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Coaep)xaHue

MawuHocTpoeHue

Be3bA3biuHbiK B.?., LLlexoBueBa E.B., LLlexoBueBa T.B. TexHOAOrMYECKOE HAaCAEAOBaHUE
MEXaHW4YEeCKMUX CBOMCTB MaTepUana npu ero HanpaBAEHHOM GOPMUPOBAHUM ....ceeeueeeeereennnennn.
Hryen Xbly Xan, 3ampec C.A. BAvsHME MapamMeTpoOB PEBEPCUMBHOMO BbIrA@XMBaAHMA Ha
nokasaTeAb XECTKOCTU CXeMbl HAMPSKEHHOTO COCTOAHMUSA weevrieuerrereraneeeeesiueeeesessnneessesnseeessssnneens
OBcaHHuKoOB B.E., Hekpacos P.10., YyiikoB C.C., KyaHeuoBa E.M. [oBbIlLEHNE TOUYHOCTH
06paboTkM AeTaner Tuna «MOAblA LUMAMHAP» Ha OCHOBE MPEBEHTUBHOM KOMMEHCALMK
NOMPELUHOCTEN UBHOCA MHCTPYMEHTA ceeeeuueeeesieureeeeeaneeesaassneeesasssseesssasseesssssssessemssssessesnsseessasneeses
Peneukuu 0.B. PazpaboTka MateMaTUUEeCKNUX MOAEAEN, YNCAEHHBIX METOAOB U MPOrPaMMHOr0
obecneuyeHns AN aHaAU3a AOATOBEYHOCTM PaAranbHbIX POTOPOB TYpOOMaLLMH C PAacCTPONKOM
=Y 0= V153 o o )= SRR
PopkukoB WU.H., BanaHoBckunM A.E. OueHka TEXHUYECKOrO COCTOSIHUSI METaAAUYECKMX
KOHCTPYKLUMIM HA OCHOBE KOMMBIOTEPHOTO MOAEAUPOBAHMUS ....eeeveeeeeerreeeeenneeeeeeneeeeeenneeeseenneeeas
CknapeHko E.®., WeBuoB K.A. Pa3pabotka ycTponcTBa COCTaBHOrO TOPMO3HOIO AMCKaA
AMCKOBO-KOAOAOUYHOIO TOPMO3a TPAHCNOPTHbBIX CPEACTB C NOBbILLIEHHbIMW 3KCNAyaTaLlMOHHbIMMK
XAPAKTEPUCTUKAM M .eeeeeeieeuuueeeeeeeeseeaaaanseeeeeesaaeaaasssseeeeasssaaasssnseeesessseaaassnssssseessssasssssssseesesssnsasssnsnees

SHepreTuka

KpyneHéB A.C., LLlykuna B.M. 0630p METOAOB UCCAEAOBAHUA IHEPreTUYEeCcKom 6€30NacHOCTMH.
MOAEAUPOBAHME (HA @HTA. F13.) .uuuuururururnsnnnsssnsnsnsssnsssssssssssssssssssssssssssssssssssssssssssssssssssssasssnsnssnnsnnnnns
Ta6bapoB B.A. [lpyHUMNBLI NOCTPOEHWUS TPAHCHOPMATOPHOM MOACTAHLUMM Ha OCHOBE
YNPaBASEMOrO PEAKTOPHO-TUPUCTOPHOTO YCTPOMCTBA eeeeuuurrrrreeersseeasunsereeeessesessssssseeeesssesassnseees

MeTannyprusa

BaxkuH B.H0., MaTtbinbckuu B.3. CoBpeMeHHble cnocobbl obecceprBaHUA BbICOKOCEPHUCTbIX
HEDTSHbIX KOKCOB AAA MPUMEHEHUSA B YTAETPAPUTOBBIX MATEPUAAGX ..ueeererrreeeeeeereasnnereeeeeseeeaaans
BactoHuHa H.B., ApyxunuH K.E., BypaakoBa E.A., Ay6osa U.B., Bakwees C.M., UBaHoBa U.K.,
BorpaHoB E.B., bBakweeBa U.U. MoaepHM3aUMA TEXHOAOTMUECKOW CXEMbI MepepaboTKu pya
YAOKAHCKOTO MECTOPOKAEHMS eeieeeeeeeeeeeaeeeeasseeeeeeesseeaaassnseeeeeeseesaassnseneeeessssaassnsnnseeeesssasannsnsnees
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YBaxaembie uutarenu!
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TexHoAOrMuecKoe HacAeA0BaHUE MEXaHUYECKUX CBOUCTB
MaTepuana Nnpu ero HanpasreHHOM GpOpPMUPOBaAHUM

B.®. Be3basbiuHbii?, E.B. LLlexoBuesa®~, T.B. LlexoBuesa?®

13PbI6UHCKUI rocyAapPCTBEHHbIV aBUaLIMOHHbIN TEXHUYECKUIA YHUBepCUTET uMeHu [1.A. ConoBbeBa, PbibuHCkK, Poccusi
2[1AO «OAK-CatypH», PbibUHCK, Poccus

Pe3strome. Lienb - pa3pabotaTb KOMMNAEKCHYH MOAEAb, YUUTbIBAIOLLYHO B3aMMOCBSI3b MEXAY KOHCTPYKLIMEN 3yOua-
TOro KOAeca, CBOMCTBAMM Mateprana U TEXHOAOTMUYECKMMUM NapameTpamm ob6pabotku. AaHHas MOAEAb AOAKHA MPeA-
CKa3blBaTb 3KCMAyaTaLMOHHbIE XapaKTEPUCTUKM KOAECA, YUMTbIBAsA BO3AEWCTBME KaK BHYTPEHHMX, TaK M BHELUHUX
bakTopoB. AN ONPEAENEHUSI MEXAHUYECKUX XapaKTEPUCTUK MeTanAa ObiAM NPOBEAEHBI MEXaHWUYECKHUE WUCMbITaHWUS
C MOMOLLIbIO 3AEKTPOMEXAHUUYECKOTO pa3pbiBHOro o6opyaoBaHMsa drpMbl Tinius Olsen mapkn H100KU. KoHTpoAb
MeXaHUUECKUX NoKasaTtenel matepuana (Mpeaen NPoYHOCTH, MPEAEA TEKYUECTU U AP.) C Harpyskoi 6oaee 100 H/mm?
BbINMOAHAAMCE Ha cBuaeTensix no NOCT 1497-84. KOHTPOAb MEXaHUYECKUX XapaKTEPUCTUK METanAa MPOMU3BOAUACS
NoCAE KaXAOM onepaumu. Bbian nccAepoBaHbl MUBMEHEHUSA MEXaHUYECKMX XxapaKTepuctnk ctanen 16X3HBOMB-LL,
20X3MB®-LU, 18X2H4AMA 1 12X2H4A-LL AAs pa3AUUHbIX 3aroTOBOK M BUAOB 06paboTku (GopmMoBaHUE MeTaAa AaB-
AEHUEM, MexaHuueckas 1 abpasnBHan 06paboTKM, XMMUKO-TEPMUUECKAs U TepMUuyeckass 06paboTku). AHaAU3 Me-
XaHWUYECKHMX XapaKTepUCTUK MeTaAAa NMOKa3aA CyLLECTBEHHbIE Pa3AMUMs B TBEPAOCTH, MPOYHOCTU U NMAACTUYHOCTH 06-
pasuoB, MOAYYEHHbIX Pa3HbIMKU cnocobamu. NokasaHo, UTo 3TU pa3ArMuma 06YCAOBAEHBI MUKPOCTPYKTYPOIM MaTepuana
(pa3mep 3epHa, HaAMUME BKAKOUEHUHI, cTeneHb poedopmaLmm), opmMmupytoLencs B npouecce 06pabotkn. AHaan3 Obia
BbIMOAHEH MO CAEAYHOLLUMM NapameTpam: KOIPPULMEHTY TEXHOAOTMUYECKOM HAaCAEACTBEHHOCTM U CTPYKTYPHOM HACAeA-
CTBEHHOCTW. YCTAHOBAEHO, UTO HACAEAOBAHUE MEXaHWUYECKMX CBOMCTB MaTepmnana (CriocoboM NoAyYeHUst 3aroTOBKM)
06paboTKON AGBAEHUEM C MOCAEAYHOLLIEN TepMUUYECKOW 06paboTKOM OTHOCUTEABHO COPTOBOMO MpPOKaTa C aHaAOrMy-
HOW TepMO06PabOTKON XapaKTepu3yeTcs NMOAOXKUTEABHON TEHAEHLIMEN U COCTABASIET MO NPEAEAY MPOYHOCTU NPUPOCT
AO 6,2%, No npeaeny Tekyyectn - A0 5,3%. [Noka3aHo, YTo NPUPOCT KOAUMYECTBEHHOTO NMOKa3aTeAs! MO KOIPPOULMEHTY
CTPYKTYPHOW HACAEACTBEHHOCTU MOCAE XMMMUKO-TEPMUYECKON 06paboTKM OTHOCUTEABHO Oonepaumun LWAMOBaHKUS MO
YNPOUYHEHHOMY CAOKD COCTaABASET MO NPEAEAy NPOYHOCTU He MeHee 49%, No Npepeny TEKYYECTU — He MeHee 68%.
PaspaboraHHasi MHOroMepHasi MOAEAb B3aUMOAENCTBUSI 3ybUaTbiXx KOAEC YUMTbIBAET MHOXECTBO (pAKTOPOB, BAWUSIO-
LUMX Ha MX paboTy: CBOMCTBa MaTepuana, TeMNepaTypHble MOASI B 30HE KOHTaKTa 3ybbeB, AMHAMUUECKWE Harpy3Ku,
BO3AEMCTBME CMA304YHOro Matepu1ana.

KaroyeBbie caoBa: 3ybuatoe KOAECO, MexaHUYEeCKUE CBOWCTBa MaTepuana v Ux HanpaBAeHHOe GOpMUPOBaHHE,
TEXHONOTMYECKOE HAacAepAOBaHME

BaaroaapHocTu. ABTOpblI BAAropapsT 3aMecTUTeEAs HauanbHUKa Lexa M.C. MapueBy, kaHAMAATA TEXHUUYECKMX HayK
W.B. MNonsikoBa 1 konnektne cneumanmnctos MNAO «OKA-CaTypH» 3@ MHOTOAETHEE 1 MAOAOTBOPHOE COTPYAHMUECTBO.

Ans untnpoBaHua: besbasbluHbii B.O., LLiexoBueBa E.B., LLlexoBueBa T.B. TexHOoAOrMUeckoe HacAepOBaHME Me-
XaHWYECKNX CBOWCTB MaTtepuana nNpu ero HanpaBAeHHOM dopmupoBaHuu // iPolytech Journal. 2025. T. 29. Ne 2.
C. 160-169. https://doi.org/10.21285/1814-3520-2025-2-160-169. EDN: OSCDVC.

MECHANICAL ENGINEERING
Original article

Inheritance of mechanical properties of a material
during directed formation

Vyacheslav F. Bezyazychnyi*, Evgenia V. Shekhovtseva?*, Tatiana V. Shekhovtseva?

13p, A. Solovyov Rybinsk State Aviation Technical University, Rybinsk, Russia
2Public joint stock company “UEC - Saturn”, Rybinsk, Russia

Abstract. Objective - development of a comprehensive model that takes into account the interrelationship
between the structure of a gear wheel, material properties and technological processing parameters. This model
should predict the operational characteristics of the wheel, considering the impact of both internal and external

© BesbasbluHbIv B.®., LLexoBuesa E.B., Lexosuesa T.B., 2025
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factors. Mechanical testing was conducted using electromechanical tensile testing equipment from Tinius Olsen,
model H100KU, to determine the mechanical properties of the metal. Samples in compliance with GOST 1497-84
were used for monitoring material properties (tensile strength, yield strength, etc.) at loads above 100 N/mm?2. The
mechanical properties of the metal were monitored after each processing operation. The mechanical properties of
the steels 16Kh3NVFMB-Sh, 20Kh3MVF-Sh, 18Kh2N4MA and 12Kh2N4A-Sh were investigated for different blanks
and types of treatment (pressure forming, mechanical and abrasive, thermochemical and heat treatment). Analysis
of the mechanical properties of the metal revealed significant differences in hardness, strength and ductility be-
tween samples obtained by different methods. It was shown that these differences are due to the microstructure
of the material (grain size, presence of inclusions, degree of deformation) formed during processing. The analysis
was based on parameters including the coefficient of technological inheritance and structural inheritance. It was
found that the inheritance of the mechanical properties of the material through pressure working followed by heat
treatment shows a positive trend relative to rolled material with similar heat treatment. This method results in an
increase in tensile strength of up to 6.2% and in yield strength of up to 5.3%. Furthermore, it was shown that the
increase in the quantitative indicator of structural inheritance after thermochemical treatment, relative to grinding
of the hardened layer, is at least 49% for tensile strength and at least 68% for yield strength. The developed multidi-
mensional model of gear interaction takes into account a wide range of factors that influence its operation, including
material properties, temperature fields in the contact zone of the tooth, dynamic loads and the effect of lubricant.

Keywords: gear, material mechanical properties and their directional formation, technical inheritance
Acknowledgements. The authors thank the Workshop Deputy Head M.S. Marieva, Candidate of technical sci-
ences L.V. Polyakov and the team of specialists of the Public joint stock company “UEC-Saturn” for long-term and

fruitful cooperation.

For citation: Bezyazychnyi V.F., Shekhovtseva E.V., Shekhovtseva T.V. Inheritance of mechanical proper-
ties of a material during directed formation. iPolytech Journal. 2025;29(2):160-169. (In Russ.). https://doi.org/

10.21285/1814-3520-2025-2-160-169. EDN: OSCDVC.

BBEAEHUE

MexaHuKa TeXHOAOTMYEeCKOro HacAepOBa-
HUA - 3TO npouecc npeobpa3oBaHMA CBOWCTB
obpabaTbiBaeMoro obbekTa OT MPEAbIAYLLMX
onepauui TEXHOAOTUW K cAepayrolwmm. Me-
XaHWyeckana cuctema TEXHOAOrMYECKOro Ha-
CAEAOBaAHWUS yuuTbiBaeT 0OCOOEHHOCTM BMAA
06paboTKkK1, CBOWCTBA MaTepManoB U BO3AEW-
CTBUA pPa3AUYHbIX GaKTOPOB TEXHOAOTUUYECKMX
npoueccoB 06paboTkn [1]. NMOBEPXHOCTHbIN
CAOM MaTepuana AeTaAn, NOABEPXEHHbIN 3Ha-
YUTEAbHbIM MEXaHUUYECKMM BO3AEWUCTBUSIM,
TakXe SIBASETCS HOCUTEAEM «MaMSTU» O NPEA-
WwecTBytowmx onepaumnsax [2-4]. N3meHeHus
B €ro CTPyKType, Hanpumep, obpasoBaHue
YNPOYHEHHOTrO CAOSi B pe3yAbtate 06paboTku,
BAMSAKOT Ha BbIHOCAMBOCTb M AOATOBEUYHOCTb
nspenma [5-7]. XXecTkoCcTb cuctembl (CONpo-
TMBAEHME AedOopMaLMsaM) BCEX ISAEMEHTOB
TEXHOAOTMYECKOM cucTeMbl (060opyaOBaHMe,
MHCTPYMEHT, 3aroToBka, NpMCnocobAeHns)
npPAMO BAMSAET Ha TOYHOCTb 06paboTkm [8-
10]. 310 HAarASIAHO AEMOHCTPUPYET MEXaHU3M
TEXHOAOTMYECKOI0 HaCAeAOBaHUA — norpel-
HOCTU «HaCAEAYHOTCS» U3 MPEAbIAYLLEN CTAAUU
06pabotkun [11-13]. OpAHAKO B COBPEMEHHbIX
YCAOBUSIX, KOrAa TpeboBaHUA K KauecTBy U3Ae-
AV 3HAQUUTEABHO BbIPOCAM, HYXXHO YUMTbIBATb
HE TOAbKO TFeOMETPUYECKYH) TOUYHOCTb, HO M
LLeAbl KOMIMAEKC CBOMCTB KauyecTBa M3AEAUSA
[14-16]. CoBpeEMEHHbIE UCCAEAOBAHUSA TEXHO-

AOTMUYECKOTO HACAEAOBAHMSI BKAOUYAIOT U3yye-
HUE BAMSAHUA Pa3AUYHbIX GaAKTOPOB: CNOCO6bI
06paboTkM M KX NapameTpbl, UCNOAb3YEMbI
MHCTPYMEHT, MEXaHUUYECKUE XapaKTEPUCTUKK
MaTepuana 3aroToBKM, a TakXe ee CTPYKTyp-
Hoe cocTosiHMe. boaee TOUHOE NPOrHO3npoBa-
HWE U3MEHEHUS CBOMCTB MaTepmnana U KOHOU-
rypaummn AeTann Ha Kaxaom atane obpaboTku
NO3BOASIET ONTUMU3UPOBATL TEXHOAOTMYECKUI
npouecc ¥ MUHUMU3UPOBATb HEFATUBHOE BAU-
AAHWE TEXHOAOTMUYECKOrO0 HacAepoBaHuMA. Chae-
AOBATEABHO, TEXHOAOTMUYECKOE HAacAeAOBaHUe
- 3TO CAOXHbIA MHOTOGaKTOpPHbIKM MNpoLecc,
TPEOYOLMN KOMMAEKCHOIO MNOAXOAQ K €ro
MCCAEAOBAHMIO U ynpaBAeHWO. Bce ato 060-
CHOBbIBAET aKTyaAbHOCTb M3YUYEHUA TEXHOAO-
rTMYECKOro HacAepOBaHUA AN obecrnevyeHus
KayecTBa M HAAEXHOCTU COBPEMEHHbIX U3Ae-
AR [17-19].

TexHoAOTMUEeCKOEe HaCAeAOBaHME NpPOsiB-
AFIETCA KaK MHOXECTBO MOAOXWUTEAbHbIX WU OT-
puuaTeAbHbiX GaAKTOPOB, MNEPEAALIMXCS OT
OAHOW onepaumn K Apyror. 310 AoCTUraetcs
3a CYeT ueAeHanpaBAEHHOro Bblbopa onepa-
UMM B TEXHOAOTMM WM3TOTOBAEHMS, KOTOpas Obl
MUHUMU3UPOBAAA BAUSIHWE OTPULIATEABHbIX W
YCUAMBAAA BAUAHUE MOAOXUTEAbHbIX GaKTOPOB
HacrepoBaHMA. CyTb cTpaterMm - co3paHue
TEXHOAOTUUYECKUX «DapbepoB», MNPENATCTBYHO-
LLMX Nepepaye HeraTMBHbIX CBOWCTB Ha MOCAe-
AytoLMe CTapAuKn 06paboTKK.
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Puc. 1. TunoBas KnHemaTnyeckas cxema rnpuBoAOB
Fig. 1. Typical kinematic diagram of drives

3ybuatble nepepayvn PeAyKTOpoOB rasoTyp-
OUHHbIX ABuratenen (FTA) GYHKUMOHUPYHOT B
YCAOBUSIX BbICOKMX HArpy3ok u temnepartyp. o
KOHCTPYKTUBHOMY W TEXHOAOTMUYECKOMY daK-
Topy 3ybuaTble KOAeca OTHOCATCS K CAOXHbIM
AETaNSIM ABUraTenst. TEXHOAOTUA UX U3FOTOBAE-
HWUS, ee NMOCTPOEHUE U PSIA onepauni Gopmu-
PYIOT HECYLLYIO CMOCOBHOCTbL 3ybuaTon nepeaa-
un. B cBA3K C 3TUM U3yUueHUe CBA3EN TEXHOAO-
r’MYECKOro HaCcAeAOBaHUS NMpU MNMPOU3BOACTBE
3ybuaTblX KOAEC, UX BAUSIHUS Ha KauyecTBO ro-
TOBbIX AETAAEN SIBASIETCS aKTyaAbHOW Hay4YHOW
3apavent B 06AaCTU MaLLIMHOCTPOUTEABHOMN TeX-
HOAOTMU. OAHUM M3 BaXHEWLUUX HanpaBAEHUH
BbICTYNaeT UCCAEAOBAHUE BAUSTHUA PA3AUYHBIX
cnocoboB 06paboTKM Ha MeExaHUYECKUE CBOW-
CTBa Martepuana, UCNOAb3yEMbIX AAA U3rOTOB-
AEHUs 3ybuaTbiX KOAEC, KoTopble obAapatoT
YHUKaAbHbIMW CBOMCTBAMMU U MOTYT ObITb ONTH-
MWU3MPOBaHbI B npouecce 06paboTku. TpaHc-
dopmaumsa CBOMCTB HE CAyYaliHa U MOAUMHAET-
CA NPUHLMMNY TEXHOAOTMUYECKOTO HAaCAEAOBAHUSA
- KOHLENUUKU, yTBEPXAAOLLEN, YTO KauyecTBO
KOHEYHOro NPOAYKTa OMPEAEASeTCA He TOAbKO
®MHAAbHBIMUY OMepauMaMM, HO U BCEMMU MPEA-
LLIECTBYHOLLMMU CTAaAUSAMU 00paboTKK. Takum
0bpa3om, kaxaasa onepaums OCTaBASET CBOM
«0TNevyaTok» Ha MaTepuane, HakanamBas U3me-
HEHWSI B €ro CTPYKType U CBOMCTBaxX. M3Hauyanb-
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Hble XapaKTePUCTUKKM nonydabpukaTta, Takue
KakK MaKpo- U MUKPOCTPYKTYpPa, XUMWUYECKUM
COCTaB (BKAKOYAA AETMPYIOLUME IAEMEHTbI U
NPUMECHK) U BbITEKAIOWME M3 HUX MeEXaHWuue-
CKMe CBOWCTBA (NPeAen TeKy4vyecTu, NpeAeA
NPOYHOCTH, TBEPAOCTb, YyAAPHAA BA3KOCTb, NAA-
CTUYHOCTb U T.A.), 3aKAAAbIBAIOT OCHOBY AASl
AAAbHENLINX npeobpaszoBaHMit. BaXxHO MNOHU-
MaTb, UTO AAXe HEe3HaAUYUTeAbHble Bapuauuun B
MCXOAHOM MaTtepuane MoryT NpUBECTU K CylLie-
CTBEHHbIM PA3AMUMAM B KOHEUYHbIX CBOMCTBAX
AETann. AN yNIPaBAEHUS CAOXHOWM LIEMOYKOM
npeobpasoBaHWii, OKa3blBAOLIMX CYLLECTBEH-
HOEe BO3AEMCTBME HA KOHEUYHbIE MEXaHUYEeCKHe
CBOWMCTBA W MPOYHOCTHbIE XapPaKTEPUCTUKU Ae-
TaAu, HEOOXOAMMO TAYOOKOE NOHMMAHWE NPUH-
LIMNOB TEXHOAOTMYECKOTr0 HAaCAEAOBaAHMUSA.

METOAbI U MATEPUAADI

Mpobrema obecneyeHnss KOHTAKTHOW Bbl-
HOCAMBOCTM 3y6uaThbix Nnepeaay (puc. 1) ABAsieT-
CSl OAHOM U3 KAIOUEBLIX 3aAa4 B MaLLUMHOCTPO-
€HMU. AOArOBEYHOCTb U HaAEXHOCTb PaboThbl
TakMx nepepay HanpsmMyt 3aBUCAT OT CNOCOO-
HOCTM 3yObeB BbIAEPXMBATb 3HAUYUTEAbHbIE
KOHTAKTHblE HanpPsXXeHUs, BO3HUKAOLLME NPK
nepepave KpyTawero MomeHTa. lNospexaeHue
NOBEPXHOCTH 3yObeB, BEAYLLEE K BblKpallMBa-
HWUIO, YCTAAOCTHOMY M3AOMY UAM 3aAUPAM, NPU-
BOAMT K MPEXAEBPEMEHHOMY BbIXOAY NEepeAaun
N3 CTPOS U, Kak CAEACTBUE, K AOPOTrOCTOSILLIUM
NPOCTOSIM U peMoHTaM. oatomy paspaboTka
METOAOB ynpaBAeHMs pPaboTocnocobHOCTbIO
pabounx NoBepXHOCTEN 3ybuaTbiX KOAEC — 3a-
Aavya NepBOCTENEeHHON BaXHOCTU. PelleHue
3TOM 3apaumn Tpebyer 06006LLEHHOrO NMOAXOAQ,
BKAKOUAIOLLEr0 MPUMEHEHUE TEXHOAOTMUYECKO-
ro HacAeAOBaHMA NMPU GOPMUPOBAHUN TEXHO-
AOTMYECKMX MPOLIECCOB M3rotoBAEHMA. Mexa-
HUYECKMe CBOMCTBA MaTepuana 3ybuaTtoro Ko-
Aeca, Takne Kak TBEPAOCTb, MPEAEA TEKYUECTU
M MPOYHOCTU, OKA3bIBAIOT CYLLECTBEHHOE BAUSI-
HWE Ha ero KOHTAKTHYH BbIHOCAMBOCTb. Hanpu-
Mep, UCMOAb30BAHME BbICOKOMPOUHbIX CTaAel
C AervpyrowmnmMmmn AobaBkamu, NOBbILLALLMMUA
M3HOCOCTOMKOCTb, MO3BOASIET 3HAUYUTEABHO YBE-
AMUUTb CPOK CAYXObl nepepaun. OAHaAKO paxe
CaMbli BbICOKOKQUYECTBEHHbIM MaTepPUaAn He
rapaHTUpPyeT BbICOKOM HAAEXHOCTU, ECAU TEX-
HOAOTMUYECKUIN NPOLECC M3rOTOBAEHWUS BbIMOA-
HEH HEKOPPEKTHO. TEXHOAOTMUYECKUE aKTO-
Pbl, TAKME KakK KaueCcTBO MOBEPXHOCTU 3yObeB
(LLEPOXOBATOCTb, HAAUYME MUKPOTPELLIMH), TOY-

https://ipolytech.elpub.ru


https://ipolytech.elpub.ru

Be3basbiyHbii B.®., LLlexoBueBa E.B., LLlexoBueBa T.B. TEXHOAOMMYECKOE HACAEAOBAHUE MEXaHUYECKUX CBOMCTB Matepmaia...

Bezyazychnyi V.F., Shekhovtseva E.V., Shekhovtseva T.V. Inheritance of mechanical properties of a material during directed...

HOCTb 06paboTkM M Tepmuyeckas o0bpaboTka,
Takxe NpUMHUMNMAAbHO BaXHbI. LLlepoxoBatas
NOBEPXHOCTb CNocoHCTBYET BO3HUKHOBEHWIO
KOHLEHTPATOPOB HAMPS)XXEHUN, YCKOPAKOLLMX
npouecc paspyLieHnsa. HenpaBuAbHbIN BbIOOP
PEXMMOB TEPMOOOPAOOTKM MOXET MPUBECTU
K UBMEHEHUIO CTPYKTYPbl Matepuana U CHUXe-
HUIO €ero MexaHU4YeCKMX CBOMCTB. [103TOMY KOH-
TPOAb KauecTBa Ha BCeX aTanax NpPo1M3BOACTBA,
OT 3aroTOBKM A0 OKOHYATEAbHOM COOPKK, ABAS-
eTcs HeobxoAMMbIM ycAoBMEM obecneveHus
BbICOKOM KOHTAKTHOW BbIHOCAMBOCTMU.

MUcnbiTaHWA Ha pacTsXeHUs NPUMEHSIAUCH
AN UCCAEAOBAHMUSI MEXaHWMYECKUX CBOMCTB CTa-
Aern 16X3HBOMB-LLU, 20X3MBO-LU, 18X2H-
AMA n 12X2H4A-LU. UcnbiTaHKA NPOBOAUAMCH
Ha 3AEKTPOMEXaHMUYECKOM pPa3pbiBHOM 0060py-
poBaHUM dmpmbl Tinius Olsen mapku H100KU.
Mpouecc McnblITaHWA HayMHaEeTCa ¢ GUKCaLMK
LIMAMHAPUYECKOro obpasua B crneumanbHbIX 3a-
Xnmax. OAMH 3aXUM XECTKO COEAMHEH C OCHO-
BaHWEM MalLLUWHbI, @ APYron — C MOABUXHOM Tpa-
BEPCOW C AATUNMKOM. ABUXEHME TPaBEPChI BBEPX
OCYLLECTBASIETCS C KOHTPOAMPYEMOKW CKOPOCTbIO
He 6oree 20 MM/MUH. B xoae McnbiTaHMa npo-
rpaMMHoe obecneyeHrue HenpepbIBHO pPeru-
CTPUPYET Kak BEAUUNHY MPUAOXKEHHOM CUABI, TaK
N BEAMUUHY YAAMHEHUA 06pa3La. ATo NO3BOASIET
NOCTPOUTb AMArpamMmy «HanpsxxeHue - pedop-
Maums», KoTopas COAEPXMUT KAKOUYEBYHO UHOOP-
MaLMIO O MEXaHMYECKMX CBOMCTBAX MaTepmana.
AHanM3upyss 3Ty Anarpammy, OMPEAEASIOT OC-
HOBHbIE XapPaKTEPUCTUKM — NPEAEA MPOUYHOCTU
(0s), NPEAEN TEKYUECTH (0o 2) U APYTHE.

KOHTPOAb MEXaHUYECKMX CBOMCTB MaTepua-
Aa (Gs, Go2, 0, VW, E, Gny) C Harpyskoi 6onee 100

@8
2 metma o
M12x15 A ‘
2 mecma ] °3
\: - recma =
& ¢
i Ra0.4
7 —
] |
25+0.1
206
13 _14 3045 1.5x45°
2 packy
65 +1

H/MM? npoBoaMTCA Ha 06pasuax-CBUAETEAAX
(puc. 2) no NOCT 1497-2023* (npuroxeHue b,
mn V). UccrepoBaHUA MEXaHUYECKUX CBOMCTB
mMaTtepuana NpoOBOAUAMCH NMOCAE KaXAOMW ore-
pauun TEXHOAOIMYECKOro rnpouecca COrAacHo
CEPUMHBIM TEXHOAOTUSIM U3rOTOBAEHUST 3ybua-
TbIX KOAEC.

PE3YAbTATbl UCCAEAOBAHUA
N UX OBCY)KAEHUE

MpUMEHEHO MOAEAMPOBAHME AN @aHaAM3a
MEXaHUKU TEXHOAOTMUYECKOW HACAEACTBEHHO-
ctu (puc. 3) [20].

TexHOAOTUSi U3FOTOBAEHUA B COBOKYMHO-
CTU C YCAOBUSIMU 3KCNAyaTauMu NpeacTaBAe-
Ha Kak MOAyAbHasi MHOrodakropHasi cucTe-
Ma, TA€ Ha BXOAE - XapPaKTEPUCTUKK AeTanu
n ycnoBuA ee paboTbl (Matepuan, Harpyska,
TENAO), @ Ha BbIXOAE — XapaKTEPUCTUKKU FOTO-
BOW A€TaAM U 3KCMNAyaTaUMOHHble CBOWCTBA
(CTpyKTypa, MexaHW4YeCckne CBOMCTBa, NpPOu-
HOCTHblE MoKa3aTeAmn). TeXHOAOTMYECKHKE one-
pauMm MOAEAMPYIOTCS Kak npeobpal3oBaHue
BXOAHbIX N@paMeTPOB C Y4ETOM TEXHOAOTUYE-
CKMX GaKTOPOB (XMMUKO-TEpMUYECKaa obpa-
60TKa, CTPYKTypHOE CTpoeHue). Paboune yc-
AOBWSI MOAEAUPYIOTCA Kak npeobpa3oBaHue
BXOAHbIX N@apaMeTpPOB C yYETOM 3KCNAyaTaLm-
OHHbIX aKTopoB (pabouan cpepa, MEXaHU3M
HarpyXeHusa un T.A.).

MHoromepHass MOAEAb  AEMOHCTPUPYET
TECHYIO CBSA3b MEXAY MOBEPXHOCTHbIM CAOEM,
CEPALEBMHOM MaTepuana, MexaHUYEeCKUMMU
CBOMCTBAMM M YCTAAOCTHOM MPOYHOCTbIO pa-
60uMx NOBEPXHOCTEN. 3AECH KAKOUYEBYH POAb

UrpardT TEXHOAOIMYECKOE HaCAEAOBaHME MeE-

Puc. 2. [1ponopLmoHaAbHbIN UMAMHAPUYECKUI 00pa3eL-CBMAETENb: @ — 3CKM3 06pa3dLia; b - 06pa3eL-CBUAETEAD
Fig. 2. Proportional cylindrical witness sample: a - sample diagram; b - part-sample

4TOCT 1497-2023. MetanAbl. MeToabl UCTbITAHUIA Ha pacTsxeHue. Beea. 01.07.2024. M.: POCCHUICKMIA MHCTUTYT CTaHAApTH3a-

umu, 2024,
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Fig. 3. Model of technical inheritance mechanics

XaHMYECKMX CBOMCTB MaTtepuara U BeAUYMHA
HACAEACTBEHHOMO 3epHa OT 3aroTOBKM (LUTaM-
NMOBKW) AO FrOTOBOro 3ybuaTtoro koneca. 3apava
COCTOMUT B NOAYYEHUN ONTUMAABHOW CTPYKTYPBbI,
BKAKOUAIOLLEN MAACTUYHYHO CEPALIEBUHY, 0be-
CreynBatoLLy0 BSIBKOCTb, M TBEPAbBIA MOBEPX-
HOCTHbIW CAOW, rapaHTUPYHOLLMA BbICOKYH) U3-
HOCOCTOMKOCTb U COMPOTUBAEHUE KOHTAKTHbIM
HanpsHxeHUAM. TEXHOAOTUSI U3rOTOBAEHUS 3y6-
yaTblX KOAEC SAABASIETCA CAOXHbIM MPOLLECCOM,
6a3vpyOLWMMCA Ha MPUHUMNAX TEXHOAOTMYe-
CKOro HacAepoBaHWsl. MHOromepHasi MOAEAb
dbopMUpPYET NPEANOCHIAKA AAST HEOOXOAMMOCTH
KOAMYECTBEHHOW OLEHKN BAUSHUS KaXXAOW one-
pauuu TEXHOAOTMYECKOro npouecca Ha GpopMmu-
poBaHWe NOBEPXHOCTHOIO CAOSA U CEPALIEBUHDI,
a, CAeAOBaTENbHO, M Ha 3KCMAyaTaLMOHHbIE Na-
pamMeTpbl rOTOBOW AETAAW.

Mpu NPOEKTMPOBAHUM TEXHOAOTMUYECKOTO
npouecca BaXHEWLLY POAb UFPaEeT MeEXaHWKa
TEXHOAOTMYECKOr0 HaCAeAOBaHUA, MO3BOASAIO-
LLas CnporHo3MpoBaTb U3MEHEHWUE CTPYKTYpbI
1 CBOWCTB MaTeprana Ha KaxaoMm atane obpa-
60TKWU. YUeT HaCAEACTBEHHbIX CBA3EN MEXAY
CTPYKTYpOM MaTepuasa, pasmMepoM 3epHa u
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Puc. 3. Moaeab MeExaHWKM TEXHOAOTMYECKOM HACAEACTBEHHOCTH

MeXaHMYECKMMU CBOMCTBAMM Ha BCEX 3Tanax
NPOM3BOACTBaA peaAm3yeTcs vepesd Koadou-
LUMEHTbl TEXHOAOTMYECKOW HACAEACTBEHHOCTU
(Kee) [20] M CTPYKTYpHOM HACAEACTBEHHOCTM
(h?) [1], uTO COOTBETCTBYET MPUHLIMMAM TEXHO-
AOTMYECKOro HaCAeAOBaHUSA:

Ci
KCB = 1
Ci—l ( )

e Kes - KOIPOULMEHT TEXHONOTMUYECKOW Ha-
CAeACTBEHHOCTH; C; - 3HauyeHWe Ha TeKyllewn
onepaumu; Ci_y - 3HAYEHUE Ha MPEALLIECTBYHO-
LLIer onepaumm (MCXOAHOE COCTOSTHUE — NPYTOK):

2
Oi-1
h2 — 5 1 , (2)
Oi_1 T O]

rae h? - KO3pOULMEHT CTPYKTYPHOW HaCAEA-
CTBEHHOCTU; &2, — AMCNEPCUA Ha MpeALLe-
CTBYIOLLEN Onepauuu; oi - AMCNepcus Ha Te-
KyLLLEV onepauuu,

3HaueHne KoadouumeHta K, 6oAbLIE epn-
HUUbI YKa3blBaeT Ha YAydlLEHWE CBOWCTB (Ha-
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npumMep, yBEAUYEHUE MPOYHOCTM NOCAE TEPMMU-
yeckon 06paboTku), 3HAUYEeHWEe MeHblLle epn-
HULbI — Ha yXyAllEHWE (Hanpumep, CHUXEHUe
NAQCTUYHOCTM), @ PABHOE EAMHULE 3HauyeHue
CBUAETEALCTBYET 00 OTCYTCTBMM 3HAYMMbIX W3-
MeHEHUN. AHaAU3 KO3OPULMEHTOB HACAEAOBa-
HUSA AAS KAXXAOW onepaumm Nno3BOAAET UAEHTU-
druMpOoBaTh «y3KME MEeCTa» B TEXHOAOTMYECKOM
npouecce, rAe MNPOUCXOAMT Haubonee cylle-
CTBEHHOE YXYALLIEHWE CBOWMCTB Martepuana. 1o
NO3BOASIET LIEAEHANPABAEHHO KOPPEKTMPOBATb
napamMeTpbl TEXHOAOTMUYECKMX Onepaumn AAs
NOBbILLEHUSA KayecTBa rotToBoM AeTaAu. Hanpu-
Mep, €CAU NOCAe onepauun WAMGOBAHUA KO-
3OOUUMEHT HACAEAOBAHMUS TBEPAOCTU MEHbLLE
€AVHULbI, 3TO MOXET yKa3biBaTb Ha W30ObITOY-
HOe HarpeBaHWe MaTepuana, NPUBOASLLEE K
CHWXEHMIO TBEPAOCTU MOBEPXHOCTHOIO CAOSl.
B atom cayyae ontMMmmsaums napameTpoB LLAK-
$OBaHMA (CKOPOCTb BPaALLEHUSA, MoAaYa, OXAAX-
AEHUE) MOXET YAYULLNTb TBEPAOCTb U MOBbLICUTb
M3HOCOCTOMKOCTb AeTaAn. MAK, ecam nocae one-
pauun 3akanknm KOIOPUUMEHT HaCAeAOBaHUA
YAGPHOM BSIBKOCTU MEHbLUE €AWMHWULUbBI, MOXHO
nopobpaTh ONTUMAAbHbIA PEXUM TEPMUUYECKOM
06paboTKM AN MUHUMM3ALMK XPYNKOCTU Ma-
Tepuana. Kpome Toro, aHaam3 KOadPpUUMEHTOB
HAaCAEAOBaHMA MO3BOASIET OLEHWUTb BAMAHUE
Pa3AUYHbIX GAKTOPOB HA TEXHOAOTMUECKYHO Ha-
CAEACTBEHHOCTb, TaKMX Kak Tvn 060pyAOBaHMSA,
KBaAMPUKaALMA NepcoHana, TOYHOCTb HACTPOW-
KW NapameTpoB TEXHOAOTMYECKUX onepauumu, a
TakXe BapualMuM B CBOMCTBAX MCXOAHOMO Ma-
Teprana. Ato cnocobeTByeT pa3pabotke bonee
IPDEKTUBHBLIX U HAAEXKHbIX TEXHOAOTMYECKUX

Tabamua 1. CeolicTBO MaTteprana 18X2H4AMA
Table 1. Property of 18X2H4MA material

npoueccoB, obecneumBaroLLMx cTabUAbHOE Ka-
4eCTBO FOTOBOW MPOAYKLIMMN.

IKCNepUMEHTaAbHbIE  WCCAEAOBAHMA Na-
pameTpoB Mmatepuana 18X2H4AMA (taba. 1)
HarASIAHO AEMOHCTPUPYHOT BO3MOXHOCTU AAA
ONTUMU3ALMN TEXHOAOTUM MWITOTOBAEHMA 3yb-
yaTblX KOAEC HA OCHOBE MEXaHUKWM TEXHOAOIU-
YeCKoro HacAepoBaHUSA (Taba. 2).

Ha ocHOBe 3KCnepuUMEHTOB YCTaHOBAEHO,
YTO HaCAeAOBaHWE MEXaHWYEeCKUX CBOWCTB
mMatepuana (cnocobom MOAyYEHUA 3aroToB-
K1) 06paboTKOM AABAEHUEM C MOCAEAYHOLLEN
TepMUUYECKOM 06paboTKOM OTHOCUTEABHO CO-
PTOBOro MpokaTta C aHaAOrM4YHOM TepmMoobpa-
60TKOM XapaKTepmnsyeTcs NOAOXKMUTEAbHON TEH-
AEHLUMEN U COCTABAAET MO NPeAeAy NPOUYHOCTH
(os) NPUPOCT A0 6,2%, NO NPeAeAy TEKyYeCTH
(002) - A0 5,3%. MpopaboTka MeXaHUUYECKUX
CBOWCTB MaTtepuanoB Obina CAEAAHA C aKLEH-
TOM Ha CTPYKTYpHOE CTPOEHMe AETaAM, YTO MNo-
3BOAAET BoAee TOUHO OLUEHWTb BAUSIHWE pas-
AUYHbIX BUAOB 0O6PabOTKM Ha XapaKTePUCTUKK
KOHEYHOro nNpoAykTa. KoadpoduumeHT CTpyKTyp-
HOM HACAEACTBEHHOCTM BapbUPYyeTCsl OT HYAA
AO €AMHMUBI, TAe BOAEee BbICOKME 3HAYEHUSA
3TOro KoadoduUMEHTa yKa3biBalOT Ha bonee
BblpaXeHHblE CBOWCTBA HACAEACTBEHHOCTW.
9TO O3HayaeT, UTo YeM Bbllle 3HayeHue h?,
Tem 6oAblle BAMSIHWE TeKyllero atana obpa-
60TKM Ha KOHEUHblE MEXaHWUYECKUE CBOMCTBA
AeTanu (puc. 4-5).

Ha puc. 4 n 5 npuBeAeHbl CAEAYHOLLME COK-
paweHua: TO - tfepmuueckasa obpabotka; XTO
- XMMUKO-TepMmuyeckass obpaboTka; Y - yn-
POYHEHHbIN cAoK; C - cepaLeBUHa MaTepUana;

HaumeHoBaHue onepauuu MexaHuueckue cBOMCTBA
3arotoBUTEABHAS TepMuyeckas Go2, MMNa og, MMNa
MpyTOK CopTOBOM 1002,3 1166
MNokoBka - 1020,3 1181,9
LLItamnoBka 1032,2 1199,6
MpyTOK CopTOBOM 847,5 957
[okoBKa HOPMaAM3aLMS U BbICOKWUIA OTMYCK 897,3 1026,3
LLiItamnoBka 920,2 1045,6

Tabanua 2. KoaddUUMEHT HAaCAeAOBaHNS CBOMCTB MaTeprara 18X2H4AMA Ha 3aroToBUTEAbHOW onepaLmm
Table 2. Inheritance coefficient of 18X2H4MA material properties during blanking

HaumeHoBaHue onepauuu KoadpoduumneHt HacnepoBaHusA Keg no
3arotoBUTEABHAS TepMuyeckas Gop, MlMa og, MlNa
MpyTOK CopTOBOM 0,846 0,821
[okoBka HOPMaAn3aLmMs U BbICOKUIM OTNYCK 0,879 0,868
LLItamnoBka 0,891 0,872
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Puc. 4. PacripesereHne K0appuuUMeHTa CTPYKTYPHOIO HAaCAEAOBaHHS NPEAEAa TEKYUECTH
Fig. 4. Distribution of the yield strength structural inheritance coefficient
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Puc. 5. PacnipeaereHne kKoap@uLmeHTa CTPYKTYPHOIO HacAeA0BaHUs MpeAeAa MPoYHOCTH
Fig. 5. Distribution of the tensile strength structural inheritance coefficient

HLU, - HuTpouemeHTauus; MA - MOHHOE a30Tu-
poBaHue.

AHann3 KoadpPULUMEHTA CTPYKTYPHOM HACAEA-
CTBEHHOCTU AOKa3aA HaAMuue HanpaBAEHHOro
dbopMUpOBaHUA MOAE3HbIX KayecTB MaTepwua-
A NPU TakUx onepaumsix, Kak TepmMuyeckas M
XMMWKO-TEpMUUecKkas obpabotka. Hanpumep,
MPUPOCT KOAUYECTBEHHOTO NOKa3aTeAsi M0 KO3G-
OUUMEHTY CTPYKTYPHOW HACAEACTBEHHOCTM MO-
cAe XTO OTHOCUTEABHO onepaumn LWANGOBaHUSA
No YNPOYHEHHOMY CAOKD COCTaBASIET MO NpeAe-
AY MPOYHOCTU (G;) HE MeHee 49%, No nNpeaeny
TEKYYECTU (Op2) — HE MeHee 68%. N3meHeHns
KOPPULMEHTA CTPYKTYPHOM HACAEACTBEHHOCTH
nocae XTO OTHOCUTEABHO TEPMUYECKON omnepa-
UMW MO CePALEBMHE MO MPEAEAY NMPOYHOCTU U
npeaeny Tekyyectu He npesblwator 10%. Mexa-
HMuyeckasa 06paboTka He BHOCUT BKAGAA B MeXa-
HUYECKNE XapaKTEPUCTUKU MaTepuana.
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3AKANHOYEHUE

Pa3paboTaHHass MHOroMmepHasi MOAEAb Me-
XaHWKM TEXHOAOTMYECKOM HACAEACTBEHHOCTU
MEXaHUYECKMX CBOMCTB MaTepPMana XU3HEHHO-
ro npouecca 3ybuyator nepepaym apryMeHTnpy-
€T BO3MOXHOCTb yrnpaBAEHUA MEXaHUUYECKUMMU
CBOMCTBAMM mMarepuana, rno3BOAAA Y4YeCTb
napameTpbl MOBEPXHOCTHOIO CAOA U CepALe-
BMHbI MaTepUana UCXOAA M3 TEXHOAOTMUYECKOM
HaCAEACTBEHHOCTU U3TOTOBAEHUA AETAAM.

JAKCnepnUMeHTaAbHO AOKa3aHO, UTO KOAUYE-
CTBEHHbIE MPU3HAKKU GOPMUPYHOTCA B NMPOLIEC-
Ceé U3roTOBAEHMUSI Ha OCHOBE TEXHOAOIMYECKOM
N CTPYKTYPHOW HACAEACTBEHHOCTWU, OTTAaAKMBaA-
ACb OT GaKTOPOB TEXHOAOTUU. CTENEHb BAUSHUSA
TEXHOAOTMM Ha HaCAeAOBaHWE pa3HblX CBOMCTB
HEOAMHaKOoBa.

AMMNUPUYECKHU YCTAHOBAEHO M3MEHEHUE
KO3dOULUMEHTA CTPYKTYPHOM HACAEACTBEH-
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HOCTM MexaHWMYeCKUX CBOWCTB Martepuana AU - bonee 30% nokaszatenss OTHOCUTEAbHO
rotToBOoro 3ybuyatoro KoAeca, KOTOPOE€ CO- COCTOSIHWSI MOCTaBKW MPW HaubOAbLUEM BAU-
CTaBASIET AAS YNIPOUYHEHHOIO MOBEPXHOCTHO- SAHWUU TEPMUUYECKON U XUMUKO-TEPMUUYECKOM
ro cnofl 6onee 50%; AAA CepALEBUHBI AeTa- 00paboTKK.
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BAMSAHME NapaMeTpoB PEBEPCUBHOI0 BbirnaXXUBaHUSA
Ha NoKa3aTeAb XXECTKOCTU CXeMbl HaNPA)XEHHOro COCTOAHUA

Xbly Xait Hryen'~, CemeH A3nkoBuu 3anaec?

10¢unuepckoe yunaniie BoeHHo-Bo3ayLHbIX CuA, Ha4YaHr, BeeTHam
2UPpKYTCKUI HaLMOHaAbHbIM UCCAEAOBATEAbCKMI TEXHUUECKUI YHUBEPCUTET, MpKyTCK, Poccusi

Pe3tome. Lienbto paHHOM paboTbl ABAAETCS YCTAHOBAEHUE BAMSIHUA NapaMeTpoB PEBEPCUBHOIO BbirAaXWBaHMSA
Ha nokasaTeAb XECTKOCTU CXeMbl HaMpPsXXeHHOIo COCTOAHWUS U ONPEAEAEHUE PaLMOHAABHBIX MapaMeTpPoB YNPOUHS-
tolero npouecca. B nccaepoBaHUAX UCMOAB30BAHO nporpaMmmHoe obecneveHne SOLIDWORKS 2019 (aaa 3D-npo-
EKTUPOBaHMS) U METOA KOHEUHbIX SAEMEHTOB Ha OCHOBE KoMMbtoTepHOM Nporpammbl ANSYS Workbench 19.1 (ans
NMOCTPOEHUSA MaTeMaTUUYECKON MOAEAM). AN PELLEHUA 3aAauM MO MOAYUYEHUIO HAMAYULLErOo 3HAYEeHWUs NnokasaTenst
KECTKOCTU CXEMbI HaNPS>)XEHHOTO COCTOSIHUS YNPOYHEHHbIX AETanel PeBEPCUBHBIM BbIFA@XWBaAHUEM UCMOAb30OBaHa
KoMMbloTepHas nporpamma Microsoft Visual Studio 2012 nytem nporpaMmmMmrMpoBaHus Ha 3blike Python ¢ BbIABAEHM-
€M pauMOHaAbHbIX NapamMeTpPoOB PEBEPCUBHONO BbirAaXuBaHuA. ONpeaeneHO BAUSHWME OCHOBHbIX TEXHOAOTMYECKUX
napameTpoB PEBEPCUBHOIO BbirAaXMBaHWA Ha GOPMUPOBAHME MAaKCMMaAbHOM MHTEHCUBHOCTM BPEMEHHbIX Hanps-
XEHUIN M NoKa3aTensl XECTKOCTM CXeMbl BPEMEHHbIX HaMpPsXeHWUM yNpoYHEHHbIX AeTanei. o pesyabtatam cratu-
CTUYEecKor 06paboTKM MOAYYEHHbIX AAHHbIX YCTAHOBAEHbI paLMOHaAbHbIE PEXMMbI YNPOYHEHMA, obecneunBatoLime
bopMMpOBaHNE MaKCUMaAbHO BO3MOXHOMO NMOKa3aTensi XECTKOCTU CXeMbl HAaMPSXEHHOIO COCTOSIHUA B o4are Aedop-
MaLMKU: BEAUUYMHA NPOAOABHON Nopaun B ananasoHe 0,07 -0,08 mm/06; yactota BpalleHUs 3aroToBKM B AManasoHe
280-300 06/MWH; BEAMUMHA paAMaAAbHOTO HaTara B AManadoHe 0,25-0,28 MM; HayaAbHOM YrOA YCTAHOBKM pabo-
yero MHCTpymeHTa 90° aMNAUTYAa YrAa PEBEPCUBHOMO BPaLLEHUs pabouero MHCTPYMEHTa B AManasoHe +55-60°
peBepcHBHasi YacToTa BpalleHWsa paboyero MHCTpyMeHTa B AnanasoHe 270-300 AB.x0A/MUH. MOAyYEHHbIE paumo-
HaAbHbIE PEXWUMbl YNPOYHEHWUSI PEBEPCUBHbBIM BbIFA@XMBaHWEM NO3BOAAIOT AOCTUUb MaKCMMaAbHO BO3MOXHOW Bbl-
COKOW XECTKOCTU CXEMbI HAMPSHKEHWIM, UTO MPUBOANT K YAYULLEHWUIO MEXaHUUYECKUX XapaKTePUCTUK 0bpabaTbiBaeMbixX
AeTanei. AanbHeENLINE NCCAEAOBAHMA MOTYT ObiTb HaNpPaBAEHbl Ha YTOYHEHWE MATEMATUYECKUX MOAEAEN, OMUCHIBa-
FOLLMX MPOLLECC PEBEPCUMBHOIO BbIrA@XMBaHWSA, a TakXXe Ha NPOBEAEHME SKCMEPUMEHTAAbHbIX Pab0oT AN BbISBAEHUS
ONTUMAAbHbIX PEXUMOB 00pabOTKM Pa3AUUHbIX MATEPUANOB.

KaroueBbie caoBa: HanpsXeHHO-AePOPMUPOBAHHOE COCTOSIHWE, KOHEYHO-3IAEMEHTHOE MOAEAMPOBaHWE, PeEBEP-
CMBHOE BbIrAaXunBaHWe, NMokasaTeAb XXECKOCTU CXEMbl HANPSXEHHOr0 COCTOSIHUS, CTaTUCTUUYecKan obpaboTka

Ana untupoBaHua: HryeH Xbly Xan, 3anaec C.A. BAMAHWE NnapaMeTpoB PpeBEPCUBHOIO BbIrAaXMBaHWUS Ha NOKa3a-
TEAb XXECTKOCTM CXEMbl HanNpPsHXXEHHOro coctosiHms // iPolytech Journal. 2025.T. 29. Ne 2. C. 170-183. https://doi.org/
10.21285/1814-3520-2025-2-170-183. EDN: GLGGYX.
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Influence of reversible smoothing parameters on the
stiffness indicator of the stress state scheme

Huu Hai Nguyen~, Semen A. Zaides?

1Air Force Officer College, Nha Trang, Viet Nam
?Irkutsk National Research Technical University, Irkutsk, Russia

Abstract. The aim of this work is to determine the influence of reversible smoothing parameters on the stiffness
index of the stress state scheme and to identify rational parameters for the strengthening process. The research was
carried out using the software SOLIDWORKS 2019 (for 3D design) and the finite element method based on the com-
puter program ANSYS Workbench 19.1 (for construction of the mathematical model). In order to obtain the optimal
value of the stiffness index for the stress state scheme of parts reinforced by reversible smoothing, the Microsoft
Visual Studio 2012 computer program was used, with programming in Python to identify rational parameters for
reversible smoothing. The influence of the main technological parameters of reversible smoothing on the formation
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of the maximum residual stress intensity and the stiffness index of the residual stress scheme in strengthened parts
was determined. On the basis of the statistical analysis of the obtained data, rational strengthening modes have
been established, which ensure the formation of the maximum possible stiffness index of the stress state scheme
in the deformation zone: the longitudinal feed rate in the range of 0.07-0.08 mm/rev; the rotation frequency of the
blank in the range of 280-300 rpm; the radial stress value in the range of 0.25-0.28 mm; the initial setting angle of
the working tool at 90°; the amplitude of the reversible rotation angle of the working tool in the range of +55°-+60°
and the reversible rotation frequency of the working tool in the range of 270-300 double pass per min. The rational
reinforcement modes obtained by reversible smoothing make it possible to achieve the maximum possible high
rigidity of the stress scheme, resulting in improved mechanical properties of the machined parts. Future research
could be directed towards refining the mathematical models describing the reversible smoothing process and carry-
ing out experimental work to identify the optimum machining modes for different materials.

Keywords: stress-strain state, finite element modeling, reverse burnishing, rigidity index of the stress-strain
state diagram, statistical processing

For citation: Nguyen Huu Hai, Zaides S.A. Influence of reversible smoothing parameters on the stiffness indica-
tor of the stress state scheme. iPolytech Journal. 2025;29(2):170-183. (In Russ.). https://doi.org/10.21285/1814-
3520-2025-2-170-183. EDN: GLGGYX.

BBEAEHUE

UnAMHAPUYECKME AETAAU LLUMPOKO MPUMEHSAIOTCHA B Pa3AMYHbBIX OTPACASX MPOMBbILWAEHHOCTH,
BKAIOYASA MalLMHOCTPOEHWE, aBUALMIO, aBTOMOOUABHYIO M HepTeraszoByto MHAYCTPUIO. OHU UC-
NOAb3YIOTCSl B KQUECTBE BaAOB, OCEMN, BTYAOK, LMAMHAPOB U APYTMX SAEMEHTOB, 0becneymnBatoLLmx
nepeaaydy pasaMuHbIX ABUKEHUI, Harpy30K B MallMHax 1 MexaHu3Max. HapeXHOCTb TakuxX AeTanen
BO MHOIOM 3aBMWCHT OT COCTOSIHMA MX paboumnx NOBEPXHOCTEN, MOABEPratOLLMXCA 3HAUNTEABHbIM
Harpy3kam B npouecce akcnayataumm. OTkasbl LMAMHAPUYECKUX AETAAEN Yallle BCEro CBA3aHbl C
M3HOCOM, YCTaAOCTHbIM pa3spyLleHUEM, KOPPO3UEN U NMOBPEXAEHUAMU BCAEACTBUE MEPErpy30K
[1, 2]. B coBpeMeHHOM MaLIMHOCTPOEHUN U METAANO00BOPabOTKE BaxHOE 3HAYEHWE UMEET NOBbI-
LUEHME MEXaHMUYECKMX CBOMCTB AETAAEW, B YACTHOCTU UX CTaTUUECKOM U YCTAAOCTHOM MPOYHOCTH
[3-5]. OAHMM 13 3PDEKTUBHBIX METOAOB YNPOUYHEHUS U YAYULLEHUSA XapaKTeEPUCTUK NMOBEPXHOCT-
HOrO CAOS1 ABASIETCA MOBEPXHOCTHOE NAacTuueckoe pedopmuposanme (MMA) [6-8].

MexaHMuyecKre CBOMCTBA MOBEPXHOCTHOMO CAOSI OKA3bIBAOT Pa3HOE BAUSHME Ha NOTPebUTeAb-
CKMEe CBOWCTBaA U3AeAWi. Tak, AeTaAu, paboTtatolime B MallMHax U MexaHM3Max, AOAKHbI 06AapaTb
OnpeAeNeHHOW TBEPAOCTbIO, MPOYHOCTbIO, KOHTAKTHOW BbIHOCAMBOCTBIO. HaAMune naacTMyeckom
AedopmMaLmm NPU IKCNAyaTaummn KpamHe HEAOMYCTUMO, Tak Kak OHa MPUBOAUT K HeobpaTumomy
M3MeHeHU0 GOPMbl AETAAEN, KOTOPOE MOXET NPUBECTU K NOBPEXAEHUIO AU PA3PYLLUEHUIO KOH-
CTPYKLIMNA.

B 10 Xe Bpems, Koraa M3 3TOro xe Metanna 06pabatbiBatOT 3aroToBKY, TO Ha MeEPBbIM MAAH
BbIXOAMT MAQCTUYHOCTb METaAAa, KOTOpas NO3BOASIET MOAYYUTb HEOOXOAUMYHO GOPMY U3AEAUS NPU
06paboTke AaBAEHUEM MAM CHU3WUTb IHEPrETUUYECKUE 3aTPaTbl U UBHOC MHCTPYMEHTa Npu 06pabor-
Ke MeTaAAOB pe3aHUeM.

MeTaAAbl C BbICOKOM NMAACTUYHOCTBLIO Ayylle MOAAQHOTCS NMOBEPXHOCTHOMY NAACTUYECKOMY Ae-
GOPMUPOBAHUIO, TaK KaK CNocOobHbl NMpeTepneBaTh 3HAYUTEAbHbIE MAACTMUYECKME AedopMaLmn
6e3 paspyweHust. MeTaaAbl ¢ AOCTAaTOYHOW NAACTUUHOCTBEO CNOCOOHbBI AEPOPMMUPOBATLCH MOA Ha-
rPY3KOW, UTO NO3BOASIET CrA@XMBaTb MMKPOHEPOBHOCTU U AedEeKTbl HA MOBEPXHOCTU. ITO CHUXAET
KOHLIEHTPALIMIO HAaNpPsXXeHU U yMeHbLUAET BEPOATHOCTb 06pa30BaHUA TPELLMH U APYTMX 04YaroB
pa3pyweHuns. NAacTMYHOCTb CNocoBCTBYET TOMY, YTO MPU BO3SAEMCTBMM BHELUHUX HArpy3ok, Ha-
npumep, yAapoB MAW TPEHWUS, METAAA He paspyllaeTca cpady, a CHadyana pedopmupyerca. 310
NO3BOASIET AETAASIM MalLWH BbIAEPXMBATb 3HAUMTEABHBIE MEXaHUYECKUE Harpy3kn 6e3 KatacTpo-
durUecKmx NocAeACcTBUI. Mpr NAacTuueckon aedopmalmm MeTasibl MOryT cnocobctBoBaTb obpa-
30BaHUIO TOHKMX OKUCHbBIX MAW 3aLLMUTHBIX CAOEB, NPENSTCTBYHOLUMX KOPPO3UK U U3Hocy [9, 10].

AAA OUEHKM MAACTMUYECKOTO COCTOSIHMSA HarpyXXeHHOro Tena HaumboAblLee pacnpocTpaHeHue
MOAYYMA NOKa3aTeAb XECTKOCTU CXEMbl HANPAXEHHOr0 COCTOAHUSA, MO KOTOPOMY MOXHO OLEHUTb
BAMSAIHWE HaMNpPsXeHWN 1 CTPYKTYPHble U3MeHeHUs B matepuane [11, 12].

Msarkue cxembl, T.. HA3KOE 3HaUYEeHWE NOKa3aTENS] XXECTKOCTU CxeMbl (06bEMHOE CXaTue, Bce-
CTOPOHHEE CXaTue, TMAPOCTaTUYECKOE AABAEHUE) — MOBbILWAKT NAACTUYHOCTb METAAAOB, TaK KaK
npensaTcTBytOT 06pa3oBaHMIO U PA3BUTUIO MUKPOTPELLMH.
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XecTkue cxembl (BbICOKMW MOKa3aTeAb XECTKOCTU, OAHOOCHOE pacTsXXEHUE, CAOXKHOE Hanps-
XEHHOE COCTOSIHWE C BbICOKMMMW KacaTeAbHbIMW HaMNPsXEeHUAMMU) — yMeHbLUIAoT MAaCTUYHOCTb,
YCKOPSISi AOKaAM3aLMio oebopmMaLim 1 3apOXAEHKE TpelunH [11].

[NoBepPXHOCTHOE NAacTUUYecKoe AedOpMHUPOBaHME MOXET NOBbILWATb MAACTUUYHOCTb 3@ CUET U3-
MeAbUYEHUSA 3ePEH B NOBEPXHOCTHOM CAOE (3PDEKT AMHAMUYECKOW peKkpucTaransaumn) [13].

OAHaKo TpaanUMOHHBbIE MeToAbl MTTA UMerT paA HEAOCTATKOB, KOTOPbIE MOTYT CHUXaTb 3¢-
$EKTUBHOCTb 0O6PaboTKM M NPUBOAUTD K AedEKTaM Ha NOBEPXHOCTU U3AEAUI. AN NOBbILLIEHUSA
apoektuBHoctn MMA HEOOXOAMMO MPUMEHSATb COBPEMEHHbLIE TEXHOAOTUW MOAEAMPOBAHMSA,
aAaNTUBHbIE CUCTEMbI YNPABAEHUSA, U3BHOCOCTOMKME UHCTPYMEHTbI U KOMOWHUPOBAHHbIE METO-
Abl 06paboTKK. B MpKyTCKOM HaUMOHAAbHOM MCCAEAOBATEAbCKOM TEXHWMUYECKOM YHUBEPCUTETE
pa3pabotaH HoBbIM cnocob TMMA Ha OCHOBE PEBEPCUBHOMO BbIrAAXWUBAHUA NMOBEPXHOCTHOIO
CAOSI TOPOMAAAbHBIM POAMKOM [14]. B npoBeAEHHbIX MCCAepOBaHUAX [15, 16] ycTaHOBAEHO, UTO
pa3paboTaHHbI cnocob yNnpPOUYHEHUSA NMPUBOAUT K GOPMMPOBAHUKD TOHKOrO MOBEPXHOCTHOIO
CAOSl C BECbMaA MaAbiMW pa3MepamMu 3epPeHHON CTPYKTYpbl MaTepuana, a TakXe YBEAUUYEHUIO
BPEMEHHbIX HaMNPsXXeHWU cXaTusl, 0COOEHHO B MPUNOBEPXHOCTHOM 30HE. 3T U3MEHEHMUS MO-
AOXMWTEABHO CKa3blBatOTCH HA CHUXEHUWU PUCKa YCTAaAOCTHOIO pa3pyLUeHUsA U MPOAAEHUN CPOKa
CAYXObl MALLWHHbIX AETAAEN.

LleAb nccanep0BaHMS 3aKAOY@ETCA B @aHaAU3e BAUSIHUS NapaMeTpoB PEBEPCUBHOMO BbIMAAXMK-
BaHWA Ha MoKa3aTeAb XECTKOCTU CXeMbl HaNPsSXXEHHOr0 COCTOSHMUS U ONPEAEAEHUN MOAYUYEHHbIX
AQHHBIX MO pe3yAbTataM CTaTUCTMUECKOM 06paboTKM paLMOHaAbHbIX NApPaMETPOB YNPOUHSIOLLETO
npouecca, obecneunBatoLLMx GOPMUPOBAHME MAKCMMAAbHO BO3MOXHOMO NoKa3aTeAst XXECTKOCTU
HanNpPsXXeHHOro COCTOAHUA B ovare poebopmaumu.

CNnocob PEBEPCUBHOI0O BbIrNAXKXUBAHUA

Ha puc. 1 npeacTtaBAeHa CxemMa PEBEPCUMBHOMO BbIFAAXMBAHUA LUMAMHAPUYECKUX AETANEW,
BKAIOUYAlOLLAs reoMeTputo pabouero poAnka M KOHEYHO-INAEMEHTHOE MOAEAMPOBaHME npouecca
Aedopmaumu.

<
’r‘\A\\

U .

"
|
a b c d

Puc. 1. lpuHUMnnarbHas CxemMa PEeBEePCHMBHOMO BbirA@XMBaHMS POAMKOM C ABYMS paAuycamu (a), cxema peBEPCUBHOMO
BpaLLaTeAbHOro ABWXEHMSI pabouero MHCTpyMeHTa (b), KoH@urypaums paboyero poAnka () U KOHEUHO-IAEMEHTHAS MOAEAb
npouecca aepopmavmu (d) [15]: 1 - TpeXKyAauKoBbIN NaTpoH; 2 - 3aAHsAA babka; 3 - 3arotoBka; 4 — pabounii UHCTPYMEHT
Fig. 1. Schematic diagram of reverse burnishing with a two radii roller (a), diagram of reversible rotary motion of the working
tool (b), working roller configuration (c), finite element model of the deformation process (d) [15]: 1 - three-jaw chuck; 2 -
tailstock; 3 - workpiece; 4 - working tool

Cnocob peBepCUBHOIO BbIAXMBAHUSA — 3TO CNOCOH MexaHUYeCKon 06paboTKN MOBEPXHOCTH,
NPU KOTOPOM BbIFA@XUBAOLLMKN MHCTPYMEHT C PEBEPCUBHBIM KPYrOBbIM ABUXEHWEM Nepemella-
€TCsl BAOAb 3aroTOBKM C HEKOTOPOW BEAMYMHOW MPOAOABHOM NOAauuM. STOT NPOLECC OCHOBAH Ha
NAACTUUYECKON AedopMaLMM NMOBEPXHOCTHOIO CAOSI AETAAU C LEAbIHO YMEHbLLIEHUA MUKPOHEPOB-
HOCTEM M MOBbILLIEHUS MUKPOTBEPAOCTU. B KauectBe pabouero nHctpymeHTta (PU) ncnonb3oBaH
ABYXPaAUYCHbIN POAUK C BbICOKOM TBEPAOCTHIO.

CornaCcHO npeacTaBAEHHOM TEXHOAOTMUYECKOM cxeme (CM. puc. 1 a), KuHemaTuMka npouecca
OnpeAensieTca CAeAYHOLLMMKU NapaMmeTpamMmn: CKOPOCTbIO BPaLLLEHUA 3aroTOBKKM (N;), NPOAOAbHOM
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nopaven pabouero MHCTpymMeHTa (Syp), aMNAUTYAOM YTAOBOTO PEBEPCMBHOIO BpallleHWs paboye-
ro MHCTPYMeEHTa (0p), HAYaAbHbIMW YTAOM €ro yCTaHOBKM (C,) M YaCTOTOWM PEBEPCUBHOIO Bpalle-
HUA (Np).

PE3YAbTATbl KOMINbOTEPHOIO MOAEAUPOBAHUA

PacueT HanpsXeHHOro COCTOAHUS SIBASIETCS BaXHEWLLEN 3apadver NpU NPOEKTUPOBAHUN KOH-
CTPYKLMM, NO3BOAASA OLUEHUBATb UX HAAEXHOCTb M 6€30MacHOCTb. METOA KOHEUHbIX SAEMEHTOB
(MK3) BblpaeAsieTcs CBOEW YHUBEPCAABHOCTBIO CPEAM PA3AMUHbIX MOAXOAOB K pacyeTam. Ero cytb
COCTOMT B PA3AEAEHUN CAOXHOM KOHCTPYKLMWU Ha HEDOAbLLME YaCTW, Ha3blBAEMble€ KOHEUYHbIMMU
INEMEHTAMMU, AN KOTOPbIX HAXOASITCA PEeLleHMs YNPOLLEHHbIX ypaBHEHUW paBHoBecus. OAHUM
13 Hanbonee 3dPEKTUBHbBIX MHCTPYMEHTOB, MPUMEHSAEMbIX AAST peaamnsaunn MK3, cuntaercs npo-
rpamma Ansys [17-19]. MeToaMKa AASE MPOBEAEHWUSA KOMMBIOTEPHOIO MOAEAMPOBAHKUA MpoLlecca
PEBEPCUBHOMO BbIrAaXWBaHWUA NpeaAcTaBAeHa B pabote [15].

AAS aHaAM3a HaMpPsXXEeHHOro COCTOAHUA B Pa3AMYHbIX yYacTKax LUMAMHAPMYECKOro obpasua, ¢
YUETOM OCHOBHbIX KOMMOHEHT TEH30pa HaNpPsiXeHui, bbina paccunTaHa UHTEHCUBHOCTb BPEMEH-
HbIX HanpPsXXeHun [15]:

1
o = 5[0 = o) 2+ (o — o) 2+ (o — o) 2], (1)

rae oﬁp, cfp, cfpp - FA@BHbl€ KOMMOHEHTbI BPEMEHHbIX HAaMPSAXeHUN B ULMAMHAPUUYECKOW CUCTEME
KOOpAMHaAT.

B 60AbLLUMHCTBE MCCAEAOBAHUIM paccMaTpPUBAETCA TUM HAaNPSXXEHHOIO COCTOSAHMSA, KOTOPbIN Xa-
paKTepu3yeTCca NoKasaTteneM XECTKOCTU CXEMbl HaMpPsAXeHHOro coctosaHna no B.A. Koamoroposy
B BuAe [19]:

2 GZP+ o,‘ip +0pr
HBp = § . (2)
J(G;P _ o-fpp) 2 + (U(Bpp _ o.?P) 2 + (O':P _ O.EP) 2

3HaK nokasareAs XXeCTKOCTU CXeMbl HaMNPSAXXEHHOIo COCTOAHUSA UrpaeT BaXKHY0 POAb B MEXaHU-
Ke AePOPMMPYEMOTro TBEPAOIO TeAa U TEOPUU MPOYHOCTU. OH XapaKTepusyeT TUM HanpsaXXeHHOro
COCTOSIHMA B MaTtepuane, Onpepensisi ero CKAOHHOCTb K XPYNKOMY MAW MAACTUYECKOMY paspyLue-
HUIO [20-22]. MpK NOAOXKUTEABHBIX 3HAUEHUAX KO3ddMUMeEHTa [ ykasbiBaeT Ha npeobrapaHue
OAHOOCHOIO MAM 0OBbEMHOrO pacTaXeHus. B 3ToM cayuae matepuan pas3pyLliaeTca No MexaHu3my
XPYNKOro paspyLleHus, Npu oTpULAaTeAbHbIX 3HaKax COOTBETCTBYET CXATUIO AU OOBEMHOMY CXa-
TUIO, UTO CNOCOBCTBYET MAACTUUYECKOMY TEUEHUIO MaTepuana [22].

UccaepyeM, Kak KAKOUEBBIE NapamMeTpbl npouecca peBepCMBHOFO BbIFA@XUBaHWS BO3AEMUCTBY-
0T HAa MAKCUMaAbHYHO MHTEHCUBHOCTb BpeMeHHbIX HanNPsXXeHWw (o ( P), a Takxe Ha coctaBAstoLLME
TEH30pa BPEMEHHbIX HANPSXXEHUN (o Zp, orp, c P) u nokasatenb XECTKOCTH CXeMbl HaMPsXXeHHOro
coctosHmA (1) B ynpOYHEHHOM CAOE.

Ha puc. 2 nokaszaHO BO3AENCTBME KAKOYEBBIX NapamMeTpoB TEXHOAOTMU PEBEPCUBHOIO BbIrAa-
XWBaHUA Ha OCHOBHbIE COCTaBASIOLLME TEH30PA NPEAEAbHbIX BPEMEHHbIX HAaNPSXXEHUMN.

AHaAM3 AaHHbIX, MPEACTaBAEHHbIX Ha PUC. 2, AEMOHCTPUPYET, UTO YBEAUUYEHUE TEXHOAOTMUYE-
CKMX MapamMeTpoB PEBEPCUBHOIO BbIFA@XUBaHWS Bbi3blBAET HEPABHOMEPHbIM POCT U CHUXEHME
OCHOBHbIX KOMMOHEHT TEH30pa MaKCMMaAbHbIX HaNpPsXeHW BO BpeMeHU. Hanpumep, yBeanue-
HWEe paAMaAbHOrO HaTAra nepBOHaYaAbHO CNOCOOCTBYET POCTY MaBHbIX KOMMOHEHTOB Hamnpsixe-
HUK (CM. puc. 2 a). OpAHaKo Npu YyBEAUYEHUN PaAAMAABHOIO HaTAra A0 ONPEAEAEHHOro npeaena
HaOAKOAQETCS CHUXEHWE TAABHbIX KOMMOHEHTOB HAMPsXXeHUI. ITO 06bACHAETCS TEM, YTO NPU AO-
CTUXXEHUU KPUTUUECKOTo 3HAYEHUA HaTara NPOUCXOAUT NepeHanpsxxeHue 1 nepepacrnpesereHme
HanpsXeHu Braybb Matepunana, Nnpu 3ToM Matepman HaumMHaeT AEMOHCTPUPOBaATb 3GDEKT MAACTH-
yeckoun penakcaumm [23].
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Puc. 2. Bo3aeicTBue KAOYEBbIX MapaMeTpoB MpoLecca PeBEPCUBHOMO BbirAaXMBaHMA Ha OCHOBHbIE COCTaBASAIOLLME TEH30pa
NPeAeNbHbIX BDEMEHHBIX HAMpsKeHni: @ — t; b — Sy € = Ny d = oty € = O F = 1

Fig. 2. Effect of key parameters of reverse burnishing on the main components of the ultimate temporary stress tensor: a - t;
b-SwCc-ngd-o,e-0oyf-n,

Ha puc. 3 npeacTaBAeHa 3aBUCUMOCTb MakKCUMaAbHON MHTEHCUBHOCTU BPEMEHHbIX Hanpsxe-
HWUI OT KAOUEBbIX TEXHOAOTMUECKMX NMapaMeTpoB, MOAYYEHHas nocae 06paboTKu LMAMHAPUYECKON
AETaAU METOAOM PEBEPCUBHOMO BbIrA@XMBaHUA.
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Puc. 3. [paduky M3MEHEHUS] NMPEAEAbHBIX BPEMEHHbIX HaNPSXeHWH B 3aBMCMMOCTM OT OCHOBHbIX PEXMMOB 00paboTKK npu
YNPOUHEHUM LIMAMHADPHMYECKUX A€TaAEM CTOCOOOM PEBEPCUBHOIO BbirAaXuBaHus: @ - t; b - Sy € = Ny d = Oy € = O F= 1,
Fig. 3. Graphs of changes in ultimate temporary stresses depending on the main processing modes when cylindrical part
hardening by reverse burnishing:a - t; b - Spp; ¢ - ng; d - o € - o, £ = np

Pe3yAbTathl, NPEACTABAEHHbIE HA pUC. 3, AEMOHCTPUPYHOT, YTO NPWU BapbMPOBaAHUKU PAAMAAbHO-
ro Hatara B uHtepBane 0,075-0,275 mm, yactoTbl BpalleHus 3arotoBku ot 60 Ao 300 06/MUH K
peBEPCUBHOM YacToTbl BpalleHua PU B anana3oHe 60-300 AB.Xx0A/MWH BEAMYMHA MaKCUMaAb-
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HbIX HANPs)XeHW Bo3pacTaeT Ha 7% (¢ 21 Ao 28%). YcTaHOBAEHHAsi 3aKOHOMEPHOCTb 00YCAOBAEHA
YBEAMYEHUEM KOHTAKTHOIO AABAEHUSA B 30HE MHCTPYMEHT-3aroToBKa Mnpuv NoBbILLEHWM PAAMAABHOTO
HaTara. 3JTO BbI3bIBAET POCT HAMPSXEHUA B MaTepuane 3arotoBki, 0cobeHHO B 30HE KOHTaKTa. B
pe3yAbTaTte MakCUMaAbHblE HANpsXeHUs yBeAnymBatotcs. C yBeAMYeHWEM YaCTOTbl BPaLLEHUS 3a-
rOTOBKM BO3PACTatOT LIEHTPOOEXHbIE CUAbI U MIHEPLIMOHHbIE HArpy3Kku. ATO MOXET NPUBECTU K YBEAU-
YEHUIO HanpsXeHu B mateprane. PeBepCUBHOE BpaLLEHUE (MEPUOANYECKAs CMEeHa HanpaBAEHUSA
BpaALLLEHMS) CO3AAET AOMOAHUTEAbHbIE LIMKAMYECKME Harpy3kuM Ha martepuan. 3T0 MOXET Bbl3BaTb
YCTAAOCTHbIE HAMNPSXXEHUSA U YBEAUUUTb UHTEHCUBHOCTb MAKCUMAaAbHbIX HAMPSXXEHWUIA, OCOBEHHO B
30HaX KOHUEHTpauuKn HanpsXxeHnn. OAHAKO NPU AOCTUXEHUU KPUTUUYECKOTO YPOBHA HanpPsXXeHWi
HaOAOAQETCS MX MOCAEAYHOLLIEE CHUXEHWE, COMPOBOXAAEMOE 3HAUUTEABHBIM POCTOM UHTEHCUBHO-
CTVM BPEMEHHbIX HaMPsXXEHUM, UX BEAMUMHA NMPEBbILLIAET NPEAEA NMPOYHOCTU MaTeprana 3aroToBKM
(0s = 600 MTa), Tak Kak NOCAEe MpeaeAa MPOYHOCTU MaTeEpPUAn MOBPEXAAETCA MAM pa3pyLlaeTcs
(MYHKTUPHbIE AMHKMK). DTO CBA3AHO C HECKOABKUMUK dakTopamu [24]:

1) nepeHakAaen - B npouecce NAacTUYECKOn aedopmaumnm mMatepuan CHavana yrnpouHaercs,
HO MPU AOCTUXXEHUN OMPEAEAEHHOIO YPOBHA HaNPSXeHUM (Mpeaen NPOYHOCTU) HAYMHAEeTCa pas-
pyLLIEHWE CTPYKTYPbIl, YTO MOXET NPUBOAUTb K CHUXEHWUIO HECYLLIEM CNOCOOHOCTU MaTePUAAS;

2) o6pasoBaHue U pa3BUTUE TPELUUH — NOCAE AOCTUXEHUA NPEeAeAa NPOYHOCTM MaTepPUan Ha-
YMHaeT pas3pyLlaTbCs: CHavyaAa NOABAAKOTCSH MUKPOTPELUMHBI, KOTOPbIE 3aTEM pPa3pacTatoTCcs, CHU-
Xas adPeKTMBHOE CEeYEHME, BOCMPUHUMAIOLLLEE HArPY3KY;

3) AMHaMUYeCKMe ABAEHUNA U peAakcauusa HanpsXXeHWr B NOCTpaspylualollen CTapuu - B
npouecce paspyleHns matepuana, 0CoO6eHHO NP AUHAMUYECKOM HarpyXXeHuu, HabAropatoTcs
KPaTKOBPEMEHHbIE NMUKU HaNpPsXXeHU, BEAMUMHA KOTOPbIX MOXET NPEBOCXOAWUTb CTAaTUYECKUIA
npeAen NPOYHOCTU. AaHHbIM 3dPEKT 0OYCAOBAEH PacnpoCTpaHEHUEM YAAPHbIX BOAH, CKa4YKo-
06pasHbIM UBMEHEHMEM BHELLHEN HArpy3ku, a TakXe HecTauMOHapPHbIMKU NPOLLECCAMU penak-
cauuu.

Kak BMAHO U3 puC. 3, CHUXEHUE NPOAOALHOM nopaun ¢ 0,475 po 0,075 mm/06 Bbi3biBaET
yBEAMUYEHME MUKOBOW MHTEHCMBHOCTU BPEMEHHbIX HaNpsXeHuh Ha 66,5%. MNpu 3TOM yCTaHOB-
AEHO, UTO CYLLIECTBYIOT ONTUMAAbHbIE 3HAYEHMA HAYaAbHOIO yrAa YCTaHOBKM pe3ua (o, = 90°) u
aMMNAUTYAbI yrAa peBepca (o, ~ +60°), Npu KOTOPbIX AOCTUrAeTCA MakCUMaAbHbI YPOBEHb AMHA-
MUWYECKUX HaNPSKEHWUMN.

Ha puc. 4 otobpaxeHbl papAnanbHble pacnpeAeAeHUs KOMNOHEHT TEH30PHOTO NOASI Hanps-
XEHWW M napamMmeTpa XEeCTKOCTU NPU BPEMEHHOM HarpyXeHun UMAUHAPUUYECKOW 3aroTOBKMU
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0
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Puc. 4. 3aB1CMMOCTH KOMMOHEHT TeH30pa (a) M 3HAYEHMSI MOKa3aTEAS] XECTKOCTU CXeMbl BPEMEHHbIX HanpsxeHui (b) ot
paauyca LMAMHAPMYECKOro obpasLa, MoAyYeHHbIEe B MPOLECCE PEBEPCUBHOIO BbiraaxuBanus (npu t = 0,075 mm, S,, = 0,075
MM/06, n; = 300 muH?, n, = 300 AB.X0A/MUH, &, = 90°, a, = + 60°)

Fig. 4. Dependences of the tensor components (a) and the rigidity index of the temporatry stress circuit (b) on the radius of the
cylindrical sample obtained during reverse burnishing (at t = 0.075 mm, S,, = 0.075 mm/rev, n, = 300 min™, n, = 300 double
stroke/min, o, = 90°, a, = + 60°)
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MmocAe npouecca PeBEPCUMBHOIO BbirAaxuBaHusa (napametpbl 06pabotku: t = 0,075 mwm, Sy, =
0,075 mm/06, n, = 300 muH™%, n, = 300 AB.x0A/MMUH, &, = 90°, &, = +60°). Kak BUAHO 13
rpadryeckux AaHHbIX, B MPUMNOBEPXHOCTHOW 30HE, HEMNOCPEACTBEHHO KOHTAKTUPYHOLLEN C Ae-
GOPMUPYHOLLUM MHCTPYMEHTOM, BOBHUKAET TPEXOCHOE CXaTue C AOMUHUPYIOLLEN PAaAUAAbHOM
KOMMOHEHTOWN. BHYTPEHHUE CAOU AEMOHCTPUPYIOT AOKaAbHbIE 30Hbl PACTAXEHWUS B OCEBOM U
TAHTEHLUMAABHOW MAOCKOCTSX C aMMNAUTYAOM Hanps>XXeHuK, coctaBaatouen 35-45% ot Bean-
YMHbI 0B 0bpabaTbiBaeMoro cnaaBa (puc. 4 a). 3To 06bACHAETCA TEM, UTO NPU YNPOUYHEHUMN
LMAMHAPUYECKOW 3aroTOBKM POAMKOM MOBEPXHOCTHbIE CAOM CXMMAIOTCA M YMAOTHSKOTCS, HO
06beMHbIN 3PHEKT NAacTUUECKON AedopmMalmmi NPUBOAUT K HEPABHOMEPHOMY nepepacnpe-
AEAEHUIO HaNPsXeHUW. B pe3yAbTaTe BHYTPEHHAA YacCTb 3aroTOBKW, CTPEMACh KOMMEHCUPO-
BaTb AedOpMaLM0 BHELLHUX CAOEB, UCMbITbIBAET BPEMEHHbIE PACTATUBAOLLME HANPSXKEHUS.
AHaAOTUYHbIM 0O6pa3om HauboAablLuee oTpuLaTeEAbHOE 3HaYeHue nokasaTtens 1 HabalopaeTca
Ha NMOBEPXHOCTM 3aroTOBKMK, MOCAE YEro OHO NMOCTENEHHO BO3pacTaeT Nno Mepe NpubAnXeHuUs
K LLEHTPaAbHOM 06AaCTH (CM. puc. 4 b).

Ha puc. 5 npeacTaBAEHO BAUSIHUE OCHOBHbIX TEXHOAOTMUYECKMUX NAapaMeTpoB PEBEPCUBHOIO
BbIFA@XWBAHUA Ha NoKa3aTeAb XECTKOCTU CXEMbl BPEMEHHbIX HANPsXXeHU. Kak Nnoka3aHo Ha
puc. 5, Ha HayaAnbHOM 3Tane 06paboTKM POCT PAaAMAAbHOIO HaTsara, CKOPOCTU BPaLLEHUA 3aro-
TOBKMW, aMNAUTYAbI PEBEPCA MHCTPYMEHTA U YaCTOTbl €0 PEBEPCUBHOIO BpaLLEHMS CNOCOOCTBY-
€T YBEAMUYEHUIO MOKa3aTEAS XECTKOCTU CXEMbl, HANpPsXXeHHOW Ha 84-96%. Mpu pAaAnbHENWLLEM
YBEAMUYEHUM TAKUX MNapamMeTpoB YNPOYHEHUS 3HAUYEHME MOoKa3aTeAs XECTKOCTU CXeMbl Hanps-
XEHUM YyMEHbLLIAETCS U 3aTEM BbipaBHUBAETCA. ITO CBSA3AHO C AUHAMWYECKUMU NpoLEeccamMu B
cucTeme:

- YBEAMUYEHME PAAMAAbHOIO HaTsira NPUBOAUT K POCTY KOHTAKTHbIX HANPSXEHWUN, YTO MOXET
BbI3BaTb NAACTUYECKYIO AeDOPMaLIMIO UAK NepepacnpeseNeHne HanpPSXXEeHUM, CHUXas XXECTKOCTb
CUCTEMDI;

- POCT YacTOTbl BpaLLEHMSA 3aroTOBKW YCUAMBAET AMHAMUYECKUE HArpy3ku, UT0O MOXET NpuBe-
CTW K BUOPALIMAM U CHUXEHUIO 9PPEKTUBHOM XECTKOCTU CUCTEMbI;

- peBepcMBHas 4YactoTa BpalleHWUst MHCTPYMEHTA BbI3bIBAET LUMKAUYECKME HArpy3Ku, cnocob-
CTBYS YCTAAOCTHbIM SIBAEHUSAM U CHUXEHWUIO XECTKOCTH.

Kak BUAHO U3 pUC. B, CHUXEHWE NPOAOAbHOM nopauun ¢ 0,475 po 0,075 mm/06 cnocobeTByeT
YBEAUUYEHUIO XXECTKOCTU CXEMbI HANpsXeHnn Ha 82%. Kpome Toro, NpoBeAEHHbIE UCCAEAOBAHNUSA
BbIABMAW HAAMUME ONTUMAABHOIO HAYaAbHOMO YrAa YCTAHOBKUW PEXYLLIETO MHCTPYMEHTa (G, = 90°),
NPU KOTOPOM A@HHbIN NOKa3aTeAb AOCTUIrAeT MakKCUMyMa.

OnpeapeneHre onTUMaAbHbIX PEXMMOB 06paboTKkM cnocobomMm pPeBEPCUBHOIO BbIraXMBaHUSA
NPeACTaBASIET COO0OM KPUTUUECKU BaXHbIM GaKTop AAS GOPMUPOBAHUA YCTOMYMBOrO HamnpPsXeH-
HO-A€dOPMMUPOBAHHOIO COCTOSIHUA M NOBbILLEHUSA 3KCNAYaTaLUMOHHOIO pecypca AeTanen. B nccne-
AOBaHWM NPUMEHEH aArTOPUTM YUCAEHHOTO MOAEAMPOBAHUSA, peaAM30BaHHbIN B cpeae Microsoft
Visual Studio 2012, ¢ ueAbl0 MaKCUMM3ALNU KPUTEPUS KECTKOCTU HAMPSAXKEHHOIO COCTOSIHUSA. B
KayecTBe BapbMpyeMbIX MapamMeTpoB paccMaTpuBaAUCb caepytowme: Sy, B AnanasoHe 0,075-
0,425 mm/06; n, B pAanasoHe 60-540 06/muH; t B ananasoHe 0,075-0,425 mm; o, B AManaso-
He 0-180° o, B AanasoHe 0-120° u n, B aanasoHe 60-540 AB.x0A/MUH. MeToanKa AN MPO-
BEAEHMA ONTMMM3ALMM NPoLEecCa PEBEPCUBHOMO BbIFAAXMBaHWUS MPeACTaBAeHa B paborte [14].
Mpn 3TOM NOKa3aTeAb XECTKOCTU CXEMbl BPEMEHHbIX HANPSXEHWUM ONPEAENSETCS CAEAYOLLUMMU
BblIpaXeHUAMMU:

( —3495% + 33,15, — 7,0
(7E — 05)n2 — 0,04n, + 1,54
_) 1082 —511t+26
(6E — 05)n2 — 0,03n, + 0,39 - 3)
(1E — 03)aZ — 0,1, — 0,6
\(5E — 04)a2 — 0,09, — 0,02
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Puc. 5. 3aBUCUMOCTb MOKa3aTeAst XECTKOCTM CXEMbl BPEMEHHbIX HAMPSXKEHWUIM OT KAKOYEBbIX TEXHOAOTMYECKMX NMapaMeTpoB
npouecca peBepCUBHOIO BbirhaxuBaHus: @ — t; b — Spp € = Ny d - 0y € = Oy T = Ny

Fig. 5. Dependence of the rigidity index of the temporary stress circuit on the key technological parameters of reverse
burnishing:a - t; b - Spp; ¢ - Ny d - Oy € - Ot F= 1Ny

ObpaboTka NpeACTaBAEHHbIX YpaBHEHUM ocyllecTBAseTca B cpepae Microsoft Visual Studio
2012 ¢ ucnoAb30BaHMEM fA3blKa NporpamMmMmnpoBaHnsa Python, UTo NO3BOASIET ONPEAEAUTb paLMO-
HaAbHble NapaMeTPbl NPOLECCa PEBEPCUBHOMO CrAaXMBaAHMSA.
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Pe3yAbTaTbl YACAEHHOI0 MOAEAMPOBaHHUA. Ha puc. 6 NnpuBeAEHbl AGHHbIE CTaTUCTUUYECKOTO
aHaAM3a, NO3BOASAIOLLENO ONPEAEAUTb PaLIMOHAAbHbIE NAapaMeTPbl NPOLLEcca YyNPOYHEHUS, NPU KO-
TOPbIX AOCTUTAETCS MAaKCUMaAbHASA XECTKOCTb CXEMbl BPEMEHHbIX HAMPsSXeHU aeTaneit, 0b6pabo-
TaHHbIX METOAOM PEBEPCUBHOMO BbIrAaXUBaHUS.

an

-3

-4

.20
0 250 30

Say % oao0

Puc. 6. [paguueckoe npeactaBAeHME B3auMMOCBA3M MEXAY napameTpamu o6paboTku peBepCHBHLIM BbirAaXuBaHWEM W
roKa3aTeAeM XEeCTKOCTU CXeMbl BPEMEHHbIX HAMPSXXEeHWH YPOYHAEMbIX AETaAeH Mpu PEBEPCUBHOM BbIrAaXuBaHuu: a — Spp 1
NGy b-nsut;c—-tun,d-n, Mo, e-acpmon, f-tuay

Fig. 6. Graphical representation of the relationships between the parameters of reverse burnishing and the rigidity index of the
temporary stress circuit of the hardened parts during reverse burnishing: a - S, and n; b - n;and t; ¢ - tand n,; d - n, and
Op € - 0 and o, f - tand ay
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CornacHo pesyabTataM, NPeACTaBAEHHbIM Ha puc. 6, pauMOHaAbHble NapamMeTpbl YNPOUHe-
HUS, obecneymBatoLLMe AOCTUXKEHNE MAKCUMAAbHOMN XECTKOCTU CXEMbI BPEMEHHbIX HAMPSXXEHWN
(-3,5-4,1), BKAOUAIOT CAEAYHOLLIME AMANa30Hbl: NPOAOAbHAA nopava - 0,07-0,08 mm/06, yactoTa
BpalleHua 3arotoBku - 280-300 06/MuH, papnanbHbli Hatar - 0,25-0,28 mm. lMpu atom pe-
BepcMBHas yactota BpalleHusa pabouero uHctpymeHta (PU) ponxHa coctaBasatb 270-300 AB.
XOA/MWH, HaYaAbHbIM YrOA ycTaHOBKM PU - 90 °, a amnAnMTyaa yraa PEBEPCMBHOIO BPaLlLEHUSA — B
npeaenax +55-60°.

M3 puc. 6 cAepayeT, UTo NPU paLMOHAAbHBIX peXrnmMax yNnpouHEHUA NOKa3aTeAb XECTKOCTU
CXEMbl BDEMEHHbIX HaNPSXXEeHWUM AOCTUIaeT HaUAYULLIErO CBOErO 3HauYeHus, npu atom My, =~ -4, a
Npu AaAbHENLLEM YBEAUYEHUW, HANPUMEP, PAAMAAbHOIO HATAra, YacToThbl BPaLLEHUA 3aroTOBKK
1 PEBEPCMBHOMN YaCTOTbl BpaLLeHMs POAMKa [y, 6oAablle 1 NPUBOANUT K pa3pyLLUEHUIO MOBEPXHO-
CTU 3aroTOBKMU.

3AKAKOYEHUE

B pesyAbTate KOHEYHO-3AEMEHTHOMO MOAEAMPOBAHUS NPOLECCa PEBEPCUBHOIO BbIMAaXWBa-
HUSA YCTAHOBAEHO BAUSHWE NapaMeTpPOB PEBEPCUBHOMO BbIAAXMBAHMUA Ha NOKa3aTEAb XXECTKOCTU
CXEMbl HAMPSHXXEHHOIO COCTOSAHMA. Pe3yAbTaTbl MICCAEAOBAHUSA CBUAETEALCTBYHOT O CyLLECTBEHHOM
BAMSAHUU KAKOYEBbIX TEXHOAOTMYECKMUX NAPaMETPOB (t; Snp; Ns; Gy Op; Np) HA AMHAMUKY GOPMUPO-
BaHWA MaKCUMaAbHOW WHTEHCUBHOCTU BPEMEHHbIX HaNpPsXXEHUN U KPUTEPUST KECTKOCTU CXEMDbI
HaNPSXXeHWM B YNPOUYHEHHbIX AETAASX.

YCTaHOBAEHbI PaLMOHAAbHbIE PEXUMbI YNPOUHAKOLWEN 06pabOTKM, NPU KOTOPbIX AOCTUIa-
eTCA MaKCMMaAbHasi XECTKOCTb CXeMbl BPEMEHHbIX HaNpPaAXeHHWUN: S,, B AManadoHe 0,07 -
0,08 mm/06; n, B pananasoHe 280-300 06/muH; t B ananasoHe 0,25-0,28 mm; o, 90°% o,
B AManasoHe +55-60° u n, B AnanasoHe 270-300 AB.X0OA/MUH. PauuMoHaAbHbIE PeXUMbI
YNPOYHEHUA PEBEPCUBHLIM BbIFAAXUBAHUEM MO3BOAAOT AOCTUYb MAKCUMMaAAbHO BO3MOX-
HOW BbICOKOM XECTKOCTU CXEMbl HANPSAXEHUW, UTO MPUBOAUT K YAYULLEHUIO MEXAHUUYECKUX
XapakTepucTnk obpabatbiBaeMbix AETAAEN. ITO OTKPbIBAET BO3MOXHOCTU AAA BOAee TOUHOrO
ynpaBAEHUS MEXaHUYECKMMW CBOMCTBaAMM MATePUANOB U MOBbILLIEHUA HAAEXHOCTU KOHCTPYK-
LUK, AaAbHENLIME UCCAEAOBAHMUA MOTYT OblTb HaNpPaBAEHbl Ha YTOYHEHUE MaTeEMaATUUYECKUX
MOAEAEN, ONUCbIBAOLWMX NPOLECC PEBEPCUBHOMO BbIrA@XMWBaHUSA, a TakXXe Ha NpoBeAeHne
9KCNEPUMEHTAAbHbIX PAabOT AAA BbIABAEHMUSI ONTUMAAbHbBIX PEXUMOB 00paboTKM pa3ANUHbIX
MaTepuanosB.
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MoBbileHUe TOUHOCTU 06paboOTKKU AeTanen TUNA «MOAbIM LLUAMHAP»
Ha OCHOBeE NPEeBEHTUBHOU KOMMNEHCAaLUU NMOorpewHocTen
M3HOCa UHCTPYMEHTA

B.E. OBcaHHuKOBY, P.10. Hekpacos?, C.C. Yyiikos?, E.M. KysHeuoBa* ™~

13ToMEeHCKMI MHAYCTPHAAbHbINA YHUBepcuTeT, TroMeHb, Poccus
“KypraHcKkuii rocyaapCTBEHHbIN yHMBepcUuTeT, KypraH, Poccus

Pe3rome. Llenb - NOBbILLIEHWE TOYHOCTU YUCTOBOMO pacTaunmBaHUs AeTanel Tvna «MOAbIM LMAMHADP» HA OCHOBE WUC-
NMOAb30BaHWUA NMPEBEHTUBHbIX KOMMEHCALMIA M3HOCA PEXYLLEro MHCTPYMeHTa. B kauecTBe o6bekTa CCAeAOBaHWSA pac-
CMaTpMBalOTCst AETaAW TUMa «MOAbIA LMAMHAP» HA NPUMeEpPEe BTYAOK LIMAMHAPOB BypoBbIX HacocoB. PaccmartprBaetcs
onepauua OKoHYaTeAbHOM 06paboTKM LEHTPaAbHOTO 0TBEPCTHUA. O6paboTka NPOM3BOAWTCS HA TOKAPHOM CTaHKe C UMC-
AOBbIM MPOrpaMMHbIM ynpaBAeHHeM. B paboTte npeararaetcs MOAXOA, 3aKAOUAOLLMIACS B TOM, YTO MPU U3rOTOBAEHWUH
NPo6HOM NapTUK U3AEAWIA OCYLLIECTBASIETCA MOHUTOPUHI COCTOSIHUA PEXYLLEN KPOMKM MHCTPYMEHTa B AMHamMuKe. MNpu
3TOM pexyLlee Ae3B1e ONMUCbIBAETCS B BUAE Habopa ToueK, KOTOPble B AAAbHENLLIEM anNpPOKCUMUPYHOT KOHTYP PEXYLLEN
KPOMKM. YUWTbIBas, UTO XapakTep 13HallMBaHUS KaXAOW OTAEAbHO B3ATOM NAACTUHbI ABASIETCA CAyYaiHbIM, B pabote 1c-
MOAb3YETCS MOAXOA UCKYCCTBEHHOMO MHTEAAEKTA AASI PELLIEHUS 3aAa4UM MPOrHO3MPOBaHUs. PadpaboTtaHa HeMpo-HeueTKkasn
MOAEAb, KOTOpasi OMUCLIBAET PexylLee Ae3BH1e B AMHAMUKE M3HALLMBaHKUA. B MoaeAn umeeTtcst 6a3a 3HaHWI, KoTopas
MOMOAHAETCS Ha OCHOBE PE3YALTaTOB MOHUTOPUHIa GOPMbI PEXYLLETO Ae3BUSA. Takke MOAEAb UMEET AOTUUYECKUI BAOK,
copepXalumii Habop YCAOBMI, KOTOPbIE MO3BOASIOT BblA@BaTb PE3YALTATbl MOAEAMPOBAHMA C TPebYeMOW TOUHOCTbIHO.
TectnpoBaHue pa3paboTaHHON MOAEAM NMOKA3bIBAET, YTO MOMPELLHOCTb ONUCAHUSA KOHTYPOB PEXYLLIErO Ae3BUS He npe-
BbllaeT 8%. Ha 0CHOBE BbIYMCAEHWS ONMUCAHWUI KOHTYPa A€3BWUSI MPOU3BOAMUTCA BbIMMCAEHME KOPPEKLMIA TPAEKTOPUHI
ABVXXEHMSA PEXYLLEr0 MHCTPYMEHTA, KOTOPbIE MO3BOAAIOT KOMMNEHCMPOBATh BO3HMKAIOLLMIA M3HOC NAACTUHbI. B pesyabTa-
Te UCCAEAOBaHWUI 3GOEKTUBHOCTU NMOAYUYEHHBIX PELLEHMI BbINO YCTAHOBAEHO, YTO BO3MOXHO YBEAUUNTb 3GHEKTUBHOCTb
MCMOAb30BaHWNA UHCTPYMEHTA (MO KPUTEPUIO CTOMKOCTU) Ha 35-45%. Kpome Toro, co3paHHas HeMpo-HEUETKas MOAEAb
MOXET ObITb MHTErPUPOBAHA B IKCMEPTHYHD CUCTEMY, KOTOpasi MO3BOASET CHU3WUTb PUCKM BHE3AMHOIO OTKa3a PEeXYLLEro
WMHCTPYMEHTa, YTO 0COBEHHO BaXXHO B CAyUYae M3roTOBAEHWUSI AETaneW TMAPABAMYECKUX MaLLUUH.

KaroueBbie cAoBa: NOAbIV UMAMHAP, CTOMKOCTb, pacTaymMBaHue, MOAEAb, MOHUTOPUHT, KOPPEKLMM

Ara uutupoBaHua: OBcsHHMKOB B.E., Hekpacos P.HO., UyikoB C.C., Ky3HeuoBa E.M. MoBbilLEHWE TOYHOCTU 0bpa-
60TKM AeTanei TMna «MOAbI LMAMHAP» HA OCHOBE MPEBEHTMBHOWM KOMMEHCALMKU NOrPELLHOCTEN U3HOCA MHCTPYMEHTa //
iPolytech Journal.2025.T.29. Ne 2. C. 184-193. https://doi.org/10.21285/1814-3520-2025-2-184-193. EDN: MOQKFJ.
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Improved machining accuracy of hollow cylinder components based
on preventive compensation for tool wear errors

Viktor E. Ovsyannikov®, Roman Yu. Nekrasov?,
Sergey S. Chuikov?, Elena M. Kuznetsova*™

B3Industrial University of Tyumen, Tyumen, Russia
“Kurgan State University, Kurgan, Russia

Abstract. Objective - improvement of the precision of finish reaming of hollow cylinder type components by using
preventive compensation for cutting tool wear. The study focuses on hollow cylinder type components, exemplified by
the liners of drilling pump cylinders, where the finish machining of the central bore is studied. The machining is per-
formed on a numerically controlled lathe. The proposed approach involves dynamic monitoring of the cutting-edge
condition during the production of a test batch. The cutting blade is described as a set of points that subsequently
approximate the contour of the cutting edge. Since the wear pattern of each individual insert is random, the study
uses an artificial intelligence approach to solve the prediction problem. A neuro-fuzzy model was developed to de-
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scribe the cutting edge during wear. The model includes a knowledge base that is updated based on the monitoring
results of the cutting edge shape. The model also includes a logical block containing a set of conditions that enable
the simulation results to be produced with the required accuracy. Testing of the developed model shows that the
error in describing the cutting edge contours does not exceed 8%. On the basis of the calculated descriptions of the
blade contour, corrections to the cutting tool trajectories are calculated, which allow compensation for the wear of
the cutting plate. Research into the effectiveness of the solutions obtained has shown that it is possible to increase
tool efficiency (in terms of tool life) by 35-45%. In addition, the developed neuro-fuzzy model can be integrated into
an expert system that helps to reduce the risk of sudden cutting tool failure. This is particularly important in the
manufacture of hydraulic machine components.

Keywords: hollow cylinder, cutting-tool life, boring, model, monitoring, corrections

For citation: Ovsyannikov V.E., Nekrasov R.Yu., Chuikov S.S., Kuznetsova E.M. Improved machining accura-
cy of hollow cylinder components based on preventive compensation for tool wear errors. iPolytech Journal.
2025;29(2):184-193. (In Russ.). https://doi.org/10.21285/1814-3520-2025-2-184-193. EDN: MOQKFJ.

BBEAEHUE

B ruapaBAMUYECKMX MaLLMHAX Pa3HOro Ha3HaYeHUst OAHUM M3 HanboAee OTBETCTBEHHbIX SAEMEH-
TOB, KOTOPbIM onpeaensieT paboTocnocobHOCTb B LIEAOM, SIBASIETCA Napa «NOpLUEHb-LMAUHAP» [1, 2].
He aBASIOTCA MCKAKOUEHMEM B 3TOM OTHOLLEHWUK U BypOBble HacoChl. OTAMUUTEABHON XapaKTEPUCTH-
KOM LMAMHAPOBBIX Y3AOB AAS MALLMH AGHHOIO KAacca SIBASIETCS TO, UTO OHM MMEOT AOBOABHO HOAb-
LLYIO AAMHY M OYEHb YaCTO M3roTaBAMBAOTCS COOPHbIMMK [3, 4]. BTyAka BbINOAHSAETCS B BUAE COOPOUY-
HOW €AMHULbI, HAapy)XHas YacTb (YCTaHaBAMBaAEMas B KOPMNyce) ABAAETCS CTaAbHOM, @ BHYTPEHHSAA —
yyryHHoM [5, 6]. Takaa kombrHauMss NO3BOAAET obecneyunTb CONPOTUBAEHNE BO3AEMCTBUIO abpa-
31MBHOM CPEeAbl, KOTOpas COAEPXUTCA B BypoBOM pacTtBope. TEXHOAOTMUYECKOW onepaumen OKoHYa-
TEAbHON 06PabOTKMN LIEHTPAABHOIO OTBEPCTUSA BTYAKM ABASIETCA YMCTOBOE pacTaunBaHKe. YUnTbiBas
MaAyt0 AOATOBEYHOCTb M BOAbLLYIO MOTPEOBHOCTb B 3aMacHbIX YacTsAX, CyLEeCTByeT HEOOXOAMMOCTb
N3rOTOBAEHUS AQHHbIX U3AEAMIM Ha CTaHKax C YUCAOBbIM NPOrPaMMHbIM yNpaBAEHUEM.

CAOXXHOCTU NMPU U3rOTOBAEHUU AETANEHN

CyLuecTBeHHOW NpobAeMOom, KOoTopas BO3HUKAET MPU U3rOTOBAEHUU AETaAEN, ABASIETCA U3HOC
PEXYLLEro MHCTPYMEHTA, UTO, B CBOKD OYEpPEAb, TPEOYET BHECEHUA KOPPEKUUN. [eomeTpruueckas
WMHTEPNpPEeTaums AQHHOro npouecca NpMBEAEHa Ha puc. 1.

Puc. 1. [eomeTpuyeckas nHTepnpeTaLms npoLecca n3MeHeHUs POPMbl UHCTPYMeEHTa [7]
Fig. 1. Geometric interpretation of the tool reshaping process [7]

B cAyyae M3rotoBAEHUA AETAAM B YCAOBUSIX UCMOAB30BAHMS CTAHKOB C PYYHbIM YIPABAEHUEM
npobaema yueta MU3MeHEHUST POPMbI PEXYLLETO A€3BUA MO MEPE U3HALLMBAHWUS PELLIAETCA 3a CUET
HACTPOMKM CTaHKa, KOTOpasi BbIMOAHAETCA NO Pe3yAbTaTaM BbIMOAHEHUSA 06MepoB AeTanu [7-9].
OAHaKO NPU U3rOTOBAEHWUW LIMAMHAPOBbLIX BTYAOK BYpOBbIX HACOCOB C MCMOAb30BaHUEM 060PYAO-
BaHWS C YUCAOBbIM MPOrpaMMHbIM yNpaBAEHUEM UMEETCSH HEOOXOAMMOCTb BbINMOAHEHUSI AGHHOTO
npouecca B aBTOMaTU3MPOBAHHOM PeXMUME.
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B psaae nceaepoBanuin [10-15] npepraraeTcsi OLEHUBaATb COCTOAHME PEXYLLETO UHCTPYMEHTA
B npouecce 06paboTkn ¢ UCNOAB30BAHMEM KOCBEHHbIX METOAOB. B KauectBe MHGOPMALIMOHHOIO
npu3Haka npeararaeTcs UCNOAb30BaTh CUAbI PE3aHUS, TEMNEPATYPY UAU XapaKTEPUCTUKKU BUOpa-
LM INEMEHTOB TEXHOAOTMYECKOM CUCTEMbI. K HepaoCTaTkaM AaHHbIX MOAXOAOB MOXHO OTHECTU
TO, UTO UX BHEAPEHUE TPEebyeT BHECEHUSA UBMEHEHWI B KOHCTPYKLIMIO TEXHOAOTMUYECKOW CUCTEMbI,
YCTaHOBKM AGTUMKOB U T.A.

Takxe cyLuecTByeT NnpobAemMa BHe3amMHbIX OTKAa30B PEXYLLEro MHCTpPyMeHTa [16, 17]. AaHHasn
CAOXHOCTb aKTyaAbHa NPU U3rOTOBAEHUW LLUAUMHAPOBBIX Y3AOB BYPOBbIX HACOCOB, T.K. MOAOMKA WH-
CTpyMeHTa B npouecce 06paboTkmn NpuBEAET K 6paKy BCero y3aa. Cutyauus ycyrybaserca Tem, Uto
Xapakrep M3MeHeHUs GOPMbl PEXYLLETO AE3BUSA U NOTEPU ero paboTocnoCoOHOCTU CAyYAMHbIN.
[paHMUA CTOMKOCTU MHCTPYMEHTA HeueTkas (puc. 2).

hs, Mm ‘

hsn

= T MuH

Puc. 2. HeueTkas rpaH1La CTOMKOCTH PEXYLLETO MHCTPYMeHTa (T, MMH) B 3aBUCMMOCTH OT paCku M3HOCA 10 3aAHEN MOBEPXHOCTH
(hs, MM), h3n - NpeAeAbHOEe 3Ha4YeHue packu u3Hoca (COOTBETCTBYET 30HE KaTaCTPOPUUECKOro M3HOCa), MM [18]

Fig. 2. Fuzzy limit of the cutting tool life (T, min), depending on the wear chamfer on the rear surface (hs, mm), hzq is the limit
value of the wear chamfer (corresponds to the zone of catastrophic wear), mm [18]

AAS TOro, UTOObl KOPPEKTHO YUUTBLIBATb YKA3aHHbIN BbILLE XapaKTep npouecca, LienecoobpasHo
MCNOAb30BaThb annapar HeueTkon AorMkn [18-20]. 3aTemM Ha OCHOBE HEUYETKOM AOTUKKU pa3pabo-
TaTb MOAEAb OLEHKM PUCKA BbIXOAA MHCTPYMEHTA U3 CTPOS.

ObyueHne HeMPOHHbIX ceTen LenecoobpasHo NPOM3BOANTb HA OCHOBE AAHHbIX, MOAYYEHHbIX
B XOAE€ MPEeABAPUTEABHOM HACTPOWKKN CTaHKa. ITO MO3BOAWUT B AAAbHEMLLIEM pPeaAM30BaThb MNpe-
BEHTUBHYO KOMMNEHCaLMIO NorpeLHocTen. AOCTOMHCTBOM YKa3aHHOIo MOAXOAA SIBASETCS TO, UTO
oTnapaeT HEOOXOAMMOCTb B UCMTOAb30BAHUM AOMOAHUTEABHBIX AAQTYMKOB U APYTUX YCTPOMCTB KOH-
TPOAS.

LleAnb poaHHOM paboTbl — NOBbILLEHWE TOYHOCTM YNCTOBOIO pacTtavymMBaHUA AeTaAer TMna NoAOro
LMAMHAPA Ha OCHOBE UCMOAb30BAHUA MPEBEHTUBHbIX KOMMEHCALMIA U3HOCA PEXYLLEro MHCTPY-
MeHTa. B kauecTBe 06beKTa MCCAEAOBAHUA PACCMaTPMBAOTCA A€TaAU TUNa NOAOTO LMAMHAPA Ha
npuMepe BTYAOK LMAMHAPOB 6ypOBbIX HACOCOB.

MATEPUAADBI U METOAbI UCCAEAOBAHUA

B xoae ncecaepoBaHMM UBMEPEHNE FTEOMETPUN PEXYLLETO AE3BUSA OCYLLECTBASAOCH C MCMOAB30-
BaHMEM OMNTUUYECKOro MUKpPOCKoNa (npeceTtepa). Ha puc. 3 npuBeaeH NpUMep CHUMKa pexyLuen
MAQCTUHbI.

Mo pesyAsTatam namepeHun GopMmMpoBaAUCh MACCHUBbLI AAHHbIX, KOTOPbIE COAEPXAT AaHHbIE
MO CMELLEHUIO TOYEK KOHTYpa A€3BUA MO OCAM X U Z. [1py 3TOM MMEETCH BO3MOXHOCTb BbIUMCAUTD
BEAMUYMHY CMELLEHUA ToUeK no popmyaam [19, 20]:

Axgl_ = AR(';I_ - Cos;; (1)
n o _ n .
Az, = AR, - Sing;, (2)

rpe AR; — Ha4yaAbHOE MNOAOXEHUE M3|v|epﬂe|v|0131 TOYKN KOHTYPA; ¢ — YTOA USMepPAEeMOro cevyeHnd, °,
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Puc. 3. [lpmep CHUMKa PeXyLLEe NAaCTUHbI: @ - NEPBOE U3MEPEHME, BTOPOM NPOX0A, packa M3HoOca 1o 3aAHEH NOBEPXHOCTH
0,095 mm, To=1,85 MuH, Lyes=222,18; b - Luectoe n3aMepeHume, YeTbipHaALaTbIA MPOX0A, packa M3HOCa M0 3aAHEH MOBEPXHOCTH
0,161 mm, To= 10,14 MUH, Lpes= 1217,17 M

Fig. 3. Example of a cutting insert image: a - first measurement, second pass, wear chamfer on the rear surface is 0.095 mm,
To= 1.85 min, Ly, = 222.18; b - sixth measurement, fourteenth pass, wear chamfer on the rear surface is 0.161 mm,
To=10.14 min, Lpe, = 121717 m

BeAnumHa cMelLLeHUA ONPeAeAdeTcs Kak pasHMLa MeXAY UCXOAHBIM KOHTYPOM U KOHTYPOM,
KOTOPbI 00pasyeTca B pesyAbTate N-ro U3MepeHus:

n _ pucx n
AR(P;' _R(/’i _R(Pi' (3)

YuntbiBana TOT GakT, UTO XapakKTep U3BMEHEHUSA FrEOMETPUN AE3BUA HEYETKUI, AAHHbIE, MOAYYEH-
Hble no dopmynam (1)-(3), 3arpyxaAncb B HEMPO-HEUYETKYIO MOAEAD.

o pe3yabTaTaM M3MEPEHUW U MOCAEAYHOLLEN annpokcMMaumMn NOCPEeACTBOM HEMPO-He-
YETKMX MOAEAEN UMEETCH BO3MOXHOCTb BbIUMCAEHUA BEAUUYUHDBI KOPPEKLUM YEpPe3 BEAUUYNHY
Fiine" [21]:

p—1 _ [
n n ¢ (0 [1’21] n
Line( R ,.)=H XRp 10,277+
P e en—e 2] M

p—2 k-1 _ i p—1 _ i2;
Kry o 0 co_[,zq | X_H{ 0 .40_[ 2] }
k=1 i=0 | @ k2] @ [i.2j] | i=k+1| @ [k.2/] =@ [i.2)] )
H | e-el
+ =) x R, .
AT APED BTN | el

rA€ j — HOMEeP AMHUKU U3MEPEHUS.

PE3YAbTATbl UCCAEAOBAHUA U UX OBCY>KAEHUE
Mpumep BEKTOpa U3MEPEHUI COCTOSTHUSA KPOMKM PEXYLLETO MHCTPYMEHTA NPUBEAEH HUXE:

0,843;1,085;1,264;1,374;1,411;1,376;1,268; 1,091; 0,851; 0,555;
AR;i =<0,827;1,064;1,239; 1,346; 1,383;1,348; 1,243; 1,069; 0,834; 0,539; (5)
0,017;0,022; 0,025; 0,028; 0,0278; 0,025; 0,022; 0,017; 0,016...
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Ha puc. 4 npeactaBAeHa CTPYyKTypa M pes3yAbTaTbl TECTUPOBAHMA HEWPO-HEUYETKOW MOAEAU
ONPEAEAEHUSA KOPPEKLMIA HA U3MEHEHME TEOMETPUN PEXYLLErO Ae3BUS Npu 0O6paboTke LUAWUH-
APOBbIX Y3A0B BYPOBbIX HACOCOB.

input inputmf rule outputmf output

Testing data : . FIS output : *

T x ¥ T T .
12} . .
» ¥
Ro 'f
08} * ¥
06} y
0‘4 1 1 1 1 )
0 2 4 6 8 10
P

Puc. 4. CTpyKTypa v pe3yAbTaTbl TECTMPOBaHMS HENPO-HEUYETKOM MOAEAM ONPEAEAEHNST KOPPEKLIMH
Fig. 4. Structure and results of testing a neuro-fuzzy model for determining corrections

B kauectBe OyHKLMI NPUHAANEXHOCTU BbIAM UCMOAB30BaHbI TEPMbI TPANELEUASABHOTO BUAA.
MPUMEHANCA KOMOUHMPOBAHHbIA METOA 0OyUEeHUA HEMPOHHbIX ceTeill. B pesyabtate obyuyeHus u
MOCAEAYHOLLENO TECTUPOBAHWUA MOAEAW BbIAO YCTAHOBAEHO, UTO MOTrPELLIHOCTb MOAYYEHHbIX PE3YAb-
TaToB He npeBblllaeT 8%. Takum 06pa3om, pa3paboTaHHY MOAEAb BO3MOXHO MCMOAb30BaTb AAS
peLleHnsi NOCTaBAEHHOW 3aAauK.

Pe3yAbTaTbl, MOAyYaeMble C UCMOAB30BAHUEM MOAEAU (CM. pUC. 4), ObIAM NOACTABAEHbI B Bbl-
paxeHue (4) AAS BbIUUCAEHMA BEAUUMHbBI KOPPEKLUMIA. MPU 3TOM NOAYUYEHHbIE AGHHbIE COMOCTaB-
AAAUCH C pe3yAbTaTaMu UCMbITaHUIM Ha CTOMKOCTb. BbiAM YyCTAHOBAEHbI AMaNa3oHbl 3HAYEHWH, KO-
TOPble COOTBETCTBYHOT NpMpaboTke, HOPMAAbHOMY M KaTacTPOPUUECKOMY M3HOCY MHCTpyMeHTa. C
YY€TOM TOr0, UTO 3aBUCUMOCTb CTOMKOCTU MMEET HEUETKUI XapaKTep (CM. puc. 2), LleAecoobpasHo
paccmaTtpuBaTb PUCK BbIXOAA M3 CTPOS MHCTPYMeHTa. OnpeaeneHre BEAUUMHbI PUCKA OCYLLIECT-
BAAAOCH MPU NOMOLLM QYHKLUU HEUETKON AOTUKW.

BXOAHBIMM NEepeMeHHbIMK B HALLEM CAyYae SBASHOTCA BEAMUMHA KOPPEKLMK F,e 1 3HaueHne
YMCAA NPOXOAOB MHCTPYMEHTA . B KauecTBe BbIXOAHOM NEPEMEHHOW MOXHO paccMaTprBaTh PUCK
MOAOMKM MAACTUHBI Rpl. YPOBEHb PUCKa ONPEAEASIETCSH CAEAYIOLLIMMU FPAAALIUSIMMU:

- «HU3KWM YPOBEHb» — KOFAA MHCTPYMEHT BOLLEA B 30HY HOPMaAbHOIO U3HOCA;

- «MPUEMAEMbIN YPOBEHb» — MHCTPYMEHT HAXOAUTCA B 30HE HOPMAAbHOTO U3HOCA;

- «BbICOKMI YPOBEHb» — MHCTPYMEHT MOAXOAWUT K 30HE KaTacTPOhUUECKOro U3HALLIMBAHWS;

- «KPUTUUYECKUI PUCK» — BEPOATHOCTb OTKa3a MHCTPYMEHTA BbIXOAWUT 3@ AOMYCTUMbIE rPaHuLbI.

BHELIHUI BUA GYHKLMM HEUETKOM AOTUKU AAR YKA3AaHHOTO CAyYas NPUBEAEH Ha pucC. 5.

ANAA NOATBEPXAEHMA COCTOATEABHOCTU MOAYUYEHHbIX PE3YALTATOB OLIAO MPOBEAEHO TECTUPO-
BaHWe pa3paboTtaHHOM cucTembl. O6pabaTbiBaArch 06pasLpbl ¢ AMAMETPOM OTBEPCTUA 50 MM
U AMMHOM 100 MM. KOppeKkuMu BHOCUAWUCH B BUAE CMELLEHUS KOHTypa PexyLlerh KPOMKM
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Puc. 5. OyHKLUMS HEYETKON AOTMKM AAST OLEHKM PUCKE 0TKa3a MHCTPYMEHTa
Fig. 5. Fuzzy logic function for tool failure risk assessment
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MUHTepBan pasmepos, MM MUHTepBan pasmepos, MM
a b

Puc. 6. PeayabTaTbl 0nbITHOM 00pabOTKM A€Tanel: @ — C BHECEHUEM KOPPEKLMI; b - 6€3 BHECEHUS KOPPEKLIMI
Fig. 6. Results of part experimental machining: a - with corrections; b - without corrections

C UCMOAb30BaAHMEM MAcCUBOB BUAA (5) HA OCHOBE BbIYUMCAEHUI MO MOAEAU, MPEACTABAEHHOM
Ha puc. 4.

BbIAO BBINOAHEHO ABE CEPUM OMBITOB ANl CPABHEHUSA MOAYYEHHbIX PE3YALTATOB. B nepBoM cAy-
yae 06paboTka NPOM3BOAMAACH C UCMTOAB30BAHMEM KOPPEKLIMI HA NOAOXKEHUE PEXYLLEN KPOMKM
MHCTPYMEHTa B 3aBMCUMMOCTU OT U3HOCA (NMPEBEHTUBHOM KOMMNEHCALMK) norpeLiHocten. Bo BTO-
POM CAyYae KOPPEKLMUA HE MPOU3BOAUAACH.

Ha puc. 6 npuBeaeHbl TMCTOrpaMMbl pacnpeAeneHns pa3MepoB AeTanen B pesyAabtaTte obpa-
60TKM C UCMOAB30BAHUEM CUCTEMbI BHECEHUS KOPPEKUUI (pUc. 6 a) n 6e3 BHECEHUA KOPPEKLMI
(puc. 6 b).

Bbiwe 6bira Npor3BeAeHa NpepBapUTEAbHAA 06paboTka pPe3yAbTaToB UCCAEAOBAHWK B 0OAa-
CTW NOBbILIEHUS TOYHOCTM NpU 06paboTke Ha TOKAPHOM cTaHke ¢ UMY, uTo NO3BOASET NEPENTU K
GOPMYAUPOBAHUIO 3aKAKOUUTEABHbBIX MOAOXKEHWI.

3AKNOYEHUE

MoAyyeHHAss MOAEAb BbIYUCAEHUST KOPPEKLIMM HA U3MEHEHWE GOPMbI PEXYLLENO AE3BUS NPU
pacTtauyMBaHUM LMAUHAPOBbIX BTYAOK ByPOBbIX HACOCOB NO3BOASIET BHOCUTb M3BMEHEHUSA B TPAEKTO-
PUIO ABUXKEHUA PEXYLLIErO MHCTPYMEHTA. 3TO AAeT BO3MOXHOCTb NMPEBEHTUBHO YCTPAHATb BO3HW-
KatoLLMe NOorpeLHOCTU U YBEAUUUTb 3GDEKTUBHOCTb IKCMAYaTaLMN MHCTPYMEHTA, MPOU3BOAUTEAD-
HOCTb M KauyecTBO 06paboTaHHOW NOBEPXHOCTMH.

B pesyabrate TeCTUPOBaHUSA HENPO-HEUETKONM MOAEAU ObIAO YCTAHOBAEHO, UTO NOrPEeLLIHOCTb
He npeBblaeTr 8%. Ha ocHoBe 06pabOTKM PE3YALTAaTOB OMbITHbIX MCMbITAHWK (CM. puUC. 6)
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N UBMEPEHUN KPOMKWU PEXYLLETO MHCTPYMEHTA C MCNOAb30BaHUEM OMTUYECKOIO MUKpPOCKoNa
(cM. puc. 3) BbINO YCTAHOBAEHO, UTO B pe3yAbTaTe UCMOAb30BAHUA NMPEBEHTUBHON KOPPEKLMM
BO3MOXHO YBEAUUYUTb CPEAHIOK TOYHOCTb 06paboTkn Ha 1-2 kBaauteTa (¢ 11 A0 9), Npous-
BOAUTEABHOCTb — A0 20% (No 06LEMY KOAUYECTBY YAAAEHHOIO MaTepuana pPexyLlen KpoMKon
AO KaTacTpoOPUUECKOro U3HOCA) U 3OPEKTUBHOCTb SKCNAYATaALMN UHCTPYMEHTA — A0 25% (And
NAACTUHbI C YETbIPbMS TPAHAMM).
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Pa3paboTka mateMaTMUeCKUX MOAEAEH, UUCAEHHbIX METOAOB
M NnporpamMmMHoOro obecneueHus AA aHaAU3a AOATOBEUYHOCTH
paAManbHbIX POTOPOB TypbomalLUKH ¢ pacCTPOMKOW NapamMeTpoB

0.B. Peneuxuin®~
UpKyTCKMI rOoCyAapPCTBEHHbIN arpapHbIfi YHUBEPCUTET MMeEHM A.A. ExeBckoro, MpkyTck, Poccusi

Pe3srome. Llenb - pa3BuUTHE MaTEMATUUYECKUX MOAEAEN U YUUCAEHHO-aHAAUTUUECKMX METOAOB aHaAU3a CTaTUUYECKMX
HanpsXXeHWn, CBOBOAHBIX W BbIHYXXAEHHbIX KOAeBaHWUI, @ TakxKe AOATOBEYHOCTU SHEPTETUUECKMX U TPAHCMOPTHbIX Typ-
60MallMH PaAMaAbHOMO TWMa C yYeToM MpeAHaMEPEHHOM PaCCTPOMKM reOMETPUUECKMX, MACCOBbIX U MEXaHUUECKMX
napameTpoB. B kauecTBe 6a30BOro MeToAa MCCAEAOBaHMWS BbiOpaH METOA KOHEUYHbIX 3AEMEHTOB. B HacTosiLen pabote
MCMOAb30BaHbI TEOPUM YNPYrocTh U KorebaHWI, MexaHWka AepOPMUPYEMOTro TBEPAOTO TeAa U ra3oBasi AMHaMuUKa. Mpu-
MEeHEHbI MaTPUYHbIE BIYMCAEHWSA U METOABI PELLEHUS aArebpanyeckmx CUCTEM ypaBHEHUI. Pa3BUTbl MateMaTUyeckme
MOAEAU U YUCAEHHbIE METOAbI AASI TPOrHO3MPOBAHMA PECYPCHbIX XapaKkTepucTUK paboumnx konec TypbomalunH. Cospa-
Hbl OPUrMHaAbHbIE MPOrpaMmMbl, UMEKOLLME UHTEPPENC CTbIKOBKM C KOMMEPUECKONM nporpammHon cuctemort ANSYS.
MpoBEAEHHbIE KOMMAEKCHbIE PACUYETHbIE UCCAEAOBAHWS BAUAHWUA NPEeAHAaMEPEHHON PAaCCTPOMKN Ha YPOBEHb AMHAMMU-
YECKUX Harpy3oK 1 AOATOBEUYHOCTb Pabourx KOAEC paAnanbHbIX TypOOMaLLMH NOKa3aAK BbICOKWUIA YPOBEHb BO3AEMCTBUS
PacCTPOMKW MapamMeTPOB Ha PECYPCHbIE XapaKTEPUCTUKM POTOPHbIX KOHCTPYKLMIA KaK MOAEABHbIX, TaK U MPOMbILUAEHHbIX
KOMMNPECCOPOB U TypbuH. Tak, AAA PEaAbHOM paarManbHOM ycTaHOBKM dupMbl Schiele AG (fepmaHua) AN NepPeKadkn 1
BEHTUAALMM BO3AYXa BapblMPOBaHKE AOATOBEUYHOCTU pabouero koneca TypbomallmHbl cocTaBuAo oT -10,76 a0 +14,84%.
Pe3yabTaTbl UUCAEHHOIO aHaAM3a M NporpaMmMHoe obecneveHre BHeAPeHbl B 2024 1. B NPOEKTHYO AesiTeAbHOCTb AO
«MPKYTCKMIA HAyYHO-UCCAEAOBATEABCKUI M KOHCTPYKTOPCKUIA MHCTUTYT XMMMUYECKOTO M HETAHOINO MaLlMHOCTPOEHMS»
(r. UpkyTCK). MpOoBEAEHHbBIE BIYMCAUTEABHBIE SKCMEPUMEHTLI AEMOHCTPUPYIOT IGPEKTUBHOCTb MPEANOXKEHHOTO NMOAXOAA
AAA MPOrHO3MPOBAHUS AOATOBEYHOCTU U MPOYHOCTHOM ONTUMM3ALIMU KOHCTPYKLIMI POTOPOB paaranbHbIX TypbomallnH
npu NPOEKTUPOBaHMU U AOBOAKE HOBbIX M3AEAMI UAWM MPOANEHWMM OCTATOYHOMO 3KCMAyaTaUMOHHOrO pecypca. Mpeano-
)KEHHbIN NOAXOA ABASETCA PaboUMM UHCTPYMEHTOM AAS AAAbHENMLLIENO UCCAEAOBAHMA U aHaAM3a BAMSIHUA PACCTPOMKM
napamMmeTpoB paboumx AONATOK Ha PECYPCHbIE XapaKTEPUCTUKN paboumx KOAEC OCEBbIX U PaAMaAbHbIX TypboOMaLLIMH.

KaroueBble cnoBa: MateMaTMUYECKME MOAEAW, BbIYUCAUTEAbHbBIA SKCMEPUMEHT, YUCAEHHbIE METOAbI aHaAM3a,
npeAHamMepeHHasi paccTpoika napaMeTpoB, paavanbHble TypboMaLLUHbI, AOATOBEYHOCTb

®uHaHcupoBaHHe. \aHHas paboTa BbiMOAHEHA B pamMkax rpaHta PH® Ne 24-29-00135. AsTop 6aaropaput PHO
3a MOAAEPXKKY HaCTOSALLMX UCCAEAOBAHMMN.

Ara uutupoBanmsa: Peneuknii 0.B. Paspabotka MateMaTUYECKUX MOAEAEN, YNCAEHHbIX METOAOB W MpOrpamMm-
Horo obecneyeHnss AN aHaAM3a AOATOBEYHOCTU paslaAbHbIX POTOPOB TypboMallMH ¢ PacCTPOMKOM NapamMeTpoB //
iPolytech Journal. 2025. T. 29. Ne 2. C. 194-203. https://doi.org/10.21285/1814-3520-2025-2-194-203.
EDN: UQVSFA.

MECHANICAL ENGINEERING
Original article

Development of mathematical models, numerical methods,
and software tools for analyzing the durability
of radial turbomachinery with parameter mismatching

Oleg V. Repetskii® ™~
lrkutsk State Agrarian University named after A.A. Ezhevsky, Irkutsk, Russia

Abstract. This study presents mathematical models and numerical-analytical methods for analysing static
stresses, free/forced vibrations, and the durability of radial turbomachinery used in power and transportation sys-
tems. The research incorporates deliberate disturbances in geometric, mass, and mechanical parameters to eval-
uate their effects. The finite element method is used as the primary analytical tool, supported by the theories of
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elasticity and vibration, the mechanics of deformable solids, and gas dynamics. The methodology employs matrix
computations and algebraic equation systems to predict the service life characteristics of turbomachine rotors.
Custom software interfaces compatible with ANSYS commercial software were developed. Computational studies
demonstrated the influence of deliberate parameter mismatches on dynamic loads and durability in both prototype
and industrial compressors/turbines. For a radial air handling unit manufactured by Schiele AG (Germany), param-
eter variations resulted in the alteration of rotor service life characteristics by -10.76% to +14.84%. The numerical
analysis tools were implemented in 2024 at the Irkutsk Research and Design Institute of Chemical and Petrochemi-
cal Engineering (Russia). The efficiency of the method for durability prediction and strength optimisation during rotor
design, fine-tuning, or residual life extension was confirmed by computational experiments. This approach provides
a practical tool for further research on the influence of blade parameter mismatches on service life characteristics

in axial and radial turbomachines.

Keywords: mathematical models, computational experiment, numerical analysis methods, deliberate parame-

ter mistuning, radial turbomachines, durability
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BBEAEHUE

MN3BECTHblE 3KCNEpPUMEHTaAbHble W TEO-
peTnueckne paboTbl APYrMx aBTOPOB MOKa3bl-
BAlOT, UTO BAMSIHWE PACCTPOMKM MapameTpoB
Ha BWOpPALMOHHbIE XAPAKTEPUCTUKM AOMNATOK
M AMCKOB MCCAEAOBAHO AOCTATOYHO AABHO.
Cpean bonee paHHUX paboT ynoMWHatOT Ha-
yuHble Tpyabl A.AX. AnBaHe u 3.C. XaH [1, 2],
B KOTOPbIX MOKa3aHO pellatollee BAUAHUE
YBEAUYEHUS aMMAUTYAbl B PACCTPOEHHbIX CU-
ctemax. B 10 xe Bpems 6biav padpaboTaHbl
BbIYMCAUTEAbHbIE MOAEAU AASI OMUCAHUA pac-
CTPOEHHbIX KOAeDATEAbHbIX CUCTEM, HAaNPUMeEpP
A.E. 9nb-banomu, A.B. LLipuHnBacaH [3]. Takxe
B 6Honee No3pAHUX paboTax No aTor TeMe UCCAEe-
AOBAHO MOAEAMPOBAHME AAHHOW MPOBAEMBI
B OCHOBHOM Ha AUCKPETHbIX CBA3AHHbIX MpPY-
XMUHHO-MACCOBbIX KOAeDbaTeAbHbIX CUCTEMAX
A.M. ®anHepa, AX.A. KeHboHa, AX.X. Tpndpdu-
Ha [4, 5], A.Ax. Puac-lTyappa, M.IM. MuHboAE
[6], E.M. MeTtpoBa [7], M. Hukoamnua, E.I. Me-
TpoBa U A.AX. AnBaHc [8]. Pe3yabtaTbl UCCAE-
AOBAHMWIM yallle MOATBEPXAAKTCA M YTOUHAIOT-
ca Oaaropapsi MPUMEHEHUID COBPEMEHHbIX
KOMMbIOTEPHbIX TEXHOAOTMM, MO3BOASAROLLMX
BbIMOAHSATb YNCAEHHbIE PacyeTbl Ha pPeabHbIX
KOHCTPYKLMSAX AOMATOK POTOPOB TypOOMALLUH.
B aTOM KOHTEKCTE 0COOLINM UHTEPEC NPEACTAB-
ASIET AMccepTaumoHHas pabota T. Kaayke?, B
KOTOPOM MOAPOOHO aHaAM3UPYETCs SABAEHUE
pacCTpPOMKM NapaMeTpoB 1 ero BAUSIHWE Ha pe-
CYPCHbIE XapaKTEPUCTUKN peanbHbIX paboumnx
KOAeC. Kpome Toro, paccTpoeHHble paboune
KOAECa U3y4atoTCa Kak B 9KCMEPUMEHTAAbHbIX,

Tak U B YUCAEHHbIX UCCAEAOBAHMSX, YTO OTpa-
XeHo B nybankauuax [9, 10].

Llenbto uccaepoBaHUS A@HHOM paboTbl AB-
ASIETCA aHAAM3 BO3AENCTBUSA KOHCTPYKTUBHbIX U
TEXHOAOTMUYECKUX GAKTOPOB, BKAOUAA MPEAHa-
MEpPEHHYI0 PacCTPOMKy napameTpoB, Ha yBe-
AMUYEHUNE PECYPCHBIX XapaKTepUCTUK Typboma-
LLIMH, C UICMOAb30BAHUEM NPUMEPA PaANaAbHO-
ro paboyero Koneca.

MATEPUAADbI U METOADI

Pacuer pecypCHbIX XapakTePUCTUK MpoBe-
AEH Ha peaAbHOM paArManbHOM KOAECE C Npume-
HeHnem MKD. Ha puc. 1 - o6Wwmi BUA U KOHEY-
HO3AEMEHTHaA MOAEAb KOHCTPYKUMK [11, 12].

MpeacTaBAEHHblE B HacTosillel pabote
UMCAEHHbIE pPe3yAbTaTbl MOAYYEHbI C MOMO-
wbto MK3 1 BepudUUMPOBaHbI Ha MHOro-
UMCAEHHbIX BbIYMCAUTEAbHBLIX TecTax, B TOM
UMCAE Ha MOAEAbHbIX 3apadvax: MAacTUHax M
aKaAEMMUUYECKMX PaAMaNbHbIX pPaboumnx Koae-
cax. Hacrtosiuiee wuccanepoBaHue OOOCHOBbI-
BaeT MPUMEHAEMYIO CTENEHb AUCKPETU3a-
UM KoM, BbIOGOp TMNA KOHEYHOro 3AEMEHTA,
BKAOUYAA aHaAM3 MOAENEN CTbIKOBKU Tpex-
MEPHbIX U 0OOAOYEUHbIX KOHEUYHbIX INEMEH-
TOB, CpaBHEHWE C M3BECTHbIMWU PaCUYETHbIMU
N 3KCMEPUMEHTAAbHbIMW AAHHBLIMW, @ TakKXe
AHAAUTUYECKMMWU PELUEHUAMU AASI TECTOBbLIX
mMoaener [18]. BbINOAHEHHbIM  aHaAM3 No-
3BOAUA YTOUHUTb NpeararaeMble aBTOpoOM Ma-
TeMaTUYEeCKMEe MOAEAM U BblibpaTb Hanbonee
adpdeKTUBHbIE MO TOYHOCTU pacueTa U 3aTpa-
Tam BpemeHn 3BM npu nccaepoBaHUKU cTatu-

2Klauke T. Schaufelschwingungen realer integraler verdichterrédder im hinblick auf verstimmung und lokalisierung: Dissertation

Doktor-Ingenieurs. Ténning, 2007.
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YeCKUX Hanpsi>XeHWi, COBCTBEHHbIX Y4acToT U
dopm KonebaHUI, a TakKe YyBCTBUTEAbHOCTH
WU APYrMx napameTpoB, C Y4ETOM BpaLleHUsa u
TeMmnepaTypHOro Harpesa, U NPUMEHUTb UX B
AAAbHEWLLIEM AN @aHaAM3a PeanbHbIX PaAn-
aAbHbIX pabounx Konec TypbomalluH.

Macca pabouen AnonaTku (Kr) MOXeT ObiTb
onpeaeneHa 13 BbipaxeHnus [10-12]:

m; = my +Am, (1)

3AeCb m; — Macca i-ii AONaTKu, Kr; m, - CpeA-
Hee 3HaueHue MaccC AONaTKW, Kr; Am, — OTKAO-
HeHue macchl i-i pabouer Aronatku Typboma-
LLIMHbI, KT.

AncbanaHc paboyero koneca U UMEET Ync-
AEHHbIN BUA:

U=R, (ZN:Am,. cosHij +(ZN:Am,. sinaij , (2)

i=1 i=1

A€ 6, — yroa, ONpPeAeAstoLLMA MOAOXKEHMUE (-1
AONATKM Ha AMCKe, HaunHasa ¢ 1-i AonaTkw, °;
R, - cpeaHWIn paaryc LEHTPa TAXECTU UCCAEAY-
eMOW MexaHU4YeCKON CUCTEMBI, M.

KoadpdUUMEHT yBEAUMUEHUS aMMAUTYAbI )
OMNUCbIBAET OTHOLIEHWE MaKCMMaAbHOro ne-
peMeLLEHUSA PacCTPOEHHOM CUCTEMbI K MaKCK-
MaAbHOMY MEPEMELLEHNIO HACTPOEHHOW CU-
CTEMbI U paBeH

7/ — 5pacc4(makc1my,w) . ( 3)

Hacp.(makcumym)

MakcrMaAbHbIM KOSGPULMEHT YyBEAUUEHHS
aMnAuTYAbI [15]
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c
Puc. 1. PapnanbHoe paboyee KOAECO C AECATBIO AonaTtkamu: a - pa3mepbl koreca; b - 3D MOAEAb; C - KOHEYHOINEMEHTHAS
MOAEAb
Fig. 1. 10-bladed radial impeller: a - impeller dimensions; b - 3D model; ¢ - finite element model

o =5 (14, (4)

rA€ N — YMCAO AOMATOK B pabouyem Konece.

AArOpUTM NpUMeHeHnsa nporpammbl ANSYS
Workbench ansa onpeapeneHmnsa KoadpdUUMEHTOB
YBEAUUYEHUS aMNAUTYAbI KOHCTPYKLIMA BKAKOUA-
€T CAEAYHOLLIME OCHOBHbIE 3Tanbl:

- IOArOTOBKY MWCXOAHbIX A&@HHbIX - 3TO
onpeAeneHue TreoMeTPUYECKUX NapamMeTpoB
KOHCTPYKUUK, 3apaHUEe OU3MYECKUMX CBOWMCTB
mMatepuana, GOPMYyAMPOBKA PaHUUHbIX YCAO-
BUMW, BKAKOUYASA YCAOBUA 3aKPEMNAEHUA U BHELL-
HUEe Harpy3Kku;

- CO3A@HME KOHEYHO-IAEMEHTHOU MOAE-
AU — TeHepaumss CETKU KOHEUYHbIX 3AEMEHTOB,
ONTUMM3ALMS CETKU AAS MOBbILLIEHWUA TOYHOCTU
pacyeToB Mpu MUHUMAABHOM YUCAE SIAEMEHTOB;

- PopMHUPOBaAHME U peELUEHUE MaTemMaTu-
UEeCKOM MOAEAM - ONMpPEeAENeHMEe INEMEHTOB B
AOKaAbHbIX KOOPAMHATaX, BblIUMCAEHWE MaTPULL,
XECTKOCTM U Maccbl, Npeobpa3oBaHMe AOKaAb-
HbIX MaTpuL, B TAOBaAbHYH CUCTEMY KOOPAMHAT,
dopmMmmnpoBaHMe TAOBAAbHbIX MaTpPUL, XECTKO-
CTU U MacCCbl BCEWN KOHCTPYKLNU;

- pacyeTr COOCTBEHHbIX KOAebaHM KOH-
CTPYKLMM — BbIMUCAEHME COBCTBEHHbIX YacToT
U GOpM, CpaBHEHME MOAYUYEHHbIX PE3YALTATOB
C NepBOHAYaAbHbIMW AGHHBIMW AN ONPEAENE-
HWSA 3HAUYEHWIA PACCTPONKM;

- 06pabotka n UHTEeprnpeTaums pe3yAbTa-
TOB - MOCTPOEHME rpadUKOB pacnpeseneHUns
aMMNAUTYA KOAEDAHUM, OLEHKA AMHAMUUYECKMX
HaNPsXXeHUn U NepemMeLlleHnin B PasAnYHbIX
pexmnumax HarpyxeHus. 3atemM OCYLLECTBASIET-
CSl COXpaHEHME Pe3yAbTaTtoB ANt AAAbHEWLLETO
aHaAu3a.
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Pacctporika napameTpoB NPUBOAUT K yBe-
AMUYEHUIO aMMAUTYA KOAeBaHUM U AMHaMMUYe-
CKUX HaNpPsXXeHWM N0 CPABHEHUIO C MAEAAbHOM
cuctemMon. B paHHOM paboTte npuMeHeH METOA
KOHEeYHbIX anemeHToB (MKDJ), peaAn3oBaH-
HblM B KOMMepueckon nporpamme ANSYS ans
ONPEAEAEHUA MAaKCMMaAbHbIX NepemeLlleHui
N HaNpPsXeHWN C Y4EeTOM PacCTPOMKK AONATOK
paAManbHOroO KoAeca.

PE3YNbTATbl U OBCY>KAEHUE

Ha nepBol cTaaMMm MCCAEAOBAHbI YMC-
AEHHble MOAEAU C OAMHAKOBbLIMUK AONaTkamu
ToAWMHOM 3,3 MM. [Tpu aTOM 1-M TMN aHaAK-
3a onucbiBaA UBMEHEHWE TOALLMHbBI BCEX AO-
natok Ha -10%, a 2-n - Ha +10% (puc. 2).
B BapuaHTax Ne 3 u 4 npeanonaraercs yBe-

R248,00

AMUYEHME TOALLMHBI AonaTku Ha 10% Ha cepe-
AVIHE nepa U YMeHbLlUeHWe TOAWMHbI Ha 10%
Ha ABYX Kpasx KpoMku. B BapuaHte Ne 5
TOALLMHA AONaTKK yBeAnyeHa Ha 20% Ha ce-
peanHe nepa U ymeHblleHa Ha 20% Ha ABYX
Kpasix KPOMKMU.

Takxe MCCAeAOBaHO pa3AnYHOE (AMHEWHOE
WA KPUBOAMHENHOE) U3MEHEHUE AAMHBI BCEX
AonaTok (puc. 3, BapuaHTbl Ne 1-4). PesyabtaThl
aHaAM3a NpeACTaBAEHbl B BUAE rpaduka pac-
NPEAEAEHUSs AOATOBEYHOCTM OAOYHBIX MOAE-
A€W, B KOTOPbIX reOMETPUSA BCEX AONATOK KOAe-
ca bbina M3MeHeHa. JToT rpadurK NPUBEAEH Ha
puc. 4, Npu yCAOBUMK TpaneumeBUAHOIO Harpy-
XEHWsI AONaTKK M BCEro pabouyero Koneca, cxe-
MaTu4eckn n3obpaxeHHoro Ha puc. 5 [11, 12],
A€ S — LUMPUHA COMAOBOM YacTu, u - PaccTo-

Ha npaBoi
CTOPOHE AOMaTKK

Ha AeBON
CTOPOHE AOMaTKK

Puc. 2. VicxoaHbIV BUA AONATKU AAST UCCAEAOBAHMS PacCTPOMKM OT TOALLUMHBI H (M)
Fig. 2. Initial view of the radial blade to study thickness-dependent mistuning H (mm)

Sy | e

112,00

[

Ll

R524,17

11°

R524,17

d

Puc. 3. [pearoXeHHbIe BapHUaHTbl U3MEHEHMS paAMaAbHOM AonaTku: a — BapuaHT Ne 1 (AMHelHas oTpe3ka); b - BapuaHT Ne 2
(AMHElHOE yAAMHEHME); ¢ - BapuaHT Ne 3 (KpuBoAMHENHas oTpe3ka); d — BapuaHT Ne 4 (KpuBOAMHENHOE yBEAMUEHNE AAMHBI)
Fig. 3. Proposed options for radial blade alterations: a - option no. 1 (linear section); b - option no. 2 (linear extension);
¢ - option no. 3 (curved section); d - option no. 4 (curved increase in length)
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Puc. 4. AOArOBEYHOCTb Ha ypOBHE 6AOYHbIX MOAEAEH C M3MEHEHMEM BCEX AOMATOK KOAECa

Fig. 4. Durability of block models with changed impeller blades

AHME MeXAY AonaTtkamu ctatopa B COMAOBOM
YacTu.

A5t pacyeta PecypCHbIX XapaKTePUCTUK, a
MMEHHO AOATOBEUYHOCTU AOMATOK KoAeca (puc.
4 v TabA. 2) B 3a8BUCUMOCTU OT KOHCTPYKTUBHbIX
N TEXHOAOTMUYECKUX (PAKTOPOB, WCMOAb3YeTCA
“3BEeCTHadA MaTemMaTMyeckass MOAEAb, OCHO-
BaHHaA Ha runotese noBpexapaemMoctv Manb-
MrpeH-MaiHepa, CyMMUPOBaHWE MOBPEXAE-

HUM Pa3HOro YPOBHA MPOUCXOAMT MO METOAY
«AOXAS». NOATOBEYHOCTb PACCUMTbIBAETCS Kak
KOAMYECTBO LIMKAOB HarpyXeHus A0 HacTynae-
HUS pa3pyLUEeHUs, KOrAa HaKOMAEHHOEe YcTa-
AOCTHOE MOBPEXAEHWE CTAHOBWUTCS pPaBHbIM
epmHuue [11, 12, 17, 20].

PacueTt AOArOBEYHOCTM BbINOAHEH Ha OCHO-
BE MporpaMmbl KOMMEPUYECKOW MNPOrpamMmsi
ANSYS 1 aBTOpPCKOM NporpamMmmbi®.

CKOpOCTb BpaLleHKs

NonaTtka cTatopa 5
_— HOCTyﬂaIOUJ,VIVI
nap “au ra3

NonaTtka poTtopa /
b

Puc. 5. O6imi BUA M MOAEAb TPANELMEBMAHOIO CMEKTPA HarpyXeHWs paanarbHOr0 pabouyero koreca: a - OOLIMI BUA
paAMarbHOro KoAeca; b - pacnpeAeAeHne Harpy3ku Ha AonaTtke

Fig. 5. General view and a model of the trapezoidal loading spectrum of radial impeller: a - general view of a radial wheel;
b - load distribution on the blade

SCBMAETEALCTBO O FOCYAAPCTBEHHOW perucTpaumuu nporpaMmbl A 3BM Ne 2023665054, Poccuiickas ®eaepaums. Mporpam-
Ma AASl pacuyeTa PECYPCHbIX XapaKTepUCTUK paaManbHbIX paboumx KOAEC C YYETOM AMHaMUueckoi Harpysku (RES_RAD) / O.B.
Peneukuit, AMHb KbIOHT XoaHr; 3aaBuTeAb M naTteHToobrapatens PIBOY BO UpkyTckui TAY. 3asBka Ne 2023663623, 3asBA.
29.06.2023; ony6a. 11.07.2023.
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AHaAM3 pesyAbTaTa BblYMCAUTEABHOIO 3KC-
nepuMeHTa nokasaa, 4to nepsasa bAOUHasA MO-
Aenb (BM) ¢ yBeAMYeHUEM TOALLMHbLI AOMATKM
Ha 10% cnocobHa yBEAUYWUTb AOAFOBEYHOCTb
paaManbHOro pabouero koneca Ha +1,48%
(puc. 6 a). CaepoBaTenbHO, BM ¢ M3MeHeEHWEM
MEeXaHWYeCKMX CBOMCTB Matepuana noBbillaeT
pecypc paarManbHOro KoAeca Ha +1,53% (puc.
6 b), a BapuaHT Ne 3 N03BOASIET YBEAUUUTL AOA-
rOBEYHOCTb PaAManbHOrO koneca Ha +2,01%
(puc. 6 ¢).

Ha cneayollem atane nNpoBeAEH aHaAu3
BAUSTHUA KOAMYECTBA U TAYOUHbI HApe3HbIX Ka-
HaAOB Ha OCHOBHOM AUCKE KOAECA AASl OLLEHKM
PECYPCHbIX XapaKTEPUCTUK PaAMaAbHOrO pa-
6ouero koneca. Mpumepsbl € YEeTbIPbMSA U BOCb-
MblO KaHanaMKn MeXAY AonaTkaMu NpUBEAEHDI
Ha puc. 7.

®dopmyna AAa mMacchl pabouero koneca ¢
YUETOM KOAMYECTBA U TAYOUHbI KAHAAOB MOXET
6bITb 3aNncaHa B CAEAYIOLLEM BapUaHTe:

Am = 0,08875ka, (5)

rae Am - n3MeHeHne MacCbl OCHOBHOIO AMUC-
Ka; K - KOAMUYECTBO Hape3HbIX KAHAAOB B OA-
HOM cekTope koAeca (k =1,...,8); a - rybuHa
Hape3HbIX KaHaAOB.

N3 puc. 8 BUMAHO, UTO C YBEAUUYEHWUEM
KOAMYECTBA Hape3HblX KaHaAOB Ha OCHOB-
HOM AMCKE NAOLLAAb CUHEW 30HbI YMEHbLUA-
eTca. AaHHbIM 3QdEKT yKadbiBaeT Ha pPoCT
CKOPOCTU NOTOKa B KOAECE MPU YBEAUUEHUMN
KOAMYECTBA Hape3HblX KaHaAOB B KaXAOM
CeKrope.

PesyabTaTbl pacuyeta nokasaAu, 4Tto Ha-
AMUYME Hape3HbIX KaHaAOB Ha papnaAbHOM
pabouem kKonece crnocobCcTByeT YBEAUYEHUIO
€ro AOATOBEYHOCTU. B Taba. 2 npuBeAEHbI
3HaYeHMUsA AOATOBEYHOCTU paAMaAbHOro pa-
6ouyero Koneca C y4yeToM HaAMuUA Hape3HbIX
KaHaAOB.

Crans 3161

Puc. 6. 5AOUHbIE MOAEAM C YBEAMUEHUEM TOALLMHBI (@), pa3HbiMu MaTepuaramu (b), KPMBOAMHENHHbBIM 0TPE30M (C)
Fig. 6. Block models with the thickness increased with (a), different materials (b), curved section (c)

C yeTblipmA

a

C BOCbMblO

Puc. 7. AHaAn3 KOAMYECTBaA Hape3HbIX KaHaAOB B CEKTOPE paAnarbHOro KoAeca

Fig. 7. Analysis of the number of grooves in a radial wheel sector
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Puc. 8. CkopocTb noToka: a - 6e3 Hape3Horo kaHana; b - ¢ YeTbIpbMs KaHaAaMu; C - C BOCEMbIO KaHaAaMu
Fig. 8. Flow rate: a - without a groove; b - with four grooves; ¢ - with eight grooves

Tabanua 2. KOAMYECTBO LIMKAOB AO Pa3pyLLeHUs
Table 2. Number of cycles before destruction

Bua AOAroBEeYHOCTb (B LIUKAAX) AN, %
C yeTblpbMsi Hape3HbIMW KaHaAaMK1 2,1764 - 10° +3,95
C BOCbMbIO Hape3HbIMW KaHaAaMu 2,2950-10° +9,61

MpoBeAEHHbIM aHaAU3 AEMOHCTPUPYET, UTO
yBEAMUYEHUE KOAMUYECTBA HAPE3HbIX KaHAAOB
Ha OCHOBHOM AMCKE Hanpsmyto crnocobcTByeTt
MOBbILLIEHUIO AOATOBEYHOCTU KOHCTPYKLMH.

3AKNAHOYEHUE

B xoae npoBepeHHOro MaTemMaTUyecKko-
ro MOAEAMPOBAHUA U UYUCAEHHOrO aHaAM3a
onpeAeAeHbl PeCypPCHbIe XapaKTepPUCTUKKU pa-
AVAAbHbIX TypbOMaLLMH 6€3 U C PacCTPONKOM
napameTpoB. AHaAM3 PE3yAbTAaTOB MOKa3aA,
YTO MOFYT CYLLECTBEHHO MEHATbCS MakKCu-
MaAbHbI KOOOULMEHT YBEAUUYEHUA aMMAK-
TyAbl (A0 44,72%) U AOATOBEYHOCTb pPaAM-
aAbHOTO KoAeca TypbomaluunHbl ot -10,76 a0
+14,84%.

Mcnoab3oBaHne MKI NO3BOAMAO MpoOBe-
CTU YUCAEHHOE MOAEAMPOBAHME U BbIABUTb
3aKOHOMEPHOCTU BAUAHMUS PACCTPOMKM Ha
YCTAAOCTHYHO AOATOBEYHOCTb PeanbHOro pa-
AWAAbHOrO pabouero Koneca, MPUMEHSEMOTO

B XMMWYECKOM U BEHTUASILMOHHOM 0OOpPYAO-
BaHUW.

PesyabTaTbl BbIYMCAUTEABHBIX AKCMEPUMEH-
TOB NOATBEPAMAU 3DDEKTMBHOCTb pa3paboTaH-
HbIX MOAEAEWN U AATOPUTMOB, a TaKXe NMoKa3aAu
BO3MOXHOCTb MX MPUMEHEHUSA AAA MPOrHO3MU-
poBaHMA pecypca U ONTUMMU3aLMU KOHCTPYK-
LMK POTOPOB paAnanbHbix TypbomaliunH. [o-
AYYEHHbIE AQHHbIE MOTYT ObITb UCMOAB30OBaAHbI
NpY NPOEKTMPOBAHMM HOBbIX TypbOMaLUWH
M COBEPLUEHCTBOBAHMKU CYLLECTBYHOLLMX KOH-
CTPYKUUM B LIEASX MOBbILLIEHUS UX IKCNAyaTaLu-
OHHOW HAAEXHOCTU U AOATOBEYHOCTM B pabo-
UMX YCAOBUSAX.

Hacrofiluee McCAepOBaHWE BHOCUT BKAAA
B pa3BUTME METOAOB pacyeTa AMHAMUUYECKMUX
N PECYPCHbIX XapaKTepUCTUK TypboMallMH U
OTKPbIBAET NEPCNEKTUBbI AAA AQAbHEWLLMX UC-
CAep0BaHM B 0BAQCTM ONTUMM3ALMK AOATO-
BEYHOCTU pPaAMaNbHbIX POTOPHbIX KOHCTPYKLMM
C YYETOM 3KCMAyaTauMOHHbIX GaKTOpPOB.
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OueHKa TeXHUUECKOro COCTOAHUA MeTaAAMUeCKUX KOHCprKuMﬁ
Ha OCHOBE KOMMNbIOTEPHOIro MOAEAUPOBaAHUA

WU.H. PonkukoB® ™, A.E. BarnaHOBCKUIA?
L2 pKyTCKUI HaLMOHaAbHbIN MCCAEAOBATEAbCKMI TEXHUHYECKUI YHUBEPCHTET, UpKyTCK, Poccusi

Pe3rome. Llenb - yCTaHOBAEHWE NPUYMH Pa3pyLLEHUA KOHCTPYKLMIA C MOMOLLbIO KOMMbIOTEPHOTO MOAEAMPOBAHKWSA
Ha OCHOBE MCCAEAOBaHMS UX HaMpsXXeHHO-AePOPMUPOBAHHOIO COCTOAHUA. MICXOAHBIMMU AQHHBIMU AAST KOMMbLOTEP-
HOr0 MOAEAMPOBAHKSA ABAAAUCH GOTOMATEpPUanbl C MecTa NPOUCLLECTBUSA, KOHCTPYKTOPCKas AOKYMEHTaLMs, TEXHUYe-
CKME XapaKTEPUCTUKN aBTOMOBUAS (HarpyxeHHoro nuaoMatepuanaMm) U rMAPOHOXHULL. MICnoAb30BaAMCh NPOrpaMm-
Hble koMmnAaekebl APM WinMachine, NX 1 Autodesk Inventor. B kauecTBe OCHOBHOIO MeToAa AAA UCCAEAOBAHUN ObIA
BblOpaH METOA KOHEUYHbIX 9AEMEHTOB B NepemMelLeHnax. PaccmatprBaAiCb pasAMyHble BePCUM NMOABAEHWUA TPEeLLM-
Hbl, 6bIAV pa3paboTaHbl KOMMbIOTEPHbLIE MOAEAU Y MPOBEAEH UHXEHEPHbIV aHaAM3 KOHCTPYKLMK paMbl aBTOMOOUAS.
C NomMOLLbH KOMTMBKOTEPHOTO MOAEAMPOBAHUSA Takxe Bbina ycTaHOBAEHa Hanboaee BEPOATHAS NPUUMHA pa3pyLLEHUS
BEPXHEW YaCcTU TMAPOHOXHMULL — MPeBbILLEHUe KpuTnueckoro (345 MIMa - npeaen Tekyvectn ctaan 09M2C) A AaHHOroO
MaTtepuana ypoBHS HanpsixeHWn. ccaepayeMble KOHCTPYKLMU OTAUYAANCh CAOXHOCTBHO FEOMETPUU U pa3Hoobpasnem
AENCTBYHOLLUMX HA HUX HArpy3ok. Mpu nx MoaeAnpoBaHMKM BbIAM yUTEHBI CBapHbIE LBbI. B nporpaMMHbIX KOMMIAEKcax
Ha OCHOBE METOA@ KOHEYHbIX AIAEMEHTOB ObIAM MOCTPOEHbI FTEOMETPUYECKME MOAEAU KOHCTPYKLMIA, BKAKOUASA CBap-
Hble LUBbl, HA OCHOBE KOTOPbIX ObIAM CHOPMMPOBAHbI U UCCAEAOBAHbI KOHEYHOINEMEHTHbIE MOAEAM KOHCTPYKLMHNA.
B pesyAbTaTte NpoBEAEHHbIX PACUYETOB HaMPSXXEHHOr0 COCTOAHWS TMAPOHOXHUL, BbIAO ONPEAEAEHO MaKCMMaAbHOE
3HauyeHne HanpsxeHusa (391 Mr1a), 3HaUMTEABHO NPEBbILIAtOLLEE NPEAEA TEKYUECTH, @ TAKXKE AOKAAM3aLMA Hanps-
XEHUIN AASI PA3HbIX CAYYAEB Harpy>XeHWs KOHCTPYKUMKW. AHAAU3 PE3YALTATOB PacyYeTOB MPOYHOCTU M XKECTKOCTU KOH-
CTPYKLMI B MCMOAb3YEMbIX MPOrPaMMHbIX KOMMAEKCAX AAS BCEX MOAEAEN, pa3paboTaHHbIX AAA MPOBEPKU paccMa-
TPMBaEMbIX rMNoTe3, NO3BOAMA yKa3aTb Haubonee BepPOATHbIE NMPUUMHBI UX paspylleHns. PazpabotaHHas MeTOAMKA,
KOMMbIOTEPHbBIE MOAEAW U PE3YALTaTbl MPOBEAEHHbIX UCCAEAOBAHMIA MOTYT ObITb MCMOAB30BaHbI MPU MHXEHEPHO-TEX-
HUYECKOMN IKCNEPTU3E PA3AUUHbBIX TEXHUYECKMX OOBEKTOB.

KaroueBble cAOBa: TEXHUYECKOE COCTOSIHUE, METOA KOHEUYHbIX SAEMEHTOB, CBapHasa pama, rMAPOHOXHULbI, KOM-
NbOTEPHOE MOAEAMPOBAHUE, HANPAXEHHO-AEDOPMUPOBAHHOE COCTOAHUE, MPOYHOCTb

BhrarosgapHocTH. ABTOPbI BblpaxatoT BAAropapHOCTb 3a yyacTue B AaHHbIX MccAepoBaHUsX H.A. ActadbeBol U
H.O. TioTpuHy.

Ara untupoBaHua: PoixukoB W.H., BanaHoBckuii A.E. OueHKa TEXHWUYECKOrO COCTOSAHMUS METaAAMUYECKMX
KOHCTPYKLIMIA Ha OCHOBE KOMMbIKOTEPHOrO MoaeAnpoBaHus // iPolytech Journal. 2025. T. 29. Ne 2. C. 204-215.
https://doi.org/10.21285/1814-3520-2025-2-204-215. EDN: ONYJLJ.

MECHANICAL ENGINEERING
Original article

Technical condition assessment of metallic structures based
on computer modelling

Igor N. Ryzhikov~, Andrey E. Balanovsky?
12|rkutsk National Research Technical University, Irkutsk, Russia

Abstract. Objective - determination of the causes of structural failure using computer modelling based on
stress-strain state analysis. The initial data for the computer modelling included photographic material from the site
of the accident, design documentation and technical specifications of the vehicle (loaded with timber) and the hy-
draulic shears. The software packages used were APM WinMachine, NX and Autodesk Inventor. The Finite Element
Method in displacements was selected as the primary research method. Various crack initiation scenarios were
considered, computer models were developed and an engineering analysis of the vehicle frame structure was per-
formed. Computer modelling also identified the most likely cause of failure of the upper part of the hydraulic shear -
exceeding the critical stress level (345 MPa, the yield strength of the 09G2S steel) for the material. The studied
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structures were characterised by complex geometries and a variety of loads acting on them. Welded seams were
considered in their modelling. Geometric models of the structures, including the welded seams, were created in the
software packages using the finite element method. On this basis finite element models of the structures were de-
veloped and analysed. As a result of the stress state calculations for the hydraulic shear, the maximum stress value
(391 MPa), which is significantly higher than the yield strength, and the stress localisation for different loading cas-
es were determined. Analysis of the results of the strength and stiffness calculations for all the models developed
were used to test the hypotheses considered in the software packages. This made allowed identification of the most
probable causes of failure. The developed methodology, along with the computer models and the results obtained,

can be applied in the engineering and technical analysis of a variety of technical objects.
Keywords: technical condition, finite element method, welded frame, hydraulic shears, computer modeling,

stress-strain state, strength
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BBEAEHUE

CoBpeMeHHas cyAebHaa WHXEHEPHO-Tex-
Huueckas akcneptnsa (UTI) aBAAeTCS He TOAb-
KO npoueccyanbHbIM AEWCTBUMEM, HO U MOAHO-
LEHHbIM Hay4YHbIM UCCAEAOBAHUEM Ha OCHOBE
MCMOAB30BaHUS TakMX Hay4yHbIX METOAOB, Kak
aHaAn3, mopeAmpoBaHue u aAp. [1]. MeToabl
aHanM3a U MOAEAMPOBAHUA WUrParoT BaXKHYHO
POAb B MHXEHEPHO-TEXHUYECKOW 3KCNEepTU3e,
no3ponsisi 6onee TAYOOKO WMCCAEAOBATb TEX-
HUYECKME OOBLEKTbI M MPOLIECCHI, YTO, B CBOKO
oyepeab, CNocobCTBYET yCTAHOBAEHMIO MPUYKH
OTKa30B TEXHWUKK. ITU METOAbl OCHOBaHbI Ha
MCMOAb30BaAHUM MaTEMATUUECKUX MOAENEN U
KOMMbIOTEPHbIX TEXHOAOTUNA.

B pamkax UT3 yacTto npuberatot K KOMMbLo-
TEPHOMY MOAEAMPOBAHUIO [2]. KoMMblOTEPHOE
MOAEAUMPOBAHME B COBPEMEHHbIX MPOorpamMm-
HbIX KOMMAEKCaX Ha OCHOBE METOAA KOHeu-
HbIX 9AeMeHTOB (MK3) WKMPOKO nNpuUMeHsaeTcs
AN @aHaAM3a MPOYHOCTU U XKECTKOCTU pas3Any-
HbIX KOHCTPYKLMW, B YaCTHOCTU KOHCTPYKLMI
aBTOMOOWABHOTO TpaHcnopTta. CoBpeMEHHOEe
nporpaMmmHoe obecneyeHve Ha ocHoBe MK3
NO3BOASIET MPOBOAWUTL C AOCTATOYHO BbICOKOM
TOUYHOCTbIO BUPTYaAbHbIE KpaLL-TECTbI pa3paba-
TbiIBAEMbIX aBTOMOOUAEN, YUMTbIBAS NPU 3TOM
BCHO UCTOPUIO Harpy>XeHU Mmatepmnana AeTanemn
KOHCTPYKUMK Ha PasHbIX CTAAMAX WX MU3rOTOB-
AeHUA 1 cObopku. U3 MHOXecTBa NybAMKaLWUI B
06AaCTU KOHEUYHOINEMEHTHOIO aHaAM3a Mpouy-
HOCTU KOHCTPYKLUMIM MOXHO OTMETUTb paboTbi®
[3-27].

B aaHHOM cTaTbe NpeACTaBAEHbl pPe3yAbra-
Tbl KOMMbIOTEPHOTO MOAEAMPOBAHUA ABYX KOH-
CTPYKLMI: paMbl Fpy30BOro aBTOMOOUASI U BEPX-

HeM YacTu TMAPOHOXHML, B cAyyae ¢ rpyxeHbim
nuAoOMaTepuanamMu aBTOMOBMAEM paccMaTpu-
BaAUCb ABE BEPCUM NOABAEHWA TPELUMHBI:

1) B pe3yAbTaTte COBEPLUEHHOIO AOPOX-
HO-TpaHcnopTHoro npoucwectema (ATI) (nepe-
e3na bopatopa v Haespa Ha orpaay);

2) B pe3yAbTaTte 3BakyaluuMu aBTOMOOMAS
METOAOM YaCTUUHOWM NOrpy3ku. B cooTBETCTBUM
C 3TMMMK BepcuaMU ObiAM pas3paboTaHbl KOM-
NbHOTEPHbIE MOAEAW U NMPOBEAEH UHXEHEPHbIN
aHaAM3 KOHCTPYKLUKU paMbl aBTOMOOUMAA. Kom-
NbIOTEPHOE MOAEAMPOBAHWE BEPXHEW 4YacTu
TMAPOHOXHUL, TaKkXe MNPOBOAMAOCL C LEAbHO
YCTaHOBAEHUSA Hanbonee BEPOSATHOM MPUUUHDI
UX PaspyLLEHMS.

MCMOAb3YEMbIiA METOA AHAAU3A
HANPA>XXEHHO-AEOOPMUWUPOBAHHOIO
COCTOAHUA KOHCTPYKLIUHA

AN aHaAM3a HanpPsHXKEHHO-AePOPMUPOBAH-
Horo coctosiHma (HAC) pambl MCNOAb30BaACSH
MK3 B nepemelleHUaX, OCHOBHbIE MOAOXE-
HUA KOTOPOrO AeXaT B OCHOBE MPOrpamMmMHbIX
KOMMAEKCOB MHXEHEPHOro aHaAM3a KOHCTPYK-
uMn NX u Autodesk Inventor. OcHOBHaa uaes
MK3 cocTtouTt B 3ameHe AndPepeHUUanbHOro
YypaBHEHUA B YaCTHbIX NMPOU3BOAHbIX, OMUCHI-
BaOLIEro ¢eU3NYECKMU MpPoLEecC, CUCTEMOM
AMHENHbIX arrebpanyeckmx ypaBHEHUN, AETKO
pellaeMon kKomnbtoTepoM. Npu aHaAn3e MeTo-
AOM KOHEYHbIX SAEMEHTOB BBOAMUTCS AOMyLLE-
HMUE, YTO COOTHOLLUEHME MEXAY NepemMelleHu-
AMKU ToueK Tena U 1 cuaamu, NPUAOXEHHbBIMMK
K Teny F, SBASIETCS AMHEWHBIM Y OAHOPOAHbIM.
JTO COOTHOLWIEHME BbIpaXaeTcsi CAEAYHLLMM
ypaBHEHUEM:

3harepeB A.B., BepluuHckuii A.B., Aarepes W.A., LLy6uH A.H. MOAbEMHO-TPAHCNOPTHLIE MaLUMHbI: PACYET METAAMUECKUX KOH-
CTPYKLMI METOAOM KOHEUHBIX INEMEHTOB: yueb. nocob. 2-e usa., nepepab. v pon. M.: FOpaiit, 2023. 178 c.
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F =KU, (1)

rae F - BekTtop Harpy3ok, H; K - ranobanbHas
mMaTpuLa KO3IOPULMEHTOB XXECTKOCTU KOHCTPYK-
umn; U - BEKTOP Y3AOBbIX NEPEMELLEHWIA, MM.

B matpnyHOM BMAE COOTHOLLEHUE (1) MOX-
HO 3anucaTb CAeAyroLMM 0bpa3om:

F K11 Kiz - Ky Kin 71 (Us
F, Ky Ky o Ky Koy U,
Fi[ | Kn Kp Kii Kin U;
anJ LKn1 Kna Kni Knn- kUnJ

B camom obLiem cayyae B KaXAOM y3A€E KO-
HEYHO-INEMEHTHOM MOAEAM MOTYT AEMCTBOBATb
ewe M MOMEHTbl OTHOCUTEAbHO KOOPAMHATHbIX
ocel. B atom cayyae GAOKM y3AOBbIX CUA U Me-
PEMELLIEHUI AAST KAXAOTO y3Aa ByAyT COCTOATh
MX LUECTU KOMMOHEHT: TPEX MOMEHTOB M 1 Tpex
yranoB rnosopora [

F;={F, Fy F, My M;, M.}
Uy ={Up Uy Uy Ty Ty Tl

MNone pedopmalmnii € MOXHO BbipasuTb ye-
pe3 cteneHn cBoboAbl Y3AOB aneMeHTa {u} no-
CPEACTBOM ANDOEPEHLMPOBAHUA MOAA nepe-
MELLLEHWNN:

¢ = [D]{u},

rae marpuua aupodepeHuMpoBaHUs.

CoOTBETCTBEHHO, YTOObI paccuMTatb NOAe
HanpsXXeHu, HeobXxoAMMO cBfA3aTb Hanps-
XeHnA ¢ pedopmMaumnsaMU, a Yepesd HUX - C
HaWAEHHbIMWU paHee y3AOBbIMWU Mepemelle-
HUAMMU:

o= [H]e

AW
o = [H][D]{u}.

Matpuua [H] COAEPXHUT KOIGPULIMEHTHI,
OMNUCbIBaKOLLME MEXaHUYECKUE XapaKTePUCTH-
KM 3aA@HHOTO KOHCTPYKLMOHHOIO Marepuana.

ISSN 2782-6341 (online)

Mpn KOMNbIOTEPHOM MOAEAMPOBAHUK C MO-
MOLLbIO NPOrPaMmmMHOro KOMMAeKca Ha OCHOBE
METOAA KOHEYHbIX 3AEMEHTOB OCHOBHbIMU 3Ta-
namm sIBASIKOTCA:

- CO3AaHME FEOMETPUYECKON MOAEAM;

- AVUCKpPETU3auMsa reoMeTpuyeckon MoAe-
AU (MOCTPOEHUE KOHEYHOINEMEHTHOM CETKM);

- MPUAOXEHUE HArPy3KH;

- HaAOXEHWEe YCAOBMK 3aKpenAaeHusa (rpa-
HUYHbBIX YCAOBUI);

- pacuer;

- aHaAM3 Pe3yAbLTaToB.

PE3YALTATbl UCCAEAOBAHUM
N UX OBCY)KAEHUE

AHanM3 Hanps)XeHHO-AepOpMUPOBaAHHO-
ro cocTosiHusi pamMbl aBTOMOb6MAA. B pamkax
AaHHOWM paboTbl 6bIAO nccaepoBaHo HAC pambl
aBTOMOOWASI MPU AENUCTBUM PA3AMUHbIX Harpy-
30K C LIEAbD YCTAHOBAEHMWSI MPUYUHbBI NOABAE-
HUA TpelmMHbl. [PYXeHbIK NUAOMATEPUAAOM
aBTOMO06uMAb Nissan Diesel coBepLIMA AOPOX-
HO-TPAHCMOPTHOE MPOUCLLECTBME - Mepeexan
60pAtOp U croMan orpaay (puc. 1). Mocae ATH
9BaKyalua NPOUCXOAMAA METOAOM YaCTUYHOM
norpy3ku (cm. puc. 1). Mpy30BUK 3akaTbiBaAu
Ha 9BaKyaTop Npu NOMOLLM AeDeAKM 3a Nepea-
HUEe TaKeAaXHble KPHOKKU Moa yraom 23°.

BrnocaeacTBUM Npy OCMOTPE aBTOMOOUASA
6bina 0OHapyXXeHa TpelwurHa B pamMe crnpasa 3a
nepeaHen ocbio (puc. 2).

AAS OTBETa Ha BOMPOC (B OTUETE), UTO NOCAY-
XWUAO UCTUHHOM MPUYMHON NOABAEHUS TPELLU-
Hbl — 9BaKyalUUsa Neperpy>xeHHoro aBToMobu1AS
UAK nepeesp MM bopatopa - Bbina HasHauveHa
NT3. B pamkax cyaebHon UTI BbIAO npoBepe-
HO KoMnbloTepHoe mopeAanpoBaHne HAC Kow-
CTPYKLUMM pamMbl aBTOMOOWAS B MPOrpaMMHbIX
komnaekcax NX n Autodesk Inventor.

Pama aBToMOOUAS (pUC. 3) AOHXEPOHHOM
KOHCTPYKLMKU COCTOMT M3 ABYX AOHXEPOHOB
(NpopaoAbHBIX H6anoK) [1-06pa3Horo npooduas,
COEAMHEHHbIX MexAy CcoboM NnOCpPeACTBOM
CBapKM OTAEAbHbIMM MOMepeYMHamu, npo-
®UAb KOTOPbIX — ABYTaBp. AAS AOHXEPOHOB B
MOAEAWN BbIA NPUHAT wBeArep 210x57x4 TOCT
8278-83* n3 craam Ct 20 NOCT 1050-2013°,
AAS TIONepeunH — AByTaBp 20 13 TOM Xe CTanu.

4TOCT 8278-83. LLBearepbl CTaAbHbIE THyTble paBHOMOAOUHbIE. CopTameHT. Beea. 01.01.1984 (13m. 01.01.1989; 01.04.2003).

M.: CraHpapTHdopm, 2003.

5TOCT 1050-2013. MeTaArONPOAYKLMS M3 HEAEMMPOBAHHbBIX KOHCTPYKLIMOHHBIX KAUeCTBEHHbIX M crielanbHbix cTarei. 0bLime
TexHuyeckme yenosus. Beea. 01.01.2015 (n3m. 23.08.2021). M.: CtaHaaptuHdopm, 2022.
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MAKYATOP.
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0 ooparop h=100-150nm

a

Puc. 1. ®oT0 ¢ MecTa AOPOXHO-TPAHCIOPTHOIO NPOMUCLLECTBUS (a) M 3BaKyaLmst aBToMobuAs (b)
Fig. 1. Photos from the traffic accident scene (a) and vehicle evacuation (b)

[eomeTprueckas MOAEAb pambl ObiAa MOATO-
TOBAEHA B NporpaMmmMHOM komrnaekce NX B COOT-
BETCTBUM C UYepTeEXOM. MOAEAb BKAKOUYAET CBap-
Hbl€ LLBbI, HAAOXEHHbIE HA MeCTa CBapku (puc. 4).

Mpwu pacueTe yunTbiBaACA COOCTBEHHbIN BEC
KOHCTPYKUMK aBTOMOOUASA. Harpyska oT macc
kabuHbl, ABUratens M obopyaoBaHMA Obina
OMpeAeneHa C UCMNOAbL30BaHMEM KOHCTPYKTOP-
CKOW AOKYMEHTALUMU W TEXHUYECKUX XapaKTte-
PUCTUK aBTOMOOUASA U NPUAOXKEHA B MOAEAU B
MecTax WX YCTaHOBKWU. BeAnumHa Harpysku ot
MaccCbl NEPEBO3MMOrO rpy3a bbina OnpeaeneHa,
OCHOBbIBaACb Ha GOTO rpysa 3BakKyMpOBaAHHOIO
aBTOMOOUAS (puc. 5). Mpu 3TOM ObIA BbIMOAHEH
pacyeT Macchl rpysa rno Tpem BapuvaHTam B 3a-

Puc. 2. TpewmHa B pame, 0OHapyXeHHas MOCAE €ro

3BaKyaLum ¢ MecTa AOPOXHO-TPAHCMIOPTHOMO NPOUCLIECTBUS
Fig. 2. A crack in the frame discovered after vehicle =~ BWCWMOCTW OT CTENEHN BAQXHOCTU ADEBECUHDI.

evacuation from the traffic accident scene Okazanocb, UYTO Macca rpysa AN BCEX BapuaH-
2287
980 1259
220 700

I I
550 o
3000 S
~

I I

150 700
[epeaHsa
oce 3apHas
ocb
8100

Puc. 3. YepTex pambl aBTOMOOMAS
Fig. 3. Vehicle frame drawing
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y

b

Puc. 4. [eomeTpuueckasi MOAEAb paMbl aBTOMOOMAS C YYETOM CBaPHbIX LLIBOB (a) U MECTO pa3pyLueHust (b)
Fig. 4. Geometric model of the vehicle frame taking into account welds (a) and failure spot (b)

TOB CyLLECTBEHHO MpeBbIWaAa rpy30NOAbLEM-
HOCTb AQHHOTrO aBTOMOOMAS, KOTOpas COCTaB-
AseT 4565 kr. B panbHeWwunx pacuetax 6bina
NPUHATa MUHUMaAbLHaA BEAMYMHA MacChl rpy3a
(AN CyXOW ApEeBECUHDI), paBHas 4683 Kr.

B cootBeTcTBMM C ABYMSI OCHOBHbIMUW BEpP-
CUAMU pacCAeAyeMOro cobbiTnst (NoBpexAe-
HWEe paMbl NPU 3BaKyaUMW UAM NOBPEXAEHUE
pambl npu ATI) 6bIAM NOAFOTOBAEHbI ABE pac-
YyeTHblE CXEMbl Harpy>XeHHOW pambl:

1) HarpyxeHHaa pama noa yraom 23° (Mo-
AEAVPOBAHWE MOrPy3KM rPYXEHOro aBToMobu-
ASl Ha 3BaKyatop);

2) HarpyxeHHaa pama C ornopamu Ha ne-
peaHee NpaBoe M 3aAHEE AEBOE KOAeca (Moae-
AMpOBaHuWe nepeespa bopatopa).

AAs 06enx pacuyeTHbIX CXem BblAM MPUHATDI
CAEAYHOLLME FPaHUYHbIE YCAOBUA:

- AN NepeaHern ocu aBTOMOBMAA - XecCT-

KOe 3aKpernAeHue pambl B MECTe PacrnoAOXe-
HUA AAHHOM OCU;

- B MeCTe pacrnoAOXeHUA 3aAHeN ocu - 3a-
KpenAeHue, No3BOASIIOLLLEE paMe AMHEWHO Me-
pemMeLlatbCsi BAOAb CBOEM OCHU, @ TaKxXe AOry-
CKatoLee NoBOPOT BOKPYT 3aAHEN OCM.

KOHEUHO-aAeEMEHTHAas MOAEAb B 0O0MX CAY-
yasx Obina cHOpMMpPOBaAHA M3 CTEPXKHEBDIX
KOHEYHbIX 3AEMEHTOB, KOTOPbIM ObiA 3apaH
COOTBETCTBYHOLIMIK MPODUAB (LLIBEAAED UAU ABY-
TaBp). bbina NpoBepeHa CXOAMMOCTb Pe3yAbTa-
TOB pacyeToB AAA TPEX Pa3HbIX CETOK KOHEYHbIX
3AeMEHTOB, copepxalmx 19, 38 n 57 crepx-
HeBbIX 9IAeMeHTOB. Pa3anune B UTOrOBbIX NOKa-
3aTensix NepBbiX ABYx coctaBuao boree 30%, a
ABYX MOCAeAHUX — MeHee 10%, uTo roBopuT O
AOCTaTOYHO BAM3KMX pe3yAbTaTtax, T.e. yKa3blBa-
€T Ha UX CXOAMMOCTb. AASI pacyeToB Hbina Npu-
MeHeHa KOHEYHO-INAEMEHTHaA MOAEAb, COAEP-
Xawasa 57 CTepXHeBbIX IAEMEHTOB.

Kak nokasan aHaAM3 pesyAsTaToB pacyeToB
NnepBor MOAEAW, MaKCUMaAbHblE HanpsKeHus
B pame Mnpu norpy3ke aBToMOOUAS Ha 3BaKyaTop

b

Puc. 5. K onpeaererunto Harpyaku oT Macchl mepeBo31MOoro rpy3a: a - oT Macchl 6pyca; b - oT Macchl AOCOK
Fig. 5. Determination of load vs weight of the cargo transported: a - from the mass of the beams; b - from the mass of the

boards
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coctaBuAn 65,13 Mlla, UTt0 3HAUMTEABHO HUXE
npeaena TeKydecTn mareprana pamebl (puc. 6). K
TOMY X€ OHW BO3HWKaAM B palOHEe 3aAHEW OCW.
B 3T0M CBSA3M MOXHO YTBEPXAATb, UTO MOrpy3Ka 1
3BaKyaLUMsi Fpy)XeHOro aBToMOOUAA HE MOTAK NPW-
BECTU K BO3HMKHOBEHWIO TPELLMHBI B €M0 pamMe.

PacueTt BTOpOM MOAEAM NOKasaa, yYTo pama
npu nepeespe bopatopa pabotaeT Ha CKpyuu-
BaHue (puc. 7). Ha Tom Xe puc. 7 npeAcTaBae-
Ha KapTa pacCuYMTaHHbIX NepPeMELLEHNN paMbl
NPU NPUAOXKEHHOW Harpy3ke oT Maccbl 0H6opy-
AOBaHUA U rpy3a. YaapHas Harpyska npu atom
He yuuTblBaAach.

OpHako paxe 6e3 yyeTa ypaapHOM Harpys-
KU MaKCUMaAbHble HaNPAXeHWUs COCTaBASIOT
840 MIlla, yto 3HA4YMTEABHO MPEBbILIAET npe-
AEA TEKYUECTU MaTepuana pamsl.

Mpw 3TOM Ha KapTe HanpsXXeHW HabalopaeT-
CA YyeTKass AOKaAM3aLMa MakCUMaAbHbIX Hamnps-
XEHUIN B MecTe 0OHapPYXeHUA TPELLMHBI (prC. 8).

AHann3 pesyastatoB pacveta HAC pambl
AAET OCHOBaHWE YTBEPXAATb, UTO WMCTUHHOM
NPUYMHON BO3HWKHOBEHWS TPELUMHbI B pame
CTaA nepeesp neperpyXeHHOro aBToMobumAA ve-
pe3 6opAop.

AHanmu3z HanpsH)KeHHo-AepopMUPOBAHHO-
ro COCTOSIHMSI BEepPXHeH 4acTU TMAPOHOXKHML.
Bropoit 3apayert B paMkax AaHHOM paboTbl ObIAO
YCTAHOBAEHWE MPUUMHBI Pa3PYLLUEHUS BEPXHEN
yacTuh TMAPOHOXHMULL MOCAE BBEAEHUA UX B IKC-
nayataumio. NoBTOPHOMY pa3pyLLEHUIO B TOM Xe
MeCTe 3Ta KOHCTPYKUMS NMOABEPIAAChb NOCAE pe-
MOHTa C NpUMeEHeHWeM CBapku (puc. 9).

O3HaKOMUBLUUCb C KOHCTPYKUMEN U MPUH-
LUMNom ee paboTbl, MOXHO CAEAATb BbIBOA, YTO

Puc. 6. HanpsixeHus B pame aBTOMOOUAS Y 1o 3BaKyaLmu.
MakcumanbHoe HanpsxxeHue coctaBuro 65,13 Mlla

Fig. 6. Frame stresses during vehicle evacuation. Maximum
stress is 65.13 MPa

Puc. 7. AepopmaLimm pambl aBTOMOOMAS (@) U pe3yAbTaThl
pacueta nepemelLeHui npu nepeesae depes bopatop (b)

Fig. 7. Vehicle frame deformations (a) and calculation results
of movements when driving over the curb (b)

BEPXHAA YaCTb TMAPOHOXHUL, UCNbITbIBAET MPU
pa60Te CAOXHOE HanpAaxXeHHOoEe COCTOAHKE.

B atom cayuae HeobxoAMMO OMNpPeAEAUTDb K-
BMBAAEHTHbIE HANpPAXeHUA, NMpn pacyeTe KOTo-

Puc. 8. Pe3yAbTaThbl pacyueTa HanpsXeHui B paMme aBToMOOUAS
npu nepeesae yepes 6oparop. MakcumanbHble HanpsxXeHns
coctasuam 840 Mla

Fig. 8. Calculation results of stresses in the vehicle frame
when driving over the curb. Maximum stress is 840 MPa

209

https://ipolytech.elpub.ru


https://ipolytech.elpub.ru

2025. T. 29. Ne 2. C. 204-215

ISSN 2782-4004 (print)

iIPolytech Journal 2025202204915

ISSN 2782-6341 (online)

Puc. 9. ®o10 ¢ yKa3aHUEM MECTa BO3HUKHOBEHUS TPELUMHBI; @ — MECTO BO3HUMKHOBEHMSA TPELUMHbI; b — TpeLUMHa KpPynHbIM

nAaHoMm

Fig. 9. An image with indicated crack location: a - location of crack occurrence; b - close-up of crack

PbIX YUUTbIBAOTCA HOPMaAbHbIE HANPSXEHUS,
BO3HUKAOLWME MPU PACTIKEHUU-CXATUN U U3-
rmbe, a Takxe KacaTeAbHble HaMpPsXXeHUs Npu
CABMUTE.

YunTbiBass MacCUBHYIO (ABHO TPEXMepPHYHO)
KOHCTPYKLMIO AETAAM C MOMEPEYUHbIMU Cceve-
HUSMM OOABLLOM MNAOLLAAM W HanpaBAEHWE
Harpyaku OT LUTOKa TMAPOLIMAMHAPA, MOXHO
C AOCTATOYHOM AOAEW YBEPEHHOCTU CKa3aTb,
YTO AOASl PACTArMBAOLUMX HANPSXKEHUN OyaeT
HEe3HauUUTEAbHOM, a U3rMbHas U cABUroBasi co-
cTaBAsArOLLME ByAyT NpeobrapatoLLUMK.

MN3rnb sBasetcs HaMboaee onacHbIM C TOY-
KW 3pEHUSI MPOYHOCTU BUAOM AedopMaLnn, Xa-
PaKTEPUIYIOLLMMCS HEPaBHOMEPHbIM pacnpe-
AENEHWEM HaMNPSHXXEHWUM MO CEYEHUIO AETAAU U

NPUBOASILLMM K BO3HWKHOBEHWIO MaKCUMaAb-
HbIX HANPSXXEHUM Y NOBEPXHOCTH.

TBepaOTEABHAS reoMeTpuyeckas MOAEAb
noctpoeHa B moapyne APM Studio. Ha puc. 10
NoKasaHbl:

- MOAEAb BEPXHEN YaCTW TMAPOHOXHULL, (a);

- ocu wapHupa (b);

- BEpxHer yactmn B cbope (c).

KoHeuHOo3aAeMeHTHas CeTka NpeAcTaBAEHa
Ha puc. 11. OHa copepXuT 37234 KOHEYHbIX
anemeHTa (10-y3n0BbIx rekcasppoB) n 64049
y3ha.

PaccmMoTpuUM MCXOAHbIE AQHHbIE AN pac-
yeta.

AaBaeHue B ruapocucteme — 350 Kr/cm?
(34,32 MIa), AmameTp rMAPOLMAMHAPA HaPYX-

Puc. 10. TBepAOTEAbHAS FEOMETPUYECKAS MOAEAL: @ — BEPXHSS YacTb MMAPOHOXHUL b - OCb LIapPHUPa; C — BEPXHSIS YacTb B cbope
Fig. 10. Solid geometric model: a - upper part of hydraulic shears; b - hinge axis; ¢ - upper part assembled
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Puc. 11. KOHEYHOINEMEHTHAS CETKa
Fig. 11. Finite element mesh

Hbl — 280 MM (AAA pacyeTa NPUHUMaEM Ana-
METP NOPLLHS, paBHbIM 260 MM).
Pacuet Harpy3ku BbINOAHEH MO GOpPMYyAE:

F=P-A,

rae F - cuaa co CTOpPOHbI WTOKa, H; P - paB-
AEHWE B TMAPOLMAMHAPE, Ma; A — nAoLLaAb ce-
yeHua nopuHsa, M2, o pacuety ycuane F Ha
LUTOKe cocTaBuAo 1857 kH.

MakcrMMaAbHble HanpsixeHus uarnba BO3-
HUKHYT B CAydae OOAbLUIOIO MAeYa M ManoM
NAOLLAAM NOMNEPEYHOIO CEYEHUA B OCHOBAHWUM
(B mMecTe 3akpenaeHust). TakoW npeanosara-
eMbll cAyvyaln u3obpaxeH Ha puc. 12, Koraa
M3MeAbYaeMbI  (pa3pyllaemMbii)  MaTepuan
CTPOUTEABHBIX KOHCTPYKLMW OKa3aACsi MaKCu-
MaAbHO BAM3KO K HUXKHEMY LUAPHUPY M 3a30p B
OTBEPCTUM 3TOrO LWApHUPaA HYAEBOW (OCb Luap-
HUpa npuxarta) B HUXHEW 4acTu BHYTPEHHEMN
NOBEPXHOCTK OTBEPCTMA. Ha puc. 12 nokasaHbl
MECTO NMPUAOXEHUS U HanpaBAeHUE CUAbI F, a
TaKXe rpaHn4YHble YCAOBUS, COOTBETCTBYOLLME
OMUCaHHOMY CAyYalto.

BbiAvM npoBeaeHbl pacyeTbl NpPU 3HAUYEHU-
ax F: 1400 kH, 1600 kH n 1857 kH. Ha pwuc.
13 npeacTaBAeHbl pe3yAbTaTbl pacyeTa SKBU-
BaAEHTHbIX HaNPsH)XeHWUM AN Hanbonee Harpy-
XEHHOro cayvyas. Kak BUAHO u3 puc. 13, mak-
CMMaAbHbl€ HaNPsXXeHWUs BO3HMKAIOT B MeCTe,
COOTBETCTBYIOLLEM MECTY pa3pyLUeHUs.

Ha awnarpamme puc. 14 npeactaBAeHO
CpaBHEHWE PE3YALTAaTOB PacyeToB MakKCUMaNb-
HbIX HaMNPsHKEHWM MNPU PasHbiX Harpy3kax M
npeaenoB Tekyyectn ctaan 20 n 09r2C.

Ha paHHOM amarpamMme BWMAHO, 4TO MpwU
MaKCMMaAbHOW Harpyske B matepuase B Me-
CTe paspylleHUa BO3HWUKAIOT HaMpsXeHus,

https://ipolytech.elpub.ru

b

Puc. 12. lpnroxeHue Harpy3ku (a) n rpaHnyHble ycrosus (b)
Fig. 12. Load application (a) and boundary conditions (b)

Puc. 13. Pesynbtatsl npu cure 1857000 H. MakcumanbHoe
HanpsxeHne coctaBuro 391 Mlla

Fig. 13. Results at the force of 1857000 H. Maximum stress
is 391 MPa

npeBbllIaoWmne NpPepAenbl TEKy4YeCcTU npume-
HAEMbIX ANl AQHHOW KOHCTPYKUMW MaTepua-
AOB: ctanm 20 mn ctaam 09M2C. M3 ckasaHHOro
MOXHO CAeAaTb BbIBOA O TOM, YTO MPOYHOCT-
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Puc. 14. CpaBHeHHUE pE3YAbTATOB PACYEToB
Fig. 14. Comparison of calculation results

Hble XapaKTepPUCTMKU Aa@HHbIX MaTepranoB
HEAOCTATOYHbl AAS M3FOTOBAEHWMSI MOAOOHbIX
KOHCTPYKLMMN.

3AKAKOYEHUE

B aaHHOM paboTe NpoBeAEHO UCCAEAOBA-
Hue HAC KOHCTPYKUMIM pamMbl aBTOMOOUAS U
TMAPOHOXHMULL, C LEABIO YCTAHOBAEHUS NPUUMH
UX paspylleHusn. B pesyabtrate aHaAu3a pe-
3YAbTATOB KOMIMbIOTEPHOIO MOAEAMPOBAHMS
AQHHbIX KOHCTPYKLMIM YCTAHOBAEHO HUXECAE-
Aytoulee:

- B CAyYyae C paspylleHMeM paMbl aB-
TOMOOUASE Hanboree BEPOATHOM MPUUYUHOMN

NOAABAEHWSA B HEW TPELUMHbl SIBAAETCS ne-
pee3n NeperpyxeHHoro aBToMobUAS uepes
6opatop;

- B CAyYae C paspylleHMeM BepxHen uva-
CTU TMAPOHOXHUL, Hanbonee BEPOATHON MNpu-
YMHOW paspyLlEHNs ABUACA BbIOOp MaTepuana
C HEeAOCTaTOUYHO BbICOKUMU MEXaHUYECKUMMU
XapaKTEPUCTUKAMKN AN U3TOTOBAEHUSA AQHHOM
KOHCTPYKLMMU.

Pa3paboTaHHble KOMMbIOTEPHbBIE MOAEAU U
pe3yAbTaTbl MPOBEAEHHbIX UCCAEAOBAHUI MO-
ryT O6biTb UCMOAB30OBAHbI MPU UHXEHEPHO-TEX-
HUYECKOW IKCNEPTU3E PA3ANYHBIX TEXHUUECKMNX
0ObEKTOB.
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Pa3pabotka ycTpoucTBa COCTaBHOIO TOPMO3HOIo AUCKA
AUCKOBO-KOAOAOUYHOIO TOPMO3a TPAHCNOPTHbIX CPEACTB
C NMOBbILLUEHHbIMU 3KCTNAYaTaLMOHHbIMU XapaKTepUCTUKAMMU

E.®. Ckaapenko ™, 10.A. LLieBuoB?
12 KybaHCKUI rocyAapCTBEHHbIN TEXHOAOTMYECKMI YHUBEpcUTeT, KpacHoaap, Poccus

Pe3rome. Lienb - paspabotaTb yCTPOMCTBO COCTaBHOMO TOPMO3HOMO AUCKA AMCKOBO-KOAOAOUYHOMO TOPMO3a TpaHC-
NMOPTHbIX CPEACTB, 0OAAAAIOLLLErO MOBLILLIEHHBIMW 3KCNAyaTaUMOHHBIMK XapakTepuctnkamu. O6beKToM MCCAeAOBa-
HUM IBUAMCb KOHCTPYKLMK AMCKOBO-KOAOAOYHbIX TOPMO3HbIX YCTPOWCTB TPaHCNOPTHOIO cpeacTBa Mapku Ford, mope-
Av Explorer 5-ro nokoneHus, 2017 roaa Bbinycka. AAS YCTPaHEHMUS HEAOCTATKOB AQHHbIX AUCKOB (NMOBbILLEHHbIE Tpa-
AMEHTBI TEMNEPATYP M BHYTPEHHWUX HANPSXKEHWA HA MOBEPXHOCTAX U B TEAE TOPMO3HbIX AUCKOB; OTCYTCTBME CBOMCTBA
PEMOHTOMPUTOAHOCTU AUCKOB; HEAOCTATOYHbIV OTBOA TEMAA OT pabourx NOBEPXHOCTEN Napbl TPEHWA AMCK-KOAOAKA)
MCMOAb30BaAUCh METOALI TEOPUM PELLIEHUSA N306pETATEABCKMX 3aAaY, C YUETOM MOAOXKEHUI KOTOPOI ObIA MPEANOXEH
METOA PaCUYAEHEHUSA OCHOBHbIX KOHCTPYKTMBHbIX 3AEMEHTOB TOPMO3HOMO AMCKa Ha cocTaBAsitolme. AAA paspabor-
KW KOHCTPYKLIMM COCTaBHOMO TOPMO3HOMO AUCKA MCTMOAB30BAAUCH METOALI TPEXMEPHOIO NMPOEKTUPOBAHUS B y4eOHOM
BEPCUM POCCUMCKOro mporpammHoro npoaykta KOMIMAC-3D, v21. Ha ocHoBe MOCTaBAEHHbIX 3apady paspabotaHo
YCTPOMCTBO COCTABHOIO TOPMO3HOIO AMCKa, KOHCTPYKTUBHbIE SAEMEHTbI KOTOPOrO NMPEACTaBAEHbI Ha UAAKOCTPALMSX
3D-MoAEAe U U3rOTOBAEHHbIX MPOTOTUMOB C MOSICHEHUAMM UX OCYLLLECTBAEHUS. B pe3yAsTate MOCTPOEHUS KOHEYHO-3-
AEMEHTHbIX CETOK C MOCAEAYHOLLMM BbINMOAHEHWEM CTAaTUUECKMX PACUYETOB Ha NPOYHOCTb N0 KpuTepmuam Museca HbiaK
BblABAEHbI 06AACTV HanpPsXKeHOo-AePOPMMUPYEMOrO COCTOSIHUA pa3paboTaHHbIX AeTanen YCTPOMCTBa COCTAaBHOMO TOp-
MO3HOro Ancka. CaenaHbl BbIBOAbI O HEOOXOAMMOCTH ONTUMM3ALMU SINEMEHTOB KOHCTPYKLMU U BbiBOpa MaTepranos,
o0bAapatoLLMX ONTUMAAbHBIMU GU3UYECKUM CBOMCTBAMM (MAOTHOCTb, NMPEAEA TEKYUECTHU, MOAYAb YIPYrOCTH, TEMAOMNPO-
BOAHOCTb U T.A.), YTO MO3BOAWUT CHU3UTb UHEPLMOHHbIE MAacChbl U3AEAUN U HEMOAPECCOPEHHbIE MAacChl TPAHCMOPTHOMO
CpeACTBa, NOBbICUTb FrAPAHTUPOBAHHbIM 3anac MPOYHOCTU W YAYULUUTL OTBEAEHME TEMAA OT Map TPEHUS AUCKOBO-KO-
AOAOYHbIX TOPMO3HbIX YCTPOMCTB. PaccMoTpeHbl M MPUMEHEHbI METOAbI U TeXHOAOTMKU 3D-neyaTtv BOCKOMNOAOOHbIMM
durameHTaMn, He0HXOAMMbIE AN CTAAEAUTEMHOIO MPOU3BOACTBA MO BbINAABASEMbIM MOAEASIM. Taknum 06pa3om, no
pe3yAbTaTaM NPOBEAEHHbIX UCCAEAOBAHWIA NMOKa3aHO, UTO BbIOOP ONTUMAaAbHbIX MAaTEPUAAOB MO3BOAWT NMOBLICUTb 3¢-
bEKTUBHOCTb TOPMOXEHUS NPU UCMOAb30BaHMK paspabaTbiBAEMON KOHCTPYKLUMKU, CHU3WUTb TOPMO3HOW MyTb U BPEMS
OCTaHOBKM TPaHCMNOPTHOIO CpeAcTBa. [TpeACTaBAEHbI PEKOMEHAALMK MO HACTPOMKaM U pexrMmam neyartu.

KaroueBble cA0Ba: COCTaBHON TOPMO3HOM AWCK, COCTABHOM TOPMO3HOM POTOP, KOHEYHO-3AEMEHTHbIN aHaAu3,
3D-neyatb, BbINAABASIEMbIE MOAEAM

Anrsa umtupoBanua: Ckaaperko E.®., LeBuos HO.A. Pa3pabotka ycTpoincTBa COCTaBHOMO TOPMO3HOMO AMCKa AMCKO-
BO-KOAOAOYHOIO TOPMO3a TPAHCMOPTHbLIX CPEACTB C MOBbILLEHHBLIMU 3KCNAYaTaLMOHHBLIMU Xapakrepuctnkamu // iPolytech
Journal. 2025. T. 29. Ne 2. C. 216-233. https://doi.org/10.21285/1814-3520-2025-2-216-233. EDN: NUIVAY.

MECHANICAL ENGINEERING
Original article

Development of a modular brake disc assembly for spot-type disc
brake systems with enhanced performance characteristics

Evgeniy F. Sklyarenko*, Yuriy D. Shevtsov?

12Kuban State Technological University, Krasnodar, Russia

Abstract. This study presents a modular brake disc assembly designed to improve the performance characteris-
tics of automotive spot-type disc brake systems. We examined disc brake system configurations in 2017 fifth-genera-
tion Ford Explorer vehicles. Three principal limitations of conventional brake discs were identified: excessive thermal
gradients and internal stresses within disc components, non-repairable structural designs, and insufficient heat
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transfer from friction surfaces during operation. To address these challenges, we employed the theory of inventive
problem solving (TRIZ), which led to the development of a modular decomposition approach for principal structural
elements of the brake disc. The design process involved 3D modelling techniques within the KOMPAS-3D v21 edu-
cational software package, which facilitates comprehensive virtual prototyping and analysis. Finite element meshing
and subsequent static strength calculations, using the von Mises criteria, revealed stress-strain distribution zones
in the developed components of the modular brake disc assembly. The findings underscore the importance of en-
hancing structural design and selecting materials with optimal physical properties, including density, yield strength,
elastic modulus, and thermal conductivity. This approach would reduce the inertial masses of components and the
unsprung masses of the vehicle, while increasing the guaranteed safety factor and improving heat dissipation from
the friction pairs in spot-type disc brake systems. In addition, 3D printing methods with wax-like filaments, essential
for investment casting in steel production, were reviewed and applied. The study demonstrates that the selection of
optimal materials enhances braking efficiency and reduces the stopping distance and time of a vehicle when using

the proposed design. Recommendations for print settings and modes are also provided.
Keywords: composite brake disc, composite brake rotor, finite element analysis, 3D printing, investment casting

models

For citation: Sklyarenko E.F., Shevtsov Yu.D. Development of a modular brake disc assembly for spot-type disc
brake systems with enhanced performance characteristics. iPolytech Journal. 2025;29(2):216-233. (In Russ.).
https://doi.org/10.21285/1814-3520-2025-2-216-233. EDN: NUIVAY.

BBEAEHUE

KOHCTPYKUMN TOPMO3HbIX AMCKOB, MCMOAb-
3yeMbIX BO OPUKUMOHHbBIX TOPMO3HbIX Y3AaXx
TpaHcnopTHbIX cpeacTB (TC), WMPOKO M3BECT-
Hbl® [1-9]. TOPMO3HbIE AWCKM B LEAOM WC-
MOAb3YIOTCA B TOPMO3HbIX cuctemax TC aAns
X 3aMEANEHUS, OCTAHOBKN MAW YAEPXKAHUA B
HEMNOABMXHOM COCTOSIHMM MyTEM MNPUXaATUSA K
OPUKLMOHHBIX KOAbLEEBBIM AMCKAM GPUKLIMOH-
HbIX HAKAQAOK TOPMO3HbIX KOAOAOK NP 3apen-
CTBOBAHUK TOPMO3a. TOPMO3HbIE AUCKMK (MpH
MCNOAb30BAHUU BEHTUAMPYEMbIX TOPMO3HbIX
AVCKOB) BKAKOUAIOT B ceba CTYNMUUHYHO 4acTb,
COEAMHEHHYIO C ABYMSI B3AaMMHO NapanAeAbHbl-
MU BOKOBLIMU GPUKLMOHHBIMU KOAbLIAMU, KO-
TOpblE, B CBOKO OYEPEAD, Yalle BCEro COEANHE-
Hbl MexXxay cobol NeperopoAkamu, Hanpumep,
B BMAE AOMAcCTen, pebep, nepemMblyek, CTONOOB,
rpebHen, KOTopble MOryT MMETb Pa3AMYHbIN
NPOPUAb. YKaszaHHble NeperopoAkM BMECTE C
BHYTPEHHUMW MOBEPXHOCTAMU GPUKLMOHHbIX
KOAEL, 00pasyroT KaHaAbl (BEHTUASILMOHHbIN
annapart), N0 KOTOPbIM MNpPW BpaLLEHUU TOp-
MO3HOI0 AUCKA WMHTEHCUOUUMPYETCH NPOLIECC

NPOXOXAEHWSI MOTOKOB BO3AyXa, OMbIBAKOLLMX
CTEHKM BEHTUASILMOHHOIO annaparta, Yto Crno-
COOCTBYET KOHBEKTUBHOMY OXAQXAEHUIO TOP-
MO3HOI0 AMCKa.

B pesyabtate narteHTHOro noucka [5-7] wm
aHaAM3a npobAEM M3BECTHbIX KOHCTPYKLMM
BEHTUAUPYEMBbIX TOPMO3HbIX AMCKOB, OCBELLEH-
HbIX B Hay4HbIX Tpyaax [1-9, 13-15], 6bIA Bbl-
AENEH PAA CBOMCTBEHHbIX MM HEAOCTATKOB, K
KOTOPbIM OTHOCATCA:

1) nNOBbIWEHHbIK [PAAUEHT Temnepartyp
MEXAY POTOPHOM U CTYNMUYHOW YaCTAMMU, BCAEA-
CTBME 4ero PoTopHas 4yacTb MMeeT boabluee
TENAOBOE paclUMpeHNe, YeM CTyNUYHas YacTb.
MNepenaa TemnepaTtyp B TEAE AMCKa MpU TOp-
MOXEHUM MPUBOAWUT K MOBbIWEHHbIM TEPMO-
MEXaHUYECKMM HaNpsXXeHUsIM B ero Teae, uto,
B CBOK O4Yepepb, NMPMBOAUT K 0Opa30BaHUIO
TPELLUMH Ha rpaHuLax nepenaaa rfemnepartyp u
BO3HUKAOLWMX HANPAXEHUN;

2) U3BECTHbIE YCTPOMUCTBA TOPMO3HbIX AWUC-
KOB He 00AapaoT TakKMM CBOMCTBOM, Kak pe-
MOHTOMPUIOAHOCTb, MPEAYCMOTPEHHbIM MNPO-
n3BoaMTeneM. Tak, B CAydae U3Hoca paboumx

Puc. 1. Bup 06LLMIA KOHCTPYKLIMM COBPEMEHHbIX TOPMO3HbIX AMCKOB TPAHCMOPTHbIX CPEACTB
Fig. 1. General view of the design of modern vehicle brake discs

3BonbueHko H.A., KpacuH M1.C. AUCKOBO-KOAOAOUHbIE TOPMO3HbIE YCTPOCTBa: yued. nocod. KpacHopap: KybrTY, 2020. 66 c.
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NOBEPXHOCTEW POTOPa W/UAU MOBPEXAEHUS
TOPMO3HOMO AMCKa TpebyeTca ero noAHas 3a-
MeHa Ha HOBbIM TOPMO3HOW AUCK BBUAY LIEAb-
HOM (Hepa3bOopPHOM) KOHCTPYKUMWU. 3HaAuuT,
LEeAbHOAUTAA KOHCTPYKLUSA TOPMO3HbIX AUCKOB
(poTOpPOB) HE MO3BOASET WCMNOAb30BaTb MNO-
BTOPHO €ro «kapkac» WAW 3aMeHATb/BOCCTa-
HaBAMBaATb M3HOLLIEHHbIE KOAbLEBbIE MOBEPX-
HOCTU TPEHUS;

3) uTO0 KacaeTcs COEAMHUTEAbHbIX JAe-
MEHTOB, MPeAHa3HaAYEeHHbIX AAA COEAUHEHUS
Mexay cobon ABYX MpPOTUBOAEXALUMX OPUK-
LMOHHbIX KOAbLIEBbIX AUCKOB, B COBOKYMNHOCTH
06pasyolnX BEHTUAALMOHHbIE KaHaAbl, TO
OHW U3roTaBAMBAKOTCA COBMECTHO (EAMHOBpPE-
MEHHO) C KOAbLEBbIMU PPUKLMOHHBIMWU AWUC-
KaMu, Hanpumep, MeToAaMU AUTbS, U3 OAHOTO
W TOro Xxe mMatepuana, 4To U BCce TEAO TOPMO3-
HOro AMCKa (poTop, CTynuuyHasa yactb). BBuay
yero marepuvan BHYTPEHHUX CTEHOK BEHTUASA-
LUMOHHOro annapaTta, PaBHO Kak U OCTaAbHble
KOHCTPYKTUBHbIE SAEMEHTbI POTOPa U CTyNuy-
HOM YacCTU, UMEET Te Xe TENAOMPOBOAHOCTb U
TENAOEMKOCTb, M3-3@ YETO HE MOXET ObiTb AO-
CTUTHYT 6onee 3PPEKTUBHBIN OTBOA TEMAOTHI
OT TOPMO3HOr0 AMCKa.

Llenbto  pabotel  AABAsieTCA  pa3paboTka
YCTPOMCTBaA COCTABHOMO TOPMO3HOIO AMCKa W
onpepeneHne HeobXOAMMBbIX PACUYETHbIX METO-
AOB WCCAEAOBaAHUSA, KOTOpPble MO3BOAAT OMNTU-
MUW3UPOBaTb MPEANOXKEHHbBIE KOHCTPYKTUBHbIE
peleHnsa U yCTpaHUTb U3BECTHbIE HEAOCTATKK
TOPMO3HbIX ycTponcTs TC.

NMOCTAHOBKA 3AAAYU U METOADI
PELLEHUA

Takum obpasom, AAst pa3paboTKM ycTpown-
CTBa COCTABHOIMO TOPMO3HOIM0 AMCKa AMCKO-
BO-KOAOAOYHOrO Topmo3a TC, obaapatoLuero
NOBbILLIEHHBIMU 3KCNAYaTaLMOHHBIMKW XapaKTe-
PUCTUKAMU, HEODXOAUMbBIM ABASIETCS peLleHne
CAEAYHOLLIMX TEXHUUYECKUX 3aAau:

1) yCTPOMCTBO COCTABHOMO TOPMO3HOIO
AMCKa AOAKHO 0BAapaTb CBOMCTBOM PEMOHTO-
NPUIrOAHOCTH, TO €CTb €0 KOHCTPYKLIMA AOAXKHA
NO3BOASITb MPOU3BOAMTL 3aMeHY/BOCCTaHOB-
AEHUE OTAEAbHOM M3HOLIEHHOW W/UAM MOBpPE-
XAEHHOW AeTaAu, Hanpumep, C UCMOAb30Ba-
HMEM KOMMAEKTa 3anacHbIX YyacTer 1 npuHaa-
AEXHOCTEM WAM METOAAMM BOCCTAHOBAEHUSA
NOBEPXHOCTEN;

2) YCTPOWCTBO COCTAaBHOrO TOPMO3HOIO
AMCKa AONKHO obecrneunBatb e€ro ahpdeKTuB-
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HOE OXAaXAEHMWE, B NEPBYHO 0UepPeAb Haberato-
LLLMMKM MOTOKAMM BO3AYXa OKPYXKAaLOLLLEN CPEADI;

3) YCTPOMCTBO M MaTtepuanbl AETanen Co-
CTaBHOro TOPMO3HOIO AMCKa AOAXHbI obecne-
UMBaTb EMY BbICOKYIO CTOMKOCTb K TEpMOMEXa-
HUYECKUM Harpy3kam v HanpsXKeHUsM, BO3HU-
KatoLWUM NpKU TOPMOXEHUU;

4) ycTpOWMCTBO COCTA@BHOIO TOPMO3HOr0
AMCKa (M KaXXAOM M3 COCTaBAAIOLLMX €ro AeTa-
AEN) AONKHO AOMYCKaTb BO3MOXHOCTb MpUMe-
HEHWUA TEXHOAOTMYECKUX MPOLIECCOB MPU UX U3-
rOTOBAEHWU (NPOU3BOACTBE) U MOCAEAYIOLLIEM
00CAYXMBAHWUWU/PEMOHTE NpPU  IKCNAyaTaLMu
C UCMOAb30BaAHMEM AOCTYMHbIX U pacnpocTpa-
HEHHBbIX, @ TaKXe peHTabeAbHbIX TEXHOAOTUI U
TEXHUUYECKUX CPEACTB.

PelueHne nocTaBAEHHbIX 3apa4y  BbIMOAHS-
Aocb ana TC, B yactHocT ansa TC mapku Ford,
MoaeAn Explorer 5-ro nokonenusi, 2017 ropa
BblNycKa, uMerowero maccy 2405 Kr, MOLL-
HOCTb ABUIraTeAst BHyTpEHHEro cropaHus 249 A.c.
(AOLLAAMHBIX CUA), MAKCUMaAbHYH CKOpPOCTb 183
KM/4, OCHaLLEHHOIO Ha NepeAHen OCU BEHTUAM-
pyeMbIMU TOPMO3HbIMW AUCKaMM U 4-NOPLLHEBDI-
MW TOPMO3HbIMKW cynnopTamu. 3D-MoAeAb pas-
paboTaHHOW KOHCTPYKLMKM COCTaBHOIO TOPMO3HO-
ro AMCKa nNpeacTaBAeHa Ha puc. 2, 3. MNpu Npoek-
TUPOBAHUM YKa3aHHON KOHCTPYKLMKU COCTABHOIO
TOPMO3HOIO AMCKa cobAopannchb TpeboBaHMSA
narotoButens Ford K rabaputHbIM M YCTAHOBOUY-
HbIM pa3mMepam ykasaHHoro TC Takum 06pa3om,
yT0Obl 6bINA BO3MOXHA €rO LUTaTHas YCTaHOBKa.
Tak, TOALLMHA LUTATHOrO TOPMO3HOIO AUCKA paBHa
32 MM, BHELLHUIK AMAMETP TOPMO3HOMO AUCKA —
352 MM, KOAMYECTBO KPEMEXHbIX OTBEPCTUM K
CTYNULE COCTaBUAO 5 LLT.

AAS pelleHns NOCTaBAEHHbIX TEXHUUYECKUX
3ajAay UCNoAb3OBaAacb TEOPUA PELLEHUS U30-
b6petatenbckux 3apad (TPU3) [16], ¢ yueTom
KOTOPOM BbIA pa3paboTaH METOA pPacUAEHEHUS
OCHOBHbIX KOHCTPYKTMBHbIX SAEMEHTOB BEHTU-
AMPYEMOrO TOPMO3HOIMO0 AMCKa Ha COCTaBASLO-
wme. CyTb npepraraemMoro Metoaa 3akAruva-
erca B pasbUEHUN INEMEHTOB KOHCTPYKLMK
Ha QYHKUMOHaAbHbIe rpynnbl. Tak, nytem pas-
AEAEHUA KOHCTPYKLMU BEHTUAMPYEMOTO TOP-
MO3HOI0 AMCKa Ha PYHKUMOHAAbHbIE TPynmnbl
ObIA BbIAEAEHbI €r0 CAEAYHLLME OCHOBHbIE
KOHCTPYKTUBHbIE 3AeMEHTbI: 1) GPUKLUMOHHBIE
KOAbLIEBbIE AWCKK (CAEBa U crpaBa), BOCNpu-
HUMatOLLME BO3AEMUCTBUA OT GPUKLMOHHBIX Ha-
KAQAOK TOPMO3HbIX KOAOAOK; 2) OYHKLMOHAAb-
HbIM KapKac, BbIMOAHAOWMK KaK QYHKLMIO He-
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CYLLEN KOHCTPYKLMW C SAEMEHTAMMU Kpenexa,
Tak U GYHKUMIO pacnpepeneHnst TEYEHUS NOTOo-
KOB BO3AyXa OKpYXaloLWen cpeabl, HeobxoAm-
MO ANl peanmn3aLmMm MHTEHCUPUKALIMM OXAQXK-
AEHWNS TOPMO3HOIO AMUCKA; 3) GYHKLUMOHAABHbIE
Kopnyca TENAOKOHAEHCATOPOB, BbIMOAHAKOLLME
OYHKUMU COEAMHEHUSI AETAaAEN KOHCTPYKLMK B
€AVHOE LeNO€e YCTPOMCTBO — TOPMO3HOM AUCK,
OTBEAEHMA TENAOTbl OT GPUKLMOHHbBIX KOAbLLE-
BbIX AUCKOB B CTEHKM BEHTUASILMOHHOMO anna-
paTta W, COOTBETCTBEHHO, GYHKLMIO BEHTUASLM-
OHHOro annaparta; 4) CTyNUUHbIM GAAHEL, Bbl-
MOAHAIOLLMMA MOHTAXHYO GYHKLMIO YCTPOMCTBA
COCTaBHOIro TOPMO3HOIO AMCKa K CTYMULLE KOAe-
ca. Takum 06pa3om, pacUAEHEHME OCHOBHbIX
KOHCTPYKTUBHbIX 3AEMEHTOB BEHTUAMPYEMOIO
TOPMO3HOMO0 AMCKa Ha COCTaBASAIOLUME MO3BO-
AMAO BBbIAEAUTb €r0 OCHOBHbIE KOMMOHEHTbI,
NPEACTAaBAEHHbIE Ha pUC. 2, KOTOpble MOryT
6bITb M3rOTOBAEHbI HE3AaBUCMMO APYr OT Apyra
C NPUMEHEHUEM AOCTYMHbIX M PACNpPOCTPaHEH-
HbIX, @ TaKXe peHTabeAbHbIX TEXHOAOTUI U TEX-
HUYECKUX CPEACTB, HAaNpPUMep, METOAOB AUTEN-
HOro MPOM3BOACTBA, B TOM YMCAE MO BbIMAAB-
AIEMbIM MOAEASIM Ha OCHOBE BOCKOMOAOBOHbIX
MaTEPMANOB M KOMMO3MLUMOHHbIX OBOOAOYEK.
AAA pa3paboTku KOHCTPYKLIMM COCTABHOIO TOP-
MO3HOIo AMCKa MCNOAb30BAAUCb METOAbI TPEX-
MEPHOro NPOEKTUPOBAHUA B y4eOHON BEPCUM

POCCUUCKOrO nporpamMmHoro npoaykta KOM-
MAC-3D v21 (puc. 2-13).

YcTporcTBo paspabaTbiBAEMOro CoCTaBHO-
ro TOPMO3HOIO0 AMCKA AMCKOBO-KOAOAOUYHOIO
Topmo3a TC C NOBbIWEHHbIMU 3KCNAyaTaLM-
OHHbIMMW XapakTepucTMukamu (CMm. puc. 2-13)
NpeACTaBASeT cOb0OM cocTaBHYO (COOpPHO-pas-
OOPHYH) KOHCTPYKLMIO, BKAKOUAIOLLYHO B cebs:
1 - GPUKLMOHHBIN KOABLEBOM AUCK; 2 — PYHK-
LMOHAAbHbIM Kapkac; 3 - OYHKUMOHAAbHbIN
KOpNyC TENAOKOHAEHcaTopa; 4 - CTyNUUHbIN
dAaHel; 5 - HapyXXHYH CTOPOHY GPUKLIMOHHOIO
KOAbLIEBOIO AUCKA; 6 — TbIAbHYHO (BHYTPEHHIOHO)
CTOPOHY PUKLMOHHOIO KOAbLIEBOIO AMUCKA;
7 - wun; 8 - MaAyto YNOPHYK NAOLLIAAKY; 9 -
ynopHoe pebpo; 10 - BHYTPEHHIOK YNOPHYHO
NAOLWAAKY; 11 - HapyXHYH YNOPHYK MNAOLLAA-
Ky; 12 - dAaHUEBYHO YacTb; 13 - OTBEPCTUE ANA
duKkcauum ctynuuHoro édaaHua; 14 - oteep-
CTUE AN PUKCaUUK GYHKLMOHAABHOIO Kopnyca
TENAOKOHAEHcaTopa; 15 - CKBO3HbIE KaHaAbl
(BEHTUAAUMOHHBIM annapar); 16 - 60KoByO
YMOPHYIO MAOWAAKY; 17 - MaAyto MPOYLUUHY;
18 - otBepcTre AN PUKCAUMK DYHKLMOHAAb-
HOro Kopnyca TENAOKOHAEHcaTopa Ha GpYHKLUMO-
HaAbHOM Kapkace; 19 — BHYTPEHHIOI NepeMbIY-
Ky; 20 — wun; 21 - NpoyLlurHy; 22 - OTBEPCTUE;
23 - YCTaHOBOYHYO NOBEPXHOCTb; 24 - yCTaHO-
BOUYHYIO NMOBEPXHOCTb; 25 — YCTAHOBOYHYHO MO-

Puc. 2. Bua B nepcreKT1Be Ha AeTaAu yCTPOMCTBA COCTaBHOIO TOPMO3HOI0 AUCKA B Pa3po3HEHHOM (pa30bpaHHOM) COCTOSTHUM:
1 - QPUKLUMOHHBIN KOAbLIEBOH AWCK, 2 - (YHKLUMOHaAbHbIN Kapkac; 3 - (QyHKLMOHaAbHbIM KOPMYC TENAOKOHAEHCATOpa;

4 - CTynuuHbIN praHel

Fig. 2. Perspective view of the components of the composite brake disc in a disassembled state: 1 - friction annular disc;
2 - functional frame; 3 - functional body of the heat condenser; 4 - hub flange
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Puc. 3. O6Lumi BUA COCTaBHOrO TOPMO3HOro AMcka ro puc. 2 B cbope, paspaboTaHHOro B y4ebHOM Bepcun POCCUICKOro
nporpammHoro npoaykta KOMIMAC-3D v21: a - Bua cnepeau; b - Bua c3aam
Fig. 3. General view of the composite brake disc assembly according to Fig. 2 developed in the training version of the Russian

software product COMPASS-3D v21: a - front view; b - rear view

BEPXHOCTb; 26 — LEHTpPaAbHOE oTBepCTUE; 27 —
oTBepcCTUe; 28 - Npoem (kapmaH); 29 - CKBO3-
HOW KaHaA (BEHTUASILMOHHbIW annapar).
QOPUKLMOHHbBIE KOAbLIEBbIE AMCKM 1 (CM.
puc. 4-5), NpeaAnoYTUTEAbHO W3IroTaBAMBAE-
Mbl€ M3 METAAAMYECKMX CMAABOB WAM KOMIMO-
31MLMOHHOIO Matepuana, Hanpumep, kapbuaa
KPEMHUS, apMUPOBAHHOIO YrAEPOAHbIMUK BO-
AOKHaMM, BbIMOAHAKOTCA B BUMAE LUMAMHAPUYE-
CKMX KOAeU. HapyxxHasi cTopoHa GPUKLMOHHbIX
KOAbLIEBbIX AUCKOB 5 NpeapHa3HauyeHa AN KOH-
TAKTHOrO B3aMMOAEUCTBUSA C OPUKLMOHHbIM
MaTepuaroM TOPMO3HON KOAOAKW MPWU TOPMO-
XEHUN, MOXET W3roTaBAMBATbLCA POBHOMW, a
TakXe UMETb Haceukn (KaHaBKW, YrAybAeHus,
CAOTUPOBaHME) UAK Nepdopaunto. Ha TbiIAbHOM
(BHYTPEHHEN) CTOPOHE OPUKLMOHHbBIX KOAbLE-
BbIX AUCKOB 6 BbINOAHAKTCS LUKUMbI 7, HaAMNpu-
Mep, TMNa «AaCTOYKWUH XBOCT», B KOAUUYECTBE OT
ABYX AO MATUAECATU LUTYK, @ NPEANOUTUTEABHEE
B KOAMYECTBE OT LUECTHaALATU A0 ABaALATH
LIECTU LUTYK, KOTOPblE NpeAHa3HayeHbl AAA CO-
€AMHEHUA OPUKUMOHHBIX KOAbLEBbLIX AWUCKOB
1 mexay coboi ¢ NOMOLLBIO GYHKLUMOHAABHbIX
KOpMycoB TenAoOKoHAeHcaTopoB 3. lpu aToM
Ha wWMnax 7 BbIMNOAHAKOTCA MaAble YNOPHbIe
NAOLLAAKM 8, HEOBXOAUMBIE AAA ynopa GPUK-
LIMOHHbIX KOAbLIEBbIX AUCKOB 1 B ynopHble pe-
6pa 9, BbINOAHEHHbIE B GYHKLMOHAABHOM Kap-
kace 2. BHyTpeHHMWe ynopHble naowapku 10,
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BbIMOAHEHHbIE MEXAY WMnamMu 7 Ha TbIAbHOM
(BHYTPEHHEW) CTOPOHE GPUKLMOHHBIX KOAbLIE-
BbIX AUCKOB 6, MPEANOUTUTEABHO BbINOAHAIOTCS
POBHbIMM C LEeAblD 0becneyeHnss HapAexallle-
ro KOHTAKTHOrO B3aMMOAENCTBUSA U TENAOODOMe-
Ha C HapYXHbIMW YNOPHbIMK NAOLWAAKaMK 11,
KOTOPbIE BbINMOAHAIOTCS Ha KOpNycax TENAOKOH-
AeHcaTopoB 3.

DyHKUMOHaAbHbIM Kapkac 2 (cM. puc. 6),
NPEANOYTUTEABHO W3rOTaBAMBAEMbIA U3 Me-
TAaAAMUYECKUX CMAABOB WMAM KOMMO3UUMOHHbIX
mMaTtepuanoB, MMeeT GpAaHLEBYIO YacTb 12, B
KOTOPOM BbINOAHEHbI OTBEPCTUA AAS UKCa-
UMK CTynMYHOro dAaHua 13 U OTBEPCTUS AAS
duKcaummn GYHKLMOHAAbHbBIX KOPMYCOB TEMAO-
KOHAeHcaTopoB 14 cooTBeTCTBEHHO. Bo draH-
LEeBOM Yactu 12 GpyHKUMOHAABHOIO Kapkaca 2
BbIMOAHEHbI CKBO3HblE KaHaAbl (BEHTUASILLUOH-
Hbl annapart) 15, yepes3 KoTopble NpU BpaLLe-
HWM COCTABHOIO TOPMO3HOIO AMCKA MPOXOAST
NMOTOKK BO3AyXa, OXAaXAatoLLme ero. [Mpu atom
oT dAaHueBOM yacth 12 PYHKUMOHAABHOIO
Kapkaca 2, NpeAnoyYTUTEABHO B paAvaAbHOM
HanpaBAEHWWU, WUCXOASIT YNOpHble pebpa 9 B
KOAMYECTBE OT ABYX AO MATUAECATM LUTYK, On-
TUMaAbHO B KOAMYECTBE OT LLIECTHAALATU A0
ABAALATU LIECTU LUTYK, GOPMa KOTOPbIX MOXET
6bITb NPOPUAMPOBAHHOW, HO MPEANOYTUTEABHO
nmMeroLLLas NPAMOYroAbHble ceveHus. MNpeanouy-
TUTEABHO, UTOObI rpaHK YNopHbIX pebep 9 Bbi-
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Puc. 4. Bua B nepcrnekivMBe Ha
(OPUKLMOHHbIN KOABLIEBOM AMCK CrIEPEAn
Fig. 4. Perspective view of the friction
annular disk from the front

MOAHAAUCb B3aWMHO MEPNEHAUKYASPHbIMU U
UMEAM POBHbIE MOBEPXHOCTHU, C LIEALIO 0becne-
YEHUSA HAAAEXALLEro KOHTAKTHOrO B3aUMOAEN-
CTBUSA M TennoobmeHa ¢ OYHKLMOHAAbHbIMU
KOpnycamm TENAOKOHAEHCATOPOB 3.
DyHKUMOHaAbHbIE KOpryca TEMNAOKOHAEH-
catopoB 3 (cM. puc. 7, 8), NpeAnoOYTUTEABHO
N3rotaBAMBaeMble U3 METAAAMYECKUX CMAABOB
UAU  KOMMO3ULIMOHHbIX MaTepuanoB, WUMEKT
CAEAYIOLLME KOHCTPYKTUBHbIE SAEMEHTbI: Ha-
PYXHble ynopHble nAoLWwaaku 11, no cpeacTBam
KOTOPbIX GPYHKUMOHAAbHbIE KOpMyca TENAOKOH-
AEHCATOPOB 3 KOHTAKTUPYHOT C GPUKLIMOHHBIMM
KOAbLEBbIMW AMCKaMKM 1; GOKOBblE YMOPHbIE
NAOLLAAKKM 16, N0 CPEeACTBAM KOTOPbIX KOpnyca
TENAOKOHAEHCATOPOB 3 KOHTAKTUPYHOT C yrnop-
HbIMW pebpamn 9 PYHKLMOHAABHOIO Kapkaca
2; MaAble NPoyLInHbl 17, B KOTOPbIX BbIMOAHE-
Hbl OTBEPCTUA AN PUKCALMN GYHKLMOHAABHbIX
KOPMyCOB TEMNAOKOHAEHCATOPOB Ha OYHKLMO-
HaAbHOM Kapkace 18 ¢ MOMOLLbIO KAEMOK UAK
pe3bboBOro CoeaMHeHus (Hanpumep, BOATOB,
BUHTOB, raek, KPeneXHbIX BTYAOK); BHYTPEH-
HMe nepemMblukn 19, CcoeAMHSIIOLLME CTEHKMK

Puc. 5. Bupg B nepcriektuBe Ha
(PPMKLMOHHBIN KOAbLIEBOM AMCK C3aAU
Fig. 5. Perspective view of the
friction annular disc from behind

Puc. 6. BuaBrepcnekTMBe Ha QyHKLMOHAAbHbIN
KapKac, BbINOAHEHHbIN CUMMETPUYHO

Fig. 6. Perspective view of a functional frame
made symmetrically

Koprnyca TENAOKOHAEHCAaTopa, KOTOpble B COBO-
KYMHOCTM 06pasytoT CKBO3HbIE KaHaAbl, Yyepes
HUX NPU BpPaLLEHUN COCTABHOMO TOPMO3HOrO
AMCKa MPOXOAAT MOTOKM BO3AyXa, OXAAXAAl0-
LMe ero, Npyv 3TOM BHYTPEHHWUE MNEPEMbIYKU
19 moryT 6bITb BbINMOAHEHbI, HANPUMEP, B BUAE
Aonacten, pebep, nepembluek, cTonboB, rpeb-
HEeW, MOryT UMeTb Pa3AMUYHbIM NPODUAb U NPO-
CTPAHCTBEHHOE PACMOAOXEHWE, Hanpumep,
NPOAOAbHO, MOMEPEK MAU MOA YTAOM MO OTHO-
LLIEHWUIO K CTEHKAM GYHKLMOHAABHOIO Kopnyca
TEMNAOKOHAEHCATOpa; Wwunbl 20, BbINOAHAEMbIE
Ha pebpax 60KOBbIX rpaHert GYHKUMOHAAbHbIX
KOPMyCOB TEMAOKOHAEHCATOPOB 3 AAA COEAU-
HEHUA C OPUKLMOHHBbIMKU KOAbL@AMK 1, U npea-
NOYTUTEABHO UMEIOLLINE TPEYTOAbHOE CEUYEHMUE.

CtynuuHbin draHey, 4 (cm. puc. 9, 10) us-
rotaBAMBaEeTCA B BUAE Yalln (MUCKU, TaPEAKK),
UMEIOLLIEN PaAMAAbHO PACMOAOXEHHbIE MPOY-
lWKHbI 21 B KOAMYECTBE OT ABYX AO MATUAECH-
T LWITYK, @ NPEANOYTUTEABHEE B KOAUYECTBE OT
LLIeCTHAALATU A0 ABAALATU LUECTU LUTYK, B KO-
TOPbIX BbINOAHAOTCA OoTBEpPCTMA 22. [pKn 3TOM
YCTAHOBOYHbIE MOBEPXHOCTU 23, 24 n 25 BbI-
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MOAHSAKOTCS POBHBbIMW M B3aUMHO MapaAAeAb-
HbIMW. CTYNUUHbIN dAaHel 4 MOXET UMETb LiEH-
TpaAbHOE OTBEPCTUE 26, a TakxXe OTBEPCTUSA
27 ANl YCTAHOBKKW Ha CTYMuWLY, KOTOpble MOryT
pacrnoAaratbCsi MO OKPY>XXHOCTU Ha HEKOTOPOM
PacCTOSIHUK OT LLEHTPAAbBHOIO OTBEPCTUA 26.
Cbopka 3aNeMEHTOB (AETAAElN) KOHCTPYKLIMM
COCTaBHOIro TOPMO3HOIO0 AMCKa, U3rOTOBAEHHbIX
C NPUMEHEHUEM AOCTYMHbIX U PacnpoOCTPaHEH-
HbIX, @ TaKXe PeHTabEeAbHbIX TEXHOAOTUM U TEX-
HUYECKUX CPEACTB, OCYLLECTBASETCH METOAOM
CTbIKOBKM MeXAYy COO0M GPUKLMOHHbBIX KOAb-
LEBbIX AUCKOB 1 M OYHKLUMOHAABHOIO Kapkaca
2, YCTaHaBAMBAEMOro MexXay OQPUKLMOHHbI-
MW KOAbLEBbIMW AMCKaMK 1 Taknum obpasom,
4yTOObl MaAble YNOPHbIE MAOLLAAKM 8 LWKMNOB
7, BbINOAHEHHbIX, HAaNpPUMep, No TUMY «AACTOU-
KWH XBOCT» Ha TbIAbHbIX (BHYTPEHHWX) CTOPOHAaX
®OPUKUMOHHBIX KOAbLIEBBIX AMCKOB 6 COBMapa-
AM C YNOpPHbIMKU pebpamu 9, BbINOAHEHHbLIMUW B
bYHKLMOHAABHOM KapKace 2, kak 310 NnokasaHo
Ha puc. 11-13, nocae yero B obpa3oBaBLUMECS
npoemMbl (kapMaHbl) 28 ycTaHaBAMBAOTCA QYHK-
LUMOHaAbHblE  KOprnyca TEeNAOKOHAEHCATOPOB
3, KoTopble Mo cpeacTBam WwnnoB 20 BXOAAT B
3aUenAeHne ¢ WunamMmun 7, BbINOAHEHHbIMUK Ha
TbIAbHbIX (BHYTPEHHWX) CTOPOHAX GPUKLIMOHHbIX
KOAbLIEBbIX AUCKOB 6, 00pa3ysi C HUMU MexaHu-
YyecCkyto CBf3b. locAe BbINOAHEHWUSI yKa3aHHbIX

Puc. 7. Bup B nepcrnekiMBe Ha QYHKLUMOHaAbHbIM KOPMyC
TENAOKOHAEHcaTopa

Fig. 7. Perspective view of the heat condenser functional
body
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onepaumn BbINOAHSIETCA UKCaUMA OYyHKLMO-
HaAbHbIX KOPMYCOB TEMNAOKOHAEHCATOPOB 3 Ha
bYHKUMOHAABHOM Kapkace 2 Mo CpeAcTBam
KAEMOK MAM pe3bBOBOr0 COEAMHEHUA Yepes Co-
OTBETCTBYIOLLME OTBEPCTUA AN UKCALIUN DYHK-
LUMOHaAbHbIX KOPMYCOB TENAOKOHAEHCATOpPOB
Ha OYHKUMOHAABHOM Kapkace 18 v oTBepCTui
AA OUKCaUMU GYHKUMOHAABHbBIX KOPMYCOB Te-
nAokoHaeHcatopoB 14. CTynuuHbin draHel, 4
COCTaBHOIro TOPMO3HOIO AMCKa yCTaHaBAMBaeT-
CcA U QUKCUPYETCHA HA METaAAMUYECKOM QYHKLIMO-
HaAbHOM Kapkace 2 Nno CPeACTBaM KAEMOK UAK
pe3bb0BOro COEAMHEHMA UYepe3 COOTBETCTBYHO-
LLIME OTBEPCTUA 22 U OTBEPCTUA AAA dUKCALMK
CTYNUYHOIO daaHua 13.

PeMOHTONPUroAHOCTb  pa3pabaTbiBaeMoro
COCTaBHOr0 TOPMO3HOIO AMCKa AOCTUraetcs
3a CYeT YCTPOUCTBa €ro KOHCTPYKUMK, KoTopas
ABASIETCA  CcOCTaBHOM  (COOpPHO-pa3bopHOK),
YTO B CBOKO O4YEPEAb NMO3BOAAET B CAyYae He-
06X0AMMOCTH, Hanpumep, U3HOCa W/WUAM MO-
BPEXAEHUSA, NPOM3BOAWUTb 3aMeHy AOOOW U3
TpebyrolWwmnx TOro COCTaBASAIOLUMX €ro AeTanew
Ha HOBYK 3anacHyt0 4yacTb WMAUM WMMELIOLLYHO
WHble HEOOXOAMMbIE MapamMeTpbl U CBOMCTBA.
Tak, Hanpumep, B nNpoLecce 3KCNAyatauuu
BO3MOXHa 3aMeHa OPUKLMOHHbLIX KOAbLEBBIX
AVCKOB, M3rOTOBAEHHbIX, Hanpumep, 13 YyryHa,
Ha OPUKUMOHHbIE KOAbLEBbIE AWUCKW, UMEID-
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Puc. 8. Bua B nepcnektBe Ha aNEMEHTbl BEHTUASILIMOHHOIO
annapata ¢yHKLMOHaAbHOro Kopryca TeNAOKOHAeHcaTopa
Fig. 8. Perspective view of the elements of the ventilation
unit of the heat condenser functional body
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LME COOTBETCTBYHLLYH) KOHCTPYKLUMIO, HO W3-
FrOTOBAEHHbIE W3 APYroro MnpeAnoYTUTEAbHOIO
mMartepuana, Hanpmumep, U3 CTaAm AU Kepamu-
YEeCKOro KOMMNO31LUMOHHOIO MaTepuana, apmMmu-
POBaHHOIO YrA€pPOAHbIMWU BOAOKHaMMU. Taknm
obpas3om, npepraraemMoe TeXHUUYECKOE pelle-
HME MO3BOASIET HE TOAbKO MPUAATb CBOWCTBO
PEMOHTOMPUIOAHOCTU TOPMO3HOMY AMCKY, HO
N TakXe B CAyvyae HeobXOAMMOCTM MO3BOAAET
apanTMpoBaTtb 3PGEKTUBHOCTb COCTABHOMO TOP-
MO3HOIo0 AMCKa B COOTBETCTBUM C YCAOBUSIMMU
3KCNAyatauum U pexmmamMmu ero HarpyxeHus
NnyTeM YCTAHOBKKN TEX UAU UHbIX COCTABASAROLLMX
€ro Aetanen (3anacHblXx 4Yacten), U3roTOBAEH-
HbIX M3 MaTepuManoB, UMeLMUX Tpebyemble
(NpeAnoYTUTEABHBIE) MAapaMeTpPbl U CBOMCTBA.

MNoBbleHne 3GGEKTUBHOCTU OXAAXKAEHUSA
pa3pabaTbiBaeMOro COCTaBHOIO TOPMO3HOIo
AWCKa AOCTUTraeTcs, BO-TMEPBbLIX: 3@ CUET pas-
BMUTOrO0 BEHTUAALIMOHHOIO annapara C MNOoBbl-
LLIEHHON 3PDEKTUBHOM MAOLLAABIO BHYTPEHHMUX
NOBEPXHOCTEN BEHTUASILMOHHOIO annapara,
BXOAHbIE OTBEPCTUSA KOTOPOro BbIMOAHEHbLI B
GYHKLUMOHAABHOM KapkKace M UMeloLlne cBoe
MPOAONKEHUE B KaXAOM OTAEAbHOM  YHK-
LMOHAAbHOM KOpnyce TENAOKOHAEHCATOPOB,
KOTOPbl€ BbIMNOAHEHbI B HUX C MHOXECTBOM
BHYTPEHHUX NEPeEMbIYEK, YTO B COBOKYIMHOCTU
CNoCcoBCTBYET YAYULLEHUKO KOHBEKTUBHOIO Te-
nAOOOMEHA TOPMO3HOIO AMCKA C BO3AYXOM
OKpYXaloLLen cpeabl; BO-BTOPbIX, 3@ CYET MUC-
NOAb30BaHUA B KOHCTPYKLUMU OYHKLMOHAALHO-

Puc. 9. Bua B nepcrnekt1Be Ha CTyNMuUuHbIN pAaHeL criepean
Fig. 9. Perspective view of the hub flange from the front

ro Kapkaca U B KOHCTPYKLUMKN GYHKLMOHAABbHbIX
KOPMNYCOB TEMAOKOHAEHCATOPOB MaTepuanos,
KOTOpble 06AaAQIOT HEOOXOAUMOM NMPOYHOCTbIO
HapsAy C NOBbLILIEHHOM TEMAONPOBOAHOCTLIO
N/UAU TENAOEMKOCTbIO, K HUM MOTYT OTHOCMT-
cA, Hanpumep, aAtoOMUHUEBbIE CMAABbI, YrAe-
POAMUCTbIE CTaAW, YTO CMOCOOCTBYET MHTEHCU-
dUKaLMM OXAAXAEHMA pabourx NOBEPXHOCTEN
AMCKa, NOCKOAbKY TEMAOTA ObICTpee OTBOAMUTCSA
OT HUX B CTEHKM BEHTUASLMOHHOrO annapara,
TO €CTb K BHYTPEHHUM NepemMblukam, a 3aTem U
B BO3AYX OKPY)XXatOLLEN CPEADI.

CTOMKOCTb K TEPMOMEXaHWUECKUM Harpys-
KaM M HanpsikeHWaM, BO3HUKAKLLMM B TOP-
MO3HOM AMCKE NPU TOPMOXEHUMU, AOCTUTaeTCA
3a CUET CAEAYIOLLMX TEXHUUYECKUX PELLEHWN:

- BO-NEpPBbIX, 3a CYET COCTaBHOW (cOop-
HO-Pa360pPHON) KOHCTPYKLIMKU, BAaropapsi KOTo-
POV BEAMUYMHA TENAOBOI0 PAaCLUMPEHUS KaX-
AOTO KOHCTPYKTMBHOIO 3AEMEHTa MOXET ObITb
KOMMEHCUPOBAHA C LIEABIO CHUXEHUS Hanps-
XEHHO-AeDOPMUPYEMOrO COCTOSIHUSI IAEMEH-
TOB KOHCTPYKLMKU NPU UX HArpeBe U CHUXEHUSA
TeM caMblM BEPOSITHOCTU BO3HUKHOBEHUS Tpe-
LLLUH MO CPEACTBAM KOMMEHCATOPHOr0 TEMNAOBO-
ro 3a30pa, BbINOAHAEMOrO B TaKMUX YacTaX 3Ae-
MEHTOB COCTaBHOW KOHCTPYKLMKW, Hanpumep,
KakK B TeX, KoTopble 00pa3ytoT coearHeHue
TUMNA «AACTOUYKUH XBOCT» MEXAY PPUKLMOHHbI-
MW KOAbLEBbIMU AUCKAMU, GYHKLMOHAAbHbBIM
KapkacoM W OYHKLMOHAAbHBIMU KOpnycamu
TENAOKOHAEHCATOPOB;

Puc. 10. Bua B nepcneKkT1Be Ha CTYyNMYHbIN GAaHeL C3aAn
Fig. 10. Perspective view of the hub flange from the rear
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- BO-BTOPbIX, 3@ CYET MOBbILIEHHON 3¢-
GEKTUBHOCTU OXAQXAEHUA COCTABHOMO TOPMO3-
HOrO AMCKa, W, Kak CAEACTBUE, CHUXEHUSA €ero
pabouein Temnepatypbl, AOCTUTaeMOM 3a cueT
Pa3BUTOr0 BEHTUAAILMOHHOIO annapata, Ume-
FOLLEro MOBbILWLEHHYIO 3QPEKTUBHYIO MAOLLAAb
BHYTPEHHUX MOBEPXHOCTEM BEHTUAALIMOHHOIO
annapara, T0 €CTb BHYTPEHHUX MNEPEMBbIYEK,
KOTOPbI€ BbINMOAHEHbBI OAHUM LEABIM C QYHKLM-
OHAAbHbIMKW KOpMycamMu TEMNAOKOHAEHCATOPOB
M3 MaTepuanoB C MOBbILIEHHOW TEMNAOMPOBO-
AHOCTBIO U/UAW TENAOEMKOCTbHO.

BO3MOXHOCTb MPUMEHEHUSA TEXHOAOTUYE-
CKMX MPOLECCOB MPW M3rOTOBAEHUU (NPOU3-
BOACTBE) W MOCAeAytOLLEM OOCAYXUBAHUKW/
PEMOHTE COCTABHOrO TOPMO3HOIN0 AMCKa Npu
9KCNAyaTaumMmM € UCMOAb30BAHUEM AOCTYMHbIX
M PacnpPOCTPAHEHHbIX, @ TaKXe peHTabeAbHbIX
TEXHOAOTUN U TEXHUUYECKUX CPEACTB, AOCTU-
raetcsa 6aaropaps pas3paboTaHHOM KOHCTPYK-
LMW NpeAAaraemMoro ycTponcTBa COCTaBHOIO
TOPMO3HOIO0 AMCKa W COCTaBASIIOLLMX €ro Ae-
Tanem, KoTopas MO3BOAAET MPUMEHATb AAS U3-
FOTOBAEHUS COCTaBASIOLLUMX AETaAer, Hanpu-
Mep, AUTbe, GOPMOBaHUE, LLUTAMMNOBKY, KOBKY,
SLM-nevaTtb (CEAEKTUBHOE AA3epHOE MAaBAE-
HKe OT aHrA. Selective Laser Melting) meTtanna-
MW, NOCAEAYIOLLYID MeXaHMUYECKyt0 0O6paboTKy
1 cObOpPOUHbIE onepaLum, Taknue Kak CTbIKOBKa,
KAEMKa, 3aBMHUMBAHUE, KOTOPblE HEOOXOAMMO
BbIMOAHUTb ANl COEAMHEHUSA COCTABHbIX YacTeEN

Puc. 11. CtbiKOBKa QYHKLMOHAAbHOIO
Kapkaca ¢ QPUKLUMOHHBIMM KOAbLIEBbIMM
AMCKaMu

Fig. 11. Coupling of the functional frame
with the friction annular discs
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Puc. 12. Bup cnepean Ha COCTaBHOM
TOPMO3HOM AMCK B cbope

Fig. 12. Front view of the composite
brake disc assembly

ISSN 2782-6341 (online)

(AeTanen) B epMHOE Lenoe YCTpomcTBo. [lpu
3TOM 3a CYeT cocTaBHOMN (COHOPHO-Pa3bOPHON)
KOHCTPYKLMKM COCTAaBHOIMO TOPMO3HOIM0 AMCKa
A ero nocaepyrollero obcAyXMBaHUSA/pe-
MOHTa WAWU, HanNpumep, B CAyyae HeobXoau-
MOCTU YCTAHOBKN OPUKLMOHHBIX KOAbLIEBbIX
AVUCKOB C APYrMMW NPEANOYTUTEAbHBIMW Napa-
MeTpaMUu 1 CBOMCTBAMM BbINMOAHEHWE PaboT No
pa3bopke-cobopke npepraraemMoro cocTaBHOro
TOPMO3HOIO0 AMCKA MOXET ObiTb BbIMOAHEHO C
MCMNOAb30BaAHMEM AOCTYMHOIO M pacnpocTpa-
HEHHOrO CAECapHOro, B TOM YMCAE PYYHOTO MH-
CTPYMEHTA 1 OCHACTKM.

Mpn BbINOAHEHWM NOATOTOBKW FreOMeTpUYe-
ckux 3D-mopenent pa3paboTaHHOM KOHCTPYK-
UMM COCTABHOIMO TOPMO3HOIMO AMCKa K MpPou-
HOCTHbIM pacyeTam MNPOM3BOAMAOCH 3aAaHMeE
MaTEPUANOB AETAAEW, MPUAATaAUCb Pa3AKNU-
Hble TUMNbl HaArpy30K U 3akpenAeHus, co3paBa-
AMCb KOHEYHO-IAEMEHTHbIE CETKU C MOCAEAY-
OWMM BbIMOAHEHMEM CTATUUECKUX pPacyeToB
B POCCUMMCKOM MpOrpamMmMHOM npoaykte APM
FEM ana KOMITAC-3D v20.0.3.7. BapuaHTbl 3a-
AAHUSA MaTeEPUANOB, 3aKPENAEHUN U HArpy3oK
CBEAEHbDI B TabAULLY.

KOHEUYHO-IAEMEHTHAA CETKa AETAaAEn CO3-
AaBanacb B BUAE 4-y3A0BbIX TETPAIAPOB, KOI®-
OUUMEHT CryLLEHUA NOBEPXHOCTU 1,2, KO3 PU-
LMEHT paspexeHus B obbeme 1,5, MakCUManb-
Has AAMHa CTOPOHbI dAeMeEHTa 5 MM. Tak, AAS
OPUKLMOHHOTO KOABbLEBOIO AUCKA KOAMYECTBO

Puc. 13. Bua c3apM Ha CoCTaBHOM
TOPMO3HOM AMCK B cbope

Fig. 13. Rear view of the composite
brake disc assembly
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KOHEYHbIX 3AEMEHTOB COCTaBUAO 74469, Ko-
AMYeCTBO y3n0B - 21470 (puc. 14), aAns GYHK-
LMOHAAbHOIO Kapkaca KOAMUYECTBO KOHEYHbIX
3AEMEHTOB cocTaBUAO 197519, KoAMUECTBO
y3noB - 56940 (puc. 15), ana yHKUMOHAAD-
HOro KOpnyca TENAOKOHAEHCATOpa KOAMYECTBO
KOHEYHbIX 3AEeMEHTOB CcOCTaBUAO 34455, KoAK-
yecTBO y3n0B — 10099 (puc. 16).

M3BecTHO [17, 18], UTO KPUTEPUU MPOUYHO-
CTU AeTaAel MallMH OCHOBaHbl Ha OOLLMX No-
AOXEHUSX, KOTOPbIE UMEIOT 3aBUCUMOCTb OT YC-
AOBUIM AeDOPMUPOBAHUA MaTepuana. Tak, Ma-
TEPUAA U3AEAUSA MOXET HAXOAUTCA B OAHOM M3
MEXaHUYECKMX COCTOAHUI: YNPYyrom, naactuye-
CKOM WAM B COCTOSIHMM paspylleHus. Kaxaoe
M3 COCTOSTHUIN TeAa (M3AEAUA) XapaKTepuayeTcs

BapwuaHTbl 3apaHUA MaTepuanos, 3aerI'I/\eHVIl7I 1 Harpys3ok

Options for setting materials, fastenings, and loads

KPpUTEPUEM MPOYHOCTU, KOTOPOE YyCTaHaBAM-
BaeT MOMEHT ee ucuepnaHunsa, conpoBOXAAO-
LLIMACA pa3pyLLEHUEM TeAa C €r0 Pa3AEAEHUEM
Ha 4yacTn. CoBpeMEHHbIE METOAbI NMPOEKTUPO-
BaHWS U aHaAM3a AETAaAEW MaLLUMH NO3BOAANOT
CMOAEAMPOBaTb WX MOBEAEHWE B peanbHOM
aKcnAyaTaumm. AAS OLEHKM MPOYHOCTU paspa-
60TaHHbIX KOHCTPYKLMIM NPUMEHSIOTCA pa3Any-
Hble MaTeMaTU4YeCKMEe MOAEAU C MPOBEAEHU-
€M pacyeToB, HanpuUmep, METOAOM KOHEUHbIX
3NEMEHTOB, KOHEUHbIX Pa3HOCTEN, KOHEUHbIX
06beMOB. B Takom poOCCUMIACKOM Nporpamm-
HOM npoAykTe, kak APM FEM ans KOMIMAC-3D
v20.0.3.7 KpuTEpUMA TEKYYECTU (MOMEHT Ha-
CTYNAEHUA NAACTUUYECKUX AedOpMaLMin) MOXET
6bITb ONpeAeneH No Kputepuam Mesuca.

HaumeHoBaHue BennuuHa
Martepuan 3akpenneHue Bua Harpysku
AeTanu Harpysku
AaBAeHWE CO CTOPOHbI BO3AEWCTBUSA 10
OPUKLMOHHbIN CY20 C yueToM KOHCTPYKLMK TOPMO3HbIX KOAOAOK, MIa
KOAbLLEBOW AUCK no CpeAcTBam LIMMNOB KpyTALMIA MOMEHT B HanpaBAEHWUU 250
AEWNCTBUA TOPMO3HOro MOMeHTa, Hwm
AaBAEeHME CO CTOPOHbI BO3AENCTBMSA
o C yyeToM KOHCTPYKLMK 10
OYHKUMOHAABHbIN TOPMO3HbIX KOAOAOK, MTa
KADKAC Cranb 651 Nno CPeACTBaAM KpenexHbix K —
p OTBEPCTHIA 1 YNIOPHbIX PEGEp pvymumm MOMEHT B HanpaBAeHUK 250
AEWNCTBUA TOPMO3HOro MOMeHTa, Hwm
. AaBAeHWE CO CTOPOHbI BO3AEWCTBUSA 10
OYHKUMOHAABHbIN C y4eToM KOHCTPYKLMK TOPMO3HbIX KOAOAOK, MMa
Kopnyc Cranb 651 no cpeACTBaM NpPOYLIKH -
TENAOKOHAEHCATOPa M YMOPHBIX MAOLLIAAOK KpyTALUMA MOMEHT B HanpaBAeHUN 250
AEWCTBUA TOPMO3HOIO MOMeEHTa, Hm

Puc. 14. CreHepnpoBaHHas KOHEYHO-
9AEMEHTHas  ceTka  PPUKLMOHHOIO
KOAbLIEBOrO AMCKa

Fig. 14. Generated finite element mesh
of a frictional annular disk

Puc. 15. CreHepnpoBaHHas KOHEYHO-
9AeMeHTHas CceTka @YHKLMOHaAbHOIO
Kapkaca
Fig. 15. Generated finite element mesh
of the functional frame

Puc. 16. CreHepupoBaHHas KOHEYHO-
9A\eMeHTHas CceTka @YHKLUMOHaAbHOIo
Kopryca TENAOKOHAEeHcaTopa
Fig. 16. Generated finite element mesh
of the functional body of the heat
condenser
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Taknm 06pa3om, Npy NOMOLLM YKA3aHHOTO  TOAOM KOHEYHbIX dAEMEHTOB. 10 pe3yAbTatam
NPOrpamMMHOro NPOAYKTa ObIAO BbIMOAHEHO MO-  HAAOXEHMSA AEMCTBUSA CTATUYECKUX Harpy3ok
AEAVPOBAHME HAMPSXEHHO-AEDOPMUPOBAHHO-  ObIAM MNOAYYEHbI YNCAEHHbIE 3HAYEHUS U KAPThI
r0 COCTOAHMA AeTaner pa3paboTaHHOM KOH-  3KBUBAAEHTHbIX HaMNpPsXXeHWWn, nepemeLLeHun
CTPYKLMK COCTABHOIO TOPMO3HOIO AMCKA Me- W NPOYHOCTM (puc. 17-20).

FAMM i A ANM

0.01539
0.01465
0.01392
0.01318
0.01244
0.01171
0.01097
0.01023
0.003498
0.008761

1529
1456
1382
1309
1236
1163
109

1017
94.35
87.03

76.43

65.83
58 52
512
4389
3657
2926
2194
1463
7315
1.99e-13

RAMM - F{AMM

2897
3237
3577
3917
4257
4597
4.936
5276
5.616
5.956

6.449

6.941
7.281
7621
7.961
8.301
8.64
8.98
9.32
9.66
10

c d

Puc. 17. Pe3yAbTaTbl CTaTUUECKOMO pacyeta ¢ppUKLMOHHOIO KOAbLIEBOrO AUCKA: @ — 3KBUBAAEHTHbIE HanpsxeHus no Muzecy
He npesbilwatoT 153 H/MM?; b - cyMMapHble AMHENHbIe nepemMelleHmns He npesbilwatoT 0,016 MM; ¢ — K03pdULUMEHT 3anaca
10 YCTaAOCTHOM MPOYHOCTH COCTaBASIET 1,7 NPy ABYXMUAAMOHHBIX LMKA@X HarpyxeHus; d - KoapduumeHT 3anaca rno npeaeny
npoYHOCTH cocTaBAsieT 2,89

Fig. 17. Results of static calculation of the frictional annular disk: a - equivalent Mises stresses do not exceed 153 N/mm?; b -
total linear displacements do not exceed 0.016 mm; ¢ - safety factor for fatigue strength is 1.7 at two million loading cycles;
d - safety factor for ultimate strength is 2.89
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W AMM i W\ AMM I

155.6
148.1
140.7
1333
125.9
1184
m

103.6
96.16
88.73

77.97

67.21
59.78
52.36
4493
375
30.08
2265
15.22
7.797
0.3706

0.09106
0.0867

0.08234
0.07799
0.07363
0.06927
0.06491
0.06056
0.0562

0.05184

0.04553

0.03922
0.03486
0.0305
0.02614
0.02179
0.01743
0.01307
0.008715
0.004357
0

FAMM

1.563
1.957
2362
2.766
317

3574
3.978
4383
4.787
5191

5717

6.362
6.766
7.17M
7.575
7.979
8.383
8.787
9.192

Puc. 18. PesynbTaTbl CTaTMHECKOro pacyera (QyHKLUMOHAAbHOIO Kapkaca: a — 3KBMBAaAEHTHbIE HanpshkeHus no Mu3ecy He
npesbilaT 156 H/MM?; b - cyMMapHbie AMHelHble nepemellieHns He npesbitwator 0,092 MM; ¢ - KO3pGULMEHT 3anaca no
YCTaAOCTHOM MPOYHOCTM CcOCTaBASeT 1,55 npu ABYXMUAAMOHHBIX LUMKAGX HarpyxeHuus; d - KoapouuMeHT 3anaca no npesery
NPOYHOCTH cocTaBAsIET 2,63

Fig. 18. Results of static calculation of the functional frame: a - equivalent stresses according to Mises do not exceed 156 N/
mm? b - total linear displacements do not exceed 0.092 mm; ¢ - safety factor for fatigue strength is 1.55 at two million loading
cycles; d - safety factor for ultimate strength is 2.63

Hanbonee HarpyXeHHbIMWU IAEMEHTAMM B  LIME HANPSXEHWs, OT BO3AEUCTBUI NpuxXatua
AETaAsIX YCTPOMCTBA COCTABHOMO TOPMO3HOIO0  KOAOAKAMM He npeBbiwator 153 H/Mm?;
AVCKa OKa3aAUChb: 2) GyHKUMOHAABHOIO Kapkaca — YNopHble pe-

1) aAnA GPUKLMOHHOIO KOAbLIEBOTO AMCKA —  Bpa. HanpskeHusi B HanpaBAEHUW AEUCTBUSA TOP-
BHYTPEHHWE YNOPHble MAOWAAKM. CXMMat-  MO3HOrO MOMEHTa He npeBbiwatoT 156 H/mm?;
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MAMM - A AIM -

0.001523
0.00145
0.001378
0.001305
0.001232
0.001159
0.001086
0.001013
0.0009402
0.0008673

0.0007617

0.000656

0.0005831
0.0005103
0.0004374
0.0003645
0.0002916
0.0002187
0.0001458
7.289e-05

0

1252
1193
1134
1074
1015
95.62
89.7
838

77.89
71.98

6341

54 85
48.94
43.03
3712
2
253

19.39
13.48
7.566
1.655

a b

Puc. 19. Pe3yAbTaThl CTAaTMHECKOrO pacyeta QYHKLMOHaAbHOIO KOpPyca TeMAOKOHAEHCATOPA: @ — AIKBUBAAEHTHbIE HaMPSKEHUS
no Mu3ecy He npeBbitarT 126 H/Mm2; b - cyMMapHble AMHeHHble nepemelleHns He npeabitator 0,0016 Mm

Fig. 19. Results of static calculation of the heat capacitor functional body: a - equivalent stresses according to Mises do not
exceed 126 N/mm2; b - total linear displacements do not exceed 0.0016 mm

MAMM - MAMM -
2.797 4.751
3141 5.002
3.486 5.253
3831 5504
4175 5756
452 6.007
4.865 6.258
5.209 6.509
5.554 6.76
5.899 7.012
6.398 7.375
6.898 7.739
7.242 7.991
7.587 8.242
7.932 8.493
8.277 8.744
8.621 8.995
8.966 9.246
9.311 9498
9.655 9.749

10 10
a b

Puc. 20. Pe3syabTatbl CTaTMYECKOro pacyera QYHKLUMOHAAbHOrO KOpryca TENAOKOHAEHcATopa: a - KO3QQUUMEHT 3anaca rno
YCTaAOCTHOM MPOYHOCTM COCTaBASET 2,79 npu ABYXMMAAMOHHBIX LMKAGX Harpyxenus; b - KoagouumeHT 3anaca rno npesery
npoyHocTn coctaBAsieT 4,75

Fig. 20. Results of static calculation of the heat condenser functional housing: a - safety factor for fatigue strength is 2.79 at
two million loading cycles; b - safety factor for ultimate strength is 4.75

3) Koprnyca TENAOKOHAEHcatopa - MaAble MNcxoasa n3 Toro, 4to LeAecoobpasHoOCTb Bbl-
NPOYLUMHbI U BHYTPEHHUE NepPEMbIYKU. Hanps-  MOAHEHUS TEX AU MHbIX TEXHUUYECKUX pa3pabo-
XEHUA B HanpaBAEHUAX AEMCTBUSI TOPMO3HOIMO  TOK HaXOAMTCS B 3aBUCUMOCTU C BO3MOXXHOCTbIO
MOMEHTa U CUA MPUXATUS KOAOAKAMU HE Npe-  UX MOCAEAYoLEN pearnsaunmn (M3roToBAEHKS),
BbiWwatoT 46 1 126 H/MM? COOTBETCTBEHHO. B paboTe NPUBOAATCS KpaTKue CBEAEHWUS O BO3-
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MOXHbIX TEXHOAOTMAX WM3rOTOBAEHUSA AETaneu
pa3paboTaHHON KOHCTPYKLIMUK, @ MIMEHHO O TeX-
HOAOTMSIX AUTbSI METAAAOB MO BbINAABASEMbIM
Moaenam [19-22]. Tak, B nNpouecce UCCAEAO-
BaHW ObIAM U3FOTOBAEHbI BbIMAGBASEMbIE MO-
AEAV AETANEN, MPEACTABAEHHbIE Ha pUc. 21, 22.

AN meyaTM  MCMOAb30BaAUCb  QUAAMEHTDI
PET-G, ABS, WAX-3D. B pesyabrate paccmo-
TPEHUSA YKa3aHHON TEXHOAOTUWU AUTbSI Ha 3Tane
CO3AaHUS NPOTOTMMNOB ObIAO YCTAHOBAEHO, UTO
B KauyecTBe AUTEMHbIX 3aroTOBOK (BbII'I/\aBAFIe-
MbIX MOAEAEN) LenecoobpasHO MCNOAb30BaTb

a b

c

Puc. 21. 061umii BuA 3D-npuHTepa Elegoo Neptune 3 Max, umetotero obaacts nevatn 420x420x500 mm v Temnepatypy paboTbl
akcTpyAepa A0 260°C. C nomoLblo yKka3aHHOro 3D-npuHTepa ObiAv M3rOTOBAEHbI BbiNAGBASIEMbIE MOAEAU pal3paboTaHHOM
KOHCTPYKLIMM COCTABHOI0 TOPMO3HOI0 AMCKa, B TOM YMCAE M3 BOCKOMOAOBHOIro puramenTa: a - 3D-npuHTep Elegoo Neptune 3
Max; b - BuaA B nepcnekTuBe CH13y Ha BbIMAGBASEMYIO MOAEAb QYHKLIMOHAAbHOIO KOPMyCa TENAOKOHAEHCATOPa, M3roTOBAEHHYHO
¢ nomolublo 3D-npuHTEpa M3 BOCKOMOAOOHOrO ¢uAaMeHTa; C - BUA B NEPCNEKTUBE CBEPXY Ha BbIMAGBASEMYIO MOAEAb
¢GyHKLIMOHAABHOIo KOpryca TEMAOKOHAEHCaTopa, M3roTOBAEHHYH C MOMOLLbK 3D-npuHTEPa M3 BOCKONOAOBHOIo purameHTa
Fig. 21. General view of the Elegoo Neptune 3 Max 3D printer with a print area of 420x420x500 mm and extruder operating
temperature of up to 260°C. Using the specified 3D printer investment models of the developed design of a composite brake disc
were made including those made of wax-like filament: a - Elegoo Neptune 3 Max 3D printer; b - bottom perspective view of the
investment casting model of the heat condenser functional body made of wax-like filament using a 3D printer; ¢ - top perspective
view of the investment casting model of the heat condenser functional body made of wax-like filament using a 3D printer

Puc. 22. 061mii BuA 3D-moaerer pa3paboTaHHOM KOHCTPYKLIMM COCTABHOIO TOPMO3HOI0 AMCKa: @ — B pa3006paHHOM COCTOSIHUM;
b - B cobpaHHOM COCTOSHMM
Fig. 22. General view of 3D models of the developed design of composite brake disc: a - disassembled; b - assembled
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BOCKOMOAODOHbIE MaTepuanbl. BockonopoOHbIM
dMAAMEHT NOCTaBAAETCA B BUAE NPYTKa TOALLIM-
HOM 1,75 MM M UCNOAb3YETCA AAA MevyaTu Ha
3D-npuHTEpax no TexHoaorun FDM (Mmoaenmn-
poBaHME METOAOM MOCAOMHOrO HanAaBAEHMUS
oT aHrA. Fused Deposition Modeling). Moaeau,
HanevyaTaHHble BOCKOM, MOTyT ObITb MOABEp-
XeHbl NOcTobpaboTke Kak MexaHnueckn (abpa-
3UBHbIM MHCTPYMEHTOM WU OCHACTKOW), TEPMMU-
YecKu (B NAAMEHU TOPEAKK), TaK U XMMUYECKHM
(«<MOAMPOBKA» PACTBOPUTEAEM AASI CTAAXMBa-
HUS CAOEB W MPUAAHUA TAAHUA). 3HAUYMMbIM
OTAMYMEM BOCKOMOAODOHBbIX GUAAMEHTOB SB-
ASIETCS UX KpaWHe HU3Kasa 30AbHOCTb (MeHee
0,01%), HM3KoE rasoBbIAEAEHME MPU BbXUra-
HUK, ycapka He bonee 0,8% 1 LeHoBast AOCTYn-
HOCTb, UTO B COBOKYMHOCTU ABASIETCA BaXXHbIM
GaKTOPOM AAST MEAKOCEPUMHOTO NMPOTOTUMMPO-
BaHUA. BaxHoOW 0COOEHHOCTbIO MCMOAb30Ba-
HUSI BOCKOMOAODOHbIX GUAAMEHTOB ABASIETCA UX
NOBbILLIEHHAA NAACTUYHOCTb, BCAEACTBUE YEro
PEKOMEHAYETCA UCNOAL30BaTh 3D-NPUHTEPDI C
CUCTEMON «AUPEKT C «LENKUMMU» MOAAOLLIMMU
LUECTEPHAMMU, BO M3bexaHue 3amATUa GUAa-
MEHTa B CUCTEME MOAAUM K COMAY.

Mo pesyabTatamM OMbITHOW NeyaTtu, BbINOA-
HeHHOM Ha 3D-npuHTepe Elegoo Neptune
3 Max, MOXHO AAQTb CAEAYHOLLME PEKOMEHAA-
LMK NO HaCTpOMKaM M pexumam neyatn: B
HacTpoMKax chaancepa HeobXoAMMO 3apaTb
komaHay G-Code: «M302 S80». Temneparypa
conaa npu neyatr 120°C. AAS NOBbILLEHUS aA-
reaum MOAEAU K MeyaTHOMY CTOAY Ha NepBOM
CAOE NevaTu Temnepatypa neyaTHOro CToAa
105°C, panee He bonee 20° C. CKkopocCTb neva-
™ 25-35 MM/cC, 06AYB BbIKAKOUEH, UCKAKOUNUTD
nepenaabl TeMnepatyp U CKBO3HSKW B MOMe-
LLEHUN (KeAaTeAbHO WCMOAb30BaTb TEPMOKa-
mMepy Ana 3D-npuHTEpa), BbiCOTa nevyataemoro
cnosl 0,2 mm.

3AKAKOUYEHUE

CuHTe3snpysa 1 0606wan pesyAbtaTbl BbIMOA-
HEHHOM PaboTbl, NPEACTABASIETCA BO3MOXHbIM
yKasaTb CAEAYHOLLME BbIBOAbI:

1) coBpemeHHble METOAbI  MPOEKTUPO-
BaHWMA W MPOYHOCTHOIO aHaAM3a, HecMoTps
Ha WX AOCTATOUYHO BbICOKYH) PECYPCOEMKOCTb
(HEOOXOAMMOCTb  MOLUHOM  BbIYMCAUTEABHOM
TEXHWKW U BPEMEHHbIE 3aTpaThbl), AOKa3aAU He
TOAbKO LLeAeC00bPa3HOCTb MX MPUMEHEHMUS, HO
M HEOBXOAMMOCTb B HMX, MOCKOAbKY CTAHOBWT-
CA BO3MOXHbIM MPOWU3BECTU MOAEAUPOBAHWUE
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pPa3AUYHbIX KOHOUTYPaLIMIA YCTPOWUCTB, BbiOpaTh
ONTUMAAbHbIE  KOHCTPYKTMBHbIE  pPELLEHUSA
(B TOM uMcAe BbIOOP MaTEPUANOB AAS U3TOTOB-
AEHWSA) U NPOM3BECTU NPOYHOCTHOM aHAAUS;

2) TexHonormmn 3D-nevyaty NO3BOASOT B AO-
CTaTOYHO KOPOTKUE CPOKK U3rOTOBUTb MOAEAb
npoToTMNa C MMHUMaAbHbIMW MaTepUanbHbIMU
W TPYAOBbIMM 3aTpaTtaMu, YTO B CBOKO OYEpPEAb
NO3BOASIET MNPOM3BECTU ONTUMM3ALMUIO KOH-
CTPYKUMK NyTEM YCTAHOBKW €€ SAEMEHTOB Ha
npeanoAaraemMble LUTATHblE MecCTa YCTaHOBKM
B TC. Mpu 3TOM CTAHOBUTCS BO3MOXHbIM Bbl-
NMOAHUTb QYHKLUMOHAABHYKO NPOBEPKY MPEAMNo-
AaraeMomn TEXHOAOTMK MOHTaxa/AeMOHTaxa
N3AEAUS U NPOMU3BECTU UX aHAAM3, HaNnpumep,
Ha NpeAMeT TpyAo3aTpaT BPEMEHU U HEODOXOo-
AMMOro 060pyAOBaHUA AN MX MOCAEAYHOLLEN
PEaAbHOM 3KCMAYaTaLUUK;

3) nNpeAAOXEHHOE YCTPOMCTBO COCTAaBHOIO
TOPMO3HOI0 AUCKA AEMOHCTPUPYET COCTOATEND-
HOCTb MPEAANOXEHHOIO METOAA PaCUYAEHEHUS
0b6beKTa Ha COCTaBASIOLLME, UCMOAb3YST KpUTE-
pUMU  OYHKLUMOHAABHOIO Ha3HAYeHUs 3INEMEH-
TOB KOHCTPYKLMU YCTPOMCTBA, MOAEPHUIALMIO
KOTOPOro TpebyeTca BbIMOAHUT;

4) no pesyAbTaTaM CTATUUYECKOrO MNpou-
HOCTHOrO aHaAu3a AeTanel YCTaHOBAEHO, 4TO
AN MOBbLILWEHUA FapaHTMPOBAHHOIO 3anaca
NMPOYHOCTM SAEMEHTOB pa3pabaTbiBaemom
KOHCTPYKLUMK HEOOXOAMMO YBEAUUNUTbL CEYEHME
YNopHbIXx pebep ¢yHKUMOHAABLHOIO Kapkaca,
MOAEPHU3UPOBATb KOHCTPYKLIMIO GYHKLIMOHAAb-
HbIX KOPMNYCOB TEMAOKOHAEHCATOPOB W LUMNOB
Ha OPUKLMOHHbBIX KOAbLIEBbIX AMCKaX. [Topbop
AOMOAHUTEAbHbIX (AAbBTEPHATMBHbLIX) MaTepua-
AOB, OAHOBPEMEHHO 06AAAAOLUMX MOBbILIEH-
HbIMW MPOYHOCTHbIMUW XapaKTepPUCTUKaMM, Mo-
HUXXEHHOW MaCCOM N BbICOKOW TEMAOMPOBOAHO-
CTblO, MO3BOAUT CHU3UTb MHEPLIMOHHbIE MaCChl
N3AEAUMK N HenoapeccopeHHble maccbl TC, no-
BbICUTb rapaHTUPOBAHHbIN 3anac NPOYHOCTU U
YAYULLUTb OTBEAEHME TEMAQ OT Nap TPEHUA AUC-
KOBO-KOAOAOYHbBIX TOPMO3HbIX YCTPOMCTB, 4TO
B COBOKYMHOCTK ByAeT cnocobcTBOBATh MOBbI-
LLIEHWNIO 3PPEKTUBHOCTM TOPMOXEHUS, CHUXASA
TOPMO3HOW NyTb M Bpemsi 0cTaHOBKK TC;

5) nocae ykasaHHbIX BbilLE MOAEPHM3ALIMIA
KOHCTPYKLUMK HEOBXOAMMO BbIMOAHUTL MOAE-
AMPOBaHME OUIUKO-MEXAHUUYECKMX MPOLIECCOB
TPEHUS, HarpeBa U OXAAXAEHUSA, BO3HUKAKOLLLMX
B COCTaBHOM TOPMO3HOM AMcke (B cbope) npu
TOpMOXeHUN TC, U AaTb UM OLIEHKY. Tak, B Ka-
yecTBE METOAMKM TEMAOBOIO WCMbITAHWUS TOP-
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MO3HOIMo AMCKa METOAOM KOHEYHbIX SAEMEHTOB
MOryT ObITb NPUHATLI NpaBuaa EAK OOH N 13
(ncnbitanua «Tuna O» u ucnbiTaHua «funa I»), Ko-
TOpble YCTaHaBAMBAIOT TPeboBaHMA K peXnmMam
UCNbITAHW TOPMO3HbIX YCTPOUCTB TC;

6) NpeAnNOXEeHHble pPekoMeHAaUMKM No
M3rOTOBAEHUIO BbINAGBASEMbIX MOAEAEN U3

BOCKOMOAODOHbIX GUAAMEHTOB MO TEXHOAOTUU
FDM 3D-neuyatu, HeobxoaMMble AASI CO3AA-
HUS AUTEUHBbIX GOPM, NOKaA3aAM CBOKO COCTO-
ATEABHOCTb U MOTYT MPUMEHATLCA B paMKax
HACTOSAILLLEr0 MCCAEAOBAHUS AASl U3TOTOBAE-
HUA AeTaner ¢ GopMaMMU CAOXKHOM KOHPUTY-
paunu.
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Abstract. The paper aims to review literature sources that provide an assessment of energy security and energy
supply reliability. Various methods for modeling energy systems presented in the sources are compared and evaluat-
ed. About 50 scientific articles and reviews selected from scientific indexes (including IEEE, Web of Science, and Sco-
pus) were studied using the keywords “energy security”, “energy supply reliability”, “large-scale systems”, and “bot-
tleneck analysis”. A systematic review method for reviewing specialized sources according to article categories was
applied to provide a well-defined structure for the given research area. A comprehensive review of literature sources
and analysis of the methods of modeling power systems presented in the papers was carried out. Emphasis was
placed on the sources in which analysis of energy security and reliability of energy supply was selected as the prima-
ry function of the presented model. Works having other target functions (cost minimization, profit maximization, etc.)
were also considered to provide a comparison of the applied modeling methods for different target functions. Most
studies were found to focus on modeling energy systems of different scales, from individual buildings to national
or regional power grids, and to be mainly aimed at minimizing energy costs or maximizing profits. Conversely, less
research has focused on energy scarcity minimization and reliability assessment, indicating a significant research
gap and highlighting the need for further research in this critical area. The results of the presented literature review
clarify the application of various methods of modeling energy systems in the analysis of energy security and reliabil-
ity of fuel and energy supply, as well as in other target functions. It is concluded that similar modeling methods are
used for diverse target functions. Static nonlinear models, representing the most widely used approach, will be used
as a basis for further research.
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SHEPTETUKA

0630pHasn cTaTbsa
YAK 621.311.22

0630p MeTOAOB UCCAEAOBAHUA IHEPreTUUeCKon 6e30nacHOCTU.
MoaeAupoBaHue

A.C. KpyneHégs?, B.M. LLlykuHa>*

WHeTuTyT cuctem aHepretukn um. A.A. MeaeHTbeBa CO PAH, MpkyTck, Poccus
L2UpKyTCKMI HaLMOHaAbHbIN MCCAEAOBATEAbCKMIA TEXHUUYECKUI YHUBEpPCHTET, UpKyTCK, Poccus

Pe3rome. Lienb - nNpoBecTU 0630p AUTEPATYPHbIX MCTOUHMKOB, MOCBALLEHHbIX OLEHKE 3HEpPreTUYeckon besonac-
HOCTM U HAAEXHOCTW TOMAMBO- U 3HEProcHabxeHus. B pabote aHaAU3MPYHOTCS UCTOUHWUKK, B KOTOPbIX MPUMEHSOTCA
pasAnYHbIe METOAbI MOAEAMPOBAHUS OLEHMBAEMbIX SHEPreTUUECKUX CUCTEM. M3yueHOo o0koAo 50 HayuHbIX cTaTen U
0630p0B, NOAOOPaHHbIX B pa3AMUHbIX HAayYHbIX MCTOYHMKaxX (B ToM uncae IEEE, Web of Science n Scopus) no caeayto-
UMM KAKOUEBBIM CAOBaM: «3HepreTuyeckasi 6630nacHoOCTb», <HAAEXHOCTb 3HEProCHABXEHUSA», «KPyNMHOMACLLTabHble
CUCTEMbI», «@HAAU3 Y3KUX MeCT». [IpUMEHEH METOA CUCTEMATU3NPOBAHHOIO 0630pa CreUunarM3nupPoOBaHHbIX UCTOUYHN-
KOB, KOTOPbIM AQeT BO3MOXHOCTb 06ecrneunTb YeTKO ONPEeAEAEHHYO CTPYKTYPY AAA A@HHOWM 06AaCTU MCCAeAOBaHMUM
nyTemM Kateropusaumu crater. NpoBeAeH KOMMAEKCHbIV 0630p AMTEPATYPHbIX UCTOYHWMKOB M MPOAHAAM3UPOBaHbI
npeACTaBAEHHblE B pabotax MeToAbl MOAEAMPOBAHUS IHEPTETUUYECKMX CUCTEM. AKLIEHT MOCTABAEH Ha MCTOYHMKM,
B KOTOPbIX B KauyecTBe LEAEBON OYHKLMM MOAEAM BblOpaH aHaAM3 3HEpPreTMyeckor 6e30nacHOCTM U HaAEXHOCTM
TOMAMBO- U 3HEProcHabXeHus. BbiAn TakXe pacCMOTPEHbI PaboTbl U C UHBIMWU LEAEBLIMU GYHKLMAMM (MUHUMU3ALIUS
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Krupenev D.S., Shchukina V.M. Review of methods for researching energy security. Modeling
Kpynenés A.C., LLlykuHa B.M. 0630p METOAOB MCCAEAOBAHUS IHEPreTMuecKor 6esonacHocTn. MoaeAmpoBaHue

3aTpat, MakCUMMU3auus NpUbbIAU U AP.) AAS CPABHEHWUA NPUMEHSAEMbIX METOAOB MOAEAMPOBAHUA NMPU Pa3AMUHbIX
LeAeBbIX GYHKUMSIX. AHAAU3 NOKa3aA, uYTo BOAbLLUMHCTBO MCCAEAOBAHWM COCPEAOTOUEHO HA MOAEAMPOBAHUU 3HEP-
reTMYecKMX CUCTEM pa3AMUYHOro mMacwtaba, OT OTAEAbHbIX 3AAHWUIA AO HALMOHAAbHbIX UAW PETMOHAAbHbIX CETEN, U
HanpaBAEHO B OCHOBHOM Ha MUHUMMW3ALUMIO 3aTPAT Ha SHEPTOHOCUTEAN UAW MAKCUMKU3ALUMIO NPUObIAK. U, HaobopoT,
MeHbLLE UCCAEAOBAHMI MOCBALLEHO MUHUMMU3ALUMKU AedULMTA SHEPTOPECYPCOB U OLIEHKE HAAEXHOCTH, UTO CBUAE-
TEAbCTBYET O 3HAUUTEABHOM MPOBEAE B UCCAEAOBAHUAX, MOAUYEPKMUBAIOLLEM HEOOXOAMMOCTb AGABHENLLIUX UCCAEAOBA-
HWI B 3TOW BaxKHeWLLen obaacTu. B ctaTbe BbIMOAHEH 0030p AUTEPATYPHbBIX UCTOUHUKOB, PE3YALTATbl UICCAEAOBAHUI B
KOTOPbIX HanpaBAEHbl Ha MPUMEHEHME Pa3AUYHbIX METOAOB MOAEAUPOBAHWUS IHEPreTUUECKUX CUCTEM MPU aHaAU3e
3HepreTMyeckor 6e30nacHOCT U HAAEXHOCTU TOMAUMBO- U AHEPTOCHABXEHUS, @ TaKXe NPU UHbIX LIEAEBbIX GYHKLIMSAX.
CaenaH BbIBOA O TOM, YTO MPKU Pa3AUUHbIX LEAEBbIX GYHKLMAX MCMOAL3YHOTCS @aHAAOTMUYHbIE METOAbI MOAEAMPOBAHKS.
Hanbonee yacto BCTpeuaroTcsl CTaTUYeCKMe HEAMHENHbIE MOAEAU, UMEHHO TakoW TMN MOAeAer ByAeT MCMOAb30BaH

ANA AAABHEWLLNX UCCAEAOBAHUN.

KaroueBbie caoBa: 3HepreTMyeckas 6e30MacHOCTb, HAaAEXHOCTb 3HepFOCHa6)KeHVIF|, SHepFeTMHeCKMVI CEKTOP,

MYAbTUIHEPreTn4yeCKne CUCTeEMbl, MOAEAUPOBaHNE

duHaHcupoBaHue. ViccanepoBaHWE BbLINMOAHEHO B pamMKax rocypaapctBeHHoro 3apaHus (Ne FWEU-2021-0003)
MporpaMmmbl GyHAGMEHTaAbHbIX ccAepoBaHW Poccuiickon ®epepaumm Ha 2021-2030 rr.

Ana untupoBaHua: Kpynenés A.C., LLlyknHa B.M. 0630p METOAOB MCCAEAOBAHMA 3HEPTrETUYECKOM 6€30MacHOCTH.
MoaenanpoBsaHnue // iPolytech Journal. 2025. T. 29. Ne 2. C. 234-251. (In Eng.). https://doi.org/10.21285/1814-

3520-2025-2-234-251. EDN: SXHDRC.

INTRODUCTION

Energy security (ES) covers a wide range
of issues related to the sustainability and in-
dependence of the energy system from exter-
nal and internal threats. It includes protection
against terrorist acts, sabotage, cyber-attacks,
as well as ensuring sufficient energy resources
to meet the needs of the population and the
economy.

Ensuring a reliable supply of fuel and energy,
as well as achieving an acceptable level of en-
ergy security is the main objective of the energy
policy of any state. This is necessary for sustain-
able economic growth, improving the quality of
life of the population and strengthening the na-
tional security of the country. To achieve these
goals, it is important to systematically assess
the level of energy security and reliability of fuel
and energy supplies, monitor the technical con-
dition of energy facilities, carry out timely tech-
nical re-equipment and modernization, ensure
import substitution in the energy sector, sup-
port the reproduction of the mineral resource
base, improve environmental safety of the re-
gion and develop international cooperation with
other countries, borrowing best practices.

The study considers the task of assessing
the level of energy security and reliability of
fuel and energy supply. Various approaches
can be used to assess the level of ES, among
which two main approaches were identified:

the indicative method and modeling of ener-
gy systems in order to determine the volume
of under-delivery of energy resources. In order
to select the approach and evaluation meth-
ods, it is necessary to evaluate the degree of
research on the topic. This article analyzes the
studies in which the modeling of energy sys-
tems to determine the amount of under-deliv-
ery of energy resources to consumers is per-
formed to assess the level of ES.

REVIEW OF ENERGY SYSTEM MODELING
METHODS TO ANALYZE FUEL AND ENERGY
SUPPLY RELIABILITY AND ENERGY
SECURITY

The most profound analysis of the level
of energy security, as well as the reliability of
fuel and energy supply can be made using the
apparatus of simulation modeling. This appa-
ratus is based on correct mathematical mod-
els of power system elements, power systems
themselves and the energy sector as a whole.
In this connection, the existing methods of
modeling the energy sector and mathematical
models of elements and power systems in as-
sessing the level of energy security, as well as
mathematical models of elements and power
systems used in solving not only the problems
of determining the deficit of energy resources,
but also the problems of other criteria will be
considered and analyzed.

SRudenko Yu.N. Handbook of general models for energy system reliability analysis and synthesis. Reliability of energy systems
and their equipment: in 4 volumes, V. 1. Moscow: Energoatomizdat; 1994. 472 p./ PyaeHko K.H. CnpaBoYHKK no o6wmum mo-
AENIM aHaAW3a W CMHTE3a HAAEXHOCTW CUCTEM SHEPreTUKU. HapeXHOCTb CUCTEM 3HEPreTMKU U UX 0BopyAOBaHMS: B 4 T., T. 1.
M.: QHeproatomuapart, 1994. 472 c.
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The works® [1-55] present studies aimed
at analyzing the reliability of energy supply
and assessing the level of energy security.
They are based on modeling of power sys-
tems of different territorial extent, the cal-
culation scheme of which is presented from
a single node (zone, cluster) to a multi-node
model. All works consider from three ener-
gy resources, and the following regularity is
traced: the more territorial clusters are repre-
sented in the model, the less energy resourc-
es are considered. The exception in this case
is the study presented in [22, 23].

In[2-11, 12-16, 29-33], studies are pre-
sented in which energy systems are modeled
with objective functions other than energy sup-
ply reliability analysis and energy security level
assessment. Most often these are economic
or environmental objective functions. These
works are interesting from the point of view of
mathematical description of power systems
and consideration of its various features. Fur-
ther in the article all the considered works will
be divided into groups depending on the scale
and volume of the modeled power system, as
well as the number of considered power flows.

1. Representation of power systems by a
single-zone model

In single-area models of power systems, no
consideration is given to energy interconnec-
tions, only the possibility of meeting consumer
demand with specific energy sources is ana-

Incoming energy
flows

Energy hub (multi-energy system)

ISSN 2782-6341 (online)

lyzed. One of the concepts of such analysis is
the concept of energy hub.

In [2-11], a single-area energy system de-
scribed by the energy hub concept is considered
(Fig. 1). The energy hub acts as an intermediate
link between energy producers, transportation
infrastructure and consumers. The main func-
tions of the hub include transmission, transfor-
mation and storage of energy resources. The
energy carrier can be transferred from input to
output either in an unchanged form (e.g., elec-
tricity) or converted into another form (e.g., gas
is converted into heat energy) [7].

The hub consists of elements - converters,
each of which is characterized by a value of
efficiency. According to this concept, the bal-
ance equations can be written in the vector
form A*B = C, where B is a vector of incoming
energy flows, C is a vector of outgoing energy
flows, A is a matrix of conversion coefficients
(efficiency). To form the matrix, all values of
energy flows are converted to unified units of
measurement: ue, MW, Gcal/h, etc. The possi-
bility of converting one type of energy into an-
other is modeled by the presence or absence
of efficiency in the coefficient matrix. Fuel sys-
tems are mainly represented by gas [3-5, 9,
10], less frequently by biofuels [7, 8]; coal and
petroleum products are usually absent. Gas
boilers [8, 9], GTUs [2, 3, 7-9] and utilization
boilers [10] are most often modeled as fuel
converters into electric and thermal energy.

Outgoing energy
flows

Power energy

@

Thermal energy

D
-
I\

S,

|
y
—

Fig. 1. Energy hub concept-based representation of a single-area energy system
Puc. 1. [lpeacTaBAeHME 3HEPrOCUCTEMbI OAHOK 30HbI C UCMOAB30BaHMEM KOHLIEMLIMU SHEPTETUYECKOIO Y3Aa
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In this concept there is no territorial ref-
erence. This means that the model of such a
system does not take into account the territo-
rial location of both the source of the primary
energy resource (mainly fossil fuels: coal, gas,
etc.) and final consumers, aggregating their
load. The main emphasis is on the system of
equations describing the transformation of
one energy resource into another. Accordingly,
the optimization objective function is mainly
either reliable energy supply to consumers or
the most economical energy consumption, by
using available energy resources.

The paper [1] presents such a concept,
named by the authors as “energy hub security
area (SA)”, which evaluates the power gener-
ation and transmission capability of a district
multi-energy system (MES). For the study, the
MES is modeled based on the energy hub
concept for three energy carriers: electricity,
thermal energy and cold energy. The carrying
capacity of the hub is described by a vector of
input energy flows, a vector of hub state vari-
ables and a set of operational (energy conver-
sion equations, energy flow capacity limits)
and safety (operational limits of hub elements)
constraints. To account for contingencies, the
safety domain is narrowed by including appro-
priate constraints. The authors also specify a
set of values at which the above constraints
are satisfied under the contingency. The re-
gion of safety in this case is expressed as the
intersection of a number of such sets.

To define the safety region, a polyhedron in
the hyperspace formed on the basis of input
and output flow vectors is formed. The authors
develop a vertex-based algorithm to compute
the OB. The key point is to construct an initial
polyhedron, which is a subset of the security
domain, and its iterative expansion, to approx-
imate the OB. The first step is to obtain the set
of vertices lying on the axes of the hyper-space
and construct the original polyhedron. Then the
new vertices of the OB are searched along with
the normal directions of the IM surfaces. After
the search iteration, the IM is updated using the
newly obtained vertices. With the search and
update process, the IM grows closer to the OB.

To express the ability of an energy hub to
withstand multiple energy loads, the concept
of Volume of the security region (VSR) is intro-
duced. It is defined as the volume of the corre-
sponding protected area.

https://ipolytech.elpub.ru

To assess the ratio of scenarios in which
the demand for all types of energy resourc-
es can be covered, the authors introduce
the Load-Weighted Volume (LWV), which dif-
fers from the VSR by taking into account the
load distribution. A higher LWV indicates a
higher probability of non-deficiency in all
load types.

To identify critical elements of the energy
hub and to determine their level of influence
on the reliability of the entire hub, the authors
define two indices. The first index is the Import-
ant degree of volume, which reflects what per-
centage of the VSR of the element in question
is from the VSR of the hub. The second index is
the Important degree of load, which measures
the impact of the element on the ability of the
hub to cover the load:

IDV; = (1 - VSR") $100%; D
l VSR, 0
LWV,
IDL; = (1 - - 1009 (2)
' ( LWVO) 00%.

The presented approach allows defining
the security area and identifying critical ele-
ments for an energy hub involving two or three
energy carriers. This concept allows visualiz-
ing the level of energy security and reliability
of fuel and energy supply. In addition, the ver-
tex-based algorithm proposed by the authors
can be applied not only to assess the security
area, but also to describe the operating modes
of power plants (mainly interesting for thermal
power plants) and other elements of energy
systems. This concept with some adaptation
can be applied to assess the reliability and ES
of large-scale systems including many convert-
ers and having a greater variety of power flows
than presented in the paper.

Modeling of single-zone energy systems at
the neighborhood and building scale

Papers [12-16] present studies on district
and building scale optimization of energy sys-
tems.

In [12], an energy system consisting of
an internal combustion engine, waste heat
recovery equipment, a gas boiler, air and ab-
sorption heat pumps, and a heat exchanger is
modeled. The paper describes in some detail
the models of each of the above elements, all
of which are nonlinear. Of the energy supply
system models, only thermal energy trans-
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fer is presented. Balance equations are not
presented explicitly, but by analyzing all the
presented equations and the scheme of the
modeled power system it can be assumed
that the authors used the concept of an en-
ergy hub with some modifications for model-
ing. The objective function is to minimize the
annual total cost of the IES, which includes
annual operating costs, natural gas and elec-
tricity costs. An exhaustive search method is
applied to optimize the model.

In [13], a power system consisting of solar
panels, wind turbine, heat exchanger, micro
gas turbine, air conditioner, absorption chiller,
storage, pipelines and transmission lines is
modeled. Although the paper does not men-
tion it, when analyzing the equations and the
scheme, it is obvious that the concept of ener-
gy hub has been used to describe the integrat-
ed power system. The paper describes in great
detail a two-level optimization model based on
the principles of the master-slave game.

In [14] a system of interconnected energy
hubs is modeled. They are described by stan-
dard balance equations and constraint sys-
tems. Minimization of operating costs is con-
sidered as the objective function. The alternat-
ing direction multiplier method is applied for
optimization. Also in this paper, robust optimi-
zation is used to model the uncertainty associ-
ated with wholesale market prices.

In [15], the power system is modeled in
GAMS software by a traditional method based
on a system of balance equations and con-
straints. In the model, some elements (fu-
el-to-electricity conversion formulas and power
plant production constraints) are described
using nonlinear equations, so a mixed nonlin-
ear programming method was applied for op-
timization using the solver built into GAMS. In
this paper, two objective functions are present-
ed: the first one is to minimize the total system
cost and the second one is to maximize the
total system efficiency.

In [16], energy transformations are mod-
eled using the energy hub concept described
earlier. Balance equations and constraints
are presented for the remaining subsystems
of the modeled system. Such subsystems as
electric power, energy storage and consum-
ers are modeled in a standard way and are
not of great interest in contrast to gas and
heat supply models. The gas supply model
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takes into account a large number of con-
stants describing the modeled object and
technological process (pipe length and diam-
eter, temperature, gas density, compression
ratio, etc.), the general type of balance equa-
tions and constraints is standard. The heat
supply model also presents a large number
of constants (specific heat capacity of water,
heat resistance per unit of pipe cross-sec-
tion, etc.), almost all the equations present-
ed are nonlinear. The aim of the paper under
consideration is to develop a decentralized
multi-energy resource aggregation method
based on two-level interactive transactions in
a virtual power plant under integrated ener-
gy market conditions. The objective function
of the model is the maximization of revenues
from two-level interactive transactions. The
authors used two methods to solve the non-
linear programming problem: The Gomori Al-
gorithm and the method of internal points.

According to the results of the analysis of
the above mentioned papers, it can be con-
cluded that all models of single-area energy
systems described by the energy hub concept
are similar. The models of power systems in
the reviewed papers are not of special interest
due to the absence of fundamentally new con-
cepts. It makes sense to analyze these papers
rather from the point of view of optimization
problem formulation and applied methods. In
[13], a two-level optimization is described in a
rather interesting and detailed way, which can
be adapted to solve the problems of improving
energy security and reliability of power supply.
And in [16] the gas and heat supply subsys-
tems are modeled in an original way, but, for
example, this model is too detailed for scaling
up to the energy system of a country.

The very concept of an energy hub can be
fully transferred to larger systems up to the
energy sector of the country. If we consider
it more generally, we can see that the matrix
used to describe the relationship between en-
ergy resources is a set of balance equations
of the system, each variable has constraints,
and the conversion factor is a combination of
efficiency and conversion factor of one unit of
measurement into another. Thus, by decom-
posing the hub into its components, a system
of absolutely any magnitude can be modeled,
as long as it is aggregated across energy dis-
tricts.

https://ipolytech.elpub.ru
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MODELING OF MULTI-NODE TWO-PRODUCT
POWER SYSTEMS

Often several energy systems, for example,
electric power and gas supply systems, dom-
inate in the structure of the energy sector. In
practice, the tasks of considering the intercon-
nected operation of such energy systems be-
come interesting.

The paper [17] presents a systematic
framework for analyzing the reliability of power
supply of integrated energy systems (IES), for
which a model of bidirectional energy conver-
sion system is developed to consider the im-
pact of “Power to Gas” on the reliability of IES.
The structure of the mathematical model de-
veloped by the authors is presented in Fig. 2.

The output data of the mathematical mod-
el calculated by means of systems of nonlinear
equations are used to describe the state of the
IES. All dependencies in the work reflect the
technological process of the described object
in quite detail. It can be emphasized that unlike
similar works, this work describes in detail the
method of methane production from carbon
dioxide and water in the “Power to gas” block.
For this block the equations of chemical reac-
tions are presented, the amount of heat re-
leased (or required) during the reaction is tak-
en into account. The model of the gas turbine
in the paper is as follows. The gas flow rate in
the turbine is directly proportional to the gen-
eration of electrical energy and inversely pro-
portional to the efficiency of the turbine and
the calorific value of gas. The efficiency of the
turbine, in turn, has an inversely proportional

dependence on the square of the electrical en-
ergy produced by the plant. This dependence
does not seem quite usual, as most often the
efficiency of the unit has a direct dependence
on the generation. In the paper, when describ-
ing this dependence, reference is given to the
article [18], which, however, does not contain
data on the formation of this dependence.

The gas supply pressure is used as a fail-
ure criterion of the system to account for com-
pressibility. The minimum value of the system
pressure at which the system is able to func-
tion is set as constraints. The probability of
failure in the system is analyzed on the basis
of a tree of dynamic events. It can describe the
evolution of the state of a physical system gov-
erned by discrete random events and contin-
uous system behavior [19]. System failure is
defined as an event in which the power supply
cannot meet the demand.

Based on the analysis of this paper, it can
be concluded that the model presented in the
paper is of interest for further analysis and ex-
perience in modeling gas-fired power plants.
There are also critical points, so in the block
“Power to gas” and in the modeling of wind
turbines cubic dependencies and a large num-
ber of conditions significantly complicate the
application of the above models in large-scale
systems. Despite the fact that the authors
have modeled the IES of a rather large area,
further scaling of the models is questionable
due to a rather high level of detail and com-
plexity of dependencies of some elements of
the mathematical model. This remark applies

Power load X

Gas power
station

A

Gas load

Power grid j&———
T Power sourse
Renewable
energy
generation
l Gas sourse

Power to gas

|

Fig. 2. Mathematical model structure
Puc. 2. CTpykTypa maTeMaTMyecKon MoAeAn
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to the model of the pipeline, gas compressor
and electrical networks. Within the framework
of the work presented by the authors, the level
of detail is more than sufficient and compe-
tently developed.

The paper [20] analyzes the safety of inter-
connected operation of gas and electric sys-
tems. The authors determine the predicted
values of electricity generation by gas power
plants based on the values of variables de-
scribing the current state of the gas pipeline.
Gas pipelines are described using Renoir’'s
formula [21], which shows the dependence of
the absolute pressure at the pipe outlet on the
inlet flow rate at constant pressure. To simplify
the calculations, the authors perform a step-
wise linear approximation for each section of
the gas pipeline. Depending on the length and
diameter of the pipe, certain restrictions are
imposed on the gas flow velocity. The calcu-
lations are then performed using the Shirmo-
hammadi method, which is similar to that for
electrical networks: pressure is treated as volt-
age, and flow is treated as electricity. This ap-
proach allows gas and electricity networks to
be considered as a single system. Energy se-
curity is defined as the ability of the system to
meet the demand for electricity and gas in the
event of an outage of one of the network el-
ements without external redundancy. The au-
thors calculate two scenarios for the Serbian
energy system, which represent the worst cas-
es of operation. Based on these calculations,
a predictive control model is created.

It is also worth noting that within the
framework of this work the authors have con-
sidered the possibility of realizing the Smart
Grid concept at gas-fired power plants. For
specific emergency situations, the necessary
alarm signals were determined, for example,
“the minimum allowable pressure at the gas
turbine inlet has been reached” or “the shut-
off valve on the gas pipeline installation at the
plantis closed”. The aggregate of input param-
eters and these signals allowed the authors to
develop a model of predictive control, on the
basis of the data of monitoring of the state of
the gas pipeline equipment and indicators of
the gas process possible situations are mod-
eled in order to determine the scenarios im-
portant for predicting the operation of CCPP,
as well as measures to prevent negative and
unplanned impact on the EES.
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The paper presents a non-standard ap-
proach to modeling the interconnected opera-
tion of the electric power and gas subsystems.
The gas pipeline model in the paper is piece-
wise linear, which greatly facilitates further
calculations and does not significantly reduce
their computational accuracy. According to
preliminary estimates, the model presented in
the paper scales very well and could serve as
a basis for modeling larger integrated power
systems.

Summarizing the works on modeling multi-
node two-product power systems we can con-
clude that gas supply and electric power sys-
tems are mainly considered. Mathematical
models of the elements of these systems are
presented in sufficient detail, these models
with some modification can be used in model-
ing of the fuel and energy sector.

MODELING OF MULTI-NODE MULTIPRODUCT
POWER SYSTEMS

This type of model is the most complex in
terms of the number of variables considered
and their coupling equations. These systems
are analyzed to a much lesser extent than the
first two types, since a comprehensive analysis
of the interaction of all power flows has a num-
ber of serious difficulties and is a very com-
plex task. The obtained models can be used to
estimate the deficits in critical and emergency
situations and to determine the “bottlenecks”
of the power system both in the tasks of devel-
opment planning and for evaluating the opera-
tion modes of the power system.

In [22], a multi-parameter transmission
model (MEP-model) is presented that depicts
the operation of a unified fuel and energy sys-
tem in different modes of operation. The mod-
el includes four types of elements connected
by transportation highways: consumers, ener-
gy and fuel sources, reserves, and processing
points. The operation of each element is de-
scribed by the corresponding micro-model.

The MEP model studies dynamic process-
es. Dynamics is accounted for by fictitious
arcs (marked in red in Fig. 3), which connect
the nodes-stocks of several stationary models
(each of which refers to a certain time inter-
val). For their mathematical description, stan-
dard balance equations are used: the energy
resource stock in the next time period is equal
to the sum of the current stock and the energy
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resource inflow to the considered node-stock
minus the part of the stock withdrawn from the
node. In addition, a system of constraints is in-
troduced, according to which all variables are
non-negative and the amount of reserves does
not exceed a given maximum permissible value.

This study analyzes the delivery of energy
resources such as electricity, gas, oil and coal.
Two types of elements performing transportation
functions are considered: interchange nodes
and trunk arches. The latter are indicated in Fig-
ure 3 by black lines (arrows) and are divided into
the following types: transmission line arches, gas
arches, oil arches and railroad arches.

Since the authors emphasize the supply
of energy resources to all consumers as the
main function of the MEP model, the paper un-
der consideration also takes into account the
damage from under-supply of resources. The
damage is expressed through the penalty func-
tion, which has a piecewise linear form. The
authors define the objective function of the
model as the problem of minimizing the cost
of energy resource flows. In addition, in the ar-
ticle [23] the authors propose mathematical
formulations of the problems of optimization
of energy flows under various damages in the
network on the basis of the considered model.

The considered model allows to simulate
the operation of the energy sector under various
disturbing influences, as well as to conduct fore-
casting studies. The dynamic component of the
system is realized quite simply, but at the same
time fully reflects the essence of changes in the

system state over time. Taking into account the
level of failure of converters and power sources
increases the accuracy of the MEP model.

It should be noted that the electric power
component is not sufficiently developed in the
article. Representation of electric power flow
in conventional units does not fully convey all
electric power processes. In addition, the arti-
cle lacks a description of how the dependence
of fuel consumption on the final load of the
consumer is taken into account (through the
efficiency of turbine units).

REVIEW OF ENERGY SECTOR MODELS
FOR ANALYZING THE RELIABILITY OF
ENERGY SUPPLY AND ENERGY SECURITY
DEVELOPED AT ESI SB RAS

ESI SB RAS has long been engaged in re-
search in the field of energy security and de-
velopment of mathematical models of energy
systems and energy sector [24-27]. The mod-
els created since 1980 are divided into three
main modifications: “Energy sector Reliability”,
“Reserve” and “REKS”. All of them are based
on the system of linear balance equations with
a given matrix of constraints and are aimed at
analyzing large energy facilities.

Model “Reliability of Energy sector”. The
main purpose of the “Reliability of Energy sec-
tor” model is to analyze the consequences of
major disturbances in the energy sector of the
country. The model calculates optimal ways to
compensate for disturbances through the use
of interchangeable fuels and redistribution of

t-1 t
()

HPP

t+1

/

% Coal

storage

Fig. 3. MEP model dynamic component
Puc. 3. AnHammnueckas coctaBasitoLLast moaean MEP
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energy flows. To simplify the calculations, the
model takes into account two key factors: in-
terchangeability and transportation links. All
elements of the system are divided into four
subsystems: gas, oil, coal and electricity, and
consumers are classified into three categories.

The “Reserve” model. The Reserve model
is an improved version of the model “Reliabili-
ty of Energy sector”. It includes a new thermal
energy subsystem and a two-component ap-
proach to modeling thermal plants. The model
also takes into account the end-of-period en-
ergy reserve, which affects current decisions.

The “Reserve 2” model. In the “Reserve 2”
model the structure is changed, autonomous
regions are selected and the modeling period
is shortened.

The REX model. In parallel with the “Re-
serve 2” model, the REX model, which takes
into account energy security, was developed.
The model includes eight economic regions and
a modified CHP modeling method reflecting the
relationship between heat and electricity. It also
includes a financial block describing investment
costs for modernization and reconstruction of
energy facilities, which allows tracking the dy-
namics of the sector’s development [28].

Models of multi-node multiproduct power
systems with economic objective functions.
In a number of papers [29-33], integrated
energy systems are modeled to minimize total
cost or maximize profit.

For example, in [29], Sh. Yang et al. intro-
duce the concepts of time-of-use (TOU) price
[34-44]and Shepley’s benefit sharing method
[45-50] to consider the rational energy utiliza-
tion in IES. The paper consists of three phases:
the first phase involves modeling an IES and
creating an energy pricing model using TOU
tariffs; the second phase involves developing
an operation optimization model for revenue
maximization; and the third phase involves
creating a benefit sharing optimization model
based on the Shapley method. The mathemat-
ical model of IES is represented by the clas-
sical system of equations and constraints, all
energy converters are described as in the con-
cept of energy hub - through conversion ratio,
in some cases efficiency. The main emphasis
in the work is on modeling of pricing and other
economic aspects.

In [30], a matrix modeling method based
on graph theory is proposed, in which all el-
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ements of the IES are represented as nodes
and branches. It is difficult to say that this idea
is relevant; as a result, systems of equations
similar to the concept of an energy hub are
formed. However, this method is very illustra-
tive and quite convenient for building calcula-
tion programs in object-oriented programming
languages.

In [31], a two-level robust IES optimiza-
tion model is presented, which aims at mini-
mizing the annual total system cost, protect-
ing the environment and satisfying consumer
needs. Topsis method and genetic algorithm
for non-dominated sorting were used for opti-
mization, which was applied to find the Pareto
front. The mathematical model of IES is sim-
ilar to [24], more emphasis is placed on the
experimental part.

In [32], a hierarchical mathematical mod-
el of the IES and a local marginal price mod-
el, which aims to analyze the energy market
dynamics in the implementation of carbon
emission constraints and carbon dioxide trad-
ing. The presented models are nonlinear and
describe the energy system in sufficient detail.
The proposed optimization model is a two-level
model: the upper level is minimization of op-
erating costs on the power supply side, and
the lower level is maximization of regional con-
sumer surplus. The extended particle swarm
method, a combination of the particle swarm
method and the interior point method, is used
as the optimization algorithm.

In [33], a three-level model of planning-ca-
tastrophe-prevention-replanning, oriented
to the evaluation of IES sustainability for the
purpose of investment planning, is proposed.
The task of the first level is to plan the com-
position of IES equipment and make an in-
vestment plan, the optimization objective is to
minimize the operating and investment costs.
The task of the second level is to maximize the
possible total deficit in case of various cata-
strophic events. The task of the third level is
the re-planning of the investment plan taking
into account the data obtained from the sec-
ond task, the objective function of the level is
the minimization of total deficits under various
catastrophic events. This paper describes the
elements of the IES in quite detail, the model
of the electric power subsystem includes ac-
tive and reactive power, voltages and power
coefficients, the gas model takes into account
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pressure, volume and a large number of coef-
ficients.

The works considered in this section most-
ly have similar mathematical models and eco-
nomic objective functions. The works [30] due
to the application of graph theory and visualiza-
tion and [32] due to a very detailed mathemat-
ical model of the power system stand out. To
simplify the mathematical modeling of large-
scale systems and to solve energy security prob-
lems, the most interesting work is [30], whose
methodology can greatly simplify the visualiza-
tion of a large power system and its software
adaptation. In addition, we can highlight the
work of [28], since despite the stated economic
objective function, the work presents the anal-
ysis of system bottlenecks by modeling various
emergency situations. It would be interesting to
consider this approach within the framework of
energy security analysis.

COMBINED ENERGY SECURITY
ASSESSMENT

In [51] the authors consider the issues
of energy security and propose a methodolo-

gy for its assessment. The main objective of
this approach is to quantify the level of energy
security for different energy development sce-
narios. The proposed framework is based on
indicative and modeling studies, including dif-
ferential equations and Bayesian methods to
estimate this level.

Earlier in [52], the authors presented a
methodology for assessing energy security
based on historical statistical data using em-
pirical calculation of an integral indicator. Two
methodologies are described in [53-55]: one
uses a dynamic indicator model and a Bayes-
ian method to predict the level of energy secu-
rity, and the other is based on modeling, which
are then combined and complemented in [51].
Thus, the methodology developed by the au-
thors allows combining modeling and indica-
tive approaches to forecast the level of energy
security in the future in the context of different
directions of energy system development.

The algorithm of the energy security as-
sessment methodology is realized step by
step. It is presented further in the form of a
scheme (Fig. 4).

Step 1 Step 2 Step 3
Ml Indicator M3 Dynamic M4 Bayesian
method model = method
it The BM combines both a I_l(t)
indicator The model is expressed by priori information and the
7= i ¢ S S T Lefsl of a system of linear derived values of 12 and 13
Celalig e 1 differential equations with uncertainties. =
1 i=
Unit weight E = 3
Group weight %: allll +a12[2 +a13]3 M2 nergy g
Indicator weight dd]t System mOdClS >
a, _ 1), 1(t an
dt Al +aply + ayl; (0, L), > Modeling of predictive 5
dl, I 3 (l ) functioning of the power g
M2 | Energy system o=l +agl,ayl, system. 2
models Ao, Distribution of indicators| 2
]2 power . 2 o
- probabilistic model for “ngre T_he model provlldes g = %
analysis of stochastic continuous expressions of M5 Random]zed —
- h indicator, taking into . .
behavior of energy cac » taking diff.equations
perturbations; ) account th§1r -£q _
- power system model for . interdependencics and 1,(7)
. . T Costof trends. : 1
analyzing the functioning of 3 power o > Indicator values are rando
the power system with engre Estimation is based on variables
stochastic disturbances historical data
Past Future
Fig. 4. Energy security level detection algorithm
Puc. 4. AArOpUTM OMpPeAEAeHHs yPOBHS SHEPreTMUECKON 6€30MacHOCTH
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[1] bearing capacity of the hub Linear Static Vertex-based algorithm district MES
Optimizing equipmgnt_ . ) . MES
[2-11] Btre(;;icgémance / maximizing |Linear Static - district MES
Minimizing the annual total - ) - —
[12] cost of the IES Non-linear Static Exhaustive search method | District IES
[13] gggrrg;iz:r:lon of equipment Non-linear Static The master-slave game District IES
S . ) Method of alternating A system of
[14] lt/gggglzatlon of operating Non-linear Sﬁgggbilistic direction multipliers, interconnected
P robust optimization energy hubs
Minimize total system cost ; :
[15] and maximize total system |Non-linear Static Mrg(eg\rﬁ#iid r;:);{lrl]r;%ar Decentralized IES
operational efficiency prog g
Maximizing revenue Gomori algorithm and
[16] from two-tier interactive Non-linear Static primal-dual interior point | Decentralized IES
transactions method
Determination of the I
[17]  |reliability level of the energy | Non-linear Probabilistic | DET Pmbag:“fjt'c safety | |Es of the district
system margin metho
Linear, Non- Static Piecewise linear Energy system of
[20] Level of energy security linear, Renoir’'s robaioilistic approximation, the country, an
formula. P Shirmohammadi method | example for Serbia
Minimization of damages ) ; : ;
[22-23] from under-energy supply Linear Dynamic Simplex Russia
S - 19 economic
Minimizing deficits and . - B )
[24] . Linear Statistical Simplex regions of the
operating costs USSR
Minimizing shortages, ;
[25] operating costs and Linear Statistical Simplex r2e7 %Cn(;ng;néﬁssi a
inventory holding costs g
Minimizing shortages, gl?tgﬁ%n?gl?s
[26] operating costs and Linear Statistical Simplex subiects of the
inventory holding costs o .
Russian Federation
Minimizing deficits, costs of
[27] operation and the cost of Linear Statistical Simplex 8 federal districts
new and retired capacities
[29] Ln’ecr?gtesrﬁgﬁlggzatlon, Non-linear Static The Shapley method Park IES
[30] - Non-linear Graphs Graph theory District IES
Minimize annual total -
system cost, protect the ) . Topsis method and .
[31] environment and meet Non-linear Static genetic algorithm for non- | District IES
customer needs dominated sorting
Minimize operating costs
on the electricity supply O . Particle swarm method N
[32] side, maximize regional Non-linear Static and interior point method District IES
consumer surplus
Minimizing operating and
[33] investment costs in a risk- | Non-linear Probabilistic - District IES
adjusted manner
Energy system
) Linear Dynamic, . . of the country,
[51-55] | Level of energy security differential probabilistic Weight setting an example for
Lithuania
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Step 1 consists of two parts: the indicative
method M1, developed on the basis of a sys-
tem of 68 security indicators; and two math-
ematical models M2 - a probabilistic model
and a power system model. The probabilistic
model is based on the analysis of different
external and internal disturbances, which are
characterized by different parameters (e.g. ini-
tial moment and duration of the disturbance,
type of energy source, technology availability
constraint, etc.). The perturbation parameters
are described by probability distributions (uni-
form, normal, lognormal, and others). This fea-
ture allows generating a complete set of dis-
turbance scenarios, which is used for model-
ing the prospective development of the power
system.

The power system model in the proposed
approach is based on the linear optimization
method and implemented in the Open Source
Energy Modeling System tool, whose objective
function is minimization of the total discount-
ed cost.

Step 2 is a dynamic M3 model that utiliz-
es energy security indicator data from the in-
dicator system (part M1) and under-recovered
energy and cost growth indicators from the
energy system model (part M2). The M3 mod-
el allows for continuous expressions for each
indicator (taking into account their interdepen-
dencies and trends), expressed as a homoge-
neous system of linear differential equations.

Step 3 has two possible calculation meth-
ods: alternative 1 - Bayesian method (blocks
M2, M4) and alternative 2 - system of random
differential equations (block M5). Both alter-
natives require the output of step 2, the gener-
al solution of the differential equation system,
as input. This dynamic model allows for the
inclusion of interdependencies among indica-
tors and provides expressions of the indicators
as continuous time-dependent functions.

The advantages of alternative 1 are the dis-
advantages of alternative 2 (and vice versa),
SO we can summarize 2 main differences:

1. For the Bayesian method, information on
only one indicator is sufficient: the probable
value (for different scenarios) and the known
probability distribution of I, and / or l;. Alter-
native 2 requires information on all indicators.

2. Alternative 2 does not require new meth-
ods (only M3 block output and input data),
and the calculation does not depend on the

https://ipolytech.elpub.ru

probability distributions of the indicators. In al-
ternative 1, the complexity of the calculation
depends on the probability distributions of the
indicators.

This study is interesting in terms of the
methodological framework presented. The
streamlined interaction of different models
and methods allows for a more comprehen-
sive analysis and comparison of the values of
all indicators to further combine them into a
common energy security index (Table).

CONCLUSION

Ensuring deficit-free energy supply to con-
sumers is the most important task of the ener-
gy sector. In this regard, determining the level
of energy security and calculating reliability
indicators plays a determining role in planning
the functioning and development of the energy
system as a whole.

In this paper, an analysis of scientific stud-
ies aimed at analyzing the reliability of energy
supply and energy security using modeling of
energy systems was carried out.

When analyzing the works, it was found
that most of the studies are aimed at forming
models of energy systems of different territo-
rial extent (from a single building to a country
or interstate associations), having as an ob-
jective function minimization of costs for pri-
mary energy carrier or maximization of profit.
The works aimed at minimizing the deficit of
energy resources and assessing reliability
were presented much less, in this regard, we
can conclude that research in this direction
is relevant. This method allows modeling the
most severe modes of power system operation
and identifying “bottlenecks” that need to be
strengthened to increase the level of energy
security.

A combined method, which combines ele-
ments of modeling and indicative assessment,
was also considered. In this group, only one
paper was presented, combining indicative as-
sessment and probabilistic models to account
for the stochastic nature of external distur-
bances. This direction is the most promising
for further research, as it allows to analyze
both the current and forecasted state of the
energy sector in the most complete and accu-
rate way, to assess the level of energy security
and to outline further ways of development of
the energy sector.
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MpUHUMNBbI NOCTPOEHUA TPaHCHOPMATOPHOU NOACTAHLUU HA OCHOBE
ynpaBASEMOro peakTOpPHO-TUPUCTOPHOIO YCTPOMCTBA

B.A. Tabapos™™
1KoMcomoAbCKMI-Ha-AMype rocyaapCTBEHHbIN YHUBEPCUTET, KOMCOMOALCK-Ha-AMype, Poccusi

Pe3rome. Lienb - noppaepKaHWe HanpsKeHUA B CUCTEMAX SAEKTPOCHaBXEHNA Ha HOMUHAALHOM YPOBHE C BbICO-
KON 3DEKTUBHOCTLIO NMPW HECTABUABHOCTU HAMPSKEHWUA B NUTAIOLLEN CETU MAM TOKa Ha Harpy3ke. O6bEeKTOM UCCAe-
AOBaHUI AABMAACb TpaHCcHOPMATOpHas NOACTAHLUMS C NPUMEHEHUEM NPeAAAraemMoro ynpaBASeMOro peakTopHO-TU-
PUCTOPHOTO YCTPOMCTBA. AAA Pa3paboTku MMUTALMOHHOW MOAEAW aHAAU3UPYEMON TPAaHCHOPMATOPHOM NMOACTAHLIMM,
NPOBEAEHUSI UCCAEAOBAHUSI U OLEHKWM HEMPEPbIBHOIO PEryAMpoBaHWUS HanpsXXeHUs BbiA MCNOAb30BaAH NporpamMmm-
Hbl KOMNAeKe Matlab. AAA AOCTUXEHMA MOCTaBAEHHOM LieAn B paboTe paspaboTaHbl HOBbIE MPUHLMIMbLI NOCTPOEHMSA
TpaHCHOPMaTOPHOM NMOACTAHUMMK, aATOPUTMbI M CNOCOObI ee ynpaBAEHWA Ha OCHOBE MpeaAaraemMoro ynpaBASeMoro
PEeaKTOPHO-TUPUCTOPHOTO YCTPOWCTBA. [Toka3aHo, UTO NpeAAaraeMoe YCTPOMCTBO Ha BbICOKOM CTOPOHE TpaHchopMma-
TOPHOM NOACTAHUMN HEOOXOAMMO MOAKAKOUATb MOCAEAOBATEABHO MEXAY CETEBbIM BbICOKOBOALTHBIM BbIKAKOUATEAEM
W NepBUUYHON 0BMOTKOM CUMAOBOIO TpaHchopmaTopa. MoAyueHHble pe3yAbTaTbl UNCAEHHbIX IKCMIEPUMEHTOB MOATBEP-
XAQHT LeAecoobpasHOCTb MPUMEHEHUS MPEANAraemMoro yCTPOMCTBa U ero aAroputMoB paboTbl U cnocobbl ynpaBae-
HWS B cOCTaBe TPaHCHOPMATOPHON MOACTAHLIMM, TAE CYLLECTBYHOT NPOOAEMbI B CUCTEMAX IAEKTPOCHAOXEHUS, CBA-
3aHHblE C MOAAEPXAHMEM HAMNPSXEHUSA Ha 3aAaHHOM YPOBHE C BbICOKON 3DGEKTUBHOCTLIO. MPUBOASTCA BHELLHKWE,
PErYAMPOBOYHbIE M CTABUAU3ALIMOHHBIE XapPAKTEPUCTUKK, KOTOPbIE WUAAKOCTPUPYIOT PaboTy CyLLECTBYHOLUMX CUCTEM
3NEKTPOCHAOXEHUST A0 M NMOCAE MOAEPHM3ALMKU NPU BOZHUKHOBEHWUM MOAOKMUTEABHOTO OTKAOHEHWSI HaMpsXeHWsa K
nepeHanpsKeHWs 13-3a BHELLHUX W BHYTPEHHUX U3MEHEHWI SAEKTPUUECKIMX NapamMeTpoB. MNokasaHo, uTo 0bAacTbio
NPMMEHEHMA NPEANAraeMoro yCTPOMCTBa ABAAIOTCS TpAaHCPOPMAaTOPHbIE MOACTAHLIMKW CUCTEM SAEKTPOCHABXEHNA Ha-
npsxxeHnsamu 35/(10-6) kB 1 (10-6)/0,4 kB, rae B cucTeMax IAEKTPOCHabXeHUsA B OCHOBHOM BO3HUKAET NMOAOXUTEAb-
HOE OTKAOHEHME U KoAebaHWe HanpsXeHWs, a Takxke nepeHanpsxxeHns. Takum obpasom, Hanboaee LerecoobpasHoi
06AaCTbO NPUMEHEHUS YCTPOWCTBA ABASILOTCA CUCTEMbI AIANEKTPOCHABXEHUS, TAe BO3HWKAET HeobxoaMMOocCTb obecne-
YeHMA MHOIOCTYNeHYaToro y3konopAManas3oHHOro PEryAMPOBaHMA HaMPSXXEHWSA C BbICOKON 3pPEKTUBHOCTbIO.

KaroueBbie cAoBa: NUTatoLLAA CETb, MPUHLMN MOCTPOEHMS TPAHCHOPMATOPHOM MOACTaHLMK, YIPaBASEMOE peak-
TOPHO-TMPUCTOPHOE YCTPOMCTBO, CETEBOM BbICOKOBOALTHbIW BbIKAKOUATEAL, aKTUBHO-UHAYKTUBHAA Harpyska, cuctemMa
UMMNYAbCHO-$A30BOr0 ynpaBAEHWSA, UMWUTALMOHHAA MOAEAb

Ara untupoBaHua: Tabapos B.A. MNMPUHLMNBLI NOCTPOEHUS TPAHCHOPMATOPHOM NMOACTAHLIMM HA OCHOBE YNpaBAS-
€MOro peakTopHO-TUPUCTOPHOro ycTpoinctea // iPolytech Journal. 2025. T. 29. Ne 2. C. 252-269. https://doi.org/
10.21285/1814-3520-2025-2-252-269. EDN: BQPAMI.
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Design principles of a transformer substation
using a thyristor-controlled reactor

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

Abstract. The study aims to ensure the maintenance of nominal voltage levels in power supply systems with high
efficiency under conditions of input voltage instability or load current fluctuations. The research focuses on a transform-
er substation that incorporates a proposed thyristor-controlled reactor. The MATLAB software was employed to develop
a simulation model of the analysed transformer substation, to investigate its performance, and to evaluate continuous
voltage regulation. Advanced design principles, control algorithms, and operational methods for the transformer sub-
station were developed based on the proposed thyristor-controlled reactor. The study demonstrates that the device
should be connected in series on the high-voltage side of the substation, between the circuit breaker and the primary
winding of the power transformer. Numerical experiments confirm the feasibility of implementing the proposed device,
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along with its control algorithms and operational methods, in transformer substations where power supply systems en-
counter difficulties in maintaining stable voltage levels with high efficiency. The external, regulating and stabilising char-
acteristics illustrate the performance of existing power supply systems prior to and following modernisation, particularly
under overdeviations and overvoltages resulting from external or internal electrical parameter variations. The proposed
device can be used in transformer substations for power supply systems with voltages of 35/(10-6) kV and (10-6)/0.4
kV, characterised by overdeviations, fluctuations and overvoltages. Consequently, the optimal application domain for

the device is power supply systems requiring multistage, narrow-range voltage regulation with high efficiency.
Keywords: power supply network, build-up principle of a transformer substation, controlled reactor-thyristor
device, network high-voltage switch, active-inductive load, pulse-phase control system, simulation model
For citation: Tabarov B.D. Design principles of a transformer substation using a thyristor-controlled reactor.
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BBEAEHUE

ObecneveHne HopManbHOM paboTbl, CO-
XpaHeHue cpoka CAYXObl U yaydlleHne addek-
TMBHOCTU PaboTbl 3AEKTPOOOOPYyAOBAHUA NPU
BO3HWKHOBEHWM MOAOXMUTEABHOIO OTKAOHEHMUS
HaNPsXXeHUs M NepeHanpsXeHUsa SABAAKOTCS
OAHWM M3 aKTyaAbHbIX BONPOCOB B CUCTEMAX
9ANEKTPOCHAOXeHUA? [1]. Kak NoKa3bIBAET ONbIT
SKCNAyaTaLMu CyLLLECTBYHOLLIMX CUCTEM SAEKTPO-
cHabXxeHus, OAHON U3 MPUUYMH BO3HUKHOBEHUSA
MOAOXMUTEABHOIO OTKAOHEHUA HaNpsXeHWUs |
nepeHanpsxxeHss B CUCTEMAx ISAEKTPOCHab-
XEHUA ABAAETCA MOBbILEHWE HaNPSXEHWUs B
NUTaIOLLEN CETU UAU CHUXEHWE TOKA Harpysku
Ha LWMHax pacnpepeAMTeAbHOro YCTPOMCTBa
TpaHchOpPMaTOPHbIX NOACTAHUMIA® [2]. B HacTo-
Alee BpeMsA AN BO3MOXHOCTU PeELLEHUS AaH-
HbIX BOMPOCOB C LIEAbHD YBEAUUYEHUA O0bbeMa
BbIMyCKAEMOW MNPOAYKLMMK, CHUXEHUS NOTEPb
9AEKTPO3HEPTMK W 3aTpaT Ha npuobpeTeHune
3NEKTPOOOOPYAOBaAHMA MNpeAraratoT  pasHble
TEXHUYECKME PELLUEHUSA HA OCHOBE HeynpaBAs-
eMbix* [3-8] v ynpaBaseMbIx>® [9-16] Tpaau-
LIMOHHbIX YCTPOMUCTB.

AHaAM3 UCCAEAOBAHUSA U OMbIT AKCMAyaTaLmUK
HeynpaBAaseMblx [3-8] u ynpaBasembix [9-16]
TPAAMLMOHHbBIX YCTPOWMCTB MOATBEPXAAKOT, YTO
M3BECTHbIE YCTPOMCTBA NO3BOASKOT 0becneuntb
HOPMaAbHYtO PaboTy U YAyULWUTb 3DDEKTUB-
HOCTb PaboTbl CUCTEM INEKTPOCHAOXEHUS TOAb-
KO MPW MOBbILLIEHUN HAMPSXKEHUSA B NUTAKOLLEN
CETU A0 MaKCMMAaAbHOIO 3HaUYEHUA UAU CHUXKE-
HUK Harpy3ku [4, 5, 10, 14] A0 MUHUMAABHOIO
3HayeHUs. A B OCTaAbHbIX CAyYasix OHU B LIEAOM
HE TOAbKO YXyALLIAIOT 3GPEKTUBHOCTb PabOThI
CUCTEM INEKTPOCHAOXEHMS, HO U YCYryOAAHOT MX

(In Russ.).

https://doi.org/10.21285/1814-3520-2025-2-252-269.

paboTy 1 COKpaLLIAKT CPOK CAYXObl INEKTPO0OO-
pyaoBaHus® [17, 18]. YuuTtbiBas NOCAEAHEE, MO
Mepe CHUXEHUS HanpsXXeHWs B NUTAIOLLIEN CETU
WAW NOBbILLEHWA TOKA Harpy3ku BbIBOAAT UX U3
paboTbl, B pe3yAbTaTe Yero B CUCTEMaXx INEKTPO-
CHabXeHWsi BO3HUKAET HEOOXOAMMOCTb NPUMe-
HEHWA AOMOAHUTEABHOTO YCTPOMCTBA AN MOA-
AEPXAHWA HaNPSXEHUs Ha 3aAaHHOM YPOBHE.
AAS yCTPaHEHUA BblleyKa3aHHbIX HEAOCTATKOB
B pabote npepnaraerca paccmatpuBaTb BO3-
MOXHOCTb 3aMeHbl M3BECTHbIX TPAAULMOHHbIX
YCTPOWCTB Ha HOBOE YMpPaBASIEMOE PEeakTop-
Ho-TUpucTopHOE ycTponcteo (YPTY) [19]. Mpea-
AOXEHHOE YCTPOMCTBO NPU BO3HUKHOBEHWUK MO-
AOXMUTEABHOTO OTKAOHEHWSI U NepeHanpsixeHus
B CUCTEMAX INEKTPOCHAOXEHUSA HE TOAbKO 0be-
cneynBaeT HOpPMaAbHytO paboTy notpebutenen
SAEKTPOIHEPTUM (MPEANPUSATUS, OpraHU3aLmu,
Lexa 1 Ap.), HO 1 COXPaHSIET CPOK CAYXObl 1 MO-
BblLWAET NX 3GPEKTUBHOCTD.

Hanbonee uenecoobpasHon n addekTus-
HOW obOAacTblo nNpumeHeHuss YPTY saBadatotcA
TpaHCcHOPMATOPHbIE NOACTAHLMUU CUCTEM INEK-
TPOCHabXeHUs, TAe CyLLECTBYET NPOOAEMbBI NO
obecneyeHnto HopManbHOM PaboTbl, CoXxpaHe-
HUIO MPOAOAKUTEABHOCTU PabOTbl TEXHOAOTU-
YECKMX MPOLIECCOB U CPOKA CAYXObl 3NEKTPO-
060pyAOBaHUA CUCTEM INEKTPOCHAOXEHUA C
BbICOKOW 3PGEKTUBHOCTBIO.

LEAb UICCANEAOBAHUA

Lienbto pAaHHOM paboTbl SIBASIETCA MOAAEP-
XaHWe HanpsXeHWUst B CUCTEMaX SAEKTPOCHab-
XEHUSA HA HOMWHAAbHOM YPOBHE C BbICOKOW
3PPEKTUBHOCTLIO MPU HECTAOUABHOCTM Hanps-
XXEHWSA B MUTAIOLLIEN CETU UAU TOKA Ha Harpyske.

2PapkeBuu B.H., Kosnosckasi B.b., Konocosa W.B. dnektpocHabxeHWe NpoMbILIAEHHbIX MPeAnpUATUi: yueb. nocob. Munck: MUBLL

MuHdunHa, 2015. 589 c.

3BonkoB H.I. KauecTBo aAeKTPOIHEPTU B CUCTEMAX SAEKTPOCHAOXEHMA: yueb. nocod. Tomck: TOMCKMIA noAnTex. yH-T, 2010. 152 ¢.
“AHaHnueBa C.C., AnekcceB A.A., MbiauH A.\. KauecTBO aAEKTPOSHEPTHU. PeryAMpoBaH1e HanpsixeHusa 1 YacToTbl B 9HEProcHcTe-
max: yueb. nocob. 3-e u3a., ucnp. Ekatepunbypr: Yp®y, 2012. 93 c.
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AN AOCTUXKEHUSI MOCTABAEHHOM LieAM B pabo-
T€ CTaBMAMCb W PELLAAUCH CAEAYHOLLIME 3aAaUK:

1) aHaAUTUYECKOE UCCAEAOBaHME WMHOOP-
MaLMOHHbIX WMCTOYHMKOB MO npobreme o0be-
crneyeHnss HopMaAbHOM pPaboTbl, COXPaHEHUS
CPOKa CAYXObl 3IAEKTPOOOOPYAOBAHMS U YCTPa-
HEHUA HapyLleHUA TEXHOAOTMYECKMX npouec-
COB NpW BO3HWKHOBEHWUWU MOAOXWUTEABHOIO OT-
KAOHEHUST HanpsXeHUs U nepeHanpsxeHusa B
CUCTEMAX AAEKTPOCHAbOXEHUS;

2) paspaboTka NPUHUMMNOB MOCTPOEHUS
TpaHcHOPMaATOPHbIX NoAcTaHuuK (TI) Ha ocHo-
Be HOBOro YPTY AAf yAaydlleHUA 9dEKTUBHO-
CTU PaboTbl CUCTEM INEKTPOCHAOXEHUS;

3) paspabotka aAroputMOB M CMocoboB
ynpaBAEHUS TPaHCHOPMATOPHOM NOACTaAHLUMEN
C NpeaAaraemMbiM YCTPOWCTBOM AASl CTabuAKn3a-
LMW HanpsXXeHWs C BbICOKOW 3QPEKTUBHOCTbLIO
NPU BO3HUKHOBEHWW CTYMEHYaTOro MOBbILLE-
HWUS HanNPsXXeHUs B ceTn A0 +16% WAK CHUXe-
HUA TOKa Ha Harpy3ke A0 -70% OT HOMUHAABHO-
ro 3HauYeHus;

4) pa3paboTtka MMMUTALMOHHOW MOAEAM
CYLLECTBYIOLLEN W MOAEPHU3UPYEMOM TpaHC-
dbopmMaTopHOM MNOACTAHUMKU AASI MPOBEAEHMS
MCCAEAOBaHMUSA, a TakXKe OLEHKU HEeNpepbiBHO-
ro U TOYHOIO PeryavupoBaHuUs HanpsXXeHusa Ha
BbICOKOW CTOPOHE TpaHCHOpMaTopoB Npu CTy-
NeHYaToOM MOBbILLIEHWUM HANPSXEHUA B NUTalo-
LEW CETU UAM CHUXEHUM TOKA Ha Harpy3ke B
npeaenax BbllleyKa3aHHbIX 3HAYEHW TOKa M
HaNPsXeHus;

5) MOAEAMPOBAHME CUCTEMbI SAEKTPOCHAD-
XEHUSA C CYLLECTBYIOLLEN U MOAEPHU3UPYEMOW
TpaHCHOPMATOPHOM MOACTAHLMEN AASI OLIEHKM
HENPEPbLIBHOIO M TOYHOIO PEryAMpoBaHUA Ha-
NPsSXXEHU Ha BbICOKOW CTOpoHe TI1 npu CTy-
NeHYaToOM NOBbILEHWUM HAMPSXXEHUA B NUTAtO-
LLIEN CETU UAM CHUXEHUU TOKA Ha Harpy3ke B
npeaenax BbllleyKa3aHHbIX 3HAYEHUN TOKa M
HaNPsHXXEeHUS;

6) NOCTPOEHME BHELLHUX, PETYAUPOBOUYHbIX
N CTaBUAUIALMOHHbBIX XapPaKTEPUCTUK CUCTEMbI
3NEKTPOCHABXEHUA AO M MOCAE MOAEPHU3ALIMN
TpaHCHOPMATOPHOM MOACTAHLMU AAA OLEHKM
OYHKUMOHAAbHbIX BO3MOXHOCTEN TPaAULIMOH-
HbIX K Npeprnaraemoro YPTY npu ctyneHyatom
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NOBbILLEHNN HaMPAXEHUA B NnUTatoLLLEN CeTU
MAU CHUXEHUN TOKa Ha Harpy3ke B MNpepeAax
BbllLIE€YKa3aHHbIX 3HAUYeHUM ToKa W Hanpaxe-
HNA.

PA3PABOTKA NPUHUMUNOB NOCTPOEHUA
TPAHC®OPMATOPHOW MOACTAHLUU

HA OCHOBE HOBOI'O YIPABAAEMOIO
PEAKTOPHO-TUPUCTOPHOIO YCTPOUCTBA

Ha puc. 1 B OAHOAMHEMHOM WMCMOAHEHUMU
NPUBOAUTCA GYHKUMOHAAbHasA cxema MOAEp-
HMU3UPYEMOM TPAHCPOPMATOPHOM MOACTAHLIMH,
KOTOpas COCTOUT U3 nuTatrowlen cetu (G), AMHUK
anektponepepaun (W), pasbveapnHutensa (QS),
6n0ka YPTY, cunoBoro tpaHcpopmatopa (CT),
aBTOMAaTUYEeCKoro BblkAtouaTens (QF) u 6ao-
KOB AaTuMKa OTKAOHEHMA HanpskeHusa (AOH),
aBtoperyampoBaHnsa (BAP) 1 akKTMBHO-UHAYK-
TMBHOW Harpysku (Z). bAOK ynpaBAsemoro pe-
AKTOPHO-TUPUCTOPHOIO YCTPOMCTBA COCTOUT U3
CETEBOI0 BbICOKOBOALTHOMO BblKAtOUaTeAs (Qc),
MOAYAEN OCHOBHbIX (VS1) U AONOAHUTEABHbIX
(VS2) TMPUCTOPHbIX KAOUEN, TpEeXx$a3HOro KOH-
Taktopa (AC), ocHoBHOro (L1), npomexyTou-
Horo (L2) n ponoAHuTeAbHoro (L3) peaktopos,
6A0Ka CUCTEMbI MMIMYAbCHO-$GA30BOro ynpaBAe-
HUA (CUDY) n 6aoka crHxpoHu3aumm (BC).

Kak BMAHO M3 puc. 1, 6AoK YPTY noakato-
YeH MexAy pasbepnHuTerem (QS) U nepsBuu-
Hon obmoTkou CT. Mpepraraemoe YPTY nocae-
AOBATEABHO MOAKAOUYEHO K NUTatoLen cetu (G)
yepes pa3beAnHUTeAb (QS) M HENOCPEACTBEH-
HO K CT. 9AeMeHTbl NpeararaemMoro YCTPOMCTBa
npucoeanHeHbl K nutatowen cetm (G) n CT no-
CAEAOBATEAbHO, @ MeXAY COBOM OHU MOAKALD-
YyeHbl NocAeAO0BaTEAbHO-NMapanieAbHo [19, 20].
Huxe npuBeAeHO OMUCaHWe MNOAKAKOUEHUS
9AEMEHTOB 3aABASIEMOI0 YCTPOMUCTBA.

Mexay padbepnHuterem QS u nepBUYHOM
obmotkon CT nmocAep0BaTeAbHO MOAKAKOYEHDI
koHTakTop AC, OCHOBHOM L1, NnpOMEXyTOUHbIN
L2 1 AONOAHUTEABHbIM L3 peaktopbl, a NocAe-
AOBaTeAbHO-MapPaANeAbHO K HUM MOAKAOUYEHDI
MOAYAW OCHOBHbIX VS1 1 AONOAHUTEAbHbIX VS2
TUPUCTOPHbIX KAKOUEN, TA€ MOAYAb OCHOBHbIX TU-
PUCTOPHBIX KAtoUer VS1 napasreAbHO MOAKARO-
yeH K KoHTakTopy AC, ocHOBHOMY peaktopy L1

5BeHukoB B.A., Maeabunk B.M., AuceeB M.C. PeryasipoBaHWe HanpsXeHWs B IAEKTPOIHEPrETUUECKMX CUCTEMAX: YUEOHMK.

M.: Sneproatommaaart, 1985. 214 c.

SKanmaw B.C. PeryampoBoUHblE CBOMCTBA U SHEPreTUYECKUE KOIDOULIMEHTbI TMPUCTOPHbIX BLIMPSMUTEAEH U PETYASTOPOB Nepe-
MEHHOro HanpsxeHus: yueb. nocob. KoMCOMOAbCK-Ha-AMype: KOMCOMOALCKUI-HA-AMYpPEe TOCYAAPCTBEHHbIM TEXHUYECKUIA YHU-

Bepcurer, 1998. 88 c.
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N MOAYAKO AOMOAHUTEABHBIX TUPUCTOPHbIX KAKO-
yen VS2 1 nocAep0BaTEAbHO K MPOMEXYTOYHO-
My L2 n ponoAHUTEAbHOMY L3 peakrtopawm, a
MOAYAb AOMOAHUTEAbHbIX TUPUCTOPHbIX KAKOUEN
VS2 napanreAbHO MOAKAKOUEH K KOHTaKTopy
AC, ocHoBHOMY L1 1 npomexyTtouHomy L2 pe-
aKTopamMm M MOCAEAOBATEAbHO K AOMOAHUTEAb-
HOMy peakTopy L3. Kpome 3Toro, cetTeBon Bbi-
COKOBOAbLTHbIN BbIKAKOUATEAb QC MapanreAbHO
NMOAKAIOUEH K KOHTakTopy AC, ocHOBHOMY L1,
NPOMEXYTOUHOMY L2 U AONOAHUTEABHOMY L3
peakTopam, a TakXe K MOAYASIM OCHOBHbIX VS1
N AOMOAHUTEABHbBIX VS2 TUPUCTOPHbBIX KAKOUEN.
Anroputmbl pabotbl YPTY onpeaensitotcst uame-
HEHWEM BEAWUYMHBI TOKA WU HANPSXEHUS, a Tak-
Xe XxapaKrepa Harpy3ku, 1o ectb YPTY dyHKUM-
OHMPYET Ha OCHOBE BbIXOAHbIX CUTHAAOB BAOKaA
AOH.

CTouT TaKkXKe NOAYEPKHYTb, YTO CUTHAAbI AAS
M3MEHEHUM MNPOBOASILLMX COCTOAHUN INEMEH-
TOB NPEeAAaraemMoro YCTpoMCTBa NOCTynaroT Ha
ynpaBASOLLME BXOAbl MOAYAEW TUPUCTOPHbIX
KAKOYEN U KATYLUKM BKAKOUEHMS U OTKAKOUEHUS
CETEBOI0 BbICOKOBOALTHOMO BblKAKOUATEAS C BAO-
ka CUDY, KoTopblit uepe3 BAOK CUHXPOHU3ALIMK
BC CMHXPOHM3MPOBAH K NuUTatoLen cetm G, a Ha
Bxoae 6n0ka CUDY curHanbl nopatotcs M3 6AOKa
AOH uepe3 6n0K aBTOpEryAMpoBaHust BAP.

Mpeanaraemoe YPTY npuctynaet kK pabore
1 BBOAMT CMAOBOW TpaHchopmatop CT B paboty
NOCAE 3aMblKaHWUA pasbepnHuTens QS. Bkato-
yeHue 1 BbiKAtoueHne CT Ha XOAOCTOM XOAY UAK
NoA Harpy3kou BbIMOAHSIOTCA CreuManbHbIMU
anroputMamMm 1M cnocobamu B 3aBUCHMMOCTH
OT YPOBHS HanpshXeHusa nutatowlen cetm G nam
TOKa aKTMBHO-UHAYKTMBHOW Harpy3ku Z, [21].
Takum obpasom, YPTY Ha BbICOKOWM CTOPOHE
TpaHCHOPMaTOpPHOM NOACTAHLMW B 3aBUCUMO-
CTU OT BEAMUUHBI (YPOBHA) HaNpsXeHuUs nuta-
towen cetn G AN TOKa aKTUBHO-UHAYKTUBHOM
Harpysku Z, pabotaeTt no aAropuTMy, KOTOPbIN
WUAAKOCTPUPYETCA HUXENPUBEAEHHBIMU OMUCa-
Huamu [21].

Tak, YPTY peryavpyet HanpsaxeHusa Ha Bbl-
cokol ctopoHe CT npu Tpex ypOBHSX Hanpsixe-
HUA NUTAIOLLLEN CETU UAM TOKA Harpy3Ku: HOMMU-
HaAbHbIW, MPOMEXYTOUYHbIN U MaKCUMaAbHbIN.

HOMWHaAbHbIN  YPOBEHb PEryAMpoBaHusA
HanpsHXeHUs Ha BbICOkoW ctopoHe CT 3apaet-
ca KoadouumeHtom TpaHcodopmaummn CT npu
BKAKOYUEHHOM CETEBOM BbICOKOBOALTHOM Bbl-
KAroUuaTene Q. M MOAHOCTBHO BbIKAKOUYEHHbIX Kak
OCHOBHbIX VS1, Tak U AOMNOAHUTEAbHbIX VS2
TUPUCTOPHbBIX KAKOUYAX, @ TakXe MPU BbIKAKO-
YyeHHOM Tpexpa3HoOM KoHTakTope AC, KOTOpbIN
OTKAKOYAET OCHOBHOM L1, npoMeXyTouHblM L2
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Puc. 1. QyHKLMOHaAbHAS CXeMa MOAEPHM3UPYEMOH CUCTEMbI IAEKTPOCHABXEHMS

Fig. 1. Functional diagram of the upgraded power supply system
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N AOMOAHUTEABHbIM L3 peakTopbl MpU HOMMU-
HaAbHOM YpoBHe HanpsixeHus cetn G (Uy,= 6
KB) 1 Toka Harpysku Z, (IH = 2500 A). NMaaeHue
HanpsxxeHna B YPTY Ha 3TOM ypOBHE peryau-
POBAHUA HANPSAXKEHUSA PABHO HYAHO.

MpOMEXYyTOUHbIM YPOBEHb PErYAUPOBAHUA
HanpsHXXeHWs Ha BbiCOKOW cTopoHe CT 3apaeT-
CS1 COMPOTUBAEHUEM NPOMEXYTOYHOrO L2 1 po-
NOAHUTEABHOIO L3 peakTtopoB Npuv COBMECTHOM
pabote OCHOBHbIX VS1 1 AONOAHWUTEABHbIX VS2
TUPUCTOPHbBIX KAKOYEW MPU MNPOMEXYTOUHOM
YPOBHE HanpsXeHns ceTn G UAM TOKa Harpy3ku
Z,. TpexdasHblii koHTakTop AC, OCHOBHOM peak-
Top L1 1 ceteBON BbICOKOBOALTHbIN BbIKAKOYA-
TeAb Q. Ha 3TOM ypOBHE HanpsxeHusa cetn G
WUAM TOKa Harpysku Z, LyHTMPOBaHbl OCHOBHbI-
MK VS1 1 AONOAHUTEABHBIMU VS2 TMPUCTOPHbI-
MW KAtoYaMK. [1oa MPOMEXYTOUHBIM YPOBHEM
pPEryAMpoBaHWs HanpsXXeHUs MOHUMaeTca no-
BblLLIEHWE HANPSXEHUA B NUTatoWen cet G Ha
+7,5% VAU CHUXEHWE TOKa Ha Harpyske Z, Ha
-31,7% OT HOMWHaAbHOIO 3HauyeHusa. MapeHue
HanpsbxeHua B YPTY npu ctabramM3aumm Hanps-
XEHWSA B CUCTEMAX INEKTPOCHABXEHWS Ha 3TOM
YPOBHE PEryAMPOBaHWUS HanpsXXeHUs MOXHO
onpeaeAnTb No popmyae (1):

AUnon. = ZAU25= s AU + A5, B (1)
rae AU,» — napeHue HanpsxxeHUsa B MPOMeXy-
TOYHOM peakTope, B; AU;s — napeHne Hanps-
XEeHUs1 B AOMOAHUTEABHOM peakTope, B.

Kak BUMAHO M3 BbipaxeHus (1), AONOAHMU-
TEeAbHbIN peakTop L3 Ha 3TOM ypOBHE peryau-
POBAHUA HAMPSHXEHMS MOAHOCTBIO HAXOAUTCS B
pabote, a NPOMEXYTOUHbIN peakTop L2 WwyHTK-
POBaH AOMOAHUTEABHBIMU TUPUCTOPHBLIMU KAIO-
yamn VS2 Ha = AULQ, YTO NO3BOASET MOAAEPXKMU-
BaTb HOMMHaAbHoe 3HAYEHUE HanpsXeHus B
cucteMax anekTpocHabxeHus (COC) Ha 3apaH-
HOM YPOBHE.

MaKcrMMaAbHbIM YPOBEHb PEryAMPOBAHUA
HanpsXXeHWs Ha BbiIcOkoM cTopoHe CT 3apaetcs
CyMMapHbIM CONPOTUBAEHMEM OCHOBHOIO L1,
NPOMEXYTOUHOro L2 1 AOMOAHUTEABHOrO L3
pPEeakTopoB MNPU BKAOYEHHOM TpeXPasHOM
koHTakTope AC 1 BbIKAKOYEHHOM CETEBOM Bbl-
COKOBOABLTHOM BbIKAtOUaTEAE Q., @ TAKXe MOA-
HOCTbIO 3aKpbITbIX KaK OCHOBHbIX VS1, Tak U
AOMOAHUTEABHbIX VS2 TUPUCTOPHBIX KAKOUaX
npy MaKCUMaAbHOM YPOBHE HaMNpsXeHus
cetm G ¥ HOMUHAAbHOM TOKE Harpy3ku Z, UAK
CHMXEHUEM TOKa Harpyskm Z, A0 MakCUMaAb-
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HOro 3HauyeHus. [lop MaKCUMaAbHbIM ypPOB-
HEM pPEryaupoBaHuUA HamnpskeHUs noHUMa-
€TCA NOBbIWEHUE HAMNPAXEHUA B NUTAKOLLEN
cetm G Ha +16% W HOMUHAAbHOW Harpy3ku Z,
AU CHUXXEHME TOKa Ha Harpyske Z, Ha -71,2%
OT HOMWHaABHOIO 3HauyeHus. MNapeHne Hanps-
xeHna B YPTY npu mMakCMMaAbHOM YpPOBHeE
peryAMpoBaHUsa HanpsXXeHUa MOXHO Onpeae-
AUTb MO BbIPaXeHUto (2):

AUyake. = 2AU;123= AU + AUio + AU3, B (2)
A€ Y AU 153 - CyMMa MAAEHUA HanpsxeHus
B OCHOBHOM AU, 1, NpoMexyTouHoM AU» U AO-
NOAHUTEABHOM AU, 3 peakTopax, COOTBETCTBEH-
Ho, B.

Beuay atoro YPTY Takxe no3BOASieT pery-
AMPOBaTb HaNpPsXeHWsi Ha BbICOKOW CTOPOHE
CT mexpay HOMWMHaAAbHbIM KM MakKCUMaAbHbIM
YPOBHAMMU PEFYAMPOBAHUA HAMpPSXXEHUs] OTHO-
CUTEABHO MPOMEXYTOYHOrO YPOBHS, KOTOPbIW
MOXHO pPaspeAnTb Ha MWHUMAaAbHO-NPOME-
XYTOUHbIK U MaKCUMaAbHO-MPOMEXYTOYHbIN
YPOBHW PErYAMPOBAHUA HaMPSXXEHUS.

MWHUMaAbHO-NPOMEXYTOUHbIM  YPOBEHb
peryAMpoBaHusi HanpsXXeHUss Ha BbICOKOW CTO-
poHe cuAoBoOro TpaHcoopmartopa CT 3apaercs
CONPOTUBAEHMEM MPOMEXYTOUHOro L2 u po-
NOAHUTEABHOTO L3 peakTopoB npu COBMECTHOM
pabote 0CHOBHbIX VS1 1 AONOAHUTEAbHbIX VS2
TUPUCTOPHBIX KAKOYEW MPU MUHUMAAbHO-NPO-
MEXYTOUYHOM YPOBHE HaNpsXXeHus cetn G UAK
TOKa Harpysku Z,. TpexdasHbii kKoHTakTop AC,
OCHOBHOM peakTop L1 1 ceTeBON BbICOKOBOALT-
HbIK BbIKAOUY@TEAb Q. Ha 3TOM ypOBHE Hamnps-
XEHUSs NUTaloLLLEN CeETU G UAM TOKA HArpy3Kkn Z,
LUYHTUPOBaAHbl OCHOBHbIMWM VS1 W AOMOAHU-
TeAbHbIMW VS2 TUPUCTOPHBIMKU KAKOYaMMK. [Toa
MWHUMaAbHO-MPOMEXYTOYHbIM YPOBHEM pery-
AMPOBAHUA HaNPSXXEHUA MOHMMAaETCs MNOBbI-
LUEHWE HanpsHKeHUa nutatoen cetm G B npe-
penax 0-7,5% WUAKM CHUXKEHUE TOKa Harpys3ku Z,
B npepenax 0-31,7% OT HOMWUHAABHOTO YPOB-
HA (3Ha4yeHKuA). 3AeCb MNapeHWe HanpsKeHus
B YPTY MOXHO onpeaeAnTtb no ¢opmyaam (D)
N (6). CTOUT NOAYEPKHYTb, UTO Ha 3TOM YpPOB-
HE PEryAvMpoBaHMS HaMpPsXEeHUS UHAYKTUBHOE
COMPOTUBAEHME MPOMEXYTOUYHOIO peakTopa
L2 peryanpyetca AOMOAHUTEAbHBIMW TUPUCTOP-
HbIMM KAtouamm VS2 (cMm. puc. 5 b) OT HyAs AO
—AULQ, UTO MNO3BOASIET MOAAEPXMBATb HOMMU-
Ha/\bHoe 3HauyeHue HanpsaxeHnsa B CIC Ha 3a-
AAHHOM YPOBHE.
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MaKCUMaAbHO-MPOMEXYTOUHbIN  YPOBEHb
pPeEryAMpoBaHWs HanpsXXeHUs Ha BbICOKOW CTO-
poHe cuaoBoro TpaHcoopmatopa CT 3apaercs
COMNPOTUBAEHMEM OCHOBHOro L1, npomexy-
TOYHOro L2 n pAonoAHUTEAbHOTO L3 peaktopoB
OCHOBHbIMW VS1 1 AONOAHUTEABHBIMKU VS2 TH-
PUCTOPHbBIMW KAKOUAMU MPU BKAKOYEHHOM TPEX-
da3HoM KoHTakTope AC npu MakCMMaAbHO-NPO-
MEXYTOYHOM YPOBHE HaNpPsXeHUa cetn G UAK
TOKa Harpysku Z,, a CETeBON BblCOKOBOABLTHbIM
BbIKAtOUATEAb Q. HA 3TOM YPOBHE PEryAUMpPO-
BaHWA HanpsHXeHUA BbIKAOYEH. [lop MaKkcu-
MaAbHO-MPOMEXYTOYHbIM YPOBHEM PEryAUpPO-
BaHWA HanpsXeHWsa NOHUMAaETCA MOBbIlLIEHKE
HanpsXeHWs B nNuTarollen cetu G B npeaenax
7,5-16% WAM CHWXEHUE TOKa Ha Harpyske Z,
B npeaenax ot 31,7 po 71,2% OTHOCUTEABHO
HOMWHAAbBHOIO YPOBHSA. BbipaxeHusamu (7) u
(8) MOXHO onpeaeAnTb NapeHWE HanpsXKeHUs
B YPTY npu MakcMMaAbHO-NPOMEXYTOUHOM
YPOBHE peryAMpoBaHus HanpsxeHus. Ha atom
YPOBHE PEryAMPOBAHUS HaMPSIXEHUSS WHAYK-
TUBHOE COMPOTUBAEHWE OCHOBHOIO pPeakTopa
L1 peryampyetca OCHOBHbIMU TUPUCTOPHbLIMMU
KAtouamu VS1 B npepenax oT HyAS AO gAULl, a
WHAYKTMBHOE COMPOTUBAEHME MPOMEXYTOUHO-
ro peakrtopa L2 peryampyercs AONOAHUTEAbHbI-
MW TUPUCTOPHbIMKU KAtOYaMK VS2 B npepenax
0,4...0,8 AU, ,, KOTOpPble NO3BOAAIOT NOAAEPXKMU-
BaTb HOMMHAAbHOE 3HayeHue HanpsXeHua B
C3C Ha 3apaHHOM ypPOBHe.

Kpome 3toro, npeanaraemoe YPTY npea-
ycMaTpMBaeT TakXe pas3pAeAeHMe MWHUMaAb-
HO-MPOMEXYTOYHOIO U MaKCMMaAbHO-NPOMeE-
XYTOUHOIO YPOBHEW PETYAMPOBAHUS HaNpsxXe-
HUA Ha ABa AMana3oHa: HWXKHUM U BEPXHWUNA.

Moa HWXHUM  AM@Na3oHOM  MWHWMMaAb-
HO-MPOMEXYTOYHOIO YPOBHA pPeryaAMpoBaHus
HanpsXXeHUs NOHUMAaETCA MOBbILLIEHWE HaNps-
XeHUs B nutatoLen cetu G oT HOMUHAAbHOIO
3HavyeHuna Ao +2,5% WAU CHUXEHME TOKa Ha
Harpy3ke Z, OT HOMWHAAbHOIO 3HaA4YeHWUs A0
11,4%. A noa BEPXHUM AMANasoHOM PEryAnpo-
BaHWA HanpsXeHWsa NOHUMAaETCA MOBbIlLIEHKE
HanpsXeHWs B nNuTarollen cetu G B npeaenax
or +2,5 po +7,5% (NPOMEXYTOYHOIO YPOBHSA
HaMPSXXEHWS CETU) UAN CHUXEHME TOKA Ha Ha-
rpy3ke Z, B npeaenax ot -11,4 po -31,7% (npo-
MEXYTOUYHOrO YPOBHSI TOKa Harpy3ku) OTHOCH-
TEAbHO HOMMHAAbHOIO YPOBHS.

Crabuanzaums HanpskeHuss B CcUCTEMAX
INEKTPOCHAOXEHNA NPU HUXHEM AMana3oHe
MWHUMAAbHO-MPOMEXYTOYHOIO YPOBHSA PETrYAU-

pOBaHUA HaNpsHXeHUs1 AOCTUraeTcs Npu NomMo-
LM AOMOAHUTEABHOIO peakTopa L3 1 AOMOAHU-
TEAbHbIX TUPUCTOPHbIX KAtOUEN VS2 npu NOAHO-
CTblO BbIKAKOUEHHbIX TPexda3HOM KOHTaKTope
AC, ceTeBOM BbICOKOBOALTHOM BbIKAKOUATEAE
Qc, OCHOBHOM L1 1 npomexyTouHoMm L2 peakTto-
pam, a Takxe MOAHOCTbIO 3aKPbITbIX OCHOBHbIX
TUPUCTOPHBbIX KAtouer VS1, a nopaepxaHue
HanpsXXeHWsa B CUCTEMAX 3AEKTPOCHaOXeHWA
Ha HOMWHAAbHOM YPOBHE MPW BEPXHEM AMa-
Nna3oHe MUHUMAAbHO-MPOMEXYTOUHOIO YPOBHSA
peryAMpoBaHnsa HanpsXeHUa OCyLLECTBAAETCSH
npx NOMOLM MPOMEXYTOYHOIo L2 U AONOAHU-
TeAbHOro L3 peaktopoB, OCHOBHbIX VS1 1 A0-
NOAHUTEABHbIX VS2 TUPUCTOPHbIX KAKOYEN NPU
BbIKAIOUEHHbIX TpexdasHOM KoHTaktope AC, U
CEeTEBOM BbICOKOBOALTHOM BbIKAOUaTeAE Q.

[MapeHWe HanpsXXeHUa B MPEANOXKEHHOM
YCTPOMCTBE NPU HUXHEM (3) 1 BEpXHEM (4) AU-
anasoHax MUHUMAALHO-NPOMEXYTOYHOIO YPOB-
HA PEeryAMpoBaHUs HamnpsXXeHWs MOXHO onpe-
AEAWUTb Ha OCHOBaHWK BblpaxeHun (1) u (2).

dopmyaor (3) MOXHO ONPEAEAUTb NAAEHUE
HanpsXXeHUs Npu HWXKHEM AWanasoHe MUWHU-
MaAbHO-POMEXYTOUYHOIO YPOBHS PEryAUpOBa-
HUS HaNPAXEHUSA:

AUHM)K.A.MMH-I‘ID. = AUL3; B (3)

MapeHWe HanpsXXeHWs NpU BEPXHEM AMa-
na3oHe MMHUMAAbHO-MPOMEXYTOUYHOIO YPOBHS
peryAMpoBaHuUs HanpsXXeHUs MOXHO onucaTb
dopmynon (4):

AU BEPX.A.MUH-Ip. — (O é) AUL2 + AUL3; B. (4)

Kak oTMeuyanoCb Bbllle, MHAYKTUBHOE CO-
NPOTUBAEHME NPOMEXYTOUHOro peaktopa L2 B
3TOM AManas3oHe PeryAMpoBaHWUS HAMpPsXeHUs
peryAmpyeTcsa AONOAHUTEAbHbIMW TUPUCTOPHbI-
MU Karodammn VS2 (em. puc. 5 b) ot (0...0,4)AU, 2.

Mpeanaraemoe yCTPOMUCTBO NPU HUXKHEM WU
BEPXHEM AManazoHax MakCMMaAbHO-NPOMe-
XYTOYHOrO YPOBHSI PEryAMpoBaHWSA Hanpsixe-
HUA NMOAAEPXMBAET HANPSXEHUA B CUCTEMAX
9AEKTPOCHAOXEHUS Ha 3apaHHOM YPOBHE MO
HUXE NPEeACTaBAEHHbIM aATOPUTMAM.

oA HWXHUM  AMANasoHOM  MaKCUMaAb-
HO-NMPOMEXYTOYHOIO YPOBHSI PEryAMPOBaHMUS
HanNps>XXeHUs NOHMMAaETCs NOBbILLEHWE HaNps-
XeHua B nuTatowen cetm G ot +7,5 po +12,5%
WUAU CHUXEHME TOKa Ha Harpyske Z, ot -31,7 A0
-51,6%. A noa BEPXHUM AMana3oHOM pPeryAnpo-
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BaHWA HaNpPsHXXeHUs NOHMMAETCA NOBbILLEHUE
HanpsXeHWs B nNuTarollen cetu G B npeaenax
or 12,5 po +16% (MakCUMMaAbHOIO YPOBHSA
HaNPsXXeHWUs CETU) UAN CHUXEHME TOKa Ha Ha-
rpy3ke Z, B npepenax ot -51,6 oo -71,2% (CHu-
XEHWe ToKa Harpysku A0 MakCMMaAbHOrO 3Ha-
YEeHKUSA) OTHOCUTEABHO HOMUHAAbHOIO YPOBHS.

ObecnevyeHne HOMUHAABHOIO HaNpPsXKEHUA B
CUCTEMAX IAEKTPOCHAOXEHUSI MPU HUXKHEM AU-
anasoHe MaKCUMaAbHO-NPOMEXYTOUYHOIo YpPOoB-
HA PEryAMpoBaHMUS HanpPshXeHWUsT BbIMOAHAETCA
3a CYUET PaCLUyHTUPOBAHWUA MPOMEXYTOYHOro L2
N AOMOAHUTEABHOTO L3 peaktopoB OCHOBHbIMMU
VS1 1 AOMOAHUTEABHBIMW VS2 TUPUCTOPHBLIMU
KAKOYAMKU MPU BbIKAKOYEHHBIX TPEXPA3HOM KOH-
Taktope AC 1 CETEBOM BbICOKOBOABTHOM BbIKALO-
yatene Q.. A cTabuAn3aLMsa HaNPSXXEHUS B CUCTe-
MaX SAEKTPOCHAOXEHUsI Ha 3aAaHHOM YPOBHE
npv BEPXHEM AMANa3oHe MakKCUMaAbHO-MpoOMe-
XYTOUHOIO YPOBHSI PENYAUPOBAHUS HaMNPsHXEHUS
AOCTUraeTcsa npu NOMOLLM TPEXPa3HOro KOHTakK-
Topa AC 1 OCHOBHbIX TUPUCTOPHBIX KAtoUuen VS,
a Takxe ocHoBHoro L1, npomexyToyHoro L2 un po-
MOAHUTEABHOTO L3 peakTtopoB nNpu NOAHOCTLIO 3a-
KPbITbIX AOMOAHUTEABHbIX TUPUCTOPHbIX KAKOYEN
VS2 1 BbIKAKOYEHHOM CETEBOM BbICOKOBOABTHOM
BblkAtouatene Q..

MapeHne HanpsxeHua B MPEAAOXKEHHOM
YyCTPOUCTBE NpU HWXHEM (5) 1 BepxHem (6)
AMana3oHax MaKCUMaAbHO-MPOMEXYTOUYHOMO
YPOBHSI PEryAMPOBAHUSA HaNPSXXEeHUS MOXHO
ONpPEeAEAUTb Ha OCHOBaHMM BblpaxeHun (1)-(4)
cAepyroLwMM 0bpa3om:

- HWXHUI AMana3oH MakCUMaAbHO-MPoOMe-
XYTOUHOrO YPOBHSA PEryAMPOBAHUA Hanpsixe-
HUA

AU wixamvakenp. = (0,4 ... O,B)AULQ + AU 3, B. (D)

M3 BbipaxeHua (5) BUAHO, UTO MHAYKTUBHOE
COMPOTUBAEHME MPOMEXYTOUHOIO peakTopa
L2 B aTOM AMana3oHe peryAvpoBaHWs Hamnps-
XEHUA PEryAupyeTcs AOMOAHUTEAbHLIMU TUPU-
CTOPHbIMK KAtOMaMK VS2 (cm. puc. 5 b) B npe-
penax (0,4...0,8)AU,».

- BEPXHUM AMana3oH MakCMMaAbHO-NPO-
MEXYTOUYHOIO0 YPOBHSI PEryAMpoBaHWs Hamnps-
XEeHuA

AUBer.A.MaKC-I‘Ip. = %AU L1 + AUL2 + AUL3; B (6)

B atomM AManasoHe peryAMpoBaHus Hanps-
XEHWUA UHAYKTUBHOE COMPOTUBAEHUE OCHOBHO-
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ro peakropa L1 peryanpyetca OCHOBHbIMU Tu-
PUCTOPHLIMKU KAKOYaMKM VS1 OT HyAst AO %AUH,
KOTOPOE NO3BOASIET NMOAAEPXMBATb HOMMUHAAD-
HO€e 3HauyeHue HanpsxeHua B CIC Ha 3apaH-
HOM YPOBHE.

YuuTbiBas BbipaxeHus (1)-(6) Huxe npu-
BeAEHbl MaTeMaTUUYECKUE OMUCaHUS, KOTOpble
UAAOCTPUPYIOT CO3AAHME MaAEHUA Hanpsxe-
HUA B MOACTAHUMK NPU NATU YPOBHAX Hanps-
XEHUA NUTAKOLLEN CETU UAM TOKa Harpys3ku u
ABYX PA3AEAEHHbIX AMana3oHax MeXAY 3TUMMU
YPOBHSIMMU.

- MaAeHue HanpsXeHWs B MOACTAHUMK MpU
HOMMHAAbHOM YPOBHE HanpsXeHns

AUHOM.I‘I = AU/\SI'I + AUCT, B (7)

rae AUpsn — NOTEPU HANPSXEHUA B AMHUW SAEK-
Tponepepaun (A3M), B; AUcr — notepb Hanps-
XeHus B TpaHchopmartope, B.

P19+ Q-x0) L

Otctopa AUsn = T , B (8)
AUg = PRTQX g 9)
UHoM

rae P u Q - akTUBHas M peakTMBHas MOLL-
HOCTU AWHUKU JAEKTpPOMEepepaynm KU TPaHc-
dopmaTtopa cooTBeTCTBEHHO, KB-A 1 KBap;
ro U Xo — YAEAbHOE aKTUBHOE U peakKTUBHOE
COMPOTUBAEHNE AUMHUKU IAEKTpOMNepepaun,
OM/KM; L - AAMHA AMHWUKU 3AEKTpONepepa-
un, KM; Uyow — HOMMUHAABHOE HaNPSAXEHUA
AMHWUW 3AEKTpONepepAauun 1M TpaHchopmaTto-
pa COOTBETCTBEHHO, KB; R U X - akTUBHOE
W peakTMBHOE CONPOTUBAEHWE TpaHcohop-
martopa, Om.

AKTMBHOE W peakTUBHOE COMNPOTUBAEHME
TpaHchopMaTopa ONPEAEAAIOT MO BbIPaXXEHUIO
(10) 1 (11) coOoTBETCTBEHHO:

(U’
R _( = ) . APys, OM (10)
Usct® Uk,
- . K3 11
X S 100" Om (11)

rae APys — akTMBHaA MOLIHOCTb K3 TpaHcdop-
maTtopa, KBT; Uxs - HanpsixxeHne K3 TpaHcdop-
mMartopa, %; SH - noAHas HOMWHaAAbHAas MOLL-
HOCTb TpaHCchopmaTopa, KB'A;

- MNaAeHWe HanpsXXeHUsa B NOACTaHLUMM NpU
NPOMEXYTOUHOM YPOBHE PEryAUPOBaHUA Ha-
NPSXXEHUA
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AUnpor\/l.n = AU/\SI'I + AUnpor\/l. + AUCT; B (12)

- NapeHne HanpaxeHna B NOACTaHUWU TMPKU
MaKCMMaAbHOM YPOBHE PEryaMpoBaHUA Ha-
NPAXEHNA

AUMaKC.I‘I = AU/\317 + AUMaKC. + AUCT; B. (13)

OnpeaensieM MaTeMaTUYECKOEe OnucaHue
napeHna HanpaxXeHna B NOACTaHUMK NPU HUAX-
HUX (14, 16) n BepxHux (15, 17) ananasoHax
MWHUMAAbHO-MPOMEXYTOYHOIO U MaAKCUMaAAb-
HO-NMPOMEXYTOUYHOIO YPOBHEW PEryAUPOBaHUS
HanpaxXeHuq:

- NapeHne HanpaxeHnAa B NOACTaHUWU MPK
HWKHEM AMana3oHe MUHUMAAbHO-NMPOMEXY-
TOYHOIO YPOBHA PETYAUPOBaAHUA HAMPAXEHNA

AUHM»(.A.MMH—np.n = AU/\31'1 + AUHM)K.A.MMH—np. +

+ AUcr, B (14)

- NapeHne HanpaxeHna B NOACTaHUMKW MPHU

BEPXHEM AMANaA30HE MUHUMAABHO-NMPOMEXY-
TOYHOIO YPOBHSA PETYAUPOBAHUA HAMPAXEHUS

AU BepPX.A.MUH-NP.N = AU/\3/'I + AU BEPX.A-MUH-TIP. +

+ AUcr, B (15)

- NapeHune HanpaxeHna B NOACTaHUMKW MPU

HWKHEM AMaNa3oHEe MaKCUMaAbHO-MPOMEXY-
TOYHOIO YPOBHSA PETYAUPOBAHMUA HaNpPsXeHUa

AU HWX.A.MaKc-rp.n = AUASI‘I + AU HUX.A.MaKc-rp. +

+ AUcr, B (16)

- NapeHune HanpaxeHna B NOACTaHUMKW MPU

BEPXHEM AMANA30HE MaKCUMaAbHO-MPOMEXY-
TOYHOIO YPOBHA peryaAMpoBaHnAa HanpaXXeHna

AUBer.A.MaKc-np.n = AU/\Sﬂ + AUBepx.A.MaKc-np. +
+ AUcr, B. (a7)
Ctout 0c060 NOAYEPKHYTb, UTO HOPMYAbI
(1)-(17) 3apencTBOBaHblI NPU PEryAMPOBaHUM
HanpsxeHus B COC no 3apaHHOMY 3HAUYEHUIO
AENCTBYIOLLErO0 HanpsXeHus obbekTa No HU3-
KOW CTOPOHE CUAOBOrO TpaHchopmaTopa, rae
€ro 3HayeHue paBHo U3 =220 B.

PeryavpoBaHue HanpsXeHust ¢ NMOMOLLbHO
YPTY BbINOAHSIETCA HENPEPLIBHO BO BCEX YPOB-
HAX U AMana3oHax PeryaAMpoBaHWsa C XOPOLLIU-
MW SHEPreTUUYECKMMM NOKa3aTeEAIMMU.

Mpu cTabuAn3aunn HaNpPsXeHUs MEexXAy
YPOBHSIMW 1 AMana3oHaMu PeryAMpoBaHuUs Ha-
NpsXXeHMs BBEAEHA 30HA HEUYYBCTBUTEAbHOCTHU
Ha U3MEHEHME MNPOBOASILLETO COCTOSIHUA Kak
OCHOBHbIX VS1, Tak U AONOAHUTEABHbIX VS2 TU-
PUCTOPHbIX KAKOUYEHN, MPU KOTOPOM OTKAOHEHUE
HaNPsXXeHUs B CUCTEMAX 3AEKTPOCHaOXeHWUSs
He npeBblwaeT 1 BoAbTa (B) kak BBEPX, Tak U
BHW3 OT CTEMEHU PErYAUPOBAHUA HANPSXKEHUA
TOr0 AU MHOTO YPOBHSA U AManasoHa.

PA3PABOTKA UMUTALIMOHHOM
MOAEAU MOAEPHU3UPYEMOM
TPAHC®OPMATOPHOW MOACTAHLUU

AN NPOBEAEHUA UCCAEAOBAHUA U OLEHKM
HEenpepbIBHOIO U TOYHOIO PEryAupoBaHuA Ha-
NPSXKEHUSI Ha BbICOKOW CTOPOHE TpaHCchopma-
TOPHOW NOACTAHUMM MPKU CTYyNEHYaToM NOBbILLE-
HUW HaMNpsXeHUA B NUTalOLLEN CETU U CHUXeE-
HUW TOKa Ha Harpyske B cpepe Matlab”  6bina
paspabotaHa MMUTALUMOHHAA MOAEAb MOAEP-
HU3MPYEMON TpaHCHOPMATOPHOM MOACTaHLMM,
KoTopas npeAcTtaBAeHa Ha puc. 2. OHa cocTouT
n3 6noka nutatowen cetu (MNC), A3, 6brokoB
pasbeanHutens (QS), koHTakTopa AC 1 ceTeBOro
BbICOKOBOALTHOIO BbIkAtOUaTEAS (Q1), MOAYAEH
OCHOBHbIX (VS1) U pAOnOAHUTEABHBIX (VS2) Tu-
PUCTOPHBIX KAKOUYEHN, BAOKOB CUMCTEMbI MMMYAb-
CHO-pazoBoro ynpasaeHus (CUDY-1 u CUDY-2),
OCHOBHOTrO (L1), npomexyTtouHoro (L2) n Aonoa-
HUTeAbHOro (L3) peaktopoB, CT, aKTMBHO-WH-
AYKTUBHbIX Harpy3ok (Z,-1 - Z,-8), 6aokoB AOH,
aBToperyAMpoBaHus BAP, BbIkAtOUaTeAS Harpys-
kn (Qu), rMbpuaHbIX nyckateaen (MM-1 - [TI1-8)
AKTUBHO-MHAYKTMBHbIX Harpy3ok n ¢opmupoBa-
TeA ynpaBAAtoLMX MMNyAbcoB (PYN) Tnpuctop-
HbIX nyckatenen 6aokoB Ml-1 - T1-8.

CTOUT MOAYEPKHYTb, UTO GYHKLMOHWPOBA-
Hue npepararaemoro YPTY 3aBUCUT OT BEAUYNH
BXOASILLETO M BbIXOASILLETO HanpsXXeHusa BAOKa
AOH, rae ¢ npaBoW CTOPOHbI 6AOKA B KauecTBe
3aAatoOLLEr0 CUrHaAa BbICTyNaeT AEUCTBYOLLEE
3HaueHne HanpsxeHus (U3), kotopoe paBHO
220 B. lp1 UBMEHEHUU INEKTPUUYECKMX NMapa-

"CBMAETEABCTBO O OC. perucTpaLmmn nporpammbl Ad IBM Ne 2023685892, Poccuiickas ®eaepauys. MporpaMMHbIi KOMNAEKC
MMWUTALMOHHON MOAEAM ABYXTPAHCHOPMATOPHOW MOACTAHLMM C OAHWM O6LUMM ABYXMOAAMANA30HHBIM PEAKTOPHO-TUPHUCTOPHBIM
ynpaBAAeMbIM PEryASTOpoM Hanpsxerust / b.A. Tabapos; npaBoobrasaterb PIEOY BO «KHATY». AaTa noctynaexmns 22.11.2023;

Aata roc. peructpaumu B peectpe 30.11.2023. broa. Ne 12.
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Puc. 2. bAOYHO-MOAYAbHAS MOAEAb MOAEPHU3UPYEMOK TPAHCHOPMATOPHOM NOACTAHLMM
Fig. 2. Block-modular model of an upgraded transformer substation

METPOB (HanpsXXeHWe NUTaloLEN CEeTU U TOK
Harpy3ku) ¢ 6aoka AOH nocTynatoT cUrHaAbl Ha
Bx0oA 6nOka BAP, B pesynbtate uero 6Aok BAP
(yuuTbiBas BEAMUMHbI OTKAOHEHUS U Koneba-
HUA HaNPsXXeHWA) NOAAET CUTHAAbI Ha COOTBET-
cteytowine 6nokn CUDY-1 n CUDY-2 moaynen
OCHOBHbIX W AOMOAHWUTEABHBIX TUPUCTOPHbIX
kntouen. brokn CUDY-1 n CUDY-2 dopmupyroT
UMMYAbCbl W MOAAIOT MX Ha COOTBETCTBYHOLUME
ynpaBAStOLLME BXOAbl MOAYAEW TUPUCTOPHbIX
KAKOUYEN AAS UBMEHEHUA NPOBOAALLLETO COCTONA-
HUS TUPUCTOPHbIX KAOUer. BAok YU B Lerom
NpeAHa3HaYeH AN OOAErYeHUst BKAKOUEHUS M
BbIKAFOUEHWSA HArpy3Kkn ¢ BbICOKUMW IHEPTETU-
YEeCKUMMU MOoKasaTeAIMMU.

PE3YNbTATbl UICCAEAOBAHUA
PABOTbl MOAEPHU3UPYEMOM
TPAHC®OPMATOPHOW NOACTAHLUU NPU
HECTABUAbHOCTU HANPAXXEHUA U TOKA
NcecnepoBaHWE NOAAEPXKAHUSA HaNPSXEHUS
B CMUCTEMAX IAEKTPOCHAOXeHMS Ha 3apaHHOM
YPOBHE MPU BO3HUKHOBEHUU MOAOXMUTEABHOIO
OTKAOHEHUA HaNPsXXEHUST U NepeHanpsXeHus
NPOBOAMAOCH Ha MOAEAU MOAEPHU3UPYEMOW
TpaHCHOPMATOPHOM MOACTAHLMU  MOLLHOCTBIO
1000 kBA n HanpsixeHnem 6/0,4 kKB npu yrae
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cABUra ¢a3 Toka aKTMBHO-UMHAYKTUBHOW Harpys-
KM paBHO ¢ = 45°, [oAyYyeHHble Pe3yAbTaThbl UC-
CAEAOBaHUA MPUBOAATCA Ha OCLMAAOrPaMMax
puc. 3 n 4 ana dasbl «A». Ha ocumanorpammax
puc. 3 NPUBOASTCS MIHOBEHHbIE 3HAYEHUS TO-
KOB W HanNpsXXeHWM nutarowen cetm (ic U us) u
Harpysku (iy U U,), a Takke MrHoBeHHOe 3Haue-
HWE HaMpPsXXEHWUA NEPBUYHON OOMOTKM CUAOBO-
ro TpaHcopmartopa (Ucr) U AEUCTBYIOLLME 3Ha-
YeHUA HanpsXxeHuUs Ha Harpyske (U,). A Ha puc.
4 nNpUBOAATCA AEWUCTBYIOLLUME 3HAYEHMA TOKOB
M HanpsXeHu nutatowen cet (. u Uc) n Ha-
rpy3ku (I, n Uy), a TakKe HanpsxeHUsa nepBuu-
HOW OBMOTKM cuaoBoro TpaHcdopmatopa (Uer)
Nnpu CTyneH4YaToM MOBbIWEHWN HaNpsXXeHUs B
nuTatowen cetm Ao +16% WAM CHUXEHUM TOKa
Ha Harpyske A0 -71,2% OT HOMMUHAAbHOIO YPOB-
HA. PaboTy cMAOBOro TpaHchopmatopa 1 notTpe-
OUTENEN INEKTPOIHEPTMM MPU HOMWMHAABHOM
HaNPsHKEHWUM MUTAIOLLEN CETU U TOKE Harpy3ku
Ha HUXXENPUBEAEHHbBIX pUC. 3 U 4 UAAKOCTPUpPYET
WHTepBaA BpeMeHu T-1, a UHTepBaAaMu Bpeme-
HU T-2, T-3, T-4, T-5, T-6, T-7, T-8 UAAKOCTPUPYIOT-
CS1 CTyNeHYaThbl€ NOBbILLIEHUSA HAMPSXXEHUA B NK-
TaloLEN CETU AWM CHUXEHWS TOKA Ha Harpy3ke.

Huxe paccmarpuBaemMm MOAyYEHHblEe pe-
3yAbTaTbl UICCAEAOBAHUA CTabuAn3aumm Hanps-
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XEHWA B CUCTEMAX IAEKTPOCHAOXEHUA Ha 3a-
A@HHOM YPOBHE MPW NOMOLLIM Npepraraemoro
YPTY npu cTryneH4Yatom NoBbILIEHUW HaMNPsAXe-
HUSA B NUTAOLWLEN CETU UAU CHUXEHUM TOKA Ha
Harpyske.

OcumanorpamMmbl, NPEACTAaBAEHHbIE Ha PUC.
3, WAAOCTPUPYHOT paboTy MOAEPHU3UPYEMOM
TpaHCHOPMATOPHOM MNOACTAHUMM NPU HOMMU-
HAaAbHOM HanpPsXXEeHUU NUTAKOLWEN CETU U Ha-
rpyske (puc. 3, uHTepBaA BpemeHu T-1) 1 npu
CTYNEHYaTOM MOBbILLEHUM HANPSKEHNA B MUTa-
toLen cetm A0 +16% M HOMUHAABHOM Harpy3ke
(puc. 3 a), a Takxke Npu HOMUHAAbBHOM Hanps-
XEHUU NUTaKoLWEN CETU U CTYNEHYATOM CHUXKE-
HUM TOKa Ha Harpyske A0 -71,2% (puc. 3 b).

CTOWT NOAYEPKHYTb, YTO HAMPSIXEHMUE B NU-
TalOWEN CEeTU Ha KaXXAOM MHTEpBane Bpeme-
Hu (T-2, T-3, T-4, T-5, T-6, T-7) noBblLIaETCA Ha
+2,5% (puc. 3 a), a Harpyska Ha aTUX UHTepBa-
AaX BPEMEHU CHUXaeTcs npumepHo Ha -10,1%
(puc. 3 b) OT HOMWMHAAbHOIO 3HaueHusa. Kak
OTMEYanoCb Bbllle, CUAOBOW TpaHcdopmatop
CT Ha uHTepBane BpemMeHu T-1 pabortaert, cooT-
BETCTBEHHO, C HOMWHAAbHbIMW MapamMeTpamu
n obecneuvmBaeT NOTPEOUTEAIMU INEKTPOIHEP-
'MW HOMWHAAbHOE HanpsXXeHue C BbICOKUMU
3HEPreTMYecCKUMKU nokasateAnsiMnm (HOMUHaAb-
HbIW YPOBEHb peryAMpoBaHus). Ha atom nHTep-
BaAE€ BPEMEHU HaNpsXeHUe NPUKAaAbIBaAETCS
Ha Bxope CT uepes ceTeBOW BbICOKOBOABTHbIM
BblKAOUaTEAb Q. U 3apaeTcs KOIOPULMEHTOM
TpaHchopMaLMM CUAOBOro TpaHchopmaTopa
CT npv NOAHOCTbIO BbIKAKOYEHHbIX KaK OCHOB-
HbIX VS1, Tak 1 AONOAHUTEABHbIX VS2 TUPUCTOP-
HbIX KAOUAX, a Takxke koHTakTopa AC, OCHOBHO-
ro L1, npomMexyTo4Horo L2 n AONOAHUTEABHOIO
L3 peakTtopos.

MNMapeHne HanpsaxeHua B CIC Ha 3aToM ypoB-
He HanpsXeHUa NUTalroLLer CETU M TOKa Ha-
rPy3Kkun onpeaesseTca no popmyae (7). B koHue
UHTEpBaAa BpemeHn T-1 1 Havyane UHTepBaAa
BpeMeHU T-2 B cUCTEMAX INEKTPOCHAOXEHUSA
BO3HMKAET BHE3aMHOE MOBbIWEHWE Hamnpsaxe-
HUA B NuUTatowen cetn Ha +2,5% (puc. 3 a) uau
CHUXEHME TOKa Ha Harpy3ke Ha -11,4% (pwuc.
3 b) OT HOMMHAABHOIO 3HAYEHUA (HUXHUIN AU-
anas3oH MUHUMAAbHO-MPOMEXYTOYHOIO YPOBHSA
peryaAmpoBaHus).

Ha atom nHtepBane BpemeHu (T-2) u3 6A0-
ka CUDY-2 nopatoTcs CUrHaAbl Ha BKAKOUYEHUE
MOAYAS AONOAHUTEABHbBIX TUPUCTOPHbIX KAKOUEH
VS2 anst BKAOUEHUA B paboTe AONOAHUTEABHO-
ro peaktopa L3 1 0OAHOBPEMEHHO C 3TUM NoAa-

€TCSl KOMaHAA Ha KaTyLLKY OTKAKOUEHUA CETEBO-
ro BbICOKOBOABTHOIO BbIKAtOUATEAS] Q. AAA €50
BbIKAIOUEHMUS, B Pe3yAbTaTe Uero MOAYAb AOMOA-
HUTEAbHbIX TUPUCTOPHbIX KAtOUEen VS2 B Haua-
A€ MHTEpBana BpeMeHu T-2 npu yrae o = 15°
NMOAHOCTbIO BKAKOUYAETCH, U BBOAUTCA B paboty
AOTOAHUTEABHbIM peakTop L3, napanrenbHO ¢
3TUM OTKAKOYAETCHA CETEBOW BbICOKOBOALTHbIM
BblKAOUATEAb Q;, U, TAKMM 06pPa30M, HaMpsxe-
HWE B CUCTEMAX INEKTPOCHABXEHUA CTabuAu-
3upyeTcs Ha 3aAaHHOM YPOBHE.

MoayAb AONOAHUTEABHbBIX TUPUCTOPHbIX KALO-
yei VS2 Ha 3TOM UHTEPBAAE BPEMEHU MOAHO-
CTbO LUYHTUPYET MOAYAb OCHOBHbIX TUPUCTOP-
HbiX KAtouer VS, koHTaktopa AC, OCHOBHOrO
L1 v npomexyTouHoro L2 peaktopos. [apeHune
HaNPsXXeHMs B MOACTAHLMW B 3TOM AManal3oHe
peryAMpoBaHusi HanpsaxeHust onpeaensieTca no
BblpaxeHuto (14). UHTepBan BpeMeHun T-3 UA-
AOCTPUPYET paboTy MOAEPHMU3UPYEMOW TPaHC-
bopMaToOpHOM NOACTAHLIMM NPU BHE3AMHOM MO-
BbILLEHUN HANPSXEHUA B NUTAOLWEN CETU Ha
+5% (puc. 3 @) AU CHUXEHWM TOKa Ha Harpys-
ke Ha 21,5% (puc. 3 b) 0T HOMMHAABHOIO 3Ha-
YyeHUsa (BEpPXHUM AManas3oH MWHUMaAbHO-MPO-
MEXYTOUYHOIO YPOBHS peryaAupoBaHms).

3AECb AAA NOAAEPXKAHWUSA HANPSXXEHUS B CU-
CTEMax INEKTPOCHAOXeHUS Ha HOMWHAAbHOM
3HauyeHun u3 6noka CUDY-1 nopatotcss cur-
HaAbl Ha BKAKOYUEHME MOAYASI OCHOBHbIX TUPU-
CTOPHbIX KAtOUEN VS AAA BKAKOUEHMS B paboTy
NPOMEXYTOUYHOro peakropa L2 n napasneAbHO
Cc aTMM 13 H6A0ka CUDY-2 nopatotcss CUrHaAbI
Ha ynpaBASIEMbIA BXOA MOAYASI AOMOAHUTEAb-
HbIX TUPUCTOPHbIX KAOUEN VS2 AAA YaCTUYHO-
ro €ero LyHTMPOBaHWUS (YBEAMYEHUSI ero yraa
yrnpaBAEHUS), B pe3yAbTaTe Yero MOAYAEM OC-
HOBHbIX TUPUCTOPHbIX KAtouen VS1 BBOAUTCA B
paboTy NPOMEXYTOUHbIM peakTop L2 npu yrae
ynpaBAeHUA & = 15°, 1 OAHOBPEMEHHO C 3TUM
YBEAMUMBAETCA YrOA MPOBOAALLETO COCTOAHMS
MOAYASI AOMOAHUTEABHbIX TUPUCTOPHbIX KAKOUEN
VS2 po ot =75° paa puc. 3a n po o = 59° apA
puc. 3 b.

Ha atom uHTepBane BpemeHu (T-3), 6Aa-
ropaps CO3AAHUIO MAAEHWUA HaMPSXEHUs Ha
WHAYKTUBHbIX COMPOTUBAEHUAX MPOMEXYTOU-
HOro L2 n poonoAHUTEABHOTO L3 peaktopoB co-
OTBETCTBYIOLWMMU TUPUCTOPHBIMU  KAKOUAMMU,
HanpsXeHWe B CUCTEMAX 3AEKTPOCHaOXeHMUA
He MeHsieTcsl U ocTaeTcsi cTabuabHbIM. CeTte-
BOW BbICOKOBOAbTHbIM BblkAOUATEAb Q;, KOH-
Taktop AC 1 OCHOBHOM peakTop L1 Ha 3tom
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YPOBHE HanpshKeHus nutatolen CetTm u Toka
Harpy3ku BblKAKOUYEHbl. B A@HHOM WMHTepBaAe
BpeMeHU NapeHmne HanpsxeHus B COC MOXHO
onpeaeAnTtb no dopmyae (15). B KoHLEe UHTEp-
Bana BpeMeHu T-3 1 Hauyane MHTepBaAa Bpe-
MeHU T-4 BHe3anHO HanpsXXeHue Ha BXOoAe
CT noBblwiaeTcs Ha +7,5% (puc. 3 a) UAM ToK
Ha Harpyske cHmuxaetcs Ha -31,7% (puc. 3 b)
OT HOMWHAAbHOTO 3HAYEHWUSI U CO3AAET HEOb-
XOAMMOCTb COXPaHEHUSI HaMPSXXEHUS Ha Bbl-
xope CT Ha 3apaHHOM ypOBHE (MPOMEXYTOY-
HbI YPOBEHb peryaupoBaHus). lNopaepxanue
HaNPsXXeHUA B CUCTEMAX INEKTPOCHAOXEeHUA
Ha HOMWHaAbLHOM YPOBHE Ha 3TOM UHTEPBaAe
BPEMEHU AOCTUTaeTCA 3a CHET pacLUyHTUPOBa-
HUA MOAYASI OCHOBHbIX TUPUCTOPHbBIX KAKOUEMN
VS1, KOTOPbIM OCYLLECTBASETCA MOAYAEM AO-
NMOAHUTEABHbIX TUPUCTOPHBIX KAOUEN VS2 npu
YBEAUUYEHUM €r0 MPOBOAALLETO COCTOSIHUA AO
a=88° papnapuc. 3aunpo =67 ° ana puc. 3
b, B pe3yAbTaTe Yero HanpsxXeHue B CUCTEMAX
3SNEKTPOCHABXEHNSA OCTaeTcsi MO-MPEexXHeMy
HEU3MEHHbIM.

Ha atom nHTepBaAe BpeMeHU CETEBOM Bbl-
COKOBOABTHbIM BblKAOUYATEAb Q:, KOHTAKTOP
AC n ocHoBHOM peakTtop L1 Haxopsatca B OT-
KAHOUEHHOM COCTOSAAHMMK. 10 BblpaxeHuto (12)
MOXHO OMNPEAEAUTb MAAEHUE HaNpsXeHus B
NOACTAHUMM B 3TOM AManasoHe peryaAmpoBa-
HUS HanpsxeHusa. MHTepBan BpeMeHu T-5 UA-
AOCTPUPYET PaboTy MOAEPHU3UPYEMOWN TPAHC-
dbopMaToOpHOM MOACTAHUMM NPU  BHE3aNHOM
NOBbILLIEHUN HANPSXEHWUS B MUTAIOLLEN CETU
Ha +10% (puc. 3 a) AU CHUXKEHUM TOKa Ha Ha-
rpy3ke Ha -41,7% (puc. 3 b) OT HOMUHAAb-
HOMO YPOBHSA (HMXXHWW AMana3oH MaKCUMaAb-
HO-MPOMEXYTOUYHOIO YPOBHSA PErYAUPOBAHUSA).
3AECb COXpaHeHMe BbIXOAHOTO HanpsxeHusa CT
Ha HOMWHAAbHOM 3HaY€HWU AOCTUraeTcs npu
NMOMOLLIM MOAYAEM OCHOBHbIX VS1 U AONOAHU-
TeAbHbIX VS2 TUPUCTOPHBIX KAKOYEW, a TakxXe
NPOMEXyTouHOro L2 u ponoAHuTEAbHOrO L3
pPeaKkTopoB NPU BbIKAKOYEHHbIX CETEBOM Bbli-
COKOBOALTHOM BbIKAOUa@TEAe Q., KOHTaKTOpEe
AC n ocHoBHOM peaktope L1. MoayAb AOMOA-
HUTEAbHbIX TUPUCTOPHbIX KAtoUen VS2 Ha 3ToMm
MHTEPBAAE BPEMEHU pPaACLUYHTUPYET MOAYAb
OCHOBHbIX TUPUCTOPHbIX KAtouen VS npu yrae
yrnpaBAeHUa & = 99° apna puc. 3ama=77°
ANST pUC. 3 b.

dopmynor (16) MOXHO ONPEeAeAnTb Nnape-
HWe HanpshkeHns B COC npu HecTabWMAbHOCTU
HaMNPsHXXeHWs B NMUTAOLWEN CETU U TOKA Ha Ha-
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rpy3Ke, KOTOPOW MAAKOCTPUPYETCA UHTEPBAAOM
BpemeHn T-5. B KOHUE MHTEpPBaAa BPEMEHMU
T-5 “ Hauyane uHTEpBaAa BpeMEHU T-6 BHe-
3anHo HanpshxeHue Ha Bxoae CT noBsbllaeT-
cqa Ha +12,5% (puc. 3 a) UAM TOK Ha Harpyske
CHWXaeTca Ha -51,6% (puc. 3 b) oT 3apaHHOIo
3HAYEHWs, KOTOPbIM CO3AAET HEOOXOAMMOCTb
NoAAEPXaTb HaMpPsXXeHWe B CUCTEMAX SAEKTPO-
cHabXeHWsi Ha HOMWHAAbHOM 3HAYEHWM (BEPX-
HWUIM AMana3oH MakCUMaAbHO-NPOMEXYTOUHOIO
YPOBHA PErYAMPOBAHUA).

MopAepXXaHWe HOMUHAABHOIO HaMpPsHKEHUS
B CUCTEMAX 3AEKTPOCHAOXEHUSI Ha 3aAaHHOM
YPOBHE Ha 3TOM WMHTEPBAAE BPEMEHU BbIMNOA-
HSAETCA NPU NOMOLLM MOAYAEM OCHOBHBbIX VS1 1
AOMNOAHUTEAbHbIX VS2 TUPUCTOPHbIX KAKOUEH, a
TaKXe NPOMEXYTOUYHOro L2 1 AOMOAHUTEABHOIO
L3 peaktopoB Npu BbIKAKOUEHHbIX CETEBOM Bbl-
COKOBOABTHOM BbIKAOUaTene Q., KOHTaKTope
AC 1 ocHOBHOM peakTope L1.

AONOAHUTEABHbIE TUPUCTOPHbIE KAKOUM VS2
Ha 3TOM YPOBHE HaMPSXXEHUSA NUTatoLLEN CETU
M TOKa Harpy3ku pacLUyHTUPYHOT OCHOBHbIE TU-
pPUCTOPHbIE KAOUM VS npu yrae ynpaBAEHUS O
=117° ppaa puc. 3a o =89° ana puc. 3 b
U MOAAEPXMBAOT HOMWHAAbHOE HarnpsiXeHue
B CUCTEMAX IAEKTPOCHAOXEHUSA C BbICOKMMMU
3HEpPreTMYecKMMK nokasatensMmun. Ha atom uH-
TepBane BpemeHu (T-6) napeHne HanpsixeHue
B COC MOXHO onpepeAnTb no ¢opmyae (17).
NHTepBan BpemeHu T-7 UAAKOCTPUPYET paboTy
MOAEPHU3UPYEMON TPaHCHOPMATOPHOM MOA-
CTaHUMKU NPU MOBbIWEHUN HANPSXEHUs B MNU-
Taroulen cetn Ha +15% (puc. 3 a) UAM CHUXe-
HMM TOKa Ha Harpyske Ha -61,5% (puc. 3 b) ot
HOMWHAAbHOIO 3HAYeHUsi (BEPXHU AManas3oH
MaKCUMaAbHO-MPOMEXYTOYHOIO YPOBHS pery-
AMPOBAHUA).

Ha aToM WHTEpBane BPEMEHU MOAAEPXA-
HMUE HaNPSKEHWUA Ha LMHAX PacrnpeAeAnTEAb-
Horo yctpouctBa CT Ha 3apaHHOM 3HAUYEHUMU
OCYLLECTBASIETCA MPU NOMOLUM MOAYAS OCHOB-
HbIX TMPUCTOPHbIX KAtoUen VS1, ocHOBHOro L1,
NPOMEXYTOUHOro L2 u ponoAHuTeAbHoro L3
pPEeakTopoB MPU BKAKOUEHHOM KOHTakTope AC
N NMOAHOCTbIO BbIKAKOYEHHbIX CETEBOM BbICOKO-
BOALTHOM BblKAtOUATEAE Q. U MOAYAE AOMOAHU-
TEABHbIX TUPUCTOPHBIX KAOUEn VS2.

3Aecb B KOHLE MHTEpBaAa BpemeHu T-6
M Hayane MHTepBana BpeMeHu T-7 u3 HAoka
CUDY-2 nopatoTcss MMNYAbCbl Ha YnpaBAsto-
LLIME BXOAbI MOAYAS] AOMOAHUTEABHbIX TUPUCTOP-
HbIX KAKOUEM VS2 AAS MOAHOIO €ro BbIKAKOYE-
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HUA, NapasreAbHO C 3TUM MOAAETCA KOMaHAa
Ha BKAlOUYeHMEe KoHTakTopa AC. AOMNOAHUTEAb-
Hble TUPUCTOPHbIE KAOUM VS2 Ha A@QHHOM WH-
TepBaAe BPEMEHM BbIKAKOHUAKOTCH NPU YIAe & =
145° ans puc. 3 a n o = 135° anqa puc. 3 b.
YroA npoBOAALLETO COCTOAHMA MOAYASI OCHOB-
HbIX TUPUCTOPHBbIX KAtoUer VS1 npu aTom ypoB-
He cocTaBAsieT o = 85° papnapuc. 3amn o =75°
AR prc. 3 b. MOAYAb OCHOBHbIX TUPUCTOPHbIX
kAtouer VS1 Ha 3TOM MHTEepBaAE BPEMEHU, Ya-
CTMYHO WYHTUPYSA KOHTaktop AC M OCHOBHOM
peakTtop L1, nopAepXUBAET HOMUHAAbHOE Ha-
NPs)XEHWE B CUCTEMAX IAEKTPOCHAOXEHUA Ha
3apaHHOM 3HauyeHuW. MNapeHre HanpsxeHne B
NOACTaHUMK Ha 3TOM UHTEpPBaAe BpemMmeHu (T-7)
onpeaensieTca BoblpaxeHuem (17).

B KoHUe MHTEepBaAa BpeMeHu T-7 U Haua-
A€ WHTEpBaAa BpeMeHUu T-8 BHe3anHo Hanps-
XeHne Ha Bxope CT nosbllwaercsd Ha +16%
(puc. 3 a) UAK TOK Ha Harpyske CHUXaeTcs Ha
-71,2% (puc. 3 b) OT HOMWUHAABHOIO 3HAYEHMUS
M CO3paeT HEOBXOAMMOCTb MOAAEPXMBATb Ha-
NPS)XEeHWe B CUCTEMAX INEKTPOCHABOXEHUA Ha
3aAaHHOM YypOBHE (MaKCUMaAbHbIM YPOBEHb
PeryavMpoBaHua HanpsxeHust). ObecneveHue
HOMMWHAAbBHOIO HaMPsXeHUs B CUCTEMAX INEK-
TPOCHAOXEHUSA Ha 3TOM WMHTEPBAAE BPEMEHMU
AOCTUTaeTcsa npu NoMoLLM KoHTakTopa AC, oc-
HoBHOro L1, npomexyTouHoro L2 n AONOAHU-
TeAbHOro L3 peaktopoB npu NOAHOCTbIO 3aKpbi-
TbIX K&K OCHOBHbIX VS1, Tak U AONOAHUTEABHbIX
VS2 TUPUCTOPHBIX KAKOUEW. OCHOBHbIE TUPU-
CTOpHbIe KAOUKM VS1 B Hauane UHTepBaAa Bpe-
MeHU T-8 MOAHOCTbIO PACLLYHTUPYIOT KOHTAKTOP
AC n ocHoBHOWM peakTtop L1 npu yrae o = 120°
A puc. 3aun o= 130° ana puc. 3 b. Bobipa-
XeHnem (13) MOXHO paccuuTatb NapeHWe Ha-
npsxxeHna B COC npu MmakCMMaAbHOM ypOBHE
pPeryAvMupoBaHusa HanpsXXeHus.

Takum 06pa3om, HECMOTPS Ha HecTabuAb-
HOCTb HaNPSXXEHUSA B MUTAOLWLEN CETU AW TOKA
Ha Harpyske, npeararaemoe YPTY nopAepXu-
BaeT HaNpPsiXXeHWe B CUCTEMAX INEKTPOCHAOXe-
HMA HA HOMWHAAbHOM 3HAY€HWU C BbICOKUMMU
3HEPreTMYECKUMU NoKa3aTeASIMU.

Ans Bonee LLIMPOKOM WHTepnpetaumm no-
AYYEHHbIX PE3YAbTAaTOB MCCAEAOBAHMUSA, KOTO-
pble NpeAcTaBAEHbl Ha puc. 3, U onucaHue,
NPMBEAEHHOE K HWUM Ha puc. 4, NpUBOAATCSA
AENCTBYIOLLUME 3HAYEHMS TOKOB U HaMpPsXXEHUI
nutatowlen cetm (I u Uc) n Harpy3ku (I, n Uy),
a Takxe AEUCTBYIOLLEE 3HAUYEHUE HAMPAXEHUS
(Uc) nepBuuHor o6moTkn CT npu cTyneHyaTom

MOBbILLIEHUN HANPSAXEHWUS NMUTAIOLLEN CETU UAK
CHUXEHMM TOKa Harpy3sKkHu.

KakK WAAOCTPUPYIOT 3TU OCLMAAOTPaMMbI,
HanpsXxeHWe B MUTAlOLLLEN CETM MOBbILIAETCS
(puc. 4 a, kpuBas U,c), a TOK Ha Harpy3Ke CHU-
xaetcs (puc. 4 b, KpuBas I,,), B pe3yAbraTte yero
npeanaraemoe YPTY, 6aaropapsi CO3AaHUIO
NPOCaAKM HanpsXXeHWsa Ha peakropax, He Mo-
3BOASIET MOBbLILLIATLCA HAMPSXEHUIO HE TOAbKO
y notpebuTtenem, Ho U B CUAOBOM TpaHCHOpMa-
Tope (puc. 4 a, kpuas Ucrn U,). A npu CHUXe-
HUU TOKA Harpy3ku Takxe bGaaropapsi pacluu-
PEHUI0 GYHKLUMOHAABHBIX BO3MOXHOCTEN MPEA-
Aaraemoro YPTY He co3paetcs NOAOXUTEAbHOE
OTKAOHEHUWE HaMpPsXXeHUs U NnepeHanpsxeHne
He TOAbKO Ha Harpyske (puc. 4 b, kpusas U,),
HO MU B CUAOBOM TpaHCHOPMATOPE U NUTAIOLLLEN
cetu (puc. 4 b, kpusasa Ucr v Une) Y MOAAEPXKU-
BaeTCs HanpsXeHue y notpebutener Ha HoMU-
HaAbHOM YPOBHE C BbICOKMMW IHEPTreTUYECKHU-
MW NoKa3aTensiMM.

[MoAyYeHHbIE pe3yAbTaTbl UICCAEAOBAHUSA, NPU-
BEAEHHbIE Ha pUC. 4, NOATBEPXKAAIOT KOMIAEKC-
HOe YAydylleHue paboTbl SAEKTPOTEXHUUYECKMX
CUCTEM NPU BO3HUKHOBEHWUU MOAOXMUTEABHOIO
OTKAOHEHUSA HaMNPSXEHUA W NepeHanpsXkxeHus.

AHaAM3 MOAYYEHHbIX PE3YALTATOB UCCAEAO-
BaHWS NMO3BOASIET CAEAATb BbIBOA, UTO NpUMeE-
HeHue npeararaemoro YPTY Ha BbICOKOW CTO-
poHe TpaHCcHOpPMaTOPHOM MOACTAHUMU MOXET
He TOAbKO 0bAeruntb n obecneynTb HOpMaAb-
Hyt0 paboTy, HO U NOBbICUTbL 3DDEKTUBHOCTb
paboTbl CUCTEM INEKTPOCHAOXEHMS.

PabotocnocobHocTb npeanaraemoro YPTY
NPy CTYyNEHYaTOM MOBbILLEHUM HANPAKEHUSA
MUTalOLLEN CETU U CHUXEHUU TOKa Harpysku
WUANOCTPUPYHOT BHELLIHWE, CTabUAM3ALMOHHbIE
N PEryAMpOBOUYHbIE XapaKTEPUCTUKK, KOTOPbIE
npeAcCTaBAEHbl Ha PUC. 5, A€ C AeBOW CTOPOHDI
NPUBOASTCA XapPaKTEPUCTUKKU, KOTOPbIE MOCTPO-
€Hbl C YYETOM MOBbILIEHUA HANPSXXEHUS B NU-
TaloLLEN CETU, @ C MPABOWN CTOPOHbI — C YUETOM
CHUXXEHUS TOKa Ha Harpyske.

CtabuAM3aLMOHHbIE U PETYAMPOBOYHbIE Xa-
PaKTEPUCTMKM NOCTPOEHbI Npu pabote MoAyAA
AOMOAHUTEAbHbIX TUPUCTOPHbIX KAOYen VS2.
PeryAMpoBOYHbIE  XapaKTEPUCTUKKM  MOCTPOeE-
Hbl AASI CUCTEM 3AEKTPOCHAOXEHWUSI C M3BECT-
HbiM (KpuBasa 1) U npepraraemMbiM (KpuBas 2)
yCcTponcTBamu. BaxHO OTMETUTb, YTO BHELLIHUE
XapaKTePUCTUKHK (PUC. D @) NOCTPOEHBI NPU UK-
CUPOBAHHbIX YrAax YNpaBAEHUS TUPUCTOPHbIX
KAKOUEN W CTYNEHYATOM MOBbILLEHUW HaNpsxe-
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Puc. 3. OcumarorpaMmbl TOKOB U Hal'lpﬂ)KeHMﬁ npn CTyrneH4YaTtomMm roBbILLEHNN HallpsXeHnsa nUTaroLLEeN CETU MAM CHUXEHWUM

TOKa Harpy3skiu

Fig. 3. Waveforms of currents and voltages during a stepwise increase in the supply network voltage or a decrease in the load

current

HUSA B NUTAOLWEN CETU UAU CHUXEHUM TOKA Ha
Harpyske, a PeryAMmpoBOYHbIE XapaKTEPUCTUKM
paccuyuTaHbl NpU U3MEHEHWE YIAOB ynpaBAe-
HUA  AOMOAHUTEAbHbIX TUPUCTOPHbIX KAKOUEH
VS2 takum obpasom, Utobbl NpU CTyNeHYaToOM
NOBbILLIEHUN HANPSXEHWUS B MUTAIOLLEN CETU
WA CHUXEHUM TOKA Ha Harpyske HanpskeHue
B CUCTEMAX 3AEKTPOCHAbOXEeHMs OCTaBaAOChb
NOCTOAHHbIM (pUC. 5 b). XapakTepuUCTUKK CTa-
OUAM3aLMN HANPSXXEHUA Ha Harpyske (puc. 5
C) NOCTPOEHbl C Y4ETOM PEFYAMPOBOYHbIX Xa-
PaKTEPUCTUK.
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Kak BMAHO M3 CTabMAM3aLMOHHOW Xapak-
TEPUCTUKKU (CM. puC. 5 ¢, KpuBas 2), Npeara-
raemoe YPTY obhapaer npeumyLlecTBamMm
No CpaBHEHUIO C TPAAULMOHHBIMW PErYASTO-
pamMu HanpsxeHusa (cM. puc. 5 ¢, kpuasa 1),
B YACTHOCTM MO PEryAvpyroLmMM U cTabuamsa-
LUMOHHbIM CBOMCTBaM. AOMOAHUTEABHbIE TUPU-
CTOPHbIE KAKOUM MPU CTYyNeHYaTOM MOBbILLEHWUN
HaNPsHXEHWUs NUTaloLWEN CEeTU CTabUAM3MPYHOT
HanpshXeHWe B CUCTEMAX INEKTPOCHAbXeHMN
Ha HOMWHAAbLHOM 3HAYEHWW NPU U3MEHEHUU
YrAOB ynpaBAeHUS B AManasoHax ot o = 15° Ao
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Puc. 4. Ocumnarorpammbl AEHACTBYIOLLIMX 3HAYEHUI TOKOB M HAMPSXXEHMI NPM CTYNEHYATOM MOBbILLEHUM HANPSXKEHUS MUTAIOLLEHN

CEeTU AN CHUXXEHUN TOKa Harpy3ku

Fig. 4. Waveforms of effective values of currents and voltages during a stepwise increase in the supply network voltage or a

decrease in the load current

o = 145° (cm. puc. 5 b, ¢ AeBOM CTOPOHbI), a
NPW CHUXXEHUU TOKA HArpy3Kkun ByAyT MOAAEPXKM-
BaTb HOMWHAAbHOE HaMPSHXKEHWE B CUCTEMAX
INEKTPOCHAbXEHUA B AMana3oHax oT o = 15°
A0 o = 135° (cM. puc. 5 b, ¢ NpaBO CTOPOHDI).
Ctout 0c060 OTMETUTb, UTO M3MEHEHME YIAOB
ynpaBAEHUA TUPUCTOPHbIX KAKOUEN NpeaAarae-
moro YPTY 3aBUCKUT OT NOBbILLEHUS BEAUYUHDI
HaMPSXXEHWUS NMUTAIOLEN CETU WUAM CHUXEHMUS
BEAMUYMHbBI TOKA HArpysku, a Takxe OT Xapak-
Tepa U yrana CABUra akTUBHO-MHAYKTUBHOW Ha-
rPY3KMH.

HeobxoAMMO OTMETUTb, UYTO AAS OOAbLLIETO
pacwunpeHns  GYHKUMOHAAbHbLIX  BO3MOXHO-
cTen, npepnaraemoro YPTY ¢ LeAbto coxpaHe-
HWUS BbICOKMX 3HAYEHUN IPOEKTUBHOCTU INEK-
TPOYCTAHOBKM, HEOOXOAMMO YUWTbIBATb YBE-
AMYEHWE BEAMYMHbI HAMPSXEHUa NUTatoLEN
CETU UAU CHUXEHME BEAMUYMHbBI TOKA Harpy3ku
NCCAEAYEMOro 0bbeKTa. YunTbiBass NOCAEAHEE,
MOXHO AASl KaXAOro 0O6bekTa MHAUMBUAYAALHO
paspabotatb npepnaraemoe YPTY ¢ onpeae-
AEHHbIM MHAYKTUBHbBIM COMPOTUBAEHUEM pPEaK-
TOPOB M ONTUMAAbHbIM CNOCOBOM yNpaBAEHUS.
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Puc. 5. XapaKTepucTuku CyLLECTBYIOLLEH 1 MOAEPHU3MPYEMON TPAHCHOPMATOPHOM MOACTAHLMM MPU CTYNEHYATOM MOBbILLIEHUM

HanpsxeHnsa NUTaKLLIEN CETU MAM CHUXXEHNM TOKa Harpys3ku

Fig. 5. Characteristics of an existing and upgraded transformer substation with a stepwise increase in supply network voltage

or a decrease in load current

Ba)xHO OTMETUTb, YTO NpeAraraemMoe yCTpou-
CTBO TakKXe MMeeT BO3MOXHOCTU MOAAEPXATb
HanpshkeHMe B CUCTEMAX INEKTPOCHAOXeHUA
Ha HOMWHAAbHOM YPOBHE B CAyyae OAHOBpeE-
MEHHOI0  BO3HWKHOBEHWSI  MOAOXWUTEABHOTO
OTKAOHEHMUSA (KOAeOAHUS) HAMPsXEHUsA B NuUTa-
tOLLLEN CETU U OTPULLATEABHOTO OTKAOHEHMUSA (KO-
AebaHWs) TOKa Ha Harpy3ke ¢ BbICOKUMMW IHep-
reTMYeCKMMM NoKasaTeAaMu.

CTouT TaKXe OTMETUTb, YTO NO pe3yAbTaTaMm
aHaAM3a AaHHOW paboTbl B AaAbHENLIEM ByayT
MPOBOAMTLCA MCCAEAOBAHUA 3HEPreTUUYECKMX
NMoKasaTenen CUCTEM IAEKTPOCHAbOXeHUs ¢
npumMmeHeHnem npeanaraemoro YPTY, pesyab-
TaTbl KOTOPbIX NO3BOAAT BoAaee TAyHOOKO OLIEHWUTb
3QDEKTUBHOCTb MCMOAB30BAHUA TMPEANOXKEH-
HOr0 TEXHUUYECKOIO PELUEHUSA HA BbICOKOW CTO-
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pOHEe TpaHCPOPMATOPHOM NOACTAHLUMM B Kade-
CTBE MYCKOPETrYAUPYHOLLIErO YCTPOMUCTBA.

ObhacTblo  MPUMMEHEHMA  Npeararaemoro
YCTPOMCTBA SIBAAKOTCA TPAaHCHOPMATOPHbIE MOA-
CTaHUMN CUCTEM ISAEKTPOCHAOXEHMA MOLLHO-
cTbto A0 63000 KBA, ¢ HanpsxeHnsamn 35/(10-
6) KB 1 mowHocTblo A0 1600 KB-A, ¢ Hanpsxe-
Husmu (10-6)/0,4 kB, rae Heobxoanmo obecne-
YWUTb PEFYAMPOBaHWE HaMNpPsKEHUA Ha BbICOKOM
CTOPOHE CWUAOBOro TpaHcdopmatopa B Y3KOM
AMana3oHe OT HOMUHAAbHOIO YPOBHSA A0 +16%.

Haunbonee uenecoobpasHoit 06AacTbto Npu-
MEHEHUA NPeAAaraeMoro yCTpoMCTBa ABAAHOT-
CSl CUCTEMbI INEKTPOCHAbXeHUsa, Tpebytoline
MHOIOCTYNEHYaToro y3KornoAAMana3oHHoOro pe-
YAMPOBaHUSA HAaMPSXEHWUS C BbICOKOM 3dPeK-
TUBHOCTbIO.
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3AKNAKOYEHUE

1. MNpoBeAeHHble UCCAEAOBAHUA U aHa-
AU3 U3BECTHbIX Hay4YHblX paboT 1 onbiTa IKC-
nAyaTauMKU CYLLLECTBYHOLUUX IAEKTPOTEXHUYE-
CKMX cucTtem no obecneyeHnro HOPMaAbHOM
paboTbl U COXPAHEHUID CPOKA CAYXObl IAEK-
TPOOOBOPYAOBAHUA CUCTEM INEKTPOCHabXe-
HUS NMPU BO3HUKHOBEHWU MOAOXWUTEABHOIO
OTKAOHEHUA HaNpsXeHWa U nepeHanpsaxe-
HUS NOKal3aAu, YTO BO3HMKHOBEHWE MOAOXM-
TEAbHOIO OTKAOHEHUSI HaMNpPsXeHusa U nepe-
HanNpPsXeHUs B AyUYLLEM CAyYae MPUBOAMUT K
NPEAOTBPALLEHMUIO TEXHOAOTMYECKUX MpoLEeC-
COB, B pe3yAbTaTe KOTOPbIX CHUXaeTcs 06b-
€M BbIyCKaeMOW NPOAYKLMKU. Kpome 3Toro,
Takxe Yyxyawaercs 30PpEeKTMBHOCTb paboThl
CUCTEM INEKTPOCHADBXEHMUS.

2. MNpepnoXeHO HOBOE TEXHUUYECKOE peLue-
HWE Ha OCHOBE YMPaBASIEMOIO PEaKTOPHO-TU-
PUCTOPHOrO YCTPOWMCTBA Ha BbICOKOW CTOPOHE
TpaHCHOPMATOPHOM MOACTAHLMU AASI MOAAEP-
XaHua HanpsxeHus B COC Ha 3apaHHOM ypoB-
He NPWU HECTABUABHOCTU HANPSAXEHUNA B NUTAIO-
LLIEWN CETU UAM TOKa Ha Harpyske.

3. NpeprOXEHbI HOBbIE @aArOPUTMbI U CMO-
cobbl HEMPEPBLIBHOMO M TOYHOIO PEryAMpoBa-
HUA HaANPSXXEHMA Ha BbICOKOWM CTOPOHE TpaHC-
bOpMaTOpHOM MOACTAHLMK C ynpaBASEMbIM
PEeaKTOPHO-TMPUCTOPHbBIM YCTPOWCTBOM, MNO3BO-
AstoLMe obecneuntb HOPManbHYtO paboTy cu-
CTEM INEKTPOCHABXEHMS.

4. Pe3ynbTaTaMW UCCAEAOBaHUA CTabuau-
3aumnun HanpsbxkeHus B COC ¢ npeararaembim
YCTPOMCTBOM YCTAHOBAEHO, UYTO MNPUMEHEHUE
npeanaraemMoro TEXHMYECKOro peLLeHUs Ha Bbl-
COKOM CTOPOHE TPaHCHOPMATOPHOM MOACTaH-
UMK, HECMOTPSA Ha CTyneH4yaTble MOBbILEHUS
HaNPsXXeHWUs B NMUTaloWen CEeTU U CHUXEHUS
TOKa Ha Harpy3ke, NO3BOAAET MOAAEPXMBATb
HaNpPs>XXeHUs1 UICCAEAYEMOTO 0ObeKTa HA HOMMU-
HaAbHOM YPOBHE C BbICOKOW 3PHEKTUBHOCTbIO.

5. UHTErpanbHbIMU XapaKTepUCTUKaMK NoKa-
3aHO, YTO YNpaBASEMOE PEAKTOPHO-TUPUCTOPHOE
YCTPOMCTBO (MO CPABHEHUIO C TPAAMLIMOHHbLIMMU
YCTPOMCTBaMM) 0OAAAAET BbICOKOM SKCMAyaTaLIMU-
OHHOWM XapaKTEPUCTUKOM U NPOCTOTOM KOHCTPYK-
UMK NPU PETNYAMPOBAHUN HAaNPSHXEHUA B LUMPO-
KMX Npeaenax, Aana3oHax U nopAManas3oHax.
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CoBpemeHHble cnocobbl o6eccepuBaHUA BbICOKOCEPHUCTDIX
He}TAHBIX KOKCOB AAA NPUMEHEHUA B YIAerpadpuToBbIX MaTepuanax

B.10. Baxun?, 5.3. MaTbInbCKMI1>™~
12CaHKT-lNeTepbyprekimii ropHbIM YHUBEPCHTET uMmnepatpulbl Ekatepunsbi Il, CaHkT-leTepbypr, Poccus

Pe3rome. Lienb - npoBecT 0630p COBPEMEHHbIX TEXHOAOTUIM 06eccepuBaHUs BbICOKOCEPHUCTbIX HEDTAHBIX KOK-
COB C OLEHKOW MX 3OPEKTUBHOCTU, IKOHOMMUUYECKOM LIEeAeCO0HPa3HOCTM 1 BAUSIHUA Ha CBOMCTBA YTAEPOAHbIX MaTepu-
anoB, MCMOAb3YEMbIX NPU NPOMU3BOACTBE XONOAHOHABOMBHbIX Macc, aHOAOB aAtOMUHUEBbBIX SAEKTPOAU3EPOB U rpadu-
TUPOBAHHbIX INEKTPOAOB. Ha OCHOBE aHaAM3a AUTEPATYPHbIX UCTOUHMKOB PACCMOTPEHbI METOALI Kak 06paboTKK Cbl-
pbsi KOKCOBaHMS, Tak M FOTOBOIO KOKca: rmapoobecceprBaHne, OKUCAUTEABHASA U LLIeAOUYHan 06paboTka, TepMUUYeckoe
npokaAnBaHne, BUOAOTMYECKOE BhilLIEAAUMBaHKE, @ TakxXe TMOPUAHBIE TEXHOAOTUMW. M3yueHbl XxapaKTePUCTUKK Cbipbs
W napamMeTpbl NPOLECCOB (Temneparypa, AABAEHWE, pa3Mep YacTuL, KaTaAu3aTtopbl), a TakXe UX BAUSSHUE Ha CTeNeHb
YAAAEHWUSI CePbl U CBA3AHHbIE C 3TUM CTPYKTYPHbIE M3MEHEHMA YTAEPOAHOW MaTpulpbl. YCTAHOBAEHO, UTO TMAPOOO-
eccepuBaHMe Cbipbsi KOKCOBAHMA CHUXAET copepxaHue cepbl A0 0,2-1,5%, Ho TpebyeT BbICOKMX 3aTpaT, obrapaeT
HU3KMM BbIXOAOM MO KOKCY M TepsieT 3GPEKTUBHOCTb MPU HAAMUMU METAANOB B 30A€. LLienouHasi o6paboTtka yaansiet
A0 90% cepbl, OAHAKO MOBbILLIAET 30AbHOCTb U MOPUCTOCTb. TepMUueckoe npokaansaHme aAo 1500°C obecrneunBaet
yaaneHne 85% cepbl, HO NPUBOANT K AerpapaLn YIAePOAHOM CTPYKTYpbl. Buoaornyeckme mMetoabl AEMOHCTPUPYHOT
3G EKTUBHOCTb A0 92%, HO TPEBYIOT AAMTEABHOTO BpeMeHW. HanboAbLLyto NepcnekTMBy No obeccepuBaHUio AEMOH-
CTPUPYIOT TMBPUAHBIE TEXHOAOTUK, HANPUMEP, BakyyMHan TepMoobpaboTka Co LLEAOUYHOM aKTMBaLMen, obecneymBa-
HoLME MaKCUMaAbHYHO 3GPEKTUBHOCTb yAaneHUs cepbl (A0 98,5%) ¢ coxpaHeHMeM MeXaHUYeCKOM NPOYHOCTU. TaknUM
06pa3om, NokasaHo, Uto BbIGOP MeTOAA CHUXEHUSI COAEPXAHWUA Cepbl 3aBUCUT OT MCXOAHOTO COCTaBa KOKca W Tpe-
60BaHUI K KOHEYUHOMY NPOAYKTY. Tak, obeccepuBaHUE CbiPbsi KOKCOBAHWA 3KOHOMWUYECKM OMPaBAAHO AAA MaAoCcep-
HUCTbIX HedTEN, TOrAa kak 0bpaboTka roTOBOro KOKCa MOAXOAMT AASI BbICOKOCEPHUCTBIX MaTePUaN0B, HO YXYALLAET UX
MAOTHOCTb M NMPOYHOCTb. [epcneKkT1BHbI TMOPUAHBIE METOAbI, coueTatome 3GGEKTUBHOCTb OUMUCTKM C MUHUMAAbHbBIM
BO3AENCTBMEM Ha CTPYKTYPY KOKca. B pesyAabTate AuTepaTypHOro 063opa BbISIBAEHO, UTO AAST MacLuTabupoBaHus ad-
bEKTUBHbIX TEXHOAOTMIM HEOBXOAMMBI pa3paboTka AELLEBbLIX KaTaAM3aTopoB, CHUXEHWE 3Hepro3aTpar 1 yTMAM3aums
CEPHUCTbLIX ra3os.

KaroyeBbie caoBa: HePTAHOM KOKC, obeccepunBaHune, yraerpadutoBble MaTepranbl, aHOAbI aAtOMUHUEBbLIX SAEK-
TPOAM3€POB, BbICOKOCEPHUCTbIN KOKC, TMOPUAHbIE METOABI OUMCTKM, BaKyyMHOE NpoKaAMBaHWe

Ara uutupoBaHua: baxuH B.HO., MatbinbCckuii 5.3. CoBpemMeHHble cnocobbl obecceprBaHUS BbICOKOCEPHMUCTbIX
HEDTAHbIX KOKCOB AAA MPUMEHEHUSA B yraerpadmToBbIX Matepuanax // iPolytech Journal. 2025. T. 29. Ne 2. C. 270-
283. https://doi.org/10.21285/1814-3520-2025-2-270-283. EDN: HSTOXT.

METALLURGY
Review article

Modern methods for the desulphurisation of high sulphur content
petroleum coke for use in carbon graphite materials

Vladimir Yu. Bazhin?, Bronislav E. Matylsky>*
12Empress Catherine Il Saint-Petersburg Mining University, Saint-Petersburg, Russia

Abstract. Objective - a review of modern desulfurization technologies for high-sulphur petroleum coke. This
study will further asses their effectiveness, economic feasibility and impact on the properties of carbon materials
used in the production of cold-pressed masses, aluminium electrolyser anodes and graphitized electrodes. Based
on the analysis of literature sources, methods for the treatment of both coking feedstock and finished coke are con-
sidered: hydrodesulphurisation, oxidative and alkaline treatment, thermal calcination, biological leaching and hybrid
technologies. Feedstock characteristics and process parameters (temperature, pressure, particle size, catalysts)
were studied as well as their effect on the degree of sulphur removal and the associated structural changes in the
carbon matrix. Hydrodesulphurisation of coking feedstock reduces sulphur content to 0.2-1.5%, but is costly, has
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low coke yield and loses effectiveness in the presence of metals in the ash. Alkaline treatment removes up to 90% of
the sulphur, but increases ash content and porosity. Thermal calcination up to 1500 ° C removes 85% of the sulphur
but leads to degradation of the carbon structure. Biological processes can be up to 92% efficient, but are time con-
suming. Hybrid technologies, such as vacuum heat treatment with alkaline activation, show the greatest potential
for desulphurisation, achieving maximum sulphur removal efficiencies (up to 98.5%) while maintaining mechanical
strength. This shows that the choice of desulphurisation method depends on the initial composition of the coke and
the requirements of the final product. For example, desulphurisation of coking feedstock is economically justified for
low-sulphur oils, whereas treatment of finished coke is suitable for high-sulphur materials, but reduces their density
and strength. Hybrid processes that combine cleaning efficiency with minimal impact on coke structure are promis-
ing. The literature review showed that the development of low-cost catalysts, reduction of energy consumption and

utilisation of sulphur containing gases are necessary for the scale-up of effective technologies.

Keywords: petroleum coke, desulfurisation, carbon graphite materials, anodes of aluminium reduction cells,
high-sulfur coke, hybrid purification methods, vacuum calcination

For citation: Bazhin V.Yu., Matylsky B.E. Modern methods for the desulphurisation of high sulphur content petro-
leum coke for use in carbon graphite materials. iPolytech Journal. 2025;29(2):270-283. (In Russ.). https://doi.org/

10.21285/1814-3520-2025-2-270-283. EDN: HSTOXT.

BBEAEHUE

O6LwKrpHbIE 3anacbl MUHEPAAbHbIX Pecyp-
coB Poccun GopMUPYHOT MOLLIHYIO CbIPbEBYHO
6a3y, KoTopasa CAYXWUT OCHOBOM AAA Pa3BUTUS
KAKOUYEBbIX OTpacAer MPOMbILAEHHOCTU - OT
3HEPreTMKM M METaAAYPruM A0 XMMMUUYECKOTrO
NPOM3BOACTBa. JTO, B CBOKD o4vepeAb, obecne-
YMBaAET YCTOMYMBLIA BbINYCK KOHKYPEHTOCMO-
COOHOM MPOAYKLMU, TAKOW Kak CTaAb, aAtOMU-
HUW, YAODPEHUSA U HEDTEXMMUUYECKUE MPOAYK-
Tbl, YKPENASSA NO3ULUMK CTPAHbI HA TAOBAAbHbIX
pbIHKaX M CNocobCTBYsI POCTY 3KCMOPTHOIO Mo-
TeHumana [1, 2].

AKTYaAbHOCTb MCCAEAOBAHUS CBOMCTB BbICO-
KOCEPHUCTOr0 HedTAHOro Kokca 0OyCAOBAEHA
rAOBaNAbHbIM YBEAUYEHUEM AOAU TIXKEAOM HEDTU
B nepepaboTke, UTo MPUBOAMUT K POCTY COAEP-
XaHuA cepbl B MOOOYHbIX MPOAYKTaX, BKAKOUAS
HePTAHOM KOKC. BbicOKOCEPHUCTBLIN KOKC (S>3,0
Macc. %) CTaAKMBaAEeTCs C OrpaHWYeHusIMU B
NPOMbILUAEHHOM MNPUMEHEHUW (NPOU3BOACTBO
XOAOAHOHAOMBHbBIX Macc, aHOAOB AAS aAKOMMU-
HUEBbLIX IAEKTPOAU3EPOB U rPadPUTUPOBAHHbIX
9NEKTPOAOB) M3-3@ IKOAOTMYECKUX U TEXHOAO-
rMYeckmx npobaem. Mpu ero UcnoAbL30BaHWM B
KayecTBe TONAMBa cepa TpaHchopmMupyeTca B
TOKCUYHblE OKCUAbI (SOX), 3arpasHsatowme ar-
Mocdepy U HEraTUBHO BAMSIHOLLIME Ha 3A0POBbE
AOAEN. B MeTannyprmum npu npomM3BOACTBE aAto-
MWHWS BbICOKOE COAEPXAHUE CEPbI KaK B TBEP-
AOM HarMoOAHUTEAE @HOAHOW MacCbl — HEGTAHOM
KOKCE, TaK 1 B CBA3YIOLLEM — KAMEHHOYTOAbHOM
nexke - yBeAUUMBAET KOPPO3UO CTaAbHOro 060-
PYAOBaHUWs, CHUXaET KauyeCTBO aHOAOB, MOBbI-
LLIAET 3HEepronoTpebAeHe U NPUBOAMUT K CyLLie-
CTBEHHbIM NOTEPSIM Matepuana [3, 4].

PocT npou3BOACTBA BbICOKOCEPHUCTOMO
KOKca Ha ¢oHe peduuMTa MaNOCEPHUCTbIX

COPTOB cO3pa€eT AncHanaHc Ha pbiHKke. Tpaau-
LUMOHHbIE METOAbI TMAPOOYUCTKM OCTATOUYHOrO
Cblpbsi, padpaboTaHHble B 70-80-x ropax, oka-
3aAUCb 3KOHOMMWYECKM HeuerecoobpasHbiMu
n3-3a BbICOKMX KanuTaAbHbIX 3aTpaT U TEXHOAO-
rTMUYECKOM CAOXHOCTM npoueccoB. CoBpeMeH-
Hble TEXHOAOTMM 0BeccepuMBaHMA HEAOCTATOMU-
HO 3OdEKTUBHbBI: AaXe NPU NPOKAAMBAHUKU AO
1300°C ynansaetca meHee 20% cepbl, Tak Kak
OCHOBHas ee 4acTtb (A0 90%) npeacTtaBAeHa
TEPMOCTAaBUABHBIMU OpPraHUYEeCKUMU dopMa-
MU (TMOdEH, BEH30TMOdEH), MPOUYHO CBA3AH-
HbIMW C YIA€POAHOM MaTpuuen [5, 6]. Heop-
raHmyeckasa cepa (Cyabdatbl, MMPUTHAA cepa)
YAQAAETCA Aerye, HO €e AOAA HE3HAUYUTEAbHA.
MapameTpbl Cbipbsl, TAKME Kak pa3mep YacTuL,
NMOPUCTOCTb, pacnpeseneHne GyHKLUMOHAAbHbIX
rpynn cepsbl, TakKe BAUAKOT HA 3POEKTMBHOCTL
obeccepunBaHUA, OAHAKO €AMHON 3aKOHOMeEp-
HOCTU B3aUMOCBA3U MEXAY COCTaBOM CbIPpbsl U
CBOWMCTBAMM KOKCa He YCTaHOBAEHO [7, 8].

AASt MOCAEAYIOLLETO UCMOAB30BaHUS HEDTSA-
HOIO KOKCa B Ka4yeCTBE HAMOAHUTEAS AIAEKTPOA-
HbIX MacC B Marepuanax MeTaAAypriuyeckom
NPOMbILLIAEHHOCTU MNPEACTaBASET Hay4yHO-TEX-
HUUYECKUN MHTEPEC PELLEHUE CAEAYHOLIUX 3a-
Aay:

1) BbiIsBAEHWE GOPM CEPbI B KOKCE (opra-
HUYECKas, HeopraHMYyeckasl) U1 aHaAu3 UX-Mo-
BEAEHUS NPU TEPMUUYECKON Y XMMUYECKON 06-
paboTtkax;

2) U3yYEHUE BAUSHUA NapameTpoB Mnpo-
KaAuMBaHUA (Temneparypa, CKOPOCTb Harpesa,
pasmMep yacTtul) Ha obeccepuBaHue, BKAKOYASA
PUCKKU Aerpapaumm yrAepoOAHOM MaTpuLbl;

3) aHaAM3 npeanaraemMbix METOAOB obec-
cepuBaHua HEQPTAHbIX KOKCOB C OLEHKOW WX
3bDEKTUBHOCTH;
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4) oUEeHKa 3KOHOMWYECKOM Lienecoobpas-
HOCTU M 3KOAOTMYECKOM 6€30MacHOCTM npea-
AaraemMblXx METOAOB, BKAKOYAsA aAbTEPHATUBDI
FTMAPOOUYUCTKM.

PelwleHne 3tMx 3apad MO3BOAWUT MOBbICUTb
3QPEKTUBHOCTb MCMOAL30BAHUA BbICOKOCEPHMU-
CTOr0 KOKCa B NPOU3BOACTBE YrA€POAHBIX MaTe-
pUanoB, CHU3WUTb 3aBUCUMOCTb OT AEDULIMTHBIX
MaAOCEPHUCTbIX COPTOB U MUHUMW3UPOBATb He-
raTMBHOE BO3AEWCTBME HA OKPYXXatOLLYH CPEAY.

OCOBEHHOCTU NPOKAAKHU
HE®TAHOIO KOKCA: OCHOBDbI
M COBPEMEHHDIE MNOAXOADI
[MpokannBaHne HeTAHOIO KOKCa NpeAcTaB-
AsieT cobor BbICOKOTEMMNEPATYPHYIO 06paboTKy
(1150-1350°C), HanpaBAEHHYIO Ha yAaAeHUE
BAQrM, AETYYMX BELLECTB U CTPYKTYPHYHO MOAU-
dUKaUMIO YIAEPOAHOW MaTpULpl, YTO KpUTUYE-
CKW BaXHO AAA MOAYYEHUA MaTtepuana C Nnosbl-
LLIEHHOW 3AEKTPOMPOBOAHOCTBIO, MEXaHUYECKOM
NPOYHOCTBIO U TEPMMUUYECKOM CTAaBUAbHOCTHIO
[9, 10]. 9dPEKTMBHOCTb MpoLEecca 3aBUCUT OT
MCXOAHOTO KayecTBa Cblpbsl, BKAOUAsi COAEp-
XaHue cepbl, MPUMeceN B 30Ae (BaHAAWUN, HU-
KeAb) U FPaHyAOMETPUYECKMIM COCTaB, a TaKxe
TEXHOAOTMYECKUX NapamMeTpoB — TeMneparypsl,
CKOPOCTU Harpesa, KOHCTPYKLUMK NeYn 1 CpeAbl
npokaanmBanusa [11-13]. Hanpumep, mMenkue
yactnupl kokca (<100 mkm) obecneunBatoT
pPaBHOMEPHbIM NPOrPeEB, HO CKAOHHbI K YHOCY,
TOrA@ Kak KpynHble Gpakummn CO3AaKT PUCKM
HepaBHOMepHOro obecceprBaHWs, OCOHBEHHO
B BbICOKOCEPHUCTbIX KOKCax (C COAEPXaHUEM
S>3%), rae opraHuyeckasn cepa (TMOdeH, 6eH-
30TMOdEH) TEPMUYECKM CTabMAbHA U yAAASiETCA
AVLLb YaCcTUYHO paxe npu 1300°C [14].
HecmoTpsi Ha TO 4TO MOBbLILIEHWE TEMMNeEpPa-
Typbl A0 1300°C yaydlwaeT ynopsaA0YEHHOCTb
KPUCTAAAMUYECKOW PELLETKM, NPOBOLMPYET MH-
TEHCUBHbIV YCKOPEHHbIN «BblOPOC» BbIAEAEHUSA
cepbl, MPUBOAALLMI K 06pa30BaHUIO MUKPOMNOP
M CHUXEHUIO KaXyLLENCs MAOTHOCTM, YTO OCO-
6eHHO npobAeMaTMyHO NPU  UCMOAb30BaHWM
KOKCa B COCTaBe aHOAHOM MacCbl AN @aHOAOB
ANST AAFOMUHUEBDBIX 3AEKTPOAM3EPOB. YCyrybas-
oWUM  daKTopoM ABASIETCA NpsAMas Koppe-
ASLUMA MEXAY COAEPXAHWEM CEPbl U THKEAbIX
meTtannoB (V, Ni), KoTopble KaTaAU3UPYIOT OKKC-
AEHUE YIAepoAa, yBEAUUMBAA PACX0A aHOAOB M
aHepronoTpebaeHne. Kpome Toro, HEOAHOPOA-
HOCTb MPOKaAMBaHWS, Bbl3BaHHas cerperaumen
YyacTuL, B Neyax, 1 BblCOKasi CTOMMOCTb MTMAPOO-
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UYUCTKM OrpaHUYMBALOT NPOMbILUAEHHOE NpUMe-
HEHWE TPAAMLIMOHHbIX MeToAOB [15].

TpaAMUMOHHbIE  METOAbI  MPOKAAMBAHMUSA,
HECMOTPSA Ha UX PacnpoCTPaHEHHOCTb, CTAAKU-
BaAlOTCA C CUCTEMHbIMU OrpPaHUUYEHUAMMU: Bbl-
COKMMM 3HeprosatpataMu, 3KOAOTMUYECKUMU
pUCKamu, 3aBMCUMOCTbIO OT KayecTBa CblpbS
M HECNOCOBHOCTLIO 06ecneynTb OAHOPOAHOCTb
npoaykra [16, 17]. PewieHune atnux npobaem Tpe-
O6yeT WMHTErpauuMmM MHHOBALMOHHBIX MOAXOAOB:
OT BHEAPEHUSA TMOPUAHBIX METOAOB obeccepu-
BaHWS AO MOAEpPHM3aLMKM 0B0pPyAOBAHUA AAA
pekynepaumm tenia u MUHUMMU3aUnK MbIAEHUS.
Takum obpas3om, pa3paboTka METOAOB, Coue-
TalOLWMX KOHTPOAb TEMMEPATYPHbIX PEXMMOB,
MOAMOUKALIMIO CbipbA U YTUAM3ALUMIO NOOOY-
HbIX MPOAYKTOB, OCTaeTCs KAKOUEBOW 3apaver
AN pacCLLUMPEHUA NPUMEHEHUS BbICOKOCEPHMU-
CTbIX KOKCOB B YCAOBMSAX pacTyLLLEro cnpoca Ha
YIAEPOAHble MaTepuanbl [18].

OBECCEPUBAHUE CbIPbA KOKCOBAHUA

AOPEKTUBHBIM METOAOM CHUXEHUS CEPbI B
rOTOBOM HEPTAHOM KOKCE SAIBASIETCA CHUXEHUE
ee CoAepXaHUsa B Cbipbe KOKcoBaHuS. Mccne-
AOBaHUA U peaAn3aumsa Ha NpakTuke npouec-
COB rmapoobeccepmBaHuUst U NMPOAM3A HEDTS-
HbIX OCTATKOB MPOU3BOAMAUCL Kak B Poccuu,
Tak 1 3a pybexom.

ObecceprBaHMe Cbipbs NEPEA KOKCOBaHW-
€M MPEANOUYTUTEABHO B CAyYasX, KOrAa MCXOA-
HOE CbIpbe MMEET HU3KOE COAEPXKaHUE METaA-
AOB B 30Ae. Cpean METOAOB CTOWUT BbIAEAWUTH
CAEAYHOLLME:

1) ruapoobeccepmnBaHne — OUYUCTKA Cblpbs
(ma3yToB, ryAPOHOB) BOAOPOAOM MOA BbICOKUM
AaBAeHMEM. [103BOASIET CHU3WUTb COAEPXaHWe
cepbl A0 0,5-1,5%. HepeHTabeneH AAA CbipbsA
C BbICOKMM COAEPXXAHUEM BaHAAMA UAU HUKE-
A1, TaK KakK METaAAbl AE3aKTUBUPYHOT KaTaAn3a-
Topbl [19-21];

2) peacdanbTU3alms — yaaneHune achansre-
HOB C MOMOLLbBID pacTBOpuUTEAEN (Hanpumep,
nponaHa). CHMUXaeT CoAepXaHWe BaHaAUA Ha
30-50%, HO yMEHbLLIAET BbIXOA KOKCa [22];

3) NMPOAU3 - TEPMMUUYECKOE pPa3AOXKeHUe
CbIpbSl C MOAYYEHMEM 3TUAEHA U CMOA. OcTat-
KU MUPOAM3A MCMOABIYHOTCH AAA KOKCOBaHWS,
YTO NO3BOASIET CHU3UTb COAEPXaHWE CePbl AO
0,3-1,5% [23].

MeTOAblI CHUXEHUSI Cepbl B CbIPbE KOKCO-
BaHWs 0BAaAQlOT CYLLECTBEHHbIMW HeAOCTaT-
KaMW: BbICOKME KaMWUTaAbHblE 3aTpaTbl Ha Ka-

https://ipolytech.elpub.ru


https://ipolytech.elpub.ru

BaxkuH B.10., Martbinbckuii B.3. CoBpeMeHHbIe criocobbl 06ecceprBaHmsi BbICOKOCEPHUCTbIX HEPTIHBIX KOKCOB AAS MPUMEHEHMS...

Bazhin V.Yu., Matylsky B.E. Modern methods for the desulphurisation of high sulphur content petroleum coke for use in carbon...

TaAM3aTopbl M 060pyAOBaHUE, Ae3aKTMBALMSA
KaTaAM3aTopOB MeTaAAaMM, CHUXEHUE BbIXOAA
kokca Ha 20% n bonee, a Takxe orpaHMYeHHas
3ODEKTUBHOCTb AN BbICOKOCEPHMUCTbIX OCTaT-
KOB. ATM GaKTOPbl AEAQIOT TEXHOAOTUU IKOHO-
MWUUYECKN HeLeAeco0bpa3HbIMU AAA CbIPbA C
BbICOKMM COAEPXAHMEM Cepbl U METAAAOB B
30/e [24-26]. 31 npoueccbl B OCHOBHOM NpU-
MEHSAKTCA AN MPOU3BOACTBA NPEMMAAbHOIO
NPOAYKTa — WIroOAbYATOr0 KOKca, Npu MOAUDU-
Kauuu cbipbss 06AapatoLLLEero TpebyeMbiMnU Xa-
pakTepucTMkamm [27 -29].

MeToabl CHUXEHUS Cepbl B Cbipbe KOKCOBaA-
HUS, TaKKe Kak rmapoobeccepuBaHne OCTaTKOB
MU CMeLlIMBaHUEe C MMAPOOUULLIEHHBIMU AUCTUA-
ASITAMW, HaLLUAW NPUMEHEHWE Ha OTEeYeCTBEH-
HbIX NPEANPUATUAX, TA€ MCMOAb3YHOT HEDTU C
HU3KUM copepxaHnem metannoB (V, Ni) u yme-
peHHOMn cepHucTocTbio [30].

CNnocobbl OBECCEPUBAHUA HEDTAHOIO

KOKCA

Momnmo cnocoboB obeccepmnBaHms CbipbsA

KOKCOBaHWA CYLLECTBYHOT CMnocobbl

obecce-

PMBAHUSA CEPHUCTbIX KOKCOB, MOAYYEHHbIX M3
HedTAHbIX OcTaTKoB. COBpPEMEHHbIE MOAXOAbI
K obecceprBaHUIO MOXHO KAACCMOULUMPOBATb
Mo MexaHW3My BO3AEMCTBUS Ha CEPOCOAEPXKA-
LLIME KOMMOHEHTBI (TabA. 1).

XMMUUECKME METOAbI OCHOBAHbI Ha NPeob-
pa3oBaHWW CEPOCOAEPXALLMX COEAMHEHUN B
AErKoypanieMble GOpMbl YepPe3 OKUCAUTEAb-
Hble, BOCCTAHOBUTEAbHbIE UAW KATAAUTUYECKUE
peakuuu.

FmapoobeccepuBaHue HePTAHOIO KOKCa -
npouecc yAaAeHUs Cepbl U METAANOB U3 Cep-
HUCTbIX KOKCOB MyTeM 06paboTKM BOAOPOAOM
WUAW BOAOPOAOCOAEPXKALLMM ra3oM. MNpeaBapu-
TeAbHOe OKUCAeHWe Kokca npu 340°C yBeau-
YMBaAET ero YAEAbHYH MOBEPXHOCTb C Noteps-
MU 6-9%. OCHOBHAas CTapusa — TMAPOOYMCTKA
cuHtes-razom (CO + H,) npu 700°C. OpHo-
BPEMEHHO MOTIYT YAAASIOTCA METaAAbl B COCTa-
BE AETYUMX KapPOOHUAOB KOHTAKTMPOBAHUEM
C OTXOAALMM CUHTE3-Ta30M. IPPEKTUBHOCTb
YAQAEHUA 3aBUCUT OT AABAEHUSA, TeMNepaTypbl,
CKOPOCTM MOAAYM BOAOPOAA M pasMepa YacTtuy,
Kokca. MexaHuam npouecca ANPOY3UOHHbIN:
BOAOPOA MPOHUKAET B YIAEPOAHYHD MaTpuLly,
pearnpyert ¢ Cepomr, a CepoBOAOPOA YAAASIETCA
yepes3 obpasoBaBslUMecs Nopbl. B aAnanasoHe
1000-1200 K HabAawopaeTca KOHKypeHLUMs
MeXAy Aecopbument cepbl U TEPMUUYECKON PUK-
cauven B BUAE CTabUAbHbIX C-S cOeAMHEHWH,
YTO OrpaHUYMBAET TAYOUHY OUuMCTKM [31]. AAs
npeAoTBpaLleHna obpaTHbix peakumnn H,S cBa-
3blBAETCH aKLUENTOpaMu, TaKUMU KaK OKCUAbI
MapraHua A1 KaAbLUA.

Ta6bauua 1. Cnocobbl obeccepuBaHnsa HEGTAHOIO KOKCa (COCTaBAEHO aBTOPaMM)
Table 1. Methods of petroleum coke desulfurization (authors’compilation)

MeTtoAbi Moakateropus MexaHusm
napoobecceprBaHmne B3aumoaeictaue H, ¢ ceport npu 700°C
OKuncAeHHe cepbl A0 CYyAbGOKCUAOB/ CYyAbGOHOB C
OkucAnTEABHARA 06paboTka PbI AO CyA6D AOB/Cynbd
ncnonb3osaHnem HNOz, H,0, nam O3
Xamuueckne MprMmeHeHne Fe-kataAnn3aTopoB UAM MOHHbIX XMAKOCTEN
(dochomonnbaeHoBas kucarota HPMo) u raybokuin
KaTtaautnueckas obpabotka <
3BTEKTUYECKUIN pacTBopuTenb (DES, ot aHra. Deep
Eutectic Solvent)) ana yckopeHust peakumi
BbicokotemnepatypHasa obpabotka (a0 1800°C) ¢
MpokaAMBaHWe ¢ UHIMBUTOPaMMU
pobaBaeHMeM Fe,03; AN NOAABAEHUSI BCMyUMBaAHMSA
Tepmuueckune
Harpes B Bakyyme (a0 1600 °C) pAa npeaoTBpaLLeHNUs
BakyymHas o6pabotka P yyme (o ) A PeAoTBPALL
BblIbpocoB SO,
Mukpobronormyeckoe OkucAaeHue cepbl baktepusimu Thiobacillus ferrooxidans
Buonornyeckune : . L
BblLLEeAauuBaHue n Thiobacillus thiooxidans
KombuHauma npokaavBaHus ¢ Fe-kataanzatopamu.
CouetaHne MUKPOOBUOAOIMUYECKOrO BbillleAauMBaHUS
C KpaTKOBpPEeMEHHbIM HarpesoM. [pokaanBaHue ¢
MbpraHbIEe KoM6UHWpOBaHHbIE METOAbI o
NaOH + yabTpasBykoBas 06paboTka nepykcycHoOM
KMCAOTON. AecopbLma cepocoAepXaLLMX ra3oB npu
BaKyyMWpPOBaHWU C LLEAOYHON aKTUBaLUMEN
OKMCAEHUE cepbl PEaKTUBHbIMU GOpPMaMK KMCAOPOAA
INEKTPOXMMUYECKME JAEKTPOAU3 om o
(HOe, 027, O°, H,0,) B 3NEKTPOAUTUUECKON CPEAE
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[AYyBOKO OUMLLIEHHbIM KOKC (COAEpXXaLlUn
meHee 0,2% cepbl) 06AapaET HU3KOW MPOYHO-
CTbtO, OrpaHMUNBAETCS €ro NPUMEHEHUe obAa-
CTSIMU, TA€ MEXaHUYECKME CBOMCTBA HE KPUTUU-
Hbl. [Tpn ymepeHHbIx pexunmax (0,5-1,5 MMa,
625-760°C) noayyatot Kokc ¢ 1-1,5% cepbl,
MPUrOAHbIA AAS MPOMbILLUAEHHOIO UCMOAB30Ba-
HUa [7].

OkucautTeabHasi 06paboTka npepnonaraet
ncnonbzoBaHue HNOz, H,0, nan Oz anst npeob-
pa3oBaHus cepbl B CYAbOOKCUABI/CYAbOOHBI.
KomMbUHaUMA LWEAOYHOro 06Xura C YAbTpas-
BYKOBbIM OKMCAEHWEM CHUXaAET COAEpPXaHWe
cepbl ¢ 4,46 po 0,15% [32]. KaTanuTUueckoe
okucnaeHne ¢ HPMo n DES obecneumBaeTt a¢-
dekTnBHOCTbL 88,6% npun 60°C, Ho TpebyeT cu-
CTEM OYMUCTKM TOKCHMUHbIX ra3oB (SO,) [33-35].

Kataautnueckaa ob6paboTrka npepnosa-
raetT nNpUMMEHEHWE KaTaAM3aTopoB AASl pe-
akuun obeccepuBanua. lMpouecc obxura ¢
MCMNOAb30BAHMEM KaTaAM3aTOpPOB Ha OCHOBE
nopoLlKka XeAe3a NO3BOAUA CHU3UTb 3Hepre-
TMYEeCKMM Bapbep AAA npouecca MMpoAn3a.
Haanumne xenesza He TOAbKO CHUXaeT CoAep-
XaHue cepbl B HEPTAHOM KOKCE, HO U MOBbI-
laeT creneHb ero rpadutusaumun. Mpu tem-
neparype 1400°C xene30 cBA3bIBaeT cepy
B FeS, ypanaa po 87,93% [36]. MOHHbIE XKA-
kocth ([Bpy]PMoVn) ¢ ncnonbzoBaHnem DES
OKMCASIIOT cepy A0 CyAbOOHOB (S<1,54%), HO
MX BbICOKasi CTOMMOCTb OrpaHU4YnBaET npume-
HeHue [37].

LLlerouHasa obpaboTka HedPTAHOrO KOKCa
rmapokcmaom Kaamsa (KOH) npumeHsetcs Kak
AN 0beccepuBaHUS, Tak U AN CO3AAHUSA Bbl-
COKOMOPUCTbIX MaTepuanoB. B meTopax aktu-
BalLMW UCMOABL3YIOT COOTHoWeHWe KOH: Kokc
ot 0,5 po 5 n Temnepartypbl 400-800°C. lMpu
BblCOKOTEMMNEPaTypHON obpabotke (800°C) B
aTMocdepe a3oTa AocTuraetca Ooabluasi cre-
neHb obeccepuBaHusa: A0 90% cepbl yaanaeTcs
npn 50% koHBepcun yraepopa. OCHOBHbIMMU
NPOAYKTaMU ABAAKOTCA cyAbdaTtbl (K,SO4)
S0,, uto 0b6bACHAETCA peakuuer B3auMOAEN-
ctBua KOH ¢ TmodeHomM U cynbdokcnaom. Mo-
AYUYEHHbIM MaTepuan UMEET HU3KOE COAEpPXa-
Hue cepbl (<0,5%) 1 yAEAbHYIO MOBEPXHOCTb AO
2449 m2/r [38, 39].

O6pabotka KOH no3BOASIET CHUXATb COAEP-
XaHue cepbl yepe3 obpaszoBaHne CyAbdATOB,
CYAbOUAOB U ra30006pa3HbIX MPOAYKTOB, HO He-
XeAnaTeAbHbIMU 3ddEKTAMU ABAAIOTCH MNOBbI-
LLEHNEe 30AbHOCTM, BbICOKMW PACXOA KOKCa M

274

ISSN 2782-6341 (online)

06pa3oBaHME MUKPOMOPUCTbIX CTPYKTYP C Bbl-
COKOW NAoLWaAbio noBepxHocTu [40].

O6paborka ammmnakom (NHs) npumeHser-
CA ANl CHUXKEHUSA COAEPXKAHUA CEPbI B BbICOKO-
CEPHUCTOM HedTAHOM Kokce. MeToa ocHOBaH
Ha BOCCTAHOBUTEAbHbIX peaKkUMsX, rAe aMMUaK
pasnaraetcsa Ha BoaopoA (Hz) n a3ot (N3), a H,
BbICTyNaeT OCHOBHbIM areHTOM AAS YAQAEHMUS
cepbl. OpraHnueckasn cepa (TMOpeH, beH30TH-
odeH, AnbeHaotnodeH) pearupyet ¢ H,, obpa-
3ya H,S. Mpn 800°C pocTMraetcss MakCMManb-
Haa apdeKTMBHOCTL obeccepuBaHUA, TOraa
Kak npu npesbieHnn 900 °C 3pdeKTUBHOCTb
cHuxaertcs. Mpn 800 °C amMKUak NoyT NOAHO-
CTblo pasnaraetca (bonee 95%), obecneunBas
BbICOKYIO KOHLEHTPaLUMio B ra3oBon ¢ase H,
[41, 42].

MeToA AEMOHCTPUPYET 3HAYUTEAbHbIE TEX-
HOAOTMYECKNE MPEUMYLLECTBA, BKAKOYAA Bbl-
COKyl0 cTeneHb obeccepuBaHua (80-90%),
YAYULLIEHUE CTPYKTYPHbIX XapPaKTEPUCTUK M
OKWUCAUTEABHYIO CTabUABHOCTb MaTtepuana, a
TaKXe NOoBbILLEHHYH 6e30nacHOCTb npouecca
Nno CpaBHEHWUIO C UCMTOAb30BAHMEM MOAEKYASP-
HOro BOAOpPOAQ. [1pn 3TOM aMMUaK AEMOHCTPU-
pyeT CpaBHUMYHO C BOAOPOAOM obeccepurBato-
LLLytO CNMOCOBHOCTb NPU MEHbLUUX NOTEPSAX Mac-
Cbl KOKCa BAaropapsi CTabUAM3UPYOLLEMY AEN-
CTBUIO a3oTa. HO npu aTOM-CyLLLECTBYHOT Orpa-
HUYeHMA: 06pa3oBaHME TOKCUUHbBIX LLUAHUCTbIX
COEAMHEHWIN U YBEAMUEHUE COAEPXAHNA a30Ta
B MPOAYKTE, UTO MOXET OrpaHnYMBaTh €ro AaAb-
Henlwee NPOMbILLIAEHHOE NpuMeHeHue [32].

TepmoobeccepuBaHne HePTAHOIo KOKca
OCHOBAHO Ha BblCOKOTEMMNEPATYPHON 06paboT-
Ke, HanpaBAEHHOW Ha YAGAEHWE CEPOCOAEPXKA-
LLIMX COEAMHEHUN. OCHOBHbIM HEAOCTATKOM Me-
TOA@ ABASETCA pa3BUTUE MOPUCTOCTU, NPUBOAS-
llee K CHWXEHUID MeXaHWYEeCKOM MPOYHOCTU
MaTtepuasa M MOBbILEHWUIO €ro PeakLUUOHHOM
cnocobHoctn ¢ Kucnopoaom [43]. B otanume
OT BbICOKOCEPHUCTbIX, HU3KOCEPHUCTbIE KOKCbI
AEMOHCTPUPYIOT YBEAUYEHUE WMCTUHHOW MAOT-
HOCTK npu TemnepaTtypax 1100-2500°C 6e3
3HaYMTEABHOIr0 06pPa3oBaHUA NOP, UTO CBA3AHO
C MMHUMaAbHbIM ra30BbIAEAEHMEM B MpoLec-
ce obeccepmBaHun [44-46].

JddpekTMBHOCTL  TepmMmoobeccepuBaHus
HanpPAMY0 3aBUCUT OT TeMmnepaTtypbl, CKOPO-
CTW Harpesa M pasmepa yactuu. OnTumMaib-
Hasa Temnepartypa 06paboTKu BbICOKOCEPHMU-
CTOr0 KOKCa AOAXHa COCTaBASiTb HE MeHee
1500°C, npu KOTOPOM AOCTUraEeTCA MaKCU-
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MaAbHasA NAOTHOCTb M MMHUMaAbHaA peakuu-
OHHafA aKTMBHOCTb. HM3Kaa CKOPOCTb Harpe-
Ba CNocoOCTBYET MArKOMY YAQAEHUIO CEPHbI,
MUHUMU3NPYS AedopMaLUIO YTAEPOAHOW Ma-
Tpuupl [47, 48].

CocTtaB cepbl B KOKCE BapbupyeTcsl B 3a-
BUCMMOCTU OT €€ NPOUCXOXAEHMSA. B BbICOKO-
CEPHUCTOM Cbipbe npeobaapatoT TMOdEHbI U
CYAbPOKCUADI, TOTAA KaK MepKanTaHbl U CYAb-
®OHbI MPUCYTCTBYHOT B HE3HAUUTEABHbBIX KOAK-
yectBax. lNpouecc Tepmuyeckoro obeccepu-
BaHUA BKAKOUYAET YeTbipe CTapun: pecopbumio
nosepxHocTHoM cepbl (<500 °C), pa3pyLieHne
AUUKAMYECKUX CEPOCOAEPXKALLUMX  CTPYKTYP
(500-900°C), AecTpykUMIO CYAbOOKCHMAOB
(900-1100°C) 1 paspyweHue TUOOEHOB
(>1100°C) [49]. Npn atom BbipereHWe H,S
XapaKkTepHO AAA HU3KOTEMMNEPATYPHOro Aua-
nasoHa (<750 °C), a SO, n CH3;SH obpasytor-
CA MPEeUMYLLECTBEHHO MPU KPEKUHIE LIMKAK-
yeckunx cTpyktyp. Mpu 1800°C ypanaetcs A0
85% cepbl, HO 15% ocTaeTtcs U3-3a TepMuye-
ckor ctabuabHOCTU THOdEHOB [50].

KAtoueBbIM GaKTopoM 3PHEKTUBHOCTU AB-
ASIETCS pa3Mep 4acTul, KOTOPbIM Onpeaensert
TemnepaTtypHble pexumbl npouecca. Ara dpak-
umr <0,11 mm adpdekTMBHOE obeccepmBaHme
pocturaetca npu 1100°C, torpa Kak yactuubl
>0,15 mm Tpebytot HarpeBa Ao 1200°C. Mpwu
Temnepatypax =>1500°C BAMsIHME pa3mepa
(A0 6 MM) HMBEAMpPYETCHA, TaK Kak OCHOBHas
mMacca cepbl yaansaetcs [51].

NccaepoBaHUS NMokasaaMu, UTO CTaOUAbHbI-
MW MNPOAYKTAMU TEPMUUYECKOTO Pa3AOXKEHUS
cepbl aBaatoTca SO, 1 CS,, a NPOMEXYTOUHbIE
coepnHeHus (C,S, CNS, COS) obpasytotcsa Ha
PaHHUX CTaAMSIX TepMuueckoro obeccepuBa-
HUA. TuodeHoBas cepa TpaHcHOpMUpyeTCs B
ra3oobpasHble NMPOAYKTblI Yepe3 cTapmu obpa-
30BaHMA HS-paprkanoB, 4TO MOATBEPXAEHO
METOAAMU MaCC-CMEKTPOMETPUN U MOAEAUPO-
BaHMA ReaxFF MD [52].

HecmoTpsa Ha BbICOKME MokKasaTeAn adpdek-
TUBHOCTWU, METOA CTAAKMBAETCA C OrpaHuye-
HUAMU. IKCNEPUMEHTAABHO YCTAHOBAEHO, YTO
MCNOAb30BaHWE KOKCa CO CTeneHbto obeccepu-
BaHuA Bbiwe 40% HeENPUMEHUMO AASI U3FOTOB-
AEHWS aHOAOB B YMCTOM BMAE U3-3a KpUTUYE-
CKOro pocta MOPUCTOCTU, OAHAKO €ro UCMOAb-
30BaHME B CMECU C BbICOKOKAYECTBEHHbIM
cbipbeM ponyctTUMo  [53].  TIPOMbILLAEHHbIE
UCNbITAaHUS @aHOAHOW MacChbl HA OCHOBE KOKCa,
TepmoobeccepeHHOro Ha yctaHoBke bawHUNU

HIM (HbiHe TYM «MHCTUTYT HedTexumnepepaboT-
k1 Pecnybanku balikoptoctaH»), MOATBEPAUAK
BO3MOXHOCTb CHUXEHWUSA COAEPXAHUA Ccepbl C
4,2% po 0,5-1,2% ¢ ycAoBMEM COOTBETCTBUSA
ee KayectBa TpeboBaHMAM K PAAOBON Mapke
aHopHoM maccbl AM-0. TEXHOAOTMS HE MOAYYM-
AQ LUMPOKOro pacnpoCTpaHeHus M3-3a BbICO-
KOM 3Heproemkoctn [7]. Bbicokas aHeproem-
KOCTb, 0Bpa3oBaHWE MOP U PUCK AOKAAbHbIX
neperpeBoB OCAOXHAOT MPUMEHEHUE AQHHOIO
TEPMUUYECKOTrO METOAA.

lepcnekTnuBbl pPasBUTUSA TEPMUUYECKUX Me-
TOAOB 0becceprBaHuUA CBSI3aHbl C UX KOMOUHMK-
POBaHHbLIM NPUMEHEHUEM C APYTUMMW TEXHOAO-
rmamu. Tak, MCNOAb3OBaHWe Fe-kaTtaAM3aTopoB
CHMXaeT TeMnepaTtypy pPasAOXeHUs TUodeHa
Ha 200-300°C, a npeaBaputenbHas 06pabot-
ka H,0, cnocobCcTBYET OKUCAEHUIO YCTOMUYMBBIX
CEPHUCTbIX COEAMHEHUI (Hanpumep, TModeHa)
AO PACTBOPUMBIX GOPM (CYyAbPOHbBI, CYAbPOKCH-
Abl), NOBbILLASA UX AOCTYNHOCTb AASI YAGAEHUA B
TEPMUYECKUMX CTaAMAX npouecca [32].

Buonoruueckue metoabl obecceprBaHuUs
OCHOBaHbl Ha CMNOCOBHOCTM MUKPOOPraHmU3-
MOB MeTaboAM3MpOBaTb CEPOCOAEPXKALLME
COeAMHeHUS, Npeobpasya 1Ux B pacTBOPUMBbIE
GOpPMbl. ITU MOAXOAbI, B OTAUYMUE OT TEPMUYE-
CKUX U XMMMUUYECKUX, MPOTEKAIOT NPU HUIKUX
Temnepatypax (25-40°C) n obrapatoT MUHK-
MaAbHbIM BO3AEWCTBMEM Ha YIAEPOAHYHO Ma-
TpULY KOKca.

KAOUEBBIMUW @areHTamMu npouecca BbICTyna-
0T TEpMOPUABHBIE BakTepumn poaa Thiobacillus
(T. thiooxidans, T. ferrooxidans), KOTOpbl€ OKHKC-
AAKOT Cepy AO CyAbdpaToB uepe3 depmMeHTa-
TMBHbIE peakuun. Hanpumep, nupuTHaa cepa
(FES,) npeobpasyerca No cxeMe:

4FeS, + 150, + 2H,0 - 2Fe,(50,)5 +
+ 2H,S0,,

FAE€ CEPOCOAEPXALLUME COEAMHEHMA npeobpa-
3yl0TCA B BOAOPACTBOPUMbIE CyAbdaTbl MOA
AenNcTBUEM GEPMEHTOB MUKPOOPraHM3MOB.

CMellaHHble KyAbTypbl OaKTepuii AEMOH-
CTPUPYIOT CUHEPrETUUECKUN IDODEKT, ypanas
A0 92% cepbl U3 HEPTAHOIO KOKCa 3a 28 AHEMN.
OAHaKO AAMTEABHOCTb Mnpouecca U YyBCTBU-
TEABHOCTb MUKPOOPraHW3MoB K pH (ontumym
2,0-4,5) orpaHWunBalOT UX MPOMbILLAEHHOE
npMMeHeHue.

APPEKTUBHOCTb METOAA 3aBUCUT OT AMUC-
NepPCHOCTU 4YacTul,. MeAKOAUCMNEPCHbIN KOKC
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(<100 MKM) yBeAMUYMBAET MNAOLLAAb KOHTaKTa
c Oakrtepusimu, yckopss OuOBbILLEAAYMBA-
HUEe. OKCNepMMEHTbl C YacTuuamu pasmepa
200 mMew nokasaAu CHUXEHUE COAepXaHus
cepbl ¢ 4,5 po 0,35% 3a 6 HepeAb, TOrAa Kak
ANS PPaKUMK >1 MM aHAAOTUYHbIA Pe3yAbTaT
Tpebyer 12 Heaenb. KombUHaUMA ¢ npepBa-
PUTEABHOW MEXaHOXMMWUYECKON aKTUBaLMEN
KOKCa (LlapoBOE€ M3MeAbYEHME) MO3BOAAET
cokpatutb Bpems 0bpaboTtkn a0 14 aAHen, co-
XPaHAN CTPYKTYPHYH LIEAOCTHOCTb Matepuana
[54-56].

AnekTpoxummnyeckoe obeccepuBaHue
MCMNOABb3YET OKUCAEHUE CEPbI A0 PACTBOPUMbIX
CyAb®ATOB B MSATKUX YCAOBMUAX, OAHOBPEMEH-
HO reHepupysa BOAOPOA Ha Katoae. AAS Heop-
raHndeckom cepbl (FeS;) B LeAOUHON cpepe
cnabble okucamtean (0O,, H,0) npeobpasytor
nuput B Fe(OH)3; 1 SO427, a CUAbHbIE paanKa-
Abl (HOe, 027 e Oe, H,0,) u3bupatenbHo pas-
pywatoT cBsa3n Fe-S. B kucaon cpepe MOHbI
Fe3*/Mn3* okucastor FeS, A0 cyabdaToB ue-
pe3 LMKAbl BOCCTaHOBAEHUSA-pEreHepaLuiu.
OpraHunueckasa cepa (TUOAbI, CYyAbOUAbI, TUO-
deHbl) ypanaeTca CAOXHee: aAndatnyeckue
GOpPMbl OKMCASAKOTCA AO CYAbOOKCMAOB, CYAb-
$OHOB U cyAbdaToB, a cTabuAbHblE TUODEHO-
Bble CTPYKTYpPbl TPpebyoT pa3pyLleHus CBA3EN
C-S uamn 3ameHsbl rpynn (-SH — -OH). OaHako
aKTMBHble GOPMbl KUCAOPOAE HECENEKTUBHO
atakylT W YIAepPoA, CHMXaA 3PEKTUBHOCTD.
MeTtoa 3dPEKTMBEH AN HEOPraHWYECKOM
cepbl, HO TpebyeT OoNTUMU3ALMU AN OPTraHu-
yeckux ¢opm, 4Tobbl MUHUMU3UPOBATL MOTeE-
pu yraepopa [57].

TMMBPUAHDBIE TEXHOAOTUU
OBECCEPUBAHUA HEOTAHOIO KOKCA
MOpUAHBIE  METOAbI, KOMOUHUPYIOLLINE
du13nyeckre, XMMnUyeckne u BrMoAornMyeckme
NMOAXOAbI, 0becneunBatoT rAYOOKYHD OUYUCTKY
BbICOKOCEPHUCTbIX KOKCOB C MWHUMaAbHbIM
BO3AENCTBMEM Ha WX CTPYyKTypy. Hanpumep,
LLLEAOYHOW KATaAMTUUECKUI OBXWI C yAbTpa3-
BYKOBbIM OKUCAEHUEM OOBLEAUHSIET NMPOKAAU-
BaHMe ¢ NaOH un nocaeaytoulyto 0b6pabotky
NEePYKCYyCHOM KWUCAOTOW MOA YAbTPA3BYKOM,
CHWXasa coaepxaHune cepbl po 0,15 macc. %
3a CYeT OKUCAEHUS YCTOMUMBbLIX TMODEHOB.
MexaHOXMMUUECKAn aKTMBaLUMS C KaTaAWUTU-
YeCKUM OKUCAEHMEM B BMHAPHbIX PAacTBOPU-
Tenslx pocturaet obeccepmBaHus B 88,6% 3a
CYeT yBEAMYEHUSA NOBEPXHOCTU YACTULL, U TEHE-
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pauumn NEPOKCUAbHbIX PAAMKAAOB, pas3pyLLato-
lwux cBasm C-S [37].

TepMokaTaAUTUUECKME METOAbl C A0DaB-
AEHWEM nopollka Fe npu npokaaMBaHWUKU AO
1400°C ypanator 88% cepbl, npeaoTBpaLLas
POCT MOPUCTOCTM Yepes3 CBA3bIBAHUE CEPHU-
CTbIX PAaAMKAAOB. Buotepmuueckas obpabotka
coyetaetr MUKPOOUOAOTMUYECKOE BbllLEAAUNBA-
HUe (92% HeopraHMUYEeCKOM cepbl) C KpaTKOBpeE-
MEHHbIM HarpeBOM, COXPaHASA MeXaHUUYECKYO
NPOYHOCTb KOKca. BakyymHas tepmoobpabor-
Ka CO LLEAOYHOW aKTMBauuen obecneuymBaet
ynaneHue 98,5% cepbl 3a cueT pecopbumm ce-
POCOAEPXALLMX rAa30B U peKynepaunmn aneMeH-
TapHou cepsbl [36, 58].

IbDEKTUBHOCTL  TMOPUAHBIX  TEXHOAOTUM
NPEBOCXOAUT TPAAMLMOHHbIE METOAbI 6Aaro-
AAPS CUHEPTUKU CTaAUM, TAKOW Kak MeXaHOaK-
TUBALMA C KaTaAU30OM MAU BUOOUYMCTKA C yMe-
peHHbIM 06Xunrom. OpHaKo MacLuTabrupoBaHue
AAHHbIX METOAOB TpebyeT onTMMmU3aLmu 3aTpar.

3AKNHOYEHUE

ObecceprBaHMe HePTAHONO KOKca urpaet
KAKOYEBYIO POAb B METAAAYPIrMYECKOM MPOMbILLI-
AEHHOCTU NpPU MPOU3BOACTBE YrAErpapuUTOBbIX
MaTepuanoB (IAEKTPOAOB, TUIAEWN, Harpesarte-
AeW), Tae TpeboBaHUA K YMUCTOTE CbipbA ABAS-
FOTCA OCHOBOMOAAralLlWMMK AN obecneveHun
MEXaHUYEeCKOM MPOYHOCTU, IAEKTPOMPOBOAHO-
CTU U YCTOMUMBOCTHM K BbICOKOTEMMEPATYPHOMY
OKUCAEHMUIO.

SKoHOMMYecKas Lerecoobpas3HocTb obec-
CepuBaHu1s 3aBUCUT OT KauecTBa Cbipbs U Tpe-
60BaHUM K KOHEYHOMY NpoAyKTy. ObeccepuBa-
HUe Cbipbs (TMAPOOUUCTKA, MUPOAMU3) BbIFOAHO
AN HEPTU C HUBKUM COAEPXaHUMEM B 30A€
meTannoB (V, Ni) U ymepeHHbIM CoAepXaHUEM
Cepbl, MO3BOASASA NOAYUYATb KOKC C COAEPXAHUEM
cepbl 0,31-1,26% 6€3 CTPYKTYPHbIX NOBPEX-
AeHUK. OAHAKO AAS CbIPbSi C MOBbILLIEHHbIM
CoAEpPXaHUeM MEeTaAAOB 3T METOAbI HEPEHTa-
6eAbHbl 13-32 AE3aKTUBALIMM KaTaAM3aTOPOB U
notepb KOKCa.

ObeccepvBaHMe rOTOBOrO KOKCa - MOAXO-
AU BapuUaHT AAS BbICOKOCEPHUCTbIX MPO-
AYKTOB (4-7% S), HO OHO CHWXXAET MAOTHOCTb
(A0 1,86 r/cm3), MEXaHMUYECKYHO MPOYHOCTb (Ha
10-20%). CpaBHeHMEe MeToAOB obeccepuBa-
HUA (TabA. 2) NO3BOASIET BblOpaTb ONTUMAaAb-
Hble TEXHOAOTUU AAS KOHKPETHbIX 3apad, y4yu-
TbiBaA UX 3POEKTUBHOCTb, IKOHOMUUYECKME U
3KOAOTMYECKME aCMEKThI.
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Tabaunua 2. CpaBHeHMe METOAOB 0beccepuBaHma (COCTABAEHO aBTOpPaMM)
Table 2. Comparison of desulfurization methods (authors’ compilation)

CteneHb
MeToAbl Marochl MuHychbl UcTouHUKH
obeccepuBaHUA
YHUBEPCAAbHOCTb, BbICOKas BbICOKWE 3Heprosatparhbl,
Tepmuyeckune 85-98,5% 3PPEKTUBHOCTb, COXpaHEHME CTPYKTYpHbIE AeDEKTI [43-52]
rpaduUTUpPyeMoCTH (NoBbILWEHHas NOPUCTOCTb)
TOKCUYHbIE OTXOAbI, AOPOTHE
raybokasi ouncTKa, DeareHTbl
Xvmunyeckme 60-98,5% CENEKTMBHOCTb, MUHMMU3aUNS ’ [32-42]
PUCK YXyALLEHMSA
NMOPUCTOCTH
KPUCTAAAMYHOCTU
9KOAOTMYHOCTb, HU3KUE HU3Kas CKOPOCTb,
Buonornueckune 40-92% 3HeprosaTparbl, COXpaHeHne orpaHuyeHHas 3dGEeKTMBHOCTb [54-56]
CTPYKTYPHOM LLEAOCTHOCTH ANt THODEHOB
BbiCOKasA 3GEKTUBHOCTD, CAOXHOCTb PEaAU3aLIAM
MbpuAHbIE 75-98% ontuMusaumns baraHca ’ [36, 37, 58]
BblCOKasa cebecToMmMocTb
MAOTHOCTU M YMCTOTbI

AddekTMBHOCTL obecceprBaHMA  Hanps-
MYLO ONpeAeAseT SKCNAyaTaUuMOHHbIE CBOMCTBA
YIAEPOAHbIX MaTeEPUANOB, BKAKOUAS SAEKTPO-
MPOBOAHOCTb U MEXaHUYECKYHD MPOYHOCTb.
Mpu BbIGOPE TEXHOAOTUI KPUTUYHO YUMUTbIBATb
MX BAMAIHME Ha CTPYKTYpPy KOKCa, OCOOEHHO B
NPOM3BOACTBE 3AEKTPOAOB. IJKOAOTMYECKME
TpeboBaHMA CTUMYAMPYIOT NEPEXOA K rMbpma-
HbIM U BMOAOTMYECKMM METOAAM, HO 3KOHOMMU-
yeckas peHTabenbHOCTb OCTaeTCs KAHOUYEBbLIM
6apbepoM AN BHEAPEHUSI MHHOBALMM.

Bbibop meTopa onpepensietcs H6anaHCOM
3aTpat, AOCTYMHbIX TEXHOAOTUIA U TpeboBaHMi
pbiHKa. MeToabl obeccepuBaHUA Cbipbs KOK-
COBaHMA NPUMEHUMbI, ECAU UCMOAL3YETCA W3-
HayaAbHO Ka4yeCTBEHHOE CbIpbe, COOTBETCTBY-
towee TpebOBaHUSAM TEXHOAOTMYECKMX MpPO-
LleccoB. B cBA3M ¢ yem LeAeHanpaBAEHHOE MX
BHEAPEHWE YMECTHO NPW NPOU3BOACTBE UIOAb-

yatoro Kokca. B cBoto ouepepb obeccepuBa-
HWEe HENOCPEACTBEHHO KOKCOB HAXOAUT NpuUMe-
HEeHMEe AN MACCOBOIo MPOM3BOACTBA PAAOBBIX
KOKCOB C AOMYCTMMbIM YXYALLEHWEM KayecTBa.
KAOUEBBIMU PaKTopaMm AAST MPOMbILLAEHHO-
ro BHEAPEHUSA OCTalOTCA ONTUMM3aLMA Napame-
TpoB 06paboTkK (TeMnepaTypa, CKOPOCTb Harpe-
Ba, MPaHYAOMETPUYECKMI cOocTaB), pa3paboTtka
KaTaAM3aToOpOB C NMOBbILLEHHOW YCTOMUMBOCTBIO K
AE3aKTUBALUMK, @ TAKXKE MHTErpauus CUCTEM pe-
Kynepauum Tenaa 1 yTuAnsaumm nobouHbIX nNpo-
AykToB (S04, H,S). AanbHenlimne nccrepoBaHusA
AONXKHbBI ObITb HaMpPaBAEHbl Ha YCTAHOBAEHMWE
KOPPEAALIMIA MEXAY COCTaBOM CbIpbsi, peXUMa-
MW 06pabOTKM U PYHKUMOHAABHLIMKU CBOMCTBA-
MW KOKCa, UYTO MO3BOAUT PacCLUMPUTb NMPUMEHE-
HWE BbICOKOCEPHUCTbIX COPTOB B MPOM3BOACTBE
YIAEPOAHBIX MaTepPUanoB NpU COOAOAEHUU IKO-
AOTUYECKMUX U SKOHOMUUYECKMX TPEOOBAHUI.
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MoaepHU3aLua TEXHOAOTMUECKOU CcXeMbl nepepaboTku pya
YAOKaQHCKOro MeCTOpPOXXAEHUA

H.B. Bactonuna®~, K.E. Apyxunun?, E.A. Bypaakosa®, U.B. Ay6oBa®,
C.MN. bakweer®, U.K. UBaHOBa®, E.B. BorpaHoB’, U.U. BakweeBa®

13878Cbupckmii peaeparbHbI yHUBepcHTeT, KpacHospck, Poccusi
26000 «MHpacT-IPO», KpacHosipck, Poccus

Pe3tome. Lienb - paspabotka TEXHOAOTMUECKUX PELLEHNIA, MO3BOASIOLLMX MOAHOCTBHO UCKAIOUWUTL LIMKA SKCTPAKLMN
B TEXHOAOTMUYECKOW CxeMe nepepaboTki pyA YAOKAHCKOrO MECTOPOXAEHMWS C MOAHbIM BbIBOAOM LIEHHOIO 3AEMEHTa B Ka-
TOAHYIO MeAb. OLEHKY 3GOEKTUBHOCTU BHEAPEHUS B LIMKA GAOTALIMM ABYX MEPEUNCTOK MPOBOAMAN Ha MPOHE OKUCAEHHOM
MEAHOW PYAbl C UCXOAHBIM copepxaHmeM Mmean 1,1%. OaoTaumio ocyLLEeCTBAAAN Ha droToMalumHax PMIM-AL, GMII-A3.
AAS NPopaboTKK NPeAraraeMoro MEeTaAAYPruueckoro LMKAA CyAbGOUAHbIA KOHLEHTPAT C CoOAepXaHUeM mean 12,2% no-
AyYaAU U3 CyAbOUAHOM PYAbl C UCXOAHBIM COAEPXaHWEM Mear 2,5%. O6XUT CyAbOUAHOTO KOHLIEHTPATA OCYLLIECTBASAW B
TpybuaTon Bpaluatolencs neun. CepHOKUCAOTHOE BbllEAAYMBaAHME Orapka ¢ bapbotaxem Bo3ayXa BEAU C KOHLEHTPa-
umen 3 r/ame npu X:T=5:1, copepxaHun KUcAoTbl 3 r/ame 1 Temnepatype 60-70°C. ®a3oBble U INEMEHTHbIE COCTa-
Bbl TBEPAbIX MPOAYKTOB OMPEAEAAAN KOMMAEKCHBIM METOAOM PEHTFEHOHA30BOr0 U PEHTTEHOCMNEKTPAABHOIO aHAAM30B.
MpeANOXEHHbIE TEXHOAOIMUECKME PELLEHWSA BKAOUAIOT B ce65: MOAYUEHUE KOAMEKTUBHOIO KOHLEHTpaTa ¢ 6oAee BbICO-
KUM copepXaHueM Meam (A0 15% v Bbile) NyTeM BBEAEHUS B LIMKA KOAMEKTUBHOM GAOTaLIMM ABYX NMEPEUNCTHbIX onepa-
UM, NpoBeAeHre CyAbdaTU3MPYHOLLETO 0OXMra MOAYYEHHOTO KOHLIEHTPATa; CEPHOKMCAOTHOE BbilLEAAUYMBaAHME Orapka
npv UHTEHCUBHOM BapboTaxe MyAbMbl BO3AYXOM (MAM BO3AYXOM, 060OralleHHbIM KMCAOPOAOM) C MOCAEAYIOLLIMM OCaXx-
AEHMEM xene3a, GUABTPALIMEN MyAbMbl MU SAEKTPOAM30M PACTBOpa C NMOAYYEHUEM KAaTOAHOM MeAu. BbISIBAEHO, UTO BHe-
APEHUE MPEABAPUTEABHOMO CYAbGATUIMPYHOLLETO 0OXMra nepes rmAPOMETAAYPrUUECKUM LIMKAOM MO3BOAAET NMOAYYUTb
M3BAEUEHME MeAM (OT onepaumm) B pacTBOP Npy aTMOCHEPHOM BbllLiEAAYMBAHUN B paloHe 95-97%, CHU3WUTb PaCXOA
CEPHOM KUCAOTbI Ha NOBOYHbIE PEaKLMMK, UCKAKOUYUTD NEPeAenbl CYAbOUAHON GAOTALIMM U SKCTPAKLMW/ PEIKCTPAKLIMK, MO-
AYYUTb Ha BbIXOAE KAaTOAHYIO MEAb M @HOAHbIN LAAM, HanpaBASEMbI Ha addUHAXHOE NPOM3BOACTBO. MoaepHM3aLUma
cxeMbl nepepaboTkn pys YAOKAHCKOrO MECTOPOXAEHWSA C UCKAIOUEHMEM LIMKAA IKCTPAKLMKU MPUBEAET K YNPOLLEHMIO
TEXHOAOTMUECKOW CXEMbI, MOBbILLIEHUIO NoKasateAer oboralleHnsa B LMKAE GAOTALMK, CHUXEHUIO pacXoAa peareHta u
3HAUUTEABHOMY CHUXEHMWIO CEBECTOMMOCTM NMOAYYEHUSA GAOTOKOHLIEHTPATA U KATOAHON MEAMN.

KaroueBble caoBa: nepepaboTka cMeLlaHHbIX MEAHbIX PyA, YAOKAHCKOE MECTOPOXAEHUE, GAOTALMS, OKUCAUTEADL-
HbIV 0OXMUT, CyAbGATUIUPYHOLLMIA 0OXUI KOAAEKTUBHOMO KOHLIEHTPAaTa, aTMOChHEpPHOE BbllLieAaYMBaHUE

Ans untuposanus: BactonnHa H.B., ApyxuHuH K.E., Bypaakosa E.A., Ay6osa W.B., Bakwees C.I1., UBaHosa U.K.,
borpaHoB E.B., bakweeBa U.1. MoaepHM3aLUms TEXHOAOTMUYECKOKN CXeMbl NepepaboTKm pya YAOKAHCKOTO MECTOPOXAE-
Hus // iPolytech Journal. 2025. T. 29. Ne 2. C. 284-296. https://doi.org/10.21285/1814-3520-2025-2-284-296.
EDN: HXUUYM.
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Modernizized technological scheme for ore processing
of the Udokan deposit
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Abstract. This study aims to develop engineering solutions that would facilitate the elimination of the extraction
stage from the processing of Udokan ore (Russia), while ensuring complete recovery of the target element into
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copper cathode. The efficiency of incorporating two cleaning stages into the flotation cycle was evaluated using a
sample of oxidized copper ore with an initial copper content of 1.1%. The flotation was carried out using FMP-L1
and FMP-L3 flotation units. To develop the proposed metallurgical process, we obtained a sulfide concentrate with
a copper content of 12.2% from sulfide ore containing 2.5% copper. The concentrate was roasted in a tubular rotary
furnace. The sulfuric acid leaching of the roasted product was carried out using bubbling with air at a liquid-to-solid
ratio (L/S) of 5:1, an acid concentration of 3 g/L, and a temperature of 60-70°C. The phase and elemental com-
positions of the solid products were determined using a combined X-ray diffraction and X-ray spectroscopy method.
The proposed process solutions include: (1) production of a bulk concentrate with a copper content exceeding 15%
through two additional cleaning stages during bulk flotation; (2) sulphatising roasting of the resulting concentrate;
(3) sulfuric acid leaching of the roasted product under intensive bubbling with air or oxygen-enriched air, followed
by iron precipitation, pulp filtration, and solution electrolysis to produce copper cathodes. It was established that
the introduction of a preliminary sulfatizing roasting stage prior to the hydrometallurgical cycle results in 95-97%
copper extraction into solution under atmospheric leaching conditions. Furthermore, this approach reduces sulfuric
acid consumption in side reactions and eliminates the need for sulfide flotation and extraction/re-extraction stages.
copper cathode and anode slime for subsequent refining. The exclusion of the extraction cycle from the Udokan
ore processing scheme simplifies the process, improves flotation performance and reduces reagent consumption,
thereby resulting in a significant decrease in production costs for both flotation concentrate and copper cathode.

Keywords: mixed copper ore processing, Udokan deposit, flotation, oxidizing roasting, sulfating roasting of bulk

concentrate, atmospheric leaching

For citation: Vasyunina N.V., Druzhinin K.E., Burdakova E.A., Dubova I.V., Baksheev S.P., lvanova I.K., Bogdanov
E.V., Baksheeva I.I. Modernizized technological scheme for ore processing of the Udokan deposit. iPolytech Journal.
2025;29(2):284-296. (In Russ.). https://doi.org/10.21285/1814-3520-2025-2-284-296. EDN: HXUUYM.

BBEAEHUE

MpOM3BOACTBO LBETHbIX METAAAOB ABAAET-
C HEOTbEMAEMOW YaCTblO POCCUMCKOM 3IKO-
HOMWKM U BO MHOFOM OMPEAENAETCA €€ KOHKY-
PEHTOCMOCOOHOCTLIO Ha MUMPOBOM PbIHKE [1].

TexHnyecknn nporpecc B 06AaCT UBETHOM
METaAAypPruM pasBuBaETCs MO MNyTM COBep-
LLIEHCTBOBAHMUS AEMCTBYIOLLETO NPOM3BOACTBA,
peLleHNa BOMPOCOB MO OXpPaHE OKpyXatoLlen
CpeAbl, BeaeHMA pa3paboTok no yTUAM3aLmu
TEXHOTEHHbIX OTXOAOB W MOBbILEHWUS KAauecTBa
NPOU3BOAMMOWN NPOAYKLMK [2-T].

Takxe K HacTosiLeMy BpemeHu boratble u
AErkooboratumble MECTOPOXAEHMA PyA LBET-
HbIX METAAAOB NPAKTUYECKK OTpaboTaHbl. B ne-
pepaboTKy BOBAEUEHO PYAHOE CbIPbE C HU3KUM
COAEPXaHUEM LIEHHbIX KOMMOHEHTOB, TPYAHO-
oboratMmoe, TOHKOBKPANAEHHOE, a TakxXe Tex-
HoreHHoe [8-10].

OAHO M3 KPyNHEWWKUX MECTOPOXAEHWUM
B Poccun - YAOKaHCKOe - XxapaKrepuadyetcs
OrPOMHbIMK 3anacamu boratbiX pyA, YTO Bbl-
ABUTAeT €ero B KayecTBe NepBOOYEPEAHOro
06beKTa AN OCBOEHMUS.

OcHoBHas macca pyas YAOKaHCKOro mMecTo-
POXAEHMA npeacTaBAeHa Ha 87% KBapLEBUA-
HbIMMW NecYaHKaMmmn U AOBOALHO OAHOODOpa3Ha
no cocTaBy MyCTOM NOPOAbI. M3MeHseTcsa raaB-
HbiIM 0bpa3om Habop MUHEPAAOB MEAMU, CO-
AEPXAHWE W CTeNeHb ee OKUCAEHHOCTU, KOTO-
pas YCAOBHO AEAUTCS Ha TPU TEXHOAOTMYECKMX
™na: cyAbOUAHbIE, CMELLAHHbIE, OKUCAEHHbIE.
OKUCAEHHbIE MWHEPaAbl MEAU NPEACTABAEHbI

https://ipolytech.elpub.ru

XPU3OKOAAOW, ManaxmTom, OPOLLAHTUTOM, Ky-
NPUTOM U a3ypuTOM, a CyAbOUAHbIE MUHEpa-
Abl — XaAbKO3MHOM, BOPHUTOM, KOBEAAMHOM W
XaAbKOMUPUTOM.

HepaBHOMepHasaA M pasmbiTaa CTPyKTypa
PYAHbIX NOAEM MO MUHEPAAaM MeAU He MO3BO-
ASIET OpraHM30BaTb BbIOOPKY PyAbl MO OTAEAbL-
HbIM TEXHOAOTMUYECKMM COpTaM U Tpebyet npu
BanOBOM AO0Oblye oOpraHu3aumy YCpPeAHEeHUs
nepea Ux nepepabotkon. Taknum obpasom, npu
BaAOBOM BbleMKE pyAHas LLMXTa NPeACTaBAEHaA
CMECb CyAbOUAHOM, CMELIAHHOW U OKUCAEH-
HOW copToB pyA. o cBoeMy MUHEpaAbHOMY,
$a30BOMY M XMMUYECKOMY COCTaBYy Takasi pyAa
COOTBETCTBYET CMELLAaHHOMY TUMY PYAbl, COAEP-
Xalwemy MOAHbIA Habop MeAHbIX CyAbOUAHBIX
N OKUCAEHHbIX MWHEpaAOB, UMEILEMY pas-
AMYHYIO CTEMNEHb OKUCAEHHOCTM OT 50 A0 75%;
coaepxxaHue mepmn coctaBaseT ot 1,1 po 4,0%;
cepebpa - o1 5,5 po 52 1/T; cepbl - o1 0,2 AO
2,0%; okcupa yraepoaa - ot 0,25 po 2,8%.

Kpenoctb no wkane [potoabAkoOHOBa -
12-16. EctecTBEHHAs BAQXHOCTb PyAbl AEXUT
B npeaenax 1-4%, BoAa HaxOAUTCA B BUAE
Abpa [11].

CyAbOUAHBIE MUHEpPAAbl MPEUMYLLLECTBEH-
HO 0OAaAalOT KPYNMHOCTbIO B AMana3oHax 10-
20 MKM 1 20-38 MKM, CTENEHb PaCKPbITUA
3epeH 60-100%, yacTb 3epeH MOXeT UMETb
cteneHb packpbita A0 10%.

OKUCAEHHbIE MUHEPaAAbl MPEUMYLLLECTBEH-
HO COCTOAT M3 MEAKOAMCNEPCHbIX 3epeH. Mak-
CUMaAbHas KPynHOCTb 3epHa MOXET AOCTUraThb

285



https://ipolytech.elpub.ru
https://doi.org/10.21285/1814-3520-2025-2-284-296
https://elibrary.ru/hxuuym

2025. T. 29. Ne 2. C. 284-296

ISSN 2782-4004 (print)

IPolytech Journal 2025:29(2284.296

10 mMKm, pexe - 20-30 MKM. BOAbLLUMHCTBO
3epeH MMeET HU3BKYID CTeNeHb PacKPbITUS -
A0 10%.

BbicOkaa cteneHb OKMCAEHHOCTU pya, CO-
CTaBASIIOLLMX OKOAO MOAOBMHbI €ro 3anacos,
CO3AAET 3aTPyAHEHMS B pa3paboTke adpPeKTnB-
HbIX cxeM ux nepepabdotku [9, 10].

[opHO-MeTanayprudeckass  komnaHua  AO
«YAOKaHCKasas MeAb» nepepabatbiBaeT CMeLLaH-
HYO pyAy YAOKAHCKOIO MeCTOPOXAEHUA MO GAO-
TaUMOHHO-TUAPOMETAAAYPIrUYECKON CXEME C MO-
AYYEHUEM KaTOAHOM MeAU U CYyAbOUAHOTO MEA-
HOro KoHLeHTpaTta. OCOBEHHOCTY MUHEPAABHO-
ro cocraBa pyA YAOKaHCKOrO MECTOPOXAEHUSA
NPUBOAAT K YCAOXHEHUIO CXeMbl 0HOralleHus,
BbICOKOMY pacxoAy peareHToB.

TexHonormueckas cxema AO «YpOKaHCKas
MeAb» OCHOBaHa Ha NPOBEAEHUN KOAEKTUBHOM
drOTaUMM NpeABaApPUTEABHO MOAFOTOBAEHHOM
PyAbl C MOAYYEHMEM CYMMApPHOIO KOAAEKTMB-
HOrO KOHUEHTpaTa (ABe onepaumn KOANEKTUB-
HOW GAOTaLMKN) C BICOKMM BbIXOAOM (21,2%) U
nspaeveHnem (91,4%) meam npu HebOAbLLOM
coaepxanuu (5,4%).

B panbHenwem KOHUEHTpaT HanpaBAseTcs
Ha rMAPOMETAAAYPrUYECKUI NEPEAEA — aTMOC-
depHoe BbllLleAaunMBaHWe, B pe3yAbTaTe KOTO-
PON OKMCAEHHAs MeAb BblILLIEEAQYMBAETCH U Ha-
NPaBASIETCA B LIMKA SKCTPAKLMW/ PEIKCTPAKLMM
C NOCAEAYHOLLMM IAEKTPOAU3OM U NMOAYYEHUEM
KaTOAHOW MeAU, @ CyAbOUAHAA MEAb YXOAUT B
KEK, HanpaBASEMbIWM Ha HEUTPAAM3ALIMIO U3BE-
CTbIO M 3aTeM B LUMKA CyAbOUAHOM GAOTALMMK C
NOAYyYEHMEM, COOTBETCTBEHHO, CYAbOUAHOIO
KOHLUeHTpaTa. [pn 3ToOM BbIXOA KEKa, Hanpas-
ASI€MOT0O Ha CYAbPUAHYIO GAOTALUMIO, COCTABAS-
eT 91% (286,6 T mean/4), B pactBop npu at-
MoCepHOM BblLLEAAUMBAHUM NEPEXOAUT BCE-
ro 28,3 17/4 meaM.

MNpu TakoW Cxeme OYEBUAHO, UTO MMEET
MeCTO BOAbLLOM pacxop CEPHOM KUCAOTbI, NPU
atom bonee 70% M3 HEro MAET Ha «napasut-
Hble» peakLMn ¢ aAtoOMUHUEM, XEAe30M M T.M.
Kpome Toro, B LMKA 3aMKHYTbl CAULLKOM OOAb-
lUKWe AASI CTOAb HU3KOIO M3BAEUEHUS MeAn B
pPacTBOP BOAHbIE MOTOKK, NOYTU 1 Thic. M3/u.

PacTtBOp ¢ aTMmoCcdepHOro BbliLeAraYnBaHUA
paHee (A0 UCKAOUYEHUSA LUMKAA IKCTPAKLIMK) NO-
AABAACSl Ha LUMKA 3KCTPaKLMK, COCTOSLLIMA U3
TPEX CTaAUM 3KCTPaKUMW, CTaAMM MPOMbIBKU

ISSN 2782-6341 (online)

9KCTpaKTa, ABYX CTAAMK PEIKCTPAKLMU U KOH-
Typa ABYXCTaAMMHOW KOHTPOAbHOM XXMAKOCTHOM
9KCTpaKuMnM. Ha npoBeAeHUM 3KCTPakuUuK Mo
TEXHOAOTMU HEODXOAMMO NOAABaTb AOPOroCTO-
AWMKM UMMOPTHBIM 3KcTpareHT AcorgaM5b577 ¢
pacxoAoM o0kono 1200 m3/roA.

Ha ceropaHsilLLHMA MOMEHT npeAAaranoChb
HECKOAbKO peLleHW, HanpaBAEHHbIX Ha MO-
AEPHU3ALMIO  CYLLIECTBYIOLLENM TEXHOAOTMYE-
CKOW CxeMbl nepepaboTkm YAOKaHCKOro MecTo-
POXAEHMSA.

B pabotax® [12] npoOBOAMAUCHL UCCAEAOBA-
HUA MO pa3paboTKke KOMMAEKCHOW CXeMbl Me-
pepaboTkn pya YAOKAHCKOrO MECTOPOXAEHMSA
BBEAEHWEM NPEABAPUTEABHOM CEPHOKUCAOT-
HOW 06PabOTKM UCXOAHOM PYAbl C MOAyYEHUEM
KeKa, KOTOPbIM HanpaBAAACS Ha CYAbOUAHYHO
droTaumto, U pactBopa, OTNPaBASEMOro Ha 3KC-
Tpakumto. MNpu NnpeaBapUTEAbHOM CEPHOKMUCAOM
06paboTke NOoBbILAAOCL U3BAEYEHWE MEAU B
CYAbOUAHbBIN KOHLEHTPAT MO CPABHEHUIO C KOA-
AEKTUBHbIM KOHUEHTpatoM Ha 4-10%, T.e. AO
92-95%, B UMKAE DAOTALMM CHUXAACS PACXOA
peareHToB B CBfI3U C YMEHbLUEHWEM €ro npo-
M3BOAUTEABHOCTM M OTKA30M OT cobupatenen
OKMCAEeHHOM uacTn® [13]. MeaHbI KOHLEH-
Tpat ¢ copepxaHnem mean 34,2% u cepebpa
702,0 r/T nocTynaa Ha NMpPoOMeETaAAyprmyeckoe
NPOU3BOACTBO C MOAYYEHUEM KATOAHOW MEAW.
PacTBop C BbllleAaunMBaHUs nocae GUAbTPa-
LMW HanpaBASIACS Ha 9KCTPaKLMIO, MOCAE 3TOro
Ha 3AEKTPOIKCTPAKLMIO, TAKXKE C MOAYYEHUEM
KaToAHOM Meau. OTpaboTaHHbIN INEKTPOAUT
BO3BpalLlaACa Ha BbillleAaunBaHue pyAbl. Mpu
TakoW CXeMe CKBO3HOE U3BAEUYEHUE MEAM B Ka-
TOAHYIO MeAb cocTaBuAO 93,8%.

B pabotax [14, 15] aBTOpbl MPEANOXUAU
aBTOKAAGBHOE BbllLIEA@YMBAHME, NPU KOTOPOM
NPOUCXOAMAO MPAKTUYECKM MOAHOE pa3A0Xe-
HWEe CYAbOUAOB MEAM C NEPEXOAOM MEAU B
pactBop 6onee vem Ha 92%, a baaropoaHble
MeTaAAbl OCTaBaAUCb B TBepaon dasze. Meab
M3 pacTBopa MpeAraranoCb BbIAEASITb B BUAE
KaTOAHOM MeAM, a 30A0TO U cepebpo M3 Keka
BblLLEAQUMBAHUSA — LUMAHUPOBAHUEM.

ABTOpbl [16] Nnpu nepepaboTke OTBAAOB 3a-
6aAaHCOBbIX CMELLAHHbIX MEAHbIX PyA B Mpo-
Lecc M3MeAbYEHNSI BBOANAU CyAbdAT aMMOHUS
W BbllEAaYMBAAN OKUCAEHHbIE MEAHbIE MUHE-
panbl C NEPEXOAOM MEAW B BOAOPACTBOPUMbIE

*KpbinoBa A.H. DU3MKO-XUMUUECKUE OCHOBbI KOMOUHUPOBAHHOW TEXHOAOTWI NepepaboTkn CMeLaHHbIX MEAHbIX PyA YAOKAHCKO-
ro MECTOPOXAEHUSA: AWC. ... KaHA. TexH. Hayk: 25.00.13. M., 2008. 195 c.
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MEAHO-aMMMUaUYHblE KOMIMAEKCHbIE COEAUHE-
Hus. Mocaeaytollee oaoTaumoHHoe oboralle-
HME MO3BOAMAO AOCTATOUHO MOAHO W3BAEYUb
CYAbOUAHbIE MEAHblIE MWHEPaAbl B MEAHbIM
KOHLIEHTpAT C COAEPXaHMeM mear 29,9% npu
nssaeveHnun 46,41%. OtpeneHre Xnakon dasbl
OT BCEX MPOAYKTOB GAOTALMKU MO3BOAMAO MOAY-
YUTb NPOAYKTUBHbIN PACTBOP C COAEPXAHWEM
mean 0,9 r/am® 1 TeEM CaMbIM U3BAEYb B XMUA-
Kyto ¢asy 37,76% mean. CymmapHoe u3Baeve-
HUE MEeAU B MEAHbIE MPOAYKTbl MO KOMOWHU-
poBaHHOW GAOTALMOHHO-TUAPOMETAAAYPIrUYE-
ckon cxeme coctaBuUno 84,17%. AanbHenlwas
nepepaboTka NPOAYKTMBHOIO pacTtBopa MpeA-
noAaranaCb MOHOOOMEHHBLIMW METOAAMU UAM
3KCTPAKLIMEN C MOCAEAYHOLLUM IAEKTPOANIOM U
NMOAYYEHMEM KATOAHOM MEAU.

B pabotax [17-19] npuBeAeHbl UCCAEAOBA-
HWS MO ONTUMM3ALIMM TEXHOAOTUKN NepepPaboTKu
pyA YAOKAHCKOrO MECTOPOXAEHWA NyTeM CTa-
OUAM3ALMN INEKTPOAHBIX MOTEHLMANOB MEA-
HbIX MMHepanoB no Eh. Mocae ctabuanzaumm
Eh n anektpoxnmmueckorn ob6paboTkn aBTOpbI
NMPEANOXUAM ABa UMKAA GAOTAUMWU: CYAbOUA-
Hbll U KOAEKTUBHbIW. B NepBOM LMKAE MOAY-
YakT CyAbOUAHBIM KOHLEHTPAT C COAEPXaHWU-
emMm mean 42,18; 31,02; 32,25% 1 n3BA€UYEHUH
mean 86,15; 86,5; 84,75% npu odaotaumm
CYAbUAHOWN, CMELIAHHOM U OKMCAEHHOW PYAbI
COOTBETCTBEHHO. BO BTOPOM LMKAE Ha XBOCTax
NepeyvYmncToK NEPBOro LMKAA NOAYYaALOT CMeLlaH-
HbI KOHLEHTPAT NpKU coaepxaHun mean 15,1;
15,0; 13,5% npu wu3BaeuyeHun 5,63; 4,96;
2,55% CcOOTBETCTBEHHO. TakOW MOAXOA MO3BO-
AMA BOAee ueM B ABa pasa YMEHbLIUTb BpeMs
droTaLMK, B 3@aBUCMMOCTU OT CTENEHU OKUCAE-
HUSA PyAbl, 1 COKPATUTb PAcXoA BCEX NPUMEHS-
€MbIX peareHToB. lpearOXeHHas TEXHOAOMUSA
AErKO KOMMOHYETCH B NPOU3BOACTBEHHbIX YCAO-
BUAX, MO3BOASIET MOBbICUTb TEXHOAOTMUYECKME
nokasaTteAr npoueccoB oboralleHus, CHU3UTb
3KCMNAyaTaUMOHHbIEe 3aTpaThbl, OTKa3aTbCs OT Ce-
AEKTUBHOW BbIEMKW PYAbI.

CyAbOUAHBIA KOHLUEHTPAT NMPEAAOXEHO ne-
pepabatbiBaTb MMPOMETAAYPIUUECKUM METO-
AOM C UCMOAb30BaHWUEM OAHOIO U3 BapMaHTOB
aBTOrEHHOW MAABKMW, @ CMeELLUaHHbIM MEeAHbIN
KOHLEHTPaT MOXHO 3ddEeKTUBHO nepepabdoTtaTtb
BbllLIEAQYMBAHUEM COAAHOKUCABIMU PACTBO-
pamMu XAOPHOro xenesa. Obliee U3BAeYEHME
MeAU Npu Takom cxeme coctaBut 99,2-99,5%.

ABTOpamMKn A@HHOW CcTaTbW MpepraraeTca
MOAEPHM3ALUUA CXEMbI C UCKAKOYEHUEM LIMKAQ

9KCTPaKLMK, NOBbILLEHWEM MNOKa3aTener 060-
raleHusa B UMKAE GAOTaLMK, CHUXEHUEM pac-
XOAQ CEPHON KUCAOTbI, YNPOLLEHNUEM TEXHONO-
r’MUYECKOM CXEMbI MU 3HAYUTEABHbBIM CHUXEHUEM
cebecToMMOCTHN MOAYUYEHUA GAOTOKOHLIEHTPATa
N KaTOAHOW MeAW.

Ncxoast M3 HUBKOTO COAEPXAHMA MeEAM, B
KOAMEKTUBHOM  KOHLEHTpaTe npeaAaraercs
BHEAPUTb B CXEMY ABE NEPEUNCTHbIE OnepaLmnn
CYMMApPHOr0 KOAAEKTUBHOIO KOHLIEHTpaTa AAA
AOCTUXEHUA COAEPXAHUA B HEM MEAU B pano-
He 12-15% ¢ BO3BpAaTOM XBOCTOB NMEPBOM Me-
PEYUCTKU B FOAOBY BTOPOW KOAAEKTUBHOW GAO-
TaUMK AN MPEAOTBPALLEHUS MNepen3Menbye-
HUA MaTepuana, Harpysku Ha TPETb CTaAUO
N3MEABUYEHUA U NEPBYIO KOAMEKTUBHYHO GAOTaA-
LMIO (OTHOCUTEABHO BO3BpaTa XBOCTOB NEPBOM
NMEPEUYMCTKM B TOAOBY MEPBOM KOANEKTUBHOM
dAoTaLnK).

BBUAY KOMMAEKCHOCTU PyAbl YAOKaHCKOMO
MECTOPOXAEHUA (LEHHOCTb MMEIOT Kak MEAb,
Tak U cepebpo), 3HAUNTEABHOM MOLLHOCTU da-
6pPUKM MO UCXOAHOW PyA€ W KPYMHOCTU MuTa-
HUA BTOPOMK CcTapMu oboralleHus oaoTaumen
Ha ypoBHe 85% KA. -0,074 mm uenecoobpasHo
pacCcMOTPeTb BO3MOXHOCTb YCTAHOBKU B Ore-
pauuax OCHOBHOW GAOTALMM MU NEPEUUCTHbIX
onepaumMi GAOTOMALUMH TWMMA peakTop-cena-
patop. OTeUecTBEHHON MPOMbILUAEHHOCTBIO B
HacTosLee BpeMs BblMyCKatoTCA aHaAOrM Hau-
6oAee U3BECTHbIX MaLLIMH CTPYMHOrO TUNa (aHa-
aoroB Jameson Cell), koTopble NAGHUPYIOTCA K
YCTAHOBKE Ha pyAax LBETHbIX U OAAropoAHbIX
mMeTannos [20, 21].

Mcxoast M3 3TOro, aKTyaAbHbIM  ABASIET-
CSl YTOUHEHMWE peareHTHOro pexuma B 4acTu
nopbopa Hauvbonee 3PPeKTUBHOrO cobupa-
TEeASl OKMCAEHHbIX GOPM MEAU, AOAEBOr0 OT-
HOLUEHWA peareHToB M CyMMapHOro pacxoaa
cobupatenen no onepaunamMm ¢aoTauMu K no-
BbILLEHWE COAEPXAHUA MEAU B CyMMapHOM
KOANEKTMBHOM KOHLEHTpaTe A0 nopsipaka 15%
nyTem A0baBAEHUS ABYX NEPEUUCTOK. [pKn aTOM
FAABHbIMU KPUTEPUAMU MPU OLEHKE LENECOO-
6pa3HOCTM MCMNOAb30BAHWA aHAAOrOB UMMOPT-
HOro peareHTta byayT ABAATbCS 3OOEKTUBHOCTb
oboralleHns No MeAM — He MeHbLLUasa Yem npu
babpMUHOM peareHTHOM pexume, a Takxe He-
AEDPULMTHOCTb (AOCTYMHOCTb B CBSA3U C MPOU3-
BOACTBOM Ha Tepputopumn PO).

B npeanaraemon cxeme BKAKOYAETCA MOA-
roTOBKa CbIpbs K BbllLIEAQYMBAHMIO NYTEM MPO-
BEAEHUS CYAbDATUIUPYIOLLLErOo 06XMra KOH-
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LieHTpaTa B TpybuaTor BpaLLatOLLENCs Neun ¢
BbIBOAOM SO, Ha NPOM3BOACTBO COOCTBEHHOM
CEPHOM KUCAOTbI. [TOCKOABKY CTENEHb OKUCAEH-
HOCTU MCMOAb3YEMOW CENYacC PyAbl B OCHOBHOM
AOCTATOYHO BbICOKasA, TO CyAbGATUIUPYIOLLIUIA
00XMI AOAKEH MPOXOAUTb AOCTATOYHO CTabuAb-
HO 1 C NPUEMAEMOM CKOPOCTbIO C MOAYYEHUEM
NPEUMYLLECTBEHHO CyAbGATOB MEAM, UTO AOKa-
3aHO B pe3yAbTaTe NPoBeAEHUS AabopPaTOPHbIX
ncnbiTaHUn.  [MOAOXMTEABHBIMWU  MOMEHTaMM
BKAKOUEHUS B TEXHOAOTMUYECKYIO CXEMY OKUCAU-
TEAbHOI0 06XMra ABASIIOTCA HU3Kaa Temnepary-
pa npouecca, NoBbILLIEHUE CKOPOCTU, MOAHOTbI
N CEANEKTUBHOCTWU BbILLIEAAUYMBAHUA MEAW, CY-
LLIECTBEHHO MEHbLLUWIA PACXOA CEPHON KUCAOThI
Npv BblLLEAGUMBAHUN.

Mpu npoBeaeHUU CyabdaTU3MpyroLero 06-
XUra HebOAbLLIOW MPOLIEHT cepbl ByAeT nepeo-
KUCAATbBCS KUCAOPOAOM U BbIAEASITbCA B ra3o-
Byt0O ¢a3dy. Obpasytolmincss AMOKCUA cepbl By-
AET OTBOAMTCSA B CUCTEMY OUYMUCTKU MbIAEra30BO-
ro NnoToka, rAe B NEepBOMN CTYNeHW NPOBOAMUTCSA
obecnbineBaHWe, a BO BTOPON — copbuma SO,
C NPOM3BOACTBOM CEPHOM KUCAOTbI, HAanpaBAs-
€MOW B AaAbHENLLEM HA aTMOCPEPHOE OKMUCAU-
TEAbHOE BbllLieAauyMBaHMe. Orapok OKUCAUTENb-
Horo obxwura o6bpabaTbiBaeTcss MNOAYYEHHOM
CEPHOM KUCAOTOM C Mopayver BO3Ayxa, Hacbl-
LLIEHHOTO KWUCAOPOAOM AAS MHTEHCUdUKALMUK
BbllLeAAUMBaAHUA Meau U cepebpa. Bbillenra-
yMBaHWE MPOBOASAT B MeLlaAKaX, OCHaALLEHHbIX
CUCTEMOM MOAQUM BO3AyXa B MyAbny b6apbota-
XeM B LeAsx nepeBoaa cepebpa B pacTBop W,
HaobopoT, ocaxaeHusa xenesa. lNyabna nocae
BblLLEAAYMBAHUA MOAAETCA Ha CrylleHue W
dUABTPaLMNIO, U 3aTeEM OUALTPAT HanpaBAdeT-
CAl HA INEKTPOAU3 MEAM, NMPU 3TOM AASI NPOBE-
AEHUSI INEKTPOAM3A AOCTATOYHO COAEPXAHUSA
MeAn B duAbTpate B panoHe 50-60 r/ame.
Kek nocae NpoMbIBKM W HENTpaAU3aLUuKn bypet
HanpPaBAATbCA B OTBAA.

MoAYyUYEHHYIO B NMPOLECCE INEKTPOAM3A Ka-
TOAHYHO YEPHOBYHO cepebpocoaepKallyto MeAb
NMOCAE NPOBEAEHMA INEKTPOAU3A CAMPALOT C OC-
HOB W HaNPaBASIOT Ha NepenAaB C PasAMBOM
Ha aHOAbI AN AAABHEWNLLEro IAEKTPOPaAPUHU-
poBaHus. Mpu aneKTpopadUHUPOBAHUN MOAY-
YaT YMCTYHO TOBAPHYHO MEAb C BbIAEAEHWUEM
cepebpa B aHOAHbIM LWIAAM: BOAee INEKTPOOT-
pULAaTEAbHbIE, YEM MEAb, METaAAbI (HUKEAD, KO-

ISSN 2782-6341 (online)

6anbT, LMHK) NEPEXOAAT B SAEKTPOAUT, @ INEK-
TPOMOAOXUTEABHbIE (30A0TO, CeEPebPO, CENEH,
TEAAYP, OAOBO, CBUHEL,, CypbMa) KOHLIEHTPUPY-
tOTCA B LUAAME. AHOAHBIN cepebpocoaepXalLLmni
LIAAM HanpaBAfeTca Ha adPUHaKHOE MPOU3s-
BOACTBO. OTpaboTaHHbIN SAEKTPOAUT C INEKTPO-
AM3a HanpaBAsieTcst B 060pOT Ha aTMochepHoe
BbllLleA@unMBaHMe. ECTb Apyron BapuaHT Bblae-
AEHUS cepebpocoaepXallero NpoAykta nytem
NPOBEAEHUA aTMOCHEPHOrO BblIlLIEAQUMBAHUS,
BbIBOAA cepebpa B KEK C AAAbHEWLLUM NPOBe-
AEHUEM XAOPUPYIOLLETO 06XMra NoCAEAHErO U
C KOHAEHCMpOBaHMEM cepebpocoaepKaLlero
NPOAYKTa BO3rOHKK, AMOO C NPOBEAEHMEM CO-
POLMOHHOIO LIMaHMPOBAHUA KEKa.

Llenbto nccaepoBaHMA SIBASIETCS NPEAAOXKE-
HMUE aAbTEPHATUBHOW TEXHOAOTMUECKOW CXEMbI
nepepaboTkM pys YAOKAHCKOrO MECTOPOXAE-
HUA C UCKAKOYEHWEM LIMKAQ SKCTPAKLMK U MOA-
HbIM BbIBOAOM MEAMW B KATOAHYO MEAb Kak NMpo-
AYKTa C BbICOKOW AODABAEHHOW CTOMMOCTbIO.

MATEPUANDBI U METOAbDI

A droTaummn ObIAM UCMOAB30BaHbI PAO-
TaUMOHHbIE MawKnHbl OMIM-AL, OMI-A3 (npo-
nssoantenb 000 «Baktuc MuHepans»), ob6bem
Kamep 3, 0,7 n 0,5 A. droTauua Benacb Ha
dabpuuHom pexume, Ha | n Il nepeuncrkax
AODABASINOCb HAaTPUEBOE CTEKAO B KOAMYECTBE
200 1 100 r/T COOTBETCTBEHHO.

O6XMr CyAbOGUAHOTO KOHLIEHTpaTa MNpPOBO-
AMACA B TpybuaTor BpallatoLlencsa neun npwu
Temnepatype 750°C, yacTtota BpalleHUsa Tpy-
6bl — 2 06/MWH, NPOAONKUTEABHOCTb NpoLEecca
coctaBafna 1 4. AMOKCUA Cepbl YAABAMBAACA
CUCTEMOW MNOTAOTUTEAEN MNyTEM MNPOMYCKAHUSA
ra3zoB C NOMOLLbIO acnMparopa.

CEepHOKMUCAOTHOE  BblllleA@UMBAHME  Be-
AOCb C KOHLEHTpaUMEN CEPHON KUCAOThI
3 r/am3, npu X:T, paBHoM 5:1, Temnepatypa
npouecca BapbuvpoBaracb B npepenax 60-
70°C, CKOPOCTb NEpPEMELLNBAHUA MYyAbMbl AO-
nactHou mewankon - 200 06/MuH. B npouecc
BbILLLEAQUMBAHUA AN UHTEHCUOUKALMK NPO-
Luecca B NyAbny BBOAMACS BO3AYX NPY MOMOLLM
BO3AYXOAYBKM C pacxopom 220 A/4. Bpewms
npoLecca coCTaBMAO 2 u.

CoaepxaHue xenesa, cepebpa n mepu
B ¢UAbTpaTe MOCAE BbllLEAaYMBaAHUA Onpe-
penaamcb no TOCT 2642.5-2016%, TOCT

1OrOCT 2642.5-2016. OrHeynopbl 1 OrHeynopHoe chipbe. MeToabl onpeaeneHns okenaa xenesa (l11). Beea. 01.01.2017. M.:

CraHpapTuHdopm, 2017.
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3240.17-76** u IOCT 12561.1-78%2
BETCTBEHHO.

®a30Bble N SAEMEHTHbIE COCTaBbl TBEPAbIX
NMPOAYKTOB OMPEAEASAUCh C MOMOLLbIO METOo-
AOB PEHTTeHOPas30BOro (Ha PEHTreHOBCKOM
amdpaktomeTpe XRD-6000 Shimadzu) u peHT-
reHOCMNEKTPaAAbHOMO (Ha aBTOMAaTU3UPOBAHHOM
BOAHOBOM PEHTIEHODAYOPECLLEHTHOM CNEKTPO-
meTpe ShimadzuXRF-1800) aHaau3sa.

COOT-

PE3YAbTATbl UCCAEAOBAHUA

OtpaboTka oboratuteAbHOro uukAaa. o
npeAraraeMon TEXHOAOTUM ObIAM NMPOBEAEHDI
TECTOBbIE (TOYEYUHbIE) UCMbITAHWUA AAS 0OOCHO-
BaHUA 3PpPEKTUBHOCTU cxembl (puc. 1). Heob-
XOAMMO OTMETUTb, UTO B paboTe He OoNTUMMU-
3UMPOBAAUCH PEXMMHbIE NAapaMeTpbl, U MPeA-
nonaraeTcsi, yto OTpaboTka CxeMbl MO3BOAUT
CYLLECTBEHHO TMOBbICUTb MOKa3ateAu apodek-
TUBHOCTW.

OueHKY 3PpDEKTUBHOCTU BHEAPEHUSA B LIMKA
dAOTaLMM ABYX MEPEUNCTOK MPOBOAMAKN HA NPO-
6€ OKUCAEHHON MEeAHOM PyAbl YAOKAHCKOro
MECTOPOXAEHUSA C WMCXOAHBLIM COAEpPXaHUEM
Mean 1,1%. CteneHb OKUCAEHHOCTU WUCCAEAY-
eMon npobbl pyAbl cocTaBAiAa nopsipka 74%.
CornacHO MMHepaAbHOMY aHaAW3y, OCHOBHOE
COAEPXaHUEe MeAM HaxoAUTCA B BpoluaHTUTe,
coaepxaHue Kkotoporo 4,17%. Takke Mepb
HaxoAUTCH B CYyAbOUAAX MEAU, COAEpPXaHue
KoTopbIX B panoHe 0,54% mn manaxute 0,54%.
CTOUT OTMETUTb HAAMYME TUNCa B AGHHOW pyAE,
copepxaHue Kotoporo 1,13, uto ABASIETCS Bbl-
COKMM. HannMume rmnca okasblBaeT HEraTMBHOE
BAMSAAHWE Ha NPOLECC BBUAY €ro crnocobHoOCTH
YaCTUYHO aACcopPOUpPOBaTL HEKOTOPbIE peareH-
Thl, YUTO B NEPBYIO OUEPEAb NPOSBASIETCA B YXYA-
LLIEHMM NeHOOBPa30BaAHMS.

Mcxopa M3 akTyanbHOM pabotbl oboratutenb-
HOM $abpUKK, CMELUaHHbIA KOHLEHTPAT 2 KOA-
AEKTUBHbIX onepauMi GAoTauMM nepea onepa-
LUMen penyabnauuu (MMTaHMe pPenyAbnmpoBaHMS)
UMEET COAEPXKaHME MeAU nopsiaka 5-5,5%.

Meab B MNOAYYEHHOM KOHEUYHOM  KOH-
ueHTpaTte, BbIXOA (Y) KOTOPOro COCTaBUA
2,5%, HaxoAUTCA B OCHOBHOM B OpoLLaHTUTE,
COAEPXAHUE KOTOPOro 26,5%. Takxe Meab Co-
AEPXUTCA B CyAbOMpax Mean — 1,95%, 6opHU-

Te - 6,64% n aHTAepuTe - 6,78%. CTOUT OTMe-
TUTb CHUXEHWE COAEPXaHUe KBapua ¢ 54,3 Ao
35,5%.

Takum 06pa3omM, BKAKOUEHUE B CXEMY ABYX
NEPEUYNCToK MO3BOASET MOBLICUTb COAEPXA-
HUe MeAM (Bcu) B KOHLUEHTpaTe ¢ 5 A0 28,5%.
OapHako npu 3TOM 3aPpUKCMPOBAHO CHUXE-
HUE U3BAEYEHURA Mepn (Ecu) A0 63,4%. Ctout
OTMETUTb, UTO OMbIT MPOBOAUACHA B OTKPbITOM
LUnKAe, 6e3 BO3BpaLLEHMS XBOCTOB B MOTOK, a
TakxXe ObINO HU3KOE Ka4yeCTBO MCXOAHOM PYAbI,
1,1% no mean. AN MOCAEAYOLLEN OnepaLnm
06XmMra AOCTaTOYHO COAEPXKAHUE MEAU B KOH-
ueHtpate - ot 10-15%. Takum obpasom, npu
oTpaboTKe peareHTHOro pexuma oAoTaumm
MOXHO MOBbICUTb M3BAEYEHWE MEAU B KOH-
LEHTpPAT MpU COOTBETCTBYIOLLEM CHUXEHWHU
KauecTBa.

MOXHO pacCMOTPETb HECKOAbKO BapuaH-
TOB CXeMbl 0HoralleHUsa AQHHOTO TUMNa PyAbl:

1. UckaroueHre BTOPON NePEeUNCTKM NPU Co-
AEPXaHUN B KOHLEHTPaTEe NepBON NEPEUNCTKU
nopsiaka 20% npu nssaeveHnn 70-75%.

2. KoppektupoBka ¢abpUUHOro peareHTHo-
ro pexvma 6e3 nepeuncTok npu M3BAEYEHUM B
CYMMapHbIN KOHUEHTpaT nopsipka 80-85% u
copepxaHus B Hem mean po 10-15%.

3. BKAKOUEHWE ABYX MEPEUYUCTHbIX onepa-
UMM C LUEAbHD BbICOKOM KOHLIEHTPALMK MEAU B
Hem A0 30% u n3BaeyeHumn po 60%.

OTpaboTKka MeTarnypruyeckoro LMKAA.
C ueAbto HapaboTKM KOHLEHTPATa C BbICOKUM
COAEPXaHUEM MEAM AASI MOCAEAYHOLLIEW Npopa-
60TKM NpeAraraemMoro MeTaAAypPryeckoro LMK-
AQ UCNOAb30BaAaCb CyAbOUAHAS PyAa C COAEP-
XaHnem meam 2,5% n cTeneHbro OKUCAEHHOCTH
B panoHe 50%. B pesyabrate NnpoBeAEHUSA UC-
NbITAHWM NO ABYM KOAAEKTMBHbIM Onepaumsim
ObIA MOAYYEH OOBbEAMHEHHbIM KOAAEKTUBHbIN
KOHLEHTpPAT ¢ copepxaHmem meamn 12,2%. Qa-
30Bble COCTaBbl HApaboTaHHOIO KOHLIEHTpaTa,
orapka v Keka nokasaHbl B Tabauue.

OTmeyvaetcs, 4YTO B KOHLEHTpaTe CTeneHb
OKMCAEHHOCTM cocTaBAaseT nopsiaka 50%. lMo
pe3yAbTaTy CyAbGATU3IUPYIOLLErO 06XMKra ObIin
NMOAYY€EH OrapoK C COAEPXXAHUEM CyAbGATHOM U
OKCMAHOW MEAM B paroHe 1:1, uTo NOATBEPXAA-
€T NMOAHOTY MPOBEeAeHUsT 06Xura. Bbixoa orap-

HrOCT 3240.17-76. CnaaBbl MarH1eBble. MeToabl onpeaeneHus cepebpa. Beea. 01.01.1978. (u3m. B utoHe 1987 r.). M.: U3p-Bo

cTaHpapToB, 1987.

2IOCT 12561.1-78. CnaaBbl NarraAMeBo-cepebpaHo-MeaHble. MeToa onpeaeneHrs Mean 1 cepebpa. Beea. 01.07.1979. M.

M3p-Bo cTaHaapToB, 1979.
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OkucreHHas pyaa

100,00 1,10 | 1,00 | 0,30
7000,00] 700,00 | 100,00 | 100,00

| KonnektusHas dpnotaums

K-T

XB

Il KonnektuBHas dpnoTtaums

K-T XB
86,17 | 0,20 | 0,82 | 017
861,70 | 15,76 | 70,96 | 49,29

138,30 | 84,24 | 29,04 | 50,71

‘ 13,83 | 6,70 | 2,10 | 1,10

| MepeyncTka

39,80 | 74,17 | 17,11 | 37,15

254 | 2850 | 540 | 3,90

-

Il Mepeunctka

K-T

2540 | 6581 | 13,

72 | 33,02

XB

985 | 1,12 | 1,21 | 041
98,50 | 10,06 | 11,93 | 13,56

g

1,44 | 6,39 | 2,36 | 0,86

1440 | 8,36 | 3,40 | 4,13

Puc. 1. KayeCTBEHHO-KOAMYECTBEHHAS CXeMa TECTOBOIO OMbiTa: 3 - COAEPXaHNE KOMIOHEHTA, %; € — U3BAEYEHME KOMIOHEHTA,
%, y — BbIXOA MPOAYKTa, %; m — Macca npoAyKkTa, r
Fig. 1. Material balance flowsheet of the test run: B - component grade, %; € - component recovery, %; y - product yield,
%, m - product weight, g

®a3oBbIl cocTaB 06pa3LoB, Macc. %
Phase composition of samples, wt%

dopmyna MwuHepan KoHueHTpaTt Orapok Kek
SiO, KBapL, 39,8 44 48,29
NaAlISizOs anboUT 11,2 10,4 12,88
KAISi30g MWKPOKAUH 8,31 411 8,57
Eg{&'z‘/g;:\)'b'l\:%:i)2 MYCKOBHT . 12,3 13,53
Cu4(S04)(0OH)s 6poLLaHTUT 6,54 - -
Cu3(S04)(0OH)4 aHTAepUT 3,04 - -
CusFeS, 60pHUT 7,44 - -
CuyeS - 3,01 - -
Cuo - - 8,2 1,74
Cu,0(S0,) AOAEPODAHUT - 9,01 0,40
Fe>03 rematur - 2,4 2,20
H2KAI3(Si04)s MYCKOBUT 16,5 - -
CaS0., - - 9,44 6,05
CaCOs - 4 - -
Ca(S04)o5H2 6accaHuT - - 6,01

ka (W) npu obxure coctaBun 754,5 Kr/T

KOHLEHTpaTta,

290

CTeneHb Aecyaboypusaumm B
parioHe 6,7% (puc. 2).

CynbdaTnaunpytowmn 06xur u atmocoep-
HO€e BblllleAauMBaHUe C NopayYen B pacTBop

BO3Ayxa B pexume bapboTtaxa NO3BOAUAM
n3saeub 93% mean n 86,6% cepebpa npwu
M3BAEYEHUN XeAe3a B pacTBOpP Ha YPOBHe
40%. Bbixop keka (Wy) coctaBua 645 Kr/T
orapka.
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CynbGuAHbIA KOHLEHTpaT

Bo3ayx

v, %
BCu, %
BFe, %
BAg, r/T

BS, %

100,00
12,20
4,22

220,00
2,98

eCu, %
eFe, %
eAg, %
€S, %

100,00
100,00
100,00
100,00

B —

Cynbbatusnpytowmii o06xxmr

v, % 75,45 Wor, kr/T| 754,50 ns, %- 6,79

BCu, % 15,60 eCu, % 96,48

BFe, % 4,95 eFe, % 88,60

Orapok BAg, r/T | 290,00 eAg, % 99,46

, %0 ) £S5, 7 s
l BS, % 3,68 S, % 93,21
21,19 |Kr/T pyapl
H,S0, 234,03 |Kr/T orapka R
176,58 |[T/u l——— Bo3gyx
KT 5:1
v
BbiwenaunsaHune
v, % 26,79 pacTtBop KeK Y, % 48,66 WK, Kr/T | 644,98
Vpacr, M 3,88 BCu, % 1,77 eCu, % 7,04
Cu, r/gm ! eCu, % ) e, % ) eFe, % B
B ,q3 28,09 Cu, % 92,96 BFe, % 5,18 Fe, % 59,82
Fe, r/am ) Ere, 70 , v 8 /T ) EAB, % B
,r/om® 3,12 Fe, % 40,18 BAg, r/ 60,42 Ag, % 13,36
BAg, r/,qM3 0,05 eAg, % 86,64 Ha anekTponus BS, % 0,40 €S, % 6,53
BS, % 6,65 €S, % 93,47

Puc. 2. KaueCTBEHHO-KOAMYECTBEHHASA CXEMa METAAAYPIUYECKOro LUmkAa: W - BbIXOA MPOAYKTa, KI; Viaer = 06bem OTPUALTPOBAHHOIO

pacTBopa C BbllLeAaYMBaHNS, M°

Fig. 2. Material balance flowsheet of the metallurgical cycle: W - product yield, kg; Vpae: — volume of filtered leaching solution, m3

CornacHo das3oBOMYy aHaAM3y, MpeumylLe-
CTBEHHO BbILLLEAOYMAGCH MEAb B BUAE CyAbda-
Ta, PacxoA CEPHOM KUCAOTbl Ha BbllleAayMBa-
HWe coctaBuA 21,2 Kr/T pyAbl (CM. pUc. 2).

OBCY)XAEHUE

MAaHMpyeMble nokasaTeAn  U3BAEUYEHUSA
npeanaraeMomn TEXHOAOTMYECKOM CXEMbl CO-
cTaBAsaoT 95-97% no mean 1 okono 88-90%
no cepebpy. AaHHas cxema MO3BOAAET UCKAIO-
YWUTb MEPEAEA IKCTPAKLMMU, NOAYYUTb HA BbIXO-
A€ KATOAHYIO MeAb U @aHOAHbBIW LUAAM Ha addu-
HaXXHOE MPOM3BOACTBO.

JKCNePUMEHTAAbHO AOCTUTHYTO U3BAEYEHWE
Xenesa B pacTBop Npu aTMochepHOM BblLLEeAa-
ynBaHuM Ha ypoBHe 40%, ocTaBLUEECS XEeNe30
MOXHO OCaAWUTb TMAPOAUTUUECKU U MOAYUUTb XKe-
AE3HbIN KyNopoC Kak TOBAPHbI MPOAYKT.

B cxemy HeobxoAMMO BKAKOYATb MOAFOTOB-
Ky CblPbSl K BblLLEAAYMBAHUIO MyTEM MPOBEAE-
HWUA CyAbGATU3UPYIOLLLEro 0BXMUra KOHLEHTpaTa
B TpybuyaTol BpallatoLLENCA Neun C BbIBOAOM
SO, Ha NpoM3BOACTBO COOCTBEHHOW CEpPHOM
KUCAOTbI. [TOCKOAbKY CTENEHb OKUCAEHHOCTU UC-

NOAb3yEMOW cenyac pyAbl B OCHOBHOM AOCTa-
TOYHO BbICOKAs, TO CyAbGATU3UPYHOLLMIA OOXKT
AONXKEH MPOXOAUTb AOCTATOUHO CTABUABHO U C
NPUEMAEMON CKOPOCTbIO C MOAYYEHMEM NpPEeu-
MYLLLECTBEHHO CyAbOATOB MEAM, YTO AOKa3aHO B
pesyAbTaTe NpoBeAeHUS AabOopaTOPHbIX UCTIbITA-
HUI. MOAOXUTEABHBIMU MOMEHTAMM BKAKOUEHUS
B TEXHOAOTMUYECKYH) CXEMY OKUCAUTEABHOTO 06-
XUra ABASIOTCA HU3Kaa Temneparypa npoLecca,
NOBbILLIEHNE CKOPOCTU, MOAHOTbI U CEAEKTUBHO-
CTW BbILLEAAYMBAHMA MEAWU, MEHbLLMIA PACXOA
CEPHOM KMCAOTbI MPU BblLLEAAYMBAHUN.
MoLLHOCTEM y4yacTKa aTMOCHEPHOro Bbl-
LeraumMBaHMa OyAeT AOCTATOYHO, MPU 3TOM
BbicBOOOAMBLLEECA 000PYyAOBAHME MO3BOAUT
nmetb pesepsB (60-80%) Ha cAayyan yBeAnde-
HUA NPOU3BOAUTEABHOCTU LIMKAG GAOTALMKN UAK
BbIBEAEHWSI HA BHEMAQHOBbIE PEMOHTbI. M3-
BAEUEHUE MEAM MPU BbIlLLEAAUMBAHUN COCTa-
BUT A0 95-97%. Kekn NocAe BbllLleAaYMBaHUS
MOXHO NoABepratb AedAOTaLUM C MOAYYEHUEM
BTOPUYHOIO KOHLIEHTpaTa, oboralleHHOro ce-
pebpom, AMBO MPOBOAUTb XAOPMPYHOLLIMIA 06-
XWF C NOAYYEHMEM KOHAEHCATa, HanpaBASEMO-
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ro 3atemMm Ha adpPprHa)>KHOe NPOU3BOACTBO.

Bo3MoxHO cHmxxeHue X:T nyAbmnbl, NoAaBae-
MOW Ha BblLLEeAa4YMBaHUE, 3TO MO3BOAUT MOAHATb
COAEpPXaHue mean B ¢uabTpate Ao 60 r/am3,
YTO ABASIETCA ONTUMAAbHbIM AAS MPOBEAEHUS
MOCAEAYIOLLETO 3AEKTPOAN3A.

Mpu peaansaumm cxembl He notpebyerca
3HAUUTEABHOM PEKOHCTPYKLIMKM, y4yacTok OyaeT
NpoLle OpraHW3oBaTb Ha MNAOLLAASIX Y4yacTka
3KCTPaKLMKU, a ero nponyckHass cnocobHOCTb
CTaHEeT CyLUECTBEHHO BbliLLE.

Motpebyetca yBeAMuyeHMe noTpedasemMon
MOLLIHOCTM B ABa pa3a 3AEKTPOAU3HbIX BaHH U
NAOLLLAAEN YUYacTKa INEKTPOAU3A AMOO MX KOAU-
yecTBa AN NepepaboTKu BCEro KOHLIEHTpaTa
Ha KaTOAHYIO MeAb (MPOAYKT C BbICOKOM A0OaB-
AEHHOW CTOMMOCTbIO). Bo3amoxHa peannsaums
yyacTka nepennaBa KaTOAHOWM MEAW Ha aHOA-
HYO C MOCAEAYIOLLMM MPOBEAEHUEM €€ INEK-
TpopadUHUPOBAHUS U MOAYYEHUEM AHOAHOIO
cepebpocopepKaLLEro WAama.

MpenmyLecTBOM YKa3aHHOM TEXHOAOIMK
ABASIETCA BO3MOXHOE 3HAUUTEABHOE CHUXeE-
HUEe NoTPebAeHUsI CEPHON KUCAOTbI. Aaxe 6e3
BbIBOAA PEXMMHbIX NApaMeTPOB Ha ONTUMaAb-
Hble B NpeAAaraeMomn TEXHOAOTMUYECKOM CXEME,
pacxoaA KMCAOTbl COCTaBUT B panoHe 21,2 Kr/T
PYAbl NpW CYLLECTBYHOLLEM pacxope bonee 25
Kr/T pyAbl. [10 TEXHOAOTUU OKUCAUTEABLHO-CYAb-
datmsnpyrowlero obxura CcyabuAHaa cepa
OKMUCASIETCA U MEPEXOAUT B CyAbdaTHyto, 6e3
3Bakyaluu B rasoByto dasy. Takxe npu obxm-
re 4yacTM4YHO XeAe30 B MarHeTuTe OKUCAAEeTCS
AO remaTtuta 1 He TpebyeT pacxoaa KUCAOTbI Ha
nobouHble peakumun. Mpu 3TOM HEOBXOAMMO
YUUTbIBATb YETbIPEXKPATHOE CHWUXEHWE ObOBLE-
MOB KOAAEKTMBHOIO KOHLEHTpaTa C MNoBbille-
HUEM COAEPXKAHUS LEHHOIO KOMMOHEHTa. Kpo-
Me TOro, npepraraemMasi TEXHOAOrMsA NO3BOAUT
opraHusoBaTb MNPOU3BOACTBO COOCTBEHHOM
CEPHON KUCAOTbI, YTO NO3BOAUT AOMOAHUTEABHO
CHW3UTb PACXOAbl Ha BblLLEAAYMBaHUE.

060pyAOBaAHUE U CTPOUTEABHO-MOHTaXHbIE
paboTbl (CMP) arst 06xura He TpebyroT H1 6OAb-
LLIKX 3aTpaT, HWU CTPOUTEABCTBA TEMABIX 3AAHUI U
LexoB. lNeyn U ra3004YnCTHbIE YCTAHOBKKU CTOAT
Ha OTKPbITOM BO3AYXE W NMPUTOAHbBI AASI UCMOAb-
30BaHuMA npu Aobon Temnepatype. Peanmnsa-
LUMS NpeararaeMon CxeMbl MOXET obecneunTb
n3BAEYEHNE MEAU U cepebpa He MmeHee 98%
C NOAyYEHUEM BbICOKOKAQUECTBEHHON KATOAHOM
MEeAM M 3HAUYUTEABHO CHU3UT SHEProeMKOCTb
AQHHOIO NPOM3BOACTBA.
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AONOAHUTEABHOE NPEUMYLLECTBO AQHHOWM
CXEMbl NO3BOASIET NMOAHOCTbIO YWUTM OT MpoLec-
Ca 3KCTPaKLMKU, MOAYYUTb IKOHOMMUIO HE TOABKO
Ha CEPHON KMCAOTE, HO M Ha 3KCTpareHTe, pac-
TBOPUTEANE IKCTpareHTa, OEHTOHWUTE, OUYUCTKE
9KCTpareHTa, HO TakXe Ha aBTOTPaHCMNopTe U
CKNAACKOW AOTUCTUKE.

Mo npeaBapUTEAbHOM  3KOHOMMWYECKOM
oLeHKe, ropoBas nNpubbiAb OT peaAnsaLmnmn nNpo-
€KTa COCTaBUT CBblille 3,5 MApPA pyb. npu OKy-
NaemMoCTM NPOoeKTa MeHbLLE roAa.

3AKAKOYEHUE

B pabote npeanOXeHa MOAEpHM3aLUSA
cxeMbl nepepaboTkn pya YAOKAHCKOrO MECTO-
POXAEHMA C UCKAKOUEHUEM LIMKAA SKCTPAKLIMMK,
noBblLUEHWEM MOKa3aTenei oboralleHus B Liu-
KAe OAOTALMK, CHUXEHMEM pacxopa CEPHOM
KUCAOTbI, YMPOLEHUEM TEXHOAOTMUYECKOW CXe-
Mbl U 3HAYUTEABHBIM CHUXEHNEM CeOECTOMMO-
CTW NOAYYEHMA GAOTOKOHLIEHTPATa U KaTOAHOM
MeAn. Peaansauma cxembl B MPOMbILLUAEHHbIX
YCAOBUSAX HE MoTpebyeT 3HAUYUTEAbBHON PEKOH-
CTPYKLMM, YYaCTOK TMAPOXMMUU AErye opraHu-
30BaTb B 3AaHWMM yyacTKa 3KcTpakuuu. [po-
NyCKHass CMnocoOHOCTb y4yacTka TMAPOXUMUK
OYAET CYLLLECTBEHHO BhILLIE.

MpenmyLLIECTBOM YKa3aHHOM TEXHOAOTU, CO-
FAACHO NMPeABapPUTEABHON OLIEHKE, ABASIETCS 3HA-
YUTEABHOE CHUXEHWE MOTPEOAEHUST CEPHOM KMC-
AOTbI (C YY4ETOM MOTEPbL MPUMEPHO B NATb pas).
MCKAOUAETCA YYaCTOK 3KCTPaKLMMK/ PEIKCTPAK-
LMK M NOTOKK IKCTPareHToB. 1o cxeme He npea-
YCMOTPEHO MOAYYEHME KOHLEHTPaTa AAA MPOAA-
XK. Peannsyetca cpasy cxema ¢ nepepabotkor
BCEro KOHLEHTPaTa Ha KaTOAHYH) MeAb (MPOAYKT
C BbICOKOM AOBaBAEHHOM CTOMMOCTBIO). O60pyAo-
BaHWe U CMP anst obxura He TpebyroT HU 6OAb-
LLIKX 3aTpaT, HX CTPOUTEALCTBA 3AAHUIN U LIEXOB.
Meun CTOAT Ha OTKPbITOM BO3AYXE W MPUTOAHbI
AR UCMOAB30BaHMA NpKU A0bOWM Temnepatype,
KaK 1 NblAe-ra3004McTHOE 06opyaoBaHMe. MoTpe-
byeTca yBEAMUEHME KOAMUYECTBA SAEKTPOAUSHbBIX
BaHH NPMMEPHO B ABa pa3a W, COOTBETCTBEHHO,
9HEPreTMYEeCKUX MOLLIHOCTEN IAEKTPOAMUIHOIO OT-
AENEHWSA, OpraHM3aLms yyacTka nepenaaBa vep-
HOBOW MEAM Ha MEAHbIE aHOAbI, @ TaKXe yuacTka
aNeKTpopaduHMpOBaHUS. Peannsaums npepna-
raemom Cxembl MOXET 06ecneunTb U3BAEUYEHME
MeAu U cepebpa He MeHee 98-99% ¢ nonyuye-
HUEM BbICOKOKAUECTBEHHON KAaTOAHOM MEAU U
MO3BOAUT 3HAUUTEABHO CHW3UTb CEOECTOMMOCTb
AGHHOTO MPOU3BOACTBA.
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