaBAEHUS C TYromiaBKuM
KATOAOM M MEAHbIM BOAOOX/IAXKAAEMbIM aHOAOM
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JIns IpoBePKH afeKBaTHOCTU BbIOPAHHON MOZeJH
AHO/IHBIX MpoLeccoB ObIJIO MPOBELEHO CPABHEHME Pac-
yeTHOro 3HaxeHus U, ¢ 3KCIepUMEHTATBHO U3MEPEH-
HBIM B CJIy4ae IyrH ¢ TyroraskuM (BoibhpaMoBbIM)
KaTOJOM M MEAHBIM BOLOOXJIAXKAAEMbIM AHOLOM, IO
psilieil B aproHe npu armocepHoM paBseHun (TOK
ayru 200 A, ee gauna 10 ma). Tlpu BIMOJTHEHUH pac-
YETOB MCIOJIb30BAIN DKCIEPUMEHTAIbHbBIE AaHHbLIE
[22,23]: j,=3,510° A /Mm%, T, = 9840 K, T = 720 K,
yto gaet U, =—4,04 B. [lonyyeHHoe pacueTHOE 3HAUE-
HHUE C BBICOKOH TOUHOCTDIO COOTBETCTBYET IKCIIEPHUMEH-
Ta/JbHO M3MepenHomy U, = —4,01 B [23].

Ilpu onmHMcaHNK MPOLECCOB TEIIO-, MaCcCo- U dJIeK-
TponepeHoca B IL1asMe cTo16a AYru ¢ TYyTrOMJIaBKUM
KaTOLOM, KOTOPast HapsiAy ¢ YacTULIAMH 3alUTHOTO ra-
33 MOYET CO/ICPKATb aTOMbI ¥ HOHBI HCIIAPEHHOTO Me-
Tas1a aHoAa, GyAeM HCITob30BaTh MoAesb [21], npen-
ToJIaras st MpOCTOTBI, YTO [J1a3Ma CToJ16a Xy TH SIBJISH
€TCS1 U30TEPMHUECKOH, T. €. TeMIepaTypa 3JeKTPOHOB
paBHa TeMIEepaType TsDKeJbIX dacTul (aToMoB 1 Mo-
HOB). COOTBETCTBYWOUIAsE CHCTEMa HECTALMOHAPHDBIX
ypaBHEHMI, 3aMHMCaHHasl B LMJIHHAPUYECKOH CHCTEME
koopaunar (cm. puc. 1), uMeeT BUA, NPELJIOKEHHbIH,
maripumep, B ([1, 21]):

® ypaBHEHHEe HEIIPEPbIBHOCTH

%

e " (1

9 (rpov) +
or

1 0
- — (=0,

re 0 — MaccoBast INIOTHOCTD IJIa3Mbl; U, ¥ — paiHab-
Hasl ¥ aKCUaJbHasl KOMIIOHEHTb! CKOPOCTH I11a3Mbf;
® YPABHEHUS JABUXKEHUS

p[a_v+ o ua_v]*_a_p_sz +2 2
ot or 0z or Br
+

) b33

o 23 1aw>§4y
2”?’2 8r{ L or +az ’

+0 ]———+‘B +Zi><
at or” IPeT 2y,
[ithiz)
0z 79 or oz
___{ {1 G M
3 9z roor '

TA€ P — [ABJIEHUE; J,, /, — AKCUANbHAS M PAJUATbHAS

KOMITOHEHTRI MJIOTHOCTH TOKa B jayre; B, — asumy-

TaJbHast KOMIIOHEHTA BEKTOPA MAarHUTHOH MHAYKLHM;

1 — K03((UILUEHT JUHAMUYECKOH BSI3KOCTH IJIa3Mbl;
® yDaBHEHNE 3HEPTUU

(2)

[Bu 8u

(3

qﬂ-lO_B, BT/M2

25

jo=510% A/m?

2,0
1,5

1,0

0,5

[

1 L |
8000 8500 9000 9500 T, K

| 1
6500 7000 7500
a
4,107, Br/m?

6,0

T, = 8000 K
5,0

4,0
3,0
2,0
1,0 F

| I

6 7,11076 A/n?

Puc. 3. 3aBUCMMOCTb TEMJIOBOrO IOTOKA B 2HOA OT TEMIMEPaTypbl
3JIEKTPOHOB B aHOAHOM o6sacTit (@) W IJIOTHOCTH IIEKTPUUYECKOrO
ToKa Ha aHoge (6) aast aprosoBoit Ayru arMocepHOro JaBaeHus ¢
TYTONAABKHM KATOAOM M MEAHBIM BOJOOXJIAXKAAEMbIM 2HO/AOM

T 8
Mjﬁz Ozl+urqzlgx
ot or 0z ro

oT, 0 oT k
Yply O, L) 2y
x[rx 8r] Bz[x az] e

§ {], A5/2-8)T, . A(5/2-Ty

(4)

2 2
Jrtie
z + 0’

or 0z

rae Cp,
SHEPrUM HOHU3ALWH; T, — TeMIlepaTypa [JIasMbl; X —
K03(PULHMEHT TEIJIONPOBOAHOCTH; B — IIOCTOSIHHAS
Bosbumana; € — 3apsii 9JEKTPOHA; § — IOCTOSIHHAS
tepmoucddysun; © — yAeabHas 3JEKTPONPOBOI-
HOCTD I1JIa3Mbl; Y — IMOTEPH 3HEPTUH Ha U3JIyYeHUe B
NPUOTHIKEHUN ONITHYEeCKH TOHKOH I1JIa3Mbl;

® YDABHEHUsI 3JIEKTPOMATHUTHOTO IOJIS

— YJeJIbHasA TEIJIOEMKOCTD I1JIa3Mbl C YyHYETOM

0
li rcsé(£ +i o—(p:O; (5)
T or or 0z 0z
6
oA, = fx@aw& ®)
0
rae ¢ — 3JEeKTPUYECKUM MOTEeHIHAJ MJIAa3MbI, },LO —
YHUBEPCAIbHASA MarHUTHAasl IOCTOSIHHASA;
. ap o0
L =—0—; j,=-0—.
J o J 3 (7
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Jlnst sampikanus cuctembl ypasHenuit (1)—(7) tpe-
6yercs 3a/aTb TEPMOAMHAMHUYECKHE XapPaAKTEPUCTHKU
P, Cp, KOadHUMEHTBI TIEDEHOCA 1], ¥, O, O U MOTEPH
9HEPrUM Ha M3JIy4eHHE Y NYyTrOoBOH MJIA3Mbl B 3aBUCH-
MOCTH OT €e TeMIlepaTypbl, AaBJjeHus u coctasa (s
MHOTOKOMITOHEHTHOH IJ1a3Mbl aprOH + XKeJIe30 U aprox +
aJIIOMMHHUI! yKa3aHHblE 3aBUCUMOCTU NMPUBEAEHBI, Ha-
npumep, B [24]). Cocras M30TepMUYECKON MHOTOKOM-
MOHEHTHOH ITaampl ¢TO/6a AYrM € MCIapSIOMIMUMCS
AHOZOM MOXKeT ObITh ONpeLeseH MyTeM peLleHHs CJie-
LYIOUEN CUCTEMbl ypaBHEHMIL:

® YDaBHEHWA Caxac YYETOM HEWACAJbHOCTH IJIa3Mbl

3,2
N Naz 4 (2 KT, 2647 4
Moz 1_‘ an Lx[' lexpx
Raz L h oL
(8)
e(Uyy — AU,
x(—(ﬂ‘—l—), a=m, g; 7 >0,

kT,

TA€ N, — KOHLEHTDALMS 3JeKTPOHOB; Nyy — KOHIEH-
tpauun atomoB (Z = 0) u nonos (Z = 1) 3awuTHOrO
rasa (o = g), atomos (Z = 0) u nonos (Z = 1, 2)
Merajyeckoro napa (¢ =m); Z — 3apsiaoBoe YuCI0
WOHA; M, — Macca 2eKTpoHa; A — nocrosannas | ian-
Ka; Opz — CTATHCTUYECKUE CyMMBI ISl TSXKEJIbIX 4ac-
THI[ COPTa O, HAXOASIUNXCA B 3aPsIL0BOM COCTOSIHUU

Z; Uyz — mnorenuuansl vwonmsaumn (ans nepexona
YaCTUIL COPTa O U3 3apALOBOrO cOCTOsAHUA Z B Z + 1);
o elZ+ 1)
AU, =——,— — CHIDKEHHE TOTEHIMAOB UOHH3A-
D
UMM 3a CUET B3aUMOACUCTBUS 3aPSIKEHHBIX YaCTULL;
- 1,2
o=k !p/47t62 n, + 2 naZZ2 — paauyc
=m,g;Z21
Jlebas;
® yCJOBHE KBA3UHENTPANBHOCTU TJIA3MBL
n, + z Nz Z; (9)
a=m, ;220
® 3aKOH MapUHaJbHbIX AABJEHUH
= ne+2nmz+2nﬂ k’]—})_Ap. (10)
z20 Z20
2
1e
3neco p = LaBJIEHNE; Ap=—=—xX
6 rp
¥ 2
X | 1, + 2. Nl CHIDKEHHE [aBJIeHus 3a
a=m,g; 220

CYeT HeuJea bHOCTH IIa3Mbl [25].

Cucremy ypapuenuit (8)-(10) neo6xoaumo no-
MOMHUTE yDaBHEHWEM KOHBEKTHBHOH auddysuu me
TaJIH4eCKOro napa B cronbe myru
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aCV" ac"l aclﬂ 1 a
—+t v ——+u—|=——X
ot or dz 79
9Cn| 3 3C,| 1 £
X rpoO ar +£ p m0 a ‘
(1
~
_ ocC — 9C,pil 0
X (r{Dmi = + Dm2 - ‘ ‘ X
\ or or 1) oz
|7- acml oY acm??
X Q Dm1 w2 \ 4
L aZ 4/
My Y g
Z20
3necs C,, = 9 — OTHOCHUTEJIbHAS MacCo-
Bas KOHUEeHTpaUusl JacTULl Napa B AYTOBOH IJIa3Me;
_ anml _ anmQ
Cpi = —5 > Cm=—p— OTHOCHUTEJIbHBIE MaC-
COBbBIE KOHLIEHTPAIMM MOHOB MeTasua; M, — Macca
atoma (uona) setamna, Dy = Dyt — Dyg, Dpp =
=Dy = Dpo, T8 Doy Dty Dy — 103 OHUMEHTEI

ddy3uu aTOMOB, OLHO- ¥ ABYX3aPALHBIX UOHOB Me-
TalJla B MHOTOKOMITOHEHTHOH Ta3Me, 3aBUCSLLHE OT
ee TeMrepaTypsl, ZaBJeHus U cocraBa. OTMETHM, UTO
ypastenne (11) B oTiM4IME OT NCTIO/IB30BAHHOTO B [ 14]
6oJiee KOPPEKTHO yuUThIBaeT AU PY3NIO HOHOB MeTaT
JITYECKOro rnapa.

[ust pewenust cucremsl AuddepeHLnalibHbIX ypas-
renntt (1)—(5), (11), onucbIBaloLLe TPOLECCHI TEILIO-,
MacCo- 1 2JIeKTPOTepeHoca B CTo6e JYyTH, He0OXOAUMO
3a4aTh COOTBETCTRYIOLIME HAYAIbHbBIE U TPAHUYHDBIE YC-
sgoBus. [lockonbxy uanyeckye 1o/l B AYroBOM pas-
pAfe YCTAHABJIMBAIOTCS JOCTATOUYHO ObICTPO, Hadasb-
Hbl€ paClpefesieHnst CKOPDOCTH, TeMITepaTyPhl I11a3Mbl
W KOHLEHTPALMH YaCTHL[ MeTalia aHOAA IIPUHIM-
[MUaJIbHOIO 3HaYeHUs] He UMeIOT. [Jist CKOPOCTH M KOH-
UEHTpALMU METANTUYECKUX YACTUI] MOYKHO, HAlIpUMED,
3a[1aBaTh HyJ/IeBble 3HAYEHHS, 2 TEMITePaTypy B 061acTH
TOKOBOIO KaHaJja BeléMparh TaKoM, 4To6bl 06ecnedynuThb
XapaKTepHYIO [/l AYTOBOIO pa3psifa NPOBOAUMMOCTD
[1/183Mbl,

B paccMarpubaeMoM 3jeCh CAyduae AYr € TYrol-
JIABKUM KaTOAOM M MEAHBIM BOJOOXJaX/AaeMbIM aHO-
pom (cM. puc. 1) rpaHMuYHbBIE YCIOBHS /IS MCKOMBIX
dyHKIUH (v, T, o, C,) chOPMYNUPYEM CIAEAYIOLMM
o6pasom,

[Tpeanonaras pex<uM UCHAPEHUS AHOLA KOHBEKTHB-
HbIM [21], AJT CKOPOCTH TJIa3Mbl Ha aHOAHON MOBep-
xHocT (IIoCKOCTh 2 = L) 3a/aAnM yCJI0BUE «IIPUJIH-
naHus»

v 0. (12)

z=1L
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[L71s1 TeMnepaTyphl AyrOBOH I1JIa3Mbl BOJIM3H [T0BEP-
XHOCTM aHOM@ M3 YCJIOBUA HHEPreTHYECKOro GajaHca
aHomHOM obJsacTu umeem [21]

oT k(5 o)
_ v k(S o
X?z— z=L ]“6[2 BJTszszA(P]a+C/,/, (13)
rhe jo=~J.|,_, — TJIOTHOCTb TOKa Ha amoie; AQ

G, — CKavOK IIOTeHIMaJa B aHOAHOH 06JIACTH U TLJIOT-
HOCTb TEIJIOBOTO TIOTOKa, BBOAWUMOIO AYTOM B aHOX.

[IprHUMas BIEKTPUUYECKUH MOTEHIIUAN TOBEPXHO-
CTH aHOZA MOCTOSIHHBIM M PABHBIM HYJItO, [AJIS MOTEH-
IMajia Ha TpaHulle ctos6a AYyTH ¢ aHOLHOW 06aCThbiO
MO’KeM 3aITHCaTh

z=1L

o) (14)

Ag.

Besmunna cxayxa MoTeHuMana AQ B BbIPAXKEHUAX
(13), (14) BBIYMCHAETCH COTNACHO MOAENH AHOZHOMN
obnactu [21] npu Ty, = p‘ ; (cm. puc. 2).

2=

KonuenTpauuo dactui Meranita BOJIU3M MOBEPX-
HOCTH aHO/Ja B KOHBEKTMBHOM DEXXKHME €r0 UCTIaPEeHUA
MOMCHO OTIPEIeTUTb MCXOAS U3 TIapLUaJbHOrO AaBJe-
HYsL MeTasutdeckoro napa Py(T) Han nOBepXHOCTBIO
KOH/JIEHCHPOBAHHOH hasbl:

_ MIUPS
e=L " pakTs '

Chn (15)
rae Py — IUIOTHOCTD IJIa3Mbl ¥ TIOBEPXHOCTU aHOAA.

B rtockoctu 2 = 0 (cM. puc. 1) ycsioBus Ae Bek-
TOPa CKOPOCTH 3aZaI0TCst CJAEAYIOUTNM 06PasoM:

u = Uy, (16)

2=0

re€ BeJIHUYHHa uo OHpe[LeﬂﬂeTCH pacxoaowx 3alIUTHOTO
raza u ,&H&MeTpOM cofiyia AJid er0o noAavu.

[[IIH TeMnepaTypr nu E)JIeKTpI/I‘IeCKOI‘O IIOTeHUHas1a
B MIPUKATOJHON 30HE JyTU TIPUMEM YCJIOBHUS
de

o —

9z a7

=0 :]'k(r),

TJ€ pacripenesieHne TeMIlepaTypbl Iriasmel 1x(r) H
MJIOTHOCTM TOKa IOJ KaTOLOM Ju(7) Buibupaercsi co-
rJacHo pekomeHaauusm [20].

B 30He nmojauM 3alIUTHOTO ra3a MOYKEM 3aIUCAThb

2=0

(18)

rae 7, — TeMIeparypa OKPyKaiolledl Cpesl.
J/151 KOHLIEHTpALMH METAIMYECKOTO [1apa NpH 2 =
= 0 ¢ BBICOKOH CTETIEHDBIO TOYHOCTH MOMKHO NOJIOXKUT

Cm|z=0:0' (19)
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I'paHuuHbIe yCIOBUST /ST CKOPOCTH, TEMIIEPATYPbL
[LJIA3Mbl, JEKTPHYECKOro IMOTEHIMANa U KOHLEHTDA-
UMH METAINYECKOro TTapa Ha OCH CUMMETPHY CUCTEMDI
3ajaloTcs cTapgaprHeiM o0pasom (xak, Hanpumep, B
[1, 14]). [ln1s a3uMyTa bHOM KOMITOHEHTHI B, BexTOpa
MarHUTHOH MHIYKILMU HAa OCH CHMMETPHH BbITIOIHSETCS
ycaosue

r=0

B, 0. (20)

Ha srewHel rpanule pacueTHoR obnactu (r = R)
IJISl CKOPOCTH T1J1a3Mbl U 3JIEKTPHUYECKOIO TIOTEHILIMAIA
MOJKEM 3aIliCaTh

%’
or

9%
or

r=R

r=R: 0.

QD

Hna ocrampupix dyuxunit (T, C,,) rpanndHble
YCJIOBHSE TIPH 7 = R 3aBUCAT OT HATIPABJIEHNS ABHIKEHUS
MOTOKA TIa3dMbl. EC/M MOTOK HarpaBieH K OCH CHM-
METPUH (v/r:R < 0), 6ynem UMeTb

r:R:T

r=R

T 0. (22)

p Cm

cr

Eciu xe motox murasmel Ha paccMaTpHBaeMOH Tpa-
HHLIE HAIIPaBJIEH B IIPOTHBOMNOJOXKHOM HAIIDABJEHHH

(v\ > (), MOXEM 3aTIHcaTh

r=R
aTP _qo aC,, o 23)
ar r=R ar r=R

Cucremy muddepernraiptpix ypasxenuit (1)—
(5), (11) ¢ rpaunynbIME yeaosuamu (12)—(23) pewa-
JIM UHCJEHHO MeTOAOM KOHEYHBIX DPa3HOCTell. 3aech
CJIeLYeT OTMETHUTD, UTO NIPU BEIGPAHHOM 3HAUEHUY TeM-
nepaTypbl noBepxHocti anoga (T = 720 K) xoHueH-
Tpalysa MeTaJIMYECKOTO apa B AYTOBOH IL1a3Me OKa-
3BIBAETCA TIPEHEOPEXKUMO MAJIOH, TT03TOMY TIPH OTIpe-
nesnenny Bxoasux B ypastenns (1)—(5) repmoanna-
MHYECKHX XapaKTePUCTUK, K03(PDULUEHTOB repeHoca
M TIOTEPb SHEPIHM HA HM3Jy4YEeHHE HCIIOJIb30BAJNH JaH-
Hble AJ1s1 aproHOBOM Itasmerl [26]. [lpu uncsreHHOM
PelleHNH Ta30AMHAMHYECKO! U TEIJIOBOH 3ajay IPH-
MEHSIIM COBMECTHBIN JIaTpaHIXeBO-31/IEPOBbIH METOX
[27, 28], alanTHpOBaHHBIA K YCJIOBUAM CXKUMaEMON
Cpessl.

Pesynbrarel pacuera GU3NUECKUX TTOJNEN B CTOJI6E
CBOOOJHO TOpALIE# aproOHOBOH AYTHM aTMOC(EPHOrO
HaBJIeHus ¢ TYTOnaaBkuM (BOMbMPAMOBBIM) KATOLOM
U MeJHBIM BOJOOXNAXKIAEMbIM aHOAOM IIDH TOKE AYTH
=200 A uee gyune L = 6,3 MM nipuBeJieHs! Ha pHC. 4,
5. Kax BUZHO U3 pacyeTa 3JJEKTPHUYECKOro ToTeHIHaIa
(cMm. puc. 4, @), Haj TIOBEPXHOCTBHIO anoAa Haboxa-
eTCst 30HA [T0JI0KUTENBHBIX 3HAYEHNH @, YTO 00YCIIOB-
JIEHO HAJTUUMEM OOpPATHOTO CKauka IOTeHLWas a Ha
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Puc. 4. lons anextpudeckoro noteHunana (a) u pIOTHOCTH TOKA
(6) B cronbe cBoGOAHO ropsuiell aprodonoit Ayrd atmocdepHoro

JAABJCHHA C TYTOIJIABKHUM (BOJlqupaMOBblM) KaToAoM Y MeAHDbIM BO-
A00XJTaXAaeMbIM aHOAOM

aHOMHOM CJsi0e. MaxkcuMasibHble 3HAYEHUS CPASUEHTA
MIOTEHI[MaJla U TJIOTHOCTH TOKA HABJI0AAI0TCS BOJIU3H
katona (cM. puc. 4, 6). 3aech ke JOCTULAeTCs Mak-
CHMaJIbHAST TEMIIEPATY Pa Ay TOBOH miasmbl (cM. puc. S,
@), 4TO 06yCJIOBJIEHO BBICOKON MHTEHCUBHOCTBIO KO-
yJIeBbIX HCTOUHMKOB Tenua. [lo Mepe yaaneHus oT xa-
TO/Ia IIJIOTHOCTD 3JIEKTPUUYECKOr0 TOKA OBICTPO CHUMKA-
ercst (cm. puc. 4, 6). DopMupyIOLIEecS NIPH TaKOM

Ap, B

) I

2

L
4

0 6

Puc. 6. Pajgnanbioe paciipefenesye CKadka NOoTEHInaNa B ai0AHOM
obracTet Ans CBOGOAHO ropsiuied aproHoBoii Ayru atMoc)epHOTO AaB-
NERUA € TYTOMAABKHUM KATOAOM M MEAHBIM BOJOOXNAMUAEMbIM aHO-
pom (7 =200 A, L =6,3mm, T, =720 K)
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Puc. 5. Moaa remseparypol (@) u ckopoctu (6) nnasmsr B cToaGe
cBOGOAHO TOPSALLEN APrOHOBOM AyrM aTMOC(EPHOrO AaB.ICHHUA C Ty-
rofaskum (BOAbGPAMOBBIM) KATOAOM M MEAHbIM BOACOXAANKAAC-
Mot anogom (max [of = 350 m,/c)

pacripesie/IeHHH TOKa CHJIOBOE I10JTe 06yCIaBInBaeT Xa-

PaKTEPHYIO [UJISL [{yTH C TYTOTJIABKUM KaTOOM KaPTHHY
ABWKEHUs TIasMbl B cTonbe ayru (cm. puc. 5, 6).
Makcumanstbsle (zo 350 M,/c) 3Ha4YeHUst CKOPOCTH
ILTa3Mbl HA OCH CHMMETpHU obecreynBaloT 3pderTns-
HBIJ [EPeHOC TENIOBOR 9Heprun u3 Hanbosee ropsiaeit
30HBI BOJM3H KaTo/a K ITOBEPXHOCTH aHoja. Kak Bi/IHO
u3 puc. 5, a4, TeMuepaTypHoe IoJe B AyTOBOH Iljiasme
B 3HAUHTEJNLHON Mepe ONPENECJSETCS KOHBEKTUBHBIM
TEnIOnEPEeHOCoM. DTHM PaKTOM OOBSICHSIETCS 1 3HAUY-
TEIbHAS BLITSHYTOCTbL U30TEPM BAOJIb NOBEDPXHOCTH
aHO/1a.

Pacuernoe pacrnipesesieHHe aHOAHOIO CKauka Io-
TeAUHATa AQ UL PACCMATPUBAEMON TyTH MOKA32HO Ha
puc. 6. MakcumaJsbHOE 3Ha4eHNe AP B IIPHOCEBOH 30HE
aHoAHOM obsacT 06ycCJI0BAEHO 60/1e€ BBICOKHMHU 3Ha-
yeHusIMU T eq BOSIM3M OCK cMMeETDUH. HekoTopoe yBe-
JIMYeHYe CKavyka NOTeHLHana Ha nepudepun obaactu
AHO/THOM MPUBS3KYU Ayru OODBACHALTCS KpaiiHe HH3KUM

3HAYEHUEM I[IJIOTHOCTHU TOK2 HA 9TOM ydacCTKe [TOBEPX-
HOCTHU aHOAA.

CpaBHeHI/Ie PE3YABTATOB pacyeTa TEIJIOBLIX 1 DJIEK-
TPUUECKUX XAPAKTEPUCTUK DaAHUADbHDBIX DACIIDEACIE-
HUM ILJIOTHOCTH INEKTPUYECKOr0 TOKA Ha aHOAE U TCII-
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q, 1077 Bt/m?

7, MM

L

Puc. 7. Pauguansroe pacnpegenenve MAQTHOCTH TOKa na aHoge (@) u TensioBoro notoxa 8 anod (6) aas cB0GOAHO rOpsilied aproHoBOH
JYTH aTMOCEPHOrO JABJEHMA C TyronaaBKum (BONbMPAMOBBIM) KATOLOM U MEAHbIM BOZOOXNAxIaeMbiM anogoM (L = 6,3 Mm): WTPHXO-
Bble — PaCuyeTHbIE AAHHbIE; CILIOLUHbIE — 3KCIEPHMEHTANbHDlE [22]

JIOBOTO TIOTOKA B AHOJ C KCTIEPUMEHTAbHBIMU JAHHbI
MU [22] moxasaHo Ha puc. 7. st [ByxcoTaMmepHOR
OYTY HAGMIOAAETCS AOCTATOYHO XOPOIUEE COBMALEHUE
pacuerHplx pacnpenenednit 7qo(r) u ga(r) ¢ usmepen-
HbIMU 3KCrepuMeHTasbHO. HexoTopble oTiuums pac-
YETHBIX M IKCIEPUMEHTAJNbHBIX AAHHBIX BOJIM3U OCHU
CUMMETPUHM MOTYT 6bITb CBA3aHbBI KAK C MTOT PEUTHOCTSAMMU
MaTeMaTUYeCKOrO MOJEIUPOBAHHS, TAK U C MTpobJieMa-
TUYHOCTHIO OTIPEJEJIEHUS TOUHBIX 3HAYEHUH PACTIPESe-
JIEHHDBIX XaPaKTEPUCTHK TI0 TeM WUHTErPAJIHHBIM T1apa-
MeTpaM, KOTopble HUKCHPOBAIU B XO/€ SKCIIEPUMEHTA
[22]. [lna nyru ¢ custoir Toka 100 A coorBercTBUHE
pe3yJIbTaTOB MAaTEMATUYECKOTO MOJAEIMPOBAHUS U IKC-
NEPUMEHTANBHBIX JAHHBIX MOXHO OXAPaKTEPU30BATH
KaK yIOBJIETBOPHTEJNbHOE.

B zaxnoueHne Heo6X0QUMO OTMETHTD, YTO PaCyeT
PALMATBHOTO PACIIPEAESeHMs TIOTHOCTU TOKA Ha aHO-
Jie C yueTOM O6PATHOTO CKAYKA 3JIEKTPUUECKOTO MTOTEH-
Uuaa B aHOAHOH 06J1acTH AYTH AAeT Pe3yJbTarhl, 60-
Jiee GJIU3KHE K SKCTTEPUMEHTANBHBIM JAHHBIM, 4eM 0e3
yueTa AaHOAHOro majenust morexuunana. Ilpu Ap = 0
pacyeTHble 3HAYEHUS j, BOIM3M OCH pa3psiia OKa3sbl-
BaIOTCSi 3HAUUTEIHHO HYOKE, YEM B IKCIIEDUMEHTE, a
paguyc o6JacTH aHOMHOW TPUBA3KM AyTH Bblure. Yrto
Kacaercsi pacrlpeieseHuss TEMJOBONO TTOTOKA B aHOM,
TO yueT AQ He IPUBOJUT K CYLIECTBEHHOMY U3MEHEHHIO
q.{r) To oTHOWEHMIO K Cayuan Ap = 0.
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B uesnom mposeseHHbIH B HACTOsLIER paboTe 4uc-
JIEHHBIH aHAJNU3 PACIIPEAEJIEHHDIX XapaKTePUCTHK CTOJ-
6a W aHOAHOM 06/MACTU 3JEKTPUUECKON AYTH C TYTOI-
JgaBkuM {BObGPAMOBBIM) KATOAOM, TOPALIENR HA MeL-
HBII BOAOOXJIAXKIaeMbI} aHOM, U CPABHEHUE MOJTYYEH
HbIX PE3YJbTAaTOB C MMEIOLMMICS dKCIIEDUMEHTaIbHbI
MY JaHHBIMU CBUAETENbCTBYIOT 00 21eKBATHOCTH MPEA-
JIO)KEHHOY CaMOCOIJIAaCOBAHHOM MOAENM TPOUECCOB
9HEPrO-, MACCO- U 3JEKTPOTIEPHOCA B aHOAHON 06.1aCTH
M CTOJIGE CBAPOYHOU AYTH MPH CBAapKe HEMJIaBAMMCA
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MOJAEJIMPOBAHUE IMTPOIIECCOB
DOOPMUPOBAHUA CTPYKTYPbI
B YCJOBUAX JASEPHOI OBPABOTKU
C OIIVIABJIEHUEM IHOBEPXHOCTH

Jvicenko A.B.’, Casuncxas H.A., Hrynun E.A

1 - . o
[lHenpod3sepnunckutl 20cy0apcmeenipil MmexHuveckull yrusepcumemn,
[rnenpodsepxunck, Yepauna

2
Hayuonarvuas zopnas axademus, [lnenponemposck, Ykpauna

PaccmoTpenbi 1182 COBMECTHO HPOTEKAKOUIMX HIPOLECCa [IPK KPHCTAMIM3ALNY JKMAKOH BaHHbi: 1IPOABWKERHE B Pacnias (PpoHTa
MaTPHYHbIX KPUCTALAO0B M 06pa30BaHMe HOBbIX LEHTPOB KPUCTANNUIALMHK B JKHAKOM ONJIaBAeHHOM cioe. [IpuBenennl peayib-
Tarbl pacyera A8 MOAEJH 1104y6eCKOHe HOR HUKEIEBOI IIACTHHDL, TOBEPXHOCT KOTOPOH OILIABASETCS A3EPHBIMH UMNY Jb-
camut gAnTebHOCTHI0 10 01 107 ¢ Tokasano, 410 npy n1azepHoH 00paboTie MUITMCEIY HAABIMKM HMITYIbCAMH KPHCTANIHM3ALMA
HLAKOH BaHHBI MPOUCXOLUNT MCKIIOUHTENLHO 32 CHET POCTA KPHCTANJIOB OT MPaHUUbL OTUIABCHMS.

B pac4eTHO-TEODETHYIECKUX HCCJIEIOBAHMAX KUHETHKU
KPHCTAIU3aLMH OILIABJIEHHOTO JIa3epOM CJIOST HCIIOMb
3yIOTCSl MATeMAaTHIECKHE MOJEIHM, OCHOBAHHbIE Ha JOITy-
UIEHHUH, YTO 3aTBEP/EBAHME OILJIABJIEHHOHN 30HBI OCYUIEC-
TBJIAETCH [IyTEM POCTa KPUCTAJIIOB MATPHIHBIX (has3 o
rpannub! oraenns [1-3]. B to ke BpeMsi, corsiacHo
JaHHBIM METAJLIOTPadUYecKOr0 aHAIN3a B TONEPEUHbIX
CEYEHMSX OIJIaBJIEHHBIX JIA3EPOM CJIOEB BbIABJIAIOTCS BE
CTPYKTYPHbIE 30HbI, CBUAETEJIBCTBYIOUINE O AEHCTBUIT B
obbeMe BaHHBI ABYX KOHKYPHPYIOUIMX MEXAHH3MOB
xpucrammmsauny {4, 5). Onxra u3 3Tux 30H pacnonara
€TCS1 BAOJIb TPAHWULIBI OIJIABJIEHUSI U [TPEACTABIEHA JeH -
pUTaMH WMJIM CTOJNGHATBIMU KDUCTALIAMH, OPUEHTHPO-
BAHHbIMHU B HaNpaBJIeHWM TEIJIOOTBO/A, & BTOPas 3aHM-
MaeT BEPXHIOIO YaCTh ONJNABJIEHHOTO CJIOsSi M COCTOUT U3
MENKUX DABHOOCHBIX KPUCTAJINIOR.

C y4eToM OCOGEHHOCTEN OXMAKIAEHWSA DasMAYHBIX
30H PACILIAaBEHHON NazepoM Bausl [6] atu pesyabrathy
TIO3BOJIAIOT ITPEAJIOKUTE DUINUECKYIO MOLENb TPOLECCa,
NOKa3aHHYI0 Ha PHC. 1. 3aTBepiEBAHWE BAHHbLL HAHUK-
HAaeTCst C POCTa MATPUYHDLIX KDUCTANIOB OT TPAaHMILI
OTJIABJIEHNS, & YCJIOBUS LIS BO3SHHKHOBEHNS HOBBIX LIEH
TPOB CO3JAIOTCS CIIYCTS HEKOTODBIM MPOMEXYTOK Bpe
MEHH TI0 MEPE ITEPEX0/1a B [TEPEOXTAX/EHHOE COCTOSIHHE
BbILUEJIEIKALUMX CJIOEB pacniasa. Ha craany COBMECTHO-
O pa3BUTHs O6OUX MEXAHM3MOB KPUCTAJLIbI, PACTYLIHE
OT [Ha BaHHDI, CTAIKMBAIOTCS HAa QPOHTE C BHOBb 33P0
JKAAIOIINMHUCH KPUCTLIAMH, B TO BPEMS KAK POCT I10C-
JIETHUX IOTIOJIHUTESIBHO GJIOKMPYETCs 32 CHET B3AUMHDIX
CTOJIKHOBEHMH COCEHMX YACTHIL.
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Kuneruuyeckue ypasHenusi. B pamMxax npeacrasiie-
HUY 0 KOHKYPEHTHOM XapaKTepe Mpouecca 3aTsepaena-
HUSI BAHHBI, PACIIIABIEHHON 1a3€POM, MONYyUUM KHHE-
TUYECKHE YPABHEHUs!, COOTBETCTBYIONME MEXaHU3MaM
pocTa MaTrpUYHBIX KPUCTAJIOB ¥ HE3aBUCHMOTr0O 06pa-
30BaHUSt HOBBIX WEHTPOB Kpucrannusauuu. OG03Ha-
UMM OTHOCHTEJbHBIE BKJIaibl yIOMSHYTHIX MEXAHMU3-
MOB B O6UIYIO OO 3aKPHCTaNIM30BAHHOTO 00bEMa X
clefyomuM obpasom: X, — [0Js obbeMa, 3aHATast
KpUCTANIaMU, HATIPABJIEHHO DACTYIUMMH OT T'DaHMIIbI
OTLIABJIEHUS; Xyy —— A0JIs1 06beMa, chOpPMUPOBaBLIAs-
csi B pe3yJibTare 3apOXKAeHUsT ¥ HU30TPOITHOTO POCTa
HOBBIX KPHUCTAJINI0B. BpeMenHble IDaHMUIbI MPOLecca
3aTBEPAEBAHUS] BAHHBI 33[a/ MM WHTEPBAJIOM L, — L,

rae t, — MOMEHT JOCTHIKEHMS TIPUTPAHUYHON 30HOU

Puc. 1. Cxema KpucTaan13auid 304bl 1a3€PHOTO ONNABICHNS: | —

KpHcTanabl 06pabaTsiBaeMOr0 MaTepHana, 2 — MaTPUUHbIE KPUC-
TaIbL, UPOPACTAOLIME B PACIIAB OT JIHA BaHHbl; 7 — KPUCTaNJbL,
3apOKAAIOLLMECA B JKHAKOH uacTH BaHHbi; 4 — pacrias; 5 —

rpaHula olnaBaenus; 6 — (PPOHT pocTa MaTPHUHBIX KPHCTAJJIOB;
fy — ray6uHA pacnaaBiAcHHON 1a3epOM BaHHbI
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pacrjiaBa TeMreparypbl ILiaBnenust T, MaTepHa.a;
t, — MOMeHT OKOH4YaHus npouecca (AJsT MOJHOCTBIO
Kpucrajnusyowmuxcs matepuanos x(¢,) =~ 1 (0,99), a
JJIST MaTepPHUaJIOB, CKJIOHHBIX K aMOpPMU3aUUHu, IIpH ¢ =
= t, HE3aKPUCTANIH30BABIINECSH OGJACTH BaHHBI OX-
JQKAAIOTCH 10 TEMIIEPATYPbI CTeKI0BaHus T, U riepe-
X0;T B aMOpdHOE COCTOSHUE).

[IpeanonoXuMm, 4T0 K HEKOTOPOMY MOMEHTY BpeMe-
uu t’ € ¢y, t,] MaTpUYHDBIE KPHUCTA/LIBI TPOABHHY TUCH
B r1y6b pacriiasa Ha paccrosiaue A(t) (em. puc. 1) u
sansn o6veM V,(¢'). Ecn 6bl pOCT 3TUX KPUCTAJIIOB
6pL1 CBOOGOAHDBIM, TO UX (GPOHT nepemerajics Gbl CO
cKOpocThIO ,(t'), KOTOpas ONPEENSETCsT MEXaHH3-
MOM MpOLECCA U TEIJIO(PUINUECKUMH YCAOBUAMK Ha
Mesxxdasnol rpanuie. OIHAKO B COOTBETCTBHH C Pl
JIOYKEHHOH MOAE/IBIO KPUCTAJIBI, PACTYIIHE B HAMPAB-
JEHHH TeIJI00TBOAA, CTANKHBAIOTCS HA CBOEM IyTH C
BHOBb 00Da30BaHHBIMHU KPHMCTAJIJIAMH, B DE3Y./ILTATE
vero nmpupoct oévema V, cHmxaercs. I1oT adbdext
NPOSIBJISIETCSt B T€M GOJIbIIEH CTEMEHM, YeM MEHBILUYIO
20110 o6beMa x; B 30He, nexxautei Haa GpoHToM pocta
MaTpuyHbixX Kpuctamios ((PMK), 3aHMMaeT KHgKas
asa, u MoxeT GbiTh YYTEH C MOMOUIBIO AOTMYILIEHHUS,
YTO MaTPHYHbIE KPHUCTAJIbl pacTyT ¢ 3bhdexTnsHol
CKOPOCTbIO:

1_352’1’;12

T ()

e

ug//: X, .
C yuerom (1) onpesc.iuM npupauerue 1011 06be-

Ma, MMepeliefuiero B KPUCTAIMYECKOE COCTOSHYE 34

S/IEMEHTAPHDBIN MPOMEXYTOK BpeMeHU df BCAEACTBUE

[MIPOABMIKEHHUSA B paCIlJlaB MATPUYHBIX KDUCTANAOB!

Sty 1 — x,(£) — 2,5(8)
VO v g(t)
rae Sy(t) omwans PMK; Vi — obumit o6bem

pacrJjiaB/IeHHON 1a3epOM BaHHBI.

Unterpupyst (2) B Npeanono’keHHu MOCTOSHCTBA
Besmuunnbl S,(t) = Sy, M0MyYuM KMHETHUECKOE ypaB-
HEHHE, COOTBETCTBYIOINEE MEXAHW3MY DOCTA MaTPHUY-
HBIX KDUCTAJLIOB!

dx,(t') = u(tHde',  (2)

1-

13
(0 =+ 1 [1—x((~t)—an(t) U ()dt, (3
ho 1= x,(t)

rae hg = Vy/Sy — HauanbHas rny6uHa BaHHbL.

Hanee onpeaenum g0 06beMa BAHHbBI, KPUCTAT-
nu3yroulecs myTeM 00pa3oBaHUsT HOBBIX LIEHTPOB B
30He, CBOGOAHON OT MATpPUYHBIX KpUCTannos. [loc-
KOJIBKY Ha MOMEHT £ 06beM 3TOH 30HBI COCTABIAET
V- Vg(t’), a xuAKas dasza 3aHMMaET B Hell (00 X,
NpHUpalleHNe YHUCIA UEHTPOB KPUCTALIUIAUMN 32 36
MEHTapPHbIN NIPOMEXYTOK BpeMeHu d¢ HaltneMm u3 Bbl-
pasKeHUs
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NEY = [V = V()] %

1= x,(8) = 258
>< /
— x(t)

(4)
1tHdae,

rae [(¢) — cKkopocTb 06pa3soBaHM KPUCTANIHYECKIX
3apojbIiieil.

IIpeanonomumM, 9TO BOHUKAIOIUHE 3apOAbIILN HMEOT
chepuyeckyo GoOpMy, KOTOPAs COX PAHSIETCS IIPH H30T-
POMHOM DOCTE KPHCTANNOB B TE€YEHHE JANbHEHILEro
X0[a Tpolecca BIJIOTh 10 MOMeHTa &,. [luis yuera ad-
pexToB B3aMMHOU GJOKHUPOBKH M CTOJKHOBEHHH 3THX
kpHucTasioB ¢ (DMK 6yaem cuuTarb, YTO OHM PacTyT

e ¢ dusnuecko (uy,), a ¢ 3ameansOuUeHcs M0 Mepe

eff
ng»

Dble CBSI3aHbl COOTHOIIEHUEM, aHanornyHbmm (1). B aTom
CiIyyae KPUCTAJbl, 3aDOANBIUMECS: TIpU ¢ = ¢/, K MO-
MeHTY Bpemenu t € (¢, ¢,] 6yayT uMeTb pasMep

yMeHbIUEHUst X; 3(DPEKTUBHON CKOPOCTDBIO U], KOTO-

R, t)=R.(th +
x(E7) — 2 ()
1= x(t"

Ly
+]

¢

U (£, (5)

rae R, — xpuTuueckud pasmep 3apofblwied; u,, —
dHu3nyecKass CKOPOCTL POCTA BHOBb OGPa3yIOLIMXCH
Kpucramanos; t” e [¢, t].
YBenuueHnde 1011 IPEBPALIEHHOr0 06beMa 3a CHET
06DPa30BAHKS HOBBIX KPUCTAMJIOB COCTaBHUT
da, (8, 6=~ % nR3(c HAN(E). (6)
Murerpuposanuem ypasuenust (6) ¢ y4eroM coot-
HoweHud (4) u (5) mony4aem LOJI0 o6beMa XUAKOH
BaHHBI, KOTOpasi 3aTBepieBaeT IIyTeM 3aPOXKAEHUST U
pOCTa HOBBIX EHTPOB KPUCTAMJIM3ALMH B TEUEHUE ITPO-
MEXKYTKA BpeMenu &, — L.

ol

t
Zo() = 21 [ [1 = 2t = 2, (V) I(E) X
¢

t %)
1- x(](t”) - xn(ét”) u

R(t) +J. e ng(t")dl” dt’.
t g

Ogesnano, obuas p0/s o6beMa PACIIABICHHOU
JIa3epOM BaHHBI, 3aKPUCTANNU30OBABLIASCS HA MOGOH
3a/laHHBIH MOMEHT BPeMeHU ¢ € [f,, f,] B yCIOBUSIX
KOHKYDEHUMH ABYX DPaCcCMATPUBACMBIX MEXAHU3MOB,
MOxKeT 6bITh HalieHa CYMMUPOBAHUEM UX OTHOCHTENb-
HBIX BKJIAJOB, T. €.

X(t) = x24(8) + x,4(8). (8)

Anroputm MojeabHbix pacueros. Kunerudeckue
ypasrenus (3), (7), (8) peiranu cornacoBaHHO ¢ ypas-
HEHVEM TETIONPOBOAHOCTH!
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T

oT
C,p—=k
ot 3z°

AH,, 3z

(9)
M ¢’

raeT, t, z — Texylie 3HAYEHUS TEMIIEPATY DBI, BpEME-
HU M KOODPAMHATBI B HANpaBJeHMH TermnooTsoua; C,,
p, k, A, M — COOTBETCTBEHHO y[Ae/bHASI TEILIOEM-
KOCTb, IJIOTHOCTD, TEMJIONPOBOJHOCTD, MOJISIPHAS TET-
JIOTa TIJIaBJAEHUS ¥ MOJIsSIpHAs Macca 06pabaTblBaeMOro
Marepuala.

PetreHre BbINMOJHSIU YUCTeHHBIM METOLOM KOHEY-
HBbIX PA3HOCTEH C UCIOJb3OBAHUEM SBHON cxeMbl [7],
3a[(aBaACh 3HAYEHMSAMU HA4YaJbHON Temmeparypol T
Jla3epHONH MHILEHM, MJIOTHOCTH MOLIHOCTH MU3JIYUYEHUS
@, TIOTJIOILAEeMOT0 TIOBEPXHOCTHIO, U JJIUTEIbHOCTH Jia-
3€PHBIX MMITYJIbCOB T. PacuerHpiit ananus mnpoueccos
HArpeBa 30HbI JIA3EPHOIO BO3JENHCTBUSA, NJIABIEHHS Ma-
TepHaJla ¥ 0XJIaXKJIEHUS OIIABJIEHHOrO CI0s A0 TEMIIE-
paTypbl T, BBINOJNHSAJIM 10 METOAMKE, MPEAJIOIKEHHON
B pa6ore [8]. [lna pacueta x, M X,, MHTErpajbHbIe
ypasrenus (3) u (7) nocnenosarensho auddepeniu-
poOBasIM 1o MeTony ditnepa |7].

Peamnsanuio KHHETHUECKOTO GI0Ka PACYETOB HAUM-
HaJIM TIpH NepeoxXiaxkaeHnu Huke T, CI0eB paciiana,
CME)KHBIX C I'DaHulell omnasienus. B pamkax aroro
6JI0Ka Ha KaXKJAOM LUATE BbIYMCJAMUTEBHOM [IPOrpaMMbl
HaXO[AWJIM 3HaYeHHs napametpos I, R, iy, Ung, BXO-
OALMX B KHHeTuveckue ypastenus (3), (7), o koto-
DbIM, B CBOX O4€pE/b, PACCHUTLIBAMH BEJHIUHBI Xy,
Xng ¥ OOIIyHO JOJIO TIPEBPALUEHHOr0 o6beMa X.

Pesyabrarser moaeanpoBannus u ux asaausa. Ilpen-
CTaBJICHHYO BbIILE MATEMATUYECKYH) MOJENDb MCIIOb
30BajiM JIJI PacueTHOTO aHaIN3a Mpoueccon Gopmi-
pOBaHUA CTPYKTYPbl B YCJIOBUSX OILJIABJEHHUS MOJY-
6eCKOHEYHOH HUKeNeBOH IMIACTUHBI MMIYJIbCHBIM Ja-
3EPHBIM M3JIyueHHeM. PacueTsr npoBoaM/IN [ ABYX
3HAYEHMH AJIMTENbHOCTH T TA3ePHBIX MMITYIbCOB: 107
u 0,5107 c. Pasymunyio ray6uHy [pON/aBieHHs
MJIACTHUHBI Ay 06ECIeYnBaiy BaDbUPOBAHMUEM IJIOTHO-
CTM MOUIHOCTH MNOIJIOUIEHHOTO HU3JIYYEHUs], OTPAHNYU-
Bas MHTEPBaJ U3MEHEHMs NapaMeTpa ¢ 3HAYEHUSAMHU,
IIPH KOTOPBIX NOBEPXHOCTHBIH CJI0H BaHHBI JOCTHrAeT
TeMIIEPATyPbl KUIIEHUS METaJLIA.

[lepBHUHDIE PE3yNBTATH! MOLENUPOBAHMS 10JIYUa-
JM B BuAe KPuBbIX oxjaxpenusa T(t) mnsa Tpex 30H
BaHHbI, PACIIOJIOKEHHDIX Ha PA3JMYHOM yIAJeHUH OT
061y4aeMOH OBEPXHOCTH, & TAK)KE KHHETUIECKUX 32
sucuMocTet xy(t) i x,,(t), XapakTepusyOUNX OTHO-
CUTEJIbHBIE BKJaJbl B OOUYIO AOJIO 3aKPHUCTAJIN30-
BAaHHOrO 00bEMa PACCMATPUBAEMBIX B MOAEIH MEXa
HU3MOB KPUCTAJIH3ALMH.

B xauecrse npumepa Ha puc. 2 npuBeseHbl PE3Y.Ib-
TaTbl COIVIACOBAHHOIO DEUIEHMs! TENJIOBOH M KUHETH-
4eCcKo 3aad AJIs1 BAPDHAHTA MOAE/H, B KOTOPOM HUKE-

T, K x
1900
40,8
1800 -
B T 106
1700
3 40,4
1600 +
4 40,2
1500 L | I | ) i 0
0 4 8 12 16 20 24 105 ¢

Puc. 2. Kpupsle oxnaxaeuus (1=3) u 3aBUCMMOCTD xg(t) (4) nns
30HbI NA3EPHOTO OIJIABJIERHMS HMKENEBOIl TMIACTHHBI HA Tay6uH

- 8
18 MKM, BBILONHERHOTO Ha pexcume: T = 107 ¢, g = 8,5-10° Br-m~?,
Ty = 288 K: 1 — nosepxHOCTHbIE CJIOK; 2 — UEHTD BamHbl; 3 —
[IPHIPaHHYHBIE YUACTKH

JleBas IJIaCTMHA OIJIABJIAETCS JIAa3€PHBIMU MMILYJIbCa-
MU auTenbHocTbio 107 ¢ Ha rry6uny Ag = 18 MEM.
BuaHo, 4TO KPUCTANIM3AlMsl HAYMHAETCSI CHHXPOHHO
C MepeoxJaXXAeHuneM Hinke T, NpUrpaHuIHON 30HDI 3
BAaHHDI U MPOUCXOAUT NYTEM IPOABHKEHMS B PACIIIAB
@poHTa MATPUYHBIX KPMCTAJIIOB, (OPMUPYS JOJIO
TPeBpaleHHoro o6bema x,. CorsacHo AaHHBIM pacye-
TOB K MOMEHTY Iepexoa B IepeoXJaKAeHHOE COCTO-
STHHE LIEHTPAJbHON 2 M TIOBEPXHOCTHOH 1 30H ycnesaeT
3aKpUCTANAU30BaThCs Npubmusutesnsto 30 % o6bema
JlazepHOU BaHHbl. J(anpHeRIunil X0/ rIpolecca He Bbl-
3bIBAET KAYECTBEHHBIX M3MEHEHWH MeXaHU3Ma KDHUC-
TaJlJIM3alMM, KOTOpasl BILJIOTb AO IOJHOIO 3aTBepie-
Barust (x = 0,99) NPOMCXOAUT UCKIIOUMTENBHO 38 CUET
pOCTa KPUCTAJLIOB OT rpaHuub! oriasiaenus. [Ipu aTom
MeXaHH3M 06pa30BaHMs HOBbIX UEHTPOB KPHCTAJIH-
3aLMK B JKMAKOW YaCTH BaHHBI BHOCUT B OOULYIO JOJIIO
IpeBpalleHHoro o6beMa NpeHe6pexK Mo MaJIblil BKIaL
Xng(te) = 7-107,

[lono6HpIM 06pa3oM, T. €. pu NOAABJIAIOLEM IIPE-
06s1aJaHUM MEXAaHM3Ma POCTA MATPUYHBIX KPUCTAJIJIOB,
3aTBepAeBaloT 6oJsee ray6oKKe cIou PaciaBa, MoJy-
YeHHble O0JyYeHHEM HHUKENS MUJJIMCEKYHAHBIMU Jia-
3eDHBIMU MMITYJIbCAaMU. Y CTAHOBJIEHO, YTO C DOCTOM
HayaJbHOH ri1y6MHbI BAHHBI 2y 10 68 MKM HabI04aeTCA
Juib HedHaunteasHoe (pubiusuTesnio 0 1074) yse-
JUYEeHUE 3HaYeHUH Xng.

ITpu MCNOIBL30BAHIY KOPOTKOMMITYILCHOTO PEXKH-
Ma 06syueHMst BCJIEACTBHE 3HAUMTENbHOIO YCKODEHUS
NpoLEeCcCa OXJAXKJEHM BAaHHbI PACIUIMPSETCA TEMIIEPa-
TYPHBIH UHTEDPBaJ 3aTBEPAEBAHUS U JIEXKaUlMe Hax
(DMK cion pacniaBa nepeoxJJakaTCs A0 TeMIepa-
Typ, COOTBETCTBYIOIMX ONM3KMM K MaKCHMAaJbIIbIM
3HAUEHUSIM CKOPOCTH 3apOAbILe0Opa30BaHHUA.
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T, K x
900
G
4
700 7 loe
2
/
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40,4
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300 i [ . o
0 4 8 12 109 ¢

Puc. 3. Kpunuic oxaancienus (71-3) u sasucumoctn x,(¢) (4), x,,(t)
(5), x(&) (6) xns 30HMbr Na3ePHOrO oulaBACHuA HuKenesofl 1nac-
Tibl Ha TAyGuuy 45 My fpu T =0,5107 ¢, ¢ = 11,510 Br-m ¥
Ty =288 K: 1 — [0BepXHOCTHble C/AOH; 2 — UEHTP BaliHbl; 3 —
[IpUrpanuyebie yyacTK

OTMedeHHble U3MEHEHUS TEPMUUECKOTO peXXuMa
06y CAOBINBAIOT NOBBILUIEHHE KOHKYPEHTOCIOCOGHOCTH
MeXaHU3Ma 3aDOXKIeHUst U MOCAEAYIOUIEro pocTa HO-
BbIX KDUCTAJIJIOB, KOTOPBIH HAYUHAET [eUCTBOBATH B
BEDXHUX CJIOSIX BAHHbBI Ha 3aKJIIOYHTEIBHON CTaAUM
NPEBPALUEHUSI, BHOCA BECOMbBIH BKJAX X,y B 0OLLYI1O
JOJIIO 3aKPUCTAIM30BaHHOrO obbema (puc. 3). Ana-
JIU3 PE3yJbTATOB MOJEJHPOBAHUS, COOTBETCTBYIOLIUX
Da3JIMHBIM 3HAYEHUSAM BApbUPYEMOTO IapaMcTpa ¢,
[I0KA3bIBAET, YTO TI0 MEPE YBEJUUEHUS TIYOUHBI PO
JIaBJEHUA TLIACTUHBI /g COOTHOLIEHHE BEJMYHMH T, U
Xpg U3MEHSIETCA B MOJb3Y nocaeaneir. B obobuenHom
BUIIE 3aBUCUMOCTH Xy M Xpg OT TIyOHHBL OTIABJIEHUS
H306paXKEHB! HA PUC. 4, U3 KOTOPOTO CJEAYET, UTO NPU
frp = 170 uM 10.is1 06BEMa, KPUCTANINIYIOLIASCS Ty TEM
06Da30BaHUSA HOBbIX LEHTPOB KPUCTANAUIALUH, TIPAK-
THYECKU CPABHHUBAETCS C OTHOCUTENBHBIM 06 bEMOM, 3a-
HATBIM KPUCTAUIAMH, PACTYLUMMHK OT IHA BAHHBI (X, ~
= 0,47, x4 = 0,53). HesnauutepHOE CHUKEHHE Xng
npy AanbHERIIEeM YBEJIUUEHUH fg, TTO-BUAMMOMY, CBS-
3aHO € MOBBIIIEHUEM TEMIIEPATYPBl B NPUIIOBEPXHOCT-
HOM 30HE 7 BCJAEACTBUE BBIAEJEHUS CKPBITONW TEMIOTHI
KpUCTaJLIH3aLuu. B cpoio ouepejib, pasorpes aTok 30-
Hbl BBI3bIBAET CHHIKEHME Y4CTOTHI 3aPOKAEHUS U yBe-
JIUYEHHE CKOPOCTH DOCTA, YTO CO3JAET MPEUMYILECTBA
[UIS TIpoLecca IIPOPAcTaHHUA B PACILIaB MaTPUYHBIX
KPHUCTAJLIOB.

BoiBoibi

1. IlpeasoxeHa OpHUruHasbHas MaTeMaTH4ecKas Mo-
[eJIb MpoLecca KPUCTANAU3aUUM pacIlIaBJAEHHON Ja-
3¢DHOI BaHHBI, B KOTOPOH paccMaTpUBAIOTCS ABa KOH-
KYDPHPYIOWUX MEXaHMN3Ma: POCT MATPHUHDBIX KPHUCTaJ-
JIOB OT FPaHMLUbI OMJIABJIEHUS U ABTOHOMHOE 06pa30Ba-

0,2r-

0la l | | 1

20 70 120 170 270

Puc. 4. 3aBMCMMOCTb OTHOCHMTEJBHBIX BKJAMOB KOHKYDHPYIOIHX
MEXAHH3MOB KPMCTANAH3aUMK B OOy A0JIO 1IPEBPALIEHHOTO
o6beMa OT rAyGHIIbL 1EPONNABICHHS Hm(encnon 1I/1IACTHHDI Jlasep-
HBIMH MMITyAbCaMH uTenbiiocreio 0,5107 ¢ 1 — x, (), 2 —
Xy ()

|

220

hg

HHE HOBBIX UEHTPOB KPUCTANIN3ALUNH B XKUAKOH 4acTu
BaHHBI.

2. C ucrnonp3oBaHueM paspaboTaHHON MOAEH IO
KA3aHO, YTO NIPY OfJIaBJeHHN MACCHBHOWM HUKeseBOH
MIACTHHBI MUJIJUCEKYHAHBIMU UMITYIbCAMHU Ha Ty 61
Hy oT 18 10 85 MKM KPHCTaIIU3ALUsS BaHHbL OCYLIEC-
TBJISIETCST UCKJTIOYMTEIBHO 32 CUET IPOABHIKEHHS B DAC-
r1aB (hbpPOHTA MATPHUYHBIX KPUCTAJIIOB.

3. Tlpu coxpaunienuy ANUTENBHOCTH Ja3ePHbIX UM-
fyncos 40 0,5-107 ¢ Bo3pacTaeT KOHKYpPEHTOCTIOCO6-
HOCTb MEXaHHU3Ma 3apOXKAEHUS U DOCTA HOBBIX KPUC-
TAJIJIOB, BKJAJ KOTOPOro B OGLUIYIO A0JIO 3aKPUCTAJIIH-
30BaHHOrO O6bema aocturaer npubausutessHo 0,47
npu Ay = 170 uM.
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MATEMATUYECKOE MO/JAEJTHPOBAHHE B CBAPKE

OIIEHKA U IPOTHO3UPOBAHUE MEXAHUYECKUX
CBOICTB CBAPHbBIX COEMHEHUM
METOJAMUH KOJIMYECTBEHHOI ®PAKTOTPA®UN

Mapxawoea JI1.H., Beponuxoea E.H., Anexceenxo T.A.

Hucmumym saexmpoceapxu um. E.O. Ilamona HAHY, Kues, Yxpauna

Ipencrasnernr pesysbrarsl GpakTorpaduueckux UCCAEAOBANHE CBAPHBIX COEAMHEHHE BbICOKONPOYHON crain 17X2M,
Ha ocHose axcriepuMeHTanpliol HHGOPMALMH 1POBEAEHO CONOCTABJEHHE CTPYKTYPHBIX YCIOBHIT PACIPOCTPAHEHMS TPELLHH,
OIPeAENSAEMBIX XapaKkTepoM padpyuents, [IpuBegen pacuer HalpaXEeHHid PaspyLleHHs AR JOKaIbHbIX YY4acTKOB 1(0BEP-
XHOCTH H3JIOMOB B 32aBHCMMOCTH OT CTPYKTYPHDBIX KOHUEHTPATOPOB BIHYTPEHHHX HALPSYKEHUH C y4eTOM MHKPOMEXAHH3Ma
Pa3pyLIEHAMs, A TAKKE XAPAKTEPHCTHKH TPEIMHOCTORKOCTH (KOI(DHUHEHTA HHTEHCHBHOCTH HANPSHKEHHIT).

AHalu3 MMEIOUIMXCS DE3YJIbTATOB IKCITEPUMEHTANDb
HBIX MCCJIeOBAHUH, KOTOpbIE KAacAIOTCs XapaKTepa
TpelMHO0OPa30BaHNa M MOCJeAYIOWEro pa3pyueHus
pa3JM4YHbIX METANIOB, CIJABOB M CBAPHBLIX COEAU-
HeHMH, TOKA3bIBAET, UTO 3TH MPOLIECCH HMEIOT IPAMYIO
B3aMMOCBSI3b C Da3BMTHEM IJIACTHYeCKO# aAedopMa-
LMHU, JIOKAJbHDBIX BHYTDEHHHX HANpsLKeHWH, opmu-
DPOBaHHEM KOHLIEHTPATOPOB TAKUX HAIPSKEHUH, a TaK-
e € BO3MOXHOCTBIO Marepuasa pesaKkCHpOBaTh Ha-
pacTalol{fe BHYTPEHHHE HAPSKEHUS IACTHUECKHMU
MeXaHM3MaMU MM XPYIKuM paspyuwenuem [1, 2]. [1pu
OBILENPHHATBIX METOANKAX AHANN3A PA3PYIIEHUs, KO-
TOpOe OOBIYHO BKJIOYAET NOCJIEA0BATESBHOCTD TAKKUX
M3BECTHBIX cTafuit [3], Kak MeiJieHHOe pa3BUTHE, YBeE
JUYEHHE 10 KDUTUYECKUX DAa3MepoB U T. A., YYUTbIBA-
eTCsl BJAUSIHME CTPYKTYPbI METAJLIA HA XapaKTep U Me-
XaHN3MbI PA3BUTUSI PA3PYLIEHHUS .

OaHako, NpUHIMAsT BO BHUMAHHE NIPSMYIO B3auMO-
CBA3b TPEeLMHOO6Da30BaHusl ¢ (POPMHPOBAHMEM JIO-
KasJbHbBIX KOHLEHTPATOPOB BHYTDEHHWX HaNpshKe
HUA — JOKaJbHbIX CKOMJEHHI AUCHOKaLM#, Heol-
XOAMMO MPOBOAUTL 60Jee AeTaSbHBIE, B TOM YUCTE U
Ha JUCJOKALIHOHHOM YDOBHE, HCCACAOBAHUS A5 OTIpe-
[JeJIeHUs1 CTPYKTYDHBIX YCJIOBUH PACnpOCTPaHEHUS
TPELIMHBI ¥ TOCJEAYIOUIEro paspyleHus MaTepuana.
ITosToMy mpenctaBisieTcst 11€71€eCO06PA3HBIM U TIEPC-
MEKTUBHBIM Pa3BUTHE METOAMKH HCCJIefOoBaHUM B Ha-
MPaBJIEHUN XaDaKTeD Da3pyUIEHUS — CTPYKTypa —
— CBOWCTBA MeTaJJIOB, CIITABOB U UX CBAPHBIX COe-
AUHEHWH.

Brian amcioxausoHHo# cTpyxTyphl 1 popMupo-
BaHHE KOHLIEHTPATOPOB BHYTPEHHUX HANPSHKEHWUH HC-
CJIeQ0BaHbl M OMMCAHBI B psae nybaukauwmit [4—6]. B
JaHHO paboTe MPEACTABIEHbl HEKOTOPbIE PE3YJIbTATEI

© MAPKAUIOBA JI.M., BEPAHUKOBA E.H., AJIEKCEEHKO T.A., 2010

UCCJIENOBAHUN, OCHOBAHHBIX HA U3Y4YEHHM Dpaspylue-
HUA MeTosaMK ¢paxrTorpaduueckoro aHanausa. Ha
npuMepax HMCCAeA0BaHUs MOBEPXHOCTH Pa3PyUIEHHA
CBapHbBIX COEAMHEHNH BBICOKOTIpOYHON cTamu 17X2M,
BBITIOJIHEHHBIX C MCIIOJb30BaHMEM CBApPOYHOM ITPOBO-
qoxu CB-10XH2ICM®TIO, noxka3aHa BO3MOXHOCTb
WCIIOIB30BaHNS (DPAKTOrpaUIecKoro aHaIM3a U3JIo-
MOB C YUETOM CTPYKTYPHOTO COCTOSIHUSI, OTIPEeAeIsieMo-
ro napaMerpaMu MUKpopeJsbeda noBepPXHOCTH pas3py-
WIeHUS, AJIsT AHAJTUTHIECKON OLEeHKH CIe Iy IOLHMX MOKa-
3aTeseit:

e XapaKkTepucTHKa TpeluHocToikocTn (Koaddu-
[MeHT MHTEHCHBHOCTH HanpsxeHuit Ki.), B KOTOPOH
K. corntacuo 3asucumoctyt Kpacddra [7] cBsiaviraercs
C BEJIMYMHON KPUTHYECKOrO DACKPBITHS TPELINHbI O,
3HadeHHe KOTOPOM NpUPABHUBAETCS K pa3Mepy aJe
MEHTOB MUKDOpebedd MOBEPXHOCTH Da3pyUIEHHS
(sMoK, aceTox M T. M.) HA MOBEPXHOCTH H3JIOMA C
Y4ETOM MHKDOMEXaHU3MAa PAa3pyLIEHUS B JIOKaJbHBIX
YUACTKAX — I10 30HAM M3JIOMa;

e HanpsKEHMe paspylieHus (IPakTHYECKas TPOY-
HOCTDb Ogp) 32 cdeT 3apoxkaenus tpemun Crenanosa
10 kpuruweckux pasmepon Ctpo—OpoBaHa.

Tlo pesy/pTatam aHanu3a CTPYKTYPHBIX MeXaHU3-
MOB M TEOPUH pa3pyuUIeHHs, OCHOBBIBAWOLIMXCA Ha
SHEPreTHYecKuX M AMCJOKALUMOHHBIX moaxodax [1, 2,
8—10], 6pL1a BpI6paHa OLEHKA HAIIPSKEHHA pa3pylie
HUsl Ha 6a3e AMCJIOKALUMOHHOHM TEOpHHM, COIJIacHO KO-
TOPOW HarpspKeHUe CBA3aHO ¢ TAKUMM CTPYKTYPHBIMU
haxTopamu, KaK AJUHA MHKDOTPELIMH MJIH KOHUEHT-
paTOPOB HaNpsHKeHHH B MeTate (AMCIOKALMOHHBIX
CKOTIJIEHUH V TI'DAHMI CTPYKTYDHBIX COCTaBJSIIOLINX,
a30BbIX 06PA30BAHMIl, HEMETANIHUECKMX BKJIHOYE-
uuit u ap.). Tlo sToit TEOpUM NPK HAMPSDKEHHUH, TPO-
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Puc. 1. O0wuii BHA I0BEPXHOCTH M3/10MA 110 30HAM PAIPYIIEHHS]
(@) u ero cxesatuyeckoe usobpaxcenve (6): [ — ycranocras
Tpenwna;, /1 — paspywenne npu uarnbe; [/] — yvacrox nonaoma;
{ — maupes; 2 — HallpaBJeHUC pa3pyulienus

MOPUUOHANBHOM (a/L)_l/z, TpemuHa 6yNeT BCKPbI-

BaTbCA TCM Jerde, 4eM J[JIMHHEE KOHUEHTPATOP:!

Oy = 05(a/L)" (o),

TAC G, — TpPEefeN TEKYYeCTU; d — MEKATOMHOE pac-
CTOSIHHE, ONN3KOE K PagUyCy 3aKPYLJICHUs B yCTbe
TPEWWHbl;, L — [/NMHA KOHUEHTPATOpPa HANPSIKEHMH;
Yoo/ Y — OTHOUIEHHE 3DPEKTUBHON NOBEDXHOCTHOH
3HEPIHH K yeJbHOM IHePIHH NOBEPXHOCTE pa3py e
mns (~ 10°-10%).

VccnenoBanust nmpoBOAMAN Ha Pa3pylleHHbIX 06-
pasuax. IlepsoHauanbHo 6Bl caenan Haaped B 3TB
Y BBIpAIEHA YCTAJIOCTHAS] TPEUMHA HA [JIyOUHY OKOJIO
10 Mm. 3aTem 06pasub!r U TEMIIEPAType HUCIIBITAHMUS
—40 °C mepBUYHO HAarpy3wyu ¢ Bolaepkkoi 30 muH
npu K, nepsuunoro Harpyxkenus (Kpy ot 30,4 mo
46,0 MITavs) u MPOBEJIM UCTIBITAHHUST Ha U3TU6 [0 MOJ-
Horo paspyuwenus. Coorsercrsyiomue 3Hauenus K.
[IpY pa3pyLIeHUH pUBeAeHb! B Tabumie. O6pasust A4
UCC/IEAOBAHUS ITOBEPXHOCTH PA3PY LICHUA TIOCKE HCTTBE
TaHWUA IpeICTaBIIsIM cOB0 H3JIOMBI C XapaKTePHBIMY
3oHaMu: [ — 30HA yCTaJOCTHON TPELIMHDBI OT HAAPE3a
O JIMHWK ee OCTaHOBKH; [/ — 30HA paspyuIeHus B
pe3yJIbTaTe MCNbITauuil Ha uarub; [/ — 3ona fonoma
(puc. 1).

MpaxTorpaduueckue UCCAEAOBAlMS [TOKA3AJH,
YTO B 3aBUCUMOCTH OT YDOBHS MEPBUYHOIO HATPYyIKe-
HHA MaKpo- W MHKpOpe/bed MOBEPXHOCTH Da3py e
HUS Da3jIideH M HMCET CBOM OCOGEHHOCTH.

B obnactu ycranoctHoll Tpewmtbl [ B MCXOAHOM
cocrosinnu (o6pasenq Ne 1), Korga paspylieHue mpo-
M30LWJIO cpa3dy 6e3 nepBUYHON HATPY3KH, TOBEPXHOCTh
TPCLIMHDBI MPEACTaBIsIET COB0M B OCHOBHOM BHYTpU3E-

NXapaxrep paspyine-
s BHNTPILSC-

PeLITLI, KBABHCKO!
B COMUTAIE © VOTa-
0TI GOPO.S,1-
Kast

Jlorkasnsintii ko-
HCITPATOP

BAPOAC IS

rpeninL -
ocaabaenas
nasies hasonpx
00pPaBoBAHMIT
MEKBCpCIas
rpanuiia

(Mn, Si, Al Cw)
Puc. 2. Yeranocruoifl usnom 8 3one [ (a — x1010, crpeskasu
OTMEYCHbI BTOPHYHLIE TPCWHUb; 6 — x503) u paspyuicnie 1pu
uaruGe B 3one [/ o6pasia Ne 1 8 iexoguoa cocrosini (& — x503);

K, = 58,7 MIlaVm

PEHHDBIH KBABHCKOJ B COYETAHIIN C HEPETYIIPHBIMU YC-
TAJOCTHBLIMH GOPO3AKAMH M CETKOH BTOpHMUIIBIX TpE-
WMH N0 CYOCTPYKTYPHBIM JEMEHTAM, 4TO CBHACTEC/b
CTBYET O HEBBICOKUX MOKABATENISIX [IPOYHOCTH U [1J1aC-
THUHOCTH MeTasia (puc. 2, @). ITpu 9TOM JTOKAIBLHBIMIL
KOHLEHTPATOPAMU 3aPOXKAEHUSI MUKPOTPCLIIH 110 BCeil
[UIVHE 30HbI [ ABJSIOTCS rpy6ble PACIUenICHist BAOID
MOJIOC CKOJIBXKEHUST M MEX3€DEHHDBIX TpPaHHL, oc1al-
JIEHHbIX HadyueM dha3oBbix oGpasosaiuit (puc. 2,6).
OueHxa NpaKTUYECKON MPOYHOCTH B TAKUX JJOKATbHDBIX
CTPYKTYPHBIX 06beMax NoKasaa, 4To B MeCTax MoTCl-
LIMaTbHBIX KOHIEHTPATOPOB HAIIPSHKEHNH YPOBEHD Oy,
nagaet noutu 1o (0,2-0,3)0g 2, uTO npezonpe/esieT
KaracTpoUYeCKNnit pOCT TPEU[HHBI M COOTBETCTBCIIHO
CHUJKEHME TPELHHOCTONKOCTH.

Texnonornyeckue 0apaMeTphr IPUIOKCHUA HATPY3KH DK PA3pyLieHuy o6pasuon

|
i =V Ne o6pa3ua | ‘
'_-—h\""\_\_h 1 2 3 4 5 6 I
K., MIlavu — ]
[TepBHyHOe HarpyseHue - 30,4 33.2 38,5 45,0 46,0
Paspyienue 58,7 65,5 63,5 i 65,3 blz 65,2 )

102



MATEMATHYECKOE MOJEJAHPOBAHHUE B CBAPKE

pebun
oTpbIBA
1O PRI

CYOCTPYKTYPb

Puc. 3. YcrasoctHbli u3gaoM B 3oue [ obpasua Ne 6 csapHoro

STk ssakoro
PABPY HECH 151
dy ~ 0.5-1,3 atkm

coeauHeHuA crtaand 17X2M, BBUIIONHEHHOrO CBapOYHOM (OPOBOIOKOH

C10XH2ICM®DTIO, 11pH NPUAOKEHMM [IEPBHYHOTO HarpykeHus Ky = 46 MITavs (x1010); cTpeaxamu oTMeeHbl 0KATbHBIE HATPAB-

JIeHHA NYTH TPEHIMHDL

IIpy NpHUIOKEHUH IEPBIYHOTO HAIPYIKEHHUS U COOT-
BETCTBYIOUIMX HUCIBITAHNUAX Ha M3TH6 A5 30HbI [ (ye-
TAJOCTHOW TPELIMHBI) XaPaKTEPHBIM SBJISETCS CMe-
IIAHHBIA THUM Pa3pyLIeHUsi — KBA3UXPYIKOE BHYTPU-
3epEHHOE C 2JIEMEHTAMH BA3KOro (rpeGHYM OTpbIBA) MO
rpaHuiaM Cy6CTPYKTYPDI U BSI3KOE C MEJKUMH SIMKAMU
pasmepom okoJ1o 0,5—1,3 mxm (puc. 3). Xaotnuecknit
XapakTep NyTW DaCIpOCTPAHEHHUs] TPEUMEB! CBUJE-
TEJIBCTBYET O ITPOTSIKEHHON MJIACTHYECKON 30HE Nepes
sepumnoi. Hanpsoxenne paspyuienusi Gn, B I0Ka/b-
HBIX KBA3WUXPYIKUX 06bemMax cocTapasier 0koqao (0,6—
0,8)0p 2 ¥ IPAKTUYECKH JOCTUIAET YPOBHSI G 2 HA ydac-
TKaX C BA3KOH COCTaBJAIOLIEHN, YTO XapaKTepH3yeT I0-
BBbILIEHHE COTIPOTHB/IEHUS XPYIKOMY DPa3pyILEeHHIO.

B 30He ussnoma I (McrbitaHus Ha U3ru6) B UCXO/-
HOM COCTOSIHMM 6e3 mepBuuHON Harpysku (o6pasen
Ne 1) MOBEPXHOCTb Pa3pyIleHUs [PEACTABJISET COG0H
ADEBOBMAHDIN M3/I0M CO 3HAYWTENBHBIM PACCIOEHUEM
nocse pedopmarnuu (cM. puc. puc 2, ¢). Ilpu npuio-
KEHUY NEPBUYHOIO HATPYIKEHUS] XAPAKTEPHBIM SIBJISE
€TCsI CMeHa MeXaHW3Ma pa3pyLIEeHMsi OT XPYIKOro K

(==

\

[

) 80

KBa3UXPYNKOMY + BSI3KOMY IDH 3HAYMTEJIbHOM CHU-
sxernu (o1 80-90 10 5-10 %) /1041 XPYTIKUX YIaCTKOB
¢ paccnoenusmu (puc. 4). I[lpu stom Habawogaercs
yMEeHbIUEHE PASMEPOB CTPYKTYPHBIX 3JI€MEHTOB PeJib-
eda — samok psaskoro paspyurenust (ot 5—40 go 1—
10 mxM) ¥ daceTox KBa3UXPynkoro paspyurerns (ot
13-20 no 8-17 MKM), UTO CTPYKTYPHO OGYCJIOBJIEHO
[HUCTIEPIPOBaHIEM DOPMUPYIOUTHMXCSI CTPYKTYD H CTIO-
COOCTBYET CHYYKEHHMIO MOIIHOCTH JIOKAJIbHBIX KOHUEH-
TPATOPOB BHYTPeHHUX HanpsDkenwH. [IpaxTrvecxkas
POYHOCTD Gpp KBa3UXPYINKOW U BA3KOW COCTaBJAIO-
LMX B cpefHeM gocturaeT okosio 0,76y .
JKCIepuMeHTa bHasd 6a3a JaHHBIX, MOJIYYEHHAs B
pesyJjbTaTe MCCIELOBaHMU CTPYKTYPHBIX OCOOEHHOC-
Tel MUKpopeabeda MOBEPXHOCTEN paspylienus, Mnos-
BOJTMJIA BBITIONHUTH aHANMUTHUECKYIO OLEHKY XapakTe-
puctuku K. [4—7] v cpaBHUTDb pac4deTHbIE Pe3yJIbTaThI,
4TO 0COGEHHO Ba)XKHO, C JAHHBIMU UCIbITAaHUNA. Iloka-
3aHO, YTO IIPU IOBBILIEHVH NEPBUYHOTO HATPYIKEHUS
10 Ky = 45-46 MITavM nabiiogaercs roBblleHye
Ki. B cpennem na 20 % (puc. 5), 4TO CBUAETENBCTBYET

>

3ona [
¥ H3A0MA
-— XPYHKOC PadpyuLcie
I:' - KBASHXPYNKOC
I:]—nﬂ:u(oe

D -xpynroc (3ona /1)

1T o= o

335 0

Puc. 4. Wsmenenue o6beMHOl nonm V, (%) XpynKkoro, KBasHxpyx

A5 Ky, MITav

Or0 ¥ BA3KOI0 paspyuleHus B 30He [ uanoma (CEKTOPHBIE AHArpamM»bi)

M XPYOKOro paspyuleHust BO 30He 11 v3iaoma (I‘MCTOI‘paMMbI) 1IPHU PA3JIHYHBIX TEXHOJOTHMYECKHUX flapaMerpax MPHJAONEHNA Harpys3Ku:

1-6 — Homepa 06pa3uos
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K,,, MIlavn
2
80
60 |-
40
20 |-
0 .
400 600 800 1000 1200 1400 1600 o,, Mlla

Puc. 5. JlnarpamMma KOHCTPYKTHBHOMH TfPOYHOCTH CBAPHBIX COE/M-
HEHHU TPH Pa3JIMUYHLIX DEXMUMAX TEXHOJOTMYECKUX MCIbITAHMH: 1,
2 — Homepa 0o6pa3uos

0 XOPOIIEM COYETAHUH MPOYHOCTHBIX M MNJIACTUYECKUX
XapaKTEPUCTHUK CBADHOrO COEANHEHUS.

Taxum 06pa30M, pac4eTHbI€ MEeTOAbl OLEHOK TaKHUX
XapPaKTEPUCTUK, KaK HaNpsXXEHUE Pa3pyLIEHHs On, U
K03(pPULUEHT HHTEHCUBHOCTH HanpsikeHui Ky, 0CHO-
BAHHDbIE Ha 3KCMNEPUMEHTAJbHbIX MJAaHHBIX KOJHMYECT-
BEHHOTo pakTorpaduyeckoro aHa m3a ¢ yueToM MuK-
POMEXaHHU3Ma PACIIPOCTPaHEeHUA TPEIMHDBI U ITapaMeT-
POB MHUKDODesabeda MOBEPXHOCTH pPa3pyUIeHHs, AAIOT
BO3MOXXHOCTL OIpENesdATb YPOBEHD HpaI(TI/I‘IeCKOIL;I

TIPOYHOCTU ¥ IJIACTUYHOCTH 110 30HaM M3JIOMOB M I1POI-
HO3UPOBATh TPENIMHOCTOWKOCTD CBAPHBIX COeAMHEHUH.

1. JubGosuy I. Paspywenne. — M.: Mup, 1976. — 800 c.

2. Koaﬂnmau J., Kpox P. Paspyluenue n ycranoct. — T. 5.
OMIIO3MLHOKHDIE MaTepHalibl, — M.: Mup, 1978. 488 c.

3. Baamep M.A., Jwbuenxo AIl., Axcenosa C.H. (Dpa1<To—
rpadun — cpezLCTBo AHAIHOCTHICH  PASYLIEHHbIX j(eTa-
neit. — M.: Mawwunoctpoenue, 1987. 160 ¢

4. Maprxawosa JI.H., I'puzopeuxo I'M., Apcemox B.B. u dp.
CTPyKTYPHBIH TOAXOA K OUEHKE MEXaHU4eCKMX CUOHCTB B
T%ycoeuuncnnn craneit u cinasos S/ C6. tp. Mesnyrap.
oud. «MareMariieckoe MOASJHPOBaHME M HMHQOPMALHOH-

Hble TEXHOJOCMH B CBApKEe M pOIlCHJBHHbI‘( {IpoLeccaxy». —
Kunen: MUDC, 2004. g 174-17

5. Mapxawosa JI.H., I"puzopemco F M ITosunxos B.J. u Op.
CTpyKTypHbIE d)amopbx onpeaeAeuIHE CBONICTBA NPOYHO-
CTH, IJTACTHYHOCTH M PA3pyLIEHME CBAPHDLIX COCAMHEHnH //
C6. tp. Mexmuyrap. kond. «Maremarnieckoe MOIETHPOBA-
HHe W MHDOPMALHOHHBIE TEXHOJOCMM B CBA 1<e 1 SoAcrseH—
Hplx lpoueccax». — Kues: UDC, 2008.

6. Maprxawosa JI.H., T'puzopenro I''M., Hoamucoe B.J. u dp.
CTPYKTYDHbIfi KPUTEPHI OLEHKM [POYHOCTH, [JIACTHUHOCTH,
TPEUMHOCTONKOCTH  METAUIOB, CIUIaBOB, KOMIIO3MUMOHHDIX
MATEPHAJIOB W WX CBADHBIX COEAMHEHHH // 30. fpalb v
Mixtap. koud. «Mexanika pyiiHysanns marepianis i sid-
HiCTb KOHCTp kuid». — Jlpsiz: MMI im. I'B. Kapnenka,
2009. 447-451.

7. Pomanug OH Baskocrs paspylitenis KOHCTDYKLIHOHHDBIX
craseit. — M.: Meranuyprus, 1979. 176 c.

8. Oposan E. Kuaccuueckas u AMCJOKaUMOHHAs TEOPHS XpYil-
KOro pa3pywenus // ATOMHbIH Me‘(dHMBM paspywelus, —
M.: Meranayprus, 1963. — C. 170-184.

9. Kompean A.X. Teopervyeckne acnexTh npouecca // Tawm
we, — C. 30-68.

10. Homm Jx.>. MuUKPOMEXaHH3Mbl Da3DyLUEHISt W TPELLMHO-
CTONKOCTb KOHCTPYKUMOHHBIX CIJ1aBOB /y/ Mexanuka paspy-

— M. 1979. — C. 40-82
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CTPYRTYPHbLIE YCJIOBUA OIITUMHUSAIINN
ITPOYHOCTHU, IIVIACTUYHOCTH
1 TPEHMHOCTOMKOCTH CBAPHBIX COE/IMHEHUI

Mapkxawosa JI.H., 'puzopenxo I''M., Beponuxoea E.H.

Hucmumym anexmpocsapru um. E.O. Hamona HAHY, Kues, Yxpauna

Ha npumepe cBapHbiX COeAUHEHUIT PA3AMHHBIX MATEPHANOR, BLINOAHEHHbBIX PASAXYHBIMYU CNOCOGaMY CBAPKH, PACCMOTPEHDI
YCJIOBHSA, 06ECTICHMBAIOLLIKE ONTHMAIbHBIC CBOHCTBA COEAMHEHNH IPH PA3JHUHDIX TEPMOAE(OPMALUOHHDIX YCJOBHSX BHEL-
Hero gozefictBust. Ornucan avaNUTHYEC KU NOAXO0/ K OLEHKE A DEPEHLIMPOBAHHOTO BKIAAA CTPYKTY P, (POPMUPYIOILHXCS

TMPU CBAPKE, B UHTErPANLHLIC NPOYHOCTHLIE XapaKliepucTruiiy.

O6uenssecTHbIM ABJSETCST DAKT, YTO HCTOMb3YeMble
B HACTOSILEe BPEMsI METAJHYECKHE KOHCTPYKUMH U
MEXAHM3MDI Pa3/JIMYHOIO THUIMA JOJDKHBI COOTBETCTBO-
BaTb OCHOBHBIM TPEGOBAHHUAM K OOECTEUEHNIO HALEK-
HOCTH B 3KCILJIYaTaUMOHHbBIX yCiaoBusx. Ocobo 3To ot
HOCUTCA K CBaPHDIM COC/{MHEHHSIM 3THX MaTEpHaJoB.
IIpu sToM HanboJIEE 3HAUUMBIMU KPUTEPHSIMHU, XaPaK-
TEPU3YIOLIMMHU, KaK NPaBUJIO, HAAEIKHOCTb COENHHE-
HUH, SIBJISIOTCA BBICOKHN TpEReN TEKYUYECTH, HU3Kast
TEMIIEPaTyPa XPYIIKOIO Mepexoa, TPeMHOCTORKOCTD
1, PadyMeeTcsi, XOpollas CBaDUBAEMOCTb UCIIOJIb3Yye-
MBIX METAJLJIOB M CILJIaBOB. XODOLIO M3BECTHO TaIOKE,
4TO B 06eCreueHuH HeOOXOAMMBIX CBOUCTB BCEX TUIIOB
MATEPHAJIOB CYLIECTBEHHYIO, €CJIH He OCHOBHYIO, POJIb
urpaet CTPyKTYpPHO-(Pa30Boe COCTOSHUE 3TUX MaTepHa-
n10B. [ToaToMy MCCIe 1OBaHMSI IO BbISIBJIEHHIO HanboIee
TOJTHOTO 06beMa CTPYKTY PHBIX DAKTOPOB, HOPMUPYIC-
IMXCA NPH Pa3JUYHBIX YCJIOBUSIX TEXHOJOIMYECKOM
obpadotiu (aepennast, CyO3epenHast U ANCAOKAUUOH-
Hat CTPYKTypa, (hasoBbIi cOCTaBa M T. I1.), ABJIAIOTCS
NEPBOH «CTapTOBOU» 3agauelt. Mayvenue B3auMoCBsa3U
CTPYKTYPa <> CBOUCTBA, B TOM 4HCJE U CTPYKTYp, Mak-
CHMAIbHO OBECIIEYHBAIOIIMX HEOOXOMUMbIE IKCILTYar
TALMOHHbBIE TPEGOBAHMS, — 3TO YIKe BTOpast 3aa4a, KO-
TOpast SBJSETCS ODHEHTUDPOM JUJIS TEXHOJOIOB TIPH pas
paboTKe ONTHMABHBIX TEXHOJOIHIECKHMX PEIKUMOB.

B npannoit paGore paccMaTpHUBAIOTCH CTPYKTYDHBIE
(aKkToOphI, KOTOPBIE, KaK M3BECTHO, SBJISIIOTCS 00bek-
TUBHOW PEaNbHOCTBIO, ONPEAESIOIEN CBOHCTBA Coe-
JUMHEHH}T, BbINOIHEHHDBIX PA3JINYHbIMU CriocobaMit CBap-
KH, B TOM 4MCJI€E IJIaBJjeHneM U naBiaennem [1-9], us
TAKMX MaTePHUasoB, KaK HU3KOJETUPOBAHHAS BBICOKO-
NPOYHAasA M ay CTCHUTHASI HepIKaBEIOI[as CTallb, a TAKIKe
CTLIABbI aTIOMMHUS, TUTaHa U Ap. Ilpeamerom msyue-

& MAPKAILIOBA J1. W., TPUTOPEHKO I'M., BEPJHHWKOBA E.H., 2010

HUSI SIBJISIIOTCST CTPYKTYDHbIE (DAKTOPDI CJIEAYIOUINX
THMOB: HeMmeTaanudeckye prawovenus (HB), apmun-
pytoye (yrpounsiomue) hasnl, hazoBble COCTOSHNS,
3aBUCALIHE OT NernpoBanus (epanT, heppur, GeRHUT,
MapTeHCUT U T. A.), C YYETOM TAKUX CTPYKTYPIHbIX
MapamMeTpoB, Kak BeJnuMHa 3epHa u cybaepHa (D,
d.), TIOTHOCTH AVUCIOKALMEA P U AD.

B nurane aHanM3a B3aUMOCBSA3U CTPYKTypa <> CBOH-
CTBA DACCMATPHBAIOTCST TAKXKE CJIEAYIOLIUE MDOLECCHI:
OCOGEHHOCTH NoKaJiu3anun redopMatny, ee paclpese
JieHue; CTPYKTYpHbIe YCIOBHUS (POPMHUPOBAHUS JIOKAID-
HBIX BHYTPEHHHX HANPSDKEHUN, HX U3MEHCHUE B TEPMO-
nedOpPMALIMOHHBIX YCJIOBMSIX CBAPKM M NOCJEAYIOLIETO
BHEIIHETO HAIPY)KEHUS; XapaKkTep M MEXaHU3Mbl peJlak-
CallMM JIOKAJIbHBIX BHYTPEHHUX HanpspKelmil, a Taxoxe
POJIb CTPYKTYPHO-(HA30BOr0 COCTOSIHUS MeTas/a B PO
LECCax pealM3aldy PA3JIHYHBIX MEXAHM3MOB DEeaKca
LMK 9TUX HanpsDKeHuH (3a CYeT MIacTHYECKUX MeXa-
HM3MOB WM TpelnHoobpasoBanvem). Hexortopsie npu-
MEpPbI TAKUX SKCIIEPUMEHTAIBHBIX ¥ aHATHTHUECKHX O/
XOZOB K OLEHKAM PUBEAEHB! B JaHHOH padoTe.

Bauanue HB Ha cBoficTBa CBapHBIX MBOB (NpOU-
HOCTD, YAAPHYIO BSI3KOCTh, XJAA0CTOMKOCTB, 00paso-
BaHUE CJIOMCTBIX TPEUIMH U Ap.) GbLIO HCCIEA0BAHO Ha
CBAPHBIX COEAMHEHNSX YIJIEPOAUCTLIX, HU3KOJIETHMPO-
BAHHbBIX KOHCTPYKLIMOHHBIX M XJAM0CTOMKUX cTajedt [6]
npu cBapke noj GUII0COM B 3aIMTHBIX ra3ax, 2JEKTPO-
Jl@Mil ¢ TIOKPBITHEM PYTHJIOBOrO H IJIBMEHUTOBOTO THNA
[7] u Ipu cBapke nox uUMpKOHUIACOAEPKAILNM (DJIOCOM
[8], Ha cTaGMIBHOAYCTEHHTHBIX LIBAX B 3ABHCHMOCTH OT
tuna docos [9] (0CHOBHOro M KHMCJIOro), a TAKXKE [PH
Pa3JIMYHBIX CIIOCO6aX BBITUIABKY CTany (KOHBEPTOPHbIH
WM 3eKTPOLLIaKoBbIH nepensias) [10].

BbLIO MOKA3aHO, YTO B 3aBUCHMOCTH OT Pa3MepoB
HB 1 X pacrpefesenns B MeTae [Ba POUCXOIUT
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opMUDPOBaHUE OIIPENENIEHHBIX AUCI0KALMOHHBIX KOH-
durypaunf, ux pasauIHON MJIOTHOCTH U, COOTBETCT-
BEHHO, PA3J/INYHbIX 10 MOLIHOCTH IOJEH BHYTPEHHUX
HanpsbkeHu. B ciyvae o6pa3oBanus MeNKogMCIEPC-
npix HB, HO npu nx nnoTHOM pacnpe/ie.leHud B Me-
tasjsie wBa (puc. 1, @) B 30HE UX CKOMIEHUH HAGIHO-
[ArTCs MOJAS C BLICOKOU IJIOTHOCTHIO AHUCAOKALMI U,
3Ha4nT, 06pasoBaHrie 30H C BLICOKUM YDPOBHEM BHYT-
PEHHUX HATIPSDKCIMN Ty, B 06MACTU CKOTIEHUH IICIeD-
cHoix HB. Oco6enno He6raronpusTHO pacipeeneHue
genoyex HB gawe aucnepenwix pasmepos (d, ~ 0,2~
0,4 mxm), croco6CTBYIOLIX (POPMUPOBAHMIO HATPAB-
JIEHHDBIX AUC/JIOKAUMOHHbIX HArPOMOKACHUH — KOH-
UEHTPATOPOB BHYTDEHHHX HANpPSDKEHHH Ty, COU3Me-
DUMDIX CO 3HAUCHHSMH TEODETHUUECKOH MPOYHOCTH
(Ty ~ Treop)- C ipyroii croponsr, HB Gosee KpynHbIX
pasmepos (d, ~ 1,5-1,7 MM) NpH PABIIOMCPHOM pac-
[pe/(CAEHUH BO BHYTPEHHUX ofbemax seped (puc. 1,
&) He Croco6CTBYIOT (POPMHUPOBAHHIO CKOMBKO-HHOY Ab
3HAYUTEBHBIX M0 BEAUYNHE AOKATLHBIX BHYTPEHHUX
HAMDsOKEHMH B MeTajule WiBa M, CJACAOBATENBHO, HE
OKa3BIBAIOT CYUICCTBEHHOTO BAUSAHUS HA TPELIMHOCTON-
KOCTb MOCTAJJIa CBAPHBIX COCAMHEHWH.

B pesy.sibTaTe BHINOJIHEHHBIX UCCICAOBAHMIL U aHA-
JULTHYECKMX OUEHOK ObLIHM ONpeNe/eHbl palHOHANbHbIE
YPOBHM AOCTATOUHOIO PACKUCICHUS METALTA 1IBa, o6e-
CMIEYMBAIOLINE HE TOJIbKO OOLee CHIKEHHE 00beMHON
nosm HB, Ho v 6ostee onTuManbHOE MX pacripefeneHue,
a TaioKke 060CHOBAH BbLGOD COCTABOB CBAPOUHBIX TRC-

Puc. 1. [lncnoxaumoHusie kondurypans (KOHUeHTpaTopbl
T,) B caydae ¢opmupoBanus auctiepcHoix HB (¢ —
%x10000), ux crkonucanit (6 — x10000) n HB, pasHomepho
paclpeyesichniibix Do BHYTpennux ofvemax 3epen (6 —
%x15000)

BOJIOK [7] 1 ucrionb3onanye GIII0COB OCHOBHOTO THITA
[UIST OTITUMM3AUMH CBAPKY YIJIEPOAUCTDIX, HU3KOJIEI H-
POBAHHBIX KOHCTPYKLIMOHHDIX 1 HEPXKABEIOLIUX CTaleH
co crabunbHoaycreHutHbiMu wpamMu [9]. Tloxasana
TaKJKe IIPEANOUYTUTEBHOCTD 3/IeKTPOIIIAKOBOTO Tepe-
MJ1aBa MeTaa, cnocoGCTBYOWEro He TOMbKO YMEHB
neHuro 06bemMHuo# noan HB, HO M paBHOMEDHOCTH MX
pacIipefesIeHHtsl, YTO B UTOTE 0OECIIeYMBAET [IOBBILIEHHE
CTOHKOCTH K 06pa30BaHMIO CJOMCThIX TpeinH [11].
Aprupyrougue u unmepmemariudnoie (hasvl B Me-
TAJIJIE€ CBAPHBIX COEMAMHEHH, KAK MOKA3ATH UCCAEN0-
BaHsl HA PA3JIMYHBIX CTDYKTYPHDBIX YPOBHSX, MPHU UX
YIPOUYHSAIOUIEM BJIMSIHHHM MOTYT B 3aBUCUMOCTH OT MX
Pa3MEpPOB CJYIKUTh HCTOYHMKOM paspylueHus. Tax, B
[pH CBapKe aJIOMHHUEBBLIX CILJIABOB, apMUDPOBAHHDIX
yacTuuaMu Kapbuga kpemuus SiC [12], Maxcumars-
HbIE MPOUYHOCTHDBIE XAPAKTEPUCTHKYU CBAPHBLIX COEMH-
HeHH ofecrieunpanTed npu paamepax vactun SiCdy ~
~0,6-0,8 mxm (puc. 2, @), Ysemudenue d, [0 Npu-
O6ANBUTENBHO 2 MKM ITPUBOAUT K HAPACTAHUIO YIIPYTUX
HATIPSDKEHU T BAOJb MOBEPXHOCTU Pasjesa aJIoMH-
Huepas Matpuna,/ SiC, 4T0 IOATBEPIKAAETCS [IPH 3JIEK-
TPOHHO-MHKPOCKOIIMYECKUX MCCIELOBAHUAX HA TIPOC-
BeT U3MEHEHIeM KOHTpAcTa B aToi obsactu (puc. 2,
6). B cBoio ouepeb, yBENMUEHE PA3ZMEPOB apMUPYIO-
wux dasz A0 NPUBIUIUTEADHO 3 MKM NTPOBOLMPYET Jia-
BUHOOGPA3HOE MOBBIIIEHHE AUCIOKALHOHHON IIOTHO-
CTM KaK B/IOJIb [IOBEPXHOCTH pa3zesa, TaK U BO BHYT-
peHHux o6bemMax Ga3z SiC u, Kak CjAeLCTBUE, BO3PAC-
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3040 100

Puc. 2. Hucuiepcnbie apMupylowue dactuubt SiC o Mertanse
cBapubix coepunernii (a — x30000), poct n0KanbHbIX Ha-
apsbRennil  BAOAL IOBCPXIOCTH  pasyesa  aJloMyHHEBas
marpuuta/SiC u vo BuyTpenuux obpemax SiC das (6 —
x20000; ¢ — x30000)

do>> 3 MM

al

TaHKe BHYTPEHHUX HAMNpPSIKEHUN M TPeUHHO0Opa3oBa-
HME B CaMHX apMUpylowux ¢aszax u no mMexkdasHbIM
rpanuuam (puc. 2, g).

Da3zosvul cocmag mMemaina 3oust coedunenus. Ha
IIDUMEDE CBaPKH BBICOKOITPOYHBIX CTaIel, KOTOpbie OT-

JIMYAIOTCSI ITMPOKUM pasHoo6pasueM dha3oBbiX COCTAD
JISLIOUIMX B CTPYKTYpe coeannenuii (peppur, nepaur,
GefHUT, MAPTEHCUT M T. [.), IYTEM JKCIEPUMEHTAD-
HBIX UCCAEAOBAHMN M MOCAEAYIOUINX aHAAMTHYECKUX
OLEHOK OMpeesieHO BJANSHNE KOHKPETHBIX CTPYKTY -
HO-(Pa30BbIX COCTaBIAIOWMX HA obulee HM3MEHEHHE
IPOYHOCTH, MJAACTUYHOCTH H TPEIMHOCTOHKOCTH CBAp-
ubIX coeguuenuit. Ecau auddepeHunpopaHHbli BKIAA
PA3JIMYHBIX THIOB CTPYKTYpD B W3MEHEHHEe CBOHCTB
npouroctu (0g y, 0y) 1 nacTudrocTH (K.) OUeHHBaH
Ha OCHOBE H3BeCTHBIX 3aBucumocrteilt Xosna—Tlerua,
OpoBana, Kpaddrta u ap. [13—-16], 10 TpeumHOCTOH-
KOCTb B 3aBUCUMOCTH OT CTDYKTYD ONpENessiIa B CO-
OTBETCTBHH ¢ 3apucumoctamu Ctpo u Koxpasga no xa-
pakTepy GOPMUPOBAHUS AUCJIOKAUMI B 3TUX CTPYKTY-
pax HenoCpeACTBEHHO MOCJE CBAPKY, a TAKKE M0 Ju-
HaMHKe JUCJOKAUMIT DU TOCAEAYIONIMX BHEIIHUX Ha-
IPYKEHUAX (CTaTUYeCKMX, AHHAMUYECKMX, LINKIHYeC-
KUX ¥ T, I1.). B 3aBucumocTu OT pacrpegesenus ¢op-
MUPYIOLIMXCSA UCAOKAUNOHHBIX KOHDUTY pauuii U, co-
OTBETCTBEHHO, MOIIHOCTH JIOKAJbHbIX BHYTPEHHUX Ha-
NpsUKEeHul, a TAKKe WX HPOTAMKEHHOCTH OUEHHBAJIH
CIIOCOBHOCTb CTPYKTYPHbBIX COCTABASIOUMX METAMMA K
peJlaKcaliyl HAPaCTALMX BHYTPEHHUX HANPSDKE

HUR — sn60 MO MEeXaHU3MY MJACTHYECKON pesakca-
uuy, Jnbo Xpynkum paspylenuem [15, 16]. B pesynn
TaTe UCCAENOBAHUsI CBAPHBIX COEAMHEHNH BbICOKOIPO-
yHOM cTasn 17 X2M, BhINOAHEIIbIX TPOBOJOKAMH Das-
muynoro tuna (peppuro-nepaurHoro P-I1, aycrenu-
T0-pepputHOro A-(h 1 MapTeHCHTO-6eHUTHOrO M-1),
KOTOpbie ofecriequBann (GOpPMUPOBaHUE B COeAMHE-
HUSIX BIIOJIHE OIIPEJEIEHHOIO CTPYKTYDPHO-(Da30BOro
COCTOSIHUSI, NIOKA3aMU CJeyIoLIee.

Haun6onbwuit pucddepenunpoBanbli BrIag B 06
unit (MHTErpasbHbIil) YpPOBEHDb MPOYHOCTHBIX Xapak-
TEPUCTUK BHOCST CTPYKTYPBI MApTEHCHUTHOTO THNA
(Aom ~ 20 %) u Geiinuta HHsKHEro (AGEy ~ 3045 %),
a HAUMEHBUIMM M0 BKJAAY SBJSETCS TUCA0KAUMOHHOE
M 3€pEeHHOEe YIpOYHEHWe. AHAIM3 YIPOUIIAIOErO
sriaga By (Acpk) no ero cocrasasiowmM (BeanyHa
3epHa Acs, cy03epHa Acc M 4acTHL KapOUaHbIX (a3
AGy) B MHTErpafbHYy MPOYHOCTD 00,2 [JISI CBAPHDBIX
COEJIMHEHMN C UCC/IeAyEeMbIMU TUITAMI HATlJIABOK TOKa-
3aJ1, 4TO BEJHUHHA TAaKOTO YIIPOUHEHHS 32 CUET CTPYK-
1yp By umeer caeayioume 3naverns, Mlla: ana @-11
Acpu ~ 287, anst A-D Aoea ~ 395 u nisa B-M Aoy ~
~ 438, Kak BuHO, 3TOT BKJAI BO3pacTaeT IO Mepe
nepexona ot M-11 k A-D u b-M tunam msos (puc. 3).

PesynbraTbl OUEHKY Ti.py, & TAKIKE COOTHOLIEHMSA
9TUX 3HAUEHUH C TEOPETMUECKOH MPOYHOCTHIO MaTe
puasa, NpUBEAEHHbIE Ha AuarpassaX (puc. 4) as
Pa3/IUYHBIX BAPHAHTOB XMMITECKOrO COCTaBa MeTallla
wsa (DO-11 u M-Bb tuna), noxasbiBaT CJAEAYyIOUIee.
Beicokue 3HAUEHUS Tn gy AJISL COOTBETCTBYIOLIMX 30H
CBAPHOTrO COEJMHEHUS XapaKTEePHBI NPH UCMNOJb30Ba-
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225)

By 37 % (137)

Aay

(ppepernurpoBalinbtit BiJIaA OTACTbHbBIX CTPYKTYPHbBIX 11apaMeTpoB B

[IpUpaliciMe npeaeaa TekydecTd Ao, B Meranie wsa ¥ 3TB npu csapke upososokoit Cs-082C (a) u Cp-10XH2ICMDTIO (6): [ —

pacCroanue or oCH WwBa

uun -1 npososoku (puc. 4, @). MakcumasnbHbIe 3HA-
YEHNA Tn.pn Ha ypoBHe 3800—5600 MIla, yro cooTBeT-
cryer npubauntenso (0,45-0,67)treop, npuuen,
NpY CPaBHUTENbHO DPABHOMEDHOM UX DACIpeleNeHiu
10 MeTajly COOTBETCTBYIOLENH 30HbI CBAPHOIO COE/M-
HeHusA, HAGIIVTAI0TCA NPH Mcrmons3osanun M-b csa-
pouHOK rpoBosiokr (puc. 4, 8). DTOMY, NIO-BUIMMOMY,
CMOCOBCTBYET, UTO M MOATBEPIK/IAETCH CTPYKTYPHBIMU
uccaefoBaHusIMI, (POPMUPOBAHHE MEJIKO3EPHUCTBIX
cTpykTyp M 1 bu. Kax BHpHO, XapaxTep CTPYKTYp,

DOPMUDYIOLNXCS TIPK UCIIONIb30BAHMH PAa3TMYHbBIX I10
XUMHYECKOMY COCTaBY CBAPOYHbIX IPOBONOK, CYWEC
TBEHHbIM 00Pa30M BJIMSIET KaK Ha pacupeleJeHne, TakK
M Ha yPOBEHDb JIOKAJBHBIX BHYTPEHHUX HANpPSDOKEHUH
MeTa/lJla CBADHBIX COEAMHEHHH.
Cmpyxmypro-ghasogoe cocmoanue npu Cceapre
dagienuerm. AHATUTHYECKMH TIOAXOL K OLIEHKE B3ail-
MOCBSI3U MCXAHHYECKUX CBOHCTB U TDELUMHOCTOHKOCTH
GbI IPUMEHEH U [JI YCJIOBMH CBapKy fasierueM (oT
pexcumon IuddY3UOHHON CBaPKK 10 CBAPKH B3PHIBOM)
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OCTaBJEHNHU C TSOPSTHLIECKOﬁ NPOYHOCTBIO Tecop ((1, 6‘) B Pa3aHYHBIX

CTPYKTYPHbIX 30Hax Mx nokanu3daunn: B, (6 — x30000), 5, (z — x30000), >, M u rpaHull UX COUPSDKEHMI HA ydacTKe Neperpesa crajn

17X2M upu ceapxe upososokoit Cs-0812C (@, 6) u Cu-10XH2IC

Pa3HOPOJAHDBIX METaJJIOB U CIIJIABOB, YTO IO3BOJIUJIO
BBLISIBUTb OCHOBHbBIE CTPYKTYpPHbIE (HaKTOPbI, Crocot
CTBYIOILME YJIYYIUEHHIO TPOYHOCTH, IJIACTHMYHOCTH U
TPELUMHOCTOMKOCTH.

IloMumo Taxux ob6wenssecTHbIX HaKTOPOB, CHO-
COOCTBYIOLMX TOBBILIEHNIO KAaYeCTBA COEMHEHUI IPU
CBapke /aBJeHueM, Kak obecriedeHue MaKkCHMaJbHON
mIowa y HU3NIEeCKOro KOHTaKTa, Hajauyne oOLWUX 36
DEH, OTCYTCTBME rPAZUEHTOB [0 BEJUYUHE 3ePHA B/IOIb
JIMHUM CILJIABJEHUS U T. 1., B COEJMHEHUSIX PAZHOPO/-
HBIX MaTEPHAJIOB NPOSIBJAIOTCS U ClleHDHYECKHe 0CO-
6eHHOCTH, KaDAMHAIBHO BJUAIOLIME Ha UX CBOMCTRBA. ITO
npouecch! ha3zoolpasoBaHna B 30He KouTakta [17], xoto-
pble ObLIH UCCJENOBAHDL IPY PA3JIMUHBIX CKOPOCTSX CBa

MO®TIO (s, 2)

poaroro aedpopmuposanns (€, ~ 11074-1.10° ¢
MIpUMEDDBI KOTOPBIX [Pe/iCTaBJIEHDbl JIUIA COeJHHEHHH
cramu Cr3 ¢ amoMunneM AJl1, BbINOJHEHHBIX AHD-
(by3uOHHOU CBApKOH, CBApKOW TPEHHEM H B3PLIBOM
(puc. 5). BblIo MoKas3aHo, 4TO, KPOME YIIPOYHEH M 32
CUET M3MeJIbUeHHS 3€PEHHON CTPYKTYDBL U CYOCTPYK-
TYpPBI, YIPOYHEHNE B 30HE CBAPKH B 3HAUUTEIbHON CTe-
TIEHU MOXKET 0GECTeYnBATHCH 33 CYET HOBBIX a3 Mesr-
KOAMCTIEPCHOH Mopdosoruy pu yeaosuy ux Gopmir
POBAHUS HETIOCPECTBEHHO B TIEPEXOHON 30HE CO CTO-
POHDB! MEHee TIPOYHOrO MeTajja, B J{@HHOM CAydae —
amomunvst.  CTpykTypHO-pa3oBoe COCTOSHHE 30HDBI
CBapiy NOJOGHOTO THIIA IPH YCJOBUH PABHOMEDHOTO
pacnipesenenns B Hell gucnepcHbrx a3 co3gaeT co
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Puc. 5. dbasoobpasosanue B 3otie konTakTa crany Cr3 ¢ anoMHuMeM
AJl1: BRyTPHOGDEMHOE PaCHPEAENEHHE AHEHEPCHBEX (a3 CO CTOPOIIbI
amomunus (@ — x30000) u dopmupovaure xpyncnx Gas uirep-
meraaporo tuia (6 — x680)

CTOPOHBI MCHEE TIPOYHOIO MeTasi1a (aMIoMUHKs) 0CO-
60e CTPYKTYPHOE COCTOSIHHE THIA «KBA3UKOMIIO3UTA»
(puc. 5, @), 4TO 1103BOJAET HUBEIUPOBATE OGBIYHO Ha-
6110 JaeMbIi B pA3HODPOHBIX COEJHHEHUSIX Pe3KHH rpa-
JIMENT MEXAHWUECKHUX CBOMCTB. Taxkoe cocrosiHue, Kax
MOKA3a/M UCC.1CNOBAHNUS, MOKET ObITh NOIYYEHO PU
HCIIOJIb30BAHMH BBICOKOCKOPOCTHBIX CIIOCO60B CBAPOY-
HOTO 1eDOPMUPOBAHNS .

B ycioBuax cBapki, CTiOCOGCTBYIOLIMX POCTY HO-
Bbrx (hazoBbIX 06pA30BaHUMN, KaK TPABUJIO, HHTEPME:
TadaMaHbIX a3, Habmogaercss GopMUpoBaHne Tpe-
WMH B Pazax nogoOHOTO TUNA U NOCAEAYIONIEe Pas3py-
ureHue cBapHOro coenunenus (puc. 5, 6).

TaxuM ob6pasoM, Ha OCHOBE yueTa Haubojee K-
YEBBIX CTPYKTYPHO-(a30BbIX NapaMeTpoBR pa3paboTaH
JKCNEPUMEHTANBHO-aHA IHTUYECKUI NOAXOA AJS CTPYK-
TYDHOM OLTUMM3ALUHU TPOYHOCTH, TJIACTHYHOCTH U
TPEIIUHOCTOUKOCTH CBAPHBIX COEAMHEHUH, MeTasLion
U CIIJIABOB.

4.

12.

13.

14.
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MATEMATHYECKOE MOAEJAHUPOBAHHE B CBAPKE

AHAIUTHYECKAZ

OIIEHKA BKJIAZTIA

CTPYRTYPHbBIX ITAPAMETPOB
B NI3MEHEHHUE MEXAHUYECKHX CBOMCTB

HUHCTPYMEHTOB U

JNETAJIEIT MAIIIH

IIOCJIE UMITYJbCHO-IIIABMEHHOI OBPABOTKI

Mapxawosa JI.H., Twopun IO.H., Baaresuu M./JI.,
Koaucnuuenxo O.B., Beponuxoea E.H., Kywunapesea O.C.

Hucmumym saexmpocsapxu um. E.O. [Tamona HAHY, Kues, Yxpauna

C ueJsibio NPOAJIEHHS AKCILTYATALKHOHHOIO Pecypca 1ale Ml n3 crann 40X, o6paboTaHHbIX MMITyAbCHOH NJ1a3MOL, paspa-
60TaH AHANHTHYECKUH 11I0XOL [t CTPYKTYPIIOA ONTHMH3ALMH MEXAHHYECKHX CBOMCTB 110BEPXHOCTHBIX cnoes. [Ipeacras-
JIeHHbIH METO/ 1103BOASET BBIABJSTE CTPYKTYDHbtE 11APAMETPbl, CIIOCOGCTBYIOIIHE CHHIKEHHIO MM [OBLILIEHHIO MEXAHM-
YECKHX CBOHCTB paGo4MX NOBEPXHOCTEH AeTaNel U HIICTPYMEHTOB, 18 KOPPEKTHPOBKH PEIKUMOB HMIYNbCHO-111a3MEHHOH

06paboTKH.

B coBpeMeHHON MalIMHOCTPOMTE/BHOM TPOMBILIJIEH-
HOCTH yZessteTcss 6oJplIoe BHUMaHKUe npobjeMam MNo-
BbILIEHH S HAAE KHOCTH, 3KOHOMUYHOCTH U PECYPCa Bbl-
MyCKaeMbIX MALLMH U arperaTos. VX peienune tpebyer
NPUMEHEeHUSI MaTepUason, ClIOCOOHbIX paboTaTh B pas-
JIMYHBIX arPeCCUBHBIX CpeAax, B YCJIOBHUSX BBICOKHMX
TeMIepaTyp ¥ JaBJEHMH, HHTEHCHBHOrO abpa3uBHOIO
M3HOCA, I[OBBIWEHHBIX BUOpAUMH IpH MepeMeHHBIX
KOHTaKTaX, YAapHbBIX, CTATUIECKUX HArpy3Kax u T. [.
B03MOXXHOCTD NPOAOIIKUTENBHON IKCIITYATALMH LeTa-
JIelt MaUIMH ¥ APYTUX U3JEJHI, UX JOJTOBEYHOCTD KaK
B OCHOBHOM, Tak M B DPEMOHTHOM NPOH3BOACTBAX, a
TaKIKe BO3MOXHOCTH HOBBIX BBICOKO3(h(MEKTUBHBIX Pe-
cypcoc6eperarominx TexHonoru [1-12] Bo MHOrMX
CJIy4aAx CBS3AHBI C M3HOCOCTOMKOCTBIO MaTepuaJoBn,
13 KOTODBIX OHM U3rOTOBJIEHbI. MeXaHU3Mbl MX H3HOCA
PA3/IMYHBI U 3aBUCAT OT ycaosui. B ciyuae abpasus-
HOTO M3HOCA, KOrZa TBep/ble YacTHIbl abpa3uBa, Ha-
MPUMED, MECKA, BBHIPLIBAIOT MeIbualline KyCOYKU Me-
Tal1a, CTOHKOCTD K M3HOCY 6YZeT ONpeaessiTbhes Co-
IPOTUBJIEHUEM MeTaJslla XPYIIKOMY Pa3pyLIEHHIO ¥ ero
TBepAOCThIO. IIpu HaMMuMK arpecCUBHbBIX CPEA COMPO-
THUBJIEHUE U3HOCY 3aBHCHUT M OT KODPO3UOHHOM CTOH-
KOCTHM MaTepHaJja.

MmxeHepus 0BePXHOCTH OOBEAUHSET METOLI Ha-
IIPaBJEHHOIO U3MEHEHUsT PUIMKO-XUMUUECKUX CBOMCTB
NOBEPXHOCTHDBIX CJ0EB MaTepuaJsoB myteM aedopmu-
POBaHMS, MOAMQPUUUPOBAHMUS, JETMPOBAHUSI, HAHE
CeHMsI TJIEHOK, 3aUIMTHBIX CJI0€B, MOKPBITUH, & TAKIKe

© MAPKALULOBA JL.W., TIOPHUH I0.H., BAJIEBUY M.J1., KOJMCHHUYEHKO O.B.,

YIpPAaBJIEHUsI TEOMETPUYECKUMU TTaPaMeTPaMH MOBEPX-
HOCTH.

Llenry nannoi paboThl 3aK/II04ATACh B OIPeAETeHIH
CTPYKTYPHO-DA30BbIX M3MEHEHMH YIIPOYHEHHbBIX CJIOEB
u3 craau 40X, 06pasylouIMXCst TP UMITYJIbCHO-T1IA3-
MeHHOHU TepM0o06paboTKe, U B pa3padoTKe aHATUTHYEC
KOr0 NMOAXOAa AJSI CTPYKTYPHOM ONTUMM3ALMKU MeXa-
HHUYEeCKUX CBOHCTB MeTasjla [TOBEPXHOCTHBIX CJIOEB.
PesybpraThl MOAOGHBIX MCCIEA0BAHUNH HEOOXOAMMBI
[JIST ONITUMH3ALMM TEXHOJIOTHH MMITYJIbCHO-TIJIA3MEH-
HOIO yTIPOYHEHMSI.

WMccenenosanu BansHUE UMITYJIbCHOTO BO3AeHCTBUA
NJa3MeHHON CTpyM Ha MOAUMHUIIMPOBAHME TIOBEPXHOC
THBIX cJ0eB 06pasuos u3 cranu 40X npu yaenpHoM
TEMJIOBOM TOTOKE Q = 6,5-108 Bt/ v

WcenegoBaHust, BbITOJHEHHbBIE METOAAMM ONTHYEC
Koit Metasorpadu, pacTPOBO 3MEKTPOHHOM aHa -
THYECKOW MUKDOCKOTMM M IHPOCBEYMBAOIIEH 3JEKT-
POHHOI MUKPOCKON UK Ha ofpasuax u3 crasu 40X, no-
kaszaau (puc. 1-3), 4T0 B pesysapTate 06PaGOTKH MO-
BEPXHOCTH METAJJIA MMIIYAbLCHOH IJIa3MOU Ha MoBep-
XHOCTH o6pasyetcst coit (cMm. puc. 1, @) meskoaucnep-
CHOTO MapTeHcHuTa raybuHoit 1o 70 MM, MuKpoOTBEp-
JI0CTH 3T0r0 €105t B 1,4 pasa soiue (6550-5160 MIla),
yeM OCHOBHOTO MeTasia (cm. puc. 1, 6). lanee o6pa-
3yeTcs oM ray6unoit 1o 30 MKM € TPOOCTUTOMApPTEH-
CUTHOW CTPYKTYPOH, AEMOHCTPUDPYIOIIMH 3HAYUTENH-
HOe CHIDKeHHe MUKpoTsepaocty Ao 3860 Mlla. B xan-
HOW 06J1acTH IIPOLECC HArpeBa M NOCAEAYIOUIETO OX-

BEP,ULIMKOBA E.H., KYUIHAPEBA O.C., 2010
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MATHEMATICAL MODELLING IN WELDING

\ O6padoTania
HOBCPXNOCTD
(& ~ 40=70 yican)

10])(‘,‘((),[“&1” SOIa

(&~ 20=30 ™)

OCHOBIOIT MeTLL

5|

5930 MIla b

4730 MIla

p
0

Puc. 1. PeayabTaTel Hecaep0Bankn 06pasuos u3 crann 40X nocne o6paboTiy ustityascioit naassod (a — x250; 6 — xS00)

JKAEHUA MOYKHO PacCMaTpUBaTh KAK CBOEOGPA3Hbiil
ornyck. s CTPYKTYPbI OCHOBHOTO MeTaJslia (BepxHuil
B, ¥ HrkHME By, GeHHUT ¢ HE3HAYUTEIbHBIM KOMHYEC-
TBOM MapTEHCHTA) XAPAKTEPHO yBEJUUYEeHHEe pa3Mepa
3epEeHHON CTPYKTYpbl J0 12-25 MKM M TOBbIILIEHHE
MUKpOTBEPAOCTH A0 4120-5090 MIla.

Uccneposanus mMeToqoM npocBednBalouiess daext-
POHHOH MMKPOCKOTIMH MO3BOJIMIN OTIPEAEIUTD LOMOJ-
HUTEJDbHDbIE CTPYKTYPHDIe (PaKTOpbl — XapaxkTep pac-
npeeseHnst U TUIOTHOCTD Ae(eKTOB KPUCTALINIeCKOH
pewetku (cm. puc. 2). Tak, eciv B NOBEPXHOCTHOM
cJ10€ HabJII0OAAeTCs CTPYKTY pa MEJTKOAUCTIEPCHOTO Map-
TEHCHTa ¢ PaBHOMEDHDBIM PACIIPE/eCHUEM MOBDbILICH-
HoH muotHocTH Aucoxauuit (p ~ 2:10''-4.10"" cm?)
6€3 rpa/IMeHTOB AMCIOKALMOHHON IJIOTHOCTH, UTO Ipe-
[JOTIPEAeSIAET OTCYTCTBUE JIOKAJIbHLIX BHYTPEHHHX Ha-
NPSDKEHUH M TPeLIMHO06pa30BaHNe B 9TOH 30HE, TO B
NMEePEXOAHOM CJI0E OTMEYEHO yBeJMUEelie pasMepon
CTPYKTYDHBIX 9J/1eMeHTOB (MIO/bYATBHIX CTPYKTYP) M
3HAYUTENbHOE YMEeHbIIEHHE IJIOTHOCTH AUCJI0KALMI TT0
CPaBHEHMIO C TNPEAbIAYLIEM CIOEM, UTO CBUAETE/LCT-
BYeT O BLICOKOM TeMICPAaTypPHOM IrPagHEHTE, T. €. [IPo-
TEKaHWN CTPYKTYPHOro otmycka. Taxkoro turna crpyx-
TYypPHbIE W3MEHEHUA JOJDKHDI IIPUBOAUTD K 060Jiee HU3-
KUM [IPOYHOCTHBIM XapPaKTePHCTHKAM, YeM B MOBEPX-
HOCTHOM CJIOE,

Ha 6a3e KOMIIEKCHOrO MCCie0BaHNUs paspaboTaH
HOBBIH CTPYKTYDHBIH MTOAXOA AJISt OUEHKH MeXaHyec-
KHX CBOHCTB paBOyMX ITOBEPXHOCTEH H3AeAMH 13 CTaIu
40X mocsie yIpoUHSIIOLIEH UMITY NbCHO-TIIA3MEHHOM No-
BEPXHOCTHOH 00paBoTKu, MO3BOJUBULINN ONpPEAETHTD
P PepeHUMPOBAHHbIN BKIA/ KaXKAOTO CTPYKTYPHOIO
taxropa (pasmepa sepra u cy6sepHa, MIOTHOCTH AHC-

JIoKaUuMH, a30Boro cocTaBna u T. m.) B 061Ul YDPOBEHD
NPOYHOCTHLIX XapaKTepucTvk (Gg9, Op) M ILIACTHY-
nocty (K |,) MOBEPXHOCTH [0 OTHOIIEHHIO K OCHOBHOMY
MeTaJLy, YTO SIBUJIOCH OCHOBAMUEM [JISI KOPPEKTHPOB-
KH TEXHOJOTHH C LenbIo (POPMHPOBAHHA ONTHMAaIbHO-
ro C TOYKM 3PEHMSI CBOHCTB CTPYKTYDPHOIO COCTOSIHHSA
MOBEPXHOCTHDBIX CJIOEB.

KosnyecTnennas OUEHKa yNpOYHeHus (Ipupatie
HHSL TIpeeia TeKydecTn), 06yCJIOBJIEHHOrO KaXIbIM
W3 CTPYKTYPHDIX apaMeTpoR, BbIIOJIHSANACD TIO pa3pa-
GOTAHHOU MeTOAMKe C yUeTOM 3aBHcuMocTeil XoJsa—
[lertya, OpoBana u T. 4.

PeaynbraTsl 3KCII€PUMEHTAIbHBIX HCCIEI0BAHNI U
QHATMTMYECKHX OLEHOK (cM. puc. 3) rokaszanau, uto B
06pabOTAHHON MOBEPXHOCTH CYMMApHOE YIIPOUHEIe
200, coctansieT okosio 2086 MIla (mportus 1551 Mlila
B OCHOBHOM METaJuIe), a HanGoIbLIMil BKIAA B OOLIH
YPOBEHD IPOYHOCTH BHOCHT H3MEJbYeHHe HI0Mb4aToMH
(MapTeHCHTHOH) M peeuroi CyGcTpykTypsl (AG, \ ~
~ 1000 MIla; Ac, ~ 693 MIlla) U AMCJIOKALMOHHOE
ynpounerne (Ao, ~ 342 Mlla), o6ycioBaeHHOe 3HA-
UMTEIBHLIM TIOBbILIEHNEM TJIOTHOCTY AUCHOKAUME B
MIOBEPXHOCTSIX IPU uX 06paboTke. B nepexoaHol 3one
CHUIKEHUE YIIPOYHEHHS CBA3AHO C HEKOTOPBIM YBEJIH-
YeHHeM Pa3MepPOoB PeeYHOH CTPYKTYphl BCJIEACTBHE pe-
JIAKCALUMOHHBIX [POLECCOB W CHMYKEHHMEM ILJIOTHOCTH
micaokaunit (Ao, ~ 178 Mlla). Jlusg ocHOBHOTO Me-
TaJl1a XAPAKTEPHO YBEJMUeHHE A0TH CY6CTPYKTY PHOTO
ynpounenus B Oedinute (g0 882 MIlla) u mucio-
KAUMOHHOTO yripourerus (Ac, ~ 199 MIla).

Jlono/HUTETBHO OLEHHBAIM CKJIOHHOCTb MeTaslla
K XPYIKOMY Pa3pyLIEHHIO IO BCEM 30HaM H3J10Ma, OC-
HOBAaHHDIC Ha paCYeTe IJIACTHYHOCTH 110 3aBHCHMOCTH
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30034 16
. '

N =0,29-0,62 mrn

Puc. 2. Pacnpenesienue u MI0THOCTb AeEKTOB KPUCTAINHYCCKON PELIETKH 10C/HE MMINYNBLCHOIO BO3AEHCTBUA TJIA3MEHHON CIDYH! @ —
obpaGorannan nosepxxoctb (§ ~ 0~70 mMkm); 6 — 10 MKM OT 1OBePXHOCTA

Kpadgdra ¢ y4eToM CTPYKTYPHOIO COCTOSIHUA MO [JIy-
61He 06paBOTaHHON TOBEPXHOCTH:

K = (20,8,E)'""

Ha puc. 4 B xauecTBe nprMepa COYETAHUS CBOUCTB
IIPOYHOCTH U IIJaCTHUYHOCTH IpUBEJEHA AMarpamma
KOHCTDYKTHBHOH ITPOYHOCTH MeTaJja. B JJaHHOM CJIy-
vyae BesnyuHy K|, OLIEHHBAJIM MO 3aBUCHMOCTH, OCIIO-
BBIBasACh HA KPUTEPHAX JTUHEHHON MEXAHUKH Pa3pyLle-
HMSI C YYETOM BKJIAAa MEXAHU3MOB YIIPOYHEHUSA, BJIUAIO-
X Ha NpUpaulenne G; U MUKPOMEXAHU3MOB Paclpo-
CTPAaHEHUS TPELUMHDB! B KaXAOM KOHKPETHOM CHyyae,
a TaKyKe Ha pesysbTaTax aHalu3a CTPYKTYPHBIX d (palc-
Torpacuueckux ocobeHHocTel Metasa. [pu atom ans
oueHkH K, MCNOAb30BaNN IKCIIEPUMEHTAIbHbIE JaH-
Hple ppaxTorpaduyeCKoro aHaJu3a U3JIOMOB, B dCT-

AG,, MIla
1200

2% M
1000 5
800
600
4004
200+
0 +-

0-70 70-100 110

Pil(,‘(,”l'()‘/{llll(,‘ OT HOBCPXHOCTI, MICM

HOCTH, pasMep (aceToK MM AMOK Ha MOBEPXHOCTH
paspyuwenust dy, 3HAUYEHHe KOTOPbIX MPHUPABHEHO K
3HAYEHMIO KPUTHIECKOTO PaCKPhITHS TPELIMHEL O,
AHANN3 AMarpaMMbl KOHCTPYKTHUBHOH MPOYHOCTH
MOKA3bIBAET, YTO BA3KOCTH B TOBEPXHOCTHDLIX CJOSAX
(3oHa wn3aoMa [) B cpemHem cocrasisieT Ky, =
= 58 MTla/m'/?, yro cooreercTBenno Ha 3 u 10 %
HIDKE 10 CpaBHEHUIO C TepexoHOi 30HOH (30Ha
u3soma 1) v ocHOBHbIM MeTasioM (30Ha usnoma [11),
TloxasaHHble fOCTHIKUMDbIE codeTanus K, # G CBU-
JETENBCTBYIOT O CYLIECTBEHHOM BJIMSIHMM Ha IOKa3a-
TEJIM KOHCTPYKTUBHOH ITPOYHOCTU CIPYKTYPHbBIX apa-
METPOB, ONPeAESSIIOIHMY PealH3aLuI0 MUKPOMEXaHM3-
Ma pacrpoCTpaHeHHs TpewuHel. Tax, B 06/1aCT nepe
X0/[a OT MOBEPXHOCTH B OCHOBHOM MeTaslJl MPOUCXOAUT
CMeHa XapaKTepa Pa3pyIIeHHs OT KBa3UXPYINKOrO K

40 %o by

G, = 0ytAC L pHAC TAG TAGHAC, TAC Ly
B Ao, ~ aepennoe
B Ace - cyGaepennoe

AG = NCAOKAUTONTOEC

H Aoy - sucnepaonnoe
vipodienue

Puc. 3. PesyanTarbl CPABHHTENBHOTO aHANK34 NPOYIIOCTH 00padoTanHbiX 00pasios 13 cran 40X
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Puc. 4. CkJIOHHOCTD MeTas1a K XPYIIKOMY Pa3pyLieHHIo 110 3ouam usaoma [—11]

BA3KOMY. JTO 00YCJIOBJIEHO CTPYKTYPHO-(ha30BbIM COC-
TOSTHMEM MeTaJI/Ia, TOYHee, CHIKeHUEM O6beMHON 10U
MEJIKOAUCTIEPCHON MAPTEHCHUTHON COCTABJISIOWIEN, T10-
BbILIEHVEM g0u GelfHWTa, yMeHBbIIEHWEM IIOTHOCTH
JUCIOKalUH, yBeJUUEeHHEeM 0K CYO3EPEHHOU CTPYK-
TYPHOH COCTABJISTIOLIEN.

O6umit u getafbHbId anana usjoma (CTPYKTyp-
HBIX COCTaBJISIONX MHKPOpenbeda MOBEPXHOCTH Pas-
PYWIEHHMSI), a TAK)Ke AHANMUTMYECKAS OLEHKA CKJIOH-
HOCTHY MEeTa/lTa K XPYNKOMY Pa3pylUeHHIO 110 BCeM 30-
HaM M3JIOMa II0Ka3aJjH, UTO UMITYJbCHO-TJIa3MEHHAsA
o6paboTKa ynpoyHseT NoBepXHOCTHhle caon (naer
MaKCHMaJIbHOE yNPOYHEHHE) TIPU HE3HAYUTENLHOM
CHYDKEHHHU MIACTHYHOCTH, YTO HA CTPYKTY PHOM YPOBHe
o6ecrnedrBaeTCsl OBBILIEHUEM MTJIOTHOCTH JUCTOK AL
1 GOpMUPOBAHUEM MEJIKOJUCIIEPCHON MapTEHCHUTHOM
CTPYKTYDBHI.

C HCI0Ib30BaHNEM SKCIIEPUMEHTANBHbIX JAHHBIX [10
H3MEHEHHIO TIJIOTHOCTH IUCIOKALHE 0, XaPaKTepy UX pac-
NpeeaeHNsA B CTPYKTYPE MeTA/Ia P K MITyIbCHO-TIIa3
MEHHOM 06paGOTKe MOBEPXHOCTEN Oblia BBITOJHEHA
AHAMUTHYECKAst OLIEHKA JIOKAMBbHBIX BHYTPEHHMX Hanpst
KEHUH T,y 10 rIybuHe o6paboTku & OT BHewHel rmo-
BEPXHOCTH O OCHOBHOrO Mertasina. OLeHKa Mo 3aBu-
CUMOCTH Ty = Gbhp /7(1 ~ v), tne G — MOZyJb CABHTa
(84000 MTTa); b — pexTop Broprepea (2,510 cm); 7 —
Tosmua dompru (2107 em); v — xosduument ITy-
accora (0,28); p — MJIOTHOCTD AUCIOKALMI, TOKA3A/a,
YTO MaKCHMAJbHDBII YPOBEHD Ty [0 NPHOIM3UTENBHO
7400 MlIla na6mnionaercs ¥a NOBEPXHOCTH rny6uHON 0
70 MKM BILIOTL 1O népexozmoro CNIOA CO CTPYKTYPOH
YACTUYHOTO oTIycKka. B 3ome nepexoga (8 = 70-100 mxm
OT BHEUIHEH [OBEPXHOCTH) YPOBEHb Ty, CHIDKAETCA H
coctassser okoso 1500 Mlla. HekoTtopoe moBbiieHue
Ty N0 Opubmusntensro 1900 Mlla xapaxtepHO st
CTPYKTYpbl ocHoBHOro Merasia (8 = 100 mxm).

PesysibTaTpl npoBeReHHON OUEHKH RAHOT BO3MOXK-
HOCTb CIIPOrHO3UPOBATh, (DOPMUPOBAHKE KAKOTO THIIA
CTPYKTYPbl TIPH HMITYJbCHO-TIIA3MEHHON 06paboTKe

JaCT ONTHMAJbHBIE MEXaHWYECKHe CBOHCTBa, a KaKoe
nprBefeT K CHYDKEHMIO [IPOYHOCTHDBIX XapaKTEPUCTHK.
ITpombIlILIeHHbIE UCTIBITAHKS 06pa3LoB u3 crtaan 40X,
06paGOTAHHBIX IJIA3MEHHO-AETOHALMOHHBIM METOAOM
Ha ONTHMAJBHBIX PEXUMax ¢ TOYKM 3peHHst hopMuU-
DYIOLUMXCST CTPYKTYD, HNOATBEPXKAAKOT 3Ha4YMTENbHOE
yJayulleHne TPUGOTEXHUUIECKHX CBOJICTB U3ACJMIL
Tak, ynpouHeHMe CHHIXKA€T CKOPOCTb HM3HAUIHBAHUA
obpasuos B 1,2—3,7 pasa npu cma3ke maciaom u 1,4—
4,3 pas3a npu cMasKe 3MyJIbCHUEH MTPH UCIIBITAHUAX Ha
MallMHe TOPLeBOro Tpenus u 8 1,8—3 pasa npu HCIbE
TAHUSIX Ha MallMHe DEBEPCUBHOTO TPEHUS MPU CMa3Ke
IMYJbCUEHN .

1. Typvee B.A., Tecxep B.H. Ilpumererue nasepuoit o6pabor-
K1 151 HOPMHUPOBAHHA [1I0BEPXHOCTHOTO CJIOSl HOPMAJIM30BaK-
HOH CTaJM C BHICOKHMH TPHOOTEXHHUYECKHMK 1 BA3KUMHU CBOI-
creamu // Dusnka v xumua o6paboTKH MaTEpUasos.
1996. — Ne 1. — C. 14~19.

2. Caghonos A.H. OcHosHble nanpasaedunst spPexTnBHOro uc-
10JIb30BANMSA  1a3ePHOR  TEXHWUKKM JUIsl TepMU4ecKkoi ofpa-
GoTkH cn.nasoa / VI(‘raJuIOBeL[eHMe “ TepMuy. 06paboTika
METANJIOB. — Ne C. 2-6.

. Puxanun H. H 3/9@ . B Yenos A.A. u dp. Jlazepnas u
31EKTPOHHONY EBaR oépaéoma marepuasnos:  Clipasou-
HuK. — M. Mup, 1988. 591 c.

. Steigerwald K. State-of-the-art of electron beam technology
for ‘metal removal, weldm% and heat treatment proces-
se% // Proc. of 20th Int. Conf. on Machine Tool Design

Res. — Birmingem, 1980. — P. 601-605

5. (Domuncxuu J.01., Huwxanos T.C. OcobeHHocT o0IL1aB~
nNenns nopepxHocred H noprmm nyukom ajexrpouos / /
CBapouoe [(p-BO. — No 4 C. 25-27.

6. Schiller S., Panzer S. Electron beams for thermat surface
modlflcatlon // Thin Solid Films. 1984. 118,
Ne 1 P.

. Boiixo B.H., Bd/lﬂ@@ A.H., Hoepebusx A.J. Moumndurauia
MeTaNHIECKUX Marepnaﬂos MMITYJI6CHBIMM  MOLUHBIMM 1TV Y-
Kamu dactun /S / Ycuexu HU3NY. HayK. 1999. 169,
Ne 11. — C. 1243-1271.

. Baxases A.H., Iozpebusx A.J., ITromnuxoe C.B. Paaua-
UMOHHO-MexaHnyecKkre 3 deKTbl B TBEPAbIX Tenax (pu o6/y-
YEHHH BLICOKOMHTEHCHBHLIMH  JJIEKTPOHHLIME M HOHHbBIMU

nyuxkamu. — Ausmartbl Tbuibiv, 1998, — 266 c.
9. Jewuncxui J.K., Camomyeun C.C., Mupu M.H. u dp. Hnas-
MEHHOE [I0BEPXHOCTHOE yrpodHenue. — Kues: Texuuxa,

1990. —- 109 ¢

Kopomxoe B.A., Bacxaxog J.5., Toxcmos FI.A. u 0p. Boc-
CTAHOBHTEIbHAS HAlJIABKA H ng)OL{HEHHE ponm(os ponbraw
ros // Ciapo4noe mp-Bo. 31-33.
Kopomros B.A., Tpouwun O.B., Beponuxos A.A. TLnasmenr-
Has 3aKanka cxaHupyeMOM ﬂyron 6e3 onnasaeuus / / Du-
3uKa M xumust o6padorku marepuanos. — 1995, — Ne

C. 101-106.

Kpanowun B.C., Gobpos A.B., [anonernxo O.C. llosepxHoc-
THasg 3akaika craad 9X npu HArpese TeIioM IUIa3MelHoH
ropenxu // Meraniosenenne u TepMud. opaborka Mera-
aos. — 1989, — Ne 11. — C. 13-17.

114



MATEMATHYECKOE MOAEJAUPOBAHHE B CBAPKE

ASSESSMENT OF LIQUATION CRACK INITIATION
IN Al-Mg-Si ALLOY WELDED JOINTS

Martikainen J. 1, Hiltunen E.’, Karkhin V.2 and Ivanov S.?

7Lappeenranta University of Technology, Lappeenranta, Finland
2st. Petersburg State Polytechnic University, St. Petersburg, Russia

Heat-treatable 6005-T6 alloy welded joints were studied. The temperature dependences of mechanical properties under
welding conditions were obtained using the Glceble 3800” system. The unknown volume heat source parameters were
found by application of inverse modelling. The three-dimensional heat conduction and thermomechanical problems were
solved numerically. Liquation cracking criterion in terms of accumulated plastic strains was proposed. Strains versus
temperature curves for the partially melted zone were calculated and compared with the ductility curve. The proposed
technique allows the prediction of liquation cracking in arc welding of the 6005-T6 alloy.

It is well-known that AlI-Mg—Si alloys are susceptible
to liquation cracking in the partially melted zone
(PMZ) [1]. This zone is the region immediately out-
side the fusion zone where liquation occurs during
welding due to heating above the eutectic tempera-
ture.

Two kinds of hot cracking criteria are available
in the literature: non-mechanical and mechanical. The
former type deals with vulnerable temperature range,
phase diagram, and process parameters [2—4]. The
latter type of criteria involves critical stress, critical
strain or critical strain rate [5, 6]. The ultimate liqu-
ation cracking criterion needs to combine aspects of
thermal history, shrinkage, evolution of the semi-solid
microstructure and mechanical behaviour. However,
none of the existing criteria can give the appropriate
answer on whether the liquation crack will appear or
not, and what will be its position, shape and length.
The main reason for this is the lack of understanding
of the mechanisms involved in liquation crack forma-
tion.

The aim of this study is to develop a technique to
predict liquation crack initiation in aluminium welded
joint with consideration for the material properties,
welding conditions and welded structure rigidity. The
technique is demonstrated with the example of arc
welding of a heat-treatable 6005-T6 alloy.

Liquation cracking criterion. Liquation cracking
is an example of mechanical failure and, therefore, it
can be treated adequately using the apparatus of frac-
ture mechanics. The condition of liquation crack ini-
tiation can be written as

© MARTIKAINEN J., HILTUNEN E., KARKHIN V. and IVANOV S., 2010

X = Xer,

where X is the parameter characterising a local me-
chanical state of the vulnerable weld zone; X, is the
critical value of this parameter characterising the local
mechanical properties of the material in this zone.

Hot cracking is generally believed to result from
the tensile fracture of a liquid film at the grain bound-
ary. Such fracture has to be expressed in terms of
hydrostatic stress [7]. However so far determination
of the local stress and, especially, its critical value
(cavitation pressure) faces insuperable difficulties.
This problem is more difficult to solve than another
well-known problem which remains to be solved, na-
mely to predict ultimate tensile strength at room tem-
perature using detailed information about microstruc-
ture only. In this study an accumulated plastic strain
g is taken as the fracture parameter.

Let us consider the zones of the welded joint when
the liquidus temperature of bulk weld metal T w is
lower than that of the base metal T, g (Figure 1).

A liquid stagnant layer (other names for it are
laminar-flow layer, filler-deficient zone) extends
along the molten pool boundary and its thickness may
range up to 200 um [8] or one order of magnitude
greater than the subgrain diameter (5-20 um). The
stagnant layer can solidify as a filler-deficient beach
along the weld interface, often thin and discontinuous
because of weld pool convection.

Many experiments have demonstrated that filler-
deficient zone (FDZ) is chemically similar to the base
metal [9]. Its metal solidifies at the liquation tempe-
rature of the base metal T, 5. Just after solidification
of FDZ the subgrain boundaries in PMZ are partially
liquid because the solutes have not enough time to
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Figure 1. Schematic of weld zones in longitudinal section (@), and microstructure (&) (for designations see the text)
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Figure 2. Enthalpy AH and liquid fraction £, versus temperature for 6005-T6 alloy (@), and dilatograms used in calculation (b)
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Figure 4. Schematic view of thermal cycles, tensile loading diagrams A (T = const) and B (T = var) (@), ductility curve € and solid

fraction [ (b)

diffuse, and diffusion coefficients for solid are relati-
vely low. Solid film in the FDZ can freely move to-
wards the PMZ when the latter shrinks and is a slurry.
Later, at the coherency temperature T'¢, when the
solid network in the PMZ is coherent, it can sustain
and transmit stresses. Therefore, the coherency tem-
perature has to be taken as the temperature onset for
the accumulated strains €.

Figure 5. Beam and reference frame (a),

If it is granted that the derivative of strain with
respect to temperature is constant, de /9T = const,
the accumulated strain is uniquely determined by this
derivative. Such a mechanical criterion of hot cracking
formation based on comparison of derivative de /9T
with the ductility curve was suggested by N.N. Pro-
khorov more than 50 years ago [10].

R IRRCOREN
S R S Y
R e et et e e AN
"-'*h'-”*" EIRIICTR
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22 RIS
R RT3,
T 23
_TRaSaT,

and finite element mesh (half of the beam, y > 0) (b)
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Figure 6. Liquation cracking in weld cross-section

Experiments. The base metal was a solution heat-
treated and stabilised 6005-T6 aluminium alloy con-
taining 0.582 % Mg and 0.704 % Si. The filler metal
was 4043 wire containing 5.2 % Si.

The enthalpy and liquid fraction have been calcu-
lated by using Polytherm codes (Figure 2). The Gle-
eble 38007 system were used to find dilatogram, yield
stress, elastic modulus and ductility (Figures 2, b; 3
and 4). The test specimens were 6 mm in diameter
and 100 mm long. It is seen that heating of 6005-T6
alloy leads to a sharp reduction in yield stress in the
HAZ (see Figure 3). The 6005-T6 alloy has a prono-
unced ductility drop at 850-910 K when solid fraction
is over 65 % (see Figure 4).

Gas metal arc welding conditions were as follows:
current 245 A, arc voltage 27.6 V, welding speed
8.3 mm-s', preheating temperature 393 K, wire elec-
trode diameter 2.4 mm, stickout 14 mm, and pure
argon was used. The weld was made on the mechani-
cally-free beam using bead-on-plate technique (Fi-
gure 5, @). The experiments have shown that liquation
cracking occurs (Figure 6).

Thermal and mechanical modelling. Due to sym-
metry only one half of the whole domain is meshed
(see Figure 5, b). The arc travels along x-axis and
mesh is refined in the regions that undergo melting
and solidification, especially in the PMZ. In these

Z,

4 6 8 10 12 g, mm

o b

o

regions the 8-node brick elements are of 0.556 mm
long and 0.167 x 0.185 mm in size. The mesh has
66,810 elements and 69,783 nodes. ANSYS codes were
used.

The parameters of the apparent heat source which
simulates the effects of welding arc, deposited liquid
metal and convection are obtained by using inverse
modelling [11]. Comparison between calculated and
experimental molten pool shapes, weld cross-sections
and thermal cycles shows good agreement (Figure 7).
We assumed that the heat conduction problem and
the thermomechanical problem are not coupled.

Results and discussion. For analysis of transient
stresses and strains, two separate characteristic points
in the PMZ were considered at the middle cross-sec-
tion (x = 0): point A4 near the weld toe and point B
just below the weld interface (Figure 8, a).

At heating, the longitudinal €% and transverse €
plastic strains are negative (Figure 8, b). At cooling,
the strain rates are positive, def/0t > 0 and dg}) /9t >
> 0. Pronounced strain rates are observed at the brit-
tle temperature range 913-852 K. Accumulated plas-
tic strains in this range determine sensitivity of the
welded joint to liquation cracking.

For prediction of liquation crack initiation, firstly
the following question should be answered: which
plastic strain components should be taken into acco-

7, K
l."‘.‘ Calculation
[ ] L) 7
700 Py, ee——— Measurement
(Y
R\
600 e

e T

500

400

300 L
0 S
b

Figure 7. Weld cross-section and peak temperature field (a), and thermal cycles at points 1-3 of HAZ (b)
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———  End of welding
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Figure 8. Coordinate system (a), thermal cycles and trans

unt in analysis? Our observation suggests that liqu-
ation cracks are oriented predominantly along the
stretched grains. This means that the critical strain
value €] ., depends on grain boundary orientation. For
simplicity, take the orientation-independent equiva-
lent plastic strain accumulated at the temperature
below the coherency temperature T¢:

T

&, 1) |

T,

3

del

eq

T,

where

(e = deh)* + (de} = e’ + (@ = deb) + 5

del —\/2_ X
€q 3

X (dy + dyey + dyi].

In general, material damage is conditioned by ac-
cumulated equivalent plastic strains.

Assume that the ductility curve obtained under
one-dimensional tension is valid also for three-dimen-
sional strain state (the hypothesis of a single curve is
valid). Then it is possible to predict the location and
moment of liquation cracking initiation by comparing
the calculated curve €, 4(T) with the experimental

ductility curve (critical value) efy , (7). Hence con-
dition of liquation crack initiation is as follows:

Time after start of welding ¢, s

ient plastic strains in the middle weld cross section (&)

P P
8eq a 8eq acr:

The local state of material €, , depends on struc-
ture rigidity, properties of base and weld metals, wel-
ding conditions, etc. It can also depends on external
loading. Local mechanical property of the PMZ metal
efgqm depends on local composition, fracture solid,
grain orientation, etc.

Figure 9 shows that liquation cracks form at re-
latively high temperature (open circle indicates liqu-
ation cracking initiation). The weld toe (point A) is
more susceptible to liquation cracking than the zone

€

N\

Point A

0.08 To=913 K

0.07 ~

0.06 Ductility

0.05
0.04
0.03
0.02
0.01

0 1 1
810 830 850 870 890 910 T.K
P

Figure 9. Comparison of ductility curve €, and calculated ac-

cumulated equivalent plastic strains €l , at vulnerable parts of PMZ
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just under the weld (point B) because it has higher
strains. The plastic strains are far above the accumu-
lated thermal strain Ae7(T) = Ae"(T¢) — AeT(T) due
to strain concentration effect. The thermal strain can
be used in liquation cracking analysis with caution
(the error is not on safe side).

CONCLUSIONS

1. The developed technique allows the prediction of
liquation crack initiation in a rigid structure during
gas metal and tungsten arc welding of aluminium
heat-treatable 6005-T6 alloy.

2. The 6005-T6 alloy has a pronounced ductility
drop at 850-910 K when solid fraction is over 65 %.

3. The semi-solid metal in the PMZ of the rigid
welded joint is subjected to relatively high plastic
strain in the range between the coherency temperature
and the eutectic temperature. The accumulated strains
exceed the ductility of the base metal resulting in
liquation cracking.
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PUCK OBPA3OBAHUA KAPBU/10B U c-DA3bI
IIP1 CBAPKE XPOMO-HUKEJIEBbIX CTAJIEN

Maxnenuxo B.H. 1, Kosaumuna C.C.f, /1 3106ax JI.I/I.T, Kpaseuy B.II.2

71-/1Hcmumym anexmpoceaprxu um. E.O. [Hamona HAHY, Kues, Yxpauna
Poenenckas AIC, Ky3ueyosck, Yrxpauna

[Jokasato, 4TO ¢ NOMOILBIO TEMNEpPaTyPHO-BPEMEHHBIX Anarpamy o6pasoBanusa o-dasbl B XPOMO-HMKEJEBhIX CTanaX M
pacc4MTaHHOro TemMnepatypHoro nuicia B 3TB ripu cBapke aaeMeHTOB KOHCTPYKUM 13 3THX CTaielt MOXKHO NPOTrHO3UPOBATh
nosBaense O-Gasbl ¥ CBA3AHHBIX C HEll HEXENaTeNbHLIX M3MEHEHUH B coorseTcTyloweit Touke 3TB B saBucumoctu OT
YCAOBHH 1 PEXHMOB CBAPOUHOro HarpeBa, PacCMOTPEHb! KOHKPETHbIE 11PUMEDBI, CBSA3aHHbIE ¢ TPYGONpPOBOAAMM NEPBOro

KOoHTypa A9C,

O6pa3osanne KapGUAOB TIpU CBApKe ayCTEHWUTHBIX
XPOMO-HUKeJIEBBbIX CTaJell ¢ MOBBILIEHHBIM COAEpIHKa-
HHEM YIJIePOAa, a TakKe G-dasbl B XPOMO-HUKEIEBBIX
CTaJAX (DEPPUTHOTO KJIACCA SIBJISIETCS OAHOM U3 QyH-
JaMeHTaJbHbeIXK npobseM. s ee pewenus paspabo-
TaHbI COOTBETCTBYIOUINE PEKOMEH/IALIMH, BOLIEAIIHE BO
MHOTMe cpaBoYHHKH [ 1 1 ap.]. XapakrepHo, 4T0 yKa-
3aHHble TpeTby as3bi, TOMUMO HUCKOHHBIX AYCTEHUTA
U (beppuTa, [OSIBJASIOTCS TOCJIE MEPBHYHOM KPUCTAJ-
JIM3A1IUH TIDH OTIPeAEJIEHHON BLIJEPIKKE B OTIPEESIEH-

Solidification mode

HOM TeMIepaTypHoM nutepsase (puc. 1) u He CO3AAI0T
cepbesHblx MpobjeM B OKOJOLIOBHOM 30HE B 60.Ib-
UIMHCTBE CJIyYaeB OAHONPOXOAHOW cBapku. UgHaAKO
NPy MHOTOTIPOXO/HOM CBAPKe HAJIOXKEeHe KPUBDIX TEp-
MHUYECKUX LHKJIOB AJis KOHKDETHBIX TOYEK OKOJIOLIOB-
HOM 30HBI Ha COOTBETCTBYIOUIME TEMIIEPATYDHO-BPE-
MeHHbIe AuarpamMmel (S-KpHBbIe) AU CTajlH COOTBET-
cTByIOMIEro coctasa (puc. 2, @, 6) NMOKa3bIBaeT, YTO B
OKOJIOUIOBHOM 30HE CO3JAIOTCS YCIOBUsS [UIst 06paso-
BaHMA KapOMAOB XpOMa IO IDaHUIAM 3€peH 3a CYeT

T,F T, °C
A /AF / FA ) F
1600
Liquid, L
200 5 7 4 1400
y+L
2200 - yra+L 1 1200
1800 |- + 1000
,
1400 - 1 800
1000 | 1 600
70 % Fe
< 400
| 1 | l
wt% Cr S 10 15 20 25 30
wt.% Ni 25 20 15 10 5 0

Note: Solidification modes above are:
A — austenite solidification

AF — primary austenite solidification
F — ferrite solidification

Puc. 1. Auarpamma ¢azosoro cocrosiuust cucrembl Fe~Cr—Ni npu 70 % Fe [1]

© MAXHEHKO B.H., KO3JIMTUHA C.C., A3IOBAK JI.K., KPABELL B.I1., 2010

121



MATHEMATICAL MODELLING IN WELDING

T, °C
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Puc. 2. TemneparypHo-BpeMerHasi guarpamma o6pasosanus xap6uuos B craau tuna 18CrINI B 3aBUCHMOCTH OT COAEPIKAUUA YIHEPOLa
[1] (@) u o-tasel ang craan DSS (22,4 Cr; 4,88 Ni; 3,13 Mo; 0,14 Mn; 0,67 Si; 0,18 N; 0,023 C) [2] (6)

Auddy3nd  yriaepoaa, KOHTPOJUPYEMOTO S-KPUBOH
(cm. puc. 2, @), unu HakorieHus o-hasbl 3a CUET pac-
naza S-epputa U 06pA30BAHUS CJIOMKHbIX HHTEDME-
Ta/maos (eM. puc. 2, 6), 4TO TAKIKE KOHTPOJUPYETCA
nuddysuonnsiMy nipoueccamu, B [2] ang omucanug
S-06Da3HBIX KDHBBIX, CBA3AHHBIX C 06PA30BaHHEM G-
asbl, ripumensierca meron Aspamu [2, 3] npu k0abdu-
[MEHTAX, ONpeesieMbIX B 3aBMCUMOCTY OT TEMIIEPATY-
PBl U CTerneHn o6pa3oBaHHUs HOBOH a3bl MpPHU JAHHOU
TeMIIEpaType B CAydae O4eHb JIHTENbHOM BBIAEDIKKHU.
Bospuioit pa3époc 3HauyeHMil COOTBETCTBYIOIUX KO3d-
(bUIMEHTOB 3aTPYAHSIET UCIIONb30BAHIE MOAENH ABDaMU
JUIST OTIMCAHMsT S-00Pa3HBIX TEMIIEPATYPHO-BPEMEHHbBIX
KDHBbBIX THIIA IPUBEIEHHBIX Ha pHC. 2, &, 6.

B 370l cBSi3u B paboTe NpeaaraeTcd noaAX04, OCHO
BaHHbBIN HA YHICJEHHOM WHTErDUPOBAHMM HAKOIIIEHUS
s dexTa NpUCyTCTBUSA HOBOH (ha3dbl B KOHKPETHOM TOU-
K€ OKOJIOLIOBHOH 30HbBI ¢ 3a1aHHBIM TEDMUUYECKUM LIHK-
nom T(¢') Ha OCHOBE 3HAHUA COOTBETCTBYIOLIEN §;-KpH-
BOH, At KOTOPOH B M10607 TOUKE Thax > T > Thin

oT
MOXXHO BbIYMC/IUTb MPOMIBOAHYIO ——, MPOTOPIHO-
HaJIbHO KOTODPO PA3BUBAETCS YKA3AHHBIN MPOLECC Ha-
Kornexus [4].

Jlns caywass 06pa3oBaHus XUMHUUECKOrO COeIUHE-
wus (xapGuaos xpoma) (cM. puc. 2, @) WHTErpUPO-
BaHMeE [J14 CIIJ1aBa C KOHKPETHBIM CONEPIKAHHUEM yTJie-

T T
poJia ¥t - = = 1aet

T )
dt
_)
vkapﬁ = .[ UK&\D() FT) = UKHp(}Xl (1)
7T

max

I(Tmin)

rae y = f 4
o o(T)

mz\x)

~— CTENeHb CEHCUOMIBHOCTU B aH-

goit Touke 3TB ¢ TepMuueckum nukaom T(¢); v_[:apé -
LEHA S-KPHUBOW Ha puc. 2, 4.

B cnyuae npucyrtctBus ¢-chasdbl, KOraa UHTEHCUB-
HOCTb HAKOIJIEHUsI 3aBUCUT KaK OT TEMIEPaTypbl, TaK
U OT CTETIEHU y>Ke HaKOTJIEeHHON o-dassl (cM. puc. 2,
6), VHTErpUPOBaHUE BEAETCA 10 KaXK A0 S-KpUBOit, co-
OTBETCTBYIOLIEN HAKOMJIEHHOU o-dase, T. €.

T )

— at
Ug = 2 Usj J. T(TT’

J=1 T,

(2)

rfe vg; — LeHa j-oil s-KpuBOit Ha puc. 2, 6.

PaccMOTpUM [BA KOHKPETHBIX TPUMEpPA, KOTOPHIE
MPUBJIEKJIH BHUMAHUE CTIEMATNCTOB. B xonle oxTsa6-
pst 1997 r. BO BpeMs CcpeAHero IJIaHOBOIO PeMOoNTa Ha
suepro6aoke Ne 3 Ueprobbuisckoit A3C 6pLi npone-
ned 100 %-prit kOHTPOb 1451-TO CTHIKOBOrO COEAM-
Henus Tpybonposoaa /1Y 300 mepsoro KoHTypa MHO-
TOKPATHOM NPUHYAUTENBHON IUMPKYAALUH.

W3 uux 208 cThikoB HMe/n aedeKTbl, KOTOPble 6bI-
JIM KBANMDUINPOBAHBI KAK MEXKPHUCTaJJUTHbIE KOP-
PO3UOHHBIE TPEIWHBI MOA HanpsokeHneM. Tpy6ompo-
Boabt /1Y 300 ceuennenm 325x16 MM HAXOAMIUCH B SKC-
nnyaranuu ¢ anpesist 1981 r., Tpy6bl 6bLIM H3TOTOBJIC-
Hel u3 craau 08X 18H10T, cTbixu cBapeHbl MpOBOJIO-
kot mapxu 04 X19H11M3, ofecneunBaoiueil HU3KOe
(menpme 0,06 %) comeprkaHue yriepoja B MeTasle
1Ba. MeXKPUCTaNIUTHbIE TPELTHHbI ObLIH 06HADYIKE-
uet B8 3TB (puc. 3) s6anau BHyTPeHHeR TOBEPXHOCTH.
Ha puc. 4. nmpuBezeH TepMUYECKHH UMK/ CBapKH, BbI-
MOJHEHHOM 32 IIECTb MPOXOAOB C YYETOM KOPHEBOTO
npoxoAa cornacHo aanubiM [S]. Ilpn aTtoM Mcnonb3o-
BaJM oL POBAHHYIO S-KPUBYIO M3 Tabn. 1.
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TaGanua 1. 3uauennst ©(T) B 3aBUCUMOCTH OT TEMIEPATYPBI [JIs

0,11n0,08%C COfIIACHO PHUC. 1

P C=0,11% C=0,08%
540 754,6
550 635,5
560 546,3 1000,0
| 570 419,8 894,1
| 580 300,8 793,
590 233,9 719,4
600 122,3 629,4
610 85,5 555,3
620 79,6 502,4
630 73,6 444,1
640 67,7 401,8
650 62,5 364,7
660 58,0 338,2
670 53,6 327,6
680 48,3 306,5
690 46,1 327,6
700 44,6 343,5
710 43,1 375,3
720 45,4 417,6
730 47,6 470,6
. 740 50,6 613.5
' 750 55,0 931,2
760 58,0 1158,8
770 64,7
780 71,4
790 85,5
800 94,5

B Tta6s. 2 npuBeneHb! pe3yIbTaThl pacyera mo AaH-
HbIM PUC. 4, BBITTONHEHHOrO 110 dopmye (1) ¢ yuerom
s-kpuBoH (¢M. Taba. 1). COrIacHO 3TUM JAHHBIM Yg =
= 0,15, 1. e. yyactku mertayna 3TB na BHyTpeHnHed
MOBEPXHOCTH TPYObI UMEIOT JOCTATOUHO BbICOKYIO CTe-
NeHb CeHCHOMIM3aUUU. JTO C y4YeTOM JOMOJHUTEN b
HbIX (PaKTOPOB, HANPUMED, HAPSIXKEHHOrO COCTOSIHUE
B 3TB Ha BHyTDeHHell MOBEPXHOCTH M HAJWYHS KO-
PO3MOHHOM cpeabl (BOAbI MEPBOTO KOHTYpa IIPH
280 °C), crroco6CTBOBaNO 3aPOXKAEHUIO U Da3BUTHIO
MOBPEXIEHUH THIIA MEXKPHUCTALIUTHBIX KOPPO-
3MOHHBIX TPeIUMH oA HampspkeHueM. B page pador
[5] moka3ano, 4To BSI3KOCTh pa3pylueHus Metasia 3TB

Ta6auna 2. Crenedp CEHCMOMJIM3ALMH N0 TEPMUUECKMM LMK/IAM B

3aBUCMMOCTH ~ OT NpOXOAa COCJIACHO DpUC. 4 U CymMapHoe
3HAYEHHUE Yy -

Kop-
[poxoa okl 1 2 3 4 3 Az
LAY O,OO&S_I__“O,0529 0,0536 10,0306 0 0 0,1456

Wou

3TR rd

A -
~ » “‘ '
" o i \'"_“l
ive LT XE

Pric. 3. MUKPOCTPYKTYpa KOAbUEBLIX TPEUMH B OKOIOMIOBHON 30HE
CTBIKOBOTO coefnHenust tpyGonposoga Y 300 na HASC

crasu 08X18H10T B 30He paccMaTpUBaeMblX CTHIKOB
JY 300 cocraBasier oKoJIO 65 MIlam!'/?, T. e. oHa
3HAUUTEBHO HIIKE YPOBHsI 3HAYEHWI 3a Npejesamu
3TB, rae ceHCMOMIU3AUS OTCYTCTBYET.
Paccmompunr ewye 00un npumep. B 2009, Ha 610ke
Ne 2 Posenckoit ADC B Tpy6omposome (crasb
08X18H10T) nepsoro kouTypa Ha otsoae 90 (@273x
%20 MM) B 30HE CBAPHOTO CTBIKA ¢ TpoitHKnkoM Y 250
BO3HUKJA Teub (puc. 5). MeTosaMu HEPa3PYIIAIOIIErO
KOHTPOJIst GBIJIO YCTAHOBJIEH TPEl | THOOODA3HbIN CKBO3-
HOU HedexT MIMHOH NpubansnTepHO 150 MM Ha BHYT-
penHel MOBEPXHOCTH BAOMb 3TB Ko/abLEBOro HiBa C
BBIXO/IOM Ha HAPYXKHYIO [IOBEPXHOCTD B BU/AE KOJbLE
BOUM TPELIMHBbI 3HAYUTENbHO MEHblUIeH (oxono 10 »m)
JUMHBL, XapaKTePHO, YTO BXOA Ha BHYTPEeHHEH I10BepX-
HOCTH M BBIXOJ] HA HAPY KHOH TOBEPXHOCTH UMEIOT pas-
JIMYHBIE OCEBblE KOODAMHATBI, OTJMaomecs Ha 20—
30 MM, T. e. TPEILMHA PA3BUBAJIACH HE MePIeHANKY ISP~
HO OCU TPyObI, a B IJIOCKOCTH MO YIJIOM OKOJIO 45° K
aTo#t ocu. Ecam cumrarh, 4TO OGHapy’KEHHBIH e

T, °C

Kopnesoit

1000

1
0 10 20

Puc. 4. TemneparypHbie 1{MK/Ibl Ha BHYTPEHHEH NOBEPXHOCTH NpH
BBINOJIHEHHM KODHEBOTO [IPOXO/A U IOCAEAYIOMHX cnoes /=5

£ c
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Puc. 6. PacueTHble 3HAYEHMS CTENEHW CEHCHOMAM3AUMKM ¥, (4) M monepewdbix Hanpsukennit o,,, Mlla (6) npu 6-npoxoinoit capke
cTpikoBoro mea (8 = 20 mm, crans 08X18H10T), runotetnueckas (1) v peasbuas (2) TPAEKTOPUA TPEILMHBI MEXKPHCTAIHTHOH KOPPO3HH

NOA HallPAMEHHEM

PexT — 3TO TpelMHa B PE3yJIbTaTe MEeXKPUCTAJJIUT-
HOH KOPPO3WH N0 HAIIPSDKEHUEM, TO MECTOM €€ 3apo-
K/lennd sgpJsieTcs yuactok 3TB Ha BHyTpeHHel nosep-
xuoctit (puc. 6, @), ceHCUBUIN3NPOBAHHBIN MOA BO3-
neficTBUeM TePMMYECKHX LUKJIOB 6—7-TIPOXOAHOH
capru (cM. puc. 4). ITa TpelMHA pPa3BUBaiach B Te-
YeHHUe /1 MTEJIBHOTO BpeMeHH (6JI0K BBEJEH B 9KCILIY-
atauuio B 1981 r.) roa aeficTBUEM 0CEBBIX HATIPSIKEHMIT
Oyy OT BHYTPEHHErO AaBJieHus B Tpyde:

- R/3
Gll(p) - p (2 + S/R)’ (3)
rjie R — BHYTPeHHMH paauyc TPyObl, M OCTATOYHBIX

CBAPOYHBIX HaIpsKEHMH [6]

- K}Z_Z
C,(X, 2) = =Gy | cOS 2| 5
0<x<ux, —8/2<z<q/s;

(4)

o o mx —x,) 2_2
C.{x, 2) = —0y | sin -———-—2(x2 ey

=8/2 <z<b/2.

X <x < Xy,

[pu6nukennsie sapucumoctu (4), onuceiBaoLye
Pe3yABTATHL YUCACHHBIX UCCIAELOBAHUN [JIS KOJbUE
BbIX CBAPHBIX CTBIKOB TPy M3 ayCTEHUTHOH CTaj,
MOCTPOEHBI 110 JAHHBIM paboThl [6], B KOTOPOH npuBe-
JIeHbI NapaMeTpbl paclipefenerus Oy, Oy, U1, Y2 B 3a-
Bucumocts of VRS, ¢,/8 1 o;, T. e. ana
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MATEMATHYECKOE MOJEAUPOBAHHE B CBAPKE

R= ? 20 =116,5 mm, VRS = 48,3 um,

g, = 8372 Jx/cv?, o, = 300 MIla

NOJIYYUM
oo = 270 Mlla, o, = —75 MIla, y = 30 MM, y, = 75 MM.

COOTBETCTBYIOIME pE3yJbTaThl pacdyeTa CyMMbI
0:2(P) + 0, (x, 2) B pasinynbix TOoukax (z, x) CTEHKH
TPY6bl B 30HE CBAPHOI'O COEJMHEHHS TIPUBEJEHbl Ha
puc. 6, 6. VI3 aTuxX ZaHHBIX BUAHO, YTO TUIIOTETHYECKAS
TPaeKTOPHsT OOHADYIKEHHOIO TPEIMHOOOPA3HOro e
(beKTa SIBJSETCS Pe3yIbTaTOM KOMIIPOMMCCOB MEXKIY
BBICOKMMH 3HAUEHUAMH ¥ (CeHCUOMMU3AINY MATEPHA-
Ja B 3TB) ¥ pacTAruBaonMX HaNPOKEHHH Gy, YTO
NO3BOJISIET CYMTATb MEXKDPUCTAIUTHYIO KODPPO3UIO
MO HaNpsDKEHWEM MeXaHU3MOM 006Dpa3oBaHUsA W pas-
BUTHS O6HAPYKEHHOTO HedexTa.

YcTaHOBKA repMETHYHOM My Thl B 30He YKA3aHHO-
ro CKBO3HOro gedexrta obecriedusa 3/ecCh AABJCIIHE,
OAMHAKOBOE Ha BHYTDEHHEH ¥ HaPY)KHON [TOBEPXHOCTH
Tpy6bl (MEKAY CTeHKaMu TPy6BI U My(ThI), U, CAEAC-
BaTEJIbHO, DE3KOE CHIPKEHHUE PUCKA CIIOHTAHHOIO POCTa
nedexrta. ITO TMO3BOJMJIO BBECTU B IKCIIYATALMIO
6ok Ne 2 PASC ewe sumon 2009 r., 3amouaro no
NpeACTOALIEr0 cpefrero pemonTa B 2010 r.

[Tocne ocranoskn 6ioxka B 2010 r. u AemMoHTaXa
KOHCTDYKUMH JUIsL PEMOHTA OKa3asloCh, YTO PasMepbl
nedexTa Ha BHYTpEHHeH M Hapy >XKHOH MOBEPXHOCTH,
MOJTy4€HHDIE TT0 De3YJIbTaTaM HePa3pylIaiolero KOH-
TPOJIA, 6bLIM HE COBCEM TOYHBbIMU. Tak, peanbHblil 16
dexT B BHAE CKBO3HOM MEXKDPHUCTAJJIUTHON KOPDPO-
3HOHHON Tpemmunl (puc. 7) He 6bla CBA3aH C CEHCH
6uIM3alned OKOJIOLIOBHOH 30HBI 32 CYET TEPMITYECKOr0
tmkaa csapku (cM. puc. 6, @). Haubosee BeposaTHOM
MTPUYMHOM BO3ZHUKHOBEHUS JAHHOTO AedeKTa sIBIseTcs
HapyUIeHHe TeXHOJOTHH M3roTOBJeHus ruba Tpy6orr-
posoga CAO3 @271x20 mm (puc. 8), B pesynbrate
Yero CeHCUOUMM3ALUS MaTepUaia Mora ObiTh BbI3BaHa
HETOYHOCTDIO PEKUMA PEKPUCTAIN3ALHOHHOTO OTKU-
ra rocje ropstaef rubku. ITOT MpUMep MOKa3blBaerT,
YTO MEXKPHUCTAJINTHDIE KOPPO3UOHHbDIE TPEUIMHBI IO
HaNpSOUKEHHeM, HabII0aeMble B 30He CBADHBIX COe/i-
Henutt crann 08X18H10T, xoropsie paboTaloT B BOAS-
HOH cpege npu Temreparypax oxosio 300 °C, manexo
He BCerJa CBA3aHbl ¢ CEHCUOUMIN3AUMER 30HBI CBAPHOTO
WwBa NpH TEPMUYECKOM HUKJEe ceapku. OnpeaeeHHbIid
BKJIaA B CEHCHOUIM3AUMIO 3/1€CH MOYKET ObITb BHECEH

Puc. 8. 3ona ruba tpybonposoga CAO3 ¢ o6napyKeHHO ! TPeuwHHoi

TEXHOJOTHEN Topsivefl TUOKW OTHETbHBIX 3JEeMENTOR
CBapHOTO y3JIa,

Brisoabi

1. Ilpu cBapke ayCTeHMTHLIX CTajsefl ¢ comepKanHeM
yrirepozna 0,08 % 11 BbIlIe JOCTATOYHO PEATbHbBIM SBJIS-
€TCSt ITOJIyUeHUEe B OKOJIOUIOBHON 30HE BLICOKOM CTere
HH CEHCHOUIM3AUUH METANIa, CBH3AHHON ¢ YyBCTBH-
TEJBHOCTBIO K MEXKPUCTATJINUTHOH KOPPO3HHU O] Ha-
NPSDKCIINEM, & TAK)Ke OXPYITyUBaHueM Merasia B 318,

2. Vcriorb30BaHKE TEMIEPATYPHO-BPEMEHHBIX JTH-
arpasivi 06pa3oBaHusT Kapbuaos u 6-(asbi jsi aycre-
HUTHBIX CTaJlefl COOTBETCTBYIOUIETO COCTABA MT03BOJIAET
MPOrHO3MPOBATH CTENMEHDb CeHCUOUIHBATIMM MeTall1a 10
KOHKPETHOMY TEPMUYECKOMY [HITY, YTO CO3JacT A0
MIOJTHUTE/IbHble BO3MOIKHOCTH /1151 YIIPABJIEHUS CTPYK-
TYpOH U cBoiicTBa~u Metayua 318,

3. Ilpu pacueTHOIl OUEHKe CTeTleHN CEeHCHOUIH3a-
nuu 3TB, cBI3aHHON ¢ TePMUYECKIM LHKJIOM CBAPKH,
CJIeIyeT YUHUTBIBATD BO3MOMHDBIF BKJIA/| B CeHCUOHT-
3aUMI0 TIPEAIIECTBYIOMNX CBAPKE TEXHOJOIMYECKUX
omepauuil, COMPOBOYXKAAEMbIX BLICOKHM HAarpeBOM, B
JACTHOCTH, TOPSAYEN TUOKH 3JIEMEHTOB CBAPHOTO y3Ja.

1. Welding handbook. — Vol. 4, Pt 2. Materials and applica-
tions. — Miami: AWS, 1998.

2. Elter J.W., Palmer T.A., Specht E.D. Synchrotron based
observations of sigma phase formation and dissolution in
DSS // Mathematical modeling of weld phenomena 8. —
Graz: GrazTU, 2006. — P. 297-315.

3. Hell E.O., Algie S.H. The sigma phase // Metallurg.
Rev. — 1966.— 11, Ne 104. — P. 61— 68.

4. Mema/mypzuﬂ M TEXHOJIOI'MA CBAPDKK THMTaHa W ero Claapos
/ on pea. B.H. 3amrosa. — Kues: Hayw. aymica, 1986.

5. 3ybuenxo A.C., Xapuna H.JI., Pynos A.C. u Jp. Koppo-
3MOHHO-MEXalIMUecKas 1IPOHLOCTh CBapiblX TpyGONposoaos

peaxropos PDMK wu3 aycremurnnix craseli. — ApToMar.
csapka. — 2000. — Ne 10/11. — C. 48-56.

6. Maxnenxo B.M. Pecype Ge30nacHON 3KCIUTYyaralMn CBAPHDIX
COEAMHENNH 1 y3/I0B COBPEMEHHBIX KOHCTpYKUMH. — Kues:

Hayx. aymxa, 2006.
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MATHEMATICAL MODELLING IN WELDING

MOJAE/INPOBAHHUE ITPOLHECCA YKPYIIHEHUA
C/IUTKOB METO/Z10M 3IIH KM

Maxnenxo B.H., Medoeap JI.B., Caenxo B.5., loauwko A.A.,
Kopoaesa T.B., Jlecnou A.B., Tynux A.I1O., /Kyxoe B.B.,
Kaouxoe H.H., bepesun H.B.

Unemumym saexmpocsapxu um. E.O. [Tamona HAHY, Kues, Yxpauna

[IpencraBierbl pe3yabTaThl MOAETHPOBAHMSA [IPOLECCOB YKPYTHEHUS CAMTKOB H3 BLICOKOAErMPOBAHHAIX CTaslel M ClIIaBOB
CrocoBOM HOCAEAOBATENLHOR MHOTOCIOHHOR 3NEKTPOLIAKOBOH HAIIABKH MHMAKMM METAN/JIOM B TOKOMOABOASLLEM KPHC-
ra.tsatope (DUIH XKM), a Taroke pesyabTaTbl KOMIVICKCHBIX METANNOCPAPHUECKUX U (DU3HKO-MEXANHYECKAX HCCIe-
AOBAHHA 30HbI CIAABACHHA CJOEB MOACAbHbIX MHOrOCAOHHbIX cautios DUIH 2KM.

Bricokoe KavecTBO KPYIMHBIX CTAJbHBIX CJAUTKOB AJISE
ATOMHOIO IHEPreTUUECKOrO MalIHHOCTPOEHHUS U H3/e-
JuH HepTeXMMHUUECKOH IPOMBIILJIEHHOCTY TPaAH [HOH-
HO CBS3aHO ¢ 06ecIieyeHHeM O/[HOPOAHOCTH CTPYKTYPbI
¥ XUMHYECKOTO COCTaBa MCXO/HBIX 3arOTOBOK W TPe-
6yeMOH CTEeHW YKOBA [JIsi HCIPABJeHHs Ae(eKToB
cautoB (cerperauumn u nopucroctu) (puc. 1) [1].
Tpe6oanug K KauecTBY MOKOBOK B 3HAUNTEBHON
MEpE 3aBUCAT OT X XHMHUYECKOTO cocTaBa M 06/1acTH
npuMeHeHusi. OgHON U3 npo6JeM Py M3TOTOBAEHUN
HU3KHX CTYyMEHeHl TasoBbIX TYpOWH SIBASETCS MOMY-
4YeHHe JeTasell ¢ BbICOKMMM 3KCILIyaTALMOHHDBIMU

Tononnas wacrn
Yea/lounas pakouisng
«[loarrsnas» cerperas

Joua yeajl0anoi prIxaoc
V-o0pasias cerperanng

3ona MeaKnx
PABHOOCHBIX KPHCTAION

3o1ta croabuaTbix
K[)H('I'Ll,‘l.'l()”
— Heuapuinas crpyriypa

3o1a BLICOKOTT cerperaltis
1HEHTPAABLION HOPHCTOCTH

A -()6])&1.’5”21” cerperaipisl

«Herarupoas» cerperanns

3ona OCaXACICTTHS
JUL ATy QG HBIN
KPHeradion

Homias gacrn

4]

CBOWCTBaMU, HANPHMEpP, AUCKOB OOJBIUOIO AHAMeTDa
JUIs KoMripeccopoB. J1as feTaneil Takoro HasHavyeHMs
UCITOIB3YIOTCS. JKAPOMPOYHbIE BBICOKOJETHPOBAHHbIE
CTajJM U CIIJIaBBI,

[npokye BO3ZMOMHOCTH TIPY PEWIEHUY 11POGAEMDB
MPOM3BOACTBA KPYIHBIX CHUTKOB-3aTOTOBOK OTKPbIBa-
10T paspaboranubie B VMIDC um. E.O. [laTona HoBbIE
TEXHOJOTHUECKHUE TPOLECCH! MOJYUEHNS KPYITHOTOH-
HAXKHBIX 3arOTOBOK Ha OCHOBE METO/A 3/JeKTPOILIaKO-
BOM HamaaBku >kuaxum Merasaom (DIUH KM)
(puc. 2) [2-4].

R, S R
% = @
b »
77/ NN
" x ¥y ‘\
, o x oo w
w« Ty x /
%y 4“"" \\\
x ~
I SO \" !
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Puc. 1. Crpoenue kpynuoro cautia (@) 1 CTPYKTYPHbIE J0HbI 2AEKTPOLLIAKOBOrO canTka kpynroro (8) n manoro (g) cevenus: 1 — 3oHa

cron6uaThiX KPNCTannos, 2 — 30Ha PaBHOOCHDIX KPHCTalN0B

©® MAXHEHKO B.A.,
BEPE3WMH K.B., 201

MEAQBAP JI.B., CAEHKKO B.SL., I[TOJIMIIKO A.A., KOPOAEBA T.B, IECHOM A.B., TYHHK A.IO., )KYKOB B.B., [UIOYKOB H.H..
0
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Puc. 2. Tlpunumiimansuas cxeMa yKpyuHerus cantkos smerogoM 31ITH XXM 7 — sanupounoe yCTpoOHCTBO ANS 1104a4H MKHAKOTO MeTalla

B KPHCTAJIM3ATODP; 2 — TOKOUOUABOUAUIMHA KPHUCTALAU3ATOD; 3

wiaKoBaslt BatiHa, 4 — Merajaudeckas BaHua; 5 — uvnrpaﬂbeIﬁ

CAMTOK; 6 — CJI0H MeTasnna 110¢/1e OAHOKDPATHON HANMABKH; / — Cjok MeTa/lJIa 110c/e ABYKPAaTHOM HAIlidBKH

SIIIH XXM u3 cBapoyYHOro, HanJIaBOYHOTO TEXHO-
JIOTHYECKOTO MTPOLECCa, KAKUM OH GblJI B HAUAJIE CBOETO
POKAEHUS U PV YEr0 OH OBLI CO3AH, a UMEHHO: AJIS
TIOJIYUEHHST KOMITO3UTHBIX BAJKOB C paboymM CJIOeM
TIPEUMYILIECTBEHHO U3 GbICTPOPERYIINX CTaNEH B CBAZH
¢ pa3paGoOTKOH HOBOrO crnocoba NMPOM3BOACTBA KPYT-
HOTOHHA&)KHBIX CJIUTKOB, TpeBpaTtuica B shdertus

1

HBIH CAMOCTOSITENBHBIN METa Iypruueckuil mpouecce
IPOU3BO/ACTBA KPYTHBIX CAUTKOB MPAKTHYECKH TIO60r0o
CeJeHMs1 U MACChl, TIPHU 3TOM B psfle CJyuaeB [JId ero
peanu3anun He TpeGyeTcst CTPOMTENBCTBA THIAHTCKHMX
neyeit 111, Takoil npouece N03BOJISAET B 3HAUUTENb
HOP CTENEHM MCITIONb30BATL yIKe iMerolieecs 060pyao-
BaHye MEeTA/UIyPrudeciux NpednpuaTtuii YKpauii,

2
%3
=
T
N VS
0 8 9 10 1
7

a

Puc. 3. Ycranoska YIU-149 (@) 1 vaniapienusiii CIMTOK BO BpeMs ero sbiTskiH cHuay (6): 1 — xosonHa neun; 2 — BepXHEE yCTPOICTBO
KperieHus 3aroTOBKH; 3 — HCXOAHDLIH CAMTOK; 4 — PaCXOAyeMblii 3MeKTPOA; 5 — TOKONOABOASLUMA KPUCTANIN3ATODP; 6 — HarlJaBJeHHbIf
CIMTOK; 7 — HIWOKHEE YCTPOHCTBO kperedus; 8§ — nnatdopma; 9 — Turedb ¢ JKHAKHM METaniaom Ans nainabkk; 10 — yCTanoBKa
QUITII ans IPUTOTOBAEHHS XUAKOTO MeTawIa; 1 — MCTOYHUK ruTadma ycranosiku DIUTIT
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17 o P i i . I M

Puc. 4. Moneabnsie muorocaofinnie cantkit SLLH KM iuamerparu
1107180 (a) u 110,/180 /350 (6) My, noayucinpie n aa6opaTop-
NbIX YCIAOBHAX

HATIpUMED, AJIsI TOATOTOBKH KIAKOTO MeTas1a. 3a cyer
MHOTOMPOXOAHOCTH TTPOIECCA HAPAIUBAHUA PE3KO CO-
KpauraeTcst MoTPeGHOCTh B BBLICOKHX YCTAHOBOUHDIX
MOLLHOCTSIX arperaTton, eCTECTBEHHO, 3a CUeT AJUTE b
HOCTH 1IPOLECCA MOJYYEHHS! TOTOBOIO CJUTKA, YTO NpU
MeJIKOCEPUNIIOM TIPON3BO/ICTRE He CBIA3AHO ¢ OOJIbLIM-
MV 9HEPreTHYECKUMHU MTOTEPSIMI W JAET 3HAUUTENbHBIN
BBIMTPBILI B KATMTAIbHDBIX 3aTpaTax.

B n1a60paTopHbIX YCIOBHAX YCTAHOBKA JUISL HOJTY-
YeHHs MHOTOCJOUHBIX CaMTKOB crocobom IUITH KM
UMeeT BUJ, TTOKA3aHHBIN Ha puc. 3.

B nabopatopubix yeiosusix Merogom D UITH KM
OBLIM TMOJYYEHB! MOTC.IbHBIE ABYX- M TPEXCIOHHBIE
crutky anamerpom 110,180 /350 MM, B TOM umcre
OBYXCIAOHHBIM — MOJEJNBHBIH  CAMTOK — AWAMETPOM
110,/180 ™M u3 BbICOKOMErHpoOBaHHONR cramm 316
(10X17H13M2) (puc. 4). VX MaKkpocTpyKTypbl 1
hparMeHTEl MUKPOCTPYKTYP NEPEXOAHBIX 30H Mpes-
CTaBJIEHBL HA PUC. 3.

B cBa3u ¢ TemM, UTO MOMYUEHVE KPYMHBIX CANTKOB
IKCMEPHMEHTAIDHBIM ITyTeM Tpedyer GOMbIINX 3aTpar,
0COGEHHO C YYeTOM CTOMMOCTH MATePHaa M 3JEKTPU-
HECKOW SHEPryY, 3aCyIKMBACT BHUMAHMSA NPUMEHEHIE
MeTo/la MAaTeMATUYeCKOTO MOJeIUPOBAHMS MpoLecca

d 6

fc)

=
<

~)
S RS S —— iy —— SRS S —

A

), MM

7

120 160 Ly

Puc. 6. [Ipunsaras cxema aaa Moeiposauus iipoyecca I1LIH XKM:
7 — nansiaaseMas MeTaNIHUECKas 3ar0TOBKA; & — BAaBHA XIUUKOrO

40 80

whaka; 3 — Mertasauveckas paHHa; 4 — peyxdaszuas 30Ha; 5 —
HAlJIaBACH bl CIOH; 6 — 3aTpasia; 7, 10 — BOJLOOXJIANK 1aeMbie
cexui; & — KaHas JaT4nka YPOBHS MCTaJAHYecKoH BaHHbl, 9 -

“3004T0D; 11 — TOKOLOABOASAAS CEKUMs KpHCTAIK3aTOpa; [2 —
rpadpurosas yreposka

BJIGI(TPOUIJIEIKOBOI?I HanaBku, MareMaTuuyeckoe Moae-
JMPOBAHHE TEXHOJOIMYECKOTrO Mpouecca yKpymHEeHH
cautka metonoMm IDUIH KM nosponsier moayduthb
BaXKHYIO AJIsE €T0 HpaKTI/ILIeCKOﬁ peajinzaumnu I’IH@)OP‘
MalMio, TaKyIO Kak OIpe/esIeHNEe MOJIA INMEKTPOCTATH-
HeCKOr'o moTeHuHam a 1 COOTBETCTBYIOLIETO TEIJIOBbIAE-
JIEHA, pacCHeT TeMnepaTypHOro noJjas B WJIAKOBON U
MEeTaJLTMYEeCKOU BaHHE C Y4EeTOM MOPUHOHHOIO NOCTY -
JIEHHS B TOKOHOHBOBJILU;I/II\/)I KPHUCTAJI/IN34TOD JKMAKOTO
MEeTaJlIa, OTIpe/iesIeHne TTapaMeTpos AByx@asHoll 30-
HbI, JAHHDLIX O pa3Mepax 3€pHa HepBH‘{HOﬁ MHKDOCT-

DPYKTYDBI M AD.
Ilpunsaras cxema /It MOAENMPOBAHMS Ipolecca

SIIH XXM npeacrasiena Ha puc. 6 [5].

Puc. 5. Makpoctpykrypa HONEPEYHbIX TEMILJIETOB MOAEALHOIO ABYXCJ0Inoro caurka Auamerpom 110,/180 MM 13 BLICOKONErHPOBaHHOI
crann 316 (@) u tpexcaoitnoro (Ct10 + Cri0 + C120) caurica auaserpom 110,/180,/350 mm DIIH XKM (6) u MUKPOCTPYKTYpPa 30HbL

ClIJTaBJIeHNA CA0EB
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0 2040 60 80
38-31-28,5 B
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Puc. 7. Pacnpesesenne TeMneEpaTypbl B A8yXcaoinoM cautke amamerpom 110,180 mm (@), Tpexcaoiinom anamerpom 180,350 mm (6)
1 MUOrocaoiitoM arnamerpom 520 /690 My (8) B npouecce JITH KM chos MeTanna W pacnpe/ieneHne TeMIepaTypbl B CTIJIOUIHOM CIUTKE

SUITT pnamerpom 350 mm (2)

Ha puc. 7 B rpadguueckoM BUJE TIPECTABIEHO pac-
npefeJieHye TeMIlepaTypbl B IIOTIEPEYHOM CEYEHHUH
ULTAaKOBOH BaHHBI M YKPYITHSIEMBIX 3aTOTOBOK PA3HOTO
AuaMeTpa M B CIUIOLUHOM CJIMTKE, a TaKXKe [MOKa3aHa
dopma mMetasnnueckol Bannpl (rpaHMiLa B MHTEpBaJe
temnepatyp 1345-1425 u 142515835 °C) ans yrasan-
Horo BapuaHnTa ciyctst 1800 ¢ nocse Hauana npouecca
HaIlJIaBKM, KOTJia HAMJIABJIEHA TPETh 33JaHHOU BBICOTBI
ciutka. '{lnakoBasi BaHHa ouyepuyeHa JHUHWEN Oesoro
usera. 30Hbl HauboJiee BBICOKOM TEMITEPATY P B LLLia-
KOBOH BaHHE PacIloI0KeHbl BOJTU3U H30JISITOPOB KPHUC-
TaJJIu3aTopa, T. e. 06./1aCTH HanGOoIbLIErO TEIJIOBbIIE
geuusi. Ha aTOM pucynke BUAHO, YTO MeTaJIMYeCKas
BaHHa MMeeT MUHUMAJIbHYIO [NIYyOUHY U ILIOCKYI0 dhop-
My BO BpeMsi HAILJABKY CJ0EB METaJLIa Ha CAUTKY pas-
HOTO MCxXOomHOro Auamerpa (M. puc. 7 a—6), Toraa Kax
B CJydae BbIIJAABKH CIIOWHOro cautka (cm. puc. 7,
2) BaHHA MMeeT He/[OMyCTUMO GO0 IIyGUHY U He
YIOBJETBOPUTENBHYIO dOpMY.
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Ha ocnoBe npeacTaBieHHBIX PE3yAbTATOB pacyeTa
ToKa3aHo, 4yTo GopMa U riryOuHa MeTaJJn4eckoi BaH-
HbI CTAHOBSATCS CTAOUIBHBIMU A0BOJIBHO OBICTPO U BECDH
TIPOIIECC HATLIABKY NPOTEKAET JOCTATOYHO MOHOTOHHO,
YTO B KOHEUHOM CUETE U OIIPEESIET BBICOKOE Ka4eCTBO
C/IUTKA M OKa3bIBaeT 6IarONpHsITHOE BAUSIHUE HA KDHC-
TaJITU3ALNI0 METaNIa,

Bpemsi npebbiBanus MeTallla B MHTEPBAJIe TeMIIepa-
1yp [T1 — Ts) AJst CIIIOWHBIK CAUTKOB YBETNYMBAETCSI
B ITPOIOPLMOHATBHON 3aBUCUMOCTH OT AUAMETPA CIAUT-
Ka. Ho IpM mosyuyeHUu MOJAESBHOIO MHOIOCJA0HHOrO
ciutka MetogoM JIITH KM MakcuMasbHOe 3HAUeHMe
5TOro HapamerTpa Ha JIMHHMH CIJIaBJeHHUs1 yMeHbLIAeTCs
MpU NOCJ/EZ0BATEJBHOM yBeJMYEeHHH auaMeTpa. Tak,
eCJIM TIPY HAIUIABKE CJOS MeTajila TOJUMHON 85 MM
HA UCXOAHBIA CJMTOK AuameTpom 180 MM mapamerp
[T; ~ Tg] no AMHUM CILIABJEHMS] HE3HAYMTENTBHO OT-
Jndaercsi 0T 6a30BOrO BapHaHTa, TO MTPK Hali(aBKe M0

G, °C
60
50
40
30
20
10

860

1030 de,, v

Puc. 8. CpaBHeH1e KAYECTBEHHDIX XAPAKTEPHCTHK
CJUTKOB Pa3HOro puamerpa B AByxdasnoil sone:
Bpems npebbipanua B unteppane [T, — Ts) (a),
rpaaueHT Temnepatyp (6) W pacCTOsHHE Mexay
0CAMM BTOPMUHBIX Aenaputos (8); 1 — CAMTOK
DIIIT XXM Ha aunuu criapaenus; 2 — BOAU3U
JUHUY 1lnaBaenus; 3 — caurox LI
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Puc. 9. Pacnpese.icnme TeMIepaTypnl B MHOrocodiiplx caurkax aumerpom 110,180 (@), 180,350 (6), 350,520 (¢), 520,690 (2),
6907860 (9), 86071030 (¢) w 1030,/1200 (x) mm B npouecce DUITH KM

Cﬂe}ly}OHII/IX CJIOEB 3TOT MapaMCETp 3aMETHO CHUIKAETCS
(puc. 8, a).

JIpyruM BaXKHBIM [TAPAMETPOM, XapaKICPU3YHOLIMM
Ka4YeCTBO MLCTA lJia MOJIESIBbHOIO MHOYOCJIOE[HOYO CIANTKA,
SIBJISIETCS] TPAJMEHT TEMIIEPATY LI B ABYX(Da3HON 30He

g 2 3T 2z
esREsE
ar dz

OH crwkaercs B jiByxda3Hoi 30He N0 Mepe yBe-
JIMHEHMS IHaMEeTPa BbIMIABJIEHHOIO CTUJIOLWIHOTO CJIUT-
Ka. OjiHAKO NPY MOJYYEHHN MO/ENBHLIX MHOTOCHIOH-

oT

=, c

[popens 1,

AT
Y posetib

Puc. 10. Cxema poipeaxn 06pasioB W3 MOAEABIOTO ABYXCAOIHOrO CAUTKA AHAMETPOM

Mg uecaegosakinit Ha komiexce GLEEBLE-3800

HbIX CaIUTKOB MetogoM II1TH XXM stor mapametp 3Ha-
YYUTEJBHO BBIUIE: AJS CAUTKA AuaMeTpoM 350 MM OH
BJIBOE MPEBOCXO/HT 3HAYeHHe AaHAJIOIHYHOrO mapaMer-
pa faszosoro BapuanTta. [1pu HarJaBKe NOC/ICAYIOIIMX
CJIOEB I'DafVEHT TEMIIEPATYD YBEJHUHBAETCS eLle 3a-
metHee (puc. 8, 6).

Elile OAHVM TaPAaMETPOM, XAPAKTEPHBY IOUIHM Kaue-
CTBO MeTajja MOJENBHOrO CJIUTKA, SIBJSETCS JUCTIED-
CHOCTb JEHAPHTHON CTPYKTYPbI, TOKA3aTeNEM KOTOPOH
MOJKET ObITh PACCTOAHUE MENK/TY OCSIMU JEHAPUTOR BTO-
poro nopsaka (puc. 8, ¢).

s Y]~ M =

110,/180 MM 13 BbICOKOJErHPOBAHHOM craax 316
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Ha ocxose MatemaTudeckoi mogemu (puc. 9) 6p1in
OTpe/IesIeHbl TEPMHUYECKHE LIMKJIbI MHOrOCToHHON D1ITH
KM 1npu nosy4eHHH CAMTKOB Da3HbIX AHAMETPOB, a
TaK)ke MPOBE/E€Ha UX UMHTaLUMs Ha komraekce GLE-
EBLE-3800 ¢ npumeHeHMEM MeTanaa MOJEIBLHOTO
cautra auamerpom 110,180 MM 13 BBICOKOJIETHPOBAH-
HOHU crasm 316. Cxema BbIpe3ku 06pasiOB M3 ITOTO
C/IMTKa MMoKas3aHa Ha puc. 10.

HAunaromMeTpuyeckHe UMCCAENOBAHUS HA  3THX
o6pasuax TPOBOAMIM st UMUTALUWK TIDOXOIKAEHHUS
TEPMUYECKOrO IVKJIA, PACCYUTAHHOIO Ha OCHOBE Ma-
TEMATHYECKOr0 MOJEIUPOBAHUA BOJIU3Y 30HDI CIIJIaB-
serus (2 MM B riy6b ncxoaHoOro Metania). [Iposectn
UMHUTALHIO MAaTEMATHUYECKH DPACCYUTAHHOTO LHUKJA HA
xomriekce GLEEBLE-3800 e npeacraBasiocs Bo3-
MOYKHDBIM, TI03TOMY €ro BOCIIDOM3BENEHWE OCYUIECTB-
JIAJIK 33 CYeT BBIAEPIKKH IIDU MaKCHMAJbHOHN TeMIre-
parype 1150 °C mn1s CAMTKOB pPa3iMYHOrO AMAMETPA
(puc. 11, 12).

KavecTBO MeTasL1a MOAEIBHOTO CAUTKA OLIEHUBAJIH
no pesyJsibraraM MeTaaaorpadmuyecKux HCCIeA0BaHHUHT
C UCTIOTH30BAHUEM TAKOTrO XAPAKTEPHOTO LISt IEHAPUT-
HOM CTPYKTYPbI KPUTEPHUS, KAK PACCTOSTHIE MEX Y OCST-
MU JeHZAPUTOB BTOpOro nopsinka. Ha o6pa3suax, noxa-
3aHHBIX Ha puC. 13, 6, 14, 6, paccrosiHue MEK Iy OCAMH
OTpeesan C TIOMOLIbIO KOMIIBIOTEPHON NPOrpamMMbl
Atlas (puc. 15), nosyueHHble CpeAHHe SHAYEHUA [IPH-
BeseHbl B Tabs. 1.

T, °C
1400
1200
1000
800
600
400
200

o !
0 1000 2000 3000 4000 5000 6000 7000 ¢, ¢
Puc. 11. Tepmuueckuit umka SUIH XM gas canrka anameTpom

110 /180 mm: 1 — pacuersbtii unka arst D = 180 Mum; 2 — uMuTauus
na GLEEBLE-3800

1 ] 1

Mertannorpaduyeckre UCcaeA0BaHUA 30HbI CILIAB-
JIEHHS CJIOEB ABYXCJIOMHOrO MOAe bHOTO ciutKa I LITH
KM us BoicokonernpoBaHHo# cranu 316 noaTBepAUIN
UX BBICOKYIO XHMHUYECKYIO U CTPYKTYDPHYIO OAHOPOA-
HOCTb. IIpoBegeHHble MeTasI0rpadpUuecKue UCCIEN0-
BaHNst 06Pa3L0B, [IOABEPTHYTHIX TEPMUIECKOMY LUKITY
HaTJIaBKM CJUTKOB GOJBLUINX AHAMETPOB, Tak:e IO
TBEPAUJIM BICOKOE KAYeCTBO MeTalaa, OTCYTCTBHE 1O~
PHCTOCTH U KaKUX-TH60 1eeKTOB, CBA3AHHDIX C JIMK-
BAalMOHHBIMU [POLECCAMK B KDYIHBIX CJIUTKAX
(puc. 16).

UccnenoBanus (QUINKO-MEXaHUYECKUX CBOMCTB
craym 316 nocie JIIH YKM BbinoaHsIN HA TONEped-
HbIX Makpolaudax Ha ABYX YPOBHSX IO BBICOTE MO-
[EJIBHOTO ABYXCJIORHOIO CJANTKA B DAJHAIHHOM U TaH-
reHUMasbHOM Hanpasiennsx (puc. 17, 18), nony4en-

;

e ket L

LN 205 ]

Puc. 12, MuKpPOCTPYKTYypa MeTajja MOAENbHOTO CJIUTKA M3 CTasM

316, NOABEPXKEHHOrO BbIAEPXKKE TIPH MaKCHMaJbHOW TeMIEepaType

1150 °C 8 Teuenne 23 mun nocie umuraunu Ha komnuexce GLEEBLE-3800 pexunma SLIH KM ans caurxa anamerpom 110,/180 MM

1 i 1

1

0 1000 2000 3000

4000 5000 6000 (S

Puc. 13. Tepmuueckuit wuxa SLITH KM ans cantka auamerpom 8601030 mm: 1 — pacuersiit uska st D = 1030 mm; 2 — umMuTauns

na GLEEBLE-3800
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Puc. 14. MukpocTpyKTypa MeTasaa MOAENBHOro cauTka k3 craiun 316 auamerpom 180 MM, NOABEPXEHHOTO BLIJEPIKKE MPH MAKCHMMAJbHOIM
temneparype 1150 "C 8 Tesenue 17 mun nocne umuraumnm na komiexce GLEEBLE-3800 pexunma SUIIH KM gns cnutka anamerpom

860,/1030 mm

'
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Puc. 15. MukpoCTpyKTypa ¢ PacCTOAHUSIMU MCOKAY OCSIMU ACHAPUTOB BTOPOTO MOPA/AKA, W3MEPEHHLIMM B 06pa3Lax MOAEJIbHbBIX CIHTKOB
DI MM u3 cranu 316: @ — nocne DIH YKM; 6 — wocae 3UH KM u tepmudeckoil 06paboTky B 3A¢KTPUIECKO rewn 1pu 1150 °C
B Tedenne 20 MuH; 8 — nocie nmutanun pexxuma IMWH KM pas cuirka anamerpom 110,180 mm 1 sorgepskicu 1pu 1150 °C B Teuenne
23 MuH; 2 — nocie umutaumn pexxuma IUIH KM ana cantka nnamerpom 8601030 MM u Bhigepkiu upu 1360 °C B Teuenue 17 mun

Tatanua 1. /lciepcHocTsb AeHAPUTHOR CTPYKTYDDI

Puc. 16. Cxema BbIPE3KH B TAHTEHUHANLIOM M PAAHA/IbHOM HalPAB-
neHuu 06PasLOoB C OCTPLIM HAAPC30M AJISt MCIIbITAHUI HA PACTSKEHME
M YAAPHYIO BA3KOCTb M3 MO/e1pHOr0 cantka cranu 316 auamerposm

110,/180 mm

HbIE Pe3yJILTATHI NPEJICTABACHD! B TA6. 2. ITH HCCTe

JA0BaHKWA MOKa3asau M3OTPOIIHOCTb MOJIC/IBHOIO CAMTKA

Cpesutee
paccroanue
QO06bexT sccneaoBatitii R
ACTPHTOB
BTOPOro
[DOpsAAKaA, MKM
O6pa3sell MOAENBHOIO CAUTKA LUAMETPOM 85
110,/180 sm u3 cranu 316 nocne DIUH KM
MareMaTU4eCKk pacCUMTaHHOE 3HaYeHHe AN 82
cautia quamerpom 110,180 mMm
O6pasen nocne SUIH KM u tepmuyeckoit 77
06paBoTKy B JIEKTPHYECKON MeyHu Ha peXkuMe
1150 °C x 20 mun (oxnaxpenue B BOjiE)
O6paseu nocie UMUTALHK TEPMUUECKOTO 79
uuna IUWH KM s cantra quamerpom
1107180 MM, BBUIEPXKKA HA PEXUME
1150 °C x 23 smun
O6pasel 110c/ie HMUTALHH TEPMIYECKOTO 106
uuina DUIH KM ana comria gpaMeTpom
86071030 MM, BblAEpIKKA HA PEXIME
1150 °C x 17 MuH
MaremMaTHYeCcKH pacCYMTaHHOE 3HAYEHHE A 108
canrka auamerpom 860 /1030 mm

KaK IO CEYeHHIO, TdlK ¥ [I0 BbICOTC.

Boiso bl

Komiiekcioe IpuMeHeHe METOL0B MaTeMATHYECKOro
1 (DU3NYECKOro MOJEMPOBAHUSH, a TaKXKe MeTaslio-
rpadyiueckue HCCe0BAHMS 30HbI CILIABICHUST CJIOEB
MO/IEJIBHLIX CJMTKOB C ITpHMeHenvieM xoMiiekca GLE-

EBLE-3800 s uMuTalldy TEPMHYECKIX LIHKJIOB MHO-
rocnotinoit DIIH KM no3posnumu oueHuts aPdex-
THUBHOCTD [PIMEHEHNS 3TOr0 MeTO/Ia HallaBKIL /1A Y-
DPYIIHEHHSI CJIUTKOB H3 BbICOKOEIMPOBAHHOMN CTAIH TH-
ma 316 u obecrieueruss rOMOreHHON CTPYKTYPBI.
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TaGauna 2. OU3MKO-MeXaHHYECKME CBORCTBA METANIA MOJEALHOrO canTKa auametpoM 110 /180 mm us ctanu 316 nocae DIIH KM

Cpo#ictna MOTAJAL CAdTKA
Hanpapscine Bbipeaxky o6pasuos 3iaucuue —
c,, MIla o, Mlla 8, %
TaureHunanbHoe Makc. 496,8 205,0 62,5 _
MuH. 441,2 1744 . 42,5 |
Cpesnnee 466,4 191.,0 50,6
PaguansHoe Makc. 503,7 200,0 55,0
MuH. 457,4 185,0 40,0
Cpennee 483,8 1921 47,5
Oxonuanue maba. 2
CrolicTpa MeTaiia cauTka
Hanpasicuue spIpeaks o6pasuos 3uauernme
v, % KCV o /M ke, kg, ks ky
TanreHumnanbHoe Makc. 35,0 =
MuH, 67.0 =
Cpeutee ob3 =
PajnanbHoe Maxc. 63,0 238,2 0,96 0,99 1,07 0,95
Mun. 42,0 192,0
Cpeance | 54,3 215,1 _ | |
ITpumevanue. Kos(pPpuLMeHT aHB30TPONKMHK k PABEH COOTHOLUEHHIO [OKA3aTeNeH, TONYUEHHBIX Ha 06pa3laxX, BbIPE3AHHDLIX B TAHTCHLHATILHOM H
PAAKAJILHOM HANpaBJeH .

Puc.17. O6pasup! MeTana MOAeNbHOro cantka guamerpom 110,/ 180 MM u3 cranu 316, Bo(pesanHble COrMACKHO PUC. 16 B TAHTEHUHMATLHOM
(@) u paguansrom (6) nanpasnenuu, 4o (eepxy) n nocne (6#u3y) MEXAHHUECKHMX MCTIBITAHMI

MccnenoBadusa Gu3sUKO-MEXaHUYECKMX CBOUCTB CTa-
316 (10X17H13M2) B oM Buze mocae DIITH
7KM noxasanu M30TPOITHOCTD MOAENBHOrO CJMTKA 110
CEeYEHMIO U BBICOTE.

1. Suexmpownaxoswti merann / Ilox pea. B.E. Ilatona n
B.1. Meposapa. — Kues: Hayx. aymxa, 1981, — 680 c.

2. INamon B.E., Medosap JI.B5., Caenxo B.S. O nexoTopbix
«cTapbIx HOBbiX» 3agadax J1UIT // Cosp. asexrpomeran-
ayprust. — 2004, — Ne 3. — C. 7-10.

3. amon B.E., Medosap J.5., Caenxo B.A. u 0p. Hobbit
TEXHOJIOTHYECKHE MPOUECC NMOMYUEHUA CBEPXKPYIHDIX CTaAb-
HbIX CJAMTKOB cnocobom IIUH KM // Tam xe. —
2007. — MNe 1. — C. 3-7.

4. Honiwko T.O., Pemezose O.I., Hlesuenxo M.T. ma in.
OuiHKa MOXJIMBOCTEH OTPUMAHHS KPYT/IUX CTasfbHUX 3JMBKIB
Baroto 60 T na 6asi 20-tonnoi neui EIUII // Creuiaitbha
METanyprisi: BYopa, cborogui, 3asrpa: 36. np. CTYAEHTIB 1
Bunycknukis kadegpn OXOTM HTVYY «KIll». — Kuis:
IMonitexuuka, 2007. — C. 17-25.

S. Maxnenxo B.H., Medosap JI.B., Caenxo B.5I. u Op. Mare-
MaTHYECKOe MOAENMPOBAHHE NPOLUECCOB YKDYIIHEHHS CJHTKOB

Puc. 18. OOGpasupl Meta’uia MOJACNLHOIO CAUTKA AMAMETPOM
110 /180 mMm u3 cranu 316, BplpesadHble coraacHo puc. 16, nocae
MCHBITAHUH HA Y, 1aPIYI0 BA3KOCTb
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PUCK PA3SPYHIEHUA B 3OHE XAPAKTEPHbDIX
AEG®EKTOB CTAJIbHbBIX TPYBOIIPOBO/0OB

Maxuneuxko B.H., Muaenun A.C., Maxunenxo O.B.

Hucmumym snexmpocseapxu um. E.O. Ilamona HAHY, Kues, Yxpauna

PaccmoTpennl METOABI PAHXKHPOBAHUS XAPAKTEPHBIX AeHEKTOB A5t 060CHOBAHHON Pa3paGoTKy rpacdHKa peMORTa CBADHbIX
MarucTpasibHblX MOA3EMHbIX TPYOOUPOBOAOB (€3 BbiBoAR WX W3 3Kcriyarauuu. [lpeanoxkena AByXypOBHeBasi OLEHKa
BLISBACHHBIX JePCKTOB — [0 PE3y/IbTaTaM BHyTPUTPYOHOH AMATHOCTHKM W AMArHOCTHMKY C OMOWbIO Wypdos. Bepoar-
HOCTHbIE XapaKTeDHCTHKH DHCKA OTKasa [IPEAJIaraeTcsi MCNOJNbL30BaTh B KAUECTBE OCHOBbl PaHXKMPDOBaHMS AedeKTOB U

[IPUBOAATCS MPHUMEPDI NOJYUYECHUA TAKKMX XaAPaKTEPUCTHK.

Han6onee xapaxrepHbIMY TTOBPESKAEHUSIMH CTAIbHBIX
MarucTPaJbHbIX TPYSONpPOBOAOB, OCOOEHHO NOA3EM-
HBIX, SIBJISIIOTCSI KODPO3MOHHBIE, 4Yalle BCEro B BHJE
Pa3NUUHOrO BULA YTOHEHWH CTEHKM TPYObI CHApyIKH
WX U3HYTPU. Pexxe, HO 6oJiee OMacHbIE U3 HUX IOSB-
JISTIOTCA B BUJE KOPPO3MOHHBIX TPEIIMH Ha HAPYKHOH
1V BHY TpEHHEH osepxHOCTH TpyGonposoaa (puc. 1).
ConpenMeHnble cpencTBa 06HApYKEeHUs 1eeKTOB TPY-
6OMpoBOOB M OLEHKH MX fomyctumocty (puc. 2) Ha
OlIPE/ICTEHHDBIN CPOK IKCILIYATALUH [T03BOJISIIOT A0CTa-
10410 3P PEKTUBHO DEIIUTD TPOGIEMBI YCTPAHEHHSE He-
[OMTYCTUMBIX Je(DEeKTOB TPa/IIIIMOHHbIMU METOAAMH pe-
MOIITa, CBSI3AHHBIMU C BBIBOZAOM Ae(EKTHOTO YUACTKA
13 akcrryatanui. OMHAKO B OCAELHIE TOJbI JOBOIb
HO IIMDOKO MCTIOIb3YIOTCSE METOABI PEMOHTA Maru-
CTPaJIbHBIX TPY60IpOBOAOB 6e3 BbIBOJA MX W3 IKCIT-
AYaTAlud, 9TO OCOGEHHO BAXKHO B YCJOBUSX WUHTEH-
CHBHO¥ 3KCILIyaTallly ¥ OCPAHMUCHHOTO Pe3epBa AJs
o6ecrieueHnst HEOOXOAUMOTO TPAHCIIOpTa HedTH Hin
raza. [lpu a1OM 4acTO BO3HUKAET MPO6JIeMa OUePeHO-
CTH BBINOJHEHHSE PEMOHTHBIX paboT anst aedexTtos,
KBaJMUMDHUIUPOBAHHDBIX KAK «HEJAONYCTUMEBIES COTJIACHO
CYNIECTBYIONINM cTaHAapTam onenku (em. puc. 1) [1-
3]. Ilpu TpaaAMUHOHHOM METO[e peMOHTA Takast Npos-
JeMa He BO3HHKAET, ITOCKOJDBKY HA BLIBEJEHHOM K3
9KCIIyaTalun TpyOOIIPOBOAE O4YEPEAHOCTh PEMOHTA
HeeKTOB C IPU3HAKOM «HEZONYCTHMBIES> 3aBUCUT OT
PEaIbHDIX BO3MOXKHOCTEN ¥ PAllOHAIbHBIX CPOKOB pe-
MOHTa BCEro ydacTka 6e3 DHCKa IMOJy4eHMsI OTKa3a B
30He OJIHOrO U3 [eeKTOB M3-33 HeYAAUHO COCTAaBJIEH
HOrO rpadura O4epeAHOCTH peMOHTA. [IOHATHO, 4YTO
HODMaJIbHasl OPraHU3alus PEMOHTA XapPaKTEPHbIX He-
JIOITYCTUMBIX A€DEKTOB COBPEMEHHDBIX MArMCTPAIbHBIX
TPYy6OIIPOBOAOB 63 MX BBIBOAA M3 SKCIIYATALMHU, B
KOTOpO# akTUBHO npuHuMaet yyactue MOC um. E.O.

© MAXHEHKO B.¥., MUJIEHWH A.C., MAXHEHKO O.B., 2010

ITatona HAHY, tpe6yer 6oJiee AeTaJbHOIO PaHKUPO-
B&HUsI TOCTABJIEHHBIX B PEMOHTHYO OYepeab AeDEeKTOB
o NMpU3HAKy pUCKa OTKa3a 3a BPEMsl o4epeju Ha De-
MOHT, ¥ UMEHHO 3To npodJieMe NOCBsIIIEHA HACTOs 1A
pabora.

B pafore ncnob3oBaHbl CIEYIOUINE OCHOBHBIE OT-
JIMYUTENbHBIE TPUHIMIIBI PAHXKUPOBAHUS!

® /15t KOJIMUECTBEHHOTO CPABHEHUS BaXKHO, 4TOODI
KaXkAbIM feheKxT uMes KOJMYECTBEHHYIO XapaKkTepUC
TUKY PUCKa OTKa3a Ha IMEepPHOA OXUAAHUS O4Yepeny Ha
PEMOHT, T. €. BEPOSITHOCTb OTKa3a;

® JIeTEPMUHUPOBAHHDIE, JIOCTATOYHO arTpOGUPOBAH-
Hble KPUTEPHUH TNpEAEIbHOrO COCTOSHUS AJISt COOTBET-
CTBYIOLIETO THIA JedeKTa ¢ Y4eTOM BapHALMU UCXOL
HBIX MapaMeTpoB (reoMeTpuyecKux pasmepoB nedex-
Ta, MEXaHMYECKUX CBOWUCTB Matepuasa), BXOASUINX B
KpUTEPU TIpefebHOTo cocTosinmst (puc. 3-5);

® BepOSITHOCTb OTKA3a ONPEAEJISACTCsSE ¢ MOMOLIDIO
yucjerntoro meroga Mounrte-Kapno.

Wcnorb30BaHO ypaBHEHUE TPEAEIbHOIO COCTOAHMS

y =[x, 2, £) =0, (0

A€ X, — BapbUpyeMble NMapaMeTpbl; Z; — JAETepMit-
HHPOBAHHbIE TTApaMeTPbl; [ — BpeMmsl.

P.=N(y < 0)/N npu N — oo, (2)

Jlis mapametpos x; (j =1, 2, ..., J) nomxen 6bITh

3alaH 3aKoH pacrpesnesenus ¢(x;) — TIOTHOCTD pac-
npeJeesus.

Harnipumep, /it XapaKTepHOTO TEOMETPHUECKOTO
pasMepa YTOHEHUS CTEHKM — TJIYOUHBl @ — HCIOJIb-
3yeTCA YCEeYEeHHDbIH HOPMAaJbHbIY 3aKOH

2
©(a) Xp|— (@ aq) 2;5“)  A,<a<B,

1
T s, ©
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Puc. 1. Knaccudmrauns AedreKTOB THIIA HECILNOWHOCTH MATEPUANA: @ — XAPAKTEPHbIE BHAb TPELMHOOGPa3ibIX ACEKTOB: CKBO3HbIE
(1), noeepxHocthbie (2), noanosepxuocthple (3), cxkBosnple Ha kpomke (4), nosepxHOCTHbIE Ha KpoMke (5); 6 — NOKanbHOE YTOHEHUE
(c x 5) 8 crenxe TpyGsl (2¢ X 25 — 30Ha Koutpons): mian (1), upoduie (2); ¢ — yanuneHHbie 0ObEMHDIE AeDEKTHI, HMEIOLIME HOPMY
xaHaBoK: aecexT B Buae KaHasku (Bua csepxy) (1), namma aecdexra (ceuenne A-A) (2), wmpnna pedexra (ceuenne B-B) (3)

rae C_,a — CTa}LLLapT OTKJIOHEHUS BEJINYLIIbI @ OT Cpe,CLHGI‘O

SHAYEHUSA dop; A, 1 B, — HIDKHAA W BEPXHSAS PaHULA
B,+ A,

ycequHoro HOPMaJIbHOI'O 3aKOHA; acp = T;

S,=erf [%%—ZA—"}, (4)

S, — HOpMUpPYOUIYH KO3DPUUMERT A% YCeYEHHOTO

HOPMAJBHOTO 3aKOHAa.
a Aa

Ecau T = (@ , TO B 3aBUCUMOCTH OT () MOJIY-~
€l

yuM caeyomye snauenus S,(w):

@ 6 5 4 3

k 0,997 0,998 0,954 0,866
Sn = erf—
242

I'panuusr Bapbuposanus A, u B, B uejoMm psie
CJYYaeB COBPEMEHHOW BHYTPUIpPYGHOH AHATHOCTHKY
(cM. puc. 2 Ha3HA4YUTb HCTPY/IHO.

Takum 06pa3oM, e/ i1 BCEX BapbUPYEMbIX Ma-
pamerpos x; B (1) w3sectip! @(x;), TO JIETKO BLIYA-
CIIAETCS BEPOSITHOCTb, UTO BLIGPAHHOE 3HAueHHC X"

60JIblue 3aparee 3aLAHHOTO 3HAUEHUS @™ pasHoro
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Knnewt URRTRANSGAS 56" MG Progress Grebinkivs
KoxtpaxT Na 4-7002-10205 ROSOFT for Pipelines
flara November 19, 2007 Onucanue necexra
KewTpoiuai iosep 0
Ne ROSEN-iposxra 4-7002-10307

Tun oBcnegosanna  AFD

Inspechons Technolagies
wiww, Roseninspection.net

ka-Sofiyivka ROS

MecToHaxomaeHve Wwaa

80300 02 S8/
66487 33 m
Mapkep wa “
Marn. mapeap he 33 12:00 MsrH. mapkep N2 34 12:00 Man. mapxep Ne 38 12:00 Man. mapuep N& 36 12:00 Mo, »&’pxe? Ned712:00  Mard mapwep Ne 38 12:00
59345.01 1 62155.72 m 64754.36 m 6723059 1 345.96 M 7171175 M
i 2610.72 m 2596 64 14 1 1732.97 m 773.64 2396.64 m 1 2059.64
OpHneHTHp Ha
Kpan Ne 3685-3 Kpad Ne 3684-3 KpaH Ne 3683-3 Kpan Ne 37163 Kpan ';paH
32036.64 M 50155.32 m 5448432 61799.32 wm 108477.32 M 125763.37 M
I 1811870m ]  4338.96m ] 11993.05m 153120am ) 2767661m | 1s28539m |
Hucrannayus na
Kym«%p 12:00 HY Anxep 12:00 KY Avikep 12:00 HY AHkep 12:00 KY Ankep 12:00 KY Uncrannayna
58656.02 m 65236.61 656282.63 m 66626.06 m 68543.64 M €9213.45 M
| i §683.60m ) 45.01 M 1 1203.80 M 2336.72 M i 17.79 M 1 369.62 m 1
i .
CBapHO# LWOB Ha
60210.0... 60220.0.. §0230.0... 60240.1... §0260.0... 60260.0... 60270.0... §0280.0...60290.1 ... §0310.0...80320.1... 60330.0... 60340.0... 60350.0... 60360.0..60370.0... 60380.0... 80390.1... |

}?1.19 M | 1.69m )7.10 M ‘)11,11 NUH.GZ M ]11.32m [11.3Tm )10.84 M \)11.13 M

O.SEM\)11.47 M)D.MM)T‘.ZO M )9.03M )11.26»41)11.28 1)11_32"\ 1.07 M)’H.‘IJM )‘

MectoHaxowaeHne oCoBeHHOCTH

8649777 m

-

66487.33 m

5.44 m

A ...0007

OD = 1420 mm

8 HUNPABNEHWA
o TeueHno

[ WHdopmauna 06 ocobeHHocTH

MIMEP. PACCT.. 66492.77 M TC 1850 Mm

opuexTayur 12.07 HAIBAH MO NOTEPA MeTANNR-

WTECTep;

. DA rny6nya ; 28% Armna: 16w wrpuHa: 34 wa

Puc. 2. TIpumep onncanus aedexra, 00HAPYMEHHOTO
HEKOTOPOMY CJyJaHHOMY YHCJY 110 TE€HEPaTopy CJy-
yaitHpix uscen B npegenax 0 <d* < 1,0, 1. e.

)

,Ll-
(.

A

/

Ci €2 C3 ¢4 G5 C6 C7
M5 _
M4 = &
i ek M3 C \ .....
M2t b7 )
M1

a

tuom

Puc. 3. Onpepenenve reomerpuueckux pasmepos AedeKToB Tuna
YTOHEHMA: @ — BUA B ILAAHE; 6 — NPOAOJLHOE CEUEHHE; 8 — MOlIe-
pedHoe cedexne

npu AePEeKTOCKONUH MArKCTPaJbLHOIO TpyGOnpoBoAa

3a/laeT 3HAYEHUE xj(") (j=1,2,...,J) LISl n-TO YUCJIEH-
Horo BapnatTa onpesxesnenus mo (1) suauenns yv.
[Tpr mocraTovdHO MpEACTAaBUTENbHON BbIOGODKE Ba-
.., N Bepostnocts Q (y < 0)
HaxoauTcst 6e3 TPy/a COOTBETCTBYIOLMM JeJIeHUEM KO-
N (y <0

N .

OCTaHOBUMCS HA TIPUMEPE YYaCTKa MaTrHCTPAIbHO-
ro Tpy6onpososaa AnamMerpom D = 1420 mm ¢ To1muHoH
crenxu & = 20 mm u3 craau 17I'1C ¢ o, = 300 Mlla,
o, = 510 MIla. Pab6ouee nassenue rasa COCTABJSIET
7,5 Mlla. Ha yuactxe B pe3yJbTaTe BHYTPHUTPYOHOIM
JUArHOCTUKYM 00Hapy xeHo 10 HeZOMyCTUMBIX, IMOIJIe-
KAIMX PDEMOHTY AeeKTOB, XapaKTePUCTHKN KOTOPDIX
yKa3aHbl B TabJs. 1.

puanToB n = 1,

Ju4ecTBa BapuaHToB ¢ ¥ < 0 Ha N:

Becb yuacTor TEXHOMOTHYECKH pasfeseH Ha TpH
30HDBI, B ITpeiesiaX KOTOPbIX PEMOHT BO3MOXKEH TOJIBKO
nocJjenoBare bHO. Heo6XoauMo OnpesenuTs O4epes:
HOCTb peMOHTa B 30Hax [-III.

B tabs. 2 npuBegeHsl BEPOSITHOCTH OTKa3a Aedex-
toB Ne 1—10 corsracHo Ta6J1. 1 Ha pa3JIMIHbIE IEPHO/BI
BpeMeNnU ¢, TOJIyueHHble Ha OCHOBAHMM OIIHCaHHOIO
BBIILE TIOAXO0/(a K M3BECTHOW JUJIst BHYTPUTPYOHOH auar-
HOCTUKY TOYHOCTH M3MepEHUs OOHAPY XKEHHBIX gedel-
TOB M CKOPOCTH KOPPO3MOHHOTO pOCTa.
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V7, »v/Ton
4

a Kl.s'(.'c Klr

Ky, MIa-t 2 6

Iy A

oo

Puc. 4. Onpejenetine napameTpoB AHArPaMMbl CTATHUECKONH KOPPO3HOHHOM TPELIMHOCTORKOCTH TpySHpix cTased Tina 1711 C nipu nouBeHHo#
KOPPO3MK: @ — AMArpamMmMa CTATHYECKOH KOPPO3HOHHON TPELIMHOCTONKOCTH; § — CxeMma 1I0BEPXHOCTHOH TpeL(HHbl B CTeHke TPySbt (1)
M ee OMUCaHUe [10JYIAHITHIECKON TPEWMHON pasmepoM a X 2¢ (2); 6 — cxema UCHbITaHMi AAS NOJyYEHUS YIPOILEHHON AnarpaMmbt

CKT (7 — ofpaseu; 2 — BahHa, 3 — KOPPO3UOHHAsA Cpejad; 4 — MHAEHTOD; 5 — OUOPa; 6 — Mbe30INEKTPUUECKHi AATIMK, 7 —
yeuanTe M; 8 — MCTOYHMK aKYCTHUECKON aMuccuu; 9 — peructparop; 10 — naTyux TeMrepaTypbl cpedss; 11 — peryJssiTop TeMneparypbl;
12 — HarpesaTedb Cpeanl; 13 — nOMIA UMPKYJsSILMH CPeabl); 2 — ympownennas auarpamma CKT; d — ycTasoctHas W N0ApoCUlas

KoppoauoHHas Tpewnna: 1 — = 1,341 mu, Iy = 1,413 msm, AL = 0,072 mm; 2 — 1, = 0,452 mm; 1y = 0,572 My AL = 0,120 Mm; e —
9KCAEpPUMEHTAJIbHASL YCTAHOBKA, co3aantas B MIC no cxeme ucnbiTaHuit

JLJ1s1 BDIYMCJIIEHMST 3TUX AAHHBIX UCHOJIB30BAM €&
TePMHUHNPOBAHHbIE YPABHEHUSI NPEAETbHOTO COCTOsk
aust Trna (1), [0CTATOUHO XOPOIO ampoGHUPOBAHHDIE
Ha TMPakTUKE KaK AJs1 yTOHeHuH [4—7], Tak u jis Tpe-
wuH [5—9]. C yuerom panHbix Tabs. 2 aas 308 I~111
110 BpEMEHH MTOTYYHM BEPOSITHOCTD OTKA3a, YKA3AHHY O
B Tabu. 3.

ITo npuBeIeHHbIM JAHHBIM YCTAHABIMBAETCS TOC/IE-
[OBaTeJIbHOCTD NPOBEAEHHS PEMOHTHBIX PaBoT 10 30HaM,
1. e, [II>II->I. Urak, Hanuuue HHDOPMALIKM O BEPOSIT-
HOCTH OTKAa3a I10 OTAEIbHbIM AedhexTaM no3Bosser ¢hop-
MaIM30BaTh NMPOLECC COCTABJIEHHUS PALHOHANBHOTO IPa
(buKa MpOBeJEHNS PEMOHTHBIX PAGOT C YYETOM KOHKpeT
HBIX TEXHOJIOIMYECKHX OGCTOSITENBCTR.

OuucaHHBII [1POLECC PAHKUPOBAHNS He(DEKTOB SIB-
JISIETCsL MIEPBBIM NPHOIMIKEHIEM, Ha OCHOBE KOTODOro
peluaercs Bonpoc o6 ovepenHoCTH peMoHTa. [lanee
crenyer wypdosanue TpyGOIPOBOAA U OLEHKa COCTO-
sHUSA B 30He AedeKTa B CTAIMOHADHBIX YCJOBHAX C
OMOILbIO 60Jlee JOCTOBEPHBIX METOLOB HM3MEPEHHUs.
ITpu aToM nedheKT yTOHEHMSL CTAHOBHTCS KJIIOYEBbIM, 10C-
KOJIBKY BO MHOTHX CJIYYasX ADyTMe TUIbl HECKBO3HDLIX
ZedeKTOB CTEHKH, OCOBEHHO MMOBEPXHOCTHBIE TPEILMHBI,
nocJie COOTBETCTBYIOIIEH MeXaHUYeCKOH 06paboTKY CBO-
OSTCst K feheKTam yTOHEHMSs], NPHYEM He TPeOyIoMM
[OMOJIHUTENBHOTO PEMOHTA.

EcrectBeHHO, B 3TOM C/Ay4yae BaXKHO JOCTOBEPHO
OLEHUTDh AONMYCTUMOCTh Takux Aedexros. C aToi Le
avio B UOC um. E.O. IlaTona paspabotaH COOTBETCT-
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log V V, MM,/ Tox log V V, MM /OO
1,0 10,
0 0.5t 13,20
0,5 3,20
0 1,00
i
0 1,00
0.5 03 TOST 1032
-1,0 0,10 -1,0 L 1 L — — 0,10
10 0 5 10 15 20 25
Kisco Ky, MOawm! ?
6
23,20 131,70
-4 10,0
10,0
43,20
1,00
-1 1,00
1,59 0.32
0,63 -1,0 — L 1 1 I J 0,10
0 10 j 14 16 18 20 22 24 26
g Kisce ; Kisec Ky, MMan!/2

Pue. 5. 9xcnepusmentanbiinie JCKT nupu pasangubix yenosuax s crann 1701C: @ — pesayabTaTbl TPEXHEUENBHOTO HCIIbITAHRA 06pasua
B 3 % pacreope NaCl B niyie log V—-K| npu temneparype 15 < T < 25 °C; § — B Bo0ii BoITSHRKE YepHO3ema, pH = 8,2, Temueparypa
uenbitanud 18-20 °C, npouo/nKuTeAbHOCTD 265 4, koMuecTso curuaion 311, cpeuee upupauierue rpeitudnt 0,064 My, ckopocTb pocTa
rpelmiiel — 2,12 Mm,/roq; B BO, [HOH BBITSKKE tlecuatod nousst, pH = 7,83, temneparypa ucibitariil 24 °C, npoio/KuTeniocTs
163 u, konmyectso curuanos 157, cpesuice 1npupanienne Tpewiunbl 0,135 MM, ckopocTs pocra 7,25 MM /rod; 2 — B BOAHOH BBHITANKKE
cyranyka, pH =8,9, remneparypa ucrnpitaduid 24 ", HPOLOIKHUTENLHOCT, 271 4, KOAKUECTBO CHIHANOB 86, CPELHCE [IPUPALUEHHE TP
0,104 MM, cxopocts pocta 3,1 MM/ 1o/

Tafmua 1. XapakrepHeTHKH 1KH 1e(heKTOB, NOJUIKALMX PEMOHTY

Jedwerrsl yroHeiua No Tpeuiioobpaditbic AchCKTbi

l n
aedpexcra ; | | Jecpexta )> = |
l S, MM l €, MM 8in 3ona Turc 1penmum C, MM a, MM 3ona

200 16,0 111 " leo’{o'lhI!aA 110 1,60 | |
. 11 !\

2 210 200 | 168 | Ipojonnnas 1,60
‘ 3 350 350 | 157 [ l _ Konbuensas | s ‘ 1,50 1l \|
u_ 4 400 350 _F 510 | 1 g \ Ko.buesas 150 | 1,55 [ |

s | 380 | 400 15,5 1| 10 | Mponossuas 100 | 155 |
‘Hpuiwrtauuﬂ S — pauHa BRoAb obpasyouell; ¢ — ANHHA N0 OKPYIKHOCTH; O, — MUHUMAJIbHAS TOJALIMIA B 30HE YTOHEHHA; a — rayGuma |
lpt,“ll[”bf [ R lpC”[””b[ '

—_— —_

TaGanua 2, Pacuernbie sepoarHocTi orkasa aedexron Ne 1-10 8o spemetin axer l\/ATa[LHM

. A P | ;gﬁﬂ
L?Jﬁ ~ [ |
‘i + «l‘ 0 | 0004t | o, 0041 0| o 10,013 0,005 }—om);r 0,0(_14 ﬂ_io,ooz_j"

Il _ 0 0,0125 o 0056 0,007 0,139 0,0962 | 0,0353 0.054 0,041 |
0.0055 | 0,0015 hozﬁ 0,240 00715 | 0436 | 0,269 0,0612 0,251 0,177 ﬂl‘
0,0052 o 0142 | 0.131 0,490 0213 | 0,796 h.GOO 0,462 0,317 0,419 |

I_ Tonc) 0,063 | 0338 | 0,758 l 0,494 0979 | 0,864 | 0,720 | 0,937 o.?ls_l

= T
' ~_No nedekra
2
v

1 2
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BYIOIIMI pacyeTHBIN ajrOpUTM, OMMpaoUIUics 6oJiee
[eTanbHO Ha GU3UKY AehOPMIPOBAHUS U P3Py IIEHMS
neheKTOB YTOHEHUST B TA30IPOBOLAAX ¥ OLHOBPEMEHHO
VYUTBIBAIOWHH pexoMeHpauuu [4), ocHOBaHHbE Ha
60Jb1I0OM OOBEME IKCIIEPUMEHTAJIBHBIX JAHHBIX 110 UC-
TIBITAHMIO TPYOOTIPOBOLOB.

Modenv dedhopmuposanus 0CHOBAHA Ha TPexMep-
HOM MAaTeMaTHYeCKOM OIUCAaHMH B LMJIMHIPHYECKON
cuCcTeMe KOOPAWHAT 7, 2, 3 nechOpMUPOBAHUS yUaCTKa
creHkn TpyGonposoa (puc. 6), BbIPE3AHHOrO KOOD-
AMHATHBIMU [JIOCKOCTsIMU 2 = const, 3 = const ¢ BHYT-
PEHHUM WM HAPYXKHBIM neheKTOM, MTOBEPXHOCTh KO-
TOPOro 3a/aHa YpaBHEHHEM

r=2-16, (6)

Ha rpanunusbix miockoctsx (eM. puc. 1) u nosep-
XHOCTH [HedeKTa 3a[aHbl rpaHUYHbIE YCJAOBUs, COOT-
BETCTBYIOLIME TAKOBBIM A7 LENoH TpyOnl 6e3 yuera
YTOHEHMS], 4TO BIIOJHE IIPHEMJIEMO IDH AOCTATOYHO
JIOKAJIbHBIX raBapUTHBIX PAa3MEPAX YTOHEHWS So U Co.

Bryrpu ofsactu V, orpaHHYeHHOH yKAa3aHHBIMU
IPaHUYHBIMH [IJIOCKOCTSAMHU U MOBEPXHOCTHIO AedheKTa,
HMEIOT MECTO KJIACCHYECKHE COOTHOIIEHHS MEXKAY KOM-
NOHEHTaMHU TeH30pa Ae)OPMALHii £ U BEKTOPOM TIepe-
MelleHHH U; B paMKax reoMeTpUYecKH JIMHEHHON Teo-
puM yrpyromiacrnieckux gecdopmauni [5], T. €.

oU, U, dUy ou,
Ep="""H Ep=—_—t—, ;= '
or T rdB dz
e 12U, (U @
TR T g\ )
dUp U, oU, U,
2p="—+ , = + —.
oz  rif 0z or

_ CootHouerust (7) COXPAHAOTCH W L/ KOMIIOHEH-
TOB TEH30Da Npupaulennit gredopmanuii Ag;; 1 BeKTOpa
pUpalleHnit nepemelneHnit AU;, NCIOMb3yeMbIX MPH
IJIaCTHYECKOM Je(hOPMUPOBAHHY B PAMKAX TEOPUH YII-
PYromiacTHYECKOr0 TEYEHHUS.

KomriorenTbl TeH30pa HaNpsDKEHUH Gy BHYTPU 06-
Jactt V yIOBIETBOPSIOT YPABHEHUSAM DABHOBECHS, T. €.

9 190 00, _

ar (ro,) + - aB + 9z = GCgp;

d 1 8635 8031 Y

ar (TC,ﬁ) + 7 aB + az = 0, (8)
d 1 80'2[3 aozz _

or (7Grz)+; BB +¥—0

CBs3b MeX Y TEH30DOM HANPSDKEHNUH ¥ Tpupatie-
HUEM NepPeMEeLleHHil B DaMKax TeOPUM YIPYTOIIacTH-
YECKOT'O TeYEHWsI NIPEACTAB/IAETCS B BUIE

TaGuuua 3. BepoATHOCTb OTKa3a 1O 30HAM B PA3JHYHOE BPEMS
IKCIUTyaTallu

.o T ]
NOA 0 I 0,5 1,0 1,5 2,0 |

(]
|l 3oua i ]

I .
1 0,004 | 00177 | 0,327 | 0,592 | 0,967 |
0,013 | 0,139 | 0,436 | 0,796 \ 0979 |
111 _ciowj 0,212 | 0,571 | 0,936 | 0,997 |

2
@G j=r20),

de; = d HZ%GJ + KGJ +dMoy ~ 0)(0),
(9

rre crajsipHast QyHKUUsST KOOPAMHAT dA ONpeJesIsieTcs]
yCJOBUEM TeKy4yecTH Mu3eca ¢ H30TPOIHDBIM YIIPOUHE-
HUEM, T. €.

dh =0, ecitn [ = 0oy — OL(w) < 0,

wnm =0, HO df < 0; (10)
di>0,ecnu f=0udf>0.
Cocrosinue [ > 0 HeQOMyCTUMO.
3pecsy ¢ = % (Cpr + Opp + Oy2); Caxp — IXBHUBAJIEHT-
HOe HalpsDKeHMe JUIst TeH3opa oy; O,(0) — nedop-

MHUDYIOLIHE HaNpsDKeHWs AJs AaHHOrO MaTtepuasia B
3aBHMCUMOCTH OT NTapaMeTpa AeOPMAILNOHHOIO YIPOY-

dEgKB -

[pUpAILEHe IKBUBAJIEHTHON IITaCTHYECKOH nedopma-

HEHUSA () () = napamerp Onxsucta; deh, —

UMM I TEH30pa &f;

def; = dM(o; — 0). (D

Jlast peannsaquu mogenu (6)—(8) B paBore nenoJin-
3y€TCsi METO MOCJEJ0BATeIbHOTO IPOCIEKUBAHMS Ha-
rpy>keHnst o6bema V Bospacraroueil sHelrHeH Harpys-
KON, HANpUMeDP, BHYTPeHHUM AaBienneM P. Ha xax-

Puc. 6. Cxema y4actka Cressy TpySonpososa (obnacts V), noipe-
3aHHOTO KOOPAMHATHBIMKM IOCKOCTAMK 2 = const m B = const, u
nedpexTa yTOHEHHS ¢ pa3MepamMu a, Sq, Co
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P

0.9
0,8 9
0,7 + P =10

0,6 |-

/

0.4

0,2 F 7 Mlla

0.1F

I 1 1 1 (

0 50 60 70 80 90 100 110 120 130 140 15
a

4

1 L 1 { L

40 50 60 70 80 90 100 110 120 130 140 150 s, MM
6

Puc. 7. Bepoatsocts pa3pyiuenus 3oubl HapyxHoro (@) u srytpennero (6) nedexra yronenus ¢ a = 14 mum, ¢ = 40 mm B TpySe 1420 x
% 20 MM 1pu o, = 440 MIla, B = 420 MIla, A = 500 MIIa 8 3apucumoctit ot s 1 P (3aech u Ha puc. 8, 9 @ — 3sxcrepuMeHTanbible faHHbIE)

JOM LIAre NpOC/SKUBANNS yYeT YCJIOBUS TeKyu4ecTH
(10) npousBoaMTCS HTEPALMOHHBIM myTeM [6].

Modeiw paspywenus 0OCHOBaHa Ha ¥/ice BEPOSTHO-
ro paspylieHus OTPBIBOM B 30He yToHeHus (o6beme
V), Korja MakCHMasbHble TJIABHbIE HANPAXKEHUS Gy B
3TOM 06beMe YI0BJETBOPAIOT YCIOBHIO

\N

o, — A
P=1-exp _JIT
L v

avi 5 >4 (2

VO‘ !

[/1e UHTErpHpPOBaHMe MPOU3BOLHTCS TO/IbKO 110 3JIEMEH-
TapubiM o0nemaM AV, jist Kotopelx o1 > A; A, B,
1 — napaMeTpbl TpeXIlapaMeTpPHYeCKOro 3aK0Ha pac-
npejiestennst Belidyiia; Vg — cTpyKTypHBIH napamerp
AAHHOW CTaJM, KOTODPbId NPH XPYITKOM Da3pylUIeHHH B

3, npu

BeplnHe TpeluHbl coctasaser VP ~ 0,00 mm
BA3KOM PA3PYIIEHITH 0KOJIO #; i — XapaKTepHBIH pas-
Mep KOHEYHBLIX JIEMEHTOB, OGECHedMBaIMX A0CTa
TOYHO TOYHOE YHUCJIEHHOE PEIIeHHE [JIsSt Oy N0 MOAETH
sebopmuposanus B 30He yronenus (6)—(11). Mubmn
cJoeaMd, Vy MOXKHO NPUHHMATH paBHbIM AV, T. e.
asiemMeHTapHOMy 00beMy B pasbuske o6vema V (cm.
puc. 6) Ha KoHeuHble aeMeHThI, OCTaNlpHble MapaMeT-
pel B momemi (12) ompenensiorcs COMOCTaBIeHHEM
pacyera no mogesam (6)—(11), (12) ¢ coorsercTByIO-
IUMH 9KCIePHMEHTAIBHBIMY JIAHHBIMU. Haum uccie-
[IOBAHYS ITOKA3BIBAIOT, YTO B KAYECTBE [EPBOTO TIPH-
6JIMIKEHNST MOXKHO ONMPATBCS HA PEKOMEH/IALINH, OCHO-
BalHbIC HA MHOTOYMCJIEHHDIX dKCEPIIMEHTAX, T. €. BbE
paxkenue (1), rosarast, 4To [IPH 3TOM BEPOATHOCTh Pas-
pyumenus P ue npesbiutaer 0,05.

Takum o6pasom, mapamerpor A4, I3, M o1pejiesorcs
coueranuem mojeeii (6)—(12) ¢ npunumMnom Han6op-
1ero npasaononotust (MUHUMU3AIINK HEYBASKH 110 Be-
POSITHOCTH p) IIPH BapHaLMU Pa3MepoB yToHeHus (s,
Smin) IIPH 3a/IAHHBIX TEOMETPUYECKNX pasMepax U Me-
XaHW4eCKUX CBOlicTBax MatepuaJta Tpy6ornposoja. Pe-

3yJAbTAThl TAKOTO TIOAXO0/1a NOKA3bIBAIOT, YTO AOCTATOY
HO XOpOIIMe pe3yJbTaThbl noJydatorcs npu 1 = 4,0;
O, + O;

4=— (0p, M Oy — COOTBETCTBEHHO BPEMEHHOE
CONMPOTUBJIEHUE U TIPE/EN TEKYUECTH MATEPHATA B 30HE
YTOHEHWUS) .

B urore, numes A, B, 1} ¥ pasMepbl YTOHEHHUST pas-
JIMYHOHN (POPMBE, BEPOSTHOCTD pPaspylleHus /I pas-
JIMYHBIX TEOMETPUYECKHX 11ApaMeTpoB TPYOOIpoBOILa
U3 KOHKDETHOW CTaju Y BHYTDEHHEro janjeHus P
MOXXHO pacCuMThIBaTh Ha ocHope mozesefl (6)—(12).

Ha puc. 7 npuBeseHbl TaKWe PE3yJIbTATL! [ TPY-
Gorposopa D x& = 1420 x 20 mm u3 crauu 1711C npu
HaJINYMK NOBEPXHOCTHOIO AedeKTa yToHeHus, (popMa
IIOBEPXHOCTH KOTOPOTrO OIMCHIBAETCH B 3aBUCHUMOCTU
OT KOODAMHAT z, 7, B ciieyouM ypaBHeHNeM BTOPOro

MOPSAAKA;
4 2 a2 [ N2
IR, —r 2
gl ¥ +‘_Z I oh R (13)
a \So) \ Co
D D -2
rae R, = 5 ANst HapyskHoro nedexta; R, = —
JUIst BHYTpeHHero jpedexra; a, sg, ¢g — raGapurHble

pasMepsbl fedeKTa, UMEIoNero MIOCKOCTH CHMMeTPIH
z=0up=0.

M3 npuBeeHHDBIX NaHHLIX HA PHUC. 7 BUIHO, YTO
HapyXXHBIH fedexT obnazaet fosee HU3KOH CONPOTHE-
J51EMOCTBIO BHYTPEHHEMY /IaBJIEHNIO, YeM BHYTPEHHMUIL.
(1HaKO 3TO Pa3JIMYHE BEJIHKO B 30HE BBICOKHX BEPOAT-
nocredl paspyuwenus (p > 0,1), 4T0 AIsI HPAKTHKH He
oveHb uHTEPeCHO. [loaromy oTcyrctBue B [4] nudde-
peHIHaluu JedeKTOB YTOHEHHSI Ha BHYTPEHHME HIIM
HAPYIKHBIE, CY/s 10 NaHHBIM JJIsi HADYXKHOTIO JieheKTa
YTOHEHUS B CTEHKaX TPYOOIIPOBO/IOL, ABJISIETCS JOCTa-
TOYHO OMPABJXAHHDBIM, HO, TeM He MeHee, 00 3TOM (haKTe
clefyeT MOMHUTB.
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P
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0
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6

Puc. 8. BepoartHocTe paspyuwenua 30t Hapysknoro (@) u suyrpennero (6) gedexra yronenus ¢ a = 10 My, ¢ = 40 mm B TpyGe 1420 X
% 20 My upu o, = 440 MTTa, B = 830 MIla, A = 500 MIla B s3aBucumocTH OT $ 0 P

P

0.9
0.8

P =10 Mlla
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P
0,8F
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0,6

60 70 80 90 ¢, MM

Puc. 9. Buusanue wupnusl gedexra ¢ Ha BEpPOATHOCTb paspywiendn B tpyGe 1420 x 20 mm upn o, = 440 MIla aas passnudbix P u s =
=66 MM @ — a= 14 MM, B =420 MIla; 6 — a =10 MM, B = 830 MIla

JlaHuble Ha puc. 8, a, 6 ans 6osee Menxux aecdex-
108 (g = 10 MM) IO CPaBHEHUIO ¢ JAHHBIMU HA DUC. 7
st rnyGoxux aedexton (@ = 14 MM) XapaKTepU3yIOT-
€ MEHBIUIEH CTECHEHHOCTBIO AedOpMUpoBanus, Gosee
HM3KUMM HAIIPSKEHUSIMH M, COOTBETCTBEHHO, MEHBILIY-
M} BEDOSITHOCTSIMY OTKA3a. DTO OTPeeNsieTCsT He TOb-
K0 60JIee HU3KUMM HANPSUKEHUSMI, HO ¥ 3HAYEHHEM
B npu nocrostadeix A = 500 MIla u n = 4,0. Tak, Ha
puc. 7 nist @ = 14 mm B = 420 MIla, a na puc. 8 a1
a =10 mm B = 830 Mlla Ha ocHOBaHWH YKA3aHHOTO
BoIe BHIGOPA, ONMMPAIOIIEroCst HA JAHHbLIE PEKOMEHIa
uan [4].

OrnpefieieHHBIl MHTEDEC NPEACTABISIOT AaHHbIE,
npuBefeHHble Ha puc. 9, 10, WmOCTpUpYyOLe BAUS-
HUE pasMepa ¢ Ha BEPOSTHOCTh PA3PYIUEHUS MO UC-
noss3yeMol Mogenu Ags ryyboKOro yTOHEHHS] a =
= 14 MM TIPY [TOCTOSIHHOM 3HaYeHuu s = 66 MM. ITu
JAHHBIE XODOLUO COIJIACYIOTCS C OTIBITHHIMU JAHHBIMU,
npuBeAeHHbIMH B [4] u apyrux paborax, 0 He3Ha
YNTENBHOM BIMSAHUY pasMepa ¢ AedexTa yTOHEHHUS IIpu

[JOCTATOUHO GOMDINKX S U € HA COTNIPOTHUBJSIEMOCTD pas-
pyureHuro. HoBbIMHU 110 CPABHEHUIO C 3TUM NOJIOKEHUE
SIBJSIIOTCS laHHble, THUTIA NPUBEAEHHDIX Ha pUC. 9 npu
¢ < 20 mm (COOCTABUMBIX € TOJIILIMHON CTEHKH TPYOBI).
B arom cayuae wanaBouHbldl AedekT yTOHEHUs
npubIMIKAETCS K TPELIMHE M COOTBETCTBEHHO BO3Pac-
TAeT KOHUEHTPALMS HAIMPSIKEHWH, YTO OTpa’kaercs B
BEJINYWHE BEPOATHOCTH OTKAa3a Ha pHC. 9.

Bboisoasl

1. [Tpu pacueTHo¥ oLeHKe PUCKa pa3pylleHHs] B 30HE
fedeKTOB YTOHEHMSI COBPEMEHHBIX MAaruCTPaIbHbIX
raso- 4 He@TEIPOBOAOB 3aCJy>KUBAET BHUMAHMS UC-
MIOJIp30BaHMe 60Jee OOILMX IOAX0A0B B OIIMCAHUM KaK
LedOPMUPOBAHUS, Tak U Pa3pyIlIeHHs, OCHOBAHHBIX
Ha OTKa3e OT TAKUX JOMYIUEHUH, KaK [IPSIMble HODMaIn
M TLJIOCKOE HAIPSKEHHOEe COCTOsSIHHE npu aedOpMu-
POBaHUU 30HbI YTOHEHHT Y HAJMYHM OZAHOHN JOKaABHON
KPHTHUHYECKOHM TOUYKU C 3KCTPeMaibHbiMU (feTepMuHu-
POBaHHBIMY) YCJIOBMSAMHU PA3PYILEHUS.
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52,0 283, 306, 327. 347. 366. 384. 402, 420. 437. 455.
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Puc. 10. Pacupeuenenue OKpyKHbIX HaRPsKEHUH Opg B IJI0CKOCTH B = B, npu P, = 10 MIla, o, = 440 MIla, a = 14 mm, s = 66 MM,
¢ =40 (a) u 20 (6) MM
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PACYETHOE ITPOTHO3UPOBAHUE PUCKA OTKA3A
CBAPHBIX COE/IMHEHUI AJ5 CIEKTPA CJAYYAMHBIX
IUKINYECKHUX HATPY30K

Maxnenuxo B.H., Pomanoesa H.IO.

Hucmumym saexmpocsapru um. E.O. lamona HAHY, Kues, Yxpauna

paCCMOTpeHa METOAMKA TIPOTHO3UPOBanKA PUCKaA OTKa3a CBaPHbIX COE/IMHEHHH M3 CTahell Cbeppl’lTHO-ﬂEp]IMTHOFO KJjacca
B YCJAOBHAX MHOTOUMKIIOBOM YCTAaNOCTH Ha OCHOBE BEPOATHOCTHOIO I0AX0JA Ha Tale UHUUHHPOBAHUA K oADaCTaHus 10
_YCTaJlOCTH()ﬁ TPEULHHbI KDUTHYECKHX Pa3MEPOB. prI}_[JIO)KSHZl MOAENDb BEPOATHOCTH HHULIHHPOBaHHS yCTaJIOCTHOﬁ TPELHHbI
A8 H3BECTHLIX KAaCCoB CBapHbIX COEMIHHEHMIT 110 KJlaCCH(i)HKaL[HM MUC.

Y CTaNOCTHDBIE PA3PYLIEHUS] CBAPHDIX COEAMHEHUH U Y3
JIOB SIBJISIOTCS HAaub0JIee pacpocTpaHenHsiMu (= 75 %),
ITIOCKOJIBKY IIPU [TePEMEHHBIX UUKINIECKUX HATPY3KaX
B TIOJIHOM Mepe IPOSIBJSIIOTCST HECOBEPIIEHCTBA B 30He
CBapHBIX COeJMHEHUI, CBS3AHHDIE C HEOJHOPOAHOCTBIO
MHKDOCTPYKTYPbI U MEXaHUYECKUX CBOficTB ((pusnuec-
KOM HEONHOPOAHOCTBIO), a TaKXe C TEOMETPUYECKON
HEOAHODOAHOCTBIO U OCTATOYHBIMU HAMDSDKEHUSIMU.
JT1ol npobiieme yuessiercst 60JblIoe BHUMAHUe B Pas-
JIMYHBIX HCCJIEIOBATEJIbCKUX UeHTpax mupa [1-3].
Ocobenno 3acay>KUBAIT BHUMAaHUS 0000UIEHUS, Bbl-
nonHexuble B MU C [4], no vanGosiee 3HAUUTENBHOMY
HaIIPABJELMIO B 3TON 001aCTU — WHIKEHEPHDBIM MEeTO-
[aM pacueTa MHOTOIHKJIOBOM YCTANOCTH Pasd/nNuHbIX
CBApHBIX COEIMHEHNH KaK Ha CTaJuK 3apOKAEHNs yc-
TAJOCTHOW TPEUWMHDI, TAK W Ha CTaJuu ee pocTa J0
KPUTUYECKLX PA3MePOB, COOTBETCTBYIOWMX AafibHelr
HIeMY CIIOHTAHHOMY pas3pyllenuio. HaleHOCTb Takix
pacyeToB 0GECIIEUNBAETCS HA YPOBHE 95 % COOTBETCT-

oy, H/ M2
- T T ==
tﬂ]-\,_;_lll_r!F_‘_‘kf.](h_._ lh_. -
500 L1 f'lﬁ ﬂj] - -
= : NN ———
300 =0 e |
200 =SNG RN
=eeeiiflss  ISSE
100 el 7R
— -2 ,0E =
—1 1 2,3"—;‘. H =
— '.2,(1'1 1l 1
* S ot
e
— L 1, i e B 5
20 ' TS o P TTI 11T
103 104 10° 106 107 N, umkn

Puc. 1. DxenepuMenTasbiibie AaHHDIE O COIPOTHBAEGHNH YCTANOCTH

CBAPHBIX COCAMH&HME{ paSJIH‘{HbIX KnaccoB aJid BepOHTHOCTH QB =
=107 [5]

© MAXHEHKO B.1., POMAHOBA K.IO., 2010

BYIOLUMMH PEKOMEHAAIUSIMHU T10 TPeJeIbHbIM 3HAUEHH-
SIM JIONYCKAEeMDIX DA3MaxOB HalpSDKEHUH U Koadpu-
unenTos 6esoracHoct (paxtopos GesonacHocty) [4].

Tem He MeHee, 3a4aCTyIO BO3HUKAET HEOOXOANMOCTD
TTOJIYYEHUST BEPOSITHOCTHBIX XaPAKTEPUCTUK PHUCKA OT-
Ka3a CBAPHBIX COEAMHEHUH A/ KOHKDETHBIX YCAOBUH
HarpyeHus [5]. B orpepenexuol creneny AJs 3TOTO
MOYKHO HCITO/Ib30BATD YoKe OMy6NMKOBAHHBIE IKCIIepU-
MEHTAJIbHBIE [aHHbIE [0 BEPOSITHOCTH pPAa3pylUeHUs
PASJIMYHBIX TUITOB CBAPHBIX COEAUHEHMH, CBA3AB 3TU
nanHbie ¢ pexomenpanmsamu [4]. Tlouck coorsercTsy-
OWKX ONyGIMKOBaHHBIX AaHHbIX (HEONYOJUKOBaH-
HbIE B HACTOSLIEE BPEMS CTOST OUeHb JOPOTr0) MPHUBEJ
x pyxosoactay [5] 1987 r. wBeackon dupmbr «Svenskt
Stal> mo mpoextupopanuio (pacuery Ha NPOYHOCTH)
CBapHbIX y3J0B 13 BbicoKonpounbix (EHS) u abpa-
susnoctoiiknx (AR) craseir Asst IIaXTHOTO, J€CONIO-
BaJbHOr0 O6OPYZOBAHUS, & TAIOKE IKCKABATOPOB, Ca-
MocBaioB u T. n. Cranu, ocoberno EHS, u cBapisie
coenuHenus B [S] BrIoJiHE COOTBETCTBYIOT YKa3aHHbIM
B [4], HO npu 9TOM HCITONB3YeETCsT Apyras KJIACCU(H-
KaiMst, COrJIaCHO KOTOPOM KJIacC COENMHEHUS ONpene-

315
nsercs oTHolennem Ky = —5— (rne 5, — MaKcuMalib-
.

HOE HaIpsiKeHUe Mpu K0aphULIeHTe ACUMMETPUH LNk
1a R =0; Ac — pa3mMax HOMMHAJbHDBIX HATPSIKEHMI),
TO ecTb O, = Ac. Ha puc. 1 u B Tabs. | npuBeieHbl
3HaveHus o, = Ac nipu R = 0 A8 pasJndHbIX BEPOAT-
HocTell otkasa Qg, oTHOWeEHUN K, 1 J0OJITOBEYHOCTEH
N, 4TO COOTBETCTBYET

o, = FAT/y(R)/{(Qs), (0

rie fo (R =0) — rnompaska HA BenHuuHy K03
unenTa ackummerpun muia K no [4] (mpu R =0 fo(R) =
= 1,2); f4(Qp) — nonpaska, CBA3aHHAS C BEPOATHO-

CThIO 0TKa3a Qg, otawunon ot 0,05, coorBercTBYIOUIEH

144



MATEMATHYECKOE MOJEAHPOBAHHE B CBAPKE

TaGauua 1. 3uauenns o,, Mlla, 8 sapucumoctu or K, N u Qg [5]

Ks 1 1 7 ] , , y [ i

v ,3 ) {, L 2,6 3,0 3,5 LZL 0 ! 5,0 ;;
J I:

l 10> | 900 900 | 900 900 900 900 90 | 800 | 720 600
l[ 10" 690 680 620 580 540 460 420 370 | 340 | 280 |
| 10° 400 350 325 290 245 220 195 175 160 135 |

6:10° 260 220 195 170 138 120 110 100 87 74
T 220 190 168 142 115 103 92 83 75 | 62 |
| 210° 185 160 | 138 15 | 93 73 65 58 | 48 |
l Op =107 |

J 10* 900 900 900 | 900 | 900 856 781 705 655 554
'i 10° 636 598 559 529 | 450 398 362 327 304 257
| 10° 357 321 289 258 209 184 168 152 141 | 119 |
l.r 6:10° 228 197 176 147 115 101 93 84 78 | 65 |
10° 201 172 149 125 97 86 78 71 66 55|
2:10° 169 143 123 101 77 68 62 56 52 44 |
- T Qy = 10~ — _!

10° 900 900 900 900 900 800 710 650 600 | 520

| 10° 600 560 520 490 410 360 340 300 280 240

f 10° 340 300 270 240 190 170 158 140 130 112
610° 215 185 160 137 107 95 87 78 70 63 |
10° 185 | 160 140 ts 87 | 80 73| 65 58 53 |
2.10° 60 | 135 | 114 | 94 70 | 64| 57 | s | a7 2 |

Qg =107

10° | 900 900 900 900 | 781 692 642 592 554 491 |
10" | 557 514 481 450 363 322 298 275 257 28 |

10° | s 276 249 219 168 149 138 128 119 106

610° | 199 170 150 125 93 82 76 70 66 58
10° | 176 148 129 107 78 69 64 | 59 ss | 49 |
210° | 148 123 106 86 62 55 st | 47 | a4 | 39 |

FAT no [4]; FAT — MuHMMaJbHBIH pasMax HOMUHa-
JIbHBIX HalpSKeHuH.

Jns onucanusa BenuuuHbl Qp Npeanaraercs Mc-
NI0JIb30BaTh TpexnapaMeTpuieckuil saxon Belbyia B
BUIE

n
Ac — A
QB:{ OB ] npu Ao > A;

Op=0npn Ac < A4,

(2)

rne A, B, 1} — TnapameTrpbl 3TOr0 3aKOHA, 3aBUCSLIHE
ot K, (wmut FAT) u N. VIx M0)XHO ONpeAeIuTh, UC-
nosb3ys namuble Tabn. 1. B pesyiapTaTe gocTatoyHO
X0pollee CorjacosBaxue moJyueso npu n = 4,0 u 3a-
sucuMocT A 1 B ot goarosednoctu N u FAT (puc. 2).

TToxaxkem cTermeHb COrJIacOBAHHOCTH pacyera Qg
no (2) ¢ 3KcIepUMEeHTATBHBIMY JAHHBIMU Taba. 1, HC-

MOJIb3YS YKA3aHHYIO BbIIIE 3aBUCUMOCTD Mex Ay K, u
FAT B BUpE

FAT(K,) = 6,(K,, Qg = 5107, N =210% /1,2. (3)

COOTBETCTBYIOLIME PE3YBTATHI TPUBEAEHDI B TabJ1. 2,
KOTODBIE MOKA3bIBAIOT, YTO IKCIIEPHMEHTAIBHBIE JaH-
Hble 110 [ 5] ans o, u3 Tabn. 1 M pacyeTHbIe JaHHBIE TI0

(2) npu pasubix napamerpax A u B pias Qg = 1072,
10_3, 10‘4, 107 10CTaTO4HO XOPOIUO COTNacyOTCs.

Ocobbiit MHTEpEC NPEACTABISIET BOIIPOC, KaK pacyer
N0 JOMYCKAeMOW BEPOATHOCTH pa3pylUeHUs Corjacy-
€TCs C PacyeToM IIPH 33JaHHOM QaKTope 6€30TaCHOCTH
Ym = 1,0—1,4, pexomenayemom 8 [4]. B tabun. 3 npuse-
JEHbI TAKVeE AaHHbIE JJIS CBADHBIX COeAMHEHMH ¢ pas-
muyabiMu K, o [5] u cootserctyiommnm FAT 1o [4]
st ponrosearoct N = 2:108 nuxnos npu koscdu-
LUEeHTE aCUMMETpUHN UuKIa R =

BuaHo, 4TO OTHOCUTENBHO HEOOJBIIOE U3MEHEHHUE
Ym TIDHBOJMT K DE3KOMY M3MeHeHW1o Qm, T. €. NpH
pa3yMHBIX PHUCKAaX OTKa3a B npeaesnax Qg = 1074 He-
06X0AMMOCTD B Y, Oosbilue 1,64 neBenura. CooTBeT-
CTBEHHO, MPH Yn = 1,4 BEPOATHOCTD OTKa3a AJA pac-
CMaTPHBAEMBIX YCJIOBHH HAXOAMUTCA HA yDOBHE 1073,

3/1ecb cliefyer OTMETHTD, YTO B OQJIBIIMHCTBE CIIy-
qaeB BEPOATHOCTb Qg ONpeaessieT PUCK 3aPOXKAEHUA
YCTAJOCTHO! MAKPOTPELIMHB}, I0CJIe Yero HacTynaeTr
NEePUOA €€ POCTa A0 KDUTHYECKUX PA3MEPOB U I1epe-
XO[a K YCJIOBUSIM CIIOHTAHHOrO PaspyuleHust. Taxum
06pa3oM, pekoMeHayeMble B [4] 3HAUeHUS Y B TIDEAE-
gax 1,0-1,4 coOTBETCTBYIOT BEPOATHOCTH BO3HUKHO-
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Puc. 2. 3aBMCHMOCTb lapaMeTpos ypasHenus Beitbyana A (a) n B (6) ot nosroseunoctu N u FAT cBapHOro coemltHenus

BEHUst YCTANOCTHOM TPeuHb! Ha yposre Qg = 5-(1072-
107%), YTO B 32BUCHMOCTH OT TSIKECTH OIKHAAEMbIX TTOC-

nefcTBui [4] aBAseTCS BNOMHE 0O0CHOBAHHBIM.

BosmorkHocTh NOJYYeHUA KOJMUIECTBEHHDBIX Xapak-
TEPUCTUK OTHOCUTEJbHO BEPOATHOCTH 3apOXKACHUSA YC-
TaJIOCTHBIX TPEWMH [JIsA OTAEJJbHbBIX CBAPHbBIX COEAU-

¥ 5 6
Tabanua 2. ConocrapieHte SKCMEPUMEHTANbHBIX 3Havenul G,, MITa, ua Tabs. 1 [5] ¢ paccunranusiu no (3) s N = 2107 uuios

NpH CPEAHNK 3HaYCHUsX apaMeTpos A, u B,
e I

5

|

K, [ 13 | 15 1,7 | 20 | 23 | 26 3,0 \ 3,5 40 | 50 “
— Qp=10" ‘
151 185 160 | 138 115 93 80 73 65 58 | 48

(3) 192 166 4| 120 95 84 75 \ 67 60 50

= _ Op=10" ,
[5] 169 143 123 101 77 68 62 6 |52 44
3 | 170 145 124 102 78 | 70 63 57 | 52 44
‘ Qp=10" e

(5] 160 135 114 | 94 70 b4 57 52 47 42

3 158 | 133 113 | 93 69 62 56 St 47 | 41
Q=107

I 151 148 123 106 86 | 62 ss | st 47| 44 39 |
L ® 151 126 108 87 63 57 | 5 8 | 45 o |
Tatmmua 3. Dakrop 6e301aCHOCTH ¥, A N = 2.10° uHKa0B 1pu R =0

K, FAT, M| Qp =5107 ‘ Q=107 Qp=10" | Q,= 107" Qu=10

Ao, MIla Ym Ao, MTla Y Ao, MIla o Ag, MIla Y Ao, Mlla Yo

1.7 135 161.9 1,0 138 17 123 1,32 114 1,42 106 1.53

2.0 116 139.5 1.0 115 1,21 101 | 138 94 1,48 86 1,62

23 95 114.6 10 93 1,23 77 1,49 70 1,64 62 1,85
26 84 100.6 1,0 80 1.26 68 1.48 64 | 1,58 55 1.83
3.0 74 89,0 1,0 73 1,22 62 1,43 57 1.56 | 51 1,74

3.5 65 78,0 1.0 65 1,20 56 1,39 52 1,50 47 1,66
| 4.0 58 68,7 1,0 58 1.18 52 1,32 47 1,46 44 1.56
50 46 55,6 1,0 4| 116 aa | 106 42 1,32 39 142 |
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Ta6auua 4. [puMeps! pacyera J0JIOBEYHOCTH Y3JI0B ¢ 15-10 CBADHBIMM COE/IUHEHUAMM

(e e - =5
N = 2:10° unknos
FAT, MIla A, MIla B, MIla n Ac, MIla Q) Qn) |
71 44 88 5 70 7.59.10° 3,79-107 ii
63 42 73 5 60 3.68.107 1.84.102 |
45 36 36 2 50 2.26-107 452102 |
L 36 32 15 3 40 7.77-107 233100 |
0, = 2,84.107'
FN = 10° unkaos |
71 55 120 5 70 24410 1.22.10° _J‘
| 63 52 95 5 70 1,29-107 644107 |
45 46 49 2 60 6.64-10° ~ i3310° |
36 43 25 _ 3 | 45 4.09.10°° 1.23107
FQy =2,10-10"
N = 6:10° unxsos |
71 65 125 S 80 2.07-10°* 1,03107 |
. 63 62 108 S 80 771107 385107 |
45 53 64 2 70 4,96107° 993107 |
36 48 35 3 60 1,37-107 4,12.10°
Qg =5.44107 _
N = 10° uuxsos i‘
71 | 125 240 5 140 ] 1,52:107 7.6310° |
63 120 200 5 140 9,99-107 5,00-107¢ |
45 100 90 2 110 1,52-10™ 3,05.107*
36 90 50 3 100 1.60-107° 479107
305 = 5,66:107° !
N = 10* unkaos |
71 280 490 5 310 | 1.4010° 7,0200° |
63 240 400 5 270 3,16-107° 1,58.10°" ,
45 205 200 2 220 3,16.107° 633107 |
36 195 105 3 | 210 4,16-107 12540° |
L N 205 = 1,54-107° |

HEeHWH 103BosseT 60siee 060CHOBAHO OLEHUBATH BEPO-
ATHOCTb Ge30MACHON IKCITyaTalluM OT/Ae/bHBIX Y3JI0B
¢ 6OJbLIMM KOJMYECTBOM CBAapHBIX COeJMHEeHHH pas-
Horo Tura (pastble FAT) ¢ pasnu4HbIMY pa3MaxaMu
HanpsokeHuit (tabn. 4).

Vcrnob3yioTest U3BECTHDIE 3aBUCHMOCTH:

Q) =1 —exp [-nQ()];
ZQp =1 —exp [-ZO(n)],

(4)

rAe n — KOJMYECTBO OXHOTHIITHBIX COEAUHEHWH NpH
sagantom FAT; O(1) — BEPOSITHOCTb OTKa3a OAHOTO
coequrenust; Q(n) — BepOATHOCTH OTKa3a XOTS Obl
OIHOrO M3 72 OAHOTHIIHBIX cOefuHeHnil; 2Qg — Bepo-
ATHOCTb OTKa3a XOTs1 6bI OXHOIrO M3 COEXMHEHHUH CBAp-
HOTO y3Ja.

W3 Taba. 4 BHUAHO, YTO BepOSITHOCTL X(Jp BCeraa
BblLE BEPOSTHOCTH Q(7), KOTOpas, B CBOK O4epelb,
Bbie Q(1), 1. e. o6ecnevernne 6e30MaCHOCTH CBAPHOTO
y3J1a TOIbKO MO OAHOMY U3 Haubosee caabbix coemu-
HeHH# 6e3 y4eTa XapaKTEPUCTHK APYTrUX COeAMHEHUH
ABJISIETCS AANEKO He BCera 000CHOBAHHBIM MOAXOA0M.

JlJist criekTpa IMUKJIMYECKOTO HArpy KeHus, Mpu Ko-
TOpOM 3aaaetcst Kjace wiu FAT cBapHOTO COeJUHEHHS,
pasMax M3MeHeHMsT HOMMHAJIbHBIX HampsKeHuni Ac;,
ACHMMETDHsI IIMKJIa Harpy KeHus K;, KOJMMYECTBO LUK~
108 N; anst j-ro anementa crextpa (G =1, 2, ..., J),
UCTIONb3YS [UIOTEe3y JUHEHHOrO CyMMUPOBAHUS IOB-
PEXAAEMOCTH OT KQKAOTO f-TO LHUKJIA, [TOJTYIUM

AG —

=)

B }npn Ac; 2 A,

0% =0 npu Ac; < A;,

) —
B

Q

(5)

rae A; v B onpefesIsiioTCs 10 JaHHDIM, [IPUBEAEHHBIM
Ha puc. 2 s coorsercTBytommnx FAT u Nj.

CoO0TBeTCTBEHHO OT Beex J-3JIEMEHTOB CIIEKTPa COT-
nacuo (4)

J
T0g=1-exp|—2, OP|

j=1

(6)

DTO BbIpaskeHue 1aeT BO3MOMKHOCTD ONPE/IEIUTD Be-
POSITHOCTb OTKa3a I10 3apPOXKAEHHUIO YCTaJOCTHON Tpe-
WMHBL [JISE CIIEKTPa MUKJANYECKOro Harpyxeuusi. B cu-
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JIy OCHOBHOM I'MIIOTE3bI 3TA 3aBUCHMOCTD HE yIUTBIBAET
OYEPEAHOCTD TIPUJIOKEHHST 3JICMCITOB CIIEKTPA Ha-
IPY3KH, YTO BAXKHO [P CJTyYalHOM TOPsAKe HArpyIKe-
HUS. PAaceMOTPUM 3TO IPUMEHHTENBHO K MOBEPXHOCT-
woit (mosyasaunrideckoit) rpewune (puc. 3), xoraa
ee reoMeTpHYeCKIEe pa3Mepbl a it ¢ 32 AN LHKJIOB 3me-
HEHI::i HarPy3KM YBEJIMUKBAOTCA B COOTBETCTBUU C
ypasucHueM [4]:

_ad’—’ = CoAKT(D), ecmn AK{ > AK(R);
d7 N
d—'N =0, com AK > AR (R), I=a,c,

rae AKY — pasMax M3MeHeHHs KoadhdUUMeHTa HHTEH-
cusroctu Hanpspreniii Ki(l) cooTBeTcrBeHHo B BEp-
LIMHE TPENMHBI, UMeIoLIell padmepbi¢ i a (cM. puc. 3);

(8)
(9)

ARy = KI™(l) = K™(0);
R — Kllmn/Kinax;

Co U m — 3KCINEPUMEHTABIDIE XaPAKTEPUCTHKU Ma-
Tepiaja B 30He TpewuHel [4]; AK,,(R) — mnoporosoe
sHadenue Besnumnpl K((/), rnosyyennoe sxcrnepumeH-
TaJbHO [4].

3navenuss K

(I) m KP™(l) onpenessiorcs 1o us-
BECTHBIM 13 PaboTel [4] 3aBUCUMOCTAM C yueTOM pas-
MEPOB TPEIMH [ ¥ 3aJlaHHbBIX 3JEMEHTOB CIEKTpa Ha-
rpy3ki Ac; (puc. 4), a Takke HepeaKCUPOBAHHBIX
OCTATOYHBIX HAMPIKEHUHN Ces B 30HE TPEIIUHBI.

Uncaennoe uHTerpuponanue ypasuetunit (7)—(9)
NpY 3a[aHHbIX HAYaJbHDBIX pa3Mepax TPELIMHBI [y =
= ag, ¢o no3BoJsger onpeneutb [(N) B 3aBUCHMOCTH
oT N [0 KPUTHHECKUX PA3MEPOB [, TPELUIHBI, TPH
KOTOPBIX HACTYIIAeT [EePUOJ €€ CIIOHTAHHOTO DOCTa,
OTIPE/IEJISIEMBIA YCJIOBUEM

Y = -K, + f(L,) <0, (10)

K1¥(1y)
KIC
BSA3KOCTh Pa3pyUIENHs MaTephasa B 30He TPELIUHbI;
O, — [PEJEN TEKYUYECTH; G, — BPEMEHHOE COTIPOTHB-
JIEHUC MATCPHA/A B 30HE TPEIUMHDI; Gy = Grefl) -

O + Oy
—— Ky

l‘-in’f.< [max _
S L, =

L= —
o Gr 20T

roe K, =

2¢

J‘<

,A \

Y

T [

Puc. 3. Cxema noBepXHOCTHOMN MOy LIHIITHYECKOH TPEeIMHBI B 3Jie-
MEHTE KOHCTPYKiHH TOJNLEHON & Lip MCMOPAHHBIX HAIIDSIKEHHAX O,

HAIIPSDKEHUst B 30HE TPEIMHBI TIPH  HAIpY3Ke
PJ®(N), oTBercTBEHHbIC 32 MeXaHU3M ILIACTHYECKOH
neycroftuusoctu [4].

I max

[lpu L, > L7 B (10) upunumaercs f(L,) = 0, 410
COOTBETCTBYET PA3PYLICHHIO ITO MEXAHNU3MY [LIACTHYCC-
KOW HEYCTOHYHHOCTHU.

L;nax

3asucumocth f(L,) npu L, < OULIYHO alMpPOK-

cUMUpYyeTCs ypaBHexuem [4]

AL =(1—=0,14L3[0,3 + 0,7 exp (—0,65LY)]. (1)

Ypapuenusa (7)—(11) onuchBaoT A0ATOBCYHOCTD
pOCTa yCTaJOCTHOM Tperusbl (ay X 2¢) Ipu AeTepmil-
HUPOBAHHOH MMOCJIE0BATE/NBIOCTH TIPHUJIOMKEHHMST IJIE-
MEHTOB CIEKTPa UHKJIHYECKOl Harpysku (cM. puc. 4).
[ns yuera cayyallHoro xapakTepa NpUJIOIKeNHS TakKOoH
Harpy3Kku B paboTe MpeIaraeTcs HCnoAb30BaTh METOL
Mounte-Kapsio [6], B COOTBETCTBHHM C KOTOPDLIM Ha KaX-
[OM LIare MpoCJedKUBAHUS BJEMEHT CIeKTpa J BbIdU-
paeTcst C MOMOIUBIO AaTYUKa caydaliHbix yucen 0 <P <
< 1 u tabuuunl cooTBercTBNs Medxay J u @D. Ilomxyua-
eMble B PE3YJ/IbTaTe KPUTHUYECKHE 3HAYEHMS [y = o,
Cip U N p ABIAIOTCS CITy4aUHBIMHU BeJiHiHaMu. [TonTo-
psist IPOLECC IPOCJIEIKHBAHUS Z pas, [o1yyacM BblOop-
Ky 3HaYeHUH N, JJIs1 KOTOPOM HaXO/MM Cpe/iiee 3ua-
YeHHe J0JTOBEeUYHOCTH ‘\’KD(Z). TIpu pocTaTouHOM 1pe-
senrtabenbrocTn BoIGopry (N,,(2) = const npu yBeou-
UeHUYM Z) PaCCUUTBIBAIOTCA BEPOATIIOCTHBIE KPHBLIE
otKasa Py (Ny,).

PaccMoTpHM KOHKPETHDBIN IpUMED IPUMEHEHUS 13-
JIO’KEHHOTO noaxonaa. Ha puc. S noxasaHna cxema OHO-
CTOPOHHErQ CTBIKOBOTO LUBA YCHJCHHA NDPOAOJIBHON
6a 1Ky TPy30BOro BaroHa-miaaTopMbl, BbITOJHEHHOTO
u3 craaun 09T2C. IlocTysupyeTcs, 4TO BO3MOXKHBI OT-
JleJIbHble HENpOBapbl B KOPHE LIBA B BH/le MOBEPXHOC
THBIX TPELINH Pa3MepaMu dg X 2¢q. 1lpoaosbrble Hanps-
JKEHUSA, CBASAHHBIE C BEPTUKAIbHON HAIPY3KOH (M3rn6om
pambl) Oy, AelerByror nonepex wsa. Corjacuo [7] B
3aBMCHMOCTH OT CKOPOCTH JBWXKEHHSI BaroHa-m/atdop-
MBI MOXHO ONPEAEANTD aMIUIHTY, 1y InHaMu4ecKuX (LuK-
JIMUECKKX) HAUPSOKEHUH, WCIONB3Ys PacdeTHbIi Koad-
(puLMEHT AMHAMIYHOCTHI Ky; (j=1-10), 1. e.

o, = 0,5K,0. (12)

B taba. 5 npunseienst 1o [7] 3HaveHus i g, TOJIy-
YeHHble B 3aBUCHMMOCTH OT CKOPOCT: .IRVDKEHMS Baro-
Ha-TIATOp MBI @, & TaKKe JIOJH p; B 00LIEeM KOJUYec-
TBE UMKJOB Hil' DYIKEHMS [IDY €TO ABVOKEHUM C JAHHON
CKOPOCTbBIO, 4TO MO3BOJISET A 6a30BOMH ,i0JrOBeYHO-
cTu Ny ONpC, (€ THTh KOJHYECTBO [HKJIOB HAT|IYIKCHHA
AN; npu pasmaxe MeMOParNHbIX HaNPSDKCUNIA B 30HE
croika Ao; = 2K 4;0.
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CBAPKE

A
N;

0 dy »
Ao

Puc. 4. CxemMa CnekTpa LMKAMYECKOTO HArpyx ennsa N, IpH 3a1afiHOM
pa3maxe Harpysku Ag,

B pacyerax ucnoapsoBann sapucumoctu (7)—(12)
npu
m=3, Cy=5107" {—L—}
(MHa\'wm !
Vi
max Q

F/:{M1+M2{6j +M3 :lq,,

G.=1,0, q. =1, 1+o35[‘zj

KM =g F, O= 1+1464 (3]

c

(13)

0,89

M, =1,13-0,09 % M, = —0,54 + ,
0,2 + 4
C
1 24 (14)
My=0,5+ +14[1—%] npu%<1,0.
0,65 + %

3naverns K" paccuntnisaercst o (13), Ho BMecTo
Omax TIOACTABIACTCS Opin. SHadenue AK,y, 8 (7) mna yr-
JIEPOAUCTHIX M HH3KOJIErMPOBAHHBIX CTasell B 30HE CBap-
HBIX COEIMHEHUIT T10 [4] ONpenessieTcst 3aBUCUMOCTSIMU

AK, = 190 — 144R, Ho ne mence 62 MIamm'”?%;  (15)

o, =300 MIla; L™ =1,33;

Oref= Omax G- a;

(16)

§=15mm; Ky = 2210 MIamm'/?

Ha puc. 6, g npuBenexs! pe3yabTaThl NCTEPMUHU-
POBaHHOIQ pacyeTa JOJrOBEYHOCTH POCTA TOCTYJIN-

pyemoii tpewunnsl (@g = 1 MM, ¢g = 3 MM) [0 KpUTH-

TaGanua 5. Pacuernoie 3Hauenust Ky;
Ng = 10" UHKAOB, HOPMUPOBAHHOE uf’i]

Puc. 5. Cxema npoaoJbHOl cesau pambl (2) Barona-naardopmbl ¢
YCHJIEHHEM B BUIE HaK}IalLHOﬁ LI0JIOC LI (}) C OUNOCTOPOHHHWM CTbI-
koBbiM oM (1)

YeCKUX pa3MepoB, onpeaesseMprx ycsaosusmn (10),
(11), npu nocaeA0BATENBHOM MPUIOXKEHUY LTUKTUYEC-
Kot Harpysxu (cm. Taba. 5) orj = 1—10 u 107" npo-
TIOPUHOHAJBHOM NMPUCYTCTBUHM B LIATE IPOC/IEIKUBAHHS
AN, = 1000 uuKJI0B BCEX J-X SJIEMEHTOB CIIEKTPA, T. €.
1000 —[, a TaK>Ke pe3yibTaThl

Ns

pacuera 1o Mertony Monre-Kapso Ipu BEPOATHOCTH
oTkasa Py = 0,05. AHanornuHblie faHible, HO 1 60-
Jiee TIyGOKOH uexommoit tpemwner (2 X 2¢p = 2 X
X 6 MM), IpUBENEHbI HA puc. 6, 6. M3 HUX BUAHO, 4TO
Haubosiee KOHCepBATHBHbIE PE3YJIbTATHI MO AOJTOBEY-
HOCTM OTKa3a COOTBETCTBYIOT NETEPMUHHPOBAHHOMY
pacyeTy I0CJIeJ0BATENbHO OT HaubObIuedl HArpysKH.
Pacyer no Meroay Moure-Kapuo npu Py = 0,05 menee
KOHCEpPBATUBEH, PacueTsr mpu Mmoc./1eJ0BaTEIbHOCTH OT
MeHbIIEN HATPY3KH K Hau6ObIIEH COMPSYKEHbl C PHC
KOM 3aBbIIUEHHUS JOITOBEYHOCTH. T0 JKe, HO B MeHbIueH
CTENEHU, UMEET MEeCTO TPH NPONOPLUUOHAJIBHOM NPH-
CYTCTBUH BCEX 3JIEMEHTOB CIIEKTPA HATPY3KH Ha KaXk-
Metog Monre-Kapio

B KOJIMYECTBE AN]

[JOM lIare IIPOCJEKUBAHUSA.
HauGoJIee TIOJTHO YUUTHIBAET CAYUARHOCTD B TIPHUIIOIKE-

B 3aBUCHUMOCTH OT CKOPOCTH l() U KONHMHUECTBO UMKIOB HACPYMXEHUA AN 8 06wed AOCJILOBEHHOCTH

| " - = T
j won/e | K R A | S

} 1 6,25 0,0625 003 | 3 6 23,75 0,3600 0,19, 19

‘ 2 13,75 01375 | 0,07 7 7 26,25 0,4200 0.16 6 |

“ 3 16,25 01800 | 009 | 9 8 28,75 0,4800 | 0,10 10

|4 18,75 0,2400 | 0,12 2 9 31,25 0,5400 0,06 | 6 _

| s | 295 0,3000 | 0,16 6 10 33,75 0,6000 | 0,02 2

| [Ipumeuanue. AN; = P;Nj.
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N-1078 i
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0 — v
_ 80 90 100 110 120 oy, MIla
]

Puc. 6. PesyanTarnl pacueToB A0JFOBEYHOCTH IS OCTYJIMDYEMOH
rpetvnl (gg X 2¢, = 1 x 6 mum) (a) u Gonee rnyGokoit HCXOAHOM
Tpewnnbl {2y X 2cy = 2 X 6 mm) (6) 1Pyt PAIMHUHBIX 3HAYEHHAX
Harpy3KH Oy, UOJYYEUHBIX C IOMOWbIO AETEPMHHUPOBAHHOTO pac-
yera u metosom Monte-Kapao (P, = 0,05): € — nponopumonans-
woe npumaoxenue Harpy3ku; B, A — nociegosarelsmoe
NPHIOXKEHHE LHKJAMYECKOH Harpy3ku ¢ j =147 =10 cOOTBETCTBEHHO;
@® — meroa Monre-Kapaio

HUHM 3NEMEHTOR CIEKTPA Harpy3ol, IMO3BOAAA TIOAY-
YHUTH BEPOATHOCTHDIE XapAKTEPHUCTHKH OTKa3a, CBA3aH-
HbIE CO Cf[y‘{af/'IHbIM [IPDHJIOKEHHEM L[HI{J'IH‘I@CKOﬁ Ha-
IPY3KH.

TakuM 06pazoM, UMEA AAHHBIE O BEPOATHOCTH MHU-
UHMPOBAHMSA YCTAJOCTHOM TPEUIMHBI AJIA CIIEKTPa Ha-
rpy3sox (6) u BepoaTHOCTD P, MOAPACTAHUA YCTATOC-
THOH TPELIMHbI 10 KPUTHYECKUX Pa3MepoB 3a N, IHK-
7108 (puc. 7, 6), MOKHO ONIPEAENUTH BEPOATHOCTD OTKA-
3a3a N = N, + N, U4KJIOB B BUAE

Q = (ZQB)POT' (17)

Buieo/nt

1. ConpoTusieHite yCTaIOCTHOMY Da3pyLIeHNIO CBAp-
HOTO COEAMHEHUs! SIBJASIETCS AOCTATOUHO CTOXACTHYEC-
KOH BesuunHOU. B 310# cBaA3u pexomengauuu MUC
[4], Gasupyiouwmecs Ha CTaTUCTHYECKOH o6paGoTKe
IKCIIEDUMEHTANBHBIX AAHHBIX C TADAHTUDOBAHHON Be-
POSTHOCTBIO OTKasa 5-107, B codeTanun c pPEKOMEH-
JauuaMu o gakropy 6e3onacHocTH Yy, = 1,0~1,4 asJs-
[OTCST B HAaCTOALIEe BPEMS JOCTATOUHO 060CHOBAHHBIMY
no cxeme Haubosiee €a1a60ro 3BeHa At CBADHBIX KOH-
CTPYKUMH MPH MHOIQUUKJIOBOH yCTAJIOCTH.

<
T

465 475 485 495 305 315

1

1,0k

08¢

0.4}

—1

N-10™% 1

Puc. 7. Yacrorrocts [1(N) () u sepoartocts otkaza P, (N) (4)
A5 TPeMHO06PAa3HOro gedekta ¢ ay = 2 MM, ¢ = 3 MM NpPH Oy =
=80 MIla: @ — 200 cayuatinbix sapuantos;, 6 — 200 (7) u 50 (2)
cysafiHbIX BApHAHTOB

2. W3Becten nenblit paa paGoT OTAENbHBIX aBTODH-
TETHbIX OpFaHH3aHHﬁ, KacalouuXxcs IMoJy4YEeHH BEDO-
SATHOCTHDIX XaPaKTEPHCTUK COIIDOTUBJIEHHUA YCTAJOCTH
Ha OCHOBE COOTBETCTBYIQUINX 3KCIIEPUMEHTAJIBHBIX HC-
CJIe[IOBaHHI?I. Coyeranue Takux JAAaHHBIX C DEKOMEH A~
unsmu MU C g1a MHOTOIMKJIOBOH YCTaJI0CTH CBaPHBIX
KOHCTPYKUMA 3 dheppuTHO-nepanTHbIX ((heppuTHO-
GEHHUTHBIX ) KOHCTPYKUMOHHBIX CTaNell COOTBETCTRY-
€T, KaK MMOKAa3aHO B JaHHOHN paGoTe, paCllMpeHHIO pac
YETHBIX BO3MOXKHOCTEH OLICHKH 6€30MacHOCTH 3a CYET
UCIIOJAb30BAHUSA BEDOATHOCTHBIX [MOAXOAO0B.

1. 1SO SD 16708: Petroleum and natural gas industrial pipeli-

ne system. Reliability // Based limit state methods, 2000.

2. Kozaeg B.[I. Pacuerbl Ha 1LPOYHOCTL NPH HAlIPSXKEHMSX, le-
peMeHHbIX BO BpemeHH. — M. Mawmnocrpoenue, 1977, —

230 c.

3. M3ddoxc C./. Ycranocruas {IpOYHOCTDL [TONEPEYHBIX CThIKO-

BbIX CBAPHBIX UIBOB, BbUIOAHEHHBIX C OAHOH CTOPOHBI //

Csapka u peska. — 2008. — Ne 1.

4. Recommendation for fatigue design of welded joints and
components: JIW Doc. XIII-1539-96,/XV-845-96.

5. Design with EHS and AR plate. — Oxelosund: Svenskt
Stal, 1987.
6. Cobore M.M. Yncnenunie meroust Monte-Kapno. — M.:

Hayka, 1973. — 311 c.

7. Hopmui pacuera W NPOEKTHPOBAHHSA BarQHOB HKEJE3HBIX 10POT
MIIC ronen 1520 mm (necamoxounbix). — M.: TocHUMB-
BHUMIKT, 1996. — 300 c.
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MATEMATHUYECKOE MOJAEJIMPOBAHUE
PA3ZBUTUA CTPECC-KOPPO3MOHHDBIX TPEIIIWH
B 30HE CBAPHBIX COEJIMHEHMUIA

Maxnenxo O. B.f

, Kpaeeu B.II 2

7HHcmumym anexmpoceaprku um. E.O. Hamonwa HAHY, Kues, Yxpauna
Posnencxas AIC, Kysneuoeck, Yrpauna

Ol1McaH 40CTATOUHO XAPAKTEPHbIH CTYHal CTPECC-KOPPO3HOHHOTO 10BPEXIEHHS, KOTOPbIH Oblt OGHAPYKEH B 30HE CBAPHOTO
coeannenns Ne 111-2 naporeneparopos 3-ro suepro6noka PoseHcroit ADC Bo Bpemst ouepesnnoro IIIIP ocenbio 2009 r.
OTAUYHTENbHON 0COOEHHOCTDIO TAKKX 1IOBPEXKAEHHUN 10 CPABHEHMIO C UMEIONMMHCS Ha aHalornuHplx 6aokax BBOP-1000
SBJISIETCS. UX TOSABJIEHHE Ha <«XOJOAHOM», a Me Ha «ropsueM» Kosulektope (csapHoe coeautenue Ne 111-1), a taxxe
J0CTAaTOYHO OO/biuast UPOTSIKEHHOCTb BJOJb CBAPHOTO LIBA HA OTHOCHTENbHO HEGOMbWION riy6une. AHaiu3 (axTo-
rpaH4ECKUX JnarpaMm OBPEKAEHMH HA OCHOBE YIbTPA3BYKOBBIX 06CAEA0BAHUNI H PACUETHDIC UCCIIEA0BAHNA HALIPSIKEH-
HOTO COCTOSTHHA M KMHETHKH MOTEHLHUAIbHOLO POCTa OGHAPYKEHHbIX 110BPEXXAeiMH 1103B0NAKM 0GOCHOBATD JOTYCTUMOCTD
3KCILAYATALMH [IAPOrEHEPATOPOB HAa CPOK /10 OMEPEAHOTO CPE/AHEro PeMOHTA, YTO HMeNo (OJIbUIOe 3HAYEHHME [t JHEDP-
reTHHecKoro 06ecreveHust CTpaHbl B oceHHe-3nmMuui riepnos 2009-2010 rr.

Crpecc-KOPpPO3HMOHHBIE PA3PYLIEHUA HAUO0 €€ OTIACHbI
JISl COBPEMEHHBIX KOHCTPYKLUMH, DPAGOTAIOIIMX TIpPH
BBICOKHX HAIPSYKEHUAX 1 KOHTAKTE C arPECCHBHOH Cpe-
AOH. DTO MarucTpaJbHble ra3o- 1 HedTenpoBoabl, 060-
DyAOBaHHEe aTOMHON 3HEPTeTHKH, BOAHBIH TPAHCIOPT
v T. 1. CTaTHCTUKA TIOKA3BIBAET, UTO NPUMEPHO 7 %
COBPEMEHHDBIX CTaJbHBIX KOHCTPYKLHH €XEerofaHo Tpe-
6yIOT 3aMeHbI U3-32 KOPPO3MOHHBIX MOBPEKIAEHUH, U3
KOTOPBIX 0COG0I0 BHUMAHUSA TPEOYIOT CTPECC-KOPPO3-
WOHHDBIC TPEIIWHDI.

[Ipouecc nosiBeHUsT ¥ Pa3BUTHS Takux AeHEKTOB
OOBIYHO [EJIAT Ha TPH CTaWH.

IlepBas cragua — 3apoxaenue aedexToB B 30HE
BBICOKMX PaCTATMBAMIUMX HANPSAKEHUH u AeHCcTBUS
KOPPO3UOHHON Cpefibl. ITa CTaUsI OOBIYHO HOCHT MHO-
TOOYaroBbIH XapaxTep. 3apOKAeHHe MUKDPOTPEIUHH H
¥X CJUSIHUE B OAHY HJIM HECKOJDBKO MAaTHCTPAJbHBLIX
tpeumt (puc. 1) Ha 3TO¥ CTaguyu ONpenenseT 3JeKT-
POXHMMHUYECKHH Mexanu3M. Dosbllioe 3HaveHuwe nMeer
HEOAHODOAHOCTE MHKPOCTPYKTYPBI, OOyCIOBJICHHAS
XUMUYECKHUM COCTABOM CTaJIHM M TepMozedopMalnoH-
HbIM TEXHOJOIMYeCKHUM BO3JEHCTBHEM MOpHU HM3rOTOB-
JIEHUM M MOHTaYKe KOHCTPYKIHH.

B nacrosiee BpeMst OTCYTCTBYIOT MaTeMaTHUECKIE
MOJEJIM AJIsl ONMCAaHWS 3TOH NepBOH CTaguu cTpecc-
KOPPO3MOHHOTO Pa3pylIerus. VIMeTcsa cTanaapTHbie
METOAMKU [JI1 OUEHKHM CKJOHHOCTH K 3apOXKAEHHIO
CTPECC-KOPPO3MOHHOIO pa3pyLIeHUs] TyTeM HCIIbITa-
HIsT 06PA3IIOB MPU JKECTKOM Harpyskenun (¢ 3anaHHol
CKOPOCTBIO 1e(DOPMHPOBAHKA), PE3YILTATHI KOTOPOTO

© MAXHEHKO O.8., KPABELL B.[1., 2010

TIPHEMJIEMDI U1 CDABHEHHS MaTEPHAJIOB, HO HE IT03BO-
JISIIOT CTPOMTD KOJNYECTBEHHbIE MOAEH /IS PeabHbIX
YCJIOBUH HAPYXKEHHUS KOHCTPYKIMH AJHNTEJIBHOIO CPO-
Ka 3KCIIyaTauuy. 31CCh ONpe/Ie/IeHHBIM OTIPaBIaHHEeM
SIBJISIETCS IOCTATOYHO NIPOAOJKUTENbHDIN TIepUOL Pas-
BUTHSI TIEPBOM CTAAWH, UTO [IPH HAJKEHHOH nepuo-
MY9ECKOil TeXHUYECKOH AMArHOCTHKE OTBETCTBEHHOH
KOHCTPYKIUK TTO3BOJISIET CYILECTBYIOUIUMH CPEACTBA-
MU KOHTPOJIsE 06HAPYXXHUTH MoA0OHbIE AedeKThI elle Ha
craguy (hOPMHUPOBAHUS MaruCTPAIbHBIX CTDECC-KOP-
DO3UOHHBIX TPEILHH.
Bropas cragus —
CTPECC-KOPPO3UOHHBIX TPEIUMH [0 KPUTHUECKUX Das-
MEpOB, KOI/[a TIPOUCXOAUT CIOHTAHHOE DPa3pylIeHue,

9TO DOCT MarucCTpaJbHbIX

T. €. TPeTbsA CTaAuA TNPOABJEHUA DACCMATPHUBAEMBIX

Cxonnenue CTPECC-KOPPO3HOHHBIX TPEIUMMH Ha BHEHHEH
MOBEPXHOCTH TPyObI MAaFMCTPaJbHOrO TPyGonpoBosa

Puc. 1.
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Puc. 2. Quarpamma cratuveckoit (@) m unkandeckoi (6) KOPPO3HOHION TPEUHHOCTORKOCTH

CTPecC-KOPPO3NOHHBIX AedeKrToB Tuma Tpeuws. s
BTOPO#l U TpeTbell cTafuil B HACTOSIIEE BPEMs CYLIec-
TBYIOT ¥ JOCTaTOYHO YCIIELIHO TIPUMEHSIOTCS MaTeMa-
TUYECKHE MOJEJUM, OCHOBAaHHbIE HA COBPEMEHHON Me-
XAHUKE Da3pyUIeHUss TBEPAbIX TeJ C TPELIMHAMM.

B aTux MOA€AAX HMCIIONB3YIOTCH 3KCIIePUMEHTAIb-
Hble JaHHble O COMPOTHBJIEHWM MaTepuasna B AaHHOH
KOPDO3UOHHOH Cpelie pOCTy TPELMH M CIIOHTAHHOMY
pPas3pyIIeHMIO B BU/IE COOTBETCTBYIOWIMX AXArPAMM CTa-
THYECKOH KOPPO3UOHHON TpeumHocToiikocty (puc. 2,
@) TPY CTAaTV4ECKOM HATPY>KEHWH WJIM JHarpamMM K-
JIMYECKOH KODPOSHOHHON TPemmHOCTORKOCTH (puc. 2,
6) Npu LWMKJIMYECKOM Harpykenuu [1, 2].

M3 aTHUX JAaHHBIX Cl1e[yeT, YTO CKOPOCTb POCTa Tpe-
[IMHbI B KOHKDETHON TOYKE KOHTYpPa OINpPEAENsercs B
3aBHCUMOCTH OT 3Ha4yeHMs K03 (HUMEHTa HHTEHCHB-
HOCTH K| B 3TOH TOUKE TPEIMHBI UL CAYYast CTATHYEC-
KOr'O HarpysKeHHsl M pasMaxa Ko3dduuuenTa HHTEH-
cuprocTH AK | = K™ — KM 151 ety yast (UKINYecKo-
TO Harpy KeHWsi NpH 3aJaHHOW BEJMUMHE OTHOUIEHUS
KM /K g nugore.

Ha ocrose yxasaHHbIX JaHHBIX MOXKHO JJISI KOHK-
PETHO 06HAPY>KEHHOI KOPPO3WOHHON TPEUIMHBI pac-
YeTHbIM TyTeM onpenesnts 3xadenns Ky (man AKp),
a 3aTeM MPOTHO3UPOBATH €€ pAa3BUTHE BIJIOTb [JO
KPUTHYECKHX DAa3MepOB, OMNPEIEIAEMbIX YCJIOBHEM
crionTanHoro pocra TpewwHst [1, 3], 1. e., vanpuMmep,
No ABYXMAapaMeTpuueckoMy xputepuio [1]:

K2 f(L)npu L, < L™ K, =0 npu L, > L™, ()
, G, +C
e K, = K1 /Ko, Ly = 0yop/oy, L7 = 22207

B Yxpanue 13 sueprobioxos BBIP-1000 poccuir
CKOTO TPOM3BOACTBA OCHAIEHO TAPOreHePaATOPaAMU
[IT'B-1000 M (mo 4 ma xaxzaom 6aoke). [Taporenepa-
top IIT'B-1000 M umeeT aBa xoanexropa («ropsumii»
M «XOJIOAHBIA»), TI0 KOTOPBIM MOABOAHMTCA (<«rops-
Yuity ) ¥ OTBOAMTCS ( «XOJIOAHDBIN ) TENJIOHOCHTENDb 13
repBoro KOHTypa no tpybonposoay /1Y 850 (puc. 3).
KoJ1ekTOpbl COENMHEHB! MEX Y COGOH TErI006MeH-
HBIMH TPYGKAMHU, 110 KOTOPBIM TEMJIOROCHTEID TTIEPBOTO
KOHTYpa, UMPKYJIUDYsl, HArpPeBaeT MMUTaTebHYIO BOAY

Puc. 3. CxemMbl MOACOEAMHEHMA K IAPOTeHepaTopy «ropsueils setku [T ana 6a0kos «Manoit» (@) u «Goabwoit» (8) cepuu (Bua csepxy
v coKky): T — natpy6OK «X0A0AHON» BeTKH; 2 — onopubiit Gypr; 3 — KP;, 4 — rtpyba <ropsiyeil» Betkn; 5 — naporexeparop; A —

MEeCTO pas3pyIleHust
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BTOPOTO KOHTYDa, NPEBPALIAS €€ B T1ap IIPH TeMIIEPa-
type oxosio 300 "C u pasnennu 6,4 Mlla.

Cpaproe coegunenne Ne 111-1 coegumnser «rops-
uiity, a Ne 111-2 — «XOJIOAHBIN» KOJIEKTOPBI C KOP-
NnycoM Tmaporeneparopa d4epe3d marpybox AY 1200
(puc. 4). Taxoe 0IHOCTOPOHHEE CTHIKOBOE COEMHEHNE
BBUTOJIHAETCS B 3aBOACKUX YCJIOBHUsiX. OMHAKO KOHCT-
PYKTUMBHBIE OCOOEHHOCTH KapMaHa ), 3aTpyAHsIole
HOCTYTI K CBADHOMY WIBY C O6DAaTHON CTOPOHBI, 06yC-
JIABJIMBAIOT HECTAOUIBHOE KAueCTBO OOPATHOH ToBep-
XHOCTH, YTO B COYETAHUM C KOHIIEHTPAIMEN HaTpPsixkKe-
Hult B a10i1 30He (cM. Touky A Ha puc. 4) OT BHYT-
PEHHEro [aBJIEHUSI B KODITyCe MaporeHeparopa M Ha-
JIMYUS B 3TOM 30HE HEPENAKCHDOBAaHHBIX TEXHOJIOTH-
YECKMX OCTATOYHBIX HATIPSKEHHIT OT CBADKU ¥ JIOKAJIb-
HOH TepMOOGpaboTKM (BBICOKOrO OTITYCKA) MOMKET
TPUBOAKTL K 3aPOXKIEHHWIO M DA3BUTHIO KOPPO3UOH-
HBIX TPELIMH KaK BLOMD, TAK U NIOTIepeK CBAPHOTO LIBa.
Yalle ©MEIT MeCTO NMPOAOJIbHBIE TPELIUHBI 1O CBAp-
HoMy wBy Ne 111,

Taxue nedextp! 6bLn 06Hapyskers! B 2001—2002 rr.
Ha naporeneparopax 11II-1 u 1III-2 nepsoro 6.0ka
[0xHO-Yrpauuckoit ADC, B Havase 2006 r. Ha napo-
resepatope 4I1I-3 wersepToro 6/10Ka, a B CEpeauHE
2009 r. na naporeneparope I1T-1 Broporo 6;10ka 3amo-
poxxckoit ADC. Heckompko paHbliie aHAIOTMUHbIE TIPO-
LOJIbHBIE TPELIMHDI B 30He coenunerus Ne 111-1 6biu
o6Hapy>keHbl Ha maporeHepatopax III'B-1000 M poc-

3

890

/
117,5

———————_g——————— =

SN

d4

Puc. 4. Cxema pacnosioxenusi cgaproro wsa Ne 111: 7 — xopnyc
naporedeparopa; 2 — koJuektop; 3 — mnaTpybox @1200; 4 —
tpy6onposon Y 850; 5 — xapman (R, = 20 mM); A — aedext
THUIA HECIJIOIIHOCTH
cuiickux ADC, 4TO MOCTYXHJIO CUTHAIOM [N €XKe
FOHOrO KOHTPOJISI 9TMX COEAMHEHUH Ha 9HEePro6IoKax
Poccunr 1 Yrpaussr.

Ha Tpetsem 6iore Poserckoit ASC npu KOHTPOJE
coctositnst naporexeparopos [1[-1-IIT-4 Bo BTOpOH
nostosuHe 2009 r. B 30He cBapHBIX coeauneHuit Ne 111-2

Fopsusnii koicirop
Cuaproe cocanuciine No [1]-1

-@- K peaxropy (320)

NoAu B KOLACK 0P
_ Cuapnoe cocaunenne Ne 1[1-2
23456789100 121314151617 1819

Dl lolale byl

[TarpyvGor LY 1200
LHaporeHepatopa

Py il

Cuapnoii

9 10112103141

clelel b be ey

678

5

4

1108

= I'pannita
| xapyana

.

[

600

.
535

Ly 20

Puc. 5. KaprorpaMMa HeCIJIOIIHOCTH pasMepoM dg = 25 MM, 2¢g = 1155 MM ana naporeneparopa I1I-1 tpetbero 6a0xa Posenckoit A3C,
NOCTPOEHHAS MO PE3YAbTATaM YJbTPAa3BYKOBOrO KOHTPOJIA Y3/1a NPMBAPKH «XOJIOAHOIO» KOJLIEKTOPa
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(«x0J0HBIA KOJNEKTOP» ) GBI OGHAPYIKEHBI HECTT-
JIGUTHOCTH BJOJb OcH MBa. KapTorpaMma HeCIJIOUIHO-
cru g 11T-1, paamepsl KOTOPOU ObLIIH ONIPe/IesIEHbI C
MOMOIIBIO YALTPA3BYKOBOTO KOHTPOJA Kak Hanbosee
3HauuTeNblble, HpUBE/eHa Ha puc. 5. XapaKkTepHOH
0c0OEHHOCTBIO ITHX HECIIOUIHOCTEH ABJISETCS UX MHO-
roouaroebiit xapakrtep (3—-6 owaros mo aiMHE HecI-
JIOUTHOCTH), YTO ONPEEJAeT NOCTATOYHO GOJIBILYIO
JUIKHY BbISIBJIEHHDLIX HECIJIOLIHOCTEHR BAOJL CBAPHOTO
wea. Haubosiee BepOATHDIM SIBJISIETCS MEXaHU3M KO-
PO3UOHHOTO 3aPOMIEHUSA, POCTA U CJAUSHUS 3THX Jle-
(PEKTOB MO, JICHCTBHEM 3KCIIJIYATALIMOHHBIX H OCTaTOY-
HLIX HaNpsKeHHUH B 30HE CBapDHOTO COEAMHEHHS NpH
HA/IUIHW COOTBETCTBYIOUIEH arpecCMBHOH cpDeAb! B
«KapMaHe» y3/1a COCAUHEHUsT KONJNEKTOpa ¢ Narpyt-
xom (cM, puc. 4).

Meroauka pemenns 3a/iaun. Vcrnonb3yeTcs MeTo-
[HUKa, [103BOJIAIONIas BO BpeMs 3KCIIyaTallui TPOrHO-
3UPOBATh KUHETHUKY DOCTa XApaKTEPHBIX DPa3Mepon
(a o rayGune ¥ 2¢ — MO NOBEPXHOCTH) TMOJy-
SJLIMIITHYECKOH TPEUIMHB], HMUTHUPYIOLLEH paccMaTpu-
BacMbli fepexT. HarnpskeHHOe COCTOSAHNE B 30HE Ta-
Kkoro fedexra (Touka A Ha puc. 4) MOXKHO TIPeACTaBUTD
B BUAE CYMMDI OCTATOYHBIX HaNpSKEHHH M Hanpske
Hitl, 06yC/IOBJIEHHBIX JABJIEHHEM B KAPMaHe, U TEMITe
paTypHBIX HANPSOKeHHH, CBA3aHHLIX C NEePEeXOAHBIMH
pexcumami. [IpogoKUTENbHOCTE ellCTBUSA llOCTe-
HIX HEBEJINKA, TO3TOMY OHU UTPAIOT HE3HAYUTEIbHYIO
pOJIb B POCTe 9TOTO KOppo3uonnoro gedexra. [lpn ne-
60JIbIIIOM KOJIMYECTBE BO3MOJKHDBIX [MKJIOB Harpesa-—
OXJIKJEHHS Ha IIPOTHO3MPYCMbIA EPUON TeMLIepa-
TypHLIe HaTIPSKEHUs MOYKHO HE YUMTHIBATH.

OcTaTouyHbIe HAMPSKEHUs! B 30HE COEMHEHWS CBSI-
3aHbI B OCHOBHOM C TEXHOJIOIMEH BLITIOJIHEHHS] B 3aBO/-
CKUX ycaoBusAxX cpaproro mwea Ne 111, Illrarnas TexHo-
JIOTHsE [Ipe/lycMaTpUBAeT I10C/ie CBAPKH JIOKaJbHDBIH 0T
MyCK 30HBI COC/UHEHMS C NOCTATOUHO [JIHTEIbHOH
(oxo0s10 8 4) puinepxxoi npu Temnepatype 650 ‘C. B
pabote [4] 6bLIO MOKa3aHO, YTO 1IPU TAKOM OTIYCKe
MOYTH TMONHOCTBIO MCYE3A0T OCTATOUHBIE CBADOUYHBIE
HaTPAKEHUsi, HO M3-3a JIOKAJbHOCTH HarpeBa CO3/la-
FOTCSt HOBbIE, KaK 110Ka3aHo B Tal/1. 1. 310 HAnpsDKeH-
HOE COCTOSINVE XaPAKTEPU3YETCS NOCTATOUHO BLICOKH-
MU OKDYIKHBIMH Ogg M OTHOCUTE/IBHO HEBBICOKUMH I10-
nepeuHbIMA O,, HANPSKEHUSMH, HO, TEM HE MEHee, Ur-
PAU(MMU AOBOALHO 3HAYUTEJILHYIO POJIb B IOBEACHUN
paccmarpusaemoro gedexra. HanpsokeHus, CBsi3aH-
ble ¢ jlaBjennem okoJso 6,4 Mlla B kapMaHe npu gas-
Jenun B kosaexTope 16 Mlla, onpenensiaun ¢ UCIONL-
30BaHMeM UHCJCHHOH METOAMKHM MeTOAa KOHEYHBIX
9JIEMEHTOB 1 KOMIIBIOTCPHOHU NPOrpaMmbl, BXOAALIECH
B cuctemy «Weldpredictionsy M9C um. E.O. [Tarona
HAHY.

Metoauica pacueTa HanpsyKEeHHH OT pHenuel Ha
rpyaxy (nasnenns P) ma CTAUMOHAPHOM TeMIEPATY ]
HOM DEXUME B CTEHKaX KapMaHa OCHOBAHA Ha COOTHET-
CTBYIOLIEM DELICHUHM MeTO/10M KOHEeUHbIX 3JCMEHTOB
KpaeBoH 3ajauu Teopuu yupyrocru. Mcnosnnbsonau
ponyuenue o6 ocesoit cummerpuu. Bapbupopanie
nuna natpy6ka (e, puc. 4) 1okasaso, YTo AJs pac-
CMATPUBAEMOU reoMeTpuu gonyienre 06 oceno crum-
METPUHU HE IPUBOJTUT K 3aMETHDBIM Iepepacipe/ie/ie iy
AM HANpsDKEHH M0 OKPYXKHOCTH naTrpy(ka B 30HE
ceapHOro coeaunenuss Ne 111 (pasHuna B Hamps-
xenuax o,,(P) ne npesvraer 2 %).

B ra6n. 2 rpuse/eHbl pe3ybTaThl pacueTa Halps-
skeHmit 0,,(P) npu pa6ouem pasienun P = 6,4 Mlla.
C yyetom noxasalinoi Ha puc. 4 rantesn (R = 20 mm)
1 oceBoit cunpt P = 1P(1190)% H Maxcumasbitbie Ha-
NpsOKEHNA O,, B 30He AedexTa B 4-MILIUMETPOBOM
MOBEPXHOCTHOM CJIOe Haxonatcss B npegenax 60—
80 MIla. Bes yuera ranresm MakcHMasbHbIe HAUDAKe:
HUS O,; B YTJIy COEIUHEHUS JOHBIIIKA U CTEHKY KapMa-
Ha MOTYT JOCTHraTh M 60Jiee BbICOKUX 3HaveHuH. [lo-
CTOBEDHOCTH MONYUEHHDBIX JAHHBIX TPOBEPSIACH COTIO-
CTaBJIEHNEM MOJYUEHHOTO THCICHHOTO PEIEHHA C aHa
JIMTHYECKUM DEIeHUeM Ui LMJIHHAPUYeCKoH 060
NOYKH B 30He Kpaesoro adihexra [4]. IosyueHo xo-
pollee COrJIaCOBaHME PACYETHBIX Pe3yIhbTaTOB B 30HE
nedexta (cM. tabn. 2), T. e. Ans ceyenuit z = const
Ha PACcCTOSHUM OT AOHBIIIKA KapMmaHa Az > 22 .

[IpocyMMUpPOBAB OCTATOYHDIE ¥ paBoUiie HallPsIKe:
H¥S B Z = const, COOTBETCTBYIOLIEM MIJIOCKOCTH TPELLIH-
wbi (cM. Tabur. 1, 2), NOSyYUM 3III0PY CYMMapHbIX Ha-
MPSOKEHUH C,,(¥) B MJIOCKOCTYU TPEIIMHDL, MOKGAHHYIO
Ha puc. 6.

[To aTO¥ arope MaKCUMAaJIbHbIE HAIIPSIKEHHUsS O,
Ha BHYTpeHHeH MOBEPXHOCTH CTEHKH KapMmaHa BOIU3M
CBApHOTO IIBa COCTaR.1AI0T okoio 136 MIla, a Ha BHEUF
Hell ToBepxHOCTH LipuMepHo —46 MIla.

Mem6pannoe yeuare N W MOMeHT M aisi 5TOH
SMIOPBI BLIYMCASLAN 0 CJACAYIOLINM 3aBHCHUMOCTAM:

<

Tep 3/2
N = l

’
) 0u(n) 5 dr
rCD = 6/2 P )
2

r, w872
[ ¥
v GZZ(r) R
Tep = 0/2 o

1335 + 1190
4
= 2447 MITa-mm; M = 72334 MITa-mm?,
Jlist HanpsA)keHH Oy, 6e3 ydueTa OCTaTOUHBIX Ha-
NpsKeHUuH 3aBUCHMOCTH (2)  pawor NP =
= 1775 MIlamm u MF = 15174 MITamm®,

M= (r = R.pdr,

rae R, = =631,25 MM, 1. €. N =
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TaGamua 1. OcraTouHble HANPSIKEHHA Opg M O,, B 30HE CBapHOro coeAnnenns Ne 111
qm,ﬁﬂh\

r, MM

597.00 607.00 617.00 €27.00 637.00 647.00 657.00 667.00

Z, MM
5.000 86 .85 86.16 79.91 69.22 56.83 45,29 36,04 29.33
15.000 78.68 73.50 67.96 61.79 55.16 48 .58 42 .70 38.38
25.000 68.66 64 .57 62.28 60.81 58.88 55.92 52.38 49.80
35.000 60.43 59.21 60.62 62.98 64.64 64.71 63.52 62.49
45.000 54.47 56 .44 61.17 66,49 70.96 73.82 75.29 76.35
55.000 50.49 55.20 62 .84 70.49 77.27 82.77 B87.32 91.32
65.000 48.13 54.79 65.22 74.84 83.40 91.44 99,35 107.16
75.000 47 .85 55,10 68.98 79.36 89.29 99.98 111.13 123.36
85.000 49.83 65.62 74.51 84.07 95.50 108,96 122.86 138.84
895.000 130.20 99.19 g6.20 91.58 103,41 119.35 1365.39 151.88
105.000 3 2 53 148 |
115.000
125,000 Ulos
135.000 Ne (11
145,000
155.000
165.000
175.000
185.000
185.000
205.000
215.000
225.000
235.000
245.000
255.000
265.000 .
275.000 57.95 48.35 36.39 22.10 5.83 -12.13 =~3%.81 -54.00
285,000 68.16 58.42 46 .21 31.63 14.85 -3.83 -23.83 -45.07
295.000 83.11 73.00 60 .38 45.24 27.06 6.80 ~-14.46 -35.42
305.000 102.56 92.08 79.19 62.15 42 .36 20.35 -2.92 -25.70
315.000 126.93 116 .79 103.69 87.15 67.68 46.29 24.70 3.41
0., MIlla
5.000 0.00 0.00 0.00 0.00 0.00 0.00
15.000 0.00 0.00 0.00 0.00 0.00 0.00
25.000 -1.95 -2.22 ~-1.82 -1.44 -1.13 -0.94
35.000 -4 .00 -4 .55 -3.61 -2.82 -2.386 -2.13
45.000 -5.28 -5.54 -4.11 -3.38 -3.36 -3.60
55.000 -4.79 -4.29 ~2.67 =2:92 -4.16 -5.59
65.000 -0.98 0.10 0.79 =-1.75 -5.09 -8.22
75.000 9.25 8.48 5.54 -0.74 -6.46 -1X.37
85.000 32.00 20.30 9.06 -0.62 -8.14 -14.73
95.000 77.13 25.173 10.57 -9.62 -17.85
105.000 = 2 ; )
115.000
125.000 [on
135.000 Ne 111
145.000
155.000
165.000 . . . .
175.000 70.13 47.18 31.88 17.42 0.28 -24.37 -53.05 -75.94
185.000 64.36 41.92 28.38 15.90 2,36 -18.57 -48.92 -73.00
195.000 54 .66 37.1%1 24 .34 13.21 3.03 -10.10 -36.41 -74.85
205.000 45.79 31.68 19.44 8.44 -0.92 -7.59 -7.82 -79.78
215.000 38.92 26.40 16.02 7.04 -0.66 -10.18 -32.65 -37.64
225,000 31.55 20.91 11.88 3.72 -4.71 -15.71 -28.52 -9.33
235.000 23.90 14.94 7.02 ~-0.47 -8.05 -15. 34 ~14.46 2.01
245,000 16 .37 9.09 2.42 -3.7¢0 -8.89 -10.27 -4 .54 7.53
255,000 9.65 4.00 -1.18 -5.41 -7.62 -5.51 1.66 10.68
265.000 4,36 0.13 -3.49 -5.86 -5.90 -2.12 5.18 12.71
275.000 0.80 -2.26 -4.58 ~-5.58 -4.41 -0.18 6.75 13.79
285.000 -0.86 -3.35 -4.65 -4.79 -3.33 0.42 6.62 13.80
295.000 -0.97 -3.38 -3.77 -3.57 -2.58 0.04 4.96 12.38
305.000 -0.25 ~2.56 -2.11 -2.30 -1.91 -0.55 2.49 8,50
315.000 0.30 -0.76 -1.01 -1.10 ~-1.00 -0.235 1.30 -0.28
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Tab6nuua 2. Hanpsokenust o,, ot padoyero gasienust 6,4 MIla s 3one nedexra
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MATEMATHYECKOLE MOAEJAHPOBAHHUE B CBAPKE

C nmoMouIsIo Iropsl 6,,(r) Ha puc. 6 U PEKOMEH-
pauuit [S] paccunThiBaau KO3 PUIMEHTH! MHTEHCHB-
rocth HanpspKenuit K 8 Toukax D w G, cOOTBETCTBYIO-
WHMX BepLUMHE TPEIIMHDI Ha MOBEPXHOCTH ¥ N0 LIy6yHe
paccMaTpUBaeMoro AedexTta THUMa TPEUIMIBl 10 Mepe
€e POCTa, HAYMHAS ¢ NCXOAHOIO COCTOSAHUS, KOTAA @ =
= @gg ¥ ¢ = Cg. B COOTBETCTBUM C PEKOMEHAAUUAMU [ 5]
WCHOJIB30BaNNCh CIeLYIOIMe 3aBUCHMOCTH,

Mpna/c<1,0una/8<0,7

K, =S1;Va/1000 MIlam'"? (i = D, G), (3)

rje

0.5
(1-(0,89 ~ 0‘57W>3<a/s>"5]3»25[1 +1,464 @J

2 (3)
Yp = {1 + 0,32[%] MT,ZB - 0,09%} Na/c;

Yo =1,12 ~ 0,08 %

OKBHBAJEHTHDbIE HANDSUKEHH S; ONpPeRessioTcst I10
dopmysam [5]
2

a .
Sg= 2 (C]- + D;+ }\E/] G4,

f=0

20 (4)
Sp =2 Fo.0).
J=0
3necw 6,,(j) — cyMMaprIe HaNPSKEHUS Gy, MO

smrope Ha puc. 6 Ha myénﬂe ] (G=0,1,2,...,20);

Ci,Dj,E;ufF; — TaéyﬂHpOBaHHble BECOBbIE QPYHKIIMU

1,75 1,5
o a a a
[2,3]; A== 1,0—1,9(-—} +0,9[—]
0 c c
/
G,,, Mila
150 F
100
50 F
0k
-50 F
Y I T L [ L [ T |
600 610 620 630 640 650 660 7, MM

Puc. 6. CyMmaptble HanpsiKeHUa ©,, B [A0CKOCTH TPELIMHDBI

[na ray6oxux TpewuH, Koraa %> 0,7u 0,2 £

IA

< 1,0, coriacHo [5] MCIoOb30Baay 3aBUCHMOCTD

el fg] o onfg]

T
x g (i=G. D)

1,65

{1 + 1,464 [%] : ?5

M,:1,13-0,09%,

&
c
(3) npu

2

-0,54+ 0,89 —

(5)
0,2+£Z—
¢

24
M3:0,5—;a+ 14[;1 %] ;
0,65+;

2
9¢ = 1,0; goz{mo +0,35 (%} }\/a/c.

3HaueHus Si B 9TOM CJy4ae MOXKHO pacCHuTaTh ve-
pea N u M:

Si =0, + H‘Gb (Z = G, D), (6)
rae
NN
N 6M
G,, = —S‘Gb—S— HD—1*O348_011[ [(SI;
HG_1—[1 22+ 0,12 ]%
0,75 1.5

+[o,55—1,05@ +0,47[§] }év

KpuTepuit CIOHTAHHOrO XPYMKOBA3KOIO pa3pylie-

HUsA npuHuMaem 10 [1] B uge
Vinax J

lg V¢

Kisce Ky

Puc. 7. [unarpammbl CTaTUYECKON KOPPOIHOHHOM TPEILIMHOCTOHKOCTH
KOWCTPYKLUMOHHOIrO MaTepuasa: /| — auarpamma g V-K|, nocTpo-
eHHasl 10 DKCMEPUMEHTANbHBIM HaHHbIM; 2 — HIEANN3HPOBAHHAA
Anarpamma
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TaG.mua 3. PeayanT/a&Tbl pacyera Pa3BUTHA TPELIMHOOOPA3HON HECMIOWHOCTH C UCXOAHLIMKU pasmepaMu @ = 6 My, 2¢ = 1155 Mm npu

KISCC =10 Mlla-m

st naporeseparopa ITI-1

Pasmepn! gedekra, Ky, MITam'/?
Bpemsi, roa Orer, MITa n
a 2¢ Kg \ Ky
l 0 6 1155 18,81 ‘ 2,17 30,88 | 7
I\ 0,05 7,76 1155 227 | 2.8 | 31,04 | 626
" 0,09 9,52 1155 22,92 3,51 31,21 5,84 [
0,13 1,28 155 24,43 4,19 31,39 | 5,50
017 13,04 1155 25,85 4,90 31,57 5,21 "
0,21 14,80 1155 27,76 5,67 31,76 4,87
0,25 16,56 1155 29,06 6,44 31,96 | 4,66 |
0,29 18,32 1155 30,35 7,23 32,16 | 4,46
0,33 20,08 1155 31,63 8,06 32,37 4,29 |
0.37 21,84 1155 33,47 8,99 32,60 4,06 |
. 0,41 23,60 1155 34,72 9,90 32,83 3,92 |
0,45 25,36 1157,64 35,96 10,85 33,07 3,78
| 049 27,12 1161,16 37,21 11,84 33,33 3,66
0,53 28,88 1164,68 39,13 12,97 33,60 3,48
0,57 30,64 1168,20 40,42 14,08 33,89 3,37 |
0,61 32,40 171,72 41,73 15,26 34,19 3,27 |
|| 0,65 34,16 1175,24 43,05 T 16,50 34,51 3,17 ||
| 0,69 35,92 1178,76 45,12 17,92 34,84 303
0,73 37,68 118228 | 46,49 19,32 3519 | 294 |
0,77 39,44 1185,80 J 47,85 20,80 35,56 2,86 |!
. 0,81 41,20 1189,32 49,24 22,37 ‘ 35,95 2,78 .
| 0,85 42,96 Jﬁ 1192,84 51,53 24,17 36,37 2,66 ;|
‘ 0,89 44,72 1196,36 53 25,94 36,81 258 |
0,93 46,48 | 1199,88 54,46 27,81 | 37,28 ‘ 2,51 |
0,97 48,24 J 1203,40 55,95 29,79 J 37,78 | 2,45 !
1,01 50 1206,92 58,48 32,10 J 38,31 2,34
| 1,05 51,76 1210,44 61,30 35,11 38,88 2,24 .
!I 1,09 53,52 1213,96 62,16 3713 39,49 2,20 }
'||| 1,13 55,28 1217,48 62,91 39,18 40,14 2,18
1,17 57,04 1221 | 63,51 41,26 40,84 2,16 I_|
_ 1,21 58,80 1224,52 65,23 43,62 41,60 2,10 u
| 1,25 60,56 1228,04 65,58 45,73 | 42,42 2,09
1,29 62,32 1231,56 65,80 47,88 | 43,31 2,08 |
! 1,33 64,08 1235,08 65,86 50,01 44,27 2,08 |
| 1,37 65,84 1238,60 67.13 52,44 45,32 2,04
1,41 67,60 1242,12 66,80 54,55 46,47 2,05 |
1,45 69,36 1245,64 66,47 5665 | 41,74 2,06 |
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Tabauua 4. Pe3ynbTaThi pacyeTa pa3BUTHA TPELUMHOOGPA3HOH HECTIIOUIHOCTH C UCXOAHbIMM padmepaMu @ = 25 MM, 2¢ = 1155 Mm npn

K[s_cc =10 MITam'"? At naporeneparopa I11-1

]

Paamepbl gedexta, Mm K, MITa-m'"? ‘
Bpems, roa Gpepy MIa n
a 2 Ks Kp
0 25 1155 36,49 10,51 33,62 3,73

0,05 26,76 1138,52 37,79 11,50 33,87 3,61 |
| 0,09 28,52 1162,04 39,09 12,53 34,14 3,49 ”

0,13 30,28 1165,56 40,41 13,62 34,43 3,37 "

0,17 32,04 1169,08 41,71 14,78 34,72 327 ‘I

0,21 33,80 1172,60 43,76 16,09 35,04 312 |

0,25 35,56 1176,12 45,12 | 17,39 _ 35,36 303

0,29 37,32 1179,64 46,50 J 18,76 35,71 2,94

0,33 39,08 1183,16 3 47,89 20,22 36,08 2.85

0,37 40,84 1186,68 50,12 21,88 36,47 2,73
0.4 42,60 1190,20 51,57 23,52 36,88 265 |
. 0,45 44,36 1193,72 53,03 25,26 37,32 2,58 ||

0,49 46,12 1197,24 54,50 27,11 37,78 2,51 B

0,53 47,88 ‘ 120076 | 56,97 2924 38,27 | 2,40

0,57 49,64 1204,28 | 58,51 31.33 38,80 2,34
‘! 0,61 51,40 1207,80 | 61,44 34,37 39,36 2,23 |
“ 0,65 53,16 1211,32 6234 36,39 39,96 2,20 l

0,69 54,92 1214,84 64,29 38,67 40,61 2,13 |

0,73 56,68 1218,36 64,97 40,77 41,30 2,11

0,77 58,44 1221,88 65,48 42,88 42,04 2,09 “

0,81 60,20 1225,40 65,88 45,02 42,85 2,08 "

0,85 61,96 1228,92 67,44 47,44 43,72 2,03

0,89 | 63,72 1232,44 67,50 49,59 _ 44,67 2,03

0,93 65,48 1235,96 67,41 51,73 45,70 2,03 |
i}» 6,97 67,24 1239,48 67,17 53,87 46,83 2,04
L 1,01 69 1243 168,23 56,30 48,07 2,01

K,=(1~-0,14L%[0,3 + 0,7 exp (-0,65L%)] o, + [0+ 9(Zo, )2
(7) Orel = 3 ’
npu L, < L7™ = 9%; K,=0npu L, > L™, a P RIE
’ |2 50T CR Ry

rae K, = K1/ Kie; L, = e/ 0r; Ki¢, 05, 0y — pacuer- B L 2-38/Ry ' (8)
Hble 3HAYEHWST KPUTHHECKOM Beamyunsl K| — ¥y, mpe- e
JeJla TIPOYHOCTH M IIpeJiesia TeKydecTH Marepuana B = arc cos (A sin 6); 6= AR, +5,2)

sepminHax G u D TpelrHoo6pasHoN HeCIIOUIHOCTH;
Grf — PeepaTUBHOE HAIPSIKEHNE, COOTBETCTBYIOLIEE
HaCTYILJIEHHIO TJIaCTHYECKON HEYCTONYMBOCTH JJIst PAC-
CMaTpUBAEMOT0 edexTa.

Coracho [6] 6, onipenensiercs 6es yuera octaTou-
HBIX HAIPSHKEHUH 10 3aBHCHMOCTSIM

4os (1-12-2t+yn)+ (1 —T+X‘E)2T
X 21+ 2 -1 - 1) '

a d
X=5T= B O, Op OTIPELEJISTIOTCS TI0 HATIPSIKEHNSIM
0

0,,(r) ToNBKO OT KaBiexus P.

159



MATHEMATICAL MODELLING IN WELDING

PasBurne KOPPO3HOHHON TPEIIMHBI 10 BPEMEHHU f
OTIPENESIETCS MTyTeM JI0CJIEA0BATENHHOIO TPOCIEIKI-
BaHAS M3MEHEHWS HadaJbHbIX DPa3MepPOB Cp U dy Ha
OCHOBE 3aBMCHMOCTH CKOPOCTH v OT K B To4kax D u
G COOTBETCTBEHHO.

3asrcumocts V(K () mpuHUMAnach Mo guarpamMme
CTaTHUeCKOHN KOPPO3MOHHON TPEIUMHOCTOHKOCTH MaTe-
prasa (puc. 7), rae yCJAOBHO BbIAENEHBI ABE 30HbI:
nepsast K; < Kjgcc — 30Ha pPOCTa TPELUUHBI B OCHOB-
HOM 110 MEXaHM3MY AHOJHOIO DACTBOPEHMUSI; BTOpas
K| > Kjscc — 30Ha pocTa B OCHOBHOM I10 MEXAHU3MY
BOJOPOAHOIO OXPYMYUBAHUS. ITa YIIPOIIEHHAS Juar-
paMMa OTpesesieTcsl KPUBOH 2, KOTOPYIO MOYKHO PH-
6JIMKEHHO OMHCATh B BUJIE

V=0mpn Ky < Kiseer V= Vipax 1pu K> Kisee,

Peaynpratel nporsoaa. Ha ocHoBe M3J10)KeHHOH
METOAMKY OB BBINOJIHEH [POTHO3 IIPH CJAEAYIOU[HX
xapakTepuctukax crasu 10I’H2MDA, coorserctnyio-
wux temneparype 280 °C:. o, = 420 Mlla, o,
540 Mlla, Ky 148 MiIlam'/?, Kiee =
= 10 MIIam'/?, Umax = 44 MM /TOA. DTHU [aHHbIE PU-
HSATBI B KAYeCTBe HOPMATHBHBIX, OGOCHOBAHUE UX UMe-
ercs B padore [3].

WcxonmHble JaHHBIE [JIS pacdyeTa Yepe3 HOPMaTHB-
Hble 3HAYeHHs] COOTBETCTBYIOIIMX 3HAYEHHH O, Oy U
K| NIpUHSTHI B BUJE

il

a &} K
p_ T — B pp _ N
of =—, of=— K =—

n n n

3aech k03hDHULMEHT OC30MTACHOCTH 72 TIPH CIIOHTAH-
HOM pOCTE TDPEUIMHBI OIIPEJEsSeTCs NPH YKA3aHHBIX
BbILIE HODMATHBHBIX 3HAYEHUSIX M3 KPUTEPHAJBHOrO
ypaBHEHHUS

K= (1-014L2%)(0,3 + 0,7 exp (-0,65L5x5)]. (9)
B Ta6n. 3 v 4 npuBeneHsl pesyJsbTaTh! TPOrHO3a

Pa3BUTHUSI 10 BDEMEHH 1OCTY IUPYEMOH TPEIIHHOO6DA3-
HOI HecriowHOCTH (€€ pa3Mephl U MOJ0XKEHNE CM. Ha

puc. 5). VI3 3TuX JaHHBIX BHAHO, YTO Tiay6uHa gedexTa
¥ K03QPUUMEHT 6e30MaCHOCTH N B TEYEHHE OJIHOTO
roJa IKCIyataguy Haxo4aTea B npejesax AOInyCKar
eMBIX 3HaveHWi, a umeHno: a < 70 mM npu & =
=72,5mM, an> 2,0 cornacHo pexomeraanun MATATI
[3] anst HopMaspHBIX yCAOBKUH aKcTyatauuu. [Ipuse
JEeHHbIE B Taéfmuax JaHHDBIE OTJUYAIOTCA UCXOAHDbIMU
3HAYEHUSAMA dg U [TOKa3bIBAMOT, YTO U3IMEHEHHE dp B
npeaenax 6,0-25,0 MM CHWIKAET 3HAYEHUE 7 4epes
O[IMH Toj 3Kcmayatauuu ot 2,34 o 2,01,

31_‘{er CNEeOYET OTMETUTH, YTO 3TU JAHHBIE O CPOKAX
6e30MacHON SKCIIIyaTauuu ABMATCA BECBMa KOHCED
BAaTHBHDLIMH, [TOCKOJDbKY NOCTYJUDYETCH, YTO BbIABJIECH-
Hbl€ HA KapTorpamMMax HECIJIOUIHOCTH ABJIAITCSA KOP-
PO3UMOHHBIMU TPELUMHAMU. OLLHaKO OIIBIT ITOKa3bIBAELT,
YTO B pALE CJAYy4YaA€B IOCTYJ/TUDPYEMDBIE KaK TDPELUHHDI
HECIJIOIHIHOCTH OKa3bIBAKTCH YTOHEHHUAMU KAHABOYHO-
[0 THMaA, ¥ KOTOPBIX CTEINIEHDb OCTPOTHI B BEPIUHHE 3a-
METHO YCTYIAET YCJIOBHOMY pPaAMyCy IIPUTYILIEHUS
(menpme 0,05 Mm) Tpewms. st yTOHEHMH KaHABOY-
HOTO THUIla CKOPOCTE KOPPO3HOHHOTO POCTa 0OBIYHO He
npeBbiaer 1+2 MM,/ ToM, T. K. OCHOBHbBIM MEXaHH3MOM
3J1€Chb ABJIAETCA aHOAHOE DaCTBOPEHHE METAJJIa (B pac
qyeTe TMPHHATO Upax 44 mm/ron npu Kiscc >
> 10 MIam'/?).

1. Milne L., Ainsworth R.A., Dowling A.R. et al. Assessment
of the integrity of structure containing defects: CEGB R6,
Rev. 3. — May 1986.

2. MPK-CXP=2000 (PA30 0353-02): Meroanka oupece-
HHS Pecypca KOpilycoB aToMHbix peakTopoB BBIP B 1ipolec-
ce akenyataumu. — CII6; M., 2000, — 52 c.
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ASSESSMENT OF REINFORCING CONSTRUCTIONS
EFFECTIVENESS AT THE REPAIR OF MAIN PIPELINES
WITH SURFACE CORROSION DEFECTS

Milenin A.S.
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The use of reinforcing welded constructions such as pipe sleeves is accepted way for in-service repair of pipelines with
surface corrosion defects of sufficient size. The effectiveness of the pipe sleeve could be assessed with the use of
mathematical and computer modeling of the stress-strain state of the complex cylindrical construction under internal
pressure. Among the factors determined the diminishing of the main pipeline failure risk in the place of reinforced
construction position, except of technological ones (e.g. working and repair pressure, geometry of the pipeline with
defect, etc.), there are nonregular characteristics (surface roughness, untrue geometry of sleeve) which should be also
taken into account. Within the limits of the given work the numerical investigation of these parameters influence on
the effectiveness of in-service repair of corroded main pipeline with the use of welded reinforcing pipe sleeve has been

carried out.

The technical diagnostics of critical welded construc
tions and units is important technological procedure
that of need to ensure their life time and safe explo-
itation. In case of long term operation constructions,
spatially or temporally varying external influence,
diagnostics of their state is multilevel process that
includes preliminary analysis of the considered con-
struction working conditions, revealing of defects,
assessment of their permissibility under actual opera
tional parameters, estimation of the defected part safe
exploitation period [1-3]. On the basis of such pro-
cedure the decision about the most effective technique
of repair (if of need) could be possessed, and the role
of mathematical and computer modeling in assessment
of every stage of diagnostic procedure, decision ma-
king and repair planning is leading.

Overland main pipelines are long-running critical
welded constructions of sufficient extent and work
under high internal pressure [4]. Because of the fact
that major part of pipeline is buried, the corrosive
action of soil leads to pipe coating degradation and,
in turn, to formation of the defects of corrosion type,
first of all, local metal losses (Figure 1). In case of
defect considerable expansion, it could be of necessity
to repair defected part of pipeline. Today tendency
of main pipeline repair approaches is the use of in-
service repair technologies, mainly of which are based
on welding [5, 6]. Particularly, if the defect is not
very deep, it could be overlaid with welding. Cont-
rariwise, if corrosion damage depth implicates imper-
missibly high burn-through risk, various reinforcing

® MILENIN A.S., 2010

constructions could used for to redistribute high stres-
ses in the region of the surface defect, to prevent
further corrosive environment influence (for external
defects) and to eliminate the leakage.

The most commonly used reinforcing construction
type for the problem under consideration is welded
pipe sleeve (Figure 2), that consists of two semicy-
lindrical parts welded together with longitudinal
weld and connected to pipe with circumferential
welds. The efficiency of defected pipeline part rein-
forcing with pipe sleeve depends on variety of deter-
ministic and stochastically distributed parameters
such as size and position of dangerous defect, size,
exact form and material of structures used, contact
area shape, technological characteristics of pipeline

Figure 1. Example of corrosion metal losses on the main pipeline
surface
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Figure 2, Geometrical scheme of pipe sleeve positioned on the
defected pipe: 7 — pipeline part with uncovered surface corrosion
defect; 2 — pipe sleeve with two semicylindrical part connected
with welded joint

exploitation and pipe sleeve installation. For inves-
tigation of the effectiveness of reinforcing of pipeline
with surface corrosion defects, corresponded numeri-
cal methodology has been developed.

Methodology of investigation. The main requi-
rements which should be satisfied with the methodo-
logy under development are as follows: consistency
with established standards and technological recom-
mendations; integral consideration of all defected part
of pipeline; flexibility from a point of view of further
investigations, particularly, risk analysis; taking into
account the stochastically distributed parameters; mi-
nimal conservativeness. The approach, that allows us
to satisfy these demands, is probabilistic one. Thus,
the efficiency of reinforcement EPB could be natu-
rally determined as

; P;
{11)8:1_’171‘ (1

where P; and P, is the accident risk at the defected
pipeline with and without pipe sleeve, respectively.

The probability of failure of constructions of non-
uniform stress-strain state is used to be assessed with
the help of Weibull distribution desecription '7]. For
cylindrical constructions with surface geometrical
anomalies under internal pressure next rclationship
could be used:

P, =1- exp{—fs

where o is the first principal stress; S is the area of
axial cross section in the thinnest part of geometrical
anomaly under study; 5o is the structure parameter
ot tiio material; m, A, B are the coefficients of Weibull
distribution.

Here, integration is carried out over the most dan-
gerous srea that somewhat heighten the assessment
conservatively, but this description is justified for
considered problem because tangential component of

m

o —A

Q}, (0, > 4), ()

'a
|\B/ So

stress tensor is at least twice higher than others and
destruction is expected in this cross section.

Linportant stage of the given methodology is Weibull
distribution coefficients definition that determines the
failure probability quantitative assessment accuracy.
Within the limits of this investigation the next approach
has been proposed: from the set of local metal losses
typical sizes, maximum allowable ones should be chosen
and the probability of the failure of pipe with such
defects is accepted to be less or equal to 0.05. l-or esti-
mation of surface corrosion defects permissibility stand-
ard API 579 has been used where permissible defect
determines with the next relationship |8]:

6min = 6p}Qi: (3>

where 8y is the minimal pipe wall thickness in the
region of geometrical anomaly; §, is the minimum
allowable thickness of the pipe wall under currecnt
technological parameters of exploitation; R; is the
function of local metal loss size;

0.2, if A = 1\[2#’_5 < 0.3475;

D5, (4)

Ri= 4

] Jif A > 0.3475.

i

[o g 09 09
¢ V1.0 + 0.4827 /0 V1.0 + 04817

For to understand the influence of local metal loss
shape on the effectiveness next types of defects have
been considered: semielliptical (Figure 3, ) that de-
fines typical single local metal loss of small size, co-
nical (Figure 3, b) that describes several small similar
defects near each other as on local metal loss, and
cylindrical (Figure 3, ¢) that concerns the complex
mechanical and corrosion damage or local metal loss
after sufficient scraping. All these defect types are
also studied depending on their position on internal
or external surface of pipeline.

Results and discussion. Typical mechanical pro-
perties of the pipeline steel and geometrical charac-
teristics of the pipeline and pipe sleeve are as follows:
yield strength of material oy, = 440 MPa; Young
modulus £ = 200 GPa; Poisson’s ratio v = 0.3; pipe
wall thickness d = 20 mm; pipe inner diameter D ~
= 1420 mm; internal working pressure P,, = 8.5 MPa,
and pipe sleeve thickness dy == 20 mm.

Stress-strain state of in the region of metal losses
has been calculated with ANSYS software package
and allowed us to estimate the Weibull distribution
coefficients for considered case: Sy = 0.4 mm?; m =
=4, A =500 MPa, B = 670 MPa.

Because the effectiveness of pipe sleeve depends
on the contact area shape, it of importance to know
the evolution of the pipeline surface with the growth
of the local metal loss depth. In Figure 4 the depend-
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)

Figure 3. Schemes of the surface defect shapes under consideration: @ — semielliptical; b — conical; ¢ — cylindrical

encies of the surface bulging d/ (difference between
typical displacement in the region of the defect and
at the periphery) on the metal loss shape, position
and depth. It could be seen that the scenarios of de
fected pipeline surface evolution is sufficiently de-
pendent on mentioned parameters for the high defect
depth. It also could be concluded that the state of
stresses and strains of pipe with surface geometrical
anomaly should be analyzed only from the position
of 3D description.

Technological procedure of in-service reinforcing
of main pipeline defected part with pipe sleeve consists
of next successive steps:

e digging the defected pipeline part up, protective
isolation removing, pipe surface cleaning and smoo-
thing;

e decrease of the pipeline working pressure P, — Py;

e positioning of semicylindrical parts of pipe sleeve
in the region of the surface geometrical anomaly, tig-
htening, welding of two parts with longitudinal weld
and sleeve to pipe with circumferential weld;

e increase of the pipeline working pressure P, —
— Py, ’

s new isolation, burying.

With help of developed numerical technique of
quantitative assessment of pipeline reinforcing effec-
tiveness with pipe sleeve, the influence of next para-
meters of repair on procedure effectiveness has been
investigated:

e internal pressure at repair work P;

e pipe sleeve wall thickness d;

« pipe sleeve cylindrical form deviation D;

» pipe sleeve inner surface roughness.

The size of model defects of all tvpes are as follows:
axial of 100 mm, tangential of 100 mm, and radial of
17 mm. The depth of corrosion damage has been taken
very sufficient for to reveal main characteristic ten-
dencies maore obviously.

One of the most important parameter of repair
procedure is internal pressure that should be lower
than exploitation one, but not to prevent to transport
the product with pipeline productively. Figure 5 de-
monstrates the dependence of EPB on P,. It could be
seen that the use pipe sleeve for reinforcing of defected
pipeline is very effective for major part of considered
defects, especially for internal ones, that could be
explained with the way of surface deformation of the
defected region (see Figure 4). The only exception is
the cylindrical outer defect, where the effectiveness
of such repair is pure. It is explained with the fact
that the thinnest area of such defect is not exposed
to the surface contact with pipe sleeve, as a result
membrane stresses in this area are not changed. On
the contrary, for semielliptical and conical outer de-
fects the redistribution of siresses beciuse of reinfor-
cing takes place all over the defected region (even
without direct contact) because of the slope from the
defect edge to its bottom.

Pipe sleeve wall thickncss ds is also important
parameter of reinforcement procedure: increase of
wall thickness allows redistributing tangential stres
ses more effectively, but hinder the technology of its

dh, mm dh, mm
12+ 1.4
10F 7 1.2
8t 1.0
6F 0.8
4L 0.6

L 2
2 0.4
0 0.2

| 3
-2 1 ( TR | L 0 L

4 6 8§ 10 12 14 16 2 b 4 6 8 10 12 14 16 h, mm
a
Figure 4. Dependence of defected area bulging on the defect depth: ¢« — internal; & — external; 1 — cylindrical; 2 — conical; ? —

elliptical defect (here and in Figures 6-8)
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Figure 5. Dependence of pipe sleeve efficiency on the internal pipeline pressure at repair technological procedure

installation. Figure 6 illustrates the calculation re-

sults of numerical investigation of this parameter in-

fluence on in-service repair effectiveness. As for in-

ternal defects the use of pipe sleeve of thickness equal

or larger that pipeline wall allows the probability of

failure sufficiently to be decreased. External defects
EPB

EPB

75

2.25

1.50 3.00

(with the exception of cylindrical one) requires even
thinner pipe sleeve for the same effect.

Above mentioned results are obtained on the assum-
ption of pipe sleeve ideal cylindrical shape. But in real
its shape is somewhat distorted, that could be caused
with deformations of pipe sleeve as a shell (when cross

0 ds, mm

0.75
b

3.00

0 1.50 2.25 8D, mm

Figure 7, Dependence of pipe sleeve efficiency on its cylindrical shape deviation

1
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Figure 8. Dependence of pipe sleeve efficiency on contact area value

section of this construction is not circular annulus,
but elliptical one) or with natural roughness of its
inner surface (as a result the contact area is lower
and contact points are stochastically distributed).

Dependence of pipe sleeve efficiency on its cylin-
drical shape deviation (difference between major se-
miaxis of pipe sleeve inner surface and radius of pipe
outer surface; minor semiaxis are assumed to be equal)
is given in Figure 7. According to this data, compa-
ratively small deflection of pipe sleeve from ideal
shape leads to sufficient decrease of repair efficiency.
So, one of the main technological problem at pipe
sleeve installation is to ensure good contact all over
the pipeline outer surface, that guarantees high effi-
ciency of repair.

Contact surface roughness is difficult to avoid at
pipe sleeve production and the influence of surface
quality on effectiveness of reinforcing also should be
studied. As it could be seen from Figures 8 and 9, the
value of contact area .S, and the distribution of contact
spots over the surface have low effect on technological
procedure under consideration. That's why it could
be concluded that pipeline with surface anomaly sho-
uld be treated as 3D-deformed body because of dissi-
milarity of its construction toughness, whereas the
pipe sleeve deformation behavior corresponds to ty-
pical shell.

CONCLUSIONS

1. Numerical procedure for corroded pipeline reinforcing
procedure effectiveness assessment has been developed.
The use of probabilistic approach allowed us to imple-
ment the flexible methodology and to consider different
aspects of repair including stochastic ones.

2. The stress-strain state of pipeline with surface
defects of different types (semielliptical, conical, cy-
lindrical) has been analyzed.

EPB
3 2
o.sr
O'BT
045
0.2F
1
e
0 T 1 | I | 1
10 20 40 60 Se, %
b
EPB
0.99 .
0.98}
0.97F
0.96}
2
0.95

Figure 9. Pipe sleeve efficiency versus stochastically distributed
contact area for elliptical defect on inner (7) and outer (2) surface
of pipeline

3. The influence of such technological parameters
as working pressure in pipeline, pipe sleeve wall thic-
kness, its cylindrical shape deviation and surface ro-
ughness on reinforcing efficiency has been quantita-
tively assessed.
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MATEMATUYECKOE MO/IEJTMPOBAHUE
OCOBEHHOCTE! TENJIOBBIJIEJIEHUSA B MIIJIAKOBOIT
BAHHE IIPH S1J C IPUILJIABJEHUEM

Myxuuenxko A.D., Hoaewyx M.A., llesuoe B./I.

Hucmumym arexmpoceapxku um. E.O. Ilamona HAHY, Kues, Ykpauna

HyTCM MaTEMATUYECKOTO MOACANPDOBAHMSA NOJYYEHO paclipedeeHne 06'beMHBIX HCTOYHUKOB Tejla B IIAAKOBOH BaHHE Iipn
JJIEKTPOLUIIAKOBOM JIUTbE C NMPUNJABJICHUEM. 33,&3‘13 paccMorpeda B TpexpmpHoﬁ [I0OCTAHOBKE, ONpPeACNE€Hbl IPaHKYHbIE
YCA0BHA, AOCTUIHYTO XOPOUIEE COrJIaCOBaHNUE IKCNIEPUMEHTANbHBIX M PaCUeTHbBIX 3HaYCHMN 3NEKTPHUUCCKOTI'0 TOKa, NPpOX0-

JSTNETO 4€pes3 npHOaasasemMbie JIEMEHTDI.

HucruryT anexrpocBapku uM. E.O. [Tatona paspabo-
TaJ TEXHOJOTHIO H3TOTOBJIEHHS 3arOTOBOK CJOXKHOM
HOPMDBI METOAOM 3JEKTPOLLIAKOBOTO JIUTHSI C IIPUILIAB-
gernem (IDIUJIIT). OranyutensHONH 0COGEHHOCTHIO
9TOro METoAAa ABJIsIeTCs TO, uTo B npouecce 11T Bor-
TJIaBJISIETCSt TOJDBKO YACTh 3arOTOBKH C OJHOBPEMEH-
HbIM [DUITJIABIEHHEM K Hel 3apaHee U3TOTOBAEHHBIX
ssemeHTOB [1].

IIpu ILUIIT myHTHpOBaHHe pabo4ero ToKa IMpo-
UCXOAUT Yepes IIMAKOBYIO BAHHY B IPHUILIABIIseMble
ferasu. OT BeJMYHUHBI 3TOrO TOKA 3aBUCUT TyOuHa
MpoBapa TPUILIABJIAEMOrO 3JIEMEHTA, [03TOMY DU
SUJIIT Bo MEOTMX C/y4asiXx OYEeHb BaXKHO 06eCeunTh
BO3MOKHOCTD YIIPABJIEHNS TOKOM JJIsl TAPAHTHY Kauec-
TBEHHOTO IPHILIABJIECHUS 3JEMEHTOB 63 Upe3MEePHOro
nposapa.

PasnosugHoctpio meroga I spnserca Bbi-
J1aBKa KOPIIYCOB 3aABIOKEK C (DJIaHIIaMM Ha KOHIIAX
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naTpy6xon. Takue 3aABHIKKH TPUMEHSIIOTCS TTPH JI06bI-
ye He@TH W NMPHPOJHOTrO rasa (OHTAHHBIM METOAOM.
Ha mBOrMX YKPauHCKHX MECTOPOXKAEHUSIX OHHU pado-
TAIOT TIPY  JaBJeHHH [06bIBAeMOro IIPOAYKTa [0
70 Mlla. 3aroroska xopryca (aHLeBoH 3a/[BYIKKH
npeacTaBaser coGoi CIOYKHYIO TPOCTPAHCTBEHHYIO
GUrypy, KoOTOPYIo MOXKHO OTOGPA3UTh B HUANHADHYEC-
koif cucreme koopanHat (z, 7, 8) ¢ HavaIOM, PacIoyo-
JKEHHBIM Ha TIepecevYeHuy NMPOAOAbHbIX OCel KOpIyca
u narpy6ron (puc. 1).

IIpouece IUIJIIT 3aroToBm Kopityca (PIaHLEeBOH
3aABMKKM npoTexaeT B Tpu craaun (puc. 2). Ilepsas
u TpeTbs (puc. 2, @ v @) NpeAcTaBisiioT co60M JIeKT-
POIIJIAKOBOE JUThe LUIMHAPHYECKOTO CJAUTKA CTIJIOL-
HOro ceuenwsi 110 MOHOGuAsIpHOH cxeme. Co6CTBEHHO
MPOLECC MTPUITJIABIEHMS TPOMCXOAUT Ha BTOPOH cTaguu
(puc. 2, 6), Ha KOTOPOH 110 Mepe MJIaBJICHMsT PACK0o-
JlyeMOTO 3JIEKTpO/Ja LINaKoBas W MeTajinyeckast Bai-

Puc. 1. 3ckns (@) u nzomerpus (6) 3arotoBrs Kopryca $hJAaHUEBOH 3aABMIKKH € YCJIOBHBIM 11pox0aoM 80 MM

© MYXHUUEHKO A.®., MOJIELLYK M.A., LIEBLOB B./1., 2010
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Puc. 2. Cxema npouecca STUJIII sarotosku (haaHUeBOH 3aABMXKKH: ¢ — HAuabHAR CTaAHs; 6 — CTagus IIPUNIABJIEHHSA; 6 — 3aBEpLIAloLas
CTafgus, /| — NOAAOH; 2 — HWKHAS YACThb KPMCTANAU3ATOPA; 3 — 1aTpyOKK ¢ (JlaHuaMu; 4 — BepXHSst YacTh KPUCTANAU3ATOPA; J —

pacxouyeMblﬁ DJEKTPOL,; 6 — WaKoBas BaHHA, 7/ — MeTaJuveckas BatHA, § — HMCTOYHMK [IMTAHWS, 9 — BblIaBJIE€HHAsS YACTL 3arOTOBKH

HbI IlepeMellaloTcsl BBEPX BAOJbL TOPLOB MaTpy6KoB H
NPOMCXOAUT MX TPHUILIABJIEHUE K JUTOH YacTH 3aro-
TOBKM. VIMEHHO B 3TOT MOMEHT IIDUILIABJISEMbIE [T1aT-
pPyOKHU O CYyTH IPEACTABIAIOT COG0H JOTIONHUTENbHDIE
UIYHTUDYIOLME 3JEKTPOABI, KOTOPblE CYLLECTBEHHBIM
06pa3oM M3MEHSIOT KAPTHHY paclpeleseHuUs [OKOy A
BbIX MCTOYHUKOB TEIJIA B LIJAKOBOI BaHHE,

Ilpu paspaborie texuonoruu ST 3aroTosok
PJIaHLIEeBbIX 3aIBIKEK OCHOBHOE BHUMAHUE YAEISI0Ch
KaueCTBEHHOMY NPUIJaBJeHNIO NaTtpybxos 6e3 Tpe
LIMH ¥ HECILJIABJIEHUH U [IOJYYEHUIO B 30HAX TIPUILIAB-
Jenust Tpebyemerx cpoicts merasia [2, 3]. Ilpeasa-
PUTEJIbHbIE SKCTIEPUMEHTDI TIOKA3AJN, ITO KAYECTBEH-
HOE IIDMILJIABJIEHWE 3apaHee M3roTOBJIEHHBIX natpy6-
KOB BO MHOIOM OIIpEAesisieTCsl 0COGEHHOCTSIMU TEIO-
BBIJIE/IEHUST B UITAKOBOW BaHHE.

MccnepoBanye TeNIOBbIAETEHUS B LIJIAKOBOH BaH-
He 6bLIO MPOBENEHO HAMH C IOMOIIBIO MATEMATHYEC
xoro mogesuposanusi. [logo6Heie 3amaun paccMaTpu-
BaJIMCh MHOIMMU MCCJENOBATENSIMU, HaduHas C rep-
BDLIX JIeT IPUMEHEHUS MaTEMATHYECKHUX METOJOB MOJIE-
JUDOBAHUA [/ HCCIAELOBAHUS 3JIEKTPOLITAKOBBIX
npoueccoB [4—7], onHaKo 9TH 3aZlayy paHee paccMart-
PHBaINCD TOADKO B ABYMePHON OCECMMMETPUYHOHN T10C-
TaHOBKE HJIM CBOAMJINCD K HeHl. Pelllaemas namu 3amaua
B 00JIaCTH IIPUILJIABJAEHUA NaTPy6KOB CTAHOBUTCS TPEX-
MepHOH. Braronaps HaMMYHIO B 3ar0TOBKE [BYX MJIOC
xocredt cummerpun npu 6 = 0-180° (T, BEOMDL OCH
natpy6xa) n 0 =90 u 270° (I's, nonepex ocu natpybra)
MaTeMaTH4ECKOe MOJEJUPOBAHHE IIPOLECCOB TPOBOIHU-
JIOCh TOJIbKO B OJTHOW YeTBEPTH 3arOTOBKH.

TlpenBapuTesibHO NPU NOCTPOEHUM MATEMATHYEC-
KOH MOJeJIM 3JIEKTPUUECKUX U TEMJIOBLIX TIPOIECCOB B
utakoBoit BaHHe npu D LLJIIT Heo6X0AMMO NOCTPOUTD
TPEXMEPHYI0 KOHEYHO3JNEMEHTHYIO MOAENb TJIABWIIbL
HOrO NpOCTPaHCTBa. /st 3TOr0 reoMeTpuYecKyIo mMo-
[eJIb 3arOTOBKM BTATCMBAEM B Hallly pacyeTHYIO IpPOI-
paMMy B TpexMepHOM Qopmate IGS u3 koHCTPYKTOP-
cKxoit nporpammbl Avtocad. 3toT dopMar no3BOJSSET
nepenarth Kak 00beMbl 3arOTOBKM M IIJIaKOBOM BAHHDI,

TaK M OrpaHUYMBAIOIIME HX TMOBEDXHOCTH, JHHUU U
KJrio49eBble TO4KU. [Ipu peleHny nocraBaeHHON 3ada-
M MbI MOJKEM HOAPOGHO PaccMaTpPMBaTh TOJDBKO LIEH-
TPaJIbHYIO YacTb 3arOTOBKU, OTPAHUYEHHYIO TJIAaBHIb-
HbBIM IPOCTPAHCTBOM KPUCTAIIN3ATOPA, C 0O PAILEHHbE
MM BHYTpb €0 TOPLIaMM NPHILJIABJsSEMbIX NaTPYOKOB.
Ocrapgble yacTH 6yaeM paccMaTpuBaTb C MeHbIueH
AeTanu3auvedl.

J171s1 pacyeTa NJIOTHOCTH TOKOB B LIJIAKOBOH BaHHE
HaMH HCIIOJNb3YETCH MOAEDb 3JEKTPHUUECKUX IIPOLEC-
COB, ¢hOPMYJMPOBAHHAA B BU/E NOJA TOTEHUMAJIOB!

div(c grad @) = 0. (0

[lo nosryyeHHbBIM pe3yIbTaTaM PacCUHUTBIBAEM 0L
MHYIO MJOTHOCTb MCTOYHHUKOB TellJa, BbIAeNSAEMOro B
LIJIAKOBOW BaHHE:

g = o| grad o}, (2)

rae ¢ = o(t) — ypenbHas 571eKTPONPOBOLHOCTD LA
Ka, 3aBUCAIAst OT TEMIEPATYPbI U 00paTHAS yAEeJbHO
My 3JIEKTPHYECKOMY CONpPOTHRIeHu0, OM MM ' @ —
TOTEHIINAN 3JIEKTPUIECKOro nodst, B; g — obbemuas
[LJIOTHOCTb MCTOYHUKOB Telaa, B1 /M.

Peuwenne ypasrennit (1) u (2) Oyjnem uckatb B
006.J1aCTH 1IJIAKOBOH BAaHHDBI, OrPAHUUYEHHON CBEPXY TOD-
oM pacxoayemoro ajnextpopa (I,) u cBO6OAHON TO-
BEPXHOCTHIO LiakoBod Bauust ([,), cHU3y — 3epxa-
som pacrasaentoro metasia (I,), ¢ 60koB — CTeH-
KOl KpHCTaLnM3aTopa, NOKPBITON rapaucaxem (T),
1 oriaBJsieMbiM Toplom narpy6xa (1), a Taxxe aBy-
ms rtockocTsiMu cummerpuu (I B1os1s ocn natpy6ra)
n (T, monepex ocu matpybra) (puc. 3).

V3mMeHeHNe yAEIbHOrO 3JAEKTPUYECKOTO CONPOTUB-
sienust niaka AHM-6 B nurepsasie remnepatyp 1200-
1600 °C sasito u3 padotsi {8], B KavyecTBe HauANDHBIX
YCJIOBMI HAMM MCIIOJIb30BAHbI PE3YJIbTAThl pacnpene
JIEHVS] TEMIIEpaTyPbl B LIIaKOBOH BaHHE, [TOJy4YEeHHbIE
B patote [9].

3agauy peuraeM B KBa3UCTAIHOHAPHON NOCTAHOBKE
[JIs1 PA3JIMUHBIX [TOJIOYKEHUN 3epKajia MeTa IN4eCcKOn
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0

Puc. 3. Cxema rpaHMuHbIX YCROBMIi, LIDHHSATHIX NPHU DELIEHHMH
3ajlavyu: ! - BbIMAaBJeHHaa 4acTb 3aroTOBKH, 2 — uiakobas
BaHHa; J — pPacXOAyeMbld 9/eKTpos; 4 — NPHILIABAAEMDIH aTpy-
6ok; 5 — Kpuctarausatop; 6 — rapuucax (ocTasblible 0603Ha-
YEHUA CM. B TEKCTE)

BaHHbBI OTHOCHTEJIbHO HpOHOJIbHOI‘/JI OCH IIPDUIIJIABIAEMO-
ro narpy6xa. ['paHiyHble YCJ0BUS UPEACTABJEHD] B
TabJIHLE.

KpOMe TOro, AJid NPOBEPKU aJleKBATHOCTHU pa3pa-
60TaHHON MOAEIH PEaIbHOMY MIPOLECCY NIPOBEAEH PAC-
YE€T UHTErPAJIbHbIX 3Ha4YeHUH TOKOB Ha paHuLax rnar-
PYOKOB, PACXOAYEMOTO 3MEKTPOAA U METANIUYECKON
BaHHDI [ pa3nunbslx MomeHToB J1IIJITI. PacyerHsie

I, »m

400 |-

300

200 +

100

I, kA

Puc. 4. Pacuipesenenve Toxa pacxoayemoro anexrpoza (1), nogaona
(2) v natpy6ka (3) B 3aBUCHMOCTH OT BBICOTbL 3ATOTOBKH KOPIyCa
sauswukn H (cootserctsenno @, M, & — pacueTHole 3Hauenns)

[panuutbie yCJI0BHA [UIsL PACUETA PACIpEAETeHNs OGbLEMHBIX 1C-
TOYHHKOB TEMIa

[lapameTpul ta rpaumue
pannua p——— - - - |
¢, B | o Om "mm™! T, C |
; .
r, | 0=U o (T) 1510 :
L ® o 6u(T) 1600 |
Y .
A @ =Ug o T) 1 1550 |
\
. | 6 1200 |
. |
Ll e=U oD | 1510 |
T Ty ol L) | o (D), T & |
| = O, — =0, : (T)
| on on Cu
‘ rle n — HOpMaJb K
[JIOCKOCTH CHMMETPUH

3HAUEHUST TOKOB WCIIOJIb30BAIM /IS CPAaBHEHUR C 3¢
CIEePHUMEHTANBHBIMU JAaHHBIMHU, TOJYUYEHHBIMU B COOT-
BercTBYyioui Moment IITIJIIT.

C uenbro NpoBepKy NIPABUJBHOCTU 3aJaHUsl rpa-
HUYHBIX YCJOBUMA U MPUHATBIX LOMYIIEHUH ObLia Ipo-
BeZeHa OMbITHas BbILJIABKA 3arOTOBKU KOPIyCa 3aj-
BIXKY ¢ ycnoBHbIM npoxogom 80 mm. C momolsio
MHOrOKaHaJ/IbHOrO CAMOIIUCLA U TPAHCGOPMATOPOB TO-
Ka, YCTAHOBJIEHHbIX B COOTBETCTBYIOLIUX LENsAX, He-
MPepPbIBHO PerucTPUpPOBAIOCh 3HAUEHUE TOKA, MPOTe-
KaIOLIero 4epe3 pacxo/yeMblil 3/1eKTPOJ, BbIIJIABJsE
MYIO 3arOTOBKY U [IPUILIARAsEEMble NaTPYOKU B TeUEHHE
Bcell nuaBku. [1pu aTOM TOK Pacxo/1yemMoro 3JeKTpoa
¥ HaIpsOKEHHE MCTOYHMKA IUTAHMS [TOAAEPIKHBAIU
nocrosHubiMu (3,2 KA 1 57 B COOTBETCTBEHHO) NpH
rny6une pannbl mtaka AHM-6 75 mm. Tlosnoxxenue
3epKasa MeTauYecKol BaHHbBI OTHOCUTENBHO TOAAO-
Ha OMpesesIsiId PACYETHBIM ITyTeM 10 BPEMEHU CILJIAB-
JIEHUST METOK Ha PACXOAYEMOM 3JIEKTPOJE.

PeaynbTaTbl u3MepeHMH MOKas3ausl Ha puC. 4
CIJIOIUHBIMU KPUBBIMU, WITPHXOBBIMU — TOK Ha 3Jie-
MEHTaX, 3HA4eHHS KOTOPOro MOJIYyYeHbl PaCUeTHbIM My-
TeM C ITOMOLIbIO MATEMATHYECKOH MOJEIM HA CEMH Da3-
JUYHBIX YDOBHSIX 3€PKAJa METANIUYeCKOH BaHHBIL.
ITOT PUCYHOK MJNIOCTPHUPYET XOPOLUYIO KOPPESLUIO
MeXAY PaCHETHBIMH U JKCIIEDUMEHTAJIBHBIMU LAHHbI-
MM, YTO TIOATBEDXKIAET COOTBETCTBME pa3paGOTaHHON
MareMaTH4IecKOfl MoZesad pacrpejaeseryust 00beMHBIX
UCTOYHUKOB TEIJIa B IJIAKOBOH BaHHE PEAJbHOMY IIPO-
ueccy npu IIIJIII.

Ha puc. 5 noxasano pacnpezgesesye IJIOTHOCTH TO-
Ka 1 0OBEMHOM MJOTHOCTH UCTOYHUKOB TErJsa B Hia-
KOBOU BaHHe B pasJjuuynble MoMmenThl DUIJIIT 3aroro-
BOK KOpIyCOB (IAHLEBBIX 3aABHIKEK C YCIAOBHBIM I1PO-
xonoM 80 mm. Ilpu pacuere ruy6uHa BaHHBI IJaKa
AH®-6 npunsita pasHoit 75 MM, AUaMETP PACXOAYEMO-
ro asexrtposa 130 MM, nuamerp npumniaB/sieMbIX MaT-
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K

RTAP

P\

.

0 -125 =25 =375 -5 =625 =875 |

7, A ‘e, ok, a3

Puc. 5. ¥poseub unaka (@), pacnpenenenne (6) yaennHoix roxon (cnesa) W yAeAbHbIX MCTOYHMKOB Temsa (CIpaBa) UPH pa3iMuHblX
TNONOXKEHHSAX 3ePKalla METAIHUeCcKol BaHHbt (ceueHns no naockocT [) M paccrosti OT aeprana 4o ock natpy6ka Z = =170 (/), =80

Un, 0 U w120 Jv) mm

py6xos 160 MM, padouuit Tox 3,2 KA, HanpsHKEHNHEe Ha
pacxoayemom anextpone U = 40 B. Pacnpenenenue
TOKa U OOBEMHBIX WCTOUHHKOB TeILIa OIIPEeAesstioch
NpN 4-X pasIMYHBIX MOJOKEHUSX 3€PKaja MEeTaliu-
4eCKOH BaHHBI OTHOCHTEIBLHO OCH matpyodxa.

Kax BHIHO 13 PUCYHKOB, [TOKA YPOBEHb [IJIaka He
poctur natpy6ia (rmosnoskenue I'), pacrpegeieHue ToKka
¥ OOBEMHBIX HCTOUHMKOB TEILJIa AHAJOTMYHO UMEIOLIMM
MECTO IIPU BBILIABKE LIMIUIAPUYECKOTO CIUTKA [4, 5].
KapTtuza pacrpegeieHust TOKa ¥ BbIAETEHMs TEILIOTbI
B 00BEME ILJIAKA CYLIECTBEHHBIM 00Pa3oM U3MEHAETCS
NoCJIe TOTO, KaK YPOBEHb WJIAKOBON BAHHBI JOIUEN A0
TOpIa MpuiiassieMoro narpy6ka (/7). Béausu Topua
naTpy6Ka MosBJSETCS HOBAsl 30HA MHTEHCUBHOTO TET-
JIOBBIICJIEHNSE, OTJHYAIOUIASCS OT 30HbI Y CTEHKH KPUC-
Tasuisaropa. KapTuHa TennoBbiienesist CTaHOBUTCS
noxoskel Ha nabmonaeMyo npu 6udniaspHoil niaske
[6]. B wrakoso# Barre Kak Obl MOABISAETCS AONOJIHN-
TEJbHBIH KBa3UDPACXOAYEMbIH 3JEKTPOA, WIYyHTUPYIO-

€4 0
— =
0 —125 =25 =375 -5  -6235 <75 875 |
¢, BT, asi?

Puc. 6. Pacipesenesue nioTHOCTH JPKOYAEBbIX HCTOMHUKOB TellAa
B w.aaxkoBoi sanne npu UL aarorosox kopitycos 3ausixex AY
80 x 70 (@) n 50 x 70 (6)

umit paboumit tok. Korza sepkano MeTasIMUecKoH
BaHHb! JOCTUTHET TODIA NPHUILIABJSEMOro NaTpyoxa,
UHTEHCUBHOCTD JOMOJHUTEIbHBIX HCTOYHIIKOB TEIA B
mutaxe cHkaercst (monoxcenue [11), Mocie oxoHYaHUA
npouecca npuriasaenusa (/V) xapTuna pacripesaeae-
HUSI TOKa 1 BbIE/IEHMsI TENIA CTAHOBHUTCS aHaJIOTHYHON
nonoxernio /. TakuM o6pa3oM, ectl NaTPyOKH SJeK-
TPHYECKU COEAUHUTD C ITOALOHOM, TO B UIJIAKOBOMH Balr
He BOJIM3HM OILIABJASEMOrO TOpLa [IOSBUTCA 30HA UHTEH-
CUBHOTO TEILIOBbIAedeHust, 61arojaps KOTOPOMY TO-
peil natpy6xa MHTEHCUBHO NporpesaeTcs u obpasyer
Ka4eCTBEHHOE COEJUHEHUE C BBINJIABJSEMOI 4acThiO
3arOTOBKH.

MaremaTuuyeckoe MOJE/IIIPOBAHYE [TOKAa3bIBaeT, 410
IIPU IIPUMEPHO OJMHAKOBOW MOLIHOCTH, BBIIEJSIEMOMN
B LIJIAKOBOM BaiHe, ¢ yMeHblLeHUEM JiaMerpa matpy6-
Ka MJIOTHOCTDb [PKOYJIEBBIX MCTOYHUKOB TEILIa BOAU3U
ero OIJIaBJIsgeMoro Topua Bozpactaer (puc. 6). It1o
SBJEHME [IPUBOAUT K 60JIee BHAYNTCILHOMY YBeIye-
HUIO npomiasieins narpybra sajsixku 1Y 50 no
cpasrenuo ¢ /1Y 80 [31.

Brura paccunTana 3aBUCHMOCTb U3MCHEHHS ILIOT-
HOCTH JDKOYJIEBBIX UCTOUHMKOB TEIIa ¢ BOJIU3N OljlaB-

g, Bt/
0,25
0,20 |
0,15
0,10 — 1 1
40 50 60 U, B

Puc. 7. 3aBUCHMMOCTD fIIOTHOCTH JUKOYIEBbIX MCTOYHHKOB Teraa ot
HANPAKECHHUA Ha LI1aKOBOJt BAHHE BO3JE IIaTP)’éKOB
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g, Br/mm3
0,10 -
0,05 F
0 . . |
40 50 60 h, MM

Puc. 8. 3aBHCUMOCTD MIOTHOCTH JKOYIEBBIX UCTOUHHKOB Tella OT
BBICOTDHI IIAKOBOH BaHHbI BO3JE 1ATPyOKOB

JIIEMBIX TOPLOB NMaTpy6KoB o1 Hanpskenus U (puc. 7)
¥ BBICOTHI LI1akoBol Banubl 4 (puc. 8). Ilpencrasien-
Hble 3aBHCHMOCTH IO3BOJIAIOT BbIOUPATb 3JEKTPHUYEC-
kuit pexxum DU, onTuManbHBIA IS TIOAYYEHMS
KQUeCTBEHHOI0 COEAWHEHHSI 3apaiee H3TOTOBJEHHBIX
NaTPyOKOB C JIUTOH LIEHTPAJIbHON 4aCThI0 KOPIYCa 3a-
BMDKKU,

Bnipoam

B pesyabrare npoBenenHo# Hamu paboThl CO3LaHA
TpexMepHasi MaTeMaTH4ecKass MOJe b PACTpeaeNeHus
TOKOB M [(PKOYJIEBBIX HMCTOYHHUKOB TENJa B LIJAKOBOI
panHe npu DIJIIT u moxasana ee agexsatHoCTh. Mo-
[&JTb MOYKHO IPUMEHATD /15 BBIOODA TEXHOJIOTHYECKUX

TflapaMeTPOB BbIMIJIABKM 3arOTOBOK KOPIYCOB 3/ IBHIKEK
Pa3JMYHLIX TUNIOPA3MEPOB A0 POBEACHUS NJIABOK.
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MODELLING OF THE TEMPERATURE-DEPENDENT
ABSORPTION IN LASER HEATING PROCESS

Mundt J., Sakkiettibutra J. and Vollertsen F.

Bremer Institut fuer angewandte Strahltechnik GmbH, Bremen, Germany

Numerical simulations are valuable tools for analyzing thermal forming processes. The simulation of the thermal treatment
process helps to understand the process itself and can be used for automatic parameter studies. In general, in simulations
of thermal forming process using laser radiation the heating sources are implemented by prescribing a local energy value.
Thereby, either a constant average empirical value for the absorption coefficient is used or an average temperature-in-
dependent value is taken, which is based on experimental thermal plots. For numerical parameter studies, these average
values are prejudicial due to the fact that different process parameters create different process temperatures which
influence the absorption coefficient. In this article, a method is demoanstrated which considers the influence of tempe-
rature-dependent surface state on the absorption coefficient. Furthermore, results of different kinds of modelling the
absorption coefficient, based on one averaged value and temperature-dependent values, are compared and presented.
The simulations are validated on experimental results of a laser forming process on the X5CriNi18-10 stainless stcel

sheets.

Within the Collaborative Research Center 570 «Dis-
tortion engineering» in the project «Thermal induced
pre-stressing for distortion minimization», a directed
laser irradiation is used to minimize distortions of
following process steps by modifying the stressed state
in the component. This pre-stressing process requires
the knowledge of appropriate process parameters
which manipulate the yield stress field in order to
minimize the final distortion. The identification of
the necessary process parameters can be based on
FEM-simulations, which decrease the quantity of
time-consuming and cost-intensive experimental stu-
dies. Unfortunately, conventional simulations nor-
mally should be validated for a small process range
due to the lack of knowledge of the process-dependent
absorption coefficient o

Generally, the input of energy per time unit into
the component is dependent on the applied power and
the absorptivity. For a laser beam with the power P
it is essentially

P:PR+PA+PT, (1)

where Pg, Pr and P, is, respectively, the reflected,
transmitted and absorbed part of the laser beam; Py =
= 0 if the workpiece thickness is adequate; P4 is be
determined by measuring Pg. Within an experiment
the directed and diffuse reflection of laser beam into
the component can be measured [1]. In case of metallic
materials, a given wavelength P, depends primarily
on the following four principal items [2]: optical con-
stants of the material; geometrical conditions of the

© MUNDT J., SAKKIETTIBUTRA J. and VOLLERTSEN F., 2010

surface; chemical state of the surface (for instance,
oxide film); and temperature which affects the above
three aspects.

Furthermore, in [2] it is described that the tem-
perature dependency of the absorbed power behaves
similarly to the electrical resistance. This indicates
that similar physical mechanisms are influencing the
temperature-dependent absorption. One basic reason
for this behaviour is explained by the increasing elec-
tron-lattice-frequency during heating in the Drude
model.

Figure 1 shows the efficiency of laser irradiation.
In this case it is equal to the absorption cocfficient o
as a function of the wavelength and the material char-
acteristics [3]. For example, for the laser irradiation

1 2 3 4
193 308 nm 1.06 pm ~5.4 um ~10.6 um

faggt 1
[

Steel

810

0.2 0.4 0.8 1 2 4 6 20 X, um
Figure 1. Dependence of absorption coefficient on the eximer (1),
Nd:YAG (2), CO- (3) and CO,- (4) laser wavelength and materi-
al (3]
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of a stainless steel by a Nd:YAG laser this Figure
gives an absorption coefficient of approximately 37 %.

In a conventional FEM-model of a laser heat tre-
atment, the absorption coefficient and energy loss
(thermal radiation and convection) have to be adjus-
ted and validated using experimental measured tem-
perature profiles. Thus, a constant average value for
the absorption coefficient of the power is used. This
averaged absorption constant describes only an ap-
proximate value and does not consider the dependence
on the process parameters and reached temperature.,

Nevertheless, it is known that the temperature
influences the surface-state and the absorption. Fi-
gure 2 shows temperature-dependent absorption cur-
ves according to [4]. With the help of the measured
temperature-dependent absorption coefficient or ref-
lection curves as well as calculated absorption curves
(e.g. according to the Drude model [4]) of the used
materials, it is possible to implement the temperatu-
re-dependent efficiency into the numerical simulation.
If the absorption A over a restricted temperature gra-
dation isknown by A =1 - R through the measurement
of the reflection coefficient R, the absorption coeffi-
cient over the temperature can be implemented into
a simulation software like SYSWELD 2009°. For this
purpose, the measured values of the temperature-de-
pendent absorption coefficient in this case are approx-
imated by a fitting function. The calculation of the
temperatures can be performed using the backwards-
difference method. After every calculated time-step,
the achieved temperature in every element determines
the introduced energy in the next calculated time-
step.

For the determination of the absorption coefficient
of the high-alloyed steel 1.4301, a temperature-de-
pendent reflection curve, which was measured by
Frauenhofer ILT and IPT, was used [5]. The absor-
ption behaviour of the steel X5CrNi18-10 is described
as follows: if the absorption coefficient at room tem-

A, %

a Fe (cal)
304 (exp)

6 a 304 (cal)
4 x Ck45 (exp)
* Ck45 (cal)
2k o 35NCD16 (exp)
+ 35NCD16 (cal)
1 —1 1 !
0 200 400 600 800 T, °C

Figure 2. Calculated and measured absorption curves for the cla-
rification of dependence between the absorption coefficient and the
temperature [4]

perature amounts approximately 40 %, it will rise
slightly to 47.5 % up to 500 °C and reaches over 70 %
at 1000 °C. At higher temperatures the absorption
will increase further.

The following investigation will show the signifi-
cant influence of the temperature on the absorption
coefficient and on the predicted temperatures for a
laser heat treatment process of stainless steel sheets.
Although in the carried out experiments also the steel
X5CrNi18-10 was used the temperature-dependent ab-
sorption measured by Emonts [| can not be used in
numerical calculations for validations. One reason is
that the surface states of the sheets used in the carried
out experiments are different due to ditferent manu-
factory process. Another reason is that the applied
laser has not the same power distribution.

Therefore, first simulations have process paraine-
ters such as the experiments to validate the model
with averaged absorption coefficients. The further si-
mulations, in order to show the improvement of tem-
perature predictions by a modelled temperature-de-
pendent absorption coefficient, have approximately
the same process parameters which were used by the
measuring of the temperature-dependent reflection
curve by [5].

Experiments. For the experimental investigations
the X5CrNi18-10 steel sheets with the dimension
150 x 100 x S mm were irradiated along the centre
line in longitudinal direction with a defocused laser
spot of a 6.4 mm diameter. Figure 3 shows the expe-
rimental setup. The specimens were positioned on
three ball bearings to have the same thermal boundary
conditions on all surfaces. Nd:YAG laser has a wave-
length of 1064 nm and was used under normal atmos-
phere without a shielding gas. The travel speed of the
laser spot was 1.3 mm /s. The laser powers 100, 250
and 400 W were chosen to compare the absorption
behaviour at different temperatures. The InfraTec

‘ w“. .I” ; . .:.‘

Laser
working =
head

Specimen

Figure 3. Experimental setup
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thermo-camera VarioCAM was utilised to measure
the temperature. For the precise measurement of tem-
perature profile the surface (except for a stripe with
a width of about 8 mm around the mentioned center
line) was coated with graphite. The advantage of such
a coating is the well-known emission coefficient of
graphite. Due to resolution of camera and distance
between the camera and the specimen, an average
pixel size of about 1.1 x 1.7 mm on the component
was reached.

Numerical model. The simulations were perfor-
med with the FEM-program SYSWELD 2009°. The
component is cross-linked with 81,120 nodes and
95,290 linear volume elements. Figure 4 shows the
surface of the used mesh. The size of elements which
are within and directly next to the irradiated area is
1.0 x 0.4 mm. The elements in the evaluation area
rectangular to the longitudinal side of the sheet have
the size of 0.57 x 0.50 mm (see Figure 4).

In the simulations for validation of the model the
energy input was distributed as a top-hat. In the edge
sections (ca. 1.2 mm) the energy is increasing until
the middle section (4 mm) with an equal distribution
is reached.

In the simulations with a temperature-dependent
absorption coefficient and further simulations, an
equal distribution was used. The heat loss due to the
radiation was implemented by the Stefan—Boltzmann
law, and that due to the surface convection was eva-
luated with a constant thermal transfer coefficient
value of 25 W /(m>K). The value for the heat con-
ductivity was taken from [6], and the values of the
specific heat capacity are described in [7]. The data
for the modelled density were based on study [8].
This parameter is not sensitive for the temperature
calculation.

Results and model validation. In order to deter-
mine and validate the calculated temperatures on the
surface, the pixel size on the component represented
the area of the specimen in a pixel on the camera
image is compared with the finite element mesh. Each
three node values in the numerical calculations in the

Table 1. Achieved maximal temperature in the thermal camera

Figure 4. Finite element mesh used

y-direction are averaged, so that a distance of 1.5 mm
is averaged and the pixel size on the component is
well reproduced. (The averaged value of each three
nodes yields one reference value for the data from
thermal camera measurement.) The centres of these
test points are located at 5.5, 8 and 10 mm away from
the centreline. The x-direction can be neglected due
to a hardly quasi-static temperature field. Figure 5
shows the positions of the calculated temperatures
The resulting experimentally measured tempera-
tures in the selected pixels on the camera image for
different process parameters are presented in Table 1.
As described above, the maximal temperatures at
each of the three nodes are evaluated in the simulation.
However, an averaged absorption coefficient must be
determined previously. For this purpose, a parameter
study with different absorption coefficients was per-
formed. Table 2 lists the different absorption coeffi-
cients realized for 100 and 250 W as an example.
An averaged absorption coefficient of 82.5 % was
chosen from the calculations for both used laser po-
wers. Figure 6 presents the deviations between the
maximal temperatures obtained from the numcrical
calculations and those experimentally determined, on
which bars on the right side show how much greater
deviations can appear at a large variation of the output
power. If this averaged absorption coefficient is also
considered for 400 W, much higher deviation will
occur. The error columns occur due to the defective

wedirection

) 0 0 O I G
P O O G O O

Distance {rom center

Center line

|

image at diffcrer}t output power §
\ T,°C =
P, W - = g
|‘ F Pixel 5 Pixel 7 Pixel 9
‘I 400 368 293 238
‘I 250 225 173 143
' 100 90 70 59

8

Note. Pixels are numbered at a distance from the center line in the

| transverse direction of the specimen.

I(-) nm

Figure 5. Enlarged view of one part of mesh used in the analysis
area
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Table 2. Results of the realized simulations with different median absorption coefficients

’ P W o % Temperature, °C, at distance from the centre, mm

] 5.5 +/= 8 ) ‘ 10 +/=
100 50 ‘ 68.33 6.33 33 2 46.66 1.33

l 100 75 92 | 9 69.67 | 3 ] 60 2

“ 100 82.5 99.33 10.33 74 L 3.33 B 64 2.33

| 250 60 162.67 17.67 118.33“ 6 100 4

‘. 250 82.5 214.33 23.67 154.33 ‘ 8 129.33 533 '

' 250 85 220.33 ! 24 154.33 8.33 132.33 | 5.67 !!
250 90 231.33 25.33 166.33 | 9 139.33 L 56_7__

l Note. Deviation +/— occurs due to error of the not precise allocation of camera image pixel to the positions in simulation.

allocation of the camera pixel to the positions on the
component. Here, experimental errors due to the pre-
cision of the temperature measurement are not included.

The model used for steel X5CrNi18-10 is validated
on the basis of experiments according to conventional
methods. Calculations with the data of the tempera-
ture-dependent absorption coefficient based on work
[5] are performed to show the significant influence
of temperature on calibrated averaged absorption co-
efficient. The maximal temperatures for the different
power with a temperature-dependent absorption co-
efficient are presented in Table 3. The distance of the
test point refers to the centre line in the transverse
direction of the sheets (see Figure 5).

With the help of the maximal temperatures of each
single simulation, the averaged absorption coeffici-
ents presented in Table 4 were determined. Distinct
differences in the values have been already identified,
and therefore, it is obvious that a single temperatu-
re-dependent absorption coefficient can lead to large
deviation.

The graphs in Figure 7 show the resulting maximal
temperatures with the averaged absorption coeffici-
ents from Table 4 at different output power. Further-
more, the results from the calculations with tempe-
rature-dependent absorption coefficients are presen-
ted, and the test points were joined with each other,

- KRS
o w < (2
1 1 T T

Deviation, %

()
T

0 1
_S_

ro2 3 P2 3
100 250 400 PLW
Figure 6. Deviations of numerically calculated maximal tempera-

tures with one median efficiency of 82.5 % from the experimental
results: / — pixel 5,2 — 7,3 — 9

so that the respective deviation in using a median
absorption coefficient is illustrated. It can be seen
that the single averaged absorption coefficient only
for the respective output power conforms sufficiently
well to the calculation with temperature-dependent
absorption coefficient.

Figure 8 presents the deviations in percentage of
the maximal temperatures at the test point 5.5 mm
of the respective powers at two fixed median absor-
ption coefficients in comparison to the temperature-
dependent absorption coefficient. Both averaged ab-
sorption coefficients can lead to greater deviations of
the maximal temperatures at larger changes of the
output power (see Table 4).

Figure 9 shows the deviation of the temporal gra-
dients of the temperatures at different determined
averaged absorption coefficients from the calculation
with temperature-dependent absorption coefficient.
The gradient at an averaged absorption coefficient of
60 % indicates a very good temporal consistence and

Table 3. Temperature for each single test point at different laser
output _p_ower_with temperaturg-depende_nt absorption coefficient

|
t|

Temperature, °C, at distance from the centre, mm w
|

P, W

o | 55 8 0 |‘

100 230 | 54 44 40 |
| 250 542 112 86 73
” 400 1012 209 156 131

| ss0 1367 300 23 | 186 l‘

Table 4. Mathematically defined absorption coefficient for dif-
ferent laser output power

P, W a, % l
100 ' 43 ‘
250 47

400 60 “
550 75 =
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T, °C
o olT)
250 - m 43 %
* 47
200 - & 60
* 75
150 |
100 F
50 b J
| | — 1 |
0 100 200 300 400 500 P, W
a
T, °C T, °C
200 * A 150 L . A
150 r t r
. ¥ 100 | . 3
100 F A A
50 F
50 -
1 S| A 1 1 —_T 1 S 1 1 J
0 100 200 300 400 500 600 0 100 200 300 400 500 P, W
b ¢

Figure 7. Maximal temperatures at different averaged absorption coefficients in comparison to the calculations with a temperature-de-
pendent absorption coefficient a(T) for distance from the center of 5.5 (@), 8 (6) and 10 (¢) mm

Deviation, %
[\ X2 ey
fo) = =
T T =

<
T

100

a

Deviation,
— [\*] (o8]
o O ()

{00

400 350 P, W

Figure 8. Deviation of maximal temperatures for averaged absorption coefficients of 43 (@) and 75 (&) % compared to the calculations
with a temperature-dependent absorption coefficient at the test point 5.5 mm

correspondingly only a maximal deviation of about
4 % which is 2 K in this case.

Discussion. The comparison of numerical calcu-
lation with averaged absorption coefficient and expe-
rimental data shows a sufficient agreement, as long
as the output power is not significantly changed. Tt
has been already identified that a large deviation can
be observed (see Figure 7) only if a previously deter-
mined absorption coefficient is used in the numerical
calculation at large changes of the output power. This
deviation partially reaches far above 100 K and in
general increases strongly with higher output power,
The observation of the deviation in percentage also
indicates in general that its increases with increasing
difference of the output power, where the averaged
absorption coefficient was determined, and from that
it differs partially (see Figure 8). However, both Fi-
gures clearly show that strong difference can occur
when using a median absorption coefficient at great
changes of output power. It is also demonstrated by

the temperature in terms of time (see Figure 9) but
is not expected that there is always a valid linear
behaviour because the calculations of the temperature
in terms of time is sophisticated. A further aspect,
which was observed in the present investigation, is
how much stronger influence on the maximal tempe-

30 1-43%
1 2 - 47
ar 3 —av. 60
R 20F B
-
S
= 15
g i
B0t
or
+ =N | = b A A
0 50 100 150 200 250 t, s

Figure 9. Deviation of temperature in terms of time at the point
5.5 mm for different absorption coefficients at output power of
400 W
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rature near the radiation zone has appeared for the
integration of a temperature-dependent absorption co-
efficient into the calculations. Due to the temperature
dependence, the local energy coupling in the spot
changes, which apparently has an effect on the points
in and near the radiation zone.

CONCLUSION

Using comparisons of maximum temperatures from
experiments and simulations of heat treatment thro-
ugh laser radiation on the X5CrNi18-10 steel sheet
and further simulations with and without temperatu-
re-dependent absorption coefficient show that

e in case of only small variation of laser power it
is possible to calculate the temperature field with an
averaged absorption coefficient sufficient enough
compared to experiments;

* in case of comparatively large laser power vari-
ations, for instance, during a widespread parametric
study, it is necessary to obtain and to use a number
of averaged absorption coefficients or to use a tem-
perature-dependant absorption coefficient;

e option of using a temperature-dependant absor-
ption coefficient is preferable because of discontinu-
ation of the investment of time and resources for the
search of averaged absorption coefficients, on the one
hand, and elimination of the variable «absorption co-
efficient> during the modeling of problem, on the
other hand;

» while looking for and using a temperature-de-
pendent absorption coefficient, it i essential not only
to include the material of sample into considerations
but also the condition of its surface as well as further
process parameters.
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PACYETHBIE METO/IbI ITIPU PA3PABOTKE
TEXHOJIOTUII PEMOHTA CBAPKOI MATUCTPAJIBHBIX
TPYBOIIPOBOAO0B 1101 TABJIEHUEM

Ouaetinuxk O.H., Bym B.C.

Hucmumym saexmpoceapru um. E£.O. IHamona HAHY, Kues, Yxpaun

Paccrorpena BO3MOKHOCTb PACHETHDBIM [TyTEM rapMOHH3MPOBATL GE30TKA3HOCTL BbIIOJAHEHUA HAMAABOYHDIX PEMOHTHDIX
padoT B 30HE HEAONYCTHMOro AedEKTa YTOHEHUA € MUHMMAAbHbIM CHIDKEHHEM DAaGOYero AasjleHus B MardCTpajibHOM
Tpy6OIPOBOLE AN 06eCnedeH s IKCIYATAUMOHHBIX NOCTaBoK raza (Hedrn). B ocHOBY Takux pacyeTHbIX METOAOB N0JIO-
XKeHbl pexoMeHgalun APY no A0onycTumplM rabapnTHBIM PA3MEPAM YTOHENHE B 3aBUCHMOCTH OT AABJEHUST B TPYBONPOBOAE
B COYETAHUHU C PACYETHO-3KCIIEPHUMEHTABHBIMK JAHHBIMY 10 OCAA0ACHHUIO COUPOTUBACHUA CHAOBOMY HATPYKEHUIO METALNA,
HarpesaemMoro npu csapke. [IpuBegeHbl NpUMEPDI yKa3aHHOH rapMOHM3aLMH.

Ha mactosiee Bpemst Yipaura 065a4a€T MOUIHBIM Ta-
30TPAHCIOPTHBIM KOMILIEKCOM, KOTOPBIA IMO3BOJISET
CTpaHe UIPaTh BaYKHYIO POJIb B IIPOLECCAX TTePEMEILE-
HUH 9HEPrOPECYPCOB B MUDPe. JTO IIPeOTIpeeeHO BbI-
TOAHBIM re0rpadUyecKnM PaCOIOKEHNEM TOCY JAapCT
Ba MEX/Y KJIOUEBBIMU Ia30A06bIBAOUIMMH PETHOHAMY
Poccuu 1 0CHOBHBIMY TOTPeGUTENSIMU 2HEPIOPECYPCOB
B EBpore, coeauneHueM TpyOOIPOBOJOB Y KPauHbI C
MaruCTPaNbHbIMU TPYGONPOBOLAMY COCEIHUX CTPaH,
BBICOKHM YDOBHEM 0OCAYXUBAHUS W SKCILIYATALMH Ce
TH TPyGOITPOBOAOB.

ITo undopmammn HAK <«Hadroras ¥Yxpaumsrs
JJIHA Ta30IPOBOLOB BLICOKOTO AABJEHUSI COCTABASET
38 ThIC. KM, U3 KOTOPBIX 22,2 ThIC. KM ITPUXOAMNTCS Ha
MarucrpajibHble. B CDaBHEHHHM C ADYTMMM CTpaHamu
Yxpauna 1o obutell MPOTSIYKEHHOCTH Ta3onpoOBOAOB
3aHHUMaeT YeTBEPTOE MeCTO B MUDE.

l'agoTpancrnopTHast cucTeMa YKPauHbl HAXOAUTCH
B paboueM COCTOSIHUHU U IKCIIIYATUPYETCS B HEITPEDbIB-
HOM DEXUME Ha TIPOTSHKEHUN MHOTUX JieT. Hanpumep,
¢ 1978 r. peficTByeT IKCMOPTHLINA MATHCTPAJIbHBIH raso-
ripoBoz «Openbypr—3anannas [parvuas («Cowss),
B 1983 r. BBeZIEH B 3KCILIyaTaALMIO MATMCTPAIbHBIH ra-
30mpoBOJ « VY penroit—llomape—Yoxropoa», B 1988 r. —
MarucrpaipHeiil rasonposox  «lIporpeces. Ceftuac
0K0J10 70 % razonpoBoaos (110 IPOTSHKEHHOCTH) HAXO-
nutcst B aKcnyatauuu Gonee 20-tm mer (puc, 1) u
oxoso 40 % 13 HUX yrke BbIPabOTANIHM HOPMATHBHBIN
33-71€THUH CPOK CyKOBbI.

CrencTtsueM INpoueccoB (PUSMUECKOrO CTAPEHUS
TpyOGONPOBOAOB ABASETCH YXYAUIEHHE TEXHHUECKOTO
COCTOSIHUST NTMHENHOHW YacTn MarucTpasbHOro ras3onpo-
Boga (JIUMT) u noBbleHre PUCKA BO3HUKHOBEHUS

© OJIEHWUK O.W1., BYT B.C., 2010

aBapuitHpIX cuTyauuit. BaxHyio poab B nogaepxaniu
B pabouem cocrosiuuu JIYMI™ 1 npeaynpexxaeHuu asa-
PURHBIX CUTYaLMil NUTPAET CBOEBPEMEHHDBIH PEMOHT 06
HapyeHHbIX Aedertos. Cpean 60abIIOT0 KOTHIECT:A
MeTONOB PEMOHTa 0COOLIN MHTepeC NPEACTABSIOT Me-
TOADBI, HE Tpebyloue BbiBoAa Tpy6onpososa (ywact
Ka) U3 3KCILIyaTaluuH,

WaBecTeH panx moaxoAoB, B TOM YKUCJE C IPUMCHE
HHEM CBAPOYHBIX TEXHOJOTUH, i PEIIEHNs TAKUX 3a-
nay [1-3). Amepukanckum uHctutytoM Hedtrn (APT)
paspafoTaH crieuuasisbHbii cranaapt [4] no npuMene
HUIO CBADKH [IPH PEMOHTE OT/AENbHbBIX JOKaJbHbBIX [&
dexroB Ha IeficTByOUleM Tpybonposone. B Yxpause
3HAUUTEJIbHBIH 06beM paboT B 3TOM HANPaBJEHUH BbI-
nonderd MIC um. E.O. arona, UITIT um. T.C. ITuca-
penxo, MBano-@paukosckum HTY nedrn u rasa [1,
2,5, 6] u gpyrumMu opranuwsauusmu. Lenniit psa pas-
paGoTOK, KACAIOLMXCst, HAIIPHMeD, YCTAHOBKM CBap-
HbIX MyDT 1 Gangaxkel Ha TPyOy ¢ KedeKTaMu, Mony-
YHJ TpH3HAHKE COOTBETCTBYIOMIMX CIIELMAJHUCTOB U
IUPOKO NPUMEHsieTcst Ha npaxktuke [3].

VuuThIBast, 4TO IO pasHbiM oueHkaMm Goiee 50 %
BCEX BBISIBICHHDBIX Je(DEeKTOB COCTABASIOT KOPPO3HOH-

40 5 - Ooxnee 30 er

30 % - 21-30 xer

21 % - 1020 ner 9 % - 10 ner u acnee

Puc. 1. Cpoku sxcnnyaTaumu ra3oTpaHCcIoOpTHOH CUCTEMbL Y KPAUHDI
(% ot o6iuelt NPOTAIKEHHOCTH)

177



MATHEMATICAL MODELLING IN WELDING

Puc. 2. Cxema TpyGOrpoBoAa € KOPPOIUOHHO-MEXAHHYECKHNM 110B-
pexxaenreM B (DOPME IJTHNCOUAA PABMEPOM Sy X Co X @ 1epe/l Ha-
IL71aBKON

HO-MeXaHWYeCKUe TOBPEeXKAEH NS, UX JUKBUIAUUS TTy-
TeM BOCCTAHOBJIEHNMsI CTEHKH TPYObl HATIJIABKOU BbILJLS-
AUT TIPUBJEKATENbHBIM METOAOM peMOHTa. Ilpu Ha-
IIABKe OOeCIevlBAeTCH ONEePATHBHOCTh YCTPAHEHUS
JedeKToB U BOZMOIKHOCTD CHIIKEHUS CTOUMOCTH CaMO-
ro peMOHTA, NOCKOJbKY €0 BbINOJHEHHE He Tpebyer
HUKAKUX JONOJHHUTEJbHBIX MAaTEPUAJIOB KPOME CBa-
pounbrx. Oco6eHHO 3¢hekTHBEH TAKOH METO/ PEMOHTA
Ha yuacTKax TpyGoiipOBOIOB ¢ UTHOAMI, MTPOrHOaAMH,
B3aMMHBIM CMelleHeM TPYO BAOJL MPOAOJBHON OCH,
a TaKjke I[P U3MEHEeHUH [IPOXO/IHOTO AIAMeTpa, KOraa
YCTAHORKA YCHJIMBAIOLINX KOHCTPYKLMOHHDBIX 2JIEMEL-
TOB TUna My(PT ¥ GaHgaKeH 3aTpy/IHEHA WU [IPAKTH-
YEeCKH HEeBO3MOXKHA,

O/trtus 13 OCHOBHBIX TMPEUMYIIECTB TaKUX TEXHO-
Jorufl asisiercst obecrniedenne Ge30MACHOCTH CBAPOY-
HBIX PEMOHTHBIX paboT Ha TPyOGONpPOBOAE IIOL JaBJe-
HIEM B 34BHCHMOCTH OT THHA fedexTa, ero opmbl 1
pasMepoBR 3a CYET HeJOMYIIEHHS IMPOXKOra CTCHKU
TpyGbl. KOppPO3UOHHO-MEXAHHYECKNE [TOBPEIKAEHUS
(yronenust) creHKM TPyOB! XapaKTepH3yloTCs pasMe-
pami so X co x a (puc. 2), rae so — pasMep MO ocH
Tpy6bl; €0 — TO OKPYXHOCTH; @ MO TOJIL{MHE
CTEHKH. JIJI51 OLECHKH PUCKA PA3PYIIEHHS B 30HE TAKHMX
AebeKTOB B 3aBMCUMOCTY OT MX PasMEpOB, T€OMETPH-
YeCKHX MapaMeTpoB Tpy6OIPOBOAa, €r0 MEXAHUYECKHX
CBOICTB U JIaBJIeHus B Tpy6e paspaboTanbl pasanyiisie
xputepuu [7-9]. Cpeanr HUX ocofoe BHUMAHUE ITPU-
BJIEKAIOT lIpe/UIOXKeHHbIe B [7] HOCTAaTOYHO MPOCTHIE
COOTHOUICHUSI, OCHOBAHHbBIE HA MHOIOYUCIEHHBIX 3KC-
HEPUMEHTABHBIX MCCJACAOBAHUAX U [TO3BOJISIONUIME C
Onpe/1eJIeHHOMH CTeINeHbIO KOHCepBATU3Ma CYAUTD O A0
MyCTHMOCTH Ae(EKTOB THITA YTOHEHUS CTEHKY TPYSOI-
POBOJOB R JABHCHMOCTH OT MEPEYUCICHHBIX BhILIE [1a-
pPaMETPOB.

Ycaosue JOMyCTHMOCTH B TPYGOIPOBOAE KOPPO3H-
OHHOro yToHEHUs ¢ pasmepamu s(t), ¢(t), a(t) B mMo-
MEHT BpeMenu ¢ 1o [7] npe/cTaBisteTcss B BHE

Y(#t)=08-a(t) - [6]R;> 0, 1)

e
R;=8w/[8] (=s5,0); (1a)
Smin = 8 — @ — MUHUMA/IbHAS W3MEPCHHAS TOJIUIHA

CTeHKY B 30He fedexTa.
JlomycTumast pacueTHast TOJIIIHA CTEHKH TPy OOm-
poBona 6e3 aedpexTta COCTaBJISET

(2)

rae P — pabouee gaBiieHHe B TPyOe C HAPY KHbIM /UTaMeT-
pomM D w3 Martepualia ¢ JONMYyCKAeMbIMH JJIS JIalIHBIX
ycaoBuit paGoTel TpyGOMPOBOAA HANPSKEHIsIMY [T].

Jlng Benvuunbl Ry (=5, ¢) B [7] npenroskeHDl cite-
AYIONHE 32aBUCUMOCTH:

R; =
0,2 npr A = 1—2-85% £0,3475;
VD3]
=1 B .
‘0'9 - f$| 1,0 - % npu 2 > 0,3475;
Vi 40,4802 " V1 40,4827
0,2 npu %S 0,348; (3)
(Y
R.= 110,511 ol 0,7358

c .
" Tpn > 0,348

()
1,0 + 13,838 \B)

[Ha nmpaxkTuxe MpH PeMOHTE OOHAPYKEHHbBIX KOPDPO-
3MOHHO-MEXAHUUECKUX MOBPEXAEHH I BOBHUKACT HEOE-
XOAMUMOCTH MPOrHO3k pOBAHUS YCIOBUI 6E30MaCHOCTH
B CBSI3M C TEXHOJIOTHYECKMMH BO3AeHCTBIsIMY (304HCT-
KH, HAllIaBKY) B 30He AeeKTa, B Pe3yJbTaTe KOTOPLIX
M3MEHAIOTCS reoMeTpuyueckue napamerpot s(£), c¢(f),
a(t). Oco6eHHo BaXKHO OIepPaTHBHO [IPOTHO3UPOBATH
yBemuenue raybunnl aedexra a(t), csazaunuoe ¢ 3a-
YUCTKOH MOBEPXHOCTH OT Kopposkn (1o 1 mm) mim
HarpeBoM INPH BbIIIOJTHEHHH COOTBETCTBYIOIIECH TEXHO-
goruu HarutaBku [10] (npusepHoe TPOHHKHOBEHIE 110
ra1y6ude u3orepmer oxoao 1000 °C suist cTanu B 3aBu-
CHMOCTH OT TTOJIO’KEeH Ut HCTOMHMKA Harpesa B 30He yTo-
HEHUs C y4eToM usMmeHeHus: pagmepos s(¢) un c(f) 3a
CYET y)Ke HAIJIAli, IEHHBIX YYACTKOB K MOMEHTY BPEMCiIH
t). QueHb BAKHO MIPU 3TOM YUECTb PE3CPB B 06eECTIEUe-
HUM 6e30MACHOCTY 33 CUET CHIKEHMS TaBJICHUS B ria-
FMCTPAJIM HA MOMEHT DPEMOHTA, NPl KOTOPOM I(I€ TIPO-
MCXOAUT CYLIECTBEHHOTO HAPYLUIEHM SKCIJIyaTaLllOH-
HOIO PEXUMa TpyO6onpoBoaa. [IpyruMu CI0OBAMHU, TPe-
GyeTcst OICIKA YPOBHS MHHUMAIBHOTO CHUYKEHHUS JaB-
Jienust B Tpy6e, ofecrieduBanoLero Heo6Xo My 6es-
OMACHOCTb, T. €. BbIIONHeHHe ycsosuii (1).

[TOJI0K UM, YTO B MOMEHT BPEMEHH ¢ 33/1aHbI pa3Me-
pet gedexras(t), c(¢) na(t) B Tpy6OIPOBOAE C FEOMET-
pudeckiMu pasMepamut D X & u3 Marepuasa ¢ J10IyC-
KaeMbiMU Hanpsokenusmu [ sre o6nacty jgedexra.
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TaGauua 1. Pe3yapTathl pacuera Sy, u ¢, ama P = 7,5 Mila

| &, 3,17 4,75 634 | 7,92 9,51 11,09 12,68 13,47 ‘|
| R.=R, 0,20 0,30 040 | 050 0,60 0,70 0,80 0,85 !|
40,56 53,93 68,72 86,82 111,74 152,78 252,13 22,50 |
49360 | 573 678,40 832,90 1104,40 1874 | = L |

W3 sasucumocreit (1)—(3) npu Y = 0 cienyer:

2 05
1-R,
MR, =1,44340,81 m -1 npu R, > 0,2,.
(4)
A(R,) = 0,3475 npu R, 0,2,
Torna u3 (3) mosnyyaem
D[8]
DT
Sep(Rs) = MR, 75005
0,5
R, +0,73589

CKp(RS) = DI:

10,511 — 13,838126} npu R 2 0,2;)(5)

Cop(Re) = 0,348D npn R, < 0,2,
A€ Sqp U Cp — JOMYCTHMbIE KDUTHHECKHE Da3MEpbI
npu JaHHbIX R U R,.

Vcnomnayst (1a) n (2), MOXHO 3alucaThb

R. = 8min 2[6]

i TTU:S' c). (6)

13 (4)—(6) caeayer, uto

e ipu R; < 0,2 pomyctuMple Pa3MEPEL S U ¢ IS
nedexTa YTOHEHHs He 3aBHCST OT dyin U PABHBI COOT-
BerctBeHHO s = 0,27DVP /2[8], ¢ = 0,348D;

e 1pU (DUKCHPOBAHHBIX O, 32 CUET CHIDKEHHUS P
110 (6) BO3MOXKHO H060€ MPUGIMIKEHHE K NPEAETBbHBIM
3HaueHusM napametpoB R, =0,9u R, = 10,511 /13,838,
Tpy KOTOPBIX 110 (4) 1 (3) Sy, —> 00 U Cyp —> 00, T. €.
Takue nedEKTh YTOHEHUS CTAHOBSITCS «a0COIIOTHO A0-
MYCTUMBIMH> .

PaccMOTpuM KOHKPETHBIE TIPUMEPHDI.

Tpy6a rasonposona pasmepom 1420 x 20 mm usro-
ToBieHa U3 craau X70 ¢ [c] = 336 MIla, paGouee
nasienue P = 7,5 Mlla, [8] = 15,85 mm. 3anas psin
3HAYEHMIH &y = 20 — a(£), Moy duM COOTBETCTBYIOUIMI

paj snavennit Ry = R, ana P = 7,5 Mlla (rabn. 1),
Ha OCHOBE KOTOPBIX ONPEEISEM Sy 1 Cyp 110 (4), (5).

W3 pesynbratoB, TpeacTaBJIeHHbIX B Tabua. 1, u
Cy/is 11O KPUBBIM P Ha pHuC. 3, @, MOXHO 3aKJIIOUUTD,
YTO JIJIS JJAHHOTO NIPUMEpa INPH pabdovux AaBJ/eHHAX
Cxp Ha TOPS/IOK BBIllle, Y€M Skp BO BCEM [HANa30HE
3HaYeHUH Omin = 3,17 MM. 3HAUEHUS Skp CDABHUTEJIBHO
HEBEJIMKHM, OCOGEHHO INPH MajibIX 3HAYEHUSX Omin. B
CBSI3U C 3TUM CHIDKEHUE pabo4ero JAaBJEHHUS 1IpU pe-
MOHTE S1BJISIeTCS AOCTAaTOYHO BaXKHOH I1poieaypolt 1/
obecriederusi 6e30NacHOCT. ITO HATJSAHO JEMOHCT-
pUPYIOT nanuble Tabs. 2 U kpusble 0,8P = 6 Mlla,
0,7P=5,25MIlau 0,6 = 4,5 Mlla, npeacraBieHHble
Ha puc. 3, a.

M3 3THX JAHHBIX BUAHO, YTO IpPH Onyq = 3,17—
5,0 MM CHIDKeHHMe JABJIEHUS! HE TIPUBOJUT K 3aMETHLIM
U3MEHEHUAM 3HAUEHMH Sy, ¥ Cp. OZHAKO TPHU dpin >
> 6 MM cHMyKenue paGouero gasaenus Ha 40 % 3Hauu-
TENBHO YBEJIHYUBACT Syp M Cyp, UTO OUEHb BAXKHO [JIS
NPaKTUKH,

B xauectBe mpusepa NPUMEHEHUS TaKUX KDUBBIX
paccMoTpUM Ge30TACHOCTD 3ABAPKH YTOHEHHSI, HMEIOLI{e-
IO pasMepsl So = Sy, = 100 vyt (=50 < x < 50 Mm) 1 ¢ =
= 60 MM 11pH &yyiy = 8,5 MM T10CJIE 32UMCTKH U MEXaHUYEC-
xoro uumdosanust (puc. 4 ¢, 6). 3aBapKa BbINOJIHSETCS
OT KpaeB JedexTa M0 OKPYKHOCTH Ha pexxuMme, obec-
neunpaoueM npouuxkHosenne uzotepmbl 1000 °C Ha
riaybuny & = 3 MM (¢ onpesiesieliinbiM KOHCEPBATHIMOM )
NPy IIMpHEE HatiaBaenHoro sajuka B = 10 mm. Coot-
BETCTBEHHO B 30HE HAILJIABJEHHOIO BaJMKa OCTaTOYHasd
YCJIOBHAS TOJIIIMHA CTEHKH TPYObI COCTABUT

Byen =8 —alx) - E&.
Ecnut 8ycn > Omin = 8 — dmax — &, TO mpenebrblit
pasMep s, (cM. puc. 3, @) ocTaeTcs paBiLIM Sy U He-
06XOMMMOCTH B CHMIKEHUM PaGO4ero JaBJEHHS HET,

TaGmiua 2. Pe3y.IbTaThl PaCueTa §,, H ¢y, /g gasaenusa 0,8P, 0,7P u 0,6P - B
Brmin, MM | 3,17 4,75 6,34 7,92 9,51 11,09 I
0,8P = 6,0 MITa R=R | 025 0,375 0,50 0,625 075 | 0875 |
(8]osp = 12,7 »n Sen MM | 42,19 57,96 77,66 86,83 168,46 | 661,08
Con MM 530,90 648,75 832,90 1213,80 = | =
0,7P = 5,25 MIla R. =R 0,286 0,428 0,571 0,714 | 0,857 |
[8lo7p = 11,1 1M Syos MM 43,48 61,45 86,66 135 39865 | -
Cons MM 560,40 716 1006,20 2160 | - ’I =
0,6P = 4,5 Mlla R =R 0,333 0,50 0,667 0833 | = o
[8]o6p = 9,5 nn Syps MM 45,41 67,25 105,45 263 | - - |
_ Cow MM | 604,56 832,90 1483,10 - ‘ = L = )
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Puc. 3. 3aBucuMOCTb JUHEHHbIX PAIMEPOB YTOHEHHS S, M C, OT MHHUMANBHON TOJUMEbL CTEHKA TPYObI Oy @ — s TpyGonpososa
pasmeponm 1420 x 20 mm 3 cram X70, [o6] = 336 MIla, P = 7,5 MIla; 6 — ans tpyGonposoja Toro xe pasmepa ua craan X80, [o] =

= 390 MIla, P = 10,2 MIla

Ha cueayrome. . OTame BBITOJHAETCA HAMJIABKA Ba-
JIVKA 110 OKPYIKHOCTH Ha APYIOM KOHLE gedeKTa, Koraa
5 =359~ B =90 mmM. CoryiacHo puc. 3, @ npu paboueM
JaBJEHUM O i AOJKHO ObITH HE MeHbUIE 8 MM, HO €CJIU
Omin Tp1 21om Oy aeT 6obire 11 MM, OTIIAJIET HEOOXO-
[JUMOCTb B CHVDKEHHU [AABJEHUS.

B ofiem pu/(e Npu Hamjgaske oT KpaeB nedexra
MOJIYYHUM H3:1CHEeHUe [UIMHBbL S, = §g — nB3, rne n —
HOwP TIPOXO0/a. ‘_OOTBETCTBEHHO AJIs1 [IJIMHBL fedeKTa
s, 3Has ero ray6uny ax), rie ¥ — KOOpAWHATA TIO
ocu gedeKTa 7n-ro Mpoxo/a, BEIUUCIISEM YCAOBHYIO ITy-
ouny medexra ay., = alx) + &, a 3atreM pasHocTb § —
~ Qycy CPABHMBAEM C JOMYCTUMBIM MO pHC. 3, 4 COOT-
BETCTBYIOUINM 3HAdeHUeM On, MUt S, NPU JAaBJIeHHU
P. Ilo pesynbraTy Takoro CpaBHEHMS NMPUHUMAEM pe-
ueHne 0 HeOOXOHMMOCTH U YPOBHE CHMIKEHUS [aBJe-
Hug. B 1abn. 3 /Ui AaHHOTO NIpUMEpa NIPUBEAEHD! 3Ha-
HEHUS Sy, Xn, O = dyen 1 Sin(sy) (oM. puc. 3, @) pns
n =1, 2, ... Npu pasJUYHbIX JaBJeHUIX B TPYyOe.

[Lnst nedbexra, umeromero GopmMy 3JIUICOMIA, KO-
TOPBIH OMHUCHIBAETCA YPAaBHEHHEM

rae dg = & ~ dyiq, COOTBETCTBEHHO 1O Ocu § = 0

) = 6 - smFF

o)
S0 So
OpUH |m = =< 1
P [ 2 2

Ycaopnas ray6una gedexra s 72-I'o Npoxoaa coc-

TaBUT
f P
11,5V - l(gx_’j + 3 mm.

3o
\ J

Vi3 nannpix tabJ. 3 BUAHO, UTO /1151 pacCMaTpUBae-
MOTO fedeKTa 1 PesKUMOB HalIaBkH (§ = 3 MM) DEMOHT
BIIOJIHE MOXKHO TDPOBOAMUTL NpW paboueM jaBieHuu
7,5 Mlla.

no_

Ayen
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Sy = 100 s

N

o= 250 ant

Sminz = 11,6
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§ s T = 1000 °C

Puc. 4. 3asapka KOppo3uonHoro gedexta aaanncorino (@) u npamoyroannoii (6) GOpmbl: @, ¢ — HCXOAHOE COCTOSHHE U [IPEATIOoIaraemas
dopma BbIGOPKH MeTaa cTeHKY Tpy6ol (WTpuxoBbe); 6, 2 — CXeMa 3aBapKH

PaccMOTPUM BAPUAHTHI 3aBaPKH OAMHAKOBbIX I10 Pas-
mepam $(£), ¢(t) u a(t) nedexToB TUMA yYTOHEHWS HA
TpyGonposoae pasmepom 1420 x 20 mm u3 cramu X70 ¢
YIKe UBBECTHBIMH XaPaKTEPUCTUKAMH U U3 cTaanm X80 ¢
[o] =390 MIla /st MAKCUMAIBHOrO PABOYEro JaBIeHNS
P = 10,2 MTla npu [8] = 18 mm. B coorserctsun ¢
dopmynamu (1)-(6) maa X80 nosyyeHa 3aBUCHMOCTD
JIMHERHBIX Pa3MePOB YTOHEHWA OT MHUHHMAJbHOU TOJT
IMHBI CTEHKH TPYObl iy (cM. puc. 3, 6).

UnyCuna nederta B HAIPABAEHNH X MEHSETCS CTy-
MeHYaTO, TpU 3ToM & = 5,6 MM, ay = 7,4 MM (cM.
puc. 4, s, 2). [locne [OMOMHUTETBHOR MEXaHMYECKOH
BBICOPKH MeTajja Ha ray6uHy He Gosee 1 MM sy =
250 MM (=125 € x €125 MM), ¢y = 80 MM, Spint =
13,4 MM U dpipp = 11,6 MM, (Dopma BIOGOPKH TIPS-
MOyroJbHast, T. €. Sp = const u ¢y = const. [l1a cranu
X70 BpiGopka MceTasaa U OBaHHeM A0 pa3Mepa
11,6 MM BO3MOXKHaA NPU JaBJIEHHH OKO0JIO

i\

=
bmin - 6minIZ -

Ta6muua 3. Pacuer HEOGXOAMMOCTH CHIDKEHKS AABJCHMA I1PH PEMONTE BAIIABKOW AedexTta THIa yTonenna ¢ sy = 100 MM, ¢p = 60 mMu,

Simin = 8,5 MM B Tpy6e pasmepom 1420 x 20 MM ua craau X70

. ] Binin(s,). MM, 1ipu P, MIla
n Sy MM X, MM Ty MM & = daye,, MM
’ ’ 7.3 0,8P =6,0 0,7P = 35,25 r 0,6P =4,5
L0 100 50 3,0 17,0 8,50 7,60 | 6,80 [ 6,15
{ 90 -50 3,0 17,0 8,25 745 | 640 | 575 |
2 80 ) 40 Y 10,1 7.60 6,50 575 | 5.0 |
3 70 X ~40 %——95 10,1 6,40 5,55 5,00 i 4,75
4 60 30 12,2 7,8 5,75 535 | 480 4,40 ‘
I
5 50 =30 12,2 7.8 4,50 430 | 400 3,70 |
6 40 20 13,7 6.3 3,70 335 | __“
|
| 7 | 30 -20 13,7 6,3 | 320 1 N
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MATHEMATICAL MODELLING IN WELDING

TaGmima 4. PacderT HEOGXOAMMOCTH CHIKEHMS /ABJEHUS [IDH 3aBapke yYTOHeHHs ¢ Sy = 250 mm, ¢p = 80 MM, 8y = 13,4 MM, &0 =

_;6 MM B TPYOe pazmepom 1420 x 20 mm u3 craneit X70 v X80 - - -

I | 1 \ ‘ 8,.n(s,), My, npu P, Mlla :

| ' P 0,8P | 07p | 0.6P |:
% \ S MM Buar, M| Byeng, MM rm.z BEE ] 816 | 60 | 714 | 52 | ea2 | 45

“ ) Cranb —Il

\ ‘— X80_I X70 X80 I X70 | X80 I X70 | 780 I—X?O h

T T | od | = 1430 | 127 | 17 | 03 | so0 | o1 | 89 | 79 |

ot | 240 | | 1445 | 126 | 116 | 102 | 10 9 88 | 78 |
w 10 !_150 _ I 12,30 ‘ 109 | 102 | 972 9.2 8.2 8,1 7.1

11 | 140 | - o6 |12 | w6 | 99 9 | 89 g | 79 | 7 |
24 1 10 | _lz N _<5mmM S

0,9P (cm. puc. 3, @), B TO Bpemst Kak st ctaan X80
TpedyeTcs CHIDKATH fanienue no 0,8P (oM. puc. 3, 6).

B cOOTBETCTBUH C H3JIOKEHHBIM BDIIE MOAXOAOM
3aBapkH AedeKTa B OKPYXKHOM HAIIDABJIEHHU U C yue
TOM H3MEHEHHA ero JMHEHHBIX Pa3MepOB S, NOMyYUM
DACTIPEAETEHNE Opyin(S,) B 33BHCHMOCTH OT 3HAUEHMNI
P (ta6n. 4) npu & = 3 MM M IIMpHHe HaIlIaBIEHHOTO
pasKka B = 10 mm juis craseit X70 u X80.

M3 mosy4ennbiX JaHHbIX BIUIHO, YTO TIPU PEMOHTE
Tpy6nr u3 craau X80 cHmKaTh maBjeHue A0 yPOBHS
0,8P mejocraTouHo Ha aTane BEIGOPKM MeTasia LIJu-
(oBanneM JU1S JaJbHENIIErO BBITOMHEHNS CBapOYHbIX
pa6ot. Heobxoa1Mo0, 9TO6BI Ha Y4YaCTKAX C Opint
= 13,4 MM oHo coctapasiio 0,7P, a npu S
=11,6 MM — 1o 0,6P, noatomy es1ecoo6pasHo cpasy
MOHM3UTD aBJenue 10 0,67 1 TpoBeCTH PEMOHT yTOHE-
aug. Jlns tpy6er n3 craam X70 HEOGXOAMMO BO BpeMs
PEMOHTa YCTAHOBUTD [aBJieHue Ha yposae 0,7P. Takum
06pa30M, TIOBBIIIEHNE KJIACCA IIPOYHOCTH cTak oT X70
Kk X80 cBA3aHO HE TONBKO C MOBBIIEHHEM PaGoUero
JaBJIeHIS B TPYGOTIPOBO/E, HO 1 TPEGYET GoJlee 3HAYM
TEJIBHOTO CHHXKEHHUS JIABJICHUS OTHOCUTENBHO paBoyero
IIPY BBIMOJIHEHUM PEMOHTHBIX pador.

Buigoani

[Ipu pemonTe cBapKO edeKTOB TUNa YTOHEHNS CTEH-
KM MaruCTpaJbHbIX TPYSGOIPOBOAOB B 3aBUCHMOCTH OT
PasMEPOB U (DOPMBI YTOHEHUS C yIETOM CHUYKEHUS IIPU
Harpese CONPOTHMBJIEHMS MaTepHata aedOpMUpPOBa-
HUIO 6€30TIacHOCTh Pal0T MOMHO TOBBICUTH 3a CYET
peryaupoBaHus fassennst B Tpybonposone. IMokasa-
HO, YTO Pa3Mepbl YTOHEHNSI HaJeKO He BCEraa Onpee-
JISI0T 6e30TIACHOCTD BDLINOJHEHNS HATNIABOYHBIX Pa
6or. DopMa YTOHEHUsI, B YaCTHOCTH, HaJM4He Pas3Bh-
TOrO 110 TJIOWAAM YYacTKa B O6JACTH MaKCUMAJbHON
rry6uHpl gedeKTa CyLecTBEHHO BJMSET Ha 6e3omnac-
HOCTDb BBIIIOJIHCHHMSA PEMOHTHBIX HAMARBOYHBIX PadoT.
Tem ne Menee, Bcelyra CyleCTBYeT ypOBEHb JaBAeHHUS
B Tpy6e, HIDKE KOTOPOTO YCTPAHEHWE YTOHEHUS Ha-

MJIaBKON sBJisieTcs 6Ge30macHO ornepaiueil ¢ TOYKH
3PEHHs COXPAHEHNS LHeJOCTHOCTH TPY6bl. BaxkHo, uro-
6bl 3TOT YPOBEHD YAOBJIETBOPSLI, XOTS Obl KPATKOBpE-
MEHHO, YCJIOBHAM 3KCILIyaTanuu Tpy6onposoja. Jlis
9TOTO LENeCO0OPA3HO /ISt THIIOBBIX Pa3MEPOB U IIPOY-
HOCTH MaTepuasta MardCTPajibHBIX TpyGONpOBOAOD
paspaboTarth AMarpaMMbl JOTYCTUMOCTY AePEKTOB, 110
KOTOPBIM AJIS THIIOBBIX Ae(EKTOB C Pa3BHTOH ILIO-
WaAbio B 06JaCTH MaKCMMalbHON uX TAYOHHBI TOBO-
JIBHO ITPOCTO OMpPEAEJMTh YPOBEHD AABJEHUSA B TPYOO-
[IPOBOJE, ONTHMaAbHBIA [ 6e30MaCHOCTH PEMOHTA
Ha COOTBETCTBYIOLIMX PEXKUMaX HalJaBKHU CBAPKOH.
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MATEMATUYECKOE MOJAEJNUPOBAHUE ITPOIIECCA
OOPMHUPOBAHUA KAIIJIU QJIEKTPOAHOI'O METAJIVIA

Cemenos A. 1, Hdemuenxo B. 1,
3abupos A.z,

Kpusuyn H. 1, Moxpoes 0.2,
Paiiceen Y.

71'htcmumym anexmpoceapxu um. F.O, ITamona HAHY, Kues, Yxpauna
2 - G
Hucmumym ceaprxu u coedunenuil, Aaxenckui yrueepcumem, Aaxew, I'epmanus

HpOBelle}'I CpaBHHTeJleb[ﬁ AHaJIM3 Pa3NHUHHbIX 1II0AXOA0B K MaTeMaTHHECKOMY OIMCAHUIO I1poLECCa (bOpMMpOBaHMFl KarrTn
SJEKTPOAHOro MeTanaa Npu LL)’FOBOﬁ CBApKe MJIaBsIUAMCA 3NEKTPOAOM. H01<aaaHo, 4TO ryjgpocrarvyecikKas mMoAelib CBO-
GOUHOM [IOBEPXHOCTHU Karnjad HE MOMECT aJAeKBaTHO OlLIUMCHIBATDH (DOPMMPOB?AHHG U [IEPEHOC Kalleap [Mp# CBAPKE. Mogensp,
HCNOAb3YWllas A ONHUCAHUA THAPOAMHAMWYECKMX NPOLECCOB B KamJje 10JIHYI0 CUCTEMY ypaBHeHHP‘I Haspe—Crokca,
TpeéyeT npu YUCJEHHO U peanr3anru 3HaYUTENbHBIX BbIYUCIAMTEAbHBLIX PCCYPCOB, YTO OrpaHMYMBACT €€ IIPUMEHEHHE 11PU
MaCCOBOM BDLIYUCJIMTEIDHOM 3KCIICPUMEHTE. B «auecrne AJLTEPHATHBDLI ATON MOAEAH paccMaTpUBaeTCs HPM()JIM)I(CHHQH
riaApoartHaMuiecKast MoaeJib TOHKOH CTpYyH, ajantvpoBarHasg K yCJOBHAM CBAPKWU NAABAIKUMCS dJNEKTPOLAOM. ITokasano,
4TO 3TAa MOAELJb MO3BOJAET € AOCTATOYHO BbICOKOH TOYHOCTHIO nporso3nposaTob C[_)OpMy Kanjaw BfJOTH A0 €€ OTpbIBa.
I/I3y‘<[€HO BIAHUEC MATHUTHOrO AaBjAeHHUA CBaPOYHOI0 TOKA lla pasMep Kaneab ¥ 4aCcToTy UX NepeHoca.

[Tpoueccn! GopMHpOBaHUA U NEpeHoca Kaleab dJek-
TPOJHOTO MeTaJjljia MPH IYyrOBOH CBapKe I1JIaBSLIMMCS
9JEKTPOJOM OINpPeeSIOTCs CJIOMKHDIM B3aUMOJeicT
BUC DasMYHBIX (DU3NYECKMX SABJEHUI: TEIJIOBDLIX,
9/IEKTPOMATHUTHBIX,  MATHMTOTH/POAMHAMHYECKHX,
UCIIAapUTEIbHBIX, MacCOOOMEHHbIXx U Ap. Harpes u
TJIaBJIEHHE 3JEKTPO/IHOM ITPOBOJIOKH OCYUECTBIISETCS
34 CYET PHEPrUM, BBOAUMOM B DACIIIABJEHHDBIA METAJLI
KaIlJ¥ U3 aHOJHOTO CJIOS yTH, ! €€ TIEPEHOCA K BELIETY
9JIEKTPOAA 33 CYHET TEIJIONMPOBOJHOCTH U KOHBEKLIMH.
B 3aBHCHMOCTH OT YCJIOBMI CBADKH YacTOTa MEPEHOCA
KareJb MOXET COCTABJSTb OT EAMHUIL JO COTEH repll,
COOTBETCTBEHHO 3TOMY M3MEHSIETCst Macca Karesb U Xa-
paKTep MX MepeHoca B CBAPOYHYIO BaHHy (NPOUCXOANT
KDYITHOKAMEJbHDBIA,  MEJKOKANeJbHbIH, CTPyHHBIN
MEPEHOC M MEPEHOC ¢ 00PA30BaHUEM KOPOTKHUX 3aMbl-
kauuit). Tak, npu cBapKe «roJoH» MPOBOJIOKOH Ha
HeOOILIINX TOKax POPMUDYIOTCS KPYIIHbIE KaIljiH, B
IIPOIIeCCe OTPLIBA KOTOPLIX MOTYT BO3HHKATH KPATKOB-
peMeHHble KOPOTKUe 3aMbikauus. Ilpu cBapke B 3a-
IIMTHBIX Fa3aX TOHKOH MPOBOJIOKOH Ha IOBBIIEHHBIX
TOKaX peain3yeTCsl MeJKOKAleJbHbIH U CTPYHHBIH 16
PEHOC 3JIEKTPOAHOTO MeTaa, 61aroJapsi YeMy yMeHb-
mmaercsl pa3Gpbi3arMBaHue U yJyuinaeTcss GopMupoBa-
Hue waa. CuenyeT 0co60 OTMETUTD, YTO MTPOILECCH 16
pPeHOoca TEIJIa ¥ UMITYJIbCa B PACIJIABJIEHHOM METAJIE
KaIlJIM Pa3BUBAIOTCS JUHAMUUECKH, C BOJHOOGPA3HBIM
XapaKTepoM M3MeHeHUsT e¢ GOPMbl, HHTEHCHBHOCTH U
HanpasJeHusi THAPOIMHAMUUECKUX TOTOKOB B pac
NJIaBJIEHHOM MeTaJsLe. Hanbosee sipko Takue sSBJIEHHS

MPOSBJAAIOTCS PU CBAapKe MOJLYJMPOBAaHHBIM TOKOM
UJIY TIPY MMITYJIbCHOH M0Jave CBapOYHON [TPOBOJIOKH.
Ilpyn aToM Ba’kHY!O pOJIb MIPAET HE TOJBKO CpejHee
3HAYeHMe CBAPOYHOI0 TOKA, HO M POPMA €r0 UMILYJIbCA.

Crosib  pa3noo6pa3HbIf XapakTep [EpeHoca Ka-
NeJib, MPOSIBJSIIOIIMICS TPH PAsJMUHBIX YCIOBUIX
cBapku, Tpebyer riay60KuX ¥ BCECTOPOHHUX HCCIIEeNO-
BaHMH (DU3MYECKUX IIPOLECCOB, OTBETCTBEHHBIX 3a
NJaBJeHHe CBAPOYHOM MPOBOJIOKHM, GOPMUDOBaHUE U
MEPEHOC Kallesb 2JEKTPOSHOIO METAaJJIa B CBAPOYHYIO
BaHHY.

Hacrosimasi pabora mocssilieHa TEODETHYECKOMY
aHaJM3y TOJIbKO OAHOH 4acTH IPO6JIeMbl epeHoca Ka-
neJb 9J1eKTPOAHOr0 MeTaiia, CBA3aHHON ¢ u3ydYeHueM
JUHAMUKH M3MEHenHs: (DOpMbl KallJid Ha Das3/IMYHbIX
cTamusix ee pocra. B aTod padore Mbl HE KacaeMmcs
TEMJIOBBIX TMPOILIECCOB B KallJle U B CBA3M C 3TUM BbI-
HY>KAEHbI BBOJUTb HEKOTOpbIE AonylueHus. B yacTno-
cTH, 6yZeM NpeArroaraTh MIOCKUM OIJIaBJEHHDBIA TO-
pell CBapOYHOM MPOBOJIOKH, a TaKXKe 3aJaBaTh CKO-
POCTD TJIABJIEHNSI SJIEKTPOAHOTO METaJlIa, 110J1aras ee
MIOCTOSTHHOH M DaBHOHM CKOPOCTH NMOJayM ITPOBOJIOKH.
Kpome Toro, Baosb ¢Bo60LHON MOBEDXHOCTH KaIljau
HaM PUXOAUTCS 3a4aBaTh NOCTOSIHHBIM K0P D UUMEHT
noBepxHoctHoro HaTsokenust (KITH). Texotopsim or-
paBAaHUEM IIOC/IeIHEMY MOXKET CJIYKUTD JIMILUB TO, YTO
uctunnble 3Havenusa KIIH ocraiotcs neusnecTHBIMU B
YCJIOBUSIX, KOLZa OKpPyXXarmollel Karmo cpesoi ABJs-
€TCs AyroBasi Mja3Ma, KOHTaKTUPYoLWast C pacIliaBoM
yepe3 aHOJHbBIH CJIOH, a XMMUYECKHH coCTaB pacnjasa

© CEMEHOB A., AEMYEHKO B., KPMBUYH ., MOKPOB O., 3ABMPOB A., PAUCIEH ¥, 2010
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MATHEMATICAL MODELLING IN WELDING

¥ ero TeMIlepaTypa HeOAHODPOAHbB! BAOIb NOBEPXHOCTH
KallJIx.

TIpoueccrr, cBsisannbie ¢ hopmMoobpa3oBaHyeM Ka-
MeNb, MOCAYXUAN TPEAMETOM MHOTOUUCIEHHBIX TEO-
DPETHYECKUX W 3KCIIePUMEHTANbHBIX HCCAeN0BaHNE [1—
14], B TOM uKCJIe IpK U3yUeHUH (DOPMHDOBAHHS KA
3JIEKTPOSHOrO MeTassa IIPU AYyTOBOH CBapKe ILIaBs-
muMest arexrponom [7—14]. Hrioke Mpl OCTAaHOBUMCS
GoJiee OAPOGHO Ha HEKOTOPBIX U3 HUX, MMEIOIIUX He
nOCpe/ICTBEHHOE OTHOIIEHNE K AaHHOU paboTe.

Mogaean opmbl Kanau B rHAPOCTATHYECKOM LIPH-
6mzcenin, TeopeTnyecKoMy aHA/IN3Y PABHOBECHOH (op-
Mbl Kanin (stexxarielt Ha miocKoix MOBEPXHOCTH, BUCSILIIEH
HA «TOTOJIKE» WJIM HA KOHLE [MIIETKH) TOCBSAIIEHO MHO-
xKecTBO Iybsmkauuil [3—6]. Vnrepec x 510 npobieme
CBA3aH C TEOPETHUYECKNM OGOCHOBAHWEM 3KCIIEDUMEHTOB
o orpesienervio KTTH v xpaeroro yraa cmayusanus s
Pa3IMYHDIX JKMAKOCTEH, MEAULIMHCKUMH TTOTPEGHOCTSIMU
W [A3IMYHBIMH TEXHUYECKUMH IPUIOKEHUAMU. MmeeTcst
TaKsKe Psi paBoT, MOCBALIEHHBIX HCIIOIB30BAHMIO MHAPOC-
TaTHYECKOTO TIPHOJIVKEH M AJST OTTUCAHNS (DOPMbBI KAy
Ha KOHUE IIJIaBSIerocs aJeKTpoja npu ceapre (cm.,
Hanpumep, [14]).

PasHopecHas Moae b GOPMBbI Karin 6a3upyeTcst Ha
dopmyne Jlamnaca

20K + P, = Py, ()

oTpakaroueit 6afaHC HODMAJbHBIX HATIDSDKEHUH Ha
CBOGOAHON TIOBEPXHOCTH, B COOTBETCTBHH C KOTOPBIM
kanuanspuas cuna oK (o — KIIH; K = 0,5(K; +
+ K3) — cpennsas, Ky, Ky — riaBHble KPUBU3HDI 110
BEPXHOCTH) BMECTE C JABJEHUEM BHEUIHEH CPeAbl oy
Z s

h(z)

Ly

Puc. 1. CxeMa K MaTeMaruuecKoMy OlHCAHRIO

YDaBHOBELUMBAETCS JABJEHHEM B KHAKOCTH [°4. Bpe-
JeM IHJAMHAPHYECKYIO CUCTEMY KOODAMHAT {¥, 2}, Kak
nokasano Ha puc. 1. /lapseHue B Karse Py onpeaesst-
€TCsi B BHJIE CyMMBI ABYX COCTapiasomux Fy = Py —
~ pgz, THE P — IJNOTHOCTb JKUAKOrC MeTanfna; ¢ —
yCKopeHue cuiibl TsokecTH; Py = oK|, - g — xamu/iisp-
HOe [aBJieHne y ocHoBanus karau (2 =0). YpasHerne
CBOGOAHOW TIOBEPXHOCTH KaIJW 3agadM B BHAE /=
=h(z), tne h — Tekyiuit paguyc karau. Torpa Ky =
o hy B 1

AR R+ DY
peneserus CBOGOAHOM NOBEPXHOCTH KATIM MOYKHO 3a-

9 > U ypaBHEHHE /A OIl-

nmUcaTh B BUAEL

hzz 1 V4 PO_PexL
t S E s

- — +
U+ h5 n(t+ 1) o

(2)

rae o = VO,/pg — KanuspHas MOCTOSHHAS; h, —
POM3BOAHAA 110 2. T PaHMYHBIMU YCAOBUSMH /IS YPAB-
Henus (2) spagoTcs

h(=Lg) =0, (3)

h(o) =4a /’lz(‘L{/) — o,

Bropoe 13 3TuX yCAOBUH 03HavaeT, 4T0 IPU CBAPKE
TLTABSIMMCS 9JIEKTPOAOM KArJisl «IPUBA3bIBAETC» K
MJIOCKOMY TODPIY 3JEKTPOLA C paguycoMm a. Taxasa Mo-
[leJIb «ITPUBSI3KU» KaIJIH, 3anpeliamlas >KHAKOMY Me-
TAJUIy PACTEKATDHCS] 3a NpeAesbl (DPOHTA IJIaBJEHMs
(KpUCTANLIM3ALMM) U HUKAKUM 06Pa30M HE KOHTPOJIH-
pyiomas Kpaesofl yros cMaduMBaHUsSA, OTPa’kaeT CBOH-
¢TBO A10MOOHOCTH, KOTOPBIM 001aJAI0T 60IBIUHHCTBO
METAJIOB 10 OTHOIIEHWIO K COOCTBEHHOMY pacll/iaBy
[15]. Tperbe rpaHU4HOE YCJAOBUE, KOTOPOE BBLIMMCLIBA-
eTCs B TaKOI HEKOPPEKTHOH (POPME, ABAAETCA YCIOBUEM
0Cenoft CHMMeTPUH KarJIu. 3aMeTuM, 4TO INPH 3aaHHU
dopmbl Karun ypasHenvem 2 = 2(s) 3T0 ycJOBHE HMeeT
o6prutiyto opmy (z4ly = o = 0), OAHAKO WCIMOJIB30BATH
takyro dopMmy 3arMcH ypaBHEHHs CBOOOAHON MOBEPX-
HOCTH He [PECTaB/IsieTcss BO3MOXKHBIM 1M3-32 HEOAHO3
HaYHOCTH pewrenus. J{is sambikanus 3anaun (2), (3)
OTHOCHUTENBHO MTOZ/IEXKALLErO OIPEAETEHNIO AaBIeHHs P
BbIMUILEM UHTErPATHPHOE YCJIOBHE, HCXOJSI M3 TOrO, UYTO
0o6beM Karu V, ABJSeTCs 3a/1aHHbIM:

L,

b J. hdz = v,
0

(4)

I'panuunpix yenosBuit (3) BMECTE ¢ HENOKaIbHLIM
rpaHuutpiM yeaosuem (4) A0CTAaTOMHO, 4TOOBI HalTH
peurenune ypasHeHus (2) v [Ba HEM3BECTHLIX [TapanMeT-
pa — nasienue Py M BpICOTY L, xanuu. Beaeacrsue
TOTO, 4TO h, — oo 1P £ — (), IIPU YHUCJICHHOM PELIEHUH
sagaun (2)—(4) BO3HMKAKT ONpENESEHHbIE TPYIHO-
CTH, C KOTOPLIMH CTOJTKHYIUCE aBTOPh! padotsl [1]. B
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CBA3KM C 3THUM TepeljeM K rnapamerpudeckoit dopme
3aMUCH yPaBHeHUs CBOOOAHOM NTOBEPXHOCTH Karliu. B
Ka4ecTBe ITapamMeTpoB yA00HO BbIOpaTs [ 3] anuny ayru
Kallii §, OTCUHTBIBAEMYIO OT TOYKM z = —Ly, ¥ yrou
0, KOTOpbIA 06pa3yeT KacaTeIbHas K [IOBEDXHOCTH Karl-
¢ ocsio Or (cM. puc. 1). B nepemennnix s, 6, A
Boipaskennsa pasi Ky, Ky 3auchIBAiOICs CJEAyOIUMM
obpasom: Ky = d6/ds, Ky = ' sin 6. Torza 3aja4y o
PaBHOBECHOH OpME KAl MOXKHO I[IePEnucaTh Cie
Ay0ImUM 06pa3oM:

@__i_sine PQ‘P@{
PR Tt e (5)
dz dh
45 =S 9, 75 = cos 9, (&)
8(0)=0, MO)=0, 2Syn=0, AKSH=a (7)

ITpu 3apaHHOM 06bemMe Kamiu Vy U3 pelleHus 3a-
naun (4)—(7) tpebyercs ONpPefEsuTb TPH HCKOMbIE
byuxunu 6(s), A(s), z(s), a taxxke aBa napameTpa —
ARy ayri Sy n gasienue Py,

I'napoaunamuyeckne mojenn (opMipoBanus Karn-
au, JIna onucaHuA rUAPOJUMHAMHYECKHUX [IPOLIECCOB B
Karnse, KoTopyo OyAeM NpennoiaraTh OCECUMMETPHY-
HOH, DaCCMOTDHM NOJIHYIO CHCTEMY ypaBHenuit HaBpe—
Crokca B npubmmxennn O6epbeka—Dyccunecka:

Jdu Jdu duo 1 0P

—tv —tu—=5—+

ot 28r , 9z P or

Y RIS SRS U Y (8)
ot dzt T or r

du du ou 1 0P

—+v —tum=—5 —+

ot . oar 9z Py
Pu Fu 1 u

ol =+ == - g+ F,
ot 3z T or

duo Jdu v

—+—+—-=0

Jar 0oz

YpaBHeHHe, Onpenessollee JUHAMUKY U3MEHEHUS
cBOGOAHON MOBEPXHOCTH, uMeeT BUA [1]

dg (9

Y tu - ol i

3nech v, u — paguaibHas M akCHaJbHas KOMIIO-
HeHTBbI BEKTOpa CKOPOCTH; U — KUHEMATHYeCKas Bsi3-
KocTs; F= {F,, F,} —
HacTosIeHd CTaTbe B KadecTBe OOBEMHON CHJBI pac-
CMaTPHBaeTCs cuIa JIOpeHIla, BOSHUKAIOLIAS IPY B3aM-
MOAEHCTBHU CBAPOYHOTO TOKA ¢ COOCTREHHBIM MATHUT
HbIM TIosieM. Ha cBo6ogHON MOBEPXHOCTH KATIIN Tpa-
HUYHble yeaoBus futst (8) BbinuimeM, UCxoas U3 GasaH-
Ca HOpMaJIbHBIX M KacaTeJbHbIX Hanpsokenuit. Hop-
MaJibHble HAIIPSIPKEHUS, CO3/aBaeMble CHJOH BA3KOrO

o6beMHas NJOTHOCTD CHJIBL. B

TPEHUs] ¥ TMAPOJMHAMHYECKHM AaBJieHneM P Ha CBO-
604HON MOBEPXHOCTU paclljiaBa, NPETEpIIeBaIOT CKa-
YOK, BEJMYMHA KOTOPOrO paBHa II0BEPXHOCTHOMY Ha-
NPSKEHUIO, CO3/1aBAEMOMY CHJION IIOBEPXHOCTHOTO Ha-
TSDKEHHUS:

P 2v {a% , 0v au+av 8/1—[
Ty IV IPYRE NN PO
1+ Lor 0z \or 0z)0zJ (10)
o
=0 Ky + Kl _

OtMeruM, 4TO B GaJjaHce HOPMAaJbHbIX HaIpsiKe-
Huit (10) oTeyTeTByeT MArHMUTHOE JaBjieHue. JTO CBS-
3aHO C T€M, YTO Ha HETOKONIPOBOASILEH YacTH cBOGOI-
HOU [OBEPXHOCTH KAl MaTHHTHOE [aBJeHHE PaBHO
HYJII0, @ B IPeAesaX aHOAHOH 06JaCTH OTCYTCTBYET
CKa4YO0K MArHHTHBIX [aBJeHHH B I1a3Me 1 MeTallle.
[IpexeGperas KacaTeTbHbIM HATIPsIKEHNEeM, BO3HHUKAIO-
(MM BCJIencTBHE adpdekrra Mapanronu, 6ansaHc Kaca-
TEJbHBIX HANPSOHKEHHH Ha CBOOOJHOM IMOBEPXHOCTH
KarIl MOXCHO 3allMcaTh B BHAE

du a_v\i

Y 2{2/1 L DR =0, (1D
1+ A or 0z or z )]

B [1], ucxoas u3 ypasrenuit (8)—(11) npu F'= 0,
ACHMITOTUYECKUM METOAOM IOJMyyeHa IpubIrKeHHas
THAPOAMHAMMUYECKAST MOJE/D, ONHCHIBAIOIIAS NOBEJe-
HIe TOHKUX CTPYyH, AUaMerp KOTOPBIX CYIECTBEHHO
MeHbLIEe JJINHB! CTpyu. ABTODBI pabor [1, 2] obuapy-
JKWJIH, 9TO IIPY OTIPEAETEHHBIX YCIOBUSIX aCHMIITOTH-
YecKast MOAEb € JOCTATOYHO BHICOKOH TOUHOCTHIO OITH-
ChIBAET TaxyKe GOPMUPOBAHUE KATIIN, ¥ KOTOPOH B OT-
JHuMe OT CTPYM AMaMeTP COM3MEPUM C BBICOTOH. ITO
CO3[AeT NPENNOCHIIKI K UCIIONb30BAHII0 aCUMIITOTH-
4eCcKOro Metofa pa6otht [1] jiuist onMcanust ZUHAMUKY
GOopMIPOBAHHUST KATIM 3JEKTPOLHOTO METAJNA, eC/IH,
B OTsinyue or [1], gonosauTenso y4ects B (8) snex-
TPOMArHUTHYIO CHJIY.

[Monxoxn, pa3suteiit B [1], 6a3upyeTcs Ha PasJioxKe-
HUK QyHKUMA ¥, v, P B pan Teflnopa B 0KpecTHOCTH
= 0:

u(r, 2) = V+u2rz+ ey

(7‘ Z) r oV r aUZ
vr,2)=—%w—z2—— — ,
2 3z 4 3z (12)
1,9
P(r, z) = P(0) 57 5 im0 ,
o°u
rae V(z, t) =u(0, 2, t), u, = 0,5 ? }r=0. Ilonaras B

GaslaHCce HOPMAJIbHBIX HATIPSUKEHUH A, BETMYMHON T10-
psaaka O(r), MOxHO TonyyuTh [1] BbIpakenue s
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rUAPOAMHAMMYECKOTO AasieHusi P Ha cBOOOAHON IO-
BEPXHOCTH KaIIu

A%

Pl,_,=20K ~-v—.

z

(13)

[ToxcraBum pasitoxkenus (12) B epBoe ypaBHeHMe
cucrembl (8) u mpeHe6peXkeM uneHaMM TOPSAAKA Ma-
aoctt O(h). B pesyJibTaTe nosiyuuM cieayioliee ypas-
HEHHE [ JaBJIEHU:

opP

-—+F, =0,
ar

0<r<h.

Wurerpupyst 910 ypasHeHue Ha orpeske [0, 2] npu
rpaHudHoM yegosuu (13), onpegenum nasienue Ha
OCH Karu:

magr

P(0, 2, t)=20K—Ua—V+P
0z

h
rhe Py = — [ F.dr — wmarHutHOe JaBJeHHe HA OCH
0
karutd, M3 (8)—(11) no ananoruu c [1] MoxHO noJy-
4UTb CJIEAYIOLLYIO OMHOMEPHYIO MOAEID THAPOAMHAMY-
KM, YYUTBIBAIOILYIO, B OT/JIHYMe OT [ 1], CH/I0BOe BO3Aei-
CTBHE HA KATUII0 3JEeKTPOMATHUTHON CUJIBI:

oV A% 0 oV
=y —:—1—‘3+3ui2£[h2—]—g,~Ld<z<0.
ot 0z P a2 h* 0z 0z

(14)
a—F+—a(VF) =0,
ot 0z

rae p = 20K + Py, F(2) = mh*(z) — mnowans mome-
PEUHOTO CEeYeHMs Kall/IH.

z

La

>
niay

Ry

Puc. 2. Cxema pacnpegeneHust NAOTHOCTY TOKA M MardHMTHOrO /aB-
JICHHI B Kanae

Bropoe n3 ypasuenuit (14), KOTOPOE HENOCPEACT-
BeHHO cJiefyeT u3 (9), sIBIsETCSl HHTErPAIbHBIM aHa-
JIOTOM ypaBHEHHUs HepaspbiBHOCTH. OHO 3aMeHsieT B
nuHamudeckod mogenn (14) wHTerpajbHOe yCaoBHE
(4), vcrioibayemoe B rHAPOCTaTMYECKOH MogeaH. Kak u
B Mozesu (5)—(7), npu BBIYMCAEHNY KPHUBM3HBI CBOGO/I-
HOH MOBEPXHOCTH LEJECOOOPA3HO HMCIIO/IB30BATh [apa-
METPpHYeCKYI0 (ODMYy ypaBHEHUsSI CBOGOLHOW IIOBEDX-
HoctH. [[oaToMy Hapsiiy ¢ HE3ABUCHMOM ITPOCTPAHCTBEH-
HOM 1epeMenHoil 2 6yaeM TaloKe UCTIONb30BaTh JJINHY
OYyTH §, @ B KaUeCcTBe MCKOMOU yHkImu — yroa 6. K
monean (14) mpucoeannum (6) 1 rpaHUYHbBIE YCIOBUSA
(7), KOTOpbBIE JOTIOAHUM YCIOBHAMU B OCHOBAHHUHM M HA
KOHYHMKE KAIUIH, & TAKXKEe HAYaIbHBIMI YCAOBUAMH

L{/

V(;Ldv t)y=- T V(01 t) = 0,
a 15
WLy, =0, RO, t)=a
Wz, 0) = ho(2), V(z,0)=0, ze (LY, 0), (16)

rac LY — Beicora «3aTPABOYHON» KaIlIH, 06bEM KOTO-
pOH BbIGHpaeTcsl LOCTATOMHO MaJbiM, a dopma Ay =
= hy(z) paccCUUTBIBA€TCS TI0 PABHOBECHON MOAENM.
[Tepsoe u3 ycaosuit (15) cienyer u3 TOro, YTO Mpo-
eKLMsI BEKTOPA CKOPOCTH ABYIKEHUs PAacILiaBa Ha Ha-
MpaBJieHHEe HOPMaau K CBOOOAHOI NMOBEPXHOCTH COB-
Maziaer Co CKOPOCTBIO MEPEMEILEH S YKA3aHHOMH ITOBep-
XHOCTH B 3TOM K€ HallpaBJjeHuy. Bropoe ycIoBHE 110-
JIYUEHO U3 TIPEATIOJIOKEHNs, YTO ONJIABJIEHHBIH KOHEL
3JIEKTPOJa ABJISETCA MJIOCKUM M 3aiaHa MacCoBas CKo-
pocts G maiaBsieHus anextpona. Toraa v, = G/na’p.
[Tonwsyscy (12), npubamxenno nonoxum ul(r, z) =

=V +ur, o(r, 2) === a— — — —. 3TH BbIpaKe-

HUST 151 KOMITOHEHT BEKTOPA CKOPOCTH YAOBJIETBOPSIOT
YDaBHEHHIO HEPA3PBIBHOCTH, YTO AT BO3MOXKHOCTD
PaccYNTBIBATE I10JIe CKOPOCTElN B 06bEME KAILIN U, CO-
OTBETCTBEHHO, ITPOLECCH] KOHBEKTHBHO-KOHAYKTUBHO-
ro NnepeHoca HepruM B Karle.

C,1e1aeM HEKOTOPbIE MTPEATION0IKEHUST OTHOCUTEIb-
HO [IPOTEKAHMS 3JIEKTPHUECKOrO TOKA B Karjie. Byjem
CYMTATb, YTO BEKTOP TLIOTHOCTH TOKA ] HMEET OfHy
OTJTMYHYIO OT HYJISI aKCUAJIBHYIO KOMIIOHEHTY /,, BEJIH-
YMHa KOTODOI HE 3aBUCUT OT#. ByZieM Takoke 110/1arathb,
YTO CBapOYHasi Jyra «IPUBA3BIBAETCA» K KaIlIe Yepes3
AHOZHOE ISITHO pafuyca Rp (puc. 2). [lna onpenee-
HMSI Pa3Mepa aHOLHOrO IISATHA HA Karljie TPeOyeTCs rpi-
BJIEKATDH CaMOCOL TaCOBAHAYIO MOZEJIb, OITMCHIBAIOLLYIO
TEILIOBLIE, JJIEKTPOMATHUTHBIE M MarHuToraso(rug-
PO)-AMHAMUYECKIe TPOLECCHl B Karje ¥ CTON6E Ayru
C VYYEeTOM TIIPOLECCOB, MPOTEKAWLWWX B aHO/HOMN
obsactu [16]. [ns ynpoueHns MORe/ M BeJIHYUHY R,
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MATEMATUYECKOE MOAEJAHPOBAHHE B CBAPKE

6yneM cyuTarb 3amaHHOil. B muasme cronba ayru,
TIPUMBIKAIOIEH K aHOLHOMY IATHY, TOJIOXHUM, YTO CBa-
POYHBIH TOK PACTEKAETCs B KOHYCE C 3aJaHHbIM YIJIOM
packpbiThs B (cm. puc. 2).

TIpubamKeHHO MOJIOKUM, YTO IJIOTHOCTH TOKA B
Karle 3a IpefesaMyl aHOJHOTO MSTHa O6PATHO IMpo-
NOpUUOHAJbHA MUIOLIAAM CEUYEHHUS KallIM. B cuiry aTux
JOTYH{EHUH paclpefe/ieHne aKCHAJbHOH KOMITOHEHTBI
] TJIOTHOCTH TOKa 3alldIlleM B BUE

%—2,0>z>2p,0<r</z,

. nh

]3(2):
;RZ, 2, > z2>>=Ly 0 <r <R,
s a

rae Ry(z) = R, + (2, — 2)tg B — Texyumumit paguyc Ko-

HycCa DacKpbITHsI TOKOBOro KaHasa. OrpelesuM CHIY

Jlopenua ﬁ:]ﬁ. Ilpu ycnosuu, uto j, = 0, umeem
2

F, = ~lgl ijf, F,=—uu = i, rAe L — MarHuTHas
2 8 3z

TIPOHMIAEMOCTb METaJLIa; g — YHUBEDCAJIbHAS Mar-
HMTHAast TIOCTOSIHHAsA. 3aMeTuM, uTo F, eCcTb BesTMYHMHA
nopaaxa O(r?), 10O3TOMY aKCHAJbHYIO KOMIIOHEHTY
cuinl Jlopedua B ypasHenun Aswxenus (14) MOXHO
He TIDHHUMAaTb BO BHUMAaHME. BpINuIIeM BbIpaXKeHUe
[JISt MAHUTHOIO AaBJIEHHS] Ha OCH KanJu

Mol [
e 0T
pmagn: MO\u 12
4 R 7 e
a

Metoauka yucaeHHoro pacuera. [Jig ocTpoeHus
aJTOPUTMOB YUCJAEHHOrO pemenuss samau (4)—(7)
(rugpocratuyeckast moaens hopmbl kanau) u (6), (7),
(14)-(16) (auHaMuveckast MOAEJb) 11€1eCO06pa3HO
nepeiTu k G6e3pa3MepHbIM NepeMeHHbIM. Brenem Ges-
pasMepHble TepeMenHsle z = z/a, h = h/a, s =s/Sy.
B nepemennbix %, z, s 3agaua (4)—(7) 3anuceiBaetcs
B BUAE

i_(ﬁsin@):(—’y?+2f0)7z'%, 0<s<1; 7)
os os

d—?:S‘dcose, d—_: L sing, 0<3<1; (18)
S ds
80)=0, A0)=0, z1)=0, A)=1; (19
{
ngd.(zz s'm(e)d_zlsdy (20)
0 a
— . P _P .
ey = (a/0)% Sy = Sy/a; Ky = ﬂ_oge-_t)'

B auxamnuecko#t momenu (14)—(16) BeemeM no-
TOJTHUTE IbHbIE 6e3pa3MepHbIe epeMerHble F = F/a?,

Ly=Lgy/a, K=ak t=tlg/a, V=ViNga, y=
= SUQ@/G. YpaBHEHHUS] AUHAMHYECKOH MOIeJH
(14)—(16), 3anucantpie OTHOCHTEIBHO GE3pazMePHBIX
TIepPEMEHHBIX, NMEIOT BHUJ

DV 0 .~ = 10 [+ 9 )
1+=—= ==K +P"""ry ===V
Y[ Dt] 82( ) XW&)Z[ 0z )
“Ly<z<0; (21)
8_1j+@:0; Ly <2z <0; 22)
at 9z
z [ -
a—izSdsinG, —=S,c080, O0<s<1; (23)
ds s
665, Dkoo=0, &G Dh-o=0, 2G5, Dk-1=0,
—— —_ dr,
R, D=1, VG Do ZE”,, (24)
—_ Y,
VG, Bk, = ==,
(‘S )" 1 \[97
Tre DbV _9 +V — — cy6CTaHuMOHaNbHASA TIPOU3-
Dt ot = oz
maan an()na
BogHas; P™%9%(z) = — — — 0e3pasMepHOe MarHuT-

Hoe pasjenne, B momesnn (20)—(23) HesaBucumsIMU
TlepeMEeHHbIMHU ABAAIOTCS 6€3pasMepHoe Bpems ¢ 1 6es-
pasMepHast UIMHA AYTH S, & B KAYeCTBE MCKOMBIX Xa-
paKTepPUCTUK BbICTyTIaT dGyHkwu V, 0, z, i, Sy, a
TaKXKe NnapameTp Sy.

Pemenue sagasau (17)—(20) 6ynem ncKatsh METOLOM
KOHEeuHbIX pasHocTedl. Ha oTpeske 0 <s < 1 ¢ warom
As BBeaeM DaBHOMEDHYIO CETKY Wy = {s; = iAs, i =
=0, N, NAs = 1}. Ha cetke w, sagaue (17)—(20) no-
CTaBUM B COOTBETCTBHE €€ Pa3HOCTHbIH aHaIor

ﬁi+]sin6i+,—72—,-sin6,~_1
5 2

ZitZi |- R (29

X[QKo‘Y : 21 ] ~ i=0,N-1;
Fioy— R cos B, +cos B,

A_ =24 2 3
P . . (26)
i+y T2 — Sin By, +sinB;

Z S_ l:Sd T 1 , Z:OT T
As 2
N-l— &
/7'+/Z"+ — _ Vd 27
nY @ — ) = 27
i=0 2 a
90 = 0, 7{0: O, ;N = 0, EN =1. (28)

Vpasuennsa (21), (22) pgunammuyeckodl MOAew
(21)-(24) 6ynem annpoKCUMHUPOBaTh Ha CETKE M, =
= {z;,1=0, N}, ya/bl z; KOTOPOH OTPEAEAAIOTCS Ty TEM
TIPOEKUMH Y3JI0B CETKH s Ha 0Ch z. Cy6CTaHunoHa b-
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Hy10 nipousBoanyto B (21) 6yaeM anipoKCUMHPOBATh
Ha JIOKaJbHOM sarpaHxeBodt cetke [17]. PasnocThbiit
aHasor ypasHenui (21)—(24) sanuvwem B Buae

1 —V,'_V,'h
yil+—%—]=

'Hlagﬂ — "‘(1 n
2K1+|/2+Pz+1/2 2K,—1/2 P; 91/2+

2i+1/2_2i—|/2
X
— - X
Fizi. 12) T Zi- 12 (29)
. ‘_//l.ll‘_-‘_/-” - V V w
i=1,N-1;
— - —
V,'_V, 2}’<i+ _2Ki
Y(1+ T [— ]/2_— , i=1; (30
N J 2iv2 T4
1 F,-H+77,- _ — Fi+1+FiU Y _|
T 5 @i 2,‘)“2 Ziyy T Zi) |t
’ _ )
— S Zit Zr+l}
F1+1‘V1+1_ T J,
P (31)
—lzi—z =
+F‘L - ~vi}=o, i=0, N—1
60:0, FOZO: EN_O: szi,
_ V]
e (32)
0 T N‘\/g—a"
1sin®;  0isy - L0<i<N,
2R 3(,AS ‘
K;=1K, i =N, (33)
6i+l_ei . 0
Sias T

B (29)-(33) BBezenn creayiomue o603HaYEHUSA
juist cetounnix GyHKuMit: g; = g(s;,4), g =V, F; §; =
=9 th-1).9=V.F, 2,9 =90, T-1),9=96 K,
Zix12=0,5(z; + 21 4), Kisi2=0,5K;+K;+1),

v,
20
151
10
O6tactn
YCTOHYMBOCTH

sL KA

1 | —1 i

1 2 3 4 a

Puc. 3. [marpamMma yCTOHYHMBOCTH PaBHOBECHOI Kallli

P = 0,5(P1" + Py ), Vi==V(Z, Th-y), 2 —

y3eJ1 JIOKAJIbHON JAIPAHMEBOH CATKM B MOMCHT BpE-
MeHU f = [, . PellleHHe CHCTEM HEMMHEHHDLIX CETOM-
HeIx ypasucinit (25)=(28) n (29)—(33) Haxoammn me-
Tonom HptoToHa.

PeayabTtatnl pacuyera ux oOcyskaenne. Xapaxtep-
HOU 0cOGEHHOCTBIO 3aga4uu 0 hopMe KarIu B [ILAPOC-
TATUYECKOM NIPUOJIVIKEHHU SIBJISIETCS] HEYCTOHUMBOCTD
pelleHst, KOTOpast MPOSIBISIETCS MIPH ONPEACIeHHbIX
COOTHOLUEHMAX Mex Ay 06beMoM (Maccoit) Kariv u ee
pasMycoOM y OCHOBaHMS. AHANM3y YCTOHYMBOCTH DaB-
HOBECHOH KaIJM ITOCBSIIEHO MHOXKECTBO paboT. B yac-
THOCTH, B [3] yCTaHOBJEHO, Y4TO HEOOXOMAHMbBIM YCJIO-
BMEM YCTOMYMBOCTH KaILIN SBJISETCS HAJYHe He 6oJiee
Tpex TOYeK Ha CBOSOAHOW ITOBEPXHOCTU, B KOTOPBIX
KacaTefibHas apasijiesibHa OCH KarJjH.

Ha puc. 3 npuBeseHa guarpamma yCTOH4HMBOCTH
Kanjau B 6e3pa3MepHbIX MePEMEHHbIX — OTHOCHTEN b
HOTO PafMyCa OCHOBAHUS KAILIM & = VY 1 OTHOCHTEb-
HOro ofbeMa Kariu V= Vd/a3. B cootBercTBUHN C
3TO AuarpamMMod CyuecTByeT MaKCHMaJIbHBIH OTHO-
CUTENBHbIR PagMyC OCHOBAHUS Ay — 3,83, MpH Tpe-
BBILIEHUM KOTOPOrO Kalljsg HE MOXKET YCTOHYMBO Cy-
[IIECTBOBATh HM IPU KAKUX 3HAUYeHUAX obbema V. B
uaTteppate 0 < a < 3,83 kaska0My paanycy OCHOBaHHS
Karji @ COOTBETCTBYET IMPEAETbHBIA OTHOCHTC.ILiibIH
o6bem V™| ipu npeBplieHNK KOTOPOTO KATLis TepsieT

ycTONUMUBOCTh. JIMHUS pgex - ymax

(@) pasrpaHM4H-
BaeT 06AaCTH yCTOMYMBOrO M HEYCTOUUMBOLO COCTOS:
vus karsm (M. puc. 3).

3asucumocts V(@) ABAsETCS HEMOHOTOHHOIN C
MaKCHMyMOM TIpH @ = 3,2. Mogesb GopMbl Karti,
sanucanHas B mapamerpuueckoit opme (16;-(19),
[03BOJISET DPACCYUTHIBATE CBOOOAHYIO IOBCPXHOCTD
KallJlM CIOXHOU dopMbl. PaccMOTpuM cayuait Hepas-
HOMEDHOIO PAaCIpEAENEHNH BHEIIHETO AABJIEHUS F oy
BAOJIb CBOOO/IIION MOBEPXHOCTH, KOTOPOE, HANPHUMED,
MOJKET BO3HMKATDb 34 CUET [(*BJEHHUS OTAAUHM TADOB Me-
TaJJia IpY KOHBEKTHBHOM pEXXHMMe pasJjera mapa. Ha
puc. 4 mnoxasana $oOpMa Karsu, pacCyuTarHas NpPH
JlaBJIEHUN OTAA4YM TApOoB, npepplwaloneM atmocd)r
Hoe Ha 10 % B6AM3M KOHUYMKA KaIUHH 1 JHHEHHO CHU-
JKAWWEMCS 10 aTMOC(EDPHOro Ha y4acTKe CBOGOAHON
MOBEPXHOCTH KAILIU ¢ /JMHON Ayru s (Ha puc. 4 310T
YHACTOK MTOKA3aH JKAPHON Junmett).

OLUEHHM BO3MOXXHOCTb MCIONb30BAHUS THAPOCTA-
TUYECKON MOJEM AJIS IPOrHO3MPOBaHUsa (POPMBbI Kall-
JY B ycaoBuax c¢sapku. Ha puc. 5 npeacrasicHLI pe-
3y/AbTaThl PACYETOB MPEAE/BHO YCTORYBBIX DOp:
ness s anextponos guamerpom 1,2; 1,6 u 1,8 mm.
Paccyurtandsle pa3Mepbl PABHOBECHDBIX KaNelb CyLlec-

Ka-
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TBEHHO MPEBBILIAIOT OObIYHO HAO/II0LAeMble B peasib-
HBIX YCJOBUAX cBapKu. I pyrofl HegoCcTaToOK rMAPOCTa-
TUYECKOU MOJeny 3aKJ/I0YaeTcsl B TOM, YTO B PaBHO-
BeCcHOH Karie GopMUPOBAHUS Mepeleika, TpeamecT-
BYIOUIErO OTPBIBY Kall/iM, HE TMPOUCXOAUT LAXKE IPU
[JOCTYDKEHMHU TIDEAEIBHO YCTOHYMBOrO o6beMa. Takum
o6pa3oM, omnHcaHue rpouecca (GOpMUPOBAHMS KaIljiu
Ha KOHLE MUIaBALIEroCst 3/eKTpoAa AOJIKHO 6asupo-
BaThCS Ha MOJAEJIAX, YYUTBIBAIOWHUX THAPOAUHAMMYEC-
KHE IPOLECChI, MPOTEKAOIME B KarlJle,

Paccmorpum pesysbraTel pacuera hOPMHUPOBaHUA
KarneJb Ha OCHOBE AWHaMuyeckux mogeneit. B [6]
NPUBEAEHB! SKCIIEPUMEHTAJbHbIE PE3YJIbTaThl hOpMU-
POBaHMA BOAAHOHM KalJu Npw MeAsIEHHOM MCTEYEHUH
BOABI U3 TPyOKM AuaMerpom 5,2 MMm. Bocrmosbayemcs
9TUMM JaHHbIMM [/ BepuuUKanuu NPUOINIKEHHON
ruapoavHaMuyeckoi mMomenu (21)-(24). Ha puc. 6
NPEACTaBJIEHbl PACYETHbIE M IKCIIEPUMEHTAIbHbBIE OUEp-
TaHWA Kallld Ha cTaguu (hOPMUDPOBAHUS HEOCDEACT-
BEHHO TEpea ee OTpbIBoM. Kak BHMAHO W3 DUCYHKA,
Pe3yJIbTaThl PACYETOB C BBICOKOU TOUHOCTBIO COBITafa-
I0T € 3KCHePUMEHTAJIbHBIMU AAHHDBIMY. AHAJOTHYHBIN
pes3yJbTar IoJyueH paree B padote [1]. OTMeTM, uto
BpEMsA pacyeTa C UCI0Ib30BAHHEM NPUOTHIKEHHON rv-
poauramudeckot Mogesu (21)—(24) no kpaiixeir mepe
B 50 pa3 MeHblUe, YyeM TOro Tpefyer Pacyer AMHAMHKH
bopMOO6PA3OBAHUS KATIIIM, HCXOAS U3 TIOJTHON CUCTEMBI
ypaBHeHul ruapoausamuxu (8)—(11) npu ee peanusa-
unu ¢ moMoutpio naxera ANSYS CFX.

Pesysbrathl pacueTa guHaMuKy (OPMUPOBAHMS
KarIM 3JIEKTPOAHOro Metanna ans a = 0,8 MM noxa-
3aHbl Ha pUc. 7. PacyeTsl BHIMONHSIIHI [1PU CAEAYIOWIMX
YHUCJIEHHDBIX 3HAYEHUSX [APAMETPOB MOJAENU. C =

2z, MM

i L 1 i | i ] L

0 1 2 3 4 5 6 7 r, MM

Puc. 4. Koudgurypauus kaniu npu y4eTe JaBJCHHS OTAAMM NAPOB
MeTasa

=1,8 H/™M, p = 7800 KT/ Mo CKOPOCTH MOAAYY TIPO-
BOJIOKY, AUAMETP IJIEKTPOJA U CBADOYHBIH TOK Bapbir
POBAJIH,

Ec/au He MPUHUMATH BO BHUMAHWE BJMSHHE Mar-
HUTHOIO AaBJIEHHSA, TO Pas3Mep KAIJW 3JEeKTPOAHOTO
METaJLIA TaK XKe, KAK U B CJIyuae PABHOBECHOW MOJENIH,
TOJIy4aeTcss HelpaBaonoao6Ho Gosbiuum (cM. puc. 7,
a). Jlns ydera marnutHoro gassaerus (cm. puc. 7, 6)
MOJIOXKUM, YTO PAAMNYC AHOAHON «IIPUBSISKU» AYIH Da-
BEH TeKYLEMY MAaKCUMAaJbHOMY paguycy xammau. Pac-
CYWUTAHHBIA [PU 3TUX YCJIOBUAX AMAMETD KallJU B MO-

1 2 :
a 6

3 aant
¢

Puc. 5. Mopma upeaenbHOM paBHOBECHOH KaMuM ANl PadiudIibiX PAAMyCoB aJextpoaa: d — a = 0,6 mm, Ly =6,6 mm, m = 0,57 1, 6 —
a=07mM, L; =70, m=0,66r;,6 — a=08mm, L,=7,3mm, m=074r
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0 1 2 5 7, MM

Puc. 6. ConocTaBneHue pacyeTHOM 1 dKCUEPUMEHTAILHOR POPM BOAAHON Kalliu

. 0,0055 0,059 0,307 0.7 0.712 L e
2 ; ' | : d.
4 ' z a i
6 - : . : 2
8 i
100 __ L - . 1 i
012 3 012 3 012 3 012 3 0123
a
0,0016 0,02 0,078 0,119 0,124 I e
o —ll : . B .
> o : - i ! B
Al : - ! ' i
' + 1 }
6 . J N . N
012 3 0t 2 3 012 3 012 3 012 3
6
0,0087 0,012 0,0123 0,0124 0,0126 fe
o - 3 e gl — . -
) : J . 1
L ] L :
012 3 012 3 012 3 012 3 0L 2 3 5

14
Puc. 7. IunaMuka POPMHUPOBAHHSA KAUIH HA KOHUE [1aBAWErOCs CTaNbHOrO 9JeKTPoAa; @ — 0e3 yuerTa MarHuTHOTO AaBaenus; @ = 0,8 Mm,

v, = 4,3 M/Mun; 6 — C y4CTOM MaTHUTHOTO AaBJEHMs [PH CBAPKE Ha HOCTOAHHOM Toke; ¢ = 0,8 Mm, v, = 10,5 m/mun, [ =180 A; ¢ —
C y4eTOM MarHUTHOTO JaBJEHHA NIPH HMOYJLCHO-AYroBoit capie; a = 0,6 MM, v, = 8,4 M/ Mun
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B CBAPKE

PeSyJIbTaTbI BbIYUCJIUTEJbHDBIX JKCINEPUMEHTOB € UCIIOJb30BAHMEM PA3JIHYHDBIX Moaesedt CI:)OPMPIPOB&HHR Karmiu

!| Tun Moacau a, MM I v, M/MuR Va, M Ly, mm Ty C
II [wapoctaTuueckas Moxesib 0,6 - 73,08 6,58 | |
| 0,7 - 84,62 6,96 - |
' 0.8 - 9487 | 731 S '
[IpuO.iKeHHas THAPOAMHAMIYECKAS MOAETD 0.6 4,3 77,64 7,08 0,96
‘ B 10,5 79,56 741 | 040 |
! 0,7 4,3 90,16 7,62 _Q,,g;_i.
‘: 9.4 92,80 7,66 0,38 ‘
0.8 4,3 102,88 8.14 0,71 [
8,4 106,10 8,20 0,38 ”
10,5 107,03 8,20 030
[IpuGiKenHas ruAPOMHAMHYECKAS MOLESD C YHETOM 0,8 l 10,5 43,20 4,37 : 0,12 |
MATHUTHOTIO A3BJIRHUA |
|‘ [Tpumeuanue. Ty — Bpemsi GOPMHPOBARUA KATLIH. - ]
MEHT ee OTPDBIBA COCTABJISIET OKOJIO 2 MM, 4TO B 60sbiueit 1, A
CTEMEeHU COOTBETCTBYET IKCIEPUMEHTANBHBIM JAHHBIM, 375
[Ipoc/iennm BIMSHKEE UMITYJIbCA TOKA HA OBeaenne 390 ©
Kan/jyu Ha TOpue 3JeKTpoga. MoayJIHpoBaHHBIN TOK 300 F
3alaBaJsIH TIPSIMOYTOJIBHBIMU MMITYyIbCAMU C YACTOTOR 954 L
cneposasus 50 I ¥ MUIMTENBHOCTBIO MMITyJIbCa ¢ = 200 -
= 0,004 ¢ (puc. 8). Ilpu pacyerax moJjaraioch, uTo isob
pafuyc aHOAHOM «ITPUBSI3KU» IYTH K KalJje PABEH pa-
LIHYCY 3JEKTPO/IA. 100 7
OTMETHM, YTO MarHUTHOE AaBJeHUe JOCTHraeT M- >0 30
HMMyMa B TeX CeYyeHUsIx Z = const xanuu, rae nJjor- Ofm OJ,O2 0"03 ol,o4 P e

HOCTb TOKA MUHMMAaJIbHA. B CBS3M C 3TUM HA Da3IUY-
HBIX CTaAMsAX (QOPMUPOBAHUS Kariu O6beMHasi ak-
CHaJbHAsl CUJIA, CO34AaBAEMasi IPalUeHTOM MarHUTHOTO
[ABJIEHUS, MOXET U3MEHSITb KaK 3HAaueHWe, TAK U Ha-
npaBieHue AeHcTeusi. B ToM caydae, Koraa ayra oxsa-
TBIBAET KAIJIIO LEJMKOM, YKA3AHHAs CUJIa HaflpaBJleHa
K KOHYMKY Karuin. HanpoTtus, ecju paauyc NpuBs3Ky
YT MeHbIIE MAKCUMATIbHOTO paAuyca Kariy, o6beM-
Hasi aKCHaJbHasi CHJla U3MeHsieT HampaBJieHue — y
KOHYMKA KaIlJIM OHA COBMAJAET C HATIPABIEHUEM CHJIbI
TSKECTH, @ B HIDKHEH YacTu Karju JeHCTBYeT B [Po-
TUBOTIOJIOKHOM HanpasJieHnd. VIMeHHO Takasi cuTya-
LU peanu3yercs, ecau TOJOXHKTb, YTO PaAnyC TIpHU-
BS3KM AYTH paBeH pajuycy saexTpoia (cm. puc. 7, 6).
Ion geficTBHEM 3TOM CHUJIBI B MOMEHT TIOAAYM UMITYJIBCA
toka (¢=0,012 ¢) xanis, M3HAYaIBHO 110 (pOpME 6113
Kas K cepuyeckoli, n1e@opMUpPYeTCsl, NOATSITUBASICH
6JIKe K OCHOBAHUIO, NIPU STOM CBOGOAHASE -TIOBEPX-
HOCTb Y KOHYHKA Kamau yriomaercs. [TogobHbii ad-
dexT HaOIIONAETCS IPK BHAEOChEMKE (DOPMHUPOBAHUS
Kang B YCJOBUSX UMIIYJIbCHO-AYTOBOU cBapku. Ot
MEeTHM, YTO HE BCerga OQHOIO MMITYJIbCA TOKA OBIBAET
JAOCTATOYHO [UISI OTPBIBA KAILIH, KAK, HATIPUMED, B AaH-
HOM BBIYMCJIHTENBHOM SKCrepumente (cM. puc. 7, ).

Puc. 8. Bpemennas nuarpamMa CBapo4HOrs TOKa

B ta6nuue cBeseHbl pe3ynbTaThl pacyeTos hOopMu-
POBaHMSI KalleJb 3JIeKTPOAHOIO MeTalna, M0y YeHHbIe
C WUCMOJIb30BAHNWEM DA3JUYHBIX MOJEJeH Kamiu: ruf
POCTATUYECKOH, NPUCAMIKEHHON TMAPOAMHAMUYECKON
C y4eTOM MarHUTHOrO AaBJjerus u 6e3 Hero. I3 npuse
[NEHHBIX JAHHBIX CJeAyeT, 4To HauboJee aJeKBaTHBIMA
TEOpeTHYeCKMil IPOrHo3 pasMepa Kalljik U 4acTOThl Ka-
NeJbHOTO NepeHoca AaeT I’MAPOANHAMUYeCKasi MOAEND,
YUYUTBIBAIOLAs MAarHUTHOE AaBJIEHUE.

Boisoabl

[IpoBenennbll CPaBHUTEJBHBIH aHAJHU3 Da3NHUYHbIX
MOAXO0J0B K MaTeMaTH4eCKOMY ONMCaHHUIO MNpoLecca
POPMUPOBAHHUS KaIJIM SJE€KTDOAHOrO MeTajsa MoKa-
3bIBAET, YTO HEOOXOAUMDBIMY YCIOBHSIMU [JIs1 aleKBaT-
HOTO TIPOrHO3MPOBAHUS XapaKTEPHUCTHK IIPOUECCOB
POpMUPOBAHHS U [TEpEHOCA KalleJib IIPK AYyroBOH cBap-
Ke TIIaBSIIUMCSL 3J€KTPOAOM SIBJISETCS YYET B MO/IE/IH
KaTlJIM MYApOJAMHAMUYECKHX MTPOLECCOB U BO3/eicTBus
Ha JKUAKUI METajs 3JEKTPOMarHMTHOH cuubl, B xa-
4ecTBe aJbTEPHATHUBbI NMOJHOM THAPOAMHAMUYECKOH
MOZEJNM Kallid MO’KeT BBbICTYIaTb TNPUOIHMKEHHAA
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ACUMIITOTUYECKAsE MOJIeNb, TIO3BOJLIONAsA ¢ AOCTATOY-
HOW TOYHOCTBIO MPOTHO3KMPOBATH NIEPEHOC Kafesib 3Jiex-
TPOAHOrO MeTallja, 3aTpavyMBasi Ha 5TC B COTHU pa3
MEHDIIHe BbIYUCIUTENbHDbIE PECYDPCDI, YyeM 3TO Tpely-
ercs JIJIS peaju3aliy MOJCJM HA OCHOBE IIOJHOU
CHCTEeMBI ypaBHEHHH ruapoarHaMuKu. Baxubim dak-
TOPOM, ONpPEReSIOIUM Pa3Mep Karesb M YacToTy MX
TIEPEHOCA, $IBASETCS CHIIOBOE BO3JAEHCTBHE 3JEKTPO-
MATHUTHOTO TOJIsA, OCOOEHHO CUJIBHO MPOSBISIOUIEECS
[pU CEAPKE MOAYJIMPOBAHHBIM TOKOM. Maoenb cunio-
BOTO BO3JeHCTBUS CBADOYHOrO TOKA Ha npouecch! Gop-
MHPOBAHMS M OTPbIBA KAILIM, PACCMOTPEHHAS B HACTOS-
et padore, ABJASETCS MEPBBIM M BeCbMa rpyObIM
LpUOTKHUEM DeabHON KapTHHBI TIPOTEKAHUS TOKA
B MeTaJie Karuiu. /lasbHeillllee yTouHeHne 3TOH Mo-
JeSii NOJOKHO ObITh CBSI3aHO C OTKa30M OT TMIIOTE3bI
06 OTCYTCTBUM pPAAMANBHON KOMIOHEHTBI BEKTOpa
IIJTOTHOCTH TOKAa B Kamnae u 6ojiee afeKBaTHbIM OITH-
CaHMEM 3JIEKTPHUYECKOrO IMOJS B CUCTEME <«Karas—
aHogHast 06JacTL—CTONO AYrH», KOTOPOE AOJDKHO 6a-
3UPOBATBHCA Ha TMOJHOU CaMOCOrJIACOBAHHON MOIEH
[IPOIIECCOB TIEPEHOCA TeIJa, WMITyJbca M 3apsia B
tako#t cucteMe. B wactrocTy, pasmep obmactu aHOM-
HOW «MPUBSI3KU» — TApaMeTp, BO MHOTOM OTBETCT-
BEHHDIN 32 XapaKTEPUCTUKH KATIENbHOIO TIEPEHOCa, —
MOXKET ObITh OLIEHEH TOJBKO M3 CAMOCOrJaCOBAHHOIO
OMMCAHUS TETIIOBBIX, MEKTPOMAaTHUTHBIX 1 ruapo(ra-
30)IMHAMUYECKVX TPOLECCOB BO BCEH CHUCTEME <«Kall-
Jas—aHoxHasl 06aacTb—CcToN6 Ayrv» . ABTODDBI MPEATIO-
JIaraloT TIPOAOTKUTD UCCJIEN0BAHHS B 3TOM HaIlpaBJie-
HUW, UCTIONBAYSE [IJI 3TOM LI€IM PA3BUTDLIE B HACTOSIIEH
paboTe TOAXOMbI.
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NUMERICAL INVESTIGATION OF THE EFFECT
OF PULSE LASER-ARC HEAT SOURCE ON METAL

Semenov I.L., Krivtsun I.V. and Demchenko V.F.
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Development of new heat sources, which enable to control concentration of heat energy put into metal, is a relevant
problem of fusion welding. As such a source in recent years, combined laser-arc heat source is used more often. This
type of source is designed in such a way that electric arc and focused laser radiation interact with metal within the
bounds of common heating zone. However, peculiarities of mutual influence of laser and arc heat sources and their
combined effect on different metals are not well known, especially if the case of pulsed laser and arc sources is considered.
[n this paper, a self-consistent mathematical mode! of heat transfer processes and gas-dynainic processes at processing
of metal by concentrated pulsed heat source is proposed. A detailed numerical analysis of convective evaporation of
metal and formation of laser-induced plasma at pulsed laser processing is carried out. A numerical study of plasma
parameters and heating properties of laser-arc discharge is accomplished on the basis of proposed model, model of anode
processes and model of physical processes in laser-arc discharge column, which were proposed earlier.

The study of interaction of pulsed laser radiation and
combined pulsed laser-arc heat source with metals
plays a great role in the development of fusion wel-
ding. Such interaction includes absorption of the laser
radiation by the metal surface, heating and melting
of the metal, as well as its convective evaporation
and formation of the laser induced plasma. Theoretical
investigation of the physical phenomena mentioned
above has to involve elaboration of a mathematical
model for each of them. In the general case, these
models cannot be applied separately, since there are
strong correlations between them through the bound-
ary conditions. Particularly, solution of the metal
vapor gas-dynamic problem is required to calculate
heat losses due to evaporation which determine bound-
ary condition on the metal surface for solving the heat
transfer problem. On the other hand, the metal surface
temperature value is required to specify the boundary
condition for the gas-dynamic model. In addition,
formation of the laser-induced plasma can lead to
absorption of the laser radiation and consequently
exerts influence on the temperature field in the metal
workpiece. Moreover, formation of the plasma can
change the gas-dynamic flow pattern.

In this paper, a self-consistent mathematical model
of gas-dynamic and heat transfer processes at pulsed
laser and combined pulsed laser-arc processing of me-
tals is proposed. This model enables to study processes
of metal heating, melting and evaporation together
with gas-dynamic processes in the metal vapor flow
and formation of the laser-induced plasma. A detailed

© SEMENQV L.L., KRIVTSUN 1.V. and DEMCHENKO V.F., 20t0

numerical analysis of these processes was carried out
based on the suggested model. The radiation of pulsed
Nd:YAG laser was considered. The laser pulse dura-
tion was 1 ms, and the laser radiation intensity chan-
ged within the limits of 10%:10% W /cm?. As an ex-
ample of the metal being processed a low carbon steel
workpiece was considered.

Self-consistent mathematical model. The sugges-
ted model of the physical phenomena, taking place at
pulsed laser and combined pulsed laser-arc processing,
consists of a model of heat transfer processes in a metal
workpiece, a model of gas-dynamic processes in a mix-
ture of surrounding gas and the metal vapor, a model
of the Knudsen layer (a thin layer adjacent to the
interface in which translational non-equilibrium of
vapor particles prevails) and a model of laser induced
plasma formation. In order to study heat transfer in
the metal workpiece, the transitional heat transfer equ-
ation is examined. Gas-dynamic processes are conside-
red based on the non-stationary Euler equations for
gas mixture. The model of the Knudsen layer proposed
by Knight [1] is accepted. In addition, the Knudsen
layer is investigated using the model kinetic equation
(BGK) [2]. This analysis was made to define more
precisely the coefficients in the Knight’s model. The
mode! of plasma formation is required to describe evo-
lution of optical discharge above the workpiece surface
and to calculate electron density, laser radiation ab-
sorption coefficient and net emission coefficient for
laser-induced plasma. In this study the model, propo-
sed in paper [3], was used. The value of net emission
coefficient was taken from [4].
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Figure 1. Schematic view of the system under consideration

Heat transfer processes. At first, let us consider
a model of heat transfer processes in the metal work-
piece which is heated by pulsed concentrated heat
source (laser pulse or combined laser-arc source). It
is assumed that the spatial distribution of the laser
radiation intensity is symmetric with respect to the
laser beam axis. According to this assumption, we
consider the heat transfer equation in axisymmetric
formulation. A cylindrical coordinate system is used
(Figure 1).

In this case, z-axis is normal to the metal workpiece
surface and its direction coincides with the laser beam
propagation path, r-axis is directed along the work-
piece surface. Using this coordinate system, one can
write the non-stationary heat conduction equation as
follows:

or 1 9 oT d oT
Dp(T) —=—— — |+ = —
c(Typ( P {rx(ﬂ arj+ . {X(T) az]’ (1)

where ¢(T) is the metal heat capacity (taking into
account the latent heat of melting); p(7) and x(7")
are the metal density and thermal conductivity, res-
pectively. These properties for low carbon steel are
taken from [5]. Equation (1) is considered in the
domain 0 <7 < R, 0 <z <L, t>0. As the initial
metal temperature the temperature of the surrounding
gas T is accepted. The boundary condition on the
axis of symmetry » = 0 is given as

A, rel. un.
0.4

0.3
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0.1

0 —1 1 1
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Figure 2. Temperature dependence of low carbon steel absorptivity
for Nd:YAG laser radiation
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2000
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or 'r=0 =0

(2)

It is assumed that heat periurbation does not reach
the outer boundaries of the considered domain during
laser pulse. Consequently, the temperature on these
boundaries does not change:

T(r, L, t)=T(R, z, t) = T,. (3)

The boundary condition on the metal surface z =
=0is
oT

_}\'(T) ¥|z=0

=Q, = QO ~ Q. (4)

Herc Q,(T,) = ec(T4 - T8 + T, — Ty) is the
heat losses due to radiation and convective-conductive
heat exchange with surrounding gas; T(r, 0, t)
is the metal surface temperature; € is the emissitivity
factor: ¢ is the Stefan—Boltzmann constant; o is the
heat exchange coefficient; Q.(T) = kQ,(T,) is the
loss of heat due to evaporation; x is the specific heat
of evaporation; Q,(T,) is the specific mass flux of
metal vapor; Q,(r, £) is the space-time disiribution
of the heat flux put into the metal. Heat flux due to
laser radiation absorption can be written as

Qulr, ) = ATHP(r, 1),

™ _
ig =

(5)

where A(T) is the metal absorptivity of laser radia-
tion depending on the metal surface temperature, and
P(r, t) is the space-time distribution of the laser ra-
diation intensity. Heat flux due to arc source will be
given later. Assuming Gaussian distribution for laser
radiation, one can define P(7, £) as follows:

\

Py exp —%}atOststp, 6)
P, t) = 7o

Oate>1t,

where 7y is the focusing radius, and ¢, is ihe laser
pulse duration, Maximum intensity Py dcpends on
the total power of the laser beam QY in the folivwing
way:

Py = 20° /r. ()

The absorptivity A(T,) of low carbon steel for
Nd:YAG laser radiation is calculated using data from
[6-8). The temperature dependence of low carbon
steel absorptivity for Nd: Y AG laser radiation is shown
in Figure 2.

In order to define the losses of heat due to evapo-
ration, it is required to calculate the specific mass
flow of metal vapor Q,,(T,) which depends on the
surface temperature. The value of this mass flow is

194



MATEMATHYECKOE MOJE/HPOBAHHE B CBAPKE

governed by the gas-dynamic processes which take
place during the convective vaporization of metal into
surrounding gas. Thus, let us move to the model of
gas-dynamic processes.

Gas-dynamic processes. The gas-dynamic flow is
studied on the basis of the axisymmetric non-statio-
nary Euler equations for gas mixture. If the coordinate
system (see Figure 1) is assumed, this set of equations
can be written as follows:

U oF 3C ¢
8t+8r+82’_ 7+G ®

where 2" = —z, and

T =(p,, 0, pu, pv, E),
F= (pu, pu, pu + p, puv, (E + pu),
G=(pyv, pu, puv, pv’ +p, (E + p)),

F= (o, pu, pi?, (E + pu),
@: (O, O’ Ov chr(ry Z/; t) + an.x‘(rl Z/, t) - Qé’llliAS(rl 2/: t))

Here py is the metal vapor density; p and p are
the density and pressure of vapor-surrounding gas
mixture, respectively; u is the radial velocity; v is the
axial velocity of the mixture; E is the total energy of
the mixture; Quus(r, 2°, £) is the heat generation re-
sulting from absorption of laser radiation by metal
vapor; Qg (r, 2/, t) is the Joule heat generated by
arc current; and Q,,iss(7, 27, ¢) is the heat loses due
to emission of arising plasma. The total energy of the
mixture is E = pu?/2 + pv?/2 + pe, where the inter-
nal energy of the mixtureise=p/ply —1),y=5/3
(monoatomic gas is assumed). The boundary problem
for (8) is formulated in the domain 0 < 2/ <L’, 0 <
<r< R, t 2 0. As the initial data, the parameters of
undisturbed surrounding gas are accepted. The bound-
ary condition on the axis of symmetry » = 0 is given as

L

u=0, —=0, =
ar

)

On the outer boundary 2" = L’ the boundary con-
dition is

9T
=0, 10
o (10)
and on the boundary » = R the condition is
9T
—=0 (10
or

The form of the boundary conditions on the metal
surface depends on the value of the surface tempera-
ture T, If T((r, t) is less than melting temperature,

the boundary conditions are written in the following
way:

3]
» _y
0z

v=0, — =0 (12)

If T,(r, t) is greater than melting temperature,
one can calculate the pressure of the saturated metal
vapor p,(r, t) using Clapeyron—Clausius relation. Fur-
ther, if

lim p(r, 2, £) = p(r, +0, &) 2 py(r, ),

Z =540
the boundary conditions are defined as in (12), ot-
herwise these conditions are given as
v(7, 0, £) =1y +

]J(?’, O: t) ~ P+
+ ’

VEL 100, 0, 01 + 1)+ paoty = D)

(13)

w(r, 0, 6)=90, p(n 0, H)=p( 0,0,

p(r, 0, &) =p(r, 0, ORT(r, 0, ¢).

Here R =% /M; k is the Boltzmann constant, and M

is the metal vapor particle mass; lim p(r, z, £) = P4,
z—+0

lim p(r, z, &) = pyo; lim v(r, 2, £) = V4. The bound-

z—+0 z— +0

ary conditions (13) should be supplemented by con-
ditions on the external border of the Knudsen layer
which can be written in the following form:

T(r, 0, £)/Tr, t) = F (m), (14a)

p(r, 0, £)/04(r, &) = Fo(m), (14b)

where m = v(r, 0, t) /\N2RT(r, 0, £), and ps(r, £) is
the saturated metal vapor density. To define two fun-
ctions F/(m) and Fy(m), a consideration of the Knud-
sen layer is required. According to the described model
of the gas-dynamic processes, the vapor mass flow
near the metal surface can be determined as follows:

Qu =0, 0, yo(r, 0, ).

Model of the Knudsen layer. As mentioned above,
in the present paper we use the well-known Knight’s
model of the Knudsen layer [1]. In this model the
Knudsen layer is considered as gas-dynamic disconti-
nuity with the corresponding jump conditions expres-
sing the conservation laws. Generally speaking, the
most accurate analysis of the Knudsen layer can be
accomplished by solving the Boltzmann equation (or
its simplifications). This way requires solving of the
kinetic equation in the whole domain of flow, but it
is a very difficult and time consuming procedure in
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Figure 3. Comparison between Knight’s model and BGK solution

view of the complexity of this equation. Therefore,
some assumptions about velocity distribution function
of vapor particles on the Knudsen layer borders are
made. These assumptions in conjunction with the con-
servation laws allow us to derive the following jump
conditions:

T(r,0, )
T, 6

r {
. -1 —
= \/1+7IY ﬂw—\/ :
L KY+1 2

/
p(r, 0, 6)
pr &)
'\[ 35(?’, ﬁj !7 2 1\ m2 m:|
= W —\m + EJ € erfc(m) — E + (15b)
1 T, 0

Y m2
> T, 0. 6 {1 — Vame erfom)].

+

Equations (15a) and (15b) define the functions
Fe(m) and F,(m) in (14a), (14b). The value m in
(15a) and (15b) is connected with the Mach number
M on the border of the Knudsen layer as follows M =
=y/2m. From physical reasoning, the maximum
value of the Mach number on the border of the Knud-
sen layer is one. In this case, from (15a), (15b) we
obtain

T(r, 0, &) = 0.669T(r, £), (16a)

(7, 0, t) = 0.308p,(7, t). (16b)

In order to define the bounds of applicability of
the Knight's model a kinetic analysis was accomplis-
hed [9]. The Knudsen layer was investigated on the
basis of the one-dimensional non-stationary model ki-
netic equation (BGIK). For example, the comparison
between Knight's model and kinetic study is shown
in Figure 3, where the mass flow due to evaporation
for subsonic regime M < 1 is demonstrated.

For the supersonic regime of evaporation, i.e. M =
= 1 at the Knudsen layer, kinetic solution provides
more precise coefficients in (16a), (16b):

T(r, 0, t) = 0.632T (7, ), (172)

p(r, 0, £) = 0.368p(7, t). (17b)

The comparison shows that Knight's model gives
sufficiently grate error at definition of mass flow on
the boundary of Knudsen layer (up to 13 %). There-
fore, one should use the (17a), (17b) instead of (16a),
(16b) to calculate mass flow for supersonic regime of
evaporation. It is not so easy to correct Kuight’s model
in subsonic regime, but different estimates shows [10]
that for typical values of laser radiation iniensity the
evaporation occurs in supersonic regime.

Laser-induced plasma. Finally, let us consider for-
mation of the laser-induced plasma. In our model this
process is taken into account by terms Qu(r, 2/, ¢)
and Quumies(7, 2/, £) in (8). The term Qgp(7, 27, £) is
the heat generation resulting from absorption of laser
radiation by the ionized metal vapor, and the term
Qeumiss{r, 2°, t) is the net emission of the laser-induced
plasma. The heat generation due to absorption can be
written as follows:

Ous(r, 2, ) = ulr, 2/, OP(r, 2, 1), (18)

where u(r, 2/, £) is the inverse bremsstrahlung absor-
ption coefficient, and P(r, z’, ¢) is the space-time
distribution of the laser radiation intensity. Let us
consider again Gaussian distribution for the laser ra-
diation intensity of the initial beam

( 27 |
P\ R

Here QY is the total power of the laser pulse;
P2y = rd(1 + 2(2/28); and zg = nrg/k, where A is the
laser radiation wavelength; 7¢ is the focusing radius.

The absorption in the laser-induced plasma can be
taken into account integrally

20°

2, .~ €
nr,(2)

(19)

0 ’
Piuc(r’ Z) =

27 )

i) |
7

20,(0°, 2)
c

(20
)

Pinc(r» Z/) =

where Q,(Q 2') is the resulting power of the inco-
ming laser radiation. The total intensity P(r, 2/, ) is
the sum of the incoming beam intensity P,,.(r, z)
and intensity of the reflected by the metal surface
beam P,.q(r, 27), i.e. P(r, 2') = Py (r, 2') + P,pn(7,
2’). We assume that P,.n(r, 2’) is given as follows:

Preﬂ(rr Z/) = [1 _A(Ts(rr t))] x

20,0040° 0y [ 27
X———— X e
Tri(2)

2
)

QD
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Figure 4. Absorption coefficient for iron plasma

The absorption coefficient u(r, 2/, £) is calculated
in terms of the models proposed in [3] and [11]. In
the general case, it depends on temperature and on
pressure of the metal vapor. The dependence u(7') in
Figure 4 is shown for different pressures.

The net emission of the laser-induced plasma
Qemiss(r, 2°, t) is calculated with the help of the data
from [4]. This heat generation depends also on tem-
perature and pressure of metal vapor. The dependence
QemissCT) is shown for different pressures in Figure 5.

At this stage the description of self-consistent ma-
thematical model is completed. It includes (1) with the
boundary conditions (2)—(4) for the heat transfer pro-
cesses, (8) with the boundary conditions (9)—(13) for
the gas-dynamic processes, and the method for calcula-
tion the heat generation, resulting from absorption of
laser radiation, and the net emission of metal plasma.

Results of numerical analysis and discussion. In
this section the numerical results, obtained with the
aid of the proposed self-consistent model, are presen-
ted. At first the case of pulsed laser heat source is
considered. In this case Q,, in (8) is equal to zero,
i.e. thereis no Joule heat generation. The heat transfer
equation (1) is solved numerically by the Peacemen—
Rachford method [12]. In order to obtain numerical

Qen:in -10 IB, W/ m3

1.5F

1.0 |

,//A\

1 1
500 10000 150000 T, K

Figure 5. Net emission of iron plasma
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Figure 6. Maximum surface temperature versus time

solution of the Euler equations (8) the second order
Godunov type method (TVD scheme) is used [13].
As an example, we consider Nd:YAG laser pulse with
the total power QY = 1245 W, duration t, =1 ms and
focusing radius 7o = 0.05 mm.

At first let us consider how the temperature field
in the low carbon steel workpiece changes with time.
The time evolution of the maximum surface tempera-
ture T . is shown in Figure 6.

The surface temperature T at the different time
moments is shown in Figure 7, and the temperature
fields at the different time moments are shown in
Figure 8 (boiling temperature 3133 K, temperature
of solidus 1700 K and liquidus 1750 K are marked).

As shown in Figure 6, the maximum surface tem-
perature goes up during 1 us and than remains prac-
tically constant. The stationary value of the maximum
surface temperature corresponds to the temperature,
at which the losses of heat due to evaporation is ap-
proximately equal to the heat flux put into the work-
piece by the laser radiation. Figure 7 demonstrates
that the surface temperature within the focusing ra-
dius is remains practically constant too. The fusion
and evaporation zones can be estimated using Fi-
gure 8,

4000
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Figure 7. Evolution of the surface temperature distribution
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Figure 8. Temperature fields at time moments of 107 (@) and 8107 (b) s

Further, let us consider the results of the gas-dy-
namic processes modeling. First of all we consider the
flow pattern without formation of the laser-induced
plasma, i.e. neglecting terms Qs and Q,piss in (8).

The temperature, pressure and Mach number dis-
tributions along the axis of symmetry by the time
30 us are shown in Figures 9-11. It is shown that
there is a stationary compression shock near the metal
surface, where the pressure becomes lower than at-

T, K
4000 (\
3000 -
2000
1000
S . l . . |
0 1 2 3 4 b) Z', mm

Figure 9. Temperature distribution along the axis of symmetry

p, atm
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Ve —
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Figure 10. Pressure distribution along the axis of symmetry

mosphere one. Formation of the compression shock is
caused by transfer from supersonic flow to subsonic
one (see Figure 11). In addition, one can see the sharp
changes in temperature and pressure profiles near the
Knudsen layer, and the contact discontinuity between
surrounding gas and metal vapor (see Figure 9). It
should be noted that the similar flow pattern was
observed experimentally [14].

Figure 12 demonstrates time evolution of the con-
tact discontinuity. Two isolines of the metal vapor
density (0.01 and 0.02 kg /m?) are shown.

As shown in Figure 11, the metal vapor flow is
supersonic. Figure 13 demonstrates how the maximum
value of the Mach number on the Knudsen layer bor-
der changes in time.

Itis shown (see Figure 13) that after the beginning
of evaporation (approximately 0.26 us) the Mach
number on the border of the Knudsen layer abruptly
rises up to one and then remains constant. Transition
time for this process is very small (in order of 107 s)
in comparison with the laser pulse duration. It is a
very important result, since it shows the ability to

investigate gas-dynamic and heat transfer processes

M

e N |

0 1 2 3 4 5 z’

Figure 11. Mach number distribution along the axis of symmectry
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Figure 12. Contact discontinuity at different time moments

separately. In fact, if the Mach number on the Knud-
sen layer border is equal to one, than boundary con-
dition (4) for the heat transfer equation (1) does not
require the solution of the gas-dynamic equations (8).
This boundary condition is defined directly with the
use of expressions (17a), (17b). But it should be
noted that this situation occurs only for sufficiently
high intensities of laser radiation. If the intensity is
low (for example 10°+10° W /cm?) than the transition
period in Figure 13 can be greater and in this case it
is impossible to consider heat transfer and gas-dyna-
mic problems separately.

Further let us consider the results of modeling,
taking into account formation of the laser-induced
plasma. Figure 14 demonstrates the temperature dis-
tribution along the axis of symmetry by the time mo-
ment 58 us.

From this Figure one can see that formation of the
laser-induced plasma takes place between the comp-
ression shock and the contact discontinuity. The tem-
perature in this region is of about 10,000 K. Plasma
does not occur in the region between the metal surface

M
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Figure 13, Time evolution of maximum Mach number on the Knud-
sen layer border
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Figure 14. Temperature distribution along the axis of symmetry
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and the compression shock due to very low values of
the absorption coefficient. In turn, the value of the
absorption coefficient is low because of low tempera-
ture and pressure in this rarefaction zone. The pressure
distribution along the axis of symmetry is shown in
Figure 15 by the same time moment.

Figure 15 shows that the formation of the plasma
does not exert influence on the pressure distribution.
Since plasma does not form near the metal surface,
this process does not also change the evaporation re-
gime. So, the Mach num number evolution (see Fi-
gure 13) on the Knudsen layer border does not change
too. This fact allows us to conclude that the formation
of plasma does not have action on the ability to solve
the heat transfer and the gas-dynamic problems sepa-
rately.

The plasma temperature (see Figure 14) is gover-
ned by the equilibrium between the heat generation
Qus and the energy losses due to plasma emission
Qemiss. Distributions of this two sources along the axis
of symmetry by the time 38 us is shown in Figure 16.
In fact, this Figure demonstrates that these two so-
urces are practically equal in the region where plasma
exists. The decrease of Qups and Qs at 27 > 7.2 mm

p, atm

12+

10

—t”

Y A . . |

0 2 4 6 8 z', mm
Figure 15. Pressure distribution along the axis of symmetry
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Figure 16. Heat source Qg and net emission Q,,,., along the axis
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is explained by the decreasing of laser radiation in-
tensity with 2’ increasing.

In order to estimate the absorption of laser radi-
ation by the laser-induced plasma, the comparison
between two distributions of the laser radiation in-
tensity along the axis of symmetry is made (Fi-
gure 17). This comparison shows that the absorption
of the laser radiation by laser-induced plasma can be
neglected.

Finally, Figure 18 demonstrates the comparison
of the experimentally and numerically obtained data
by the time 60 us. On the right side, the experimental
data (photo) are presented, and on the left side the
isolines of the metal vapor density (0.01 and
0.02 kg,/m®) are shown.

This Figure shows that there is a good agreement
between the experimental and numerical data concer-
ning the dimensions of the metal vapor plume. The
photo was obtained with the use of high-speed camera
at the parameters of laser pulse which were the same
as in presented numerical analysis.

As the second step, let us consider the results of
numerical modeling in the case of combined pulsed

P107 W /cm?
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1
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Figure 17, Laser intensity distribution along the axis of symmetry
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Figure 18. Results of modeling (left side) and experimental data
(right side)

laser-arc processing of metal. In this case the Joule
heat generation Q,,, is written in the following way:

Quu(r, 2, t) = GEX(Z, t), (22)

where E(2, ¢) is the spatial-time distribution of elec-
tric field, and o(7,, T, p) is the electric conductivity
of metal vapor. Electric field can be determined in
the following way:

IO

EZ, ) =——, @3

2n ,[ o(Z, r, tyrdr
0
where I(¢t) is the total arc current. Electric conduc-
tivity is calculated with the hélp of model proposed
in [3]. It is assumed that distance between anode and
cathode is L, =3 mm. Duration of electric current pulse
is assumed to be equal £, = 20 us, and maximum value
of current in the pulse equals 50 and 100 A. The shape
of the arc current pulse is shown in Figure 19.

Firstly let us consider calculation results for maxi-
mum current value 50 A. Figure 20 demonstrates the
temperature distribution along the axis of symmetry
by the time moment 31 us. Figure 21 shows the po-
sition of contact discontinuity for two different time
moments, and the electric field distribution along axis
of symmetry by the time moment 24 ps is shown in
Figure 22.

From Figures 20-22 we can conclude that electric
current pulse does not change stationary value of plas-
ma temperature (see Figure 20). On the other hand,
geometrical dimensions of metal vapor plume change
noticeably (see Figure 21). Increase in magnitude of
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Figure 19. Shape of arc current pulse
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Figure 20. Temperature distribution along the axis of symmetry
for 31 ps
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Figure 21. Position of contact discontinuity at different time mo-
ments
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Figure 22. Electric field distribution along the axis of symmetry
for 24 ps

electric field near the metal surface can be viewed as
a consequence of geometrical shape of metal vapor
plume. In fact the value of total current is the same
for each coordinate z*, but the radius of conducting
channel near the surface is smaller than this radius
far from surface.

In addition, the distribution of plasma parameters
along the metal surface is of great interest. Figu-
res 23-26 demonstrate the distribution of electron
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Figure 23. Electron temperature distribution along the metal sur-
face
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Figure 24. Metal vapor temperature distribution along the metal
surface
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Figure 25. Electric current density distribution along the metal
surface
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Figure 26. Distribution of heat flux put into the metal by arc along
the metal surface

temperature T, temperature of metal vapor T, electric
current density ; and heat flux put into the metal by
pulse arc source Q, correspondingly. The last value
is calculated with the help of model of anode processes
proposed in [15].

Finally, let us consider numerical results for maxi-
mum current value 100 A. Figure 27 shows the tem-
perature distribution along the axis of symmetry by
the time moment 31 us, and Figure 28 demonstrates
the position of contact discontinuity for two different
time moments.
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Figure 27. Temperature distribution along the axis of symmetry
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Figure 28. Position of contact discontinuity at different time mo-
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These Figures confirm previous conclusion that
electric current pulse does not change value of plasma
temperature, and exerts strong influence on dimensi-
ons of metal vapor plume and, consequently, on di-
mension of conducting zone.

CONCLUSION

In the present paper a self-consistent mathematical
model of the physical phenomena, taking place at
pulsed laser and combined pulsed laser-arc processing
of metals, was developed. A detailed numerical ana-
lysis of heat transfer in the low carbon steel workpiece
and gas-dynamic flow of the metal vapor (iron) into
surrounding gas (air) was performed as applied to the
following conditions of processing: pulse of Nd:YAG
laser radiation with total power of 1245 W, duration
of 1 ms and focusing radius of 0.05 mm. It was shown
that for sufficiently high laser intensity (10'+
10 W /cem?) it is possible to consider the heat transfer
and gas-dynamic processes separately. At these con-
ditions gas-dynamic flow pattern includes a stationary
compression shock near the metal surface, rarefaction
zone between the metal surface and the shock and
contact discontinuity between the metal vapor and
surrounding gas. Pressure in the rarefaction zone is
lower than the atmospheric one, and the vapor flow
is supersonic. The formation of compression shock is
governed by transfer from supersonic flow Lo subsonic
one. Laser-induced plasma arises in the region be-
tween the compression shock and contact discontinu-
ity. Plasma does not appear in the rarefaction zone
due to low values of the absorption coefficient. As a
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result there is no direct contact between the laser-indu-
ced plasma and the metal surface. Since formation of
the plasma takes place above the metal surface, this
process does not exert influence on possibility to solve
heat transfer and gas-dynamic problems separately.

Moreover, the detailed numerical analysis in the
case of combined laser-arc processing of metal is per-
formed. It is shown that electric current pulse does
not change value of plasma temperature, and exerts
strong influence only on dimensions of metal vapor
plume and, consequently, on dimension of conducting
zone. The distribution of electric current density and
heat flux put into the metal by arc along the metal
surface are calculated too.

In addition the well-known Knight's model of the
Knudsen layer was examined on the basis of model
kinetic equation (BGK). It was shown that this model
provides an error up to 13 % at calculation of the
vapor mass flow. The corresponding corrections of
the Knight's model for supersonic regime were made.
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PHENOMENOLOGICAL SIMPLIFICATIONS
OF HYDRODYNAMIC PROBLEMS OF THE WELD POOL
AND VALIDATION OF SUCH MODELS

Sudnik V.A.

Tula State University, Tula, Russia

Three classes of heat transfer problems with deformation of free surface of the weld pool, differing by the static,
approximate dynamic and full dynamic description of the pool are analysed. For the approximate hydrodynamic problems,
one differentiates stationary problems which take into account viscous forces, and non-stationary problems which take
into account viscous and inertial forces. It is shown that the developed approximate hydrodynamic problems of a weld
pool allow lowering the calculation time on 1-2 order of magnitude at an crror of about 10 %. The analysis of errors
and expeunses of machine time for their realisation is presented.

Mechanisms of some welding phenomena, such as fal-
tering crystallisation, formation of ripples or deep
weld penetration in welding with an activating flux
remain till now obscure, despite occurrence of such
new toolkits as computational experiment, complex
mathematical models and numerous research. To phe
nomenology development as sets of knowledge of in-
terrelation between the various phenomena according
to theory, but it is direct from this theory not the
following, various scientific approaches helped. The
concept of the simplified models can become one of
such approaches in the computational physics [1].
Application of the simplified models, on the one hand,
will allow passing to the approximate models with
drastic reduction of calculation time without substan-
tial increase of error, and, on the other hand, will
allow us to discover the mechanisms of the new phe
nomena.

The concept of the simplified models formulated
by Malinetsky [1] has resulted from the analysis of
works on large projects in such areas as the compu-
tational physics of plasma, computational hydrody-
namics, etc. In the beginning the processes starting
in the studied phenomenon on given spatial and time
scales are stand out. Then even simpler model of the
phenomenon with narrower area of the applicability,
considering still smaller quantity of factors is under
construction. Only after the model of the bottom level
is studied and clarified, it is possible to pass to fol-
lowing, higher level.

Remarkable line of hierarchy of the simplified mo-
dels represents the base mathematical models which
research allows studying and building the large classes

© SUDNIK V.A., 2010

of models of various phenomena. Extremely simple
non-linear base mathematical models are deep and
substantial, allowing us to explain the phenomena
and to predict desirable or undesirable course of
events.

In the class of problems of high-temperature tech-
nological processes, the problem of convection heat
exchange in a weld pool is known [2]. The central
place in it is occupied with the equation of Navier—
Stokes and the equation of conservation of mass:

0 {% + (W)V)} =pg— VP + uv°v; (1)

n

dt+dlv (pﬁ—o, (2)
where V' is the vector of convection velocities; ¢ is
the density; P is the pressure; p is the viscosity; g_>is
the vector of free fall acceleration; and T is the tem-
perature.

Simplifications of the 3D equations of Navier—Sto-
kes by 2D Boussinesq approximation for description
of a free convection and Prandtl approach in the in-
terface theory are widely known. In hydrodynamics,
a set of following simplifying assumptions is used:
absence of viscosity (an ideal fluid), the vortex-free
(potential), and established, flat, axisymmetric and
one-dimensional, and also hydrostatic approaches.
For the hydrodynamic welding problems supplemen-
ted with the heat transfer equation, one-dimensional
approximations of Antony and Cline [3] to describe
the formation of ripples on surface of a laser melt, as
well as of Eggers and Dupont [4] description of liquid
movements in a drop of electrode metal are known.
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In weld pool models with a surface, capable to be
deformed under the influence of the enclosed pressure,
there is a new aspect of the description of a zone of
the weld penetration formation, consisting in calcu-
lation of the steady form of a surface within the limits
of the theory of Navier—Stokes. Simplification of a
dynamic problem for welding by beam methods con-
ditions in 2D static statement is received for the first
time by Rarov et al. at the A A. Baikov Institute of
Metallurgy of the Academy of Sciences of the USSR
5], who has solved a problem about deformation of
surface Z(r) of liquids for an axisymmetric case at
constant speed v = const, and have obtained the fol-
lowing equation:

Z// Z/
o] + +pgZ = F,
[W + 70 A+ Z’)} by ‘

where y is the surface tension; ¢ is the liquid density;
and F; is the vector of surface forces.

B.E. Paton et al. at the E.O. Paton Electric Wel-
ding Institute of the National Academy of Sciences of
Ukraine [6] also used such approach. This simplifi-
cation for conditions of arc welding was later modified
in conjugate thermodeformation statement of Ohji
and Nishiguchi [7] in Japan, Sudnik [8] in the USSR
and Weiss et al. [9] in Germany. Such simplifications
are widely applied {10~12] along with the exact so-
lutions [13].

Basic hydrostatic model of fusion welding pro-
cess, The model of fusion welding process with a weld
pool formation is described by the equation of heat
transfer of a moving welding source. For conditions
of arc welding the process is defined thermal and force
influences of a welding arc. In a formed weld pool,
the convective heat transfer is described by the dy-
namic equations of Navier—Stokes which solution is
exclusively difficult. We will find a simplification by
omitting the terms in these equations, which, under
the welding conditions, have less essential effect on
determining the character of the flow in a weld pool.
For example, the behavior of a weld pool can be
described, with sufficient accuracy for practice, neg-
lecting viscosity of the melt and applying the theory
of ideal liquid of Euler.

At small change of flow velocity it is possible to
neglect acceleration, i.e. an inertia term. From four
basic driving forces of convection, namely gravitation,
pressure, friction and inertia [2], only two remain —
gravity and pressure that allows conducting the cal-
culations in a pool under purely hydrostatic law under
action of pressure created by a column of a liquid.
Expansion of metals at rise in temperature, i.e. ther-

mal expansion and phase transformation due to mel-
ting and crystallisation, plays a great role by consi-
deration of processes of a heat transfer.

In case of balance of a liquid (v = const), the
equation of continuity (2) becomes simpler (dp /90t =
= 0) and means that the density field is stationary,
and Euler’s and Navier—Stokes equations lead to the
same equation [14]:

grad P = pg.

On a free surface the surface tension acts and cre-
ates jump of normal forces

9 2,

A

grad P = oK :o[i+i}_c gz ¥z
R} R2 ax2 ay2}

where K is the surface curvature; R; and R are the
main radiuses of curvature in a surface point; Z =
= Z(x, y) is the equation of the free surface set in an
explicit form. We will notice that the formula of
caleulation of curvature in hydrodynamics (1944) is
received for the first time by Landau and Lifshits
[15].

The basic model of weld formation in fusion wel-
ding should include the equation of energy (heat con-
ductivity) with boundary conditions of the thermal
flux of the arc, the simplified equation of movement
(deformation of pool surface) with boundary condi-
tions of a pressure distribution of arc, and the equation
of conservation of mass with corresponding boundary
conditions.

The temperature field sets the weld pool borders
which surface deformation changes the temperature
field. The account for temperature dependence of pro-
perties, including surface tension of a melt, leads this
problem to nonlinear mathematical model of process
of welding which is deep and substantial. The beha-
viour of such thermodeformation model reflects es-
sence of welding process, and the model is basic ma-
thematical model. The further simplification of such
welding problem is senseless. This model is checked
up in computer programs for welding of thin sheet
connections with nonconsumable (TIGSIM [16], Fi-
gure 1) and consumable (MAGSIM [17]) electrodes,
and also laser (DB-LASIM [18]) and electron beam
(ELSIM [19]) welding of thick sheets with reproduc-
tion of the basic imperfections of welding.

Approximate hydrodynamic models of weld pool
with deep penetration. For laser welding with a deep
penetration, the basic model of process has been fi-
nished for the account of the phenomena of absorption
and losses of radiation energy, and also for gas-vapor
keyhole formation. Sudnik et al. [18] have construc-
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b

Figure 1. Experimental and calculated shape of weld pool with
undereut formation («), and its 3D kiad (b) for the first time
reccived by means of basic hydrostatic model, in TIG welding of
austenite steel 2.2 mm thick

ted the self-consistent model, which, for the first time,
allowed calculating the effective efficiency of laser
welding process. The keyhole model is based on vapor
pressure balance considering capillary and hydrostatic
pressure. For such hydrodynamic calculations, the im-
portant role is played by viscous forces that is noted
by Rykalin et al. [20]. Thus, it distinguish the stati-
onary models taking into account viscous forces [18]
and non-stationary models in which inertial forces
[19] are considered additionally.

Stationary model. Sudnik et al. [21] have deve-
loped the simplified method of definition of local
flows velocity of the melt, which is necessary for
solving of the energy equation. The 3D convection is
simply described by superposition of vectors of velo-
cities of 2D independent fields of a horizontal flow
of the melt around capillary %, and also of the radial
flow from thermocapillary effect z; and from the
vapor friction 1. w= 1, + g + 171), Thus, the diffe-
rential form of an equation of continuity of a liquid
is replaced with the integrated form of the flow rate
I == Au, where A is the area of effective cross-section
of aflow, and the equation of continuity is be satisfied.

Because the flows are focused with regard to the centre
of a gas-vapour keyhole of the quasi-cylindrical shape,
the cylindrical system of co-ordinates r—u—z is used.

Flow around the capillary. The flow of a melt
around the capillary is described by a condition of
mass conservation in radial sections with changing
area depending on the angle j between the keyhole
wall with radius 7. and the weld pool outer boundary
with radius 7;. Introducing non-slip condition at the
pool boundary and assuming a linear increase of the
flow velocity u, directed perpendicular to the radial
sections, this velocity results as

2 [, _r=n)

f =T T

/

3

uc = Oy

where v,, is the welding speed, and r is the distance
from the axis of capillary of laser beam.

From this equation it is visible that the non-slip
condition u, = 0 is met at the outer weld pool boundary
(r = ), and that the sectional maximum of the ve-
locity u. = 2047,/ (r; — r.) is located at the capillary
wall (=7.). The maximum velocity is at the location
where the radius #; has a minimum, that is in the
heading part of the weld pool. The velocities are low
behind the capillary and especially in the rear part of
the weld pool, where they can be neglected. The equ-
ation of energy is solved in the Cartesian x—y coor-
dinate system, and corresponding components u =
= u‘Z ot u‘c) y are derived with ue » = u, sin @, u;, 5 =
=u.cos @ (0 <@<m).

Reverse thermocapillary current. The simplified
modelling of the recirculating thermocapillary flow
is based on the approximate description of the inter-
face. The melt flow is considered between radially
diverging plane sections (Figure 2).

This description is connected with estimate of ave-
rage time of existence of a recirculating fluid. The
thermocapillary forces act on the surface of the weld
pool generating a boundary layer with shear stresst
at the surface. The theory of boundary layers offers
arelation between shear stress T and the flow velocity
u at the surface in the case of parallel flows [22]:

Ay

Figure 2. Elements of calculated scheme on horizontal () and radial (b) diverging flows of weld pool
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3
1=0.332VPLe
r

(4)

where u is the dynamic viscosity of the fluid, and r
is the coordinate in flow direction.

The vortex of the recirculating flow between two
neighboring plane radial sections is considered. Ta-
king into account the maximum radial flow velocity
ug on an exit from the capillary (r = 7,.) as the basics
local radial speed u on distance » we obtain

r(,'
U=uy—.
0y

(5
Combining equations (4) and (5), we will receive
parity for radially diverging continuous flow of a melt:

=033 V2R
¥

Constant surface shear stress is set equal to the
following equivalent shear stress 1., of the boundary
layer. This stress is averaged over «active radial
length» of this layer [, = r, — 7.

to = —— ) vty = 0,332V 2T

eq T _
e , ¥y
p

(6)

Equation (6) is used to determine the flow velocity
up at the weld pool surface on the capillary outlet from
the equivalent stress 1o and coefficient K, the value
of which depends on considered weld pool section:

9.
K. = 077%.
puT,

3
\l"cqu o

Ug = Uy =

The equivalent shear stress T.q is set equal to the
shear stress 7, from the thermocapillary effect assumed
as constant and as acting in radial direction over radial
weld pool length [, = 7, — r.:

Gy~ G
Tg=—
YT
where o, is the surface tension at the liquid boundary,
and o, is the capillary outlet.

The thickness s of the weld pool surface layer

driven by surface forces is equal [22] to

The flow velocities in the weld pool are much
higher than the welding speed. This produces the re-
circulating motion of the molten metal. Part of the
metal participating in the recirculating flow solidifies
and is permanently replaced with the new melting
metal.

9

|
— e il =17,
K:__‘.*Mju_

B & -
Figure 3. Calculated schemes of flow because of vapor friction in
the capillary

We will accept the time of action of motive forces
to be equal to average time of existence of metal in
the melted condition t,, = {,/2v,,, where [, is the
length of weld pool. The parabolic distribution of
flow velocity, accepted along the layer of thickness
s with driving forces (Figure 3), is prolonged in the
layer of returning flow with thickness 25, having much
lower speeds.

Reverse flow from vapour friction. The metal va-
pour passing through the capillary with high velocities
generates friction force of a melt on the capillary wall.
Arising shear stress 1, decreases linearly from a max-
imum value in the centre of the channel to zero on
its wall:

du, v,

TU=MUW=2HUT,

where v, is the cross-section velocity of the metal
vapour; W, is the vapour dynamic viscosity; and 7, is
the capillary radius.

Axial flow velocity is transformed to radial speed

on the exit from the channel u, = u, = VBIQDKU with
9.07.,
LR T
is the radial speed of vapour expansion on an exit
from the capillary. For the case of the friction of
vapour, a superposition of velocities on the exit from
the channel is also supposed: u, = ug + Uy,
The presented model reproduces process of laser
welding and not only confirms the experimentally

established fact of linear dependence of depth penet-

, where [, is the length of the channel; u,
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Figure 4. Portions of weld pool length resulting from heat conduc-
tion (and translatory motion), weld convexity and weld poo! fluid
flow in 2.5 kW laser welding of low-carbon steel 16MnCr5 6 mm
thick at K =0.7

ration on the weld pool length but has allowed es-
tablishing the contribution of mechanisms of heat
transfer with weld convexity and without it, and also
the convective heat transfer during the heat transfer
(Figure 4).

Transient model. In nodétationary problems,
change of external parameters leads to necessity to
consider the inertia forces which contribution is equal
to the product of melt density and acceleration of its
element. For calculations it is possible to consider an
elementary column of a liquid as a liquid element.
Mathematical models of process of nonstationary wel-
ding differ the additional account of change of en-
thalpy on time in the equation of energy, pressure of
inertia forces in the equations of deformation of sur-
faces of the capillary and a weld pool, and also change
of volumes of consumable and solidified metal. The
last is shown at formation of initial and final sites of
joint and realised, for example, in remote laser wel-
ding of short dashed joints.

The account for inertia forces is also possible in
the simplified statement at which only local changes
of acceleration are considered, neglecting convective
changes. At such approach the equation of deforma-
tion of the surface of capillary and weld pool look
like

e
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where py,, is the vapour pressure; z, is the mean
integral depth of the weld pool or the centre of mass;
T is the pressure change, caused by deformation of
the surface, or Lagrange multiplier in a method of
extreme values. The last term in the right part of (6)
and penultimate term in (7) describe the contribution
of inertia force pressure from local changes of acce-
leration at the expense of changes of position of the
centre of mass [23]. These equations are applied in
nonstationary model of remote [ap laser welding with
the power changed for control by formation at the
beginning and the end of the joint.

Full hydrodynamic model of weld pool. The pro-
cess model of TIG welding should include in addition
to equations of energy and continuity the Navier—Sto-
kes equation with the above-named four driving forces
of convection, and also with electromagnetic and aero-
dynamic forces with corresponding boundary condi-
tions. Boundary conditions for velocities should con-
tain tangential components of a temperature- and con-
centration-capillary convection [24]. Phenomenologi-
cal analysis of A-TIG welding process demands ap-
plication as full thermo- and hydrodynamic models
of a nonviscous fluid (weld pool) for processes simu-
lation under an interphase surface, and aerodynamic
models of a viscous liquid (welding arc) over it, with
possible subsequent simplification.

Validation of models. For an estimation of the
errors of the computer simulution of the joint sizes
estimated through the weld pool sizes, the design pro-
cedure [25] taking into account modelling and expe-
riment errors (Figure 5) is developed. It is shown
that the error of the forecast of size of joint is repre-
sented by the vector sum of simulation and experiment
errors taking into account random normal distribution
of data, and the simulation error is represented by
the vector sum of model errors, welding parameters
and numerical calculations.

The validation of approximate stationary model
of laser welding gives the accuracy of about 87 % [18]
(for consumable electrode pulsed-arc welding —
~ 83 %). The validation error of nonstationary pro-
cesses model for laser remote welding is estimated
<7 % [23]. For comparison, the error of the electron
beam-welded joint forecast is about 9 % [19]. The
tentative estimation of validation for A-TIG welding
model [26] is executed also.
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3D problems of heat conductivity with hydrodyna-

Duration of the solution. Solutions of numerical

mics of weld pool demand various expenses of com-

puter time depending on the form and type of fusion

boundary with the convexity: a simple hemisphere,

the central or peripheral weld penetration. The solu-

tion of problems of full weld penetration of sheets

with the thickness of 6 mm on the modern portable

computer with processor clock rate of 2.8 GHz takes
for full thermohydrodynamic model hours, for the

simplified hydrodynamic model it takes minute and
for thermohydrostatic model it takes second.

CONCLUSIONS

1. Three classes of welding problems of heat transfer 12.

with the deformation of the free surface, which are
distinguished by static, simplified dynamic and full

dynamic descriptions of behaviour of a weld pool, are 13,

offered and analysed from the point of view of phe-

nomenological simplifications. 14,

of the hydrostatic approach contains equations of the

2. Basic model of fusion welding process by means 15

heat transfer, deformation of the weld pool surface
and conservation of mass with boundary conditions

of thermal flux and pressure distribution from the 17.
arc.

3. The approximate hydrodynamic problems on

the basis of hydrostatic approach to description of the
weld pool surface are subdivided into stationary prob- 4
lems, which take into account viscous forces and non-
stationary problems, which take into account viscous
and inertial forces.

4. The simplified method of calculation of local

flows velocity in the approximate dynamic problems
consists in replacement of the 3D differential form of 24
velocities in the equation of continuity on the 2D

integrated form of the flow rate. 22,
5. The approximate hydrodynamic models of weld

pool allow calculation time to be on 1-2 order lower
at the error of about 10 %. 24
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YUCJEHHBIN AHAJIN3 YCTOMYMUBOCTU
PACILJIABJIEHHOM BAHHBI IIPU IIJIABSMEHHOI
HAILJIABKE TEJI BPAIIIEHUS

Cyonux B.A., Epogees B.A., Cmpaxoea E.A.

Tynvckutl 20cydapcmeennwviil yrnueepcumem, Tyaa, Poccus

[IpeiicraBaena MaTemMaTHUECKas MOLEb NMAIMENIION HAIABKH C TOKOBEY LIEH [IPHCALOBIOR IPOBOJIOKOH H3 MCUHO-HHKC-
JIEBOIO CHJIABA 1ta TeNa BPaulCiis. Brnepnble HPessIoKEHbl KPHTEPHIT yACPKAHHA BallHbl 01 CTEKaHMs M KBaAPaTHYlas
3aBHCHMOCTD JABJICHHA Kallesib OT CKOPOCTH 10/a4k IPOBOMOKH. TIPHBCACIHLI PEC3YALTATLL HMCACHION HMUTALMH [1DOUEcCa.

[Ipu U3roTOBAECHUI OTBETCTBEHHBIX OUMETAINIECKHX
KOHCTPYKUMH TPUMEHSIOT CriocoObl HATVIABKH, KOTO-
pble 06eCIieYrBAIOT MUHUMAIBHOE TIPOTIIABIEHHE OC-
HOBHOTO MeTaJljIa ¥ MO3BOJAIOT PA3AEILHO PEryJIHpO-
BATh HArPeD U TJaBjeHie TIPHCAJ0UHOrO U HArpes oc-
HOBHOro Merasiia [1]. [ig HATIABKY BaJAMKOB OONb-
IO LIMPHHBI IPOLECC OCYLIECTBIISIIOT C TOMePEUHBIMI
KoJsie6aHusAMK TIa3MoTpoHa [2]. OcHOBHOE MpeumMy-
WECTBO IJIAa3MEHHOM HATJIABKY 3aKJI04aeTCsl B BO3-
MOYKHOCTH DEryJIMDOBAHUS 3HEPTETHUECKUX XapPaKTe-
PUCTHK MCTOYHHKA HArpeBa B IUMPOKUX Ipefesnax [3].

TeopeTnueckue OCHOBBI aHANMTHYECKHUX PaCYeToB
PEXHMOB HAMJIABKY BAJOB KOJEOMIOUIMMCS 3JIEKTPO-
nou chopmyuposansr Maxucenico u KpaBuosbim [4].
YucseHnaa MareMaTHYecKas MOJIENDb MPOLecca Mas-
MEHHOU HaTlJIaBKY C MOMEePEYHbIMU KOJIEGAHISIMMU 1123
MOTpOHa pa3padoTana Crpaxonoii, Epodeensmm u Cya-
HUKOM B Ty/abCKOM TOCYZAPCTBEHHOM YHHBEDPCHUTETE
[5], ¢ moMOuIBbI0 KOTOPOH HA OCHOBE TEXHOJIOTMYECKUX
MapaMeTPOB DPACCUUTHIBAIOTCS [TOKA3aTeJH KavecTna
HarIaBpaseMoro cost. OaHaKo B MOAEH, NIPEANOKEH-
HOil B pabore [S], He yUTEHbl KPUTEPUY YCTOHUUBOCTH
warapoutoit sannel (HB) K crekanuio pacruiasa.

Oco6eHHOCTH TIPOUECCA HATUIABKY TeJsl BPALUEHUSs
OTIPEZEJIAIOTCS PACTIONOKEHHEM AKTHBHOLO TIATHA AYTH
na sxuakol Banne (puc. 1, a), o6pasonaruem 6ydep-
nott npocaoiiku (BII) mexay maasmoil U OCHOBHDBIM
METAJIJIOM, BBIAABIMBAHHUEM CJOS PACIIABA BHICOTOH §
i o6pasopanuem panwsl AauHOR L, (puc. 1, 6), or
KOTOPDLIX 3aBUCSIT KAYECTBEHHDIE M KOJHYECTBEHHbIE
MoKasaTesi IIPoLecca, a TAKKe OCOGEHHOCTAMI CXEMDI
HalVIaBKH «Ha CIYCK» TIPU CMELIEHHU OCH J1a3MOTPO-
Ha C 3eHNTA, TOATEKAHUY pacrana noa paKkess niaasmMol
U yAePXKAHHUH JKHIKOTO METAMIA OT CTEKAHUS B XBOC-
TOBYIO YacTb.

© CYAHHK B.A., EPODELDB B.A., CTPAXOBA E.A., 2010

B cxeme HamIaBKH «Ha CIIyCK» M3MEHEHHE CyMMap-
HOT'O JaBJIeHHs COKaTOH Ay yBeJIUIMBaeT MaKCHMallb-
Hoe fapJjeHue Ha A0 H B, crioco6cTByIoniee pocTy ToOJI-
wunel BIl mog ayro#l n yMeHBbINEHUIO BEPOATHOCTH
TIONafaHusi TETJIOBOTO TISITHA HA CTAAbHYIO TIOMJIOKKY
TI0 Mepe €e pacriiaBiaeHus. Bo3nelcTBre CTaTU4eckoro
[aBJenus CTosba JKUAKoro mMerasa B yactd HB (em.
prc. 1) Npu CBAPKE B HMOKHEM TOMOXKEHHY MOJKET [IPH-
BecTH K 06pazonaHuio AedeKTa THITA HambBa. KpoMe
CTaTUYEeCKOrO AABJIEHHS BAXKHYIO DOJIb MCpaeT JUHa-
MUYECKUI HATIOP Mafaowux kale.1s [6].

Lenbio HacTosimelt paboThl siBJISAETCS aHAIU3 Tapa-
merpon HB ¢ nesnbio obecrieuenus ee yCTORUMBOCTH K
CTeKaHHIO B IIPOLIECCE HAIJIABKH.

CucreMa KOOpAHHAT H HPOCTPAHCTBO MMHTAIMH,
JTasl KOMTBIOTEPHOM UMUTAUMY TIPOCTPAHCTBO UMUTa
LIMM MOYKHO MCKYCCTBEHHO OTPaHUYHUTL (POPMOH apaJr
nenermnena (puc. 2). TlonoykeHne LeHTpa KOOPAHHAT
TAKOro IIPOCTPAHCTBA ONpeeJIsieTcsl pacyeToM Mo Mpo-
CTBIM aHaJUTHYECKHM 3aBUCHMOCTAM Pa3MEPOB BhICO-
KOTEMIIEPATYPHOH 30HLI HAIJIABKU C OTIMCAHHEM TIpO-
LeCCOB B HEMOABHIKHON CHCTeMe KOODAMIAT C LeHTPOM
B TOUKE MePeCceYeHnst OCH UCTOYHHKA Harpesa ¢ ToBep-
XHOCTBIO MeTaJ/1a OCHOBBI B MOMEHT HavaJjla HallJaBKH.
CTpoeHye TIPOCTPAHCTBA MOAENUPOBAH K OMHCHIBALT-
Cs1 AUCKpeTHOM (hyHKUMEeN, ykasbipalouleir NpuHal-
JIEIKHOCTD TOYKH [TPOCTPAHCTBA K OAHOM M3 308, BHYTPH
KOTOPOH Cpefa MMeeT OlpeseseHHble CBOHCTBA, Bblae
JIEHbl 30HDbI, COOTBETCTBYIOUIME MEeTayly MOIN0KKN
My, xKuaKomy HarIabasgeMoMy mMetaany M, sakpuc-
TAJJM30BABIIEMYCSl METAJLIY HaIJAaBJIeHHOIO Bajuka
M, v okpy>xaioutemy rady G. Pacnosoxkenve nopepx-
Hocti Z = Z(x, y) pazaena mexxay razom G, pacinianos
M,, ¥ 3aTBepAEBIIMM MeTANIOM M 5 YTOUHACTCS B TIPO-
uecce pelieHusl ypaBHEHUI MoaeJii.
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3ajaya Tensonepenoca. TensoBod MOTOK MCTOY-
HUKa pacrpocTpansercd depes HB B cranpnyo nog-
JIOXKKY, HCIIBITBIBAIOLIYIO (DAa30Bble IpEeBPALUEHHS] B
TBEPAOM COCTOSHHH M COCTOSIHUM ILIABJICHUS / KPUC-
TaJJIM3alMY, KOTOPbIE XapaKTEPU3YIOTCS MOABUIKHDL-
MY, 3apaHee HEM3BECTHLIMU rpaHuiiamMu (ha3oBbIX ITe-
pexosoB. Takue 3a/la4d OTHOCSITCA K KJIACCY 3a/1a4 CO
CBOGO/HBIMY ITOBEPXHOCTSIMU M OITHCHIBAIOTCS ypan-
HeHueM TellsionepeHoca. TernonepeHoc TenaonpoBo/I-
HOCTBIO JAOMWHUDYET QS KOPOTKUX BaHH AJUHOMN [ =
= 1 ¢M M3 BBICOKOTEIJIONPOBOAHOIO ME/IHOIO ClijlaBa C
TEMNePaTy PONPOBOAHOCTBIO @ ~ 1 ¢M?,/C, 4TO MOAT-
Bepxaaer manoe sucio Hexkne Pe = ol/a, rne v —
CKOPOCTD TEYEeHUSI.

OH a{ ar} a{ ar}
T lhoE I E
P at  ox ( )8x +ay o dy '

D)

s 2 [MT) a—T},
0z 0z

rle 0 — TJIOTHOCTh; H — ylenbHas 3HTATbIUS; A —
K09 PUIMEHT TEMIONPOBOAHOCTH, 3ABUCSIUMHI OT TEM-
nepaTypbl. BrJ/1aji KOHBEKTUBHOTO [IEPEHOCA B pacilia-
e yuntbisaercs QopmyJioit Ay = A(2 — T /T) [7],
rae Ay — K0a(DDULMEHT TEMIONPOBOAHOCTY JKUAKO-
ctu; T — TeMIepaTypa JUKBHAYCA.

VY paBHEHUs! PELIANK CO CAEAYIOUMU HAYAbHBIMY
U TPAHUYHBIMU YCIOBUAMM:

® HaYaJBHBIE YCJIOBUS
T=Tynpu t=0; (2)

® TEPMOAMHAMUYECKUE IPAHNYHDIE YCJIOBUS HA JIU-
1I€BOW NTOBEPXHOCTU

dT 20, -27?
A—=—5ex — | +
9z 7y
(3
2QK 4 2
5 CXP > | T oo(TXT = Ty)
T[rK K
U Ha HWKHeH [TOBEPXHOCTH
oT
A P —0(TXT — To), (4)
z

rne Qun 3(dexTHBHAY MOIIHOCTDL 11a3MOTPOHA;
¥4 — TEIJIOBOH paamyc dakesa NIasMbl; ¥ — PaccTo-
SIHMEe OT OCHM WUCTOYHMKA TEIJIA [0 PACCMaTPUBAEMOH

TOuKy; ¥ = V(x + xo)2 + (y + yo)z; X0, Yo — KOOpIH-
HaThl LIEHTPA UCTOYHHMKA, U3MEHSIOIIMECS 10 BPEMEHU;
X0 = Oxt; QK = T“%vdeK -
H, — 9HTaJbBIUA Kalledb; Ug, ¥4 — CKOPOCTD ITOAAUYU
Y DaJUyC HaIIABJISAEMOH TIPOBOJIOKH; paauyc

MOIIHOCTD ITOTOKA KaleJb;

Puc. 1. Cxema HamiaBki «Ha Cnyck» ¢ ofpasosaHsenm OydepHoti
npocaoiiku (@) u ee ypenauueHHbtii yipouennntit gparsedt (6)
TEIJIOBOTO ISITHA NMaJleHUs Karesb; 0y — 3DPeKTHB-
HBIFl KO3 PULHEHT TEIIOOT/IAauM, YIHThIBAIOILMI 110-
TEPU TEIIa HA KOHBEKIUIO U DIMALHIO.

Ypasuenue cocrosunus. CBs3p sHTaapmuu H =
= H(x, y, z, t) ¢ temneparypoit T = T(x, y, 2, t)
onucana ypasrenueM Kupxroda

0

Z?/
—L
iU
R Y. Y t 1
y s :
S ‘/-1_-'

Puc. 2. Tpaexropust fepeMeLIeH s [1/1a3MOTPOHA
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:J‘CdT+W/AH/, (5>

Ty

raec=c(TYny =y, (T) — [LIOTHOCTD, TEMI0EMKOCTD
1 A0S JKHAKOCTH B ABYX(ha3HOI TBEPAOKHAKOI 30He,
3aBUCSIUME OT TeMmmepatypol, AH, — Temsora mJas-
JICHU S,

Pacripesenenue TenJIONPOBOAHOCTH CPEABI OMUCA-
HO Kak DYHKUHSA TPHHAANEKHOCTH TOUKY TPOCTpAH-
CTBa K OAHOIl M3 30H:

erecmmx z,ye My,
Acy-ni AN X, 2, Yy € (MIUUMU))
‘OLLIISIX z,ye G.

(6)

311.-'1&‘{2\ I'll,-'J,]'JU(_"I'II'I'HKII c ,-'lL‘(l]l}]))lli])}-‘tﬁ.‘i()ﬁ NoBEpxX-
HocThIO pacniana. KoopauHats! ¢cBoGOAHON OBEPX-
Hoctu pacriasa Z = Z(x, y) npu aeopMaumn aas-
JIEHHCM CBapOYHOH AYTH ONpesessiioTes 13 Anddepen-
LUMaJIbHOTO YPaBHEHUS ABMIKEHUsT CBOGOAHON T0BepX-
HOCTH KHAKOCTH, Opejioxennoro Cyanuxkom u Epo-
deenbiM [7] MU CBAPKM HEMNABSAIMMCS 3JIEKTPOAOM
u Ts1a3MeHHOd cBapku [8] (em. puc. 1):

-

= X |

R+ /

oK - pg{nm (R+2) sm‘yO+

)]
p!l(1 Z/) me(r Z/)

V14 |T/|

+ T,
rae 0 = o(7) — MOBEPXHOCTHOE HATSHKEHUE PACTLIABA;
. M =72
= V2Z/N1 + |VZF — xpususua TIOBEPXHOCTH pac-
IJ1aBa; P TJIOTHOCTD JKMAKOCTH; ¢ YCKODPEHHE
CBOOOAHOrO MAAEHHS; Zinux MaKCHMAaJIbHasA BbICOTA
201, + 1)1, 2
———————exp| - —
2 7
[apJjeHue AYrH; s — DPaAHyC CHJIOBOrO MATHA; k] —
SJIEKTPOAMIIAMUYECKAS TTOCTOsIHHAs, [, —

nosepxroct HB; p, =

TOK NJia3-
MEHHON ayru; [y — TOK AOTIOTHUTENbHOMN J(VIH; Py —
JlaBpjleHue TI0TOKAa MajaioluX Kanejp;, V nndde-
peHUMaNbHbIA onepaTop Habua; I NOCTOSIHHASA,
UMEIOLIAst CMbICT BHYTPEHHEr( /[aBJEHUst B pPacIlaBe
BceAcTBHe AeOPMHPOBANMS €ro TOBEPXHOCTH.

HopmasbHO pacrpefesieHHast CHla AaBJIeHUS AYIH
F = mfo, (rne m v [ — Macca u yacToTa mepenoca
Kameb) T TIOWALH CHIOBOTO TISTHA T7> ONPeAesser
pacripeZiesleHHe AaBJIEHHS TTOTOKA MaaIoUHX Kaneb
(6] (cm. puc. 1). 3aMeTuM, 4TO MOTOK TIOAABAEMOrO
MeTassa mf ONpejessieT AaBJeHHE MOTOKa Kaleb
MrgPaVq. IIpuHUMan nonyuenve 7, = 74 [6] u moacran-
JIsIS1 B BbIPaXKEHME aHAJOTMYHOE P,, MOJYIUM
2 2

2
P = Pu 02 exp|—— (8)

5

M3pecThas KBaApaTHYHAS 3aBHCHMOCTDH /ABJIEIs
AYLH OT TOKA BTIePBbIE JAOTIONHAETCs KBa/IPATHYHOH 3a-
BUCHMOCTBIO AABJICIHST TIAAAIONIMX KATIC/Ib OT CKOPOCTH
rnoja4n miassieitcs nposoJoxy. Hosas 3aBHCHMOCTD
(8) oraMuaeTCs OT M3BECTHBIX Te€M, YTO HE COAEPMKUT
JIAHHBIX O 4aCTOTe W Macce Kare.lb.

CoMHOKUTEIb TOUHOTO peurenust 1,/V1 + |VZ[
VUUTBIBAET [€OMETPHYECKYIO HEJAHEHHOCTh, CBSI3aH-
HYIO C KDUBH3HOI! MOBEPXHOCTH HATLIABISEMOTO CJI0M,
HO TIpu HeGosbuINX Tporubax VZ << 1, a VZ% — 0
OH paBeH eIMHHULE.

MaxcHMa bHas BICOTA CTO6a KUAKOCTH 2y HAL
HAKJOHHON TOBEPXHOCTBIO CTaxbHOil ocHOBbI (cM.

pHC. 1) HAXOAMTCS CJEAYIOMMM 06PA3OM:

r =Xy :
R+Z¢x,

max = (9)

max ‘=[R + Z(x, y)] sin |:YO =
Ly =var
HauansHoe ycnosue ~ix, y) = 0 upu t = 0.
TupocTaTuUeCKHe rPAHHYHBIE yCIOBHST Y DABHEHUS]
(7) Ha QpoHTe rIaBJIEHUS VIS TOUEK MOBEPXHOCTH
MeTaJlJla, B KOTOPBIX TEMIIEPATYPA BbILLE TEMIICPATY PbI
MJIABJIEHNS MEeJHO-HUKeeBOTO CI1/IaBa,

Zx, y)=z(x, y) npu T(x, y) =T\ (10)

I pewenns ypasuenust (7) HEOOXOAUMO OTpe-
JICJUTb BHYTPEHHEE JABJEHHE B >KHAKOM Mertasnie [,
KOTOPOE BJIMSIET HA PACTION0IKEHHE TOUEK TOBEPXHOCTH
HB Z. O6bem »xuakoro mMetanna Vyz, 3aKJI0O4eHHbIH
Mexkay noeepxuocteio HB v crainioft ocHoBoH, onpe-
JIeSIIeTCSI TI0 pacripefeIeHNIo 3Ha4YEeHNH TeMIIEPaTy pol,
MIPEBLIMAIOILIMNX TEMIIEDATYPY MJIABJIEHHS MEAHO-HHKE
neBoro craga, 1 > T

Vz= ” Z(x, y)dxdy.

T. )TI

D10T 06beM JOJKEH ObITh paBeH TEKYILEMY 00bemy
V., JKUAKOro Merasijia, KOTOPBIM IIpH CBapKe IICTpe-
PBIBHO M3MEHSETCS BCJAEACTBUE DPasHLIX CKOPOCTCH
TJjiaBJeHud 1 KpI/ICTElJIJIIrBaL[I/II/I MeTajl.la 1 U3MEHEHUA
ero ntotnoctu. Texywwuit o6vem HB V,, paccuurbisa-
€TCSI MHTEI DU POBAHMEM 10 3HAUEHUIO TeMIIePATY DL Me-
TaJl1a ¢ y4eToM HU3MEHeHWs TIOTHOCTH Merasa p(7)
TPV HArpeBAHUM:

:mr( o)

o) dxdydz,

rae Ty — Temneparypa OKpY»Kaloled cpesl.
Bananc mexay daxTnyeckum o6bEMOM JKMAKOrO
metasnna V,, u ero snauenucs: Vy no ypastenuio (10)
f103BOJISIET ONpeAeHTh BHYyTpeHHee Aanelre [ B pac-
IJIaBe MyTeM BBIIOJHEHNs] UTePaLHOHHON fIpOITL, (Y Pbl
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Vz = V,.(r = var).

[Tpy BBITOJHEHUH 3TOM NPOLEAYDD PELIAETCS ypas-
terue (7) sonpenensores 06bem Vz, KOTOPbIi CpaBHuBa-
€TCA C TEKYLIMM OGBEMOM KHIKOro MeTasa vV, u Ipu
MX HEPaBeHCTBEe KOPPEKTHPyeTCs 3HaueHue I

T =T+ KV, - V),

rAe 7 — HOMEp MTepauuy; & — HTEePaLMOHHBIH KO-
apuumenT.

VM3otepma TeMIiepaTypbl MJIaBJEHHS H3MEHSET CBOE
pAacIioyIodKeHHe BO BPEMEHH, MTO3TOMY KOOPAMHATHI TO-
yex rosepxHocTedl HB, remnepaTypa KOTOpBIX CHU3H-
Jlach ¥ 0KAa3as1ach HUXKe TeMIIePATyPbI IABJEHUS, OTF-
PEAESIAIOT PACTIONOXKeHHe NOBEPXHOCTH 1UBA, JTO NO3-
BOJISIET BOCIIPOU3BECTH HM3MEHEHHE [TOBEPXHOCTH LIBA
B IpOLeCcce CBapKH.

MuppocTaTnyeckue rpaHHYHbIe YCAOBUS A5t PPOH-
Ta KPUCTAJINIU3ALUM

Zx,y)e M, "M, G.

[Tpu MTEpaLMOHHOM peleHuH ypaBHeHH sl MOBEpX-
HoctH (7) yYUTBIBAETCS, YTO PACIIONOMKEHHUE TOBEPX-
HOocTH Z(X, y) OTPaHWYEHO TOBEPXHOCTBIO pa3fesa
MEXAY PacnjaBoOM ¥ TBepAbiM meTasnom: Z(x, y) >
>, 2(x, y) > M, "\ M,

Oco6eHHOCTDIO TPOLIECCA SIBJSIETCS] BHITEKAHUE DAC-
niasa HB npu upeamepHoM narpese xopryca.

Ananua yeaosuil crexanus paciiana, Paccmarpu-
BaeMbI# ciydant yerotunsoctu HB 6nm3ox k yeroiuu-
BOCTH BaHH IIPU CBapKe rOPW30HTAJIbHBIX WIBOB HA Ha-
KJIOHHOH miockocTH. [Tpu aToM nposiBisieTcs BansHUe
CWJIBI TAXKECTH M 3TO MOYKET IMPUBOAUTbL K CTEKAHHIO
MeTanNa ¢ 60Jiee BLICOKOTO YpOoBHA. BO3MOXKHOCTE CcTe-
xanus HB manbosee BeposiTHA Ha ee rpaHMIE NEPES
MJa3MOTPOHOM, TAe TUIPOCTATHYECKOE [aBJEHUE U
JaBJeHue Tnas3MenHoro dakena HAUOOJEE BBICOKHE.
I'mapocrarnyeckoe gaBieHKe CTO162 SKUAKOTO METAINA
B 5TOH TOUKE PGZ,,x YPABHOBEIIUBAETCS CHUJIOH NOBEP-
XHOCTHOFO HaTSPKEHMs, 3aBUCALIENH OT KPUBU3HBI M0O-
sepxHocty HB o(T)K.

B rauecrne kputepus yaepxanusa HB or crexanus
NPEAJIONKEHO HUCTIONH30BATL YCJIOBHE

pg(zmax E Zmin) < G(T)K -

P ) ol y)
V1 +|vzP

. s . X 0
min | Rsin|yg+—F%—
X,y =var R
HOE 3HayeHMe KOOPAMHATLI ToBepxHocTH HB (cMm.
puc. 1).

TOE Zpin = — MHHUMAJIb-

[Ipn yBenmuyeHMw PasHOCTHM BBICOT MOBEPXHOCTH
HB zyux — Zmin 1 OAHOBPEMCHHOM CHIDKEHUH KAIIHJI-
JISPHOTO JAABJEHUA H3-32 YMEHbIUEHHSA KPUBU3HDI IPH
yBesmuenny obbema HB npn Harpese ctaabHOrO Kop-
nmyca MOxeT HabuoaaTbes cTrekaHue HB.

Yncaennasn ammpoxcumaius, O6nacte uMyTaIug
MOKPLIBAIM PABHOMEDHOW OPTOrOHAABHOR Tpexmep-
HOH cerkoit Q = {i(Ax, [1, IM]), j(Ay, [1, JMD,
k(Az, [1, KM])}, suncanHel B apajieielnies, mos-
BOJISAIOLICH ITOIHOCTBIO yUECTD TEMNJIOBOE M CHJIOBOE BO-
3nedcTBHE AYTOBOH M1a3Mbl U TTOJTHOCTBIO BMELIAIOLIEN
HB. [{suna napannenenuiiega cocrasisga 100 mm,
wmputa 60 mm, tonmmHa 11 M. Llarm cetku OnLin
paBHpl Ax = 0,1 cM, Ay = 0,1 cm u Az = 0,1 cm.
3HaueHUe uIara 1o BpeMeHW BuIGMpaJM U3 yCJIOBHA
YCTOWUHBOCTH $IBHOM Da3HOCTHOH CXEeMbl M YCJOBUS
HEZOIMYyCTUMOCTH U3MeHeHUs) (a30BOro COCTOSAHUA Be-
wecrna 3a war At = 0,01 c.

ITpu Bri6ope YuCAeHHDIX 3HAYeHUH [TapaMeTPOB HC-
MOJIb30BAJH 3aBUCUMOCTH [9] HOpPMANbHOTC 3aKoHA
paclIpefieieHust B MATHE Harpesa CXXaTod aproHOBOH
AYTH, TIDH KOTOPBIX 3P DEeKTUBHBIE AMAaMETPDI COOTBET-
CTBYIOLUIMX XaPaKTEPUCTHK TPHM HallJIABKE CBA3AHBI
MeXAy cOGOH 3aBUCUMOCTBIO 7, = 27,. W3-3a craboro
BJAMSHMS JJIMHBL AYTH, TOKA ¥ PACXOAa IazMoobpa-
3ytoniero rasa 3eKTUBHLINA paguyc IXITHA JaBJIeHHA
NJa3Mbl B aproHe QakTHYeCKH OIIpelessseTcs painy-
COM comia 7, = 1,47..

Hemouncrpaunonssiii npumep. VMuTHpOBaSIM Ha-
TLIaBKy MeaHo-HuKenesoro cntaa MHMKKT 5-1-0,2-0,2
(unrepsannasnenus 1086-1130°C[10, 11]) naxopmyc
nuamerpom 150 mm ua cranm 35X3HM (uHTepBas mias-
aennst 13851442 °C) ¢ tonumuoit crenku 11 mu.

Wcrnoib3oBasu ciaenyore UCXO/HbIe JaHHbIe:

® [IOCTOsIHHbIE — AWaMeTp NMpoBoJoky 3 mm; KI1/L
masmotrpona 0,5 [9]; mourocTs miasmorpoua 4,86 kBr;
[HMaMEeTp COIlla I1JIa3MOTPOHA S5 MM; PAaCCTOSHHE OT CO-
1A KO TIPOBOJIOKM O MM; DACCTOSHHE OT TPOBONOKH
00 getanu 15 muM;

e repeMeHHble — AMAMETP Qaxena naasmbnl 20 MM;
[MaMeTp cusoBoro msTHa 10 MM; nTUHEHHas CKOpPOCTh
HartaBku 1,12 MM /¢; CKOpOCTh MOoAa4Yd MPOBOJIOKH
33 MM/ ¢; CKOPOCTD TOTIEpeyHbIx Konebanuit 33,3 MM /c;
nornepeyHsle Konebauus ¢ aMnautynodt 20 mm u me
puogom 6,5 ¢,

Ananus peaysabTaToB MoAeaupoBanusi. Ha puc. 3
NOKA3aHO paclpejie/leHe TeMilepaTypbl U ¢opma I1o-
sepxxocth HB B KoHUe BTOpOro nepuoga xonebaHui
naa3MoTpoHa. [lg HavaJbHOHM CTaguM Ipolecca Xa-
paKTepHbl HU3KHUe 3HAUEHUs TEMIIEPATY PbI ITOAJOMXKH,
HECMOTDS Ha €€ II0ACrPEeR IJa3MeHHbIM daKesoM Npu
HEMOABIIKHON Tpybe 6e3 mogadyu mposoJiokn. ITocse
Havasa nmogauu obpasyercs B B dopme momyuming-

213



MATHEMATICAL MODELLING IN WELDING

A-A

i

1o,

Puc. 3. Pacripe/tesiedne remneparypbt M QopMa HOBEPXHOCTH HAaNNA-
BOYHOH BailHbl B KOHLIE BTOPOro HEPHOAA KoseGaH i 11.1a3MOTPOHA
Jpndeckoro paiuka. Toj nnasmensnim axenom B HB
BosHuKaeT yriyO.rerne (kpartep) BoJeCTBUE AeHCTBIS
Haropa miasMel. [y6uia 31oro Kparepa Ha Hadalb
HOI CTa/[M11 JIOCTHTAeT MOBEPXHOCTH CTaIu.

Ha puc. 4 nokasano pacnpe/ieneHue TeMIeparyphbl
1 $opMa NOBEPXHOCTU HAMJIAB/ISEMOrO CJIOSI B KOHIIE
CTa/(MU ycTaHoBJIeHUsl paamepos HB. /lauxa HB cra-
6unusupyercs nocie 8—10 nepuogos KoaeGaHui nias-
motpona (puc. 4, @). Jlus 370l cTaaun xapaxTepen
MNOCTEEHHBIH DOCT TOJUIMHDI HAILIABJAEHHOTO CJIOS
(puc. 4, 6). YBequuenue TOMUAINB IPEKPAILACTCS K
KOHILy 3ToM cTanum. Mosesposanne okasaio (puc. 4,
6), UTO 1a JaHHOM PEKHME TeMIepaTypa Ha MOBepX-
HOCTH CTald HE TpeBbllaeT TEMIIEPaTypy ee ILIaBJe-
HUSI, HO Ha MOBEPXHOCTH pacIllaBa Me/u TeMepaTypa
NPeBOCXOAUT 310 3uavetine (puc. 4, a, 2). 3ona Mak-
CUMAJIbHBIX 3HAUEHHIl TeMIIEPATyPhl CYIHIECTBEHHO OT-
CTaECT OT 30HDLI JeHCTBUS TEIJIOBOIO MOTOKA IMIa3MOT-

pOHa. PC3}’JIbTaTbI potecca MOryT ObIThb OIpeacJIEH bl

1000
900

¢

Puc. 4. Pacnipenenenue remnepatypbl k¥ popMa HOBEPXHOCTH CJI0S
HaJIaBKH B KOHHC CTaluy ycranosiciuus pasmepos HB: ¢ — na-
MAABACHHBIN clian; 6§ — cTajpHas AeTaib, 6 — (POLOJLHOE
Ceuenue; ¢ — MONEPCYHOE CeMElHe 1O OCH 11a3MOTpoHa; d — 1(pe-
AeJbHOE PACHpe/ieiieHue TCMIlepaTyp

| Cu-Ni

T > 1130
(/ ]

> 1385 °C

Puc. 5. Pacripegesesuc MaKCHMabHbIX TEMIIEPATY P 11 HOBEPXHOCTH
crany (@) 1 PaciioNOKCHHE 30H CTPYKTYPHbIX LIPEBPAICINE B CTANU
B [10LICPEUIIOM CeueHnH 30Dl Hanaaskn (6)

N0 Npe/c/IbHBIM 3HAUEHUSIM TeMIIeparypol, Gopre mo-
BEPXHOCTH pacrasa M c(OPMUPOBAHHOIO  CJIOsI
(puc. 4, ).

Puc. 5 nrmoctpupyer pacnpeseseHe MakCuMah-
HbIX 3HAYEHHH TEMITEPATy Phl HA TOBEPXHOCTH CTATBHO-
ro KOpIyca U paclpeeseHie 304 CTPYKTYPHBIX 1IPe-
BpAalleHHH B CTAIU B TTOMEPEYIIOM CeYeHHH 30HBI Ha-
mnaBi. ~ogesupoBaHne OKA3akMo, YTO MaKCHMalb:
HbIE 3HAYEHUS TEMIIEPATYPhI Ha TTOBEPXHOCTH CTaJH B
KOHTAKTE ¢ MCAHDBIM CIIJIABOM Dacpe/lesieHbl HEpaBHO-
mepHo (puc. 5, a). DTo OOBACHASTCS TEM, TOJIMHA
cnos BII noa nnasmennsiM GakesoM HeBeJMKa BCIel-
CTBUE JEUCTBUSA €r0 JaBAEHUS, KOTOPOE PO/ IABIMBAET
CJIOft pacrraBa, YTO MPUBOAMUT K HEMOCPEACTBEHHOMY
HArpeny craju maasMon. OcobeHHo BblcOKas TeMIepa-
Typa Ha MOBEPXHOCTH KOPITyca AOCTUTAETCS B TOUKAX
[IPeKPalleHNs TOMEPEYHOTO BHMKEHUS MIa3MOTPOHA,
rje oHa JOCTHUIaeT TeMITePATYPbl JUKBUAYCA AT CTa-
JIH, 3uauuTenbHas 061acTb KOHTAKTa JKIKOH Mean co
CTaNbIO HMEET TEMITEPATYPY BhILUE TEMIIEPATyPbI COIH-
[yca JIIg CTasu, T. €. MOBEPXHOCTD KOPITYCa MO KT
KOH MeZbio rpefbiBaeT B TEUeHHe HEKOTOPOTO BPEMEHHU
B TBEPAONKHUAKOM COCTOSIHUH.

MozeMpoBaHHe TAKOKe T0Ka3asl0 HEMmOCTOSHCTBO
UIMPUHDI HATIJIABACHHOTO CJI0S, KOTOpast OTIPe/Iesiests
TO UWIMPHEE W30TEPMbI MJIABAEHUS xAAHOTO CILIaBa Ha
nosepxnocty cramu (cM. puc. 5, @). IT0 U3Melere
WHPHHBI 06YCIOBIEHO TeKy1uuMu pasmepamu HB, us-
MEHSIOIUMHCSA BCJAEACTBHE TONEpPedHblX KoaebaHuil
MJIa3MOTPOHA M YCJAOBUH OTBOJA Tella Yepe3 yReJi-
YHBAIOIMNCS HAMUIABJMEHHDLIH cyiod. MopenupoBaHue
NO3BOJISIET OLEHNTD TEPMUUECKOE BO3ACUCTBHE HATLIAB-
ku. Ha puc. 5, 6 nokasaHo pacrioioKeHue 30H MOJTHOH
(T > 850°C) nyactnynott (850 > T > 500 “C) sakanku
Ha [IOTNEPEYHOM CEHEHMH YHIacTKa TPYObl OKOJIO HAIlJIaBk-
JIEHHOTO CHOSL.

Pe3ybTaThl MOAEAMPOBAHUS MO3BOJMIN ONPeAe
JMTh CJeNyIOLe ToKasaTeu mnpolecca (POpMHUPOBa-
H¥Sl HAMAABJISIEMOro CJIOs!

¢ cpeaHee U MaKCHMaTbHOE 3HAYEHHST TOMIKUHDI Ha-
naasaseMoro ciaost h = 3,6—4,4 mm;
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® MAKCUMAJ/IbHbIE 3HAYEH A I'TyGHHbI [TOJIHOM figsg =
= 3,2 MM W 4acTUUHOH Asgo = 14,7 MM 3aKanKy;

® [JIOIIAJb TIOTIEPEYHOrO CEYEHMUSA HATIABIEHHOTO
cnost Scy = 326 MM?;

® MUHUMAJbHOE ¥ MAKCUMANbHOE 3HAYEHME LUHUDU-
Hb! HaNJABJEHHOTO CJIOSi TIOCJIE AOCTYIKEHUS] YCTaHO-
BUBLIETOCS COCTOAHUS ¢ = 47,3-52,3 MM;

® MaKCUMaJIbHbIE 3HAUEHUS TEMIIEPATY PbI HA TIOBEP-
XHOCTU pacriaBa MeAu Tﬁ?jx = 1527 °C u Ha noBepx-
HOCTM CTagM 04 HANABAseMbiM cioeM 158, =
= 1522 °C;

¢ JIOJIO TIIOUIAAM KOHTAKTa CJA0S HAIrJIaBKH CO CTa-
JbID, B KOTOPOW TeMIepatypa MpPEeBLICHIA 3HaYeHHS
coimayca Ss = 12,2 % u nuksuayca S. = 60 % nus
cTajmy;

e 06beM pacrasa B HB V, = 730 mv® i rutomans
KOHTAKTa SKUAKON MEAH €O cTatbio Scy = 326 Mm%

® MaKCUMaJbHbIE 3HAYEHUS [JUIMTEJBHOCTH KOHTAL
Ta XUAKOH MEU CO CTANbIO te, = 1,9 ¢, sKUAKOR cTanu
¢ Menno tr, = 0,64 ¢, cTagyu B TREPAOKMIKOM COCTOS-
HUM ¢ Mefbio tsp = 1,4 ¢;

® [JAWTEJbHOCTb OxJaykpenus cranau or 850 no
500 °C t8/5 = 14,4 C.

Vcnorb3oBaHME MOAEIH ¥ NPOTPaMMbl YMEHDBIIAET
3aTpaThl Ha CO3AAHHE TEXHOJIOMMH HAILIABOYHBIX padoT,
T. K. NO3BOJIAET 3aMEHUTH GOJIBLIYIO YacTb TEXHOJIOTH-
YECKHUX OIBbITOB KOMIIBIOTEPHBIM MOAETUPOBAHUEM.

Boiso sl

1. Pa3zpa6orana maremarudeckas monesns HB menno-
HUKENEBOrO CIJaBa NPU IJIa3MEHHON HaljaBKe ¢ To-
KOBeAylleH npucanodHON IIPOBOJIOKOW M MOTIEPEYHBI-
MU KOJIE6aHUAMH [1J1a3MOTPOHA HA CTAJIbHBIE TEJIA Bpa-
L{EHUS .

2. Briepmble npezasoxeHa KBaADaTHYHAs 3aBHCIH-
MOCTb JAaBJIEHUS NMAJAMIINX KANe b IaBAIeRcs npo-
BOJIOKU QT CKOPOCTH €€ MoJauy, OTAUYaUAAcsa OT Ua-
BECTHDBIX HE3aBUCUMOCTDHIO OT 4aCTOThI IEpeHOca U Mac-
Cbl Kamnesb.

3. Bnepsrole npeanoxes kpurepui yaepxanusa HB
OT CT€KaHHUsI Ha OCHOBE YCJOBHS DABHOBECHUS CUJ IO-
BEPXHOCTHOIO HaTSYKEHHUS M TMADOCTaTUYECKOTO AaB-
JIEHUS B XOA€ MOJAeINpoBanus ¢opMuposanus HB.

4, IMoxasaHo, 4TO YUCJIEHHASA UMHUTaLUA TO3BOJISIET
onpefesuTb OCHOBHBIE TIOKa3aTe u npouecca hGopMu
POBaHHA HaIJABIAEMOTQ CIOs,
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TEPMOI'NIAPOJUHAMUNYECKAA MO/JIEJIb
CBAPOYHOU BAHHBI U IPOIIECCA CBAPKU
HEIIVIABAIIUMCS 9JEKTPO/IOM

Cyonux B.A., llasask /. A.

Tynaeckui 20cydapcmeennoii ynusepcumem, Tyra, Poccus

ITpeacTasaena TepMOrHAPOAHHAMUYECKAR MATEMATHYCCKAS MOAEb CBAPOYHON BaHHbl 1 11pouecca csapiit A-THT, aucien-
HO [MPOBEPEHHAA HA JMCTax HuKenesoro ciasa Humonnk-75 tonumuoii 3,15 MM Ipr npUMeneny KOPOTKoH Ay AaHIIOoN
1,5 Mum, Toka 100 A u copoctu 0,2 v /sl FICXOAHLIE jatiible MOAeAY YHUTBIBAIM M30ARUMOHHOE AciicTBie daroca —
padHyChl Teln080ro v anoAHoro uated 2,2 10,9 mm. OGCy KkAaeHbL MEXANNU3MbI OOPA30BAHKA LWIBA NPH [OMEHOM 1POILAABNCHHY
¢ 1podUaeM «IIECOUHDIE UaChly [ NTOKA3AHO, UTO ABMXCYLLIME CHIAMU KOIBEKLHMY MCTANNA SBASIOTCA 9AEKTPOMArHUTHLIE
Il TEPMOKATIMANADPHBIE CHIbL, KOTOPbIE CO3RAI0T MOWMHDBIH LEHTPOCTPEMMUTENLHLIN MOTOK [1ePerpeToro MeTauia o/ OCblo
JLyTH, JOCTHTAIOWMI HHIKHEH HOBCPXHOCTH BaHHbI. LleHTpo6exHble Tederus Mapairosu Ha HidKHed B 4aCTHUHO Ha BepXHei
NOBEPXHOCTAX CIIOCOOCTBYIOT 0OPA3OBAHHMIO IWHPOKUX YUACTKOB 1UBOB,

B coBpeMeHHO! HayKe IIMPOKO UCIIOIb3YETCS MaTEMa-
THYECKOE MO/JE/SMPOBAHME, ABAAIOECECST «TPETHUM Me-
TOLOM» JIO3HAHUS, COUETAIOIMM JOCTOMHCTBA TEOPUU
u npaktiky [1]. Vcnoss3osaHue MaTeMaTHYECKOTO
MOJeJIMPOBAllIS B CBAPOYHOU HayKe TIO3BOAMJIO Pac-
KPBITh pst/l 3(hHEKTOB, TPYAHO MOAMAIOUIMXCS JKCITe
DPUMEHTAbHBIM UCCJIETOBAHUSIM.,

Mexanuam npornsiasaenus npu csapke A-THUT, pas-
padoransoif B Mucruryre asexTpocBapku uM. E.O.
ITatona AH YCCP B 1960-x rr. [2], g0 cux nop ocra-
eTcs npeAMeToM jJuckyccuil. /lns yseanueHust nporr-
JIABJISLIOIEH CTIOCOBHOCTH AyTH NpUMeHsn (JIIOCh] ¢
OKHMCJIaM¥ ¥ COeJUHEHUAMY TaJoTeHoB. VI3BecTHBI /1Be
OCHOBHDIE TUIIOTE3bI 3TOTO SIBJAEHUSI: KOHTPAKLIMS Iy TH
U30JISIIMOHHBIM AE€HCTBHEM aKTUBUpYIOUIEro duoca
[3—6] » n3MeHeHNe HANIPABAEHUS THAPOAUHAMAYECKO-
ro TeueHus MapaHronu Ha o6paTHOE TedeHUe K LLEHTPY
BaHHDI T10/l BJIMSHHEM IOBEPXHOCTHO-aKTUBHBIX Be-
wects (ITAB) [7].

ToxonpoBoaslLas 1yra HCNBITBIBAET PEAKIUIO COG-
CTBEHHOIO MarHMTHOIO II0JIS1, KOTOPOE BLIPAXKAETCS B
NOBbILIEHUY AABJAEHUS BHYTPY AYIH. DTO SIBJEHUE W3-
BECTHO KaK NWHY-3((DEKT, MaH CKaTHe 3JeKTpoMar-
HUTHBIMM CHJIAMU. M3BECTHO TakiKe, YTO BJHSIHHE
roca Ha AYTy 3aKJIOUAETCS B AOMOJHUTEIBHOM CKa-
TUY €e TOJOMHUTEbHOIo CTo6a U aHOAHOTO TISITHA,
06yC/IOBJCHHOM 3KPAHUPOBAHHEM MeETa/ja BOKDYT
CBAPOYNOM BaHHBL JKUAKUM (PJIIOCOM, IOBBILEHHEM
TENJIONPOBOAHOCTH [YTOBOIO Ta3a B CBA3U C IOSBJIE
HYEeM B 1yTe, HaripuMep, PUMecei MoeKyIsIPHBIX Na-
pos d.ioca [3-6].

© CYAHUK B.A., DABHAK A.A., 2010

YucseHHbIH pacyeT TerngoMaccollepeHoca B CBapoy-
HoH panne npu cpapke THMI Henmogsu)xHON Ayroil Ha
6a3e ABYXMEPHON MaTeMaTHYeCKOH MOJEJHN BIIEDBBIE B
1983 r. seutoranan Oreper u Eagar [8], koTtopsie noa-
tBepain runioresy Heiple u Roper [7] 06 nuamenenun
HarpaBJIeHusa KOHBEKIMY 110/ pausHem ITAB. Zhang
u Fan [9] Ha ruapoauHaMuyeckoit MoJgeau CBApOYHON
BaHHbI C NOMOLIBIO KOMMepuecKoit mporpammer PHOE-
NICS-VR nokaszasnu, 4T0 copepkalue KHUCI0poda BO
dunoce kax [TAB urpaer BaXXHYIO pOJIb B Y e HUEHUH
ryGUHbBI TPOILIABIEHM S coracko padote [7]. ABTOpEI
pa6otsl [9] mokasaau, 4To BJAUSHHE KOHTPAarHpOBaHHUA
AYTH Ha r1yOUHY MPOIJIABJIEHMST HE3HAYUTEIBLHO TIPH
YMEHBILUEHUM PAANYCA TEIJIOBOTO TISITHA OT S5 j10 4 MM.
CoreqryeT 3aMeTuTh, uTO 3(O(HEKT KOHTPArHPOBAHS YU
NPOSIBJASIETCST TIPYM MEHBIINX Paiycax €e aHOJAHOIo
nsitHa. Ha oo yrasanu [Maton, FOuwenko, Kosarenko /1.
u ap. B pabote [10], nmoxasapuiue, 4TO [EPEHOC EPET-
PETOro Pac/iaBa OT aHOJHOrO TSATHA KO JHY CBapoYHOH
BaHHBI 06eCneunBaeTcs rmJApOANHAMUYECKHM TeUeHUEM
Moji AefCTBHEeM [EHTPOCTPEMUTENbHON KOMIIOHEHTHI
3JIEKTPOMATHHATHON cuJIbl JIopeHia, KoTopas 3Ha4YnT llr
HO BBILLE TIPU PajIMyCe AaHOAHOrO IsTHa Y, = 1 MM (cBapka
A-TUT), yem npu #, = 3 mm (csapka TH1.

TIposenenusie Kraus [11] akcrnepuMeHTDI 110 n3Me-
PEHHIO MAKCHMAJIbHBIX TEMIIEPATYD BaHHDI JIDH CBapKe
TUT aycrenutHo#l craau 304 ¢ TOMOILBIO ONTHYECKOTO
CIIEKTPAJIBHOrO METOAA M0Ka3aJu, yTo npi Toxe 150 A
oHa coctapseT 2300-2750 °C, npuyes BO BPCMA U3Me-
peHus KBA3UCTAIMOHAPHOE COCTOSIHNE HUKOTAA He Ha-
6/1101a10Ch, @ NP OHUX M TeX JKe IapaMerpax Inpo-
ecca MakCuMasbHast TeMIIepaTypa MOXKeT OTIMYaThCs
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ra +(5-10) %. Pacuerst Zacharia u David [12] noxa-
3271, YTO NPeLESt MAKCHMATbHOM TeMIIepATY Pbl BAHHDI
st cramu 304 (6es yyeTa mcrapeHusi) COCTaBJSIET
2827 °C, a ucnapenue u tedeHue MapaHrOHU OrpaHu-
YUBAIOT 3TOT npeaes 2577 °C.

Omwenxko, Kosanenko M., Kpunuyn u ap. [13] pas-
paboTa M COMNpPSKEHHYIO MATEMATHYECKYIO MOJEND
TEIJIOBBIX, 3JTEKTPOMATHUTHBIX U TMADOAHHAMHYECKUX
npoueccoB npu toyeyHo#t ceapke TUT u noxaszanw,
4TO JOMMHUDYIOLIUM CHJIOBLIM (HaKTOPOM, Onpenesis-
IOIUM THADOAMHAMUKY CBAPOYHOW BAHHBI, SIBJISIETCSI
LEHTPOCTPEMUTENbHAST KOMIIOHEHTA cuJIbl JIOpeHa Ha
doue apdexta MapaHrOHM M CUJIBL ADXUMELA U YTO
pYU CBapKe ayCTEHWTHOH CTasu pacyeTHasl TeMIlepa-
Typa Ha MOBEPXHOCTH CBAPOUHON BaHHB! MOIKET [Tpe-
poimrateh Ha 20—30 K touxy xunenus (2860 °C) B
06s1aCcTy, pa3Mepbl KOTOPOH COMOCTABUMBL C pasMepa-
MM aHOAHOTO MsATHA Ayru. (JJHAKO TEMIEPATypPbl, M3-
MEDEHHDIE BbICOKOTOYHBIM I[TMPOMETPOM C IIOTPEL
nocteio £0,3 %, HO C AUAMETPOM TOYKM M3MEPEHMs
1 MM, cocTaBJsIM B 3TOH o6sactu npu csapxe TUT
2650 °C npotus 2600 °C npu csapke A-THIL. IStu
aBTOpPB! {14] mosararot, 4To 2TO pas’aMuMe MOKa3alo
HeoO0X0AMMOCTL 60JIee CTPOrOro yuera 0cOGeHHOCTeN
KOHBEKIHMH H3-33 aKTMBUDPYIOLEro (JII0Ca, BbI3bIBAIO-
IIeM HaNpaBJEHHOE B HYTPDb BAHHBI TEYEHUE,

TTosepxrocrHoe Hatspxenvie (ITH) uncTeix Merast-
JIOB JINHEWHO CHMIKAETCS C NOBLIIEHUEM TEMIIEPATY DI
M PABHO HYJIIO NPU KPUTHYECKOU Temmneparype Ty, =
= 1,7T un, rae Tyuy — TEMIIEpPATYPA KUITEHUS [IPK aT-
moceprom gasiernn (ans xenesa Ty = 5400 °C)
[15]. Buross u OpJiosa [16] 5 1984 r. Bnepseie npex-
JIOOKUITH TeopeTnyeckyto Mogenn [TH rxuaxux meran-
JIOB B 3aBMCHUMOCTH OT TEMITEPATyDPbl U KOHUEHTPALUN
ITAB na ocuose teopuu Jlenrmwopa u dopmynbr Tu6
6ca. CorsacHO 3TOH MOAENN KBA3UPEILETKA MKUAKOTO
MeTaLTa ¢ GUIDKHUM ITOPAAKOM B OTJIMYHE OT ATOMHO-
KDHCTRJTHYECKON DEUIETKY TBEDAOTO TEJA SIBJISIETCS
MOJJIOKKON AJIs1 IIPOUEeCcCcoB aAcopOLMU U AecopOIn.
Teopernueckue pacyeTsl MOKA3BIBAIOT, 4TO A00an-
aenne 0,05 Bec. % KUCIODPOAA B PACTI/IAR XKeseaa IIpu
TeMnepaType ruanierus normwkaer [TH qo 13 MH /e,
3aTeM I10 Mepe MOBbIlleHus Temiepatypsl ITH Bospac
taer g0 16 mH /cm (us-3a yxoga ¢ nosepxnoctn [TAB
[17]) u ganece BHOBb CHHUIKAETCH, KAK V YMCTBIX METaJ-
JIOB. JKCIIEDUMEHTAJbHO M3MEPEHHbIE 3aBUCHMOCTH
[IH oT TemrepaTyper ayCTEHUTHBIX CTasell oKasaiu,
4TO HU3KOe coteprkanue cepsl (0,003 Bec. %) He uame-
HsieT 061Ul XapaKTep 3aBUCUMOCTH, & €€ TIOBbIIIEHHOe
comepsxanue (0,01 sec. %) [18] npuBoaut x Bospac-
tauuto [ITH go maxcuMansuoro sHadvenus 16 MmH /cm
o Mepe MoBbIlIeHus Temneparypser 10 2100 °C ¢ noc-
JIEAYIOUIMM €r0 CHUIKEHUEM.

o, M1, e

2 £ >

SIS
RRISEITITHICII

SIS

2800

3000 008

Puc. 1. 3asrcumoctn TTH paciinaba skenesa oT reMiepaTypbl v KOH-
wenrpaumi kucaopoaa [19]

Teopernyeckue zapucumoctu [TH 6unapHbIx crsa-
BOB B YCJIOBHSIX CBapKu IOJy4eHbl B padore Sahoo,
DebRoy u McNallan [19], kotopsie B 1988 r. taxske
Bpiseay dyHkuuo cssizu [1H, remmnepatypel ut cocrasa
ITAB, ucnosnsys ypasHenue IlTnmxosckoro 1908 r.
st [TH ¢ ywyetom ITAB ur xOoM6UHALMIO H30TEPM af-
copbumu [u66ca u Jlenrmropa. Pacyer 3aBucuUMOCTH
ITH cucremsr Fe—O ot TeMneparypsl ¥ KOHIIEHTpaLUU
KHCJIOPOZA NpeacTane Ha puc. 1. st 3agaHHON KOH-
LUeHTPALMH KHUCJI0pOoAa 3HAK OTHOWIEHHS MOMKET H3Me-
HSITBCS OT MOJIOKHTENBHOIO Hpy <«Huskxois (1600—
1850 °C) Temmeparype A0 OTPHULATEIBHOrO TPU «Bbl-
cokoit» (>1850 °C) temnepatype. Zacharia u ap. [20]
B 1989 r. B rugpognHaMuyeckoit moaeu cBapku TUIT
C HETIOJIHBIM MIPOILIABJIEHUEM yUJIH 3aBUCHMOCTD 11H
OT TeMrepaTypbl u Koruenrpauuu [TAB do /dt = f(T,
C) [19] m npoBepUsIM pACYEThI AJIS CAYYAEB CBAPKU
THUT u na3epHoit CBapKy JHCTOBOH aYCTEHUTHON CTAIH
C Da3HBbIM COAEPIKAHNEM cepbl. Bce BhIeymOMsIHYThIE
pacyeTnl BBINOJHEHBI AJsT OCECUMMETPHUYHBIX CJIy4aeB
HEITOJIHOIO IIPOIJIaBJIeHUs.

Henblo nacrosieit paGoTsl aBJsiercs paspaboTka
MaTEeMATHYECKOW MOZe ITpoUecca CBApKM CO CKBO3-
HBIM [POIUIABJECHUEM [BIDKYLIEHCS AYroif M aHasu3
HEKOTODBIX OCTABIUUXCS OTKDBLITBIMH BOIPOCOB MeXa-
HM3Ma nporurannenust npu csapke A-TUT nucrtos uHu-
Keneporo crrana Humonuk-75 [21].

Martemarnueckas MOACIL. DbLIU IPUHATHI CIEAYIO-
ye JOMYLIEHMS: paccMaTpPUBAETCs HEC)KUMaeMas
JKHAKOCTH C anmnpokcumanuefl Byccrnuecka u TeueHue
NIPUHUMAETCS JIAMHHADHBIM. VICIoJIp3yercss 3HTasb
IMTMHHBI MOAX0A K 3agadye $azoBoro NMpeBpallieHns ¢
TeIJIONPOBOAHOCTLIO, B ABYX(Da3HO! 30He TeYeHNe Ol
penessiercst apdexTHBHON BsI3KOCTbIO. [Ipumensiercs
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HOPMaJIbHOE paclpe/ieNeHle MOTOKOB TENJa M IJI0T-
HOCTH 3JIEKTPHUYECKOTO TOKA.

Onpedensiougue ypasnenus. DynjaMeHTanpHbIE
3aKOHBI NMPUPO/BI O1IMCHIBAOTCS CHCTEMON YPaBHEHWUN
COXPaHeH!i)l Hepa3pbIBHOCTY, UMITy/JbCa M IHEPIHH,
[ BEICOKOTEMIIEPATYPHBIX TEXHOJOTHYECKUX CBa-
PO ULIX MTPOLIECCOB TOPSAA0K PACCMOTPEHUS M MOCJe-
ZYIOITETO PeLleHMst Ha3BAHHbIX YpPaBHEHHH HECKOIBKO
LIMEHSIeTCS M BeAYUIHM YDaBHEHHEM ABJSETCA yPaB-
HEeHue COXPaHEHWsI 3HEPIWM MPU B3AMMOJEUCTBUH
BHEUTHETO UCTOYHNKA IHEPTHU CO CBAPUBAEMbBIM TEJIOM,
KOTOPOE CONPOBOXKAaeTCs (Pa30BbIMU IPEBPALIEHUAMU
MAARNEHNS / K PUCTAIIIM3AUMY 1 06PA30BAHMEM BaHHbI
pacnnana.

KBaancraunoHapHbIH MEPeHOC IHEPrUU B BaHHE U
OKPYIKAIOUEM TBEPAOM TeJjle OT ABHIKYUIETOCS CO CKO-
POCTDIO Uy, UCTOYHHKA TEIJIA OMUCBIBAETCS YPaBHEHNEM
TEIIOHPOBOAHOCTH C KOHBEKLHEH B 3HTAAbIIUHHOH Mo-
CTallOBKE:

|

‘ A 1
PV = div| o5 VH | = p(VW)AH -

L Cl)(T)
- plUVI(H + AH),

tiae p=p(T) nh=xMT) — COOTBETCTBENHO IJIOTHOCTD
1 KO3 ULMEHT TEMJIONPOBOAHOCTH, 3aBUCAUIHE OT
TeMIIEpPATypbl; V. — BEKTOP CKOPOCTH KOHBEKLMM; H =
= H(T) — oHTa/ bNuA, 3aBUCALLAS OT TEMIEPATYPbI 1
onpejaesasicMas 1o sakony Kupxroda:

T

H(T) = J. cdT + Y, AH; + W AH,,

To

rae ¢ = ¢(T) — remnoemkocts; Wy = W (T) Uy, =
=y, (T) — obbemMHbIe [0IM COOTBETCTBEHHO MXKHAKOM
U naponoil ¢asp! B AByX]as3ubiXx 30HaX, 3aBUCALLMX
OT TeMIICPaTypPb! U KHHETUKH (Has0BbIX Mpespauledui;
AH [ u AH, — 3HTanbIuu NJABNEHUS W HCIAPEHUS.

Ypasuetine Haspe—Croxca B KOMITAKTHOR BeKTOP-
HOH QopMe HMEeeT BUL

p(VV)V = —VP + uv’v +
+JB = pBg(T - To) — p(UV)V,

rre Vi _ — COOTBETCTBEHHO KOHBEKTHBHASA U TPaH-
CJISIIMOHHAsT KOMIIOREHTHI 110J151 CKopocTel; P — aaB-
JIerHe; W — AUHaMuvecKas B3KocTh; jB — oObemHas
9JIEKTPOMATHHUTHAA CHJIA KAK [TPOM3BEIEHHE MTIOTHOCTH
TOKa j Ha MarHuTHyI0 uHAyKimo B; B — xoabduuuent
TEePMUYECKOro pacliMpeHns; g — yCKopeHue cBobos-
HOro najcHus; To — TeMIIEpaTypa OKpyKawlle cpe-
JBL,

Tperu#t dyHAaMeHTANbHBIH 3aKOH COXPaHEHHS
Maccel (YpaBHEelHe HENPEPBIBHOCTH) OTPENEISIeT IPpa-
HUIBI IBUIKEHUS PACIINABa:

div (pV) = 0.

TI'panuunvie ycrosus. Ha minesoit 1 o6paTHOM cTO-
poHe CBApUBACMbIX JeTajiell 3a/aHbl CMEIIaliibie rpa-
HUYHbIE YCAOBYS TENNOBBIX IOTOKOB /IyI'OBOTO HCTOY-
HHKa M NTOTEPb TEMJIOTDHI Ha KOHBEKUUIO, H3/yUYCHHE H
UCTIapeHue:

( (2
129w - Ty) = eog(T* = Tg) =
nrf/ L Zr;,)
T
AT ()
" gy EXPl = FS=

oT ~ To) ~ eoo(T" = T,

rae 1 — KIIJI ayru; Q — MOWHOCTb AYTH; ¢y
TETIJIOBOM MOTOK NMOTEPhb Ha MCNapeHHe,

Beaeacroue TemneparypHo-3asucumoro I1H 60
WO FPAAUEHT TEMIIEPATY P HA TOBEPXHOCTH CBAPOUHOH
BAHHDI BLI3bIBAET HOBEPXHOCTHOE TEHEHNE, HATIPABJICH-
Hoe W3 o6nacth ¢ Hu3KuM [TH K o6macTi ¢ BBICOKHM
[TH, ¢ CcOOTBETCTBYIOUMM pPEBEPCUBHBIM TeUEHMeM
BHYTPY CBAPOYHON BAHHD! (TEPMOKAMUINSAPHOE TeYe-
Hue Mapanroun). U3 pasrosecus I1I1 1t kacare.1iHOr0
HAMPSDKEHUA CJeJlyeT COOTHOIUEHHE, KOTOPOE AEHCT-
BuTessHO ang [TAB B cpapounofl panne:

Suexmpomaznumuas cuaa. 11I10THOCTb TOKa Haxo-
MM U3 ypaBuedHss Makcresiia

j =0, grad o,
r/ie G, — 3JEeKTPONpPOBOAHOCTE, a IIOTeHLHAT ¢ YA0B-
JieTpopsieT ypasHenuw Jlansaca
Ap = 0.

JiJis1 31010 ypaBHeHUst 3aAaHbl FPAHUYHbIE YCIOBHA
MJIOTHOCTH TOKA B AKTUBHOM IISATHE AYTM Ha Heae
GOpMUPOBAHHON MOBEPXHOCTH CBAPOYHON BAHHBI:

-

do kil 9 23
(GU—Z:#expﬁk_,r), r 5—/;
@ 4 253
2Rk

rae [ — cBapouHbIlll TOK; K, — KO3 PUUMEHT CoCpe-
[MOTOYEHHOCTH TOKA; ¥ — PaCCTQAIIMe OT OCH AYTH.
MaruntHyo nHaykumo B Haxogmau no Qopmy.ic

p- o [JB
41 vR\

rae V. — pacderHas o6jactb; K — pa/tnyc BEKTop,
Hanpasaesusiii u3 dV B TO4YKY pacdera.
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Tenaogusuneckue u mepmodunaMuecKue Ceot-
cmea cnaasa Humonuk-75. BputaHckult criaB HumMo-
HHK-75 OTHOCUTCSI K HUKEJIEBBIM AUCIIEPCHOHHO-YTIPOY-
HsleMbIM criaBaM. Ero ananorom B CIJA asisgercs criias
Inconel-718, B Tepmanun — cruias Nicrofer 2520-alloy
75 [22]. TemrepaTypHble B3aBUCHMOCTH TerwIOhM-
3MHMECKUX CBOHCTB criapa HUMOHMK-75 10 OCTHIKEHNS
TeMrlepaTypel rasnedust [23] U TepMOZMHAMUUECKNXK
CBOHCTB IIpM TeMIepaType BbIlle TOUKH TLIABJIEHHUS
NPUHUMATH ITO CBO¥CTBaM crtana Inconel-718, Brumouast
ITH, BI3KOCTb, B3JEKTPUUIECKOE COMPOTUBJIEHME W
K09(hOULHEHT TENIONPOBOAHOCTH, PACCUMTAHHBIN MO 3
xoHy Bupemana—Mpanua corsiacHO AauHbiM QUPMB
«MTU Aero Engines GmbH» [24].

Hneaeunas annpokcumaliusi, O65acTh MOAEHDO-
BAaHUA TIOKPLIBAMIM HEPABHOMEPHO ceTkoit 90 x 40 X
x 40, cryutaemMol B 06/1aCTH HCTOYHMKA TEIJIA 1 TOKA,
a Takxke 6 y3JIOB y BepxXHeil U HIKHEH MOBEepXHOCTH
[u1st 60JIEE TOYHOTO OTTMCAHMS TEPMOKATINIIIISIPHON KOH-
BEKIHH,

Wcnonpzonanu anropurm SIMPLE, guseprentayio
dopMy ypaBHeHHH, METOL KOHTPOJBHOIO OObeMa CO
CTETIEHHON arnIlpOKCHMAlMeEd, MTEPALMOHHBIA MeTOn
3efiesss W TIPOTOHKY TI0 TPeM KOOpAUHaTaM. Ilpume
HSIJIM METOJl CKBO3HOI'O CYeTa, CXEeMy CIJIaXKHMBaHUS U
UTePalKuKd 10 HEeJWMHEHHOCTYU. YCJIOBMEM OKOHYAHMSI
CHETa SIBJISIJIACh PA3HUIIA TEMITEPATYDP B COCEAHUX HTE-
parusx <1°. TunuuHoe BpeMs pelieHus 3aAadl nojk-
HOTO TIPOTUIABJACHUS JUCTOB TOJLIMHON 6 MM Ha nep-
COHANBHOM KOMIbIOTEPE C TAKTOBOM 4aCTOTOM npouec-
copa 2,8 ITu — 2,5 4.

Peayymrarsr n obcyxaenne. Vmuruposanu npo-
uecc capku A-TUT nucros uukenesoro cnnasa Humo
HUK-7S TOMIMHOW 3,15 MM Ha CJEAYIOUIEM PEXKHME:
ckopocTs 200 mm,/MuH, Tok 100 A npu HanpsHKeHu
10 B na wopotxoit ayre pausnoft 1,5 M. KIT/I nporecca
94 %. C y4eToMm H30JMpYyIOUIEro AeHCTBUs (Haioca H
KOHTpaKUMH AYyIM HcrapenueM (Topa Ha BepxHei
NOBEPXHOCTH TIIACTUHBI OBl BLIOPAH pPaguyc Tero-
BOro NATHA 2,2 MM, pPagHyC 3JEKTPUUYECKOTO TMATHA
coctasmsin 0,9 mm. Tpaanent UIH na sepxueit nosep-
xHOCTH Obla TipuuaT pasubiM +10 MH/(cmrpan) c
yueToM 06PaTHOH KOHBEKUMH MapaHrOHH, Ha HIDKHel
TIOBEDXHOCTH €ro TPUHMMAJM PABHBIM H3MEPEHHOMY
snauenuio —17 mH /(emrpan). TpexmepHoe npesc-
Tap/ieHue Pe3yJ/bTATOB UMUTALMK AaHO Ha pHc. 2.

ITs1oTHOCTE  MOL[HOCTM  NOABOAMMOHN  TEIJIOBOM
SHEPIUM COCTABJISIET 2,47-104 BT/CMz, YTO JOCTATOYHO
AJi BOSHMKHOBEHUS UCTTAPEHYS C TISITHA TIOBEPXHOCTH.
MaxcumanbHash pacuyeTHass TeMrlepaTrypa BaHHBI COC
tagia 2700 °C. W3 puc. 2 BUAHO, 4TO TIPU Mo
noroHuoi sneprun csapku A-TUT 300 x/mm (npo-
B 486 Ik /MM st csapku TUT) yauit wos B nione-

ey

Puc. 2. Tpexmepuoe upejcranieiime pe3yibTatoB MMUTaALUHM
necea csapku A-THTD

npo-

PETHOM CEeYeHMH HMeeT HeOOBIYHBIN [UIf AYyToOBOH
CBapKH NpopuIb «recodnsre yacol» (puc. 3).

Kax uspecTHO, npoduib THNA «IECOYHDLIE HAChI»
HaGJI0NaeTCsl TIPY JA3epHON CBAPKe CThIKOBLIX COEIH-
HeHHit KobaapTonerx (s = 2 MM) [25], Tutanosoix (s =
= 1,5 mm) [26, 27] u Hukenesnix (s = 4,3 mm) [28]
cnnanos (3/1ech S — TOJIIMHA JIHCTA) W 03HAYAET, YTO
MAKCHUMaNbHYIO IMMPUHY HMeEeT JUIEeBOH IHOB, MEHb
[Y© — 30Ha NPOMJIABICHNMS], MUHIMAIbHYIO — Cpe/l-
HSISI 4aCTh.

MartemaTtuyeckasi MOLEAL TIPOLECCA JIa3epHOMH
CBAPKH C TIOJIHBIM TPOILJIABJIEHNEeM TUTAHOBOTO CII/IAaBa
[26] moatmepamJa, 4YTO TEUEHHE MeTAJIIA SBJIACTCA
T1aBHOM NpuunHOH HopMupOBalMs IPOMOUIL «I1eCOY-
Hbl€ YaCLl» C UIMPOKHMH 30HAMH, TIPHJIErarluMn K
JIMIIEBOIT 1 06PATHON TOBEPXHOCTSIM ¥ CBUAETEILCTRY-
IOUMMH O PA3BUTHH B 3TUX MECTaX KOHBeKIMK MapaH-
rouu (puc. 4).

Mexannam nponecca csapru A-THT. Copnagenune
reOMeTPUM TIOTIEPEHHDIX CeUeHHIT THIA «IeCOYHbIe Ya-
chl» Opu nazepHod cpapke u ceapke A-TUI cBuge-
TEJABCTBYET O POACTBEHHBIX MEXAHU3MAX TETUIONepe-
HOCA KOHBEKIIMEH B MOBEPXHOCTHDLIX BEPXHEM U HYDK-
HeM COSX M PA3JIHUHDIX MEXAHM3MaX TIEPEHOca IoPs
Yero MeTasJa Mo TONUMHE JHMCTA — M3 HEHTPa TEerao-

Puc. 3. llpodusns «iiecoutible Hachi» 1iBa, HONYHEHHDI IPK J1a3ep-
HOB cBapke kofanstosoro ciiasa Haynes 25 toaumnoi 2 s [25]
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Puc. 4. Ilpodunu wsob npu csapre Nd:YAG nasepom MouU10cTbo
2,5 (@) v 3,5 (6) kBT Hukeacsbx cinasos Inconel 690 Tomumuoii
3 sm (@) [29) w Udimet 720Li tommunoit 4,3 mm (6) [26]

BOTO TsITHA Ha BEPXHEH MOBePXHOCTU BAHHbBI K €€ HIK-
Hell MMOBEPXHOCTH. B jlaHHOM caydae OTJAMYAeTCsl, BO-
NepBbIX, NePeHOC JHEPIHH H3JyUeHUeM ¢ Hellapenuem
[UIa 06pas3oBalig IaporasoBoro Kanaaa 1 HeHTpoGek-
HOW KOHBEKIMel 10,1 TCHCTBHCM CHJI TPEHUS BbITEKa
folero mapa mpu JjasepHoil csapxe [30]; Bo-BropeIX,
Nepetoc 9HePruu UEHTPOCTPEMUTENLbHON KOHBEKLHEH
1O/l JICHCTBHEM JIEKTPOMATHUTHBIX cua JlopeHua u
TePMOKANMLIAPHLIX ¢l MapaHronu npu ceapke A-
TUI [10].

JBmxyiiecs HapcTpeuy APYTr APYry MOTOKH JKU/-
KOr0 MeTaJl/la B OCEBOM 4YaCTH BaHHBI NIPH CBUpKe A-
T, TpaHciopTUpys leperpeTsiit 10 MaKCUMabHOM
temneparypst 2700 "C merans u3 LEHTpa TEIJIOBOIO
NATHA, PA3BOPAUNBAIOTCS B aKCHAIbHOM HAllPaBJIeIIHN
K HIDKHEl nopepxrocTH pannsl (cM. puc. 4). CxopocTtu
JABIDKEHHS KUAKOTO MeTajlla SIBJISIIOTCST BBICOKMMHU U
npocturaioT 80 M /¢, 1 iepeMenaoLIUHCs Pacias cox-
paHseT TeILIO Ieperpena.

[Torox meperpeToro MeraJijia, BTeKAIOLIUIA CBEPXY,
[JOCTUraeT HIKHEH MOBEePXHOCTH BaHHbl M BHOBL pas-
BOpa4MBaeTcst HeHTPOGEXKHO B PaJIMaJbHbIX Harpasse-
migx (puc. 5). ITOT NOTOK YBEIMUMBAET LIMPUHY
dopMupysa NPOPUIL <IECOYHBIE YaChl»
(puc. 6), pacnpoCTPaHAACH BAOIb HIDKHEHR CBOGOAHOMN

BaHIbl,
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Puc. 5. Paccunrannoe 1osie CKOPOCTEH B 1POAOALHOM CCUEHWH
YKUAKOI BafHbI NpH cBapre A-TUT

Puc. 6. CouocranJietive 3KCICPUMCHTANBLHOTO W PACHCTHOrO NOre-
peatioro uiaunda npu x = =12 mam 1 roke csapru A-THI 100 A

MOBEPXHOCTH YW CYMMUpPYsIChb TeueHHeM MapaHTrOHH.
O6pasoBanue y3KOH TOpJIOBHHBI «IIECOUHDBIX acOB»
06yC/NOBJIEHO BEPTUKANbHBIM TIOTOKOM DeLUPKYIs-
UMOHHOTO TEYEHHs TIPH OTCYTCTBL{ NONEPEUHOH coc-
tapasiomei ckopoctn V(x, 0, 2).

B patore [31] npeacrasieH HOBBIH KOJMUECCTBOH-
HbI METO/ M3yueHUs HECTALIMOHAPHLIX SBJEHUI 06
partnoro teueHust [TAB u cacsmanul BoiBOJbI, TTOAYED-
KUBaloWue C/10KHOCTb KOHBEKIHH CBapOYHOI BaHHDI
c [TAB Ha nOBEpXHOCTH, ITH BHIBOJbI MOI'YT OKA3ATHCA
ITOJIEBHBIMH JIJISL OUEHKY a71eKBATHOCTH YHCIEHHDIX MO-
Aeell THAPOAMHAMUKH, a UIMEHHO: NTOBEPXIIOCTHO. Te-
YeHUe XapaKTePU3UPYETCst BOJIHUCTOCTHIO, OHO KO.J1e0-
JIETCSt BOKPYT LEHTPAJIbHON JHHHK M CBA3aHO C CHIb
HBbIMH BUXDEBBIMM TEUYEHHUSIMU, KOTODBIE M3MEHSAIOTCS
MEXKAY ABMIKEHHEM 110 M IIPOTHy 4acOBOH CTPEJIKH, a
TC11.70- ¥ MACCOTIEPEHOC HAPAAY C IIPOLECCAMH 3aTBE-
JIEBAHUSI TIOABEDIKEHDBI BIMSIIINIO HECTAIMOHAPHOM Npi-
POABI TIOBEPXHOCTHOrO TeueHust. CHIIbHOE BHXDEBOE
00bEMHOE TEYEHHE MOJKET SABJISITLCS IPUYHHON H3MeHe-
HYST LIMDHHDI M BBICOTH] TOPJIOBHHA «IIeCCHIIBIX 4aCOli».
YacTp neperpetoro Merasl1a ¢ GpoHTA I1JIaBAEHHS CJIe-
JyeT BAOJb HIDKHEH cBOSOAHON MOBEPXHOCTH H JOCT T
raeT XBOCTOBOM 4acTH CBapOYHOH BaHHBI, /. IMHA KOTO-
pO# 3a4acTyio GoJiblle JUIMHDI BaHHDI Ha JIMLEeBOH no-
sepxHoct (M. puc. 4).

AN

\\\\\\\'
e R

[

MM

Puc. 7. Paccuntannble MOXA CKOPOCTEH B LIOUEPCUHDIX CEYEHHAX
nepen (¢ — x =2 mn) u 3a ocvio gyru (6 — x = —18 mr) 11pu
csapre A-THUT
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MATEMATHYECKOE MO/JEJHPOBAHHE B CBAPKE

[To mMepe ypasienust oT ocu AyTH UHTEHCHBHOCTD U
MaKCHMaJbHble CKOPOCTH TeUeHHs CHKaroTest oT 80 B
nentpe BagHbl (puc. 7, @) g0 23 ¢cM /¢ Ha pacCTOAHNUY
x =—12 mm u 17 cM /¢ Ha paccrosHum x = —18 MM
(puc. 7, 6).

B nmanpHeRmeM peKoMeH/yeTCss TPEXMEPHOE TIPE/-
CTaBJIeHMe KOHBEKIIMOHHDBIX MMOTOKOB TEMJIA U MACChI B
CBAPOYHOW BAHHE, KaK 3TO cAenaHo B padore [31].

Takum o6pa3oM, MEXAHU3M CKBO3HOTO MPOTLIaB/Ie-
Husl ipn cBapxe A-TUID BK/IIOUAET OCHOBHOH IOTOK
TEILIONePEHOCa TIePErPETOro paclJjiaBa MO TOJLIMHE
JUCTa B 30HE KOHTPAarMpOBaHHOW AyIH, BBI3BAHHBIN
3/JEKTPOMArHMTHBIMI CHJIAMH W OUIPEAeasIOIMI Ha
npodue WBa WHUPHHY Y3KOH rOpJOBUHDBI «ITECOUHBIX
4acoB», M ABa [JOIOJHHUTE/NBHbIX [TOTOKA DELHPKYJIs-
LMOHHBIX MOTPAaHMYHBIX TeYeHHH, KOTODEIE BhI3BAHDI
TePMOKAITMJLISIPHBIMY CHJIAMH Ha O6EHMX NTIOBEPXHOCTSIX
CBAPOYHON BaHHBI U ONPEAeJAIOT WHPUHY pacrias-
JIEHHBIX 30H LIBa, YMEHBUIAWOUMXCS A0 pa3Mepa rop-
JIOBUHBI «IIECOYHBIX YaCOB».

BriBo bl

1. Paspa6orana TepMOTHAPOAWHAMUYECKAS MOAEJD
CBAPOYHOW BaHHbI U IIPOLECCa CBADKH HEIJIABAIIHMCS
3JIeKTPOJOM C TOJIHBIM IIPOIJIaBJIEHUEM.,

2. YucseHHas annpoKCUMAIUst MOAE/H BbITTOJIHEHA
METOJOM KOHTPOJIbHbIX O0BEMOB HA HEPABHOMEDHOMN
CeTKe C McIoab3oBanueMm anroputma SIMPLE.

3. Umurauus npouecca ceapiku A-TUT niactuH 13
HUKeJIeBOTO clviaBa HUMOHMK-75 CO CKBO3HBIM NpPOT-
JIaBJIEHKEM XOPOLIO BOCIIPOW3BOAHT FEOMETPUIO CBa-
pOYHOH BaHHBI U (POPMY LIBa C NPOMUIEM «ITECOYHDIE
4achl», HaOJIIOLAeMbIM TIPU JIAa3epHOU CBapKe,

4. YCTaHOBJIEHO, YTO NPOMUIIb CBAPHOTO 11IBA e
COUHBIe Yachl» 00YCJIOBIEH LEHTPOCTPEMUTENBHBIM Te-
YeHHeM TIePerpeToro MeTajsa OT BEpXHEH [0 HMKHEH
MOBEPXHOCTH [0/ AENCTBUEM 3JIEKTPOMATHHTHBIX CHJI
JlopeHua u cus1 06pPaTHOrO TEPMOKATIHIMIPHOTO TEUE-
Hua Mapanronu noa BausareM [1AB n3 duoca. [len-
TpoOe)KHble TeueHHst MapaHroHM CroCOOCTBYIOT pac-
LIMPEHMIO PACILIABAEHHBIX 30H HA HUXHEH CBOGOAHOM
NOBEPXHOCTH M BOJM3M TPaHHUIl BaHHbI HAa BepxHEH
MOBEPXHOCTH.

5. Cpapxkn A-TUT 3anrmMaer npoMeskyTOUHOE MOJO-
JKEHHE MEX/LY JYyTOBbIM M JIa3ePHBIM CIIOCO6aMHU CBADKH.
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MO/IEJIMPOBAHUE NPOIIECCOB HATPEBA,
ILJIABJIEHUS I ®OPMUPOBAHUA PACILJIABA
HA TOPIIE IPOBOJIOKU-AHO/IA
IIPU IJIASMEHHO-AYTOBOM
HAITBLJIEHUU ITOKPBITUI

Xapaamos M.IO.’, Kpusuyn H.B.‘?, Kop:xux B.H.Q,
IHempos C.B.2, Hemvanoe A.H.?

7Bocm()%oyxpauucxuzl HaAyuoHanvHbll yHugepcumem um. B. [lara, Jyzanck, Yrpauna
2 :
“Huemumym saexmpocsaprxu um. E.O. [lamona HAHY, Kues, Yxpauna

Paspaborana MareMaTH4eckas MOAE/b, ONMCHLIBAIOWAS HAUPER, (1JIABJICHHE W 06Da30BANKME MUHAKOM TPOCIOHKI Ha Tople
CTUIOLIHON METa/IHYCCKOH TOKOBEAYLEH 11DOBOJOKH-21I0AA 1PH [IA3MCHHO-AYTOBOM Hablaenyk. IIposeaenst unc.iennnie
UCCICAOBAHMA M [10KA3AHO, YTO HA YCJIOBHA PACHBIICHHS MATEP!A/IA {IPOBOJOKH 1HaHG0JbILee BAUANKE OKa3bIBAIOT TaKiHe
NapaMCTPbl €€ T0AAYH B 11/1a3MEHHYI0 CTPYI0, KaK CKOPOCTb M NPOCTPAHCTBEHHOEC MOA0XKEHHE paBOoUYEro KOHLA [1POBOJNIOKH

OTHOCHUTEJILHO OCH MJA3MOTPOt 2.

B macrosiee BpeMsl aKTHBHO COBEPUICHCTBYIOTCS CY-
IWEeCTRYIONIHE H pa3pabaThiBAOTCs HOBbIE TEXIIOJIOTHY
[a30TePMHUYECKOrC HAHECEHHUST TOKPBITHIL, UTO CBA3AHO
€ HOCTOSHHO PacTyIUuMil TpeGOBAHHUSIMHU, NPEADABIS-
EMBIMH [IPOMBILIICHHOCTLIO K KAYECTBY MOBEPXHOCTH
uz/ienni. OQHOM U3 TAKUX HOBBIX TIePCIIEKTUBIIHIX TEX-
HOJIOTHH ABJISIETCS MJIA3MCHHO-AYTOBOE MPOBOJOYHOE
Hanerienue. [Ipn miasMerHo-AyroBoM HAIIBIJICIIHI B
KAaYecTBe UCXOAHOTO MaTepuanta /s (GOPMUPOBAHUS
MOKPBITHS MCIIONb3YeTCsl TOKOBEAYLIAst NPOBOJIOKA,
ABJAAIOWLASCA, KAK IPABUI0, aHO/IOM [1a3MEHHOH 1y TH
W TIOCTOSTHHO 110AaBaeMasi B IyTy 3a Cpe30M COILIa 111a3-
mMoTpona. CylecTByIOUMH MeXc Iy CPe3om colija 11J1a3-
MOTPOHA W NPOBOJIOKONH-aHOAOM OTKPBITLIH y4acTOK
paspsaa 06/1yBaeTcsi KOJIbLEBIM TOTOKOM XOJIOAHOrO
3alMTHOIO raga. JTo obecrneynBaeT MUHHMAILHOE Ha-
CbILIEHUE PacCHbLIAEMOro MaTepHasa KHCJIOPOJAOM U
a30ToM RO3AYXa, IMOJYYeHHE ONTHMAJJIbHOTO Qpak-
L{HOHHOI'O COCTaBA /IMCIEPCHOU (asdbl, BLICOKYIO 0OH-
eMHYIO KOHIEHTPALMIO HaTBIJISIEMDIX YACTHIL, & TAKKe
pa/L Apyrux npeumyects. lpoueces: narpesa u nnas-
JIeH1A TIPOBOJIOKH, @ TakoKe /MCIIePrUpOBAHUS DAacCIl-
JIaBa SIBJSTIOTCS OAHMMM Y3 KJIIOUEBBIX B TEXHOJOIHH
MJIa3MEHHO-AYTOBOTO HAIBLIEHUSI, MOCKOIbKY HENoc
PEACTBEHHO BJHAIOT KAK Ha TOKA3ATEM MPOU3BOIH-
TEJLHOCTH Y CTaOW/ILHOCTH HAIBLIEHUS, TaK U HA Ka-
4eCcTBO POPMUPYEMbIX TOKPLITHI. [losToMy akTyanb-
HBIM SABJ/SIETCA PA3BUTHE TEOPETHHYECKUX TIPe/ICTaBJe-

HUH 1 MaTeMaTHYeCKOe MOAEIMPOBAHKE MPOLECCOB, PO-
TEKAIONMX B CHCTEME «ILIABALIASICS TOKOBE/ylas [1po-
BOJIOKA—TLIA3MEHHDBIN [TOTOK—3JEKTPHICCKAS JyTras.
Panbuie TenJ0Boe COCTOSHUE AJIEKTPOAHON 11POBO-
JIOKH M3y4asoch B OCHOBHOM IIPUMEHHTEIBHO K VCJIO-
BHSIM JYTOBOU CBADKH, KOI/1d UCTOUHUKAMH Tellia Obl-
JIM 11POTEKAIOUIMH Uepe3 [POBOJOKY 3IJIEKTPUYECKUH
TOK Y TEIJIOBOM MOTOK, BBO/IMMBII B HEE Yepe3 aKTH-
HOE TISITHO JyTH. DBLIM MMOJIyueHbl aHaIUTHYeCKHe Bbl-
DAXKEHHs! 't ONpe/ieIeHusl TemMliepaTypHbBIX MoJel B
MG BSIUEMC St 21EKTPOIe NPy capke [ 1], necuejoBaHe!
TETIJIOBBIE TIOJIS B 3JIEKTPO/HON TPOBOJIOKE C IIOKPBI-
THeM (2], meTasbHO TIPOAHANM3MPOBAHBL IPOLECCHI
TErJ10-, MacCo- U 3JIEKTPOIlepenoca B CHCTEME <«ILia-
BAIUACS 3JIEKTPOA—3JIeKTpUYecKast Qyra—cBapoyHas
BatHas |3, 4 u ap.]. VMmeiorces pabotbl, B KOTOPLIX
UCCJIE0BAHO BJIHSHIE CHJI, IeHCTBYIOLWINX HAa DACILIAB-
JIEHHDIIT MCTaln Ha KOHLE MPOBOJIOKH IIpU AYTOBOIl
coapke [4, 5] v anexTposyrosoit MeTasu3amiy [6, 7].
OHaKO MPOUECC MIA3MEHHO-/IYTOBOI0 HaNblJICHMUS
uMeeT psiA OCOOEHHOCTEH, He ITO3BOJIAIOLIMX IIPHME-
HUTD K HEMY B TIOJIHOH Mepe pe3yabTaThl MPebIAyLInX
uccaenonanui. Tak, manpumMep, pacnbliseMas MpoBo-
IOKa PaCTIONIOKEH TIPAKTHYECKH [T0TIePEUHO 06 TeKat0-
HEMY ee ILTadMCHHOMY MTOTOKY, OHH 06Da3yioT MEXAY
coboit yroa 70—-90°, ckopoCTDb M TEMIIEpaTypa I1a3Mbl
B 30HE MPOBOJIOKH UMEIOT AOCTATOYHO OOJIbILME 3HAYC
Hust — cooTBeTcTBeHHO Buime 3000 m/c u 20000 K

© XAPJIAMOB M.10., KPUBUYH W.B., KOPKHK B.H., IETPOB C.B., IEMbIHOB A.W., 2010

222



MATEMATHYECKOE MOAEJHPOBAHHE B CBAPKE

[8] u 1. . [ToaToMy [Jst onMCaHUS! B3aUMOAECHCTBUSA
IJIaBsILIeicst IPOBOJOKU-aHOAA C IJEKTPUYECKON [y-
TOM M NONepeyHo O6TEKAIOUIUM €€ TIA3MEHHBIM MOTO-
KOM HEOOXOMMO HCTIONB3OBATD HOBbIE TOAXOAb!. Leib
JNAaHHOH paboThbl COCTOSLIa B pa3padoTKe MATEMATHYEC
KHX MOJEJed ¥ IIPOBEAEHNH Ha UX OCHOBE UUCAEHHBIX
UCCAeN0BAHUI 0CO6EHHOCTEH Harpesa U MJIaBJeHHS TO-
KOBeAyLIel ITPOBOJIOKH, a TaKyKe POPMUPOBAHUS YaAED-
JKHBAaeMOH Ha €€ KOHLE IPOCIOHKY XKUAKOr0 MeTalaa
TPUMEHHTEJILHO K YCIOBUSIM I1J1Ia3MEHHO-AyTOBOrO Ha
NbITEHUS].

MoaeupoBanne TEILIOBBIX MPOLECCOB B PACIIbI-
JAsiemoii Tokopegyuieil npoposaoke, MoaeaupoBaHHe
MPOLECCOB Harpena M TJIABJEHUsI MATEpHaJa NpPOBO-
JIOKW IIPOBOAUJIN TIPH CJeLYIOLIMX yCaoBusix. Crow-
Hasl IPOBOJIOKA KPYTJIOr0 CeUeHUst painycoM Ry, 1oaa-
€TCs TIOJ CPE3 COTUIa MJIa3MOTPOHA CO CKOPOCTDBIO Uy
(puc. 1). Byaem cuutats, uto HOPMUPYEMast TIAAZMOT-
POHOM 3JIEKTPUYECKas Ayra 3aMbIKAeTCsl Ha IIPaBoM
KOHLE TIPOBOJIOKM, SIBJASIOILENCST aHOJOM AYTH, a Tell
JIOBOY IMOTOK, BBOAMMDIH B IIPOBOJIOKY 4Yepe3 aHO/IHOe
ISITHO, PABHOMEDHO PacCIIPE/EJIEH 10 €€ CEYEHUIO 2y, =
= L,. Bcs mpoBosoka HarpeBaercsi MIPOTEKAIOIIUM
4yepes nee Toxom ayru I. Ilpeanonaraercs, 410 npoBo-
JIOKA PACIioIOIKeHa NomepeuHo 06TeKAOUIeMy ee a3
MEHHOMY IJOTOKY Ha DacCTOSIHUM z( OT Cpe3a CollIa
[Ja3MOTPOHA, a BBIXOJHOE CEYeHHE MYH/ALITYKa yC-
TPOHCTBA NOJa4YM IIPOBOJIOKYM HAXOAUTCS Ha PacCTOS-
Huu L, OT ocu mrasMoTpoHa. IlosaraeTcs Takxe, 4To
CKOPOCTD IIJIaBJIEHHs IIPOBOJIOKM paBHAa CKODOCTH ee
TIOAaYH, & PacllJIaBJIeHHbIN MeTasll, IePeCeKalol N ce-
YEHUE 24 = Ly, OTPBHIBAETCS U YHOCUTCS TIJIA3MEHHDIM
MOTOKOM.

[Tpu n1a3MeHHO-AYrOBOM HATBIIEHHH TEIIIOBOE CO-
CTOSIHME TIPOBOJIOKH-aHOa Oy/eT ONpefessiThCsl COBO-
KYTIHOCTBIO CJEAYIOIUX (PU3UUECKUX MPOLIECCOB:

® KOHBEKTHBHO-KOHAYKTUBHBIM TEIJIOOGMEHOM I11a3-
MEHHOTO TIOTOKa M OKPYIKAIOUIEro ra3a ¢ 60KoBoH I11o-
BEPXHOCTLIO NPOBOJOKH;

¢ O6MEHOM 3JHEPTHEN TEIOBOTO U3J(YHEHUS MEK Y
IU1a3MO# M TTOBEPXHOCTBIO NMPOBOJIOKH;

® IEWCTBUEM 3JIEKTPUYECKON AYTH, BBOJSIIEN Ter-
JIO Yepe3 aHOAHOE IISITHO;

e 00DBEMHBIM /KOYJIEBBIM HATPEBOM MPOBOJIOKU
TIPOTEKAIOUIMM 3JEKTPUIECKUM TOKOM;

® TIOTEPSMHM TEIJIa C DACIJIaBJIEHHbBIM METaJIJIOM,
YHOCHMDIM IIJIA3MEHHBIM TIOTOKOM;

® OXJIaXK/CIIMEeM TIOBEPXHOCTU IIPOBOJOKH 32 cYeT
YHOCA TIOTOKOM Tlapa 3HEPTHMH UCTIapEHHst aTOMOB ee
MaTepuaJsa.

[IpH TakMX YCAOBUSIX 3a/aya ONpPENeSIEHUS TeMIIe-
paTypPHOrO MOJIA B NMPOBOJIOKE CBOAUTCS K PELIEHHIO
CJEAYIOEro KBA3UCTALMOHAPHOTO YPAaBHEH M1 TETLIOT-

1‘1[4‘[ L!c- !411

;2/)

Puc. 1, Pacuernas cxemMa polecca Harpesa IMPOBOJIOKH TP 11J1a3-
MEILO-AYTOBOM HAlbLIEMK: | — [POBONOKA-AHO/; 2 — MYHAWTYK;
3 — couno nazmaTpona; 4 — HOTOK [L1A3MBIL; 2, — OCb CUMMETPHH
[IA3MCHIIONO OTOKA; Z, — OCb CHMMCTPHUH TIPOBOLOKH

POBOAHOCTH, 3AMMMCAHHOTO B LII/IJH'IHLLPI/I'{GCKOﬁ CHCTEME
KOOpAMHAT!

YuCuln a—Ti L - AT &1 +
Bz -Terl or)
A 0 . 0T, + Fou (1)
N 0z,

3necv Tw(7, zu)
JIeHHEe TeMIepaTypbl B TpoBosoke; Y, (T), Cu(T),
%w(T), pw(T) — MIOTHOCTD, Y€ bHAS TENTOEMKOCTD,
K03(h(PULIMEHT TEILTONPOBOAHOCTH U YAEJbHOE 3JIEK-
TPUYECKOE COMPOTHUBIEHNE MATEPHaa TIPOBOJIOKK CO-
OTBETCTBEHHO; § — MJOTHOCTD 3JEKTPUYECKOro TOKa.

Jlnst penennst ypasHerust (1) HeO6XOAMMO 3a/aTh
rpaHuyYHble yCJA0BUA. Ha NOBEPXHOCTH IPOBOJIOKH
(ipu 7 = Ry,) ¢ yYETOM OrOBOPEHHBIX BBILIE MEXAHHU3-
MOB TEIJIOOOMEHA TPAHMYHOE yCJIOBHE MOXKeT ObITh
TIPEACTABJIEHO CIELYIOUM 06pasoM:

MPOCTPAHCTBCHHOE pacipe/je-

I
Xl&‘ ar

(2)

sor =00, O

rae Q, — MUIOTHOCTD [T0TOKA SHEPTUH 3a CHET KOHBEK-
THBHO-KOHZYKTUBHOIO TEIJIOOGMEHA IIPOBOJOKM C
MJIasMOM M rasoM OKpy»kaioulet cpennl; Q, — ILIOT-
HOCTb [IOTOKA SHEPIUH TENIOBOrO H3JLyYeHUS TIa3Mbl,
MOTJIOIAEMOT0  [TOBEPXHOCTBIO TIPOBOJOKH; Q, —
TJIOTHOCTD MOTOKA SHEPTUM MCTAPEeHMsi, YHOCUMOH ¢
MOBEPXHOCTH [TPOBOJIOKH.

Ha ocu nipososoku (nipu 7 = 0) cTaBUIM yCIOBUS
CHMMETPUU

ar,
or

=0. (3)

Honaraﬁ, YyTO U3 MyHL[LHTyKa I‘[pOBOJIOKa BBIXOAUT
¢ rTeMrepatypo#t T, TpaHMUHOE YCIOBUE NPU Z, = O
3AMUIIETCS CAEAYIONIM 00Pa3oM:

Tor, 0) =T, (4)
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[Tpu ompenesienu TPAaHUYHOTO YCJOBHS Ha pac
ITABJIEHHOM KOHI(E TMPOBOJIOKH HEOOXOAUMO y4ecTb
TETLJI0, BblAEJsIEMOe B 00JIaCTH aHOAHOM NIPUBSI3KU AY-
', & TakXKe MOTepH TeIla, CBS3aHHbIEe ¢ HCIapeHueM
MaTepHaJsia NPOBOJIOKH ¥ OTPBIBOM pacCIljiaBa I11a3MeH-
Ho#l cTpyeft. B pesysnbrare rpaHMvYHOE YCJIOBHE MIPH
2y * Ly OTIpenesuTes Kax

( aTw\..

l\_X,n' ;}h 2 =L,

=0Q,+0,~0Q, (5
rae Q, — yJAeabHDIH TENJIOBOH OTOK, BBOAUMBIH Ay-
TGV b AHOA; () — TIOTepu Teruia, CBSI3aHHbIE C OTPHIBOM
U YHOCOM PACILIABJEHHOTO MaTepHaJsa MPOBOJIOKH.

Tenepp nepefineM x NoAPOGHOMY OMUCAHMIO yKa-
3aHHBIX Bbillle COCTABJSIIOLNX Teroobmena. Pacuer-
HBIH yuacTOK MPOBOJOKM HAXOAUTCS KaK B OOJIACTH
JAeHCTBUSI BBICOKOTEMIIEDATYPHOTO SI/IPA MJIA3MEHHOI0
[IOTOKA, HarpeBaloliero MpOBOJIOKY, TaK U B OTHOCH-
TEJIBHO XOJIOJHBIX NMepUdepUHHbIX yUacTKaxX TeUeHHUs
rasa, 4epes KoTopble OY/JIET OTBOANTHLCS TEILIO OT NIPO-
Bosnoku. [losarasi, 4To MPOCTPAHCTBEHHOE pacrpe/e-
nenne temneparypol T, = T,(z,) 1 cxopocti u, =
= u,(2,,) 1WIA3MBI MO [JIMHE [IPOBOJIOKH HM3BECTHO
(HanpuMep, BHIYHCJACHBI Ha ocHOBE Modeu [8]), Kon-
BEKTHBHO-KOHAYKTHBHDBIH TEIIOBOM MOTOK TP AAH-
HBIX YCJIOBUSIX MOXXHO OTPEIeJUTh COTJACHO HBIOTO-
HOBCKOM Moaenu teroobyena [9):

QC = G(T}) - Tms)v (6)
rne o — xospduument Teriooraadun; T {z,) =
= T.(Ry, 2,) — TeMmmeparypa MOBEPXHOCTH TPOBO-
JIOKH.

KoaddbuunedT Termnoorjgauu ¢ CBA3AH € YUCIIOM
Hyccenpra Nu, XapakTepu3yWOUIMM KOHBEKTHBHbBIH
TEIJIOOOMEH, CJAEAYIOUIM 06pasoM:

a=Nux,/(2F,), (7)

rie X,(T) — KoappuLMeHT TENIONPOBOAHOCTH I171a3-
Mot (rasa). B cBowo ouepens, wucao Hyccenabra npu
ITONEPEUHOM OOTEKAHUY UMANHAPA MOTOKOM aproHo-
BOH 11y1a3Mbl oTtpesesisieTcst Rulpakenuem | 10]

Nu = 0,5Re™ Pr®(y,n,,/v,um,0",
(8)

_ 21\1‘/{/#/} Pr - C/)n/z

Re=—pm,— Pre—

3necs Re, Pr — wucno Pelinonsaca w [Ipanaris
coorserctsenno; Y,(T), N (T), C(T) — morHOCTS,
JIMHAMUYecKasl BA3KOCTb ¥ YA ILHAs TENJIOEMKOCTh
MJIasMbl NPU MOCTOSIHHOM /TABNEHWM, BHIYUCAEHHbIE
NPy TEMNeparype HEBO3MYIIEHHOIO [OTOKA; Yy
= Yp(Tss), Npeo{ Tr) — TLIOTHOCTD U BSI3KOCTD [171a3Mbl
(rasa) upu TemMmepaType MoBEPXHOCTH L(POBOJIOKH.

[110THOCTE TEII0BOTrO TOTOKA 32 CUeT Pa/jIHallHOH-
HOTO Ternaoo6MeHna MOYKET OLITh BBIUUCIEHA ITPU [TOMO-
LM M3BECTHOrO COOTHOIIeHus [Y]

Qr = BO—O(Y‘;{) -

rae B — xos@UIHEHT YePHOTHI MaTepha.1a TPOBOJIO-
Ku; 0y — mocTtosiiHas Credana—bonbumana.

Jlnst oripefiesieHNst TETIJIOBOTO MOTOKA 3a CYET HCIa
PEHHs MaTepHaJsia ¢ II0BEPXHOCTH NPOBOJOKH HCIIOJb-

T, (9

30BaJN BbIpa’KeHue

(10

Q. = enu,

r/le € — CKpbITasg TEIJIOTa UCIIAPEHHs B DacUeTe Ha
OAMH aTOM; 1, 4 — KOHIEHTPALHS 1 CKOPOCTb ATOMOB
MeTaIJIMYeCKOro mapa BO.IM3H UCIAPSIOUIEHCs 1oBep-
XHOCTH, BbIYUCJIsIeMble IO MeToamuKe [11].

Y e ibHbIN TEMUIOBOM MOTOK B a0 Q, ONpeAessicTCs
PSUIOM TEXHOJIOTHYECKUX I1apaMeTpOB, TaKHMX KaK TOK
JYTH, COCTAB 3JEKTPOAHON TTPOBOJIOKH, POJL TI1a3MO05-
Pa3yIoLIEro ra3a 1 APyrux, ¥ COCTaBJ/IAET B PACCMATPUBA
€MBIX YCJIOBUSIX OKOJIO (0,8-1,5)-10 Br/»m? [12].

Benuawny notepn temsa (Jp MOXHO ONPE/E/IHTD
WCXOMSI 13 CJEJAHHOTO MPEAON0KEHHS, YTO CKOPOCTD
JABIDKEHNST (DPOHTA TIJIABJIEHHS M, COOTBETCTBEHHO, 01
pbIBa PACIIABIEHHOrO MaTepualja MPOBOJIOKKA paBHa
CKOPOCTH NOAAYH IIPOBOJIOKH Uy, TOrza

Qf = C(U‘Y\.,‘?’yu'TZl'(rY Lw) (11 )

B pesysibrate NpOCTpaHCTBEHHOE DaclpeNe/eHue
TEeMIIEpaTypPbl B PACXOAyeMOIl MPOBOJIOKE-AHOAE IIPH
MJ1a3MeNHO-AYTOBOM HANBUIEHUN MOYKCT OBITH ONpe/ie-
JIeHO TyTeM pelenust ypasHerus (1) ¢ rpaHHYHbIMU
yenonuamu (2)—(5) 1 3aMbIKAIOU MY COOTHOLIEHUSIMU
(6)-(11).

Marematudeckass (POPMYJUPOBKA IOCTaBJICHHOH
3ajaqu ModXKeT GbITh MpecTaBJjeHa U B 607ee TPoCToH
dopme. Tax, XOTs TeMuepaTypa N0 MOMCPEUHOMY Ce
YeHUIO IPOBOJIOKH pacrpe/ieleHa HePaBHOMEPHO, JlaH-
BB nepenag Oyzer HeswaumTescH. CBA3aHO 3TO C
60JIBUION TEJIONPOBOAHOCTBIO MaTepUaia pacrblife
MOJ1 TIPOBOJIOKH, & TaKXe C J0CTaTOuHO Maseim (1-
2 mm) ee auamerpom. Toraa, unrerpupys (1) mo ce-
YEHMIO MPOBOJIOKH W YUMTBIBAS TPAHUUHBIE YCJIOBLS
(2), (3), mosy4un cireyiouiee o,JHOMEPHOE YPABHEILHE
TEMJIONPOBOAHOCTH:

T, 0 aT

I'C'vw—:— zﬂ*w + W,
Yatw dz,, 9z, * dz,

(12)

rie Tow(2,) — OCpPEeAHeHHas IO CEUSHUIO TEMITEPATY DA
NpoBookH; W — MOU[HOCTb TEIJIOBBIX HCTOYHUKOB.

Jlesoe u npaBoe rpannyHble yeiobust 4 (12) cox-
panat pug (4) u (5) ¢ TeM OTANUKEM, YTO B YKABAHIILIX
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up, M/

3000

2000

1000

12

Puc. 2. Pacnpenenenue ckopoctut (a) u temneparypbl (6) rnassb

7;)1

K

25000

20000

15000

10000

5000

12 zw, MM

BAOJIDL pacnbumeMoﬁ [IPOBONOKH-aHoaa, TO?(‘)LL l<OTOpOY;)l PacIioNIoNeEH

Ha OCH N1a3MeHLIOH cTpyy, npu Toke 160 (1), 200 (2, 4) u 240 (3) A, pacxoue aproda 1,0 (1=3) u 1,5 (4) »°/u

COOTHOILEHUSAX BMECTO TEMITEPATYPbI TPOBOIOKM T, (7,
2g) Gy/ieT dUrypupoOBaTh YCPEAHEHHAA 110 €€ CeUEHHIO
Temriepatypa 1 (2,). Tennosble notoxn depes 60Ko-
BYIO MOBEDPXHOCTL MPOBOJOKK, (DUIypUDPYIOUIVE B yC-
soBuu (2), nocse narerpuposanvs (1) npeo6pasyot-
€ K 0O0BEMHBIM UCTOUHMKAM Telsia. MOLIHOCTL 3THX
HCTOTHUKOB Oy/eT ornpenessitbcst hopMy o

W = [’p,/(MR2) + 2R (Q, + Q, — O)1/nRE,. (13)

3anauy onpesaeeHns TEMJIOBOTO COCTOSIHUS [IPOBO-
JIOKM peurasii YHCJIeHHO METO/IOM KOHEUYHbIX pa3HocTell
[13, 14]. Ypasuenue (12) anmpoKCUMHMPOBAIOCH IO
TPEXTOYEUHON CXeMe, AU MPEeACTABJIEHNS] KOHBEKTHE-
HOI! craraeMoft MCIOJIb30BAIN HECUMMETPUYHBIE Pas3HO-
CTH NIPOTUB X0/ TIOJIA4U TIPOBOJIOKY (pasHOCTH «IIPO-
tuB notokay [13]). Ilpw pacderax He 0CyLIECTBJIAIOCH
SIBHOE BbIAEJEHIe rpanulpl (a3 B NPOBOJIOKE — WHC-
TIOJIL30BAJICS METO CKkBO3HOTO cueta [13]. B atoit cas-
3K BMECTO Y/IEJbHOI TEMIOEMKOCTH MaTePHAIA IIPOBO-
ok Cu(T) ncnonnzoBanu 3MDEKTUBHYIO TEMIOEM-
kocTb Cy(T), yUUTHIBAIOILYIO CKPBITYIO TEILIOTY T1/1aB-
JIEHUS:

CuT) = C(T) + WOS(T = T4, (14)

rae TV — temnepatypa nnasnenus; Wi — cxpoitas
TENJIOTa TIIABJEHHsI MaTepywana nposoaoku; 8(x) —
AeJbTa-PyHKIMS.

[ OLIEHKM TEIJIOBOrO COCTOSIHHMS NPOBOJIOKH, &
TaKXKe IOCJIEAYIOUIEro aHajJIu3a ee CHJIOBOIO B3aUMO-
JeUCTBUSA C MJIa3MEeHHOM CcTpyel Heo6XONMMO 3HAaThb
paclpeziesicHHe TeIJIOBLIX U Ta30JUHAMMUCCKUX Xa-
PaKTEPUCTHK CTPYH B OOJACTH HAXOXKAEHHS MTPOBOJIO-
K. DTH pacupe/eenus OplIH PACCUUTAHDI TIPU TOMO-
Ui¥ CO3/aHHOTO paree TPOTPAaMMHOTO OOeCTeyeHys:
[8], npenHasHAYEHHOrO AJISE KONUYECTBEHHON OLEHKH
OCHOBHBIX NapaMeTpOB TYPOYJEHTHOrO TEYEHUS Jyro-
BOI 11J1a3Mbl B YCJOBUSIX MJIA3MEHHO-AYTOBOTO HATIBI-
jgenusi. TIpu IPOBEEHUM PACUeTOB TOJATa0Ch, YTO

IIPOBOJIOKA-AHO/] PACIIOJIOMKEHA HA PacCTOSHUHK 6,3 MM
OT cpesa COILIa 1JazMarpoHa. Pacrpejesienue napa-
METpPOB IMJIa3Mbl B JAHHOM CEUEHHU IIPH Da3/IM4YHBIX
peskumax paGoThl Ia3MOTPOHA NPUBCAEHO Ha PUC. 2.

YwucreHHBIE MCC/IeI0BAHYS TPOBOAKIIY 1151 CTaIbHON
HPOBOJIOKH, TEMIOMUINIECKHE XAPAKTEPHCTUKY KO-
TOpOW GpLiy BastTel u3 padorsr [4]. Ilapamerpsr npoBo-
JIOKM ¥ PEXKHMbI HAMbIIEHUS BAPbUPOBAJIUCh B CJIELY-
I0IMX TIpeJesax: avaMerp rnposoioku 1,4—1,6 mm, cko-
poctb nnoaa4u 6—15m /MuH, Tok gyru 160-240 A, pacxon
rutasmoobpasyiomero rasa (aprona) 1,0-1,5 v /4. Pac-
CTOSTHHE OT TOPLA TIPOBOJIOKH /10 OCH I1JIa3MeHHOH cTpyu
usMensn B npefenax 0—1 v, Boutet npoBosoku (pac-
CTOSTHHME OT MYHJILUTYKa /IO PACIJIaBJIeHHOIO KOHLA IIPo-
BOJIOKM) TOJIArascsi paBHbIM 12 MM,

[lepetiieMm K pacCMOTPEHHUIO PE3YJbTATOB MOJEIU-
posanus. [lpu aHasuse TENJIOBOTO COCTOSIHUS NPOBO-
JIOKH B TIPOLIECCE HANBLIEHUS! JOBOJBHO Ba)KHOH AB/Is-
€TCS OUEHKA DA3JMYHDBIX COCTABJISIOLIMX €€ TCILI1000-
MeHa ¢ ayrosod muasmoit. Harpes 6oxosoil mosepx-
HOCTH TIPOBOJIOKH 06eCIEYNBAECTCS ABYMsI COCTaBJSIIO-
MMM — KOHBEKTWBHO-KOHAYKTUBHBIM ¥ DaANallMOH-
HbIM TeMJI006MeHOM ¢ OOTEKaIOIEeH TPOBOJIOKY 11.1a3-
MeHHOH ctpyeit (puc. 3). Braa aTHX COCTABJSIOLHX
B 9HEPreTHUCCKMH 6anaHc MOBEPXHOCTH PaclblIseMon
MPOBOJIOKU  TIPUOGJIM3UTENBHO O/AMHAKOB, IIPUYEM,
BOIN3Y ee PACILIABJIEHHOrO KOHI[A HHTEHCUBHOCTD YKa
3aHHBIX TEMJIOBBIX MCTOYHHKOB CYLUECTBEHHO BO3pac-
TAeT, YTO CBSA3AHO C BHICOKMMHU 3HAYEHUSAMU TEMIIEPa-
TypsI {10 30000 K) n cxopoctu (10 3800 M/ ¢) rra3mbi
B IIPMOCEBOH 30HE cTpyu. B pesysprare, B 001aCTH
11,0 < 2z, < 11,9 MM TeMOepaTypa MPOBOJOKH MOJKET
NpeBblaTh TeMIIepaTypy KIHIICHHs ee MaTepuaa
(3133 K). TIpu 3TOM TIPOWCXOAMT MHTEHCHBHOE HC-
TiapeHue MaTepuasia NPoOBOJOKY, TIPUBOSILEE K €€ OX-
gaxaenuio (eM. kpusyio 4 Ha puc. 3). B cBoio ouepens,
3TO BeJeT K MaJleHUI0 CYMMapHOrO TEeIJIOBOIO MOTOKa
uepe3 60KOBYIO TIOBEPXHOCTD MPOBOJOKH (CM. KPHBYIO
7). B oraaneHHbix oT OCH CTPYH yYacTKaX MPOBOJIOKH
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01079 Br/m2

—4 L L 1
10,0 10,5 11,0 11,5
Puc. 3. Pacnpezaeneiiie 0o AMuHE 1IPOBOJIOKH COCTABJASIOWHX TEl-
JI0BOTO (TOTOKA K €€ HOBEPXHOCTH: | — CyMMapiblif Ter060i 10ToK;

2=0Q,3—-0,4- 0,

Zry, MM

cosflaeTcsl obpaTHas CUTyalusi — TeMIeparypa Ipo-
BOJIOKH OKA3bIBAETCS HE3HAUWTENBHOM, T. K. MPOBOJIO-
Ka OXJIAXK/IAeTCsI OOTEKAION[MM ee XOJOAHBIM Ta30M.
O1,1001bHO CJIEAYET PacCMOTPETD Teli [0BOH GanaHc
y4acTKa IIOBEPXHOCTH MPOBOJOKU BOJU3U CEUCHUs
Zw = Ly (M. puc. 3), a TakKe HENOCPEACTBEHHO B
atoM ceuenvn (puc. 4). M3 puc. 3 crexayer, uTo Ha
atom yuactre (11,7 <z, < 12,0 MM) POJIb UCTIAPUTEND-
HOTO OXJIX/(CHUS 3HAYUTENBLHO YMEHDBIIAETCA U, CO-
OTBETCTBEHHO, PE3YABTHPYIOUIMI TEIJIOBOH MOTOK B
NIPOBOJIOKY BO3pacTaer. Bpumy npsmMoit 3aBUCHMOCTH
MOTEPH TEIIa, CBI3aHHBIX C WUCIIAPEHMEM MaTtepuaja
IIPOBOJIOKH, OT TEMIIepaTypbl Takas cutyaunus obdyc-
JIOBJIEHA PE3KUM CHMXKEHHEM TEMIIEPATYPbI MOBEPXHO-
CTH [IPOBOJIOKH B AAHHOM o6sacTu. " BSA3aHO 3TO C [0
CTaTOYHO MHTEHCHBHBIM OTBO/JIOM TEILIa Yepes3 ceueHue
Zy T Jap. IIpudeM, ¢ pocTOm reMnepaTypbl TEIJoBble
norepu 37ech Taioke poapactaoT (cMm. puc. 4). Ilpu
IIEBBICOKMX 3HAYEHHUSX TEMIEPATyPhbl B YKA3AHHOM Ce-
YEHUY [TOTEPH Tellia 06YCIOBAEHBI [IPEUMY IIECTBEHHO
OTPBIBOM DaCIJIaBJEHHOTO MATEPHAJIA [TPOBOJIOKH T10-
[IePCYHBIM TIa3MEHHBIM 1TOTOKOM. 1IpHn 6oJ1ee BbICOKUX
TeMIiepaTypax KJIOYeBYIO DOJIb B TEIJIOBOM Oajiarce

01079 Bt/ M2

-10

=12 1 1 L
2000 2800 3200 3600

Puc. 4. CymmapHbiit TeNN0BOH (10TOK, BBOAMMbIH 4epe3 CeYeHHE z,, =
= L, 1 ero OT/eNblible COCTABASAIOWHE 1} 3aBHCIIMOCTH OT TEMIlepa-
TYPbL paciaaBa B 9TOM CEHeRUM. | — CyMmapHblii TelJ0B0H HOTOK;

2—=0Q,3—- 054 -0,

1
2400 T, K

paccMaTpHBAaeMOro CEYEHUSl HMIpaeT HCIapHTeIbHOe
OXJAXKICHHE.

BausgHHe elie OAHOTO TeIJIOBOIO HCTOYHKKA —
SHEPCUH, BLIAEASAEMON [IPH NPOTEKaHUN Yepe3 IPOBO-
JIOKY 2JIEKTPHUECKOTO TOKA, — OKa3blBaeTCsl Masocy-
IIECTBEHHBIM. B yacTHOCTH, BOJAM3N pPaCIIaBJICHHOTO
KOHIIa MPOBOJIOKH BKJIAA JXKOY.ICcHa Harpena CoCTaB st
er MeHee | 96 OT COBOKYITHOTO AeHCTBHS BCCM HCTOY-
HIIKOB, HATPeBalOMUX MPOBOJOKY. laxuM o6pasoM,
[P 1171a3MEHHO~YTOBOM HAIbLJIEHHUN Harpen M IJaB-
JIeHUEe TPOBOJIOKH MPEXAE BCEro 00ecretnBacTCa Bos-
JEHCTBHCM BBICOKOTEMIIEPATY DHOH BbICOKOCKOPOCTHON
IJIa3MEHHOH CTpYyH.

Ha puc. 5 npeacrasnieHp! TemmepaTyplitie M0s B
TPOBOJIOKE, TIOJYUEHHbIE IPH BAPbHPOBAHNH 1lapaMeT-
POB peskMMa HarblieHus. BinsHue jiMaMcerpa IpoBo-
JIOKH Ha TeMITepaTypPHOE IM0JIe IIPe/Ie/IbHOTO COCTOSIHNA
NIOKA3aHO Ha PHC. 5, a. Kak ciegyer U3 NpuUBEAEHHbIX
Ha 3TOM PHCYHKE pACYETHBIX /IaHHDIX, B CJAyYae Harpe-
Ba TPOBOJIOKM OOJBLIETO AMAMeTpa JJIHA y4acTKa,
HArpeToro Bbllle OrpeAeJeHHOR TeMIIepaTypbl, YMelib
mraercst. [Ipu aTom cJro¥ »KM/KOTO MeTaJlj1a Ha TOpLe
npoBosioky guaMerpom 1,2 MM cocraaser 1,2 MM, a
Ha nipopoJioke guamerpom 1,6 MM — 1,0 M. [lono6uas
cuTyauus HabJIIOJAETCS U [IPH YBEJIMYEHUH CKOPOCTH
TI0JIaY¥ TTPOBOJIOKH. Y MEHDBLICHNIE TAMHbI BbICOKOTEM-
nepaTypHoi o6nacti BOJIN3U DacI/aBJEeHHOIO KOHIia
npoposioku (cM. puc. 5, 6) B JAHHOM CJIyyae sBJIAETCs
CJIe/ICTBUEM TOTO, YTO CKOPOCTD ITOAAYH IPOBOJOKH B
JyT'y HOPEBBIIIAET CKOPOCTL PACIIPOCTPAHEHHS TeIIa I
MIPOBOJIOKE 32 CYUET MEXAHH3MA TEIJIONPOBOHOCTH. K
TOMY JK€ TIPU IOBBILIEHUM CKODOCTH I10AA4M TIOTEPH
TETJIa ¢ KAIIAMHU PacIlJIABJEHHOTO MaTepHuala Bo3pac-
Tator. B pe3ysbrare npH CKOpocTH nogaun 15 u
S5 ™,/ MUH paszMep paciliaB/eHHOM 06/1aCTH COCTaBASICT
coorsercTBeHHo 0,8 n 1,35 MM,

Ha puc. 5, 6 mokasaHo BJIUSTHHE peXXuMa PadOTbl
MJa3MaTpOHa Ha HArpen M IJIaBJeHue DachbliIscMon
npoBoJIoKH. [1pu 60Jee BLICOKUX 3HAUECHHAX TOKA JTYTH
CKOpOCTb U TeMIlepaTypa I1J1a3Mbl CTAHOBATCA BbIUIE,
COOTBETCTBEHHO BO3pacTael POJb KOHBEKTHBHO-KOH-
LyKTHBHOTO W PA[IVALIMOHHOTO TEMJI00OMEHa B SHepre-
THYyeCKOM OaJlaHCe MPOBOJOKU U, COOTBETCTBEHHO,
JUIMHA €€ PaCIIaBJEHHOIO y4acTKa. Y BeJHICIILe pac-
X0/1a ra3a Mpeskje BCETO BEJAET K POCTY CKOPOCTH 11143
Mbl. B 3TOM ciydyae [UIMHA PACIIaBJeHHOTO ydacTka
HE3HAYUTE/IHO YMEHDLIIAETCS.

Orucauble Bbllle Pe3yabTaThl ObLIH MOJYUEIDI
P YCJAOBUM, YTO TOPEL[ NMPOBOJIOKM DACTIoIaraercst
Ha OCH MJiagMeHHod cTpyu. PaccMoTpnM, Kak Ha Terr-
JIOBOE COCTOSIHME NIPOBOJIOKM BJMSIET €e CMELLele OT-
HOCHTENBLHO OCH MJA3MeHHOH cTpyu. Kax cieayer us
puc. 5, 2, NMOJO)KEHHE DACIIaBJIeHHOro KOHLA MPOBO-
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Puc. 5. Pacupeaesienune TeMOepaTypbl 110 AJIMHE POBONOKH B 3aBucHMocTH OT ee anamerpa (@ — 1, 2 (1); 1,4 (2); 1,6 (3) M) u cropocTn
nogaun (6 — 6 (1); 9 (2); 12 (3); 15 (4) m/mun), pexnmos pa6otsl niasmarpora (¢ — tok 160 (7); 200 (2, 4); 240 (3) A; pacxon

3 o
aproda 1,0 (1-3); 1,5 (4) M”/4) n cMeuienns paouero Kotua 1POBOJNOKK OTHOCHTEBHO OCH T1J1a3MeHHOM cTpyH (2 —

(1);0(2);0,5(3); 1,0 (4) mm)

JIOKHM B 3HAYUTEJNBHOH CTEIEHH CKA3bIBAETCS HA Pa3Me-
pe objlacTel Harpesa M IJlaBjeHus. Tax, mpu nojave
MPOBOJIOKK 32 OChH CTPYM IJIOT(aAb GOKOBOW MOBEPX-
HOCTH, Haxo/[slleicsl MoJ BO3AEUCTBHEM s/pa IJas-
MEHHOH CTpyH, yBe/IMuMBaercs. ¥ YUTbIBAs, YTO HArpes
NIPOBOJIOKH 06ECIIEUNBAETCS IPEUMYILECTBEHHO 32 CYET
[eUCTBUS KOHBEKTUBHO-KOHJAYKTUBHOIO M JIYUYHCTOTO
TENJIOOOMEHA, KOJMYECTBO TENJIOThI, HAKAIJIMBAEMOM
B IIPOBOJIOKE, BO3pacTaeT. B pesysbTare, Hanpumep,
Py TOJaYe TIPOBOJOKM Ha 1 MM 3a och crpyu (cM.
KPUBYIO 4 Ha PHC. 5, 2) [I/IMHA PACILIaBJIeHHOMN 061acTH
cocraBisier 2,05 mm. B cnywae ke, Koraa pacrijiapien-
HbI} KOHell IIPOBOJIOKH He JOXOAMT [0 OCH CTPYH, Ha-
XOAACH, TEM CaMbIM, Ha MepudepnH 11asMeHHoro no-
TOKa, [0J5l KOHBEKTUBHO-KOHAYKTUBHOrO Y pajua-
UMOHHOTO HarpeBa IIPOBOJIOKY 3HAYUTEILHO yMEHb A
ercsa. Tax, npu Ly, — L, = —0,5 MM JnuHa paciias-
JleHHoit obactu cocrasisier 0,55 mm (cM. xpupyio 1
Ha puc. 5, 2). IlosmyyeHHbIe Pe3ynbTaTbl NO3BOJISAIOT
YTBEPIKIATD, YTO PACCMATPUBAEMbBIH [TPOLIECC [T1a3MeH-
HO-yCOBOCQ ITPOBOJIQUHOIO HANBLAEHUS 06/1afaeT BO3-
MOXHOCTAME CaMODEryJMpOBaMusl, d& HMEHHO! IpH
MOAEPKUBAEMBIX CTAGUIBHBIMY NTAPAMETPAX PEKHMa

Lo-1L,=-05

HanbLIeHHs Oy/IeT yCTaHABIMBATLCA ONPEAEIEHHOE T10-
JIO)KEHIE PACIJIABJEHHOrO KOHLA NIPOBOJIOKY OTHOCH-
TEJBHO OCH TIA3MOTPOHA U ONIpeAeieHHasd ANNHa pac-
IJ1aBa, yAEepXXHBaeMoro Ha ee Topue. BosmMoikHbIle KO-
JebaHusa NapaMeTpoB PEXXUMa B IPOlLlecce HaAIbIJIEHUA
6yayT NMPUBOAUTH K COOTBETCTBYIOLLIEMY H3MEHEHMIO
YKa3aHHBbIX XapaKTEePUCTUK. IIpM Taxux M3MEHEHMAX
N0JI0XKeHN S paboyero KOHUA MTPOBOJIOKH NOCTYTIAI0LIE
ro tensa 6yaer au6o HEJLOCTATOUHO LIS €€ Harpesa M
IJIaBJICHUS, U B Pe3yJbTaTe OHa BEDHETCH B CBOE Ol
TUMABHOE NOJOXKeHMe, U0 B CAydyae BbIXOAA IPO-
BOJIOKH 32 OCb CTPYM MHTEHCHBHOCTDL Harpesa IpoBo-
JIOKH CYLIECTBEHHO yBEJIUIUTCS U pasmep 06JIacTH pac-
[JIaBJeHHOrO MeTaJuia OyaeT Bo3pacTaTh A0 TEX MOp,
MIOKa CMOJKET yAEPXKUBATHCS Ha TOPLE IPOBOJIOKH. O1-
PBIB pacnJiaBa MJasMeHHod cTpyeil 6yaeT yMeHbllaTh
AJMHY TPOBOJIOKU, B PE3YJIBTATE YErO €€ KOHEL TAKKe
NPUAET B ONTUMAJILHOE [TOJ0XKEHHE OTHOCUTENDHO OCH
CTPYH.

MoennpoBanne B3auMMOACHCTBUA pacnjasa ¢
naasMenHsiM notokom, COrjacHo cxeme NPOoTeKaHus
npouecca MJIasMEHHO-AYroBoro HanblieHus: Gopmir-
pyromumiics ga KOHIE TPOBOJIOKY paciaas OyaeT yBJie-
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[Tatassennurii
NOTOK

4 C)
@

°®

Puc. 6. Cxenma hopraupoBanna x40l 1POCJIOAKH Ha TOPUE TOKO-
BE/Y LUCH NTPOLOMOIKH TIPH 1LA3MEIHO-/ 1y rOBOM [1POBOJIOUHON HAT(D(-
e | — TOKOBCAYWAA BPOBONOKA; 2 — KUAKAS 1POCIOIA,
3 — crpyftka paciiiaBiIeioro MaTepuana nposoaoKit; f Hasibl-
JI9€MbIe HACTHUDL; 2, — OCb CHMMETPUH >KUAKOH 11POCAOIiKH
KaTbCs MJIa3MEHHBIM [I0TOKOM, 00pa3ys CTPYHUKY »KU/I-
KOTO MaTepuaJsia IPOBOJMIOKH, TaK HA3bIBAEMBIH «SI3BIK»
(puc. 6, 3) [6]. Tlpu na. vHefiwem TeueHnu cTpyiKu
NOA ACHCTBUEM BHEUIHMX M BHYTPEHHUX BO3MYLIAIO-
wux HakTopos oHa Oy,CT PacmajaThCs HA Kariy —
AUCIIEPCHDBIE YACTHMLbI HAIbL/IsIEMOrO MarTepuana. Ila-
paMeTpnl TeHEHHMA JKI/KOr0 MeTaJsLIa B CHOCUMOT JKua-
KOl Mpoc/oiike, yAepKIBAEMOH HA TOPLE CHIAMU IO
BCPXIIOCTHOTO HATSHKEHMS, BO MHOTOM OYAYT ONPEae-
JATh JalibHeiinee Tevenne cTpyHKY, a Takoke yCA0BUA
ee ApOGJIeHNS Ha Kari. PaccMoTpuM Moae b GOpMU-
POBAaHUS KUIKOHN IPOCIONKH HA TOPLE MTPOBOJIOKH.
B ofumem cayvae pacmbliasiemMass mpoBoJIoKa MOXKET
pacroJsaraTbest oA yriaom 90° — o, K 0cH CUMMETPHHU
M.143MEHHOIO MOTOKa. L1pUMeM, ITO HOPMaJIb K DPOHTY
[JIaBJICHUS PACIIOJN0IKEHA OPTOTOHANbHO OCH 1J1a3MEH-
Horo noroxa (eM. puc. 6). Bymem Takye CuMuTaTh, 9TO
YAEPIKUBAEMAST HA TOPLIE TPOBOIOKM XKMAKAS [TPOCJIO¥-
Ka o/ AefcTBreM O6TEeKAIOUIErD IIA3MEHHOTIO MOTOKA

\
N

\\
NN

<l

Uy

N

o

Z-
Puc. 7. Cxema Te4eH s JKHAKOIO METaNAa 1POLOIOKK 1O JeiicTBIieM
06TEKAIOLIErO TIA3MCIIIOr0 HOTOKA: | — HCPaCILiaBgeIas 1poBo-
noka; 2 bpoHT 1nasaenus; 3 — pacriauAenias 11POBOJIOKa;
4 — rpanuua pasjesa paclulaB—liasMenHblil 10ToK; 5 — ofaacTs
TEUCHUA (11a3Mbl

VT

npuHUMaeT GOPMY ILapOBOrO CErMeHTa BbICOTOM Ly U
paguycoMm wapa, 06pasyoLero CerMenT Ry, ¢ UEHTPOM
B TOYKE, PACIIOJIOKEHHOM Ha IPSIMOH, TIePIICH, Ky AsD-
HOM OCH I1JTa3MEHHON CTPYH Ha paccTOssHUM Lo OT HpOH-
Ta rutasaenusa (rae nosaraercs z, = 0). [Toaaras npo-
TeKalolMe TIPOUECChl CTallMOHAPHBIMH, PaCCMOTPHM
YCJIOBMST, MCXOAST M3 KOTOPDLIX MOXCHO OTIPE/I€MUTD TO.I-
WIMHY Lp KUAKOM TPOCJONKM, a TaKkKe MpOCTparicT-
BEHHOE PAaClpC/C/CHUE CKOPOCTH TEYEHHS MKUAKOrO
MeTaJiia B Hel. [1/1s1 9Toro 010, (€M OT TPaAUuLIMOHHOTO
paccMoTpeHus 6aJsranca CUJI, AeHCTBYIONIMX Ha XKUAKKUH
pacnbLIsieMplit MaTepual [6, 7], T. K. BBUAY B3AHMHOTO
DACTIOJIOYKEHUsT TTPOBOJIOKH M TIJIa3MeHHOro [0TOKA
UMEIOTCS OTNPeeseHHbIE CIOMKHOCTH C MOJTyUeHHEM Ma-
TEeMaTHIECKUX 3aBHCHMOCTEH, CBA3BIBAILIMX Pa3Mepbl
JKUAKOH NMPOCAOUKH ¢ pexKUMaMK HANBIICHUS U yCJIO-
BHAMH 0OTeKaH s JKUJKOro pacrnijiasa miasmoit. Bmec-
TO 3TOrO PACCMOTPUM 3aladyy TEUEHHS JKHAKOTO pac-
[LJIaBJIEHHOrO MaTepHasia BA0JIb TOPUA NPOBOJIOKU [0/
JEUCTBUEM CUJT BSI3KOTO TPEHUS OT OOTEKAIOUIETO MIPO-
BOJIOKY MiazMmenHoro notoxa (puc. 7). Ipu Tako# noc-
TAHOBKE 3aJ4a4d MBI MO CyTH GyZAeM paccMarpuiaTbh
B3anMOJEUCTBYE JBYX TIOTOKOB — BSI3KOTO TEUEHUS
HECKUMaeMOM >xuaKkocTy (pacriana) BLOJb TPAHMUIBI
MUIaBJIeHUs U TypOyJIEHTHOTO TeUeHHs BA3KOI ra3onoit
cpennt (M1a3Mbl) BAOJAbL TPAHHIBI pasiesa cpel Mpn
z, = Ly, (cm. puc. 7).

B cootBeTcTBUM ¢ razoAMHAMUYECKOH Teopreii |[15]
B HEMOCPEeACTBEHHOM GJIM30CTH OT pa3zeJsa ABYX CpLT
B IJJA3MEHHOM NOTOKE Oy/1eT 06pasoBaH NOrPaHitiibid
coit. [last mocsieIHEro XapakTePHO PE3KOE UaMCHEH W
OCHOBHBIX [TaPAMETPOB TeYEHUSI B MONEPEUHOM Har pas-
JleHUH. B YaCTHOCTH, 3HAYelN¢ CKOPOCTH I1J1a3Mbl BO
BHeIUHeM II0ToKe 6yeT U3MEHATLCS /10 3HAUYEeHUS CKO-
POCTH TEYEHHUS KIJIKOT0 MaTepHaJa MpoBO0KIL Ha rpa-
Huue pasaena cpes (yeaoBue «IpUaunanus» ). Tlou
MO JIAHHOTO «BHEIIHErO» IOrNAHUYHOTO CJIost OyIeT
TaroKe ¢hoOpMUpOBAH ¥ BTOPOH, «BHYTPEHHUII», NOT-
PAHUYHLIN CJI0if, KOTOPBIY OYIET CyUlecTBOBATL B 06-
JIACTH TEYEHHS JKWAKOTO pacijiaBa y TBePAOU CTEHKH
npososioku-anona (npu z, = 0).

Ilpexcae, deM mepekity K aHa M3y JIBUACIMS pac
IJIaBa M MIa3Mbl B MOTPAHUMLIBIX CJAOSIX, OCTAHOBHMCA
Ha CTPYKTYpE TMOrPAIMYHOTO cnod Kaxk taxosoro. C
yueTox TypOyJIEHTHOTO XapaKTepa TeuYeHMs [1J1a3MDl
BJOJDb CPAHMIBI PA3JESa PACIIIABA W [LJIA3MEHHOTO I10-
TOKa MOrpaHuYHbIi cioit 6yaer Typ6ytenthein [8]. B
TypOYJIEHTHOM IOTPAHUYHOM CJIO€ BBIJIE/ISIeTCsT He-
croabKO nogobnacteit (puc. 8) [16]. Breumuil cion
ABJAeTCs 061aCTLIO MOMHOCTLIO PA3BUTOrO TypOy et
THOTO TEYEHMS, CBOHCTBA KOTOPOrO 3aBMCAT OT Mpejl-
BICTOpPHU NMOTOKa. BHyTperHss obaacth TypOyJJeHTHO-
r0 MOrPAHMYHOIO CJIOSi B O6LIEM Ciydae COCTOMT U3
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BSI3KOTO MOJCJIOS], IEPEXONHON 06NACTH 1 06JIACTH JIG-
rapudMIigeckoro Npoguist CKopocTy. TeueHHIo BO
BHYTpeHHe! 06J1acTH NPUCYLL YHUBEPCAJbHbIN Xapak-
Tep pacnpefeJeHuss CKOPOCTH, YTO CJYXKUT OCHOBOH
JUJIst TIOCTPOEHUS CIEIMATbHDBIX NMPUCTEHOUHDIX (DyHI-
UM, CBA3BIBAIOWINX NlTapaMeTpbl TEUEeHHSs C PACCTOSIHU-
€M OT TPaHUIlbl, BDACJL KOTOPOH Pa3BUBAETCs I10Tpa-
HUYHBIH ciaoit [15, 16].

JlanHas 0COOEHHOCTH MOYKET ObITh B3sSTa HAMH 34
OCHOBY NPU MOJYUEHUH COOTHOLWIEHW, CBSA3bIBAIOIIMX
napaMeTphl TEUeHUs [/1a3Mbl ¢ PA3MEPaMU KUAKOH
NpOCJAOHKM Pacll/IaBJeHHOrO MaTepuasa, yAep Kupae-
MOHM Ha TOpUe NPOBOJIOKM. Tak, B BSA3KOM MO/CJOE
BHYTPEHHE 06/1aCTH IOTPAHUYHOIO CJI0S TOTOK SIBJISK-
eTcsd NMPaKTUYeCKH JaMUHADHLIM M BA3KME Harnpsoke-
HUS1 JOMUHUDYIOT HaJZl TypOyAeHTHbIMH [ 15, 16]. 3nece
UMEET MEeCTO JIMHelHHas 3aBUCUMOCTD KacaTeabHOH coc-
TaBJIAIOWEN CKODOCTH. YUUTBIBas 3TO, a TalOKe IPU-
HUMasi BO BHHUMaHUe OTHOCUTEJLHO MaJylo TOJLIMHY
pacllsaBa, yAep KMBaeMOro Ha TOpUE NPOBOJIOKH, AJIS
OLEHOK NTapaMeTpOoB TeueH st 6yAeM [OJIararTh, 4To pac-
npejesIeHre CKOPOCTH B PACIIIaBe OIHCHIBAETCA IMHEH-
HOH 3aBHUCHMOCTBIO. Torga ¢ yyeToM IpaHHYHOLO Y-
JIOBHSI HAa TBEP/IO¥ CTEHKE

Oli([(o) = 0) (]5)

CKODOCTDL TEYEHHMsI PAclaBa BAOJb TOPLA MPOBOJIOKK
1i¢(2;) GyleT OMMCLIBATHCS 3aBUCHMOCTHIO
)
V2y) = 7. Y (16)
b
rae vy CKODPOCTb TEYEHUsl DPACIIABA Ha TPaHule
pasgena cpen (npu 2, = Ly). B cBO0 ouepenn, nenu-
YHHA Uy, CBSA3AHA C TADAMETPAMMU TEUEHUSA [1Ia3MEHHOT0
[0TOKA, UCXOASA U3 JNOMYIEHNS O TOM, YTO KacaTelb-

HBIE HANpsHKEHWs B IJIa3Me M DACIJIaBe Ha TPaHHIle
paszesia cpejl PaBHbI

do;; dv
ZPhag _ N 2P
i =m, y (17)
i dzp bV 3z, 'L

A€ Ny, Niig — AMHAMUYECKas BA3KOCTD [JIA3MBI U pac-
MJIaBJEHHOrO MaTepuaJa IPOBOJIOKH COOTBETCTBEHHO;
v(2,) — pacrpenenenye kacareabHOM (OTHOCHTENBHO
TOpIA MPOBOJIOKH) CKOPOCTH MJIa3Mbl BAOJb OCH Z.
Jlorapudmuveckuit moacaoi 3aHuMaer OGOJBIIYIO
YacThb BHYTDEHHEW 06JIACTH NOTPAHMYHOrO caod (CM.
puc. 8), 1MO3TOMYy MMEHHO JIOrapudMUYECKHH 3aKOH
«CTEHKH» Yallle BCErO UCIIONb3YETCSs] HA MPAKTUKE TIPH
ONMUCAHUY T1apaMeTPOB TEUEHUsI B MPUCTEHOUHBIX 06
sactsix [16, 17]. C yueroMm 3TOro AUt ONMMCaHUsA pAaC-
NpEAEJEHNst CKOPOCTH I1J1a3MblL BOJIU3M IPAHULIBI XK/

uth

BryTpenHas | BHewHsas
o6s1acTh 06y1acTh
-
-
-
Jlorapud-
= Bydepubit | Mudecknit
Bsiakuit moacaon cJio# cro#t
~5 - ~30 ~ 400 VN

Puc. 8. Crpykrypa typ6y/IeHTHOrO NOrpaHHYHOrO Clos

KOTO PACILIaBa Ha TOPLE TPOBOJIOKH HCITOIb30BAIY JIO-
rapupMuvecKyIo npucreHounyio dyuxuuio [16, 17],
KOTOpast MPUMEHUTETBHO K PAcCMaTPUBAEMbIM HaMu
YCJIOBUSIM OOTEKAHUS MOXKET GbITh 3allMCaHa ClIenylo-
M 06pasom:

+ 1

v =——1In(Ey").

3necy v =1v,/0" — GespasmepHas KacaTebHas
CKOPOCTL T1JIa3MBl, Zp(zp) =0y(2p) ~ Un CKODOCTD
TEUEHMUS TIIA3MBi OTHOCUTENBHO CKOPOCTH TEYEHUST pac-
WaBa; v’ — AMHAMUYECKAs CKOPOCTH, ONpe/e/deMas

KaK

v =1,/p,, (19)
ou
rne T, =|mn a— — HalpsOKeHUE TPEHHA B N1a3Me Ha
Lb

o0TeKaeMON MOBEPXHOCTH; Pp — TJIOTHOCTD [J1a3MBI;
kar=0,41 — nocrosinuas Kapmana; E — nOCTOsiHHas,
OTpEAEeASIONIas CTENEHD EPOXOBATOCTH CTEHKN (A5
raazxoit crenxu E = 8,8 [16]); y© — Gespasmeproe
PACCTOSIHUE OT TPAHUUBI Pa3BUTHS TyPOYJIEHTHOTO CJIOS
(rpanuust pasgena z, = Ly);

y = Pz = Ly ot (20)

Ny

Jlorapudmuyeckud MOACJOH pacloNOXeH IIpH

y' < [', rae [ o6b1uHOo BhIGUpaeTcs B npeaesax 11,6—
400 u Gosbuie [16, 17]. 3a norapucdMuyeckum MoA-
CJI0EM CJIEYEeT BHELUHSIsE OONACTb MO PAHUYHOIO CJIOH,
KOTOpast COOTBETCTBYeT 06JIACTH NOTHOCTHIO PA3BUTOTO
TypOy NeHTHOTO TeyeHnst. Bo BHewHeR 061acTy Morpa-
HUYHOTO CJIOS MPOUCXOAMUT ILIABHBIH ITepexof napa-
METPOB TEYEHMsI OT JOrapH(MMHIECKOro 3aKOHa CTEHKH
K TiapaMeTpaM BHEWHEero HEeBO3MYLIEHHOIO IMOTOKA.
KoppexTHas oligHKa MOJHOM TONMUHDBI IOTPaHHYHOTO
CJI0st, 06pa3yIomerocs B nyasMe BOJIM3U TOPLA TIPOBO-
JIOKH, TPe6yeT pelieHNst COOTBETCTBYIOIHNX ra30/(MHa-
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MHYECKMX ypaBHeHHH. st TpoBoAUMON HaMH OLUEHKH
c/lestaeM JIOMyILEHHE, YTO CKOPOCTh TJa3Mbl BO BHYT-
peHHeil 06/1acTH MOrpaHUYHOTO CJIOST H3MEHSIETCS 110
JIOrapHMITYECKOMY 3aKOHY OT CKOPOCTH TEUESHMsE PAC-
nasa (ycjaoBue «IIPUAMTAHHA» ) 10 CKOPOCTH HEBO3-
MYLIEHHOrO I10TOKA IJA3Mbl, ONPEAEIIIEMON, HAlpH-
sep, no mozgeau [8]. TIpivem, 4To TaKO Mepexoa ocy-
wectsJsercs B o6aactu 0 <y~ < 400. Toraa Ha ocHo-
parnu (17) kacate (bHOE HATIPSIKEHHE B [1A3ME MOYKHO
6y.1CT MIPEACTABUTD CJAEAYIOLUMM 06PA30OM:

T (" ) _ ;;T-'(.g)m) _ 5(2’1‘1(2)111)p/)
wom = v = 730671

1
I B9

Qv

TAE Vo (V) = Vext ~ Uy —
HIEHHOTO IOTOKa IJia3Mbl BOAM3U TOpUa MPOBOJOKH
Uyt OTHOCHTEJNBHO CKOPOCTH TEYEHUS PACIIABA .

CKOPOCTD TEYEHUS HEBO3MY-

HenspecTHoil BeJIMUMHON 0CTaeTCst TOMLMHA XKHAKOH
npocaoiku Ly, [las onpexenenusi nocienHei pac-
CMOTPUM GaJjlalC MacChbl PAaCILIABAEHHOMO MaTepHasa
NPOBOJOKH. FICXOAST U3 yCIOBMS OCTOSIHCTBA M PaBeH-
CTBA CKOPOCTEH MOAAYM U ILIaBJEHUsT MPOBOJIOKH, KO-
JIHYCCTBO MaTepUaa MPOBOJIOKH, PACILIABISIOUETOCS 3a
e[MHALY BPEMEHM M, C.IC1OBATEIbHO, MMEPECEKAOIIEro
ceuenne z, = 0, O6yAeT Onpenensitocst BbIPAKEHHEM

GI = pm(Tm)vaniﬂ (22)

rae Py = Pep(T) — NAOTHOCTH MaTepuaJa MpPOBOJOKH;
T, — TeMmneparypa IJaBJernsa MaTepHUaaa MpoBoJo-
kn; S, = TR, oS ¢y, — MJI0WAAD CeUeHus MIPOBOJIOKU
B TJIOCKOCTH, Tapanaensioit dpouty niaassiexus. Ta-
KuM 06pa3oM, pesuunta Gy 6yaer npecTaBasTb cCOO0H
MacCCOBBIH pacxoj MaTepuaJja TPOBOJIOKK Yepe3 ceve-
Hue z, = 0.

CorJIacHO IIOCTAHOBKE 33424l PACILIABJIEHHBIH Ma-
TEpHa MPOBOJOKYU CHOCUTCS TMJIA3MEHHLIM TNOTOKOM
BHU3 110 TEYEHUIO, 06Pa3ysi HA TOpUE MPOBOJOKH LIAPO-
BoOH cerment. Ecsu paccMaTpuBath MOJIOBUHY LIAPOBO-
ro cermMeHTa, o6pasyeMyio MI0CKOCTBIO, NMPOXOASILEH
Yyepe3 0OCb 2, MEePIEeHAUKYJSIPHO OCH I1J1a3MEHHOU
CTPYH, TO PACXOA JKHIKOr0O Marepuasa MPOBOIOKY He-
pes JIAHHYIO MJ0CKOCTD ONMpeAe/IHTCsa KaK

Ly y(2)
Gy = 20(T) f V1iq(2) [ dyaz (23)
¢ 4]

rae y(zp) = VRZ = 2((R% — L)/ (2Ly)zy — 28 — rpa-
HHUa Luaponoro CerMeHra. yLII/ITbIBaH, 4YTO B paccmaT—
pHBacayI0 IOJ0BUHY LUAPOBOro cermenTa Oy aeT rocTy-
[1aThb COOTBETCTBEHHO NNOJIOBHUHA paCHJIaBJIHeMOFO MaTe-
vaIaJI'cl HpOBOJIOI(I/I, l’IpI/IZLEM K CJIGLLyIOLL[eMy COOTHOLIE
HUIO:

G./2=G,. (24)

[Topcranasisa B (24) sorpaxkenns (22), (23) u ue-
noab3yst (16}, mosyduM CJEIYIOUYI0 3aBUCHMOCTD
MAaKCHMAJIBHON CKOPOCTH TEYEHHSI JKH, (KOT'O PaCllTaBa
OT TOJL{MHBI CJIOST JKHMAKOTO MATepHaIa Ha TOPLE MPo-
BOJIOKH:

Uals

onll) =" T

J‘ZJ‘dydz
0 0

(25)

Teneps Mbl MOdXKeM repenucars (24) cocaylonms
o6pa3om:
[‘b

[ Se T (vn([‘/))
w o ya i 4
2 2 Tiq {2

e

Jr dydz.

0

(26)

O603Hauns B (26) MCKOMYIO BEAMUHHY TOJLIHIIDI
JKUAKOW MPOCJIOMKY HA TOPUE TPOBOJIOKH L, uepes x,
3alMILCM CJIeAYIoUIee ypaBHEHME [Lilst ee OlIpeAe/IeH U
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) m I IIIS 2]
2 L (;)]l.(x)) J.Z J. dydz — D2
iq
0 0

-0 27)
2

Vpapnenne (27), 3aMblkaeMO€ COOTHOLIEHHSIMU
(21) u (25), MOXKHO peulnrTs OAHUM U3 UHCJIEHHbIX
METOJ0B pelleHust HeJuHeHbIX ypapueruit [18]. /las
9TOrO MOXKET GbITb HCIOJAb30BAH NMPOCTEHIIHH METOA
JMMXOTOMHH MJIH UTepaluHoHHbIH MeToA HbloToHa ¢ yue-
TOM, YTO TO/(bIHTEr PANLHOE BLIPAXKEHHE 3aMTHCAHO AHa-
JINTHUECKH.

PaccMoTpuM Tenepb, Kakum 06pa3oM M3MEeHeHHe
PEXXUMOB M YCJIOBHH HAIMbLICHUS CKA3bIBAETCS Ha pas-
Mepax KUAKOH MPOCJOUKH Ha TOpLE pachblIAeMOi
NPOBOJIOKU-aHO/A4, CHOCUMOH IJIa3MEHHBIM TIOTOKOM.
3HAYEHUST CKOPOCTH M TEMITePaTypPbl IJa3Mbl A0CTa-
TOYHO PE3KO U3MEHSIOTCS B NIONEPEYHOM HallpaBJeHHH
OTHOCHTEIBHO OCH TIa3MeHHON cTpyu. COOTBETCTBEH-
HO YCJIOBUS BA3KOCO B3aHMO,1€HCTBUS ILIa3Mbl C pac-
MIaBOM GYyAYT CYMECTBEHHO 3aBHCETh OT NPOCTPAHCT-
BEHHOIO ITOJIOXKEHHUS TOPLA MMPOBOJOKH OTHOCUTEIBHO
s1pa MJa3MeHHOro NnNotoka. OAHaKO 3aBUCUMOCTD TOJ-
HIMHDI JKUAKOH TPOCJOUKH OT PACCTOSILINA A0 OCH 1123
MEHHOH CTPYH OKAa3blBaeTCs HEMOHOTOMHOH, 4TO Ae-
MOHCTPMPYET, Hanpumep, Kpusbie 3 u 4 Ha puc. 9, 6
B 06stacth 1—2 MM OT OcH IJIAa3MEHHOH cTpyH. CBsA3aHO
3TO C U3MCHEHHUAMI NIapaMeTPOB TeUeHUsT [1J1a3Mbl IPH
Pa3JIMYHBIX PEXMMaxX HalLIJIEHUs], a Tak)ke ¢ 3aBHCH-
MOCTBIO TeNMO(U3UUECKUX U TPAHCIIOPTHBIX CBOHCTB
IJ123MbI OT TeMIEPATypbl. TaK, MPH MOBBILICHHN Dac-
X0Ja MJasmMoo6pasyIoulero ra3a CKOPOCThb [0TOKa BO3-
pacTaer, OQHaKO TeMIepaTypHbIH Npoduib OKas3biBa-
eTcst 6oJiee CKAThIM W, CEA0BATENBLHO, Ha epudepun
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Lyigy ™

Ly, My

O 1 I 1 1 1
1 0,5 0 -0,5 -1,0 1.5 L, = Ly mu

Puc. 9. 3aBucumocTs Aiukbi paciiiasa (@) 1 Toamnib XHAKOH 11pocaoiiky (6), yaepX HBacmoil Ha TOPLE IPOBOJIOKH, OT CMELLEHHA [IPOBOIOKH

OTHOCHTE/IbHO OCH 1L1A3MEHHON cTpyH tia Toke 160 (1), 200 (2, 4),

MOTOKA TEMIIEPaTypa OKa3biBaeTcs Hinke (CM. KpUBbIe
2, 4 wa puc. 2). B pesysbTaTe NpH CMELIEHMH TOPLA
pacnbLIAeMOil TPOBOJIOKH OTHOCHTEIbHO OCH TJIa3MEH-
HOM cTpyH Ha 1 MM 1 G0sbLIE TOIIYHA CHOCHMOM KM /I-
KOH TTPOCJIONKH YBEJUYUBAETCS HE3HAYUTEIBHO, & [IPU
ONpeAesIEHHbIX PEKUMAaX HAMbIJIEHHS AarKe CTAaHOBUT-
Csl HIDKE CBOMX MAKCHMaJbHbIX 3HaueHud. Haubosee
Ae CYLLECTBEHHOE M3MEHEHNE Pa3MEPOB YIEPIKHUBAEMO-
ro Ha TOPUE MPOBOJOKYU pacmiana (Gosee 4em B 1,5
pasa) OpPOMCXOAUT TIPU M3MEHEHWH TMOJNOKEHHS TPO-
BOJIOKHM B mpeaesax 0—1 MM OTHOCHTEJBHO OCH IJa3-
MEHHOH CTPYH, YTO MOXXHO HCIIOJIb30BaTb NPH YIpas-
JIEHHM MPOLECCOM OTPBbIBA Kamesb W (HOPMUPOBAHMS
YaCTHIl HAMBIISIEMOr0 MaTepuaia.

Ha puc. 9, 6 moxasaHo TaxkiKe BAMSIHUE PEXKMMOB
paBoTbl MJ1a3MaTpPOHA HAa Pa3Mepbi CHOCHMOrO I11a3-
MEHHbIM TIOTOKOM pacrljaBa. lax, yBeaudeHue ToKa
[YTH TIPUBOAUT K BO3PaCTaHMIO CKOPOCTH M TeMepa-
TypbI 1a3Mbl (CM. pUC. 2), U CUJbI BA3KOTO TPEHUS,
[eHCTBYIOMME Ha XKHAKUHN PaCcaB Ha TOpIe NPOBOJIO-
KM, BO3DPaCTalOT. B pe3yJsbrare Npu BbICOKUX 3HAUE-
HUAX TOKa AYrH 6OJbIIAS YacTb 06pasyIoerocs pac-
I1J1aBa CHOCHTCSI BHH3 110 TEYEHHIO, a TOJIIUMHA JKUIKOH
[IPOCJAOHKH, YAEDPKUBAEMOW HA TOPHE IPOBOJOKH,

L[,'q, MM

0,6 1 1
6 9 12
a

Puc. 10. 3apuckmocTs sanHbl pacitiasa (@) W TOMLMHBL XKHUAKOH
noj@add nposoaokk aumarerpom 1,2 (1), 1,4 (2), 1,6 (3) mm

240 (3) A u pacxose aprona 1,0 (7=3) u 1,5 (4) M’ /u

ymenpwaercst ¢ 0,11 MM npu Toxe ayru 160 A mo
0,09 mm mpu Toxe ayru 240 A. YBenudeHue pacxoga
NJ1a3Mo00pa3yollero ra3a IMpUBOAUT K BO3PacTaHIIO
CKOPOCTH IJa3Mbl, YTO TAK)KE CKA3bIBAETCS HA BI3KOM
B3aUMOAEHCTBUM MJA3MEHHOTO TTOTOKA ¢ OOTEKAEMBIM
pacniaBoM: TOJUIMHA CHOCHMOH SKUAKON MPOCJOHKH
ymenbwaetcs ¢ 0,1 My npu pacxoze aprona 1,0 »® /4
10 0,086 MM rpu pacxome aprona 1,5 »° /4.
Brusinue guaMeTpa pacrhbLIsgeMOit mpoBOJIOKH, a
TaKKe CKOPOCTU ee IMOoAaYM B MJIA3MEHHYIO CTPYIO Ha
pasmMepbl CHOCUMOM JKMAKOH ITPOCIOIKH Ha TOPLIE IPO-
BOJIOKY TIOKa3aHo Ha puc. 10, 6. TlosyyeHHbIe pE3y.ib-
TaThI SABJISIOTCS BIIOJIHE TTpeACKa3yeMbiMu. 1Ipu 60ab-
LIMX AMaMeTpax pPacliblifeMolt IPOBOJIOKH, DaBHO Kak
¥ IIDH YBEJMUYEHHU CKOPOCTH €€ IOAAuH, KOJHYECTBO
MaTepuasa, PacrjiaBJ/sieMoro B €IMHNLY BPEMEHH, YBE-
smgupaetcs. COOTBETCTBEHHO YBEAWYHBAETCS W TOJ-
[UHA CHOCHUMOM JKMAKOW MPOCAONKHM Ha TOpLE MPOBO-
goxH, cocrapass 0,074 MM npu CKOPOCTH IoAauu
Sm/mun u 0,13 MM nipu 15 M/ mun (CKOPOCTh TEYEHUS
JKUJIKOTO Marepuasna MpOBOJIOKU U, TIPU 3TOM paBHa
4 m/c). B 10 ke BpeMs, pacyeT 110 MOAENU TEMJ0BOTO
cocrosgnus nposoaoxu (11)-(13), (4), (5) noxassiBa-
€T, YTO IIPU PACCMOTPEHHbIX HAMU DEKHMMax HarblIe-

Ly, My

0,12

0,10

0,08

0,06 . L
6 9 i2 Ugn M/ MHH
6

1IPOCNOiKY, yjepkuBacmol Ha topue npososaoku (6), or ckopocTh
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HUS TOJTIIIHA CNOS PACTIIABIEHHOrO MaTePHATA MOXKET
M3MEHSTHCSL B JIOCTATOYHO MHPOKKX Npedesax ot O 10
13 my (em. puc. 9, a; puc 10, @). Tax, B ciyvae, xoraa
IPOBOJIOKA OTCTOMT OT OCH CTPYH Ha HEKOTOPOM pac-
crosiiuu (1 MM u Gosibine), HaXO/SACh TEM CaMbiM Ha
repudepun MIa3MeHHOr0 MOTOKA, TEMIOTDI, [TOCTYIa-
o1el B IIPOBOJIOKY, HEAOCTATOYHO [UTsl AOCTHIKEHMS
TeMIIEPATYPbI MJIaBJeHNs 1POBONOKU. Hanpotus, npu
HAXOXK/IEHUH TPOBOJIOKH BOIN3M OCH W TIPU €€ [ojade
33 OCb CTPYM NUIA3MEHHOTO TIOTOKA TOJIIUHA CJIOSL Pac-
MJIaBJeHHOro MaTepuana sHauntensuo (B 10-15 pas)
[IPEBDINIAET Pa3MePbl CHOCUMOH MJIa3MEHHDIM TOTOKOM
KuKon pocioiikn {cM. puc. 9, @, 6). B atom ciyqae
Ha TOPIIE NIPOBONOKH OYAET yIEPAHBATLCA KOJTUUECTBO
JKUJIKOTO MeTaslIa, ONPeAesieMoe COrJacHO PEIIEHHIO
ypasuenns (27), a ocTaiabHON xuAKKi MeTain 6yaet
CHOCHTBCS B «A3biK» (M. 3 Ha puc. 6), KoTopoiit aanee
APOGHTCS. HA KAMJIM — HAMBLIAEMbIE Y9acTHUbl, Oue-
BU/HO, YTO OO6BEM CHOCHMOH >KHAKOH MPOCHOHKH 1
ofuit 06bEM paCHaBJIEHHOrO MaTepyalia, NepeTe-
KaIOIlero B CTPYHKY JKHJIKOTO MaTepuasia NpoBoJIoKH,
OynyT CBA3aHLI ¢ NapaMeTpaMy (POPMHPYEMbIX IHC-
TePCHBIX YACTHLI, B TOM 4HCJIE € UX Pa3MepaMu H yac-
TOTO# OTPBLIBA ¢ TOPUA 1IPOBONIOKH-anoxa. OMHAKO KO-
HEYHOEe [IPOrHO3HPOBaHKE NapaMeTpon (GOPMHPYEMbIX
QUCTIePCHBIX YACTHIL TPEGYET 3aMbIKaHUsA MPEAJIOIKEH-
HOH MOZEH MOAEJBIO TEUEHUs CTPYHKU PacIlIaBIeH-
HOrO MaTepHaja NMPOBOJIOKH U €€ AUCIEePrUPOBAHHUS
non AefiCTBHEM BHYTPEHHUX W BHEIIHHUX BO3MYLIa-
oux haxTopos.

Brinoabt

1. IIpoaHaIM3UPOBAHDI YCIOBHS B3AUMOAECHCTBHUS SJI€K-
TPHYECKON AYTH M MJIA3MEHHOIO NOTOKA C PACIIbLIse-
MOl TOKOBeAyIIEN TPOBOJIOKOH MpPH MJI1a3MEHHO-AYTO-
BOM HaIlBUICHUN U IIPEIJIOSKEHA MaTeMaTHyeckas Mo-
[EJb IPOTEKAIOLIUX TIPU 3TOM MH3UYECKUX TPOIECCOB,
NO3BOJIAIONIAS IPOTHO3MPOBATh TeMIIEPATYPHBIE MTOJIA,
00beM PACIIABJAEHHOrO METAJIA M PA3MEPBI MKUAKOH
IPOCJIOHKH, YHAeP KUBAeMOH HA TOPIE TPOBOJIOKHU.

2. OpnuM n3 3¢pdeRTUBHBIX CITOCOGOB YIIPaBJIEHHS
napaMeTpamM¥ JUCIIEPCHBIX YacTHL, (OPMUPYEMbBIX B
YCIOBHAX TI1a3MEHHO-AYTOBOTO HAaNbIIEHUS, B TOM
YUCJIE HX PasMePaMU U YaCcTOTOH OTPbLIBA C TOPUA pac-
Nb1/ISeMON [POBONOKN-aHOAA, MOYKET SIBJSITHCS Pery-

JIMDOBAHHE yCJIOBHf/JI ee rmoJgavyu B {1JIA3MEITHYIO CTPYIO
(CcKOpOCTY MOAAYY U PaCHOJOMKEeHHS PabOUEro KOHIA
NPOBOJIOKH OTHOCHUTEJIBHO OCH H.II'dl}MOTpOHa).

3. Jinasi mocTpoeHus TOJIHOW CaMOCOTJIaCOBAHHOM
MOAEU [TpOoLecca MIa3dMeHHO-AYTOBOI0O NMPOBOJIOUHOIO
HaIlblJIECHU s HeOéXO[H/IMa pa:spnéoma MOJETI TECHYEeHNA
CTPYHKH PACILIABJEHHOrO METAJJIA U €€ APOGIEeH S Ha
KarJiyv, 49TO IMO3BOJMT OUECHUBATL pPa3mep, HavaJbHYIO
TEMIIEPATYPY U YCJIOBUS BBOAA B IJIA3MEHHYIO CTPYIO
JUICTIEPCHBIX YaCTHL, OOPAa3yIIMXCS B PEe3yaninTe
JIaBJieHusa MPpOBOJOKH,
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NUMERICAL MODEL OF ARC BEHAVIOUR
IN GMA WELDING

Schnick Al.f, Fuessel U.’, Hertel 1\’[.1,
Spille-Kohoff A.” and Murphy A.B”

"Technische Universitat Dresden, Dresden, Germany
°CFX Berlin Software GmBH, Berlin, Germany
’CSIRO, Lindfield, Australia

Current numerical models of gas metal arc (GMA) welding are trying to combine magnetohydrodynamic (MHD) models
of the arc and volume of fluid (VoF) models of metal transfer. They neglect vaporization and assume an argon atmosphere
for the arc region, as it is common practice for models of gas tungsten arc (TIG) welding. These models predict
temperatures above 20,000 K and a temperature distribution similar to TIG arcs. However, current spectroscopic
temperature measurements in GMA arcs demonstrate much Jower arc temperatures. In contrast to T1G arcs they found
a central local minimum of the radial temperature distribution. The paper presents a GMA arc model that considers
metal vapour and which is in a very good agreement with experimentally observed temperatures. Furthermore, the
model is able to predict the local central minimum in the radial temperature and the radial electric current density
distributions for the first time. The axially symmetric model of the welding torch, workpiece, wire and arc (fluid
domain) implements MHD as well as turbulent mixing and thermal demixing of metal vapour in argon. The mass
fraction of iron vapour obtained from the simulation shows an accumulation in the arc core and another accumulation
on the fringes of the arc at 2000-5000 K. The demixing effects lead to very low concentrations of iron between these
two regions. Sensitive analyses demonstrate the influence of the transport and radiation properties of metal vapour, and
the evaporation rate relative to the wire feed. Finally the model predictions are compared with the measuring results

of Zielinska.

GMA welding is a long-established process that is
used for joining metals. The arc is established between
the workpiece and a continuously-fed wire. On the
one hand, the arc flow and attachment at the anode
wire have an important influence on the droplet for-
mation and the heat transfer. On the other hand, the
droplet geometry, surface temperatures and vaporiza-
tion affect the fluid flow and the heat transfer inside
the arc. A comprehensive understanding of the wel-
ding process and a detailed description of the physical
effects are necessary to reduce the parameter space
required for experiments and to provide direction to
the development of welding techniques and equip-
ment. Numerical simulation is a knowledge enginee-
ring tool for a better visualisation and understanding
of the complex cause and effect chains in arc welding.

The GMA welding models that have been used
previously differ in the effects being studied and cor-
responding models [1]. The main focus of most of
them is the prediction of droplet formation. State-of-
the-art models include those that use VoF multiphase
modelling of a free surface [2]. For the calculation
of the electric current density, resistive heating and
pinch force in the droplet, VoF-based models either

use heat and electric current flux boundary conditions
[3] or are combined with arc model [4-6] that has
been developed and tested for TIG arcs. They are
based on MHD and assume a single-component fluid
of argon in a state of local thermodynamic equilibrium
(LTE). In [4-6] the arc attachment at the wire and
the workpiece are simplified by using an increased
mesh size. Spille—Kohoff [7] neglected the droplet
formation but used the unified sheath model of Lowke
and Sansonnens [8-10] for modelling the transient
behaviour of GMA welding process in argon. All of
these arc models predict arc temperature distributions
and plasma flows that have been measured at TIG
arcs. The peak temperatures of 20,000-23,000 K were
calculated direct below the wire. The arc temperature
at the centreline of the arc is always higher than
16,000 K, except in the near-electrode regions.
However, spectroscopic plasma temperature meas-
urements contradict the predicted arc temperatures.
Metzke [11] analysed a pulsed GMA welding process
with a copper wire and argon as the process gas. By
using a narrow band-pass filter and spectroscopy he
showed high local concentrations of metal vapour du-
ring the pulse. The metal vapour is not evenly dist-
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ributed. A high concentration occurs for the arc core,
while argon dominates in the fringes of the arc. Fur-
thermore spectroscopic measurements of the arc tem-
peratures were done. The radial temperatﬁre distri-
bution demonstrates a maximum of 13,000 K, which
can be located at the transition region between the
metal vapour and argon. In contrast to TIG arcs, a
central temperature minimum of 8000 K was observed.
Goecke [12] performed spectroscopic investigations
at GMA welding of aluminium in argon. He used
different spectroscopic methods but he always obtai-
ned the same characteristic temperature distribution
as in [11]. The recent measurements of Zilinska [13,
14] were done for GMA welding of mild steel in spray
transfer mode and confirm the results of [11, 12]. fle
compared the measured temperatures with the predic-
tions of [4] and suggested the influence of the metal
vapour, which was neglected in the model, as the
cause of the lower measured temperatures.

The influence of metal vapour on arc behaviour
has so far been analysed numerically only for TIG
welding. Tashiro [15] modelled a TIG arc in helium
considering a fixed fraction of metal vapour. The re-
sults predict higher temperatures and arc constriction.
The TIG models of Yamamoto [16, 17] and Lago [ 18]
include vaporization at the workpiece surface. They
both consider mixing of metal vapour and argon but
their simple treatments of diffusion did not allow the
effects of demixing [19] to be considered. In this
paper, a stationary axially symmetric model is used
for numerical investigations of the influence of metal
vapour in GMA welding. In the model a flux of metal
vapour is defined at the lower side of the wire and
the flow and diffusion of metal vapour in the arc is
considered. The transient behaviour of droplet forma-
tion is neglected initially.

Arc model. The commercial simulation software
ANSYS CFX is used for arotationally-symmetric stea-
dy-state model of a gas metal arc. An MHD model
was used for the implementation of the electromag-
netic effects in the fluid and the solids. It is based on

4 s H  Open
) ]

#iN, o, P
M

I
J
E Workpiece \

Figure 1, Configuration of model and iron vapour mass source

the conservation equation of electric current and
Ohm’s law:

=

7= -cgrad ® )

and the calculation of the magnetic vector potential
AT = —ug” (2)

for the calculation of the magnetic field, the resistive
heating and the Lorentz force, which appeur in the
conservation equations of energy, mass nud momen-
tum. The effects of the sheaths are simplified by using
a mesh size of 0.1 mm at the electrodes.

The computational domain includes the welding
torch, wire, arc (fluid domain) and workpiece. The
diameter of the wire is 1.2 mm, and the stick out and
the arc length are 5 mm.

The shielding gas flows around the gas nozzle and
contact tube. We defined an argon fraction of 100 %
at the shielding gas inlet and at the opening. An
interface mass source of iron vapour at 3023 K was
modelled at the lower side of the wire. The total mass
flow of iron vapour corresponds to 0.01, 0.1 or 1 %
of the 10 m/min wire feed rate. The configuration
of the model and the distribution of the iron vapour
mass source are shown in Figure 1.

The plasma is assumed to be in LTE. Density,
enthalpy, thermal and electric conductivity and vis-
cosity are calculated as functions of argon mole frac-
tion and temperature, which is equal for heavy par-
ticles and electrons (Figure 2). The thermodynamic
and transport properties, including the combined dif-
fusion coefficients, were calculated using the Chap-
man—Enskog method for a temperature range of 300—
30,000 K [19]. Radiation is treated using the net
emission coefficient (NEC) model with the published
data of Menart [20].

An SST turbulence model is used and demixing
effects are taken into account. The combined diffusion
coefficient model [19, 21] is used to treat diffusion
of metal vapour relative to argon. It is based on a
conservation equation for the mass fraction y, of com-
ponent A:

APz > (3)
KX0Y8) i oy + Ty = 0
at
with the diffusion mass flux J4
2
T = % mamp(Dig grad xg + DAp grad In py,, +
(4)

+ DEgEY — Diggrad In T,

where the terms describe respectively diffusion due
to the gradient in the mass fraction of component 5,
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Figure 2. Influence of iron vapour on plasma properties of argon at

gradient in the total pressure, electric field of the arc,
and temperature gradient; my, are the average masses
of the heavy species in the two components; D are
combined diffusion coefficients (Figure 3).

Results. Figure 4 shows calculated results for a
250 A arc and a vaporization rate of 1 % relative to
the wire feed rate. The calculated arc temperatures
are in good agreement with experimental data [11-
13]. The highest arc temperature of 18,000 K is pre-
dicted at the centre line, directly below the wire.
Closer to the workpiece, a local minimum in the radial
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temperature distribution is predicted at the centre of
the arc. At a height of 1.5 mm above the workpiece,
the central temperature is 10,000 K whereas the hig-
hest temperature of 12,500 K occurs off centre.

The calculated mass fraction of the iron vapour
shows an accumulation in the arc core. This arises
from the iron vapour boundary source at the tip of
the wire. Another accumulation is visible at the arc
edge between 2000 and 5000 K. Demixing effects lead
to low concentrations of iron vapour between these
two accumulations. The calculated mass fraction dis-
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tribution is consistent with the observed sharp optical
separation of the arc core, mainly dominated by the
metal vapour, and the outer arc regions. Steep gradi-
ents are predicted at the border of the arc core. The
vapour accumulation in the outer regions is correlated
with the well-known (cspecially for GMA welding
with magnesium-aluminium filler) optically-bright
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Figure 4. Calculated values of temperature, iron mass fraction and

flow (vectors) for 250 A arc with vaporization rate of 1 % relative
to the 10 m/min wire feed rate
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Figure 3. Diffusion coefficients of iron vapour in argon at content of iron, %: 1 (1), 25 (2), 50 (3), 75 (4) and 99 (5)
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arc fringes. The highest temperatures and current den-
sities occur at the boundary of the arc core.

Analyses of the sensitivity of the four driving for-
ces of diffusion demonstrate that the temperature and
the mole fraction gradients are the strongest drivers
of demixing. The effects of the electric field and the
pressure gradient are very small and could be neglec-
ted. In principle, the diffusion leads to an iron vapour
flux from regions with higher temperatures to lower
temperature regions. The off-centre radial maximum
of the temperature leads to iron vapour diffusion flux-
es both radially outwards and inwards. IHowever, a
calculation without demixing effects demonstrates
that the plasma jet is the primary reason for the high
iron vapour concentration in the arc core and the low
fraction in the arc fringes.

Influence of vaporization and iron vapour pro-
perties. Different mechanisms have been suggested as
responsible for the radial minimum in the temperature
distribution. The vapour is about 3000 K at the wire
surface, and heat is required to raise its temperature.
Further, the electric conductivity and the net radia-
tive emission coefficient of iron vapour are much hig-
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her than that of argon at the same temperature, es-
pecially below 10,000 K. To investigate this, calcu-
lations were done with and without vaporization and
with a vapour that was assumed to have the properties
of argon (Figure 5).

The results make clear that the thermophysical
properties of the metal vapour cause the low plasma
temperatures at the centre of the arc. Subsequent cal-
culations were done for evaluation of the influence
of each physical property of the iron vapour (Fi-
gure 6).

The minimum in the radial temperature distribu-
tion can only be found if the radiative properties
(NEC) of the iron vapour are used. The influence of
the electric conductivity is'very small and causes just
a minor decrease of the electric current density in the
arc core. In fact the electrical conductivity of iron
vapour is significantly larger that that of argon only
at lower temperatures. For temperatures above
15,000 K, that of argon is larger.

The higher density of the iron vapour results in
higher specific enthalpy and leads to a wider arc. The

T, K

16000

14000
12000
10000
8000
6000

4000

2000

1 1 1
0.005 0.010 0.015 0.020

250

200

150 F

Velocity, m-s~!

100

1 1 1
0 0.002 0.004 0.006

r, m

T, K

18000

16000
14000
12000
10000
8000
6000
4000

2000

0 0.005 0.010 0.015

Figure 5. Influence of vaporization and physical properties of iron
(1) and argon (2) vapour on the radial temperature distribution at
position 1.5 mm above the workpiece (parameters as in Figure 4):
3 — without vaporization
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central minimum in the radial temperature distribu-
tion is correlated with a minimum in the current den-
sity distribution. The highest electric conductivity is
located at the edge of the metal-vapour-dominated
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Figure 6. Influence of physical properties of vapour on the radial distributions of temperature, electric current density, axial velocity
and arc voltage drop above the workpiece (parameters as in Figure 4): 1 — all properties; 2 — density; 3 — viscosity; 4 — electric
conductivity; 5 — radiation; 6 — specific heat; 7 — thermal conductivity; 8 — properties of argon

237



MATHEMATICAL MODELLING IN WELDING

16000

12000

8000

4000

Current density- 1 0% A-m

Velocity, m-s™1

o
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arc core, This has been predicted by Goecke [12], who
measured the highest charge density at the intersec-
tion of the metal vapour core and the outer argon arc.

High vaporization rates lead to a higher arc volt-
age. This is mainly caused by the higher radiative
losses and the higher specific enthalpy. Further, it
seems that the arc attachment at the wire is less con-
stricted because of the vaporization. However, the
model does not allow predictions about the attach-
ment mode and charge transfer at the surfaces of the
wire and the workpiece.

Influence of vaporization rate. The influence of
the welding current (100-400 A) on arc temperatures
and flow field has been examined previously. GMA
welding at current of 400 A in argon is characterized
by the spray mode of droplet transfer; this means that
the wire melts so that its tip forms a cone of liquid
and a large number of small detaching droplets is
produced. Observations of a spray mode arc at these
parameters show a differently shaped metal vapour
distribution in the arc core; the strongly radiating
metal vapour region looks more like a cone than a
cylinder. Numerical analyses demonstrate that the
shape of the metal-vapour-dominated region is mainly
affzcted by the vaporization rate. The calculations
presented above were all done for vaporization rates
of 1 % of wire feed. However, vaporization rates of
5—10 % were measured for GMA welding of aluminium

alloys, and a rate of 5 % was measured for GMA
brazing with copper filler [10].

Figure 7 shows the calculated metal vapour mass
fraction, arc temperature and flow vectors of 250 A
arcs depending on the vaporization rate relative to a
wire feed rate of 10 m/min. For a low vaporization
rate of 0.1 %, the model predicts a narrow metal-va-
pour region as well as a {flow field and arc temperatures
very similar to those found in TIG arcs. The influence
of the metal vapour is almost negligible. Vaporization
rates above about 3 % cause a dramatic change in che
arc flow field and the metal vapour distribution. As
it can be seen in the results for the vaporiziuion rate
of 5 %, the region with the metal vapour mass fraciion
above 0.5 (arrows) becomes conical. A similar conical
region of low leimnperature is formed.

The results indicate that the formation of the
conical metal vapour distribution is accompanied by
a reversal of the direction of plasma flow in the centre
of the arc. In contrast to all previous results, the
central plasma flow is directed axially from the work-
piece towards the wire.

In the fringes of the arc the direction of flow is
radially inward and axially downward. This outer
region is characterized by the highest temper=iures
and high flow velocity. Especially in the upper arc
region there are high gradients of the metal vapour
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content between the iron vapour and argon plasma
regions.

The lower half of Figure 7 shows the radial dist-
ributions of temperature, current density and the axial
flow velocity 1.5 mm above the workpiece. The radial
position of the maximum in temperature and current
density shifts radially outwards as the vaporization
rate increases. F'or vaporization rates above about 2 %,
the current density in the arc core vanishes because
of the low temperature. In such cases, the electric
current flows through the high-temperature region
between the metal vapour and argon plasma regions.
An interesting property of the arc in the case of 5 %
vaporization rate is that the velocity at radii less than
2 mm is directed upwards. This behaviour is very
unusual; it is generally found, in both measurements
and simulations, that the flow velocity is downwards
in free-burning arcs such as those used in GTA and
GMA welding. Upwards flow can be obtained when
the attachment to the lower electrode is forced to be
constricted [22]; however the attachment here is dif-
fuse. We attribute the flow reversal to the strong
radiative cooling of the central regions of the arc
because of the high metal vapour concentration. This
decreases the electrical conductivity in this region, so
the current is forced to flow at higher radii. The mag-
netic pinch force then drives the downward plasma
flow at these higher radii. Mass continuity then leads
to the upward plasma flow in the central regions.

Comparision with experimental results of Zie-
linska. We have mentioned three recent publications
containing results of arc temperature distributions in
GMA welding. The results of [11, 12] are related to
pulsed GMA welding processes and aluminium or cop-
per wires. The measurements of Zielinska et al. [13,
14] are most relevant to the calculations presented
here, because they are for spray transfer mode GMA
welding, which can be approximated by a steady state
calculation, and an iron wire was used. The arc tem-
perature measurements were performed for rather aca-
demic welding parameters, with a much longer arc
than used industrially. A measured arc temperature
distribution was presented for spray transfer mode
GMA welding with arc current of 330 A, wire feed
rate of 9 m,/min and argon as shielding gas. We
obtained best agreement with the measured radial
temperature distributions using a vaporization rate of
3 % relative to the wire feed rate.

For the purposes of comparison of our numerical
predictions with the experimental results of spray
transfer mode GMA welding, the idealized wire tip
shape and the assumption of a flat workpiece without
weld pool depression are not longer suitable. Thus

the geometrical boundary conditions of the partially
liquid wire were determined using the high-speed
video images also presented by Zielinska et al. {14].
The shape of the depressed weld pool can not be ex-
tracted from these pictures, because it is obscured by
the workpiece. We assumed a weld pool depression
with a depth of 2 mm and a diameter of 7 mm. The
presence of detached droplets between wire and work-
piece was neglected.

To allow a comparison between simulations and
high-speed video images, the calculated distribution
of net radiative emission for axisymmetric plasma was
used to determine the intensity distribution of radia-
tion from the arc, viewed from side on. The axisym-
metric calculation gives the local radiation intensity
rad(z, ), where z is the vertical, and 7 is the radial
position. The side-on view radiation (as recorded by
the camera) Rad(z, x), with horizontal distance x
from arc axis, was calculated by an integral of the
local radiation intensity over a line of sight perpen-
dicular to axial direction z, according to

X
X X
COoS OLJ

x (1 + tan® a)dce.

Rad(h, x) = J.rad [}z, )

Here o is the angle between the axial direction
and the radial direction to the integration point on
the line of sight.

Figure 8 shows a high-speed video image [14] and
the calculated radiation intensity. The radiative con-
tributions of argon and metal vapour were calculated
separately; the metal vapour radiation contains ma-
inly lines at wavelengths below 650 nm, and is scaled
transparent-to-blue, and the argon radiation contains
mainly lines above 650 nm and is scaled transparent-
to-red. The results obtained demonstrate good agree-
ment, especially for the shape of the metal vapour
radiation. The highest metal vapour and argon radi-
ation intensities were calculated at the edge of the
conical arc core. There is a lower-intensity region
inside the metal vapour zone of the arc in both mea-
sured and calculated figures; this is due to the much
lower temperatures in the lower central region of the
arc. The predicted extent of the argon radiative emis-
sion is much smaller than in the measured image. This
is expected, since it has been shown that absorption
and re-emission of radiation by the cool gas surroun-
ding argon arcs leads to radiative emission from re-
gions up to 10 mm or more from the arc core [23, 24].
Such radiative transfer effects are of course not taken
into account in the NEC approach, and therefore can-
not be reproduced by the model.
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respectively

The left-hand side of Figure 9 shows a quantitative
comparison between the measured and numerically
predicted radial temperature distributions at different
heights above the workpiece. The distributions of the
iron vapour content and temperature as well as the
flow velocity vectors are shown on the right-hand
side. The numerical predictions are in reasonable ag-
reement with the measurements (note that the tem-
perature scale starts at 6000 K, which exaggerates the
discrepancies). In particular, the radial positions at
which the maximum temperatures occur agree closely.
The discrepancies in temperature are around 2000 K,
with the calculated temperatures generally exceeding
the measured temperatures, especially in the outer arc
regions.

We emphasize that there are many uncertainties
inherent in the comparison. In particular, the rate of
vaporization of the wire, distribution of the metal
vapour source at the edge of the wire, and shape of

the weld pool depression are not known and estimated
values are used in the model. Further, we have not
taken into account the influence of droplets falling
through the arc. Nevertheless, the reasonable agree-
ment between the predictions and the measurements
suggests that the most important physical processes
are adequately taken into account in the model. In
particular, the flow reversal found for high vaporiza-
tion rates in section above is again present. Our si-
mulations indicate that the conical region of high
metal vapour concentration in the arc centre is always
associated with the flow reversal. As discussed in sec-
tion above, this is a consequence of the strong radia-
tive cooling in the central region of the arc, and the
consequent effects on the current density and flow
distributions. The fact that we are able to predict the
observed temperature profile and the radiative emis-
sion distribution is evidence that the flow reversal is
indeed occurring.
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CONCLUSION

An MHD model of the GMA welding process has
been used for numerical studies of the influence of
iron vapour on the arc temperature and the current
transfer. An iron vapour mass source was defined at
the lower side of the wire. The effects of turbulent
mixing, and laminar diffusion and demixing, have
been taken into account. The model predicts a central
minimum in the radial temperature distribution. The
calculated temperature distributions are in accordance
with measurements.

A high concentration of metal vapour is predicted
in the arc core, with a second accumulation in regions
with temperatures between 2000 and 5000 K. Between
these accumulation regions, the iron mass fraction is
very small. The high concentration of iron vapour
leads to the decreased temperatures near the arc axis.
The main mechanism is the strong radiative emission
from the iron vapour. The role of the higher electric
conductivity of metal vapour below temperatures of
15,000 K is found to be much smaller than previously
suggested.

The rate of vaporization of the wire has a strong
influence on the arc temperature and current density
distributions, affecting both the maximum and mini-
mum temperatures and the position of the minimum.
The model also predicts a significant influence on the
arc flow field. For high vaporization rates of 3-5 %
or more relative to the wire feed rate, a reversal of
the plasma flow direction for the inner arc region was
predicted. Downward flow occurs in the outer regions
of the arc, and an upward flow occurs in the central
regions. Such a flow reversal has not been previously
observed in welding arcs. However, it appears to be
associated with a change in the shape of metal vapour
distribution; the shape of the central region with high-
metal vapour concentration was predicted to change
from cylindrical at low vaporization rates to conical
at high vaporization rates.

While there is no direct measurement of the flow
reversal, its existence has been given indirect support
through the comparison of our modelling results with
the arc temperature measurements and high-speed
video images of Zielinska. The images showed a co-
nical metal vapour region, in agreement with the pre-
dictions of our model. Further, a good agreement was
obtained with the position of the off-centre tempera-
ture maximum and reasonable agreement with the
temperature values. These results suggest that our
simulations are taking into account the main physical

processes, and therefore that the prediction of the
inner flow reversal is realislic.
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