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Coaep)xaHue

MawuHocTpoeHue

fyaumoBa A.H., CepebpsakoB U.A., CyaxaaH A.A. Co3paHWe camMoOyCTaHaBAMBAMOLLMXCA
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Ky3HeuoBa E.M., OBcaHHuKOB B.E., Hekpacos P.10., MytunoBa Y.C. Pa3paboTka skcnepTHOM
CUCTEMbI TEXHOAOTMUYECKOro obecneyeHnss TpebyeMon LuepoxoBaTocT npu 06pabotke
3aKaNAeHHbIX CTaAel Ha CTaHKax C YNCAOBBIM NPOrPaAMMHbBIM YIPABAEHUEM ....ceceveerreerrareensanes
MenbHukoB A.M., ByrnoB H.A. [MapaBAnyeckas cucteMa AOAOTa AAA BypeHuss HEPTAHBIX U
TABOBBIX CKBAMKMH 1.uveeeissunreeseauseeessanseesssasseeessaanseeesaaseeeaaaasnneessanseeeeaannneeeeanneeessannneessennneeeseannneeesn

JHepreTuka

AxapmasnxT., Cupopos A.H., Houaraam C., MaHoB B.I. BAvsiHMe HepaBHOMEPHOIO UCTOUHMKE/
CTOKa Tenaa 1 AXOyAeBa HarpeBa Ha KOHBEKTMBHOE ABWXEHWE MWKPOMOASIPHOM XWAKOCTU B
XMMUUECKM u3Aayyatolern MIA-cpeae nonepek pactaHyToro AUCTa (IN ENG.) .o eceecceecceceeceeee,
Kenember A.A., Buryn Afl. lpymeHeHne HENPOCETEBON MOAEAU AAA MPOrHO3MPOBaHUA
TemMmneparypbl UBOAMPOBAHHbIX MPOBOAOB BO3AYLLUHBIX AUHUM ....eeeeeeeeeeeeeieieeeeeneeeeeesnneeesesnneeeas
CaBuHa H.B., BapbiruHa A.0. Metoarka Bbibopa ONTUMaAbHbIX MAPKU U CEYEHUSA NPOBOAA
Ha OCHOBE MHTETPUPOBAHHOIO TEXHUKO-3KOHOMMUUECKOTO KPUTEPMSA ..eeeeeereeeeeeeeeeenneeeeeeeeseenaans
Ta6apoB B.A. ViccrnepoBaHME BAMSIHUA HOBOTO YNPaBASEMOrO PEryAiTopa HanpsiXeHus Ha
HECMHYCOMAAABHOCTb TOKA M HANPSXXEHUSI CUCTEMbI AINEKTPOCHABKEHUS ...evveeeereecreeereeeaeeeaeans
TuxoHoB A.B. ViccanepoBaHME BAMAHUA NapaMeTpoB 3AEra30oBbIX BbIKAKOUYATEAEN HA BEAMUNHY
KOMMYTALMOHHbIX NEepeHanps)XeHUM Ha OCHOBE MCCAEAOBAHMA HOMWHAAbHbIX PEXUMOB
Npeobpa30BaTEAbHBIX TPAHCHOPMATOPOB ....ecveerurreireeeeeraseeseeeaseessesaseesssesaseessesaseessessssessnsesaseens

MeTtannyprusa

BounowHukoB THU., UnkuH A.HO. ArutMpyemble MEAbHULbI TOHKOMO W CBEPXTOHKOMO
N3MEABYEHUA AN MOCAEAYIOLLMX 060raTUTEABHO-METAAAYPIUUYECKUX ONEPALUMM.cecvereerreeerreeanas
lfopaaHoB E.C., Cusakos B.M., LLapukoB @.10., Cnekropyk A.A., BytakoBa T.B. [1pobaembl
U peLLeHUs 3aLUmTbl YrAerpadpUTOBbIX IAEKTPOAOB (IN ENG.)...ueereeiieeee et eee e
Enudopos A.B., banmkos C.B., LUunHuroB A.A. [loBeAEHWE OCHOBHbIX 3AEMEHTOB
NnpY aBTOKAGBHOM OKWUCAEHWU TMOAMMETAAAMYECKOIO CYAbOUAHOIO GAOTOKOHLUEHTpaTa,
COAEPXKALLETO BOABDPAM MU MOAUBAEH ... .eeeeeeeeeeeeeeitteeeaeeeeineeeesseeeesseeseseesesseesesseesesseesasseesassessnnes
KoBasuH A.A., TumodeeB K.A., Manbues I U., KparoxuH C.A. [MaApOTEPMAAbHOE OCaXAEHME
MEAM U3 PacTBOPOB BblleAaYUBAHUA METAAAYPTUUECKUX MBIACH ce.ueeeeeeeeeeeeeeeeneeeeeesneeeeeesnneeeas
HemuuHoBa H.B., UnbuH A.A., TioTpuH A.A., NanauneBa C.B., lkoBaeBa A.A. N3yueHue
CTPYKTYPbl U AMHAMMWUYECKOK BA3KOCTM MOAEAbHbIX WAaKoBbIX cuctem Ca0-Si0, u Ca0-SiO,-
B0 et
LWkases 0., Ausep 0.A., AyroBuukas T.H., TonoBkuH A.U., PoroxkHukoB A.A. OnpepeneHune
KUHETUYECKMX XapaKTEPUCTUK PacTBOPEHMA BOPHUTA M XaAbKOMMPUTa B a30THOM KMCAOTE......
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Co3paHMe camMoycTaHaBAMBAIOLWMUXCA MHOMOCaTEeAAUTHBIX
NAaHETapHbIX nepeaay

A.H. Tyaumosa® ™, U.A. Cepebpsakos?, A.A. CyaxaaH®
13CubUpPCKMI rocyAapCTBEHHbIM MHAYCTPUaAbHbINM yHUBEPCUTET, HOBOKY3HeLK, Poccusi

Pe3tome. Lienb - BbISIBAEHWE HEAOCTATKOB B paboTe MHOIrOCATEAAUTHbIX MAQHETAPHbIX PEAYKTOPOB M 060CHOBaHWE
HOBbIX CTPYKTYP NMA@HETAPHbIX CaMOYCTaHaBAMBAIOLLIMXCS MEXAHW3MOB, B KOTOPbIX BO3MOXHa Nepeaada KpyTaLEero Mo-
MEeHTa uepes BCe YCTAHOBAEHHbIE caTennTbl. O6bEKTAMM UCCAEAOBAHMWSA ABUANCH OTEUECTBEHHbIN NAAHETAPHBIN TPEX-
CcaTeA\UTHBIN peaykTtop MI3, yCTaHOBAEHHbI HA MAarHUTHOM cenapaTtope, NPEAHa3HaYEHHOM AAST MOKPOTO paspene-
HWUA CUABHOMArHWTHBIX PyA U MaTePUManOB Ha MarHWTHbIE MU HEMarHWTHbIE MPOAYKTbI, M MAQHETAPHbIN PEAYKTOP 0cob0oM
CTPYKTYpbl. [1OCTPOEHME TPEXMEPHON MOAEAN KAGCCUUECKOTO TPEXCATEAAUTHOTO M OAHOMOABUXHOIO CaMoyCTaHaBAMBa-
HOLLLErocsi PEAYKTOPOB OCYLLIECTBASIAOCH C MOMOLLIO MPOrpaMmMHOro komnaekca T - Flex B Moayae «3D». Pabotocnocob-
HOCTb MEXaHW3MOB OLEHMBAAACh C TOYKM 3PEHNS CTPYKTYPHOIO aHaAn3a 1 GopMyAbl MoABWXHOCTK [1.A. Yebbiwesa. Ha
NMOCTPOEHHbIX TPEXMEPHbIX MOAEAAX M3YUEH NPOLIECC 3aLENAEHUST KAGCCUUYECKOTO TPEXCATEAAMTHOIO U OAHOMOABWMXHOMO
CaMOyCTaHaBAMBALOLLLEroCa PEAYKTOpa, OTAMUAIOLLErOCs TEM, YTO B HEM MOMWMO TPEX CAaTEAAMTOB AOMOAHUTEABHO BBE-
AEHbl ABa pbluara. Mpu NPOBEAEHWM UCCAEAOBaAHUST HOKOBOW 3a30p MeXAY Napamu 3ybbeB CaTEAAUTOB U LIEHTPAAbHbIX
KOAEC MPUHAT COOTBETCTBEHHO TPeboBaHuio FTOCT 1643-81. CorrnacHo NpoBeAeHHOMY aHaAU3Yy KOHTAKTOB MPKW NOBOPOTE
LiEHTPaAbLHOrO BeayLlero koneca Ha 30°, 110°, 200° 1 310° pAoka3aHO, YTO AAAbHENLLEE NPOEKTUPOBAHWE NMPUMEHS-
eMbIX NAAHeTapHbIX nepeaay HeleAecoobpasHo B CUAY HEBO3MOXHOCTM OCYLLECTBAEHUS NEPeAaYM MOLLHOCTU OAHO-
BPEMEHHO Uepe3 BCe CaTeAAUTbl. YCTAHOBAEHO, UTO OCHOBHbLIM HEAOCTAaTKOM PaboTbl MHOTMOCATEAAUTHBIX PEAYKTOPOB
ABAsieTca TpeboBaHWe K BbiIbopy H0KOBOIo 3a30pa, KOTOPbIA AOAKEH 0becrneuntb paboTocrocobHOCTb Nepeaayn B Mo-
MEHT Nepeaaur ABMXeHUs. NMokasaHo, UTo AASt CO3AAHUSA MHOMOCATEAAUTHBIX OAHOMOABMXHbIX CAMOYCTaHaBAMBAIOLLLMX-
€A NAQHETapHbIX MEXaHW3MOB HEOOXOAMMO BBOAUTL B CTPYKTYPY AOMOAHUTEALHbIE PblYari, KOAMYECTBO KOTOPbIX AOAKHO
PaBHATLCS YUCAY CaTEAAMTOB. Takum 06pa3oM, MPUMEHEHWE CaMOyCTaHaBAMBAIOLLMXCA MAAHETapHbIX nepesad Aaet
BO3MOXHOCTb YMEHbLLUTL rabapuTbl 3@ CHET PAaBHOMEPHOIO PacnpeAeneHrs NepeAaBaeMoro KpyTaLero MoOMeHTa, Tak
KaK BEAMYMHA MOMEHTa MpU pacyete MOXET ObiTb YMEHbLLEHA Ha YMCAO CAaTEAAMTOB, aAaNTUPOBATLCA 3y6UaThiM KOAE-
caM B YCAOBUSIX pabouero HarpyXeHus, 4to CyLLLECTBEHHO YAyULLIAeT paboTy BCel Mall1HbI AWM arperarta.

KaroyeBbie cAOBa: NAAHETApPHbIA MexaHW3M, CaTeAAUTBI, 3alenAeHue, BOAMAO, NMOABUXHOCTb, 6OKOBOW 3a30p,
CaMOoyCTaHaBAMBAIOLLMNCA MEXaHMU3M

Ana untupoBaHua: Tyaumoa A.H., CepebpskoB W.A., CyaxasH A.A. Co3paHMe camoyCTaHaBAMBAIOLLMX-
Csl MHOroCaTeAMMTHbIX MAAHETapHbIX nepeaad // iPolytech Journal. 2024. T. 28. Ne 3. C.408.-417. https://doi.
org/10.21285/1814-3520-2024-3-408-417. EDN: PLNXAG.

MECHANICAL ENGINEERING
Original article

Creation of self-alighing multisatellite planetary gears

Lyudmila N. Gudimova®™, Igor A. Serebryakov?, Aram A. Sudzhayan?
3Siberian State Industrial University, Novokuznetsk, Russia

Abstract. In this study, we aim to identify shortcomings in the operation of multisatellite planetary gearboxes and
to justify improved designs of planetary self-alighing mechanisms, which allow torque to be transmitted through all
installed satellites. To that end, we studied a domestic planetary three-satellite MPZ gearbox installed on a magnetic
separator, designed for wet separation of strongly magnetic ores and materials into magnetic and non-magnetic
products, and a planetary gearbox of a special structure. 3D models of the classical three-satellite and single-sliding
self-aligning gearboxes were constructed in the 3D module of the T-Flex CAD software. The performance of the
mechanisms was evaluated by structural analysis and Chebyshev’'s mobility formula. The constructed 3D models
were used to study the engagement process of the classical three-satellite and single-sliding self-aligning gearbox.
The latter is distinguished by the presence of two levers, which are introduced additionally to three satellites. During
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the research, the lateral clearance between the pairs of satellite teeth and center wheels was accepted according
to GOST 1643-81. The conducted analysis of contacts at rotation of the central driving wheel by 30°, 110°, 200°,
and 310° established further designing of the applied planetary gears to be inexpedient due to impossibility of
realization of power transfer simultaneously through all satellites. The main disadvantage of the operation of multi-
satellite gearboxes was found to be the requirement for the side clearance selection, which should ensure the
operability of the transmission at the moment of motion transfer. When designing multi-satellite single-slide self-
aligning planetary mechanisms, additional levers should be introduced into the structure, the number of which
should be equal to the number of satellites. Hence, the use of self-aligning planetary gears makes it possible to
reduce the dimensions due to the uniform distribution of the transmitted torque, since the calculated value of
the torque can be reduced by the number of satellites. This allows the gears to be adapted to the working loading

conditions, which significantly improves the performance of the entire machine or unit.

Keywords: planetary gear, satellites, gearing, carrier, mobility, backlash, self-aligning mechanism

For citation: Gudimova L.N., Serebryakov I.A., Sudzhayan A.A. Creation of self-aligning multisatellite planetary
gears. iPolytech Journal. 2024;28(3):408-417. (In Russ.).https://doi.org/10.21285/1814-3520-2024-3-408-417.

EDN: PLNXAG.

BBEAEHUE

Ha coBpemeHHOM 3Tane pas3BuUTUS Mallu-
HOCTPOEHUSA OAHOW M3 3apay ABASIETCA CO3Aa-
HUEe OTEeUECTBEHHbIX MEXaHW3MOB Nnepeaady, Ko-
TOPblE MAKCMMAAbHO AOAXHbI YAOBAETBOPATb
TpeboBaHMAM pPa3BMBAIOLLENCA NMPOMBbILLAEH-
HOCTU KaK AErkoW, TakK W TSXKEAOW, MPU 3TOM
obecneurBas umnopTto3amelleHune. Hanbonee
pacnpocTpaHEHHbIMU MEXaHU3MaMKn nepepad
ABAAKOTCH 3ybuaTble, K KOTOPbIM «OTHOCATCA U
nAaHeTapHble, AnddepeHumanbHble 3ybuatbie
nepepayu, Hallepwne npUMMeHeHWe B MeTaA-
AOOOpabaTbiBatOLLIMX, TPAHCMOPTHbIX, CEAbCKO-
XO3AMCTBEHHDbIX, TEKCTUAbHbIX, [PYy30MOAbEM-
HbIX MallUWHaX, a TakKe B BOEHHOW U MOPCKOM
TexXHUKe»*. COrnacHo cTpaTterMm passBuTUSA Npo-
MbILIAEHHOCTH, NPUHATO peweHue Ao 2035
I. TOAbKO B CYAOCTPOEHWM AOBECTU MCMOABL3O-
BaHWEe A0 75% KOMMAEKTYIOLLUMMMU WCKAIOUK-
TEAbHO POCCMMCKOrO NPOM3BOACTBA. YuuTbiBas
cneundrUecKMe KOHCTPYKTMBHbIE OCOBEHHO-
CTU MAAHETaApHbIX MEeXaHM3MOB U 0bAACTU MX
NPUMEHEHUS,, OAHOM W3 aKTyaAbHbIX 3apad
ABASIETCA 3apaya He TOAbKO YCOBEPLUEHCTBO-
BaHUA cywecTByrolwmnx [1-4], HO U Co3paHUSA
HOBbIX CTPYKTYpP MexaHu3MoB [5, 6]. B paborax
[1, 8, 9] npodpeccopom A.T. ABOPHUKOBbLIM AaH
NoAPOOHbIM M 0BOCHOBAHHbIM aHaAU3, CBA3AH-
HbIM C MPOBAEMON UCMOAb3YEMbIX B HAcTosLLLEe
BpeMs CTPYKTYP MHOrOCaTeAAUTHbIX NMAaHETap-
HbIX MEXaHW3MOB.

Lieab uccneaoBaHmnsa. OCHOBbIBasACb Ha U3-
yUYeHUN paboT B UCCAEAOBAHWUU MHOTOCATEAAUT-
HbIX MEXaHM3MOB BEAYLLUMMU YUYEHbIMU-OCHO-

BOMOAOXHUKaMK, TaKUMKU KaK B.H. KyapsaBueBs
[10], H.®. PyaeHko [11], B.MM. AranHckum [12]
HalWKWMn coBpemMeHHkamn B.b. LLlenomoBbIM
[13], HO.A. AAoWwuHbIM, BepxaHckum [14],
A.H. PelwetoB®, B TOM YMiCAE U aBTOPaAMU AdQH-
HOW cTatbM [16] MOXHO YTBEPXAATb, UTO BO-
npochbl, CBA3aHHble ¢ Bonee TAyHOKMM UCCAEAO-
BaHMeM pPaboTbl NAAHETAPHbIX MExaHW3MOBS,
ABASIIOTCS CBOEBPEMEHHbBIMU U aKTyaAbHbIMW.

B pabote noctaBaeHa M pelleHa 3apava,
CBA3aHHasA ¢ nepepayver ABUXEHUSA 3ybuaTbiMn
KonecaMmn (caTeAAUTamMK) B NAAHETapHOM Me-
XaHu3me. PaccMoTpuM NAaHETapHytO nepeaa-
Yy CO CTPYKTYPHOW TOYKMU 3PEHMA Ha npumepe
TPEexXcaTteAAMTHOrO MAAQHETAPHOro MexaHW3ma
(puc. 1 a).

MexaHM3M COCTOUT M3 MNATU MNOABWMXHbIX
3BeHbeB (N = 5), COBAMHEHHbIX MexAy cobown
NATbIO OAHOMOABWXHBIMW NapamMu-LIapHUpa-
MU (Ps = D) N WECTbIO ABYXNOABUXHbIMU (P4 =
6). NoOABUXHOCTb, ornpeAeAeHHas no ¢opmyae
M.A. YebbllieBa, paBHa

W=3n-2p;—p,=15-10-6=-1 (1)

T.€. MEXaHUYeckas cUCTeMa ABAAETCH CcTaTuye-
CKW HEonpeAeAMMOn, a, CAeAOBaTEABHO, Hepa-
60TOCNOCOOHOMN.

OAHaKO ecAM yyecTb, YTo Npu pabote naa-
HEeTapHbIX Nepeaay C YMCAOM CaTEAAUTOB 60-
AE€ OAHOrO, «MOLLHOCTb OT BEAYLLEro 3BeHa K
BeaoMoMy nepepaetca A0 80% TOALKO OAHUM
CcaTeAAMTOM, TO cOorAracHo (1) noABMXHOCTb 6y-

“Kosbipes B.B. MhaHeTapHble peAyKTopbl B cOCTaBe POBOTOB M MEXATPOHHbIX cUCTEM: yueb. nocob. Baaaumup: Baaaum. roc. yH-T,

2008. 48 c.

SPeluetoB A.H. CamoyctaHaBAMBAIOLLIMECA MEXaHM3MbI: CPABOYHUK. 2-€ U3A., nepepad. 1 pon. M.: MalumHocTpoeHue, 1985. 272 c.
5Tumodees LA, Teopust MEXaHWU3MOB M MALLUWH: YYEOHUK 1 NPaKTUKYM AAS By30B. 4- U3A., nepepad. 1 aon. M.: tOpaiit, 2024. 432 c.
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Puc. 1. [lapameTpbi nAaHETAPHOM NEPEAAYM; @ — CTPYKTYPHas cxema; b — 60KOBOH 3a30p j, MEXAY Napok 3ybuatbix KOAEC
Fig. 1. Planetary gear parameters; a - block diagram; b - backlash j, between a pair of gears

A€T paBHa W =3n-2p,—p,=15-10—-4=1
M MEXaHU3M MOXHO CUMTaTb BMOAHE paboTo-
CMoCObHbIM. 3TO YTBEPXKAEHME NMOATBEPXKAAET-
Csl METOAMKOM, B KOTOPOWM pacyeT Ha NPOYHOCTb
OCHOBHbIX r€eOMETPUYECKMX NapaMeTpoB MNAa-
HeTapHbIX Mepepay OCHOBaH Ha nepepadve
MOLLIHOCTM OT BEAYLLEro K BEAOMOMY KOAECY
yepes3 OAMH cateAruT» [14]. B 10 Xxe Bpems He-
06XOAMMO OTMETUTL, UTO B MEpPeAaUe Harpysku
B pa3Hble NMPOMEXYTKM BPEMEHM MOryT yua-
CTBOBATb pa3Hble CATEeAAUTbl, @, CAEAOBATENb-
HO, KaXAbIM M3 CaTeAAMTOB AOAKEH obAapaTb
AOCTATOYHOM MPOYHOCTbI, COOTBETCTBYHOLLEM
YCAOBWIO HarpyxeHus. Haamume octanbHbIX ca-
TEAAUTOB TOAbKO YCUAMBAET NPOYHOCTb U AOATO-
BEYHOCTb PEAYKTOPA B LIEAOM.

3actaBuUTb MexaHu3M pabotatb NpU OTPU-
LaTeAbHOM MOABUXHOCTM MOXHO, HO Kak Noka-
3blBaeT UCTOpPUS (NapanrenorpaMMHbIM Mexa-
HM3M NapoBOM MalluHbl AX. YaTTa), C HU3KUM
KO3OODULIMEHTOM MOAE3HOTO AEWCTBUS U Obl-
CTPbIM M3HOCOM OCHOBHbIX AeTanei. B pabote
NPUBEAEH MPUMEP TPEXCATEAAUTHOM CTPYKTY-
pbl NAAGHETAPHOrO MeXxaHu3Ma, KOTOpPbIKM pe-
laeT npobAaemy nepepayun yCUAUI yepes Bce
YCTaHOBAEHHbIE CaTeAAUTDI.

MATEPUANABI U METOABI UICCANEAOBAHUSA
At 060CHOBAHUSA YTBEPXKAEHUS O TOM, UTO
CYLLECTBYIOLUME CTPYKTYPbl MHOFOCATEAAUTHbBIX
MEXaHU3MOB fBAAOTCA PaboTocnocobHbIMMK
TOABKO MpPY 3TOM YTBEPXKAEHUU, MPOBEAEHO W3-
yyeHue npoLecca 3auenAeHusa Ha napameTpu-
YeCKOM MOAEAM TPEXCATEAAMTHOM NAQHETAPHOM

nepepaye (cm. puc. 1 a), co3paHHOM B MPoO-
rpaMmmHomM komnaekce T- Flex PLM ¢ ncnoab-
30BaHWEM NepeMeHHbIX. pu NpoeKTMpoBa-
HUKM 3ybuaTbix KOAeC B paboTe yuntbiBaeTcs 3a-
BMCUMOCTb CTEMEHM TOYHOCTU OT BOKOBOrO 3a-
30pa Mexay napon 3ybuatbix KOAec (puc. 1 b).
N3BECTHO, UTO 6BOKOBOM 3a30P GOPMUPYET NPO-
CTPaAHCTBO AAA CBOOOAHOrO BpalleHust 3ybua-
TbIX KOAEC B MOMEHT Mepepaun ABUXEHUSA, a
Takxe yCTpaHAET BO3MOXHOCTb 3aKAMHUBAHUS
npu Harpeese M obecneuymMBaeT MNOCTYyNAEHWUE
CMa304YyHOro marepuana. «<Kpome Toro, cucre-
Ma AOMYCKOB Ha 3ybuaTtble nepepaun ycTa-
HaBAMBAET rapaHTUPOBaHHbIM BOKOBOW 3a30p
Jnmin, KOTOPbIN ABASIETCA HAMMEHbLLWM MPEeAnu-
CaHHbIM OOKOBbIM 3a30POM, HE 3aBUCALLUM
OT CTEMNEHM TOUHOCTU KOAEC U TUMA MepepauMn.
Bbl6bpaHHbI 3a30p NPU CO3AaHUM MOAEAU NAA-
HEeTapHOW Mepepaun YCTAHOBAEH MO AOMYCKy
Tin, KOTOPbIA OMNPEAENAETCH PA3HOCTBIO MEX-
Ay HaWOOAbLLMM M HaWMEHbLUMM 3a30pamMu»
[18-20].

fapaHTUpyeMblii BOKOBOM 3a30p B CO3AAH-
HOM BOAMAbHOW TPEXCATEAAUTHOW MAAHETap-
HOW nepepaye C MEXOCEBbIM pPACCTOSHUEM
ay = 90 mm, cornacHo FOCT 1643-817, anqa
BUAA COMpsXeHua B, kotopoe obecneunBaeTt
MWHUMAAbHYO BEAMUMHY OOKOBOro 3a3opa,
MCKAKOYAIOLLIEr0O BO3MOXHOCTb 3aKAMHWBAHMUSA
nepeaayu, PaBeH jomin = 140 MKM, a AOMYCK Ha
60okoBOM 3a30p paBeH T;,, =+ 80 mkM. 1o napa-
MeTpaM TpexcaTeAAUTHOW MAaHETapHOM nepe-
AAun Mo YncAam 3yObeB, MOAYAID, AMAMETPAM
3ybuaTtbiX KOAEC M MEXLIEHTPOBOMY pPaccTos-

TOCT 1643-81. OCHOBHble HOPMbI B3aMMO3aMeHAEMOCTH. [epepaun 3ybuatble LMAMHAPUYECKUE. Aonycku. Beea. 01.07.1981. M.

[oc. komutet CCCP no ctaHpapTam, 1981.
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HUO (TabAanua), ¢ NOMOLLLD MPOrPaMMHOro
komnaekca T-FLEX PLM B moayae «2D», nocTpo-
€Ha napameTpuyeckas ABYXMepHas MOAEAb
BOAMAbHOMN TPEXCATEAAMTHOW MAQHETAPHOM ne-
peaaun ¢ 6OKOBbIMKU 3a30paMKn MEXAY Napamu
3ybbeB NepBoro carenimta j,; = 140 Mkwm, BTO-
poro cateAnamta jpo = 180 MKM, TpeTbero caTtea-
AUTA U LLEHTPAABHOIO KOAECA ju3 = 220 MKM.
BokoBble 3a30pbl MexAy napamu 3ybbes
ABYXMEPHON MOAEAN BOAUABHOW TPEXCATEAAUT-
HOW NMAAHETapPHOM nepepaun obecrneunBaAmCb
MacluTabrupoBaHUEM AEAUTEAbHbIX AUAMETPOB
CaTeAAUTOB, NEPEMEHHBIMU «Kz», «Kg» U «Ks» ANS
KaXXAOro caTeAAuMTa, COOTBETCTBYHOLLME TMPO-
rpaMmmMHoMy obecneueHuto kKomnaekca T- Flex
PLM, Takum ob6pa3om, 4tobbl Npu 3apaHUK
ABUXEHUS LEHTPAAbHOMY BEAYLLEMY KOAECY
nepemMeHHom «tetta» 3ybbss caTeAAMTOB 0OKaTbl-
BaAMUCb NO 3yObsIM LLEHTPAAbHbIX KOAEC U Nepe-
AaBaAU ABUXXEHME Ha BOAMAO NMepepaun.

MapameTpbl TPEXCATEAAUTHON NAQHETAPHON NepepaUmn™
Parameters of a three-satellite planetary gear

NceaepoBaHWEe npolecca NoBOpPOTa CaTeA-
AUTOB B TPEXCATEAAMTHOW MAAHETAPHOM nepe-
Aaye OCHOBbIBAAOCb Ha aHaAM3€ KOHTAKTOB
Mexay napamu 3ybbeB KOAEC Mpu MOBOpPOTE
LEeHTPaAbHOIO BeayLlero koneca (LUBK) Ha 30,
110, 200 u 310°. Paccmotpum 6Honee nop-
POOHO KOHTaKTbl MEXAY Napamu 3ybbeB KOAEC
B MOAOXeHUU, Korpa LIBK BoapMAbHOWM Tpexca-
TEAAUTHOW NAAHETAPHOW Nepepayr NOBEPHYTO
OTHOCUTEABHO HAYaAbHOroO NOAOXeHUst Ha 30°
(puc. 2 a).

Ha puc. 2 KpacHbIMW LIBETOM U AQTUHCKMMM
cumBonamMu A, B, C 0603HaUYEHbl TOUYKU KOHTaK-
TOB MeXAy napamu 3ybbeB catennntoB 1 LIBK,
a D - mexpy caTenautamu U HENOABUXXHbBIM
LeHTpaAbHbIM koAnecoM (HUK). Mpu nosopote
Ha 30° (puc. 2 a) cateaamtbl 3, 4 1 5 ¢ UBK
MMEIOT MO OAHOM TOUKE KOHTAKTa, OAHAKO B TOT
Xe cambli MoMeHT ¢ HLLIK Touky KoHTtakTta D
UMEET AULLb CaTeAAUT 3.

Z, 2z Z m, Mm d., Mmm dg, MM dy, MM
18 54 18 5 90 90 270
daa dga dpa das, [ dyy aw
100 100 260 77,5 77,5 282,5 90

*Z, — UACAO 3yObEB LIEHTPAABHOIO BEAYLLErO KOAECa;
2, - UUCAO 3YObEB LIEHTPAABHOTO HEMOABUXHOIMO KOAECA;
Zg— YNCAO 3y6beB CaTeNAUTa,;
m - MOAYAb;
d, - AEAUTEAbHBIN AMAMETP LIEHTPAALHOTO BEAYLLETO KOAECa;
ds — AENMTEABHBIN AMAMETP CaATEAAUTa;
dy - AEAUTEABHbIN AAMETP HEMOABMXHOIO KOAECA.

1-3 (200:1)

14 (200:1)
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Puc. 2. AHaA13 KOHTaKTOB NPK MOBOPOTE LIEHTPAAbHOIO BEAYLLErO KoAeca: a - Ha 30°; b - Ha 310°
Fig. 2. Analysis of contacts when turning the central drive wheel: a - by 30°; b - by 310°
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Utobbl OKOHYATEABHO YOEAWUTLCSA B TOM, UTO
MOLLLHOCTb MMEHHO B BOAMAbHbIX MHOrocaTten-
AMTHBIX MAGHETapPHbIX Mepepayax; Npu Peko-
MeHAYeMbIX BOKOBbIX 3a30pax B OCHOBHOM ne-
peAaeTCsa AULb YEPE3 OAMH CaTEAAUT, MOKaXEM
KOHTaKTbl MeXAy napamu 3ybbeB KOAEC B MO-
AOXEHUU, KOTAA LEHTPAAbHOE BEAyLLEE KOAECO
BOAMAbHOW TPEXCATEAAMTHOW MAQHETAPHOW ne-
pepayn NMoBEPHYTO OTHOCUTEABHO Ha4aAbHOIo
noAoxeHusa Ha 310° (cm. puc. 2 b). Kak BUAHO
13 pUC. ONUCaHHaA paHee KapTUHa, NMpu KOoTo-
pOW BCE TPU CaTeAUTa KOHTaKTUPYHOT CBOMMM
3yObSIMM C LEHTPAAbHbIM BEAYLLMM KOAECOM,
a UHK koHTaktupyet cBOMMM 3yObSIMU AULLb C
OAHWM TPETbUM CaTEAAUTOM, NOAHOCTbIO MNOBTO-
psieTcs.

Takum obpasom, nccarepoBaHME npouecca
noBOpOTa CaTeAAUTOB BOAMABbHbLIX MHOroca-
TEAAUTHBIX MAQHETAPHbIX Nepepay Ha OCHOBE
aHaAM3a KOHTAKTOB MeXAy napamu 3yObeB
CaTeAAUTOB U LEHTPAAbHbIX KOAEC AOKa3blBaeT
yTBEPXAEHUE npodeccopa B.H. Kyapasuesa o
HEBO3MOXHOCTU NepeAaym MOLLHOCTU BOAUAL-
HbIMW  MHOTOCaTeAAUTHBIMU  MAGHETAPHbIMMU
MexaHM3MaMW Yepes3 BCE YCTaHOBAEHHbIE Ha
BOAMAO CaTEAAUTLI OAHOBPEMEHHO.

CmopenMpyeM Tenepb Ha MNOCTPOEHHOM
ABYXMEPHON MOAEAM CAyYaM, MPU KOTOPOM ABa
catenwmta (TPeETM U YeTBepTbi) ByayT Haxo-
AMTbCS B 3auenaeHun ¢ LUBK. Co CTpyKTypHOM
TOUKM 3PEHUSA, KOrAa MNOABASIETCS AOMOAHUTEAD-
HbI KOHTaKT ABYXMOABWMXHOW Napbl pa, TO CO-

Puc. 3. CocTosiHME «3aKAMHMBAHUS»
Fig. 3. Jamming» state
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ranacHo ¢opmyae (1) W = O, T.e. CTpyKTypa Me-
XaHW3Ma SIBASETCS HENOABWXHOW. [NoAyueHHasn
KapTUHa 3auenAeHus (puc. 3) HarAaAHO MoKa-
3bIBaET, YTO KOHTakTa mexay LLHK He npoucxo-
AVT HU C OAHWMM M3 CaTeAAUTOB. B peanbHbix yc-
AOBUAX PaboTbl NpU TAaKOM BapuaHTe BO3MOX-
HO MOSIBAEHUE «3aKAMHWBAHUA», YCTPaAHEHUS
KOTOPOro MOXHO AOOUTBCA 3a cueT Bblibopa
3a30P0OB MexAy 3y6uaTbiMU KOAECAMM.

Mpn CcO3AAHUM KOMMbIOTEPHOM ABYXMEP-
HOM MOAEAM C KOHTAKTOM BCEX TPEX CAaTEAAMTOB
HabAtOAaAaCb aHaAOrMYHas kaptuHa. OueHka
paboToCnoCoOHOCTU KOMMbBIOTEPHbBIX MOAEAEN
NPOBOAMAACH NO AMHAMWUYECKMM NapameTpam
MCMOAb3YEMOW MNporpaMmbl, KOTOPble GUKCHU-
pPOBaAM NMOAHYH OCTAHOBKY ABWXEHWSI MPU Mo-
ABAEHUWU AOMOAHUTEABHOIO KOHTaKTa. AAA 3TOM
LueAM bbina co3paHa TpexmepHas TBEPAOTEAb-
Has MOAEAb MCCAEAYEMOTO MexaHMU3Ma.

OCHOBHbIM YCAOBMEM MOCTPOEHHbIX CHO-
POUHbIX TPEXMEPHbIX TBEPAOTEABHbLIX MOAEAEN
TPEXCATEAAUTHOW MAAHETAPHOW nepepayvn AB-
ASIETCS HaAMune BOKOBOro 3a30pa MeXAy napa-
MW 3yObEB CATEAAMTOB U LEEHTPAAbHbIX KOAEC,
COOTBETCTBYIOLLENO TPEOOBAHUAM

— AASi NepBoro cayyas npu W = 1 60koBble
3a30pbl MexAy napamu 3ybbeB caTtenmnta u
LEHTPaAbHbIX KOAEC NMPUHUMAAUCL PaBHbIMU:
nepBoro j,; = 140 MKM, BTOPOro CaTeAAUTa jpo
= 180 MKM, TPETbETO CaATeAAUTa ju3 = 220 MKM;

— «AASI BTOPOTO cAy4vas npwu ycaosumn W =0
60KOBOM 3a30p MeEXAY Napamu 3ybbeB NepBo-
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ro 1 BTOPOro CaTeAAUTOB U LIEHTPAAbHbIX KOAEC
jn1 = jn2 = 140 MKM, a Mexay napamu 3ybbeB
TPETbErO CaTeAAUTa U LEHTPAAbHbIX KOAEC NPK-
MEM PaBHbIM jnz = 220 MKM»;

— «AAS TPETbero cayyasa npu W=-1 60koBoM
3a30p MeXAy napamu 3ybbeB BCEX CATEAAUTOB
N LEHTPAABHbIX KOAEC» jn1 = jno = jnz = 140 MKM.

Pe3yAbTaTOM pelleHus 3apaur AMHamMuye-
CKOro aHaAM3a CTaAO «OXMBAEHME» COOPOUHbIX
TPEXMEPHbIX TBEPAOTEAbHbIX MOAEAEN MAaHe-
TapHoW nepepaun. Npumep AeMOHCTpaUuKn pa-
60Tbl TPEXCATEAAUTHON NAAHETAPHOM NepepaYmn
npu nepepavye oAHUM caTeAnruTom (korpaa W= 1)
nokasaH Ha puc. 4.

YuuTbiBas, 4To NpU NPOBEAEHUU AMHAMM-
4eCKOoro aHaAM3a 3apaBaAUCb NapaMeTpPbl KOH-
TaKTOB, HArpyXXeHusa 1 OrpaHUUYEHUs], TO «OXMU-
BUTb» MOAEAN B ABYX APYTMX CAy4asX He MOAy-
YUAOCD.

MpoBeAEHHbIE UCMNbITAHWUS, XOTS U ABAAKOT-
CA UCCAEAOBAHUAMMW, OCHOBAHHbIMK Ha WC-
NOAb30BaHWM BO3MOXHOCTEM aBTOMATU3UPO-
BaHHOW MpoOrpamMmbl, TEM HE MeHee NO3BOAS-
tOT CAEAaTb BbIBOA O TOM, UYTO «3aKAMHUBAHUE»
B MHOIOCaTeAAUTHbIX MAAHETAPHbIX MNepeaa-
yax B peanbHbIX YCAOBUAX pPaboTbl BO3HMKAET
no ABYyM npuunHam. B nepBom cayyae Toraa,
KOrAa B 3aLenAeHun Haxoautcs 6oaee 0AHOro
caTennmTta, a BO-BTOPOM - KOrpa 3HaueHue 6o-
KOBOIO 3a30pa Mexay 3yObsiMM OAHOTO U3 ca-
TEAAUTOB M LIEHTPAABHOIO KOAECa CTaHOBUTCS
paBHbIM 3Ha4YeHWIO OOKOBOro 3a3opa MexXay
3yObsAMU APYrMX CAaTEAAUTOB, T.K. B 3TOM CAyYae
TakXe BO3MOXHO MOABAEHUE AOMOAHUTEABHbIX
KOHTaKTOB 3yObeB.

MNocTaBMM 3apadvy CO3AaHUA NAAHETAPHOMO
MexaHM3Ma, CBOOOAHOIO OT OMMUCAHHbIX BbIlLE
HEAOCTaATKOB, B KOTOPOM BCE CaTeAAUTbI CMo-
CObHbl yyacTBOBaTb B nepepaye ycuaui. Co-
FA@CHO HOBOMY MOAXOAY K MPOEKTUPOBAHUIO OA-
HOMOABWMXHbIX NMAAHETaPHbIX Nepeaay, paspa-

o9

6otaHHOMY npodeccopom A.T. ABOPHUKOBLIM,
No KOTOPOMY €AMHCTBEHHO MPaBUAbHbIM MyTEM
AASI CO3AAQHUS COBEPLUEHHbIX MallWH ABASET-
CSl METOA, OCHOBAHHbIM Ha MOAHOM YAOBAET-
BopeHun GopMyA (1). «OCHOBbIBAACH Ha 3TOM
yTBEPXAEHUU B (1), TeopeTnyeckn o060CHOBA-
HO TpeboBaHWe 06 obecneveHun onpepeneH-
HOCTU ABMXEHWSA B MHOMOCaTEAAUTHbIX MAAHE-
TapHbIX 3ybuatbix nepepadvax, Npyv KOTOPOM B
CTPYKTYPY MeXxaHM3Ma HeobOXOAMMO BBOAUTb
AOTMOAHUTEABHBLIE pblyarn (N,,) B KOAUYECTBE,
pPaBHOM YUCAY CATEAAUTOB (Ny), T.€. Ny = Ny
Torpa B TpexcaTeAAUTHOM MeXaHU3Me AOAXKHO
6bITb CEMb NOABUXHbIX 3BEHLEB (N = 7).

Ha puc. 5 a npuvBeapeHa HoBaA CTPYKTY-
pa TpexcateAMTHOro MAaHeTapHoOro 3ybuato-
ro MexaHu3ma, MOCTPOEHHOro0 MO METOAUKE
A.T. ABopHUKOBA. [NPeANOXEHHbIN MEXaHU3M
COAEPXUT MNOABWMXHbIE 3BEHbA (N = 7), Ku-
HemaTMyeckue napbl — LWAPHUPOB (Ps = 7) U
6 ABYXMOABWXHbIE napsbl (ps = 6). Toraa, co-
rnacHo ¢opmyne (1), W=21-14-6=1.B
OTAMYME OT CYLLECTBYHLWMX CTPYKTYP NAAHE-
TapHbIX MEXaHM3MOB, NMPUBEAEHHbIN Mexa-
HMU3M CO3AAH TaKMM 06Pa30M, UTO KPYTALLMUM
MOMEHT OT LLeHTPaAbHOro koneca 1 paBHO-
MEPHO nepepaeTcs Ha BCE TPWU caTeAAuTa
yepes ABe rpynnbl HYA€BOW MNOABMXHOCTHU,
NPeACTaBAEHHbIE B BMAE TPEXNAPHbIX LIATy-
HOB, Y KOTOPbIX LWAPHMUPbI, COEAUHAIOLLIME KX
B Mapbl, BbIMOAHEHbLI COOCHO C caTeAAUTamu
nepepaym.

AAA M3YUEHUA KOHTakTa B 3aLenAeHuu
3ybuatbix KoAec npu pabote NAaHETapHOro
MexaHM3Ma HOBOW KOHCTPYKUMM ObiA nNpoBe-
AE€H aHaAU3 3aUEenAeHUs] KaxXAoro caTtenamTa.
AASl 3TOrO0 B CUMCTEME aBTOMAaTU3MPOBAHHOM
nporpammbl CAD T-Flex co3paHa 3D mMoaenb
MexaHu3ama (puc. 5 b) ¢ yHUKaAbHbIM cbanaH-
CUPOBAHHbIM BOAWAOM, 3aAaHHas CKOPOCTb
BpaleHua kotoporo 500 06/muH. Mpu noso-

LA 4

Puc. 4. [NoroxeHue caTeruToB TPEXMEPHON TBEPAOTEAbHOM MOAEAU NAGHETapHOM nepeaaqn
Fig. 4. Position of satellites in the planetary gear three-dimensional solid-state model
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Puc. 5. KuHematnueckas cxema OAHOMOABMXXHOMN TPEXCATEAMMTHOM NAGHETapHOM 3ybuaTor nepeaaym:

1 - conHeYHas wecTepHs, 2, 3 u 4 - cateainTtbl, 5 1 6 - TpexnapHbIe NPOMEXYTOUYHbIE 3BEHbS, 7 — BOAMAO, 8 — AMULIMKA
Fig. 5. Kinematic diagram of a one-degree-of-freedom three-satellite planetary gear train:

1 -sun gear, 2, 3 and 4 - satellites, 5 and 6 - three-pair extensions, 7 - carrier, 8 - epicycle

poTe Ha paHee NPUHATbIE YIAbl LEHTPAABHOIO
KOAECa MAAHETApPHOro MexaHu3mMa BCA KOH-
CTPYKLMS MPUBOAUTCA B OMPEAEAEHHbIM MO-
MEHT B HENOABWXHOE cocTosiHWe. llocae aTo-
ro BbIMOAHAAAOCb ThiCAYEKpPATHOE YBEAUYEHUE
uyncaa 3ybbeB KOAEC, COMPUKACAIOLLMXCS APYT
C Apyrom (puc. 5 c¢). YBeAnueHue KoAMyecTBa
3ybbeB KOAEC NMOKa3aA0 CAEAYHOLLIEE: Napa 3a-
LEeNAEHNA caTeAANT (4) - KOPOHHaA LWecTepHS
- UMEET MAOTHOE MATHO KOHTaKTa (CM. BMA A),
B Nape COAHEeYHas LIeCTepHA — caTeAauT (4)
(cMm. BMA A), paspbiBa B 3aLleNAeHUN 3yObeB
KOAEC He MPOUCXoAUT [19].

AHanu3 BMAa b nokasbiBaeT aHaAOrMUHYO
CUTYaLMIO, NPY KOTOPOW 3aLUenAEHNe caTeAAnTa
(3) U C KOPOHHOMU, U C COAHEYHOW LLUECTEPHEN
B1 umeeT NAOTHbIE KOHTaKTbl. Ha BuaAe B 1 B1

MMEETCA MAOTHOE MATHO KOHTaKTa B KaXXAOW
nape sauenAeHus.

3AKNAHOYEHUE

MpoBeaeHHble AabopaToOpHbIE MCMbITAHKSA
Ha OAHOMOABWXHOM TPEXCATEAAUTHOM MAAHE-
TapHOM peAaykTope [9], co3pAaHHOM MO MeToAY
A.T. ABOPHMKOBAa, MO3BOAAIOT YTBEPXAATb, YTO
TOABKO MPU TAaKOM MOAXOAE K MPOEKTUPOBa-
HUIO BO3MOXHO OCYLLECTBAATL NepeAayy MOLL-
HOCTU 4epes3 BCE YCTAHOBAEHHbIE CaTEAAUTHI.
CnepoBaTeAbHO, pPaBHOMEPHOE pacnpepene-
HWEe nepepaBaeMon MOLLHOCTM MO3BOAUT Cy-
LLLeCTBEHHO YMEHbLLWTb rabapuTbl peaykTopa,
NPUMEHATb PEKOMEHAYEMbIE BOKOBbIE 3a30pbl
Kak AR 0ObIYHOM 3ybuaTon nepepayun, obecne-
ynBasd CaMOyCTaHOBKY BCEX 3BEHbLEB.
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Pa3paboTtka akcnepTHOU cUCTEMbl TEXHOAOTMUYECKOro obecneueHus
Tpebyemou LepoxoBaTOCTU NPU 06paboTKe 3aKaneHHbIX cTaneu
Ha CTaHKaX ¢ YACAOBbIM NporpaMmMHbIM yripaBA€HUEM

E.M. KysHeuosa' ™, B.E. OBcAHHMKOB?, P.1O. Hekpacog?, ¥.C. Nytunosa*

1KypraHckuii rocyaapCTBEHHbIN yHuBepcuTeT, KypraH, Poccus
24THOMEHCKMI MHAYCTPUAAbHbIN yHUBEPCUTET, TroMeHb, Poccus

Pe3trome. Lienb - NOBbILLIEHWE KaYeCcTBa NOBEPXHOCTH AETAAEN TeA BpaLLLEHUS, KOTOPbIE M3rOTOBAEHbI 3 3aKaAEH-
HbIX CTaAel, B XoAe 06pabOTKM Ha TOKAPHbIX CTAaHKaX C YMCAOBLIM MPOrpaMMHbIM ynpaBAeHUeM. O6bEKTOM UCCAE-
AOBaHMWA ABAAETCS LLIEPOXOBATOCTb MOBEPXHOCTU AeTanel. B npouecce nccaepoBaHUSA ObIAM UCMOAB30BAHbI METOAbI
CUCTEMHOr0 aHaA13a M CUHTE3a CUCTEM, UCKYCCTBEHHbIX HEMPOHHbIX CETEN, HEUETKON AOTUKMK, OpraH13aLmm aKecne-
pumMeHTa, 06paboTKM pe3yAbTaToB aKcnepumMeHTa. PazpaboTaHa AEKOMMO3ULMOHHASA CXeEMaA CTPYKTYPbl 3KCMEPTHOM
crcTeMbI, NO3BOARIIOLLAA cHOPMyAMpPOBaTb TPebOBaHNUS K ByAyLLEN IKCNEPTHOM CUCTEME MOHUTOPUHIA U MPOTHO3MPO-
BaHMA NapamMeTpoB LLIEPOXOBaATOCTU. B pedyabtate MCCAEAOBaAHWI YCTAHOBAEHO, UTO MCMOAL3YEMbIE B MPAKTUKE MOAE-
AM ONMUCaHWUSI B3aUMOCBA3N MEXAY NapamMeTpamMiy KauecTBa NOBEPXHOCTU AETAAEN U TEXHOAOTMUYECKUMU PEXMUMAMMU,
KOTOpble MPUMEHSAIOTCA MPU TEXHOAOTMUECKOM ObecrneyeHr LepoXoBaTOCTU, AAKOT BbICOKY MOrpeLLHocTb (boree
20%). O6ocHOBaHa BO3MOXHOCTb NMPUMEHEHUSI MOAEAEN, KOTOPblE OCHOBaHbl HA MCKYCCTBEHHOM WMHTEAAEKTE U CO-
AEPXaT B CBOEM COCTaBe HeMpoceTeBble OAOKM W YCTPOMCTBA NPUHATUS PELLEHUI, MOCTPOEHHbIE Ha Ba3e HeUYEeTKOM
AOTUKM. Noka3aHo, YTo Takoe coYeTaHne AaeT BO3MOXHOCTb MHAMBHUAYAABHOM HACTPOMKK CUCTEMbI Ha 06paboTKy Ae-
Tanen onpepeneHHOM HOMEHKAATYPbI, @ Takxe BOAee KOPPEKTHOW OLEHKM HACTYNAEHUA KaTacTpoPpUUECKOro U3HOCa
PEXYLLErO MHCTPYMEHTA. AOKa3aHO, UTO HEMpPOHeYeTKass MOAEAb MMEET NOrPeLLHOCTb He 6oaee 10%, UTO 3HAUUTEAb-
HO HUXE, YEM MPU UCMOAB30BAHWM CNIEKTPAABHbIX MAU KOPEAAALIMOHHbBIX MOAEAEN. B pesyabTaTte TeCTOBbIX UCMbITaHWM
9KCNEPTHON CUCTEMbI MOHUTOPUHIA W NMPOrHO3MPOBAHWA NapPaMETPOB LLIEPOXOBATOCTM YCTAHOBAEHO, UTO Pa3bpoc
AManal3oHa LepoxoBaToCT MO Mepe M3HOCa MHCTPYMeHTa B 2,5 pa3a MeHblie, yem 6e3 Hee. Takum 0bpasom, 1c-
NoAb30BaHWe pa3paboTaHHOM CUCTEMbI MO3BOASET BOAEE KOPPEKTHO OLEHMBATb M3HOC PEXYLLETO MHCTPYMEHTa U
OMNPEAEAATb HACTyNAEHME NPEAEABHOIO COCTOSHMS.

KaroyeBble cAOBa: LLEPOXOBATOCTb, 3aKAaAEHHbIE CTaAW, TEXHOAOTMUECKOe obecneueHne, ctaHok ¢ UlY, akcnept-
Has cuctema

Ara untupoBaHua: KysHeuosa E.M., OBcsaHHMKOB B.E., Hekpacos P.FO., MyTturoBa Y.C. Pazpabotka akcnepTHOM
CUCTEMbI TEXHOAOTMYECKOTO obecrneueHna TpebyemMol LLepoxoBaToCT Npu 06paboTKe 3aKaAEHHbIX CTAAel Ha CTaH-
Kax C YMCAOBbIM MporpamMmMHbiM ynpasaeHnem // iPolytech Journal. 2024. T. 28. Ne 3. C. 418-426. https://doi.
org/10.21285/1814-3520-2024-3-418-426. EDN: WNRBPW.
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Development of an expert system for technological support
of required roughness when machining hardened steel parts
on numerically controlled machines

Elena M. Kuznetsova®~, Viktor E. Ovsyannikov?, Roman Yu. Nekrasov?,
Ulyana S. Putilova*

1Kurgan State University, Kurgan, Russia
Z4Industrial University of Tyumen, Tyumen, Russia

Abstract. This work addresses the problem of improving the surface quality of parts of rotation bodies, which are
made of hardened steels, in the course of their machining on lathes with numerical program control. The research
object was the surface roughness of parts. The methodology involved system analysis and synthesis, artificial neural
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networks, fuzzy logic, experiment, and processing of experimental results. A decomposition scheme for the expert
system structure was developed, which can be used as the basis for formulating requirements to a future expert
system for monitoring and prediction of roughness parameters. It was established that the models currently applied
to describe the relationship between surface quality and the technological regimes used to ensure the technological
level of roughness give a high error of over 20%. The possibility of using models that apply artificial intelligence and
contain neural network blocks and decision-making devices based on fuzzy logic is substantiated. It is shown that
such a combination makes it possible to customize the system for processing parts of a certain production range,
as well as a more correct assessment of the onset of catastrophic wear of cutting tools. The neuro-fuzzy model was
confirmed to have an error of less than 10%, which is significantly lower than when using spectral or correlation
models. According to the testing results, the proposed expert system for monitoring and prediction of roughness
parameters enables a 2.5-fold reduction in the scatter of roughness parameters under an increase in tool wear,
compared to without its application. Thus, the proposed system makes it possible to assess the level of cutting tool
wear more correctly and determine the onset of its limit state.

Keywords: roughness, hardened steels, process support, CNC machine, expert system

For citation: Kuznetsova E.M., Ovsyannikov V.E., Nekrasov R.Yu., Putilova U.S. Development of an expert system for
technologicalsupportofrequired roughnesswhenmachininghardenedsteel partson numerically controlled machines.
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BBEAEHUE

B ycnoBuAX cpepaHECEpPUMHOrO0 MPOM3BOA-
CTBa pelleHMe 3apadun Nno TEXHOAOTMYECKOMY
obecneueHnto TpebyeMbix BbIXOAHbIX Napame-
TPOB npouecca MexaHuvyeckorn obpaboTtku ba-
3UpyeTcs Ha UICNOAb30BaHUU NPEABAPUTEABHOM
HACTPOMKM TEXHOAOTMYECKOrO 0060pyAOBaHUA
[1, 2]. CyTb 3aKAlOUa@eTca B TOM, YTO Ha atane
HACTPOMKK OMPEAEAAIOTCHA 3HAYEHUS PEXMMOB
pe3aHns U APYrMx napameTpoB npolecca 06-
pabotku [3, 4], KOTopble NO3BOASIOT MOAyYaTb
3ajaHHble napamMeTpbl TOYHOCTU Pa3MepPoB U
KauyecTBa NOBEPXHOCTHOIO CAOS B aBTOMaTuye-
CKOM ¢popmare.

OAHaKo 30PEKTUBHOCTb TAKOro MOAXOAA
OorpaHUYMBAETCA TEM, YTO AEMCTBYKOLIME Ha
TEXHOAOTMYECKYID CUCTEMY BO3MYyLLAKOLLINE
BO3AEMCTBUA MNPUBOAAT K BO3HUKHOBEHMIO
NOrpeLHOCTEN U, KaK CAEACTBUE, MOTYT Bbl-
3BaTb nosiBAeHWe 6paka. OAHUM M3 TaKMX
$aKToOpOB ABAAETCA U3HOC PEXYLLEro UHCTPY-
MeHTa. BcaepcTBME M3HOCA PEXYLIErN0 WH-
CTPYMEHTa MNPOUCXOAUT YBEAUYEHUE YCUAUM
pe3aHusa, pebopmMaumii INEMEHTOB TEXHOAO-
rmyeckon obpabatbiBatolle CUCTEMbI, POCT
Temneparypbl B 30HE pe3aHusa 1 yBEAUYEHUE
BMOpaumn [5, 6]. B KOHEUHOM UTOre HacTyna-
€T TaKoe COCTOsiHWE, Korpa TpebyeTcsa 3ame-
Ha MHCTpyMeHTa. [MPUMEHUTEABHO K CAyYato
ynctoBor 06paboTkn npobaema ycyrybasercs
TEM, YTO NEPEXOA U3 OAHOIO COCTOSIHUA B APY-
roe MOXeT NPOU3OMUTU NMOUTU MFHOBEHHO. Ka-
YeCTBEHHO 3TO MOXHO OUEHWUTb Kak NoTepto
TEXHOAOTMUYECKOM CUCTEMOWN YCTOMUMBOCTH [7,
8]. HactynaeHne paHHOro dakrta MOXHO OT-
CAEAUTb, HaNpUmep, Ha OCHOBE MOHUTOPUHTA
BMBpauumn (puc. 1).

0.06 HJ
IMonaua S,

MM/00 Her subpaunit
0,04 =

7

0,02 f
40 50 60 70 80
Ckopocts V, M/MHH

Puc. 1. Xapaktepuctuka obaactes no yctonunBocty [9]
Fig. 1. Area robustness characteristics [9]

Tak Kak B paMkax AaHHOM CTaTbM paccMma-
TpuBaeTcs 06paboTka 3akaneHHbIX CTanen, TO
NOMMUMO YKa3aHHbIX Bbllle $paKTopoB B pacyer
HY)XHO MPUHUMATb ele KonebaHua CBOMCTB
obpabatbiBAEMOro Mateprana 1 Apyrue croxa-
cTnyeckne daktopbl. Bce 310 NpUBOAUT K TOMY,
YTO rpaHMLa Nepexoaa M3 OAHOMO COCTOSIHMA B
Apyroe aBasietca Hedetkon [10, 11]. N3meHe-
HWe LepoxoBaToCcTM noBepxHoctu (Ra) B 3a-
BMCMMOCTU OT BpeMeHU paboTbl pe3ua nmeet
HEUYeTKMUM XapakKTrep BCAEACTBME HEUYETKOIO M3-
HalUMBaAHWSA PEXYLLEN YACTU MHCTPYMEHTA, YTO
NPUBOAUT K MNOSAABAEHWMIO 0BAACTM paccesHuA
3HauyeHun noAyyaemon wepoxosatoctu (Ran)
(puc. 2).

B coBpemMeHHbIX ycroBWSIX TpebyeTcs co-
KpalleHne TPYAOEMKOCTU TEXHOAOTMUYECKOM
NOAFOTOBKM NPOU3BOACTBA U OAHOBPEMEHHOE
yBeamyeHne 3GGEKTUBHOCTM  3KCMAyaTaLMM
060pyAOBaHUS M MHCTPYMEHTa. B paHHOM
CBETE MOXHO PacCcMOTpeTb MpUMeHeHue Mme-
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Puc. 2. HeueTkasi rpaHuua M3MEHEHWUS LUEPOXOBATOCTH
06paboTaHHON MOBEPXHOCTU B 3aBUCMMOCTU OT BPEMEHM
pabotsl pesua [11]

Fig. 2. Fuzzy boundary of roughness variation of machined
surface depending on cutter operation time [11]

TOAOAOTMUYECKOTO noaxoaa uHayctpum 4.0 [12,
13] - KoHUeNumMo UMdPOBbLIX ABOMHMKOB. YXxe
CEroAHsi NPUMEHEHUE UMPPOBbLIX ABOMHUKOB
NO3BOAAET NOBbICUTb 3QPEKTUBHOCTb IKCMAYa-
TaumMm 060pyAOBaAHMA U UCKAIOUWUTb aBapUMHbIE
CUTyaLMK Ha OCHOBE NMPOrHO3UPOBAHUS UX Ha-
cTynAeHusa. OAHAKO MPUMEHSIEMblE peLleHUs
pacnpocTpaHeHbl B OCHOBHOM Ha MEAAEHHO
NpoTeKaoLLIME BO BPEMEHU MNPOLIECCHI, KPO-
Me TOro, Bonpocbl 06paboTkn MHGopmMaumn B
PELLEHMM YKa3aHHbIX Bblllie 3apay BCE PaBHO
BO3AOXEHbI Ha YenoBeka. ObpaboTtka xe 3aro-
TOBOK M3 3aKaA€HHbIX CTAaAe CONPOBOXAAETCA
MMEHHO MHTEHCUBHbIM M3HALLMBAHUEM PEXY-
LLIero MHCTpymMeHTa. Bo MHOrom ato siBAsieTcs
NMPUYUHON TOro, UTO LLUEPOXOBATOCTb 06pabo-
TaHHbIX AETAAEN OTAMYAETCA BbICOKOM HecTa-
OUABHOCTbIO.

AAs peweHus npobaembl  obecnevyeHun
KauyecTBa MOBEPXHOCTHOIO CAOSt Mpu 06paboT-
K€ Ha CTaHKax C YWMCAOBbIM MPOrpPaMMHbIM
ynpaBAeHuem (YY) HeobxoAMMO NpexAe Bce-
ro UMeTb HAAEXHbIN UCTOUHUK MHOOPMALMUHK,
KOTOPbIA MO3BOASIET OLEHUBATb BbIXOAHbIE
napametpbl npouecca. C yuetom TpeboBaHUM
dusnyeckoro nopobuss HeobxoaMmo, 4TOObI
OLEHOYHble noKasateAn ObiAn 6e3pasmMepHbl-
MW BEAMUMHAMW U MMEAM 0OLLyt0 NPUpPoAY C
BbIXOAHBIMW BEAMYMHAMM (B HALLEM CAyvyae C
wepoxoBatocTbto) [14, 15]. Caeaytowen npo-
6AEMOM, KOTOPYD HEOBXOAMMO PEeLUUTb, ABAS-
€TCA HEONMPEeAEANEHHOCTb AAHHbIX (KoAebaHUusA
cBOMCTB 0obpabaTbiBaeMoro marepuana, na-
pameTpbl 06pabaTbiBaOWEN CUCTEMbI U T.A.).
Takum obpas3om, pearn3aums YKasHbiX Bbille
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MOAXOAOB AOAXKHA ObiTb MPEACTaBAEHa B BUAE
CUCTEMblI MOHWMTOPWUHIA W MNPOrHO3MPOBAHMSA
napamMeTpoB LLUEPOXOBATOCTU, @ TaKXe Yy4YuTbl-
BaTb COCTOSIHME PEXYLLEr0 MHCTPYMEHTA.

Lienb AaHHOM paboTbl - NOBbLILLEHWE Ka-
yecTBa MOBEPXHOCTU AeTanel TeA BpalleHUs,
KOTOPbl€ M3rOTOBAEHbI U3 3aKaAEHHbIX CTaAeMH,
B XoA€ 00paboTkm Ha TOKapHbIX CTaHkax ¢ YlY.
BbINOAHEHHbIE MCCAEAOBAHUA 3aKAKOUAKOTCA B
BblbOpe METOAOAOrMUYECKOro annaparta, KoTo-
PbI MOXET O6bITb MCMOAB30BaH AAA SKCMEPTHOM
CUCTEMDI.

MATEPUANABI U METOAbI UCCAEAOBAHUA

B xoae nccaepoBaHUA BbIAM MCMOAB30OBAHbI
METOAbI CMCTEMHOIO aHaAM3a, UCKYCCTBEHHbIX
HEWPOHHbIX CETEW, HEUYETKOM AOTMKMU, OpraHu-
3aUMK aKcnepuMeHTa, 06paboTkM pe3yAbLTaToB
3KCnepuMeHTa.

PE3YAbTATbl UCCNAEAOBAHUA
N UX OBCY)KAEHUE

B tabAa. 1 npvBepeHa AEKOMMO3MLMOHHAsA
CXeMa CTPYKTYpbl MPUAAraemMomn 3KCNEPTHOM
CUCTEMDI.

B xoae aHaAM3a paccmartpmuBatoTcs aabTep-
HaTWBHble BapuaHTbl X:*. KoAMuecTBO LeAeBbIX
YCAOBWW S NPUHUMANAOCh B AMANa3oHe OT 2 AO
4. OctaBlKecs 6AOkK copepxat G orpaHuye-
HUK. AaHHblEe AN aHaAM3a MPEACTaBASAIOTCA B
BUAE MHOXecTB [16, 17]:

X = {X;, X}, xeR,. (1)

[Mpn 3TOM BBOAATCS BECOBbIE KO3PDULMEH-
Tbl A, AASI KOTOPbIX BbIMOAHAKTCA CAeAyoLLME
COOTHOLLEHMUS:

y Py PO P (2)

Taknm 06pa3om, UCNOAb3YSA BblipaxeHus (2)
n (3), UMeeTca BO3MOXHOCTb pPaHXMPOBaHUA
AAHHbIX, KOTOPbIE NPEACTAaBAEHbI B TabA. 1.

MocAe paHXMPOBAHUA MOXHO BblIOpaTh
NPeAnOYTUTEAbHbIE aAbTEPHATUBDI:

B B
maxi; G, =X, ...,maxAin —X; - (4)
Ha oCHOBaHMM NPOBEAEHHOIO aHaAM3a

MOXHO CAEAaTb BbIBOAbI, UTO SKCMEPTHAsA CU-
cTeMa rpeAycMaTp1BaeT:
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Tabamua 1. AeKoMMNO3MLMOHHAA CXeMa 3KCMEPTHON CUCTEMDI
Table 1. Expert system decomposition diagram

X¢MepBblii ypoBEHb AEKOMMNO3ULIUU X Bropoit ypoBeHb A€KOMMNO3ULIUU
X TOYHOCTb U CKOPOCTb 06paboTKK Xt | Bapaetcs nporpaMmon
8 n3MepeHui X2 |He peryaupyetcs
X COBMECTMMOCTb C CUCTEMaMMU Xt CoBmecTvma
2 BEPXHEro ypoBHA X2? He coBmectnma
. X5t MPpoBbIE UHANKATOPbI
Buayaansauma noryyeHHoM 32 Lnép A P
X3 MHGOPMALIMM X3 MaHeAb ynpaBAeHUs
P X5® | SCADA cuctema
X MNpeaBaputenbHas 06paboTtka Xt He TpebyeTtcs
4 CUrHaAOB X4? Tpebyetcs
Xst OAHOKpaTHO no 3anpocy
Xs Xs? B pexume peanbHOro BpeMeHu
Onpoc aatunkos 3
Xs o 3anpocy v B peXxume pearbHOro BpeMeHu
X CoxpaHeHue NoAyYEeHHOWM Xst | OtcyTcTBYyET
° MHGOpPMaLMK X2 DAEKTPOHHBIN XypHaA U3MEPEHWI
X+ PyyHoW
X7 X:2 | ABTOMaTMyecKui
Pexuvm pabotbl cucTeMbl s o .
X7 PyuHol 1 aBTOMaTUYECKNI
o . Xst He aBTOMaTu3npoBaHHoe
Xs YnpaBAeHWE CUCTEMOW U3MEPEHMI 5
Xg ABTOMAaTU3NPOBAHHOE
X Pexum paboTbl yCTPONCTBa AASE Xot Pacuet moaeAv B peanbHOM BpeMeHHU
° NPUHATUA peLUeHni Xq? Pacuet moaeAn aKCnepPTHOM CUCTEMOM

Tabauua 2. Pe3ynbTaThl pacyeta BECOBbIX KOIGOULMEHTOB
Table 2. Calculation results of weight factors

X51 = Xzi; Aj_ = 0,5 XSZ = X82; A2 = 0!5
Xej Xeif Mo Mo’
Koa 3HaueHune Koa 3HaueHne
_ X:4] 1 0,5 2 0,25
Xor=Xa Xq2 3 0 2 0,25
X3t 3 0 2 0,17
Xe2= X3 X3? 3 0 2 0,17
[X5®%] 1 0,5 2 0,17
_ Xt 3 0 2 0,25
Xaa=Xa (X2 1 0,5 2 0,25
Xst 2 0,17 3 0
XG4 = X5 X52 2 0,17 3 O
[X53] 2 0,17 1 0,5
Yooz X Xs* 2 0,25 3 0
65 = Ae X6 2 0,25 1 0,5
X+ 3 0 2 0,17
XGS = X7 )(72 3 0 2 0,17
[X7°] 1 0,5 2 0,17
_ Xt 2 0,25 3 0
Xor=Xo [Xo?] 2 0,25 1 0,5

- COBMECTMMOCTb C CUCTEMAMWU BEPXHEro
ypoBHSA (X51);

- aBTOMAaTU3UPOBAHHOE YNpaBAEHWE CU-
cTeMon namepeHun (Xs?);

obecneynBaert:

- 3apaBaeMytd MpPorpamMmor TOYHOCTb U
CKOpOCTb 06paboTkK namepeHnit (X11);

- BM3yaAM3aUMIO MOAYYEHHOW WHPOPMA-
umn ¢ nomolupto SCADA cuctem (Xs2);

- NpeABapPUTEABbHYHO 00PaBOTKY CUIrHANOB (X42);

- OMNpOC AATYMKOB, 3amnyckaembli Mo 3a-
npocy U B peXume peanbHOro BpeMeHu (Xs°);

- COXpaHeHWe NoAyYeHHOW MHPOPMaLMK B
SAEKTPOHHbIV XypPHaAA U3MepeHun (Xs2);

- paboTy cUCTEMbI KaK B Py4YHOM (AN Ha-
AAAKK), TaK U B aBTOMATUUYECKOM pexume (X7°);

- pacyeT MOAEAU YCTPOMUCTBA NPUHATUA pe-
LUEHWI SKCTIEPTHON CUCTEMOM (Xo2).
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Puc. 3. CpeaHsas norpelHocTb moaener [18, 19]: 1 - MoaeAb «TpOCTPAHCTBO COCTOSIHMI», 2 - MOAEAb «CKOAb3SILLEE CPEAHEE,
3 - crieKTpaAbHas MOAEAb, 4 — KOPPEAALMOHHAs MOAEAb; 5 — HEMpPO-HeYeTKas MOAEAb
Fig. 3. Average error of models [18, 19]: 1 - state space model, 2 - moving average model; 3 - spectral model; 4 - correlation

model; 5 - neuro-fuzzy model

Ha puc. 3 npuvBepeHa CpepHsas norpelu-
HOCTb MOAEAEWN, KOTOPblE MOTYT ObiTb UCMOAb-
30BaHbl AAl ONUCAHKA CBA3EN Mexay bAoKamu
3KCNEPTHON CUCTEMBI.

Kak BUMAHO M3 puC. 3, NPUMEHEHUE HEN-
PO-HEUETKMX MOAEAEN MO3BOASAET MOAYUUTb
HaWMEHbLLY NorpeLHocTb (He 6oree 10%).

B xone paboTbl 9KCNEPTHOM CUCTEMbI OCY-
LLECTBAAETCA KOPPEKLMS MoAayYM Mo Mepe us-

0,9
0,8
0,7
0,6
0,5
Ra, MKm 04
0,3
0,2
0,1

0

5 10 15 20

HOCa pexyLlero MHCTpymMeHTa. Ha puc. 4 npea-
CTaBAEHbl pe3yAbtTaTbl 006paboTkM  TECTOBbIX
AETANEN C MPUMEHEHUEM KOPPEKLMU MOAQUU
(3aBMCUMOCTb LLIEPOXOBATOCTU NOBEPXHOCTU OT
BpemeHu 06paboTku (To), a Ha puc. 5 - 6e3 Hee.

B pesyAbrate TeCTOBbIX WMCMbITAHWUMA CUCTE-
Mbl YCTAHOBAEHO, YTO pa3bpoc AManasoHa Lie-
POXOBATOCTU MO MEPE U3HOCA MHCTPYMEHTA B
2,5 pa3a MeHblue, Yem 6e3 Hee.

30 35 40 45 50 55 60

To, MUH

Puc. 4. 3aB1CHMMOCTb LLIEPOXOBATOCTH MOBEPXHOCTM OT BpeMeHU 06paboTku ¢ KOpPeKLMUEN noaaum
Fig. 4. Surface roughness vs processing time with feed correction
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Puc. 5. 3aB1CHMOCTb LLIEPOXOBATOCTH [TOBEPXHOCTH OT BPEMEHM 06paboTkM 6€3 KOPPEKLUMM NoAaYM
Fig. 5. Surface roughness vs processing time without feed correction

3AKANHOYEHUE

PaspaboraHHan akcneptHas cucteMa, OCHO-
BaHHaA Ha WCMOAb30BAHWUM HEUETKOW AOTUKU W
MCKYCCTBEHHbIX HEMPOHHbIX ceten [20], N03BOAAET
aANMPOKCMMMPOBATL 3aBUCUMOCTU MEXAY BXOAHbI-
MW MapamMeTpamMu (TEXHOAOTMUYECKUMWU PeXMMa-
MW) U NapamMeTpaMu KadecTBa MNOBEPXHOCTHOIO
CAOS1 C MOrpPeLLHOCTLIO, He npeBbiwatowert 10%,
yTO AAET BONEE TOYUHbIM PESYALTAT, YEM MPU UCTIONb-
30BaHMM KAACCUYECKUX MOAEAEH, MPUMEHSIOLLMX
CMEKTPaAbHbIE U KOPPEAALMOHHbBIE GYHKLMN.

BbINOAHEHHBIN CUCTEMHbBIA  @HaAU3  Mo-
3BOAUA aprymMeHTMpoBaHo CHOPMYyAUPOBaTH
TpeboBaHWs K CO3paBaEMON SKCMEPTHOM Cu-
cteme. B pesyabtate TeCTOBbIX UCMbITAHUK CU-
CTEeMbl YCTAHOBAEHO, YTO pa3bpoc aManasoHa
LLIEPOXOBATOCTK NO Mepe U3HOCA MHCTPYMEHTA
B 2,5 pasa MeHblle, yuem 6e3 Hee. Takxe Uc-
NOAb30BaHWE CUCTEMbI MO3BOASIET HoAee KOop-
PEKTHO OLEHMBATb M3HOC PEXYLLErO WMHCTPY-
MEHTa 1 OMpPeAEAsiTb HAacTynAeHUe NpeAenbHO-
r0 COCTOSIHUSA.
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M'mapaBAMYecKas cucTemMma AOAOTa AN BypeHun
HeTAHDbIX U ra3oBbIX CKBa)XXUH

A.N. MeabHukos>?, H.A. Byrnos?

1[eonoropasBeaoyHbIs TEXHUKYM, MpKyTCK, Poccusi
L2UpKyTCKMI HaLMOHaAbHbIN MCCAEAOBATEALCKMI TEXHUUECKMIA YHUBEPCUTET, MpKyTCK, Poccusi

Pe3trome. Lienb - ycoBepLIEHCTBOBATL KOHCTPYKLMIO MOAMKPUCTAAAMUYECKOTO aAMa3HOro AOAOTa CO CTaAbHbIM MAK
MaTPUUHbBIM KOPMYCOM AASl CO3AAHUS TMAPOMOHUTOPHOIO addekTa. OO6LEKTOM MCCAEAOBAHUI ABMAACH TMAPABAUYE-
CKasi CUCTEMA AGHHOIO aAMasHOro AOAOTA C HAAAOAOTHbIM CTPYMHbLIM HacocoM. MccaepoBaHme paboTbl HAAAOAOTHOM
9KEKTOPHOM CUCTEMbI 3aKAOUAETCA B TEOPETUUECKOM aHaAU3e paboTbl TMAPABAMUYECKOW CUCTEMbI AOAOTA C NMOMOLLIbHO
KaHOHWYECKNX 3aBUCUMOCTEN U runoTe3. [peanoXeHa rMAPaBAMUYECKAsS CUCTEMA MOAMKPUCTAAAMUYECKOTO aAMa3HOro
AOAOTA, OTAMYAIOLLAACSH HAaAMUMEM CTPYMHOrO Hacoca BbICOKOrO AABAEHWS, KOTOPbIA MO3BOASET YCUAWUTb TMAPOMO-
HUTOPHbIN 2PPEKT Ha 3aboe CKBaXMHbI. PaccuntaHbl OCHOBHbIE TMAPABAMUYECKUE XaPaAKTEPUCTUKK MPOMbIBOUYHON
CUCTEMbI AOAOTA CO CTPYMHBLIM HAcOCOM: MpK nopadve bypoBbix HacocoB 18,4 A/C U NAOTHOCTM BypOBOro pacTBopa
1180 Kkr/m3 paboumnii KOIGOULMEHT UHXEKLIMM CTPYIMHOTO Hacoca - 0,34; anameTtp pabouelt Hacaaku - 10,3 MM, Ka-
Mepbl cMelenusa - 11,9 MM, TMAPOMOHUTOPHbIX HAacapoKk AoAoTa — 11,1 MM; YMCAO TMAPOMOHMTOPHbIX HACAAOK — 3;
CKOPOCTb Ha BbIXOAE M3 TMAPOMOHUTOPHbIX Hacapok — 85,0 M/c; nepenaa AaBAeHUS Ha ponoTe — 15,7 MIMa. O6ocHo-
BaHa BO3MOXHOCTb MPUMEHEHUA TMAPOMOHUTOPHOIO 3ddEKTa, YCUAEHHOTO HAAAOAOTHBIM CTPYMHbIM HAcocoM, Tak
KaK CKOPOCTb Ha BbIXOAE M3 TMAPOMOHMTOPHbIX HACAAOK AOCTaTOYHa AASI Pa3pyLLEeHUSA BOAbLLMHCTBA FOPHbIX MOPOA
(necyaHuk, U3BECTHSAK, AOAOMMTbI, KAMEHHAs! COAb, TMMNCOBbIN KaMeHb, 6a3anbT, Mpamop, rpaHuT). CTpyrHbIA Hacoc
B pa3paboTaHHOW KOHCTPYKLIMU MOAMKPUCTAAAMUECKOTO aAMa3HOrO AOAOTA CO3AAET AOMOAHUTEAbHbIA KOHTYP LIMPKY-
AAUMK HaA 3a00eM CKBaXUHbI, MHXEKTUPYET LIAAM M3 3aTPyOHOro NpoCcTpaHCcTBa M NOAAET €ro Ha NTMAPOMOHUTOPHbIE
HacaAKM, YTO NO3BOASAIET Bonee aPPEKTUBHO pa3pyLlaTh 32601 CKBaXmHbl. MOLHOCTA TMAPOMOHUTOPHbIX CTPYH BMOA-
He AOCTaTOYHO AASl MOBbILLEHWSA NOKa3aTenel bypeHus.

KaroueBbie caoBa: 6ypoBoe AOAOTO, BbICOKOHAMOPHbIN CTPYMHbIM HAcoC, TMAPOMOHKTOP, BypeHure, IKEKTOP

A untupoBaHua: MenbHUkoB A.TN., Byrnos H.A. TMapaBAMUYeckas cucTemMa AOAOTA AASE BypeHUst HedTAHBIX U
rasoBbIx CKBaxuH // iPolytech Journal. 2024. T. 28. Ne 3. C. 427-434 https://doi.org/10.21285/1814-3520-2024-
3-427-434. EDN: SEUQFG.

MECHANICAL ENGINEERING
Original article

Drill bit hydraulic system for oil and gas boreholes
Alexander P. Melnikov®, Nikolay A. Buglov?

12Geological Prospecting College, Irkutsk, Russia
2Irkutsk National Research Technical University, Irkutsk, Russia

Abstract. We set out to improve the existing design of a polycrystalline diamond bit with a steel or matrix body
with the purpose of creating a hydro-monitoring effect. The research object was the hydraulic system of a diamond
bit with a near-bit jet pump. The near-bit ejector system was studied by a theoretical analysis of the operation of the
bit hydraulic system by means of canonical dependencies and hypotheses. A hydraulic system for a polycrystalline
diamond bit is proposed. This system includes a high-pressure jet pump, which enhances the hydro-monitoring effect
at the bottomhole. The main hydraulic characteristics of the bit flushing system with a jet pump are as follows: at a
drilling pump feed of 18.4 |/s and a drilling fluid density of 1180 kg/m?3, the working coefficient of jet pump injection
equals 0.34; the working nozzle diameter equals 10.3 mm; the mixing chamber is 11.9 mm, bit hydromonitor nozzles
are 11.1 mm; the number of hydromonitor nozzles is 3; the velocity at the exit of hydromonitor nozzles is 85.0 m/s;
the pressure drop at the bit is 15.7 MPa. The possibility of using the hydro-monitoring effect enhanced by a near-bit
jet pump was substantiated, since the velocity at the exit from the hydro-monitoring nozzles is sufficient to destroy
most rocks (sandstone, limestone, dolomites, rock salt, gypsum stone, basalt, marble, granite). The jet pump in the
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proposed design of a polycrystalline diamond bit creates an additional circulation circuit above the bottomhole,
injects cuttings from the annular space and feeds them to the hydro-monitor nozzles. This enables a more efficient
destruction of the bottomhole rock. The power of hydro-monitor jets is sufficient to improve drilling performance.
Keywords: drilling bit, high-pressure jet pump, jet nozzle, drilling, ejector
For citation: Melnikov A.P., Buglov N.A. Drill bit hydraulic system for oil and gas boreholes. iPolytech Journal.
2024;28(3):427-434. (In Russ.). https://doi.org/10.21285/1814-3520-2024-3-427-434. EDN: SEUQFG.

BBEAEHUE

dakTnuecknn Aebut HedpTerasoBor CKBa-
XWHbI HANPSIMYO 3aBUCUT OT TEXHOAOTUKU CTPO-
UTEAbCTBA CKBaXWHbI [1, 2]. YT06bl NOBbLICUTL
3pdEKTUBHOCTb PaboTbl CKBaXWHbl, HeO0b-
XOAMMO MOBbICUTb MEXaHUYECKYIO CKOPOCTb
npoxoAkn (MCI) [3-5] U yMeHbLWUTb BpeMS
OUBUKO-XMMUYECKOTO B3anUMOAENCTBUA Oypo-
BOr0 pacTtBopa C NAACTOM-KOAAEKTOPOM. ITOro
BO3MOXHO AOBUTLCA C MOMOLLbIO MPUMEHEHUSA
MPaBUAbHO MOAOBPAHHOM AASl KOHKPETHbIX re-
OAOMO-TEXHUYECKUX YCAOBUIA KOMMOHOBKM HWU3a
O6YPUABHOM KOAOHHbI [6], B COCTaB KOTOPOM
0653aTeAbHO BXOAUT AOAOTO.

MexaHnyeckass CKOPOCTb MPOXOAKW CKBa-
XMHbI obecrneyrMBaeTcsl He TOAbKO Baaropaps
MeXaHWYEeCKOMY pa3pyLUEHUIO FOPHbIX MOPOA
BOOPYXEHUEM AOAOTa, HO U 3PO3UOHHOMY pas-
PYLLEHWUIO FOPHOM NOPOAbI CTPYAMM [7], UCTEKA-
FOLLMMUM U3 HaCaAOK AOAOTA.

MN3BECTHO pa3bopHOEe LapoLLIEeYHOE AOAO-
10 [8]. MNMoTOK BypoBOro pacTtBopa Mo KaHaAy
OYPUABHOM KOAOHHbI MOCTYNaeT Ha KOHoY30p
1 (puc. 1), nocae atoro B pabouyto Hacaaky 2
CTPYMHOro Hacoca. CTpyMHbIA HACOC UHXEKTU-
pyeT XMAKOCTb U3 Npru3aboinHoM 30HbI [9] uepes
oTBepcTne 4 B Aane AOAOTa, 3aTEM XMAKOCTb
noctynaeTr no KaHaAay 3 B Hacapky 5. lNpeu-
MYLLECTBOM AA@HHOMO YCTPOWCTBA SIBASETCS TO,
YTO AAHHOE TEXHWUYECKOE peLLUEHNE NO3BOASIET
CO3AaTb AOMOAHUTEABHbIA KOHTYP LMPKYASILIMK
Hap 3ab0eM CKBaXMHbl C MakCMMaAbHOW 3¢-
bEKTUBHOCTBIO, MOCKOAbKY 3Heprus ot 6ypo-
BbIX HaCOCOB MepPeAaeTCs HENnoCpPeACTBEHHO
Ha CTPYMHbIA HACOC, KOTOPbIM YCUAMBAET TU-
APOMOHUTOPHBIN 3GPEKT Ha 3aB0N CKBAXKUHBbI.
HeaoCTaTKOM A@HHOWM KOHCTPYKUMKW SABASIETCA
TOT GaKT, YTo LapoLLIEeYHoe AOAOTO NO CpaBHe-
HUO ¢ pAonoToM PDC (ot aHra. Polycrystalline
diamond compact) [10, 11] otanuaeTtcs boree
HU3KOM HAAEXHOCTbIO U CTaBMABHOCTbIO TPaEeK-
Topumn bypenns [12, 13].

MN3BeCTHO LWapolleyHoe OypoBoe AOAOTO
[14], y koTOporo B Aanax kopnyca 1 yctaHoOB-
AE€Hbl TBEPAOCNAABHbIE TMAPOMOHUTOPHbIE Ha-
capkn 3 (puc. 2). TMAPOMOHUTOPHbIE HacaAKK
3 W UeHTpaAbHaA Hacapka 5 npeAcTaBAAKOT

428

Puc. 1. Pa3bopHoe LwapolieyHoe A0A0TO: 1 - KOHQy30p;
2 - HacaAka CTPyHHOro Hacoca; 3 - KaHaA MHXEKLIUK;

4 - otBEPCTHE; 5 - TMAPOMOHUTOPHASA Hacaaka [8]

Fig. 1. Demountable roller bit: 1 - confuser; 2 - jet pump
nozzle; 3 - injection channel; 4 - hole; 5 - jet nozzle [8]

cobol napannenbHble CTPyMHble Hacochkl. Pas-
pylieHne 3abosi NpoMCXoAMT BAaropapst Bpa-
LLEHUIO Lapowek 2 U TMAPOMOHUTOPHOMY
addekTy. [perMmyLlecTtBOM AaHHOIMO AOAOTa
ABASAIETCS TO, YTO TMAPOMOHUTOPHbLIE HACaAKM
3 1 5 ycuAMBaOT rTMAPABAMYECKOE 3PO3UOHHOE
paspylLueHne 3abos 3@ CUET MHXEKLUMKU LiAama
M3 30Hbl Hap 3aboem. HepocTaTkoM A@HHOIO
YCTPOMCTBA CUMTaETCA TO, YTO rMAPaBAMYECKas
SHEPrUsl pacnpepensieTcs MexAy napasnenb-
HbIMW CTPYWHbIMW HAacocaMu, a 3T0 HEraTMBHO
BAUSIET HA 3ODEKTUBHOCTb PAbOThl KaXAoro.
Llenb paHHOM paboTbl - YCOBEPLUEHCTBO-
BaTb KOHCTPyKUMIO ponoTa PDC, paB emMy BO3-
MOXHOCTb CO3AaBaTb TMAPOMOHWTOPHbIA 3¢-
bEKT Npu paspyLLUeHMM TOPHbIX MOPOA. YCHAK-
BaTbCA TMAPOMOHUTOPHLIN 3ddeKT byaeT baa-
ropAaps NPUMEHEHUIO CTPYMHOIO Hacoca.

MATEPUAABI U METOAbI NCCAEAOBAHUA

McenepoBaHre paboTbl HAAAONOTHOM IKEK-
TOPHOM CUCTEMbl 3aKAOUYAeTcs B TeopeTuue-
CKOM aHaAn3e paboTbl rTMAPABAMYECKON CUCTE-
Mbl AOAOTA C NMOMOLLbIO KAHOHWYECKMX 3aBUCH-
MOCTEN U rMUnoTes.

https://ipolytech.elpub.ru
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Puc. 2. byposoe aonoto: 1 - kopnyc, 2 - wapollka; 3-5 - Hacaaka [14]

Fig. 2. Drilling bit: 1 - body, 2 - cutter; 3-5 - nozzle [14]

PE3YNbTATbl UCCAEAOBAHUA
U UX OBCY)KAEHUE

Mpeanaraetca ycoBEPLUEHCTBOBAHHANA KOH-
CTPYKUMA TMAPABAMYECKOWM CUCTEMbI AOAOTA
PDC (puc. 3).

MapaBAMUYECKaa cucteMa AOAOTa (CM. puc.
3) pabotaer caepyolMM 0bpa3om. bypoBow
PacTBOpP MO KaHaAy OypUAbHOM KOAOHHbI MO-
cTynaet Ha pabouyto Hacapky 1. 3a cuet 3Ha-
YUTEABHOW CKOPOCTU pabouer CTpyu co3paeTcs
30Ha MOHWXEHHOTO AABAEHUS B KAMEPE UHXEK-

i

a 4,
ar
p

umn 4, BAaropapsa YeMy MHXEKTUPYETCA CMECh
O6ypoBOro pacTtBopa W LWAaMa M3 3aTpybHOro
NPOCTPAHCTBA N0 KaHaAy MHXeKUUK 6. Pabouuni
N UHXEKTMPOBAHHbIN MOTOKM CMELLMBAIOTCH B
Kamepe CMEeLLEHUSA 2 1 nocTynatoT B AdPy30p
3, 3aTEM Ha MTMAPOMOHUTOPHbIE HACaAKK 5.

Pacuer nNpeaNOXEHHOM T[UMAPABAUYECKON
CUCTEMbI MPOU3BOAUTCA B OMUCAHHOM HUXE
NOCAEAOBATEABHOCTH.

HeobxopMmoe AaBAEHME Ha BbIXOAE W3

Ao Pysopa Pa:

>
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Puc. 3. [napaBanueckas cxema: 1 - paboyasi HacaAka; 2 - kamepa cMeLleHns; 3 - AMdy30p; 4 - kamepa MHXEKLMK;

5 - rMAPOMOHMTOPHbIE HacaAkh, 6 - KaHan MHXEKLMM; Q, - paboumii MOTOK, M3/C; Q; — MHXEKTMPOBAHHbIN MOTOK, M3/C;
Q, - CMeLUaHHBbIN MOTOK, M*/C; (), - PAaCXOA XMAKOCTH Yepes rMAPOMOHUTOPHYI HaCaAKy, M%/C

Fig. 3. Hydraulic circuit: 1 - working nozzle; 2 - mixing chamber; 3 - diffuser; 4 - injection chamber; 5 - jet nozzles,
6 - injection channel; Q,- working flow, m3/s; Q; - injected flow, m%/s; Q, - mixed flow, m%/s; Q, - fluid flow through the jet

nozzle, mé/s
https://ipolytech.elpub.ru
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pZZ(WF 271 ) P2+Z€WK2Pz+p3, (1)

rae w, = 60 M/c — HEOBXOAMMAst CKOPOCTb NOTO-
Ka Ha BbIXOAE M3 TMAPOMOHUTOPHOW HaCaAKM,
M/C; w; =1+ 2M/c - CKOPOCTb B pacrnpepeAm-
TEABHOM KOAAEKTOPE, 3@ BbIXOAHBIM CEYEHUEM
AMdody3opa; 2€ = 0,98 - KoadOULMEHT MecT-
HOroO COMPOTUBAEHUA [15] rTMAPOMOHUTOPHOM
HacapKW; p, — NOTEPU AABAEHMA B 3aTpybHOM
npocTpaHcTBe, la.

Pacxoa XMAKOCTU Yepes TMAPOMOHUTOPHbIE
HacaAKM ornpeaeArmM No GopmMyae:

0=+ 2)

A€ qg=01+05 - KOIPPULMEHT WHXEKLUM
HaAAOAOTHOMO CTPYMHOIO HAcCOCa; Z — YUCAO U-
APOMOHUTOPHbIX HACAAOK.

AnameTtp ruAPOMOHUTOPHOM HAaCaAKM AOAO-
Ta onpeaeAmtca no ¢opmyae [18]:

s 8Qp° - p2
- @k z% - (p —p3)’

rA€ P2 — NAOTHOCTb CMELLIAHHOIO NOTOKa Ha Bbl-
xoae 13 panddyasopa, kr/m3; or = 0,95 - KoadpPu-
LIMEHT CKOPOCTH TMAPOMOHUTOPHOM HACAAKK.

Anametp pabouert HacapKkM CTPYMHOrO Ha-
coca [16]:

dr = (3)

rA€ Pp- HayanbHas NAOTHOCTb BypoBOro pac-
TBOPA, KI/M3¢; = 0,95 - K03OOULIMEHT CKOPO-
CTU paboueit Hacaaku; Ap, > 15 MIla - nepenaa
AABAEHUSI HA paboyen HacapKe CTPYMHOro Ha-
coca.

AvameTp d, U AAMHA [, Kamepbl cMelle-
HUSA, AMamMeTp d; U AAMHA L3 Anddy3opa onpe-
penatesa no metoanke E.A. CokonoBa [17].
DopmyAbl AAST pacyeTa KOIdPULMEHTa Hamnopa
h cTpyiiHOro Hacoca, kKo3apdULMEHTA CKOPOCTH
Kamepbl cMeleHna P2 n Andodysopa @3 ony-
6AMKOBaHbI B pabote «[IpuMeHeHNe METOANKM
NCCAEAOBAHUSA XapPaKTEPUCTUK HAAAOAOTHOIO
CTPYMHOro Hacoca AN BPEMEHHOM WIOASLIMK
MPOAYKTMBHOIO nAactar [18].  p,

lNMbe3omeTpuyeckasn BbicoTa p,g Ha BXoAe B
KaMepy CMELLEHUSA ONPEAEAUTCS O GOPMYAE:

b1

S =L+l +
pg 27
i—l i—l 7(5)
80" (1 + )2 <L_L>+<P% L9 |, P
T[Z g d34 d24- d24 d34 P29
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raAe g = 9,81 M/c? - yckopeHue cBOBOAHOrO na-
AEHUA.
MaBAeHUe Ha BXoAe B pabouyro HacaaKy:

b = {SQPZ A+’
p T2 d24 (6)

+< 1 1) 1 1 ]+p1}
®1° d,* dl p Pop
rae d, - BHYTPEHHUI AMAMETP BypPUABHOM KO-

AOHHbI, M.
Mepenap AABAEHUA Ha CTPYMHOM Hacoce:

Apcy = pp — D2- (7)

AaBAEHWE B NPUEMHON Kamepe CTPYMHOro
Hacoca [19]:

p =P Pz 8)
h—1

EcAn p; > p53, 3TO 3HAUMUT, UYTO CTPYMHbIN Ha-
CcoC paboTaer B pexumme OTPULATEABHOW WH-
XEKUWKU, TO eCTb XUAKOCTb BblbpachbiBaeTcs B
3aTpybHOE NPOoCTPaHCTBO. B aToM cAyyae Heob-
XOAMMO YMEHbLLWUTb AMaMeTp pabouein Hacap-
K1, TO €CTb MEPENTU K pacueTy no ¢opmyae (4),
3apaTb 6oAee BbICOKOE 3HaueHue Ap, 1 NoBTo-
PUTb BCE pacyeTbl A0 TeX NOpP, NOKa p; < ps.

YTOUuHAiEeM nepenap CTaTUYeCKOro AaBAEHUSA
Ha pabouen Hacaake:

Ap, = pp — ;- 9)
Mepenaa AABAEHUSI HA AMHUW UHXEKLUMK:
Ap,_; = p3 — pi. (10)

AvamMeTp OTBEPCTUA AN UHXEKLMK BYpOBO-
ro pactBopa onpeapeAntcs no popmyae [18]:

e ¢i= Y1 456 - KOIGOUUMEHT CKOPOCTH
KaHana MHXeKuuu; Y& - cymma koadpoduumen-
TOB MECTHbIX COMPOTUBAEHUIN B KAHANE UHXXEK-
LM,

BocnoAb30BaBLIMCE OMWCAHHbIMK - BbllLE
dopmyramu, onpepeneHbl OCHOBHbIE TMAPAB-
AMUYECKME XapaKTEPUCTUKKU YCTPOWCTBA, W30-
b6paxeHHOro Ha puc. 4. Pe3yabtaTbl pacueTta
npeAcTaBAEHbI B TabA. 1.

Bocnoab3oBaBwuKCb runoreson Kupnu-
yeBa-Kuka [19], CTaHOBMTCA BO3MOXHbIM
paccuntatb MMHMMaAAbHO HEOBXOAMMYHO CKO-
POCTb CTPYM TMAPOMOHMTOPA, KoTopas Heob-
X0AMMa AASt 06 bEMHOMO pa3pyLleHUA FTOPHOM
NOPOAbI:
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Tabauua 1. XapakTtepucTuku ruAPaBAMYECKON CUCTEMbI AOAOTA

Table 1. Drilling bit hydraulics

PacueTHbIii napameTp 3HaueHune

MNMoaaua 6ypoBbIX HACOCOB, A/C 18,4
MAoTHOCTbL BypoBOro pacTteBopa, Kr/m3 1180
KoadOULMEHT MHXEKLUH 0,34
AvameTp paboueit Hacapku, MM 10,3
AnameTp Kamepbl CMELLEHUSA, MM 11,9
AnameTp Ha Bbixoae aAvddy3opa, MM 20,2
AAVHa KamMepbl CMELLEHUA, MM 83,0
AAvHa Anddy3opa, Mm 54,0
AnameTp ruAPOMOHUTOPHbIX HACAAOK AOAOTA, MM 11,1
YMCAO TMAPOMOHUTOPHbBIX HACAAOK AOAOTa 3

CKOPOCTb Ha BbIXOAE U3 TMAPOMOHWUTOPHOM HAcaAKu, M/C 85,0
Mepenaa AaBAEHWUS Ha CTPyWHOM Hacoce, MlMa 11,4
AaBAeHWe Ha Bxoae B pabouyto Hacaaky, MIMa 18,7
AnameTp OTBEPCTUS AN UHXKEKLMU, MM 14,3
MNepenaa paBAeHUA Ha ponoTe, MIMa 15,7

Tabauua 2. PaspylLeHne ropHoi NopoAbl TMAPABAUUECKOW CTPYEN NMAOTHOCTbIO p = 1180 kr/m3
Table 2. Rock destruction by hydraulic jet with the density of p = 1180 kg/m?3

fopwan nopoaa Moayns l0ura [20], 10N | "IPCASKTOMOCTA KA | MnuManeras cropocts
MecuaHunk 0,5-0,65 100 36,1-41,2
MN3BeCcTHAK 0,11-0,86 100 31,4-87,7
LNOANOMUTDI 0,71-0,93 79 23,8-27,3
KameHHasn conb 0,01-0,2 30 19,5-87,3
[MNcoBbIN KaMeHb 0,05 15-30 19,5-39,1
baszanst 6,2-11,3 300 26,0-35,1
Mpamop 5,6-7,3 200 21,1-24,6
[panut 2,1-7,0 250 27,5-50,2
Vin = (12) 3AKAKOYEHMUE

A€ O - MPeAeA MPOYHOCTU Ha CXaTue FrOpPHOM
nopoAbl, Ma; E - moayab HOHra, Ma; o - nAoT-
HOCTb CTPYM TMAPOMOHUTOPA, KI/M3, a - YroA
MEXAY MOBEPXHOCTbIO CTEHKM CKBaXMUHbl W
OCbIO CTPYM TMAPOMOHUTOPA, FPaAYChl.

Bocnoab3oBaBLlmcb dpopmynaon (12), onpe-
AEAUM MWHUMaAbHO HEOOBXOAUMYKO CKOPOCTb
CTPyU TMAPOMOHUTOPA, KoTopasi HeobxoaMma
AN paspylleHua 3abos npyM pacyeTHOM MNAOT-
HocTK OypoBoro pactBopa p = 1180 kr/me.
Pe3yabTaTtbl pacuyeta AN pa3HbIX FOPHbIX MOPOA
oTobpaxeHbl B TabA. 2.

Kak BMAHO U3 TabA. 1 1 TabA. 2, CKOPOCTU Ha
BbIXOAE M3 TMAPOMOHMUTOPHOM HACaAKM AOCTATOuU-
HO AASI Pa3pyLLEHNSA BOABLLMHCTBA FOPHbIX MOPOA.

Pa3paboTtaHa KOHCTPYKLMA TMApPaBAMYE-
ckor cuctembl ponota PDC, kotopas Moxet
NOBbICUTb 9GDEKTUBHOCTb YTAYOAEHUA CKBa-
XUWH. 9TO CTAHOBUTCA BO3MOXHbIM BAaropa-
psa paboTte rMAPOMOHUTOPHbIX CTPYW. Paccumn-
TaHbl OCHOBHble MapamMeTpbl HAAAOAOTHOIO
CTPYMHOro Hacoca v obuimMe ruppaBAMYECKUE
XapaKTepuUcTMkM AonoTa. Mpu pabouen no-
pave 6ypoBbix HacocoB 18,4 aA/c BypoBoro
pactBopa nAoTHOCTbio 1180 kr/m* Ha AOAO-
Te co3paeTtcsa nepenaa AaBaeHua 15,7 Mla,
npM 3TOM CKOPOCTb Ha BbIXOAE M3 TMAPO-
MOHUTOPHbIX HacapOK cocTaBasieT 85 m/c.
MOLLHOCTU TMAPOMOHUTOPHbBIX CTPYW BMOAHE
AOCTATOYHO AAA MNOBbIWEHMS MoKa3aTtenen
bypeHus.
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Abstract. The objective of the present exploration is to examine impactions of radiation, a non-uniform intensity
source, and a permeable medium on a temperamental MHD blended convective micropolar liquid over an extended sheet
subject to Joule heating. To transform the formulated problem into ordinary differential equations, the applicable similarity
transformation is implemented. By utilizing R-K-F 4" -5t order approach with shooting method with MATLAB, the numerical
solution is obtained. For the relevant profiles, the dimensionless parameters are visually displayed and described. Skin
friction, the Nusselt number, and the Sherwood number have all been calculated using the answer found for the velocity,
temperature, and concentration. With the assistance of line graphs, the impact of different flow factors being introduced
into the problem is addressed. This research is conducted on the implications of MHD, porous, thermal radiation, viscous
dissipation, Joule heating, non-liner thermal radiation and chemical reaction. For large values of micropolar parameter,
the temperature is reduced and velocity and angular momentum distributions are raised. With the thermal radiation
parameter, the temperature distribution gets better and thermal boundary layer is improved while the large values of
Eckert number and non-uniform heat source or sink parameters, thermal boundary layer is improved. The higher thermal
conductivity is proportional to the thickness of the thermal boundary layer. The concentration profile degrades with higher
Schmidt number and chemical reaction parameter values. The current examination pertains to the significant subject
matter of cooling of systems, artificial heart identification, oil-pipelined frictions, flow-tracers.
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TMBHON MMKPOMOASIPHOMN XXWMAKOCTU Ha NPOTSXXEHHOM CAOE NMAOCKOW MAACTUHbI, MOABEPXEHHON AXOYAEBOMY Harpesy.
McxoaHas 3apada cBepeHa K pelleHnto 06bIKHOBEHHbIX AUdOEPEHLMANbHbIX YPaBHEHUI. AAS MOCTPOEHUSI YUNCAEH-
HOro pelleHns 0ObIKHOBEHHbIX AMGdEPEHLIMAAbHBIX YPpaBHEHWUI MCMOAb30BaHbl MeToAbl PyHre-Kytta-®denbbepra
YeTBEPTOro M MATOro NMOPSAKOB M METOA CTPEALDLI. B kauecTBe nporpamMMHON CpeAbl U AAS BU3yaAU3aLMM YUCAEHHbIX
pe3yAbTaToB MOAEAMPOBAHMA UCMOAL30BaH nakeT MATLAB. AAS COOTBETCTBYHOLLUMX NPOPUAEN NOTOKOB HalAEHbI He3-
pa3mepHble napameTpbl. MiccaepoBaHO NoBeaeHWEe NOBEPXHOCTHOIO HaTsxeHusA. Yneno Hyccenbta u uncno Lepsyaa
paccumTaHbl C YYETOM CKOPOCTU MOTOKA, TEMMNEPATYPbl U KOHUEHTPaUMW. AMHAMWKa BAMAHWS Pa3AMYHbIX Napame-
TPOB NOTOKa NpeACcTaBAeHa B rpaduyeckom Buae. MopeArpoBaHUE MPOBEAEHO C YUETOM MarHUTOrMAPOAMHAMMUKK
NOTOKa, MOPUCTOM CTPYKTYPbl KOHBEKTUBHOM MMKPOMOASIPHOM XMAKOCTU Ha MPOTSXKEHHOM CAOE MAOCKOM MAACTUHBbI,
BAMAHWUS BA3KOW AMCCMMNAUMK, Harpesa AKOYAsl, @ TakXe HEAMHEMHOTO TENMAOBOIO M3AYyYEHUA. YCTAHOBAEHO, UTO AAS
60AbLUMX 3HAYEHWMI MUKPOMOAAPHOIO NnapamMeTpa TeMnepaTtypa CHUXAETCs, @ CKOPOCTM NOTOKa M YTAOBOTO MMMYAb-
ca yBeAnnumBatotcsi. C MCMOAbB30BAHUEM MapaMeTPOB TEMAOBOIO U3AYYEHUA C yUeTOM BOAbLUMX 3HAUYEHUIH DKKepTa
M HEPaBHOMEPHOIO UCTOYHMKA TEMA@ pacnpeAeneHre TeMNePaTypbl U TEMAOBOIO NOMPAHUYHOIO CAOS YAYULLAETCS.
bonee BbicOkasi TENAOMPOBOAHOCTb MPOMOPLMOHAABHA TOALLMHE TEMAOBOIO MOrPaHMUYHOro cAosfl. MpoduAb KOHUEH-
TpaLKMKM yXyaLLa@eTcs ¢ pocToM unchaa Lmuarta. NpoBepeHHOE YUCAEHHOE UCCAEAOBAHUE MArHUTHOWM TMAPOAMHAMMUKK
CMELUaHHON KOHBEKTUBHON MUKPOMOASIPHOM XMAKOCTU Ha NPOTSXKEHHOM CAOE MAOCKOM MAACTUHbI KacaeTcs BaXHbIX
NMPUKAAAHbBIX 3aAa4 OXAAXAEHUS B CUCTEMAX, TaKMX Kak aHaAU3 TPEHWUA B MacCAAHbIX TPyBOnpoBOAaX, MCCAEAOBAHMAX
CEPAEYUHO-COCYAMCTOM CUCTEMBI, @ TaKXKE MOXET UCMOAB30BaTLCA AASI MOCTPOEHUSA CUCTEM MOHUTOPMHIA NMOTOKOB.
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INTRODUCTION

In many engineering and industrial processes, the flow of a boundary layer composed of an
incompressible liquid across a stretched sheet is a regular occurrence. Over the last several
decades, there has been an influx of researchers into this topic. A stretchable surface is an area
that is supported at one end and moves in reaction to a tug at that end. This kind of surface may
be pulled or stretched in either direction. During the process of manufacturing sheets, molten
material is removed from the slit and then stretched to the necessary dimensions. Because of this,
the qualities of a product manufactured by industrial extrusion will depend on the rates at which
the sheet is stretched and cooled after being produced. Nevertheless, the investigation of laminar
flow over a stretched surface is an integral part of a wide variety of manufacturing procedures,
such as the production of glass fiber and paper, metal spinning, the reinforcement of copper wires,
and hot rolling. The velocity at which the sheet is dragged away from the emulsion slit may be
defined in a number of different ways, including linearly, exponentially, and nonlinearly, among
other conceivable ways. Several situations that occur in the real world for the use of a nonlinear
stretching sheet. In light of this, it is sometimes needed to assume that the velocity of the sheet
changes nonlinearly as a function of distance from the slit. This is due to the fact that the slit
causes the velocity of the sheet to change in a nonlinear fashion. Within the scope of this work,
our primary focus is on nonlinear stretching sheets. As a consequence of this, external flow control
devices like a magnetic field are necessary in order to guarantee that the proper feature is shown.

Theory of fluids with microscopic rotation, first investigated by Eringen [1], can provide an
explanation for the flow behavior. Unlike the classical Newtonian fluids theory, which does not
take into account micro- and nano-scale movements of fluid components on a microscopic scale,
the theory of micro rotation fluids can. Stiff micromolecules are suspended in a diluted solution
in these liquids; Spin-inertia controls their independent movements, which maintain tension
and body moments. Eringen’s original microcontinuum theory is comprised of the micropolar,
microstretch, and micromorphic theories [2-5]. Micropolar fluids refer to non-Newtonian fluid
models that provide a means of studying the properties and behavior of unique lubricants,
colloidal suspensions, polymeric fluids, and liquid crystals. The effects of heat source and sink
on heat transmission are also important to take into account in the context of numerous physical
issues. The heat distribution in the fluid, which may be generated or absorbed by the system,
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may effects over particle depositions like nuclear reactors, electronics, and semiconductors.
It's feasible to arrange heat sources and sinks as one or the other steady, area or temperature-
subordinate, or both. In this article, we’ll discuss heat sources and sinks that fluctuate regarding
both area and temperature. Within the sight of warm radiation/substance response, Mabood et
al. [6, 7] looked into heat source affected magneto non-Darcian convected micropolar flow on a
stretched plane. Numerous researchers have investigated the significance of heat sink/source
in micropolar liquids with various factors [8-12].

The importance of understanding radiation’s effect on MHD flows and heat transfers from
an industrial perspective has grown. Many cycles in the designing process happen at high
temperatures, making knowledge of radiation heat motion crucialfor constructing sturdy hardware,
thermal energy stations, gas turbines, and a broad variety of propulsion equipment for aircraft,
rockets, satellites, and spacecraft. Using exact analytical techniques, Rashidi [13] examined the
impact of heat radiation on a micropolar fluid trapped in a porous medium. Numerous industrial
processes, such as hot rolling, chemical plating of flat plates, and polymer extrusion [14], make
use of chemical reactions. Late writing on the effect of substance responses in different stream
fields is given in Refs. [15-19]. Since they were on a similar request thus little, the impacts of
gooey and Joule warming were dismissed [20]. Heat transport is significantly influenced by viscous
dissipation. While managing extremely thick liquids, the dispersal term becomes huge. While
working at high temperatures, as in polymer creation, thick dissemination can’t be disregarded.
A few authors [21, 22] review the synergistic effect of Joule warming and thick dissemination on
various kinds of streams [23-27]. Contain additional MHD studies. Morozova et al discussed
propagation of heat and angular velocity for micropolar medium in [28]. There are lots of ways
we can use nanomechanical modeling to understand and study very tiny structures. We can also
use theories of bending and twisting in various elastic materials including functional materials.
You can find examples of this in some books or papers [29-31].

There are several areas where knowledge gained from studying two-layer limit layer stream,
intensity, and mass exchange across a honlinear extending surface might be useful. Streamlining
the removal of plastic sheets, building up cycles of metal plates in cooling showers, and removing
polymer sheets from colors are only some of the more recent applications of thick stream across
an extended sheet. When making these sheets, the dissolve that results from a cutting process is
then prolonged till the desired thickness is reached. The eventual outcomes of wanted qualities
are prominently affected by the extending rate, the pace of the cooling simultaneously, and
the method involved with extending. Vajravelu [32] concentrated on the stream and intensity
move qualities in a thick liquid over a nonlinearly extending sheet without heat dispersal impact.
Cortell [33-34] has dealt with thick stream and intensity move over a nonlinearly extending
plane. Raptis and Perdikis [35] concentrated on thick stream over a nonlinear extending sheet
within the sight of a substance response and attractive field. Radiation impact with magneto
stream owing to a spreading regime in a permeable media were discussed by Abbas and Hayat
[36]. Studying the relevance of similarity response for stream and intensity move of a silent liquid
across a nonlinear expanding surface, Cortell [37] found some interesting results. Solutions for
a stream across a nonlinearly expanding sheet with synthetic response and attractive field was
found by Awang and Hashim [38].

This article inspects the impacts of a synthetic response and a permeable media on the
MHD blended convection stream of a micropolar liquid across an extended sheet, as well as the
overseeing conditions for this issue. In this exploration, the limit layer is represented by a bunch
of conditions including the coherence, force, miniature turn, energy, and focus conditions. To
tackle limit layer issues, an arrangement of incomplete differential conditions (PDEs) should be
changed into a Tribute framework by means of closeness change. Runge-Kutta-Fehlberg fourth-
fifth request approach is then used to take care of the issue mathematically.

PRELIMINARIES
Here, we presented some main definitions and preliminaries [11-14]. Liquid mechanics
is among the finest seasoned parts of material science which manages the way of behaving
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of liquids (fluids and gases) very still as well as moving. Like different parts of science, liquid
mechanics can be extensively named liquid insights, liquid kinematics and liquid elements. Liquid
elements manages the investigation of movement of liquids, the powers that are answerable
for this movement and the collaboration of liquids with solids. The hypothetical investigation of
movement of liquids is the best, captivating and helpful utilization of science. Liquid elements
is a profoundly evolved part of science which has been the constant and growing exploration
movement beginning around 1840. It has its own significance in the fields of designing, physiology,
satellite innovation, and so forth. Liquid elements in without a doubt contacts pretty much every
part of our life. It is examined both hypothetically and tentatively and the outcomes are portrayed
both mathematically and truly. The journey for more profound comprehension of the subject has
assisted the improvement of the subject as well as recommended the advancement in supporting
regions with enjoying applied arithmetic, mathematical registering and exploratory procedures.

Liquids are not sensibly compressible except under the action of heavy forces. Hence, for
all practical considerations they are taken as incompressible. Gases, on the other hand, are
widely compressible whenever external pressures are exerted. Because of this behavior, gases
are considered as compressible fluids in general.

In liquids, the erosion between the particles is as digressive or shearing powers (stresses).
The inside rubbing among the atoms of liquid which offers protection from the deformity of the
liquid is called thickness. In examining fluid behavior and smooth movements near a limit, this
property is crucial. The proportion of thickness is known as the coefficient of consistency. It is an
actual property. In spite of the fact that gases as well as fluids have consistency, the thickness of
gases is less clear in regular daily existence.

LAMINAR FLOW

A stream where every liquid molecule has an unequivocal way and the way of one molecule
doesn’t cross the way of some other molecule is supposed to be laminar stream. This stream
happens when an exceptionally gooey liquid like sloppy water, streams at an extremely low speed
through a pipeline. Implies, it happens at a low speed so that powers because of the consistency
are transcendent over the inner powers. The thickness of the liquid prompts relative movement
with the liquid as the liquid layer slides over one another, which thusly leads to shearing stresses.
Assuming the Reynolds number is under 2000, the stream is called laminar stream.

TURBULENT FLOW

A stream wherein liquid particles don’t have an unmistakable way and the way of one molecule
crosses the way of different particles during stream is called non-laminar or tempestuous stream.
This stream happens when a liquid of low thickness like petroleum, courses through a pipeline.

The event of fierce stream is more regular than that of laminar stream. The speed circulation
in tempestuous stream is somewhat uniform. On the off chance that the Reynolds number is
more than 4000, the stream is called violent. Assuming the Reynolds number lies somewhere in
the range of 2000 and 4000, the stream might be tempestuous or laminar.

STEADY FLOW
A stream where the properties and conditions related with the movement of the liquid are free
of time so the stream design stays unaltered with time is supposed to be a consistent stream.

For a steady flow %(g) =0 when the fluid is at any, where ¢ is a parameter.

UNSTEADY FLOW

A stream where the properties and conditions related with the movement of the liquid are
subject to time so the stream design fluctuates with time is supposed to be a flimsy stream.
Insecure stream is found when a compressible liquid (i.e., gas) courses through a pipeline.

For an unsteady flow %(g) # 0 when the fluid is at any, where ¢ is a parameter.
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HEAT TRANSFER

The concept of heat transmission is crucial to many fields of study and development. It is a
fundamental part of thermal engineering. Heat transfer happens whenever there is a temperature
differential inside or between two media.

The uses of intensity move are different both in nature and businesses like warming,
ventilating and cooling frameworks, nuclear energy stations, fridges and intensity siphons, gas
detachment and liquefaction, cooling machines, warming up or chilling off of creation parts,
sunlight based warm frameworks, and so on. The study of intensity move is likewise expected in
thermodynamics, liquid mechanics, material science, mechine plan, and so forth. The various
kinds of intensity move are typically alluded to as methods of intensity move. There are three
essential systems during the time spent heat move as per which intensity can move from a high-
temperature locale to a low-temperature district. All intensity move processes include at least
one of these modes. The three methods of intensity move are:

- conduction;
- convection;
- radiation.

CONDUCTION

The transfer of thermal energy between particles may be conceptualized as a transfer of
intrinsic energy. Whether the body is at rest or in motion, heat will always flow kinematically or by
the direct influence of particles from a region of high temperature to a region of low temperature.
The energy moved by conduction and the intensity move rate per unit region is corresponding to
the typical temperature angle, i.e,
q oT

A ox
At the point when the proportionality steady is presented, we have

oT
g=—k4 ox’ or
where ¢ is the heat transfer rate, A4 is the surface area through which heat flows and o Isthe
temperature gradient in the direction of heat flow. The second rule of thermodynamics states
that heat must travel from hotter to cooler regions, hence the positive constant K denoting the

thermal conductivity of a material must be prefixed with a negative sign.

CONVECTION
Convection is the exchange of intensity energy because of the movement of warmed liquid
particles. This motion occurs into a fluid or within a fluid. It cannot occur in solids due to the
atoms not being able to flow freely.
We have three types of heat convections as:
- free or natural;
- forced,;
- mixed.

MASS TRANSFER

Changes in the relative abundance of different species in a given environment might result
in the transfer of mass. The concentration gradient aids in the speed of the mass transfer. The
direction of a reacting concentration gradient is always the direction of mass transfer. Mass
transfer is a common occurrence in stellar structure theories. It may be used in a broad variety of
technological, engineering, and scientific applications. Common mass transfer processes may be
found in the fields of electronics, architecture, aviation, metallurgy, environmental engineering,
refrigeration, and manufacturing. Geophysics, astronomy, meteorology, and even the preparation
of food all need an understanding of heat and mass transfer. The foundation of many biological
and chemical processes is mass transfer. Oxygenation of blood, renal-functioning, osmosis,
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medicine and food absorption, fog dispersion, and other biological processes are only a few
examples. Chemical processes including distillation, gas absorption, solids and liquids interaction
from their combination, etc. all use mass transfer applications. Mathematical analysis benefits
greatly from the parallels between heat and mass transmission.

Due to the following two methods, mass transfer appears:

(i) Diffusion mass transfer

(ii) Convective mass transfer

(i) Mass diffusion:

Diffusion is the movement of molecules, species, or particles from one component to another
to effect a change in mass. Diffusion mass transfer may be brought on by either a concentration
gradient or a temperature gradient or even a pressure gradient.

(ii) Mass convection:

The dynamic property of the moving fluid frequently helps in transfer of mass from a flowing
fluid to a stationary surface or between two immiscible moving fluids that are at different speeds
on a moveable interface. This kind of transmission is known as convective mass transfer. The
dynamic capabilities and transmission properties of the fluid are crucial. The process of convective
heat transmission is identical to that of mass transfer. Convective mass transfer may be split into
two types: natural or free convective mass transfer, and forced convective mass transfer.

Natural convective mass transfer occurs when species move due to density variations caused
by temperature or concentration differences or mixes of varying composition, whereas forced
convection mass transfer depends on external causes.

Mathematical formulation:

Over a permeable stretched sheet, we study with Micropolar magnetohydrodynamic fluid
in an unstable viscous incompressible 2D mixed convection flow.

1. The fluid is in a constant condition at time t < O, whereas the heat and mass fluxes are
in an erratic state attime ¢ > 0.

2. The y-axis is measured perpendicular to the s-axis, along the lengthening/shortening sheet.

3. The magnetic field strength B is applied along the y-axis (see Fig. 1).

4. Chemical processes, heat dissipation through viscous dissipation in a porous medium, and
thermal radiation are all accounted for.

L.

iy

B=(0, B,, 0)

> X

Stretching sheet

EEEEE PRS2
]

Fig. 1. Physical model of the flow
Puc. 1. Qusnyeckas MoAEAb NOTOKa

The governing equations of the flow under the aforementioned presumptions are:
Qe Py, @
ox Oy
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ou ou ou (u+x)\ou (x\ow oB; v
—tu—+v—-= — | — | == U———1Uu; (2)
ot ox oy p )oy p)oy p pK,
2
8_w+u8_w+ w_y ow_ K 2w a—u; (3)
oa o pjd pj y
2 2
8_T+u8_T+ o  « 8T 1 8qr+ “+x | ou +0'B W g @)
ot ox 8y pc, oy’ pc, Oy pc, J\ 9y pc,
2
a—C+ua—C+va—C:Dma—§—kr(C—Cw). (5)
ot ox oy oy
Boundary conditions: 1 6u
u=AU,(x,t), v=v, =———, T=T(x,t), C=C(x,t)aty=0,
2 Oy
u—>0, w-—0, r->17, C—>C, asy—>owo. (6)
The heat source or sink is not consistent, thus we obtain
q" =HU (x,t)k/xv, (7)

where H:(A*(Tw—Tw)f’+B*(T—Tw)); the A* and B* characteristics of the interior heat
source/sink space change with temperature.

A positive value for A* and a negative value for B* indicate a heat source and a heat sink,
respectively.

Rosseland diffusion approximation is used to model thermal radiation and thereby calculate
the radiative heat flow.

40" OT*
q, =——= , (8)
3k oy
where k* refers Rosseland coefficient and o referes constant of Stefan-Boltzman.
T*=4T’T-3T". 9)
Invoking equations (8) and (9), equation (4) becomes
3 2 2
8_T+ 8T+ o | « 16T ,u+K 8_u +O'B Wi (10)
ot ox 6y pc, 3 pe, k oy pe,

The following non-dimensional variables are mcluded in order to find a similarity solution to

the issue:
J— - a3 -
5_\/ (1 et) 4 \/ 1—et) A W_\/u(l—et)3x}l(§)’)

¢ = = o kr= ky
T, T C c \/1 et (1-et)’

where y(x, y) is the stream function specified by and ¢ is the similarity variable.

0=

oy __ Oy __ | va
‘e oy =01 v= ox (l—et)

which identically satisfies equation (1). The following set of ordinary differential equations is
created using similarity variables (11), equations (2), (3), (9) and (5):

(1+K)f’”+ﬁ’"—f’2—r[f’+%§f"]+Kh’—(M+Kp)f’:0; (12)

/($),
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K £ (3,01
I+— |h"+ 7| =h+=Ch'" |-K(2h+ f")=0; 13
O U e E T e (19
4 " f f, 1 ' "2 2 ot 0=0-"
1+§Nr 0 +Pr9 o —-Prz 0+5§0 +PrEc(1+K) f" +PrMEcf” + A f'+B6=0; (14)
¢"+Sc; ; —Scr(¢+%é’¢'j—Sc;f¢=O. (15)

And we have the following boundary conditions:
fO=s, fO)=2, h0)= —%f "0), 0(0)=1 ¢0)=1, f(0)=0, h(x)=0,
O(0)=0, ¢(x)=0, (16)

where the parameters are specified in the following form which the notation primes denotes
differentiation with respect to ¢

2 T,-T,)x° (Cc,-C,)x’
ng; K:E, M:O-BO; Kp: U* , Gl"=gﬁ( s oo)x; GC:ng( i OO)X ;
e Y7, pa pra2 aUW3 oU
40T k,
§ =t ; Przg; EC=L; RZO-—:"; Sc=i; y=-L.
Jav a c,(T,-T,) Kk D, a

The local heat and mass transmission rates as well as the pair stress and skin friction factors,

which are: 1

Z-W| =0 D opon
o =p—l;3v:2(1+K)Re§f (0); (17)
yaU ,
=222 w p0): 18
. U(l—et) © (18)
N, =a(T, L) S =R 5010 (19
Y120

— ~(Re,)2¢(0), (20)

y=0

Sh, =—x(C, — Cw)Z—C

U, x

where Re, = is the Reynolds number.

v
NUMERICAL ANALYSIS

The fourth-fifth-order Runge-Kutta technique is one of the most well-known constant-step
procedures. The Runge-Kutta approach, with some reasonable approximation adjustments, may
achieve the precision of a Taylor Series approximation without resorting to more complex derivative
computations. This technique could be seen as the ancestor of many other techniques. On the
other hand, the Runge-Kutta-Fehlberg technique, which uses an adjustable step size, provides more
accurate error estimates than the Runge-Kutta method, which uses a fixed step size. At each stage,
the Runge-KuttaFehlberg approach detailed the computation using two Runge-Kutta procedures of
different order (RK4 and RK5). If the differences between the two are small enough, the following
stage with the same step size as before. The step size should be decreased to maintain the same
level of precision. The step size is raised if the answers match to more digits of precision than are
needed. Therefore, we infer that the step size is automatically organized as a recomposition to
the computation truncation errors in the one-step algorithm technique coupled with an adaptable
step size. Nonlinear models are no match for this technique, which has been proved to function
in a broad variety of other contexts, including deterministic and stochastic, linear and nonlinear,
difficulties in physics, biology, and chemical processes, and so on.
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A set of regular nonlinear DEs (12-15) with boundary conditions (16) is built using the Runge-
Kutta Felherberg-45 process with shooting approach.

Follow the steps below to figure out how to fix the problem:

i. The BVPs undergo a transmute to become the IVPs.

ii. Assume suitable significant digits for 77, .

iii. Following the selection of baseline prediction values, at random, Secant method, utilized
to provide further approximative results for those assessments.

iv. Use the aforementioned approximations to compute IVP using RKF-45 approach with step
variance h = 0.001.

v. Iterations of the RKF-45 algorithm were performed until 10° order of convergence results
was achieved.

vi. The correct step length, represented by “h”, is determined by an iterative process in this
approach.

vii. At each stage, we generate and compare two new estimates.

viii. The findings are used to fine-tune the step size until the results of the most recent two
estimates are consistent with one another.

Applying the RK of order 4 method yields the required result for the given problem.

_, 25, 108 2197 1
Yme1 = Ym T 510 T 56573 T 21044 T 55

An improved solution may be obtained by using the R-K method of order 5:

16 6656 28561 9 2
= —ky +——ko+—k, — — ke +—k,-
Yme1 = Ym + 135 1 + 12825 3 + 56430 % 50 © + 25 6

The following six values are needed for each step:
ki = hf (4, t);

h ok
k, = hf (%k +Z'rk +Z>;

- ( 12h 1932, 7200,
s =M (%t 30t 5197~ 5197

439 3680 845
ke = hf(/y,k bty + ey = 8ky + ks —4104k4>;
h 8 3544 1859 11
ke = hf (”" tote T gkt 2k — oo ks —arga e T 30 5)

This is achieved by first inserting additional variables into the coupled ODEs and converting
them to first order ODEs. The R-K-F 4™"-5" order technique is utilized numerically solve the
system of transformed ordinary differential equations. The effects of parameters on the
velocity ' (£) micro-rotation h((), temperature 0 (¢ ) and concentration ¢ (& ) profiles are
analyzed. Also, we found the results based on f"(0), 4'(0), local Nusselt number 6”(0) and
local Sherwood number ¢'(0). Comparison of results are shown in Table.

The Nusselt number is compared with its present results at Pr=0.733, K=0.2, R=0=A*=B*=Kp=M=y=0.0
Yncao Hyccensta cpaBHUBAETCS € €ro TekylWmMmMu pesyastatamu npu Pr=0,733, K=0,2, R=0=A*=B*=Kp=M=y=0,0

S Ref [39] Current Ref [39] Current Ref [39] Current

3.0 -0.2492 -0.2493 1 -0.2492 -0.249253 0 0.8889 0.888959

3.5 0.1291 0.12916 2 0.1466 0.146611 1 0.5444 0.54445

4.0 0.4599 0.45992 3 0.4659 0.465979 2 0.1709 0.170959

4.5 0.7506 0.75069 4 0.7155 0.715571 3 0.2492 -0.249249

5.0 1.0127 1.0128 5 0.9165 0.916569 4 -0.7330 -0.733087
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RESULTS AND DISCUSSIONS

The findings demonstrate the impact of the non-dimensional governing factors on the
flow’s velocity, microrotation, temperature, and concentration distributions, providing a clear
understanding of the issue. Fig. 2-9 illustrate how the magnetic field and the permeability of the
porous media affect the distributions of velocity, microrotation, temperature, and concentration in
both the suction and injection cases. We infer from Fig. 2-5 that raising the magnetic parameter
and the permeability of the porous media lower the velocity profile and increase the microrotation
close to the boundary, and that the microrotation reverses its effect at { =2.0 level, causing a
drop in angular momentum. Owing to the drag force that is created when a magnetic parameter
is given to an electrically conducting fluid, which causes a drop in velocity. Increased values
of magnetic factor on angular momentum suggest an increasing trend, which is caused by the
higher influence of stimulated Lorentz force in the non-negative x-orientation. When there is a
greater disparity in speeds, the thickness of the boundary layer that corresponds to those speeds
will decrease. Because of this overextension in the distribution of velocities, we can see that the
velocity of the fluid surrounding the stretched sheet is lower than its velocity in the free stream.
A higher value for the modified magnetic quantity is correlated to a lower value for the outside
electrical profile, which in turn causes a higher value for the velocity field. In addition to this,
as the boundary layer grew, there was a downward trend in the magnitude of the wall velocity
gradient.
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Fig. 2. The effect of M on the velocity profile Fig. 3. The effect of M on the angular momentum profile
Puc. 2. BansHne BeandnHbl M Ha npoguab CKOPOCTH Puc. 3. BansHue BeanunHbl M Ha npoguAb YrAOBOro MOMeEHTa
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Fig. 4. The effect of Kp on the velocity profile Fig. 5. The effect of Kp on the angular momentum profile
Puc. 4. Bananue Kp Ha npoguab CKOpOCTH Puc. 5. Bavsinne Kp Ha npo@uAb yrAOBOro MoMeHTa
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Fig. 6-7 show velocity, angular momentum, and temperature distributions for the suction
and injection instances, respectively, illustrating the impact of the micropolar parameter. These
graphs demonstrate the relationship between the micropolar parameter and changes in velocity,
angular momentum, and temperature.
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T 04t - 2
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Fig. 6. The effect of K on the velocity profile Fig. 7. The effect of K on the angular momentum profile
Puc. 6. BansHue K Ha npo@uab CKOpPOCTU Puc. 7. Bausinue K Ha npoguAb YrAOBOro MOMeHTa

In general, the angular velocity of an additional material increases as the fluid’s consistency
weakens. Temperature distribution during suction and injection is shown to be affected by the
thermal radiation parameter in Fig. 8.
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Fig. 8. The effect of Nr on the temperature profile
Puc. 8. BansiHue Nr Ha TemnepartypHbii NPpoPUAb

These plots show that an increase in the thermal radiation parameter results in a more
optimal temperature distribution under both conditions. Both the suction and injection cases
may be understood by reference to Fig. 9 and 10, which show how the Eckert number and a
non-uniform heat source or sink affect temperature distributions. Statistical analysis reveals
that temperature distributions benefit from non-uniform heat sources or sinks and a higher
Eckert number. The Eckert number, sometimes known as Ec, does not have any dimensions in
continuum mechanics. It does this by describing the connection between the kinetic energy of a
flow and the enthalpy difference in the boundary layer. This gives it the ability to characterize heat
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transfer dissipation. The Eckert number is a way to quantify the flow’s kinetic energy in relation
to the enthalpy difference between flows with high viscidity and flows that are dissipative. Fig.
5 illustrates how the Eckert amount, denoted by Ec, behaves in relation to the energy contours.
Ec in the flow field increases the energy, which results in a higher fluid temperature in the fluid
region due to dissipation caused by viscosity and elastic deformation. This is due to the fact that
Ec in the flow field increases the energy. Because of the amount of internal friction heating that
occurred between the molecules of the fluid, the quantity of mechanical energy was changed into
thermal energy, and this thermal energy is now stored in the fluid. As a consequence of this, an
increase in the Eckert number causes an increase in the thermal energy of the flow, which in turn
causes an increase in the temperature of the fluid across the thermal boundary layer.
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Fig. 9. The effect of Ec on the temperature profile Fig. 10. The effect of points A* and B*on the temperature
Puc. 9. BansiHue Ec Ha TemniepartypHbIi MpopuAb profile

Puc. 10. BansiHne Touek A* 1 B* Ha TemnepaTtypHbIi npoguab

Additional parameters, such as the unsteady parameter, may impact the distributions of
velocities, angular velocities, temperatures, and concentrations in both suction and injection
conditions, as illustrated in Fig. 11-14. When the unsteadiness parameter is raised, the graphs
show rising trends in velocity, angular momentum, temperature, and concentration.
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Fig. 11. The effect of T on the velocity profile
Puc. 11. BansiHne Ha T npoguAb CKOPOCTH
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Fig. 12. The effect of T on the angular momentum profile
Puc. 12. BavaHue Ha T npoduAb YIAOBOrO MOMEHTA
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Fig. 13. The effect of T on the temperature profile Fig. 14. The effect of T on the concentration profile
Puc. 13. BansHue Ha T TemneparypHbiid npoguib Puc. 14. BansiHne Ha T IpoguAbL KOHLIEHTPaLMK

Fig. 15 and 16 exhibit velocity and concentration curves for suction and injection scenarios,
respectively, and illustrate the impacts of the Schmidt number and the chemical reaction
parameter. As can be seen in the Fig. 15 and 16, the concentration distributions degrade with
an increase in both the Schmidt number and the chemical reaction parameter. The Schmidt
number, often known as Sc, is a representation of the connection between momentum and mass
diffusivity. It does this by calculating the relative efficiency of momentum and mass transfer in the
hydrodynamic (velocity) and concentration (species) boundary layer. The fluid’'s mass diffusivity
is reduced as the value of the Schmidt number increases, which results in a decrease in the
concentration profiles. With the typical physical behavior of the parameters of chemical reactions,
which indicates that a faster rate of chemical reaction would lead to a thinner concentration
boundary layer. It is deduced from the appearance of the reactive species that the solute profiles
have been subjected to a destructive chemical reaction. The behavior of the destructive reaction
that was caused by the positive values that were investigated in the present scenario may be
explained by deriving it from the mathematical expression of the governing equation of the solute
profile and examining it.
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Fig. 15. The effect of Sc on the concentration profile
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When y is increased, it can be seen that there is a corresponding drop in the concentration
profile. This is due to the fact that chemical processes taking place in this system are responsible
for consuming the chemical, which in turn results in a drop in the concentration profile. The
tendency of the first-order chemical reaction to lessen the overshoot in the concentration profiles
of the boundary layer is the most notable repercussion of the reaction’s first-order status.

CONCLUSIONS

The primary conclusions of the present research are:

1. A rise in the micropolar parameter causes a decline in temperature, but an increase
in speed and angular momentum.

2. In both scenarios, the temperature distribution gets better when the thermal radiation
parameter is increased.

3. An increase in Eckert number and non-uniform heat source or sink characteristics both
improve the temperature profiles.

4. The concentration distributions deteriorate with increasing Schmidt number and chemical
reaction parameter.

5. Decreases in the thickness of the concentration boundary layer are frequently seen
in conjunction with increases in the rate of chemical reaction.
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NMpumeHeHue HeMpoCeTEBOU MOAEAU AAA NPOrHO3UPOBAHUA
TemnepaTtypbl U30AMPOBAHHbIX NPOBOAOB BO3AYLUHbIX AUHUM

A.A. Kenembet*~, A.fl. BUryH?

1OMCeKuii rocyaapCTBEHHbIN TEXHUUYECKUI YHUBEpCHTET, OMCK, Poccust
2CypryTCKumii rocyAapcTBeHHbIN yHuBepcuteT, CypryTt, Poccus

Pe3stome. Lienbto pabothl ABAsIETCA pa3paboTka HEMPOCETEBON MOAEAM HA OCHOBE KPUBbLIX HArpeBa U OXAaXAEHUS
M30AMPOBAHHbIX MPOBOAOB BO3AYLUHbIX AMHWUIM MPU U3BMEHEHWW CKOPOCTU BETPA M €r0 HanpaBAEHWSA OTHOCUTEABHO OCHU
NpoBOAA, NOAYUYEHHbIX 3KCMEPUMEHTAAbHBIM NyTeM. OBbLEKTOM MCCAEAOBAHMI BbICTYNAOT U30AMPOBaHHbIE NMPOBOAA
BO3AYLUHbIX AMHUI Mapku CUMM-3. AAT MOAEAMPOBAHUSI HarpeBa U OXAaXAEHMSA M30AMPOBAHHOMO NPOBOAA MPU pas-
HbIX CKOPOCTSIX BETPA U €ro HanpaBAeHWM Bbina MCMOAb30BaHa HelpoceTeBas MOAEAb Ha OCHOBE MHOFOCAOMHOrO nep-
LenTpoHa. B kauecTBe KpUTeprsa OLEHKU PE3YALTATOB NPOrHO3WPOBAHMA TeMNePaTyPbl XUAbI U M30AALIMKM MPOBOAA ObiAa
NPUHATa cpeaHss abcoatoTHas olwnbka. MprBeAeHbl OCHOBHbIE NapamMeTpbl paspaboTaHHON HEMPOCETEBON MOAEAN:
KOAMYECTBO CKPbITbIX CAOEB M HEMPOHOB B KaXXAOM M3 CKPbITbIX CAOEB, CTEMEHb PETYAALIMM M PETYAUPYIOLLIAS XECTKOCTb
MoAeAUn. 1o pedyabTataM MOAEAMPOBAHUA MOCTPOEHbI MPOrHO3UPYEMbIE KPMBbIE HAarpeBa U OXAaXAEHUA U30AUPOBaH-
HbIX MPOBOAOB, KOTOPbIE B AAAbHENLLEM ObIAV CPABHEHbI C KPUBBIMM, MOAYYEHHBIMU B XOAE SKCNEPUMEHTAABHbIX UCCAE-
AOBaHU. MoAyYEHbI CAEAYIOLLIME 3HAUYEHNA CPeAHER abCOAOTHOM OLUMOKK: AAST MPOTHO3UPYEMON TeMnepaTypbl XHAbI
cpeaHsa abcoatoTHan olimbka coctaBuAa 1,74°C, a AAS NPOrHO3MPYyeMoKr TemnepaTtypbl M3oaaumn — 4,08°C. Ycta-
HOBAEHO, YTO Pa3HOCTb MEXAY KPMBLIMW HarpeBa npu ManbIX CKOPOCTAX BeTpa Haxoantca B npeaenax 9 ° C. lMokasaHo,
YTO MPU YBEAMUEHUN CKOPOCTU BETPA PA3HOCTb MEXAY KPMBLIMU YMEHbLLIAETCS. TakuM 06pa3oM, aHaAU3 MOAYYEHHbIX
pe3yALTaTOB NOKa3aA, UTo AAA NMOBbLILIEHWA TOUYHOCTH MPOrHO3MPOBAHUS MPU NOMOLLM HEMPOCETEBOW MOAEAK TPEBYETCA
60Ae€ LUMPOKUI NepeyUeHb BXOAALLIMX MApPaMeTPOB AAS 0ByYeHUst MOAEAN. TOABKO B TAKOM CAyYae PasHOCTb MEXAY SKC-
nepUMEHTaAbHbIMW AQHHBIMK U MOAYYEHHBIMMW MPK MOMOLLIM pa3pabaTbiBaeMOon MOAEAU MOXET COCTaBUTb MeHee 5%.

KaroyeBbie caoBa: HelpoceTeBasi MOAEAb, U3BOAMPOBAHHbIE NPOBOAA, BO3AYLLHASA AMHUSA, BAUSIHUE MOTOAHBIX YC-
AOBWH, NPOrHO3MPOBaHWE NapaMeTPOB AMHUI IAEKTPONEPeAaUM

Ara uutupoBaHusa: Kenembet AA., buryd A.A. NMpUMeHeHWe HEWPOCETEBON MOAEAU AASI MPOrHO3MPOBAHUS
TemMnepatypbl MU30OAMPOBAHHbIX MPOBOAOB BO3AYLUHbIX AMHMIA // iPolytech Journal. 2024. T. 28. Ne 3. C. 453-461.
https://doi.org/10.21285/1814-3520-2024-3-453-461. EDN: NBWEBZ.

POWER ENGINEERING
Original article

A neural network model for predicting the temperature
of insulated overhead lines

Aleksandr A. Kelembet'~, Aleksandr Ya. Bigun?

10msk State Technical University, Omsk, Russia
2Surgut State University, Surgut, Russia

Abstract. In this work, we develop a neural network model based on experimental heating and cooling curves of
insulated wires of overhead lines under changes in wind speed and its direction relative to the wire axis. Insulated
SIP-3 wire used in overhead lines was investigated. A multilayer perceptron neural network was employed to model
the process of heating and cooling of insulated wire under changes in wind speed and its direction. The average
absolute error was taken as a criterion for evaluating the prediction accuracy of wire core and insulation temperatures.
The main parameters of the developed neural network model include the number of hidden layers and neurons in
each hidden layer, the degree of regulation, and the regulatory rigidity of the model. The modelled heating and
cooling curves of insulated wire were compared with those obtained experimentally. The average absolute error was
equal to 1.74 and -4.08°C for the predicted core and insulation temperatures, respectively. The difference between
the heating curves at low wind speeds was found to range within 9°C. It was shown that an increase in wind speed
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leads to a decrease in the difference between the curves. Our analysis showed that neural network models used for
predicting variations in the temperature of insulated overhead lines should be trained using a larger number of input
parameters. This is the main prerequisite for high prediction accuracy of such models, when the difference between
the simulated and experimental data does not exceed 5%.

Keywords: neural network model, insulated conductors, overhead power line, influence of weather conditions,
forecasting power line parameters

For citation: Kelembet A.A., Bigun A.Ya. A neural network model for predicting the temperature of insulated
overhead lines. iPolytech Journal. 2024;28(3):453-461. (In Russ.). https://doi.org/10.21285/1814-3520-2024-3-

453-461. EDN: NBWEBZ.

BBEAEHUE

Cnpoc Ha aAEKTPO3IHEPIUIO HEYKAOHHO pac-
TeT, 3Ta TeHAEHUMA OyAeT NOAAEPXMBATLCA B
CAEAYIOLLIME  AECATUAETUA.  IAEKTPOCHabXe-
HWe cTaHOBMTCA Bce Bonee BaXHbIM B CBS3M
C COBPEMEHHbIMW MOTPEBHOCTAMM Pa3BUTUS
obuwectBa [1-9]. PasanuHble ¢aKkTopbl, Takne
KakK CTapeHWe CYLLECTBYHOLLMX IAEKTPUYECKUX
CeTen, yBeAMueHMe Harpy3ku [16], BKAOUEHUE
BO30OHOBAAEMbIX UCTOUHMKOB3HEepruun[1, 3,4],
PacTyLLMin CNpoC Ha 3AekTpomobuam [9], ae-
LleHTpaAn3aLUMA M TMOKOCTb 3HEProCUCTEMBI,
KPUTUYHO BAMSIIOT HA CUCTEMbI NEPeAaUmn INEK-
TPO3HEPrUK. Ha CeropHsWHWMA AE€Hb TeMnbl
CTPOUTEABCTBA HOBbIX AMHUI AAEKTPONEpeAaYmn
3HAYUTEABHO OTCTAlOT OT TEMMOB pPOCTa MNoTpe-
OAEHMA 3AEKTPOIHEPTUM, MOITOMY BO3HUKAET
HEOBXOAMMOCTb YBEAUUEHUSA MPOMYCKHOW CMo-
COBHOCTM CyLLLECTBYIOLLIMX AMHUI IAEKTPONEPE-
paun® [5-11, 19]. MponyckHas cnocobHOCTb
AMHUW  9AEKTpOoMepepaun  orpaHuYmMBaeTcs
pPa3AMYHBbIMU YCAOBUSIMU, TAKUMU Kak NMPOBUC
NPOBOAQ, OrPaHUYEHUS AAMTEABHO AOMYCTUMOWM
Temneparypbl NpPOBOAA, YCTOMUMBOCTb, YPO-
BEHb HanpshkeHua [2]. MNocaepHre ABa daKTo-
pa OTHOCATCA K TPeOOBaHUAM HAAEXHOCTH.

OAHUM M3 MHOTOYMUCAEHHbLIX MOAXOAOB K MO-
BbILUEHWIO NMPOMNYCKHOM CMOCOOHOCTU BO3AYLL-
HbIX AMHUK (BA\) anekTponepepaun sBASETCS
METOA, YYMTbIBAIOWMKA BAUAHWE KAMMATUYeE-
CKMX GaKTOpPOB Ha nx Temnepatypy [12-17]. B
OCHOBE A@HHOIO0 METOAa AEXWT 3aBMCMMOCTb
aKTMBHOIO COMPOTUBAEHUA MPOBOAA W MOTEPb
aKTMBHOM MOLLHOCTM OT TemmnepaTtypbl NPoOBO-
Aa. Npu akcnayataumn BA npn pasanyHbIX KAK-
MaTUUYECKMX YCAOBUAX BO3MOXHbIM YPOBEHb
3arpysku AMHWKW MO YCAOBUAM Harpesa MOXeT
oTAnyatbes. CyllecTByeT HECKOAbKO MOAXOAOB
AAS PELLEHUA NOCTABAEHHOW 3apauM.

AAA OUEHKM HarpeBa NpoBOAa MOTYT MUC-
MOAb30BATbLCA Pa3AUYHbIE CUCTEMbI MOHUTO-
PUHra, MaBHbIM HEAOCTATKOM A@HHbIX CUCTEM

ABAAIOTCA OOAbLUME (PUHAHCOBbLIE BAOXEHUS,
CBA3aHHbIE C MOHTaXOM W 3KCMAyaTaumen 0bo-
pyAOBaHuWA. Takxe AAA OLEHKU M MPOrHO3MpPO-
BaHWS TeMneparypbl NPOBOAOB UCMOAb3YHOTCA
pacyeTHble MEeTOAbI (AASI CTaUMOHAPHbIX U He-
CTALUMOHAPHbIX PEXMMOB), HO AAA UX BEPUDU-
Kauumn TpebytoTcs 3KCMEepPUMEHTAAbHbIE AaH-
Hble. [TPOBEAEHMIO TAKUX IKCNEPUMEHTAAbHbIX
MCCAEAOBaAHWI MOCBSALWEHO 3HAYUTEABHOE KO-
AM4ecTBO pabot [18-20]. B nocarepHee Bpems
HabupaeT NoNyASIPHOCTb HEMPOCETEBOE MOAE-
AMpOBaHueE. MICKYCCTBEHHbIE HEMPOHHbIE CETH
cnocobHbl obpabatbiBaTb M aHAAM3MPOBATb
OrPOMHblE 0ObEMbI AAHHbIX, U YXE WCMOAb3Y-
FOTCA BO MHOIMMX obaactax Hayku. OAHUM K3
BO3MOXHbIX MPUMEHEHUIN HEMPOCETEBOIO MO-
AEAMPOBaHMSA ABASIETCA NPOrHo3nMpoBaHue. Uc-
XOAHbIMW AGHHBIMW NPWU MPOrHO3UPOBAHWM AB-
ASIKOTCS, Kak NPaBWUAO, PE3YAbTATbl U3MEPEHUN.
MpY NOMOLLM HEMPOHHbIX CETEN BO3MOXHO MO-
AEAMPOBAHUE HEAMHENHOW 3aBUCUMOCTU Oy-
AYLLLErO 3HAYEHWUS BEAMUMHbBI OT €ro MPOLLAbIX
3HAYEHWI M OT 3HAYEHUIN BHELLIHMX GaKTOPOB.

MpeAcTaBAAET MHTEPEC MPUMEHEHUE METO-
Aa HEMPOCETEBOrO0 MOAEAMPOBAHUS AAA MPO-
rHO3MPOBAHMS TEMNEepaTypbl NPOBOAA BO3AYLL-
HOM AMHUM C YUETOM MOTOAHBIX YCAOBUMN.

MATEPUAN U METOAbI UCCNAEAOBAHUA
PaccmMoTpuM NpUMEHEHUE UCKYCCTBEHHOM
HEWMPOHHOW CETU AN MPOrHO3MPOBAHUS TEM-
neparypbl XWAbl 1 U30ASILMKM NpoBoaa CUIM-3.
AN 3apauM MPOrHO3MPOBaHUA TemMneparypbl
XWAbI U U3oAaUmMK nposoaa CUNM-3 bbina Bbibpa-
Ha HEWpPOHHas ceTb Ha ocHoBe MLP (oT aHra.
Multilayer Perceptron). MLP - 310 pa3HOBWAHOCTb
MCKYCCTBEHHbIX HEMPOHHbIX CETEMN, KOTOPblE Ya-
CTO MCMOABIYHOTCSI ANl 3apad perpeccun baaro-
AQPSA MX TMOKOCTM M CNOCOBHOCTU MOAEAMPOBATh
CAOXHbl€ 3aBUCUMOCTU MeXAY npusHakamu [10].
XapaKTepUCTUKMU WMCMOAb3YEMOMW CETU AAA
NPOrHO3MpoBaHMa NapameTpoB nposoaa CUTM-

3Conductors for the uprating of existing overhead lines // B2 Overhead lines. Paris, 2019. 244 p. Pexum pocTyna: https://www.e-
cigre.org/publications/detail/ 763-conductors-for-the-uprating-of-existing-overhead-lines.html| (aata obpauieHus: 25.04.2024).
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3 nokasaHbl Ha puc. 1. BxoaHbIMKW napameTpa-
MW BbICTYNatoT CAEAYIOLLIME BEAMUUHDBI: TOK Ha-
rPy3K1, CKOPOCTb BETPa, AAMTEABHOCTb Harpe-
Ba W YrOA HanpaBAEHUSA BETPA; HA BbIXOAE Mbl
noAydaem TemnepaTtypy XWAbl U TemnepaTtypy
N30AALNN.

AaHHbIe, UCMOAb3YyEMbIE AN OBYUEHUA U TE-
CTUPOBAHMA HEMPOHHOM CETU, BbIAU NMOAYUYEHBDI
13 akcnepumeHTa [13], B X0A€ AQHHOIO 3Kcne-
pUMeHTa BbIAO NPOBEAEHO UCCAEAOBAHUE BAU-
AHWUA BETPA HA HarpeB U OXAAXXAEHUE U3OAUPO-
BaHHoro nposopa CUIM-3 ceueHrem 16 mm?. B
XOAE 3KCNEePUMEHTAAbHbIX UICCAEAOBAHUIM NPO-
BOAMAOCb BoAee Tpex U3MEPEHUN NpU OAUHA-
KOBbIX YCAOBUAX HA BpeMEHHOM MHTepBane 30
MWH, 3aTEM NPOM3BOAUAOCH YCPEAHEHME MOAY-
UEHHbIX AaHHbIX. [TOrpeLwHoCTb U3MEPEHMIN HE
npesbllara 6%. HanboAabLLMIA MHTEPEC Bbi3bi-
BaeT UHTepBaA BpemeHn ot 0 oo 10 MuH, Tak
KaK B HEM MPOUCXOAUT HAMBOAEE MHTEHCMBHOE
NM3MEHEHMEe TeMnepaTypbl NPOBOAA. YCPEAHEH-
Hble 3HAYEHWUSA B WHTEPECYHOLLEM WHTEPBAAE
npeAcTaBAeHbl B pabore [11].

MoAroToBMB  3KCNEPUMEHTaAbHble  AdH-
Hble, OHW ObIAM pa3paeAeHbl Ha obyvatrolime
N TectoBble BbIOOPKKU. [loCAe 3TOrO AaHHbIE
HOpPMaAM3YOTCA € nomollpto StandartScaler
(MHCTpyMeHT 6ubamotekn Scikit-learn, npea-
Ha3HAYEeHHbIM AN HOPMAAM3ALMKU AAQHHBIX) U
nepeBoaaTca B ¢opmart TeH3opoB PyTorch, uto

BxogHble cnom

BxogHol
napametp 1
BxopgHol
napametp 2
BxogHol
napametp 3
BxogHol
napametp 4

ONONONO=®

CkpbiTbie cnou

.

HEo0bXoAMMO AASI PABOTbl C HEMPOHHOWM CETbIO.
B poan ontumusatopa mopeAr BbibpaH SGD
(ot aHrA. Stochastic Gradient Descent), a aaq
OLEHKM KayecTBa MNPOrHO3MPOBAHUSA MOAEAU
B3ATa cpeaHAa abcoatoTHaa owmnbka MAE (ot
aHrA. Minimum Absolute Error).

CpepHsa abCOAOTHAA OLWKMOKA PacCUMUTbI-
BaeTCcsa CAeAYHOLWMM 06pa3om:

1N .
MAE = =20 Iy — il (1)
rae N - uncAo npumepoB obyvatoulein Bbibop-
KM, ¥i — LUEAEBOE 3HAYEHKE i-To NpUMepa, y; -
NpeACKa3aHHOE MOAEABIO 3HaAYEHMe.

KoAMYeCcTBO CAOEB: 6.

KOAMUYECTBO HEMPOHOB B CKPbIThIX CAOAX: 5.

KOAMYECTBO HEMPOHOB B BbIXOAALLIEM CAOE: 1.

MWHUMAAbHOTO OTKAOHEHMUSA YAAAOCb AO-
CTUUYb MPU KOAMYECTBE 3MOX OOy4YeHMa CeTu
paBHbiM 10000. Ha kaxpaoM 3noxe MOAEAb
AENaeT NPOrHoO3, OCHOBAHHbIM Ha 0byvyaroLmx
AAHHbIX, BbIYMCASAIOTCA TFPAAMEHTbl  OLIMOOK
NPOrHO3UPOBAHWSA U UCMOAb3YHOTCS AAST OOHOB-
AEHUA BECOB MOAEAU. AN TeCTa HEWpOoCeTU
6bIAY BbIOpaHbI CAEAYHOLLIME CLEHAPUM:

1) M3MeHeHUEe TemMnepaTypbl XWUAbl U TEM-
nepaTypbl U30ASLMU NPU YBEAUYEHUN TOKOBOM
Harpys3ku:

- YrOA HanpaBAEHUS BeTpa OTHOCUTEAbHO
ocu nposoaa — 50%;

BbixogHbie cnou

BbixogHoi
napametp 1

ONORONONO®

Puc. 1. CTpykTypa HENPOCETH, MCMOAL3YEMOM AASl POrHO3MPOBAHUSA TEMIEePaTyp X1Abl U M30AALMM NpoBosa CHIM-3
Fig. 1. The structure of the neural network used to predict the temperatures of the SIP-3 wire core and insulation
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Puc. 2. MameHeHue Temnepatypbl XnAbl MPY yBEAMUEHNM TOKOBOK Harpy3km oT 13 Apo 130 A (u = 0,6 m/c, o = 50°)
Fig. 2. Core temperature variation when current load increases from 13 Ato 130 A (u = 0.6 m/s, a = 50°)

TokoBasd Harpyska — 13-130 A;
BpemMs Harpesa — 9 MUH;

- CcKopocTb BeTpa - 0,6 m/c.

CTOUT OTMETUTb HEKOTOPbIE AOMYLUEHUS UC-
CAEAOBAHUA: M3MEHEHWE TOKa B UCCAEAYEMOM
CETN MPOMUCXOAMAO MIHOBEHHO (nepeonHble
npoLecchbl B CETU MO BPEMEHU KparHe MaAbl U

70

=)
o

Temneparypa usonsuuu , °C
W
(=1

S
=)

30

0 2 4

MX MOXHO HE y4uTbiBaTb) OT 3HauYeHnsa 13 A a0
130 A, Temnepatypa OKpyXaroLLero Bo3ayxa npu
NPOBEAEHMM UCCAEAOBAHMA OCTaBanacb MOCTO-
AHHOW, YrOA aTaku U CKOPOCTb BETPA BO Bpems
HarpeBa He M3MEHSIAUCh. IKCMEPUMEHTAAbHbIE
N NPOrHO3MPYEMbIE HEMPOHHOW CETbIO Napame-
TPbl MPOBOAA MPEACTABAEHbI Ha pUc. 2, 3.

—=— DKCIEPUMEHTAJIbHbIE JaHHbIE
—eo— [Iporuo3upyemble JaHHbIE

6 8 10

Bpems narpesa, MuH

Puc. 3. M3meHeHne Temnepatypbl U3OASLIMK MPK YBEAMUYEHUM TOKOBOM Harpy3ku ot 13 A a0 130 A (u = 0,6 m/c, o = 50°)
Fig. 3. Insulation temperature variation when current load increases from 13 Ato 130 A (u = 0.6 m/s, a = 50°)
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Puc. 4. MameHeHue Temnepartypbl XuUAbl Npu yBeAndeHum ckopoctu Betpa ot 0,6 m/c a0 1,6 m/c (I =130 A, o = 90°)
Fig. 4. Core temperature variation when wind speed increases from 0.6 m/s to 1.6 m/s (I =130 A, a = 90°)

2) MameHeHne TemnepaTypbl XWUAbl U TEM- - AManasoH W3MEHEHUS CKOPOCTU CcoCTa-
nepaTypbl M30ASILMM NPU CKOPOCTU BETpPA: BuA 0,6-1,5 m/c.

- YrOA HanpaBAEHWSI BeTpa OTHOCUTEAbHO CTOUT OTMETUTB CAEAYHOLLME AOMYLLEHWUSA UC-
ocu nposoaa - 90°%; CAEAOBAHMS: TOK B UCCAEAYEMOW CETU HE U3MeE-

- TOKoBas Harpy3ka - 130 A; HAETCH, YTOA aTaku BeTpa BO BPEMSA Harpesa

- BpeMms HarpeBa - 9 MuH; HEe M3MEeHAEeTCs, CKOPOCTb BETPa M3MEHSETCs
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Puc. 5. MsmeHeHune Temneparypbl M30AALMKU NPU yBeAMYeHUM ckopocTu BeTpa oT 0,6 m/c a0 1,6 m/c (=130 A, o = 90°)
Fig. 5. Insulation temperature variation when wind speed increases from 0.6 m/s to 1.6 m/s (I =130 A, o = 90°)
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MIHOBEHHO. MI3MeHeHWe CKOpPOCTM BeTpa npo-
M3BOAMAOCb MYTEM M3MEHEHUSA HaNpPsXeHUs
Ha 3AEKTPUUYECKOM ABMUratene MnoCTOAHHOIO
TOKa, YCTaHOBAEHHOro B a3pOAMHAMWUYECKOM
Tpybe. SKCNnepuUMeHTaAbHblE M MPOrHO3Upye-
Mbl€ HEMPOHHOW CETbK MapaMeTpPbl MPOBOAA
npeAcTaBAEHbI Ha puc. 4, 5.

PE3YAbTATbl UCCAEAOBAHUA
U UX OBCY)KAEHUE

B pesyabtrate 9SKCNEPUMEHTa MOAYYEHDI
CAeAyHOLLIME 3HAUYEHUA cpeAHeN abCOAKOTHOM
OLWNOKHU:

1) An9 MpPOrHo3upyemom
Xunbl MAE = 1,74°C;

2) AAS MPOrHO3MpPYyEMOM TeMNepaTypbl U30-
Aumn MAE = 4,08°C.

YuuTbiBaa pesyAbTatbl, NOKa3aHHble Ha
pUCYHKax Bbllle (CM. puc. 1-5), MOXHO yBU-
A€Tb, UTO HenpoceTeBas MOAEAb ABAAETCA
NOAXOAALLMM UHCTPYMEHTOM AASI MPOTHO3MUPO-
BaHUA TemnepaTypbl U3OAMPOBAHHbLIX NPOBO-
AOB BA. 3Has napameTpbl OKpyXatoLlen cpe-
Abl, BO3BMOXHO MPOrHo3nMpoBaTb NapameTpbl
npoBOAa C MNOrpewwHocTbldo MeHee 5%, uTo,
B CBOI O4YepPEeAb, MO3BOAUT ONPEAEAUTb dak-
TUUYECKYID AAUTEABHO AOMYCTUMYIO TOKOBYHO
Harpysky nposoaa. Ha puc. 2 n 4 BUAHO, UTO
pasHMUa MeXAY MPOrHO3NPYEMbIMU U SKCNe-
PUMEHTAAbHbIMU AA@HHBIMU KpawWHe MaAa.
Ha puc. 3 u 5 HabaoparoTCA CyLLECTBEHHbIE
OTKAOHEHUSI MEXAY 9KCNEPUMEHTAAbHbIMU U
NPOrHO3MPYEMbIMU  AQHHbIMW, MaKCUMaAb-
Has pasHUUa MEeXAY I3SKCNepUMEHTaAbHbIM
N NPOTrHO3MPYEMbIM 3HAUYEHWEM B OAHOW U3
ToueK Ha puc. 3 paBHa 9°C, Ha puc. 5 makcu-
MaAbHO€ OTKAOHEeHWe paBHO 7 °C. Ara oboux
CAy4YaeB NOAODOHbIE OTKAOHEHWSA MOTYT ObITb
CBfAA3aHbl C HEAOCTATKOM MCXOAHbIX A@HHbIX,
Tak, Hanpumep, AAA puc. 3 U 5 aKcnepumeH-
TaAbHbIX A@HHbIX O HarpeBe M30AALUMKU ObIAO
3HAYUTEAbHO MEHbLLE, YEM O HarpeBe XMUAbI,
YTO BbI3BAAO AOMOAHUTEAbHbIE TPYAHOCTU NpKU
obyuyeHuMn HenpoceteBon Mopean. OTcroaa
MOXHO CAEAaTb BbIBOA, YUTO KOAMUYECTBO U Ka-
4eCTBO 3KCNEPUMEHTAAbHbIX AAHHbIX AAS 0O-
YYEHUA HEMPOCETEBbLIX MOAEAEN UMEIOT KALO-
yeBOE 3HaYeHMe.

TakXxe CTOMT OTMETUTb, YTO UCMOAb3OBaHME
MaTeMaTUYECKMX MOAEAEN AASI OLEHKKU Temne-
paTypbl TOXE ABASIETCA XOPOLIMM METOAOM, MO-
CKOAbKY BCE MaTteMaTUyeCKUe MOAEAU UMEIDT
CXOXWE NMOrpeLHoCTH.

TemMneparypbl
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HelpoceteBass MOAEAb MOXET Y4YMTbIBaTb
MHOXECTBO MapaMeTPOB MpW MPOrHo3npoBa-
HUKW, B AAGHHOM CAyYyae ObIAM MCMOAb30BaHbI
AAHHble O HanpaBAEHWWU BETPa, CKOPOCTU Be-
Tpa, TOKOBOM Harpyske, a TakXe YUMTbIBAAOCb
BPEMS HarpeBa. YUYecTb TakKOe KOAMYECTBO
BXOAHbIX AAQHHbIX B paMKax OAHOWM MaTemaTtu-
YeCKOM MOAEAU KpanHe 3aTpyAHUTEAbHO. Tak-
Xe CTOUT OTMETUTb eLLe OAMH HEAOCTATOK MaTe-
MaTUYECKUX MOAEAEN - XEeCTKue TpeboBaHUS
K 00beMy M KayecCTBY MCXOAHbIX AAQHHbIX NMPK
NPOM3BEAEHUM pacyeToB. [pUMEHEeHME Heun-
poCeTeEBOM MOAEAU AASI YCTPAHEHWUS HEXBATKU
MCXOAHbIX A@HHbIX MyTEM MPOrHO3UMPOBAHUS
napamMmeTpoB ABASIETCA €Lle OAHUM MNepcnex-
TUBHbIM MOAXOAOM K UCMOAb30BAHUIO HEWPOH-
HbIX CETEN.

3AKNHOYEHUE

B A@aHHOM cTatbhe C NOMOLLLIO HEMPOCETEBOM
MOAEAUN BbINO PACCMOTPEHO BAUSIHUE CKOPOCTU
W HanpaBAEHUA BETpa Ha Temnepartypy NpoBo-
Aa CUM-3. N3 nOAyYeHHbIX pe3yAbTaToB BUAHO,
YTO PaCXOXAEHWUS MOTYT Kak MWHUMaAbHbIMMK
npu AOCTATOYHOM KOAMYECTBE 3KCNEPUMEH-
TaAbHbIX A@HHbIX, TAK U 3HAUYUTEABHbIMU MPU
HeAOCTaTKe AaHHbIX. B AaabHeNLLEM NpeacTaB-
ASIET MHTEPEC UCNOAb30BaHWE BOAEE LLUIMPOKOTOo
nepeyYHs BXOAALLMX NapamMeTpoB AR 0OyUeHuUs
HEMPOCETEBOW MOAEAU. UTO, B CBOKD OUYEpPEAD,
NMO3BOAMT MPOrHO3MPOBaTb BOAEE TOUHO AAU-
TEAbHO AOMNYCTUMbIE TOKM U BPEMS NpPEBbILLE-
HUA AAUTEABHO AOMYCTUMbIX TOKOB B AMHUSX
9AEKTPOMNepeAaymn, CTpeAbl MnpoBeca MNpPoBoO-
AQ, NOTEPU B AMHUAX. YTOUHEHME NPOM3ONAET
BCAEACTBME YMEHbLLUEHUSA PACXOXAEHUA KPU-
BbIX HArpeBa 1 OXA@XAEHUS, NOAyYaEMbIX MPU
NOMOLLM HEMPOCETEBON MOAEAU U CHATbIX Ma-
pamMeTpoB Ha CTEHAAX U AEUCTBYHOLLIMX AUHUSAX.

NcnoAb3oBaHME HEMPOHHbIX CETEN MOXET
HaNTU NPMMEHEHUE B AUCTIETYEPCKMX CAYXDAX,
9HEProcOHLITOBLIX KOMMAHUSX U MPU NPOU3BOA-
CTBE 9NEKTPOTEXHNYECKOTO 060pyAOBaHUSA. Tak,
HanpuMmep, AA AUCNETYEPOB HEMPOHHbIE CETU
MOTYT MCMOAB30BATbCA B CAEAYHOLLMX CAyYasX:
NPOrHO3MpPOBaHUE Harpy3ku; MPOrHO3MpPOBa-
HWEe MOLLHOCTK, reHepupyemomn BO30OHOBAS-
€MbIMU UCTOYHMKAMW IHEPIUKU; ONTUMMU3aUUSA
9HepPronoTpebAeHUs; aBapuUHblE CLEHAPUK,
06HapyXeHNe HEUCNPABHOCTEN U T.A. ITO MO-
XeT OblTb peaAM30BaHO B BMAE YEAOBEKO-Ma-
LLIMHHOIO WHTEpdENca, rae HEMPOCETb BbICTY-
naet «NMOMOLLHUKOM» AASE AUCTIETUYEPA.

https://ipolytech.elpub.ru



Kenembert A.A., buryH A.fl. [TprMeHeHUe HelpoCeTeBOM MOAEAU AAS TPOrHO3UPOBAHMUSI TeMePaTypbl U30AUPOBAHHbIX...
Kelembet A.A., Bigun A.Ya. A neural network model for predicting the temperature of insulated overhead lines

CnucoK UCTOYHUKOB

1. Alassi A., Banales S., Ellabban 0., Adam G., Maclver C. HVDC transmission: technology review, market trends
and future outlook // Renewable and Sustainable Energy Reviews. 2019. Vol. 112. P. 530-554. https://doi.
org/10.1016/j.rser.2019.04.062.

2. Arcia-Garibaldi G., Cruz-Romero P., Gomez-Exposito A. Future power transmission: visions, technologies and
challenges // Renewable and Sustainable Energy Reviews. 2018. Vol. 94. P. 285-301. https://doi.org/10.1016/j.
rser.2018.06.004.

3. Bedialauneta M.T., Fernandez E., Albizu |., Mazon A.J., Valverde V., Buigues G. Pilot installation for the monitoring
of the tension-temperature curve of a distribution overhead line // IEEE International Energy Conference and
Exhibition (Florence, 9-12 September 2012). Florence: IEEE, 2012. P. 305-314. https://doi.org/10.1109/
EnergyCon.2012.6347772.

4. Beryozkina S. Evaluation study of potential use of advanced conductors in transmission line projects // Energies.
2019. Vol. 12. Iss. 5. P. 822. https://doi.org/10.3390/en12050822.

5. Capelli F., Riba J.-R., Gonzalez D. Thermal behavior of energy-efficient substation connectors // 10th International
Conference on Compatibility, Power Electronics and Power Engineering (Bydgoszcz, 29 June 2016 - 1 July 2016).
Bydgoszcz: IEEE, 2016. P. 104-109. https://doi.org/10.1109/CPE.2016.7544167.

6. Capelli F., Riba J.-R., Sanllehi J. Finite element analysis to predict temperature rise tests in high capacity
substation connectors // IET Generation, Transmission & Distribution. 2017. Vol. 11. Iss. 9. P. 2283-2291. https://
doi.org/10.1049/iet-gtd.2016.1717.

7. Rashmi, Shivashankar G.S., Poornima. Overview of different overhead transmission line conductors //
Materials Today: Proceedings Journal. 2017. Vol. 4. Iss. 10. P. 11318-11324. https://doi.org/10.1016/].
matpr.2017.09.057.

8. Situmorang Yo.A., Zhao Zhongkai, Yoshida A., Abudula A., Guan Guoqing. Small-scale biomass gasification
systems for power generation (<200 kW class): a review // Renewable and Sustainable Energy Reviews. 2020. Vol.
117. P. 109486. https://doi.org/10.1016/j.rser.2019.109486.

9. Zheng Yanchong, Niu Songyan, Shang Yitong, Shao Ziyun, Jian Linni. Integrating plug-in electric vehicles into
power grids: a comprehensive review on power interaction mode, scheduling methodology and mathematical
foundation // Renewable and Sustainable Energy Reviews. 2019. Vol. 112. P. 424-439.

10. AHapoHoB H.B., MenbHMKOB B.H., CTpekanoB A.B. OLugHKa NporHO3UPYyHOLLIMX CNIOCOOHOCTEN MHOFOCAOMHOIO Nep-
CenTpoHa C PasAMUHbIMU GYHKLMAMU aKTMUBaLUMK U aAropuTMamMu obydeHus // Teonorus, reodusnka 1 paspaboTka
HEeO)TAHbIX M ra30Bbix MecTopoxaeHui. 2015. Ne 9. C. 18-20. EDN: UIKRNB.

11. Benbii B.B., KyHuupiH P.A. OueHka cnocoboB CHUXEHMA MOTEPb HAMPSXEHUSI B CUCTEMAX CEAbCKOIO 3AEKTPO-
CHabXxeHust // BeCcTHUK AATAMCKOro rocyAapCTBEHHOIO arpapHoro yHusepcuteta. 2023. Ne 4. C. 107-113. https://
doi.org/10.53083/1996-4277-2023-222-4-107-113. EDN: TBGICK.

12. BburyH A.fl. AHaAM3 HeCTaLMOHAPHbIX TEMAOBbIX PEXUMOB BO3AYLLHbIX AMHWUI SAEKTPONEpPeAaUMN C YUETOM HEAW-
HEMHOCTM NPOLIECCOB TENAOOOMEHA Y KAMMATUUECKUX GaKTOPOB // OMCKUI HayuHbIM BeCTHMK. 2018. Ne 1. C. 40-44.
https://doi.org/10.25206/1813-8225-2018-157-40-44. EDN: YSCCXT.

13. buryH A.f., Bnapumunpos A.B. Harpes 1 oxnaxaAeHUE M30AMPOBAHHbIX MPOBOAOB BO3AYLLHbIX AMHWUIA 3AEKTPONe-
peaaun nNpuv Bapuvaumm HanpaBAaeHust BeTpa // BecTHuk KOropckoro rocypapcTBeHHOro yHusepcuteta. 2023. Ne 3.
P. 107-116. https://doi.org/10.18822/byusu202303107-116. EDN: FKPBSG.

14. buryH A.A., Cupopos O.A., Ocunos A.C., TnpwwmH C.C., ToptoHoB B.H., lMeTpoBa E.B. BAMAHWE PEXUMHBIX U KAU-
MaTuyecKknx GakTopoB Ha MOTEPU 3HEPTUKU MPU HECTaLMOHAPHbIX TEMAOBbLIX PEXUMaX AMHWK 3AeKTponepepauun //
AvHaMKKa cucTemM, MexaHM3MoB 1 MalwmH. 2017. T. 5. Ne 3. C. 8-17. https://doi.org/10.25206/2310-9793-2017-
5-3-08-17. EDN: ZTSRLJ.

15. bybeHumnkoB A.A., bybeHunkoa T.B. AHaAU3 yueTa HEOAHOPOAHOCTU TOKOBEAYLLMX XUA CAMOHECYLLIMX M30AUPO-
BaHHbIX NPOBOAOB // BecTHuK KOropckoro rocyaapctBeHHoro yHusepcuteta. 2023. Ne 4. C. 153-160. https://doi.
org/10.18822/byusu202304153-160. EDN: BFLWWO.

16. TanctaH PA., UbiryaeB H.W., AHTOHOB M.A., TkaueHKo A.C. MoBbILLeHNE 3GGEKTUBHOCTU Nepesaun SAEKTPOIHEP-
TMK B SAEKTPUUYECKON CETU NYTEM T’MOKOIo PErYAMPOBAHUSA PEAaKTUBHON MOLLHOCTH // JHeprocbepexeHne U BOAOMOA-
rotoBka. 2022. Ne 5, C. 51-55. EDN: JFQMQF.

17. Aen A.B., ToptoHoB B.H., TpwuH C.C., BybeHunkos A.A., MeTpos A.C., MNeTpoBa E.B. [1 Ap.]. MOBbILLIEHWE TOUHO-
CTW pacyeTa TEXHOAOTMUYECKUX NOTEPb INEKTPUUECKON 3HEPTMKU B B/ Ha OCHOBE yuyeTa PEXMMHbIX U KAMMaATUUYECKUX
dakTopoB // OMCKMI HayuHbl BeCTHMK. 2010. Ne 1. C. 114-119. EDN: QBNDMT.

18. WUrHateHko W.B., BanaceHko C.A., MNyxoBa A.U., TpankuH E.FO., Kagakya A.A., BapbirnHa A.O. AATOPUTM KOHTPOAS TO-
koB B AJI1 B 3apaHHbIX 3KCNAyaTaUMOHHbIX YCAOBUSX // QHeprus eanHom cetn. 2021. Ne 3. C. 44-53. EDN: OTPUHZ.
19. Aatbinos W.C., Cywkos B.B., Xmapa IA., NMapwykoB A.H., XamutoB P.H. YBeAnueHne nponyckHow cnocob-
HOCTU 3AEKTPUUECKOW CETU M MOBbILEHWE 3HEPTO3OPEKTUBHOCTU AENCTBYIOLLEN IAEKTPOIHEPTETUUECKON CU-
CTeMbl HePTEra3onpoOMbICAOBLIX NOTpebutenen // U3Bectus TOMCKOro NOAUTEXHUYECKOTO YHMBepcUTeTa. MHXHK-
HUPWHT reopecypcoB. 2022. T. 333. Ne 4. C. 236-247. https://doi.org/10.18799/24131830/2022/4/3497.
EDN: EVHKHG.

20. ®urypHos E.M., XapueBH1KoB B.U. OnbiTbl N0 HAarpeBy HEM30AMPOBAHHbIX MPOBOAOB BO3AYLUHbIX AMHUK // INEK-
Tpuyeckue ctaHumm. 2016. Ne 11. C. 41-47. EDN: XALDST.

https://ipolytech.elpub.ru 459




m I 2024.T. 28. Ne 3. C. 453-461 ISSN 2782-4004 (print)
IPOI ECh Journal 2024;28(3):453-461 ISSN 2782-6341 (online)

References

1. Alassi A., Banales S., Ellabban 0., Adam G., Maclver C. HVDC transmission: technology review, market trends
and future outlook. Renewable and Sustainable Energy Reviews. 2019;112:530-554. https://doi.org/10.1016/j.
rser.2019.04.062.

2. Arcia-Garibaldi G., Cruz-Romero P., Gomez-Exposito A. Future power transmission: visions, technologies
and challenges. Renewable and Sustainable Energy Reviews. 2018;94:285-301. https://doi.org/10.1016/j.
rser.2018.06.004.

3. Bedialauneta M.T., Fernandez E., Albizu |., Mazon A.J., Valverde V., Buigues G. Pilot installation for the monitoring
of the tension-temperature curve of a distribution overhead line. In: IEEE International Energy Conference and
Exhibition. 9-12 September 2012, Florence. Florence: IEEE; 2012, p. 305-314. https://doi.org/10.1109/
EnergyCon.2012.6347772.

4. Beryozkina S. Evaluation study of potential use of advanced conductors in transmission line projects. Energies.
2019;12(5):822. https://doi.org/10.3390/en12050822.

5. Capelli F.,, Riba J.-R., Gonzalez D. Thermal behavior of energy-efficient substation connectors // 10th International
Conference on Compatibility, Power Electronics and Power Engineering. 29 June 2016 - 1 July 2016, Bydgoszcz.
Bydgoszcz: IEEE; 2016, p. 104-109. https://doi.org/10.1109/CPE.2016.7544167.

6. Capelli F., Riba J.-R., Sanllehi J. Finite element analysis to predict temperature rise tests in high capacity substation
connectors. IET Generation, Transmission & Distribution. 2017;11(9):2283-2291. https://doi.org/10.1049/iet-
£td.2016.1717.

7. Rashmi, Shivashankar G.S., Poornima. Overview of different overhead transmission line conductors. Materials
Today: Proceedings Journal. 2017;4(10):11318-11324. https://doi.org/10.1016/j.matpr.2017.09.057.

8. SitumorangYo.A., Zhao Zhongkai, Yoshida A., Abudula A., Guan Guoging. Small-scale biomass gasification systems
for power generation (<200 kW class): a review. Renewable and Sustainable Energy Reviews. 2020;117:109486.
https://doi.org/10.1016/j.rser.2019.109486.

9. Zheng Yanchong, Niu Songyan, Shang Yitong, Shao Ziyun, Jian Linni. Integrating plug-in electric vehicles into
power grids: a comprehensive review on power interaction mode, scheduling methodology and mathematical
foundation. Renewable and Sustainable Energy Reviews. 2019;112:424-439.

10. Andronov Yu.V., Melnikov V.N., Strekalov A.V. Assessment of predicting capacities of multi-layer perceptron
with various functions of activation and training algorithms. Geologiya, geofizika i razrabotka neftyanyh i gazovyh
mestorozhdenij. 2015;9:18-20. (In Russ.). EDN: UIKRNB.

11. Beliy V.B., Kunitsyn R.A. Evaluation of ways to reduce voltage losses in rural power supply systems. Bulletin
of Altai State Agricultural University. 2023;4:107-113. (In Russ.). https://doi.org/10.53083/1996-4277-2023-222-
4-107-113. EDN: TBGICK.

12. Bigun A.Ya. The analysis of non-stationary thermal modes of overhead power lines with the non-linearity
of heat transfer processes and climatic factors. Omsk Scientific Bulletin. 2018;1:40-44. (In Russ.). https://doi.
org/10.25206/1813-8225-2018-157-40-44. EDN: YSCCXT.

13. Bigun A.Ya., Vladimirov L.V. Heating and cooling of insulated wires of overhead power lines with variations
in wind direction. Yugra State University Bulletin. 2023;3:107-116. (In Russ.). https://doi.org/10.18822/
byusu202303107-116. EDN: FKPBSG.

14. Bigun A.Ya., Sidorov O.A., Osipov D.S., Girshin S.S., Goryunov V.N., Petrova E.V. Influence of regime
and climatic factors on energy losses under non-stationary thermal conditions of power lines. Dinamika sistem,
mekhanizmov i mashin. 2017;5(3):8-17. (In Russ.). https://doi.org/10.25206/2310-9793-2017-5-3-08-17.
EDN: ZTSRLJ.

15. Bubenchikov A.A., Bubenchikova T.V. Analysis of the insulated self-supporting conductor obstacle. Yugra
State University Bulletin. 2023;4:153-160. (In Russ.). https://doi.org/10.18822/byusu202304153-160. EDN:
BFLWWO.

16. Galstyan R.A., Tsygulev N.l., Antonov M.A., Tkachenko A.S. Increasing the efficiency of electricity transmission in
the electrical network by flexible regulation of reactive power. Energosberezhenie i vodopodgotovka. 2022;5:51-55.
(In Russ.). EDN: JFQMQF.

17. Ded A.V., Goryunov V.N., Girshin S.S., Bubenchikov A.A., Petrov A.S., Petrova E.V., et al. Improving calculation
accuracy of electric energy technological losses in overhead lines based on regime and climatic factors. Omsk
Scientific Bulletin. 2010;1:114-119. (In Russ.). EDN: QBNDMT.

18. Ignatenko 1.V., Vlasenko S.A., Puhova A.l., Tryapkin E.Yu., Kazakul A.A., Varygina A.O. Algorithm for power
line currents monitoring under specified operating conditions. Energy of Unified Grid. 2021;3:44-53. (In Russ.).
EDN: OTPUHZ.

19. Latypov LS., Sushkov V.V., Khmara G.A., Parshukov A.N., Khamitov R.N. The electric grid capacity increasing and
the energy efficiency improving for the existing oil and gas consumers’ electric power system. Tomsk Polytechnic
University. Geo Assets Engineering. 2022;333(4):236-247. (In Russ.). https://doi.org/10.18799/24131830/2022
/4/3497. EDN: EVHKHG.

20. Figurnov E.P., Kharchevnikov V.I. Experiments on heating uninsulated wires of overhead transmission lines.
Power Technology and Engineering. 2016;11:41-47. EDN: XALDST. (In Russ.).

460 https://ipolytech.elpub.ru




Kenembert A.A., buryH A.fl. [TprMeHeHUe HelpoCeTeBOM MOAEAU AAS TPOrHO3UPOBAHMUSI TeMePaTypbl U30AUPOBAHHbIX...
Kelembet A.A., Bigun A.Ya. A neural network model for predicting the temperature of insulated overhead lines

WHOOPMALUA OB ABTOPAX INFORMATION ABOUT THE AUTHORS
Kenembet AnekcaHApP AAeKCaHAPOBUY, Aleksandr A. Kelembet,
ACMNUpPaHT, Postgraduate Student,
OMCKMI rocyA@pPCTBEHHbIN TEXHUYECKWUIA YHUBEPCUTET, Omsk State Technical University,
644050, r. Omck, np. Mupa, 11, Poccus 11 Mira pr., Omsk 644050, Russia
>4 alexandr.kelembet@gmail.com ™ alexandr.kelembet@gmail.com
https://orcid.org/0009-0002-3880-7531 https://orcid.org/0009-0002-3880-7531
buryH AnekcaHap fipochnaBoBUY, Aleksandr Ya. Bigun,
K.T.H., Cand. Sci. (Eng.),
AOLEHT KadeApbl PAANOINEKTPOHUKH Associate Professor of the Department of
N OAEKTPOIHEPTETUKH, Radio Electronics and Electrical Power Engineering,
CypryTCKuni roCyAapPCTBEHHbIN YHUBEPCHUTET, Surgut State University,
628403, r. CypryT, np. AeHuHa, 1, Poccus 1 Lenin pr., Surgut 628403, Russia
bigun_aya@surgu.ru bigun_aya@surgu.ru
https://orcid.org/0000-0002-6004-0974 https://orcid.org/0000-0002-6004-0974
3aABAeHHbIM BKAAA aBTOPOB Authors’ contribution

Bce aBTOpbl CAEAAAW IKBMBAAEHTHbI BKAAA B MOAFOTOB- The authors contributed equally to the article.
Ky NybGAMKaLMUK.

KoH)AUKT UHTepecoB Conflict of interests
ABTOPbI 3aABASAIKOT 06 OTCYTCTBMM KOHGAMKTA MHTEPECOB. The authors declare no conflict of interests.

Bce aBTOpbl MpoYUTart M OAOBPHAM OKOHYATEAbHbIMN The final manuscript has been read and approved by all
BapHaHT PyKOMUCH. the co-authors.

UHdopmauus o cTatbe Information about the article
Cratbsl noctynuaa B pepakumto 18.06.2024 r.; opobpe- The article was submitted 18.06.2024; approved

Ha nocae peueHanpoBaHus 02.09.2024 r.; npuHaTa K after reviewing 02.09.2024; accepted for publication
ny6ankauumn 07.09.2024 r. 07.09.2024.

https://ipolytech.elpub.ru 461




2024.T. 28. Ne 3. C. 462-474 ISSN 2782-4004 (print)
iPolytech Journal

2024;28(3):462-474 ISSN 2782-6341 (online)
OHEPTETUKA
HayuHas cTaTbA |@ )
YAK 621.315.1:621.3.051

EDN: HKKXBE
DOI: 10.21285/1814-3520-2024-3-462-474

MeTtoauka Bbl60pa ONTUMAAbHbIX MapPKHU U CE4YEeHUA NpoBoAa
Ha OCHOBE UHTErpupoBaHHONro TEXHUKO-3KOHOMMUYECKOro Kputepua

H.B. CaBuHa?, A.0. BapbiruHa®~
L2AMypCKmit rocyaapCTBEHHbIN yHUBEPCUTET, baaroBellieHeK, Poccusi

Pe3rome. Llenb - pa3paboTka HOBOM METOAMKM COBOKYMHOIO Bbibopa ONTMMAaAbHbLIX MapKku 1 CEYEHUsI MPOBOAA
BO3AYLUHbIX AMHWI 3AEKTpONepeAaur HanpsxxeHnem Bbilwe 1 KB B yCAOBUSIX MHTEHCUMBHOIO Pa3BUTUA IAEKTPOCETEBO-
ro kKomnaekca. Pabota ocHoBaHa Ha AByX aBTOPCKMX METOAAX: METOAE Bbibopa ONTMMaAbHOM MapKK MPOBOAA, pa3pa-
60TaHHOro Ha 6ase MeToAa aHaAM3a Uepapxuin, U MeToAe Bbibopa ONTUMAAbHOIO CEYEHMSA NPOBOAA NyTEM ONTUMU3a-
LMW YAEABHbIX AUCKOHTMPOBAHHbIX 3aTpaT Ha MPOTSXXEHMU BCEro Nepuoaa CTPOUTEABCTBA M SKCNAyaTaLMK BO3AYLLHOM
AMHUK aAeKTponepepayn. OTAMUUTEAbHBIMI OCOBEHHOCTAMM NMPEANOXKEHHON aBTOPaMMW HOBOW METOAMKMU SIBASIOTCS
WHTErpauusi METOAOB Bbibopa ONTUMaAbHbIX MapKW Y CEUEHUSI B EAMHYIO METOAMKY M peann3aLmsa NpoBEPOK NPOBOAA
AO NMPOBEAEHWA TEXHUKO-9KOHOMUYECKMX PACUYETOB, Tak Kak OHU YXXe YYTEHbI NPK BbIBOpEe MapKu NPOBOAA W BHYTPH
MeToAa Bblbopa ceveHus. Anpobaumns npeAroKeHHOM METOAMKM MPOBEAEHA Ha XapPaKTEPHOM MPUMeEpPE PEKOHCTPYK-
LMK BO3AYLLIHOM AMHMKM 110 KB 3anaapHan - AaBblAOBKa, KOTOpasi CO3AAET OrpaHUUEeHUst B SAEKTPOCHabxeHun Mpu-
MOPCKOro Kpasl U3-3a HEAOCTATOUYHOM MPOMYCKHOM CMOCOOHOCTM NPOBOAA U 3KCNAyaTaLUUK ero CBblle HOPMaTUBHO-
ro Cpoka. B kauectBe pelleHus AN paccMmaTtpuBaemMoro npumepa BblbpaH nposop CEHUAEK AT3/C 150/24. Ero
NPUMEHEHWE MO3BOASIET HE TOABKO YBEAMYUTb MPOMYCKHYIO CMOCOBHOCTb BO3AYLIHOM AMHUKM Ha 151% 6e3 3ameHbl
CYLLIECTBYIOLLMX OMOP, HO U CHWU3UTb NOTEPU aKTUBHOM MOLLIHOCTU B IAEKTPUUYECKOW CETW Ha 18,9%, a peakTMBHOM
MOLLIHOCTU — Ha 2,5%. MpearoXeHHas MeToAnka obecrnieunBaeT BbIOOP ONTUMAaAbHbIX MApPKM U CEUYEHUS MPOBOAA
AOBOM KOHCTPYKLMK C YUETOM AMHAMMWUYHO MEHSIOLLIMXCA YCAOBUIA GYHKLUMOHUPOBAHKSA IAEKTPOCETEBOIO KOMMAEKCA.
HaiaeHHble N0 HOBOW METOAMKE peLLEHUS NPWU AAAbHENLLIEN SKCNIAYyaTaLMK AMHUIA MO3BOAAIOT NOAYYaTb ONTUMAaAbHbIE
YCAOBUSI UX GYHKLMOHUPOBAHMA Y AOMOAHUTEABHbIE 3 GEKTDI: CYLLLECTBEHHOE MOBbILIEHWE NPONYCKHOM CNOCOBHOCTH
AMHWUW SAEKTPONEPEAAUU, CHUKEHME KOAMYECTBA MCMOAB3YEMBbIX OMOP UAWM PEAAU3ALMIO 3aMEHbI NPOBOAA AUHWUK 6e3
3aMeHbl 0Mop, YMEHbLUEHME FOAOAEA006Pa30BaHMA Ha MPOBOAAX, CHUXXEHWE NOTEPb SAEKTPOSHEPTUN.

KaroueBble cAoBa: BO3AYLLHAA AMHUS SAEKTPONEpeAaun, Mapka NpoBOAa, MPOBOA HOBOIO MOKOAEHUSA, CEYEHUE
NpPoOBOAA, KPUTEPUI, KOHCTPYKLIMS, MPOEKTUPOBAHUE

Ans uutupoBanms: CaBuHa H.B., BapbirnHa A.O. MeToarKka Bbibopa onTUMaAbHbIX MapK1 U CEYEHKUA NPOBOAA Ha
OCHOBE MHTErPUPOBAHHOIO TEXHUKO-9KOHOMMYECKOro Kputepus // iPolytech Journal. 2024. T. 28. Ne 3. C. 462-474.
https://doi.org/10.21285/1814-3520-2024-3-462-474. EDN: HKKXBE.
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Methodology for selecting optimal wire grade and cross-section
based on an integrated technical and economic criterion

Natalia V. Savina?, Aleksandra 0. Varygina®~
1L2Amur State University, Blagoveshchensk, Russia

Abstract. The aim was to develop a methodology for selecting an optimal wire grade and cross-section for
overhead power lines with a voltage of above 1 kV under intensive development of power grid systems. This aim
was solved using the authors’ previously developed methods: selection of an optimal wire grade based on hierarchy
analysis and selection of an optimal wire cross-section by optimizing the specific discounted costs during the entire
period of construction and operation of overhead power lines. In the present study, these methods are integrated
into a single methodology. It is proposed to implement wire inspections prior to the stage of technical and economic
calculations, since the necessary data has already been taken into account during the selection of a wire grade and
its cross-section. The proposed methodology was tested on a typical example of reconstruction of the Zapadnaya-
Davydovka 110 kV overhead line, which creates limitations in the power supply of Primorsky Krai due to insufficient
wire capacity and its operation beyond the normative period. SENILEK AT3/C 150/24 wire was selected as a solution
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for the example under consideration. The application of this wire grade allows not only the overhead line capacity
to be increased by 151% without replacing the existing supports, but also active and reactive power losses in the
electric network to be reduced by 18.9 and 2.5%, respectively. The proposed methodology enables selection of an
optimal grade and cross-section of any wire design, taking the dynamically changing operational conditions of power
grid systems into account. The solutions found by the proposed methodology may contribute to a more efficient
operation of power lines due to increasing their transmission capacity, reducing the number of used supports,
replacing the line wire without replacing supports, decreasing ice formation on wires, and reducing power losses.

Keywords: overhead power line, wire brand, new generation wire, wire cross-section area, criterion, construction,

design

For citation: Savina N.V., Varygina A.O. Methodology for selecting optimal wire grade and cross-section based
on an integrated technical and economic criterion. iPolytech Journal. 2024;28(3):462-474. (In Russ.). https://doi.
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BBEAEHUE

B HacTtoswee BpemA MpOeKTMpoBaHWE
9AEKTPOCETEBbLIX 0ObLEKTOB OCYLLECTBASIETCA B
YCAOBUSIX BHEAPEHUSI TEXHOAOTUMA WMHAYCTPUK
4.0 B 3NEKTPOCETEBOM KOMMAEKC [1] cyule-
CTBEHHOrO U cTabUAbHOro pocta notpebaeHus
9NEKTPO3HEPIMN BO BCEM MWUPE, BHUMAHUA K
NOBbILWEHND 3OPEKTUBHOCTU €ro GYHKLMNOHMU-
poBaHUA [2], @ TakKXe TEXHUYECKUX U SKOHOMMU-
YyecKux TpeboBaHWN K NPUHMMAEMbIM pelle-
HUsaM [3, 4]. Bce 310 cnocobCcTBYET NOABAEHMIO
Ha PbIHKE 3AEKTPOTEXHMUECKOTO 060pyAOBa-
HUA GOABLUOIO Pa3HO0bpPa3nUs HOBbIX TEXHUYE-
CKMX PELUEHUA AASI COOPYXEHMS BO3AYLLHbIX
AMHUI (BA). KOHCTPYKTMBHOE MCNOAHEHWE BA
NOABEPraeTca CyLWECTBEHHbIM W3MEHEHUSIM,
N0 CPaBHEHUIO C TPAAULIMOHHbIM, NPaKTUYECKH
no BCeM aAeMeHTaM [5-7]: onopam, NpoBO-
AaM, CPEACTBaM rpo303allmTbl, U3OAUPYIOLLEN
NOABECKeE.

Cpean NPOBOAHWMKOBOW NPOAYKLWU BbIAEAK-
AOCb BOAbLLOE KOAMYECTBO HOBbIX MapOK Npo-
BOAOB, KOTOPbIE 3a CYET UBMEHEHUA KOHCTPYK-
LMK MPOBOAA U MCNOAB3YEMbIX MaTepmUanoB no-
3BOASIOT HE TOABKO YAYYLLUTb XapaKTEPUCTUKK
nNpoBoAa (Hanpumep, NOBbILLIEHWE NPONYCKHOM
CNOCOBHOCTH, YAYULLEHUE MEXaHUUYECKOW MPOoY-
HOCTU), HO U NOAYUYUTb AOMOAHUTEABHbIE MOAO-
XUTEAbHbIE 3ODEKTbI OT UX NMPUMEHEHUS (Ha-
npUMep, CHUXEHME rOAOAeA000pPa30BaHMA Ha
NPOBOAAX) M CYLLECTBEHHbIE 3KOHOMMUYECKUE
Bbiropbl [8, 9]. Takue npoBopa 0606LIEHHO
CTaAu HasblBaTb NPOBOAAMW HOBOTO MOKOAE-
Hus (MHI) [10]. B 3apybexHon autepatype AAA
0603HaYeHnA AaHHOro BMAA@ NMPOBOAOB BCTpE-
YyalTCH CAEAYHOLLME TEPMUHbI: «energy-saving
conductors» (aHeprocbeperatolime MNpPoBOAA)
[11], «high temperature conductors» (BblCO-
KoTemnepartypHble npoBoaa) [12] uam «High
Temperature Low Sag conductors - HTLS
conductors» (BblCOKOTEMMEPATYPHbIE MPOBO-
Aa C MaAbiM npoBucaHuem) [13], «advanced

conductors» (yaydlleHHble npoBoaa) [14, 15].
CnepoBaTEABHO, NAapaMEeTPbl AMHUI IAEKTPONE-
peaaun (AJl) npetepneBatOT CyLLECTBEHHbIE
M3MEHEHUS, KOTOPble AOAXHbI ObiTb Y4YTEHbI
NP1 NPOEKTUPOBAHUMN.

YuntbiBas, 4UTO MPOEKTbl PEKOHCTPYKLMK,
MOAEPHM3aLMKN, TEXHUUYECKOro MepeBOoopy-
XEHUA U HOBOIO CTPOUTEALCTBA B IAEKTPO-
CEeTEBOM KOMMAEKCE PEaAU3yloTCs B pamMKax
WHBECTULMOHHbBIX MPOrpamMm 3AEKTPOCETEBbIX
KOMMNaHWW, TO peLLleHne 3apaun Bbibopa onTu-
MaAbHbIX MapKM U CEYEHMS NPOBOAA AOAXHO
paccmaTpuBaTbCs B KOHTEKCTE WMHBECTULIMOH-
HOro0 nAaHMpoOBaHUA. Kak CAEACTBUE, CAOX-
HOCTb U TpeboBaHUA K nNpoekTupoBaHuto AN
MHOIFOKPaTHO BO3pacTatoT.

[MOCKOAbKY CeuyeHWe MNPOBOAA ONMPEAEAsIET
OCHOBHblE  TEXHUKO-OKOHOMMUYECKUE  Xapak-
TEPUCTUKN BA, TO NMOUCKY ero OonTMMaAbHOro
3HAYEHUA OTBOAUTCS KAOUEBaAsi POAb. AKTyaAb-
HOCTb 3TOM 3aAa4M CTAHOBUTCA OCTPEE C MosAB-
AEHUEM HOBbIX MapOK MPOBOAOB, PACLUMPEHU-
€M AMHENKN BO3MOXHbIX 3HAUEHUI CEYEHUN U
Pa3BUTUEM PbIHOYHbIX OTHOLUEHUW B 3AEKTPO-
aHepretuke. Npumepamn HOBbIX MapoOK Mnpo-
BOAOB MOTYT CAYXWTb BbICOKOTEMMNEPATYPHbIN
NnPoOBOA M3 aAtOMUHMEBOro crnaasa Al-Zr co
CTaAbHbIM cepaeuYHMKOM Mapku ACT, npoBoA
NOBbILLEHHOW Harpy3o4YHOW CNoCOOBHOCTU Ma-
pok CEHUAEK AT3/C n AT3I1/C, BbICOKONPOU-
HbIM npoBoa ACBIT.

B 10 Xe Bpemss HEOAHOKPATHO B TEXHWUYE-
CKOW AUTEpPATYpe YNOMUHAETCS, UTO CYLLECTBY-
fowme TpaAMLMOHHbIE METOAbLI BblbOpa ceue-
HMS NPOBOAA (METOA 3KOHOMWMYECKOW MAOT-
HOCTU TOKa, METOA 3KOHOMMUYECKMX TOKOBbIX
WHTEPBAAOB) MMEKT MHOXECTBO HEAOCTATKOB
[16, 17] N He y4ynTbIBaOT COBPEMEHHbIE YCAO-
BUA OYHKUMOHUPOBAHUS 3AEKTPO3IHEpreTnye-
CKMX CUCTEM, a K BblIOOpPY CeyeHuit NPOBOAOB
HOBOIO MOKOAEHUSI U BOBCE HE MPUMEHWUMBbI.
K TOMy Xe B HacToslllee BpeMSA HE CYLLECTBY-
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€T METOAMK COBOKYMHOro Bbl6opa ONTUMAaAb-
HbIX MApKU U cevyeHua nposoaa BA, uto noa-
TBEPXAAET HEOOXOAMMOCTb ee pa3paboTkh U
AKTYaAbHOCTb TEMbl UCCAEAOBAHMA.

UEAb UCCNEAOBAHUA

LleAnbto  nccaepoBaHMA  SIBASIETCA  paspa-
60TKa HOBOM METOAMKM COBOKYMHOroO Bbibopa
MapK1 M CEYEHUN NMPOBOAA BO3AYLLHbIX AUHUI
3NEKTpOnepeAayn HanpsxxeHnem Bble 1 KB,
obecneumBatoLen ONTMMaAbHbIE YCAOBUS IKC-
nayataumMm BA npu BbINOAHEHWU BCEX MOCTaB-
AEHHbIX TpeboBaHWM Ha GOHE WHTEHCUMBHOIO
pa3BUTUA INEKTPOCETEBOIO KOMIMAEKCA U MOA-
TBEPXAEHUE KOPPEKTHOCTU U LEeAeco0bpasHo-
CTU €€ MPUMEHEHUA HA KOHKPETHOM MNpUMeEpPE.

METOAUKA COBOKYMHOI0o BbiIBOPA
ONTUMANDbHbIX MAPKU U CEMEHUA
NPOBOAA

Bbi60p ONTMMaAbHbIX MAapKK M CEYEHMS NPO-
BOA@ SIBASIETCSI CAOXHOM MHOMOKpUTEPUAABHOM
3apayert Npyv BOAbLLOM KOAMYECTBE BO3MOXHbIX
aAbTEPHATMBHbBIX BapuvaHTOB pelueHns. OHKM dop-
MUPYIOTCA HE TOAbKO TPAAMLIMOHHBIMK MapkKamu
N CEYEHUAMMU NPOBOAOB BO3AYLLHBIX AUHUIN 3AEK-
Tponepeaayr, HO M HOBbIMW MapkamMu NPOBOAOB,
Pa3AMYHBIMW BapUaHTaMm UX UCMOAHEHWS, U KX
(B HEKOTOPbLIX CAyYasX) U3MEHEHHBLIMWU pPAAAMM
CeYeHu. XapaKTepUCTUKN U CTOMMOCTb MPOBOAOB
MOTyT BapbUpOBaTbCA HE TOABKO B 3aBUCMMOCTH
OT WMX KOHCTPYKTMBHbIX OCOOEHHOCTEM, HO WU OT
YCAOBUM TEXHUKO-KOMMEPUECKUX MPEANOKEHWIA
NOCTaBLUMKOB MPOBOAHWMKOBOW MPOAYKUMWU. AaH-
Hble 0OCTOATEALCTBA CBUAETEABCTBYHOT O TOM, UTO
BbIOOP MapKM U CeYeHUs1 NPOBOAA AOAKEH ObITb
B €AVHOM METOAMKE, NMPU 3TOM HEOBXOAMMO CHa-
yana BblbpaTb OMTUMaAbHYIO Mapky MpoBoAQ, a
3aTeM - ONTUMAAbLHOE ceyeHne. Takor MOAXOA CO-
KpaTWUT TPyAO3aTpaThl MOUCKa peLLeHus npu 6oAb-
LLIOV 0BAACTM €ro NoOMCKa M CHUMET MPOTUBOPEUMS],
BO3HMKaOLLIME MPU MX Pa3pAeAbHOM BbiBope, Kak
3T0 NPOMUCXOAUT B Hactosilee Bpems. lNpu atom
BbIOOP OMTMMAAbHOM MapKU MNPOBOAA AONKEH
ObITb OCHOBaH Ha CMCTEMHOM W MHOMOKpPUTEPU-
aAbHOM aHaAM3e Bblbopa aAbTepHaTVB, a Bbl6op
ONTUMAAbHOIO CEYEHUSI — HA OCHOBE WHTErPUPO-
BaHHOIO TEXHUKO-9KOHOMMUYECKOTO KPUTEPUS.

HoBass metopnka Bbibopa nNpoBoAa B CO-
BPEMEHHbIX  YCAOBUAX  OYHKLMOHMPOBAHUA
3NEKTPOCETEBOrO KOMMAEKCA AONKHA:

1) uHTerpuposatb B cebe BbIOOp Mapku u
CeYEHUsT MPOBOAA, KOTOPbIA MO3BOAUT cHOp-
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MWPOBATb OrPaHUUYEHHYHO 0OAACTb BO3MOXHbIX
peLleHni;

2) 6biTb NPUMEHUMA K MPOBOAAM AHOOOM
CYLLECTBYIOLLEN KOHCTPYKLIUW;

3) cooTBETCTBOBATbL BCEM BO3MOXHbIM BU-
AAM MPOEKTOB, peaAn3yeMbliM B INEKTPOCETE-
BOM KOMIMAEKCE M CBSI3aHHbLIM C MPOEKTUPOBA-
HMem BA HanpsixeHnem Bbile 1 KB;

4) 6a3npoBaTbCA HA COBPEMEHHOM TEXHW-
KO-3KOHOMUWYECKOM KPUTEPUM, NOIBOAAHOLLIEM
YyUuTbiBaTb OCOOEHHOCTM MpPOEKTa (YyCAOBUSA
TpaccChbl, KOHCTPYKTUBHbIE 0COBEHHOCTU BA) M
9KOHOMMWYECKME YCAOBUA Er0 pearnsaumu;

5) obecneunBatb AErkO WHTEPNpPETUpPYE-
MbIA pe3yAbTaT, KOTOPbIM MO3BOASIET MOAyYaTb
ONTMMAAbHbIE YCAOBUSI 3KCMNAyaTaLMKU MPOEK-
TMPYyemMoro obbekTa Npu BbINOAHEHWUM BCEX NO-
CTaBAEHHbIX TPeb0BaHUN.

B npeanOXeHHOM MeToaAuKe Bbibopa npo-
BOAA NMpeAAaraeTcsl UHTerpauua Bbibopa on-
TUMaAbHbIX MApPKKU U CEYEHUSI B EAMHbIN aAro-
pUTM. B Hei BbIBOp ONTUMAAbHOM MapKK Npo-
BOAA@ MOCTPOEH Ha Haubonee BOCTpebOBaH-
HOM B MHBECTULIMOHHO-CTPOUTEABHOMN AEATEND-
HOCTM METOAE aHaAM3a Uepapxuit. ATOT METOA
ABASIETCA aBTOPCKUM, a CyTb €ro peaAnsaumm
3aKAKOYaeTcs B NONapHOM CPpaBHEHUWU anbTep-
HaATMBHbIX BAPUAHTOB MHOXECTBA MapoK Npo-
BOAOB [ AASl KAXAOTO OTAEABHOIO U3 OMNpeAe-
AEHHbIX MO LEeASIM NMPOEKTa MHOXECTBa Kpw-
TepueB K C MCMNOAb30BaHWEM LIKaAbl CpaB-
HUTEABHOW BaXXHOCTW NpPU Habope BHELIHUX
YCAOBUIA, NpeAcTaBAAeMbIXx MHOXecTsoM J .
Mo pesyabTataM oOLEHOK coctaBasdloTca K
NPSAMOYTOAbHbIX MATPULL, TAE€ SAEMEHT MaTpu-
Lbl, CTOSILLMMA HA MEPECEUYEHUUN i- CTPOKU WU
j-ro ctonbua, NpeAcTaBASiET COOOM UNCAEHHYHO
OLIEHKY i-W aAbTEPHATMBbLI MapKK NpoBoAa Mo
KpUTEPUIO K Npu peanmsaumn Habopa BHeL-
HUX YCAOBUI C HOMEPOM j.

AAsi Bbibopa Mapkm nNpoBOAa BBOAWTCA
MHOFOKpUTEPUAAbHAA QYHKLMS MOAE3HOCTH,
NoA KOTOPOW MOHMMAETCA UncAoBas GYHKLMS,
onpeAeneHHas Ha MHOXECTBE BO3MOXHbIX aAb-
TEPHATUBHbIX BAPUAHTOB M UMEIOLLIAS CAEAYHO-
LWMHA BUA;

u; :f(ul(x;.),uz(x;),...,uk(x;;),il,/lz,...,/lk), (1)

rae uk(xl.l;)— OAHOMEPHBIE DYHKLIMM AAS Kadk-
AOTO  KPUTEPUS, aHaAUTUUECKOe MNpeACTaBAe-
HME KOTOPbIX MOKA HEU3BECTHO, e k=1,K,
i=1,_1’ j=1J A, - BECOBbIE KOIPDULIMEHTBI.
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Ta MapKka NpoBOAA, YACAEHHAS OLIEHKA Mo-
AE3HOCTW KOTopoKr ByaeT HoAblle, U ByAeT AB-
AATbCSI NPEAMNOYTUTEABHOW, @, CAEAOBATEALHO,
ONTMMAAbHOM.

Torpa KpUTEPUIM ONTUMAABHOCTU AASI BblOO-
pa Mapkn NPoBOAA MPEACTABASIETCS B BUAE

u,; — max. (2)

AaHHbI aBTOPCKUI METOA B MOAHOM 0bbe-
M€e UCNOAb3YETCS B €EAUHOM METOAMKE BblbOpa
ONTUMaAbHOroO NpoBoaa. MoApPobHO OH npea-
ctaBAeH B [18], a NopsiAOK ero peaansauumu
npuMBeAeH Ha puc. 1.

3aTtemM AN BbIOpaHHOM ONTUMAaAbHOM MapKu
npoBoOAa BblbupaeTca ero ceveHne. B obuwem
CAyYyae TEXHUMKO-3KOHOMMUYeckoe 060CHOBaHME
(T30) CAYXUT OCHOBAHMEM AASI BbISBAEHUS €70
MHBECTULMOHHOM 3ddeKTUBHOCTU. Bbibop ce-
YeHUs NPOBOAOB TPAAMLMOHHOW KOHCTPYKLIMK
Nno® OCHOBbLIBAETCA HAa MWHUMYyME MPUBEAEH-
HbIX 3aTpaT. AaHHbIN KPUTEPUM HE YUUTbIBAET
M3MEHEHUS, MPOU3OLUEALLME B IAEKTPOCETE-

BOM KOMIMAEKCE, U HE OTBEYAET COBPEMEHHbBIM
TpeboBaHMaAM TA0 NPOEKTOB B OTPACAU. K TOMY
Xe B HacCTosILLEee BPEMSA NepeveHb KpUTepues
AA TO0 pacwmpuacs. B [19] Ha ocHoBe cu-
CTEMHOIO MOAXOA@ K MOCTPOEHWUIO TEXHUKO-3-
KOHOMWYECKOM MOAEAW MPOoBOAa W aHaAM3a
CyLLecTBYOLLMX MeTOAOB TAO NPOEKTHbIX pe-
LWEHNA aBTOpaMu pa3paboTaHa TEXHMKO-3KO-
HOMMWYECKass MOAEAb CEYEHUS MPOBOAA, Y4u-
TbiBatoLWasa TeNAOBYHO MOAEAb NpoBoAa [20] u
CAyYaKrHbIW XapaKTep n3aMeHeHusa Toka BA. 3ta
MOAEAb MO3BOASIET BbIOMpaTh ONTMMaAbHbIE
CeYEeHUss MPOBOAOB PA3AMUYHOM KOHCTPYKLMK
M Mapok. MNMpUHUMNUAABHBIM OTAUYUEM MpPEA-
AOXEHHOIO METOAMYECKOIO MOAXOAQ ABAAETCA
COBMECTHbIN y4yeT GU3UUYECKMX OCHOB NPOTEKA-
HUA TOKa MO NPOBOAY, KOHCTPYKUMK NPOBOAA,
CBOMCTB OKPYXaloLLLEN CPeAbl U 3KOHOMMUYE-
CKMX napameTpoB. TakoW MNOAXOA MO3BOASIET
NOAYUYMTb WHTEMPUPOBAHHbLIA  TEXHUKO-3KOHO-
MWYECKMIN KpUTEPUIM BbiBOpa NPOBOAA B BUAE
YAEAbHbIX AMCKOHTMpOBaHHbIX 3atpatr (YA3),
onpeAenieMblX Ha EAMHULY AAMHBI MPOBOAA:

OHpCI[eJ'IeHI/IC OCHOBHOM 11eJIH BBI60pa MapKu npoBoaa v 3alaHUC
OrpaHM4H BarOII X yCJ'IOBI/If/i

v

OmnpeziennieHUE OCHOBHBIX KPUTEPUEB 0TOOpA

v

[ToxroroBka ncxoHon wHpopMamuu o BJI

v

[TomapHoe cpaBHEHHE KpUTEpUEB 0TOOpa MEX Ty co00i

]

dopmHpoBaHUE AJIbTEPHATUBHBIX (B3aHMOUCKITFOYAIOIINX ) MAPOK
MPOBOJOB, OTBEYAIOIINX YCIOBHSAM COOCTaBUMOCTH

i}

CpaBHEeHME aJIbTEPHATUBHBIX MapOK MPOBOJIAa MEXKTY COOOM 110
KaXJIOMY M3 KPUTEPHEB

OmnpeneneHre Beca KakI01 aJib TePHATUBHOM MapKH ITPOBOJIA

v

IIpoBepka cOrIacOBaHHOCTH MOIYYEHHBIX OI[EHOK

Puc. 1. [Topsinok pearnsaLimm MeToaa Bbibopa OnTMMaAbHOM MapKu NPoBoAa
Fig. 1. Implementation procedure for the optimal wire brand selection method

SMpaBunAa ycTporcTBa IAEKTPOyCTaHoBOK (MYJ). 7-e uap. CM6.: AEAH, 2008. 704 c. Pexum poctyna: https://mwtct.ru/images/
stories/download/certificate/PUE_7.pdf. (Aata obpaluenus: 03.04.2024).
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r U
By = D K (14t + @ o) + Cyyy 3- 1(8)- R-T,- 10+ 8760- AP, +
t=0

rae 1T - nepuop aKcnayataumMM U CTPOUTEAb-
ctBa BA, KOAMUYECTBO AET; [ - KOHKPETHbIM
roap paccmaTpuBaemMoro nepuoaa; Kt— Ka-
nUTanbHble BAOXeEHUS, pyb.; &, - KO3IOPU-
LUMEHT aMOPTU3aLMUOHHBIX OTUYUCAEHWUN; X pryy
- KO3OOULMEHT (HOPMA) OTYUCAEHMK Ha pe-
MOHT, 3KcCnAyaTauuo u obcayxmBaHue NI,
C,, - YAeAbHasdA CTOMMOCTb MOTEPb SAEKTPO-
3HepFMM py6/KBT-u; I(t) - 3HayeHue TOKa,
npotekatowero no AMHuu, A; R - conpo—
TUBAEHUE €AMHULbBI AAMHBI AMHWUK, OM;
unmcnao paboumx yacos A 3a rop, u; Af)
- YA€AbHble MOTEPU MOLLHOCTM Ha KOpOHy
B npoBoaax BA, kBT; (J,- HOMWHanbHOE Ha-
NPAXEHWe AUHWK, KB; T~ cpeAHee 4ncAo
4acoB BAAXHOM MOrOAbI B roAy, 4; Ny - umc-
AO TUPASIHA Ha €AMHULY AAUHbI B/\, LIJT.,NLB
UMCAO MIOASITOPOB B TMPAAIHAE, LUT.; Rm - co-
NPOTUBAEHWE OAHOMO NMOABECHOIO M30ASITOPA
B rmpasHae, OMm; 7 - cTaBKa AMCKOHTUMPOBA-
HUS.

B3aB 3a OCHOBY WHTErpMPOBAHHbLIN TEX-
HUKO-3KOHOMWYECKUN KPUTEPUN MO dOPMYyAe
(3), aAropuTM MeToaa Bbibopa ONTUMAAbHOIO
ceyeHMss MOXHO MNPeACTaBUTb CAEAYHOLLMMM
aTanamu:

1) onpepeneHre psipa CeYEHUn ONTUMAAb-
HOM MapKW NPOBOAA AASI AAAbHENLLEN ONTUMMU-
3aLMn Ha OCHOBE LieAel Bbibopa 1 TPaAULMOH-
HbIX MPOBEPOK CEYEHUA MPOBOAA MO BbINOAHE-
HUIKO YCAOBUM MEXAHUYECKOM MPOYHOCTH, AAKU-
TEABHO AOMYCTMMOrO HarpeBa, OorpaHuyeHus
BO3AENCTBUSA KOPOHHOIO pa3psaa U paaMono-
MEX OT KOPOHbI, YTO MPUBOAMWT K CHATUIO NPOTH-
BOPEYUin, BOZHMKAIOLLMX NPU BbIOOPE MAPKU U
AAAbHENLIEeM BbIBOpe CeveHus Npu Ux OTAEAb-
HOM PaCCMOTPEHNU;

2) NOATOTOBKA UCXOAHbIX AQHHbIX AASI OMNTU-
MUW3aLNN CEYEHUS;

3) noctpoeHue 3aBucrmocten YA3 OT TOKa,
NPOTEKAIOLLErO N0 AUHUU, AAST CHOPMMUPOBAH-
HOro psiAa CevyeHui npoBoaa nNo ¢popmyae (1);

4) BbIOBOP ONTUMAABHOIO CEYEHUSA MPOBOAA
BbIOpaHHOM MapKu N0 MUHUMYMY YAS:

3, —>min, (4)
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2

Tmn.Neup —t
ot TN R a0 U

Takum 06pa3om, OTAUYUTEABHON OCOBEHHO-
CTblO MeToAa BblboOpa ONTUMAAbHOIO CEYEHUS
ABASIETCS peann3aumsa NpoBEPOK NPOBOAA AO
TEXHUKO-3KOHOMMWYECKMX PacUeToB, YTO NO3BO-
ASIET MOAYUYMTb OFPaHUYEHHbIA PAA CEUYEHMI
AN AAAbHENLLMX pacyeToB. 10 obecneunBaet
He TOAbKO YMpPOLLEHWE pacyeTa, HO U UCKAKOYE-
HWEe NOTEHUMAAbBHOIO MPOTUBOPEYUNS PE3YAbTA-
TOB MeToAa BblboOpa CEYEHUSI U MX NMPOBEPOK.
K BbIOOpY CEYEHUS AOMYCKAtOTCA TOAbKO Te
aAbTEpPHATUBHbIE BaPWaHTbl, KOTOPblE MOTEH-
LUMaAbHO COOTBETCTBYIOT BCEM YCTAHOBAEHHbIM
TpeboBaHUAM.

NHTerpaums paspaboTaHHbIX METOAOB Bbl-
6opa oNTMMaAbHOM MapKKM MPOBOAA WM OMTW-
MaAbHOIO CEYEHUSI NPOBOAA B EAMHYIO METO-
AMKY BblbOpa npoBOoAa MO3BOAMAA BMEPBbIE
OCYLLECTBUTb OOBEKTUBHbBIN CPABHUTEAbHbIN
aHaan3 B/ pa3AnUHbIX KOHCTPYKTUBHbIX UCMOA-
HEHUM MO UCXOAHOM MHPOPMALIMKN, aKTyaAbHOM
Ha paccmaTpuBaeMbli NEPUOA BPEMEHU U AAA
KOHKPETHOIO paroHa pasmMelleHusa BA.

0bAacTb NPUMEHEHMA HOBOW METOAMKM
He orpaHuuyMBaeTcsa TOAbkO BA HanpsxeHnem
Bbilwe 1 kKB, oHa MOXeT ObiTb MPUMEHEHA K
BO3AYLLUHOM 4YacTh KabeabHO-BO3AyLIHbIX NS,
KOTOpble CTaAM MOAyYaTb LUMPOKOE pacrnpo-
CTPaHeHWEe Kak peannsaumns BOCTPebOBaHHOM
TEXHOAOTUK INEKTponepeaaun ans TOK POA,

BbINMOAHEHHbBIE UICCAEAOBAHUA

Peannsaums 1 NOATBEPXAEHUE LIEEAECOO-
6pa3HOCTM U KOPPEKTHOCTU MPUMEHEHUA aB-
TOPCKOM METOAMKMU OCYLLLECTBAEHbI Ha peanb-
HOM [POEKTE PEKOHCTPYKLMMU OAHOLENHOM
BA 110 kB 3anapHasa - AaBblAOBKa, KOTOpas
ABASIETCA M3HOLWIEHHOW M CO3AAET OrpaHuye-
HUA B IAEKTPOCHABXEeHUU [TPUMOPCKOro Kpas.
AaHHbIN NPUMEP ABASIETCA XapaKTePHbIM, TaK
KakK HanpaBA€H Ha MOBbILLEHWE MPOMNYCKHOM
cnocobHoctn BA.

BA 110 kB 3anapHas - AaBblpOBKa BBe-
AEHa B aKcrnayataumio B 1968 r. Ee npota-
XeHHoCTb coctaBaseT 20,48 KM, U3 KOTOPbIX
4,74 KM BbINOAHEHBI NpoBoapoM AC-120/19, a
15,74 Km BbINOAHEHBI NpoBoAoM M-70. Kau-

406 yTBEpPXAEHUM JHEPreTUUECKON cTpaTerun Poccuiickon Geaepaumni Ha neproa Ao 2035 ropa: PacnopsixeHue MpaBuTeAbCcTBa
P® o1 09.06.2020 Ne 1523-p (pea. ot 28.02.2024). Pexwum poctyna: https://minenergo.gov.ru/ministry/energy-strategy (aata

obpalueHus: 05.03.2024).
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Matoreorpapuyeckas XxapakTepuctuka peru-
OHa pacnoAoxeHusa BA: yMepeHHO MYCOHHbIM
KAMMAT C MaKCUMaAbHON U MUHUMAAbHOW TEM-
nepatypamu +35°C n -44°C, cCOOTBETCTBEHHO,
CpeAHsaA TemMnepaTypa caMoro TenAoro Mecsiua
(aBrycta) +21°C n cpeaHaa CKOPOCTb BeETpa B
aBrycre coctaBut 4 m/c.

Llenb npoekrta: 3ameHa GU3NYECKU UIHO-
LLUEeHHbIX MPOBOAOB, KOTOpble BbipaboTaAu HOp-
MaTUBHbIN CPOK CAYXObl, 6€3 3aMeHbl 0Nop Ha
NPOBOA OTEYECTBEHHOM MapKMU.

3aaaum npoeKTa: NoBbILLEHNE NPOMYCKHOM
CMocoBHOCTU U HApAeXHOCTU BA; cHUXeHKe Me-
XaHWYECKMX Harpy3okK.

Pacuet tokoBow Harpy3ku A3[1, BbINOAHEH-
HbIM ¢ nomolLubto NMBK RastWin3, nokasaa, 4to B
pexume 3MMHEro MakcumMmyma Harpysku 2024
roaa TOK, NPOTEKAKLWMK MO AUHWKU, COCTaBAS-
eT 350 A, a B pexuvme AeTHEro Makcumyma -
261 A. Tok BA B pexunme 3MMHero MmakcmMmMmyma
NpPeBbILLIAET AAMTEABHO AOMYCTUMBbIA TOK (AAT)
yyactka B/, BbINOAHEHHOro npoBoaoM M-70,
n paBHoro 337 A. MakcrMmaAbHbIKM TOK BA npwu
Hanbonee TAXENOM NOCAeaBaPUNHOM pPexmnme
B cxeMe panoHa (pemoHT BA 110 kB 3anaa-
Hasa - KunapucoBo-Pa3ponbHOe-1) cocTtaBaseT
488 A v Takxe npesblwaer AAT yyactka BA,
BbINOAHEHHOIO NPOBOAOM M-70, UTO NPUBOAUT
K OTKAKOUEHUIO noTpebutenen. CpeaHeronoBom
TEMN NPUPOCTa MOTPEOBAEHUSA INEKTPUUECKOM
3Heprun B [IPUMOPCKOM Kpae cocTaBAseT
1,42%*. porHo3 TOKOBOW Harpy3ku AAS 3UM-
Hero MakcMmyma coctaBAsieT 376 A, AAS AeTHE-
ro - 281 A.

MpeanaratoTcs CAeAyoLIME OTEYECTBEHHbIE
MapKu npoBopa K npumeHeHuto: AC, ACBT,
ACBI1, ACky, ACT, CEHUAEK AT3/C, CEHUAEK
AT3I1/C. BapuaHTbl MEAHbIX NPOBOAOB He pac-

cMaTpuBaloTCA, Tak Kak B NPUBEAEHHOM MNpU-
Mepe MeAHble NMPOBOAA C cevyeHMeM HoAbLue
70 MM? He NMO3BOASIT peaAn30BaTb MPOEKT 6e3
3aMeHbl Ornop 13-3a CBOEro Beca Mo YCAOBUAM
MeXaHU4YeCKOM MPOYHOCTH.

[MpeaBapUTEAbHBIE CEYEHUS OTOBPAHHbIX
MapoK rNpPoBOAOB NPUHUMAIOTCS MO MCXOAHBIM
AaHHbIM O cywiecTtBytowen BA. B poaHHOM cay-
yae B kauyecTBe 6a30BbIX MPOBOAA U CEUYEHMUS
npuHAT AC 120/19, Tak Kak OH UCNOAb3YETCSH
B HacToflllee BpeMSs, AAA OCTaAbHbIX Mapok
B3ATbl COpa3mMepHble ceuyeHus. Ecan xe nme-
FOTCA 3aMevaHu1sa No NPOMYCKHOW CNOCOOHOCTU
K NPUMEHAEMOMY B HAcCTOSLLEE BpPeMA ceve-
HWIO, TO ANl BbIBOpa MapKu MOXHO B3ATb CAE-
AYIOLLMIA pasmep ceyeHuss U3 psiha NPOBOAHM-
KOBOW NMPOAYKLIMN.

YTOUHEHME 3HAYEHUN AAMTEABHO AOMYCTU-
MbIX TOKOB AN OTOOPAHHbIX MPOBOAOB pPeanu-
3yeTcs C MCMOAb30BaHUEM MPEANOXKEHHOW B
[20] TeNAOBOM MOAEAM U YYETOM KAMMAaTUYe-
CKMX 0cobeHHOCTEN perMoHa. Tem caMblim obe-
crneyrMBaeTcs BbIMOAHEHWE YCAOBUSA AAMTEABHO
AOMyCTMMOro Harpesa. lNpeactaBum B Taba. 1
pesyabtatbl yTOuUHEeHMA AAT C OLEHKOW OTKAO-
HEHWI OT CMPABOYHbIX 3HAYEHUI®,

Kak BUAHO M3 TabA. 1, 3HaueHua AAT cy-
LLLECTBEHHO WM3MEHUAUCb, B HEKOTOPbIX CAyYa-
AX Aaxe cBbie 5%. B 6OAbLUMHCTBE CAyYaeB
YyTOUHEHHOe 3Ha4vyeHue AAT BO3POCAO, UTO Aer-
KO 0ObsiCHSIeTCA 60AEE HU3KMM 3HAYEHUEM
NPUHATON K pacyeTty Temnepatypbl (21°C) no
CpaBHEHUIO CO cnpaBoyHor (25°C), AAA KO-
TOpOM NpuBEAEHbI 3HaveHua AAT. B psaae cay-
yaeB npu nepecuyetre AAT OkasbIBaeTcsl HUXE
CNpPaBOYHOrO0 3HAUYEHUA B pe3yAbTate BO3AEW-
CTBUS NMPUHATBIX K pacyeTy TeMmneparypbl U CKO-
pocTu BeTpa.

Tabamua 1. YTOUHEHME 3HAUEHUI AAUTEABHO AONYCTUMbIX TOKOB

Table 1. Revised values of long-term permissible currents

Ne Mapka npoBoaa AAT cnpaBouHbIn, A AAT pacueTHbii, A OTKAOHEHHUE, %
1 AC 120/19 390 419 +7,4
2 ACBT 128/36 665 689 + 3,6
3 ACBIN 128/36 408 461 + 13,0
4 ACT 120/19 862 733 -15,0
5 CEHWAEK AT3/C 120/19 724 764 +5,5
6 CEHWAEK AT311/C 120/19 706 733 +3,8

5Cxema ¥ mporpaMma nepcrnekTMBHOMO PasBUTUA AEKTPOIHEPreTHkK Mpumopckoro kpas Ha 2021-2025 rr. Pexum pocTyna:
https://primorsky.ru/authorities/executive-agencies/ministries/energy/structure/sipr.php (aata obpauieHus: 01.03.2024).
SKabenw, npoBoaa, MaTepranbl AN KABEABHON MHAYCTPUM: TEXHUUECKWI CNPaBOYHMK. 3-€ U3A., nepepab. v pon. M.: Iaamnc, 2006.

360 c.

467

https://ipolytech.elpub.ru



2024.T. 28. Ne 3. C. 462-474

ISSN 2782-4004 (print)

IPolytech Journal 2024;28(3):462-474

Tabauua 2. Xapakrep1cTMK1 paccMaTprUBaeMbIX MPOBOAOB

Table 2. Characteristics of wires under investigation

ISSN 2782-6341 (online)

Ne Mapka npoBoaa AAT, A CTOMMOCTb, ThiC. py6/KMm Macca, Kr/Km
1 AC 120/19 419 165,0 471

2 ACBT 128/36 689 236,2 659,5

3 ACBIN 128/36 1 461 231,0 659,5

4 ACT 120/19 733 180,0 471

5 CEHUNAEK AT3/C 120/19 764 240,7 471

6 CEHUAEK AT311/C 120/19 733 277,5 478

MNocne yTouHeHUsA 3HauveHur AAT nepexo-
AWM HEMOCPEACTBEHHO K BbIOOPY MapKu npo-
Boaa. Kputepuun otbopa (panee KpUtepuu):
nepBbit — AAT; BTOPOM — CTOMMOCTb NMPOBOAA.
Kputepmnem orpaHuyeHma obo3HaveHa macca
NPOBOAA, MO KOHTPOABHOMY 3HAYEHUIO MaccChl
nposoaa M-70 614,82 kr/kKm. B paHHOM CAy-
yae KpUTEpUU NPUHATBLI AAA AEMOHCTPALIMK pe-
aAM3aLUMn METOAQ M 3aAaHNSA YCAOBUS MO Mexa-
HUYECKOM MPOYHOCTH. XapaKTepPUCTUKa NPOBO-
AOB MO KpUTEpUAM oTobpaxeHa B TabA. 2.

MpoBopaa mapok ACBT u ACBIT MCKAHOUEHDI
No MNPUYMHE NPEBbLILIEHUA OrpaHUUYEHUs No
Macce npoBoAa.

CpaBHeEHWE KpUTEPUEB MPEACTABAEHO B
Taba. 3 ¢ yuetoM 6OAbLLEN BaXHOCTU BbIMOA-
HEHUA YCAOBWMA NO HarpeBy AAA NMPOBOAA Hap
€ro CTOMMOCTbIO. Bec Kaxaoro kputepusa pac-
CUMTaH Kak OTHOLUEHWE CPEAHEr0 reOMETpPU-

TabA. 4-5. B HUX OTpaxeHo nonapHoe cpaBHe-
HUE MapOoK NPOBOAA MeXAY COBOM MO KaXXAOMY
N3 KPUTEPUEB C OMPEAEANEHMEM BECA KaXAOM
MapKu npoBoAa. Mpn 0AMHAKOBOW xapaKTepu-
CTUKE MO KPUTEPUIO NPUCBANBAETCA 3HAYEHUE
«1», NpU CpPEeAHEN CTEMEHW NPEBOCXOACTBA -
«3», MIPU CYLLECTBEHHOM MPEBOCXOACTBE — «H»,
a npu OYeHb CUAbHOM MPEBOCXOACTBE — «7», B
NPOTUBHOM X€ CAyYae (XxapaKTepUCTUKU OAHOM
MapKM NPoOBOAa B Pa3HOW CTeneHu ycTynaroT
APYron) otpaxatotcs obpaTHble COOTBETCTBY!O-
e 3HaveHunn (1/3 = 0,33, 1/5 = 0,20, 1/7
=0,14).

[MpoBepKka COrAnacoBaHHOCTU CpaBHEHUA
OLEHMBAETCA MO MaKCMMaAbHbIM COOCTBEH-
HbIM 3HAYEHWUAM MaTPUL, CPaBHEHUA A, UH-
Aekcy cornacoBaHHOCTU C.1. Y KOIDOULMEHTY
cornacoBaHHocTM C.R. no popmyram:

o A —n
YeCKOro AAeMeHTa COOTBETCTBYHOLLEN CTPOKU K Cl = (5)
CyMMe 3HaY€HUN CPEAHUX TEOMETPUYECKUX MO n—1
cToAGLY. MpoMeXxyToUHble pe3yAbTaTbl Bbibopa Cl. 5
ONTUMAaNbHOM MapKHn rnpoBoAaa, NOAy4Y€HHbIE MO CR.= RI ’ ( )
aAropuTMy, NpMBeAeHHOMY B [18], NOKasaHbl B
Tabauua 3. CpaBHeHWe KpUTEPHEB
Table 3. Criteria comparison
. CpeaHee
Kputepuun AAT CtoumocTtb reoMETpHUECKO® Bec kKputepus
AAT 1,00 3,00 1,73 1,73/2,31=0,75
CTOMMOCTb 0,33 1,00 0,58 0,58/2,31=0,25
Cymma 1,33 4,00 2,31 1,00
Tabauua 4. CpaBHeHMe MapoKk NPOBOAOB N0 KpuTeputo 1
Table 4. Wire brand comparison according to criterion 1
Mo AAT AC ACT AT3/C AT3M/C Cpeauee Bec
reomeTpuyeckoe
AC 1,00 0,20 0,14 0,20 0,27 0,05
ACT 5,00 1,00 0,33 1,00 1,14 0,21
AT3/C 7,00 3,00 1,00 3,00 2,82 0,53
AT3M1/C 5,00 1,00 0,33 1,00 1,14 0,21
Cymma 18,00 5,20 1,81 5,20 5,36 1,00
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Tabauua 5. CpaBHeHME MapOK NPOBOAOB MO KPUTEPUIO 2
Table 5. Wire type comparison according to criterion 2

Mo cToumocTn AC ACT AT3/C AT3M/C reo:;’:)‘:l’:zme Bec
AC 1,00 3,00 5,00 7,00 3,20 0,57
ACT 0,33 1,00 3,00 4,00 1,41 0,25
AT3/C 0,20 0,33 1,00 3,00 0,67 0,12
AT3M/C 0,14 0,25 0,33 1,00 0,33 0,06
Cymma 1,68 4,58 9,33 15,00 5,61 1,00

rAe n - NOPSAOK MaTpuubl (MaTpuLbl GOPMHU-
PYHOTCSI MO AAHHbIM TabAMLY).

ANSt MOATBEPXAEHUSI HENPOTUBOPEUMBOCTH
PE3YALTaTOB CPABHEHUS U NPOBEPKU KOPPEKTHO-
CTU OLIEHOK AOAXKHO BbIMOAHATLCSA YCAOBUE:

C.R.<0,10. (7)

lMpoBepka COrAaCOBaHHOCTM MOAYYEHHbIX
OLIEHOK MOKa3aAa, UTo napHble CPaBHEHUSA He
NPOTUBOPEUMBBI, @ OLIEHKA BEPHA U YOEAUTEND-
Ha, Tak Kak ycroBue no ¢opmyae (7) BbINOAHS-
ercs:

- A Taba. 4 C.1.=0,025 npu n=4,
A =4,075, R1.=0,89, C.R.=0,028<0,10;

- pMA Taba. 5 C.I1.=0,035 npu n=4,
Ao =4,104, R1.=0,89, C.R.=0,039<0,10.

Mpn Becax kputepueB nepsoro (AAT) -
0,75, a BToporo (ctoumoctn) - 0,25 nNoAy4YnUm
pe3yAbTaTbl, BblPpaXeHHbIE B AOAAX U NPOLEH-
Tax U NPUBEAEHHbIE B TabA. 6.

Kak BMAHO M3 TabA. 6, HauboAbLLee COOT-
BETCTBME MOCTABAEHHbIM LEAAM MPOEKTa Mo
YCT@HOBAEHHbIM KPUTEPUSIM MOKa3aA NMpPOBOA

Mapkn CEHUAEK AT3/C co 3HavyeHuem paB-
HbiM 42,4%. Takum o6pa3om, BbibpaHa OnTu-
MaAbHasi Mapka NpoBOAa AAA AQHHOMO CAy4Yas.

AASt AaAbHENLWEro aHaAn3a AANA BblOpaHHOM
mapku MHMN CEHUAEK AT3/C b6epytcsa Te ce-
YeHUs U3 psAa, KOTOPble N0 Macce He NPeBbI-
Wwatot 3HaveHuns 614,82 kr/km u no AAT npo-
BOAQ BbIAEPXMBAKOT Tpebyemyto MPOrHO3HYHO
TOKOBYIO Harpysky AJI B pexume 3uMHEro
MakcumMymMma (376 A) U HauxyAlLero rnocaeaBa-
puiiHoro pexmnmva (488 A). Takux Bcero 4 Bapu-
aHTa, KOTOpble NoKa3aHbl B TabA. 7. Takxe AAA
OTOOPAHHbIX CEYEHUM BbINOAHSAETCA YCAOBUE
OrpaHUYEHNA OTPULATEABHOIO BO3AEUCTBUA
KOPOHHOIO pa3psiaa U PaAMONOMEX OT KOPOHbI.
EcAn 6bl peub LWAA O MPOBOAE TPAAULMOHHOM
MapKu, TO B CAy4ae, ecan Ha BA 110 kB yxe uc-
noAb3yetca nposop AC 120/19, HeobxoanMO
paccmaTpuBaTh CeueHus, HaunmHasa co 120 mm?
C COOAOAEHMEM TEXHUUYECKMX OrpaHUUYEHUN.
Ho B paccmatpuBaemMom npumepe npoBoAa
MapKn AC UCKAOUAIOTCA M3 PACCMOTPEHMS, TaK
KaK A0 ceuyeHuss 185 MM? OHU He YAOBAETBO-
PAKOT yCAOBUAM MO 3HadeHusam AAT, a nocae
- BBEAEHHOMY OrpaHW4YeHUt0 MO Macce AAA

Tabaunua 6. Pe3ynbtaTt Bhlbopa Mapku NPOBOAA AAS pacCMaTPUBAEMOro CAyYas
Table 6. The result of wire brand selection for the case under consideration

Mapka AC ACT CEHUAEK AT3/C CEHUAEK AT3M/C
MTOroBbIM pesyAbtat B AOASIX 0,181 0,222 0,424 0,173
MUToroBbIN pesyabtat B % 18,1 22,2 42,4 17,3
Tabanua 7. ChbopMMpoBaHHbI pPsip ceueHW BbiIBpaHHOW MapKK
Table 7. Formed series of wire sections of the selected type
VasnbHas Macca npoBoaa LleHa, npuBepeHHaA K CToumMoCTb NpoBoAA
Ne CEHUNEK AAT, A (CO CMa3Koil), KI/KM 2001r.t, AAA coopyxeHusa 1 km BA,
AT3/C Tbic. py6. 3a 1 Km TbiC. py6.
1 70/11 501 276 19,6 430,95
2 95/16 627 385 26,2 576,06
3 120/19 724 471 32,1 705,78
4 150/24 846 599 39,7 872,88
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Tabauua 8. TEXHUKO-9KOHOMUUYECKINE NapaMeTPbl BO3AYLLHbIX AMHWUIA

Table 8. Overhead line performance characteristics

Mapametp 3HaueHue
CpoK CAYXObl AMHUK 50 aet
HomuHanbHOE HanpsxeHue 110 kB
KoaddrumMeHT amopTU3aLMOHHbBIX OTYMCAEHUI 0,02
KoaddMUMEHT (HOpMa) OTUMCAEHUI HA PEMOHT, IKCNAyaTaLMIo U 06cAyxmnBaHue AJM 0,008
Yncno paboumrx 4acoB B rop 8760 4
YaeAbHblEe NOTEPU MOLLHOCTU Ha KOPOHY B MPpOBOAax BA 0,14 kB1/KM
CpeaHee YMCAO YacoB BA@XHOM NMOroAbl B roay (Ha npumepe r. BAaaMBOCTOK) 1608 y
YnCAO M3OAATOPOB B TMPAAHAE 7 wr
ConpoTMBAEHWE OAHOIO MOABECHOIO M30ASATOPA B TMPASIHAE 300 M-Om
Uncno rupasiHa Ha 1 kv BA 27 WT/KM
OAHOCTaBOYHbIN Tapud 1,757 py6/KBTu
CraBKa AMCKOHTMPOBaHUSA 0,1

peaAM3auMM paccMaTprBaeMoro npoekrta 6es
3ameHbl onop [21].

MNepeyeHb TEXHUKO-9KOHOMUYECKUX Napame-
TpoB BA ans pacueta YA3 NpeAcTaBAEH B TabA. 8.

MNocne GOPMUPOBAHUA TEXHUKO-OKOHOMM-
yeckux napametpoB B/, BbiOpaHHOW MapKu
NPoOBOA@ M €€ CEeYEHUN MNEPEXOAUM K Hemo-
CPEACTBEHHOMY NOCTPOEHUIO CEMENCTBA 3aBu-

cumocTten YA3 oT Toka, npotekatowiero no BA B
pexume 3MMHEro Mmakcumyma. Ha puc. 2 no-
Ka3aHO MOCTPOEHME CEMENCTBA 3aBUCMMOCTEN
YA3 OT TOKa C y4eToM pacyeTa BCEX COCTaBAS-
FOLUMX U3AEPXKEK'.

B tabA. 9 npuBeapeHa MHTEPBaAbHAS OLIEH-
Ka OMNTUMAaAbHbIX TOKOBbIX AMANa30HOB AAS
paccMmaTtpuBaemMOoro cAyyas.
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Puc. 2. [locTpoeHne cemericTBa 3aBUCUMOCTEN YAEAbHbIX AMCKOHTUPOBAHHBIX 3aTpaT OT TOKa B AUHUK
Fig. 2. Construction of a family of dependences of specific discounted costs on overhead line current

"CTO 56947007-29.060.50.268-2019. Yka3aHusi o NpoekT1poBaHuio BA 220 kB 1 BbiLLE ¢ HEM30AMPOBAHHBIMW NPOBOAAMM

HoBoro nokonexusi. M.: @CK EJC, 2019. 98 c.
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Tabauua 9. MHTepBaAbHasa OUEHKa ONTUMaAbHbIX TOKOBbIX AMANa3oHOB AAA pacCMaTpUBaEMOro CAy4vas

pekoHcTpykumn BA 110 kB

Table 9. Interval assessment of optimal current ranges for the studied reconstruction case of the 110 kV overhead

line

Ceuenune CEHUNEK AT3/C 70/11

95/16 120/19 150/24

TOKOBbIN AManasoH, A 70 58

59-80 81-97 cBbiwe 97

Ha 3aBepwatowem atane Bbibopa ONTU-
MaAbHOro Ce4YeHMs, yunTbliBas, Uto B peXnme
3UMHEro Makcumyma Harpy3ka no BA cocras-
Aset 376 A, BbibpaH nposop CEHUAEK AT3/C
150/24 pna BCEW PEKOHCTPYMPYEMOW AMHUM.
AHanorMuyHaa NpoBepka peaArM3oBaHa AAA pe-
XMMa AETHEero Makcumyma Harpysku BA co
3HauyeHnem 281 A. PedyabtaT HE M3MEHWUACA.
OntMMaAnbHble  YCAOBUSI  GYHKLUMOHUPOBAHUA
B/ obecneueHbl B TeUeHMe BCErO roAa.

AOMOAHUTEABHbIE NPOBEPKK MPOBOAA MOCAE
NOAYYEHUSI ONTUMAAbHOIO pPe3yAbTaTa No HOBOM
METOAMKE He TPebytoTcs, Tak Kak OHM yXe yuTe-
Hbl KaK Npu BbIBOPEe MapKK NPOBOAA, Tak U NpPU
$GOpMUPOBaHUM pPsA@ BO3MOXHbIX CEYEHUMN.

PE3YAbTATbl UCCAEAOBAHUA
U UX OBCY)>KAEHUE

AN MOATBEPXAEHUA Lenecoobpas3HoCTU U
KOPPEKTHOCTU NMPUMEHEHUA HOBOW METOAMKM
paccyMTaHbl NOTEPU B INEKTPUYECKON SHEPTUM
B cetn 110 KB A0 3amMeHbl NPOBOAA U MOCAE,
a TakkKe OLEHEHO YBEAUMYEHME MPOMNYCKHOM
cnocobHoctn BA. B T1aba. 10 npeacTaBAEHbI
pe3yAbTaThl pacyeta MNoTepb INEKTPUYECKOM
3HEepPrMn C¢ NOMOLLbIO NPOrpPaMMHO-BbIYUCAU-
TEABHOro KomMmnaekca Rastrwin 3.

3amMeHa nNpoBoAa B AAHHOM CAyvyae No3BO-
AWUT HE TOABKO YBEAUUYUTb NMPOMYCKHYIO Crocob-
HocTb BA Ha 151% 6€e3 3aMeHbl CyLLLECTBYHOLLMX
onop, HO U CHU3UTb NOTEPU AaKTUBHOW MOLLIHO-
CTU B pacCMaTpMBaAEMON IAEKTPUYECKON CETU
Ha 18,9%, a peakTMBHOM MOLLHOCTK - Ha 2,5%.
Takum obpasom, npepraraemMasn MeToamMka no-
3BOASIET MOAyYaTb AOMOAHUTEAbHbIE 3DGEKThI
AN ANEKTPOCETEBOIO KOMMNAEKca. MNoAyyeHHble
pe3yAbTaThbl MOATBEPXAAQOT LIeAeCO0OPa3HOCTb
NPUMEHEHUA METOAMKM BbiBOpa ONTUMaAbHbIX

MapK1 U CeYeHuUs NPOBOAA B IKCMAyaTaLMOH-
HOW M NMPOEKTHOW MPaKTUKE.

3AKAKOYEHUE

PaspaboTaHHass METOAMKA COBOKYMHOIO
BbibOpa ONTUMaAbHbIX MAPKU U CEYEHUNA NPO-
BOAQ:

1) no3BoAsieT BblOpaTb ONTUMaAbHble Map-
Ky M CEYEHME NPOBOAA AHOOON KOHCTPYKLIMK AAS
AODbIX CLEHAPUEB NPOEKTUPOBAHUA INEKTPO-
CETEBOro 06beKTa (PEKOHCTPYKLIMS, MOAEPHMU-
3auus, HOBOE CTPOUTEABCTBO, MPOEKTUPOBAHUE
pa3BUTKS), CHUMAA HEOOXOAMMOCTb B PSIAE AO-
NMOAHUTEABHbLIX MPOBEPOK, MPUCYLLMX TPaAULK-
OHHbIM MeToAaM BbibOpa CeYEHUI NPOBOAOB;

2) obecneunBaeT yueT Bcex TpeboBaHui U1
0COBEHHOCTEN NPOEKTA U NO3BOASET MOAyYaThb
AOTMOAHUTEABHbIE MOAOXKMUTEABHbIE 3QDEKTDI, Ta-
KMe KaK CyLLEeCTBEHHOE MOBbILLIEHWE MPOMNYCK-
HOW cnocobHocTM BA, CHUXeHMe KoAMuecTBa
MCMNOAB3YEMbIX OMOP UAW pearmsalms 3aMeHb!
NPOBOAA AMHUK BE3 3aMEHbI OMOpP, CHUXEHME
NnoTePb 3AEKTPO3HEPTUU;

3) MHTErpupyeT peasmsaumio NPOBEPOK B
camMy MEeTOAMKY Bbibopa OnTMMaAbHOro NPoOBO-
Aa BA, TeEM camMbIM MO3BOASAS YUTU OT BO3MOX-
HbIX MPOTMBOPEYMIA MPU MOAYYEHUU PE3YAbTA-
TOB NPU BbIBOPE MapKK U CeUYeHKs NPOBOAA.

Takum 06pa3om, B pe3yAbTate NPOBEAEHHO-
ro UICCAEAOBaAHMWS NPEANOXEHA HOBaAs METOAMKA
Bbibopa npoBopa BA, NpUHUMNMAABHO OTAMYA-
FOLLASICA OT CYLLECTBYHOLLIMX COBOKYMHbIM BbIOO-
POM MapKW MU CEYEHUs] NPOBOAA, Peanm3aLmen
NPOBEPOK MPOBOAOB A0 WX TEXHWUKO-3KOHOMMU-
UYECKOro COMOCTaBAEHUSA Ha OCHOBE MHTErPUPO-
BAHHOIO TEXHUKO-3KOHOMMUUYECKOTO KPUTEPUS U
HaNPaBAEHHOIO0 Ha MOAYYEHME OMNTUMAAbHbIX
TEXHUYECKUX N AKOHOMUYECKUX IDDEKTOB.

Tabamua 10. CpaBHEHWE BEAUUYMHBI MOTEPb IAEKTPUUECKON SHEPTMU B SIAEKTPUUECKON CETU
Table 10. Comparison of the amount of electrical energy losses in the electrical network

. . Ao 3ameHbl CHW)XeHUe noTepb,
PacueTtHbIM cayuan Mocnae 3ameHbl NpoBoAA
nposoaa %
[oTepu akTMBHOM MoOLLHOCTM, MBT 3,34 2,71 18,9
MoTepu peakTMBHOM MoLLIHOCTH, MBap 5,42 5,29 2,5
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UccaepoBaHME BAUSSHUA HOBOTO YNIPaBAAEMOro peryaaTopa
Hanps)>XeHU Ha HECUHYCOUAAABHOCTb TOKA U Hanps)KeHUn
CUCTEMbl 3NEKTPOCHab)xeHus

B.A. Tabapos® ™~
1KOMCOMONLCKMI-Ha-AMype rocyaapCTBEHHbIN YHUBEPCUTET, KOMCOMOALCK-Ha-AMype, Poccus

Pe3rome. Llenb — OLEHKa BAMAHWS HOBOMO YNPaBAAEMOro peryasTopa HanpshkeHWst Ha HECUHYCOMAAABHOCTb TOKa
M HaMNPsXeHUs Ha PasHbIX YYacTKaxX CUCTEMbI SAEKTPOCHAOXEHUS NMPU NMAABHOM (AMCKPETHOM) PEFYAUPOBAHUMU Ha-
NPsXXEHUSI HA BbICOKOWM CTOPOHE LIEXOBOro TpaHchopmatopa. Mpu paspabotke HAOUHO-MOAYABHOM MOAEAW TPAHCHOP-
MaTOPHOW NOACTAHUMKM C NpeararaeMbiM YyNpaBASEMbIM PEFYASTOPOM HaMPSKEHUS U U3MEPUTEABHBIMU MOAYAIMU
ncnoAb3oBaAack nporpamma MatLab. Ha paHHON pa3pabotaHHOM BAOUHO-MOAYAbHOM MOAEAU TpaHCHOPMATOPHOM
NMOACTaHLMM NPOBOAMAOCH UCCAEAOBAHWE HECMHYCOMAAABHOCTU TOKa M HAMPSXXEHWS Ha PasHbIX yYacTKax CUCTEMbI
3ANEKTPOCHABXEHUSI NPK CTabUAM3aLMM HaNPSXKEHUS y NoTpebutenel Ha 3apaHHOM YpoBHe. MccaepoBaHKUE OCyLLIECT-
BASIAOCb B LEEXOBOM TpaHcdopmaTtope mMowHocTbto 1 MBA 1 HanpsxeHuem 6/0,4 kB npu akTMBHO-UHAYKTUBHOM
XapaKktepe Harpysku ¢ yraom ¢as3oBOro cABura Toka Harpy3ku ¢=45 rpaa. lNonyyeHHble pesyabtatbl UICCAEAOBAHUA
HECHMHYCOMAAABHOCTM TOKa M HamMpshKeHWA Ha pasHbIX yYaCTKaX CUMCTEMbl IAEKTPOCHAOXEHUSI MOATBEPXAAIOT, UTO,
6Aaropaps pacLMpeHno GYHKLUMOHAABHBIX BO3MOXHOCTEN NMpPeAAaraeMoro TEXHUUYECKOro peLleHUs, HanpskeHue y
notpebutener COXpaHsieTcs Ha 3aAaHHOM YPOBHE C BbICOKMMU TEXHUKO-9KOHOMMUYECKUMU NOoKa3aTeAsiMu. [okasa-
HO, YTO NPeAAaraeMoe YCTPOMCTBO NPU CHUXEHUW HaNpPsKeHUs ceTr Ha 5% W NOBbILLIEHWM TOKA aKTUBHO-UHAYKTUB-
HOW Harpysku Ha 35% co3paeT HECMHYCOMAAABHOCTb HaMPSKEHUs, BEAMUMHA KOTOPOM He MpeBbllaeT AONYCTUMblE
HOPMbI, YCTAHOBAEHHbIE OTEYECTBEHHbLIM U MEXAYHAPOAHbIM CTaHAapTamu. [pu 3ToM npeanaraemoe yCTPOMCTBO
COXPaHSIET HanpshxeHune y Notpebutenen Ha 3apAaHHOM YPOBHE. M3 NOAYYEHHON MHTErPaAbHOM XapaKTePUCTUKK CTa-
6UAM3ALMM HAMPSXXEHUS BUAHO, YTO MPUMEHEHME NPeAAaraeMoro TEXHMYECKOro peLlleHnst B3aMeH CyLLECTBYHOLLENO
MEXaHWYECKOro peryaatopa Hanps>keHus Tuna «nepekatoveHre 6e3 Bo3byXAeHUs» MO3BOASIET COXPaHUTb HOMUHAAb-
HOE HanpsXeHWe Ha LUMHE pacnpeAeAUTEABHOMO YCTPOMCTBA. B pamMkax AaHHOW paboTbl B AdAbHENLLIEM MAAHUPYETCSH
NPOBOAWTb UCCAEAOBAHUE CTabUAM3ALMM HANPSXKEHUS Y NOTPEBUTEAEN C OAHOBPEMEHHON KOMMNEHCALMEN PEAKTUB-
HOW MOLLLHOCTM AASt KOMIAEKCHOTO YAYULLIEHUSI TEXHUKO-3KOHOMMUYECKUX NMOKa3aTeAEN CUCTEM SAEKTPOCHAOXEHUS MpK
HEeCTabUAbHOCTU HaNPSXEHUS NMUTAIOLLLEN CETU 1 TOKA Harpy3Ky.

KnaroueBbie cnoBa: nuTaroLas CeTb, LEXOBOW TpaHCcGOpmMaTop, AByXNOAAMANA30HHbBIN PEAKTOPHO-TUPUCTOPHbIN
YNpaBASiEMbI PETYAATOP HaMpPshkeHWs, KOAGOULMEHT HECUHYCOMAAABHOCTU HAMPSXXEHNUS, KOIPOULMEHT UCKaKEHUS
CMHYCOMAAABHOCTW TOKa, aKTMBHO-UHAYKTMBHAA Harpy3ka, CUCTEMa 3AEKTPOCHabXeHUs

Anrsa untupoBaHua: Tabapos b.A. MccarepoBaHKe BAMSIHMA HOBOIO YNPaBASIEMOIO PEryASTOpa HanpsixXeHWs Ha
HECHMHYCOMAAABHOCTb TOKA WM HaMpshXeHWs CUCTEMbI SAEKTpocHabxeHus // iPolytech Journal. 2024. T. 28. Ne 3.
C. 475-488. https://doi.org/10.21285/1814-3520-2024-3-475-488. EDN: MMQUKA.

POWER ENGINEERING
Original article

Influence of a new controlled voltage regulator on the current
and voltage non-sinusoidality of a power supply system

Bekhruz D. Tabarov*
1Komsomolsk-na-Amure State University, Komsomolsk-on-Amur, Russia

Abstract. This work evaluates the influence of a new controlled voltage regulator on the current and voltage
non-sinusoidality in different sections of a power supply system during smooth (discrete) voltage regulation on the
high-voltage side of a shop transformer. The MatLab software application was used to develop a block-modular
model for a transformer substation with the proposed controlled voltage regulator and measurement modules. The
developed model was used to investigate the current and voltage non-sinusoidality in different parts of a power
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supply system when stabilizing the voltage at the consumer end at a given level. The study was carried out using
a shop transformer with a capacity of 1 MV-A and a voltage of 6/0.4 kV under an active-inductive character of
the load with the load current phase angle of ¢=45 deg. The obtained results confirm that, due to the extended
functional capabilities of the proposed technical solution, the voltage at consumers is maintained at a given level
under high technical and economic performance. When the network voltage is reduced by 5% and the active-
inductive load current is increased by 35%, the proposed device was shown to create voltage non-sinusoidality. The
voltage non-sinusoidality value does not exceed the permissible domestic and international norms. In addition, the
proposed device is capable of maintaining the voltage at the consumer end at a given level. The obtained integral
characteristic of voltage stabilization shows that the application of the proposed technical solution instead of the
existing mechanical voltage regulator of the “switching without excitation” type allows the nominal voltage at the
busbar of the switchgear to be retained. Further research will investigate voltage stabilization at consumers with
simultaneous compensation of reactive power for complex improvement of technical and economic indicators of

power supply systems under the conditions of unstable supply voltage and load current.
Keywords: power supply network, shop transformer, double-subrange reactor-thyristor controlled voltage
regulator, voltage non-sinusoidal coefficient, current total harmonic distortion coefficient, active inductive load,

power supply system

For citation: Tabarov B.D. Influence of a new controlled voltage regulator on the current and voltage
non-sinusoidality of a power supply system. iPolytech Journal. 2024;28(3):475-488. (In Russ.). https://doi.
org/10.21285/1814-3520-2024-3-475-488. EDN: MMQUKA.

BBEOEHUE

Ha ceropHsiLLHUA AEHb YAy4llieHWEe Kaye-
CTBA 3NEKTPOSHEPTUN ABASIETCA OAHUM U3 akK-
TyaAbHbIX BONPOCOB BO BCEX OTPACASIX CUCTEM
3NEKTPOCHABXEHUSA, B YaCTHOCTM HA NPOMIPEA-
NPUATUAX U arPoONPOMbILLAEHHbIX KOMMAEKCAX,
N coranacyetca ¢ JHepreTnueckon Crtparternen
Poccun Ha nepuoa Ao 2035 ropa n psiAoM OT-
pacAeBbIX NporpaMmm?.

OnbIT  3KcnAyataummM  TpaHCHOPMATOPHbIX
NOACTaHUMK HanpsxeHuem (6, 10)/0,4 kB no-
Ka3blBaEeT, YTO B HACTOALLEE BPEMS B CUCTEMAX
3NEKTPOCHabXeHUsA (COC) HU3KOro U CPEeAHEro
KAAcCa HamnpsXXeHUs He pacCMaTpyMBaeTcs BO-
npoc cTabuAn3aunmn HanpsXXeHus y notpedbute-
A€ Ha 3apaHHOM ypOBHE. Kak M3BECTHO, U3Me-
HEHUS HaMNPSHXEHWUS B MUTAOLWLEN CETU U (UAK)
TOKa Ha Harpy3ke CO3AAtOT OTKAOHEHUSI U KOAE-
6aHWns HanpsXXeHua y notpebutenen, 3HaueHus
KOTOPbIX B OOAbLLUMHCTBE CAyYaeB MPEBbILIAOT
NPEAEAbHO AOMYCTUMbIE HOPMbI, YCTAHOBAEH-
Hble FTOCTamu®*, CTOMT Takxe OTMETUTb, uTO,
Kak Noka3blBaeT NpakThka, He Bceraa B CAC (6,
10)/0,4 kKB paccmaTtpuBaeTcs 3alluTa dAEKTPO-
YCTAHOBKM OT MEPEHAnpsXXeHus, B pe3yAbrate
yero B Ay4lEM CAyYae 3T0 NPUBOAMT K HapyLle-
HUIO TEXHOAOTMYECKOIo MpoLecca U Cokpalle-
HUIO CPOKa CAYXObl SAEKTPOOOOPYAOBAHMSA.

Bonpocom coxpaHeHUa HanpshXeHusa y no-
Tpebutenein Ha 3apAaHHOM YPOBHE AOCTATOUYHO

rAyBOKO 3aHUMaAUCb KaK OTeYeCTBEHHbIe®®
[1-6], Tak u 3apybexHble [7-20] yueHble,
cpean nybAMKauMii KOTOPbIX MOXHO OTMETUTb
pabortbl [1, 7, 9]. B aTux pabortax yyeHble, yuu-
TbiBaA BO3HWKHOBEHUE MOAOXUTEABHOIO WU OT-
PULATEABHOIO OTKAOHEHWSI HANPSXEHWUS Y MO-
TpebuTenen, Ha OCHOBe 6a30BbiX IAEMEHTOB
pa3pabotanM pasHble TEXHUYECKWUE peLleHus
1 cnocobbl yNpaBAEHUA UMUK AAA MOAAEPXKAHMUA
HanpPsHXeHUs B CUCTEMAX INEKTPOCHaAOXeHMUA
Ha 3apaHHOM ypoBHe. [TOAOXMTEABHAA CTOPO-
Ha 3TUX TEXHUYECKMUX PEeLLEHUIN 3aKAOUaETCs B
COXPaHEHUU HanpsXXeHusa y notpebutener Ha
HOMWHAAbHOM YPOBHE, HECMOTPS Ha HecTa-
OUABHOCTM HaMNPsXXeHWUst B CETU U (MAKW) TOKa
Ha Harpyske. M3BecTHble ycTpoincTea [1, 7, 9]
NOMUMO MPEUMYLLECTB TaKXe UMEKT U He-
AOCTaTKM, OCHOBHbIMU M3 KOTOPbIX ABASIIOTCA
HaAMYME HECUHYCOMAAAbHOCTU HamnpsXeHus,
CO3AaBaeMOE YCTPOMCTBOM, CAOXHOE YCTPOWM-
CTBO, @ TaKXe HU3KMNE TEXHUKO-9KOHOMUYECKNE
nokasaTeAmu.

B uenom aHaAUTMYECKMIM 0630p MHDOPMa-
LUMOHHbIX MCTOUYHWKOB, MOCBSILLEHHbIX BOMpPO-
CcaM NoAAEPXAaHUS HampsXeHua y notpebute-
A€ Ha 3apaHHOM ypoBHe 6e3 co3paHMA Hecu-
HYCOMAAABHOCTM HaNpPsXXEHWsl, MNoKasaAa, 4To
npUMeHeHWe aHeprocbeperatoLmx yCTaHOBOK,
nepexoA Ha UMGPOBbLIE YCTPOMUCTBA, NOSIBAEHUE
HOBbIX MOTPEBUTENEN INEKTPOIHEPTUM, HUIKOE

2PacnopsixeHne MpasuteabctBa PO ot 09 mioHa 2020 r. Ne 1523-p «IHepreTudeckas ctpatervs Poccun Ha nepuop Ao 2035
ropa». Pexum poctyna: http://government.ru/docs/39847/ (nata obpaluerus: 16.03.2024).

STOCT 32144-2013. IneKkTprveckas aHeprusi. COBMECTUMOCTb TEXHUUECKMX CPEACTB SAEKTPOMArHuTHas. HopMbl KauecTBa anek-
TPUUECKON SHEPTUM B CUCTEMAX IAEKTPOCHabXeHUs obLiero HasHaueHus. Beea. 01.07.2014. M.: PocctaHpaprt, 2014.

4AC Sources for IEC 1000. Harmonics and Flicker Testing (MexayHapoabli cTaHaapT M3K 1000) Pexwum aoctyna: https://shop.

standards.govt.nz/catalog (aaTa obpaleHus: 17.03.2024).
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ObICTPOAENCTBME PETYAATOPOB  HaNpPSXEHUs
N CPaBHUTEABHO HEBbLICOKAsi TOYHOCTb pPeEry-
AMPOBAHUA HaNPsKEHUs YXyALLAOT KavyeCTBO
3NEKTPOIHEPTUU, YTO MPUBOAUT K COKPALLEHMIO
CPOKa CAYXObl 9AEKTPOOOOPYAOBAHUA 1 3HAUU-
TEABHOMY CHWXEHUHD TEXHUKO-3KOHOMMYECKNX
nokasaTenen CUCTEM INEKTPOCHabxeHus [14,
15]. YuutbiBaa HEAOCTATKM CYLLUECTBYHOLLMX
C3C un pesyabtTaTbl aHAAUTUUYECKUX 0630POB
MHOOPMALIMOHHbIX UCTOYHUKOB, MOCBALLEHHbIX
BOMPOCAM [MOBbILWEHUS Ka4yeCTBa IAEKTPO3-
Hepruu, npeasaraetca npUMeEHeHUe HOBOTO
peryaatopa HanpsXxeHusa Tuna AByxnopauana-
30HHOIO PEeaKTOPHO-TUPUCTOPHOIO ynpaBAsie-
MOro peryasatopa HanpsxeHusa (AP-TYPH) [16],
KOTOPbIM, HECMOTPSA Ha CHWXEHME Hanpsxe-
HMUA B CETU M MOBbILLIEHWE TOKA Ha Harpyske,
NO3BOASIET COXPAHWUTb HaNpsXXeHue y notpebu-
TeAe Ha HOMWUHAABHOM YPOBHE Y KOMMAEKCHO
YAYULLIUTb TEXHUKO-SKOHOMWYECKUE MOKa3aTe-
AM  CUCTEMbI INEKTPOCHAOXEHMA. O6AaCTbiO
npumeHeHusa, npeararaemoro AP-TYPH, aBas-
toTCA TPaHCHOPMATOPHbIE MOACTAHLMU BCEX
OTPaCAEn CUCTEM INEKTPOCHABXEHMUS HU3KOTO
N CPeAHEero Kanacca HanpsxkeHus.

Huxe, MCNoAb3yss MeEeTOA WUMMUTALMOHHOIO
MOAEAMPOBaHKA, B cpepe MatLab npoBoasaTca
MCCAEAOBaHWA BAMAHUA ycTpoincTtBa AP-TYPH
Ha HECMHYCOMAAAbHOCTb TOKA W HamnpsXXeHus
Ha pa3Hbix yyacTkax C3C npu HeCTabUAbHOCTH
HanNpsXXeHWUs NuTaloWen CeTM M ToKa aKTuB-
HO-UHAYKTMBHOW Harpy3kHu.

LUEJIb NCCIIEOAOBAHUA

Llenbto paHHOM paboTbl ABASETCS OLEHKa
BAMSIHUA HOBOIO aBTOMAaTM3UPOBAHHOMO pery-
AaTopa HanpsxeHua tmna AP-TYPH Ha Hecu-
HYCOMAAABHOCTb TOKa U HanpsxeHus CIC npwu
CTabuAM3aLMK HanpsXXeHua Yy notpebutenem
Ha 3aAaHHOM (HOMWHAALHOM) YPOBHE.

AN AOCTMXKEHWMSA MOCTABAEHHOW LEAU pe-
LAaAUCb HUXENPUBEAEHHbIE 3aAaYn:

1) paspabotatb OYHKLUMOHAABHYH CXEMY
TpaHCHOPMaATOPHOM NOACTAHLMK C Npeararae-
MbIM ABYXMOAAMA@MNA30HHLIM PEAKTOPHO-TUPU-
CTOPHbIM YNpaBASIEMbIM PEFYAATOPOM Hanps-
XEeHUA AAA obecneyeHna HopManbHOM paboThl,
YAYULLEHWUS MOKa3aTeAEN KauyecCTBa IAEKTPOI-

HEPrUU U TEXHUKO-OKOHOMWUUYECKUX MOKa3zaTe-
AEWN BCEX OTPACAEN CUCTEMbI INEKTPOCHAbXe-
HUS NPU CTaLUMOHAPHBIX U AMHAMWUYECKUX MPO-
ueccax;

2) pa3paboratb 6HAOUHO-MOAYABHYHO MOAEAb
TpaHchopmaTopHon noactaHummn C3C ¢ npea-
AaraemMmblM AP-TYPH 1 nameputeAbHbIMU MOAY-
ASIMU AASI TPOBEAEHUA UCCAEAOBaHUA U OLEH-
Kn BAMAHMA AP-TYPH Ha HecuMHycOMpaAbHOCTb
TOKa W HanpsXXeHUa Ha pasHblX yyactkax CIC
npv NAABHOM PEFYAMPOBAHUM HaMpPSHXXEHWS Ha
BbICOKOM CTOPOHE LIEXOBOro TpaHCchopmaTopa;

3) Ha OCHOBE MOAYYEHHbIX OCLMAAOTPAMM
MIHOBEHHbIX 3HAYEHUI TOKOB M HaNpPsXXeHUH,
NPUBEAEHHbIX B pabote [17], NOCTPOUTb Xapak-
TEPUCTUKY CTabUAMIaALMN HANPSXXEHNUS Yy NOTPe-
6utenen ¢ yctporicteBom AP-TYPH npu pasHbix
YPOBHSIX HaNpsXXeHUA NuTatoLwen CeTM U ToKa
AKTUBHO-MHAYKTUBHOW Harpy3Kku;

4) uccaepoBatb U OUEHUTb BAMSIHME AP-
TYPH Ha HecuMHycOMAAAbHOCTb TOKa W Hanps-
XXEHMA Ha pasHblx yyacTkax CIC npu ctabuam-
3alUMK HanNpsXXeHUs y notpebutenern Ha 3apaH-
HOM YPOBHE.

PA3PABOTKA ®YHKLMOHAI bI:IOI?I
CXEMbl TPAHC®OPMATOPHOMU
NOACTAHUUU C NPEANATAEMbIM
OBYXnoaanAnA3OHHbIM
PEAKTOPHO-TUPUCTOPHbIM
YMNPABJITAEMbBIM PETYNATOPOM
HAMNMPAXEHUA

AHaAuTUUYeCKOoe WcCAepOBaHME WHbOpMa-
LUMOHHbIX UCTOYHMKOB WU OMbITa 3KCNAyaTaLMu
TpaHCHOPMATOPHbIX MOACTAHUMKM, CBA3aHHOE
¢ obecneyeHnem HoOpMaAbHOM pPaboTbl, coxpa-
HEHMEM CPOKa CAYXObl 3AEKTPOOOOPYAOBA-
HWUS, YAYYLLEHMEM KauyeCTBa INEKTPOIHEPTUM
N TEXHUKO-3KOHOMMYECKMX MOKasaTener BCex
otTpacren CIC npu cTauMOHaPHbIX U AUHAMMU-
YeCKMX npoueccax, NO3BOAMAO BbISSBUTb HEAO-
CTaTKM LUMPOKO PaCnpPOCTPAHEHHbIX TEXHUYE-
CKWUX peLLeHU U cnocoboB ynpaBAEHUS, KOTO-
pble pa3paboTaHbl HA OCHOBE MEXaHUYECKUX
N 3AEKTPOHHbIX KOMMOHEHTOB Kak COBMECTHO
(rM6pUAHBIN), TaK U pPa3AeAbHO. 3TO NO3BOAU-
AO paspaboTaTb HOBbIM MPUHLMM NOCTPOEHMUS
TpaHCPOPMATOPHbIX MOACTAHLUMMA Ha OCHOBE

5BoAkoB H.I. KauectBo aAeKTPOIHEPTHM B CUCTEMAX IAEKTPOCHAOXEHMS: yued. nocob. Tomck: TOMCKUI MOAUTEXHUUECKHUIA YH-T,

2010. 152 c.

SPeLLeHnst AAS NOBbILLEHUS KauecTBa IAEKTPOCHabxXeHUs B cetax 0,4 KB. AKLMOHEPHOE 0BLLECTBO BbICOKOBOALTHOTO 060PYAOBa-
HUA «IneKTpoannapam. Pexum poctyna: https://enertek63.ru/wp-content/uploads/2021/03/jea_buster.pdf (aata obpalieHus:

16.03.2024 1.).
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ABYX MOAYAEN TUPUCTOPHBIX KAKOUYEN, Tpexdas-
HOIO KOHTaKTOpa 1 ABYX PeakTopOoB C pPa3HbIMK
WHAYKTUBHBIMW COMPOTUBAEHUSIMUA. TTpUHLMMY
AENCTBUS NMPEAAAraeMOoro TEXHUYECKOro pe-
LLIEHUA U ero cneunasM3MpoBaHHOMY cnocoby
yNnpaBAEHUSA B LUMPOKOW WHTEpnpeTaumm no-
cBslleHa pabota [16].

Ha puc. 1 B OAHOAMHEMHOM WMCMOAHEHWUU
nokasaHa OYHKUMOHaAbHaa cxema LEeXoBoro
TpaHchopmaTopa NOACTAHLMKU C HOBbIM YCTPOW-
CTBOM, KOTOpas MpeACTaBAsieT cobon Tpexdas-
Hyto ceTb (G), AMHMIO anekTponepepaun (W),
TpexdasHblit CETEBON BbICOKOBOABTHbIN BbIKAHO-
yatenb (Qc), 6rok AP-TYPH, uexoBoin TpaHchop-
matop (LIT), 6BAOKM AATUMKA OTKAOHEHWSI HaNps-
xeHus (AOH) 1 aBToperyampoBaHus (BAP), Tpex-
$a3HblM aBTOMaTUYEeCKU BblkAtoUuaTeAb (QF) u
OAOK aKTUBHO-UHAYKTUBHOM Harpysku (Z).

Ha puc. 1 6nok peryastopa (AP-TYPH), 6a0k
Harpysku (Z,) ¢ ribpuUAHbIMU NyCKATEAAMU U UX
cUCTEMbI GOPMUPOBATEAST YNPABAAOLUUX UM-

1T 6/0.4xB

===
|
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@ ~UH
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nyAbcoB (PYWU) BblaEAEHbI MYHKTUPOM U MPEA-
CTaBAEHbl B BUAE CMAOBOW YNpPaBASIOLLEN CO-
CTaBASIOLLEN.

BJIOYHO-MOAYIIbHAA
MMUTALMOHHAA MOLOEIb
TPAHC®OPMATOPHOU NOACTAHLUUU
C HOBbIM PEINYNATOPOM
HAMNPAXEHUA U UBMEPUTEJIbHbIMU
MoaynavMu

ABTOpOM cTaTbk B cpepae MatLab 6bina no-
CTpoeHa OAOYHO-MOAYAbHAA UWMUTALMOHHASA
MOAEAb TPaHCHOPMATOPHOM MOACTAHUMMK', Ha
KOTOPOW MNPOBOAWMAUCL WUCCAEAOBAHWUSI CTabK-
AM3aLMK HanpsixeHua y notpebutenen Ha 3a-
AAHHOM YPOBHE NpW BHE3AMHOM CHUXEHWUK
HaNpPs>XXeHWs1 B CETU U NOBbILLEHWM TOKA aKTUB-
HO-MHAYKTMBHOW Harpy3ku [17]. Aaa npoBeae-
HUA nccaepoBaHma BAMAHKMA AP-TYPH Ha Hecu-
HYCOMAAABHOCTb TOKa M HanpsxeHua CIC npu
cTabuAM3aLMM HanpsXeHusa y notpebutenen

rm-1 | |

J1-1 4t R ST I
I

|

Z"-n

Puc. 1. OyHKUMOHaAbHas Cxema TPaHCHOPMATOPHOM MOACTAHUMM C MpeAAaraeMbiM ABYXMOAAMANa30HHbIM PEaKTOPHO-
TUPUCTOPHLIM YIPaBASEMbIM PETYAATOPOM HaMpsXeHUs

Fig. 1. Functional diagram of a transformer substation with the proposed double-subrange reactor-thyristor controlled voltage
regulator

TA.c. Ne 2022611670, Poccuiickas Gepepauys. BAOUHO-MOAYAbHAS MOAEAb ABYXTPAHCHOPMATOPHOW NMOACTAHLIMM C ABYXMOAAMANA-
30HHbIM PEAKTOPHO-TUPUCTOPHBIM ycTporcTBoM / B.C. Kanmalw, b.A. Tabapos. 3asBa. 24.01.2022; ony6a. 31.01.2022. Broa. Ne 2.
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Ha 3apAaHHOM YPOBHE MOCTpPOeHa UMMUTaLMOH-
Has MOAEAb TPaHCPOPMATOPHOM MOACTAHLMM
C npepnaraeMbiM PEFYASTOPOM HaMpPsXEHUs U
N3MEPUTEABHBIMU MOAYASIMMU.

Moa M3MeEPUTEAbHBIMKU MOAYASIMWU MOHUMa-
FOTCA MOAYAU AASl BbIUUCAEHUA KOIDPULUMEHTA
HECHMHYCOMAAABHOCTU HaMpPAXeHUs U KO3dPu-
LUMEHTa UCKaXEeHUs] CUHYCOMAAABHOCTU TOKa.
N3meputenbHble MOAYAM pa3paboTaHbl  Ha
OCHOBE U3BECTHbIX MaTeEMaTUYECKUX Bblpaxe-
HUM® N NPeACTaBAEHbl B PasBEpPHYTOM BUAE B
pabotre [18]. WMccaepoBaHne KoaddOULMEHTA
HECHMHYCOMAAABHOCTU HaMpPAXXeHUs U KO3dPu-
UMEHTa MUCKaXeHUs] CUHYCOMAAAbBHOCTU TOKa
Ha Pa3HbIX y4aCTKax CUCTEMbI INEKTPOCHabXe-
HUA NMPOBOAMAOCH AASI OMPEAEAEHUSA BAUSHUSA
yctporctea AP-TYPH Ha HeCUMHYyCOMAAAbHOCTb
TOKa M HanpsXXeHUsa CUCTEMbI INEKTPOCHAOXe-
HUS NPU CTabUAM3aUMK HANPSXEHUS Yy MOTpe-
6utenen Ha 3apaHHOM ypOBHeE.

MMUTaumMoHHaA MOAEAb TpaHcdopmaTtop-
HOW MOACTaAHLMKU CUCTEMbI IAEKTPOCHAOXEHMUS
¢ yctponcteom AP-TYPH un mn3ameputenbHbIMU
MOAYAIMW MOKa3aHa Ha puc. 2. Kak BUAHO
M3 pUC. 2, OHA COCTOUT M3 OBAOKa MUTAKOLLEN

cetn (MC), bAoka ceTeBOro BbikAtouatens (Q1),
AMHUK 3AeKTponepepaun (A3M1), moayaen oc-
HOBHbIX (TK-1) U AONOAHUTEAbHbIX (TK-2) Tn-
PUCTOPHbIX KAKOUYEN, CUHXPOHM3WPOBAHHbIX C
CeTbto, BAOKOB CUCTEMbBI MMMYAbCHO-GA30BOr0O
ynpaBaeHna CUOY-1 n CUDY-2, OCHOBHOMO
(L1) n pononHuTenbHoro (L2) peaktopoB, 6A0-
Ka KOHTaKTopa nepemMeHHoro toka AC (OT aHrA.
Alternative Current), uexoBoro TpaHc$opmMaTo-
pa (LIT), 6AOKOB rMbprAHbBIX NyCKaTeAen Harpy-
30k (IM-1, I'M-2 n IM-3), 6A0ka aBTOMATUUYECKO-
ro BbikAatouatens QF, 6aokoB AOH n obpatHoM
cBasun (bOC), 6noka OYU rmbpuaHbIX nyckaTte-
Aen [17], MOAYAEW AAA BbIYMCAEHUSA KOIDPU-
LUMEHTA HECUHYCOMAAABHOCTU HAMPSXXEHUA MK-
Tarowen cetm Ky, LEXOBOro TpaHcopmatopa
Kuur M Harpy3ku Ky, MOAYAEN AASI BbIYUCAEHUSA
KOdPUUMEHTA UCKAXKEHNA CUHYCOUAAABHOCTH
TOKa nutatowen cetm K, LexoBoro TpaHchop-
matopa Kyr M Harpy3ku Ky, M3MepPUTEAbHbIX
AATUMKOB TOKOB M HaNpsXXeHUin, BAOKOB aKTUB-
HO-UHAYKTUBHbIX Harpy3ok (Z,-1, Z.-2 v Z,-3), a
TakXe APYrmx BCOMOraTeAbHbIX SAEMEHTOB.
Kak nokasaHo Ha puc. 2, AN ONPEAEAEHNSA
BAMAHKUA ycTponctBa AP-TYPH Ha HecuHycou-
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Puc. 2. mutaumoHHas MOAEAb CUCTEMbI INEKTPOCHabXeHMs ¢ ycTporcTBoM AP-TYPH u u3MepUTEAbHBIMU MOAYASIMU AAST
BbIYUCAEHUS KOADPULIMEHTA HECUHYCOUAANBHOCTU HaMPSKEHUS U KOIQPULIMEHTA UCKAXKEHMS CUHYCOUAAALHOCTH TOKa

Fig. 2. A simulation model of an electric power supply system with a double-subrange reactor-thyristor controlled voltage regulator
and measuring modules for calculating the voltage non-sinusoidal coefficient and current total harmonic distortion coefficient

8ByTbipuHa MM.A., fladuatyamHa P.X., LectakoBa A.\. DAeKTPONPHUBOABI. INEKTPOCHABXEHME: yueb. Nocob. AAd By30B. B 3-X KH.

KH. Ill. YeasnbuHck: M3a-Bo KOYplY, 2005. 639 c.
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AAABHOCTb TOKa M HaMnpsXeHWUa Ha OTAEAbHbIX
yuyacTKax CUCTEM IAEKTPOCHabXeHUs u3me-
PUTEAbHbIE MOAYAM MOAKAIOUEHBI K MUTAIOLLEN
CEeTU, LLEXOBOMY TpaHCHOPMAaTOpPy U K Harpyske.

PE3YJIbTATblI UCCINTEOOBAHUA
KOQ®PULMEHTOB
HECUHYCOUOAJNTIBHOCTHU
HAMPAXEHUA N UICKAXXEHUA
CUHYCOUOAIIbHOCTU TOKA
NnPU CTABUITU3AUNN HANPAXEHUA
UccnepoBaHUE KO3IDDULMEHTA HECUHYCOU-
AAABHOCTU HaMpsXeHua U KoadduuueHta uc-
KaXeHWs1 CUHYCOMAAALHOCTU TOKa Ha pasHbIX
yyactkax C3C npoBOAMAOCH NPY HOMUHAAbHOM
HaNPSXXEeHUN CETU U HOMUHAAbBHOW Harpyske, a
TakXe Npu BHE3AMHOM CHUXEHUM HaNPSXXEHUS
ceTu Ha 5% 1 NoBbILLIEHUM Harpy3ku Ha 70% ve-
pe3 aABe ctyrneHn no 35% OTHOCUTEAbHO HOMMU-
HaAbHOrO YPOBHSl. AAA OOAbLLEN HArASAHOCTU
WUAAKOCTPALMKN GU3BNYECKUX MPOLLECCOB Ha HU-
XEenpUBEAEHHbIX PUCYHKaX Ha MHTEPBaAaXx Bpe-
MeHn T-1, T-2 1 T-3 npMBOAATCA pparmMeHTbl U3
pPEe3yAbTAaTOB UCCAEAOBAHUN KOIOPULMEHTA He-
CUHYCOMAAABHOCTM HamnpsXeHus U Koadduum-
€HTa UCKaXeHUA CUHYCOUMAQABHOCTWU TOKa Mpu
CTabuAM3aumM HanpsXxeHus y nortpebutenen
Ha HOMWHAAbHOM ypoBHeE. OparmMeHTbl, Npea-
CTaBAEHHble Ha UHTepBaAe BpeMeHu T-1 puc. 3
a, a Takke puc. 4 n 5, UAAOCTPUPYOT paboTy
C3C npyv HOMMUHAAbHOM HanpsXXeHWU nuTato-
LLIEV CETU U HOMUHAABHOM TOKE aKTUBHO-MHAYK-
TMBHOW Harpy3ku. Pe3yabTaTbl MCCAEAOBaHUS,
NPUBEAEHHbIE HA UHTEPBAAE BPeEMEHU T-2, UA-
AOCTPUPYOT paboTy TpaHCcHOPMATOPHOM MOA-
CTaHUMKN U NOTPEOUTEAEN INEKTPOIHEPTUU NPU
BHE3aMHOM OTKAOHEHWUW HaMNPsSXXeHWUK B NUTato-
LLen ceTh Ha -5% W NOBbILWEHMM TOKa Harpy3ku
Ha 35% OTHOCUTEABHO HOMMWHAABHOIO YPOBHS
HaNpPsXXEHUA CETU U TOKa aKTMBHO-UHAYKTUB-
HOW Harpy3ku (MHTepBana BpemeHu T-1). Pe-
3yAbTaTbl UICCAEAOBAHUSA, NPUBEAEHHbIE Ha UH-
TepBane BpPeMeEHU T-3, UAAKCTPUPYHOT paboty
TpaHCHOPMATOPHOM MOACTAHLMKM M NoTpebute-
AEW SAEKTPOIHEPIUU MPU NOHMUXKEHHOM Hanps-
XEHWN ceTn Ha -5% 1 Pe3KOM NOBbILLEHUN TOKa
AKTUBHO-MHAYKTMBHOW Harpysku ewe Ha 35%
OT TOKa Harpy3ku, KOTOpbIK MOKa3aH Ha UHTep-
Bane BpeMeHu T-2, B pe3yAbraTe Yero LEXOBOM
TpaHcHOpPMaTop Ha 3TOM UHTEPBAAE BPEMEHMU
(nHTepBaA BpemeHn T-3) 3arpyxaetca Ha 140%
M NPOAOAXKAET COXPaHATb HAAEXHOCTb NUTaHUSA
noTpebutener aneKTPOIHEPTUMN.

480

ISSN 2782-6341 (online)

CtouT npexae BCEro MOAYEPKHYTb, UTO Ha
puc. 3 a n 4 a pra bonee LMPOKOM UHTEpMpe-
TaLUMKW NOAYYEHHbIX PE3YALTATOB UCCAEAOBAHWUM
BaMsHUA AP-TYPH Ha HeCUMHyCcOMAAAbHOCTb
TOKa W HanpsXXeHusi Ha pasHblx yyacTkax CIC
npu ctabuaM3aumMmn HanpsixxeHusa y nortpebute-
A€W Ha 3apAaHHOM YPOBHE MPUBOAATCS OCLMA-
AOFPaMMbl TOKOB M HaNpshKEHUWW M3 paHee
NPOBEAEHHbIX UCCAeAOBaHUM [17] HenpepbiB-
HOro PEryAMpPoOBaHUA HaNPSXXEHMUA Ha BbICOKOM
CTOPOHE LEXOoBOro TpaHcdopmartopa npu He-
CTabUABHOCTU HaNPSXEHUS MUTAIOLLEN CETU U
TOKa Harpy3ku.

Ha ocumanorpamme puc. 3 a NpuBEAEHbI
AENCTBYIOLUME 3HAYEHWSI TOKOB U HAMPSXXEHUI
nutatowen cetm (I n Ug) n Harpysku (I, n Uy)
npu paborte TpaHCOOPMATOPHON MOACTAHLMK
C 9NEKTPUUYECKMMWU MapameTpamu, UAAKOCTPU-
pOBaHHbIMMK, COOTBETCTBEHHO, HA MHTEpPBaAax
BpemeHn T-1, T-2 u T-3, npu peryaAsmpoBaHuu
HanpPsHXeHWsi Ha BbICOKOW CTOPOHE LIEXOBOro
TpaHchopmaTopa NOACTaHUMKU. DparmMeHTamu,
NPEACTaBAEHHbIMWU Ha MHTEPBAAax BPEMEHMU
T-1, T-2 n T-3, uAarntocTpupyetcsa pabota LEexo-
BOro TpaHcdopmatopa npu HEeCTabUAbHOCTU
HanNpsXeHUss B CETU U TOKa Ha Harpyske, rae
NPOAOAKUTEABHOCTb €ro PaboTbl B KaXAOM WH-
TepBaAe BPeMeHU COCTaBAAET He MeHblle 10
MUH. 3pecb Kpuas U, uaatocTpupyet paboTo-
cnocobHocTb ycTtponctBa AP-TYPH npu cta-
6UAM3aUMN HaNPSXXeEHUsT Yy noTpebutener Ha
3aA@HHOM YpOBHE B CAyYae BO3HWKHOBEHMA
OTKAOHEHUA HaNpPSXEHWUs B NUTAOLWEN CETU U
TOKa Harpysku Ha LUMHE pacrnpeAeAUTEAbHOIO
YyCTPOMCTBa LEXOBOro TpaHchopmatopa [17].
lMoAyyeHHble pe3yAbTaTbl 3TUX YMCAEHHbIX JKC-
NnepuMeHTOB NO3BOAWAU NMOCTPOUTb UHTErPaAb-
HYIO XapaKTepUCTUKY CTabrAM3auMM Hanpsxe-
HUS y notpebutener. OHa npeacTaBAeHa Ha
puc. 3 b n xapakrepusunpyet pabotocnocob-
HOCTb MpeAAaraemMoro ynpaBAAeMOoro peryas-
TOopa HanpsXXeHus.

N3 WHTErpanbHOM XapaKTEPUCTUKKU CTa-
6MAM3aLMN HaNpPsXeHUsa (puc. 3 b) xopoLlo
3aMEeTHO, 4YTO NPUMEHEHWE MpepNaraemMoro
AP-TYPH B3ameH TpapMUMOHHOIO MeEXaHu-
UECKOro peryaatopa (Ce30HHOro peryasatopa)
HanpsxeHua tvuna NbBB B cocTaBe CyLEeCcTBYHO-
LLMX TPaHCHOPMATOPHbIX NOACTAHLMIA MO3BO-
ASleT COXPaHWTb HOMWHAAbHOE HamnpsaXeHue
Ha LWWHaX pacnpeAeAUTEAbHbIX YCTPOUCTB C
XOPOLMMU TEXHUKO-IKOHOMUUYECKUMMU MNOKa-
3aTeAIMKU, HECMOTPSA Ha HeCcTabUAbHOCTb Ha-
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Puc. 3. Ocumrnrorpammbl AEHACTBYHOLLMX 3HAYEHMI TOKOB M HaMNPsKEHUI (a) M MHTErpaAbHas XxapakTepucTuka ctabuansaLmm

HanpsixxeHus noTpebuterei aneKkTpoaHeprum (b)

Fig. 3. Oscillograms of effective current and voltage values (a) and integral characteristic of voltage stabilization of electric

power consumers (b)

NPSXXEHUA CETU U TOKa Harpysku, baaropaps
pacwmpeHntd GYHKLUMOHAAbHbIX BO3MOXHO-
CTer npeararaemMoro TEXHMUYECKOro peLleHus
n cneunasMsanMpoBaHHOMY crnocoby ynpaBae-
HUA UM [16].

Huxe npuBeAeHbl pesyAbTaTbl UCCAEAO-
BaHUA KO3OPUUMEHTOB HECUHYCOMAAAbHOCTHU
HanpsXXeHUss N UCKaXeHUs1 CUHYCOUMAAABHOCTH
TOKa Ha pa3HblIx yyacTkax C3C npu HenpepblB-
HOM PEeryAMpoBaHWKW HaNPsXXeHWUs1 Ha BbICOKOM
CTOPOHE LEXOBOro TpaHchopmaTtopa C yCTPOM-
ctBoMm AP-TYPH, npoBeA€HHOro AASl OLIEHKM
BAMSIHUA YNPaBAAEMOro peryaatopa Hanpsxe-
HMUA HA HECUHYCOMAAABHOCTb TOKA WU Hamnpsxe-
HUS B CUCTEMAX INEKTPOCHAOXEHMS.

lMoAyyeHHble  pe3yAbTaTbl  UCCAEAOBAHUSA
KO3 PULMEHTA HECUHYCOUMAAABHOCTM Hanps-
XEeHUs Ha pasHbix yyactkax CIC npu Henpe-

PbIBHOM pPEryAMpoBaHWK HanpsXXeHWUs Ha Bbl-
COKOW CTOPOHE LEXOBOro TpaHchopmaropa C
npeanaraemoiM  AP-TYPH npeactaBaeHbl Ha
puc. 4 a, Torpa Kak Ha puc. 4 b-d ana 6onee
LLUMPOKON MHTEPNpPETALMM MOAYYEHHbBIX PE3YAb-
TaTOB WCCAEAOBAHUSA BAUAHUA Mpepraraemo-
ro yCTPOMCTBa Ha HECUMHYCOMAAAbHOCTb TOKa U
HanNpPs>XeHUA NPUBOAATCS dparmMeHTbl U3 MNpo-
Llecca ctabuAM3aumMy HanpsXeHUs, TAe Takxke
AOMOAHUTEABHO WAAKOCTPUPYETCHA CTyMNeH4aToe
NoBbILLEHWE Harpy3ku. BaxxHO OTMETUTb, 4TO
NMPOAONKUTEABHOCTb  MCCAEAOBAHUA  KOIPODU-
UMeHTa  HEeCWMHYCOMAAABHOCTM  HaMpshKeHUs
Npu pasHbIX yrAax ynpaBAEHUA TUPUCTOPHbIX
KAKOUYEW B KaXXAOM MHTEpPBaAE BPEMEHW COCTa-
BUAA He MeHee 10 MUH. AAST OLEHKWU BAMSAHUSA
AP-TYPH Ha HECMHYCOMAQALHOCTL HaMpPs)XXeHUA
CETH, LEXOBOTO TpaHCchopMaTopa U Harpy3km Ha
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nHTepBanax BpemeHn T-1, T-2 n T-3 Ha puc. 4 a
NPUBOAATCA GparmMeHTbl M3 NOAYUYEHHbIX PE3YAb-
TaTOB MCCAEAOBAHUSA, TAE MPOAONKUTEABHOCTb
NCCAEAOBAHUSA KOIDOULIMEHTA HECUHYCOMAAAD-
HOCTW HaNpPsXXeHUS B KaXXAOM MHTEPBAAE Bpe-
MEHW cocTaBAsieT He MeHblue 10 MmuH. Ha oc-
LUMAANOTPaMMaX pUC. 4 NpUBEAEHHbIE HAAMUCHK
0O3Ha4alT MIHOBEHHbIE 3HAYEHUSA TOKOB U Ha-
NPSHKEHUN NUTAIOLLEN CETU (ic U Uc) U HArpy3ku
(iy W U,), AEUCTBYIOLLME 3HAYEHUA HANPSHXKEHUS
Harpy3kn (U,), a Takxe KoadpdbuuueHTa Hecwu-
HYCOMAAABHOCTU HaMpsXeHWs MUTatoLWEeN CeTu
Kune, LEXOBOro TpaHchopmatopa K,ur U aKTmB-
HO-MHAYKTUBHOM Harpyskun Ky.. U3 pesyabtatoB
3TOr0 UCCAEAOBAHUSA BUAHO, YTO MPEAAAraeMblin
ynpaBASEMbIA PEFYAATOP HAMNPSXXEHUS NPU HO-
MWHAAbHOM HaMps)XeHUU CETU U TOKE aKTUB-
HO-MHAYKTUBHOW Harpy3ku (MHTepBaA BpPEMEHMU
T-1), a TakXe Mpu CHUXEHWU HanpsKeHus B
CEeTU Ha 5% U NOBbILLEHWN TOKA aKTUBHO-UHAYK-
TMBHOW Harpy3ku Ha 70% (MHTEpPBaA BPEMEHMU

ISSN 2782-6341 (online)

T-3) OTHOCUTEABHO HOMWHAAbHbIX MapamMeTpoB
He co3AaeT HECUHYCOMAAAbHOCTb HanpsXXeHUs
Ha anemeHTax C3C. Ha nHTepBane BpemMmeHu T-2
ycTporictBo AP-TYPH, coxpaHasi HOMUHAAbHbIN
YPOBEHb HAMPSXEHWUS Ha LIMHE pPacnpepenu-
TEAbHOIO YCTPOMCTBA LEXOBOro TpaHcdopmato-
pa, BHOCUT rapMOHMYECKME COCTaBAsIlOLLME B
HanpsHkKeHWe CeTu U LEXOBOro TpaHchopmaro-
pa Ha 0,78%, a NOTPEOUTENSS INEKTPOIHEPTUU
Ha 9,8%, 4YTO He NMpPeBbILIAET AONYCTUMbIE HOP-
Mbl, ycTaHOBAeHHble TOCTom3.

Mo pesyabTaTaM aHaAM3a WMCCAeAOBaHUA
KO3dPMUMEHTA HECUHYCOMAAABHOCTM Hanps-
XEeHUsT MpU  HEenpepbiBHOM PEryAMpoBaHUK
HanpsxeHus ¢ yctponctsom AP-TYPH mMoxHO
3aABUTb, UTO MPEANAraeMoe YCTPOMCTBO, MOA-
AEPXMBas HanpsXXeHue y notpebutenen Ha 3a-
AAHHOM ypoBHe (CM. puc. 4, kpnBasa UH) npu
pa3HbIX YPOBHAX HAMPS)XEHUA NUTALOLLLEN CETU
WU TOKa Harpysku, He BHOCUT rapMOHUYECKUX
COCTaBASIOLUMX B HaAMNpPSXEHWEe BCEX 3AEMEH-
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Fig. 4. Oscillograms of currents and voltages and the voltage non-sinusoidal coefficient in the different sections of the power
supply system with a double-subrange reactor-thyristor controlled voltage regulator (a-d)

ToB C3C Ha uHTepBanax BpemeHu T-1 u T-3.
Yctpouctso AP-TYPH, nopaepxvmBas HOMMU-
HaAbHOE HanpsXXeHue y notpebutener Ha 3a-
A@HHOM YPOBHE, UCKaXaeT CUMHYCOMAAAbHOCTb
GOPMbl HaMNPSXEHUA TOABKO Ha WHTEpBaAne
BpeMEHU T-2, Npu 3TOM BEAUUUHbI UCKAXKEHWUI
COOTBETCTBYIOT MPEAEABHO AOMYCTUMbIM HOP-
Mam M He MNOBbIWAKTCA A0 MaKCMMaAbHOIO
3HauYeHMs HOPMbl, YCTAHOBAEHHOW OTEYECTBEH-
HbIM® 1 MeXAyHapOAHbIM* cTaHAapTaMu. 310
TakXe nokasbiBaeT 3OGEKTUBHOCTb PaboThl
npeanaraemoro AP-TYPH u yayulieHune sHepre-
TMYecknx nokasatenen C3IC B MHTEPBaAAE Bpe-
MeHM T-2.

Caepyrouime ocuuanorpammbl (puc. ) ua-
AOCTPUPYIOT KOIPOULMEHT MCKAXEHUA CUHY-
COMAQABHOCTM TOKa Ha pasHbIX yyacTKax Cu-
CTEMbl INEKTPOCHABXEHUA NpU cTabuAM3aLmm

HanpsHXeHus y notpebutener Ha HOMWHaAb-
HOM YpPOBHE MpW pasHbIX yrAax yrnpaBAEHUM
TUPUCTOPHBIX KAOYEeW. OCUMAAOTPaMMbl pUC.
5 a nanoctpupytot BAAHMe AP-TYPH Ha cu-
HYCOMAAABHOCTb GOPMbl TOKOB CETH, LIEXOBOIO
TpaHchopMaTopa M Harpy3ku, a OCLUUMAAOTPaM-
Mbl, MPeACTaBAEHHble Ha puc. 5 b, ¢ AeMOH-
CTPUPYIOT U3MEHEHUA GU3NUECKMX MPOLECCOB
NpU pasHbIX yrAax ynpaBA€HWA TUPUCTOPHbIX
KAKOUEN B npouecce ctabuan3aunmn Hanpsxe-
HUSA Yy NOTpebuTeren Npu HeCTabUAbHOCTU Ha-
NPSXEHUA B CETU M TOKA Ha Harpyske.

CTOUT NOAYEPKHYTb, YTO KOIDOUULMEHT UC-
Ka)eHWS TOKa MCCAEAOBAACH B KaXXAOM MHTEP-
BaAe BpeMEHU He MeHblue 10 MUH. AAS UAALD-
cTpauMm 1 oueHku BanaHMa AP-TYPH Ha ucka-
XeHue ToKa CeTu, LeXoBOoro TpaHchopmatopa 1
Harpysku Ha puc. 5 a Ha UHTepBaAax BPEMEHHU
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Fig. 5. Oscillograms of currents and voltages and a current total harmonic distortion coefficient in the different sections of the
power supply system with a double-subrange reactor-thyristor controlled voltage regulator (a-c)
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T-1, T-2 n T-3 NnpnBOAATCA PparmMeHTbl U3 MO-
AYYEHHbIX Pe3yALTaTOB UCCAEAOBaAHUA, TAE NPO-
AONKUTEABHOCTb UCCAEAOBAHUA B KaXXAOM WMH-
TepBane BpPeEMEHU COCTaBASIET HEe MeHblwe 10
MUH.

Ha atux ocuuarorpamMmmax npuBEAEHbDI
MIHOBEHHblIE 3HAYEeHUA TOKOB CETU i U Ha-
rPYy3KU iy, AEWCTBYIOLLUME 3HAYEeHUA Hanps-
XeHUsa Harpyskm U,, a Takxe KoadPUUMEHTHI
NCKaXeHUA CUHYCOMAQABHOCTU TOKa CeTU Kinc,
uexoBoro TpaHcoopmaTopa Kiyr U aKTUBHO-UH-
AYKTUBHOW Harpy3ku Ki,. Pe3yabtatbl 3TOro
NUCCAEAOBaHMUA MOKa3blBakOT, YTO YCTPOMCTBO
AP-TYPH He uckaxaeT CMHyconpanbHOW ¢op-
Mbl TOKOB BCEX 9AEMEHTOB CUCTEMbI IAEKTPO-
CHabxeHuA. Kak M3BECTHO, 3TO NO3BOASIET HE
TOABKO MOAAEPXKUBATb KAUECTBO IAEKTPOIHEP-
'MW B OTHOLLEHWK COXPaHEHUS HOMWHAALHOIO
HanpPsXeHUss 1 CUHYCOMAAAbHOW GOPMbl Ha-
npsxeHua B C3C, yayylwaTb TOYHOCTb paboThbl
annapatypbl P3A, coxpaHATb CPOK CAYXObl
3NeKTPOoOBOpPyAOBaHUA, HO U n3beratb AOMOA-
HUTEAbHbIX MOTEPb JAEKTPOIHEPrUM NpuU ee
TPaHCNOPTUPOBKE.

AHaAM3 pPe3yAbTaTOB WCCAEAOBaHUA CTa-
OMAM3ALMN HANPSKEHUsA Yy noTpebutenen u
BAMAHWA HOBOrO YNPaBASEMOro pPeryaatopa
Hanps>XXeHUsi Ha HECMHYCOMAAAbHOCTb TOKa M
HanNpPsXXeHWUs1 Ha pPasHbIX yvyacTkax npu Hecrta-
OUABHOCTM TOKa M HaNpPsXXEHWSI NMokasaA, uTo,
HECMOTPSA Ha BHELLUHWE U BHYTPEHHMUE U3MEHE-
HUA INEKTPUYECKMX MapaMeTPOoB, MPUMEHEHUE
npeararaemMmoro yCTporcTBa U paclumMpeHue ero
OYHKUMOHAABHBIX BO3MOXHOCTEM MO3BOASIET
YCTPaHUTb HEAOCTaTKM LIMPOKO pacnpocTpa-
HEHHbIX MeXaHUYEeCKUX U TMOPUAHbBIX Peryas-
TOPOB HaNpPsXeHUs, CBA3aHHbIX C YXYALLEHWEM
KauyeCTBa INEKTPOIHEPTUN N TEXHUKO-IKOHOMU-
YEeCKUX NoKasaTenen.

loAyyeHHblE pe3yAbTaTbl  MCCAEAOBaHUA
cTabrAM3auMM HanpsxeHusa y notpebutenen
N BAMAHWSA HOBOMO YrNpaBASIEMOro peryaatopa
Hanps)XeHuss Ha HEeCUHYCOMAAAbHOCTb TOKa
N HanpsXeHus Ha pasHblx yyactkax COC npu
PasHbIX pexrmax paboTbl MOATBEPXAAMOT, UTO
yctponctBo AP-TYPH, noaaepxuBasi HOMM-
HaAbHOE HanpsHXXeHWe Ha LWWMHaX pacrnpesenu-
TEAbHOIO YCTPOMCTBA, COXPAHAET TakXe BbICO-
KO€ 3HauyeHWe TEXHUKO-IKOHOMMUUYECKMX MOKa-
3aTenen.

CtouT B NepByto o4epeAb NOAYEPKHYTb, UTO
AN BOABLLETO pacLUMPEHNUS GYHKLUMOHAABHbBIX
BO3MOXHocTen yctpomnctea AP-TYPH ¢ ueabto

COXPaHEHUS BbICOKMX 3HAYEHWUN TEXHUKO-3KO-
HOMMWYECKMUX NOKa3aTeAEN INEKTPOYCTAHOBKMU,
YUUTbIBAA BEAMUYMHbBI OTKAOHEHMSA U KOAeDaHUSA
HanNpPsXXeHWUs1, HEOOXOAMMO AASI KaXXAOTO UCCAE-
AyEMOro 06beKkTa MHAMBUAYaAbHO pa3paboTtaTtb
AP-TYPH ¢ onpepeAeHHbIMU WUHAYKTUBHbIMM
COMPOTUBAEHUSAMU PEAKTOPOB Y COOCTBEHHbBIM
cnocobom ynpaBAEHMS.

3AKINMKOYEHUE

[MoAyyeHHble  pe3yAbTaTbl  MCCAEAOBaHUA
BAMSAAHMA HOBOIO YMNpaBAAEMOro peryaatopa
HanNpsXXeHuss Ha HEeCUHYCOMAAAbHOCTb TOKa
W HanpshXeHust Ha pasHblx yyactkax C3C npu
cTabuAM3aLMM HaMpsXeHUsa y notpebutenem
NO3BOAUAU CAEAATb CAEAYHOLLIME BbIBOADI:

1. Mpu aHaauide HayuHbix pabor oTede-
CTBEHHbIX M 3apybeXHbIX Y4YeHbIX, a TaKxe
OnbiTa 3KCMAyaTaLUMW CUCTEM SAEKTPOCHabXe-
HUS BbIACHWUAOCb, UTO CYLLECTBYIOLLME TPaHC-
dbopMaTopHbIE NOACTAHLMU HYXXAQOTCA B MPU-
MEHEHUMU HOBOrO aBTOMAaTU3MPOBAHHOIO TEX-
HMUYECKOIO PELLEHURA AAS YAYULLEHUS KadyecTBa
ANEKTPOIHEPTUN U TEXHUKO-OKOHOMUYECKMX
rnokasaTtenemn INEKTPOYCTaHOBKM.

2. MNpepnaraembin  AP-TYPH, HecmoTps
Ha CHUXEHME HaNpsXeHWUs NUTaltoLen CetTu U
NOBbILLEHNE TOKA Harpy3ku, OAHOBPEMEHHO C
NOAAEPXAHUEM HOMWHAABHOIMO 3HA4YE€HUS Ha-
NPsHXeHMsa y noTpebutenen Ha 3apAaHHOM YPOB-
He MNOBbILAET TEXHUKO-OKOHOMUYECKUE MOKa-
3arean COC.

3. TNOAYYEHHbIMUK pe3yAbTaTaMu  UCCAEAO-
BaHWUS BAMAHWUS HOBOIO YMNPaBAAEMOro pery-
ASITOPA HaNpsXeHUs Ha HECUMHYCOUMAAAbHOCTb
TOKa M HanpshKeHUst Ha pasHbix yyactkax CIC
B CTAUMOHAPHbIX U AMHAMMWUYECKUX PeEXMMaX
paboTbl LIEXOBOro TpaHchopMaTopa NokasaHo,
yto npepnaraemblin AP-TYPH npu CHuXeHun
HanpsXXeHWsa B ceTn Ha 5% M NOBbILLEHUN TOKA
AKTUBHO-MHAYKTMBHOW Harpy3ku Ha 35% Ucka-
XaeT CUHYCOMAAABHOCTb GOPMbl HaMPsHKEHUS
NMUTatoLLLEN CETU U LIEXOBOro TpaHchopmaTopa
Ha 0,78%, a noTpebuTeneit SINEKTPOIHEPTUN Ha
9,8%, UutO He NpeBbIlAEeT NPEAEAbBHO AOMYCTU-
Mbl€ HOPMbI, ycTaHOBAEHHble TOCTom.

4. YCTaHOBAEHO, 4TO npeanaraembln AP-
TYPH npu HectabUAbHOCTM HaMNPSXXEHUSA MNu-
TaloWen CEeTU 1M TOKa Harpysku, NOAAEPXUBaS
HOMMWHAAbHOE 3HauYeHWe HanpsXeHus y no-
Tpebutene Ha 3apaHHOM YPOBHE, He CO3-
AAET HECUHYCOMAAABHOCTb TOKa B CUCTEMAX
9NEKTPOCHabxeHusi. Kpome 3toro, braropaps
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FMﬁpMAHbIM nyCKaTeEAAM Harpys3ku, BKAKOYE- Harpy3kn BbIMOAHAETCA 6e3 BO3HWKHOBEHUS
HWE Harpy3kn npomn3BOAUTCA 6e3 6pOCKOB TO- SAeKTqueCKOVI AYTY, KOMMYTaUMOHHbIX MOTEPb
KOB 1 MPOCAAOK HaNpPAXEeHUA, a BblIKAOYEHNE n nepeHanmeeHm?I.
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UccaepoBaHME BAUSSHUA NapaMeTpPoB 3Aera3oBbiX BbIKAlOUATENEH
Ha BEAMUUHY KOMMYTaLMOHHbIX NepeHanps>XeHU Ha OCHOoBe
aHaAM3a HOMUHaAbHbIX PEXUMOB npeobpa3oBaTeAbHbIX
TpaHcdpopmarTopoB
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Pe3tome. Llenb - BbIIBAEHWE XapakTepa W CTEMEHW BAUSIHUA pabourx TOKOB IAEra3oBbiX BbIKAOUATEAEN HA Be-
AMUYUHY NepeHanpsKeHU Npu KoOMMyTaumuy npeobpasoBaTeAbHbIX TpaHcopMaTopoB. MpoBeAeH aHaAU3 OMbiTa IKC-
nAyaTaLumMn SAEKTPOOHOPYAOBaHMWS, BKAKOUAS M3yuyeHWe MPoBAeM, CBSI3aHHbIX C €CTECTBEHHbLIM CTAapPEHUEM WIOASILMM,
neperpy3kamu U BO3AEMCTBUEM KOMMYTALMOHHBIX NepeHanpskeHuin. B pabote ncnoAb3oBaHbl METOAbI AUArHOCTUKM
coCTOAHNA 060pyA0BaHMA. COrAacHO CTaTUCTUUYECKUM A@HHbIM, B HACTOsILLIEE BPEMS OKOAO 37% KOPOTKMX 3aMblKaHUM
mMexay dazamu n 42% opAHODA3HbIX 3aMblKaHUIM Ha 3EMAIO B AIAEKTPUUECKMX CETAX MPOMBILLIAEHHbIX NMPEAMNPUSTUI NPO-
MCXOAAT M3-33 KOMMYTaLMOHHbIX NepeHanpskeHnit. OTMEUYEHO B XOAE UCMbITaHUI, YUTO BO3HMKAKOLIME NepeHanpsiXXeHus
NpU KOMMYTaLMK SAEra30BbIMU BbIKAOUATEASIMI NPe0bpas3oBaTeAbHbIX TPAHCHOPMATOPOB, UCTMIOAL3YEMbIX HA aAFOMU-
HWEBbIX 3aBOAAX, MOTYT AOCTUraTb TPEXKPATHbIX 3HAUYEHNI HOMUHAABHOTO HAaMNPSKEHUA CETH, UTO MPEACTaBASIET Onac-
HOCTb AAA U3OASILMK OBMOTOK TpaHchopMaTopa, kabeAbHOM AMHUKM U CaMOr0 BbIKAKOUATEAS. YCTaHOBAEHO, UTO yBEeAMYe-
HWe paboumx TOKOB IAEra3oBOro BbiKAOUATEAS Mapkn LF2 po 27,8% OT HOMUHAABLHOTO TOKa BbIKAOUATEAS] MPUBOAWT
K POCTY NepeHanpsixeHWin npu KoMmMyTauum npeobpasoBaTeAbHbIX TpaHCHOPMATOPOB. MpK AaAbHENLLEM YBEAUYEHWU
pabounx TOKOB 3AEra3oBOro BblkAoUaTerst boree 27,8% OT HOMUHAAbHOTO TOKA BbIKAKOUATEAS] HABAOAQETCA pe3Koe
CHWXEHWE BEAUUYMHBI KOMMYTaLMOHHbIX NepeHanpsikeHUn. Taknm 06pa3oM, yCTaHOBAEHO BAMSIHWME BO3AENCTBUSI pabo-
YMX TOKOB SAEra30BbIX BbIKAOUATEAEN Ha YPOBEHb NEPEHanPsXEHUI NPU NepekAtoUeHUI Npeobpa3oBaTeAbHbIX TPaHC-
dbopmaTopoB, a Takke 0bHapyXeHbl OCHOBHbIE MPUUYMHBI 3TOFO SIBAEHWS, KOTOPbIE CAEAYET YUMUTbIBATb AAA MOBbILLEHUS
HaAEXHOCTU SNEKTPOCHAOXeHUs Npeobpa3oBaTeAbHbIX TPAHCHOPMATOPOB U aAKOMUHMEBOTO MPOM3BOACTBA B LIEAOM.
MoaTBEPXAEHA LEeAeco0bPa3HOCTb MPUMEHEHUS aKTUBHO-EMKOCTHbBIX racUTEAel Kak Hanboree 3PEKTUBHOIO Cpea-
CTBa AASl OFPaHUUYEHUSI NepeHanPsXKEHUI NPU NEPEKAOUYEHNM NPe0bpPa3oBaTEAbHbIX TPAHCHOPMATOPOB.

KaroyeBbie cAOBa: 3Nera30Bbli BbIKAHOUATEAb, CPE3 TOKA, KOMMYTALUMOHHbIE NepeHanpsxeHus, npeobpasoBa-
TeAbHble TpaHchopmatopbl, RC-racutenm

Ara untupoBaHusa: TuxoHoB A.B. MiccrepoBaHMe BAMAHUS NapaMeTPOB IAEra30BbIX BbIKAKOUATEAEN HA BEAUYU-
HY KOMMYTaUMOHHbIX NepeHanpsXeHWn Ha OCHOBE UCCAEAOBAHWS HOMMWHAAbHBIX PEXMMOB NpPeobpa3oBaTeAbHbIX
TpaHchopmaTopoB // iPolytech Journal. 2024. T. 28. Ne 3. C. 489-503. https://doi.org/10.21285/1814-3520-
2024-3-489-503. EDN: XCUWWH.
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Effect of SF6 circuit breaker parameters on switching overvoltages
evaluated based on nominal modes of converter transformers

Aleksey V. Tikhonov*~

INational University of Science and Technology MISIS, Moscow, Russia
1L LC Research and Development Enterprise Rutas, Krasnoyarsk, Russia

Abstract. In this work, we set out to investigate the influence of operating currents of SF6 circuit breakers on the
magnitude of overvoltages during switching of converter transformers. The experience of electrical equipment operation
is analyzed with a focus on the problems associated with the natural aging of insulation, overloads, and switching
overvoltages. The methods of equipment diagnostics were used. According to statistical data, at present, about 37% of
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short circuits between phases and 42% of single-phase earth faults in electrical networks of industrial enterprises occur
due to switching overvoltages. The conducted tests showed that the overvoltages emerging during switching by SF6 circuit
breakers of converter transformers, which are used in aluminum smelters, may reach a three-fold rated voltage of the
network. This threatens the insulation of transformer windings, cable line, and the switch itself. It was established that an
increase in operating currents of an LF2 circuit breaker, not exceeding 27.8% of the rated current of the switch, leads to an
increase in overvoltages during switching of converter transformers. At a further increase in the operating currents of the
circuit breaker by more than 27.8% of the rated current of the circuit breaker, a sharp decrease in the value of switching
overvoltages is observed. Therefore, the operating currents of SF6 circuit breakers were established to affect the level of
switching overvoltages of converter transformers. The underlying mechanism of this phenomenon was determined, which
should be taken into account when improving the reliability of power supply of converter transformers and, consequently,
the reliability of aluminum production. The feasibly of resistive-capacitive dampers as the most effective means for limiting
overvoltages during switching of converter transformers was confirmed.

Keywords: SFG6 circuit breaker, current cut-off, switching overvoltages, converter transformers, RC-dampers

For citation: Tikhonov A.V. Effect of SF6 circuit breaker parameters on switching overvoltages evaluated based
on nominal modes of converter transformers. iPolytech Journal. 2024;28(3):489-503. (In Russ.). https://doi.

org/10.21285/1814-3520-2024-3-489-503. EDN: XCUWWH.

BBEAEHUE

AAIOMWHUEBDBIE 3aBOAbl SABAAKOTCA  MOLL-
HbIMW MOTPEOUTEAIMU IAEKTPOIHEPrMK. Ha-
npumep, notpebAeHne Ha aAtOMUHUEBbLIX 3a-
BoAax KpacHosipcka, bpatcka n CasaHoropcka
coctaBasieT oT 40 po 70% oT BbipaboTKM INEK-
TpoaHeprun KpacHosipckon, bpatckon u Ca-
AHO-LLUywieHckon TAC COOTBETCTBEHHO. IAEK-
TpocHabXeHne 3aBOAOB OCYLLUECTBAAETCA MO
AMHUAM anekTponepepauun (A3MM) nepemMeHHoro
ToKa ¢ HanpsxeHuem 220 KB. YaeAbHble 3aTpa-
Tbl AAEKTPUUYECKON SHEPrMn Ha NPOU3BOACTBO
1 T aAOMUHKUSA Ha POCCUMCKMX 3aBOAAX Bapbu-
pytotca ot 14,5 po 18 MBTu [1, 2].

Mpn nepepaye OGOAbLIOM MOLLHOCTM Ha
nepemMeHHOM Toke B npoBoaax NIl BO3HMKa-
HOT MOTEPU INEKTPUYECKOW IHEPrUU. AAA CHU-
xeHusa notepb B NI 220 KB aAntoMUHKWEBbBIE
3aBOAbl PAcnoAaralTcs Kak MOXHO OAMXE K
9C. 370 BbI3bIBAET 3HAUMTEABHOE YBEAUYE-
HME TOKOB KOPOTKOIO 3amMblkaHus B ceTsax 10
KB npeobpalsoBaTteAbHbIXx TPAaHCHOPMATOPOB
No CpaBHEHUIO C TOKaMU K3 B cUCTEMAX IAEK-
TpocHabxeHua 6-10 KB ropHopo0ObIBaKOLLMX
KOMMNaHWM, MaLUMHOCTPOUTEABHbIX 3aBOAOB,
TpybonpoBOAHOIO TpaHcnopTa, HedpTerasoBowm
OTPaCAU U APYTUX CEKTOPOB.

Mpu BbIBOPE KOMMYTALMOHHbIX annapaTtoB
Aa ceter 10 KB Ha aAtOMMHMEBBLIX 3aBOAAX
0coboe BHUMaHUE YAENIETCS OTKAKOUAIOLLEWN
CMOCOBHOCTU U INEKTPOAMHAMUYECKON CTOMKO-
CTU BbIKAOUATEAEN. AN COBPEMEHHbIX TEXHO-
AOTUIN 3IAEKTPOAU3A aAOMUHUSA, UCMOAb3YHOLLNX
BbINPSAIMAEHHbIN TOK 350-500 KA, npumeHs-
OTCS BbIKAHOUYATEAU C HOMWHAAbHBIM TOKOM OT
2000 A n 6bonee, C HOMUHAAbHbIM TOKOM OT-
KAtoueHust 31,5 KA v Bbllle. B kauecTBe 0CHOB-
HbIX BbIKAKOUATEAEN C YKa3aHHbIMUW XapaKTepu-
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CTMKaMM UCMOAB3YIOTCA annapartbl Mapky LF2
n LF3 ot komnaHuu Schneider Electric.

OnbIT 3KcnAyaTauuM AAHHbIX 3AErasoBbiX
BbikAtOUaTeEAe Ha CasHOrOPCKOM aAlOMUHMU-
€BOM 3aBOAE MOKa3saa, YTo Npyv KOMMYyTaLMu
Harpy3ouHbIX Npeobpas3oBaTeAbHbIX TPaAHC-
dbopmatopoB MPOUCXOAUAU HEUCNPABHOCTH
KaK 3AEerasoBbIX BbIKAKOUATEAEW, TaK U KOH-
LUeBbIX MydpT Kaberen, NPOAOXKEHHbIX MeEXAY
BbIKAOUATEAEM M TPAHCHOPMATOPOM, a TaKXe
camMmx TpaHchopmaTopoB. AaBHOW MPUUMHOM
NOBPEXAEHUA dAEra30BbIX BbIKALOUATENEN AB-
ASIETCS DAEKTPUYECKMI NPOOOI U3OAALUM AHU-
L@ 3Aera3oBOl Kamepbl, TOrAa Kak AAA KOH-
LeBbIX MydT OCHOBHOW MPUUYMHOM BbixOAQ M3
cTposa ABAsieTCA NPOOON M3OASLMU OAHOM U3
¢$as, uto NPUBOAUT K OAHODA3HOMY 3aMblKa-
HUIO Ha 3EMAIO.

Bbixoabl M3 CTpos npeobpas3oBaTEAbHbIX
TpaHchopmaTopoB  0OYCAOBAEHbI  Npoboem
N30AALMK OOMOTKM BbICLLETO HANPSXEHUS U3-
3a nepeHanpsixeHun. Ha ocHoBaHMKU Bbllle-
M3NOXEHHOIO LIEAbHD MCCAEAOBAHUS SIBASETCS
OLEHKA CTENEHU BAUSIHUA paboumx TOKOB INe-
ra3oBblX BbIKAKOUATEAEN HA BEAUYMHY NepeHa-
NPSXXEHUM NpU nepekAveHun npeobpasoBa-
TEeAbHbIX TPAHCHOPMATOPOB.

AAS AOCTMXEHMST MOCTABAEHHOW LEAU pe-
LLIAAUCb CAEAYHOLLIME 3aAaUM:

- U3yUYEHUEe KAKOYEBbIX 3aKOHOMEPHOCTEN,
CBA3aHHbIX C BOBHMKHOBEHWEM MepeHanpsaxe-
HWUM NPU BKAKOYEHUW CUAOBBIX TpaHchopmaTo-
poB ¢ HanpsxeHnem 6-10 KB;

- UCCAeAOBaHWE M aHaAu3 AOAM KOMMYTa-
LMOHHbIX NepeHanpsxeHnin B obLien aBapuii-
HOCTW CUCTEM IAEKTPOCHabXeHMs 6-10 KB;

- BbINOAHEHME HATYPHbIX WCCAEAOBAHWUM
KOMMYTALMOHHbIX PEXMMOB npeobpa3oBa-
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TeAbHbIX TpaHchopmaTopoB Ha CassHOrOPCKOM
aAtOMUHUEBOM 3aBOAE;

- CPaBHUTEAbHbIA @aHAAM3 MOAYUYEHHbIX pe-
3yAbTATOB C OCHOBHbIMW 3aKOHOMEPHOCTAMM
BO3HUKHOBEHUA NepeHanpsXeHnn npu nepe-
KAKOUEHUN TPAHCHOPMATOPOB;

- U3y4yeHue 1 060CHOBaHME IPPEKTUBHbIX
METOAOB 3alUMTbl Npeobpas3oBaTeAbHbIX TPAHC-
dopmMaTtopoB OT KOMMYTALIMOHHbLIX NepeHanps-
XEHUMN.

AHAAU3 OCHOBHbIX 3AKOHOMEPHOCTEH
BO3HUKHOBEHWUA NEPEHANPSA)XEHUM
NPU KOMMYTALUU CUNOBbBIX
TPAHC®OPMATOPOB 6-10 kB

CyLLecTBYET MHOXECTBO MybAMKaUMK, NO-
CBSILLEHHbIX NCCAEAOBAHUIO 3aKOHOMEPHOCTEN
nepeHanpsxxeHn Mnpu BKAKOUYEHUU CUAOBbIX
TpaHCHOPMATOPOB U INEKTPOABUraTeNer Ha-
npsxeHnem 6-10 kB [3-9].

Mpy NPUMEHEHUN BaKyyMHbIX WU 3AEra3oBbiX
BbIKAOUATENEN ANST BKAKOUEHWUSI CUMAOBBIX TPAHC-
$OpPMaTopOB MaBHOM MPUUNHOM BO3HUKHOBEHMS
KOMMYTALMOHHbBIX MEPEHaNPSXXEHUN  ABASIETCA
adpdeKkT obpbiBa (Cpe3a) Toka NPU OTKAKOUEHWUK
TpaHchopmatopa, paboTatolero Ha XOAOCTOM
XOAY VAU NPW TOKaX Harpy3ku, coctaBasitolmx 10—
15% OT HOMMHAABHOIO TOKa TPaHCHOPMaTOpa.

Mcnonb30BaHWE MaCASIHbIX  BbIKAKOUATEAEN
TaKXKe MOXET COMPOBOXAATbCA BO3HUKHOBEHU-
€M KOMMYTALUMOHHbIX MNEPEHanPsXeHU npu
BKAKOUEHMU U OTKAKOUEHUW TpPaHCHOPMaTOPOB
B PEXUME XONOCTOTO XOAQ MAU BAM3KMX K HEMY
pPabounx PexXMMOB 3a CUET «BUPTYAAbHOIO Cpe-
3a Toka» [3]. MocrepaHn 0OYCAOBAEH TEM, 4TO
BO BPEMS TOPEHUNA AYTU MEXAY KOHTAKTaMW Bbl-

Kml‘
6

§—

KAKQUaTEAS]  TEHEePUPYIOTCA  BbICOKOYACTOTHbIE
COCTaBAAIOLLUME TOKA, KOTOPblE 3aMblKatoTCcsa 3a
cyeT MexdasHbIX eMKOCTEN KabeAbHbIX AMHWUIA
N BAEKTPOOOOPYAOBAHMSA, B PE3YALTATE YEr0 MO-
XET HabAAATbCA HaAOXEHWEe B NpoTnuBodase
BbICOKOYACTOTHbIX COCTaBASIIOLLIMX HA OCHOBHYHO
rapMoHUKy. Kak CAeACTBUE, KpUBas TOKa B TOUKE
HanoXeHUs1 ByAeT NpepbiBaThes, U ByAeT HabAKO-
AATBbCS MPOLECC, MOXOXMI Ha 3PPEKT Cpes3a ToKa.

YpoBeHb NepeHanpsi)XeHU oueHWUBAACA C
NOMOLLBIO KO3IPDULIMEHTA KPATHOCTU MepeHa-
NPSYXeHUN, KOTOPbIA COCTaBAAET:

B u(t) (1)

rae u(t) - MakCUMaAbHOEe MIHOBEHHOE Hanpsi-
XEHWe B MOMEHT BpeMeHu t, B; Uy — HOMUHaAb-
HOe aMMAMTYAHOE HanpsixeHue ceTu, B.

B cBoto ouepeab:

u® =iy |7 @

rAe iy — peanbHbl UAW BUPTYaAbHbIWM TOK B MO-
MEHT cpesa, A; L — MHAYKTMBHOCTb TpaHchop-
mMaTopa, H; C - eMKocTb 06MOTOK dasa-kopnyc
TpaHchopmatopa, O.

Tak Kak Ha MpakTMke BCe pacyeTtbl U Bbl-
COKOBOAbLTHbIE WCMbITAHUA MPUBOAATCH K HO-
MWHAAbHOMY AMHEMHOMY HaMNpPsXXeHUIO, TO AAS
pacueTta B3ATbl AMHEMHbIE HAMPSXXEHUS CETU.

Ha puc. 1 npeactaBAEHbl 3aKOHOMEPHOCTH
NU3MEHEHUS KOIPDULMEHTA KPATHOCTU KOMMY-
TAUMOHHbIX NepeHanpsXXeHu B 3aBUCUMOCTH
OT MOLLUHOCTM M TUNa BblkAtouaTeAs [10]:

[}

i

I [ I I
1000 2500 4000 6300 10000

16000

1 S.KB-A
25000

| I
20000

Puc. 1. 3aBucumoctb K_KI1 oT mMoLHOCTH TpaHCcpopmaTopa M Turna BbiKAouaTeAsd: 1 - BakyyMHbI;, 2 - 3AErasoBbik;

3 - MacAsHbIf; 4 - IAEKTPOMAarHUTHbINA

Fig. 1. K_KI vs transformer power and a breaker type: 1 - vacuum; 2 - gas-insulated; 3 - oil; 4 - electromagnetic
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3aBUCUMOCTM MOKa3aHHbIX Ha puc. 1 rpa-
OUKOB AEMOHCTPUPYIOT, UTO KOIGPULMEHT
KPaTHOCTU NepeHanpsiXeHUn Npu BKAKOUEHWUU
CUAOBbIX TPpaHCHOPMATOPOB 3aBUCUT OT TWMa
BbIKAKOUATEAST M MOLLHOCTM TpaHcdopmaTtopa,
a nNpu KOMMyTauuu BaKyyMHbIMW BblKAOYaTeE-
AAMU UMEET HaUBOAbLLNE BEAUYMHDI.

Mpu aTom aBTOpbI [3, 4, 6] yKa3biBatoT Ha TO,
UTO C YBEAMYEHMEM TOKa Harpy3ku TpaHchopma-
TOPOB KOMMYTaALMOHHbIE NepeHanPsXXeHUs CHU-
XaroTcA M3-3a YMEHbLLEHWS Cpe3a TOoKa 3a cueT
6onee MPOAONKUTEABHOTO FTOPEHUS AYTU MEXAY
KOHTaKTaMKn BbIKAtOUATEAS:. ITO 0OYCAOBAEHO
6oAee MHTEHCUBHOM MOHU3ALMEN MEXKOHTAKT-
HOro NPOCTPaHCTBA BbIKAIOUATEASI U NApaMu Me-
TaAAa, YTO NPUBOAUT K POCTY YrAa KOMMYTaLMM.

AaHHbIM npouecc oTobpaxeH Ha puc. 2.

Cunycompbl 1, 2 n 3 COOTBETCTBYHOT TOKaM
Harpysku, paBHbiM 25, 35 n 50% OT HOMWHaAb-
HOro TOKa TpaHchopmaTopa. YroA OTKAKOUEHUS
npu Harpyske B 25% coctaBaset 90-95°, caepo-
BaTEAbHO, CPe3 TOKa OYAET SKBMBAAEHTEH KO3G-
duumeHTy nepeHanpsxeHnn K1. Mpu Harpyskax
B 35 1 50% Yyron OTKAKOUEHUST YBEAUUMBAETCH AO
170-180°, crepoBaTEALHO, CPE3 TOKA ByAET 3K-
BUBAAEHTEH KO3OOULMEHTAM NepeHanpsXXeHun
K2 1 K3. Kak BUAHO U3 pUC. 2, BEAUUMHA KOIG-
durumeHTa nepeHanpskeHn K1 npeBbILLaeT Kak
K2, Tak n K3. YBeAMYEHME yrAa OTKAIOUYEHUS B
AmanaszoHe 170-180° 06ycAOBAEHO NMPOLIECCOM
MOHM3ALUMN MEXAY KOHTaKTaMK BbIKAIOUATEAS U
METaAAMUYECKMMU MNapaMu, BO3HUKAKOLWMMKU B
pe3yAbTate HOAEE MOLLHON IAEKTPUUECKOM AYTH.

ISSN 2782-6341 (online)

OnbIT 3KcnAyaTauun npeobpasoBaTeAbHbIX
TpaHCcPOpPMaTOpPOB MNokasbiBaeT [11], uTO OT-
KAHOUEHME 3TUX TPaHCHOPMATOPOB NPU TOKax
Harpysku B avanasdoHe 15-30% OT HOMUHaAb-
HOrO TOKa 3AErasoBOro BbIKAKOUATEAS MPUBO-
AVT K YBEAUYEHUIO B NATb pa3 aBapUMHOCTU
KabenbHbIX MydT, 3AEra3oBbIX BbIKAHOUATEAEN
n cammx npeobpasoBaTEAbHbIX TPAHCPOPMATO-
pPOB B TEYUEHUE OAHOIO rOAA SKCMNAyaTaLmu.

KOMMNAEKCHbI aHaAM3 aBapUMHOCTU CU-
CTEM 3NEKTPOCHabxeHus Ha ypoBHe 6-10 kB
NoKa3bIBAET, UTO B HacTosee Bpems 37% Ko-
POTKMX 3aMblKaHUK U 42% opAHOGA3HbIX 3aMbl-
KaHWN Ha 3EeMAK Bbl3BaHbl KOMMYTaLMOHHbI-
MW nepeHanpsxeHnsamun [12-14].

YuntbiBas NPOTUBOPEUNBLIE AAHHbIE O BAU-
AHUN TOKOB Harpy3ku Ha ypoOBEHb NepeHanps-
XXEHWUM NPU KOMMYyTaLmMK Npeobpas3oBaTEAbHbIX
TpaHchOpPMaTopoOB, NPOBEAEHbI HATypHbIE WUC-
CAEAOBaHUA KOMMYTALUMOHHbIX NepeHanpsaxe-
HWUM NPU Pa3AMYHbIX TOKax Harpy3km Ha Cas-
HOrOPCKOM aAlOMMHUEBOM 3aBOAE B CUCTEME
aneKkTpocHabxeHus 10 kB PI1-2.

PE3YALTATbI HATYPHbIX UCCAEAOBAHUM
NEPEHANPAXXEHUX MPU KOMMYTALUU
NMPEOBPA30BATEABHOIO
TPAHCO®OPMATOPA TUNA
TAUNO®YA-25000/10-Y1 SAETA30BbIM
BbIKAHOYATEAEM Schneider Electric
MAPKHU LF2

O6bLEKTOM MCCAEAOBaAHUA BblbpaHa cxema
SNEKTpOoCcHabxeHuns PM-2 npeobpasoBaTtenb-

1-100%
IHOM BBIKA.
g.
I L [ e o s e e o e s s e T
I I
BUR———f—= £ o ———-:
" N S | K1
% | K2
I K3
I I
I |
: T nepuod, °

|
95* : 170°

d

Puc. 2. 3aBUCUMOCTb TOKa Harpy3Ku1 BbIKAKOYATEAS OT yrAa KOMMYTaLUuu, MPUBOASILLASA K pasAquoﬁ KPaTtHOCTM KOMMYTaLMOHHbIX

nepeHanpﬂ)KeHMﬂ Ha Cekunn WnH

Fig. 2. Circuit breaker load current vs the switching angle at different ratios of switching overvoltages occurring on the busbar
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Puc. 3. 3nrekTpuyeckas cxema MOAKAOUEHMS npeobpasoBaTerbHOro TpaHcpopmaropa TALUMDYA-25000/10-Y1 yepes

aAerasoBbli BbikatoyaTeab Schneider Electric Tuna LF2

Fig. 3. Electrical connection diagram of the TALUM®YA-25000/10-Y1 converter transformer via Schneider Electric SF6-circuit

breaker

HbIX TpaHchopmaTopoB CasaHOrOPCKOro aAto-
MWHWEBOIO 3aBOAQ, pUC. 3.

HaTypHble WUCCAEAOBAHUA  BbINOAHSAAUCH
Ha npeobpa3oBaTeAbHOM TpaHchopmaTope
Ne 101 ¢ vMcnoAb30BaHUEM TpPexda3HOro ak-
TUBHO-eMKOCTHOro pAenntens AHEK-10 m yetbl-
pexkaHaAbHOro ocumanorpada Tektronix TDS
2024 B.

Cxema MNOAKAKOUEHMA annapartypbl AAA W3-
MEPEHUA KOMMYTALMOHHbIX NepeHanpsiXXeHnK
npuBeAeHa Ha puc. 4. AeAuTeAb HanpsXeHus
NMOAKAKOYAACA K BBOAY Npeobpas3oBaTeAbHOro
TpaHcdopmaropa.

B 1abA. 1 1 2 npuBeAeHbl OCHOBHbIE TEXHU-
YeCcKMe XapaKTepucTUKM npeobpal3oBaTEAbHO-
ro TpaHchopmaTopa M 3AEra3oBoOro BblKAKOYA-
Tens.

XapaKkTepHble OCLMAAOTPAMMbI KOMMYTa-
LMOHHBIX NepeHanps)XeHnn npuv BKAKOUYEHWUU
npeobpas3oBaTenbHOro TpaHchopmaTopa B
pexume XOAOCTOro xopa (XX) npuBeAEHbl Ha
puc. 5. Ha puc. 6-9 npeactaBAEHbI OCLMUANO-
rPaMMbl BKAKOUEHUSA U OTKAOUEHUA Npeobpa-
30BaTeAbHOro TpaHcdopmaTopa noAp Harpys-
KOW.

10 kB

QF

Ocyunozpag

Mumarowui kabens

HEK110

T 10/0,4

Puc. 4. Cxema noakAOYeHUA annapatypbl AN U3MEPEHUS
KOMMYTaLMOHHbIX NEPEHaNnpPsXEHNI

Fig. 4. Connection diagram of switching overvoltage
measuring equipment
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Tabamua 1. OCHOBHble TEXHUWUECKME XapaKTEPUCTMKM npeobpasoBaTeAbHOro TpaHchopmatopa TALMOYA-
25000/10-Y1 (25000 kBA - rabaputHasi MoLLHOCTb TpaHcdopmaTtopa, 12860 KB-‘A - HOMWHAAbHAA MOLLHOCTb
TpaHchopmaTopa)

Table 1. Main technical specifications of TALN®YA-25000/10-Y1 converter transformer (25000 kVA - transformer
overall power, 12860 kVA - transformer rated power)

Ne MapameTp EavHMUA u3MepeHus 3HaueHus
1 Usiom. KB 10,5

2 Shom. KB-A 6430x2
3 lom. A 740

Tabanua 2. OCHOBHbIE TEXHUUECKUE XapPaKTEPUCTUKIM SAEra3oBoro BblikAatouatens LF2
Table 2. Main technical characteristic currents of the LF2 SF6 circuit breaker

Ne MNapametp EavHMUA u3mepeHus 3HaueHus
1 Usiau6.ow. KB 10

2 Usan6 pas. KB 12

3 liom. A 2000

4 lom.oen. KA 40

5 I KA 40

6 R KA 128

S5 Step Setup | (i) Data View |5 Recording Options | ) Project Documentation |
10-
9-
=

Voltage (V)
1

0 200 400 600 80 1k 1% 1% 16k 18 % 2%  2,49%
_QJF'F Time (s)

Puc. 5. XapaktepHas ocumArorpamma Hanpﬂ)KeHMﬁur{ptm BKAOYEHUM MPeobpal3oBaTeAbHOro TpaHcopmaTopa B pexume
XOAOCTOr0 X0A@ Lyarp = 0,05y 1, U(t) gy = 9500 B, Ky = % =095
Fig. 5. A typical voltage waveform when swtihing on the converter transformer in an idle mode

u
Lyarp = 0.05 1, u(O)max = 9500 B, Ky = ——= = 0.95

H
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©F Step Setup | [ Data View | B3} Recording Options | [} Project Documentation |
10-

Voltage (V)
i

0 ' 2,% ' 2,990k
| QHT Time (s)

Puc. 6. XapaKkTepHasi ocLUMAAOrpaMMa HanpsixXeHWi Npu OTKAKUEHUM NPeobpas3oBaTeAbHOro TpaHCHopmMaTopa noa Harpy3Kok
Lyarp = I, u()jnax = 13500 B, Ky = 1,35
Fig. 6. A typical voltage waveform when switching off the converter transformer under the load
Lyarp = Lu(®)max = 13500 B, Ky = 1.35

%Stedeup‘ Data View f} Reoot&'bgOpbonsl ) Project Documentation |

Voltage (V)
S

1 1 1 1
0 200 400 600 800 1,2k 1,% 1,6k 1,8k 2k 2,2k 2,49%
2“—'*—‘ Time (s)

Puc. 7. XapaKkTtepHasi 0CLUMAAOTPaMMa HanpsixXeHU npy BKAKYEHUM MPpeobpa3oBaTeAbHOro TpaHCchopmMaTopa noA Harpy3Kon
Lyarp = 0,251y 1, U(t) max = 9000 B, Ky = 0,9
Fig. 7. A typical voltage waveform when switching on the converter transformer under the load
Liarp = 0.25Iy 1, U(t) yax = 9000 B, Kyy = 0.9
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:5% StepSetup: (@& Data View -"} ReootdngOpbonsl () PrqedDoctmentauon
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0 2,.2k ' 2,4I99k
Q[I Time (s)

Puc. 8. XapaktepHas ocuMAAOrpaMMa HanpsXeHUi Npu BKAKOUEHMM MpeobpasoBaTeAbHOro TpaHchopMaropa MoA Harpy3Kom
Liarp = 0,741, u(t) ax = 30000 B, Ky = 3,0

Fig. 8 A typical voltage waveform when switching on the converter transformer under the load
Lyarp = 0.741,u(t)max = 30000 B, Ky = 3.0

3 Step Setup | [@E] Data View e'} ReoondngOpbons[ ) Project Documentation |
22,5
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Puc. 9. XapakTepHasi OCLUMAAOrpaMMa HanpsKEHWIH Mpu OTKAKUYEHUM NPeobpa3oBaTeAbHOro TPAHCHOPMATopa MoA Harpy3Kon
Liap = 0,742, U(t)max = 25000 B, Ky = 2,5

Fig. 9. A typical voltage waveform when switching off the converter transformer under the load
[Harp = 0741H D, u(t)max = 25000 B, KKH =25
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B 1abA. 3 npuBepeHbl pacliMpeHHble pe-
3yAbTaTbl HATYPHbIX UCCAEAOBAHWUIA KOMMYTaLM-
OHHbIX NepeHanpsXeHun, a Ha puc. 10 - 3aBu-
cumoctn Ky = f (), rae vy - oTHoweHue pabo-
yero Toka, NPOTEKAKOLLETO YEPES BbIKAKOUATEAD,
K HOMWHAAbHOMY TOKY BbIKAOYa@TEAsl. AHAAU3
AaHHbIX TabA. 3 u 3aBucumocten Kyg = f(y),
NPEACTAaBAEHHbIX Ha pPUC. 7, NOKa3blBaeT, YTo
MaKCMMaAbHasa KpPaTHOCTb KOMMYTaUMOHHbIX
nepeHanpsXXeHWM BO3HUKAET NPU BKAKOUEHUU
npeobpasoBaTenbHOro TpaHchopMmaTopa, ECAU
Y HaxoAMTCS B AManasoHe 18,5-27,8% n mo-
xet pocturatb 3,0, a NpU OTKAKOUEHUN MaKCK-
MaAbHas KpPaTHOCTb He NpeBbllaeT 2,5.

Ecan y 6yner meHee 10% un 6onee 32,5%,
Torpa Npu KOMMyTauMu npeobpasoBaTeAbHOMO
TpaHchopmMaTopa KPaTHOCTb NepeHanpPsXXeHNN
He npeBbicuT 1,5.

OnbIT 3KcnAyaTauum npeobpasoBaTenbHbIX
TpaHCHOPMATOPOB MOKa3blBAET, YTO KOMMY-
Tauma TpaHcHopMaTopoB, MNPUMEHAEMbIX B
TEXHOAOTMYECKOM  MNpouecce MNPOM3BOACTBA
aAOMUHUWS, AOCTATOYHO YaCTO MPOUCXOAUT NP
koadpdunumneHte 3arpy3kun 0,4-0,7, UTO COOTBET-
CTBYET AMANasoHy M3MEHEHUA KO3IpodULMEHTa
y o1 15 A0 26%, T.e. CO3AQKOTCA YCAOBUA AAA
BO3HWKHOBEHWS MaKCUMaAbHbIX MNepeHanps-
XEHUMN.

MoAyyeHHble pe3yAbTaTbl HAaTypPHbIX UCCAE-
AOBaHWM XOPOLLO COrAacyroTcsl C AaHHbIMM,
NPEACTAaBAEHHbIMW Ha pUC. 2, HO OTAMYaKOTCA
OT PEe3yAbTaToB, M3AOXEHHbIX B [3, 4, 6]. 310
06yCAOBAEHO TEM, UYTO MCCAEAOBAHMWA NPOBO-
AVUAUCb AN BbIKAKOYATEAEM C HOMMUHAAbHbIM
ToKom 630-1000 A.

OueBMAHO, YTO MPOYMX PaBHbIX YCAOBUSIX
NPUMEHEHME BbIKAKOYATEAEN C HOMUHAABHbIM
TokKoM 1000 A (Y= luow/1000 A) No cpaBHEHUIO
¢ BblkatoyaTenaMu Ha 2000 A (Y= l.ow/2000
A) NPUBOAUT K YABOEHUIO KO3ddULMeHTa Y. B
3TOM CAyyae 3HauyeHue koadoduumeHTa y byaet
HaxoAuTbCs B npepenax o1 30 poo 52%. B atnx
YCAOBMSAX C POCTOM TOKa Harpy3ku KpaTHOCTb
KOMMYTaUMOHHbIX MepeHanpsXeHnn byaet
CHUXATbCA.

Takum 06pa3om, HEOOXOAMMOCTb WCMOAb-
30BaHWS 3AErasoBblX BbIKAKOYATEAEW C  HO-
MWHaAbHbIMK ToKamu oT 2000 A 1 bonee anA
KOMMyTaLUMM  npeobpasoBaTeAbHbIX  TpaHC-
bopMaTopoB C yBEAUYEHUEM TOKOB Harpy3km,
NPUBOASILLMX K POCTY KOadduumeHTa y Ao 28%,
BbI3bIBAET yBEAUYEHNE KPATHOCTU KOMMYTaLM-
OHHbIX MepeHanpsXXeHu, a AaAbHENWLLIEE yBe-
AMUYEHME TOKa Harpy3ku COMpoBOXAAETCH pes-
KUM CHUXEHWEM KPaTHOCTU KOMMYTALMOHHbIX
nepeHanpsxxeHun, puc. 7.

Tabauua 3. PaclumpeHHble pe3yAbTaTbl HaTypHbIX UCCAEAOBAHWUI KOMMYTaLMOHHbIX NepeHanpsxeHui
Table 3. Extended results of field studies of switching overvoltages

Tok Harpy3kH, Luarp Tok BbIKAIOUATeAs
- oo\‘:’ Haubonbwee
< S g < = S MrHOBeHHoe KpatHocTb
Bua kommyTaumm|Ne pucyHka| & 53 g 3d 5 % % - 3HaueHue nepeHanpskeHus
z s3<a S I sso gi HanpsHKeHus u(t)
B I FQ =3 s T F A= Kin =
© << g 'g' S © << g T =~ U(t),B Uu
® S ®© o35 S
I o T T >~
5 37 0,05 2000 1,85 9500 0,95
185 0,25 2000 9,25 9000 0,9
9 370 0,5 2000 18,5 29500 2,95
BkatoueHve
11 555 0,74 2000 27,8 30000 3,0
13 650 0,88 2000 32,5 10750 1,075
15 740 1,0 2000 37 8500 0,85
6 37 0,05 2000 1,85 12500 1,25
185 0,25 2000 9,25 13000 1,3
10 370 0,5 2000 18,5 15500 1,55
OTkAtOUYEHUE
12 555 0,74 2000 27,8 25000 2,5
14 650 0,88 2000 32,5 14500 1,45
16 740 1,0 2000 37 13500 1,35
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Puc. 10. 3asucumoctb Ky = f(¥): 1 - BKAtoueHme; 2 — OTKAIOYEHHe
Fig. 10. Dependence Ky = f(y): 1 - switching on; 2 - switching of f

AHAAU3 U OBOCHOBAHUE 3G GEKTUBHOM
SALWUNUTbI NTPEOBPA30BATEABHbIX
TPAHCO®OPMATOPOB

OT KOMMYTALMOHHbIX NEPEHANPS)XEHUN

CornacHoO McCCAeAOBaHUAM, NMPUBEAEHHbIM
B [15-17], ponycTMMas KpaTHOCTb NepeHanps-
XEHUM AN U30ASLMKM OOMOTOK CUAOBbIX TPAHC-
dopmaTtopoB M Kabenen HanpsxeHuem 6-10
KB co cpokom 3kcnayatauumn 6onee 5 aet co-
cTaBAsieT 2,8.

Pe3yAbTatbl NOAEBbIX UCCAEAOBAHWUW MPO-
AEMOHCTPUPOBAAKU, UTO MPU MEPEKAIOYEHUN
npeobpasoBaTeAbHbIX TPAHCHOPMATOPOB MO-
ryT BO3HMKATb NEpPEHaNnpsXeHUsa C KpaTHo-
CTbto A0 3,0. 3T0 CO3pAET PUCK AAS UBOAALIMK
0bMOTOK TpaHchopmaTtopa, KabeAabHbIx MydT
N 3AEra3oBbIX BbIKAHOUATEAEN, MOCKOAbKY, CO-
rAacHO AaHHbIM Schneider Electric, umnyab-
CHaf NPOYHOCTb 3NEra30BON KaMepbl COCTaB-
aset 30 kB.

B HacTosLLIEee BpeMS AN CHUXKEHMA KOMMYTa-
LMOHHbIX MEepeHanpsXeHU akTMBHO MPUMEHS-
OTC HEAMHEWHbIE OrPpaHUYUTEAM NEePEHanpsxe-
HuK (OMH) 1 akTMBHO-eMKOCTHble RC-racutenm.

AHaAM3 AUTEpaTypHbIX UCTOUHUKOB [9, 19-
28] nokasaa, 4to Haubonee 3DEKTUBHbLIMM
aaatoTcs RC-racutenn, y KOTopbIX OTCYTCTBYHOT
HeApocCTaTku, npucyLme OlMH:
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- HaAMuMe 30Hbl 3amupaHua B pabore
YCTPOMCTBA MNpPU YacToTe KOMMYTALMOHHOIO
nmnyabca 45 Kl 1 BbIlWeE;

- HM3KasA TepMUYecKas YCTOMUYMBOCTb K
AAMTEABHBIM OAHO®A3HbIM TOKaM 3aMblKaHMS
Ha 3eMALO.

MoneBble UCCAEAOBAHMSA NOKa3aAu, UTo Npu
3HAYEeHUAX KO3DPULMEHTA Y, paBHbIX 18,5 U
27,8%, 3KBUBAAEHTHas YaCcTtoTa KOMMYTaLIMOH-
HOro MMMYyAbCa HAaXOAMAACh B AMana3oHe oT 58
A0 63 Kl (cMm. puc. 8, 9).

CornacHO TEXHOAOTMYECKUM YCAOBUSIM, MPU
BO3HWKHOBEHWW OAHOG}A3HOr0 3aMblKaHWSI Ha
3eMA0 B cxeMe 10 KB BbIkAtOUATEAb-KAOEND-
npeobpasoBaTeAbHblit TpaHCchOpMaToOp 3aLumTa
OT 3aMbIKaHUI Ha 3EMAKO pearMpyeT Ha CUTHaA,
YTO MNO3BOAAIET 3aMbIKAHUIO COXPaHATLCA AO
Tpex yacoB, cO3paBasi YCAOBUA AASI TEPMUYECKO-
ro nospexaeHus OrNH.

MNCX0AS 13 BbILLIEN3AOXKEHHOIO, AASI 3aLLUTBI OT
KOMMYTALMOHHbBIX NepeHanpsixXeHWi ObIA UCMOAb-
3oBaH RC-racutenb mopemmt RC-10,5-0,25/30-
YXA1, narotoBaeHHbIM OO0 «HIIM «PyTac».

APDEKTMBHOCTL  AAHHOMO  YCTPOWMCTBA  MOA-
TBEPXXAAETCH XapaKTePHbIMU OCUMAAOTPAMMaMMU,
CHATLIMW NPU 3HAYEHUN ¥ = 27,8%, rae HabaroAa-
AMCb MaKCUMaAbHble KOMMYTALMOHHbIE NEpeHa-
NpPsXKeHUs, NPUBEAEHHbIE Ha puc. 11 1 12.
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Puc. 11. XapakTepHas 0CLUMAAOrpaMMa HanpsixXeHUi Npu BKAKOUEHUM TpeobpasoBaTerbHOro TpaHcpopmartopa ¢ RC-racuterem
104 Harpy3Kou lyarp = 0,741y rp, U(t)max = 9250 B, Ky = 0,925

Fig. 11. A typical voltage waveform when switching on a converter transformer with an RC damper under the load
Liarp = 0,741y 1p, U(t) max = 9250 B, Kk = 0,925
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Puc. 12. XapakTepHasi ocUMAAOrpaMMa HamnpsXKeHWH Mpu OTKAKYEHMM npeobpa3oBaTeAbHOro TpaHcpopmaropa ¢ RC-
racutenem noa Harpy3kod I = 0,741y 1, u(t)max = 9250 B, Kgn = 0,925

Fig. 12. A typical voltage waveform when switching off a converter transformer with an RC damper under the load
I =074l 1, U()max = 9250 B, Kyq = 0,925
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3AKAKOYEHUE

Mo mepe yBEAMYEHUA OTKAKOUALOLLEN CMO-
COBHOCTM KOMMYTALMOHHbIX annapatoB BO3-
pacTaeT U UX HOMUHAAbHbIN TOK. 3TO NPUBOAMUT
K TOMY, UTO GaKTUYeCcKre paboune TOKU BbIKAKO-
yatenst peapko npesbiwatoT 40% OT HOMUHAAb-
HbIX TOKOB BbiKAtoUaTenen (Y < 40%).

UcecaepoBaHUS NOKa3anM, UTo C yBEAUYEHHU-
eM paboumx TOKOB IAEra30BOr0 BbIKAKOUATEAS
LF2 po 3HaueHusa He bonee 27,8% OT HOMM-
HaAbHOIO TOKa BbIKAKOUATEAA (MapaMeTp Y) Ha-
OAHOAQETCS POCT KPATHOCTU KOMMYTALMOHHbIX
nepeHanpsixeHu po 3,0. Mpu Tokax y < 27,8%
B 3AEra3oBblXx Kamepax BblKAtouaTens LF2
NPaKTUUECKM HE MEHSETCA YrOA KOMMYyTaLMK,
UTO MPUBOAMUT K POCTY Cpe3a TOKa U yBEAUUe-
HUIO KOMMYTALUMOHHbIX MEePEHANPAKEHNN.

AaAbHENLLIUA POCT paboumnx TOKOB IAeraso-
BbIX BbIKAtOUaTENEN LF2, npu koTopbIxXy >27,8%,

ISSN 2782-6341 (online)

COMPOBOXAAQETCA PE3KUM CHUXEHUEM KpaT-
HOCTU KOMMYTALMOHHbIX NepeHanpsXeHni 3a
CUET YMEHbLUEHUA Ccpe3a Toka, 0OYCAOBAEHHO-
ro yBeAudeHMeM BPEMEHWN FOPEHUSA U MOLLHO-
CTU AYrM. 3TO NPMBOAUT K UHTEHCUBHOMW MOHMU-
3aLMKU MEXKOHTAKTHOro NpocTpaHcTBa U obpa-
30BaHMIO NAapoOB MEeTaAAa, B AQHHbIX YCAOBUSAX
YrOA KOMMYyTaLUMK BO3pacTaerT.

KpaTHOCTb M3MEPEHHbIX KOMMYTALMOHHbIX
nepeHanpsxeHnn cocrtaBasetr 3,0, 4TO npea-
CTaBASIET PUCK AASI M3OAALIMM OOMOTOK TPaHC-
dopmaTopa, KabeabHbIX AMHUI U 3IAEra3oBbIX
BbIKAOUATEAEN U TPEOYET BbINOAHEHWUST HAAEX-
HOW 3aLUUTbl OT ATUX NEPEHANPSKEHNN.

NcenepoBaHua noatBepanan [19, 20], uto
npumeHeHne RC-racutener npepoTBpaLLAET
BO3HMKHOBEHWE OMACHbIX AA M3OAALIMK Nepe-
HanNpPs>XXeHUN Npu KoMMyTauuu npeobpas3oBa-
TEeAbHbIX TPAHCHOPMATOPOB.
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Arutupyembie MeAbHULbI TOHKOTO U CBEPXTOHKOIro U3MeAbUYEeHUS
ANAl MOCAEAYIOLUUX 060raTUTEAbHO-METANAYPrMUeCKUX onepauumn

I.U. BoinowHukos ™, A.10. YNKnH>

UPKYTCKUI HAyYHO-MCCAEAOBATEALCKMI UHCTUTYT BAGrOPOAHbIX M PEAKMX METAAA0B U aAMa30B, MpkyTck, Poccus
2UpKyTCKMI rocyaapCTBEHHbIN yHUBepcuTeT, MpKyTck, Poccus

Pe3rome: Lienb - NPoOBECTU KpaTKUii 0630p KOHCTPYKLMI, XapaKTEPUCTUK M NapaMeTpoB paboTbl arutmpyemMbix
MeAbHULL 3apyBeXHbIX MPOU3BOAUTEAEN, MPUMEHSEMbIX B HACTOsILLIEE BPEMS. AHAAU3 UHPOPMALMKU 06 aruTMpyeMblx
MeAbHULIAX, KOTOPbIE UCTIOAL3YHOTCSH AAS NMOBbILLEHWSA 3ODEKTUBHOCTA 060raTUTEABHBIX U METAAAYPrUUYECKMX Onepa-
UM, NPOBOAMACSA Ha OCHOBE 0630pa M3BECTHbLIX AUTEPATYPHbIX U UHGOPMALMOHHbIX MCTOYHUKOB. 0 pesyAsTatam
NpoBEAEHHOro 0630pa OnybBAMKOBAHHbIX MCTOYHWKOB MOKa3aHO, YTO MCMOAb30BaHWE TPAAMLMOHHbIX BapabaHHbIX
LLIAPOBbIX MEABHUL, B CXxeMax GAOTaLMK PYA U KOHLEHTPATOB C TOHKMM B3aMMHbIM NpopacTaHMeM MUHepPanoB Hele-
Aeco0bpasHo. Takxe NpUMEHEHWE TPAANLMOHHBIX MEABHWULL MPWU BCKPbITUKX YNOPHbIX K LUAHWMPOBAHUIO PYA U KOHLIEH-
TPaToB, rA€ 30A0TO TOHKO BKPAMNAEHO B CyAbOMAbI, OFPAaHUUYEHO BbICOKMM PACXOAOM IAEKTPOIHEPTUM HA U3MEAbYE-
HWE U COOTBETCTBYHOLLMMMU IKCMAyaTaLIMOHHBIMK 3aTpaTtaMiu. B paboTe paccMoTpeHbl pa3AnUHbIe THUMbl arMTUPYEMBbIX
MEAbHUL, — BEPTUKAAbHbIE W FOPU3OHTaAbHble. OTMEYEHbl MPEUMYLLECTBA arMTUPYEMbIX MEAbHUL, B CPaBHEHUU C
TPAAMLMOHHBIMU LIAPOBbIMU MEAbHULLAMMW, B YACTHOCTU MO 3HEProaddGeKTMBHOCTU. [peACTaBAEHbI KOHCTPYKLMK U
OCHOBHbIE XapPaKTePUCTUKKU arutMpyemblX MEAbHUL, MOAYYMBLUMX HaMboOAbLLee NMpumMeHeHue. Mo AaHHbIM 3apybex-
HbIX UCCAEAOBAHMI NPUBEAEHbBI OCHOBHbIE MapaMeTpbl, ONPeAeAstoLLIME NPOLIECC UBMEABYEHUS B YKa3aHHbIX MEAb-
HULAX (OTHOLWIEHWE pa3mepa bucepa K KPYNHOCTU NUTAHUA MEAbHULbI, MAOTHOCTb U3MEAbUALOLLEN CPEADI, MAOTHOCTb
nyAbnbl B MeAbHULE, 06beMHasi 3arpy3ka bucepa, CKOpoCTb NepemMellMBaH1s U T.M.). AHAAU3 AUTEPATYPHBIX AAHHbIX
CBUAETENBCTBYET O BbICOKOW 3ODEKTUBHOCTU MEABHUL, C MEPEMELLMBAHNEM MEAIOLLEN CPEABI AN TOHKOIO U CBEPX-
TOHKOIO U3MEABUYEHWS PYA Y KOHLLEHTPATOB B CPABHEHWU C TPAAULIMOHHBIMW LLIAPOBbIMU MEAbHULAMU. YUUTbIBAsA, UTO
06BbEM PYA M KOHLEHTPATOB, YMOPHLIX K nepepaboTke TPaAULMOHHBIMU cnocobamu, yBEAMUMBAETCS, NPUMEHEHWE
yKa3aHHoOro obopyaoBaHusa ByaeT paclunpaTbes, NoBbias 3GPEeKTMBHOCTb MOCAEAYHOLLIMX 0B0raTUTEAbHbIX U METAA-
AYPrUYECKMX onepaumi.

KaroueBble cAOBa: TOHKOE U CBEPXTOHKOE M3MEAbYEHUE, aruTUPyEMble MEAbHULbI, KOHCTPYKLMS, PACXOA IAEK-
TPO3HEPIUU, XapPaKTEPUCTUKKU, NapaMeTpbl paboTbl

AnsuutupoBaHus: BonnolwHnkos [LU., YUnknH A.K0. ArutnpyeMble MeAbHULbI TOHKOTO M CBEPXTOHKOIO M3MEABUYEHUS
AASI OCAEAYHOLLIMX 060raTUTEABHO-METAAAYPrUUECKmX onepaumii // iPolytech Journal. 2024. T. 28. Ne 3. C. 504-512.
https://doi.org/10.21285/1814-3520-2024-3-504-512. EDN: UAQWEC.

METALLURGY
Review article

Stirred media mills of fine and ultrafine grinding for subsequent
beneficiation operations

Grigory . Voiloshnikov*“, Andrey Yu. Chikin?

lIrkutsk Research Institute of Precious and Rare Metals and Diamonds, Irkutsk, Russia
2Irkutsk State University, Irkutsk, Russia

Abstract. This paper presents a brief review of the designs, characteristics, and operating parameters of Stirred
media mills supplied by foreign manufacturers. An analysis of information on Stirred media mills , which are used
to improve the efficiency of beneficiation and metallurgical operations, is carried out using available publications.
The obtained results indicate the inexpediency of using conventional drum ball mills for flotation separation of ores
and concentrates with a fine interpenetration of minerals. The application of conventional mills in extraction of
ores and concentrates resistant to cyanidation, where gold is finely disseminated in sulfides, is limited by their high
power consumption and the corresponding operating costs. In this work, different types of Stirred media mills are
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considered, including their vertical and horizontal types. The advantages of Stirred media mills over conventional
ball mills, particularly in terms of energy efficiency, are noted. The designs and main characteristics of Stirred
media mills , which have received wide application, are presented. According to the data presented in the reviewed
publications, the main parameters determining the grinding process in such mills are outlined, including the ratio
of bead size to mill feed size, density of grinding medium, density of pulp in the mill, volume loading of beads,
stirring speed, etc. The conducted analysis of literature data indicated high efficiency of mills based on agitation of
grinding media for fine and ultrafine grinding of ores and concentrates in comparison with conventional ball mills.
Given that the volume of ores and concentrates resistant to processing by conventional methods is increasing,
the application of Stirred media mills is expected become more widespread, thereby increasing the efficiency of

subsequent beneficiation and metallurgical operations.

Keywords: fine and ultrafine grinding, stirred mills, mill designs, power consumption, characteristics, operating

parameters

For citation: Voiloshnikov G.l., Chikin A.Yu. Stirred media mills of fine and ultrafine grinding for subsequent
beneficiation operations. iPolytech Journal. 2024;28(3):504-512. (In Russ.). https://doi.org/10.21285/1814-
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BBEAEHUE

BoBaeueHne B NPOM3BOACTBO Cblpbs yNop-
HOro K nepepaboTke TPaAULMOHHBIMW CMOCO-
6amun TpebyeT NOCTOSIHHOIO COBEPLLEHCTBO-
BaHUA 060raTUTEAbHbIX WM TMAPOMETAAAYPIU-
YECKUX TEXHOAOTMIW M3BAEYEHUSA LIEEHHbIX KOM-
noHeHToB. [lpn 3TOM BO3pacTaeT 3HavyeHue
NPOLECCOB TOHKOrO U CBEPXTOHKOIO M3MEAb-
YeHUs, B YaCTHOCTH, NPpU GAOTALMKU PYA U KOH-
LLEeHTPaTOB C TOHKMM B3aUMHbIM NpopacTaHu-
€M MWHEpPaNOoB, a TakXe Mpu BCKPbITUK ynop-
HbIX K LUMaHMPOBAHMIO PYyA M KOHLEHTPATOB,
rA€ 30A0TO TOHKO BKpPanAeHO B CyAbOUAbI. YKa-
3aHHble NPOLLECChbl NMO3BOASIOT CYLLECTBEHHO
NOBbICUTb 3PDEKTUBHOCTb PA3AEAEHUA MUHE-
panoB npu dAOTaUMU, YAYULUUTb KUHETUKY U
MOAHOTY OKMCAEHUA CYAbOUAHBIX MUHEPANOB
B npoueccax atMochpepHOro, aBTOKAABHOIO
N BGaKTepUaAbHOrO BCKPbITUSA MepeaA LMaHK-
poBaHuem® [1-4]. OpHAKO WCNOAb30OBaHUE
ANA OTUX LIeAEeN TPaAMUMOHHBIX 6apabaHHbIX
LAPOBbIX MEAbHUL, OrPAaHUYEHO BbICOKUM
PaCXOAOM 3AEKTPOIHEPTMU HA M3MEAbYEHUE
M COOTBETCTBYHOLLMMWU 3KCMAyaTalMOHHbIMU
3aTpatamun. B cBfA3M ¢ atUM pa3paboTtka u
BHeaApeHne 3QPEKTUBHOIO N3MEABYUTEABHOTO
060pyAOBaHUA NPEACTABASETCS BECbMaA aKTy-
aAbHOWM 3apavent.

UEAb UICCAEAOBAHUA

LleAnbto  MCCAEAOBAHUA ABAAETCA KpaTKui
0630p XapaKTepUCTMK U napameTpoB pPaboTbl
arnTupyembix MeAbHUL, (0T aHrA. stirred mills
- MEAbHMULbI C NepemMellMBaHUEM MEAIOLLEN
cpeabl) 3apybexHbIX NPOU3BOAMTENEN, MPUME-
HAEMbIX B HACTOSILLLEE BPEMS.

MATEPUAADbI UCCAEAOBAHUA

OCHOBHbIM 0060pPYAOBaHMEM, WCMOAb3Yye-
MbIM B MPOLECCax M3MEAbUYEHUS, B TEUEHMUE
AOATOr0 BPEMEHU OCTAaBaAUCh LLIAPOBbLIE MEAb-
Huubl. OpaHako Bo3pacTatowas noTpebHOCTb
B TOHKOM W CBEPXTOHKOM M3MEAbYEHUU PYA U
KOHLEHTPATOB MOKa3aAa WX raBHbIM HEAOCTa-
TOK AASl OTUX LIEAEN — BbICOKUI PaCcXoA 3AEKTPO-
3Hepruun. B cBA3K ¢ 3TMM BO3pacTaeT 3Ha4YEeHUe
NPMMEHEHMS annapaToB, MO3BOASILLUUX CHU-
3UTb PACX0OA 3AEKTPO3HEPrun [5, 6]. BaxHbIiM
HarnpaBAEHUEM CHUXEHWA pacxoAa 3HEPTUK B
npoLecce U3MeAbYEHNS ABASIETCA UCMOAb30OBa-
HUE MPaBUAbHOW TEXHOAOTMM U 0HOPYAOBAHMSA
NU3MEABUEHUST AN KOHKPETHOIO NPUMEHEHMUS,
B YACTHOCTU NPUMEHEHUE aruTUPYEMBbIX MEAb-
HUU. ArMTUPYEMble MeAbHWLbI BoAee 3Hepro-
9PPEKTUBHbI, YEM OObIUHbIE TEXHOAOTUU W3-
MeAbYeHUsA (puc. 1.) [7, 8]. OHU He MeHee YeMm
Ha 50% 6onee 3HEProadDEKTUBHbBI AN TAKKX
NPUMEHEHWI, YEM OObIUYHbIE LLIAPOBbIE MEAb-
HULbI [9].

B Hacrofllee Bpems CyLLECTBYIOT pasAnu-
Hble TUMbl MEAbHUL, C NepeMellnBaEeM MEAKD-
LLIEV CPEAbI, KaK BEPTUKAAbHbIE, TaK U FOPU3OH-
TaAbHble. BepTMKaAbHblE MEAbHULbI BKAKOUAKOT
B cebsa balueHHyt0o MeAbHuuy Vertimill, meab-
HUUpl HIGmIll, SMD (Metso-Outotec) n VXPmill
(FLSmith). Mpumepamn ropnu3oHTaAbHbIX MEAb-
HUL, C NepeMELLMBaAHUEM MEAIOLLIEN CPeAbl B-
astotca menbHUUbl Netzsch/IsaMill n ALC (KHP).
MeAbHWLBI OCHALLEHbI LUTUGTAMU UAU AUCKAMM,
YCTAHOBAEHHbIMW Ha LEHTPaAbHOM Bpallato-
LLemMcs Bany. Baa pacnpeaenietr MexaHU4eCckyro
3HEepPruo OT ABUraTeAst K 3arpyske, Koraa AMCKM
WA WTUGTbI BpaLLaroTcs BMeECTe ¢ BaAOM. Aen-

32020 Compendium of Technical Papers // IsaKidd™. Pexum poctyna: https://www.glencoretechnology.com/.rest/api/vl/
documents/41037d647e29db4dch9932ac302a59d6,/2020+ISAKIDD+Compendium+of+Papers.pdf (aata obpalleHus:

20.02.2024).
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Puc. 1. 3HepronotpebAeHne Ha U3MEABYEHHE B LIAPOBON MEABHULIE M MEAbHULIAX C NEPEMELLMBAHMEM MEAIOLLEN CPpeAb [8]
Fig. 1. Energy consumption for grinding in a ball mill and stirred media mills [8]
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Puc. 2. MeabHuua Vertimill-Metso-Outotec (BepTukanbHasi, nepeMeLunmBaTeb B BUAE LLUHEKA). KpYNHOCTb NUTaHUA A0 6 MM,
namenbyaet Ao 15-20 mMkM. Meawowas cpeaa - CTaAbHble Lapbl 5-38 MM, CKOPOCTb Ha KOoHLUe nepemelunBaterss 3 m/C.
MotuHocTb Ha eauHmnLy obbema - 20-40 kBr/m?
Fig. 2. Vertimill-Metso-Outotec mill (vertical, screw-type agitator). Feed size is up to 6 mm, grinds up to 15-20 um. Grinding
medium is steel balls of 5-38 mm, agitator tip speed is 3 m/s. Power per unit volume is 20-40 kW/m3
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Puc. 3. MenbHnua SMD (Stirred Media Detritor) Metso-Outotec (BepTukaAbHasi, nepemMelumMBaTeAb - BaA CO LUTUPTaMm).

KpynHoctb nutaHms ot 100 A0 15 MkmM, npoayKT A0 98% - 2 MKM, cTaHAapPTHO 80% MUHYC 6 MKM. KpynHoCTb bucepa 1-3 Mm.
MotuHocTb Ha eanHmLy ob6bema 50-100 kBt/m3

Fig. 3. SMD (Stirred Media Detritor) Metso-Outotec mill (vertical, a shaft with pins is an agitator). Feed size is from 100 to 15
um, up to 98% product is 2 um, usually 80% minus 6 um. The bead size is 1-3 mm. Power per unit volume is 50-100 kW/m?

CTBME M3MEABUYEHWUA MPOUCXOAUT MPU CTOAKHO-  OCHOBHbIE XapaKTePUCTUKW MPUMEHSIEMbIX B
BEHWM M3MEABUAIOLLIMX LLIAPUKOB M MUHEPAAb-  HacTosillee BPeMSs (MO AAHHbIM MPOWM3BOAMTE-
HbIX YacTuLl. Huxe nprBEAEHbl KOHCTPYKUMKM U Aer 060pyAOBaHMSA) MeAbHULL, (PUC. 2-6).

30Ha Hr3KX0- 30Ha saCOKO-
MHTEHCHEHOD WHTEH I BHOMO
IV ENSYEHNR HIMENLNEHN R
(rosxme (rpyGeie
vacTys) vacTnu)

(Outotos, 2013)

a b
Puc. 4. MeabHuua (a) HIGmIll Metso-Outotec (BepTrkaAbHasi, NepemMeLLlnBaTEAb — BaA C AMCKAMM); MPUHLMI PabOTbl MEAbHULbI

(b) Outotec HIGmill (1 - BpaLyatoLLMiCs BaA, 2 - UBMEAbYAIOLLME AMCKM, 3 — HEMOABUXXHbLIE KOHTDAMCKH,
4 - kamepa U3MeAbYEHHS)

Fig. 4. (a) HIGmill Metso-Outotec mill (vertical, a shaft with discs is an agitator); (b) Outotec HIGmiIll operating principle
(1 - rotating shaft, 2 - grinding discs, 3 - fixed counter discs, 4 - grinding chamber)
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w

a b

Puc. 5. MeabHuua VXPmill - FLSmith, paHee Deswik (BepTukaabHasi, nepemMeLunBaTenb - Baa ¢ AUCKaMM), CKOPOCTb Ha KOHLE
nepemelumnBaters 10-12 m/c. MoiuHocTb Ha eanHuly obbema 240-765 kB1/M3: a - obLmMit BUA; b — BaA C AMCKaMM Npu
MOHTaxe

Fig. 5. VXPmill - FLSmith mill, former Deswik (vertical, a shaft with discs is an agitator), agitator tip speed is 10-12 m/s. Power
per unit volume is 240-765 kW/m?®: a - general assembly; b - a shaft with discs under installation

Puc. 6. MenbHuua Isamill - Glencore, paHee Netzsch/Isamill (ropu3oHTaAbHas, nepemMeluMBaTeAb — BaA C AMCKaMM) CKOPOCTb
Ha KoHLie nepemelunBatess: boree 15 m/c. MolHoCTb Ha eanHuLy 06bema 300-1000 kB/m?

Fig. 6. Isamill - Glencore mill, former Netzsch/Isamill (horizontal, a shaft with discs is an agitator), agitator tip speed is more
than 15 m/s. Power per unit volume is 300-1000 kW/m?
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Kpome 3HeproadGeKTMBHOCTU, MEAbHMU-
Ubl C NepemMelwMBaeMbiMU CpeAaMn B BUAE
bucepa NPOUIBOASIT UBMEABYEHHBIN NMPOAYKT,
KOTOPbIV HE COAEPXUT Xenelda braropapsa uUc-
NMOAb30BAHUIO MHEPTHbIX KEPAMMUUYECKUX W3-
mMeAbyarowmx cpep Ten [10]. Cpepa n3Menb-
YyeHusa B OTCYTCTBME XeAae3a noapasymeBaet
MeHbLUE 3KCMNAyaTaUMOHHbIX MpobAeM M3-3a
MeHbLUIEro NoTpebAeHUs uMaHnaa 1 GAoTaLM-
OHHbIX peareHToB NpuW MOCAeAytolen obpa-
6oTKe.

MeabHMUbl VXPmIll n Isamill ncnoAb3ytoT
TOHKYIO M3MEeAbYaloLLyto cpeay M paboTatoT
Ha BbICOKMX CKOPOCTSAX MepemMellnBaTenen,
YTO AEAAET MX MPUIOAHBIMWU AASI CBEPXTOHKO-
ro uameabuenun [11]. B paborte [12] npuBe-
A€Hbl OCHOBHble npenmywiectea VXPmill ne-
pep Isamill: HeT He0b6X0AMMOCTU YNAOTHEHUSA
NOALUMMHUKA BaAa (NyAbNa HE KOHTAKTUpyeT
C MOALIMMHUKOM), OTCYTCTBME KOHCTPYKTWUB-
HbIX CAOXHOCTEN U3-3@ BHYTPEHHUX MEXAHU3-
MOB pa3AeAeHUsA MPOAYKTa (MepenoAHeHUe
NPOAYKT@ 4epe3 3KpaH YAEPXaHUs CpPeAbl)
M MEHbLLUYIO 3aHMMaeMyto naowaab. OaHaKo
MeAbHULA Isamill 6oAee 3HeproHacbllEeH-
Has.

AHanM3 cneumanM3avpoBaHHOW AUTEpaTy-
Pbl MO3BOAMA OMPEAEAUTb OCHOBHbIE Napame-
TPbl, BAUSIIOLLIME HA MOKa3aTeAU U3MEAbYEHUS
B MeAbHMLAX C NnepemMellnBaHUEM MEAKLLEN
cpeabl. K HUM OTHOCSATCS:

OTHoweHne pasmepa bucepa K KpynHo-
CTHU MUTAHMUA: AN TOHKOTO NUTaHUS (MeHee
40 mKkm) - 20:1; ara 6oaee KPYMHOro NUTaHuA
(Fso= 166 mkm) - 12:1.

lNMAoTHOCTL M3MeAbYaroLLeHn cpeabl (buce-
pa) AOAKHa ObiTb Boaee uem B TPU pasa Bbllle
O0XMAQEMOM MAOTHOCTU MYAbMbl U3MEAbYAEMO-
ro NPOAYKTa, koTopas coctaBaseT ot 1,2 poo 1,5
kr/am® [12].

NMoMuMo nAOTHOCTM bBucepa, Apyrue coob-
paxeHus, KOTOpble CAEAYET yYUTbIBATb, BKAKO-
YyakT TBEPAOCTb, NPOYHOCTb U GOPMY U3MEAD-
yatowen cpeapbl. [poyHble K3MeAbyatowme
CPeAbl AOAXHbI ObITb XOPOLLO OKPYIAEHbI W
CBOOOAHbI OT AEPEKTOB U TPELLMH; HOCUTEAU C
AePEKTAMU U TPELLLMHAMU AETKO AOMAtOTCH, YTO
NPUBOAUT K HEMPUEMAEMO BbICOKOMY M3HOCY
NM3MeAbUaloLLEN cpeabl [6]. Ar 9PPEKTUBHOIO
M3MEAbUYEHUA M3MEAbYAKOLLAn Cpepa AOAXKHA
ObITb TBEPXE, YEM U3MEABYAEMbIN MUHEPAA,
[13, 14].

O6bemHan 3arpy3ka b6ucepa. YsennueHue
3arpy3ku 6ucepa yBEAMYMBAET 4YaCTOTY CTOA-
KHOBEHWM, T.€. CTPECCOBbIE COObLITUA B KAMepe
N3MEAbUYEHUA NPU 3aAaHHON CKOPOCTU MEAbHU-
Lbl. TO IBAEHWE YBEAMUMBAET MAOLLAAb MECT
paspyLleHUsa yacTul, B Kamepe M3MeAbUYEHUS,
HO pabounMit KPyTALWMK MOMEHT MU MOLLHOCTb
Takxe yBeAnumpatotca [7]. OpHako 3arpyska
bucepa He AOAXHA ObiTb Bbille 90%, MHaue
cXatue cpeabl NPUBEAET K HENPUEMAEMO Bbli-
COKOMY M3HOCY CpeAbl U GYTEPOBKM U3-3a Upes-
MEPHOro TPEHUA B U3MEABYMTEABHOW Kamepe
[15]. Avana3oH 3arpy3ku bucepa B MeAbHULY
coctaBasiet o1 50 po 83%.

Ckopocte nepemewmnBaHus. B cneuma-
AM3UPOBAHHbIX WMCTOYHUKAX MPUBOAUTCA WUAM
AMHENHan CKOPOCTb Ha KOHLE nepemellvBare-
ASl, AW YUCAO ero 060poToB. HanMmeHbLLasn 1H-
TEHCMBHOCTb MepeMellMBaHns HabAroAaeTcs
y MeAbHuUpbl Vertimill. TUNUUYHbIE AMANa30HbI
CKOpPOCTEM nepemMellnBaHuUs BEPTUKAAbHbIX
MEAbHUL, C UCMNOAb30BAHWEM LUTUPTOBLIX UM-
neanepoB: 200-330 06/muH [16], 200-1350
06/MuH [17], 260-1000 06/MmuH [18] 1 450,
1000-1500 06/MuH [19]. AnanasoHbl CKOPO-
CTEN rOPU3OHTAAbHbIX MEAbHWUL, C NepPPOpPHpPO-
BaHHbIMW AWCKOBbIMU MMMEAAEPAMU BblLLIE,
yeM Yy BEPTUKAAbHbIX MEAbHUL. TUMUYHbIE
CKOPOCTMU FOPU3OHTAAbHOM MepeMeLInBaEMONn
MeAbHUUbl: 2130-4370 06/MuH [14] n 1500-
2500 06/muH [20].

3AKAKOYEHUE

AHaAU3 AUTEpPaTYPHbIX AGHHbIX CBUAETEAD-
CTBYET O BbICOKON 3QPEKTUBHOCTU NPUMEHE-
HUA MEAbHUL, C NepeMeLLMBaHUEM MEAOLLEN
CpeAbl ANl TOHKOTO U CBEPXTOHKOIO U3MeAbYe-
HUA PYA M KOHUEHTpaToB. K npenmyliectBam
YyKa3aHHbIX MEAbHMWL, OTHOCWUTCA CYyLLECTBEH-
HOE CHMWXEHME pacxohAa INEKTPOIHEPrnu Ha
M3MEAbYEHME B CPABHEHUM C TPaAAULMOH-
HbIMW LIAPOBbIMU MeAbHULAMU. [poBeAeH
KpaTKMiM 0630p KOHCTPYKLIMIA U XapaKTEPUCTUK
NPOMBbILAEHHbIX aruTUpPyemMblX MEAbHUL, a
TakXe napamMmeTpoB, BAUAIOLMX Ha Nokasare-
AY UBMEAbYEHUS. YunTbiBas, UTo 06bEM PyA U
KOHLEHTPATOB, YNOPHbIX K nepepaboTke Tpa-
AMUMOHHBIMK  cnocobamu, yBeAM4YMBaETCH,
NPUMEHEHWE yKa3aHHOro obopypoBaHua Oy-
AET pacluMpsaTbes, nosbiwasa 3GGEKTUBHOCTb
MOCAEAYHOLLMX 06OraTUTEAbHbBIX U METAAAYPIU-
YeCcKMx onepaumi.
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Problems and solutions to protection of carbon-graphite electrodes
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Abstract. This paper presents literature review of the existing problems and solutions in protecting carbon-
graphite electrodes from the destructive environment of arc steel-making furnaces, magnesium and aluminum
cells. The most significant publications on the corrosion resistance of cathodes and anodes in relation to physical,
chemical, and electrochemical wear, to oxidizing environments, to active components of the introduction and
destruction of the carbon structure are discussed. An analysis of various proposals and engineering solutions for
reducing or eliminating the impact of aggressive environments on electrodes under specific operating conditions
of metallurgical units is carried out. It was established that losses from lateral oxidation of the electrode surface
of arc steel-making furnaces, when passing the temperature zone of 600-800°C, may reach 40-60% of the total
consumption. Carbon-graphite products are subject to a significant destructive effect of the specific interaction of
carbon with elements and compounds of the working environment, which can be introduced (intercalate) into the
interlayer structure of carbon. The existing engineering and technological solutions mainly apply to the protection of
the product surface; moreover, they perform their functions for a short time, rather than during the entire service life
of the metallurgical unit. In this connection, it is proposed to focus on ensuring volumetric protection of electrodes
from the effects of an aggressive environment. Intermediate results obtained in the field of synthesis of carbon-
based composite materials adapted to the conditions of electrode production at existing enterprises are presented,
along with the results of studies into the oxidizability of these composites. The existing and proposed engineering
solutions for protecting the surface of carbon products have not received wide recognition or are not used in the
metallurgical industry. Among the most probable reasons are the limited period of electrode surface protection, the
complexity of reproduction, or the lack of profitability due to the high cost of protective components. In this regard,
synthesis of C - TiC/TiB2 composite electrodes based on petroleum coke and graphite seems to be a promising
research direction.

Keywords: carbon-graphite electrode, material destruction, oxidation, wear, intercalation, protective coatings,
composite materials
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MpobAeMbl U pelleHUnA 3aLWUTbl YIAerpadpUToBbIX INEKTPOAOB

E.C. lopraHosY ™, B.M. Cussakos?, ®.10. LLapukos®, A.A. Cnekropyk*, T.B. Bytakosa®

3CaHKT-leTepbyprekmit ropHbIH YHUBEPCHTET MMNepaTpHMLbl ExkatepuHsi II, CaHkT-Tetepbypr, Poceus
45000 «9n6», HoBOCHbUMpPCKas obAacTb, p.n. AuHeBo, Poceus

Pe3rome. Llenb - avtepaTypHblid 0630 CyLLECTBYHOLLMX MPOBAEM W PELLEHMI MO 3alumTe YrAerpadUTOBbIX SAEK-
TPOAOB OT AECTPYKTUBHOIO BO3AEMCTBUA arpPeCcCUBHOM CPeAbl AYrOBbIX CTAaAENA@BUAbHBIX MeYer, MarH1eBbIX U anto-
MWHWEBbIX 3AEKTPOAN3EPOB. B paboTe npmMBeaeHO 06CyXAeHWE Hanbonee 3HAUMMbIX PE3YALTAaTOB UCCAEAOBAHMM
KOPPO3MOHHOWM CTOMKOCTM KaTOAOB M @HOAOB MO OTHOLLEHMIO K GUINUYECKOMY, XUMUUECKOMY U IAEKTPOXMMUYECKOMY
M3HOCY, OKMCAMTEABHOW CpeAe, a TakKe K aKTUBHbIM KOMMOHEHTaM BHEAPEHWSA W Pa3PyLUEHUs] YTAEPOAHOM CTPYK-
Typbl. MpoBeAEH aHaAU3 MPEAAOXKEHUIA U TEXHUUECKUX PELLUEHUI MO YMEHbLUEHUIO UAW UCKAKOUEHUIO BO3AEMCTBUS
arpeccrBHOM CPeAbl Ha SAEKTPOAbI B KOHKPETHbIX YCAOBUSIX paboTbl METAaAAYPrUUECKUX arperatoB. YCTaHOBAEHO, UTO
notepu ot 6OKOBOIO OKUCAEHHWA NMOBEPXHOCTU SAEKTPOAOB AYrOBbIX CTAAEMAABUAbHbIX NEYEr MPU NPOXOXAEHUMN TEM-
nepatypHoi 30Hbl 600-800°C pocturator 40-60% oT 061Lero pacxoaa. 3HaUMTEABHOE paspylLatoLLEee BO3AENCTBUE
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Ha yraerpapuToBble U3AEAMA OKa3biBaeT cneumndryeckoe B3aMMOAENCTBUE YTAEPOAA C SAEMEHTAMMU U COEAUHEHUS-
MW pabouelt cpeabl, CMOCOBHbIMU BHEAPATLCS (MHTEPKAAMPOBATh) B MEXCAOWMHYIO CTRYKTYPY yraepoaa. CyLuecTByto-
LLME TEXHUYECKME U TEXHOAOTMUYECKME PELLEHUS PACNPOCTPAHAIOTCS Ha 3aLUMTY NOBEPXHOCTU UBAEAUIM U BbIMOAHAIOT
CBOU OYHKLMK B TEYEHUE KOPOTKOTO BPEMEHM, HO HE B TEYEHUE CPOKa CAYXObl METAaAAypPriyeckoro arperata. lNpea-
AOXEHO CKOHLIEHTPUPOBATbLCA Ha obecnevyeHnr 06beMHON 3aLLMTbl INEKTPOAOB OT BO3AEWCTBUSA arpPeccMBHOM cpe-
Abl. [peacTaBAEHbI MPOMEXYTOUHbIE PE3YALTAThbl MEPCNEKTUBHOIO HaNpPaBAEHUA CUHTE3A KOMMNO3UTHbLIX MaTepPUanoB
Ha OCHOBE YrAepoAa, aAanTUPOBAHHOIO K YCAOBMSIM MPOM3BOACTBA SAEKTPOAOB Ha AEWCTBYIOLLUMX NMPEANPUATUSX, a
TakXe pesyAbTaTbl MCCAEAOBAHWUS OKMCASIEMOCTU 3TUX KOMMO3UTOB. CyLLECTBYIOLUME U NMPEeAAaraeMble TEXHUYECKHe
peLleHns No 3aluuTe NOBEPXHOCTU YIAEPOAHBIX U3AEAMI HE MOAYYMAU LLUMPOKOTO NPMU3HaHWA, AMOO HE UCMOAb3YHOT-
€A B METAAAYPrMyeckomn otpacAan. BeposiTHaa npuuMHa — orpaHUUYEHHbIN NEPUOA 3aLLUMTbI MOBEPXHOCTU SAEKTPOAOB,
CAOXHOCTb BOCMPOU3BEAEHUS AU OTCYTCTBUE PEHTABEABHOCTU 13-3@ BbICOKOM CTOMMOCTHM 3aLLMTHbIX KOMMNOHEHTOB. B
3TOM CBSI3U AASI OBCYXAEHMSA NMPEANOXKEHO MEPCNEKTUBHOE HaMNpPaBAEHUE CO3AaHUSI KOPPO3UOHHO-CTOMKMX MaTepua-
AOB — CMHTE3 KOMMO3UTHbIX aAeKTpoaoB C - TiC/TiB, Ha ocHOBE HE(TSAHOMO KOKCa M rpaduta B CTaHAAPTHBIX YCAOBUAX

NPOMbILUAEHHOIo NPon3BOACTBA.

KaroueBble cAOBa: YrAErpadUTOBbI IAEKTPOA, AECTPYKLIMS MaTepuana, OKUCAEHUE, U3HOC, MHTEPKAAALMSA, 3a-

LLMTHbIE NOKPbITUA, KOMMNO3UTHbIE MaTEpPUaAAbI

Ana untupoBaHua: TopaaHos E.C., Cuzakos B.M., Lapukos ®.HO., Cnektopyk A.A., bBytakoBa T.B. [pobaembl
W pelleHns 3aluunTbl yraerpaduToBbIX IAEKTPOAOB. iPolytech Journal. 2024. T. 28. Ne 3. (In Eng.). C. 513-537.
https://doi.org/10.21285/1814-3520-2024-3-513-537. EDN: AEDFQP.

INTRODUCTION

One of the most recent problems in up-
to-date technologies of structural materials
production is an increase of their stability
in aggressive environment, a prolongation
of service life of heavy-duty pieces and
metallurgical units in the whole. To the
full extent this relates to carbon-graphite
materials that are widely used in the
production of ferrous and non-ferrous metals.
They have to retain in a continuous and
reliable manner their functional properties
in conditions of high temperatures and
pressures, oxidizing environment, high
dynamic and static loads. In this regard,
the initial materials [1, 2], combinations of
fractional size distributions [3, 4], binding
components and modifying additives are
subject to special requirements in terms of
composition [5-7], emissions of gaseous
and solid components [8-10].

The offered overview discusses most
important results of multiple investigations

concerning the conditions of carbon
and graphite products use in electric
arc steel-making furnaces, magnesium

and aluminium cells. In this respect the
overview shall emphasize special methods
and measures for the protection of carbon-
graphite materials against gas and electro-
chemical corrosions, erosion wear and
degradation at the formation of inter-layer
(lamellar) compounds. In this regard we shall
preliminary note some particular features of
graphite structure and its interaction with
aggressive environment.

514

GRAPHITE STRUCTURE
Theoretical density of graphite s
2265 kg/m* [11, 12]. Under ordinary

conditions it is resistant to the action of
acids and salt solutions; it does not interact
with nitrogen, chlorine and other elements.
The graphite structure is one of the first to
be studied using methods of X-ray crystal
structure analysis [13-15]; moreover, with the
development of experimental technologies,
the accuracy of such measurements
increased [16-18]. According to these data
the carbon atoms are located in graphite in
parallel layers, the distance between which
under room temperature is dO = 3.3538 A
(Fig. 1). In each flat layer carbon atoms form
the lattice of regular hexagons with C-C
distance of a0=1.415 A. Carbon atoms within
the layer are bound by strong covalent bonds
having a binding energy of 167.6 kJ/mole. The
interaction between layers is carried out by
weak Van der Waals forces having a binding
energy of 16.75 kJ/mole at the temperature of
15°C [12]. Thus, individual layers can separate
easily from the crystal, which is widely used
while fabricating any antifriction and sealing
products but substantiates their considerable
physical wear.

Three main types of graphite have a
nearly ideal structure: natural graphite,
Kish-graphite and highly oriented pyrolytic
graphite (HOPG) [20, 21]. Real structures of
graphites and materials having a graphite-like
structures differ from ideal ones by presence
of different defects. Artificial graphites with
less ordered structures are usually produced

https://ipolytech.elpub.ru
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Fig. 1. Crystal structure of hexagonal graphite [19]

Puc. 1. Kpuctaaamyeckas CTpyKTypa rekcaroHaAbHOro rpapura

[19]

from petroleum coke and coal tar pitch®
[22, 23]. Billets are molded by method of
extrusion or pressing. Produced billets are
exposed to the step-wise thermal treatment
without air access (up to 1300-1500°C)
and then to the graphitization (up to 2400-
2700°C).

AGGRESSIVE ENVIRONMENT IMPACT

Along with unique operation properties of
carbon-graphite products (acceptable strength,
high heat resistance, electrical and heat
conductivities) there are some particular features
that require the protection of this material against
any aggressive environment impact.

Oxidation. Air oxidation of carbon graphites
starts already at 400-500°C, and under
temperatures exceeding 1200°C it takes a
catastrophic form, including their complete
burn-out [24, 25]. Kinetic parameters of
oxidation are well known [26, 27]. It is
considered that under low temperatures the
limiting stage is a chemical reaction, under high
temperatures this is an external diffusion, and in
the interval between them - internal diffusion.
It is supposed that the reactive capability of
carbon material to the large extent depends

on the perfection of crystalline structure being
characterized by inter-planar distance and by
size of crystallites [28, 29]. With the growth of
the first parameter the reactive capability falls,
and the growth of the second parameter causes
its increase. In addition, the oxidizability of
graphite is significantly influenced by presence
of impurities, which could serve as catalysts
for the process. The impurities of some metals,
like iron, copper, vanadium, sodium have an
especially strong influence.

Intercalation of graphite. Practically all
carbon and graphite products in different
operation conditions are exposed to the
degradation at the specific interaction
with alkaline and alkali-earth metals, their
fluorides, chlorides and bromides, with acids
and halogens. It concerns the penetration
(intercalation) of the atoms or molecules
of above mentioned components between
structural planes of graphite. Material that
was formed at this area is called «graphite
intercalation compounds GIC» [30, 31]. This
specific phenomenon is interesting for us in
that during the interaction of carbon-graphite
materials with components, penetrated into
the host crystalline lattice, the expansion
and swelling of carbon product takes place,
which has sometimes catastrophic destructive
consequences.

Relatively weak forces acting between
graphite layers predetermine the possible
penetration of different substance matters into
the graphite matrix and the formation of interlayer
carbon compounds. Currently, GIC with various
substance matters have been well studied,
which, according to the type of interaction of
penetrated components (intercalants) with the
graphite crystalline lattice, can be split into two
main groups [32] (Fig. 2):

1. Acceptor GIC, in which polyarene
lattices bear a positive charge and represent
macro-cations C,*. This group includes
compounds with (sulphuric, nitric and other)
acids [33], with fluorides, chlorides and
bromides of metals” and with halogens [34].
It also includes covalent laminar compounds

5Marmer E.N. Carbon-graphite materials: reference manual. Moscow: Metallurgy, 1973. 135 p. / Mapmep 3.H. YraerpadutoBbie

martepuanbl; cnpaBoyHUK. M.: Metanayprus, 1973. 135 c.

"Novikov Yu.N. Synthesis and study of layered compounds of graphite with transition metals and their salts: author’s abstract of
Cand. Sci. (Chem.) Dissertation. Moscow, 1971. 19 p. /HoswukoB t0.H. C1HTE3 1 CCAEAOBAHUE CAOUCTbIX COEAMHEHUI rpaduTa ¢
NEPEXOAHBIMU METAAAAMMU U UX COAIMU: @aBTOPEd. AUC. ... KaHA. XMM. Hayk. M., 1971. 19 c.
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Fig. 2. Graphite intercalation reactions®
Puc. 2. Peakuuu MHTEPKaAMPOBaHUA rpaputas

with oxygen and fluorine, in which as opposed
to all other GIC the bonds of intercalant with
polyarene fragments are covalent [35].

2. Donor GIC, where the intercalant acts
as donor of electrons, and graphite layers are
macro-anions C,. This group includes GIC with
alkaline and alkali-earth metals [36].

The GIC composition is usually given by
formulas of C,M type, where n - number of
carbon atoms per molecule M of intercalant.
The GIC structure is characterized by number
of carbon layers that are between the layers of
penetrated intercalant [33, 37].

Besides the gas corrosion and destruction
under the GIS influence, the carbon-graphite
electrodes in electrolytic processes are exposed
to physical, chemical and electro-chemical wear,
which rate is also determined by perfection
degree of carbon crystalline structure. It will
be more convenient for us to discuss this type
of corrosion wear when considering specific
conditions of electrode application.

ELECTRODES FOR ELECTRIC ARC
STEEL-MAKING FURNACES

Steel-making processes mostly use
graphitized electrodes that possess higher
physical-chemical and electrical properties

than carbon electrodes. To produce such
electrodes, needle petroleum coke is mostly
used as well as returns of this production
process. Coal tar pitch for electrodes is used
as binding agent. Graphitized electrodes
are characterized by low specific electrical
resistance of 8-13 yQ  m and by porosity
of about 20%, by high thermal resistance
and strength of 20-40 MPa; they contain
little ash. The admissible current density in
these electrodes makes 28, 16 and 14 A/cm?
with diameters of 150, 400 and 550 mm
respectively. In special graphitized electrodes
it achieves 50 A/cm?.

Main criteria for the evaluation of electrode
operation is its specific consumption. With
a gradual progressive movement in the
temperature zone of 600-800°C the side
surface of electrodes is exposed to oxidative
attack of gas environment. Losses from side
oxidation make 40-60% from total amount
of losses [38-40]. Thus, the diameter of
electrode reduces, i.e. in working zone the
current density increases.

Ways to reduce the consumption of
electrodes. In the cost price of the output
the share of electrodes makes 8-12% [40],
which stimulates the investigations on their

8lonov S.G. Electron transport and physicochemical properties of intercalated compounds of graphite and carbon materials based
on them. Moscow, 2016. /WUoHoB C.I. IAeKTPOHHbIM TPAHCMOPT U GUINKO-XMMUUYECKME CBONCTBA MHTEPKAAMPOBAHHbIX COEANHEHUI
rpaduta u yraepoAHbIX MaTePUANOB Ha UX OCHOBE: aBToped. AWC. ... A-pa ¢.-M. Hayk: 01.04.2016. M., 2016.
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consumption reduction. One of this work
directions consists in applying the corrosion
and erosion resistant coating on the side
surface of electrode for its protection against
the oxidation. If use coated electrodes
with diameter of 610mm in electric arc
furnaces with capacity of 140-180 tons
and current intensity of 35-68 kA, savings
shall make 16-23%, for electrodes with
diameter of 508mm savings shall make 27%
(in comparison with non-coated electrodes)
[41]. In the work of reference, the specimens
of laboratory graphite were investigated
with protective coating and without it. Initial
graphitized specimens were produced based
on needle and ordinary petroleum cokes,
which oxidizability made 51.4% and 54.6%
respectively. When coatings based on Al,Os,
Si0,, SiC and silicomanganese (MnC-17) in
form of 50% liquid glass suspension were
applied, the oxidizability reduced at 850°C on
18.7 (Al,03) - 63.8% (SiC) in comparison with
specimens without coating.

Similar coatings were used for graphite in
works of other researchers. In many patents
protective coatings are proposed to be
formed from refractory oxides and carbides
of aluminium, boron, titanium, zirconium
[42, 43], tantalum, chromium and silicon
[44-46] using slip painting or pulverization,
after preliminary vacuum degassing or under
pressure with subsequent drying and reactive
sintering [47, 48]. In all cases the efficiency
of the methods was registered during the
operation of electrodes.

In order to optimize protective compositions
known coating methods were analyzed. Paper
[49] noted that aluminium-based coatings
reduce the specific consumption of electrodes
on 10-12%, and those based on ferrosilicon
of FS45 grade - on 20% in comparison with
electrodes without coating. The research
paper [50] proposes two-layer coating, which
first layer consists of aluminium or its alloy,
the second one - of copper. Coated electrode
is treated with electric arc or plasma burner.
According to the electrode protection method
[51], tested in semi-industrial conditions in

order to reduce the oxidizability, the composite
coating, based on silicon and tungsten
shall be applied onto graphite by electrical
precipitation; in order to reduce the electric
resistance the protective coating based on
electrolytic copper shall be applied. To protect
graphite electrodes against oxidation LLC
«BBCT» proposes two-layer coating based on
iron aluminide with total thickness of 0.1-
2.0 mm [52, 53]. The first layer is applied by
method of arc metal coating, using solid wire
made of aluminium or its alloy, containing
5-10% of silicon. The second layer is done
using flux-cored wire consisted of steel shell
and core made of the charge, containing
(% wt.): aluminium (15.0-20.0), chromium
(2.0-6.0), yttrium (0.5-3.0), iron - matrix.
Inventions allow to increase the resistance of
graphitized electrodes operating in conditions
of high-temperature corrosion, and to reduce
their oxidation and consumption.

In papers [54, 55] the ZrB,-SiC-TaSi,-Si
coating was synthesized on the support of
siliconized graphite using the combined
process of applying the suspension with the
brush and infiltration of silicon vapors. It was
found out that oxidation kinetics at 1500°C in
static air atmosphere complies with parabolic
law having a relatively low constant of oxidation
rate down to 0.27 mg/(cm?h°%). Determining
factor was a high strength of transition SiC
layer adhesion to the graphite support and
external ZrB,-SiC-TaSi,-Si layer.

According to other common method for the
protection of carbon and graphite electrodes
against oxidation, electrodes are treated with
water solution of sodium polyphosphate with
concentration of 18-20% wt. and maleinic
acid with concentration of 0.05-0.1% wt. at
the temperature of 90-100°C°. According
to the description [56] the method supposes
to increase the oxidation resistance of
graphitized electrodes by treating the surface
of electrodes with penetrating salt solution,
based on phosphoric acid: water - 20-25%
wt.,; HsPO, - 30-35% wt.; MnHPO, -1.6
H,O - 0-15% wt.; Al(HoPO4)s - 2-15% wt,;
B.0Os; - 0.5-2.0% wt.; Zng(PO), - 1-7% wt.

°Kuzmenkov M.l., Shishko N.Ya., Surovtseva I.B., Kabanenko S.N. A method to protect carbon and graphite electrodes from
oxidation. A. s. USSR, no. 1699909; 1991. Bulletin no. 47. /A. ¢. Ne 1699909, CCCP, CO1 B 31/02. Cnocob 3aLuThbl YTOAbHbIX 1
rpaduUTOBbIX SIAEKTPOAOB OT OKMUcAeHUs / M.U. KyabmeHkoB, H.A. Lnuko, U.B. CypoBLeBa, C.H. KabaHeHko; BeAOpyCCKMiA TEXHO-
AOTUUECKUIA MHCTUTYT UM. C.M. KinpoBa. Ne 4766489/26. 3ansa. 09.11.1989; onyba. 23.12.91. BroA. Ne 47,
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and mono-, di- or triple-base phosphate of
alkaline metal (10-20%wt.) According to joint
patent of Belorussian metallurgical plant and
Novocherkassk electrode plant the optimal
results were obtained when applying protective
coating by spraying water solution of nitride-
boron-phosphate composition (ammonium salt
of phosphoric acid and boron acid: (NH4).HPO,4
- 5-15% wt., H3BO3; - 3-10% wt., water -
the rest) on graphite [57]. The destructibility
of treated specimens in CO, atmosphere
at 1000°C for one hour made 11-13%,
while check test pieces shown mass losses
of 25-27%. In patent of JSC «Energoprom-
NEZ» dated 2013 [58] the impregnhation of
heated graphitized products with solution
that protects against the oxidation, is done
gradually with preliminary vacuum degassing
and subsequent supply of solution under
pressure of compressed gas.

ELECTRODES OF MAGNESIUM CELLS

Main process units in the production
of crude magnesium are diaphragm-less
electrolytic cells with top and bottom input
of graphite anodes [59]. Graphite materials
suffer destructive changes in electrolytic bath
and in gas phase of chlorine-containing media
within various temperature zones, which limits
the service life of the whole unit. The time
between repairs of electrolytic cells with top
and bottom input of graphite anodes makes
39-40 and 45-48 months respectively.

Protection of magnesium cell anodes
against the oxidation

Work has been undertaken and is
continuing to reduce the effects of the gas
oxidizing environment on graphite anodes.
During the period of 1969-1980 these efforts
purposed the limitation of air access to anodes

ISSN 2782-6341 (online)

and the improvement of working zone ecology.
Magnesium cells with top input of anodes
were proposed to be protected by pouring the
anode block with heat-resistant low-porous
concrete around the entire perimeter’®; by
sealing the contact of concrete floor with
anodes with corundum-containing material
[60] or its mixture with structure-sealing
powder material at the ratio of 3:1'*. During
the period of cell start-up and achievement of
the temperature of 480°C this material melts
and seals hermetically the space between the
anode and the floor.

The other direction in the protection of
anodes against the oxidation consists in the
impregnation of their surface with protective
inhibitor solutions. Solutions, based on
phosphoric acid with boron containing
additives are most often used [56-58]. In
papers [61-69] the possibility to use water
solution ofthe mixture of zinc (Zn(H2PO4)>2H,0)
and aluminium (Al(H2PO4)32H,0)
dihydrophosphates in orthophosphoric acid
was studied. The oxidation resistance of
impregnated and non-impregnhated graphiite
specimens was evaluated in laboratory
conditions according to the resultsof holding
process at the temperature of 700°C in
dynamic air current for 200 min. It was defined
that the oxidation rate of non-impregnated and
impregnated graphite specimens made 27.2
and 5.52 g/cm?h.

Oxidation and wear within the electrolytic
bath. Along with the oxidation of anodes over
the electrolytic bath surface their oxidation
and wear takes place within the bath volume
by virtue of oxygen precipitation on the anode.
Patent of Novocherkassk electrode plant dated
1973 presents?? the method for treatment of
graphite anodes with oxyethylated amide of

°Burdakov Yu.M., Kolomiytsev A.V., Tretyak S.D., Chalabaev I.A. Method to protect anodes of a magnesium electrolyzer with top
anode input. A. s. USSR, no. 259397; 1969. /A. ¢. Ne 259397, CCCP, C 25C 3/04. Cnocob 3aluuTbl aHOAOB MarHMeBOro aAEKTPO-
Av3epa ¢ BepXHUM BBOAOM aHOAOB / HO.M. byppakoB, A.B. Konomuiues, C.A. TpeTbsik, U.A. Yanabaes; Ne 1233784/22-1. 3asnBA.
15.04.1968; ony6ba. 12.12.1969.

HVerbitsky V.G., Kolesnik M.I., Rudakov V.A., Vasil'ev A.V., Oshlapov A.N., Petrov V.I. Compacting method for a graphitized
anode impregnated with orthophosphoric acid in the ceiling of a magnesium electrolyzer. A. s. USSR, no. 767236; 1980. /A. c.
Ne 767236, CCCP, C 25C 3/04. Cnocob ynAOTHEHWSI NPONUTAHHOrO 0PTOGOCHOPHON KUCAOTOM rpadUTMPOBAHHOIO aHOAA B Nepe-
KPbITUKM MarHMeBoro anekTpoanaepa / B.I. Bepbuuknii, M.U. KonecHuk, B.A. Pyaakos, A.B. Bacuabe, A.H. Owaanos, B.W. MeTpos.
Ne 2665731. 3asBA. 31.07.1978; onyba. 30.09.1980.

2Fokin V.P., Kralin L.A., Zarechenskij E.T., Hentov V.Ya., Semin E.G., Petrova N.I. Graphite anode processing method. A. s. USSR,
no. 384542; 1973. Bulletin no. 25. /A. c¢. Ne 384542 CCCP. BO1k 3/08. Cnocob 06pabotku rpadutoBbix aHopA0B / B.IM. DOKMH,
AA. KpanvH, E.T. 3apeueHckuit, B.A. Xentos, E.I[. CemuH, H.W. MeTtpoBa; HoBouepKaccknin anekTpoAHbIv 3aBoa. Ne 1496168/
23-26. 3anBA. 01.12.1970; onyba. 29.05.1973. Broa. Ne 25.
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synthetic fatty acid followed by impregnation
with emulsion of lenseed oil. The total wear of
anodes reduces from 74.3 to 62 mg/ah.

Inthe description of the method, developed
by author’'s collective from JSC “AVISMA
titanium-magnesium complex” in 1999, it is
proposed to treat electrodes in two stages
successively: first, the impregnation in the melt
of metaphosphates with subsequent drying
in drying chamber at 300°C, and then the
treatmentinthe electrolytic bath of magnesium
cells at the current density of 0.20-0.45 A/
cm? and melt temperature of 670-700°C,
applying the anode potential [63]. After such
treatment the rate of oxidation-wear of the
bottom anodes reduces from 1.5 to 1.14-
1.20 mm per month, their serviceability being
increased from 24 to 37 months respectively.

The interesting method for the reduction of
bipolar graphite anode wear rate is presented
in patent [64]. Authors propose to protect
bipolar electrodes of magnesium cell by using
cataphoretic precipitation of magnesium oxide
film onto the cathode surface in the electrolytic
bath with temperature of 500-630°C and
magnesium oxide and magnesium chloride
content of 0.21-5% wt. and 25.1-70% wt.
respectively.

Authors [65] confirm the problem of anode
wear in the electrolytic bath, which causes
the increase in voltage, energy consumption
and process temperature, resulting in metal
losses, i.e. decline in production and finally
shutdown of the cell. Due to this, the wear
of graphite anodes was studied by method
of confocal profilometry of the surface in
laboratory magnesium cell with vertical
electrodes. Specimens of 4 types of graphite
anodes were exposed to the electrolytic
process for 24 hours at the temperature of
690-710°C and current density of 1 A/cm?
in the melts having high content of oxides
(MgO and MgOHCI). The influence of following
parameters: oxide concentration, type of oxide

Graphite anode wear after 24-hour electrolysis [65]
N3HOC rpaduToBbIX aHOAOB 3a 24 U INEKTPOAM3aA [65]

and type of graphite on the anode wear was
studied. It was supposed that the wear of
anodes in electrolytic bath, based on MgCl,
occurs according to the following mechanism:

XMgO + C = CO,+ xMg?* + 2¢ (1)

In addition, it was admitted that at the
same time the physical erosion of anode
surface takes place due to the circulation
of electrolyte, which composition comprises
suspended particles of oxides. At the initial
level of oxides in the melt, making 1400 and
9000 ppm, the wear losses for 24 hours made
17 and 47 mcm respectively. The study of the
influence of oxide type shown that the wear
of graphite anodes is two times lower when
the melt contains MgO than when it contains
MgOHCI (Table 1).

From data obtained it follows that the grain
size of graphite, the density and strength of
products have a decisive influence on the wear
resistance of anodes in chloride melts.

Intercalation of the anodes of magnesium
cells. Results of the study on the behavior
of carbon anodes in the melts of chlorides,
containing 61 mol. % AICI; and 39 mol. %
NaCl, show that carbon anodes decompose
easily at 200°C by intercalation compounds
that are formed at the considerable volume
expansion of carbon material [66]. The
temperature increase, exceeding 600°C
makes GIC less stable and, consequently,
slows down the decay of material. In chloride
melts without AICl; the rate of electrode wear
with chlorine emission is significantly lower.
In these technical conditions anodes rather
destroy under the oxygen effect than as a
result of anode chlorine corrosion. This may
serve as an explanation of observed carbon
anode stability in magnesium cells.

Paper [67] studied the erosion-corrosion
decomposition of some technical carbons,
including glass carbons, under chlorine effect

Grade of. SGL Grain size, pm Ap.parent Flexural Open porosity, % Ash content, Wear pm
graphite ’ density, g¢/cm?® | strength, MPa ’ ppm
R8710 3 1.9 85 10 200 7
EK20 30 1.7 55 11 75 10
R4180 40 1.7 25 16 2000 30
SGL standard 220 1.69 29 25 290 24
https://ipolytech.elpub.ru 519
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at the temperature range from 600 to 800°C.
It is found out that chloride corrosion is a
very slow process: the loss of carbon mass
in chlorine atmosphere has a rate of about
0,5 mm/year at the temperature of 800°C.
It is noted that the combustion in oxygen
atmosphere takes place by five orders of
magnitude faster than the chloride impact on
carbon.

Article [68] describes the study of anode
chlorine corrosion of the technical carbon
under two different conditions:

I. Medium-temperature (from 200 to
300°C) carbon corrosion of anode in mixed
chloride-alkali melts (LiCl/NaCl, LiCl/KCl),
to which aluminium chloride is added at the
ratio of AICI13/MeCl > 1. Authors came to the
conclusionthatintheseconditionsintercalation
compounds C;(AlCCL3),Cly 134 are formed at
the anode polarization of graphite specimens.
The destruction of graphite anode occurs, the
degree of carbon conversion into intercalation
carbon is close to 40%.

2. High-temperature (from 600 to 800°C)
chloride corrosion of anode in main smelts of
alkali metal chlorides (MeCl,) with addition
of 10 mol. % aluminium chloride and without
it. Main task is to study high-temperature
stability of chlorine-emitting anodes. It was
found out that with increase of temperature
within the range of 600-800°C Acheson
graphites become more stable; considerable
wear was not observed in chloride melts,
including in the presence of AICl;. However, at
the current densities exceeding 0,2 A/cm? the
consumption rate of carbon anodes increases
in the presence of tetra-chloro-aluminate
anions, i.e. in main mixed melts of alkaline
chlorides and aluminium chloride. At the
technical current density of 0,4 A/cm? and at
the temperature of 700°C the corrosion rate
is estimated to be equal to several centimeters
per year, which makes carbon anodes unstable
in size.

Paper [69] used methods of cyclic
voltammetry (CV) and electronic microscopy,
for the investigation of the impact of NaCI-KCI-
MgCl, electrolyte at 700 ° C and that of chlorine
intercalation on anode specimens made of
three different types of graphite - needle
coke (NC), fine petroleum coke (FPC) and
common petroleum coke (CPC) respectively. It
was found out that the specimens of graphite
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anodes from NC have the best resistance to
chlorine intercalation and to electrolyte impact.
Specimens of common CPC were subject to the
highest chlorine intercalation and electrolyte
impact. To the authors mind, this is related to
the presence of impurities in that coke, which
could act as catalysts of chlorine intercalation
and electrolytic corrosion.

In other words, the presence of impurities
in graphite anode (for example, Fe, Al and
others), or the penetration of these impurities
into the anode during the operation can initiate
their chlorination to metal chlorides (FeCls,
AICl3) with subsequent destructive processes
for anode in low-temperature zone.

ELECTRODES OF ALUMINIUM CELLS

Wear of cathode blocks (bottom). The
main cause of premature failure of up-
to-date cells is wear of graphite cathodes
[70-72]. Observations over electrochemical
and physical wear of the bottom can be
systematized as follows:

* The wear rate increases with increase of
current density and smelt circulation speed,
with decrease of metal level and cryolite ratio;

e Local wear increases with increase of
block graphitization level.

According to data of [73, 74] the wear rate
of cathode blocks in industrial cells makes:

- 0.5-1.5 cm/year - for anthracite blocks,

- 1.5-2.5 cm/year - for graphite and
graphitized blocks.

According to results of other investigations,
presented in patent [75], following wear rates
for different materials were registered:

- 1.0-2.0 cm/year - for semi-graphitized
material,

- 2.0-4.0 cm/year - for
material,

- 4.0-8.0 cm/year - for graphite material.

This means that the intensification of
electrolytic reduction process, the increase of
cell capacity and the change-over to graphite
cathode blocks require new approaches to
material composition of electrodes.

Intercalation of aluminium cell cathodes.
The fundamental work of Michael B. Rapoport
underlines that after sodium penetration the
distance between layers increases from 3.35
A to 4.6 A, after potassium penetration it
increases to 5.4 A, after that of cesium - to
5.95 A [76]. This phenomenon is behind the

graphitized

https://ipolytech.elpub.ru




Gorlanov E.S., Sidorov D.N., Sharikov F.Yu., et al. Problems and solutions to protection of carbon-graphite electrodes

lopaaHoB E.C., Cu3sikoB B.M., LLlapukoB @.10. u aAp. [TpobAeMbI 1 peLLeHUs 3aLLuTbl YIAerpaduToBbIX SAEKTPOAOB

swelling of carbon substance and in some
cases its complete destruction. It is deemed
that in descending order of resistance to
sodium influence carbon materials are
arranged in following sequence: graphite,
anthracite, foundry coke, pitch coke, petroleum
coke.

The penetration process takes place within
a certain range of temperatures, that likely
depends on reagent vapor pressure. It is
generally accepted that the following reaction
is the main source of sodium [77]:

Al + 3Na|:(in electrolyte) = AII:3(in electrolyte) + 3Na (in carbon) (2)

Na+(in electrolyte) + 1é = Na(in carbon) (3)

From these equations and polarization
conditionsitisevidentthattheactivityofsodium
and its transfer within the volume of carbon
products is intensified with increase of cryolite
ratio, current density and temperature; being
accumulated on the borders of temperature
isotherms. Under appropriate temperature
and concentration conditions the interaction
occurs between carbon and intercalate to
form compounds between them (C,; K™ - 2K,
C;Na*-2Na,) with subsequent volume
expansion of carbon material and potentially
complete or local destruction of electrodes.
When conditions change (slight increase of
the temperature, changes in gas environment,
humidity and others) the reaction reversibility
can occur, producing carbon substance in
form of graphite. This process is called low-
temperature or “abnormal” graphitization
of amorphous carbon. It is found out that at
the cryolite ratio of 2.3-2.7 and industrial
current densities the expansion of blocks from
amorphous carbon makes 4.0-4.5% [78].

Investigations of M.B. Rapoport, carried
out in 50-60-s intensified investigations
related to the electrolytic reduction of molten
salts and to the interaction of electrolyte
components with carbon-graphite materials.
These investigations were evidenced in
extensive reviews and books of foreign and
Russian scientists [59, 79, 80]. All of them
come to that in practice various types of
carbons have completely different structures
possessing different susceptibility to the
interlayer penetration of sodium [81, 82].
Deviations in moving force to interactions
between intercalate and carbon are explained

https://ipolytech.elpub.ru

by changes in Fermi characteristic energy level
that has an influence on n - carbon bonds.
The low Fermi characteristic energy level was
observed for low-ordered carbons, which is
favorable for the transfer of electrons, for
example, from sodium to carbon. Graphites
with high Fermi characteristic energy level
show the tendency towards the bonding with
acceptors of electrons, and therefore they are
less reactively active with regard to alkaline
metals. However, they are susceptible to the
penetration of aluminium chlorides AlCl; and
iron chlorides FeCls, for example.

It is evident that any method, used for the
reduction of intercalate penetration rate and
also for the increase of electrode material
strength, shall be of importance to increase
the service life of metallurgical units.

Protection of aluminium cell electrodes
against oxidation and wear

Protection of carbon anodes. Carbon anode
of aluminium cell is formed from anode paste,
consisted of petroleum coke and binding
material (coal tar pitch).

The protection of carbon anode surface
is mostly associated with additives and
impregnating solutions, based on boron-
containing compounds. Paper dated 1968 [83]
defined optimum concentrations of boron oxide
in anode based on changes in oxidizability and
friability characteristics, anode consumption
and back electro-motive force during the
electrolytic reduction process. While studying
oxidizability and friability characteristics under
CO, at the temperature of 950°C it was found
out that the most profitable B.Osconcentration
is 1% (per mass of binding agent), as it is
possible to expect a decrease in oxidizability
by about 2 times two-times (from 0.22 to
0.1 g/cm?>h) and in friability by more than 10
times (from 0.19 to 0.01 g/cm?h). It is noted
that the inevitable consequence of reactive
anode capability decrease is the increase of
anodic overvoltage, which takes the form of
back electro-motive force increase from 1.6 V
for anode without additives to 1.7 V for anode
with 1% wt. B,Oz additive.

In 1972 the batch of anode paste with
additive of 0.6% Hs;BOs; (1% to pitch) was
produced at Novocherkassk electrode plant
[84]. The pilot paste in amount of 300 tons
was tested in three Soderberg cells of VgAZ
(Volgograd Aluminium Smelter) during the
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period of five months. The application of pilot
paste did not affect any parameters of anodes,
but resulted in their consumption reduction on
approx. 8% (40 kg/t), and the rate of pilotanode
combustion reduced on 6% in comparison with
ordinary paste. Measurements of voltage drop
in anodes demonstrate that AU, of anodes
from pilot cells is on approx. 40 mV lower than
on the cells with standard anodes.

In patents of 2000 and 2010 [85, 86]
boron oxide B,0Os; and orthoboric acid H3BO3
were also chosen as basic material for the
protective coating of anode surface. The
mixture of boron-containing compounds was
applied onto the surface in form of slurry
- concentrated suspension or paste that
solidified at the temperatures exceeding
300°C. The protective properties were tested
under CO, and good protective properties of
the composition were discovered in the CO, +
AlF3s mixture.

Paper [87] gives results of studies on
the impregnation of specimens of finished
prebake anodes, promising for aluminium
cells, with organic compounds. 5, 10 and
20% solutions of bitumen in hexane and
compositions of «Silor-Ultra» grade were used
as organic liquids. The process of anode
impregnation was carried out after preliminary
vacuum degassing of the reservoir. It follows
from the results of the corrosion resistance
tests of laboratory specimens in cryolite-
alumina melts under electrolytic that the
most stable specimens were specimens with
specific consumption of 0.217-0.278 g/(Ah),
impregnated with «Silor-Ultra» composition.
Specimens, impregnated with 5% solutions of
bitumen in hexane demonstrated the highest
consumption of anode material.

Patent of 2010 [88] presents an original
method of the impregnation of carbon-
graphite anode with molten electrolyte.
To do this, during the electrolytic reduction
process, the polarity of the anode is changed
for 10-15 min during the day, then the anode
and cathode are polarized with working
current under normal conditions. Preliminary
experiments in the laboratory environment
shown that the impregnation with melts
achieves the depth of 30-40 mm over the
period of 10 min. Such depth of impregnation
is less than the burnout thickness of carbon
anode bottom part (20-25 mm) per day of
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cell work. This method provides the increase
of the cell service life and the improvement of
technological process.

Protection of carbon cathodes. As it was
discussed earlier, the graphite block is proof
against the action of alkali metals, but these
stable forms of carbon are expensive and
subjected to significant wear. From the other
side less expensive amorphous blocks are
excessively subjected to the attack of sodium
but not lithium. Therefore, researchers
had an idea of preliminary carbon material
saturation with lithium or its compounds.
To increase the resistance of the cell to the
aggressive environment impact they propose
the treatment of cathode carbon products
at the temperature of 950°C with lithium
vapors [89], with lithium fluoride [90] or other
lithium-containing compounds (for example,
with water solution of lithium acetate) [91].
In all cases the mitigation of sodium impact on
cathode materials was observed during their
subsequent tests in sodium-containing melts.

Duetohighlevelofweartheauthorsofpatent
dated 2005 [75] proposed the impregnated
graphite cathode for aluminium reduction
process and the method of its fabrication. The
method comprises the block graphitization
at the temperatures exceeding 2400°C, its
impregnation by immersing in a vacuum into
coal tar or petroleum pitches and subsequent
thermal treatment at the temperature less
than 1600°C. Measurements of apparent
density and flexural strength shown their
increase on 9.5% and 63.5% respectively in
comparison with non-impregnated blocks.
Technical result was an increase of service life
of graphite cathode.

Another popular direction in carbon
cathode protection is an application of
refractory metal compounds, wetted with
aluminium (for example, with titanium carbide
or diboride - TiC or TiB,). In some cases these
refractory metal compounds are applied by any
method onto the cathode surface before the
cell startup [92-94], in other cases they are
electrically precipitated during the electrolytic
reduction process [95]. The detailed study and
discussion of these directions, carried out from
1930-s to 2022, are given in monography [96]
and review [97].

In most cases researchers confirm the
effectiveness of cathode protection with
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refractory compounds in laboratory conditions
or at pilot tests on industrial sites. However,
no one of world corporative scientific research
centers solved these problems completely
and finally. Available alternatives were not
accorded wide recognition or they are not
used in metallurgical branch. The answer on
the question «<Why?» is clear: these proposed
solutions are efficient in laboratory or short
pilot tests. These solutions cover the surface
of the products and fulfil their functions during
a short period of time but not during the whole
service life of a metallurgical unit. Surface and
near-surface protective impregnation is taken
away with gases and it crumbles; and coatings
peel off as a result of cyclic thermal expansion
and shrinkage processes. In addition, the
scaling in industrial conditions of production
and operation demonstrates the complexity
of their implementation or lack of profitability
due to the high cost of protective components.
In other words, as it is clear from previous
review, carbon products as electrodes for
metallurgical units require extensive and
long-term protection. Due to this and based
on the analyses of the results of previous
investigations and practical works the synthesis
of composite carbon-based materials shall
be considered as promising direction for the
creation of electrodes, corrosion-resistant
in aggressive environment. The solution of
these tasks, separately or in the whole, shall
allow starting the design and construction of
metallurgical units of new generation.

COMPOSITE ELECTRODES

In scientific center of «Problems of mineral
and anthropogenic resources processing»,
Saint-Petersburg  Mining  University, the
possibility in principle to synthetize composite
materials of carbon - carbide /titanium
diboride (C - TiC/TiBy), based on petroleum
coke and graphite, was explored. The synthesis
technology was adapted to existing conditions
of carbon-graphite goods production at
electrode plants. Following initial titanium-and
boron-containing components were used for
the development of the electrodes:

e Based on petroleum coke - titanium
metal Ti and boron oxide B,0s.

e Based on natural graphite - solutions
of titanium sulphate Tix(S04)s and boron acid
H3BOs.

Synthesized components were studied in
termsoftheirbehaviorinoxidizingenvironment.

Composite electrodes, based on
petroleum coke. To develop Cpetroleum.coke — TIC/
TiB, electrodes in laboratory conditions, the
standard procedure of mixing initial materials,
their pressing and baking was used. Calcined
petroleum coke with particle size of not more
than 2 mm, titanium metal powder, boron
oxide and coal tar pitch (13-15% wt.) were
mixed in the mixer at the temperature of
1354£5°C for 15-20 min. After molding on
the static press at the pressure of 15-20 MPa
“green” specimens were subjected to the
baking in muffle furnace at the temperature
of 1050+£10°C under the layer of petroleum
coke within the space of 3 hours. In such way
the conditions for baking carbon-graphite
products in industrial furnaces were to some
extent simulated; and the partial oxidation of
synthesized TiC/TiB. compounds within the
carbon body was admitted.

Fig. 3 presents results of X-ray phase
analysis of Cpetroleum.coke - TiC/TiB> composite,
synthesized at 1050°C with initial
composition® of C+26(Ti+B>03). As expected,
the main phase with maximum intensity
represents carbon. Target phases with less
intensity are represented by titanium and
boron compounds, synthesized by titanium
borides and carbides TiB,, TiB, TiC. according
to overall reaction (4):

2T| + 8203 + 4C -_ T|82 + T|C + 3CO

AGP4s00 = - 215,63 kJ/mol (4)

The detected titanium borate TiBOs; and
titanium oxide TiO, are products of partial
oxidation of titanium borides during the
process of electrodes synthesis.

The definition of relative electrodes stability
in air atmosphere was carried out in muffle
furnace with possibility of automatic heating
with the rate of 300°/h and holding time of
5 hours at 520, 710, 820, 920 and 1050°C.
The duration of cyclic tests was up to 30 hours
(heating - holding during 5 hours - cooling).

Here and further compositions of initial composite charge are given in mass percentage.

https://ipolytech.elpub.ru
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Fig. 4. X-ray phase analysis results of C + 26(Ti+B,03) composite after synthesis and consequent 30-hour oxidation at 710°C

in air atmosphere

Puc. 4. Pesyabtatbl POA komnoauta C + 26(Ti+B,03) nocae cuHTesa m okucreHns B Teuenme 30 y npu 710°C B atmochepe

BO3AyXa

During this period of oxidation carbide and
boride phases of titanium are transformed on
the surface into its oxides TiO and TiO, forming
glass phase B.0; (Fig. 4 and 5). It means,
liquid boron oxide forms a continuous layer,
wetting a composite base of material, partially
oxidized, and an initial carbo-boride structure
of polycrystalline product.

Till 2000°C the oxidation rate of composite
specimens keeps the downward dynamics with
passive character of oxidation,anditis described
by equations of power dependence (Fig. 6). This
could mean that the process depends not only
on the stability of oxi-carbo-boride bond of the
composite, but also on the supply (diffusion) of
oxygen through the increasing layer of boron
oxide glass phase on the surface of pore space
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through the growing layer of titanium oxides.
It means in this mode the losses of electrode
mass depend on mixed mode of diffusion and
interaction of oxygen with electrode base.

Fig. 5. B-O; glass phase layer on the composite specimen
surface after its oxidation at 710°C

Puc. 5. Croti cteknogasel BoOs Ha MOBEPXHOCTM KOMMO3MUTa
rnocae okmcAeHus npm 710°C
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Fig. 6. Oxidation rate of composite electrodes with initial composition of C+26%(Ti+B>03) in the temperature range from 520°C

t01050°C in air atmosphere

Puc. 6. CKOpoCTb OKMCAEHMS KOMIMO3UTHbIX SAEKTPOAOB C UCXOAHBIM cocTaBoM C+26%(Ti+B,0s) B TeMnepatypHOM MHTepBae

520-1050°C B atTMOCepe Bo3Ayxa

If exceeding 1000°C, in our case at
1050°C, the initial oxidation rate reduction
is changed to active oxidation character
because of B,0Os; evaporation. Under these
conditions the oxidation rate increases with
every subsequent cycle and it is described by
polynomial equation (Fig. 6). This means that
in steady-state mode the material oxidation
depends on direct interaction of oxygen with
carbon.

So, with simplicity of adapting the Cpetrcoke -
TiC/TiB,technology to industrial conditions of
mixing, pressing, and baking at 1000-1100°C
the enhanced resistance of electrodes to
the oxidizability with atmospheric oxygen
is achieved. The presence of refractory
compounds in carbon composites supposes
their less susceptibility to different types of
wear and to the impact of alkali metals and
acquisition of the property of wettability with
liquid metals. These potential operating
properties shall be defined during further
investigations.

Composite electrodes, based on natural
graphite'*. The development of the material
for specimens of Cg.pn — TiC/TiB> electrodes,
based on natural graphite GL-2 was carried out
by its preliminary oxidation and intercalation

with oleum in the presence of nitric acid or
potassium permanganate according to well-
known methods [102, 103]. Modification of
graphite intercalation compounds was fulfilled
by introducing titanium and boron ions, being
part of the composition of titanium sulphate
Ti»(S04)3zand boric acid H3BO3 solutions directly
into the oxidizing composition.

After washing and drying oxidized and
modified graphite was exposed to the thermal
shock at the temperature of 850°C for
5-15 min. Parameters of graphite oxidation,
modification and thermal treatment were
selected in such a way to minimize the degree
of thermal expansion in order to provide an
workable specimen compacting. The shape
and structure of thermally expanded graphite
(TEG) particles changed from initial laminar
to foam-dendritic thermally treated material
(Fig. 7). At the same time the particle size
distribution remained in the range of 50-
250 mcm, but the balk density of material
changed considerably from 0.45-0.47 to
0.040-0.042 g/cm?.

The specific electrical resistivity of the
powders of initial (~66000 pQ:m) and thermally
expanded (~6700 pQm) graphites differed by
an order of magnitude®®, but with the increase

“Perspectives of using natural graphite for the production of electrodes are opened due to the plans of LLC “Dalgraphite”
(being part of LLC “Magnesite Group”) to produce annually 40.5 thousand tons of graphite concentrate. Available from: https://
dalgraphite.ru/ [Accessed 7th June 2024].

5The measurement of specific electrical resistivity of powders and compact carbon materials was carried out in accordance with
GOST 23776-79 “Methods for the measurement of specific electrical resistivity”.
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Fig. 7. Microstructure of initial (a) and thermally expanded (b) natural graphite
Puc. 7. MUKpOCTPYKTypa np1poAHOro rpaguta MCXOAHOIO (a) M TepmopacLumpeHHoro (b)

of powder compaction degree this difference
reduced?®.

However, at the compaction degree of
1.9 the difference in electrical resistivity of
graphites remained significant - 7 times higher
(Fig. 8). In that respect it should be assumed
thatthistrend in the ratio of electrical resistivity
for graphite compact specimens would be
sustained, i.e. the electrical conductivity of
graphite products made of TEG powders,
would increase.

To develop Cgeupn — TiC/TiB> electrodes the
standard laboratory procedure of mixing initial
materials, their pressing and baking was used,
similar to the fabrication of Cpetrcore — TIC/TiB2
electrodes. At the same time components of
graphite oxidation-intercalation, concentration
of modifying liquors (Ti»(SO4); + H3BO3) and
thermal shock parameters were varied for
different specimens.

The definition of relative Cgapn — TiC/TiB>
electrodes stability in air atmosphere was
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Fig. 8. Specific electrical resistivity of the initial and thermally expanded graphite
Puc. 8. YAeAbHOE 3AeKTPOCOMPOTUBAEHME UCXOAHOIO M TEPMOPACLUMPEHHOIO rpaguta

8Compaction degree is the ratio of current density of the powder to its initial bulk density.
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carried out at 710°C in comparison with the
definition of oxidizability of electrodes made of
initial natural graphite. Electrode specimens
of 1-4 differ from each other by conditions of
their preliminary treatment for baking process
- synthesis (Fig. 9). The duration of cyclic tests
was up to 30 hours (heating - holding during
5 hours - cooling).

Obtained results give evidence of high
potential development of composite Cgapn -
TiC/TiB, electrodes for ore thermal furnaces,
magnesium and aluminium cells that would

have a high stability in oxidizing environment.
Preliminary intercalation of the structure and
modification of natural graphite composition
with subsequent destruction of the material
at the thermal shock supposes the production
of the goods with high electrical conductivity,
resistance to wear and penetrated components
(Na, K, FeCls, AlCIs, Cl,, F...). Particular features
of the Cgapn — TiC/TiB,, technology, besides
the preliminary procedure of initial graphite
structure destruction, are minimization of
binding agent for the compaction, no need for
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Fig. 9. Oxidation rate of Cgapn - TiC/TiB> composite electrodes of various compositions 1-4 at the temperature of 710°C

in air atmosphere
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Fig. 10. Comparative oxidation rate of composite and graphitized electrodes at the temperature of 710°C in air atmosphere
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Fig. 11. Graphitized specimens impregnated with a protective
composition after 20-hour oxidation at the temperature of
710°C in air atmosphere

Puc. 11. BHelHui BUA TpadUTUPOBaHHLIX 00pa3LoB,
NPONMUTaHHbIX 3aLUMTHBIM cocTaBom, nocae 20 4 OKUCAEHUS
npu Temneparype 710°C B atmocpepe Bo3Ayxa

needle coke application and its graphitization
for the production of electrodes of specific
quality.

Advantages of composite Cpetrcore — TIC/TiB2
and Cgapn — TiC/TiB, electrodes vs electrodes
of natural graphite and graphitized electrodes
impregnated with protective solutions are
evident. And this is evident not only in graphs
of the rate of mass loss (Fig. 9 and 10), but
also in appearance (Fig. 11 and 12).

Results, obtained in laboratory conditions,
are intermediate in current investigations and
these investigations shall continue during the
tests in conditions of electrolytic reduction of
fluoride and chloride melts.

CONCLUSIONS

1. Based on literature review it is
established that carbon-graphite products
for ore thermal furnaces, magnesium and
aluminium cells are subjected to the high-
temperature oxidation, wear and influence of
interlayer compounds.

2. Reactive capability of poly-crystalline
carbon material in regards to gas oxidizing
agents depends on structure perfection
degree, size of crystallites and presence of
impurities.

3. Losses of the electrodes due to the
oxidation of their side surface in electrical
arc furnaces, when they pass through the
temperature zone of 600-800°C, achieve
40-60% from their total consumption.
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o]

Fig. 12. Cuetrcoe - TiC/TiBo (@) and Cgapn - TiC/TiB> (b)
composite specimens after 30-hour oxidation at the
temperature of 710°C in air atmosphere

Puc. 12. BHelwHui BUA KOMMO3UTHBLIX 00pa3LUO0B Copetrcoke —
TiC/TiBz (@) # Cgrapn — TiC/TiB> (b) mocae 30 4 okMCAEHUS npu
Temnepatype 710°C B aTMocdepe Bo3ayxa

4. Significant destructive effect is exerted
on carbon-graphite electrodes by specific
interaction of carbon with elements and
compounds from working environment, which
are capable to penetrate (intercalate) into the
interlayer carbon structure. The destructive
interaction with sodium and potassium occurs
in carbon-graphite cathodes of aluminium
cells at the temperatures lower than 850°C
forming C;; K* - 2K,C,; Na™ - 2Na. Under cyclic
changes in temperature field the interaction
carbon - Na/K results in abnormal (low-
temperature) graphitization of cathode block
material.

e Graphite anodes of magnesium
cells are subjected to the destruction at the
interaction with chlorides of copper, iron,
manganese, aluminium and at the formation
of interlayer compounds like CCl™ - 3AICL;,
CCl™ - FeCl, - 3FeCl; under temperatures of
200-300°C. Under temperatures, exceeding
600°C graphite anodes are stable.

5. The protection of electrodes for electric
arc furnaces and anodes for magnesium and
aluminium cells is carried out by thorough
sealing, by applying to the side surface the
solutions, inhibiting the oxidation, or coatings
with physical and chemical nature of action:

e Water solutions of orthophosphoric
and boron acids.

e Mixtures of zinc (Zn(H2P04)>2H-0) and
aluminium (Al(H2PO4)s2H,0) phosphates in
orthophosphoric acid.
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e Ceramic coatings based on oxides Al,QOs,
SiO,, B,0s, TiO,, carbides SiC and B4C, or on
complex compounds like ZrB,-SiC-TaSi,-Si.

6. Proposed and available technical
solutions for the protection of the surface
of carbon products have not been widely
recognized or are not in use in metallurgical
branch. The probable cause consists in the

limited electrode protection period, complexity
of their implementation or lack of profitability
due to the high cost of protective components.
7. The promising direction to produce
corrosion resistant materials is proposed -
synthesis of composite C - TiC/TiB, electrodes,
based on petroleum coke and graphite in
standard conditions of industrial production.
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NoBepeHUEe OCHOBHbIX 3A€MEHTOB NMPU aBTOKAABHOM OKUCAEHUU
NOAMMETAAAUUYECKOIro CyAbPUAHOIro PAOTOKOHLIEHTpaTa,
coaep)Kawiero Bonbppam U MmonMbaeH

A.B. Enudopos?, C.B. bBanmkos?, A.A. LLUunuuros?®
l'BMDKyTCKMI;I HaquO-MCC/\eAOBaTe/\bCKMI;I UHCTUTYT 6Aal'0pOAHbIX n PEAKNX METAAMOB U aAMa3oB, MpKyTCK, Poccus

Pe3rome. LieAnb — U3YyUnTb NOBEAEHME MOMYTHbIX 3AeMEHTOB (BOAbPaM, MOAUBAEH, BUCMYT), COAEPXKALLIMXCSA B
CYAbOUAHOM 30AOTOCOAEPXKALLEM KOHLEHTPATE, B MPOLECCE aBTOKAABHOIO OKUCAEHUS. Micchep0BaHMA NO aBTOKAAB-
HOMY OKWUCAEHWIO NPOBEAEHbI HA CYAbGUAHOM GAOTOKOHLEHTPATE, MBMEABYEHHOM AO KPYyMHOCTK Yactul, -0,045 mm,
C copepxaHunem 3onoTa 22,1 /T, cepebpa 133,2 /1, Boabdpama 2,7%, moambaeHa 13%, Bucmyta 0,7%. Mpouecc
NPOBOAWAK NpK Temnepatype 220°C 1 napuMarbHOM AaBA€HWU Knucaopopa 0,7 MMa B aBTokraBe obbeMom 2 AmS.
KOHLEHTpaLumn CepHOM KUCAOTbI, MOHOB XeAe3a B PacTBOPE ONPEeAEAIAU TUTPUMETPUYECKUM METOAOM aHaAU3a; AAS
ONPEAENEHUS KOHLEHTPaALMM BUCMYTa, BOAbOpama, MoAnbaeHa, mean, cepebpa, MblllbAka B PacTBOpe, a Takxe
CoAEpXaHue BUCMYTa, BOAbOPamMa, MOAMOAEHA, MEAW, MbILLIbSIKA, CBMHLA U GOPMbI XEAE3A U CEPbI B KEKE — aTOM-
HO-3MWCCMOHHON CMEKTPOCKOMNMUEN C MHAYKTMUBHO CBSA3aHHOM MAA3MOM. Takxe MpoBEAEH AMDPaAKTOMETPUYECKMI
aHaAU3 KeKa. DKCNEPUMEHTbI MO LMAaHWMPOBAHUIO OKMCAEHHOIO Keka nposoalAn npu pH 10,0-10,5, KOHUEHTpauuu
NaCN 1 r/am® ¢ noHutom «PuroliteS992» B TeueHune 24 u. B pesyabtate NpoBEAEHHbIX 9KCNEPUMEHTOB MO aBTOKAAB-
HOMY OKMCAEHUIO CTEMEHb OKUCAEHUA CYAbGUAOB cocTaBuAa bonee 99%. U3BaeueHre monnbaeHa B pactBop B dop-
Me [M002(S04).]?"? n Mo0,%* cocTaBuAO 95%. 3a cueT CoKpalLeHUs MacChbl TBEPAOrO MPOUCXOAUAO KOHLIEHTPUPO-
BaHWe BUCMYTa K BOAbOPaMa B KEKE, TAE UX copepXaHue coctaBuno 1,66% n 12,7% COOTBETCTBEHHO. YCTAHOBAEHO,
YTO OCHOBHbIMW ha3aMU KeKa ABAAIOTCA LLUEEAWT, aHTUAPUT, NALOMOOSAPO3NUT, BepaHTUT. M3BAeUEHME APArOLEHHbIX
METaANOB MPU MOCAEAYIOLLEM LIMAHUPOBAHMK COCTAaBUAO: 30A0Ta - 97,5%, cepebpa - 91,6%. Takum obpasom, npu
nepepaboTke CyAbGUAHOTO 30AOTOCOAEPXKALLErO KOHUEHTPaTa Mo aBTOKAABHO-LIMAHWCTON cxeMe MOAMBAEH Ha 95%
M3BAEKAETCH B PACTBOP aBTOKAGBHOIO OKMCAEHUS. pu LuMaHnpoBaHUK n3BAekaeTcs 6onee 90% 3on0Ta u cepebpa.
MOAYYEHHbIN KEK HE ABASIETCA OTBAAbHbIM, MOCKOAbKY COAEPXMT 3HAUMTEABHOE KOAMYECTBO BoAbdpama (17%), BUCMy-
1a (0,9%), cBuHua (5,3%), moAnbaeHa (3,3%).

KaroyeBble cA0Ba: aBTOKAGBHOE OKUCAEHWE, CYyAbOUAHBIE KOHLEHTPATbI, 30A0TO, BOAbGPAM, MOAMBAEH, LIBETHbIE
METaAAbl, UMaHUPOBaHUE

Ansa uutupoBaHusa: Ennodopos A.B., banmkos C.B., LUunHuros A.A. NoBeaeHME OCHOBHbIX SAEMEHTOB MpW aB-
TOKAGBHOM OKWMCAEHWW MOAMMETAAAMUYECKOTO CYyAbOUAHOTO GAOTOKOHLEHTPATA, COAEPXKALLEro BOAbGPamM U MOAMO-
AeH // iPolytech Journal. 2024. T. 28. Ne 3. C. 538-546. https://doi.org/10.21285/1814-3520-2024-3-538-546.
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METALLURGY
Original article

Element behavior during autoclave oxidation of polymetallic sulfide
flotation concentrate containing tungsten and molybdenum

Alexander V. Epiforov:*, Stanislav V. Balikov?, Anton A. Shipnigov®
3Irkutsk Research Institute of Precious and Rare Metals and Diamonds, Irkutsk, Russia

Abstract. In this paper, we investigate the behavior of associated elements (tungsten, molybdenum, and bismuth)
contained in a sulfide gold-bearing concentrate during its autoclave oxidation. The process is studied using a sulfide
flotation concentrate, crushed to a particle sieve mesh size of minus 0.045 mm and containing 22.1 g/t of gold,
133.2 g/t of silver, 2.7% of tungsten, 13% of molybdenum, and 0.7% of bismuth. The process was carried out in a 2
dm? autoclave at a temperature of 220°C and an oxygen partial pressure of 0.7 MPa. The concentrations of sulfuric
acid and iron ions in the solution were determined by titrimetric analysis. Inductively coupled plasma atomic emission
spectroscopy was used to determine the concentrations of bismuth, tungsten, molybdenum, copper, silver, and arsenic
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in the solution, as well as the content of bismuth, tungsten, molybdenum, copper, arsenic, lead, and iron and sulfur
forms in the cake. The cake was also examined using diffraction analysis. Experiments on cyanidation of oxidized cake
were carried out in the pH range of 10.0-10.5 and a NaCN concentration of 1 g/dm?3 with a PuroliteS992 ion exchange
resin for 24 h. Autoclave oxidation experiments showed the sulfide oxidation degree to be higher than 99%. Extraction
of molybdenum into solution in the form of [M00,(S0.),]*? and Mo0,?* amounted to 95%. The decrease in the solid
mass led to an increase in the concentration of bismuth and tungsten in the cake, with their contents reaching 1.66%
and 12.7%, respectively. The main phases in the cake were established to be scheelite, anhydrite, plumboyarosite,
and bedantite. The extraction of precious metals at the subsequent cyanidation stage amounted to 97.5% of gold and
91.6% of silver. Therefore, autoclave cyanide processing of sulfide gold-containing concentrates leads to a molybdenum
extraction in the autoclave oxidation solution at the level of 95%. During cyanidation, more than 90% of gold and silver
are extracted. Due to the significant amount of tungsten (17%), bismuth (0.9%), lead (5.3%), and molybdenum (3.3%),
the obtained cake cannot be considered a waste product.

Keywords: pressure oxidation, sulfide concentrates, gold, tungsten, molybdenum, non-ferrous metals,
cyanidation
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BBEAEHUE

ABTOKA@BHOE OKUCAEHWE YMOPHbIX CYAbOUA-
HbIX 30AOTOCOAEPXKALLMX KOHLLEHTPATOB SAIBASIET-
€A OAHMM U3 Hanbonee 3PHEKTUBHbBIX METOAOB
nepepaboTkM AaHHOro TMNa CblpbsA. JTOT NPO-
LecC ABASIETCA BbICOKOMNPOU3BOAUTEABHBIM W
BbICOKOTEXHOAOTMYHbBIM, YTO MO3BOAAET OKMUC-
ATb AHOObIE CYAbOUABI M BCKPbITb «yMOPHOE»
30A0TO 3@ KOPOTKMI NPOMEXYTOK BPEMEHM, HE
npuberas K 3KCTPEMaAbHO BbICOKMM Temnepa-
Typam 1 UCKAIOUAsA BbIOPOCHI TOKCUUHbIX ra30B
N NbIAEW B OKpYXatoLlyto cpeay [1].

TpaAMUMOHHbBIE CXEMbl aBTOKAABHOW ne-
pepaboTK1 30A0TOCOAEPXKALLUMX PYA U KOHLIEH-
TPaToB BKAHOUAKOT UX aBTOKAGBHOE OKUCAEHUE,
CrylleHUEe OKUCAEHHOW MyAbMbl, OTMbIBKY W
3allenaunBaHme TBEPAOTO OKUCAEHHOrO ocTaT-
Ka C MOCAEAYHOLLMM €ro UpMaHMpoBaHUEM AAS
M3BAEUYEHUA ApParoLeHHbIX MeTaanoB [2, 3]. B
HacTosLLlee BpeMsa B MUpe GyHKUMOHUpPYeT 21
NPeAnpusTUE, MUCNOAL3YIOLLEE MPOLECC aBTo-
KA@BHOIO OKUCAEHMUA AN nepepaboTku ynop-
HbIX 30A0TOCOAEPXALLMX MPOAYKTOB, OCHOBHbI-
MW CyAbOUABMU B KOTOPbIX ABASIKOTCH MUPUT U
apceHonuput. OAHaKO CyLLEeCTBYET MHOXECTBO
MECTOPOXAEHWN NEPBUYHBIX 30A0TOCOAEPXKA-
LUKUX pyA, TA€ NMOMMMO OCHOBHbIX CYAbOUAOB
XeAe3a U MbllbsKa COAEPXATCA pasAUUHbIE
MWHepaAbl, KOTOPbIE 3a4acTyto NPeACTaBAAIOT
NMPOMBILLIAEHHYK LEHHOCTb M BAEKYT HEO0OXO-
AUMOCTb B MOUCKE TEXHOAOTMUYECKUX PELLIEHWNN
AASL MX TOMYTHOrO WM/WUAM COBMECTHOIO M3BAE-
yeHus [4, 5]. K Takum nonyTHbIM KOMMOHEH-
TaM Yallle BCEro OTHOCATCA UBETHble METaAAbI:
MEAb, UMHK, HUKEAb, KOBaAbLT U Ap. [6], pexe

CBUWHeLl, cypbma, onoBo* [7, 8]. CyuiectBytoT
n bonee «IK3O0TUYECKME» PYAHbIE MPOAYKTI,
KOTOPbIE COAEPXAT PEAKME W BECbMA LEH-
Hble KOMMOHEHTbI, HanpUmMep BOAbopPaM, MO-
AMOAEH, BUCMYT, PEHWUN, ypaH, BaHaAAUN U Ap.
[9, 10]. AaHHbIX O MOBEAEHUM 3TUX INEMEHTOB
NpWY aBTOKAAGBHOM OKUCAEHWUU CYyAbOUAHBIX KOH-
LEeHTpaToB B MHOOPMALIMOHHOM NPOCTPaAHCTBE
NPakTMYecku HeT. BBMAY BbllleCKA3aHHOMO
BO3HMKAET HEOOXOAMMOCTb B U3YyYE€HWUU 3TOrO
BOMPOCa M ero Hay4uHon npopaboTke.

Llenbto HacTosiLen paboTbl SBAAAOCH U3yye-
HUE NOBEAEHUS PEAKMX INEMEHTOB (BOAbOPAM,
MOAUBAEH, BUCMYT), COAEPXALLMXCS B CYyAbOUA-
HOM 30A0TOCOAEPXKALLEM KOHLEHTpaTe, B Npo-
Lilecce aBTOKAABHOIO OKUCAEHUA. AAHHbIN KOH-
LEeHTpaT ABASIETCS MNOTEHLUMAAbHbIM CbIPbEM
AASI TIOAYYEHUA 30A0Ta MO aBTOKAABHOM TEXHO-
AOTUU, OAHAKO CYLLECTBYET HEOOXOAMMOCTb B
onpeAeneHUr BO3MOXHOCTU MOMYTHOrO U3BAE-
YeHUsI COMYTCTBYHOLLMX LIEHHbIX KOMMOHEHTOB
B TOBAPHYIO MPOAYKLIMIO, UTO MOXET NPUHECTU
AOMOAHUTEABHYHO BbIrOAY HEAPONOAL30BATEAID
n cnocobctBoBath HoAee paLMOHAABHOMY WUC-
NOAb30BaHWUIO MMHEPAABHOTO CbIpPbA.

MATEPUANDBI U METOADI

O6beKT uccreaoBaHUM. ViccaepOBaHUS
No aBTOKAABHOMY OKWMCAEHMWIO MPOBEAEHbI Ha
CYyAbOUAHOM GAOTAUMOHHOM KOHUEHTparte, no-
AYYEHHOM M3 NOAMMETAAAMYECKON PYAbl OAHO-
ro u3 mectopoxaeHuin PO. OCHOBHbIM LIEHHbIM
KOMMOHEHTOM B KOHLIEHTPATE ABAAAOCH 30A0TO,
nonyTHbIMK — cepebpo, BoAbdpam, MOAUDAEH,
MeAb, BUCMYT U cBUHeL. CoaepXaHWe OCHOB-

4A3FO€B Y.T. ABTOKAGBHO-NIMPOMETAAAYPrUYECKasn TEXHOAOTUA nepepa60TKM 30A0TOCOAEPXALLMX U CBUHLIOBO-LIMHKOBbLIX GAOTO-

KOHLIEHTPATOB: AUC. ... KAHA. TEXH. Hayk. MpkyTtck, 2016. 147 c.
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Tabauua 1. CoaepxaHne OCHOBHbIX KOMIMOHEHTOB B KOHLLEHTpaTe

Table 1. Content of main components in concentrate

r/T MaccoBaf AOAAl SAEMEHTOB, %
Au Ag W Mo Cu Bi Pb As Siosu) S(eyrvomn) Feoouw Fe cynpm)
22,1 133,2 2,7 13,0 0,5 0,7 1,1 3,4 30,2 30,0 25,2 20,25

HbIX KOMMOHEHTOB KOHLIEHTpaTa NpPeACTaBAEHO
B TabA. 1.

KauyecTBEeHHbIN ANDPAKTOMETPUYECKUI
XRD-aHaAu3 (0T aHrA. X-ray diffraction analysis)
nokasaan, UYT0O B WMCCAEAYEMOM KOHUEHTpaTe
BOAbGPaM NPEACTABAEH LLEEAUTOM U MOAMDAO-
LIEEeAUTOM, MOAMBAEH — MOAMBAEHUTOM, MEAb
- XaAbKOMUPWUTOM, BUCMYT - BUCMYTUHOM. U3
CYAbOUAOB CyLLLECTBEHHO MPEeobAaAAET MUPMUT.
OTmevaeTcs 3HauMMoe COAepXaHWe rareHuTa
n apceHonuputa. M3 HepyAHbIX MUHEpPaAAOB B
HEe3HaAYMUTEAbHbIX KOAMYECTBAX MPUCYTCTBYHOT
kapboHaTbl, PAOOPUT, KBaPL, MMPOKCEHbI, rpa-
HaTbl.

30A0TO B MCCAEAYEMOM KOHLEHTparte ac-
COLMMPOBAHO C CyAbGUAAMU (MUPUTOM, apce-
HOMMPUTOM), cepebpo - C raneHuTom. Beuay
3TOr0 KOHUEHTPAT ABAAACS YNOPHbIM K LMaHKU-
POBaHUIO CbIPbEM.

MeTtoanka akcnepumeHToB. [lepep aBToO-
KA@BHbIM OKMCAEHMEM KOHLEHTpaT AOM3MEAb-
yaam po P95 = 0,045 mm B LWApOBOM MEAbHU-
ue. CToAb TOHKMK MOMOA ObIA HEOOXOAUM AAA
6onee MOAHOTO OKWUCAEHWSI TaneHWUTa, 3epHa
KOTOPOro MOryT NacCMBMPOBATbCS B npouecce
aBTOKAAQBHOIO OKMCAEHUA NMAEHKOW HepacTBO-
puMoro cyabdata CBMHUA, KOTopas npensT-
CTBYET AOCTYMYy KUCAOPOA@ K MOBEPXHOCTU He-
npopearvpoBaBLUEro CyAbomaa.

M3MeAbYEHHbIM KOHLEHTpPAT MNOABEPraAu
KUCAOTHOM 06paboTKe pacTBOPOM CEPHOM KUC-
AOTbl B A@aBOpaTOpHOM arntatope A0 AOCTUXe-
HUS pH nyabnbl 2. MyAbMy MOCAE€ KWMCAOTHOM
06paboTkM NepeHocuAn B AabopaTopHbIM aB-
TOKA@B C pabourm ob6bemMom 2 AM3 U AOBOAU-
AM AO HeobxopnMMoro cootHoweHus X:T, pac-
CUMTaAHHOTO M3 TEMAOBOro 6anaHca OKUCAEHUSA
cyAbdmpoB (9:1).

ABTOKA@BHOE OKUCAEHWE MNPOBOAUAU MPU
Temneparype 220°C npu napuvarbHOM AaB-
AeHUM Kucaopoapa 0,7 MMa. NU3mepeHne paB-
AEHWS BHYTPU aBTOKA@Ba OCYLLECTBAAAW MPWU
NOMOLLM UMOPOBOrO M aHaAOroBOro MaHoMe-
TPOB. AN HENPEPbLIBHOIO M3MEPEHUS PacXxoAa
KUCAOPOA U MOAAEPXKAHUA AABAEHWA Ha 3a-
AQHHOM YPOBHE aBTOKAAB OCHALLEH CUCTEMOW
«Bronkhorst» (HuaepaaHabl).
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MoOMEHT HauyaAa Nopayvru KUCAOPOAA MPUHU-
MaAM 3a Hayano onbiTa. OKOHYaHMEM oOrblTa
Nno aBTOKAQBHOMY OKUCAEHUIO CYUTAAU MOMEHT
npeKpaLleHnsa nopayun KUCAoOpoAa. B xoae akc-
nepumeHTa ¢ NOMOLLbLID CUCTEMbI HENPEPHIB-
HOro0 U3MEpPEHUs pacxopa KUCAOpopa dUKCH-
poBanu obLlee pAaBAEHUE B aBTOKAABE U OMnpe-
AENAAN PACXOA KMCAOPOAA (CYMMApPHbIA U Te-
Kywuni). Mo xapaktepy 3aBUCMMOCTU pacxoaa
KUCAOPOA@ OT BPEMEHU OMPEAEAAAU MPOAOA-
XWUTEABHOCTb U CTEMNEHb 3aBEpPLUEHHOCTU Mpo-
Lecca OKUCAeHUst CyAbOUAOB. B HauaAbHbIN ne-
PUOA OKUCAEHUS M3OLITOUHOE TEMAO OTBOAUAM
noAayen OXAaXAaloLLENW BOAbI BO BHYTPEHHUM
TeNnA00bMEHHWK aBTOKAABA.

MocAe 3aBeplUeHUA npouecca OKUCAEHUSA
nyAbny B aBTOKA@BE ocTyxann A0 95°C 1 KOH-
AWLMOHMPOBaAAK MpU aTMOCHEPHOM AABAEHUU
B TEUEHUE ABYX YaCOB AAA Pa3pyLLUEHUst OCHOB-
HbIX CyAb®ATOB U NepeBoAa CyAbGATHOIO Xene-
3a B pacTtBop (npouecc «HotCure» [11]).

MocAe KOHAMLMOHMPOBAHUA OKUCAEHHYHO
nyAbny GUALTPOBAAM U NMPOMbIBAAM BOAOW Ha
duAbTpE. KeK CylnAK Npu KOMHaTHOM TemMne-
patype 1 B3BelIMBaAW. B maTouHOM pactBope
ONpPEeAENiAM KOHLEHTPaALUMNU CEPHOM KWUCAOTHI,
MOHOB ABYX- U TPEXBAAEHTHOIO XeAe3a TUTPU-
METPUYECKUM METOAOM, KOHLEHTPALUK BUCMY-
Ta, BOAbOpama, MoAMbaeHa, meaun, cepebpa
M MblllbAKa - METOAOM aTOMHO-3MWCCHOH-
HOW CMEKTPOCKOMUU C MHAYKTMBHO-CBSI3AHHOM
naa3momn (ICP-AES ot aHrA. inductively coupled
plasma atomic emission spectrometry). Co-
AEPXaHWe B Keke BUCMYyTa, BOAbdpama, Mo-
AMBAEHA, MEAU, MblLLIbAAKA M CBUHLA, a TaKxXe
Xenesa 1 cepbl (00LLYH U OKUCAEHHY GOPMbl)
onpeaensinm ICP-AES aHaausom. Kpome TOro,
$a30BbI cocTaB keka onpeaensiam XRD-aHa-
AU3OM.

Mo pesyAsTatamM aHaAM30B pacCyUUTbIBaAU
U3BAEYEHUE (pacnpeAeneHne) LEHHbIX KOMMO-
HEHTOB, a TakXe CTeNeHb OKUCAEHUS CyAbdU-
AOB, MO KOTOPOM OUEHMBAAU IPOEKTUBHOCTb
aBTOKAQBHOIO OKUCAEHUS.

OTMbITbIM OT CEPHOM KUCAOTbI U CyAbGATOB
KEK MOCAE CYLLKW MOABEPraAv HEUTPaAU3aLMK
W 3allenavymBaHnI0. KeK pacnyAbnoBbliBaAu BO-
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AOW 1 B MOAYYEHHYO NMyAbMy NOAABaAU U3BECTb
A0 pocTxeHusa pH nyabnbl 10,0-10,5. Mocae
3allenauynBaHnAa B NyAbMy NoAaBaAWM LMAHUA
HaTPUs A0 KOHUEHTpauuun 1 r/aAm3, MOHOOOMEH-
Hyto cmony «PuroliteS992» (7% 06.) n npoBo-
AWAW COPOLMOHHOE LUMaHMPOBAHME B TEUEHUE
24 y. Nocre OKOHYaHUA UMaHUPOBAHUA MyAb-
ny GUALTPOBAAU, KEK CYLLWAW, B3BELLUMBAAU U
aHaAM3UPOBAAM Ha COAEPXAHME B HEW MOHOB
BUCMYyTa, BOAbOpPamMa, MOAMOAEHA, CBUHLA U
meam ICP-AES aHaAn30M, Ha 30A0TO U cepebpo -
npPodUpHbIM aHaAn3om ¢ AAC-okoHUYaHueM. Mo
pe3yAbTaTaM aHaAM30B pacCYMTbiBaAn U3BAE-
YeHMEe LEHHbIX KOMIMOHEHTOB.

PE3YNbTATbI U OBCY)KAEHUA

ABTOKAaBHOe OKMCAeHHe. Ha puc. 1 npea-
CTaBAEHbI KPUBbIE pacxoAa KMCAOPOAA B MNpo-
Lecce aBTOKAGBHOIO OKUCAEHMUS.

Moka3aHo, 4TO MPOAOAKMTEABHOCTb OKMC-
AEHUSI UCCAEAYEMOIO KOHLIEHTpaTa COCTaBAS-
et 20-21 muH. Pacxopa KUMCAOpPOAA — OKOAO
600 Kr/T.

B 1abA. 2 npeacTtaBAEHbl pe3yAbTaThbl aHa-
AM3a KEKA aBTOKAABHOIO OKMCAEHUSA, B TabA. 3
- pe3yAbTaTbl aHaAM3a MOAYYEHHOIO pacTBopa.
Pe3yAbTaTbl aBTOKAGBHOIO OKUCAEHUSA KOHLEH-
TpaTa NpeAcTaBAeHbI B TabA. 4.

[Moka3daHo, UTO CTEMEHb OKUCAEHUS DAOTO-
KOHUEHTpaTa coctaBura bonee 99%. M3Bae-
yeHne MoaMbaeHa B pacTtBOp cocTtaBuAo 95%
NpPW ero KOHUEHTpaUuKM B MaTtouHOM pacTBope
14,4 r/pm3. OcTaTouHOE COAEPXaHUE MOAMO-
AEHa B KeKe COCTaBUAO 3,8% Npu BbIXOAE KEKA
b 19,5%.

BO3MOXHO, OKMCAEHME MOAMBAEHUTa B
npouecce CEePHOKUCAOTHOTO aBTOKAABHO-
ro0 OKMUCAEHUA MpoTekaeT no peakuun (1).

a o
o O O
o O O

Pacxop kucnopoaa, Kr/t
w b
o O
S o

0 5] 10

MpoaomXMTENbHOCTE OKUCNEHUA, MUH

Kr/T

o N B

MoTok kucnopoga, AM3/MUH

OM3/MUH

o N B OO 0 =2 2

15 20 25

Puc. 1. KpuBbie pacxoAa KMCAOPOAAE B MPOLIECCE aBTOKAGBHOIO OKUCAEHMSA MCCAEAYEMOro KOHLieHTpaTa
Fig. 1. Curves of oxygen consumption during studied concentrate pressure oxidation

Tabaunua 2. CopepxaHre OCHOBHbIX KOMMOHEHTOB B KEKE aBTOKAABHOIO OKMCAEHMS
Table 2. Content of main components in pressure oxidation cake

BbiXxoA KeKa, MaccoBas A0oAA B Keke, %
% Mo W Bi Cu Pb As Fe(oﬁm) Fe(cyAb¢MAH) S(oﬁm) S(Cyl\bd)MAH)
19,5 3,8 12,7 1,7 0,01 3,4 2,4 171 0,9 5,7 0,7
Tabaunua 3. CopepxaHre OCHOBHbIX KOMMOHEHTOB B PACTBOPE aBTOKAGBHOIO OKUCAEHUS
Table 3. Content of main components in pressure oxidation solution
KoHueHTpauus B pacTBope, r/av® Eh mB H
» M p
Mo w Cu Bi As Ag, mr/pm® H,S0,4 Fes* Fe?
14,4 0,26 0,6 0,39 4,1 0,77 122,5 21,3 1,4 484 0,93
Tabauua 4. Pe3yasTaThl aBTOKAGBHOTO OKUCAEHWSA KOHLEHTpaTa
Table 4. Concentrate pressure oxidation results
0 U3sBAeueHUe B pacTBop, %
CteneHb OKUCAEHUSA, % Mo W Cu Bi Ag
99,6 95 0,14 99,3 45,1 5
https://ipolytech.elpub.ru 541
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OaHako obpasyrlaaca MOAMOAEHOBAS KUC-
AOT@ 06bIYHO HecTabuAbHa B CEPHOKMCAbIX
pacTBopax, COAEpXallMX MOHbl METAAAOB,
Taknx kak Fe3*, Fe?*, Cu?* u ap. Mpu atom
MOAMOAEH BbiMapaeT B OCAaAOK B BUAE MO-
AMBAQTOB COOTBETCTBYIOLIMX MeTarnoB (Me),
no ypaBHEHUIO (2):

MOSQ + 4,502 + 3H20 = H2M004+

+ 2H,S0, (1)
nH.Mo0, + (n-1)Me"™ = Me(,.1)(MoO,)n+ 5
+ 2nH" 2)

Moatomy Hamboree BePOATHbIMU dopMa-
MU MOAMOAEHA B pacTBOpe B AAHHOM CAy-
yae OyayT KOMMAEKCbl MOAMBAEHUA-CyAbdATa
[M002(S04)n]?"? 1 MmoAnBAEHUA-MOH M0O-%* B
coctaBe M00,S0, [12, 13].

MoAnbaeHUA-CyAb®aT MPU  aBTOKAABHOM
OKUCAEHUU MOAMBAEHUTA MOXET 006pa3oBbl-
BaTbCs B COOTBETCTBUU C ypaBHeHUeM (3). MNpu
3TOM COCTOSIHME MOAMDAEHA B pacTBOpe Xa-
paktepusyeTca paBHOBecHeEM (4) U 3aBUCUT OT
KOHLIEHTPaLUUK CEPHON KUCAOTbI:

MOSQ + 4,502 + H20= MOOQSO4 + H2804 (3)
MOOQSO4+(2n—2)H2804 = H(zn.g)[M002(SO4)n] (4)

AanbHeWllee W3BAEUYEHUE MOAMDAEHA U3
CEPHOKUCABIX PaCTBOPOB MOXHO MPOBOAUTH
MOHHbIM 06MeHoM [12].

Takxe npu aBTOKAGBHOM OKUCAEHWUW KOH-
LleHTpaTa B pacTBOp U3BAEKaeTCA MeAb. N3BAae-
yeHne meamn coctaBuno 99,3%. KoHueHTpaums
MeAn B pactBope - 600 mr/am3. AAa u3Bnaeve-
HUA MEAM U3 aBTOKAABHbIX PacTBOPOB MOXHO
MCNOAb30BaTb M3BECTHblE MeToAbl [14-16], B
4aCTHOCTU, CYAbOUAHOE OCaXAEHMUE, XXUAKOCT-
HYHO SKCTPaKLMIO U AP.

BUCMyT Takxe 4yaCcTUUHO MEPEXOAUT B pac-
TBOP aBTOKAABHOIO OKUCAeHUS (45%). [Mpwu
3TOM KOHLEHTpauuMa BUCMYyTa B pacTBope Co-
ctaBasieT 390 mr/ame. B T0 xe Bpems 3a cueT
COKpallleHMs Maccbl TBEPAOW dasbl NPOMUCXO-
AVNO KOHLEHTPUPOBaHME BUCMYTa B KEKaX, A€
€ro copepxaHue pocturano 1,66%.

Hanbonee BepossTHOW GOpPMONM BUCMYyTa B
CEPHOKMCAbIX aBTOKAABHbIX PAaCTBOpPax ABAAET-
ca cyabdaT BUCMYTa, KOTOPbIM 06paldyeTcs npu
B3aMMOAENCTBUN BUCMYTUHA C CEPHON KMCAO-
ToM Npu Temnepatypax Bbiwe 100°C B cooTBeET-
CTBUM C peaKkumen (5), a Takke nNpu aBTOKAAB-

ISSN 2782-6341 (online)

HOM OKWUCAEHWW BUCMYTMHA KUCAOPOAOM MO
peakumu (6):

0,083Bi,S;3 + H,S04 = 0,083Bix(S04)s +
+ S0, + H,0

Bi.S; + 60, = Bix(S04)3 (6)

AN U3BAEYEHWA BUCMYTa M3 pacTtBopa
MOXHO MNPUMEHATb COPOUMIO WM, BO3MOXHO,
aKcTpakumio [16, 17].

Kpome TOro, yCtaHOBAEHO, YTO B MpOLEC-
Ce aBTOKA@BHOIO OKUCAEHUSA B CEPHOKWUCAbIN
pacTBOP MOXET NEPEXOAMTb YacTb cepebpa (A0
5%, 0,77 mr/am3). Cepebpo B CUABHOKUCAbIX
cpepax MoXeT 06pa3oBbiBaTb CyAbdaTHbIE CO-
€AVMHEHUA B COOTBETCTBMU C PeakUMaMU (7) U
(8) [18]:

(9)

Ag.S + 20, = AgS0,4 (7)
Ag,S0, + H,S0, = 2AgHSO, (8)

Cepebpo, coaepxalleecss B 310M dopwme,
MOXHO M3BAEYb XUMMUUYECKUM OCaXAEHUEM
B BMAE XAOpMAA cepebpa, LeMeHTaumen Uaun
WUHbIM METOAOM.

CnaepyeT OTMETUTDb, UTO KOHLEHTPALMS BOAb-
dpama B pacTBOpe aBTOKAGBHOIO OKMCAEHUS
coctaBasina 0,26 Mr/am3, UTO COOTBETCTBOBA-
AO €ro n3BAeveHuto B pacteop 0,14%. Tak kak
CTaHAAPTHbIE COEAUMHEHUA BOAbdpPamMa (BOAb-
dpamartbl, BOAbGpPamMoBasad KUCAOTA) ABAAHOTCS
HEPaCTBOPUMbIMWU B CEPHOKMUCABIX PacTBOpax,
BEPOSATHO, B AQHHOM CAyYae MMeAO MEecTo 06-
pa3oBaHne HBOAEE CAOXHbBIX KOMMAEKCHbIX CO-
€AMHEeHWW. AaHHbIM BOMPOC, a Takxe BOMNpoc
M3BAEUYEHUSA BOAbPpPamMa M3 PacTBOPOB aBTO-
KAABHOIO OKMCAEHMS TpebyeT AaAbHeNWLEN
npopaboTKu.

Mo A@HHBIM XMMWYECKOro aHaAn3a COAep-
XaHne BoAbPpamMa B KEKE aBTOKAABHOIO OKUC-
AEHUs cocTaBUAO 12,7%.

Ha puc. 2 npeacTaBAEH KauyeCTBEHHbIW CO-
CTaB Keka no pAaHHbIM XRD-aHaAu3a (bparmeHT
AvdpaKkTorpammel).

lMoka3aHo, YTO OCHOBHbIMW dal3amMu Keka
aBTOKAGBHOIO OKUCAEHUS, UMEKLIUMU KPU-
CTAAAMYECKOE CTPOEHME, ABASAIOTCA LUEEAUT U
aHrMAPUT (cyabdaT Kanbums). [lo-BuaMMOMy,
aHrmapuT obpasoBancst NpWM YacTUYHOM pac-
TBOPEHUU (BbllLLEAAUMBAHUK) BOAbOpPamMa U3
LUeeArMTa B MpPoLecce aBTOKAGBHONO OKMCAE-
HUA, NPU 3TOM BOAbGPamMaT-MoOH 3aMeECTUACS

SMapuetko H.B., BepiumHuHa E.NM., MabaebpaHAT 3.M. MeTanyprvis Taxebix LBETHbIX: yueb. nocob. KpacHosipek: ChY, 2009. 394 c.
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Puc. 2. OparmMeHT puppakTorpaMmMbl Keka aBTOKAGBHOIO
okucreHnsi: 1 - CaWO, - weeaunt; 2 - SiO, - kBapL;

3 - Pb(Feg_54AIo_46)(A51_07O4)(So,9304)(OH)6 - 6eAaHTI/1T,'
4 - CaS0, - aHruapur; 5 - PbFes(S04)4(0H)12 - nAtom608p03uT
Fig. 2. A fragment of the X-ray diffraction pattern of pressure
oxidation cake: 1 - CaWO, - scheelite; 2 - SiO, - quartz;

3 - Pb(Fezs54Al046)(AS1,004)(S0,0304)(OH)s -  beudantite;
4 - CaS0, - anhydrite; 5 - PbFeg(S04)4(OH)12 - plumbojarosite

Ha cyAbdaT-MOH ¢ obpas3oBaHWEM Manopac-
TBOPUMOTO CyAbdarta KaAbLMs No peakuuun (9).
Takxe HaAUuMe aHTMAPUTA MOXHO OOBACHUTb
pasnoXeHWEM KapbOHATOB KaAbLMA B CEPHO-
KUCAOW CpeAe:

CaWO4 + HQSO4 = CaSO4 + H2WO4 (9)

Kpome TOro, B Keke WAEHTUOUUMPOBAH
NAIOMOOSIPO3UT U MbILLbSKOBBIM MAOMBOSPO-
3uT (bepaHTUT), KoTopble 06pa3ytoTca NpuU B3a-
MMOAENCTBUM CyAbdaTa CBMHLA MPU TMAPOAU3E

cynbdata xenesa (lll) B npouecce aBTOKAQBHO-
ro OKUCAEHUS raneHuUTa U NMpuTa, a Takxe npu
TMAPOAU3E MblLLbSKOBOW KMCAOTbI, MOAYYEHHOM
npu OKWUCAEHMM apceHonuputa. [loppobHee
MexaHu3M 00pa30BaHUA AAHHbIX MPOAYKTOB
onucaH B pabore [19].

CopepxaHue 30A0Ta U cepebpa B keke aB-
TOKAGBHOIO OKMCAEHUSI C YUETOM COKpaLLEeHUs
coctaBaano 113,3 n 650,1 r/T COOTBETCTBEH-
HO. M3BAEUEHWE ApPaAroUEHHbIX METAAAOB CO-
POLUMOHHbIM LMAHUPOBAHMEM MO TEXHOAOTUM
RIL («cmOAa B BblleAa4YMBaHUK») COCTABUAO:
Au - 97,5%, Ag - 91,6%.

Cnaepyet OTMETUTb, UTO AAHHbIN YPOBEHb M3-
BAeUEHUS cepebpa ABASETCS AOCTATOUYHO Bbl-
COKMM AASl aBTOKAGBHOM TEXHOAOIMW, TaK Kak
cepebpo B npouecce aBTOKAGBHOIO OKWUCAE-
HWA CKAOHHO B3aMMOAENCTBOBATb C CyAbdaTOM
xenesa (lll) ¢ obpaszoBaHMEM YNOPHOrO K Lua-
HMUPOBaAHUIO apreHToApo3nTa. AAS U3BAEUEHUS
cepebpa, CBA3AHHOMO B SPO3UTHYHD dOpMY,
HEOOXOAMMO WMCMNOAb30BaHWE CrneunanbHbIX
METOAOB, HanpMMep ropsiver M3BECTKOBOM 06-
paboTKn KekOB U Ap. [20].

Mo AQHHBbIM XMMMWYECKOrO aHaAM3a KEKOB
npv UMAHUPOBAHWK B PacTBOP MOXET U3BAE-
Katbca A0 46% Mo, 17% W, 66% Bi, 95% Cu.
3aTeM 3TM KOMMNOHEHTbI MOTYT YaCTUUYHO COPOU-
pOBaTbCA Ha CMOAY, a TaKXe BbiMapaTb B OCa-
AOK 13 pacTtBopa. NpoaHaAM3npoBaTb AQHHbIE
NPOAYKTbI C NPUEMAEMOMN TOYHOCTBIO Ha CTaAUM
AabopaTOPHbIX UCMbITAHUI HE NPEACTABAAETCA
BO3MOXHbIM BBUAY MAAOroO KOAMYECTBA MaTe-
puana.

3AKAKOYEHUE

NccaepoBaHUAMMK MOKa3aHo, yuto npu ne-
pepabotke CyAbGUAHOIO 30AOTOCOAEPXKALLETO
KOHUEHTpaTa No aBTOKA@BHO-LLMAHUCTOM CXeme
OCHOBHaa Macca meau (99%) n moanbaeHa
(95%) n3BAeKaeTCs B CEPHOKUCAbIM pacTBOp
aBTOKAGBHOIO OKMCAEHMsl, OCHOBHaa Macca
30A0Ta M cepebpa (boree 90%) - npu UMAHU-
pOBaHUW.

BucmyT n Boabdpam npakTtnvyecku «pasma-
3bIBAOTCA» MO TEXHOAOTMYECKUM MPOAYKTaM,
npu 3TOM 3a CYEeT COKpalleHUs MacCbl TBep-
AOrO B npouecce nepepaboTku KOHLUEHTpaTa
NPOUCXOAUT KOHLEHTPUPOBAHWE AAHHbLIX 3AE-
MEHTOB B KEKax UMaHUpOoBaHUA. Takxe B Kekax
KOHLLEHTPUPYETCA CBUHELL

Taknmobpa3om,noKasaHo, YTONOAYUYEHHbIN
B pe3yAbTaTe UCCAEAOBaHUM NPOAYKT (kek RIL)
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He SIBASETCA OTBAAbHbIM, TaK KaK COAEPXMUT  cBuUHel, (5,3%), moanbaeH (3,3%). Ana nepe-
3HAUUTEAbHOE KOAMYECTBO LEHHbIX KOMMO-  PaboTKM AAHHOrO MPOAYKTa HEOOBXOAMMO Mpo-
HEHTOB, OCHOBHbIMW K3 KOTOPbIX ABASIETCA  BOAWUTb AOMOAHWUTEAbHbIE YKPYMHEHHbIE UCCAE-
BoAbdpam (17%), a Takke BUCMYT (0,9%), AoBaHUA.
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MapoTtepmMmanbHOe OCa)XXA€HUE MEeAU U3 pacTBOPOB
BblLLLeAAUMBAHUA METaANYPruYeCcKUX nbiner

A.A. KoBasun®, K.A. Tumodees?, IU. Maabues?, C.A. Kpatoxun*

L2AKLMOHEPHOE 006LLECTBO «YParIAEKTPOMEAL», BepxHAs biluma, Poccus
24TexHN4YeCKMI YHUBEPCUTET YPpaAbCKOM ropHO-METaAAyprnueckoi koMmnaHuu, BepxHss Mbiima, Poccus
SUHCTUTYT MeTamyprium YpO PAH, ExkatepuHbypr, Poccus

Pe3rome. Llenb — BbISBAEHME OCHOBHbIX 3aKOHOMEPHOCTEN TMAPOTEPMAAbHOTO OCaXAEHUSI MEAWN M3 paHee He-
M3YUYEHHbIX CEPHO-a30THOKUCABIX 1 CYAbATHbIX PACTBOPOB aTMOCHEPHON U aBTOKAABHOM NepepaboTkn MeTanrypru-
yeckux nbinen. B kauecTBe cyabdMAM3aTOPa MCNOAb30BaAH MUPUT. XUMUYECKUIA SAEMEHTHbIN COCTaB MPOAYKTOB onpe-
AENAAV METOAAMMW PEHTTEHODAYOPECLEHTHON, aTOMHO-3MUCCUOHHON CNEKTPOMETPUM C MHAYKTUBHO-CBA3AHHOW MAA3-
MOW, @ TakXe aTOMH0-abcopOLMOHHbIM aHAaAM30M. YCTAHOBAEHO, UYTO OCaXAEHME MEAMU MO NpeAraraeMomn TEXHOAOT MK
NO3BOASIET AOCTUYbL Bonee 95%-ro ee M3BAeUEHMUA. AN CyAbGATHbIX PACTBOPOB C BbICOKOM KOHLIEHTPALIMEN MblLLIbSIKa
NpPeAnNOXeHa ABYXCTAaAMMHAA CXeMa OKUCAMTEAbHO-TMAPOTEPMAAbHOM 06pPabOTKM CO CAEAYIOLLMMK NapameTpamu:
Temnepartypa 180°C, NpOAOAKHUTEABHOCTb 2 U, pacxop kucaropoaa 0,026 am3/r nuputa (ans 1-i ctaammn), 200°Cu 2 4
(ans 2-1). U3BAeueHME B Kek cocTaBUAO 95,4% mean (B BUAE Cu,S) 1 91,4% mbiwbsaka (B BuaAe FeAsQ,), UTo MO3BOAK-
AO B AAAbHENLLIEM pa3AeAUTb A@HHbIE MeTaAAbl dAOTaLMeER. Mpu aBTokAaBHON 06paboTke Cu-Zn-Fe-As-NOs~ pactBopa
B npucyTcTBUKM nuputa npu 180-220°C noAyYeHbl 3HAYEHUSA SHEPTUU aKTUBaLMU (KAX/MOAb), OTBEYAKOLLME KMHE-
TUUYECKOMY PEXMMY, pacCuMTaHHble MO ABYyM MeToAnKam: 64,6 (Mo kanaccuueckon), 60,5 (No MOAEAM CXMMatOLLErO-
ca aapa). Takke onpeAeneHbl KMHeTuyeckue napametpbl cuctem CuS04-H,S04-FeS,-HoO n CuNOs-HoSO4-FeSo-H,0.
Moka3aHo, UTo Npu GAOTALMOHHOM 0O0rallleHUN KEKOB aBTOKAABHOIO OCaXAEHWSA MEAW AOCTUIaeTCsi BbiCOKasn CTe-
neHb paspeneHunsa Cu u As; nssneuenue, %, coctaBuno: Cu > 95%, As - < 5. AparoueHHble METaAAbl U3 MUPUTA MNe-
PEXOAAT BO GAOTOKOHLEHTpAT Ha 92,7% (Au) 1 96,5% (Ag). OnpeaeneH cocTaB NoAyYaeMoro GAOTOKOHLEHTpaTa, %:
12 Cu; 37 Fe; 38 S; 13 npouue. MNokasaHo, 4To NOAyYeHUEe BOAEE KOHAULIMOHHOIO MO MEAW NMPOAYKTA BO3MOXHO MpK
paspeneHUM GAOTOKOHLIEHTPATa Ha MUPUTHBIA U MEAHbIM KOHLEHTpaTbl U MPOBEAEHUN AOMOAHUTEABHOW GAOTaALMK
NepBUYHOrO MEAHOTO KOHLIEHTPaTa B LLEAOYHON cpepe ¢ AobaBAeHMEM M3BecTU. Takum 06pa3omM, BbiABAEHbI OC-
HOBHbIE€ 3aKOHOMEPHOCTW TMAPOTEPMAABHOTO OCaXAEHWUS MEAM U3 CEPHO-a30THOKMUCALIX U CyAbdATHbIX PacTBOPOB
aTMOChEPHON 1 aBTOKAGBHOMN NepepadoTKh METAAAYPIrUUYECKMX MbIAEH.
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Abstract. In this work, we aim to establish the main regularities of hydrothermal precipitation of copper from
the previously unstudied sulfuric-nitric acid and sulfate solutions of atmospheric and autoclave processing of
metallurgical dusts. Pyrite was used as a sulfidizer. The elemental composition of the products was determined
by X-ray fluorescence, inductively coupled plasma atomic emission spectrometry, and atomic absorption analysis.
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It was found that copper precipitation by the proposed technology enables its recovery at a level of more than 95%.
For sulfate solutions with a high arsenic concentration, a two-stage scheme of oxidation-hydrothermal treatment
with the following parameters was proposed: temperature 180°C, duration 2 h, oxygen consumption 0.026 dm3/g
pyrite (for the 1st stage), and 200°C and 2 h (for the 2nd stage). Extraction in the cake amounted to 95.4% of copper
(in the form of Cu,S) and 91.4% of arsenic (in the form of FeAsQ,), which allowed further separation of these metals by
flotation. An autoclave treatment of a Cu-Zn-Fe-As-NOj3 solution in the presence of pyrite at 180-220°C produced
the activation energy values (kJ/mol) corresponding to the kinetic regime calculated by the two methods: 64.6 by the
conventional method and 60.5 by the shrinking core model. The kinetic parameters of CuSO4-H,S0,-FeS,-H,0 and
CuNO3;-H,S0,-FeS,-H,0 systems were also determined. Flotation enrichment of copper autoclave precipitation
cake was shown to result in a high degree of Cu and As separation, with the recovery amounting to Cu > 95% and
As < 5%. Precious metals contained in pyrite are transferred to a flotation concentrate by 92.7% (Au) and 96.5%
(Ag). The composition of the resulting flotation concentrate comprised (%): 12 Cu; 37 Fe; 38 S; 13 other elements.
It is shown that, in order to obtain a product with the required content of copper, flotation concentrate should be
separated into pyrite and copper concentrates followed by an additional flotation of primary copper concentrate in
an alkaline medium in the presence of lime. Hence, our study has established the main regularities of hydrothermal
precipitation of copper from the sulfuric-nitric acid and sulfate solutions of atmospheric and autoclave processing

of metallurgical dusts.

Keywords: copper hydrometallurgy, solution, cake, autoclave, deposition, arsenic, concentrate
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BBEAEHUE

Mpu pabote MmepenAaBUAbHbIX Never obpa-
3yeTcs 6OAbLLOE KOAMYECTBO TOHKOAMCMEPCHOM
NblAW, YAABAMBAEMOW CMNeuMaAbHbIMK anna-
patamu, paboTaroMMmM MO CXeMaM CyXOM MAM
MOKPOM ra3ooumncTkum [1-3]. Bbicokasi 9KoAOT -
yeckas OMacHOCTb MOAMMETAAAMYECKUX OTXO-
AOB TpebyeT cneunanbHOM U AOPOrOCTOSILLIEN UX
A€3aKTMBaUUKM, YTO YAOPOXAET MPOLECC 3axo-
poHeHus [4-6]. LlenecoobpasHbiM peLlieHem
NPOoBAEMbI YTUAU3ALMU METAAYPTUUYECKUX OT-
XOAOB NMPEACTABASETCA UX KOMIMAEKCHasA nepe-
pabotka, yemMy NocCBALLEHbI MHOTOYMUCAEHHbIE
NMOUCKW HanpaBAEHUW, METOAOB WM KOHCTPYK-
TUBHbIX PELUEHWW Ha CcneuMarn3npoBaHHbIX
npeanpuatnax [7-9]. B coctaB TOHKOW MbIAU
MEAENAABUAbHbIX MPEANPUATUA BXOAAT LIMHK,
MeAb, CBUHEL, NPEACTABAAOLWIME MpPaKTU4e-
CKUIM MHTEPEC AAA MOCAEAYHOLLEro WX WUCMOAb-
30BaHUA B METaAAYPrUyeckux nepepenax, M
MbILbAK, TPEOYOLLIMIA U3BAEUYEHUA U NEPEBOAA
B MaAOTOKCUUHble dopmbl [10-12]. Ara nepe-
PaboTKNU NOAMMETAAAMUYECKMUX MPOMMNPOAYKTOB
NCMNOAB3YIOT pPa3AMyHble GUBUKO-XMMUYECKKE
npoLueccbl — NUPOMETAANYPruyeckue (NaaBkKa
B LUAXTHbIX, OTpa)aTeAbHblX, BpallatoLLMXCS
N anektponevax) [13-15], ruapomMeTanrypru-
yeckue (KUCAOTHOE, CONEBOE, LLIEAOYHOE, bak-
TepuanbHOE BblllEAQUMBaAHWE, WCMNOAb30OBa-
HWE OpraHMYeckux pactBoputenen) [16-18],
INEKTPOXUMUYECKME  (INEKTPOAM3) [19-21],
obrapalolLMeE KPOME AOCTOMHCTB €elle U He-
AOCTaTKaMK: OrpaHUYEHUSIMU MO MUCXOAHOMY
COCTaBY CbIpbsl; CPABHUTEABHO OOAbLLMM pac-
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XOAOM TOMAMBA U 3AEKTPOSHEPrUMK; BbICOKOM
3aMnbIAEHHOCTbIO ra30B, Tpebymollerh npume-
HEHUA CAOXHOW CUCTEMbI MbIAEYAABAUBAHUS;
HEOOXOAMMOCTbIO YTUAM3ALMU CyAbGAT-MOHOB
13 6OAbLLMX 06BLEMOB PaCTBOPOB BbilLEAAYU-
BaHUA; NOTEPSAMM AOPOroCTOSALLUMX peareHToB
npu pereHepaumMm pacTBOPOB; BbIAEAEHUEM
ra3oobpasHbiX MPOAYKTOB peakLmu.

ABTOpamMu HacTosLen pabotbl [16, 22] pas-
paboTaHbl TEXHOAOTMYECKME CXeMbl NepepaboT-
KW MbIAEM pa3AnMyHoro coctasa, %: 10-12 Zn;
11-13 Pb; 8-15 Cu; 12-14 Fe; 5-10 As,
NO3BOASIIOLLME KOAMUYECTBEHHO (92-95%) un3-
BA€Yb LUMHK U MeAb B pacTBOp, a CBMHELL OCTa-
BUTb B HEPACTBOPUMOM oOcTaTke. AAA nepepa-
60TKM NbIAEN NPeAAAratoTCsi TEXHOAOTMKU aBTO-
KA@BHOIO M aTMOCHEPHOTO BbllLlEAQYMBAHKS, B
TOM YMCAE B CMELLIAHHbIX CyAb®ATHO-HUTPATHbIX
pacTtBopax. [NpeproXeHa TEXHOAOTMYEeCKasn cxe-
Ma nepepaboTkn MeTanAypPruueckom nbiAK cep-
HO-a30THOKUCAbIM PAaCTBOPOM C MOAYYEHUEM
CBMHLOBOIO KOHLEHTpaTa U pacTBOPOB CAOX-
HOro coctaBa (puc. 1), B KOTOPbIX MPUCYTCTBY-
FOT MEAb, LUMHK, MbILLbSAK, @ TakXe CyAbdaT- U
HUTPAT-MOHbl. CEAEKTUBHOE U3BAEYEHNE MEAM
M3 AQHHbIX PAcTBOPOB C MOCAEAYIOLWMM nepe-
BOAOM MblllbIKa B MAaAOTOKCUYHbIA MPOAYKT
npeACTaBASET Hay4YHbIA U TEXHOAOTMYECKUIM UH-
Tepec.

TEXHOAOTUMN INEKTPOXMMUUECKOTO [23, 24],
copbuUMoHHOro [25, 26] U 3KCTPAKLMOHHOIO
[27, 28] U3BAEYEHUS YNCTON MEAN U3 PACTBO-
poB 06AaAQIOT PSAOM HEAOCTATKOB, CPEAU KO-
TOpPbIX:
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Fig. 1. Process flow diagram of sulphuric-nitric acid leaching of metallurgical dusts

- HW3Kasa CEAEKTUBHOCTb;

- BHECEHWE C peareHTamu AOMOAHWUTEAb-
HbIX MPUMECEN;

- MHOrOCTaAMMHOCTb U CAOXHOCTb annapa-
TYPHOrO 0GOPMAEHUA OTAEAbHbIX NEPEAENOB.

AANBTEPHATMBON YKa3aHHbIX METOAOB ABAS-
OTCS Pa3AMUHble Crnocobbl ee XMMUYECKOro
BOCCTAHOBAEHUS M3 PACTBOPOB C MOCAEAYHO-
LLIMM OCaXAEHUEM.

LlemeHTaums meamn. OcaxpeHWe Ha Xeae-
3e - HanboAee pacnpoCTpPaHEHHbIW U MPOCTOM
cnocob [29, 30]. Ha npaktuke WCNOAb3YHT
XENe3HbI AOM, 00E3AYXEHHYI) KOHCEPBHYH
XECTb, XECTaHyt0 o0bpesb, rybuatoe xeneso.
TaxeAbl ckpan (PeAbCbl, MAUTLI, TPYyObl, OTAUB-

https://ipolytech.elpub.ru

KW U APYroe), HeCMOTPSA Ha HU3KYHO CTOMMOCTb,
NPakKTMYEeCKU He NPUMEHAETCA B CBA3KU C Ma-
AOW PEaKLMOHHOM MOBEPXHOCTLIO. [pn AocTa-
TOUYHOM TEXHOAOTMUYHOCTM U PEHTabEABHOCTU He
noAyyaeTcs ToBapHas no YNCTOTE MEAb, UTO Tpe-
byeT ee panbHenLen nepepaboTku. MoayueHne
KavecTBeHHOro ocapka (90% Cu) ¢ npuemae-
MbIMU TEXHUKO-3KOHOMUYECKUMU MOKa3aTens-
MW BO3MOXHO TOAbKO M3 UMCTbIX U Boratbix Mo
MEAWN PacTBOPOB BbICOKOCOPTHbIM OCAAUTEAEM
NPy TWATEABHOM TEXHOAOTMUYECKOM KOHTPOAE
npouecca. LlemeHTauua Ha Xeae30COoAepXa-
LLMX OCaAMTEASIX NMPAKTUYECKU Henpuemaema
AN BOraThbiX MbILLbSKOM PaAcTBOPOB M3-3a Bbl-
AENEHNA AAOBUTOrO apcuHa (HoAs).
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ABTOKAGBHOE OCaXAEHUE MeAMU ra3006pas-
HbIMW BOCCTaHOBUTEASIMU (BOAOPOA, MOHOK-
CUA yraepopa, cepHuctbin rad). T > 150°C
N n3bbiTouHoe paBnaeHue (P > 0,7 MIla) ra-
30B-BOCCTAHOBUTEAEN 0OECNeYMBaoT BbICO-
KYIO CKOPOCTb CEAEKTMBHOIO BbIAEAEHUSA MEAU
C BeCbMa BbICOKOW CKOPOCTbtO. [MOBbILLIEHWUE
NPOW3BOAUTEABHOCTM  MO3BOASIET  COKPATUTb
NPOWU3BOACTBEHHbIE MAOLLI@AAW, CHU3UTb TPYAO-
Bble 3aTparbl, PErYAUPOBaTb KAYE€CTBO KOHEUY-
HOro NMPOoAYyKTa (rnopoLuka). Boaopoa npumMeHs-
€TCA B LLMPOKOM AManasoHe pH, He 3arpsasHaeT
pactBop npumecamu. K HepocTaTkaM CAeAyeT
OTHECTM MOBbLIWEHHYIO B3PbIBO- U MOXapoo-
nacHocTb. AAS peryAMpoBaHus pa3mepa 4a-
CTWL, OCaAKa B pacTBOp A0OABAAIOT MEAHbIV
NOPOLLOK MAU NMOAUAKPUAGMUA: C YBEAUUEHUEM
KOAMYECTBA «3aTpaBKW» AMCMNEPCHOCTb NOPOLL-
Ka MeTanna BoapactaeTt [31, 32]. OcaxaeHune
MeAN U3 CEPHOKUCABIX PACTBOPOB MpPU BOCCTa-
HOBAEHUM MOHOOKCUAOM YIAEPOAA:

Cu?* + CO + H,0 = Cu + CO, + 2H*

CKopocCTb BOCCTaHOBAEHMA MOHOB Cu?* ok-
CMAOM YrAEpOAa HUXE, YeM BOAOPOAOM. He-
AOCTaTKOM BOCCTAHOBUTEAS] ABASIETCS €0 TOK-
CUYHOCTb; MPENUMYLLIECTBO METOAA — B MaAOM
MaTeEPUAAbHO- U SHEProeMKOCTM npolecca,
BbICOKOM CEAEKTMBHOCTU, NMO3BOASIOLLIEN OTAE-
AUTb MEAb OT HUKEAS, KobaAbTa, XeAe3a U cepbl
B OAHOM TEXHOAOTMYECKOM UUKAE [33, 34].

BocctaHOBAEHME MEAM CEPHUCTbIM aHIMM-
APUAOM MPOTEKAET NO pPeaKLMu:

Cu?* + S0, + 2H,0 < Cu + HSO,~ + 3H*

MpK HaAMYMKM CEPHUCTOrO aHrMApPUAa Tep-
MOAMHAMMUYECKN YCTOMUYMBOM Pa30M ABAAETCA
TOAbKO METaAAMYECKAA MEAb, 38 UCKAKOUEHMEM
CAy4YaeB HU3KOro napumManbHOro AaBAEHUA SO, 1
BbICOKOM KOHLEHTPaUMNM MOHOBHSO4 AN SO,
BocctaHoBAEHME BO3MOXHO npu pH = 0-2.
B nHtepBane pH = 3-5, HapsiaAy ¢ MeAbto, MO-
XET 0CaXAaTbCsl 3aKUCb MEAM, BOCCTAHOBAE-
HUE KOTOPOW 3aTPYAHUTEABHO BCAEACTBUE HU3-
KX KUHETUUYECKUX XapakTepuctuk [35, 36].

MepcnekTMBHbIM MPEACTABASETCA TUAPO-
TepmMmaAnbHOe ocaxpeHue ([TO), no3BoAstoLLEee
NoAyYaTb MEAbCOAEPXALUMI NMPOAYKT, MPUIOA-
Hbll K nepepaboTke B NAaBKe Ha LITEWH. [u1-
APOTEPMAAbHOE OCaXAEHWE OCYLLECTBASETCS
NOCPEACTBOM KOMMAEKCA OBMEHHbIX peakuui
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¢ yyactmem Cu?" n cyAbGUAOB, KOTOpble MPO-
UCXOAAT B aBTOKAABHbIX YCAOBMUSIX MPU TEM-
nepatypax Bbiwe 150°C “ AaBAEHUM Bbille
0,6 MMa:

CuFeS,

CucFeS, CuS FeSO,
ZnS +CuS0, - {Cul,ss - lanO.;
PbS Cu,S PbSO,
FeS,

B pe3yabrate UcxoAHblE MUHEPaAbI, NEePBUY-
Hble CyAbOUAbI (XaAbKONMUPUT, BOPHUT) nepe-
XOASAT B GOPMY BTOPUUHBIX CYyAbOGUAOB (KOBEA-
AWH, AUFEHUT, XaAbKO3WH) B COCTaBE KeKa, a B
pacTtBOpe KOHUEHTPUPYIOTCA XeEAe30 M UMHK. K
poctomHeTBam [TO OTHOCUTCS MCMOAb3OBaHME
NMUPUTHBIX XBOCTOB, MOAyYaeMbIX B MpoLuecce
dAOTaUMOHHOTO OoboralleHUa MeAHbIX U MeA-
HO-LUMHKOBbIX CYAbOUAHBIX pyA. BoBaeueHue
NMOCAEAHUX MO3BOASIET, HAPAAY C 9POEKTUBHbBIM
OCaXAEHWEM MeAM, AOU3BAEKATb M3 HUX acco-
LUMMPOBaHHbIE AparoueHHble MeTaAbl [37, 38].

LleAb BbINMOAHEHHOIO MCCAEAOBAHUS — Bbl-
ABAEHWE OCHOBHbIX 3aKOHOMEPHOCTEN MMAPO-
TEPMaAbHOI0 OCaXAeHUs MeAM U3 pacTBOPOB
aTMOChEpPHOro U aBTOKAGBHONO CEPHOKMUC-
AOTHOTO BbllLIEAQYUBAHUA  METAAAYPTrUUECKMX
NbIAEN U paHee He WM3y4YaBLUMXCS CEPHO-a30T-
HOKMCAbIX PacTBOPOB C NMOCAEAYIOLLMM BbIAEAE-
HUEM MEAHOr0 KOHLEHTpaTa, MPUroAHOro AAS
NMPOMETAAAYPIrMUYECKON NepepaboTKu.

MATEPUAABI U METOAbI UCCAEAOBAHUA

ObbeKTaMKn UCCAEAOBAHUA CAYXUAU:

- pacTBOPbI BbllLleAQYMBAHUS METAAAYPIU-
YeCKUX MbIAE CcOoCTaBa C COAEPXaHWeM r/aAm®
NOCA€:

a) aBTOKAaBHOro BbileAaunBanma: 10 Cu;
15 Zn; 3 Fe;

6) CEPHOKMCAOTHOIO  BbllLEAAUMBAHUS:
8,2 Cu; 21,8 Zn; 3,1 Fe; 16,3 As; 50 H,SO0y;

B) CEPHO-a30THOKUCAOTO BbILLEAQUMBAHUS:
10 Cu; 15 As; 50 H,S0y4; 5 HNOg;

- CynbdMaM3aTOp - MNUPUT Odpakumnm -
0,071 mm ¢ copepxaHuem 98% OCHOBHOrO
BELLleCTBa CAEAYoLEero cocraBa, %: 47-57 S;
39,9-50,3 Fe; 2,1-7,7 O; 0,5-0,6 Si; 0,2-0,3
Mg; 0,3-0,5 Al.

JKCNePUMEHTbI MPOBOAUMAU B aBTOKAABE:
Temnepatypa coctaBasna 180-220°C; paBae-
Hue kucaopopa P(0,) = 0-0,8 MIMa; 6e3 nupu-
Ta u ¢ nuputom npu X:T = 6:12; 6e3 pobas-
K/ MNOBEPXHOCTHO-aKTUBHbIX Belects ([MAB)
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M C AUIFHOCYAbGOHATOM; MPOAOAKUTEABHOCTb
T = 1-2 Y; UHTEHCUBHOCTb MEPEMELINBAHUSA
V = 70 papc?t. PactBopbl aBTOKAGBHOIO Bbl-
LLleAQUMBAHUSA MNPAKTUYECKU HE COAEPXaAM
MbILWbSAK (< 0,5 r/am3).

MoAyuyeHHble NOCAE aBTOKAGBHOMO BblLLE-
AQUMBAHUA U OCAXAEHUS PaCTBOPbl U KEKM
aHaAM3UPOBAAM HA INEMEHTHbIM M $Ha30BbIl
coctaBbl. McnoAb3oBaHbl arTecTtoBaHHble GU-
3UKO-XMMUYECKUE METOAbI: PEHTTEHOBCKOM
CMEKTPOCKONUU  (PEHTTEHOBCKUN  AMDPAKTO-
meTp EDX-7000, Shimadzu), aToMHO-3MKCCH-
OHHOM CMEKTPOMETPUMU C MHAYKTUBHO-CBSA3AH-
How nAa3moin (Agilent 5800), atomHo-abcop6b-
LMOHHOro aHaAm3a (aHaam3aTop novAA 300).

AN aHaAM3a CKOPOCTU U KOHCTaHTbl CKOPO-
CTW NpoLEecca OCaXAEHUA MEAN MCMOAL30BAAM:

- KAACCUYECKoe ypaBHEHME:

dC/dt = k(Cycx - Cy), (1)

rae dC/dTt - CKOpPOCTb OCaXAEHUs Meau; k -
KOHCTaHTa ckopocth, ¢*; C, C — KOHLEHTpa-

LIMA MEAN UCXOAHAA U HA MOMEHT BPEMEHMU T,
- ypaBHEHWE MOAEAU CXMMAIOLLIErOCa AAPa:

kt=1-(1- a)v3, (2)
A€ &X — CTENEeHb OCaXXAEHUA MEeAN.

JHepruto aktuBaumu (E, AX/MOAb) onpeae-
ASIAM MO ypaBHeHUo AppeHuyca:

E =[R In(ko/k) T2 T2l/(To - Ty), 3)

rae€ ki U Ko — KOHCTaHTbl CKOPOCTW MNpKU Temmne-
patype T1 1 To; R - ra3oBas nocrosiHHas.

Mpu rpadumueckom cnocobe onpepeneHus
3HEeprumM akTuBaLuum B KOopAnHatax «ink - 1/T»
noAyyaetcs npsamasi AMHUS, TaHreHC yraa Ha-
KAOHa KOTOPOM, pacCUMTaHHbI MO OTHOLIEHWIO
KaTeToB TPEYroAbHUKa, PaBEH:

tgy = E/R. (4)

KOAMUYECTBEHHO MPOLECC OCaXAEHUA MEAN
ONuCbIBaAW MO METOAY HavyaAbHbIX CKOPOCTEH
CAEAYOLWLNMMUN YPaBHEHUAMMN!

W= dé/dT = K.S-C, ™; (5)

w, = d&/dTt = K,SV?, (6)

TAE€ CKOPOCTb OCAaXAEHMS MeAU (W ¢y, C1) Npu
T (C), KOHUEeHTpauun peareHTa (C,, MOAb/AMS),
CKOPOCTU nepemMelunBaHusa nyabnbl (V, paac?);
KOHCTaHTE CKOPOCTU peakumn (K.,) npu us-
MEHEHUU COOTBETCTBYHOLLErO napamertpa; rno-
BEPXHOCTb AMcnepcHor ¢asbl (S, AM?); nops-
AOK peaKkuun No KOHLEHTpaUMn peareHta (Nn.);
KaXyLLMINCA «NOPSAOK peakumm» (p,).
3HaueHus ng, p, ONPEAEASIOT Mo YpaBHEHU-
AM:
Nne = Algw/AlgCon; (7)

pv = Algw/AlgV. (8)

PE3YAbTATbl UCCNAEAOBAHUA
N UX OBCY)KAEHUE

Oca)xaeHue MeAU U3 pacTBOPa aBTOKAAB-
HOM nepepaboTKU MeTaANypruyecKom Mbinu.

Mpu obpaboTke pacTBOpa aBTOKAABHOIO
BblLeAQUMBaHUA 6e3 pA0baBAEHUS NMpUTa Mo-
AYYMAM OCAAOK KPACHOrO LiBETA, COAEPXALLENO
rTMAPOAM3OBAHHOE XeAe30. AAA OLUEHKK CTe-
NMEHU COOCAXAEHUA MEAM C OCAAKOM XeAe3a
N 3QHEKTUBHOCTN MUCMOAL30BaHUA CYAbOUAU-
3atopa npu 'O npoBeAEHbI 3KCMEPUMEHTDI C
pobaBAeHWeM nupuTta 1 6e3 Hero npu 6a30BbIx
3HauveHuaAx napametpos: T = 180°C; X:T =12
(nuput/mepb = 8,3 1/r1); V=70 paact, 7=1u
(taba. 1).

YCTaHOBAEHO, UTO B UHTEPBAAE TEMNEPATYP
150-220°C BBeAEHME B CUCTEMY NMUPUTA MNO-
BbICUAO CTEMEHb 0CaxXAeHUa meamn ¢ 1,5-4,5%
A0 7,3-82,3%. B pactBope 6€3 cyAbGUAM3aTO-
pa XeAe30 ocaxpaetcsa Ha 13,5-25,8% B Buae
rTMAPOKCUAA U OCHOBHOIO cyAbdata, Npu HaAu-
YMK NUPUTA U3BAEUYEHME XENe3a B PacTBOp CO-
cTtaBuAO A0 8%.

lNokasaHo, uTo ymeHbleHne X:T po 6 (nu-
put/meab = 16,6 1/r), pobaBaeHne [AB ans
YAQAEHUA C NOBEPXHOCTU YacTuL, AUCNEPCHOM
da3bl SIAEMEHTHOM CePbl, MEXaHUYECKas ak-
TMBaALUMA NOBEPXHOCTU NMUPUTA U yBEAUYEHUE
NPOAOAXUTEABHOCTH npouecca npu T = 180°C

Tabamua 1. MokasaTeAr NpoLecca 0CaxAeHUs MeTaANOB 6€3 CyAbdMAM3aTOPa U C MUPUTOM
Table 1. Indicators of the sulphidizer-free metal deposition process with pyrite

T oC Oca)xpeHus meTannoB 6e3 cyabdupusatopa/c nupuTom, %
’ Cu Fe CopepxaHue Cu B keke, %
150 1,5/7,3 13,5/— 6,3/0,87
180 2,3/26,3 15,4/— 10,7/3,06
200 3,3/56,1 17,8/— 15,3/6,31
220 4,5/82,3 25,8/— 20,4/8,99
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YBEAWMUMBAIOT CTEMNEHb OCaXAEHWUSI MeAMU Ha
1,8-22,7% 1 CHUXalOT COAEPXAHME MEAU B
keke A0 1,39% no cpaBHeHUIO ¢ 6a30BbIM Ba-
puaHToM (Taba. 2).

B pesyabrarte yCTaHOBAEHO, YTO AASI PACTBO-
pOB aBTOKAGBHOIO BblLLlEAAYMBAHUSA MPU OTCYT-
CTBMU MbllbSIKa B pacTBoOpax (CopepxaHue As
A0 0,5 r/am3) onTMManbHbIM ABASETCA NpoBe-
AEHWE onepaLmn OCaXAeHUS MEAU MPU Temne-
patype 220°C, X:T = 6:1, B TeueHne 2 u, npu
AAHHbIX NapamMeTpax OCaXAEeHMe MeAn U3 pac-
TBOpa COCTaBUAO 96% Mpu COAEPXKAHMU MeAU
B Keke 5,2%. AHaAn3 $a30BOro cocrtaBa Keka
NOCAE aBTOKAAQBHOIO OoCaXAeHus mean 6e3 uc-
nonb3oBaHua MNAB BbisBUA nipucytctBue CusS,
Cu,S, Cu4g4S, Fey03, Si0,. 3HaUMMOro Koamue-
CTBa Cepbl 3AeMEHTHON He 0OHApPYXEHO; MeAb
npeactaBreHa cyabdupamun mean (1), (I1); xene-
30 NPUCYTCTBYET B BUAE HEMNpopearMpoBaBslLuUe-
ro nuMpuTa, 4actb - B BUAE TMAPOANM3OBAHHOIO
WUAN OKUCAEHHOTO Xenesa (l11).

OcaxpeHne meAM M3 pacTBopa aB-
TOKAABHOM nepepaboTKM  MeTaAaypruye-
CKOM nbiAM. PacTBOpbl CEPHOKUCAOTHOIO
BblLLEAAUMBAHUA C BbICOKMM COAEpXaHu-
eM Mbllwbaka (16,3 r/am® As), B oTAMuMe OT
aBTOKAABHOro, obpabarbiBaAu MUPUTOM MpU
T = 200-220°C, P(O,) = 0-0,8 MIla,
nuput/meab = 12,5-25 r/r (taba. 3).

YBeAnYeHmne COOTHOLLEHUSA MUPUT/MEAb, I/T:
12,5-25 (T = 200°C); 12,5-25 (T = 220°0C),
NOBbILLAET CTEMEHb OCaXAEHUA MeaM, %: 31,9-
55,7; 32,1-92,4 coOTBETCTBEHHO. MbILLbAK
OCaXAAETCA MNPOMNOPLMOHAABHO M3BAEUYEHUIO

ISSN 2782-6341 (online)

MeAM W3 pacTBopa. KoHUeHTpaums Meau
B pacTBope cHu3MAacb ¢ 8,2 po 0,5 r/amd,
COAEPXaHUE MeAM B Ocapke Bo3pocao ¢ 0,6
A0 4,5%. Mpu p06baBAEHUN KUCAOPOAA B AMana-
30He 0,3-0,8 MIla cTteneHb 0CaXAEHUA MEAU
CHWXaeTca B MHTepBane 32,1-8,9%, B TO Bpe-
MSl KaK M3BAEYEHNE MbllbsiKa B dopme apce-
HaTa xene3sa (lll) ypeanunBaetca B AManasoHe
3,9-27,8%.

AASI pa3peneHUss MEAM U MbllbSIKa NPeA-
AOXEHO ABYXCTAAMMHOE OCAaXAEHWE B PEXMU-
Max aBTOKAGBHOIO OKWUCAMTEABHOIO BbllLEAA-
YMBAHMA U TUAPOTEPMAAbHOM 06pPabOTKM B
OAHOM annaparte, 4YTo 3HA4YUTEAbHO CHUWXaeT
PacXoAbl Ha OXAQXAEHWE W HarpeB aBTOKAABa
N UCKAOYAET MPOMEXYTOUHYH OUABTPALMIO.
Ha nepBon CTapuM MpPeayCMOTPEHO OKMUCAE-
HWEe nuMpuTa C NEepPeBOAOM XeAel3a B pacTBop,
AN OCaXAEHMSI MbllbSika B BMAE apcCeHaTa
xenesza FeAsO, npu MOAbBHOM COOTHOLLEHWHU
Fe:As = 4:1. Ha BTOpOW CTapAuK Npu rTMAPOTEpP-
MaAbHOM 06paboTKe OcaXAalT MEAb B BUAE
CyAbOUAAQ Ha MOBEPXHOCTM NUpUTA.

MapameTpbl NEPBON CTAAUU — OKUCAUTEAD-
Hoe BbllweraunBaHue: T = 180°C; P(0,) =
1,0 MMa; FeS,/Cu = 12,5 r/r. [TocAe OKOH-
YaHUA NepBOM CTAaAUW U3IOBLITOK AABAEHUS
yAaASieTCa M3 aBTOKAaBa. [lapameTpbl BTO-
pOM CTapAMU — TMAPOTEPMAAbBHOE OCaXAEHMUE:
T =200°C; T = 120 muH. NpoBeAEHbI 3KC-
NepPMMEHTbl C MPOAOAKMUTEABHOCTBIO MEPBOM
ctapmn 15 1 120 muH. Mpobbl oTbMpasn no
OKOHYaHWKW NepBOW CTapuKU U vepe3d 60 MUH
nocAe Hayana BTOPOW (TabA. 4).

Tabauua 2. [NokasaTteAn NpoLecca 0CaXAEHUS MEeAU C MUPUTOM
Table 2. Indicators of the copper deposition process with pyrite

Mapametp npouecca
n
okasarenr npouecca BasoBbiii (180°C) KT = 6:1 Dobagka MAB | Mexawmueckaa | . _,
aKTUBaUMA
OcaxpeHue Cu, % 26,3 49,0 32,8 28,1 29,5
CopepxaHue Cu B keke, % 3,06 1,39 2,42 2,78 2,64

Tabaunua 3. Pe3yAbTaThl TMAPOTEPMAABHOIO OCAXAEHMUSA Y aBTOKAGBHON 06paboTKu
Table 3. Results of hydrothermal deposition and pressure treatment

Mapamertpu! OcaxxpeHue Cu/As, % U3BreueHue Fe B pactBOp, %
T,°C P(0,), MINa FeS,/Cu, r/r
12,5 31,9/33,1 10,2
200 0 20 51,4/41,1 3,5
25 55,7/44,9 2,4
0,3 32,1/3,9 44,4
220 0,8 12,5 8,9/27,8 40,2
0 76,3/10,6 16,5
15,0 92,4/25,3 13,6
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Tabaunua 4. CoctaB pacTBOPOB MNMpu ABYXCTaAUMHOM 0bpaboTke

Table 4. Solution composition under two-stage treatment

CoaepxxaHue, r/am? CoaepxxaHue, r/am?

1 ctapusa - 15 muH Cu l:)e Z n/ As 1 crapma - 120 muH Cu I':e Zn/ As
McxoAHBIV pactBop 8,2 31 21,8 | 16,3 |WcxoaHbIM pacTBOp 8,2 3,1 | 21,8 | 16,3
Mpoba 15 MWH 8,0 7,4 | 20,9 | 9,5 |MNpoba 120 MUH 85 | 21,7 | 211 | 3,1
2 ctapmsa (I'TO) 2 ctapua (F'TO)

Mpoba 60 MuH 6,7 18,1 | 21,2 4,5 |MNpoba 60 MUH 71 | 256|216 | 29
Ounbtpat 120 MUH 3,6 19,7 | 21,1 1,4 | ®uabtpat 120 MuH 51 1238|213 | 0,8

Ha nepBoi cTapnn BbllLEAAYMBAHMA OKUCASI-
€TCA OCHOBHasA Macca nupuTa, cospaBas Aedu-
LUMT CyAbGUAHOIO peareHta AN TMAPOTEPMaNb-
HOro ocaXAeHMa Meau. MPOAONKUTEABHOCTb Bbl-
LLIeAQYMBAHNUS NPAKTUUYECKM HE BAUSIET HA KOH-
LieHTpaumto Mean B pacteope (8,0-8,5 r/am?),
HO 3HAUMTEAbHO CHUXAET KOHLUEHTpaLUMIo
MbllWbsKa: ¢ 16,3 r/am® po 9,5-3,1 r/am3.

Mpr nocaeaytoLLIEN TMAPOTEPMAAbHOM 06pa-
60TKE KOHLEHTPALIMA MblLLbAKA MPOAOAKAET CHU-
xatbesc 9,5 r/amM3 p0 4,5-1,41/am3 (T =15 MUH)
nc3,1r/am2p0 2,9-0,8 r/am? (1= 120 MUH) Ye-
pe3 60 n 120 MWH cOOTBETCTBEHHO. OCaxAeHne
MblLUbsSIKa Ha ctaamn 'TO, BEPOATHO, CBA3AHO C
NPOAOAKEHNEM peaKkLMn 06pa3oBaHUst apceHa-
Ta XeAe3a B pacTBOpEe M3 OKUCAEHHbIX COEAMHE-
HU xene3a (lll) n mblwbska (V).

Bbicokass octaTtouHas KOHUEHTpauus MeAu
(3,5-5,1 r/am®) nocae I'TO obycroBAEHA HEAD-
CTaTkoOM CyAbOUAOB M MacCUBaLMEN MX NOBEPX-
HOCTW, Ha KOTOPOW MPOUCXOAUT OCaXAEHME.
AN KOAMYECTBEHHOIO ABYXCTAAMMHOIO BbIAE-
AEHMA MEAM Ha HenpopearMpoBaBsLLEM MUpUTE
N MblLLIbSIKa UCMOAB30BAAU KUCAOPOA B KOAMYE-
ctBe 0,025-0,045 Am3/r OT 3arpyxaemoro nu-
puta (FeS,/Cu = 12,5 r/r). NapameTpbl npose-
AEHUWA nepBoin/BTOpOM ctapmi: T=180/200°C;
P(0,) =0,5/0 MMMa; 1= 120/120 Mu1H npuBepe-
Hbl B TabA. 5, Ha puc. 2 kpueble 1, 3.

MpKn NOBbILLEHWUN YAEABHOIO PACXOAA KUCAO-
popa B nHTepBane 0,025-0,045 Am3/T cTeneHb
OCaXAEHUSA MeAW/MbllbAKa U3MEHSETCS B AU-
anasoHe, %: 95,4-79,5 n 91,4-98,6 cooTBeT-
CTBEHHO. pn yBEAMUEHUN YAEABHOM 3arpyska
nuputa FeS,/Cu = 15 /T Nnpu pacxoae KUCAO-
popa 0,025-0,03 AM3/r cTeneHb U3BAEUYEHMUS

(%) Meau/MbllbsAKa MoBbIWaeTcs A0 95,7-
92,9/96,5-97,4 (puc. 2, kpuBble 2, 4). 3a cuet
YBEAMUYEHWS KOAMYECTBA 3arpy)xaemoro nupura
CHUXaETCHA COAEPXKAHME MEAN B KEKE U €€ KOH-
LEeHTpaumsi B MEHHOM NPOAYKTE, UTO COKpallaeT
BapuaHTbl BOBAEYEHMSA GAOTALLMOHHOIO NMPOAYK-
Ta B CYLLECTBYHOLLME TEXHOAOTMM NEPEPAOOTKM.

CoctaB Keka, MOAYYEHHOro Npu ABYXCTa-
AVMHOM OCaXAEHUU Meau, %, CAEAYHOLLMM:
39,6-46,2 Fe; 3,9-8,3 Cu; 5,7-8,1 As. O®a-
30BbIi COCTAB KeKa MNpeACTaBAEH MUPUTOM,
cyabdMAAMU MEAM, apceHaToMm xenesa. lNpu-
CYTCTBYIOT 4acTulbl MMPUTA C BbICOKUM CO-
AEpXaHueM npumecen, %: 26,9 Cu; 9,0 As,

M3BneyeHue, %

95 A

85 A

75 T T
0,02 0,03 0,04
Pacxop kucrnopoaa, am3/r nuputa

0,05

Puc. 2. 3aBUCUMMOCTb M3BAEYEHMSI B KEK MblllbsKa (1, 3)
n mean (2, 4) oT yAeAbHOro pacxoaa KMcaopoaa npu FeS, /Cu,
/r:12,5(1, 2); 15 (3, 4)

Fig. 2. Dependence of arsenic (1, 3) and copper (2, 4)
extraction into cake on specific oxygen consumption at
FeS,/Cu, 8/g: 12.5(1, 2); 15 (3, 4)

Tabaunua 5. Pe3ynbtathl AByXCTapninHOM 06pabotkn pactBopa nocae MO
Table 5. Solution two-stage treatment results after hydrothermal deposition

Pacxop, 0,, AM3/T OcaxaeHue Cu/As, % Bbixoa Keka, % Cocras keka/gunvtpara, % / r/am®
Cu Fe As
0,025 95,4/91,4 117,6 5,2/0,3 17,1/10,2 5,7/1,2
0,031 91,5/95,3 119,6 5,1/0,6 17,6/9,0 7,9/0,7
0,045 79,5/98,6 112,8 3,9/1,4 18,0/7,8 8,1/0,2
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obpasyroLmecs Npu COOCaXAEHUN MbllLbSIKA,
YTO YXYALLAET KaA4yeCTBO NMOAYyYaeMOro MepHo-
ro NPOAYKTa U CHWXAET CTEMEHb PasAeNeHus
MEAM U MbllUbAKa U3 METAAAYPTUUYECKON MbIAW.

Oca)xpaeHHe MeAH U3 pacTBOpPa aBTOKAAB-
HOM nepepaboTKu MeTaAnypruyecKou MbiAU.
AN MOAYYEHUS] KOHAMLIMOHHOTO MEAHOMO KOH-
LieHTpaTa MeTanrypruvyeckue nbiav nepepaba-
TbIBAlOT B CEPHO-a30THOKUCABLIX pacTBopax, B
KOTOPbIE NEPEXOAAT MEAb, MbILLIbAK, LIMHK C UX
nocaeayrowMm paspeneHnem 'O B aBTOKAGBE.
B pactBopax BbilLeAaYMBaHMSA YaCTb MbllLbsAKa
(V) nxxenesa (lll) yxe OKUCAEHBI, @ NPUCYTCTBUE
HUTPAT-MOHOB MO3BOAWUT MOAYYUTb HEOOXOAU-
Mbl1 M3OBITOK XeAe3a B PacTBOPE NPU OKUCAE-
HUU NUPUTA AAS OCAXAEHUS Mblllbaka B Gop-
me FeAsQ,;, ¢ MakCUMMaAbHbIM pPa3pAEAEHUEM
MbllUbSiKa U MEAU, paHee nepelleplnMn B
pacTBop.

Pasanuator ABe cTaamMu npouecca, CBA3aH-
Hble C OKUCAEHWEM NUPUTA, WMHTEHCUBHbIM
OCaXAEHMEM MEAU KaK Ha MOBEPXHOCTU Nu-
puta, Tak U Ha MOBEPXHOCTU 0bOpa3yroLLMXCS
coepnHeHnr (9), (10), NpoOAOAKEHMEM B3aUMO-
AEUCTBUS MEAU C CYyAbOUAHBIMU MUHEPAAAMM
N ocaxpeHnem cyabdupa meam (1) (11):

F682 + CU(N03)2 = FeS + CUSO4 + 2NOT

(AG = - 398,4 KAX/MOAb) )

FeS, + Cu(NOs), = FeS04 + CuSO4 + NOT (10)

o
0,18

0,12 A

0,06 A

0 T T
0 200 400 600
T,C
Puc. 3. 3aBUCUMMOCTb CTENEHU OCaXAEHUS MeAM OT
NPOAOCAKUTEABHOCTU Npn Temnepartype, °C: 180 (1); 200 (2);
220 (3)
Fig. 3. Dependence of the copper deposition degree on
duration at temperature, °C: 180° (1); 200° (2); 220° (3)
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5CuS + 3CuS0, + 4H,0 = 4Cu,S + (11)
+ 4H,S0,4 (AG = - 3,79 KAX/MOAb)

Ansi cuctembl coctaBa, I/ ame: 10 Cu; 50 HoSO4;
5 NO?, ¢ napametpamu V = 70 paac?, T = 180-
220°C, 3arpy3ka nuputa 15 r/r meam u3ydyeHa 3a-
BMCMMOCTb CTEMEHN OCAXAEHUSI MEAN OT MPOAOA-
XUTEAbHOCTU npouecca (puc. 3).

AHeprua aktuBaumn (KAXK/MOAb), paccumnTaH-
HasA Mo pa3AMUHbIM METOAMKAM, cocTaBUAa 64,6
(mo Knaccuueckon) n 60,5 (N0 METOAMKE CXMMA-
towlerocs gapa), cM. puc. 4. 3T0 COOTBETCTBYET
KUHETUUYECKOMY PEXMMY OCaXKAEHUSA MEAMN.

Mpu 6as3oBoM BapuaHte cuctembl (V =
70 papc?, T = 220°C) UCNOAB30BAACA PaCcTBOP
caepyroLero coctasa, r/am: 10 Cu; 50 H.S04; 5
NO*; n3yueHa 3aBUCUMOCTb CTEMEHN OCAXKAEHMWSA
MEAM BO BPEMEHM OT KOHLIEHTPALMM KUCAOT U UH-
TEHCUMBHOCTWM MepeMeLLnBaHUS C COOTBETCTBYHO-
LLMMW KMHETUYECKUMM NapameTpamu (Taba. 6).

YBeAUYEHNE KOHLEHTPALMNU MUHEPAAbHbIX
KMCAOT B pacTBOpPax BbllLEAQUMBAHWUS CHUXAET
CKOPOCTb OCaXAEHWUSI MEAW, BCAEACTBME YEro
3HaueHunsa nopspka peakumn no H.SO,/HNO;
oTpuuareabHblie: -n.= 0,113/0,377. BeposatHas
NPUUYMHA — MHTEHCUDMKAUMA OKUCAEHUSA MU-
puTa, 4YTo NPUBOAMUT K HEAOCTATKY CyAbOUAM3A-
TOpa AASl OCaXAEHUs CyAbdMaa Mean. Mcxoan
13 abCOAOTHON BEAMYMHbBI NMOPSAKA Peakumu,
HeraTMBHOE BO3AEMNCTBME a30THOW KUCAOTbI Ha
CKOPOCTb ocaxaeHusa meaun (dé/dt = 3,36:10%

Ink
-7,9
A
-8,4
A
-8,9
-9,4 T T
0,002 0,0021 0,0022
1/T, K1

Puc. 4. 3aBUCMMOCTb KOHCTaHTbI CKOPOCTU OCaXAEHUS MEAM
OT TEMMEPATYPbI M0 KAGCCUYECKOM MOAEAU

Fig. 4. Dependence of the copper deposition rate constant
on temperature according to the classical model
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Tabauua 6. [NokazaTeAn NpoLecca 0CaXAeHUS MeAU MPU Pa3AMUHbIX NapamMeTpax
Table 6. Indicators of the copper deposition process at various parameters

H,S0,, MoAb/AMi® d&/dr, ¢t S, am? ne C," K., AM/MOAb-C
1,2 2,872:10* 0,98
0,8 3,007-10* -0,113 1,026 1,745.10°
0,3 3,35910* 1,146
HNOs, moAb/aAMm® d&/dr, ¢t ne C," K., AM/MOAb-C
0,32 1,99310* 1,537
0,16 2,589-10* 16,8 -0,377 1,995 7,72:10°
0,08 3,359-10* 2,591
V, paac™ da/dr, ¢t pv Ve K,, 1/pap.am?
30 2,99910* 1,577
50 3,21110* 0,134 1,689 1,132-10°
70 3,35910% 1,767

- 1,99-:10* ¢t) npeBaAupyeT Hap CEPHOMN KKUC-
Aotor (dé/dT = 3,36:10* - 2,87-10* c?). Mono-
XWUTEAbHOE BAMSIHUE CKOPOCTWM MepemMellunBa-
HWUA NyAbnbl Npu V = 30-70 paac?no koanue-
CTBEHHbIM nokasatenam (p, = 0,134; d&/dTt =
1,99-10* - 3,36:10* c?) consmepumo ¢ BO3-
AEVCTBMEM KOHLIEHTPALMW IAEKTPOAUTOB B
pacTBOpax 0CaXAEHUS MEAW.

MpY aBTOKAGBHOM OCaXAEHUU MeAn U3
PacTBOPOB CEPHOM M a30THOM KUCAOT BO3MOX-
HO NPOTEKaHMe MONYTHbIX PeaKLMN:

H3A303+ 2HN03= H3ASO4+ 2NOQT + (12)
+ H,0 (AG = - 194,22 KAX/MOAb)
2FeSO4 + 2HNO3 + HQSO4 = Fez(SO4)3 +

+ 2NO,1 + 2H,0 (13)
(AG = - 452,76 KAX/MOAb)

H3ASO3 + FGQ(SO4)3 + H2O = H3ASO4 +
FeSO,++ H,S0, (14)
(AG = - 72,61 KAX/MOAb)

2H3AsO, + FGQ(SO4)3 = 2FeAsQ, + (15)
+ 3H,S0,4 (AG = - 59,35 KAX/MOAb)
Peakumu ¢ yyactTMem HUTpaAT-MOHA NPOUCXO-
ASIT B HAYaAbHbIM Nnepuop ¢ obpaszoBaHnem NO
(9), (10), uto NOATBEPXKAAETCA HUBKUM COAEP-
XaHunem asota B pactBopax (N < 100 mr/am?)
npu T = 220°C, nockoAbky NO MMeEeT HU3KYIO
pactBopumocTtb B Boae (0,01 r/100 r H,0), B
otarmumre oT NO,, KOTOpPbIM B HEW pacTBOPSIETCS.

Tabauua 7. Pe3yabTaThl GAOTALMOHHOMO oboralleHus
Table 7. Flotation concentration results

CocTaB Keka aBTOKAABHOMO OCaXAEHUS
mMean (99,8%) n mblwbska (98,5%) u3 cep-
HO-a30THOKUCABIX pacTBopoB, %: 5,2-6,0 Cu;
39,9-43,2 Fe; 4,8-6,2 As. Cynbduabl MeAM
OCaXAQKTCS Ha MOBEPXHOCTU YaCTUL, NUpUTA,
MbILLIbAK BXOAUT B COCTaB CyAbOGUAOB M apce-
HaTa XeAe3a.

AASt UBBAEUYEHUA MEAM NMPEANOXEHA PAOTa-
LUMA KOANEKTUBHOIO CYAbOUAHOIO KOHLUEHTPa-
Ta U3 NyAbMNbl aBTOKAGBHOIO OCaXAEHUSI MEAU
CO CcAepyLWMMKU napametrpamu: pH nyAbnbl
0,5-2; pacxoa peareHToB, r/T: 250 - 6yTuno-
Bbll KCaHTOreHat kaams; 80 - MacAO COCHOBOE
droTauMOHHOE (TabA. 7).

MEeHHbIN MPOAYKT Pa3AEAAOT Ha KOHLEH-
TpaTbl - MEAHbIV U 0OOPOTHBIN MUPUTHBIN, UTO
NO3BOASIET MAKCUMMaAAbHO MCMOAb30BaTb CYAb-
OUAHYIO Cepy M YAYULLIUTb KayeCcTBO MEAHOrO
KOHLEeHTpaTa. M3BAeYeHnE MbllbAKa B KOAEK-
TUBHbIN KOHLEHTPAT COCTaBUAO He bonee 5%;
NnepexoA AParoLeHHbIX METAAAOB M3 MUPUTa BO
GAOTOKOHUEHTPAT, %: 92,7 Au; 96,5 Ag. Aaq
pa3AEAEHUs KOHLEHTPATOB (MEAHOIO U NUPUT-
HOro) NPOBOAAT GAOTALMIO B LLEAOYHON 0OAQ-
cm (pH = 11) ¢ pobaBAEHUEM M3BECTU B Kaue-
CTBE peryasitopa cpeabl. [lpepaBapuUTeAbHO Ma-
Tepuan 06pabatbiBalOT B LLAPOBON MEAbHULE
AN pa3pyLUEHUa CPOCTKOB CyAbdUAA MEAU U
nuputa. B pesyastate GAOTaLMOHHOIO paspene-
HUA NOAYYEH MEAHbIN KOHLIEHTPAT CAEAYHOLLIE-
ro coctaBa, %: 22-27 Cu; 30—-35 Fe. AaHHbIN
MPOAYKT SBASETCS COPTOBbIM KOHLEHTPATOM
(KM3-4) ana nUpoMETanAypruyeckon nepe-

Bbixoa neHHOro npoaykra, % U3BAeueHUe B NEHHbIN NPOAYKT, % CocTaB KOHUEeHTpaTa, %
Cu Fe S Cu Fe S
65,8
96 70 85 12 37,4 38,9
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paboTkn. OBOPOTHbLIN MUPUTHbLIA KOHLUEHTPpAT
COAEPXUT CyAbdaT KaAbLMA, YBEAMUMBAIOLLIMIA
Maccy MPOAYKTa, OAHAKO Ha cTapuu GAoTauu-
OHHOro 060ralleHUss B KUCAOM CPepe AaHHas
NPUMECh BbIBOAUTCS C XBOCTAMU GAOTALIUN.

3AKAKOYEHUE

MApPOTEPMAAbBHOE OCaXAEHWE MeAW B aB-
TOKAaBax fABAAETCA 3ODEKTUBHbIM METOAOM
M3BAEYEHUA LEHHONO KOMMOHEHTA W3 MOAM-
KOMMOHEHTHbIX PACTBOPOB BbllLEAAUMBAHMUS
METaAAYPTrUUYECKUX MbIAEN.

OcaxpeHue MeAn TMAPOTEPManbHbIM B3a-
UMOAENCTBMEM C MUPUTOM MPU ONTUMAAbHbIX
napametpax (T = 220°C; T = 2 u, cooTHOLUE-
HUe nNuput/mMeAb = 15 1/r) NO3BOASET U3BAE-
kaTb bonee 95% MeAn 13 pa3AUUHbIX MO COCTa-
BY pacTBOpPOB.

AASi paCTBOPOB CEPHOKUCAOTHOIO BbILLEAA-
YMBAHUA C BbICOKOM KOHLIEHTPAUMEN MbllLbS-
Ka MPeANOXEHa ABYXCTaAMMHAA cxemMa OKWUC-
AUTEABHO-TUAPOTEPMAAbHOW 006pPaboTKM C na-
pameTtpamu: 1 ctapmsa - T = 180°C, 1 = 2 y;
pacxop kucaopop/nuput = 0,026 am3/r; 2 cta-
ama - T =200°C, T = 2 u. N3BAeyeHne B pac-
TBOP (%) MeAb/MblLbSIK cocTaBuAO 95,4/91,4.
OcaxpeHue MeAU U MblllibKa MPOUCXOAMT B
dopme cynbdnpa meam (1) n apceHarta xenesa,
COOTBETCTBEHHO, UYTO MO3BOASIET pa3peAntb Cu
1 As npu nocaeayroLLen GaoTaumu.

PactBOpbl CEpPHO-a30THOKMUCAOIO BbILLEAA-
YMBAHUA MPEACTABAEHbI CAOXHOM CUCTEMOM
C apceHaTt-, apCeHUT- U HuUTpaT-MoHamu. [u-
ApoTepManbHas o06pabotka ¢ pobaBAeHUEM
nMpUTa COMPOBOXAAETCS peakuMen BocCTa-
HoBAeHUA HUTPaT-MOHOB A0 NO 1 NO.. lNMpu aB-
TOKAABHOM 06paboTKke MHOrOKOMMOHEHTHOIO
Cu-Zn-Fe-As-NOs pactBopa B MPUCYTCTBUU MNU-

ISSN 2782-6341 (online)

puta npu T=180-220°C no AByM METOAUKAM
NPOBEAEH pacyeT 3HEPrMKU aKTUBaLIMK, 3HaYe-
HUA KOTOPOW (KAX/MOAb) cOCTaBUAK: 64,6 (npu
KAaccuyeckomn) n 60,5 (Mo MeToarKe CXUMato-
LLLerocs apa), YTo COOTBETCTBYET KUHETUYECKO-
MY PEXUMY OCaXAEHUA MEAW.

BrnepBble onpeaeneHbl KMHETMYECKUE Na-
pametpbl cuctem CuS04-H.SO4-FeS,-H,O m
CuNO3-H.S0,4-FeS,-H,0. YctaHOBAEHO, UTO yBE-
AMUEHUE KOHLEHTPaUUM MUHEPAAbHbIX KWUC-
AOT B pPacTBOPax BbIWEAAUMBAHUA CHUXAET
CKOPOCTb OCaXAEHWUSI MEAW, BCAEACTBME YEro
3HaueHunsa nopspka peakumn no H.SO,/HNO;
oTpuuareabHble: -n. = 0,113/0,377. Ucxoaa
13 abCOAIOTHOM BEAMYMHBI MOPSAKA PeaKLmu,
HeraTMBHOE BO3AEMNCTBME a30THOM KMCAOTbI Ha
CKOPOCTb ocaxaeHusa meaun (dé/dT = 3,36:10*
- 1,9910% ¢t) npeBaAupyeT Hap AENCTBUEM
cepHou KucaoTbl (dé/dT = 3,36:10% - 2,87-10*
cl). MoAOXUTEABHOE BAMAHME CKOPOCTU MNepe-
MeLwmnBaHuaA nyabnbl npy V = 30-70 paac?no
KOAMYECTBEHHbLIM MoKasateanam (p, = 0,134;
dé/dTt = 1,9910% - 3,36:10*c?) conamepumo
C BO3AEWCTBMEM KOHLEHTPALMU INEKTPOAUTOB
B Cu-pacTtBopax.

Mpn droTaLMOHHOM 0boralleHUN KEKOB aB-
TOKAGBHOIO OCaXAEHUSA MEAM MOAYYEHA BbICO-
Kas ceneKTMBHOCTb Cu/As npu dAoTaLmm B KUC-
Aor obaactu (pH = 0,5-2,0) HenocpeACTBEHHO
NMOCA€ BbIrPy3KM M3 aBTOKAaBa. MN3BAeueHue
CoCTaBUAO, %: > 95 Cu; < 5 As; 70 Fe. Apa-
roueHHble MEeTaAAbl U3 MUPUTa NEPEXOAAT BO
GAOTOKOHLEHTPAT, %: 92,7 Au, 96,5 Ag. CocTaBs
NepBUYHOIO KOHLUEHTpaTa, %: 12 Cu; 35 Fe,
37 S. Npr AONOAHUTEABHOW GAOTALUU AGHHOTO
KOHLIeHTpaTa BO3MOXHO MOAyYEHWE COPTOBOrO
MeAHOro koHueHTpata (KM-3,4) cocraBa, %:
22-27 Cu; 30-35 Fe, 34-36 S.
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U3yueHue CTPYKTYpbl U AMHAMUYECKOU BA3KOCTU MOAEAbHbIX
wAakoBbix cuctem Ca0-SiO, u Ca0-Si0,-B,0;

H.B. HemuunoBa®“, A.A. UnbuH?, A.A. Tiotpun®, C.B. Mlanaunesa?,
A.A. fikoBAaeBa®

T3SUPKYTCKMIA HAaLMOHAAbHBIM MCCAEAOBATEALCKMI TEXHUUECKMI YHMBEPCUTET, MpKyTCK, Poccus
2KaparaHAMHCKUI MHAYCTPHaAbHbINA yHUBEPCUTET, Temuprtay, Pecrybanka KasaxctaH

4CeBepo-KaBKa3CKMii rOPHO-METaANYPIMUECKMI MHCTUTYT (FOCYA@PCTBEHHbINA TEXHOAOTMYECKMI YHUBEPCHUTET),
BraankaBkas, Poccus

Pe3rome. Lienb - M3yueHMEe KOPPEAALIMOHHBIX 3aBUCMMOCTEN MEXAY AMHAMWUUYECKON BA3KOCTBIO LLUAAKOB W Napame-
TPaMK KX CTPYKTYPbl AASI OMPEAEAEHWUA ONTUMAAbHOW OCHOBHOCTM LUAGKa KPEMHWEBON NAABKKU NPU AOBABAEHUN (AASI
YCTPaAHEHWA OLLUAAKOBAHUSI MOAMHbI PYAOTEPMMUECKOM Meun) okcuaa bopa. IKcnepuMeHTaAbHbIe MCCAEAOBAHUSI MPO-
BOAMAMCb Ha MOAEABbHbIX LWAakax Ca0-Si0,, Ca0-Si0,-B,03, noayueHHbIx npr 1600°C. PamMmaHOBCKUI CNEKTPOCKOMMYE-
CKUIM aHaAM3 NPOBOAMACS Ha aHaau3aTtope Horiba Jobin-Yvon HR800UV (PpaHums). Teopetnueckme pacueTbl BA3KO-
CTM LLAAKOB OCYLLECTBASIAUCH C MPUMEHEHNEM Moaener YpbeHa n Muaaca. B xoae akcneprMMeHToB dyHAGMEHTaAbHbIE
nokasaTeAu, ONMUCbIBatoLLIME CTPYKTYPY LUAAKOBBIX CUCTEM, BapbMPOBAAUCh B NPEAEAAX: SKCNEPUMEHTAAbHAA GYyHKLMS
AEKOHBOAKOUMK cnekTpa PamaHa ot 1,41 po 2,45, ontMyeckasi 0CHoBHOCTb OT 0,58 a0 0,68. MoAyyeHHble aKcnepu-
MEHTaAbHblE U TEOpPETUYECKNE AaHHble ObIAM CBA3aHbl MaTeMaTUYECKUMU 3aBUCMMOCTAMU. YCTAHOBAEHO, UYTO AMHA-
MUYeckasn BSIBKOCTb LUAAKa MOXET ObITb OnepaTMBHO onpeaeneHa METOAOM PaMaHOBCKOW CMEKTPOCKOMNMK Ha OCHOBE
MaTeMaTUyecKux Moaener. MNoAayyeHHan 3aBMCHMOCTb NOKa3bIBaET, UTO BA3KOCTL LUAAKA CHWXAETCS MPU YBEAUYEHUU
UMCAA MOCTUKOBbIX aTOMOB KUCAOPOAA B CTPYKTYPE CUAMKATHOIO aHMOHaA. [pK 3TOM CHUXEHME BA3KOCTH LLAAKa HabAO-
AQETCHA A0 BEAMUMHBI AAST BKCNIEPUMEHTAAbHON GYHKLIMU AEKOHBOAKOLMK cnekTpa PamaHa ~1,55-1,60 MAM ONTUUYECKOM
OCHOBHOCTH LWiAaka 0,60-0,62; npu pobaBAreHUMU Bo,O3 BABKOCTb Aanee CHUXAETCs. Ha NpakTnke AASt LLIAAKOB CUCTEMBI
Ca0-Si0, UcrnoAb30BaHKE B KAUECTBE pasxmxXaroLLero areHta bopcoaepxallero datoca LerecoodbpasHo npu Ca0/Sio,
=0,61-0,63 npu nopaepxaHum copepxaHuns B,O3 B cocTaBe LAaka Ha ypoBHe 1%. MNokasaHo, 4To AN TEOPETUUYECKOTO
pacueTa BA3KocTH B cuctemax Ca0-Si0,, Ca0-Si0,-B,0s; Horee NOAXOAAT ABE MOAEAU (KAaccHMueckas U MOANMPULIMPOBaH-
Has), NPeANOXeHHble YpbeHoM. NokasaHo, UTo MoAeAb MUAACE HE MOAXOAUT AAS STUX LIEAEN, TaK KaK KOIQPULIMEHTbI
KOPPEASILMK B COOTBETCTBYHOLLIEN MaTeEMaTUUECKOM MOAEAM HEAOCTATOUHO BEAMKU. HEOBXOAMMO MPOoAOAKEHMe paboT
B AQHHOM HanpaBAEHWUM C LEAbIO YCTAHOBAEHWUSI COOTBETCTBYHOLLMX 3aBUCUMOCTEN BA3KOCTU OT MapamMeTpoB CTPYKTYpPbl
LUAGKOB MPKU pasAMUHbIX TeMMepaTypax C LEAbIO MOMCKa 0606LLAkOLLIMX 3aKOHOMEPHOCTEW.

KnaroueBbie cnoBa: METAAAYPIUS KDEMHUSA, CTPYKTYPa LIAGKa, paMaHOBCKas CNEKTPOCKONUSA, QYHKLUSA AEKOHBO-
AOLUMK cnekTpa PamaHa, ontMueckasi OCHOBHOCTb, BA3KOCTb, OKCHA HBopa

Ans uutupoBaHusa: HemunHosa H.B., abuH A.A., TioTpuH A.A., TanaumeBa C.B., AkoBaeBa A.A. M3yueHne CTPyKTy-
pbl U AMHAMMWYECKOM BA3SKOCTM MOAEAbHbIX LAAKOBbIX cncteMm Ca0-SiO, n Ca0-Si0,-B,05 // iPolytech Journal. 2024.
T. 28. Ne 3. C. 562-575. https://doi.org/10.21285/1814-3520-2024-3-562-575. EDN: IXGBEL.
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Structure and dynamic viscosity of Ca0-Si0, and Ca0-Si0,-B,0;
model slag systems

Nina V. Nemchinova®, Alexander A. llin?, Andrey A. Tyutrin3,
Svetlana V. Galachieva*, Ariadna A. Yakovleva®
35|rkutsk National Research Technical University, Irkutsk, Russia

?Karaganda Industrial University, Temirtau, Republic of Kazakhstan
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Abstract. Correlation dependencies between the dynamic viscosity of slag and its structural parameters were
studied to determine an optimal basicity of silicon smelting slag under the addition of boron oxide to eliminate
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slagging of the bottom of ore-smelting furnaces. Experimental studies were conducted on CaO-SiO, and CaO-
SiO,-B»0; model slags obtained at 1600°C. Raman spectroscopic analysis was carried out using a Horiba Jobin-
Yvon HR800UV analyzer (France). Theoretical calculations of slag viscosity were performed using Urbain and Mills
models. During the experiments, the key structural parameters of slag systems varied within the following limits:
the experimental Raman spectrum deconvolution function from 1.41 to 2.45 and optical basicity from 0.58 to 0.68.
The obtained experimental and theoretical data were related by mathematical dependencies. It was found that the
dynamic viscosity of slag can be promptly determined by Raman spectroscopy on the basis of mathematical models.
The dependence obtained shows that slag viscosity decreases upon an increase in the number of bridging oxygen
atoms in the silicate anion structure. Notably, this decrease in slag viscosity is observed up to the value of the
experimental Raman spectrum deconvolution function of ~1.55-1.60 or slag optical basicity of 0.60-0.62. When
B,0s is added, the viscosity undergoes a further decrease. In practice, for Ca0-SiO, slag systems, the use of boron-
containing flux as a liquefying agent is reasonable at Ca0/SiO, = 0.61-0.63 while maintaining the content of B,0;
in the slag at a level of 1%. The two models (classical and modified) proposed by Urbain were established to be more
suitable for theoretical calculation of viscosity in CaO-SiO, and Ca0-Si0,-B,03 systems. Mills’ model is not suitable
for these purposes, since the correlation coefficients in the corresponding mathematical model are not sufficiently
large. Further research in this direction is required in order to establish appropriate dependencies of slag viscosity

on its structural parameters at different temperatures.

Keywords: silicon metallurgy, slag structure, Raman spectroscopy, Raman spectrum deconvolution function,

optical basicity, viscosity, boron oxide
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BBEAEHUE

B npaktMke mMeTannypruyeckoro npov3BOA-
CTBa BaXHOW MPUKAAAHOM 3apaven ABASIETCSA
MOUCK COCTAaBOB METAANYPrMYECKMX LUAAKOB,
obecneumBaoLLMX OMNTMUMAAbHOE MNpPOTEKAHWUE
OUBUKO-XMMUYECKUX NpeBpaLLeHnUin, COMnpo-
BOXAQOLLMX MPOLECC BbINAABKU METAAAOB U
cnAaBoOB. B BOAbLUMHCTBE CAyYaeB AN MPUAA-
HUA LUAAKaM HEOOXOAMMbIX TEXHOAOTMUYECKOMY
npoLeccy CBOMCTB MCMOAb3YHOT A0BaBAEHUE B
LIKUXTY pa3AnYHbIX GAOCOB. B KauectBe ¢Ato-
COB WMCMNOAB3YIOTCA Matepuanbl, COAepXalume
OKCUABbI KPEMHMWS, KanbUMs, xenesa, bopa, a
TaKXe COOTBETCTBYIOLLME XAOPUAbI, GTOPUAbI
nT1.A. [1-7]. ®Oarockl Hapsiay ¢ GOpMUPOBaHU-
€M LAaKa OMPEAENEHHOro cocTaBa c Tpebye-
MOW Temnepatyporn MNUPOMETAAAYPrUYECKOro
npouecca, YAyULIEHUA SAEKTPOMPOBOAHOCTU
LUAaKa obecneunBatoT CHUXEHUE BA3KOCTU Me-
TaAAYPrUUYECKMUX LLAAKOB B 3aBUCMMOCTU OT MO-
TpebHOCTEN TEXHOAOTUW.

OpHako OAKOCbI MOTyT cnocobcTBOBaThL 3a-
FPA3HEHMIO TOTOBOW MNPOAYKUMM BPEAHBIMMU
npumecamu. Tak, cneumdunka BbiNAaBKU TEXHU-
4EeCKOro KPEMHUSA COCTOUT B TOM, 4YTO 6OP MOXeET
BOCCTAHOBUTLCA U3 MEUHbIX LLAGKOB U NEPENTU
B KpPEMHMEBYO ¢ady; bop ABASETCA BPEAHOM
NPUMECHIO, KOTOPas CHUXXAET KAYeCTBO FOTOBO-
roO KPEMHMEBOro Martepuana, HanpaBASEMOro
B AAAbHEMLIEeM Ha MPOU3BOACTBO COAHEYHbIX

aAeMeHTOB (6op NpW HanpaBAEHHOW KPWUCTaA-
AM3ALUUKN NPAKTUUYECKU HE YAAAAETCA M3 KPEM-
HUA). [T0O3TOMY KOAMYECTBO BBOAUMbBIX GAOCOB
B COCTaB LLUMXTbl MAABKM AOAXKHO ObITb ONTU-
MaAbHbIM. B 3TOM CBA3M aKTyaAbHbIM SIBASIETCS
BOMPOC NPoBeAEHNS GYHAAMEHTAAbHbIX UCCAE-
AOBaHWM, NO3BOASIIOLUMX M3YUMTb B3aUMOCBS-
31 MexXAy Pa3AMUYHbIMU GUBUKO-XMMUUYECKUMMN
XapaKTepuCTUKaMM LLAAKOB M OCOBEHHOCTAMM
MX CTPYKTYPbI C LEABIO Pa3paboTkm paumoHanb-
HOro COoCTaBa LIAAKOODOpa3yLUMX CUCTEM MNPU
poBaBKe GAOCOB.

N3yyaembli HaMWU TEXHOAOTMUYECKUK MpPO-
Lecc - NOAyYEHUE KPEMHUS B PYAOBOCCTaAHO-
BUTEAbHbIX nevax® [8, 9]. BOAbLUMHCTBO LAa-
KOBbIX CUCTEM B METaAAyprumn 6asupyetcs Ha
ABYX rA@aBHbIX okcrpaax — CaO u SiO,, M3yueHuto
CBOWMCTB MX OWMHAPHOM CUCTEMbl MOCBALLEHO
MHOXecTBO paboT. MNepcnekTMBHbIM MOAUDU-
KaTOpPOM, KOTOPbIM 3HAUUTEABHO BAMSAET Ha OU-
3MUYECKMEe CBOWMCTBA LUAAKOB, SIBASETCS OKCUA
6opa [10, 11]. NMoatomy B AaHHOM paboTe co-
BMECTHO C CUCTEMOMW, OCHOBAHHOW Ha raBHbIX
KOMMOHEHTax, paccmaTtpuMBaeTca cucrema C
pobaBKon okcrpa 6opa - Ca0-Si0,-B,0:s.

OAHOM M3 BaXHENLIUX XapaKTEPUCTUK LUAA-
KOBbIX pPacnAaBOB SABASIETCA BA3KOCTb. Bss-
KOCTb, KaK M3BECTHO, ABASIETCA MEPOWN TEKyYe-
CTU. Paamepbl CTPYKTYPHbIX KOMMNOHEHTOB, Mpu-
CYTCTBYHLLIMX B pacnAaBe, COCTaBASIOT NpensT-

SMunees I.I., MuHeeBa T.C., XXyukoB WU.A., 3eAnHckas E.B. Teopus MeTanrypruyeckux npoLeccoB: yuebHuK. MpkyTek: U3p-Bo UPITY,
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CTBME AN €ro ABMXeHWA. B coctaBe LIAAKOB
YKPYNMHEHUE CTPYKTYPHbIX KOMMOHEHTOB 4acTo
CBAA3aHO C HaAnumneM B WAake SiO,. NOCKOAbKY
CUAMKaATbl COAEPXAT Pa3AUUHbIE CTPYKTYPHbIE
6A0KM, BO3HUKALOLLME 33 CHET NOAUMEPU3ALIMU
NPOCTENLLMX KPEMHUEBDBIX MOHOB C Pa3AMYHbI-
MU pasmepamMu [12], BASKOCTb pacnAaBoOB CU-
AMKATOB AOAXHA ObITb GYHKLMEN CTPYKTYPbI.

AByMS napaMeTpamm, NOAE3HbIMU AAS MPO-
FTHO3UPOBAHUA CTPYKTYPbl LIAAKA, SBASIOTCSA
CTeNeHb MOAUMEPU3ALIMK, ONMPEAEATEMAR KaK
OTHOLLIEHME HECBA3AHHbLIX MOHOB KUCAOPOAA K
TETPA3APUUYECKM KOOPAMHUPOBAHHBLIM KaTUO-
Ham (NBO/T), n ontMuyeckas OCHOBHOCTb (A).
Cuutaetcs, 4YTO MCMNOAb30BAHWE OMNTUUYECKOM
OCHOBHOCTM BMecTO oTHoLeHus NBO/T npepo-
CTaBASIET NPEMMYLLIECTBA NPU ONUCAHUN CTPYK-
Typbl cuamkata [13]. NBO/T paccuuTtbiBaeTCa
no ypaBHeHuto (1):

NBO _ znM!™

, 1
T 7 (1)

rae M; - MoAbHasi AOASt KaTMOHA MOCAE BblyeTa
nponopunu, He0HXo0AMMON AAST BAAaHCUPOBKMU
3apsaaa; N — 3apsip KaTMoHa; T — KOAUMYECTBO Te-
TPasAPUUYECKU KOOPAMHUPOBAHHbBIX KATUOHOB.

Bonee noppobHOe onucaHuve MpPoLEAYPbI
pacueta NBO/T MOXHO HaWT¥ B W3IBECTHOM
yuebHOW AuTEpAType MO reoAOrMKu, reoXMMum
WAW B crneumanbHon autepatype [14].

Apyrov napameTp AASt OLEHKM KOPPEASiLMK
CTPYKTYPHbIX M3MEHEHUN CUAMKATOB MPU AO-
6aBAEHUN MOAUMOULIMPYIOLIMX OKCUAOB - 3TO
onTMyeckass OCHOBHOCTb. BOABLLUMHCTBO XMMU-
YECKMX B3aUMOAEWCTBUM BKAKOYAET MNepepBu-
XEHUEe INEKTPOHOB OT OAHOIO aToMa K APyromy.
3TM B3aMMOAENCTBUA OMUCbIBAIOT XapaKTepu-
CTUKM KUCAOT MU OCHOBaHWW. PacnAaBAEHHble
CUAMKATHbIE CUCTEMbI MOXHO OMUCbIBaTb C
MCNOAb30BaHUEM TEOPUN KMCAOT M OCHOBaHWUM
Abtonca [15]. AbtOMCOBO OCHOBaHUE Onpeae-
ASIETCS1 KaK BELLECTBO, KOTOPOE MOXET OTAATb
napy aAeKTPOHOB, a AbOMCOBA KUCAOTA — Kak
BELLECTBO, KOTOPOE MOXET NPUHSATb Napy IAEK-
TPOHOB. XMMMUYECKasa CBSI3b MEXAY aKLenTo-
POM M AOHOPOM GOKYCUPYETCA Ha BbIABAEHUU
CTEMEHWN OTAQUM INEKTPOHOB. OnTUyeckas oc-
HOBHOCTb MPW 3TOM ABAAETCA MNapamMeTpom
CUAbI AOHOPa 3AEKTPOHOB [15]. MccaepoBaHUS,
KacaloLLMecsa CBOMCTB AbFOMCOBbIX KUCAOT M OC-
HOBaHMM, ObIAM OrpaHUYEeHbl BOAHbIMMK CUCTE-
MamMu, noka Aaddu n UHrpam He NPeANOXKMAN

564

ISSN 2782-6341 (online)

€€ UCMOAb30BaHWE AAA M3YyUYeHUSA CTEKOA [16].
Pe3yAbTaTbl MX 9KCNEPUMEHTAAbHbIX M3Mepe-
HUA OMTMYECKOM OCHOBHOCTU OKCWMAOB ObIAK
06paboTaHbl C MOAYYEHWEM YypaBHEHUA (2),
KOTOPOE CBA3bIBAET ONTUUYECKYH OCHOBHOCTb C
ANEKTPOOTPULATEABHOCTLIO MO [MOAMHTY:

Xc
A=— (2)
14

rA€ X. — AOAAl KATMOHAa; ¥ — NapamMeTp yMepeH-
HOCTM OCHOBHOCTH.

MapameTp ymepeHHOCTU OCHOBHOCTM pac-
CUUTLIBAETCA C UCMOAL30BAHWEM OTHOLLEHUS,
NOKa3aHHOro B ypaBHEHWUU (3):

y = 1,36(x — 0,26), (3)

FAE X — ANEKTPOOTPULATEABHOCTb MO MOAUHTY.

Hanbonee BaxHbIM MapamMeTpoM SIBASIET-
CA elle OAMH GyHAAMEHTaAbHbIM MOKa3aTeAb,
KOTOPbIM MO3BOASIET Ayylle MOHATb NPUPOAY
WAAKa. 3TO0 YHKUMA AEKOHBOAKOLMKU (Q"exp),
KOTOPYKO MOXHO MOAYYMTb Ha OCHOBE A@HHbIX
cnektpoB PamaHa wAakoBon cuctemMbl. OyHK-
UM Q"exp ABASIETCH MPOM3BOAHOM OT COOTHOLLIE-
HWA NBO/T v BblpaxeHa ypaBHeHWEM (4):

4Q°+3Q" + 2Q0%+Q° = Q&xp, (4)

rae Q" - napameTp AAS ONMMCaHWA BUAOB CU-
AMKaTHbIX aHUOHOB, KOTOpPble BO3MOXHO pac-
cuuTaTb Ha OCHOBaHUU AEKOHBOAKOLIMU IKCMe-
PUMEHTAAbHO MOAYUYEHHbIX CMEKTPOB PamaHa;
N - KOAMYECTBO MOCTUKOBbIX KMCAOPOAOB (O,
1, 2, 3), COEAUHSAIOLLUX COCEAHNE NMOANIAPDLI B
CUAMKATHbIX CTEKAAX, B TOM YUCAE U B HOPHOM
aHrMApUAE.

OueHKy BA3KOCTUM M3yvyaeMblX LUAAKOBbIX
pacrnAaBoOB MPOU3BOAMAN TEOPETUUECKUM [y-
TEM Ha OCHOBE MPW3HAHHOW B HAy4YHOM CO-
obuiectBe mopenn Ypbena [17] n ee mopndu-
Kauuun [18], a Takke Ha OCHOBaHWUKU MOAEAM,
6a3MpyroLLENCS Ha UCMOAb30BaHUK B pacyeTax
ONTUYECKON OCHOBHOCTHU, W3BECTHOM TaKxXe
kak mopaenb NPL (ot aHrAa. National Physical
Laboratory), paspabotaHHon Muaacom u LLpu-
pAxapom [19-21]. Otanume mopenen Ypbana
3aKAOUYAETCA B AONYLLEHWU, UYTO OKCUA Bopa -
amMdOTEpPHbIN (KAACCUUYECKUI BapUaHT MOAEAK)
N KUCAOTHbIM (MOAMDULMPOBAHHbBIW BapWaHT).
Bbibop TeopeTnueckoro cnocoba onpepeneHus
BA3KOCTU LLAAKA CBSA3AH C TOHKOM HACTPOMKOM
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BEAMUYMHbI BA3KOCTU LUAAKA, KOTOPYH He 0be-
CMeunBalOT  IKCMEPUMEHTAAbHbLIE  CMOCOObI
OnNpeAeneHUs.

CyLLecTBYET MHOMO METOAOB NPSAMOrO 3KC-
NePUMEHTAAbHOIO ONPEAEAEHUN BA3KOCTU LLIAG-
Ka: POTALUMOHHbIN, BUOPALMOHHBIA U T.A. [22].
HepoCTatok NpMMEHEeHUs 3TUX METOAOB B TOM,
YTO OHMW OMPEAENAIOT BS3KOCTb B MAEAAU3UPO-
BaHHbIX YCAOBMAX. [1h\aBKa B NeYn MPOUCXOAUT
B YCAOBMSIX HEONPEAEAEHHOCTM B YacTu TemMne-
paTypbl, BEAUUMHbI OKUCAUTEABHO-BOCCTAHOBU-
TEAbHOrO MOTEHUMaAa aTMochepbl Nevrm n Apy-
rMX napameTpoB, KOTOPble MOryT MOBAWSATb Ha
BA3KOCTb. B 3TOM CBA3W B AAHHOW paboTe Mbl
n3yyann BO3AEWCTBME MOAUDUKATOPOB LUAAKA
MO KOCBEHHbIM, HO 6oree dyHAAMEHTAAbHbIM
nokazarenam (NBO/T, A, Q"ep), KOTOPbIE AQKOT
BO3MOXHOCTb CyAUTb O MPUPOAE LUAAKa Kak O
CUCTEME C 3apSKEHHbIMW YacTUL@MMU, CTPYKTY-
PUPOBAHHbIMU OMPEAENEHHbBIM 06Pa30M.

METOAbI U YCAOBUA SKCNEPUMEHTA

B Hawux uccaepoBaHUAX ObINO MOATOTOB-
AeHO 11 BapuvaHTOB MOAEAbHbIX LIAAKOB: 5
BapuaHtoB - cuctembl Ca0-SiO,; 6 Bapuah-
T0B - cuctemMbl Ca0-Si0,-B,0s. Obwan macca
KaXAOro M3 MOAEAbHbIX LUAGKOB COCTaBASIAG
300 r. AN NPUIOTOBAEHMST MOAEABHbIX LUAGKOB
MCMNOAb30BaAK peareHTbl TEXHWUYECKOW UYMUCTO-
Tbl Ca0 (99,5%), Si0, (99,8%) n B,03(99,8%).
3TM MaTepuanbl 3arpyXaAmMcb B Pa3AUUHbIX
nponopumsax B rpaduToBbIM TUreAb. Nocae Ba-
KYYMWUPOBAHMWS Meun BBOAMACA AProH AAA MU-
HUMU3ALMKU OKUCAEHUSA TPAUTOBOrO TUMAS. Tu-
reAb HarpeBanCcs B MHAYKLMOHHOM Meuyn map-

ku IT-KTV-80/115/1650 komnaHuu Linn High
Therm (fepmaHua) AN pacnAaBAEHUS MaTepu-
ana npu temneparype or 1973 K po 2073 K
(o1 1700°C po 1800°C). Nocae pacnAaBAEHUSA
BCEX TBEPAbIX BELLECTB COAEPKUMOE BbIAMBA-
AOCb Ha BOASIHOM OXAQXA@EeMbIM MEAHbIN BAOK
ANA 3aKanku. 3aTeM matepuan M3MeAbvancs
AO MOPOLLKOOBPA3HOro coctosiHMa B BUOpa-
LMOHHOM AMCKOBOW MeAbHULE Mapkn RS 200
KoMnaHun «Retsch» (fepmaHua) ¢ MEAOLLMMUA
TeAaMu M3 Kapbupa Boabdpama. Onepaumu
NAaBAEHUS U APOOAEHMSI MOBTOPSIAUCH TP pa3a
AN AOCTUXXEHUSI OAHOPOAHOCTM nopoLuka. lMNo-
POLLOK MCTUPaAAK A0 pasmMmepa 4vacTul, MmeHee
250 MmkM. 06pasLibl XPaHUAUCH B MAACTUKOBbIX
MeLlKax B 3KCMKaTOpe AAS MUHUMU3ALUK MO-
FAOLLIEHWUS BAGrK U APYTUX MPUMECEN.

Ha nocaepHem aTane npoOBOAMAM MAABKY
06pa3uoB (N0 2 r) B NAATUHOBbIX TUTASIX MPWU
Temnepatype 1873 K (1600°C). O6pa3supl
BbIAEPXMBAAUCL NPW 3TOM Temneparype B Te-
yeHue 1 u. MMocae BbIAEPXKU AHO MAATUHOBO-
ro TUIAS MOrPY)KanOCb B XOAOAHYIO BOAY AASA
dbopMUpPOBaHNA CTEKAOBUMAHOIO obpasua. Cko-
POCTb OXAQXAEHWSA cocTaBAsiAa okono 10%-103
K/c. MNotepn mMaccbl NOCAe NAABAEHUA COCTa-
BuAM 0,4-0,5%. O6pasLibl MOAYYEHHbBIX CTEKOA
aHaAU3UPOBAAM METOAOM PAaMaHOBCKOM Crek-
Tpockonuu [23].

B 1aba. 1 npeaAcTaBAEHbl XMMWUYECKUI CO-
CTaB, pacCyMTaHHble 3Ha4YeHWUs NnapamMeTpoB
CTPYKTYPbl LUAGKOB U BSIBKOCTU AASI CUCTEMbI
Ca0-Si0,, B TabA. 2 - ana cuctembl Ca0-SiO,-
B,03, BKAOYAsA cpaBHEHUE C UCCAEAOBAHUAMMU
aBtopa’. OtcytcTBME OTHOLWEHUs NBO/T ans

Tabamua 1. XuMHUUECKHIA cOCTaB CTEKOA M cooTBETCTBYOLLME 3HaueHUst NBO/T, A, Q"ex, AMHAMUUYECKON BA3KOCTU AAS

cuctembl Ca0-SiO,

Table 1. Chemical composition of glasses and the corresponding values of NBO/T, A, Q" 0f dynamic viscosity for

Ca0-SiO, system
Ne Cerp)i‘()/? :nuaec:. HnaKe, OCHOBHOCTb NBO,/T A BA3KOCTb LWIAAKa*,
LIAaKa S0, Ca0 (Ca0/Si0.) Q"exp Nac
1 63,57 36,43 0,573 1,21 0,580 1,41 1,585/ 0,891
2 57,92 42,08 0,680 1,46 0,590 1,48 1,000/ 0,708
3 56,38 43,62 0,820 1,75 0,598 1,50 0,631/ 0,603
4 50,14 49,86 0,990 2,13 0,600 1,50 0,589/ 0,550
5 449 55,1 1,200 2,57 0,608 1,57 0,398 /0,380

* - pacyeTHble AaHHble MO MOAEAIM YpOeHa: UUCAUTEAb — KAACCUUYECKMI BapuaHT, 3HAMEHaTEAb - MOAUGULIMPOBAHHbIN

BapuaHT

"LapTanHOB P.P. BAMAHME OUBUKO-XMMUUECKHUX XapPaKTEPUCTHK LUAGKOB aproHOKUCAOPOAHOMO PadUHMPOBAHWUS Ha BOCCTAHOBAE-
H1e Xpoma, 6opa 1 AeCyAbdYPaLMIO HEPXABEIOLLIEH CTaAW: aBToped. AWC. ... KaHA. TEXH. HayK: 2.6.2. EkatepuHbypr, 2023.
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Ta6amnua 2. XMMUUYECKUIA COCTaB CTEKOA M COOTBETCTBYHOLLIEE 3HAUEHUE A, Q e, AMHAMUUECKON BA3KOCTU AASI CUCTEM b

CaO—Si02-8203

Table 2. Chemical composition of glasses and corresponding value of A, Q" Of dynamic viscosity for Ca0-SiO,-B,03

system
Ne cerp"ﬁZ:ﬂ"ai:. LAake, OCHOBHOCT ) BaskocTb wWAaka, Mac
tinaxa SiO, Ca0 B.0Os (Ca0y/si0.) Yoo Pacuet no Yp6eHy 3K&naepazr§:;yno
6 62,92 | 35,88 | 1,2 0,570 0,630 1,70 0,257 / 0,257 -
7 60,12 | 34,08 | 5,8 0,567 0,645 1,95 0,282/ 0,200 -
8 56,98 | 32,32 | 10,7 0,567 0,652 2,10 0,200/ 0,195 -
9 45,32 |1 5358 | 11 1,182 0,663 2,20 0,224 /0,170 0,20
10 4299 | 51,61 | 54 1,201 0,677 2,40 0,166 / 0,158 0,12
11 40,57 | 49,53 | 9,9 1,221 0,680 2,45 0,126 / 0,155 -

cuctembl Ca0-Si0»-B,03 06ycAOBAEHO HEBO3-
MOXHOCTbIO ONMPEAEAEHUA TOYHOro pacnpeae-
AeHust B3 1 B* B cucteme.

PamMaHOBCKMI CMEKTPOCKOMUYECKUIA aHa-
AM3 MPOBOAMACA Ha CNEKTpPaAbHOM aHaAu3a-
Tope Mapku Horiba Jobin-Yvon HR800UV
(OpaHumna). B kauectBe UCTOUHMKA BO3OYXAE-
HUSA MCNOAB30BAACH aproH-KaAMMUEBbIV Aa3ep C
AAMHOW BOAHBI 315 HM. MOLWHOCTb Aa3epa Ha
ob6pasue coctaBaana ~25 MBT ans Ar/Cd. Tono-
rpadunyeckasa AMPpPaKUMOHHAA peLleTka Ume-
Aa 2200 wWwTpuxoB/MM AAS Aa3epa C AAMHOWM
BOAHbI 315 HM 1 doKycMpoBanacb Ha AETEKTOP
CCD. B kauectBe 06beKTMBa ObIA MICNOAL30BAH
Olympus 412 UV ansa Ar/Cd. UsmepeHns npo-
BOAMAMCH B AManasoHe ot 500 ao 1200 cm™.
DUABTP AN CHUXXEHMUSA U3AYYEHMSA, MOCTynato-
LLIero B AETEKTOP OT 06pa3uoB, HE UCMOAL3O-
BaAcCH.

CyLHOCTb MeToAa COCTOUT B TOM, YTO MpPU
NMPOXOXAEHUM A@3EPHOro Ayvya C AAMHOM BOAHDI
315 HM (BoAHOBOE 4YMCAO okono 31000 cm?)
yepes n3yyaemMblii obpaseL, LAaka NPOUCXOAUT
MOrAOLLIEHWE 3HEPIUN BOAHbI U, COOTBETCTBEH-
HO, AAMHA BOAHbl YBEAMUMBAETCS (BOAHOBOE
UMCAO CHMXaeTca ~ Ha 2-5%). AeTekTop oue-
HUMBAET JHEepPrul BCEX PaCCEAHHbIX 4YacTul,
npoLleALllmnx Yepeld obpasel, WAak N0 BEAUUU-
He BOAHOBOrO 4ucAa. lMNporpamma 06paboTku
AQHHbIX NprMbopa NPOU3BOAUT AEKOHBOAKOLIMIO
CMEKTPOB NO METOAY, ONMcCaHHOMY B [24, 25],
T.€. BblUMTAET U3 UCXOAHOMO BOAHOBOIO YMCAQ
BOAHOBbIE UYMCA@ pPaCCESIHHbIX 4YacTul, oLe-
HUBaET CTAaTUCTUYECKOE pacnpeAeAeHne 3TOM
pas3HuLbl U pacCYMUTbIBAET AONEBOE COAEPXa-
HUE KaXAOW COCTaBASIIOLLEN LUAAKOBOW CUCTe-
Mbl, MAEHTUOULIMPOBAHHOM NMUKOM Ha CNEKTPO-
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rpamMme, NPOnopLUMOHAAbHO MAOLLAAN NUKA OT-
HOCUTEABHO 6@30BOM AMHUKW CNEKTPOrPamMmbi.
MpeABapUTEABHO BbINMOAHEHA KOppeKLMa 6a30-
BOM AMHUKW Ha UCXOAHbIX CMEKTPax nepea Hop-
MaAM3auMen AaHHbIX. HopmMaamMsauma paHHbIX
noMoraeT cpaBHMBaTb HEOOAbLLME OTKAOHEHWS
B crnekTpax. opmyaa AN HOPMaAM3aALUUKU AaH-
HbIX onncaHa B [26].

Mpubop KaAMbpoBaACA Ha BO3AYXE C MC-
NOAb30BAHWEM KPEMHUS IAEKTPOHHOIO Kaue-
ctBa. O6pa3supl CTEKAa aHAAM3MPOBAAUCH Ha
YrOAbHOM MOANOXKE B OpMEHTauMu 0b6pa3uoB
NMAOCKMMM TPaAHAMMU K OOBbEKTUBY MMUKPOCKO-
na. MamepeHns NpoBOAMAMCH NMPWU aTMocohep-
HOM A@BAEHUU U KOMHATHOW Temnepatype. He
O6bINO OOHAPYXEHO YBEAUYEeHUs TemnepaTypbl
npv MNPUKOCHOBEHUW K obpasuam noap BO3-
AEeVicTBMEM Aa3epa. bbina npoBepeHa OuUEHKa
COMAACOBAHHOCTU Aa@HHbIX AAA obecnevyeHus
TOYHOTO WX TOAKOBAHMSA M OAHOPOAHOCTU OO-
pasua. M3mepeHus NpoBOAMAMCH B TPEX pas-
HbIX MecTax Ha obpasue LAaka AAA TOro, YTo-
6bl YAOCTOBEPUTLCS B OTCYTCTBUW Cerperaumu
BO BpeMsi 3aKanku. Kpome Toro, NpoBOAMAMCH
TPY NapasreAbHbIX U3MEPEHUSI AAST MPOBEPKHU
ctabuabHOCTM Nprbopa 1 obpasuos.

OCHOBHbIE PE3YNbTATbI
N UX OBCY>KAEHUE

B pesyabTate UHTEpNpeTaunu CrnekTpoB
PamaHa ObiAM BbIIBAE€Hbl 4 BMAA LLUAAKOBbIX
CTPYKTYP C Pa3AMYHBbIM KOAMUYECTBOM MOCTUKO-
BbIX aTOMOB KMCAOPOAA, ONUCbIBaeMble PYHK-
umer Q" Bo BCeX M3YUeHHbIX 06pasLax LLAAKOB.
Ha puc. 1 [12] 1 B TabA. 3 npeacTaBAEHbl AAH-
Hbl€ OTHOCUTEABHO KaXXAOW M3 Pa3HOBUAHOCTEN
LLIAQKOBBIX CTPYKTYP. B pesyabtate AEKOHBOAO-
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LMK CNEKTPOB ObIAM MOAYYEHbI AAHHble O CO- Ha OCHOBE MOAyYEHHbIX AAHHbIX O COAEPXa-
AEPXAHUM KaXAON Pa3HOBMAHOCTM LLUAAKOBOM  HUWM PasHbiX BUAOB CHMAMKATHbIX @aHWOHOB MO
CTPYKTYPHOW eAMHULbI B 06LLEM 06bEME LWAa-  GopMyAe (4) pacCunTbiBanu GYHKLMU AEKOHBO-
KoBOW da3bl. A Bcex 11 M3yueHHbIXx 00pas3LoB  AOLMK CNEKTPOB PamMaHa akcnepuMeHTaAbHbIX
LLUAGKOB 3TV A@HHbIE NMPEACTaBAEHbI B TaOA. 4.  06pa3sLoB LWAAKOB (Q ).

o o
; : s~ o
o] o \s|/ o / >sr"’°\ /
0. N - / 0 o] [ Si .
—0 Si/ \Si i T ~d N\ / o / o
/ \ o'—li L—O‘ / \o/ SI\ \Si/o
o \ o /o N ® o— \
o (e} o o e
Q° (850 cm?) Q* (900 cm?) Q2 (950-1000 cmt) Q3 (1050-1100 cm?)
Puc. 1. OyHkumm onrcarms (Q") M COOTBETCTBYHOLLME UM OCOOEHHOCTM CTPYKTYPbI CUAUKATHbIX @HUOHOB C Pa3HbIM KOAMYECTBOM
MOCTMKOBbIX aTOMOB KMCAOPOAA M CABUIM PamvaHa

Fig. 1. Description functions (Q") and corresponding to them structural features of silicate anions with the different number of
bridging oxygen atoms and Raman shifts

Ta6auua 3. CBoaka no carram PamaHa anst BuaoB Qn, NBO/T 1 COOTBETCTBYHOLLIMX CTPYKTYPHbIX EAUHWL, CUAMKaTa [27]
Table 3. Summary of Raman shifts for Qn, NBO/T types and corresponding silicate structural units [27]

Buabl Q NBO/T PamaHOBCKUI cABMr, cM™t CUAMKaTHbIE CTPYKTYPHbIE€ € AUHULLbI
Q° 4 850 SiO,4
Q* 3 900 -Si0s
Q? 2 ot 950 a0 1000 =Si0,
Q® 1 ¢ 1050 po 1100 ==Si0

Tabauua 4. CpepHWe 3HAYEHUA C NPeAEAaMU NOTPELLHOCTM ONPEAEAEHNS CABUTa PamaHa 1 CoaepXXaHUs CTPYKTYPHbIX
eAVHUL, LWAaKoBowW dasbl Q" no Buaam (npu temnepatype 1600°C)

Table 4. Average values with the threshold errors of determination of Raman shift and content of slag phase Q"
structural units by types (at the temperature of 1600°C)

Buabl Q" Q° Qt Q2 Q?
CaBur PamaHa, cw 861 +1,7 907 £ 2,1 964 + 1,2 1048 + 2,6
Ne waaka

1 35101 05+0,1 39+0,7 57+0,5
2 45+0,2 05+01 42 +0,9 53+0,5
3 8+0,5 4+0,2 48 +0,9 40+ 0,5
® 4 17+0,3 6+0,2 50+ 0,9 27+0,5
% 5 26+0,4 8+0,2 51+0,9 15+0,5
q:',- 6 35102 05+01 39+0,5 59+0,8
8 7 35+0,2 05+01 36+0,5 60+0,9
8 35+0,2 05+01 31+0,5 65+0,9
9 24+04 8+0,2 51+0,9 17+0,4
10 17+0,3 8+0,2 47 £ 0,9 28+0,5
11 13+0,3 4+0,2 45+0,9 38+0,5
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AAS OLEHKM aAEKBATHOCTU MOAYUYEHHbIX SKC-
NepUMEHTaAbHbIX AQHHbIX HamMK BbIAO NpoBepe-
HO HaAMUuME KOPPEAALUU MEXAY TEOPETUUYECKHM
paccuntaHHbIMK BeAnumHamun (NBO/T, A) v akc-
nepuMeHTaAbHO YCTaHOBAEHHbIMUW 3HAYEHUAMM
Q"exo- B TOM CAYUae, ecAn akCnepumMeHThbI U pac-
yeTbl ObIAM MPOBEAEHbI MPABUABHO, TO MEXAY
yKa3aHHbIMKW MapamMeTpaMmn AOAKHA ObITb YAOB-
AETBOPUTEABHASA KOPPEAALMOHHAA CBA3b.

2,5

1,5

NBO/T
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Ha puc. 2 nokazaHa B3auUMOCBA3b MEXAY
Q"xp ¥ NBO/T B cucteme Ca0-SiO, (npu 1eMm-
nepatype 1600°C). W3-3a HEBO3MOXHOCTU
pPasAMUKTbL Mexay coboi noHbl B3 n B** B paH-
HOM WMCCAEAOBaAHWW B KOPPEAALMU MEXAY OT-
HowweHreM NBO/T 1 Q"ep 6bIAM MCNOAB30BaHDI
TOAbKO 5 TOUEK A@HHbIX U3 BUHAPHOW CUCTEMDBI
Ca0-Si0,. Ha puc. 3 nokasaHbl B3aUMOCBA3N
Mexay Q'p M A B cuctemax Ca0-SiO, n CaO-

‘ y = 1,309%- 0,6191
0.5 20,9741

0
1,2 1,4 1,6

1,8 2 2,2 2,4 2,6

Qexp

Puc. 2. Baanmocssasb Mexay Q"ex, 1 NBO/T B waakoBou cucteme Ca0-SiO,
Fig. 2. Relationship between Q".y, and NBO/T in Ca0-SiO; slag system
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0,59
0,585
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1.4 1,45

Onrudeckast OCHOBHOCTb A

0,69
0,68
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0,65
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0,63

0,62
1,6 1,8 2

Onrnyeckast OCHOBHOCTB A

y =0,1529x +0,3649

R2=0,9876
1,5 1,55 1,6
Qnexp

y=0,073x +0,5036
R?=0,9869

2,2 2,4 2,6

Q nexp

b

Puc. 3. Bzanmocssasb Mexay A n Q. B LAakoBbIx cuctemax Ca0-SiO, (a) m Ca0-Si0--B20; (b)
Fig. 3. Relationship between A and Q", in Ca0-SiO, (a) and Ca0-Si0»-B,0;3 (b) slag systems
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Si0,-B,03. KoapduumneHt apetepmuHaumm (R?)
AA 3aBucumoctn NBO/T oT Q"p, COCTaBWMA
0,974, a pna 3aBUcUMOCTU A 0T Q" — 00,9876
n 0,9869 ana cuctembl Ca0-SiO, n Ca0-SiO,-
B-03 cooTBETCTBEHHO. HaAnume B AOCTATOUHOM
CTEMEHM XOPOLLEro YPOBHA KOPPEAALUU MEXAY
OCHOBHbIMW MapamMeTpamu, OMUCbiBaKOLLMMU
CTPYKTYPHbIA COCTaB LUAAKa, CBUAETEABLCTBY-
€T 0 TOM, UTO SKCNEPUMEHTbI U pacueTbl ObIAK
NPOBEAEHbl C AOCTATOYHbIM YPOBHEM TOYHO-
CTW, YTOObI UCMOAB30BaTb MOAYUYEHHbIE AQHHbIE
AN TOCAEAYIOLLETO MX MCNOAB30BaHMUSA B BbISB-
AEHUN TEOPETUYECKMX 3aKOHOMEPHOCTEN, CBA-
3bIBAOLLUMX CTPYKTYPY LLIAGKA U ero BA3KOCTb.

BS3KOCTb AASI BCEX PACCMOTPEHHbIX COCTa-
BOB LWIAAKOB Oblna paccuutaHa npu 1600°C
C UCMOAb30BaHMEM MOAENeN YpbeHa [21].

Ha pwuc. 4-5 npeactaBAeHbl 3aBUCUMO-
CTW BSIBKOCTM LUAAKA, PacCUMTaHHOW MO ABYM
BapuaHTaM MoAeAn YpbeHa, oT A U Q" CO-
OTBETCTBEHHO, AAAl U3yYyaeMbIX LUAAKOBbIX CU-
cteM. KpaCHbIMU AMHMAMK Ha 060mX rpadukax
NPeACTaBAEHbl AQHHbIE O LUAAKOBbIX CUCTEMAX
¢ pobaBkor okcupa 6opa, CUHUMU AUHUSIMU —
LAaKK 6e3 pobaBKK OKcHAa Bopa.

AASi KAACCUMUYECKOr0O BapuaHTa pacuyerta BA3-
KOCTU (KpuBble 1): 3HaueHua R? ana 3aBUCU-

MOCTH BSAI3KOCTU OT A coctaBuan 00,9996 (Ans
ABYXKOMMOHEHTHOW cuctembl) U 0,939 (anq
TPEXKOMMOHEHTHOM CUCTEMBI), CM. puc. 4. An-
NPOKCUMUPYIOLLME YPaBHEHUA MNPEACTaBAAKOT
cobor cteneHHble QYHKUMU U TPETLETO U YeT-
BEPTOro nopsiAka COOTBETCTBEHHO. 3HAYeHUsA
R? AASl 3aBMCUMOCTU BA3KOCTM LUAGKOB OT Qey,
coctaBuan 0,9557 (AAA ABYXKOMMOHEHTHOM
cuctembl) U 0,9611 (AAA TPEXKOMMNOHEHTHOM
CUCTEMBI), CM. pUC. 5. ANNPOKCUMUPYIOLLUE
ypaBHEHUA MNPEACTaBAAKT COBOM CTEneHHble
GYHKLMM BTOPOTrO M YETBEPTOro NOPSAKa.

Kak BMAHO M3 AaHHbIX puc. 4, KpuBas 2
(B3aMmMoCBA3b BA3KOCTM OT A No mopudUum-
pPOBaHHOMY BapuaHTy MOAEAU YpbeHa), 3Haue-
HUSE R? AASt 3aBMCMMOCTM BABKOCTM COCTaBMAM
0,9986 (AN ABYXKOMMOHEHTHOW CUCTEMDbI) M
0,9936 (AAS TPEXKOMMOHEHTHOM CUCTEMBI). An-
NPOKCUMUPYIOLLME YyPaBHEHWUS B AAHHOM CAY-
yae Takxe MNPEACTaBAAKT COOOW CTeneHHble
bYHKUMKU TPETbero 1 YeTBEpPTOro nopsiAka co-
OTBETCTBEHHO. R? AAA 3aBMCMMOCTU BSI3KOCTU
oT Q" (CM. pUC. 5, KpuBana 2) - 0,9902 ana
ABOWMHOM CUCTEMbI U 1 AASS TPOMHOW CUCTEMBI.
AnnpokcMmMupyroMe YpaBHEHUA B AQHHOM
CAyYae Takxe NMPeACTaBAAIOT CO60M CTENEHHbIE
OYHKLUMK TPETLETO M MATOr0 NOPSAAKa.

1.8 1,0
1,6 0,9
;= -10770x% + 35142x? - 20836x + 4121,4
R =0,9986

° 1,4 2 0.8
<
=
2 12 L =+=Cucrema CaO-SiO2
l‘% 9>
E ¥ = 9569,6x° - 16102x? + 8955x - 1642,9 0,6
5 1,0 1 F=09%96 =*=Crcrema CaO-
o Si02-B203
& 05
: 0,8 -=-Poly. (Cucrema
g 0,4 Ca0-Si02)
9 ¥ = 74648x* - 196305x3 + 193570x” - 84827x + 13940 _
Z 0,6 2= 10,0936 Poly. (Cucrema
- 03  Ca0-Si02-B203)
=
X 0,4 oy o5

. 1/ 0,1

¥ =-747076x4 + 2E+06x3 - 2E+06x2 + 839142x - 137313
R*=0,939
0,0 0,0
0,56 0,58 0,6 0,62 0,64 0,66 0,68 0,7

OnTaYeckasi 0CHOBHOCTh

Puc. 4. 3aBUCMMOCTb BA3SKOCTU LUAGKa OT A U3yYaeMbiX LIAGKOBLIX CUCTEM, pacchTaHHoﬁ no BapuaHtam MOAEAn YpGeHa:

1 - KAGaCCHYECKOMY; 2 — MOAMDULMPOBAHHOMY

Fig. 4. Dependence of slag viscosity on the studied slag systems A calculated by Urbain model variants: 1 - classical variant;

2 - modified variant
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Puc. 5. 3aB1CMMOCTb BA3KOCTH LLAGKA OT Qnexp n3yyaemMblX LUAGKOBbIX CUCTEM, pacchTaHHoﬁ 1Mo BapuaHTamMm MOAEAn YpéeHa:

1 - KAaccUYecKomy; 2 — MOAMPULMPOBAHHOMY

Fig. 5. Dependence of slag viscosity on the studied slag systems Q"., calculated by the Urbain model variants: 1 - classical

variant; 2 - modified variant

AonyuwieHne B MOAMOUUMPOBAHHOM Bapu-
aHTe moaeAn YpbeHa o Tom, 4to B,Os oTHOCHUT-
CSl K KUCAOTHbIM OKCMA@M, NPUHLMMIUAABHO HEe
MOBAMSANO HA KOPPEASILMIO MEXAY A U AMHAMMK-
YEeCKOM BABKOCTbLIO LLIAAKA.

B moaenn, paspaboraHHon MwuancoM U
Cpuaxapom [19-21], Takke W3BECTHOM KaK

0,13

=
S

=

N
=

0,09

0,08

ﬂI/IHaMI/I‘ICCK’dH BA3KOCTH IIJIaKa, ITa-c

=
[«
~

moaeAb NPL, npeacTaBAeHa MAes cBA3aTb BA3-
KOCTb U CTPYKTYPHbIE MOAUDUKALMN LLAGKOB C
NCMOAb30BaHMEM KOPPEKUUIA A AN KATUOHOB,
KOMIMEHCUPYIOLLIMX 3apsa. [padukn 3aBUCUMO-
cTn Mexay A, Q"exp M BA3KOCTbLIO LLIAAKOB, pac-
CYMTaHHble Ha OCHOBE AAHHOM MOAEAU, NMOKa-
3aHbl Ha pUc. 6 n 7.

y =-18995x* +33913x2 - 20179x + 4001,9
R*=0,5061

—@— Cucrema CaO-SiO2

—@— Cucrema CaO-SiO2B203

------ [Tonmnomuanbhast (Cucrema

Ca0Si02 )

------ [TosimnomuanbHast (Cucrema

Ca0-Si02B203)

y =-1662,4x3 + 3288,7x - 2167,9x + 476,25

0,06
0,56 0,58 0,6 0,62 0,64 0,66

OnTtrndeckass OCHOBHOCTD

R*=0,912
0,68 0,7

Puc. 6. 3aB1CHMOCTb BA3BKOCTH LIAGKA, PACCYUTAHHOM 10 MoaeAr Muaaca, oT A M3ydaeMbiX LUAGKOBbIX CUCTEM
Fig. 6. Dependence of slag viscosity calculated by Mills model on A of the studied slag systems
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—@— Cucrema Ca0-SiO2

—@— Cuctema CaO-SiO2B203

------ [NomuaomuansHas (Cucrema
Ca0-Si02 )

------ [MomunomuansHas (Cucrema
Ca0-Si02B203)

y =-0,5201x3 + 3,3464x* - 7,1192x + 5,0863
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R?=0,9544

2.4 2,6

Puc. 7. 3aB1MCUMOCTb BABKOCTH LUAGKA, PACCYMTaHHOM M0 MOAEAN MuaAca, OT Q"ex, M3YHaEMBbIX LUAGKOBbIX CUCTEM
Fig. 7. Dependence of slag viscosity calculated by Mills model on Q"., of the studied slag systems

3HaueHuns R? paA 3aBUCUMOCTU BA3KOCTH OT
A coctaBuan 0,5061 (AN ABYXKOMMOHEHTHOM
LAaKoBOK cuctembl) 1 0,912 (Ara cucCTeMbI
Ca0-Si0,-B,03). R? Ana 3aBUCMMOCTM BA3KOCTU
0T Q"exp COCTABUAM TOABKO 0,4254 pnst cUCTEMBI
Ca0-Si0, u 0,9544 ansa cuctembl CaO-SiO»-
B,0s. HecmoTpst Ha TO, UTO B 060MX CAy4Yasx
annpoKCMMUPYLOLLME YPaBHEHUA — CTEMEHHbIE
GYHKUMKW BbICOKOTO MOPSIAKA, YPOBEHb KOppe-
AAUMK OYEHb HU3KMK B 0OAACTM ABYXKOMMO-
HEHTHOW LUAAKOBOM cucTeMbl. N3 aToro caepy-
€T, YTo MoAenb MUAACA, B OTAMYME OT MOAEAEN
YpbeHa, B MeEHbLUEN CTEMEHU MOAXOAUT AAA
OLEHKMN BA3KOCTU LLIAAKa NO AaHHbIM pamMaHoB-
CKOW CMEKTPOCKOMUK MO COCTaBaM LUAAKa B
obhacTax AMarpaMm COCTOSIHMSA, XapaKTepPHbIX
AN TEXHOAOTUM BbINAGBKU METAAAYPTUUYECKOrO
KPEMHUS.

3AKAKOYEHUE

Kak BMAHO M3 pPEe3yAbTaTOB MPOBEAEHHOM
nccAepoBaTeAbCKOM paboTbl, AMHAMMUYEcKas
BA3KOCTb LUAAKaA MOXET OblTb OnepaTtuBHO
onpeapeAneHa Ha OCHOBE AAHHbIX paMaHOBCKOM
CMEKTPOCKOMUN C NPUMEHEHMEM MaTemMaTuye-
CKMX MOAEAEN, CBA3bIBAOLLMX BA3KOCTb M 3KC-
NEPUMEHTAAbHYHO OYHKLUMIO AEKOHBOAKOLUMMK
cnekTpa PamaHa WAaKoBbIX cucteM. AaHHas
3aBUCMMOCTb NPOABAAET CBOMCTBA PyHAAMEH-
TaAbHOCTH, T.K. 6Ba3unpyetca Ha GyHKUMK, HANBO-
A€€ TOYHO OMUCbIBaOLLEN 0COOEHHOCTU CTPYK-
Typbl WAaka. lNoAyyeHHas 3aBUCUMOCTb MOKa-

3bIBAET, UYTO BA3KOCTb LUAAKA CHWXAETCA Mpwu
YBEAMUYEHUN YMCAA MOCTUKOBBIX aTOMOB KMWC-
AOPOAQ B CTPYKTYPE CUAMKATHOIO aHWoHa. Mpwn
3TOM CHMXEHME BA3KOCTU LUAAKa HabAropaeT-
Csl A0 BeAMUUHbl Q"p, paBHoM ~ 1,55-1,60
mam A wnaka 0,60-0,62. Mpu pobaBAEHUMU
oKkcupa 6opa K ABYXKOMMOHEHTHOW cuUcTeMe
AMHaMKUUeCKas BA3KOCTb TakXXe YMeHbLUaeTcs,
MU C YBEAUYEHMEM COAEPXAHMA OoKcupaa Bopa
YMEHbLLUAETCS, HO HE3HaUUTEABHO. OAHAKO AAS
NMUPOMETANAYPIUU KPEMHUA YBEAUMUYEHUE CO-
AepxaHua 6opa B Mmatepranax, nocTynaroLmx
B MPOLECC MAABKW, HEXEAATEAbHO, MO3TOMY,
HECMOTPSA Ha  OCHOBHOCTb LUAGKa, PaBHYH
1,22, n copepxaHne 6opa 9,9%, BS3KOCTb
MMeeT HaumeHbllee 3HaveHue (0,126 [Ma-c).
C NpaKTUYeCKOn TOUKM 3peHUst (MPUMEHUTEAD-
HO AAA WAakoB cuctembl Ca0-Si0z) McnoAb-
30BaHME B KauyecTBe PaldXMXatoLEero areHra
b6opcoaepxallero dparoca LeanecoobpasHo npu
Ca0/Si0, = 0,61-0,63, copepxaHue OKCHAA
60pa B cocTaBe LUAaKa Npu 3TOM HEOHBXOAMMO
NoAAEpPXMBaTb Ha ypoBHe 1% (B HaWMWX MO-
AeAbHbIX 0bpa3uax 1,1-1,2%).

MokasaHo, 4YTo AN TEOPETUYECKOIO pacyeTa
BA3KOCTM B cuctemax Ca0-Si0,, Ca0-Si0,-B,03
6oAee MNOAXOAAT ABa BapuaHTa MOAEAM, paspa-
6otaHHOM YpbeHom. Pa3paboraHHass MUAACOM
MOAEAb HE MOAXOAUT AAA 3TUX LIEAEW, T.K. 3Ha-
YeHUs napamMmeTpa Koppersuun B COOTBETCTBY-
foWer MatemMaTUYyeckon MOAEAU AN 0beunx
LLUAAKOBbIX CUCTEM HEAOCTATOYHO BEAUKM.
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MOCKOABKY LLAGKOBbIE CUCTEMbI CUHTE3UPO-
BaAUCb nNpu Temnepatype 1600 °C, Heobxoam-
MO NPOAOAXEHME PabOoT B 3TOM HanpaBAEHUU
B 6oAee LLIMPOKOM TEMMNEPATYPHOM AManas3oHe
C UEAbIO YCTAHOBAEHMUS COOTBETCTBYHOLLMUX 3a-
BUCUMOCTEN BA3KOCTU OT A U Q"exp NPU Pa3ANY-
HbIX TeMnepaTtypax U Ux aHaAM3a.

Mo pesyabTaTaM MPOBEAEHHbIX Teope-
TUYECKUX WUCCAEAOBAHUN aBTOpamMu ObiAK

ISSN 2782-6341 (online)

NMPOBEAEHbI YKPYNMHEHHO-AabopaTopHblE WC-
MbiITAHWA NO BbINAABKE KPEMHWUS C AobaB-
KON Bopcopepxallero Garoca AAA yCcTpaHe-
HWMA aBapuMHOW paboTbl Meyu, CBA3AHHOM
C OLWAAKOBbIBAHMEM MNOAMHBI. [lpyn 3TOM
ocoboe BHMMaHWE YAEAIAOCb BOMPOCY MMU-
HUMaAbHOTO mepexopa 6opa B KPeEMHWUM U3
dntoca. PesynbtaTbl AaHHOro atana paboTbl
npuBeAeHbl B [28].
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OnpeaeneHUe KUHETUUYECKUX XapaKTEPUCTUK pacTBopeHUsA 6opHuUTa
M XaAbKONUPUTA B a30THOU KUCAOTE

10. Wknses?, 0.A. Auzep? =, T.H. AyroBuukas?, A.U. lonoBkuH?, A.A. POroxxHmkos®
5Ypanbckuii peaepanrbHbi YHUBEPCUTET MMeEHM nepBoro lpe3vaeHTta Poccun b.H. EAbUumnHa, EkaTepuHbypr, Poccus

Pe3rome. Llenb AaHHOTO MCCAEAOBAHMA 3aKAOUAETCA B OMPEAENEHUU KMHETUYECKUX XapaKTEPUCTMK mpouecca
pacTBOPEHUSA B a30THOW KWUCAOTE CYAbOUAHBIX MEAbCOAEPXALLMX MUHEPAAOB: xanbkonuputa (CuFeS,) n 6opHuTa
(CusFeS,). Ana onucaHus KMHETUKKM MpoLecca UCMOAb30BaAaCb MOAEAb CXMMaAIOLLErocsa fapa. B kKauectBe OCHOB-
HOrO ChblPbsi AN MPOBEAEHUSA UCCAEAOBAHWI BbIAK UCTIOAB30BaHbI MUHEPAAbI XaAbKOMUPUT BOPOHLIOBCKOrO 1 6OPHUT
Kapaballckoro MectopoXAeHWH. PacTBopbl aHAaAU3UPOBAAU ONMTUKO-IMUCCUOHHBIM CNEKTPAAbHBIM METOAOM, KEKU —
BOAHOBbIM PEHTFEHODAYOPECLIEHTHLIM. O6paboTKa Pe3yAbTaTOB UCCAEAOBAHWIA OCYLLLECTBASIAGCH C NMOMOLLIbIO NaKeTa
NPUKAAAHbIX Nnporpamm MS Excel. lNpoBeaeHbl MICCAEAOBAHMSA MO M3YYEHUID BAMAHUSA pa3AUUYHbIX GaKTOPOB (Temne-
paTypbl, KOHLEHTPALUMK PAaCTBOPUTEAS, KPYMHOCTU YacTUL, U MPOAOAKUTEABHOCTHM NPOLIECCA) Ha CTEMNEHb PACTBOPEHUSA
MWHepanoB. TemnepaTtypHbii Ananal3oH BapbupoBancs oT 35 Ao 95°C, koHueHTpauma HNOs; nameHsnachb ot 1 po 9
MOAb/AMS, pasmep yacTtuy, - ot +0,1 Ao 0,056 MM, NPOAOAKUTEABHOCTL — OT O A0 60 MUH. YCTAHOBAEHO, YTO YBEAU-
yeHue TeMnepaTypbl U KOHLEHTPALMWU KUCAOTbI 3HAUMTEABHO NMOBbLILLIAET CTEMNEHb PACTBOPEHMS KaK XaAbKOMUPUTA, Tak
1 6opHUTa. MOKasaHo, YTo yMEHbLIEHWE pa3dMepa YacTuL, Takxke crnocobcetByeT Honee 3dGEKTUBHOMY PacTBOPEHUIO
060MX MUHEPAAOB B a30THOM KMCAOTE. PaccuMTaHHble 3HAUYEHMA SHEePrMu akTUBaLMK cOCTaBUAM 55 KAX/MOAb AAS
Xanbkonuputa u 43 KAX/MOAb AA BOPHUTA, COOTBETCTBEHHO, UTO XapaKTepHO AAA KMHETUYECKOW 0BAACTM NpoTeka-
HMA npouecca. bbiAn onpeaeneHbl NOPSIAKKM peakUmn Mo peareHTy: 1,62 Anst xanbkonuputa U 1,57 ans 60pHUTa, a Tak-
Xe Mo pasmepy vactul; -1,16 Ars xanbkonupuTta 1 -2,53 Ana 60pHUTA. ITW AGHHbIE MO3BOAWAK BbiBECTH 0006LLEHHbIE
ypaBHEHUA KUHETUKU PacTBOPEHUst 060Mx MUHEPANOB. TakuM 06pa3omM, Ha OCHOBAHUKW MPOBEAEHHbIX PacYeToB U
aHaAM3a pe3yAbTaToB ObIAO CAEAAHO MPEANOAOXKEHME, UTO NPOLIECC PACTBOPEHMUA XaAbKONUPUTA U BOPHMTA B U3yYae-
MbIX YCAOBUAX MPOTEKAET B KUHETUUYECKOM pPEXMME

KaroueBbie cA0Ba: MeAb, XENE30, XaAbKOMUPUT, BOPHUT, paCTBOPEHUE, a30THasA KUCAOTA, KUHETUUYECKUE XapaKTe-
PUCTUKK, IHEPTUA aKTUBALMU, KUHETUUYECKOE YPaBHEHWE

®uHaHcupoBaHue. ViccanepoBaHWE BbINMOAHEHO NPU GUHAHCOBOM nopaepxke focsapaHus Poccuickon Gepepa-
unm no MpaHty Ne 075-03-2024-009/1 (FEUZ-2024-0010).

Ans uutupoBanus: kaaes H0., Ansep O.A., AyroBuukas T.H., TonoBkuH A.M., PoroxHukoB A.A. OnpepeneHne
KMHETUYECKMX XapaKTepPUCTUK pacTBOPeHMs BOPHUTA U XaAbKONMpKUTa B a30THOM Kucaote // iPolytechJournal. 2024.
T. 28. Ne 3. C. 576-584. https://doi.org/10.21285/1814-3520-2024-3-576-584. EDN: WTLVTK.

METALLURGY
Original article

Kinetic characteristics of bornite and chalcopyrite dissolution
in nitric acid
Yurii Shklyaev?, Oleg A. Dizer>, Tatyana N. Lugovitskaya?®, Dmitry I. Golovkin?,
Denis A. Rogozhnikov®

5Ural Federal University named after the first President of Russia B.N. Yeltsin, Russia

Abstract. The kinetic characteristics of dissolution of copper-bearing sulfides - chalcopyrite (CuFeS;) and
bornite (CusFeS,) - in nitric acid were studied. The kinetics of the dissolution process was described using a
compressible nucleus model. Chalcopyrite of the Vorontsovskoye deposit and bornite of the Karabash deposit were
used as research objects. Solution and cake samples were analyzed by optical emission spectrometry and X-ray
fluorescence analysis, respectively. The results obtained were processed in the MS Excel software package. The
influence of various factors, including temperature, solvent concentration, particle size, and process duration on the
dissolution degree of minerals was studied. The process parameters were varied as follows: temperature - from 35
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t0 95°C; HNO3 concentration - from 1 to 9 mol/dms; particle size - from +0.1 to 0.056 mm; duration - from O to 60
min. It was established that an increase in temperature and acid concentration leads to a significant increase in the
degree of dissolution of both chalcopyrite and bornite. A decrease in particle size also contributes to a more efficient
dissolution of both minerals in nitric acid. The calculated activation energy values were 55 kJ/mol for chalcopyrite
and 43 kJ/mol for bornite, which is characteristic of the kinetic region of the process. The reaction orders in terms
of reactant were determined: 1.62 for chalcopyrite and 1.57 for bornite. In terms of particle size, these were -1.16
for chalcopyrite and -2.53 for bornite. On this basis, generalized equations of dissolution kinetics for both minerals
were derived. The results obtained allow an assumption about the kinetic nature of dissolution of chalcopyrite and

bornite under the studied conditions.

Keywords: copper, iron, chalcopyrite, bornite, dissolution, nitric acid, kinetic characteristics, activation energy,

kinetic equation
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BBEAEHUE

B coBpeMeHHOW 3noxe MpPOMbILUAEHHOCTH
cyllecTByeT pa3Hoobpasne METOAOB nepepa-
60TKM MEAHOTO Cbipbs, NpUYemM Hanbonee pac-
NPOCTPaHEHHbIMU N 3ODEKTUBHLIMU ABAAKOTCA
NUPOMETaAAAYPruyeckmue METOAbl. AT METOAbI
obecneumBaoT BbICOKYHD 3PPEKTUBHOCTb W3-
BAEYEHUS MEAU U BbICOKOE COAEPXAHUE MEAM
B KOHEYHOM npoaykTe [1]. OAHaKO OHU HE AU-
LLIEHbl HEAOCTATKOB, TaKMX Kak HEOOXOAMMOCTb
AOMOAHUTEABHOW MepepadboTKn, BbICOKUK pac-
XOA KOKCa, CAOXHOCTb OBCAYXMBaAHUA U BbICO-
Kue 3atparthbl [2].

B cBA3KW C 3TUM C KaXAbIM AHEM TUAPO-
METaAAyPrMyeckne TEXHOAOTMKU npuobpeTatoT
Bce BOAbLUYIO MONYASSPHOCTb B 06AaCTU nepe-
paboTKn MepHbIX pyA. Cpean COBPEMEHHbIX
rTMAPOMETAANYPIMYECKMX  METOAOB  0coboe
BHUMaAHWE MNPUBAEKAIOT XAOPUAHbIE [3, 4],
cyAbdaTHble [5-9] MU aMmmMunayvHble NpoLecchl
BbillenaunBaHusa [10], a Takxe O6MOBbILLENE-
ymBaHue [11-17] n aBTOKAABHOE OKWUCAEHUE
[18-21].

[AaBHbIMW HepoCTaTKaMu  OUOBbILLEAAUU-
BaHWA ABASAIOTCA CAOXHOCTb MOAAEPXaHMSA
XUBHEAEATEABHOCTU NMPUMEHAEMbIX MUKPOOP-
raHW3MoB, HEOOXOAMMOCTb CO3AAHUA BOABbLLMX
oTanAMBaeMbIX MOMELLEHUN, 3HaA4YUTEAbHAsA
NPOAOAXKUTEABHOCTL NpoLlecca [22]. OCHOBHble
TPYAHOCTM NpPU peasr3almnmn aBTOKAABHbIX MPo-
LLeCCOB CBSI3aHbl C BbICOKOM 3HEPrOEMKOCTbIO
1 OOAbLLMMU KanMUTaAbHbIMWU BAOXKEHUAMM.

A noBbIWEHUS 3OPEKTUBHOCTU TUAPOME-
TaANYPrUYECKMX METOAOB BbllLEeAaUMBaHUSA LLINW-
POKO MPUMEHSIOTCA TEXHOAOTMU CBEPXTOHKOIO
NU3MeAbUYEHUSs, TaKne Kak TexHoAormm Albion u
Activox [23]. OAHAKO CyLLECTBYHOT CAOXHOCTH,
CBfI3aHHblE C KanuTaAbHbIMK 3aTpaTtamMu Ha

obopypOBaHME M BbICOKMMMK 3HEprosatparamu
NPY NOAYYEHUU MEAKOAUCTIEPCHOTO MaTepuana.

B AaHHOWM cUTyauMKn akTyaAbHa pa3paboTka
HOBOro 3$dEKTMBHOIO MeToAaa nepepadboTkm
KOMMAEKCHbIX CyAbGUAHBIX MEAHbIX pyA. OAMH
13 MepPCneKTUBHbIX MOAXOAOB B 3TOM HanpaBAe-
HWW — a30THOKMCAOTHOE BblLLEAaYMBaHUE. A30T-
Hasi KUCAOTa 0OAAAAET CUAbHBIMU OKUCAUTEAb-
HbIMW CBOMCTBAMM (OKUCAUTEABHbIW NOTEHLWAA
0,957 B). OHa cnocobHa pasnaratb CyAbOUA-
Hble MUHEpPaAbl, NTEPEBOAS MEAb, XXEAE30, LMHK
N APYyrMe LLeHHblE KOMMOHEHTbI B pacTBop. Ao-
CTOMHCTBOM 3TOr0 Npouecca ABASETCH BO3MOX-
HOCTb YA@BAMBaAHWA 00pa3yoLLIMXCS HUTPO3HbIX
ra3oB C AaAbHEWLLEN pereHepauuen as3oTHOM
KUCAOTbl. bAaropapsa 3TOMy yMeHbLLatoTcs 3a-
TpaTbl Ha peareHT [24].

XOT HEKOTOPOE KOAMUYECTBO pabor [25, 26]
NOCBSILLEHO U3YYEHUIO KUNHETUKM a30THOKMCAOT-
HOro0 PaCTBOPEHMS CYyAbOUAHBIX MEAHbIX PYA, CY-
LLLecTBYeT NOTPEOHOCTb B AAABHENLLIMX UCCAEAO-
BaHUAX AA Boaee TAyBOKOro MOHMMaHMUA Mpo-
LLeCCOB Ha MpuUMepe NPUPOAHbIX MUHEPAAOB.

LleAb A@HHOTO MCCAEAOBAHMA 3aKAKOUaAETCA
B M3YYEHWU OMNPEAENEHUA 3aKOHOMEPHOCTEM
A30THOKMCAOTHOTO PACTBOPEHMS XaAbKONUPUTA
n 6opHuTa.

MATEPUAABI U METOAbI UCCAEAOBAHUA

B kauecTBe OCHOBHOTO CbIPbS AN MPOBEAE-
HUA UCCAEAOBAHWUIN BbIAM UCMTOAb30BaHbI MUHE-
paAbl XaAbKOMUPUT BOPOHLOBCKOrO U HOPHUT
KapaballuCcKoro MecTopoXAeHWn. MaTtepuanbl
AN UCCAEAOBaAHUI ObIAM M3MEABYEHbI U MPO-
CefiHbl Ha CUTax AAA MOAYYEHUS HEODXOAUMOWM
KPYMHOCTU YacTuLl,

MceaepoBaHUa Mo a30THOKUCAOTHOMY pac-
TBOPEHUIO CYAbOUAHBIX MEAHbBIX MWHEPAAOB
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NPOBOAMAUCE C MCMOAb30BaAHWEM YCTaHOBKM,
BKAKOUAKOLLEN peakTop M3 BOPOCUAMKATHOrO
ctekna obbemom 0,5 am3 1 Tepmoctat Huber
Kiss K6. MNepemellimBaH1e OCYLLLECTBASIAU MPH
NOMOLLM BEPXHEMPUBOAHOM MeLlanKu Eurostar
20 digital. Nepea npoBeaeHUEM IKCNEPUMEH-
Ta pacTBOp HarpeBaau A0 Tpebyemon Temne-
patypsbl, 3aTeM A0b6aBAAAM 10 I UICXOAHOTO Ma-
Tepuana. Yepes onpepeneHHbIE MPOMEXYTKU
BPEMEHU B TeueHue 4yaca oTbupann npobdbl.
B KOHLE 3KcrnepumeHTa nyAbny BbilleAavymBa-
HUA GUABTPOBAAU C UCTMIOAL30BaAHWEM BaKyyma
ANS OTAEAEHMS pacTBOpa OT TBEPAOro octar-
Ka. PacTBopbl aHaAM3MPOBaAU C UCMOAb30Ba-
HUEM ONTUKO-SMWUCCUOHHOIO CNEKTpoOMeETpa
EXPEC 6500. Kek cywuvAn 1 aHaAM3UMpoBaAK
Ha BOAHOAMCMNEPCUOHHOM cnekTpomeTpe ARL
Advant’X 4200.

PE3YAbTATbl UCCAEAOBAHUA
U UX OBCY)KAEHUE

BAnaHMe Temnepartypbl Ha CTEMEHb pac-
TBOPEHUA MUHEPANOB ObIAO UCCAEAOBAHO Mpu
CAEAYHOLLIMX MNOCTOSIHHbIX NapamMeTpax: KOHUEH-
Tpaumsa asoTHOW KUCAOTbl — 5 MoAb/AME, X:T
= 20:1, pasmep vactmy, - 0,074 + 0,063 mm.
Ha puc. 1 npeacTtaBA€Hbl 3aBUCUMMOCTH CTene-
HW PACTBOPEHUS MUHEPAAOB OT BPEMEHU MPHU
pPa3AMYHbIX TEMMepaTypax.

N3 rpaduKkoB, NpeACTaBAEHHbIX Ha puc. 1,

BMAHO, 4TO MNOBbILWEHWE TemnepaTypbl Mo-

AOXMTEABHO BAMSIET Ha Mpouecc pacTBope-
HUS XaAbkonuputa W BopHUTa. Hanpumep,
cteneHb pactBopeHuss CuFeS, yBeAnuu-
Baetca ¢ 5 po 87%, a CusFeS, - ¢ 24 po
80% cOOTBETCTBEHHO.
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BansiHue koHueHTtpaumm HNOz Ha pactBope-
HWE XaAbKOMMpWUTA M BOPHUTA OLEHUBAAU NPU
CAEAYHOLLIMX NapameTpax: Temneparypa — 65°C,
XT =20:1, pasvep vactuy, - 0,074 + 0,063 mm.
Ha puc. 2 npeactaBAeHbl 3aBUCMMOCTU CTENEHU
PacTBOPEHUSI MUHEPAAOB OT NMPOAONKUTEABHOCTU
NPV Pa3AMYHbIX KOHLEHTPALMAX a30THOM KUCAOTbI.

MNcxoasa U3 pAaHHbIX, MPEeACTaBAEHHbIX Ha pUC. 2,
MOXXHO OTMETUTb, YTO NOBbILLIEHNE KOHLEHTPaLMK
HNO; 0ka3biBaeT NOAOXKUTEABHOE BO3AENCTBUE HA
NPOLIECC PACTBOPEHMSA XaAbKONMpPUTa U BOpHUTA.
CreneHb pactBopenunss CuFeS, yBeanumBaetcs ¢
19 po 87%, a CusFeS, - ¢ 19 po 81% cootBet-
CTBEHHO.

AAA OLEHKM BAMSHMS pasMepa 4YacTul, Ha
pactBopeHne CuFeS, n CusFeS, umcnonb3oBa-
AVCb CAEAYIOLLME YCAOBUS: TemnepaTtypa - 65°C,
X:T= 20:1, koHueHTpaunsa HNOs - 5 MoAb/AME.
Ha puc. 3 npeactaBAEHbl 3aBUCUMOCTH CTENEHU
PacTBOPEHUSI MWMHEPAAOB OT MPOAONKUTEABHO-
CTW NPY PA3AMUYHOM KPYMHOCTU YaCTuL.

YMeHblLEHWE pa3mMepa 4YacTul, OKa3blBa-
€T MOAOXWUTEAbHOE BAUSIHWE Ha PaCcTBOPEHWE
XaAbkonuputa U 6opHUTa. MpKn 3TOM CTENEHDb
pacTBOPEHUA XaAbKONUPUTA yBEAMUYMBAETCA C
42 pno 52%, 6opHUTa - ¢ 30 A0 66%.

AASt pacyeTa KUHETUUYECKUX XapaKTEPUCTUK
pactBopeHuss CuFeS, n CusFeS, B asoTHOM
KUCAOTE WMCMOAB30BAAM MOAEAb CXMMatoLLe-
ro aapa [27, 28]. 3ta MOAEAb MPEAMNOAAraeT,
yto 06AACTb peaKkuMu MOCTENEHHO YrAybaseT-
CA BHYTPb 4acTuubl, co3paBas NMo3apm cebs
WMHEPTHbIA CAOWM TBEPAOro BellecTBa. B kax-
Abli MOMEHT BPEMEHU CYLLECTBYET SIAPO €elle
HenpopearnpoBaBLLEro MaTtepuana, pasmep
KOTOPOro HENPEepPbIBHO YMEHbLLAETCS.
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Puc. 1. 3aBUCUMOCTH CTEMNEHM PACTBOPEHMSI MUHEPAAOB OT MPOAOAKMTEABHOCTM MPM Pa3HbIX TEMMEPATYPaXx AAS XaAbKOn1puTa
(a); anst 6opHuTa (b): 1 - 95°C; 2 - 80°C; 3 - 65°C; 4 - 50°C; 5 - 35°C
Fig. 1. Mineral dissolution degree vs time at different temperatures for chalcopyrite (a); for bornite (b): 1 - 95°C; 2 - 80°C;

3-65°C;4-50°C;5-35°C
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Puc. 2. 3aBUCUMOCTH CTEMNEHU PACTBOPEHUS MUHEPAAOB OT MPOAOAKUTEABHOCTH MPU PA3AMUHBIX KOHLIEHTPALMAX a30THOM KMCAOTbI
NS XaAbKonupuTa (a); Arst 6opHuTa (b): 1 - 9 Moab/am®; 2 - 7 MoAb/am®; 3 - 5 Moab/amM®; 4 - 3 Monb/am®; 5 - 1 Monb/am®
Fig. 2. Mineral dissolution degree vs time at different concentrations of nitric acid for chalcopyrite (a); for bornite (b): 1 - 9 mol/dm?3;
2 - 7 mol/dm?; 3 - 5 mol/dm?; 4 - 3 mol/dm?; 5 - 1 mol/dm?
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Puc. 3. 3aBUCUMOCTH CTENEHM PACTBOPEHWUS MUHEPAAOB OT MPOAOAKUTEABHOCTHU MPU Pa3AMYHOMN KPYMHOCTM XaAbKonupuTa (a);
AAs 6opHuTa (b): 1 - -0,056 mm; 2 - -0,063 + 0,056 mwm; 3 - -0,074 + 0,063 mm; 4 - -0,1 + 0,074 mm; 5 - +0,1 mm

Fig. 3. Mineral dissolution degree vs time at different particle sizes for chalcopyrite (a); for bornite (b): 1 - -0.056 mm; 2 -
-0.063 + 0.056 mm; 3 - -0.074 + 0.063 mm; 4 - -0.1 +0.074 mm; 5 - +0.1 mm

Mo pe3yAbTaTaM aHaAM3a 3HAUYeHUs KOID-
dULMEHTA AETEPMUHALIMU ObIAO YCTAHOBAEHO,
UTO MPOLECC PACTBOPEHUSs 0OOUX MUHEPANOB
npoTeKaeT B KWNHETUUECKOM peXnme.

C 1CnoAb30BaHWEM FpadrUecKkoro MeToaa
AN 0BOUX MUHEPAAOB ObIAU BbIYMCAEHbI 3Ha-
UEeHUS MUHUMAAbHOW U3ObITOYHON IHEPTUN, HE-
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a

06XOAMMOW AASt HAYaAa peakuuun. PacueT npo-
BOAMACS HA OCHOBE 3aBUCMMOCTM Aorapuoma
KOHCTaHTbl CKOPOCTU (puc. 4) oT obpaTHOMN TeM-
nepatypsbl (puc. o). lNytem onpepeAeHUs TaHTrex-
ca yrAa HakAOHa NpsAMOW ObIAM NMOAYUYEHbI 3Ha-
UeHUA: AAF XanbKonnputa — 55 KAXK/MOAb U AAS
60opHUTa - 43 KAX/MOAb.
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2 R? = 0.9695
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Puc. 4. OnpeaereHne k. Ars xaabkonupura (a); ard 6opHuta (b): 1 - 95°C; 2 - 80°C; 3 - 65°C; 4 - 50°C; 5 - 35°C
Fig. 4. k. determination for chalcopyrite (a); for bornite (b): 1 - 95°C; 2 - 80°C; 3 - 65°C; 4 - 50°C; 5 - 35°C
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Fig. 5. Ink. vs 1/T for chalcopyrite (a); for bornite (b)

AHANOTMUYHBIM METOAOM, UCMOAb3YS rpadu-
K1 3aBUCMMOCTU AOrapudma KOHCTAHTbl CKO-
POCTU peaKkuun OT Aorapudma KOHLUEHTPaLMM
A30THOM KWUCAOTbl M pas3mMepa 4actul, ObiAu
onpeAeneHbl IMMUPUUECKUE MOPAAKM MO pea-
renty (1,62 ana xanbkonuputa n 1,57 ana 6op-
HUTa) U pasmepy yYacTtuy, (-1,16 AN XxaAbKOMu-
puta 1 -2,53 AAs BOpHUTA).

CornacHo pesyAnbTataM NPOBEAEHHbIX UC-
CAEAOBaHUM, ObIAM BbiBEAEHbI 0600LLLEHHbIE
KMHETUYECKUE YPaBHEHUS AAA A30THOKMUC-
AOTHOTO pacTBOPEHMA XaAbkonupurta, 6op-
HUTA.

Ana CuFeS.,:

1-3(1-X)? + 2(1-X) =
162 - 55410
:2488,2'CH,N03'|’-1’16'68'314'1- T

Ana CusFeS,:

1=-3(1-X)?® + 2(1-X) =
157 - 42980
793,8Clino, 12%%-€8314°T 1

3AKANHOYEHUE

1. BbIIBA€HO, 4YTO KOHLEHTpauusa asoT-
HOM KWUCAOTbI W TemnepaTtypa OKa3bliBatoT
Hanbonee BraronpuvATHOE BO3AENCTBME Ha
npouecc pacTBOPEHUs XxaAbKonupurta u 6op-
HUTa, B TO BPEMS KakK YMEHbLUEHUe pasme-
POB 4acCTWL, OKa3blBaeT MEHEee 3HaUYUTEAb-
HO€ BAUSIHUME.

2. C npUMeHeHUEM MOAEAU CXUMatOLLE-
rocs sapa 6bIAM ONpeAeAeHbl 3HAUYEHUA MUHK-
MaAbHOW M3ObLITOYHOM 3HEPTUKU, HEOOBXOAMMOM
AN HAYaAa pPeakLMK pacTBOPEHUS AASE XaAbKO-
nuputa (CuFeS,) - 55 KAX/MOAb U AN BOPHU-
Ta (CusFeS;) - 43 KAX/MOAb. TTOPAAKK peak-
LMW NO peareHTy AAA XaAbKonuputa u 6opHUTa
cocTtaBAasatoT 1,62 1 1,57 cooTBETCTBEHHO. A NO
KPYNMHOCTU MOPSAKM peaKkLMii AA XaAbKOMUPK-
Ta 1 6opHUTa paBHbl -1,16 1 -2,53.

3. MoayueHbl 00600LLUEHHbIE YypaBHEHWUS,
NO3BOAAIOLLME HA OCHOBAHWWU 3HAYEHUIN SHEP-
MU akTMBaUMW, TeMneparypbl, NOPSAAKOB MO
peareHTy 1 KPynHOCTH, KOHLIEHTPaLMK a30THOM
KUCAOTbI, pa3mMepa 4actul, NPOAONKUTEABHO-
CTW npouecca CNPorHo3MpoBaTb CTeneHb pac-
TBOPEHUSA 060UX MUHEPANOB.

Ans CuFeS,:

1-3(1-X)*°® + 2(1-X) =

162 - 55410
=2488,2'CH'NO3'I"1’16'68:314'T T

Ana CusFeS,:

1-3(1-X)*® + 2(1-X) =
157 - 42980
793,8'CH,NO3'r_2’53'68’314'T T

4. Ha ocHOBaHWM MPOBEAEHHbIX pacyeToB
CAEAAHO NMPEANOAOXKEHUE, UTO NPOLIECC PACTBO-
PEHUS XanbKoMMpuTa U BOPHWUTA MPU AGHHbIX
YCAOBUSAX MPOTEKAET B KUHETUUECKOM PexXume.
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