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*000 «[Henponpecc Ctanb», [Henp
**YM «®upma POYO», Kues

JHeproathhekTMBHbIE PELLEHUS NPU MOAEPHU3ALNN AYTOBbIX
cTanennaBunbHbIX NeYyeil NOCTOSAHHOro TOKA NUTEHHOro Knacca

BbirnosiHeHo 4MCieHHOe MoAenpoBaHne TersioBori paboThl QyTEPOBKU 1 pacrnpenesneHns nioTHOCTU Toka B BaHHE
12-TOHHOV AyroBoOVi cTasnennaBuibHOM rneyYn rnocTossHHOIO Toka JIMTENHOro Kaacca. YCTaHOBJIEHO, HTO Py rpPOCTOsIX
neun 6osee 15 yacoB, ycTaHOBKa BOAOOX/IAXAAEMbIX 371eMeHTOB (B3) ¢ npocTpaHCTBEHHOU CTPYKTYpOri B3amMeH
4YacTu yTepOBKN CHUXAET NOTEPY SHEPIM MeYm 3a CHET COKPALLEHUS 3aTpar Ha akKyMyJssumio Teria, HECMOTPS Ha
J10MMOJIHUTEJIbHbIE NOTEePU C BOAON. B3 ¢ NpoCTpaHCTBEHHOV CTPYKTYPOV CHUXAKOT noTepu Tersia ¢ Boaov Ha 25-35 % B
CpaBHEHUW C TPAANLUMOHHBIMY B3 ¢ nnoTHo yknaako Tpy6. YcTaHoBKa noaoBbix 3/1ekTpoaos (13) ctepxHeBoro tuna
B3ameH 13 nnacTyuH4YaToro Tuna rno3BoJIIET COKPATUTL IHEPronoTpebeHye reysto Ha 3—9 % 3a cueT UHTeHCugUKaLnum

B/IEKTPOBUXPEBbLIX TEYEHWI B CTa/1€M/1aBU/IbHOV BaHHE.

Knro4yeBbie cnoBa: nyroBas rie4s NOCTOSSHHOMO TOKa, akKyMyJisiLumns Tersa, BOAOOX1aXAaEMbI€ 9/1EMEHTbI, MOA0BbIV

271eKTPOL4, 3HEProd(HEKTUBHOCTD.

sedeHue. [lyroBble cTtanennaBurbHble NeYnm nocTo-

aHHoro Toka (ACIMT) xapakTtepusyoTca yCTon4yu-

BblM FOPEHUEM OYri, YTO CMOCOBCTBYET CHUKEHMUIO

yrapa WuxTbl, YPOBHSA WyMa u crimkep-addexta B
cpaBHeHun ¢ TpexdasHbimMu aHanoramm [1-3]. Mpeumy-
wectea OCIMNT Hanbonee nonHo peanusyoTcs B «Ma-
nown» MeTannyprum (NMUTenHbIe LEXN) NpU KNnaccu4eckom
TEXHONMOMMN C OTHOCUTENbHO ANUTENbHLIM NEPMOLOM
OOBOJKMN XMOKoW ctanu. B gyroBbix neyax nuTtenHoro
Knacca, B OTnMymne OT arperatoB «0onbLWION» MeTannyp-
ru, NPOM3BOANTENBHOCTb He SABMSIETCA NPUOPUTETHOMN
3agjaven, BBOAMMAS yAerbHas 3neKkTpuyeckass MOLL-
HOCTb He npesbiwaeT 0,5 MBT/T, npumeHeHne cpeacTs
WHTEHCUMKauMM nnaBkyu M BOOOOXNaXAAeMbIX are-
mMeHTOoB (B3O) Becbma orpaHuyeHo [3, 4].

AHanus nocnedHux uccnedogaHul u nybnukayud.
lMocmaHoeka npobnemsi. ACIMNT n gyroble neun B
LenoM MMelT OTHOCUTENbHO HU3KYK dHeproaddek-
TMBHOCTb BCeACTBME NOoTepb Tenna, rmasBHbIM o6pa-
30M C MblNerasoBon cpegon n ¢ BOAOW, JOCTUraloLWwmx
Jaxe B putMnyHo paboTtatowmnx nevax 30 % sBogumom
3Heprun n Gonee [2]. B «manon» MeTtannyprum npo-
brnema ycyryonsietca AnMtenbHbIMU NPOCTOAMM Nneden
N CBSAI3aHHOW C HUMW NOTepen 3HEPrnn Ha akKymyns-
umo Tenna dgytepoBkon. Ha 6-TOHHOW gyroBon neyun
NUTENHOro Knacca 3KCnepuMeHTanbHO YCTaHOBMEHO
HanuMyne AMHaAMUYECKOro Cnosi (pyTepoBKN TOMLLMHOMN
115-120 MM Cc NepeMeHHbIMM MO XOAY MMaBKN TEM-
nepaTtypHbIM NonemM W dHTanbnnen, N BHELWHEero KBa-
3MCTaLNOHAPHONO Crosi C NMpPakTUYecku O4HOPOOHbIM
TemnepatypHboiM nonem. CyTOYHbIA MPOCTON MNeyn
BeOeT K CHWKEHUIO cpedHen TemnepaTypbl yTepoBs-
kn go 150-200 °C, u gns KomneHcaumm notepu ee
3HTanbnun Tpebyetca BBOA JHeEpPrun, CON3MepPUMbIN

C TEOPeTNYECKMM yaenbHbIM PacXO40M 3MEeKTPOIHep-
rmmn Ha nnasky [5].

lMpeactaBnsdeT MHTEpPeC CONoCTaBUTb NOTEPK, B YaCT-
HOCTM Ha akKyMynsauuio Tenna B AyroBowv nevun NIMTenHo-
ro Kracca ¢ KMpnuyHomn cyTepoBKOn 1 Npu Hanuymm BO;
HaWTV peLleHne No MogepHU3aunm nevm, OCHOBaHHOE Ha
KOMMPOMMWCCHOM GanaHce 9KOHOMWM 3HEPropecypcoB U
OrHEeYrnopoB B KOHKPETHbIX YCIOBMSAX NPOM3BOACTBA.

BaxHbiM 1 kpuTu4HbIM y3nom OCIMT ssnsetcs no-
posbln anekTpog (M3), obecneunsarowmin npoxoxgeHme
W pacTeKkaHue ToKa B BaHHe, NP1 B3aMMO4EeNCTBUN KOTO-
POro C MarHUTHbIM MOMIEM BO3HUKAIOT 3NEKTPOBUXPEBLIE
TeueHus (OBT) [6]. Hambonbluee pacnpocTpaHeHue no-
nyyunu N3 cTepXHeBOro U NNacTMH4aToro (MnNu Uronb-
yatoro) Tmna [1, 5, 7]. 3BT aBnseTca BaXkHbIM (haKTOPOM
WHTEeHCcUdMKaumm NpoLeccoB TeNno- U MacconepeHoca
B BaHHE 1, COOTBETCTBEHHO, SHEProadEKTUBHOCTU Ne-
yn. MNytem yncneHHoro mogenuposaHus OBT ycTtaHoB-
NIeHO MONOXWTEeNbHOE BRUSAHWE MYyOWHbI BaHHbI, CUMbI
TOKa, pacxoga WHEPTHOro rasa npuv AOHHOW MpoadyBKe
BaHHbl W HEraTUBHOE BO34ENCTBME ANVHHOW OYIU U CNOS
Liraka Ha NpogoMKNTENbHOCTb HarpeBsa u ycpeaHeHus
ctanu no Temnepatype [8]. B pabote [9] uccnenosanu
OBT Ha HebonbLon gpuandeckon mogenu OCIMNT ¢ ne-
Nnonb30BaHMEM IEerkonnaBknux MeTannoB M NpuUWnn K
BblBOAY, YTO Npw ycTaHoBKe ABYX 13 n ux cmelleHnn
OTHOCUTENBHO BEPXHEro anekTpoaa, Habniogaercs yse-
nnyeHue cpegHen ckopoctn OBT B 1,3-1,4 pasa. Co-
rnacHo [10], nepexoa oT LMNMHAPO-KOHNYECKOW BaHHbI K
KOHMYECKON BeAET K pocTy ckopocTn OBT, a nepemelue-
Hue Topua 13 BbILE N HUXKE YPOBHS NMOANHbBI CHUXAET U
yBenu4ymMBaeT ckopocTb BT COOTBETCTBEHHO.

AKTyanbHOM OCTaeTcsi 3ajada COonocTaBUTENbHOM
OLEHKN MCMoMb3yeMblX B NMPOMbIWAEHHOCTM Tunos M3
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N UX PacnornoXeHnss B BaHHE ANS OOCTUXKEHUS Makcu-
ManbHOW meTannypruyeckon addektnsHocTn IBT.

Lenb u 3ada4u uccredosaHull. Llenbio paboTbl aB-
nsetcs nosblweHne 3HeproaddexkTnsHoctn OCIIMIT.
3agaym nccnegoBaHUn COCTOAT B YMCNIEHHOM MOAENM-
POBaHUV akKyMynauum Tenna B NeYr ¢ KUpnuyYHon gyTe-
poBkon 1 B3 n pacnpegeneHmmn nnoTHOCTU ToKa B XKua-
KoM pacnnase gns obocHoBaHus peweHun no B3, M3,
CHWXEHMIO NOoTepb Tenna, NoBbILEHNO UHTEHCUBHOCTU
OBT, cokpalleHuto pacxoda OrHeynopos.

Mamepuan uccnedosaHul. \iccnegoBaHus BeINosHe-
Hbl NpuMeHnTensHo K 12-tonHon OCIIMT, paboTatowen
B pexume: 2 NnaBky NPOAOIDKNTENbHOCTLIO Mo T = 4
4aca C nocneayioLM nNpocToeM AnUTENbHOCTLIO T, =
16 yacoB. OCHOBHblE MapameTpbl Ne4n: Macca MraBku
— 12 T; MOLWHOCTb TpaHcgopmartopa — 6 MBA; pabounn
ToK — Ao 20 KA, M3 — nnactmMH4artoro Tmna.

ModenuposaHue mennosol pabombi ymeposku
u B3. OueHka aHeprosatpaTr Ha KOMMEHcaLMo NoTepb
Tenna, CBA3aHHbIX C akKymynsuuen Tenna yTepoBKon,
BbINONHEHa Ans BapuaHToB 6e3 B3 (6a3oBbin) n ¢ BO
(anbTepHaTMBHbIN) NpU CNeaylLwmux yCrioBusx n gony-
LWeHusx. B neprog npocTos ckpan B NeYb He 3arpyxator;
OoTAadva Tenna NpoucxoauT Ha Hapy>KHOW NOBEPXHOCTU F
KOXXyxa 1 cBoga cBOOOAHON KOHBEKLMEN N U3NTYYEHNEM
B OKPYXXaloLLyto Cpeay C Temnepartypon t; Tennopusm-
Yyeckne napameTpbl HE 3aBUCAT OT TemnepaTypbl; UCXOA-
Has nepeq MpPOCTOEM 3SHTanbnus PyTEepoBKU onpee-
nseTcs cpegHeB3BeLleHHOW paboyen TemnepaTypon t
(1580 °C ans cteH 1 1610 °C ansa ceoaa) M Hapy>XHOW t
(200 °C pgnsa cteH n 270 °C gns ceoga) NOBEPXHOCTEN.
[OnHamuka CHWXeHMs aHTanbnuu oyTepoBKon qu)/dr B
nepuog NpocTos nevr onucbiBaeTCsl ypaBHEHNEM:

0Q,
? = [anos “(thos — to) + O Epgp X

(1)
x [(atmB +273) —(t, + 273)4]] -F

rae o . — Ko PULMEHT TENI00TAAYN NOBEPXHOCTM (y-
TEPOBKM B OKPY>KAKOLLYIO cpefy, G — KoHcTaHTa Ctedha-
Ha-BonbumaHa; € _ — CTeneHb YepHOTbI MOBEPXHOCTM.

MapameTtp o onpedensietcs ypasHEHWEM, B KOTO-
pOM BblpakeHue nog 3HaKoM norapudma npeacrasnser
COBOW aMNMPNYECKYIO 3aBUCUMOCTb £ OT T, NONy4eH-
Hyt0 MyTem 06paboTkM OMbITHLIX AaHHbIX [5]:

Olnog = 31,46-/n(200 - 3,85 7,,) -120,80 . (2)

OueHka M3MeHeHus cpegHen TemnepaTypbl dyTe-
poBKM (BXOOWUT B BblpaxkeHune Ansa aHTanbnumn Q) ot Topr
Ha OCHOBaHWK peLlueHus (1) ¢ y4eTom (2), BbINOSTHEHHOTO
ymcreHHo ¢ warom 1 yac B nakete MathcadV14, npu-
BegeHa Ha puc. 1. Tennodusmyeckme napameTpbl yTte-
poBKUW: Macca cTeH u ceoga 11,9 n 9,8 T cooTBETCTBEH-
Ho, TennoemkocTb 0,36 kBT-4/(TK), ¢ = 0,7.

CornacHo pacyetram, 3a 16 4yacoB mnpoctos ne-
un cpytepoBka B 6a30BOM BapuaHTe oxnaxgaeTrcs OO0

fo, °C
200
a0
o B CTEHEI
o - - = LEOA
1]
0 & 10

Top » HAC

m 3aBuCHMOCTb CpeAHer TemnepaTypsl hyTepoBkm {, oT
MPOAOIKUTENBHOCTY MPOCTOS Nevnt ¢

145-160 °C, 4TO NPUBOAMT K 3aTpaTam 3HEPrum Ha akKy-
MynSLUuIo Tenna B NocrneayoLen cepum nNnaBok, OLeHKa
KOTOPbIX ANl AaHHbIX YCNoBui cocTaensaet 252 kBT-u/T.

B anbrepHatuBHOM BapuaHTe ¢ BO crtatbs akkymy-
nauMu Tenmna BKMYaeT, MOMUMO JHTanbnNuyM OCTaToM-
Holn oyTepoBku (BO 3ameHstoT 70 % dyTepoBKku CTeH
1 90 % dyTepoBKkM cBOAA), SIHTANLMNMIO rapHUcaxa, 0b-
pasylouierocs Ha B3, MeTannokoHCTpyKuun naHenen u
CTOK TennoTbl ¢ Bogon. OueHka aHepro3aTpar BbIMNoOsi-
HeHa ONnd crnegylowmx yCroBun M AOMyLEHU, OCHO-
BaHHbIX Ha NMpakTuke npumeHeHus B3 B oyroBbix nevax
NNTEHOTO Kracca: ckopocTb Boabl — 1,8 m/c; gnamertp
TpyObl NnaHenun BHyTpeHHU — 60 MM, obLiee (cBog u cTe-
Hbl) YMCMNO KOHTYPOB OXNaxaeHws — 8; HarpeB BOAbI B
kKoHType — 15 °C; cpegHsas TonwmHa rapHucaxa — 10 mm;
NPOAOMKNTENBHOCTDL aKTMBHON (hbasbl Tennoson paboTol
B3 —40 % ot 1, . OueHka pasHOCTM NoTepb 3Heprumn Ans
©a30BOro un ansTepHaTUBHOIO BapuUaHTOB, NPW YCIoBUK
HEN3MEHHOCTM NOoTepb Tensa M3 neyn C MblerasoBov
cpenon, npeacTaBneHa Ha puc. 2.
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mPacxom,qume noTepb 3Heprun Mexay Ga3oBbiM U
ansTepHaTMBHLIM BapuaHTamu AQ OT MPOAOIBKUTENBHOCTM

NpOoCTOA Ne4n ‘Enp

Mpn yBenu4yeHun npoOJOIMKUTENBHOCTM NPOCTOEB
12-tonHon OCIMNT 6onee 15 4acos, NosABMSIETCS BO3-
MOXHOCTb 3(pPeKTUBHO mcnonb3oBatb B3O B kayectBe
3MNEMEHTOB OrpaXkaeHus B3ameH 4YacTtu dytepoBku. lo-
MWUMO 3KOHOMWW 3Heprumn 3To obecneumBaeT CoKpalle-
HWe NoTpebneHns orHeynopoB U BECbMa CYLLECTBEHHbIV
AOMOMNHUTENbBHbBIN 3KOHOMUYECKMI ahpexT.

TpaguumoHHble B3 ayroBbix neven  «BOnbLION»
MEeTanmnyprum BbINONHEHbI C MAOTHOM yKnagkown Tpyo
(pnc. 3, a), npu KOTOpOW 3aTpyaAHEHO obpas3oBaHue
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m B3, npumeHsiemble B ayroson neun: 1 — tpyba; 2 —
rapHucax; 3 — Koxyx neuu; f — pacyeTHbIN NnapameTp naHenu,;
g — HanpasneHne nagatoLLero TensoBoro NoToka

YCTOMYMBOIO TENOU30MMUPYIOLLErO U TENNOakKyMynm-
PYIOLLErO LUNAKOBOIO rapHUcaxa — BaXHOro cpaktopa
CHWXXEHMS NoTepb Tensa ¢ Bogon, 0COBEHHO Ania neven
nuTtenHoro knacca [11].

HoBble pelwweHusa BO (puc. 3, 6, 8) xapaKkTepuaytoT-
Csl MPOCTPAHCTBEHHOM CTPYKTYPOMW, CMOCOGCTBYOLLEN
o6pa3oBaHUi0 BO30OHOBMASIEMOr0 PaBHOBECHOMO CIrios
rapHucaxa [12]. BapmaHT (6) paumMoHansHO NPUMEHUTb
B KayecTBe 3fIEMEHTa CaMOHECYLLEN KOHCTPYKLMMN CBO-
0a, a BapuaHT (8) — AN CTEH NeYn C UCNOoNb30BaHNEM
CYLLLECTBYHOLLIETO KOXYyXa.

3apava ctaumoHapHoro TennoobmeHa B cucteme mc-
TOYHUKM M3nydeHus — Tpybyartas naHenb B3, nokpbiTas
CMoeM rapHucaxa, onucbiBaeTcs ypaBHeHuem [12]:

(TB — Toxn )

-0. (3
(hifhy iy Iy +170) 0

q-(1-e)o T, -

rae o — nocrosiHHas CtedaHa-bonbumaHa; g — nagaroLLmn
TEnnoBoOMn NOTOK; € — CTENeHb YepHOTbl BO; o — koadhdu-
LUMEHT TennooTaauun OT BHYTPEHHEW NOBEPXHOCTM TPyObl K
Boge; h,, A,, h,, A, — TONWWHbBI 1 TENNONPOBOAHOCTM rap-
Hucaxxa 1 TpyObl cooTBeTCTBEHHO; T, T — Temneparypa
MOBEPXHOCTU M3MYyYeHUS N BOObl COOTBETCTBEHHO.
Pewenue (3) BbinonHeHo B nakete ELCUT 6.2 [14]
ONSA rpaHNYHbIX YCROBUIM N napamMeTpoB, NpuMBEeAEHHbIX
B Tabn. 1. TemnepatypHbie nons B B3, BbINOMHEHHbIE NO
BapuaHTam a, 6, 8 (cm. puc. 3), npuBeaeHbl Ha puc. 4, a
OTHOCUTErNbHbIE MOTEPU TENMa ¢ BOAOW — Ha puc. 5.
CornacHo pac4yeTam, CyLLecTByeT ONTMManbHoe 3Ha-
YeHne MeXTpybHOro paccrtosiHus f, KoTopoe Ansi Bapu-
aHTa 6 coctaenset 1,5—1,8 HapyXHOro gnametpa TpyObI

d, a anga BapuaHTa 8 (2,0-2,2) - d n orpaHn4eHo poCcToM
TeMnepaTypbl Koxyxa mexgy Tpybamu (Touka K) oo Be-
NNYUHBI, HOPMUPYEMOW TEXHMKOW BesonacHocTu (He 60-
nee 200°C). Mpu onTumanbHOM 3HayveHun fid cnepyet
OXMAaTb CHWXXEHUe NnoTepb Tenna ¢ Bogon Ha 25-28 %
ans sapuaHTta 6 n Ha 30-35 % anga BapmaHTa 8 no cpas-
HEHMIO C TpaaMUMOoHHbIMK B3 (BapuaHT a).

ModenupoeaHue anekmpoduHamuku 8aHHbI [CIIIT.
[MapameTpom, XapakTepuayloLwmM MeTannypruyeckyto
acphekTuBHocTb IBT B BanHe OCIIMT, aBnsaetca yaens-
Has Ha eaMHUUy Maccbl meTanna M MoWwHOCTbL nepemMe-
wusaHusa npu 3BT N_, koTopas onpegensercs npous-
BeAeHMeM 00beMHOM anekTpoMarHuTHom cunel (OOMC)
F.,» @KTMBHOrO o6bema BaHHbI V., 1 xapakTepHOW CKOpo-
ctn OBT pacnnasa u,;

N3|V||'|=(F3M'Va'uo)/M- (4)

[MoHATME «aKTUBHbLI OBGbEM» NPUMEHSIETCA K YacTu
BaHHbl, 4Yepe3 KOTOPYH MPenMyLLeCTBEHHO NPOXOoaaT
CUMOBbIE FIMHUW IMNEKTPUYECKOTo TOKa MexXay BEpPXHUM
1 NOAOBbIM 3MeKTpogamMm 1, Takum obpasom, BO3HMKa-
et OOMC. lMpuHaTo, 4YTO B Npegenax akTMBHOMO O0b-
eMa NMOTHOCTb 3NEeKTPUYECKOro TOKa YMEHbLUAEeTCH He
bonee yem B e (OCHOBaHWe HaTyparnbHOro norapudgma)
pa3 OTHOCUTENbHO MakKcMManbHOro 3HadeHus. O3MC
ABMAETCA BEKTOPHbIM MPOV3BEOEHWEM CpefHen nnoT-
HOCTW 3rEeKTPUYECKOro ToKa j B CEYEHWUN aKTUBHOTO
obbema BaHHbI paguMycoMm R, U WHOYKUMM MarHUTHO-
ro mons B=y,-H, FA€ W, — MarHUTHas MoCTOsHHas,
H = jg, -m-R,%/2n-R,— HanpsXeHHOCTb MarHUTHOro
nons no NEpUMETPY CeYEHUs akTUBHOro obbema. Ypas-
HeHwue gns abcontoTHom BenuumHbl O3MC ¢ yyeTom reo-
mMeTpudeckux napameTtpos BaHHbl ACIMT B ckanspHow
dopme npuobpeTaeT Bua;

Fow = (g /2)" Joo” R (5)

XapakTtepHasi ckopocTb OBT B aktmBHoM obbeme
BaHHbl OMpefensieTcs 3aBUCUMOCTbIO, MOMYyYEHHOW B
nNpeanonoXeHN PaBHOMEPHOTO ABMKEHUS XUAKOCTU Ha
ocHoBe 6anaHca cun uHepuun n O3MC [6]:

u0=jcp.h. uolp, (6)

rae p — NAOTHOCTb XUAKOW cTanu; h — xapakTepHbI pas-
Mep, paBHbIN ANA A4aHHOTO criyvas rmybuHe BaHHbl H_

Tabnuuya 1

UcxoaHble AaHHbIe U rpaHU4YHble yCcnoBusa 4YncrneHHoro mogenupoBaHus

Bnok (B) / rpanb () u nopsako-
Bbli HOMep Ha puc. 4.

TennonpoBogHocTb (L) ansa 6noka. Temneparypa (T) koadduum-
eHT Tennootgayu (G, 0), cTeneHb YepHOThI () ANA rpaHu

Pasmepbl, Mm

Tpyb6a, pebpa, koxyx (b1) A =45 Bt(mK) Ctanb 20

d=76;

apHucax (b2) A =2,5Bt(mK) [13]

b=10.

Paboyas nosepxHocTb (1)

o =5,67108 B1/(M*K*); T=1900 K; ¢ = 0,7.

BHelwHsAs noBepxHocTb (M12)
T=470K;¢=0,8

a = 20 B1/(M?K); o =5,67-10 BT/(M>K*);

MoBepxHocTb oxnaxaeHust (M3)

o = 6000 BT/(M2K); T = 320 K.
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nporpamm ELCUT 6.2 n obpaboTke
pe3ynsTaToB B BMAE NOMen NioTHo-
CTU 3NEKTPUYECKOro ToKa B BaHHE
Lsm B8 OLEHKM MHTerpanbHbIX nokasa-
=0 Tenen IBT: O3MC, akTnBHOro o6b-
120 emMa, XapaKTepHOW CKOPOCTW, MOLL-
180 HOCTK NepemeLlnBaHuS.

2 MogenupoBanu pacTekaHue To-

Termmeparypa, K

Zi ka B BaHHe npombiluneHHon ACMMT
4 BMecTUMocTbio 12 T B pearnbHoM nu-

am HeviHom macwTtabe. PeleHve 3agaun
BbINOJTHAETCA METOAOM KOHEYHbIX 31e-

MEHTOB. JNEKTPOMarHUTHbIE SIBMEHNS
B >KVKOW BaHHE NpW NPOTEKaHNM SeK-
TPUYECKOrO TOKa OMMCHIBAKOTCA YypaB-

m TemnepatypHoe none B TpaguunoHHom B3 (a) u BO ¢ npoctpaHcTBeHHOM HeHusiMvM Makceenna (8, 9), 0600LueH-
cTpykTypon (6, 8). CTpenku ykasbiBaloT pacnpegeneHue Tennosoro notoka. O603Ha- ppim 3akoHom Oma ANs OABUXKYLLecs

YeHuna npmeBedeHbl B TEKCTE N Ha puUC. 3.

I-IOTH 1 EK"'DC
1 » r #- 250
05 4 / 200

N

0E / —a—+ 1500
04 100
M
D,E F‘— 50
0 n

25 fid

m Motepn Tenna Ha 1 m*> BO (M ) B 3aBMCMMOCTM OT
napamertpa f/d ans sBapuaHToB 6 (1) 1 8 (2) OTHOCUTENbLHO Ba-
puaHTa a. Temnepartypa koxyxa (t ) B Touke K (puc. 4) ana B3
no sapuaHTy 8 (3).

C yyetom (4-6), MOLWHOCTb MEpEMELLMBAHUS MPU
OBT onpepnensetcs 3 BblpaXKeHUs:

Nogr = Jopo Ra> h? g™ 1(2:0%° M), (7)

Kak cnegyert u3 (4), cyLlecTBEHHOE BNUSHNE HA MOLL-
HOCTb NepemMeLunBaHNs OKa3blBaloT NNOTHOCTb TOKA, pa-
Anyc akTMBHOro obbema u rnybuHa cTanennaBuIibHON
BaHHbl. [InA pacyeta MOLLHOCTM MepemeLlnBaHnsa npu
OBT paspaboTtaHa meToamka, KOTOpasi 3akno4yaeTcsa B
YNCIIEHHOM MOAENUPOBaHUU ABYMEPHOWN CTaLMOHapHON
3agayn JMeKTpOonpPOBOAHOCTU B MNakeTe MPUKNagHbIX

cpeabl (10) M 3aKOHOM COXpaHeHUs
anekTpuyeckoro 3apsga (11):

VxB=y,j,V-B=0; (8)
VxE=0,V-E=p,/¢, 9)
j=o(E+uxB); (10)
V-j=0> (11)

rae j — NNOTHOCTb TOKa, Pg— MMOTHOCTbL 3apaAa; B-
WHAOYKUMS MarHMTHOro nons; E — HanpseHHOCTb 3nek-
TPUYECKOrO MoNsd, ¢ — yAenbHas 3NeKTPonpoBOAHOCTb,
Ho— MarHutHasi nocTosiHHas, €, — dneKTpuyeckas no-
CTOSIHHaA, U — CKOPOCTb XWUAKOCTW.

dopma cTanennaBunbHON BaHHbI MPUHATA LMAMHAPO-
chepuryeckas ¢ OTHOLLEHNEM SNEMEHTOB Mo BbicoTe 1 k 1.
B mogenu Bapbuposanu tvn N3 (cTepxHEBOW, NNacTuH-
Yyarblii), KONNMYECTBO CTEPXKHEBBIX 13 (0anH nnu aga), war
mexay asyms O vunu cmeweHve npogonbHon ocu 139
OTHOCUTENBHO OCU CUMMETPUU Neun. BepxHuii anekTpoa
pacnorioXeH OCECMMMETPUYHO, YTO SIBMSETCA YCrOBUEM
3HeproadhEKTUBHOCTU MPU MIABNEHNS LNXTbI 3MEKTPU-
yeckon ayroun. Bce pasmepbl npuseaeHs! B Tabn. 2.

Mogenb BkntoyaeT pacyeTHble Bnoku n rpaHu, yka-
3aHHble Ha puC. 6, a, XapaKTepPUCTUKN KOTOPbIX AaHbl B
Tabn. 2. [ins ocTaBLINXCH rpaHen B MOAENMW rPaHNYHbIM
YCrnoBMeM ABNAETCH ArekTpuyecKkas n3onsauums.

B nonyyeHHoe nomne nNoTHOCTM TOKa Ha CpegHeMm no
rnybuHe ropmM3oHTe BaHHbI BBOAUNN KOHTYP (puc. 6, a),
Ha KOTOPOM aHanusupoBanu pacnpegerneHve napame-
Tpa no paguwanbHown koopauHate. Onpegensnu paguyc
aKTMBHOro obbemMa v CpegHIo BENNYUHY MIIOTHOCTU TO-

Tabnuua 2

UcxoaHble AaHHbIe U rpaHn4YHbIe yCcnoBusa YncrieHHoro mogenunpoBaHus

Bnok (B) / rpanb (') n nopsaakoBbIn
HOMep Ha pumc. 6.

AneKkTponpoBOoAHOCTL ANs
6noka. MoTeHuunan onsa rpaHu.

Pa3smepbl, M (cM. puc. 6)
D_=2,30; H, =0,60;
L=(0-0,75)D ; B=L/2

105000 Cwm/M [15]

OnekTtpog BepxHuii (51) / Katoa (M) (-)150 B

d=04

OnekTpuyeckas ayra (b2) 5600 Cm/m [16]

OuameTp — 0,08; gnnHa — 0,15 [8]

Kungkuin wnak (B3) 7,3105 Cwm/m [18]

TonwwmHa cnost — 0,10 m

Kugkas cranb (b4) 110 Cwm/m [17]

B cootBeTCTBMU C pasmepamm BaHHbI

1,210 Cm/m

CranbHas yacTb M3 (B5) / Arog, (M2) (+) 150 B [19]

d,.= 0,20 ana M3 ctepxHesoro Tuna. d =
(0,5-0,75) D_ansa N3 nnactuHYaToro tuna
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m Mone nnotHocTtu Toka B 12-1 ACTMNT. O603HayeHus — B TEKCTE M Tabn. 2.

Ka j,, KaK Mornycymmy MakcUMarnbHOro j . 1 YCIIOBHOTO
Ja/€© 3HAYEHMI, BXOASALLMX B BbIpaXKEHWE ANt UICKOMOK
MOLLIHOCTU nepemewmBaHua npu 3BT (7). OnekTpoau-
HaMun4yeckoe AaBneHne Ayrn Ha noBepxHOCTb pacnnasa
He y4duTbiBanu BBMOY COMOCTABUTENbHOrO Xapaktepa
aHanusa.

Pesynbtathl MogenupoBaHus B Buge nonen nroTHo-
CTK TOKa NpuBegeHbl Ha puc. 6 Ans BapuaHToB: a — oce-
CYMMETPUYHO pacnonoXeHHbin 19 cTepHEBOro Tmna,
6 — ABa CMMMETPUYHO YCTaHOBMNEHHbIX 13 cTepxHeBoro
TMNA; 8 — CMELLEHHbIN OT ocn cummeTpun M3 cTepxHe-
Boro Tvna; & — N3 nnactuHyaTtoro Tuna (6a3oBbiv Ba-
puvaHT). HTerpanbHble nokasaTenu, xapakrepusytoLine
OBT gna paccMOTpeHHbIX BapuaHTOB, NPUBEAEHbI B
Tabn. 3.

CornacHo npuvBedeHHbIM AaHHbIM, MakcMMarnbHas
NNoTHOCTb TOKa HabnwpaeTca B Ayre, KaTtogHOM MAT-
He n M3 (puc. 6). PacyeTHble 3Ha4YeHUs XapaKTepHON
ckopoctn 3BT ot 0,27 pgo 0,86 m/c (Tabn. 3) cornacy-
I0TCA C AaHHBIMU YUCINEHHOTO U PU3NYECKOro Moaenu-
poBaHus [8—10]. MowHoCTb nepemelumBaHns npu IBT,
OLeHeHHas AN pacCMOTPEHHbIX BApMaHTOB reOMeTpum
cucTtembl BaHHa — 13, Haxoantea B npegenax ot 11 go
84 Bt/T (Tabn. 3) n no nopsaKy BENNYMHbI COOTBETCTBYET
MOLLHOCTU MHEBMATUYECKOrO NepemMeLLBaHng Npu npo-
AyBKe CTanennasBuibHON BaHHbI MIHEPTHBIM ra3om Yyepes
OOHHYI0 nopucTyto npobky [20].

Mpun cmewweHnn MO cTepxHEBOro TMna oT OCKU CUM-
MeTpun neun (puc. 6, 8) pacTeT posb MEXINEKTPOLHOIO
paccTosHUs Kak dhaktopa, onpedensiowero OCHOBHbIe
xapaktepuctuku IBT.

M3 crepxHeBoro TMna moryt obecnevnTtb Gonee Bbi-
COKYI0 MOLLHOCTb nepemewumBanuda npu 3BT, uem 13
nnacTuH4aToro Tuna (Tabn. 3).

Tabnuua 3
PacueTHble cpeaHue nokasatenu BT B BaHHe 12-T
acnnTt

3HauveHue onsi BapuaHToOB
N3 (puc. 6)

a 6 e 2

MNokasartenb, pasmep-
HOCTb

[MnoTHOCTbL TOKa B BaHHe,
KA/M?
OTHOCUTENBHBIN aKTUBHbIN

79 52 121 67

06beM BaHHb, % 10,2 | 841 29,7 | 28,6
O6bemHast anekTpomar- 208 | 1472 | 1592 | 643
HUTHas cuna, H

XapakTepHasi CKOpOCTb 063 | 027 | 064 | 048

OBT B BaHHe, M/C

MouHocTb nepemeluvea-
Hug, BT/T

11 35 84 22

XapakTtep BnusaHus yctaHoBku BToporo M3 n cmele-
Hus M3 cTepKHEBOro TMna COOTBETCTBYIOT AaHHbIM [9].
Mpu ycraHoBke aByx 3 cTepxHeBoro Tvna (puc. 6, 6)
BO3pPaCTaloT aKTUBHbIN 06bEM M MOLLHOCTb NnepemMeLum-
BaHUSA, HECMOTPS Ha HEKOTOPOE CHMKEHWE MIOTHOCTU
TOKa B BaHHE W xapakTepHon ckopoctn OBT (tabn. 3).
CwmelneHue N3 Takke NO3BONSET YBENMYNTL MOLLHOCTb
nepemMeluMBaHns B cpaBHeHMU C 6a30BbIM BapuvaHTOM
(Tabn. 3) 3a cyeT BbICOKOW MMAOTHOCTM TOKa B BaHHE U
yBenu4eHusa pacctosiHnsa mexay M3 n katogom. OgHa-
KO Mpu 3TOM criegyeT oXuaaTb YCUMEHUS HeraTMBHOro
Bo3gevictBua IBT Ha dyTepoBky Bcrneacteme npubnu-
XeHus N3 K cTeHam BaHHbI 1 MOBbILLIEHUS BEPOATHOCTM
BO3HWKHOBEHWS Npobrem, CBA3aHHbIX C ANEeKTPUYECKUM
KoHTakToM mMexay M3 un wuxTon.

MNpodoMmKUTENBHOCTL  YCpeaHeHUsa (T ., C) XKUAKOM
cTanu no TemnepaTtype U XMMMYecKkomy cocTaBy (C TOY-
HOCTbIO 5 % OT TeopeTnyeckoro 3HayeHus, NPUHHATOW
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B NPOMBbILLIIEHHOCTM) CBA3aHa C MOLLHOCTbLIO NepeMeLLn-
BaHusa (N, BT/T) amnupuyeckon 3aBmcmmocTbio Brga [21]:

Tt =k-N9*

mix

(12)
,
rae k — amnupudeckuin koadpduumeHT, pasHbii 800 ans
yCnoBun BHeNe4YHon obpaboTku cTanu.

OcHOBbIBasACb Ha AaHHbIX YMCIIEHHOTO MOLENUPOBa-
Hus, B JCMMT ¢ N3 cTepxHeBOro Tuna, MOLWHOCTb nepe-
mMewmBaHusa OBT yBennunBaetcsa B 1,6—3,7 pasa B cpas-
HeHun ¢ 6a3oBbiM BapuaHToM. [pu atom, cornacHo (12),
crnegyeT oXmaaTb COKpalLeHuUsi nepuoga OBOAKN CTanm,
KoTopasi NMMUTUPYETCA npoueccamn YCpeaHeHUs BaH-
Hbl MO TemnepaTtype U XMMu4eckomy cocrtasy B 1,2-1,7
pa3a. YuutblBas JOMI0 dHeprosatpar nepuoga A0BOOKM B
o6uwem 6anaHce nnaeku 20-25 %, oxxngaemoe cokpaile-
HMe pacxofa 3NeKkTpoaHeprumn coctasut 3—9 %.

BbiBoabl

BbINonHeHo YncrneHHoe MoaenupoBaHue sHeproad-
(HEKTUBHLIX PELUEHUA BOAOOXIaXKOaeMblX 3rEeMEHTOB
hyTepoBku 1 nogosoro anektpoga 12-tonHon OCIMT.

OueHka noTepb 3HEPrnm, CBA3aHHbIX C aKKyMynsiunen
Tenna yTepoBKON NPU NPOCTOSIX NeYN ANIMTENBHOCTBIO
16 yvacos, coctaBndeT 252 kBTu/T. DTN noTepu MOXHO
KOMMNEHCUpoBaTb MPUMEHEHMEM MEHEE 3IHEProemMKoro
orpaxgeHus paboyvero npocTpaHcTBa NeYn C UCMOMb30-
BaHuem aHeprocbeperatowwmx B3O ¢ npoctpaHcTBEHHOWM
CTPYKTYPOW NpW CYLLLECTBEHHOM COKpaLLEeHUN yAENbHOro
pacxoga OrHeynopos.

B3 ¢ npocTpaHCTBEHHOWN CTPYKTYPOM MO3BOMSHOT CHU-
31UTb NOTepu Tenna ¢ Bogomn Ha 25-35 % B cpaBHEHUU C
TpagnumoHHbiMK B3 ¢ nnotHom yknagkon Tpy6 3a cuer
3(PHEKTUBHOIO UCMONb30BaHNS TEMNMOU3ONUPYIOLLUNX U
TENMOaKKyMYNMPYIOLLMX CBOMCTB rapHucaxa.

B ACIMT manon BmectumocTn, paboTatowien no
Knaccudeckon TexHonornm 6e3 ocrtaeneHus «bonotay,
M3 cTepxHeBoro Tnna npeacraensieTca 6onee aHepro-
apbeKkTUBHLIM 1 06ecnevmBatoLLMM HAOEXHbIA KOHTAKT
C wunxton, Yyem 3 nnactmHyatoro Tuna. MNMpumeHeHne
M3 cTepxHEBOro TMMNa NO3BONAET YBEMNMYNTE MOLLHOCTb
nepemelwmBannsa OBT n cokpatuTb ANUTENbHOCTb AO-
BOAKM CTanun U, COOTBETCTBEHHO, PAcXod 3MEKTPOIHepP-
rmmn Ha nnaeky Ha 3—9 %.
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Tumowwexko C. M., @ininni 0. 0., Ounyerko C. [1., Tuiyerko [1. /.
AuoTauin EHeproedekTuBHi pilleHHst Npu MOAepHi3aLlii yroBux ctanennaBuibHUX
neyew NOCTIMHOTO CTPYMY NUBAPHOTO Knacy

BuikoHaHO 4ucesnbHe MoAEeItoBaHHS TernioBoi poboTy yTepoBKM i PO3roainy LWibHOCTI CTPYMY Y BaHHI 12-TOHHOI AyroBoi
cTanennaBuabHOI ne4vi nocTiviHoro CTpyMy JIMBaPHOro ksiaacy. BcTaHoOBeHO, Lo npu npocTosix nedi 6inbwie 15 roauvH,
ycTaHoBKa BOLOOXOJIOAXYBaHUX esieMeHTiB (BE) 3 npocTOpOBOKO CTPYKTYPOIK 3aMiCTb 4YaCcTUHU QYTEPOBKU 3HUVXKYE
BTPATW €HEPrIi Neyi 3a paxyHOK CKOPOYEHHSI BUTpAaT Ha akyMyssuilo Tenaa, He3Baxarodv Ha 4oAaTkosi BTpaty 3 Bog4ow. BE
3 MPOCTOPOBOK CTPYKTYPOIO 3HUXYIOTb BTPATM Ternsaa 3 BoAOK Ha 25-35 % B nOpiBHSAHHI 3 TpaauuiiHumu BE 3 1inbHUM
yknagaHHSM Tpy6. YctaHoBka noaoBux enektpogis (ME) ctpwxHeBoro tuny 3amictb [E naacTtuHYacToro tuny A03BOJISE
CKOPOTUTU EHEPIrOCrOXMBaHHS riv4to Ha 3—9 % 3a paxyHoK iIHTEHCUIKaLii e1eKTPOBUXPOBUX TEYIN y CTanenaaBusibHIvi BaHHI.

JZyrosa ni4 nocTiviHOro cTpymy, akymyJsisiLis Tersaa, BOA0OX0J104XyBaHi es1eMeHTH, rNogoBuNi
eneKkTpoa, eHeproe@eKkTUBHICTb.

Knro4oBi cnoBa

Timoshenko S., Filjppi A., Onishchenko S., Tishchenko P.
Energy-efficient solutions for the modernization of DC steelmaking arc
furnaces of the foundry class

A numerical simulation of the thermal work of the refractory lining and electrical current density distribution in the bath ofa 12-
ton DC steelmaking arc furnace of the foundry class is performed. It has been established that in the case of furnace downtime
over 15 hours, the installation of water-cooled elements (WCE) with a spatial structure rather than a part of the lining reduces
the energy loss of the furnace due to reducing the costs of heat accumulation, in spite of additional loss with water. WCE with a
spatial structure reduce heat loss with water by 25-35 % compared to traditional WE with dense pipe laying. The installation of
billet-type bottom electrodes ( BE) instead of pin-type ones allows to reduce the energy consumption of the furnace by 3-9 %
due to the intensification of electro-vortex currents in a steel-smelting bath.

]
DC steelmaking arc furnace, heat accumulation, water cooled elements, bottom electrode, en-
ergy efficiency.
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