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HPEAUCJIOBHUE

OnHOM U3 KITIOUEBBIX MPOOJIEM COBPEMEHHOTO MTPOMBIIIIIEHHOTO TIPOU3BOJICTBA SBISIETCS COBEPIICHCTBOBAHHUE
CYIICCTBYIOIIMX U pa3pad0TKa HOBBIX BEICOKOI(D(DEKTUBHBIX TEXHOJIOTUI COSAMHEHUS U 00pa0OTKU METAJIIH-
YeCKMX MarepuayioB. K HUM OTHOCSTCS, HAIPUMEP, TAKUE TEXHOIOTHUECKUE TIPOLIECCH, KaK CBapKa IUIaBJIe-
HUEM, HAIUTaBKa, HAMBUICHUE MOKPBITHH, TePMOOOPAOOTKAa MOBEPXHOCTH, JAYroBO¢ paQMHUPOBAHUE CTANCH.
Ha coBpeMeHHOM 3Tare pa3BUTHsI CBAPOYHBIX U POJCTBEHHBIX TEXHOJIOTUH PEIICHUE TaHHOW MPOOJIEMbI HE-
BO3MOXKHO 0€3 AETAIbHOTO MCCIICOBAHIS COBOKYITHOCTH (PU3NUICCKUX SBICHUH (TEIIOBBIX, TU(DPY3HOHHBIX,
ra3o-, THIPOJUHAMUYCCKUX, DJICKTPOMArHUTHBIX, OMTHYECKUX M JIP.), POTEKAIOIIUX MPU B3aUMOJICHCTBUU
CO CBapHBaCMbIM HJIU 00pabaThIBAEMBIM MaTEPHUAIOM PA3JIMYHBIX MCTOYHUKOB TEILJIOBOM 3HEPruu. DTO Ta-
30paspsiiHas, MPE¥kKIe BCEro Jyropas, Iiia3Mma, dJIEKTPOMArHUTHOE, B YACTHOCTH JIA3ePHOE M3ITYUYCHUE WU
nx koMOuHanwus. [Ipu aToM Marepuan MOKET OBITH JIMOO KOMIAKTHBIM (CBapHBaeMoe WM oOpabaThiBaeMoe
U3JIeIINE, SJCKTPOIHBIC WK MPUCAJI0YHBIC MaTePHAIIbl, paUHUPYEMBbIH KUJAKUH METal1) JIUOO TUCTICPCHBIM
(TTOpOIIKOBBIE MaTEPHUAITBI, HCIIOIB3YEMbIC B TIPOIIECCaX TIIA3MEHHOW HAIIABKH W HATTBUICHUS TOKPHITHH).

DKCIIepUMEHTaIbHOE UCCIIeIOBaHUE (DU3MUYESCKON MTPUPO/IBI TAKOTO MHOTO(AKTOPHOTO B3aUMOJICHCTBHS
COIPSKEHO CO 3HAUNTEIIbHBIMH TPYJAHOCTSIMH, 00YCJIOBIICHHBIMH BHICOKUMH 3HAYCHUSIMU TEMITEPATYPhI T1J1a3-
MBI U MTOBEPXHOCTH 00padaThIBAEMOr0 MarepHajia B 30HE BO3JCHCTBUS MCTOYHMKA TeIjia, MAJbIMUA TeoMe-
TPUYECKUMH pPa3MepaMH YKa3aHHOW 30HbBI, BRICOKHMH CKOPOCTSIMHU MPOTEKAHUS UCCIEyEMbIX IPOIIECCOB H
PAZOM JAPYrux 00CTOSITeNLCTB. KpoMe Toro, mosydeHHbIe SKCIIEpUMEHTANBHBIC TaHHbIC, KaK MPaBUIIO, OTpa-
JKAFOT COBOKYITHBIN Pe3yJbTar JeHCTBHS BCEro KOMITJIEKca (PHU3MUSCKUX TIPOIIECCOB, MPOTEKAIONINX B CUCTEME
«HMCTOYHHK Teria—00padaThIBaeMblii MaTEPHAI), IPH TOM BBISIBUTH POJIb KAXKJOTO U3 HUX B (POPMUPOBAHUU
pesyibrupytoriero 3Gdexra oka3piBacTCs 1OCTATOYHO CIOXKHOM 3ajadeii. [ToaTomMy B mocieaHue AecCsITHiIe-
TSI Bce OOJbIlIee BHUMAHUE CIICI[UATUCTOB MPUBJICKAIOT METO/bI TEOPETUUCCKOTO HUCCIICIOBAHUS, BKITIOUAs
pa3paboTKy MaTeMaTHYECKUX MOJICIICH, a TAKXKE MOSBUBIIHECS C PA3BUTUEM BBIYUCIUTEIILHOW TEXHUKH YUC-
JICHHBIC METOJIbI M MMAKEThI MPUKJIAHBIX MPOTPAMM IS KOMIIJICKCHOI'O KOMIIBFOTEPHOI'O MOJICIUPOBAHUS (H-
3UYECKUX MPOIECCOB” MPH CBApKe U 00paboTKe MareprasioB. Takoi MOIX0/ MO3BOJISET CYIIECTBEHHO COKpa-
TUTh PACXOJIbI, CBA3AHHBIC C MPOBEACHUEM OOJIBIIONO KOJINYECTBA JOPOTOCTOSIINX HATYPHBIX SKCIIEPUMEHTOB,
MMOCKOJIBKY JIa€T BO3MOXKHOCTh JOCTATOYHO OBICTPO U OTHOCHTEIHHO JICHICBO MPOBOIUTH KAu€CTBEHHBIH U
KOJJMYECTBEHHBIH aHAIIU3 TPOIECCOB, POTEKAIOIINX B PACCMATPUBAEMON CUCTEME, JIJIsl HIMPOKOTO JIUara3oHa
YCIOBUH U MapaMeTPOB PEKMMA CBAPKH WIIH 00pabOTKH, XapaKTEPUCTHK U CBOWCTB CBApPUBACMOTO HITH 00-
pabarbsiBaeMoro marepuaia. Kpome Toro, 4to 0CoOOCHHO Ba)KHO, YMCICHHOE MOJICTHUPOBAHHUE TO3BOJISIET UC-
CJIC/IOBATH BIUSHUE HA MPOTHO3UPYEMBIH Pe3yJbTaT TEXHOIOTHYECKOTO TIPOIIEcca KaXI0TO U3 YUUTHIBAEMBIX
MOJIENIBbI0 (DU3UYECKUX SBICHUN OTIIENBHO U TaKKMM 00Pa30M ONPEACIsiTh ONTUMAIbHBIE ITyTH W METOMBI CO-
BEPIIICHCTBOBAHUS PACCMATPUBACMON TEXHOJIOTHH U O0OPYIOBAHHUS IS €€ peah3allkH.

Pa3paboTka KOMITIEKCHBIX MaTeMaTHUYECKUX Mozellel (PI3NIecKux MPOIecCoB MPHU CBapke U 00paboTke
MaTepualioB TpeOyeT He TOJIBKO y4eTa MHOTO(AKTOPHOCTH BO3JEHCTBUS MCTOYHHKA TEILIOBOM DHEPTHH Ha
CBapUBaeMbIii WM 00padaThIBAEMbIil MaTepHUall, T.e. PACCMOTPEHHUS TEILIOBOTO, THHAMUYECKOTO, AJIEKTpOMar-
HUTHOTO U JIPYTHX BUJIOB BO3JCHCTBUS, HO M BKJIIOYCHUS B MOJICIb OOPATHOTO BIMSHUS Marepuala Ha B3au-
MOJICHCTBYIOIINY C HUM UCTOYHUK SHEPruH. B KadecTBe nmpuMepa MOXKHO yIIOMSHYTh BIHSHAC UCTIAPEHHOTO
MaTepHualia CBapHBaeMOT0 M3JIE/HsI, ICKTPOIHON IPOBOJOKH HJIM YaCTHUI[ HAIBUIIEMOTO IMOPOIIIKA Ha XapaK-
TEPUCTUKH JIyTOBOW IUIa3Mbl KaK MCTOYHHKA TeIia MPH Pa3IMYHBIX CIOCO0aX JyroBOW CBapKH, HATUIABKU

“B 3apy0exHoii iuTeparype mogo0HbIH oxo HasbiBaeTcst Multiphysics (cu., nanpumep, Traidia A. Multiphysics modelling
and numerical simulation of GTA weld pools. HAL Id: pastel-00709055
https://pastel.archives-ouvertes.fr/pastel-00709055




WM HanbUICHUS. TakuM 00pa3oM, BaKHOW XapaKTEPUCTHKOHN pa3padaThiBacMbIX MOJIENICH JOKHA OBITh MX
CaMOCOIVIaCOBAHHOCTh, KOTOPAsl TIO3BOJISIET OIUCHIBATH BCIO COBOKYITHOCTH (DM3HYECKHX IMPOIIECCOB, TPOTE-
KalIuX B 00beMe CBapMBaeMOr0O WM 00pabaThiBaeéMOro MaTepuala, Ha ero IMOBEPXHOCTH, TpaHHyalien ¢
HMCTOYHHUKOM TEIJIOBOM PHEPrUH, U B CaMOM MCTOYHHKE TerUia (B JyroBOH IJa3Me, B Ja3epHOM IyUKe WM B
30HE MX B3aUMOJECHCTBHS).

PaboTel MO KOMIUIEKCHOMY TEOPETHUYECKOMY HCCIEIOBAHHIO M MaTreMaTH4ecKOMY MOJICIHPOBAHUIO
(u3nUecKux MpoIEecCcOoB MPH CBapke M 00pabdOTKE MaTepuasioB MPOBOIATCA B MHCTUTYTE 3IEKTPOCBApKH
mM. E.O. [Tatona (MDC) eme ¢ 70-x romoB mporwioro Beka. [lo nannuatuse bopuca EBrenneBnua Ilarona
B siuBape 1977 r. B cocrae otaena Ne 6 IDC Obua co3nana HOBast CTPyKTypHast 1JabopaTtopust PU3MKH dJIeK-
TPUYECKOTO pa3psa U TEXHUKH IUIa3Mbl, TpaHcGopMupoBaBiiascs B anpesnie 1978 . B OTaeNbHBINA HayYHBIH
otaen Ne 56 «Du3uka ra30Boro paspsga U TEXHUKA TUIa3MbD», KOTOPBIA BO3IIIABHII JOKTOP TEXHHUECKUX HAYK
Bacunmit CrenmanoBud ['Bo3ierikuii. 3a COPOK JIET CyIIECTBOBAHUS OT/Ieja pa3paboTaHO MHOKECTBO TIOAXO/I0B
W MOJIeTIel KaK JJIsi TEOPETHUECKOTO MCCICOBAaHHS M YUCICHHOTO MOJCIUPOBAHUS OTACIBHBIX (DPU3NUIECKUX
SIBJICHHI, TPOTEKAIOIINX B CHCTEME «HCTOYHHK TeTia—00padaTsIBaeMbIil MaTeprai», TaK U TS KOMIIEKCHOTO
KOMITBIOTEPHOTO MOJEJIMPOBAHUS MIPOLIECCOB TyTOBOH, IIIa3MEHHOM N MUKPOIUIa3MEHHON CBapKH, IPOLIECCOB
IJIa3MEHHOTO U IJIa3MEHHO-yTOBOI0 HAIBIIEHUS MOKPBITHH, JIa3epHBIX U THOPUAHBIX (J1a3€pHO-AYTOBBIX U
JIa3epHO-TIA3MEHHBIX ) TIPOIIECCOB CBAPKH, TIOPOIIKOBON HAIIJIABKY M HAHECEHHS MOKPBITHH, a TAaKXKe TPOoIiec-
COB JIyroBOi 00paboTKM >XuAKKX MeTayuioB. [IpoBenen 60bioii 00bEM BBIYMCIUTENBHBIX SKCIIEPUMEHTOB,
MO3BOJIUBIIMX YCTAHOBUTH HOBBIE 3aKOHOMEPHOCTH MPOTEKaHUS (PU3HMUECKUX SBICHUI MPH Pa3IMYHBIX CIO-
c00ax cBapKH U 00pabOTKH MaTEPHAIIOB M Ha 3TOH OCHOBE BEIPAOOTAaHBI KOHKPETHBIE MPAKTUICCKIE PEKOMEH-
JIallMU TI0 COBEPIICHCTBOBAHUIO CYILECTBYIOIINX U Pa3pabOTKe HOBBIX CBAPOUYHBIX U POJICTBEHHBIX TEXHOJIO-
T'Hid, CO3/IaHUIO CIIEIIMaIM3UPOBAHHOTO 000PYI0OBAHUS ISl KX PEaTU3aIlHH.

[Jannbie paboTs! BeIToMHEHB! coTpyaaukamu otaena Ne 56 (B.C. I'Bo3neuxwii, 1.B. Kpusiys, FO.J1. Ba-
cenut, .M. [lapuera, M.1. Umxenxo, M.B. llleenes, I'M. Kopuunckuii, A.W. bymma, A.C. 3anepKoBHBIH,
A.H. Tanepxo, B.H. Cunopen, C.b. Cyxopyxkos, B.®. /lemuenko, 1.JI. Cemenos, A.Il. Cemenos, 1.B. Kpu-
keHT, M.IO. Xapmnamos, B.B. HakBaciok, A.b. Jlecnoii, A.B. Urnaros, K.B. I'y0baeB, A.B. JluxomBa) B Tec-
HOM COTpyIHHUEecTBe co cnenuanuctamu Apyrux oraenos MOC um. E.O. IlaroHa, a Taxxe ¢ yueHsIMu MH-
crutyTta Teoperndeckoi ¢pusuku um. H.H. boromo6osa HAH VYkpaunsl, MHCTUTYTa CBapKU M COCTMHEHHUS
MaTepuaioB AaxeHckoro yHuBepcurera (I'epmanus), HCTUTYTa TEOpEeTHUECKOW W TIPHUKIIATHONW MEXaHUKU
nM. C.A. Xpuctuanosnua CO PAH (P®), Uncturyra anepubix uccnenoanniit HAH Ykpaunnsl, UHcTuTyTa
raza HAH VYkpaunsl, Kuraiicko-ykpanHckoro nactutyTta cBapku uM. E.O. [latona (KHP) u pspa npyrux Ha-
YYHO-HCCIIEIOBATEIbCKUX OPTraHU3aIHi.

OcHOBHBIE pe3yNbTaThl IPOBEACHHBIX UCCIIEAOBAHUI OBLIM MPEACTABICHBl HA MHOTHX HallMOHAJIBHBIX
1 MEXIyHAPOIHBIX KOH(PEPEHIUIX, OIMyOIMKOBAHBI B PA3IMYHBIX OTEUYECTBEHHBIX U 3apyOeKHBIX XKypHaaxX,
a TaKke COCTABUJIM OCHOBY HECKONBKHX MOHorpaduii. OOIIee KOJMYeCTBO TaKUX ITyOJIMKAIMi MPEBHIIIaeT
JIBE COTHH, YTO NPH y4YeTe IIMPOKOIO CIEKTPa KYPHAIOB M TPYAOB KOH(PEPEHIMH AeiaeT O3HAKOMIICHHE C
WX COACpKaHUEM BEChMa HEMPOCTOH 3amadcii. JlaHHBI COOPHUK cTaTeH M MOKIAI0B MO3BOJISCT YUTATCIISIM
O3HAaKOMHTHCS C OCHOBHBIMHU pe3ylibTaTaMu paOoThl OT/Ae’a (PU3UKK ra30BOTO pas3psa M TEXHUKHU TUTa3MbI
B 00J1aCTH KOMILIEKCHOTO TEOPETUYECKOTO UCCIIEIOBAHUS, MaTEMAaTHYECKOTO MOJCTUPOBAHUS U YHCICHHOTO
aHanm3a (HU3MIEeCKUX MPOIICCCOB MPU PA3ITMIHBIX CITIOCO0aX CBAPKH M 00PabOTKH MaTeprajoB.

CraTh¥l U JOKIIAJbl, BKIIFOYCHHBIE B HACTOSIINN COOPHUK, MPUBE/ICHBI HA SI3bIKE OPUTHHAJA C yKa3aHU-
€M TOJHBIX BBIXOJIHBIX JAHHBIX PaOOThI (MU3/1aTE€IBCTBO, IO/l BEIXOAA, TOM WMJIM HOMEp KypHalla, CTPaHUIIbl) U
CTPYIIITUPOBAHBI IO TEMATHKE B YETHIPEX pa3ziesiaXx ¥ COOTBETCTBYIOIINX Mopasaenax. B kax oM noapasnene
CTaTbU U JTOKJIA/Ibl PACTIONOKEHBI B XPOHOJIOTHYECKOM MOPSIIKE.
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Pazageua 1

AYI'OBAA CBAPKA
N BHEIIEYHAS OBPABOTKA METAJIJIOB

B nanubIii pa3nen cOOpHUKA BOILIM CTaThH M JIOKJIAJIbI, TOCBSIIEHHBIC NCCIICAOBAHUIO (PU3UYECKUX MPOIIeC-
COB IPH Pa3IMYHBIX CIIOCO0aX JyroBoW cBapku M 00paboTku MeTamioB. OCHOBHOE BHUMaHUE B HUX yjelie-
HO BompocaM (U3HKH JYTOBOTO pa3psyia aTMOC(HEPHOTO JABICHHUs, a TOYHEEe CBAPOYHBIX AYT, XapaKTepHOU
0COOEHHOCTBIO KOTOPBIX SIBIISIETCSI MHOTOKOMIIOHEHTHOCTBH JYTOBOHM IJIa3Mbl, OOyCJIOBJIEHHAsI UCTIapeHUEM
MeTaJia 3JIeKTPOIOB JIYyTH, IPEXk/Ie BCEro aHoia. B oHOM M3 MpecTaBIeHHBIX padoT UCCIIeT0BaHbl 0COOCH-
HOCTH TOPEHUS CUIIBHOTOYHOM JIyTH, TPUMEHSIEMOH JIs IIOI0TPEeBa PACIUIaBICHHOTO METalia ITPH BHETIEYHOU
00paboTKe B YCTaHOBKE KOBII—TIeYb. B psiie paboT paccMOTPEHBI MPOLIECCHI TEIJI0-, Macco- M 3JIeKTporepe-
HOCa B CBApMBAaEMOM MeTaJlIe TIPH CBapKe HETUIABAIIIMCS SJIEKTPOJIOM, B )KHIKOM METaJljIe IPU €T0 BHETIeY-
HOW 00paboTKe, a TAKXKE B 3JICKTPOAHON MTPOBOJIOKE M Kaljie pacljIaBIeHHOTO MeTaslla IPHU JYroBOH CBapke
TITABSIIIIAMCS DJIEKTPOJIOM.

1.1. ®USNYECKHUE ITPOLHECCHI B JJIEKTPUYECKHUX AYTAX
IIPU JIYTOBOM CBAPKE U BHEITEYHOI OBPABOTKE METAJLJIOB

[IpuBeneHHBIE HIDKE CTaThU U JOKIIAJIBI MIOCBSAIICHBI TEOPETHIYECKOMY HCCIIEIOBAHNIO, Pa3pabOTKe MaTeMa-
TUYECKUX MOJIENIEH M KOMITbIOTEPHOMY MOJEJIMPOBAHUIO MPOIIECCOB YHEPro-, MAaccoO- U AIEKTPOIIEpeHoca B
1a3Me CTosi0a M aHOTHOM 0OJIACTH AIEKTPUIECKUX AYT CPEeAHUX TOKOB (I~ 10 A), HCTIOIB3yEMBIX IIPH CBApKe
HerutaBsmmcst 31ekTposioM (TUT), B TOM duciie ¢ BRICOKOYaCTOTHOM MOAYJISIIIUCH CBAPOYHOTO TOKA, CBAPKE
cKaroil (TuTa3MEeHHOW) TYyTO M CBapKe IUTABSIIIAMCS dJICKTPOIOM B WHEpTHOM Ta3e (MUI'), a Taxke CHIBHO-
TOYHOTO JyroBoro paspsaa (I ~ 10* A), ucnonb3yeMoro Jiist [yroBOro Mo0rpeBa HUAKOTO MeTaia B ycTa-
HOBKAaX KOBIII-TICYb.

B pa6ore [1.1.1] mpetoskeHa yrpomieHHas MOIETh Ta30JMHAMUYECKUX TPOIIECCOB B TUIa3Me CTONI0A ap-
TOHOBOM AYTHU C TYroIUIaBKUM KaToaoM. [Ipu ompeneneHHbIX MPEeanoNIoKeHUIX O XapakTepe pacipeneacHus
IUIOTHOCTH 3JIEKTPUIECKOTO TOKA B pacCMAaTPUBAEMON CHCTEME BBITIONHEH YMCIICHHBIA aHAJIN3 PaaualbHbBIX
pacrpeneiacHuil akCcualbHON KOMIIOHEHTHI CKOPOCTH JIyTOBOM IIa3Mbl, MATHUTHOTO U Ta30JMHAMHUYECKOIO
JIABJICHUS HA TTOBEPXHOCTH aHOMAA, a TAKKE 3aBUCUMOCTEH OCEBBIX 3HAUCHUH YKAa3aHHBIX XapaKTEPUCTHK OT
TOKa JIyTH M €€ TeOMETPUYECKHX pa3MepoB. [lokazaHo, 4TO ra3oquHaMHYECKOE IaBJICHHUE IMOTOKA IIa3Mbl
Ha MIOBEPXHOCTh CBAPOYHON BaHHBI MIPU CBAPKE HEILIABSIIIIAMCS 3JICKTPOJIOM SIBJISICTCS OCHOBHBIM (DAKTOPOM,
OTIPENEISIONINM BHITECHEHUE PACIIaBICHHOTO METAIlIa, YTO, B CBOIO OYEPEb, TPUBOIUT K YBEITHUEHHIO TITY-
OWHBI MPOTLJIABIICHUSI.

Pa6otsr [1.1.2, 1.1.4, 1.1.10, 1.1.18] mOCBSAIIEHBI ONPEICICHIIO HOHN3AIIMOHHOTO COCTaBa, TEIIohu3u-
YECKUX CBOHCTB U KOA((UIIMEHTOB MEepeHOCa MHOTOKOMIIOHEHTHONH TEPMUYECKOH TIa3Mbl CBAPOYHBIX JIyT
C MCIIOJIb30BaHUEM pa3jIMYHBIX MOJXOJ0B M METOA0B pacyera. Tak, B pabore [1.1.2] pa3Bura Meroiuka U
BBITIOTHEH pacdeT () (peKTHBHOTO MOTEHIMAIa HOHU3AINH JIBYX-  TPEXKOMIIOHEHTHBIX TUIa3MEHHBIX CMECEeH,
coaepxamux Jerkononusupyemoie 1o0asku (Fe + Cs, Fe + K, Fe + Na + K, Fe + Ar + Cs), npu pa3inuuHbIx
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3HAUEHMAX TEeMIIEpaTyphl I1a3mbl. B padote [1.1.4] mpoBeaeHb! pacyeThl TEMIIEpaTypHBIX 3aBUCUMOCTEH KOH-
LEHTPALMi YacTHUI], TeII0()U3MIECKUX CBOWCTB (MacCOBOM MJIOTHOCTH U YACIBHOW TEIUIOEMKOCTH), a TaKkKe
k03¢ puIreHTOB TIepeHoca (IMHAMUYECKOW BA3KOCTH, TPAHCIIOPTHOM TEIUIONPOBOAHOCTH U YICIBHOM AIIeK-
TPOMPOBOAHOCTH) TepMUUeckor Ar—He T1a3mMbl SIeKTpUUECKO AyTH aTMOC(EPHOTO JIAaBICHHS TIPH Pa3iny-
HBIX COOTHOIIIEHUSX KOMITOHEHT B MICXOIHOM ra3oBoi cmecH. CieryeT OTMETHTb, UTO [Tl BRIYUCICHHUS KOd(h-
(UIHMEHTOB MepeHoca MHOTOKOMITOHEHTHOH TyroBOM IIa3Mbl B 3TOH paboTe MCIoab30BaHO 13-MOMEHTHOE
npubmmkenne Metona I'pama. Padota [1.1.10] mocesmieHa HCIOIB30BaHNT0 MOJIEIH JIOPSHIIEBCKOTO Ta3a s
OIIpeeNICHNs] TPAHCIIOPTHBIX KOA((HUIHUEHTOB I1a3Mbl aprOHOBOM JYTH, COAEpIKaLIel METAIIIMYSCKUI nap.
[IpuBeneHb! pe3ynbTaThl PACUETOB TEMIIEPATYPHBIX 3aBUCUMOCTEH TEIIOPU3UUECKUX CBOMCTB U KOAPHHIIHU-
€HTOB TIepeHOCa MHOTOKOMIIOHEHTHOH (Ar + Fe, Ar + Al) 1yroBoii Tuta3Mbl pu pa3TUIHOM CONIEPIKAHUH Me-
TAJUTMYECKOT0 Mapa ¥ MoKa3aHo, YTO UCIIOIb3yEMBbIH MOAXO/ AAa€T BIIOJIHE YIOBIETBOPUTEIbHBIE PE3YIIBTAThI B
nmuanazone temreparyp 10 16 000 K, 9To cooTBETCTBYeT BRIOpaHHOM MOIETH C1a00HOHM3NPOBAHHOM TIJIa3MBI
¢ IOMUHHMpYIOLIeH epBoi noHuzauueil. B padote [1.1.18] paccunTtansl k03hHUIHEHTH! TEIIONPOBOIHOCTH,
JTUHAMUYCCKOM BS3KOCTU M JIEKTPOIMPOBOTHOCTA MHOTOKOMIIOHEHTHOH (Ar + Fe) Tepmudeckoii mia3msl at-
MocepHoro AaBineHus B auana3one remreparyp 1o 30 000 K ¢ ucronb3oBannem meTonoB [paga u YenmeHa—
Ouckora. [Tokazano, 4to 00a Moaxoa AT JOCTATOYHO XOPOLIO COTNIACYIOIINECS PE3YIIbTaThl, TP 3TOM JUIS
MIPOBEICHNS BBIUNCIICHNH Hanbomee yIo0HbIM sBisieTcs MeTo [ pama.

B paborax [1.1.3, 1.1.25] paccMoTpeHBI BONPOCH MaTeMaTHYeCcKoi 00padOTKH SKCIIEPUMEHTAIbHBIX daH-
HBIX, [TOJTy4aeMbIX METOIOM Pa3pe3HOTO aHOAA, ISl HAXOXKIEHHUS paclpeiesIeHHs TUIOTHOCTH AIEKTPHIECKOTO
TOKa Ha aHOJE AYTH IPHU CBApKe HeIlaBsAumMcs anekTpoaoM. Tak, B [1.1.3] npennoxeHa MeToauKka ornpene-
JICHHs TapaMeTpoB (QYHKIUH pacpeieeH s TUIOTHOCTH TOKa Ha MOBEPXHOCTH aHOAA JJIsl Pa3IUYHOro, Ha-
Tepe]] 3aJJaHHOTO, BH/IA ATON (YHKIHU (OJHOPOMHOE paciperesieHne, mapabolndecKuil 3aKoH, IIIHHAPUIe-
ckast ¢pyHkuus beccens HyneBoro nopsiika, HOpMajibHOE PACIpeIeIeHUE), B TOM YHCIIE IPH YCIOBUH, YTO JUIS
JIBIKYIIEHCS OTHOCHTEIHHO aHONA JYTH JAaHHBIE pPacIIpe/lelieHnss MOTYT He 00Iagarh 0CeBOW CHMMETPHEH.
B paborte [1.1.25] Ha 0CHOBe aHaIIN3a CYIIECTBYIONIMX TTOAX0/I0B K 00pabOTKe SKCIIEPUMEHTATbHBIX JaHHBIX,
MOJTy4YaeMbIX METOJIOM Pa3pe3HOro aHoAa, ClIeJIaH BBIBOA, YTO Hanbojee 000CHOBAHHBIM SIBISICTCS MOAXO],
0a3MpyrOIMUICS Ha pelleHuN WHTETpalbHOrO ypaBHeHUs Abens. IIpu »Tom mokas3aHo, 4TO 3ajada BOCCTa-
HOBJICHUS paclpeesieHHs TNIOTHOCTH TOKa SIBJSIETCS MaTeMaTH4eCKl HEKOPPEKTHOH 1 TpeOyeT pa3paboTKu
YCTOHYMBBIX aJITOPUTMOB TIPEABAPUTENEHON 00paOOTKN NCXOJHBIX IKCTIEPIMEHTAIBHBIX JaHHBIX. [Ipemmoxke-
Ha HOBAasi METOJIIKA BOCCTAHOBIICHUS PACIIPE/ICIICHUS TUIOTHOCTH JIEKTPUYECKOTO TOKA M0 00JIacTH aHOHOU
MIPUBSI3KM JAYTH, OCHOBaHHAs HAa MCIOJIb30BAHUN YCTOWYMBOTO METO/Ia YHCIEHHOTO pacyeTa BTOPOH Mpon3-
BOJTHOM OT JKCIIEPHMEHTAIBHO U3MEPEHHOW TUCKPETHOH (PYHKIIMU pacIpeesieHus] TOKa IYTH 10 CEKIUAM
paszpe3noro anofa. C moMoIbIo JaHHOK METOIUKH 00padoTaHbl JaHHBIE ISl ApTOHOBOH IYTH C TyTOIIABKUM
KaTOIOM W MEIHBIM pa3pe3HBIM aHOJOM IIpH JiuHe ayTH 1,5 MM u Toke 100 A.

PaGora [1.1.5] sBysieTcss OTHOM M3 TIEPBBIX IMyOIMKAIUN, TOCBSIIEHHBIX KOMIUIEKCHOMY KOMITBIOTEPHOMY
MO/JICIIMPOBAHUIO MTPOIIECCOB MIEpEeHOCa SHEPTUH, UMITYJIbCa, MAcChl M 3apsi/ia B MHOTOKOMITOHEHTHOI Ti1a3Me
cToba CBapoOYHOU ayru. B 0CHOBY MOzenH MOJIOKEHa IONTHASl CUCTeMa YPaBHEHUH MarHUTHOM Ta30BOH JH-
HAMHKH JJIs ©30TEPMUYECKON (OHOTEMIIEpaTypHOE MPUOIHIKEHHE) MHOTOKOMIIOHEHTHOM TU1a3Mbl, 3aBUCH-
MOCTH TETUIOQU3MIECKUX CBOMCTB M KOIPPHUIIUESHTOB ITepeHOCca KOTOPOH OT TeMIIepaTyphl (B AUara3oHe 10
25 000 K), naBnenus (ot 10° mo 10° ITa) u cocrasa mia3mel (Ar + He, Ar + Fe) paccuntaHbl 1o METOJMKE 13
[1.1.4]. BeimonHeH AeTanbHBIA YUCIEHHBIA aHAIHU3 PacIpeeNIeHHBIX (CKOPOCTh, TeMIIeparypa M JaBleHHE
UIa3MBl, TWIOTHOCTH AJIEKTPUYECKOTO TOKA U JIP.), @ TAK)KE HHTETPAIbHBIX (HANPsHKEHUE HA CTOJI0e TyTH, 1aB-
JIeHNE Ha TIOBEPXHOCTh aHO/A) XapaKTEPUCTHK TIA3MBI SJIEKTPUIECKOH JTYTH C TyTOIIABKAM KaTOIOM, TOpsI-
et B Ar—He cMecH, Ipu pa3aMyHbIX COOTHOIIEHUSX HCXOAHBIX KOMITIOHEHT.

B pabore [1.1.6] paccMOTpeHbI 0COOCHHOCTH TOKOTIEPEHOCA B @aHOIHOM 00JIACTH JTyTOBOTO pa3psijia aTMOC-
(hepHOTO NaBICHUS. YCTAHOBIEHO, YTO B CBSI3U C HEOIHOPOTHOCTHIO PACIIPEICICHNS XapaKTEPUCTHK TUTa3Mbl
cToN0a AyTW BIOJb €ro TPaHMIBI C aHOAHBIM CJIOEM MNaJieHHe TOTeHIMala B 3TOM ciioe (aHOTHBIN Oapwep),
KOTOPOE 3aBHCHUT OT JIOKAJFHBIX 3HAYCHUH HOPMAJIbHON K TIOBEPXHOCTH aHO/Ia KOMIIOHEHTHI TNIOTHOCTH JIEK-
TPUYECKOTO TOKA U TEMIIEPATYPHI NEKTPOHOB NMPUAHOIHON TIA3MBI, TAKXKE SIBIISIETCS HEOJHOPOAHBIM BIOJb
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yKa3zaHHOU TpaHuIbl. [I0CKONIBbKY MOBEPXHOCTH METAIIIMUECKOTO aHO/A, UMEIOILIET0 BHICOKYIO 3JIEKTPOIPOBO-
THOCTB, TPAKTUYECKH SKBUIIOTCHIIMATIbHA, CAETAH BBIBOJ O CYIIECTBOBAHUH IMapaljieIbHOW yKa3aHHOW IO-
BEPXHOCTH KOMIIOHEHTBI HJIEKTPHUUECKOTO IOJIsl U COOTBETCTBEHHO IJIOTHOCTH TOKA MPOBOAMMOCTHU HA IPaHU-
e cToNda JIyru ¢ aHOMHOW o0sacThio. TakuM 00pa3oM, JIMHUK TOKA B TIPUAHOIHON TIa3Me MOTYT OBITh Kak
CXOISIIMMHUCS, TaK M PACXOIAIINMHUCS, IPU 3TOM UX HAKJIOH K OCH AYT'H, OTIPEIEISIOINI CTeIIeHb €€ KOHTPaK-
LMY Ha aHOJIe, 3aBUCHUT OT PACHpPEACICHHUS XapaKTEPUCTHK AYTOBOH IIa3Mbl BIOJb TPAHMIBI CTOJ0A TYTH C
ee aHOIHBIM ciioeM. Ellle 0HUM Ba)KHBIM PE3yJIbTaToOM JAHHOW paloThl SBJISIETCS ONpeeseHne 001acTu He-
YCTOWYMBOCTH aHOIHOTO Oapbepa (B EPEMEHHBIX TeMIIepaTypax MEeKTPOHOB — IJIOTHOCTD AJIEKTPUIECKOTO
TOKa B MPUAHOAHOMN IIa3Me) ¢ TOUKH 3pEHHs Mepexo/ia paclpeieIeHHOTO M0 TTOBEPXHOCTH aHOAA JTYTOBOTO
paspsa B peKUM TOPEHUs ¢ PE3KO HEOTHOPOIHBIM paclipeleiieHHeM aHOAHOTO MaJeHus NMOoTEeHIMaa (aHo-
JTHOE MSATHO WJIM MHOKECTBEHHAs! KOHTPAKINA AYTH Ha aHOJIE).

Pa6otsr [1.1.9, 1.1.11] mocBsmens! pa3pabOTKe MEPBHIX CaAMOCOTIIACOBAHHBIX MAaTEeMATHICCKUX MOJIEICH
MIPOIIECCOB HEPrO-, MACCO- M JCKTPONEPEHOCa B MHOTOKOMIIOHEHTHOH TUIa3Me CTONI0a M aHOAHOM o0nacTu
CBApOYHOU AYTHU (DIEKTPUUECKON IIyTH C UCHAPSIOMIMMCS aHOIOM) B yciioBusax TUI u mima3MeHHON CBapKu
[1.1.11], a Takxxe MUI" cBapku [1.1.9]. CyTh pa3BUTOro B yKa3aHHBIX pa0b0OTaX IMOIXO/A 3aKIFOYAETCS B TOM,
YTO MPU KOMIUIEKCHOM OMHMCAHUH (PU3MUECKUX MPOLIECCOB B PACCMATPUBAEMON CUCTEME €€ MOYKHO pa3/ieuTh
Ha JIBe I0100IaCT!: IPUMBIKAIOIIUI K IIOBEPXHOCTH aHOJIA CJIOH MOHU3ALMOHHO U TEPMUYECKH HEpaBHOBEC-
HOM T1a3Mbl (aHOAHBIH CIIOH), KOTOPBIA MOJKHO CUUTATh OECKOHEYHO TOHKHM, M Ta30lMHAMUYECKYI0 001aCTh
(cton® myrm), TAe TuIa3Ma HaxOIUTCS B COCTOSHUHU YaCTUYHOTO JIOKAJHHOTO TEPMOJUHAMHYECKOTO PaBHOBE-
cHsl, TSI KOTOPOH mepBast 001acTb (PaKTUUECKHU SIBISICTCS ITOBEPXHOCTBIO paspbiBa. [ peanns3anuy Takoro
0JIX0/1a pa3paboTaHbl IBE MaTeMAaTHUYECKHE MOEITH: MOJIENb TETJIOBBIX, 3JIEKTPOMAarHUTHBIX, Fa30AMHAMHUYe-
CKUX U T Qy3UOHHBIX IPOLECCOB B HEU30TEPMHUUECKOI MHOTOKOMIIOHEHTHOM IIJ1a3Me CTOJI0A IyTH U MOAEb
AHOJIHOTO CJIOS AYTH C UCTIAPAIOLIMMCS aHOJOM, KOTOpasi O3BOJIMIA CPOPMYITHPOBAThH HEOOXOIUMBIE TPaHHY-
HBIE YCITIOBHS JJIs PEIICHNs YPaBHEHHUI MOJIEITH CTOI0A yTH, a TAKXKE OTPENETUTh XapaKTePUCTHKH TEILIOBO-
T'0 U SJICKTPUYECKOTO BO3JCHCTBUS JYrOBOM IIa3Mbl Ha cBapuBaeMbli MeTasl. C MOMOILIBIO MPEATIOKEHHON
MO/JIEJIA aHOAHOTO CJIOS IyTH B LIMPOKOM JHAra3oHe TeMIEepaTyp MOBEPXHOCTH aHO/a, OXBATHIBAIOIIEM Kak
11} Qy3HOHHBIHM, TaK 1 KOHBEKTHBHBIN PEKUMbI UCIIAPEHUS €r0 MaTepualla, pacCUUTaHbl 3aBUCUMOCTH aHO-
JTHOTO MaJICHUsI MOTEHIIMANa U INIOTHOCTH TEIJIOBOTO MOTOKA B CTAJbHOM aHOA (Mcmapstouuiics a1eMeHT Fe)
OT TeMIIepaTypbl IEKTPOHOB MHOTOKOMIIOHEHTHOH (Ar + Fe) mpuaHomHO# m1a3Mbl U TUIOTHOCTH JIEKTpUYE-
CKOT0 TOKa Ha aHoze. [lomyueHHble pacyeTHbIC 3HAYCHUST HAXOAATCS B YAOBJICTBOPUTEIILHOM COOTBETCTBUH C
IKCIIEPUMEHTAIILHBIMY IaHHBIMH. B 11e710M yKa3aHHbIe pabOoThI CTaIH IIEPBBIM [IIATOM Ha ITyTH Y4eTa BIHSIHUS
ncnapenus ceapuaemoro meraiuia (TUID u mna3mennas cBapka) wim anekrpogroro marepuana (MUI capka)
Ha XapaKTePUCTUKH NIEKTPUUECKON JYTH Kak CBAPOYHOI0 MCTOYHMKA TEIUIa.

Ha cienyromem 3tamne nocTpoeHHs: KOMIUIEKCHON MaTeMaTHYeCKOi Mozenu (pU3nIecKux MpoLeccoB Ipu
JIYTOBOHM CBapKe MOTpeOOBaioCh BKIIOUUTH B MOJENIb MAaTEMaTHUYECKOE ONMKUCAHKUE MTPOLECCOB, MPOTEKAIOLINX
B MeTayuie anona. C atoif nenpio B padorax [1.1.8, 1.1.12, 1.1.13] npemiokena caMmocoriiacoBaHHast MaTeMa-
THUYECKasi MOJICIIb U MIPOBEJICH YHUCIICHHBIN aHAIN3 JIEKTPOMArHUTHBIX MPOLECCOB B CUCTEME «CTOJIO AyIr—
aHO/IHAs 00IaCTh—UCTIAPSIIOIIUICS aHO» TPUMEHHUTENBHO K YCIOBUSM IIa3MEHHON CBAPKU M CBApKU TIABSI-
LIMMCS NIEKTPOJOM B arMoc(epe aproHa. Uto kacaercst BEIYUCIUTEIbHBIX aITOPUTMOB JUI KOMIIBIOTEPHOI
peanu3anyy KOMITIEKCHOW MozienH, To B pabote [1.1.7] pazpaboTana MeTOAMKA YHCIEHHOTO PELICHNUS 3a1aul
3JIEKTPOIIEPEHOCA C Pa3phIBHBIM peiieHueM. B padote [1.1.14] nannast metouka 0000IIeHa Ha CiTydall OIH-
CaHMs MPOLIECCOB MEPEHOCca TeIla, MacChl U 3apsaa, MPHU 3TOM PACCMOTPEHBI Pa3IMYHbIC TUIBI PAa3PBIBOB:
MPSIMOM, HaITpUMeEp, HEUICaTbHBIN TEIIIOBOW MITH MJIEKTPUYECKHUI KOHTAKT, 00OpaTHBIA — 3aja4a o pacnpese-
JICHUU [TOTEHIIAANA B CUCTEME «IIPUAaHOAHAS II1a3Ma—aHOA», @ TAKXKE CMEIIAHHbII — cerperanus NpuMecu Ha
rpanuue pasznena ¢as. B KOHTEKCTe YUCICHHOW peann3aluy 3aayi JIEKTPOIePeHoca B CHCTEME «ITPUaHO-
THas T1a3Ma—aHoy MpeIoKeHa CTenraIbHas pa3HOCTHAA CXeMa M METOJIOM «CKBO3HOTO CUETa) BBITIOIHEH
YHMCJICHHBIH aHAU3 PACIPEACICHUS IICKTPUUECKOro TOTEHIMANa B TAKOH CHCTEMe MPUMEHHUTENBHO K yCIIo-
BusiM tuazMerHou [1.1.7] u MUI [1.1.14] cBapku.
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s Bepudukanuu npenioxenHoi B [1.1.9, 1.1.11] camocomiacoBaHHOM MOZEITH MPOIECCOB YHEPTo-, Mac-
CO- 1 2JIEKTPOTIEPEHOCa B aHOAHOI 001acTH U cTos10e CBapodHOi ayru B padore [1.1.15] mpoBezieH neTaibHBII
YHUCIICHHBIH aHAIHM3 TEIUIOBBIX, DJIEKTPOMATHUTHBIX M T'a30[IMHAMUYECKIX XapaKTePHCTUK TIA3MBbI, TOpsIIen
B aproHe arMoC(epHOro JaBJICHHUs, CTAIIMOHAPHON JIEKTPUICCKOM YT ¢ TyroIIaBKUM KaTOJOM M MEIHBIM
BOJIOOXJIQXKTAEMBIM aHOAOM. [Ipu TpoBeNeHWM BBIYHCIUTEIEHOTO SKCIEPUMEHTa HCIIapeHHeM MaTepHhalia
aHoja MpeHeOperaisock, a Ui pacyeTa XapaKTePUCTUK TUIa3Mbl CTOJIOA JIyTH HUCIIOIh30BAIOCH IPUOITMIKEHUE
M30TePMHUYECKON TIa3Mbl (OHOTEMIIEpaTypHas MOJENb). Pe3ynprarel pacdeToB pacnpezesieHii MI0THOCTH
AJIEKTPUYECKOTO TOKA HA aHOJIE ¥ TETNIOBOTO ITOTOKA B aHOJ[ COTIOCTABJICHBI C IKCIIEPUMEHTAIbHBIMU JIAHHBIMU
JUTs CBOOOIHOTOPSIIIEH aproHOBOW ayTH AnuHOM 6,3 MM npu Tokax 100 u 200 A. ITokazaHo, yTo camocora-
COBaHHBIN y4eT TIPOIIECCOB B CTOJIOE W aHOAHOM OOJIACTH TyTH TIO3BOJISIET MTPOTHOZUPOBATH C 00Jiee BBICOKOM
TOYHOCTBIO XapaKTEPUCTUKH TEIJIOBOTO U AJIEKTPUUYECKOTO BO3ACUCTBHS AYrOBOM IUIa3Mbl HA MOBEPXHOCTH
aHoza.

B pa6ore [1.1.20] camocormacoBannas mozeins [1.1.9, 1.1.11] ucnonb30BaHa JUiss KOMIBIOTEPHOTO MOJIE-
JUPOBAHUS ITPOIIECCOB MEPEHOCA YHEPTUH, UMITYJIbCa, MACChI M 3apsijia B CTOJI0E M aHOHON 00JacTH CHITBHO-
TOYHOH IIEKTPUIECKON AYTH MOCTOSTHHOTO TOKA, a TAKXKE pacdyeTa XapaKTepPUCTHK TEIIOBOTO, Ta30iMHAMUYE-
CKOTO U DJIEKTPUUECKOTO BO3JIEHCTBUS TAKOW AYTH HA TMOBEPXHOCTh METAJIMUECKOTO pacIljiaBa B yCTAHOBKE
KOBII-TIedb. B 3TOM pabdore Tak xe, kak u B [1.1.15], mmasMmy cronba ayra paccMaTpuBajid B OIMHOTEMIICpa-
TypHOM TPUOIMKEHUY, a UCIIAPEHUEM METajllla ¢ TIOBEPXHOCTH BaHHBI paciuiaBa npeneOperanu. s yuera
0COOEHHOCTEH TOPEHUST CHIIBHOTOYHON JAYTH, 00YCIOBICHHBIX TypOYJIEHTHBIM PEKIMOM TCUCHHUS TUTa3MBbI U
MIEPEHOCOM TETUIOBOTO M3IYUYCHHS B €€ CTOJI0e, KOA(PPUIIMEHT BI3KOCTH JTyTOBOH TUTa3Mbl BBIYUCIISIIH B BUJIC
CYMMBI KO3 PHUIMEHTa MOJICKYJISIPHOH BSI3KOCTH M TypOYJIEHTHOH 100aBKH, ONpeensieMOl Ha OCHOBE ajre-
Opanueckoit Mmoaenu TypOyneHTHOCTH (Momenb IIpanamis), a mpu onpeaeIieHHd CyMMapHOTo Ko duimenTa
TEIUIONPOBOIHOCTH JIOTIOJHUTEIBHO YYUTHIBAIIN JIyYUCTYIO TEILIOMPOBOIHOCTD. Pe3ynbraTsl MOJICTUPOBAHHS
TTOKa3aJId, 9TO paclpeesiCHHe MOTCHITHAIA 110 JJINHE CHIIFHOTOYHOM TYTH SIBJISIETCS CYIIIECTBEHHO HEJIMHEH-
HBIM, a 3PEKTUBHOCTD €€ TETUIOBOTO, TMHAMHYECKOTO U AIIEKTPHYECKOTO BO3/ICHCTBHUS HA TIOBEPXHOCTh Me-
TaJUIMYCCKON BaHHBI B YCTAHOBKE KOBII—TI€Yb BO3PACTACT MPH YMCHBIICHUH JUTUHBI TyTH.

Pa6ora [1.1.19] siBiisieTcs mepBoi myOIMKaueld, B KOTOPO Ha OCHOBE caMocorTacoBaHHON mozenu [1.1.9,
1.1.11] mpoBe/ieH eTaNbHBII YUCICHHBIA aHAJIN3 PACIPE/ICICHHBIX U UHTETPaJbHBIX XapaKTEPUCTUK CTOJ-
0a ¥ aHOMHOM 00JIACTH apTOHOBOW IYTH C TYTOIUIABKUM KAaTOIOM M BOJOOXJIKIAEMBIM (HEHUCTIAPSTFOIITIIMCS] )
AHOZIOM ITPH UMITYJIbCHOM M3MEHEHUH TOKA. Pe3ylbTaThl BBIYUCIUTEBHBIX SKCIIEPUMEHTOB ITOKA3aJH, YTO JIH-
HaMHKa U3MEHEHHUSI JIOKAJIBHBIX XapaKTePUCTHK TyTOBOM IUIa3MBbl CYIIECTBEHHO OTIUYACTCS OT TAKOBOU JIJISt
WHTETPATBHBIX XapakTepuCTHK. OTMEUEHBI CyIIeCTBEHHBIE PA3INYHS B TIOBEJICHUH TEIUIOBBIX M JIEKTpOMAr-
HUTHBIX XapaKTEPUCTHUK I11a3Mbl CTOJIOA ¥ aHOHOW 00JIACTH JYT'H. YCTAHOBIICHO, YTO CKOPOCTH MEPEXOIHBIX
MIPOIIECCOB B AYTOBOM IJIa3Me Ha TIEpeTHEM U 3a7HeM (pOHTaX UMITYSIbCca (ITPH TIepexofie OT MEHBIIIETO TOKA K
OoubiieMy, 1 HA000POT) TAKXKE MOTYT CYIIECTBEHHO Pa3IHIaThCsl.

JanpHeiinee pa3BUTHE dTU UCCIEIOBAHUS MOTy4YmIH B padore [1.1.23]. B cBs3u co 3HAUUTETHEHBIMU BHI-
YUCIUTEILHBIMA 3aTPaTaMU KOMIIBIOTEPHAs MOJIeh HECTAIIMOHAPHBIX IPOIIECCOB B CTOJIOE M aHOTHOW 001a-
CTH JIyTH C pacrpe/esieHHbiMu napameTpamu [1.1.19] adekTHBHO MOXKET ObITh MCIIOIB30BaHA TOJBKO MPHU
MOJISTUPOBAHNH BO3JIEHCTBHA Ha IYTy C TYTOILIAaBKAM KaTOJIOM €IMHUYHOTO UMITYJIbCa TOKa, TOT/Ia Kak Mpak-
TUYECKUHI WHTEPEC MPEICTABISIET OMPE/CIICHUE JMHAMUYCCKUX XapaKTePUCTHUK TAKOH JIyTH MIPH TT0/Ia4e IMavyeK
AMITYJIECOB. J{JIs1 petmeHus dToi mpoOIeMbl UCTIONB30BaHa MOJIETh TYTH C COCPEIOTOYCHHBIMHU TTapaMeTpaMu,
KOTOpasi He UMEET OTPaHHUYEHHUI C TOYKH 3pEHUS 00beMa BBIYHMCICHHN U MO3BOJIAET C JOCTATOYHON TOYHO-
CThIO MPOCIICKUBATH JUHAMUKY U3MEHEHUSI MHTETPAIbHBIX XapaKTEPUCTUK CBAPOYHOM JIyTH MPHU BhICOKOYA-
CTOTHOW MOIYJISIAH ToKa. 1 naeHTH(GUKAINY TapaMeTpOB TaKOH MOJIEITH TIPOBEIEHBI DKCIIEPIMEHTATHHBIE
HCCJICJIOBaHUSI CTATHYECKUX BOJIBT-aMIICPHBIX XapaKTEPUCTHK aprOHOBOHN YT C BOJIb()PAMOBBIM KaTOJOM U
METHBIM BOJOOXJIAXKTaeMbIM aHOIOM. {7151 CpaBHEHUS ATH K€ MaHHBIC OBUTH MTOYYCHBI PACUETHBIM METOIOM
¢ nomoubo Monenu u3 [1.1.19]. TloctosiHHY10 BpeMeHU NEPEXOIHOTO MPoLiecca TaKKEe ONPEIEI SN UCXOS U3
pacCYeTHBIX JaHHBIX O JUHAMHUKE H3MCHEHUS HAMPSDKEHUS Ha TyTe, MOTYYCHHBIX HA OCHOBE MOCIIHU C pacipe-
JeJIEHHBIMU TTapameTrpamu. OTkannOpoBaHHAsE TAKUM 00pa3oM MOJIEINb IyTH C COCPENOTOUESHHBIMU ITapaMme-
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Tpamu ObljIa UCIIOIB30BaHa AJIsl YUCICHHOTO aHAIN3a TMHAMUKY U3MEHEHHUS HAapsHKEHHsI Ha Topsiiel B apro-
HE IyTe ¢ TYTOIIaBKUM KaTOIOM M METHBIM BOIOOXJIAKIAEMBIM aHOAOM IMPH BBICOKOYACTOTHOM (5...25 kI'1r)
MOJYJISIIIUY TOKA UMITYJIbCAMHU CIIEIIHaTIbHON POPMBI (B3SITOM M3 dKCIIEpUMEHTa). PesynbpraTel MoietupoBaHus
HaXOJATCSl B XOPOILEM COOTBETCTBHHU C HKCIIEPUMEHTAIBHBIMH JaHHBIMH, OJTYYEHHBIMH MyTeM 00paOOTKU
OCIIMJUIOTPAaMM COOTBETCTBYIOIIETO PEATLHOTO TpoIIecca.

B pabote [1.1.26] npoBeneH aHaan3 BIUSHUS UMITYJbCHONW MOIYJSLNN CBAPOYHOTO TOKA HA JIEHCTBYIO-
e (3¢ pexTuBHBIC) 3HAYCHUS DICKTPOAMHAMHUYICCKUX XapaKTEPUCTHK MPOIlecca CBAPKU HEIIABSIIIIMCS
anektponoM (TUTD'). B nepBoii yactu qaHHOM pabOTHI IPOAHATM3UPOBAHBI BO3SMOKHOCTH TTOBBIILICHUS 1CH-
CTBYIOIIIETO 3HAUYEHHUS TOKA JYTH 3a CUeT BHIOOpA ONTHUMAJbHBIX BPEMEHHBIX U aMIUTUTYIHBIX TapaMeTpoB
€ro UMIYJIbCHOW MOIYJSAIUU. PaccMOTpeH A0CTaTouyHO OOIMMiA ciaydail MOTYJISIIMU CBAPOYHOTO TOKA WM-
MyJIbCaMH TpanenenJanbHOi GopMbl (Kak 4acTHBIE CIydar — NPSIMOYTOJIbHBINA U TPEYTOJIbHBIA UMITYJIbCHI).
Bo BTOpOIi yacTu U3ydeHO pacnpenesieHrne AeHCTBYIOIMX 3HAYEHU M SJIeKTPOMArHUTHBIX U JUHAMUYECKHUX
XapaKTepUCTUK MOTyJTUPOBAHHOIO TOKA B CBAPOYHOM BaHHE, NCXO/A U3 HECTALIMOHAPHON MOJIENIH JyTOBOIO
paspsiga ¢ pacupeneineHHbIMU mapameTrpamu [1.1.19], u Mozenu 3MeKTPOMarHUTHEIX MPOIIECCOB B CBapH-
BaemoMm Metasie [1.1.8, 1.1.13]. B kauecTtBe XapaKTepHOro npuMepa pacCMOTPEHO CHIIOBOE BO3JIEUCTBUE
MOJIYJIMPOBAHHOT'O TOKA Ha METaJIJI CBAPOYHON BaHHBI IIPU MOAYJISALIUU TOKA TPEYTOJIbHBIMU UMITYJIbCAMU C
mmay3amu ipu yactoTe 10 kI'm. [Ipoananu3upoBaHo BIMsHHE TUHAMHYECKHUX d(h(PEKTOB B IMITYILCHOM JayTe
Ha paclpejesieHne B MeTajule IeHCTBYIOIMX 3HaUeHUH IEeKTPOANHAMUUYECKUX XapaKTepUCTUK — LEHTPO-
CTPEMHTENbHON cocTaBisgomen cuiabl JIopeHna u MarHuTHOTO AaBineHus. CrenaH BBIBOA O TOM, YTO MPH
ONITHMAIIEHOHN (hopMe UMITYIBCOB TOKa TuHAMUYecKre d(()EeKThl B HECTAIIMOHAPHON JIyTe CIIOCOOHBI CyIIle-
CTBEHHO MOBBICUTH CUJIOBOE BO3/ICICTBUE HAa METaJlI CBapOYHOM BaHHbI pu TUI" cBapke ¢ BHICOKOYACTOT-
HOUM MOAyIANHEN TOKa 10 CPAaBHEHHIO CO CBApKOI Ha MOCTOSHHOM TOKE, 3HAUY€HHE KOTOPOTO COBMAIAeT C
JEHCTBYIOIUM 3HAYEHUEM MOJIYIHMPOBAHHOTO TOKA.

Pabora [1.1.22] mocBsmmena qanbHEHIIEMY Pa3BUTHIO TEOPHH aHOMHBIX MPOIECCOB B ANEKTPUIECKHUX Y-
rax arMoc(hepHOTro JIaBJIeHus 0e3 y4eTa ucrnapeHus Marepuaia aHoja. s onrcanus mporeccoB, MPOTeKaro-
LIMX B @HOJTHOM CJIO€, MCIIOJIb30BaHa CHCTEMa MHOTOXKUIKOCTHBIX YPaBHEHUH ISl TPEXKOMIIOHEHTHOM T11a3-
MBI (2JIEKTPOHBI, OHO3aPsAHbIE MOHBI M aTOMBI Ta3a), 3amucanHas B auddysnonnom npudbmmkenun. lpn
3aIMCHU UCXOJHBIX YPAaBHEHUH He JIeN1anoch NPeANoloKeHUH 0 HATMYMH B TPUAHOIHON TJ1a3Me TEPMHUUYECKOTO
Y HOHHU3AIIMOHHOTO paBHOBECH. PaccMOTpeHBI /1Ba BapriaHTa MaTeMaTHIeCKON MOAEIH: OOIIHA, IIPH KOTOPOM
yCIIOBUE KBa3WHEUTPaIbHOCTH HE HCIIOIb3YETCsl, M YaCTHBIH, KOTia Iula3Ma B HOHW3aMOHHOH obnactu (pex-
CJI0i1) paccMaTpuBaeTcs Kak KBasMHEHTpaibHas. YucieHHoe pelieHne YKa3aHHbIX YpaBHEHUH POBECHO /IS
aprOHOBOH JTyTH aTMOC(EPHOTO JaBJICHHS B IMMPOKOM JTHATIa30HE 3HAYSHH TUIOTHOCTH AIIEKTPHUECKOTO TOKa
Ha anoze (500...2000 A/cm?). Pe3ynbraThl BHIYUCIUTEIBHBIX IKCIICPUMEHTOB MMOKA3aJId, YTO OOIIETPHHATOS
JOTTyIIIeHHuEe 00 OTCYTCTBUHU CTOJKHOBEHHIA B CIIO€ TIPOCTPAHCTBEHHOTO 3apsi/ia HE SIBIISETCS KOPPEKTHBIM, U
IIPU OITUCAHUU TOTO CJIOSI CIEAYET yUYUTHIBATH HOH-aTOMHBIE CTOJIKHOBEHHS. C y4eTOM JJAaHHOTO 0OCTOSTEIb-
CTBa Ha OCHOBE O0IIEH MONENIH TMPOBEIEH YHUCIEHHBIN aHaJN3 XapaKTEPUCTHK CIIOS TPOCTPAHCTBEHHOTO 3a-
psina u npexacios (pacupenesieHus TeMIIEpaTyp W KOHICHTPALUH YacTHIl B aHOAHOM CJIO€, TTOJTHOE aHOJHOE
MajieHre MOTeHINaa, aleHue MOTeHIMajla B CJI0e MPOCTPAHCTBEHHOTO 3apsija, TOJIIWHA aHOAHOTO CIIOf,
TEIUTOBOM MTOTOK B @aHOJ] M €T0 COCTABIISIONINE) B 3aBUCUMOCTH OT TUIOTHOCTH AIIEKTPHUYECKOTO TOKA Ha aHOJE.

IIpennoxxennas B [1.1.9, 1.1.11] camocoriiacoBanHas MOZIETh MPOLIECCOB SHEPTO-, MACCO- U JIEKTpoIepe-
HOCa B aHOJHOW 00JaCTH M CTOJI0€ CBAPOYHOU AYyTH (DIEKTPHUECKON TyTH C NCTIAPSIONUMCS aHOOM) YTO4-
Hena B [1.1.21] myTem 3amucu ypaBHEHHs KOHBEKTUBHON JU(Qy31UH HOHU3UPOBAHHOTO METAITMUECKOTO TTapa
B JyTOBOH IIa3Me C y4eToM pa3nuuusi KodpuirenTos nuddy3ur aToMoB, OTHO- U JABYX3apsTHBIX HOHOB
MeTaia, Hajauaus TepMoAu(Py3nOHHBIX TOTOKOB METAJUIMYECKUX YACTHII, a TaKKe Jpeida MOHOB mapa B
AJIEKTPUUECKOM T1051e. Ha 0CHOBE YTOYHEHHOM TaKUM 00pa30M CaMOCOITIaCOBAaHHON MaTeMaTH4eCKON MOJIeIIN
MIPOBEZICH JIeTANbHBIN YMCICHHBIN aHann3 BiausHuU nuddy3uoHHOro ncnapenns Mmartepuana anona (Fe) Ha
TEIUIOBBIE, TA30AMHAMHYECKHIE U DJIEKTPOMArHUTHBIE XapaKTePUCTUKA MHOTOKOMITIOHEHTHOM IJIa3Mbl cTojI0a
crarmoHapHo# cBapounout ayru npu TUI cBapke B atmMocdepe aproHa, a Takke XapaKTEPUCTHKH €€ TETUIO-
BOT'O U BJIEKTPUUYECKOTO B3aUMOEHCTBHUS C MOBEPXHOCTBIO HcHapsAomerocs anona. [lokazano cymecTseHHOe
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PA3JIEJT 1. IVTOBASI CBAPKA

BJIMSIHUE paclpelesiCHHs] TEMIIEPaTyphl STOM MOBEPXHOCTU B 00JACTH aHOTHOW MPHUBSI3KU TyTH HA pacupee-
JICHUS TEMITEPATYPHI TUIa3MbI M TNIOTHOCTH IEKTPUYECKOTO TOKA B MMPHAHOIHOM IJ1a3Me, a TakyKe Ha pacrpe-
JIEJIEHUE MJIOTHOCTH TEIIOBOTO MIOTOKA, BBOJUMOI'O 1yTOM B @aHOA, U €T0 HHTETrPAJIbHOE 3HAYECHUE.

B paborax [1.1.16, 1.1.17], nocpsiiieHHBIX TPOOIEME UCTIAPEHUSI OMHAPHBIX CILUIABOB IPH JyTOBOH CBapKe,
IIPEAJIOKEHA aHAIUTHYECKasi MOJEIb UCTIapeHus aHoAa 13 OuHapHOro criasa. OHa MO3BOJISET ONPENeIIsiTh
COCTaB U ra30iMHAMHYECKHE XapaKTePUCTUKA MHOTOKOMIIOHEHTHOH JAyTroBOH IJ1a3Mbl BOJU3M MOBEPXHOCTH
TaKOTO aHOJA, a TAK)KE DHEPIeTHUECKHUE U DICKTPUYECKUE XapaKTEPUCTUKH aHOAHOIO CIIOSA AYTH B 3aBHCH-
MOCTH OT TEMIIEpaTypbl MOBEPXHOCTH aHOAA, TEMIIEPATYpbl NIEKTPOHOB MPHAHOJHOW IJIa3MBbl, MJIOTHOCTU
ANIEKTPUYECKOTO TOKA HA aHOJIE M COCTaBa cIulaBa. JlaHHAs MOJIeNb BKIIIOUAST MOJICNIN Ucnapenus B aupdy-
3MOHHOM U KOHBEKTHBHOM PEXHMAaX U COOTBETCTBYIOIIYIO MOJIENb AHOAHBIX MponeccoB. C MOMOIIBIO Mpen-
JIO)KEHHOHM MOJIENN MTPOBEJICH JeTa bHbIN YMCICHHBII aHAIN3 POLECCOB HcnapeHust aHoaa u3 Al-Mg crutaBa
B HIMPOKOM JHAIa30He 3HAYCHUH TEMIIepaTyphl MOBEPXHOCTH aHOA, TEMIIEPATYPBI TNIA3MEHHBIX JIIEKTPOHOB
U IJIOTHOCTH TOKA B MPHAHOIHON IJIa3Me, a TAK)KE MACCOBOTIO COZIEpKaHUs MarHus B crase. OnpeaencHsl
TaKHle BaXKHBIE C TEXHOJOTMUECKOM TOYKH 3pEHUs XapaKTePUCTUKH MPOIIECCOB MCTIApEHUs], KaK TeMIlepaTrypa
KUIICHUS aHOJa U3 pacCMaTPUBAEMOrO CIUIaBa (TemIeparypa nepexona IudQy3noHHOIO pexXuMa UCTIapEeHUs
B KOHBEKTUBHBI), TOTOKH YHEPTMH M MAcCOBbIE IOTOKH KOMIIOHEHT, YHOCHMBIE C TIOBEPXHOCTH pacIliaBa B
KOHBEKTHBHOM DPEKHUME HCIAPEHMs, TIOJHOE Ta30AMHAMUYECKOE JaBICHUE Ha 3Ty MOBEPXHOCTH, TETUIOBOU
[IOTOK, BBOAMMBII MPHUAHOIHOM IJ1a3MOM B aHOJI, U AHOJHOE Ta/IeHUE NTOTEHI[Mala B 3aBUCUMOCTH OT COCTaBa
CIUTaBa, TEMIIEPATyPhl €T0 MOBEPXHOCTH, TEMIIEPATyPhI SJIEKTPOHOB MPHUAHOIHOM TJIa3MbI M TNIOTHOCTH TOKA
Ha aHoJIE.

Pabota [1.1.24] nocesmieHa nanpHeHIeMy pa3BUTHIO PEACTaBICHUN 0 (GU3NYECKHUX Tpoleccax, MpoTe-
KalomuX B MPUAaHOAHON ayroBoi miazme [1.1.6], u geranpHOMY KOJMYECTBEHHOMY HCCIIEIOBAaHHUIO pacIpe-
JETICHHBIX M MHTErPAJIbHBIX XapaKTEPUCTHK NMPHAHOAHOM 00JIACTH TIa3Mbl aprOHOBOM TYT'H aTMOC(EpHOro
naBieHus. B Heit Ha ocHOoBe ommcannoi B [1.1.9, 1.1.11] Momenu mpoBeneH YHMCICHHBIN aHAJIN3 BIWSHUSA
Ha yKa3aHHBIC XapaKTePUCTUKU TaKuX (aKkTOpOB, KaK MCHapeHue cBapruBaeMoro meraja (anoma) npu TUD
CBapKe U B3aUMOJICHICTBHE C JYTOBOM MI1a3MOH ¢(hOKYCHPOBAHHOTO JTa3€PHOTO Ty4Ka, PACIPOCTPAHSIOIIETOCS
BII0Jb cTON0a ayru, ipu rubpuanoi (TUI + CO,-nasep) cBapke. Iloka3aHo, 4TO MCIApEHHE METALIa C 110~
BEPXHOCTH aHOJ1a MIPUBOAMT K CYIIECTBEHHOMY I€pepaclpeiesIeHHIO TeMIIepaTyphbl, IEKTPUIECKOTO MOTEeH-
[MaJ1a ¥ COOTBETCTBEHHO INIOTHOCTH IEKTPUYECKOTO TOKA B IPUAHOAHOM 30HE AYTH, JIeNas €€ MEHee KOHIICH-
TPUPOBAHHBIM MCTOYHMKOM TEIJIOBOTO M 3JIEKTPOMArHUTHOTO BO3JEHCTBHS Ha aHOJ 1O OTHOUIEHHIO K Jyre
¢ Heucnapsiommmes (BOLOOX/Iax1aeMbIM) aHoioM. [Ipomcxonsimas mox BO3AEHCTBUEM AOIOJIHUTEIBHOTO
JIOKAJILHOTO HarpeBa JyroBOH IUIa3Mbl Ja3€PHBIM IIyYKOM MEPEeCTPOHKa MPOCTPAHCTBEHHBIX paclpeacIeHUH
yKa3aHHBIX XapaKTepUCTHK, HA0OOPOT, MPUBOAUT K KOHTPArupPOBaHHIO TPUAHOTHON 30HBI TAKOTO pa3psa, Je-
nast ero 0ojee KOHICHTPUPOBAaHHBIM HCTOYHMKOM TEIUIOBOTO U AJICKTPOMArHUTHOTO BO3JCHCTBUS HA aHOJ 110
CPaBHEHHIO ¢ OOBIYHOM Jyroi. YCTaHOBIEHO, YTO IPUUMHON NepepacipeaeeHus INIOTHOCTH IIEKTPUYECKOTO
TOKA B MPUAHOAHOM 30HE QYTOBOM IUIa3MBbl ABISETCS N3MEHEHHE aHOAHOTO MaJCHUsS MOTEHIHAaIa BIOIb I0-
BEPXHOCTH aHOAA, CBSI3aHHOE C CYIIECTBEHHOW HEOIHOPOIHOCTHIO TEMIIEPATyphl TUIA3MBI CTOJI0A AYTH BAOIb
€€ TPaHMIIbI C AHOTHBIM cJ10eM. 110CKOIbKY TOBEPXHOCTh METAJNIMIECKOTO aHO/IA SBJISIETCS MPAKTHIECKH dK-
BHITOTEHIIMAJIBHOM, TO 3TO IPUBOJIUT K MOSABICHUIO KOMIIOHEHTHI T'PaJIN€HTa IEKTPUUECKOro MOTEHIHAIa U
IJIOTHOCTH TOKA BJIOJIb IPAHUIIBI CTOJI0A YTH C aHOIHBIM CJIO€M, YTO BO MHOT'OM OTIpeNieisieT KapTuHy mpoTe-
KaHUs 3JIEKTPHUYECKOTO TOKa MEX Ly AyTroBOH Mmi1a3mMoil 1 aHooM. C yueToM OIMCAHHOTO H3MEHEHHS aHOTHOTO
MaJIeHusl MOTEHIIMAala BAOJIb IOBEPXHOCTH aHOAA MPEAJIOKEHa METOIMKa pacyeTa 3QEeKTUBHOIO 3HAYCHUS
AQHOHOTO TaJIeHNUS B CBAPOUHBIX JTyTax.
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1.1.1. TABOAUHAMUNYECKHUE XAPAKTEPUCTUKH
IMJIASMEHHBIX IOTOKOB B CBAPOUHBbIX JIYTIAX"

H.M. BOPOIIA, U.B. KPUBIIYH

B cBapo4HBIX Ayrax MEXmy 37EKTPOAOM OTHOCHTEIb-
HO MAaJIOTO TMaMeTpa ¥ OCHOBHBIM (CBAPHBAEMBIM) Me-
TaJJIOM OOJIBILIONO CEYEHHMS M3-3a aKCUAIbHBIX YCHIINH,
BBI3BaHHBIX I'PaJJIEHTOM MArHUTHOTO JABJIEHHUS, CO3a-
FOTCSI MOIIIHBIC TTOTOKH Ta30B U MmapoB MeTawia [1-3].
Texnonoruyeckue BO3MOXHOCTH CIIOCOOOB yTrOBOM
CBapKU B 3HAUMTEJIbHOI CTEIIEHH 3aBUCAT OT JABJICHUS
9THUX TIOTOKOB U €ro pacrpenesieHns. MexaHndeckoe
BO3/ICHCTBHE yTM Ha CBApOYHYIO BaHHY SIBISICTCS OJI-
HUM M3 BaXKHEHMIIMX MapaMeTpPOB, XapaKTepPHU3YIOIINX
DIyOMHY NPOIUIaBIeHHUs U (JOpMY LIBOB.

B cBs3u ¢ BBICOKOH TemmepaTrypoil CBapOYHBIX
IOyT HEIOCPEICTBEHHOE M3MEPEHHE CKOpOCTeH WIn
JTaBJICHUH IJIa3MEHHBIX IOTOKOB BeCbMa 3aTPyAHEHO,
4eM M OOBSICHACTCSl KpaiHe OrpaHHuYEHHOE KOJIHUYe-
CTBO paboOT B dTOM HampasiieHuu [2, 4]. MeToguku
TEOPETUUECKUX PACUETOB MApaMETPOB IIA3MEHHBIX
MIOTOKOB B CBAPOYHBIX Jyrax OTCYTCTBYIOT BOOOLIE.
IIpu pa3paboTke HOBBIX CITOCOOOB CBAapKH M BBIOO-
p€ ONTHMANBHBIX PEKUMOB MPOIECCOB HEOOXOAUMO
3HaTh PaJiaJIbHOE U aKCHAJIBHOE paclpeaesieHue ra-
30/IMHAMUYECKHUX XapaKTePUCTUK TUIa3MEHHBIX TMO-
TOKOB M €r0 3aBUCHMOCTH OT BHEIIHUX MapaMeTpOB
IyTH (CBapOYHOTO TOKA, pa3MepoB u (POpPMBI cToIOa
IyTH, pacxofa 3allUTHOTO ra3a u jp.). M3ydenuro
9THX BOIPOCOB M MOCBAIICHA HACTOsIIAs padoTa.

J7st onpeaenieHust JIOKaJIbHBIX TMHAMUYECKUX Tapa-
METPOB TyTOBOTO I'a3a— CKOPOCTH U IABJICHUSI — Oy/ieM
WCXOIUTh M3 TIOJHOW CHCTEMBI MarHUTOTUAPOIMHAMH-
4ecKUX ypaBHeHuH. IlockonbKy nporecc nepeHoca Tem-
Jla B J{yTOBOM pa3psizie TIPOUCXOAUT MPENMYIIIECTBEHHO
3a CUeT TEIJIONPOBOJHOCTH M U3ITyUCHHUS, & KOHBEKTHB-
HBII TETUI00OOMEH U BS3Kasl AUCCUMALNS SHEPIUU MaJlbl
[5], ypaBHEHUST ABIKEHUST M OayiaHCa SHEPTUH MOXKHO
pemtars otaensHO. [loaToMy cuctema ypaBHEHHH, OMH-
CBIBAIOILMX JABI)KCHHUE {yT'OBOIO Ia3a, IPMHUMAET BUIL

% +divpv =0;
ov A &)
Pat +(vV)v=[jB]-divp; rotB=uyj.
3nech P — TeHsop HaBnCHMIL;
P, =P5, — 1, )
rae P — CKaJISIpHOE JaBIICHHE;

oV oV
=i =—+=L —76 divv

T, — TEH30p BSI3KHX Ha-
ij 6x/ 8x p

MPSDKEHUH; 1] — KO PHUIMEHT BI3KOCTH.

“MaruutHas rugpoauHamuka. — 1978, — Ne 1. — C. 132-136.

Jnsa pemenust cuctems! (1) mpumem crieayroriye
JomyueHus: 1) cucteMa HaXOIUTCs B CTALlMOHAPHOM
cocrosiHuu 0/0t = 0; 2) cucreMa IHJIUHAPUYCCKH
CHUMMeTpHUYHA, T. . 0/0¢p = 0. W3 mummHIpudecKoi
CHMMETPHH CHUCTEMbI CIefyet, 4ro V = (V; 0; v),
1=0G;0;/j)uB=(0; B ; 0). Kpome Toro, B peais-
HBIX JIyTax OCEBbIE FpaZ[I/IeHTLI CKOpPOCTEH TOTOKOB
HaMHOTO MEHbLIEC pagualbHbIX (32 HMCKIIOYCHHEM
NPUAIIEKTPOAHBIX obnacteit). [loaTomy, mpumeHsist K
cucreme (1) mporenypy, TOTOOHYI0 METOIUKE BBIBO-
Jla YpaBHEHUH NOTpaHUYHOro ciosl [6], U yuuThIBas
yKa3zaHHbIE BbIIIE TOMylIeHnsd, u3 (1) momyunm

0 _ 6p__, )
ror Pt P =0 or VR
8VZ 6vz o . 18 6\/
p[vr o TV 6ZJ__6Z+]’B i el )
B, 10 .
"7 W B W

Jlerxo BUAETH, UTO VIS UIIMHAPUYECKOM IyTH ypaB-
HeHus (3) nepexoIsT B ypaBHECHUS] MAarHUTOCTATUKH:
d ) 1d
dir):_]zBao; rar B =W @
Jlnis perieHus MpUBEACHHBIX YPaBHEHUH HEO0X0-
JIUMO 3HATh pacrpeAesieHHe TNIOTHOCTH TOKa B CTOJI-
0e myru. CornacHo [7] mpumem

2

J)= e, (5)
rae a’> — ko3P (UIMEHT KOHTPArupOBaHHs IyTH, Xa-
PaKTepU3yIOLIUi CKOPOCTh yObIBaHus j () IpU yBe-
nudeHun KoopauHatel 7 [loacrasmss (5) B (4), yuu-
TBIBasl YCJIIOBHE MOCTOSHCTBA ITOJTHOTO TOKA

1= 27‘[T 7. (r)rdr 6)
0

U TpeAnosaras, YT0O MarHuTHasi MPOHULIAEMOCTh Ay-
TOBOTO raza He 3aBUCHUT OT KOOPAUHAT, JIJIsl pacipee-
JICHWsI CTaTHYECKOTO JaBIEHUS B CTOJOE IMIIMHIPH-
YECKOM JyTd HAXOJUM

2
p(=p,+ “(217[) a*{Ei(-2a’r?)-Ei(-a*r*)},  (7)
X elt]

e p, — armochepHoe aabinenue, Ei(—x) = J -t

(x> 0) — maTETpaTHHAS ITOKA3aTeIbHAS cpyHKum{ [8].

Ecnu nyra He munmmHApUYecKasi, TO BOBHUKAET aK-
CHAJIbHBIN TPAJUCHT JABJICHUS, BBI3BIBAIOIIUN JBH-
JKeHHe JyroBoro raza. Kpome Toro Ha 910 JBUXEHHE
MOXKET BJIMSTH TaKXKe B3aWMOJICHCTBHE PaUalIbHOM
KOMITOHCHTBI TUIOTHOCTH TOKa C TaHTCHI[UAIbHBIM
MarHATHBIM TIOJIEM, T. €. WIeH j B B cucreme (3).
s ompeneneHus: CKOpOCTEl BO3HUKAIOIIUX IPU
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PA3JIEJT 1. IVTOBASI CBAPKA

ATOM IIJIa3MEHHBIX TIOTOKOB B IIEPBOM MPHUOIMIKEHUH
HpeHereraeM WHCPUUOHHBIMH YJICHAMH B TPETHEM
YPaBHEHUU CHCTEMBbI (3), CUMTas, 4TO BIIEKTpOMAr-
HUTHAsI CHJIa U TPAJMCHT JaBJICHUSl yPaBHOBEIINBA-
FOTCSI CHJIaMU BSI3KOCTH. Takoe HpI/I6JII/I)I(eHI/Ie BIIOJIHE
JIOMYCTHUMO B 00acTsIX HEOONbIIMX 3HAYeHUH v. Tor-
Ja cuctema (3) mepexoauT B CICTYIONIYIO:

0 .

ai: =-J.B;

o . 1o ov )
b, +rar(’" ar ]

5B(P )
o =W, (88)

10

——rB =1 8r

ror e Wzv (@8n)

PaCHpe,I[eJICHI/IC AKCUAJIbHOM KOMIIOHCHTHI IIJIOT-

HOCTH TOKa C Y4YE€TOM HEOAHOPOAHOCTU CUCTEMBI
BJIOJIb OCH Z IIPEJICTABUM B BUJIE

—-a? (z)r2
b

(8a)

(86)

J(r,z)=j(2)e 9)
WU, YIUTHIBasA (6),
(D)= m)ad(2)e . (10)
Ucnons3ys (10), u3 ypaBaennii (8a) u (8r) aHano-
ru4gHO (7) moayduM
p(r,2)=p +ul/ 2n)’a’z x
x{Bi(=2a?(2)r?) - Ei(-a*(2)r?)}. (an
Uinen jrB(p B ypaBHeHHH (80), mcmons3ys (8B),
MIPEJICTAaBUM B BHJIE
1 0

jB =———B

12
e 2udz e (12)

TaxuM 00pa3oM, BMECTO CHCTEMEI (8) nMeeM
d,_ 10 r v,
% rorl "o |

0a?(z)

(13)

rIe

0

;ZZ ZM(ZT:] {Bi(=2d?(2)r?) - Bi(=a?(2)r?)}. (14)
VYpasuenue (13) HCO6XO,[[I/IMO JIOTIOJIHUTh TPaHUY-

HBIM YCJIOBUEM

v.(r,2)|_, =u

= (15)

rjae R, — pajuyc 3alIMTHOIO COILIA; U, — CKOPOCTh
3alIATHOTO ra3a.

[IpenmonoxumM, 4TO BS3KOCTh JIYTOBOTO Traza He
3aBUCUT OT KoopauHar. Torjma pemeHue rpaHudHON
3amauu (13)—(15) mociae HeKOTOPBIX MPeoOpa3OBaHUI

IIPUHUMAET BUJ
(LY
8N 2n

2[P(a> (2)R2) -

v, (r,z)= Uy +2
1 0a*(z)

az(z) dz
—CD(az(z)Rg)]—[(D(Zaz(z)Rg

(16)
- D2a*(2)r?)]}.

3mech

D(X) = (X+DEi(=x) + e ~Inx. (17)

18

Bripakenue (16) onuceiBaeT paanaibHOE U AKCH-
aJbHOE pachpezesieHre CKOPOCTH TNTa3MEHHBIX MTOTO-
KOB KaK (DyHKITMIO CBApOYHOTO TOKa, Kod(hduimeHTa
KOHTParupoBaHMs TYTH (3aBUCUMOCTH €ro OT KOOp-
JIMHATHI z), CKOPOCTHU 3AIIUTHOTO Ta3a M pajuyca 3a-
muTHOTO cora. dyuknus (17), Beraucisiemas ¢ 11o-
Motk [9], mpotabyinupoBana B TabnuIIe.

[lepeitneM Kk omnpeaeneHuto ra3oJuHaAMHUYECKUX
XapaKTEPUCTHK IUIA3MEHHBIX ITOTOKOB B KOHKPETHBIX
CBapOYHBIX Jiyrax. B ciyuae cBapku HerIaBAIIAMCS
AIIEKTPOIIOM B aproHe popMy CToI0a IyTH MOXKHO IPH-
OMKEHHO amlIpPOKCUMHUPOBATh B BHJE YCEUCHHOTO KO-
HyCa C BBICOTOH, PaBHOW JUIMHE JIyTH [, U paJiycamu
R, 1 R, COOTBETCTBCHHO BEPXHETO M HIKHETO OCHOBA-
HHH, ONpeiesIsIeMbIMI KaK COOTBETCTBYIOLIME Pa3MePbI
CBeTsIIeHCsT 00MacTh Ha Kaapax (POTOCHEMKH JIyTH.
s onpenenenus kodp@UIIMEeHTa KOHTPAarupOBaHUS
KOHYCHOM Iyrd BOCHOJb3yeMCs 3aBUCUMOCTBHIO [10]
MEXy @1 YCIOBHBIM PaJNyCOM JIyTH (pauyc Kpyra,
B IUIOIIAH KOTOPOTO MpoTekaeT 95 % Toka IyTH):

a*(z) =kR7(2), (18)
rne k — Oe3pasMepHbIil KOAPGUITUESHT, TPHHIMAE-
MBI B pacyeTax paBHbIM 3,0-3,5.

Jns nyru, umeronieit GopMy yceueHHOTO KOHyca,
Rz(z):(R1+[R2—Rl]z/Zﬂ)2. (19)

Torna

k

2 _
“ (Z)_(Rl+[R2—R1]z/lH)2’

(20)

N3 Bripakenus (16) criemyet, 9To CKOPOCTH TLIa3-
MCHHBIX IIOTOKOB IIPOIIOPHHOHAJIbHA BBIPAKCHUTIO

1 0d*(z)
a*(z) Oz
caTb B BUJIE

, kKotopoe ¢ yderoMm (20) MOXHO 3aru-

1 6a2(z)_
az(z) oz

2 R
v_-u Nl[l_RJ'
pis 2

B kauecTBe KOHKPETHOTO MpHUMEpa pPaccMOTPUM
aproHOBYIO JIyTy C Hel'IJ'IaBﬂIIII/IMCﬂ JIEKTPOAOM CO
creyromumy napamerpam [2]: /=100 A; [ =6 mm;

1—1,3MM,R32 4,2 mm; u, = 2,5 m/c; R, —75MM

= 365 xr/™*; n = 2,5-10* H-c/m? [5] "Ha puc. 1
MIPECTABIICHO PaHaIbHOE PACIIPEIEIeHNE CKOPOCTH
TUTa3MEHHBIX MTOTOKOB (paccunTaHHbIX 10 (16)), Mar-
Hutoctatiueckoro (11) U ra3oquHAMHUYECKOTO pV/2
JTABJICHNH, a TaK)Ke TIOTHOE JIaBJICHHUE, PABHOE CyMMe
MarHATOCTaTHYECKOTO U Tra30IMHAMHYECKOTO JIaBie-
Hull. CpaBHEHUE MOJyUYCHHBIX PACUCTHBIX JAHHBIX
P, ¢ MMCIOIMMHUCS SKCIICPUMEHTANIbHBIMH P [2] o6-
HapY)KHUBaeT YIOBIETBOPUTEIHLHOE COTIIACHE PEe3yilh-
TaTOB B IIEHTPAJIbHBIX 00nacTsax ayru. Tak, Ha ocu
anomampu [, =100 A, p =324 H/M?, ap =320 H/m®.
AHAJIOTHYHOE COBIACHNE Ha6J'I}O,I[aCTCH B IITUPOKOM
JTMara3oHe CBapOYHbBIX TOKOB (puc. 2). B nepudepuii-
HBIX 00JIACTSIX AYTH HMEET MECTO HEKOTOPOE PACXOXK-
JICHUE PACUYETHBIX W DKCIIEPUMEHTAIbHBIX JTaHHBIX.

2R, ~R)
_lﬂ(Rl+[R2—R1]z/lﬂ)'

(21
Ha anone (z=1)

(22)




1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX

X D(x) X D(X) X D(X)
0,01 1,52 0,6 0,34 2,0 —0,70
0,05 1,36 0,7 0,23 2,5 —0,91

0,1 1,20 0,8 0,11 3,0 -1,09
0.15 1,08 0,9 0.03 5,0 —1,61
0,20 0,97 1,0 —0,07 10,0 -2,30
0,25 0,87 1,2 —0,23 15,0 2,71
0,3 0,76 1,4 —0,38 20,0 3,00
0.4 0,61 1,6 0,50 50,0 -3,92
0,5 0,46 1,8 0,59 100,0 —4,61
Ipumeuanue. )1(133) D(X) =c+ 1, rae ¢ = 0,577216 — nocrosHHas Ditnepa—MacKkepoHH.

p.l /M2 v, mic
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1 1 — 1

0 20 40 60 80
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Puc. 1. PanuansHoe pacipeznenaeHue CKOPOCTU IIa3MEHHbIX 10-
TOKOB (IITPHUXOBasi KpWBas) M TABICHWH Ha aHOJE aproOHOBOH
nyru. JlaBnenus: 1 — monHOe; TOUKH — AaHHEIE [2]; 2 — ra3o-
JUHAMHUYECKOE; 3 — MarHUTOCTaTHYECKOE

[Tocnennee, mo-BUIMMOMY, OOBSICHSIETCS TEM, YTO
B TPUBEICHHON METONIMKE pacyeTra He YUUTHIBACTCS
yAap TUTa3MEHHOTO IOTOKa O IMOBEPXHOCTh aHO/a,
KOTOPBI MOXKET MIPUBECTH K 0osiee ObICTpOMY cramLy
JIABJICHUS B PaJHalibHOM HalpaBICHUH.

Oopariaer Ha ceOsS BHUMaHWE TOSIBJICHHE OTPHIIA-
TENBHBIX 3HAUYEHWH CKOPOCTH TIOTOKA 3a TIPEAeiIaMU
pamyca 3ammTHOro cornia (puc. 1), 4rto commacyercst
C OKCIIEpPUMEHTAIILHBIMHU JIAHHBIMHU pa0oTHI [3], B KOTO-
POH METOZIOM 30H/IOB OOHAPYXEHO HAIMYHE B CBAPOY-
HBIX JTyTaX BCTPEUHBIX (IIEHTPAIBHOTO U ITepUQepHitHO-
T'0) Ta30BBIX TIOTOKOB Pa3INYHOI MHTEHCUBHOCTH.

AHalM3 TPUBEJICHHBIX JTAHHBIX ITOKa3bIBAET, YTO
MarHMTOCTaTHYECKOE JIABJICHUE P 3HAYMTENEHO MEHb-
11I€ JIABJIEHUS TUIa3MEHHBIX TIOTOKOB p . B 11enTpe ano-
ma pyru [ =100 A, p =44 H/™m, a p_= 280 H/M*, T. e.
nouty B 7 pa3 MeHble. [I[puMepHO Takoe e COOTHO-
IIIeHNE JaBJIeHNH HaOMIomaeTcst M Uil JPYTHUX TOKOB
(puc. 2). Utak, B KOHUYECKHUX JIyraX OCHOBHYIO POJIb
B TIPOILIECCE BBITECHEHUS KHIKOTO METaslila CBApPOYHOM
BaHHBI U B MPOIUIABICHUH OCHOBHOTO METAIlIa HTPAIOT
IIa3MeHHbIe TToTokH. Kak BumHO W3 (22), Iy TIOBHI-
IIEHNS] CKOPOCTHU TUIA3MEHHBIX TIOTOKOB (YBEITUYCHHUS
[TyOWHBI MPOTUIABIEHNS) HEOOXOUMO CTPEMHUTHCS K
YMEHBIIICHUIO JUTMHBI TyTH (CBapKa KOPOTKOW TyTOi),
CHWJKEHHMIO OTHOIIEHWs R /R, (CBapka sJeKTpomamu
MaJIOTO JMaMeTpa) W YBEITUYEHHUIO CKOPOCTH HCTeue-
HUS 3alTUTHOTO ra3a. Bo m3b6exanne oOpa3oBaHuUs Je-
(heKTOB THTIA CKBO3HBIX MPOILIABICHHA, BEI3BIBAEMBIX

p.l /M2 vz, mic

400

200F

1
0 50 100 LA
Puc. 2. CxopocTb (IUTprxoBast KpUBasi) ¥ AaBJICHHE (CIUIONIHBIE
KPHBBIC) IUTA3MEHHBIX IIOTOKOB Ha OCH aHOZA B 3aBUCHMOCTH OT
CBapO4HOro ToKa (/, = const = 6 Mm). O603HA4EHNs KPUBBIX U

TOYCK TC XK€, YTO Ha pUC. 1

MEXaHWYEeCKHM BO3JICHCTBHEM YT Ha CBAapOYHYIO
BaHHY, CBapKy MeTajula MajbIX TOJIIMH MPEINOYTH-
TeJIbHEee BBIMOIHATH AYTOM, CY)KaIOIMIEHCs K U3/eITHI0
(«urompgarasyy MuKporuiazMa). CremoBaTreinbHO, Of-
HUM U3 YPPEKTUBHBIX MTyTeH YIpaBIeHUS ITyOUHOU U
(opMo¥i ITPOTIIaBIEHHS IBOB MTPU OJJTHAKOBOM MOIII-
HOCTH SIBIISIETCS M3MEHEHHE CKOPOCTH IIa3MEHHBIX
MIOTOKOB PEry;JIMpoBaHUEM (OPMBI U pa3MEpOB AyTH.

1. Xpenos K. K. Dnexrpudeckas cBapouHas ayra. — Mo-
ckBa-Kues, Marrus, 1949. — 204 c.

2. lloex I1. A. ViccnienoBanue OajlaHca SHEPrUy Ha aHOJIE CHJTb-
HOTOYHBIX Iy, Topsmux B arMocdepe aproHa. — B kH.:
CoBpemeHHble pobieMbl TemnoooMena. M.-JI.: Dueprus,
1966. — C. 110-139.

3. 3apyba Y. U. I1nazmeHHbIe IOTOKU B CBAapOYHBIX JIyrax. —
Apromarnyeckas cBapka. — 1968. — Ne 10. — C. 1-5.

4. Kosanes M. M. u Op. CKOPOCTHBIE U TEIUIOBbIE XapaKTEePUCTH-
KM JIyTOBBIX IOTOKOB. — Du3nKa n XumMus 00paboTKH MaTe-
puanoB. — 1971. — Ne 5. — C. 27-34.

5. Quszuka ¥ TeXHUKa HU3KOTeMIIepaTypHoi mia3msl. Ilox pen.
C. B. lpecBuna. — M.: Aromuznar, 1972. — 352 c.

6. Kouun H. E., Kubenv U. A., Pose H. B. TeopeTnueckas Tuapo-
MexaHuKa, T. 2. — M.-JI.: Tocrexusnar, 1948. — 612 c.

7. ['6o30eyxuii B. C. KoutparupoBanue ctojida CBapOIHO TyTH. —
Asromaruueckas cBapka. — 1974. — Ne 2. — C. 1-4.

8. Jlebeoes H. H. CnienpanbHble QyHKIMU U UX TIPHIOKESHHS. —
M.: TUTTIJI, 1953. — 380 c.

9. Tabnuyer vHTErpaNbHOI NOKa3aTensHOH GyHkimu. [lox pen.
B. A. lutkuna. — M.: U3n. AH CCCP, 1954. — 301 c.

10. I'soz0eyxuui B. C. O ¢yHKUMYU pacupeneseHus UIOTHOCTH
TOKa B aHOAHOM IIATHE AYyIrd. — ABTOMaTH'—leCKaS[ CBapka. —
1973. — Ne 12. — C. 20-24.
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PA3JIEJT 1. IVTOBASI CBAPKA

1.1.2. D®OEKTUBHBIN NOTEHIUAJ NOHU3ALIUA
MHOI'OKOMIOHEHTHBIX CUCTEM
C AKTUBUPYIOUIUMU ITPUCATKAMU"

H.M. BOPOIIA, U.B. KPUBIIYH

OnuH 13 mepcrneKTUBHEHIINX MyTeH COBEPLICHCTBO-
BaHUSI YTOBOM CBAPKH IUIABAIMMCS BIIEKTPOIOM —
BBEICHUE B 30HY AYT'M HEOONBIIMX KOJIMYECTB aKTH-
BUpYIOIIUX Tpucanok. [lonoxkurenasHoe Bo3neicTBrE
TaKdX NPUCAIOK HA TOPEHHE IyTH, TIEPEHOC DIIEKT-
poaHOro Merania u GOPMHUPOBAHKE ILIBOB CBSI3aHO C
ycuieHueM o0beMHON MOHHM3aluu B cToji0e IyTH H,
KakK CJIEJCTBHE, C TOBBILICHUEM 3JIEKTPOIPOBOIHO-
CTH JIyTOBOTO MpoMexyTKa. [Ipu BeIOOpe Tuna akTu-
BUPYIOIIMX BELIECTB U ONMPENCIICHUH UX ONTHMANb-
HOTO KOJIMYECTBA HEOOXOIMMO HUMETH JOCTOBEPHBIE
naHHbele 0 (hakTHueckoM 3(PQeKTUBHOM MOTEHLHANE
MOHH3ALIMI MHOTOKOMIIOHEHTHEIX cMeceit U, ¢ yde-
TOM 3HAUUTEIbHON HOHHM3ALNU KKJOH KOMIIOHEHTHI
(o, < 1), mpupaleHus NapUUaIbHOTO MABICHUA P,
KOMIIOHEHT 3a CUET MX JIEKTPOHHBIX COCTABIISIOLINX

Hu pasimyud OTHOIICHUH a CTaTUCTHUYCCKHUX BECCOB

I

K
a
K

ATHUM TOTpeboBaIach pa3padoTka yTOUHEHHON MeTo-
JIMKYU pacyeTa rnotennuana U, . 9T0 1 ObLIO BBITION-
neno B OC.

CreneHb O,E[HOKpaTHOfI HOHHU3alIuUUu O TEPpMOAU-

.BcBasuc

MOHOB g' M aTOMOB g“ KOMIIOHEHT, @ =
Lo

HaMHYECKIMH PaBHOBECHBIX CHCTEM OIPEHEIISETCS
ypaBHeHueM Caxa, KOTopoe IJisl JaHHBIX YCIOBUM 3a-
MTACHIBACTCS B CIICTYIOIIEM BHUJIC:

. 32
o> 2g'(2mmKkT k—Tex U M
—a? g | » PP T |

311ech m, — Macca IEKTPOHa; kK — MocTosHHas bosib-

nMana; 7 — Temneparypa; h — rocrossaaas [Imanka;
P — naBJjieHue.

Ecnu cucrema cocTOMT M3 HECKOJIBKHUX KOMIIO-
HEHT, TO CTCIICHb HMOHU3allUU Kaﬁ(ﬂOﬁ U3 HHuX (XK
Takke onpenensercs ypasueraueM (1). [Togcrasmss
B (1) mapuuanbHOE NaBieHUE K-U KOMIIOHEHTHI C
Y4eTOM DJIEKTPOHHOTIO BKJIAJa p = (nK + n: YT =
=n (1 + a )kT u pemas moayyaromeecs Ipu 3TOM
KBAJ[PaTHOE YPABHEHHE OTHOCHTENBHO O, MOCIE
HECIIOKHBIX TPeoO0pa30oBaHMM MmoxydaemM

“ABromarndeckas cBapka. — 1978. — Ne 2. — C. 66-67.
20

a 21tmekT ’2 1 U,
(XK—7 T aexp 7ﬁ X

112 2

am (e VP JU |
a 2Tl2mekT xp kT r

K

x| 1+

rac nK — HUCXOAHAs KOHLCHTPpALUA K-1 KOMIIOHCHTBHI.
HOJ'IHyIO CTCIICHb HMOHHU3aINH TaKON CHCTEMBI
OIpeACIINM KaK

a:Kzin:ZyK(xK' (3)

31ech Y — y/iesbHas KOHIEHTPAIMS KAk 0 KOMIIO-
HCHTBHI.

C npyroii CTOpOHEI, CTETICHh HOHU3AIIMA MHOTOKOM-
TOHCHTHBIX CUCTEM BbIPA3HMM KaK CTCIICHb MOHU3AlIUN
HekoToporo 3ddekruBHoro rasza ¢ 3(G(EeKTUBHBIMU

napaMeTpamMu a . = dra, n b= 2.0 U, non-
K K

CTaBJIsis MOCIENIHUE B COOTHOIIEHHE (2) BMECTO @ , N
1 U_COOTBETCTBEHHO.

CpaBHUBas MOTYUYSHHBIN PE3YIIBTAT C YPAaBHECHUEM
(3), s morenumana U, 4 HAXOIMM COOTHOLICHHE

Yspo =
U ,a,y,T
=—kTIn a1 T)

32 > (4)
P sw T
2400 | 2oy 2om kT | U a1 D)

e

3/2
an h?
q)(UK’ aK’ YK’ T) - Z KZ : [anij ' (5)
K e

C ucrnionp3oBaareM DBM «MwuHCK-32» 110 dop-
MynaMm (4) u (5) paccuuTaHbl KOHIICHTPAITHOHHBIE U
TEMIICPATyPHBIC 3aBUCHMOCTH U, . JUIS JABYXKOMIIO-
HEHTHBIX CHCTEM J>KEJIe30—IIe3MH, Kele30—Kaluil H
TPEXKOMIIOHEHTHBIX CUCTEM KEJI€30—HaTPUH—IIe3Ui,
KeNe30—aproH—IIe3uii, COOTBETCTBYIOIINX pPa3iInd-
HBIM YCJIOBHSIM CBapKH CTajlel IUIABSAIIAMCS DJIEK-
tpomom (puc. 1 u 2). Kak u cimemoBanmo OXuaarth,
HauboIee CHIIbHOE CHI)KEHUE U, BPI3BIBAIOT aKTH-
BUPYIOIIME TPUCAIKM C HU3KUMH 3HaueHusmu U .
[Ipuuem mpu Temmeparypax <7000 K »to BrmusHue
BBEIpakeHO Oosiee 3aMeTHO. CriemoBaTeNbHO, TIPH BBE-




1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX

U.q,q,. 3B

7000

6_

5000

U"']’fl]‘ 2B

9000 K

5000

0,2 04 0,6 0.8 Yos

a

7]

Puc. 1. 3aBucumocts U, cHCTeM xKele30—Le3Hii (a) n xenezo—kanuit () OT OTHOCUTENHFHOM KOHIIEHTPAIIMN aKTHBUPYIOIINX IIPHCa-

JIOK TIPH pa3IMYHEIX TeMreparypax u P =1 atm

Puc. 2. 3aBucumocts U, o CUCTEM JKeJe30—HaTpHi-1Ie31H (@) U sKele30—aproH—Iie3uii (6) OT OTHOCHUTEIBHOMN KOHIICHTPAIlUH ITPUCAIOK

npu 7'=7500 K, P =1 arm

JICHUH B JIyTOBOH MPOMEKYTOK COCTHHEHHHN MIeI0u-
HBIX METAJUIOB 3JIEKTPOIIPOBOIHOCTD MepUEPHItHBIX
oOyacTeit cToyda Jyru BO3pacTaeT CHIbHEe, YeM Ha
ero ocu. [locienHee NPUBOANT K YMEHBIICHUIO CKa-
TUSL AYTM W YJAYUYIIEHUIO YCIIOBHI MepeHoca JJIEeKT-
pomHOrO MeTauia. B ciryyae TpeXKOMIIOHEHTHBIX CH-
cTeM (pHc. 2) 00JacTh MUHUMAJIbHBIX 3HAYCHHN Ui
CIIBUHYTa B YIoJ ¢ HanboJee JIerko HOHU3UPYEMbIMU
anemeHTamu. 13 puc. 2, a BuaHO, yTo Onaromaps yBe-
JINYECHUIO KOHLICHTPALUU [1apOB HATPUs B Iyre MOX-

HO CHM3HTbH KOJIMYECTBO LIE€3Us PU HE3HAUYNTEIIHHOM
u3MeHenun U .

OnmcanHas METOIMKA U PE3yNbTaThl pacueToB MO-
ryT OBITh WCIIONB30BaHBI MPU Pa3paboTKe ONTHMAlb-
HBIX KOMIIO3ULMHA [IUXThl aKTUBUPOBAHHOM CBApOYHOMN
MIPOBOJIOKH C MPAKTUYECKH HEOTPAaHWYEHHBIM KOJIMYe-
CTBOM KOMIIOHEHTOB. PaccMoTpeHne OfHOBPEMEHHOTO
BmstEusA U HA TeMIIeparypy cTosi0a MO3BOJMT eIle
Ooree KOPPEKTHO Y4YeCTb pOJIb JIETKOMOHU3HPYEMBIX
NPHUCAIOK B (PU3UUECKHX TIPOIIeccax B AyTe.
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PA3JIEJT 1. IVTOBASI CBAPKA

1.1.3. METOJAUKA ONPEJAEJEHUS MAPAMETPOB
®YHKLUU PACIIPEJIEJIEHUS IJIOTHOCTU TOKA
B AHOJIHOM IISITHE CBAPOUYHOM 1YTU*

B.C. TBO3/IEIIKHI, W.B. KPUBIIYH, M.B. IIIEBEJIEB

Merton pazpesnoro anona [1, 2] — omuH U3 OCHOB-
HBIX NPH ONPEACICHUH BUA (YHKLIMH pacHpeaesie-
HUS TJIOTHOCTH TOKa B aHOMHOM MsATHe Oyru. Ilpm
WCTIOJI30BAHUHU ATOT0 METOJa, KaK MpPaBUIIO, TpeJ-
rojaraercsi, 4To (yHKLHs paclpenesieHnsl IIOTHO-
CTH TOKa SIBJISACTCS LUWIMHAPHYECKU-CUMMETPHYHOM
¢ynkumeit j(r). B ciaygae myru, ABMKYIIEHCS OTHO-
CHUTEJIBHO aHOJA C JOCTAaTOYHO BBICOKOW CKOPOCTBHIO
(Harmpumep, Ipu CBapKe), pacnpeaesneHle MIOTHOCTH
TOKa B AQHOJHOM IISITHE MOXET ObIThb CYIIECTBEHHO
HECUMMETPUYHBIM. YKa3aHHAs acUMMETpHs CBs3a-
Ha, IPEXKIC BCETO, C pa3IMYHeM TEMIIEPaTyPHBIX pe-
KHMMOB Ha IepeJHEM M 3aJHeM (POHTAX aHOIHOIO
ISITHA CBapOYHOM IYTH, @ UMCHHO: NepeIHUi PpOHT
MOCTOSIHHO «Hae3kaeT» Ha Oolee XOJoaHbIE 0oOna-
CTH W3AENMA, TOTHA KaK 3aJHUM JBIDKETCS IO yXKe
pacIIaBIeHHOMY METaJUTy BaHHBI. JTO NMPHUBOIUT K
TOMY, 4TO (DYHKIUS pacrpe/ielieHHs TeMIIepaTypebl, a,
CJICI0BATEINILHO, U INIOTHOCTH TOKA B F'OJIOBHOM 4acTH
AHOJIHOTO TISITHA C YBEJMUYEHHEM PACCTOSIHUS OT IICH-
Tpa nsATHa OyAeT crajars ObicTpee, YeM B XBOCTOBOM
4acTH, IPUYEM C IOBBIILIEHHEM CKOPOCTH CBAPKH 3Ta
TEHJCHIMS JIOJDKHA ycunuBarbesi. Takum oOpaszom,
MIPU HMCTOJIB30BAaHUM METO/Ia Pa3pe3HOro aHoma st
ornpeneneHnss (yHKIUN paclpeesieHus IUIOTHOCTH
TOKa B aHOJHOM IISITHE AYTH HEOOXOIMMO YUHUTHIBATh
ACHMMETpHUIO JTOW (YHKIMH, T. €. paccMarphBaTh
IUIOTHOCTh TOKA KakK (DYHKLHIO JIBYX HE3aBUCHMBIX
MEPEMEHHBIX j(X; V).

Omnpenenenne IBHOTO BUia QYHKIHH j(X; V) HE 5IB-
JsieTcs LEbI0 HACTOSIIIEeH padoThl, HAPOTHB, BE3/E
B JJbHEHIEM MpearonaraeTcsi, 4To pachpeaese-
HUE TUIOTHOCTH TOKa ONHCHIBACTCSI U3BECTHOTO BUJIA
(GyHKIMEH ABYX NMEpPEMEHHBIX, MapaMeTphl KOTOPOil
OTIPEEISIOTCS 110 OCIMIIIOTpaMMaM TOKa, MOIyYeH-
HBIM METOZIOM Pa3pe3HOro aHo[a.

Paccmorpum  paziauuHble BUABI  3aBHCHMOCTH
IUIOTHOCTH TOKA B AHOJHOM IISITHE OT PACCTOSIHUS 10
€ro 1eHTpa. B cinyvae MWIMHAPUYECKOU CUMMETPUU
OOBIYHO HCHOJNB3YIOTCS CIICAYIOIUE MOJCIbHbIC
(GyHKIMH pacnpeieneHus MI0THOCTH Toka j(I):

“ABromarnyeckas cBapka. — 1984. — Ne 4. — C. 6-10.
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a) OAHOPOJHOE pacmpenesicHue (KaHajaoBash MO-

nenn) [3, 4]
) Jj.oapur<R;
Jr)=17"° 1
0 npur=R;
0) mapaboaMIeCcKoe pacpeeICHIe
(-2 R
. —— |npur<R;
jr=1"0 "R )
0 npurR;

B) pacmpenenenue Bunaa [3]

J, (XL] npur<R;

. Ji
Jr)=37° R (3)
0 npur=R,
e R — paamyc aHomHoro matHa ayru; J(X) —

¢ynkuust beccenst nyneBoro nopsaka; A = 2,4048 —
IEPBBIA KOpeHb ypaBHenus J (X) =0;

') HOpMaJIbHOE pacnpeneneHue [2]

J(r)= j,exp(=a’r?), 4)
TJ€ j, — MIOTHOCTh TOKAa Ha OCH NATHA; a° — KOd(¢-
(ULIHMEHT KOHTParupOBaHHSL.

Bsenem Raq) — 3¢ (exkTUBHBIN paguyc aHOAHOTO
MATHA KaK pajuyc Kpyra, B peaesgax KoToporo mpo-
TEKaeT MO/aBJIAIoIIas yacTb TOKa AyrH [5], T. e.

R
op
27 I J(ryrdr

017:y<1, )

pi
rael = 2n j J(r)rdr — monHBIA TOK ayru. Toraa, npea-

0
CTaBIIsist KO3(DGHUIUCHT KOHTPArupOBaHUs B BUJIE a° =
= (k/R?), tie k — 6e3pa3MepHblit K03 GHIUEHT, Ompe-
JIEJISIeMBIH, cornacHo (5), U3 yCIoBHS

k=-In(1-7y), (6)
pacnpenenenue (4) MOXKHO 3alucaTh B BUJIE
r2
=7, exp(—k RZJ 7)

W3 Beipaxennii (1)...(3), (6) u (7) cienyer, 4to pa-
auyc R (apdexTuBHbIiA paauyc R cl)) AHOHOTO TISITHA
MOXKHO OIPENENIUTh KaK PacCTOSIHUE OT €ro IeHTpa,
Ha KOTOPOM IUIOTHOCTb TOKA YJIOBJIETBOPSIET YCIOBHIO

]0 = (8)




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

npudeM Ui ogHopoaHoro (1) mapadonnueckoro (2) u
pacrpeneneHus IIOTHOCTU Toka Buna (3) y =1, a aug
HopMmauibHOTO (7) v < 1 (Hampumep, y = 0,99).
PacmipoctpanuM mipuBeZieHHbIE BbIIE (YHKIUU
pacrpeneneHus IUIOTHOCTH TOKa B AHOAHOM IISITHE
Ha CiIy4ail HeCHMMeETPUYHOro pacrpesnenenus. Mc-
Xons M3 o0muX (pU3MUECKHX COOOpaKeHWH Oyrem
CUUTATh, YTO JIMHUW PABHOM TJIOTHOCTH TOKa B 9TOM
Cllyyae UMEIOT BHJI ceMeiicTBa KpUBBIX B JOpMeE IBYX
MOTY?JUIMIICOB, MMEIOIINX OOIIYIO MOJIyOCh U PacIo-
JIOKEHHBIX, KaK TMI0Ka3aHo Ha puc. 1, a (B ciydae nu-
JMHAPUYECKU-CUMMETPUYHOTO PACIpENeNICHUsT 3TH
JIMHAW UMEIOT BUJI KOHLEHTPHUUYECKUX OKPY)KHOCTEH).
B kadecTBe reoMeTpHUUECKUX MAapaMeTPOB, XapakTe-
PHU3YIOIIMX ACHMMETPHUIO (PYHKIHH pacrpeieseHHs
IJIOTHOCTH TOKA, BhIOEpEM nojyocH R, R, R, snwr-
COB, COOTBETCTBYIOIIMX 3HAYCHMIO IIOTHOCTH TOKA,
KOTOpO€ YIOBJIETBOPSIET, aHAIIOTUYHO (&), yCIOBHIO

.
Jo

)

3mech ' — kpuBas, oOpa3oBaHHAs ABYMS IOTYydJI-
JUIcamu ¢ nonyocsmMu R, R, u R, (puc. 1, a), xoro-
pbI€, YYUTHIBAs JIAHHOE BBIIIC ONMPEICICHUE, MOXKHO
HaszBaTh pamnycamu (d()(HEKTHUBHBIMH paiyCcaMu)
AHOJIHOTO MISATHA CBApOYHOM ayru. Takum oOpazom,
OymeM mpenrnosarars, 9to (GYHKIHS paclpeaeeHus
IUIOTHOCTH TOKA B QHOJHOM TISTHE CBAPOYHOH IYyTH
MOXKET, COOTBeTCTBeHHO BBIpakeHmsM (1)...(3), (7),
MMETh OJIVH U3 CIEAYIOMX BUIoB (puc. 1, 0):
a) OJIHOPOJTHOE pacIpeesIeHue

2 2
XX (x<o0)

2 R2
gy =1 0P Iz : 10
Ty %+y—2<1, (x> 0); (10)

3 2
0 Tpu IPYrUX 3HAYECHUSX X U V;

0) mapaboIruecKoe pacmipeaesieHue

S~
=
/#\
o
+
5
~—

Jx, )= (1

S

x2 yZ
J 1‘[z+z
GG

0 11pu Apyrux 3HAYCHUAX X U V;

1-it aHoA AY Pazpes 2-ii aHOA
Ry
—— \
VCB 7
—
/] 1(x) Iz(x)
—R 0 x Ry X

4 j(x 0)f,
1.0

»
7R1 0 R3 X

6
Puc. 1. Acummerpust GyHKIMH pacrpe/iesieHus IIOTHOCTH TOKa
B QHOJ[HOM TISITHE CBAPOYHOW JIYTH: ¢ — JIMHUU PABHOW ILUIOTHO-
CTH TOKa; 6 — paccMarpuBaeMble BUIbI PYHKIMI pACIIPEIEIICHIUS
(1 — omHOpOIHOE pacmpeeneHue; 2 — mapadondeckoe; 3 —
pacnpenenenue Bua (12); 4 — HOpMaIbHOE paCIIpeIeieHIe)

B) pacmpeseneHue Buia

(12)

xZ y2
J&x») =9, [7\ ’2‘*2]
00 R} R2

3 2
0 pu ApyTuX 3HAUYCHUAX X U V;

') HOpMaJILHOE paclpeie]IeHne

2 2
Jy exp{—k[;z + LH mpu (x < 0);

' 22
Jy exp{—k[2 +<— || mpu (x 2 0),
RR

rae j, = j(0; 0) — mIoTHOCTH TOKa Ha ocH naTHA. Ove-
BHJHO, YTO B CIydae HIWJIMHIPHYECKOW CHMMETPHH
(R, = R, = R, = R) soipaxenus (10)...(12) u (13) co-
otBeTCTBeHHO repexoiT B (1)...(3) u (7).

Halinem aHamuTH4eckoe BBIpAKEHUE IS TOKa,
MIPOTEKAOIIETO Yepe3 MEePBhI aHOJ, B 3aBHCUMOCTH

23

Jx, )= (13)




PA3JIEJT 1. IVTOBASI CBAPKA

OT KOOPJUHATHI X pa3pe3a (puc. 1, a) s pa3InaHbIX
BUJOB PacIpeAciieHUs] IIOTHOCTU TOKAa B aHOAHOM
rmsaTHE. Tok, mpoTekaroluii uepes NepBbIid aHO, ECTh

1 (x)=2 ](. dedyj(x, »).
-0 0

(14)
[HoncraBuB cootnomenus (10)...(13) B BeIpaxe-
nue (14) u npowsBels] MHTETPUPOBAHUE, COOTBET-

CTBEHHO TTOJTY4HM.
a) OJTHOPOJTHOE PACIIpE/ICIICHUE:

2 X
1 AR
I (x)= RlR [ +—arcsin Rl +
2 X
+77

X2
R Rlz , (x<0);

X
1 (x) —l:R R + RQR} [arcs1n1%+

2 X X2
T 1- Rfﬂ (x> 0);

0) nmapaboIMUeCKOe pacIpe/eiCHuE:

(15)

, 2 X
L(x)=—7RR, {1 + Earcsmfl +

4 x[5 x? X2
+—— == 1- X<0
3nR1[2 Rl] RI} ( )

I(x)— {RIR +R R{ arcsml+
R

4 x5 xz] x21

b S 1= |, (x20);
2 2

3nR(2 R3 R3

B) pacmpenenenue Buaa (12):

(16)

I(X)— OZaanR{ (1+2arcsm%+
1
2 X X2 . [x]_
’”ﬁ R )TR

-V [éﬂ, (x<0);

I(x )_ﬁZa RRb +R R x

n=0

X 2 X XZ]
+—— I-— |+

2
{b [ arcsin— R3 R3 &

o (;J_V” (;H, (x=0),
3 3

)

rae

24

_EDee 2
n— (n!? 4

1 n
bnzn(n+1)gcn,i’
bO:O;

o _T=i+1/2)ri+1/2).
ni~ -l :
2

My (0= 3 ()
n i k!x(l—xz)k*”z )
chﬂi;(zkﬂ)r(kﬂ/zf
2
0= e
n-1 —i (l+k)'x2kl(1 x2)z+3/2
Xizocnn Qi+ )G+ 1/2)T(k+1/2)°
b, (0 =, (0 = 0;

(18)

:

>
Il

r(0)= [ etrar,

') HOPMaJIBHOE pacrpeieTiCHHe:
T X
I(x)= 272111& [1 - erf(—\/ERlH, (x<0);

19)
I(x)—{RR +RR [erf[ﬁl’%ﬂ},(mm,

2 7 2
rae erf(x) :—je dt — WHTEerpaja BEPOATHOCTH.
To
[TonHbli1 TOK AyrH [n B 00II[eM BHIE MOXXHO 3aIlACaTh
TaK:

I =omj (R +R)R,, (20)

IIe Ui OMHOPOIHOTO pacmpenesieHus o = 1/2, mis
mapaboaMIecKoro o = Y4, JUId pacupezesieHus Buaa

(12) a :%Z“n"n ~0,215877 ¥ A5 HOPMAJIBHOIO pac-
n=0

npenenexus o = (1/2k).

DKCHNEPUMEHTAIBHO TIOTYYCHHAS OCIIUIIIOrpaMMa
TOKa, TIPOTEKAIOIIETr0 4Yepe3 MEPBbIA aHOJ, B 3aBH-
CHUMOCTH OT KOOPJIHATHI pa3pe3a CXeMaTu4eCKH 130-
OpakeHa Ha puc. 2. [lITpuxamu Ha pUcyHKe 0003Have-
Ha MpsiMasi, SKCTPAIOIUPYONIas TMHEHHBIN ydacToK
OCHMJUIOTPAaMMBI. AHAJUTHYECKOE YPaBHCHHE JTON
MPSMOM JIJISt pa3iIMYHBIX BUAOB (YHKIMH pacrhpesie-
nenust TwioTHOCTH Toka (10)...(13) MmoxkHO HaifTH, pas-
naras Beipaxerus (15)...(17) u (19) B psix ¢ ToyHO-

CTBIO JIO YJICHOB TIEPBOTO MOPSIKA % ~— |<1.

T
B o0mem BI/II[C MOYKHO 3aIliCcaTh

1 STH (x) OUTJOR (Rl + Bx)’ (21)

rae B — 6e3pa3mepuslii kodddunuent. st onHopoa-
HOTO pacnpeneneHus B = (4/n), 1 napadboauuecko-
ro B = (16/3n), nnst pactipenencuus suna (12)




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

4
B—EX

X{Hz;;an S, )=, (], 0}~1 802997

k
1 JUIsl HOPMAJIBHOT'O paclpeneseHus P = 2\/;.

KoopanHatel Touek mepecedeHus: IMHEHHON JKC-
TPAIoJSIHUU OCIHMIUIOTPaMMBI ¢ IPSIMBIMU [(x) = 0 u
I(x) =1 (puc. 2) MOTYT ObITh ONPEETIEHBI KaK pelle-

HUsl yPABHEHUI
lrmH( ) 0 }
IH}{H (x ) [

YTO TIOCJIE MOJICTAHOBKM B HHUX BhIpakeHU# (20) u
(21) nmaer:

(22)

Rl
)(1 :—F;
(23)
R3
X2 :—F.
Torna
/= X, —X =7 R1+R) (24)

JleiicTBuTENbHBIC 3HAYCHUS TOKA, MPOTEKAIOIIETO
4epe3 NMEPBBIH aHOJI, B TOYKaxX X, M X, (PHC. 2) MOXKHO,
cornacHo BeIpakeHusM (15)...(17), (19), (20) u (23),
3amucarh B BUJIC:

I0=1(x)= 1, R(1-¢);

Bl x
R (25)
1P =1(x) :WIARI (1+8Rj],

TJIe TSI OMHOPOITHOTO PaCIIpEIeTICHUS

e= farcsm + — / (26)
JUIsl TapaboJIMYECKOTO
41(5 1 1
z | / — 27
I3 arcsmB+3ﬂ:B(2 BZ] 1 T (27)
Jui pacripenenenus Buaa (12)
= Zaresint+ 2L 1oL -
= p arcsin B = B [32
| 2 (28)
—Ezan[un(X)—vn(X)]l .
n=l1 E
1 ISl HOPMAJIbHOTO PACHPEeiEIeHUs
a:erf[\/zéj. 29

[oncraBnsas B BeIpaxkeHus (26)...(29) coorser-
CTBYIOILIME 3HA4YCHUS [3, HAXOAUM, YTO JUII OIHO-
ponHoro pacupeneneans € = 0,8846, mis mapabo-
muyeckoro € = 0,8360, ana pacnpexneneHust Buaa
(12) € = 0,8262 u s HOPMATBHOTO pacIIpeleIeHUs
€=10,7899.

PemmB ypaBraenus (25), momyanm

I(x) A
I 7

I
2 Z
P Z

1
15) z .

Puc. 2. VnpomeHHnas ocumiiorpaMMa Toka, IpOTEKAOLIEro ue-
pe3 nepBblil aHOA

m
B= 1=
@ oy G0
R =1p| -1 :
3 1'1 € 11 eg(l—¢)

Jlist onpesiesieHus napamMmeTpoB j, M R, BOCIIONb3y-
eMmcst ypaBHeHueM (20), mpuyeM TpeAIToIoKUM, Y4TO
R2 = R, tae R — paanyc HEeNOABMKHON (IIHITUHIPH-
YECKUA-CUMMETPUYHON ) IYTH TOTO JKE TOKa, JJIsT KOTO-
poii, cormacHo (1)...(3) u (7), MOXHO 3amucarb

1, =20m R, 31)
[TpupasuuBas Beipaxxkenus (20) u (31), Haxogum
R, =%(R1 +R)), (32)
WIJTH, UCTIONB3Ys cooTHomeHus (20) u (24), noxydaem
A
o= an(Bly (33)

[Tpu BEIBOE ypaBHeHwmId (32) u (33) ObLIO TaKke
WCIIOJIb30BAHO MPETIONOKECHUE, YTO TIPU JBHIKCHUU
JyTH TJIOTHOCTH TOKA HA OCH aHOJHOTO TISITHA HE H3-
MEHSIETCS TI0 OTHOIIICHHIO K HEMOJBIXKHOM JIyTe, T. €.
J(0;0)=,(0) =,. Beipaxas CpeJHIOIO ILIOTHOCTh TOKA
B QHOJTHOM IIITHE CBAPOYHOM JYTH KaK

(34

nR
rae S = Tz(Rl + RS) — IUIOLIAJb MIATHA, OIPEACIsICM,

yUIuTBIBas BeIpaskeHus (24) u (32), aro
) 41;L
Yo " (ipR”
WM, UCTIONB3ya Gopmyiy (33), HaX0auM, 9TO B JABH-
Kyuiencs nyre

(3%)

Jep

=20y, (36)

OueBUIHO, YTO CBS3H MEXKITY jCp H j, IMEET TOT XKe
BHJ, YTO ¥ B HEMOJIBMXHON (IMIMHIPHIECKHA-CUM-
METPUIHOMN) JyTeE.

C momompro (30), (32) u (33) moaHOCTRIO pera-
eTcs 3a1a4a 00 onpeseNieHny napamMeTpos R, R, R, n
J, pactpeienieHust IIOTHOCTH TOKA B aHOJHOM IISITHE
CBapOYHOW NYTW TPHU W3BECTHOM BHIE ITOW (PYyHK-

25




PA3JIEJT 1. IVTOBASI CBAPKA

mun — (10)...(12) wmm (13), uyTo U ABNsETCA LETBIO
HacTosAUIeH paboThI.

B 3akmiouenue crnenyer OTMETUTb, UYTO COOTHO-
menus (30) onpeaensroT HAOOP MpaBHUI IS BBIOOpA
WCXOIHOTO BUAa (QYHKIHMH paclpeesieHus, KOTOPYIO
MOKHO OXapaKTepu30BaTh napaMeTpoMm €. OUeBUIHO,
YTO JJIsl ABMKYILIEHCS Ayru R1 < R3, U YUYUTHIBASA TO,
yro 0 < ¢ <1, u3 Beipakenuii (30) momyynm, 4To

e<g, (37)
rie
11(2) _11(1)
&= JONy O (33)

Takum 00pa3oM, MpPEIBAPUTEIHLHO OMPEICIUB 10
HATYPHO# OCIMIUIOrPaMMe mapameTp &, CIeiyeT Bbl-
Ouparh TaKol BUj (YHKIUH PacIpeieIeH s, 1Jis KO-
Toporo € <&,

Ilpu BeIOOpe BHAa (YHKIMH pacpeieleHus
(10)...(13) HEOOXOAMMO TaKXKe Y4ecTb, YTO CYIIe-
CTBYIOT OIpE/IENICHHbIE TPeOOBaHKS K TOYHOCTH W3-
mepenust TokoB [V u [(?). Ecnu oTHOCHTENbHAS 1O
IPEIIHOCTD ONpPE/IEICHUS YKa3aHHBIX TOKOB €CTh

AIG:2)
1 — 6,

(39

pis
e O CKJIaJIbIBAETCS U3 TOTPEITHOCTH U3MEPEHHUS O,
U TOTPENIHOCTH 00pabOTKK OCIMIIOrpaMM O, T. €.
6] = [8,| + [3,], TO u3 Ppopmyis (38) cnemyer, 4To mo-
IPEIIHOCTh B OTPENICIICHUH & eCTh
p=—a g
1@ +10
Bwmecto Beipaxenus (40) MOKHO HCTIOJIB30BAaTh
¥ IPUOIIKEHHYI0 GOPMYILY, @ UMEHHO: TaK KaK [, ~
=10+ 1,10

(40)

A& ~ 20. (41)

Taxum oOpa3om, yuuTsiBas yciosue (37) s oa-

HO3HAYHOTO BBIOOpa omHOM u3 (ynkmmit (10)...(13),
HEOOXO0UMO, YTOOBI
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|Agl<

Ag
2 (42)

rne Ae — MHUHUMAalbHAs Pa3HOCTh 3HAUYCHUU € IJiA
pa3IMyYHBIX BHIOB (DYHKIIMHM DPACIpEICeIICHUs ILIOT-
HOCTH TOKa. B paccmarpuBaeMbIX HaMM CIydasx
Ae = 0,01. Torma, ucnonb3yst cootHomeHus (41) u
(42), HaxomMM, YTO OTHOCHTEIbHAs MOTPEUIHOCTh
ONpENENEeHHs] TOKa, IMPOTEKAIOIIETO Yepe3 MepBbId
aHoJ, JoJbKHA OBITH MeHble 0,25 %. Yka3aHHast TO4-
HOCTh TpeOyeTcs, OJJHAKO, He BO BCEM JHMAIa30HE H3-
MEPEHUS TOKA, a TOJBKO MPU ONPEICICHUH 3HAYCHUN
Owu @,

Wrak, mis onpezaencHusl napameTpoB (YHKIUU
pacmpesiefieHrsi TUNIOTHOCTH TOKa B aHOTHOM IISTHE
CBapOYHOM JAyrH HEOOXOIUMO MOCTPOUTH JIMHEHHYIO
AKCTPATIOJSIUIO  OCITHILIOTPAMMBI
IOIIET0 Yepe3 TEPBbId aHOM, HAWTH TOYKH X, X, U B
JTHX TOYKAX HAUTH 3HAYCHMS 11“) , 11(2> . 3aTreM, BBIYHC-
JIUB TIapameTp &, BbIOpPATh OJMH U3 yKa3aHHBIX BUJIOB
(byHKIMM pactpezeneHus (€Ciu yCIOBHIO € < & yI0B-
JICTBOPSICT HECKOIILKO 3HAYCHUH €, TO CIIEIyeT BHIOU-
parb 3HauYcHHE €, Onmkaiiiiee K § U, U3MEPUB JUIUHY
[, HaliTH MTapaMeTphl BRIOpaHHOW (DYHKIIMH pacipere-
JICHUSL.

TOKa, MpOTeKa-

1. lloex I1. A. VccnenoBanue OaaHca SHEPTUH HA aHOJIE CHJTb-
HOTOYHBIX YT, TOPAIIUX B aTMocdepe aproHa. — B ku.: Co-
BpeMeHHbIe mpobneMsl Temiooomena. — M.; JI.: Dueprus,
1966. — C. 110-139.

2. I'so30eykuti B. C. O GyHKIMU pacrpenesieHus MIOTHOCTH
TOKAa B aHOJJHOM IIATHE Tyr'y. — ABTOMAT. cBapka. — 1973. —
Ne 12. — C. 20—24.

3. Ipanosckuii B. JI. DnexTpudyeckuil TOK B raze. YCTaHOBUB-
mmiics Tok. — M.: Hayka, 1971. — 544 c.

4. Jleckoe I M. Dnextpudeckas cBapodHas gyra. — M.: Mamm-
HocTpoenue, 1970. — 335 c.

S. Poikanun H. H. Pacyerbl TEIIOBBIX NPOLIECCOB IPU CBap-
Ke. — M.: Mamrus, 1951. — 296 c.




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.4. PACUET TEILJIO®U3UYECKHNX CBOMCTB
U KOY®PUIUEHTOB NEPEHOCA TEPMUYECKOM
IJIABMBI ITPU CBAPKE B Ar-He-CMECH"

B.C. TBO3JIEIIKHI, W.B. KPUBIIYH, M.H. YN’)KEHKO

Uccnenyroress Temwopu3nueckue H  MEPEeHOCHBIE
CBOICTBa IUIa3Mbl 1yTH, ropsmei B Ar—-He-cmecu
MIpU Pa3lIUYHBIX HCXOJHBIX COOTHOIIEHUSAX KOMIIO-
HEHT 3alUTHOU Cpeabl.

[Ipu onpenenennn cocraBa Ar—He-nasma B uccre-
JyE€MOM JMalla30He TEMIIEpaTyp pacCMaTpUBallach Kak
MHOTOKOMIIOHEHTHAsI HEUJeAbHAs CMECh, COCTOSIIAS
u3 Ar, He, Ar', He", Ar™, e. Cuctema uCXonHbIX ypaB-
HEeHUH JJIs pacyeTa cocTaBa Takol I1a3Mbl UMEET BUJT

3/2
nenjm+1 -2 2TEmekT ij+l %
n W z

Jm Jm
J A
xexp| — jka m ;
ne+jzmnjm=n=(p—Ap)/kT; 4)

Z I’]Arm = ﬁz nIIem; (5)

n = ZZmnjm; J =Ar, He;
J.m

(H-)

m=0,+1,+2, 6)

rae (1)+3) — ypaBHEHHsS MOHH3AIMOHHOTO PaBHOBE-
cus; (4) — ypaBHeHHE cOoCTOsHUS; (5) — ypaBHEHHE
COXpaHEHUsI MCXOTHOTO 4YMCIia YacTHIl cMecH; (6) —
YCJIOBUE KBA3MHEUTPAILHOCTH. 311eCh Ap U AJ — co-
OTBETCTBEHHO TIOTPaBKa K JIABICHUIO M yYMCHBIIICHHE
MIOTEHITMAIA HOHU3AINH, 00YCIOBICHHBIC JIEKTPOCTa-
TUYECKUM B3aWMOJICICTBHEM YacTHI] B T1a3me [1];

dYon z?
neZ e Jm m
M= ey et = O

e

_(m+ é?

, ®)

rie

— nebaeBCKHUN paauyc IKPaHUPOBAHUSI.

[Ipu pacuerax CTaTUCTHYECKOW CYMMBI aroMa
(MoHa) z, HCIOITB30BANUCH [AHHBIC IO YPOBHIM
sHepruu u3 [2].

Cucrema (1)—(6) ¢ yaetom Beipakenuit (7) u (8)
pelnianach YUCIEHHO MeToAOM HbroTOHA JIst pa3ind-
HBIX COOTHOILICHHI KOMITOHEHTOB B HCXOJHOHW CMECH.

Ilo HaﬁﬂCHHOMy COCTaBy IJIa3Mbl paCCHHUTHLIBA-
JINCh TCPMOANHAMUYCCKUC cBoiictBa Ar—He-cMmecu:
CTCIICHb HOHU3allu1

a=n, /Zm”.,-m; ©)

IUIOTHOCTH
= mn
P Z M im
J.m

yIaeTbHBIC TETIOEMKOCTH Cp uC, [3]

2
Sk (I-al)(5 U
Cp zpilﬂx +o 3 §+k7 +

2
o 0 W)
22 2 kT ’

(1- (x) 3 U
+a 1(2 (x) 2+ﬁ +
2
(]—(12) 3 K‘]Ar+
+a, (2—(x2)[2+ kT

A o, =n /(ne +n, +an)’ a,=n /(ne —nArH).

B (11)—(12) mapamerp k = 0 mpu 100 % Hem k=1
npu 100 % Ar B emecu, p_=«km, + (1 —x)m,, U =
=xJ T (1-x JHe, ij — MOTEHIIMAJ MOHHU3AIIMU aToO-
Ma (HOHa) copTa jm.

Pesynbrarel pacyeroB p u C, HpencTaBieHbl Ha
puc. 1, 2. Jlns BerauciieHus: Ko3QHUIIUSHTOB ePEHO-
ca Ar—He-cmecu ucnonbiyercst 13-MoMeHTHOE TpH-
omkxenne merona I'pana pemeHus cucTeMsl KUHETH-
YECKUX ypaBHEHHUE JIJIsI MHOTOKOMIIOHEHTHOH I1a3Mbl
[4]. Torna ko3 dUIIMEHTBI BI3KOCTH U TPAHCIIOPTHOMN
TEIIONPOBOAHOCTH UMEIOT CIEeNYIOUIHA BU [5]:

(10)

1)

(12)

Artt

zaﬁu\/‘ _Zaﬁ|L‘ (13)
rae Y =N /N — MONbHAsA KOHIEHTPAIMs O-i KOM-
MMOHEHThI CMECH, a 3aluch |A| u |A|Ba COOTBETCTBYET
OINPEIENUTENI0, COCTABICHHOMY M3 K03 dunuen-
TOB A, ¥ aireGpanieckoMy JIOTONHEHHIO JIIeMEeHTa
Po-onpenenuTerns.

Koa¢dpummenTst Ny, 1 L, AMeroT BHJL

“TIpumeHeHne MaTeMaTH4ecKux Meto10B B cBapke: CO. Hayd. Tp. — Kues: UDC nm. E.O. ITarona, 1988. — C. 21-28.
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p-108 kr/v3

0 10 20

T-103, K

Puc. 1. 3aBucumocts mnotHoctu Ar—He-maa3Mel oT Temneparypbl
nipu gasiernu 1-10° ITa: 1 — 100 % Ar; 2— 50 % Ar + 50 % He;
3—25%Ar+75%He; 4—5 % Ar + 95 % He; 5—100 % He

2YY
N =Y*/[n

]+ S S
oo o ool B¢0t(m +m)n[ (xﬁ]

3 M
X(l"‘s%/‘laﬁ],

2YY 3
Naﬁ: (m +m )n[D ]( gAaBj’ pa,

(14)

YmY[3

47T
L =V2/[A 4oy — B
o [ aa]l Z(ma_'_mB)Z[Daﬁ]l x

oo 25 pB#a
15 25 5
[2 m>? +Tm 73m B +4mamﬁAaBJ
YY
W25 p(m, +m ) [D, ]

(15)

55
x(j—waﬁ —4Aaﬁj, B a.

BennyuHbl
3kT
Ly’
16nu,, Qs
15 k
= m
o

[DaB]lz

SkT (16)

[n —,
(2,2)
8QmB

)= [ M, 1

oo oo

COBIIAIAIOT CO 3HAUCHUSIMH KOA((UIMEHTOB B3aUMHON
1 dy3nun 4acTHILl o- U B-copTa, a Takke Ko3hpuimeH-
TOB BSI3KOCTH W TETUIONPOBOTHOCTH MPOCTOIO Trasa, Co-
CTOSIIIIETO U3 YaCTHII Ol-COPTa, PACCUMTAHHBIX B TIEPBOM
npuOkeHnn Metona Yermvena—JHckora [6].

Beanuunst AOL[3 u BmB ONpeAesIOTCS COOTHONIE-
HUSIMU

g =01 1205

B (17)
= (1,2) _ (1,3) (1,1)
o = 50D =000 13000,
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Cp 1073 Jl/(xr-K)
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10+
6
2
4

2L

0 10 20

1073, K

Puc. 2. 3aBUCHMOCTD yZIe/IbHON TEIIOEMKOCTH Cp OT TEeMIIEpaTy-
pot ipu nasiennn 1-10° TTa s Ar—He-mmasmsr: 1 — 100 % Ar;
2—50%Ar+50% He; 3—25%Ar+75%He; 4 —5%Ar+
+95% He; 5— 1 % Ar + 99 % He; 6 — 100 % He"

3nech Qgés) — 0000TIIeHHBIC HHTETPATBI CTOJIKHOBE-
HU, onpesiensieMbIe Yepe3 CCUCHUS B3aUMOJICHCTBUS
o- 1 B-i gactur [7]

(/,s) —
O =

KT 7 o
—&7 22543 (1) J&-
2m {e 5 Qaﬁdé’ (18)

Qé’ﬁ) =2n £ (1-cos’ 0)5,,(6.7)sin 06, (19)

e cuﬁ(e, V) — muddepeHimanbHOe CEYCHHE pacce-
SIHUSI, J — OTHOCHUTEIBbHAS CKOPOCTh YACTHII, |
npuBefeHHas Macea, § = (u,V%/2kT)">.

Pacder 371eKTpOonpoBOIHOCTH CMECH TPOBOAUIICS

o popmysie [5]

aﬁ_

nee
o=K,— % (20)
e
rae
-1 _ -1 (1,1)
DTy Ty T 3 nﬁQaﬁ '
PB=a
Jns kosppunmenta K umeem
5 L)
K = I—E‘EOTV s 1)

rac

— é —~1 (1,2) (1,1)
VO_[;(SCeB jeﬁ,c =07 13040,
(t,)' =04+ (2,5-1,28, )f'

Bza

“O603Ha4eHnst KpUBBIX 1-6 Ha prc. 2—5 0JMHAKOBBL.




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

Beipaxkenns 11 B, 1€TKO NOMYYHTH 3 (17) npu
oa=e.

[Ipu pacuerax 37MEKTPONPOBOAHOCTH U BA3KOCTH
IUIa3Mbl MCIIONIB3YeMOe MPHOIIKEHHE o0ecneynBa-
€T HeoOXOAMMYIO CTENEeHb TOYHOCTH, OJHAKO IS
oTpesieeHus kTp IpU BBICOKUX TeMIleparypax HeoO-
XOJMMO BOCIIOJIb30BaThCs 00J1ee TOYHBIM 2 1 -MOMEHT-
HBIM TIpUOIMKeHueM Metona ['pana. YuureiBas, uyTo
B CWJIBHO HMOHHM30BAaHHOW IUIa3Me€ OCHOBHOM BKJIAJ
B K03(p(QUIMEHT TPaHCIOPTHON TEMIONPOBOAHOCTH
BHOCSIT 3JIEKTPOHBI, JOCTATOYHO YTOUHHUTH BBIPAXKE-
HUE JTUIIb 151 KOOQPHUIHUEHTa SIIEKTPOHHON TETIO-
MTPOBOTHOCTH ke.

Koadpuument A, B 21-MOMEHTHOM NPUOIMKEHUH
nUMeeT BUI

A= P Se (22)

(1+1,472,)1+172),)

f =39 B >
e (1+2,652, )(1+0,292], )
5 (23)
2.m
Z* =[3¢e
ad n ~’

rae
-1 —~1 ~1
(Te) = O,STee + ZTeﬁ.
B=e
Torga mist kodddunKMeHTa TPAaHCIOPTHOW TETLIO-
MIPOBOJIHOCTH UMEEM
1 _ *
XTp = XTP + ke, (24)
rae

« _k . « 5
}Le:m_pef:z’fe :f;’te__re'

[Tpu pacuere momHOTO KOA(PGUIHEHTA TEIIONPO-
BOJIHOCTH A TIOMHMO llTp HEOOXOAMMO TaKXe y4u-
THIBaTh KOX(D(OUIIMEHT HOHU3AIMOHHOW TEIUIONpO-
BOJIHOCTH k; , OOYCIIOBIICHHBIN ITEPEHOCOM DHEPTHH
voHu3anuu B mazme [8]. Takum oOpazoM, IMOJTHBINA KO-
AP PUITIEHT TETUTOTPOBOITHOCTH HMEET CIETYFOIIUIA

A= ki‘p + 7»;. (25)

Kak cnenyer 3 npuBeieHHBIX BBITIIE (hOpMYII, KO-
2 pHUIHMEeHTH TIepeHoCca TUTa3Mbl BEIPAKAIOTCS depe3
0000I1IEHHbIC HHTETPAJIbI CTOJIKHOBECHHUN Qgé”, KOTO-
pBle B CBOIO Oouepenb 3aBHCAT OT BHJA MOTCHLIMAIA
MEXYaCTHYHOTO B3aUMOJICHCTBUS (paB(r). st oru-
CaHMs B3aUMOJICHCTBHS MEXKIY HEHTPaJbHBIMU 4Ya-
CTHIIAMU KCIIOJIb30BAJIACh MMOTCHIIMATIbHAS (DYHKIIUS
Jlennapna—/lxoHca:

G 12 G 6
ap _oB
r] o r : (26

0,,(N=42,

1-10%, kr/(m-c)

0 10 20

7-103, K
Puc. 3. TemmeparypHast 3aBUCHMOCTb KO3 PHUITMCHTA THHAMIYE-

CKOM BSI3KOCTH JUT Ar—He-1mma3met aTMOC(i)epHOFO JaBJICHUA

IapameTpsl noTennymana ., ¥ G, Opamuce u3 [9].
3HavYeHus Qgés) JUTSL ATHX TIaPaMEeTPOB BBIYUCIISIIICH
10 JaHHBIM [7].

Jlns pacyera HHTErpajoB CTOJIKHOBEHUM MeEx-
Iy aTOMaM{d W WOHaMHU HCIIOJB30BAJICS TOTEHIIHAT
AIIEKTPOCTATHYECKOTO JTANbHOAEHCTBYIIETO B3anMO-
nerictus [9]. Ocoboe MeCTO MPU TaKUX B3aMMOCH-
CTBUSIX 3aHMMAaET paccesHrue MOHOB Ha aroMax coO-
CTBEHHOTO ra3a. Habmonaromeecs mpu ToM siBICHHE
CHUMMETPUIHONW PE30HAHCHOU Tepe3apsakd HeoOXo-
JIMMO YUYUTHIBATh NIPU pacueTax le;” JUTSE HEYSTHBIX
3HadeHuit (/, s). CeueHne pe30HAHCHOMW Mepe3apsiiKu
BBIYHUCIIIIOCH IO aCUMIITOTHYECKO# Teopuu [10].

B crmydae B3auMonmeHcTBUS 3apsDKEHHBIX YacTHIL
HCIIOJIb30BAJICS KYJIOHOBCKUYM MOTEHIIAAT

. Br/(m-K)

71072, K

Puc. 4. 3aBucumocts TemnonpoBogHoctu Ar—He-11a3mbl aTMoc-
(hepHOTO ABIICHHS OT TEMIIEPATYPHI
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PA3JIEJT 1. IVTOBASI CBAPKA

c-1073, (Om-m)

0 10 20

7103 K

Puc. 5. 3aBucuMoCTb 27€KTPONPOBOAHOCTH OT TEMIIEPATyphl ITPU
nasinenuu 1-10° ITa qusa Ar—He-miasMsl

2
zZ z e
B r
¢ (N=— eXp[——}
op 47csor N
Torma mast 0000MIEHHBIX WHTETPATIOB CTOITKHOBE-
HAY uMeeM [5]:

@7

2
2
z,2€ In AmB

WS (2KT)2

ol = Jri(s -1 (28)

4n80

rae
_ 12n80kT ;
ap |zmzB |2 P
— KYJIOHOBCKHH JIOTapupm.

[Tpu B3auMOAEHCTBUM ANIEKTPOHOB C aTOMaMH CO-
OTBETCTBYIOIIHE 3HAYCHUS Q;’é” OBUIM paccUMTaHbBI
0 3HAYCHUSIM TUPPEepeHIINATBHBIX CEUSHHI pacces-
HUS IEKTPOHOB Ha aromax He u Ar uz [11, 12].

Ha ocHoOBe mosy4eHHBIX JaHHBIX O COCTaBe Jyro-
BOW TJIa3Mbl U PE3yJBTaTOB BBIYHCICHUH 0000IICH-
HBIX HHTETPAJIOB CTOJKHOBEHHI, B pab0Te BBHIMIOJIHEH
pacueT KO3((PHUIMEHTOB BS3KOCTH, TEILIOMPOBOHO-
CTH U JIEKTPONpoBOHOCTH Ar—He-11a3mbl B 1narna-
3o oT 500 mo 2500 K mis P = 1-10° I1a mpu pas-
JUYHBIX HMCXOJHBIX COOTHOIICHUSX KOMIIOHCHTOB B
cMmecu. [lomydeHHBIE pe3ynbTaThl MPEICTABICHBI Ha
puc. 3-5. V3 npuBeneHHbIX rpa)uKOB BHIHO, YTO
HebOobpinre 100aBku He, moTeHInan HOHU3aLUH KO-
TOPOTO 3HAYUTENHHO BBIIIE, YeM y AT, HE OKa3bIBaIOT
CYIIECTBEHHOTO BIUSHUS Ha KO3()(DUITHESHTHI ITEpEeHO-
ca, a mpu KoHIeHTpanusx Ar 6onee 5 % u 7< 1400 K

30

nepeHocHsle cBoiicTBa Ar—He-cmecu Mano ominya-
IOTCS1 OT COOTBETCTBYIOINX 3HAUEHUH AJ11 aprOHOBOM
T1a3MBl.

Pesynbrarsl pacueTtoB k03((UIMEHTOB NepeHoca
JUTSL <4UCTOM» aprOHOBOM U TeIMEBOM MIa3Mbl OKa3a-
JIUCH B XOPOIIIEM COITIACHH C OKCIIEPUMEHTAIbHBIMU U
pacueTHBIMHU JaHHBIMU JIpyTUX aBTopoB [13—15]. D10
MO3BOJISIET NCIIOIB30BATH MPUBEICHHBIE B HACTOALIEH
paboTe cBeleHUS O TEMIOPUINIESCKUM U MEPEHOC-
HBIM cBoiicTBaM Ar—He-nna3msel as pacueTta T€XHO-
JIOTHYECKHUX MapaMeTPOB CBApPOYHBIX AYT C LEJIbIO
BBIOOpa ONTHMAJILHOTO ISl JTAHHOTO TEXHOJIOTHYe-
CKOTO IIpOIiecca COCTaBa 3alUTHON CPEIbL.

1. Kaynenvcon C.C., Kosanvcras I'A. Tennopusndeckue u om-
THYECKHE CBOICTBa aproHoBoW miasmel. — HoBocuOupck:
Hayxka, 1985. — 147 c.
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Atomusznar, 1973. — 160 c.

3. The physics of welding / Ed. by J.F. Lancaster. — Oxford a.o.:
Pergamon Press, 1984. — 297 p.
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1965. — 278 c.
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1961. — 930 c.
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1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.5. MOAEJIUPOBAHHUE ITPOLHECCOB HIEPEHOCA
B MHOI'OKOMIIOHEHTHOW IIJIABME CTOJIBA

CBAPOYHOU AYI'U*

B.C. TBO3/IEIIKHI, B.®. TEMYEHKO, U.B. KPUBIIYH,
B.U. MAXHEHKO, A.B. POMAHEHKO, M.U. YN’ KEHKO

OnekTpuueckas {yra — OCHOBa LIEJIOT0 psijia TEXHO-
JIOTUYECKUX MPOLECCOB IOMYYCHHUs, COCOUHEHUS H
00pabOTKN METAUTMYSCKUX MaTepuaioB. Pa3pabor-
Ka ¥ BHEJPEHNE HOBBIX, a TAKKE COBEPIICHCTBOBAHUE
CYILIECTBYIOIINX TEXHOJIOTUI TpeOyeT BCECTOPOHHETO
uccreoBanus (PU3MIECKUX MPOLIECCOB, POTEKAIOIINX
B AyroBoM paspszae. Crenuduueckoil 0COOCHHOCTBIO
CBapOYHOI IyTy SIBISIETCSA HAJMYKE B AyTOBOM IpOMeE-
KyTKEe [IapOB Marepuaa 3MIeKTpoioB, (Uiroca U HpH-
CaJIKH, MCTIONB30BaHNE PA3IMYHbIX 3alIUTHBIX Ta30B U
UX cMeceld. DTo 0OYyCIOBIMBACT CIOKHBIA MHOTOKOM-
MOHEHTHBIM COCTaB IUIa3Mbl CBAPOYHOM TyTH, 00pa3o-
BaHHOI MOHaMH M aTOMaMH pa3fIM4HbIX copToB. Llemne-
HAIIpaBJIEHHO BO3/ICHCTBYSI HA COCTaB ILIA3Mbl, MO)KHO
W3MEHATh YCJIOBHSI TOPEHUS JYyTH M COOTBETCTBEHHO
PETYINPOBaTh TEIIIOBOE, CUIIOBOE U JIEKTPOMarHUTHOE
B3aUMOJICHCTBHUE IyTH CO CBAPOUHOI BAHHOM.

Ha coBpemeHHOM 9Tarne npeaAMeToM TEOPETHUECKUX U
SKCIIEPUMEHTAIBHBIX UCCIeA0BaHuH [ 1, 2] cTamu pacnpe-
JICJICHHbIE XapaKTEPUCTHUKK JYTU: TEMIIEpPaTypa, COCTaB
TUIa3MBl, TJIOTHOCTH, TABIEHNE W CKOPOCTh MOTOKA. JIyist
TEOPETUYECKOM OLICHKH 3THX XapaKTepPUCTUK TpeOyeTcs
MPHUBIICKATh MaTeMaTHYeCKHe MOJENH, Oa3upyroumecs
Ha nonHou cucteme MIJI-ypaBHEHUIA, ¢ y4eToM 3aBU-
CHMOCTH TEIUTO(QH3UIECKAX CBOMCTB M KOA(D(HUITHEHTOB
HepeHoca IIa3Mbl OT €€ COCTaBa, TEMIIEPATYPBI U JIaBIIe-
uus. [loaromy pa3paboTka KOMITBIOTEPHON MOJENTH IS
HCCIIe/IOBaHMS TPOLIECCOB TMepeHoca Terla, BElecTBa,
HMITYJIbCA U 3apsi/ia IOJKHA MPeyCMaTpUBaTh CO3/1aHNE
JIBYX PACUETHBIX IOJICHCTEM, OIHA U3 KOTOPBIX OCYILECT-
BJISIET pacyeT CBOMCTB IUIa3Mbl, APyTrasi, Ha TO OCHOBE,
paccUMTHIBaeT pacrpe/elieHHbIE XapaKTePUCTHKN JTyTO-
BOIO paspsijia. B nanHoi paboTe M3/oKeHbI OIXOIbI K
CO3/IaHUIO TIOJJOOHOM KOMITBIOTEPHOM MOZIEIH.

Temiopuznyeckue cBOMCTBA H KOI(PPUIHECHTHI
NnepeHoca MHOTOKOMITIOHEHTHOH muia3mbl. Kunertu-
yecKas TEeOpHsl IMPOLIECCOB MepeHoca B razax u Iuias-
Me, pa3BuTas B padorax [3—5], mpuBOAUT K pacueTHBIM
(dhopMynam, orpeIeIIOIIUM C BBICOKOH TOYHOCTBIO KO-
3 PUIHEHTBI BI3KOCTH, TEIJIO0-, JIEKTPONPOBOJHOCTH
u ap. OmHako 3TH GopMyIbl TpeOyIOT 00IBLIOr0 00b-
eMa BBIYMCIICHUI, IPUYEM TeM OOJBIIEro, YeM BBIIIE

HEOOXOMasi TOYHOCTh PEe3yabTaroB. JlOMONTHUTEIh-
HBbIE TPYITHOCTH BO3HUKAIOT TaKXKe IPH pacdyere Ko-
3pPUINEHTOB TIEpEHOCAa MHOTOKOMITOHEHTHBIX IJIa3-
MEHHBIX CHCTEM, B YaCTHOCTH TUIa3MbI MOJIEKYJISIPHBIX
ra3oB U Tra3oBBIX cMmecei. Jlist mpeomonenust ykasaH-
HBIX TPYJIHOCTEH B JaHHOW paboTe MCIONIB3yeTCs Me-
TOA MOMEHTOB [psma [6], MO3BOMSIIOMIMNA MOTYYUTH
Ut K03(h(DUIIMEHTOB TIepeHOCca MHOTOKOMITOHEHTHOM
TIa3Mbel  (OCOOGHHO 3TO KacaeTcs Kod(pduImeHToB
AIIEKTPOTIPOBOAHOCTH U TPAHCIIOPTHOH TETLIONPOBO-
JTHOCTH) O0JIee TIPOCThIC BRIPAKEHUSI, KOTOPBIE ITO TOU-
HOCTH pacyeTa He YCTYMalT COOTBETCTBYIOIIUM TIPH-
ommkeHnsM Metona Yenmena—Hckora [3].

Jiist pacdera koA PHUITUSHTOB ITEPEHOCa MHOTOKOM-
TOHEHTHOM TUIA3MBI CTOJIOA CBAPOYHOM JTyTrd TpeOyeT-
Csl 3HaTh €€ TEPMOAMHAMHYCCKHA COCTaB M CEUCHUS
B3aMMOJICUCTBUS YacTHUIl pa3HbIX copToB. IIpu orpe-
JIETICHUH TeMIIepaTypHON 3aBUCHMOCTH COCTaBa MHO-
TOKOMITOHEHTHOM TIJIa3MbI CTOJI0A CBapOYHOM JTyTH Oy-
JIEM UCXOJUTH U3 MPEIIOIIOKEHUS O CYILIECTBOBAHUH B
CMECH JIOKAJIbHOTO TEPMOAMHAMUYECCKOTO PAaBHOBECHSL.
[IpuHsATOE AOMyIIEHUE CIPABEIINBO IS CHIHLHOTOY-
HBIX CcBapouHbIX ayT (I > 50 A) armocdepHOro u mo-
BbIIIeHHOro fasneHus [2]. Torma cucrema ypaBHEeHUI
JUI pacyeTa COCTaBa IUIa3MEHHOM CMECH, COCTOSILICH
W3 aTOMapHBIX T'a30B, BKIIOYACT YPAaBHCHHS NOHU3AIIH-
OHHOTO PAaBHOBECHSI, YPABHEHUE COCTOSHIISI, YPAaBHCHIE
COXpaHEHUS UCXOTHOTO YHCIIA YACTHUI] CMECH U YCIIOBHE
KBazuHEHTpambHOCTH. OHA JOTIOMHSETCS COOTHOIIICHH-
SIMU JIJTS TUIOTHOCTH U YNIEJIbHOM TePMOEMKOCTH, KOTO-
pble BEIOMPAJINCH B COOTBETCTBHH C [7].

Koa¢dunmenTsl BS3KOCTH W TPaHCHMOPTHOU Te-
TUTOMPOBOJHOCTH, TONyYeHHbIE B pamkax 13-mo-
MEHTHOTO NpuOImxkeHus meroaa ['pana, MoxkHO 3amu-
cath B BUzE [0]

n= > _Z B [L] (D
rae Y =N /N — MOIbHAs KOHUEHTPALMSA OL-i KOMIIO-
HEHTHI cMecH, a [K] [K][}cx — COOTBETCTBEHHO OIIpe-
JIJIATENb, COCTABICHHBIN U3 KOA((UITUSHTOB Kaﬁ, u
anredpandeckoe JIOTIOHEHUE sreMeHTa o. Bwipa-
JKeHust Uit ko3 duimeHToB NOLB 5 LOLB MIPUBE/ICHBI B

“TIpoGiieMbl CBapKH U crienuanbHoil anexrpomeramtypruu: C6. Hayd. Tp. — Kues: Haykosa nymka, 1990. — C. 221-229.
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PA3JIEJT 1. IVTOBASI CBAPKA

[8]. HeoOxoaumMo OTMETUTb, UTO 3TH KOI(DHUITUSHTHI
3aBHCAT OT Y , YB’ m, mg, p U T, a TaKKe OT BETHYUH
Q(YB’S) — 000O0IIEeHHBIX WHTETPAIOB CTOJKHOBCHHM,
omnpeessieMbIX Yepe3 CCUCHHST B3aUMOJICHCTBUS O U
B-it wactur [4]:

kT

_M [ e300

(/,8) —
QaB ZTrmOL

@

T
o = 2nj (1-cos' 6)c, (6,2)sin 66,
0

e caﬁ(e, g) — muddepeHmanbHOe CeYeHne pac-

CesHUS; g — OTHOCHTENbHAs CKOPOCTh YacTHII;
m,, = mojnﬁ/(omOL + mﬁ) — TIpUBelIeHHas macca, & =
— ,5
—(m“ﬁgz/ZkT) .

PacueT 31eKTpOnpOBOAHOCTH MHOTOKOMITOHEHT-
HOM cMecH TpoBoAmIICs 10 dopmyrie [2]

ne

o=K p” T (3)

TIae
~1 _ 1,1
T _16/32nBQ;B ),
Bl

a xkooppunment K_ ssnsercs Qynkuuei or n, n
Qi’l) u Q;évﬂ(z:l,s:l, 2,3) [6].

[Ipu pacuerax 3MEKTPONPOBOAHOCTH M BA3KOCTH
IUTa3Mbl MCIIOIb3yeMOe IMPUOMIKEHHE oOecneunBa-
€T HEeOOXOIMMYIO CTENEHb TOYHOCTH, OIHAKO IPH
BBICOKHX TEMIIEPATypax UL ONpEieNneHus A, - ciie-
IyeT BOCIIONb30BaTbcsAd Oosiee TOUYHBIM 21-MOMEHT-
HBIM IpUONIMKeHueM Metona ['pana. Yuureisas, uyto
B CWJIbHO HMOHHM30BAHHOW IJIa3ME€ OCHOBHOM BKJal
B KO3()(UIIMEHT TPaHCIOPTHOH TENIONPOBOAHOCTH
BHOCSIT 3JIEKTPOHBI, JOCTATOYHO YTOYHHUTH BBIPA-
KEHUE JUIIb A Ko3(duimenTa 31eKTpoHHON Te-
II0NMPOBOAHOCTH A, [8]. IIpy BBIYMCIIEHUH TOIHOTO
k03¢ dunreHTa TEmIONPOBOTHOCTA A TTOMHUMO XTP,
HEOOXOAMMO TaK)Ke YUHTHIBATH KOA(PPUIMEHT HOHU-
3aIMOHHOM TETIONPOBOJHOCTH A, OOYCIOBIECHHbBIN
[IEPEHOCOM 3HEPrUu HOHU3ALMHU B I1azMme [9]. Takum
o0pa3om, 11 oTHOTO Kod((duimeHTa TerionpoBo-
JTHOCTH OKOHYATEIFHO TIOJTyYaeM A = XTP + ki.

Pacuer xoad¢uimenToB mepeHoca TpeOyeT BHI-
YHUCIIEHUsI O0OOLICHHBIX MHTETPAJIOB CTOJKHOBEHHH
Qgés), KOTOpBIE OMNPEAEISAI0TCS B 3aBUCHUMOCTH OT
BUJa MOTEHIMANIA MEKYACTUIHOTO B3aUMOICHCTBHSL.
B nmanHO#l paboTe TpH ONMMCaHWW B3aMMOACHCTBUS
MEXKIy HEUTpaJbHBIMH YaCTHLAMM HCIOJIb30BalIach
norenuuansHas ¢pynkuus Jleanapaa—/lxonca [4, 10].
Jnist pacueToB MHTErpasoB HOH-aTOMHBIX CTOJIKHOBE-
HUM ObUT BBHIOpaH MOTEHIMAT 3JIEKTPOCTATHYECKOTO
nanbHOAeWcTByomero B3aumonencteus [10]. Oco-
00oe MecTo TMpH TaKUX B3aWMOJACHCTBUSX 3aHUMACT
paccesiHHe MOHOB Ha aToMax COOCTBEHHOTO rasza. Ha-
Onromaronieecsl MpyU 3TOM SIBICHHE CHMMETPHYHOM
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PE30HAHCHON Tepe3apsAKu HEOOXOOMMO YUYHTBHIBATH
IIpU pacuerax legs) JUTST HEYETHBIX 3HadeHud (/, S).
CedeHne pe30HaHCHOH Mepe3apsiIKi BRIYHCIISIIOCH IO
acumrnroruaeckoid Teopun [11]. Ilpn onmmucanun B3au-
MOJICHCTBHS 3apsKEHHBIX YaCTHUI] UCTIONIB30BAJICS Ky-
JIOHOBCKMI moTeHuuan [6], a HHTerpabl Qg[;“) OBLTH
paccuyMTaHbl 10 3HAYCHUAM TUQQepeHInaIbHbIX ce-
YEHUH 3JEKTPOH-ATOMHBIX CTONKHOBeHMH [12, 13].
Ha ocHOBe maHHBIX O COCTaBe MYTOBOH IIa3Mbl
U PE3yJIbTAaTOB BBIYHMCICHHI OOOOIIEHHBIX WHTETpa-
JIOB CTOJIKHOBEHMH Qg[f) OBUTM paccYMTaHBl TaKKe
TermoGu3nYecKre U NepeHOCHbIE CBOMCTBA ILIA3MBbl
croiba CBapOYHOH IyTH, Topsimeld B Ar—He cmecu
npu arMocdeproM u noseiienHoM (10° Ila) masie-
HUHU. a TakKe M3y4eHO BiMsHUE mapoB Fe Ha yka-
3aHHbIE CBOMCTBa IPU CBapKe B cpeze aproHa. Pe-
3yJIbTaThl PACYETOB MpeICTaBiIeHbl Ha puc. 1-5. U3
MPUBEICHHBIX JIAHHBIX BHJHO, YTO YK€ HEOOIbIINe
JI00ABKH JIETKOMOHU3UPYEMBIX COCTABIISIFOIINX CMe-
CH CYIIECTBEHHO BIUSIOT KaK Ha TETUIO(PH3UICCKUE
CBOWCTBA, TaK U Ha KOA(UIMEHTHI epeHoca CTo-
0a myru, ocoOeHHO ee mepudepuitHeIX 00IacTe, rIe
TeMIeparypa Iuia3Mbl HEBbICOKa. Tak, Hampumep, B
ciayqae Ar—He muasmel (cM. puc. 2—4) npu KOHIEH-
tparmmsix Ar 6omee 5 % u T < 14000 K xoaddpuruerTH1
MEPEHOCa CMECH MaJl0 OTIIMYAIOTCS OT COOTBETCTBY-
FOIINX 3HAUYEHUH JJIT aprOHOBOM TUTa3Mbl. AHATIOTHY-
Hasl 3aBHCHUMOCTD HaOIomaeTcs 1 s KodhuImeHTa
anexTponpoBoaHocTn Ar—Fe mnasmel (puc. 5, 6), rue
Oomnee JETKOMOHM3UPYEMON KOMITOHEHTOU SIBIISICT-
cs yxe Fe. Uto xe kacaercs kodduIIeHTa TeTio-
npoBoaHoctu Ar-Fe cmecu (puc. 5, a), To npu T >
> 11000 K, B otmuuune ot Ar—Fe mia3mel, HabaogaeT-
Csl 3HAYMTEIHHOE YBEIWYCHHE TEIIONPOBOTHOCTHU C
YBEJIIMUEHHEM COZIEpKaHMs aproHa B CMECH. JTO CBS-
3aHO C BHJIOM TEMIIepaTypHBIX 3aBUCUMOCTEH MOHU-
3aIMOHHBIX COCTABJISAIONINX MOJTHOTO KodhduimeHTa
TEIUIONPOBOJHOCTH, BKJIAJ] KOTOPBIX B TEIJIONPOBO-
JTHOCTH CYIIECTBEHHO OONbBIIE Yy WHEPTHBIX Ta30B,
yem y niapoB Fe. [Ipu Oonee BRICOKHX TemmepaTrypax
BIIMSIHME JIETKOMOHU3HUPYEMBIX KOMIIOHEHTOB Ha Iie-
PEHOCHBIE CBOMCTBA AYTOBOM IUIa3Mbl YMEHBIIIAETCS.
MaremaTu4yeckasi Mo/ieJIb POLECCOB MepPeHoca
Macchl, JHEPruu U umnyJsca. [Ipu paspaborke mo-
T TUIa3MBI CTOJI0a CBApOYHON ITyTH OymeM HCXO-
JIUTHh U3 CIEIYIONUX JIOMYIICHUH: TUIa3Ma SBISETCS
MHOTOKOMITOHEHTHOW M HAaXOAWUTCS B COCTOSHUU JIO-
KaJIbHOTO TepMomuHaMudeckoro paBHoBecus (JITP);
pacripeicieHHble XapaKTEPUCTUKU IUIa3Mbl  YJIOB-
JIETBOPSIIOT YCJIOBHIO OCEBOW CHMMETPHH; BHEIIHUE
MarHATHBIE TIOJSI OTCYTCTBYIOT; IJIa3Ma SBJISETCS OT-




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

Cy-1072, Jor/(xr-K)

20 |
10}
6
5
2L 4
1} 3
2
] [ 1
0 10 20 T-107,K

Puc. 1. 3aBucumocts ynenpHoi Temioemrkoctu C, OT TemIepa-
Typs! ipu nasnennn 10° TTa s Ar—He mrasmer: 1 — 100 % Ar;
2—50%Ar+50%He; 3—25%Ar+75%He; 4 —5%Ar+
+95%He; 5— 1% Ar+99 % He; 6 — 100 % He

THYECKHU TPO3PAYHOM; KaTOJ HEIUIaBsIuiics 0e3 3a-
TOYKH; BSI3KOH AMCCHITAIIMCH SHEPTHH B paOOTOM CHUT
JaBJICHUA HpeHe6peraeM.

B pamkax 3THX IpeanooKeHUI MPOoLECCH epe-
HOCa B CTOJIOE CBAPOYHOH AYTH MOTYT OBITH OTIMCAHBI
cucreMod augepeHInanbHbIX YpaBHEHHH B 4acT-
HBIX IIPOU3BOJHBIX:

YpaBHCHUA HEPA3PbIBHOCTHU U JBHIKCHUS BA3KOI'O
rasa

op . .
ot div(pW) =0; )

2. Br/(m-K)

n~104, Kr/(M-¢)

0 10 20 7102 K

Puc. 2. TemneparypHas 3aBUCHMOCTb KO3()(HHUIMEHTA BSI3KOCTH
npu pasiernn 10° IMa st Ar—He mrasmbl. OG03HaYeHHsT KPUBBIX
1-6 e xe, uTo u Ha puc. 1

w + W div(pW) + (pWV)W =

:F—grad(p+§ndivWJ+2div(nS); ©)

ypaBHEHHUE SHEPTUN

apCr)
TV +div(pC TW) =

=0 +div(rgradT), Q=0 U, :

ypaBHeHHUs1 MakcBeita 1 3akoH Oma

(6)

rot(érotHj =0, J=rotH,

Q =é32, F=JxB; @)

JUK

i, Br/(m:K)

101

1
20 7107 K
a

101

1
0 10 20 707K

Puc. 3. 3aBucumocts ko3 duuueHta terionpoBoaHocTd Ar—He 1miasmel oT Temneparyps! npu aasiaeHuu 10° Tla () u 10° Ia (6).

O603Hauenus KpuBbIX 1-6 Te ke, 4To U Ha pHuC. |
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107, {On-m) !

10

La
T

1
0 10 20 74107, K

a

5107, {Onm) !

10

1
0 10 20 7-107°. K

o

Puc. 4. 3aBucuMOCTb 3eKTPONpoBogHOCTH Ar—He mia3mel ot temmeparypbl nipu aasieHud 10° Tla (@) u 10° ITa (6). O603HaueHus

KpuBBIX 1-6 Te xe, 9To u Ha puc. 1

L, Br/(m-K)

7102, K

o 10 :\‘,(OM-M) !

0 5 10 15 T10°3 K

Puc. 5. TemmieparypHast 3aBHCUMOCTD K03()(UIIMEHTA TETUIONPOBOIHOCTH (@) U AIEKTPOIIPOBOIHOCTH (6) Uit Ar—Fe mua3mel atmoc-
(epuoro napnenus: 1 — 100 % Ar; 2—99 % Ar+ 1 % Fe; 3— 95 % Ar+ 5 % Fe; 4 — 75 % Ar + 25 % Fe; 5— 50 % Ar + 50 % Fe

YpaBHEHHUE COCTOSIHUS
p=p(p,T), (8)

rie p — IUIOTHOCTB; W — BEKTOp CKOPOCTH IOTO-
ka; F — maccoBas cuiia 3eKTpOMarHuTHON TPHPO-
b, P — JaBJIEHHE; 1| — JIUHAMHYECKHH K03 PuLu-
CHT BSI3KOCTH; S — TEH30p CKOpocTeil aedopMaliuii;
0/t — cyOcrannuonanbHas npouspopHas; C, —
yZelibHasl TEIUIOEMKOCTh MPHU MOCTOSIHHOM 00beMe;
T — temmeparypa raza; Q — yzaenbHasi IPOU3BOAU-
TEJILHOCTh MCTOYHHKOB M CTOKOB TeIlIa; A — KO3(¢-
¢unmenT teronpoBoanoct; H — BekTop Hampsi-
’KEHHOCTU MarHUTHOTO MOJIst; J — IUIOTHOCTh TOKa;
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G — yJenbHas DIIEKTPONPOBOJHOCTh IUIa3Mbl; B —
BEKTOP MarHUTHOH MHAYKUMKM; Q — yienbHast 1po-
W3BOJUTENBHOCTD JKOYJICBBIX HMCTOYHUKOB TEIUIA;
U,,, — KOJIMYECTBO SHEPTHH, U3Iy4aeMOn CANHUIICH
0o0beMa B €IMHUILY BPEMEHH.

Cucremy ypaBHeHwmit (4)—(8) Oyaem pemars B 00-
7acTH

G={0<r<R; 0<z<D}.

I'pannnua z = D cOOTBETCTBYET OBEPXHOCTH CBa-
puBaemoro uzaenus (aHony), z = 0 — xaroxy. Pazmep
obnactu G B paauagbHOM HalpaBlICHUU ONPEAessieT-
sl U3 COOOPaKEHHUSI MaJIOCTH TPaIUEHTOB PaCCUNUTHI-
BaeMbIX IIapaMeTpoB IpH I = R.




1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX

—
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Y
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WIN ()]
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1 1 |
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Puc. 6. [Tone ckopocteii (a) n TemieparypHoe mose (0) B I1a3Me cTojda CBapoOuHOH JTyTH
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Htp~ Alm ﬁ m . n ;u’
L, : RN KK\\KH\
10000 J
| \J&
000 J
L
10
| 50
100
2000 3000 4000
_f SRS WSSOSO RN
T 10 8 6 4 2 0 6 8 10 12 My

=2
_——

1 1 1 ]

a

-

0

Puc. 7. M30muHNY HaNpsHKEHHOCTH MAaTHATHOTO T10J1s (@) ¥ M300apk! (6) B Iuta3Me cTosida cBapodHO Tyru

B kauecTBe I'paHMUYHBIX M HadajbHBIX YCIOBUI
BBIOMpaeM cienyrolue:

ou . op oar _  op
npur=0:v= Oﬁ 0ar Oﬁ 08 =0,H =0;
B op 6(vr) oT
npur=R:u= 0’8 =0, ar A =0,
1
P:l’o’H:ﬁ;

HpI/IZ=0:V=O,M=u0(}’),T=T2(V),
J =J.(r),H=H(()
HpI/IZZDZMZO,V:O,T:];(r),Jr =0;

)

nput=0:u(r,z)=0,v(r,z)=0,

T(r, z) =T1(r)%+T2(r)D

p(r,2)=py,I(r,2)=3(r, D), p(r, 2) = p(T(r, 2) p,).

e pO — BHCIIHEC TaBJICHUC, I — 1oK Ayru, Vu u—
COOTBETCTBCHHO paJinajibHasA U aKCUMaJIbHAA COCTaB-

JISIOIINE BEKTOPA CKOPOCTH; J,, J — MPOEKIUH BEK-
topa J Ha ocu Or u Oz.

OmanM 13 3(h(HEeKTUBHBIX METOJOB PEUICHHS CH-
crembl ypaBHeHHH (4)—(8), oOecneyuBarommx 3Ko-
HOMUYHOCTh BBIYUCIICHUH SBIACTCS pAaCIICTUICHHE
ypaBHEHUH 0 (PU3UUECKUM TPOLIECCaM U MPOCTPaH-
CTBEHHBIM nepeMeHHbIM [14]. Bynem mosnb3oBaThCs
BapUaHTOM METOJa PaCIICIUICHNs] ypaBHEHUH TUAPO-
JIMHAMUKH, IPEJIJIOKEHHBIM B [15].

OcHoBHBIE (PU3NYECKHE MTPOLECCHl MOXKHO paszie-
JUTHh Ha TPH dTara: KOHBEKTHBHBIN IEPEHOC MacCHI,
UMITyJIbCa ¥ SHEPTUH; JUCCUTIaLUs Teria (3a c4eT Te-
TJIOTIPOBOJHOCTH) U UMITYJIbCa (IO TEHCTBHEM CHIT
BSI3KOCTH); MEPEHOC TOJ BO3JACHCTBHEM TpagdcHTa
JTABJICHUSI ¥ MaCCOBBIX CHJI C YI€TOM HEPa3phIBHOCTH
Cpe/bl.

VYpaBHEHHUS, ONUCHIBAIOIINE KOHBEKTHBHBIA 3TaIl
pacIleIUIeHNs, PEIIaINCh Ha JIATPaHKEeBO-3UIICPOBBIX
cetkax [16, 17], aTto obecmeunBaIo OMpEaCICHHBIC
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Puc. 8. M301mHNYE HCTOYHHKOB (@) 1 T0JIe TUIOTHOCTEH ToKa (6) B I1a3Me cTojI0a ayru

npeumymectsa |15, 18], cBS3aHHBIE C YMEHBIIICHUEM
CUETHOU AUCCUIIAIINU.

st onvcanus mepeHoca UMITYabCca MoJl JCHCTBU-
€M CHJI BSA3KOCTH TPUMEHSIICS JIBYXIIIarOBbI METOI,
ananornuHbiii Merony [Tucmena—Poakdpopna. Unensl,
ANNpOKCUMUPYIOIIME CMEUIaHHBbIE IPOU3BOIHbBIE,
CUHMTAIINCh «UCTOUHWKaMu» [19]. s 4unciaeHHOTO
WHTETPUPOBAHUS YPaBHEHUS TETUIOMPOBOIHOCTH HC-
nione3oBasicst Meton [Tucmena—Pakdopmaa [20].

PazHocTHBIE 3amaum UIA OMpeeNeHus] XapakTe-
PUCTUK DJIEKTPOMATHUTOTO TOJS U MO JaBICHHIA
Ha CHJIOBOM JTarle paclIeTICHHs PEIIaroTCst METOIOM
BepxHe# penmakcanuu [21, 22] ¢ BEIOOPOM ONTHMAITh-
HOTO UTEPALMOHHOTO MapameTpa.

Borunciaurensnsplii  3kcnepuMenT. OO0beKTOM
YUCJICHHOTO HCCJICNOBAaHUS B JTAHHOW padore ObuIa
BbIOpaHa Jyra C HEIUIABSAIIMMCS 3JICKTPOJIOM, TOps-
was B Ar-He cmecu. Pesynbrarel pacueToB pacnpe-
JIETICHHBIX XapaKTePUCTUK IUIa3MBl CTOJ0A JIyTH,
ropsimieit B emecu 50 % He u 50 % Ar mpu ckopo-
cta 00ayBa 4 M/ ¢ 1 Toke 100 A, mpesicTaBiIeHbl Ha
puc. 6—8 B BHAC W3OIWHUN HANPSDKCHHOCTH Mar-
HUTHOTO ToJIsl, JinHud Q = const, u3oTepM, U300ap,
a TaKkKe JIByX BEKTOPHBIX TOJIEH CKOPOCTH IMOTOKA U
IJIOTHOCTH TOKA.

U, B
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Ha pucyHkax oTpaxeHbl OCHOBHBIE 3aKOHOMEp-
HOCTH TOBEIEHUS IJIa3Mbl B CTOJI0€ CBAPOYHOM IIyTH.
XonoJHBIN Ta3 BTATMBAETCS IOJ KaTojl, HarpeBaeTcs,
VMOHU3UPYETCSl U Pa3rOHsIETCs MOJ IeHCTBUEM Macco-
BBIX CHJI 3JIEKTPOMarHUTHOH npuponsl. Camas BbICO-
Kasi CKOpOCTh, JocThraeMasi Ha ocu nyru (155 m/c),
00yCIIOBJICHA TIPEXk/IE BCETO MAJIOH TNIOTHOCTBIO I1a3-
MBI B 9TOW J0HE. 3aTeM TOTOK HarpeTol J0 BBICOKOMH
TeMIIepaTyphl MJIa3Mbl CTAIKUBAETCS CO CBAPUBAEMBIM
W3AEIMEM—AHOAOM U PAaCTEKaeTCsl BIOJIb €ro MOBEpX-
HOCTU. TakoW KOHBEKTHBHBIA MEPEHOC SHEPIHUHU U3
oOnacTty BOIM3M OCH JAyrH Ha nepudeprio 00yCIIOBIH-
BacT KOJIOKonooOpasHyto (opmy mzorepm. Ilpu crosn-
KHOBEHHH IIOTOKa C H3IENEM oO0paszyercs 001acTh
TIOBBILICEHHOTO JIABIICHHUS, JIOKAJIM30BaHHAs BOIW3U
ocu noroka (p, = 131 Ila). OTkioHEeHHE NaBieHUs
ot armocepnoro coctasiser 0,1 %. Iloatomy kap-
THHA PACTIPEAEIECHHs IUIOTHOCTH IUIa3Mbl aHAJIOTHYHA
pacripenienieHnio Temmeparyp. TemreparypHoe mose
OKa3bIBACT pElLIAOLIEe BIUSHWE U HAa pa3Mep MpOBO-
IsTe oomacti. PaccMarprBaemasi cMeCh CTaHOBHTCS
ANIEKTPOIIPOBOHOM TpH Temrieparypax Beime 5000 K,
MO3TOMY TOCTYIUICHHE XOJOJHOIO 3aIlIMTHOIO Tasa
BBI3bIBACT C)KaTHE IIPOBOAALIEH 00JIaCTH JyTIu.

Ha puc. 9-11 noka3aHa 3aBUCUMOCTb HaIlpsKEHUS
cronba Ayru, MakCUMaJIbHOTO JaBJICHUsSI HAa BaHHY U
MaKCHUMaJIbHOH CKOPOCTH IIOTOKA ILIa3Mbl OT COCTaBa
aproH-renreBoi cmecu. [Ipu HeOOBIIOM coepIKaHnu
Ar (10 5-10 %) B cMecH 3TH XapaKTePUCTUKU HaYHHA-
0T Pe3K0 M3MEHSATHCS, YTO O0YCIIOBIEHO COOTBETCTBY-
IOUIVM TOBEJACHUEM TEpPMOAMHAMMYECKUX CBOMCTB
n Ko3pduIMeHTOB mepeHoca Iuasmbl. Hanpspkenne
cTonba ayru, TOpAIIeH B TelTUH, TPUMEPHO BJBOE TIpe-
BBILIAET HAIMpsHKEHHE CTOI0Aa aproOHOBOM AyrH (CM.
puc. 9). Ilagenne cKOPOCTH MOTOKAa C POCTOM COZIEP-
KaHus aproHa B cMecHu (cM. puc. 11) oObsicHseTcs
MIPOMCXOSIIMMHU [IPU ATOM YBEIMUYEHHUEM IIJIOTHOCTH
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TUIA3MBI ¥ «pac(OKyCUPOBKIM» IyrH. Takum oOpaszom,
IIpU CBapKe B TEJIMHU Jyra sBseTcS Ooyee KOHLEH-
TPUPOBAaHHBIM HMCTOYHHKOM CBapOYHOIO Harpesa II0
CPAaBHEHUIO C aprOHOBOW Jyroid. BeicOkoe KOHTparu-
pOBaHuUE TeIMEBOM IyT'¥ IPUBOAUT TAKKe K OOJIbIIEMY
JABJICHUIO Ha cBapuBaeMoe m3nenue (cm. puc. 10). Pe-
3yNbTaThl BBIYMCIUTEIBHBIX IKCIEPUMEHTOB HAXOJIST-
Csl B XOpOLIEM KauyeCTBEHHOM COCTOSHUM C M3BECTHBI-
MU IKCTIEPUMEHTATBLHBIMU TaHHBIMH [7, 23-26].
TakuM oOpazoM, NpeIoKeHHasi B JaHHOW pabore
KOMITBIOTEPHAsI MOJIENIb MPOLIECCOB MEPEHOCa B MHO-
TOKOMIIOHEHTHOW TUIa3Me CToNI0a CBApOYHOM TYTH SIB-
JISIeTCSl  OCHOBOM BBIYMCIIUTEIBHOTO IKCIIEPUMEHTA,
HAIpaBJIEHHOI'O Ha HCCIIEIOBAHUE PACIPEACIICHHBIX U
WHTETPANIbHBIX XapaKTEPUCTHK JYTOBOHM IUIA3MbI IPH
CBapKe B 3aIlIMTHBIX ra3ax M UX cMecsx. Moaenb Mo-
XKeT OBbITh MCIOJIb30BaHa, HAIIPUMED, A IIPOTHO3UPO-
BaHMS ONTHMAJIBHOTO COCTaBa 3aIUTHOM CMECH, YTO
MO3BOJISIET 00ECTICYNTh HEOOXOAMMBIC TEXHOJIOTHYE-
CKHE CBOMCTBA MJIa3Mbl CBapOYHOI ayru. [lanmbHeliee
COBEpIIICHCTBOBAHUE MOJICTIM CBAPOYHOMN JAYTH JOHKHO
OBbITh HANPaBJICHO HA OMMCAaHUE (PU3NUECKUX SIBIICHUI,
MPOTEKAIOLINX B NPUIEKTPOAHBIX 00JIACTAX C Y4EeTOM
B3aUMOJICHCTBHS JAYTH CO CBAapUBAEMBIM H3/EIHEM U
ANEKTPOJIOM, U CO3JJAHUE HAa ITOH OCHOBE KOMILJIEKCHOM
KOMITBIOTEPHON MOJIENH TIPOLIECCA CBAPKHU.
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PA3JIEJT 1. IVTOBASI CBAPKA

1.1.6. OCOBEHHOCTHU TOKONEPEHOCA
B AHOJTHOM OBJIACTH JYTOBOI'O PA3PSIJIA*

N.B. KPUBIIYH, U.M. ITAPHETA

W3BecTHO, UTO CHUIIBHOTOYHBIC AYTH, TOpSILUE MpPU
arMoc(epHOM JIaBJICHUH, MOTYT paboTaTh B JIByX pe-
JKUMax: C PacHpeeICHHBIM 0 MOBEPXHOCTU aHOMA
pa3psaaoM U ¢ aHOAHBIM TsiTHOM [1-3]. B mocnennem
CIy4yae MPOUCXOAUT 3po3us marepuaia anona. Lllu-
POKOE UCTIOIh30BAHNE TAKHX YT B TEXHHUKE, U B 4aCT-
HOCTHU B CBAPOYHOM MPOU3BOACTBE, JENAET UCKIIOUH-
TEJIbHO BAYXHBIMHU MOHUMAHHUE MPUYUH, 10 KOTOPHIM
YCTaHABIMBACTCS TOT WIM WHOW PEXKHUM TOPEHHUS,
U OIpenescHUE BO3MOXKHOCTEU YIIpaBICHUS Iepe-
XO/I0M OJHOTO U3 HUX B Apyroi. Tem He MeHee, 3TU
BOIIPOCHI BCE €I OCTAIOTCA MAJIOU3yUYEeHHBIMH, XOTS
YK€ camble MPOCTHIE OLICHKU XapaKTEPUCTUK MPUAHO-
JTHOM T1JIa3MbI TTIO3BOJISIFOT YTOYHUTH MTPEICTABICHUS O
poreccax, MPOTeKArIIUX B aHOIHOM 001aCcTH Ayro-
BOTO pa3psaa.

PaccmoTrpum, Hampumep, pachnpeaeieHHBIN Mo
AHOJAY JYTOBOHM paspsij, Tropsiiuid mpu arMochep-
HOM JIaBJICHHH, C OTPULIATECIHHBIM AHOJHBIM IIaJIe-
HUEM MOTeHlHana. Ecnu TonmuHa JIeHrMIOPOBCKOM
000JIOYKH 3HAYUTEIHHO MEHBIIE JUTHHBI CBOOOIHOTO
npoOera 3apspKEHHBIX YacTHIl, TO aHOIHBIA Oapbep
MOJKET OBITh OIPEJENICH CIICAYIONUM 00pazom [4]:

kT ]

etz 1)
¢ JL’X

e (pa — IIOTCHIHMAJl aHoJa, (Pp — MIoTeHIHaJl 1jia3-
MBI Ha TpaHULE CJI0d MNPOCTPAHCTBCHHOTO 3apsija,

Ao=¢, —¢ =

k — moctosnHas bonbumana; j, — HOpMalbHas K
IIOBEPXHOCTU aHOZA COCTAaBIIAIOIIAsA ITIOTHOCTHA TOKA
env

, e,
IyTH; J, =

— INIOTHOCTBh XaOTHYECKOI'O 3JICK-

8kT
¢ — TCIIJIOBAsA CKOPOCThb,; 1 ,
T, ¢

TPOHHOI'O TOKA, VTe =

T, — KOHIEHTpAIMs U TEMIIEPATypa JIEKTPOHOB Ha
TPaHMIIE TUTa3MBI C JICHTMIOPOBCKOW OO0OJIOUKOH; e,
m,— 3apsJl 1 Macca SJIEKTPOHOB.

B pabotax, MOCBSIIEHHBIX HCCIEIOBAHHUIO aHO-
THBIX TIPOIIECCOB, IIPEIOoJaraeTcs, 4To 3HadeHHe
aHOAHOTO Oaphepa TOCTOSHHO BJONb TTOBEPXHOCTH
aHoma. OHaKo BBUIY TOTO, YTO TTApaMeETPhI TIa3MBlI,
BXOJSIIME B TIPaByI0 4YacTh BBIpakeHws (1), ompe-
JEJIEHHBIM 00pa30oM 3aBHUCST OT KOOPAWHATHI TOYKH,
HaXOJSIIENCs HA TPAHMIIE CJIOSI TIPOCTPAHCTBEHHOTO
3apsifa, a TMOBEPXHOCTh aHONA SKBUIOTEHIIMAThHA

“ABromarndeckas cBapka. — 1993. — Ne 3. — C. 28-30.
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(¢, = const), To A@ U, CIEIOBATEILHO, @ TAKKE SB-
JSIOTCS (PYHKIMSAMH MOMEPEYHON KOOpPAUHATHI 72 Ta-
KHUM 00pa3oM, Ha TPaHHMLIE [Ia3Mbl C JICHTMIOPOBCKOM
000JI04KOl CYIIECTBYET paAuaibHasi KOMIIOHEHTa
3NEKTPUUECKOTO TOJIs, ONpeesieMast BEIpaXKeHHEM

O
QZL%:%fl @)

Hanuuwne ee MMPUBOJUT K IIOSABJICHHUIO B IPHUAHO-
JTHOW TUTa3Me COOTBETCTBYIOIIEH KOMITOHEHTHI TOKa
MIPOBOJTUMOCTH.

Cunrasi, 4TO TOK B MPUAHOAHOM IUIa3Me MEepeHo-
CUTCs B OCHOBHOM JJICKTpOHAMHU, U, BI)I6I/Ipa$I 3a I10-
JIOKUTEIHbHOE HaIpaBJieHHE TOKa HalpaBlIeHHE WX
JABWXXCHHA, pPaAuAJIBHYI0O KOMIIOHCHTY IIJIOTHOCTHU
TOKa Ha TpaHMIIE CJO0S MPOCTPAHCTBEHHOTO 3apsja
MOJKHO 3amucaTh B Buze [1]

Jj.=—cE +j°, 3)
e o(7, T) — dneKTpuuecKas MPOBOAMMOCTb ILIa3-
MBI Ha TPaHULE C JICHTMIOPOBCKOM 00010uKoi; 7' —
TEMIIepaTypa TSHKEIOM KOMITOHEHTHI MJ1a3Mbl, paBHast
TEMIIEpaType MOBEPXHOCTH aHoxd; ;P :_ia& —
r en, or
IJIOTHOCTh AU Py3HMOHHOTO TOKa; p, = N kT — dnek-
TPOHHOE JIaBJICHHE.
Ecnmu A@(r) u3meHsieTcs OT HEKOTOPOTO 3HAYCHUS
Ha OCH JIyTH JI0 HYJIs 3a peieslaMi TOKOBOTO KaHaa,
To U3 (2), (3) cnemyer, 4TO TOK MPOBOAUMOCTH U TU(-
(y3MOHHBIH TOK 3JIEKTPOHOB HAIIPABIICHBI B Pa3HbIC
CTOpoHBI. TakuM 00pa3oM, JWHUH IUIOTHOCTH TOKA
B IUIa3Me Ha PaHUIE C JICHTMIOPOBCKOW 000IOUKOH
MOTYT OBITh KaK CXOISIIUMHKCS, TaK U PACXOIAIIN-
MUCSI B 3aBHCUMOCTH OT COOTHOIICHUS a0COIIOTHBIX
3HAUCHHUHN PaJMaIbHBIX KOMIIOHEHT TOKA MPOBOIUMO-

CTH U IJIOTHOCTH jf) 1ddy3nOHHOTO TOKa. YToJI Ha-
KJIOHA JIMHUH TOKa K OCH IYTH, a 3HAYUT, U CTETCHb
KOHTPaKLUUKN pa3psiaa BOIM3M TOBEPXHOCTH aHONA
OTIPEETSAIOTCS 3aBUCUMOCTBIO MapaMeTPOB IJIa3MBI
Ha rpaHune o0lacTH MPOCTPAHCTBEHHOTO 3apsiia OT
MOTIEPEYHON KOOPMHATHI.

VY4yer paauaibHOM 3aBUCHMOCTH aHOJHOTO Ta-
JeHHsl TIOTEHIMaja TO03BOJSIET OOBSICHUTH MHOTHE
HaOmoaeMble B AKCIIEPUMEHTAX, HO HE HMMEIOIINe
YAOBJIETBOPUTEILHOTO TOJKOBaHUSI OCOOCHHOCTH TO-
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KOllepeHoca B MPUAHOAHOM IJIa3Me JyToBOTO paspsi-
na. PaccMoTpuM HEKOTOpBIE U3 HUX Ha PUMEpe AyTH
C OTpHLATEIbHBIM aHOIHBIM OapbepoM, Ompernelsie-
MbeIM 110 popmyrie (1). Ilycts B pesynbrare J0Kaib-
HOTO (TIpU I' = I) yBENUYEHUS j,, CBA3AHHOTO, HAIIPU-
Mep, ¢ QIyKTyaluel TIOTHOCTH IJIa3Mbl Ha TpPaHHLEe
CIIOS TPOCTPAHCTBEHHOTO 3apsiia, B aHOAHOM Oa-
prepe oOpasyercsi TOTeHIHaIbHAs «sIMay» AJIs 3JeK-
TpoHOB (puc. 1, a). Pe3ynpratom Takoro u3mMeHeHHs
n, Oyner yBenudyeHue (0 abCOTOTHOMY 3HAYEHHUIO)
o0oux uieHoB B mpaBoi yactu Gopmynsl (3). Eciou
[IPU 3TOM pajuaibHasi KOMIOHEHTa AU(PPY3MOHHOTO
TOKa OKa3bIBAETCsI OOJIBIIIE MOJICBOM, TO 3TO MPUBEAET
K JIOKaJIbHOMY PaCTEKaHUIO TOKa (YMEHBIUEHHUIO j ) 1
COOTBETCTBEHHO K yMeHbinenuto 7, u n, Takum 06-
pas3om, B 3TOM clly4ae paccMaTpuBaemMasi piayKTyarus
pa3BuBarhCs He OyaeT. B mpoTHBHOM cityuae BO3HH-
Karollue 3/1eCh paivajabHble IPAJUEHTHI AQ MPUBEAYT
K CTEKaHHIO TOKa B 3Ty 00IacTh (yBEIHMYECHHMIO j ),
BBI3BIBAIOIEMY JIOTOJIHHUTENBHBIN JKOYJIEeB Harpes
ra3Mbl. CBSI3aHHOE C HUM JIOKaJIbHOE yBenndeHue 7,
¥ 71, HA TPAHUILIE JIEHTMIOPOBCKOW OOOJIOYKU B CBOKO
O4€epEIb BBI30BET NanbHek it poct j, . U3 popmysist
(1) cnenyer, 4yTO yCTOHYHMBOCTh pasilaibHOIO pacipe-
JeTICHHUsI aHOTHOTO Oapbepa ONpeAeisieTcs] pa3inin-
€M CKOPOCTEH JIOKAJIbHOTO U3MEHEHHsI TOKOB j U ] .
JleficTBUTENBHO, €CMH j_ BO3pACTaeT ObICTpee j, Ha-
CTOJIbKO, YTO, HECMOTPSI Ha yBenuueHue 7, 3Ha4eHne
|A@(r )| HAYHET YMEHBIIATHCS, TO TIPOU30HIET BHIPAB-
HUBaHHUE PaJHaJIbHOTO paclpeieseHus MOoTeHIHaaa
1a3Mel (aHOOHBIM Oaphep TMpH TOM ycToiuuB). B
Cllydae, Korjaa pocT j_ NPOMCXOIMT MEJIEHHEE, YeM
YBEIMYEHHUE j , 3Ha4eHuE |AQ| B 9TOH 00mactu Oynet
JABUHOOOpa3HO HapacTaTh (QaHOAHBIA Oapbep HeEy-
CTONYMB). B pe3ynbrare MOXKeT yCTaHOBUTBCS PEXKUM
C MPOBAJIOM B 3aBUCUMOCTU A@ OT 7 WJIH, YTO BEPO-
SITHEE, C HECKOJbKUMH IpOBajaMH, COOTBETCTBYIO-
LOIMMH 9KCHEPUMEHTAILHO HaOII0IaeMbIM H30JIHPO-
BaHHBIM TOKOBBIM KaHaJlaM, CY)KaIOLIUMCS K aHOIY
u (HOpMHUPYIOIIMM BOJIHM3H €r0 IOBEPXHOCTH SPKO
cBeTsIIMecs 00pa3oBaHus (Tak Ha3blBaeMas MHOXe-
CTBEHHAs1 KOHTPAKIH [5]).

AHaJOrMYHO BBIIIEONHCAHHOMY MOYKHO PaccMo-
TPETh W JIOKAJIIbHOE yBEJIHMUYCHHE aHOIHOTO Oapbepa,
KOTOpOE TMPHUBEAET K pacTekaHwio Toka (puc. 1, 0),
YMEHBIICHUIO j, U COOTBETCTBEHHO j, . VI CHOBa, Kak
cienyet u3 BeipakeHus (1), Oonee ObICTpoe U3MEHE-
HHUE j_ 110 CPABHEHHUIO €/ CIIAXKUBAET HAYAIbHOE BO3-
MYyILEHUE paclpeesieHus oTeHuana. B nporusHoM
cllyyae aHOJHBIM Oapbep HEYCTOMYUB, YTO MOXKET
MIPUBECTH K YCTAHOBJIEHUIO PEKMMa TOPEHUs AyT'H
¢ «ropoom» Ha KpuBOH 3aBUcHMOCTU A@ oT 7 lpu
OTPENIETICHHBIX YCIOBHUIX MOXKET OCYIIECTBUTHCS Ta-
KO€ pacnpezeneHne Ap, Ipyu KOTOPOM HaJl 4acThIO MO~

o i o f.o ’
7 7
\\ ( L >
’d 7
a 4]

Puc. 1. CxemaTudeckoe I/I306pa)KeHI/Ie paaruajibHOIoO pacrpeaeie-
HUSI aHOJTHOTO Oapbepa

BEPXHOCTH aHoJa Oaphep CTAHOBUTCS IOJIOKHTEIb-
HbIM, TOTJAa KaK HaJ OCTaJbHOW IOBEPXHOCTBIO OH
ocTaeTcs oTpuilarenbHbIM. CylecTBOBaHHE PeXUMa
C PAa3HOMOJISIPHBIM aHOAHBIM OapbepoM IO3BOJISET
OOBSICHUTH HETIPEpPBIBHBIN MEPEX0]] paclpeeleHHO-
IO paspsiia B paspsii ¢ aHOJHBIM IIITHOM, a TAK)Ke Ha-
OJTIONABIIYIOCS B DKCIIEPUMEHTAX KOMOMHHPOBAHHYIO
MPUBS3KY IYTH K aHOAY, O KOTOPOW OBLIIO COOOIIEHO
JI. . apaxosckum u B. JI. [llumanoBuyeMm Ha VIII
Bcecorosznoit koHpepeHIH 10 GU3NKe HU3KOTEMIIE-
paTypHOM IIa3Mbl.

Koym4yecTBEHHBIM KpHUTEPUEM HEYCTOMYUBOCTH
aHOJHOTO Oapbepa MO OTHOILIEHHIO K PAacCMOTPEH-
HBIM BBIILIE JIOKAJIBHBIM BO3MYILECHUSAM AQ SABISETCS
YCIIOBHE %w, T. €. HAUINYUE MAJA0LIEro y4acr-

z

Ka BOJIbTAMIIEPHOI XapaKTepUCTUKHU CJIOsI IPOCTPaH-
CTBEHHOTO 3apsana. OnpeaenuM o0nacTb mapaMeTpoB
NpUaHOAHOM mnasmel (7, j) Ha rpaHULE C JIEHTMIO-
POBCKOM OOOJIOUKOHM, HpU KOTOPBIX IPOU3BOIHAS

@ OyZeT OTPHUIIATEIBHOM.
jZ

Jlns ee BBIUMCICHUS BOCTOIB3yeMcs (popmyrnoit
(1), momarasi, 9TO TOMIOIHUTEIBHBIN JKOYJIEB HATPEB
TUTa3Mbl, CBSI3aHHBIN CO CTEKaHWEM TOKa (B Ciydae
JIOKaJTbHOTO yMEHBIIeHUS AQ), ypaBHOBEIINBAETCS
TETIIOOOMEHOM DJIEKTPOHOB C TSDKETIOW KOMITOHEHTOM
TUTa3MBbI:

—=a(T -T). “)

6
0 2 4 6 8

Puc. 2. O6Gnact yCTOHINBOCTH M HEYCTOHYMUBOCTU aHOTHOTO Oa-
pbepa Uil aproHOBOI1 XyTH, TOPSIIeH Ipy aTMOC(EpPHOM JaBiie-
Hun (7= 1000 K, y=2)
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3neck Y — KOA(PQUIMEHT, MO3BOJSIONINN TPUOITH-
’KEHHO Y4YeCTh HAarpeB IUIa3Mbl B PE3yIbTaTe MOSBIIC-
wust j 5 o(T, T) — koo uiment TennoodbMena, KoTo-
PBIi pacCYUTHIBACTCS HA OCHOBE JBYXTEMIIEPATYPHOI
MOJIETTH HMOHU3ALMOHHO PABHOBECHOW IIa3Mbl [6].
3aMeTuM, 4TO MOJENbHOE ypaBHEHHE (4) sBiseTcs
NPUOJIMKCHHBIM aHAJIOTOM YPaBHEHHS HEPTUU TSI
AJIEKTPOHOB M, CTPOTO TOBOPSI, MOXKET OBITh UCIIOJb-
30BaHO JIMIIb ISl KAUeCTBEHHOrO aHaiau3a. XOTS B
CIy4yac HMOHHU3ALMOHHO PAaBHOBECHOHN IUIA3Mbl MpU
JMHEHHON 3aBUCUMOCTU 7, OT T, BONM3M TPaHUIIBI
CJIOSl MPOCTPAHCTBEHHOTO 3apsiia MOJTHOE YpaBHEHUE
OaslaHCca YHEPTHH AJICKTPOHHOTO ra3a [ 1| MoxkeT ObITh
CBEJICHO K BUY (4).

Ha puc. 2 npusenena xpusas d(49)

=0 Ui apro-

HOBOH Ayru arMoc(epHOro NaBiCHHSA, pa3rpaHudu-
Baromas 00JIACTH YCTOMYMBOCTH M HEYCTOHYHMBOCTH
(mocyienHAs 3alITPUXOBAHA) C TOUYKH 3pEHUS] ycTa-
HOBJICHUS PEXKMMOB TOPEHHS C PE3KO HEOTHOPOIHBIM
pacrpeneneHueM A («MHOXKECTBEHHAs KOHTPAKLIUS»
WM KOMOMHUPOBAHHAS TIPUBSI3KA IyTH K aHOAY ).
Takum oOpas3om, HcIIOIb3yeMOe B HACTOSILEH pa-
00Te NperncTaBlICHUE O palualbHOH 3aBHCUMOCTH
3HAUEHMS aHOIHOTO Oapbepa MO3BOJISIET KaueCTBEHHO
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OIHCATh HEKOTOPHIC HAOIIOIaeMbIE B SKCIIEPUMEHTAX
OCOOCHHOCTH TOKOIIEPEHOCa B aHOJHOW 00JacTh 1Iy-
TOBOI'O pa3psaa.

B 3aknrouenue agmopvl xXomsm eulpasums 61a2o-
oaprocmo 0-py Qus.-mam. nayk B. B. Braoumuposy
u 0-py mexu. nayk B. C. [8o30eyxomy 3a nonesmnvie
3aMeyanusl, 8blCKA3AHHblE 8 X00e 00CYHcOeHUs: Oan-
HOU cmambl.

1. Hemuunckuii B. A., Ilepemy JI. H. IlpnaHonHblii clI0# cCHilb-
HOTOYHOU JIyTH BbICOKOTO aaBieHus // JKypH. TexH. ¢uzu-
ku. — 1977. — 47, Ne 9. — C. 1868-1875.

2. [looces I A., Lxonvnux C. M., IOpves B. I" AHOTHBIC TIPUD-
JICKTPOHBIC SBICHHS MTPU OONBIINX IUIOTHOCTSX TOKa // Tam
xe. — 1978. — 48, Ne 6. — C. 1195-1212.

3. AHOoOHble TIpoIecChl B CHJIBHOTOYHOM IYTOBOM paspsiie /
I. A. Troxes, B. A. Hemuunckuii, C. M. [llxonpauk, B. T.
IOpbeB // Xumust miazmsl. — 1983. — Ne 10. — C. 169-209.

4. Langmuir 1. The interaction of electron and positive ion
space charges in cathode sheets // Phys. Rev. — 1929. — 33,
Ne 6. — P. 954-967.

5. drwowces I A., Mumpoghanos H. K., [lkonvrux C. M. «MHo-
JKeCTBEHHAsI KOHTPAKLUs aHOIHOW 00macTu Iyru atMocdep-
Horo nasnenwus // Tes. gox. VII Beecoros. koHG. o duznke
HU3KOTeMIeparypHoii mia3mel. Y. 1. — Munck, 18-20 ceHT.
1991 r.

6. @Qusuxa N TEXHUKA HU3KOTEMITepaTypHOi a3mel / [lox pen.
C. B. IpecBuna. — M.: Aromuszaat, 1972. — 352 c.




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.7. 3AJAYA EJIEKTPOIIEPEHOCY
3 PO3PUBHUM PO3B’SI3BKOM"

L.B. KPIBIIYH, I.B. KPUKEHT, B.®. JEMYEHKO, O.B. JICHUM, B.B. HAKBACIOK

IMocranoBka npodiemu. Po3puBr po3MOIiNIEHNX Xa-
PaKTepHCTHK (TeMIEpaTypH, KOHLIEHTPAIIil elIeKTPHIHO-
T'0 TIOTEHIIialTy, TUCKY Ta iH.) IPU MaTeMaTHYHOMY OITHCI
(hi3YHMX TIPOIIECiB MOXKYTh OyTH 0OyMOBIIEHI PI3SHUMHA
(akropamu. OJIMH 13 BapiaHTIB PO3PUBHOTO PO3B’SI3KY
BUHUKAE NPH MOOYA0BI MaTeMaTHYHUX MOJIEIICH MpoLie-
CiB TIEpEHOCY B IIapyBaTO-HEOAHOPIIHUX CEPEIOBHIIAX,
10 MalOTh HA TPaHUII KOHTaKTy TOHKWH (y MOpPiBHSH-
Hi 13 XapaKTepHUMH TCOMETPHYHUMH PO3MIpaMH) Clia-
OONPOHUKHEHHH Mpomapok. B 3amadi ipo HelneamsHui
KOHTaKT PO3PUB PO3B’S3Ky BHHHUKAE 33 PAXyHOK 30cCe-
pemKEHOro (TOHKUI MPOIIapoK BUITYYaeThCs 3 00nmacTi
pPO3B’SI3Ky) OIOPY Ha TPAHWI KOHTAKTy CEPEIOBHIIL.
[omiOHi 3a/a4i y MOCTAHOBKAX, M0 Y SIBHOMY BHUIJISIII
BUKOPUCTOBYIOTb YMOBHU CHPSDKEHHS HA TPaHULI PO3PH-
BY PO3B’sI3KY, po3msimaymcs B podorax [1, 2, 3]. B [4, 5]
3alpoINOHOBaHa y3arajibHEeHa IOCTAHOBKA 33/1a4 TEeIIo-
MAacoIepeHocy 3 PO3PUBHUM (3a THUIIOM HEileaabHOro
KOHTAKTY) pO3B’s3KOM, ITI0 TPYHTYETHCS Ha ITPUPOTHBO-
My 3 (i3UYHOI TOUKH 30pYy OIKCI TIPOLIECIB MEPEHOCY Y
BUIVISI/II CHCTEMH PIiBHSHb TIEPILIOTO MOPSAKY
cy%zD[VJﬁ+f(f),?ceQ, 0
~GRAD T = =7,

HepuIe 3 SKUX € y3araJlbLHEHUM 3aKOHOM 30€peKEeHHS
cyOcTaHIlii, a Apyre — y3arajbHEHUM (HEHOMEHOJIO-
riuauM 3akoHoM — Oma, lapci, yp’e, Dika (Bu3Ha-
yeHHsa oneparopiB DIV, , GRAD _ nus. nami). B (1)
2 =Ep + RO()P, ne E — omuHn4IHMN TeH30p, P —
TEH30p JIPYroro pamry 3 eleMEHTaMH p,. =Y, ¥, Ae
Y, — HaIpaBJsII04i KOCHHYCH HOpMani N1 10 rpaHwuii
HEe1eanbHOro KOHTAaKTY, p — IMUTOMUH omip cepe-
JIOBUIIA, R — oOImip HeimeaasHOro KoHTakTy. [lomio-
HUI «HACKPI3HUIT» OMUC MPOLECIB MEPEHOCY Y BCii
OararomapoBiii cucTeMi He TOTpeOye ampoKCHMAaIlii
HOPMaJIbHUX KOMIIOHEHT BEKTOpa IUTOMOIO IOTOKY
Ha rpanuti [ 1 no3Bonsie OymyBatu [4] ogHOpiAHI 00-
YHUCITIOBAJIbHI aJITOPUTMHU YUCEIIFHOTO PO3B’SA3KY 3a-
na4i. GopmynntoBaHHSA 3a7a4 nepeHocy y Burmi (1)
JI03BOJISIE PO3LIMPHUTH KJac JOMYCTHMHUX PO3B’S3KiB
mudepeHianpHo1 3a1a4i (aus. [6], ne Buxomsau 3 (1),
BCTAHOBJICHO ICHYBaHHS Ta €IHICTH PO3B’SI3KY 3amad

TEIUIONPOBIAHOCTI B Kiaci pynkuii L,(€2)).
Moneni po3puBHOro po3B’si3ky. B Momeni Hei-
JIEaIbHOTO KOHTaKTy CTpuOOK Temmneparypu [7]. =
=T|., = T, ma ' (tyr I', — cropona rineprnosepxHi

I', y Hanpsimky HOopMaui fi 1o rpanuii I') mponopiii-

HUH MPOEKIii BEKTOpa TEMJIOBOTO MOTOKY W=-AVT
Ha HopMasb N, To0TO [7]. = —Rw | . Cneundiunoro
OCOONMBICTIO MOJIENI HEieaTbHOTO KOHTAaKTy € Te,
o sign[7]. = sign(gradT),|, a Tomy R > 0. Ctpubok
TaKOro THUMY OyAeMO Ha3UBAaTH NPSIMUM CTPUOKOM
(puc. 1, @) Ha BiAMIiHY BiJ 3BOPOTHOTO CTPUOKA, SIKAN
Oy/ie po3TIIIHYTO Jai

[ell.=G( ) - (@)

Ha BimMiHy Bim HeifeandbHOTO KOHTAKTY MOIETH
aHomHoTo Tapy (2) He TIIBKHA POOUTH 3a/mady po3pa-
XYHKY TIOTEHITIaTy () €JeKTPUYHOTO TIONS HeNiHiH-
HOIO, aJie i MPUBOIUTS JI0 SIKICHO 1HIIIOTO THITY CTPHO-
Ka pPO3B’SI3Ky — TaK 3BAHOTO 3BOPOTHOTO CTpHOKa,
OIHOMIpHA CXeMa SKOTO TojaHa Ha puc. 1, 6. Mix
3Hakamu [@]. Ta (g,rad(p)n\r y IBOMY BHNAIKY
BCTAHOBIIOETHCA 3B S30K HACTYITHOTO BHTJIANLY:
sign[@]. = —sign(grade) |, 1m0 i BUNIpaB1OBy€ Ha3By
«3BOPOTHUH CTPHOOK.

VY3arajibHeHa NOCTAHOBKa 3a/ayi eJeKTpo-
nepenocy. Hexaii R — n-BUMIpHMH €BKJIIOBUI
npocTip, X = {X,, X, ... , X,} — JE€KapTOBI KOOPIH-
HaTH, QC R — 001acTh PO3BSI3KY 3a1adi, SIKY JUIs
MPOCTOTH 3amucy OyIeMO BBaXKaTH IBOIIAPOBOIO:
Q:Q1 qu, gepe3 [’ MO3HAYMMO TPAHUIO ITiMIO-
Onmacrerr Q, Q. BciM ineHTHdiKaTOpaM 3MiHHHX,
10 CTOCYIOThCA Timobnactei €, 2, npucBoiMo iH-
nexcu 112 BinnosigHo. Enexrpuunnii noreHmian ¢(X)
OyaemMo BBa)KaTH JOCTAaTHBO TIAAKUM BCIOAH B €2, 3a
BUHSITKOM, MOke OyTu, rpanuii I, Ha skili ¢(X) Ha-
OyBae crpudKa [@(X)].; npu wboMy [@(X)]. K QyHK-
1Iis KoopauHat rpaHutli I € HenepepBHOIO. B KOXKHIMT
13 migobnacreit €, ), BU3HAYUMO BEKTOP HILTBHOC-
Ti CTPyMy HACTYITHUM YHHOM | =-c gradp , M =
= 1,2, me ormeparop rpamieHTa p{)’gYMie”lr“ntCﬂ yq;zjiacnq-

U F 3 U ry

4 | _
[U]{ | [U]{
1

a 7]

Puc. 1. Cxemu po3puBy po3B’si3Ky (¢ — mpsMuid cTpuOOK; 6 —
3BOPOTHHI CTPHUOOK)

“Maremarnune mMoaemoBanas. — 2008. — Ne 1(18). — C. 80-83.
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HOMY 3MICTI 5K (yHKUis ToukH X €Q,Q . Koediui-
€HTU © (X),m=1,2 OyneMo TakoX BBa)KaTH JIOCTAT-
HbO TJIAJIKUMU 1 TAKHMH, IO 33JI0OBOJIBHIIOTH YMOBI
o (¥)=C>0.Hexaily KOXKHIH 3 migobnacret Q mo-
TEHI[iaJI SJICKTPUYHOTO TIOJISI 33]I0BOJIbHSIE PIBHSHHSIM
div(kmgrad(pm) =0, xeQ , m=12, 3)
a Ha TpaHUIll [ BUKOHYETHCS yMOBa HEMEPEPBHOCTI
HOpMaJbHUX A0 I’ mpoekuiii BekTopa HITBHOCTI
CTpyMY, TOOTO
jln |l'+:j2n |r7 . %)
VY niHI{HIA TOCTAHOBII 3a7a4di €IeKTPOIIEPEHOCY
OyZeMo BBakaTH, 110 Ha TpaHwuii [ 3amaHa pisHULS
noreHianis [@] . Ak GyHkuis koopauuar rpanumi I
[o]. =g(%), Xel. (%)
Ha 3oBHimmHINi rpanumni 0Q obmacti Q Oymemo
MIPUITYyCKaTH BUKOHAHUMH JIesKi TpaHWYHI YMOBH,
KOHKPETHUH BUJA SKUX IS TOJAIBIINX BHKIIAJIOK
3HAYCHUS HE Ma€, MPU IbOMY BBaXKA€ThCS, IO iICHYE
€TMHUH PO3B’ 30K 3a/a4l B KIIACUYHIN TTOCTAHOBII.
Yeenemo B Q  yHkuil o),/ (¥),00/ 0x,0(x)
(icayrote B Q sIK yHKIIII TOYKH BCIO/IM, 32 BUHATKOM
rpaanti ') HacTymHM dmHOM: W(X) = y, (X),XeQ ,
J€ \y(X) — OIHA 3 NEPEPAXOBAHMX BMILE (yHKIIH.
V3arajgbpHeH1 YaCTHHHI ITOX1IHI Dﬁ/Dxi ¢byHKIil @(X)
B 00Omacri () BU3HAYaIOTHCS HACTYITHUM YHHOM [9]
D )
D—);ng—;'?+[cp]$>yi8(r), XeQ, ©
e [(P](ri) — CcTpUOOK PO3B’SI3KY, KU mocsrae (yHK-
it o(X) y HanpsmKy oci Ox, (y mofanbuiomMy mokyia-
nemo [o]! :[q)]r,izl,_n),yi =cos(M,X) — HampasJis-
toui kocuHycr HopMmam N mo I, &(I') — d-¢yHKmis
Hipaka, 1m0 30cepemkena Ha rineproBepxHi [. Kopu-
cTytounch (6), yBenemo B ) y3araibHEHUH TpaieHT
GRAD pozpuBHOi QyHKIiT @(X)
GRAD ¢ = grade +ii[¢] .5(I'), @)

ge  grade= grad(pm ,XeQ .  Bpaxosyroum, 1o

—kgrade = j(X), 13 (7) oTpumaemo

U, B

3_
2_

0 01 02 03 04 05 06 07 08 09 x,cm

Puc. 2. Po3nozin noTeHmiany npwu JIiHIMHINA 1 HeTiHIHIN mocTa-
HOBKax 3ajadi enekrponeperocy (O — ducenbHUN PO3B 30K
niHifHIN 3a1a4i; @ — yKcenbHUI PO3B’ 30K HEIHIIHOT 3a1a4i)

42

GRAD ¢ =~pj +1i[¢].3(D), ®)

e p(X)=o"!'(X) Ma€e 3MIiCT IUTOMOTO OIOPY Cepeo-
Bua. Kopucryrouncs (5), Buxiouumo 3 (8) ctpudox
PO3B’sI3Ky

~GRAD ¢ =pj —rig(x) | 8(I). 9)

PiBHSAHHA MOXXHA TpaKTyBaTH SIK y3arajJbHEHHUN
JOoKaMpbHUHN 3akoH OMma, chopMyTHOBAHHHA IJIS PO3-
puBHOTO TIoTeHMiay. [Ipuenayroun 1o (9) y3aranb-
HEHUH 3aKOH 30epeKeHHS 3apsmy

-DIV, j=0, (10)
oTpuMaeMo (HOPMYITIOBAHHS 3a1a4i eNIEKTPOIIEPEHOCY
y BUIJISI cucTeMH piBHSHB (9), (10) mepioro nopsia-
Ky B y3araJbHEHHX MOX1THUX.

O0uucaoBaIbHUI  aNTOPUTM i  pe3yabTaTH
po3paxyHkiB. OOMEKUMOCS MOOYIOBOIO Pi3HHIIEBOT
CXeMH JIJIsI OJHOBHMIPHOI TECTOBOI 3ajadi eJeKTpo-
MEPEHOCY 3 PO3PUBHKUM PO3B’SI3KOM THITY 3BOPOTHOTO
cTpuOKa. Po3ristHeMo OTHOBUMIpHHIA BapiaHT y3arab-
HeHol nmoctanoBkH (9), (10) 3amaui enekTponepeHocy

Do 20y eol, -2
O<x<l; 9(0)=0, o()=u,

an)

ne & € (0, /) — rpaHuus MiXK METaJIoM i IJIa3MOI0,
(@], — 3anauuii CTpUOOK MOTEHLiady Ha TPaHuIi
KoHTakTy cepenopuml. IIpu p(x) = p, = const, 0 < x <
<&, p(x) = p, = const, § <X </3anaya (11) mae npo-
CTHI aHATITHYHUN PO3B’A30K:

—0p, X, 0<x<¢;
o(x) =

~o(p5+py(r-8)+lol, <x<hy (12

IS
I
O pE+p, -8

Kopucryiounch 1HTErpoOiHTEPHONALIHHUM METO-
nom [10], na citui X, = ih OTpUMaEMO HACTYIHY pi3-
HUIIEBY CXEMY

(13)

e
-1
1 Xi+l
a =z J p(x)dx
i+ X
Hexait
elx ,x ,tomi f=0,i#m,m+1,
E" m’ m+l i
fm :¢m’fm+1 :_(I)m’
ne

(o],

m er% /’12
Cxema (13) y kiaci KyCKOBO-TIOCTIHHUX Koe]irli-
€HTIB € TOYHOIO. PO3paxyHKH BEIMCh IPU HACTYITHUX
YUCIIOBUX 3HAYCHHSX MapaMeTpiB 3aaadi: [¢].=2B,




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

[u] & B

2 3 1 1 1 1

"0 1000 2000 3000 4000 g, Alem?

Puc. 3. 3anexxHicTh aHOMHOTO MAJIIHHS MTOTEHINATY BiJl HIUTBHOCTI
CTpyMy

fretttttt '
g—;'):o Ayra g—;'):o
R,
L b
AHop
ﬁv ¢=0

Puc. 4. Cxema cuctemMu «Iyra—aHom»

p, = 0,0025 Om-cm, p,= 0,0333 Omem, U, =5 B, [ =
=1lcm E=0,5 cm.

Ha pwuc. 2 mpencraBieHO YHCETBHUN PO3B’SI30K
3agaq (11) B niHiiHINA ([9], 3anano sx mapamerp) i
HETIHIAHIA TOCTaHOBKAX ([(p]i BH3HAYAETHCS 3aJICHK-
HicTIO (2) cTprOKa MOTEHIlialy Bij MIUTBHOCTI CTPY-
My j, (OYHKUIOHANbHUIM BHIVISI SKOi HAaBEJCHUH B
[5], a 4HMCIOBI XapaKTepUCTHKH TTOKa3aHi Ha pucC. 3).
CymitbHUMY JIHISIMHA HA PUC. 2 TOKAa3aHWUN TOUYHUN
O3B’ 30K JIiHIHHOT 3a/1aui.

Heniniiina ciTkoBa 3aa4a po3B’si3yBasiacs METOIOM
iTepariif TakKUM YUHOM, 1[0 Ha KOKHOMY KpOIIi iTepa-
LIHOTO MpoLecy po3B’si3yBaacs JiHiliHa 3a1a4a (13).

[Ipu dncenpbHOMY MOJIEIOBaHHI €IEKTPOMArHiT-
HUX MPOIIECIB B YMOBaxX JyrOBOTO 3aBapoBaHHS [7]
3ajJia4a eJIeKTPOIIEPEHOCY B CHCTEMI «IyroBa Iia3ma—
aHOI» cTae 0araToBUMIipHOIO. I3 JOCTaTHEO XOPOIITNM
HAOMMKEHHSIM CIICKTPUYHE TIOJIe B JaHid cUcTeMi
MOYKHA BBaXKaTu ocecuMeTpuuHuM. O0nacTb po3B’si-
3aHHA 3aj1a4i U TAaKOTO BUTAJIKY Ta BIIOBIIHI Tpa-
HUYHI YMOBHU HaBeJICHI Ha pHC. 4, a Pe3yJbTaTH PO3-
PaxyHKiB €JIEKTPUYHOTO MOJsI Ta aHOAHOTO CTPHOKa
TTOTeHITiary — Ha puc. 5, 6 [8].

Ha 3aBepiiieHHsI Bi[I3HAYUMO, 110 BUKJIaJIeHA Y il
Po0OTI 3a1a4a eNeKTPOIEPEHOCY € OAHIEIO 13 CKIIa0-
BHUX CaMOY3TO/KEeHO1 (3aMKHEHO1) Mozem (pi3naHux:

0,032

0,072

0,112

0,152

0,192

Amnoj
L

1 1
0,26 034

Z, CM 1 1
0 0,02 0,10

0,18 7, CM

Puc. 5. Po3nofin enexTpuyHOro MoTeHuiany B MPUAHOAHIM 30HI
JlyTrOBOI IIa3MHU

0 1 | 1 1
0 0.1 0,2 r,cM
Puc. 6. Po3noain aHoAHOTO cTpHOKa MOTEHLIATY

IpoIeciB, MO NepediraloTh y CTOBII 3BapIOBAILHOT
IIyTH ¥ €JIEKTPOIi TIPH eJIEKTPOyTOBOMY 3BapIOBaHHI
TUTaBKHM €JIEKTPOJIOM.
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PA3JIEJT 1. IVTOBASI CBAPKA

1.1.8. MATEMATUYECKOE MOJIEJIMPOBAHUE
IEKTPOMATHUTHBIX NPOLIECCOB B CUCTEME
«CBAPOYHAS TYTA-UCHAPSIOIMIACS AHO/I»

C YYETOM AHOJHOI'O NAJEHUS NOTEHLIAAJIA®

. KPUBIIYH, B. JEMYEHKO, A. JECHOM, B. HAKBACIOK,
0. MOKPOB, Y. PAM3I'EH, A. 3ABUPOB, B. ITABJIBIK

CymiecTByeT MHOXKECTBO TIOIXO/IOB M MOJENEN s
YHUCJIEHHOTO HCCIIE0BaHMsl IPOLIECCOB IepeHoca
SHEPIuy, UMIYIbCa, MACCHI U 3apsza B BIIEKTpUYe-
CKOH Jyre, a Take IpPOILIECCOB €€ B3auMOECHCTBUS
C DNIEKTPO/IaMH, B TOM YHCIIE TIPY PA3IAIHBIX CIIOCO-
0ax xyroBoii cBapku [ 1-10]. OnHaKo NpakTHYECKH BO
BCEX IMOMOOHBIX MyONMMKAIUAX AyroBas Iura3ma pac-
CMaTpUBAETCS] KaK OJHOKOMIIOHEHTHAsl, T.€. COIEp-
JKaIas aToMbl M MOHBI 3alIUTHOTO WJIK IJIa3M000pa-
3YIOIIETO ra3a, 4Yalle BCero, WHEPTHOro (OAHUM W3
HEMHOTHX UCKJIIOUCHHUH 37IeCh SIBISIETCS cTaThs [11],
i€ NPEANPUHSTA TONBITKA UCCIEI0BATh BIUSHUE Ma-
POB KeJie3a Ha TTa3My I'eJTUeBOM IyTH C TyTOIUIaBKUM
katomoMm). [lma3ma peanbHBIX CBapOYHBIX YT, Kak
MIPaBUJI0, MHOTOKOMITOHEHTHA, TIOCKOJIBKY, HapsLy C
YaCTUI[AMU 3aIUTHOTO Ia3a, COAEPKUT TOCTATOUHOE
KOJIMYECTBO aTOMOB U MOHOB HCITAPEHHOT'0 MaTepuasa
AIIEKTPOOB, B TIEPBYIO Ovepenb, aHoaa. Takum odpa-
30M, IpPU TOCTPOEHUHU AJIEKBATHOM MAaT€MaTHU4ECKOU
MOJIENIA CBapOYHOW IYTH HEOOXOAWM ydYeT MHOTO-
KOMITOHEHTHOCTH JyrOBOM IU1a3mbl. Ellle onHON Bax-
HOHM XapaKTepHUCTUKOW TaKOW MOJIEIH JOKHA OBITh
€€ caMOCOIIaCOBAaHHOCTb, MO3BOJISIIONIAS YUYUTHIBAThH
B3aMMOCBS3b (U3NIECKUX TIPOIIECCOB, TPOTEKAFOIINX
B DJIEKTPOJIaX U B MPUANIEKTPOIHBIX CIOSX IJIa3MBbI C
nporieccamMu B ctojioe ayru. CiieyeT OTMETUTD, YTO
B OOJIBIIIMHCTBE U3BECTHBIX ITyOIMKAIIMNA, TTOCBSIICH-
HBIX KOMIUIEKCHOMY MOJIEJIUMPOBAHUIO BIIEKTpUYe-
CKOH, B T.4. CBAPOYHOM, AYT'H C yYETOM IPOIIECCOB,
MIPOUCXOMSAIINX B TEJI€ M Ha TIOBEPXHOCTH DJIEKTPO-
JIOB, HCIIOJIB3YIOTCSI BECbMa YIPOILEHHBIE MOJAEIH
MIPUAJIEKTPOIHBIX obmactedt [4, 7-9, 12, 13], Torma
KaK B CTaThSX, CIICLUAIBHO MOCBALICHHBIX UCCIEI0-
BaHUIO TTPUDJICKTPOIHBIX, HAITPUMEP aHOIHBIX, SIBJIC-
HUM, KaK MPaBUIIO, HE PACCMATPUBAIOTCS MPOLECCHI,
npotekaromue B Meraymie aHoga [14-17]. Iloatomy
LIETBbI0 HACTOSIIEH paboTHI sIBIsIeTCs pa3paboTka ca-
MOCOTJIACOBAaHHOM MareMaTHuecKoi Mojenu huznye-
CKHX IPOLIECCOB B CUCTEME «CBapOyHasi Ayra—ucra-

PSIFOLIMICS aHOM» ~, a TaK)Ke JETaTbHOE YHMCICHHOE
WCCIICZIOBAHUE DIIEKTPOMArHUTHBIX XapaKTEPUCTUK
TaKOW CHCTEMBI MPUMEHHUTEIBHO K YCIOBUSAM CBAPKU
TUTABSIIIIUMCS AJIEKTPOIOM U TUIA3MEHHOW CBapKH CTa-
neit B naepTHOM Taze (Ar).

CrpyKTypa KOMIIJIEKCHON MaTeMaTH4ecKoi Moe-
T paccMaTprBaeMoOl CHCTEMBI IMOKa3aHa Ha puc. 1.
JlaHHas MoJieNb BKITIOYAET B ce0sl HECKOJBKO B3au-
MOCBSI3aHHBIX MOJICIICH:

® MOJIENIH TETUIOBBIX, AIEKTPOMAarHUTHBIX, Ta30/1-
HaMHYeCKHUX U AU} (y3HOHHBIX MPOIECCOB B TUIa3Me
cronba Jayru;

® MOJIENH TEIUIOBBIX, DIIEKTPOMArHUTHBIX H TH-
JIPOIMHAMHUYECKHX TPOIIECCOB, MPOTEKAOIINX B TEJIS
aHoJla, BKJIIOUAs KAIUIK PACIUIABICHHOTO MeTalia
WM CBApPOYHYIO BaHHY,

® MOJIeNIb aHOTHOW 00JIACTH JIyTH, MTO3BOJISIONIYIO
OTIpPE/ICTUTh TPAHWYHBIC YCJIOBUS HAa TIOBEPXHOCTH
MCIIAPSIONIETOCS aHOa, HEOOXOMUMBIE TSl PEIICHUS
YpaBHEHUH BBILIENEPEUHUCIICHHBIX MOJIEIICH.

PaccmoTpuM MoJIEIb 3NEKTPOMAarHUTHBIX TIPOIIEC-
COB B CHCTEME «CTOJNO TyrH—aHOIHAs 00IacTh—HCIa-
psIrOIIUiACS aHOm» OoJIee TOaPOOHO.

Moge/ib mpoieccoB 3JeKTponepeHoca B aHO-
AHOH o0JacTH AYrd ¢ HCHAPSIONIUMCH AHOIOM.
s onmcanys IpUaHOIHOTO CII0S MHOTOKOMITOHEHT-
HOM IIa3Mbl, coJiepKalen, Hapsiiy ¢ aTOMaMH U MO-
HaMH 3aIATHOTO (TIa3MO00pa3yIoIero) HHEPTHOTO
ra3a, aTOMbl ¥ MOHBI HCIIAPEHHOTO MeTayja aHofa,
HCITOJIb3YeM TIOAXOJ, TIPEIIOKEHHBINA B padorax [14,
15, 18]. B pamkax Takoro rmoaxoma IMpHUaHOTHAS Y-
roBasi TIa3Ma YCJIOBHO IEIUTCS Ha TPH 30HBI, KaK
rnokazaHo Ha puc. 2. IlepBasg 30Ha, HENOCPEICTBEH-
HO TIPUMBIKAIONIasi K MMOBEPXHOCTH aHOAA, — CIIOH
MPOCTPAHCTBEHHOTO 3apA/a, TAe HapylIaeTcs yclio-
BH€ KBa3WHEHTPAJIHHOCTH TIIa3Mbl M (hopMupyeTcs
OCHOBHOE TIaJIeHHE TOTEHIIMala MEXAy TUIa3MOH |
MMOBEPXHOCTHIO aHOAA. DTOT CJIOW MOYXHO CUWTATh
0ECCTONKHOBUTENBHBIM, TTOCKOJBKY TIPH JaBICHUH,

“C6. tp. IV Mexna. koH(}. «MaremMaTndeckoe MOIETHUPOBaHNE W WH()OPMAIIMOHHBIE TEXHOJIOTHH B CBAPKE M POICTBEHHBIX
nporeccax» (27-30 mast, Katusenu, Kpbim, Yipauna). — 2008. — C. 55-63.

“"PaboTa BBINIOITHEHA B PAMKaX COBMECTHOT'O HAYYHO-HCCIIEIOBATEIBCKOTO MpoeKTa «Pa3paboTka caMoCOoriacOBaHHBIX (hH3UKO-
MaTeMaTU4eCKUX MOJelIel IPOIeccOoB HHEPro-, Macco- U MIEKTPOIIEPEHOCa B CUCTEME KaIlJIsi—aHOAHBIN CI0H—CcToN0 Iyru npu
CBapKe TUIABSIIIUMCS SIICKTPooM B 3amuTHOM ra3e» (DFG-Projekt DI 434/83-1).
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1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX

Cronb6 gyru

R R RN

»

Mogeni
razoguHa-
MUYECKHX
NpoLeccos B

nna:me
ctonBa gyri

%\\\\\\\\

Puc. 1. CrpykTypa caMOCOINIACOBAHHON MaTeMaTH4eCKON MOIENIHN (pU3MIECKHUX ITPOLECCOB B CHCTEME «CTOJIO Iyri—aHOAHas 001acTh—

chapﬂ}oumﬁcx aHon»

OMM3KOM K aTMOC(EepHOMY, U XapaKTEPHBIX IS pac-
CMAaTpUBAEMbIX YCJIOBUIl 3HAYEHHUSX TEMIIEPATyphI
aekTponoB T, ~0,7...2,0 5B [15, 16] Tommuuna sT0ro
cios X, cousmepumast ¢ paguycom Jlebas r, <107 m,
CYIIECTBCHHO MEHbILE XapaKTepHBIX [UIMH CBOOOI-
HOTO Tipodera Bcex yacTuil miasmel [ ~ 10°6...10% m
(OLIEHKM TIPOBEAEHBI AJIs1 APTOHOBOM IIa3Mbl aTMOC-
(bepHOTO NABICHNUS).

Bropast 30Ha (cM. puc. 2) — HOHU3ALMOHHAS 00-
JIaCTb HEM30TEPMUYECKON KBa3MHEWTpaJbHOM ILIa3-
MBI (WJIM TIpe/ICIIoN), TJe MPOUCXOAUT TeHepalus 3a-
PSDKEHHBIX YacTHUI] 33 CYeT MOHU3ALUH TUIa3MEHHBIMU
9NIEKTPOHAMHU aTOMOB 3aIIUTHOIO rasa, JecopOupy-
IOUIMXCS C MOBEPXHOCTH aHONA, W MCHAPSIOMINXCS
aroMoB ero marepuana. OOpasyromyecs 3/1€Ch HOHBI
YCKOPSIFOTCSI 110 HAIIPaBJICHUIO K IIOBEPXHOCTU aHOMA
JNEKTPUUECKUM TI0JIEM, CO3/1aBaeMbIM OoJiee MO-
BIYKHBIMHU DJICKTPOHAMH, U PEKOMOMHHUPYIOT BOJIW3U
aHOHOU MoBepXHOCTH. Takum 0Opa3om, B Ipeaenax
HMOHU3ALMOHHOI 00/1acTH HapylIatoTCsl YCIOBUS JIO-
KaJbHOTO HOHM3ALIMOHHOTO paBHOBecHs. Kpome Toro,
371€Ch MPOMCXOJUT 3aMETHOE U3MEHEHHUE MOTEHIINAIIA
ITa3MbI, KOTOPOE MOXKET OBITH COM3MEPHMO C €TO0 T1a-
JIEHUEM B CJIO€ IIPOCTPAHCTBEHHOI'O 3apsiza.

Ha paccTosiHuu OT IOBEPXHOCTH aHOIA, PAaBHOM
HECKOJIBKMM JUJTMHAM CBOOOIHOTO mpodera TsKe-
JIBIX 4acTuUll, IPOXOAUT Irpanulia cios Knyncena (cu.
puc. 2), KOTOpyo OyIeM COTOCTABIISITh C BHEITHEH
rpaHuIeH aHOAHOM 00J1aCTH, ¥ 32 KOTOPOH HaYMHAET-
Csl ra30IMHaMIYecKast 00J1acTh IUIa3MBl, TI€ yKe UMe-
€T MECTO JIOKaJIbHOE TePMOAMHAMHUYECKOE pPaBHOBE-
CH€ KaK IO NIOCTYyNaTeIbHbIM, TaK U 10 BHyTPEHHUM
CTENEHSM CBOOOIBI IUIa3MEHHBIX 4acTHLl. ITockoib-
Ky TOJIIMHA KHY/ACEHOBCKOro ciost L, < 107 M, Kak

NPaBHUJIO, CYIIECTBEHHO MEHBINE PaJIyca KPUBH3HEI
MOBEPXHOCTH aHo/a (Karuli WM CBapOYHOMN BAaHHBI)
R ~ 1073 M, a Takke XapaKTEpPHBIX MAcCIITa00B U3Me-
HEHUS TapaMeTPOB IUIA3MBI B CTOJIOE TyTH, aHOIHYIO
oOmacte OyaeM B JalbHEHIIEM CYHUTATh IJIOCKOH H
0ECKOHEYHO TOHKOH, COBMEIIast €¢ BHEIHIOIO I'PaHu-
Iy C HOBEPXHOCTHIO aHO/IA.

B pamkax Takoro moxxosa NpuaHOHAS TyroBas
1a3Ma (paKkTHIeCKH COCTOUT U3 JIByX OCHOBHBIX 00-
JlacTel: HepaBHOBECHOU (aHOHAs O0JIACTh WU CIIOH
Knyncena) m paBHOBECHOH (razofmHaMudecKkas 00-
JacTh), JUIA KOTOPO# mepBas o0JacTh WrpaeT poib
HOBEPXHOCTH Pa3pbiBa. 37€Ch CIEAyeT OTMETUTD, YTO
ra3oguHaMHYecKast o0JacTh IUIA3MBI, TaK )K€ KaK H
aHofHast 00acTh, MOXKET OBITH YCJIOBHO paszeiieHa

- Tok amMHcCHH ——*

[Torok atomos
C TIOBEPXHOCTH

- Tlotok

Obparusiii
HOTOK ATOMOB

Honnelii Tok RSN

Tok nuasMeHHbIX
WEKTPOHOB LU

H3 TUTa3sMbl

—
© IIa3MBbL

DmekTpu-
S YECKMI TOK

2

AHon

X: Ly
Cuoii npoct- : Honuszaunonuas
PAHCTBEHHOTO | obnacte
3apsaaa : (npencnoit)

Anognan obnacte

7

(KHY/ICEHOBCKHIT C/10ii)

S
Crond nyru
(razoauHaMH4ec-
Kas 00nacTs)

Puc. 2. CprKTypa HNPUAHOAHOI'O CJIOA IJIa3Mbl, IIOTOKU YaCTHUI] U
pacnpeciICHue NOTCHIIalla B aHOZ[HOﬁ obactu CBapO‘IHOfI Ayru
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PA3JIEJT 1. IVTOBASI CBAPKA

Ha JIB€ 30HbI: TEIUIOBOM IIOTPAHUYHBIN CIIOH, B IIpe-
Jenax KOTOPOro MPOMCXOJUT BhIpaBHUBAaHHE TEMIIe-
paryp 3IEKTPOHOB T M TSDKENBIX 4acTHIl T, ¢ Temre-
paTypoil mmasmel B ctonde ayru T, U, COGCTBEHHO,
ctonb ayru [14, 15].

[Ipy MareMaTHYeCKOM OIMCAHUU TPOLECCOB
ANIEKTPONIEPEeHOCa B aHOAHOM 00MacTH Oyrd ¢ ucra-
psrommMMcsT aHOIOM OyJeM CUHMTaTh, YTO IJla3Ma Ha
BHEIIHEH TpaHMLE 3TOH 00JaCTH XapaKTepHU3yeTcs
CIIEYIOIMMA TIapaMeTpamu: N’ — KOHLEHTpaLus
DIIEKTPOHOB; N’ — KOHLIEHTpauun atoMoB (Z = 0) u
HOHOB (Z = 1) 3alIMTHOTO WX MJIa3MO00pa3yIOLIEero
raza (o = g), aromoB (Z = 0) u nonos (Z = 1, 2) metai-
JIMYECKOTo napa (o = m); Ze — 3apsii HOHA; e — dJie-
MeHTapHblii 3apsaj; T’ — Temmeparypa 3JIeKTPOHOB;
T — Temmeparypa TSKEbIX YacTHLL, TIPEATonarae-
Masi OIMHAKOBOH ISl BCEX COPTOB aTOMOB U HOHOB,
HO OTIMYHOW OT T? (1ByXTemIeparypHas MoJeib
IJIa3Mbl); 71, — Macca JJIEKTPoHa; M — Macchl Ts-
KEJIbIX YacTHLl (ATOMOB M MOHOB) rasza (o = g) U Me-
Tayna (o = m); j, — IIIOTHOCTb JJIEKTPHYECKOTO TOKA
Ha TIOBEpXHOCTH aHoja. Kak yxke ObUIO OTMeueHO,
aHoO/HAas 00JaCTh MOYKET CUMTAThCSl TOHKOM M KBa3H-
OJTHOMEPHOM, MOITOMY 3HAUCHHUS ng, ngz , Teo, ThO uj
MOYKHO PaccMaTpuBarh Kak JOKaJIbHbIE, COOTBETCTBY-
IOLIMe JaHHOW TOYKE MOBEPXHOCTH aHOJA, XapakTe-
PU3YIOIICHCS JIOKaJbHBIM 3HAaYCHUEM TeMIeparyphbl
TIOBEPXHOCTH T.

Bynem cuutarh, 4TO HEepeHOC TOKa Ha aHOA OCY-
LIECTBIISIETCS TOJIBKO AIIEKTPOHAMH M HOHAMU, IPUXO-
JSIIIUMH U3 I1a3MBbI (TIPEeIIoNaraeTcsl, 9YTo BCe HOHBI,
MOMABIIME HAa MOBEPXHOCTh aHOJA, PEKOMOMHUPYIOT
TaM U BO3BpAILAIOTCS Hazaj B BUIE aTOMOB; OTCYT-
CTBYET MOTOK 3JIEKTPOHOB, SMUTTUPYEMBIX aHOAOM).
Torga cymmapHasi MIOTHOCTH MEKTPUYECKOTO TOKA,
TEKYIIEero M3 MUIa3Mbl Ha TIOBEPXHOCTH aHOJA MOXET
OBITH IpE/CTaBIICHA B BUJIE!

Jo=Jo—Ji- (M
3,Z[eCI>je — IUNIOTHOCTB DJICKTPOHHOI'O TOKa Ha aHOH;
.]| = JQZ
a=m,g;Z21

— cyMMapHas IJIOTHOCTh HOHHOI'O TOKa (JJIsi HOHOB
BCEX COPTOB | 3apSIOB).

DJIEKTPOHHYIO KOMIIOHEHTY IUIa3Mbl B Mpeesiax
AHOIHOM 00JIaCTH C JIOCTATOYHON TOYHOCTHIO MOXKHO
CUNTATh OCCCTONKHOBUTEIBHOM, a TEMIIEparypy 3JIeK-
TPOHOB — TIOCTOSIHHOW 10 ee TommmHe [18]. Kpome
TOIO, IOCKOJIbKY TIOTEHIIMAJ IUIAa3Mbl OKa3bIBAacTCH,
KakK TIPaBWIO, BBINIC MOTeHNMana anoma [15—17], 4ro
BBITOJIHSAETCS BILIOTh [0 3Ha4eHui j ~ 10° A/m?, orek-
TPOHBI TOPMO3SATCS JICKTPUYCCKUM I10JIEM, @ HOHBI
YCKOPSIFOTCS 110 HAIPABJICHUIO K IOBEPXHOCTH aHO/IA.
B sToM citydae pacnpeziesicHHE 3JICKTPOHHOW KOH-
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LHCHTpaluun B aHOI[HOfI 001aCTH MOJKET OBITH IIPUHATO
60J'II:LIMaHOBCKI/IMI

oo o)

n (x)=n’exp— o
e e kT .

’ (@)
rme @(X) — pacrpeneicHue MOTCHINAIA B ITPHAHO-
JTHOM CJIO€ TIIa3MBI (CM. pHC. 2); kK — TIOCTOSIHHAS
Bosnpimana; ¢ — MOTEHIMAT T71a3Mbl OTHOCHUTEIBHO
moBepxHocTH anoma (¢° > 0). Toraa MIOTHOCTH JIIEK-
TPOHHOTO TOKa Ha aHOX ecTh [ 14]:

| e’
]e:ZengvTeexp ——k;PO , (3)
e

[8kT?,
VTG N\ mm,

— TEeIJIOBast CKOPOCTH JIEKTPOHOB HA BHEITHEH Ipa-
HUIIE aHOJTHOW 00IacTH.

Jis HaXOKeHNsT HOHHBIX TOKOB HEOOXOIMMO pac-
CMOTpETh TPOIECCHl B MOHU3AIMOHHON 0071acTH, TIe
MIPOMCXOUT TeHEPAITsl HOHOB U MX YCKOPEHHE B CTO-
pony anoma. Jlys aToro memons3yem noaxox [19], xo-
TOPBIN OCHOBBIBAETCS Ha MPENNOIOKEHHUH, 9TO JUTHHA
CBOOOIHOTO MPOOETa NOHOB OTHOCHUTEIIHHO KYJTOHOB-
CKHX CTOJIKHOBEHUH MEX Ty COO0H 3HAUNTEIIEHO MEHbB-
1€ JUTUHBI UX MPOOera OTHOCHUTENFHO CTOJIKHOBEHHH
C aTOMaMH 1 JJTMHBI HOHU3AINH (XapaKTepHbIEe 3Hade-
HUS YKA3aHHBIX BEMUYUH eCTh: [, ~ 1070 m; [ ~ 107 m;
[~ 10" M). DTO TO3BONAET CUMTATh, YTO HOHBI B
MpeCI0e MHTEHCHBHO MaKCBEIUTH3UPYIOTCS U TIPHOO-
peTaoT OOMIyI0 CKOPOCTh HANpPaBICHHOTO JBHKEHUS
B HaNpaBlIeHUN aHO/A, 3HAYEHHE KOTOPOW Ha TPAHUIIe
MOHHW3AIMOHHON 00acTH CO CIIOEM MPOCTPAHCTBEH-
HOTO 3apsi/ia, yIOBIEeTBOpsItoIIee Kputepuio boma [20],
ompenenseTcs BeipakeHueM [ 18]:

rac

k(ZTOe+T0h)ngZ

= — a=m,g;Z>1 .

V.=V(%)= g 0 ;
M n

o oZ
a=m,g;Z>1

“)

1+4221k(ZT06+T°h)nfnZ |
(

2
0 0
WY M,
Z>1

IepBoe cootHoreHne (4) coorBeTcTBYET AUPPY3H-
OHHOMY pexuMy ucrapenwst (V0 ~ 0), Toraa KaK BhIpaKe-
HHE B CKOOKaX COOTBETCTBYET KOHBEKTUBHOMY PEKHMY
ucnapenus Metaiuna adoza (V0 # 0), tae V' — HopMastb-
Hasl K €ro TIOBEPXHOCTH CKOPOCTD pazJieTa MFOHU3UPOBAH-
HOTO Iapa Ha BHEIIHEH rpaHuLie aHOJHON 00IacTu.

BriOupasi B KauecTBe T'paHMIBl MOHHU3ALUOHHON
00JIaCTH €O CJI0eM MPOCTPAHCTBEHHOTO 3apsia TaKoe
X, mpU KOTOPOM HApyIIaeTCsi yCIOBUE KBa3HHEH-
TpadbHOCTH TUTa3Mbl [20], HAXOAUM KOHIICHTPAIUU




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

3apsOKEHHBIX YACTUI[ HAa TPaHUIE CJI0s MPOCTpaH-
CcTBeHHOTO 3apsiaa [18]:

N | 1)
n=n(X)=n, exp(—j}
- N 1 (%)
n,= az(x) =n, exp[—j} o=m,g;Z>1.
Torma MOHHBIE TOKM HAa TTOBEPXHOCTH aHOAA MOXK-
HO 3aIucaTh CIIeAyrommuM oopazom [18]:

. 1)
Juy =Zeny, eXp(_iji’

IIpy KOHBEKTHBHOM PEXHUME HCIAPEHUsT aHoMa
(V° # 0) Benmuuuny exp(—1/2) B (5), (6) ciaenyer 3ame-
HHUTh Ha

a=m,g;Z>1. (6)

m mZ

00y ZM 20
z>1

X X
P 8 k(ZT) +T)n’

Z=1

2
4y k(ZTEO + Th(’)nf;Z
zZ>1
042 0
(V ) z anmZ

Z>1

xq1+ |1+

3Hast DIEKTPOHHBIA M WOHHBIC TOKH Ha TIOBEPX-
HOCTb aHOJa, W3 YpaBHEHUS (1) MOKHO HAWTH TTOTEH-
[[MaJl TUIa3Mbl OTHOCHTENILHO 3TOi MOBEPXHOCTH °
WM aHoHoe nafenue norennuana U (U, < 0)

e Te . (7)

Z jocZ

a=m,g;Z=1

4 j,+

Pacuer Benmmuun j, j , u U, TpeOyeT 3HaHUA TEM-
neparyp T?, T u xonuentpamuit n’, n’  sapsken-
HBIX YaCTHUI] Ha BHEIIHEW TpaHUIIe aHOJHON OOJIacTH.
IIpenanonaras, 40 MHOTOKOMIIOHEHTHasl IUIa3Ma B
cTONOE AYTH SBISAETCS HOHU3AIMOHHO-PABHOBECHOM,
COCTaB TaKOM TUIa3Mbl HA TPAHUIIC C aHOMHOH oOa-
CTBIO MOYKHO ONPEIEIUTh, UCIOJb3YS CIEAYIOLLYIO
CUCTEMY YpaBHEHUI:

e ypaBHeHuss Caxa C y4eTOM HEHJEATbHOCTH
I1J1a3Mbl

32

ngngZH _ 2mm kT°, | 20,5, 5
no, n 00z
e(U,,-AU,) . ®
xexp| — kToe , o=m,g; Z>0,
rne h — nocrosunas [lnanka; 0 , — crarucruve-

CKHE CYMMBI IJId TSKCEIIBIX 4aCTUI] COPTa a, HAXOOA-
IMUXCA B 3apAA0BOM COCTOSIHUUA Z,

_e(Z+1)
M

— CHIDKCHUA ITOTCHIMAJIOB MOHMU3AIHU, 06YCJIOBJICH'
HBIC B3211/IMOILCI>1CTBI/ICM 3apsHKCHHBIX YaCTHUIL B I1J1a3ME;

12
T 0 2
—_| 470 o 0, e
I'D— kTe / 4me n += Z naZZ
p oa=mg;Z=l1
— paauyc [lebast.
® YCJI0BUE KBa3HHeﬁTpaHBHOCTH IJ1a3Mbl
0 _ 0 —
n)= % n,Z, o=mg. 9)
a;Z=1
® 3aKOH napuuajJjbHBIX ):[aBJ'IeHI/Iﬁ

S Py 0 710 0 770
p=nkT +ZZ>:0ankTh +Zz>zongszh —Ap. (10

3[[60]: p — moJIHOC naBJICHHUEC B IJIa3Me;

Apzlé n2+

0 2
n _Z
6rD

aZ
oa=m,g;Z=0

CHIDKEHHE MaBIICHUS 3a CYET HEWJIeaTbHOCTH
rwiasmel [21]. B quddy3nonnom pexxnme ucrnapeHus
MeTajjia BeINYUHA P MOXKET OBITh MPHHSITA PAaBHOU
BHEIIHEMY JIABIICHUIO, HAlpUMep arMoc(epHoMy
TABJIEHUIO ).

s 3ampIkanust cuctemsl ypaBHenuit (8)—(10) ne-
00XOIMIMO €I11e OJJHO YCIIOBHE, OIIPEAEIISIONIEe KOHIIEH-
TPAIHIO YACTHII T1apa, IPUCYTCTBYIOMINX B IIPHAHOTHOM
riazme. [penmonaras, 4ro ckopocTsb AU Qy3un YacTHI]
napa maja, T.e. COCTOsIHUE Tapa OJIM3KO K HACHIIICHHIO,
B Ka4eCTBE TAKOTO YCIIOBHS MOYKHO BBIOpATh paBEHCTBO
MapIUAIBGHOTO JIABIICHUS TSHKENBIX YaCTHI[ WCTapeH-
HOTO MeTaJlla Ha BHEITHEH TpaHUIle aHOIHON 00IacTu
JABJICHUIO HACBILICHHOIO Tapa P, Ha/l MOBEPXHOCTHIO
METalIa, UMEIOIIETO TemIeparypy T

> n® k1= p =p exp ML (11
£ mZ " h S 0 k Tb TS

rae T, — Temmeparypa KMIEHHUs; A, — paboTa BbIXO-
Jla aroma mMetaiia anona; T0 = T

Ecnu reMneparypa moBepXHOCTH aHO/A IPEBBILIA-
eT TeMIeparypy, Ipu KOTOPOH 1aBIeHIE HACBIIIEHHO-
IO HFOHM3UPOBAHHOTO IIapa CTAHOBHUTCS OOJIbILIE BHELI-

HEro JaBiueHus ( p,(; = nngeo +y nr(’)MkTh0 ~Ap>p),
730

HaYMHACTCS pacUIMpeHue (pasiieT) MEeTauIn4eCcKOro
napa, KOTOPBIH OTTECHSET 3alUTHBIA WM TUIa3MO-
oOpasyromuii ra3z, U AUQQOY3MOHHBIH PEKUM HC-
napeHus CMEHSETCSl KOHBEKTHBHBIM. B pesynbrare
NpUaHoiHAas IJIa3Ma CTAHOBUTCS OIHOKOMIIOHEHT-
HOH, conepaleid TOJBKO YacTUIBl HCIApPEHHOTO
Mmetayuia. CocTaB Takol TJIa3Mbl MOJKHO PAacCUUTATh
¢ momotnibio ypaBHeHu# (8)—(10), mMomouB B HUX

n’ =0 ¥ JOTOJHKUB 3Ty CUCTEMY yPaBHEHHUIA CO-
o &
OTHOILECHUSAMHM, ONPEAECIIAIOIUMU KOHIIEHTPALUIO |
TEMIIEPATYPy TKEIBIX YaCTUL[ PACIIMPSIOLIErOCs
napa BOJIW3M MOBEPXHOCTH aHona. I[Ipu KOHBEKTUB-
HOM pe>KI/IMe I/ICHapeHI/IH JJI1 HAXOKIACHUA BCINYUH

n0

Az W T? Gy/leM MCTONB30BATh BHIPAKEHHUS, T10-
>
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PA3JIEJT 1. IVTOBASI CBAPKA

JIy4eHHBIE B [22] IPUMEHUTENBHO K CIIyYaro ucrmape-
HUSA B CPEAy C IPOTUBOJABICHUEM:

2 M

s t)i-of) - 2
x I—SO+%{1—ymﬁexP(Y;)[l—Q(Ym)}}I%; (12)
-I:I.(:}':Hyg";c 1- 1+% .
3nece N = p/kT, — KOHIEHTPALMs HACHILEHHOIO

rapa, COOTBETCTBYIOIAsl JaHHOW TeMmeparype Io-
BEPXHOCTH aHOAA;

12

OMm

0
2kT7,

Y=

— 0Oe3pa3MepHasi CKOpOCTh apa;

@(x):%fexp(—az)da
0

— MHTETpaJl BEPOSITHOCTH.

OT™MeTHM 3J1€Ch, YTO CKOPOCTH VO SIBJIACTCSA BHCIII-
HUM TIapaMETPOM M OMpENesieTcsl YCIOBUSMHU pac-
LIMPEHUs Iapa B Ta30JUHaAMUYeCcKoli obnactu (cTonbe
ayrH). JIist 4UCIIeHHOM OLIeHKH BETMYHMHBI V' B CIydae
JO3BYKOBOI'0 TCUCHUS I1JIa3MbI 6yIlCM HCIIOJIB30BAaTh
BBIpaskeHue [22]:

U, B 6500 7000 7500 8000 8500 T, K
T I T T T

10000 11000 12000 13000 j, Alem?
0 T y : :
_0.5 L
1,0
L3r T, = 7000 K
_________ = ——
20FT 7
T, = 8000 K
230 / _
3,01 T, = 9000 K
-3.5

p

o

Puc. 3. 3aBHCMMOCTH aHOJHOTO INAJCHUS MOTEHIHAla OT TeM-
HEPaTyphl BEKTPOHOB B TPHAHOIHOM CJIOE€ IUIA3MBI MPH j =
= 11600 A/cm? (@) ¥ IUIOTHOCTH TOKA Ha OBEPXHOCTH aHO/a-Kall-
mm npu T, = 3100 K (6) mpu cBapke MIaBsAIEMCs SJIEKTPOJIOM B
aTMoc(epe aprona
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(13)

3mech S U Y, — CKOPOCTb 3BYKa W MOKAa3aTellb aju-
abaTbl AJs 3alIMTHOTO (IJ1a3MO00pa3yIolIero) rasa
MIPY HOPMAJTbHBIX YCIOBHAX.

Paccunrannbie TakuM 00pa3oM 3aBUCHMOCTH aHO-
JTHOTO TIaJICHUS IMOTCHIIMANIa OT TeMIIepaTyphbl Iuia3-
MEHHBIX 3JIeKTPOHOB Ha TPaHHMIIE aHOJTHOHM 00IacTH CO
CTOJI00M IIyTH M OT IUIOTHOCTH TOKAa Ha aHOJE TIPH yC-
JIOBUSIX, XaPAKTEPHBIX JIJIS CBAPKH ILIABSIIIIUMCS CTaITb-
HBIM JJIEKTPOJIOM B arMmoc(epe aproHa, MPHBEICHBI
Ha puc. 3. Kak cnemyer u3 npencTaBleHHBIX Ha 3THUX
PUCYHKax pacyeTHBIX JAaHHBIX, aHOIHOE TaJCHUE B
paccMaTrprBaeMol CHCTEME SIBIISICTCS OTPHUIIATEILHBIM
M cOCTaBjseT o abcomoTHol Bemmuuue 1,0...3,5 B,
YTO JOCTaTOYHO XOPOIIIO KOPPEIUPYET C pe3yIbTaTraMu
pabotsl [16]. Eme Oosee BrieuaTssiFOIMM OKa3bIBaCT-
Cs COBIIAJICHUE PACUETHOIO 3HAYEHUS Ua =4,04 B mig
JIYTH C TyTOIUIABKAM KaTOJOM M METHBIM BOJOOXJIaXK-
JTAeMBIM aHOJIOM, TOPSIIICH B aproHe mpu arMocdep-
HOM AaBiieHUH (Tok ayre 200 A) ¢ SKCIIEpIMEHTaTHLHO
n3MepeHHbiM 3HadenneM U = 4,01 B [23] (pu mpo-
BE/ICHUH PAcYeTOB MCIIOIE30BAINCH AKCIIEPUMEHTAITh-
Hble Jlanuble [23, 24], a umenno: j, = 3,5-10° A/m’,
Teo =9840 K, T, = 720 K).

MaremaTudeckass Mojae/ib 1eKTPOMATHUTHBIX
MpOIeCCOB B CHCTEMe «CBAapOYHasi Ayra—ucrnaps-
omuicsa anom». [Ipu ananuze npoueccoB AIEKTPO-
TepeHoca B CHCTEME «CTOJIO TyTH—aHOIHAs 0071acTh—
UCHApSIONIUICS aHom» Oy/leM paccMaTpuBarh Ba
BapMaHTa yKa3aHHOW CHUCTEMbI, M300pa)KCHHBIC Ha
puc. 4, mpenronaras HaJU4ue OCEBOW CUMMETPHH.
B sTOM citydae ajisi OnmMcaHMs 3JIEKTPOMAarHUTHBIX
MPOIECCOB, MPOTEKAOIINX B TUIa3Me CTOJ0a AYTH H
B TeJe aHOAa, MOKHO HCIOJh30BaTh CTAHIAPTHHIC
ypaBHenus [1, 9]:

® ypaBHEHHUE HEMPEPHIBHOCTH MEKTPHUECKOTO TOKA

10 op), O Op)_
?E[“’EJ*E[GE)‘O'

(pp(r,z) (B mutazme crosiba mayrn)

(14)
3necn

o(r,z)=

®,,(r,2) (B MeTase anoia)

— MPOCTPAHCTBEHHOC pacCHpEACIICHUEC ITOTCHIHAalla
SJICKTPHUYICCKOI'O I10JIA;

6 _(r,z) (B masme cToaba Iyri)

o(r,z)=1 °
o, (r,2) (B MeTane anoia)

— HPOCTPAHCTBCHHOC PpaCIpCACICHUC yﬂCHbHOﬁ

3JIEKTPOIPOBOAHOCTH CPEJIBL.

® JIOKaJIbHBIN 3akoH OMma

Op. . _ 09

jr:_ or’ Jz = (15)

® YPaBHCHUEC [IJI1 HAXOXKIACHUA HHAYKIIWMU MarHuT-
HOTI'O ITOJIA TOKAa AYyIr'u:




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

B,(r,5)="" [ 2z (16)

IJIe ¢ — CKOPOCTh CBETa.

Hnst pemenust auddepeHInanbHbIX  YpaBHEHHI
(14) B mna3me cronba ayrH U B TeJe aHOa HEOOXOIMMO
3aJ1aTh COOTBETCTBYIOIIHE KpaeBble ycioBus. Ha BHem-
HUX TPaHHIAX pPacyeTHON 00JacTh BHIOMPAIOTCS CTaH-
JapTHBIC TPaHUYHBIE YCIOBUS (CM. puc. 4), MoaApoOHO
omucanHble, Hampumep, B [9, 17]. Ocraercs 3amarh
YCJIOBUSI Ha TPAaHUIAX aHOJHOM 00JacTH CO CTOIOOM
JYTH ¥ ¢ IOBEPXHOCTHIO aHO/a (KarIh WIIM CBapOYHOM
BaHHBI). [[pruHMMas BO BHUMaHHE TO OOCTOSITENLCTBO,
YTO TOJIMHA aHOTHOM 00JacTh OCTATOYHO Maja, ee
MOXHO paccmarpusarh Kak rpanuiy I') mexy rnas-
MOH CTONOa JAyTH M MOBEPXHOCTHIO AHOJA, YUHUTHIBAS
[P 3TOM HAJIWYHMEe COOTBETCTBYIOILIETO CKayka dJIeK-
TPUUECKOI0 NOTEHIMaa Ha 3ToW rpanuie. B pamkax
TaKOTO MPUOTMKEHHS TPaHUYHOE YCJIOBHE HA TPaHHUIIE
", MOXeT OBITh 3a71aHO CIIELYIOIIMM 00Pa3oM:

amn

re @° — BeJIMYMHA CKayKa IMOTEHIIMaa, Onpeerse-
Masi B KQXJIOH TOYKE YKa3aHHOHW TPaHUIIbI COOTHOIIIE-
HueM (7).

[Ipu pa3paboTke METONOB YMCIEHHOIO pEHICHUS
3aJlaud dIIEKTPOIIEPEHOCa B paccMaTpUBAaeMOU CH-
CTeME IeJIeCO00Pa3HO HCIIOIb30BaTh BBIUMCIIATENb-
HBIE allTOPUTMBI «CKBO3HOTO CYETa», T.€. TaKUe, KO-
TOpBIE UMEIOT €INHOOOPA3HYIO CTPYKTYpy BO BCei
pacueTHOW oOmactu. Takue aarOPUTMBI MO3BOJSIOT
HE TOJIBKO YIPOCTHTH pa3pabOTKy MPOrpaMMHOTO
oOecrnieueHusl, HO U CYIIECTBEHHO YMEHBIIUTHh 00be-
MBI BEIYHCIICHAH 110 CPABHEHUIO C AITOPUTMAaMHU, ITPH
YHUCIIEHHON peau3alliil KOTOPHIX B SBHOM BHJIE WC-
TIOJTB3YIOTCSI YCIIOBHS COIPSDKEHUS PEIIeHH Ha Tpa-
HUlle pasznena cpen. JlocTmkeHne yka3aHHOW IEJH
TpeOyeT mnepedOpMYyIUPOBKH YpaBHEHHWH Marema-
TUYECKOM MOJIETH TIPOIIECCOB AIIEKTPOIEpeHoca, 3a-
MMMCAHHBIX MEPBOHAYAIBHO B Buje (14) mns mia3Mel
cTonba Jyrd W MeTaljla aHoJlld, C HCIOJIb30BAaHUEM
amnmapara Teopun 0000meHHbIX QyHKuuH. C dusn-
YECKOW TOUKH 3pEHHUS 10l 000OIIEHHBIMH ypaBHEHU-
SIMH 2JICKTPOIIEPEHOCa TOHUMAIOTCS, TIPEXKJIEe BCETO,
000OIICHHBIN 3aKOH COXpaHEeHUS 3apsiaa U 0000MIIeH-
Helii 3akoH OMa, ompenessieMble Ui Pa3pbIBHOTO
AIIEKTPUYECKOTO OTEHITHANIA.

Beenem Q=Q uQm >Rn — o0macTh penreHus
3aja4u, rae nox {3 u Q  noHMMaroTcs nonobsacTy,
OTHOCSINMECS K IUIa3Me CToiida JyTM W K MeTal-
Jy aHoxa, coorBeTcTBeHHO. Yepes I',, kak m panee,
0003HaYMM TpaHUILy pazzena momodmacreit Qp, Qm u
OTIpPENIENM IUIOTHOCTh JJIEKTPUYECKOTO TOKA B Ka-
JKJIOM M3 HUX C ITOMOIIIBIO BEKTOPHBIX COOTHOIIICHUH:

Lo | =
@p‘ra Pl =)

R>
-
L4
L O
A 4 u ®=0
[o) ra—(p:,- 6_‘9: .
e =90 VR VR
Pttt '
Z_;p:() Jyra Z_;pzo

R,
Ly
AHOL/
L
0

zVY P=
o
Puc. 4. Cxembl pacdeTHOIT 00IacTH M KpaeBbIe YCIOBUS IS 337144
AJIEKTPOIIEPEHOCA B CHCTEME «CBapO4Hasi Ayra—UCIapsIonmics
aQHO/» MPH CBApKE IUIABSAIIAMCS AIICKTPOIOM (@) M TUTa3MEHHOM

cBapke (0)

]‘B = —cﬁgrad(pﬁ, B=p,m. (18)

3nech (Pﬁ(f),ﬁl3 (¥) — moTeHUMAN JJIEKTPUYECKOTO
HoJIsE U yIelibHasi DJICKTPOIPOBOAHOCTh B COOTBET-
cTByIOLIEN noxooactu (¥ € Q; B=p,m).B coorser-
ctBuu ¢ (17) ycnoBus CONpspKEHUs HA TPAHUIE pas-
Jiena JUisl SIEKTPUYECKUX BEJIUYUH, OTHOCSIIUXCS K
ia3me cTosba Ayry U K METaJlly aHo/a, MOTYT OBITh
3alKCaHbl B BUJIC:
Updr, =0 Lol =‘P°[fnra} (19)
I1e j, — HPOCKIMs BEKTOpa ; Ha HampapieHHe f
HOpMastH (B CTOPOHY CTOJI0A IyTW) K yKa3aHHO# rpa-
HHIIC, [---]Fa — CHMBOJI CKa4yKa (yHKIUH Ha TPAHULIC
I,, BBIYMCIIIEMOTO NPOTUB YKAa3aHHOTO HAIPABIICHHS.
ITycts u(y) — HekoTopas, onpeseneHHas B (2,
KyCOYHO-TJIajikasi (pyHKIMs, TpeTepreBaromas pas-
peIB TIEpBOTO pona Ha rpanuue I'. Torna 06o6uieH-
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PA3JIEJT 1. IVTOBASI CBAPKA

HBI Omeparop rpajueHTa Takod (QYHKIIUH MOXKHO
BBECTH CJICIYIOLIUM 00pa3oM:

GRAD u=GRAD u + ﬁ[u]ru (), (20)

e O(I')) — nenbra-pynkuus [lupaka, cocpeno-
ToueHHas Ha I’ , a GRAD U cosnanaer ¢ grad U B
mog006IacTIX Qﬁ(B = p, m). JAns BexTop-GyHKITUN
4(y) . nupdepenunpyemoii B Q (B = p, m) u coxpa-
HSIOIICH HENPEepbIBHBIC MPOEKLUMU HAa HOPMalb M K
", MOXHO BBECTH O1EPaTOp 060OIIEHHON IMBEPIEH-
unn DIV, G=divg(y e QB)‘

Hcnonpe3ys 3TH oneparopsl, IpOLECcCH NepeHoca
NIEKTPUYECKOTrO 3apsga Bo Bcell obmactu {2 MOXKHO
OIKCaTh C MOMOILBIO CHUCTEMbI UG depeHINANTbHBIX
YpaBHEHUH NEPBOrO IMOPSAKA, 3allUCAHHBIX B 0000-
LIEHHBIX TPOU3BOAHBIX [25]:

DIV, j=0;
GRAD ==L j+rg Gl ar,.

[lepBoe ypaBHEHUE 3TOW CUCTEMBI SBIISIETCS 0000-
LIEHHBIM 3aKOHOM COXPAaHEHHUs 3apsja, a BTOPOEe —
0000meHHpIM  3ak0oHOM OMa, 3amMCaHHBIMHA - IS
Pa3pBIBHOTO MOTEHIMANA 3JIeKTpudecKkoro mnosus. Ot-
METHM 3]1eCh, YTO ypaBHeHHU (21) ciiexyeT moHUMaTh
KakK paBeHCTBO (DYHKIIMOHAJIOB, OMPEACIICHHBIX B CO-
OTBETCTBYIOUIMX (DYHKIIMOHATBHBIX MPOCTPAHCTBAX.

JU1g 4uCNeHHOro pelieHus 3a/1a4u 3JIeKTporepe-
HOoca B 0000mIeHHoil nmocTaHoBke (21) MOXHO uc-
[I0JIb30BaTh OJHOPOJHYIO Pa3HOCTHYIO cxXemy (cxe-
My «CKBO3HOTO CYETa»), HIOCTPOCHHYIO CIIEAYIOLINM
obpasoM. B obmactu Q BBOAMTCS CETKAa ®, = {X, =
=ih, X, = Jh,} (¢ uenpio ynpomenus Gopmbl 3amnu-
cH, JalbHellnee n3JIoKeHne OyJeM BECTH JJIsl IBYX
IPOCTPAHCTBEHHBIX JIEKAPTOBBIX MEPEMEHHBIX X, X,).
I'pannna I anmpoKCUMUPYETCst Ha CETKE ©, JIOMaHOU
JIMHKEH B BUJIE OTPE3KOB, NapaJlIeTIbHBIX KOOPIUHAT-
HBIM OCsiM. Mcronb3ysi HHTETpO-MHTEPIOISAIIMOHHBINA
METO/I (MeTO/ Oaanca Ha SYeHKe CETKH ,), yPaBHE-
HUsAM (21) MOXKHO TIOCTaBUTh B COOTBETCTBHE CIIE/TY-
FOIIUM CETOYHBIN aHaJIOoT:

Ap=vy, @2)
rae AQ — MATUTOYCHYHBIN CETOYHBIN omepaTop BUAA
Ap= (a(p)Tl )X1 +(b(p),(2 )X2 , TIe (pyn , (pxn — JieBas ¥ Ipa-
Bast pa3sHOCTH 10 nepeMennoi X = 1, 2). Koadpuuu-
eHTHI a, b onieparopa A onpenesnsoTcs Kak BeJINYn-
HBbI, 00paTHBIC CPEAHUM CETOUYHBIM COIPOTUBIICHUSM,
BBIYUCIICHHBIM 110 COOTBETCTBYIOLIUM SUCHKaM CeT-

ku. Ckadok morenmuana ¢°( J - ) B aHOLHOM 00ia-
a

CTH YYHUTBHIBACTCS WICHOM \y B TIPABOM YaCTH CETOY-
HOTO ypaBHeHUs (22).

Ha ocHoBe ommcaHHOIN BBIIIE MaTeMaTHUCCKOU
MOJIETH W TIPEIIIOKEHHOTO BBIYUCIUTEIIHEHOTO ajl-
TOpUTMa IS €€ YHCIICHHOW peau3aluu OBLI0 pas-
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paboTaHo mporpamMmHOe OOecredeHue W TPOBEACH
YHCICHHBIH aHaIM3 IMPOLECCOB NEKTPOIEpeHoca B
CHCTEME «CBapOYHas yra—MCHapsIOLIUICS aHoIy,
NPUMEHHUTENIFHO K YCJOBUSIM CBapKH IUIABSIIMMCS
SNEKTPOAOM U IJIa3MEHHOH CBapKH CIIJIABOB HA OCHO-
BE JKeJsiesa B arMocepe aprosa.

B mepBoM ciydae mapaMeTpsl paccMarpuBacMoOn
cucteMsl (cM. puc. 4, a) ObUTH BBIOpaHbI CIIETYIOLIN-
mu: R = 0,6 mm; R, = 1,0 Mmm; R = 1,0 Mm; R = 3,0 Mm;
R=50wmm; L =5,8 Mm; L= 10,0 mm; /=200 A. Pac-
npeneNieHne TeMIlepaTyphl B Ila3Me cTonba Ayr 3a-
JIaBaJIOCh COOTHOILICHUSIMH:

Tp(r,z):Tooexp[—a4(z)r4:|+T0;

(23)

rne T, = 10000 K; T, =300 K; T_ = 530 K a remnepa-
Typa MOBEPXHOCTH aHoAa (KaIui) BIOMpaiach paBHOM
TeMIeparype Kurnenus xenesa, Te. I =T, = 3133 K.
[IpocTpaHCTBEHHOE pacTpeeieHle BICKTPOIPOBO-
JTHOCTH JTyTOBOH ITIa3MbI Gp(r, Z) BBIYUCIISIIOCH C T10-
MOIIBIO (23) IO COOTBETCTBYIOIIUM TEMITEPATYPHBIM
3aBUCHMOCTSIM G p(T p) Uit Ar—Fe mma3Mel pa3TnaHOTO
coCTaBa, MPEJCTABICHHBIM Ha pHc. 5 (mpearosara-
JIOCh, YTO IuIa3Ma cTojyidoa jyru copepxkut 10 % me-
TaJUTUYECKOTO Mapa). DNEeKTPOIPOBOIHOCTh METaylia
aHo/ia (HU3KOYIVIEPOAMCTAs CTallb) BHIOMpaNach I0-
CTOSHHOW G| = 7,7-10° (Om-m) L.

Pacnipenenenue sreKTpUUEcKOro TOTEHIHANIA U
JIMHUHM TOKa B TAKOW CHCTEME MOIYT OBITh IPOWJI-
JIOCTPUPOBAHBI C MOMOIIBI0 puc. 6. BaxHbIM 00-
CTOSITEIILCTBOM 3JIECh SIBJISIETCS TO, YTO MOJIyYCHHOE
YHICIIEHHOE PEIICHUE TTI03BOJIAET OIMPEICIIUTh pa3Mep
30HBI aHOJHOW MPUBA3KK CBApOYHOW AYT'H K Karuie
pacIIaBICHHOTO MeTajia, a TaKkKe pacIpenesieHne
IUIOTHOCTH TOKA B 3TOM 30HE MPH Y4eTe MajCHUS I10-
TeHIMana B aHOAHOM obmactu U , pacueTHOE 3Hade-
HHUE KOTOPOTO B JIaHHOM Cilydae coctasisieT — 2 B.
B 3TOM cocTOWT OHO M3 OCHOBHBIX OTIUYUN TIPE-
JlaraeMoi MOJIEITH MPOLIECCOB AIEKTPOIIEPEHOCa TTPU
CBapKe IUIABSIIMMCS JJIEKTPOIOM OT MOJEJEH, OmH-
CaHHBIX, HaTIpuMep, B [7, 9].

[lpu MomeaMpOBaHMU BJIEKTPOMArHUTHBIX IIPO-
[IECCOB B CHUCTEME «CBAapOdYHAas Tyra—HCIapsronuii-
Csl aHOJ» MPUMEHUTEIBHO K YCIIOBHUSIM IUIa3MEHHOM
cBapku craneil B armocepe aprona (cMm. puc. 4, 6)
napaMeTpbl CHCTEMbI OBUIM 3aJaHbl CIICAYIOIIHMMH:
R =L =2wmm; R=10Mm; L =4 MmM; R = 3 Mm;
1 =200 A. Pactipenenenne TemmepaTypsl B IDIazMme
cronba YTy 3aJ1aBajJoCh COOTHOIICHHUSIMH:
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KOMITOHEHTY BOJIU3U OCH CUCTEMBI (T.. DIIEKTpHYE-
CKUH TOK CTEKAaeTCsl K OCH paspsja), Torja Kak Ha
niepudepun 30HbI AaHOTHOW MPUBSI3KU JAYTH TOK pac-
TekaeTcs. TakuMm 00pa3oMm, MpH pacCMaTpUBAEMBIX
YCIIOBUSIX MMEET MECTO KOHTPAarupoBaHHE IyTU B
AHOJIHOM 00JIACTH.
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1.1.9. MODEL OF HEAT-, MASS- AND CHARGE-TRANSFER
IN WELDING ARC COLUMN AND ANODE REGION"

I. KRIVTSUN, V. DEMCHENKO, A. LESNOIL I. KRIKENT, O. MOKROY,

U. REISGEN, A. ZABIROY, V. PAVLYK

Introduction. There are many models for numerical in-
vestigation of processes of heat-, mass- and charge-trans-
fer in an electric arc and processes of its interaction
with electrodes, including various arc welding methods
[1-11]. However, in the majority of this models, the arc
plasma is considered as a one-component plasma, i.e. it
contains atoms and ions of the shielding or plasma gas
which is usually inert. The real welding arc plasma, as
a rule, is multi-component, because, along with the
gas particles, it contains atoms and ions of the evap-
orated material of the electrodes, firstly of the anode.
Thus, in order to develop the adequate mathematical
model of welding arc, the multi-component nature of
the arc plasma must be considered.

Another important characteristic of such a mod-
el must be its self-consistency, which allows for the
considerations of the relation between the physical
processes on the electrodes and in the near-electrode
plasma layers and processes in the arc column. It is
significant to note that in most of the publications
about complex modelling of the electric arc, includ-
ing welding arc, relatively simple near-electrode re-
gion models are used [4, 7-9, 12, 13], whereas in the
articles which specialize on research of near-electrode
(for example anodic) phenomena [ 14—18] insufficient
attention is paid to processes in the arc column.

The purpose of the present work is development
of the self-consistent mathematical model of physical
processes in a multi-component plasma of the anode
region and the welding arc column (electric arc with
an evaporated anode), applicable to the conditions of
welding with consumable and non-consumable elec-
trode and PTA welding in inert gases.

To describe the arc plasma, which borders with the
surface of an evaporating anode, we use the approach
proposedin[14, 15, 19], in which the near-anode plasma
can be conditionally divided into three zones, as shown
in Fig. 1. The first zone is directly adjacent to the anode
surface — a space charge layer where the quasi-neutral
condition of plasma is violated and the main potential
fall between plasma and anode is formed. This layer
can be considered to be collision-free, while at near-at-
mospheric pressure and with representative values of
electron’s temperature T, ~ 0.5...1.5 eV [15, 16] the

thickness X of this layer is commensurable with De-
bye-radius r, ~ 10 m and essentially less than mean
free path of all particles of plasma /~ 107...10° m (here
and below the estimations are presented for Fe-plasma
of atmospheric pressure).

The second zone (Fig. 1) is an ionization region
of non-isothermal quasi-neutral plasma (presheath),
where the charged particles are generated at the ex-
pense of ionization of gas atoms desorbing from the
anode surface, and evaporating atoms of the metal.
Ions formed here are accelerating in the direction of the
anode surface by the electric field formed by more mo-
bile electrons, ultimately recombining near the anode
surface. Thus, within the ionization region, the condi-
tions of the local ionization equilibrium are violated.
Besides that, an substantial potential change of plasma
occurs, which can be compared with potential fall in a
space charge layer. lonization layer is also a part of dif-
fusion zone, in which the non-elastic particle collision
predominates (ionization and recombination).

At a distance from the anode surface, which is equal
to several lengths of the mean free path of heavy par-
ticles, the Knudsen layer boundary is located (Fig. 1).
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Fig. 1. Structure of near-anode arc plasma, flows of particles and
potential distribution in anode region of a welding arc
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We will take this boundary as the external border of the
anode region. Behind this boundary, the third zone —
gas-dynamic plasma region begins, where the local ther-
modynamic equilibrium is established. It should be not-
ed that this region can also be conditionally divided into
two zones: the thermal boundary layer, within which an
equalization of temperatures of electrons T and heavy par-
ticles T, to the temperature of plasma in the arc column T
takes place, and the arc column itself |14, 15].

Moreover, the thickness of the Knudsen layer L, <
< 10* m is essentially less than the radius of curva-
ture of the anode surface (droplet of electrode metal
or the weld pool) R~ 10 m. Therefore, when exam-
ining the processes occurring in the anode region, the
surface can be considered as flat. On the other hand,
since L, is much smaller than the characteristic scale
of changes of plasma parameters in gas-dynamic re-
gion, when examining the processes in the arc col-
umn the anode region can be considered infinitely
thin. Thus, in terms of mathematical description of
processes occurring in the near-anode arc plasma, it
can be divided into two regions: the anode region or
the Knudsen layer and the arc column or gas-dynamic
region, for which the first region acts as a discontinu-
ity surface. In accordance with this, the self-consis-
tent mathematical model of the processes of energy-,
mass- and charge-transfer in the plasma of the column
and the anode region of welding arc must include two
interrelated models:

e model of the heat, electromagnetic, gas-dynamic
and diffusion processes occurring in the multi-com-
ponent plasma of the arc column;

e model of the anode region of the arc, allowing to
formulate boundary conditions on the surface of the
anode necessary for solving equations of the arc col-
umn model, as well as determining the characteristics
of the thermal and dynamic effect of the arc on the
anode surface.

First, we consider the model of processes of ener-
gy-, mass- and charge-transfer in the anode region of
the welding arc.

In the description of processes in the anode region of
the electric arc with the evaporating anode, we will char-
acterise the plasma on the outer boundary of this region
by the following parameters: n’ is the electron concen-
tration; ngz is the concentration of atoms (Z = 0) and
ions (Z = 1) of shielding or plasma gas (o0 = g), atoms
(Z=0) and ions (Z =1, 2) of the metal vapour (o. = m);
Ze is the ion charge; e is the elementary charge; Te0 is the
temperature of electrons; Th0 is the temperature of heavy
particles assumed to be identical to all kinds of atoms
and ions, but distinct from Te0 (two-temperature plasma
model); m, is the mass of an electron; M_ is the masses of
heavy particles (atoms and ions) of gas (o. = g) and metal

(o = m); j, is the density of electric current on the anode
surface. Since the anode region can be considered as flat,
values ng ., Teo, Th0 and j can be considered as local
and corresponding to a given point of the anode surface,
which is characterized by local values of temperature T,
Charge-transfer in the anode region. It is con-
sidered that the charge transfer on the anode is carried
out only by electrons and ions coming from plasma (it
is assumed that all ions which fell on the anode sur-
face recombine there and can return only in the form
of atoms; there is no electron flux being emitted by the
anode). Then, the total current density in the anode
region can be presented as
=0, U, >0). Q)
Here j, is the electron current density on the anode;

A

a=m,g;Z21

Juz
is the total ion current density (for ions of all kinds
and charges).

The electron component of plasma within the an-
ode region can be considered with sufficient accuracy
as collision-free, and the electrons’ temperature can
be considered as practically constant along the anode
region thickness. Besides that, because the plasma po-
tential exceeds the potential of the anode [15-17], elec-
trons are decelerating by the electric field, and ions are
accelerating in the direction to the anode surface. In this
case the density of electron current to the anode is [14]:

1oy eq’
‘]e :Zenevre exp[—kTO], (2)

where

is the thermal electron velocity on the external border
of the anode region; & is the Boltzmann constant; ¢°
is the plasma potential relative to the anode surface
(¢°>0).

To determine the ion currents it is necessary to
consider the processes in the ionization region where
the ion generation and their acceleration towards the
anode occur. For this purpose, we use the approach
[20] which is based on the assumption that the lengths
of mean free path of ions with respect to Coulomb
collisions among themselves, are much less than the
ionization length and their length of mean free path
concerning collisions with atoms (representative val-
uesare: [,~107m; /[, ~10°m;/ ~107 m).Itallows
for the consideration that ions in a presheath are in-
tensively maxwellized and attain an overall speed of
ordered motion. The value of this speed on the border
of ionization region with the space charge layer is de-
fined by following expressions
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0 0y,,0
KT,

VEV(Y)Z a=m,g;Z>1 . :
I I B Z S ManaZ
a=m,g;Z>1 (3)
0 0y,,0
| [Tk,
ViZT I+ —£2 O
(W ) ZanmZ

Z>1

The first expression (3) corresponds to diffusion
evaporation mode (W° = 0) [19], whereas the expres-
sion in the brackets corresponds to convective evapo-
ration mode of anode metal (W° > 0), where W° is the
normal to its surface velocity of vapour on the outer
boundary of the anode region.

Choosing X as a border between the ionized region
and the space charge layer at which the quasi-neutral
plasma condition is violated [21] results in the con-
centration of charged particles on this boundary [19]
are being expressed by

_ = 1
_ _n0 .
nezne(x)_ne exp( 2),

1
= ) — n0
n,=n_x=n, exp(—ij, “
a=m,g;Z>1.

Then, the equation for ion currents to the anode
surface can be written as follows:

J

oL

1=
= Zon0 _ .
Z—Zenazexp(—zjVi,a—m,g,Zzl. (5)

In a convective mode of the anode evaporation, it
is necessary to replace value exp(—1/2) in (4), (5) with
WPYM
_ " «
8Y. KZT" +TOn°
zZ>1

exp

2
0 04,,0
4Zk(zz; +T0)n°
Z>1
2 0
PPy M Al

Z>1

x<1+ [1+

Taking into account the above-mentioned electron
and ion currents to anode surface, it is possible to find
plasma potential relative to this surface ¢° or anode
potential fall U (U, < 0) from equation (1):

s
U,=—¢"=——=In . (6)
4|:ja + Z ja.Z :|
a=m,g;Z>1

To calculate j , j , and U, it is necessary to know
the temperatures Teo, Th0 and concentrations ng, ng
of the charged particles on the external border of the
anode region. Assuming that multi-component plas-
ma in arc column is in an ionization equilibrium state,
the composition of such type of plasma at the border

with the anode region can be defined using the fol-
lowing system of equations:

e Saha ionization equation taking into account the
non-ideality of the plasma

0.0 032
}’le nocZ+1 — 2nm€k7; 2eaZ+l x
0 2
nuz h eaZ
e(U  —AU (7)
xexp| —22 7 5 Z}, o=m,g;Z >0,
{ K

where 4 is the Planck constant; 6_, are the statistical
sums for heavy particles of the a-kind in charging
condition Z; U _, are the potentials of ionization (for
the transition of particles of a-kind from the charge
state Zto Z +1);
AU, - e(zr +1)
D
is the decrease in the ionization potentials caused by

the interaction of charged particles in plasma;

1/2
TO
— 0 2 0 e 0 2
rD—[kc / 4me [ne+_|_0 Z naZZ H
h oo=m,g;Z>1

is the Debye-radius;
e quasi-neutrality of plasma

n’ = A
¢ txzm,zg;Zzl o (8)
e law of partial pressures
— 5,070 0 0 0 0
p=mkI’ + anzkY; +z nngT;q -Ap )
Z>0 Z>0

Here, p is the pressure in the plasma near the anode;
Ap —éfz[nj + Z ngZZZJ
D o=m,g;2>0
the pressure decrease due to the non-ideality of plas-
ma [22].

To close the system of equations (7)—(9), one more
condition is necessary in order to define the con-
centration of metal vapour particles on the external
border of the anode region. In the diffusion mode of
evaporation, assuming that the diffusion velocity of
vapour particles is small, i.e. the vapour state is close
to saturation, it is possible to choose an equality be-
tween the partial pressure of heavy particles of the
evaporated metal on this border and the saturation va-
pour pressure P, above the molten metal surface with
temperature T_:

A 1
Z 0 0_ , — v _
”mszh _ps_poeXpl:k [7}9 TYH

Z>0

(10)

where p° is the atmospheric pressure; T, is the boiling
temperature; A is the work function of anode metal
atom, and in this case Th0 =T.

If the anode surface temperature exceeds the tem-
perature at which ionized saturation vapour pressure

becomes higher than the external pressure
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[p —nokTO+Zn0 kT? ~ Ap>pj
Z>0

an expansion of vapour begins, which pushes aside
the external gas. As a result, the near-anode plasma
becomes one-component plasma containing only par-
ticles of the evaporated metal. It should be noted that
the role of the threshold surface temperature above
which the vapour expansion into the environment of
atmospheric pressure begins, in the absence of ion-
ization, is played by the metal boiling temperature T,
(pressure of saturated vapour equals to the atmospher-
ic one). The influence of electron pressure on this
threshold temperature is illustrated in Fig. 2, which
presents the calculated dependence of the iron surface
temperature, at which psl = p° on the temperature
of near-surface plasma electrons. Fig. 2 shows that
the temperature of the anode surface, above which
the ionized vapour pressure begins to exceed the at-
mospheric pressure and the diffusion mode of evap-
oration is replaced by the convective one, becomes
significantly less than T, as Teo increases.

The composition of the near-anode plasma in the
convective mode of anode evaporation can be calcu-
lated by the equations (7)~(9), taking no; = no, =0
and supplementing this system of equations with the
relations which define the concentration and tempera-
ture for heavy particles of expanding vapour near to
the anode surface.

In this case, the values anZ and T0 can be ap-
proximated using the expressmns obtamed in [23]:
2.
mZ

Z>0

= {(vi + %) exp(y2 )1 - @(y, )] -+~

Y X
) Jn
-
\/:0 =7, NTexp(2 )i - oy, )]} - =
h h

W 1+y2—nlfl 64
T, 32 V|

(1D

I, K
T;
3100 B
\ Convective mode of evaporation
2900 T \‘\
“\..._____
\\
2700 =
Diffusion mode of evaporation —
2500
4000 8000 12000 16000 20000 T2.K

Fig. 2. Temperature of metal surface (Fe), at which pressure of
ionized metal vapour is equal to the atmospheric pressure, vs.
electron temperature in the near-anode Ar-Fe plasma

Here, n_ = p /kT. is the saturated vapour concentration
corresponding to the given temperature of the anode

surface;
M 1/2
— VVO m
- [M,?J

is the dimensionless vapour velocity;

(x) = %Jexp(—?)da
0

is the probability integral.

It is significant that the speed W° is an external pa-
rameter and is defined by conditions of vapour expan-
sion in gas-dynamic area (arc column). For a numer-
ical estimation of W’ in the case of subsonic plasma
flow the approximated expression [23 ] can be used:

A

where s and y, are, respectively, the speed of sound
and the adiabatic exponent for shielding or plasma gas
at normal conditions.

Calculated dependencies of anode potential fall on
the electrons’ temperature at the boundary of anode re-
gion with the arc column and from current density at
the anode under conditions, typical of GMA-welding
with steel consumable electrode in argon atmosphere,
are shown in Fig. 3. The presented computational data
shows that the anode fall in the considered system is
negative and on absolute value equal to 1.0...3.5 V. This
coincides well enough with the results of work [16].
Even more impressing is the coincidence of the comput-
ed value U, = 4.04 V for an arc with the high-melting
cathode and the copper water cooled anode in argon at
atmospheric pressure at the arc current of 200 A with the
experimentally measured value U, = 4.01 V [24] (in the
calculations, the experimental data [24, 25] were used:
J,=3.510° Alem?, T? = 9840 K, T, = 720 K).

Let us consider now the processes of energy trans-
fer in the anode region of the welding arc. The heat
flux Q, from the near-anode plasma on the surface of
the anode is

2y0 (12)

Q,=Q,+Q, (13)
where Q,, O, are fluxes of potential and kinetic energy
transferred by electrons and ions, respectively.

Assuming the function of electrons distribution on
the external border of the anode region as Maxwell
distribution and taking into account the expression
(2), Q, can be written as

2kT0
0, =je{l3€[<p° +— J*‘Pm}’

where ¢, is the work function of electrons for a given
metal; B, is the accommodation coefficient of electron
energy by the anode surface.

(14
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In consideration of the initial energy of ions on the
external border of the space-charge layer, as well as their
additional acceleration in this layer, Q, can be written as:

) _ Moﬁz 1 &
a:m,zg:;zzl Jaz |:[3ai [(p + Tel + fZZ::IUaz' ] @, ]’ (15)
where B . is the accommodation coefficient of energy
of a-kind ions by the anode surface;

_ 1 kT°
— Y=l ——__¢€
o=0(X)=¢ 3

0=

e

is the plasma potential at the boundary of space-

charge layer (in case of convective evaporation mode,
TZO (WO )2 Z M n

0 = m mZ y
NIRRT
Z21
0 0Y,,0
4Zz>1k(27; +T0n°,

W2y M n°
zZ>1

m mZ

¢=0

xq1+ [1+

Expression (13) can be written as
Q=71 (16)
where V is the volt equivalent of heat generated at
the anode, which is, in contrast to the anode fall, U,
always positive. Considering (1), (14), (15), for calcu-
lation of V/ we find
i 0
V=9 +j,“:[3€[(p° +2k}]+

a

hpy (o MJE 13 a7

In case of a convective mode of evaporation of the
anode metal, in the energy balance of its surface, it
is necessary to take into account the energy flux Q,,
carried away from the surface of melt by the metal
vapour jet:

Qv :Zg)nthV\va' (18)

Concerning the pressure on the molten metal an-
ode, in the diffusive evaporation mode, it equals to
the plasma dynamic pressure, determined from the
solution of gas dynamic equations for the arc column;
while in the convective evaporation mode, this pres-
sure, taking into account the reactive component, can
be calculated using the expression [26]:

1§=P2(1+§M2} (19)
where M = w?/s° is the Mach number at the border of
the anode region with arc column; s° is the local speed
of sound.

Fig. 4 and 5 show the results of calculations of Q,
and V depending on the temperature of electrons in
the anode region, as well as on the current density at
the anode under conditions typical for welding with
a steel consumable electrode in argon (calculations

U,V
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Ja= 11600 A/em?2

|
e
h

T

3.5 I L 1 I L
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03 e T, = 8000 K
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T, =3100K
1.5F
hpE--=m---TTTTTTTTTTT
250
3.0+
-3.5 T T | L
9000; 10000 11000 12000 13000 j, Alem?
7

Fig. 3. Dependencies of anode potential fall on electron tempera-
ture in anode region (a) and on current density at the anode sur-
face (b) in GMA welding of steel (Fe) in argon shielding gas
were made with B, = = 1). It follows from the cal-
culated data, that, with typical values T’ = 7000 K
and T_= 3100 K for these conditions, the volt equiva-
lent of heat on the anode (droplet of electrode metal)
is weakly dependent on current density in the anode
region (on the arc current) and is 8...10 V (Fig. 5),
which is well correlated with the results of [16, 27].
It should be noted that the increase of Q_ and, accord-
ingly, ¥/ with increasing T? and T, is compensated by
the heat loss, which occurs due to evaporation of the
metal droplet. So, for example, when Te0 = 9000 K,
T.=3150K and; = 1,16:10* A/cm’ the value Q may
reach 1.24-10° W/cm?, and as a result the effective volt
equivalent of heat calculated as (Q,—Q,)/j ,is 9.6 V.

0, kW/iem?
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160+
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1001

80===""_

(0 1 1 1 1 1
6000 6500 7000 7500 8000 8500 TYK

Fig. 4. Dependencies of plasma heat flux to anode on electron
temperature in the anode region in GMA welding of steel (Fe) in
argon shielding gas

57



PA3JIEJT 1. IVTOBASI CBAPKA

V,,V
_______ 7Y = 7000 K

22 - T9 = 8000 K
20 79 = 9000 K
sk T, =3100K
161

I e

12

0k _______

H T T T

6 1 1 1 1

9000 10000 11000 12000 13000 j,.A/em?

Fig. 5. Dependencies of voltage equivalent of anode heat flux on
current density at the anode surface in GMA welding of steel (Fe)
in argon shielding gas

Model of the arc column. Describing the process-
es of heat, mass and charge transfer in gas-dynamic
plasma region of welding arc, which contains along
with particles of shielding or plasma gas, atoms and
ions of evaporated metal anode, we will use the mod-
el of two-temperature ionization-equilibrium plasma
(PLTE model). The corresponding system of equa-
tions written, for example, in a cylindrical coordinates
has the form [2]:

e continuity equation

0
3+ ;—( pv)+—(pu) 0,

(20)
where p is the mass density of plasma; v, u are the
radial and axial velocity components of plasma, re-
spectively;

e cquations of motion

@+v@+u@ - i B +z£ r ol +
Pla™ar™e )™ or % v ar(Mar
Lol o]y v 20 [ f1am aul @D
6zn6r oz 1’lrz 36rnr or oz ||’
ou au ou op . o ou
[5”? azj—*affr%”&(“gj*
Jof (e an] 20 o o]l @
ror| "o Ta 3a |7 o el
where p is the pressure; j, j, are the axial and radial
components of current density in the plasma, respec-
tively; B(P is the azimuthal component of the vector of
magnetic induction; n is the coefficient of dynamic

viscosity of plasma;
® energy equations

c. ot T T
& Ve e )T
10 o, ] a ) k
o e T e T

CO(5/2-8)T]  Ol(5/2-d)T ]
7/ or s 0z =

(23)

AT
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6T oT

ALY
where C, is the specific heat of the electron gas (tak-
ing into account ionization energy); y, is the coeffi-
cient of electron thermal conductivity; 8 is the thermal
diffusion constant; o is the electrical conductivity of
plasma; v is the energy loss by radiation (approxima-
tion of optically thin plasma); [ is the coefficient of
the heat exchange of electrons with heavy particles;
G, is the specific heat of the heavy plasma component
(atoms and ions); ¥ is the coefficient of thermal con-
ductivity of the heavy component;

e cquations of electromagnetic field

oT oT oT
pC, (h+vh+uh]=

24

10 op) O 09\ .
r@r(r 6rj+§( E)_O’ (25)
or
B (r.2)=-[ ) (6. 2)dE
(7 e PA S , (26)
where p is the universal magnetic constant;
o _gde. o __ O
jr =-0 ar H jZ - aZ (27)

To close the system of equations (20)—~(27) it is nec-
essary to determine the dependencies of thermo-phys-
ical characteristics p, Cpe, Cp, transport coefficients 1,
X, % O, O, heat exchange coefficient B and radiation
losses y on the temperature, pressure and composition
of the arc plasma. The composition of multi-compo-
nent plasma of the arc column with evaporating anode
can be determined using equations (7)—(9), which must
be supplemented by the equation of convective diffu-
sion of metal vapour in a gas-dynamic region

(8C oC oC J
p| =2 +Vv—+u—2 | =
10 oc Fi oc
rar[’pooar]+az[pD»zoaz *
1o 15 %u, 5 %
+rar[rp{Dml ar +Dm2 ar +
0 N ale N aCm2
+az{p|:Dml oz +Dm2 oz :
M Zrzmz
C =—1220
" p

is the relative mass concentration of the metal vapour
in the arc column plasma;

(28)

Here,

m nm2

M n
C = m_ml , C =
ml p m2 p

are the relative mass concentrations of metal ions;
Dml :Dml _DmO’ DmZ :Dm2 _DmO’
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where D . D, D  are, respectively, the coefficients
of diffusion of the atoms, singly and doubly charged
metal ions in a multi-component plasma. The solution
of equation (28) also requires a determination of depen-
dencies of diffusion coefficients D , D, , D , on the
temperature, pressure and composition of the plasma. It
should be noted that the equation (28) differs from the
diffusion equation used in [11], which does not account
for the diffusion of ions of the metal vapour.

To solve the system of differential equations (20)—
(25), (28) it is necessary to set the appropriate initial
and boundary conditions. At the external boundary of
the calculation region, standard boundary conditions,
described in detail, for example, in [2, 9, 17], can be
selected. It remains to specify the conditions on the
boundary of the anode with the gas-dynamic region
of plasma.

We define I' as the boundary between the anode
region and the arc column (due to the small thick-
ness of the anode region, the surface of anode can be
considered as I'). Then the boundary conditions for
equations (20)—(22) on this border can be specified
as follows:

v, (29)

{0 (diffusion mode of evaporation),
r

w0 (convective mode of evaporation).

Here, v,, v, are the tangential and normal to the anode
surface components of the plasma velocity, respec-
tively. In order to calculate the distribution of value
W along the anode surface the approximated formula
(12) can be used. Note that the determination of W° is
more accurate from equations (11) and the condition

0770 0 0 _ — 0
nekTe +ZZ>;)ank7;l Ap_p ’

where p° is the distribution of the plasma pressure
near the anode along its surface, which is determined
by solving the gas-dynamic problem.

The corresponding boundary conditions for equa-
tions (23), (24) can be written as:

oT oT
¢ by g E(é—ﬁjT
ael? er

+ —_
X, on X on

T

T

0 e . (30)
¢"j, +0, (diffusion mode of evaporation),
- (poja +0 +e, (convective mode of evaporation);
T} =
(3D

T, (diffusion mode of evaporation),
B Th0 (convective mode of evaporation),

where 1 is the direction of the normal to the anode
surface (in the direction of plasma); ¢, are the losses of
energy on heating and ionization of metal vapour en-
tering the arc column from the anode surface; T_ is the
known temperature distribution of the anode surface,

and the distribution of Tho with known distributions of
T and W' is calculated using the second equation (11).

Since the electrical conductivity of the metal anode
is typically much higher than conductivity of plasma,
its surface with a sufficient degree of accuracy can
be considered as equipotential, setting, for example,
¢, = 0. Then the condition on the boundary of the arc
column and the anode region for equation (25) can be
specified as follows:

ol.=¢, (32)

where the distribution along the anode surface of the
value @° is calculated using the expression (6).

Finally, the boundary conditions for equation (28)
are written as

C

m

T

m pS
pOkT,

(diffusion mode of evaporation), (33)

1(convective mode of evaporation),

where p, is the distribution of the saturated vapour
pressure, determined with the known distribution of T_
by the formula (10); p° is the mass density distribution
of multi-component plasma of the arc column along
the boundary of the anode region.

This accomplishes the description of the self-con-
sistent mathematical model of physical processes in
multi-component plasma of the anode region and
electric arc column with an evaporating anode, con-
cerning the conditions of welding with a consumable
and non-consumable electrode, and PTA welding in
inert gases.

Conclusions

A self-consistent model, which consider anode and
plasma phenomena on the same detailing level was
developed, with following features:

e the model considers the metal vapour in anode
region as well as in the arc plasma;

e for the first time, the model differentiates between
two evaporation modes: diffusion and convective;

e the model considers the electro-magnetic process-
eswiththereal inverse potential fall in the anode region,
which enablesto attach the arc to theanode on a physical
basis, i.e. the anode spot radius is calculated self-con-
sistently;

e the vapour diffusion is considered with different
diffusion coefficients for atoms and ions.

The model is based on certain approximations,
which can be further more accurately specified. We
consider the model to be a step towards physically
based modelling of arc and molten metal interaction
during welding.
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1.1.10. ON THE APPLICATION OF THE THEORY
OF LORENTZIAN PLASMA TO CALCULATION
OF TRANSPORT PROPERTIES
OF MULTICOMPONENT ARC PLASMAS”

P. PORYTSKY, I. KRIVTSUN, V. DEMCHENKGO, U. REISGEN, O. MOKROYV, A. ZABIROV

Introduction. Lorentzian gas theory, which has been
created a century ago, was the important stage in
development of the kinetic theory [1-4]. As applied
to weakly ionized plasma, which is close to gas dis-
charge conditions, the theory has been developed in
works of Davydov [5, 6] and Allis [7], Later, more
detailed and complex theories of kinetic properties of
plasma have been developed, however model of Lo-
rentzian plasma continues to be used successfully for
the description of properties of equilibrium and non-
equi-librium gas-discharge plasma [8—11].

An assumption, which is quite natural to a case
of weakly ionized plasma or plasma which contains
particles with significantly differing masses, about
discrimination of specific (most important) kinds of
collisions between the particles, lays in the base of the
model of Lorentzian plasma [3-7].

As a rule, plasma of the electric arc discharge at
normal and high pressure is a partially ionized gas
having the temperature 0.5-1.5 eV and consisting of
electrons, ions and neutral particles. Therefore in our
case it is possible to neglect, first, mass of the elec-
tron in comparison with mass of heavy particles and,
secondly, to consider only collisions of electrons with
heavy particles and collisions of the latter ones. In
other words, our assumptions are leading to the fol-
lowing conditions:

e

<1, (1)

mh
and

v
< <1,
ch

@

where m, is the mass of the electron and m, the heavy
particles; v, v, are the frequencies of collisions of elec-
trons with each other and electrons with heavy particles.

It should be borne in mind that the raising of the
electron density and temperature increases the influ-
ence of electron-electron collisions on the properties
of plasma. The fact that the electron-electron colli-
sions also influence the collisions of electrons with
heavy particles must be taken into account according

“European Physical Journal D. — 2010. — Vol. 57. — P. 77-85.

to the theory of Spitzer—Harm [12, 13]. Due to the
above, restrictions on the applicability of our approach
in the field of high temperatures should be expected.

However, it should be stressed that the issue of the
influence of electron-electron collisions is treated in
various ways in certain theories. Thereby a consider-
ation of an approach consistent with the condition (2) is
possible. Thus, Dharma-wardana notes in his paper [ 14]
that «... electron-electron interactions cannot contribute
to the resistivity arising from the electron current», due
to the fact that «... if the system were not uniform, but
contained a quadratic confining potential, Kohn’s theo-
rem ensures that electron-electron interactions play no
part in the static or dynamic conductivity». Also, then
it emphasizes that to date there is no evidence of strict
justice of the Spitzer—Harm theory.

The purpose of this paper is to study the possibility
of applying the Lorentzian theory of plasma to cal-
culate the transport properties of multicomponent arc
plasmas. It should be noted that the use of the kinetic
approach for studying the properties of gas discharge
reveals many important features that are easily ne-
glected in the hydro-dynamic approach [8—11].

Local thermodynamic and ionization equilibrium
in the thermal plasma. At normal or high pressure
plasma of an arc discharge is considered to be in a state
of local thermodynamic equilibrium (LTE). Due to
high concentrations of atoms and electrons, collisional
processes in such plasma are more significant than the
processes of diffusion and release of radiation. When
the state of the plasma can be characterized by certain
values of the gas T and electron T temperatures, it is
called two-temperature plasma model in which the ion-
ization equilibrium dependent on T is realized.

In this case, the density of electrons n  at a given
point of the discharge is related to the densities of ions
n, and neutral atoms n_ by the Saha ionization equation

nn, 22:‘ ZTrmekTe 32 E[
x| n P\ ThT )
where Z,, T are the partition functions of an ion and
atom, respectively, k is the Boltzmann constant, m, is

3)

n
a
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the mass of an electron, # is the Planck constant, E|
is the effective ionization energy of the gas environ-
ment.

The equilibrium in plasma is disrupted by the re-
lease of radiation and the transfer of charged particles.
The relative equilibrium of two states of a particle in
plasma is realized if [15]:

A; wy, <,
where 4 is the effective probability of radiative
transition from state 2 to state 1, w,, is the probability
of transition due to collisions. This criterion reflects
the dominance of collisional processes on radiative
processes.

The criterion of local ionization equilibrium in
weakly ionized plasma relative to the transport of
charged particles can be written as follows [9, 10]:

T 2,2

n= dif _ KnerPS =1
T aD ’
rec g amb

where rmoo(Knez)‘1 is the characteristic ti2me of re-

I
combination for a single electron; t,, =——75— is the

characteristic time of diffusion of an elécflr'nobn from
the area occupied by plasma; r, is the radius of the
area occupied by plasma; a_1is the parameter deter-
mined by the geometry of the problem (for cylindrical
geometry a, = 5.78); K is the constant of the rate of
triple recombination of electrons and ions. For rela-
tively low temperatures that correspond with partially
ionized gases the constants are found to be described
by the universal correlation K = 6.4:10° (1000/T )°/?
(cm®/s) [16—18], where the temperature is expressed
in Kelvin. It should be mentioned that in accordance
with the correlation the constant of recombination is
independent of the type of gas, that fact and also the
range of applicability of the correlation are discussed
n[16-18].

The gas and electron temperatures in the plasma
discharge are determined as a result of the interaction
of electrons with external fields, the collision of elec-
trons with atoms and the transfer of heat and particles
on the section of the discharge. In an arc discharge
of high-pressure characteristic scales of changes in
temperature and particle concentrations are signifi-
cantly larger than the characteristic mean free paths
of particles, thus the ratio between 7" and T, will be
determined only by collisional processes and the in-
teraction of electrons with an external electric field.

Using the kinetic model of Lorentzian plasma for
the case of weakly ionized plasma, in the case of gas
mixture we obtain the ratio between T'and T [19]:

_— M[eE] (w@rv,)
e 3k <u2v* > ’ 4)

e ea

where M is the effective mass of the atom of gas mix-
ture, e is the electron charge, £ is the electric field
intensity, U is the velocity of an electron, v, and v
are the total and effective frequencies of electron-atom
collisions, brackets () denote the averaging over the
distribution function of electrons. The effective mass
and frequencies are determined on the basis of the fol-
lowing relations:

M"sz m’!, :Zv s
o aa el
o o
*
V=Y (M
ea ( /mau)vea’
o

where m_ is the mass of the atom of sort a, v, =
=n Uc'(u) is the frequency of collisions of elec-
trons with atoms of sort a, c'(U) is the transport
cross-section of electron-atom collisions, X is the
mole fraction of atoms of given sort.

In the case of a pure gas the formula (4) becomes
the known formula for the discrepancy of the electron
temperature [8—10]. We also note that formula (4) can
be converted to T — 7'= (E/N)’g(T ), where N is the
density of heavy particles, g(T ) is some function of
electron temperature.

With increasing the degree of ionization of the gas
a = n /N to 10%-107 the collisions of electrons with
ions are becoming significant. For the regard of the
Coulomb collisions in a weakly ionized plasma it is
necessary to replace in the previous formulas the fre-
quencies of electron-atom collisions with frequencies
of collisions of electrons with heavy particles (atoms
and ions) vV, =v_+ AV, v: = v:OL + xl_v;, where v _, v
are the frequen01es of electron-ion collisions, which
are expressed in terms of transport cross-section of
Coulomb collisions, A, is correction coefficient whose
value is determined according to the used kinetic
model.

In this paper the addition of frequencies by the
Frost’s rule [20] is used. Thus, taken into account the
influence of electron-electron collisions on the prop-
erties of plasma, the frequency of the electron-elec-
tron collisions is neglected in accordance with (2).

Nonideality of electric arc plasma. Due to the
existence of the interaction between charged particles
the state of dense plasma will be different from the
ideal gas. We are using the model of weakly nonideal
plasma with Debye corrections [21], taking into ac-
count the difference of temperatures of electrons and
heavy particles. With this approximation, the equation
of state has the form

p+Ap :(Zn‘m +Z”;5JkT+nek7;’
a i

where n , n, are the densities of atoms and ions, re-
spectively, Ap is the Coulomb correction to the pres-
sure p:
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and

where e is the electron charge, A is the Debye radius,
I is the ion charge.
The effective ionization energy is defined as fol-

lows:
E =IP-Al ,
1 r

where IP is the ionization potential,
_(r+ )é?
r 4n80k - ’

r is the ion charge.

Transport properties of multicomponent plas-
mas. It should be noted that the present state of the
theory of gas mixtures, as well as multicomponent
plasma, is characterized by the lack of a unified ap-
proach to the description of transport processes. The
reason for this is a very complex nature of dependen-
cies of the properties of gas mixtures and plasma on
the properties of pure gases and concentrations of the
components.

Since we use the approximation of the Lorentz
plasma, we can consider only the presence of elec-
trons, single-charged ions and neutral particles in
plasma.

The coefficient of thermal conductivity was calcu-
lated as the sum

K=K +K +K _ +K ,
g e ri rd

where K, is the thermal conductivity of gas, k_ is the
thermal conductivity of electrons, « . thermal conduc-
tivity due to ionization, k , thermal conductivity due
to dissociation.

25 (um kT)" 3j
where Q@2" is the reduced Chapman—Cowling inte-
grals [22], ¢ a is the hard sphere diameter.

A feature of thermal conductivity of gas mixtures
is the nonlinearity relative to the concentrations and
thermal conductivities of each component of the mix-
ture. For the calculation of the thermal conductivity of
the mixture of two gases the well-known formula of
Wassiljeva [23] was used

K K
1 + 2

K=

1+A12§ 1+A21)):1—2
where the coefficients 4 ; (,j ={1,2}; [#)) were cal-
culated according to the Mason—Saxena method [23].

Electrical conductivity of plasma and thermal con-
ductivity of electrons are determined respectively by
the formulas [24]

nee2 <u62> 5 nek27; <u§>
—— ) ok ==
m(idr,) 2 m(u,)

With increasing the degree of ionization, instead
of the frequency of collisions v, , the frequency v,
which also takes into account the collisions of elec-
trons with ions, should be used. While calculating the
plasma parameters, transport cross-sections were se-
lected according to the data [25-27]. Coefficient of
the ambipolar diffusion in multicomponent plasma is
determined by the expression

o=

n.
i

T
Damb :Zr‘TQ (1+Te]

I e
Here the sum is taken over all types of ions,
-1
X/
2-(25)

is the ion diffusion coefficient of the ith type in the
given mixture, X, is the mole fraction of the /-compo-
nent of the mixture, D, is the coefficient of the mutual
diffusion of an ion in the / -component of the mixture,
which is determined by the formula

T
DionN = di01 ﬂ’
1

where d,  is the constant for this type of ion and buffer
gas, T, = 1000 K.

It should be noted that for diffusion of an ion in its
own gas, the diffusion coefficient is generally deter-
mined by the process of resonant recharging.

Immediately the diffusion coefficients in multi-
component mixtures were determined on the base of
Blanc’s law:

X
Bi=Yy-
Jo
J#i
where the coefficients of mutual diffusion and
self-diffusion were determined through the reduced
Chapman—Cowling integrals:

3 Qum kDY 3 (unkT)!
- 2 ’1 * 9 - 2 R *
12 16nm12 nchQilz ) 1 8nm O Q(l 1)

Based on the calculation of ionic diffusion, the ioniza-
tion part of the thermal conductivity was calculated
according to the theory of Brokaw [29-31].

To calculate the coefficient of thermal diffusion,
using the analysis [24], we obtain the formula:

v 3V
% TS 2
veff veff

where v is the frequency of collisions of electrons
with atoms, v; is the effective frequency of collisions

63



PA3JIEJT 1. IVTOBASI CBAPKA

of electrons with ions, V;} is the effective frequency,
which is calculated as follows:

o1 = ~
qu v, +1.87Vel_.

In calculation, the coefficient of thermal diffusion
changes from o = 0.4 within the limits of neutral gas
to o = —0.8 in the case of fully ionized gas.

According to [28] the coefficient of viscosity n is
calculated as the sum:

n=n,+n,.
where 1, is the gas viscosity, n, is the plasma correc-
tion.

Gas viscosity is calculated similarly to the ther-
mal conductivity as the viscosity of the gas mixture
according to [23]. Plasma correction is negative, so
increasing the degree of ionization, we have a maxi-
mum for the coefficient of viscosity. Accordingly the
plasma correction is calculated as follows:

zni —0,M,

3E
a, (M /n o, +£4n J

np, =

where
— -1 __&
o, = (a21) n’

n, is the density of neutral particles, n. is the density of
ions. The value of E reflects the impact of interaction
of ions and neutral particles:

E=\npkT / Gig,

where L is the effective mass of a particle of the mix-
ture, Gig is the effective cross-section of interaction
of ion-neutrals. Note that in the case of interaction of
an ion with its own gas the mentioned section is deter-
mined by the resonant charge exchange cross-section.

Thermodynamic properties. Thermodynamic
properties (enthalpy, heat capacity, molar mass etc.)
can be calculated based on the rated composition of
plasma, which in turn was calculated on the basis of
a system of equations following from the law of mass
action (Guldberg—Waage law) and Saha ionization
equation.

For applications it is important to know the heat
capacity of plasma. We will consider the procedure
for calculating the heat capacity at the example of
heat capacity at constant pressure. Since our approxi-
mation restricts the area of consideration of relatively
low temperatures, we limit ourselves to considering
the existence of neutral particles, electrons and sin-
gle-charged ions in plasma, while neglecting the ex-
cited state. Thus, the heat capacity at constant pressure
is calculated as the sum of the following components:

C =C +C +C  +C +AC ,
P p.gas p.e p.diss P

p,ioniz

where C, e is the heat capacity of gas, that includes
translational and internal parts, G, _is the heat capacity
of electrons (heat capacity of electron gas); C, ., is the
heat capacity due to dissociation (for the case of molecu-
lar gas); C  is the heat capacity due to ionization; AC
P, ioniz N R P
is the correction due to nonideality of plasma.
In case of the atomic gas we have:

5 5 6T
p,gas :ER’ Cp,e R 6T Cp,diss =0,

a e e k
Cpioniz = A, [ oT J oT AC, = _@’
where R is the gas constant, AH_ is the enthalpy
change by ionization, n_ is the density of electrons.
In the case of a diatomic molecular gas the follow-
ing members will be changed:

A 2 Lho/kT
¢ gy gl kIR
p,gas 2 (ehu)/kT _1)2
on,
p.diss = AHdiss oT”’

where w is the oscillation frequency of the molecule,
AH , is the enthalpy change in the dissociation, n_ is
the density of dissociated atoms.

The derivative (0T /0T) can be expressed through
the function g(T ), which is universal for the given

type of gas [9, 10], namely
orT, g'(T)
() o)

0a(T)
§I)="

where

Results of calculations and their discussion. The
results of calculation for Ar—Fe mixture are presented
in Figures 1-3.

The results of calculation for Ar—Al mixture are
presented in Figures 4-6.

For pure argon the results of the calculation were
compared with the work of Devoto [32] (Figs 7-9).
One can see that the calculation using the Lorentzian
plasma theory gives satisfactory agreement with the
more complicated calculation method (4th approxima-
tion of the method of Champan—Enskog). This agree-
ment occurs not only in the field of weakly ionized
plasma, but also in the field of developed ionization,
where the collisions between charged particles dom-
inate. It should be noted that the rule of addition of
frequencies according to Frost [20] was used, which,
in general, is consistent with the Spitzer—Harm theory.

For multicomponent gas mixtures of argon and
metal results of calculation are presented in Fig-
ures 10 and 11. The influence of the addition of metal
in the ambient gas significantly affects the properties
of arc plasma as a whole.
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Evidently the discrepancy between electron tem-
perature and gas temperature at low temperatures can
be significant even at relatively weak electric fields,
which in turn should affect the properties of plasma.
This fact must be taken into account in the simulation
of discharges. Note that in the calculation of gaseous
media containing copper, various models of the trans-
port cross-section of scattering of an electron on an
atom of copper according to [33-35] were used.
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Fig. 1. Density of thermal plasma of gas mixture Ar-Fe (calcu-
lation (this work) at p = 1 atm). Curve 1 — pure Ar; 2 — metal

atoms’ density n, ~=2-10% m”
C,. kikgK
16 72\
14 /
i f \

j 7

AE N

8
6 SUVOVRPRPRSEPOUDN 5/ SPRPIUTIOTIUIRY = FOPETVUSMINVONOUS: ‘CRFITPUIOTRIS  FOTNOTRNURIIS. SPVOIIPOIOA .
4 xcgmtece ot

0 2000 4000 6(}IU(} 8000 10000 12000 14000 T.K

Fig. 2. Heat capacity of thermal plasma of gas mixture Ar—Fe at
constant pressure (calculation (this work) at p = 1 atm). Curve
1 — pure Ar; 2 — metal atoms’ density n_ = 1102 m?; 3 —

n, .=110%m%*%4—n =210"m3*5—n  =310"m?
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Fig. 3. Adiabatic index of thermal plasma of gas mixture Ar—Fe
(calculation (this work) at p = 1 atm). Curve 1 — pure Ar; 2 —
metal atoms’ densityn_ ~=10-10* m?;3—n_  =10-102m?>;
4—n,  =1010"m%5—n =210"m%6—n  =310"m>

me

It should be noted that, generally, to calculate the
properties of multicomponent plasma, sophisticated
models that require complex calculations are used
[35, 36]. Consequently, the utilization of results of
the calculation of properties for the simulation of arc
discharges is possible either in form of a tabular data,
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Fig. 4. Density of thermal plasma of gas mixture Ar—Al (calcu-
lation (this work) at p = 1 atm). Curve 1 — pure Ar; 2 — metal
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Fig. 5. Specific heat of thermal plasma of gas mixture Ar—Al at
constant pressure (calculation (this work) at p = 1 atm). Curve
1 — pure Ar; 2 — metal atoms’ density n,_ = 1102 m”; 3 —
n,,.=5102m%4—n =110"m%5—n  =210"m%

6—n, , =310m?
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Fig. 6. Adiabatic index of thermal plasma of gas mixture Ar—Al
(calculation (this work) at p = 1 atm). Curve 1 — pure Ar; 2 —

metal atoms’ density Ny e = 1110 m3; 3 — n . = 1102 m;
4— na, me - 5'1022 m*3; 5— na, me = 1’1023 m73; 6— na‘ me = 2'1023 m,j{;
17— N e ™ 3-10° m3; 8§ — N, .= 5.10% m3
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Fig. 7. Heat conductivity of thermal plasma of argon (p = 1 atm).
Curve 1— total heat conductivity «k; 2— gas heat conductivity K3
3 — electron heat conductivity k ; 4 — ionization heat conduc-
tivity 1 ;; 5 — results from [32]

T, K
!
10000 Z
2
8000 3 7 ==
ool
7z
6000 vl
o -
4000
2000
2000 4000 6000 8000 10000 T,K

Fig. 10. Electron and gas temperature in thermal plasma of gas
mixture (inert gases) at atmosphere pressure (£ = 10 V/cm).
Curve 1 — He; 2— Ar; 3— Xe; 4 — He—Ar (80:20 volume frac-

1 tion); 5 — He—Ar (20:80 volume fraction); 6 — He—Xe (80:20
volume fraction); 7 — Ar—Xe (80:20 volume fraction); § Ar—Xe
10000 (50:50 volume fraction)
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Fig. 8. Electrical conductivity of thermal plasma of argon (p =
=1 atm). Curve 1 — calculation (this work): 2 — results from
[32]
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Fig. 9. Viscosity of thermal plasma of argon (p = 1 atm). Curve
1 — calculation (this work); 2 —results from [32]

which raises the need for a solution of the problem of
adequate interpolation of the data, or by making a cor-
responding interpolation curve, which inevitably lev-
els the accuracy of the calculation. At the same time
the considered Lorentzian plasma model is relatively
simple, which allows a relatively easy calculation of
the coefficients directly in computational program
code («in situy). This is quite acceptable, for exam-
ple, for the calculation of arc discharges with relative-
ly simple models such as reviewed in [9, 10, 19].
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Fig. 11. Electron and gas temperature in thermal plasma of gas
mixture (inert gases with copper) at the atmosphere pressure (£ =
10 V/em). Curve 1 — Ar; 2 — Ar—Cu (99:1 volume fraction);
3 — Ar—Cu (95:5 volume fraction); 4 — Ar—Cu (90:10 volume
fraction); 5— Ar—Cu (85:15 volume fraction); 6 — Ar—Cu (90:10
volume fraction). Curves 2-5 are calculated according to the res-
onance model (scattering of the electrons on the copper’s atom)
[33, 34], and curve 6 is determined according to the non-reso-
nance model [34, 35]

Conclusion

Thus, in the paper the application of the Lorentzian
plasma theory for the calculation of the properties of
electric arc plasma is considered. It is shown that this
model gives satisfactory results in the temperature
range, which is corresponding to the weakly ionized
plasma and plasma with dominant first ionization.

It is shown that at relatively low temperatures the
discrepancy between the electron temperature and gas
temperature can be significant even at relatively weak
electric fields, which in turn should affect the proper-
ties of plasma. This fact must be taken into account in
the simulation of discharges.
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Lorentzian plasma model takes into account the

kinetic effects and is characterized by relative sim-
plicity, which allows its use for direct computation
of the properties of plasma in the simulation of arc
discharges.
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1.1.11. MOIEJIb ITPOLHECCOB TEIIJIO-, MACCO-
U DJIEKTPOIIEPEHOCA B AHOJHOM OBJACTH
U CTOJIBE CBAPOUYHOM JYT'H
C TYT'OIVIABKUM KATOAOM™

N.B. KPUBIIYH, B.®. JIEMYEHKO, U.B. KPUKEHT

Cy1iecTByeT MHOKECTBO MOJEICH AJI YUCICHHOIO
WCCIIEZIOBaHUSI TIPOIIECCOB IEPEHOCA DHEPIHU, UM-
MyJIbCa, MAcChl W 3apsla B IUTa3Me€ SJIEKTPUIECKOM
IyTH, a TAK)Ke MPOIECCOB €€ B3aMMOICHCTBHS C 2JIEK-
TpoJaMH TIPH pa3IMUYHBIX CIOcO0ax JyroBOM cBap-
ku [1-14]. OgHako B OONBIIMHCTBE U3 HUX JyTrOBast
Iia3Ma IMPearoaraeTcsi OJHOKOMIIOHEHTHOU, T. €.
cofiep Karieii aTOMbl ¥ HOHBI 3aITUTHOTO WIIX TIIA3MO-
oOpasyromiero rasa, 4ame Bcero nHepTHoro. [lma3ma
peaNbHBIX CBAPOUYHBIX JIYT, KaK MPaBUIJIO, MHOTOKOM-
MTOHEHTHA, MTOCKOJIbKY Hapsay C 4acTHUIAMH ras3a co-
JEP>KUT aTOMBI U MOHBI UCIAPSIOLIEIOCsS MaTepuaia
ANIEKTPOOB, U B TEPBYIO odepenb aHoaa. TakuMm o0-
pa3oM, TIpU TIOCTPOCHHWH aJEKBaTHOW MaTeMaThde-
CKOM MOJIETTM CBapOYHOM AYTH HEOOXOAMMO YUHUTHI-
BaTh MHOTOKOMIIOHEHTHOCTH JTyTOBOH TIJIa3MBI.

Eme oqHON BaKHOM XapaKTEpUCTUKOM YKa3aHHOMN
MOJIENTH JIOJDKHA OBITh €€ CaMOCOIIACOBAaHHOCTD, I10-
3BOJISIFOIIAS YIUTHIBATH B3AaUMOCBS3b (PH3UYECKUX TIPO-
[IECCOB, KOTOPBIE MIPOTEKAIOT Ha JIEKTPOIaX U B TPHD-
JICKTPOIHBIX 0OITACTSX TUIA3MBI, C ITPOIIECCAMH B CTOJIOE
nyru. Cremyer OTMETHTb, YTO B OOJIBIIMHCTBE PaboT 1O
KOMIUTIEKCHOMY MOJICITUPOBAHHIO IIEKTPHUYECKOM (B TOM
YHCIie CBAPOYHOM) T UCTIONB3YIOT BEChMa YIPOIICH-

Ry

a ‘; 6

Puc. 1. CxeMBlI IpOIIECCOB TIIIa3MEHHOI CBapKH (@) M CBapKH He-
IUIABSAIIAMCSE AIIEKTpoaoM (6): I — 1mazMopopMupyromiee cor-
110; 2 — TYTOIUIaBKUI AMIEKTPOo] (KaTox); 3 — COIUIO AT MOJadH
3aIIUTHOTO Ta3a; 4 — CToi0 ayru; 5 — aHogHAst 00JacTh JIYTH;
6 — cBapoYHas BaHHA; / — CBapUBaeMOe U3JIelHe (aHO)

~

any
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HBIE MOJIENTM MPHUAJIEKTPOIHBIX oOnacTelt [4, 6, 9-12],
TOTIa Kak B padoTax, MOCBAIIEHHBIX HCCIEIOBAHHUIO
TIPUAIIEKTPOAHBIX SIBJICHUH (Harpumep, [15] u mutupy-
emasi TaM JIMTeparypa), HeJIoCTaTOYHOE BHUMAaHKE Y/ie-
JsIeTCsl Ipolieccam, NPOUCXOJISIIMM B CTONIOE AyTH.

ITockonbKy TEOpUHM KaTOMHBIX SIBJICHUM, a TaKxke
TIPOLIECCOB B ITPUKATOMHOM IJTa3Me AIEKTPHYECKOM TyTH
C TYTOTUTABKUM (HEHUCTTAPSTFOIIIAMCS) KaToIoM pa3pabo-
TaHbl JOCTATOYHO ToxpoOHO [16—-19], menpio HacTos-
mieil paboThl sIBISIETCS pa3padoTKa CaMoCOIIIacOBaH-
HOHM MareMaTn4ecKol Moaenu (pU3MIECKUX MpoLEecCoB,
MPOTEKAIOLIMX B aHOIHOM 00JIaCTH U CTOIOE CBAPOYHOM
JyTH (IMEKTPUUYECKON AYTH C UCHAPSIIOIIIMCS aHOIOM)
TIPY CBapKe HeTIaBSAIIUMCS SJIEKTPOIOM H TTa3MEHHOM
CBapke B MHEPTHOM Tase (puc. 1).

Jlist onvicaHMst IPOLIECCOB B JIyTOBOH I1a3Mme, rpa-
HHUYaIIel C MOBEPXHOCTHIO HCIAPSIONIErOCs aHO A, 1C-
TMIOJIb3yeM TIOZIXOJ, MPEIOKEHHBIH B padoTax [20-22],
B paMKax KOTOPOTO NMpHaHOIHAs IJIa3Ma yCIOBHO Je-
JuTCcs Ha Tpy 30HHI (puc. 2). [lepBas 30Ha, HEemocpen-
CTBEHHO IPUMBIKAIOINAs K TIOBEPXHOCTH aHOJA, — 3TO
CIIOW TIPOCTPAHCTBEHHOTO 3apsijia, TJe HapyllaeTcs
YCIIOBHE KBa3WHEHUTPaIbHOCTU TLIa3Mbl U TPOMCXO-
JUT OCHOBHOE MaJIeHNe MOTeHIHAaNa MEXIy IIa3Mon
Y aHOJIOM. DTOT CJIOM MOXKHO CYHMTATh OSCCTOIKHOBH-
TENBHBIM, TTOCKOJIBKY TIPW JIaBICHUH, OIHM3KOM K ar-
MOC(EepHOMY, U XapaKTepPHBIX JJISI pacCMaTpHBaEMbIX
YCJIOBUH 3HAYEHHSX TEMIEPATyphl JJIEKTPOHOB T ~
~ 1 9B [23, 24] TommuHa 3TOTO CITost X , COM3MEepHMast
¢ paguycom Jlebas r, ~ 1-10°®* M (31eck u nanee uep-
Ta Haj OyKOBOH O3HAYaeT, 4TO BEJIMYMHA OTHOCHTCS K
BHEIIIHEH TPaHUIIE CJIOSI IPOCTPAHCTBEHHOTO 3apsijia),
OKa3bIBAETCSl CYIIECTBEHHO MEHBIIE XapaKTePHOU
IUTHHBI CBOOOTHOTO IpobOera 4YacTHIl TUTa3Mbl [ ~
~1:107...1-10° ™ (B HacTosIIICH paboTEe OIIEHKH BbI-
NoNHeHs! 171st Fe-mna3mel atMmocepHOro AaBieHus ).

Bropast 30Ha — 3T0 HOHM3AIIMOHHAS 00IACTh HEU30-
TEPMUIECKON KBA3HHEUTPATHLHOMN TUIA3MBI (TIPEACTION ),
IJIe MIPOUCXOHUT TeHepalys 3apsDKeHHBIX YacTull 3a
CUET WOHHW3AIMY TUTa3MEHHBIMH AIIEKTPOHAMH aTOMOB
rasa, J1ecopOMpYIONINXCS C MOBEPXHOCTH METaJuTHye-
CKOTO aHOJIa ¥ KCIIapAIONINXCs aToMOB MeTasuia. Oopa-
3YIOIIHECS 3/IECh HOHBI YCKOPSIOTCS B CTOPOHY TTIOBEPX-
HOCTH aHOJ[a JIEKTPHYCCKUM II0JIeM, CO3/]1aBacMbIM
Ooree TTOABIKHBIMH AIIEKTPOHAMH, U PEKOMOWHHUPYIOT




1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX

BOJM3H 3TOM MOBEPXHOCTH. TakuM 00pa3oMm, B mpejie-
JlaX WOHHW3AIMOHHOW OONIaCTH HAPYIIAIOTCS YCIOBHUS
JIOKAJIbHOTO HMOHM3AI[MOHHOTO PABHOBECHS, a KPOME
TOTO, MPOMCXOAUT 3aMETHOE M3MEHEHHUE IOTCHIMAla
TUTa3MbI, KOTOPOE MOXKET OBITh COM3MEPUMO C €T0 I1ajIe-
HHEM B CJIO€ TIPOCTPAHCTBEHHOTO 3apsiia.

Ha paccTrossHuM OT TOBEPXHOCTH aHO/A, PAaBHOM
HECKOJIbKUM JIJIMHAM CBOOOIHOIO Mpo0era TsSHKebIX
YaCTHIl, HAXOANUTCS TPAHHIA KHYJICEHOBCKOTO CIIOS,
KOTOPYO OyJieM COIMOCTaBIISATh C TPAHUIICH aHOIHOM
00JTacTH 1 32 KOTOPOW HAYMHAETCS TPEThS 30Ha — Ta-
30/IMHAMUYeCKas 00J1aCTh TIa3MBbl, IJIC YCTaHABIIMBA-
eTCsl JIOKaJhbHOE TEPMOIMHAMHYECKOE pPaBHOBECHE.
Crnenyer OTMETUTh, YTO 3Ta O0JIACTh TAKKE MOXKET
OBITH YCIIOBHO pa3/iesieHa Ha JIBE 30HBl — TEIUIOBOU
MOTPAHUYHBIN CIIOW, B MPEJIeiax KOTOPOTO MPOUCXO-
TTUT BEIpAaBHUBAHHUE TEMIIEPATyp JIEKTPOHOB Te0 U TS-
JKEJIBIX YaCTHI] Tho C TeMIIeparypoH 1mia3mel B CTOI0E
nyru T, 1 cOOCTBEHHO cToNO ayrH [23].

B cBsi3u ¢ TeM, YTO TOMIMHA KHYICEHOBCKOTO CJIOS
CYILIECTBEHHO MeHbIle L, ~ 1-10* M pamuyca KpuBH3HbI
MOBEPXHOCTH aHO/A (CBapOUHO# BaHHBI) R ~ 1-107 M, ipn
OITUCAHWUH TIPOIIECCOB, POTEKAIOIINX B aHOTHOM 00Ia-
CTH, MOCJICTHIOK) MOXHO CUUTATh IUIOCKOW. ITockomb-
Ky L, 3HQYUTENHHO MEHBIIE XapakTEPHOro macmraba
M3MEHEHHUS MapaMeTPOB IUIA3Mbl B I'a30JMHAMUYCCKOM
o0nacT, TPH PACCMOTPEHHH TMPOIECCOB IEpeHoca,
MIPOTEKAIOIIHNX B CTOJIOE TyTH, aHOAHYIO 00JIaCTh MOX-
HO cyHTarh OECKOHEYHO TOHKOW. Takum oOpazom, c
TOYKH 3PEHHS MaTeMaTHUYECKOrO OMMCAHUS MTPOLIECCOB
B JIyTOBOH TUIa3Me, € MOKHO pas3JelinTh Ha JBe oOIa-
CTHU: QaHOJIHYFO (WJTH KHYJICEHOBCKHI CJION) M CTOJIO JIyTH
(WM Ta30AMHAMUYECKYIO 00JacTb), IJIsl KOTOPOW Tiep-
Bast 00JIaCTh SIBJISETCS] IOBEPXHOCTHIO pa3pbiBa. B cooT-
BETCTBHH C ATUM CaMOCOIVIACOBaHHAS MaTeMaTH4ecKast
MOJIENTb TPOLIECCOB PHEPIO-, MACCO- U AMEKTPOIIEPEHOCa
B IIJTa3Me CToJI0a M aHOTHOM 00NIacTH CBapOYHOM JIyTH C
TYTOIIABKUAM KaTOJIOM JIOJKHA BKITFOYATh JIBE B3AHMOC-
BSI3aHHBIE MOJIEITH: MOJIENb TETUIOBBIX, HJIEKTPOMAarHHT-
HBIX, TA30JIMHAMUYECKHUX U TU(PQY3HOHHBIX ITPOIIECCOB,
MIPOTEKAOIIMX B MHOTOKOMIIOHEHTHOH TTa3Me CToj0a
JIyT ¥ MOJIEJIb aHOJHOW O0JIaCTH JIyTH, TIO3BOJISIOILYFO
chopMyITpOBaTH TPAaHUYHBIE YCIIOBUS Ha TIOBEPXHOCTH
aHOJIa, HEOOXOIMMBIE JIJIsI PEIICHHs] YPaBHEHUH MOJICITH
CTONIOA JTyTH, & TAKIKE OIPEJICIISIONITY0 XapaKTePHCTHKH
TEIJIOBOTO U IMHAMUUYECKOTO BO3JICHCTBHS JTyTH Ha I10-
BEPXHOCThH CBAPOYHOI BaHHBI.

PaccmoTpum cHadana MoOIENb IPOLECCOB 3JIEK-
TPO-, MAacco- M DHEPronepeHoca B aHOAHOW 00IacTu
CBapOYHOU TyTH.

Monenb anoanoii oosactu. Ilpu onucannu mpo-
[IECCOB, MPOTEKAIONINX B aHOAHON OONACTH IYTH C
HCHIAPSIOIMMCST aHOJIOM, CYMTAaeM, YTO IUIa3Ma Ha
BHEIIHEW TpaHUIle TOW OOJIACTH XapaKTepH3yeTCs
CIIC/IYIOIUMH TIapaMeTpaMu: ng — KOHIEHTpAIUs

JJIEKTPOHOB; ng , — KOHIEHTpalusi aTtoMoB (3a-

lloTtok atomoB

¢ MOBEPXHOCTH
O6patnbrii

MOTOK ATOMOB

MoHHBIH TOK
U3 T1a3Mbl

TOK IL1a3MeHHBIX
AJIEKTPOHOB

:/"' })‘ x Ly
A’..-" Caoii npoct- | Monnaaigonnas

AHO,’_I ) PaHCTBEHHOTIO 00.1aCTh

‘_,.-7 3aps/ia (npescaoii)
4 l—— KHyaceHoBeKuil coii —»

Puc. 2. Crpykrypa IpraHOTHOTO CIOSI IUIa3MBl, TIOTOKH YacTHI
U pacrnpejeieHue IOTCHIMaNa B aHOJHOM 00JIacTH CBapOYHOI
JyTH: (¢ — 3HAYCHUs IOTCHIIMAJA HA IPAHUIIC CIIOS IPOCTPAH-
CTBEHHOTO 3apsiia; A — aToMbl; + — HOHBI; — — DIEKTPOHBI;
OCTaJIbHbIE 0003HAYCHUSI CM. B TEKCTE

psaaoBoe uncio Z = 0) 1 uoHoB (Z = 1) 3auUTHOIO
WM TUTa3MOO00Pa3yIoNIero raza (CopT YacTuIl o = g),
aroMoB (Z = 0) u uoHoB (Z = 1, 2) MeTaNIN4eCKOro
napa (o = m); Ze — 3aps NOHA; e — IIEMEHTAPHBIN
sapsn; T) — Temmeparypa TSUKENbIX YacTHll, TPe-
roJylaraemMasi OJIMHAKOBOH JIJIsl BCEX COPTOB aTOMOB H
MOHOB, HO OTJIYHAas oT T? (1ByXTemIeparypHas Mo-
JeNb TUIa3Mbl); M, — Macca dJIeKTpoHa; M — mac-
ChI TSDKEJIBIX YacTHIl (aTOMOB M MOHOB) rasa (o = g)
¥ MeTamna (o = m); j — IIOTHOCTb JJIEKTPUYECKOTO
TOKa Ha MOBEPXHOCTH aHona. Kak oTMe4eHO BBbILIE,
aHOJHAs 00JIACTh MOXKET CYUTATHCS TUIOCKOM, MO3TO-
MY 3HAYCHHSI ng, nﬁ, 4 Teo, Th0 M j MOMHO paccma-
TPUBATh KaK JOKaJbHBIE, COOTBETCTBYIOIINE JAHHON
TOYKE MMOBEPXHOCTH aHO/A, KOTOPask XapaKTepH3yeTCs
JIOKaJIbHBIM 3HAYEHUEM TEMIIEPATYpPBI 1.

Cunraem, 4TO EPEHOC TOKA Ha aHOJ OCYLIECTBIIS-
€TCS TOJBKO AIIEKTPOHAMH U MOHAMH, TPUXOISAIIIMHA
13 I1a3MbI (MIPEJIIoIaracM, 4To HOHbI, TIOMABIIUE Ha
MMOBEPXHOCTh aHOZA, PEKOMOMHUPYIOT TaM M BO3Bpa-
[IAIOTCS Ha3aJ B BUJE aTOMOB, a TIOTOK 2JIEKTPOHOB,
OMHUTHPYEMBIX aHOIOM, IIpeHeOpekuMo Man). Torma
CyMMapHasi TUIOTHOCTh JIEKTPUYECKOTO TOKa Ha I10-
BEPXHOCTH aHOJIa MOXKET OBITh MPECTABICHA B BUJIC

J,=i,=J,>0), O
rJe j, — IUIOTHOCTh SJIEKTPOHHOIO TOKA, MOCTYIIAk0-
LIET0 HA aHOL;

ji = Z j oZ
a=m,g;Z>1
— CcyMMapHasl IUIOTHOCTh HOHHOTO TOKa (7151 HOHOB
BCEX COPTOB U 3apPsI/I0B).
ONEKTPOHHYI0 KOMIIOHEHTY IUIa3Mbl B INpejenax
AQHOZIHOW 00JacTH C JOCTATOYHOH TOYHOCTBIO MOXK-
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PA3JIEJT 1. IVTOBASI CBAPKA

HO cyHMTaTh OECCTOJIKHOBUTENBHOH, a TeMIeparypy
UIEKTPOHOB — MPAKTUYECKHU MOCTOSHHOM 110 ee ToJI-
muHe. Kpome Toro, mockojabKy MOTEHIHAI TUIa3MBI
OKa3bIBAa€TCs, KaK MIPABHJIO, BBIIIE TOTEHIIMAA aHOAA
[24], 21eKTPOHBI TOPMO3STCS NEKTPUUECKUM T10JIEM,
a MOHBI YCKOPSIOTCS MO HANpaBJIEHUIO K TOBEPXHO-
CTH aHoza. B 3ToM ciryyae MIOTHOCTh JIEKTPOHHOTO
TOKa Ha aHoJ| cocTaBiseT [23]

R e(PO
J,= Zene VTe exp ——kco R )
rae

8kT°
v.oo=, [—%

T mm,

— TEIUIOBasi CKOPOCTD 3JEKTPOHOB Ha BHEIIHEH rpa-
HHUILIC aHOJTHOM 00JacTH; kK — moCTOsHHAs bonpima-
Ha; @° — MOTEHIIHUA TIa3Mbl OTHOCHTEIHHO MOBEPX-
Hoctu anoaa (¢° > 0).

Jlnst HaxOoXKJIGHHUS HWOHHBIX TOKOB HEOOXOINMO
PaccMOTpeTh MPOIECChl B HOHU3AIMOHHOM 001acTH,
I7Ie MIPOUCXOUT FeHEPalLUsi HOHOB U UX YCKOPEHUE B
CTOpOHY aHoja. s 3Toro ucnonaszyeM noaxon [25],
OCHOBAHHBIN Ha MPEJITOIIOKESHHUH, YTO JITHA CBOOO/I-
HOTo TpoOera MOHOB OTHOCUTEIBHO KYJIOHOBCKUX
CTOJIKHOBEHUH MEXIy COOOW 3HAYUTEILHO MEHBIIIC
JUIMHBI MOHU3AIUU U JJIMHBI UX TpoOera mpu CToj-
KHOBEHUM C aroMaMu (XapakTepHbIC 3HAUCHUS yKa-
3aHHBIX BEJIMUMH COOTBETCTBECHHO Zii ~1-107 Mm; lion ~
~1:10°m; [ ~1-107 M). DTO MO3BOJIAET CYUTATH, UTO
HOHBI B MPEACIOC UHTCHCUBHO MAaKCBEIU3UPYIOTCS
U MPHOOPETAIOT OOIIYH CKOPOCTh HANPAaBICHHOTO
JBIKCHUS, 3HAYCHUE KOTOPOX HA TPAHUIIC HOHU3ALIU-
OHHOI1 00JIACTH CO CIIOEM IIPOCTPAHCTBEHHOTO 3apsijia
OTIPECISICTCS BBIPAXKCHUEM

0 0y,,0
2 K2+ T,

ViEVi()?)= a=m,g;Z21 Mno ;
tx:m,élzl ool
4 0 0,0 (3)
ol [z,
s
m mZ

Z>1

ITepBoe cootnomenue B Qopmyne (3) coorBer-
ctByeT nuddy3noHHOMY pexumy ucrapenus (W = 0)
[22], Torma Kak BeIpak€HUE B CKOOKAaX — KOHBEKTHB-
HOMY PeXUMY HcmapeHusi meraimia aHoga (W' > 0),
riae W' — HOopMasibHast K €ro MOBEPXHOCTH CKOPOCTh
rapa Ha TpaHMIIe aHOAHOM 00JIacTH.

Br16upas B kauecTBe TpaHHIIBI TPEJCIIOS CO CII0EM
MIPOCTPAHCTBEHHOTO 3apsiia Takoe 3HaYeHue X, MpH
KOTOPOM HapylIaeTcs YCIOBHE KBa3MHEUTPAIbHOCTH
mIa3Mbl [26], HAXOAUM KOHIEHTPAIUIO 3apsKEHHBIX
YacTHUIl Ha 3TOU Tpanwume [22]
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_ - 1
— _n0 _2 .
ne=ne(x)—ne exp[ ZJ’

1
o= ) = nO°
n_, = naz(x) =n_ exp(—zj, (C))

a=m,g; Z2=1.

Torz[a MOHHBIC TOKM Ha MMOBEPXHOCTHL aHO/a MOXK-
HO 3aIUCcaTh CIEMYIOINM 00pa3om:

. 1)~
Juy =Zens, exp(—ijVi,
[Tpr KOHBEKTHBHOM pEXXMME HCTIapEHHS aHO/Ia Be-
mnunny exp(—1/2) B (4), (5) cnexyer 3aMeHUTH Ha

oa=m,g;Z2>1. 35)

W2 M, n,
Z>1
eXp ——0 00 X
8Zk(Tg +T0n°
zZ>1
0 04,,0 2
4zz>1k(zre +T0n°
x4+ [1+—£=
(WO)Z anf(')nZ

z>1

3Hast 3HaYeHHE JIEKTPOHHOTO U HOHHOTO TOKa Ha
MOBEPXHOCTH aHOAA, U3 ypaBHEHUs (1) Jerko HaiTh
MOTEHIHAN TUIa3Mbl @° OTHOCHTEIBHO 3TOH MOBEpX-
HOCTHU WIIM aHOJIHOE MajieHue norennuana U

kTO enevT
— 0 _ e e
Ua =—¢ = . In . (6)
4 ja + Z jotZ
a=m,g;Z>1

Pacuer 3nauenui j , j ,u U, TpeOyeT 3HAHUA TEM-
neparypsl T°, T n koHuenTparyu n’, ng’ , 3ApSKEH-
HBIX YaCTHUI[ HA BHEIIHEH rPaHUIIE aHOJHOW O0OIACTH.
[Ipeamonarasi, 9YT0O MHOTOKOMIIOHCHTHAs IIa3Ma B
CTONOE yTH SIBISETCS HOHU3AIMOHHO PaBHOBECHOIA,
COCTaB TaKoOW IJIa3Mbl Ha TPAHHIC C AHOIHOU OOIa-
CTBIO MOXKHO OTIPEICITHTh, HCIIOIb30BAB CIICAYIOIIYI0
CHCTEMY ypaBHCHHIA:

ypaBHeHne Caxa ¢ y4eToM HeUICaTbHOCTH ITa3Mbl

0.0 032
nenaZH — anekc 29onZJrl x
ngz h? eaZ
@)
e(U ,-AU,)
xexp| ——2%—~2— |, a=m,g;Z >0,

kT? ’

e
rie h — nocrosnnas [lnanka; 0 , — craructuueckue
CYMMBI JIJISI TSDKEJTBIX YACTHII COPTA 0., HAXOSIIUX-
Cs B 3apsJI0BOM COCTOSIHUM Z; U, — NMOTEHIMAIIBI
MOHU3AIUH (U TIepexo/ia YacTHIl COpTa o U3 3aps-
JIOBOTO COCTOSTHHS Z B Z + 1);

NTRCCAR)

z
rD

— CHMKCHUC IIOTCHIIMAJI0OB MOHU3aIluH, O6YCJIOBJIGH'

HOC B331/IMOI[eI>'ICTBI/IeM 3apsSPKCHHBIX YaCTHII IJ1Ia3MBbl;
1/2

0 72 .
naZZ ;

TO
_ 0 20 0, e
rD—kTe / 4ne n +=5 z
h oo=m,g;Z1




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

ycjioBue KBaBHHeﬁTpaHBHOCTH IJ1a3Mbl
0 _ 0 .
ne - Z notZZ’

a=m,g;Z>1 ®)
3aKOH TapIMAaIbHbIX JABICHUI
p= nOkT0+Zn° kT0+Z:n0 kT = Ap. ©)
zZ>0
31ech p — AaBICHHUE MTa3MbI B6J'II/IBI/I aHoza;
Apzéf—z I’ZSJr Z ngZZ2
D o=m,g;Z>0
— CHW)XEHHE [aBIICHHUS 3a CYET HEUICATbHOCTU
1a3Mel [27].

Juist 3ambIkanus cucteMbl ypaBaeHui (7)~9) HeoO-
XOJMMO €IIIe OJHO YCJIOBHE, OIMPEACIISIONIee KOHIICH-
TPAIHIO YaCTHI[ METATTMIECKOTO Mapa Ha BHEIIHEH rpa-
Hutie aHomHoU obmactw. [Ipu muddy3morHOM pexmmve
HCTIApEHUS MPE/IOIaracTesi, 4To CKOpocTh auddy3un
YaCcTHI] [1apa MaJia, T. €. COCTOSIHHUE rapa OJIM3K0 K HaChl-
HIeHNI0. B KayecTBe TAaKoro yciIoBHS MOYKHO BBIOPATh
PaBEHCTBO TAPIMATBHOTO JABJICHHS TSUKEBIX JYACTHIL
HCTIApEHHOTO METAIJIa Ha ATON TPAHMIIC JIABJICHHIO Ha-
CBILICHHOTO Mapa ), Ha/l TOBEPXHOCTHIO PACTLIABJICHHO-

IO METaJlIa, UMEFOLIETrO Temreparypy T.:

0 k0= p = M[l_lﬂ
Z>0ankT =P =P, exp{ k T, T ’ (10)
e p, — armocdepHoe napieHue; T, — Temmepa-
Typa KUIICHHS; A, — paboTa BHIXOA aTOMa METallla
aHozA, Th0 =T.

Eciu temnieparypa moBepXHOCTH aHOA TPEBBIIIACT
TeMITIeparypy, Ipx KOTOPOH JaBieHNe NOHN3UPOBAHHO-
TO Tlapa CTAHOBUTCS OOJIBIIIE BHETITHETO AABICHUS

[P,?q = nng;O + z nzszhO -Ap> p],
Z>0

HaYMHAETCS paciupeHue (pas3ier) mapa, OTTECHSIO-
LIero BHEIIHUH ra3. B pesynprare npuanogHas mias-
Ma CTAHOBHTCS OIHOKOMIIOHEHTHOMH, T. €. COMEPIKUT
TOJBKO YacTUIBl HcHapeHHoro Metamia. Cremyer
OTMETHUTh, YTO B KAUECTBE TPAHUIHON TEMIIEPaTyphI
MOBEPXHOCTH, BBINIE KOTOPOH HAuYMHAETCS pasjieT
napa B cpefy arMOoC(epHOro JIaBICHUs, IPH OTCYT-
CTBMU MOHM3ALUH BBICTYIAET TEMIIEPATYPa KUIICHHS
meTaiia T, (1aBJIe€HUE HACHIIIEHHOTO Mapa PaBHO ar-
MocdepHOMY). BiusiHue 251eKTpOHHOTO JaBieHHs Ha
9Ty TPaHUYHYIO TEMIIepaTypy MCCIeI0BaHO B paboTe
[22]. Y3 momyueHHBIX pe3ynbTaToOB CIEAYET, UTO TEM-
neparypa MoOBEPXHOCTH aHOJA, BBIIIE KOTOPOH JaB-
JICHWE MOHM3UPOBAHHOTO Mapa HaYMHAET MPEBHIILATH
arMocdepHoe U AuD(GY3MOHHBIH PEKUM HCIIAPEHHUSI
CMEHSETCS KOHBEKTHBHBIM, C yBenudeHueM T/ cra-
HOBHUTCS CYIIECTBEHHO MeHbIIE T .

CocTtaB npuaHOIHON IMJIa3Mbl IPU KOHBEKTUBHOM
peXMMe UCTIapeHUs] aHO/la MOYKHO PacCUMTarh C TO0-
MomIpio ypaBHeHHH (7)—(9), TONIOKUB ngo :ng] =0 u
JIOTIOJTHUB 3Ty CUCTEMY YPaBHEHHN COOTHOIIIEHUSMH,
OIIPECISIOIMME KOHIEHTPALUIO i TEMIIEPaTypy Tsi-
JKEJIBIX YaCTHI[ PACIIUPSIONIErocsl mapa BOIM3HM MO-

BEPXHOCTH aHoja. J{J1st HAXOXKACHUS 3HAUCHUI Z oz
u TO B 5TOM ClTydae MOKHO NPUOTHKEHHO HCTIONb30-
BaTL BBIp@XEHHMS, IOJTy4YeHHbIEe B padore [28]:

an(i)zz 1
= {[Y + jexr)(v -y, )J—ﬁ}

T
x |5+ La- v, Nmexp(y? 1 -(y,, )]} oE (11)

T h
T0 ’n
T—_1+y3—2 1- 1+ 624
s YT
3mech n = ps/kI; — KOHIICHTPAIHS HACKHIIIEHHOTO

mapa, COOTBETCTBYIOLIasl AaHHOW TeMmIieparype Io-
BEPXHOCTH aHO/a;

M 1/2
—w|
” [M:]

— OespasmepHas ckopocTh napa; O(y, ) — uHTErpan
BEPOSITHOCTH.

OTMCTI/IM, YTO CKOPOCTH W0 SABIISICTCA BHCIITHUM
napamMeTpoM M OIpENeNsieTcs YCIOBUSAMH pPAacIId-
peHusl Tapa B ra3ofMHAMHYECcKoil obOmactu (cTonbde
nyru). J1nis auciieHHOW OlleHKH 3Ha4eHus W' B cirydae
JO3BYKOBOT'O TCUCHUS IJIa3MbI MOXXHO HMCIIOJIB30BaTh
MpuOIMKEHHOE BhIpaskeHue 28]

(12)

e S° — MecTHast CKOPOCTh 3ByKa; Y° — MoKa3areib
ananadaTel ISl 3aIIMTHOTO WIIK TIa3MO00pa3yIoNIero
ra3a pu HOPMaJbHBIX YCIOBUSIX.

PaccuntanHbie TAKUM 00pa30M 3HAUCHUS AaHOJHOTO
MaJieHns] TIOTEHIHANA B YCJIOBUSX, XapaKTepPHBIX IS
CBApKU CTaJId HEIUIABSIIIUMCS JICKTPOJOM B aproHe,
npuBeieHbl Ha puc. 3. Kak crieayeT u3 npeacTaBieHHbIX
pacyeTHBIX JIAHHBIX, aHOJTHOE TaJICHUE B PaCCMaTpPHBa-
€MOH CHCTeME SIBIISIETCS OTPHUIIATEIbHBIM, YBEITNIHBA-
SICh TI0 a0COJIFOTHOW BEJIMYMHE BMECTE C POCTOM JICK-
TPOHHOM TeMIepaTyphl TIa3Mbl BOIN3W aHO/IA, a TAKKe
TEMIIEPaTypPhl €ro OBEPXHOCTH (PUC. 3) ¥ HECKOIBKO
YMEHBIIASICh C YBETMUYEHHEM aHOTHOH TUIOTHOCTH TOKa
(puc. 4). 3nayenue U, ipu paccMaTpUBaeMbIX YCIIOBH-
SIX HAXOOUTCs B auarasode —1....—4 B.

PaccMoTpuM Terepb mpoLeccs SHepromnepeHoca B
aHOJHOM 00MacTh CBapOUHOU 1yTH. TernoBoi moToK
Q, W3 IPUAHOJHOM IJIa3Mbl HA TOBEPXHOCTH aHOIA
HMEET BU]L

Q =Q+Q, (13)
rae Q,, Q, — TOTOKM TOTEHIMAIBHOW W KHHETHYE-
CKOW JHEPIHH, MEPEHOCUMON COOTBETCTBEHHO 3JICK-
TPOHAMH ¥ HOHAMH.

Beipaxkenue qis Q 3anviem B Bujie [24]

SkT?
0 =] 26 +¢ |,

m

(14

/1
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Uz B

6 7 8 9 TY1073 K
[/ €

b | L 1 1 1 1 1

20 22 24 26 28 30 T-107% K

Puc. 3. 3aBUCHMOCTb aHOJHOIO MajieHus noTenuuana U ot tem-
nepaTypsl SJICKTPOHOB B IIPHAHOIHOM CJIOC ITa3MbI (@) U TeMIIe-
patypbl €ro MOBEPXHOCTH () JIIsl CTAIFHOTO aHOJIa TIPH CBapKe B
aprone: a — I — j = 200; 2 — 500; 3 — 1000 A/cm® npu T, =
=2472 K; 6 — 1-3 — cm. puc. 3, a, HO TIpu Te0 =710 K

IpI(§ (pm — pa60Ta BbIXO/JIa 3JICKTPOHOB JI1 JTaHHOTO
MeTajuia.

C yuyeTom HauaJ bHOM SHEPTUU HOHOB Ha BHEIIHEH
TrpaHule CJIOSA MPOCTPAHCTBCHHOI'O 3apsdnaa, a TAaKKEe
HX JOMOJHUTECIIBHOTO YCKOPEHUA B OTOM CJIOC JJIA Qi
MOXKXHO 3aI11ucarb

_ M
Qi:a:m.zg:;zzojaz o ;e' +722'::1[]012,_([)”’ 19
e
B 1 kT°
P=p(0)=¢" -5

— I[OTCHIMAJ IJIa3Mbl Ha I'paHULIC CJIOA IMMPOCTpPaH-
CTBCHHOTO 3apsaaa

=5 Il 1 1
2 4 6 8

Ja 1072 A /em2

Puc. 4. 3aBUCHMOCTb aHOIHOIO IIaJICHHS IIOTCHIINAIA Ua OT ILJIOT-
HOCTH TOKa Ha aHOJIE j, JUIsl CTAIILHOIO aHO/a [IPU CBApKE B apro-
ue (T, = 2472 K): [ — T0=6-10°2—7-10% 3 —8-10°K

e

12

L merTm,
e=e Se; @10
xq1+ [1+ 42221]{(27;0 +ThO)n?nZ
(w)? ZanBIZ

Z21

B ClIy4ae KOHBEKTHBHOTO peKMMa HCIIapeHus).
Bripaxenue (13) MOXHO IIpeZICTaBUTh B BUIE
Q,=7V. (16)
rae V — BOJBTOB SKBHBAJICHT TEIUIA, BHIACISEMOIO
Ha aHOJIe, KOTOPBIM B OTIMYNE OT aHOJHOTO MaJIeHUS
U, Beeraa NpuHUMAET TOJIOKUTENbHOE 3HayeHne. C
yuetoM (1), (14) u (15) Haxonum

a _(pm Z Qe
i M7z a7
+ Y +—2—+=>U |
a=m,g;Z20 Jq 2e Z Z'=1 w?

B cnyuyae KOHBEKTMBHOTO peXHMa UCIIAPEHUs Me-
Tajyia aHo/Ia B 9HEprodaslaHCce ero MOBEPXHOCTH He-
00XOIMMO YYHMTHIBaTh SHEPIUIO0 Q , YHOCHMYIO C MO-
BEPXHOCTH pacIjaBa IOTOKOM METaJNINYECKOTo napa

=>»n0 vy .
Qv Z§) mZ v (18)

Uto kacaeTcs JaBJICHUS Ha MOBEPXHOCTh PACILIaB-
JICHHOTO MeTaJlia aHojia (CBapOYHON BaHHEI), TO B pe-
skume uddy3HOro ucnapeHus OHO PaBHO JIABJICHHIO
IJ1a3Mbl, OMPEACNIIeMOMY U3 PELICHUS Ta30AMHAMHU-
YECKUX ypaBHEHHH I CTOJIOA YT, TOTJa KaK MpH
KOHBEKTUBHOM PEKUME HCHAPECHUsS STO JTABICHHUE C
Y4eTOM PEaKTUBHOM COCTABJISIONICH MOXKET OBITh BbI-
YHUCJICHO C TIOMOIIBIO BRIpaXKeHUS [29]

=145 ) (19)
rae M = W%/s? — 3uauenue uncia Maxa Ha TpaHHIE
AHOJ/IHOM 00JIaCTH CO CTOJIOOM JIyTH.

Ha puc. 5, 6 mpencraBieHsl pe3yabTaThl pacueTOB
TEIUIOBOTO TIOTOKA B @HOJ| C YYE€TOM IOTeph dHEPTUu
Ha UCIIapeHne IIPU YCIIOBUAX, XapaKTEPHBIX I CBap-
KM CTaJId HEIUIaBALINMCS 3JIEKTPooM B aprone. Kak
CICOYCT U3 MPUBCACHHBIX PACYCTHBIX KPUBBIX, 3HA-
ueHust Q BO3PACTAIOT C yBEJIUYEHUEM TEMIIEPATYPBI
3JIEKTPOHOB B ITPUAHOIHOM CJIO€ TIJIa3Mbl, TNIOTHOCTH
TOKa Ha aHOZIE U TeMIIepaTypbl ero MoBepXHOCTH. B
HaH6OHBmeﬁ CTCIICHU 3Ta TCHACHIUA IIPOABJISACTCA B
saucumoctu Q — Q (T)) (puc. 5).

Monensb ctos0a nyru. [Ipu onrcanuu npomeccos
TEIUIO0-, MAacCO- 1 JIEKTPOIIEPEHOCa B ra30/lMHaAMHYe-
CKOHM oOsacTH mia3mbl (B CTOJIOE CBapoOYHOW IYyTH),
cojieprKallled Hapsay € 4YacTHULIAMM 3alUTHOTO WIIA
T1a3MO00Pa3yIOIIero raza aroMbl U MOHBI UCTIAPEH-
HOTO MeTaJljla aHOJa, UCIIOIb3yeM MOJIENb JABYXTEM-
IeparypHOd HOHU3ALMOHHO PAaBHOBECHOM ILIA3MBI.




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

CoOoTBeTCTBYIOIIAsA CHCTEMa YpaBHEHUH, 3alKCaH-
Has, HapuMep, B UWINHAPUIECKOM CUCTEME KOOPIH-
Hat (cM. puc. 1), umeet cienyromuii Bus [2]: ypaBHe-
HUE HEMPEPHIBHOCTHU

%‘;+%§(rPV)+%(pU)=O,
rae p — MaccoBasi IIOTHOCTD IJIa3Mbl; V, 4 — COOT-
BETCTBCHHO pagvalibHasA W aKCHalIbHasd KOMIIOHCHTBI
CKOpPOCTH I1J1a3MBl;

YPABHEHUS JIBUKCHHUS

@4_ @‘F @ —_@_ B +%é @ +
p ot V@r ”az T or %% ror mar
Lol fau vyl , v 20 [1a@v) au]l (D
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II€ j, j, — COOTBETCTBEHHO aKCHAJIbHASA U paiasibHast

KOMITOHCHTBI TTOTHOCTH TOKA B IUTa3Me; B — asumy-

TaJIbHas KOMIIOHEHTAa BEKTOpPa MAarHWUTHOM WHITYKLIUH;

N — KO3Q(HUIMEHT TUHAMUYECKON BI3KOCTH TIJIa3MBbI;
YpaBHEHUS SHEPTUU

o (T, ) e T,
"ol ot Vo e |Trer e |T
of ot k
+87 X Oz +EX

{ ol(5/2-8)T 1  a[(5/2-8)T ]} (23)
x4 j £ +jz €L+

(20

r or Oz

24)

rie C,, — yaembHas TEMIOEMKOCT 3IIEKTPOHHOTO
rasa ¢ y4eTOM JHEPIHM MOHM3aLMH; ), — Kodhdu-
LUEHT JIEKTPOHHOH TEMIIONPOBOIHOCTH; & — MOCTO-
ssHHAST TepMOIU(DPy3un PIEKTPOHOB; G — yAeTbHAs
ANIEKTPONPOBOJHOCTD IJIa3MbI; \y — TIOTEPH SHEPTUU
Ha m3nydeHHe (TpUOMIKEHUE ONTHYCCKH TOHKOU
I1a3MBbl); 3 — KO3 PHULIMEHT TemI000MeHa 3IEKTPO-
HOB C TSDKeIBIMA YacTiiamu; C — ylenbHas Teio-
E€MKOCTh TSDKEJIOW KOMITOHEHTHI IUIa3Mbl (aTOMOB H
HWOHOB); Y — KO3(h(UIIMEHT TETUIONPOBOTHOCTH TsI-
JKEJIOW KOMITOHEHTHI,
ypaBHEHUS 3JICKTPOMArHUTHOTO ITOJISt

10 op) O 0p) .
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Puc. 5. 3aBHCHMOCTH TEIUIOBOTO ITOTOKA HA MOBEPXHOCTD CTalIb-
HOTO aHOZAA OT TEMIIEPaTyphl AIEKTPOHOB B MPHAHOIHOM CIIO€
0
miasmel T/ (@) m TemmepaTyphl MOBEPXHOCTH aHofa T  (6) mpu
cBapke B aprosue: /—3 — cM. Ha puc. 3

1
30 102 K

rae u’ — yHHBepcalbHas MAaTHUTHAS TIOCTOSHHAS,

. oo o
i= —ca—(rp; ? 27)

Jlns 3ambikaHust cuctembl ypaBHeHui (20)—(27)
HEOOXOJMMO ONPENEIUTh 3aBUCUMOCTh Terodusu-
ueckux xapakrepuctuk p, C , C, KOA(pPHUINEHTOB
TIIEPEHOCA M, X, X» O, O, KOdpPuIKEHTa TEMIO0OMEHA
B u moTepr Ha U3MyUEHHE Y OT TeMIepaTyphl, 1aBie-
HUS M cocTaBa AyroBoil miasmbl. COCTaB MHOTOKOM-
MOHEHTHOMW IJIa3Mbl CTON0A OYTH C MCHApSIONIMMCS
aHOJIOM MOYKHO HaWTH C MOMOINbI0 ypaBHeHUM (7)—
(9), xoTOpBIe HEOOXOAMMO JOMOJHUTH YpPaBHCHHUEM
KOHBEKTHBHOW Au((dy3un MeTasTMueckoro napa B
ra3oiMHaMHYeCKO1 001acTh

]z: Gaz.

(Q, — O)107% Br/em2
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Puc. 6. 3aBucUMOCTb TEILIOBOIO MOTOKA HA IIOBEPXHOCTh CTallb-
HOTO aHOJIA OT TIIOTHOCTH TOKA B HEM j TIU CBApKe B aproue, T =
=2472 K: /-3 — cm. Ha puc. 3
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PA3JIEJT 1. IVTOBASI CBAPKA
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(28)

31ech

— OTHOCHUTCIIbHAsA MacCoBas KOHI_[eHTpaHI/IH MeTal-
JIMYCCKOTO ITapa B IJIa3MC croiiba AyTru;
M n M n

C =

— m_ml m_m2
ml ’ m2 p
— OTHOCHUTEJIbHAsi MaccoBas KOHIIEHTpalid HOHOB
meramna; D - = D -D.. D , = D, -D,, tie

D .D ., D;; — Koa(b(bnuHeHTlr)”I nddy3un aTomMoB,
OIHO- U JIBYX3apsITHBIX HOHOB METajljla B MHOT'OKOM-
MOHEHTHOM T1a3Me. PellieHre 3Toro ypaBHeHUs Tpe-
Oyer ompeneneHus 3aBUCUMOCTH Ko3(duimeHToB
mapdysuu D, D ., D , OT TeMneparypsl, 1aBJIcHHUs
u coctaBa miasMel. Cienyer OTMETUTh, YTO ypaBHe-
Hue (28) B ommmune or ypaBHeHus auddysuu, wc-
OJIL30BAaHHOTO B padote [11], yuuTsiBaeT nudQy3uto
HMOHOB METAJTMYECKOTO Tapa.

Hus  pemenuss cucteMbl U depeHInaTbHBIX
ypaBHenuit (20)—(25), (28) HeoOxogmmo 3amath Co-
OTBETCTBYIOIIE HAYallbHBIE W TPAHUYHBIE yCIIOBHSL.
[TockonbKy (u3uUeckue Moiisi B JIyTOBOM paspsizie
YCTaHABIHMBAIOTCS JIOCTATOYHO OBICTPO, HAaYallbHOE
pacmnpesneneHre CKOpOCTH W TeMIIepaTypbl MpHH-
[UITHAIBHOTO 3HAYeHHs HE UMEIOT. s cxopocTH
MOJKHO 3aJlaBaTh HYJIEBbIE 3HAYEHMs, a TeMIIepaTypa
3NIEKTPOHOB B 00J1aCTH TOKOBOTO KaHaJIa JOJKHA 00e-
CIeYMBATh XapaKTEPHYIO JJIs JYTOBOTO pa3psija Mpo-
BOAMMOCTS I1a3Mbl. Ha rpannnax (r=0,r=R ,z=0,
z = L,) pacueTHO# obnactu (cM. puc. 1) MOryT ObITh
BbIOpaHbl CTaHAAPTHBIC TPAHUYHBIC YCIOBHS, MOJ-
poOHO onMcaHHbIe, Hanpumep, B [2, 9, 17]. Ocraercs
3aJlaTh YCJIOBUS HAa TPAHMIIC aHOJHOW U Ta30MHAMU-
YeCcKoi 00sacTeil Mmiasmel.

[lycte I' — rpanuma aHogHOW 00IacTH CO CTON-
Oom jayru (BBUY MaJioi TOJIIIMHBI aHOIHOM 00IacTu
B KauecTBe I' MOXKHO paccMaTpuBaTh MOBEPXHOCTH
anona z = L,). Torna rpaHu4HbIe yCIOBUS IS ypaB-
Henuit (20)—(22) Ha 3T0¥ TpaHHIle MOXKHO 33/1aTh Clie-
JOYIOLIMM 00pa3zoM:

‘ {0 (anddysuonnblii pexxum nenapenusi),  (29)
nir =

WO (KOHBEKTHBHBIII PEXKUM HCIIAPEHHUS ).
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31ech V,, V. — TaHTeHIMAIbHAS ¥ HOPMaJIbHAs K M0~
BEPXHOCTH aHO/a KOMIIOHEHTHI CKOPOCTH IIJIa3Mbl, a
JUIS. BBIYUCIICHUSI PACHpPEACICHUS] BIOJb MOBEPXHO-
CTH aHOfa 3HaueHU W’ MOXXHO HCIOJIb30BaTh MPH-
omwkennyo ¢opmyiny (12). Ormerum, uyto Oosee
TOYHBIM SIBIISICTCSI HAXOXK/ICHNE 3HAUeHUI W’ 13 ypas-
Henuit (11) u ycnoBus
nngeO + Z nf;ZkThO -Ap= po,
zZ>0

rie p° — pacmpeneneHie JaBieHHs M1a3Mbl BOIH3H
aHO/1a BJIOJIb €0 IIOBEPXHOCTH, KOTOPOE OIIpeAesIseT-
Cs1 B pe3yJIpTaTe PelIeH sl Ta30JMHAMUYECKOH 3aauH.

O6o03HaynM uepe3 1 BekTop HOpManu K I (B Ha-
IpaBjIeHuH cToN0a ayru). Torna cooTBETCTBYIOIINE
TpaHUYHbIE YCIOBUSA Ui ypaBHEeHUH (23), (24) Mox-
HO 3amucaTh B BUJIC

oT orT k(5
e _h A B —
Xe on X on ez e(Z SjTer
r r
¢j, +0,

(mmdysuonHbIiT pesKIM HCTTApeHTs ), (30)

=
0'j, +0 +e,
(XOHBEKTUBHBL PeXXUM HCIIAPEHHsT );

T (1 dysuonnbIii pesknM HemapeHus );

(€2))

b ‘r T? (KOHBEKTHBHBIIT PEsKHM HCTIAPEHTsT),

e € — MOTEPU DHEPIUM HA HAIPEB U MOHHM3ALMIO
METaJUINYECKOTr0 Napa, MOCTYNAOLIETO B CTOJIO Tyrd
C HOBEPXHOCTH aHOA; I, — M3BECTHOE pacnpese-
JIeHHWE TeMIlepaTypbl Ha MOBEPXHOCTH aHOAA, a pac-
npejiesienue 3HaueHuit T’ NpU W3BECTHBIX pacrpe-
nenenusx T u W’ BBIYHCIISAEM C TIOMOILIBIO BTOPOrO
ypaBuenus (11).

[TockonbKy NPOBOOMMOCTb METajula aHOJa, Kak
MIPAaBHJIO, CYIIIECTBEHHO BHIIIE YIETBHOMN SJIEKTPOTIPO-
BOJHOCTH IUIa3Mbl, €r0 MOBEPXHOCTH C JOCTATOYHOMH
CTETNEeHbI0 TOYHOCTH MOYKHO CUMTATh HKBUIIOTEHIIH-
aIbHOM, MONoKKUB, Hanpumep, ¢ = 0. Torxa ycnosue
Ha TpaHUIEe CToi0a Tyrd ¢ aHOIHOW OONACTBIO IS
ypaBHEHUS (25) MOKHO 3371aTh B CJICAYIOIIEM BHJIC:

ol = ¢’ (32)
I€ pacupenesiieHUe BAOJIb AHOJHOM ITOBEPXHOCTH
3HaYeHHUH (° BRIYUCIISEM C IIOMOIIBIO (6).

Haxonen, rpaHu4Hble YCIOBHUS AJSl ypaBHEHUS

(28) 3anmireM B BHIe

c,| =
mir
Omps (zuddysuounsiii pesxuM ucnapems ),
pUkT, (33)
1 (KOHBEKTHBHBII PESKIM HCIIAPEHIs );
rae ps — pacnpeacjiCHue AaBJICHUSA HACBIILCHHOT'O

rapa, orpe/esieMoe MPU H3BECTHOM paclpeaeICHHH
T. mo dopmyane (10); p” — pacnpenenenue MaccoBoit
TUIOTHOCTH MHOTOKOMITOHEHTHOHM II1a3Mbl  CTOJIOA
JTyTH BIIOJIb TPAHHMIIBI C aHOJHON 00JIACThIO.




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

OTUM HCUEpNBIBAETCS ONUCAHHE CaMOCOINIaco-
BaHHON MaTeMaTHYeCKOH MOoAenu (PU3NIECKHUX IMpo-
LIECCOB, NMPOTEKAIOIINX B MHOTOKOMITIOHEHTHOH I1a3-
Me aHOJTHOW 00JIaCTH M CTOI0A AIEKTPHUIECKOM IYTH C
HCHIapAIOIIUMCS aHOZOM, IPUMEHUTENBHO K YCJIOBU-
AM CBAapKH HEIUIABAIIUMCS S3JICKTPOAOM M ITJIa3MCH-
HOM CBapKU B MHEPTHBIX Ta3ax.

Takum 06pa3oM, aJIeKBaTHOE ONMMCAHUE (PU3NIECKIX
MPOLIECCOB B CTOJIOE CBAPOYHOM Iyr'd M €e aHOJHOU
o0JacTH, TIO3BOJIAIONIEE TOMyYaTh JOCTOBEPHBIE pac-
YETHBIC JJAHHBIC 00 YCIIOBUSIX TOPEHHMS IyTH, BO3MOKHO
JIMIITH HA OCHOBE CAMOCOIJIACOBAaHHON MaTeMaTHYeCKOM
MOJIEINH, KOTOpasi B OJTHOW Mepe YUUTHIBAET B3aUMOC-
BsI3b BCEX (DU3UUECKUX SIBJICHHIA, COIyTCTBYOIIHMX TO-
peHH0 ayru. BakHOW CTPYKTypHON COCTaBISIOLICH
9TON MOJIENN, OTBETCTBCHHOM 3a B3aMMOJCHCTBUC Te-
IUIOBBIX M 3JIEKTPHYECKUX IIPOLIECCOB B CTOJIOE Iyru
Y Ha aHojie (CBapHBaEMOM HM3JIENIUH), SIBISIETCS MOJIETb
aHOIHOM obmacty myru. HempemeHHOM cocTapmsromen
CaMOCOIIaCOBAaHHOW MOJIENH SIBJISIIOTCSl TakKe Mojie-
JIA CBOMCTB MHOTOKOMIIOHEHTHOM IJIa3Mbl CBApPOYHOU
IyTH (MOHU3AIIMOHHOTO COCTaBa, TEPMOITUHAMUYECKIX,
TPAHCIIOPTHBIX U ONITUYECKUX CBOICTB), KOTOPBIE OIIpe-
JIETSIIOTCSL B 3aBUCHMOCTH OT XMMHUYECKOTO COCTaBa
3aIIUTHOTO Ta3a, CONCP)KaHWsS HMCIApEeHHOIOo MeTalla
aHoJa, TEMIIEpaTyphl IUIa3Mbl U JABJICHHUS OKpYKaro-
mei cpenbl. BXOIHBIMUM NapaMeTpaMu CaMoCoIviaco-
BaHHOI MOJIETIH {yTH JIOJDKHBI OCTABATHCS JIUILIB HA00p
TEXHOJIOTMYECKUX MTApaMeTPOB (CBAPOYHBIH TOK, COCTaB
3aIIUTHOIO Ta3a, JJMHA IYTW U Tp.), APyTHe e pac-
MPEACIICHHBIC U MHTETIPAJIbHBIC XapaKTECPUCTUKU OYT'H
JIOJKHBI ONPEJIEIISTHCS B PE3YJIBTaTe BEIYUCIUTEIBHOTO
9KCIIEPUMEHTA HAa OCHOBE YKa3aHHON MOZIEIH.
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1.1.12. MODELLING OF ELECTROMAGNETIC PROCESSES
IN SYSTEM «WELDING ARC-EVAPORATING ANODE)»
Part 1: Model of anode region”

I. KRIVTSUN, V. DEMCHENKO, A. LESNOL I. KRIKENT, P. PORITSKY, O. MOKROY,

U. REISGEN, A. ZABIROY, V. PAVLYK

Introduction. There are many approaches and mod-
els for numerical investigation of the processes of
energy, momentum, mass and charge transfer in the
electric arc, as well as processes of its interaction with
electrodes, applied for different arc welding methods
[1-10]. However, in almost all such publications the
arc plasma is considered to be single-component, i.e.
containing atoms and ions of a shielding or plasma
gas, which is usually inert (one of the few exceptions
is, [11] where the authors attempt to investigate the
influence of iron vapour on plasma of the helium arc
with a refractory cathode). As a rule, the real welding
arc plasma is multi-component, as it contains a high
amount of atoms and ions of the evaporated material
of electrodes, primarily anode, along with particles of
the shielding gas. Therefore, to develop an adequate
mathematical model of the welding arc, it is necessary
to allow for the multi-component nature of the arc
plasma. Such a model must have another important
characteristic — self-consistency — to account for
interaction of physical processes occurring in elec-
trodes and near electrode plasma layers with process-
es occurring in the arc column. It should be noted that
most publications dealing with complex modelling
of the electric arc, including the welding one, with a
consideration of the processes occurring in the bulk
and on the surface of electrodes, use highly simplified
models of the near electrode region [4, 7, 9, 12—13].
At the same time, the studies dedicated particularly
to investigation of the near electrode phenomena, e.g.
the anode ones, usually ignore the processes occur-
ring in the bulk of the anode [14, 17]. Therefore, the
purpose of the present study consists in development
of a self-consistent mathematical model of physical
processes occurring in the «welding arc—evaporating
anode» system, detailed description of the model of
the electromagnetic processes in the above system,
and their numerical investigation for conditions of
GMA and PTA welding of steels in inert gas (Ar).
Structure of the complex mathematical model of
the system under consideration is shown in Fig. 1.
The model includes several interrelated sub-models:

(1) models of the thermal, electromagnetic, gas
dynamic and diffusion processes occurring in the arc
column plasma;

(i1) models of the thermal, electromagnetic and hy-
drodynamic processes occurring in the bulk of the an-
ode, including the molten metal droplet or the weld pool;

(iii) models of the anode region of the arc, al-
lowing determination of boundary conditions on the
evaporating anode surface, which are necessary to
solve equations of the above models.

Consider the model of the electromagnetic pro-
cesses occurring in the «arc column—anode region—
evaporating anode» system in more detail. The first
part of this study is dedicated to formulation of basic
equations of the model of the electric charge transfer
processes in multicomponent plasma of the anode re-
gion of the electric arc with an evaporating anode.

Structure of anode layer of arc plasma. The au-
thors will use an approach suggested elsewhere [ 14,
15, 18] to describe the anode layer of the multi-com-
ponent plasma containing atoms and ions of the evap-
orated anode metal, along with atoms and ions of the
shielding (plasma) inert gas. Within the scope of this
approach, the anode arc plasma can be conditionally
subdivided into three zones, as shown in Fig. 2.

The first zone immediately adjoining the anode
surface is a layer of the space charge, where the condi-
tion of quasi-neutrality of plasma is violated and main
potential drop is formed between the plasma and the
anode surface. This layer can be considered collision
free, as under a pressure close to the atmospheric one
and at electron temperature T ~ 0.7-2.0 eV, which
is typical for the conditions under consideration [15,
16], thickness X ; of this layer, commensurable with
Debye radius r, < 107 m, is much smaller than char-
acteristic lengths of free path of all particles of the
plasma, / ~ 10°-10* m (calculations were made for
the atmospheric argon plasma).

The second zone (Fig. 2) is an ionisation region
of the non-isothermal quasi-neutral plasma (or the
so-called presheath), where generation of the charged
particles due to plasma electron ionisation of the
shielding gas atoms desorbed from the anode surface
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Fig. 1. Structure of self-consistent mathematical model of physical processes occurring in «arc column—anode region—evaporating

anode» system

and evaporating atoms of the anode material takes
place. The ions formed here are accelerated towards
the anode surface by the electric field induced by
more mobile electrons, and recombine near the an-
ode surface. Thus, the conditions of local ionisation
equilibrium are violated within the ionisation region.
Moreover, a marked change in the plasma potential
takes place here, which is commensurable with its
drop in the space charge layer.

Boundary of the Knudsen layer (Fig. 2), which is
taken as an external boundary of the anode region,
and beyond which there is a gas dynamic region of
plasma, where both translational and internal degrees
of freedom of the plasma particles are already char-
acterised by the local thermodynamic equilibrium,
is located at a distance from the anode surface equal
to several lengths of free path of the heavy particles.
Since the thickness of the Knudsen layer, L, <10 m
is generally much smaller than radius of curvature of
the anode surface (droplet or weld pool), R ~ 107 m
as well as characteristic scales of changes of plasma
parameters in the arc column, the anode region will
further on be considered flat and infinitely thin, and its
external boundary will be regarded as coinciding with
the anode surfaces.

Within the scope of this approach, the anode
arc plasma actually consists of two main regions:
non-equilibrium region (anode region or Knudsen
layer) and equilibrium region (gas dynamic region),

for which the former plays the part of a discontinu-
ity surface. It should be noted at this point that the
gas dynamic plasma region, like the anode region,
can be conditionally subdivided into two zones: ther-
mal boundary layer, within which the temperatures of
electrons and heavy particles, T and T,, are equalized
with plasma temperature T in the arc column, and arc
column proper [14, 15].

P A
/\/
(PO _______________ T T —
¢ ________ /-
@\ / Atom flow |
4 fromasurface ~ b T
Inverse flow A Plasma ——]
- / of atoms flow——
| Ton current
from plasma
C\ Emission ™ Eleetric />
7Z current = current ___~
Electron current rf%
from plasma _
0 x Ly x
/\/
Space charge i Ionization region A
layer (presheath)
b T ]
Anode Anode region Arc column™ |
(Knudsen layer) (gas-dynamic region)

Fig. 2. Structure of anode boundary layer, flows of particles and
distribution of potential in anode region of welding arc
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Model of electric charge transfer processes in
anode region of arc with evaporating anode. For
mathematical description of the electric charge
transfer processes in the anode region of the arc with
an evaporating anode, we will assume that plasma at
the external boundary of this region is characterised
by the following parameters: n’, concentration of
electrons; ngz, concentrations of atoms (Z = 0) and
ions (Z =1) of the shielding or plasma gas (a0 = g), and
atoms (Z=0) and ions (Z=1, 2) of the metal vapour (o. =
=m); Z,, ion charge; e, elementary charge; Teo, tempera-
ture of electrons; Tho, temperature of heavy particles,
which is assumed to be identical for all kinds of atoms
and ions, but other than Te0 (two temperature plasma
model); m, mass of an electron; M , mass of heavy
particles (atoms and ions) of gas (o = g) and metal
(oo = m); and j , current density on the anode surface.
As noted above, the anode region can be considered
thin and quasi-onedimensional. Therefore, the ng ,
n’ , T?, T andj values can be regarded as local and
corresponding to a given point of the anode surfaces,
which is characterised by a local value of surface tem-
perature T.

Consider that the electric current is transferred to
the anode only with electrons and ions coming from
plasma (it is assumed that all ions which got to the
anode surface recombine there and return back in the
form of atoms, and that the flow of electrons emitted
by the anode is absent). Then, the total density of the
current flowing from plasma to the anode surface can
be represented as

Jo=Je = (1)
here, j, is the electron current density at the anode, and

= X

a=m,g;Z>1

j(xZ

is the total density of the ion current (for ions of all
kinds and charges).

The electron component of plasma within the an-
ode region can be considered collision free with a suf-
ficient degree of accuracy, and temperature of elec-
trons can be considered constant across the thickness
of the anode region [18]. In addition, since the plasma
potential is, as a rule, higher than the anode poten-
tial [15, 17], which holds true up to j ~ 10 A-m?,
electrons are decelerated by the electric field, whereas
ions are accelerated in a direction to the anode sur-
face. In this case, distribution of the concentration of
electrons in the anode region can be assumed to be the
Boltzmann distribution

0
n (x)=n’exp {e[(p k];:)p(x)]}, )
where @(X) is the distribution of potential in the anode
layer of plasma (Fig. 2), k is the Boltzmann constant,

and ¢° is the plasma potential relative to the anode
surface potential (¢° > 0). Then, density of the elec-
tron current to the anode is [14]

D eq’
J, —ZenevTe exp[—kTO s 3)
where
Vp, = (8kTe0 / 7'cme)1/2

is the thermal velocity of electrons at the external
boundary of the anode region. To determine ion cur-
rents, it is necessary to consider processes occurring
in the ionisation region, where ions are generated and
accelerated towards the anode. For this purpose, we
will use the approach! based on an assumption that
the length of free path of the ions relative to Cou-
lomb collisions between them is much smaller than
the length of their free path relative to their collisions
with atoms, and smaller than the ionisation length
(characteristic values of the said parameters are as
follows: [, ~10°m, / ~10*m, and [, ~ 10* m).
This allows us to assume that ions in the presheath are
intensively «Maxwellised» (according to the Max-
wellian distribution) and acquire a common velocity
of the ordered motion in a direction to the anode. This
common velocity at a boundary between the ionisa-
tion region and space charge layer can be determined
from the following expressions

S AT,

17_ = V(f) _ a=m,g;Z21 . :
I I Z ManocZ
a=m,g;Z>1
1”2 @
0 0Y,,0

D

=— + = —1lp.
i 02 0
P2 0°) ZanmZ

Z21

The first relationship in equation (4) corresponds to
a diffusion mode of evaporation (V° ~ 0), whereas the
second expression corresponds to a convective mode
of evaporation of the anode metal (V° # 0), where V° is
the expansion velocity of the ionised vapour normal
to the anode surface at the external boundary of the
anode region.

By choosing such a value of X as a boundary be-
tween the ionisation region and space charge layer, at
which the condition of quasi-neutrality of plasma is vi-
olated [20], we can find the concentrations of charged
particles at the boundary of the space charge layer [18]

1
— —_no .
n = ne(x) =n’ exp(—ij,

1
— —_no -
nuZ :naZ(X)_an exp( 2}’

oa=m,g;Z>1.

®)

Then, the equation for the ion currents to the anode
surface can be written down as follows
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. 1)~
Joz :Zengz exp(—zjVi, a=m,g;Z2=1. (6)

In a convective mode of evaporation of the anode
(V° £ 0), the exp (—1/2) value in equations (5) and (6)
should be replaced by

02
oY) ;anmz
X —~—
P\ T8 k@10
zZ>1
2
4% K(ZT +T0)n°
1+ 1+ Z>'

10)2
)Z mmZ

The electron and ion currents to the anode surface
being known, from equation (1), we can find the plas-
ma potential relative to this surface, ¢°, or anode po-
tential drop U (U, < 0)

0 M ey,
U,=-¢ :—Tln . %)
4 Ja + Z JaZ
a=m,g;Z>1

To calculate j , j _and U, it is necessary to know
temperatures T’ and T? and concentrations n’ and
”22 of the charged partlcles at the external boundary
of the anode region. Assuming that the multicom-
ponent plasma in the arc column is in an ionisation
equilibrium state, composition of this plasma at the
boundary with the anode region can be determined by
using the following system of equations:

(1) Saha equations, allowing for non-ideality of

plasma

e aZ+l x
0 2
naZ h eﬂZ

n'n® [2nm k1O ]3/2 20
— e e aZ+1

U -AU ®)
xexp[—e(“lzd;oz], oa=m,g;Z >0,

where £ is the Planck’s constant, 0 , are the statistical

sums for heavy particles of the type of o in charged

state Z, AU_ = e(Z + 1)/r are the ionisation potential

drops caused by interaction of the charged particles in

plasma, and
TO 1/2
e 0 2
Tio Z naZZ ]‘|

= kT / 4me?| n® +
¢ ¢ h oo=m,g;Z>1
is the Debye radius.
(i1) condition of plasma quasi-neutrality

0_ 0 7.
=2 ©)
a=m,g;Z>1
(ii1) law of partial pressures
p= nOkTO+Z:n0 kT0+Zn0 kT0 Ap.
Z20

(10)

Here p is the total pressure in plasma, and

A —lﬁ n’ + Z
p765 e

07
o=nm, g;220
is the decrease in pressure caused by plasma non-ide-
ality [21]. In a diffusion mode of metal evaporation,
the value of p can be assumed to be equal to the ex-
ternal pressure, for example, atmospheric pressure p,.
To close the system of equations (8) through (10),
one more condition is required to determine the con-
centration of vapour particles present in the anode
plasma. Assuming that the rate of diffusion of the va-
pour particles is low, i.e. the state of vapour is close to
saturation, equality of the partial pressure of the evap-
orated metal heavy particles at the external boundary
of the anode region to pressure p_ of the saturated va-
pour over the metal surface with temperature T_can be
chosen as such a condition

M1
0 0 _ — '
Z:”mz” =P, =p, e"p{ k {Tb T H

where T, is the boiling temperature, A, is the atomic
work function of the anode metal, and Tho =T.

When temperature of the anode surface exceeds
that at which the ionised saturated vapour pressure is

higher than the external pressure

(p —nOkT0+Z:n0 kTo Ap>pJ
Z20

(1D

the metal vapour starts expanding (scattering) to force
out the shielding or plasma gas and causes the diffu-
sion evaporation mode to change into the convective
one. As a result, the anode plasma becomes the single
component one, containing only the evaporated metal
particles. Composition of this plasma can be calculat-
ed from equations (8) through (10), by assuming in
them that

Zno —

Z>0

and by supplementing this system of equations with
the relationships that determine the concentration and
temperature of heavy particles of the expanding va-
pour near the anode surface. With a convective evap-
oration mode, to find

M,

Z>0
and Th0 we will use expressions from Ref. 22 for a
case of evaporation in the back pressure environment

2, 1
% {[Y + jexp(y M-y )]1- 1/2}><

T
2 exp(y? )1~ o, iz

1/2
Lg—1+y’2”nl 1+J%L
Ts 32 yfnn

(12)
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Fig. 3. Dependencies of anode potential drop on a temperature
of electrons in anode boundary layer and b current density at
anode-droplet surface in GMA welding of steel (Fe) in argon
shielding gas

Here n, = p/kT, is the concentration of the saturated
vapour corresponding to a given temperature of the

anode surface,
1/2
,Y — VO Mm
m 2 kThO

is the dimensionless vapour velocity, and

X

()= [exp(-E1)dE
0

is the probability integral.

It is significant that velocity V° is an external pa-
rameter, and that it is determined by the vapour ex-
pansion conditions in the gas dynamic region (arc
column). To numerically estimate v°, we will use the
following expression [22] for a case of the subsonic

plasma flow
1/2
n, 1,1 P,
0 _ m_ 0 m _
v _So[po IJ/YO{H 2y, [PO lﬂ ’ (13)

here, s and vy, are, respectively, the velocity of sound
and adiabatic exponent for the shielding (plasma) gas
under normal conditions.

The calculated dependencies of the anode poten-
tial drop on the temperature of plasma electrons at the
boundary of the anode region with the arc column,
and on the current density at the anode under condi-
tions characteristic for GMA welding in argon atmo-

80

sphere using steel electrode are shown in Fig. 3. As
follows from the calculation data, the anode potential
drop in the system under consideration is negative,
and its absolute value is 1.0-3.5 V, this being in good
agreement with the results of study [16]. Coincidence
of a calculated value of U, = 4.04 V using the model
for the arc of a refractory cathode and copper water
cooled anode, burning in argon under the atmospheric
pressure (arc current 200 A), with an experimentally
measured value of U =4.01 V (Ref. 23) is even more
impressive (calculations were made by using the ex-
perimental data [23, 24], namely, j, = 3.5-10° A'm?,
T? =9840 K and T, = 720 K.

Conclusions

The model suggested to describe the electric charge
transfer processes in the anode region of the arc with
an evaporating anode allows calculation of the anode
potential drop depending on the anode material and
temperature of the anode surface, type of a shielding
gas, temperature of electrons in the near anode plas-
ma, and current density on the anode surface. It is
shown that the anode potential drop in the welding arc
is negative and is in a range of 1.0-4.0 V, depending
on the welding method.
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1.1.13. MODELLING OF ELECTROMAGNETIC PROCESSES
IN SYSTEM «WELDING ARC-EVAPORATING ANODE»
Part 2: Model of arc column and anode metal”

I. KRIVTSUN, V. DEMCHENKO, O. LISNYI, I. KRIKENT, P. PORYTSKY,

U. REISGEN, O. MOKROY, A. ZABIROYV, V. PAVLYK

Introduction. The first part of this study [1] describes
the structure of a complex mathematical model of
physical processes occurring in the «welding arc—evap-
orating anode» system and considers in detail a model
of the electric charge transfer processes in the anode
region of the electric arc with an evaporating metallic
anode. This model allows determining the anode po-
tential drop, which is negative for most of welding arcs
depending on the material and temperature on the an-
ode surface, shield gas type, electrons’ temperature in
the near anode plasma and current density in the anode.

Within the scope of this approach, the anode
arc plasma actually consists of two main regions:
non-equilibrium region (anode region or Knudsen
layer) and equilibrium region (gas dynamic region),
for which the former plays the part of a discontinuity
surface. It means that electrical potential drop exists
between the arc plasma column and the anode surface
(anode potential drop), which is usually ignored in
most part of publications dealing with complex mod-
eling of the electric arc, including the welding one,
allowing for the processes occurring in the bulk and
on the surface of anode [2-5].

The purpose of the second part of the study consists
in the development of a self-consistent mathematical
model for peculiar pass analysis of the electromagnet-
ic processes in the arc column plasma and in the bulk
of the anode, with allowance for the anode potential
drop, as well as numerical investigation of the said
processes for conditions of gas metal arc (GMA) and
plasma welding of steels in inert gas (Ar).

Mathematical model of electromagnetic pro-
cesses in «<welding arc—evaporating anode» system.
While analysing the electric charge transfer processes
in the «arc column—anode region—evaporating anode»
system, two variants of this system are considered, as
shown in Fig. 1, by assuming the presence of axial
symmetry. In this case, standard equations [5, 6] can
be used to describe the electromagnetic processes oc-
curring in the arc column plasma and in the bulk of the
anode: Equation of continuity of the electric current

10 op) O 0p)_
m(“’aj*a[“aj—o’ ()

where

¢ (r,z) (in arc column plasma)
o(r,z2)=1 °

¢ _(r,2)(in anode metal)

is the spatial distribution of potential of the electric field;
6 _(r,z) (in arc column plasma)
o(r,2)=1 "
o _(r,2)(in anode metal)

is the spatial distribution of specific electric conduc-
tivity of the environment.
e [ocal Ohm’s law

J. :—G%i); J. :—G%dz), )
where j and j_ are radial and coaxial components of
the current density in considered system.

Equation for finding induction of the magnetic
field of the arc current

B (r2)="2 [ 62

3)
where c is the velocity of light.

To solve differential equation (1) for the arc column
plasma and bulk of the anode, it is necessary to set ap-
propriate boundary conditions. Standard boundary con-
ditions (Fig. 1) described in detail, e.g. in Refs. 5 and
7, were chosen for the external boundaries of the cal-
culation domain. Now, it is necessary to set conditions
for boundaries of the anode region with the arc column
and anode surface (droplet or weld pool). Given that
thickness of the anode region is small, it can be regarded
as interface I', (Fig. 1) between the arc column plasma
and anode surface, allowing for the presence of a corre-
sponding jump of the electric potential at this interface.
With such an approximation, the boundary condition at
interface I, can be written down as follows

— (7
®, |Fa -9 Ira—cp (U, @)

where @° is the value of the potential jump determined
at each point of the above interface from equation (7)
in Ref. 1, where j_is the current density on the anode
surface.

When developing methods for numerical solution
of the problem of electric charge transfer processes in
the given system, it is expedient to use computational
algorithms of the shock capturing method, i.e. the al-
gorithms that have the same uniform structure over the
entire calculation domain. Such algorithms do not only
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allow simplification of the software development but
also substantial reduction in the scopes of calculations
compared with algorithms, which, when numerically
implemented, use the explicit form of the conditions
of conjugation of solutions at interface between the
environments. Achievement of the above purpose re-
quires that equations of the mathematical model of the
electric charge transfer processes, which were initially
written down in the form of equation (1) for the arc
column plasma and anode metal, be reformulated us-
ing the generalised function theory. From the physical
point of view, the generalised equations for the electric
charge transfer imply, first of all, the generalised charge
conservation law and generalised Ohm’s law for a dis-
continuous electric potential.

Introduce Q=Q uQm c R as a problem solution
region, where Q and Q are the subregions of the arc
column plasma and anode metal respectively. Designate,
as above, the interface between subregions € and Q
as I, and determine the electric current den51ty in each
subreglon using the following vector relationships

Jy=-c,gradg;: B=p.m, (5)
where (pﬁ(y) and GB()/) are the electric field potential
and specific electric conductivity in the corresponding
sub-region (¥ € QB; B=p,m) respectively. According
to equation (4), the interface conjugation conditions
for the electric values relating to the arc column plas-
ma and anode metal can be written down as

(jn)l"a =0; ((P)r = (Po(jn ‘Fa ), (6)

where j_is the projection of j onto the fi normal (to-
wards the arc column) to the said interface and (...).

is the symbol of the function jump at interface I', cal-
culated in a direction opposite to the above one.

Let u(y) be some piecewise smooth function de-
termined in Q with a discontinuity of the first kind at
interface I' . Then, the generalised gradient operator
of such a function can be set as follows

GRAD u=GRAD u+ fi(u)_ 3(,). 7

where 8(I" ) is the Dirac delta function concentrated at
I',, and GRAD u coincides with grad u in the subre-
gion Qﬁ(B =p, m). For the vector function §(y) dif-
ferentiated in Qﬁ(B =p, m) and preserving continuous
projections onto the N normal to I' , one can enter gen-
eralised divergence operator DIV g=divg(y e QB)'
Using these operators, the electric charge transfer
processes in the entire € region can be described by a
system of the first order differential equations written
down in generalised derivatives

DIVJ =0;

GRAD_¢ = +7¢’(], |, )8(T). ®

The first equation in this system is a generalised
charge conservation law, and the second is a gener-
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Fig. 1. Schemes of calculation domain and boundary conditions
for electric charge transfer problem in «welding arc—evaporating
anode» system in ¢ GMA and b plasma transferred arc (PTA)
welding, where R is wire radius, R is droplet radius, R_is radius
of anode region of arc, R, is radius of arc column in border of cal-
culation area (for PTA, radius of plasma nozzle) and R and L are
radius and length of calculation area respectively

alised Ohm’s law, written down for a discontinuous
electric field potential. Note that equation (8) should
be understood as an equality of functionals deter-
mined in corresponding functional spaces.

Numerical solution of the electric charge transfer
problem in its generalised statement (equation (8))
can be found using a homogeneous difference scheme
(shock capturing method), which is constructed as
follows. Grid o, = (X, = il s Xy, = jh,) is introduced
into the Q reglon (to 51mp11fy ‘the form of writing,
further statements will be represented by two spatial
Cartesian variables X, and X,). Furthermore, the I'_ in-
terface is approximated on grid o, by a broken line in
the form of segments, which are parallel to coordinate
axes. Using the integro-interpolation method (method
of balance on a cell of grid o, ), equations (8) can be
compared with the following grid analogue

Ap=y, )
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where A¢ is the five-point grid operator of the
A(p:(a(pXl )Xl +(bcpYz )X2 kind, where <PYHAPXn are the
left and right differences respectively, with respect
to variable X (n = 1, 2). Factors a and b of operator
Ao are defined as inverse values to the average grid
resistances calculated from the corresponding grid
cells. Potential jump ¢°(j |. ) in the anode region is
allowed for the term  in the right part of grid equa-
tion (9).
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anode» system in GMA welding

Results and discussion. The software was devel-
oped, and numerical analysis of the electric charge
transfer processes in the «welding arc—evaporating an-
ode» system was carried out for conditions of GMA
and plasma welding of iron based alloys in argon atmo-
sphere on the basis of the above mathematical model
and computational algorithm suggested for its numer-
ical implementation. In these calculations, the several
model temperature distributions of arc column plasma
were chosen (it simulated the welding condition of
GMA and plasma arc welding), and the arc column
plasma was assumed to contain 10 % of metal vapour.

In the first case, the following parameters were
chosen for the system under consideration (Fig. 1, a):
R =0.6 mm, R,=1.0 mm, R =10 mm, R = 3.0 mm,
R=5.0mm, L, =5.8mm, L =10.0 mmand /=200 A.
The distribution of temperature in the arc column
plasma was set by the following relationships

_ 4 4 .
T (r,2) =Ty expl-a* ()] + Ty;

1/4
T T
a(z)=- ! ln-s2 0 R
AL T (10)
2_R2 L 2_LR2 1/2
RGO(Z):Ri La [Z— RI2 lzaJ ,
! RI _Ra

where T,/ = 10000 K, T, =300 K and T_, = 5300 K
and temperature of the anode (droplet) surface was
chosen to be equal to the boiling point of iron, i.e.
T =T, = 3133 K. The spatial distribution of electric
conductivity of the arc plasma o,(r, z) was calculated
from equation (10) using corresponding temperature
dependencies o, (T) for different compositions of the
Ar-Fe plasma, as shown in Fig. 2. The electric con-
ductivity of the anode metal (low carbon steel) was
chosen to be constant and equal to 6 =7.7- 10°Q ! 'm™.

Distributions of the electric potential and current
line in such a system are shown in Fig. 3. An import-
ant circumstance here is that the obtained numerical
solution makes it possible to evaluate the size of the
zone of anode binding of the electric arc to a molten
metal droplet, as well as current density distribution
in this zone, by allowing for the potential drop in the
anode region U, the calculated value of which in this
case is —2 V. This is one of the basic differences of the
suggested model of the electric charge transfer pro-
cesses in GMA welding from other models described,
for example in Refs. 3 and 5.

To model the electromagnetic processes in the
«welding arc—evaporating anode» system for the con-
ditions of plasma welding of steels in argon atmo-
sphere (Fig. 1, b), the following parameters were set
for the system: R, = L, =2 mm, R =10 mm, L =4 mm,
R =3 mmand /=200 A. The distribution of tempera-
ture in the arc column plasma was set as follows
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2
T (r2)= T"O[l_(;J }1}) a(z)+

1

+7, exp(—a*r*) + T ][ - a(2)]; (11)

7T /4
oz 1 00
a(z)=1 1 4= R[ln T ] s

1 a OLl
where T/ = 20000 K, T, = 300 K, TOLl = 8000 K and
T_, = 5300 K, and distribution of temperature on the
anode surface was chosen to be as follows

R

a

1 T -T 1/2
T(r)=T exp(-b’r*)+T; b=~ [m MT 0] , (12)
s0
where T_ = 2500 K and T,, = 1773 K. Specific elec-
tric conductivities of the plasma and metal were deter-
mined as described above.

Spatial distributions of the electric potential and
current line in the given system are shown in Fig. 4.
Figure 5 shows distribution of the electric potential
of the arc plasma in the zone of anode binding of the
arc relative to the anode surface. As follows from the
calculation data given in this figure, the anode poten-
tial drop is negative (U, = — ¢’ = — 3 V). It has its
minimum (by an absolute value) on the arc axis and
slightly increases in a direction to the anode region
periphery, where it sharply falls to zero. According
to equation (2), this means that the electric current
vector at the boundary between the anode region and
arc column has a negative radial component near the
system axis (i.e. the electric current flows down to the
discharge axis), whereas on the periphery of the zone
of anode binding of the arc, the current spreads out.

Plasma potential (¢°), V
- N N w
W <o W <o

-
=

o
n

0 1 1 1 1
0 0.1 0.2

Fig. 5. Radial distribution of arc column plasma potential (in front
of anode boundary layer) relative to anode surface potential in
PTA welding

Therefore, contraction of the arc takes place under the
conditions considered.

Conclusion

The mathematical model of electromagnetic pro-
cesses in the «arc column—anode region—evaporating
anodey system, allowing for the potential drop in the
anode region of the arc, was formulated. The algo-
rithm for solving the problem of the electric charge
transfer in the given system by the shock capturing
method and software for computer modelling of the
electromagnetic processes were developed for differ-
ent arc welding methods.
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1.1.14. PROBLEMS OF HEAT-, MASS- AND CHARGE-
TRANSFER WITH DISCONTINUOUS SOLUTIONS”

V. F. DEMCHENKO, V. O. PAVLYK, U. DILTHEY, I. V. KRIVTSUN, O. B. LISNYI, V. V. NAKVASYUK

1. Introduction. Discontinuities of distributed charac-
teristics of fields (temperature, concentration, electric
potential, pressure, etc.) in mathematical descriptions of
different physical processes can be caused by different
factors. The most common version of a discontinuous
solution applies to the development of mathematical
models of the transfer processes in layered inhomoge-
neous media, having a thin (compared with characteris-
tic geometrical sizes of the media), low-permeable in-
terlayer at contact boundary between the media. When
contact problems of this kind are solved numerically,
including thin interlayers into the region of solutions, it
requires an unjustifiable mesh refinement. Therefore, a
simplified model of an interlayer is developed for such
cases, as this model allows this interlayer to be excluded
from the region of solution of a differential problem.
Conditions of conjunction of a solution at interface be-
tween the layered inhomogeneous media, present in
a classic statement of the problems of heat, mass and
charge transfer, require approximation of normal com-
ponents of vectors of the specific substance flows in the
case of the numerical solution, which involves certain
difficulties in construction and realisation of calculation
algorithms. From this standpoint, it is expedient to re-
formulate the classic statements of the corresponding
problems, so that the transfer processes can be uniform-
ly described for the entire multilayer system as a whole,
and that the interface conditions as an attribute of math-
ematical formulation of a problem can be excluded.
This study is dedicated to the development of these
generalised models for characteristic problems of heat,
mass and charge transfer with a discontinuous solution.

2. Discontinuous solution models. The develop-
ment of models of an interlayer is based, as a rule,
on a quasi-unidimensional character of the process
of transfer of a substance through the interlayer. A
characteristic example of a model of the interlayer is
a problem of a non-ideal heat contact of two heat-con-

Fig. 1. Schemes of discontinuity of solution at point (a) direct
jump, (b) inverse jump and (¢) combined jump

ducting bodies [1]. The model of the interlayer of
non-ideally contacting media is developed on the basis
of an assumption that heat transfer through this interlay-
er occurs in a normal direction to the contact boundary,
and that it is unidimensional and stationary. With these
hypotheses, a jump of temperature [T] . (hereinafter the
jump of function f{X) at boundary I" is designated
as [f],) at interfaces between the interlayer and the
heat-conducting media it separates is proportional to
projection of the heat flow vector, W=-AVT , onto a
direction of normal A to boundary I} i.e.

(7] =-Rw,| 2.1

where R = § /Xp stands for the surface heat resistance
determined through thickness 8 and thermal conductiv-
ity k of the interlayer. In condltlon (2.1), [T], means
Tl T\r where T is the side of surface I' looking in
the direction of normal i . The validity of using of
such type of effective boundary conditions was stud-
ied recently in [2], where the generalised boundary
condition of a kind of non-ideal thermal contact was
derived from the asymptotic theory.

Note that expression (2.1) is invariant for selection
of the direction of normal 1. Specific peculiarity of
the model of a non-ideal contact of type consists in

the fact that sign [T]. = Sign(ﬁT)n ‘F . Therefore, R > 0
in condition (2.1). We will call this type of solution
as discontinuity a direct jump (Figure 1, @), in con-
trast to the inverse jump, which will be considered
below. In practical applications, the interlayer may
have a complex internal structure with heat-conduct-
ing properties, which are hard to identify. In such
cases, the heat resistance of the interlayer R is deter-
mined experimentally. Contact problems of thermal
conductivity with such type of the interlayer model
are not an exception. Similar problems arise in sub-
surface hydrodynamics, which studies filtration of
subterranean waters through thin, low-permeability
interlayers, in contact problems of interaction of the
electric fields in layered heterogeneous media and in
other applications. The other variant of discontinuity
of the unknown function at an internal boundary of
the solution region is a case of the problem associated
with calculation of scalar potential ¢ of the electro-
magnetic field in the «anode—arc plasmay system. A
thin near-anode layer exists at the interface between
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the metal anode and electric arc plasma. According
to the generalised Ohm’s law, the electric current in
this layer can be directed opposite to the vector of in-
tensity of the electric field [3]. A simplified model of
the near-anode layer is suggested in [4]. According to
this model, jump [@] of potential of the electric field
in this layer is in a non-linear dependence upon the value
of component j | , normal to the anode boundary, of the
vector of electric current density, j =-cV¢, where
is the specific electrical conductivity, i.e.
[e]. =G, )

It is assumed in this case thatj | remains continu-
ous at boundary I of contact of the anode with plas-
ma. Unlike model (2.1) of a non-ideal contact, model
of the anode layer (2.2) does not only make the prob-
lem of calculation of potential ¢ non-linear but also
leads to the other type of the solution jump, i.e. the
so-called inverse jump, the unidimensional variant of
which is schematically shown in Figure 1, . In this
case, the following relationship is met between the
signs of [¢]. and (?(p)|r ssign[e]. = -sign(Ve), ‘r’ and
it is this relationship that justifies the «inverse jump»
term.

The problem of distributive diffusion gives anoth-
er example of the solution jump. This problem arises
in the description of segregation of solute impurities
in the processes of solidification of alloys. Within the
frames of the so-called modified Stephan’s problem
[5], the condition of conjunction of solutions at in-
terface I" between the phases has the following form:

(2.2)

Cs ‘ri =€, ‘r+ ’ (2.3)

where C and C are the concentrations of an impu-
rity in the solid and liquid phases, respectively, and
v 1s the distribution coefficient (segregation coeffi-
cient), which meets condition 0 <y < 1 for the ma-
jority of alloys. If the lines on a phase diagram of a
binary alloy are straight, then y = const, otherwise
% = %(C) and the problem becomes non-liner. In what
follows, we will consider y = const, which corre-
sponds to a linearised phase diagram. Condition
(2.3) can be re-written to have the following form:
[C]. :(1—)()CL|F , 1.e. at interface I, the jump of the
concentrations is proportional to the concentration of
the impurity in one of the phases. We will call this
jump as a combined jump, meaning that it is direct
with respect to the direction of the concentration gra-
dient in the solid phase, and inverse with respect to
the gradient in the liquid phases (see Figure 1, ¢).

3. Generalised formulations of problems with
discontinuous solutions. Let R be the n-dimensional
Euclidean space, X = {X, X,, ... , X } — the Carte-
sian coordinates, QO ¢ R — the region of solution of

a problem, which is assumed to be two-layer to sim-
plify the writing: Q = Q U Q,, and I' — interface
between sub-regions Q and €. Identify variables
relating to sub-regions QQ and Q, by indices 1 and 2,
respectively. Designate the unknown solution of the
problem as u( X ), and the specific flow of a substance
as ¢(x). Consider function u(X) to be sufficiently
smooth everywhere in Q, except maybe for interface
I, where it experiences jump [U(X )],. The jump [u(X )],
is assumed to be a continuous function of coordinates
of interface I'. Define the specific flow in each of the
sub-regions Q) and €2, as follows: g :_kni”m’ m=
= 1, 2, assuming that operator V is determined in
classic interpretation as a function of point X € Q ,
Q,. Assume also that coefficients k£ (X ), m = 1, 2 are
sufficiently smooth such that they meet the condition
k (X) = C > 0. Assume that functions u (X) (e.g.
temperature, potential of the electric field) in each of
the sub-regions Q0 meet the following equations:

Vk Vu )=f (), ¥eQ , m=12. 3.1

Assume that the specific flow vector component
normal to I" is continuous, i.€.

qln‘r+ = an‘ri ’ (3_2)

For the non-ideal contact model (2.1), the second
condition of conjunction of solutions at interface I'
can be written in the following form:

[u]. =-R(¥)q,

In a linear statement of the problem for calculation
of potential of the electric field, in contrast to (2.2),
assume that the difference of potentials [u]. is set at
interface I" as a function of coordinates of interface I':

xel.

» (3.3a)

[u]. =g(x), Xel. (3.3b)

Assume that certain boundary conditions, the spe-
cific form of which is of no importance for further
description, are met at external boundary 0Q2 of re-
gion Q, and suppose that there is also a unique solu-
tion of the problem in the classic statement. Define
functions u(X), ¢(x), ou/ox, k(X ) in Q, which exist
everywhere in 2 as functions of a point, except for
interface I, in the following form: y(X) =y (X),
X € Q , where y(X) is one of the above functions.
The generalised partial derivatives D/Dx, of function
u(X) in region Q are defined as follows:

Du_ou
Dxi T ox

+[ulDy.8(), XeT, (3.4)

where [U](ri) is the solution jump reached by function
u(X) in a direction of axis Ox; (assume further on that
[u](ri) =[u]..i =1,n), v, =cos(M,X ) are the direction co-
sines of normal to I, 8( I) is the Dirac’s delta-func-
tion concentrated on hypersurface I' of the (n — 1)th
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measure. Using (3.4), introduce a generalised gradient
GRAD_ of discontinuous function u( X ) in Q:

GRAD _u =Vu +iiu] §(T). (3.5)
As —kVu =§(xX) , it follows from (3.5) that
GRAD _u =—pg +7i[u] §(T), (3.6)

where p(X ) =k"(X) is the specific resistance of a me-
dium.

Non-ideal heat contact (direct jump). Eliminate
[u],. from (3.6) using the contact model (3.3a). Thus,
we will have: -GRAD_u = pg + N Rq 3(I). Vector
N g, can be described as follows: Ng, = Pq , where
P is the second-rank tensor, components P, of which
can be expressed in terms of the direction cosines of
normal 7 as follows: P, =T, Finally, it holds that

GRAD u=%3, (3.7)
where 2 = Ep + RO(I)P, and E is the unit tensor. Rela-
tionship (3.7) can be interpreted as a generalised phenom-
enological law (Fourier’s, Fick’s, Darcy’s or Ohm’s law)
formulated for discontinuous potential u( X ). As follows
from (3.7), the non-ideal contact of conducting media
induces local anisotropy of conducting properties of
a medium at contact boundary I" (orthotropy, if ' is a
plane parallel to coordinate axes, or if the direction of
normal to I coincides with the direction of the specif-
ic flow vector). Note that the phenomenological law
in a classic statement permits two equivalent forms of
writing down of the specific flow: in terms of specific
conductivity (§ =—kV u), or in terms of specific re-
sistance (p§ = —V U) of a medium. Using the first of
them in the conservation law, -V ¢ = f, yields as a
rule the second-order equation of the type (3.1). The
generalised phenomenological law (3.7) permits only
one form, as the function inverse to the delta func-
tion has no mathematical meaning [6]. In this connec-
tion, the generalised statement of the problem for the
calculation of the discontinuous potential should be
based on a mathematical description of the transfer
process, which is absolutely natural from the physical
standpoint, in the form of a system of the first-order
equations, one of which (scalar) is a generalised law
of conservation of a substance, and the second (vec-
tor) is a generalised phenomenological law:

{—Dle =f,

~GRAD _u =53, (3.8)

where DIV is the divergence operator determined for
the class of vector-functions ¢(x)e W;(Q). Use of a
generalised divergence operator in (3.8) is required
because components g,(X) of vector g(X) at inter-
face I are the discontinuous functions. Therefore, the
generalised solution of the problem of a non-ideal
contact implies a pair of functions, i.e. vector g(X)
and scalar u( X ), which meet equation (3.8) and corre-
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sponding boundary conditions in terms of the theory
of generalised functions (we deliberately omit here
the required mathematical formalism, trying to main-
tain a physical clarity of the formulations suggested).
The generalised formulation of the non-stationary
problem of a non-ideal heat contact of two media can
naturally result from (3.8), provided that the non-sta-

tionary term c where ¢ is the specific heat and ¢
is the time, is tal(zten into account in the law of conser-
vation of energy.

Equation (3.8) also has a useful result for consider-
ation of the problem with boundary conditions of the
third kind. Let a heat exchange (heat transfer) con-
dition be set at boundary 0Q following the Newton—
Richman law:

3.9)

where U, is the temperature of an external medium,
where the heat exchange process takes place. Condi-
tion (3.9) can be interpreted as a non-ideal heat con-
tact of a body with the external medium, and contact
heat resistance R = a! can be allowed for in the gener-
alised Fourier’s law (3.7) by replacing here the bound-
ary condition of the third kind (3.9) by the boundary
condition of the first kind, u,, = u,.

Charge transfer in «anode—arc plasmay system
(inverse jump). In the case of an inverse solution
jump, which, for example, forms an anode layer at
the arc plasma and metal anode interface, the gener-
alised equations in a linear statement, which describe
distribution of potential of the electric field in such
a two-layer medium, can be written down, using ex-
pression (3.6) as a generalised Ohm’s law, as follows:

{—D[Vﬂi =f,

~GRAD _u=pg —i[u] .5(T'). (3.10)

It is implied in (3.10) that the potential jump [u],.
at the boundary I is set as a function of the boundary
coordinates of I, in accordance with (3.3b).

The generalised solution of the system of equa-
tions (3.10), in analogy with (3.8), implies the vector
of current density, ¢(X), and scalar potential of the
electromagnetic field, u(X), which meet equations
(3.10) in terms of the theory of generalised functions, as
well as boundary conditions set at 0C. It is assumed in
(3.10) that [u] , being a function of coordinates of inter-
face I, is continuous at I. When solving real problems
of charge transfer in the «anode—arc plasma» system, it
is necessary to allow for non-linear dependence (2.2) of
the jump of potential on the current density. The iterative
process because of the non-linearity implies solving of
linear equations of the type (3.10) at each iteration.

Segregation of impurity at interface between
phases (inverse and combined jump). A character-
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istic example of the problem with a jump, the type
of which depends upon the time, is a non-stationary
problem of segregation of an impurity during solidifi-
cation. Consider the generalised formulation of such
a problem, first in the one-dimensional statement. Let
C(x, 1) and C (X, t) be the concentrations of a solute
impurity in the solid and liquid phases, respectively,
and x = (1) is interface between the phases, the law
of motion of which is assumed to be known. Assume
that transfer of substance in each of the co-existing
phases occurs by the diffusion mechanism

G _p T 0<x < &(1);
ot S ox2’ ’
ai:D ﬂ gty <x<lI 3-1D)
ot L opx2”’ ’

where D, and D, are the diffusion coefficients. The
following interface conditions for the concentration
fields in the solid and liquid phases are met at the in-
terface between the phases, x = £(1):

Cy(6=0.0)=1C, (5 +0.0),
oC, oC
s L _
S ox P = (3.12)
x=E(t)-0 x=E(t)+0
dg
= 221C, &+ 0.0~ C(E-0.0)],

where y = const is the distribution coefficient. The
first of them corresponds to condition (2.3), and the
second corresponds to a local law of conservation of
mass at the interface between the phases. In contrast
to the cases considered above, not only the unknown
function, but also the specific mass flow is discontin-
uous in the problem of segregation of an impurity at
the interface between the media, discontinuity of the
flow being proportional to discontinuity of the solu-
tion. The discontinuity of the solution in the case un-
der consideration is removable. For this, add new un-
known function u(X, f), i.e. potential of mass transfer

us(x,t), 0< X <E&(t),
uext = uL(x,t), E()y<x<l,

and re-write equations (3.11) and (3.12) allowing for
function u(x, )

ou Pl ou
_S_= _S .
P 6X[DS x J, 0<x<§&(2);

(3.13)
l%za[DLauL]’ g(t)<x<l’

x ot ox| y ox

u (E-0.t)=u, (+0,0);

D, oOu de1—
bk =7§Txu(@,t). (3.14)

aus

ox
X=£(1)-0
Set functions C{X, #) and D (X, ?) in interval (0, /)
as follows:

DS
x=E(t)+0

1,0 < X <&(1), Dy ,0<x <&(1),
se0= %,§(1)<x<1; Pa o= %,g(z)<x<l.

Function (X, £) can be interpreted as a relative sol-
ubility of the co-existing phases. Introduce the gener-
alised partial derivatives D/D , D/D, of the function
that experiences discontinuities of the first kind by
spatial variable x and time ¢. The discontinuity of the
flows of the mass transfer potential in condition (3.14)
can be interpreted as a mass source concentrated at
boundary x = E(t). Therefore, the generalised equa-
tion of mass transfer in the entire two-phase system
can be written down in the following form

u_D(, )
g('5t_Dx SL Ox

_% _ I‘Txu(a,z)s(x 30}

Here 8(x — &(t)) is the d-function concentrated at point
x = &(1).

Express (X, ) as g(x.t) :1+1_—X6(x—§(t)), where
O(x — &(t)) is the unit Heavi)s(ide function. As
D0 -Dbx-20), pem T ES0-u0). Hence, al-
lowing for the fact that u(&, t)o(x — &(t)) = u(x, £)d(X —
— &(1)), the generalised equation of mass transfer can

(3.15)
O<x<l

be written down in the interval (0, /) in a unified form
by excluding the interface conditions (3.14) as an ele-

ment of the mathematical statement of the problem
%(gu) = %(DSL %)’ O<x<l.
In a general case of distribution diffusion in the
M-phase system, the equation of mass transfer will be
maintained in form (3.16) if the relative solubility is
determined in a form of S, = [H;’io xi] , m=0,M, Yo =
= 1, and if the unknown function is replaced by u =
=,C &,  <x<g .Forthe multi-dimensional mod-
ified Stephan problem, set configuration of the solidi-
fication front and its movement speed. In this case, the
form of writing down of the equation of mass transfer
remains identical to (3.16)

(3.16)

D
Dr (c,u)=DIV_ (DSL GRAD+u).

Here DIV _is the extension in continuity of the V op-
erator to a class of piecewise continuous (piecewise
differentiable) vector functions, and GRAD, is the
gradient operator determined in a class of functions
u(®)W©).

4. Homogeneous difference schemes based on
generalised equations. In this section, we will limit
ourselves to the development of difference schemes
for sufficiently simple one-dimensional test problems.
However, the main approaches to the development of
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methods for finding numerical solutions will also be
extended to a case of the more complex multi-dimen-
sional problems. In order to estimate the actual ac-
curacy of such schemes, consider three characteristic
test problems having an exact solution.

Non-ideal contact. Formulate the one-dimensional
stationary problem of a non-ideal contact as a first mod-
el example. Consider the following problem for interval
[0, 1] according to the generalised statement (3.8)

—%:f(x), O<x<l;

~ 5o =P (),
u(0)=u()=0.
Here P (X) = p(X) + R3(x — &), where p(x) € L_(0, 1),
p(X)>C>0; & € (0, 1) is the coordinate of the bound-
ary of a non-ideal contact, and R > 0 is the contact
resistance. Use mesh o, = {X, = ih, i = O,N, N, =1}
in region [0, 1]. Integrating the first of equations (4.1)
in region [X, — 0.5A, x, + 0.5/] yields a mesh analog of
the conservation law in the following form:

q(xi +0.5h)—q(xi —0.5h) 1 x+0.5h

- = [ fdx.
xi—O.Sh

“4.1)

(4.2)

Approximate equalities follow from the second
equation of (4.1)

95 +0.5h ~-a M
u(x)—u(x 4.3)
Q(Xi -0.5h) ~ -a._ ., w’

where

-1

%is1

1 R

% :[h ,[ p(x)dethi] ’
%

ol Ee00x,) B0, 200,

Derive the following difference scheme from (4.2)
and (4.3) and from the boundary conditions:

1 Yin " YimVia |
h{am/z n %o |T%

i=1,N—1, yO:O, yN:O,

4.4)

where the solution of the difference problem is ex-
pressed in terms of y,, and

Xi+0.5h
j F(x)dx.
X_0.5h
The resulting difference scheme is absolutely
identical in the form of writing down to the difference
scheme for a smooth solution, the non-ideal contact
being allowed for in coefficients a,, , of the mesh
equation, which can be readily imparted a physical
meaning if we take into account that the integral in
square brackets is the resistance of a mesh cell, which
corresponds to a series connection of conductors. Let
1 %is1
ui(h) =7 )J; u(x)dx

(Pi:ﬁ
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be the projection of a solution of the differential prob-
lem onto the mesh, and z, = y, — u” — the error of
the numerical solution. It can be shown that inequality
llzl| . < Mh, where M = const, takes place in the above
class of coefficients. Therefore, difference scheme
(4.4) is uniformly reduced to the generalised solution
of problem (4.1) and has the first order of accuracy. In
order to prove this inequality, the approximation error
is estimated in a weak summatory metric [7], the in-
volvement of which is related to the fact that the local
approximation error in the vicinity of discontinuity of
the solution is O(1/k). Allowing for the fact that the
number of the mesh points with an abnormal approx-
imation error remains finite at # — 0, it results in the
above estimate of accuracy of the difference scheme.
Note that difference scheme (4.4) is accurate at f(X) =
= (. In a general case, where p(X) € WZ*l (0,1), fix) €
€ L,(0, 1), u(x) € L0, 1), g(X) € WZI(O, 1), it is pos-
sible to prove only the convergence of the difference
scheme (without establishing the order of accuracy).

Now formulate the one-dimensional non-station-
ary problem of thermal conductivity with a discontin-
uous solution by the type of a non-ideal heat contact
as follows:

au, 62u1
CIE:kI(’}?’ UI(X,O):L )C>0;
au, 62u2
c, - 2 50 uz(x,0)=0, x<0;
' (’Ju1 . 6u2 ' 6u1
x| TR R T
x=0 x=0 x=0

limu (x,t)=1; lim u_(X,t)=0
X0 1 X—>—o0 2

assuming that k, k,, ¢, ¢, and o are constants. The
problem formulated has an exact solution [1]. Write
down, in analogy with (4.4), an implicit difference
equation for the non-stationary problem of thermal
conductivity with a non-ideal contact

G+ — ()
o 2 N
i T
SOt AT (et

h >

4.5)

=71 G A 4 1
where 1 is the time step. Assume for numeric calcu-
lations that ¢, = C, = 1.0; k, =k, = 0.1; h = 1/8; 1=
= 1.0, and place the non-ideal contact boundary x =
= 0 at a mesh point. Boundary conditions for equa-
tion (4.5) were set at a sufficiently large distance on
both sides of the non-ideal contact boundary. As fol-
lows from Table, which gives the exact and calculat-
ed values of the unknown functions for different time
moments, on quite coarse time and space meshes, the
numerical solution coincides with the solution of a
differential problem with a good accuracy.
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Segregation of impurity. Consider the problem of
segregation of an impurity in the following model
statement:

aCl 52C1
W:Dl axz . —oo<x<§(t),

oC. o*C

=D ED EO=w

oc,

1

oc,

) =[C],_;

(4.6)

x=E(1)-0 x=E(t)+0
C(E-0,0)=xC,(E+0,0);
lim C (x,1)= C% lim C,(x,0)= c9;
Cl(x,O):Clo, x<&(0); Cz(x,0)=C0, x>&(0).
This problem also has an analytical solution [8].

Write down an implicit difference equation for the
generalised equation of mass transfer (3.16)

gi(./'+1)yi(.i+1) _ggf)yi(.i) -

T

(j+1) _ ,(J+D) (j+1) _ ,(Jj+D)
_1 yhoowt Wyl 4.7
=—|a a. ,
4] i+1/2 h i-1/2 h

where
_ 1 v 0,50
W=y [ enn
%i—0.5h
-1
. ~ lxm dx
i+1/2 h . DSL(x’th)
With the numerical solution, the mesh problem was
solved for a region of a limited length, which was se-
lected so that the effect of limitation of the region was
negligible. Numerical parameters of the model were
set for conditions of segregation of sulphur during so-
lidification of an iron-carbon steel: D, = 10" m*s’!,
D, =107 m*>s™, x = 0.05, Clo = Cg =0.04 %, v =
= 10* m's!; and the selected numerical parameters
were as follows: 2 =107 m, t = 1073 s. Figure 2 shows
comparison of the exact and numerical solutions of
problem (4.6) at the initial stage of the solidification
process (¢ = 0.04 s), when the jump of the solution
is inverse. With the numerical solution of the prob-
lem, it was assumed that boundary x = (t) was at a
mesh point and moved by one time step exactly to one
point on the spatial coordinate. As seen from the cal-
culation results, difference scheme (4.7) provides a
sufficiently high accuracy of the numerical solution.

Figure 3 shows numerical solution of problem
(4.6) at the final stage of solidification, where a com-
bined solution jump is formed.

Current transfer in «anode—arc plasmay system.
Consider a one-dimensional variant of generalised
formulation (3.10) of the problem of distribution of
potential and electric field in the «anode—arc plasmay
system

Exact (U) and numerical (y) solution of problem of non-ideal contact

t=10s t=20s t=100s
X
u y u ¥ u y
1 0.1070 0.1038 0.1825 0.1797 03374 03369
78 0.1279  0.1240 02035 0.2005 03503  0.3498
“3/4 01515 0.1469 02258 02228 03634 03629
~5/8 0.1778 0.1727 02494 02464 03766 0.3762
“12 02066 02013 02742 02713 03900 0.3896
38 02381 02327 03002 02975 0.4035 0.4031
“1/4 02719 02668 03272 03248 04171 04168
“1/8 03079 03032 03551 03530 04308  0.4305
0 0.6544 0.6505 0.6162 06148 05554 0.5552
18 0.6922 0.6876 0.6449 0.6433 05692 0.5689
1/4 07281 07230 0.6728 0.6710 0.5829 0.5826
38 07619 07563 0.6998 0.6978 0.5965 0.5962
12 07934 07873 0.7258 0.7236 0.6100 0.6097
58 08222 08159 07506 07482  0.6234 0.6231
34 08485 0.8419 07742 07716  0.6366 0.6363
78 0.8721 0.8653 07965 0.7937 0.6497 0.6493
1 08930 0.8861 0.8175 0.8145 0.6626 0.6622
g Do gt -8,
(4.8)

O0<x<l; u(0)=0, u(l)zuo,

where ¢ is the current density, u is the potential of
the electric field, p = p(X) is the specific electrical re-
sistance of medium, & € (0, /) is the position of the
metal-plasma interface and [u], is the potential jump
at this interface (anode barrier). In a case where p(x) =
=p,=const,0 <x <&gandp (x) = p,=const,§ <x <
< [, problem (4.8) has a simple analytical solution:

—gp,x,0<x<§,
u(x):{—q(plé+pz(x—€))+[u]€,é<X<l, 4.9)
where

[ul, —u,
pE+p, (=€)
It is just enough to modify a bit the computations
of (4.2) and (4.3) to obtain a difference analog of
problem (4.8) on the mesh o,

q

0.10 \\
0.08

0.06
AN
0.04 \““*‘H
e
0.02 ™~
=
0 ™

18 22 26 30 34 38 42 46 x, um

Fig. 2. Distribution of sulphur in solidification of iron-carbon steel
at the initial stage of solidification (solid line shows exact solu-
tion, and open circles o show the numerical solution)
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Fig. 3. Distribution of sulphur in solidification of iron-carbon steel
at the final stage of solidification

1 Yin 7 % T
h{am/z T

} | (4.10)

where

{ 1 K1 ]1
Gan |7 ,[ plx)dx | .
%

Letx <&<Xx ., then the right part of mesh equation
(4.10) can be calculated as follows: @, = 0, i #m, m +
+19,=60,,0,. =6, where

b = [ul,

m m+1/2 h2 :

Figure 4 shows the comparison between the ana-
lytical solution and the numerical solution of one-di-
mensional problem (4.8) at a set, fixed value of jump
of the electric potential at the metal-plasma interface
equal to [u] =2V and at the following values of prob-
lem parameters: p, =2.5:10° Q-m, p, =3.33-10* Qm,
u,=-5V,/=0.01 mand &= 0.005 m. Note here that,
like in the case of scheme (4.4), difference scheme
(4.10) is accurate in a class of piece wise constant co-
efficients. Figure 4 also shows the numerical solution
of problem allowing for non-linear dependence (2.2)

u, V
3
2 =y
1 \\
0 Nt
-1 v \\ .
)
NG
-3 \«
p N
-5
0 01 02 03 04 05 06 07 08 09 x,cm

Fig. 4. Distribution of potential in the «anode—arc plasma»
system (solid line shows an exact solution of the linear prob-
lem, open circles o show the numerical solution of the linear
problem, and solid circles ¢ show the numerical solution of the
non-linear problem)

of the potential jump upon electric current density ¢,
the functional form of which is given in [4], and the
numerical values used are shown in Figure 5. Solution
of the non-linear mesh problem was obtained by the
iteration method, linear problem (4.10) being solved
at each step of the iteration process.

In numerical modelling of physical processes oc-
curring, for example, under conditions of arc welding
of metals, the problem of distribution of the potential
in the «anode—arc plasma» system becomes multi-di-
mensional and requires allowance for a complex ge-
ometry of the interface between the conducting me-
dia. In particular, modeling of the current transfer
process in the «electrode wire—electric arc plasmay
system in gas metal arc welding can be done on the
basis of equations (3.10), which in the case of axial
symmetry of the problem can be written down in the
cylindrical coordinate system shown as in Figure 6 (it
is taken into account in writing down equation (3.10)
that /'= 0). This Figure also shows the boundary con-
ditions used.

Results of numerical solution of the two-dimension-
al problem of distribution of the potential in the system
under consideration, allowing for the non-linear depen-
dence of the anode potential drop upon the current den-
sity at the anode (see Figure 5), are shown in Figure 7 in
the form of isolines of the electric field potential.

5. Conclusions and tasks for further investiga-
tions. The generalised problems of heat, mass and
charge transfer in layered heterogeneous media with
a discontinuous solution, which are suggested in this
paper, are based on a physical natural description of
the processes of transfer of a substance using a system
of the first-order equations, one of which (scalar) is a
law of conservation of substance, and the other (vec-
tor) is a generalised phenomenological law (Fick’s,
Fourier’s, Darcy’s or Ohm’s law). The phenomeno-
logical law written down for the discontinuous po-
tential in terms of specific resistances allows for the
presence of the concentrated factors (e.g. concentrat-
ed resistance) at the interface between the media. It is

[M]gs M
4.0 \
3.5 \
3.0 -
257 1000 2000 3000 4000 ¢, Alem?

Fig. 5. Anode potential drop versus electric current density, used
for the solution of a non-linear problem (4.8)
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for/
e =0

Fig. 6. Schematic representation of «electrode wire—droplet—elec-
tric arc plasmay system in gas metal arc welding
this description that makes it possible to substantially
widen the class of permissible input data for the prob-
lems of heat, mass and charge transfer, and, accord-
ingly, the class of permissible solutions. For this pur-
pose, space functions WZ‘I(Q) with a negative metric
can be regarded as elements of tensor Z in (3.8). By
an initiative of the authors of this paper, Nomirovskii
[9] considered the possibility of this generalisation
and proved that at the said extention of the class of the
coefficients of equations (3.8) there is also a unique
solution to the problem in L (). Extention of the
class of permissible solutions is not only of a theo-
retical interest but is also important from the point of
view of different physical applications. The transfer
processes occurring in media with a finely dispersed
and multiphase structure (e.g. in steels and alloys) and
also in the anode sheath, where a metal contacts with
plasma, are the objects that require such an extention.
The generalised statement of the problem of charge
transfer in form (3.10) is still to be proved to have
unambiguous solvability in a class of functions L (€2).
Distinctive feature of the suggested generalised
statements is an end-to-end (homogeneous) descrip-
tion of the transfer processes in the entire multilayer
system as a whole, without the use of explicit interface
conditions at the boundary of discontinuity of a solu-
tion. This makes it possible to develop homogeneous
calculation algorithms of the numerical solution (by

Z, cm
1 1 I
15 14
0.9 11.45 13 ,L ni /
0.8 11.4 10 g
0.7 ¢
! 11.35
0.6

0.5

0.4

0.3

0.2

0.1

0 —_———
0.1 02 03 04 05 06 07 08 09 r,cm

Fig. 7. Field of potential in «electrode wire—droplet—electric arc
plasma» system in gas metal arc welding

the finite difference or finite element method). The
efficiency and accuracy of difference schemes of the
end-to-end computation developed on this basis was
verified in this work on characteristic test problems
having an exact solution.
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1.1.15. MOAEJIMPOBAHUE IMNPOLHECCOB TEIIJIO-, MACCO-
U DJIEKTPOIIEPEHOCA B CTOJIBE U AHOJHOM
OBJIACTU AYTU C TYT'OIIJTIABKUM KATOJOM™

N.B. KPUKEHT, 1.B. KPUBIIYH, B.®. IEMYEHKO

Jnst 3pQEeKTUBHOIO HMCIOMB30BAHUS  AIEKTPUICCKOM
QYT B KaueCTBE MCTOYHMKA TEIUIA MPU CBAPKE IUIAB-
JICHHEM HEOOXOJMMO pacrojiarath HH(pOpPMAIUeH o
TEIUIOBOM, SJICKTPUYECKOM U JAUHAMHYECKOM BO3/ICH-
CTBUSX IYTH Ha cBapuBaeMbIil MeTamt. [lockonbKy sKc-
MIEPUMEHTATBHOE OMPEICICHUE TAKUX BAXKHBIX C TEXHO-
JIOTHYECKON TOUKU 3PEHUSI XapaKTEPUCTHK CBAPOUHOM
IYTH, KaK TJIOTHOCTh ANIEKTPUYECKOrO TOKAa U TEIUIO-
BOTO MOTOKA HA MOBEPXHOCTU CBAPUBAECMOIO M3CIUS,
3aTPyIHEHO BCJEACTBUE BBICOKMX 3HAUCHUN TeMIepa-
Typbl AYTOBOM IUIA3Mbl M TEMIIEPATyphl MTOBEPXHOCTH
MeTajuia, MaJOCTH TEOMETPUYSCKUX pa3MepoB 00JIacTH
TIPUBSI3KY JIyTH U Psifa Jpyrux (pakTopos, aKTyaIbHBIM
MIPEACTABISCTCS KCCIICA0BAHNE CBAPOUHBIX IyT METO/A-
MU MaTeMaTu4ecKkoro Moaenuponanus [ 1-8].

PaccMoTpum aneKTpUYECKyIO AYTY € TYyTOILIABKUM
KaTOJIOM, TOPSAIIYI0 B MHEPTHOM ra3e Mpu arMocdep-
HOM AaBneHuH. [10CKONbKY Teopusi 1 MaTeMaTHUECKUE
MOJICIM KAaTOJAHBIX SIBJICHUM, BKIIOYas MPOLIECCHI B
MIPUKATOTHOM ILIa3Me, ISl TaKOH Ayru pa3paboTaHbI
JIOCTAaTOYHO TOAPOOHO [9—12], OCHOBHOE BHUMaHUE
YACTMM TPOIECcaM, MPOTEKAIOIIUM B CTOJI0E U aHO-
JTHOUM obmactu ayru. CaMOCoriacoBaHHAsE MaTeMaru-
YecKasi MOAETh YKa3aHHBIX MPOIECCOB IJIs YCIOBUM
CBapKH HEIUIABSIIMMCS 3JCKTPOJOM M IUIa3MEHHOU
cBapku ObLia mpemioxkeHa B padore [13]. Llenbto Ha-
CTOSIIIICH PabOThl SIBJISICTCST BepH(UKAIMS JaHHOM
MOJIENIH MyTEM YHCICHHOTO KCCIEIOBAHUS pacmpee-
JICHHBIX XapaKTEPUCTHK IUIa3Mbl CTOJI0OA M aHOIHOMN
00J1acTH CBOOOIHOTOPSIIICH apTOHOBOM JIyTH C BOJIb-
(hpaMOBBIM KaTOJIOM M MEIHBIM BOJ0OXJIAKIAEMbIM
AHOJIOM U CPaBHEHUSI OIYUYCHHBIX PE3yIbTaTOB C HUME-
FOLIUMUCS SKCIIEPUMEHTATBHBIMU JTaHHBIMU.

B cooTrBercTBHM C MOIXOMOM, UCHOIB30BAHHBIM
B pabore [13], camocoriacoBaHHasi MaTeMaTu4ecKast
MOJIEb MPOLIECCOB PHEPTO-, MACCO- U DIEKTPOIepe-
HOCa B CTOJI0E ¥ aHOJTHOW 00JIACTH CBAPOYHOM JIyTH C
TYTOIUIABKUM KaTOJIOM BKJIIOYAET JIBE B3aUMOCBS3aH-
HBIC MOJICIIU:

® MOJIeNIb CTOJI0a JYTH, OMHUCHIBAIOIIYIO B3aHMO-
JNEHCTBUE TEIUIOBBIX, AJIEKTPOMArHUTHBIX, Ta301U-
HaMU4ecKuX u AU} (y3uOHHBIX MPOLIECCOB B MHOTO-
KOMITOHEHTHOM TUTa3Me CTo0a IyTu;
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® MOJIeNIb aHOJIHOW 00JacTH, KOTOpasi MO3BOJSET
ONPEICIUTh XapaKTEPUCTUKHU TEIIOBOTO U AJIEKTPHU-
YECKOT0 B3aUMOJCHCTBUS IyTH C TOBEPXHOCTHIO aHO-
na (u3menvsi), HeoOXOAUMBIE JIJIsl aHAIN3a TEIUIOBBIX,
ANEKTPOMATHUTHBIX U THAPOIMHAMUYECKHUX MPOLEC-
COB, B CBAPUBACMOM METaJLIE.

[pemnoxxennast B padore [13] monens aHogHOU
o0iacT Qyru ¢ UCHAPSIONIUMCS aHOJOM MO3BOJIS-
€T BBIUUCTATH PACTIPEACNICHUE AHOTHOTO MaJCHUs
noreriuana U = —A@ BIOJb NOBEPXHOCTH aHOIA U
IJIOTHOCTH TEIUIOBOTO MOTOKA ¢ , BBOJMMOTO JIyroid B
aHo[I, B 3aBUCUMOCTH OT IJIOTHOCTH TOKA Ha aHOAE / ,
TEMIIEPATYPhI SNEKTPOHOB MIa3Mbl BOMM3M anoza T ,
a TaKKe Temreparypsl ero nosepxnoctu 1. [lpu mo-
JETUPOBAHUU yTU C TYTOIJIABKUM KaTOAOM pacIipe-
nenenue j U T BIOJIL AHOTHON MOBEPXHOCTU MOKET
OBITH C TOCTaTOYHON TOYHOCTBIO OMPENEIECHO UCXOIS]
13 MOJICITU CTOJI0A AYTH C CAaMOCOIIACOBAaHHBIMU TPa-
HUYHBIMH YCJIOBUSIMH HA aHOJIE.

Jlist mpoBepKM  aJIeKBAaTHOCTU BBIOPAHHOW MoOJie-
JIM aHOIHBIX IPOLECCOB OBUIO MPOBEICHO CpPaBHEHHE
pacyeTHOro 3Ha4YeHUsI AQ € SKCIEPUMEHTAIBHO H3Me-
PEHHBIM B CITydae MPUMEHEHUS IyTH C BOIL(PAMOBBIM
KaTOJIOM U MEIHBIM BOJIOOXJIAKIAEMBIM aHOJIOM, TOpsi-
el B aproHe mpu atMOC(EpHOM JIaBJICHUH (TOK JIyTH
200 A, nmuna 10 mm). Ilpu pacuerax mcnonb3oBaIH
CIEAYIONINE JKCIIEpUMEHTaNbHbIe Aanubie [14, 15]:
J,=3,510° A/, T = 9840 K, T. = 720 K, uro maer
A = 4,04 B. IlonyuyeHHoe pacueTHOE 3HAYEHHUE C BbI-
COKOM TOYHOCTBIO COOTBETCTBYET SKCIIEPUMEHTAIBHO
mmepeHHomy Ag =4,01 B [15]. Vcnions3yemble B qajib-
HEULIEM PACUECTHBIC 3aBUCUMOCTH AQ U ¢, OT TeMIlepa-
TYpPBI MEKTPOHOB B MPUAHOTHOM IU1a3Me U IUIOTHOCTU
9NIEKTPUYECKOro TOKa Ha aHoJe JUIsi CBOOOJHOTOpsIIEH
AProHOBOM YTH C TYTOIUIABKUM KaTOJOM U METHBIM BO-
JTIOOXJIAKTAeMBIM aHOIOM IIPUBENICHBI Ha puc. 1, 2.

IIpu onucanuu NpoLeccoB TEIIo-, Macco- U dJIeK-
TpOIIEpeHOoCca B IUIa3Me CToy0a paccMarpuBaeMoi
JIyTU UCTOJb3yeM MOJENb U30TCPMUUYECKON IIa3Mbl
(TeMrieparypa JIEKTPOHOB paBHA TeMIIEparype Ts-
JKEJBIX YacTHIl), a paclpelesiCHUEe BCEX €€ XapakTe-
PUCTUK CUHUTAaeM OCECUMMETPUUYHBIM. COOTBETCTBY-
romas cucrtemMa U epeHIuanbHbIX ypaBHEHUH,




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

3alMCaHHas B HWINHIPUYECKOH CHCTEMe KOOPIUHAT
{r, 9, z}, umeet cnenyroumii Bua [13]:
ypaBHEHHE HENPEPHIBHOCTH
P L rp0+ 2 o) =0, (M
IJIe p — MaccoBasi INIOTHOCTH TUIa3MBL; V, 4 — Paju-
aJlbHAasl M aKCUAJIbHAsl KOMIIOHEHTHI €€ CKOPOCTH;
ypaBHEHHMSI IBUOKCHUS
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KOMIIOHEHTHI IUNIOTHOCTH TOKA B JIyTE; BSD — a3umy-

TaJIbHAasl KOMIIOHEHTa BEKTOPA MAarHUTHOM UHTYKLIUH;

N — K03 PUITUEHT THHAMUYIECKOH BI3KOCTH;
YpaBHEHUE SHEPrUU
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e C, — ynenbHast TeIIOCMKOCTh ITA3MBI C y4ETOM
OHEPIUH HOHH3ALMH; T — TeMIeparypa riasmbl; y —
K03((UIMEHT TEIUIONPOBOAHOCTH; K — IMOCTOSIHHASI
Bonbimana; e — 3apsit 37€KTpoHa; O — MOCTOSIHHAS
tepmoauddy3un; Y — MOTepH SHEPTUU HA U3ITyYCHUE
B IIPUOTMKCHUU ONITUYCCKHA TOHKOM TUIA3MBI;
YpaBHEHUS 3JICKTPOMAarHUTHOTO ITOJISt
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MarauTHas 1noCTOsAHHAaA,;

. op . op
S =T0% LT %% (7

Juis 3ambikanus cucteMsl ypasHenutd (1)...(7) Tpe-
Oyercsi 3aaTh TEPMOJUHAMHUYCCKUE XapaKTEPHUCTUKI
p, C, K03(UIMEHTHI IEpeHoca 1, ¥, 0, G U HOTEPH

Agp, B
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Puc. 1. 3aBUCHUMOCTb Pa3HOCTH MOTEHIIMAJIOB MEXIY I'paHUIIEeH
cTONIOA JIyTH U TMOBEPXHOCTBIO aHO/A OT TeMIIEPaTyphl IEKTPO-
HOB B aHOJHOH 00NacTH (a) W IJIOTHOCTH 3JIEKTPHICCKOTO TOKA
Ha aHojie (6) Ui aprOHOBOM IYTH C MEIHBIM BOJIOOXJIaXKIaeMbIM
aHOJIOM
SHEPrUU Ha U3JIyYEHHE \y JYyTrOBOMU IJIa3Mbl B 3aBUCH-
MOCTH OT €€ TEMIIEPaTypsl, JaBICHUs U cocTasa. Jlis
W30TEPMHUYECKON aprOHOBOH I1a3Mbl aTMOC(HEPHOTO
JaBJICHUS yKaSaHHBIe 3aBUCUMOCTHU HpI/IBeI[eHBI, Ha-
npumep, B padore [16].

Jlist perieHust cucteMbl TudQepeHInaIbHbIX ypaB-
HeHu# (1)...(5), ommchIBaroIIel MpPOIECcChl TerJo-,

q,107%, Br/m?

2,5 _
i, =510° A /m2
2,0 F
1,5F
1,0 F

0,5

1 1 1 L Il {

6500 7000 7500 8000 8500 9000 9500
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L
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Puc. 2. 3aBUCHMOCTB TEIJIOBOTO ITOTOKA B aHOJT OT TEMIICPATypPhL
JJICKTPOHOB B aHOJTHOM oOmactu (a) 1 IUIOTHOCTH DJICKTPHUYICCKO-
T'O TOKa Ha aHOAC (6) JJIsA apr0H0130171 AyTru ¢ MEAHBIM BOAOOXJIA~
JKIa€MbIM aHOAOM
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PA3JIEJT 1. IVTOBASI CBAPKA

Macco- M 3JIEKTPONepeHoca B CTonde Tyru, He0OX0H-
MO 33JaTh COOTBETCTBYIOIINE HaYabHbIC W TPaHHY-
Hble ycnoBus. [lockonbky ¢u3nueckue nois B JIyro-
BOM pa3psiJic yCTaHABIMBAIOTCSI JIOCTATOYHO OBICTPO,
HavyallbHBIE PACIPE/ICIICHUS CKOPOCTH U TEMIIEPATyPhI
IUTa3Mbl IPUHIMITMAILHOTO 3HAUYCHUS HE UMEOT. J{iist
CKOPOCTH MOXKHO, HAIPUMEp, 33/1aBaTh HYJIEBbIC 3HA-
YeHUs1, a TEMIIEpaTypy B 00JIACTH TOKOBOTO KaHaa BbI-
Ouparh TakKo#, YTOObI 00ECIICUUTh XapaKTEPHYIO VIS
AprOHOBOM JTyTH MPOBOAMMOCTD TUIA3MBbI.

s paccmarpuBaeMoro 31ech ciaydasl JyTd C
BOJIb()PAMOBBIM KaTOJOM U MEIHBIM BOJIOOXJIAX/(a-
E€MBIM aHOJIOM T'PaHUYHBIC YCJIOBUS JUISI MCKOMBIX
byukuuit (¥ = {v, 0, u}, Tp, ¢) chopMmyIupyem ciie-
JYFOIIIUM 00pa3oMm.

Ha moBepxHocTH aHonma (TWIOCKOCTh z = L) s
CKOPOCTH TUIa3Mbl J/ BBITIOJHSIOTCS YCIOBHUS «IPH-
JTUTTAHUS

=0. ®)

z=L -
Ha rpanwuiie miasmel ctonba Jayru ¢ aHOJHOU 00-
JIACTHIO IMEET MECTO CIISYIONIEE YCIIOBUE YHEPIeTHU-
yeckoro Oananca [13]:
oT k(5
Tl (2 Sij A@ +q, )
z=L

e
z=L

riej, =-j|._, — TUIOTHOCTh TOKa Ha aHOJIE.

C XopomuM MpUOIKEHUEM ICKTPUYSCKUHN T10-
TEHIUAJI TIOBEPXHOCTH aHOJ/Ia MOXKHO CUHUTATh ITOCTO-
SIHHBIM M PaBHBIM HYJFO. TOT/Ia TPAaHUYHOE YCIIOBUE
JUTS TIOTEHIIMAJIA Ha TPAHUIIE CTOJI0A TyTH C aHOIHOM
00JIaCThIO MOXHO 3aITUCaTh B BUIC

9., =Ap. (10)

Ckavok noteHnuana A¢ B BeipakeHusx (9), (10)
BBIYHCIISIETCS COIVIACHO MOJIENIM aHOJIHOW OO0JIacTH
[13]mpu T = Tp|Z:L (cm. puc. 1).

Bommsu karona (mmockocth z = 0) ycnoBus s
BEKTOpa CKOPOCTH 33/Ial0TCS CICAYIOIIUM 00pa3oM:

V=0 4 (11)
rje U, ONPENEISETCS PACXOIOM 3aIMUTHOTO ra3a U Jiu-
aMETPOM COILIa JUIs €T0 TIO/Ia4H.

Jlyis Temmieparyphbl U 3JCKTPUYESCKOTO MOTCHIIUAA
B IIPUKATOHON 30HE AYT'H MIPUMEM yCIOBHS

_ do|  _ .
=T.(). o az‘zzo"k(r)’

:u,

=0 = z=0 0

(12)

Plz=0

]I PacNpeIENeHnsl TEMIIEPATypel miasmel 1 (F) u
IUIOTHOCTH TOKa TIOJ KaroaoMm j,(I) BEIOMparoTest €o-
IJIaCHO pEeKOMEHIAIUsIM paboTsr [12].

B 30He 1oj1aum 3aUTHOTO Ta3a MOXKEM 3aIUCaTh

(13)

riae T — Temreparypa OKpyKarolen Cpepl.
I'pannyHbIE yCIIOBUS JIs1 CKOPOCTH, TEMIIEPATYPHI
IJ1a3Mbl U 3JEKTPUYECKOTO MOTEHIMAa HA OCU CUM-
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METPUHM CHUCTEMBI 33Jal0TCSl CTAaHAAPTHBIM 00pa3oM
(cM., Hampumep, [ 1, 3]).

Ha Buemnel rpanune pacyetHoi obnactu (7 = R)
JUTSL CKOPOCTH TIJIa3Mbl M AIIEKTPUUECKOTO MMOTEeHIIMA-
Jla MO>KEeM 3anucarh [3]

o(pvr)
or

¢
=0, u[_,=0, =5 =0. (14)
—
r=R " or r=R
I'panv4HOE ycnoBHE JUId TEMIEPATyphbl ILIa3Mbl
npH ¥ = R onpeneuM B 3aBUCHMOCTH OT HalpaBlie-

HHUA ABUKCHUS ITOTOKA ITJIa3MBbI:

Tp - :TC npu V‘r:R <0,
aT (15)
p -
o =0 anV‘y:R >0.
r=R

Cucremy muddepenimanbabix ypaBHeHHA (1)...
(5) ¢ rpanwuysbME ycnoBusMu (8)...(15) pemanm
YHCJICHHO C TIOMOIIBIO0 METOJa KOHEUHBIX Pa3HOCTEH.
Hns onpenenenust Bxoasmux B ypaBHeHHUS (1)...(5)
TEPMOAMHAMHMYECKUX M TPAHCHOPTHBIX XapaKTEepH-
CTHK IUIa3MBbl HCIIOJIB30BAIN PACUCTHBIC JAHHBIC IJIS
aproHoBoi miaasMmel [16]. Ilpu yucieHHOM peleHun
ra30AMHaMHYECKOHM U TETJIOBOM 3a[1a4 MCIIOIb30BAIN
COBMECTHBIH arpaHxeBo-3ilepoBslii metox [17, 18],
aJanTUPOBAHHBIN K YCIOBUSIM CXKUMAEMOM Cpelbl.

Kak BUAHO M3 pe3ysnbTaToB pacueTa 3JEKTpHUe-
ckoro moreHimana (puc. 3, @), HaJ MOBEPXHOCTHIO
aHO/Ia BO3HHMKAET 30HA TOJIOKUTEIBHBIX 3HAYCHUH
(, 94TO OOYCIIOBIEHO HAJHYHWEM OOpPAaTHOTO CKavKa
MOTEHLIMAJIa HA aHOAHOM clioe. MakcuMallbHbIE 3Ha-
YEeHUS IpaJveHTa MOTEHIMAala U TUIOTHOCTH TOKa B
cronbe myru HaOmromarorcs BOIM3M karona (puc. 3).
31ech ke AOCTUraeTcsi MaKCUMallbHasl TeMIlepaTrypa
JTyTOBOM TuTa3Mbl (puc. 4, a), 9T0 00yCIOBJICHO BBI-
COKOW HMHTEHCHUBHOCTBIO [DKOYJIEBBIX HCTOYHHKOB
teria. [To Mepe yaaneHus ot Karojia MIOTHOCTD JIeK-
TPUIECKOTO TOKa OBICTPO CHIDKAETCS (CM. puc. 3, 0).
CunoBoe mone, (GopMupymoueecss Mpu TakoM pac-
NpEeAeJICHUH TOKa, 00YCIOBINBAECT XapaKTEPHYIO JJIs
JOYTH C TYTOIUIABKAM KaTOJOM KapTHHY JBIKCHHUS
1a3Mbl B cTOJIOE yTH (CM. puc. 4, 6). Makcumab-
HbIC 3HAUCHMSI CKOPOCTH IJIa3Mbl HA OCH CUMMETPUH
(mo 350 wm/c) oGecrieunBaroT 3PPEKTUBHBIA IEpe-
HOC TeIJIOBOM 3HEpruH M3 Hambosee ropsiuei 30HblI
BOJIM3M Karoja K MOBEPXHOCTH aHona. Kak BUaHO U3
puc. 4, a, TeMueparypHoe Iojie B IyroBOW IJIa3mMe B
3HAUNTEILHON Mepe OmpelesisieTcsl KOHBEKTHBHBIM
TEIUIONEPEHOCOM. DTHUM (PAKTOM OOBSCHSETCS U Cy-
[IECTBEHHAS BHITSHYTOCTh H30TEPM BJIOJb TOBEPXHO-
CTH aHOZA.

Kak BuiHO 13 puc. 5, MakcuManbHOE 3HaueHue AQ
B NPHOCEBON 30HE aHOMHOW 00JIacTH OOYCIIOBIEHO
Oostee BBICOKMMH 3HAYEHUAMU T BONM3HM OCH CMME-
Tpun. HexoTopoe yBennyenune ckayka NoTeHLMaua Ha
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Puc. 3. Tlons anexTprdeckoro moTeHnuana (@) U INIOTHOCTH ToKa (0) B cToi0e CBOOOAHOTOpSIIEH AyrH B aproHe ¢ BOJIb()PAMOBEIM
KaToI0OM U MEIHBIM BOAOOXJIaX1aeMbIM aHoaoM (max | j | = 8-107 A/m?)
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Puc. 4. Tlons Temneparypsbl (a) ¥ CKOPOCTH (6) MiIa3Mbl B CTOI0E CBOOOIHOTOPSIIEH yTH B aproHe ¢ BOIb(GPaMOBBIM KaTOOM U Me[I-

HBIM BOJIOOXJIAKIAEMBIM aHOIOM (max |V | = 350 m/c)

riepudepun 00IaCTH aHOTHOU MPUBSI3KH AYTH 00BSIC-
HSIETCSl KpallHe MajibIM 3Hau€HHEeM TUIOTHOCTH TOKa
Ha 3TOM y4YacTKe MOBEPXHOCTH aHO/IA.

CpaBHEeHHE pacYeTHBIX JaHHBIX PagHaTbHOTO
pacrpesneneHnust IUIOTHOCTH DIEKTPHUYECKOTO TOKa
Ha aHOJie M TeIUIOBOTO TMOTOKAa B AHOJ C JKCIEpH-
MeHTanbHbIMH [14] mokazano Ha puc. 6. s nyru ¢
cuioi Toka 200 A HaOMIOmAETCs TOCTATOYHO XOPO-
II€E COBMAJCHUE PACYETHBIX pactpenesienui j (r) u
q (r) ¢ skcnepumentanbHbiMU. Hekotopeie omimuus
pacUeTHBIX M IKCIEPUMEHTAIBHBIX JaHHBIX BOJHM3U

Ap, B

1 L L 1

2 4 6 8 r,mm

Puc. 5. PaguansHoe pacripeniesnieHne ckayka IMOTEHLIMala B aHO-
JHOHM 00JacTH Uit CBOOOAHOTOPSIICH TyT'W B aproHe C BOIb-
(paMOBBIM KaTOIOM U MEIHBIM BOJOOXJIAXIAEMBIM aHOIOM (/ =

=200 A, L =63 mm, T, =720 K)

OCH CHMMETPHH MOTYT OBbITh CBSI3aHBI KaK ¢ MOrpPeIIl-
HOCTSIMH MaTeMaTHYECKOTO MOJICIMPOBAHUS, TaK W
¢ mpoOieMaMH BOCCTAHOBICHHS pPacIpe/eIICHHBIX
XapaKTEPUCTUK 110 WHTETPaJbHBIM MapamMeTpam, u3-
MepeHHbIM B [14]. st myrm ¢ cuimoit Toka 100 A
COOTBETCTBHE PE3yNBTATOB MAaTEMaTHYECKOTO Mojie-

J, 10 6 A/M2 q,-10 7 Br/m2
6K 6
h
\
b
- 200 A
_‘
" 100 A
»
\
B b\
b)Y
2:5 5,0 79 r,Mm
6

Puc. 6. Pagnanbuble pacnpeneneHus INIOTHOCTH TOKa HA aHOJE
(a) ¥ TerIoBOro MOTOKA B aHOJ (6) JUIs CBOOOIHOTOPSIIIEH TyTH
B aproHe ¢ BOJIL()PAMOBEIM KaTOAOM H MEAHBIM BOIOOXJIaXJae-
MBIM aHozioM (L = 6,3 Mm) [14]: mTpUXOBEIE KPUBBIE — PACUET;
CIUIOIIHBIE — HKCHEPUMEHTAIIBHBIC JAHHbIC
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PA3JIEJT 1. IVTOBASI CBAPKA

JIUPOBAHUSI M HKCIEPUMEHTAIBHBIX JAHHBIX MOYHO
0XapaKTEepU30BaTh KaK BIOJIHE YIOBICTBOPUTEIHLHOE.

B niesiom npoBeieHHbBIN B HaCTOSIICH paboTe YuC-
JICHHBIM aHanu3 paclpeleNieHHbIX XapaKTepUCTUK
cToyi0a ¥ aHOJHOW OOJIACTH AJICKTPUYECKOW YT C
BOJIL()PAMOBBIM KaTOJOM M MEIHBIM BOJIOOXJIAXKac-
MBIM aHOJIOM U CPaBHEHUE MOIYUYECHHBIX PE3yJIbTaToOB
C HUMEIOIIMMHUCA JKCIEPUMEHTAIBHBIMU JTaHHBIMU
CBUJICTEIBCTBYIOT 00 aJCKBATHOCTH IPEIIOKESHHON
B pabote [13] camocomiacoBaHHOW MOJIENU TPOIIEC-
COB DHEPro-, Macco- M AEKTPONEPEHOCA B aHOIHOM
oOyacté U cToj0e CBapOYHOU JYyrW MpU CBapKe He-
IJIABSALIUMCS. DJICKTPOAOM M IJIa3MEHHOM CBapkKe B
HWHEPTHOM Trase.

1. Hsu K. C., Etemadi K., Pfender E. Study of the free-burning
high-intensity argon arc // J. Appl. Phys. — 1983. — 54,
Ne 3. —P. 1293-1301.

2. Hsu K. C., Pfender E. Two-temperature modeling of the free-
burning high-intensity arc // Ibid. — 1983. — 54, Ne 8. —
P. 4359-4366.

3. Zhu P, Lowke J.J., Morrow R. et al. Prediction of anode
temperatures of free burning arcs // J. Phys. D: Appl. Phys. —
1995. — 28. — P. 1369-1376.

4. Lowke J. J., Morrow R., Haidar J. A simplified unified theory
of arcs and their electrodes // Ibid. — 1997. — 30. — P. 2033—
2042.

5. Haidar J. Non-equilibrium modeling of transferred arcs //
Ibid. — 1999. — 32. — P. 263-272.

6. Fan H.G., Kovacevic R. A unified model of transport phenomena
in gas metal arc welding including electrode, arc plasma and
molten pool // Tbid. — 2004. — 37. — P. 2531-2544.

7. Hu J., Tsai H. L. Heat and mass transfer in gas metal arc
welding. Pt I: The arc // Intern. J. Heat and Mass Transfer. —
2007. — 50. — P. 833-846.

98

8. Tanaka M., Yamamoto K., Tashiro S. et al. Metal vapour
behavior in gas tungsten arc thermal plasma during welding //
Welding in the World. — 2008. — 52, Ne 11/12. — P. 82-88.

9. Mouocec b.A., Hemyunckuii B.A. K Teopun ayru BbICOKOro
JIABJICHUS HA TYroIUIaBkoM Kartoze // KypH. TexH. Qusuku. —
1972. — 42, Ne 5. — C. 1001-1009.

10. Motiocec Bb.A., Hemyunckuii B.A. K Teopuu Iyru BbICOKO-
ro naBieHus Ha TyroraBkom karome. Y. II // Tam xe. —
1973. — 43, Ne 11. — C. 2309-2317.

11. JKykos M. @., Koznos H. I1., I[lycmoeapoé A. B. u op. Tlpu-
9JICKTPOJIHBIC TPOLIECCHI B JyroBHIX paspsiaax. — Hosocu-
6upck: Hayka, 1982. — 157 c.

12. Wendelstorf J., Simon G., Decker I. et al. Investigation
of cathode spot behaviour of atmospheric argon arcs by
mathematical modeling // Proc. of 12th Intern. conf. on gas
discharges and their applications (Germany, Greifswald,
1997). — 1997. — Vol. 1. — P. 62-65.

13. Kpusyyn U. B., [emuenxo B. @., Kpuxenm HU. B. Mognenb
MPOIIECCOB TEIIO-, MAacCO- M 3JICKTPONEPEHOCa B AHOAHOM
obacTy 1 cTo0e CBapOYHOMN AYTH C TYrOIIABKUM KaTOJ0M //
Apromar. cBapka. — 2010. — Ne 6. — C. 3-11.

14. Nestor O. H. Heat intensity and current density distributions
at the anode of high current, inert gas arcs // J. Appl. Phys. —
1962. — 33, Ne 5. — P. 1638-1648.

15. Sanders N. A., Pfender E. Measurement of anode falls and
anode heat transfer in atmospheric pressure high intensity
arcs // Tbid. — 1984. — 55, Ne 3. — P. 714-722.

16. Boulos M. I, Fauchais P, Pfender E. Thermal plasmas:
Fundamentals and applications. — N.-Y.; London: Plenum
press, 1997. — Vol. 1. — 454 p.

17. Jlawko U. U., [lemuenko B. @., Baxynenxo C. A. Bapuant me-
TOJIA PACIICIUICHHS] YPABHCHHUI IHHAMUKH BI3KOW HEC)KMMa-
€MOi1 JKHJIKOCTH Ha JIarpaHKeBO-dHIePOBbIX ceTkax // JloKiL.
AH YCCP. Cep. A. — 1981. — C. 43-47.

18. lemuenxo B. @., Jlecnoui A. b. JlarpansxeBo-3iinepoBblil Me-
TOJI YMCJICHHOTO PCIICHHS MHOTOMEPHBIX 3a/1a4 KOHBCKTHB-
Ho#t muddysun // Jon. HAH Vkpainu. — 2000. — Ne 11. —
C. 71-75.




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.16. UCCJIEAOBAHUE NPOIECCOB UCITAPEHUA

BUHAPHBLIX CIIJIABOB

B YCJIOBUSIX JYTI'OBOM CBAPKHU"

N.J1. CEMEHOB, U.B. KPUBIIYH, A.T. 3EJIbHUYEHKO

HccnenoBanue nponeccoB UCTIApEHUs! MeTaa ¢ Mo-
BEPXHOCTH aHOJa, B TOM YHCJI€ U3 OMHAPHBIX CILIa-
BOB, [TPEJICTABIISAET 3HAUUTENIBHbII HHTEpEC IS 1alb-
HEHIIEero coBEepIIEHCTBOBAHUS PA3IMUHBIX CIIOCOO0B
nyrosoit cBapku (GTA, PTA, GMA) [1-5]. IIpucyt-
CTBHE MapOB MaTepHalia aHO/a B IUIa3Me CBapOYHOM
IOYT'H OKa3bIBaeT CYLIECTBEHHOE BIHMSHHE Ha €€ OC-
HOBHBbIE (HU3MUYECKUE CBOMCTBa (Teriopu3nuecKne
XapaKTEePUCTHKH, KOA(PPHUIUEHTH MEpeHoca, ONTH-
geckue cBoiicTBa). Kpome Toro, mporiecc ucmapeHus
MaTepuajia aHoJa BO MHOTOM OIIpeJIeNsIeT TEIIOBOe
U JUHAMHMYECKOE BO3JECHCTBHE CBAPOYHOM IYr'M Ha
€ro IOBEPXHOCTb, A, CJICAOBATEIILHO, U TaKUE BaXK-
HBIE TEXHOJIOTHUECKUE XapPaKTEPUCTHKH Kak (opma
MIOBEPXHOCTH M pa3Mepbl CBAPOYHON BaHHBI, 4ACTOTA
IepeHoca ¥ TeMIeparypa Kaleilb JIeKTPOIHOI0 Me-
taja. [TosToMy 1enbio HaCTOsIIIEeH PadoTHI SBISET-
csl pazpabOTKa MaTeMaTHYECKOM MOJENH HCIapeHHs
aHoza u3 OMHApPHOIO CIUIaBa B YCIOBUSX AYIOBOM
CBapKH M MPOBEJCHNE YHCICHHOTO aHAJIN3a XapaKTe-
PUCTUK MHOTOKOMIIOHEHTHOW TIPHAHOTHOH IJIa3Mbl.
Mopenb ucnapenusi B Au¢@y3noHHOM peKu-
Mme. PaccmoTpum Mopenb ucmapeHust aHozna u3 Ou-
HapHoro crjiasa B AU()(Y3MOHHOM peXHUMe Ha MpHu-
Mepe AyroBoii cBapku Al-Mg crmaBoB B armocdepe
Ar. B nanHOM cimy4ae BOJMM3M MOBEPXHOCTH aHOAA
CYIIECTBYET HOHU3UPOBAHHAsl Iapora3oBas CMECh,
COCTOSIIIAs B OCHOBHOM M3 BJIEKTPOHOB (€); aTOMOB
amoMunus (m, ), OXHOKPATHO 3apSUKEHHBIX MOHOB
amOMUHMsS (M), JBYKPaTHO 3apsUKEHHBIX HOHOB
amoMunus (m,,); aTOMOB Maruus (m1,,), OMHOKPATHO
3apsUKEHHBIX MOHOB Maruus (m,), ABYKPaTHO 3aps-
JKEHHBIX MOHOB Maruus (m,,); aToMOB aprosa (g, ) u
OJTHOKPATHO 3apsHKEHHBIX MOHOB aprona (g,,). Tem-
neparypa TSKEJbIX YacTHL MPEAoIaraeTcsl paBHOM
TEMIIEpaType MOBEPXHOCTU aHoza T, a Temreparypa
3JIEKTPOHOB B MPUAHOHOM I1asMe T SBIISETCS CBO-
OOIHBIM TApaMETPOM MOJICIH. YPaBHEHHE COCTOSHUS
TaKOM CMeCH 3alHUCHIBAETCS B CIEIYIOIEM BUE:
By = AT+ X AT, 1)
o
rae k — nocrosuHas bombimMana; P, — BHeIIHee
NABJICHUE; N — KOHLEHTPALMsA JJIEKTPOHOB; N
KOHIIEHTPALMs TSKEIBIX YacTHUI[ copTa O. YCIOBHE

KBa3WHEHTPAIBLHOCTH IJIa3Mbl 3aIMChIBACTCS CIC/Y-
oMM 00pasoMm:
n=n
e

m,

+ 2an2 + ng” . )

11

[Ipennonaraercsi, 4YTO KOHIIEHTpAallUM aTOMOB,
VMOHOB U BJIEKTPOHOB CBSA3aHbl KBa3MPAaBHOBECHBIMU
ypaBHeHusiMu Caxa, 3aiCcaHHbIMU TIPU TeMITepaType

BJIEKTPOHOB T :

nn s 2 1,4P
n“Zs“pexp( T | 3)
BB e
r7e o ¥ 3 0003HaYaloT THUT TSHKENBIX YacTHIT (HaIpH-

mMep o =m,, B=m,);S, u S; — COOTBETCTBYIOILIE
CTAaTUCTHUUYECKHUE BECA; IaB SHEPrusi HOHU3ALUU JIJIS
COOTBETCTBYIOIIEH peakiuu, a A =, [h? /anekY; , The
h — nocrosnnas [lnanka; m, — Macca 3JIEKTpOHa.
[TosHbIE KOHUEHTPALMU TSKEJBIX YACTHUL] ONPEIEIIs-
1oTcs u3 ypaBuenuit Kianeiipona—Kiaysuyca:

2 a P 7\,m }\'m
2N, = %P T | @)
Jj=0 m; s
riei=1,2; T — TeMIeparypa KMIIEHHs COOTBETCTBY-
IoIIeH KOMTTOHEHTBI CILIaBa; k’"i — HOTepH TeIula Ha

HCTIAPEHUE B PACUETE HA OJIHY YacTHIY W d, — K0a(]-
(UIMEHT aKTUBHOCTH dJIeMeHTa B pactuiaBe. Koaddu-
IIUEHTHI aKTUBHOCTH TSI AIFOMHHUSI M MarHus ObLIH
X’"1 s D,y =0,88 sz ,rne X'”l u
sz — MOJISIPHBIE JTOJTU ATFOMUHUS W MarHus B JKUJI-
KOM pacIiiaBe COOTBETCTBEHHO. YpaBHeHus (1)—(4)
COCTAaBIISIFOT CHCTEMY JICBSITH HEITHMHEWHBIX ypaBHe-
HUH OTHOCUTEJILHO HEU3BECTHBIX N, , m“ n "

nm , nm21 R nmzz , nglo, . . JlanHble ypaBHeHI/IH MOTYT
ObITH PELICHBI YMCICHHO MPH 3aJlaHHBIX 3HAYCHUSX
TEMIIEPATYPhI MOBEPXHOCTU aHO/A T, TEMIEPATYPHI
BJIEKTPOHOB MPUAHOIHOM IIa3Mbl T ¥ KOHIEHTPaLUK
Maruus B paciuase X (KOHI_ICHTpaI_II/IH ATFOMHUHUS
TIPH OTOM BBIYUCIISETCS ax X =1-X ) C mpak-
TUYECKON TOUKU 3PCHUS 6onee yz(o6H0 PICHOJIB30B3.TL
MacCOBYIO JIOIFO AJIEMEHTa BMECTO MOJISIPHOW JIOJIH.
[amnee MBI OyZieM MCTIONB30BaTh MacCOBYIO JIOJO Mar-

onpesIeNieHbI B [6]: G =

uus B, BMecto MomspHOIT nomu sz
Ha puc. 1-3 npencraBieHbsl HEKOTOPbIE pacyeT-
HBbIC PE3YJbTATbl, MMOJYYCHHBIE HA OCHOBE OIMCAH-

*C6. tp. VI Mexa. koH}. «MareMatiyecKkoe MOJAEIMPOBaHHE U MH(POPMAIMOHHBIE TEXHOJIOTUHM B CBApKE U POACTBEHHBIX
npoueccax» (Kauusenu, Kpsiv, Yipauna). — 2012. — C. 123-127.
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PA3JIEJT 1. IVTOBASI CBAPKA

r’”!

T, =7000 K

1 1

2400 2600 T,, K

1400 1600 1800 2000 2200

Puc. 1. 3aBHCUMOCTH OTHOCHTCIHLHOM KOHIEHTpAalluu YaCTUIL
Iapa B HpHaHO,I[HOfI I1asMe OT TEMIIEPATypPbl IOBEPXHOCTU aHOAA
3 AI-Mg crutaBa Ut pa3iUyHbIX 3HAYCHUN B’"z :0 (1), 0,25 (2),
0,5(3),1(4),2(5),3(6),5(7) %
HoM BbIle Mojienu. Ha puc. 1 mokazaHa 3aBUCUMOCTD
OTHOCUTEJIBHOM KOHIIEHTPAallMKM YacTHUI[ MaTepuasa
aHona y, B IPUAHOJHOM TIJIa3Me OT TEMIIEPATYPhI €10
[IOBEPXHOCTHU IMPU Pa3IUUHbIX 3HAYCHUSIX B’”z (Tem-
neparypa snektpono T = 7000 K). Ornocurens-
Hasg KOHIIGHTpalUs METaJUIMYECKUX 4YacTHI] OIpe-
JIENSAETCA KaK y, = nm/(nm + ng), rae n = Zanij ,a
1
n =n '
& 8o
KOHLIEHTpALIUS YacTHUIl MaTepuaia aHo/la pe3Ko BO3-
pacraer BOJM3M HEKOTOPOU Temmeparypsl T, u cTa-
HOBUTCS PAaBHOW €IMHUIIE TPU JAHHON TEMIIEpaType.
W3 ompenesnieHnst OTHOCHTENBHON KOHIIEHTPALUA Y,
SCHO, YTO Temreparypa T, sBISIETCS TEMIEPATypoii

+n, . Kak cnenyer u3 puc. 1, oTHOCUTENTEHAS
10

KHIIEHUS CIIjIaBa MPHU 33aHHBIX 3HAYCHUAX B’"z uT,
T. €. 9Ta TeMIepaTypa COOTBETCTBYET MEPEXO/y MEK-
1Ty KOHBEKTHBHBIM U TU()(PY3HOHHBIM PEKHUMAaMH HC-
napenus. Ha puc. 2 mokasana 3aBUCHUMOCTb TeMIIepa-
Typbl KMIIEHUsI T, OT MacCOBOTO COJIEPIKAHMUSI MATHUsI
B CIUIaBE Bmz IIPY PA3IMYHBIX 3HAYCHHUAX TEMIIEPATY-
PBI 2JIEKTPOHOB. BUIHO, 4TO TeMIieparypa KHIIEHUS

), K

2600

2400

2200

2000

1800

1600

1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 78  9PBmy %

Puc. 2. 3aBucuMocTh TeMIepaTypsl KUIeHHs aHoma u3 Al-Mg
CIUIaBa OT MACCOBOI'O COZEPKAHUSA MAarHus B CIUIABE JUIA pa3iaud-
ueix 3Hagenud T: 5 (1), 8 (2), 9 (3), 10 (4) kK

100

Ty, K

i/
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2200

2000
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1600

5 6 7 8 9 10 11 12 13 14T.. xK

Puc. 3. 3aBucuMOCTb TeMmIeparyphsl KUIeHus: anoga u3 Al-Mg
CIJTaBa OT TEMIIEPATYpPbl AJICKTPOHOB B MPHAHOAHOM I1a3Me JUist
pasmuunbx 3Havennii B, : 0 (1), 0,25 (2), 0,5 (3), 1 (4), 2 (5),
3(6),5(7) % ?

pE3KO TamaeT TpPH YBEJIMYEHHH MacCOBOTO COMIEP-
JKaHUs MarHus BIOIOTH 10 2 %. Ilpm mambHeimem

YBEIHMYCHUH Bmz JTaHHasi 3aBUCUMOCTH CTaHOBHUTCS
Oornee mnaBHOW. Ha puc. 3 mokazaHa 3aBHCHMOCTH
TEMIIEPaTyphl KUIIEHUSI OT TEMIIEPaTyPhl AIIEKTPOHOB
JUTSL pa3IMYHbIX 3HAY€HU MaccoBol nonu Maraus. Kak
CllelyeT W3 MPUBEIICHHBIX Ha 3TOM PHCYHKE JIaHHBIX,
TeMIleparypa KWTIHUsI aHoja M3 OWHApHOTO CIUIaBa
CHIDKACTCS TIPH YBEITMUSHNH TEMITEPaTypPhl 3JIEKTPOHOB
B MPHAHOIHOH TuIazMe. DTOT (pakT MOXKET ObITh 00b-
SICHEH clienyronmM oOpaszom. [laprmansHoe naBneHne
ANIEKTPOHOB B ypaBHeHNH (1) Bo3pacTaeT 1npu yBenmde-
HUH 2JIEKTPOHHOH TeMIIeparyphl, B TO BpeMs KaK TI0JI-
HOE JIaBJIEHUE P| OCTAETCs MOCTOSHHBIM. DTO PUBOIUT
K CHIDKEHUIO TTapIIHaIbHOTO IABICHMS TSHKEIBIX YaCTHI
B ypaBHeHHH (1) U, ClIeI0OBaTENbHO, K CHIDKEHHUIO TEM-
TriepaTypbl KUTIEHHS COTIACHO YpaBHEHHSIM (4).
Mopnenb ucnapeHusi B KOHBEKTHUBHOM PeKH-
Me. Jlanmee paccMOTpUM MOJIETh HCTIapeHHS aHO/A U3
ATIOMUHUN-MarHHEeBOTO CIUIaBa B KOHBEKTUBHOM pe-
)KuMe. J{aHHBIM pexuM XapaKkTepU3yeTcsl HaIuuueM
Pa3BUTOTO Ta30IMHAMUYECKOTO TEUCHUS METaJUIH-
YECKOTO Tapa B OKPYKAOIIyIo 1miazmMy. B atom ciry-
Yae Iia3mMa BOJIM3M MOBEPXHOCTH aHO/A COCTOMT U3
BJIEKTPOHOB (€); aTOMOB AIIOMUHHUSA (1M, ), OHOKpAT-
HO 3apsKEHHBIX MOHOB alIOMUHUSA (1), IBYKPATHO
3apsHKEHHBIX HOHOB aTFOMHMHMA (/1 ,); aTOMOB MarHust
(m,,), OMTHOKPATHO 3apsHKEHHBIX HOHOB Maruus (m.,,)
¥ JIByKPaTHO 3apsOKEHHBIX MOHOB Maruus (m,,). Kak
W3BECTHO, UCMIAPEHHE B KOHBEKTUBHOM PEXKHUME SIB-
JISIETCSl CYIIECTBEHHO HEPAaBHOBECHBIM MPOIIECCOM.
OYHKIIUU pacTpeAesieHns YacTHIl Iapa SBISTFOTCS
pa3phIBHEIMHA Ha TIOBEPXHOCTH pasnena ¢as u, cie-
JIOBATEIbHO, COCTOSIHUE METAJUIMYECKOro Mapa mJa-
JIEKO OT TePMOJMHAMHYECKOTO paBHOBecHs. PaBHO-
BECHE TOCTUTACTCS 32 CUET CTOJIKHOBCHUHN YaCTHUIl B
TOHKOM TIPUTIOBEPXHOCTHOM CIIO€, TaK HA3bIBAEMOM
KHYICEHOBCKOM CJIO€, TOJIIHHA KOTOPOTrO COCTAaBIIsI-




1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX

Gngs 8-cm™2s7!
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Puc. 4. 3aBUCUMOCTH MacCOBOTO TIOTOKA MarHUs OT TEMIIEPATYypPhI
TIOBEPXHOCTHU aHO/Za U3 Al—Mg CIlJIaBa JUIsl pa3JIMYHbIX 3HAYCHUN

13m2 :1(1),2(2),33),54) %

€T HECKOJIBKO JUTHH CBOOOIHOTO Tpodera. B obmem
clIy4ae, mpoLecC YCTAHOBJICHUS! PaBHOBECUS B KHY/I-
CEHOBCKOM CJIO€ JIOIDKeH paccMaTpuBaThCsl Ha OC-
HOBE YPaBHCHUH KUHETHUYECKOU Teopuu (ypaBHEHHUS
BomnpriMana wim MOETHHBIX KHHETUYECKUX ypaBHe-
Hul). Ha mpaktuke Ooree onpaBIaHHBIM SIBISETCS
WCTIOJIb30BAHNE TPOCTHIX TEOPETUYECKUX MOJIETei
KHYACEHOBCKOTO cjiosi. Hambonee mpoctas mMonens
KHYJCEHOBCKOTO CJIOS ISl OTHOKOMIIOHEHTHOTO TTapa
Obuta mpemnioxkena Haiitom B paborte [7]. Monens
Haiira Ob1a 0600mIeHa Ha Citydail TBYXKOMIIOHEHT-
Horo mapa B padorte [8]. HecmoTps Ha To, 4TO NaHHAs
MOJIeTb PaboTaeT JOCTAaTOYHO XOPOIII0, OHA HE I0CTa-
TOYHO XOPOIIIO 0OOCHOBAaHA C TOYKH 3PEHUS KUHETH-
YEeCKOW TeOpHH. ABTOpaMH HACTOSIICH paboThl OblLiIa
Mpe/UIoKeHa JpyTas MOJAENbh KHYICEHOBCKOTO CIIOS
JUIsi OMHAPHOW CMECH MapoB, OCHOBaHHAsI HA TOYHBIX
BBIPQKCHHUSX 3aKOHOB COXPaHEHHS MacChl, IMITYJIhCa
W SHEPruM JJIi KOMIIOHEHT CMECH, KOTOpBIE TOJTy-
YeHBl HETOCPEJCTBEHHO W3 ypaBHEHHs boibliMaHa.
JlanHas MojieNTb JIeTaIbHO onrcana B padote [9]. Ona
MTO3BOJISIET BBHIPA3UTh KOHIIEHTPAINH KOMIIOHEHT HO-
HU3UPOBAHHOTO Iapa, TEMIEepaTypy U CKOPOCTh CMe-
CH Ha TpaHUIle KHYACCHOBCKOTO CJOS KaK (DYHKIIHU
OT TEMIIEPATyphl MOBEPXHOCTH aHO/a, €r0 COCTaBa U
TeMIepaTyphl MIa3MEHHBIX AIEKTPOHOB.

Janee Moziesb vicriapeHust ONHAPHOTO CIUIaBa B KOH-
BEKTHBHOM PEXFIME CTPOUTCS TI0 aHAJIOTHUH C MOJIETIHIO
rcnaperus B 1uhhy3HOHHOM PeXXMe. YCITOBHE KBa3H-
HEUTPaITbHOCTH B JAHHOM CITydae NMEET BU/L:

n = nm11 + 2nm12 + nm21 + 2an2. (5)

Taxoke MBI HUCIIOJIB3YEM KBa3UPaBHOBECHBIE YPaB-

Henus Caxa (3), omucanssle Bbimie. [lomHas KoH-

LIEHTPaLUsl TSKENbIX YacTHULl AJIFOMHUHUS U MarHus

PAcCCUUTHIBAIOTCS HA OCHOBE TMPEIOKEHHOW MOIETH
KHYJCEHOBCKOTO CJIOSI:

Q

< et

kW /em?

900
800
700
600

T =7000 K
500
400
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100

2400

1

2800 Ty, K

1
1800 2000 2200 2600

Puc. 5. 3aBucumocts NOTEPL TCIJIa Ha UCTIAPEHUE OT TEMIICpATy-
PBI NOBEPXHOCTHU aHOZa U3 Al—Mg CILIaBa [Jisd pa3JIMYHbIX 3HA4Y€C-

HUit Bmz :0(1),1(2),2(3),3(4),55)%

2
Z nm‘.. = nki (T.v )’ (6)
j=0 Y

raei=1,2 u N, — KOHUEHTPALMK YaCTHI] KOMIIOHEHT
rapa Ha TpaHHIle KHYJICEHOBCKOTO CIIOS. YpaBHEHHS
(3), (5), (6) cocTaBnsAOT CHUCTEMY YpaBHEHUH NS HE-
M3BECTHBIX KOHIIEHTpAlMii N, n"ﬁo R nm” , n"ﬁz s n’”zo R
nm21 R nmzz' Z[aH}vIaﬂ cHCTEMA MOXET OBITH CBEIEHA K
OJTHOMY HEJIMHEMHOMY YPAaBHEHHIO OTHOCUTEIBHO N ,
KOTOPOE MOXET OBITh PEIICHO YHUCICHHO IIPH 3aJlaH-
HBIX 3HaueHuAX T, T u B’"z .

Ha npuBeneHHBIX HUKE PUCYHKaxX IMOKa3aHbI 3a-
BUCHMOCTH BaXKHBIX C TEXHOJOTHYECKON TOUYKHU 3pe-
HUS Ta30IMHAMHYECKHUX XapaKTePUCTUK ITPHUAHOIHOM
MIa3Mbl OT TEMIIEpaTyphl TMOBEPXHOCTH aHOIA W3
Al-Mg cruraBa. Ha puc. 4-6 moka3zaHbl 3aBUCHMOCTH
MacCOBOTO TTOTOKA MarHUs C MIOBEPXHOCTH PACILIaBa
qu , IOTEPh TEIUIa HAa ucnapenue Q, M MOJHOro Ta-
30/IMHAMMYECKOTO JIABJICHHUS Ha 3Ty MOBEPXHOCTH I, oT
ee Temrieparypbl. KprBbie IprBeIeHBI I HECKOIBKAX

3HAUEHUN MacCOBOTO CoACpIKaHUsA MarHvst B CIUIaBE

1, atm

20

1800

2000

2200 2400 2600 2800 T, K
Puc. 6. 3aBUCHMMOCTH MOJHOTO T'a30JHHAMUYCCKOTO JAABICHUS OT

TeMIIepaTypbl HOBEPXHOCTH aHOAA U3 Al-Mg crutaBa 1iis pa3nny-
HBIX 3HAUCHUH '3”’2 :0(1),1(2),2(3),3(4),505)%
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PA3JIEJT 1. IVTOBASI CBAPKA

T, =7000 K
Ja=7000 A cm2

1 1 L 1

1700 1900 2100 2300

Ts, K
Puc. 7. 3aBucuMoCTh aHOTHOTO naaCHus MMOTCHOHAJIa OT TEMIIC-

partypsl OBepXHOCTH aHoAa U3 Al-Mg craBa U pa3iIndHBIX

3HAUCHUI ﬁmz :0(1),1(2),2(3),3(4),505)%

py Temreparype anektponos T = 7000 K. Maccosbiii

[IOTOK MarHus ¢ MOBEPXHOCTHU pacIliaBa ONPeessieTcs
- N (n n n

KaK qm2 b, ( S A L u,, 1;[0Tep1;1 Tersa

Ha MCIapeHHe OIMPEIeISIOTCS Kak Q=) A, an ]nk,
=1\ =0 7

1

a IIOJHOE Ta30IMHAMUYECKOE NABIICHHE ONPEHeisi-
— 2 _

ercs xak II =p, +(pm] +pm2 )uk , Tre mm2 macca

aroma MarHus; P, U U, — ra3ocTaru4eckoe JaBjaeHue

M CKOPOCTBH I1apa Ha I'PAHULE KHYICEHOBCKOTO CIIOS;

pml, pmz — IINIOTHOCTH COOTBETCTBYIOUIUX KOMIIO-

HEHT Tapa Ha 3TOW TpaHuile. PacueThl MMOKa3bIBalOT,
YTO KOHIICHTPAIMsI MarHus B MOTOKE OTIETAIOIIETO
rapa HaMHOTO BBIIIE, YeM KOHIIEHTPAIUS aTFOMUHISL.
OTHOCHTENbHAS KOHIIEHTPALMS AJIOMHHHS HE TIpe-
Boimaer 10 % nmake mpu 3HAYUTENBHBIX MEPerpeBax
MTOBEPXHOCTH BBIIIEC TEMIIEpaTyphl KUATMEHUsS. Takum
00pa3oM, MacCcOBBIN MTOTOK MarHus, MOKa3aHHBINA Ha
puc. 4, TpUOIU3UTEIIBEHO PaBEH MMOJITHOMY MacCOBOMY
MOTOKY C MMOBEPXHOCTH cIiiaBa. [lanee usz puc. 5 cie-
IyeT, YTO MOTEepPH TeIula Ha MCIAapeHHe A0CTATOYHO
BBICOKH M, KaK OyJeT MOKa3aHO HUXKE, MOTYT OBITh
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CPaBHHUMBI C TEILIOBBIM ITOTOKOM, BBOJUMBIM B aHOJ
u3 miasmsl. Kpome Toro, kak cienyer u3 puc. 6, moi-
HO€ ra30[JMHAMUYECKOE AABJICHHE MOXKET JIOKAJIBHO
JIOCTUTaTh 3HAYEHUM B HECKOJIBKO NECSITKOB aTMOC-
(dep ¥ oKka3bIBaTh 3HAYUTEIHHOE BIMSIHHE HA (GOPMY
MOBEPXHOCTU PACIUIABICHHOTO aHoNa (KUAKOW BaH-
HBI WM KaIUTH SJIEKTPOHOTO METAaIa).

Mogens aHOAHBIX IIpoueccoB. B 3asepuieHue Ha
OCHOBE TIPE/IOKEHHBIX MOJIeNiel ucraperus B auddy-
3MOHHOM U KOHBEKTHBHOM PEKUMAaX U MOAETH aHOAHBIX
MIPOLIECCOB PACCMOTPUM JJIEKTPUUYECKUE U TEIUIOBHIE
XapaKTePUCTUKU AHOMHOTO CJIOSI MHOTOKOMIIOHEHT-
HOM TUTa3Mbl BOJIM3U UCTIAPSIOIIETrocs aHona u3 Al-Mg
criaBa. B nmanHoii pabote ucnonb3yercs MOJenb aHo-
JTHBIX TIPOIIECCOB, MPeIoKeHHast B padote [4]. JlanHas
MOJICTIb TTO3BOJISIET PACUUTHIBATH TAKUE XapaKTEPUCTH-
KH, KaK aHO[IHOE NajJieHue noteHmana U, u NoToK Ter-
J1a, BBOMMBIH 1yro#i B anof Q , B 3aBUCHMOCTH OT TEM-
neparypsbl €ro MOBEPXHOCTH, TEMIIEPATYPBI IEKTPOHOB
MIPUAHOAHON TIA3Mbl, MACCOBOTO COMACPIKAHUS MarHus
B CIIaBE M IJIOTHOCTH TOKa Ha aHoze. Ha puc. 7 u 8
MOKA3aHbl 3aBUCUMOCTH aHOJHOTO MAaJCHUS MOTCHIINA-
JIa ¥ TEIJIOBOTO MOTOKA, BBOIUMOI'O B aHOJ U3 ILJIa3Mbl,
OT TEMIIePaTypbl €r0 MOBEPXHOCTH IS PA3TUYHBIX 3HA-
YEeHUI MacCcOBOTO COZiep KaHMs MarHus B cIuiaBe. Tem-
neparypa 31extponoB T = 7000 K, mioTHOCTh ToKa Ha
anoze j, = 7000 A/em®. Kak crestyeT u3 puc. 8, TerioBoit
MIOTOK B aHOJ BO3PACTAET JI0 Te€X MOp, TOKa TEMIIepaTy-
pa ero MmoBepXHOCTU MEHBILE TEMIIEPATyphl KUTICHUS.
B KOHBEKTHBHOM peXMME UCHAPEHHUS TEIUIOBOM MOTOK
B aHOJI HECKOJIBKO CHMKAETCsl C POCTOM TEMIIEpaTypébl,
TaK KaK CKOPOCTh MOHOB B HAIPABICHUM aHOJA B KOH-
BEKTHBHOM PEKMUME YMEHBIIIAETCs 33 CUET MTPOTUBOIIO-
JIOKHO HAIPaBIEHHOTO KOHBEKTMBHOIO pasjiera Ipua-
HozHOM 1u1a3mbl. Ha puc. 9 nmokazaHo BnusHHE MOTEPh
TEIUIa Ha WCMApeHHE Ha PEe3yNbTUPYIONIMK TETIOBOM
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1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

MOTOK, BBOAUMBIA B aHOA. IIyHKTMpHOW NMHMEW Ha
puc. 9 mokaszaHa 3aBUCUMOCTb MOJHOTO TEIIOBOTO T0-
ToKa O = Qa — Qev OT TEMIIEPATYPBI IOBEPXHOCTU AHO-
na. Kak cnemyer u3 puc. 9 pe3ynbTUpyIONIUN TeII0BOM
MOTOK PE3KO MAaJAET, KOraa TEMIIEparypa OBEPXHOCTH
CTAaHOBUTCS BBILLIE TEMIIEPATypbl KUIIEHUs CIUIaBa, T.€.
MOTEPH TEIUIa HA UCTIAPSHUE MOTYT OBbITh CPaBHHUMBI C
TEIJIOM, BBOJMMBIM B aHOJ, U3 TIJIa3MBbl.

BriBoabI

B pabote npeioskeHa KOMITTIEKCHAsE MOJIEIb UCTIape-
HUS aHOJIa M3 OMHAPHOT'O CIUIABA B YCJIOBUSX JyTOBOM
CBapKH, IMO3BOJISIONIAs OMPENEISITh OCHOBHBIE (DH3H-
YECKHUE XapaKTEPUCTUKH MHOTOKOMIIOHEHTHOU MpH-
AQHOJHOM IMIa3Mbl B HIMPOKOM JUANa3zoHE 3HAUCHUU
TeMIIepaTyphl MOBEPXHOCTH aHOJA B 3aBUCUMOCTH OT
€ro COCTaBa, TEMIEPATYPhl 3JIEKTPOHOB B aHOAHOM
CJI0€ U TUIOTHOCTH JJICKTPUYECKOTO TOKA Ha aHOIE.
Mopnenb MO3BOJISIET paccMaTpuBaTh MPOIECC HCIa-
peHust Kak B AU Py3MOHHOM, TaK U B KOHBEKTHBHOM
pexumax. B kauecTtBe mpuMepa pacCMOTpPEHO Hcma-
peHue OuHapHbIX Al-Mg cIIIaBOB ¢ pa3IMYHBIM Mac-
coBBIM coziepkanneM maraus (10 10 %).

Ha ocHoBe mojenu wucnapeHus B qudQy3HoH-
HOM pEXHUME IOJIYyYeHa 3aBUCUMOCTb TeMIIEpaTyphbl
kureHus: Al-Mg criaBa OT MacCOBOTO COJEpIKAHHS
MarHusi ¥ OT TEMIIEPaTyPhI JIEKTPOHOB MPHAHOTHON
mna3Mel. [lokazaHo, 4To TemnepaTypa KUMEeHus CIuia-
Ba PE3KO IMaNaeT MPH yBEIMUCHUN COJCPKAHUS Mar-
HUA 10 2 % ¥ TOCTATOYHO MEAJICHHO MEHSIETCS MpuU
JaTbHEHIIIEM MTOBBIIICHUN €T0 COACPKAHUS B CIUIABE.
Taxxe MOKazaHO, YTO TeMIepaTypa MOBEPXHOCTH,
IIPU KOTOPOH JAaBJICHUE MOHU3UPOBAHHOTO Mapa CTa-
HOBUTCS PaBHBIM aTMOC(EPHOMY, HECKOJIBKO MaaeT
MIPU TIOBBIIIICHUU TEMIIEPATYPhI IEKTPOHOB B IpHa-
HOJIHOH IJ1a3M€, YTO CBSI3aHO ¢ YMEHBIICHUEM MapIu-
AJIBHOTO TABICHUS TSHKEIBIX YACTHI] 32 CUET YBEIHYE-
HUS NapIHUAIbHOIO JABICHHUS SIEKTPOHOB.

Ha ocHoBe mpennoxxeHHoM MOoAenT KOHBEKTUBHO-
ro UCIIapeHusl pacCYUTaHbl MOTEPH TEIJIa Ha Ucrape-
Hue aHona u3 Al-Mg cruiaBa, MacCcoOBOTO IOTOKA Mar-
HUS C TMIOBEPXHOCTHU TAKOTO aHOJIa, & TAKXKE MOJIHOTO
ra3oIMHAMUYCCKOTO IABJICHUS Ha 3Ty MOBEPXHOCTH B
3aBUCHUMOCTH OT €€ TeMIIepaTyphl U COCTaBa CIJiaBa.
[Tokazano, 4Tto comepskaHHe€ MarHusi B MOTOKE Me-
TAJJTMYECKOTO Tapa, YXOMSIIEero ¢ MOBEPXHOCTH Ta-
KOTO aHO/a, 3HAYUTEIHHO MPEBOCXOIUT COJCPKaHUE
AJIIOMUHUS, a 3HAYEHHUS YAEJbHBIX MOTEeph TeIla Ha
HCIIapEHUE MOTYT UMETh OJUH MOPSANOK C BEIUYU-
HOM TEMJIOBOIO MOTOKAa, BBOJIMMOIO B aHOJ JyTOBOM
mra3Moi. Taxke IoKa3aHo, 4YTO MOJIHOE ra30JHHAMH-
YeCKOe JaBJICHHE Ha IMOBEPXHOCTH PacCIiaBa MOXKET
JOCTUTATh HECKOIILKHUX aTMocdep, U, CIeIOBATEIBHO,

OKa3bIBaTh CYIIECTBEHHOE BIUsHHE Ha (OPMY CBO-
0OTHOM ITOBEPXHOCTH PacIlIaBa.

Ha ochoBe mozenu aHOTHBIX IPOIECCOB IOTY-
YeHbl 3aBUCHMOCTH aHOJHOTO TaJeHHs ITOTEHIHaja
U TEIUIOBOTO MOTOKa B Al-Mg aHoj OT TeMIieparypsl
ero nopepxHocTH. Iloka3aHo, 4TO TEMIOBOM MOTOK B
aHOJ] YBEJIMUHUBACTCS C POCTOM TEMIIEPATYPhI ITOBEPX-
HOCTH B TU(h(Dy3HOHHOM PEeKUME U HATMHACT YOBIBATH
C POCTOM TeMIIepaTypbl MOBEPXHOCTHU MIPU MEPEXOJIEC B
KOHBEKTHUBHBIA PEKUM HCHAPEHUs. YMEHBIIEHUE Te-
IJIOBOTO MOTOKA B KOHBEKTHBHOM PEKHUME CBSI3aHO C
YMCHBIIICHUEM TTOTOKAa MOHOB Ha TTOBEPXHOCTH aHOA,
3a CUET WX HAIPaBJICHHOTO JIBKEHUS B 00JIACTH CTOII-
6a myru. Taxke oKa3aHo, YTO yUET TEIUIOBBIX MOTEPh
Ha WCHApeHHE PE3KO CHMKAET Pe3yJbTUPYIOIIUI Te-
IJIOBOM MOTOK, BBOJAUMBIN B METAJIIT JIyTOBOM TIa3MOM.

B 3aksroueHue criemayer OTMETHTBh, YTO TPEIIO-
’KEHHas B JIaHHOW paboTe MOJAEIb WCIApEHUs aHO-
Jla U3 OMHApPHOTO CIUIaBa SBISETCS SKOHOMHYHOU C
TOUYKH 3PEHUS 3aTpaT MAIIMHHOTO BPEMEHH U MOXKET
OBITh A((EKTUBHO HMCIIONB30BaHA MPH MOAEITUPOBa-
HUU TEIUIOBBIX MPOIIECCOB B CBAPUBACMOM H3ICIUU
MIPH CBapKe HETUIABSAIIMMCS 3JIEKTPOIOM U TIIa3MeH-
HO CBapKe WM B KaIlJIe AJIEKTPOIHOTO METajlia Mpu
CBapKe TUTABSIIIUMCS SIEKTPOIIOM.
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1.1.17. MODELLING OF BINARY ALLOY (AI-Mg)
ANODE EVAPORATION IN ARC WELDING"

I. SEMENOYV, I. KRIVTSUN, V. DEMCHENKO, A. SEMENOY,

U. REISGEN, O. MOKROY, A. ZABIROV

1. Introduction. Recently, problems related to evap-
oration of molten anode metal into arc plasma during
gas-tungsten arc (GTA) and gas-metal arc (GMA)
welding have attracted increasing interest in the weld-
ing research community [1-7]. The presence of metal
vapour may strongly change the physical properties
of arc plasma (thermophysical properties, transport
coefficients, optical properties) and, consequently,
can influence the mass, energy and charge transfer
processes in the arc. Moreover, evaporation of the
metal from the surface of the molten anode (weld
pool in GTAW or electrode-metal droplet in GMAW)
has great influence on technological characteristics of
welding process such as shape and size of the weld
pool; size of the heat affected zone; size, temperature
and transfer frequency of the electrode-metal drop-
lets. The loss of alloying elements due to evaporation
during welding of multicomponent alloys can lead to
changes in weld pool chemical composition and low
quality of the weld seam (e.g. in laser welding [8]).
In addition, volume condensation of the metal vapour
in welding arcs leads to the formation of potentially
harmful aerosols [7, 9-13], which are known to be
one of the important problems in modern welding
industry. Thus, mathematical modelling of the anode
evaporation process is of great interest for future de-
velopment of GTA and GMA welding technologies.
Two main evaporation regimes are distinguished:
diffusive regime and convective one. Evaporation
takes place in the diffusive regime when the anode
surface temperature is lower than the metal boiling
temperature at a given pressure of ambient plasma.
In this case, there is no gas-dynamic flow of the met-
al vapour and, consequently, there exists a partially
ionized vapour-gas mixture near the anode surface.
When the surface temperature becomes higher than
the metal boiling temperature, the metal vapour
starts to flow into the ambient plasma and evapora-
tion takes place in the convective regime. In contrast
to the diffusive regime, there exists only a partially
ionized metal vapour near the anode surface in this
case. It should be noted here that in both diffusive and
convective regimes plasma near the anode surface is
non-isothermal, i.e. the electron temperature is not
equal to the temperature of heavy particles (ions and

atoms). Moreover, as was shown in [14], the metal
boiling temperature at a given ambient pressure de-
pends on the electron temperature. It is also known
that in the convective evaporation regime there exists
a thin layer near the anode surface (Knudsen layer)
[15], where the local equilibrium is established via
collisions between vapour particles. In general, the
vapour flow within the Knudsen layer has to be con-
sidered within the framework of the kinetic theory of
gases on the basis of the Boltzmann equation or its
simplified versions (e.g. the BGK model). However,
in view of the complexity of the kinetic equations, it
is usually more efficient to use simplified theoretical
models of the Knudsen layer. One of the most known
models of this layer was proposed by Knight [15]
for a single-component vapour. The results obtained
using this model are in good agreement with those
obtained via numerical solution of the BGK kinetic
equation [16]. The generalization of Knight’s model
to the case of binary vapour mixture was proposed in
[8]. However, this model is based on simple physical
considerations and is not well grounded from a kinetic
theory point of view.

In this paper we propose a simple analytical mod-
el of binary alloy anode evaporation in GTAW and
GMAW, which allows one to obtain composition and
basic gas-dynamic properties of arc column plasma
near the anode surface as well as properties of the an-
ode layer as functions of the anode surface tempera-
ture, anode chemical composition, electron tempera-
ture and electric current density at the anode surface.
The proposed model includes model of evaporation in
diffusive and convective regimes and model of anode
processes. In addition, a new model of the Knudsen
layer for the case of binary alloy evaporation is pro-
posed. This model comprises mass, momentum and
energy balances for each alloy component, which are
correct from a kinetic theory point of view. Alumin-
ium-magnesium alloys with different values of mag-
nesium mass fraction (up to 10 %) are considered as
an example of evaporating anode, and argon is con-
sidered as an example of ambient gas. Spectroscopic
and physical properties of considered elements were
taken from [17, 18]. The calculations were carried out
in a wide surface temperature range (1500-3000 K).

“Modelling Simulation in Materials Science and Engineering. — 2012. — Vol. 20. — P. 1-12.
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The electron temperature was varied from 5000 to
10 000 K. These ranges are typical for GTA and GMA
welding conditions.

The structure of the paper is as follows. In sec-
tions 2 and 3, the model of evaporation in diffusive
and convective regimes are described, respectively. In
section 4, the model of anode processes is presented.
Some concluding remarks are made in section 5.

2. Model of evaporation in diffusive regime. At
first, let us consider the model of Al-Mg alloy evap-
oration in diffusive regime. In this case, there exists
an ionized vapour-gas mixture near the metal surface
which is assumed to comprise electrons (e); alumin-
ium atoms (m, ), singly ionized aluminium ions (m,),
doubly ionized aluminium ions (m,,); magnesium atoms

m, ), singly ionized magnesium ions (m, ), doubly
ionized magnesium ions (m,,); argon atoms (g ) and
singly ionized argon ions (g ). The temperature of
the heavy particles (atoms and ions of all kinds) is
assumed to be equal to the surface temperature T_and
the temperature of the electrons T is a free parameter
of the model. The equation of state for the mixture
reads as

P =nkl +3"n kT, (1)

where k is the Boltzmann constant; P is the atmo-
spheric pressure; n_is the concentration of electrons;
n_ is the concentration of certain type of heavy par-
ticles; and a denotes the type of heavy particle. The
quasineutrality condition is written as follows:
n=n_+2n +n +2n +n_ . 2)
11 12 21 22 11

The concentrations of atoms, ions and electrons
are related to each other through quasi-equilibrium

Saha equations:
nena Sa 2 I&ﬁ
n s o oP kT ) ©)

where a and 3 denote the type of heavy particles (e.g.
a=m, ,B=mg,etc);s, and S, are the corresponding
statistical weights; Ia[3 is the ionization energy for a

given reaction; and A=, [h?/ 2nm kT, where £ is the
Planck constant and m _is the electron mass. The total
concentrations of aluminium and magnesium heavy
particles are calculated via the Clausius—Clapeyron
equations:

P a P A A
Z m oy
P e TR, | @

where i = 1, 2; THE’_ is the boiling temperature; xmi is
the evaporation heat per one particle; and ¢, 1is the
activity of an element in the liquid metal. The Iactivity
coefficients are calculated in the following way (see
[19]): @, = X, @, =088 X, » where X, —and

sz are the mole fraction of aluminium and magne-
sium in the alloy, respectively. The equations (1)—(4)
form a system of nine nonlinear equations for nine
unknown concentrations n, n_ ., N n

m My 2 My 2 My
n These equations can be solved

no,n

numerrca7lly F(l)or glien values of surface temperature
T, electron temperature T_and magnesium mole frac-
t10n Xl . Note that we can use only magnesium mole
fraction to define alloy composition, since for binary
alloy aluminium mole fraction can be simply calculat-
ed as Xfﬂl =1- X_ . From a practical point of view,
it is more convenient to use the mass fraction of an
element instead of the mole fraction. Thus, we work
below with magnesium mass fraction [3 instead of
its mole fraction X

In figures 1-3, vée show some illustrative results
obtained using the model described above. In fig-
ure 1, we demonstrate the dependence of the relative
concentration of metal particles y_ in the near anode
plasma on the surface temperature T_for different val-
ues of B, . The electron temperature is T = 7000 K.
The relatlzve concentration of metal partlcles is de-

2 2
= Z Z n and
10 i

n, = ng + ng As is seen in ﬁgure the relative
concentration of metal particles y _ increases sharply
near some temperature T, and becomes equal to 1 at
this temperature. It is clear from the definition of y_
that the temperature T, is the boiling temperature of
considered alloy for given values of B, and T, i.e

this temperature corresponds to the transition between
diffusive and convective evaporation regimes. Since
the proposed model does not describe intermediate
evaporation regime, the curves shown in figure 1 have
a sharp knee at the boiling temperature T . In figure 2,
the dependence of the boiling temperature T, on the

finedasy_=n_ /(n_+n ), where n

v
m

T. =7000K
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Fig. 1. Dependence of the relative concentration of metal particles
on the surface temperature for different values of the magnesium
mass fraction; ﬁm =0%(1),0.25%(2),0.5% (3), 1% (4),2 %
(5),3 % (6), 5% (7)
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Fig. 2. Dependence of the boiling temperaiure on the magnesium
mass fraction for different values of the electron temperature: T =
=5kK (1), 8 kK (2), 9 kK (3), 10 kK (4)

magnesium mass fraction B, is shown for different
values of the electron temperzature. One can observe
that the boiling temperature decreases noticeably as
the magnesium mass fraction increases up to approx-
imately 3 %, but the dependence becomes more flat
for higher values of B, . We also show in figure 3 the
dependence of the boiling temperature on the electron
temperature for different values of the magnesium
mass fraction. As can be seen, the boiling temperature
decreases with increasing electron temperature. This
fact can be explained as follows. The partial pressure
of electrons in equation (1) increases with increas-
ing electron temperature, while the total pressure P,
is kept constant. It leads to a decrease in the partial
pressure of heavy particles in equation (1) and, conse-
quently, to a decrease in the boiling temperature, since
the boiling temperature is a decreasing function of the
ambient vapour pressure.

3. Model of evaporation in convective regime.
Further, let us consider the model of AlI-Mg alloy

7. K

2600

2400

2200

2000

1800

1600

5 6 7 8 9

1
10 11

1
12 13

1
14 T..kK

Fig. 3. Dependence of the boiling temperature on the electron

temperature for different values of the magnesium mass fraction:

B, =0%(1),0.25% (2),0.5% (3), 1 % (4),2 % (5), 3 % (6),
2

5% (7)

evaporation in convective regime. This regime is
characterized by the presence of developed gas-dy-
namic flow of the metal vapour from the surface to
surrounding plasma. Thus, the ionized metal vapour
near the surface consists of electrons (e), aluminium
atoms (m ), singly ionized aluminium ions (m,),
doubly ionized aluminium ions (m,,); magnesium at-
oms (m,), singly ionized magnesium ions (m,,) and
doubly ionized magnesium ions (m,,). As is known,
convective evaporation is a strongly non-equilibrium
process. The velocity distribution function of vapour
particles is discontinuous near the metal surface and,
consequently, the metal vapour is far from local equi-
librium. Under typical welding conditions, evapora-
tion takes place in strongly collisional (gas-dynamic)
regime and, consequently, equilibration is achieved
through collisions between vapour particles within a
space of several free paths length, known as a Knud-
sen layer. Generally, non-equilibrium processes in the
Knudsen layer have to be analysed within the frame-
work of the kinetic theory, but in practice it is more
convenient to use simplified models of the Knudsen
layer. The simple theoretical model of the Knudsen
layer, proposed by Knight [15], has been extended to
binary mixtures in work [8]. Despite the fact that this
model works well, it is based on intuitive physical
ideas and does not represent results derived directly
from the kinetic theory. It is also worth noting that
the well known Langmuir (or Schrage) formula for
kinetics of evaporation from the melt [20] is not ap-
plicable in the considered case since it was derived
for evaporation in vacuum (i.e. for a free molecular
flow). As was mentioned in [8], the Langmuir equa-
tion significantly overestimates the evaporation rate
under commonly used welding conditions.

In this paper we propose a new model of the Knud-
sen layer for binary mixture, which is derived from
the correct form of conservation laws. Before explain-
ing the model, let us introduce some notations. We
consider binary mixture with two species (1) and (2).
Let o =1, 2 denote the type of particles and M _ denote
the mass of the particle. We assume that the velocity
distribution functions f, at the edge of the Knudsen
layer are Maxwellian with densities p, , common
temperature T, and common velocity U,. The velocity
distribution functions at the metal surface are discon-
tinuous. The distribution functions of outgoing parti-
cles are half-Maxwellian with densities p_, common
temperature T and zero velocity, where p_ are the
saturated vapour densities related to T_ via Clausius—
Clapeyron equations. The distribution functions of
incoming particles are assumed to be proportional to
/,.» and the proportional coefficient is 8. In accordance
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with Knight’s approach, let us write the equations for
mass, momentum and energy conservation laws:

2\/;)cmsOL =y+ ZQ(P(SQ ),

(5)

xl(s12+1/2)+x§(sz+rﬁ/2):
TRy O RN OO

);(s +§slj+%§(sl3+%n?slj:
» @)

:2\/E(I+pm3/2)— \/_ze(s) \/_ z,0(s,),

where s:/u /2RT ; R, = kM m = M/M,;
p=p, /P _; X =p, /p ;Y= /T/T and z = x 3.

The functions 0, y, andot 0 read as follows
q)=(x)—e"‘2 —x/merf(x) + x/, (®)

w0 = —xe™ =32 fmerf(x) ~ 1/ 2Jm erf(x) +

©))
+n+1/2n,
B(x) =2x2c7* + 2x3\/;erf(x) +5xJmerf(x) +
46 —5x/m — 23/ (10)
Equations (5)—(7) allows one to find X, X, y and

6 for given value of s, (note that s =5 /M, /M ). In
fact, these equations can easily be reduced to one non-
linear equation for y using elimination procedure.

In order to determine S, some assumptions about
gas-dynamic flow structure are required (see [15]). In
this paper we limit our consideration to the subson-
ic evaporation regime and accept the idealized flow
structure described in [15]. In this case, the velocity U,
at the edge of the Knudsen layer is determined by use
of the shock-wave relation:

" - c(p /p,—1

C oy (p Ip, D0, +D 2y,
where p, is the pressure at the edge of the Knudsen lay-
er,p, c,, v, are the pressure, speed of sound and ratio of
specific heats of the surrounding plasma, respectively.
Equation (11) together with equations (5)—(7) allows
one to write one nonlinear equation for s . This equa-
tion can be solved numerially for given values of the
surface temperature T_and given parameters of the sur-
rounding plasma. Then, the gas-dynamic quantities T,,
P, Pk , P,» U, at the edge of the Knudsen layer can be

calculated from equations (5)—(7).

Further, let us continue to describe the model of
evaporation. Analogously to the case of diffusion re-
gime, we use quasineutrality condition

(1)

= 2 2

ne nml] + nm12 +an] + nn122’ (12)
and the quasi-equilibrium Saha equations (3). Note
that in this case we do not consider the Saha equa-
tion for argon particles. The total concentrations of

aluminium and magnesium heavy particles are calcu-
lated via the model of the Knudsen layer described

above:
2

jz::‘)”my =1, 00, (13)

where i = 1, 2, and n,, are the concentrations
at the edge of the Kndusen layer. Here we as-
sume that the parameters of the surrounding
plasma are fixed, and n,, can be calculated as
functions of T. Equations (3), (12) and (13)
form the system of equations for unknown concen-
trations n, “m n.,n. ., i, * nm These
equatlons can %e reciuced to one nonzhnear equation
for n, which in turn can be solved numerically for
given values of T, 7 and magnesium mole fraction

. The magnesium mole fraction defines the ac-

t1v1t1es m of the elements, which are used to define

P ., In equatlons (5)—(7) via Clausius-Clapeyron re-
lations. Moreover, the proposed model allows one to
compute the gas-dynamic quantities at the edge of the
Knudsen layer for given T, 7 and X, . Note that as
mentioned above the magnesium mass fraction Bm ,
is used in our calculations instead of the magnesmm
mole fraction X .

In the figures below, we demonstrate the depen-
dences of several gas-dynamic quantities, which are
important from the technological point of view, on the
surface temperature T . In figures 4-6, the mentioned
dependences are shown for the magnesium mass flux
D, » the heat loss due to evaporation Q_ and the to-
tal gas-dynamic pressure IT, at the edge of the Knud-
sen layer, respectively. The curves are presented for
different values of the magnesium mass fraction and
the electron temperature is T_ = 7000 K. The pressure

S

Gy EOM 241

100

751

1 1 1 1
1800 2000 2200 2400 2600 2800 I, K

Fig. 4. Dependence of the magnesium mass flux on the surface
temperature for different values of the magnesium mass fraction:

B =1%(1),2%(2),3%(3),5%(4)
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Fig. 5. Dependence of heat loss due to evaporation on the surface
temperature for different values of the magnesium mass fraction
B, = 0% (1), 1% (2),2% (3),3 % (4), 5% (5)

of the surrounding plasma p_ is assumed to be equal
to the atmospheric pressure, and the ratio of specific
heats are assumed to be y, = 5/3. The speed of sound ¢,
is calculated assuming that the temperature of sur-
rounding plasma is equal to the electron tempera-
ture. Here, the magnesium mass flux is defined as

0y, = mmz(nmzo + nm21 + nmn )u,, the heat loss due to
. . 2 2
evaporation is defined as Q,, ZZ,-:l(?»m_z JRUNS A
1 1

and the total gas-dynamic pressure at the edge of the Knud-

sen layer is defined as I1, = p, +(p, +p, JU;. Our com-
putations show that the concentration of magnesium
in evaporating metal stream is much higher than the
concentration of aluminium. In fact, the aluminium
concentration is not higher than 10 % of the total
metal vapour concentration, even at sufficiently high
surface temperatures. Thus, the magnesium mass flux,
shown in figure 4, is approximately equal to the total
mass flux of the metal vapour. Further, one can ob-
serve from figure 5, that the heat loss due to evap-

IT;. atm

20

1o =T000 K

10F

1
1800

2000

2200 2400 2600 2800 T, K

Fig. 6. Dependence of the total gas-dynamic pressure on the sur-
face temperature for different values of the magnesium mass frac-

tion: B, =0% (1), 1 % (2),2 % (3), 3% (4),5 % (5)

oration is sufficiently high, and as will be shown in
the next section, can be comparable to the heat flux
coming from the arc plasma to the anode surface. In
addition, as is seen in figure 6, the total gas-dynamic
pressure can locally reach values up to several atmo-
spheres and, consequently, can influence the shape of
liquid metal free surface.

4. Model of anode layer processes. Finally, let
us analyse the characteristics of the anode layer us-
ing the proposed models for diffusion and convective
evaporation regimes. We are mainly interested in two
important parameters, namely the anode potential
drop U, and anode heat flux Q. In this paper we use
the model of anode processes proposed in [4]. For the
sake of clarity, we repeat here the main relations of
this model. The anode potential drop is calculated us-
ing the following equation:

U kT l en v,
a 4, +J) )

where v = /8nT /mm_, j. is the total anode current
density and J; 1s the fotal ion current density, which
is calculated as j = Za J,, » Where o denotes the type
of ions. Note that we have o« =m,, m ,, m,, m
for the diffusion evaporation regime and o =m, , m,,,
m,,, m,, for the convection evaporation regime. The
current density for the particular type of ion can be
written as follows:

(14)
2 81

(15)
where Z_ is the ion charge number; n_ is the concen-
tration of ions; V, is the velocity of ions; and w = 1/2
for the diffusion regime and

2
w= 2 + +2—

for the convective regime, where Azzamocn(x and
B=4Zak(zoc]:e +T)n . Here m_ is the mass of the
ion. The velocity of ions in the diffusion regime is
calculated as

Jiy = Zaena exp(—w)vi s

_|B
VisN\a1 (16)
and in the convective regime as
U
V.=—- [1+ i =1
=5 A (17)

Further, the anode heat flux can be calculated as Q, =
=Q, + 0, where Q_and Q, are the electron and ion heat
flux, respectively. The electron heat flux is written as

% ST,
Qc_ el 2e m |

where ¢_ is the metal work function. The expression
for the ion heat flux reads as

(18)
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Fig. 7. Dependence of the anode potential drop on the surface
temperature for different values of the magnesium mass fraction:
p , = 0% (1),0.25% (2), 1 % (3), 3 % (4), 5 % (5)

m,

m

Q=2 [w (19)
where [ , is the ionization energy for the transition of
a ions between states with charges Z and Z +1; and
¢=-U_—kT /2e in the diffusion regime and

2
_ kTeAui . B
P |

in the convective regime.

Below we present some results which were ob-
tained using the described model of anode processes
and proposed model of evaporation. In figures 7 and 8
we show the dependences of the anode potential drop
and the anode heat flux on the surface temperature
for different values of the magnesium mass fraction
at the electron temperature T, = 7000 K and the cur-
rent density j, = 7000 A-cm . One can observe from
figure 8 that anode heat flux increases with increasing
surface temperature while the surface temperature is
lower than the boiling temperature, i.e. in the diffu-
sive regime. In the convective regime the anode heat
flux slightly decreases with increasing surface tem-
perature. It can be explained by the fact that the ion
velocity in the convective regime, defined by equa-
tion (17), is a decreasing function of T_. Thus the ion
current and heat flux, defined by equations (15), (19),
also decrease with increasing surface temperature. Fi-
nally in figure 9, we demonstrate the influence of heat
loss due to evaporation on the total heat flux coming
from the arc plasma to the anode. The dashed line in
figure 9 shows the dependence of the total heat flux
0 =Q, - 0, to the anode on surface temperature.
As is seen in figure 9, the total heat flux O decreases
sharply when the surface temperature becomes higher
than the boiling temperature. It results from the fact

V2 1 ZOt

o i

27 e+721a2'_@n1 ’
o o Z'=1

QO,, kW/cm?

95
N0
85
80
75
70
65
60
55
50

Te = 7000 K

Ja=7000 A/cm?

1700

1
2300 73, K

1900 2100
Fig. 8. Dependence of the anode heat flux on the surface tempera-
ture for different values of the magnesium mass fraction: B, =
=0%(1),0.25% (2), 1 % (3),3 % (4), 5 % (5)
that the evaporation heat loss due to evaporation (see
figure 5) can be comparable to the anode heat flux Q .
5. Concluding remarks. In this paper a new mod-
el of binary alloy anode evaporation is proposed. The
model describes evaporation process in diffusive and
convective regimes and allows one to obtain basic
physical properties of multicomponent arc plasma near
the anode surface as functions of the anode surface
temperature, anode chemical composition, electron
temperature and electric current density at the anode
surface. As an example, evaporation of binary Al-Mg
alloys with different magnesium mass fractions (up
to 10 %) into argon plasma is considered. The de-
pendence of Al-Mg alloy boiling temperature on the
magnesium mass fraction and electron temperature
is obtained using the proposed model of evaporation
in diffusive regime. It is shown that the alloy boiling
temperature decreases sharply with increase in the
magnesium mass fraction up to 2-3 % and depends
only weakly on alloy composition for larger values

0., kW/em?
oo}
80
70
60
50
Wk T.=7000 K \
7= 7000 Alem? N
30 1
B, =3 % \
20} \
AY
\
10 B \
1 1 1 \
1700 1900 2100 2300 T.K

Fig. 9. Influence of heat loss due to evaporation on the total heat
flux coming from the arc plasma to the anode. Here the straight
line indicates the anode heat flux Q, and the dashed line indicates
the total heat flux 0 = 0 - Q_
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of the magnesium mass fraction (higher than 3 %). It
is also shown that the alloy boiling temperature de-
creases with increasing electron temperature. It can be
explained by the fact that the partial pressure of heavy
particles decreases due to increase in partial pressure
of electrons (note that the total pressure is kept con-
stant). The dependences of heat loss due to evapora-
tion, magnesium mass flux from anode surface and
total gas-dynamic pressure at the anode surface on
the surface temperature are obtained using the model
of evaporation in convective regime. It is shown that
the concentration of magnesium in evaporating metal
stream is much higher than the concentration of alu-
minium, and the heat loss due to evaporation can be
comparable to the heat flux coming from the arc plas-
ma to the anode. It is also shown that the total gas-dy-
namic pressure at the anode surface can increase up to
several atmospheres and, consequently, may influence
the shape of liquid metal free surface. The dependenc-
es of the anode potential drop and anode heat flux on
the surface temperature are obtained using the model
of anode processes. It is shown that the anode heat
flux increases with increase in the surface temperature
in the diffusive regime and decreases with the increas-
ing surface temperature in the convective regime. De-
crease in the anode heat flux in the convective regime
can be explained by the fact that the ion flux to the
surface becomes lower due to convective flow of ions
into ambient plasma. It is also shown that the heat loss
due to evaporation can significantly reduce the total
heat flux coming to the anode. Finally, it should be
noted that the proposed model of evaporation does not
require considerable computational efforts and can be
efficiently used for modelling of heat transfer pro-
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cesses in metal workpiece or metal electrode droplet
during GTA and GMA welding.
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1.1.18. TRANSPORT PROPERTIES OF MULTICOMPONENT
THERMAL PLASMAS: GRAD METHOD VERSUS
CHAPMAN-ENSKOG METHOD®

P. PORYTSKY, I. KRIVTSUN, V. DEMCHENKGO, U. REISGEN,
0. MOKROY, A. ZABIROYV, S. GORCHAKOY, A. TIMOFEEYV, D. UHRLANDT

1. Introduction. Substantial growth in technological
applications and research of multicomponent plas-
mas has taken place over the last decade [1]. Among
them, investigations regarding arc plasma in the field
of gas metal arc welding (GMAW) where multicom-
ponent mixtures are used have been performed [2, 6].
In comparison with one-component plasma, the mul-
ticomponent medium has a number of advantages and
can be applied in industrial plants and systems. On
the other hand, the problem to control the process be-
comes more difficult.

To improve the control of plasma processing, ac-
curate numerical modeling is needed. Transport prop-
erties are indispensable input data for the modeling.
For determination of corresponding data in case of
thermal plasma, various methods can be used. Thus,
the simplified Lorentzian theory gives good results
for weakly ionized plasma [ 7] while more accurate ki-
netics methods are necessary for plasma with multiple
charged ions. The most popular method used for de-
termination of transport coefficients is the Chapman—
Enskog method [8, 14]. Alternative methods have not
found any bright practical application. One of these
methods is the Grad method [21-27].

In this paper, the comparative analysis of transport
properties calculated by Grad method and the Chap-
man-Enskog method is provided for multicomponent
thermal plasma in the mixtures of argon and iron at
atmospheric pressure.

2. Methods for calculations of transport proper-
ties. The theory of the transport properties of gas mix-
tures has been developed by Chapman and Cowling
[15], by Hirschfelder and by Curtis and Bird [ 16]. Chap-
man—Enskog method is the mostly used for obtaining
transport properties of thermal plasmas. For further de-
tails, the reader is advised to the Refs 15-21. It should
be pointed that the Grad method [21-27] is a unique
alternative in comparison to the conventional solution
methods of the kinetic equation for plasma species.

“Physics of Plasmas. — 2013. — Vol. 20, 023504.

From the formal point of view, the results we get
using the developed linearized variant of the Grad
method are completely equivalent to results of the
Chapman—Enskog method. At the same time, the non-
linear approximations of the Grad method can give
relevant information in a number of cases [25, 26].
Besides that from the physical point of view, the pro-
cedure of the Grad method is easier to understand.

In the case of thermal equilibrium plasma with Max-
well distribution for the particles, the Grad method for
calculating the properties is best option, since the Max-
well function serves as input data for this method.

3. Local thermodynamic and ionization equilib-
rium in the thermal plasma. Thermal plasma is con-
sidered to be in a state of local thermodynamic equilib-
rium (LTE). Due to the high density of heavy particles
and electrons, collisional processes in such plasma
are more significant than the processes of diffusion
and release of radiation. The equilibrium in plasma is
disrupted by the release of radiation and the transfer
of charged particles. The relative equilibrium of two
states of a particle in the plasma is reached if [28]

A21/w21 <1,

where 4 is the effective probability of radiative
transition from state 2 to state 1 and w,, is the prob-
ability of transition due to collisions. This criterion
reflects the dominance of collisional processes over
the radiative processes.

The criterion of local ionization equilibrium in
weakly ionized plasma can be obtained comparing
the characteristic times of diffusion and recombina-
tion [29, 30]

T 2r2
o= _ Kne e

>1
T aD ’
rec g amb

where t_oo(Kn?)™ is the characteristic time of recom-

o . e
bination for a single electron; t =—2— is the char-

dif " a D
g amb

acteristic time of diffusion of an electron from the plas-
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ma domain, I, is the plasma radius, D denotes the
ambipolar diffusion coefficient, a is the parameter de-
termined by the geometry of the figure (for cylindrical
geometry a, = 5.78); K is the rate constant of three-par-
ticle recombination of electrons and ions, which can be
defined by the formula K = 6.4-1022(1000/T)*? (cm®s),
the temperature is given in Kelvin.

When LTE is reached, the density of electrons n,
at a given spatial position is related to the density of
ions n,, and neutral particles n by the Saha ionization
equation [28-30]

nn 2% (2nm kT, 32 E
e i _ i e 2 exp I
n > W2 kT )

a a

3.1

where X, and X are the partition functions of an ion
and neutral particle, respectively, k is the Boltzmann
constant, m  is the mass of an electron, / is the Planck
constant, and £, is the effective ionization energy of
the gas. In the case of a mixture containing molecules,
the set of mass action laws (Guldberg—Waage equa-
tions) have to be taken into account.

4. Nonideality of plasma. Due to the interaction
between charged particles, the state of dense plasma
will be different from the state of ideal gas. Here, the
model of weakly nonideal plasma with Debye correc-
tions [31] can be used. With this approximation, the
equation of state has the form

p+Ap —(ne +an +%niﬁ]kT,
o

where n_and n, are the densities of neutrals and ions,
respectively, Ap is the Coulomb correction to the
pressure p

where e is the electron charge, A is the Debye radius,
r is the ion charge, and ¢ is dielectric permittivity of
vacuum. The effective ionization energy is defined as
follows:

E =IP-Al,
where [P is the ionization potential, and A/ denotes
the lowering of the ionization potential given by for-
mula

_(r+1e?
r 475807\,[)

5. Transport integrals. It should be noted that the
present state of the theory of gas mixtures, as well as

of the multicomponent plasma, is characterized by the
lack of a unified approach for the description of trans-
port processes. The reason for this is a very complex
nature of dependencies of the properties of gas mix-
tures and plasma on the properties of pure gases and
densities of the components.

However, the representative feature of all methods
for calculating kinetic properties is the use of certain
kinetic integrals. These, for example, are widely used
in the effective plasma frequencies theory.

In case of thermodynamic equilibrium with tem-
perature T, the Chapman—Cowling integrals which
characterize the collision of two particles o and B will
have the form [15, 17, 25]

1/2
i _| KT i 2r+3 ,~C2 (1)
o —[ZW [ere o,

o 0
where Hop reduced mass of colliding particles, C =
= (u,,/2kT)""g, g — relative velocity of particles. The
transport cross-section of order / is defined as follows:

(9= ([caﬁ(g, (1~ cos' )dQ =

=2nfo, (g 1)1~ cos' p)sinydy,
0

where y — scattering angle, ) — space angle, and
csuﬁ(g, 1) — differential scattering cross-section.

To integral Q7  corresponds the effective
cross-section Q" “Which is bound with integral as
follows:

1/2
kT 1 L1+ (=1 |
o 1 i L (1)
Qo [2::%3} 2(”1)'{1 2 1 S

It should be noted that in multicomponent plasma,
the different processes have an influence on the trans-
port properties.

Transport coefficients are calculated based on
pointed kinetic integrals. We will consider now the
calculation of transport properties.

6. Transport coefficients. Transport coefficients
of plasma have been calculated with transport inte-
grals. At the same time, it is necessary to take into ac-
count the influence of different processes occurring in
plasma. Thus, the coefficient of thermal conductivity
was calculated as the sum

7L:;\'h-I—}Me+)\‘im+kri-i—}\'rd’ (6.1)
where A, is the translational thermal conductivity of
heavy particles, A, is the thermal conductivity of elec-
trons, A, is the thermal conductivity due to the trans-
fer among the internal degrees of freedom, A, is the
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reactive thermal conductivity due to ionization, and
A, is the reactive thermal conductivity due to disso-
clation.

The viscosity was calculated is a sum of contribu-
tion from heavy particles n, and electrons 1,

n=n,+n, (6.2)

At atmospheric pressure and relatively low tem-
peratures, the contribution of the electrons can be ne-
glected (n, >>m ) and n = n, can be assumed.

A. The coefficient for transfer through heavy parti-
cles. The calculations using Chapman—Enskog’s method
were done according to the procedure described in
papers [16, 32, 33], which are widely known. There-
fore, the main focus will be put on the less known
approach, which is based on the Grad method. Here,
the fourth approximation for all transport coefficients
with exception of the viscosity coefficients has been
used. The data for viscosity were determined accord-
ing to the second approximation.

A peculiarity of transfer in a multicomponent me-
dium is the interference of interaction between differ-
ent particles. In so-called 13 moments approximation
(13 M) in the Grad method, the transport coefficients
for the translational degrees of freedom (viscosity n,
and thermal conductivity A,) are calculated as a sum
of effective coefficients for each component [25]

n, = Znha’ (6.3)
o

A, :Z%-

Moreover, the corresponding partial coefficients
are calculated taking into account the influence of dif-
ferent particle collisions (see Appendix A).

This approximation takes into account only the
transfer of the translational degrees of freedom. In
molecular gas, it is necessary to take into account the
transport of the internal degrees of freedom. It should
be noted that the detailed description of the transfer
process in molecular gas requires the introduction of
a more expanded formalism than in atomic gas theory
[25, 26]. At the same time, objective difficulties relat-
ed to the estimation of the values for the calculation of
the properties appear.

It should be mentioned that the internal energy
transport for atomic gases was considered in Refs 32—
34. However, we are not going to take this internal
energy transport into account since it is not significant
for the present work.

B. The electronic coefficients. The approximation
of 13 moments in the Grad method for the electron co-

6.4)

efficient calculation is not precise enough [25]. Like
the first approximation of Chapman—Enskog method,
it gives the deviation up to factor of two in compari-
son with the higher order approximations and exper-
imental results.

Under the assumption of infinitesimal mass rela-
tion 8 = (m/m,) << 1, the higher order approxima-
tions in Grad method [23] yield the expressions for
electron coefficients, which coincide with the approx-
imation of the Chapman—Enskog [19].

In particular, for electron viscosity,

P
Ipl

5
m, = 5”@2 (2mm kT)"* ", (6.5)

for electrical conductivity,

172
G—én e 2n
T2 mkT | |q|’

(6.6)

and for electron thermal conductivity,

1/2
75 L 2nkT | |4"|
A =—n| —— .
e 8 e[ m j lq'| 6.7)

Here, the elements of determinants p** and ¢"* are
calculated using the Chapman—Enskog integrals (ef-
fective cross-section). Appropriate expressions can
be found in Refs 19 and 25 (see Appendix B). Prime
means that the corresponding determinants consist of
a set of elements, in which the elements with zero in-
dex are absent. Double prime corresponds to the case
when matrix elements with indices 0 and 1 are equal
to zero.

The third approximation for the electron thermal
conductivity is given by

1/2
D] = [hkTej _a?
e’3 8 e m

e

(6.8)

12
B Enz 27ckTe q22
T8 e m, (q"''¢%2 —(¢2))’

and the third and fourth approximations for the elec-
trical conductivity read

(6.9)

and
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respectively.

The calculation of electrical conductivity shows
that the approximations yield a pronounced iterative
convergent sequence.

The convergence problem was discussed in
Refs 19, 35, 80, and 81. It was shown that the approx-
imations converge quickly and acceptable accuracy of
calculation can be achieved at 4th approximation for
electron electrical conductivity and at 3rd approxima-
tion for electron thermal conductivity. These approxi-
mations have been used in our calculations.

Depending on the chemical composition (tem-
perature) of the plasma, the various convergence of
approximations takes place [35]. This means that the
accuracy of the solution varies when a bright tem-
perature range is considered. It is to expect that the
convergence depends on the difference of mass of the
colliding particles and on an interaction potential of
the colliding particles.

Considering the question of the minimum per-
missible approximation, it should be noted that the
2nd-order approximation, like, e.g., Ref. 36 can be ap-
plied. However, even for the medium values of elec-
tron velocity and a pronounced interaction between
electrons and atoms (i.e., Ramsauer effect), the use of
minor approximations produces inexact results.

The discussed simplifications for electron coeffi-
cients are quite acceptable for LTE plasma when com-
pared to theoretical models, which take into account a
mass distinction of colliding particles [9, 19, 20, 23].
On the other hand, taking into account the contribu-
tion of heavy particles, i.e., in electrical conductivity,
can affect the results [24, 37], although this issue is
not adequately explored.

C. Reactive thermal conductivity. Because of the
dissociation and ionization processes in plasma, sec-
ondary heat flow takes place. This heat flow can be
considered by introducing additional term of reactive
heat transfer. This appears in Eq. (6.1) as additional
terms for ionization and dissociation.

The reactive thermal conductivity due to dissoci-
ation and ionization has been calculated according to
the Brokaw—Butler’s theory [38—41]

A, :#21\#]/, (6.11)
where A, are the solutions of a linear system and AH,
is the enthalpy change for the /-reaction.

This theory has a number of assumptions and sim-
plifications which should be critically evaluated. For
example, an alternative approach found in Ref. 42
gives a difference of about 30—40 % in relation to the
considered Brokaw—Butler’s theory.

There are differences between the two methods
(Grad method and Chapman—Enskog method) when
calculating the transport properties. To deal with these
differences and with the physical mechanisms, we
have to consider the theory simplification according
to Ref. 40. For simplicity reasons, we will consider
only the contribution to thermal conductivity due to
ionization A ,, where the particles that are involved in
the reaction—electron (e), atom or parent ion (a), ion
or daughter ion (i) — are in the ambient gas (0). In
addition, we assume that the diffusion coefficients of
electrons are significantly greater than the diffusion
coefficients of heavy particles (D, >>D,, D )

L _Pp[AR 1
i T\ kT A“’

where A#h, is the change of ionisation reaction enthal-
py in the basis of one particle

1 1
+y + ,
O[yaDaO yiDiOJ

D, is the diffusion coefficient of ions in pure atomic
gas, and D and D, are diffusion coefficients of at-
oms and ions in ambient gas.

The above mentioned diffusion coefficients in mix-
tures were calculated according to the above mentioned
Blanc law. Diffusion coefficients are calculated based on
collision cross-sections between heavy particles.

It should be noted that the simplified approach
does not take into account the presence of excited
states. From the other point of view, the excited states
can be considered as separate sorts of particles using
the same approach as in Ref. 82. This problem was
described by Bruno [83] in detail, where is shown that
the using of simplified approach is correct in case of
parallel averaging in internal states. Neglecting of ex-
cited states can deliver an error near 15-23 % in case
of nitrogen plasma.

7. Cross sections. The starting point for the de-
termination of transport coefficient is the calculation
of kinetic integrals. The scattering cross sections are

(6.12)

1 Gy’
A]l D ygyi

ia
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required as input data. Unfortunately, there is a lack of
corresponding experimental data; cross sections are
available selectively for the limited number of pro-
cesses and particles. Therefore, some conventional
approximations and simplifications have been used.

A. Neutral-neutral. For Ar—Ar collisions, the ex-
perimentally verified data of Aziz [43, 44] have been
used. Fe—Fe interaction was described according to
Huebner et al. [45]. The parameters for Ar—Fe colli-
sions have been approximated from potential curves
for Ar—Ar and Fe—Fe systems.

In order to reduce the calculation time without
significant accuracy loss, the following approach has
been applied:

Kinetic integrals have been calculated using Len-
nard—Jones model potential (for polar molecules—
Stockmayer potential) according to the formulae in
Ref. 46. The initial parameters o, , and &/k for the po-
tential were taken from pure substances according to
Ref. 47. For mixtures, simple mixing rules have been
used (see, Refs 48 and 49 and reference therein). It is
worth mentioning that in case the parameter set for
Lennard—Jones (Stockmayer) potential is unknown, it
can be calculated using Brokaw’s method based on
thermo-dynamic parameters of the substance [47].

B. Electron—neutral. The cross section data for
collisions between the electrons and Ar atoms were

W/(mK)
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chosen according to the following scheme and de-
pending on the electron energy £

0.02eV<E <1.0¢eV (Ref. 50);
1.O<E <10eV (Ref. 51);
E >10eV (Ref. 52).

The cross section of the interactions between the
electrons and Fe atoms was taken from Ref. 53. For
high energy cases. the values from Ref. 54 were used.
Missing data have been interpolated or extrapolated
from the available data.

For the cases where no literature data are avail-
able, the average electron-atom momentum transfer
cross section calculated in the Born approximation
[55] was used. It is expressed as

_ Tc3(ocD/2r0aB)2
e F(ck,.n)

where o, is the dipole polarizability, a, is the Bohr
radius, k = 1/A ) is the inverse screening length,

8m kT
k — e
w nhz

electron wave number calculated at the average elec-
tron velocity,

o.a
_4_DB

I’0 2713
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Fig. 1. Total thermal conductivity in argon plasma («), total thermal conductivity in the mixture Ar/Fe = 90/10 (), total thermal conduc-
tivity in the mixture Ar/Fe = 75/25 (c), total thermal conductivity in the mixture Ar/Fe = 50/50 (d); 1 — Chapman—Enskog; 2 — Grad

method
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is the cut-off radius, and other coefficients are
given by
F(,k 1) = Az +3B k1 + 7.5CK(kWr0)2 -
—3.4DK (kwro )+ 10.6668EK (kWr0 )M,

7 b
A4 =1+2x7, +¥(1<r0)2 +7(Kr0)3,
B_=exp(—18xr),
1+226r —113(xr, )? +33(xr, )*
S 16T +4.7(kr )% 4 2(kr )t
o L8+ 28(kr, )? +3.2(kr )}
< L+ 8kr +10(kr ) + (k1)

E =1+0.la + 0.3665(1(1”0)2.

C. Ion-neutral. In order to describe the ion-atom
interaction, we use the experimental data for ion dif-
fusion from Refs 56—63. Supposing that the interac-

tion cross section for ion-atom pair is generally de-
fined by polarization ion capture by the atom [59, 63],
the interaction reads

o _ g Lr+3/2) et a,é
ENCIE LT

where o, is the dipole polarizability of the atom (neu-
tral particle), ['(X) is the gamma-function, and the
coefficients for different / equal A' = 0.556 and 4* =
~ (.185, respectively. On the other hand, according to
Ref. 64, we have a well-known formula in the same
form as Eq. (7.1), but the coefficients A’ are the Kihara
coefficients 4] [65]: 4; =0.65466 and 4> = 0.38521.
The use of this formula yields quite satisfying results
for LTE plasma in the case when detailed experimen-
tal or theoretical data for ion-atom interaction cross

(7.1)

W/imK)

[ T

0.20

0.15

W/imK)
u/
m2
0.20 //\\/
0.15 //"‘\)\\
0.10 // \\
0.05 /
u 1 | 1 1
0 5000 10000 15000 20000 25000 30000
a
W/(mK)
m/
2
0.20 _P:
0.15
/ \_/-\(!
0.10 s
)
0.05 /
u 1 1 1
0 5000 10000 15000 20000 25000 30000
b
W/(mK)
m/
0.20 m2
0.15
/!
0.05
%/ 2/)\§:E:E===r——=-q_____
U 1 1 1

0 5000
¢

10000 15000 20000 25000 30000

0.10

Vs

0.05

/A

0

e

0 5000
d

W/imK)

10000 15000 20000 235000 30000 K

mEm
b =

0.20

0.15

0.10

MIAT
A —

0 5(1(10 10000 15000 20000 25000 30000 K
e
W/(mK)
u/
|
0.20
0.15
0.10 /A\\\
0.05
/ !
n L T 1 ) 4 "
0 5000 10000 15000 20000 25000 30000 K

f

Fig. 2. Thermal conductivity of the heavy particles in argon plasma (a), thermal conductivity of the heavy particles in the mixture
Ar/Fe =90/10 (b), thermal conductivity of the heavy particles in the mixture Ar/Fe = 75/25 (c), thermal conductivity of the heavy parti-
cles in the mixture Ar/Fe = 50/50 (d), thermal conductivity of the heavy particles in the mixture Ar/Fe = 10/90 (e), thermal conductivity
of the heavy particles in the mixture Ar/Fe = 1/99 (f); 1 — Chapman—Enskog; 2 — Grad method
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sections are missing [66—68]. Correct interaction in-
tegrals can be also calculated from experimental data
for ion diffusion. When no experimental data were
available, the formula (7.1) and the particle polariz-
ability data from Refs 65-67 have been used.

For interaction of the ion with its own atom, the
cross section is defined by the process of resonant
charge exchange. For the cross-section Fe-Fe* and
Ar—Ar", the tabulated data from Ref. 84 are used.

It should be noted that if we rely on experimental
data, then, as a matter of fact, our approach coincides
with the approximations for the integrals from Ref.
68. Detailed accounting for the ion-atom interaction
was done in Refs 68—73, where the elastic and charge
exchange interactions as well as the participation of
excited particles have been considered, gives complex
relationship between integrals and temperature. How-
ever, according to Ref. 68, the deviations in results

"
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based on the approximation with Ref. 70 are insignif-
icant and acceptable.

D. Coulomb cross-sections. Coulomb collisions
in plasma have collective nature. However, they usu-
ally have to be reduced to pairwise collisions with the
ordinary Coulomb potential
eaeﬁ

ap 4nsor

(7.2)

Especially in papers about thermal plasma, the ex-
tensively used shielded Coulomb potential introduced
by Liboff [74] is used

= exp| —— |-
ap 4Tl780r ?»D

(7.3)

Collision averaging in thermal plasma yields for
transport cross-section of order / [23]

0/ (g) = 4nlbID(A), (7.4)
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Fig. 3. Viscosity of argon plasma (a), viscosity of the mixture Ar/Fe = 90/10 (b), viscosity of the mixture Ar/Fe = 75/25 (c), viscosity
of the mixture Ar/ Fe = 50/50 (d), viscosity of the mixture Ar/Fe = 10/90 (e), viscosity of the mixture Ar/Fe = 1/99 (f); 1 — Chapman—

Enskog; 2 — Grad method
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Fig. 4. Electrical conductivity of argon plasma. Comparison with literature (a): 1 — Dunn, Eager 1985; 2 — Devoto 1973; 3 — o, this
work; Electrical conductivity of the mixture Ar/Fe = 90/10. Comparison with literature. Dunn, Eager 1985 in Ref. 85; Devoto 1973 in
Ref. 86 and Gonzalez 1993 in Ref. 87 (b): 1 — Dunn, Eager 1985; 2 — Gonzalez 1993; 3 — o, this work

where g is the relative velocity of particles, b, is the
averaged parameter of Coulomb interaction, and ®(A)
function of Coulomb logarithm A. For the above men-
tioned terms, we have [25]
b= le,e | At
0 12ne kT ’ b’

Equation (7.3) can be directly used for the numer-
ical calculation of kinetic integrals. However in the
case of equilibrium plasma, it is better to use Preuss
approximation [75]

112
kT 9Inb?
Qgﬁz[m J U1 = DIV, (7.5)
ap

The function is given by
Y(A)=InA+In2,

/
Y(A)=InA+In2 =5V uter +y(r),

for ordinary and shielded Coulomb potential, corre-
spondingly.
Here, v,,,, = 0.5772 is the Euler constant, and

1 1
v =-v,,, +1 oyt Y=Y

Formula (7.5) with W(A) for the shielded Coulomb
potential has been used in the calculations.

8. Results and discussion. The results of the
calculations are presented in Figures 1-3. A priori it
should be expected that different methods yield dif-
ferent results for the same plasma composition. This
can be seen in the figures below.

For thermal conductivity, (Fig. 1), the Grad
method shows slightly t lower results compared to
the Chapman—Enskog method. This is a consequence
of understated data when calculating the thermal con-
ductivity of heavy particles and the thermal conduc-

tivity of electrons. It should be mentioned that with
the Chapman—Enskog method, higher order approxi-
mations (compared to the 13 M approximation in the
Grad method) are used. For the Chapman—Enskog
method, the 4th approximation was used for thermal
conductivity.

As can be seen from the figures, there are some
differences in calculations with different approaches.
It should be noted that the total thermal conductivity
composed of several summands, as it was mentioned
above. Therefore, to clarify the situation, let us con-
sider the contribution of thermal conductivity due to
heavy particles (thermal conductivity of the heavy
particles) (Fig. 2). Distinct differences have been
obtained in the partial ionization area, where the col-
lisions with participation of neutral particles are im-
portant. The results show that at higher temperatures
where the density of the charged particles dominates
in the partial ionization area, thermal conductivity of
heavy particles amounts up to 30 % to the total ther-
mal conductivity.

For viscosity (Fig. 3), the 13 M approximation in
the Grad method also gives smaller results, similar to
the ones according to Wilke’s rule [76]. Wilke’s rule
is described in Ref. 77 along with other methods for
calculating the viscosity. For the Chapman—Enskog
method, the 2nd approximation was used for thermal
conductivity. It should be mentioned that the com-
parison [77] shows that the results for viscosity cal-
culated by different methods can vary between 30 %
and 50 %. We can also see that values obtained with
the Grad method differs from the Chapman-Enskog
method. Further investigations related to the calcula-
tion of viscosity are required.

As mentioned and shown above, electron coeffi-
cients coincide for both used methods. Figure 4 rep-
resents the electrical conductivity in comparison with
literature data.
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We should highlight another advantage of the Grad
method, which is related to the calculation control. In
contrast to the Chapman—Enskog method, in Grad
method, the computed values on different stages cor-
respond to its physical magnitudes, which can easily
be estimated. This avoids errors which appear during
the calculation of transport coefficients, for example,
Refs 78 and 79.

9. Conclusion. In this paper, a comparative anal-
ysis of the calculation methods for transport coef-
ficients in Ar—Fe plasma according to the Grad
method and the Chapman—Enskog method for the
same plasma composition is presented. The performed
calculations show that using the Grad method yield
results for thermal conductivity and viscosity that are
a slightly smaller in comparison to those predicted
by Chapman—Enskog method. However, it should be
mentioned that for calculations with the Grad meth-
od, the comparatively small approximation of 13 mo-
ments was used. Thus, Grad method is applicable for
calculating the thermal plasma properties.

In the calculation of electron coefficients, we use
the approximation taking into account the fact that the
mass of electrons is small in comparison to the mass
of heavy particles. In this case, we have coincident
analytical results for both of methods in higher ap-
proximations.
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Appendix A: The 13 M approximation for heavy
particle transport coefficients (Ref. 25)

Transport coefficients calculate in sequence by
summation procedure of previous effective values for
each component

(A1)
by =2 M (A2)
laly,
nha=% [a] 8 (A3)
[b], _
_ Bo
M = 2T g (A4)

— 1
T’lhot = 2 nockT‘Eoc ’ (A5)

—éin kTt
o

ha 2 mtx o (A6)

where n_and o — particle number density.
Effective frequency calculates as follows:

| _ nkT ]
« =2y MO (A7)
e Sn(kTy
1 _ 1
@)= 5 TN 30T (A3)

where & = m/m_, n — total heavy particle number
density, y — molar fraction of a. particles, r;le —col-
lision frequency between electrons, and o — heavy
particles.

Elements of determinant |a|, || calculate as

a = yaHaB
o, (49)

_ yotAotB
W3R, (A10)

Values |a|Bu and |b|sa represent algebraic supple-
ment corresponding elements in determinants.
In turn, values H and A calculates as
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Here, the corresponding coefficients of first ap-
proximation of Chapman—Enskog method were used
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Traditional designations also used

QZZ SQIZ 7913
A =—P gngp =B B
af 2l op 3Ol :
of of

Appendix B: The elements for determinants to cal-
culate electronic transport coefficients
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It should be noted that g™ = ¢*" [19, 25].
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1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.19. MOAEJIMPOBAHUE JTUHAMNYECKHUX
XAPAKTEPUCTHUK UMIYJIbCHOM JYI'
C TYT'OIVIABKUM KATOAOM™

N.B. KPUBLYH, U.B. KPUKEHT, B.®. JIEMYEHKO

B coBpemeHHOM CBapOuHOM MPOU3BOJICTBE CBApKa He-
TUTABSAIIAMCS JIEKTPOJIOM C UMITYIbCHON MOIYJISIINEH
TOKa JyTH HAaXOIWUT Bce Oojee MMPOKOoe NMpUMEHEHUE
Oraromapsi JIOMOJHUTEIBHBIM BO3MOXKHOCTSIM YIIPaB-
JIeHUsI TIyOuHOM 1 (OpMOI NpoIUIaBiIeHUs MeTajlia,
TEPMHUUECKUM IIUKJIOM CBAapKHU U, KakK CIEACTBHUE, CBOM-
CTBaMH TOJTy4aeMOr0 CBapHOTO COEMHEHH. DTH BO3-
MOYXHOCTH MOTYT OBITh pPEajM30BaHBI 32 CUET HaJljie-
JKaIero BeIOOpa GOPMBI HMITYILCOB CBAPOYHOTO TOKA,
JUTUTEITPHOCTH M YaCTOTHI WX CJIEJIOBAHUS, BEJMYMHEI
0a30BOr0 TOKa 1 MAKCUMAJILHOTO 3HAYCHHS TOKa B UM-
mynbee. Baxknas 3aja4a, KOTOpy10 HEOOXOAUMO PEIUTh
JUIS TEOPETUYECKOTO 0OOCHOBaHMS ONTHUMAJIBHBIX pe-
JKFMOB CBapK{ HETUTABAIINMCS JIEKTPOIOM C UMITYITh-
CHOM MOIYJISILMEN CBAPOUYHOIO TOKA, 3AKIIIOYAETCS B
YHCIIEHHOM HCCIIEIOBAaHIH HECTAITMOHAPHBIX MpOIec-
COB B IUIa3Me CTON0Aa M NPHUAIIEKTPOOHBIX 00IacTeit
JYTH C TYTOIUIaBKHUM KaTOJIOM (B MEPBYIO OYepeb aHO-
JHBIX TIPOLIECCOB, OMPEENAIOMNX B3aUMOIEHCTBUE
JYTOBOH TITa3MBI CO CBapUBAEMbIM METAILIIOM) TTPU UM-
MYJTECHOM U3MEHEHHH DIIEKTPUIECKOTO TOKA.
CymiectByeT OOJNBIIOE KOJIMYECTBO ITyOJIMKAIIUH,
MOCBAIIEHHBIX TEOPETHUECKOMY HCCIIEAO0BAHUIO M Ma-
TEMaTHYEeCKOMY MOJEIHPOBAHHUIO MPOLIECCOB YHEPIO-,
Macco- M 2JIEKTPONIEPEeHOCca B CTONOE, MPHUIIEKTPOI-
HBIX OONIACTSIX M B JEKTPOJaX AYTH C TYTOIUIABKUM
KaTo/IOM, B TOM YHCJI€ B CBApPUBAEMOM METAILIE MPH
CBapKe HEIUIaBALIMMCS JIEKTPOAOM B MHEPTHBIX Ta-
3ax [ 1-14]. OHaKo MpeCTaBICHHbIC B OOJIBIINHCTBE
W3 3TUX PabOT pe3yabTaThl OTHOCSTCS K CTAallMOHAp-
HBIM JyTaM, TOPSIIAM Ha MOCTOSHHOM TOKE, 3a HC-
KJIFoueHuEeM pabot [12—14], cmennaabHO TOCBSIICH-
HBIX MOJISIMPOBAHUIO TPOIIECCOB IMPOIUIABICHHUS
MeTajla MpU HMMITYJbCHOW CBAapKe HEIUIABALIMMCS
eKkTpoaoM. YTo Kacaercs OUHAMMYECKHX Xapak-
TEPUCTUK CaMOM MMIIYJIbCHOM IyTU C TYyTrOIUIABKUM
KaToIoM, TO 37IeCh CIIEAyeT OTMETHTh, HaIlpHUMep,
paboter [15, 16], mepBas W3 KOTOPBIX TOCBSIIEHA
AKCIEPUMEHTAIIEHOMY HUCCIICOBAaHUID yKa3aHHBIX
XapaKTEepPUCTHK, TOrAa Kak B pabore [16] mpuexe-
HBI pe3yJIbTaThl YUCIEHHOTO UCCIIEIOBAHUS IHHAMU-
YECKOTO MOBEICHUS KaK AIEKTPUUECKON JAYTH, TaK U
CBApOYHON BaHHBI MPU TOYEUHON CBAPKE UMITYJILCHOM
JIYTOH C HeIUIaBSIIIUMCS dJeKTponoM. OmHaKo mpen-

“ABromarndeckas cBapka. — 2013. — Ne 7. — C. 14-25.

CTaBJIICHHBIE B JaHHOW paboTe pacyeTHBIC MAaHHBIC
HE TIO3BOJIAIOT MPOAHAIM3UPOBATh JUHAMHUYECKHE
XapaKTEPUCTUKN UMITYJIIBCHOM JIyTH TIPU Pa3IMYHBIX
CKOPOCTSIX U3MEHEHHUS CBAPOYHOIO TOKA HA TIEPETHEM
U 3aiHeM (DPOHTAX UMIYIIbCA.

[Ipu ropennn AYTH B HMITYJIBCHOM pEXKHME a
priori MOXXHO BBIAENUTH JIBa XapaKTEPHBIX CIydas.
Ecim ckopocTh M3MEHEHHUs TOKa CPaBHUTEIHHO He-
BEIIMKA, TO HECTAI[MOHAPHBIC MPOLIECCHl MEpPeHOca
SHEPTUU, UMITYIIbCA, MACCHI M 3apsiia B AyTOBOH I11a3-
Me TIPOTEKAIOT B PEKUME TOCIICTOBATEILHON CMEHBI
CTAIlIOHAPHBIX COCTOSHHM, KaXKI0€ U3 KOTOPBIX CO-
OTBETCTBYET COCTOSHUIO CTAIIMOHAPHOW AYTH JUIS Te-
KYLIEro 3Hau4€HUs TOKa. TakoW KBa3MCTAaLlMOHAPHBIN
PEXKUM TOPEHHSI IYTH peau3yeTcs, €ClIU CKOPOCTb
MIEPEXOHBIX TIPOIIECCOB B IyTe CYIIECTBEHHO ITPEBOC-
XOAHUT CKOPOCTh U3MEHEHHs TOKa. Bo BTOpoM citydae,
T.€. TIPH BBICOKMX CKOPOCTSX M3MEHEHHS TOKa JIyTH,
JIOMAHUPYIOIIAM (DaKTOpPOM SIBISIOTCS JTMHAMHYE-
CKHE XapaKTepUCTUKH TyTOBOM rmia3Mbl. Yucnennoe
HCCJEIOBAaHUE ITUX XapaKTEPUCTHUK, a TAKKE MOIY-
YeHUE KOJIMYECTBEHHBIX OIIEHOK CKOPOCTEU M3MEHe-
HUS TOKA, pa3TPaHUIHBAIONINX KBA3UCTAIIMOHAPHBIN
1 HECTAITMOHAPHBIN PEKUMBI TOPSHUS UM(DPAMOBBIM)
KaToJIoM W MEIHBIM BOJOOXJIAXKIAEMBIM aHOJIOM
(puc. 1), u sABIIAETCS TENBIO0 HACTOSIIEH PaOOTHI.

BrusiHue uMImynbCHOTO M3MEHEHHsI TOKAa AYTH Ha
TEIUIOBBIC, Ta30MHAMUYCCKUEC M IICKTPOMATHUTHBIC
XapaKTEePHUCTHKH ee CToJI0a, a TaKKe Ha XapaKTepUCTH-
KH €€ TEIUIOBOTO W DJIEKTPHUYECKOTO B3aWMOACHCTBHA
C TIOBEPXHOCTHIO aHO/a Oy/IEM HCCIIEI0BATh OTIEIBHO
JUIS IEpeTHEro U 33/1HeT0 (PPOHTOB UMITyJIbea (puc. 2).
[Tpu 3TOM OyieM mpeonaraTh, 4To Kak Ha MEPeIHEM,
TaK ¥ Ha 33]JHeM (PPOHTE TOK JyTH U3MEHSICTCS JINHEH-
HO TIPH CJIEAYIOMNX 3HAYCHUSAX TUTEIFHOCTH (hpOH-
toB: b =5; 20; 100 u 200 mkc. Byaem Taxxe cauTars,
YTO, IOCTUTHYB CBOET0 MaKCHMAIIbHOTO (MHHUMAIIh-
HOT'0) 3HAYCHUSI, TOK OCTACTCS TIOCTOSHHBIM B TCUCHUE
BPEMEHH, JOCTATOYHOTO JJISl YCTAHOBJICHUSI COOTBET-
CTBYIOIIETO CTAIMOHAPHOTO COCTOSHUSI TyTH.

JJ1s1 4UMCIIEHHOTO MOJIETTMPOBAHUS JIEKTPUUECKOU
JIyTH TPU pacCMaTPUBACMOM HM3MEHEHHM TOKa HEO0O-
XOIUMO TIPHUBIICKATh HECTAMOHAPHYIO MaTeMaTH-
YEeCKYI0 MOJIEJIb MPOIIECCOB IHEPIo-, MACCO- U JJIEK-
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B

Ny
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f} ff/

vz

Puc. 1. Cxema pacdyeTHO! 00JAaCTH JUTS YHUCICHHOTO MOJICIHPO-
BaHUsl UMITYJbCHOM JIyTW C TYTOIUIAaBKMM KaToioM: / — BOJIb-
(pamMoBEIii Karox; 2 — COIUIO JUIsl MOJaYH 3aIllUTHOTO Tasa;

3 — xaroHas 001acTh; 4 — CTONO AyTH; 5 — aHOAHAs 00NAaCTb;
6 — MEIHBIH BOJOOXJIaXKIAeMBIA aHOJ

A

TpOIIEpeHoca B JIyrOBOM I1a3Me, KOTOopas JOJKHA
BKJIIOYATh CJIENYIOIINE B3aUMOCBSI3aHHBIE MOJICIIN:
MOJIETIb TETUIOBBIX, AJIEKTPOMATHUTHBIX W Ta30/[MHA-
MHUYECKHUX MTPOIIECCOB B IUIa3Me CTON0A JyTH U MOJIe-
JIU TIPURJIEKTPOTHBIX MPOIECCOB (CM., Hampumep, [9,
16]). Monens aHOAHBIX MPOIECCOB HEOOXOaUMA IS
3aMBIKaHUSI MOJETH CTOJ0a HECTAIlMOHAPHOH Jyru
CaMOCOIVIACOBAHHBIMU TPAaHUYHBIMU YCIIOBHSMH Ha
aHoze, a TaKXKe JUIs OINpPEICNICHHS XapaKTEPUCTHK
TEIJIOBOTO M DJIEKTPHUUECKOTO B3aUMOJICHCTBHUS Ta-
KO JTyTu ¢ IOBEpXHOCTHIO aHoxa [17]. Uro kacaercs
MOJICTIH KaTOTHBIX MPOIIECCOB, TO, TOCKOIBKY TEOPHS
KaTOITHBIX SIBJICHWH, a TaK)Ke MPOIIECCOB B MPHKATO/-
HOM TUTa3Me JIEKTPUUYECKOHN TYT'H C TYTOIIaBKUM Ka-
TOZIOM pa3paboTaHa J0CTaToyHO moApoOHo [10, 18—
21], B KauecTBe TPaHUYHBIX YCIIOBHI BOJM3M KaToza
MOYXHO BOCIIOJIB30BaThCs, HAPUMEp, pe3yJabraraMu
pabortsr [21].

[Ipu onucanuu MpoueccoB B IUIa3Me CTON0a UM-
MyJIBCHOH aproHOBOH AyTd C BOJb(PAMOBBIM KaTo-
JIOM ¥ MEIHBIM BOJOOXJIAXKIAEMBIM aHOIOM OyneM
WCTIOJIb30BATh MOJIENIb M30TEPMUUYCCKOM HOHU3AIIH-
OHHO-PaBHOBECHOM T1a3MblI [9, 22], a s onmucaHus

AT A

200 A 200 A

S0 A

>
¢

————

Puc. 2. Jlnarpamma H3MEHEHUS TOKA [yTH HA IEPEIHEM H 3aJHEM
(poHTax UMITYIIbCA
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MIPOLIECCOB B MPHUAHOIHOM IJ1a3Me U Ha TIOBEPXHOCTH
aHo/Ia — MOZETb aHOTHON 00JIacTH, NPEATIOKEHHYIO
B pabote [17], ¢ yuyeToM TOro, 4To B paccMarpHBae-
MOM 37IECh CIIy4ae HEMCIAPSIOMIMXCS AIEKTPOIOB 11y-
TOBYIO MJIa3My MOYKHO CUMTaTh OJHOKOMIIOHEHTHOM,
T. €. cojiepKalleil TONbKO YaCTHUIlbl 3allUTHOTO Ta3a
(aprona). [ns ompeneneHuss TEPMOAUHAMHUYECKUX
XapaKkTEepUCTHK, KO3 (PUIIMEHTOB MepeHoca U paaua-
LIMOHHBIX NOTEPh TAKOW IJIa3MBbl B 3aBUCUMOCTH OT €€
TEMIIePaTyphbl U JaBICHUS BOCIOJIB3YyEeMCS TaHHBIMU
pabotsr [23]. Bynem Tarke mpearonararb, 4To pac-
cMmarpuBaemasi cucteMa (cM. puc. 1) umMeeT OceByro
CUMMETPHIO.

CoOTBETCTBYIOIIAsT NPUHATHIM JOMYLICHUSAM CH-
creMa augQepeHInanbHbIX YpPaBHEHHH, OMHCHIBA-
IOIIMX HECTalMOHApHBIC TEIJIOBbIE, Ia30IWHAMU-
YEeCKHEe M DJIEKTPOMAarHUTHBIE IPOLECCHl B ILIa3Me
cTOJI0a IyTH, a TAKXKE 3aBUCHUMOCTHU TEIUIOBOIO MOTOKA
B QHOJI ¢, U aHOJHOIO majieHus noteHimana U = —-A@,
rne A¢ — pa3HOCTh MOTEHIIUAJIOB MEXIY BHEUIHEU
TpaHHIEd aHOAHOM 00NACTH M MOBEPXHOCTBHIO aHO-
Ja, OT TeMIlepaTypbl NPUAHOIHOW IIa3Mbl M IUIOT-
HOCTH 3JIEKTPUUYECKOTO TOKA Ha aHOJE NMPHUBE/IECHBI B
pabore [22]. 3nech HEOOXOTUMO OTMETHTH, UTO TPH
paccmarpuBaeMbIX B Hacroslield pabore dvacToTax
WU3MEHEHUS JIEKTPOMATrHUTHBIX XaPaKTEPUCTHK TyTH
®<1,26-10° ¢!, ompenensemMpbIX IO UTUTESIHLHOCTH ITe-
penHero u 3a1Hero (pOHTOB UMITYJIbCA TOKA, TOMIIH-
Ha CKMH-c0s [24] 1y AyroBoi Iuia3Mbl (aproHoBas
1a3Ma aTMoC(EpHOro IaBJICHUS IIPU TeMIlepaType
15000 K) okassiBaetcs 6osee 3,3 cM, T. €. CyIIEeCTBEH-
HO IIPEBBIIIACT XapaKTepHble pa3Mepbl ayru. [losro-
MY HCHOJb30BaHNE MPH ONMHMCAHUU HECTALMOHAPHBIX
MPOLIECCOB MIEKTPOIEpeHoca B AyroBOM Ija3Me 3a-
koHa OMa M ypaBHEHMs JJIsl CKaJSIPHOTO MOTEHIHa-
Jla JeKTpUYecKoro moms [22], T. e. mpeHeOpekeHue
TOKaMH CMEIIEHUS, SIBIIIETCS BIIOJIHE OMPABAAHHBIM.

PacuetHyro 0051acTb, B KOTOPOi OyieM BBIYUCIISATH
pacrpesiesieHHbIe XapaKTepUCTUKH HEeCTAI[MOHAPHOM
JYTOBOH Tu1a3Mbl, onpenenum kak Q = {0 < r < R;
0 <z <L}, tne L — nnuna pacueTHol obnactH, hak-
TUYECKH paBHas JJIMHE AyTH; R — paaumyc pacuer-
HOU 0011acTH, 3aBEJIOMO ITPEBBIMIAIOIINI TOTIepeUHbIe
pasMepsl nyru (cM. puc. 1). B xauecTBe rpaHHYHBIX
YCIIOBHUI /1711 YKa3aHHBIX BbIIIE€ YPAaBHEHUM HMCIIONb-
3yeM YCIIOBHS Ha TPaHUIaX pacyeTHON 001acTH, oI
poOHO omKcaHHbIe B paboTe [22], ¢ y4ETOM TOTO, YTO
TPaHUYHBIE YCIOBUS ISl DJIEKTPOMArHUTHBIX Xapak-
TEPUCTUK OyJeM IMOHMMAaTh KaK COOTBETCTBYIOIIUE
TEKyIIeMy 3HaYeHHIO M3MEHSIOIErocs BO BPEMEHHU
toka mayru I(t). Uto kacaercs HAaYaJIbHBIX YCJIOBHIA,
TO OyJieM ToJIaraTh, 4To pacipe/cieHHbIC XapaKTepH-
CTHKH JYTOBOM IJIa3Mbl B MOMEHT BpeMeHHu ¢ = 0 co-




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

OTBETCTBYIOT XapaKT€pUCTUKAaM CTALlMOHAPHOU IyTH
[P TOKE, PAaBHOM HauaJbHOMY 3HaYE€HHUIO TOKA.

JlanHas kpaeBas 3ajada peuajach YUCciIeHHO, Me-
TOJOM KOHEUYHBIX pa3HocTeil. [y pemenus ypaBHe-
HUH ra30MHaMHUKH 1 KOHBEKTUBHOTO TEILIONEpeHoca
HCIOJIB30BAJICS. COBMECTHBIH JlarpaHkeBo-3isepo-
BBl MeTof [25, 26], ananTUPOBAHHBIN AJIs yCIOBUN
cxuMaeMmoii cpensl. Ilpu nposenenun pacueros ma-
paMeTpbl Mojesn ObUTH BBIOpPaHBI CIEAYIOMNM 00-
pasom. Pasmepsr pacuerHoit obnactu: L = 3 MM, R =
= 8 MM; CeTOYHbIE apaMeTPhI: LIar 10 BPEMEHH T =
= 0,5 MKC; IIaru CeTKH M0 MPOCTPAHCTBEHHBIM KOOP-
nunaram: A = 0,125 mm, h_= 0,06 mm. Temnepary-
pa okpyxatomiei cpeabl Obuta 3aaaHa pasHoi 500 K,
TeMIIepaTypa MOBEPXHOCTH MEAHOTO BOJOOXJaxkK-
JIaeMOr'0 aHOJa TS = 720 K [22]. 3uaueHue panuyca
005acTH KaTOMHOM MpUBSA3KM Ayrd R (cM. puc. 1)
OIIPEEIsUIOCh Ha OCHOBE PEKOMEHAAUWi paboThl
[21] Tak, 4TOOBI MaKCHMAIbHOE 3HAYCHHE TUIOTHOCTH
ANEKTPUUECKOTO TOKA B 3TOI 001acTH OBIIIO MOCTOSIH-
Ho j, = 10° A/M* Bo BCeM mCClIelyeMOM JlHanasoHe
nzMenenus Toka nyru (50...200 A). MakcumanbHyI0
TeMIeparypy Imia3Mbl BOJIN3M KaToAa TaKke BIOnpa-
nm moctosiunon T ) = 20500 K [21].

JluHaMuKa M3MEHEHMs TeMIepaTypHOro MHojs U
KapTUHBI TEUEHHS AYTOBOH MIa3Mbl IPH OBICTPOM U3-
MEHEHUH ToKa ayru (b = 5 MKC) moka3aHa Ha puc. 3,
4 (BpeMs Ha ATHX PUCYHKaxX OTCUMTHIBACTCS OT MO-
MEHTa Hauana u3MeHeHus Toka). Ha puc. 3, 4 uzo-
TEPMBI COOTBETCTBYIOT Temmeparypam 1; 2; 4; 6; §;
10; 12; 14; 16; 18 kK ot mepudepuun ayru K ee OCH.
Pe3ynbrarel pacyera ABISIOTCS BIOJIHE OXKHAeMBbl-
MH, @ IMEHHO: Ha IiepeiHeM (pOHTE UMITyJIbca (IpU
yBenuueHun Toka ¢ 50 1o 200 A) koJI0koI000pa3zHbIe
H30TEPMUYECKUE JTUHUU B CTOJIOE AYTH PACUIMPSIOT-
Csl; HaIlPOTHB, Ha 3aJHeM (QpoHTE (MPH YMEHBIICHUH
toka ¢ 200 1o 50 A) BeICOKOTEMIIEpaTypHask TOKOIIPO-
BOIIIAs OONAacTh AYrOBOHM IUIa3Mbl CXKMMaeTcs. B
o0oux cirydasx TpeOyeTcs HEKOTOpoe BpeMs (OKOJIO
100 MKC npH yBETMYEHNH TOKa AYTH U oKoio 120 Mxc
[IPU €ro0 YMEHBIICHUH ) AJIs1 TOTO, YTOOBI TeMIIepaTyp-
HO€ TI0JI€ U KapTHHA TeUeHHs! TyTOBOM IIa3Mbl BBIII-
JIM Ha COOTBETCTBYIOIINE CTAllUOHAPHBIE COCTOSIHHUS.

B oTnnume oT npuBeneHHOM BbIlIe 00ILIEH KapTh-
HbI IMHAMHUKHU TOPEHUs AyT'H U3MEHEHUE BO BPEMEHU
OTJICIBHBIX JOKAJIBHBIX U UHTETPATBHBIX XapaKTepU-
CTHK CTOJI0a U aHOAHOM 00JaCTH AYTH C TYTOTIIAaBKUM
KaToZIOM IpH HMITYIbCHOM H3MEHEHHM HIIeKTpHye-
CKOTO TOKa MMeEET psia CrequpHUIecKHuX O0COOEHHO-
cTeil. B kauecTBe TaKMX XapaKTEPHUCTHK CTON0A AYTH,
JUHAMHUKY M3MEHEHHsl KOTOpbIX OyaeM B JallbHeii-
IIEM aHAJIU3UPOBATh, BbIOEpeM crenyomme: T -u
J o — TEMIIEPATYypa IIa3Mbl U IJIOTHOCTH HJIEKTPHUYe-
CKOTO TOKa Ha OCH CcT0j10a, BEIYUCIISIEMbIE B €T0 Cpel-

HeM cevenuu (npu z = 1,5 Mm); R | — XapakTepHbIi
panuyc TOKOMIPOBOISILIEH 00JaCcTH IIa3Mbl B 9TOM Ke
CEUEHUH, ONPEENIeMbIN KaK paguyc OKPYKHOCTH, B
mpeaenax KoToporo cocpeaorodero 95 % texyuiero
3HA4YEHUs TOKa AYTH.

Ha puc. 5-7 npencraBieHO U3MEHEHUE BO Bpe-
MEHH (BpeMsI HCUHCISIETCS C MOMEHTa Hadajla u3me-
HEHMS TOKA) YKa3aHHBIX XapaKTepUCTUK Ui Hepen-
HETO W 3aJHero GpoHTOB mMIynbca npu b = 20, 100
u 200 MKc (CIJIONIHBIE, MITPUXOBBIE U MYHKTHPHBIE
JIMHUU COOTBETCTBEHHO).

Kak cnenyer U3 npeacTaBiIeHHbBIX Ha 9THUX PUCYH-
Kax pacueTHBIX 3aBUCHUMOCTEH, TeMIeparypa Ijia3Msbl
B IEHTpE CTON0Aa AYyIrH SIBISETCS HAaUMEHee WHep-
OUOHHOH €ro XapakTEepUCTHKOW. DTO OOBSICHIETCS
MPAKTUYECKN MTHOBEHHBIM, TPOMOPIIHOHATBHBIM HU3-
MEHEHHIO TOKa (I10 KpaitHeit mepe, mpu b > 20 MKc), u3-
MEHEHHMEM NPOM3BOIUTEILHOCTHU JYKOYJIEBBIX NCTOYHU-
KOB TeIIa, TPUBOASALINM K COOTBETCTBYIOIIEMY POCTY
AU CHIDKEHUIO TCol (cm. puc. 5). HaGmronaromuiics
Ha MepeaHeM QpoHTe UMITyNbca Toka pu b = 20 MKc
HEeOOJBILIOW MaKCUMYM TEMIIEpaTyphl AyTOBOH I1a3-
MBI CBSI3aH C €€ HarpeBOM BO3PACTAIOLINM TOKOM (CM.
CIUIOIIHYI0 KpUBYIO Ha pHuc. 6, @) 10 TeMmeparyp,
NPEBBINIAIOIIMX 3HAYEHHe T~ JUIs CTAllMOHAPHOM
200-amMnepHON AYrd U MOCIEIYIONIUM OCTHIBAHUEM
3a cueT Oosee MEAJICHHOTO KOHBEKTHBHOTO OXJIaxK/1e-
HUS (XapaKkTepHOE BpeMsl pelaKkcalliu TeMIleparypsl
TUIa3MBbl CTOJI0A TYTH B PacCMaTpPUBaEMbIX YCIOBHSIX
coctapnseT okoio 30 mkc). C yBenudeHueMm aju-
TeNbHOCTH Tnepeanero ¢ponra no 100 Mkc U BbiIe
9TOT MAaKCHUMyM MpPaKTUYECKH MCYE3aeT, MOCKOJIBKY
CKOPOCTh KOHBEKTMBHOIO OXJIQKICHUS, OIpesesnsie-
Masi MHEPUUOHHOCTBIO Ta30AMHAMHYECKHUX IpOlLeC-
COB B JIyTOBOM IuIa3Me, CTAHOBUTCS COM3MEPHMOM CO
CKOPOCTBIO BO3pacCTaHMsl TOKa JIyTH, a CIIEl0BATEIb-
HO, U JDKOYJIeBa Harpesa IUIa3Mbl, IPH yBEIUYEHUU b
(CcM. IITPUXOBYIO U MYHKTUPHYIO KPUBBIE Ha PHC. 5, a).
Crenyer OTMETUTb, UTO MOXOOHBIHN 3 dekT mpakTude-
CKH HE MPOSBIISIETCS MIPYU YMEHBIIEHUH TOKa Ha 3a/THEM
¢dponTe umItynsca (cM. puc. 5, 0).

UYro kacaercsl IUIOTHOCTU TOKa B LIEHTPE CTONOA
IYTH, TO, MOCKOJBKY j . SBISIETCS MPOM3BEIACHUEM
3JIEKTPOIPOBOJHOCTH IJIa3Mbl, OIIPEAEIAeMON 3HaUe-
HUEM ee TeMIlepaTyphl B 3TOH ke TOUKe, Ha Harps-
JKEHHOCTh JJIEKTPUUYECKOTO II0JIs, OIpPENEeIsieMOro
pacnpeseneHieM TemIeparypsl (3JIeKTpONpOBOAHO-
CTH) MO BCEMY CEUEHHIO CTOJI0a, yKa3aHHas Xapak-
TEPUCTHKA SIBJISIETCS] HECKOJIBKO OoJiee MHEPLIMOHHON
uem T . Habmromarommiicst Ha iepeineM GppoHTe UM-
MmyJibca Toka Npu b = 20 MKC JIOKaJIbHBIH MaKCUMyM
J., OKasblBaeTcsi OoJiee 3aMETHBIM (IUIOTHOCTH TOKA
B LIEHTPE CTONI0a UMIYJILCHON AyTH B MOMEHT, KOTZa
ee Tok pocturaer 200 A, moutu Ha 25 % mpeBbImia-
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Puc. 3. Jlnnamuka nosiei TemMIeparypsl 1 CKOPOCTH IUIa3MBI B CTOJIOE UMITYJILCHOHM JyTH npu yBenudeHuu Toka ¢ 50 mo 200 A (b
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Puc. 5. M3MeneHue Temreparypsl IJIa3Mbl B [IEHTpe cTo0a IyTH Ha nepenaHeM (a) u 3axHeM (0) GppoHTax HMITyIbCa TOKa

€T COOTBETCTBYIOIIEE 3HAYCHHUE IUIS CTAIlHOHAPHOM
200-aMmiepHOil 1yru), a TOCIenylollee CHIKEHHUE
BEJIMYMHBI j W YCTAHOBIICHHE €€ CTalMOHAPHOTO
3HAYEHUs IPOUCXOUT 3a BpeMs nopska 50 MKc (cMm.
CIUIOIIHYIO KPUBYIO Ha puc. 6, a). IIpu ymeHblennn
CKOpPOCTH HapacTaHus Toka B ummyiasce (b = 100;
200 MKC) 3TOT MakCUMYyM, TaKXe KaK U MaKCHUMyM
TEMIIepaTypbl, CTAHOBHUTCSI BCE MEHEE 3aMETHBIM (CM.
LITPUXOBYIO U MMyHKTHUPHYIO KPUBBIE Ha pHcC. 0, a). B
OTIIMYME OT MOBEAEHUs T Ha 3a1HeM (PPOHTE HM-
MyNbCa, MIOTHOCTh JNEKTPUYECKOTO TOKa B CTOJOE
IYTH TIPH CHUYKEHUH ITOJTHOTO TOKA UMEET JIOKAIbHBIN
MUHHMYM, a0COJIOTHAs BEMYMHA KOTOPOTO CHHUKA-
eTCsl pH yBenudeHuu b (cM. puc. 6, ). OTMeUeHHbIS
371eCh 0COOCHHOCTH U3MEHEHUSI TNIOTHOCTH JJIEKTPHU-
YEeCKOT0 TOKa B JIyTOBOMW IIa3Me BO MHOTOM Xapak-
TEPHBI U JJIs K3MEHEHHUsI BO BPEMEHU HANPSDHKCHUS Ha
CTOJIOE UMITYIILCHOM IyTu. B acTHOCTH, pa3nnine Bo
BpPEMEHH TIEPEXOHBIX MPOIECCOB B Jyre Ha Mepe-
HEM U Ha 33/iHeM (QPOHTaX UMITYJIbCa TP MaJIbIX 3Ha-
YECHUSX UX JITUTEIBHOCTH SIBJISIETCS] OJJHOM M3 PUYNH
BO3HHKHOBEHHUSI TUCTEPE3UCHOM METIM Ha BOJBT-aM-
MIEpPHOI XapaKTepuCTUKe UMITYIbCHOU ayru [15, 27].

HauGonee MHEPIIMOHHOM XapaKTEPUCTUKON CTOJI-
0a IyTH SBIISIETCS paJNyC €ro TOKOIIPOBOASLICH o0a-

_'F-['l}l‘ A/ cem?

CTH, YTO OOBSICHSETCS HEOOXOAUMOM ISl U3MCHEHUS
R, TIEpECTPONKOI TEMIIEpaTypHOTO MOJIsL [0 BCEMY
CeueHHIo cToN0a. XapaKkTepHOe BpeMs yCTaHOBIIE-
HUSI CTAllMOHAPHOTO 3HAYEHHsI JaHHOTO pajyca Io-
CJie IOCTHKEHUST TOKOM JIyTH CBOETO CTAalMOHAPHOTO
(MakcHManbHOTO) 3Ha4eHHU B cirydae b = 20 MKC co-
crapiser npuoau3uTesibo 100 MkC (CM. CILIONIHYHO
KpHUBYIO Ha puc. 7, a). 31ech ClieyeT OTMETUTh, 4TO
XapaKTEPHOE BPEMs W3MEHEHMSA R | TPU yMEHbIIIE-
HUH TOKa JIyTH CYIIECTBEHHO MEHBIIIE M COCTaBISIET
npu b = 20 Mkc okoso 60 MKC (CM. CIUIOUTHYIO KPH-
ByIO Ha puc. 7, 6). HakoHer, Bpemsi yCTaHOBJICHHS
CTaIMOHAPHOTO 3HAYCHHS PaUyca TOKOTIPOBOISIIIEH
oOmactu ctonda Ayry Ipy YBEIHMUEHUH b CyIIeCTBEH-
HO CHIDKA€TCs 3a CYET TOTO, YTO M3MEHEHue R Ja-
CTHYHO TPOUCXOMIUT €llIe BO BPEMsI HapacTaHHs WU
crnaja Toka (CM. IITPUXOBBIC U IMyHKTUPHBIC JTHHUU
Ha puc. 7).

HecraunoHnapHbele TpolecChl, MPOUCXOASAIINE B
aHO/IHOW 00NIacTh JyTH, MPOMUTIOCTPUPOBAHEI I'pa-
¢uxamu (puc. 8—13) u3MeHEHHsT BO BpEMEHH Kak JIO-
KaJIbHBIX XapaKTEPUCTUK aHOIHBIX IPOLECCOB: T  —
0CEeBOE 3HAuEHHE TeMIlepaTyphl IUIa3Mbl BOIU3U
MIOBEPXHOCTH aHoza (pK z = 3 MM), j ¥ ¢, — TJIOT-
HOCTB DJIEKTPUYECKOTO TOKa Ha aHOJe M TUIOTHOCTh
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Puc. 6. MI3MeHeHHe IIOTHOCTH JIEKTPUIECKOTO TOKA B IIEHTpe CToI0a yru Ha nepenHeM (a) u 3axHeM (0) GpoHTax UMITyIIbCa
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Puc. 7. 3MeneHue pajiyca TOKOIPOBOASIICH 001acTH cToNIOA IyTH Ha riepeHeM (a) U 3agHeM (6) ppoHTaxX UMITyIbca
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Puc. 8. M3MeHeHHe 0CeBOr0 3HAUESHUSI TEMIIEpaTyphl IPHAHOAHOI TUIa3MbI Ha TIepetHeM (a) 1 3aaHeM (6) GpOoHTaX UMITYIIbca TOKa

TEIJIOBOTO MOTOKAa B aHOJ, ONpenessieMble B IIEHTpe
00JIacTH aHOJHOM NPUBSI3KU JIyTH, TaK U WHTETpaIb-
HBIX XapPaKTEPUCTHK YKA3aHHBIX MPOLECCOB: P —
HOJIHBIH TETIOBOM MOTOK B aHOM; R U R, — pajiinychl
TOKOBOTO KaHaJjla ¥ 00JIaCTH TEIJIOBOTO BO3/IEHCTBUS
Jlyr¥ Ha TOBEPXHOCTH aHoza (mox R v R, moHuma-
I0TCS paJANYChl OKPYKHOCTEH Ha MOBEPXHOCTH aHO/a,
B Ipeneiax KOTOPBIX COCPenoTodeHO 95 % Tekymmx
3HAYEHUH MOITHOTO TOKa AyTH /(1) U MOJHOTO TEerIo-
BOTO 110TOKa B anox P () coorBercreenHo). Crutomi-
HbI€, IITPUXOBBIE U IIYHKTUPHBIE KPUBBIE HA yKa3aH-
HBIX pUCYHKaX cooTBeTcTBYIOT b =20, 100 1 200 MKc.

3aKOHOMEPHOCTH JIMHAMUYECKOTO U3MEHEHHUS JI0-
KaJIbHBIX W MHTETPAIbHBIX XapaKTePUCTUK aHOIHOM
o0JlacTh JyrW C TYTOIUIABKUM KaToJOM M MEIHBIM
BOJIOOXJIQXKJAEMBIM aHOJIOM TIPU T10/lau€ HMMITyJIbca
AIEKTPUUECKOTO TOKA HE SBISIOTCS TPUBHUAIBHBIMU
U TpeOYIOT JAeTanbHOW (HU3MUYECKON MHTEPIPETAIHH.
Tak, HanipuMep, IpHU BBICOKOW CKOPOCTH U3MEHEHUS
Toka nyru (b = 20 MKC), BMECTO OKHJIaEMOI'0 yBEJIH-
YEHHsI OCEBOTO 3HAYEHHUS TEMIIEPATYPhl MPHUAHOIHOM
IUTa3Mbl Ha MEepeaHeM (POHTE UMIYIIbCA U, COOTBET-
CTBEHHO, €€ YMEHBIIICHHsI Ha 3aHeM (pOHTE, BHAYA-
Jie HaOJIOIAeTCsl HEKOTOPOE yMeHbleHne T & Ha rie-
penHeM GpoHTE U OoJiee 3aMETHOE €€ YBEIIMUCHUE Ha

3a7iHeM (ppOHTE UMITYIIbCA (CM. CIUIOIIHBIC KPUBBIE HA
puc. 8). O1oT 3ddekT BO MHOTOM CBSI3aH C OCOOCHHO-
CTAMU AJUHAMHUKU TEIJIOBOI'O COCTOSAHUA W KAaPTHUHBLI
TCUCHU I1J1Ia3MbI B CTOJ'I6€ Ay Ipyu UMITYJIbCHOM U3-
MeHeHuH Toka. J[Jis aHanmu3a jpaHHOrO 3ddexTa pac-
CMOTPHM YCJIOBHE JIOKAJbHOTO TEIUIOBOTO OajaHca
aHoIHOM obmactu [22]:

q,+4;,=A¢j, +q,. M

oT o
3nech 9, =A% — TEIUIOBOM TOTOK M3 ILIA3MBI
z=L

cTonba nyru, rae X — KO3(pQHUUUEHT TemIonpoBo-

o k(5
JHOCTH JYrOBOM IIasMbl; ¢, =—j,—| 5-8|T
z=L
MOTOK 3HEPrUM, NMPUHOCHUMOM B aHOJHYIO 00J7acTh
BJIEKTPOHAMM IUIa3MBbl CTONOA, TA€ j, =~ |, — 1mioT-
HOCTB 3JIEKTPHUUYECKOr0 TOKA B IPUAHOAHON ILIa3Me;
k — nocrostaHas bonbiMmana; e — 3aps AMEKTPo-
Ha; 0 — TOCTOSTHHAsT TEPMOIUPPY3UN IEKTPOHOB;
A@j  — 3aTpaThl SHEPIUM HA MOIEPIKAHUE AHOTHOTO
CJI01, & BEJIMYMHBI AQ ¥ ¢ OTIPEJIENSAIOTCS Ha OCHOBE
MOJIETI aHOJIHBIX npoueccoB [17] B 3aBUCUMOCTH OT
TEMIIEpaTypbl IPUAHOHOM masmbl T =T| _ , Temme-
parypbl OBEPXHOCTH aHoAa T M IUIIOTHOCTH TOKa B
AHOIHOM o0JlacTH Jo
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Puc. 10. Vi3mMeHeHnE 0CeBOTO 3HAYEHUS TUNTIOTHOCTH TEIUIOBOTO MIOTOKA B aHOJ Ha TiepeTHeM (@) U 3a1HeM (6) ppOHTaX UMITyIIbca (Map-
KepaMH T10Ka3aHbl 3HAYCHHS ¢, /ISl CTALIMOHAPHOM Jlyr| MPH COOTBETCTBYIOMMX 3HaYeHMAX Toka: A — b = 20; O = 200 mkc)

Kak yxe ObI0 oTMedeHO, Hambojee WHEpIH-
OHHBIMH TIPOLECCAMHU B CTOJIOE Jyrd SBISIIOTCS Ta-
30lMHAMUYECKHE Tpolecchl. B Hauame 3agHero
¢poHTa HMMIyIbCa TOKAa MaKCHMAJbHAs CKOPOCTb
JBIDKCHHMS TUIa3Mbl HA OCH CTOJI0A JYTH COCTaBJIsIeT
noutu 330 m/c (cm. puc. 4). Hecmotps Ha ObicTpoe
yMEHbILIEHHE TOoKa mpu b = 20 MKC M COOTBETCTBY-
foliee CHIKEHHE OOBbEMHON IUIOTHOCTH BIIEKTPO-
MarHUTHOM CHJIBI, TJIa3Ma, JBUTAsICh [0 WHEPIHH,
MPOJIODKAET B TEUCHUE OINPEICICHHOTO BPEMEHHU
TPaHCIOPTUPOBATh KOHBEKTHBHBIMU TIOTOKAMH Te-
IUTOBYIO SHEPTHIO U3 cToj0a IyTH B CTOPOHY aHOJA,
obecriedrBasi TeM CaMbIM BBICOKHE 3HaueHHA ¢,. B
TO K€ BpeMs MPH CHWKEHUH TUIOTHOCTH TOKA B aHO-
JHOI 00nacTy (CM. CIJIONIHYIO KPUBYIO Ha puc. 9, 0)
YMEHBIACTCS TUIOTHOCTh TEIUIOBOTO MOTOKA 32 CUET
MepeHoca YHEPruM 3apsUKCHHBIMHU YaCTHIAMH, T. €.
BenuuuHa ¢, Craraembie B MpaBoil 4acTh Oamanca
sHepruu (1) Taxkke yMEHBIIAIOTCS TPH CHIDKCHUH
MOJTHOTO TOKA JyTH BBUJAY YMEHBLICHHUS TUIOTHOCTH
TOKa U MJIOTHOCTH TEMJIOBOTO TOTOKA HAa aHOJAE (CM.
CIUIOLIHBIE KpUBBIE HA puc. 9, 6, 10, 6). [Ipu Taxoii
TEHJCHIIMA HM3MEHEHHs COCTABIISIOMIMX TETJIOBOTO
OanaHca TOMUHHUPYIOUIYIO pOJb B HadalbHBIN Mepu-

130

0]l UIBMEHEHUS TOKa UIPaeT TEIIOBOM MOTOK 3a CUeT
TEIIONPOBOAHOCTH, YTO W TPUBOAUT K JIOKATEHOMY
nosbiueHuto T . BrociencTsuu, Koraa MHTEHCHB-
HOCTh T'a30IMHAMHUYECKHX IOTOKOB IaJaeT, TeMIIe-
parypa NpHaHOJHOH TIa3MBbl B IEHTpEe 00JIACTH aHO-
JTHOM MPUBS3KU IyTH HAYMHAET MOHOTOHHO yOBIBaTh
JI0 3HAYCHUH, COOTBETCTBYIOIINX CTAlHOHAPHOH JyTe
npu Toke 50 A (XapakTepHOoe 3HauCHHE BpEMEHH pe-
JaKcaluy Ha 3aHeM (POHTE UMITYJbCa COCTABIISIET
BennuuHy mnopsinka 50 mkc). Ha mepemnem ¢pon-
Te MMIylbca HaOmromaeTcst oOpaTHas KapTHHA, MPU
3TOM XapaKTEpHOE BPEMS pellaKkcaluy TeMIIepaTyphbl
OKa3bIBACTCs CYLIECTBEHHO MEHBLIIE M COCTABIISIET Be-
nrnuuHy nopsaka 20 mxc. Onucannsiii 3pdekT He Ha-
omrongaercst mpu b > 100 MKc (CM. IITPUXOBBIE U MyH-
KTUpHBIE KPHUBbIE HA PHUC. §), OCKOJIBbKY MPH TaKHX
JUTATENTBHOCTSIX (DPOHTOB UMITYJIbCA KapTHHA JABHIKE-
HUSI TUTa3MBI CTOJIOA AYTH YCIIEBAET MEPECTPanBaThCS
B X0ZIe U3MCHEHHS TOKA.

B nauOonpmeil creneHH SPQEKTb HECTanuo-
HApHOCTHU TPOSIBISIIOTCS B JUHAMHUKE M3MEHEHHS BO
BpPEMEHH TUIOTHOCTH AIIEKTPUUECKOTO TOKA M TNIOTHO-
CTH TEIUIOBOTO TOTOKAa Ha aHo[e B LEHTpe 00JacTu
aHONMHOM mpuBs3kU Ayru (cM. puc. 9, 10). OcHoBHOMI




1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX
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Puc. 11. I3MeHeHne OIHOTO TEIUIOBOTO MOTOKA B aHOX Ha repeqHeM (a) u 3agHeM (6) GppoHTaxX HMITyIbca (MapKepaMu ITOKa3aHbI
3Ha4eHus P s CTallMOHApHOI JyTH P COOTBETCTBYIOMMX 3HaUeHHUAX Toka: A— b = 20; O = 200 mxc)

O0COOEHHOCTBIO ITHX 3aBUCHUMOCTEH SBJSETCS UX He-
MOHOTOHHBII XapakTep ¢ 00pa30BaHMEM JIOKaJbHBIX
MaKCHMyMOB (Ha TepesHeM (pPOHTE HUMITYJbca) U
MUHHMYMOB (Ha 3aJiHeM (POHTE), KOTOPbIE JTOCTUTA-
I0TCS K MOMEHTY BPEMEHH, COOTBETCTBYIOLIEMY 3a-
BEPILIEHUIO BO3PACTAHUSA WM CHUKEHHUS TOKa JYTH.
B uwacTtHOCTH, IIpU BBICOKON CKOPOCTH YBEJIMUYEHUS
nostHOTO ToKa ¢ 50 10 200 A (b =20 MKC) MaKCHUMaJIb-
Hasl TNIOTHOCTh TOKA B OCEBOI 30HE aHOIHOI 00IacTH
Oonee 4YeM BIBOE MHPEBOCXOIUT COOTBETCTBYIOIIEE
3Ha4YeHue JuIs craruoHapHoit ayru npu [ =200 A, a
XapaKTePHOE BPEMSI PENAKCALUM j , COCTABISIET OKO-
70 80 MKc (CM. CIUIONIHYIO KpUBYIO Ha puc. 9, a). Ha
3aHeM (pOHTE B TOUYKE MUHIMYMa OCEBOE 3HAYCHUE
IJIOTHOCTH TOKAa Ha aHOJIE OKa3bIBaeTCs MOYTH B IMOJI-
TOpa pasa HWXe, YeM JJIs cTannoHapHoi 50-ammep-
HOW JIyTW MPH HECKOJBKO OONBIIEM BPEMEHH pellak-
CaIiy, COCTaBJIAIONIEM BennuuHy nopsaka 100 Mkc
(CM. CIUIOIIHYIO KPHUBYIO Ha pHC. 9, ).

PaccmoTpum npuunHy Takoro SKCTPEMaIbHOTO U3-
MEHEHUS! IUIOTHOCTH TOKA Ha TepepHeM (poHTe MM-
nynbca npu b = 20 Mkc, koraa 3ToT 3pdekT mposBs-
eTcs B HanOoupliel crenenu. [IpuMemM Bo BHUMaHHE,
YTO B IAaHHOM CITy4ae CKOPOCTb HU3MEHEHHS TOKa TyTH
CYIIECTBEHHO IPEBBIIIAET CKOPOCTH pellaKCaIliy ra-
30IMHAMHUYECKHUX U TEIJIOBBIX MPOIIECCOB B JYTOBOM

R,, MM
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rta3me. bomee Toro, kak MOKa3bIBAIOT pacyeThl, pa-
JIMYC TOKONPOBOJSIICH 00IacTH Ha aHONE NPU yBe-
JIMYEHUH TIOJTHOTO TOKa BHayaje 3aMEeTHO CHIKAETCS
M TOJBKO TOTOM Ha4dMHAET BO3pacTarh, BBIXOAS Ha
CBOE CTaIlMOHapHOE, cooTBeTCTRYIoIIee 200-ammep-
HOM jayre, 3HaueHue 3a Bpems nopsaka 100 mxc (cMm.
CIUIOLIHYTO KpUBYIO Ha puc. 12, a). Bee 310 mpuBonuT
K TOMY, YTO NIPH HapacTalolleM TOKe TYTH €ro IoT-
HOCTH B IIEHTPE 00JaCTH aHOAHOM MPUBS3KH BHAYAIE
pPE3KO BO3pacTaeT, a 3aTeM IIJIaBHO CHIIKAETCs, Kak
MOKa3aHo Ha puc. 9, a.

Ha 3amHem hponTe ummysibca Toka npu b = 20 MKc
paayc TOKONPOBOAAIICH 0O0NacTH Ha aHole BEAET
cebs eme Ooniee HETPUBHAIBHO, & MMEHHO: BEIHYH-
Ha R B MPOLECCE YMEHBIIECHUS TOKA JIyTH HECKOJIBKO
CHIDKAeTCs, 3aTeM BO3pPAcTaeT U TOJBKO ITOTOM OISITh
CHIDKAeTCs /10 3HAUeHWH, XapaKTEePHBIX Ui CTallu-
OHapHOM 1yru npu Toke 50 A (CM. CIUIOLIHYIO KpH-
BYI0 Ha puc. 12, 6). Pe3ynbrarom Takoro rmoBeleHHS
paaiyca TOKONPOBOASAIICH OONacTH Ha aHOIE SIBIISI-
eTcs TOT (aKT, YTO MHHUMYM j = OKa3bIBAETCSA MEHEE
BBIPAYKCHHBIM (CM. CIUIOIIHYIO KPHBYIO Ha pHC. 9, 6).
OKCTpeMalIbHBIH Xapakrep usMeHeHus j (t) npossiis-
€TCsl, XOTA ¥ B MEHbBILIEH CTETIeHH, U TIPH O0JIee HU3KNX
CKOPOCTSIX U3MEHEeHHS TOKa, T. €. ipu b = 100; 200 Mkc
(cM. ITPUXOBBIE U ITyHKTUPHBIE KPUBBIE Ha pUC. 9).
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Puc. 12. V3meHenue pajuyca TOKOBOTO KaHaja JyT'H Ha aHOAE HA IepeaHeM (a) U 3aaHeM (6) ppoHTaxX UMITyIbca
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Puc. 13. V3amenenue paguyca 001acTH TEIZIOBOTO BO3/ICHCTBHS yTH HA aHOJ HA IepeHeM (a) U 3aaHeM (6) ppoHTaxX MMITyIbca

[TockonbKy TJIOTHOCTH TEIUIOBOTO TIOTOKA B aHOJ
IIpY MPOYUX PABHBIX YCIOBHSX MPAKTUUYECKH MpPO-
MTOPIIMOHAIbHA TNTIOTHOCTH TOKA HA aHOJE, THHAMIKA
M3MEHEHUS ¢ B 1IEJIOM AHAJIOTHYHA TMHAMUKE H3Me-
HEHUS 0CEBOTO 3HAYEHHUS IFIOTHOCTH IEKTPUIECKOTO
TOKa B aHONIHOI obmactu (cp. puc. 9, 10). I[Ipusenen-
Hble Ha puc. 10 oceBble 3HaYE€HNUS MJIOTHOCTH TEIUIO-
BOTO TIOTOKAa B aHOA JUIsl CTallMOHApHOW IyTH IpH
COOTBETCTBYIOIINX 3HAYEHHSX MOJHOTO TOKa CBHUJIE-
TEJNBCTBYIOT O TOM, 4TO B ciay4ae b = 20 MKC JIOKaJIb-
HbIE XapaKTePUCTHKH aHOJHON 00NacTu TyTH sBIIS-
IOTCSI CYIIECTBEHHO HECTAIlMOHAPHBIMH, TOTJa KaK B
ciryyae b = 200 MKC M3MEHEHHE YKa3aHHBIX XapaKTe-
PHUCTHK TIPU U3MEHEHHH TOKA MTPAKTHYECKH TTPOUCXO-
TUT B KBa3WCTAIMOHAPHOM pEXHUME, T.€. TOPEHHE UM-
MynbCHOU ayru npu b = 200 MKC mpeacTaBisieT co0oi
MOCJICZIOBATENIFHYI0O CMEHY COCTOSIHUH CTallloHap-
HOM JIyTd, TOpSIIEN TPU COOTBETCTBYIOIIMX 3HAYECHU-
X TOKa. TakuM 00pa3oM, B KaueCTBE XapaKTEPHOTO
3HAYCHUsT BPEMEHHM W3MEHEHHUS TOKa HWMITYJIbCHOM
OyTH (JJIMTETBHOCTH TIEPEIHEro M 3aaHero (¢poH-
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Puc. 14. I3menenue crerneHy HOHU3ALMOHHON HEPAaBHOBECHOCTH
JIyTOBOM IIIa3Mbl B LICHTPE CTOJI0a AYTH HA IiepeHeM QpOHTE UM-
mmynsea Toka pu b = 20, 100 1 200 Mkc (CruTomHasi, ITPUXoBast 1
MTyHKTUPHAsI KPHBBIC COOTBETCTBEHHO)
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TOB HMMIIYJIBCOB), Pa3ACisIOIEr0 HECTalMOHAPHBIN
Y KBa3UCTALlHOHAPHBIA PEXXHMMBI €€ TOPEHUS C TOUKH
3peHHs JOKAJbHBIX XapaKTePUCTHK SJIEKTPUUIECKOTO
¥ TEIUIOBOTO BO3JCHCTBHSI HA aHOJ MOXKHO BBIOpATh
BenumuuHy rmopsaka 100 mMkc. 3mech cleayeT oTMe-
TUTb, YTO OTMEUYEHHBII SKCTPEMaJIbHbBIN XapaKTep r3-
MEHEHMSI JIOKAJIBbHBIX JIEKTPUUECKUX U TEIUIOBBIX Xa-
PaKTEePUCTHK aHOTHOM OOJIACTH WMITYJIBLCHOW IIYTH C
TYTOILJIAaBKUM KaToJIOM MOKET MPUBOIUTH K BAXKHOMY
TEXHOJIOTHYECKOMY PE3YyIbTaTy MMITYJIIbCHO-TyTOBOM
CBapKH HEIUIABALIMMCS DIEKTPOIOM — CYyIIECTBEH-
HOMY YBEJIMUYEHHIO MPOIUIABISIONICH CHOCOOHOCTH
JIyTH 32 cYeT KOHTPAKLUHU €€ AIEKTPUUECKOro U Te-
IIJIOBOIO BO3/JCHCTBUSL HAa MOBEPXHOCTh CBAapOYHOM
BaHHbI M OOYCJIOBICHHOH 53THUM MHTCHCU(PHUKALUU
IPOLIECCOB TEIIONIEPEHOCa B €€ 00beMe.

XapakTepuCTHKON aHOMHOW 001acTH JyrH, Hau-
MEHEE YyBCTBUTEIIBHOM K CKOPOCTH U3MEHEHUS DJIEK-
TPUYECKOIO TOKA, ABISETCS TaKas €€ MHTErpajbHas
XapaKTEePUCTUKA, KaK IOJIHAs TEIUIOBas MOIIHOCTH,
BKIIafpiBaeMas B aHop (cMm. puc. 11). Hecmotps Ha
TO, YTO HPU MAJbIX 3HAUYEHHSIX b YNENbHBIA TEIUIO-
BOH MOTOK B aHOJ ABISIETCS CYIIECTBEHHO HECTalH-
OHAapHBIM (Cp. CIUIOLIHBIE KPUBBIE M COOTBETCTBYIO-
e Mapkepsl Ha puc. 10), Bennunna P, u3MeHseTCs
MOYTH KBa3HCTALMOHAPHO (Cp. CIUIOIIHBIE KPUBBIE U
COOTBETCTBYIOIIME MapKkepsl Ha puc. 11). [Ipu Gob-
HIMX 3HAYCHHSX JTUTEIBHOCTH (DPOHTOB MUMITYJIHCOB
(b =200 MKC) 3HaYECHHUSI MOIIIHOCTH, BBOJMMOM B aHOJT
CTALIMOHAPHOW JYroil Mpy COOTBETCTBYIOLIMX 3HAUE-
HUSAX TOKA MPAKTUYECKH COBMAIAIOT CO 3HAUYEHUSIMH,
ONpPENENAEMbIMU 3aBUCUMOCTBIO P (1) 11 umIysib-
CHOM JIyTH (Cp. MyHKTHPHBIE KPUBBIE U COOTBETCTBY-
IolI[e MapKepsl Ha puc. 11).

Pe3ynbraTsl 4HCIEHHOTO MOAETUPOBAHMS UHA-
MHUYECKUX XapaKTePUCTUK HUMITYJIbCHON AYTW C Ty-
TOIUIaBKUM KaTOIOM M METHBIM BOJOOXJIaX/1aeMbIM
AHOJIOM CBHUJETEIbCTBYIOT O TOM, YTO B HCCIIEaye-




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

MOM [JMana3oHe [UINTENbHOCTeH (POHTOB HMITYJb-
COB TOKa JYI'M XapaKTepHbleé BpeMEHa H3MEHEHUs
TEIUIOBOTO COCTOSIHWS JAYTOBOM IJIa3Mbl MOTYT CO-
craBasath 107°...10* c. TIocKoNbKY 3TH 3HAUEHHUSI CO-
M3MEpPHUMBI C XapaKTepHbIMH BPEMEHAMHU IPOLIECCOB
MOHM3AIMHU-PEKOMOUHAIIMK B aprOHOBOM IIa3Me aT-
MocgepHoro maeieHus [28], HEOOXOMUMO OLCHUTH
MIPaBOMEPHOCTh HCIOIb30BAHUA MOJENN HOHHU3AIU-
OHHO-PaBHOBECHOM IJIa3Mbl U PACCUYUTAHHBIX Ha €€
OCHOBE TEMIIEpPATYpPHBIX 3aBHUCHUMOCTEH TepMOIUHA-
MHUYECKUX XapaKTePUCTUK, K0I(D(PUIIMEHTOB MEPEHO-
ca U paJAMAlMOHHBIX MOTEpb Tako riazmel. C HTOU
LENbI0 BBEJIEM MapameTp Y = [a — o /0, XapaKkTepu-
3YIOIIMHA HOHN3ALMOHHYIO HEPAaBHOBECHOCTD TJIA3MBI
cTonda ayru, TAe 0. — CTeNeHb HOHU3ALNH TU1Aa3MBl,
BBIUHCIISIEMas C YYETOM KOHEYHBIX CKOpOCTEH Mpo-
IECCOB MOHM3ALMU-PEKOMOUHAIINH, 0, — €€ PABHO-
BECHOE 3HAUEHUE, BBIYHUCIIAEMOE C HCIOJIb30BAaHUEM
ypaBHeHuil Caxa. Ha puc. 14 nmoka3aHbl U3MEHEHMs
BO BPEMEHHU TapameTpa Y JJs IUIa3Mbl CTOJ0a WUM-
IyJIbCHOM JIyTW NPU U3MEHEHHH T | COIIACHO 3aBHU-
CUMOCTSM, IIPEJCTAaBIEHHBIM Ha puc. 5, a. Kak cneny-
€T U3 MPHUBEJCHHBIX HAa pUC. 14 pacueTHBIX JaHHBIX,
CTENEeHb MOHU3LUOHHOM HEpaBHOBECHOCTH IJIa3Mbl
cTosba Iyru B pacCMaTPUBAaEMBbIX YCIIOBUSIX HE Ipe-
BbIIaeT 1,5 %, 4To MO3BOJISET CUUTATh MCIIOJIB30Ba-
HUE MOJIEIM HOHMU3AIlMOHHO-PAaBHOBECHON IIIA3MBI
BITOJIHE OIPABJIaHHBIM.

B wenoM, paccMoTpeHHbIe B HacTosed padore
3aKOHOMEPHOCTH JUHAMHMYECKOTO TIOBEACHHUS JIO-
KaJIbHBIX M MHTEIPAJIIBHBIX XapaKTEPUCTHK CTOJIOA U
aHOIHOW 001aCTH MMITYJIBCHOW IyTH C BOJIb(ppamo-
BBIM KaTOJIOM U MEIHBIM BOAOOXJIaXKIa€MbIM aHOAOM
MO3BOJISIIOT CJIENAaTh CJAEAYIOIINE BBIBOABI.

1. Topenue Ayru ¢ TYrOIUIaBKUM KaTOAOM B UM-
MyJAbCHO-TNIEPUOANYECKOM PEXKHME CONPOBOXKIAETCS
CYUIECTBEHHBIM H3MEHEHHEM 3JIEKTPOMAarHUTHBIX,
TEIUIOBBIX U T'a30JIMHAMUYECKUX XapaKTEPUCTHK Y-
TOBOM MJIa3Mbl, a TAKXKE XapaKTEPUCTHUK €€ AICKTPU-
YECKOTO U TEIJIOBOTO BO3/IEHCTBUS Ha MOBEPXHOCTD
aHoza. J[MHaMu4eckoe NMoBeIeHNE YKa3aHHBIX Xapak-
TEPUCTHK BO MHOI'OM 3aBUCHUT OT CKOPOCTH M3MEHE-
HUSl TOKa JAYr'd Ha (DPOHTAX UMITYJILCOB W pa3jinya-
eTcs Ui mepenHero u 3aaHero ¢gpontoB. HanbGonee
MHEPLUOHHBIM 3BEHOM B IIPOIECCE MEPECTPOUKH
UIEKTPOMArHUTHBIX MOJIEH, TEMJIOBOTO COCTOSIHUA U
KapTHHBI TEYCHHUsS JIYTOBOW ILIa3Mbl IPH W3MCHEHUH
TOKa JTyTH SBJIAIOTCA Ta30AMHAMUYECKHE MTPOLIECCHI.

2. Ilpu BBICOKOW KpyTH3HE (DPOHTOB HMITYIHCOB
(cxkopocTh M3MeHeHust Toka Ooree 5-10° A/c) msmene-
HHE XapaKTepHCTHK CTOI0A M aHOAHOW OOJIACTH MM-
MyJILCHOM JTyTH MPOUCXOJNT B JIBE CTAJUM: CTAAUSA U3~
MEHEHUsI TOKa IyTH U CTaHs NEPEXOHBIX MPOLIECCOB.
[Tpu Bo3pacTanuu (CHUKEHHUH ) TOKA TUIOTHOCTH TEILIO-

BOT'O MIOTOKA M IJIOTHOCTH TOKA HA aHOJE MOTYT OBITH B
2 pasa Oomnb1ue (B 1,5 paza MeHbIlIe) COOTBETCTBYIOILINX
3HaYE€HHUH VISl TYTW MOCTOSIHHOTO TOKA, PABHOTO TOKY
OyTW B uMmIynbsce (B mayse). Ha cragum mepexomHbIx
MPOLIECCOB MPOUCXOANT peflaKcanys TeIIOBOro M ra-
30[IMHAMUYECKOTO COCTOSTHUSI TYTOBOM IIa3Mbl K 3Ha-
YEHHSIM, XapaKTepHBIM Ul CTALMOHAPHOW IyTH NpPU
COOTBETCTBYIOILIEM 3HAYCHUHM TOKa. JlmuTensHOCTH
MPOLIECCOB peNlaKCalliK 3aBUCST OT 3HaUCHUsI 0a30BOTO
TOKa U TOKa B UMITYJILCE U MOT'YT CYILIECTBEHHO pa3iii-
YaTbCsl AUl JIOKANBHBIX W MHTErPAJbHBIX XapaKTepH-
CTHK IIJIa3MBI CTOJI0a U AHOJHOW 00JIaCTH AYyTH.

3. IIpu u3MeHeHNH TOKa Ha PPOHTAX UMITYJIbCA CO
CKOpOCThIO, MeHbIei 10° A/c (uuTenbHOCTh (PPOH-
ToB Oomnee 100 MKc), mpoLecchl, CBI3aHHBIE C U3ME-
HEHHMEM TOKa M HPOLECCHl PelaKCaluy MPOUCXOAST
OJTHOBPEMEHHO, BCJICJICTBHE Yero HeCTalMOHAPHBIN
npolecc rOpeHusl UMITYIbCHON YT peanu3yeTcs B
BHJIE MTOCJIEAOBATEILHON CMEHBI COCTOSTHUM, Xapak-
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1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.20. YUCJIEHHOE MOAEJINPOBAHUE CUJIBHOTOYHOI'O
AYTI'OBOI'O PA3PSAJA B YCTAHOBKE KOBII-TIIEYb

IMOCTOSSHHOI'O TOKA™

N.B. KPUKEHT, 1.B. KPUBIIYH, B.®. IEMYEHKO, B.I1. TUIITIOK

Hcnonws3oBanue TexHOJIOTHH OOpPaOOTKH MeETaJlIu-
YEeCKOTo paciuraBa Ha ycrtaHoBke KoBmi—Tiedsb (YKII)
sBrsgeTcs dQHEKTHBHBIM CITOCOOOM BHETICYHOTO pa-
(hvHUpOBaHMS 1 TOBOJKH cTalu. B HacTosIIee BpeMs
Ha OTEUECTBEHHBIX METAJUIYPrHUYE€CKUX M MAILIUHO-
CTPOUTENIBHBIX MPEANPHUATUSAX IKCIUTyaTHpyeTcs 0o-
nee noimytopa aecatkoB Y KII pazaudHoi MOITHOCTH.
CormmacHo 0600meHHsIM HaHHBIM [1, 2] oOpaboTka
MONYTIPOAYKTa Ha TaKWX YCTaHOBKAax oOecnednBa-
€T TIOY4YEeHHE CTaH CO CBEPXHHU3KHUM COJEpPIKAHH-
€M BPEIHBIX MpHUMECEH, Ta30B U HEMETAJNINYECKUX
BKJItOUeHU. Hanmuuue 35eKTpoayroBoro Moayias JJis
Harpepa CTaJld ABJISIETCA OCHOBHBIM oTiinuneM Y KII
OT KCILTyaTHPYEMOTO 00OPYIOBaHHMS I BHETIEYHOU
00pabOTKH MeTaia CTaporo MOKOJEHHS — YCTaHO-
BOK KOMILIEKCHOHM TOBOJKU MeTaja. DJIECKTPOLYyTrOBOM
[IOJIOTPEB pacIUIaBa B CTaJepa3IMBOYHOM KOBIIE Ha
VYKII ocymecTBigercs Mo NpUHIUILY, peaau3yeMoMy
B JlyT'OBOM CTaJICIIaBUIIBHON IIEYH.

Jnisi mpoeKTUpOBaHUS PAMOHANBHBIX TEXHOJO-
THYECKUX PEXKHMOB 00pabOTKH METauTHIeCcKOro
pacruiaBa Ha YKII u a¢ddexTuBHOrO MCnonb3oBaHus
JNEKTPUYECKOH JYI'M B KadecTBE HCTOYHMKA Teria
TpeOyIOTCA KOJIMYECTBEHHBIE JIaHHBIE O TEIUIOBOM,
ANEKTPUIECKOM M CHJIOBOM BO3/IEHCTBHU CHIILHOTOY-
HOTO JIyTOBOTO pa3psAja Ha pacIUIaBICHHBIA METalll.
DKCIepUMEHTAIILHOE OIpPECTICHNEe TaKUX BaKHBIX C
TEXHOJIOTMYECKOM TOUKHU 3PEHUS XapaKTEPUCTHK JJIEK-
TPUUYECKON Ayru, Kak paclpejesieHne ra3oinHaMu-
YEeCKOTO JIaBJIE€HUs, TUIOTHOCTh 3JIEKTPUYECKOTO TOKa
Y TETUIOBOTO TIOTOKA B 30HE BO3NIEHCTBUS IYTOBOTO
pa3psaga Ha TIOBEPXHOCTh METaJUTHYeCKON BaHHBI 3a-
TPYAHEHO BCIIEJICTBUE BBICOKUX TEMITEPATyp JTyTOBOM
TUTa3Mbl M JKUJIKOTO METAJIIA, & TAKIKE MAJION TOJIIHHBI
MpUaHoHON o0nactH 1yru. OrpaHUYeHHOCTD JOCTYTa
K DJIEKTPOYTOBOMY MOJYJIIO TaKXKe SBIseTCs (aKTo-
POM, YCTIOKHSIIOIIAM TIPOBEZICHNE HATyPHBIX AKCIIEPHU-
MeHTOB. [109TOMy BecbMa aKkTyaJIlbHBIM TIPE/ICTaBISIET-
sl iCCIIeZIOBaHUE CHIILHOTOYHOTO JTyTOBOTO pa3psijia B
YKII meTogaMu MaTeMaTu4ecKoro MOJICITUPOBAHUSL.

CymecTByeT OOMBIIOE KOJTHMUYSCTBO MOZICTCH IS
YHCIEHHOTO HWCCIIEIOBAaHHUS MPOIIECCOB TEepeHoca
SHEPruH, UMITYJIbCA, MAaCChl M 3apsijia B IUIa3Me dJieK-
TPUYECKOH TyTd aTMOC(EPHOTO JABIICHHUS, B T.4. TIPH-

MEHHTEITFHO K Pa3IMYHBbIM CIIOCO0aM JTyTOBOM CBapKH
[3-10]. Jnst uccnenoBanusi (PU3UUECKUX IPOIIECCOB,
MIPOTEKAOIINX B JYTOBBIX CTAJICTIABUIBHBIX TeYax,
pa3paboranbl MateMarnueckue monenu [11-14], yuu-
THIBAIOIINE OCOOCHHOCTH TOPEHHS CHIIBHOTOYHOTO
JIYTOBOTO paspsjia B METALTyprMYecKHX arperarax.
BaxsbM TpeOoBaHUEM, TPEIBABISIEMBIM K MOIEIISIM
JTyTOBOTO pa3psijia, sIBJSETCS X CaMOCOITIACOBAaHHOCTH,
TIO3BOJISTIONIAST YYUTHIBATH B3aUMOCBS3b (PH3MUIECKHX
MIPOLIECCOB, MPOTEKAIOLINX HA IEKTPOAAX, ITPOLIECCOB
B TIPHIIEKTPOIAHBIX 00IACTSIX IIa3MbI M B CTOJIOE JTyTH.
OpHa U3 TaKuX MOJIEIIeH, CAaMOCOTIIACOBAHHBIM 00-
pa3oM OIHUCHIBAIOLIAs MEPEHOC SHEPTHH, UMITYJIbCA,
Macchl M 3apsifia B CTOJIOE M aHOJIHOW 00JIacTH 3JIeK-
TPHYECKOH JyrH, peiokeHa B padote [15] npume-
HUTEIBFHO K MIPOI[ECcCaM CBapKH HETUIABSIIIAMCS JJIEK-
TPOJIOM U TUIA3MEHHOW CBapKH B MHEPTHBHIX razax. B
HaCTOsIIeH padoTe dTa MOJACTbh aTaTUPYETCs IS
uccie0BaHus (PU3NIECKHUX MIPOLECCOB B CHIILHOTOY-
HOM anekTpuueckoi ayre B ycnosusix Y KII.
CamocoriacoBaHHasi MaTeMaTHYeCcKasi MOJIeJb MPo-
LIECCOB PHEPIrO-, MAaCCO- U AIEKTPONEpEeHoca B IIa3me
cronba ¥ aHOAHOW 00NIaCTH CHIILHOTOYHOW JIyTH AOJIK-
Ha BKJIIOYATh JIBE€ B3aMMOCBSI3aHHbIE MOJAEIH: MOJENIb
TEIUIOBBIX, IEKTPOMArHUTHBIX M T'a30lMHAMUYECKHUX
MPOLIECCOB, MPOTEKAIOUIMX B IJIa3Me CToji0a Iyrd, U
MOJIeJIb aHOAHOW 00acTH JIyTH, MO3BOJISIONIYIO H/ICH-
TUQUIUPOBATh TPAHUYHBIC YCIOBUSI HA TIOBEPXHOCTU
a”ona, Gurypupyromume B Mojenu cronda nyru. Urto
KacaeTcs IPaHUYHBIX YCIOBHI BOIM3M Karona, TO Mpu
mozenupoBanuu ayru B YKII OynyT ucrnosib3oBathes
JaHHbIE, IPUBE/ICHHBIC B padote [13].
Maremaruueckass MOJEIb aHOIHOW 0ONacTu Iyru
BKJTFOYAET CIIETYIONIYI0 CHCTEMY YPaBHEHHH, HCTIONB3Y-
E€MYIO0 JJIsl pacyeTa cocTaBa IPUaHOAHOM mia3mbl [15]:
ypaBaeHus Caxa ¢ y4eTOM HenAeaTbHOCTH TIIa3MBbI

sy, _(2nm kY720,
o g ez )
Xexp —M oa=m,g; 220 (
KT ’ e ’
rie n’ — KOHIEHTPAIKs SIEKTPOHOB; N’ — KOH-

neHTparuu aromoB (Z = 0) u noHoB (Z = 1) raza (o =

“CoBpemenHast anekrpomeramutyprus. — 2013, — Ne 3. — C. 45-50.
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= g) atromoB (Z=0) 1 noHOB (Z = 1, 2) MeTaJUIn4eCKO-
ro napa (o, = m); m, — Macca 31eKTpoHa; k — MocTo-
suHas bonbivana; T’ — Temreparypa dJIEKTPOHOB
B NPUAHOJHOW IuIa3Me; i — mnoctosiHHas [linaHka;
0,, — CTaTMCTHYECKHE CYMMBI JUIsS TSKEJIBIX YaCTHIL
copTa 0, HaXOSIIMXCS B 3apsOBOM COCTOSIHUU Z;
e — 3apsj 2NeKTpona; U , — TOTeHIHANbl HOHU3a-
uK (A7 TIepexo/ia YacTHIl COpTa O U3 3aps0BOTO
coctosinusa Z B Z + 1);
AU, = e(Zr +1)
D
— CHIDKEHHE TTOTEHIMAJIOB MOHHM3AINH, 00YCIIOBIICH-

HOE B3aNMOICHCTBUEM 3apSAXKCHHBIX YaCTHIL B IIJIa3ME;
1/2

0 72
naZZ

TO
_ 0 20 0, e
I, = k];/4rte n +=5 Z
h oa=m,g;Z>1
. T0
— paauyc I[e6a$1, Th — TeMIIepaTypa TAXKCIIbIX Ya-
CTHII,
ycjioBue KBa3HHCfITpaIIBHOCTPI IJ1a3Mbl

0 _ 0 7.
n; = Z nuZZ ; )
a=m,g;Z>1
3aKOH MapIHAIbHBIX TaBJICHUI
— 0770 0 770 0 770 _
p= nek7; + Z ankT;, + Z nngT;, Ap. 3)
720 70

3meck p — AaBlieHHE B TIa3Me BOJIM3H aHOAA;

2
Ap:le— n® + Z A
6r e e aZ
D a=m,g;Z>1

CHIDKEHHE JaBJICHUS 3a CYeT HEeHJeaJbHOCTH
JIa3MBl.

st 3ambikaaus cucteMbl ypaBHeHu# (1)—(3) mo-
0aBUM ellle OJHO YCJIOBHE, OINpEeIsIoliee KOHIICH-
TpaIMIo YacTUI[ METAIJIMUYECKOrO Mapa Ha BHEIIHEH
rpaHuIe aHoaHo# oOmactu. [lockoibKy B arperare
YKII mocTossHHOTO TOKa MOTOKU IUTa3Mbl HAOETaroT
¢ OOJBIIMMHU CKOPOCTSMH Ha IMOBEPXHOCTh BaHHBI,
TO ToimMHa AU Y3HOHHOTO CII0SI METAIIMYECKOTO
napa BOJM3M aHOJIa OKA3bIBACTCSI TPEHEOPEIKUMO Ma-
JIOH, TTOATOMY HaJH4YWe MapoB MeTajla JOCTATOYHO
YUUTHIBATH JIUIIb B aHOAHOHW 00JIaCTH JyTH.

B muddy3nonHOM pexkrMme WCHapeHus MeTaia,
nojarasi ap Ha TpaHUIE aHOIHOW OONACTH HACHI-
LIEHHBIM, MO)KHO TIPHUHATH, YTO MaplUalbHOE JAaBie-
HUE TSDKENBIX YacTHUIl MCIapEeHHOI0 MeTayjia B 3TOH
00J1aCTH PaBHO JIABJIEHUIO HACBIIIEHHOTO Mapa P, Hajl
[TOBEPXHOCTHIO PACIUIaBICHHOTO MeTajia, a TeMIle-
parypa TsKeNbIX YacTULl B NMPUAHOJHOMW IIazme Th0
COBIIA/IAET C TEMIIEPATYPOH TOBEPXHOCTH T, T.€.

D n’ kT =p =p exp 7\,(1_1]
= e T, T)f @

e p, — arMoc(epHoe NaBieHue; T, — Temiepary-
pa Kumenus Meramia; A — pabora BbIXO1a U3 pac-
maBa atoma Metayvia. [Ipu moMoIiy coOTHOMEHUH
(1)-(4) paccumThIBaeTCS HMOHHU3AIMOHHBIA COCTaB
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MPUAHOMHOW TuIa3Mbl. Mojenb aHOJHOW o0iacTH
IyTH, IpeioxKeHHast B padoTe [15], mo3BosieT Takxe
ONpENENATH aHOJHOE NajieHue noreruana U =A@,
rne AQ — pa3HOCTh MOTECHIIMAIOB MEXKIY BHEIIHEH
TPaHUIEH aHOHOW 00JIACTH U MMOBEPXHOCTHIO METall-
JIMYECKOU BaHHBI (aHONA), & TAKKE TUNIOTHOCTH TEILIO-
BOTO MOTOKA B aHOJ ¢, B 3aBUCHMOCTH OT IJIOTHOCTH
TOKa Ha aHOJIE j,, TEMIIEPATyPbl MOBESPXHOCTH aHO/A U
TeMIIepaTypbl IPUAHOAHON TTa3MBI.

[Ipy onmcanuu NPOLIECCOB MAarHUTHOW a30BOU
JIMHAMHKY B CTOJIOE CHIIbHOTOYHOM JyT'H OyZeM UCXO-
JIUTH U3 TPEATIONIOKESHHUS 00 OCEBOM CUMMETPUH pac-
cMaTpuBaemMoil cucteMbl. COOTBETCTBYIOIAsI CUCTE-
Ma ypaBHEHHH JiJ1sl TypOYJICHTHOTO TEUCHHUSI TUIa3MBlI,
3alMCaHHasl B UMJIMHIPUUYECKON CUCTEME KOOPIHUHAT,
HMEET BU]T

op 10

0
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3,I[ECL P — MaccoBas INIOTHOCTHb IJ1a3MBbI; V, u —
COOTBETCTBCHHO paaualibHasA U aKCHaJIbHAsA KOMIIO-

HCHTBI BEKTOpPa CKOPOCTU ABUWIKCHUSA IJIa3MbI; p —

. 0 . 0
JABIICHNE; j, =-C0, j =-C%

a0 5, — COOTBETCTBEHHO
aKcHaJbHas M paauaibHAsi KOMIOHEHTHI IUIOTHOCTH
3NEKTPUUECKOTO TOKA; G — yAEIbHAs 3JEKTPOIIPOBO-
JHOCTb IIa3Mbl; () — CKAJISIPHBIA NMOTEHIMAJ 3JIEK-

TPOMArHUTHOTO ITOJIA;

or
B¢(r,z>:”?£jz(&,z)ada

— azuMyTaibHas KOMIIOHEHTa BEKTOpa MarHUTHOU
UHIYKIMK; [° — YHHBEpCaIbHAas MarHUTHAS MOCTO-
SHHasl; ~ — CyMMapHBIH KOd(h(OUIINEHT TuHAMUIC-
CKOHM BSI3KOCTH IUIa3Mbl, YYUTHIBAIOIIUI TypOyJIeHT-
HYIO COCTaBJISIONIYIO.

Bynem cunTarh, 4TO0 MEPEHOC DHEPIHU B CTONOE
JIYTH OCYIIECTBISCTCS IyTEM TEIUIONPOBOIHOCTH
W KOHBEKIMH, a TaKKe 3apsDKCHHBIMHU YacTHUIIAMHU
(97eKTpoHaMHM). YUTEM, UTO B IIEKTPUUECKUX Iyrax
3HAYHUTEIILHOTO pa3Mepa M3NydeHHe o0ecrednBacT B
OCHOBHOM MEPEHOC TEIUIOBOW SHEPTUH, U B TrOpasyio




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

MEHBIIIEH CTENEeHH OHO CBSI3aHO C OE3BO3BPATHBIMHU
norepssmu teruia [16]. Ilpu 3Tux npeanocsuikax ypas-
HEHHME PHEPruM B paMKax MOJEIH OJHOTEeMIIeparyp-
HOW MOHU3allMOHHOPaBHOBECHOM IJ1a3Mbl UMEET BUJ

an 8Tp 6Tp
ol a e e |

—lg rfal +£ 76& +
T ror X or [o74 X [o74

9
L[ AGI2=8T ] al5/2-8)T ] ®)
+=45 Pt L

+jz

e|’r or oz
-2 -2
L +J
3nmece C. — ynenpHas TEINIOEMKOCTH INIA3MbI (C
p
YYETOM DHEPTUH HWOHW3AINH); 7;) — TeMmIeparypa

IIa3MBI; Y, — CYMMAapHBIH KO3 (HUITHEHT TEILIONPO-
BOJIHOCTH, YUHUTHIBAIOIINN TYpOYJIEHTHYIO COCTaBIIs-
IONIYI0 W TIEPEHOC DHEPTUN PAIUAMOHHBIM ITyTEM;
0 — TIOCTOSTHHAS TepMOoTuQdy3Un.

CymMmapHbIe kK03 (GHUITHEHTH! JHHAMHAYECKON BI3KO-
CTH [I U TEIUIONPOBOIHOCTH 7 , YYUTHIBAIOIINE XapaK-
TEPHBIHA JIS1 CHITbHOTOYHBIX JIyT TYPOYIEHTHBIN PEKUM
TEYEHUsI TUIA3MBI, a TaK)Ke TIEPEHOC YHEPTUH N3TyUeHH-
eM, OyZIeM pacCUnTHIBATh CIICTYIOITIM 00Pa3oM:

L=p+ps X=x+x +A%
rae [, — KodpdHUUMEHT TypOyJIeHTHOH BI3KOCTH;
X, — Kod(pumuenT TypOyIeHTHOM TErIONpPOBOIHO-
CTH TUIa3MBbL; Ay — K03 UIIUEHT JIydUCTOM TerIo-
MIPOBOIHOCTH.

3naueHne kod(puimeHTa TypOYJIECHTHOW BS3KO-
CTH MOYXHO OIPE/ICIHTh, HAIPUMED, C TOMOIIBIO MO-
nemw [pasaars [17]:

, (ovY (ouY
k=) (%)
e /| — JIMHa MyTH CMELIEHHMS.
Koapuument TypOyaeHTHOH TeruonpoBOAHOCTH

IUIa3Mbl MOJKET OBITh BhIpaXKeH uepe3 KodduimeHT ee
TYpOYJIEHTHOH BS3KOCTH C TIOMOIIIBEO COOTHOIIEHHS [ 5]
=1 PT’:’
rae Pr, — typOynentrnoe umcio Ilpanamis, kotopoe
COTJIaCHO PEKOMEHAANNsAM, W3JI0KEHHBIM B pabote

[5], MOXeT OBITh MPUHATO PABHBIM EAMHHUIIE.

®dusnyeckre CBONCTBA IIa3Mbl CTOJIOA TIYTH P, Cp,
U, ¥, 0, 6, Kak u B padorax [11-14], momararoTcs 3a-
BHCAIINMH OT TEMIIEPATyPhI M COCTaBa aTMoc(hepsl, B
KOTOpOM TOPUT ayra.

Ha BHemHuX rpaHHWIax pacuyeTHOW oOmacTw s
ypaBHeHuil (5)—(9) 3agamuMm TpaHUYHBIE YCIOBHS,
monpoOHO OMUCaHHBIC, HapuMep, B padote [3]. OT-
JIEJIbHO PACCMOTPUM YCJIOBHS Ha TPAHMIIE aHOAHOH U
ra3o0JMHAMIYEeCKON 00JIacTei TIa3Mebl.

[Mycte I’ — rpanuna aHomHoM 00macTu co CTON-
O0om nyru (BBUAY MajOH TOJIIMHBI aHOTHOTO CJIOS
B KadecTBe I' MOXKHO paccMarpuBaTh MOBEPXHOCTHb
pacIIaBIeHHOro MeTajuia—aHona). Torna rpaHn4YHbIe
ycioBust 1 ypaBHeHui (5)—(7) 31ech MOXKHO 3a/1aTh
CIIEAYIOIIUM 00pa3oM:

v[.=0; ul.=o0.

I'pannvHOE ycnoBue, BhIpaxaroliee OallaHC yielb-
HBIX [IOTOKOB 3HEPruu Ha rpanuie [, umeer Bua
T

_ k .
= +].(1;(5/2—8)Tp =29/ q,.

T

[IpumeM Bo BHUMaH¥eE, YTO TIPOBOAUMOCTh MeTalIa
aHoJlla CYIIECTBEHHO BHIIIE YACITBHON 3JIEKTPOITPOBO-
JTHOCTH TUTa3MbI H, CIIEIOBATENILHO, TOBEPXHOCTh aHO-
Jla MOKHO CUMTATh KBHITOTEHIMAIBEHOH. [IprMem st
ONPEZIENICHHOCTH TOTEHIMA aHOZA @, PaBHBIM HYJIIO.
Torna ycnosue 1t ypaBHeHws () Ha BHEIITHEH rpaHUTIE
aHOITHOM 00JIaCTH JTyTH MOMKHO 3aITicaTh B BUJIE

Pl.=Ao.

[TockombKy AOCTOBEpHBIE HKCIEPUMEHTAIBHBIC
JTAaHHBIE O paCHpEeAENCHHBIX IapamMeTpax CHJIBHO-
TOYHBIX DIEKTPUIECKUX YT OTCYTCTBYIOT, JUIsI BEpH-
(uKaIy MOJENN HCIIONB3YeM DKCTIEPUMEHTAIbHBIC
JTAaHHBIE O HANIPSHKEHUH Ha YTOBOM MOJYJIE C UTHHOMN
myta 78 MM mipu Toke 22,5 KA. PacueTHOoe 3HaUYeHME
MOTEHIMaNla B MOIKATOAHON 30HEe coctaBmwio 91 B.
YuuTeIBas, 9TO KaToJHOE IMaJeHUE MMOTeHIaa JJIsl
paccMaTpuBaeMbIX CHIIBHOTOYHBIX IyT € TpaduTo-
BBIM DJIEKTPOIOM COCTaBISIET B CPEIHEM IMIPHUMEPHO
11 B [18], u momarast cymmapHOe TaieHrue HarpsiKe-
HUS Ha DIIEKTPOIHOM CTEpPKHE M KOHTAKTaX PaBHBIM
1 B, nmoxyunM pacdeTHOEe HampsHKEHHE Ha JYyTOBOM
Monmyne 103 B. CormacHO JaHHBIM, TPUBEICHHBIM
B TEXHOJIOTUYECKOH WHCTPYKIMH IO IKCILTyaTaIliH
VKII (dbupma «Danieli», WUtanus), ncmonb3yeMoit B
yCIIOBUSX 3aBonia «JlHempocmencTanby, SKCIepuMeH-
TaTbHO M3MEPEHHOE 3HAYCHHE AaHHOTO IMapaMerpa
coctaBmio 102,7 B, 4To nuis HE3HAYUTEIBHO OTJIN-
YaeTCsl OT PEe3yNBTAaTOB HAIITUX PACUETOB.

PaccunTtanHas kapThHa pacmpeneNieHus B CTOIoe
JIyTY Ta30IMHAMHYECKAX TIOTOKOB M TETIOBOTO COCTO-
SIHVSL ZTYTOBOI IU1a3Mbl Ipy Jumnse ayru [ = 180 Mm u
TOKe ftyrut [, = 26,2 KA ipezcTaBieHa Ha puc. 1.

[TockombKy B MOIIHBIX AYTOBBIX paspsijax Iuias-
Ma JIBIKETCS B CTOPOHY aHO/AA CO CKOPOCTSIMU IPH-
mepuao 1-10° m/c, TO ra3ogMHAMHYECKHE IOTOKH
OKa3bIBAIOT 3HAYMTEIHFHOE CHJIOBOE BO3JCHCTBHE Ha
MOBEPXHOCTh METAJUIMYECKOHW BaHHBI, YTO TPUBO-
JUT K 00pa30BaHMIO MEHHCKA O] AaHOTHBIM TISITHOM
nmyra. OmpenenuTs CTeeHb Mporuda Az cBOOOTHOM
MMOBEPXHOCTH METAJUTHYECKON BaHHBI IO/ aHOIHBIM
MATHOM TYTOBOTO pa3psaa MOXHO, UCXOJS W3 TOTO,
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Puc. 1. Iloms TEMIIEPATYpPbl U CKOPOCTU JABUIKCHUSA IJIa3Mbl B
CHUJIBHOTOYHOM JYTOBOM paspsaec
uro B YKII u30bITOUHOE JaBieHue P, . TIa3Mbl Hal
KUJKUM aHOJOM KOMIEHCHPYETCS CyMMOW THIpO-
CTaTHUECKUX AABJICHUH CJIOs IUIaKa M CTOJI0a MeTall-
J1a, BBICOTa KOTOporo paBHa Az. CienoBaTenbHO, MO-
JKEeM 3aIHcaTh Clieyolee OalaHCHOE COOTHOIICHNE
Pous = (B0, +AZp g,
re A W p — COOTBETCTBEHHO BBICOTA CJIOA LIIaKa
U €r0 IUIOTHOCTh; P — IUIOTHOCTh METAITMYECKO-
ro pacijaBa; g — YCKOpPEHHE CBOOOIZHOTO HaJeHHMS.
VY4uThIBasi, 4TO N30BITOUYHOE JABJICHUE PABHO Pa3HO-
CTH aOCOJIIOTHOTO AABJICHUS B IPUAHOJHOH IJIa3Me p
¥ JlaBlieHus BO BHelHek cpenie (P, = 10° [1a), umeem
M:p—%—ﬁgg_
P8
Takum oOpazom, B YKII mocrosHHOTO TOKa Xa-
paKTepHOE 3HaY€HHWE /1~ COCTaBIAET HPUMEPHO
0,2 M, TJIOTHOCTh ILTaKa KOJNeOJeTcs B Mpeaenax
2800...3200 xr/m*. MakcuMalibHbIE IIPOTUOBI TIOBEPX-
HOCTH METaJNIMYECKON BaHHBI (HA OCH CUMMETPHH),
paccuntanabie o gopmyne (10) mis ayr maMHON
150; 180 u 210 MM mipu TOKE 26,2 KA, COCTABUIIU CO-
otBeTcTBeHHO 91; 86 1 81 MM. Takue riTyOMHBI MEHHU-

(10)

¢,B

50 100 200
i e

Z, M

5
>
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Puc. 2. PacnpenencHue moTeHIHANa Ha OCH CTONOA JYTH TIPH
[,mm: I —150; 2 — 180; 3 — 210
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CKOB SIBJISIFOTCSI BEChMa 3HAYMTEILHBIMHU 110 OTHOILIC-
HUIO K pacCMaTPUBAEMBIM JIJTUHAM JAYTOBOTO pa3psia
U MOTYT CYIIECTBEHHO BIIUATH HA €r0 MapaMeTphl, B
YaCTHOCTH, JUIMHY AYTH U HAMPsDKEHUE Ha JyTe.

C TeXHOIOTUYEeCKOW TOYKH 3PEHUS TPEIACTABISICT
MHTEPEC 3aBUCUMOCTh HAMIPSHKEHUS HA IyTe OT e¢ JJIU-
HEIL [ToCKOBKY HaNpsDKEHME Ha TyTOBOM Pas3psize Ompe-
JICTSICTCSI HIICKTPUICSCKUM TIOJIEM B €T0 CTOJIOE, paccMo-
TPUM pacIpeAeeHue IEKTPUICCKOTO TIOTCHITHAIA
Ha OCH CTOJI0a {yTY B 3aBUCHMOCTH OT aKCHAJIbHOW KO-
OpAMHATHI Z (37IECh U JJAJIee Z OTCUUTHIBACTCS OT IIEHTPA
KaTOJTHOTO TISITHA) JJISI IIEKTPUYECKUX YT JUTHHOU 150;
180 u 210 MM mipu 3HAYEeHUH TOKa 26,2 KA (puc. 2).

PacueTHOE HampspkeHHE Ha JAYTOBOM MOAYJE JUIS
paccMaTpuBaeMbIX IyT COCTABHIJIO COOTBETCTBEHHO
116,7; 134,2 u 151,9 B. Pe3koe cHmKeHNE MOTEHITAAIA
B IOJKATOIHOM 30HE CBSA3aHO C OOJIBIION IIOTHOCTBIO
TOKa B ATOHW oOmactu ayroBoro paspsna. Ilpu takom
pacmpefeNcHIH TMOTCHIIMANa 3aBHCUMOCTh HaIpshKe-
HUS Ha IyTe OT €€ JUIMHBI sIBJsieTca HenuHeHoi. Ha-
MPsDKEHUE HA yTOBOM Pa3psiie Uu 3aBHCHUT TAKXKE B OT
3HAYEHUS TOKA. YMEHBIIIEHHE TOKa OT 26,2 110 19,3 kA
MIPUBOANUT K CHIDKCHHIO PACUCTHOTO HAIPSDKCHHS Ha
nyre amuHon 150 mm ot 116,7 no 107,4 B. Pe3ynbratsl,
npuBeeHHbIe B padote [13], Takke CBUACTENbCTBYIOT
0 3aBUCHUMOCTH HAIPsDKEHUSI HA JYTOBBIX pa3psiax B
METaJUTyprUUECKUX arperarax oT ypoBHS TOka. B pa-
6ore [19] npenyaraercst iy Ayru [ onpenensTs ue-
X0 U3 IMHEHUHOM 3aBUCUMOCTHU

ULL :a+blﬂ, an
rac a — CyMMa aHOAHOI'0 M KaTOAHOI'O IaJICHUA Ha-
Hpﬂ)KCHI/Iﬁ; b — HaIMPsKECHHOCTL  DJICKTPUYCCKOTO

nons B cronde ayru. s pacueTroB JJIHHBI 3JIEKTPH-
yeckux Ayr B YKII 3nadenus koadpuumeHros a u b
MPUHUMAIOT PAaBHBIME COOTBETCTBEHHO 22 B 11 1 B/MMm
[20]. Tak kak HaIPSHKEHHOCTD JEKTPUUECKOTO MO
CYLIECTBEHHO H3MEHSETCs 10 JUIMHE CcTonda Jyrd
(puc. 2), To pacuetsl o dopmyne (11) MoryT naBarb
BeChbMa MPUOIMKCHHBIN Pe3ybTar.

[Ipu Hen3mMeHHOM 3HaUEHUU TOKa 26,2 KA pacrpe-
JIeJIeHne TUIOTHOCTH TOKa Ha MOBEPXHOCTH MeTaJllu-
YECKOTO pacIuiaBa 3aBUCHUT OT JUIMHBI AyTH (puc. 3).
B mpuoceBoil 30He HamOosblIass KOHICHTPALUS
IUIOTHOCTH TOKa 3a()MKCHPOBaHA MPU MUHUMAaJIbHON
mmHe ayru 150 mm. CnemoBarenbHO, HanOOIbIIEe
CHJIOBOE BO3/ICHCTBHE 3JIEKTPOMATHUTHOIO IIOJISI HA
METaJUINYECKYI0 BaHHY, KOTOpOE CIIOCOOHO odecrie-
YUTh HHTEHCUBHOE II€PEMEIINBAHNE METAIUIA, JOCTH-
raercsi mpu 0osee KOPOTKUX Jyrax.

Pacnipenenenue mIOTHOCTH TOKa Ha TIOBEPXHOCTH
JKUJIKOTO METAITTMYECKOTO aHOAa AJISl yTOBOTO Pas-
psna mmHOK 150 MM B 3aBUCHMOCTH OT TOKa IyTH
MMOKa3aHo Ha puc. 4.

Kak cnenyet u3 puc. 4, xapakrep pacrpeeneHus
IUIOTHOCTH TOKA IO 3€pKajly BaHHBI COXPAHIETCS B
IIMPOKOM JHAra3oHe 3HAYeHUH TOKa.
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Puc. 3. Pacnipenenenus mioTHOCTU TOKa HA MOBEPXHOCTH aHOJA
JUISL Pa3NUYHbIX 3HaYeHnH amuHel, mm: [ — 1505 2 — 180; 3 —
210

BaxHbIM TEXHOJIOTMYECKUM NapaMeTpoOM 3JeK-
Tpuueckoid nyru B YKII sBuserca temnoBas Moul-
HOCTb, IepenaBaeMasl AYTOBBIM pa3psaoM MeETai-
Jn4yecko BaHHe. PacueThl TEMIOBOM MOUIHOCTH
P, moctynaromeid B 00pabaTbIBa€MbIi METAILI, 110~
Ka3bIBAIOT, YTO MPU BAPbUPOBAHUU UIMHBI AYTH CO
3HaYeHUEM Toka 26,2 KA B paccMaTpUBacMOM Aua-
nasone (/, = 150...210 mm) 3HaueHue P U3MEHSCTCs
HE3HAYUTENbHO U cocTaBisgeT nmpumepHo 2 MBT. B
TO € BpeMs MpU YBEIWYEHHUH UIMHBI Iyru oT 150
1o 210 mMm HanpsbxkeHue Ha nyroBom moayie YKII
Bo3pactaeT Ha 23 % — ot 116,7 no 151,9 B. Cne-
JIOBAaTEJIbHO, MPU HEU3MEHHOM 3HAUCHUU TOKA TAKXKE
BO3pacTaeT U IEKTPUYECKasi MOIIHOCTh, MTOTpeosie-
Masl yCTaHOBKOM. DTO 03HAYAET, YTO MIPU YBEIUUECHUU
JUTAHBI AyTH CHIDKaeTcs () (EeKTUBHOCTh HarpeBa Me-
TaJula AIEKTPUUECKON Tyroil.

[Iycth

0 (= ZRI q, (r')r'dr’
0

— TEIUIOBOM IOTOK, MPOTEKAIOUIUi Yepe3 IOBEepX-
HOCTh aHoja (METaJUTMYeCKOW BaHHBI) B TIpeaeiax
OKpYXHOCTH pajuyca I. CpaBHUM ITOTYYEHHOE C I10-
MOII[bIO OITMCAHHOM MaTeMaTU4eCKONH MOJIEH pacIipe-
nenenue Q (I') 10 MOBEPXHOCTH METAIUTMYECKOH BAHHBI
C pe3yJabTaraMi YHCIEHHOTO MOJICITHPOBAHUS TEILIO-

L, A/mM?
2,4
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Puc. 4. Pacupenenenust IUIOTHOCTH TOKAa Ha MOBEPXHOCTH aHOAA
npu Iu’ KA: 1 —32,8;2—19,3
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Puc. 5. Pacnpenenenne Terosoro motoka Q, B METaIMIeCKHit
aHoO/J 110 paZ[HaHBHOfI KOOpAWHATe (I:I — PpE3yabTaTbl MOACIUPO-
Bauus [13])

BBIX IPOLIECCOB B JIyTOBOM CTaJICIUIABWIBHOW I€4H,
npuBeneHHbIME B padote [13]. Kak cienyer u3 puc. 5,
pacyeTHbIe pacipeeNeHusl, MOJyYeHHbIE C TTOMOIIBIO
pa3IMYHBIX Momened mys ayru amuHou 200 MM mpu
3HAYEHUH TOKa 36 KA, OTIHMYAlOTCS B OCHOBHOM Ha
3HAYUTEIHHOM PACCTOSHUHU OT OCH CUMMETPHH.

Temmeparypa NMpHaHOTHOW TUIa3Mbl BOJMU3U OCH
ayra (r =0, z = /) MO JaHHBIM HAIIMX PAcYCTOB
coctasnser 9500 K, a mo pesynpratam MaTemaTH-
YEeCKOr0 MOJIETIMPOBAHUSA, BBIMOJIHEHHOTO B pabo-
te [13], — 9700 K, uTo Taxke CBUAETEILCTBYET 00
aJIeKBaTHOCTH MaTeMaTH4YeCKOW MOJIEIH, UCTIONIb3ye-
MO¥1 B HacTOsIIIEH padore.

CoOOTBETCTBYIOIIIE  pacHpeAesieHHsI  TeIIoBO-
ro MOTOKa IO TIOBEPXHOCTH METAJTHYE€CKON BaHHBI
(puc. 6) CBHIETENBCTBYIOT O TOM, YTO TEILIIOBAs MOIII-
HOCTb, BBOJMMAsl B METaJul, ObICTPO BO3pPAcTaeT Mo
Mepe yBEeJIMYEeHHUsI YPOBHsI TOKa TyTrOBOTO pa3psia.

OTMeTuM, 4TO TNPH BO3PACTaHUU OOILIEH Terio-
BOIl MOIIHOCTH M IUIOTHOCTH TEIJIOBOTO ITOTOKAa B
aHOJI OOHAPYKEHO PaCUIMPEHUE 30HbI HHTEHCUBHOTO
o0orpeBa MOBEPXHOCTH METAJUIMYECKON BaHHBI, YTO
TaK)Ke MOXXHO pacCMaTpUBaTh Kak ONarompHsITHBINA
¢axrop npu obpadoTke meramia B YKII.

Q,, MBt

2,51 1
20T “

1,51 3

[ 1 1 [
0 120 240 360 480 7, MM
Puc. 6. Pactpeznenenue TemioBoro NOoToka 1o IOBEPXHOCTU Me-
Ta/IMIeCKOi BaHHb! (umHa ayru 150 mm) npu [, kA: [ — 32,8;

2--262;3—193
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ra3oMHaAMHUYECKOr0 TaBJICHHS, CO3/1aBaceMOro Hade-
raolMA Ha PacijiaB MOTOKaMH IUIa3Mbl, MPOTHO
MTOBEPXHOCTU METAJNINYECKON BaHHBI MO/ aHOAHBIM
MSITHOM JIyTOBOTO pa3psiia MOXKET OBITh COM3MEPUM
C JJIMHOM IyTH.

3. lnst naubonee r¢pdexruBHOro odorpesa Mmera-
JIMYECKON BaHHBI U MHTCHCU(DHUKALUH €€ MepeMeln-
BaHMSI DJICKTPOMArHUTHBIMU CHJIaMH LI€JIecO00pa3sHo
HCTIOJIb30BaTh 00JIee KOPOTKHE AEKTPUUECCKHE TYTH.
TpeOyemasi TeruioBas MOIIHOCTb AYTOBOTO MOAYJIS
VYKII B TakoM ciiyyae MOXeT ObITh oOecriedeHa 3a
cueT OONBUIOro 3HAUYCHHS TOKa lyTOBOTO pa3psja.

1. Buxneswyx B.A., Ilpuxoovxo 3.B. OCHOBHbBIE CBEICHHS O
COCTaBax M TEPCIEKTHBHBIX TEXHOIOTHYECKHX CXEMax Io-
JIYCHUS. YUCTHIX M 0CO00 YHCTHIX CTajCil Ha 3apyOeKHBIX U
oTeyecTBeHHbIX npexnpustusx // Co. nayd. Tp. UUM HAHY
«DyHIaMeHTAJIbHbBIC M TPUKIIAJHBIC TPOOIEMBI YEPHOIT Me-
Tamryprum». — 2003. — Brein. 6. — C. 425-441.

2. Ocobenrocmu COBPEMEHHOTO 00OPYIOBAHUH U TEXHOJOTHH
BHeneyHo# obpabdotku cranu / B.II. IMuntiok, B.1O. Bbomo-
ToB, U.A. IlaBirouenkos, .H. Jlorosunckuii // Tam xe. —
2005. — Bpim. 11. — C. 67-79.

3. Hsu K.C., Etemadi K., Pfender E. Study of the free-burning
high-intensity argon arc // J. of Appl. Phys. — 1983. — 54,
Ne 3. —P. 1293-1301.

4. Hsu K.C., Pfender E. Two-temperature modeling of the free-
burning high-intensity arc // Ibid. — 1983. — 54, Ne 8. —
P. 4359-4366.

5. Huskomemnepamypnas minasma / B.C. DurensinT, B.L1. ['ypo-
Buy, [A. [lecsatkoB u ap. — HoBocubupck: Hayka, 1990. —
T. 1. Teopust crosnba snexTpudeckoit gyru. — 376 c.

6. Lowke J.J., Morrow R., Haidar J. A simplified unified theory
of arcs and their electrodes // J. Phys. D: Appl. Phys. —
1997. — 30. — P. 2033-2042.

140

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Sansonnets L., Haidar J., Lowke J.J. Prediction of properties

of free burning arcs including effects of ambipolar diffusion //
Ibid. — 2000. — 33. — P. 148-157.

. Fan H.G. Kovacevic R. A unified model of transport

phenomena in gas metal arc welding including electrode, arc
plasma and molten pool // Ibid. — 2004. — 37. — P. 2531—
2544.

.Hu. J, Tsai HL. Heat and mass transfer in gas metal

arc welding. Part I: The arc // Intern. J. of Heat and Mass
Transfer. — 2007. — 50. — P. 833-846.

Metal vapour behaviour in gas tungsten arc thermal plasma
during welding / M. Tanaka, K. Yamamoto, S. Tashiro, et al. //
Welding in the world. — 2008. — 52, No 11/12. — P. 82-88.

. Ushio M., Szekely J., Chang C.W. Mathematical modeling of

flows field and heat transfer in high-current arc discharge //
Ironmaking and Steelmaking. — 1981. — Ne 6. — P. 279—
286.

Alexis J. Modeling of heat transfer from an electric arc —
a simulation of heating. Part I / J. Alexis, M. Ramirez,
G. Trapaga, P. Jonsson // 57th Electric Furnace conf. proc.:
ISS (Warrendale, November 14-16, 1999). — Warrendale,
1999. — P. 279-287.

Modeling of a DC electric arc furnace — heat transfer from
the arc / J. Alexis, M. Ramirez, G. Trapaga, P. Jonsson // ISIJ
Intern. — 2000. — 40, Ne 11. — P. 1089-1097.

Wang F., Jin Z., Zhu Z. Numerical study of dc arc plasma
and molten bath in dc electric arc furnace // Ironmaking and
Steelmaking. — 2006. — 33, Ne 1. — P. 39-44.

Kpusyyn U.B., Jlemuenro B.®., Kpuxenm H.B. Monenb npo-
[[ECCOB TEIJIO-, MACCO- H SIICKTPOIIEPEHOCa B CTOJIOE U aHO-
JTHOW 00JIacTH Jyrd ¢ TYrOIUIAaBKUM KaTtoaoM // ABToMmar.
cBapka. — 2010. — Ne 6. — C. 3—11.

Evans D.L., Tankin R.S. Measurements of emission and
absorption of radiation by an argon plasma // Phys. Fluids. —
1967. — 10, Ne. 6. — P. 1137-1144.

Prandtl L. Uber die ausgebildete Turbulenz // Proc. of the 2th
Intern. congress for Applied Mechanics (Switzerland, Zurich,
1926). — Zurich, 1926. — P. 62-74.

I'panosckuii B.JI. DnexTpuyeckuil TOK B raze. YCTaHOBHB-
muiics Tok. — M.: Hayka, 1971. — 543 c.

Huronvckuii JI.E., Cmonspenxo B.J]., Kysneyos JI.H. Temuo-
Basi paboTa JyroBBIX CTAJICIUIABUIIBHBIX Teueil. — M.: Me-
Tajyprus, 1981. — 320 c.

Buvibop mapametpoB TpaHCopMaropa s arperara KOBII—
neyb U pexumsl 00padorku cramu / H.d. Axmerumn, 1.10.
3unypos, B.C. T'anmsim u np. / Diekrpomeraiutyprus. —
2001. — Ne 10. — C. 23-26.




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.21. MOJEJUPOBAHUE SJIEKTPUUECKOU AYTU
C TYT'OIIVIABKUM KATOAOM
N UCITAPAIOIIIUMCSA AHOAOM™

N.B. KPUKEHT, 1.B. KPUBIIYH, B.®. IEMYEHKO

Ilnasma srekTpuyecko Iyrd IpU CBapKe HETUIaBs-
IIMMCSL JICKTPOJIOM B WHEPTHOM ras3e, Kak IpaBuiIo,
SIBJIIETCSI MHOTOKOMITOHEHTHOM, TOCKOJIBKY B HEM,
Hapsily C YaCTUI[AMHU 3aIUTHOTO ra3a, MPUCYTCTBYIOT
ATOMBI U MOHBI METAJUITMYCCKOIO Imapa, IMoCTyIaroumero
B JIyTOBOW MPOMEXYTOK 32 CUET WCIAPCHHUS MeTayia
aHOZA C MOBEPXHOCTH CBApOYHOM BaHHbI. Hanmuuue B
JYTOBOHM TIa3Me WHEPTHOTO Ta3a Jake HeOOJBIIOro
KOJIMYECTBA METAJIJINYECKON KOMIIOHEHTHI CyHI€CTBCH-
HO BIIMSICT HAa €€ MOHM3AIMOHHBIN COCTaB, TEPMOJIH-
HaMHUYC€CKHUE, TPAHCIIOPTHBIC U ONITUYCCKHUEC CBOMCTBA.
DTO NPUBOANT K 3HAYUTEIHHOMY OTIHYHIO TETUIOBBIX,
OJICKTPOMArHMTHBIX W Ia30IMHAMHWYCCKUX XapaKTEpu-
CTHK TUIa3MBI B TPHAHOAHOW 30HE CTONOA IIyTH TpH
CBapKE HEIUIABSIIIUMCS 3JICKTPOIOM OT COOTBETCTBYFO-
IIMX XapaKTEPUCTHK IyTOBOTO Pa3psijia C TYTOILIaBKUM
KaTOJIOM U HEUCTIAPSIFOIIUMCSI, HAIIPUMEP, BOJTOOXIIaxkK-
maeMbiM aHofoM. OTIMYaroTcs Takke W XapaKTepu-
CTUKU aHOMHOM 00JacTh CBAapOYHOM MyTH, Ompere-
JISIONINE YCIIOBUSL TETUIOBOTO W 3JIEKTPOMATrHUTHOTO
B3aPIMOI[€I>'ICTBI/IH AyTUu CO CBapUBACMbIM METAJUIOM W,
KaK CJICIICTBHUE, XapaKTep ero mporuraBieHus [1].

B mepBpIx myOnuKanusx, MOCBSIIEHHBIX MaTe-
MaTHYECKOMY MOJAEITUPOBAHHUIO TPOIECCOB TEILIO-,
Macco- U 3JIEKTponepeHoca B Ayrax ¢ TYTOIUIaBKHM
karomoMm [2—10], myroBas Imia3ma Tpearojaraiach
OJTHOKOMITOHEHTHOH, T.€. COIepKAILEH aTOMbl U HOHBI
TOJILKO 3allIUTHOTO ra3a. Takas maeannzanus HE OT-
pakaia yCIIOBHIA TOPEHUS PEaTbHBIX CBAPOYHBIX YT
1 TpeboBaja JalbHEHIIero COBEPIICHCTBOBAHMS Ma-
TEMaTUYeCKUX MOJIENeH MYTH C IeJbI0 ydeTa psaa
JOTIOTHUTEIBHBIX (PU3NYECKUX (PAKTOPOB, CBSA3AH-
HBIX C MHOTOKOMIIOHEHTHOCTBIO JIyTOBOH ILIa3MBI.
[lyOnukanuu, MOCBAIICHHbBIE YYeTy HCTIApEeHUs MaTe-
puaa aHoja MpU MOAETUPOBAHUH CBAPOYHOM TyTH C
HETUTaBAIIIMCS DJIEKTPOJIOM, MOSIBHIIUCH B MHUPOBOM
HayYHO-TEXHUYECKON JINTepaType CPaBHUTEIFHO He-
nmaBHO [11-13]. OmHako B 3THX paboTax, IIPH OIHCca-
o uPy3uH HOHU3HPOBAHHOTO METALTHICCKOTO
napa B JyrOBOM IJIa3Me, He JIeJaeTCs pa3iiniie Mex-
Iy aTOMaMH W WOHAMH Iapa, UMEIOIMHU Kodhdu-
OHUEHTH TUQPPY3UH, CYIICCTBEHHO OTIMYAIOITHECS
o BenuuuHe [1]. B KOMIUTEKCHON MareMaTHudecKon
MOJIEJIA CBAPOYHON JYTH C HEIUIABAIIUMCS KaTOIOM,

“ABromarndeckas cBapka. — 2014. — Ne 9. — C. 19-26.

MIpeIIoKeHHOW B pabote [14], Oblia mpeanpuHsATa
TIOTIBITKA YYECTh pa3iindue yKa3aHHbIX Kod(hduiineH-
TOB, OJTHAKO TP 3aIMCH ypPaBHEHHsI KOHBEKTHBHOI
maddy3nn UCTIapeHHOTO MeTala aHoja B IUIa3Me
cTojida AYTH HE YUIUTHIBaJIAch TepMoauddy3us aro-
MOB ¥ MOHOB METAJTMYECKOTO T1apa, a Takxke apend
MOHOB MeTajia B JJeKTpuueckoM rmoine. llosromy
[EJTbI0 HACTOSIIEH PaOOTHI SIBIISIETCSI COBEPIIIEHCTBO-
BaHHWE MOJCIIH KOHBEKTHBHOW AW(PPY3UH METaJlIH-
YECKOTO Tapa B JIyrOBOH IUIa3Me W MPOBEACHHE Ha
OCHOBE yTOYHEHHOW KOMILUIEKCHOM MareMaTrhyecKou
Monmenu [14] YHCIEHHOTO aHaun3a XapaKTePUCTHK
MHOTOKOMITOHEHTHOW TUIa3MbI CTOJNOA W aHOIHOM
0077aCTH CTAITMOHAPHOW DJICKTPUICCKOW TYyTH C Ty-
rormiaBkuM KatogoM (W) U UCTapsIronIuMcsT aHOIOM
(Fe) mpu ee ropennn B ”HEPTHOM Taze (Ar).
YpaBHeHHe NepeHOca MeTANINYeCKOoro mapa B
ayroBoii maazMe. CrnenupuIeckoll 0COOCHHOCTHIO
T Py3UH METAUTHIECKOTO TT1apa B AyTOBOM TIa3Me SIB-
JISIETCSI TO, UTO UCTIAPEHHBIE C PacIUIaBICHHON TIOBEPX-
HOCTH aHOJIa aTOMbI MeTaJlla MOTYT MOHHM3HUPOBATHCS,
00pazyst OHO- U JBYX3apsIHBIC HOHBI, KO3 OUITHESHTH
TUGPY3UH KOTOPBIX CYIIECTBEHHO OTIMYAIOTCS OT CO-
OTBETCTBYIONTMX KOA(P(HUIIMEHTOB U HEUTPaTbHBIX
yactuil. Kpome Toro, mporiecchl HOHU3anH 1 PEKOMOU-
HAIIMH YaCTHII B ITa3Me CTOJI0A {yTH MPOTEKAIOT 3HAYH-
TENBHO OBICTpEe, YeM IPOIIECCHI IepeHOca BEIIeCTBa U
TerutoBoi sHepruu [15, 16]. [ToatoMy OyneMm cuuTarh,
YTO KOHIIGHTPAIIMM BCEX YaCTHIl MHOTOKOMITOHEHTHOM
IUTa3Mbl CTOJI0A PAacCMaTPUBACMON ITyTH (DIICKTPOHEI,
aToOMBI ¥ OJTHO3aPSAHBIC MOHBI APTOHA, aTOMBI, OTHO- H
JIByX3apsiTHbIE MOHBI JKelle3a) OTIINYAIOTCS OT PaBHO-
BECHBIX 3HAYEHUMH, OTIPEAEIIAEMbIX IIPUHITAIIOM J€TalTh-
HOTO paBHOBECHS, BeCbMa HE3HAYHMTENbHO. bynem Tax-
JKe TIPEAIoararTh, 4To Iia3Ma CToJI0a TyTy HaXOIUTCS
B COCTOSTHAM JIOKAJTFHOTO TEPMOIMHAMIYECKOTO PaBHO-
BECH TIPH TeMITeparype JIEeKTPOHOB, PABHOH TeMITepa-
Type TSDKEIBIX YacTHI] (OMHOTEMITePaTypHAS MOJIEID ).
B obmem ciryuae ypasuenns auddy3un s aro-
MOB, OJIHO- W JIByX3apsTHBIX NOHOB METaJlla B TIa3Me
WHEPTHOTO Ta3a MOYKHO 3aITicaTh B CIIETYIOIIEM BUJIE:

n
m0 _ 13 Y R -
ot dlv(anWmO) an’ O
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8nml ) - ) )
ot = 7le(nmlel) B nml + an; (2)
anm2 ) B )
= —le(ﬂmZsz) +0 (3)
e n ,(Z=0,1) — CKOPOCTH pEaKUHH MNEpBOH M

BTOPOH MOHM3alMU; N . N . N — KOHIEHTPalKH
aTOMOB, OJIHO- W JIBYX3apsJHBIX HOHOB METaslia;
W W ,W — CKOPOCTH MX HAIPABIECHHOIO JIBH-
JKEHHUST COOTBETCTBEHHO.

[IpeacrtaBuM CKOPOCTH JBHIKCHHUSI AaTOMOB METaJ-
ma W B BUJE CYMMBI CPE/IHEH CKOPOCTH JABHIKCHHSI
YaCTHL| W1a3Mbl W, 1 11QQy3HOHHON CKOPOCTH HEli-
TPAJIbHBIX YaCTUL MeTaia W,

W= W (4)

Ecnmu atomHble Macchl BceX KOMIIOHEHT TLIA3Mbl
OJIMHAKOBBI, TO CPEIHSISI CKOPOCTh JIBIIKCHUS YaCTHI
COBIIAJACT CO CPEIHEMACCOBOH (Ta30MHAMUYICCKOM)
CKOPOCTBIO [IBIDKCHHUS TUIa3Mbl )7 . B mporuBHOM
Clly4ae BEeIMYMHY W, MOXHO ONPEIENTHUTb U3 ClIely-
IOIIero 0aTaHCHOTO COOTHOIICHUSI:

pW=pii +M ¥ +M ¥, (5)
I7ie p — MJIOTHOCTD TUIA3MBI; Vm o, — IUIOTHOCTB Au¢-
(ysuonHoro moroka aromoB Meramia; M, — macca

aroMa MeTaja; V%, MmO — COOTBETCTBEHHO IIJIOT-
HOCTh AU((HY3MOHHOTO TIOTOKA U CPEAHECTaTUCTHYEC-
CKasl Macca 4acTHII, 3aMELIAIOIINX aTOMbI MeTala.
[TockonbKy nudQy3uoHHBIE TPOLECCH HE OKa3bl-
BAIOT CYLIECTBEHHOTO BIMSHHS Ha pacipeieiieHne
JaBJICHUs] B JYTOBOHM IUIa3Me, MOXKHO MOJararb, 4yTo
OHO ONpeAEssIeTCs B OCHOBHOM Ta30JMHAMHUYECKU-
MU (¢akTopamu. g paccMmarpuBaeMod 31ech CTa-
LUOHApHON CBOOOJHOTOpPSINEH AyrH IaBICHHE B €€
CTONOE JINIIb HE3HAYUTENFHO OTIMYAEeTCs OT aTMOC-
¢depnoro [17]. [Tostomy nuddysuro MeTamIndecko-
ro mapa B TakoW Jyre MOXKHO C BBICOKOW CTETEHBIO
TOYHOCTH paccMaTpuBaTh Kak MpPOLECC, MPOTEKaro-
MK TIPH MOCTOSIHHOM (atMocdepHOoM) naBieHnH. B
3TOM ciydae pesynsratoM auddysum sBusercs 00-
MEH MEeCTaMHM YacTHL, 0Opa3yromux miasmy. Orcrona
CIIE/IYET, UTO yhelbHble TU(Qy3HOHHBIE TOTOKH Ym o
u Y B3aUMHO KOMIICHCHPYIOTCS, T. €. BBINONHSAETCS

YCIIOBHE on = —Vfo . Torna n3 ypaBuenus (5) monyya-

€M BBIPpAXKCHHUEC IJId ONIPCACIICHUA CpeI[HGﬁ CKOPOCTH
JBHXXCHUS 4aCTHUI]

w i M Moy (6)
C p %.

CpenHecTaTHCTHYECKYI0 MacCy YacTHII, 3aMella-
IONUX aTOMBbI MeTayljla, MOXXHO IPHONIMKEHHO BBI-
YUCIISITH IO (hopMyITe

M — P _anmO

m0 ’

M =Moo
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e N, = p/kT— cymMMapHas KOHIIEHTPAIKs YaCTHIL B
1a3Me cToyba JIyru, MpeanojaraeMoil H30TepMude-
CKoH; p, — arMocdepHoe naBnenue; 7 — TeMIepary-
pa mia3mbl; kK — noctosinHas bonbiiMana. B pamkax
OIHMCAHHOTO BHIIIE TIOAX0/a CyMMa YJIEIbHBIX Mac-
COBBIX MOTOKOB aTOMOB METajla W JAPYTHUX YaCTHII,
o0Opa3yrolux 1mia3my, paBHa 00IIel MIOTHOCTH Mac-
COBOT'O IMOTOKA TIA3MbI. DTO CBUJCTEILCTBYET O CO-
IJIACOBAaHHOM ONMHMCAHHWU Ta30J[MHAMHYECKHUX U JTUQ-
(hy3HMOHHBIX MPOIIECCOB.

Aupdysuonnas CKOpocTb aroMoB Merawia W
CBS3aHa C X KOHIEHTPALMEN N | ¥ TIOTHOCTHLIO AU (-
(Y3MOHHOTO TIOTOKA Vm , CleayromuM 06pasom:

=<

_ m0
WDO “n °
m0

7€ BeJIMYrnHA Vm B MIPOCTEHIIIEM CTydae MOKET OBITh
ONpEeaeNeHa ¢ MOMOLIBI0 COOTHOIIECHHUS |1 ]

DO
m0 = _?grad(anT )’ (7)

e D — xkoddpuuuent nupdysuu atoMOB MeTaa
B TJIa3Me.
Ioncrasnsas (4), (6), (7) B ypaBaenue (1), momydnm

dn
m0 _ q; VIV —r
7 —dlv[GOgrad(anT)] nmodle noos (®)

Ie dnmo/dt — cyOcTaHIMOHAIbHAS TIPON3BOTHAS;
G :Do[l_n M, =M M}
o~ T mo P

BeimonHuM  aHanornyHble MpeoOpa3oBaHus ¢
ypaBHeHUsIMH (2), (3) M JONOJIHUTENBHO YUTEM
Jpeid 3apsHKeHHBIX YacTHIl MeTaylta (OAHO- U JIBYX-
3apsSAHBIX MOHOB) B AJIEKTpUUYECKOM Tojie. B pesyis-
TaTe MOoJyuYuM

dn
ml div[Ggrad(n T)+bn grade]-
dt B m m (9)
—nmldiVW - i’ml + ilmO’

dnm 2 _

o diV[ngrad(nsz) + bznngrad(p] -

N (10)
—nm2d1VW+nml.

T

ThI ):[I/I(l)(i)yBI/II/I HOHOB MCTaJlJIa C 3apsAA0BbIM YHCJIIOM
Z(Z=1,2);

D M —-M
—_Z i Z |- -
3nech G, =4 1-n 1L - ],DZ ko3 uimeH

M — p_anmZ .
Z _ 9
" r]O an
7
bZ :%GZ — MOJABHXHOCTU MOHOB METajljla B JJICK-

TPUYECKOM II0JI€; e — 3aps] NEKTPOHA; (¢ — CKa-
JSIPHBIA TIOTEHLIMA AJIEKTPUYECKOTO MOl B CTONOE
JIYTH.

Cymmupyst ypaBHenus (8)—(10), momyuum ypas-
HEHHE MepeHoca MeTANTMYEeCKUX YacTUIl B JYTOBOM
miazMe




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

dn
I dlv[GOgrad(an) +(G, -G

xgrad(n T)+(G, -G )grad(n T)+ (11)

+(bn +bn grade]-n diviv,

roen =n +n +n — cyMMapHas KOHLICHTpauus
TSOKETIBIX YaCTHIl METAITMYECKOTO Tapa.

Bripasum koHuEHTpanmu MOHOB MeTamna N (Z =
=1, 2) yepe3 cyMMapHyIO KOHIICHTPAITUIO METaJIIH-
YECKUX yacTul B muasme: N, = K n , e kooddu-
nuentsl K, coOTBETCTBYIOT NepBoi (£ = 1) u BTOpoi
(Z = 2) nonm3anuu aTOMOB METaJIa. Y YHTHIBAs JO-
MyIeHHe O JIOKAJTFHOM TEPMOIWHAMHYECKOM paB-
HOBECHH TIa3Mbl CTonba jayru, koddduuuentor K,
MOTYT OBITH OTIPENEICHBI ISl PABHOBECHOH TITA3MBI
3aJTaHHOTO COCTaBa M TEMIIEPATYPHI.

BBozs 0603HaueHUS 51 =G, -G; éz =G,-G,, ne-
pernumieM ypaBHeHue (11) OTHOCHTENBHO CYMMapHOM
KOHIICHTPAIIMY YaCTHUI] METaJlia B TINIa3Me:

dn,, +n diviW =div[G. grad(n T)+
dt m 0 m
+Glgrad(Klan) + ngrad(K2an)] +
+div[(b1K1 +b,K, )nmgrad(p.

(12)

YpaBuenue (12) ommchIBaeT CIETYIONINE BUJIBI
MEepPeHoca TSHKENBIX YacTHIl METATMYECKOro Mapa B
JIyTOBOM IJla3Me: KOHBEKTUBHBIN MEPEHOC, KOHIIEH-
TpannoHHyto auddys3uto, TepmoaudGy3uio, a TaKkKe
npeti) MOHOB Tapa B 3JCKTPUYCCKOM Mojie. 3Has pe-
IIEHHUE ITOTO YPABHEHUS, N , U YUUTHIBAs MPHHITOE
JIOTTYIIEHUE O JIOKATHbHOM TEPMOJUHAMHYECKOM paB-
HOBECHH TUTa3MBI CTOJ0A JYTH, €€ MOHU3AIMOHHBIHN
COCTaB MOXET OBITh OTIPE/IETICH C TIOMOIIIBIO COOTBET-
CTBYIOIIEH CUCTeMBI ypaBHeHU Caxa, 3aKOHA TapIin-
aIBbHBIX JABJICHUH W YCIOBHS KBa3HMHEUTPAIBLHOCTU
ma3Mel [ 14]. Paccuntannabpie TaKUM 00pa3oM KOHIICH-
TpaIy 9aCTUI] MHOTOKOMITOHEHTHOM TIJIa3MBI CTOJI0A
JIYTH MOTYT OBITh UCTIONB30BAHBI [ BEIYMCIICHNUS e
TEPMOIMHAMHUYECKHIX M TPAHCTIOPTHBIX CBOMCTB [18],
BXOJAIINX B ypaBHEHHS KOMIUIEKCHOI Monenw [14].

Cdhopmynupyem rpaHIUYHbBIE YCIOBUS IS ypaBHe-
Hus auddysuu (12). Tpennonaras, yro ctond ayru
XapaKkTepu3yeTcss OCEBOM CUMMETpPUEN, BBEIEM IIM-
JUHAPUYECKYIO cucTeMy KoopauHat (I, z) U paccMo-
TpuM pacueTHyto o0macte Q= {0 <r<R,0<z <L},
MOoKa3aHHyIo Ha puc. 1.

YuuThIBas HapaBJIeHHe IBIKEHNUS 3aIlIUTHOTO ra3a
1 TJTa3MBbI B TIPUKATOHOM 30He cTooa myrw [ 17], Oymem
CUHMTaTh, YTO YACTHIIBI UCTIAPEHHOTO MEeTaJlla aHOo/Ia He
nocTrraroT miockoctd z = 0 (cM. puc. 1), T.e. Ha Bepx-
Hell TpaHuIle pacdeTHON 00TaCTH TIOIOKUM

z=0 =0. (13)

Ha ocu gyru (npu » = 0) IpuMeM YCITOBHUST CHM-
METpUH

Puc. 1. Cxema k MareMaTu4eckoMy OIUCAHUIO JYTOBOM IJIa3Mbl:
1 — TyTOIIaBKUiA KaToJ; 2 — 3allUTHBII ra3; 3 — rmia3Ma cToida
IyTH; 4 — pacIuIaBIeHHBIH (MCIIapsIIONINICS) METAIT; 5 — aHOX

=0. (14)
r=0

Ha BHemHell rpanuie pacueTHoil obmactu (npu
7= R) 3a1aguM «MSTKHE» IPaHUYHBIE YCIOBHS:

"
mlp=

dnm
dr

X =0 1pu Wr(R, z)<0;

(15)
=0 npu Wr(R,z)>O,

r=R

rne W(r, z) — paguanbHas KOMIIOHEHTa BEKTOpa
CPEAHEMACcCOBOI CKOPOCTH IIIa3MBl.

Ha rpanuniie MEOTOKOMITOHEHTHOH TUTa3MBI CTOJI0a
JIyTH C aHOJHBIM clloeM (IIpH z = L) rpaHuvIHOEe YCII0-
BH€ MOKEM 3aIMCaTh B BUIE

n

m‘r:

—nlL L L
L= n-,(+n (N+n- (),

(16)

rae nrfl S (r)= n. (r,L) — COOTBETCTBYIOIIKE pacrpe-
JIEJICHUST KOHUEHTpalMil YacTUl METaJInYeCKOro
napa, HaxoAsIILIKUXCSl B 3apsIOBOM COCTOSHUM Z, KOTO-
pBIE MOTYT OBITh OIPE/IEIICHBI COTIIACHO MOJIEITH aHO-
JTHOW 00JTaCTH JYTH C UCTIAPSIONTUMCS aHOIIOM [ 14] B
3aBUCUMOCTH OT JIOKAJIbHBIX 3HAYCHUH TeMIepaTyphl
MPUAHOAHON IIa3Mbl U TEMIEPATYPhl MOBEPXHOCTU
aHoNa, peXuMa ero UCHapeHus, a TaKXke poaa 3a-
mUTHOTrO raza. OrpaHu4MBasCh B JajJbHEUIIEM pac-
cMorperreM UG GY3HOHHOTO peKUMa HUCTIapEHWs,
C JTOCTaTOYHOH TOYHOCTBIO MOKHO CUMTATh, YTO JIO-
KaJIbHbIC 3HAUCHUS MapIMalbHOIO JAABJICHUS aTOMOB
¥ HOHOB METAJUINYECKOW KOMIIOHEHTBI TIa3Mbl P Ha
YKa3aHHOW IPaHMIIC PABHBI JABJICHUIO HACBIIIEHHOTO
napa MeTajla aHOJa MPU COOTBETCTBYIOUIEM 3HAYeE-
HUM TEMIIEPATYPBI ETO TIOBEPXHOCTH T :

_ LY .
Pules =R VTN T T |7

)
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rjie A, — SHEprus, 3aTpa4uBaeMas Ha IEePEXoJl OXHOM
YaCTHUIIBI METAILIA U3 )KUIKOM (ha3bl B mapoByto; T, —
TeMIIepaTypa KUIEHUs MeTallla aHoJa.

Mogenb KOHBEKTUBHOW Tu(Py3HH HOHU3UPOBAHHO-
ro Metayutmueckoro napa (12)—(17) sisnsiercst cocraBHON
YacThIO KOMIUIEKCHOM MOJIENM TIPOLIECCOB TepeHoca
SHEPrHY, UMITYJIbCA, MAcChl M 3apsijia B MHOTOKOMIIO-
HEHTHOH TUIa3Me CTON0a W aHOJHOW 00JacTH AEKTPH-
YeCcKOM JyTu MPH CBapKe HETUIABSIIMMCS 3JIEKTPOIOM
B uHEepTHOM rasze [14]. [nsg yucieHHoro MoaeiaupoBa-
HUSl TEMJIOBBIX, TA30IMHAMHUYECKUX W AIEKTPOMarHuT-
HBIX TPOLIECCOB B TakoH I1azMe OyJeM HCIOJIb30BaTh
ypaBHEHHs1 opHoTeMImieparypHoi wmonenu [17]. Ilpu
ydeTe UCapeHHs MeTajula aHO/a Ha TpaHuIle KOHIEH-
CHPOBAHHOW (ha3bl C JIyrOBOM IIIa3MOM CYILECTBYET
T Gy3MOHHBIA MOTOK METAJUTMYECKOTO Mapa, BCICHA-
CTBHE YETO aKCHaJIbHasi KOMIIOHEHTa BEKTOPa CKOPOCTH
TUIa3Mbl Ha 3TOH IpaHule HE paBHA HYIO (B OTIMYME
OT YCJIOBUS IIPUIMIIAHUSDY, UCIIOIb3yeMoro B [17] mis
clydasi BOOOXJIaxgaeMoro aHona). [Ipuanmast Bo BHU-
MaHHe TOT (PaKT, YTO aTOMbl U MOHBI 3aIIMTHOTO Ta3a,
SIBJISIIOLIETOCS. MHEPTHBIM, HE MOTYT HaKalUIMBaThCsl Ha
MIOBEPXHOCTH aHOAA, PE3YJBTUPYIOIINI MTOTOK TSHKEIIBIX
YacTHIl Ta3a BOJM3U IMOBEPXHOCTH aHOAA MOXKHO CUH-
Tarh paBHBIM Hy:I0. Torna, ¢ yuerom auddysnoHHoro u
KOHBEKTUBHOTO MEXaHM3MOB IE€pPEeHOca YacTHIl MeTal-
JIMYECKOTO Tapa, TPaHUYHOE YCIIOBHE ISl aKCHAIBbHON
KOMITOHEHTBI BEKTOpA CPETHEMACCOBOM CKOPOCTH IIa3-
MBI Ha TPaHHMIIE CTONIOA YT C aHOAHOM 001acThIO (TIpH
z= L) MOXeT OBITh 3alMCaHO B BUJC

M [YE () +YE () +YE ()]

o)
() + L (Il (P)]

e p(r L) =M, [

m0

3nech Y!, (r) — cOOTBETCTBYIOIIUE pacIpeeCHNUs
z

AKCHAJTBHBIX KOMITOHEHT IUIOTHOCTEH auddy3uoH-

3000

2500

2000

1500

1000

500 , , ,

0 2 4 6 7, MM

Puc. 2. PacnipeneneHust TeMIieparypsl OBEpXHOCTH aHOIA B 00-
JIACTH aHOJMHOW npuBszku ayru: [ — T 0= 2400 K; 2 — 2700;
3—3000; 4 — 3065; 5 — BOmOOXTaXKTAEMBIii (HEHCTIAPSFOIINA-
cs1) aHOZ
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HBIX IOTOKOB aTOMOB U HOHOB METaJlIa, HAXOSIINX-
Cs B 3apsIOBOM COCTOSIHUM Z.

Pe3ynbTarhl MonequpoBaHUS M HX 00CY:Kae-
HHe. J[1s1 YMCIeHHOTO MCCIIeOBAHUS BIUSHUS AUQ-
(y3MOHHOTO HCTapeHus] MeTaljia aHoJa Ha Ipolec-
CBl DHEPro-, Macco- M 3JEKTPONEepeHoca B aHOTHON
obnacTu u cTonbe paccMaTpuBaeMOW IYTH 3aJaJiuM
pacrpeiefieHde TeMIIepaTypbl MOBEPXHOCTH aHOnA
10 HOPMaJILHO-KpyroBoMy 3akony T (1) = (T  —T )x
xexp(—a’r’) + T _,tne T  — Temneparypa Ha ocH 00-
JIaCTH aHOIHOW MPUBA3KM Ayru; T — TemIeparypa
MOBEPXHOCTH METaJlIa BAAIH OT YKa3aHHOH 00JIacTH.
[Tpu 3TOM KOAPPHULUUEHT COCPENOTOUEHHOCTH @ Oy-
JIeM BBIOMPATh TaKUM 00pa3oM, YTOOBI TUaMEeTp pac-
TUTaBJIEHHOM 30HBI Ha MOBEPXHOCTHU aHOJA COCTABIISLI
5 mm. Xapakrepuble npoduin pacnpenenenus T (I)
npu T = 500 K noxasansl Ha puc. 2.

YucneHHoe MOACTHPOBAHHUE XapaKTEPUCTHK MHO-
TOKOMITOHEHTHOH I1a3MBbl CTOJI0A M aHOTHOH 00J1acTh
ANEKTPUUECKOH OYTH C BOJNb(PAMOBBIM KaToOJOM H
MCTIAPSIFOIIUMCS aHOAOM M3 HU3KOYIJIEPOANCTOH cTa-
JIM IPOBOJMIIN TIPH CIIEAYIOIIUX MapaMeTpax: AJIHHA
nyru L = 2,9 mm; Tok ayru [ =200 A; 3amuTHbINA ra3
aproH, MChapsIoUIMKAcs dIeMeHT xene30. Heobxonu-
MBI€ JUI pelleHus] HecTalmoHapHoi 3afa4u [17], co-
BMECTHO ¢ ypaBHeHHeM (12), HauanbHbIE pacmpese-
JICHUS XapaKTePUCTHUK ITa3Mbl CTONI0A TYTH 3a1aBajn
TaK, Kak ornucaHo B padore [17]; HavasibHAsT KOHIICH-
TpaLusi METAIMYECKOTO Mapa B [yTOBOM IPOMEXKYT-
Ke Tojiaranach paBHOM HyiI0. PacyeThl BBHIMOMHSIN
BIUIOTH JI0 YCTAHOBJICHHSI CTAIIHOHAPHOTO COCTOSHUS
JYTOBOH TIJIa3MBbl.

BBenem oOozHauenue y = nm/(ng +n ), one n, =
=n, * N, — cyMMapHas KOHUEHTPALHs TAKEIbIX
YacTHIl (AaTOMOB U HOHOB) 3AILMUTHOTO Ta3a, U paccMo-
TPHUM pacIpeeseHre O TSHKEIbIX YaCTUL MeTaslia
Y B IU1a3Me cTonba AyTry AJ1sl AByX BapHAHTOB pacipe-
JeNieHUs TEeMIIepaTypbl TOBEPXHOCTH HCHApPSIOLIe-
rocs aHoja, KoTopele cootBeTcTBYOT T ) = 2600 K
(puc. 3, a) u T = 3065 K (puc. 3, 6). llpu Temnepa-
Type paciuiaBieHHoro Meramia anozna 2500...2600 K
HaJl ero MOBEPXHOCTHIO TOSBISIOTCS YaCTHIIBI UCTIa-
PEHHOTO MeTaJlla, COAEp:KaHHe KOTOPBIX JOCTHUraeT
10 % (cM. puc. 3, a). llpu yBennueHun Temmepary-
PBI B IEHTpE 001aCTH aHOAHOM MPUBS3KH AYTH BBILIC
3000 K maccoBblii TOTOK Napa ¢ MOBEPXHOCTH aHO/A
B CTOJIO IyTM BO3pAacTaeT, BCJIEACTBUE YETO MOSBIIS-
eTCsi 00JIaCTh JTyTrOBOH TI1a3MbI ¢ BEICOKUM (10 80 %)
coZiep’KaHHeM MEeTaJIMuecKoro napa (puc. 3, 6).

[lone KOHIIEHTpAIMK YacTHUI] HCIApPEHHOTO Me-
Tamma N =B HpH&HOJJ;}:IOﬁ wasme opmupyercs B
pe3ynbpraTe B3aUMOICHCTBUS CIIEAYIOIIMX YEThIpeX
¢akxTopoB: muh(dy3MOHHOTO U KOHBEKTHBHOTO TIEpe-
HOCa METAJUIMYECKHUX YACTHUI[ OT IIOBEPXHOCTU aHOJA




1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX
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=
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Puc. 3. Paciipesiernienne 0NM TSKENBIX HACTHIL JKETIE3a B TIPHAHOIHON 00ACTH Ma3Mmel ctonda nyru: a — T = 2600 K; 6 — 3065

B CTOJIO Jyru; HaOErarolero Ha aHoJ MOTOKa Jyro-
BOH ILTa3Mbl C MaJIBIM COJICPKAHUEM METAJNTHIECKOTO
napa; mepeHoca 4YacTull MeTalljla B CTOPOHY aHOAA 32
cuet Tepmoauddysun; apeiida 3apsHKEHHBIX YACTHIL
(0mHO- M ABYX3apsAHBIX MOHOB) METAJUIA B AJICKTPH-
YeCKOM ToJie. PactipeienieHue oK TSKeIbIX 4aCTHI]
JKeJie3a B paccMaTpuBaeMoM JTyroBoi miasme, mpea-
CTaBJIEHHOE Ha pHC. 3, ABISAETCS Pe3yabTaTOM KOHKY-
PHUPYIOIIETO B3aMMOJACWCTBUS YKa3aHHBIX YETBIPEX
MEXaHU3MOB IepeHoca. [Ipu 3TOM MOXKHO BBLIEITUTH
JIBE XapaKTEPHbIE OCOOCHHOCTH PACIPE/CIICHUS Ya-
CTHI] MCIIAPCHHOTO MeTa/lyla B MPUAHOHOMN IIIa3Me.
C omHOW CTOPOHBI, KOHBEKTUBHBIA ITOTOK ILIA3MbI
W3 TPHUKATOMHON o0macTu cToyida, MPAKTHIYECKH HE
cofiepKaleil MeTaJuIMYECKOTO MMapa, CTPEMUTCS BbI-
TECHUTH MMapbl METAJUIA U3 30HBI UCMIAPEHUS B PaJId-
aJbHOM HaIlpaBJICHUM. BclieacTBue 3TOro IMpHHA
MIPUIIOBEPXHOCTHOTO CJIOS TUIA3MbI, COZICPIKAIIETO
3aMETHOE KOJIMYECTBO METAJUIMYECKOro mapa (y >
> 3 %), okaszbiBaetcs B 1,5...2,0 pasza Gonplne paau-
yca pacIuIaBJICHHOH 30HBI HA MOBEPXHOCTU aHO/A, a
TOJIIMHA 3Toro cjiog cocrasisger 0,3...0,5 mm. Ilo-
CKOJIBKY TOJIIIIMHA OO0JIACTH, 3aHSTON NapoM, He3Ha-
YUTCJIbHA IO CPABHCHHIO C ):[J'IHHOI71 Ayry, BIHUAHUC
WCMApeHHOTO MEeTalyla B paccMaTpUBaeMOM Ciydae
OTPaHUYHMBAETCS TOIBKO IPUAHOAHOHN 001aCThIO IyTH
Y TIPaKTHYECKH HE CKa3bIBAETCS Ha TpoIleccax Tel-
JI0-, MacCO- U JIEKTPOIepeHoca B ee croibde. B To xe
BpeMst 00J1acTh MPUAHOAHOM IU1a3MBbl, Hanbosee 000-
raiieHHasi rmapamy jejie3a, OKa3blBaeTCsl «OTOpPBaH-
HOI» OT TOBEPXHOCTH aHOma. DTOT 3(PPEeKT MOKHO
OOBSICHUTH CIEAYIOMHM 00pa3oM. MoHM3aIMOHHBINA
COCTaB METaJUIMYECKOTO Tapa, KOTOPBIH MOCTyIaeT B
MIPUAHOJIHYIO 30HY CTONOA JIYTH M Jajiee TPaHCIOop-
TUPYETCs B 00JIaCTh C 00Jiee BBICOKOW TeMIIepaTypoi
IJ1a3Mbl, MPETEPIIEBACT MU3MECHCHUA 3a CUHET HHTCH-
CUBHOH MOHM3allMU aTOMOB MeTajuia. Bmecre ¢ Tem
n3-3a Manod nud(y3NOHHOW IMOJBHMIKHOCTH HOHOB
MeTajla IPOUCXOINUT WX HAKOIJICHHE B YKa3aHHOM
o0yiacTd, 4TO W OOYCJIOBIMBACT IOSBICHHUE 30HbBI
C MAaKCHMaJbHBIM COJICpPKAHUEM METALTUNUECKOTO

napa, JIOKaJIM30BaHHOW Ha HEKOTOPOM PAaCCTOSHUM OT
MOBEPXHOCTH aHOJA.

Haubonpmee Biusaue nuddy3noHHOe HcnapeHne
METajula aHOJla OKAa3blBaeT HA XapaKTEPUCTUKU aHO-
JTHOM 00J1acTH paccMaTpUBaeMOil IyTH, TAKHE KaK JOJIs
YacTHIL XKeJIe3a B IPHMaHOAHOM miasme v, (1) = y(r, L) u
ee TemIeparypa Tpa(r) =T(r, L), IIOTHOCTD IEKTPH-
YECKOro ToKa j () ¥ IUIOTHOCTH TEIIOBOIO IOTOKA
¢q,(r) Ha moBepXHOCTH aHoma. PaccMoTpum BiMsHHE
TEMIIepaTypbl MOBEPXHOCTH HCIAPSIONIETOCS aHoa
Ha pacrpeesieHns yKa3aHHbIX XapaKTepPHUCTHK B 00J1a-
CTH aHO/IHOW TpUBs3KHM yru. Ha puc. 47 npuBeneHs
Pe3YNETATBI PacdeToB Y, T, j, ¥ ¢, Ul PasIHIHOIO
TEIIOBOTO COCTOSTHHS TOBEPXHOCTH aHOJA.

MaxkcumansHOE COIep)KaHHEe METAITHYeCKOro
mapa JIOCTHTaeTcsl Ha OCH MPUAHOIHOTO CIIOS TUIa3-
MBI, YBEJIIMYNBASICh C POCTOM TEMIIEPATyPhl MTOBEPX-
HOCTH aHO/A B IEHTpe 00JacTH aHOTHOW MPHUBSI3KH
nyru (cm. puc. 4). [1Ipu 3ToM MakcuManbHOE 3HaYEHUE
CPETHEMACCOBOM CKOpOCTH nBIKeHUs napa [W (0, L)
BONTM3M TIOBEPXHOCTH aHO/A TaKKe BO3PACTaeT MpH
YBEJIMYECHUH yKa3aHHOU Temmeparypsl. Tak, Hanpu-
mep, mipu T = 3065 K 9Ta CKOPOCTH MOXKET TOCTHU-

Ta

0,6

0,2 +

0 2 4 6 7, MM

Puc. 4. PaguanbHeie pacnpeneneHus J0IU TSKEIbIX YacTUll JKe-
Jie3a B MHOTOKOMITOHEHTHOH ITPUaHOAHOM Iu1a3Me (0003HaYeHHs
KPHUBBIX /—) Takue e, Kak Ha pHc. 2)
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Puc. 5. PaguanbHele pacnpeenaceHus TeMIepaTypsl IIa3Mbl CTOI-
0a JIyTu Ha TPaHUIIE C aHOJHOM 00JIacThIO (0003HAYCHHS KPHBBIX
1-5 Takue xe, KaK Ha puc. 2)

rarb BenuuuHbl Oosiee 10 m/c. Takoli WHTEHCHUBHBINM
MTOTOK OTHOCHUTEIHHO XOJIOAHOTO Mapa, IBUKYIIUNHCS
OT TIOBEPXHOCTH aHO/A B CTOJIO JyT'H, BBI3bIBACT JIO-
KaJIbHOE 3aXOJa)KUBaHUE MPUAHOAHOMN IJIa3MbI. JTOT
3¢ deKT MPOosBISIETCS B TOM 4acTH aHOAHOMN 00J1acTH,
KOTOpask pacroiokeHa HaJl HanOoJsiee HarpeToi 30HOH
MOBEPXHOCTH PACIUIABJIEHHOIO METaJljIa aHOa, U TEM
CHJIbHEE, YeM BBIIIE TeMIIepaTypa MOBEPXHOCTH B
9TOM 30HE (CM. puc. 5).

Hecmotpst Ha TO, 4TO MOBBINIEHHE € pocToM T
KOHIIEHTPAIIMHU JIETKOMOHNU3UPYEMOTO (IT0 CPaBHEHHIO
C aprOHOM ) METAJUTHIECKOTO TTapa B MHOTOKOMIIOHEHT-
HOM pUaHOHOH I11a3Me JOKHO IPUBOIUTH K YBEJIH-
YEHMIO €€ AIEKTPOIIPOBOJHOCTH G, OTMEUEHHBIH BBIILIE
3G QPEKT JIOKANIBHOTO 3aXONAXKHBAHUSI TPHAHOIHOM
TUTa3MbI TTOTOKOM TIapa MIpaeT 0osiee CYIIECTBEHHYIO
POJIb, IPUBOMSL K YMEHBILEHUIO G U, COOTBETCTBEHHO,
IJIOTHOCTU DJIEKTPUYECKOTO TOKA B MPUOCEBOU 30HE
00IIaCTH aHOJTHOH MPUBS3KH AYTH (pHC. 6).

Ja1078 A /M2

0 2 4 6 r, MM

Puc. 6. PamuanbHble pacripefesieHns! INIOTHOCTH IEKTPUIECKOro
TOKa Ha MOBEPXHOCTU aHOAA (0003HAUCHUS KPUBBIX /—5 Takue
ke, KaK Ha pHC. 2)
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Puc. 7. PaguaneHblie pacrpenesneHus IIOTHOCTH TEIIOBOTO M0-
TOKa, BBOAUMOTO JIyroif B aHOJ (0003HauUeHUsI KPUBBIX /—) Takue
e, KaKk Ha puc. 2)

AHAIIOTHYHBIM 00pa30M BeACT ce0s M IIOTHOCTH
TEIJIOBOTO IMOTOKA, BBOAMMOIO AYTOW B HCHApPSIO-
muiica aHon (puc. 7). 3HaUUTENbHOE CHUKEHHE Be-
JIMYMHBI ¢, TIPU BBICOKMX 3HAYCHUSX TEMIIEPATYpPhI
MOBEPXHOCTU METAJIa aHO/Ia CBA3aHO C YMEHBIIICHHU-
€M KOHBEKTMBHOTO MOTOKA YHEPTUU M3 cToj0a Jyru
B PE3yIbTAaTE€ COOTBETCTBYIOILIETO WU3MEHEHHUS TIa30-
JIUHAMHYECKOW M DIIEKTPOMArHUTHOH OOCTaHOBKHU B
MPUAHOHOW 007aCTH JYrOBOM IJIa3Mbl, a TaKkKe C
YMEHBIIIEHHEM TIO0TOKa TerjIa, IEPEHOCUMOTO K aHOILY
3apsKEHHBIMU YaCTHUIIAMMU, 33 CYET COOTBETCTBRYIOIIIE-
0 yMeHblUeHus j, (puc. 6).

[Ipoananu3upyem Temepp 3aBHCUMOCTH OCEBBIX
3HAYEHUH paccMaTpPUBAEMBbIX XaPAKTEPUCTUK OT TEM-
MepaTypsl MOBEPXHOCTH aHOJa B IIEHTPE OO0JaCTH
AHOJIHOM MpuBA3KU Ayru. M3smenenue TpaO =T(0, L),
Jo =7, 0, L)yn q,=q,0, L) c pocrom T mokazano
Ha puc. 8—10. Mccrenyemslii B HacTosIiei padote
JIMana3oH BapbUPOBAHUS MAaKCUMaJIbHOW TeMmIepa-
TypBI TOBEPXHOCTH PacCIIaBIEHHOTO MeTalla aHOZa
MOKHO YCJIOBHO pa3OMTh Ha JBa MHTepBama: T <
< 2400 K coOTBETCTBYET HEUCHAPSIOIIEMYCS aHO-
ny; 2400 K < T <3100 K coorserctByer nuddy-

?:p'.l[]‘ K
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Puc. 8. 3aBUCHUMOCTb OCEBOrO 3HAUYCHMs TEMIIEPATypbl AyrOBOM
IUIA3MbI Ha TPAHMIE aHOJHOM 00JIACTH OT TEMIIEpaTyphl OBEPX-
HOCTH aHOZA B [IEHTPE 00JIaCTH aHOAHOH MPUBSI3KH JyTH
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Puc. 9. 3aBucUMOCTb 0CEBOr0O 3HaUEHMs IUIOTHOCTH JJIEKTpUYe-
CKOTO TOKa Ha aHOJZIE OT TEMIIEpaTyphl €ro HOBEPXHOCTH B LICHTPE
o0acTH aHOHON MPUBSI3KH TyTH
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Puc. 10. 3aBHcHMOCTh OCEBOTO 3HAYEHUS TNIOTHOCTH TEIUIOBOTO
MIOTOKA B @aHOJ OT TEMIIEPATYPhI €T0 IIOBEPXHOCTH B IIEHTpe 001a-
CTU aHOAHOU NPUBA3KU AYyT'
3UOHHOMY PEXKUMY HCIApeHusi MeTajuia aHoja. B
MIEPBOM JMAIIa30HE TEMIIEPATyp BCE XaPAKTEPUCTUKU
aHOIHOM obnacTu ayru cnabo 3aBucsrt ot T, Torna
KaK BO BTOPOM IPOMUCXOAUT CYLIECTBEHHOE YMEHb-
LICHUE Tpao. Yro kacaercs j, u q,;, TO OHH BEAYT ce0st
HEMOHOTOHHO (cM. puc. 9, 10). HabGmromaromieecs
BHAYaJIe YMEHBIICHHE IIJIOTHOCTU SJIEKTPUUYECKOrO
TOKa U IVIOTHOCTH TEILJIOBOIO MOTOKA B aHOJ Ha OCHU
00JIaCTH aHOJHOW TIPUBS3KH JyTH CMECHSETCS HEKO-
TOPBIM HX YBEJIMYEHUEM, TaK, 4To pu T = 2800 K
STH BEJIMYUHBI TOCTUTAIOT CBOUX JIOKAJIbHBIX MAKCH-
MyMOB. JlanbHeiiee uX CHIKEHUE MPOUCXOTUT TEM
ObICTpee, YeM 00Jiee MHTCHCHBHO UCIAPSIETCs METaJLI
aHoma. OTMedeHHass 0COOEHHOCTh Hanboee 3aMeTHO
MPOSBIIACTCS B TIOBEJICHUU TAKOM MHTETpalbHON Xa-
PaKTEPUCTUKH TEIJIOBOTO B3aMMOJEHUCTBUS JTYTOBOU
IJ1a3Mbl ¢ METAJJIOM aHOJA, KaK IIOJIHAs TEIUIOBas
MOIIHOCTh P, BKJIapiBaeMas ayroit (puc. 11).
3aBUCUMOCTh IUIOTHOCTU TEIUIOBBIX MOTEPh Me-
TaJsla aHo/a Ha WCIIapeHHe B MPHOCEBOHW 30HE 00-
JIaCTH aHOJHOW MPUBSA3KH JYTH ¢, OT TEMIICPATYpPhI
€ro TIOBEPXHOCTH B TOW 30HE IMOKa3aHa Ha puc. 12.
Kax criemyer 3 pacdeTHBIX NaHHBIX, TIPUBEICHHBIX
Ha JIAHHOM PUCYHKe, pu yBemuuenuu T 10 3000 K
yKa3zaHHas BEJINYMHA MOXKET COCTaBIIATH OKOJIO 25 %
COOTBETCTBYIOIIETO 3HAYEHUSI TEIIOBOTO IOTOKA,
BBOJIUMOTO B UCTIAPSIIOLLMKCS aHOJ 1yTOBOM IJ1a3MOU
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Puc. 11. 3aBucuMOCTb TEIUIOBOW MOIIHOCTH, BKJIaJ(bIBAEMOM JTy-
TOli B @aHOJ, OT TEMIIePaTypbl TOBEPXHOCTH aHO/Ia B IIEHTpe 00J1a-
CTHU aHOJTHOW NPUBS3KH JIyTH

Gyo-1075 Br /M2
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Puc. 12. 3aBHCHMOCTH OCEBOIO 3HAYEHHS IIJIOTHOCTH TIOTEPhL
SHEPrUM Ha UCIIAPEHHE METajlla aHOAa OT TEMIIEPATYpPBI €ro I0-
BEPXHOCTHU B LICHTPE obmactu aHOIIHOﬁ HNPUBS3KA Ay

(cp. puc. 10, 12) u nomxHa yUYUTHIBaTbCA P OTPEsIe-
JICHUH SHEPTeTHYECKOro OallaHca ero MOBEPXHOCTH.

B nenom, mpoBeneHHbI B HacTosIed pabore
YHCICHHBIN aHanu3 BiusiHUS Auddy3rnoHHoro ucna-
peHHUsl MeTala aHOAa Ha XapaKTePHCTHKHU CTon0a u
AHO/IHOW 00JIAaCTH YT C TYTOIUIAaBKUM KaToAOM, ro-
psiLIEed B UHEPTHOM ra3e, II03BOJISET CAENATh CIEAYI0-
II11€ BBIBOBI:

1. B citydae 1yroBoii cBapKH HETLIaBSIIIUMCS JJeK-
TPOZOM B MHEPTHOM ra3e BIUSHHE UCIApEHHOTo Ma-
Tepuaia aHoAa Ha XapaKTePHCTUKHU IUIa3Mbl cTOJ0a
JYTH TIPOSIBIISIETCSI TOJILKO B TOHKOM (110 0,5 MM) crtoe,
NPUMBIKAIONIEM K aHOAHON obOiactu. YTo Kacaercs
XApaKTEpUCTUK JYTOBOM IUIa3Mbl B OCTaJbHOW 4Ya-
CTH cTOJ0a, TO OHH NMPAKTUYECKH HE U3MEHSIOTCS 110
CpPaBHEHHUIO C JIyTOM, TOpSILIEN HAa BOAOOXJIAXKI1aeMbIi
(HeuCnapsrOIIUICs ) aHO/,

2. Hcnapenue cBapuBaeMoOro Merajia MPUBOAUT
K CYyIIECTBEHHON NepecTpoiike MpOCTPaHCTBEHHBIX
pacrpesneneHnii XapakTepUCTUK IUIa3Mbl aHOAHOM
00J1acTH CBapOYHOI ITyTH C HEIUIABSAIIUMCS 3JIEKTPO-
JIOM, a TaKXe XapaKTepPHUCTUK €€ TEIJIOBOro M dJeK-
TPOMAarHUTHOTO B3aUMOJAEWUCTBUS C TOBEPXHOCTHIO
CBapOYHOU BaHHBI. B 4acTHOCTH, ¢ POCTOM TeMIle-
parypbl MOBEPXHOCTH paciulaBa B LIEHTPE 00IacTu
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AQHOAHOM MPUBSI3KU YT CHUXKAETCS MJIOTHOCTH Te-
IJIOBOTO ITOTOKAa, BBOAMMOIO Tyroi B CBapHBaeMoe
W3JeNIMe U TUIOTHOCTh JEKTPUYECKOro TOKa Ha €ro
noBepxHocTH. Bmecre ¢ moTepsMu 3Heprum pac-
IJIABJIEHHOTO MeTajjia Ha UCHAapeHHe 3TO MPUBOIUT
K YMEHBIIEHHIO 3((PEKTHBHOCTU AYyTrOBOTO Harpesa
CBapHBaEMOro MeTaJa.
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1.1.22. NUMERICAL STUDY

OF THE ANODE BOUNDARY LAYER
IN ATMOSPHERIC PRESSURE ARC DISCHARGES"

LL. SEMENOY, L.V. KRIVTSUN, U. REISGEN

1. Introduction. The near-electrode plasma layers of
high pressure arc discharges have been the subject of in-
tensive research for decades. Comprehensive reviews of
both experimental and theoretical studies can be found
in several recent publications on this topic [1-3]. As a
rule, the cathode region is assumed to be more important
than the anode one. For this reason, anode phenomena
have attracted much less attention in the past.

In recent years, however, the anode region in atmo-
spheric pressure arc discharges has received renewed in-
terest owing to the continued development of arc weld-
ing technologies, such as gas-metal arc (GMA) welding,
gas-tungsten arc (GTA) welding and hybrid (laser with
GTA) welding processes. For example, the properties of
the arc in GMA welding are still not well understood,
mainly due to the effect of metal vapour on the anode
boundary layer near a consumable wire electrode [4—10].
The influence of laser radiation on plasma properties in
the anode region has also not been analysed in detail.
In this view, further studies of the anode plasma layers
seem to be of great importance for the field.

It is known that numerical modelling plays an im-
portant role for understanding physical processes in
the near-electrode regions, since experimental stud-
ies of these thin non-equilibrium layers are difficult
to perform and interpret. The anode boundary layer
in atmospheric pressure discharges has been studied
numerically using different models in many works
[11-17]. We do not provide a detailed discussion of
these works here and refer the reader to the reviews
mentioned above [1, 2]. It should be emphasized,
however, that the anode space-charge sheath has not
been taken into account properly in previous studies.
However, the analysis of the anode sheath seems to be
an important issue, since the sheath might influence
the properties of the whole anode layer. Therefore,
it is highly desirable to model the anode region in a
unified manner without any simplifying assumptions
including quasi-neutrality. To the best of our knowl-
edge, only one example of such a unified model has
been reported in [18]. In this work the anode layer has
been studied using the model proposed previously in
[19] for modelling near-cathode plasma layers. How-
ever, the results presented in [18] are related to the
case of very high pressure discharges (with pressures

of about 100-200 bar) but not to the case of atmo-
spheric pressure discharges.

In the present work we use the approach proposed
in [19] to study the anode layer in atmospheric pres-
sure arc discharges. One-dimensional unified mod-
elling of the anode layer is carried out for an argon
arc at different values of the current density in the
range from 500-2000 A-cm™. As was shown in [20]
and mentioned in [2], this range is typical of the an-
ode boundary layers of thermal arcs. The numerical
modelling of the arc in the GMA welding process also
shows that the current density near the anode wire lies
in a similar range [4, 5]. For comparison, we also con-
sider a quasi-neutral model of the anode layer supple-
mented with the common collisionless model of the
sheath. Using the results of numerical modelling, we
analyse the distribution of plasma parameters in the
anode boundary layer and examine the anode sheath
structure. In addition the basic characteristics of the
anode layer, such as the anode voltage drop, sheath
voltage drop, anode layer thickness, sheath thickness
and total heat flux to the anode, are also presented and
their dependence on the current density is discussed.

In view of the fact that we use a one-dimensional
model to study the anode layer, a remark should be made
about the applicability of this approach. As is known, the
thickness of the anode layer may be quite substantial
(~1 mm) compared, for example, to the typical length of
the welding arcs. In this case, the radial variations of the
plasma parameters in the arc column might noticeably
affect the structure of the anode layer. For this reason,
we should admit that the one-dimensional approach rep-
resents a strong simplification of the problem under con-
sideration. On the other hand, a one-dimensional formu-
lation enables us to extend the complexity of the physical
model, e.g. by considering the anode layer without the
assumption of quasi-neutrality. One further step in this
direction might be to extend the approach proposed in
[19] to the case of a multicomponent plasma with mul-
tiply charged ions. This step could be of importance for
future studies needed to analyse the influence of metal
vapour and laser radiation on the anode layer properties.
However, such extensions of the physical model could
be difficult to accomplish for more realistic geometry at
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the first stage. Furthermore, as is shown in the present
study, the one-dimensional model of the anode layer can
provide quite reasonable quantitative results.

The paper is structured as follows. In section 2 we
present the governing equations, along with the cor-
responding boundary conditions, and describe briefly
the numerical method employed to solve the formu-
lated problem. The results of numerical computations
are presented and discussed in section 3. The conclu-
sions are summarized in section 4.

2. Model of the anode region. 2.1. Basic equa-
tions. The approach employed in the present work is
based mainly on the model proposed in [19]. Howev-
er, we use a slightly different boundary condition for
the ion number density at the anode surface. More-
over, we have also considered the quasi-neutral model
of the anode region. Thus, for completeness, we pres-
ent here the basic equations of the model and refer the
reader to [19] for details.

Let us consider an anode boundary layer in an argon
arc discharge under atmospheric pressure. The plasma
in the anode layer is assumed to consist of atoms (a),
singly charged ions (i) and electrons (e). The presence
of multiply charged ions is neglected, since the plasma
temperature in the bulk of the discharge is estimated to
be not higher than 18 kK (for the considered range of
current densities). The convective effects in the anode
layer are also neglected. In addition, it is assumed that
the heavy particles (ions and atoms) have a common
temperature, T , which differs from the electron tem-
perature, T_(a two-temperature model).

As in [19], we consider a simple one-dimensional
model of the anode region. The axis x of the Cartesian
coordinate system is directed from the anode surface
into the plasma and the anode is located in the plane
x = 0. The governing equations of the model include
the continuity, momentum and energy equations for
plasma components. The continuity equations read as

VJa:ma, a=e,i,a, 1)
where J_ is the number density flux, ®_is the produc-
tion rate of plasma particles due to ionization-recom-
bination reactions and V = d/dx. The number density
flux is defined as J = n Vv , where n_and v _are the
number density and velocity of the particles, respec-
tively. In high pressure discharges the ionization is
mainly driven by collisions between electrons and at-
oms and the dominant recombination mechanism is
three-body recombination with an electron as the third
body. In this case, the production rates are written as

0, =0=-0 =knn —krnen] )

where k. and k_are the ionization and recombination
rate constants, respectively. Adding the continuity
equations for ions and atoms and subtracting the con-

tinuity equations for ions and electrons, we obtain the
following relations:
Jo==J,

. Ji—Je:j/e, 3)
where j is the current density in the anode region (e is
the elementary charge). Here the first relation reflects
the conservation of heavy particles and the second
relation reflects the continuity of the electric current
in the anode region. Thus, relations (3) can be used
instead of any two continuity equations.
The momentum equations for plasma particles can
be written as (see [21])
—Vpa + nazuE + ZVQ
B

nn (v

_RT =
ot[ion[i B Va) Rot 0. (4)

Here o, B — denote the particle type; p, = n kT is the
partial pressure (k is the Boltzmann constant); p op =
=mm/f(m + m) is the reduced mass (m 5 denote
the partlcles masses); z_ is the particle charge E is the
electric field; Vg is the collision rate; and Rl is the
thermal diffusion force given by

RN =C kVT, (3)

where C'® is the thermal diffusion coefficient. Note
that the thermal diffusion effect due to the heavy par-
ticles’ temperature gradient is neglected in equation
(5). The collision rate in equation (4) is related to the
binary diffusion coefficient by

. Mgl

ap " nD B“aﬁ
= (mOLT[3 + mBTu)/(ma + mﬁ) denotes the
reduced temperature of the particles; N =§na is the

where T
ap

total number density; D, is the binary diffusion co-
efficient evaluated in the first approximation of the
Chapman-Enskog method and C,_g are the coefficients
accounting for approximations of higher orders.
Adding the momentum equation (4), we also ob-
tain the following relation:
-Vp+ e(ni -n, JE=0, (6)

where p=3p is the total pressure. The momentum
a @

equations are supplemented with the Poisson equation

for the electric field:

g VE = e(ni - ne) )
g, 1s the electric constant. By combining equation (6)
with equation (7) we obtain

V(p—aoE2 /2)=0. ®)

Equation (8) means that the total pressure in the
system (including the electric field pressure) is con-
stant across the anode region.

The energy equations for heavy particles and elec-
trons can be written as

Vg =x_n k(T T ), )

h eh e

5 .
V(qe +=J kTerjE+Kehnek(YI1 -T)-w,

27 (10)
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where g_and g, are the electron and heavy particles heat
fluxes, respectively; K, is the energy exchange frequen-
cy; and W_is the electron energy losses due to inelastic
processes. The energy exchange frequency is defined as
3kTe n.ooon
“h=mn|D,_ D, )
1 ea 1

€l

and the electron energy losses are given by

w, —Aco W

where 4. is the energy of ionization and w_, denotes
the energy losses due to radiation. The heavy parti-
cles’ heat flux is assumed to be caused only by the
heat conduction, i.e. the effect inverse to the thermal
diffusion is neglected. Thus, g, is simply given by

G =MV, (1)
where A, is the heavy particles’ thermal conductivity.
In turn, both mechanisms are taken into account for
the electrons, and the electron heat flux is given by

6, = AL +kTn, 3, 470, ) (12)
where A_is the electron heat conductivity and A;e) are
the kinetic coefficients.

Further, following the idea proposed in [19], we
transform the governing equations to a set of four
nonlinear differential equations of the second-order
for the electron number density n , electric field £ and
temperatures 7, and T . To transform the governing
equations we eliminate v_and v, from the momentum
equation (4) for ions and electrons using relations (3).
The resulting equations are written as

~V(n kT )ten E—vy J -

=3 (j/e)=Cn kVT =0, a=ie, (13)

where
Y, =y, p, (noFn)+vop (=),

ea’ ea ei' ei
n

el el 1

y—vu(n+n)+vu(n—

1a’ 1a

S—Vpn—

ea e

8_vu(n+n)+Vpn

1 1a° 1a €1 el e

M

ei e’

By expressing J_ from equation (13) for electrons
and substituting the resulting expression into the
electron continuity equation we obtain the following
equation for the electron number density:

VI-y'kT Vi —v'neE~v'8 (j/e)-
—y;léée)nekva] =knn —kinezni, (14)
where C® =1+ C® . The number densities of ions and
atoms in equations (13) and (14) are also expressed
as functions of n_and E. The number density of ions
is simply expressed using the Poisson equation. The
number density of atoms is defined using condition
(8), i.e. from the relation p — € E*/2 = const, where
the constant is defined using the values of the total
pressure and electric field in the region of undisturbed
plasma far from the anode (see also section 2.3).

Further, eliminating J_ from equation (13) and ex-
pressing n. using the Poisson equation we obtain the
equation for £. This equation reads

—G)1 (80 / e)AE +®2neE+ ®3 (80 /e)VE + =

+®4nC +G)5VnC +®6(j/e)=0,
d*/dx* and the coefficients are given by
0 = yckT ,

where A =
0, =e(y, +71,)

©,=v.eE~ykVT —y COkVT,

_ (e) _ (e) _

®4 _[yi +yice yeCi ]kvye YekVTl’
O =v,kT, —v KT, O = aeyi 76174
The equations for the temperatures T, and T_ are

obtained by substituting the expressions (11) and (12)

into the energy equations (9) and (10), respectively.
The resulting equation for T, reads

VOGWVT )+ n kT = T) =0, (16)
and the equation for T reads
V(}\CVTC) + JE + Kehnck(]L - Tc) - A'Iwc - wrad -
JkT +KT n, Z A9 —v ) |= (17

For comparison, we have also considered a qua-
si-neutral model of the anode region. This model,
which is based on the constraint N = », can be formu-
lated as follows. First, the momentum equations (4)
for ions and electrons are added and the ion number
density flux J, is expressed from the resulting equation
with the help of relations (3). This expression is then
substituted into the ion continuity equation to obtain
the following equation for the ion number density:

V7T +T )Vn +7.15.(j / )~
1 e _ 1 1 1 (18)
—?i‘lnikVY;] _yi_lci(E)nikvze]:kinani _kini3’
where C© =1+C(© +C and
V=V

aHia T VeaHe (M 4 1),

The atom number density within the quasi-neutral
model is defined using condition (6), which in this case
means that p = const. The electric field is calculated us-
ing the momentum equation (4) for electrons and the
equations for temperatures T, and T_do not change.

2.2. Transport, kinetic and radiation coefficients.
Transport, kinetic and radiation coefficients appearing
in the set of governing equations have been defined
using the same expressions as those used in [19]. In
particular, the expressions for the coefficients D o
Copr C, A(e) A, and A_have been taken from appen-
dix A4 of [19] (see equatlons (45)—(56) in [19]). The
energy-averaged cross sections, which are required to
evaluate the transport coefficients, were calculated as
described below.

The energy-averaged cross section for momen-
tum transfer in collisions between ions and atoms,

8— pon.

ea’ ea a

(31(;,1) , was calculated using data from [22]. Namely,
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we used the energy-dependent cross section for the

1,1 .
charge-transfer process to evaluate Q" numerical-

ly as a function of T,. The obtained results were then
fitted using the formula Q" = 1.28 — 0.194In(T )"
(where T, isinkK, Q™" is in 10* m?), which provides
a quite accurate approximation for the cross-section
Q"D in the range from 500-25000 K.

The energy-dependent cross section for momentum
transfer in collisions between electrons and atoms was
taken from the Biagi-v8.9 database (see [23]), which
is available on the LXCat open-access website [24].
The corresponding energy-averaged cross section,
Qg;l) , was then calculated numerically and tabulated
as a function of T . The same procedure was used to
evaluate the electron transport coefficients described
by Lorentzian formulae (see, e.g. [25, 26]) in the case
of partially ionized plasmas. Namely, we tabulated the
correction coefficient C_, the thermal diffusion coef-
ficient for electrons in the limit of partially ionized
plasmas (coefficient C,,  in equation (48) of [19]) and
coefficient C__ in equation (51) of [19].

The energy-averaged cross section for momentum
transfer in collisions between electrons and ions, Q"
was calculated using the conventional formula based on
the cut-off Coulomb potential (see, e.g. [26]):

QU = e nA ’
el 327:8(2)(kTe )?
where InA is the Coulomb logarithm with A =
=1.24-10’T*2n12 (here T, is in K and n_ is in m~).

The energy-averaged cross sections Qﬁ’z), q(iz,z)
and Q>?, which are required to evaluate A, were
defined as follows. The cross sections for atom—atom
and ion—atom collisions were calculated using the fit-
ting formulae proposed in [19] using the data of [22]:
655’2) =1.12T°02 @f’z) =3.6T % (where T, is in K and
the cross-sections are in 107'® m?). The cross-section
Q%2 was obtained using the expression

50 = e lnA ,
i 36me (KT, )2
which can be also found in [19, 27].

Further, the ionization and recombination rate
constants were defined by means of the approach de-
scribed in [28]. Namely, the ionization rate constant
was represented as the sum of rate constants for direct
and stepwise ionization, which were evaluated using
the expressions presented in [28] (see equations (11)—
(14) in [28]). The required data on parameters for ar-
gon atoms and ions were taken from [29] and the data
on the ionization cross section were taken from [30].
The recombination rate was then calculated using the
expression k= k(n /n?)_, where (n/n?) denotes the
ratio n / nj evaluated using the Saha equation.

152

Finally, the energy losses due to radiation were eval-
uated using the fitting formula proposed in [19] on the
basis of the results of [31-33]. This formula reads

p [ 1.69-10° ]
7232 CXp| 7 ’

e

w | =2.6-10%
rad

where p is in bars, T_isin K and w__ is in W-m™.

2.3. Boundary conditions. Let us now formulate
the boundary conditions used in the present study.
For this purpose it might be useful to consider first
the sketch of the anode layer shown in figure 1. As is
known, the anode layer can be divided qualitatively
into several sublayers corresponding to different kinds
of perturbations introduced into the arc plasma by the
anode. In particular, moving from the anode surface
into the bulk plasma, one can distinguish the space-
charge sheath, ionization layer and layer of thermal
non-equilibrium (see figure 1). Here, the space-charge
sheath is a thin layer, where the quasi-neutrality
breaks down (i.e. n. # n ); the ionization layer is char-
acterized by deviations from the ionization equilibri-
um (i.e. N.=n_#n_, where n_ is the number density
of the charged particles defined by the Saha equation);
and the layer of thermal non-equilibrium is the region
where T_ differs noticeably from T,. Comprehensive
description of these layers, along with estimates
of their thicknesses, can be found, e.g. in the re-
views [1-3]. Above the layer of thermal non-equilib-
rium there exists the region where the plasma is close
to the local thermodynamic equilibrium. Within the
one-dimensional model used in our study the plasma
parameters in this region tend to uniform distribu-
tions at sufficiently large distances from the anode.
In this case, the region of uniform plasma parameters
represents a model of the arc column which can be
defined by neglecting all spatial gradients in the gov-
erning equations described in section 2.1.

Taking into account the above discussion, we formu-
late the boundary-value problem for equations (14)(17)
on the interval 0 < x < L, where the lower boundary,
x = 0, coincides with the anode surface and the upper
boundary, x = L, is placed far enough from the anode in
the region of uniform plasma parameters. The boundary
conditions imposed at x = L are analogous to those used
in [18, 19]. Namely, the number densities of plasma par-
ticles are found using the following equations:

— 2
knn =kn'n, (19)
p=n KL, +nkT, +n kT, (20)
=" @n

where equation (19) means that the ionization is bal-
anced (locally) by the recombination; equation (20)
defines the total plasma pressure (p = 1 atm in our
case); and equation (21) represents the quasi-neutral-
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ity condition. The number density fluxes and electric
field can be found using equation (4) supplemented
with relations (3). In particular, the electron flux is
given by the expression

Jj S +90
J=-Lii e (22)
¢ e ye + yi
and the electric field is given by
E:L‘Siye —5;
&2 ny, +ny, ’ (23)

where the coefficients 8, and vy, are defined below
equation (13). Finally T, and T, far from the anode are
defined using the conditions
L=To JE=w (@) (24)
Further, let us consider the boundary conditions
imposed at the anode surface. We adopt the common
assumption that electrons and ions recombine at the
surface producing atoms and the remaining portion
of the electrons is fully absorbed by the anode. The
effect of the electron emission is neglected, since the
surface temperature is assumed to be sufficiently low.
In this case the boundary condition for the electron
number density flux at the anode surface is given by
nv
J =4
where v = 8kT /mm_ is the average speed of ran-
dom (chaotic) thermal motion of the electrons. The
right-hand side of this condition represents the flux of
the electrons moving to the anode surface due to ther-
mal motion. This flux can be obtained if we approximate
the electron velocity distribution function at the anode
surface by the (non-shifted) half-Maxwellian function
which equals zero for the electrons moving from the
surface (as the consequence of absorption). The left-
hand side of the boundary condition (25) represents the
electron flux evaluated within the hydrodynamic model.
It is worth noting that the condition (25) is not strictly
justified from the point of view of the kinetic theory of
gases. Nevertheless, this condition is frequently used in
the modelling of both low and high pressure discharges.
On the other hand, the choice of the boundary con-
dition for the electric fleld at the anode surface should
be discussed in more detail. One possible way in this
case is to assume that the ion number density at the
anode surface has a fixed prescribed value, n_. In this
case, the boundary condition for £ is simply defined
using the Poisson equation (7):
VE = (e/ao)(niS —ne).

(25)

(26)
For example in [19], it was assumed that n,_= 0 at
the surface. Such a choice can lead to unrealistic val-
ues for the ion current density near the anode surface
and, consequently, can influence the sheath structure.
Thus, from the physical point of view, it is preferable
to define the value of the ion number density flux at
the anode surface. This question is discussed below.

3
x m ! | L P P e e e
Arccolumn T.= Ty, n = ne = ng,
Layer of therma non-equilibrium T, # T},
lonization layer n; = Ny
Space-charge sheath n; # n,
P e e e
Anode

Fig. 1. Schematic sketch of the anode boundary layer (see the de-
scription in the text)

It is known that due to absorption of ions there exists
a so-called Knudsen non-equilibrium layer near the an-
ode surface where the velocity distribution function of
ions is discontinuous. The thickness of this layer is usu-
ally of the order of several mean free paths for ion—atom
collisions. In this view, according to the preliminary es-
timates, this layer is expected to lie inside the sheath.
The structure of the Knudsen layer is known to depend
on the Mach number of the particles entering the layer
[34] and, hence, on the particles’ velocity if the tem-
perature variation is neglected. In turn, the dynamics
of'ions in the sheath can be in many cases reasonably
well described using the model of mobility-controlled
ion motion [35]. Thus, when the presence of the Knud-
sen layer is neglected, the ion number density flux at the
anode surface can be approximately given by

J = - 27)
I Viauiana

The corresponding boundary condition for the
electric fleld is then obtained as follows. The expres-
sions (25) and (27) are substituted into the relationJ —
—J_ = jle (current continuity condition) and the num-
ber density of the ions is expressed using the Poisson
equation (7), i.e. we substitute n, = n_+ (g /e)VE. The

resulting condition for £ reads as follows:

eEne sOEVE neVe y 0
Vun+Vp,n+ 4 —(/e=0.

ia'ia a iatia a

(28)

It should be noted that such an approach is expected
to be justified for the case when T_>> T and the ions
are accelerated by the electric field in the sheath. Our
computations showed that the last condition holds for
the range of j we used. The electron temperature in the
sheath was found to be only five times higher than the
heavy particles’ temperature. Nevertheless, we expect
condition (28) to work reasonably well. Thus, in our
computations we used expression (28) as the boundary
condition for the electric field at the anode surface within
the unified model. Further comparison between condi-
tions (26) and (28) is also discussed in section 3.
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For the temperatures T, and T  we use the same
boundary conditions as those used in [19]. Namely, the
heavy particles’ temperature is assumed to be equal to
the surface temperature T, i.e. the condition is

=T (29)
And the boundary condition for the electron tem-
perature at the anode surface reads as
neve
4
where the effect of the electron thermal emission is
neglected. The left-hand side of the condition (30)
represents the energy flux transported by the electrons
moving to the anode surface due to thermal motion.
By analogy with the boundary condition (25), this
flux can be obtained if we approximate the electron
velocity distribution function at the anode surface by
the (non-shifted) half-Maxwellian function. The right-
hand side of the condition (30) represents the total en-
ergy flux evaluated within the hydrodynamic model.

Let us also discuss the boundary conditions for the
quasi-neutral model of the anode region. In this case
the boundary conditions for equations (16)—(18) at
x = L are the same as described above. The boundary
conditions imposed at the point x = 0, which is as-
sumed to coincide with the sheath edge, are described
below. It should be noted that the computations based on
the quasi-neutral model have been performed to empha-
size the importance of the proper sheath description. In
this view, we have used the common collisionless model
for the sheath (see, e.g. [36]). Namely, the ion velocity
at the sheath edge was assumed to be equal to the Bohm
velocity v, = \Jk(T +T; )/ m_, 1.e. the boundary condi-
tion for equation (18) was given by

Ji =—nV,.

5
2kT, =5 J KT, + 4, (30)

(€3]

The boundary condition for T, at x = 0 within the
quasi-neutral model was defined using equation (29)
and for T we used different prescribed values at the
sheath edge in order to analyse the applicability of the
common sheath model (see the discussion in section 3).

2.4. Method of numerical solution. Let us further
describe briefly the numerical method which has been
used to solve the boundary-value problem formulat-
ed in sections 2.1-2.3. For brevity, we describe here
only the method used for solving the governing equa-
tions of the unified model, since the method used for
solving the equations of the quasi-neutral model was
virtually the same. The system of four nonlinear equa-
tions (14)—(17) was solved numerically by means of
the following iterative procedure. First, the equations
were linearized using Newton’s method. In particular,
the term n £ in equations (14) and (15) was linearized
with respect to n_and £, the terms n n_and n(fni in the
production rate w_ were linearized with respect to n,
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and the term W_, in equation (17) was linearized with
respect to T . The other nonlinear terms were simply
evaluated using the plasma parameters from the pre-
vious iteration step. It should be also noted that the
equations for n, £ and T,, T, were decoupled. Name-
ly, at each iteration step we first solved the coupled
system of equations for n_and £ and then the coupled
system of equations for the temperatures T, and T .

The differential operators in equations (14)—(17)
were discretized on a non-uniform mesh. This mesh
was generated by applying a coordinate transform
X(), where a new variable & was discretized on a
uniform mesh on the interval [0, 1]. The transform
function was defined as
G-5'°¢
x(E€)=L(c- l)m,
where G is the transform parameter; ¢ =(c+ 1)/(c—1);
and L is the size of the computational domain (see p. 544
in [37]). In our computations we used ¢ = 1.01.

To discretize the differential operators the gov-
erning equations were rewritten in terms of the new
variable & and then the standard second-order finite
difference scheme was applied to approximate the de-
rivatives d/d€ and d¥d&>. Tt is worth noting that the
geometric terms resulting from the applied coordinate
transform were discretized using the same formulae.
In this case the discrete analogue of the Laplace op-
erator still equals zero for the linear function and no
additional numerical noise is generated. The bound-
ary conditions described in section 2.3 were also lin-
earized and discretized using the second-order finite
difference scheme.

The resulting system of linear equations obtained
after discretization was solved using the conventional
three diagonal matrix algorithm which was general-
ized to the case of coupled equations. In addition, a
special procedure was applied to treat the boundary
conditions near the anode surface. The iterations were
stopped when the relative errors for the unknowns at
each mesh point were below some threshold (~10°°).

3. Results and discussion. In this section we
present the results of the numerical modelling which
has been carried out on the basis of the anode region
model described in section 2. As was mentioned in the
introduction, the current density in our computations
was varied in the range from 500-2000 A-cm2. For this
range of current densities, the plasma temperature in
the bulk of the discharge varies between 13 and 18 kK.
The anode surface temperature T_was not varied in our
study and was chosen to be equal to 1 kK. The compu-
tations have been performed for both the unified and
quasi-neutral models of the anode boundary layer.

First, in order to emphasize the importance of
proper description of the anode sheath, we have per-
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formed computations on the basis of the quasi-neu-
tral model with different prescribed values of T_at the
sheath edge. As it was described in section 2.3, in this
case we used an assumption based on the common
sheath model (see [36]), i.e. the ion velocity at the
sheath edge was assumed to be equal to the Bohm
velocity. To analyse the applicability of the common
sheath model let us consider the ratio of J_ to the cha-
otic electron flux J(M =-nv /4 at the sheath edge.

In table 1 we present the values of this ratio calculated
within the quasi-neutral model at different current den-
sities j and different T_at the sheath edge. Note that the
results in table 1 are given for relatively low values of
T.. The reason is that for higher values of T_ the gradi-
ent of the electron temperature at the surface becomes
negative and, hence, the electron heat conduction flux
becomes positive (the heat flows out of the sheath). It
seems to be an artificial effect caused by the imposed
boundary condition. Moreover, the results of a unified
modelling showed that the electron temperature near
the anode surface lies in the range from 5-6 kK.

One can see from table 1 that |J| is higher
than |J(Ch) | for the considered parameters. On the
other hand as was mentioned, for example, in [38],
the common collisionless model of the sheath is justi-
fied when |J| is much smaller than | J(") | Namely, if this
condition is not satisfied, the assumption of Boltzmann dis-
tributed electrons inside the sheath and conditionv, =-v, at
the sheath edge become questionable. It should also be
emphasized that the standard sheath model is assumed
to describe the electron-repelling sheath. In this case, to
ensure that the sign of the sheath voltage drop obtained
within the standard model is consistent with this as-
sumption, the condition |J| < |JéCh) | at the sheath edge
has to be satisfied as well. Thus, our results show that
the quasi-neutral model of the anode layer supplement-
ed with the boundary condition (31) (i.e. v, = -V,) at the
sheath edge gives contradictory results. This problem
indicates that a unified modelling of the anode boundary
layer without the assumption of quasi-neu-trality is in-
deed of importance.

A possible explanation for why the common sheath
model does not work for the problem under consider-
ation might be fact that under some conditions an elec-
tron-attracting anode sheath can form. For example, as
was found in [39, 40], such conditions can be realized
in Hall thrusters. Note, however, that the analogy in
this case is not complete because Hall thrusters oper-
ate at low pressures. The other important point to be
noted is that the anode sheath is not fully collisionless.
Our estimations showed that the ion-atom mean free
path near the anode surface is of the order of 0.1 pum,
while the sheath thickness is of the order of 1 um (see
table 3 below). This means that the ion-atom collisions

Table 1. The ratio of the electron number density flux (J,)
to the chaotic electron flux (Jé“‘” ) at the sheath edge computed
within the quasi-neutral model of the anode layer. The results
are presented for different current densities (j) and different
electron temperatures (T ) at the sheath edge

J, Acem’? JJ geh

T =4kK T =5kK T =6kK
700 5.45 4.67 4.12
1000 3.69 3.12 2.73
1500 2.16 1.81 1.57
2000 1.41 1.18 1.03

might affect the structure of the anode sheath. On the
other hand, we have tried to account for the effect of
collisions by using the modified Bohm velocity at the
sheath edge [41-43], but it was found that this approach
also leads to contradictory results.

Let us now consider the results obtained on the ba-
sis of the unified model of the anode layer. However,
before we present the main part of our results, let us
briefly discuss the boundary condition imposed for
the electric field at the anode surface in the unified
model (see section 2.3 for the details). In figure 2 we
show the distributions of the ion number density and
relative charge separation in the sheath obtained for
the case j = 1000 A-cm using two different boundary
conditions: the boundary condition (26) with different
prescribed values of n. and the boundary condition
(28). The relative charge separation is given by A =
=(n,—n)/n_, where n_is the electron number density
atx =0. It can be seen from figure 2 that the boundary
condition with the prescribed n._ can noticeably affect
the solution near the surface. For example, the charge
separation changes sign in the sheath at small values
of n_(see figure 2, b). It is likely to be an artificial ef-
fect, since the charge separation near the sheath edge
is positive. On the other hand, the boundary condition
(28) seems to work reasonably well, because the solu-
tion obtained with this condition provides a uniform
transition between the region near the sheath edge and
the anode surface.

Further, let us discuss the main part of the results
obtained using the unified model. In figure 3 we show
the distributions of plasma parameters in the anode
layer for the cases j =700 A-cm™ and j = 1500 A-cm™.
The parameters shown are the number densities of the
ions and electrons and the temperatures of the elec-
trons and heavy particles. In addition, we also show
the number density of the charged particles, n_, cal-
culated by means of the Saha equation and quasi-neu-
trality condition. In figure 3 one can see the region of
uniform plasma parameters representing the solution
of equations (19)—(24). In this region which starts at
x ~ 1 mm the plasma is close to the local thermody-
namic equilibrium, i.e. n.=n =n_and T = T7,. The
anode boundary layer can be observed at x < 1 mm.
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Fig. 2. Distributions of the ion number density (@) and relative
charge separation (b) near the anode surface for the case j =
= 1000 A-cm™. The results are obtained within the unified model
of the anode layer using two different boundary conditions for the
electric field at the anode surface. The solid lines show the solu-
tions obtained using the boundary condition (26) with different
prescribed values of n, and the dashed line shows the solution
obtained using the boundary condition (28)

In particular, one can distinguish the layer of thermal
non-equilibrium (T, > 7)), the ionization layer (n, >
>n_) and the space-charge sheath (n. > n ). The de-
tailed description of these non- equlhbrlum sublayers
can be found in [1-3, 19].

As will be shown later, the general trend is that
the thickness of the anode layer decreases with in-
creasing current density. This is simply explained by
the fact that the plasma temperature in the bulk of the
discharge increases with j. In turn, this leads to an in-
crease in the ioniziation and energy exchange rates
and, consequently, to a decrease in the thickness of
the ionization and thermal non-equilibrium layers. It
is also worth noting that the plasma temperature in
the bulk of the discharge at j = 1500 A-cm™ is close to
that obtained in [4, 5] at similar values of the current
density near the wire anode in GMA welding. Anoth-
er interesting point to note is that the electron tem-
perature at the anode surface changes slightly as the
current density increases. For clarity, the values of the
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Fig. 3. Distributions of the plasma parameters in the anode
boundary layer for two different values of the current density:
j =700 A-cm™ (a) and j = 1500 A-cm™ (b). The solid lines show
the number densities of the electrons (n ) and ions (n)). The dashed
lines show the temperatures of the electrons (T,) and heavy parti-
cles (T,). The dashed-dotted lines show the charged particle num-
ber density (n_) calculated by means of the Saha equation and
quasi-neutrality condition
electron temperature at the anode surface and in the
undisturbed plasma are given in table 2 for different ;.
In addition to the results shown in figure 3 we also
present in figure 4 the distributions of the electron
and ion current densities for j = 700 A-cm™ and j =
= 1500 A-cm™. The electron and ion current densities
are defined as j, = eJ_ and j, = eJ, respectively. Note
also that due to relation J— J ]/e the distributions of
J;and j_differ only by the constant j. The distribution
of j J; shown in figure 4 agrees qualitatively with that
presented in figure 6 of [11]. Namely, one can observe
a non-monotonic behaviour of j, which can be ex-
plained as follows. According to the solution of equa-
tions (19)—(24), the ion current density in the region of
undisturbed plasma is positive, i.e. directed outward
from the anode. Inside the anode layer the ion current
density changes sign and increases towards the anode
due to absorption of ions and electrons at the anode
surface. On the other hand, near the anode surface the
ion current density decreases owing to the increase of
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Table 2. The electron temperature at the anode surface
and in the undisturbed plasma for different values of the
current density

J,A-em™ T, kK (anode surface) To, KK (undisturbed
¢ plasma)
500 4.69 13.53
700 4.93 14.37
1000 5.20 15.40
1500 5.59 16.82
2000 5.99 18.04

atoms number density which leads to the reduction of
the ion mobility (see also the discussion in [11]).

Further, we show in figure 5 the distributions of
the electric field in the anode layer for different values
of the current density. As it follows from the solution
of equations (19)—(24), the electric field is positive in
the region where the plasma parameters are uniform.
On the other hand, inside the anode layer the electric
field associated with the density gradients (pre-sheath
field) plays a dominant role and the total electric field
changes sign. It is worth noting that, in contrast to the
case of very high pressure discharges studied in [18],
the behaviour of the electric field shown in figure 5
is monotonic near the point of sign change. The in-
fluence of the anode sheath structure on the electric
field strength near the anode surface is also visible
in figure 5. Namely, as the current density decreas-
es, the charge separation inside the sheath becomes
smaller which leads to a decrease in the electric field
gradient and strength near the anode surface. This ten-
dency might be explained by taking into account that
the electron temperature near the anode surface also
decreases with decreasing j (see table 2).

To supplement the discussion of the anode sheath,
we show in figure 6 the distributions of the ion ve-
locity near the anode surface for different values of ;.
The dashed line in this figure marks a rough estimate
of the anode sheath thickness and the dashed-dotted
line shows the representative value of the Bohm ve-

Jili Jeli

§F———————————————— - —-1.00
J=700 Alem?
j= 1500 Alem®
0.01 4 - -1.01
-0.02 1 - -1.02
10* m" ru'“ 10'-‘ |u'4 m'-* 102 x.m

Fig. 4. Distributions of the ion (j,) and electron (j ) current densities
normalized to j for the cases j = 700 A-cm and j = 1500 A-cm™>.
Note that due to relation J, — J, = j/e the distributions of j and j,
differ only by the constant

E, 10°V/m

I R

0.5 1

j=2000 A/em®

1077

10°% 10° 107 10t 107 107am

Fig. 5. Distributions of the electric field in the anode layer for
different values of the current density

locity calculated at T, = 7, T_ = 5 kK. It can be seen
from figure 6 that the ion velocity at the sheath edge
is much lower than the Bohm velocity. This result
can partially explain why the quasi-neutral model of
the anode layer gives contradictory results when it is
combined with the standard sheath model assuming
that v. = —v; at the sheath edge.

In the final part of this section we present the basic
characteristics of the anode boundary layer computed
using the results of the unified modelling. First, let us
consider the voltage drop in the anode layer. In order
to clarify the definition of the anode voltage drop we
show in figure 7 the distributions of the electric po-
tential in the anode layer for j = 1000 A-cm™ and j =
= 2000 A-cm2. The zero of the potential is chosen to
be at the anode surface. Note also that the sheath is not
resolved in figure 7. One can see from figure 7 that the
electric potential reaches a maximum value at some
point in the layer. At this point the electric field asso-
ciated with the density gradients (the pre-sheath field)
is equal to the electric field associated with the electric
current (see also [14]). It is natural to assume that the

Vi, m/s
04 |
200 -
[
400 [
1500 |
600 - |
|
500 ]
J=2000 Alem-~ |
1000 1 | ;
Bohm velocity
— i —y — — —— - I_ _______________
~1200 : | :
0¥ 107 10° 10° 10" ¥, m

Fig. 6. Distributions of the ion velocity in the anode layer for dif-
ferent values of the current density. The dashed line marks a rough
estimate of the sheath thickness. The dashed-dotted line shows the
Bohm velocity calculated at T, = 7, T, = S kK
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Fig. 7. Distributions of the electric potential in the anode layer for
Jj=1000 A-cm™ and j = 2000 A-cm™. The dashed line marks the
pointx =1 mm

boundary of the anode layer is defined by the zero point
of the electric field. Thus, in what follows we define
the anode voltage drop, U, as the maximum value of
the potential in the anode region and the thickness of
the anode layer, L , as the distance between the surface
and the point of the potential maximum. It should be
noted, however, that the experimental measurements of

1000 1500 j. Alem®

\Y% m

L 1.45

L 1.40

500 1000 1500

b

Fig. 8. (a) The dependence of the anode voltage drops and anode
layer thickness on the current density. (b) The dependence of the
sheath voltage drop and sheath thickness on the current density.
The definitions of U, U,, U, and L , L are given in the text
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the voltage drops in the anode layer are usually per-
formed at some fixed point near the surface [2, 44]. In
this view, we consider also the voltage drop U, mea-
sured between the surface and the point x = 1 mm. In
addition, we consider the voltage drop across the anode
sheath, U, and the anode sheath thickness, L . Here
U, is defined as the voltage drop measured between the
surface and the point x = L, where the relative charge
separation A equals 1 %.

The dependencies of L, U, and U, on the current
density are shown in figure 8, a. It can be seen that the
obtained values of U, and U, are close to those mea-
sured experimentally [44]. One can also see that U,
uniformly increases with j, while U, has a non-mono-
tonic dependence on j with a decreasing part. The be-
haviour of U, can be understood taking into account
the electric potential distributions shown in figure 7.
When L_is close to 1 mm, the voltage drops U, and U,
are close to each other and U, increases with ;. However,
at higher values of; the point x = 1 mm lies outside
the anode layer and U, decreases, as can be seen from
figure 7. As was mentioned in [2], the anode voltage
drops measured experimentally can both increase and
decrease with j depending on the arc attachment mode.
The results shown in figure 8, @ might have a connec-
tion to these observations. In any case these results in-
dicate that the location of the point where the voltage
drop is measured can also play a role in interpreting
the experimental results. Another point that can be
seen in figure 8, a is that the thickness of the anode
layer decreases with increasing j. As was mentioned
previously, this is explained by the fact that the plas-
ma temperature in the bulk of the discharge increases.
The same reason seems to explain the increase in U,
with j. The dependencies of U, and L on the cur-
rent density are shown in figure 8, b. One can see that
U, and L follow the same tendencies as U, and L .
However, in contrast to L, the sheath thickness de-
creases slightly as j increases. It can be also seen that
U, can reach sufficiently small values as the current
density decreases. This observation shows that the an-
ode sheath in atmospheric pressure discharges might
have similar features as those discussed in [39, 40].
For completeness, we summarize in table 3 the values
of U,U, U, and L, L at different current densities.

Table 3. The values of different voltage drops in the
anode layer, the anode layer thickness and sheath thickness at
different current densities. The definitions of U, U, U  and
L, L, are given in the text

Jj,A-cm™ Uu,v u,v U,V L, mm L, um
500 2.13 2.05 0.33 1.46 1.564
700 2.36 2.34 0.42 1.14 1.555
1000 2.63 2.60 0.56 0.84 1.525
1500 2.96 2.62 0.79 0.56 1.474
2000 3.18 2.35 1.00 0.40 1.420




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

Table 4. The values of the total anode heat flux q, and heat
fluxes defined by equations (33)35) for different values of the
current density. The heat fluxes are presented in the units 10° W-m™

JrAem?| g, q, 9, 9 ‘" s
500 21.5 0.8 22 2.1 0.1 163
700 30.3 1.1 3.0 3.2 0.2 22.8
1000 | 43.9 1.5 4.4 5.0 0.4 326
1500 | 67.6 2.1 7.1 8.5 1.1 489
2000 | 92.7 2.7 100 | 124 2.4 65.2

Finally, let us consider the heat flux coming from
the plasma to the anode surface. The total anode heat
flux g, can be expressed as

qa = qal + qa2 + an + qa4 + an’ (32)
where
qal :erTe’ qa2 = 7\'hvjin’ (33)
are the heat fluxes caused by heat conduction;
5
=2 - @@ —
93 = 2Jek7:e kz;ne Z Aae (ve Va)’ (34)

is the electron heat flux caused by convection; and

4y =—Ji4s q5=0, =T )4, (35)
are the heat fluxes caused by the recombination of
ions and absorption of electrons at the anode surface,
respectively. In equation (35) 4, is the work function
of the anode material. In our study we have used the
value 4. = 4.5 eV which is close to the case of the
steel anode. The dependencies of the total anode heat
flux and heat fluxes defined by equations (33)—(35) on
the current density are shown in figure 9. The results
presented in figure 9 are in agreement, by an order
of magnitude, with the previous results of numerical
modelling (see figures 8 and 9 in [14]) and available
experimental data (see figure 30 in [2]). The relative
contributions of different terms in equation (32) also
agree with the results of [14, 44]. Namely, the main
contribution comes from the absorption of the elec-
trons at the anode surface. It is evident from equation
(35) that this term increases with j. Other important
terms are the heat conduction flux of the heavy parti-
cles and the electron heat flux caused by convection.
Both these fluxes increase with j due to increasing
temperature gradients between the undisturbed plas-
ma and the anode surface. The electron conduction
heat flux and heat flux caused by the recombination
of'ions seem to be of minor importance. Nevertheless,
it can be seen that the heat flux caused by the recom-
bination of ions increases noticeably with j. Taking
into account equation (35), it can be easily explained
by an increase in the ion velocity at the anode surface
(see figure 6). For completeness, the values of the to-
tal anode heat flux and heat fluxes defined by equa-
tions (33)—(35) are summarized in table 4 at different
current densities.

10° W/m?

100.0 3

10.0 4

0.1

500 1000 1500 j. Alem®

Fig. 9. The dependencies of the total anode heat flux ¢, and heat
fluxes defined by equations (33)—(35) on the current density

4. Conclusions. To conclude, we have studied the
anode boundary layer in atmospheric pressure argon
discharges by applying the approach proposed previ-
ously in [19]. The model of the anode layer is based on
the hydrodynamic equations for plasma components.
The distinctive feature of the model is that the gov-
erning equations are formulated in a unified manner
without the simplifying assumptions of thermal equi-
librium, ionization equilibrium or quasi-neutrality.
This approach allows one to analyse, in particular, the
structure of the space-charge sheath near the anode
surface. The governing equations have been solved
numerically and the computations have been per-
formed for typical values of the current density. For
comparison, computations based on the quasi-neutral
model of the anode layer supplemented with the com-
mon collisionless model of the sheath have been per-
formed as well.

The results of the numerical modelling show that
the common model of the sheath fails to describe the
anode sheath region for the problem under consider-
ation. Namely, if it is assumed that the ion velocity at
the sheath edge equals the Bohm velocity, the results
obtained within the quasi-neutral model are not consis-
tent with the basic assumptions of the sheath model. For
this reason, the detailed analysis of the anode sheath
has been performed using the results of a unified mod-
elling. It is shown that the ion velocity at the sheath
edge is usually much lower than the typical Bohm ve-
locity. The influence of the current density on the elec-
tric field distribution in the sheath is also demonstrated.

In addition, the results of unified modelling have
been used to analyse the distributions of plasma pa-
rameters in the anode layer. It is shown, for example,
that the electron temperature near the anode surface
changes slightly in the range from 5-6 kK with in-
creasing current density, while the plasma tempera-
ture in the bulk of the discharge increases noticeably
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in the range from 13—18 kK. The basic characteristics
of the anode layer have also been calculated. Name-
ly, the values of the anode voltage drop, anode sheath
drop, anode layer thickness, sheath thickness and the
total heat flux to the anode are presented. Moreover,
the dependence of these characteristics on the current
density is discussed and the relative contributions of
different processes to the formation of the anode heat
flux are analysed.

Finally, we want to mention that, despite the sim-
plicity of the model we employed, the present work
can provide a first step toward the modelling of the
anode layer under conditions typical of technological
processes such as GMA arc welding and hybrid la-
ser-arc welding. For this purpose, the effects of an-
ode evaporation and laser radiation on the anode layer
properties have to be taken into account. These tasks
are left for future work.
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1.1.23. PACHETHOE U OKCIIEPUMEHTAJIBHOE
NCCIEJOBAHUE CTATUYECKHUX
N ITNHAMHUYECKUX BOJIbT-AMITIEPHbBIX
XAPAKTEPUCTHUK APTOHOBOM JYT'H
C TYT'OIINTABKUM KATOJIOM™

B.H. CUAOPEIL, 1.B. KPUBIYH, B.®. JIEMYEHKO, 1.B. KPUKEHT, /I.B. KOBAJIEHKO,

N.B. KOBAJIEHKO, A.I'. [TABJIOB

CBapka HeNJaBsIIMUMCS 3JIEKTPOIOM B Cpelie UHEPT-
Heix razoB (TUI-mpouecc) MHUPOKO MPUMEHSIETCS
IIPU U3TOTOBJICHUM OTBETCTBEHHBIX KOHCTPYKIIUI B
aTOMHOM U XMMHYECKOM MAIIMHOCTPOCHUH, aBHa- U
PaKeTOCTPOEHUH, MUILEBON U APYTHX OTPACHISIX MPO-
mbitieHHocTd. Henocrarkom TUI -cBapku siBnsieTcs
HU3Kas TMPOHM3BOAUTEIBHOCTb, OOYCJOBICHHAs He-
JOCTaTOYHOM MPOIUIABIAIOUICH CIOCOOHOCTBIO AYyTH
[IpU IaHHOM crioco0e cBapku. [y ycTpaHeHus 3Toro
HeJ0CTaTKa B HACTOSIIEE BPEeMsl MCIOJIb3YIOTCA pas-
JMYHBIE CIOCOOBI AKTHBALMK MPOLECCOB MepeHoca
SHEpPrUM B JYTOBOM IIa3Me U CBapOYHOW BaHHE, Ta-
KM€ Kak: CBapka IO CJIOI0 aKTUBHUpYyoLero ¢uioca
(mpouecc A-TUT), rubpuanas ceapka (TUIL + nazep)
u jp. [1-4]. B pabote [5] MeTo0M MaTeMaTH4ECKO-
0 MOJAEIUPOBAHUS AYTH C TYTOILUIABKUM KaTOZOM
YCTAHOBJIEHO, YTO MpH TOAAa4Ye HMMITyJbca CBapody-
HOT'O TOKa C BBICOKOH CKOPOCTBIO €0 U3MEHEHHUs Ha
nepeaHeM QpoHTe MMIylbca HaOmomaercs: 3ddekt
CYILIECTBEHHOTO MOBBILIEHHs TJIOTHOCTH TOKA U IUIOT-
HOCTH TEIUIOBOTO ITOTOKA Ha aHOIE 110 CPaBHEHHIO C CO-
OTBETCTBYIOUIMMU XapaKTEPUCTUKAMH CTALMOHAPHOU
nyru. TeXHOMOrn4eckuM CleICTBUEM, KOTOPOE MOXKHO
OXHJATh B pE3yJibTare WHTCHCHU(PUKAIIMK TEIIOBOTO
U TUHAMAYECKOTO BO3IEHCTBUSI UMITYJILCHOM Ayrd Ha
pacIuiaB, MOXET ObITh MMOBBIIIICHNE TITyOUHBI ITPOILIAB-
JICHWS U yBEJIMYeHNE 00beMa PacIyIaBIeHHOTO METaia
10 CPAaBHEHHUIO CO CBAPKOW HA MTOCTOSTHHOM TOKE.
OtMmeueHHast 0COOCHHOCTh TMHAMHUKH TOPSHUS JTyTH
B HUMIIYJIbCHOM PEKUME CBUAETEIIBLCTBYET O TOM, YTO
MPU COOTBETCTBYIOIIEM BBIOOpE MapaMeTpoB PEKUMA
BBICOKOYACTOTHAsI MOIYJISIIMSI CBAPOYHOTO TOKA MOYKET
BBICTYIIaTh B KAUECTBE €ILE OJHOTO CPE/ICTBAa AKTUBA-
LIMM TPOLIECCOB MEpeHoca YHEPrUH B JyTOBOI IIazMme
W CBapUBAacMOM MeTajie. DT0 00yCIaBIMBacT HHTEPEC
K JaJbHEHIINM UCCIEAOBAHUAM JUHAMUUYECKUX XapaK-
TEPUCTHK TYTH C TYTOIUIaBKMM KaToJIOM IIPU CBapke B
AMITYJIbCHOM pexuMe. [1epBUYHBIM HHCTPYMEHTOM, KO-
TOPBINA IIMPOKO MCIONB3YETCs MPU aHAIN3€ CBAPOUHOM
IyTH, SIBJSIETCS €€ BOJIbT-aMIIepHasi XapaKTePUCTHKa

*Apromarndeckas ceapka. — 2016. — Ne 2. — C. 7-13.

(BAX). HUccrenoBanue CBSI3UM MEXKITY TOKOM W HAIps-
JKCHUEM TIPH CBAPKE HETUIABSIIIUMCSI SJIEKTPOJIOM ITpe/-
CTaBIISIET MHTEPEC KaK B CTydae CBApKH Ha MTOCTOSTHHOM
TOKE, TaK U B CIy4yae BBICOKOYACTOTHOM HMITYJIbCHOU
MOJTYJISIIUH TOKA, TIPH KOTOPOH IPOSIBIISFOTCS OITUCAH-
HbIC BbIIIE JuHaMuueckue 3(dexrsr. Hacrosimas pado-
Ta TMOCBSIIEHA SKCTIEPUMEHTAJIPHOMY H TEOPETHYECKO-
MY HMCCIICIOBAHUIO CTAaTHYSCKUX U TMHAMHYIeCKnX BAX
aproHOBOM JAYT'H C TYTOIJIAaBKUM KaToJIOM.

Morenb HecTalMOHAPHOW JIyTH, TPEIUIOKEHHAs B
pabote [6] u peanmm3oBaHHAs B padboTe [5], OasupyeTcs
Ha OIMCaHUM MPOIECCOB PHEPIO-, MACCO- U AEKTPOIIe-
peHoca B TUIa3Me cToj10a M aHOTHON O0NIacTH HEeCTaIlu-
OHAPHOU JIyTH C TYTOIUIABKMM KaTroiioM (MOJIETb C pac-
MIpeAeIeHHBIMI TTapaMeTpaMi). Takoi moaxom Tpedyer
3HAYHUTEIIHHBIX BBIYMCIUTEILHBIX PECYPCOB IS pacye-
Ta TETUTOBBIX, AIEKTPOMATHUTHBIX 1 TA30IMHAMHYECKIX
XapaKTepPUCTUK JyTOBOM IUIa3Mbl, YTO OTPAaHUYUBACT
00racTh MPUMEHEHHUsT MOJETH PACCMOTPEHHEM JIHIIh
OMHOYHBIX UMITYJIbCOB TOKA. B T0 )€ BpEMs IMIPAKTHYC-
CKHUI MHTEpEC MPEACTABIISIET U3yUIeHNE BIUSHUS MTa4eK
WMITYJIbCOB Pa3IMYHON (DOPMBI U YaCTOTHI.

OcHoBHble omnpeaenenusi. [Ipu onpenencHun
BOJIBT-aMIIEPHON  XapaKTEPUCTUKU DJIEKTPUYECKOU
AYTrd YCTAaHaBJIMBACTCA CBA3bL MCIKIY TOKOM I u Ha-
npsbkeHneM U Ha ayre. Kak n3BecTHO, HampsbKeHHE
Ha Jyre SIBIISIETCS CYMMOM TpeX COCTaBIISIOLIMX: Ka-
TOJHOrO NajieHusi motennuana U, HanpsHKeHWs Ha
cTonbe ayru Up ¥ aHOJHOTO TAJCHHUS IMOTEHIHaa
U,, koTopoe [is GOJBIIMHCTBA 3JIEKTPHIECKUX JIyT
atMoc(epHOro MaBieHus, B T.94. IS CBAPOYHBIX YT,
otpuriarennbHO [7]. IloCKONMBKY MOTEHIMAIBl Ha TI0-
BEPXHOCTH METAJITMYECKOTO KaroAa M aHOo/a MOYKHO C
JIOCTaTOYHOM TOYHOCTBHIO CYUTATH MTOCTOSTHHBIMH (13-32
BBICOKOH JIEKTPUIECKOW TIPOBOIMMOCTH METAJIOB),
TOJTHOE HAampspkeHre Ha ayre U MOXKHO OIpenelisiTh
(M3MepATh) KaK Pa3HOCTh IOTCHIMAIIOB ITOBEPXHO-
CTH aHOJIA U KaTofa, T.e. monmararb U= ¢ — ¢, T1€ ¢,
¢, — TIOTEHIHAJbl pabOYMX TOBEPXHOCTEH aHONA U
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PA3JIEJT 1. IVTOBASI CBAPKA

KaToJla COOTBETCTBEHHO. OHAKO TaKoe OOLIeTPHHSI-
TOE OMpEAETICHUE HANpsDKEHHS, KaK HMHTErpabHON
ANEKTPUUECKON XapaKTePUCTUKU TYTOBOTO paspsija,
HE TOIUTCS IJIsl ONPENEICHUs €r0 COCTaBIISIONINX, a
UMeHHO KatofHoro U v anopHoro U, majieHui TOTeH-
uana, a TakKe HampspkeHus Ha ctonbe ayru U o JTO
00yCIIOBJIEHO TeM OOCTOSTENLCTBOM, UYTO COIJIACHO
pacdyeraMm XapaKTEpUCTHK IJIa3Mbl apTOHOBOW IYTH C
TYTOIUIABKAM KaToJOM M BOIOOXJIaXAaeMbIM [8] nin
ucnapsromumes [9] anomom, a 0COOEHHO IyrH HpU
rubpuanoi (THUI" + CO,-nasep) ceapke [10], noren-
UMajl [Ia3Mbl HA TPAHHUIE aHOAHOTO CIOA @, . PaB-
HO Kak W MOTEHIMaJ IUIa3Mbl HA TPaHHIE KaTOIHOTO
CIIOAL ¢, OKA3BIBAKOTCS NIEPEMEHHBIMH BIIOJIb IPAHHIL
Fap ul ¢p» PA3NETSIONINX AHOIHYIO M KATOJIHYIO 00-
JIACTH CO CTOJIOOM AYTH, T.€. YKa3aHHbIC TPAaHHIIbI HE
SIBJISIFOTCSL DKBUITOTECHIHAIbHBIMH.

st onpenenenus 3 HeKTHBHBIX (MHTETPaTbHbBIX)

3HAYEHWH aHOJHOIO ITaJEHUS ITOTEHIIMAIa <Ua>, KO-
TOpOE€ B CyMME C OIPENEICHHBIMH COOTBETCTBYIO-
UM 00pa3oM 3HAYCHUSMHU KaTOIHOTO TIaICHIS <Uc>

Y HaIIPsDKEHUS Ha CTOJI0e <U p> JOJDKHO JaBaTh I10JI-

HO€ HaIPsHKEHUE HA IyTe U = <Uc>+ <Up>+ <Ua> , IOCTy-
muM creayromuM o0pa3oM. [IoCKONIbKY MIIOTHOCTH
ANIEKTPUUECKOrO TOKAa B CTOJIOE AYrH ONpEAessieTcs
BBIp@XKeHUEM | = —cgradg, Ie 6 — DJIEKTPOIpPO-
BOAHOCTD, (0 — IMOTCHIHAJI DJICKTPUYCECKOI'O IIOJIA B
a3Me cronda Jyrd, U3 ypaBHEHHUS! HEPa3phIBHOCTH
divj =0 BBITEKAET CIEAYIONIEE MHTETPAIBHOE COOT-
HOIICHUEC

=12
j%drf =-[ g as, (1)
Q T

rae O — obnacTb, 3aHUMaeMast IJIa3Moi ctonda 1yru;
I' — ee rpanuua; j, — NPOEKIHUs BEKTOPA ILIOTHOCTH
TOKAa Ha BHEIIHIOI HOpMasib fi K rpanuie I. [Ipen-

craBuM rpanuny I' B Buze: I' = Fap + Fcp + Fbp, rne

U, B
\ [=3,0 mm
..---""O'CP
\Q"‘--g_e_._/_-—--'-"o
L IR AP ke
10 o ° o _
[=1,5MM
5L
1 L 1 1
0 50 100 150 200 I, A

Puc. 1. DkcniepuMeHTaNbHbIC JaHHBIC U AlIIPOKCUMALUU CTaTU-
yeckux BAX apronosoil ayru anusoi 1,5 u 3,0 MM ¢ Tyromias-
KHMM KaToZOM U MEJIHBIM BOJIOOXJIAXKJAEMBIM aHOJOM
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r pp — YACTh IPAHUIIBI I', uepe3 koTopyto He mpoTeka-
€T TOK (jn|Fbp =0) . Toraa u3 (1) nomyunm
i

[*av=[ojar ~[ejd . (@
Q " r,
rae i’ =-i. Belpakenue B neBoii yactu (2) ecTh Te-
TUIOBAasi MOIIHOCTh, BBIIETSIONIAsACA B CTOJNOE AYTH.
B cooTBeTCTBUM C MHTETpaIbHBIM 3aKOHOM JI3KOyIs—
Jlenna 3anumiem:

=2
J
IudV =1 <U >
c p
Q
7€ Tox
=2
Ll
U )=—["ar
p 1’ o
Q
Oynem moHmMarh 3(QexTrBHOE TajeHNe HaIpsIKe-
HUS Ha cToyIOe MyTh. Tak Kak MOBEpXHOCTH Fap u FCP
HE SIBISIIOTCS DKBHIIOTCHIHMAJIBHBIMH, BBEIEM IS

HUX TOHATHS () (HEKTUBHBIX 3HAYCHUH TTOTEHIINAIIOB
CI)ap " CI)CP CIIEYIONTM 00pa3oM:

1 1
(Dap :7 I (pjn’ drap; q)cp :71:" (Pjn drcp' 3)
ap p
Torma w3 (2) mazeHWe HaNpsHKEHHWS Ha CTONOE
JIyTH MOXKHO OIPEJISIUTh KaK pa3HOCTh A (EeKTUB-
HBIX 3HAYCHHH IMOTEHIIMAJIOB <I>ap )74 <Dcp, T.¢. TOJIO-

U )=0
KUTb < p>

nenuM 3G GEKTHBHBIC aHOTHOE <ua> 1 KaTO/IHOE <UC>
najieHust B BUJIE:

<Ua> - (Pa _CDap; <Uc> - CDCP _(Pc'

B pamxkax 1aHHBIX ONpeAeIEHUI MOXKHO IOy YUTh
CTaHJApPTHOE BBIPAYKEHUE IS HAIIPSDKEHUSI HA JIyTe B
BHJIE CYMMBbl NaJCHUH HANpsSHKEHUN Ha OTAEIbHBIX
ydacTKax JyroBOro paspsaa:

v={u (o, )+(,) =0, o, @

Ie cieayeT MPUHUMATh BO BHUMaHUE TOT (aKT, YTO
3¢ deKTUBHOE aHOMHOE MaJICHUE HAIPSDKEHUS SBIIS-
€TCsl OTPULIATEIIbHBIM.

Craruyeckue BOJbT-aMII€PHbIE XapaKTePUCTH-
KM aproHOBOM IyI'HM ¢ TYTOIIABKMM KaTooM. Pac-
CMOTPHUM PE3YJbTAThl SKCIECPUMEHTANBHBIX H3Mepe-
Huit cratmueckoit BAX nyr mmwnoit /= 1,5 u 3,0 M,
TOpsIIKMX HAa MEAHBIA BoAOOXJIaxaaeMbll anon. Ha
puc. 1 B Buzie OTIEIbHBIX MAPKEPOB MIPUBEICHBI SKCIIC-
PUMEHTAJIbHBIEC JaHHbIC, IUTPUXOBBIMU JIMHUSMU I10-
Ka3aHbl alllIPOKCUMAIIMH ATUX JNaHHBIX psaoM JlopaHa,
K02 HUIIMEHTHI KOTOPOTO MPEICTaBICHBI B TAOIHIIE:

o= £ (i55) ®

-®_ . Bocmons3oBasuincs (3), onpe-

ap

—1

e U[B]; I[A].




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

Koa¢ppunuentsl annpoxkcumanuu

Jnuna nyru [, MM 1,5 3,0
a | 1,394283 | 1,113619
KoadduripieHTs! anmnpokcumManuu a, | 7,3433529,765307
a 1,443792 | 1,333032

Jnsi  TeopeTHdecKkoil OLEHKH COCTaBIISIFOLIMX
HanpsDKeHHWsT Ha JIyre, BXOIAIIMX B Qopmynry (4),
BOCIIONIb3YyEMCS pe3yJibTaTaMu pacyeToB [8] pac-
MIPEAETICHHBIX XapaKTePUCTUK CTALMOHAPHON ayru
JUHOU 3,0 MM, BBIIOJHEHHBIX B JHAa30HE TOKOB
1 =50...250 A, Ha ocHOBe Moxenu paboTsl [6]. Ha
pHC. 2 KPUBBIMH C MApPKEPaMH MIPEACTaBICHBI 3aBUCH-
MOCTHU OT TOKa JyTM aHOAHOTO MAJACHUs MOTEHLNAIA

<Ua> ¥ CyMMapHOTO HAIpsDKEHUS Ha CTOJI0E W aHo-

JTHOW 0o0acTu Ayru <UM> = <Up>+<ua> , BBIYMCJIEHHBIX
o pasHune PQPEeKTUBHBIX (MHTETPATbHBIX) 3HAYE-
HUH TOTEHIMAJIOB Ha COOTBETCTBYIOIINX MOBEPXHO-
ctax. Ha aTom ke pucyHke KpuBbIMH O€3 MapKepoB
noKa3aHbl TMajeHus Hanpsokenus U, Upa0 = UpO +
+ U,y ONpENeneHHbIe KaK Pa3sHOCTU OCEBBIX 3HAYE-
HUH COOTBETCTBYIOUIMX MOTeHIManoB. Kak criemyer
13 MPEJICTaBIEHHBIX KPUBBIX, OTPELIHOCTh B OIpe-
JeTICHUN HAaNpsDKEHUS Ha cToI0e TyTH U MaJeHUs M0-
TEHIMaJIa B aHOJAHOM CJIO€ JIByMsI PacCMOTPEHHBIMHU
croco0aMHM coCTaBysIeT Bennuuny nopsiaka 10 %, rem
HE MeHee, MpH MPOBEACHUM JalbHEHIIEero aHanausa
Oy/lieM HCIOJIb30BaTh BBEACHHBIC B MEPBOM paszeie
JaHHOW cTaThy 3(h(EKTHUBHBIC 3HAUYCHHS, TIPU 3aTTHCH
KOTOPBIX 3HAaK ycpenHenns ( ) GysieM oImycKarh.

B Monenu [6] B sBHOM BHAE HE paccMaTpUBacT-
csl KaTrofHas OoOJIaCTh TYTH, MO3TOMY TEOPETHUYECKU
OLIEHUTh BEJIMYMHY KaTOJHOTO MaJeHHs NMOTEHIHaNa
T10 TAHHBIM PACcUETOB, BHITIOJTHEHHBIX B padoTe [8], He
MIPEJCTABIIAETCS BO3MOXKHBIM.

Juist Haxoxenust U, BOCTIONB3yeMCsl IKCIIEPUMEH-
TaJILHBIMU JJAHHBIMH (CM. pHC. 1) ¥ BBIYUCIIMM KaTOJJHOE
[a/IeHUE HalpsHKEHUS] KaK pa3HOCTh MEXy dKCIepu-
MEHTAJIBHO ONPE/IEIEHHON BeMMUnHOM U 1 paccunTan-
HBIM 3()(EKTUBHBIM HANPSDKEHUEM Ha CTOJIOE M aHO-
JIHOMW 001acTu Iyru Upa = Up + U, IpuBEICHHBIMHU Ha

U, B

-2,0 ! 1 1

50 100 150 200
a

U, B
15 -
10 U
\ e —

5k

Upa

1 | 1 1 |

0 50 100 150 200 I, A

Puc. 3. 3aBucumocTs momHOTO HanpshxeHus Ha xyre U (9KcrepH-
MEHT) U CyMMapHOTO 3(Q(QEKTUBHOTO HANPSHKEHHS Ha CTONOE H
AQHOZIHOU 00JaCTH AyTH Upa (pacuer) ot TOKa

puc. 3. OnpeneneHHOe TaKMM 00pa3oM H3MEHEHHUE -
(exruBHOrO KaromHOro naaenus U, oT TOKa Jyru 1o-
Ka3zaHo Ha puc. 4. Ha 3ToM ke pucCyHKe Ipe/cTaBIeHbI
pacyeTHble JTaHHbIE O BEIMYMHE KaTOIHOIO MajeHUs
HalpspKeHUs, TIOJydeHHble B Jloknane [8], ucxons w3
NpUOMIKEHHOM Mofenn KaTogHoro ciosi. CpaBHeHHE
9THUX PE3YJIbTAaTOB YKa3blBa€T HA KAUYECTBEHHO aHaJo-
THYHBII XapakTep 3aBUCHMMOCTH KaTOJHOIO MajeHUs
OT TOKa, XOTS JaHHbIE U OTIMYAIOTCA HAa BEIWYUHY
nopsiaka 1,3 B. Ilomydennsie Takum o0pa3oM pacuer-
HO-DKCTIEPMMEHTAIIbHBIE JaHHbIE 0 3aBucumoctu U (1)
(xkpuBas 2 Ha puc. 4) OyayT UCTIOIB30BATHCS IS OTIpe-
JieneHus TuHamuuecko BAX uMmynscHOM ayTu.

JlnHaMu4eckast MoJeJIb JyTH € COCPET0TOYEeHHbI-
MM napaMeTpamu. B kauecTBe ansTepHaTHBBI MOJETIH
HECTAIIMOHAPHOM JyI'M € pacrpeeieHHbIMUA MapamMe-
Tpamu [5, 6] chopmynupyeM ypaBHEHHS] AMHAMUIECKON
MOJIEJIN JIYTU C COCPEAOTOUEHHBIMU MTapaMeTpaMu, Ko-
TOpBbIE JJOIYCKAIOT AHAIMTHYECKOE PELLIEHUE, HE CBSI3aH-
HOE C TPOMO3/JJKMH BBIUYMCIEHUSAMHU.

B pamkax naHHO MOJeNn CTOJIO AyTH paccMaTpH-
BaeTCs Kak HEKUi OOBEKT, KOTOPBIH MOJUUHSETCS 3a-
KOHY cOXpaHeHusl sHepruu [12]

Cfi_g =P-B, (6)
rae Q — BHYTPEHHsA dSHEPrus crosida nyru; P, Py —
MOJIBOZIIMAs 1 OTBOIMMAsI MOIIIHOCTH, COOTBETCTBEH-
HO. Mlcrionb3ys B Ka4eCTBE NCXOJHBIX TAHHBIX CTATH-

{'}m_- B
8,0 |
7,0 | i
6,0
1 1 1
30 100 150 200 I, A
6

Puc. 2. PacueTHble 3aBUCHMOCTH aHOHOTO MaICHUS IIOTEHINANA (@) ¥ CyMMapHOTO HANPSDKSHUSI Ha CTOJI0e ¥ aHOAHOM obnacTH (0) oT
TOKa JIyT'y, NOJy4YEHHBIE C UCIIO0JIb30BAHUEM MOJEIN CTAlIOHAPHOM QYU C paclpeieICHHbIMY IapaMeTpaMu
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PA3JIEJT 1. IVTOBASI CBAPKA

0 40 80 120 160

Puc. 4. 3aBUCHMOCTb KaTOJHOTO IaJCHUS HAINPSDKCHHS OT TOKa
nyru: 1 — o ganHbIM paboThl [11]; 2 — pacyeT B COOTBETCTBUH
¢ JaHHBIMH, IPUBEJICHHBIMU Ha pHC. 3

200 I, A

YECKYI0 BOJIBT-AMICPHYIO XapaKTEPUCTUKY CTONIOA
ayru ys(7) ¥ COOTBETCTBYIOIIYIO MOCTOSIHHYIO Bpe-
MeHH 0, 3Ta MOJeb ONKMCBHIBACT AUHAMUKY JIYyTH TPH
mo6oM n3MeHeHun Toka /(t)

U (h0)
T

B dopmyne (7) ncronb3yercst HOHATHE TOKA COCTO-
AHUS Iy, KOTOPOE WILTIOCTPUPYETCS C MOMOLIBIO PHUC. 5.
Kaxnoit Touke auHammdeckoit BAX cronba myru ¢ ko-
OpAMHATaAMU (Up, 1) COOTBETCTBYET TOJNBKO OHA TOY-
Ka cratnueckoil BAX ¢ koopaunHaramu (U;t (i) 5 ig)s
npuyYeM BHYTpEHHss 3Heprus Q (M conmpoTHBICHHUE
R) cTonba qyru B CTaTHYECKOM U JTUHAMHYECKOM CO-
CTOSIHUSIX PABHBL.

®opmyna (7) BXOAUT B ypaBHEHHUsI, KOTOPHIE CO-
OTBETCTBYIOT 3akoHaMm Kupxroda, OMHCHIBAOIINM
AIIEKTPUYECKYIO 1eTh. DTH YpaBHEHUS JTOTOTHSIFOTCS
ypaBHCHHEM TUHAMUYECKOW MOJENU CTON0a OyTH,
KOTOpOE€ SIBIISIETCS JJIEKTPOTEXHUYECKAM aHAJIOTOM

[12] ypaBHeHus (6)

U, (1) 1(0). 0

di?
97‘:”; =1 ®)

OTMeTI/IM, 4YTO CTAaTHUYCCKYIO BOJBTAMIICPHYIO
XapaKTCPUCTUKY croiba AYTA MOXHO KaK U3MCPATH
OKCIICPUMCHTAJIBHO, TaK U PACCUUTBIBATHE TCOPETHUYC-

U,B 4
s
Jlun. BAX <
Up(£) ==
Ul (it f————————= > Cr. BAX
e I |
& s [
/,‘\;\/ia_\ : I Uy
& I |
//k g | |
ST ' |
| 1 »
0 J‘[](f) 1) I, A

Puc. 5. OHpez{eneHI/Ie TMaJACHUs HAIPSHKCHUS Ha crosbe AyTru B
JAVMHAMHUKE C UCITOJIB30BAHUEM ITOHATHS TOKA COCTOSIHUSA YyT'H ie
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CKH, HAaI[PUMEDP, C MOMOIIBIO MOJEIU C PaCIpeIeICH-
HBIMH TIapaMEeTPaMHU.
[TonHoe HampspkeHUE HA Ayre OMpeNessuid IO

dopmyie

A
(1):T1+UC (1)+u, (1), ©)
e U (1) — >ddhekTnBHOE aHOMHOE TIAICHHUE MOTEH-
1ana, KOTOpoe MOKET OBITh OMPENEeJIeHO C TOMO-
IIBI0 MOJIENM C paclpeie]IeHHBIME TapaMeTPaMu;
U (I) — >ddexTuBHOE KAaTOAHOE NaJEHNE MOTEHIIU-
aja, KOTOpOe MOXKET OBITh OIMpPEAeIeHO O MPEIIIo-
JKEHHOM PacueTHO-OKCIIEPUMEHTAIbHON METOJIUKE.
TaknMm o0pa3oM, B pamMKax AMHAMHYECCKONW MOIEITH
JIyTH TIaJIeHAe HATPSKEHUS Ha HeCTAllMOHAPHOHN TyTe
paccuuThIBaeTCs Kak (PyHKITUS TEKyIed BeITMYHHBI
TOKa B uMmynbce. [Ipu 3ToM B KadecTBe anpuopu 3a-
JTAHHBIX TTapaMeTPOB IWHAMHYECKOW MOJIENH TyTH
C COCpEIOTOYEHHBIMU TMapaMeTpaMH HCIOIb3YIOTCS
JTAaHHBIE O 3aBUCUMOCTH aHOHOTO W KaTOHOTO Tajie-
HUH TIOTEHIIMAala OT TOKa, IMOydYeHHbIE SKCTIepUMEH-
TaJbHO WM C TTOMOIIBIO MOJIENH C pacipeaeseHHbI-
MU TTapaMeTpamHu.

JunaMuyeckne BOJIbT-aMIlepHbIE XapaKTepH-
CTHUKH aproHOBOM AYIM ¢ TYTOIUIABKHM KaTOAOM.
ANTOPUTM TIPUMEHEHUS] MOJIENI C COCPENOTOYEHHBI-
MU ITapaMeTpaMu TpeOyeT ee mpeIBapuTeILHON Kaju-
OpOBKH, 2 IMEHHO OTIpEeIeNIeHHs TIOCTOSHHOW BpeMe-
HU 0. )1 3TOTO HEOOXOMUMO BEIOpATh KaKOW-HUOYIH
JIMHAMUYECKUN PEXKUM TOPEHUS IyT'H, KOTOPBIM OMu-
ChIBaeTCs 00EMMH MOJEISIMH M CPaBHHUBATH UX pe-
3ymbTaThl. JlocTrras MakCMMalbHOTO COBIAACHHUS pe-
3yJIBTATOB TTOJOOPOM TIOCTOSTHHOM BpeMeH! 0, MOXKHO
OTIpE/IeTNTH 3HAYEHHUE TTOCIIEeTHEH.

B nannoit pabote paccmarpuBaioch Bo3jeiicTBrE
Ha Oyry TpancucuaaJlbHbIX HWMITYJIbCOB TOKa C pas-
JUYHBIMH JUTATENBHOCTSIMEA (hpoHTOB. Pacdersr mpo-
BOJIMJIMCH JUIsl aprOHOBOM Ayru anuHo# 3,0 MM ¢ Ty-
TOTJIABKUM KaTOJIOM M BOJOOXJIAXKIAEMbBIM aHOJIOM.
[lapameTpsl UMITyIbCa BaphUPOBAINCH CIIEAYIOIIHM
00pa3oM: JUIMTETBLHOCTD MEPEAHET0 U 3aHEr0 (PpoH-
toB mmmynbca 20, 100, 200 mxe. Ipenmomaranock,
YTO TOCNEe TMoabeMa (Crajaa) TOKa Jyra TOPHUT IMPHU
MOCTOSIHHOM TOKE, COOTBETCTBYIOIIEM OKOHYaHHIO
MEPEXOTHOTO TIPOIIECca, — BIUIOTH JI0 YCTAHOBICHUS
cTalrioHapHOTo cocTosiHus. KaTomHoe u aHoHOE Ta-
JCHUS IMIOTCHIMAaJIa B 3aBUCUMOCTH OT TCKYHleﬁ BCJIN-
YUHBI TOKa BEIOWPAUCH B COOTBETCTBUU C JTAHHBIMHU
puc. 2 u 4. Pe3ynsratel pacuera nuHamudyeckot BAX
JUTSL MOJIEJICH JIyTH C paclpe/ieieHHbIMHI apameTpa-
MU TIpEeICTaBIICHBI HA PHC. 6.

Kparko omuimreMm, kKak pacCUUTHIBAIIUCH TUHAMHU-
yeckue BAX ¢ momolibio MOICNIH IyTH C COCPEAOTO-
YEeHHBIMH TTapaMeTpaMu TpHU TOAavYe Tparenenaans-
HOTO MIMITYJIbCa TOKa (CM. puc. 7).
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Puc. 6. JluHaMUUYeCKHe BOIBT-aMIIEPHbIE XapAKTEPUCTHKH JTyTU
HPU PA3IMYHBIX JUTUTEIBHOCTSX (DPOHTOB UMIYNIbCA: @ — JUTH-
TenbHOCTh hpoHTa 20 MKC; 6 ——amuTensHOCTh hpoHTa 100 MKC;
6 — nauTenabHoCTh (ponTa 200 MKC; MyHKTHP — CTaTHYecKast
BAX nyru; crmomHas ToHkast — quHamudeckas BAX nyru (mo-
JeNb C pacipeieIeHHBIMU TapaMeTPaMHu); CIUIONIHAS KUPHAsS —
JuHamudeckas BAX nyru (Mozens ¢ cocpeqoTOYeHHBIMU Mapa-
METpaMHu)
C IOMOLIBIO MOZEJIN C COCPEAOTOYCHHBIMU ITapaMeTpa-
MH, MOXKHO CPaBHHUBATH C pe3y/IbTaTaMu, Oy YCHHBIMUA
JUTST OMUHOYHBIX (PPOHTOB (CM. pHC. 6) C TIOMOIIIBIO MO-
Jciu € paClpeaACIICHHbIMUA ITapaMETpaMu.

3HaueHUs1 MOCTOSHHON BpeMeHH O B MoOmenu C
COCPEIOTOUYECHHBIMU  ITApAMETPAMH, IIOJIyYCHHbIE
CpaBHCHHUEM IBYX MO,Z[CHeﬁ, YKa3aHbl Ha 3TOM pH-
CYHKe. 3aMETHM, YTO TIOCTOSIHHAST BPEMEHHU YOBIBACT
C YMCHBIICHUCM JUINTCIBHOCTH (I)pOHTOB uMmiIryjibca.
XapaxkTepHoii ocoOeHHOCThI0O BAX auHaMu4eckoi
AYyrya ABJIACTCA TO, YTO OHA NPCACTABIISICTCA B BU/C
MEeTIIn rucrepesuca, B KOTOpOfI BCPXHASA W HUXHIAA
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Puc. 7. UccrnenoBanue BO3ICUCTBUS Ha AYyTYy TpalneueuaJIbHOrO UMITyJIbCa TOKa C [IOMOUIbIO METOAA NPUIIACOBbIBAHUSA
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Puc. 8. Bo3uelicTBue Ha Ayry nayek BbICOKOYACTOTHBIX UMITYJICOB
Heﬁ; o — Bosueﬁcmne HCCKOJIbKMX Ha4YaJIbHbIX UMITYJIbCOB ITa4YKH
ckasg BAX nyru npu TakoMm BO31€HCTBUU
TaM UMITYJIbCa, & BEPTUKAJIbHBIE OTPE3KU — MEPEXO-
Iy B CTAIMOHAPHOE COCTOSHUE JYTH (ISl COMTOCTAB-
JIEHUSI HA ATUX K€ PUCYHKaX HAHECEHA CTaTUYecKas
BAX). lunamuueckas BAX B BuIe meTiu rucrepe-
3muca OblIa TIoJTydeHa dKCIIEPUMEHTAIBHO B paboTax
[10, 11]. ®usuyeckoil NMPUUYNHON BO3HUKHOBEHHUS
TaKoOM NMEeTIN SIBISIETCS pa3iuyHasl CTENEHb WHEPIU-
OHHOCTH TIPOLIECCOB INEPEHOCA DHEPTHH, UMITYJIbCa
U 3apsija npu noabeMe u crajae Toka [S5]. Otmerum,
YTO C YBEJIMYEHUEM JIUTEIbHOCTH UMITYJIbCa pa3Max
METNIM rucTepesuca ymenbluaerca u BAX nunamuue-
ckoii ayru npubnmxaercs kK BAX cratuueckoii ayr.
[Tocne oTpabOTKM MOJETU JUHAMHYECKOU JIyTH
C COCPEIOTOYECHHBIMM IapaMeTpamMH, OMHCAaHHOW B
paszene 3, 1 KaJuOpPOBKH MIOCTOSIHHOM BPEMEHH, 3Ta
MOJIe)Ib ObLTa TIPUMEHECHA JJIs pacueTa JUHaMHYe-
ckoif BAX mpu mopade nmauek BRICOKOYACTOTHBIX UM-
MyABCOB. DKCIEPUMEHTAIBHO UMITYIBCHI TEHEPUPO-
BaJIMCh TIPU MTOMOIIIM YCTPOMCTBA, pa3pabOTaHHOTO B
otrjesne PU3UKK ra30BOT0 pas3psijia U TEXHUKH I11a3Mbl
NSBC um. E.O. Ilatona HAH Ykpaunsl. YcTpoiicTBO
reHepupyer nauku BU uMIynscoB B AuamnasoHe 4a-
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cToT 5...25 k't ¢ popmoii OMHM3KOH K TPEYTOIBEHOM.
YacroTa ciemoBanus madek ot 1 mo 75 I'm, 3amomHe-
Hue nauku BY umnynsecamu ot 1 10 99 %.

Bbut mipoBenieHBI AKCIIEpUMEHTANTBHBIE HCCIEO0-
BaHUS BO3JICUCTBUS HA JyTy Ma4eK BBICOKOYACTOTHBIX
HMITYJIbCOB U TOJYYEHBI OCHULUIOrPAMMbI M3MEHEHHUS
BO BPEMEHM TOKA U HANPSDKCHUS AyTd. TeopeTHuecKoe
MCCIIEIOBAHME TAKOTO K€ BO3JIEHCTBHS C IIOMOIIIBIO MO-
JIET C COCPENOTOYCHHBIMH TapaMeTpaMH II0Ka3aio
(cM. puc. 8) Xopollee COBMaaCHUE PE3yIIBTAaTOB C IKC-
MIEPUMEHTAIbHBIMHU JIAHHBIMH, YTO CBUJICTEIILCTBYET 00
aJICKBAaTHOCTHU TMPEJIOKSHHOTO OIUCAHMS TIEPEXOIHBIX
MPOLIECCOB B JyI'e MPH BBICOKOUACTOTHOW MOMYJISIIUH
CBapOYHOIro TOKa. J[aHHbBIE pUC. §, 6 CBUAETEILCTBYIOT
0 TOM, YTO peaKiusi YT Ha MIeCTh—BOCEMb Hadallb-
HBIX UMITYJIbCOB ITAYKU OTJIMYACTCS OT PEaKI[MH Ha BCE
OCTaJIbHBIC UMIYJIbChL. TOJIBKO 1O MPOIISCTBUU 3TOTO
MEPEXOHOr0 Tporecca (GOPMHUPYETCS KBA3UCTAIHO-
HapHas quHaMugeckas BAX nyrw.

BoiBoabI

C YUE€TOM HEI3KBUIIOTCHUHAJIBHOCTU T'PAaHUIL croiba
3J'I€KTpH‘leCKOﬁ Ayru € €€ IMPUdICKTPOAHBIMU o0ma-




1.1. DUBNYECKUE I[MTPOLIECCBI B SJIEKTPUYECKUX JIYTAX

CTAMH, BBEICHO MOHATHE S(PPEKTHBHBIX 3HAYCHUH
COCTABJIAIOUINX HANpsKEHMs Ha Ayre, a UMEHHO: Ka-
TOJHOTO ¥ aHOJHOTO MaJIeHUH MOTEeHIMaNa, a Takke
HanpsbkeHus Ha cronde. Ha ocHoBe Mozenu ¢ pac-
MpeAeleHHBIMU TapaMeTpaMH BBIYHCIEHBI 3 dek-
TUBHBIC 3HAYCHUs MaJCHUs HANpsDKEHHWsS Ha CTONoe
1 @aHOJIHOM CJIOE€ aprOHOBOM AYTH € TYTOIUIAaBKUM Ka-
TOZOM W BOIOOXJIAXIAEMBIM aHOAOM. DPPEKTUBHOE
KaTOIHOE MajIeHHe MOTeHIIHaja B Takoi gyre omnpese-
JIEHO PACYETHO-IKCIEPUMEHTAIBHBIM METOIOM.

[lokazaHo, 4TO HPU COOTBETCTBYIOIIEM BBIOOpE
MIOCTOSTHHOM BpPEMEHM pe3ylbTaThl PacyeToB Iepe-
XOJIHBIX MPOLIECCOB B UMITYJIBCHOM Jyre ¢ Tyromnsas-
KHMM KaToZIOM Ha OCHOBE MOJEIH C COCPEIOTOYEHHBI-
MU MapaMeTpamMH JOCTaTOYHO TOYHO COOTBETCTBYIOT
pacyeTHBIM AaHHBIM, MTOJYYEHHBIM MIPH MTOMOLIH MO-
JIEJIN ¢ pacipeieieHHbIMU MapaMeTpamu. JJunamuue-
CKasi MOJIeNIb AYTH C COCPEAOTOUEHHBIMH MTapaMeTpa-
MU He TpeOyeT OOJbIINX BEIYUCIUTEIBHBIX PECYPCOB,
YTO JIeJIaeT €€ MEePCIEeKTUBHOM [Tl UCCIIeI0BaHUS Te-
PEXOAHBIX MPOLECCOB MpHU Mojaye Madek BbICOKOYA-
CTOTHBIX HUMITYJIbCOB.

Ha ocHOBe cpaBHUTENBHOrO aHanIM3a MoOJEleH
C COCPEJOTOYEHHBIMM W pacHpeAeieHHBIMHU Iapa-
METpaMH, ONHUCHIBAIOIINX TMEPEXOIHBIE MPOLECCHl B
MMITYJIbCHOM JIyre ¢ TyroIjlaBKUM KaTojloM, MoJyde-
HBI BOJIBT-aMIEPHBIE XaPAKTEPUCTHKH TaKOH IYTH.
[TokazaHo, 4TO ¢ yBEIMYEHHUEM KPYTH3HBI (DPOHTOB
HMMITy/IbCca TOKA pa3Max MeTIU TucTepesnuca AuHaMu-
YEeCKON BOJIBT-aMIIEPHON XapaKTEPUCTUKU JAYTH yBe-
JNYUBACTCS.

IIpy BBICOKOYACTOTHON MOIYMSLMK TOKa AyTH
YCTAHOBJIEHHE KBa3UCTALMOHAPHON BOJIBT-aMIIEPHOM
XapaKTEPUCTHUKH UMITYJbCHOM OYTH C TYTOIUIABKAM
KaTOIOM JIOCTUTAETCA MOcie MPOXoxKIeHus 6...8 um-
yJbCOB.
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1.1.24. DISTRIBUTED AND INTEGRATED CHARACTERISTICS
OF THE NEAR-ANODE PLASMA OF THE WELDING ARC
IN TIG AND HYBRID (TIG + CO, LASER) WELDING"

I. KRIVTSUN, V. DEMCHENKO, I. KRIKENT, U. REISGEN, O. MOKROY, A. ZABIROV

Introduction. Effective application of the electric arc
as a heat source in fusion welding requires having in-
formation on the thermal, electric and dynamic im-
pact of the arc on the material bein welded or on the
electrode material. Since experimental determination
of such welding arc characteristics, important in terms
of technology, as the electric current density and heat
flux density in near-electrode regions and on electrode
surfaces is difficult for the small geometrical dimen-
sions of the above mentioned regions, high values of
arc plasma temperature and temperature of electrode
working surfaces, studying the welding arcs by math-
ematical modelling methods seems highly urgent.

There are a multitude of approaches and models for
computational investigations of processes of energy,
momentum, mass and charge transfer in the electric arc
plasma, as well as processes of its interaction with elec-
trodes, in particular, in arc, plasma, and hybrid laser-arc
or laser-plasma welding (see, for instance, [1-15]). In
the majority of such studies, however, arc plasma is as-
sumed to be single-component, i.e. containing atoms
and ions of shielding or plasma gas, most often, an inert
one. Plasma of real welding arcs is, as a rule, multicom-
ponent, as, alongside shielding gas particles, it contains
atoms and ions of evaporated electrode material, pri-
marily of the anode. Thus, the construction of an ade-
quate mathematical model of the welding arc requires
allowing for the electrode metal evaporation and metal
vapour diffusion in the arc plasma [16].

Another important characteristic of such a mod-
el should be its self-consistent nature, which enables
allowing for the interrelation of physical processes
running on electrodes and in near-electrode regions
of the arc plasma with processes in the arc column.
Note that most of the studies on complex modelling
of electric, in particular, welding arc, use rather sim-
plified models of the cathode and anode regions [4,
6, 10-13], whereas in works specially devoted to in-
vestigation of the near-electrode processes (see, for
instance, review [17] and references given there), in-
sufficient attention is given to processes occurring in
the arc column, and to their connection with processes
in the near-electrode regions.

As an object of study in this work, we will select the
electric arc in tungsten electrode welding in inert gas at
atmospheric pressure (TIG). Since the theory of cath-
ode phenomena, as well as processes in the near-cath-
ode plasma of the arc with refractory cathode has been
developed in sufficient detail [18-22], we will focus on
the processes running in the plasma of the arc column
and anode layer. We will bear in mind that as a result
of the thermal impact on the metal being welded (an-
ode), the weld pool surface can be locally heated up to
temperatures comparable with the anode metal boiling
temperature. As a result of the anode metal evaporation,
the welding arc plasma, as was already noted, becomes
multicomponent, containing, alongside shielding gas
particles, also atoms and ions of metal vapour.

As long as the vapour partial pressure near the an-
ode surface is smaller than the external pressure, metal
particles, leaving the weld pool surface, diffuse into the
arc plasma (diffusion mode of evaporation), while the
pressure on this surface remains practically equal to the
external (atmospheric) pressure. In the case that vapour
pressure, rising with the temperature of the molten met-
al surface, becomes greater than the external pressure,
vapour spreading (convective evaporation mode [23])
begins, accompanied by the appearance of a reactive
force, applied to melt free surface [24]. In this case, pres-
sure on weld pool surface, determining its dynamics,
and, eventually, penetration depth and shape, can greatly
exceed the external pressure, and removal of the anode
metal atom sublimation energy from the above surface
by vapour flow can have an essential role in its energy
balance [24]. Moreover, an important factor, influencing
the anode metal evaporation processes, is that the medi-
um external relative to evaporating metal, is ionized, i.e.
it contains both neutral particles (atoms of shielding gas
and evaporated metal), and charged particles (electrons
and ions of different species and charges) [25].

Limiting further consideration to just diffusion
mode of the anode metal evaporation, we will note
that presence in arc plasma of inert gas which has a
high ionization potential of even a small amount of
readily ionized metal component essentially influenc-
es its ionization composition, as well as thermophys-
ical, transport and optical properties [16]. It results

“Mathematical Modelling of Weld Phenomena 11, Graz University of Technology. — 2016. — P. 837-874.
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in a noticeable difference of thermal, electromagnet-
ic and gas-dynamic characteristics of the plasma in
the near-anode zone of the column of the welding arc
with refractory cathode from respective character-
istics of the arc with non-evaporating, for instance,
water-cooled anode. Anode layer characteristics de-
termine the conditions of thermal and electromagnet-
ic interaction of the arc with the metal being welded,
and, consequently, the nature of its penetration is even
more different.

Publications, devoted to allowing for evaporation
of the anode material in the modelling of tungsten
electrode welding arcs, appeared in scientific-techni-
cal literature comparatively recently (see, for instance,
[15,26-28]). However, when describing the diffusion
of ionized metal vapour in arc plasma, these studies
do not differentiate between vapour atoms and ions
having diffusion coefficients differing significantly
by their value. In the self-consistent mathematical
model of the column and anode layer of the welding
arc with refractory cathode, suggested in [24], an at-
tempt was made to allow for the difference between
the above-mentioned coefficients. However, when
writing the equation of convective diffusion of evapo-
rated anode metal in the arc plasma, thermal diffusion
of atoms and ions of metal vapour, as well as drift-
ing of metal ions in the electric field, were not taken
into account. Therefore, in this work the analysis of
the processes of energy, mass and charge transfer in
multicomponent plasma of electric arc in TIG weld-
ing will be performed with application of a refined
model of convective diffusion of metal vapour in the
arc plasma, described in detail in [29].

As one more factor, which, alongside anode metal
evaporation, has a significant influence on the weld-
ing arc plasma characteristics, we will consider the
interaction of focused laser radiation with arc plasma
in hybrid welding, realized by the simultaneous im-
pact of tungsten electrode electric arc and laser beam
on the metal being welded [30—34]. Important here is
not only the welding arc type, but also the laser beam
characteristics, primarily, radiation wave length, A.
This is associated with a strong dependence of the co-
efficient of the laser radiation absorption in the arc
plasma, «on its wavelength. When applying short-
wave radiation of solid-state or fiber lasers (A = 1 um)
in the hybrid process, the laser beam absorption in the
arc plasma is not substantial (k_ ~ 1 m™' [9]). In this
case, intensive evaporation of the metal from the weld
pool surface takes place under the impact of a highly
concentrated laser heat source, which has a significant
influence on the composition, thermal, gas-dynamic
and electromagnetic characteristics of arc plasma,
and, consequently, leads to the changing of its thermal

and dynamic interaction with the metal being welded.
When CO, laser radiation (A = 10.6 um) is used in
the hybrid processes, both the interaction mechanisms
turn out to be essential, namely: laser radiation ab-
sorption in the arc column plasma (x_ ~ 100 m™ [9])
and metal evaporation from the melt surface under the
impact of the focused laser beam.

Limiting further consideration to the interaction of
the CO, laser radiation with the arc plasma, we will
note that such an interaction under the conditions of
hybrid (TIG + CO, laser) welding can create a syner-
gic effect, manifested through the disturbance of the
additivity of the thermal impact of the beam and the
arc on the metal being welded, as well as an intensi-
fication of the dynamic impact of the welding current
on the metal pool. As a result, the energy consumed
for the metal melting in hybrid welding can exceed
more than two times the sum of the respective ener-
gies in welding by each heat source taken separately
[30, 31]. Physical processes, causing such a synergic
effect, are not well-enough studied and require de-
tailed investigations involving mathematical model-
ling methods.

Thus, the objective of this work is the construction
of a self-consistent mathematical model of the pro-
cesses of energy, mass and charge transfer in multi-
component plasma of the anode layer and column of
the welding arc with refractory cathode and conduct-
ing on its base detailed numerical analysis of distrib-
uted and integrated characteristics of the near-anode
arc plasma in TIG and hybrid (TIG + CO, laser) weld-
ing of low-carbon steel in argon atmosphere.

Structure of the near-anode plasma of the weld-
ing arc. Let us consider plasma of the welding arc
with refractory cathode burning in argon at atmo-
spheric pressure and its interaction with the surface of
the metal being welded (anode), allowing for its evap-
oration in the diffusion mode. The near-anode region
of such a multicomponent plasma will be described
using the approach proposed in [35, 36], within the
bounds of which the above region is conditionally di-
vided into three main zones, as shown in Fig. 1.

The first zone, directly adjacent to the anode sur-
face, is the space charge layer (sheath) where the con-
dition of plasma quasi-neutrality is violated and the
main potential drop between the near-anode plasma
and anode surface is formed (see Fig. 1). This lay-
er can be considered collisionless, as at atmospheric
pressure and values of the near-anode arc plasma elec-
tron temperature, characteristic for the considered con-
ditions, T ~ 1.0...1.5 €V, this layer thickness L, com-
mensurate with the Debye radius r, ~ 10°*...107 m, is
essentially smaller than the characteristic free path of
the plasma particles / ~ 107...10* m (respective char-
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Fig. 1. Structure of the near-anode arc plasma, flows of particles
and potential distribution: 1 — space charge layer (sheath) {0 <
<X<Lg}; 2— ionization region (pre-sheath) { L, <X <L, };3—
gas dynamic region (arc column plasma)

acteristic paths for atmospheric Ar plasma are given
in Fig. 2).

The second zone (see Fig. 1) is the ionization re-
gion (pre-sheath) of non-isothermal quasi-neutral
multicomponent plasma where charged particles are
generated due to ionization by plasma electrons of
shielding gas atoms, desorbing from the anode sur-
face and of evaporating anode metal atoms. The form-
ing ions are accelerated towards the anode surface by
the electric field created by the more mobile electrons
and recombine near this surface. Thus, conditions of
local ionization equilibrium are violated within the
pre-sheath. Moreover, a noticeable drop of near-an-
ode arc plasma potential occurs here that can be com-
mensurate with its change in the space charge layer
(see Fig. 1).

The Knudsen layer boundary, which we will iden-
tify with the outer boundary of the anode layer, runs
at the distance from the anode surface equal to several
free paths of heavy plasma particles. Adjacent to it is
the third zone — the arc plasma gas-dynamic region
or arc column (see Fig. 1), where local thermodynam-
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Fig. 2. Scale lengths in the near-anode Ar plasma at atmospheric
pressure

ic equilibrium sets in. Note that this region, in its turn,
can be conditionally divided into two zones: thermal
boundary layer, the thickness of which is defined by
the value / (see Fig. 2), and within which equaliz-
ing of temperatures of electrons T and heavy particles
T, with plasma temperature in arc column Tp, takes
place, and arc column proper [37].

Since under the considered conditions, the Knud-
sen layer thickness, L, ~ 10* m, usually is consider-
ably smaller than the radius of curvature of the sur-
face of the anode (weld pool), R > 10 m, it can be
considered practically flat at description of processes
running in the anode layer. On the other hand, since L,
is much smaller than the characteristic scale of varia-
tion of arc plasma parameters in the gas-dynamic re-
gion, the anode layer can be assumed infinitely thin
when considering the processes in the arc column.
Thus, from the viewpoint of mathematical descrip-
tion of processes running in the near-anode plasma of
welding arc with refractory cathode, it can be divided
into two regions: the anode layer of non-equilibrium
plasma or Knudsen layer, including the pre-sheath
and sheath, and arc column, for which the first region
plays the role of rupture surface.

Model of processes in the anode layer. At the
analysis of physical processes running in anode layer
of multicomponent plasma of the welding arc, we will
assume that on the outer boundary of this layer, arc
plasma is characterized by the following parameters:
nO is electron concentration; noL is concentration of
atoms (Z=0) and ions (Z = 1) of the shielding gas
(o =g), atoms (Z = 0) and ions (Z = 1, 2) of the met-
al vapour (a0 = m); Ze is ion charge; e is elementary
charge; Teo is electron temperature; ThO is heavy par-
ticle temperature, assumed to be the same for all atom
and ion species, but different from Teo (two-tempera-
ture plasma model); m, is electron mass; M_ are mass-
es of heavy particles (atoms and ions) of the shielding
gas (o = g) and metal being welded (o = m); j is the
density of electric current between plasma and anode
surface. As it was already noted, the anode layer of
the welding arc plasma can be considered flat, so that
we will assume values ng, ngz , Teo, Tho and; in the
arc anode binding region to be local, corresponding to
a given point of the surface of the metal being welded,
characterized by the local value of temperature T..

We will assume that the electric current transfer
between arc plasma and anode is performed only by
electrons and ions, coming from plasma (it is assumed
that all the ions reaching the surface of the metal being
welded recombine there and come back in the form
of atoms, while the flow of electrons emitted by the
anode is negligibly small). Then the total density of
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the electric current between the arc plasma and anode
metal can be presented in the following form:

J,=J,=J> (J,z0). (1)
Here, j, is the current density of plasma electrons
reaching the anode surface;

i= >

a=m,g;Z>1

Joz
is the total density of the ion current on the anode sur-
face (for ions of all species and charges).

The electron component of the arc plasma within
the boundaries of the anode layer can be regarded as
collisionless with sufficient accuracy (see Fig. 2), and
the electron temperature can be considered practical-
ly constant through its thickness [25]. Moreover, as
plasma potential, as a rule, turns out to be higher than
the anode surface potential [38], electrons are decel-
erated by the electric field, while ions are accelerated
towards this surface. In this case, the density of the
electronic current between plasma and anode can be

written as [37]:
o1 eq?
J, :—4engvTe exp[—k(P 5 ],

B e

0

v - 8kBTe
T m
e

is the thermal velocity of the electrons on the outer
boundary of the anode layer; , is the Boltzmann con-
stant; @° is the plasma potential relative to the anode
surface (¢° > 0). Note that in view of the high conduc-
tivity of the metal being welded (anode), compared to
the near-anode plasma conductivity, its surface poten-
tial remains practically constant in the region of the
arc anode binding and is taken to be zero (see Fig. 1).

In order to determine ion currents, it is necessary
to consider the processes in the ionization region,
where ion generation and their acceleration towards
the anode surface take place. With this purpose, we
will use the approach of [39], which is based on the
assumption that the ion free path relative to Coulomb
intercollisions /, is much smaller than the ionization
length /, and their free path relative to collisions with
atoms /_ (see Fig. 2). This allows us assuming that all
the ions in the pre-layer are intensively Maxwellized
and acquire a common velocity of ordered motion, the
value of which on the ionization region boundary with
space charge layer in diffusion mode of anode metal
evaporation is given by the following expression [25]:

2 k@I T,

a=m,g;Z>1

Z Ma n(?LZ

o=m,g;Z>1

@

where

V. =Vi(Lg)= 3)

s

Selecting such X =L, at which the condition of plas-
ma quasi-neutrality is violated, as the boundary of the

pre-sheath with space charge layer [40], we will find
charged particle concentrations on this boundary [25]:

1
= =p0 i
nESh _nE(LSh) =n) exp( 2),

1
Mg, = n,(Lg)= ngz exp[—zj ,o=m,g;Z>1.

“)

Then, ion currents on the anode surface can be
written as follows:

®)

Knowing electron and ion currents on the anode
surface, plasma potential @° relative to the above sur-
face can be readily found from equation (1):

. 1
Jy= Zengz exp(—ij V"s;,’ o=m, g Z>1.

0 0
(p() — kB]; In eneVTe

e .
4|:ja + z j(x2:|
a=m,g;Z>1

The anode potential drop U, is more often used
instead of the value @° in welding publications. It is
determined as a potential difference between the an-
ode surface and the outer boundary of the anode lay-
er plasma. Considering that at ¢° determination, the
anode surface potential was taken to be zero, we will
have U = - ¢". Here, it should be specially noted that
the anode potential drop is negative in the majority
of atmospheric electric arcs (in particular, in welding
arcs) [38, 41]. Another important circumstance is the
fact that, considering the respective distributions of
values, included into expression (6), along the an-
ode surface, the value ¢” and U, respectively, can be
significantly non-uniform in the region of the arc an-
ode binding, i.e. they can depend on the coordinate
along the anode layer boundary. Since the metal an-
ode surface is practically equipotential, this leads to
the appearance of a component of gradient of electric
potential and current density, respectively, along the
boundary of the arc column with the anode layer that
largely determines the pattern of the electric current
flowing between the arc plasma and the anode.

The calculation of the distribution of values j ,
J.p ®° or U, along the outer boundary of the anode
layer requires knowledge of the respective distribu-
tions of the temperatures TEO, ThO and concentrations
ng, ngz of charged particles on the above bound-
ary, as well as the distribution of the electric current
density on the anode surface j,. Assuming that the
multicomponent plasma in the welding arc column is
ionization-equilibrium one, the composition of such
a plasma in each point of the arc column boundary
with anode layer can be defined, using the follow-

(6)
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ing system of Saha equations allowing for plasma
non-ideality:

w0 (2mmk 10)7 20

e 0(Z+1 e Be aZ+1 %
n° h? 0
oZ oZ (7)
U —AU)
xexp| ——*¥——~4— | a=m,g Z>0.
L

Here, h is Plank’s constant; 0_, are the statistical sums
for heavy particles of a species, being in the charged
state Z; U_, are the ionization potentials (for transition
of a species particles from charged state Z into Z + 1);

Ay _4Z+D
A r
D

are the reductions of ionization potentials due to inter-
action of charged particles in the plasma [42];
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Fig. 3. Dependencies of the anode drop of electric potential on
electron temperature in the near-anode plasma (a), current density
on the anode () and its surface temperature (c) for steel anode in
TIG welding in Ar: @ — T = 2472 K, 1 —j =2-10° A/m* 2 —
5-10°A/m?, 3 — 107 A/m* b — T =2472 K, 1 — TO =6'10°K,
2—TI10°K,3—810°K; C—T0 =7T10°K,1—j, <2 10° A/m?,
2—510°A/m2, 3— 10" A/m?

is the Debye radius, where €° is the dielectric permit-
tivity of vacuum.

Condition of quasi-neutrality of multicomponent
plasma

n = n_Z.
¢ (x:m;g;zzl (8)
Law of partial pressures
PRI 2 KT+ 2 g ) = ©)

Here, p is the arc plasma pressure near the surface of
the metal being welded;

is the pressure lowering due to plasma non-ideality [42].

Closing the system of equations (7)—(9) requires
one more condition, determining the distribution of
the metal vapour particle concentration along the outer
boundary of the anode layer. In diffusion mode of
anode metal evaporation, assuming that the vapour
diffusion rate in the arc plasma is low, i.e. the va-
pour state is close to saturation, the equality of the
local value of partial pressure of the evaporated metal
heavy particles on the above boundary to saturated
vapour pressure p_ over the melt surface with respec-
tive temperature value T, can be selected as such a
condition:

0 0 _
z ankBT
7>0

‘ (i - i\ } (10)
AT, 7))

where p, is the atmospheric pressure; T, is the boil-
ing temperature; A is the work function of the metal
atom; ThO =T.

As an example, Fig. 3 gives the calculated local
values of the anode potential drop U, as a function of
respective T ,J, and T_values under the conditions
characterlstlc for TIG Weldmg of low-carbon steel (Fe
is the evaporating element) in argon. As follows from
the calculation data given in this Figure, the anode
drop values in such a system are negative, increas-
ing by absolute value with an increase of respective
values of the plasma electron temperature near the an-
ode, as well as its surface temperature (see Fig. 3, a, ¢)
and somewhat decreasing with an increase of the re-
spective value of electric current density on the anode
(see Fig. 3, b). U, values for the considered conditions
fall within the range of —1...—4 V that correlates well
enough with the experimental data of [38].

Let us now study the processes of energy trans-
fer in the anode layer of multicomponent plasma of
the welding arc. The heat flux g, from the near-anode
plasma to the surface of the metal being welded is

A
=P, =P, eXp| -

9,=4,% 4> (11)
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where ¢, g, are the fluxes of potential and kinetic

energy, transferred by plasma electrons and ions, re-

spectively. The expression for g, can be written in the
following form [38]:

(k0 )

qe:Jek % +CmJ,

where C is the work function of the electrons for the

metal being welded (anode). Taking into account the

initial energy of ions on the outer boundary of the

space charge layer, as well as their additional acceler-
ation in this layer, for ¢, we can write:

( M P2
9= 2

j (p +7I‘g}‘+i
a=m,g;Z21 o L Sh 2Ze 4 A

(12)

M~

1

)
UOLZ’ _CmJ’ (13)

where
0
P, =Ly, ) =0 -5,
is the arc plasma potential on the boundary of the
space charge layer (see Fig. 1). Expression (11) can
be presented as
q,=JV, (14)
where V is the local value of voltage equivalent of the
heat evolving on the anode, which is always positive,
unlike the respective value of the anode potential drop
U,. Allowing for (1), (12), (13), in order to calculate

V., we will find

\ (15)

Fig. 4 gives the results of the calculation of local
values of heat flux to the anode as a function of re-
spective values of Teo ,j, and T_under the conditions
characteristic for TIG welding of low-carbon steel
(Fe is the evaporating element) in argon. As follows
from the given calculation dependencies, the value g,
rises with an increase of electron temperature in the
plasma anode layer, the current density on the anode
and its surface temperature, this tendency being the
most strongly manifested in the ¢ (T)) dependence
(see Fig. 4, ¢).

Model of processes in the arc column. Let us
consider plasma of the column of the stationary arc
with refractory cathode and evaporating anode from
low-carbon steel in TIG welding (Fig. 5, a) and that
of a similar arc which is under the impact of a focused
Gaussian beam of continuous CO, laser radiation in
hybrid (TIG + CO, laser) welding, realized by the
scheme given in Fig. 5, b.

When describing the processes of energy, mass and
charge transfer in this system, we will use the model
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0 1 | 1 | 1

a 6000 7000 8000 9000 oK
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0 L 1 L - 1
b 8 j,10° A/m?
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1
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Fig. 4. Dependencies of heat flux into the anode on electron
temperature in the near-anode plasma (a), current density on the
anode (b) and its surface temperature (c) for steel anode in TIG
welding in Ar (parameters are the same as in Fig. 3)

of isothermal (electron temperature is equal to that of
heavy particles) ionization-equilibrium multicompo-
nent plasma, and will regard the distribution of all of
its characteristics as axisymmetric. In the case of TIG
welding (see Fig. 5, a), the latter approximation is quite
justified. As regards the column of combined discharge
[9], resulting from the interaction of the focused laser
beam and electric arc under the conditions of hybrid
(TIG + CO, laser) welding (see Fig. 5, b), in order to
simplify its mathematical model, we will assume that
starting from a certain distance from the cathode region
boundary (plane z = z), the column of such a discharge
is also axisymmetric, and its characteristics at z <z, are
close to respective characteristics for an arc with re-
fractory cathode, located normal to the anode surface.
Here, we will assume that laser beam interaction with
the arc plasma occurs only atz > z.
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Fig. 5. Schemes of processes of TIG welding (@) and hybrid
(TIG + CO, laser) welding (b): 1 — refractory cathode; 2 — cath-
ode region; 3 — shielding (inert) gas; 4 — nozzle for shielding
gas feeding; 5 — arc column plasma; 6 — focused laser beam;
7 — metal being welded (anode); 8§ — anode layer; 9 — weld
pool

Thus, both in the case of TIG, and in the case of
hybrid (TIG + CO, laser) welding we will use a cylin-
drical system of coordinates (r, z), when writing the
equations of energy, mass and charge transfer in the
arc column plasma (combined laser-arc discharge),
and will select the calculation regions Q = {0 <r <
<R, 0<z<Lj forarc column plasma and Q, = {0 <
<r < R,, z, < z < L) for laser beam (see Fig. 5). The
respective system of equations in the selected system
of coordinates has the following form [34, 43].

e Continuity equation

(16)

where p is the plasma mass density; Vv, U are the radial
and axial components of its velocity.
e Equations of motion

( @4_ @j—_@_ B +%g( @)4_
p V@r “az T or ) ror rné’r
+g (au av]

Oz N or 0z

v 20 1o(rv) ou||.
s _36r{n[r o *az}’

o auy ap a( 6u)
p(var+ azj’ ar Pt 2a\ )t

Lol (] 2] Mo a), 4
ror| Wor T ez 3a:\" 7o Ta |
where p is the pressure; / , j, are the axial and radial com-
ponents of the current density arc column; Bgo is the
azimuthal component of the magnetic induction vector;

1 coefficient of the dynamic viscosity of plasma.
e Equations of electromagnetic field

10 0
;a(rpV) +§(PU) =0,

(a7

1o( 09}, 0 ‘l‘P)_.
r@r(r 6r)+6z(caz =0 (19)

B (= { (& 2)EdE, 20)

where ¢ is the electric potential; o is the specific elec-
tric conductivity of plasma; p° universal magnetic
constant;

(2]

e Energy equation
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Here, C is the specific heat capacity of plasma, al-
lowing for ionization energy; T, is the plasma tem-
perature; y is the coefficient of heat conductivity; J is
the thermodiffusion constant; y is the energy losses
for radiation in the approximation of optically thin
plasma. Energy evolution in the arc column plasma
due to absorption of laser radiation in hybrid (TIG +
+ CO, laser) welding is allowed for by the xS term
in the right-hand part of equation (22), where «_ is
the coefficient of reverse bremsstrahlung absorption
by the arc plasma of laser radiation with respective
wave length (A = 10.6 um); S is the spatial distribution
of the radiation intensity in the laser beam interacting
with the plasma.

Assuming that the relative change of the plasma
characteristics at distances of the order of the laser
radiation wave length is small and laser radiation
reflected from the anode surface is also absent, we
will apply quasioptical approximation to describe the
beam propagation in non-uniform arc plasma, allow-
ing for its absorption and refraction. In this case the
equation for the electric field of the laser beam, taken
to be axisymmetric, is given by [9]:

04 190 6A 5 DA,
kar ror ar +kE, D

where k = k_= 2n/) is the wave vector of laser radi-
ation; 4 is the complex amplitude of the laser beam
electric field; & =g/ +ig is the complex dielectric
permittivity of the arc plasma at the laser radiation
frequency . The sought value S is the time-averaged
value of the axial component of the beam’s electro-
magnetic energy flow density, and it is connected to

(23)
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the electric field complex amplitude, A by the fol-
lowing relationship [9]:

1 [&f
S(V:Z):? F\Aﬂ) P

To allow for the multicomponent nature of the arc
(laser-arc discharge) column plasma, associated with
the evaporation of the anode metal, the considered
model should be complemented by the equation of
convective diffusion of ionized metal vapour, describ-
ing the transport of neutral atoms, single- and dou-
ble-charged ions of metal in arc plasma [29]:
%%(rnmv) + %(nmu) =

anT} _aKnT} _ aKnT}
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Heren =n +n +n  is the total concentration of
heavy particles of metal vapour in arc plasma;
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where D, are the coefficients of diffusion of atoms
(Z = 0), single- (Z = 1) and double-charged (Z = 2)
ions of metal in multicomponent plasma; n, is the total
concentration of particles in the arc column plasma;

bz = %GZ

are the mobilities of metal ions (Z=1, 2) in the electric
field. Equation (25) describes the following kinds of
transfer of metal vapour particles: convective transfer,
concentration diffusion, thermal diffusion, as well as
vapour ion drift in the electric field.

Closing the above system of equations requires
assigning thermodynamic, transport and optical prop-
erties of multicomponent arc plasma, depending on
its temperature, composition and pressure. In the
case of water-cooled (non-evaporating) anode, data
of [44] were used, which determine temperature de-
pendencies of the above properties for argon plasma
of atmospheric pressure. Temperature dependencies
of thermodynamic and transport properties of Ar—Fe
plasma of different composition were calculated by

the procedure proposed in [45].

Respective dependencies of energy losses for ther-
mal radiation, coefficient of volume absorption of la-
ser radiation, and complex dielectric permittivity of
arc plasma were calculated as described in [9].

We will formulate the boundary conditions for the
differential equations (16)—(19), (22), (23), (25) as
follows. In the initial section of the calculation region
Q for arc column plasma (z = 0 plane in Fig. 5) we
will assign boundary conditions for the values v, U,
T o @ and n similar to what was done in [29, 43] for
an arc with refractory cathode located normal to the
anode surface. In particular, for the velocity vector
components we will assume:

VI,p=0s Ul_ =l (26)

z=0
where the value U is determined by the shielding gas
flow rate and diameter of the nozzle for its feeding.

We will assign the following conditions for the
temperature and electric potential in the near-cathode
zone of the arc column:

0
T =Te): oGl

B AN

z=0

@7n

where the distributions of plasma temperature T (1)
and electric current density near the cathode j (r) are
selected according to recommendations of [21]. In the
zone of shielding gas feeding we will assume that

o

T 0’ oz

p

=0, (28)
z=0

z=0

where T is the ambient temperature.

As regards equation (25), allowing for the direc-
tion of motion of shielding gas and plasma in the
near-cathode zone of the arc column, we will assume
that particles of evaporated anode metal do not reach
plane z = 0, i.e. on upper boundary of calculation re-
gion QQ ) (see Fig. 5) we will assume

=0.

n =
z=0

m

(29)

Considering the earlier assumption that the laser
beam interaction with the arc plasma starts at z = z, in
equation (22) we will assume S = 0 in the z < z, region,
and we will assign the initial distribution of value A  on
the upper boundary of calculation region for the laser
beam Q,, i.e. z = z, (see Fig. 5, b), as follows. We will
assume that atz =z  is a Gaussian beam of laser radiation
focused by the optical system, which is applied to arc
plasma, and in the absence of plasma has minimal radius
r, on the anode surface. The spatial distribution of the
complex amplitude of the electric field of such a beam in
the z <z region is defined by expression [9]:

r 2o
_ _F 4 _
A=A exr{ ATy (Pz} (30)

Here
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The constant 4, in (30) is found from the integral

relation for the total power of laser radiation in the
beam cross-section:

z

z
F

R

O(z)=2m f S(r,z)rdr,

(32)
0
that, allowing for (24), yields
~ 4Q0 ( l’lo\]/2
Ao _‘/EL?‘)J ; (33)

where Q° = Q(z,) is the power of the initial laser beam.
For water-cooled (non-evaporating) anode «stick-
ing» conditions are assigned on its surface (plane z =
= L in Fig. 5), i.e. the radial and axial components of
plasma flow velocity are assumed to be zero. For the
evaporating anode we should allow for the near-anode
plasma flow, arising as a result of evaporation of metal
atoms from the anode surface and the diffusion of ion-
ized metal vapour into the arc (combined discharge)
column. This requires the correction of the boundary
condition for the plasma velocity vector component
normal to the anode surface on the anode layer bound-
ary, which, in the case of the diffusively evaporating
anode, becomes [29]:
MY (rL)+Y (r,L)+Y  (r.L)]

R A B TR TN A R N ATt

(34)

Here Y, (",L) are the radial distributions of axial
componeﬁts of densities of diffusion flows of metal
atoms and ions, which are in the charged state Z, on
the arc column boundary with the anode layer. The
boundary condition for equation (25), determining the
concentration of heavy particles of metal vapourn =
=n ,+n_+n onthe anode layer boundary, can be
taken from expression (10).

On the boundary of the arc column plasma with
the anode layer, assumed infinitely thin, we can write
the following condition of energy balance:

oT

p

k(5 0 .
E| e \370) T T S (39)

z=L

where j (1) = |j (1, Z)| is the absolute value of electric
current density on the anode; Tpa(r) = Tp(r, L) is the
temperature of the arc column plasma on the bound-
ary with the anode layer. With good approximation,
the electric potential of anode metal surface can be
considered constant and can be selected equal to zero,
then the boundary condition for the plasma potential
on the arc column boundary with the anode layer can
be written as:

176

ol =" (36)

The values ¢° and ¢, included into the bound-
ary conditions (35), (36), are determined using the
above-described model of the anode layer which
allows the calculation of radial distributions of the
above values in the region of the anode binding of the
arc, depending on the assigned distribution of the an-
ode surface temperature T(r) and radial distributions
of electric current density on the anode j and plasma
temperature on anode layer boundary T , which are
to be found and the values of T are used in the anode
layer model as TEO .

On the system’s axis of symmetry (at r = 0) the
boundary conditions for plasma velocity, temperature,
electric potential, metal vapour particle concentration
and laser beam’s electric field amplitude are assigned
in a standard manner:

V| _ =05 al g 0;
r=0" " or| 0 er| 7
r=0 =0
37
do| o 0|, 0| ¢n
or| >oor 0
r=0 r=0 r=0

On outer boundary of calculation region for arc
plasma (at r = Rp) we will write boundary conditions
for velocity and electric potential as follows:

o(pvr)
or

=0;
r:Rp

=0.
r:Rp

ul_ . =0;

r =% (38)

We will determine boundary conditions for tem-
perature and concentration of metal vapour particles
atr =R, depending on the direction of plasma flow
motion [29, 43]:

Tp g =Tps N | _ =0 atv|_, <0
p p p
oT on 39
p __m — ( )
ar = 0,atv|r:Rp>0.
=R r=R

p p

Finally, assuming that laser beam’s transverse di-
mension is essentially smaller than the radius R, cor-
responding to the respective calculation region (see
Fig. 5, b), we will write

Aoo ‘r:Rb =0. (40)

The system of differential equations (16)—(19),
(22), (25), describing the transfer of energy, momen-
tum, mass and charge in the multicomponent plasma
of the arc column in TIG welding or of combined dis-
charge in hybrid (TIG + CO, laser) welding, togeth-
er with the above boundary conditions, was solved
numerically by the method of finite differences with
application of the combined Eulerian—Lagrangian
method [46, 47], adapted to the conditions of the com-
pressible medium. The parabolic equation (23) for the
complex amplitude of the laser beam’s electric field
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was solved using the method described in detail in [9].
For computer realisation of the mathematical model
self-written code was developed.

Simulation results. For the computational inves-
tigation of the processes of energy, mass and charge
transfer in the plasma of the electric arc (laser-arc
discharge) with refractory (W) cathode and anode
from low-carbon steel, running in an Ar atmosphere,
two characteristic variants of the anode thermal state
were considered, namely: 1) water-cooled (non-evap-
orating) anode with surface temperature T, = 500 K;
2) diffusively evaporating anode (Fe is the evaporat-
ing element). In the latter, it was assumed that the an-
ode metal surface temperature in the anode binding
region of the arc varies by the exponential law T(r) =
= (T, — T )exp(-a’r’) + T , where T = 500 K is the
surface temperature at a distance from the above re-
gion, and in the center of this region it reaches the val-
ue T, which is not higher than the boiling temperature
of Fe (T, = 3133 K) at which evaporation goes into
the convective mode. Here, the coefficient of concen-
tration a was selected so that the molten zone radius
on the metal surface was 2.5 mm.

Numerical modelling of the characteristics of
the electric arc column plasma and the anode region
for TIG welding conditions was performed with the
following parameters: arc length L =3 mm; arc cur-
rent / =200 A; the anode surface temperature in the
center of the anode binding region of the arc T  was
varied from 500 K (non-evaporating anode) up to
3065 K (evaporating anode). In the case of hybrid
(TIG + CO, laser) welding, a system with the fol-
lowing parameters was considered: length of inte-
relectrode gap L =4 mm; arc current / = 150 A; the
T,, value was selected equal to 500 K (non-evapo-
rating anode) and 3000 K (evaporating anode); the
power of initial laser beam Q° was assigned equal
to 500 and 1500 W; beam radius in focusing plane
(z=1L) r,= 0.2 mm, the distance from cathode to
the plane, where the laser beam interaction with arc
plasma starts, z, was selected equal to 1 mm.

Let us first describe the results of the electric arc
modelling for TIG welding allowing for the anode
metal evaporation. Let us introduce y = nm/(ng +n),
where n=n,+n, is the total concentration of heavy
particles (atoms and ions) of shielding gas (Ar) and
let us consider the distribution of the fraction of heavy
metal particles (Fe) y in the arc column plasma for two
variants of distribution of the evaporating anode sur-
face temperature, which correspond to T, = 2600 K
and T = 3065 K (Fig. 6). At the temperature of the
anode molten metal of 2500...2600 K, iron atoms and
ions appear above its surface, their content reaching
10 % (see Fig. 6, a). With an increase of the melt sur-

Z, mm

To= 2600 K

T.o=3065 K

-_—
422 253 0.84 0 0.84 253 4.22
£, mm

a b

7.60

591

5.91

Fig. 6. Isolines of fraction of iron heavy particles in multicom-
ponent plasma of the arc column: ¢ — T = 2600 K; b — T =
=3065 K

face temperature in the center of the arc anode binding
region above 3000 K, the mass flow of vapour from the
anode surface into the arc column increases, resulting in
the appearance of the arc plasma region with a high (up
to 80 %) metal vapour content (see Fig. 6, b).

The field of concentration of the evaporated metal
particles n_in the arc column plasma forms as a result
of the interaction of the following four factors: 1) dif-
fusion and convective transfer of metal particles from
the anode surface into the arc column; 2) arc plasma
flow with low content of metal vapour, approaching
the anode; 3) transfer of metal particles towards the
anode due to thermal diffusion; 4) drifting of charged
metal particles (single-and double-charged ions) in
the electric field (towards the cathode). The spatial
distribution of the fraction of iron heavy particles in
the multicomponent arc plasma, given in Fig. 6, is
the result of the competing interaction of the above
four transfer mechanisms. Here, two characteristic
features of this distribution can be singled out. On
the one hand, the convective flow of plasma from the
near-cathode zone of the arc column, practically not
containing any metal vapour, is trying to oust metal
vapours from the evaporation zone in the radial di-
rection. As a result, the width of the near-anode zone
of the arc plasma, containing a substantial quantity of
metal vapour (y > 3 %), turns out to be 1.5...2 times
greater than the radius of the melt on the anode surface,
and the thickness of this zone is equal to 0.3...0.5 mm.
Since the thickness of the region taken up by the vapour
is small compared to the arc length, the influence of the
evaporated metal in the considered case is limited to
just the near-anode zone of the arc column and practi-
cally does not affect the processes of energy, mass and
charge transfer in the rest of the arc column plasma. On
the other hand, the plasma region, the most enriched in
iron vapours, turns out to the «cut off» from the anode
surface (anode layer boundary). This effect can have the
following explanation. The composition of ionized met-
al vapour, which comes to the near-anode zone of arc
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Fig. 7. Radial distributions of the fraction of Fe heavy particles
in multicomponent arc plasma on the boundary of the arc column
with the anode layer
column and is further transported to a zone of higher
plasma temperature, undergoes changes, because of
the intensive ionization of metal atoms. At the same
time, owing to the low diffusion mobility of metal
ions, they accumulate in the above mentioned zone
that is exactly what determines the formation of a
region with the maximum content of metal vapour,
localized at a certain distance from the anode surface.
The evaporation of the anode metal has the great-
est influence on such characteristics of the considered
arc anode region such as: distributions of the fraction
of iron particles y (r) = y(r, L), plasma temperature
T,(r) and its potential ¢°(r) along the anode layer
boundary with the arc column, as well as distributions

Tpa, K
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Fig. 8. Radial distributions of the arc column plasma temperature
on the boundary with the anode layer

of electric current density j (r) and of heat flux of the
arc g (r) on the anode surface. Let us consider the in-
fluence of the evaporating anode surface temperature
on the distributions of the above characteristics in the
region of the arc anode binding. Fig. 7-11 give the
results of calculations of v, Tpa, ¢°, j, and g, for dif-
ferent thermal states of the anode surface. Curves 1-3
in these Figures correspond to the following values
of T_: 2700 K; 3000 K; 3065 K (evaporating anode),
dashed curves show the respective dependencies for
the arc with non-evaporating anode at T, = 500 K.

The maximum content of metal vapour is reached
on the axis of the near-anode plasma layer, increas-
ing with the anode surface temperature in the center
of the region of arc anode binding (see Fig. 7). Here,
the maximum value of the weight-averaged velocity
of the vapour motion |u (0, L)| near the anode surface
also rises with an increase of its temperature. So, for
instance, at T = 3000 K this velocity can reach a
value higher than 10 m/s. Such an intensive flow of
relatively cold vapour, moving from the anode sur-
face into the arc column, causes local freezing of the
near-anode plasma. This effect is manifested in that
part of the anode region, which is located over the
most heated zone of the anode molten metal surface,
and the stronger this effect is, the higher the surface
temperature in this zone (see Fig. 8) will be.

Despite the fact that the increase of concentration of
readily ionized (compared to argon) metal (Fe) vapour
in the multicomponent near-anode plasma with the
temperature T (see Fig. 7) should lead to an increase
of its electric conductivity, ¢ [45] and, consequently,
to an increase of the electric current density, the above
mentioned effect of local freezing of the near-anode
plasma by vapour flow has a more essential role, caus-
ing a lowering of the electric current density in the
paraxial zone of the region of the anode binding of the
arc with evaporating anode, as shown in Fig. 9.

The cause for such a behaviour of the value j (r) in
the case of the evaporating anode is the local decrease
of plasma potential @° in the center of the arc anode
binding region, shown in Fig. 10, which is associated,
in keeping with expression (6) and data given in Fig. 3,
a, with the respective local lowering of the near-anode
plasma temperature (see Fig. 8) under the impact of the
flow of relatively cold vapour from the anode surface.
Calculated dependencies ¢’(r) shown in Fig. 10 are in-
dicative of the fact that allowing for the anode metal
evaporation on the boundary of the anode layer with
arc column plasma results in the appearance of a radial
component of the electric current density

0¢°

Je="7
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I5 r~103,m
Fig. 9. Radial distributions of the electric current density on the
anode surface
directed towards the arc axis and increasing with an
increase of T . This leads to an essential change of
the pattern of the current flowing in the arc column
near-anode zone, causing a noticeable lowering of the
current density in the center of the region of anode
binding of the arc with evaporating anode, compared
to an arc with water-cooled (non-evaporating) anode.

The density of the heat flux applied by the arc to the
evaporating anode demonstrates a similar behaviour
(see Fig. 11). A considerable decrease of the value ¢,
at high values of the anode metal surface temperature
is associated with a reduction of convective energy
flux from the arc column, as a result of the respective
change of gas-dynamic and electromagnetic situation
in the near-anode region of arc plasma, as well as
the reduction of heat flux transferred to the anode by
charged particles, because of the noted decrease of j,
(see Fig. 9).

Let us now analyze the dependencies of the axial
values of the considered characteristics on the anode

@,V

0 1 2 3 4 5

r~103, m

Fig. 10. Radial distributions of the arc plasma potential on the
anode layer boundary

q 1077, W/m?

0 1 2 3 4 5 r10°,m

Fig. 11. Radial distributions of heat flux applied by the arc to the
anode

surface temperature in the center of the anode bind-
ing region of the arc. The change of TpaO = Tp(O, L),
J,o =J(0)and g, = g (0) with the increase of T is
shown in Fig. 12—14. The range of variation of max-
imum temperature of the anode molten metal surface
studied in this work can be conditionally divided into
two parts: 1) 500 K < T < 2400 K corresponds to
the non-evaporating anode, 2) 2400 K <T <3065 K
corresponds to the diffusion mode of the anode metal
evaporation. In the first range, all the characteristics
of the arc anode region are weakly dependent on T,
whereas in the second range an essential lowering of
T, oceurs. With regard to the values j  and g, they
behave non-monotonically (see Fig. 13, 14).

The initially observed lowering of the electric cur-
rent density and heat flux to the anode on the axis of
the arc anode binding region is replaced by a certain
increase, so that at T, = 2800 K these values reach
their local maximums. Their further lowering occurs
faster, the more intensive the anode metal evapora-
tion. The noted feature is the most prominently man-
ifested in behaviour of such integrated characteristic
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Fig. 12. Dependence of the axial value of the arc plasma tempera-
ture on the anode region boundary on the anode surface tempera-
ture in the center of the arc anode binding region
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Fig. 13. Dependence of the axial value of the electric current den-
sity on the anode on its surface temperature in the center of the arc
anode binding region

of thermal interaction of arc plasma with anode metal,
as total thermal power P, applied by the arc (Fig. 15).

Finally, Fig. 16 shows the dependence of the den-
sity of the anode metal heat losses from evaporation
in the paraxial zone of the anode binding of the arc
4, = N0, D)u(0, L)A, on its surface temperature
in this zone. As follows from the calculation data,
given in this Figure, at increase of T up to 3000 K
the above value can be equal to about 25 % of the
respective value of heat flux applied by arc plasma to
the diffusively evaporating anode (comp. Fig. 11, 16),
and it should be taken into account for the determina-
tion of its energy balance.

Let us now consider the thermal and electric char-
acteristics of the plasma column and the anode layer
of combined laser-arc discharge, arising for the com-
bination of laser beam and arc with refractory cath-
ode under the conditions of hybrid (TIG + CO, laser)
welding (see Fig. 5, b). Calculations show that under
the impact of a focused beam of CO, laser radiation,
a high-temperature region forms in the arc column,
which is localized near the beam axis, (Fig. 17). In
this region, the maximum plasma temperature rises
with an increase of laser radiation power, the radius
of the above region being equal to a value of the order
of 0.5 mm. So, on the axis of the arc column (at z =
=2.5 mm) the plasma temperature is equal to 20700 K
in the absence of laser impact, whereas under the im-

401077, W/m?
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Fig. 14. Dependence of the axial value of the arc heat flux to the
anode on its surface temperature in the center of the arc anode
binding region
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Fig. 15. Total thermal power applied by the electric arc to the anode

pact of a laser beam of power Q°= 500 and 1500 W, it
rises up to 25100 and 32800 K, respectively.

The effect of local laser heating of arc plasma is
manifested right up to the boundary of the column
with the discharge anode layer that leads to a marked
increase of the axial values of the near-anode plasma
temperature. The influence of the arc plasma heating by
laser beam on its temperature distribution along the arc
column axis (laser beam axis) is shown in Fig. 18. We
will note here that the anode surface temperature (its
material evaporation) practically does not influence the
spatial distributions of the temperature or other charac-
teristics of the plasma in the combined discharge col-
umn that corresponds to the results of modelling an arc
with an evaporating anode described above.

The change of spatial distribution of the arc plas-
ma temperature under the impact of focused laser ra-
diation causes a marked redistribution of the electric
current density in the discharge. Fig. 19 gives distri-
butions of the absolute value of the axial component
of the current density along the axis of an arc which
is exposed to a beam of CO, laser radiation of differ-
ent power (curve 1 — Q%= 500 W; curve 2 — Q° =
= 1500 W), compared to the respective distribution
J.o = (0, 2)| for a regular arc (dashed curve).

Despite the fact that the plasma temperature in the
axial zone of the arc column rises significantly under

Gy -1076, W/m?

2600

1] 1 1
600 1100 1600

2100 Ty, K
Fig. 16. Dependence of the axial value of density of energy losses
from anode metal evaporation on its surface temperature in the

center of the region of the arc anode binding
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Fig. 17. Radial distributions of plasma temperature in the arc col-
umn cross-section z = 2.5 mm at T, = 500 K: 1 — Q° = 500; 2 —
1500 W; dashed curve — Q°=0

the impact of laser radiation (see Fig. 17, 18), the elec-
tric current density on the discharge axis in the initial
sections of the region of the laser-arc interaction (z <
< 3 mm) remains practically the same as for the reg-
ular arc. The influence of the laser heating of the arc
plasma on the current density distribution in the arc
column begins to be manifested closer to the anode.
In the near-anode zone of the arc column, the value
for an arc exposed to laser radiation is significantly
increased, the maximum value of the current density
on the arc axis rises with an increase of initial beam
power (Fig. 19). As a result, for instance at 150 A arc
exposure to a 1500 W laser beam, the current density
in the center of arc in the anode binding region can
exceed more than 3 times the respective value for a
regular arc with the other conditions remaining the
same (Fig. 20).

As it was already noted, the heat flux g , applied
by the arc to the anode, essentially depends on the
anode electric current density, therefore, the nature of
the distribution ¢ (r), given in Fig. 21, is similar to
distribution j (1) (see Fig. 20). In particular, at the im-
pact of a 1500 W laser beam on a 150 A arc, the axial
value of the heat flux applied by the arc to the anode,

T, K
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Fig. 18. Axial distributions of the plasma temperature on the arc
column axis at T,= 500 K (designations are the same as in Fig. 17)
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Fig. 19. Distributions of the absolute value of the axial component
of the electric current density on the arc axis along its column at
T, =500 K (designations are the same as in Fig. 17)

rises by almost four times. With the increase of the
anode temperature (allowing for its evaporation), the
effect of contraction of the electric current density and
of the heat flux on the anode, respectively, becomes
somewhat weaker, remaining, however, considerable,
compared to an arc not exposed to laser radiation (see
Fig. 20, 21).

To analyze the effect of arc on the contraction near
the anode surface under the impact of CO, laser ra-
diation, let us consider the radial distributions of the
near-anode plasma temperature Tpa (Fig. 22) and of the
electric field potential ¢° on the boundary of the anode
layer with discharge column (Fig. 23). They applies for
a regular arc (dashed curves) and for an arc exposed to
laser beam of power Q° = 1500 W (solid curves).

As it was noted above, the anode voltage drop
U, = —¢’ is negative, is dependent on the anode cur-

J-107% A/m?

0 1 2

7103, m

Fig. 20. Distribution of the anode electric current density: 1 —
Q°=1500 W, T, =500 K; 2 — Q° = 1500 W, T_, = 3000 K (solid
curves); 3—Q°=0, T =500K; 4 —Q"=0, T, = 3000 K
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Fig. 21. Distribution of the heat flux applied by the arc to the an-
ode, over its surface (designations are the same as in Fig. 20)
rent density, temperatures of anode and near-anode
plasma, and in such a way that the value (¢° rises no-
ticeably with an increase of the plasma temperature
near the anode and weakly decreases with an increase
of the anode current density. At Q°= 1500 W the axial
temperature of the plasma on the anode layer bound-
ary rises by almost 1200 K for an arc with non-evapo-
rating anode, compared to a regular arc (see Fig. 22).
This causes an increase of the axial values of the plas-
ma potential on the above boundary and the appear-
ance of a pronounced maximum near the arc axis in
distribution @°(r) (solid curve in Fig. 23). The abrupt
change of @° along the anode surface leads to the de-
formation of the equal potential lines in the paraxi-
al zone of the near-anode plasma, that results in the
appearance of a significant radial component of the
vector of the electric field intensity and the respective
radial component of the current density

0
jy=—o
directed away from the arc axis to the discharge pe-
riphery. Along with an increase of temperature (plas-
ma electric conductivity), as well as of the axial com-
ponent of the electric field intensity in the above zone,

this leads to an essential contraction of the electric
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Fig. 22. Radial distributions of the plasma temperature on the an-
ode layer boundary at T. = 500 K
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Fig. 23. Radial distributions of the plasma electric potential on
the boundary of the anode layer with the arc column at T, = 500 K
current in the region of the anode binding of the arc,
exposed to the laser beam (see Fig. 20), compared to
a regular arc.

The described features of the influence of the radi-
al distribution of the anode potential drop on the elec-
tric current distribution in the plasma near the anode
are illustrated in Fig. 24, 25, which show equipoten-
tial lines and vector fields of the current density in
the near-anode plasma for a regular arc and for an arc
exposed to focused laser radiation. Note that in the
case of diffusively evaporating anode (T, = 3000 K)
the plasma temperature on the boundary with the arc
anode region decreases, compared with the case of
water-cooled (non-evaporating) anode, both in the
presence and in the absence of laser impact. As a re-
sult, the effect of the arc contraction under laser beam
impact becomes less pronounced (see Fig. 20).

Let us consider the influence of the arc column
plasma on the laser beam interacting with it in hybrid
(TIG + CO, laser) welding. Let {(z) = Q(2)/Q° be the
coefficient of beam attenuation due to its absorption
in arc plasma where Q(z) is the laser beam power in
the section of an arc with axial coordinate z, calculat-
ed by formula (32). As a result of the beam absorption
in the arc column, about 74 % of the laser radiation
power reach the anode surface (Fig. 26), this value be-
ing weakly dependent on the initial beam power and
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Fig. 24. Lines of equal potential and vector field of electric current
densities in the near-anode region of a regular arc (T, = 500 K):
1—¢=252—2253—20;4—1755—156—125V
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Fig. 25. Lines of equal potential and vector field of electric current
densities in the near-anode region of an arc (T, = 500 K), exposed
to a laser beam of 1.5 kW power: 1 — ¢ =3.0;2—2.5; 3 —2.25;
4—20;5—1.75;6—1.57—125V
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Fig. 26. Change of the laser beam attenuation coefficient in arc
plasma along the arc length

the anode surface temperature for the selected param-
eters of the laser beam and arc.

The distribution of radiation intensity along the
axis of the focused laser beam, interacting with the
arc plasma, compared to the respective distribution
for the initial beam, is shown in Fig. 27. Unlike a la-
ser beam propagating in air (in absence of the arc),
for propagation in arc plasma the intensity of the laser
radiation on the beam axis S = S(0, z) decreases as it
approaches the anode surface.

As follows from the calculated dependencies giv-
en in Fig. 26, 27, the interaction of focused laser ra-
diation with the arc plasma under the considered con-
ditions is reduced, mainly thanks to the beam energy
absorption by the plasma, with the role of its refraction
in non-uniform arc plasma being insignificant. This is
further shown in Fig. 28 by the dependence of the ef-
fective beam radius r,(z), determined at the distance
from its axis at which the radiation intensity is equal
to 1 % of the respective S(0, z) value. The effective
radius of the laser beam, interacting with the plasma,
practically does not differ from the initial beam radius
in the respective section and does not depend on its
power for the conditions considered in this work.

Conclusions. The results of the mathematical
modelling of physical processes running in the plas-
ma of the column and anode region of the argon
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Fig. 27. Distribution of radiation intensity on the axis of a focused
laser beam of 1500 W power, propagating in arc plasma (solid
curve), and for the initial beam (dashed curve)
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Fig. 28. Distribution of the effective radius of the laser beam
along its length

arc with refractory cathode conducted in this study,
demonstrated that when allowing for the anode ma-
terial evaporation in the case of TIG welding, as well
as for the impact of a focused laser beam on the arc
in the case of hybrid (TIG + CO, laser) welding, es-
sential changes of the pattern of the electric current
flowing in the near-anode arc plasma take place, com-
pared to a regular arc with water-cooled (non-evap-
orating) anode. The cause for such an effect, leading
to the variation of distributions of the current density
(see Fig. 9, 20), and, therefore of the density of the arc
heat flux on the anode surface (see Fig. 11, 21), is the
dependence of anode potential drop U = —¢° on the
coordinate along the anode surface (see Fig. 10, 23),
associated with an essential non-uniformity of the
arc column plasma temperature along its boundary
with the anode layer. Since the metal anode surface
is practically equipotential, such a dependence leads
to the appearance of the component of gradient of the
electric potential, and of the electric current density,
respectively, along the boundary of the arc column
with the anode layer. In the case of evaporating an-
ode, the above component of the current density is di-
rected to the arc axis which leads to the lowering of j,
and, consequently, of g, in the center of the arc anode
binding region, making it a less concentrated source
of thermal and electromagnetic impact on the anode,
compared to an arc with non-evaporating anode. In
hybrid (TIG + CO, laser) welding the radial compo-
nent of the electric current density on the anode layer
boundary, on the contrary, is directed from the dis-
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charge axis to its periphery which causes an increase
of j and g, in the center of the anode binding region,
thus increasing the concentration of thermal and elec-
tromagnetic impact of the arc exposed to the focused
laser beam, on the metal being welded.

It should be noted that in terms of metal pene-
tration in TIG welding, the most important factor is
the distribution of the electric current density on the
weld pool surface, as it is exactly j (r) that determines
the pattern of the current flowing in the metal being
welded, and, accordingly, the Lorentz force, promot-
ing an increase of penetration depth. For instance, in
the case of hybrid (TIG + CO, laser) welding the in-
crease of electric current density on the surface of the
metal being welded, which is the result of the laser
beam impact on the arc plasma, leads to an increase of
the electromagnetic force, transporting overheated
metal from the surface to the bottom of the weld pool,
thus increasing the effectiveness of convective heat
transfer (in-depth) of the melt, and penetration depth,
respectively [34].

Finally, the non-uniformity of the anode potential
drop along the anode surface predicted by mathemat-
ical modelling requires the determination of the inte-
gral (effective) value of the anode drop <U >, which,
in sum with the appropriately determined cathode
drop <U > and arc column voltage <U> should yield
the total arc voltage U=<U> + <U>+ <U >. As the
potentials of the metal anode and the cathode surface
can be considered constant with sufficient accuracy
(owing to the high electric conductivity of metal),
the arc voltage can be determined as the difference of
potentials of anode and cathode surface, respectively,
ie. U=, — ¢, can be assumed, where ¢ , ¢_are the
anode and cathode potentials, respectively. Howev-
er, such a generally accepted definition of voltage as
integrated electric characteristic of the arc discharge
is not suitable for the calculation of the cathode and
anode drops, since the plasma potential on the anode
layer boundary ¢ = ¢", just like the plasma potential
on the cathode layer boundary ¢, are variable along
the r, and I'_ boundaries, separating the anode and
cathode regions from the arc column.

Let us introduce the notion of effective voltage
drop as an integrated electric characteristic of a cur-
rent-conducting medium with nonisopotential bound-
aries. The electric current density in the arc column
plasma is given by expressions (23) and the following
balance relationship follows from equation div j =0

jﬁdezfﬁgdg 41
o OC T n (41)
where Q is the region taken up by the arc column
plasma; I' is its boundary; j is the projection of the
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current density vector on the external normal i to the
I' boundary. Let us represent the I boundary in the
formof: '=T w1, where I o is the part of the
I" boundary, through which no current flows U, |rb =0),
Then, from (41) we obtain '

[l = [ gjar,, - [ ajar,,
o r !

ap cp

(42)

where A’ =-f. The expression in left-hand part of
(42) is the thermal power, evolving in the arc column.
In accordance with the integral Joule—Lenz law, we
will write:

TR
ledV:1<U >,
QG P

where <U > will be taken to be the mean effective
voltage drop on the arc column,

C1eljP
<Up>71£[2 - dv.

Since the Fap and I ) surfaces are nonisopotential,
we will introduce for them the notions of effective
values of the CDap and <Dcp potentials as follows:

1 .
q)ap :7 ,[ (pjndrap’ @
T

1 .
cp = 71"'[ (pjndrcp'

ap cp

(43)

Then from (42) the voltage drop across the arc col-
umn can be defined as the difference of the effective
values of the @, and @, potentials, i.e. <U>=0 -
- d)cp can be taken. We will use (43) to determine the
effective anode <U > and cathode <U > drops in the
form of: <U> = ¢, — O, <U>=d -0, Within
these definitions, we can obtain a standard expression
for the arc voltage as the sum of voltage drops in the
individual regions of the arc discharge:

U:<UC>+<U,,>+<U,1>’ (44)

where it should be borne in mind that the effective
anode voltage drop is negative.

Within the terms introduced for the effective val-
ues of voltage drops, the summary balance of powers
of the arc discharge components can be written simi-
lar to (46):

P:<P;>+<Pp>+<Pa>, (45)

where P =[U, <P >=I<U>, <P>=I<U>, <P > =
= I<U >. Note that the thermal power evolving in the
column and near-cathode region of the arc is higher
than /U by the value |<P >|, consumed for maintain-
ing the arc anode region.

The whole numerical analysis of distributed and
integrated characteristics of the near-anode plasma of
the welding arc in TIG and hybrid (TIG + CO, laser)
welding of steel in argon atmosphere, performed in
this work, leads to the following conclusions:
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1. In the case of TIG welding, the influence of evap-
orated anode metal on the arc column plasma charac-
teristics is manifested only in a thin (up to 0.5 mm)
layer, adjacent to the anode region. In regards to the
arc plasma characteristics in the rest of the arc col-
umn, they practically do not change, compared to the
arc running to water-cooled (non-evaporating) anode.

2. The evaporation of the metal being welded leads
to a significant restructuring of spatial distributions of
the near-anode plasma characteristics of the welding
arc with refractory cathode, as well as characteristics
of its thermal and electromagnetic interaction with the
weld pool metal. In particular, with an increase of the
molten metal surface temperature in the center of the
arc anode binding region, the electric current density
on its surface and the density of heat flux applied by
the arc, decrease. Alongside, melt energy losses for
evaporation lead to the lowering of effectiveness of
the heating of the metal being welded by the arc.

3. As a result of additional local heating of the arc
plasma by a focused laser beam in hybrid (TIG + CO,
laser) welding, the arc column forms a high-tempera-
ture region localized near the beam axis, in which the
maximum plasma temperature increases with an in-
crease of laser radiation power.

4. The electric potential redistribution in the
near-anode plasma of the arc with refractory cathode,
caused by a variation of spatial distribution of its tem-
perature under the impact of focused laser radiation,
leads to an essential increase of electric current densi-
ty as well as density of heat flux on the anode surface,
making such a discharge a more highly-concentrated
source of thermal and electromagnetic impact on the
metal being welded.

5. The effect of contraction of the near-anode zone
of the arc in hybrid (TIG + CO, laser) welding pre-
dicted by the computational experiment can lead to
an essential increase of the Lorenz force transporting
the overheated metal from the center of the arc anode
binding region on the weld pool surface to its bottom
that should lead to increase of the share of power of
used heat sources, consumed for melting of the metal
being welded.

Acknowledgement. This work was carried out with
the financial support of the German Research Foun-
dation DFG RE-2755/20-1 «Self-consistent model for
Laser-TIG and Laser-Plasma hybrid welding in heat
transfer mode». The authors wish to express their
thanks for this funding.

1. K.C. Hsu, K. Etemadi, E. Pfender: «Study of the free-burning
high-intensity argon arcy», J. of Appl. Phys., Vol. 54, No. 3,
pp. 1293-1301, 1983.

2. K.C. Hsu, K. Etemadi, E. Pfender: «Two-temperature model-
ing of the free-burning high-intensity arc», J. of Appl. Phys.,
Vol. 54, No. 8, pp. 4359-4366, 1983.

3. V. Engelsht, V. Gurovich, G. Desyatkov, et al.: «Low tem-
perature plasmay, Novosibirsk: Nauka, Vol. 1. Theory of the
electric arc column, 1990

4. P. Zhu, J.J. Lowke, R. Morrow, et al.: «Prediction of anode
temperatures of free burning arcs», J. Phys. D: Appl Phys.,
Vol. 28, pp. 1369-1376, 1995.

5. J. Jenista, J.V.R. Heberlein, E. Pfender: «Numerical model of
the anode region of high-current electric arcs», [EEE Trans,
on Plasma Science, Vol. 25, No. 5, pp. 883-890, 1997.

6. J.J. Lowke, R. Morrow, J. Haidar: «A simplified unified the-
ory of arcs and their electrodes», J. Phys. D: Appl. Phys.,
Vol. 30, pp. 2033-2042, 1997.

7. J. Haidar: «Non-equilibrium modeling of transferred arcsy, J.
Phys. D: Appl. Phys., Vol. 32, pp. 263-272, 1999.

8. L. Sansonnets, J. Haidar, J.J. Lowke: «Prediction of properties
of free burning arcs including effects of ambipolar diffusiony,
J. Phys. D: Appl. Phys., Vol. 33, pp. 148-157, 2000.

9. P. Seyffarth, I. Krivtsun: «Laser-arc processes and their appli-
cations in welding and material treatment (Welding and Allied
Processes)», London: Taylor and Francis Books, Vol. 1, 2002.

10. H.G. Fan, R. Kovacevic: «A unified model of transport phe-
nomena in gas metal arc welding including electrode, arc
plasma and molten pool», J. Phys. D: Appl. Phys., Vol. 37,
pp. 2531-2544, 2004.

11. H. Nishiyama, T. Sawada, H. Takana, et al.: «Computational
simulation of arc melting process with complex interactions,
ISJI International, Vol. 46, No. 5, pp. 705-711, 2006.

12.J. Hu, H.L. Tsai: «Heat and mass transfer in gas metal arc
welding. Part I: The arcw», Int. J. of Heat and Mass Transfer,
Vol. 50, pp. 833-846, 2007.

13. M. Masquere, P. Freton, J.J. Gonzalez: «Theoretical study
in two dimensions of the energy transfer between an electric
arc and an anode materialy, J. Phys. D: Appl. Phys., Vol. 40,
pp. 432-446, 2007.

14. L. He-Ping, M..S. Benilov: «Effect of a near-cathode sheath on
heat transfer in high-pressure arc plasmasy, J. Phys. D: Appl.
Phys., Vol. 40, pp. 2010-2017, 2007.

15. M. Tanaka, K. Yamamoto, S. Tashiro, et al., Welding in the
World, Vol. 52, No. 11/12, pp. 8288, 2008.

16. B. Murphy Anthony: «The effects of metal vapour in arc
welding», J. Phys. D: Appl. Phys., Vol. 43, p. 434001, 2010.

17. M.S. Benilov: «Understanding and modelling plasma-elec-
trode interaction in high-pressure arc discharges: a review», J.
Phys. D: Appl. Phys., Vol. 41, p. 144001, 2008.

18. B.Ya. Mojzhes, V.A. Nemchinsky: «To the theory of
high-pressure arc at refractory cathode», Zhurnal technich-
eskoi fiziki (RU) — Journal of technical physics, Vol. 42,
No. 5, pp. 1001-1009, 1972.

19. B.Ya. Moizhes, V.A. Nemchinsky: «To the theory of
high-pressure arc at refractory cathode 1I'», Zhurnal tech-
nicheskoi fiziki (RU) — Journal of technical physics, Vol. 43,
No. 11, pp. 2309-2317, 1973.

20. M.F. Zhukov, N.P. Kozlov, A.V. Pustogarov, et al.: «Near-elec-
trode processes in arc discharges», Novosibirsk: Nauka, 1982.

21. J. Wendelstorf, G. Simon, I. Decker, et al.: «Investigation of
cathode spot behaviour of atmospheric argon arcs by mathe-
matical modeling», Proc. of the 12th Int. Conf. on Gas Dis-
charges and their Applications, Germany, Greifswald, Vol. 1,
pp. 62-65, 1997.

22. N.A. Almeida, M.S. Benilov, G.V. Naidis: «Unified modelling
of near-cathode plasma layers in high-pressure arc discharg-
es», J. Phys. D: Appl. Phys., Vol. 41, p. 245201, 2008.

185




PA3JIEJT 1. IVTOBASI CBAPKA

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.

33.

34.

35.

186

Ch.J. Knight: «Theoretical modeling of rapid surface vapor-
ization with back pressure», AIAA Journal, Vol. 17, No. 5,
pp. 519-523, 1979.

1. Krivtsun, V. Demchenko, I. Krikent: «Model of the pro-
cesses of heat, mass and charge transfer in the anode region
and column of the welding arc with refractory cathode», The
Paton Welding Journal, No. 6, pp. 2-9, 2010.

I. Krivtsun: «Model of evaporation of metal in arc, laser
and laser-arc welding», The Paton Welding Journal, No. 3,
pp. 2-9, 2001.

K.C. Hsu, K. Etemadi, E. Pfender, et al.: «A numerical mod-
eling of an electric arc and its interaction with the anode:
Part I. The two-dimensional model», J. Phys. D: Appl. Phys.,
Vol. 37, pp. 883-897, 2004.

K. Yamamoto, M. Tanaka, S. Tashiro, et al.: «Metal vapour be-
haviour in thermal plasmas of gas tungsten arcs during weldingy,
Sci. Technol. Weld. Join, Vol. 13, pp. 566572, 2008.

J. Mougenot, J.J. Gonzalez, P. Freton et al.: «Plasma-weld
pool interaction in tungsten inert-gas configurationy, J. Phys.
D: Appl. Phys., Vol. 46, p. 135206, 2013.

1. Krikent, I. Krivtsun, V. Demchenko: «Simulation of electric
arc with refractory cathode and evaporating anode», The Pa-
ton Welding Journal, No. 9, pp. 17-24, 2014.

W.M. Steen, M. Eboo: «Arc augmented laser welding», Metal
Construction, Vol. 11, No. 7, pp. 332-335, 1979.

W.M. Steen: «Arc augmented laser processing of materials»,
J. of Appl. Phys., Vol. 51, No. 11, pp. 5636-5641, 1980.

T.P. Dlebold, C.E. Albright: «Laser-GTA» welding of alumi-
num alloy 5052», Welding J. Vol. 63, No. 6, pp. 18-24, 1984.
J. Wendelstorf, I. Decker, H. Wohlfahrt: «Laser-enhanced
gas tungsten arc welding (laser-TIG)», Weld. World, Vol. 34,
pp- 395-396, 1994.

1. Krivtsun, I. Krikent, V. Demchenko, et al.: «Interaction of
CO,-laser beam with electric arc plasma in hybrid (laser-arc)
weldingy», The Paton Welding Journal, No. 3-4, pp. 6-15,2015.

V.A. Nemchinsky, L.N. Perets: «Near-anode layer of
high-pressure high-current arc», Zhurnal technicheskoi
fiziki (RU) — Journal of technical physics, Vol. 47, No. 9,
pp. 1868-1875, 1977.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

H.A. Dinulescu, E. Pfender: «Analysis of the anode boundary
layer of high intensity arcs», J. of Appl. Phys., Vol. 51, No. 6,
pp- 3149-3157, 1980.

G. Dyuzhev, V. Nemchinsky, S. Shkolnik, et al.: «Anode
processes in high-current arc dischargey», Khimiya Plazmy,
No. 10, pp. 169-209, 1983.

N.A. Sanders, E. Pfender: «Measurement of anode falls and
anode heat transfer in atmospheric pressure high intensity
arcsy, J. of Appl. Phys., Vol. 55, No. 3, pp. 714-722, 1984.
F.G. Baksht, G.A. Dyuzhev, N.K. Mitrofanov, et al.:
«Probe measurements in low temperature dense plasma
at high ionization degrees», Zhurnal technicheskoi fiziki
(RU) — Journal of technical physics, Vol. 43, No. 12, pp.
2574-2583, 1973.

F.F. Chen: «Electric Probes», Plasma Diagnostic Techniques,
ed. R.H. Huddelstone, and S.L. Leonard, Academic Press,
New York, pp. 113-200, 1965.

I. Krivtsun, V. Demchenko, A. Lesnoi, et al.: «Understanding
and modelling plasma-electrode interaction in high-pressure
arc discharges: a reviewy, Science and Technology of Welding
and Joining, Vol. 10, No. 6, pp. 457-462, 2010.

H.R. Griem: «High-density correction in plasma spectrosco-
py», Phys. Rev., Vol. 128, pp. 997-1001, 1962.

LV. Krikent, I.V. Krivtsun, V.F. Demchenko: «Modelling of
processes of heat-, mass- and electric transfer in column and
anode region of arc with refractory cathode», The Paton Weld-
ing Journal, No. 3, pp. 2-6, 2012.

M.I. Boulos, P. Fauchais, E. Pfender: «Thermal plasmas: Fun-
damentals and applications», New York and London: Plenum
Press, Vol. 1, 1997.

P. Poritsky, 1. Krivtsun, V. Demchenko, et al.: «On the appli-
cation of the theory of Lorentzian plasma to calculation of
transport properties of multicomponent arc plasmas», Eur
Phys. J. D., Vol. 57, pp. 77-85, 2010.

LI. Lyashko, V.F. Demchenko, S.A. Vakulenko: «Version of
the method of splitting equations of uncompressible viscous
fluid dynamics on Lagrangian-Eulerian networks», Doklady
AN UkrSSR, Series A, No. 7, pp. 43—47, 1981.

V.F. Demchenko, A.B. Lesnoj: «Lagrangian-Eulerian method
of numerical solution of multidimensional problems of con-
vective diffusion», Dopovidi NANU, No. 11, pp. 71-75, 2000.




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.25. METOIUKA BOCCTAHOBJIEHUSA PACITPEAEJIEHUA
IIVIOTHOCTHU JIEKTPHYECKOI'O TOKA
B AHOJAHOM IIATHE AYI'U
C TYT'OIIVIABKUM KATOAOM
O SKCHEPUMEHTAJIBHBIM JJAHHbBIM,
MOJYYEHHBIM METO/10OM PA3BPE3HOI'O AHOJA"

B.®. IEMYEHKO, VY. BOU, U.B. KPUBIIYH, A.B. IUXOIIBA, B.H. CUAOPEI],

J.B. KOBAJIEHKO, 1.B. KOBAJIEHKO, A.I'. [TABJIOB

BBenenue. Meton pa3pe3HOro (CeKIMOHUPOBAHHO-
r0) aHOJa SIBIISIETCS JOCTATOYHO PACIPOCTPAaHEHHBIM
WHCTPYMEHTOM JJIsl SKCIIEPUMEHTAIBHOTO HCCIeI0-
BaHMsI pacnpelelieHHus IUIOTHOCTH JIIEKTPUYECKOrO
TOKa Ha aHOJE JyTd C TYroIUIaBKUM Kartomom. Waes
METOJIa COCTOUT B U3MEPEHHH TOKA IYyTH B OJHOU U3
CEKIMI pa3pe3Horo aHoAa Kak (YyHKIHH PacCTOSHUS
OCH TOPEJIKH JI0 ILEH, JIEKTPUUECKU pa3aestoIen
CeKIMM aHona. BO3MOXHBI paznuyHble MOJU(HKa-
LUK 3TOTO MeETola, HalpuMmep, MIEIEBOH, JJIEKTpHU-
YEeCKH M30JIMPOBAHHBIA OT aHOJA, JaTYMK TOKa, WU
COOTBETCTBYIOLMI CTEPKHEBOW NaTYMK Majoro Au-
ametpa [1]. Kaxaplii U3 nepeuncieHHbIX BapuaHTOB
METO/Ia CEKIIMOHUPOBAaHHOIO aHO/Ia UMEET CBOM Ipe-
uMyniecTBa 1 Hegoctarku. CTep)KHEBOM JaTYHMK TOKa
MO3BOJISIET HEMOCPEACTBEHHO IOyYaTh CBEACHUS O
pacrpeneneHuy IOTHOCTH TOKAa B aHOIHOM IISITHE.
J7ist 5TOro AOCTaTOYHO Pa3aeuTh U3MEPEHHBIN J1aT-
YHKOM TOK Ha IJIOLIa b CEYSHHUS CTEPKHEBOTO JaT4H-
Ka — TOJTy4Y€HHOE 3HAYEHHUE COOTBETCTBYET CpEIHEH
M0 YKa3aHHOH IUIOIIAN TUIOTHOCTHU AJIEKTPUIECKOTO
TOKa, OINpPEICNCHHOW Uil JaHHOTO PACCTOSIHUS OT
OoCH IyTH J0 Aarduka. [Ipy TakoMm momxone K u3Me-
PEHHIO IUIOTHOCTH TOKa Ha aHOJE MOTYT BO3HUKATb
MOTPEIIHOCTH, CBSI3aHHBIE C HECKOJIbKUMHU MPHYNHA-
MU: 1) HEBO3MOXXHO TOYHO MO3UIMOHUPOBATH TOpE-
Ky Tak, 4TOOBI IIEHTP aHOJHOTO MSTHA MPHXOIUIICS
Ha IEHTpP CTEP)KHEBOTO JaTYMKa TOKa; 2) AJIeKTpuye-
CKHE TIOTCHLHUAJIBI Ha JaTYMKe U OCTAJIbHON MMOBEPX-
HOCTH aHOJa MOTYT CYIIECTBEHHO Pa3lUyaTbCsi, YTO
MpUBEAET K MepepaclpeneiCHUIO TUIOTHOCTH TOKa
Ha TIOBEPXHOCTH TaKoro aHona. J[Ba apyrux cmoco-
0a (mIeneBoil JaT4MK TOKa W, COOCTBEHHO, pa3pes-
HOW aHO[) MO3BOJISIOT YKCIIEPUMEHTAIBHO MONyYaTh
JIMIIB KOCBEHHBIE TaHHBIE, KOTOPBIE TpeOyeTcs COOT-
BETCTBYIOIIMM 00pa3oM oOpaboTarh, 4TOOBI TpaHC-
(dhopMHpOBaTh pPe3yabTaThl 3TUX M3MEPEHUH B pajau-

aJbHOE pacrpeziesieHHe TUIOTHOCTH JIEKTPUIECKOro
TOKa AyTW Ha aHoze. 3ajada oOpabOTKU MOITydaeMbIX
TakuM 00pa3oM IKCIIEPUMEHTATBHBIX JAHHBIX COIPSI-
JKeHa ¢ LENBIM psAAoM TpyaHocTel. CylecTByronme
MoAXonbl K 00padOTKe JaHHBIX, U3MEPEHHBIX METO-
JIOM Pa3pe3HOro aHoja, U BO3HHUKAIOIIME MPU ITOM
BBIYUCIUTEIBHBIE IPOOIEMBI 00CYKAAIOTCS HUKE.

Ilenbto HacTosied CTaTbU SIBISETCS ONMCAHUE
METOIUKH HU(PPOBOH PEruCTpallii CUTHAIOB TOKA T10
CEKILIMSM pa3pe3HOro aHoja, a TaKXKe aHaJIu3 HOBOTO
noaxozia K ux 00paboTKe, KOTOPBIA MPUMEHSIICS AJIS
BOCCTAHOBJIEHUSI PACIpEeeNeHs] MIOTHOCTH 3JIeK-
TPUUECKOTO TOKA Ha aHOJE.

Teopusi pa3pe3Horo aHoga ¥ MeTOIMKAa MPoBe/e-
HHUSI JKcIepuMeHTa. BBenem cienyromue o0o3Hade-
uus (puc. 1): 1) — TOK Iyru; X — paccTosiHue OT OCH
JYTH 10 LIEJH, AEKTPUUECKH U30IHUPYIOIIEH CeKINU
anoma Al u A2; R — paanyc obnacti aHOJHOMH MpH-
BSI3KM IyTHd; (2 — CErMeHT B Kpyre paanyca R.

B mnpennonoxennn o paguanbHOW CHMMETPUU
pacnpeseneHts IIOTHOCTH JIEKTPUYECKOro ToKa Ha
MOBEPXHOCTH aHOAA BbIpaxkeHUe Al Toka |(X), mpo-
TEKAIoIIero yepe3 cerMent (2 B anoge A2, MOXKHO 3a-
nucarh B BUje [2]

A2 4
ﬂ- _\
ra 3
X
R
9 0]

AN

| ‘:AI ]| :AEI |
oL

Puc. 1. Cxema pa3pe3Horo aHoga: 1, 2 — cexuuu pa3pe3Horo aHo-
na; 3 — ayra; 4 — TYroIuTaBKHN KaToJl, 5 — U3MEPHUTENN TOKa

Bua B nnane

*C6. p. BocsMmoit Mex . koHd. «MareMarnueckoe MOIEIMPOBaHKUE U MH(POPMALIMOHHBIE TEXHOJIOTHU B CBAPKE U POIACTBEHHBIX
nponeccax» (19-23 cenr. 2016 r., Onecca, Ykpauna). — 2016. — C. 21-28.
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Alem?
24

1.6 Mm

0 2 B 6

r. MM

Puc. 2. Pacnipenienenue mioTHOCTH TOKa Ha aHoze, faHHble O. H.
Nestor [2]: (xyra ¢ TyroriaBkuM KaToOM M BOZOOXJIAXKIAeMbIM
MEJIHBIM aHOIOM, Topsimas B cpene Ar + 8,6 % H,, Tox myru
200 A, uudpsl Bo3ie KPUBBIX — JJIMHA JTyTH)

R
1x)=2] jr arccosédr. (1)

VYpaBuenue (1) ectb ypaBHeHHe Tuma AOens, B
koTopoM j(I) ecTh MmojyTeKaIas OnpeaeIeHnro mIoT-
HOCTh 3JICKTPUYCCKOTO TOKA. DTO YpPaBHCHUE HMECT
TOYHOE PElIeHUE

R

2
j(r):lj-d I(x) 1

2
T dx 212

dx. 2)

Crenyer oTMETUTh, YTO MHTErpall B IPaBOi 4acTH
(2) mpu X = r UMeeT UHTETPUPYEMYIO0 OCOOEHHOCTb.
Taxkum o0pazom, A ONpeAeseHns INIOTHOCTH TOKa
HEOOXOIMMO HKCIIEPUMEHTAIBHO ONPEACTUTh (DYHK-
uuto 1(X), HaiiTu ee BTOpyto mpon3BoAHyIo |”(X) 1 BbI-
YUCIUTH UHTETPaJl B PaBoii 4acTu (2). 3aMeTHM, 4To
TIPH BBIYUCIICHNH TI0 opMmyrie (2) aprOpHBIX CBeJle-
HHUH 0 pa3Mepe TOKOBOTO KaHaja Ha aHoze He Tpedy-
eTcs: BeMMUMHY R 10CTaTOYHO MOJOKUTH HACTOIBKO
0O0JIBIIION, YTOOBI Yepe3 Kpyr paauyca R mporekana
MOJABISIONIAS YacTh TOKA IO.

3amaya 00pabOTKM 3KCIEPUMEHTAIBHBIX JaHHBIX,
0a3upyloIascs Ha UHTErPaIbHOM ypaBHEHUH AOers
(1) u ero peuienuu (2), siBAsiCTCS WACATU3UPOBAHHOM
B CIEAYIOIIEM CMEICIE: B (2) mpeamoiaraercs, 4To
bynkiyst [(X) siBrsieTcst 1BaXK (6l HenpepbiBHO audde-
peHtmpyemMoit, mpuueM takoit, uto 1”"(0) = 0 (ycmo-
BHE, BBITEKAIOIIEEe U3 paJualbHOH CUMMETPHUHU pac-
IpeaesIeHus INIOTHOCTU ToKa). [Ipu u3MepeHnu Toka
METOZIOM pa3pe3HOro aHo/a B YCJIOBHAX pEanbHOTO
JKCIIEPUMEHTA ITH TPEOOBaHMUsI, HAKJIA/[bIBAEMbIE Ha
¢yskmmo 1(X), HE BBITONHSIOTCS: BMECTO IJIaJIKOU
¢yskmn 1(X) aKCTIepUMEHTaTFHO HAXOAUTCS HEKOTO-
pas Bo3mymlieHHas Qpynkius |(X), He umeromas, Bo-
o01e roBops, HUKaKoW mankoctd. IIpu m3mepenun
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TOKa Ha OJHOM M3 CEKIMH aHoJa BO3MYIICHHS (QYHK-
muu  1(X) o0ycnoBIMBaIOTCS HEKOHTPOJIUPYEMBIMU
omurOKaMH Pa3IMIHOTO TIPOUCXOXKICHHUS, KOTOPHIE
OyIyT pacCMOTPEHBI HIDKE. DTO TpeOyeT MepBUIHOMN
00pabOTKH Pe3y/IbTaToOB U3MEPEHUS AJIsl OAABICHUS
urymoB. HezaBucumo ot crmocoba ¢uisrpanuu mry-
MOB PE3yJbTaToM (HUIIBTPALUH SBIACTCS HEKOTOpas
(GYHKIMS IUCKPETHOTO apryMeHTa, KOTOpylo Tpely-
€TCSl YUCIIEHHO JBaXAbI MU PEpEeHITNPOBaTh YTOOBI
BOCITOJIB30BaThCs perenneM (2). M3BecTHo, 9TO orIe-
parop uuncieHHOro an¢¢epeHIUpOBaHNs SBISETCS
HEOrpaHWYCHHBIM, YTO MOPOXKIAeT MpoliieMy yCTOM-
YHUBOI'O BOCCTAHOBJIEHUS BTOPOM NIPOMU3BOAHOM OT
(GYHKIMH TUCKPETHOTO apryMeHTa. HakoHel, TpeThs
npo0siemMa COCTOUT B HEYCTOHYMBOCTH CaMOI0 MHTE-
rpajbHOTO ypaBHEHUs AOensi. DTO 03HAUYaeT, YTO He-
0oJpIlIMe BO3MYIICHUS B U3MEPEHHBIX (00paboTaH-
HBIX) JAQHHBIX MOTYT NPUBOAWUTH K CYLIECTBEHHOMY
WCKa)KEHUIO HCKOMOTO paclpeAesieHus] IUIOTHOCTH
ToKa. JloCTOBEPHOCTh M Ka4ecTBO 0OpabOTKHM JKCIIe-
PUMEHTAJIBHBIX JAHHBIX 3aBUCHT OT TOTO, HACKOJb-
KO a/ICKBaTHO IPEONOJICHbl yKa3aHHbIC MPOOIEMBI.
Hanpumep, B pabore [2] pacnpeneneHue mIOTHOCTH
TOKa B TIPUOCEBOM 30HE COACPIKUT «IUIOIMIAAKI» WIN
9KCTPEMYMBI (pHC. 2), YTO HE XapaKTepHO AJIS rope-
HUSl YT Ha BOJOOXJIaxaaemoMm aHoxe. [lomoOHoe
paciipeiesieHie IUIOTHOCTH TOKa MOXET UMETh Me-
CTO, HAIIpUMeEp, Ha UcHapsromemcs anozae [3].

B [4] mpoBeneH meTambHBIM aHAIW3 Pa3TUIHBIX
MOJIXOIOB K BOCCTAHOBJICHHUIO TNIOTHOCTH TOKA B aHO-
JTHOM TISITHE IyTeM 00pabOTKU pe3yibTaToB M3Mepe-
HUH TOKa B CEKIIMAX pa3pe3HOro aHoAa. JTH MOJXO-
JIbl, KOTOpBIE B TOM WJIM MHOM BUAE 0a3upYIOTCS Ha
WHTEeTpaibHOM ypaBHeHUu AOens, (1) cBomsaTcs K
CIIeAyIoIEMY:

1) 0O6paboTKa (CcriIaKuBaHNE) UCXOTHBIX IKCIICPH-
MEHTaJbHBIX JaHHBIX W BOCCTaHOBIEHHE (DYyHKINHU
j(r) mo meTtozuke, onKrcaHHO# B pabote [5];

2) HENOCPEJCTBEHHOE YHCICHHOE MuQQepeHIu-
poBaHHe OOpPaOOTAHHBIX MAHHBIX JUIS BBIYUCIICHUS
BTOPOM MPOU3BOJHON C MOCJIEIYIOIIUM YHUCIEHHBIM
BBIUMCJICHHEM MHTErpaja B paBoi yacTtu (2);

3) aHaNIMTHUYECKOe BBIUMCIIEHHE BTOPOW MpPOU3-
BOJHOM, MCXOIsl U3 MOJUHOMHAIBHOMW amlMpoKCHMa-
MU 00pabOTaHHBIX JAHHBIX;

4) yucieHHoe penieHue ypaHenus Adens (1) my-
TEM anmnpoKCUMaluu uHTerpana B (1) KoOHEUHbIMHU
CyMMaMH M HaXOXKJCHHEM pacIpelesieHHs] TIOTHO-
CTH TOKa B TOYKaX CETKH M3 PEICHHS CHUCTEMBI JIU-
HEHHBIX anreOpandecKux ypaBHEHHH.

B pabore [4] oTMedaeTcs, 4TO UCIIOIE30BAaHUE ATHX
MOAXOJI0B MTPUBOIUT K HEMOHOTOHHBIM (C Pa3IHYHOR
CTCNCHBIO OCLMJUILUK PELICHUs) paclpeacIeHUusIM
IUIOTHOCTH TOKa, KOTOPBIE MJI0XO COOTBETCTBYIOT (hu-
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3U4eCKOM pearbHOCTU. ABTOpamu [4] mpeiokeHa
METOJUKa, MO3BOJISIONIAs U30eXKaTh YKa3aHHBIX He-
JOCTaTKOB. DTa METOIMKA CBOAUT 3aJady YHCIEHHO-
rO pelIeHHs] HHTErPAIbHOTO YPaBHEHHUS K 3a/1a4e MHU-
HUMH3aLUU HEKOTOPOTro (PYHKIHOHANA IPU HAJINYUN
JIOTIOJTHUTEIILHBIX OTPaHUYCHUN, HAKJIAIbIBAEMBIX Ha
pewenne. B kadecTBe TakuX OrpaHMYEHNUH UCTIONb3Y-
ercs GanancHoe coornomenue 1(0) = 0,51, a Takxe
HOCTyaupyercsi, uTo j(I) €cTh MOHOTOHHO YOBIBalO-
mas QyHKIWMs, yrosiaeTBopsomas yciaosuo ' (0) = 0.
OTH TpebOBaHUs UCKITIOYAIOT B pACYETHON 3aBHCUMO-
ctu j(I) MOsIBJICHHE JIOKAIBHBIX MAKCHMYMOB, OJTHAKO
HE rapaHTHPYeT UX OTCYTCTBHE B MPOU3BOIHOM | (I),
YTO U HAOMIOAeTCsl B pacyeTax, NPOBEICHHBIX B [4].

Eme onun moaxox k o0paboTke NaHHBIX HU3MeEpe-
HUI C MOMOILBIO pa3pe3Horo aHoxa Oaszupyercs Ha
anpHOPHOM 3aJJaHWHU 3aKOHA paclpelesieHHus B BHJC
HEKOTOpOW (YHKIMH C HEONpeleeHHBIMH Hapame-
Tpamu, KOTOPbIE HAXOAATCS C UCTIOB30BAaHUEM HU3Me-
PEHHBIX 3KCIEPUMEHTANbHBIX JAaHHBIX. B OonbIunH-
CTBE cllydaeB [6—8] pacmpenenenue miIOTHOCTH TOKa
MOCTYJIUPYETCs B BUAE HOPMAJILHOTO pacipeeeHusl,
a MOJJIeKAIIMMH ONPEIeJICHUIO TapaMeTpaMy B TOM
cllyyae BBICTYMaeT MJIOTHOCTh TOKa Ha OCH 00JacTH
AQHOIHOU MPHBS3KU OYTH M KOA(PGHUIHMEHT COCpeno-
ToueHHocTH. Hanbomee moiaHO 3TOT MOAX0A OCBEUICH
B pabote [9], rae paccMOTpeHbI pa3inuHbIe BapUaH-
ThI (PYHKIMU PacHpeAeiIeHus NIOTHOCTH TOKa, B TOM
Yuciae TpU OTCYTCTBHUHM OCEBOM cumMmeTpuu. llpum
Bcell mpocToTe MeToa 00paboTKK JaHHBIX KCIIEPHU-
MEHTa MyTeM alpHOPHOTO 3a/laHKs 3aKOHA pacIpese-
JICHHS TUIOTHOCTH TOKA OH UMEET TOT CYIIECTBEHHBIN
HEOCTATOK, YTO UCXOIUT U3 TUIOTETHYECKUX Tpe/-
MOCBUIOK, KOTOPBIE IJIsl peaJIbHOT0 0OBEKTa MOTYT HE
HUMETb MeCTa.

Teopernueckn Hanboee 000OCHOBAHHBIM SIBIISICT-
csl MeTOJI, Oa3upyroluiics Ha pPelieHHH YpPaBHEHHUSI
Abens1, ogHaKo, Kak IMMOKa3aHo B [4], TakoW TMOIXOM
TpeOyeT AOCTAaTOYHO CIIOKHOW MaTeMaTH4eCKOu 00-
paboTKK PKCTIEpPUMEHTAJbHBIX AaHHBIX. Hacrosias
CTaThsl TIOCBSIIEHA M3JI0OKCHUIO METOJUKH 00padoT-
KH, KOTOpast TI03BOJISIET MPEO00JIeBaTh HEKOTOPhIE U3
yKazaHHBIX BbIlIe mpoOieM. Panee mogoOHas meto-
JIUKa HMCToib30Bajack B [10] mims BoccTaHOBIEHUS
IUIOTHOCTH TOKa B aHOJHOM IISITHE HA IUJIMHIpHYE-
CKOM aHOZIe NIPU BO3JACHCTBUH HA HETO 3JIEKTPOHHOTO
Jy4a, TEHEPUPYEMOTO KOJIbIIEBBIM KaTOJOM.

Jist mpoBenieHusT M3MEPEHUSI U PETUCTPALIUU JKC-
MEPUMEHTANBHBIX JaHHBIX, TOIYyYaeMbIX METOIOM
pa3pe3Horo aHoja, ObLT pa3padoTaH KOMITBIOTEpPU-
3UPOBAHHBIN cTeH] (puUC. 3), KOTOPBII copepkal TpH
nmatuuka Toka (/fix, [ial, /ia2), wamepsroniyue co-
OTBETCTBEHHO KAaTOJHBIM TOK W TOKH, MPOXOJSIIUE
yepe3 cexkuuu Al, A2 pa3pe3HOro aHojaa; JaTyuK,
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Puc. 3. Cxema KOMITBIOTEPU3UPOBAHHOI'O U3MEPUTEIILHOI'O CTEH1a

PETUCTPUPYIONIUI BpeMs MPOXOXKJAEHUS CBAPOUYHOU
TOPEJIKON HEKOTOPOTO 3aJaHHOTO PACCTOSHUS L Mex-
Iy MeTKamu Jnl n [{n2 (CyXuT Ui IPeu3nOHHOTO
OTIpe/ieNIeHnsT CKOPOCTH CBapKH). AHAJIOTOBBIN CHT-
HaJI OT KaXXJO0T0 M3 JIATYMKOB TIO/IaBajiCsl Ha aHAJIo-
ro-rdporoi npeodpasosaresib ACK-3117, pesyiib-
TaThl u3Mepenuit B nudposom suze (130000 3amuceit
M0 KaXXJOMY JaT4YHKy) HakarumBaiauch B mamsata [1K.
CKOpOCTh CBapKH OMPEAETAIACH ITyTEM JEJIEHUS pac-
CTOSTHUS MEXKTy METKaMH Ha BPEMs €T0 MPOXOKICHUS
ropenkoil. Jlyia onpeneneHus «Hysel» ToKa 3amucu
MOKa3aHWH JaTYNKOB HAYMHAIUCH 1O BKIIOYCHHS
MCTOYHMKA THTAaHUS W MPOAOIDKAINCH HEKOTOpPOe
BpEMsI TIOCJIE €r0 BHIKIIOUYEHHUS. XapaKTepHas OCINII-
JIoOTpaMMa M3MEPEHHBIX 3alrcell YeThIpeX JaT4YNKOB
MIpeacTaBiieHa Ha puc. 4.

IlepBuunas o0paGoTka 3almIyMJIEHHBIX /JAaH-
HbIX. PaccMoTpuM pe3ynbTaTel M3MEepeHus ToKa Ha
aHoge Al B akTyaJdbHOM JHara3oHe CHaJaiomiero
Toka. Kak cienyer u3 puc. 5, U3MEpPEHHbIE JIaHHbIE
SBIISIIOTCSL CHJIBHO 3allyMJICHHBIMU. BO3HMKHOBEHHE
ITYMOB 00YyCIIOBJIEHO HECKOIBKUMHU ITPHYNHAMH.

Ilpn mpoBeneHMH AAHHOTO 3KCIEPUMEHTA Hau-
OosipIIMI BKJIAJ B CO3JaHME IIyMOB BHOCHJ HEcCTa-
OMIM3MPOBAHHBIN MCTOYHUK MHUTAHHS, KOTOPBIA Te-
HEpUPOBaJl NIEPEMEHHBIA TOK B BHJIE «OOpE3aHHOI
cuHycounipl ¢ yactoro momymsimuu 300 I'm u am-
mTynoi oxoso 20 A mpu cpenHeil BelIWYHHE TOKa
100 A. IIpu npoxoxJIeHUH TOPEJIKU Yyepe3 1ieilb TOK,
MpOoTEKAIMNA yepe3 anog Al cHUXKaeTcs, YTo Impu-
BOJIUT K YMEHBUIEHUIO aMIIUTYAbl Mogymsauuu. OT-
METHM, 4TO NMpH yacToTe Momyisauuu toka 300 ' u
BBIIIIE B CHJTy WHEPLIIMOHHOCTH TEIUIOBBIX M ra3o(ru-
JPO)IMHAMHUYECKUX IIPOLIECCOB B JyIOBOH IUIa3Me U B
CBapUBAEMOM METaJlJIC UX IPOTEKaHUE ONPEAEIIETCS
JMIIb CPEJAHUM 32 OJUH IEPHOJ MOAYISILIMU pacipe-
JIeJICHHEM TUIOTHOCTH TOKa Ha aHofe (IUIOTHOCTH Te-
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PA3JIEJT 1. IVTOBASI CBAPKA
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Puc. 4. OcuiiorpaMMbl CHTHAJIOB TATYUKOB: 1 — JaTYMK MOIOKEHUSI TOPEIKH; 2, 3 — NMaTYMKK TOKA B CeKIusxX anoma Al, A2; 4 —

JAaT4YMUK TOKa B IICITH KaToJda

IJIOBOTO MTOTOKA B aHOA). B CBsI3U ¢ 3TUM Ipu cBapke ¢
BBICOKOYACTOTHOW UMIYJILCHOW MOAYJIAIIMEN TOKa J10-
CTaTOYHO OmpeneyaTh 3()(QeKTHBHOE pacrpeneicHue
IUIOTHOCTH TOKa Ha aHOJE, UCXOJ M3 CpPeHel Belu-
YMHBI TOKa Ha aHozie Al (1 A2), I3MEHSIIOLIETOCS BO
BpEMEHHU IpU TIepeMEIEHUH TOPeNIKH uepes 1ienb. Ta-
KM 00pa3zoM, BOSHUKAET MpodIieMa yCpeJHEHHST TOKa,
MTOTYYEHHOTO METOIOM Pa3pe3HoOro aHoza.
Hecrabunmu3npoBaHHBI UCTOYHUK MUTAHUS BHO-
CUT B U3MEPEHHBIN TOK IIIyM, KOTOPbI MOYKHO OTHE-
CTH K pa3psiy AeTepMUHUPOBAHHBIX. [[pyrue ncrod-
HUKH IITyMa CO3/IAI0T IIYM CTOXaCTHIECKOW PUPOJIBI.
OfHYAM W3 WCTOYHHMKOB TaKOTO IITyMa SBISIETCS aHa-
noro-mupoBoil  TIpeodpa3oBarenb, KOTOPHIH TeHe-
pupyeT ciydaiiHble BO3MYIIEHHS U3MEPSIEMOTO TOKa,
10 BEJIMYMHE COMTOCTAaBUMBIX C aMIUIUTYION TOKa He-

I, A
4 100

4 80

60

-10 =3 5

10 x, MM

Puc. 5. OcuunnorpamMa Toka, U3MEPEHHOro Ha cekuuu Al pas-
PE3HOTO aHoza
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CTaOMIM3NPOBAHHOTO HCTOYHUKA UTanus. Ha puc. 5
OHU TIPOSIBJISIIOTCS B BHJIE OTACIBHBIX MMUKOB, Xa0THU-
YecK pa30pocaHHBIX MO IKaie BpemeHH. [lorpem-
HOCTH, KOTOPBIE BHOCHT COOCTBEHHO CaM JIATUYMK TOKa
Y KOTOPBIE TI0 €T0 MACIIOPTHBIM XapaKTePUCTUKAM He
npeBbIaoT 1 % u3MepseMoro Toka, IBJSIOTCS Hau-
MeHee 3HaYMMBbIMU B (DOPMHUPOBAaHUH 3alTyMIICHHBIX
JMaHHbIX. OTIENUTh B MaCCUBE M3MEPEHHBIX JIAHHBIX
JIETEPMUHUPOBAHHBIN IIyM OT CTOXaCTHYECKOTO HE
MpE/ICTaBISIETCST BO3MOXKHBIM. [lodTOoMy mpu oOpa-
0OTKe 3alTyMIICHHBIX JaHHBIX (CM. pHC. 5) Oynem uc-
XOIUTh U3 CYMMapHOTO IIyMa, CO3/IaBaeMOr0 pa3iiny-
HBIMU HCTOYHUKAMH.

[Ipu oOpaboTke wu3MepeHHoro Toka I(X) pac-
CMaTpUBAINCh Pa3iM4YHbIe METOABl (HIBTPALUU
LIYMOB: METOJ CKOJB3SIIECr0 CpeaHero (JImHelHas
bunbTpanys); CKONb3AIIAs KyCOYHO-JMHEHHAs WH-
TEPIOJSIIKS METOAOM HAaMMEHBIINX KBaAparoB; aj-
TOPUTM ONMMKaWImmx coceneil. MeTon CKOIb3sIeit
CPEAHEKBAAPATUYHOW HHTEPIOJSIMN SIBISCTCS He-
KOTOPbIM YCOBEPILEHCTBOBAHHUEM METOAA CKOJIb3s-
mero cpeanero. OH coctouT B ciaenyromeM. [lycts
Y :{ti,15(ti),i:L_M} — MAacCuB JaHHBIX, COAEpIKa-
KA u3MepeHHbid Tok | (t) B MOMeHTBI BpemenH t,
COOTBETCTBYIOIIME MOJOKEHUAM FOPEJIKH B TOUKAX X..
Bribepem u3 storo maccusa 2N mocienoBaTeIbHBIX
sammmceii ¥ ={4,1;(4),i=5—N,s+ N} u na untepsaie
BpeMeHH t e[t t ] METOOOM HAaMMEHBIIMX KBa-

s—N’ s+N
I[paTOB aHHpOKCI/IMI/IpyeM I/I3MepeHH])Ie JAaHHBbIC JIN-
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HeHHOU (PyHKIHeH fs (t)=at +b, . B xadecTse OTHIb-
TPOBAHHOTO 3HAYCHHS N3MEPEHHBIX JIAHHBIX OyleM Ha
9TOM MHTEpBaJie MPUHAMATh fs =at +b_, T.e. 3HAYCHHC
JMMHEWHOW (YHKIMM B CpeAHEH TOUKe BBIOPAHHOTO
uHTepBana. Ecmu takuM o0pasoM mocnenoBareiabHO
o0paborarb JaHHbIE accugg Y ot s=1,K untepsa-
70B uHTepnonsuu | K =5 > TO TOJIyHdUM Maccus
OT(UIBTPOBAHHBIX JTAHHBIX :{ts,l (1), s =1, K}, xo-
TOpBIl OyZeM HCIIOIb30BaTh MPU BOCCTAHOBIICHUH
TUIOTHOCTH TOKA, UCXOJISl U3 PELICHUSI MHTETPAIbHOTO
ypaBHeHust Abesns. [Ipu npoBeeHn pacueToB AJIMHA
CKOJIB3SIIIETO MacCHBa JAHHBIX Y U KOJUYECTBO TO-
YeK CMELIeHUsI BapbUpoBaiack. OuUibTpanus IyMoB
yKa3aHHBIM METOJIOM Jlajia CXOJHBIE Pe3yJabTarbl —
OCUMWJUISIIMM  TOKA, NPUCYIINE MCXOAHOM 3amucH,
Obutn ycTpaHeHbl. [paduk OoTOUIBTPOBAHHBIX IaH-
HBIX MPEICTaBISIETCs (CM. KPUBYIO O€J0ro LBeTa Ha
puC. 5) B BUJIE «IJIAAKOI» JTUHUH (Ha CaMOM Jieie —
OT(GWIBTPOBAHHbBIE JAaHHBIE €CTh (DYHKLUS AMCKPET-
HOTO aprymeHnTa). JMHa CKONB3SIIEro MaccuBa B
BBIOpaHHOM [JHana3oHe HE OKa3aja CyIECTBEHHOTO
BJIMSIHUSI HA KOJNHMUYECTBEHHBIC XapaKTEPUCTHUKH OT-
(UIBTPOBAHHBIX JaHHBIX.

BoccranoBiienue mioTHocTd TOKa. (Dakrtuue-
CKH B BBIpaXeHUH (1) MCIIONB3yeTCA JMIIb MOJIOBUHA
JaHHBIX 110 U3MEPEHHOMY Ha CeKIMsX aHona Al wim
A2 ToKa, a HUMEHHO, — T.€., JIst KoTophix 1(X) < 0,51 .
st BeluMCIEHUST BTOPOM MPOU3BOJHOM B MOJBIHTE-
rpajJbHOM BbIpakeHUU (HopMyibl (2) BMECTO HCXOM-
HOTO MAaCCHBA 3aITHCEH 3aLIyMICHHBIX TOKOB I,(x,) Oy-
JIeM HCIONb30BaTh MAacCHB [ (x) OT(bI/IJ'ILTpOBaHHLIX
TOKOB, T.€. ITOJIOKUM [, (x) I (x ).

Obparumest K np06neMe BBIUUCIICHUS BTOPOM
MIPOM3BOIHOM 0T 3T0H (hyHKIHMH. B [11] ommcan anro-
PHUTM YCTOMYMBOIO BOCCTAHOBJICHHSI IPOU3BOJHOM OT
JUCKPETHOM (DYHKLMH, 3aJaHHON C IIOTPELIHOCTBIO O.
B npuHOMNMAIBHOM IUIaHE 3TOT AJTOPUTM MCXOAMT
13 METOAA Perysipu3alyi HEKOPPEKTHO MOCTABJICH-
HBIX 3a1a4, npemyoxenHoro A. H. Tuxonoseim [12]. B
[13] meTonuka padotsr [11] Obia 00001IeHa 15 O0ITee
MHUPOKOTO Kiacca GyHKnui. CyIIHOCTh ATOW METO/IH-
ku coctouT B crnenyromeM. [lycrs I(X) — mocrarou-
HO miajkas (yHKUMs, ONpeeleHHas Ha HEKOTOPOM
orpeske —L < X <L, 1(X) = I(X) + A(X) — Bo3My1IeHHAs
(yHKLMS, B KOTOPOH BO3MYLLUEHMS AX HE MMEIOT HHKa-
KHX CBOHCTB maKoctd 1 [|A(X)| L <38 . CnenoBarenpHo,

“1 () —1(x)] <8, Oynkumn |(X) nocraBum B coOT-

BETCTBUE ycpeﬁHeHHon Ha OTPE3KeE [X — oL, X + 0] PyHKIMIO

I (0= [ (0o, (x,ndt- 1Apo yepemuennt o (X, 1)
o (X—r)2

(X1 %
o (X,1)=—Lexp
o o (X _ T)Z _ az

3agaauM B Buue [11]

®ynkuus o (X, T) Ha uHTEpBANE (X — O, X + o) B~
nsietcst 6eckoneuHo auddepennupyemMoit 1 GUHUT-
HOW BMECTE CO BCEMH CBOMMH IPOM3BOIHBIMH, T.C.

lim o (X 1)=0,
T Xta
yCpeIHEHHE TOCTOSHHOW (DYHKLMH COBIAgaeT ¢ ee
3HadeHuneM. [ [pubnikeHHas mpou3BogHas 2-ro MOpsi-
Ka OT (yHKIMH | (X) OTOKIECTBIISIETCS ¢ NPOU3BOIHOM
ot ¢ynkumn | (X) 1 BerauCIsICTCS 110 PopMyIIe

Koncranta C BbIOpana Tak, 40

2] X+o.
7— [ P, I (), 3)
TIe
(x— T) 4 4
" t):dzwa :_ZOLC exp[( R ][OL =3(1—-x)]
’ dx’ [0® = (x—17°]

[Tpu TakoM criocoOe BBIYHUCICHUS TPUOIKEHHBIX
MIPOM3BOAHBIX HMCIOJIB3YeTCsl NMepedpocka Mpou3BOI-
HOH oT Henupdepenuupyemont dpynkrmu 1 (X) na pu-
HUTHOE S/IPO YCPEIHEHus ® (X, T), TaK YTO TPH BbI-
gucieHuu 1o ¢opmyne (3) 10CTaTOYHO 3HATH JIUIIIb
u3MepeHHy o QpyHKimio | (X).

[TponsumtocTpupyeM BBIYMCICHHUE BTOPOW MPOU3-
BOJHOH OT (JyHKIIMU TUCKPETHOTO apryMeHTa Ha ciie-
JIYFOIIIEM TECTOBOM IpuMepe. 3agaaumM GpyHKuo 1(X)
B Busie 1(X) = 0,5[1 — erf(X)]; 4 mm < X < 4 mwm, 17
erf(X) — HWHTErpas BEpOSTHOCTH. XapaKTep U3MeHe-
Hus GpyHknuu |(X), 3a1aHHOI B TAKOM BHUJIE, CXOJICH C
OT(WIBTPOBaHHOH 3aBUCHUMOCTBIO TOKA Ha aHoje Al
(cM. puc. 5), HOpMUPOBAaHHOM Ha MaKCUMaJbHOE 3HA-
YEeHUE TOKA, a HHTEPBAJ M3MEHEHHUS X OJM30K K JKC-
nepuMeHTansHoMy. Ha puc. 6 mpuBeneHsl rpaduku
BTOPOU MPOU3BOIHOM: |”(X) — To4YHast IPOU3BOIHAS,
I"(x) — npuONMKCHHAs IPOU3BOJHASI, BBIYHCIICH-
Has o gopmyie (3) mpu o = 0,54 mm. Kak BugHo U3
PHUCYHKa, TOYHAsl U IPUOIMKEHHAS! TIPOU3BOIHAS TPU
JAHHOM 3HAYCHMH TapaMeTpa oL JOCTaTOYHO XOPOLIO
cornacytorcs, a ipu o = 0,04 mm 3aBucumoctH 1”(X)
U 1; (x) rpaduueckn HEpAZTUIUMBI.

r

Puc. 6. Tounast u npuGnMKeHHAast BTOPBIE TPOU3BOAHBIC B TECTO-
BOM IIpUMepe
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[8. o

0,4}
0.2
4 -2
-—9\\ ] 4 x, Mm
) {
b 1102

Puc. 7. HpI/I6J'II/DKeHHa$[ BTOpas MpoOu3BOAHAs AJI 3allyMJICHHBIX
JAaHHBIX

BiusiHue BO3MYyICHHI Ha MPUOIMIKEHHYIO BTO-
PYIO IIPOM3BO/IHYIO OLEHUBANIOCH 1Tt yHKImH | (X),
3anannoi B Buze: 1(X) = 0,5[1 — erf(x)] + A,(X), rne
A((X) = orand(x), rand(x) € [-1, 1] — ciy4aiinoe
YHCI0, O — MaKCHMallbHas BEMYMHA CIYy4aiiHOTO
OTKJIOHEHUs. Beruucienue no ¢opmyine (3) Bropoit

NPOM3BOAHON ' (x) (IlyHKTHpHas JMHHS Ha pHC. 7)
OCYILECTBIISUIACh ¢ yueToM Bo3myuieHull. Conocras-
JIeHWe TOYHOW W MPUOIMKEHHOM NMPOU3BOAHON TMO-
Ka3bIBaeT JOCTATOYHO MPUEMIIEMOE COTJIaCUe MEXKILY
STUMU 3aBUCUMOCTSIMU (CM. pHC. 7) U, BMECTE C TEM,
CBUJIETEIBCTBYET O HEOOXOIMMOCTH Ipe/IBapUTEIb-
HOW (pMIIBTpaAlMK UIYMOB AJISI TIOBBILICHUS] KayecTBa
BBIYMCIICHUS IIPOU3BOIHOM.

[Tapamerp o, onpenensomni JIMHY HHTEpBa-
Jla OCpEeJIHEHHsI, BBICTYMAeT B BhIpakeHUH (3) B Ka-
yecTBe nmapamerpa peryispuzanuu. [Ipu maneix o
ynkuust 1 (X) Gnuska Kk nexopHo# Hepuddepen-
nupyemoit gynkuun 1(X), mosToMy BbBIYUCIEHUE
BTOpO# Mmpou3BoHOM 1Mo Gopmyie (3) mpuBOIUT K
HoTepe IMAaJKOCTH M Xa0THUECKOMY pa3dpocy 3Ha-
YEHUI NPOU3BOJHON B PA3JIMYHBIX TOYKAX UHTEP-
Baja u3MeHeHus aprymenTa X. C Ipyroi CTOPOHBI,
npu OONBIIOM MHTEpBaje yCpEeAHEHHS [X — o, X +
+ o] TepsroTCs JOKalbHBIE CBOWCTBA Is"’q(x), 4yTO
MPUBOANUT K TOBBIIIEHUIO MOTPEIIHOCTH BBIYHCIIE-
HUil. B cBs3W ¢ 3TUM mpH JTaHHOM criocobe mpuoIH-
JKEHHOTO BBIYUCIICHHsI BTOPOM IPOU3BOAHON BayKHOU

3aj1a4eil sIBIeTCsl PaBUIIBHBIN BBHIOOP BEIMYHMHBI M-
pamerpa peryaspuzanun. CyliecTByomas TeopeTuye-
cKas oleHKa [13] onTuMansHON BETMUMHBI TapaMeTpa
o TpedyeT anpuopHoit nHGopmannu o pyHkuH |(X) 1
MO3TOMY SIBIISIETCS HEKOHCTPYKTHBHOW. PaccmoTpum
NpUOTMKEHHBIH CIIOCO0 OIpeeNieHrs] BEIMYHUHBI O,
MCTIONB3Y oMK MeTox urepanuii. Iycrs J; (X) —
IUIOTHOCTh TOKa, BOCCTaHOBIIEHHAs 110 (hopmyre (2),
B KOTOpOU TouHas npousBoaHas d*l/dx? 3ameHena Ha
"
NPUOIMIKCHHYIO NIPOU3BOAHYI0 /g (X), BBIYMCICH-
HYIO TIpM HEKOTOpOM 3HaueHHMu mapamerpa o. Ilox-
CTaBJIss B (1) J;, (%) B7MecTO (X), onpenennm yHK-
o I (x) kak pacdeTHblil ananor j, (X). Beenem
B paccMOTpeHHe (YyHKIMOHAI O(l; ,, o) KaK HOpMY
pa3HoCTH ”15 0L(x) _15 a(x)“‘ B kauecTBe HOPMBI MOXKHO
WCTIONTb30BaTh, HAIPHMED, CPETHEKBAIPATHIHYIO HOPMY
npoctpancTsa |, i Hopmy npoctpanctsa | . B nocnen-

1 &-
HeM CITydae HMeeM q>(15ﬂ,a)=WZ‘15’a(xi)—1&a(xi) .
i=1

ByneM roBopuTh, 9TO MapamMeTp o SBISETCS ONTHMAITh-
HBIM, €CJIM €70 BEeJIMYMHA JIOCTAaBIAeT MUHIMYM (DyHK-
monaiy (1, , o).

Pe3ynbrarsl peryinupusalini TOKOB, U3MEPEHHBIX
Ha cekuusx aHoma Al m A2 mpu mmupuHe 3a30pa
0,8 MM 1 ckopocTr IBMKeHHs ropenku 100 Mmm/muH,
MIPUBE/ICHBI HA PUC. 8, ¢ — COOTBETCTBEHHO KPUBHIC
I,(X) 1 1(X). OToOpa3suM CMMMETPUYHO OTHOCHTENIBLHO
ocu opauHar Kpusyio |,(X) (Gonee ceenas kpusas Ha
puc. 8, 0). Kak cienyer u3 JaHHOTO PUCYHKa UMEETCS
HEKOTOpPOE paccoriiacoBaHre B 3HAYCHHSIX TOKOB, U3-
MEpPEHHBIX Ha Pa3IMYHBIX YaCTSIX Pa3pe3HOro aHoAA.
[IpuumHa 3TOr0 COCTOUT B TOM, YTO IIPH MEPEXOJE C
aHona Al Ha A2 ayra HECKOJBKO 3aJ€p:KUBACTCS Ha
cekruu Al. ITosToMy W3MepeHHsI TOKOB Ha paspes-
HOM aHOJIE JKEJIaTebHO MPOBOAMUTH TPU BO3MOXKHO
MEHBIIEH MIUPUHE 3a30pa.

B cootBeTcTBUM ¢ popMynol (2) 11 BOCCTaHOBIIE-
HUA INIOTHOCTH TOKaA AOCTATOYHO HCIIOJIB30BaTh JIUIIb
Ty 4acTh OCIMJUIOIPAMMBI, B KOTOPOH TOK CHMYKAETCs
or 0,51, o Hysst, cen0BaTENBHO, U3MEPEHUE TOKA Ha
aHomax Al m A2 (cMm. puc. 8, @) mo3BoJIAET paccuu-

LA

80 F

40

20 F

2 4 x, MM

—4 -2 2 4 x, MM
6

Puc. 8. OT¢unbTpoBaHHBIC U PETYISIPH30BAHHBIC TOKH, CHATHIE C aHOOB Al u A2
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I", Aam?

20 -

1 1 1 1 1 L

Iy, Almm2

0,5 1,0 1.5 2,0 2,5 3,0 X, MM 0,5 1.0 1.5 2.0 2.5 3.0 3.5x, MM
a 6
Puc. 9. Bropeie npoussosabie miist TokoB | (X) m 1(X)
Jps Almm? Jor AlNM2
% 20
15 L —_ a=0,282 mMm —_— a=10,282 mm
S N — a=0141mma | | e a=0,141 mm
15
10
10
5F -
5L
L L
0,5 1,0 1.5 20 2,5 3.0r, Mm 1 2 3 4 r,mm

a

o

Puc. 10. Pacripesienenust INIOTHOCTH TOKA, BOCCTAHOBJICHHEIE 110 U3MEPEHMIM ToKa Ha cekumsix Al (a) u A2 (6)

TaTh JIBa BapUaHTa pacrpe/e]IeHUsI TTIOTHOCTH TOKa Ha
aHoIe — JUII HIDKHUX BETBEH 3aBUCUMOCTEN Il(X) u
1,(X). i3MeHeHure BTOPBIX NPOU3BOIHBIX HA MHTEPBAIIE
0 < X <4 MM, BBIYUCIICHHBIX O W3JI0OKEHHOH BBIIIE
METOJIMKE, TIOKa3aHO Ha PUC. 9 JJIst ABYX 3HAYCHUM Na-
paMeTpa peryJIspH3aliy o CIUTOIIHAS JTHHUS — O =
= 0,282 mM; mynktupHast — o = 0,141 mm. Pacnpe-
JICTICHUs TUIOTHOCTH TOKAa Ha aHOJE, BBIYMCIICHHBIC
o (opmysie (2) ¢ HCIONIB30BAaHUEM BTOPBIX MPOU3BO-
JTHBIX, IPUBEJICHHBIX Ha puC. 9, moka3aHsl Ha puc. 10.

HabmromaeTcst HeKOTopoe paccoriiacoBaHue B pac-
MpeAeTCHUsIX TJIOTHOCTH TOKA, BBIYMCICHHBIX II0
M3MEPEHHBIM 3HAUEHUSIM TOKa Ha CEeKIMsIX aHoma Al
u A2. Yto kacaeTcsi BeJIMYMHBI Iapamerpa perysis-
pH3alHMU O, TO OHA OKa3bIBACT OINPEICIICHHOE BIIHSI-
HUE Ha pacnpe/ieieHue MIIOTHOCTH TOKa, 0COOCHHO B
MPUOCEBBIX y4YacTKax aHogHOro msaTHa. Hakonem, o
KaueCTBE BOCCTAHOBJICHUSI INIOTHOCTH TOKA B 3aBUCH-
MOCTH OT TapaMeTpa 0. MOKHO CyAHTbH IO BEIHMYUHE
(dynakmmonama O.

[IpencraBnsger nHTEpEC OIEHNUTH, HACKOIBKO YI0B-
JIETBOPUTEIHFHO OKCIOHEHITMANbHAS 3aBHUCHMOCTH
IJIOTHOCTH TOKa OT Pajgiyca COOTBETCTBYET 3aBHCH-
MoctH J,(F), paccYuTaHHON MO H3JI0KEHHOH BbIIIE
Meromuke (rpu oo = 0,252 mm). 3agaguM pacrpese-
JIeHHe MIOTHOCTH ToKa B Buje j(I) = jexp(-a’r?), rae
HapaMeTPhI |, ¥ @ ONPENEINM U3 IBYX YCIOBHH:

J. Alvm?

Jr) = jgexpl=air?)

1
1.5

20

3.0 r, Mm

1 1
0.5 1.0 2.5

Puc. 11. ConocraBnenue paccCUUTaHHON IJIOTHOCTH TOKA € JKC-
HOHCHI[HAJILHOMN 3aBUCHMOCTBIO

2n[ jryrdr =15 j, = J,(0).
0

W3 puc. 11 cnexyert, uyTo 3TH ABa pacrpeeneHus
MUMEIOT pa3in4Hoe HarojHeHue. Kak mokaszaHo B pa-
oore [14], cuioBoe BO3IEHCTBHE TOKA JyTW HA Me-
Talll CBapOLIHOI\/'I BAaHHBI 3aBUCHUT OT pacClpcacIiCHUA B

r
AHOIHOM NSATHE KBajpaTa ToKa /(r)=2x [ j(ryrdr, IPO-
0

TEKalolero B Kpyre paauyca . Ecnu comoctaBuTh
3aBUCUMOCTH |2(I), BBIYMCIICHHBIC JUIS TUIOTHOCTEH
Toka J(r) u J,(r) (cm. puc. 11), To OHM OTIMYAIOTCS B
CYIIIECTBEHHO OOJBIIEH Mepe, 4eM pachpeaesieHue
TUIOTHOCTEH ToKa Ha puc. 11.
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PA3JIEJT 1. IVTOBASI CBAPKA

O0cy:k1eHue u BbIBOABI. 331a4a BOCCTAaHOBIICHUS
IUIOTHOCTH TOKA T10 pe3yJIbTaTaM U3MEPEHHI METOIOM
Pa3pe3Horo aHoJ/ia OTHOCUTCS K Pa3psily HEKOPPEKTHO
nocraBieHHbIX. [l03TOMY Kak SKCIIEpUMEHTaIbHbIC
WCCIIEIOBAaHUS, TaK U MaTeMaTndeckas o0padoTKa nx
PE3yABTaTOB JIOJKHBI BBITIONHATECS C OCOOOH TIa-
TesbHOCTBI0. CPOopMynHpyeM HECKOIBKO PEeKOMEH 1a-
LU, TIPOMCTEKAONINX U3 OMBITA, MOTYIEHHOTO aBTO-
paMu MpH BBITIOTHEHUH JIAHHOH paboThlI.

1. i3smepeHue u perucrpanus JaHHBIX:

® IpU U3MEPEHNN MAJBIX TOKOB CIIEIYeT HCIIOIb-
30BaTh JATYMKH BBHICOKOH UyBCTBUTEIHHOCTH, HHAUE
pa3Mep aHOJHOTO TSATHA Oy/leT OIpeselieH CO 3HA4N-
TEJHLHOU MTOTPENTHOCTHIO [5];

® ISl CHIDKCHHS YPOBHSI TOMEX, CO3aBaeMbIX
aHasoro-1u¢poBeIM npeodpazoBarenem (ALIIT), xe-
JIaTeJIbHO UCTIOB30BaTh 16-6uTtHbI ALLLT;

® IS TTOBBIIICHNS Ka4eCcTBa 00pabOTKM KOIMYECTBO
CHTHAJIOB, M3MEPEHHBIX B XOJI€ OJIHOTO KCIICPHMEHTA,
JIOJDKHO OBITh TOCTaTOuHO Benuko (<=10° 3armceii).

2. O6paboTKa N3MEPEHHBIX TAaHHBIX:

® (QrbTpaIys IIyMOB JIOJDKHA 00ECTIeYUTh BO3-
MOXKHO MEHBIITYI0 aMIUTUTYy OCHHJUIAINN 00pabo-
TaHHBIX JJAHHBIX WM YCTPAHUTH €€ BOBCE;

e BRIOOp MapameTpa perysipu3aluu o TpeOyeT
MIPOBEACHUS MACIITaAOHOTO BEIYUCIUTEIEHOTO KCITe-
pUMEHTa, HAIpPaBICHHOTO HA MUHHMH3AIHIO (PYyHK-
uponana O(l , o);

® YICIICHHOE BRIYUCIIEHUE HHTErpasioB B (2) u (3)
ClIeZlyeT TPOBOAWTH C WCIOIB30BaHWEM KBaJpaTyp-
HBIX ()OPMYIT BEICOKOTO TTOPSIIKa TOYHOCTH;

® pelieHre O JOCTOBEPHOCTH TONYYEHHBIX pac-
YETHO-IKCIIEPUMEHTAIBHBIX JaHHBIX BBIHOCHUTCH,
ncxofs 3 BenumuuHbl kKputepus O(| 8,00 0l), TITaIKOCTH
MTOJTyYEeHHOTO PEIICHUS W alnpUOPHBIX (HU3HUECKUX
COo00pakeHUH.
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1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

1.1.26. JEMCTBYIOIIUE 3HAUEHU S
JIEKTPOJUHAMHNYECKHUX
XAPAKTEPUCTHUK NPOIIECCA CBAPKH
HEIIJIABAIIIUMCS SJIEKTPOJIOM
C UMIIYJIbCHOHU MOJIYJISINUEN TOKA IYTH

B. ®. JEMYEHKO, V. BOU, U. B. KPUBIIYH, HU. B. ITYBA

NmnynbcHass MOy SIIASL TOKA JYTH MPH CBapKe He-
miaBsimumcst anektpogom (TUIDY) sBnsercss omHuM
3 2((HEKTUBHBIX CTIOCOOOB YIPABICHUS XapaKTepH-
CTHKaMH TEIJIOBOTO M JTMHAMHYECKOTO BO3ICHCTBUS
JlyTH Ha CBapUBAacMBblii MeTaJLI. Bapeupys napamerpsl
MOAYJSLIUA CBAPOYHOTO TOKA, TaKUE KaK 4YacToTa,
CKBa)XHOCTh, aMILTUTY/Ia U (hOpMa HMITYJIHCOB, MOYKHO
B JIOCTaTOYHO MIMPOKHUX Tpeenax U3MEeHITh IITyOu-
Hy ¥ (opMy TPOIUIABICHUS METalla, TePMUIECKHI
LIMKJI CBapKH, a CIIeZI0BATEIbHO, BIUATh HAa CTPYKTY-
Py ¥ CBOMCTBa METAJUIA IIBA U OKOJIOLIOBHOW 30HBI,
CHIDKaTh OCTaTOYHBIC HANpPsDKEHUS U JedopMaruu
cBapHOTO M3enus. s onpeaeneHuss ONTUMAaTbHBIX
3HAUYEHUH MapaMeTPOB UMITYJIbCHOM MOJIYJIALIMU CBa-
POYHOTO TOKa HEOOXOIMMO UMETh JI0CTOBEPHBIE JTaH-
HbI€ OTHOCHUTEJIBHO BIUSHUS KaXXJI0TO U3 HUX Ha Xa-
pakTep MPOTEKaHUS TEIUIOBBIX, JICKTPOMATHUTHBIX,
ra3o- U rUAPOJUHAMHUYECKUX MPOLECCOB B JYTOBOM
IJ1a3Me U B CBApUBAEMOM MeTallle.

Bomnpocam skcriepuMeHTaTbHOTO N3YYeHHs U MaTe-
MaTUYEeCKOTO MOJIITMPOBAHMUS TIPOIECCOB, MPOTEKAIO-
IMX B JYTOBOW TUIa3Me, HA TIOBEPXHOCTH U B 0ObeMe
cBapuBaeMoro Metaiuia npu TUL cBapke ¢ UMITyIbCHOM
MOMYJISIIIUEN TOKa JYTH MOCBSAIIEHO OOJBIIOe KOIUJe-
cTBO padot [1-12]. [Ipn 3TOM paccMaTpuBarOTCsl PeKH-
MBI C HU3KO4YaCTOTHOH (dactora Momyisiun F < 10 ')
[1,2,6,7,9, 10], cpeaneuactotHoit (£ < 5 xl'm) [2, 4,
5] u BeICOKOYacTOTHOM (F > 10 kI'm) [2, 3, 8, 11, 12]
MOMYJISIIUEN CBapOYHOTO ToKa. OHAKO B OONBIIMHCTBE
MIEPEUYHCIICHHBIX MyOIHUKaIMi (32 UCKIFOYEHHEM padoT
[2, 4]) mpaKTUYeCKH HE yIeNsAeTCs BHUMAHUS MCCIIEN0-
BaHUIO BIUSHUS (DOPMBI UMITYIILCOB TOKA Ha XapakTep
MIPOTEKAHUs HECTAIIMOHAPHBIX MPOIIECCOB TEIJIO-, Mac-
CO- M DIIEKTPOIIEpPEHOCa B PACCMaTPUBAEMOM CHCTEME, a
TaroKe Ha JercTBytonre (3 GEeKTUBHBIC) 3HAUYCHNUS Xa-
PaKTepUCTHK yKa3aHHBIX MporieccoB. Kpome Toro, B pa-
0oTax, MOCBSAIICHHBIX JIETaJFHOMY YHCICHHOMY MOJIe-
mpoBanuio mporecca TUL cBapku MOTyTHPOBAaHHBIM
TOKOM [6, 7, 9, 10], paccmaTpuBaeTcs TOJIbKO HU3KOUA-
CTOTHAsI MOIYJISIIIUS TOKa yTH. [loaToMy 11ebro HacTo-

*Apromarnaeckas capka. — 2017. — Ne 8. — C. 3-14.

AIIe paboThI SIBISETCS TEOPETHUECKOE UCCIIEIOBAHHIE
W YWCIICHHBIM aHamM3 BIMSHHUS (DOPMBI MMITYJIHCOB
CBapOYHOTO TOKA B IIMPOKOM JHANa30HE YaCTOT MOJY-
JSIUX Ha ACHCTBYIOIINE 3HAYCHUS ICKTPOMATHUTHBIX
XapaKTEePUCTHK, OMPEACIISIONIMX TEIIOBOE U, 0COOCH-
HO, IMHAMUYECKOE (CHIIOBOE) BO3JIEHCTBHE AYTH C TyTO-
TUIABKUAM KaToOJIOM Ha CBAPUBACMBIN METAIIT.

OcHoBHble noJoxenust. [lycts /(t) — mepuonu-
YeCKU M3MEHSIIONIMICS BO BpeMeHH t TOK Jyru, mpen-
0JIaraéMblil OHONOJSIPHBIM; T =1/ F — nepuojl Mo-
pymsitiy ToKa; 1, =(I), 1, :m — €ro cpeaHee U
nevictBytoree (3 HEKTUBHOE) 3HAYCHHS COOTBETCTBEH-
HO. 311€Ch U janee () O3HAYAET CPETHEMHTErPATLHOE
3HaueHue QyHKIMH ¢(t) Ha uHTepsane [0, T]:

1 ]
(0)=—Joa.
0

[om neficTByIONTMM 3HAYSHHEM MTEPEMEHHOTO TOKa
0OBIYHO TIOHWMAETCS TaKas BEJIMYMHA TOCTOSHHOTO
TOKa, KOTOPBII CO3/IaeT TETI0BOH A PEKT, COBITaIar0-
Wi ¢ TeTDIOBEIM 3 (dekToM iepeMeHHOro Toka. [Ipu
MTOCTOSTHHOM OMHYECKOM COTIPOTHUBJICHUH R TIPOBOJISI-
el cpeapl TerioBas MOITHOCTE W, reHepupyemas
MTOCTOSTHHBIM TOKOM [, BBIpa)kaeTcs 4epe3 KBaipar
TOKa 1o 3akoHy Jlxoyns—Jlenua: W= I?R. Torna B co-
OTBETCTBUHU C TIPUBEJCHHOW TPAKTOBKOW BEITUYHHBI
JIEHCTBYIOMIETO 3HAYCHHUS MEPEMEHHOTO TOKa WMEET
MecTo paBeHCTBO W = W, tne W, =I; R — s¢dex-
THUBHAs TEILIOBAsi MOIIHOCTh IIEPEMEHHOTO TOKA.

B ciyyae cBapku HEIUIaBSIIIIMMCS JICKTPOIOM C
HUMITYJIbCHOUM MOJYJISIIIMCH TOKA JTyTH JIaHHAS TPAKTOB-
Ka JICHCTBYFOIIEr0 3HAYCHUSI TOKA SIBJISICTCS CIIPaBe/l-
JIUBOM JIUIIb TIPU PACCMOTPEHUU MPOIECCOB TOKOIIE-
peHOCa U TEIUIOBJIIOKEHUS B CBAPUBAaEMOM MeETaJlIe,
VAETBHOE JJIMEKTPUUYECKOE CONMPOTHBICHUE KOTOPOTO
c1ab0 3aBUCUT OT BEJIMYUHBI MPOTEKAIOIIETO TOKA.
B T0 e Bpems u3-3a BbICOKOHM 3IEKTPONPOBOJIHOCTH
METAaJUIOB TEIIOBOU AP PEKT TOKa, TEKYLIETo B CBapH-
BaeMOM MeTaJlIe, OKa3bIBAETCS HE3HAUNTEIIbHBIM, I10-
3TOMY JeicTBymoiee (3(PEKTUBHOE) 3HAUCHUE TOKA
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PA3JIEJT 1. IVTOBASI CBAPKA

KaK OIpeJeNsiomas XapakTepUCTHKa TEIUIOBBIX MPo-
LIECCOB B CBAPUBAEMOM H3JECIINU, HE SBJISCTCS 3HAUU-
MOH. B oTimume OT 3TOro JKOYJIeB HArpeB JyroBOU
IJ1a3Mbl OKa3bIBAET PELIAIOLICE BIUSHUE HA €€ TEIIO-
Boe cocTostHue. OIHaKO B COOTBETCTBUU C BOJIBT-aM-
MEPHOI XapaKTepUCTUKON JYTH HAIPsKEHUE Ha JyTe
U (compoTuBieHne R IyroBOro MpoMeKyTKa) Cylie-
CTBEHHO 3aBUCUT OT BEJIMYUHBI IPOTEKAKOLIETO TOKA
[3, 13]. TlosTOMy TEmIOBY¥O MOIIHOCTE W, 1yru npu
HMITYJIbCHOM MOJYJISIIUM TOKA CIENYET ONpPEAeisTh
IyTeM yCpEeIHEHHs NMPOU3BEEeHUs TOKa Tyrd Ha Ha-
MpsiKEHUe

W, =(IU) = %J{;I(r)U(r)dt

[3], T. . B BUIIe, KOTOPKIi HAIPSMYIO HE BBIpAYKACTCSI
Yyepes KBaJpar JAeUCTBYIONIETO 3HAYCHUS TOKA.

Bo3paelicTBue CcBapodyHOro TOKa Ha JIYTOBYIO
I1a3My M CBapUBaeMbIii METajul HE HMCYEpITbIBACT-
cs TeHepalMeil TeryoBod sHepruu. [dpyroil BaxxHOU
XapaKTepUCTUKOW TaKoro BO3JEHUCTBUS SIBIISETCA
AIIEKTPOMArHWTHAS CHIIa, BOSHUKAIOIIAs B pe3ysbTaTe
B3aMIMOJICHCTBUS TOKA TyTH C COOCTBEHHBIM MarHuT-
HbIM 1oJieM. [{eiicTBre 3TOM CUJIBI TTPOSIBIISIETCS JIBO-
kUM o0pa3oM. C OgHON CTOPOHBI, PE3YITBTHPYIOIINN
ra3oJJMHaMUYE€CKUM HaIrop MOTOKA JYTOBOM IJIa3Mbl
nedopMHupyeT CBOOOTHYIO MOBEPXHOCTH CBAPOYHOU
BaHHBI, B PE3yJIbTaTe Yero HCTOYHUK HarpeBa cMella-
eTCs BINIyOh CBAPUBAEMOTO METAJlIa, CIIOCOOCTBYS TEM
CaMbIM YBEIMYEHHIO TITyOHHBI mporniaBieHus. C mpy-
TOM CTOPOHBI, ANIEKTPOMAarHUTHAs cujia, JEHUCTBYOIIAs
Ha pacIUIaBJIeHHbIN METasll B CBAPOYHON BaHHE, UHTEH-
CUHUINPYET KOHBEKTUBHBIN IIEPEHOC SHEPTUN C HAaH00-
Jiee HarpeTor IIEHTPaJIbHOM YacT TOBEPXHOCTH BaHHBI
K €€ JIOHHOH YacTH, 94TO TaKkXKe CIIOCOOCTBYET yBeInyie-
HUIO TITyOWHBI TIpoTIaBieHus [ 14].

OOparuMcst Temepb K PacCMOTPEHUIO TEIIOBO-
0 U JMHAMUYECKOIO BO3JEHUCTBUS Ha CBApUBACMBIN
MEeTasl MOIYJIMPOBAHHOTO TOKa. J[J1s1 9TOW 1eu BbI-
MIOJTHUM OIICHKY BpPEMEH pEellaKCalliil TEeIUIOBOTO H
THAPOAMHAMUYECKOTO COCTOSHUS METaJTHIECKOTO
pacriaBa Ipy €ro BO3MYIIEHHH 3a CYET BHEIIHETO
BO3MICHCTBUSA, KOTOPOE B KOHTEKCTE OOCYXTacMOu
pobsemMbl OyZieM CBSI3BIBaTh C MMITYJIBCHBIM H3Me-
HeHueM cBapounoro toka. Ilycts Fo' =af /1% u
Fo'’ 7 /I? — COOTBETCTBEHHO TEIUIOBOM U THIAPO-
muHamMudecknii kpurepun dypee. 3aech a — Kodd-
(bUIMEeHT TeMITepaTyporpOBOTHOCTH CBapUBAEMOTO
MeTama; v — Kod(hOUIMEHT KHHEMAaTHIeCKOM BA3KO-
CTHU PACILIABA; | — XapaKTEpHbI FeOMETPUUECKUN

pasMep cBAPOYHOMN BaHHBI, T — XapaKTEPHOE BPEMSI.
Kax 06b1900 puHATO, OyIeM mojararh, 94To 3a Bpeme-
Ha ) F0) TP KOTOPBIX 3HaueHus kputepues Fol)
u Fo'¥) nocturaror equHMIBI, HPOUCXOIUT pelaKca-
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1Sl BO3MYILEHUS TEMJIOBOTO M TMJIPOAWHAMHUYECKO-
TO COCTOSHUSI MeTajlla, OOYyCJIOBIEHHOTO AEUCTBH-
€M BO3MYIIAIOLIEro BHemHero (akropa. BeiOupas
XapaKTEepHbIH pasMep CBapOYHOM BaHHBI | x (0,5 CM
W MpPUHUMAas BO BHUMAaHHWE, 4TO ISl HEprKaBeroleh
cranu, Hanpumep, a = 0,07 cm?/c, v = 0,07 cm?/c [6],
nonyuum: 1§ x 3 6¢. OTH, BecbMa npubmu-
JKEHHBIE pacyeThl, IO3BOJAIOT OLEHUTH JAJIUTENb-
HOCTbH TEPEXOHBIX MPOLIECCOB TEILIO-, MAaCCONIEpeHOCca
B CBAapOYHOW BAaHHE BEJIMUYMHON IMOPSIKA HECKOIBKHUX
cekyH/l. C yBEpEHHOCTBIO MOKHO YTBEPK/AaTh, UTO MPH
yacToTax Momyssimu £> 100 't (mepuon Momysiimu T <
<107 ¢) TEMIOBbIE ¥ THAPOJMHAMMYECKHE TIPOLIECCHI
B CBApPOYHOW BaHHE SIBISIOTCS] YyBCTBUTEIBLHBIMU HE
K TEKyILIMM, U3MEHSAIOIUMCS BO BPEMEHH, XapaKTe-
PHUCTUKAaM 3JIEKTPOMArHUTHOTO TOJIs, @ K MX 3HAUCHH-
SIM, YCPETHEHHBIM 32 MIEPUO MOTYJISILIMU TOKA.

B pabore [14] moka3zano, yto nipu ToueuHon TUT
CBapKke Ha TOCTOSIHHOM TOKe 0ObeMHasi TIOTHOCTh
ANIEKTPOMArHUTHOM CHJIBI B CBapOYHOH BaHHE, BO30Y-
JKIAEMOH MPOTEKAIOINM Yepe3 Hee JIEKTPUUECKUM
TOKOM, npornopionansua (1, z), tae {r, z} — uu-
JUHJpHYECKas cucTeMa KoopauHart, ock OZ KOTOpoit

HalpaBJICHA HepHeHI[I/IKy.TISIpHOrHOBerHOCTI/I CBapu-

BAEMOT0 MeETaIlIa; [(r,z)=27c_[ Jj (r',z)y'dr’ — TOK,
z
0
TEeKyIIMH B Kpyre pajauyca I, BEIOpAaHHOM B TPOU3-

BOJIbHOM aKCHAJIbHOM CEYEHWH Z BaHHbL, j (I, z) —
aKcHaJbHas KOMIIOHEHTa IJIOTHOCTU Toka. CorllacHO
MIPOBEACHHON BBIIIE OIICHKE XapaKTEePHBIX BpPEMEH

T, 1", npu cBapke MOIYIMPOBAHHBIM TOKOM C Ya-
croroit F'> 100 ['m, cumoBoe BO3IEUCTBHE TOKA TyTH
Ha MeTaJll CBapOYHOIH BaHHBI BBIpaXKaeTcsl Yyepes3 Be-
JINYUHY < I*(r, z)> , T. €. 3aBUCHT OT JeHCTByrowIero (3¢-
(heKTHBHOTO) 3HAYECHHs KBaJ[para TOKa, IPOTCKAIOIETO
Yyepe3 Kpyr BEIOPAHHOTO paauyca. 3aMeTuM, 4to, B OT-
JIMYME OT ONPEACIICHUS ACHCTBYIOIIETO 3HAUYCHUSI TOKA
10 €ro TermIoBoMy 3(PEKTy, 3Ta XapaKTepUCTHKA HUKO-
UM 00pa3oM He CBS3aHa C OMHYESCKUM CONPOTHBIICHUEM
MeTauia. 1109ToMy NOHATHIO IEMCTBYIOLIETO 3HAYECHUS
Toka nipu THI" cBapke MOAYIMPOBAHHBIM TOKOM MOKHO
npuaTh JIpyroe, oosiee oOllee cojiepxkaHue, Oasupy-
IolIeecsl He Ha TEIUIOBOM, a Ha CHJIOBOM BO3JCHCTBHU
TOKA HA CBAPUBAEMBIIi METaJLIL.

OueBHIHO, UYTO, YeM OOMbIIe KBAjIpaT JCHCTBYIOIIEIO
3HAYEHMs CBAPOYHOIO TOKA [, TeM OOJIBILE €r0 pacrpe-

JICTICHHASI XapaKTEPUCTHKA ( I’ (r, Z)> H, COOTBETCTBEHHO,
TeM Ooubilie SP(EKTHBHOS CHJIOBOE BO3JICHCTBHE TOKA
JIyT'Y Ha cBapuBaeMblii MeTasut. [Ipu 3ananHol cpenHelt Be-
JIMYHHE MOY/IMPOBAHHOIO TOKA /, MAKCUMANILHYHO BEIH-
YMHY €r0 JICHCTBYIOMIETO 3Ha4€HHsl [, MOYKHO 00ECTICUHTD,
BBIOpaB HayIeKaIIMM 00pa3oM (opMy U BpEMEHHBIE Ta-
paMeTpbl UMITYIIECOB. JTa MpodiiemMa paccMaTpHBaeTCsl B




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

MIEPBOM pasferie HACTOSIICH CTarby s OOILIEro cirydast
MOIYJIILIMM  CBapOYHOIO TOKA HMITYJIbCAMH TpareLen-
JAJIbHOM (DOPMBI, YACTHBIMH CITy4asMU KOTOPOTO SIBJISIFOT-
Csl TPEYTOJIbHBIE 1 MPSMOYTOJIbHBIE UMITYIILCHL. Bo BTopoM
paszene IpeACTaBlIeHbl PE3YIIBTAThl YUCIIEHHOTO aHaIn3a
JeHCcTBYIONMX (YCPEAHEHHBIX TI0 TIEPHOIY MOMYJISILIH)
EKTPOIUHAMUYECKUX XAPAKTEPUCTUK, PACIIPEIEIICHHBIX
B oOBbeMe cBaprBaeMoro merasiia, mpu TUIT cBapke ¢ nm-
MyIbCHOM Momysisiipei! Toka. OCHOBHOE BHUMAHHUE TPU
AQHAJIN3E 3THX PE3Y/BTATOB YAECISECTCS CHIOBOMY BO3ICH-
CTBMIO TOKa JyI'l Ha METAJJI CBAPOYHON BaHHBI, a TaKKe
€ro BIMSHUIO HA MHTEHCMBHOCTH BO30Y)KIAaeMbIX B Heil
TUAPOJMHAMUYECKUX ITOTOKOB.

HeiicTByomee 3HaYeHHe MOAYJIHPOBAHHOIO
ToKa. PaccMoTpuM MoxynupoBaHHbIH TOK /(t) B Buze
OIHOTIOJISIPHBIX MMITYJIbCOB TparnenenaanbHoil (op-

MBI ¢ Tlay3aMu Mexay Humu (puc. 1, a). Cpenree 3Ha-

YEHHE TAKOTO TOKA MOKET OBITh MpeaACTaBJICHO B BUJIC

T,+7T

I, = (-l +oal, e a:32—i_T1(OSaS1); T,

T, — T, — JUIMTEILHOCTHU NEPEIHETO U 33THETO (PPOH-

3
TOB, ’Ez - Tl — MJIMTCIBbHOCTL «IIOJIOYKW» UMITYJIbCA,

IJ€ TOK MOJACPKUBACTCS] MOCTOSHHBIM, PAaBHBIM /.
T — T, — JJIUTENBHOCTD May3bl (CM. puc. 1, a). Takum
00pazom, cpeiHee 3HaYeHUE MOTYIMPOBAHHOTO TOKA BbI-
PaXKaeTcs Yepe3 3HAYCHHUs TOKa B 11ay3e /; ¥ MaKCUMalb-
HOTIO TOKa B UMITYJIbCE /), & TaKKe uepe3 Oe3pasMepHbIi
BpEMEHHOH napameTp o. BBenem B paccMoTpeHue ere

Ba Oe3pasMEpHBIX HapaMerpa & _ l n
Al P p PaMETp E=1,/2t (0<§S2)

y=(t,-1)/7, (0<y<1). IlepBrlii U3 HUX XapakTe-
pPHU3YET OTHOCHTENBHYIO JUIUTENBHOCTh HMITYJIbCa
(’KECTKOCTb pEeKMMa) U CBSI3aH CO CKBAXKHOCTBIO HM-
MyJIbCOB § =1/, COOTHOLICHHEM ¢ =1/2s, a BTOPOii
MPEACTABISAET COOOH OTHOCHUTENIBHYIO JUTUTEIILHOCTh
«TIOJIOUKM» MMITYJIbCA M XapaKTepusyeT ero Gopmy
(mpu y = 0 TpaneuenaaabHbIM UMIYJIbC CTAHOBUTCS
TPEYTOJBHBIM, a NMpH Y = 1 — NpsAMOYyronbHEIM). B
utore Oe3pa3MepHBIil HapamMeTp o MOXKET OBbITh BbIpa-

JKeH 4epes & U y ciexyromuM obpazom: o = §(1 +v).
Hns 11000ro0  MepuogMYecKd H3MEHSIOLIETOCs

Toka /(1) uMeeT MecTo cienyrolee IpeaCcTaBICHHE:
1) =1, =An(, M

1) &
f')

I

e A = I, — I, — amnumTys1a u3MeHeHus Toka; n(t) —
HEKOTOpasi HOPMHUpOBaHHAs (DYHKLUS, COAEprKalas
nHpOpMaIHio o popme U BpeMEHHBIX XapaKTepUCTHU-
Kax UMIyJIbCcOB ToKa. COITIacCHO ONpEAETIeHHIO CPEe-
HETro 3HaueHus Toka, GyHKuus 1(t) 1omKHa yIoBIeT-
BOPATH YCIIOBHIO
T
[n@de=o0. @)
0
B wacTtHOCTH, IS Tpamenen aibHOTO UMITYJIbCa,
npuBeeHHOro Ha puc. 1, a, ynknus n(t) umeer BuJ
(cwm. puc. 1, 6):

t
——a, O<t<1;
T 1
1
1-a, 1:1<t<1:2;

t)= 3)
n() t-t,
——+1-aq, T,<T<T;

57h

-, r3<t<r.

Ucnone3ys mpencrasinenne (1) m ycnoBue (2),
MOXHO HOJYYHUTH CJICAYIOIICC BBIPAXKCHUEC IJId KBa-
Jipata JIeHCTBYIOLIET0 3HaYeHUs TOKa

L=1+ 4 (&),
me & y) = ().

Omnyckasi FpOMO3JIKHE BBIKJIAJIKH, IPUBEIEM OKOH-
yaTenbHOe BhIpaxkeHue it GyHKuuH f(&, v):

“)

a v)=a[§<1+2v)—a(l+y)2}

MOBe/IeHNe KOTOPOM Moka3aHo Ha puc. 2. U3 sBHOTO
BUJIa TOM (DYHKIIUH CIIEAYET, 4TO ACHCTBYIOIIEE 3HA-
YeHHEe MMITYJbCHOTO TOKa 3aBHCUT OT CKBaXKHOCTHU M
(OpMBI IMITYIIECOB U HE 3aBUCHT OT YaCTOTHI UX CJIe-
noBanust. OTmeTnM Takke, uro A&, y) > 0, T. e. KkBa-
JIpat JAeUCTBYOMIETO (3PPEKTUBHOIO) 3HAYCHHS TOKA
MIPEBOCXOIUT KBaJApaT CPEIHETO TOKa.

Kak cnenyer u3 Beipaxkenus (4), nmpu 3a1aHHOM
3HAYEHUH [, CYIIECTBYIOT [IBE BO3MOXHOCTH TIOBBI-
IICHNS JEUCTBYIONIETO 3HAUYEHUS MOJYJIHMPOBAHHOTO
TOKa: MepBasi — 3a CYET YBETUYEHUS aMIUTUTYIbI A;
BTOpas — MyTeM BBIOOpA TaKUX 3HAYEHUU BpEeMEH-
HBIX [IAPaMETPOB UMITYIbCA, TIPU KOTOPBIX (DYHKIIUS

n(

1-a

A e

T
a

TR S —
Y
Sl
2

9]

Puc. 1. Cxemarudeckoe MPEACTaBJICHUC UMITYJIbCAa TOKA AYyTU: d — Tpaneuem{anbnmﬁ HUMITYJIBC C nay30171; 0 — COOTBCTCTByIOIIII/Iﬁ

HOPMHPOBAaHHEIH NMIyIbe (pyHKIus 1(t))
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PA3JIEJT 1. IVTOBASI CBAPKA

AE ) m024..027
i 0021..024
0,241+ m0.18..0.21
0.214 B0.,15..0.18
m0,12..0.15
- 00,09..0,12
0,15 00,06...0.09
0,12 m0.03..0.06
0,09 | | = 0.003
0,06 1
0,02

Puc. 2. Bun ¢yuxuuu f(E, v)

A&, v) npuobOperaer HanboJbilee 3HaUeHUEe. B mep-
BOM CJIy4ae 3a CUET YBEIUYCHUS BEJIUUKHBI TOKA /,, B
MIPUHITUTIE, MOYKHO JOCTUYE CKOJIb YTOMAHO OOJBIIIOTO
3Ha4YeHus [, yMEHbIIasi COOTBETCTBYIOIIUM 00pa3oM
JUTATEILHOCTh MMITYJIbCA C T€M, YTOOBI 00EeCIICUnTh
BBINOJIHEHUE YCIIOBUS | A = const. YuursiBas KBajpa-

THYHYIO 3aBHCHMOCTh /i OT aMIUIMTYJIBI TOKA, TOT
croco0 sBisieTcsl BecbMa d(PPEKTUBHBIM, OHAKO €ro
WCTIOJIb30BAHUE OTPAHUYMBACTCS BO3MOXKHOCTAMH
WCTOYHHMKA TMHUTAHHUS Iyrd (B W3BECTHBIX aBTOpaM
obpasuax obopynosanus I, < 500 A [8]). TTosTomy
MIPEACTABISIET HHTEPEC PACCMOTPETHh BTOPOH CrIOco0
yBEIMYEHHS .

Bynem B nanbpHeilliem mnonarath, YTO BEIUYH-
uel /), I, (uma A), a TakkKe CpeHEe 3HAYCHUE TOKA
1, SBISIOTCS 3a/]aHHBIMU U BBIOEPEM MapameTphl &,
Y TakuM o0pazoM, 4toObl pyHknus A&, y), BXomsas
B BhIpakeHHe (4), MpuHUMaa HaubOoJsblee 3Hade-
HUe. 3aMETUM, YTO TIPU 33/IaHHBIX 3HaYeHUAX [, 4,
1, mapamerp o = &(1 + y) onpenensiercss oaHO3HAY-
HO: a=(I —1)/4. [TosTOMY mpH aHaIU3€ YUCIECH-
HBIX 3HaYCHUN QyHKIHH f(E, ¥) cIemayeT paccMaTpH-
BaTh HE BECh IWAMa30H W3MEHEHUs &, Y, a JIUIIb Te
WX 3HA4YCHHS, KOTOPHIE YIOBIETBOPSIOT YPaBHEHHIO
&(1 + v) = o. Beipaxkas U3 3TOT0 ypaBHEHHUS Y Uepe3
&, 0L ¥ TIOACTABIISISI €T0 B BRIpaXkeHue s f(E, V), 1o-

S

0,25
0,20
0,15
0,10

0,05

O 1 1 1 1
0 02 0.4 0.6 0.8 T,

Puc. 3. BnusiHue OTHOCHTENFHON UINTEILHOCTH ()POHTOB MM-
IyJbca Ha f(Tf)
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ayanM f(&, a) = ga —a? —%é. Ora (QpyHKIMS MOHOTOH-
HO yOBIBa€T C yBEIWYEHHEM & M UMEET HauOoIblee
3HAYEHUE NIPY MUHUMAJILHOM 3Ha4eHuu & . . B ciy-
yae TPEyTroJbHBIX UMMIYNbCOB (Y = 0) U3 BBIpaskeHUS
E=a/(1+y) HaxoouM & = a, a B Cilydae [psIMOYTOJIb-
HBIX UMIYIbCOB (Y = 1) umeem &=a/2. Takum 00-

pa3oM MMHMMaJbHOE 3HAYCHME & . =o/2, obecrie-
YHBalollee MpH 33JaHHOM 0 HauOoJblllee 3HAYCHUE
yuxumn fE ., a) = o — o, I0CTUraeTcs B Clydae
y=1. ®ynkuus o — o> uMeeT MakcumyM npu o = 0,5,
gto naet & = 0,25, T. €. JaHHbIi HAOOp Oe3pa3MepHbIX
MapaMeTpoB COOTBETCTBYET MPSIMOYTOJIbHBIM HM-
MyJ’bcaM B BUJIE MEaHpa.

Takum obpasom, npu 3anauubix /,, 4, I, U3 Bcex
BO3MOXKHBIX BapHalui paccMaTrpuBaeMbIX GOpM HM-
my/ibca HauOOJbIas BEJMYMHA JICHCTBYIOIIETO 3Ha-
YEeHUS TOKa IE =, 1112 +IIA+ O,SA2 JOCTUTraeTCsA IMpU
nojiaye MpsiMOYTOJIbHBIX UMITYJIBCOB B BUJI€ MEaH Ipa,
MIPU 3TOM Cpe/iHee 3HaYeHHE TOKa COCTABISET BEIH-
unny [, =1, +0,54.

[NockombKy Ha MpaKTUKE TOCTHYb WAeATbHOU (op-
MBI TIPSIMOYTOJIBHBIX HMMITYJbCOB TOKa HEBO3MOXKHO,
NpeCTaBIseT HHTEPEC MCCIEA0BaTh MOBEACHNE (YHK-
wn €, y) Ans oOmiero ciyyas TpaneluenaatbHOTO
MMITyJbca Toka. O003HaYMM Yepe3 =T + 13— T, CyM-
MapHyIO JJIUTEIBHOCTh IEPEAHET0 U 3aHero (PpoHTOB
UMITyIIbca (CM. puc. 1, @), onpenenseMmyro napameTpamMu
WCTOYHUKA THTaHUSA M 3JIEKTPUYECKOM IIEeNH, cofep-
JKallle cBapo4Hyro Ayry. B paccmarpuBaemoM ciydae
MHHHMAaJIbHOE 3HaueHHe & ompenensiercs CICAyIOUM

obpasom: § . = a/(Z—?f) STHe T, =T, /T, , 910 Haer

/

2f

IR
min,(x)zftz—?Ja—a .
3 2 T,

Ota QyHKIHS UMEET MAaKCUMYyM, PaBHBIN

A

2
1

ol )
f(T/-)=§L2—72_?fJ ,

npu
1 1)
ngkz—z_?‘fJ.

Kak cnemyer u3 puc. 3, 3nauenue Gpyaxmum (T f.)
JIOCTATOYHO €J1a00 3aBUCHUT OT CyMMAapHOM JTUTENb-
HocTH (poHTOB. Tak, Hampumep, eciu T, COCTaBIISI-

er 50 % IMTETPHOCTH UMITYIbCa, BeNnInHa [ (?f)
yMeHbaeTcs nummb Ha 20 % 1Mo cpaBHEHHWIO C Hau-
JYYIIAM 3HAYEHUEM, JOCTHIAEMBIM [IPU MOMYJISLIUK
TOKa IPSAMOYTOJILHBIMHE MMITYJIbCAMH B BUJIE MEAHIpa

(z,=0).
Pacnpenenenne peiicreyromux (3¢ peKTuBHBIX)
3HAYCHUI XapaKTePUCTHK JJIEKTPOMATHMTHOIO




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

MOJIsI TOKA TYTH B CBApUBaeMoM MeTaJie. Kak Obuio
OTMe4eHO Bble, pu THUI cBapke ¢ MOLymsILIMEN TOKa
Ha vactote Oonee 100 [' Bo3melicTBUE 31eKTpomar-
HUTHOW CHJIBI HA JAYTOBYIO IUIa3My M METaJI CBApOY-
HOM BaHHBI OMPEACISIOTCS HE TEKYIIUM 3HAYCHHEM
QIIEKTPOMArHUTHOW CHJIBL, a €€ 3HaYeHHEM, YCpea-
HEHHBIM 10 BPEMEHHU 3a MEePUOJ] MOAYISALUU TOKA, T.C.
neicTryronied (3¢ GEKTHBHOM) BETMYNHON CHIIbI. BbI-
paXxeHue IJii BUXPEBOW COCTABIAIOLIEH 3TOW CUIIbI B
UWIMHIPUYECKOU CUCTEME KOOPIUHAT BBIIKCHIBACTCS
B TOYHOM COOTBETCTBUHU C MPUBEACHHBIM B [14] mis
MOCTOSTHHOTO TOKA AYTU C T€M JIUIIb OTIMYHEM, UTO

P(r, z) 3amensieTcst Ha ([2 (r, z)> , @ UMEHHO

é, ®)

TAC L — Mar"HuTHas MpoOHUIAacMOCTb METaJlJIa, “’0 —

YHUBEpCajlbHask MarHUTHAS MIOCTOSIHHAS; € — €[IH-
HUYHBIA pagnyCc-BEKTOP.
Ucxons u3 ypaBHeHUSI MAarHUTOCTATUKH [ 15] Moxk-

HO T10Ka3aTh, 4TO MOl Bo3/ieiicTBUeM cuitbl F, (7, z) B
CBApOYHOW BaHHE BO3ZHMKAET I10JI€ MATHUTHOIO J1aB-
JIeHUs1, cpeqHsist (3a MepHo MOLYJISALUN TOKA) BEJIH-
YUHA KOTOPOIO <f:n ag(r, z)> ompenenseTcs mo popmy-
e

<Pmag (r, Z)> = %_ﬂﬁ;t(l", Z)‘dl”'. (6)

B HpI/I6.HI/I)KCHI/II/I MAarouTOCTaTuKu  pagualib-
Hasi KOMIIOHCHTaA T'paJlu€HTAa MArHuTHOI'O OaBJICHUS

<ng (r, z)> ypaBHOBelMBaeTcs cunoil F, (r,z), a
€ro axkcuajbHas COCTaBIIAIONIAS YpPaBHOBEUIMBAETCS
B IOJHOM CHCTEME YpaBHEHUN TMIPOJMHAMUKHU CH-
JJaM{ HEMarHUTHOTO TIPOUCXOKACHHUS, B IIEPBYIO OUe-
penb CuiIaMu MHEPIUH U BAZKOCTH [14].

Ucnonezyem BeipaxkeHust (5), (6) A7 OLIEHKH Jeii-
CTBYIOIIUX 3HAYEHUN DJIEKTPOMAarHUTHOW CHUJIbI U
MarHUTHOTO JABJIEHHS B CBAPUBAEMOM METaJlJIe MpH
tToueuynoi THUI" cBapke MOLYIMPOBAHHBIM TOKOM. JJIst
MPOBEICHUS MOJ00HBIX PacyeToB Tpedyercs UHPop-
Malys O pacrpeselieHu B 00beMe MeTasia TOKOBOH
xapakrepuctuku (I, z, ) B Te4eHHe OJHOTO MepHo-
na Moayisinuu Toka, C 3Toil 1enbo ObLIu pazpado-
TaHbl JBE MareMaTH4YecKue MOJIENIN: TepBas — Mo-
JeNib JIYTH, TOpAIIel B HECTAllMOHAPHOM PEeXKHME;
BTOpasi — MO/JIEJIb 3JIEKTPOMAarHUTHBIX MPOLECCOB
B CBapMBaeMOM METaJuIe NPH CBApKe MOIYJIHNPOBaH-
HbIM TOKOM. Ocecummerpuunas (2D) mopens ayru
ITOCTOSTHHOTO TOKa [16] Obu1a Moauduumposana [17]
C y4€TOM HECTallMOHAPHOCTHU TEIJIOBOM M ra3zoquHa-
MHUYECKOH 00CTAaHOBKM B JIyTOBOM TIazme, 00yCIIOB-

LA
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Puc. 4. TpeyroabHblil UMITyJIbC TOKA C Nay301

f, MKC

JIEHHOH M3MEHEHHEM BO BpPEMEHH D3JIEKTPUYECKOIO
TOKa (B COOTBETCTBUU C 33JJaHHON (POPMOI UMITyJIhCa
M 4acToToi Momyisiiuu). Takas MOJENb MO3BOJSET
MOJICJIUPOBATh TUHAMUKY TOPSHHS HECTAI[HOHAPHOTO
JIyTOBOTO paspsijia U MoJlydaTh pacueTHY HHpopMa-
U0 00 M3MEHSIONIMXCS BO BPEMEHHU pacIpeieieH-
HBIX W WHTETPaJbHBIX XapaKTEPUCTUKAX CTON0A H
aHOJTHOM O0JIACTH JIYTH, B T. Y. PACIIPEIEICHUS TLIO0T-
HOCTH D3JIEKTPUYECKOTO TOKAa Ha MOBEPXHOCTH CBa-
puBaemoro Metayia. KommbrorepHas peamu3arus
MPE/UIOKEHHON MOJICNIH TPEyCMaTPUBACT IOJauy
MAYKA UMITYJIbCOB B KOJMUYECTBE, JIOCTATOYHOM JUIS
YCTaHOBJICHUS TIOBTOPSIFOIIETOCS OT UMIYJIbCA K UM-
MyJbCY COCTOSIHUS JTyTOBOM TJIA3MBI.

[Ipu mpoBeneHUN BBIYUCIUTEIBHBIX SKCIEPHMEH-
TOB, UCCIIEZ0BAJIOCH TOPEHUE aPTOHOBOU Ay IJTMHOU
3 MM ¢ BOJIb(PPaMOBBIM KaTOIOM, aHOJI TIPEIIIOIATaCcs
HEHUCHapsIOIINMCS, UMITYITHCHAsT MOYJISIINS TOKa OCY-
IIECTBIISUIACH B BUJIE TIO/IAYM UMITYJIHCOB TPEYTOJIBHOM
¢dopmbI ¢ may3amMu Mexay HUMHU (puc. 4) Tpu cieny-
FOIIUX 3HAYEHUSX TOKOBBIX W BPEMEHHBIX ITAPAMETPOB
umnynbea: [, =30 A, [, =345 A(A =315 A); 1, =1, =
=20 mke, T, = 70 mke, T= 100 mke (€ = 0,35, v = 0), uto
coorserctByer [, = 140 A, I, = 175 A, F'= 10 k' Bpe-
MEHHBIE TTapaMeTpPhl JAHHOTO TPEYTOIBHOTO UMITYIIECA
TOKa SIBJISIFOTCSI TIPAKTUYECKU ONTHUMAJIBHBIMH B TOM
CMBICIIE, 9TO OHM 00ECTIeUNBAIOT MAKCHMAITLHYTO BEITH-
YMHY JI€HCTBYIOIIETr0 3HAYEHHS TOKA ITPH 33 JaHHOM €TI0
cpefHeM 3HadeHuH (cM. pasaen 1).

[Ipu oOcyxaeHUH Pe3ynbTaTOB PAcYeTOB Xapak-
TEPUCTUK JyTH MOAYJIUPOBAHHOTO TOKa, OTI3IUM
MPEINOYTEHNE aHAJIN3Y MPOIECCOB, MPOTEKAIOIINX B
aHOJTHOM O0JIACTH JIyTH, OCTaBIIsisl 0€3 BHUMAHUS PSiJI
MHTEPECHBIX 0COOEHHOCTEN HEeCTallMOHAPHBIX TETLI0-
BBIX, Fa30JMHAMHYECKUX U 3JICKTPOMATrHUTHBIX TPO-
eccos B ee cronbe. Ilycts j (I, t) — pacnpenenenune
AKCHAJIBHOM KOMIIOHEHTHI INIOTHOCTH TOKa Ha aHOJIe,
paccuMTaHHOE C UCIOJIb30BaHUEM Mozenu ayru [17].
PaccmoTpuM cHauajga HM3MEHEHHE BO BpPEMEHM 3a
OJIUH MEPHOA MOTYJISIIIMA OCEBOTO 3HAUEHUS TUIOTHO-
cru Toka j (0, t). Ha puc. 5 usMeHenune BO BpeMeHU
YKa3aHHOW XapaKTepUCTHKU (KpuBas 1) 1aHO B como-
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Puc. 5. I3menenne Bo BpeMEHH OCEBOMH IIIOTHOCTH TOKa B 007a-
CTH aHOHOM IPUBSI3KU TyTH

CTaBJICHUHU CO 3HAYCHUSIMU OCEBOM IJIOTHOCTU TOKa
U CTAMOHAPHBIX JIyT TIpu ToKax [ = 1, I,, I, (kpu-
Bble 2, 3, 5 cooTBeTcTBeHHO). Ha 3TOM %€ pHCyHKe
MIPUBEJIEHO OCEBOE 3HAUEHUE YCPETHEHHOH 32 EPHOA
MOJTYJISIIIUY TUIOTHOCTH TOKa (ITyHKTUPHASI KpuBast 4).
Ha puc. 6 mpuBeaensl pacnpeieleHus IUIOTHOCTU
TOKa Ha aHOJE B Pa3IMYHbIC MOMEHTBHI BPEMEHHU IS
niepeaHero (puc. 6, a) u 3aaHero (puc. 6, 6) GpoHTOB
umiynbca. ITpUxoBeIMU TUHUSIMU HA puc. 6, a 1o-
Ka3aHbl COOTBETCTBYIOIINE PACIIPEACICHUS ISl TyTU
nocTtostHHOTO ToKa npu / = 30, 140 u 345 A.

[Ipexkae, yeM nepexoauTh K aHaJIU3y HeCTalluoHap-
HOTO XapakTepa U3MEHEHUS IIOTHOCTH NIEKTPUUYCCKO-
'O TOKa Ha aHOJIE, IPEICTABICHHOTO Ha pHC. 5, 6, aauM
OOIIYI0 XapaKTEPUCTUKY PEKUMA TOPESHUS JYTH C BbI-
COKOYACTOTHOM Moayssiiuet Toka. CormacHO MPUHATON
TEPMUHOJIOTUU TPU MOIYISIUM TOKA SJIEKTPUUYCCKHUE
MIPOLIECCHI MPOTEKAIOT B KBA3UCTALMOHAPHOM PEKUME,
€CJIM UX XapaKTePUCTUKU U3MEHSIIOTCS TIEPUOTUUECKU C
YaCTOTOW MOMYIALINH TOKA M 9TO U3MEHEHHE OCYIIECT-
BJISICTCSL B PEXKUME MOCIICIOBATENIFHON CMEHBI CTaIliO-
HApHBIX COCTOSIHUM, COOTBETCTBYIOIIMX MOCTOSHHOMY
TOKY, 110 BEJIMUMHE COBMAJAIONIEMY C TEKyIIUM 3Ha-

o A/MM2

YeHHEM MOJYJIMPOBaHHOTO TOKa. B paccmarprBaeMom
37€Ch Cily4yae BBITIOJIHEHHE MEPBOTO U3 3THX YCIOBHUH
JOCTUTAETCS Y)Ke MOCIIE TOa4H MEPBBIX 5. . .6 UMITYIb-
COB, O/IHAKO BTOPOE YCJIOBHE IPU YaCTOTaX MOAYISLIMA
10 xI'11 He BBINONMHSETCS. DTO HANIAAHO AEMOHCTPUPY-
0T JaHHbIE, IPeICTaBICHHBIE Ha pHC. 5, 6. D ekt BbI-
PaXEHHOTO HECTalMOHAPHOTO Xapakrepa W3MEHEHHs
TUIOTHOCTH 3JIEKTPHYECKOr0 TOKa Ha aHOJE TPOSIBIISIETCS
B TOM, YTO MakcumasbHas Benmunna j (0, t) (em. puc. 5,
KpuBas 1) npuMepHO B TIONTOPA pa3a MpeBbILIaeT oce-
BYIO IUTOTHOCTH TOKa Ha aHOJE JUISl CTALIMOHAPHON TyTH
npu Toke [ = I, = 345 A. D10T e 3pPeKT mposBIsSeTcs
1 B pacipeeseHIH IeKTPHYECKOro TOKa Ha aHOE (CM.
puc. 6, a, KprBasi 3) U COOTBETCTBYIOIIAs €M IITPUXOBAs
kpuBast). CienoBareIbHO, MOXKHO CAECNATh BBIBOJ O TOM,
YTO B pacCMarpuBaeMOM CITy4ae Ayra TOpUT B HECTaIH-
OHApHOM pEXHMME, COIPOBOXKIAIOIIEMCSI CYIIECTBEH-
HBIM TIOBBIILICHUEM [UIOTHOCTH TOKA Ha aHOE.
Hawnbonee mpocroe oObsicHeHHMe maHHOTO 3(deKTa
MOKET COCTOSITH B TOM, UTO OBICTPO U3MEHSTFOIIIHIACS TOK
Ha TiepeHeM (PpOHTE UMITYIIbca (CM. pUC. 4) mpoIycKa-
eTcs Yepe3 TOKOBBIM KaHall CToi0a AyTH, pasMep KOTo-
POTO B CHITy MHEPLIUH Ta30/[MHAMUYECKUX TIPOIIECCOB B
JYTOBOH II1a3Me HE yCIeBaeT OTCIICKUBATh H3MEHEHHE
1(t) 1 mpomorKaeT COXPaHATh pa3Mephl, OJN3KHE K TEM,
KOTOpbIC OH MMeJl B Hayaje Meproaa MOAYISIIUK (TIpU
MaJiol BennuuHe Toka). OIHAKO, KaK MOKa3bIBACT aHa-
T3 IPYTUX JMHAMAYECKH U3MEHSIOIIIXCS XapaKTepH-
CTUK JTyTOBOTO pa3psijia, TAaKOW MEXaHH3M IOBBIIICHHUS
TUTOTHOCTH JIEKTPHUYECKOTO TOKA Ha aHOJIE HE SIBIISIETCS
€IMHCTBEHHBIM, T. €. CYIIECTBYIOT W WHBIE MPUYMHEI,
00yCIIaBIHMBAIOLINE IKCTPEMATIbHBI XapakTep H3Me-
uenus j (0, t), ¥ 5TM IPUYMHBI CBA3aHBI HE CO CTOIOOM
JIYTH, & C IPUAHOTHOHN 00IaCThIO TIIa3MBl.
PaccmoTpuM n3MeHeHue BO BpeMEHHU PaiallbHOTO
pacrpeseneHusi TeMIepaTypbl IPUAHOJHON TUTa3Mbl
T (r, 1) (puc. 7, a) B Teuenue nepBbix 40 MKC ¢ MOMEH-
Ta HavyaJjia UMIYIbca, U3 KOTOPBIX 20 MKC TIPUXOTUTCS

0 1 2 3 4 7, MM

Puc. 6. Pactipenenenne mioTHOCTH TOKA Ha aHOJE B Pa3INYHBIE MOMEHTHI BpeMeHH: ¢ — nepenuuit ppont (1—t = 0,7 = 30A;2—
t=10mxc, / = 187 A; 3 — t =20 mkc, [ =345 A); 6 — 3aanuit pponT (1—t =30 MKc, /=282 A; 2 —t=40 mkc, [=219A;3 —t=
=50mMkc, /=156 A; 4 —t=60 mkc, /=93 A;5—t=70 mkc, [=30A)
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1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

Ha ero nepeanuil gppont. [Ipu Toxe /=30 A (t = 0)
0CEBOE 3HAUEHHUE TEMIIEPaTypbl MPUAHOAHOM MIa3Mbl
cocraBisier 7736 K (cMm. puc. 7, a, kpusas 1). Ilpu
yBeIMueHU! Toka 10 345 A (t =20 Mkc) TemmepaTypa
Bo3pactaeT 10 8960 K n nponomkaer yBeaTnunBaThCs
Ha npoTskeHuH nocneayronmx 10 Mxc (pacnpenene-
HUS TEMIIEPaTyphbl B 9TH MOMEHTBI BpEMEHH 0TOOpa-
XKaroTcs Ha puc. 7, a kpuBbiMu 2, 3). [IpumedarensHo,
uTO noBbIenue T (I, t) OrpaHUIUBAIOTCS KPYTOM, pa-
JyC KOTOPOTO HE MPEBBILAET 3 MM; MpH OOJBIINX
3HAUEHHAX I TemIeparypa NPUaHOTHOW IJia3Mbl HE
MpeTepreBaeT U3MEHEHMsI 110 CPaBHEHUIO C TOH, KO-
TOpYIO OHa mpuoOpesa BO BpeMs May3bl (CIeICTBHE
WHEPLHOHHOCTH TEIUIOBBIX W Ta30AMHAMHYECKHX
MPOILIECCOB B CTOJIOE AYTH).

JlokasibHOE TIOBBILLIEHHE TEMIIEPaTyphl IU1a3Mbl (BO
BpPEMEHH U B TIPOCTPAHCTBE) MPUBOIHUT K U3MEHEHUIO
paJuaIbHOTO PaCIpeAeNeHss aHOIHOIO MaJIeHHs Io-
tenmana U (I, t) = -Ag(r, t), KoTopoe 3aBucHT OT pac-
MIpe/IesIeHNs! IIIOTHOCTH JIEKTPUUECKOTO TOKA Ha aHO/E
U TEeMIIepaTypbl IPUAHOTHON Tia3Mmbl [16]. DTy 3aBu-
CHMOCTb WJUTFOCTPHPYIOT MPEICTaBICHHbIC HA pHC. 7, 6
pe3ynbTarhl pacdeTa JUHAMHUKH PACTIPEleNCHHUs BEIU-
quHBI AQ, KoTOpast (JaKTHYECKH IPEeNCTaBiseT cOOOon
MOTEHIMAN MPUAHOAHON IUIa3Mbl Ha IPAHULIE CO CTOJI-
OOM JyrW TIpH YCJIOBHH, YTO TOTEHLHMAT MOBEPXHOCTH
AHOJIA TIPUHSAT TIOCTOSHHBIM M PABHBIM HYJTIO.

[Tpu manom Toke / = 30 A (t = 0) rpanuna npua-
HOZIHOH TIIa3Mbl CO CTONOOM AYTH SIBIISIETCS TIPAKTH-
YeCKHM M30MOTeHIManbHoi (A = 2,5 B — puc. 7, 6,
KpuBas 1), Tak 4TO B HEH BEKTOp IUIOTHOCTH TOKa Ha-
MIpaBJIeH M0 HOpMaJIU K NoBepxHocTH aHozaa. C yBenu-
YEHHEM OCEBOT0 3HAYEHUsI TEMIIEPATYPbI IPUAHOAHOM
mia3mel Oosee, yem Ha 1000 K (cm. puc. 7, a, xpuBbie
2—4) 3Ta rpaHUIa CTAHOBUTCS CYILIECTBEHHO HEHU30IO0-
TEHLIUATBHOM, MPUYEM TakuM 00pa3oM, YTO BETMUMHA
MOTEHIIMaNa YMEHBIIIAeTCsl BIOJIb OBEPXHOCTH aHO/1a,
nocturas nepenajga okono 1 B Ha paccrosHum 3 MM
OT LeHTpa o0acTu aHOTHOM NpuBs3ku. M3-3a Hepas-
HOMEPHOTO pacIpeieNIeHNs] aHOHOTO T IeHUsI TOTEH-
Lyaja B IPUaHOAHOH IJIa3Me MOSIBISETCS paanuaibHas
KOMITOHEHTa BEKTOpa INIOTHOCTH TOKA, HAIPaBICHHAS
OT LEHTpa K nepudeprr aHOIHOH 00JacTH, KOoTopast
CO37]a€T BO3MOYKHOCTh PAJUAIBHON pasrpy3kKu TOKa,
BBITEKAIOLIEro U3 aHona. MiMeHHo 3a cuer Oojee cBo-
00IHOrO pacTeKaHHs TOKA U3 aHOJA B AYTOBYIO IIa3My
U JocTUraercs 9QeKT JTOKaTbHOTO MOBBILICHHS IJI0T-
HOCTH TOKa Ha aHoze. Briepsble 3(h(eKT KOHTparupo-
BaHMS TOKA YT Ha aHoae, oOyCIIOBJIEHHBINH JIOTOI-
HUTEJIBHBIM JIOKATbHBIM HAIPEBOM IyTOBOH ILIa3MBl,
ObLT OOHapy>keH B pabore [ 18] B ycloBUsSX THOPUIHOM
(TUT" + CO,-nasep) cBapKu.

B 3aBepiienue 3Toro aHanu3a ykaxeM Ha eI1e OiHy
BO3MO)KHYIO NMPUYHMHY TOBBIIIEHUS MJIOTHOCTH TOKa

T.K
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T
b
=

8000

7000 1

1 L 1 1

0 1 2 3

]

r, MM

Puc. 7. Pactpenenenue Temieparypsl (@) 1 noreHuuana (6) npu-
AHOJIHOY TIIa3MBbI BJIOJIb €€ TPAHHUIIBI CO cTONIOOM ayru:l —t =0,
1=30A;2—t=20wmkc, /=345 A;3—t=30 mrc, / =282 A;
4—t=40mkc, /=219 A

MIPY BBICOKOYACTOTHOW MOIYJISIIMHA TOKa (CM. pHC. 5,
6). B oOmacti HM3KKX TeMIeparyp aproHOBOMW ILTa3-
MbI (Topsinka 7...12 kK) ee yaenpHas 21eKTPOIpOBO-
JTHOCTh 3aMETHO BO3PAacTaeT ¢ POCTOM TeMIIeparyphl,
B TO BpeMs Kak npu Temneparypax Boinie 20 kK anek-
TPOMPOBOIHOCTH TUIA3MBI cJ1a00 3aBUCUT OT TeMITepa-
Typbl. Takum 06pa3om, TOBEIIIEHHE TEMITEPATYPHI Y-
TOBOY IIJIa3Mbl TIPY YBEITMYEHUH TOKA MaJl0 M3MEHSET
AMEKTPOPHU3MIECKIE CBOMCTBA CTOI0A AYTH U B TO XKe
BpeMs CO3/1aeT 00JIaCTh TMOBBIIIEHHON JIEKTPOIPOBO-
JTHOCTH B TIPUOCEBBIX O0JIACTSAX MPUAHOIHOM TITa3MBbI.
Takass 0COOEHHOCTH TaKXKe MOXKET CII0COOCTBOBAThH
YBEITUYEHHUIO TUIOTHOCTH TOKa B IEHTPAJIHHON YacTH
00J1acTH aHOTHOM MPHUBS3KH AYTH.

BepHemcst Tenepp k mpoOiieMe CHIIOBOTO BO3/IEH-
CTBHSI MOJYJIMPOBaHHOTO TOKa Ha CBapHBacMbIi Me-
Taul. Pacder pacmpeseneHuss Toka B CBapUBaeMOi
IUTACTHHE TONIIMHON 10 MM BBIITOTHSIICS C HCIOJb-
30BaHHEM OCECHMMETpUYHON (2D) Momenwm 3iek-
TPUYECKHX TIPOIIECCOB, OMHCAHHOW B pabore [14].
JList Ka)KJI0ro MOMEHTa BPEMEHH 1, B TEYEHHE OIHOTO
nepuoza Moyt Toka (t, € [0, 7], k£ = 1...100) na
MOBEPXHOCTHU aHoja (z = 0) 3a/1aBaioCch PacIpe/ie/iCHUe
AKCHAJIBHOM TUIOTHOCTH TOKa j (T, 1), KoTopoe ormperie-
JSJIOCh HA OCHOBE KOMITHIOTEPHOW MOJIENM HECTaIro-
HAapHOW JyTH /I UMITYJTbCa TOKA, IIPEICTABIEHHOTO Ha
puc. 4. Ha HmKHE#H TOBepXHOCTH TUIACTHHEI (z = 10 MM)
CKaJISIPHBIN TIOTEHIIMAT SIEKTPHYECKOTO OIS IoNarajics
MOCTOSTHHBIM (paBHBIM HYJTIO); HA OCH CUMMETPHH U Ha
JIOCTATOYHO OOJIBIIIOM PAcCTOSHHUU OT och (R = 50 mMm)
pagraibHas KOMIIOHEHTa BEKTOpa IUIOTHOCTH TOKa 3a-
JlaBajach paBHOW Hy/I0. B KaKaplii MOMEHT BpeMEHU
t, PacCUMTBIBATIOCH BEKTOPHOE MOJIE TUIOTHOCTEN TOKOB
j(r,z,t,), C HCIOIBb30BAaHUEM KOTOPOIO HAXOIWJIOCh
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Puc. 8. Pacnpenenenue 1eHCTBYOIIErO 3HAYSHUSI BUXPEBOH CO-
CTaBJISIFOIICH AJIEKTPOMATHUTHOM CHJIBI B PA3IMUYHBIX aKCHAIb-

HBIX CEUCHHUSAX CBapuBaeMoii miactuubl: 1 — z = 0; 2 — 0,25;
3—0,5;4—1,0;5—1,5;6—2,0 mm

r, MM

pacnipenenenue (T, z, t,). Cpennee 3Ha4eHNE COOTBET-
CTBYIOIIEH XapaKTEePUCTHKU < I*(r, z)> BBIUHCIISIIOCH
METOJIOM YHCIICHHOTO WHTETPUPOBAHUSI TI0 KBaparyp-
HOHM QopMmynie TpSIMOYronbHUKOB. JleHcTByromias Be-
JIMUMHA BUXPEBOM COCTABISIIOLICH JIEKTPOMATHUTHOU
CHIIBI omperersuiack mo ¢opmyrne (5), a co3maBaeMoe
ITOW CHJIOW MarHWTHOE AaBieHne — 1o (opmyme (6).
Pe3ynbrarsl pacueToB yKazaHHBIX XapaKTEPUCTHK ITPeNi-
CTaBJIEHBI Ha puC. §, 9.

[TockonbKy 0OBbeMHasi MIOTHOCTH BHXPEBOU CO-
CTaBIISIIOLIEH AJIEKTPOMArHUTHON  CHUIIBI FM (r, 2)
KBaJIpaTUYHO 3aBUCHUT OT HAIPSKEHHOCTH MarHUTHO-
ro TIOJIst He(r, z) (cm. [14]), To xapakTep pacmpene-
JIEHHS TI0 PaguyCy <|F"m(r, z)|> (cm. puc. 8) sBuser-
Csl QHAJIOTHYHBIM pacnpenenenuto Hy(r, z), Briroyas
MIOJIOKEHNE PaJyca, Ha KOTOPOM JOCTUTAETCS MaK-
CUMYM BUXPEBOH COCTaBIAOIIEH CUIIBI. MaKkcuMallb-
Hasl BEJIMYMHA <F’ml(r, z)|> ObICTPO YOBIBAaET 10 Mepe
yIaJeHUsl OT MMOBEPXHOCTH aHOJIA BIITyOb CBAPOYHOM
BaHHBI, YMEHbIIAsICh OOJiee YeM B YETHIpE pasa IpH
z =2 mMm. Eme Oonee KOHIICHTPUPOBAHHBIM BOJIH3U
MTOBEPXHOCTH CBapHWBAaEMOTO MeTayjla OKa3bIBAETCS
oJie MAarHWTHOTO NIaBJieHus (cM. puc. 9), HanOoIb-
I TIepena KOTOPOTo TIOCTHTAETCS B CII0E pacIiiaBa

F. MM

3,75
Z, MM

Puc. 9. 306aps! ycpeqHEHHOTO MarHUTHOTO JIaBJIEHHS B CBapOy-
HoOli BanHe: 1 —ISP (r,z)) =5;2—15; 3 — 30 Ila (xpuBbIc B
BEpXHEH 4acTu p csn/?nca coobrBercTByIoT 45, 50, 55 I1a)
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Puc. 10. PacnipenesieHne MarHUTHOTO AABJICHHS HA TOBEPXHOCTU
CBapOYHOI BaHHBIL: <}; mg) VTSt iyTH MOIY/IMPOBAHHOTO TOKA (KpHBAast
1); Pmag A CTalMOHAPHBIX AyT npu [ = I = 175 A (kpuBas 2) u
I=1, =140 A (xpusas 3)

F. MM

TOJIIMHON 1 MM, pacroIokeHHOM HENOCPEICTBEHHO
MIOZ TOBEPXHOCTHIO BAHHHBI.

[IpeacraBisieT UHTEpPEC CONOCTaBUTh MAarHUTHOE
JABJICHUE M €r0 aKCHAJIbHBIA I'PaMEHT NpPU CBapKe
MOAYJIMPOBAHHBIM TOKOM C COOTBETCTBYIOLIMMH Xa-
PaKTEepUCTHKAaMU JUIsl TIOCTOSIHHOTO ToKa / = const. Ha
puc. 10, 11 pe3ynpTarbl COOTBETCTBYIOLIUX PACUETOB
npu [ =1, =140 A u [ = [, = 175 A npencrasie-
Hbl B CPAaBHEHHMU C XapaKTEPUCTUKAMM [UIs CIIydast
MOAYIMpOBaHHOIO Toka. Kak U cnemoBaio oxuaars,
MarHUTHOE JaBJICHHE MPU CBapKe Ha MOIYJIMPOBAH-
HOM TOKE, CYLIECTBEHHO IPEBBIIIAET MArHUTHOE
JaBJICHUE IOCTOSHHOTO TOKa, M0 BEJIMYMHE COBIA-
JAIOILETO CO CPEIHUM 3HaYeHUEM MOIYJINPOBAHHOTO
ToKa. OgHaKo MpeBbIICHUE (P Ha Pma npu [ =

mag g
=1, = 175 A tpebyet o0bsacHenui. [Ipuunnoii Tako-
rO IPEBBILICHUS CIIyKaT TUHAMUYECKHE MIPOLIECCH B
Jyre, TIPOTEKarolie MpHU CBapKe MOLYJINPOBAHHBIM
TOKOM BBICOKOM 4YacTOTBI, B YaCTHOCTH — JKCTpE-
MaJIbHOE TOBE/ICHHE IUIOTHOCTH TOKa Ha IEPEAHEM
¢dponTe nMITyIHCa (CM. pHC. 5, 6).

OTMeTHM, YTO B PacCMaTpUBAEMOM CITy4ae MaKCH-
MaJibHas BeJIMYMHA MAarHUTHOTO JABJICHUSI COCTABILSIET
menee 0,1 % armMochepHOro, OHAKO U3-3a €T BHICOKOH
KOHLICHTpaLMK BOJMM3U MOBEPXHOCTH CBAPOUYHOM BaH-
HBI, pafiaibHast U, 0COOEHHO, AKCHAJIbHASI KOMITOHEHTbI

|0Pyag /02, Him3
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Puc. 11. Pacnpenenenue oceBoro 3HauyeHus1 akCUaIbHON KOMIIO-

HEHTBI TPAJMEHTa MarHUTHOTO nasnenus:1 — [ = [(t) (momynupo-
BaHHBIA TOK); 2 — =1, = 140 A; 3 — =1 =175 A

Iz, MM




1.1. DUSNYECKHUE ITPOLECCHI B SJIEKTPUYECKUX AYIAX

rpaJueHTa MarHUTHOTO JIABJICHUS OKa3bIBAIOTCS BECHMa
3HAYMUTENBHBIMU (CM. puc. 9, 11).

[IpounmiocTpupyeM — MoOcCJeAHEE  yTBEP)KICHUE.
J71st 3TOrO0 HUCTIONB3yeM ypaBHEHHUE JBMXKEHUS BS3KOH
HEC)KUMAEMOM JKUIKOCTH B IIMJIMHAPUIECKON CHCTEME
KoopauHar {I, z}, KOTOpoe SIBISIETCS] MpoeKuuen Oa-
naHca o0ObeMHBIX CHIJI Ha OCh z. byaeM nomaratb 1BU-
JKEHHE paciilaBa CTALMOHAPHBIM, a JaBJICHUE B JKUJI-
KOH (paze — yCpeJHEHHBIM MarHUTHBIM IaBICHHEM
<Pmag>. OGo3Ha4nM 4epe3 J(y, z) BEKTOP CKOPOCTH
JBIDKEHUSI )KUIKOTO METaJlla; p — €ro IJIOTHOCTh. B
pe3yabTare MoxyuyuM

(V. ) 5<Pmag> A 7
eré’r-'_ZBzJ__ oz VAV

VYurem, uro nipu ' = 0, B CHITy YCIIOBHI OCEBOW CHUM-
METPHU PACCMaTPUBAEMOTO TEUEHNS, pariaibHas KOM-
[IOHEHTAa BEKTOPa CKOPOCTHU PaBHA HYJIIO, TOIA, IIPEHE-
Operas crIamMu BSI3KOTO TpeHHS, 13 (7) MOIyduM

772 o(P
BaVz __ <mag>
2 0z o0z

OTKyZa clemyeT ypaBHeHHWe bepHymmm i maearb-
HOM >KUJIKOCTH:

g[Vj (0, 2)- (0, 0)] = <Pmag (0, °)>‘<}3n o (0 z)>.

ITockonpKy akcuMalbHYI) KOMIIOHEHTY CKOpPOCTH
JIBIDKCHUSI MeTallla Ha MOBEPXHOCTH BaHHHI (z = 0)
MOXHO CUMTaTb PaBHOM HyJIIO, U3 ypaBHeHUs bep-
HYJJIH CliefyeT mpocTast ¢popmyia Al NpuOIHKeH-
HOM OLIEHKH aKCUaJIbHOW CKOPOCTH TEUEHHUSI pacIjiaBa
Ha ocu cuMMeTpun BaHHBI (I = 0):

V.0.2)- i 0)>p_ )]

[IpuBenenusie Ha puc. 12 pe3ynbTaThl pacueToB
o 3Toil Qopmyne IS CTalM CBUIACTEIBCTBYIOT O
TOM, 4TO IOJ BO3JEHCTBUEM I'pPaJANEHTa MarHUTHOTO
JIaBJICHUS B CBAPOYHON BaHHE BO3HUKAET JOCTATOYHO
WHTEHCUBHOE HHUCXOAsALIee (B CTOPOHY JHA BaHHBI)
TEYEHHUE PAcCIUIaBa, KOTOPOE CIIOCOOHO TPaHCIIOPTH-
poBaTh meperpeTslii MeTaia W3 Haumbosiee ropsyen
IIPUIIOBEPXHOCTHON o0sacTH BIIyOb paciuiaBa M 3a
CYET HTOTO YBEIMYMBATH IIyOHWHY HpOIJIaBIeHNUS,
puyeM HamboJiee 3aMeTHO ITOT d(PQPEKT MPOsIBIIAET-
Csl IPU UMITYJILCHOM MOAYJISIIMK CBAPOYHOTO TOKA.

Oo6cyxnenue pesyabraroB. JleiicTBytomee (3¢-
(beKTUBHOE) 3HaYEHHE MOILYIMPOBAHHOIO TOKA HAIlps-
MYIO HE ONpPEAENIeT KOIMYECTBO 3apsiioB, IEPEHOCH-
MBIX B €JUHHUILY BPEMEHHU Yepe3 CEUCHHUE MIPOBOIHHKA,
a SIBJSIETCS] KOCBEHHBIM [TapaMeTpOM, KOTOPBIN Xapak-
TEpU3yeT TEIUIOBOE M CHJIOBOE BO3JCHCTBHE TOKA HA

v, cM/C

1 1 1 1 1

0 0.5 1.0 1.5 2,0 2,5
Puc. 12. OceBoe U3MeHEHHE aKCHATbHON KOMIIOHEHTHI BEKTOPa
CKOPOCTH JIBIYKCHHS METAIlIa CBApOYHOI BaHHKI (p = 7040 Kr/m>,
0003HauCHHS KPUBBIX T€ JK€, 4TO U Ha pHc. 11)

Z, MM

MIPOBOJIAIIYIO CPENly B COTIOCTABICHHU C BO3JCHCTBU-
€M TIOCTOSTHHOTO TOKa COOTBETCTBYIOIIEH BEIHYHHEI.
OpHaKO UIMEHHO ITH JIBa BUJIa BO3JCHCTBUS SIBISIOTCS
HanOoJee 3HAYUMBIMHU JUTSI TEXHOJIOTHIECKHUX PE3YiIh-
TaTOB yTOBOW CBAapKH, TPEXK/IE BCETO, C TOUKU 3PEHUS
WX BIUSHHS HA TIyOMHY U (DOpMY MPOIUIABICHUS Me-
taya. [losToMy TeopeTnyeckuii aHaIU3 MPOIECCOB,
MPOTEKAIONINX B JIYTOBOHM IIa3Me€ U B CBapUBACMOM
MeTaJuie, PENICTABISAETCS BEChMa BayKHBIM TS BBISB-
JIeHUs! CKpBIThIX Bo3MoxkHOcTe TUI™ cBapku ¢ BbIcO-
KOYaCTOTHOM UMITYJIbCHOM MOAYJSIUEH TOKA.
IIpoBeneHHBIN B IEpBOM pasjiesie aHalInu3 3aBUCH-
MOCTH JIEHCTBYIOIIETO 3HAYEHHS MOJYJIMPOBAHHOTO
TOKa OT IapaMeTPOB PeKMMa MOAYJSIIUN CBUIETENb-
CTBYET O TOM, YTO JaHHAs XapaKTePUCTHKA HE 3aBH-
CUT OT YacTOTHl MOIYJISIIIMA U OMpPEIEISeTCs JIUIIIb
(hopMO¥i ¥ CKBOKHOCTBIO UMITYJIBCOB TOKA. DTOT TI0Y-
TH OYEBUHBIN pe3ysIbTaT paclpocTpaHsIeTcs Takke U
Ha Jpyrue GOpMbI UMITYIIbCA, OTIUYHBIE OT PaccMO-
TPEHHOH 3/iech TparneueuaaibHoi. [Ipu BeIOpaHHOR
BEJIMYMHE CPEHET0 TOKAa 3a CYET IMOIXOMSIIETO BbI-
0opa BpEeMEHHBIX TapaMeTPOB HMITYIbCHOW MOIY-
JSIIMUA MOKHO 00€CIICUUTh HauOONBLIYIO BEJITMUYUHY
JICHCTBYIOIIETO 3HAUEHUS TOKa, a CJIel0BaTelbHO,
MOBBIIIIEHHOE CHUJIOBOE U TEIIOBOE BO3/IEHCTBUE MO-
JyTUPOBAHHOTO TOKAa KaK Ha JYTOBYIO TUIa3My, Tak
¥ Ha METaJl CBApPOYHOIN BaHHBI. 3/1€Ch CIENyeT OT-
METHTb, YTO JIEHCTBYIOIIEEe 3HAYCHNE MOAYIUPOBaH-
HOT'O TOKa, KaK €ro MHTerpajbHas XapaKTepUCTHKA,
OJTHO3HAYHO HE OIpEeJessseT TEIUIOBYI0 MOIIHOCTb
JIyTOBOTO pa3psija, MOCKOIbKY HampsKeHHE Ha JTyre
TaK)Ke 3aBUCHUT OT CHJIBI TOKa, N3MEHSIOIIEHCS B TPO-
1ecce IpOXOKIIEHUSI UMITylIbca Toka. B pabote [19]
MOKa3aHo, YTO JWHAMHUYECKas BOJbT-aMIepHas Xa-
PaKTepUCTHKA HECTAlIMOHAPHOM TyTH, 00pas3yeT meT-
mo rucrepesuca (cM. takxke [13]), 0XBaTHIBAIOIIYIO
(puc. 13) BONBT-aMIIEPHYIO XapaKTEPUCTHUKY IyTH
MOCTOSTHHOTO TOKa. YeM MeHbINe UITUTETbHOCTh Tie-
penHero (ppoHTa UMITYIIBCa, TeM OOJBIIIE pa3Max IeT-
JIM THCTEpe3uca, a CIe/I0BaTeIbHO, TeM OOJbIIe pa3-
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PA3JIEJT 1. IVTOBASI CBAPKA

U, B

20

10 1 1 1 1
] 50 100 150 200 LA
Puc. 13. Jlunamuueckas BOJIbT-aMIIepHasl XapaKTepUCTHKA HeCTa-
LIUOHAPHOI aproHOBOW AyTU JUIMHOU 3 MM C JUIMTEJILHOCTbIO IIe-
pennero GppoHTta umiryisca 20 MKC

JIUYHAE MEXIY MOITHOCTHIO HECTAIIMOHAPHOW AYTH U
MOIIHOCTBIO JYT'M MOCTOSIHHOTO TOKa, IO BEIHYUHE
COBIIAIAIONIETO € A(PPEKTUBHBIM 3HAYCHHEM MOY-
JIUPOBaHHOTO ToKa. [103TOMy mpu BBICOKOUACTOTHOM
JlyTOBOW CBapKe AEUCTBYIOLIEE 3HAYEHUE MOILHOCTU
IYTH CJIelyeT OIpeNeNaTh MyTeM YCpeTHEeHHs Mpo-
W3BEJEHNS TEKYIIUX 3HAYECHUHM TOKA W HAIPSKEHHUS.
[Ipn nudpoBoM H3MEPEHUH TOKAa M HAIPSKEHUS C
KOMITBIOTEPHOI perucrpanyell CUrHajoB OIpezesne-
HUE CPEAHEN AEKTPUUECKON MOIIHOCTH MOAYIUPO-
BaHHOTO TOKa HE MPEJCTaBIsAET TPYIAHOCTEH, OHAKO
TEOPETUYECKUN aHaAJU3 ATOM XapaKTepUCTUKH Tpe-
OyeT npuBIICUEHHs MOJEIIU AYTOBOTO pa3psiaa ¢ OlHU-
CaHMEM Kak cToida Ayru, Tak U €€ IPUIIEKTPOAHBIX
obnacrteil. MccenoBanusi B 3TOM HarpaBiCHUU €lle
MIPEJICTOUT BBIMOIHUTB, B TOM YHCIIE U SKCIIEpPUMEH-
TaJIbHBIM IIyTEM.

BriBOj1 0 TOM, YTO BEIMUMHA IEUCTBYIOLIETO 3HAYE-
HUS TOKA HE 3aBUCHT OT YaCTOTBI MOIYJISALIMH, OTHIOIb
HE 03HAUaeT, YTO BEJTMYNHA /' HE BIHSIET Ha TEIUIOBBIE U
THJIPOIMHAMUYECKHE MPOLIECCHI, TPOTEKAIOIINE B CBa-
puBaeMoM MeTaisie. Bo Bropom paszzene ycTaHOBIIEHO,
YTO CHJIOBOE B3aUMOICHCTBHE MOIYIMPOBAHHOTO TOKA
C COOCTBEHHBIM MAarHUTHBIM IIOJIEM OIPEEISETCs He
KBaJpaToM JIEHCTBYIOLIETO 3HAYEHUS TOKA, a €ro pac-
Mpe/ieJICHHBIM B 00beMe MeTajlla aHaJIOTOM, B Kaye-
CTBE KOTOPOTO BHICTYTIAET BEIMUYMHA ([ 2(r, z)> — KBa-
JpaT AEUCTBYIOIIEr0 3HaUE€HH TOKa, IPOTEKAIOIIETO B
Kpyre paamyca I. OTa XapakTepUCTHKA B CYLIECTBEH-
HOM Mepe 3aBUCUT OT YaCTOTbl MOAYJIALIMU I, TOCKOJIb-
Ky IIPH BBICOKOYaCTOTHOM MOMYJISILINY TOKA HMITYJIbCa-
MH C KPyTBIM IIepeIHUM (HPOHTOM Ha paciperesiCHIe
<[2(r, z)> OKa3bIBAIOT BIIMSHUE OINMCAHHBIE BHIIIE
JMHAMUYECKUE MPOLECCHl B CTONOE M aHOJHOM 00Ma-
CTH AYTH, IPOSIBIIIONIMECS B 3KCTPEMAJILHOM pacripe-
JIeNIeHUH TJIOTHOCTH TOKa Ha aHoje (cM. puc. 5, 6). B
KOHEYHOM HTOT€ 3TO ONPEACIAET pa3iuyie MeKIy CH-
JIOBBIM BO3/ICHCTBUEM Ha CBAPUBAEMBIM METal AyrH
C UMITYJIbCHON MOIYJIALMEN TOKA U AYTU ITOCTOSITHHOIO
TOKa, M0 BEJIMYMHE COBMAJAIONIETO C ACHCTBYIOIUM
3HauYE€HHEM MOJYJIMPOBAHHOTO TOKa (cM. puc. 11, 12).
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HCO6XOI[I/IMO OTMCTUTD, YTO IMPUBCACHHBLIC B Ha-
CTOsIIICH paboTe pe3ysbTaThl PacueTOB XapaKTepH-
CTUK JJICKTPOMArnuTHBIX IIPOIECCOB B CBApUBACMOM
MeTaJlIe TTOYYeHbI B IPEIIOIOKEHUH, YTO CBapUBa-
eMBIii 00pa3el IUIOTHO MPHKAT K METHOM MOIKIIAIKe
(9IEKTpUYECKUI TOTCHIIMAT HIKHEH MMOBEPXHOCTHU
oOpa3ua mpuHAT TOCTOSHHBIM). [Ipu mpoBeneHun
BBIYUCINTCIIBHBIX OKCIICPUMCHTOB paccMmarpuBa-
JIUCHh W JIpyTHe BapuaHTHI 3a3eMiIeHns1 oOpasma. [Ipu
ATOM KapTHHA paclpeiesieHHs] TOKa B CBAPHBAEMOM
MeTajie KapJuHAIBHBIM 00pa3oM OTINYalach B 3a-
BUCHUMOCTH OT PACIOJIOKEHHUS JOKaJIbHOTO 3a3eMJie-
HHUSI IO OTHOLLIEHHIO K ocu ayru. Hecmotpsa Ha 31O,
KOJIMYECTBCHHBIC XapaKTCPUCTUKHU CHUIIOBOI'O BO3-
JIEUCTBUS MOAYJIMPOBAHHOTO TOKA Ha CBapUBaeMbIi
MeTaJlI, MPUBEICHHBIC BO BTOPOM paszielie, OCTaIoT-
Csl CHPaBEJIUBBIMU JUIS PA3IMYHBIX CXEM TOIKITIO-
YeHHsI. DTOT pe3ysbTar 00yCIaBIMBACTCS BBICOKOM
KOHHCHTpaHI/Ief/‘I I10JIid MarHuTHOIO JaBJICHUA B IIpU-
MMOBEPXHOCTHOM CJIO€ METaJlla CBAapOYHOM BaHHBI
TONMTUHON Topsinka 1 MM (cM. puc. 9). B atom cioe
pactpeienieHre IIOTHOCTH TOKa U KOH(HUTypaIust TO-
KOBBIX JIMHUH ONPEICIISIOTCS TOJIBKO pacipesie/ieHu-
€M IJIOTHOCTH 3JICKTPUYESCKOTO TOKA Ha TIOBEPXHOCTH
BaHHBI U C1a00 3aBUCST OT KapTHUHBI paCTCKaHW TOKa
BO BCEM CBapHBaeMOM 00pa3siie.

B pabote [14] moka3zaHO, YTO TEXHOJIOTHICCKUE
cpeacTBa, OOECMEYMBAIONINE YMEHBIICHHE pa3Me-
pa obmacTH aHOMHOW MPUBSI3KH AYTH (ITOBBIIICHHE
TUTIOTHOCTH DJIEKTPHYECKOTO TOKA HA IOBEPXHOCTH
cBapounoit BauHbl) ipu TUI cBapke, cmocoOCTBYIOT
YBEITUYEHUIO aKCHAIFHONH KOMITOHEHTBHI MarHHTHOTO
JTABIICHUS B TIPUOCEBBIX yYacTKaX BaHHBI WU COOTBET-
CTBEHHO TIPUBOIAT K MHTEHCH(DHUKAIIHA HUCXOSIIETO
TEUeHH pacIiaBa, CIIOCOOCTBYS TEM CaMbIM yBeII4e-
HUIO TITyOWHBI MTPOTUIABICHHS CBAPUBAEMOTO METalIa.
[IpoBeneHHbII B HACTOsIIEH paboTe aHAIHM3 JECHCTBY-
IOINX 3HAUYEHHWH DJIEKTPOMATHUTHBIX XapaKTEePUCTHK
HectanuoHapHoi tyru npu TUIL cBapke laeT ocHOBa-
HHUE YTBEP)KIaTh, YTO HMCIOIH30BAHHE BHICOKOYACTOT-
HOW MIMITYJTbCHOW MOJYJISIIMU CBApPOYHOTO TOKA SIBIISI-
€TCsI OJTHUM M3 TaKUX TEXHOJIOTHIECKUX CPE/ICTB.

Haxonern, otmeTnM eme OfHy BaKHYIO OCOOEH-
HOCTb BO3JICUCTBUS BUXPEBOM COCTABIISIONIEH CHUIIBI
Jlopennia Ha QopMupoBaHUE OIS MAarHUTHOTO JIaB-
JICHUsI B CBApOYHOM BaHHE. J[eHCcTBHUE IEHTPOCTPEMHU-
TeNbHOM CUIBl [, (r, z), PABHO KaK M paclpeeneHue
HANPSUKEHHOCTH MarHuTHOro mons H(r, z), pac-
MPOCTpaHAETCS Ha HEOTPaHHMYEHHOE MPOCTPAHCTBO.
[loce mocTmkeHUs MaKCHMAaJIbHOTO 3HAYeHHS (CM.
puc. 8) 00e 3TH XapaKTePUCTUKHU JIEKTPOMAarHUTHOTO
TIOJIST CTpEeMSATCS K HyJto Kak 1/r. Bmecte ¢ Tem, mar-
HUTHOE JIaBJICHHE B CBapOYHOU BaHHE (hopMHUpyeTCs
[IOJI BO3JEICTBUEM JIMIIL TOW YacTu cuiel F, (7, z),
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KOTOpasi TPUXOJUTCS Ha pACIUIaBICHHBIA METaslI;
OCTaJIbHAas JK€ 4acTh CUJIBI YPaBHOBELINBAETCS YIPY-
roit peakuuei TBeproi ¢assl. [loaTomy, yem meHbIIe
MIOTIEPEYHOE CEeYEeHHE BAaHHBI, TEM MEHbIIE MpOTeKa-
IOLIas 4epe3 HEero [0/ CBapOYHOIO TOKA, M, COOTBET-
CTBEHHO, MEHBIIIE €ro CHJIOBOE BO3ZEHCTBHE. JTOT, B
LIEJIOM TIPaBUJIbHBIN, BBIBOJI, HE SIBIISIETCS OUYEBHIHBIM
B TOM CIly4ae, KOIZla YMEHBIIECHUE MOIEPEYHOIO ceue-
HHSI BaHHBI 00YCIIOBJICHO KOHTPAKIMEH IIEKTPHYECKOTO
TOKA Ha IOBEPXHOCTH aHOMA I0J] BO3AECHCTBUEM JIOIIOI-
HHUTEJIbHBIX TEXHOJOTMYECKUX (DAKTOPOB, TaKHX, Kak
WCIIONB30BaHNE AKTUBHPYIOMIMX (IIFOCOB, CIieHUab-
HBIX CMECEH 3alIMTHBIX I'a30B WM CPOKYCUPOBAHHOTO
nazepHoro msmydenus (rubpuanas THUID + CO,-nasep
CBapKa), MOCKOJIbKY TIPH C)KaTHH TOKOBOTO KaHajla Ha
MOBEPXHOCTH aHOJA YBEIMYMBAETCS 10711 TOKA, MpoTe-
KaroIero Yepe3 CBapoyHyto BaHHY. BrrsicHeHue u3zmye-
CKHMX 0COOCHHOCTEH CHIIOBOTO BO3JIEHCTBHS TOKA yTH B
YCJIOBUSX JIQHHOW albTEPHATUBHI SABISETCS TIPEIMETOM
JanbHENIIMX HccienoBaHni. [Ipencrasiser Takxke uH-
TepeC UCCIIEI0BATh BO3MOKHOCTD IOBBIILICHHS CUJIOBO-
O BO3/IEHCTBUS TOKA AyTH Ha METAJIJI CBAPOYHON BaHHBI
3a cyeT AMHAMHYECKHX 3()(EKTOB, BO3HUKAIOIIUX B
pacnpeneneHty IIOTHOCTH AIEKTPUYECKOr0 TOKa Ha
MOBEPXHOCTH aHOJA NPH IMPOXOXKAECHUU IEPETHETO
(poHTa IMIyJIbCa BEICOKOH KpyTH3HBL [loaTomy emne
OIHUM OOBEKTOM JaJIbHEWIINX HCCICAOBAHUN SIBIISI-
FOTCSl JUHAMUYECKHE ITPOLECCHI B IyTOBOM Pas3psiic U
CBapHBaEMOM MeTajule NMPU MOAYIISALUU TOKA MPSAMO-
YTOJBHBIMH UMITYJICaMH, KOTOpBIE, KaK MOKa3aHO B
[IEPBOM pa3/elie, UMEIT IPEUMYIIECTBO MEPE] Tpey-
TOJIBHBIMM UMITYJIbCAMU 10 BEIMYMHE AEHCTBYIOLIETO
(3¢ dexrrBHOTO) 3HAUCHUS TOKA.
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PA3JIEJT 1. IVTOBASI CBAPKA

1.2. IPOIECCHI TEILJIO-, MACCO- ! JIEKTPOIIEPEHOCA
B CBAPUBAEMOM METAJIJIE
N METAJIVNIMYECKOM PACIIVIABE

B mipencTaBieHHBIX HUXKE CTAThsIX U JIOKJIAIaX PACCMOTPEHBI TETIOBBIE, THAPOJMHAMUYECKUE U AJIEKTpoMar-
HUTHBIE TTPOLIECCHI, MPOTEKAIOIINE B CBAPUBAEMOM METaJJIe MIPU TOUEUHOM CBapKe HEIIaBsIHUMCS 3JIEKTPO-
JIOM, B TOM YHCJI€ C UCTIONIb30BaHueM akTuBupytomero ¢iioca (TUI' u A-TUI cBapka), a Takke B MeTaJInye-
CKOM pacIuIaBe MpH BHENEYHOH 00pabOTKe CTallU ¢ IOAOTPEBOM AIIEKTPUUECKOH TyTOM.

Pa6otsr [1.2.1, 1.2.2] mocBsIeHsl HCCASTOBAHUIO TIPOIIECCOB TEIUIO-, MACcCO- U DIICKTPOIIEpPEHOCa B CBa-
puBaemom metaie pu TUL nu A-TUI cBapke Heprkaseromieit cranu 08X 18H10T HemonBmkHON TyTOH, TO-
psieit B armocepe aprona. B padore [1.2.1] npeanoxkeHa KOMIUIEKCHAsi MaTeMaTn4eckasi MOJIE b U BbIYHC-
JIUTENbHBIE AJITOPUTMBI JUI YMCIEHHOTO MOJIEIMPOBAaHNS HECTAIIMOHAPHBIX TEIUIOBBIX, 3JIEKTPOMAarHUTHBIX U
TUIPOJMHAMUYECKUX MPOLECCOB B CBApUBAcMOM 00pasiie. YpaBHEHHUSI MOJICIIH 3alIUCAHBI B MIPEAIOIOKCHUT
OCEBOI CUMMETPUHM CHCTEMBbI, TEIUIOBOE M 3JIEKTPUUYECKOE BO3ACHCTBHE AYTU HA MOBEPXHOCTh CBAPOYHOU
BaHHBI OIIPEJIEIICHO IIyTEM 3a/1aHMsI COOTBETCTBYIOLIMX PACIPEIEICHUH INIOTHOCTH TEIUIOBOTO IIOTOKA U ILIOT-
HOCTH 3JIEKTPUYECKOTO TOKa B 00JIaCTH aHOIHOW MPUBA3KH AyTd. C MOMOIIbI0 pa3paboTaHHONW MOJIENH TPo-
BEJICHO KOMIIBIOTEPHOE MOJIEIMPOBAHNE YKAa3aHHBIX MPOLECCOB MU BBISBIECHO BIUSHUE OTAEIBHBIX CHUIOBBIX
¢axropos (cuna Jlopenua, cuna Mapanronu u cuiia ApxuMesa), a Takke UX COBOKYIMHOCTH Ha KHHETUKY H
(hopmy nporutaBinenus merauia nmpu TouedHoit A-TUI cBapke. Ha ocHOBe pe3ynbTaToB SKCIIEPUMEHTAIBHO-
ro uccienoBanus nporiarienns meramia npu TUD u A-TUID cBapke HemomBmkHOM myroit B [1.2.1, 1.2.2]
OIIpEe/IeNICHbI 3aBUCMOCTH TITYOHHBI TIPOIUIABICHUS U paJiiyca CBAPHOW TOYKH Ha MIOBEPXHOCTH 00pasia oT
BpEMEHHM BO3/I€UCTBUS HCTOYHMKA Teruia. CorocTaB/IeHUE Pe3ybTaTOB MOICTUPOBAHHUS C ITOTyYEHHBIMHU 3KC-
MEePUMEHTAIbHBIMH JJAHHBIMHU I10KA3aJI0 BIIOJIHE Y/IOBIETBOPUTEIBLHOE X COOTBETCTBHE.

B pa6ote [1.2.3] BBIMOIHEHO YUCIIEHHOE HCCIIEIOBaHNE THAPOANHAMHUKHN PACIlIaBa B YCTAHOBKE KOBIII—
I1€Yb [IOCTOSHHOIO ToKa. dopMHUpOBaHHE CI0KHOTO IBMKECHHS B CUCTEME «T'a3—KUIKUM METAJD IPOUCXOIUT
B pe3yJIbTaTe B3aMMOAEWCTBHUS BCIUTBIBAIOIINX Iy3BIPE MHEPTHOTO ra3a C PacIUIaBICHHBIM METAJIOM pHU
OapOoTaxke BaHHBI, @ TAK)KE BCIICJCTBUE 2JICKTPOMArHUTHON CHIIBI, BOBHUKAIOIEH B e 00beMe MpU NpoTeKa-
HUU TOKa. JIJI1 MOAETMPOBaHMS THIPOANHAMUYECKHUX MPOLIECCOB B TaKOW CHCTEME HMCIIOJIb30BaHA TPEXMeEp-
Has MaTeMaTU4ecKasi MOJIeIb, YUUTHIBAIOIIAs aCUMMETPUYHOE PACIIOIOKEHHE POAYBOYHON (ypMBL. DIeK-
TPOMarHUTHBIE MPOLIECCHl B METAJUINYECKOH BaHHE ONMMUCAHBI B OCECHMMETPUYHOM MPUOIIKEHUH C Y4ETOM
pacrpeneneHus MIOTHOCTH 3JEKTPUUECKOTO TOKa Ha CBOOOIHOW IOBEPXHOCTU paciliaBa, BBIUMCISIEMOH B
paMKax caMOCOTIIACOBAHHON MO CHIIBHOTOYHOTO IyroBoro paspsaa [1.1.20]. Ha ocHoBe mpemiokeHHOH
THIPOJMHAMUYECKON MOJIENY TPOBEACH YHCICHHBIN aHAIN3 BIMSHUS Pa3IMYHBIX CHJIOBBIX (PAKTOPOB U HX
KOMOMHAIMY Ha ABMKEHUE PACIIaBICHHOTO METajiia B KOBILE. YCTAaHOBJICHO, YTO JACHCTBHE 3JEKTPOMArHHT-
HOW CHJIBI CIIOCOOCTBYET YMEHBIICHHUIO 3aCTOWHBIX 30H B PACIUIaBe, a IPH 3aJaHHOM MPOU3BOAUTEILHOCTH
IIPOYBKH BaHHBI HHEPTHBIM I'a30M M3 JIBYX I1apaMeTpPOB AyroBOro pas3psaa (cuja TOKa U JJIMHa Iyru) Gosee
3P PEKTUBHBIM CPEJICTBOM MHTEHCH(DUKAIIMN MIEPEMEITUBAHUS )KUIKOTO METAIlIA SIBJISIETCS TIOBBIIICHUE TOKA
JIyTH.

B pab6ore [1.2.4] npoBeeH TEOPETHUECKUI aHAIN3 CHUIIOBOTO B3aWMOACUCTBHS CBApPOYHOTO TOKa C cOO-
CTBEHHBIM MAarHUTHBIM IIOJIEM IPH AYTOBOM CBapKe HEIUIABSILIUMCS SJICKTPOAOM. DJIEKTPOMAarHUTHAs CHjia
(cuna JlopeHna) mpeacrasieHa B BUAE CyMMbl BUXPEBOH M HOTEHLIMAILHON COCTABIISIONINX, U3 KOTOPBIX JIULIb

repBasi CrrocoOHa BO30yK1aTh NBIKEHUE TyTOBOM TUTa3MbI FUTH PaCIUIaBICHHOTO MeTasuta. [lo Bo3neiicTBueM
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1.2. ITIPOLIECCBI B CBAPUBAEMOM METAJIJIE

LEHTPOCTPEMUTEIBbHON BUXPEBOM COCTABIISIONICH CHIIBI B AYTOBOM IUTa3Me M B METajie CBAPOYHOU BAHHBI
BO3HUKAET MarHUTHOE JIaBIICHHE, TPAJAUECHT KOTOPOTO CO3/IaeT MarHUTHYIO CHITY, TPEUMYIIIECTBEHHO HaIpaB-
JICHHYIO BJIOJIb OCH CHUCTEMBI. 3HaY€HHE dTON CHIIBI TeM OOJIbIlle, YeM BBIIIE TUIOTHOCTh TOKA B IMIPHAHOIHOM
obacTu cBapoYHOU AYTH (Ha MOBEPXHOCTH CBAPOUYHOH BaHHBI). M370KEHHBIC TCOPETUUICCKUEC TTOTOKCHIS
MIPOWLTIOCTPUPOBAHBI YUCICHHBIMH pacieTaMH PACTIPEACICHUS MATHUTHOTO NaBJICHUSI 1 MAaTHUTHOM CHJIBI B
I1a3Me CToji0a Jyrv U B METaJlJIe CBAPOYHON BaHHBI. YCTAHOBJICHO, YTO KOHTPAKIIHSI TOKA JTyTH Ha aHOJIC VH-
TEHCU(PHUIHUPYET TUAPOTUHAMUYECKHE TIOTOKH PACILIABICHHOTO METaJlIa, a CJIe0BaTeIbHO, U KOHBEKTUBHBIN
MIEPEHOC PHEPTHH OT IIEHTPAIBHOM, Hanboee HarpeTol, 30HbI TOBEPXHOCTH CBAPOYHON BaHHBI K €€ JOHHOU

qacTu, CHOCO6CTBy5[ TEM CaMBbIM ITOBBIIICHUIO HpOHHaBJIHIOHIeﬁ CITOCOOHOCTH AYyTru C TYTOIUIaBKUM KaTOJIO0M.

207




PA3JIEJT 1. IVTOBASI CBAPKA

1.2.1. MATEMATHYECKOE MOJAEJIMPOBAHUE TEIIJIOBbIX,
QJIEKTPOMAT'HUTHBIX U T'MIPOAUHAMUNYECKHUX
HPOLUECCOB IIPU TUI' U A-TUI' CBAPKE

HENOJABUKHOM YT O

WU.B. KPUBIIYH, B.®. JIEMYEHKO, K.A. IOIIIEHKO, A.5. JECHOM,

J.B. KOBAJIEHKO, 1.B. KOBAJIEHKO

@DaKTOpbl MOBBLINIEHHON IPOILIABJIAIONIEH CIIO-
coonoctu A-TUI' cBapku. A-TUD' cBapka, sBis-
foUIascs pasHOBUAHOCTBIO CBapKH BOJIb()PaMOBBIM
ANEKTPOJOM B cpeae uHepTHhIX ra3oB (TUD), ornya-
€TCsl T€M, YTO OCYILECTBISIETCA 10 CIOK aKTUBUPY-
fouiero (uitoca, HAHECEHHOMY Ha TIOBEPXHOCTH CBa-
puBaemoro uzzenud. Ilpu ogHHUX U Tex ke pexuMax
A-THUI" cBapka obecnieynBaeT CyIIECTBEHHOE YBEIH-
yenue (B 2—3 pasa) mryOuHBI nporiaBneHus (puc. 1)
o cpaBHeHuto ¢ 0obraHol TUIT cBapkoii.

AHanm3y BO3MOXKHBIX MEXaHM3MOB TOBBIIIEHHON
nporuiasistomei criocoonoctu mpu A-THUIL cBapke mo-
CBSILIICHBI pa0oTHI [ 1-6]. B HacTosiiee Bpemst OONbIINH-
CTBO HCCJIeIoBaTeNed CBA3BIBAIOT (DEHOMEH MOBBIILICH-
HOW mporapistoniel cnocoonoctu A-TUIT cBapku
cTajiel ¢ U3MEHEHHEM XapaKTepa U UHTEHCUBHOCTH TH-
JPOAMHAMHUYECKHUX MTOTOKOB B CBapOYHON BaHHe. Bme-
CTE€ C TEM, CYLIECTBYIOT pa3JIMYHbIC IIPEAIIOJIOKECHUSL
OTHOCUTEIIBHO TOTO, B PE3yJbTare BO3ACUCTBUS KAKUX
(akTopoB cozmaercst creuuduueckas TUIPOAUHAMHU-
YeCcKoi 00CTaHOBKa B CBAPOYHOM BaHHE IPU CBapKe MO
CJIOIO aKTHBHUpYIOILero ¢uitoca. B kadecTBe BO3MOXKHO-
r0 MeXaHW3Ma U3MEHEHHsI HallpaBJIeHNs THIPOJMHAMU-
YeCKHX ITOTOKOB B cBapouHoii BaHHe pu A-THUI" cBapke
aBTOPBI [ 7] BBICKA3bIBAIOT THIIOTE3Y O TOM, YTO O] BIU-
SIHUEM aKTUBHUPYIOIIETO (hiroca M3MEHsIeTCs 3HaK BEJH-
ynHbl do/dT (G — KOA(PQUIIMEHT TOBEPXHOCTHOTO Ha-
TSDKEHHs, 1 — TeMIeparypa MOBEPXHOCTH CBAPOYHON
BaHHBI) HA IPOTUBONONOKHEIN (do/dT > 0). B pesynb-

Tare TaKOro M3MEHEHHs BO3HHMKAET 0OpaTHOE TeueHHE
MapaHronu, HanpasleHHOE OT Hepu(epur K LEHTPY
CBApOYHOI BaHHBI C TIOCIIETYIOUIMM Pa3BOPOTOM IOTO-
Ka KO JHY BaHHBL B [6] oTMeueHa Takke BO3MOKHOCTh
BO3HMKHOBEHHUS KOHIIEHTPAIMOHHO-KATUIIISIPHOM KOH-
BEKIMH, OOYCIOBIEHHOH HEPaBHOMEPHBIM COCTaBOM
AKTUBHUPYIOLIETO (IF0Ca B TOBEPXHOCTHOM CJIOE BAHHB.

Hpyroii BaxxHol ocobenHocThio A-TUIL cBapku,
KOTOPYIO MO’KHO CUMTATh BIIOJTHE YCTAHOBJIEHHOIA, SIB-
nsieTcs 9(h(eKT KOHTParupoBaHUsI TYTH IO BO3/IEH-
CTBHEM aKTHBHPYIOLIETo (IIIOca, BBIPAKAIOLIHMICS,
B YaCTHOCTH, B YMeHbIlIeHnH (110 cpaBHeHHio ¢ TUT
CBapKoil) pazmepa aHOJHOTO MATHA. BricKa3biBaroTCs
pa3iIrYHbBIe MHEHHSI OTHOCHUTENBHO TOTO, YTO SIBIISET-
csl IPUYMHON KOHTPAarupoBaHus Ayru. ABTOpbI paboT
[2, 3] monaratoT, YTO KOHTparupoBaHUsiE TyTU MIpo-
WCXOIWT 3a CYET HAJIWYMsI JIEKTPOOTPUIATEIbHBIX
AIIEMEHTOB aKTHBHPYIOMIETO (hIF0OCa B aHOHOM CIIO€
Y mpuaHomHo# miasme. B [8] BrickazaHa rumoresa o
TOM, YTO YMEHBIIICHHE pa3Mepa aHOJHOTO TSTHA MPU
A-TUTI" mportecce 00YyCIOBICHO IEKTPOU3OISIIHOH-
HBIMH CBOHCTBAMH IUICHKH (DIFOCa Ha TIOBEPXHOCTH
CBapOYHOU BaHHBI. B KauecTBe KOHTpapryMeHTra Ta-
KOW TOYKHM 3pEHMs] MOTYT BBICTYNaTh JKCIEPUMEH-
TaJbHBIE Pe3yNbTaThl padoTs [9], B koTopoi mpu TUT
CBapKe C JIOMOJIHUTENIBHBIM BBOJOM KHCJIOPOAA B Jy-
TOBOE TIPOCTPAHCTBO TIOJTyYeHA TITyOWHa MPOTUIaBe-
Hus, conoctaBumas ¢ A-TUT cBapkoii.

Puc. 1. ®opma mBa npu TUT (a) u A-TUT (6) cBapke mnactunbl u3 Hepxkaseromeit cramu 08X 18H 10T Tommmuoi 6 mm pu /=200 A,

U=10B, V=120 mm/MuH)

*C6. tp. IV Mexa. koH}. «MareMariyeckoe MOAEIMPOBAHHE

npoueccax» (27-30 mas, Kanusenu, KpsiM, Ykpauna). — 2008.
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1.2. ITIPOLIECCBI B CBAPUBAEMOM METAJIJIE

I'maponuHamuka cBapoOYHOM BaHHBI MPHU TYTOBBIX
crioco0ax cBapkKu OOyCIaBIUBAETCS BO3IEHCTBHEM
HECKOJIBKUX CHJIOBBIX (DaKTOPOB:

® CuUIBI IUIaBy4YecTH (OIbeMHas cuiia ApxumMena);

® 3JIEKTPOMAarHUTHOM CHJIBI, BO3HUKAIOIIEH B pe-
3yJbTaTe B3aUMOJEHCTBUSI CBAPOYHOIO TOKA C COO-
CTBEHHBIM MarHUTHBIM 1oJieM (cuia JlopeHua);

® [IOBEPXHOCTHOM CHIIbI MapaHIroHu.

JomomautensHo K 3ToMy B [10] ObUIO TOKa3aHO,
YTO MpHU ONPEACNCHHBIX YCIOBUIX CYIIECTBEHHOE
3HAYEHNE MOYKET UMETh TTOBEPXHOCTHAS CHUJIA BA3KOTO
TPEHUsI IOTOKA IIa3MbI C MOBEPXHOCTHIO CBAPOYHOMN
BaHHBL. B ycnoBusax A-TUI cBapku, korga pasmepsl
AQHOZHOI'O M KaTOJHOTO MATEH CTAHOBSITCS COU3MEPH-
MBIMH, TEUCHHE TIJIa3Mbl B CTOJI0E CBApOYHOH IyTH (B
OTJIMYME OT KJIACCHYECKOTO HaOeTaHus MOTOKA Tiia3-
MBI Ha BaHHY ) MOXET OPTaHNU30BBIBATHCS B BUJIE IBYX
BHUXPEBBIX TeUeHUH [6], MpHU ITOM KacaTelbHas cuia
BSA3KOT'O TPEHMSI CTAHOBUTCS HAIPABIEHHOM K LEHTPY
IIOBEPXHOCTU CBApOYHOU BaHHBL [Ipu Takoi CTpyk-
Type MOTOKOB IUIa3Mbl BIMSHHUE JaBJICHUS IUIa3MEH-
HOTO TOTOKa Ha AedopManuio CBOOOAHON MOBEpX-
HOCTH CTaHOBUTCSl HECYIECTBEHHBIM M OCHOBHOE
BO3JeHCTBUE OKa3bIBaeT [ 11] gaBneHue oTaauu napon
MeTajjia B MPOLECCe €ro UCIAPEHUH C MEepPErpeToro
BBIIIIE TEMIIEpaTypbl KUIIEHUS y4acTKa IOBEPXHOCTH
CBapoO4HOU BaHHBL Jledopmanusi cBapoYHON BaHHBI
1 CBA3aHHOE C THM CMEIllEHHE MCTOYHHKA Harpena
BIUTyOb BaHHBI MOXKET CITYyKHTb [3, 12] nomomHuTeNb-
HBIM (haKTOPOM TOBBILICHUS! TPOILIABIISIFOICH CIO-
COOHOCTH CBapOYHOM JYTH.

[IpencraBnsger HHTEpPEC ONPEACTUTH CTETICHD BIIH-
SIHUSL PA3JIMYHBIX CUJIOBBIX (PaKTOPOB HA THAPOANHA-
MHUYECKHUE MPOLECChl B CBApOYHON BaHHE. B HacTos-
1iei padoTe clienana MonbITKa MPOBECTH ATOT aHAIIN3
METOAOM MAaTeMaTH4ecKoro MOAEIUPOBaHMs IpH-
MenutenbHo K A-TUID cBapke HEMOABMKHOU Ayrou
(Toueunas capka). B 3Tom ciydae MOXXHO OTpaHH-
YUTHCS MOJCIBI0 B OCECUMMETPUYHOM NPHOIMKe-
Hun. C nenpio BepuQUKauy Mojenu ObLIH TpoBe-
JCHBI DKCIIEPUMEHTAJIbHBIE NCCIEIOBAHNS JUHAMHUKH
npomnasiaeHus npu roueunod TUI™ u A-TUIL capke.
Pe3ynbrarhl BHIYMCIUTEIBHBIX U HATYPHBIX KCIIEpU-
MEHTOB H3JIOKEHBI B 3TOI padore.

MaremaTu4eckasi MOieJIb MArHUTHOI TMIpO-
JMHAMUKM U Temjoo0MeHa NPHU AYyroBoil cBapke
HeIIaBSIIUMMCs 3J1eKTpoaoM. OchosHblie nonodice-
nus. Hambolree mmojtHOE ommcaHue MpoIecca JyroBon
CBApKU JOJDKHO 0a3upoBaTbCs HAa MOZAEIH, YUUTbI-
BAafONICH B3aUMOJICHCTBHE CTOJ0A IyTH C TTOBEPXHO-
CTBIO CBapHBAEMOTO W3Aenus. B Hacrosmielr pabore
MIpeUIaracTcss MOJAEIb TEIJIOBBIX, OJJIEKTPOMAarHUT-
HBIX U TUAPOIMHAMHUYECKUX IPOIECCOB, MPOTEKAIO-

HIMX B CBAPHOM H3JEJIWU. DTa MOJENb NPUOIHKEH-
HO YYHUTBIBAET B3aMMOJIEHCTBHE AYT'M C OCHOBHBIM
METaJJIOM, UCXO/ISI U3 CIEAYIONINX JABYX TOJIOKEHHIH:
1) cBapouHBIN TOK BTEKAET B U3/IENINE Yepe3 aHOIHOE
IATHO paauyca R ; 2) TEMIOBOW MOTOK MOCTYNAET
B M3JIENIME YEPE3 «TEIUIOBOE» IATHO paauyca R, Ha
MOBEPXHOCTH CcBapouyHOW BaHHBI. IIpennomnaraercs,
YTO IUIOTHOCTh TOKAa M YIEJBHBIM TEMJIOBOM MOTOK
HCTOYHHKA CBAPOYHOTIO HArpeBa B COOTBETCTBYIOIINX
MATHAaX pacnpeaeseHsl 1o HopMaJlbHOMY 3aKkoHy. [1pu
MIPOBEACHNHN BBIUYMCIUTEIbHBIX 3KCIIEPUMEHTOB 3Ha-
ueHust R ¥ R, BBHIOMPAIHChH M3 DKCIIEPUMEHTABHbIX
nmaHHbIx [13—15]. Jledopmarusi cBOOOAHON MOBEpX-
HOCTH CBapOYHOW BaHHBI HE MPUHHMAETCS BO BHH-
MaHue. Mopenu TeIUIOBBIX, SJIEKTPOMArHUTHBIX H
THIPOIUHAMUYECKHUX MPOLECCOB (HOPMYTUPYIOTCS B
0CECUMMETPUYHOM NPHOINKEHHH.

Moodenv mennogvix npoyeccos. Ilpu paspaborke
MOZIETIM HECTALMOHAPHOI'O CBAPOYHOI0 HarpeBa Iuia-
CTHHBI (B T.4. IBYXCJIOHHOM) (pHUC. 2) HCIIOIB30BAINCH
cienyronue GU3NIECKUe MPEANOCHUTKHU: 1) TIporece
NepeHoca PHEPTUM B CBAPHBAEMOM H3MEINU HPOHC-
XOJIUT N0 KOHAYKTUBHO-KOHBEKTHBHOMY MEXaHU3MY;
2) TEMII000MEH U3IETHS C OKPYKAIOIIEH Cpeoi ocy-
LIECTBIISCTCS] KOHBEKLMEH W W3JIy4eHHEM OJHOBpE-
MEHHO; 3) IpH TeperpeBe CBOOOIHOM MOBEPXHOCTH
CBapOYHOM BaHHBI BBIIIE TEMIIEPATYPbl KUIICHUS Y4~
TBIBAIOTCSI MTOTEPHU TeIula Ha ucnapenue. s pacye-
Ta Y/IeIbHOIO TEIUIOBOTO MOTOKA, HAYIIEro Ha mnapo-
o0pa3oBaHue, WUCIONb30BAINCH PACUETHBIC JAHHBIE
pabotsl [16] 0 3aBUCHMOCTH YIIEJIIEHOTO MacCOBOTO
MOTOKa TMapa OT TeMIlepaTypbl MOBEPXHOCTH pacrijia-
Ba. [Ipu 3THX NpeAnosokeHusx MaTeMaTnieckas Mo-
JIeJIb TEIIOBBIX MPOLIECCOB UMEET BU:

R

Lre)

g

Puc. 2. Cxema K MaTeMaTHIeCKOMY OITHCAHHIO Harpesa: 1 — karox;
2 — nyra; 3, 4 — cBapuBaeMble JUCTHL; 5 — CBapOYHAs BAHHA
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(K(T,Z)E]-FW(V,Z), 0<r<R,0<z<H,

ar
or

—o, 2T
o 0z

oT
_;Lg

=a,(T-T),
o=t @

=—q,+q +q,+4q,
z=0

e
.
W(T)= IcpdT+Kpn(T) (3)
TO
—oauTansnug; ¢ = c(T); p=(T) — ynenpHas TerioeM-
KOCTB U IIIOTHOCTH MeTasuia; 1(T) qomns TBepaoi Gpasbl;
K — TEIUIOTA IUIABJIEHUS; ¢, — Y/EIbHBIN IIOTOK TETI-
J1a, BBOJIMMOTO B H3JIEITHE; ¢ = E£C) (T4 —TC“) — note-
PH TEIIa Ha M3JIYYEHHME; ¢, = g, — HOTEPH TEIIa Ha
napooOpasosanue; g, = g (T) — yzaebHbIi MaccOBbIH
MOTOK Tapa; ), — TEIIoTa napooOpasoBaHus; o,
o, — ko3 puuuents Tennooraadn; y(r, z) — npo-
W3BOJUTEIBHOCTD JKOYJIEBBIX HCTOUHHKOB TETLIA.
Mooenv  anexmpomacnummnbix npoyeccog. Jns
OTIpe/IeTICHNs] TIOJIS TUIOTHOCTH TOKa B CBapHBACMOM
W3ETMH UCTIONB30BajIach CIEIyomas MoJeb dJIeK-
TPHUYECKUX MPOLECCOB, CHOPMYIUPOBAHHAS OTHOCH-

TCJIbHO CKaJIAPHOI'O IMOTCHIHAJIA (@ JJIICKTPOMArHuT-
HOT'O IT0JIsA

div(kgradg)=0, 0<r<R, 0<z<H, 4)
op| _ « 0p
ks . =J.(r), o, =0,
A - &)
9 =
ar 0, ¢(r,H)=0, 0<r<R,
TAC G — YACJIbHAA 3JICKTpHUYCCKass NPOBOAUMOCTD.

Pacnipesienienue MIOTHOCTH TOKa ;. (r) B aHOTHOM
ISITHE 33JaBajioCh MO HOPMaJbHOMY 3aKOHY TaKUM
o0Opa3oM, uTo

R
j Jo(r)rar=0.91,
0

rae / — cBapoyHbId TOK. 3Hasl pacnpenesieHue Io-
TEHLMANa, MOXXHO BBIUYHCIUTH IUIOTHOCTH TOKa
j =—kgrad ¢, pacnpeeneHue 00bEMHON MIIOTHOCTH
JDKOYJIEBBIX HCTOYHHKOB Teruia \y = o|grado|’ u, ucxo-
I U3 ypaBHEHUs! rot H = j , ONPENETUTh HANPSIKEH-
HOCTh MAarHUTHOTO Tois H ={0,H,(r,2),0)}. B oce-
CUMMETPUYHOM DJIEKTPOMAarHUTHOM TIOJIe 0ObeMHast
IJIOTHOCTB TIOHJEPOMOTOPHOM CHIIBI BBIpaskaeTcs ye-
PE3 HANPSLKEHHOCTD 101 | ceyomum 00pa3om:

2
- 1 H
F=-pnu EgradHe2 _Te

e (6)
TJC L — OTHOCHUTENTbHAs MarHWTHAs TTPOHHIIAEMOCTb.
H3BecTHO, YTO MOTEHIMAIBHAS COCTABIISIONIAs O0ObEM-
HOW CHUTBI HE TIPUBOAUT K JBIDKCHUIO YKUIKOCTH (XOTS

210

U HE TPEMSITCTBYET IBIXKEHUIO TIOM ICHCTBUEM IPYyTon
cuiel). [ToaToMy mpousBomsIel ABMKEHUE paciliaBa
CHUJIOH SIBIISICTCS LICHTPOCTPEMUTENbHAS CUJIA
2
Fo = _“O“Teér’

rae é — exuHu4HbIA BekTop. Ha mosepxHoctn cBa-
POYHOHM BaHHBI ATa CHJIA HETIOCPEJICTBEHHO BBIpaka-
€TCsl uepe3 CBapOUHbIN TOK

~ o
(r,0)=—uoumR—er, 0<r<R. (7)

rot

B xoHTekcTe JanbHENIero U3JI0KEHNUS OTMETHM,
YTO BEJTMYMHA IICHTPOCTPEMUTEIIBHON CHITBI 00paTHO
MIPOTIOPIIOHANIFHA KyOy pajryca aHOIHOTO TISITHA.

Moodenv  eudpoounamuueckux npoyeccos. Jis
OTNHMCaHUSl THAPOIUHAMUKHN CBAPOYHON BaHHBI IPH-
BIICKaJIach IMOJTHAS CUCTEMa YPAaBHCHUM JIBUKCHUS
BSI3KOM HECIKMMAEMOM JKMAKOCTHU. YpaBHEHMS WH-
TErPUPOBAIIHCH B 00JIACTH CIIOKHON (DOPMBI, OTpaHH-
YeHHOU CBOOOJHOM MOBEpPXHOCTHIO z = () cBapOYHOM
BaHHBI U MMOJIJICIKAIIMM OIPE/ICICHUIO (DPOHTOM IJIaB-
nenus I. IlpuHuManucs BO BHUMaHuE BO3J€CTBUE
Ha pacIuviaB CJICAYIOIIHNX CHUIOBBIX (DAKTOPOB: ILICH-
TPOCTPEMUTENBHON cocTaBiisArome cuibl JIopeHna
ﬁmt , IOIBEMHOU CUJIbI ApXUMena F“A U TIOBEPXHOCT-
HOIl cuna Mapanronu. Mojenb onucbIBaeTCs Cleny-
IOLMMHU YPaBHEHUSIMU U TPAHUYHBIMU YCIOBUSIMU:

%4— aVr+VaV'* 1 oP
o

or 'z az  por
1o oV V. V) (F ,é)
V| —— rir + r__r +L
ror( or o2 2 p

oV oV ov 1P

P =
1o, o) o F T
+v Tarl +622 + A+g[3T .
.
Vr(O,Z,t)ZO, W :03
r=R
vlo=vlo=0. v.oon=o,
o, 1. aT
v -_1g %t
[o4 x podz|

e V,, V. — KOMIIOHEHTBI BEKTOpA CKOPOCTH;, V — KH-
HEMaTU4ECKasl BA3KOCTb;

p Lo g _dp

o~ Q0or "Todr
Yucnennas pearusayus mooenu. 3ajaadul TEIIO-,
Macco- M DJIEKTpoIepeHoca, CHOpMYIHPOBAHHBIC
BBIIIIE, PEIIAIUCh METOJOM CeToK. J[isi ammpokcu-
Manun yKaSaHHI)IX 3aa4 BBOAUJIACH pCF YJISIpHaﬂ
shnepoBas cetka ®, = {r = nh, N = 0,N, Nh, = R;
z =mh,m= 0,M, Mh_ = H} n ceTKa 110 BpeMeHH
o ={t =kt,k=0,1,2,..}. Jlna annpokcumanun




1.2. ITIPOLIECCBI B CBAPUBAEMOM METAJIJIE

CyOCTaHIIMOHAJIBHOM TMPOW3BOJAHBIX B YPaBHEHHAX
SHEPrUM W JIBUKEHHs HCIONb30Bajach JOKaJIbHas
JarpaHxeBasl ceTka, nmoctpoeHnas [17, 18] takum
00pa3oM, 4TOOBI B MCKOMBIA MOMEHT BpeMenu t = t,
y3JIbI DIIEPOBON U JIOKAJIBHOM JIarpaH)kKeBOH CETOK
coBmnajanu. [Ipyu 3ToM mar mo BpeMeH! OTpaHUYHU-
BaJICsl, UCXOS M3 TpeOOBaHMS, YTOOBI MaKCHMallb-
Hoe uyucio KypaHrta He HpeBOCXOAMIIO EAMHUILY,

T.e. max |Kul|<1. YpaBHeHus ruipoarHaMUKN UHTE-
()

rpI/IpOBham/ICL BobOmactn Q={0<r<R,0<z<H}c
HCIIONB30BaHNEM MeToa (PUKTUBHBIX oOnacteil. C ol
LeTblo B TOM YacTu obnmactu €, KOTopasi OTHOCHUTCS K
TBEpIOi (paze, MIOTHOCTh U BSI3KOCTh BEIOMPAIUCH J0-
cTarouHo OonpImMMHU ynciaamu. [Ipu pacyerax ucnoss-
30BaJIach CIEyHOMIast ceTka ®,: N = 140, M = 140.

JKcNepHMeHTalbHbIe HccienoBanus. Kuneru-
Ka TPOIUIABJIEHUS MeTajlla M3ydajach MPH TOUEYHOM
TUI' 1 A-TUI" cBapke JHUCTOB HEp)KaBEIOLIEW CTalu
08X18H10T Tomumuoii 5 mm. Ilpu A-TUI" cBapke He-
MOJBWKHOU JyTOM HCIIONB30BAICA a3pO30JIbHBIA aK-
tuBupytonmii uroc [TATUT" C-A. Beimonssmick ceprn
CBapHBIX TOYEK MPU PA3TMIHOM BPEMEHU TOPEHUs TyTH:
t=1,2,... 10 c. Bmipouecce cBapku PUKCHPOBATIOCH H3Me-
HeHMe HanpsbkeHus Ha gayre rpu Toke / = 100 A. Mcnons-
30BaJICs1 BONb(pamoBbIi anekTpor ¢ 2 % ThO, mamerpom
3,2 MM | yIJIOM 3aT04kd 35°. YcTaHOBNEHHAs JIMHA AyTH
BO BpeMs CBapKH cocTapisia 1,5 Mm. B kadectse 3ammr-
HOTO ra3a NpUMEHsUICs aproH (pacxox 12 n/muH).

B kBazucranuoHapHOM pekuMe (HOPMHUPOBAHUS
IIBa MpH CBapKe MOABHKHOM Ayroi KOJMUYECTBO Me-
Tajsa, pacIyiaBIsieMOro U KpPHUCTaTU3YIOILIErocs
B €IMHUIy BpeMeHHM, coBmajaaroT. [loaToMy ckauok
IUTOTHOCTH TIpH (a30BOM IEPEXOE HE BIMSET Ha (op-
My CBOOOIHOW MOBEPXHOCTU CBapOYHOH BaHHBI. Ha-
MIPOTUB, IIPH BBINOJIHEHUH TOUEYHOH CBapKU MPOLECC
IUIaBJIEHUS] OCHOBHOTO METaJlla M TMPOLECC KPUCTAI-
JIU3alMy MEeTaJula IIBa pa3/iesieHbl BO BPEMEHU TaKUM
00pa3oM, YTO B TEUCHUH BPEMEHH FOpEHHs IyTH Ipo-
HCXOZIUT TOJBKO TIJIaBIEHHE OCHOBHOTO METaJlIa, a TMo-

U,B

10.5

10,0

9,5F

9,0

Puc. 3. I3MeHeHue HanpspkeHHs Ha Ayre B Ipoliecce TOYEYHOU
TUI" u A-TUT" cBapku

CJI€ OTKJIFOUEHUS JYI'M — KPUCTAJLIM3aLUsl PACILIaB-
JICHHOTO MeTajula BaHHbI. J[JI1 HMKENEBBIX CIUIABOB
CKa4OK TIOTHOCTH NPH (ha30BOM TIEPEX0JIe COCTABIISIET
10-12 %, COOTBETCTBEHHO ATOMY OOBEM CBApPOYHOM
BaHHBI HA ATy K€ BEJIMYMHY ITPEBOCXOUT OOBEM TBEP-
JIor (hasbl, MOJBEPTHYBIICHCS pacIUiaBicHUIO0. Takum
00pa3oMm, Ipu CBapKe HEMOABUKHOM JTyroi B MPOIEcce
TUIABJICHUS] OCHOBHOTO MeTallia Hen30exxHa nedopma-
U1 CBOOOIHOW MOBEPXHOCTH C 00pa30BaHUEM BBIITY-
KJIOTO MEHHUCKA, YMEHBILIAIOUIETO JUIMHY 1yru. B cBsa3u
C 3TUM TI0 Mepe YBEeIIMUeHUsI 00beMa CBApOYHON BaH-
HBI HATIPSDKCHHE Ha yTe magaet (puc. 3).

Cnenyer oTMeTUTb, 4TO mpu ToueuHoU A-TUID
CBapKe AaKTHBALMS IMOBEPXHOCTU CBApPOYHON BaHHbI
IIPOUCXOAUT 3a CYET IIEPBOHAYAIBLHO HAHECEHHOIO
¢rroca, KOTOPBIN B Mpolecce CBApKH HUKAKUM 00pa-
30M HE BOCHOJHSETCS, B ONINYUE OT CBAPKHU MTOJIBUXK-
HOHW JyroH, IpH KOTOPOH (IIroCc HENpephIBHO BOBIIE-
KaeTCsl B MPOLECC aKTUBAIMM 33 CUET IEepeMEIICHUs
nyru. IlosToMy MOXKHO nojararb, YTO CBapKa B PEXKU-
Me A-TUI" ocymiectBisiach JHIIb B TEYEHHWE Orpa-
HUYEHHOTO BPEMEHU (BO3MOXKHO, 2—3 C), MOCIE Yero
neiicTBre (IFOCa UCUEPITBIBAIOCH. DTUM OOBSCHSCT-
Csl MEHEE CYIIECTBEHHOE yBEJIMYEeHHE ITyOWHBI TpO-
rwiasneHust npu A-TUID cBapke HEmoOnBUXKHOU Tyron
(puc. 4, a), uem 3TO UMEET MECTO B ClTyyae IepeMeria-

H, mm B, mm

4.9

4,0
4.8
4,7

350 A-THUT

3.0

THUI
2,5
2,0F
1 1 1 | 1

1
2 3 - 5 6 7 8

Puc. 4. U3menenne rryouns! («) u mupuns! (0) Banas! npu TUT n A-TUT cBapxke
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Z, CM
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e

0,01
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P
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0,07

PRI PRERERER T

I PR

0,09

0,11

0,13

0,15

0,17
0 002 004 006 008 0,10 012 0,14 016 r.cm
Puc. 5. Pactipenenenne noteHnuana (CIUIONIHBIC JIMHUH) U TIOT-

HOCTH TOKa B CBapOYHOH BaHHE ( max m = 5370 Alem?)

IOLIEHCS IyTH, XOTS XapaKTePHbIEC OTIINYUSI 110 IIUPHHE
1 TITyOWHE TPOTUIABICHUS COXPAHSIOTCS (prc. 4).
Pe3yabTaTbl BBIYHCIUTENbHBIX 3JKCIEPUMEH-
TOB. Xapaxmepucmuxu 31eKmpoMacHUmMHO20 NOJIAL.
Ha puc. 5-7 npencraBieHbl pacCUUTAHHBIE MOJIS
IUIOTHOCTH TOKA j, HANPSHKEHHOCTH MArHMTHOTO
noss Hy u 00beMHOM TJIOTHOCTH BUXPEBOH COCTAB-
ssrowiedd cunbl Jlopenua npu toke nyru [ = 100 A u
paauyce aHOJHOTO IATHA Ra = 1,25 mMm. Hauboibiiue
3HAUEHMS LIEHTPOCTPEMUTEIILHON CHIIBI IOCTUTAI0TCS
B 00beMax CBApOYHON BaHHBI BOJIM3H aHOJHOIO IIST-
Ha. BiusiHue pasmepa aHOAHOTO IMSATHA HA BEJIMYUHY
LEHTPOCTPEMHUTEIBHOM CHIIBI MIUTIOCTPUPYET pHC. &,
Ha KOTOPOM MOKa3aHO pacnpeesicHue |I7“mt(Ra ,z)| JUTST
Pa3NUYHBIX paguyCcoB aHOTHOTIO IsiTHA. Kak BUaHO 13
3TOTO PUCYHKA, YEM MEHBLIE PAJUyC aHOAHOTO IIST-
Ha, TeM OOJblIC BEJIWYMHA LEHTPOCTPEMUTEIBHON
cuibl (eM. dopmyny (7)). Otmerum, yTo AJIsl co3xa-
HUSI IOTOKA PacIuiaBa, HalPaBJICHHOTO KO IHY BaHHHBI,
CYIIECTBCHHOE 3HaYEHHE UMEET HE TOJIBKO BEJIMYMHA

S

0,28

0,42

0,56 7, CM

1
0 0,14 0,28 0,42

Puc. 6. I3onuHuu Hanps»KeHHOCTH MAarHUTHOTO TIOJISt
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-3000
0,13
-500
0,28
0,42
1 1
0 0,14 0,28 0,42 0,56 7, €M

Puc.7. Pactipenenenue ‘F* t‘ B CBAPOYHOH BaHHE
TO

CHUJTBI, HO ¥ €€ TPaJIMeHT B aKCHAITLHOM HaITpaBICHHH.
[IpencraBneHHble pe3ynbTaThl pacueTa MOXXHO HWH-
TEePIPETUPOBATH TAKMM 00pa30M, 4TO B 00bEMax CBa-
POYHOHN BaHHBI, MPUMBIKAIOMINX K aHOTHOMY TISITHY,
NEHCTBYEeT CBOEOOpPA3HBIM MarHUTOTWHAMUYCCKHUNA
Hacoc, MPOKaYMBAIOIIMKM paciijiaB Ko JHY CBapOYHOU
BaHHBI. [IpON3BOANTEIHHOCTH TAKOTO HACOCA B CYIIe-
CTBEHHOH Mepe 3aBHCHT OT THaMETpa aHOJHOTO TIST-
Ha. [Ipuy R > 2 MM cKkuMaroliee BO3IEHCTBUE BUX-
peBoii cocTapiAronel cuiibl JIopeHria CTaHOBUTCA
c1a0BIM ¥ COOTBETCTBEHHO €€ POJTb B (POPMHUpPOBAHUHT
MTOTOKOB PacIiiaBa yMEHBIITAETCH.

Tennosvie u eudpoounamuieckue npoyeccol. Bol-
YUCITUTENbHBIE AKCTIEPUMEHTHI TETJIOBOM M THIPO-
MUHAMAYECKOW OOCTAHOBKHM TIPH TOYCTHOW CBapKe
HETUTaBAIINMCS DJIEKTPOIOM, TTPOBECHHBIE B HACTO-
smeld padboTe, OBUTH HampaBiIeHBI HA M3YUCHUE BIIH-
SHAS PA3IUYHBIX CHUJIOBBIX (PAaKTOPOB Ha TIPOILIAB-
Jsrotyto crmocobnocts myru pu A-TUI cBapke. C
[IEbI0 CPABHHUTEIHHOTO aHAIHM3a PaccMaTpUBaJIHICh
CIIEYIOINE MOJICTHHBIE CUTYaITHH:

Fors Him?
700+
600F
500
400f

1

300
2001

100} 2

0F 3

L I 1 L I
0 0,05 0,10 0,15 0,20 0,25 zZ, M

Puc. 8. Pacnpenenenue ‘F t(R ,z)‘ B 3aBHCHMOCTH OT pajauyca
To a

anomHoro matHa: 1 — R =1;2—R =2;3—R =3 Mm
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0,05
0,11
0,17

0.22

0,28

033}

039F

0,45}

0.08 0.11 0.

0,50 d
130.16 0.19 0.24

1 1
0 003 0,05
a

0,05
0,11

0.17

0,22

0 0,03 0.06 0,090.120,150.180.21 0,27 X, eMm
@

® KOHBEKIIMA paciijiaBa OTCYTCTBYET;

® KOHBEKIIMS Pa3BUBACTCS B pe3ysIbTaTe JeHCTBUS
TEePMOKAMMIUIAPHON CHITbI (0OpaTHas KoHBeKuus Ma-
panronn — f_> 0);

® KOHBEKIHsA 00yCIOBJICHA CHIIOH MJIaBY4YeCTH;

® KOHBEKIIMS BbI3BaHa cuiioi JlopeHiia.

PacueTsl Benuch A HEpXKABEIOLIEH CTalu INpU
CIIEIYIOIMX YHCIEHHBIX 3HAYeHHAX IapaMeTpoB,
BXOJAILIMX B MareMaTHyeckoe onucanue: H = 5 mwm,
I=100A, B, =210* /K, B_ = 510" H/MK, R
= 1,25 mm, R, = 1,5 mm, n = 0,82. BoiOpanHbie 3Ha-
deHus R ¥ R, KOTOpbIC 10 MHCHHIO aBTOPOB B Hau-
Oonblei crenenn coorBercTByroT A-TUIT cBapke, co-
XPaHSJIMCh HEM3MEHHBIMH B TE€UEHHE BCErO BPEMEHU
(10 ¢) ropenus ayru (B OTIIMYME OT pealbHbIX YCIOBUI
CBapKH, TIPU KOTOPBIX, KaK ObLJIO yKa3aHO BBIIIE, aKTH-
BHpYIOIIee NeicTBHE (hiIroca OrpaHNUeHO BO BPEMCHH).
Pe3ynbrarsl BEIYMCIUTENBHBIX KCIIEPUMEHTOB (DOPMBI
CBapOYHOM BaHHbI U PA3BUBAIOLIMXCS B HEW MOTOKOB
pacruiaBa Juisl pa3IMYHbIX CUTyalllii CUJIOBOTO BO3JIEH-
CTBUS TIpUBEICHBI Ha puc. 9—12 (Bpemst TOpeHus Jyru
t = 8 ¢). PacueTHbIe naHHBIE CBUICTEIBCTBYIOT O TOM,
4T0 npu R = 1,25 MM JOMMHHPYIOIIMM CHJIOBBIM (haK-
TOPOM, OTPEIEIAIONM THIPOJMHAMUKY CBApOYHOM
BaHHEI, sBIsIeTCs cua Jlopenta (puc. 9, a).

ITon BO3melicTBHEM IIEHTPOCTPEMUTENBHOU CO-
CTaBIISIIOLIEH ATOM CHUJIBI B CBAapOYHOM BaHHE Op-
TraHU3yeTCs] BUXPEBOE TEYEHHE paciulaBa, KOTOpPOE
BOJIM3M CBOOOIHON MOBEPXHOCTH HAIIPABJICHO OT I1e-
pudepun K IIEHTPY CBApOIHON BaHHBL. [IBIKyIIHECS
HaBCTpEdy JIpyr APYTY MOTOKM >KHJKOTO MeTajjia B
OCEBOH 4YacTW BaHHBI Pa3BOPAUMBAIOTCSI B aKCHAJIb-
HOM HAalpaBJIEHUHU, TPAHCIOPTUPYS MEPErpeThiil A0
TeMIepaTypsl KuneHus u Beime (puc. 10) meramr u3

Z.cM

0,05
0.11
0,17
0,22

X.om

1 1 1 1 1
_0.03 0.06 0,09 0.11 0.14 0,17 0.20 0.26

0
0,05}
0.11

0,17

0 0.03 0,06 0,09 0,11 0,14 0.17 0,20 0.26 X, cMm

e

Puc. 9. ®dopma cBapouHON BaHHBI M TEUCHHUE
paciuiaBa mpu BO3IEHCTBMM IEKTPOMArHUTHON
cuibl (@), OTCYTCTBHU KOHBEKIMH (6), 00paTHOit
TEPMOKAMHJILSIPHOM KOHBEKIMHU (8) M CBOOOAHOMN
KOHBEKIIHH (2)
[IEHTpa TEIJIOBOTO TATHA KO MHY BaHHEI. [loCKOMbKY
CKOPOCTH ABMKCHHUSI KUJIKOTO METaJlla MOAIep KUBa-
FOTCSI JTOCTaTOYHO BBICOKHMH (max‘Va‘ ~ 50 cm/c), TO
TIePEMETIAIOIIIIACS METa/T B 3HAYUTEIHLHOW CTere-
HU COXpaHSET TEIUIO MEePErpeBa, B Pe3yIbTaTe 4ero B
CBapOYHOI BaHHE BOMM3H (PPOHTA TUIABICHHUS 00pasy-
eTCsI TeMITepaTypHOE YIIOTHEHHUE C BBICOKUM TPaIv-
GHTOM TeMmIeparypbl. BerneacTBue aToro cosgarorcst
YCIIOBUS JIJIs1 YBEIHUEHUS TITyOUHBI TIPOTIIIABICHUS.
[Ipn 3amanHOM paamyce aHomHOro nsATHa (R
= 1,25 mm) BausHME pazMepa NATHA Harpesa R, Ha
TIyOMHY TIPOTUIABICHUS UMEET SKCTpEeMabHBINA Xa-
pakTep: nTyOMHa MPOTUIABICHUS TOCTUTAeT MaKCUMY-
Ma ipu R = 1,75 Mm; nanbHeiiniee ymenbuieHue R, v,
COOTBETCTBEHHO, MMOBBIIICHUE MJIOTHOCTH TEIJIOBOTO
MOTOKA, MPUBOAMUT K JOMOJHUTEIBLHOMY IEPErpeBy
MOBEPXHOCTU CBAPOYHON BAHHBI BBIIIE TEMIIEPATYPbI
xunenus T . B pesynbsrare 9T0ro BO3pacTaror moTepu
TEIJIa HA WUCIApEHUE U CTEIEHb YCBOCHUS CBAPHBIM
W3JeNIieM HMCTOYHHMKA Terria cHuxkaercsa. [Ipodwib
TEMIIepaTypbl MpPU IMEPErpeBe MOBEPXHOCTU BaHHBI
BBILIE TEMIIEPATYpPhl Kunenus (R, = 1,5 Mm) umeer

(cMm. puc. 10) xapakTepHyro «Iomanky» mpu T > T .
T, °C Tonax = 3002,3 °C
2800 X e~ 2860°C
2300}
1800
1300
800+
300 ! . : : !

1
0 0.1 0,2 0.3 0.4 0,5 0,6

r,CM

Puc. 10. PacnpenencHue TeMeparypsl Ha IOBEPXHOCTH CBapoy-
HOH Bauubl pu R = 1,25 MM, R, = 1,5 MM
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Z, M

0,13

028

0.4
—20,28 -0,14 0
a

014 r.em

o

Puc. 11. Pacuernast (a) u sxcriepuMeHTaIbHast (6) GOpMBI IonepedHoro cedeHus ceapHoro msa npu A-THUIL capke

1 I
H, mm I 1 1
g | I
43 I 1
I 1
I I
4,01 ! !
: A-THI' :
I |
3.5¢ 1 I
: DKCHNEPHMEHT
I
3,0F

Pacuer

2,5¢

2,0¢

15 3 3 4 5 6 T 1

Puc. 12. ConocraBneHue pacueTHbIX U S9KCIIEPUMEHTAIbHBIX AaH-
HBIX 110 DTyOuHe nporutaBinenus npu A-TUL cBapke

OTMeTHM elie OiHy 0COOEHHOCTh (POPMHUPOBAHUS
mBa npu A-TUID" capke. IToroku pacmiasa, paszso-
padyMBaroOLIMECcs Y HA BaHHbBI B CTOPOHY €€ OOKOBOM
[IOBEPXHOCTH, CHOCOOCTBYIOT — JOHOJHUTEIHLHOMY
MOAMJIABICHUIO METallla, 33 CUET Yero BO3HUKAET
XapakTepHas «TIOIbIIaHOoOOpa3Has» ¢gopma mBa. [lo-
no6nas popma mBa Habmogaercs npu A-TUI cBapke
0e3 ckBO3HOTO mporuiaBieHus. Ha puc. 11 moxa3ansl
skcriepuMmenTanbHas (A-TUI cBapka mpu HEOOTBIION
CKOPOCTH CBapKH) M pacueTHbIE (POPMBI IONEPEUHOTO
CEUCHHMSI CBAPHOTO LIBA.

Pesynbrars! pacuera KUHETHKH NPOILIABICHUS 1IPU
A-TUI" cBapke yHOBJIETBOPUTENIBHO COIIACYIOTCS C
pe3yabTaTaMy  AKCIIEPUMEHTAIBHBIX HCCIICOBAHUIM.
Ha puc. 12 mpencraBieHb! SKCIIEpUMEHTANIBHEIE OUep-
TaHMs CBApOYHOW BaHHBI, PacueTHAas] M HKCIICPUMEH-
TaJIbHO U3MEPCHHAA FJIy6I/IHa IIpOoIJIaBJICHUA B 3aBUCH-
MOCTH OT JUIUTEIBHOCTH IOPEHUS Iyr'd. OTU JaHHBIC
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I[IapamMeTpbl NpoNJIaBJIeHUs] U CKOPOCTH TeYeHHUsI paciiaBa
NP Pa3sIMYHBIX CHIOBBIX Bo3aelcTBusx (R, = 1,25 mm, R, =
=1,5 mm)

H, Mmm
CunoBoe BO3/eiCTBIE max |V |
pacu. 9KCIL a
Be3 koHBekImu 1,5 0
Cuta MapaHroHu 0,9 35 0,8
Cuna Apxumena 1,4 ’ 2.7
Cuna Jlopenna 3,1 49,0

CBUJIETENLCTBYIOT O TOM, YTO IIPEAJIOKEHHAsL B HACTO-
AIIel padoTe MareMaTHIecKkas MOJIENb B IOCTAaTOUHOM
Mepe MOJHO OTPaXKaeT XapaKTEepHbIE OCOOEHHOCTH
(dopmupoBanus ceapHoro 1Ba npu A-TUI ceapke.

Konekius Mapanronu (B OTCYTCTBHHU BO3JIECH-
CTBUA JPYTUX CHJI) UMEET CTPYKTYpY TCUEHUs Me-
tawta (cMm. puc. 9, 6), aHAIOTUYHYIO AJIEKTPOMAT-
HUTHOMY BO3JCHCTBHIO, ONHAKO WHTEHCHUBHOCTH
TEUeHHUs,, 0OCOOCHHO B aKCHAJIbHOM HAlpaBIICHUH,
CyIIECTBEHHO HHKE (max‘Va‘ ~ 1 cMm/c). [eiicTBue
CHUJIBI TIJIaBy4eCTH (CM. pHC. 9, ) NIPUBOAUT K BUX-
peBOMY TEUYEHHIO MPOTHBOIOJIOKHOTO Hampasie-
HUSI — OT IIEHTPa BaHHBI K GPOHTY INiaBicHus. B
pe3ynbrare Takoi KOHBEKIIMU yBEIWYUBAETCS IIU-
pUHa BaHHBI, OJJHAKO ITyOWHA MPOIUIABICHHS OKa-
3BIBAETCS 3aMETHO HMKE MO CPAaBHEHUIO C JeHCTBH-
€M IOHJAEPOMOTOPHON CHUIIBI.

[IpoBeneHHbBIN CpaBHUTEIbHBIN aHAIU3 BIMSHUSA
Pa3INYHBIX CHIOBBIX (DAKTOPOB IMTOKA3bIBAET, YTO MPU
A-TUI" cBapke TOMUHHUpYIOIIEE BIMSHUE HA THJPO-
JUHAMHKY CBapOYHON BaHHBI U, B KOHEUHOM HTOTE,
Ha TIyOWHY MpOIUIaBIeHUsI U HOPMY CBApPHOW TOYKH
OKa3bIBAET AIEKTpOMaruuTHas cuia. [lpu orcyTeTBuM
koHTparupoBanus nyru (TUIL cBapka) 3ameTHOE BIH-
SHHE Ha TPOIleCC KOHBEKTHBHOTO TEIJIONEPEHOCa B
JKUJIKOM METallle MOJKET OKa3bIBaTh CBOOOJHASI KOH-
BEKIIMA paciijiaBa 1, BO3MOKHO, TOBEPXHOCTHAS CHia
BA3KOTO TPEHUS MOTOKa IUIa3Mbl C TOBEPXHOCTHIO
CBApOYHOI BaHHBI.

PesynbraTsl pacdera XapaKTEepHBIX MapaMeTpoB
npu t =5 ¢ cBeZieHbI B Ta0IHUIIE.
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BriBoabI

1. Ilpeanoxena MmaremaTndeckast MOJENb THAPOIUHA-
MUKH U TEIJI000MEHa IIPH TOYEYHOH CBapKe HerIaBs-
LIMMCSI JJIEKTPOAOM, MO3BOJISAIONIAs TPOrHO3UPOBATh
KMHETHKY NPOIJIaBJIeHNs] OCHOBHOTO MeTajlla B 3aBU-
CHUMOCTH OT ITapaMETPOB PEKHMMa CBAPKH.

2. IlapameTpamu, onpenenstolUMH TEMIOBOE CO-
CTOSIHWE M TMAPOJMHAMHUKY CBAPOYHOM BaHHBI NIPH Ty-
TOBBIX CIIOCO0AX CBapKH, SIBISIOTCS: Pa3Mep aHOIHOTO
ISITHA (AMaMeTp TOKOBOTO KaHajla Ha aHOJE); pasMep
IIITHA TETJIOBOro Harpesa. [ IpuHimnansHoe pasnuaue
B nporuasisttowei cnocoonoct TULT u A-THUTL cBap-
K OOYCJIOBJIEHO DPA3IMYHBIM COOTHOILICHHEM MEXIY
pa3MepamH TOKOBOTO U TEIJIOBOTO IATEH.

3. IlpoBeneH CpaBHUTENbHBIN aHAIU3 BIMSAHUS
pa3nuYHbBIX cHIOBBIX (hakTopoB (cmia Jlopenua, a¢-
(exT Mapanronu, cuia Apxumesa) Ha THAPOANHAMU-
Ky M TEIJIOBOE COCTOsIHUE cBapHoro mzaenus. [loka-
3aHO, YTO NMPH AUAMETPaxX aHOJHOTO ISTHA, MEHBIINX
4 MM, TOMUHHPYIOIIUM (AKTOPOM, ONPEEISIOMINM
DIyOuHY mporuiaBieHus U GopMy cBapHOH TOUKH, 5B-
JIIeTCsl LIEHTPOCTPEMUTENIbHASL COCTABIISIIONIAs CUIIBI
Jlopenna.

4. Pe3ynbrarhl pacueToB IITyOHHBI U IINPUHBI IBA
npu A-TUI cBapke ynoBIE€TBOPUTENBHO COMIACYIOT-
Csl C DKCIEPUMEHTANbHBIMU JAaHHBIMUA. Popmupo-
BaHHE XapaKTEPHOH «TIONBIIAHOOOpa3HOI» (HOpMbI
cBapHoro mBa npu A-TUI" cBapke o0yciioBieHO Te-
IJIOBBIM BO3JIEHCTBHEM IOTOKA MEPErPETOro MeTa-
J1a, Pa3BOPAUYMBAIOIIETOCS BOJIM3H JHA BaHHBI B CTO-
pPOHY €€ OOKOBOW CTEHKH.
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1.2.2. EXPERIMENTAL STUDIES

AND MATHEMATICAL MODELLING OF PENETRATION
IN TIG AND A-TIG STATIONARY
ARC WELDING OF STAINLESS STEEL"

K.A. YUSHCHENKO, D.V. KOVALENKO, L.V. KRIVTSUN,

V.F. DEMCHENKO, I.V. KOVALENKO, A.B. LESNOY

1. Introduction. Factors of increased penetration
power of A-TIG welding. Being a modification of
tungsten inert gas (TIG) arc welding, A-TIG welding
is characterized by the occurrence of the TIG welding
process over the layer of an activating flux applied to the
workpiece surface. Having the same process parameters,
A-TIG welding of stainless steel provides substantial in-
crease (2-3 times) in the penetration depth (Figure 1),
compared with conventional TIG welding.

Studies [1-6] have been dedicated to the analysis
of the possible mechanism of the increased penetra-
tion power of the A-TIG welding process of steels.
At present, most investigators relate the phenomenon
of the increased penetration power of A-TIG welding
of steels to changes in the character and intensity of
hydrodynamic flows in the weld pool. At the same
time, different assumptions are made concerning the
factors contributing to the formation of a specific hy-
drodynamic situation in the weld pool, in welding
over the layer of the activating flux. As a probable
mechanism of changes in directions of the hydrody-
namic flows in the weld pool during A-TIG welding,
the authors of [7] put forward a hypothesis that the
temperature gradient of surface tension 0y/0T (where
y is the surface tension coefficient, and T is the tem-
perature on the weld pool surface) is changed to the
opposite dy/0T > 0 under the impact of the activating
flux. This change results in the formation of an oppo-
site Marangoni flow, directed from the periphery to
the centre of the weld pool, which is followed by a
turn of the flow towards the bottom of the pool. Study
[6] also notes the possibility of the appearance of the

Fig. 1. Weld shape in TIG and A-TIG welding of 6 mm-thick
304L stainless steel plate (using moving arc); /=200A, U=10V,
V=120 mm/min; a — TIG welding; b — A-TIG welding

concentration-capillary convection, which is caused
by a non-uniform composition of the activating flux
in the surface layer of the pool.

Another important peculiarity of A-TIG welding,
which can be considered completely proven, is the ef-
fect of contraction of the arc under the impact of the acti-
vating flux, which shows up in particular in a decreased
size of the anode spot, as compared with conventional
TIG welding. Different opinions have been advanced
with respect to the cause of the arc contraction. The
authors of [2, 3] suppose that contraction of the arc is
caused by the effect of electronegative components of
the activating flux in the anode layer and near-anode
plasma. The authors of [8] are of the opinion that the
decrease in size of the anode spot in A-TIG welding is
caused by insulating properties of the flux film on the
weld pool surface. Experimental results of study [9],
where TIG welding performed with some addition of
oxygen into the arc gap provided a penetration depth
comparable with that observed in A-TIG welding, can
be used as counter-evidence for this point of view.

Hydrodynamic behaviour of the weld pool in arc
welding shows up under the impact of several force
factors:

e buoyancy (Archimedean force);

e clectromagnetic force formed as a result of in-
teraction of the welding current and proper magnetic
field (Lorentz force);

e surface Marangoni force.

Furthermore, as shown in [10], the surface force
of viscous friction of the plasma flow and the welding
pool surface may also be of considerable significance
under certain conditions. In A-TIG welding, where
sizes of the anode and cathode spots become compa-
rable, the flow of plasma in the welding arc column
(unlike the classic running of the plasma flow over
the pool) may have the form [6] of two vortex flows,
the tangential force of the viscous friction being di-
rected towards the centre of the welding pool surface.
With this structure of the plasma flows, the effect of
pressure of the plasma flow on the deformation of the

“Welding in the World. — 2009. — Vol. 53, Ne 9/10. — P. 253-263.

216




1.2. ITIPOLIECCBI B CBAPUBAEMOM METAJIJIE

free surface becomes insignificant, the main impact
being exerted [11] by the back pressure of vapours
of the metal evaporating from the region of the weld
pool surface, overheated to a temperature above boil-
ing point. Deformation of the weld pool and associat-
ed displacement of the heat source deep into the pool
can serve as an additional factor contributing to the
increase in the penetration power of the welding pro-
cess [3, 12]. Therefore, it is of interest to determine
the extent of the effect of different force factors on
the hydrodynamic processes occurring in the weld
pool. In this study, we made an attempt to conduct
this analysis by the method of mathematical model-
ling as applied to stationary arc (spot) A-TIG welding.
In this case, it is possible to confine the study to the
model in axisymmetric approximation. Experimental
investigations of the dynamics of penetration in spot
TIG and A-TIG welding were carried out to verify the
model. We will therefore present results of the calcu-
lation and experimental investigations.

2. Experimental results. Experiments were con-
ducted by using the robotic welding system equipped
with power unit TETRIX 350 AC/ DC (EWM Com-
pany). The unit was fitted with computerized systems
for programmed control (PCM 300), monitoring and
documentation (Q-DOC 9000) of the welding pro-
cess parameters. Optical system UVKD with a digi-
tal video camera was used for visual examination of
behaviour of the arc and formation of the weld spot.

Investigations of the kinetics of penetration of
metal in TIG and A-TIG welding were carried out by
welding 5 mm thick plates of stainless steel 304L. A
series of bead-on-plate weld spots was made without
or with the PATIG S-A aerosol activating flux at dif-
ferent arcing times: t = 1.0-8.0 s. Variations in arc
voltage at welding current /= 100 A were fixed during
welding with electrode negative polarity (DCEN).
The W-2 % ThO, electrode (diameter 3.2 mm and tip
angle 35°) was used with a 1.5 mm arc length. Argon
was used as a shielding gas at a flow rate of 12 I/min.

Under the quasi-stationary conditions of the weld
formation, which is the case of stationary arc welding,
the amounts of metal melted and solidified per unit
time coincide. Therefore, the jump of density in phase
transition has no effect on shape of the free surface of
the weld pool. The case of making the spot welds is
different. Here, the processes of melting of the base
metal and that of solidification of the weld metal are
separated in time, so that it is only the melting of the
base metal that takes place during the arcing time, and
solidification of the pool metal occurs after the arc ex-
tinguishes. For example, for nickel alloys the jump of
density in phase transition is 10—12 %. The volume of
the weld pool exceeds accordingly the volume of the

— e - 10.0
405 4408 Gas (in 8.0 s arcing time)
During welding After welding
— TIG welding
— A-TIG welding

Fig. 2. Weld formation in TIG and A-TIG stationary arc (spot)
welding processes

solid phase subjected to melting. Therefore, deforma-
tion of the free surface to form a convex meniscus that
shortens the arc length is unavoidable during melting
of the base metal in spot welding (Figure 2). Hence,
the arc voltage decreases with increase in volume of
the weld pool (Figure 3).

It should be noted that activation of the weld pool
surface in spot A-TIG welding occurs due to the pre-
liminarily applied flux, which is not filled up during the
welding process, in contrast to welding with the mov-
ing arc, where the flux is continuously involved in the
activation process due to movement of the arc. There-
fore, it can be assumed that spot welding under the
A-TIG conditions takes place only for a limited time
(probably 2-3 s), after which the flux effect becomes
exhausted. This explains a less pronounced increase of
the penetration depth in stationary arc A-TIG welding
(Figure 4, a), compared with the moving arc, the most
typical differences in the penetration width and depth
persisting between the two methods (Figure 4).

A characteristic crater with a depression (recess) is
formed at the centre of the weld spot during its solidi-
fication, after the switching off of the welding current
and extinguishment of the arc. This is typical both for
TIG and A-TIG welding, the only difference being
that the recess in A-TIG welding is a bit deeper than

u,v

11.0f

10.5

10.0

9.5

9.0

1 2 3 4 5 6 7 Ls

Fig. 3. Variations in arc voltage during TIG and A-TIG spot weld-
ing processes
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h, mm B, mm
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TIG weld

430 A-TIG
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Fig. 5. Surface appearance and cross-sections of solidified weld spots made by TIG and A-TIG stationary arc (spot) welding: @ — sur-

face appearance; b — cross-sections

in TIG welding [6]. Surface appearances of the weld

spots are shown in Figure 5.

Arc plasma

Lorentz force

Tungsten electrode
(cathode)

Current flux

Base metal
(anode)

Fig. 6. Schematic of mathematical description
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3. Mathematical model of magnetic hydrody-
namics and heat exchange in TIG arc welding.
3.1. Main assumptions. The most comprehensive de-
scription of the arc welding process is that based on a
model allowing for interaction of the arc column with
a workpiece. Here we consider the model of thermal,
electromagnetic and hydrodynamic processes occur-
ring in the workpiece, with an approximate allowance
for the impact of the arc on the base metal. This ap-
proximation is based on the following two assump-
tions: (1) welding current flows into the workpiece
through the anode spot with radius R and (2) heat
flow goes into the workpiece through the «heat» spot
with radius R, on the weld pool surface (Figure 6). It
is assumed that the current density and specific heat
flow of the welding heat source are distributed in the
corresponding spots following the normal law. For the
calculation investigations, the ranges of variations in
values of R and R, were chosen from the experimen-
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tal data (see [13—15]). Deformation of the free surface
of the weld pool was ignored. Models of the thermal,
electromagnetic and hydrodynamic processes were
formulated in axisymmetric approximation.

3.2. Model of thermal processes. The following
physical assumptions were made for development of
the model of non-stationary welding heating of the
base metal plate:

e the process of energy transfer in a workpiece oc-
curs by the conductive-convective mechanism;

e heat exchange between the workpiece and the
environment occurs simultaneously due to convection
and radiation;

e heat losses for evaporation are taken into account
in the overheating of the free surface of the weld pool
to a temperature above boiling point.

The calculation data of study [16] on dependence
of the specific mass flow of the vapour upon the over-
heating temperature of the melt were used to calculate
the specific heat flow going for vapour formation.

With these assumptions, the mathematical model
of the thermal processes has the following form:

W,

ow_1of,or
ot ror 0z  ror

"o
(1
of(,adT

+g(xgj+\y(r,z),0<r< R,0<z<H,

oT

or

oT
= 0, 7\.5

r=0 z=

oT
M

—a, (T-T),

2
= _qh + qa + qva
z=0

where

:

w(T)= _[ epdT +xpn(T)

TO
is the enthalpy; ¢ = ¢(T), p = p(T) are the specific
heat and density of metal, respectively; A = A(T) is
the thermal conductivity; n(T) is the proportion of the
solid phase; « is the melting heat; g,(r), (0 <r <R,) is
the specific heat flow of the welding heat source; ¢, =
=0, (T*~T*) + 0o (T—T) is the heat loss for evapo-
ration; ¢, = g, is the heat loss for vapour formation;
g, = g,(T) is the specific mass flow of the vapour; y,, is
the vapour formation heat; and o, and o, are the heat
transfer coefficients.

3.3. Model of electromagnetic processes. The fol-
lowing model of the electric processes formulated for
scalar potential ¢ of the electromagnetic field was
used to determine the field of current densities in a
workpiece:

div(ograde)=0, 0<r<R, 0<z<H; 3)

op| o« . Ol _
Gazzzo_] (r),0<r<R; arVZO—O,
)
% =0, o(r,H)=0, 0<r<R,
or| _x

where G is the specific electrical conductivity.
Current density distribution ;j°(r) in the anode spot
was set by the normal law, so that

R,
I J (r)rdr =091,
0

where / is the welding current.

The potential distribution being known, it is pos-
sible to calculate current density ;= —cgrade and
distribution of volume density of the Joule heat
sources y = o|grad ¢[%, and then, proceeding from
equation rot H = j, to determine magnetic field
intensity H = {0, H(r, z), 0). In the axisymmetric
electromagnetic field, the volume density of the pon-
deromotive force can be expressed in terms of field

intensity A, in the following form:
. U adr + o
F=-pu zgradHe e | (3)

where p is the magnetic permeability.

It is a known fact that the potential component of
the volume force does not lead to a liquid flow (al-
though it does not hamper it under the effect of oth-
er forces). Therefore, it is the centripetal force that
drives the motion of the melt:

H?
5 0=
Frot_ Hokt r %

where € is the unit vector.

For the weld pool surface, this force can be direct-
ly expressed in terms of the welding current:
2
Iiot(r,O):fuouA‘T[E?RLcér, 0<r<R. ©)

It should be noted in the context of further descrip-
tion that the value of the centripetal force is inversely
proportional to the cube of radius of the anode spot.

3.4. Model of hydrodynamic processes. The hydro-
dynamics of the weld pool was described by using the
complete system of equations of motion of a viscous
incompressible liquid in the Oberbek—Boissinesq ap-
proximation. The equations were integrated in a com-
plex configuration region, limited by the free surface
of the weld pool and melting front I to be determined.
The impact on the melt by the following force factors
was taken into account: centripetal component of Lo-

rentz force F_ , Archimedean force F =pgB,T
rot Arch >4

and Marangoni surface force. The model is described

by the following equations and boundary conditions:
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where V. and V_ are the components of the velocity
vector; V is the kinematic viscosity; and

op
p =2
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v is the surface tension coefficient that depends upon
temperature T and concentration C of a surface-active
element.

3.5. Numerical implementation of the model. The
problems of heat, mass and electrical transfer formu-
lated in 3.2-3.5 were solved by the grid method.
Regular Euler grid o, = {r, =nh,,n = 0,N, Nh, = R;
z, =mh,m=0,M, Mh_= H} and time grido_ = {t =
=kt,k =0,1,2,..} were used for approximation of
the above problems. Also, the local Lagrange grid
was used for approximation of substantial derivatives
in the energy and motion equations. The latter was
plotted [17, 18] so that points of the Euler and local
Lagrange grids coincided at the required moment in
time t = t. In addition, a step in time was limited on
the basis of the requirement that the maximal Kurant

number not be in excess of one, i.e. max | Ku|<1. The

@y

equations of hydrodynamics were integrated in region

Q={0<r<R,0<z<Hj} by the method of fictitious
regions. For this, density and viscosity for the part of
region Q relating to the solid phase were selected to
be very high. Grid o, used for the calculations was as
follows: N = 140, M = 140.

4. Results of calculation investigations.
4.1. Characteristics of electromagnetic field. Fig-
ures 7 and 8 show the calculated fields of current den-
sities, isolines of magnetic field intensity H, (A/cm) and
volume density of the vortex component of the Lo-
rentz force (N/m?) at current /= 100 A and anode spot
radius R, = 1 mm. The highest values of the centrip-
etal force are achieved in volumes of the weld pool
adjoining the anode spot.

The effect of size of the anode spot on value of
the centripetal force is illustrated in Figure 9, which
shows distribution of a vortex component of the elec-
tromagnetic force for different radii of the anode spot.
As seen in Figure 9, the smaller the radius of the an-
ode spot, the higher the value of the centripetal force
(see Equation 6). It should be noted that not only the

0.02

0.09

0.20 ~500
0.30 =T
=30
0.41 L L I
0 012 024 036 048  rem

b

Fig. 8. Isolines of magnetic field intensity and electromagnetic force in weld pool at /=100 A, R = 1 mm: @ — isolines H; b — iso-

lines F
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Fig. 9. Distribution of |F (R, z)| against radius of anode spot at
I=100A:1—R =1mm;2—R =2mm;3—R =3 mm)
value of the force, but also its gradient in the axial
direction, are significant for generation of the melt
flow directed towards the pool bottom. The calcula-
tion results presented can be interpreted in such a way
that the volumes of the weld pool adjoining the anode
spot comprise a sort of magnetodynamic pump, which
causes flushing of the melt to the weld pool bottom.
Capacity of such a pump greatly depends upon the
anode spot diameter. At R, > 2 mm, the compressive
effect of the vortex component of the Lorentz force
becomes weak, and the contribution of magnetic hy-
drodynamics to formation of the melt flows becomes
accordingly mitigated.

4.2. Thermal and hydrodynamic processes. Calcu-
lation experiments on the thermal and hydrodynamic
situation in spot TIG arc welding conducted in this
study were aimed at investigation of the effect of dif-
ferent force factors on the penetrating power of A-TIG
welding. The following model situations were consid-
ered for the comparative analysis: no convection of
the melt present; convection driven by the buoyancy
force; and convection driven by the Lorentz force.

The calculations were made for stainless steel at
the following numerical values of the parameters in-
cluded in the mathematical description: H = 5 mm,
I=100A,B,=2-10"*1/K, n = 0.82; radii of the anode,

z, cm
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Fig. 10. Shape of the weld pool at no convection
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Fig. 11. Shape of the weld pool and melt flow at free convection
(max |V] =1 em/s, max |V | = 0.55 cm/s)

R, and heat, R, spots varied from 1.0 to 2.0 mm. The
chosen values of R and R, which, in the opinion of
the authors, correspond in the maximum possible de-
gree to A-TIG welding, remained unchanged for the
entire arcing time (in contrast to real welding condi-
tions, where, as shown above, the activating effect of
the flux is limited in time). Results of the calculation
investigations of the shape of the weld pool and melt
flows developing in it for different situations of the
force effect are presented in Figures 10-12 (arcing
time ¢ = 8 s).

The calculation data are indicative of the fact that
at the anode spot with size R, = 1.25 mm and R, =
= 2 mm, it is the Lorentz force that is the dominat-
ing force factor determining hydrodynamics of the
weld pool (Figure 12). The centripetal component of
this force generates a vortex flow of the melt in the

0.04F

0.091

0.14F

0.20

0.25H
|
0304
0.35F

0.41F

L
0.24 r,cm

0.46

0.12

1 1
0.06 0.18

Fig. 12. Shape of the weld pool and melt flow under the ef-

fect of electromagnetic force (max [V] = 11.7 cm/s, max |V| =
=52.7 cm/s)
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Fig. 14. Distribution of temperature on the weld pool surface at
R =125mm, R, = 1.5 mm

weld pool, which near the free surface of the weld
pool is directed from the periphery towards the cen-
tre of the pool. The opposite flows of molten metal
in the pool turn to the axial direction, thus transport-
ing the metal overheated to a temperature above the
boiling point from the centre of the heat spot to the
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 the increase of the
penetration depth. According to Figure 9, the intensity
of convection of the metal weld pool decreases with
the increase in radius of the anode spot (Figure 13). At

0.50

0.14

028 r,cm
a

R, <2 mm, the temperature of the central part of the
weld pool exceeds boiling point. In this case, the tem-
perature distribution profile on the weld pool surface
has a characteristic «plateau» (Figure 14) caused by
the heat loss for evaporation.

Note another peculiarity of the weld formation in
A-TIG welding. The melt flows turning near the pool
bottom towards the side surface of the pool lead to ex-
tra metal melting, thus causing formation of a charac-
teristic «tulip-shaped» weld. This shape of the weld is
observed in A-TIG welding without through penetra-
tion. Figure 15 shows the experimental (A-TIG weld-
ing at a low welding speed) and calculated shapes of
cross section of the weld.

Results of the calculation of the kinetics of pen-
etration in spot A-TIG welding are in satisfactory
agreement with experimental data. Figure 16 shows
experimental profiles of the weld pool, as well as
calculated and experimentally-measured penetration
depths depending upon the arcing time.

These data are indicative of the fact that the mathe-
matical model suggested in this study provides a suffi-
ciently comprehensive description of characteristic pe-
culiarities of the weld formation in spot A-TIG welding.

The effect of the buoyancy force leads to an opposite
vortex flow from the pool centre to the melting front.
This convection results in an increase of the pool width.
However, the penetration depth turns out to be markedly
lower, compared with the effect of the ponderomotive
force. Results of calculation of the characteristic param-
eters are given in Table. As follows from the Table, in
spot A-TIG welding, the dominating effect on the hydro-
dynamics of penetration and shape of the weld spot is
exerted by the electromagnetic force.

Consider the effect of the Marangoni convection
on the penetrating power of the arc in A-TIG welding.
It is a known fact that surface-active elements affect
the value of the 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 [19],
surface tension coefficient y as a function of the con-

Fig. 15. Calculated and experimental shapes of cross-section of the weld in moving arc A-TIG welding: ¢ — calculated shape; b —

experimental shape
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Depth of penetration and flow rate of the melt under different force effects (t, =8 s)

4 Allowance for different force Maximal axial h,,[,,,, mm Diameter of anode | Diameter of heat
factors velocity, cm/s Calculation Experiment spot of arc, mm spot of arc, mm
1 No allowance 0 1.95
Archimedean force 2.7 1.80 4.5 2.5 3.0
3 Lorentz force 49.0 4.60

tent of oxygen, C, in steel grows with decrease in the
concentration of oxygen

)

As the concentration of oxygen on the weld pool surface
decreases, with an increase in temperature, then
% >0
and, therefore,

B . ﬁ <0.
This is indicative of the probability of formation of
the reverse concentration-capillary Marangoni con-
vection caused by the gradient of the concentration
of oxygen on the free surface of the weld pool. At the
same time, according to [20], the temperature interval
of surface tension

p=2L
of the iron melt with an oxygen content of 150—
350 ppm takes a positive value within a temperature
range of 1873-2123 K. As a result, we have
T
Pr = aary <0

which proves the probability of the reverse ther-
mal-capillary convection. With the combined concen-
tration-capillary and thermal-capillary convections, the
condition of balance of tangential stresses on the free

surface of the melt can be written down as follows:

1 oT
25, eS|

Therefore, in A-T1G welding the probability exists
for the formation of the reverse (from the periphery of
the pool to its centre) Marangoni flow caused by both
the thermal-capillary and concentration-capillary
mechanisms. In experimental evaluation of B, and B,
it is extremely important to provide the conditions re-
quired for determination of particular derivatives

ﬁ and ﬂ,
oC oT
otherwise the experimental data may be invalid.

Note another important circumstance related to
high-temperature heating of metal to boiling point T =
= T,. From physical considerations, y(T, C) —» 0 at T —
— T,, independently of the content of oxygen. It means
that

r

Oz
z=0

o , oT . oC

ar Pror P >0

4.0
A-TIG
3.5F . .
Experiment
3.0F

Calculation

2.5+
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1.5 1 1 : 1 1 :
2 3 4 5 6 7 t

vy

Figure 16. Comparison of calculation and experimental data on
penetration depth in spot A-TIG welding

in a certain temperature range (T, < T <T,) below
boiling point, i.e. the surface tension coefficient at
temperature T =T has a maximum and the direction
of the surface force within this temperature range
corresponds to a straight (from the centre of the pool
to its periphery) capillary convection. Therefore, the
straight (from the centre of the pool to its periphery,
atT e [T _,T,]) and reverse (from the periphery of the
weld pool to its centre, at T<T ) capillary convections
may simultaneously take place in A-TIG welding. In
this case, two vortexes may form in the weld pool, the
interaction between which will result in the melt flow
being directed deep into the weld pool.

In conclusion, we have to note that the available
experimental data on dependencies B. = B(T, C) and
B; = BT, C) within a wide temperature range are not
enough to make with certainty any theoretical evaluations
of the effect of the Marangoni convection on the penetra-
tion power of the arc in A-TIG welding. Taking this into
account, we refrain so far from analysis of the results of
our preliminary calculations made in this direction.

5. Conclusions

1. The mathematical model is offered to describe
hydrodynamics and heat exchange in stationary-
arc (spot) TIG welding, allowing prediction of the
kinetics of penetration of base metal depending upon
the welding process parameters.
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2. It was established on the basis of the mathemat-
ical model describing hydrodynamics and heat ex-
change in spot tungsten-electrode arc welding that the
thermal state and hydrodynamics of the weld pool are
determined by the following parameters:

e size of the anode spot (diameter of the current
channel at the anode);

e size of the heat spot (diameter of the spot,
through which the thermal power of the arc is intro-
duced into a workpiece.

3. Comparative analysis was conducted to study
the impact of different force factors (Lorentz force,
Archimedean force) on hydrodynamics and thermal
state of a weldment. It is shown that at certain diam-
eters of the anode spot it is the centripetal component
of the Lorentz force that is the dominating factor, de-
termining the depth and shape of the weld spot.

4. Results of calculation of the depth and width of
the weld in A-TIG welding are in good agreement with
experimental data. Formation of the characteristic «tu-
lipp-shaped weld in A-TIG welding results from the
thermal effect of the flow of the overheated metal, which
turns near the bottom of the pool towards its side wall.

5. To study the Marangoni convection effect on the
penetration power of the arc in A-TIG welding, it is
necessary to conduct additional experimental studies
of the dependence of surface tension coefficient upon
the temperature and concentration of an activating el-
ement in the melt, particularly for conditions of in-
teraction of the flux layer with the weld pool surface.

6. For a more detailed quantitative evaluation of
the penetration power of the A-TIG welding process
(like all other arc welding processes), it is expedient
to develop the self-consistent mathematical model de-
scribing 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.

7. The feasibility is shown of controlling the pen-
etration depth through changing the radius of the cur-
rent flow. Specific ways of realizing this feasibility
can be developed as a result of theoretical and exper-
imental studies and mathematical modelling of the
processes occurring in the anode region.
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1.2.3. YUCJIEHHOE UCC/IEAOBAHUE
I'MAPOANHAMMUKU PACIIJIABA
B YCTAHOBKE KOBUI-TTEYDb ITOCTOSAHHOT'O TOKA™

N.B. KPUKEHT, C.E. CAMOXBAJIOB, JI.I0. KABAKOB,
N.B. KPUBIIYH, B.®. IEMYEHKO, B.II. IUIITIOK, C.B. TPEKOB

OmanM 13 pPEeKTHBHBIX CIOCOOOB BHENEYHOW 00-
paboOTKH CTalM SBISIETCS TpoIiece paQUHUPOBAHUS B
CTaJIepa3IMBOYHOM KOBIIIE C HCIOJIB30BAaHUEM IO/I0-
TpeBa AIIEKTPUUECKOM TyToi (YCTaHOBKA KOBII-TIEYh —
VYKII). B atoMm mporiecce CyIiecTBEHHOE BIUSHHUE Ha
WHTEHCU()MKAIAIO Ta30BBIICIICHNS U3 METaJUINIeCKO-
rO paciiaBa ¥ €ro B3auMOJCHCTBUE C BBOAMMBIMH B
KOBIIIEBYIO BaHHY PACKUCIHTEISIMHU U JIETHPYIOIINMHI
MPUCATKAMH OKa3bIBaeT IEPEeMEIINBAHUE paCIIaBa.
B VKII nupkynsiiust suaKoH CTaiu NPOUCXOAUT O]
BO3JICHCTBUEM CIICIYIOIINX CHIOBBIX (PAaKTOPOB: B3aH-
MOJICUCTBHS BCIUIBIBAIOIIMX My3bIPE MHEPTHOTO rasa
C pacruiaBoM TpH 0apOOTaXKe BaHHBI I'a30M, HarHETae-
MBIM 4Yepe3 MPOAYBOYHYIO (hYypPMY; ITEKTPOMArHUTHBIX
CHJI; BSI3KOTO TPEHUs JYyTOBOM IUIA3MBbl C MOBEPXHO-
CTBIO KHUJIKOMETAJUIMYeCcKo BaHHbI. Kak mokazaHo B
paborax [1-4], 3Tu (akTopsl OKA3BIBAIOT CYLIECTBEH-
HOE BJIMSIHHE Ha (POPMHPOBAHHE CIIOXKHOTO JBHIKCHHUS
B CHCTEME ra3—MeTaJUIMYeCKui paciiaB. B HacTosien
paboTe ¢ MOMOIIBI0 METOJIa MaTeMaTHIECKOTO MOJICIH-
pPOBaHMS M3y4aeTcsl BIUSHUE MEPBBIX NBYX (PaKTOPOB
Ha niepememBanne crainu B YKIL

[Tpn MoenmmpoBaHUH TIPOLIECCOB ITEPEHOCA IMITYITh-
ca W 3apsija KOBILEBYIO BaHHY OyleM IpeICTaBisITh B
BUJIe IIMJIMH/IPA 33J]AHHOTO Pajyca W BBICOTHI; IIEHTP
CUMMETPUM AHOTHOTO MSATHA HA MOBEPXHOCTH BAaHHBI
TIOJIOYKMM COBITAIAFOIIUM C OCBhIO BaHHBI. Jledopmaru-
€1 CBOOOTHOM MOBEPXHOCTH BaHHBI TI0] BO3ICHCTBUEM
HaOeTaroIIero MOTOKOM JyTOBOW TUIa3MbI OyneM Iipe-
HeOperaTb, Kak M HalpsHKCHUEM BSI3KOTO TPEHHSI MOTO-
Ka TIa3Mbl CO CBOOOTHOMN TOBEPXHOCTHIO. [10CKOIBKY
pacIoNoKEeHHE MPOAYBOYHONH (ypMBI B YCTaHOBKE
KOBIIF-IeYh HE COBIAJAET C OCHI0 CHMMETPHH BAaHHBI,
TO A7l OMHUCAHUSl THAPOJUHAMUYECKUX MPOLIECCOB B
pacruiaBe Oy/IeM HCIONIB30BaTh TPEXMEPHYIO MOJEINb.
Jnst BBIOpaHHO# (OpMBI BaHHBI €€ YI00HO (opMyanpo-
BaTh B HWJIMHIPUYECKOW cHcTeMe KoopmuHar {I, 0, z}
(0 — ymioBasi KoOpAMHATA), HAYaJIO0 KOTOPOH CcOBMa-
JAeT C LEHTPOM aHOMHOIO IITHA JYTOBOTO paspsa.
Mogenb ruapoIMHAMUYECKUX MPOLIECCOB B METaJUIU-
YECKOW BaHHE, MOABEPTaIOIIeHCs TMPOoayBKe TazoM [5],
MOCTPOCHA B PaMKaX KOHIIETIIIMA MHOTOCKOPOCTHOTO
KOHTHHYyMa [6], B COOTBETCTBUH C KOTOPOM MHOTO(ha3-
Hasl cperia (paciuiaB—Tas) MpeACTaBiIsieTcs B BHIE HA0O-

pa xouTHHYYMOB ((ha3). Kaxmast dasa xapakrepu3syer-
€Sl MAaKpOCKOITMYECKUMH MapaMeTpaMu: IJIOTHOCTBIO,
CKOPOCTBIO U YJICJIbHOM dHeprueil. B monenu npuHATHI
CIIeNyIolIe JIOMYIIEHUS: BaKyyMHOE TPHONDKEHUE;
TMOCTOSIHHAA TJIOTHOCTh METalljla; KUHETUYECKUe 3Hep-
THH, a TAKXKe padoTa TIOBEPXHOCTHBIX U OOBEMHBIX CHII
NpeHeOPEKMMO Majlbl 10 CPAaBHEHUIO C BHYTPEHHUMH
SHeprusiMu. J[J1si YUCIIEHHOW peau3aluy MOJIEIU UC-
TIOJTE30BAJIM METO/IUKY, OTIMCAHHYO B padote [7].
Pacnipenenenue  XapakTepuCTUK — 3JEKTpoMar-
HUTHOTO TM0Jsl (TUIOTHOCTh TOKa, HANpsDKEHHOCTH
MarHWTHOTO TOJisl, OOBbEMHAas TIOTHOCTH 3JIEKTPO-
MarHuTHOW cwibl) B BanHe YKII mocTostHHOrO TOKa
CYILLIECTBEHHO 3aBUCHUT OT JHaMeTpa MOJOBOIO 3JIEK-
TpoAa U paclpeseleHns IIOTHOCTH TOKa B aHOAHOM
IIITHE HA INOBEPXHOCTH METAUIMYECKOM BaHHBI. B
paborax [8—10] »neKTpoMarHUTHBIC CHIIBI, ICHCTBY-
OIIMe Ha METaJUI, U UX BIUSHUE HA IepeMenInBaHIe
pacriaBa OLIEHUBAIM UCXOMS U3 TPEAIOTI0KEHUS, UTO
pa3Mep aHOIHOTO IMATHA PaBeH JAMAMETPY IMOJO0BOTO
ANeKTpoia. B peasbHBIX ycinoBusSX 00pabOTKH Me-
TaJula CUJILHOTOYHOM AYyroil pa3Mep aHOAHOTO MSATHA
U pacnpeiesieHue MIOTHOCTH TOKa B HEM OMPEesi-
FOTCSl YCIIOBHUSIMU TOPEHHUS IyTH, KOTOPbIE 3aBUCST OT
3HaYeHHs TOKa W JIIMHBI nyru. B pabote [11] mpen-
JIOKeHa MaTeMaTH4eckas MOJAENb TYTrOBOTO paspsia
CHJIBHOTOYHOW AyTH, 0a3UPYIOIIAscs Ha MOTHOW CH-
CTeM€ ypaBHEHMU MAarHUTHOW ra30BOM JIMHAMHUKHU U
ypaBHEHUU AHEPruu. B mMonenu, yyuThiBaromen mne-
peHoc Temia 3apsHKeHHBIMH YacTHIIAMH, TEIIONpo-
BOJHOCTBIO M KOHBEKLIHMEW, XapaKTEPUCTUKHU HIIEK-
TPOMAarHUTHOTO MOJIsI B CTOJI0E AYTH PaCCUUTHIBAIOT C
YYETOM CKauKa MMOTEHIMAJIA AIEKTPUYECKOTO MOJIsI Ha
AQHOJIHOM cJIO€. DTO MO3BOJISIET OMPEAECIIUTH Pa3Mephl
AHOJTHOTO IISITHA U PACIpeesieHue B HEM IJIOTHOCTH
3NIEKTPUUECKOTO TOKa B 3aBUCUMOCTH OT JUTHHBI JYTH,
TOKa W CBOWCTB ITa3Mo00pasyromiero rasa. Ha puc.
1 mpencTaBiieHO paclpe/ieleHne MIIOTHOCTH TOKa Ha
CcBOOOTHO TTOBEPXHOCTH BAaHHBI [T Pa3TUIHBIX 3HA-
YeHUH AJIMHBI AyTH L pu Toke 26,2 KA.
Pacripenenenne mioTHOCTH TOKa B Tpereiax aHo-
JTHOTO TISITHA HOCUT BEChbMa HEPAaBHOMEPHBIN Xapakrep.
B takux ycnoBusax B oObeMe paciuiaBa IMoj aHOIHBIM
IISITHOM JIyT'M BO3HHMKAIOT 3HAYMTENIbHBIE 3JI€KTpoMar-
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PA3JIEJT 1. IVTOBASI CBAPKA

Jar A/ MM2

0 20 40 60 80 100 120

¥, MM
Puc. 1. Pacnpenenenne mioTHOCTH TOKa HA MOBEPXHOCTH aHOJA
J, JUIS PasinYHbIX 3HAYEHUH 1uHbl ayra L, mm: [ — 1505 2 —
180; 3 — 210
HUTHBIC CHJIBI, CIIOCOOHBIE BHECTH 3aMETHBIM BKJIAI B
LMPKYJIALMIO paciijlaBa METAITTNYECKON BaHHBI.

[Tonaras snextpomarauTHoe noje B BaHHe YKII
OCECHMMETPUYHBIM, 3alUIIEM ypaBHEHWE ISl CKa-
JIipHOTO MoTeHuuana ¢ = ¢(r, z) B BUae

div (o grad @) =0,

IJle G — YylelbHas 3JIEKTpUYECcKas MPOBOIUMOCTD
JKUJIKOM ctanu. st ONHO3HAYHOIO PELIEHUS IaHHOTO
YPaBHEHMS JIOIIOJIHUM €ro yCJIOBMSAMH Ha IpaHMALIAX
paccMaTpuBaeMoi o0actu. B 30He aHOTHO# MTPUBSI3-
ku ayrd z = 0 B COOTBETCTBHUH C pUC. | 3amaaumM pac-
IPEJIETIEHUE TUIIOTHOCTH TOKa / 