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DECTHUK

MpkyTckoro NocyaapcTteseHHoro TexHu4yeckoro YHuBepcuTeTa
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BnusiHne oCcTaToOYHbIX HaNPSHKEHUNA HA M3rMOHYIO XKECTKOCTb
BaNoB, YNPOYHEHHbIX OXBaTbIBalOLWMM AethOopMUPOBaHUEM

© JI.I. Knumosa
Upkymckuli HayuoHanbHeIl uccnedosamenbckul mexHudeckul yHugepcumem, 2. ipkymck, Poccus

Pestome: Llenb — uccnepoBaTb BAWUSIHUE TEXHOSOMMYECKUX OCTATOYHLIX HAMPSHKEHUA Ha M3rMOHYH XECTKOCTb LUMWH-
Apvdeckux geTanen Tuna Banos u ocen. MccnepoBaHust NpoBeAeHbl Ha YANWHEHHbIX LunMHapuyecknx obpasuax (13
cranu mapku 35 guameTtpom 30 MM) C MCMONb30BaHWEM MEeToda pacTtaynBaHus n obTaunBaHns. Obpasubl oTxuranu B
3alUMTHON cpefe ANs yAaneHust HavanbHbIX OCTaTOYHbIX HANpshKeHUA. OKCNepyuMeHTbl BbINOMHEHLI HA NlabopaTopHOi
rMapaBnMYeckon ncnbiTaTenbHOM MawnHe Amsler ¢ UCMONb30BaHMEM TBEPAOCMNaBHbIX MaTpuy mapku BK8. Skcnep u-
MeHTbI MoKa3anu, YTo Npu cBepxmanoun cTeneHn oTHocuTenbHoro obxatus — ot 0,1 go 0,5% — pasmep Crnos ¢ TaHreH-
LManbHbIMM OCTATOYHBIMU HaMPSHKEHUSAMM CXaTUS NOCTENEHHO YMEHbLUAeTCsl. KeCTKOCTb TakuX LUMUHAPUYECKUX 3ar 0-
TOBOK OCTaeTcsi MpaKTU4ecku HeuameHHa. Mpu yBenuyeHun oTtHocuTenbHoro obxatus (ot 0,5 go 1,2%) npowcxoaut
YMEHbLUEHNE OCTaTOYHbIX HANPSXKEHUIA CXKATUS Ha NOBEPXHOCTM AeTanu. TomnwyHa Cnos ¢ TaHreHuManbHbIMKM 0CTaTou-
HbIMW HANPSPKEHUSIMU CKaTUS HauMHaeT yBenuunBaTbesl. MNpyu 3TOM OCTaTOUHbIA NPOrNG CTaHOBUTCS! MeHbLLE, U3rMbHas
XECTKOCTb YBENUYMBAETCS. YCTaHOBMEHO, YTO CTENEHb OTHOCUTENBHOrO 06XaTus He BMWUSIET Ha U3MEHeHUe rnybuHbl
pacnpefeneHns 0CEBbIX OCTATOYHbIX HanpsbkeHUn. OnTUManbHOrO pacnpefeneHns TaHreHUWamnbHbIX OCTaTOYHbIX
HanpsbkeHUN CKaTUst MOXHO JOCTUYb 3@ CYET YBENMWYEHUS WX TNyOMHbI. YCTaHOBMEHA NMHENHAs 3aKOHOMEPHOCTb Npw
cTeneHsx otHocuTenbHoro obxatus ot 0,1 go 1,0%. Camoe Gonblwoe conpoTueneHne narnby 3auKCMpoBaHO y ynpou-
HEHHbIX OTHOCUTESbHbIM 06XaTnem 06pasuos ¢ bnuskumu k 1,0% BenuymHamu. O6paboTaB 3aroTOBKM OXBaTbIBAKOLLNM
nedopmupoBaHuem ¢ obxatnem 1,0% n Harpysus ux nonepeyHon cunon 0,6 kH, MOXHO JOBUTLCS YMEHbLUEHNS UCKa-
XEeHUs npu M3rnbe n yBenu4uTb NPOYHOCTb AeTanen B 5 pas. YCTaHOBNEHO, YTO Ha U3MMBOHYI0 XECTKOCTb LMIMHAPUY e-
CKMX BanoB 6OMbLUOE BIMSIHWE OKa3biBAKOT OCTATOYHblE HANPSKEHWS Cxatusl. [nybuHa 3aneraHnst ocTaTouHbLIX Hanp si-
XEHWIA OKa3blBAeT pasnnyHOe BNMSHUE Ha XECTKOCTb LMIMHOPpUYeckux aetanen. Takum obpasom, NnpaBuibHO BOCMOMb-
30BaBLUMCb YNPOYHSIOLLMM OXBATLIBAKLMM AePOPMUPOBAHUEM, MOXHO CCHOPMUPOBATL KAYECTBEHHbIA NOBEPXHOCTHbI
Cnon getanen ¢ 3apaHee 3afaHHbIM pacnpegeneHneM 0CTaTOuHbIX HanpsKeHun.

Knroueebie cnosa: cteneHb 06xaTus, 0CTaTOYHbIE HANPSXKEHNUS!, OXBaTbiBalOLIee AedOpMUPOBAHUE, LIUNIUHOPUYECKNIA
obpaseL, M3rnbHas XecTKoCTb, MOBEPXHOCTHbIN CIOW

Ansa yumupoeanus: Knumosa J1.I. BnusiHne oCTaTOYHbLIX HaNpshKeHUA Ha M3rMOHYH XECTKOCTb BasnoB, YNPOYHEHHbIX
oxBaTblBaKLWMM aedopMupoBaHueM. BecmHuk Mpkymcko2o 2ocydapcmeeHH020 mexHuUYeckoz2o yHueepcuteta. 2021.
T.25. Ne 4. C. 412-420. https://doi.org/10.21285/1814-3520-2021-4-412-420

Effects of residual stresses on the bending stiffness
of shafts strengthened by enveloping deformation

Larisa G. Klimova
Irkutsk National Research Technical University, Irkutsk, Russia

Abstract: The aim was to study the effects of technological residual stresses on the bending stiffness of cylindrical parts
of shafts and axes. Experiments were conducted for elongated cylindrical specimens made of steel grade 35 with a di-
ameter of 30 mm using boring and turning methods. Specimens were annealed in a protective medium to remove initial
residual stresses. Experiments were carried out using an Amsler laboratory hydraulic testing machine and VK8 grade
hard-alloy matrices. The experiments showed that, for an extremely low degree of relative crimping of 0.1 to 0.5%, the
size of the layer with tangential residual compression stresses gradually decreases. The stiffness of such cylindrical
workpieces remains almost unchanged. An increase in relative crimping (from 0.5 to 1.2%) leads to a decrease in resid-
ual compression stresses on the part surface. The layer thickness with tangential residual compression stresses starts to
increase. This leads to a decreased residual buckling and an increased bending stiffness. It was found that the degree of
relative crimping has no effect on the variation of distribution depth of axial residual stresses. Optimal distribution of tan-
gential residual compression stresses can be reached by increasing their depth. A linear relationship was found for rela-
tive crimping of 0.1 to 1.0%. The highest bending resistance was recorded for specimens strengthened by residual crimping
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of about 1.0%. By processing workpieces using enveloping deformation with crimping of 0.1% and loading them with a
transverse force of 0.6 kN, bending distortion can be decreased and the strength of parts can be increased by 5 times. It
was found that the bending stiffness of cylindrical shafts is greatly affected by residual compression stresses. The bedding
depth of residual stresses has various effects on the stiffness of cylindrical parts. Thus, correct use of strengthening envel-
oping deformation can form a high-quality surface layer on parts with the pre-defined distribution of residual stresses.

Keywords: compression degree, residual stresses, enveloping deformation, cylindrical sample, bending stiffness, sur-
face layer

For citation: Klimova LG. Effects of residual stresses on the bending stiffness of shafts strengthened by enveloping de-
formation. Vestnik Irkutskogo gosudarstvennogo tehnicheskogo universiteta = Proceedings of Irkutsk State Technical
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BBEOEHUE

B coBpeMeHHOM MalUMHOCTPOEHUN MOXHO
yBUOETb TEHAEHUMIO K YMEHbLUEHWI0 mMeTanso-
eMKoCTK nsgenui. MpoucxodmT 370 3a CYET Co-
3[aH1S1 HOBbIX KOHCTPYKLIMOHHBIX Matepuanos ¢
BbICOKOW MPOYHOCTbIO M MMEILLMX 0cobble aKC-
MnyaTaLvoHHble ceoictBa’ [1]. AHanns nutepa-
TYPHBIX MCTOYHUKOB, MOCBSALLEHHbLIX 3agaye no-
BbILLEHUS MPOYHOCTW, Mokasan MHoroobpasue
NPOBOAUMBIX aHaNUTUYECKUX U 3MMUPUYECKNX
uccnegosaHuid. NoBbILLEHWE NPOYHOCTU MaTe-
puana no3BofSeT CHWXaTb pa3mepbl nonepeyd-
HbIX CEYEeHWUN feTanen Tuna sanos u ocew. [pu
TakoM noaxode ccopmupoBasca Krnacc marso-
XECTKUX JeTanen, K KOTOpbIM OTHOCATCH LUMUH-
[ENMN CTaHKOB, XOAOBble BWHTbI, LMAUHOpPUYeE-
CKMe HanpasnsiLme, WTOKN U Lenbld pag aHa-
nornyHbIX getanen [2, 3).

HagexHoCTb HeXecTKkux aeTtanen oueHuBa-
eTCA HEe TOMbKO KayeCTBOM MOBEPXHOCTHOIO
CINosi, HO U TOYHOCTbLIO (hOPMbI, KOTOpPAas Xapak-
TEpU3yeTcs XeCTKOCTbI. KeCTKoCTb onpefe-
nseTcs cnocobHOCTBIO AeTanen conpoTUBNATb-
CH BHEWHUM W BHYTPEHHUM CWUMOBbLIM (PaKTO-
paM, TO eCcTb ynpyromy gedopmMupoBaHuio.

Ona  wu3genun  uunuHOpUYeckon  opmbl
XECTKOCTb MOXHO OLEHWUTb OTHOLUEHWEM Benu-
YMHbI NOMEePEYHOW Harpy3kn K MakCMmanbHOW
ctpene npornba [4]. MNpu n3rotoBneHun geta-
nen 1 Ha ux aKcniyartauuio HeraTuBHO BnusieT
Manas uarubHas xectkocTb [5, 6].

dopma u3genus, YCroBUS HarpyxeHus u
(pusnKo-mMexaHn4eckne CBOUCTBA MaTtepuana —
370 (haKTopbl, onpegenstoLe U3rnbHyo xecT-
KOCTb LUMNUHAPUYECKUX aetanen [7]. Ha npaktu-
Ke TOonbKo Moaynb ynpyroctn (E wnmn G) cno-
COOCTBYET W3MEHEHMIO KECTKOCTU AeTanen.
YCnoBua Harpy>XeHusi 1 reoMeTpuyeckue napa-
MeTpbl, Kak npaBuno, bbiBatoT yxe 3agaHbl. Oa-
Hako B pa6oTtax’® [8] yCTaHOBMEHO, 4YTO Ha MO-
AyNb  ynpyroct 0Obl4HbIE  TEMMEpaTypHO-
CUNOBbIE U3MEHEHWS MOYTU HE OKa3sblBalOT HU-
KaKoro BMUSIHKS.

B paborax [9, 10] paccmoTpeHa BO3MOX-
HOCTb U3MEHEHUS U3rMOHOM KEeCTKOCTM AeTanen
3a cyeT (POPMMPOBAHMS OCTATOYHbLIX Hanpsxe-
HUW. OgHako 3TW pe3ynbTaTbl MOMYYeHbl Ha
CXeMaTU4HbIX 3aKOHax pacnpegeneHus ocTa-
TOYHbIX HanpsbkeHun [11].

[ns oTtgenovHo-ynpoyHsiowen obpaboTtkm
ANVHHOMEpPHBIX Banos aBTopamu [12-14] npea-
NOXeH NpoLecCc OXBAaTbIBAKLLErO MacTUYecKo-
ro gecdopmupoBanus. Npn aToM 3a cyeT nony-
yeHuss 6e3aNCnoKaLMOHHbIX KpUCTanmIoB u Top-
MOXEHUS OBWKYLUMXCA AWUCNOKALMA NPOMCXO-
AMT MOBbLILEHNE MPOYHOCTU u3genus. Takon
npouecc aeopmmpoBaHus obnagaeTt He ToSb-
KO BbICOKOW MPOWU3BOAUTENIbHOCTbIO, HO M CMo-
COBHOCTbIO  (hopMMPOBaTL KAYeCTBEHHLIN MO-
BEPXHOCTHbIN CMOW JeTanev C 3afaHHbIM pac-
npefeneHneM OCTaTOYHbIX HanpsKeHWW. ITOT
cnocob ynpoyHeHust Obin UCNONb30BaH B AaH-
How pabore.

l3yeB N.B., Danunos B.U. ®usnuyeckne ocHoBbI MpoyHOCTH MeTannos: y4eb. nocob. JdonronpyaHbii: UL «MHTennekT»,

2013. 376 c.

2I'I|/|cape|-||<o I.C., Axoenes A.l., MaTBeeB B.B. CnpaBo4HuK no conpoTuBneHnio Mmatepuanos. Knes: M3g-Bo «HaykoBa

pymkax, 1988. 736 c.

3Pecnep N., Xoppepc X., bekep M. MexaHnyeckoe noBeAeHWE KOHCTPYKLMOHHbIX MaTepuanos: yueb. nocob. Jonro-

npyaHbi: U «MHTennekt», 2011. 504 c.
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Llenblo uccnegoBaHns siBUNachb  3Kcnepu-
MEHTanbHasi MNpoBepKa BMUSHUSI OCTATOYHbIX
HaNPSHKEHUA Ha WM3rMOHYI0 XECTKOCTb AJSIMHHO-
MepHbIX JeTanen Tmna Banos, LWTaHr, OCeN.

METOOUKA SKCNEPUMEHTA

[na BbINONMHEHMS 3KCNEPUMEHTa UCMOSb30-
Banu ob6pasubl LMAnHAPUYECKOW (OopMbl U3
ctanu 35 (c npegenom Tekydectn = 360 Mrla,
npegenom npoyHocTyn = 485 Ma).

Takne obpasubl Obiny Bbipe3aHbl U3 ANNH-
HOMEpHbIX 3aroTOBOK. [na onpepenexus ocTa-
TOYHbIX HaNPsHKEHWA MCMOMb30BaNcs MexaHu-
YECKWIA MeTo pacTOuKM U OOTOYKM LunnHApK-
yeckux getanei. AT0T meTog Obln NpeanoxeH
. 3akcom u ycosepleHcTBoBaH J1.A. [Mukma-
Hom 1 A.H. babaeBsbim [15].

lNocnenoBaTenlbHOCTbL ONpeaeneHus octa-
TOYHBIX HANPSXKEHWI:

1) cBepneHve ¥ pacTaymMBaHue LENbHbIX
LMIMHApUYeckux obpasLos;

2) n3vepeHue paguanbHbIX U OCEBbIX [e-
chopmaumii uMNMHAPUYECKMX 06pa3LoB;

3) Ha OCHOBAHWW 3TUX AaHHbIX NPOM3BELEH
pacyeT rnaBHbIX KOMMOHEHT TeH3opa oCcTaTou-
HbIX HaNPSKEHWN:

., E dle, +ve
o, =1_V2 (AH—A)¥—(€Z+V5¢) ,
, E d(gw+vgz) A +A
o =1 | (A= oA e |
. E -A
o =B, ),

roe o,,0,,0, — COOTBETCTBEHHO, OCEBbIE, TaH-

reHuManbHble W paguanbHble  OCTaTOuHble
HanpskeHusi; E — mogynb ynpyroct nepBoro
pogda; A, — nnowanb, CBA3aHHasi C BHELIHUM
OVMaMETPOM LMIMHAPA; A — nepeMeHHast nno-
Wwaab, CBfi3aHHas C paguMycom paccmaTpuBae-
MOrO Cros; &,,€, — OTHOCUTENbHOE M3MEHEHNe

ANVHBI U BHELLHEro AvameTpa, T.e. reomMeTpum
AeTanu npu pactaynBaHuu LMNUHIpA.
Ha uunuHgpuyeckux obpasuax yaansnm

MawmnHocTpoeHMe U MalLlMHOBeAEHUe
Mechanical Engineering and Machine Science

CHapyXu KOHLeHTpuYeckue crion metanna. Yro-
Bbl NONYYUTb OCTATOYHbIE HANPSHXKEHWUS B Nepu-
(PepUiHbIX CrOsIX, U3MEPSNIN OCEBble U TaHreH-
unanbHble aecopmaumnu BHyTpY 06pa3Los.

Ha ycTOM4YMBOCTb OCTaTOYHbIX HaNPSHKEHWM
BNMSIeT W3MEHEHWe reoMeTpun geTanen, u Kak
CNEeACTBME U3MEHEHWEe CBOWCTB MeTanna, CBS-
3aHHOE C 3apaHee BbINOSIHEHHbIM pacTayvnBa-
HueMm. Moatomy cnocobom . 3akca Gbinu onpe-
[eneHbl cneunanbHble MOMNpaBkM Ha OCTaToM-
Hble HanpsXKeHWs, u3MepsieMble Npy MOMOLLM
Takoro pacraymsaHus [3].

[ns npoBepkn NpaBMALHOCTY OnpeaeneHns
OCTaTOYHbIX HaMNPSHKEHUA WCMONb3OBaNM MHTe-
rpanbHble YCNOBUS PaBHOBECUS:

faf-dAzO; VTU;-dFIO.
0 0

Mpu pactaumBaHuM 1 06TaYMBAHWUM LIUMUH-
Apvdyecknx obpasuoB NPOUCXOAWUT HarpeB Mme-
Tanna, cosfaeasi HEO4HOPOAHOe TemnepaTyp-
HOe nose BHyTpu AeTanun. Kpome 3T0ro, MUMKpO-
reomeTpusi nsgenust mexsietcs. B mectax obpa-
60Tk geTanen npoucxoauT opobneHne 3epe,
KOTOpble TEPSKT nepBOHaYanbHyl ¢GopMy K
Pe3KO MEHSIIT COOTHOLWeHWe pasmepos. [lpu
3TOM CTPYKTypa OCHOBHOrO MeTanna, rae 3epHa
pacnonoxeHol 6ecnopsgovHo, OTNMYAEeTCs OT
006paboTaHHbIX y4aCTKOB, Ha KOTOPbLIX 3epHa
BbITAMBAKOTCA B HanpasneHun aedopMupoBa-
HUA. B faHHOM cnyyae OenCcTBUTENbHAA Benu-
YMHa OCTaTOYHbIX HanpsbkeHun Oyget HecTa-
HunbHa. YT06bI 3TOr0 HE NPOM30LWNO, ObINK Bbi-
MOMHEHbI CneumnanbHble 3KCMEPUMEHTbI, KOTO-
pble nomornu nogobpatb peXxumbl pe3aHus, He
BNUSOLLME HA M3MEHEHUSt OCTAaTOYHbIX Hanps-
XEHWN B MeTannuyecknx obpasuax. beinm noa-
rOTOBMNEHbl OTOXOKEHHbIE 00pasubl 6e3 ocTa-
TOYHbIX HaMpsKEHWA U Ha HUX 3TN PEXUMBI
npoLunn TecTupoBaHue. bnarogaps cBsA3n Ton-
WWHbI CHUMAEMOro crosi ¢ gedopmaumein 06-
pasUOB BbINOMHEHblI pac4eTbl COCTaBMSHOLLIMX
TEH30pa OCTATOYHbIX HanpshkeHui. [na atoro
yOansnm KOHUEHTpUYECKne Cnov LunuHapa u ¢
TOYHOCTbIO +1 MKM U3MEPSNN €ro UCKaXeHus B
OCEBOM ¥ pagnanbHOM HanpaBnieHUsX.

OnTumanbHOEe 4NUCNoO  yOansieMbiX CIOEB
ObINO onpedeneHo npu nomowwy maTtematude-
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ckoit 06paboTki pe3ynbTaToB onbiToB?. Okcne-
PUMEHTbI C OXBaTbIBAKOLWMM AeDOPMUPOBAHNEM
BbIMOMHANM Ha nabopaTopHOW rMapaBnMYyecKon
malumHe Amcnep npu nomowm matpuy BK8, ns-
rOTOBMNEHHbIX M3 TBepAablx cnnasoB. ObGpasubl
Ans  OOHyneHuMss  HavanbHbIX  OCTaTOYHbIX
HaNPSKEHWN OTXXUranu B 3allmMTHOW cpege. [Ans
onpegeneHnss ONTUManbHOTO 4KUCna 3amepoB
nocne yaaneHus kaxagoro cnost 6binu nocrpoe-
Hbl KpuBble pAedopmauuin. [ng nposeaeHus
OMbITOB WCMONb30Banu CTanbHble Banbl Auna-
metpom 30 mm (ctanb 35). Matpuua 6bina no-
CTOSIHHOW, ¥ YTOObI NONYYUTb HYXHYHK CTENeHb
OTHOCUTENbHOrO 06XaTus, Obln  paccymTaH
HavyanbHbIN AMamMeTp LMNMHApa.

OcTaTou4Hble HanpspKeHWst paccyuTaHbl Mo
pesynbTatam BbINOMHEHHbIX 3KCMEPUMEHTOB C
oxBaTbIBaOLWMM AedopmupoBaHunem [16].

PE3YJIbTATbl 3KCNEPUMEHTAIbHbIX
WCCNEOOBAHUNA

B kauecTBe OCHOBHOrO mapameTpa OXBaTbl-
BaKLLero AeopMnpoBaHns, OT KOTOPOro 3aBu-
CAT BENMMYMHA W XapakTep pacnpeneneHus
OCTaTOYHbIX HAMPSXKEHWI, NPUHSATA CTeNeHb OT-
HocuTenbHoro obxatus (Q), koTopylo onpeae-
nanum no opmyne [3]:

2_1n2
22 100%,

Q:

rae Dy, Dy — usmepeHHbii gnameTp obpasua Ao
¥ nocrne oxeaTbiBaloLero 4eopMUpOBaHMs.
Mpn BLINONMHEHUN 3KCMEPUMEHTOB CTEMEHb
OTHOCUTENBbHOrO 06XaTusi Haxogunacb B npe-
penax ot 0,1 0o 5%.
B Tabnuue npeactaBneHbl MakCcUManbHble

3HaYeHNs! OCeBbIX o, W TaHreHUManbHbIX cr;

OCTaTOYHbIX HanpskeHwd, a Takke rnybuHa
pacnpegenexnus (A) OCTATOYHbIX HaMPSKEHUN
CXaTusi B NOBEPXHOCTHbIX CMOSIX.

BennunHy un3rmbHOM XecTKOCTU YNpPOYHEH-
HbIX MPYTKOB OLEHMBaNM 3KCNepUMeHTasnbHo.
Ona atoro Kk cepeauHe UWNWHAPA, KOTOPbLIN
ycTaHaBnuBanu Ha ABe Mpu3Mmbl, NonepeMeHHo

npuknagbisanum rpys senuuunHon 0,2; 0,4; 0,6 kH.
Ona onpegeneHus octatoyHoro npornba uc-
Monb30Basn MUKPOUHAUKATOPHYHO FOSIOBKY.

3aBMCUMOCTb MaKCMManbHbIX OCTATOYHbLIX HanpsKEHUI
Ha NOBEpPXHOCTU U FJ'Iy6I/IHbI X pacnpegeneHna ot Benun-
UWHBI OTHOCUTENBHOTO 0BXaTUs

Dependence of maximum surface residual stresses and
their distribution depths on the value of relative compres-
sion

Ooneir | Q% O s | A7 GZmaw A;‘ax,
Mna MM MMa MM
1 010 | -160 5 -52 12
2 015 | -220 5 -65 10
3 030 | -230 5 -102 9
4 0,50 -240 5 -85 6
5 0,80 -80 3 -60 10
6 1,00 | +20 5 45 11
7 2,00 +360 5 +140 8
8 3,00 +400 5 +130 3
9 5,00 +440 5 +120 2

Npu cBepxmarnbix 06XaTnsx NOBEPXHOCTHbIN
cnovt gecopmupyetcsa cnabo. lNpoucxogat ms-
MEHEHMUsI B reOMETPUM NOBEPXHOCTHOIO Cos Ha
YPOBHE OTAENbHbIX 3€PEH, HE BbI3blBasi CTPYK-
TYPHbIX NpeBpaLleHWn B OCTanbHOM 06beme
petanen. Puc. 1 gemMoHCTpupyeT 3aBUCUMMOCTb
OCTaTOYHbIX NpornboB fo;; OT CTEMNEHU OTHOCU-
TenbHoro o6xatust Q obpasuoB nocne oxeaTbl-
BatoLLlero gegopmupoBanusa. Ha puc. 1 otyer-
NBO BWAHO, NPV CBEPXMArOii CTENEHN OTHOCHU-
TenbHoro obxatna — ot 0,1 go 0,5% — nameHe-
HUS HayasnbHOM XXECTKOCTW U3Oenus Hecylie-
CTBEHHbl, X TEOMETPMS AeTanu NpaKTUYEeCKM
OCTaeTcs B NepBOHaYanbHOM COCTOSHUM. [pu
Takmx 00XaTusX MexaHW4eckue XapakTepucTu-
KU MEHSIOTCS TONMbKO Ha MUKPOYPOBHE.

B pesynbTtaTte npoBeaeHHbIX 3KCNEPUMEHTOB
66110 0BHapyXeHO, YTO Npu pocTe OTHOCUTENb-
Horo obxatus c¢ 0,5 po 1,2% npoucxogut
YMEHbLLEHWE OCTATOYHbIX HaNPSHKEHWUA CxaTust
Ha NOBEpPXHOCTM AeTtanu (cm. Tabn. 1).

4PyMLIJI/IHCKVII;1 J1.3. MaTemaTunyeckas obpaboTtka pe3ynbTaToB 3KCMepUMEHTOB. CnpaBoYHOe pykoBogcTBo. M.: 3g-Bo

«Hayka», 1971. 192 c.
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Puc. 1. BnusiHue cmeneHu omHocumeibHo20 o6xamus Q Ha eflU4UHY 0CMamoyHoz20 npoauba
nocsie nonepe4yHo20 uszuba obpasyoe (F = 4 kH)
Fig. 1. Influence of the relative compression degree Q on the value of the residual deflection
after transverse bending of samples (F = 4 kN)

Mpn 3TOM OCTATOYHbIA NpPorMb CTaHOBMTCS
MeHbLe (cMm. puc. 1). To ecTb Npy ymeHbLUe-
HUM OCTaTOYHbIX HANPSPKEHUN CXKaTUS MOXHO
NONy4YnTb MOBbILIEHWE XECTKOCTM [AeTanen
Tuna Banos. YTobbl ygoctoBepuTbCa B npa-
BUITbHOCTM TaKoro BbiBoda, bbinm obpaboTta-
Hbl pe3ynbTaTbl OMbITOB W NPOBEPEHa 3aBu-
CUMOCTb NyOMHBI OCTATOYHLIX HAMPSHKEHUN
cxkatus (A) OT cTeneHn OTHOCMTENIbHOIO CXa-
Tns:

Agp=r-r; Az=r-r,

roe r — paguyc obpasua, r,,r, — Benu4MHa

paguyca usgenui, npyu KOTopow pacTarmsato-
LMe OCeBble W TaHreHumanbHble OCTaTOYHble
HaNPSXKEHNS MEHSAIOT 3HaK Ha CXuMarolime
OCTaTOYHbIE HAaNPSHKEHUS.

Ha puc. 2 nokasaHbl pesynbTarthl pacyera.
Mpn pocte obxatus ot 0,1 go 0,5% pasmep
Cnosl € TaHreHUMasbHbIMW  OCTATOYHBIMM
HaNPSHKEHUSIMU CXaTUS NOCTENEHHO YMeEHbLLa-
eTcs. 3aTo npu yBenuyeHnn obxatusa B npege-
nax ot 0,6 o 1,2% — TonwmHa cnost HaYMHaeT
yBenuumeatbea (puc. 2). 3aBucumocTb A ot Q
SBMNAETCA HEeoAHO3Ha4yHoW. Bo  BHyTpeHHUX
CrosiX AeTanei HanpshkeHne MeHblue bnaroga-

P TOMY, YTO penakcauus HanpskeHUn MoxeT
npotekaTtb 6onee cBOOOAHO.

Bblno nonyyeHo, 4TO CTeneHb OTHOCK-
TenbHOro 06XxaTus He BIMSIET HA W3MEHEHME
rnyBuHbl pacnpegeneHns 0CeBbIX OCTAaTOYHbIX
HanpsbkeHud (cMm. puc. 2). OnTuManbHoro
pacnpegeneHns TaHreHumasnbHbIX OCTaTou-
HbIX HanPsKEHWN CXaTUS MOXHO AOCTMYL 3a
cyeT yBenuyeHus ux rnyouHbl. pu 3TOM
MOXHO  yBenuuuMTb  paboTocnocobHOCTb
YNPOYHEHHbIX M3QenuiA, MNoBbIWAs WX XecT-
KOCTb. Takue e BblBOAbl ObiMM OnMcaHbl B
pabotax [17-20] aBTOpamu, MccneaylwmumMm
nokasbHble METOAbI YNPOYHEHMS.

MonyyeHHble pe3ynbTatbl OMNbITOB Obinu
NPOBEPEHbI NMPU pPasHbIX BENUYMHAX Nonepey-
HbIX Harpy3oK, AeCTBYIOLWMX Ha LUIuHApuYe-
CKM1e 3aroToBKM.

Ha puc. 3 nokasaHo, 4TO OCTaTOYHbIA NPO-
b focr 3aBUCUT OT MOMEPEYHON Harpysku.
OyeBunaHo, uto npornb Ganku fo; cTaHoBUTCA
BonbLe, ecnn Bo3pactaet cuna f. lNonyyeH-
Has 3aBMCMMOCTb YXe W3BECTHa paHee u3
TEOPETUYECKUX WCCedoBaHWn 1 NPaKTUKU.
bnarogaps npoBedeHHbIM 3KCMEPUMEHTaM,
Obina obHapyxeHa nuHelHas 3akoOHOMep-
HOCTb MeXay NonepevyHon CUMON U CTEneHs-
Mu oTHocuTenbHoro obxatus ot 0,1 go 1,0%.
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Puc. 2. BnusiHue cmeneHu omHocumesnibHo20 obxamusi Q Ha 2ny6uHy pacnpedesieHusi 0CmMamoYHbIX HanpsKeHul
cxxamusi 8 nepugpepuliHbix cnosix: 1 - A, 0N maHzeHYuanbHbIX 0CMamoYHbIX HaNpPsHKeHUU;
2 — A, 0ns ocesbix 0CMamoYHbIX HanpsikeHul
Fig. 2. Influence of the relative compression degree Q on the distribution depth of residual compression
stresses in peripheral layers: 1 - A, for tangential residual stresses; 2 — A, for axial residual stresses
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Puc. 3. BnusiHue ycunuli F npu pa3Hbix cmeneHsix omHocumesbHo20 o6xamus Q
Ha eeflu4UHY 0CMamoYyHo20 npoauba
Fig. 3. Influence of forces F at different degrees of relative compression Q
on the value of residual deflection
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YKecTkocTb  UMINMHAPUYECKMX — 3arOTOBOK,
YNPOYHEHHbIX 06XaTMeM C ManbiMy 3Ha4YeHUsI-
mn — Q nexut B npegenax ot 0,1 oo 0,5 % -
MPaKTUYECKN ocTaeTca HeuaMeHHa. WarmbHas
XECTKOCTb YBENUYMBAETCS, ecnu obxaTne yBe-
nnumBaetca ot 0,6 no 1,0%. Camoe 6onbLioe
conpoTuerieHne n3rmby y obpasuos, yNpoYHeH-
HbIX OTHOCWUTENbHLIM OOXaTuem ¢ OnU3KUMK K
1% BenuuMHamu. Y Takux UMnuHapoB riybuHa
AENCTBUSA OCTATOYHbIX HANPSXXEeHUN Mo CpaBHe-
HUIO C apyrumu obxatusmu camas Gonbluias
[21], @a Ha NOBEPXHOCTN OHW MOYTN OTCYTCTBYIOT.
O6paboTaB 3aroToBKM OXBaTbiBaKOLWMUM Aedop-
MupoBaHuem c obxatmem 1% wu HarpysvB WX
nonepeyHon cunon 0,6 kH, MOXHO OOOUTLCS
YMEHbLUEHNS UCKaXEHWUs npu n3rnbe u yBenu-
YUTb XKECTKOCTb AeTanen B 5 pas.

MawmnHocTpoeHMe U MalLlMHOBeAEHUe
Mechanical Engineering and Machine Science

3AKIMKOYEHUE

B pesynbTaTte aKcnepuMeEHTanbHbIX Ucche-
[0BaHWN YCTAHOBMEHO BIUSHME OCTATOYHOrO
HaMNPSXKEHHOTO COCTOSIHWUSI Ha M3rMOHYH XecT-
KOCTb YMPOYHEHHbIX LMIMHAPUYECKUX AeTanew.
OcTaTtoyHble HanNpPsKEHUS CXKaTWUs OKasblBaKT
Oonbluoe BNUSIHWE HA MNOBbILLEHNE W3rMOHOWM
XECTKOCTW, YEeM OCTaTOYHbIE HanpsKeHus pac-
TSOKeHMs. Jlyywimne pesynbTaTbl NOSyYeHbl, Koraa
OCTaTOYHbIE HaMPSHXKEHUS B MOBEPXHOCTHbIX
CNosiX CTPEMATCH K Hyn. M3rnbHas xecTkocTb
UMNUHOPUYECKUX OeTanen He 3aBUCUT OT rny-
OvHbI  pacnpegeneHnst 0CEBbIX OCTaTOYHbIX
HanpshkeHun. XKecTKoCTb JeTanen nosbilaeTcs
B 3aBMCUMOCTM OT rNyOUHbI PaCnoONOXeHUs TaH-
reHUManbHbIX OCTATOYHbIX HaMPSHKEHUN CxXaTus
B HAPY>XHOM Croe.
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OueHka HanpsaXXeHHOro COCToAHUA pPeXxyLux anieMeHToB
KOHUEeBbIX TBepAoCnJ1aBHbIX COCTaBHbIX (bpe3 C NOKPbLITUAMU

© b.4. Mokpuukun*, B.1O. Bepewarni**
*Komcomornbckuli-Ha-Amype 2ocydapcmeeHHbll yHusepcumem, 2. Komcomornbsck-Ha-Amype, Poccus
**Hogocubupckul 2ocydapcmeeHHbil nedazoauyeckull yHusepcumem, 2. Hosocubupck, Poccusi

Pe3stome: Llenb paboTbl — nCCneaoBaTh BENUYMHBI HANPSHKEHWA B MHCTPYMEHTANbHOM MaTtepuane COCTaBHbIX KOHLIEBbIX
tpe3 onsa Toro, 4ToObI CPABHUTL KMX C AOMYCTUMBIMU HAMPSHKEHUSMW C NO3ULMIA UCKINKOYEHNS paspyennus ¢pes. Obb-
€KTOM MCCIEAOoBaHNS SBNSKTCS NpedenbHble BENMYMHBI HaNPsXKeEHUst B MHCTPYMEHTANbHOM Matepuane paspaboTaH-
HbIX COCTaBHbIX KOHLEBbLIX TBEPAOCMMABHLIX (PPE3, MMEIOLINX CONPSHKEHHBIE Mexdy COBOM PEexyLLy YacTb U XBOCTO-
BUK. Pexyllas yacTb BbINOMHEHA W3 UHCTPYMEHTANbHOTO TBEPAOrO CylaBa, XBOCTOBUK — M3 KOHCTPYKLIMOHHON CTanu.
[ns onpefeneHns HanpsikeHUN UCMOSIb30BaHO MMUTALMOHHOE MOLEenupoBaHne B nporpammHon cpege ANSYS u De-
form. CocTaBnsitowme cunbl pesaHus onpegeneHbl 3KCNepUMeEHTanbHO. MpUHATO, YTO YEM MeHbLUE BENMUYMHBLI COCTaB-
NAOWMX CUMbl PE3aHUs, TEM MEHbLUE BENMYMHBLI HaNpPsHKeHUA B MHCTPYMEHTANbHOM mMaTtepuane, ¥ TeM MeHblue BO3-
MOXHOCTb paspyLUeHus MHCTPYMEHTanbHOro matepuana. PaccmoTpeHo dpesepoBaHue TpyaHoobpabaTbiBaemoil He-
pxasetowen ctanu 12X18H10T co ckopocTbio pedaHns 70 M/MuH, ¢ rnybuHon pesaHus 1 Mm u nogaven 0,1 Mm/3y6.
PaccmoTpeH MHCTpyMeHTanbHbIM Matepuan BK8 6e3 noKpbITA M C pasHbiMK MOKPLITUSAMM, KOTOpble CNocoBCTBYIOT
CHUXEHMWIO COCTaBNALWMX cun pesaHus. [lokaszaHo, YTO COCTaBHO KOHLEBOW pe3on AuameTpom 16 MM 1 gnuHon 92
MM MOXHO 0bpabatbiBaTbh AeTanu C TOW Xe TOYHOCTbIO, C KaKoM X obpabaTbiBatoT MOHONWUTHOW (LieNIbHOM) KOHLIEBON
TBEpAOCNNaBHOM pe3oit. C yBenMYEHNEM AJIMHLI COCTaBHbLIX (hpe3 TOYHOCTb 00paboTKM CHUMXKAETCS, HO MPU AMMHAX
123 MM 1 180 MM OHW NPUMEHWUMbI ANS U3FOTOBNEHWS AeTanen, MCnonb3yemblx B 06LLEM MaLIMHOCTPOEHUU. Takum 06-
pa3oM, COCTaBHble KOHLEBbIE (hpe3bl MOryT KOHKYpPMPOBATb C MOHOMUTHbIMK (Ppe3aMu MO TOYHOCTU U3rOTOBMIEHMS U
nepuoay CTOMKOCTW, YEM OrpaHUYMBAOT CyLUECTBYIOLLYK 06nacTb NpUMEHEHUS MOHOMWUTHBIX pes. pu 3TOM cTOU-
MOCTb COCTaBHbIX ()pe3 MeHbLUe MOHONUTHLIX HAa 10-60%.

Knroueeanlie cnoga: coctaBHble KOHLeBble (*)pe3bl, Hanps>XeHusa B UHCTPYMEHTallbHOM MaTtepuane, MMHUMU3auna oTka-
3a opesbl, 3y dpesbl, UMUTALIMOHHOE ModenupoBaHne, ANSYS

Ansa yumupoeaHusa: Mokpuukun b.A., BepewaruH B.FO. OueHka HanpsikKeHHOrO COCTOSHUA PEXYLLUX IEMEHTOB KOH-
LeBbIX TBEPAOCNNABHbIX COCTaBHbIX (Ppe3 C NOKPbITUAMU. BecmHuk Mpkymckoeo eocy0apcmeeHH020 MeXHUYecKo20
yHusepcumema. 2021. T. 25. Ne 4. C. 421-434. https://doi.org/10.21285/1814-3520-2021-4-421-434

Evaluation of the stressed state of cutting elements
of coated end-milling hard-alloy combined cutters

Boris Ya. Mokritskii*, Vladislav Yu. Vereshchagin**
*Komsomolsk-na-Amure State University, Komsomolsk-na-Amure, Russia
**Novosibirsk State Pedagogical University, Novosibirsk, Russia

Abstract: This paper compares stresses arising in the tool material of combined end-milling cutters and their admissible
values with the purpose of preventing cutter destruction. The limit stress values of tool materials for the developed end-
milling hard-alloy combined cutters having an interfaced cutting part and tailpiece were investigated. The cutting part was
made of a tool-grade hard alloy, and the tailpiece was made of structural steel. To determine stresses, simulation model-
ling was carried out in the ANSYS and Deform software. The cutting force components were found experimentally. It was
assumed that lower cutting force components lead to lower stresses in the tool material. This results in a lower probability
of tool material destruction. The process of cutting the hard-to-cut stainless steel 12Kh18N10T was considered at the
following parameters: a cutting speed of 70 m/min, a cutting depth of 1 mm, and a feeding of 0.1 mm/tooth. The tool ma-
terial VK8 with no coating and with various coatings promoting the reduction of cutting force components was studied. It
was confirmed that a combined end-milling cutter 16 mm in diameter and 92 mm long can be used to cut parts with the
same accuracy as using a solid end-milling hard-alloy cutter. An increase in the length of combined cutters decreases the
cutting accuracy; however, for lengths 123 and 180 mm, these cutters can be used to manufacture parts applied in gen-
eral machine building. Therefore, combined end-milling cutters can compete with solid cutters in terms of the manufactur-

ISSN 1814-3520 BECTHUK UPKYTCKOIO roCYOQAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2021;25(4):421-434 421
PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(4):421-434




Mokpuykut b.51., BepewjacuH B.FO. OyeHka HanpsiXeHHO020 COCMOSIHUS PeXyWUX 3/71eMeHMo8 KOHUEe8hbIX ...

Mokritskii B.Ya., Vereshchagin V.Yu. Evaluation of the stressed state of cutting elements of coated end-milling ...

ing accuracy and resilience period, which limits the existing applicability of solid cutters. The cost of combined cutters is
10-60% lower than that of solid cutters.

Keywords: composite end mills, tool material stresses, milling cutter failure minimization, milling cutter tooth, simulation,
ANSYS
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BBEOEHUE

OCHOBHOM MPUYMHON CKOMa XBOCTOBWKA MO-
HOMUTHBIX KOHLEBbIX TBEPAOCNNABHbLIX (hpes y
MecTa KpenmneHns 1x B NaTpoHe CTaHKa ABnseT-
cs [1, 2] npeBbIlEHNE HANPSHKEHUN B MaTepua-
ne TBEPAOro crnasa TexX BEeSIMYUH HanpshxeHun,
KOTOpble ONS AaHHOW Mapku TBepZoro cniasa
ABNATCA npedenbHo  gonycTumbiMu.  OTkas
Takon ppesbl He MO3BOMsAET WUCNonbL3oBaTh ee
fanee. B kayecTBe 4aCTMYHOW anbTepHaTUBbI
MOHOMUTHBIM dope3am paspaboTaHbl [3-5] co-
CTaBHble (ppesbl. Y HMX pexyLias YacTb BbINOI-

@ |
L
3
8

HEHa 3 TBEpZoro cnnaeBa W COCTbIKOBaHa C
XBOCTOBMKOM, BbIMOSIHEHHBIM M3 KOHCTPYKLMOH-
Horo matepuana. Obuiee npeacrasneHne O Co-
CTaBHbIX (hpesax JalT ux oTtorpadum, npunse-
AEeHHble Ha puc. 1.

Byaoyun noaBepXeHHbIM TakUM e BO3Aen-
CTBMSIM NpU pe3epoBaHnm, Kak U MOHOMUTHbIE
TBEpAOCMNaBHblE KOHLEBbIE (Ppe3bl, COCTABHbIE
bpesbl 0becneunBaloT penakcaumio Hanpske-
HWA B MaTepuane XBOCTOBMKA hpesbl, YTO UC-
KntovaeT pa3pyLUeHe XBOCTOBMKA.

Puc. 1. lIpumepbl cocmaeHbIX KOHUe8bIX ¢hpe3s: a, b — npumepsbl hpes ¢ NOKPbIMuUEM, KONbleeas KaHaeka yka3bieaem
Mecmo cmbIKo8aHUs pexyweli 4acmu ¢ Xe0CMOBUKOM; C — NpumMep pabomsi ¢hpe3oli Ha cmaHKe ¢ YUC108bIM
npozpaMMHbIM yrpaesieHuem
Fig. 1. Examples of composite end mills: a, b — examples of coated end mills, the annular groove indicates the joint of
the cutting part and the shank; ¢ — an example of milling cutter operation on a numerically controlled machine tool
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MNpumepbl 06paboTkM cocTaBHOW hpe3oit
BEPTMKANbHOM CTEHKM 3arOTOBKM (MHCTPYMEH-
TanbHas cTanb) C Bbicokon TBepgocTbio (HRC
65) n 06paboTkn BepxHei MOBEPXHOCTU 3aro-
TOBKW, BbINOSIHEHHOW W3 antOMWHWEBOro cnna-
Ba, NoKasaHbl Ha puc. 2.

Ha puc. 2 a nokasaH cnyyan, Korga ¢gpesa
aKcnnyatupyetcs B Ype3BblYaHO  CNOXHbIX
ycnosusx  (WMpuHa  dpe3epoBaHUs  paBHa
AanvHe 40 MM pexyLien Yactu dpesbl), Ha puc.
2 b, HaobopoT, nokasaH cnyyad LWagAWmx
YCNOBWI 9KCMnyaTauun (wupuHa dpesepoBa-
HUS cocTaBnseT 5 Mm). B TOM 1 gpyrom cnyvae

MawmnHocTpoeHMe U MalLlMHOBeAEHUe
Mechanical Engineering and Machine Science

nogaya Ha 3y6 pasHa 0,1 mMm. [Ans puc. 2 a
NMPUMEHEHO MONyTHOE (hpesepoBaHune, Ha PoTo
XOPOLUO BWAHbI AfIMHHAA CTPYXKa WUronbyvaTomn
dopmbl 1 obpaboTaHHas MNOBEPXHOCTb 3ep-
KanbHOro 6rnecka Ha 3arotoBke. Takom XXeCTKun
PeXUM aKcnnyaTauum pesbl NPUMEHEH YMbILU-
NEHHO ANns NPOBOLMPOBaHUA paspyLLeHns gpe-
3bl. Paspywenus He npousowso. MNMocne 40 MuH
paboTbl B TaKMX YCMOBUSAX PeXyLMe Ie3Bus
3ybbeB bpesbl MMenu HopManbHbIA XapakTep
“3HOCA C HE3HaAUYUTESIbHbIMU MECTHbIMW BblKpa-

LUnBaHUAMN.

Puc. 2. [Ipumepsbi hpesepogaHusi cocmasHbIMU hpe3amu pas3uyHbIX 3a20MOBOK:

a - o6pabomaHHasi sepmukanbHasi 108epPXHOCMb 3a20MOBKU U U20/ib4Yamasi cmpyxka, o6pa3oeaswasics npu
¢hpesepoeaHuu u ynaswas Ha 3axumMHoe npucrnocobneHue; b — nnaHuposaHue 20pU30HManbLHOU N08EPXHOCMU
3a20MoeKuU, 8bINOSHEHHOU U3 a/lloMUHUE8020 criasa
Fig. 2. Examples of milling various workpieces with composite cutters: a — machined vertical surface
of the workpiece and needle-shaped chip formed under milling and dropped on the clamping device;

b - planning of the horizontal surface of the aluminum alloy workpiece
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Ha puc. 2 b npumensnuce noovepegHo no-
MyTHOE ¥ BCTPeYHOe hpe3epoBaHus (KOHTYpHas
obpabotka). CTpyxka wuMena 3MEMEHTHYIO
copmy. [MpoBoumpoBanu 3anunaHve obpaba-
TbIBAEMOrO MaTepuana B CTPYXXe4HbIX KaHaBKax
cbpesbl, HO 3TOr0 HE NMPOU3OLLNO, BOZMOXHO, U3-
3a TOro, YTO Ha CTaHKe NpumeHsanacb 0bunbHas
nogada cmasblBatoLLe-OXNaxaatoLLen XuaKocTu
B 30HY pe3aHusi.

Bonpocbl conoctaBneHWs TOYHOCTU W3ro-
TOBJIEHMS NA30B B 3aroTOBKax AeTanen npu uc-
NONb30BaHW MOHOMUTHBLIX U COCTaBHbIX (pe3
paccMoTpeHbl B pabotax® [1, 2, 6]. YcTaHoBne-
HO, YTO €CTb YCINOBMSl, B KOTOPbIX COCTaBHbIE
pesbl He ycTynatT (npu avameTpe dpesbl 16
MM, AnvHe 92 MM, pexyLlen 4acTu, BbiNONHeH-
Hon 13 TBepaoro cnnasa BK8 ¢ xBocToBukoM,
cOenaHHbIM U3 KOHCTPYKUMOHHOW cTanu 40X,
nnbo M3 MHCTPYMEHTAsNbHOW cTanu mapku P18,
nnbo M3 HEMHCTPYMEHTANbHOrO TBEPAOro cnna-
Ba mapku T30K4) moHOnWTHbIM dhpe3am umm
yctynawt (npu AnvHe dpessl oT 92 MM A0
180 MM) UM He3HauuTenbHO (0T 2 MKM [0 5
MKM, YTO MPUMEHMMO ANA wu3genunm obuero
MaLUMHOCTPOEHUS).

M3noxeHHoe Bbille ykasblBaeT Ha Heobxo-
AMMOCTb UCCNEAOBaHNS HanpsiKeHUn B pexy-
Len YacTu COCTaBHbIX dpes, N0 MeHbLIEN Me-
pe, Ans Toro 4tobbl BbISBUTL Hanbornee paumo-
HanbHbIE NYTU CHMKEHUS HaNPSHXKEHUN, YTO eLle
Bonee MOBLICUT KOHKYPEHTOCMNOCOBHOCTL CO-
CTaBHbIX (hpe3 N0 OTHOLUEHWIO K MOHOSIUTHBLIM
tpesam. OgHUM U3 NyTen MoXeT ObITb NpumMe-
HEHWE MOKPbITWIA Ha TBEpAoCnIaBHOM cybcTpa-
Te ¢pe3. ITO no3BonseT CcgopMynmMpoBaTb
credywowyo Lenb JaHHOW paboTbl: uccneno-
BaTb BESIMYMHbBI HANPSHKEHWUA B MHCTPYMEHTANb-

HOM MaTepuane COCTaBHbIX KOHLEBbIX ¢pe3
ANa TOro, Ytobbl CPaBHUTL UX C AONYCTUMbIMU
HaNPSHKEHMAIMW C NMO3NLMIA UCKIOYEHNs paspy-
WweHna dpes. Bonpockl NPOYHOCTU MHCTPYMEH-
TanbHOro Matepuana B gaHHoW paboTe He pac-
cMaTpumBaloTCs.

METOAONOrmnA nNnPOBEQEHUA
UCCIEQOBAHUA

IMUTauMoHHOE MOJenMpoBaHWe UCMOSb3y-
€M KaKk MeToh MCCneaoBaHWUa Ans BbISBNEHWS
Hambonee aeKTUBHbIX NOKPbITUA. Moaenu-
pOBaHMe OCYLLECTBNANM B NPOrpaMMHbIX Cpe-
pax ANSYS un Deform.

OnbiT (O.A. Kpuopyuko, YKkpanHa) npoekTu-
POBaHUS MHCTPYMEHTA B MPOrpamMMHON cpeae
Deform nokasan nepcnekTMBHOCTb Takoro npo-
eKTMpoBaHus. Tam peluaeTtcs 3agava ynpoLyeH-
HO, @ UMEHHO — NpeanonarakTcs U3BECTHLIMY
3aKOHOMEPHOCTW MpOTEeKaHUsi MpPOLLeCCOB Ha
KOHTaKTHbIX MOBEPXHOCTAX WHCTpyMeHTa. [pu-
ONUXEHHO OHWM onucaHbl 3akoHamu AMMOHTO-
Ha-KynoHa n 3ubens. 3TOT nogxon Ans Hac
Henpuemnem, NoToMy YTO MPOEKTUPYEM HOBOE
MOKpbITUE, ANS KOTOPOro 3TU 3aKOHOMEPHOCTH
HEN3BECTHbI.

MNoatomy ucnonb3yem Opyron MeTogonoru-
YeCKWi Nnoaxod, ero CyTb B CriedyloleMm: Yem
MeHblle cuna pesaHus, Tem 6onee BbICOKYIO
paboTOCNOCOBHOCTL MOXHO OXMAaTb OT TaKOro
WHCTPYMEHTa U1, B YaCTHOCTM, OT NPUMEHEHHOTO
Ha HeM MOKpPbITUS. 3Hasi coCcTaBnALWME CUMbl
pesaHust Ans MOJenMpoBaHus pPasHbIX MOKPbI-
TWR, MOXHO ONPEAENUTb BEMYMHBI Hanpshxe-
HUN B MHCTPYMEHTaNbHOM MaTepuane no 3aBu-
cumoctam  npodpeccopa  C.W.  TeTpywwmHa
(Tomck):

P [cosy-sin(y+©)-sina-cos(a-©)+B-cos® |+P, -[sina-sin(a—@))—m

O =2°

r-[(sinza—coszy)—ﬁ2+

C0sy-Cos(y+O—-f3-sin@)

+(sina-cosw—siny-003y)2}

! Mokpuukuin B.A., Bepewarun B.1O., Bepelwaruna A.C., Cabnux M.A. MeTannopexywuii MHCTpymeHT. KomnbtoTepHoe
mogaenupoBaHue: yueb. nocob. Komcomonbck-Ha-Amype: U3g-so ®rEOY BO «KHAITY», 2017. 76 c.
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rae Py n P, — cocTaBnsioLne cunbl pesaHus; o —
rMaBHbIN 3a4HWA Yron; y — nepegHun yron; rm ©
— MONSIPHblE KOOPAMHATLI B IMABHOW CeKyLlen
NIOCKOCTU pe3aHus.

Nonaranu, 41O OT CWUNbl pe3aHns NepenTn K
BESIMYMHAM HanpshKeHUn MOXHO MO 3aBUCUMO-
ctn (C.WN. TleTpylwnH) HanpshKeHWd B WHCTPY-
MEeHTallbHOM MaTepuare OT COCTaBNALWMUX CU-
nbl pesanus. od SKBMBANEHTHBIMU Hanpsxe-
HUAMU B WHCTPYMEHTallbHOM Martepuane noHu-
Manu crnegyoulee:

(2)

+o

o, ymax ?

9K = zmax
r0e O0; max — PAcyYeTHbIE MaKkcUManbHble Hanps-
XEHWUs MO nepefdHelt MOBEPXHOCTU PEXYLLEro
KNWHA; Oy max — PacyeTHble MakcuMarnbHble
HanNPsPKEHWS MO 3afHel NMOBEPXHOCTU pexyLle-
ro KnuHa.

MawmnHocTpoeHMe U MalLlMHOBeAEHUe
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[insa onpegeneHus COCTaBNALWMX CUN pe-
3aHMs1 NPOBENN 3KCNEPUMEHTANbHbIE MCCNeao-
BaHNS C UCMOMNb30BAHWEM CreLnanu3npoBaHHo-
ro guHamomeTpa mogenu STD 201-2, conpsira-
emoro ¢ M3BM. 310 obecneunno nsmepeHune u
3anMcb BCEX TPeX COCTaBNSAKLWMX CUMbl pesa-
Hus. [MpyrMep Takomn 3anucy nokasaH Ha puc. 3.

AHanu3 noaobHbIX 3anncen CoCTaBMSAOLLIMX
CWnbl pe3aHust nokasan CyLecTBEHHOe pasnu-
Yynme B 3HAYEHMSX U U3MEHEHUWM CUN pe3aHust
[axe Mpu He3HaYUTEeNbHOM W3MEHEHWUW YCo-
BUA pe3aHus (06e cTtanm 09X17H7HO wu
13X15HAM-3 sBnsTca TpygHoobpabatbiae-
MbIMU 1 UX (PU3NKO-MEXAHWNYECKNE XapaKTEPU-
CTUKM OTNINYAKTCA HenpuHUMnuanbHo). Makcu-
MarnbHble 3HAYEeHUS BENWYMH COCTaBMSAOLLUX
CUMbl pe3aHns nokasaHbl ANs OTAENbHbIX Chy-
yaeB B Tabn. 1, HabnopgaeTcs CywecTBeHHOe
oTnuMune (00 2 pa3) BENWYMH AN HEeKOTOpbIX
COCTaBMSAKOLLMX CUMbl PE3aHNSI.
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Puc. 3. [lpumeps! 3anucu cocmassioujux cun pezaHus (Ha epachuke eepxHsisA IUHUSI omobpaxaem eepmuKanbHYH
coCmaensiloWyro cunbl Pe3aHust, HUXHSS JIUHUS — NPOOOJIbHYI0 COCMasAUW Yy, CPEOHSS JIUHUS — paduanbHyio
cocmaensauwyr): a — obpabamsieaembili Mamepuana 09X17H710;

b - o6pabamsbieaembili Mamepuan 13X15HAM-3
Fig. 3. Examples of recording cutting force components (the upper line on the graph shows the vertical component of the
cutting force, the lower line indicates the longitudinal component, the middle line shows the radial component): a -
machined material 09H17N7YU; b — machined material 13H15NAM-3
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Ta6nuua 1. BenuunHbl COCTaBNSIOWMX CUIbI PE3aHMUS
Table 1. Values of the cutting force components

CocTtaBnsouume

CHNbI pe3anms 09X17H710 [13X15H AM-3

FXx — npogonbHas cocrasnsowas

cunbl pesaHus, H 85,5 35.2
Fy — pagunanbHas cocraensiowas 305.2 3101
cunbl pesaHus, H

Fz — BepTuKanbHas cocrasnatoLas 3625 1914

cunbl pesaus, H

[nsa ucnonb3oBaHMs COCTaBASAOLWMX CUMbI
pe3aHust B kayecTBe BXOQHOro napamerpa npu
UCMONb30BaHUN nporpammHon cpedbl Deform
paspaboTaHa CTPYKTypHas Mofenb B ABYX Ba-
puaHTax:

1) Ans pelwweHnsa NpsMON 3agayu, Koraa npo-
rHO3vMpyemasi apxuMTekTypa MoKpbITUS ABNSeTCS
ynpaBnsemMbiM BbIXOAHbIM NapaMeTpoM npo-
rpaMMHON cpeabl;

2) ans pelweHus obpaTHOM 3agaum, Korga
Xenaemas apxuTekTypa noKpbITUS 3aaeTcs Ha
BXOZe B MPOrpamMMHyl0 Cpeay, a Ha Bbixode no-
nyyalTca  napameTpbl,  XapakTepusyiolime
CIMOXHOHANPSHPKEHHOE  COCTOsSHWE  MaTtepuana
PEXYLLEr0 MHCTPYMEHTA.

[pumep CTPYKTYpHOW MOAEeNn UMUTaLMOH-
HOrO NPOEKTUPOBaHMA ANA pelleHns obpaTHoOM
3afjaun nokasaH Ha puc. 4. o aton mogenu
AN UMUTAUMOHHOIO WCCnefoBaHus  (noucka)
WHCTPYMEHTaNbHOro MaTtepuasna ¢ nokpbITUEM B
kayecTBe 3aJlaBaeMblX YCIOBWW (neBas 4acTb
Bepxa puc. 4) oka3anocb AOCTaTOMHO 3adaTb
HOPMUPYEMYIO (BONYCTUMYK) BEMUYMHY M3HOCA
h1 MHCTpymMeHTa, mMakcumanbHyto (cMm. Tabn. 1)
BEMUYMHY COCTaBNAOLWEN CUMbl pe3aHns Fi,
npefenbHo  AOMyCTUMYlo TemnepaTtypy °Ci B
WHCTPYMEHTaSIbBHOM Matepuane u npeanoytu-
TENbHbI NPUMEpP apXMTEKTYpbl MOKpbITUA. [1o-
HATUE «apxuTekTypa nokpbiTus» BeegeHo A.C.
Bepelyakon, 1 B ynpoLleHHOM Buae nogpasy-
MeBaeT COCTaB, CTPYKTYPY, KOHCTPYKLMIO N TEX-
HOMOTNI0 HaHeceHus NOKpbITMS. Hanpumep, 3a-
nuce BK8 + TiC(2 mkm) + (TICr)N(3 Mkm) +
Al,03(2 MKM) cnefyeT noHUMaTb Tak: Ha TBep-
pocnnaeHoi cybetpatr mapku BK8 HaHeceHo
TPEXCNONHOE MNOKPbITUE, @ UMEHHO — HWDKHUIA
(KOHTaKTUpytoWwun ¢ cybeTpaTom) Crnon TOnWm-
HOW 2 MKM Kapbuaa TuTaHa, Creaytowuin cnom
TOMLWMHOW 3 MKM BbINOMHEH U3 HUTpUAA TUTaHa
C XpPOMOM, BEPXHUIN CMOW TOSLLUMHOW 2 MKM Bbl-

nonHeH u3 anmasonogobHoro Al,O3 NoKpbITUS.
HaHeceHne kaxgoro U3 ykasaHHbIX COeB Tpe-
ByeT cBOEN TexHOMorMn. Hamm mncnosnb3oBaHsbl
TOSbKO U3BECTHbIE TEXHOMOMMW.

B kayecTBe BbIXOAHbIX (ynpaBnsemblx) na-
paMeTpoB AN 3TOro npumepa peLueHns obpat-
HOW 3afayu nporpammMHasl cpefa BbIBOOWT CBe-
LeHus:

— MpPOrHo3upyemas BennyMHa W3HOCa WH-
CTPYMeHTa npu 3aaHHOM NOKPLITUY;

— NPOrHO3MpyemMas BefiMunHa Cuibl pe3aHus
(He ponyckanu npesbiweHve 3000 H);

— NPOrHo3upyemasi TemnepaTypa B MHCTPY-
MeHTanbHOM MaTtepuane (He gonyckanu npe-
BbILUEHWE TEMNMOCTOMKOCTU U TEPMOCTOMKOCTM
cybcTpara);

— HanpsXKeHNs B WHCTPYMEHTaNbHOM MaTe-
puane (370 U ABNANOCL UCKOMbIM MapaMeTpoMm
VMWUTaLMOHHOTO UCCNEeoBaHUs);

— JONOMHMTENbHbIE NapameTpbl (aedopma-
LUMS MHCTPYMEHTa U CKOPOCTb Aechopmauium),
XapakTepusyoLime CrOXHOHAMNPSHXKEHHOEe  COo-
CTOSIHWE MHCTPYMEHTaNbHOro Matepuana.

MaTtemaTtunyeckuin annapar, 3anoXeHHbI B
cpegax ANSYS u Deform, aBTopamu He uname-
HeH. [Insa pewenus auddepeHumanbHbix ypas-
HEHWI, TMOSIOKEHHBIX B OCHOBY B 3TWX MpO-
rpaMMHbIX Cpefax, aBTopbl 3aJaBaniv ykasdaH-
Hble rpaHNYHbIE YCNOBUS U UCXOAHBIE AAHHbIE.

Ansa peweHns 3agaun Heobxoauma pacyeTt-
Has cxemMa [Ans onpeaeneHus HanpshkeHui.
PacyeTHasa cxema peanu3oBaHa Ans TUMOBOK
Tpexayboit pesbl. [N NpoBeAEHUS YNCIEHHO-
r0 MOLENMPOBAHUSA HaMpsXKeHW UCnosb30oBaH
MEeTO[ KOHEYHbIX 3MeMeHTOB. [puHATbLI crneay-
oLwme napameTpbl gpesbl: obwasa anvHa dpe-
36l L = 90-220 Mm; AnuHa pexyLlen 4vactu
| =40 mm; anameTtp dpesbl d = 12-16 MM; Ma-
Tepuan pexyllen 4vactm pesbl — TBEPAbIV
cnnae mapku BK8; matepman xBoCTOBMKa Bapb-
nposanu (paccmotpeHbl matepuansl 40X, P18,
T30K4).

B kayecTBe nocbina Ans nocTpoeHust pac-
YETHOW CXeMbl ONpeaeneHns HanpsxeHwn npu-
HAMKW cregylollee ycrosue: coctaBHas pesa
co3faHa pagM MOBLILWEHWUS ee JKCnnyaTaunoH-
HbIX CBOMUCTB B CPaBHEHWN C MOHOMMUTHOW (pe-
30/, NpU 3TOM TOYHOCTb W3rOTOBIIEHUS [eTa-
nen, obpabaTbiBaeMblXx COCTaBHON (pe3on,
[OMKHa obecneynBaTb €e NPUMEHEHWE B pas-
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NNYHBIX ~ YCMOBMSIX  MALUMHOCTPOUTENbHbIX
npeanpusThii. ATO YCNOBME OrOBOPEHO pacyeT-
HOW CXEMOW OTKIMOHEeHUN obpaboTaHHOM no-
BEPXHOCTU JeTann OT ee TEeOpeTU4EeCcKoro no-
NOXeHus, puc. 5 a. Ycnosuss npUMEHEHNS Me-
TOAA KOHEYHbIX 3/IEMEHTOB OTPaXeHbl Ha puc. 5
bubec.

Cxemy, npvBefeHHy Ha puc. 5 a, npuHu-
Masnum Kak cxemy obpasoBaHust OTKNOHeHUs B ot
BEPTMKANM MONOXEHNUS CTEHKM obpabaTtbiBae-
MOro nasa npu AelcTBuMU pagmanbHOM CocTas-
nsowen P1 cunbl pesanns: 1 — xBocToBUK pe-
3bl; 3 — TBepAOCNaBHas pexyLlas Yactb gpe-
3bl; 3 — 3aXMMHOE YCTPOWCTBO CTaHka; 4 — 06-
paboTaHHasi NOBEPXHOCTb Na3a 3aroToBKM 9.

MawmnHocTpoeHMe U MalLlMHOBeAEHUe
Mechanical Engineering and Machine Science

MHOOPMALIUA O PONU NMNOKPLITUA NMPU
NMPOEKTUPOBAHWUU COCTABHbIX ®PE3

Mpodeccop C.H. Npuropbes nokasan, yto B
3aBMCMMOCTM OT pellaemMblX 3agay MNoKpbITMe
MOXET BbINOMHATb PYHKLMK:

— BbICOKOTBEPAOr0 MOBEPXHOCTHOTO  Crosl,
npensaTcTBytoWero abpasvBHOMY U3HALIMBAHUIO
pabounx NOBEPXHOCTEW WHCTPYMEHTa B Npo-
Liecce pesaHus;

— NPOMEXYTO4YHON  cpeadpl, obnagatowien
HWU3KUM CPOACTBOM C obpabarbiBalowym maTe-
puanoMm U nNpPensTCTBYHOLWEN WHTEHCUBHOMY
CXBaTbIBAHUIO B YCNOBUSAX aAre3VOHHOr0 M3Ha-
LUINBAHWS;

HszHoc by
WHCTYPMEHTA hy<hy N —
0
= Cua I, &
E pe3aHud IIporpammuoe F,<F GE)
o obecreyeHme 3
5 . DEFORM =
eMmeparypa
> 0 3D-2D 0 0 =
o C, pesanus C<G )
—
o) Hanpsokenue B g
E HMHCTYPMEHTE )
52 ApxuterTypa A Jedopmarmms §
% TIOKPBITHS WHOTYpPMEHTA %
Cxopocts o
o P =
JIedopmaryu >

_ Ox Oy 2 2 .
Osxpl = 2 (7) + Txyv O 11T

= /0,2( +47%), Oy = /a,zc +31,

e=gl +ell 4+l

& - de¢popmayus
T— HanpskeHue
E - Mmodynb ynpyzocmu

Puc. 4. CmpykmypHasi Modesib pa3pabomku uHcmpymeHma e npo2paMmmHoli cpede Deform (ucnons3yemsie

0603HaYeHuUs U ux pa3mepHocmu 06u4enpuuﬂmble, a UMEHHO: T

;%y — KacameJibHble Hanpsi)XeHus; Oy, 0z, Oy—

HopMarnbHble HanpsiKkeHusl; € — 0epopmayusi omHocumenbHasi; E — modynb ynpyzocmu
Fig. 4. Structural model of tool development in the Deform software environment (the symbols used and their
dimensions are generally accepted, specifically: r,zcy -tangential stresses; oy, 0;, g, — normal stresses; & -relative
strain; E - modulus of elasticity
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Puc. 5. PacyemHasi cxema 0n1s1 onpedesnieHusi HanpshxeHull: a — kak cxema deghopmayuu kopnyca ¢ppesbl;
b — gpusuyeckuti eud modenu hpessl; ¢ — npumep modenu gpesnl ¢ pazbumuem Ha 100 mbic. KOHEYHbIX 3/1IeMEHMo8
Fig. 5. Calculation model for stress determination: a — as a diagram of milling cutter body deformation;
b - physical view of the milling cutter model; ¢ — an example of a milling cutter model segmented
into 100 000 finite elements

— @HTU(PPUKLUMOHHON TBEPOON CMasku, MU-
HUMU3MPYLOLLEN HanunaHne obpabaTbiBaemoro
mMatepuana Ha WHCTPYMEHT B npouecce pesa-
HUS;

— BapbepHOro cnosl, NPensaTCTBYOLWWEro OT-
NyCcKy NMOBEPXHOCTHOrO CMosi MHCTPYMEHTa B pe-
3ynbTaTe BO3AENCTBUSA MOBLILEHHbIX Tennocu-
NOBbIX HArpy3oK,;

— BapbepHOro crnosi, cnocobHOro TopmMo3nTb
WNW OCTaHaBnMBaTb PaCMpPOCTPaAHEHWE CETKM
YCTanoCTHbIX TPELWH, NPUBOASALLEN K MAKPOBbI-
KpaLlmBaHWio paboymx KPOMOK.

ObLen3BeCcTHbIM (hakTOM MOBbILWEHNS K-
3MKO-MEXaHUYEeCKMX U 3KCMnyaTaLMOHHbIX
CBOMCTB METanfopexyLiero MHCTpyMeHTa $B-
NAETCA Co3faHue CrouCTbIX MaTepuanoB — Co-

eAVHeHNe BbICOKOMPOYHOro cybeTparta ¢ NoKpbl-
Tvem [7, 8]. Bmecte ¢ Ttem pabounn nosepx-
HOCTHbIA CNOW C TakUM rpagMeHToOM CBOWUCTB B
maTepuane OCTaeTcs BeCbMa YyBCTBUTESIbHbIM
K MOBEPXHOCTHbIM AedeKTaM, BO3HMKaKLWUM
Mpu ero U3rotoBneHNU, 0COBEHHO nMpu Wnngo-
BaHuM paboumnx nosepxHocten. Kpome T0ro, co-
XpaHSeTCH OCHOBHasi 0COBEHHOCTb KOHTaKTHbIX
MPOLEeCCOB, BO3HUKAKOLWAA NpY pe3aHun Takum
WHCTPYMEHTOM, CBS3aHHAs C BbICOKAM YPOBHEM
HOPMasbHbIX KOHTAKTHBIX HamnpsXKeHUA U KOH-
LUEHTpauMen TennoBbIX HanpskeHun BONKU3W
pexyLlen KpOMKW, YTO ABNSETCA MPUYMHON ee
pectpykumu.  CneumanbHble  MHOrOrocrowuHo-
KOMMO3ULMOHHbIE MOKPbLITUA MNO3BONAKT «3arne-
YMTb» MOBEPXHOCTHblE AedeKTbl, BHOCUMblE
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3aTOYKOW, @ TakKe CHU3UTb YPOBEHb HOpMarb-
HbIX KOHT@KTHbIX W TEMNMOBbIX HaNPSHKEHWN.
[MpuMeHeHNe MHCTPYMEHTA C HAHOCTPYKTYPUPO-
BaHHbIM  MHOTOCIIOMHO-KOMMO3ULMOHHBIM ~ NO-
KpbITUEM MO3BONSET NOBLICUTb NEPUOS CTOMKO-
CTW B 2-3 pa3a Nno CPaBHEHUIO C UHCTPYMEHTOM
6e3 nokpelTMs 1 B 1,5-2 pasa no cpaBHEHWIO C
WHCTPYMEHTOM C KOMMEPYECKUM MOKPbITUEM Ti-
TiN. KoHuenTyanbHas ponb MNOKPbITUS COCTOMUT
B JBOWCTBEHHOW (PYHKLMMW, TaK KaKk OHO MOXEeT
HE TOSIbKO CUIIbHO W3MEHSTb MOBEPXHOCTHbIE
XapakTePUCTUKN MHCTPYMEHTanbHOro Martepua-
na (ppuKUMOHHbIE CBOWCTBA, TENIONPOBOA-
HOCTb, CKIIOHHOCTb WHCTPYMEHTAasIbHOro Mare-
puana K (U3MKO-XMMUYECKOMY B3auMoJen-
cTBUIO ¢ 0bpabaTtbiBaeMbIM MaTepuanom u T.4.),
HO W OJHOBPEMEHHO MOXET BMUATb Ha KOHTaKT-
Hble mpouecchl. MHOrOMYHKLMOHANBHOCTL NPO-
MEeXYTOYHON TEeXHOMOrM4eckon cpeapl, KOTOPOK
ABNAETCA MOKPbITME, MNO3BONSET NPOrHO3UpPO-
BaTb BO3MOXHOCTb HanpaBneHHOro ynpaseHus
Temneparypow pesaHus [8-11].

OKPBLITUS NPUMEHSIOTCA U HA MOHOMUTHBIX
cpesax. Ho B pamkax gaHHon paboTbl He npea-
CTaBNSAETCH BO3MOXHbIM CPABHUTb HanpshxeHWs
B MOHONWUTHOW (ope3e C HanpsKeHUsMn B CO-
cTaBHoW (hpese. OObACHAETCS 3TO TEM, YTO 3a-
pybexHble NpPOU3BOAUTENN MOHOMUTHBIX (hpes
3aceKkpeunBalT apxuTEKTYpy MOKPbITUS U cam
TBEpAbIN cnnas. B cuny 310ro HeT BO3MOXHOCTH
CPaBHMBATb B3ATOE HaMMW MOKPbITUE U UHCTPY-
MeHTanbHbIn TBepabl cnnaB BK8 ¢ HemsBecT-
HbIM 3apybexHbIM MNOKPLITUEM U CcybcTpaToMm.
OTeyecTBEHHbIE MOHONUTHBIE KOHLEBbIE dpesbl
[06pOKaYeCTBEHHO BbINyCKaeT TOMNbKO dupma
«CKN®-M» (r. Benropog) n ee dununan «CKN®
OB M» (r. Komcomonbck-Ha-Amype). ApxuTek-
Typa W TEXHONOrMs HaHeCceHWs MNOKpbITUS 3a-
CEeKpeYeHbl.

OBCYXOEHUE NMOJTYHEHHbIX
PE3YJIbTATOB
[lyTeM WMUTALMOHHOTO  MOZENUPOBaHSA

paccyuTaHbl (M NOCTPOEHbI U3OMUHWK) Hanps-
XEHWS B pexywem nessun 3yba pesbl npu
pasHbIX ycnosusax akcnnyatauun. OguH 3 npu-
MepOoB MoKa3aH Ha puc. 6.

Lincopbl Ha U30MMHMSAX YKa3bIBAOT BEMNYUHY
(MMa) HanpspkeHWn BOOMb AAHHOW W3ONUHUM
HanpPsHKEHNN.

MawmnHocTpoeHMe U MalLlMHOBeAEHUe
Mechanical Engineering and Machine Science

AHanm3 puc. 6 nokasbiBaeT, HAaCKOMbKO
CIMOXHbIN XapaKkTep pacnpefeneHns Hanpshxe-
HUA nporHosupyetcs. [puMeHeHne MOKPbITUN
3aMETHO CHWXaeT BeNWYUHbI HanpsHKEeHWRH, HO
Xapaktep WX pacnpefeneHus no-npexHemy
OCTaeTcs CrnoxHoiM. bonee ynobHo gns aHanu-
3@ U3MEHEHWW HanpshkeHWn 3TO MOKa3aHo B
Tabn. 2. HanpskeHns o, Ha 3agHen NOBEpPXHO-
CTn 3yba pesbl TOXE UMEIT CMOXHBbIA Xapak-
Tep pacnpefeneHuns, HO OH 3HaYUTENbHO Mpo-
e, YeM Ha nepeaHen.

BenuunHbl NporHo3vpyembix HanpskeHun B
obLlem Buae nokasaHbl B Tabn. 2. VX MOXHO
CPaBHUTb C MpedenbHO JOMyCTUMbIMK Hanps-
XeHunsmu ans cnnasa BK8 u oueHuTb yCrnoBHyto
MPOYHOCTb WMHCTPYMEHTA C MOKpbITUEM M 6e3
nokpbiTsa. OgHako HeobxoaMMO OTMETUTL, YTO
310 NpubnuxeHHas oueHka. [eno B TOM, 4TO
cnnas BK8, kak npaBuno, vMeeT KapkacHyo
CTPYKTYpY, COCTOSILLYIO 13 TBepaon dhasbl (3ep-
Ha kKapbwga Bonbgpama), markon dasbl (Ko-
6anbT) N KOHTaKTOB 3epeH TBepaoN (hasbl Mex-
Ay cobon. Kaxabl U3 3TUX 3BEHLEB CTPYKTYPbI
CrnocobeH BblAepXKMBATb Harpysku, CBOWCTBEH-
Hble UM. B pesynbTaTe BHELHWUX W BHYTPEHHUX
HarpysoK Kaxgoe 3BeHO CTPYKTYpbl NOABEPKEHO
CBOMM MaKCUMMarnbHbIM HanpshkeHWsaM (MPUHSATO
HasblBaTb  MaKCUManbHOM  MHTEHCUBHOCTbIO
HanpsbkeHun). Tak, HanpsKeHUst B 3epHax Kap-
6uaa Bonbgpama HegonycTUMbl (Npu pacTsxe-
Hun) Bbiwe 9,1 Ma. MakcumarnbHas UHTEHCUB-
HOCTb HanpshkeHun B kobanbTe coctaBnsert 4,5
Ma. W3 atoro cnegyeTt, 4To nepBoOHAaYanbHO
npu npedefibHOM HarpyXeHun HauvHeT paspy-
waTbcs kobanbT. OCHOBHLIMM KOHLIEHTpaTopa-
MW HanpshkeHWn SBASIOTCA KOHTaKTbl MexXay
3epHamu kapbuaa Bonbgpama. B Hux makcu-
MasibHasi UHTEHCUBHOCTb HaNpPshXeHWn JoCTura-
eT 9,8 [Ma.

ConocTaBneHne  MPOTHO3HbIX  BEMUYMH
HaNPsPKeHU ¢ NpefenbHO AoNyCTUMbIMUK MOKa-
3aHo B Tabn. 3.

W3 gaHHbiX Tabn. 3 cnegyeTt, 4TO NPOrHO3M-
pyemble BEMUYMHBI HAmNpsHXKeHUN Ha HECKOJSIbKO
MOPSAKOB MeHblUe BENUYMH npefdesiHo Aony-
CTUMbIX HanpskeHUn. ITO OTHOCUTCA K Hanps-
XEHUAM, OEUCTBYIOLMM Ha nepeaHen noeepx-
HOCTM U Ha 3adHEN NOBEpPXHOCTW 3ybbeB hpe-
3bl. [lpeBbllieHNe Takke OWYTUMO B Cryvae
MPUMEHEHNS NOKPLITUNA.
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Tabnuua 2. Bennumnubl HanpsxkeHuin (MIMa), AeCTBYIOWMX Ha NepeHen NOBEPXHOCTU @), 1 Ha 3aAHel NOBEPXHOCTH 0, 3yba dpesbl (ans nogaum 0,1 mm/3y6, ckopocTy

pe3aHust 70 M/MUH npy nonyTHOM dope3epoBaHuu ctanm 12X18H10T)

Table 2. Values of stresses (MPa) acting on the front surface o, and on the back surface g, of the cutter tooth (for 0.1 mm/tooth feed, 70 m/min cutting speed under

climb milling of 12H18N10T steel)

PaccrosiHue oT BepLUMHbI pe)Kyu.leﬁ KPOMKU, MM

Bua MosepxHocTs Matepwuan pe el yacTtu ppesbl

HanpsikeHWN, O | MHCTPYMeHTa P pexyw P Ne 0,02 0,04 0,06 0,08 0,1 0,2 0,3 04 0,5
1 2 3 4 5 6 7 8 9 10 11 12
BK8 (coctaBHasi 1 MOHONUTHas pesbl) 1 3300 3300 3300 3300 2600 1000 480 - -

CocraBHast opesa BK8 + TiN (5 mkm)* 2 3240 3240 3240 3240 2000 900 400 - -

CocrtaBHast opesa BK8 + BK8 + (TiAIN

nepeaHss (5 MKM) U .0, — GOKDYE <+... 3210 3210 3210 3000 1800 830 320 - -

BK8 + Ti (0,1mkm) + ;\I'A||£\IM()2MKM) + (TIAICIN (5 4 2860 2860 2860 2750 1740 800 _ 3 _

9y BK8 (cocraBHas n MOHONMTHas pesbl) 5 3300 3300 3300 3300 3300 3000 2100 - -
CoctaBHas dpesa BK8 +TiN (5 mkm)* 6 3240 3240 3240 3240 3240 3000 2100 - -

saaHas Cocrasras ‘*’pe?g 355)" BK8 + (TIA) N 7 | 3210 | 3210 | 3120 | 3000 | 2840 | 2800 - - -

BK8 + Ti (0,1 mkm) + EL\IM()Z mkM) + (TIAICI)N (5 8 2860 2860 2800 2750 2680 _ N _ N

BK8 (cocraBHasi 1 MoOHONMTHas pesbl) 9 980 870 800 780 700 930 970 700 -
CocraBHas ¢pesa BK8 +TiN (5 mkm)* 10 970 830 790 770 750 800 900 900 800

nepegHss CocraBHast pesa BK8 +(TiAI)N (5 mMkm) 11 970 830 710 700 670 650 610 - -

BK8 + Ti (0,1 mkm) + "\I'A||£\IM()2 MkMm) + (TIAICH)N (5 12 950 850 700 680 650 600 _ _ _

g: BK8 (cocraBHasi 1 MOHONUTHas pesbl) 13 980 920 870 820 780 250 - - -
CocraBHast ¢pesa BK8 +TiN (5 mkm)* 14 970 910 830 780 770 300 - - -

3aHss CocraBHasi pesa BK8 +(TiAIN (5 mkm) 15 970 910 900 840 800 760 720 - -

BK8 + Ti (0,1 mkm) + TiN (2 mkm) + (TIAICr)N (5 16 920 870 830 800 740 700 680 3 _

MKM)
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Puc. 6. Xapakmep usmeHeHus1 HanpsiKeHuUll Gy Mo nepedHell MO8EPXHOCMU PEXyW,e20 KnuHa 3yba hpesnbl
meepdocniaeHo20 uHcmpymeHma mapku BK8 npu o6pabomke mamepuana 12X18H10T: a — 6e3 nokpbIimusi;
b - ¢ odHocnoliHbIM nokpbimuem TiN monwuHol 5 MkM; ¢ — ¢ nokpbimuem (TiIAI)N monujuHol
5 MkM; e — ¢ mpexcnoliHbiM nokpbimuem Ti + TiN + (TIAI)N o6ujeldl monwuHol 7 Mkm; f — ¢ mpexcnoliHbiM nokpbimuem Ti +
TiN + (TIAICr)N obujel monwyuHol 10 MKM; g — ¢ mpexcoliHbim nokpbimuem Ti + TiN + (TIAICr)N ob6ujeli monwuHol 5 MKM
Fig. 6. Variation nature of stresses oy on the front surface of the tooth cutting wedge of the VK8 carbide tool cutter when
processing the 12H18N10T material: a — uncoated; b — with a single-layer TiN coating of 5§ um thickness; ¢ — with (TiAI)N
coating of 5 um thickness; e — with a three-layer Ti + TiN + (TiAI)N coating with the total thickness of 7 um;
f —with a three-layer Ti + TiN + (TiAICr)N coating with the total thickness of 10 um;
g - with a three-layer Ti + TiN + (TiAICr)N coating with a total thickness of 5 ym

AHanu3 gaHHbIX, NPUBEAEHHBIX B Tabn. 2 u
3, NO3BOMSET cAenaTh CriesyoLme BbIBOAbI:

Hanbonblwmne 3HavyeHWs HanpspkeHund npo-
FHO3MPYIOTCA ONs MOHONMUTHOW bpesbl 6e3 no-
KpbITUA 1 05 PEXYyLEen YacTu CoCTaBHOM (hpe-
3bl. OTU HaMpsHKEHUs He SBMATCS KpUTUde-
CkuMKM ana  paspyweHus dpesbl. Xapaktep

HaNPsPKEHU Ha nepefHei NOBEPXHOCTW BOSHO-
obpasHbli. JTO cornacyeTcs ¢ pesynbratamu
3KCNEpPUMEHTANbHbLIX WUCCMEAOBAHUN  BEMYMH
HaNpsKeHUn psiga uccnegosarenen [7-13].
lNpyMeHeHMe NOKPbLITUA Ha  COCTaBHbIX
(bpesax CHMXKaeT BEMUUMHbI HanpsKeHun. Be-
nn4mHa atoro cHmxeHus ot 1,1 pasa (cTpoka 3,
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Tabnuua 3. CpaBHeHMe NPOrHO3MPyeMbiX BEMUYNH HanpsHKeHuiA, AEUCTBYIOWNX Ha NepeaHell NOBEPXHOCTU Oy, 1 Ha
3afHeln NoBEePXHOCTH 0, 3yba dpesbl C NpeaensHO AONYCTUMBIMU BEMUYMHAMM HANPSKEHUI
Table 3. Comparison of the predicted values of stresses acting on the front surface o, and on the back surface o, of the

cutter tooth with the maximum permissible values of stresses

MporHo3upyeMblie* BeNUYMHBI HanNpsXKeHUM MpenenbHO fONYCTUMbIE 3HAYEHUS
B MHCTpyMeHTanLHoMm mMaTepuane, Ma HaNpPSXEHNil Ha 3NeMeHTaxX CTPYKTYpSI
HwxHuin . TBepgaoro cnnasa BK8, INMa
UHAEKC BK8 + TiN BKS8 + BK8 + BK8 + Ti (0.1 mkwm) + rpaHULIbl KOHTaKTa
BKS | “swan) | (TADN G i) | TIN@MEME L apbuag | s
(TIA'CT)N (5 MKM) Bonb(bpaMa p poua
BOnbhpama
3300 3240 3210 2860
y
Z 980 970 970 950 91 45 98

*[ns nogaym 0,1 mm/3y0, ckopocTu pesanus 70 M/MuH npu nonyTHoM dpesepoBanum ctanm 12X18H10T.

cronbey 4) po 10,0 pasa (cTpoku 7 u 8, cron-
Geu 4). BenuumHa CHWXEHUS HEOAHO3HauHa
A9 pa3HbIX MOKPLITUI, CornacyeTcs ¢ AaHHbIMU
pabot [14-20]. [OnuHa KOHTaKTa B LENOM
yMeHbLLaeTCs.

3AKNKOYEHUE

B pabote npuBeneHbl pesynbTaTtbl MMUTa-
LIMOHHOTO NPOrHO3MPOBAHUS HANPSHKEHWIA B UH-
CTPyMeHTansHOM MaTtepuasne 3ybbeB COCTaBHOM
KOHLEBOW TBEpAOCNIaBHON pesbl C NPUMEHe-
HMEM PasnNUYHbIX MOKPLITUA U 6e3 Hux. ony-
YeHHble pesynbTaTbl NOATBEPXAAKT OOCTUXKe-
HWe NOCTaBMEHHOW Lienu uccnenosaHus. Ycra-

HOBMEHO, YTO B peXyLleh YacTu COCTaBHOM
(bpe3bl OHM Ha HECKONbKO MOPSAKOB MeEHbLUe
KPUTUYECKUX BEMWYMH, YTO NpegnonaraeTr oT-
CyTCTBME YyCnoBuW Ona oTka3a dpesbl. [Npes-
NOXEHHble MaTepuanbl XBOCTOBUKOB COCTaBHbIX
(bpes No3BONSAIOT penakcupoBaTh HanpsHKEHWUS
6e3 pa3pyLleHns XBOCTOBUKOB. OTUM MOATBEP-
XOeHa wupeonorns  pa3paboTkM  COCTaBHbIX
(pes. Ncnonb3yemble mogenb U CTPYKTypHas
CXema NpoekTMpOBaHus hpe3 Mo3BONSAT Npo-
eKTMpoBaTb  3(PQEKTUBHbIE  MOKPLITUS  ANS
pes, 4TO eule Gonblle NOAHUMAET KOHKYPEH-
TOCMOCOBHOCTb COCTaBHbIX ()Pe3 MOHOMUTHBIM
pesam.
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UccnepoBaHne BO3MOXHOCTH npuMeHeHusx
CbOTOSﬂeKTpVI‘IeCKVIX COJIHeYHbIX YCTAHOBOK BHYTpH
KynoJ&ibHOro CTpoeHus B yCnoBusax CeBepa

© H.N. MecTtHukoB***, M.®. Bacunbes***, I'.U. laBbigoB**,

A.M. XorotanoB**, A.M.-H. Anb3akkap***
*Cesepo-BocmoyHnlli pedepanbHbili yHusepcumem um. M.K. Ammocosa, 2. Skymck, Poccus
*Mucmumym ¢busuko-mexHuveckux npobnem Cesepa CO PAH, e. Skymck, Poccus
**KasaHckul eocydapcmeeHHbll sHepeemuyeckul yHusepcumem, 2. KasaHb, Poccus

Pestome: Llenb — nccnepgoBaHne BO3MOXHOCTM pasMeLleHnst DOTOINEKTPUYECKNX COMHEYHbIX YCTAHOBOK BHYTPU Ky-
MOMNbHOrO CTPOEHUs, HaxoasLlerocs Ha 6a3e ucnbitatensHoro nonuroHa Cesepo-BocToYHOrO hegepansHOro yHUBEpPCH-
Teta um. M.K. AMMocoBa B LieHTpanbHoi YacTu Pecnybnuku Caxa (AkyTusi), C COXpaHeHUEM 3HAYUTENbHOW JOMK reH e-
pauuy MOLLHOCTU WU OnpedeneHue ONTUMANbHOrO PacCTOsHUS Mexay (hOTOINEKTPUYECKON COMHEYHOW YCTaHOBKOW W
npo3payHbiMK CTEHaMU AAHHOTO KynonbHOro CTPOeHWs. B nccnegoBaHum npuMeHsnMCcb METOAMKN M cnocobel onpepe-
NEHNSA CHUXKEHUS 3NEKTPOIHEPTETUYECKON 3PMEKTUBHOCTU (POTOINEKTPUYECKUX COMHEYHBIX YCTAHOBOK NPU U3MEHEHUN
cpefbl pa3melleHus, 6bino BbISBIEHO ONTUManNbHOE PacCTOsHWE pPasMeLLeHUs YCTaHOBKM BHYTPW MPO3payHbiX Kynomb-
HbIX CTPOEHUIA C NpuUBeLeHNEM rpadpuiecknx MHTepnpeTaLmin U rpagueHToB. ABTOpaMu CTaTbi MOSyYeHbl KOHTPOSbHbIE
napaMeTpbl CHWXEHUS BEIMUYMHBI CBETOBOIO NMOTOKA, MOLLHOCTW reHepaumm hoTO3NEKTPUYECKON CONTHEYHOW YCTaHOBKM
npy U3MEeHEeHUN cpefbl IKCnnyaTaunmu 1 oNTUManbHOe PaccTosHUe pasMeLleHns (OTO3NEKTPUYECKO CONTHEYHON YCTa-
HOBKM BHYTPY KYMOMbHOTO CTPOEHMUS B LIENSX 3HAYUTENIbHOrO CHKEHUS NOBEPXHOCTHOIO 3arps3HeHns poToanekTpuye-
CKOWA COSTHEYHOM YCTaHOBKW. Ha OCHOBE NpOBEAEHHbIX UCCMEAOBaHWUI ONPeLENneHo, YTO B Criydae akcnayatauum ¢oTo-
AMNEKTPUYECKUX COMHEYHbIX YCTAHOBOK BHYTPU MPO3PAYHOro KYMOMbHOIO CTPOEHUS MOLLHOCTb reHepauuu nagaeT Ha
25,61% B cpaBHEHUW C haKTUYECKUMM JaHHBIMU reHepaLumn Ha OTKpLITOM npocTpaHcTee. OnpedeneHo, YTo ¢ yBenuye-
HUEM PacCTOSIHWA MEXAY NPO3payHbIMW CTEHAMMW CTPOEHUS M YCTAHOBKOW MOLLHOCTb reHepauuu nagaet Ha ~ 23,01%,
CBETOBOro NoToka — Ha 5,224% Ha pacctosHum go 1,5 M. Kpome T0ro, AaHHbI cnocob npuMeHeHUs oToaneKTpuieckmx
COJTHEYHbIX YCTAHOBOK MUKPOMOLLHOCTM BHYTPM KyNOMbHOrO CTPOEHUS MOXET NPUMEHSATLCS B paMKax CTPOUTENLCTBA U
NPOEKTUPOBAHUS CUCTEMBI «YMHBbIA OMY» U 0OBEKTOB aBTOHOMHOW reHepaLmum aNekTPOSHEPTUM U MOLLHOCTU Ha Tepp -
TOPWW CEBEPHBIX PETMOHOB Poccun.

Knro4eenbie croea: conHevyHast NaHeNb Manow MOLLHOCTU, NOBEPXHOCTHOE 3arpsi3HEHNE, MOHUTOPUHI paboTel, Kynonb-
Hoe CTpoeHue, 3gaHne, EPEVER

BbnazodapHocmu: Pe3ynbTaTbl UCCNeLOBaHWIA, ONUCaHHbIE B HACTOsILWeN cTaTbe, NOAFOTOBNEHLI B paMKax BbINOMHe-
HUSA TOCYAAPCTBEHHOTO 3aAaHus No NPOeKTy «MccnenoBaHWs nyTen NOBLILLEHUS 3KCMNyaTaLMOHHON HAQEeXHOCTM U 3d-
(PEKTUBHOCTU UHTENNEKTYanbHbIX ANEKTPOIHepreTuyeckux cuctem B ycrnoeusax Cesepa u Apktukuy ®HU B PO Ha 2021-
2030 rr. mo npuopuTeTHOMY HanpasneHuto « OCHOBbI 3 (PEKTUBHOTO Pa3BUTMS W (DYHKLMOHMPOBAHUS SHEPFETUYECKMX
CUCTEM Ha HOBOW TEXHOMOrMYEeCcKoW OCHOBe B YCMOBUSX rmobanusauwu, Bknovas npobnembl aHeprobesonacHocTy,
3HeprocbepexeHns 1 paLmoHanbHOr0 0CBOEHUS MPUPOAHBIX SHEPrOPECYPCOBY», U NpW (PUHAHCOBOW NoAdepxke nybnu-
KaLWoHHOW akTuBHoCcTM CB®Y B pamkax Hay4Horo npoekta Ne 20-11-00001.

Ana yumupoeanusi: MectHukos H.MM., Bacunbes M.9., laebigos '.U., XowotaHoB A.M., Anb3akkap A.M-H. Uccneposa-
HUE BO3MOXHOCTU MPUMEHEHNS (POTOINEKTPUYECKUX CONMHEYHBIX YCTAHOBOK BHYTPU KyMONbHOTO CTPOEHWSI B YCIOBUSIX
CeBepa. BecmHuk Mpkymckoao 2ocydapcmeeHH020 mexHu4yeckoz2o yHusepcumema. 2021. T. 25. Ne 4. C. 435-449.
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Applicability of photoelectrical solar units inside
domical structures in northern conditions

Nikolay P. Mestnikov***, Pavel F. Vasilyev*** Gennadiy |. Davydov**,
Aleksandr M. Khoyutanov**, Ahmad M.-N. Alzakkar***
* M.K. Ammosov North-Eastern Federal University, Yakutsk, Russia
**Institute of Physical-Technical Problems of the North of the Siberian Branch
of the Russian Academy of Sciences, Yakutsk, Russia
***Kazan State Power Engineering University, Kazan, Russia

Abstract: The possibility of installing photoelectrical solar units inside domical structures with the maintenance of their
power generation level was investigated; an optimal distance between a photoelectrical solar unit and the transparent
walls of the respective domical structure was determined. The experiments were carried out at the North-Eastern Federal
University in the central part of the Republic of Sakha (Yakutia) by determining reduction in the electrical energy efficien-
cy of photoelectrical solar units when changing their location. An optimal distance for installing such units within trans-
parent domical structures was found based on graphical interpretations and gradients. The authors obtained reference
parameters for light flux reduction, the generation power of a photoelectrical solar unit when changing the operation me-
dium, and the optimal distance of a photoelectrical solar unit inside a domical structure for reducing the surface contami-
nation of the unit. It was found that, when photoelectrical solar units are operated within a transparent domical structure,
the power generation falls by 25.61% as compared to actual results in open space. It was found that an increase in the
distance between the transparent walls of the domical structure and the unit led to a decrease in the power generation by
~23.01% and the light flux power by 5.224% at 1.5 m. This method of installing photoelectrical solar units can be used in
the construction and designing of smart home systems and autonomous power generation facilities in northern regions of
Russia.

Keywords: low power solar panel, surface pollution, operation monitoring, dome structure, building, EPEVER
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BBEOEHUE BHeApeHNs 9HeproaPdeKT1BHbIX  KynomnbHbIX

B cTtaTtbe npuBeaeHbl pesynbTaThl Uccneno-
BaHWS O BO3MOXHOCTW 3KcnnyaTaumu ¢oTo-
3NEeKTPUYECKUX COSIHEYHBIX YCTAHOBOK BHYTPU
9HeproadheKTUBHbIX KYNOMbHbIX CTPOEHUA B
YCNOBUSX XONOAHOro Knumarta AkyTun nocpeg-
CTBOM pasMelLeHnst (POTOINEKTPUYECKnUX ycTa-
HOBOK BHYTPW MPO3pPaYyHOro CTPOEHUSI Kynosb-
HOW (POPMbI B LIEMSAX CHUXEHUS MOBEPXHOCTHOIO
3arpsI3HEHNAMOTOINEKTPUYECKON NaHENN.

B HacToAWMN MOMEHT Hay4HbIMU COTPYAHMU-
kamn CeBepo-BocTouHoro defepanbHOro yHu-
Bepcuteta um. M.K. Ammocosa (CB®Y) u Uk-
CTUTYTOM (PU3NKO-TEXHUYECKUX Npobnem Cese-
pa CO PAH akTMBHO u3y4aeTcs BO3MOXHOCTb

CTPOEHU B HaceneHHble NyHKTbI Pecnybnuku
Caxa (AkyTtms). B aton cesaAsn 3umon 2019 r.
000 TK «CwuHet» coBmectHo ¢ CBOY wum.
M.K. AMMocoBa peanu3oBaH MUNOTHBIA MPOEKT
CTpoMTENbCTBA KYMOMbHOMO 3f4aHus, Ha puc. 1
npeactaeneH obwuin Bug aaHHoro obvekra [1].
Ha puc. 1 BuaHO, 4T0 BOKOBbLIE CTOPOHbLI KY-
MOSIbHOrO CTPOEHWS BLINOMHEHbI M3 MPO3PaYHOro
TENIoM30ALUMOHHOrO 1 MOPO30CTOMKOrO Marte-
puana. [aHHbll 0ObEKT pasMeLLeH Ha TEppUTO-
pumn ropogckoro okpyra (FO) «ropog AkyTck» no
crefylowym  reorpapuyeckuMm  KoopauHaTam:
62.30236386052619 "N 129.91516946160922 "E.
OnekTpocHabxeHue BbilleykasaHHOro 06bek-
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Puc. 1. BHewHuli 8ud KynosibHo20 30aHus
Fig. 1. Image of a dome building

Ta NPOM3BOAMUTCS MOCPEACTBOM 3KCniyaTaumu
AM3enb-reHepaTopHOM YCTaHOBKM Manon MOLL-
HOCTW C oOnpeaeneHHblM noTpebneHvem au-
3eMbHOro Tonnuea M macna. Takum obpasom,
BHEApeHne BO30OHOBNSEMbIX MCTOYHUKOB SHEP-
TMW B 3NEKTPONUTAHUM BblLLEeyKazaHHOro 0bbek-
Ta SBNSIETCA aKTyanbHOW 3agadven, TpebytoLen
npoBeAeHns onpeaenieHHbIX NccreaoBaHun.

Kpome TOro, HeobxoguMmMo OTMETUTb, YTO
BCeACTBME MOBEPXHOCTHOrO 3arpssHeHus o-
TOANIEKTPUYECKOW YCTAHOBKW (CONMHEYHON naHe-
nn) pukcMpyeTcs 3HaYUTENBHOE CHIDKEHME re-
Hepauum MOLLHOCTH, BNoTb A0 44,15% [2]. Ta-
kum 0Bpa3om, MOMCK M 1UcCneaoBaHne TeXHUYe-
CKUX PELUEHUN CHWDKEHUSI CTEMNEHN NMOBEPXHOCT-
HOro 3arpsi3HeHust POTOINEKTPUYECKon ycTa-
HOBKW SIBASKOTCH OOHWMW W3 OCHOBHbIX 3ajau
uccnegoBaHus.

Takxe, B COOTBETCTBUM C UCCIe0BaHUSMMU
WHctutyTta mepanotosefeHus um. .M. Menb-
Hukoea CO PAH, onpegeneHo, 4TO CTEneHb
MbISIEBOrO 3arpsi3HEHNS 3aBUCUT OT CReAyHLWMX
MPUYMH, @ UMEHHO: TUMa NOYBbl U MOCTOSHHOTO
CTPOWUTENbCTBA FOPOACKOM WM CENbCKOM WH-
dpacTpykTypbl [3]. Heobxoaumo oTMETUTb, YTO
Ha TeppuTopun O «ropog AKYTCK» YpOBEHb
3arps3HeHns aTMocepHOro Bo3ayxa B MapTe—
anpese OLEHWBAETCS KaK MOBbILLEHHbIN. [10BbI-
LLeHHas cTeneHb onpeaerieHa KOHUEHTpauusaMm
B3BELLEHHbIX BellecTB (nbin) 1 deHona. Mak-
cumarnbHas MOBTOPSIEMOCTb MbIM  COCTaBwna

6,6%, Hanbonee BbipaxeHHast pa3oBas KOHLEH-
Tpauus (CTaHAapTHbIA MHOEKC) NO CPABHEHWUIO C
npedenbHO JOMyCTUMOW MakcMMasibHOW paso-
BOW KOHUEHTpauuen pocTurana 3Ha4yeHus Bbl-
we, Yyem B 1,3 pasa, a cpedHEMECSAYHBIN MOKa-
3aTenb MMenN 3HayeHue, npesblwatowee B 1,6
pasa 3HayeHue npefenbHO JONyCTUMOW cpeg-
HEMECSYHON KOHLIEHTpaLuu.

MNosTopsiemocTb npesbiweHun MOK no de-
Hony paBHanacb 1,9%, cTaHZapTHbIN MHOEKC
coctasun 1,2 [4]. Ha puc. 2 npeacrtaeneH rpa-
(uk coctaBa 3arpsisHEHWS BO3ayxa Ha Teppu-
TOPUM I. AKYTCK, OKpaLLEHHAsA PbhKUM LiBETOM.

Takum obpasom, B r. AkyTck Habnoaaetcs
3HAYUTENbHOE 3arpsi3HEHVE BO3dyXa B3BeLUEH-
HbIMK BeLlecTBaMu (napameTp «BB», a UMeHHo:
Mblfb, caxa, AblM, cynbdaThbl U T.4.), YTO Takxe
SIBNSETCH OOHWM M3 [NaBHbIX KaTanu3aTopoB
MOBbILLEHNS CTENEHM 3anbINEHHOCTM ropoaa.

Ha ocHOBaHMK BbILLEN3NOXEHHBIX MaTepua-
NnoB HeobXoaMMO OTMETUTb, YTO B Cryyae 3KC-
nnyatauum OTO3MEKTPUYECKUX YCTAHOBOK Ha
Tepputopum O «ropog FAKyTCK» BbICOKa BEpPO-
ATHOCTb 3HAYNUTESIbHOTO MOBEPXHOCTHOMO 3a-
FPA3HEHUs NaHenen, 41O npuBedeT K 3Hayu-
TENbHOMY CHUXEHWIO MOLLHOCTM reHepauuu, a,
crnefosaTesisHO, NOUCK METOdoB W cnocobos
CHWXEHWSI CTENEHM 3arpsiBHEHWsI MOBEPXHOCTY
(POTOANEKTPUYECKON  CONMHEYHOM  YCTAHOBKM
SIBNSETCH OOHON M3 MPUOPUTETHBLIX W aKTyanb-
HbIX 3a4au.
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Puc. 2. Mpaghuk cocmaea 3a2psi3HeHUs1 8030yxa e Hace/leHHbIX MyHKkmax Skymuu
Fig. 2. Graph of the air pollution composition in the settlements of Yakutia

LENb UCCIIEOOBAHUA

B pamkax BbicTpauBaHus Lenu uccrnegosa-
HUS NpoBedeH nuTepaTypHbld 0630p, roe aBTo-
paMu  pacCMOTPEHbl  Pas3nUyHble  Hay4HO-
TEXHWYECKME CTaTbW MO HaMpaBnEHW «Cofl-
HeYHas aHepreTukar.

B HacToAMN MOMEHT CyLLECTBYIOT pasnuy-
Hble TEXHUYECKMe PEeLUEeHUst MO CHWDKEHWIO Mbl-
NEeBOro 3arps3HeHNst POTO3NEKTPUYECKNX yCTa-
HOBOK B BMJE €€ OYUCTKU, 8 UMEHHO — HeobXxo-
OMMO OTMeTUTb pesynbTaThl paboT aBTOPOB,
ony6rMKoBaHHbIe B PasnuUyYHbIX Hay4YHbIX CTaTb-
X, raoe npueedeHbl JaHHble uccrnefoBaHuiA, B
TOM YuUCrie NO BAMSHWIO NbIIN HA PYHKLIMOHMPO-
BaHWe 06bEKTOB rennoaHepreTuKu:

1. HayyHas crtatba Manasa Masymzepa u
Mapka H. XopeHwTenHa 13 BOCTOHCKOro yHu-
BepcuTeTa, B KOTOPOW YCTaHOBIEHO, YTO Mpu-
MEHEHWE CUCTEMbI CaMOOYUCTKN (DOTOSNEKTPY-
YeCKMX YCTAHOBOK Ha OCHOBe (PYHKLMOHMPOBa-
HUSI NPO3payHbIX 3NEKTPOANHAMUYECKUX 3JKpa-
HOB, COCTOSILLMX U3 PSiAOB MPO3payHbIX napan-
NEnNbHbBIX 3MEeKTPOAOB, 3aKMYEHHbLIX B MNPO-
3payHyl0 OMINEKTPUYECKYIO NMEHKY, MOXEeT UC-
nonb3oBaTbCa ANa yaaneHus by B Ka4yecTBe
CaMOOYMLLIAIOLLIMXCS  COSTHEYHbIX KOJMEKTOPOB
[5]. Takum obGpasom, OTMeYaeTcs, YTO Cylie-
CTBYIOT CUCTEMbI CAMOOYMUCTKN POTOINEKTPUYE-
CKMX YCTAHOBOK, HO MPUMEHEeHUe OaHHOW Tex-
HOMOrMK B YCIIOBMSIX XOINOAHOrO Knumara Tpe-
OyeT JanbHeMwWwero M3y4yeHus ¢ y4eTOM BbICO-
KOV CTOMMOCTM €€ BHeJpEeHMS.

2. HayyHaa cratbd Myxammaga PasluaHa
Xabwba, Myxammapa LlaxHeBa3a TaHBupan3

YHusepcuteta Murdoch (AscTpanus), raoe umu
Bbina paspabotaHa cucTemMa OYMCTKU COSHEY-
HbIX NaHenen Ha 6a3e nporpammHoro obecne-
yeHus Arduino, KoTopasi UMeeT UCnonb3yembin
B 3TOW CUCTEME [BYXCTYMEHYaTbl MEXaHWU3M,
COCTOSILUMIA U3 BBITSXXHOrO BeHTUnsATopa, pabo-
TalLlero Kak HarHetaTenb BO34yxa, W CTeKno-
OYMCTUTENS, YAaNnsoLWero nNbiflb C NOBEPXHOCTH
naHenu. Takxe pesynbTaTbl 3KCNEPUMEHTOB
nokasblBalT, YTO npeAnaraemas cuctema
OYMCTKM MOXeT paboTaTb C 3(h(HEeKTUBHOCTLIO
87-96% Ansa pasnuyHbiX TMNoB necka [6]. Oa-
HaKo npepgfiaraeMasi TeXHONMOrMsi UMeeT HeKo-
TOpble HeJOCTaTKN, @ UMEHHO — BbICOKYIO Karnu-
TanbHy0 CTOMMOCTb U HEOOXOAMMOCTBEB Yeno-
BEYECKMX pecypcax B BUAE MOCTOSHHOrO MOHW-
TOpWHra 3a Hagnexalimm TEeXHWYECKUM COCTOS-
HUEeM CUCTEMbI.

3. HayyHaa cratba B.A. [laHyenko, M.M.
Canrxuea u3z ®6OY BO Kanmbiukoro rocy-
[apcTBeHHOro yHusepcuteta uMm. b.b. Mopogo-
BMKOBA, rae YCTaHOBMEHO, YTO B Cnyyae Herep-
METWYHOCTW COSIHEYHbIX NaHenen nbiflb MOXET
nonagaTtb BHYTPb COMHEYHbIX NaHenewn, a 6oko-
Bble naHenu (no nepumeTpy) moryT cobupatb
4aCTWYKM Mbinu. 3arpssHeHne mogynen mexa-
HUYECKMM MYCOpPOM, YacTuuaMmn necka, nbisibo,
NUCTBAMU WU OPYIUMU HEHYXKHBIMU KOMMOHEHTa-
mu npueogut K 10-15% notepm K[, a uHoraa
n o 40% [7], 4TO 3HAYMTENbLHO CHMXaET
MOLLHOCTb  reHepauum  hOTOINEKTPUYECKMNX
YCT@HOBOK.

4. HayyHaa ctatbd M.B. llepmskosa, T.B.
KpacHoBoin 3 ®re0Y BO MarHutoropckoro
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rocyJapCTBEHHOINO0 TEXHUYECKOro yHMBepcuTeTa
um. .M. HocoBa, rae ykasaHo, YTO KynosbHble
30aHUS UMEeI0T 3HaYMTeSIbHbIE NMPenMyLLEeCTBa B
OTNnYMe OT OObIYHBLIX AOMOB B BUAE HAWMEHb-
Weh ConpoTUBMSEMOCTU BETPY, YMEHbLUEHUE
Ha 40% oaHepronotpebrneHns B nnaHe Tenno-
CHabxeHUs 30aHus; aBTopamy CTaTbM Takke
onpeneneHo, YTo KynomnbHble AoMa MOryT pac-
CMaTpuBaTbCA Kak MPUEMMEMbI BapuaHT Ans
pasMeLLeHNs COSTHEYHbIX 3NEMEHTOB Ha UX (a-
cafax ans nposeaeHust uccnegosanun [8].

5. [lpyrve HayyHble cTaTbM W NpaKTUYecKkue
pekoMeHJaumn, rae npeacTaBneHbl pesynbTaThl
N3YYEHUS BIUSHWUS MbIEBOr0  3arpsi3HeHUs
(CHWXKeHMe reHepauum MOLLHOCTM MMEHHO Ha
NETHWUI Nepuwog BCneacTBME CUMBbHOMO Hanblne-
HUS), @ TaKKe NPeasIoKeHbl TEXHUYECKNe peLle-
HUS B BUAE aBTOMATU3UPOBAHHbLIX CUCTEM
OYUCTKM COMHEYHbIX NaHenen ¢ NoMoLLb TeX-
HUYECKUX YCTPOUCTB WU XUMUYECKUX peareH-
TOB, MO3BONSANLWMX CHU3UTb HanunNaHwe noine-
BbIX (PpaKUMn Ha NOBEPXHOCTU (DOTOINEKTPUYE-
cKon yctaHoBku 1 1.4. [9-20].

Ha ocHoBaHuM npoBegeHHOro o63opa nute-
paTypHbIX WCTOYHMKOB HEOBXOAMMO OTMETUTD,
4TO CYLLECTBYHOT pa3nnyHble MeToAbl 1 CNocobbl
CHWXEHNS BIUSHWS MbINIEBOr0 3arpsi3HEHMst Ha
(PyHKUMOHMPOBaHWE (HOTOIMEKTPUYECKMX YCTa-
HoBOK. OpHako Mano u3y4yeHa BO3MOXHOCTb
NpoBedeHNs  3KCMepuUMeHTasbHbIX  1ccnegoBa-
HUWA NO BHEAPEHUIO (POTOSNEKTPUYECKMX YCTAHO-
BOK BHYTPM MNPO3payHbIX KYNOSibHbIX 34aHui B
LENsX CHWKEHUS1 NMOBEPXHOCTHOMO 3arpsi3HeHUs
W 3NEeKTPOCHAGXEHNS AAHHOTO 34aHWS.

Takum obpasom, Lenb AaHHON CTaTbu SB-
nseTca npoBedeHVe 3JKCnepuMeEHTasbHbIX WUC-
CrnefoBaHUA BO3MOXHOCTW MPUMEHEHUS (hOoTO-
3NEeKTPUYECKUX YCTAHOBOK BHYTPU KYMOSIbHbIX
34aHUIA 1 NOMCK NapameTpOB €€ pa3MELLEHMUS C
obecneyeHnem Haubornee BbICOKOW JOSN 3nek-
TPO3HepreTMyeckon ahHeKTUBHOCTM reHepaLum
3NEKTPO3HEPrum.

MATEPWAIbI U METOAbI UCCJIEAOBAHUA

MNepengem k Bonpocy pa3paboTku akcnepu-
MEHTasIbHOW YCTaHOBKW CONMHEYHON 3HEPreTuku
Masion MOLLHOCTU B LensX pasmeLleHns n Tex-
HUYeckon anpobauum BHYTPU NPO3PAYHOro Ky-
NOMbHOrO CTpoeHust (cMm. puc. 1). AsTopamu
HaCTOsILLEN cTaTbl ANS NPOBEAEHWUS HATYPHbIX
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uccnegoBaHuii  cobpaHa  (poToanekTpudeckas
CONTHeYHas anekTpocTaHums MowHocTeo 10 BT,
Ha3BaHHas B Buae mogenun C3-10, koTopas co-
CTOWT W3 Creaylowmx KOMNAEKTYIOWMX U npu-
6opos:

1. Monukpuctannuyeckas COMHeYHas na-
Henb MowHocteto 10 Bt mapkn OCM-10[1
(npoussogmTens Exmork, Poccus),BbiOOp OaH-
HOW MoZenu naHenu o60CHOBaH BO3MOXHOCTbIO
paboTbl arperata npu Temnepatypax ot -40°C
Ao +80°C, 4TO COOTBETCTBYET KIMMATUYECKUM
YCIOBMSM XOMIOAHOTO KnmMara.

2. KoHTponnep 3apsga mapku Tracer 2210
AN,Bbibop mogenu 060CHOBaH BO3MOXHOCTbLIO
ObICTPOro npmobpeTeHus B r. AKYTCK.

3. Cunoson akkymynstop mapku Delta em-
KOCTblo 75A-4, BbIOOP Moaenu 06OCHOBaH BO3-
MOXHOCTbIO [JOCTYNHOro npuobpeTteHns B T.
AKYTCK.

4. Harpyska B Buze 1 anekrpuyeckon namnbl
MOLLIHOCTbO 7,5 BT.

5. CrauuoHapHbIi nopT cbopa AaHHbIX eLog
mapkn EPEVER.

6. MNepcoHanbHbIN KOMMBLIOTEP.

7. MNporpammHoe  obecneyeHune
A1 MOHUTOPUHTA AAHHBIX.

8. ITiokcomeTp mapkm MS6610 (npowssoau-
Tens MASTECH, Kutan),Bbibop mogenu oboc-
HOBaH BO3MOXHOCTbK [OCTYMHOro npuobpete-
HUA B I. AKYTCK.

9. BcnomoratenbHble  KOMMANEKTyoWwue, B
TOM 4ucrne CMapTOH C (PYHKLMEN U3MEPEHUS
yrra HaknoHa naHeny OTHOCUTENBHO 3EMIIN.

B xome paspabotkn C3-10 npuHATHl ycno-
BUS B Buae obneryeHmss maccel n rabapuToB
YCTaQHOBKM, YOESIbHON CTOMMOCTM M BO3MOXHO-
CTW MOHWUTOPUHra paboTbl, Tak Kak NaHNPYyTCS
nocnegywowme ucnbitaHms CO-10 B uensx
onpegeneHns BO3MOXHOCTUN 3NeKTPOCHabXeHNs
ceT, oceelleHnss obbekTa CenbCkoro Xo3sii-
cTBa. AnekTpoyctaHoBka C3O-10 umeeT npe-
MMyLLeCTBA B CPaBHEHWW C CYLLECTBYHOLIUM
aHanorom (KOMNMeKT «3apsika B noxoge» KO-
naHua «Delta») B BMAae CUCTEMbI HAKOMMEHUS
3Heprumn (akkymynsTopHas Gatapes eMKOCTblo
75 A-4) ¥ BO3MOXHOCTW MOHUTOPUHIa napamerT-
POB, @ UMEHHO: MO HanPsHKEHU0, TOKY U MOLL-
HOCTW.

Nanee BHewHun Bug C3O-10 npeacrtaeneH
Ha puc.3.

EPEVER
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Puc. 3. BHewHuli sud C3-10 e xode nposedeHusi 3KcnepuMeHmanbHbIx pabom
Fig. 3. External view of a solar power station SE-10 in the course of experimental work

NpoBeaeHbl CpaBHUTENBHbLIE UCMLITAHUA Tre-
HepaLWyn COTNHEYHOW 3MNEeKTPOCTaHLMK Npu ABYX
Cryyasix: Ha OTKPbITOW MOBEPXHOCTU W BHYTPU
KyrMonbHOr0 CTPOEHUS B LENsX onpegeneHus
CTEMEHN CHWXEHUS BbIpabOTKM 3NEKTPUYECKON
SHeprMn, a TaKkke AN [anbHeuwen OLEHKM
adpdekTMBHOCTM obBecneyeHns 3awuTbl OT no-
BEPXHOCTHOTO 3arpsi3HEHNs NOCpPeacTBOM yCTa-
HOBKM CUCTEM COMHEYHOW reHepauum BHYTPU
NPO3payHbIX 3aKPbITbIX CTPOEHWN. TaK Kak Bbl-
we, B pasgene «BeegeHne», 0OTMEYEHO, YTO Ha
TeppUTopum r. FAKyTCK YCTAHOBMEHO 3HaYUTENb-

Tabnuua 1. MeToauka npoBeaeHNUs IKCNEPUMEHTA
Table 1. Experiment procedure

HOe 3anblieHne MOBEepXHOCTW, a B pasgene
«Llenb unccnegoBaHMsi» OTMEYEHO, YTO BCnea-
CTBME BMMUAHUSA NbINIEBOrO 3arpsi3HEHNs reHepa-
UMS 3NEKTPOSHEPrMM OT COMHEYHbIX NaHenen
cHmkaetca go 40%, 1O Heobxogumo elle
YTOYHWUTb, 4TO JKCMEPUMEHTbI MPOU3BEAEHDI
B TeyeHune uoHsa 2021 r. Ha Ga3e KynonbHOro
ctpoeHns CB®Y wum. M.K. Ammocosa (cm.
puc. 1) no cnegywwwuM  KOOpAMHATaM:
62.30236386052619 "N 129.91516946160922
"E. AnropuTm npoBedeHUs HaTypHbIX uccneno-
BaHWI NpeacTaBneH B Tabn.1.

Ne nyHkTa Heo6xoaumble napameTpbl U AeWCTBUA

1 MoaroToBka M MOHTaX aKCNEPUMeHTansHoM ycTaHoBku C3-10

2 MoproToBka peructpatopa AaHHbIX cuctembl EPEVER

3 MpoBepka NcnpaBHOCTW SKCMEPUMEHTANBHOW YCTAHOBKM W MIOKCOMETPA

4 Mposepka ypoBHs 3apsaa akkymynstopHon 6atapem (30% < Qsapsga < 55%)

5 BkntoueHue Harpy3kv B BUAE 3NMeKTPUYECKON namnbl MOLLHOCTBIO 7,5 BT, koTOpasi nTaeTcst OT CUIIOBOTO akkyMyns-
TOpa Yepes KoHTponmnep 3apsga

6 Pa3MelLieH1e OTMONMPOBAHHOIA COMHEYHOI NAHENM Ha OTKPLITOM BO3/yXe NoA YrmoM 15° 0THOGUTENLHO MOBEPXHO-
CTW 3emnu
BkntoyeHne akcnepyMeHTanbHOM yCTaHOBKM 1 IIOKCOMETPa (OPMEHTUPOBAaHME B CTOPOHY COSHLA) M Havaro peru-

7 CTpaumm nokasatenel (HanpshkeHue, TOK, MOLLHOCTb, OCBELLEHHOCTb) Npu conHeyHoi noroge ¢ 12:00 no 15:00 4
nocne nonyHo4u. Konnyectso LwaroB akcnepumeHTa — 1o 36 eg. (1 eanHuua Ha 5 m)

8 BbikntoyeHne akCnepumeHTanbHOM yCTaHOBKM U NIOKCOMETPa
O6paboTka pe3ynbTaToB 3KCMEPUMEHTA B LIENSX MONYYeHNUs rpacpnyeckon MHTepnpeTaLmm No MOLLHOCTY U CBETO-

9 BOMY MOTOKY (pacyeT CBETOBOro NoToka NpoussoamTcs no gropmyne (1) Ha nuueHsupoBaHHon nporpamme MS Office
Excel

10 MoBTOp 3KcnepumMeHTa no NyHKTam 1-9, HO BHYTPM KYMOMbHOTO 34aHNUS.
MoBTOp aKcnepumMeHTa no nyHkTam 1-9 BeAeTCs BHYTPU KynonbHOTO CTPOEHUS MPK PACCTOSHWK OT NPO3payHoi cTe-

11 Hbl 0T 0 go 1,5 m. Lar pacctosiiusa — 0,1 M. Ha kaxablii war pacctosiHus 3abop aKCnepuMMeEHTasIbHbIX AaHHbIX NPOun3-
BOAMTCS B OTAESIbLHOM nopsake npu conHeuHo noroge ¢ 12:00 no 15:00 4 nocne nonyHoum

12 Mocne noBTOpa 3KCNEPUMEHTOB MO NYHKTY 11 NPOM3BOAMTCS OYMUCTKA COMHEYHO MaHENM OT MbINIEBOrO 3arpsi3HeHUs
1 JEMOHTaX 3KCepUMeHTanbHou yctaHosku C3-10
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HeobxoaMmo OTMETWTb, 4TO, B COOTBET-
CTBMM C NyHKTOM 4 (Tabn. 1), ypoBeHb 3apsga
aKKyMynaTOpHOW Gatapen OOSHKEH COCTaBMsATb
He meHee 30% B uensx obecneyeHuss paboto-
cnocobHocT obopynoBaHus 1 He Bonee 55% B
Lenax npegoTepalleHns GeicTpoi 3apsaku ba-
Tapew, HeJonyLLeHNs BKIKOYEHUSI XONOCTON pa-
60Tbl COMHEYHOW naHenu W, CnefoBaTEnNbHO,
Nony4YeHMst OOCTOBEPHbIX 3KCNEPUMEHTaNbHbIX
[aHHbIX.

Kpome TOro, pacyeTt cBeTOBOro NoToka npo-
M3BOAUTCS C NOMOLLbLI popmysbl (1) Ha OCHO-
BaHWM 9KCNEPUMEHTaNbHbIX AaHHbIX (OCBELLEH-
HOCTb), MONYYEHHbIX JTIOKCOMETPOM:

cDn = EPI 'Sn’ (1)

roe ®, — nokasarenb CBETOBOro Toka, nM; E, —
nokasaTesnlb OCBELLEHHOCTU, MOMYYEHHbIN JOK-
COMETPOM B X0[€e 3KCNepuMeHTa; S, — nnowaab
MOBEPXHOCTU conHeyHon naHenm OCM-10M1,
NpuHUMaeTcst Kak 0,7209 m>.

PE3YINIbTATbl UCCIIEQOBAHUA N UX
OBCYXOEHUE

B TeuyeHve uvioHa 2021 r. aBTopamu cTaTbu
OblMn NpoBeAeHbl HaTypHbIe MCCNeaoBaHUA MO
CPaBHEHUID TeHepauun CONMHEYHOW JNeKTpo-
CTaHUMM Npu ABYX Cryvasix: Ha OTKPbITOM BO3-
pyxe (cnyyanm Ne 1) n BHYTpU KynonbHOro 3ga-

OHepreTuka
Power Engineering

TemnepaTtypa BO3ayxa) Ha (PYHKLMOHMPOBaHWE
aKcnepumeHTanbHomn yctaHoskm C3-10 u onpe-
[eneHne OonTUManbHOro PaccTosHUA OT Npo-
3payYyHOMN CTEHbI KYNOMbHOro CTPOEHNUS 4O (POTO-
3NEeKTPUYECKON YCTAHOBKM (COSNTHEYHOW NaHenu).

Kpome TOro, Heob6xoaMmMo OTMETWUTb, YTO B
XOAe MPOBEAEHMS AKCMEPUMEHTasbHbIX Mccne-
LOBaHMI NOSyYeHbl AOMOSHUTENbHbIE AaHHbIe
TemnepaTtypbl BO3ayxa Ha OTKPLITON MOBEPXHO-
ctn +31°C 1 BHYTPM KynonbHoro 3aaHus +45°C.
CnepoBaTtesnbHO, HEOBXOOMM Y4eT BO3MOXHOIO
BIIMSIHWS BbICOKOW TemnepaTtypbl OKpyXXatoLen
cpedbl Ha (PYHKUMOHMPOBAHWE COSIHEYHOW na-
HENW BBUAY TOrO, YTO NPU BbICOKMX Temnepary-
pax cBbiwe +30°C 3adMKCMPOBAHO CHWXEHWE
MOLLHOCTU reHepauunm OBbEKTOB COMHEYHOM
SHepreTuKu.

B cBa3n ¢ aTMM (C Lenbio NpoBedeHUs uc-
cnegoBaHuii)Ha puc. 4 anpenctaBfieH NepBblii
cnydyan — pasmeuleHme C3-10 Ha OTKpbITOM
BO34yXe, a Ha puc. 4 b — BHyTpM KynonbHOro
CTPOEHMS.

Ha puc. 5 npeacrasneH rpaduk CBETOBOro
NnoTOKa OTHOCWUTENIbHO COIIHEYHOW NaHenu ¢
yyeToMm cnydaes Ne 1 n 2. Kpome Toro, ycra-
HOBMEH MNokasaTesSlb CHUXEHWS CBETOBOrO NOTO-
Ka Npu nepexoge C OTKPbITOW MOBEPXHOCTU B
KyrnonbHOe CTPOeHMe C MCrnosib3oBaHnem op-
Mynbl (2):

Hus (cnyvan Ne 2), pacyeT nokasatenew Bnus- )
HUSI BHELUHWX MapaMeTpoB (CBETOBOW MOTOK M
a b
Puc. 4. PazameujeHue C3-10: a - Ha omkpbimom g03dyxe; b — éHympu KynonbHo20 30aHus
Fig. 4. Location of a solar power station SE-10: a - outdoors; b —inside the dome building
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Puc. 5. Mpachuk-cpasHeHue ceemoeo2o nomoka e ciyyasx Ne 1 u 2
Fig. 5. Comparison graph of luminous flux in the cases no. 1 and no. 2

rae K, — nokasaTenb CHUXEHUs CBETOBOrO NOTOKa,
%; ®g — NoKaszaTenb CBETOBOrO NOTOKA Ha OTKPbI-
TOW NOBEPXHOCTH, NM; ®,— NokasaTesib CBETOBOro
MOTOKa BHYTPM KyNOSbHOIO 34aHus, M.

Takum obpa3om, Ha BbllleykasaHHOM rpa-
cvKe BUAHO, YTO NoKasaTeslb CBETOBOrO NOTOKa
Ha OTKPbITOM BO34yXe Bbllle Moka3aTens cBe-
TOBOrO MOTOKA BHYTPW KYMOSbHOTO 3faHus Ha
21,88%. Heobxognmo oTMETWUTb, YTO BCE MpO-
Leaypbl  3KCMepUMEHTaNbHbIX MUCCMNELOBaHMN
BENWUCb MPU OAMHAKOBLIX YCMOBUAX ANS KaX4o-
ro obpasua.

B cootBetctBUM C ¢hopmyrnon (3) npomsBo-
AMTCA pacyeT nokasaTens CHUKEHWS reHepauum
MOLLHOCTM MpK nepexoge u pasmeLleHun ycra-
HOBKM C3—10 BHYTPM KynoOmnbHOrO CTPOEHMS.

236 Py
" 36
236 P
T3

1-

K, = -100%, 3)

rae K, — nokasaTtenb CHUXeHMst 3ppeKTMBHOCTM
reHepauuy MOLLHOCTH, 0.e.; N — Homep obpasua
XUAKOro NOKpPbITUS; Pjx — NokaszaTenb MOLHOCTM
COMNMHEYHON NaHenu BHYTPW KYMONbHOTO 3A4aHust
B OMpedeneHHbIn Wwar U3MepeHust; i — HoMep
wara namepenus (i — ot 1 go 36); Pz — nokasa-
Tenb MOLLHOCTU COMHEYHOW MaHenu Ha OTKpbl-
TOM BO34yX€ B ONpeAeneHHbl Lwar N3aMepeHus.

Ha puc. 6 npeacraeneH rpaduk-cpaBHeHue

reHepauum molHocTn yctaHoBkn C3-10 ¢ yye-
TOM pa3sMeLleHnst Ha OTKPbITON MOBEPXHOCTH K
BHYTPU KyMNoONbHOro cTpoeHusi. Heobxogumo
OTMETUTb, YTO Ha rpadouke nokasaTenu MOLLHO-
CTM YKasaHbl B OTHOCUTENbHBIX eANHULAX.

Ha Bblleyka3aHHOM pUC. HarnsigHO BMAHO,
4yTo npu cnyyae Ne 1 (OTKpbITasi MOBEPXHOCTb)
nokasatenb YAeSlbHOM MOLLHOCTW Bbille, YeM
nokasatenb yAEnbHOW MOLHOCTU Mpu  Chny-
yaeNe 2 (BHyTpM KyrmomnbHOro 34aHusl) Ha
25,61%, 4TO 9BNSETCA OTHOCWUTESIbHO «He-
GonblMMY CHWXEHWEM BBWMAY TOro, 4TO Npu
pasmeLleHU COMHEYHON NaHenu BHYTPU Ky-
MONbHOrO CTPOEHUS YCTPaHAETCH BEPOATHOCTb
3anbineHns unum obpasoBaHMs TaslbHWKOB Ha
MOBEPXHOCTW NaHesnu.

B Ttabn. 2 npeacraBneHsbl nokasatenu Bnus-
HUS BHELUHUX NapaMeTpoB Ha (hYHKLMOHMPOBA-
HUe COMNHEYHOW NaHenm C y4eToOM NPUMEHEHMS
opmynbl (4) B uUenax obecneyeHus pacyeTa
BIIMSHWS  BBICOKOW TemMnepaTypbl BHYTPU Ky-
MOMbHOTO CTPOEHUS Ha paboTy CONMHEeYHOW na-
Henw:

(4)

roe K; — nokasatenb BNMSHUS BbICOKOW TeMnepa-
Typbl BHYTPM Kyrnona Ha paboTy COnMHe4yHoMn na-
Herm, o.e.; K, — nokasaTenb CHWXeHWsi reHepa-
UMM CONMHEYHOWN NaHenu BCneacTBue nepesoja C

BECTHUK UPKYTCKOIO rOCYOQAPCTBEHHOIO TEXHWYECKOIO YHUBEPCUTETA 2021;25(4):435-449

442

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(4):435-449




/2

OTKPLITON NOBEPXHOCTW BHYTPb KYMOJSIbHOMO 34a-
HUA, 0.e.; K, — nokasaTenb CHWXEHWsI CBETOBOIO
noToKka BCMEACTBME 3amepa JIOKCOMETPOM C
yyeTom cnydas Ne 1 (Ha OTKPbLITON NOBEPXHOCTH)
u cnyyas Ne 2 (BHYTpY KynosibHOro 3aaHus).

B xome npoBedeHUs SKCNEPUMEHTOB Onpe-
peneHo, 4to npu nepexoge C3-10 BHYTPb Ky-
NONbHOrO 34aHWS MOLLHOCTb FeHepaumn CHka-
etca Ha 25,61%, npu aToM nokasaTenu CBETO-
BOr0 MOTOKA MNPV aHanorMyHoM MEPEXOAE CHU-
3nnucb Ha 21,88%, uTo aBnseTca akTM4eckom
MPWUYMHON CHUXKEHMSI MOLLHOCTK yCcTaHoBKkM CO—
10. BmecTe ¢ TeM 3acmKcMpoBaHO peskoe yBe-
NnYyeHne Temnepatypbl BO3gyxa npu nepexoge
C OTKPbITOrO MPOCTPAHCTBA BHYTPb KYMOSIbHOTO
3gaHus ¢ +31°C po +45°C. [laHHoe yBenunyeHue
TemnepaTtypbl BO3fyXa Takke SABMSAETCS OAHOW
N3 MPUYMH CHIDKEHWUS TeHepauun COSNTHEYHON
anektpoctaHuum C3-10, rae koadpdumumeHT ee
BNuaHuS coctasun 3,73%.

OHepreTuka
Power Engineering

B xoge onpegeneHus onTumanbHOro pac-
CTOSIHMSI OT MNpPO3PaYHON CTEHbI KYMONbHOro
30aHus [0 POTO3NEKTPUYECKON yCTaHoBKM OT O
fo 1,5 m ¢ warom 0,1 M nonyyeHbl cpegHue
3Ha4yeHust MowHocTK reHepaumn C3-10 n noka-
3aTenn CBETOBOro notoka. Ha pwuc. 7 npepcras-
neHbl rpacuky 3aBUCUMOCTU YAENBHON MOLLHO-
CTW reHepauuyM 1 CBETOBOrO MOTOKa B 3aBUCK-
MOCTW OT PacCTOSHMA 00 MPO3PaYyHON CTEHbI
KYNONbHOrO CTPOEHWS.

Ha BblleykasaHHbIX rpadukax BWMOHO, YTO
3aBUCUMOCTb yAENbHOM MOLLHOCTM reHepauum
OT PacCTOSHWUSA MPO3PaYHON CTEHbI KyMONbHOro
30aHna UMEET NNHENHYIO 3aBUCUMOCTb, rae npwu
n3meHeHun pacctosHus ot 0 go 1,5 M ygenbHas
MOLLIHOCTb CHUxaeTcsa Ha 23,007%, a 3aBucu-
MOCTb CBETOBOroO NoToKa UMeeT NOoNMHOMUarb-
HYI0 3aBMCMMOCTb, Fe MokKasaTenb CBETOBOrO
noToKa npu nameHeHun paccrosHms ot 0 go 1,5
M CHWXaeTcs Ha 5,224%.

0,90
0,80
[
m 0,70
a
S 0,60 ~ —~— SR
5
e 0,50
= =
g 0,40
E t
-
£ 0,30
A
a 020 ——Ha oTkpbITOM
> npocTpaHcTBe
0,10 BHyTpu 3paaHus
0,00
S O D N O O O O DS D OO DS D OO
GRS ORI SRR R ORI

Bpems, Y4:MM

Puc. 6. Mpagpuk-cpasHeHue 2eHepayuu ycmaHoeku C3-10 ¢ yuemowm cny4aee Ne 1 u 2
Fig. 6. Comparison graph of solar power plant SE-10 generation taking into account the cases no. 1 and no. 2

Tabnuua 2. MNokasaTenu BNUSHNUS BHELWHWX NapaMeTPoB Ha OYHKLMOHMPOBAHNE COSTHEYHOW NaHenm
Table 2. Indicators of external parameters effect on solar panel operation

Ne HasBaHue BnuaHus KonuuyecTBeHHbIN napameTp, %
1 CHMXEeHMe MOLLHOCTM NO CUCTEME KOTKPbITast MOBEPXHOCTb — KYNOMbHOE 25,61
3aHue»
2 CHWKeHWe CBETOBOTO NOTOKA MO CUCTEME KOTKPbITas MOBEPXHOCTb — 21,88
KynornbHoe 3aaHve»
3 CHWKXEHMe MOLLIHOCTM 13-3a BbICOKOW TeMnepaTypbl 3,73
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Puc. 7. Mpagpuku 3asucumocmu ydenbHol mouwHocmu C3-10 (a) u ceemoeozo nomoka (b) om paccmosiHus
om npo3payHoll cCmeHbl KynonbHo20 30aHust
Fig. 7. Dependency graphs of solar power plant SE-10 specific power (a) and luminous flux (b) vs distance
from the transparent wall of the dome building

Takum obpasom, onTUManbHbIM PacCTOSHU-
eM pasmelleHnss Mexay (POoTO3NeKTpUudYecKumMm
yCTaHOBKaMmn 1 NMPO3payYHON CTEHOW KynOnbHOro
3gaHus coctaenseT 0 M, a UMEHHO — pa3melye-
HWEe COMNMHEYHOW MaHenu BMMOTHYK CO CTEHOM,
rae, B COOTBETCTBUM C puc. 7 a, hopmupyetcs
HaMBbICLLAA MOLLHOCTb reHepaLuu.

MNpencraBneHbl  (PU3NKO-MaTEMaTUHECKME
3aKOHOMEPHOCTW pacyeTa yaenbHOW MOLLHOCTH
AN NONIMKPUCTaNIMYECKUX (POTOINEKTPUYECKNX
YCTaHOBOK M CBETOBOr0 MOTOKa B 3aBMCUMOCTU
OT pPacCTOSHWUSA OT CTEH BHYTPWU NPO3PavHOro
KynonbHOro 3gaxus B Buae dopmyn (5) u (6).

B = —0,1138- L + 0,6431, (5)

rae Py — yaenbHas MOLHOCTb reHepaumm nonu-
KpUCTannmnyeckon doToanNekTpuyeckon ycra-
HOBKW, 0.e./BT; L— paccTtosiHne (hoToanekTpuye-
CKOW YCTaHOBKM OT Onuxawnwen CTeHbl npo-
3payHOro KynonbHOro 3aaHus, Mm.

E =—1,1779 1% + 0,0471 L + 53,642, (6)

roe Fo — CBETOBOW NOTOK BHYTPM NPO3payHOro
KYnofbHOro 3aaHus, nMm; L — pacctosiHne goto-
3MEKTPUYECKON YCTAHOBKM OT Bnmxanwen cre-
Hbl MPO3PAYHOro KynomnbHOro 34aHus, M.

[Npn NnpoBeaeHNN HaTypHbIX UCCrefoBaHUN aB-
TOpPaMu aHaMM3NPYIOTCS CredytoLwme runoTesb:

1. BO3MOXHOCTb 3KCnnyaTauun 3neMeHTOB
CONMHEYHOW 3HEpPreTvkn BHYTPU MNPO3payHbIX
CTpoeHun Ha TeppuTopumn Cesepa.

2. MNpsmas 3aBMCMMOCTb paccTosHUs pas-
MeLLeHNs Mexay OTOINEKTPUYECKON YCTaHOB-
KoM ¥ OGnuxanwen npo3payHOM CTEHOM MNpo-
3payHOro CTPOEHMS.

B pamkax gokasatenbCTBa BbllleyKa3aHHbIX
rMnoTes aBTopamu CTaTbW NPEeACTaBlEHbl Cre-
LYIOLLME KOHTPOMbHbIE TOYKM:

1. BbINOSHEH psig, 3KCMEPUMEHTOB C NpuBe-
[eHneM rpaduyecknux UHTepnpetauui B Buae
CPaBHEHWS NokasaTesieil CBETOBOrO NoToka (CM.
puc. 5) Npu pasmeLleHUn CONIHEYHON NaHenmn Ha
OTKpbITOM Bo3ayxe (crnyyan Ne 1) u BHYTpU Ky-
nonbHOro 3aaHus (cnyyaw Ne 2), roe onpenene-
HO, YTO CHWXEHWe CBETOBOro NOTOKa B Cryvae
nepexoda u3 cnyy4as Ne1 B cnyyanm Ne 2 co-
craenset 21,88%.

2. MNonyyeHa rpaduyeckas WHTepnpeTauus
CPaBHEHWSI yAENbHOW MOLLHOCTU reHepauuu
(cM. puc. 6) conHeyHon naHenu B crydasx Ne 1
n Ne 2, roe onpegeneHo, YTo CHUXEHWE MOLLHO-
CTW reHepauuu B Crnyyae nepexoga w3 cryyas
Ne 1 B cnyyaw Ne 2 coctaenset 25,61%; gonon-
HUTENbHO paccyuTaH nokasaTeslb BMUSHUS Bbl-
COKOW Temnepartypbl, koTopas coctasuna 3,73%
(cm. Tabn. 2).

3. YcTaHoBnEHbl  (PU3MKO-MaTeMaTUYECKne
3aKOHOMEPHOCTW pacyeTa yaenbHOW MOLLHOCTH
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A9 NONUKPUCTaNNNYECKNX (DOTOINEKTPUYECKMX
YCTaHOBOK W CBETOBOrO NOTOKAa B 3aBMCUMOCTU
OT PacCTOSHUSA OT CTEH BHYTPWU NPO3PavHOro
KynonbHOro cTpoexus (cm. oopmynbl (5) u (6)).

4. OnpefeneHo oONTUMasibHOE pacCTosiHUE
pasmeLleHnst (POTOINEKTPUYECKMNX YCTAHOBOK OT
Brvxanen cTeHbl NPO3paYyHOro CTPOEHMUS, KO-
Topas coctasuna 0 M, u, cnegosaTensbHo, pe-
KOMeHOyeTCa yCTaHaBnnBaTb COMHEYHbIe MaHe-
NN BNJIOTHYIO CO CTEHOM.

5.B cnyvae yBenuyeHus BblEYKa3aHHOIO
pacctosHus ot 0 go 1,5 M 3admKcMpoBaHbl
CHWXKEHMSI MoKasaTens CBETOBOrO MNOTOKa Ha
5,224% W yaenbHON MOLLHOCTM reHepauun Ha
23,007%.

Takum obpas3om, nocpeacTBoM NPOBEAEHNS
3KCNepPUMEHTanbHbIX WUCCNeAoBaHUA aBTopamMu
cTaTbM [0KasaHbl rMNOTe3bl O BO3MOXHOCTY
aKkcnnyaTauum 06bEKTOB CONMHEYHON SHEPreTUKN
BHYTPU NPO3PaYHOro CTPOEHUSA U NPSAMON 3aBU-
CUMOCTM PacCTOSHUSA pasmeLleHns Mexay o-
TOANEKTPUYECKOW YCTAHOBKOM W OGrnumxanwwen
NMpo3payvyHon CTEHOMN.

Kpome TOro, BbIMUCIEHHbIE MOKa3aTenu
CHWXEHWUS MOLLHOCTM TeHepauun COSTHEYHOW
naHenu M CBETOBOrO MOTOKa B Criyyae pasme-
LeHns (DOTOINEKTPUYECKUX COMHEYHbIX NaHe-
nen BHYTPU Npo3payHbIX CTPOEHWIA B LENSX 3a-
WWTbl OT NOBEPXHOCTHOTO 3arps3HEHUs UMEIT
BO3MOXHOCTb WCMOSb30BaHUA NpU 3KCnyaTa-
UMM OOBEKTOB reNMOSHEPreTUKN B YCMOBUSX
CeBepa reHepupyloWMMN  NPEANPUATUSMU,
4aCTHbIMM NULLAMU U OpraHn3aLnsmMu.

OANBHEWLIWE UCCNEOOBAHUA

B xode npoBedeHWs aKCnepUMEHTasbHbIX
uccnegoBaHuiA U nocne ux obcyxaeHns Heob-
XOAMMO 0co60 BblAENNUTb AarnbHenWwme Hanpas-
neHns nocneayoLwmx uccnefoBaHum:

HanpaeneHue Ne 1. /3yyeHne n uccnepno-
BaHWe BO3MOXHOCTW NPUMEHeHUs (OoToanek-
TPUYECKUX COSTHEYHBIX YCTAHOBOK HA TPEKEPHbIX
yCTaHOBKax BHYTPU KyMOMbHOTO CTPOEHUS C
pasgeneHneM Ha nepuofbl HabnwogeHun, a
MMEHHO: NeTO, OCEHb, 31Ma U1 NETO.

HanpaeneHue Ne 2. [poBefeHve akcnepu-
MeHTanbHbIX UCCNEefOoBaHUN MO U3YYEHUO BO3-
MOXHOCTU [OMOMHUTENBHOrO NPUMEHEHUS XNA-
KUX MOKPbITUN B LiENSX HAHECEHUS Ha MoBepX-
HOCTb (POTO3MEKTPUYECKON COMHEYHOW YCTa-

HOBKM C MOCMEeAyLMM pasMeLLeHeEM BHYTPU
KYMOMbHOr0 CTPOEHUS ANSi 3HAYUTENBbHOMO CHU-
XXEHUS BEPOSATHOCTU MOBEPXHOCTHOIO 3arpsisHe-
HUS YCTaHOBKW.

HanpaeneHue Ne 3. lccnegosaHue nep-
CMEKTUBbI BHEAPEHUS TMOPUOHON SNeKTPOCTaH-
UMK Ha OCHOBE MapannenbHoOro (YHKLUUOHUPO-
BaHWA (POTO3MEKTPUYECKOW CONMHEYHOW YCTa-
HOBKM BHYTPW KYNOMNbHOrO CTPOEHUS WU BEPTU-
KanbHOW BETPOBOW 3HEpPreTU4Yeckon YCTaHOBKU
Ha BEPXHeMN YacTun KynofbHOro CTPOEHUS.

HanpaeneHue Ne 4. lccnepoBaHve mnoka-
3aTenen  CHWXEHWUS  3MEKTPOIHEPreTUYEeCKow
3 heKTUBHOCTN (POTOINEKTPUYECKON COMHEY-
HOW YCTaHOBKM BHYTPW KYMOJSIbHOrO CTPOEHUS C
pasgefnieHneM Ha nepuogbl HabnogeHun, a
VMEHHO: NETO, OCEHb, 3UMa 1 NeTO.

3AKNKOYEHUE

1. lpoBegeHHbIN aHanus onpegenun, 4To
uccnenoBaHs 0 BO3MOXHOCTM 3KCMnyaTauuu
COMHEYHbIX 3MEKTPOYCTAaHOBOK BHYTPU KyMoSlb-
HbIX CTPOeHMiA B ycrnosusax CeBepa UMEKOT akTy-
anbHOCTb U Manyr U3y4YeHHOCTb.

2. B xope npoBeaeHus o63opa nuteparypbl
3aPMKCUPOBaHO, YTO B CrNyyae 3HAYUTENbHOIO
MOBEPXHOCTHOIrO 3arpsi3HEHUst CONHEYHOW na-
HENMM MOLLHOCTb reHepauunm MOXEeT CHMXaTbCA
10 40% v Gonee, YTO AenaeT akTyarnbHOW pas-
paboTKy HOBbIX METOZOB U CMOCOBOB CHUXEHMNS
BIIMSIHWS| NOBEPXHOCTHOIO 3arpsi3HeHus.

3. B pesynbrate npoBefeHus psga akcne-
PUMEHTOB aBTOpPaMW CTaTbW MOMyYeHbl Nokasa-
TENW CHWXKEHUS MOLLHOCTU reHepauun ¢oTo-
3NEeKTPUYECKON YCTAHOBKM B Cryyae pasmele-
HUS BHYTPW 3aKpbITOr0 NPO3pavyHOM MIIEHKON
cTpoeHus — 25,61%, a CBETOBOro MoToka — Ha
21,88% (cm. Tabn. 2).

4. ABTOpamu cTaTbu onpegeneHo, 4To B
crydyae  pasmelleHus  (poTOINEKTPUYECKON
YCTaHOBKM Mpu pacctosHum 1,5 M ot Gnuxan-
e Npo3payHoi CTeHbl CTPOEHWUS MOLLHOCTb
reHepaumu nagaet Ha 23,007%, a cBeTOBOro
noTtoka — Ha 5,224%.

5. Takxe BbIYUCMEHO, YTO OMNTUManbHOE
pacCTosiHUe pasMeLLeHnst (POTOINEKTPUYECKNX
YCT@HOBOK OT Bnvkanlien CTeHbl Npo3paqHoro
cTpoeHust coctasuinio 0 M, u, criefoBaTenbHO,
pekoMeHyeTCs YCTaHaBnNMBaTb COMHEYHbIe na-
Henu BNSIOTHYH CO CTEHOW.

ISSN 1814-3520

BECTHUK UPKYTCKOIO rOCYOJAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2021;25(4):435-449

445

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(4):435-449




Mecmnukoe H.I1., Bacunbee [1.9., Jaebidoe I'.U. u Op. UccniedogaHue 803MOKHOCMU MPUMEHEHUS ...

Mestnikov N.P., Vasilyev P.F., Davydov G.I. et al. Applicability of photoelectrical solar units inside domical ...

6. B xoge obpaboTkm akcnepuMeHTanbHbIX
[aHHbIX MOMyYeHbl 3aKOHOMEPHOCTM pacyeTa
yOENbHOM MOLUHOCTM Ans NosmMKpucTanimye-
CKUX POTOINEKTPUYECKIX YCTAHOBOK U CBETOBO-
ro0 MOTOKa B 3aBWCMMOCTU OT PaCCTOSHUA OT
CTEH BHYTPW NPO3PaYHOro KynonbHOro 3AaHus

(cM. dpopmynibl (5) 1 (6)).

7. Heobxogumo npoBegeHne adanbHemwmx
NCCNeaoBaHWiA  BNUSHUA MOBEPXHOCTHBIX 3a-
rPSI3HEHWM naHenen Ha ux 3ddeKTUBHOCTb C
onpeaeneHmemM 4onM TeX UMM UHbIX UCTOYHWUKOB
3arpsisHeHns, a Takke NPUYMH 1 YCNoBUiA BO3-
HUKHOBEHWUS.
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Pa3paboTka ynpouieHHon moaenu TpaHcopmaTopa Toka Ans
uccneaoBaHus paboTbl penenHoMn 3alMThbl B NepexoaHbIX pexumax

© T.C. MyxametraneeBa, [1.C. Pegocos
Upkymckuli HayuoHanbHeIl uccnedosamenbckul mexHudeckul yHugepcumem, 2. ipkymck, Poccus

Pestome: Llenbio paboTbl SBNSETCS CO34aHWE YNPOLLEHHOW MOAENW TpaHcdopmaTopa TOKa Ha OCHOBE AaHHbIX €ro
BOMNbTaMMNEPHON XapakTepucTuku. [laHHas Mogenb NpUMeHUMa Ans UCCNefoBaHMs paboTbl peNlefHol 3alwmnTsl B nepe-
XOOHBIX pexumax, korga He TpebyeTcs BbICOKOW TOYHOCTM, B TOM YWCE yyeTa rctepesnca MarHUTONpoBOAa TpaHcC-
topmatopa Toka. Mopgenb paspabotaHa B cpege MATLAB Simulink ¢ npuMeHeHuem anemMeHTOB OubGnuoTtek
SimPowerSystems 1 Simscape. B Mmogenu ucnonb3yotcs faHHble 0 K0adhduumneHTe TpaHcopMaumy 1 BonbTaMne p-
HOW XapaKTEPUCTUKE, CHATOW MPMW SKCMyaTaLWOHHBIX UCMBITaHWSIX TpaHCopMaTopa Toka. B xoge pacyeTHbIX aKcnep u-
MEHTOB Ha HENWHEWHOM COMPOTUBAEHUM YCTAHOBMEHO, YTO AN MOAENMPOBaHUS TpaHcdopMaTopa Toka MOXHO UC-
nonb30BaTb BOMbTAMMEPHYIO XapaKTEPUCTUKY HE B MFHOBEHHbLIX, @ B AEWCTBYIOLMX 3HAYEHUSIX TOKA U HamnpsKeHWs.
CmMopenupoBaHbl PEXUMbI C HOMUHAMNbHLIMK TOKamMu B 06MOTKax TpaHcchopMaTopa Toka And NPoBepKX koadduLmeHTa
TpaHcdopMaLnm, PeXMbl C Pa3OMKHYTON BTOPUYHOM OOMOTKOW WM PeXUMbI C HacblLeHMeM TpaHcgopmaTopa ToKa 3a
CYeT yBeSIMYEHNSI BTOPUYHOW Harpysku, NOBbILLEHUS KPaTHOCTM NMEPBWYHOTO TOKA M HanWuMs anepuoguyeckoro Toka B
HayanbHbI MOMEHT MEePEeXOAHOro npouecca. YCTaHOBMNEHO, YTO MOAENb TpaHcdopmaTopa Toka NO3BOMSET KOPPEKTHO
UMUTUPOBATb BCE YKa3aHHbIe pexumbl. [1ns BepudukaLum MOAenu BoINOSIHEHO CHATUE OCLMINOrpaMM BTOPUYHOTO TOKa
Ha peanbHbiX TpaHcdopmaTopax Toka 10 KB npu N3BECTHOM NEPBUYHOM TOKE M WX CPaBHEHME C pacYeTHbIMM OCLMMNO-
rpaMmamMu Ha mopenu. PacxoxzeHue mexay pesyfbTaTamMu pacyeTHOro M HaTYpHOrO 3KCMEPUMEHTOB COCTaBWIIO HE
6onee 10% B aMnIMTYyAHbLIX 3HAYEHUSAX, NPW 3TOM MOMYYEHO KA4YECTBEHHOE COBNAAeHMe rpadrikoB TOKOB HA MOAENN 1Y
peanbHoro TpaHcdopmatopa Toka. OCHOBHbIM MPEUMYLLECTBOM pa3paboTaHHOI MOAeNu SBnseTcs To, YTO ANs ee 3a-
AaHus He TpebyeTcs MHGOpPMaLMs O CEYEHWUM MarHMTONpoBoaa, AfIMHE CUITOBOW JIMHWW, MapKe CTanu 1 Yucnax BUTKOB
06MOTOK TpaHcopmaTtopa Toka.

Knro4eenie cnoga: peneiiHas 3awmra, TpaHcopmaTop TOKa, BOMbTaMMepHas XxapakTepucTuka, HacblLleHWe TpaHC-
topmatopa Toka, MATLAB Simulink, mogenupoBaHue

Ansa yumupoeaHusi: Myxametraneesa T.C., ®epocos [1.C. PaspaboTka ynpolieHHon Moaenu TpaHcdopmartopa Toka
Ans uccnepnoBaHnst paboTbl PENENHON 3aluThl B NEPeXOdHbIX pexumax. Becmuuk Mpkymckoeo 2ocydapcmeeHHO20
mexHu4ecko2o yHusepcumema. 2021. T. 25. Ne 4. C. 450-462. https://doi.org/10.21285/1814-3520-2021-4-450-462

A simplified model of a current transformer for studying
relay protection operation in transient conditions

Tatiana S. Mukhametgaleeva, Denis S. Fedosov
Irkutsk National Research Technical University, Irkutsk, Russia

Abstract: We develop a simplified model of a current transformer based on its current-voltage characteristic. This model is
applicable for studying relay protection operation in transient conditions when no high accuracy or consideration of current
transformer magnet core hysteresis is required. The model was developed in MATLAB Simulink using elements of the Sim-
PowerSystems and Simscape libraries. The model uses the transformation ratio and current-voltage characteristic obtained
during operational tests of a current transformer. Calculation experiments with non-linear resistance found that a current-
voltage characteristic of voltage and current values can be used to model a current transformer, rather than instantaneous
values. The following conditions were simulated: for nominal currents in current transformer windings to check the transfor-
mation ratio; for opened secondary winding; with current transformer saturation by increasing secondary loading; increasing
the primary current ratio and presence of aperiodic current at the start of the transition process. It was found that the devel-
oped current transformer model allows for a correct imitation of all the above conditions. To verify the model, secondary
current oscillograms were obtained using real current transformers 10 kV at known primary current, which were compared
with nominal oscillograms in the model. The discrepancy between the results of calculational and real experiments was no
more than 10% in amplitude values, with high-quality matching obtained for current charts in the model and real current
transformers. A significant advantage of the developed model is that its setting requires no information on magnet core
cross-section, power line length, steel grade, and the number of current transformer winding turns.
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BBEOEHUE

C kaxabIM rogom MOLLHOCTb anekTpoobopy-
[I0BaHWS 3HEProcucTeMm YyBenuuuBaeTcs, npwu
9TOM Heun3bexHO BO3pacTaeT KONMYecTBO Mo-
BPEXOEHUA 1 Aaneknx OT HOPMbl PEXUMOB pa-
60TbI [1]. [0 3TON NPUYMHE NPU PEKOHCTPYKLIUM
W MOZepHM3aumMn OOBEKTOB 3HEpPreTuKu NoBbl-
WwatoTcs TpeboBaHMsa K YCTPOMUCTBAM penieHon
3awutbl (P3) ot KopoTkux 3ambikaHun (K3) u
LPYrvx BUOOB NOBPEXAEHUN.

OCHOBHbIMKM ~ TpeboBaHusmMu Kk paboTe
ycTponcte P3  sABRATCA  CENEKTUBHOCTb,
Ha4EXHOCTb, YYBCTBUTENBHOCTb W BbiCTpOOEN-
ctene [2]. OHM pomxkHbl obecneymBaTbCs He
TONbKO camummn ycTtpouctsamm P3, HO u nep-
BUYHbIMX npeobpasoBaTensMn  U3MepseMbiX
BEMWYMH, B NEpBY oyepedb TpaHcgopmaTo-
pamu Toka (TT). MMEHHO OT aHanoroBoro cur-
Hana TT BO MHOTOM 3aBUCKT NpasunbHas pabo-
Ta P3. BTOpWUYHbIN TOK 3neKTpoMarHuTHbIX TT B
NEPEXOAHbIX PEXMMaX MOXET 3HaUMTENbHO UC-
KaXaTbCA MO NPUYMHE HACbILEHUS MarHUTHOM
cuctembl TT [3]. Takas npobnema sBNAeTCS ak-
TyanbHOM Kak Ans paboTbl aHanoroBblX (3nek-
TPOMEXaHUYECKMX W CTaTUYecKux), Tak u undg-
poBbIX 3awuT [3-5]. M3BecTeH cnyyail Henpa-
BUNbHOM paboTel P3 B 2014 r. Ha ogHoW ©3
3NEeKTPOCTaHUMN U3-3a WUCKaXEHUS BTOPUYHOTO
TOKa MO NpUYnHe HacoblweHns TT npu BHELIHEM
TpexdaszHoM K3 ¢ anepuogmyeckon coctaBns-
towen. HekoppekTHoe cpabaTbiBaHue 3awuThl
MPVBENO K PasBUTUIO KPYMHOW CUCTEMHOW aBa-
pun. MogobHble criyyanm oTMevalTCs U B 3apy-
BexHbIx nybnukaumsx [6-8].

[ns npegotepalleHns nogobHbIX aBapwii B
SHeprocucTemax Heobxoguma paspaboTka me-
pONPUATAIA MO MOBLILEHUID HagexXHocTn pabo-
Tol P3. TpebyeTca KOPPEKTHO paccuuTbiBaTbh
BTOPWUYHblE TOKM TT B MEPEXOAHBbIX pexumax,
ANS Yero HyxHa afekBaTHas MatemaTuyeckas
mogens TT. Cywectsytowme mogenu TT [9-11]

TpebytloT Hanuuna nHopmaumn o napameTpax
obmotok TT (4acno BWUTKOB, COMPOTUBIIEHMS
0OMOTOK) U MarHWTHOW uenu TT (anuHa cpepn-
HeW CUNOBOMN NHWUKW, CEYEHe MarHUTonpoBoaa,
XapakTepucTuka HamarHu4mMBaHus cTanu), Ko-
Topas He coobliaeTca npov3BOAMTENSMU B
TEXHWYECKON JOKYMEHTaUMWM M B Nydwem cny-
yae [OCTynHa TOMbKO MO YacCTHOMY 3anpocy.
BmecTe ¢ Tem ansa uccnegosaHus pabotbl P3
He TpebyeTcsa BbICOKAash TOMHOCTb MOAENMPOBa-
Hus TT. Hanpumep, B [12] yka3aHo, 4To Ans
MOZENUPOBAHUA MOXHO MPUMEHSATb BNU3KYI0 K
MPSAIMOYrOSIbHOWN XapaKTEPUCTUKY HamarHu4mBa-
HUS, a aBneHune ructepesuca ana TT, npumMeHs-
eMblX B P3, MOXHO He yuuTbiBaTb, NpUaEpPXU-
Basicb P[] 153-34.0-35.301-02".

B cBA3KM ¢ aTUM akTyanbHOW 3afadven sBns-
eTca pa3paboTka ynpolieHHon mogenu TT ans
pacnpoCTpaHeHHON  cpedbl  MOAENMpOBaHUA
MATLAB Simulink [13, 14]. B kayectBe ucTou-
HUKa MHPOPMaUMKU Ans MogenupoBaHus npej-
naraeTcs MCnonb3oBaTb BOMbTAMMEPHYH Xa-
paktepuctuky (BAX), cHATYi0 npu nepuoaunye-
ckovt nposepke TT, U AaHHbIE O KO ULNEHTE
TpaHcgopmauuun. NoctpoeHne mogenu TOnbKo
Ha ocHoBe BAX no3BOnWUT MCKMOYUTL HEOOXO-
AMMOCTb MofyyYeHus uHgopmauum o TT, KoTo-
pas He yKka3aHa B €ro nacnopTHbIX AaHHbIX. Ta-
kas mogenb TT ¢ wucnonb3oBaHnem BAX nu
anddepeHunanbHbiX  ypaBHeHWA Byaet  wmc-
nonb3oBaTbCA Af19 PacyeTHOro WCCnefoBaHuUs
MOrpeLIHoCcTen TpaHCOPMaToOpOB TOKA U U3Y-
YeHUs MX BNMSHUA Ha paboty ycTponcTs P3 B
nepexoaHblx pexumMax. [na npoBepkn KOppekT-
HOCTU paspaboTtaHHou mogenu TT npeagnaraeTt-
CS NPOBECTM MOAeNMpoBaHUe YCTaHOBMBLUMXCS
PEXMMOB U NepexofHbIX NPOLECCOB C anepuo-
[AMYECKOW COCTaBMAKLEN TOKA U CPaBHUTbL pe-
3ynbTaTbl MOAENUPOBAHMS C HaATypHbIMKU OC-
umnnorpammamu peanbHbIX TT.

'P[ 153-34.0-35.301-02. MHCTpyKUMS No npoBepke TpaHCthopMaTopoB TOKa, UCMOMb3YEMbIX B CXEMAX PENENHON 3al -

Tbl M n3mepenus. Beeg. 01.03.2003. M., 2003. 151 c.
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MATEPWUAN U METOAbl UCCNEQOBAHUA
MN3BectHa mopenb TT Ha ocHoBe audde-
peHuManbHbIx ypasHeHun [10, 15]:

dB . di
WZS°E=(R2+R”)|2+(L2+L”)d_t2;
ilwl_iZWZ = chp; (1)
B=f(H),

roe W,, W, — 4iCro BUTKOB NEPBUYHOMN 1 BTOPUY-
HoW obmoTok TT; i, 1, — TOKM B NMEPBUYHON M

BTOpWYHOI obmoTtkax TT; R,, L, — aktsHOe co-
NPOTUBIIEHNE W WHOYKTUBHOCTb BTOPUYHOW 06-
motku TT; R, L, — akTuBHOe conpoTuBnexve u

MHOYKTUBHOCTb BTOpUYHOM Harpysku TT, I -

ANVHA CpeaHeln CUNoBOM NIMHUM MarHUTHOrO Nosns
B mMarHuTonposoge TT; S, — nnowags nonepey-

HOro ceyeHust MarHuTonposoaa TT; B=f(H) -

CpeaHsisi XapakTepucTuka HaMarHU41BaHus anek-
TPOTEXHUYECKOW CTann (3aBMCUMMOCTb WHAYKLUMN
B oT HanpspkeHHOCTM MarHuTHoro mons H npwu
HOMUHanbHoW Yactote f =50 I'ty) [16].

Ha kadhegpe anekTpuyeckunx cTaHummn, ceTen
U cuctem MpKyTCKOro HauMoHasrbHOro uccneno-
BaTENbCKOro TexHW4eckoro yHuesepcuteta (MP-
HNTY) Takke paspaboTaHa MMUTALMOHHAs MO-
penb TT B cpege MATLAB Simulink [17] ¢ uc-
nonb3oBaHMeM AuddepeHumanbHbiX ypaBHe-
HWUIA. YpaBHEHMS ONUCLIBAKOT napameTpbl pexu-
Ma B MEPBUYHON U BTOPUYHOM obBMOTKax TT u

OHepreTuka
Power Engineering

Kupxropa # ypaBHEHWUS MarHUTOLBUXKYLLMX
cun TT.

Kak ynomuHanocb paHee, obwum HepocTat-
KOM [aHHbIX MoJenen sBNAeTca Heobxoau-
MOCTb 3afaBaTb MHGOPMaLUMIO O CEYEHUN Mar-
HUTOMPOBOAA, ONMHE CMUIIOBOW NUHUW, Mapke
cTanu v yucnax BMTKOB OBMOTOK, 4TO y 6onb-
wuHcTBa TT He ykasaHO B 3aBOACKOW [OKYMEH-
Tauum u, 6e3ycnoBHO, ABNSETCA M3ObITOYHLIM
AN NPaKTUYeCKUX pacyeToB Npu aHanuse no-
BeaeHus P3.

Takxke Ha Kadhegpe aNeKTPUYECKMX CTaHLMN,
ceten n cuctem MPHWUTY paspabotaHa ynpo-
LWeHHas mogenb TT ¢ ucnonb3oBaHMeM Ornoka
Saturable Transformer B cpege MATLAB Sim-
ulink [18]. Ina paHHOW MOAENU B KayecTBe UC-
XOAHbIX AaHHbIX UCNOSb3yeTcs MHOpPMaUMs o
Ko3hpmumeHTe TpaHchopMaL MM, HOMUHANLHON
mowHocT TT n ero BAX. OgHako OCHOBHOM
npobnemoi npu NPUMEHEHUM TakoW MOAENM
SBNAETCA OTCYTCTBME MHEopmauum 06 ypaBHe-
HUAX, npumeHsiemblx B 6noke  Saturable
Transformer aons  MOAEnuMpPoBaHWS  KPUBOW
HamarHu4ymBanus TT.

OTUMK NpuYnHamMn u obycnoBneHo cosaa-
HMWEe HOBOW YNpOLLEHHOW MaTemMaTu4yeckon Mo-
penm TT Ha ocHoBe BAX. PaspaboTaHbl gBa
™mna mogenen TT B MATLAB ¢ npuMeHeHneM
pasHblXx 6MBNNOTEK 3NEMEHTOB AN MOAENUPO-
BaHUS.

MNepBas mogenb cosgaHa B cpege MATLAB
Simulink npy nomoww o6wwmx 6nokos Simulink u
6nbnmotekn SimPowerSystems [14, 16]. B ka-
4yecTBe OCHOBblI AN NOCTPOEHUS MOAENu uc-
nonb3yetca T-obpasHas cxema 3amelyeHuns TT

opmupyloTCH  NpyM NOMOLM  2-r0  3akoHa  Ha puc. 1[19].
! !
Rl |-1 Rz Lz
O—: YN | YO T
—> —> 'y
N e R
i 4 E"-E 4 hi-
U Rai i 3pbw Uy | |
., 3Ly
y v y X
o o

Puc. 1. T-o6pa3Hasi cxema 3aMeujeHUss mpaHcgopmamopa moka
Fig. 1. T-shaped equivalent circuit of a current transformer
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B ynpouweHHon Mogenu TT npuHATO, 4TO
COMNPOTUBNEHMSI NEPBUYHON U BTOPUYHON 0BMO-
TOK TT BBMAOY MX ManocTu paBHbl HYM. Takum
obpa3om, OOLEKTOM MOOENMPOBAHUS CTaHO-
BUTCS TOMNbKO BETBb HAMarHW4MBaHWS C Hemnu-
HEMHON MHAOYKTUBHOCTbLIO Lﬂ. Mo paHHOW BETBU

npoTekaetr TOK HamMarHn4nBaHuA i ABNALO-

u
LWMACS PasHOCTbIO MPUBEAEHHOTO NEepPBUYHOTO

i, 1 BTOpMYHOro i, TokoB TT. ConpoTuBnEHMe
BETBM HaMarHW4MBaHWSA Npyu CUHycomdasibHOM
TOKE HamarHuyuBaHusa (pabota Ha NWHENHOM
yyactke BAX) MoxeT ObiTb HalgeHO No MrHo-
BEHHbIM 3HAYEHWAM TOKa U HanpsKeHWs, CaBW-

HYTbIM OTHOCUTENBHO Apyr Apyra Ha yron 90°:

X =22 _ gL @)

u I_ u
U

rne w=27f - uuknuyeckas 4actota nepe-

MEHHOro Toka. [TockonbKy B AaHHOW paboTte uc-
CrnefyeTcs PexuMM C HacbllWeHnemM MarHuTonpo-
Boda, T.e. PEXUM HENMUHEWNHbIX 3NEeKTPUYECKMX
Lenen, To BblpaxeHue (2) Henb3s MPUMEHUTb
ans scen BAX. Bmecte ¢ TeM anekTpoaBuXy-
wasa cuna (34C) BTopnYHON 0OMOTKU, YMCIIEH-
HO paBHasi Mpu OTCYTCTBMW COMPOTUBIIEHMS

BTOPWUYHOA OOMOTKM HampsbKEHMKO U, , OMMUChI-

BAETCS YpPaBHEHWEM MO 3aKOHY 3MEKTPOMArHmT-
HOW MHAYKLMN:

oL b :
e2_u2_,udt’ ()

roe Lﬂ :_u—z — HeNnuHeWHas WHOYKTUBHOCTb
@
cepaevHuka TT, onpegensemasn BAX.

B paspabotaHHon mogenu ¢ obwwmmmu 6no-
kamn Simulink n SimPowerSystems (puc. 2)
MEPBUYHLIN TOK MPMBOAMTCSA KO BTOPUYHOM 00-
MOTKE C NOMOLLBID [eNleHns Ha KO3UUMEHT
TpaHcopmaumm TT 6nokom Gain. 3atem npu-
BEEHHbIN NePBUYHLIN N BTOPUYHBIN TOKN BblYK-
TalTCs, YToObl NONYYNTb TOK HAMArHNYMBaHKS:

i, =i —i,. (4)

Ansa 3agaHus BAX wucnonbsyetcs 6nok
Lookup Table. /3 Toka HamarHuduBaHns i, Ha

Bxoae 6ok Lookup Table no3sonseTt nonyuntb
Benuuuny SAC TT (HanpsxeHWs Ha BTOPUYHOM

obmoTke U, ). MpeobpasoBaHne Toka B Hamps-

XeHne BefeTcs no 3agaHHon B 6noke Lookup
Table BAX B MrHOBEHHbIX 3HAY€HWUsAX TOKa W
HanpsbkeHusi. Tak Kak Mo  BblpaxeHuo (3)
HanpsbkeHne CBA3aHO C TOKOM HamarHu4nBaHus
yepes npom3BoaHyk, nocne 6rnoka Lookup Ta-
ble BbinonHseTcs onepauns A depeHunpo-
BaHMs C nomollbto 6noka Derivative. Tak kak
npon3BodHas Toka CBOEN Pa3MepHOCTbI OTN-
YyaeTcs OT HanpsKEHWs, ANs NpUBeAeHUs BENU-
YMHbI NPON3BOAHON B BOSbTHI BbINOSHAETCS Ae-
neHne curHana Ha BennumHy @ B Bnoke Gain.
[MonyyeHHOe HanpspkeHWe (dnekTpoaBuKyLLas
cuna TT) nogaeTtcs Ha ynpaBnsieMbl UCTOYHMK
HanpsbkeHust Controlled Voltage Source, Bknto-
YEHHbI BO BTOPUYHYIO OOMOTKY.

Bropas mogenb TT B cpeage MATLAB aHano-
rMYHa NEPBOW C TEM OTNNYMEM, YTO ANS NOCTPO-
eHus  ucrmonb3ytTcs  b6rnokn - GubnuoTeku
Simscape (puc. 3). [ing HaxoxaeHns npouns3soa-
HOW UCMOSb30BaHa Lenb C MHOYKTUBHOCTbLID. JTO
BbI3BAHO OTCYTCTBMEM B cpefe Simscape wrat-
HOro 6rioka Anst HaXOXAEeHWUs NPOU3BOAHOW CUr-
Hana. brnok PS-Simulink Converter Heobxoaum
ANs nepeBoAa (hM3MYECKOro curHana Simscape
B curHan ansa Simulink n ero otobpaxeHus.

MNpencraBnseT oTAenNbHBIN UHTEPEC BONPOC
O KOppPeKTHOCTW 3afaHua BAX B genCTBYOLLMX
3HAYEHUSAX TOKa M HanpsXkeHus (B COOTBETCTBUM
c npotokonom nposepkn TT) Bmecto BAX B
MrHOBEHHbIX 3HaYeHusIX, Kak aToro TpebyeT Bbl-
paxeHue (3) ANS HaxOXOeHWs MPOU3BOLHOM
Toka. CpaBHeHne pesynbTaTtoB cHATMS BAX B
MIHOBEHHbIX W OEWCTBYIOLWMX 3HAYEHUSIX BENu-
YMH NPOBEAEHO Ha MOAENW HENUHENHOro Co-
npoTUBNEHUS (puc. 4 a), KOTOpoe 3afaHo 3aBW-
CUMOCTbIO HanpsbxeHust oT Toka B 6noke Lookup
Table.

B mogenu Ha puc. 4 b, roe cHumaetcs BAX
B MFHOBEHHbIX 3HAYEHWSX TOKA W HanpsKeHus,
B UMb C HENWHENHbIM CONPOTUBIIEHNEM BKITHO-
4yeH Bnok ynpaBnseMoro MCTOMHUKA TOKa, KOTO-
pbiii NO3BONSET PerynmpoBaTb 3HaveHus nopa-
BAeMOro NnocTosHHOro Toka. B mogenu Ha pwc.
4 C HennHerHoe COoNpPOTUBIIEHNE BKITOYEHO B

BECTHUK UPKYTCKOIO rOCYOJAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2021;25(4):450-462

ISSN 1814-3520

453

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(4):450-462




77X AHepreTnka
,‘A‘ Power Engineering

Discrete,

[_i|—— £s=5e-05 s. i
al + al+
I —F ] 1
@ L1 1 |s—

=i =i

—al- Vv Vv

i1i2

utu2

1/Kt

1-D Lookup
Table
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Discrete Derivative ~ 1/100/pi1
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Puc. 2. Modenb mpaHcghopmamopa moka (a), pabomarow,e2o Ha akmueHo-uHAyYKmMueHyo Hazpy3Ky, u nodcucmema c¢
Modenbr0 mpaHcghopmamopa moka e cpede MATLAB Simulink (b)
Fig. 2. Model of a current transformer with active and inductive loads (a) and a subsystem with a model of a current

transformer in MATLAB Simulink environment (b)

PS Gain
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@"DL

Current Sensor

o

Current Sensor1

Resistor1

Switch
PS Lookup Table (1D) -\1

PS Subtract IL_t‘ ©

'5

Inductor1

f(x)=0 [}LI

Solver

Converter

= PS Gain1

Configuration =

@ Inductor V) | Voltage Sensor2

— >

Step Simulink-PS I :

—L Electrical Reference1

Puc. 3. Modenb mpaHcghopmamopa moka e cpede MATLAB Simscape
Fig. 3. Model of a current transformer in MATLAB Simscape environment
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s
o I A D
Conn2 Controlled Voltage Source1 Conn1
s
1-D T(u) I @+ . & To Workspace
Constant - L =
Controlled Current Source Scopet
/ Conn2 Conn1 fa—a| + "!._' > ‘:ll
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To Workspace1
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- !-< RMS cope
I Conn2 Connt [e—a|+ | » RMS ) N ]
™
> ¥
AC CS Subsystem1 RMS1 Scope2
i1
To Workspace3

c

Puc. 4. Modenb HenuHeliHO20 conpomueJsieHus (a), mosyyeHue eosibmamMnepHol Xxapakmepucmuku

8 M2HO8eHHbIX 3HaYyeHusix (b) u @ delicmeyrowux 3Ha4YeHUsX (C)
Fig. 4. Model of nonlinear resistance (a), obtaining of current-voltage characteristics in instantaneous (b)
and effective values (c)

B pesynbTate pacyeTHbIX 3KCMEPUMEHTOB
nonyyeHsl BAX B MIHOBEHHbIX U AENCTBYIOLLMNX
3Ha4yeHusX Ha puc. 5. YctaHosneHo, 4yto BAX B
MrHOBEHHbIX 3HAYeHWsX oTnmyaeTca B 6onb-
Wyt cTopoHy ot BAX B gencTBylOLWMX 3Hade-
HUSX OPMEHTMPOBOYHO B 1,14 pasa.

uenb C CuHycomdanbHbIM WCTOYHUKOM nepe-
MEHHOro TOKa, a pe3ynbTaTbl U3MEPEHUN nepe-
BOAATCA B OEWCTBYIOLLME 3HAYEHUS C NOMOLLbIO
MoAynen pacyeTa cpedHekBagpaTUYHbIX 3Ha-
YEHUN OCHOBHOW 4YactoTbl RMS (HOMUHanbHas
MaKkCcuMMasibHas CUMHYcOMOanbHOCTb, OT aHrm.
Rated Maximum Sinusoidal) [20].

14 T - :

12

10 F 3

' u, B

114U =f (1,14
— u=f(i) ]

/

T

i, A

20 25

Puc. 5. BonbmamnepHbie xapakmepucmuku HesluHeliHo20 COMPoMUe eHusl, CHsimble 8 M2HOBEHHbIX U delicmeyowux
3HayeHusx (a), U me e xapakmepucmuKu NocJie yMHOXeHUsl 80JIbmaMnepHoLll Xxapakmepucmuku e delicmeyoujux
3Ha4yeHusx Ha koagpuyuenm 1,14 no moky u HanpsikeHur (b)
Fig. 5. Current-voltage characteristics of nonlinear resistance taken in instantaneous and effective values (a), the same
characteristics after multiplication of the current-voltage characteristic in effective values by a factor of 1.14 for current and

voltage (b)
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Tak kak Toukn nepernda y ABYX Xapakrepu-
CTUK Ha puUC. 5 b OTNNYaTCH HECYLLECTBEHHO,
10 BAX B mogenn TT MOXHO 3agaBaTtb B AeW-
CTBYHOLUMX 3HAYEHUAX (KaK MX OObIMHO U CHU-
MatoT B 3KCNIyaTaumm), yMHOXeHHbIX Ha 1,14.

PE3YINbTATbl UCCIIEOOBAHUA
N UX OBCYXOEHUE

Ob6e paspaboTtaHHble Mmogenun TT nposepe-
Hbl MPW UMUTALUM PA3NNYHBIX PEXUMOB pabo-
Tbl: NPW HOMUHANBLHOM MEPBUYHOM TOKE U 3a-
MKHYTOW BTOPWYHOM OOMOTKE; MpW HOMMHANb-
HOM NEPBUYHOM TOKE 1 PA3OMKHYTOW BTOPUYHON
0OMOTKE; NPV HOMUHANBHOM NEPBUYHOM TOKE U
BTOPUYHOW Harpyske, npeBbllaOLEed HOMU-
HanbHYK; MPWU NEPBUYHOM CUHYCOMAANbHOM
Toke K3; B nepexogHom pexume K3 ¢ anepuo-
AMYyeckon cocTaenswowen toka. [ns mopenu-
poBaHus npuHat TT Tuna TMJ1-10. Ha puc. 6
npeacTaBneHbl  OCUMNIIOrpaMMbl  HaNPSHKEHNS
Ha BTOpPWUYHOM OBMOTKE MpW €e pa3MblKaHun U
NPOTEKaHUN HOMWHAMNBLHOIO TOKa NO NEePBUYHON
obmotke TT.

Mpy pa3oMKHYyTON BTOPWUYHOW OBMOTKE Ha
ocuunnorpamme (CMm. puc. 6) BUAHbI NepeHa-
NPSHKEHWS Ha Pa30MKHYTOW BTOPUYHON OOMOT-
Ke, YTO COOTBETCTBYET peanbHbiM (hU3NYECKUM
npoueccam BO BTOPUYHOW OBMOTKE Npu Takom
pexume.

Ha puc. 7 npeacrasneHbl ocumnsiorpaMmel
MEePBUYHOrO M BTOPUYHOIO TOKOB TT npu TOKe B
nepBuyHOM 0OMOTKe, MpeBbIWAWMNEe HOMU-
HanbHbIN.

Ha puc. 7 o4eBMOHO, 4TO MpW NEPBUYHOM
TOKE, 3HAYUTESIbHO MPEBbILLAKLWEM HOMWUHAmMb-
Hbln, HabnogaeTca HacbiweHne TT, a Ha oc-
umnnorpaMmme BTOPUYHOIO TOKa BUAHbLI CpPe3bl.
AHanornyHble 3@EKTbl NONyYeHbl NPU MeHb-
WMX NEepBUYHBIX TOKax B Cryvyae 3afjaHus BTO-
pU4HOM Harpysku TT, npeBblwaoWwen HOMU-
HasbHY!0.

Ha puc. 8 nokasaHbl ocuunnorpaMmbl nep-
BWYHOrO 1 BTOPMYHOTO TOKOB TT npu nepexogHoM
npoLecce ¢ anepuoanN4ecKkon COCTaBNSIOLLEN.

3aTyxaHue anepuoamMyeckoro Toka BO BTO-
pU4HON 0OMOTKE npoucxoauT bbicTpee, Yem B
nepBu4yHOM KoHType TT (cMm. puc. 8), Takxe
HabnJanTCA UCKaXeHUs (opMbl BTOPUYHOIO
TOKa BO Bpemsi NpoTeKaHWs anepuoanmyeckoro
TOKa 3a cyeT adpeKkTa HacCbILLEHUss MarHuTo-
nposoga TT.

B uenom xapakTepucTuku BTOPUYHOTO TOKa
B MoZensax Simulink n Simscape NOMHOCTbO
coBMajatT, TeM He MeHee MOAEeNb C UCMOSb30-
BaHMem 6nokoB MATLAB Simscape Ha puc. 3
nokasana 6onee crabunbHyio paboTy BO BCex
pexummax.

200 T T T T T

150 f

100 {

50 H

-50 +

-100 -

-150 -

-200 1 1 1 1 1

't, c

0 0.01 0.02 0.03 0.04

0.05

0.06 0.07 0.08 0.09 0.1

Puc. 6. Ocyunnozpamma HanpsixxeHus Ha eMopPUYHOl 06Momke mpaHcgopMamopa moka npu Ppa3oMKHymol eMopuYHoU
o6momke u nepeu4yHom moke 50 A
Fig. 6. Oscillogram of voltage on the secondary winding of the current transformer with an open secondary winding and a
primary current of 50 A
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Puc. 7. OcyunnozpamMmbl MoOKO8 MOKO8 8 NepeuYHOl U 8MOpuU4YHOU o6MomKax mpaHcghopmamopa moka npu nepeuyHoM
moke 750 A u emopuyHol Hazpy3ke R, = 0,48 Om, L, = 1,146 m'H
Fig. 7. Oscillograms of currents in primary and secondary windings of the current transformer at a primary current of 750 A
and a secondary load R, =0.48 Ohm, L, = 1.146 mH
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Puc. 8. OcyunnozpaMmbl moKoe 8 NepeuYHoOU U 8MOPUYHOU 06MOMKax mpaHcghopmamopa moka 8 nepexodHOM pexume ¢
anepuoduyeckoli cocmassisiloujeli moka npu nepeuyHoM moke 75 A u emopuyHol Haepy3ke R, = 0,96 Om, L, = 2,292 MIH
Fig. 8. Oscillograms of currents in primary and secondary windings of the current transformer in the transient mode with an
aperiodic current component at a primary current of 75 A and a secondary load R, =0.96 Ohm, L, =2.292 mH

[ns npoBepku paspabotaHHon mogernn TT  TpaHcdopmauuu 75/5. Ha gaHHbix TT Bbinon-
npuayMaHbl ¥ BHeOpeHbl MOAenu ABYX peanb-  HeHO cHATUe BAX ¢ NOMOLLbK MCMbITAaTENbHOMO
HbiX TT: TIJ1-10 ¢ koadpdpuumeHTom TpaHcdop-  komnnekca PETOM-21 u noctpoeHsl BAX Ha
maumn 50/5 n TBJIM-10 ¢ koadbcuumeHTOM  MaTemaTudeckon mogenm (puc. 9).
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40ru, B B

XapakrepucTuka, nony4yeHHas
Ha mogenu B MATLAB

35r \ 3KCMIEPUMEHTANEHO

CHATas XxapakTepucTuka
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Power Engineering
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60 b
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CHATas XapaKTepucTuka
50 s

40t 1

XapakTepucTtuka, nony4yeHHasa
Ha mogenu B MATLAB
30 E

Puc. 9. CpasHeHue akcnepuMeHmasnabHO cHamol u nony4eHHol Ha Modesu 80/lbmMaMnepHbIX Xapakmepucmuk
mpaHcghopmamopa moka muna TI1J1-10 50/5 (a) u TBJIM-10 75/5 (b)
Fig. 9. Comparison of current-voltage characteristics of TPL-10 50/5 (a) and TVLM-10 75/5 (b) types of the current transformer
taken experimentally and obtained on the model

Ha puc. 9 BugHo, uto BAX, cHATbIE C nOMO-
wbto PETOM-21 Ha oboux TT, coBnagaoT C
BAX, NOCTPOEHHbIMU Ha MOAENN.

Takke Ona sepuUKaUMM CHATbI OCLUIIIO-
rpaMmbl BTOPUYHOTO TOKa Ha TpaHcopmaTope
Toka TIMJ1-10 B pa3nunyHbix pexwumax (puc. 10):

1) npu nepsuyHoM Toke S50 A B ycTaHOBWB-
LeMCs pexume CUMHycoMaanbHOro Toka M BTO-
puyHom Harpyske 9,6 Om (puc. 10 a);

2) npu nepauyHoM Toke 10 A ¢ anepuoamnye-
CKOW COCTaBnsAoLLEN U BTOPUYHOW Harpyske 9,6
Owm (puc. 10 b);

3) npu nepsuyHoM Toke 10 A ¢ anepuoaunye-
CKOW COCTaBMisAtoLLeN M BTOPUYHON Harpy3ke 39
Owm (puc. 10 c).

Mpn nomowy cneumanbHOW nporpammel B
MATLAB nonyyeHbl ocumnnorpammel B hopma-
Te COMTRADE, koTopble nogasanucb Ha TT ot
ucnbiTatensHoro  yctpoictea  PETOM-51.
COMTRADE sBnsietcs obLenpuHaTeiM  op-
MaTOM perucTpaumn ocuuniorpamm nepexon-
HbIX MPOLIECCOB (aBapui) B 3Heprocuctemax
[21]. BTOpuYHbIE TOKM Npu 3TOM MKCUPOBA-
muce ocumnnorpadgom Fluke 190 ¢ TokoBbIMU
Knewiamm.

Puc. 10 nokasblBaeT, 4TO CHATbLIE OCLMNIIO-
rpaMmbl BTOPUYHBIX TOKOB Ha peasnibHoM TT Tu-
na TIMNJ1-10 ngeHTnYHbI rpadpukam, NosyYeHHLIM
Ha ynpoLLeHHon mogenu. PacxoxaeHne no am-

nnuTygam TokoB cocTtasnset He 6onee 10%.
BeposiTHasa npuumHa pacxoxgeHuss — Heydyet
aKTUBHOTO COMPOTWBIEHUS U UHAYKTUBHOMO CO-
NPOTMBIEHNS paccesHNs BTOPUYHOM OBMOTKM
TT B ynpoLieHHOW Mogenu.

3AKJTIOMEHUE

B cratbe npepactaBneHbl pesynbTaTtbl UC-
crnefoBaHust No paspaboTke YnpoLLeHHOW Ma-
TemaTtuyeckon mogenu TT Ha ocHoBe ero BAX B
cpegax  MATLAB  Simulink wn  MATLAB
Simscape. lNpeanoxeHHas mogenb NO3BONSET
uccnegosatb paboty TT B pasfiMuHbIX yCTaHO-
BMBLUMXCS M NEPEXOAHbLIX pexumax paboTbl.
Ona mopenvpoBanns TT TpebytoTcs OaHHble
TOMbKO O KO3(hdmumeHTe TpaHcdhopmaumm n o
BAX, 4To ynpolaeT MogenmpoBaHue B cpaBHe-
HUM C M3BECTHbIMM Mogensmu TT Ha OCHoBe
AnddepeHumanbHbIX ypaBHEHNUIA.

PaspaboTtaHHble Mogenu npoBepeHbl B pas-
NNYHBbIX pexumax pabotel TT. Mogenb € uc-
nonb3oBaHumem 6nokoB MATLAB Simscape no-
kasana 6onee ctabunbHylo paboTy BO BCeEX pe-
XUMax. YCTaHOBMEHO, 4YTO npu 3agaHum BAX B
mogenu HeobxoaMmo [OelCTBYIOLWME 3HAYEHUS
HaNpPsXKEHUs U TOKa YMHOXaTb Ha KO3(huL M-
eHT 1,14 gns nepexoda K MrHOBEHHbIM 3Haye-
HUSIM HanPsHXXeHWN 1 TOKOB.
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Puc. 10. OcyunnozpaMmbl 8MOPUYHO20 MOKa npu nepsuyHom moke 50 A 8 ycmaHosusweMcs pexume U 8MOpPuUYHOU
Hazpy3ke 9,6 Om (a), npu nepeu4yHom moke 10 A ¢ anepuoduyeckoli cocmaensrowel u emopu4Hol Hazpy3ke 9,6 Om (b)
u npu nepeu4Hom moke 10 A ¢ anepuoduyeckoli cocmasnsiouieli u emopuyHoli Hazpy3ke 39 Om (c): 1 — pacyemHsbie
ocyunnozpammbl 8 MATLAB Simulink; 2 — ocyunnozpammsl, 3anucaHHble ocyunnozpagpom Fluke 190
Fig. 10. Oscillograms of the secondary current at a primary current of 50 A in the steady state and a secondary load
of 9.6 Ohm (a), at a primary current of 10 A with an aperiodic component and a secondary load of 9.6 Ohm (b) and
at a primary current of 10 A with an aperiodic component and a secondary load of 39 Ohm (c):

1 - calculated oscillograms in MATLAB Simulink, 2 — oscillograms recorded by a Fluke 190 oscilloscope

Ons Bepudukaumy MOLENM npu NOMOLLM
yctponcts PETOM-21 n PETOM-51 cHsatel BAX
c TT Ttuna TrJ1-10-50/5, TBJ/IM-10-75/5. Cpas-
HEHWe akcnepumeHTanbHblx BAX ¢ xapaktepu-
CTUKamu, NOCTPOEHHBIMU Ha MOZenu, nokasano
MOYTU NOSIHOE CoBNadeHne AaHHbIX.

[ns npoBepku paspaboTaHHON Moaenu pac-
CMOTpPEHbI pexuMbl HacbiweHns TT Tokom K3 ¢
anepuoguyeckon coctasnstowen. [JaHHble pe-
XWUMbl BOCMPOM3BEAEHbI MPU NOMOLLM CreHepu-
poBaHHbIX (hannos ocuyunnorpamm COMTRADE
Ha yctponctee PETOM-51, cHATbl ocumnno-
rpaMmmbl BTOpMYHOro Toka Ha TT Tuna TIJ1-10-

50/5. CHsiTble ocumnnorpaMmMbl Ha peanbHbiX TT
WOEHTUYHbI MOMNYYEHHbIM Ha MOAENN, PacXox-
[ileHVE B MFHOBEHHbIX 3HaYeHWsIX TOKOB He npe-
BolwaeT 10%.

Takum obpasom, nonyvyeHHas ynpoLleHHast
mogenb TT no3BonseT aHanM3nMpoBaTh PEXUMbI
pabotbl P3 npu HacbiweHun TT u [OBOMBHO
KOPPEKTHO yyuTbiBaTb BMUsiHME Ha paboty TT
anepuogmyeckoro Toka. [naHupyetca gopaboT-
ka MOZEenn Ans BO3MOXHOCTM y4yeTa OCTaTou-
HOW MHOYKUMM MarHMTonposoda W npubrmxeH-
HOro y4eTa MosHOro CONPOTUBNEHNS BTOPUYHOM
06MOTKM.
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Service life tests for storage batteries used in islanded
power systems with renewable energy sources

Sergey G. Obukhov*, Igor A. Plotnikov*, Vladimir G. Masolov**
*Tomsk Polytechnic University, Tomsk, Russia
**\VDM-tekhnika LLC, Moscow, Russia

Abstract: We investigated the service life of storage batteries to provide recommendations on the design of energy stor-
age systems used in islanded energy systems based on renewable power sources. The service life of maintenance-free,
sealed lead-acid batteries produced by absorbed glass mat (AGM) technology was determined by endurance tests car-
ried out by repeated charge/discharge cycles according to specified load profiles, implemented at a specialized Chroma
Test System station. Three battery load profiles were simulated: one for the standard DC charge/discharge mode, and
two for the charge/discharge modes from renewable energy sources. To this end, the actual data obtained from monitor-
ing the operating modes of a wind power plant were used. It was found that the battery service life depends on the inten-
sity of stress factors. Among them, the throughput factor has the most pronounced influence on the battery lifespan. To
extend the service life of storage batteries, it is proposed to separate the charge/discharge modes in time. For batteries
operated on renewable energy profiles, this approach decreases time intervals between full charges and at low battery
levels, which increases the battery service life by 14%. A solution to designing an energy storage system for microgrids
was proposed, which consists in the use of a combined double-circuit energy storage unit. An experimental prototype of
such a unit with a power of 15 kW was developed. The use of a combined energy storage unit in the microgrid system:
increases the battery service life by 20-30% compared to analogues; improves the static and dynamic stability of the
local energy system with a response time of no more than 50 ms towards power change; allows a fuel replacement level
of at least 25%; reduces the electricity cost by 25-30%.

Abbreviations:

AGM - absorbed glass mat

CES - combined energy storage unit

CF - charge factor

DC - direct current

DCS - direct current power supply systems
DGS - diesel generator set

DOD - depth of discharge

DR - discharge rate

ICUF —installed capacity utilization factor
PC - partial cycling

RES - renewable energy source

SB - storage battery

SOC - state of charge

TF — time between full charge

TL - time at low state of charge

WPP — wind power plant

Keywords: isolated energy system, renewable energy sources, energy storage, rechargeable battery
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WUccnepgoBaHue 3kcnnyaTaLUMOHHOIO pecypca akKyMynATOPHbIX
©aTtapei B U30NIMPOBAHHbIX IHEPreTM4YeCcKUX cuctTemax
C BO30OHOBNSAEMbIMU UCTOYHMKAMU IHEPIUM
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Pe3stome: Llenb — vccnefoBaHue aKkCnnyaTaLMoOHHOTO pecypca akkyMynsiTopHbiX 6aTapeli 1 pa3paboTka pekoMeHaauumn
MO MOCTPOEHUID CUCTEM HAKOMMEHUS 3HEpPruM Ans W3ONMPOBAHHbBIX SHEPreTUYEeCKUX CUCTEM C BO30OHOBNSEMbIMU UC-
TOYHMKaMu aHeprun. OBBEKTOM MUcCneJOBaHN ABUMUCE HEOOCNYXMBAEMbIE, TEPMETUYHBIE CBUHLIOBO-KUCIIOTHbIE BaTa-
peu, BbinosnHeHHble o AGM-TexHonorun. Cpok cnyxbbl akkymynsTopHblx 6aTapei onpedensancs no pesynbratam ux
PECYPCHbIX UCMbITaHWIA NOCPeACTBOM 3apsfa/paspsga no 3agaHHbIM NpodusM Harpy3ku, peanusoBaHHbIX Ha cneuuna-
NU3NPOBaHHON ucnbiTaTenbHOM cTaHumMn Chroma Test System. [1na npoBeaeHWst akcnepuMeHToB Bbinu cMOAeNMpoBa-
Hbl 3 Npocuns Harpy3ku 6aTapen: oguH — AN CTaHAApTHOrO pexvMa 3apsga/paspsga Ha MOCTOSIHHOM TOKe, M ABa —
AN PexumoB 3apspa/paspsga oT BO30OHOBIAEMbIX UCTOYHUKOB SHEPru, Ans (hOPMUPOBAHUS KOTOPbIX MCMOMb3OBa-
nnCb hakTUYeckne AaHHble MOHUTOPWHIa paboumx pexumMoB BETPO3IHEPreTUHECKOM YCTaHOBKW. PesynbTathl akcnepu-
MEHTOB Nokasanu, YTo yCnoBus 3KkcnnyaTauum 6atapei no paccmarpuBaeMbliM NpouUnsM CyLLECTBEHHO pa3nuyatoTcs
Mo 3HAYeHWUsIM MPaKTUYEeCKU BCEX CTPeCC-(HaKkTOpPOB, M3 KOTOPLIX ONMpeaensioLlee BAusHUe Ha Cpok cnyxbel Batapen
OKa3blBaeT PakTop NPOMyCKkHO cnocobHOCTW. [INs coXpaHeHMs SKCMyaTaunoHHOTO pecypca akkyMynsaToOpHbIX Bbatapein
NPEeANoXeHo pas3ferneHne Bo BPEMEHU UX PEXUMOB 3apsgal/paspsaga. PesynbtaThl UCMbITAHUIA Nokasanu, YTo npu akc-
nnyatauum 6atapen no npodunsam ot BO30OHOBNSIEMbIX UCTOYHUKOB SHEPTUKM NPUMEHEHNE AaHHOro crnocoba cokpalla-
€T BpeMeHHble MHTepBanbl MEeXAy MOMHO 3apsAaKoi U Npu HW3KOM YPOBHe 3apsiga 6atapen, 4to obecneynBaeT noBbl-
WweHne nx cpoka crnyxbbl 0o 14%. MMpeanoxeHo HOBOE TEXHMYECKOE PELIEHWE MO MOCTPOEHUID CUCTEMbI HaKOMIEHWS
aHeprun ans MicroGrid B Buae KOMOMHMPOBAHHOTO ABYXKOHTYPHOTO HAaKOMWUTENS 3Heprun. M3roToBneH 3KCMepuME H-
TanbHbI 06pasel, KOMBMHMPOBAHHOTO HAKOMWUTENS 3Hepruu Ha MolwHocTb 15 kBT. lNpumeHeHne KOMOMHUPOBAHHOTO
HakonuTens aHeprum B coctase MicroGrid no3BonsieT NOBLICUTH SKCMITyaTaLMOHHbLIN PECYPC aKKyMYynSATOPHbIX 6aTapei
00 20-30% B cpaBHeHun ¢ aHanoramu, 0becneymBaeT CTaTUYECKY0 U AMHAMWYECKYH YCTOMYMBOCTb TOKANbHON SHEp-
FeTUYECKON CUCTEMbI CO BPEMEHEM PEAKLMM Ha M3MEHeHne MOLHOCTM He Gonee 50 Mc, ypoBeHb 3amelleHns TonnmBea
He MeHee 25% W CHUXEeHUEe CTOMMOCTU NEKTPOaHeprum Ha 25-30%.

Ab66pesuamypbl:

AGM - repmeTHU4YHble CBUHLIOBO-KUCIIOTHLIE 6aTapen, BbiNonHeHHbIe o AGM-TexHonorum
KH3 — kOMOUHMPOBAHHLIA HAKONWUTENb SHEPTUN

CF - cbakTtop 3apsiga

DC — NOCTOSAHHbINA TOK

C3IM - cuctema anekTponuTaHUs Ha MOCTOSIHHOM TOKe

ArY — ousenb-reHepaTopHas ycTaHOBKa

DOD - makcumanbHas rnybuHa paspsga

DR - ckopocTb pa3psiga

KNYM — koadhhMUMEHT 1CNonb30BaHWUS YCTaHOBIEHHON MOLLHOCTH
MK = yacTuyHbIN LMKn

BW3 — B0306HOBNSIEMbIN UCTOYHUK 3HEPrUM

AB - akkymynsiTopHasi 6aTapest

SOC — KOHTPOMNb OCTAaTOYHON EMKOCTU

TF — Bpemsi paboTbl Mexay NOSHOW 3apsiaKol

TL — Bpems paboTbl Npu HU3KOM YPOBHE 3apsaa

BOC - BeTpoanekTpocTaHuust

Knroyeenie cnoea: M30NnMpoBaHHaa aHepreTndeckasa cucrtema, BO30OHOBNSEMbIE WUCTOYHMKM QHepruu, Hakonutenb
QHEPrnun, akkymyndaTtopHada 6aTapeﬂ
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INTRODUCTION

Islanded energy systems based on various
generating units, such as microgrids', are prom-
ising technologies for producing electrical ener-
gy. Microgrid technology was initially aimed at
increasing the energy efficiency and environ-
mental friendliness of autonomous power supply
systems that incorporate diesel generator sets
(DGS). Therefore, the developers relied on the
use of renewable energy sources (RES), both
wind power plants (WWP) and photovoltaic in-
stallations.

Microgrids can operate either in grid-
connected or islanded mode. According to the
Navigant Research analytical company, in 2018,
the annual production of islanded and grid-
connected microgrids amounted to 1,231 MW
and 1,463 MW, respectively, with the total sales
volume exceeding USD 3 hillion. By 2027, the
market demand for such microgrids is predicted
to reach 4,230 MW and 11,576 MW, respective-
ly, which will require investments of about USD
30 billion®.

Microgrid equipment has a large potential in
Russia, whose eastern and northern areas are
characterized by a low population density and a
poorly-developed transport infrastructure. Relia-

OHepreTuka
Power Engineering

ble power supply in decentralized regions is an
urgent state task, confirmed by a number of le-
gal and regulatory documents®*.

Microgrids incorporate energy storage sys-
tems, which significantly improve energy effi-
ciency by increasing the installed capacity utili-
zation factor of renewable energy installations,
reducing the DGS operating hours, and, accord-
ingly, decreasing fuel and service costs”.

Storage batteries (SB) as energy storage
systems satisfy the requirements of microgrids
in terms of power range and energy storage du-
ration. Despite significant progress in the indus-
try of electrochemical power sources [2, 3], lead-
acid SBs are mainly used for storing energy in
microgrids due to their good value-for-money
characteristics. In this work, we also consider
this type of SBs.

The expenses involved with energy storage
are quite significant, amounting from 25 to 60%
of the total cost of an energy system [4, 5].
Therefore, it is important to increase the SB ser-
vice life, which is typically lower than that of oth-
er microgrid components [6]. To that end, the
main factors affecting the lifespan of SBs when
used in microgrids should be identified. It should
be noted that the operating modes of SBs incor-

L Off-grid renewable energy solutions to expand electricity access: an opportunity not to be missed. International Re-
newable Energy Agency. Available from: https://lwww.irena.org/publications/2019/Jan/Off-grid-renewable-energy-
solutions-to-expand-electricity-to-access-An-opportunity-not-to-be-missed [Accessed 17th February 2021] / Off-grid re-
newable energy solutions to expand electricity access: an opportunity not to be missed // International Renewable Ener-
gy Agency [OnektpoHHbin pecypc]. URL: https://www.irena.org/publications/2019/Jan/Off-grid-renewable-energy-
solutions-to-expand-electricity-to-access-An-opportunity-not-to-be-missed (17.02.2021).

Z What's Driving Microgrids toward a $30.9B Market. Microgrid Knowledge. Available from:
https://microgridknowledge.com/microgrid-market-navigant/ [Accessed 17th February 2021] / What's Driving Microgrids
toward a $30.9B Market // Microgrid Knowledge [SnekTpoHHbii pecypc]. URL:
https://microgridknowledge.com/microgrid-market-navigant/ (17.02.2021).

* Decree "On national goals and strategic objectives of the development of the Russian Federation for the period
up to 2024". President of Russia. Available from: http://www.kremlin.ru/events/president/news/57425 [Accessed
17th February 2021] (In Russ.) / Yka3 «O HauuMOHanbHbIX LeNsx W CTpaTernvyeckux 3agadax passutust Poccuickon
®epepaumnu Ha nepuog fo 2024 rogax» // Mpe3naeHT Poccun [OnekTpoHHbIn pecypc]. URL:
http://www.kremlin.ru/events/president/news/57425 (17.02.2021).

* About the draft plan for the modernization of inefficient diesel, fuel oil and coal generation in hard-to-reach regions.
The Government of Russia. Available from: http://government.ru/orders/selection/401/35150/ [Accessed 17th February
2021] (In Russ.) / O npoekTe nnaHa No MOAepHW3aLnm HeadEKTUBHOI ANU3ENbHON, MA3yTHOW U YTOMbHON reHepaLmnu
B TPYAHOAOCTYNHbIX pernoHax // MpasutensctBo Poccum [OnekTpoHHbIi pecypc]. URL:
http://government.ru/orders/selection/401/35150/ (17.02.2021).

> Kempener R, Borden E. Battery storage for renewables: market status and technology outlook. International Renewa-
ble Energy Agency. Available from: https:/cleanenergysolutions.org/resources/battery-storage-renewables-market-
status-technology-outlook [Accessed 20th February 2021] / Kempener R., Borden E. Battery storage for renewables:
market status and technology outlook. International Renewable Energy Agency [OnekTponHbii pecypc]. URL:
https://cleanenergysolutions.org/resources/battery-storage-renewables-market-status-technology-outlook (20.02.2021).
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porated in microgrids differ significantly from
those in direct current (DC) power supply sys-
tems (DCS).

The concept of charge/discharge cycles and
methods for determining the SB service life are
defined in regulatory documents®’. In accord-
ance with these requirements®’, each cycle
consists of sequential DC charge/discharge
steps, and the SB lifetime is determined by a
number of cycles, following which the SB capac-
ity is reduced to 80% compared to the nominal
value. When SBs are applied as part of DCSs,
the charge/discharge currents vary across the
ranges and profiles recommended by the SB
producers, ensuring their maximal service life. In
such systems, the main factors affecting the SB
service life are temperature and the depth of
discharge. These dependencies are given in the
SB technical specification, allowing determina-
tion of their service life when used in a DCS.

A characteristic feature of microgrids is a
change in the generated and consumed power
values over a wide range, which determines the
presence of ripples in the SB charge/discharge
currents. Operation of SBs in the impulse cur-
rent mode leads to a rapid degradation of their
performance and a reduction in their service life
[7]. The stochastic nature of generation leads to
incomplete SB charge/discharge cycles with
significant time intervals between full charges
and at low residual charge rates, which also di-
minishes the SB lifetime [8, 9].

The main reasons for SB deterioration are
physicochemical processes leading to electro-
lyte separation, water loss, electrode sulfur poi-
soning and corrosion, as well as loss of active
mass. The intensity of these processes, or the
deterioration rate, depends on both SB type and
its operating conditions. SB deterioration mech-
anisms are described in [10, 11]. The main fac-
tors affecting these processes are defined in

[12, 13]. A qualitative estimation of the effect of
these factors on SB degradation is given in
[13, 14]. The aforementioned studies deter-
mined the main stress factors during SB opera-
tion, considerably accelerating degradation pro-
cesses:

— temperature;

— charge factor (CF);

— throughput (Qun);

— discharge rate (DR);

— time between full charge (TF);

— time at low state of charge (TL);

— partial cycling (PC).

Determination of reliable quantitative rela-
tionships between stress factors, degradation
mechanisms and the SB lifespan is a challeng-
ing research problem attracting widespread in-
terest [15-26]. The high complexity of this prob-
lem is associated with the stochastic nature and
mutual influence of stress factors affecting SB
deterioration processes.

Mathematical modelling is the primary and,
in many cases, sole way to predict the service
life of SBs incorporated in microgrids. The ma-
jority of studies apply the following 3 types of
models: performance or charge, voltage and
lifetime. Performance models, where the SB
service life is determined by the state of charge
[15, 16], are used most widely. Voltage models
measure the voltage at the SB cleats, on the
basis of which losses and the degradation de-
gree are calculated [17]. Service life models rely
on empirical relationships linking stress factors
with the SB service life [18, 19]. All these mod-
els can be used independently or integrated into
a generalized SB model [20, 21]. A comparison
of various models is presented in [22, 23]; the
questions of practical application of SB models
when selecting an optimal composition of mi-
crogrid equipment are considered in [16, 24, 25].

® GOST R MEK 60896-21-2013. Stationary lead-acid batteries. Part 21. Controlled valve type. Test methods. Introduced
on 1st January, 2015. Moscow: Standartinform, 2015./TOCT P M3K 60896-21-2013. baTapen CBUHLOBO-KUCMOTHbIE
cTauuoHapHble. YacTtb 21. Tunbl ¢ perynupytowmm knanadom. Metoabl ucnsitanuin.Bee.01.01.2015.M.: CraHgapTuh-
¢opm, 2015.

"GOST R MEK 61427-1-2014. Accumulators and storage batteries for renewable energy sources. General requirements
and test methods. Part 1. Application in stand alone photovoltaic power systems. Introduced on 1st January, 2016. Mos-
cow: Standartinform, 2016/TOCT P M3K 61427-1-2014. AkkyMynsTopbl U akkyMynsiTopHble 6atapen ans Bo3o6HOBNS-
€MbIX NCTOYHMKOB 3Heprun. O6wwme TpeboBaHUa M MeToabl ucnbiTaHuin. Yacts 1. MprMeHeHne B aBTOHOMHbIX hOTO-
3NEeKTPUYECKNX 3HepreTuyeckux cuctemax. Been. 01.01.2016. M.: CtaHgapTuHdgopm, 2016.
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The studies discussed above aimed to de-
velop SB deterioration models that reliably and
accurately describe the effect of stress factors
on the SB lifespan. However, a serious limitation
to the practical implementation of RES-based
microgrids is a lack of approaches to extending
the SB service life and creating efficient energy
storage systems.

In this work, we investigate the service life of
SBs operated in microgrids to propose recom-
mendations on the design of energy storage
systems for use in islanded RES energy sys-
tems.

MATERIALS AND METHODS

Maintenance-free, sealed lead-acid batteries
produced by AGM technology, CS3 battery
trademark, GP 12120 model® were investigated.
The main technical characteristics of CSB GP
12120 SB are given in tab. 1.

Table 1. CSB GP 12120 SB nominal characteristics
Tabnuua 1. MacnopTHole xapaktepuctukn Ab CSB GP
12120

Value
12V (6 cells per battery)

12 A - h, at a discharge
of 0.05C to 1.75V per cell

Characteristic
Rated voltage

Rated capacity

Voltage under load 13.5-13.8V
Charge voltage 14.4 - 15V
Maximum discharge 150/180A for 5
current

Short circuit current 378 A
Maximum charge 36A
current

Internal resistance 16 mQ

Resource

Up to 260 cycles at 100% discharge

Lifetime when idle

Up to 5 years standby time at 25°C

Due to the high complexity involved with the

mathematical description of electrochemical and
thermal processes in SBs, direct experiment
was chosen as the research method producing

valid results.

The batteries were tested using a Chroma
17011 Test System (7208M-6-30 model). This
system is used for testing battery cycle life by
repeated charging/discharging according to the
specified load profiles, allowing estimation of the
battery capacity and internal resistance with an
error of up to 0.02%°.

SB life tests were carried out according to
the requirements for test methods established in
regulatory documents®’. During the experi-
ments, the SB degradation rate was determined
at various charge/discharge profiles. Three SB
load profiles were simulated: one for the stand-
ard DC charge/discharge mode, and two for the
charge/discharge modes when using a RES.
The maximum values of the charge and dis-
charge current for all profiles were limited to 3.6
A and 2.4 A, respectively, which correspond to a
3-hour discharge current according to the bat-
tery passport. The maximum depth of discharge
(DOD) was taken equal to 80%. The state of
charge (SOC) and gas release values were con-
tinuously monitored during the experiments. The
tests were carried out at a temperature of 24 °C
and an air humidity of 60-70%.

The selected parameters of charge/dis-
charge profiles correspond to severe SB operat-
ing modes, leading to the fastest possible deg-
radation of their operating characteristics.
Therefore, in all the experiments, we applied a
used SB, in which 3 cells of a similar residual
capacity were selected according to the results
of preliminary tests.

The profile of RES1 was formed using the
actual data obtained by monitoring the operating
modes of a WPP VDM-2kW wind turbine pro-
duced by VDM-tekhnika LLC, installed at a wind
farm in Dubna®. The WPP output power log da-
ta recorded at 1 second intervals were normal-
ized to the required experimental conditions.
The change in the SB charge/discharge current,
corresponding to the RES1 profile, is shown in

8 Official site of the CSB Energy Technology Co., Ltd. Available from: https://www.csh-battery.com/ [Accessed 21st Feb-
ruary 2021]/ OdmumansHeid caiT komnaHum CSB Energy Technology Co., Ltd. [OnekTpoHHbin pecypc]. URL:
https://www.csb-battery.com/ (21.02.2021).
% Official site of the ZTS, Inc. Available from: https://www.ztsinc.com/ [Accessed 21st February 2021] / OcuumanbHbilit
cauT koMnaHum ZTS, Inc. [OnekTpoHHbIi pecypc]. URL: https://www.ztsinc.com/ (21.02.2021).

1 Official site of VDM-technika LLC. Available from: http://www.vdmtech.ru/ [Accessed 21st February 2021]
/ OpuumansHbIn cant komnaHum «BOM — TexHuka» [OnekTpoHHbIn pecypc]. URL: http://www.vdmtech.ru/ (21.02.2021).
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Fig. 1. Change in the charge/discharge current supplied to one battery cell according to the RES1 profile
Puc. 1. Mpaghuk usmeHeHus 3apsiOHO-pa3psIOHO20 Moka, nodagaemo20 Ha 00Hy sideliky 6amapeu no npogunro BUI1

fig. 1. The time interval of 1 profile comprises
19.57 h. The profile of RES2 was formed based
on the same initial data; however, the discharge
and charge modes were separated in time while
maintaining the overall power balance.

To ensure comparable experimental condi-
tions during RES profile tests, the following limi-
tations were set. When the voltage reached 2.35
V (full charge), the SB was transferred to the
discharge section of the profile. When the volt-
age dropped to 1.8 V (DOD = 80%), the SB was
transferred to the charge section of the profile.

DETERMINATION OF STRESS FACTORS

Since the ambient temperature was kept
constant during the SB life tests, the tempera-
ture-related stress factors were not taken into
account.

The charge factor (CF) is a dimensionless
coefficient, its numerical values are determined
through the ratio of the energy received and de-
livered by a SB, expressed in A - h per operation
year:

CF — Ah charged —
Ah

discharged
1)
_[Ibat -H (Ibat)'dt

B J-Ibat 'H(_Ibat)'dt’

where H — the Heaviside function; lps: — SB cur-
rent, whose values are used to separate
charge/discharge modes according to the given
conditions: lps; > 0 — charge mode (charged), lpa
< 0 - discharge mode (discharged).

Depending on the microgrid design and the
methods used for controlling the microgrid
mode, the CF value can vary within a wide
range. Thus, each specific current value will
have a corresponding optimal CF value under a
certain combination with other stress factors.
The CF value can be used to assess the effi-
ciency of the SB voltage regulation system, as
well as possible deterioration mechanisms. Very
low CF values lead to intensification of the sul-
fation and acid separation processes; moreover,
an imbalance in the battery and cell charges in
the SB bank is possible. Higher CF values pro-
mote corrosion and the loss of water and active
mass [14].

The throughput factor Qu is expressed
through the normalized value of the SB annual
discharge capacity:

J-Ibat ' H(_Ibat)'dt
CN

Qu =~ : (2)

where Cy — the rated SB capacitance, A - h.

The effect of Qy, factor on the SB service life
can only be considered in combination with two
other PC and TL stress factors. In general,
higher Qur values contribute to the active mass
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deterioration of the SB plates, their crumbling
and degradation.

The discharge rate factor is applied to as-
sess the effect of high discharge currents on the
SB lifetime. The function of discharge current
distribution is used for calculating DR, where 1%
of the capacity from the total SB throughput
(Qtnr) is discharged. These distribution parame-
ters are determined by dividing the entire range
of discharge currents into M groups from the
lowest I; to the highest ly current, with the sub-
sequent determination of the corresponding fre-
quency fy to construct a distribution histogram.
By combining adjacent current groups in the to-
tal amount L, m groups with the I, average cur-
rent value, the t, time interval and the f,, distri-
bution frequency are extracted from the original
histogram. These groups satisfy the following
condition:

M
> 1,4, =0,01-Q,, -Cy. 3)
=M —

m L

The DR value is determined by normalizing
the average discharge current of all selected
groups to the SB 10-hour rated discharge cur-
rent lyp:

DR= 2t — (4)

A practical example of defining DR is dis-
cussed in [17]. Higher DR values increase the
electrolyte temperature, losses and self-
discharge current of a SB.

Time between full charge. SB average time
between full charge (in hours) is determined by
the following equation:

j H (90— SOC)dt
TF =

, ()

n90%

where nggy is the number of events per year that

N [ 14 -H(SOC —85)- H(100-SOC) - H (1) -dt
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satisfy the condition: SOC (t) > 90% and SOC (t
- At) £ 90%.

The choice of SOC = 90% as a criterion when
calculating this factor is explained by the fact that
determination of actual SOC values at high SB
charge levels involve significant errors [14].

Higher TF values activate the process of
forming insoluble sulfur compounds, which can-
not be converted back into active substances.
This ultimately leads to an irreversible decrease
in the SB capacity relative to its rated value.

The time at low state of charge. The TL
factor is the SB service time expressed as a
percentage over the calculated period (usually
per year) at a SOC value < 35%:

" j H (BSJ‘_dfOC)dt 100

Long operation periods at low SOC levels
accelerate sulfation and electrolyte decomposi-
tion. It should be noted that this stress factor has
a significant negative impact on the service life
of lead-acid SB, although its effect on other SB
types is much smaller [14].

Partial cycling. The PC stress factor char-
acterizes the weighted and averaged value of
the battery discharge energy at different SOC
levels to the total throughput, expressed as a
percentage [17]:

(6)

PC=(A+2:-B+3-C+4-D+5-E)/5, (7)

where the A — E coefficients represent the SB
total discharge capacity in a specific SOC range,
expressed as a percentage of the total annual
discharge capacity.

The following SOC ranges are used to calcu-
late the coefficient values in equation (7):
100-80% corresponds to coefficient A, 85-70%
— to coefficient B, 70-55% - to coefficient C,
55-40% - to coefficient D, and 40-0% - to coef-
ficient E. The following equation demonstrates
an example of calculating coefficient A:

100. 8)

v[Ibat ’ H(_Ibat)'dt
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The other coefficients are determined in a
similar manner. The effect of the PC factor on
SB deterioration is manifested similarly to that of
the TL stress factor.

RESULTS AND DISCUSSION

Fig. 2 shows a fragment of SB life tests reg-
istered for different load profiles. During the
tests, the values of SB (I) charge/discharge cur-
rent and cell voltage (V), as well as the calculat-
ed value of residual capacity (SOC) were rec-
orded. The measurements were carried out with

an interval of 1 s and were recorded in a
spreadsheet for further processing.

Fig. 2 presents the experimental data for 2
charge/discharge cycles according to the DC
profile, as well as 1 operating cycle for each
RES profile. Following 5 consecutive cycles ac-
cording to the given load profiles, the SB residu-
al capacity was measured’. The obtained exper-
imental dependences of the change in the SB
residual capacity (SOC) on operating cycle
numbers (Neycie) and operating time (t) are pre-
sented in fig. 3.

. Profile DC Profile RES1 Profile RES2
<
-~ 0 \-
2
2,5
{1 |\
> 9 | 1
z 2
15
12
10 - I . S b —r T - — S E— T S - .
N/ 7T N 'd /
<—F 6 / [ \\//\ /A /‘\ N A A
i / / A AN\ A NN /A |/
8 / AV
g 3 1\ \/ U/ \ \ |
NERY/EEEEE\EEE VARYEA NN
0 2 4 6 8 1012141618202224 0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
t, hour t, hour t, hour
Fig. 2. Images obtained during storage battery life tests
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Fig. 3. Experimental dependences for the SB residual capacity on the number of operating cycles and operating time
Puc. 3. 3kcnepumeHmanbHble 3a8UCUMOCMU OCMamoYyHoU eMKOCMU akKyMynsimopHbIx 6amapeli om yucna paboqux
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The experiments showed that the evaluation
of the service life of SBs operated according to
RES profiles based on the number of
charge/discharge cycles and (or) the calendar
operation from the data provided by the tech-
nical specification can lead to serious errors.
This can be explained by significant differences
in the full charge/discharge cycles between the
DC and RES profiles, both in terms of duration
and throughput. Performance models are more
efficient [15, 16], allowing the residual battery
life to be estimated by the amount of passed
energy. Nevertheless, this method of determin-
ing the SB service life ignores the influence of
other stress factors, thus leading to additional
errors.

Our experiments revealed a significant effect
of pulsed charge currents on SB degradation.
When the battery is charged by pulsed currents,
the voltage increases to the limiting values of
2.35-2.4 V per cell. Further charging will lead to
a sharp growth in temperature and boiling off the
electrolyte with irreversible consequences in
terms of SB degradation [7]. In the experiments
carried out on RES profiles, when the voltage
increased to 2.35 V, the tested cell was
switched to the discharge mode, ensuring its
protection from overcharging. Voltage control
and charging current limitation allow the SB to
be protected from overcharge modes; however,
this leads to an incomplete battery charge and
increases the operating time between full charge
and at a low SOC level (see fig. 2). In addition,
due to significant voltage ripples (for the RES1
profile, in particular), it is rather difficult to pro-
vide reliable and accurate control of the SOC
value, which is essential for the effective opera-
tion of the microgrid energy storage mode con-
trol system.

The efficient recovery and accurate SOC
control (see fig. 2) can be ensured by the stand-
ard two-tier DC charging mode based on the
current-voltage method (DC profile). However,
this requires the SB to be in a low-current charg-
ing mode (up to one percent of the rated capaci-
ty Cy) for a sufficiently long period of 5-7 h. The
practical implementation of this SB charging
mode in a RES-based microgrid is complicated
by the excess electricity generated at such time
intervals. The inability to consume this excess

N
L)
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energy will lead to a drop in the RES ICUF and,
accordingly, to deteriorated technical and eco-
nomic characteristics of the entire energy sys-
tem.

Tab. 2 presents the numerical values of the
stress factors acting during SB operation for dif-
ferent load profiles. Fig. 4 shows the intensity of
stress factors according by a gradation pro-
posed in [14]: 1 — very low, 2 — low, 3 — medium,
4 - high, 5 - very high.

Table 2. SB operation stress factors for different load pro-
files

Tabnuua 2. Ctpecc-hakTopbl 3KcnmyaTauum akkymyns-
TOPHbIX BaTapel Ans pasHbiX NPOgUNEN Harpysku

Stress factor | DC profile | RES1 profile | RES2 profile
CF 1.0082 1.0018 1.0057
Qthr 212 158 174
DR 2.08 1.04 0.99
TF 12.61 75.66 54.32
TL 21.15 59.25 39.09
PC 68.31 80.19 82.25

A comparison of the SB operating conditions
according to the DC and RES profiles reveals
significant differences between all stress factors.
It can be seen that the throughput factor has a
decisive influence on the SB service life. An in-
crease in Qur values corresponds to a propor-
tional acceleration of battery degradation; never-
theless, the battery life is determined by the cu-
mulative impact of all stress factors. The ob-
tained stress factors for the RES1 and RES2
profiles indicate a better retention of the SB ser-
vice life when the charge/discharge modes are
separated in time. The conducted tests demon-
strated that the SB operating conditions accord-
ing to these profiles are significantly different in
terms of time between full charge (TF) and time
at low state of charge (TL). These differences
lead to a longer service life (by 10-14%) of SB,
when operated by the RES2 profile even at
higher Qg values.

The obtained results allowed us to develop
recommendations for selecting an appropriate
SB capacity and designing an efficient energy
storage system for RES-based microgrids:

1. In RES-based microgrids, deep-discharge
SBs demonstrating good cyclic characteristics
should be applied. Among lead-acid batteries,
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Profile DC
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Fig. 4. Intensity of stress factors for different load profiles
Puc. 4. Ceo0Hble QuazpaMMbl UHMEHCUBHOCMU cmpecc-ghakmopoe 015 pa3HbiX Npodunell Haepy3Ku

gel batteries and those with armored electrodes
(OPzV and OPzS) meet these requirements to a
large extent.

2. The nominal capacity of the energy stor-
age device Qgg (W - h) should be selected ac-
cording to the following conditions:

2.1. Covered energy consumption

Q > EL 'TBB
° 7 24.DOD -1,

where E_ — the average daily energy consumed
by the load; Tgg — the required hours of power
supply to consumers from the SB in the absence
of electricity generated by a RES; ngcn — battery
efficiency during the discharge phase, taking
into account the converter efficiency.

2.2. Covered maximum power

QBB >3- Pmax’

where Py IS the maximum electrical load.

3. The impact of high-amplitude pulse
charge/discharge currents on the SB should be
avoided, depending on the SB type. Thus, for
lead-acid SBs, the charge/discharge currents
should be limited to Ipa = 0.3 - Cy.

4. The SB operating modes with the residual
capacity below the maximum allowable dis-
charge level should be minimized or avoided.
For lead-acid SBs, optimal DOD values range
from 30% to 40%.

5. SBs should be operated at a constant
temperature using thermal containers equipped
with a heating/air conditioning system.

6. In cases where the energy storage circuit

consists of series-parallel SB chains, balancing
devices should be used.

These recommendations minimize the influ-
ence of stress factors on the performance of
SBs, thus ensuring their maximum possible ser-
vice life.

On the basis of the results obtained, a novel
technical solution for developing an energy stor-
age system for a RES-based microgrid was pro-
posed [26]. Fig. 5 describes the proposed solu-
tion, which is based on a combined energy stor-
age unit (CES) consisting of a supercapacitor
module (SC) and 2 identical storage units based
on SBs, alternately operating in the
charge/discharge mode and a ballast load (BL).
Here, the energy storage is connected to the
microgrid busbars to control the energy balance
in the system by regulating the SB
charge/discharge currents, supercapacitors and
the ballast load. The application of 2 SB circuits
makes it possible to implement the effective
charging modes according to the “current-
voltage" method and a precise control of the re-
sidual capacity. The supercapacitor module mit-
igates power ripples over short periods of time,
and, accordingly, optimizes the magnitude of
charge/discharge currents. The proposed solu-
tion is expected to increase the SB reliability and
service life, as well as the RES ICUF. In addi-
tion, the design of an autonomous inverter (Al)
can be significantly simplified.

An experimental prototypes of CES with a
rated power of 15 kW was manufactured at the
VDM-Tekhnika LLC; its declared parameters
were experimentally confirmed when operated
as part of a wind photo-diesel microgrid
(fig. 6)'°. The use of CES in a microgrid increases
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Fig. 5. The architecture proposed for hybrid energy systems based on renewable energy sources
Puc. 5. [Ipednazaemast apxumekmypa nocmpoeHusi 2u6PUOHbIX IHep2emMuYecKux cucmem
Ha ocHoee 80306HO08/1SIEMbIX UCMOYHUKO8 3Hepauu

Fig. 6. An experimental model of a combined energy storage unit installed in a wind photo-diesel power complex:
1-SB1and SB2 modules; 2 - SB balancers; 3 - supercapacitor module; 4 — ventilation system;
5 - climate control system
Puc. 6. 3kcnepumeHmanbHbIl 06pa3ey KOM6UHUPOBaHHO20 HaKonumessi 3Hepauu 8 cocmase eempoghomodu3eslbHo20
3Hepeemuyeckoz0 komnnekca: 1 — modynu Ab1 u AB2; 2 - 6anaHcupbl AB; 3 — cynepkoHOeHcamopHbIl MOOYy/b;
4 — cucmema seHmunAyuu; 5 — cucmema KinuMam-KOHmMpons
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the SB service life by 20-30%, ensures the stat-
ic and dynamic stability of the local energy sys-
tem with a response time to power changes of
no more than 50 ms, provides a fuel substitution
level of at least 25% and reduces the electricity
cost by 25-30%.

CONCLUSIONS

The conducted experimental studies allowed
us to determine the numerical values of stress
factors, which reflect the relationship between
the operating conditions and service life of SBs

used in microgrids. On the basis of a compara-
tive analysis of the effect of various stress fac-
tors on the SB service life, recommendations
were formulated for selecting an optimal battery
capacity, as well as for developing an efficient
energy storage system for RES-based mi-
crogrids.

A novel technical solution for the design of
an energy storage system was proposed, im-
plemented and experimentally tested. This solu-
tion provides for an increase in the energy effi-
ciency of RES-based microgrids.
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UccnepnoBaHue 3aBMCUMOCTU pacxofa Tonnuea TennomKaLmoHHON
ra3oTypouHHOM YCTAaHOBKU OT MU3MEHEHUS TEeMSI0BON Harpy3ku
notpebuTenen permoHOB, UMEKOLINX Pa3fIMYHbIe KNUMaTUYeCKue
YCNOBMSA, C y4E€TOM onpeneneHnss KOHCTPYKTUBHbIX XapaKTepUCTUK
TennoobMeHHOro 060pyaoBaHMA nogorpesa ceTeBon BoAbI

© E.J1. CtenaHoBa, I.B. XXapkosB

MHemumym cucmem aHepeemuxu um. J1.A. Menenmbega CO PAH, 2. Mpkymck, Poccus

Pestome: Lienb paboTbl — nccnefoBaTb BENMYMHBI HANPSIKEHWIA B MHCTPYMEHTAlNbHOM MaTepuane COCTaBHbIX KOHLEBbIX
tpes ansa Toro, 4ToObI CPABHUTL UX C AOMYCTUMBIMU HANPSHKEHUSMI C NMO3ULWIA UCKNOYeHNs pa3pyLluenuns ¢pes. O6b-
€KTOM MCCIEe0BaHMS SBNSTCS NpedenbHble BENIMUMHBI HanpshKeHUs B MHCTPYMEHTanbHOM MaTtepuane paspaboTtaH-
HbIX COCTaBHbIX KOHLEBbIX TBEPAOCMNABHLIX (PPE3, MMEIOLNX COMPsHKEHHbIE Mexdy COBOM pexyLlyt 4acTb U XBOCTO-
BUK. Pexyllas yacTb BbINOSHEHA W3 MHCTPYMEHTANbHOTO TBEPAOro CnnaBa, XBOCTOBUK — M3 KOHCTPYKLMOHHOMN CTanu.
[na onpefeneHns HanpsXXeHUM WCMNOMNb30OBAHO MMWUTALMOHHOE MoAenupoBaHue B nporpammHoit cpege ANSYS wu
Deform. CocraBnsitowme cuibl pesaHus onpegeneHbl akcnepumMeHTansHo. NpUHATO, YTO YEM MEHbLUE BEMUYMHLI CO-
CTaBMAOLWMX CUMbl Pe3aHnsi, TEM MEHbLUE BESIMYMHBI HaNPSKEHW B MHCTPYMEHTANbHOM Martepuane, U TeM MeHblue
BO3MOXHOCTb paspylUeHUs WHCTPYMEHTanbHoOro matepuana. PaccmoTpeHo ¢pesepoBaHue TpyaHoobpabaTbiBaemow
HepxaBetowen ctann 12X18H10T co ckopocTbto pesaHust 70 M/MuH, ¢ rnybuHoit pesanua 1 mm v nogaden 0,1 mm/3y0.
PaccMoTpeH WHCTpymeHTanbHbI MaTepuan BK8 6e3 nokpbiTuil 1 ¢ pasHbIMK MOKPLITUSIMK, KOTOPbIE CMOCOBCTBYIOT
CHUXEHMWIO COCTaBNALWNX cun pesaHns. [lokazaHo, YTO COCTABHOM KOHLEBOW dpe3on anameTpom 16 MM u anuHon 92
MM MOXHO 06pabaTbiBaTb 4eTanu C TOW Xe TOYHOCTbIO, C Kakol ux 06pabaTbiBalOT MOHOMUTHOMN (LeNIbHON) KOHLEBOW
TBEpZOCNNaBHON (hpe3oit. C yBeNMYEHNEM ASIMHbI COCTaBHbLIX (hpe3 TOYHOCTb 0OpaboTKM CHWXAETCs, HO MpU ANUHAX
123 MM 1 180 MM OHW MPUMEHUMBI 4119 M3rOTOBIIEHNS AeTaneil, NCNob3yeMbIX B 0OLEM MaLIMHOCTPOEHMW. Takum o 0-
pasoM, COCTaBHble KOHLEBbIE (hPEe3bl MOTYT KOHKYPMPOBaTb C MOHOMUTHBIMM ()pe3amu Mo TOYHOCTW U3rOTOBAEHUS W
nepuoay CTOMKOCTW, YEM OrpaHMYMBAOT CYLUECTBYIOLY 00MacTb NMPUMEHEHWUS MOHOMMUTHbLIX ¢pes. Mpu 3TOM CTOU-
MOCTb COCTaBHbIX Ppe3 MeHbLUE MOHOMUTHBIX Ha 10-60%.

Knro4eenie cnoesa: TeI'IJ'IOdDI/IKaLI,VIOHHaﬂ Fa3OTyp6MHHaﬂ yCTaHOBKa, MaTtemMaTtu4yeckasa mopenb TennoaHeprequeCKoﬁ
YCTaHOBKW, pacxod Tonninea, TennioBaa Harpy3ka, KOHCTPYKTUBHbIE XapakTepPUCTUKHU, TennoobmeHHoe o6opy,qosaH|/|e.

BnazodapHocmu: PaboTa BbiNONHEHa B pamkax NpoekTa rocyaapcteeHHoro 3aganusi (Ne FWEU-2021-0005, per.
Ne AAAA-A21-121012190004-5) MNporpamMmbl dyHAameHTanbHbIX nccnegoBaHuin PO Ha 2021-2025 .

Ana yumupoeaHus: CtenaHosa E.J1., XXapkoe I1.B. ViccnegoBaHne 3aBMCMMOCTY pacxoaa Tonnuea TennodukaumoH-
HOW ra3oTypOUHHON YCTAaHOBKW OT W3MEHEHMS TEMNOBOW Harpy3ku noTpebutenen pernoHoB, UMEKLUX pa3nnyHble Knu-
MaTU4eCcKnNe YCIOBMUS, C y4ETOM ONpeaeneHnst KOHCTPYKTUBHBIX XapaKTepUCTUK TennoobmeHHoro obopyaoBaHus nogo-
rpeBa ceTeBoOi BOAbl. BecmHuk Mpkymckoao eocydapcmeeHH020 mexHu4ecko2o yHusepcumema. 2021. T. 25. Ne 4,
C. 478-487. https://doi.org/10.21285/1814-3520-2021-4-478-487

A study of the dependence between fuel consumption
of a heat gas turbine and variation of heat loading of regional
consumers having various climatic conditions taking into account
determination of structural characteristics of heat exchanging
equipment for grid water heating

Elena L. Stepanova, Pavel V. Zharkov
Melentiev Energy Systems Institute SB RAS, Irkutsk, Russia

Abstract: The aim was to optimize the dependence between fuel consumption and heat loading of regional consumers
varied due to climatic conditions, taking into account the determination of structural characteristics of heat exchanging
equipment for grid water heating in a heat gas turbine. A heat gas turbine comprising two fuel combustion chambers, a
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waste-heat boiler and a contact heat exchanger to heat makeup grid water was investigated. Scheme and parametric
optimization studies were carried out using a mathematic model of a gas turbine created using a software and hardware
system developed at the Department of Heat Power Systems of the Melentiev Energy Systems Institute, Siberian Branch
of the Russian Academy of Sciences. Th turbine operating conditions differing in heat loads in four suggested operating
regions were studied. It was found that an increase in fuel consumption in the second combustion chamber was 29%-—
84% compared to that in the first combustion chamber. This rise was recorded when the turbine heat loading was in-
creasing in the considered regions. Data analysis of the scheme and parametric optimization studies showed that, for
operating conditions with a higher heat loading, it seems reasonable to ensure the maximum possible heating of makeup
grid water as the loading rises. It is also recommended to slightly increase the heat surface area of the makeup grid wa-
ter heater whose structural materials are less expensive than in a waste-heat boiler. It was shown that the suggested
technical solution slightly increases specific capital investments while fully providing electrical and heat power to con-
sumers. The obtained results can be used to select optimal technical solutions ensuring competitiveness in the operation
of a heat gas turbine in regions with various climatic characteristics.

Keywords: cogeneration gas turbine unit, mathematical model of a heat power plant, fuel consumption, heat load, de-
sign characteristics, heat exchange equipment
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BBEOEHUE

B HacTosLee BpeMsi B MUPOBOW SHEPreTUKE,
HECMOTPS Ha pas3BUTUE anbTepHaTMBHbLIX WC-
TOYHMKOB 3HEPruW, paboTarlme 3a CYeT CKu-
raHus NPUMPOAHOro ras3a rasoTypOuHHbIE YyCTa-
HoBkM (['TY) coxpaHsoT cBOK BoOCTpeboBaH-
HOCTb M KOHKypeHTocnocobHocTb [1, 2]. 3kc-
nnyatauusa TennodukaumoHHbix MY, Bbipaba-
ThIBAOLWMX 3MEKTPUYECKYIO U TENOBYI 3HEP-
rmM, 0COBEHHO akTyanbHa AN PervoHoB C XO-
NOAHBLIM KNMUMATOM, rae ecTb HeobXoaMMOCTb B
obecneyeHun notpebutenen Tennom. Ons Ta-
KUX 9QHEProycTaHOBOK TemnoBas Harpyska
HaNpPsIMYH0 3aBUCUT OT KNMMaTUYECKUX XapakTe-
PUCTWUK KOHKPETHOrO pervoHa 3KcnnyaTauuu.
Kpome Toro, I'TY, paboTatowime B pexvume Kore-
Hepauuu, MO3BONSIOT MOBLICUTL 3HEpreTuye-
CKYH0 U 3KOHOMMUYECKYH 3(h(EeKTUBHOCTU UX pa-
60Tbl [3-5]. Momoub B BbIGOpE ONTUMaIbHbLIX
TEXHUYECKNX PELUEHWUIA, ONPEAENEeHUN  KOH-
CTPYKTUBHbIX XapakTEPUCTUK W ONTUManbHbIX
nokasaTenen pexumoB pabotbl MY moryT uc-
CnefoBaHus, BbIMOMHEHHbIE C MOMOLLbBIO CO-
BPEMEHHbIX CPeCTB MaTeMaTU4YecKoro Mofe-
nMpoBaHus 1 ontummsauun [6-9]. B UHcTuTyTe
cuctem aHepretukn um. J1.A. MeneHtbeBa Cu-
Bupckoro oTaeneHus Poccuiickon akagemuu
Hayk (MCOM CO PAH) umeetcs paspabotaH-

HbIi konnekTmBom OTaena TennoCUNOBLIX CU-
CTEM NPOrpamMMHO-BbIYUCAIUTESIBHON KOMMEKC
«Cuctema MalLLMHHOTO NOCTPOEHUSI NPOrpaMm»
(CMTM) [10]. Ucnonb3oBaHWe maTeMaTUYECKMX
MOZJenei 3HeproyCcTaHoBOK, CO3[aHHbIX C €ro
MOMOLLbIO, MO3BONSET BbINOSHATL KOHCTPYKTOP-
CKue, NOBEPOYHble pacyeTbl M NPOBOAUTL ONTU-
MUW3aLMOHHbIE NCCNEAO0BAHUS.

MOCTAHOBKA 3A0A4YU

B Poccumn 1 Bo MHOrMX 3apybexHbIx CTpaHax
[OCTAaTOMHO PEruoHOB, YbW  KIMMaTUYeCKue
ycnoBust TpebytoT obecneveHus notpebutenei
HE TOMNMbKO 3NIEKTPUYECKOW, HO U TEMOBOW 3Hep-
rmen. Pacxoq Tenna Ha OTONSIeHWe N BEHTUNSA-
LUMI0 30aHUIA PasfIMYHOro HasHa4yeHus nponop-
LIMOHaNeH pasHOCTM TemnepaTtyp BO3ayxa BHYT-
pU OTannMBaeMblX MOMELLEHUA W HAPYXHOro
Bo3ayxa. [Ins TennosHepreTM4eckmx yCTaHOBOK,
K KOTOpPbIM OTHOCATCH W TennoguKaLnWOHHbIE
['TY, cymmapHas TennoBas Harpyska CWbHO
MEHSIETCA C U3MEHEHNEM TemnepaTypbl HapyX-
Horo Bo3gyxa. Pacxop TonnuBa siBnseTcs og-
HUM M3 OCHOBHbIX SHEPreTUYeCcKMX nokasaTenen
pexumoB paboTbl ['TY 1 HanpaMylo 3aBUCUT OT
HarpysoK: aNeKTpPMYeckon n Tennoson. B ceow
oyepedb, YBENUYeHWe TennoBown Harpysku [TY
B Ccryyae HeobxoaMmocTn MoxeT bbiTb obecne-
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YEeHO onpeneneHHbIMU TEXHUYECKUMU peLLeHU-
SIMU, B YaCTHOCTU M3MEHEHWNEM KOHCTPYKTUBHbIX
XapakTepucTuk TennoodmeHHoro obopyaoBaHus
nogorpesa ceTeBoW BoAbl. [N npaBwUibHOro
MPUHATUS NOAODOHBIX TEXHUYECKMX PeLLeHui
HeobxoaMMo NpoBOAWTL MUCCreoBaHMUs, NO3BO-
nsawwWwme onpeaenuTb ONTUMarnbHbIe 3HepreTu-
Yyeckune, KOHCTPYKTUBHbLIE M 3KOHOMUYECKME Xa-
PaKTEPUCTUKN UCCnegyemoro aHeproobopyno-
BaHus [11].

NccnepoBaHus 3aBUCMMOCTM pacxoga Ton-
NBa OT M3MEHEHUs TEMNOBOW Harpysku notpe-
BuTenen permoHOB C pasHbIMK KNMMATUYECKUMM
YCNOBMSIMWA 1 YY4ETOM OMNpeaeneHnst KOHCTPYK-
TUBHBIX XapaKTepuUCTWK TennoobmeHHoro obo-
py4oBaHMs NOAOrpeBa CETEBOM BOAbl NPOBOAM-
NUCb Ha MaTemaTuyeckon mogenu Tennoduka-
UMOHHOM 'TY ¢ AByMSA Kamepamu CropaHus, ee
TEXHONornyeckas Cxema nokasaHa Ha puc. 1.

Tonauso

!

It

\
/

A,ZI_i
= ::é

OHepreTuka
Power Engineering

MY wnmeeT BO3QYLWHbLIN KOMMpeccop, [ABe
Kamepbl cropaHus Tonnuea (MPMPOAHOro rasa),
rasoByt0 TypOWHY, KOTEN-yTUNM3aTop, KOHTaKT-
HbI TeNNOOBMEHHMK, BOAOBOASHOW NOAOrpeBa-
Tenb MOANWUTKM CETEBOM BOAbI U HACOCHblE
yctaHoBku. Cxema I'TY npegycmatpuBaeT fo-
XUraHne HeKOTOpPOro KonmyecTBa TonnvMBa B
cpefe yxogsLwmx rasoB BO BTOPOW Kamepe Cro-
paHus. Tak Kak nocne rasoBon TypOuHbl yxoas-
Lye rasbl UMelT OOCTaTOYHO BbICOKYH Temne-
paTypy (360°C 1 Bbile) 1 06BLEMHYIO KOHLEH-
Tpaumto okmcnutens O, B npegenax 13—-16%, To
Takylo cpefy MOXHO MCNOnb30BaTb B KayecTBe
oKucnuTens npouecca ropeHus. NpumeHeHve
[aHHOW TEeXHONMOrMM MO3BONSET MOBLICUTL Ten-
nosyt mowHocTb ['TY u ctabunusmposatb na-
pamMeTpbl CETeBOW BOAbl, MNOAOrPEBAEMON B
koTne-ytunusatope. CTOMT OTMETUTb, YTO
B CXeMe JaHHOW SHeproycTaHOBKW OTCYTCTBYET
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Tormlggl_
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raspl
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3

Puc. 1. TexHonozu4yeckas cxema menaoghukayuoHHOU 2a30myp6uHHOU ycmaHoBKuU:

1 - 8030ywHbIl KoMnpeccop; 2 — 1-1 kKamepa c2opaHusi monsuea; 3 — 2a3oeass myp6uHa; 4 — 2-1 kamMepa c2opaHusi
monnuea; 5- komen-ymunu3samop; 6 — KOHmakmHbIl mennoo6bmeHHuUK; 7 — 60008005IHOU
nodozpesamens cemesoli 800bI; 8 — 2eHepamop; 9-11 — Hacocbl
Fig. 1. Process flow diagram of the cogeneration gas turbine plant:
1-air compressor; 2 - first fuel combustion chamber; 3 — gas turbine; 4 — second fuel combustion chamber; 5 — waste heat
boiler; 6 — contact heat exchanger; 7 — water-to-water heater of network water; 8 — generator; 9-11 - pumps
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MUKOBBLIN UCTOYHMK Tenna u ero posib bepet Ha
cebs MMeHHO BTOpas kamepa CropaHusi, pery-
NUpys NOBbILWEHWE TensioBon Harpy3ku. Onu-
CaHHasl opraHu3auust perynimpoBaHus TENOBOW
Harpysku Mo3BOMsSeT UCNONb30BaTb UCCneaye-
MYK0 YCTAHOBKY KaK B Crnyyasix, Korga Heobxo-
oMmMa nonHas 3arpyska [TY no Bbipabotke
3NeKTPO- ¥ TENNO3HEPruu, Tak U B TeX Cnyyasx,
korga 6ornblias anekTpuyeckas Harpyska no-
Tpebutento He TpebyeTca, a B YBENMYEHHOM
TENMOBOW Harpyske, HanpoTuB, ecTb noTpeb-
HOCTb. OTO BMOSIHE BO3MOXHO NpW dKCnnyaTa-
ummn TennodgukaumoHHon 'Y B permoHax ¢ xo-
nogHbIM  KnMUMaTtoMm. Takke perynupoBaHue
TENsoBOW Harpysku paccmatpusaemon ['TY mo-
XEeT OCYLLEeCTBNATbCS U crnegylowmuMm obpasom:
4acTb yXoasLmx ra3oB oTbupaeTcs no xoay ra-
3a nocrne rasoBoii TypbuHbl nepen BTOPOMN Ka-
Mepon cropaHus u no 6Gavnacy, MUHys KoTen-
YTUIM3ATOP M KOHTaKTHbIA TennoobMeHHMK, no-
[laeTcs B ra3oBblii TPAKT MOCME KOHTAKTHOro
TennoobMeHHMKa, CMELMBasCb C OXMaxaeH-
HbIMW B HEM ObIMOBbLIMU ra3amu. Takoe perynu-
poBaHWe MOXEeT MCNOonb30BaTbCA B Cryvasix,
korga TpebyeTcs nonHas 3arpyska aHeproycra-
HOBKW MO 3MEKTPUYECKOW Harpyske, a Tennosas
Harpyska npu 9ToM HeBenuka. Kpome TOro,
OCYLLEeCTBNAEMbIA TakuM MeTOAOM MpOnycK Ya-
CTU MPOJYKTOB CropaHusi no 06BoAHOMY KaHany
(bannacy) nossonsieT nogaepxuBaTtb Temnepa-
TYpY YXOOALMX ra3oB 3a KOHTaKTHbIM Tennoob-
MEHHWKOM npumepHo 70-90°C, yTo Heobxoau-
MO ANS UCKMIOYEHWS BbINadeHUs KOHAeHcaTa B
rasoBOM TpakTe U AbiMoBon Tpybe. B TexHono-
FMYECKOW CXeme YCTaHOBKM [Ans yTunusauuu
TENNOTbl  YXOASAWMX ra3oB nocne KoTna-
yTUnmM3aTopa npuMEHSIETCA KOHTAKTHbIN Tenno-
OOMEHHWK, B KOTOPOM [BWXYTCA B BepTWKamb-
HOM NPOTMBOTOKE MPOAYKTbI CrOpaHns U pacnbl-
neHHas obopoTHas Bopa [12-15]. ObopoTHas
BOAA, HarpeBasiCb B KOHTAKTHOM TennoobmeH-
HUKe, fanee nepekaynBaeTcs HacocoM Mo BOA-
HOMY KOHTYpY, OTAaBas Tensio B BOLOBOASHOM
TennoobMeHHWKe NOANUTOYHOW CETEBOW BOZE.
lMockonbKy konuyecTBo 060pOTHOM BoAbl ByaeT
YBENMUYMBATLCA U3-3a KOHAEHCaUUW BOASHbIX
napoB [1bIMOBbIX ra3oB, TO U3NULLEK KOHOEeHcaTa
B Cny4yae HeobxoOMMOCTU MOXeT CrnvBaTbCs B
KaHanu3auuio unn nogaBaThCs B KOHAEHCATHYHO
NHWIO NOCNE XMMBOOOMOArOTOBKM.

MoapobHo obuias KOHCTPYKTOPCKO-
MOBEPOYHAs MaTemaTuyeckass Mogeflb Tenno-
tukaumoHHon I'TY onucaHa B pabote [16]. B
HaCTOSAILLEM MCCeaoBaHMM aBTopaMu paccmar-
pMBaeTCa KOHCTPYKTOPCKas MOAENb YCTAHOBKW.
B KOHCTpyKTOpCKOW MaTemaTuyeckon Monenw
['TY Bce maTtematuyeckme mogenu ee obopyno-
BaHusA 6a3MpyloTCs Ha KOHCTPYKTOPCKMX pacye-
Tax. [Ina ee nocTpoeHus ncnonb3oBanncb Ma-
TemMaTnyeckne MoAEenu BO3AYLUHOTO KOMMpec-
copa, Kamep cropaHus TOmnuBa, rasoBon Typ-
OVHbI, KOTNA-yTUNM3aTopa, KOHTAKTHOrO TENso-
obMeHHMKa, BOOOBOASHOrO  MogorpeBaTtens
noanuTKM CeTeBOW BOAbI, HAacocoB. B pesynbTa-
Te NpoBEdeHMs pacyeToB C MOMOLLbIO KOH-
cTpykTOpckon mogdenu 'TY onpepensioTtcs reo-
mMeTpuyeckne pasmepbl TennoobMEHHUKOB, HO-
MWUHanbHble pacxofbl TeNfOHOCUTENEW, AaBne-
HWS ra3a Ha BXoZe W BbIXxode M3 razoBon Typbu-
Hbl, TemnepaTtypa v aBneHue rasa Ha BbIXOAe
13 KOTNa-yTunmn3aTopa 1 KOHTAKTHOTO Tennoob-
MEHHMKa, CyMMapHas W nofie3Has anekTpuye-
ckaa mowHocTu ['TY, a Takke pacxod anekTpu-
YECKOW MOLUHOCTM Ha COBCTBEHHbIE HYXAbI,
obwun pacxod TOMnMBa M pacxod TOMnMBa
KaXgon KaMepon CcropaHus.

B HacToAwwMn nepuog BpPeEMEHM LEHbl Ha
npodaxy anekTpoaHeprum OpMUPYOTCS B
npegenax LEeHOBbIX 30H HA KOHKYPEHTHON OCHO-
BE MeXaHM3MaMu OMNTOBOrO pPblHKA 3NEeKTPo-
3HEpruM U MOLLHOCTH, a B HELIEHOBbLIX 30HaX —
no perynMpyeMbiM rocygapctsom ueHam [17].
LleHbl Ha TENSIOBYIO SHEPTMIO TOXE UMEKT HEKO-
TOPYK HeonpedesieHHOCTb B CBSA3W C HayaBs-
LMMCS MPOLIECCOM Mepexoda Ccektopa Tenno-
CHabXeHus BO MHOMMX pernoHax Poccum Ha pbl-
HOYHble OTHoweHus [18]. MoaTomy Lenecoob-
pasHO y4YuTblBaTb BO3MOXHble AManasoHbl W3-
MEHEHMs1 yCTaHaBNMBAEMbIX AN NPOU3BOAUTE-
nen 3Heprn LEH Ha 3HEPreTUYECKy npoayk-
umo. [Ans onpegeneHns onTMManbHbIX napa-
METPOB PEXMMOB paboTbl U KOHCTPYKTUBHbLIX
XapaKTepucTuk TennoobmeHHOro o6opyaoBaHus
MY HeobxoaMmo nNpoBOAMTb OMTUMU3ALMOH-
Hble WCCNeaoBaHWs C UCMOMb30BaHMEM MaTe-
MaTWU4ECKON MOZEeNN KOHCTPYKTOPCKOro pacyeTa
9HeproycTaHoBKW, rae B Ka4yecTBe Kputepus on-
TUManbHOCTM UCMOSIb3YETCH LieHa 3N1EKTPO3HEP-
T MPW 3afaHHbIX LieHax MUCronb3yemMoro Ton-
nuea n OTNyckaemoro notpebutento Tenna, a
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Takke BHYTPEHHel HOpMe BO3BpaTa Kanutasno-
BNOXEHWUWA, ONpefenstoLllen ypoBeHb 3KOHOMMU-
4Yeckon  A(PMEKTUBHOCTU  UHBECTULMOHHOTO
npoekTa [19]. MaTtemaTnyeckas 3anucb peluae-
MOW ONTUMMW3ALMOHHOW 3adaun UMeeT cregy-
oWwmn BUA;

min 1], (1)

Q; X GMmon

1A 19k

npu YCIOBUSX:

V, = f(x.GI",7.Q");
H, (%.G!".7,,Q")=0; 2)

x M <x < x ™
N, =f(Q".G" x.7,),
N™ <N <N™
K, =1(V.d,) ?)

K., =K, +K (4)

cym 06 cm?

CRF (G;VIOI‘I,QP’ Nk,llmel’l’

()
UaﬂeK’Hmon’chﬂlu) = CRFZ’
roe 1], — UeHa aNeKTpUYeckon aHeprum; X -

BEKTOP OMNTUMU3NPYEMbIX NapaMeTpoB, oOnpe-
LENsIOWMX  KOHCTPYKTMBHbIE — XapaKTepPUCTUKK
yCTaHOBKM (NapameTpbl LKA, KOHCTPYKTUBHbIE
napameTpbl 3MIEMEHTOB U PEXMUMHbIE NapameT-

pbl B HOMWHanbHOM pexume); G — pacxog
Tonnmea; QP — pacyeTHasi TennoBas Harpyska;
V. — BEKTOp KOHCTPYKTMBHbIX XapakKTepUCTWK;
7. — BEKTOP WCXOOHbIX [aHHbIX, Onpeaensto-
LWMX BHELLUHME ycrnoBus paboTbl ycTaHoBKW; H,
— | _-mepHasi BekTOpHas (PYHKLMA OrpaHeHMIA-
HepaBeHcTB; N _ = —

K

MOJNMHaA 3neKkTpu4yeckas

MowwHocTs; N™", N™ — MUHMMAanbHOe U Mak-
CUMarnbHOe 3HaYeHUs! 3NEeKTPUYECKON MOLLHO-
ct; K, — kanutanoenoxenus B obopynoa-
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HUe; dy()_ — BEKTOpP yAeJlbHbIX CTOMMOCTEN 3ne-

MEHTOB 06opyaoBaHus; K — cymMmapHble ka-

cym

MATaNOBIIOXEHUA, Kcm — KanutanoBJIOXKEHUA,

yuuTbiBalOWME HenpeaBuAeHHble 3aTpaTthl U
3atpatbl Ha ctpoutensctBo;, CRF — BHyTpeH-
HAS HOpMa BO3BparTa KanuTasnoBMNOXEHUHN;
CRF, — 3agaHHOe 3HaueHue BHYTpeHHeW Hop-

men

Mbl BO3BpaTa KanuTanosnoxeHwn; 1] — LieHa

mon

TENnoBON 3Hepruu; [J™" — ueHa TONNMBa; u —
BEKTOpP NapamMeTpoB, OMNpeaensitomnx YCrnoBust
KPEeAUTOBAHMA M HanoroobnoxeHus; X, xI™

K 1 XK

— BEKTOPbl MWHMUMAsbHBIX W MaKCUMasibHbIX
3HayeHun X, . [ing npoBeaeHns onTUMM3aLoH-
HbIX MCCNefoBaHWA ObiN Ha3HaYeHbl ONTUMW-
3MpyemMble mapameTpbl, Takue Kak pacyeTHas
TEnnoBas Harpyska, pacxoq TOMnuBa, BHYTPEH-
HUe, HapyXHble AnameTpbl W warn Tpyb Tenno-
06MeHHOro 060opy0BaHNs, MacCcoBblE CKOPOCTM
BOAbI, pacxog 06opoTHOM BOAbI, TemnepaTtypa u
[laBfieHWe rasa Ha BbIXOAe W3 ra3oBon TypOuHbI,
[laBfieHne rasa Ha BXO4e BO BTOPYK Kamepy
CropaHus, fonsa pacxoda rasa, uaywero no ob-
BoAgHOMY KaHany (bamnacy). MMpu npoBegeHum
ONTUMM3ALMOHHBIX WUCCNEAOBAHUA BBOAWUNUCH
OrPaHWYEHNS HA MaKCUMarnbHYl0 3nekTpuye-
CKyl0 MmowHoctb TY B npegenax 60 MBT.
YCTaHaBNMBanMCb OrpaHUYeHUs Ha HeoTpuua-
TENbHOCTb TemnepaTypHbIX HaMoOpoB U pacxo-
[oB pabounx Ten [TY, Ha MexaHuyeckue
HanpsbkeHust metanna Tpyd TennoobMeHHOro
obopypoBaHua. Takum o6pa3om, 4ucno ontu-
MU3UPYEMbIX NapameTpoB KOHCTPYKTOPCKON Ma-
TemaTtnyeckon mogenu TennogukaunoHHon 'Y
paBHO 19, a orpaHnyYeHnn-HepaBeHCTB — 48.

OnTUMMU3aLMOHHBIE pacyeTbl BbINOMHAMNCH
ANS HOMWHANBLHOrO pexuma paboTbl Tennopu-
KaumoHHon [TY npeanonoXuTenbHO 3KCnya-
TUPYEMON B YETbIPEX PernoHax ¢ pasnnyHbIMU
KNMMaTUYeCKUMN XapakTepuctukamu. B vact-
HOCTW, YYMTbIBANUCb pacyeTHble Temneparypbl
HapyXHoro Bosayxa paHble -22°C, -25°C, -
38°C, -55°C 1 npopomKMTENBHOCTM UX CTOSIHIS
75 4, 106 4, 173 4 1 380 4, COOTBETCTBEHHO.
BHyTpeHHs HOpMa BO3BpaTta KanuTasnoBnoxe-
HUi Bbina npuHaTa pasHon 0,15, LeHa Tonnmea
— 100 gonn/t y.1. InA Kaxgoro peruoHa pac-
cMaTpuBanucb [Ba pexuma, oTmyaroLlmecs
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LIeHOW Tenmna W, COOTBETCTBEHHO, TEMnoBbLIMM
Harpyskamu, Tak Kak CXeMHO-NnapameTpuyeckas
onNTMMM3aLWsl, NPOBOAMMAS C MOMOLLbI KOH-
CTPYKTOPCKOM MoZenu uccrnegyemon tennou-
kaumoHHon ['TY, nokasana, 4to npu 6onee Bbl-
COKOM LieHe Tenna Bbiro4HO YBENUUUTbL OTMyCK
Tenna ANns ero BO3MOXHOW peanusauum Ha
pbiHKe Tennosow 3Hepruu. LleHa Tenna npuHu-
manacb ans Pexwuma 1 pasHon 3,82 gonn/Tx,
ona Pexuma 2 — 5,26 ponn/TOx. MNpu pacyete
kanutanosnoxenmn [TY Obina ucnonb3oBaHa
NCXoaHas 3KOHOMMYECKast MHopMaLms
[16, 19].

CospgaHne matematudeckon mogenm I'TY u
npoBedeHne ONTUMMU3ALMOHHBIX PacyeToB OCY-
WeCTBNANMCb C  MOMOLIb  NPOrpaMMmHO-
BbluncnuTensHoro komnnekca (MBK), cosgaHHo-
ro cotpygHukamn OThena TennocunoBbIX Cu-
ctem MCAM CO PAH [20]. UHTepdeiic MNBK ¢

n30bpakeHMemMm  MHTEPaKTUBHOW  pac4eTHOW
cxembl TennodukaunoHHon 'TY npeacrtasneH
Ha pwuc. 2.

PesynbTathl NPOBEAEHHBLIX ONTUMU3ALMOHHBIX
pacyeToB, TakMe Kak OCHOBHble MokasaTenm pac-
YyeTa PeXMMOB paboTbl 1 KOHCTPYKTMBHbIE Xapak-
TEpUCTUKN TennoobmeHHoro obopyaoBaHus no-
[lorpesa ceTeBov BoAbl TennodgukaumoHHon Y

5 Thermal schemes modeler

Fie Edit View Data Calculation Optimization Window Help
Toobox

AN YeTbIpex pervoHoB npeanonaraeMon aKcnmy-
aTaumu, npeacTaBneHbl B Tabn. 1 u 2.

B pesynbtate aHanusa [aHHbIX ONTUMMU3a-
LIMOHHbIX UCCNEeAOBaHMIA 3aBUCUMOCTU pacxoda
TONMMBa OT U3MEHEHUS TEeNNOBOW Harpy3ku no-
Tpebutenei pernoHoB C pasHbIMU KnuMaTuye-
CKUMMW YCMOBUSMU W YH4ETOM OMNpeaeneHns KoH-
CTPYKTMBHBIX XapaKTepUCTUK TennoobMeHHOro
obopyaoBaHus nodorpesa CeTeBon BOAbI, NPO-
BOAMMBIX C NOMOLLBI0 MaTeMaTUYeCKOM Moaenu
TennogukaumorHon TY ¢ gByms Kamepamu
cropaHusi, MoryT ObiTb CAEnaHbl crnegyome
BbIBOAbI: TENSOBAs Harpy3ka, onpegeneHHas B
pesynbTate pacyeToB npu uUeHe Tenna 3,82
ponn/Tx ana Pexuma 1 n 5,26 gonn/I'Ox ans
Pexuma 2, yBenuunsaeTcs Ons nepeBoro n BTo-
poro PerMoHoB npegnonaraemMon akcnnyaTaumm
B cpedHeM Ha 24%, a Ans TpeTbero u YeTeep-
TOro perMoHoB ¢ 6onee XonoAaHbIM KNUMaToOM —
Ha 35%. PacnpegeneHve pacxoga Tonnuea
MeXay Kamepamu CropaHusi npomcxoauT cre-
AytoLwmm obpa3om: Ans BCEX pacCMaTpMBaeMbIX
pernoHoB B Pexume 1 nepeas kamepa cropaHusi
3arpyxaeTcs Heckonbko Gornblie, 4em BTOpas,
HO 3arpyska nocteneHHo meHsietcs ot 5,3% go
1,5% oT pervoHa ¢ 6onee TennbIM KNMMaTOM K
permoHy ¢ 6onee XonogHbIM KNMMaToM.

Primitives | General | Boilers | Electrical components | Engines | Gas turbines | Kollectors | Mixers | Mulikollectors | Plants | Schemes | Separators | Steam tusbine User
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Puc. 2. Uumepdpeiic npoepaMMHO-8bI4YUCTIUMENbLHO20 KOMIIeKca ¢ u3obpaxeHueM UHmMepakmueHou
pacyemHoli cxeMbl menogukayuoHHOU 2a3omyp6uHHOU ycmaHo8KU
Fig. 2. Interface of the software and computer complex with the image of the interactive computational scheme
of the cogeneration gas turbine plant
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7‘1‘ OHepreTuka

/\ Power Engineering

Ta6nuua 1. OcHOBHble MokasaTenu pacyeta pexumoB paboThl TennoUKALMOHHOM ras3oTypBUHHON YCTaHOBKW ANst
yeTbIpeX PErMoHOB NpeanonaraeMon akcnyaTalum

Table 1. Main indicators for calculation of the operating modes of the cogeneration gas turbine plant for four regions
of the proposed operation

YcnoBHbI HOMep permoHa akcnnyartauyuu / gacqemaﬂ
TeMnepatypa Hapy>XHoro Bosgyxa, C
OCHOBHbIE NoKasaTenu 1/-22 | 2/-25 | 3/-38 | 4/-55
pEXMUM
1 2 1 2 1 2 1 2
Tennosas Harpyska rasoTypouHHol | ¢ ) 8715 695,1 9313 7578 | 11662 | 8033 | 12489
yctaHoBku, [[x/
[NonesHas AnekTpnyeckaa MOLLHOCTb
k 60
ra3oTypbuHHoi yctaHosku, MBT
?S”T“"” pacxop Tonnmea, 37,68 45,92 38,11 48,57 39,40 57,23 40,14 59,89
Pacxop Tonnvsa 1-# kamepow cropa- | 4 g 44 20,04 19,55 20,35 20,04 20,29 20,22 21,09
Huda ra3OTyp6VIHHOVI YCT@HOBKK, T Y.T.
Pacxop Tonnvea 2- kamepow cropa- | 4 g 4, 25,88 18,56 28,22 19,36 36,95 19,92 38,8
HWS! ra30TYPOUHHOI YCTAHOBKM, T Y.T.
YRenbHble KaNUTaNOBNOKEHHS, 570,0 680,0 580,0 695,0 660,0 770,0 735,0 850,0
ponn/kBt

Tabnuua 2. KOHCTPYKTMBHbIE XapakTepUCTWKM TennoobMeHHOro 060pyAoBaHWS NOAOrpeBa  CETEBOM
TennonKaLnoHHON ra3oTypOUHHOM YCTAHOBKM A8 YETHIPEX PETVOHOB NPEANOoNaraeMon aKkcnyaTaLmm

Table 2. Design characteristics of the heat exchange equipment for heating network water of the cogeneration gas
turbine plant for four regions of the proposed operation

BOAbI

YcnoBHbIit HOMep pernoHa akcnnyartauuu / pacueTHas Temnepatypa
HapyxHoro Bo3gyxa, C

OCHOBHbIe nokasatenu 1-22 2/-25 3/-38 4/-55
PEXIM
1 2 1 2 1 2 1 2
fnowank TennoobMenKo/ nosepxHocT 3012 | 4010 | 3124 | 4100 | 3180 | 4268 | 3893 | 4340
KOTna-ytunun3atopa, M
fnoLLank TennooOMEHHOI NOBEPXHOCTH 748 845 765 896 795 | 1039 | 827 | 1120
nogorpesarenia nognnTku ceTeson Boabl, M

HapyxHbIN/BHYTPEHHUIN AnameTp Tpyb
TennoobmMeHHON NOBEPXHOCTH
KOTna-ytunusatopa, MM
MonepeyHbIA/NpooNbHbIN Lwar Tpyd
TENNoo6MEHHOW NMOBEPXHOCTM
KOTNa-yTunusaropa, MM
HapyXHbIN/BHYTPEHHMIN anameTp Tpyo
TennoobmMeHHON NOBEPXHOCTY NoZorpeBaTtens
NOANWUTKM CETEBOW BOAbI, MM
MonepeyHbIN/NpoaonbHbIN Wwar Tpyo
TennoobmeHHON NOBEPXHOCTY NoforpesaTtens
NOANWUTKM CETEBOW BOAKI, MM

50/47 52/49

103/63 102/62

16/14,5 18/16,5

22119 21/18

YTo KacaeTcs pexmmoB C yBENUYEHHOW Ten-
NnoBON Harpyskon (Pexwum 2), To 3arpy3ka nep-
BOW KaMepbl CropaHus OCTaeTcs NPUMEPHO Ha
TOM Xe ypoBHe, 4YTO 1 B Pexume 1, TaK Kak no-
nesHas anekTpuyeckas MOLLHOCTb BO BCeX pe-
Xumax onpenensietca B panoHe 60 MBT, a Bo
BTOPOW Kamepe CropaHusi no Mepe yBesmyeHus
TENnoOBOW Harpysku Nno pervoHam ysenuymeaeT-
cs pacxog Tonnmea ¢ 25,88 T y.1. 8o 38,9 T y.T.,
4TO COCTaBNSAET yBENUYeHWe pacxoda Tonnvea

BO BTOpOW kamepe cropanus ot 29% fo 84% no
CPaBHEHMIO C pacxo4oM TONMBa NEpPBO kame-
pbl cropaHusi. PocT yaenbHbIX KanuTanoBnoxe-
HUA NPOMCXOOUT MO MEpe YBENUYEHUS TEnno-
0OMEeHHOW MOBEPXHOCTK KOTNa-yTunusatopa u
nogorpesartens NOANUTKU ceTeBon BoAbl. [ns
Pexvuma 1 gnana3oH M3MeHeHus yaenbHbIX Ka-
nuTanoBnoxexHun coctasnset ot 570 gonn/kBT
Ao 735 ponn/kBT ans Bcex YeTbipex PerMoHoB,
a pna Pexuma 2 - ot 680 ponn/kBt po
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850 gonn/kBT. B cBoto ovepeab, Ana Pexuma 1
pOCT nnowaan TennoobMEHHOW MNOBEPXHOCTM
KOTna-yTunusaTopa OT MEPBOro perMoHa K 4et-
BepToMy coctaBun nopsigka 23%, nnowaau
TennoobMeHHON NOBEPXHOCTW NodorpeBaTens
noanutkn ceteson Bodbl — okono 10%. [nsa Pe-
XUMa 2 M3MeHeHue nnowaan TennoobMeHHow
MOBEPXHOCTW KOTNa-ytunmsatopa — okono 8%,
nnowaan TennoobMEHHON MOBEPXHOCTM MOA0-
rpeBaTens MOAMUTKM CETEBOM BOObI — OKOMO
25%. To ecTb cxemMHO-napameTpuyeckas onTu-
MM3aUMA PEXUMOB pPaboTbl M KOHCTPYKTMBHbBIX
nokasatenen o060pyaoOBaHWS TeNnoguKaLMoH-
Hom ['TY nokasana, YTo Ons pexuMoB paboTbl ¢
Bonee BbICOKOW TENMOBOW Harpy3komn (Pexum 2),
Mo mepe ee pocTa, LenecoobpasHo obecneuntb
MaKkCMMarnbHO BO3MOXHbIA Harpes nognuMTOYHON
CeTeBOV BOAbl M HECKONbKO Gonblue yBenuuu-
BaTb Mnowaab NMOBEPXHOCTU HarpeBa nogorpe-
BaTens MOAMUTKM CETEBOW BOAbl, MaTtepuansi
AN W3rOTOBMNEHUSI KOTOPOro SIBNAOTCA MeHee
LOPOroCTOAWMMM, YeM AN KOTha-yTunm3artopa,
TEM CamblM OOECneYnB OTHOCUTENbHO HEBbICO-
KA NPUPOCT YAErNbHbIX KanMTanoBhAOXeHUA npu
nonHom obecneveHnn noTpeduTenen anekTpu-
YECKOM W TEMNOBOW SHEPrUAMMU.

3AKJITIOYEHUE

Ha npumepe matematumyeckon mogenu Ten-
nogmkaumoHHon 'TY, umetowen aBe Kamepbl
CropaHusi TOMnuBa, KOTEM-yTUNWU3aTop M KOH-
TaKTHbIN TennoobMeHHWK Ans nogorpesa nog-
MUTOYHON CETEBOW BOAbI, NPOBEAEHbI ONTUMU-
3aUMOHHbIE MCCedoBaHUS 3aBUCUMOCTM pac-
Xo4a TOnMBa OT U3MEHEHUS TENSI0BON Harpys-
Kn notpebutenen pervoHoB C pasHbIMU KNuMa-
TUYECKUMMN YCMOBUSAMW M Y4ETOM OnpeneneHns

KOHCTPYKTUBHBIX XapakTepUCTUK TennoobMeH-
HOro obopyaoBaHua NoJOrpeBa CETEBOW BOAbI.
PacyeTbl BbINOMHAMUCL Ha KOHCTPYKTOPCKOM
mMaTemaTuyeckon mogenu [TY, co3gaHHOW C
noMoLbio pa3paboTaHHoOro cotpygHukamu OT-
gena Tennocunosbix cuctem MCOM CO PAH
NPOrpaMMHO-BbIYMUCIIMTENIBHOMO  KOMNekca. B
paboTe paccmaTpuBannCb pexumbl  paboThl
YCTaHOBKM B YeTblpex npegnonaraembix perno-
Hax aKcnnyaTtauuu. Pexumbl oTnmyanucb Ten-
noBbIMK Harpy3kamu. PesynbTaTbl uccnegosa-
HU/A nokasanu, 4TOo yBEenuyeHuwe pacxofa Ton-
nnBa BO BTOPOW Kamepe CropaHus cocTaBnset
no Mepe pocra TennoBow Harpyskum [TY pac-
CMaTpuBaeMbIX PErnoHOB 3KCmiyatauuum ot
29% po 84% no cpaBHEHWIO C pacXxo4oM TOMMn-
Ba MepBOM Kamepbl cropaHus. PesynbraTbl
CXeMHO-NapameTpuyecko OonTuMmusauumM nos-
BONMUAKM caenaTb BbIBOA, YTO ANS PEXMMOB pa-
6oTbl ['TY ¢ Gonee BbICOKOW TENNOBOW Harpys-
KOW, N0 Mepe ee pocTa, uenecoobpasHo obec-
NeYnTb MakCMmarnbHO BO3MOXHbIN HarpeB noj-
NMUTOYHOW CETEBOW BOAbl U HECKONbKO Gonblue
yBenMunBaTb Nnowagb MOBEPXHOCTWM Harpesa
nogorpesatens NoOANUTKM CETeBOW BOAbI, LieHa
maTepuanoB 4ns U3roToBSIEHUS KOTOPOro HUXe,
YeM Ans KoTna-yTunusaTtopa, Takum obpasom,
[laBas OTHOCUTESIbHO  HEBBLICOKUWA  MpUpOCT
yOenbHbIX  KanuTanoBMOXEHUA NpW  NOMHOM
obecneyeHun notpebutenen 3neKTpU4eckon u
TENoBON aHepruamu. PesynbTathl Uccnenosa-
HUA MOTYT UCMOMb30BaTbCA Npu nogbope onTu-
MarnbHOro COYeTaHNs! CXEMHO-NapaMeTpUYECcKmnX
peweHnin, obecneymBaroLMx KOHKYPEHTOCMO-
cobHocTb TennodukaumoHHon MY, akcnnyatu-
PYEMOW B PermoHax C pasfnuyHbIMU KnumaTuye-
CKUMM XapaKTepUCTUKaMM.
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leHepauus uMaHuaa HaTpusa nyTem rasmdukauum
yrns gns 3o10Tou3BnekaTenbHbIX habpuk

© H.B. BactoHuHa*, U.B. [ly6osa*, C.I1. bakwees**, M.P. Kosenb*, B.B. MakapoBa*
*Cubupckul gpedepanbHbil yHUsepcumem, 2. KpacHosipck, Poccus
**UacmHblili uccnedosamens, 2. KpacHosipck, Poccus

Pe3rome: Llenb — oueHka TEXHONOTMYECKOM BO3MOXHOCTH reHepauumn LuaHuaa Hatpus nyTem rasudukaumm yras ¢ usy-
YeHMeM BMUSHUA MapaMeTpoB Mpouecca (TeMnepaTypbl, NPOSOIMKUTENLHOCTI 3KCMEPUMEHTA, TUNA YrNs) Ha KOHLEH-
Tpaumio LMaHmga Hatpust B NOMYYEHHbIX pacTBopax W BbISBNIEHWE ONTUMANbHLIX PEXMMOB Mpouecca. JKCNepUMEHTH
MPOBOAMNM Ha NAbopaTOPHON YCTAHOBKE, COCTOAWEN W3 TpyOuyaToW neunm LUMIMHOPUYECKOW KOHCTPYKUMM C pabounm
OTCEKOM B BMAE KOPYHAOBOM Tpybbl. B kavecTBe 0b6bekTa uccnefoBaHwii Obinu BbibpaHbl Bypbid U APEBECHbLIA YK,
npeABapuTenibHO U3MENbYEHHbIE AN YBENUYEHUS YOENbHOW NOBEPXHOCTW. PacTBop umaHuga Hatpus obpasoBbiBancs
npu copbunn COQOBLIM PacTBOPOM ra3o00pasHoi CUHWITBHOM KUCIOTHI Kak OJHOrO0 W3 KOMMNOHEHTOB CWHTE3-ras3oB. B
cucTeme nornotuteneit ucnonb3osanu pacteop NaOH (pH = 10), yctaHOBNEHHbIN B neasHyto 6aHio. Cogepxanune yua-
HUZa HaTpus B pacTBOpe ONpeaenanocb TUTPUMETPUYECKUM MeTodoM. [Ang TepMOANHAMUYECKUX pacyeToB NPUMEHANN
nporpammHbli komnnekc HSC Chemistry 5.1. Tpu npoBegeHnu rasudmkaumn GpeBecHOro Yris B AMana3oHe TeMnepa-
Typ 600-800°C nony4eHsl pacTBOPbI LnaHuga HaTpus ¢ koHueHTpaumen 0,03-0,08% macc. YCTaHOBMEHO, YTO C MOBbI-
LieHrem Temnepatypbl oT 600 40 900°C KOHLEHTpaLMS LnaHuaa HaTpus B LLEMOYHOM PacTBOPE CHUXaeTcs ~ B 4 pasa
Mpu 0AMHAKOBOW NPOAOIKUTENBHOCTYU dKCnepuMeHTa. BoiBeaeHO perpeccMoHHoe ypaBHEHWE 3aBUCUMOCTU KOHLEHTpa-
umu NaCN B pacTBope OT TeMnepaTypbl rasucukaluy yrnsa u npofomKUTenbHOCTU BeAEHUS npolecca. lNokasaHo, 4To
reHepauus umaHuaa Hatpus B nabopaTopHbIX YCNOBUAX NyTeM rasudukaLmm yrns no3sonseT nonyyYuTb KOHLEHTpaLmum
UMaHu4a HaTpust B pacTBOPE, COOTBETCTBYIOLME NMPUMEHSIEMbIM Ha 30M0TOM3BNEKATENbHbIX habpukax Ans nposefe-
HUSA UMaHUPOBaHWs. BHedpeHue NuUHWM reHepaunm LiaHuga HaTpus HENOCPEACTBEHHO Ha NPOW3BOACTBEHHBIX NnoLua-
OSX 30M0TOM3BrIEKaTENbHbIX (habpuK NO3BONMT CHU3NTL CeBECTOMMOCTb MPOM3BOACTBA 3@ CYET CHUXEHUS 3aTpaTt Ha
3aKynKy, TPaHCMOPTUPOBKY U XPaHEHWE peareHToB.

Knroueenie cnoesa: rasudukaums yrns, BbilienayusaHue, NPOU3BOACTBO LiUaHMaa HaTpus, NPOU3BOACTBO 30110Ta, LiMa-
HUPOBaHWe

Ansa yumupoeaHus: BacionuHa H.B., [lybosa W.B., bakwees C.I1., Kosenb M.P., MakapoBa B.B. l'eHepauus unaHmga
HaTpus nyTeM rasudukauuu yrna Ans 30n0Tom3BnekatensHelx (abpuk. BecmHuk Upkymckoeo 2ocydapcmeeHH020
mexHuyecko20 yHugepcumema. 2021. T. 25. Ne 4. C. 488-497. https://doi.org/10.21285/1814-3520-2021-4-488-497

Generation of sodium cyanide by coal gasification
for gold recovery factories

Natalia V. Vasyunina*, Irina V. Dubova*, Sergey P. Baksheev**,

Margarita R. Kovel*, Victoria V. Makarova*
*Siberian Federal University, Krasnoyarsk, Russia
**Private researcher, Krasnoyarsk, Russia

Abstract: The aim was to assess the technological feasibility of generating sodium cyanide by coal gasification, to study
the effects of the process parameters (temperature, experiment duration, coal type) on the concentration of sodium cya-
nide in the resulting solutions, as well as to identify optimal modes of the process. Experiments were carried out on a
laboratory setup consisting of a tubular cylindrical furnace equipped with a working compartment in the form of a corun-
dum tube. Lignite and charcoal, preliminarily crushed to increase the specific surface area, were investigated. A solution
of sodium cyanide was produced by sorption of gaseous hydrocyanic acid (a syngas component) with a sodium car-
bonate solution. A NaOH solution (pH = 10) installed in an ice bath was used in the system of absorbers. The content of
sodium cyanide in the solution was determined by the titrimetric method. The HSC Chemistry 5.1 software package was
used for thermodynamic calculations. During the gasification of charcoal in the temperature range 600-800°C, sodium
cyanide solutions with a concentration of 0.03-0.08 wt% were obtained. An increase in temperature from 600 to 900°C
led to a 4-fold decrease in the concentration of sodium cyanide in an alkaline solution, under the same duration of the
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experiments. A regression equation was derived for the dependence of the NaCN concentration in solution on the tem-
perature of coal gasification and the duration of the process. It was shown that the generation of sodium cyanide by coal
gasification under laboratory conditions yields sodium cyanide concentrations in solution comparable to those used for
gold cyanidation at gold recovery plants. The installation of sodium cyanide generation lines directly at the production
areas of gold recovery plants will reduce the production costs by eliminating expenses for purchasing, transporting and
storing reagents.

Keywords: coal gasification, leaching, sodium cyanide production, gold production, cyanidation

For citation: Vasyunina NV, Dubova IV, Baksheev SP, Kovel MR, Makarova VV. Generation of sodium cyanide by coal
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BBEOAEHUE

LnannpoBaHne cuntaetca Hambonee ad-
(PEKTMBHBEIM METOAOM W3BMEYEHWS 30M0Ta, WC-
nonb3yeMblM B MpOLIECCe BbILENAYMBAHNSA B
DONMbLUMHCTBE TEXHOMOMMYECKUX CXEM Nepepa-
60TkM 3onoTOCOAEPKALLMX PYA U KOHLEHTPATOB
[1, 2]. N3BneyeHne GnaropoaHbIX METanNoB Lm-
aHMpOBaHMEM OCHOBaHO Ha B3aWMOAEWCTBUK
peareHToB C MUHepanamm 30/10TOCoAepXKaLLero
KOHLeHTpaTa, T.e. Ha CBOWCTBE 3010Ta U cepe-
Bpa pearmpoBaTb C LMAHWUCTbIM HATPUEM B NpK-
CyTCTBUM Kucropoda C o06pasoBaHWEM KOM-
nnekcHon conn NaJAu(CN),], TpyaHO pasnarae-
MOW, HO NEerko pacTBOPUMON B BOAE NO peakLmu
AnbCHepa:

2Au + 4NaCN + 1/20, + H,0 =
= 2NaAu(CN),] + 2NaOH. (1)

OTHocuTenbHas CenekTMBHOCTb pPacTBOPU-
Tensa, yhayHoe coyeTaHue NpoLeccoB pacTBO-
PeHWsl N ocaxaeHus bnaropoaHbIX MeTannos u3
LMAHNCTbIX PacTBOPOB (LEeMEHTauus LIMHKOBOW
MbiNblo, copbuUMA HA MOHOOOMEHHbIX CMOMax W
aKTUBMPOBAHHLIX YrMsX WU Ap.), NpocToTa anna-
paTypHOro OopMreHus u apyrue npeumMylue-
CTBa UMaHWPOBaHWSA LenalT ero BecbMa 3(-
(bekTMBHBIM U Npou3BOAMTENbHLIM, 0becneym-
Basi BO3MOXHOCTb MPUMEHEHUS OAHHOM TEXHO-
NOrUN He TOSMbKO K KOHLeHTpaTaM MexaHU4ecko-
ro oboraileHus, HO U K psSAOBbIM 30510TbIM py-
[aM 1 Jaxe K XBocTam oboralleHuns, cogepxa-
wuMm 1-2 r/T 3onota n Hwke. ONTUManbHbIMU
yCrnoBusAMM npoLiecca LuaHUpoBaHUS ABNATCA
cnegyowwe: TK = 1,5:1; KOHUEHTpauus Luna-
HWOa HaTpusa Ana Kpenkux pacteoposB — 0,03-

0,06%, pna cnabeix —0,003-0,01%; pH npo-
MbILLIIEHHbLIX pacTBOpoB — He Huke 10-10,5
(ana nopaepxaHus pH 0o6aBnslOT M3BECTb B
Buge 20% pacrtsopa); TemnepaTypa pactsopa —
10-20°C.

CyliecTByeT MHOXECTBO cnocoboB nonyuye-
HUSA LUMaHuZa HaTpus, HO rnaBHbIM 06pasom ero
NPOW3BOOAT MyTeM HEWTpanu3auuni CUHWUIIbHOMN
Kucnotbl BogHbIMM pacTtBopamu NaOH wunu
Na,COs. [Ins npou3BOACTBA LMAHWUCTBLIX COSEw
rasoobpasHyld CUHWIIbHYIO KWUCIIOTY Hanpasns-
0T Ha LwwenoyHble abcopbepbl, npeacTaBnsto-
wue cobon HebonblIME UWUNUHAPUYECKUE rep-
MEeTU3MPOBaHHblE annapaTtbl, CHabxeHHble Bap-
6oTepoM C mMeLlankoi n HanosIHeHHble pPacTBo-
POM efKow Lenoyn. PactBop LMAHUCTON Conu
bunNbTPyeTCs M KOHUEHTPUPYETCA NOL Bakyy-
mMoM. BbinaBwume Kpuctannbl OTAENSKOTCA Ha
LeHTpudyrax. 3ateMm conb CywaT W YynakoBbl-
BalOT M OTNPaBMSAT NoTpedbuTento.

LUnanng Hatpms, Kak v BCe LMaHuabl, Ypes-
BblYalHO SA0BMT, MO3TOMY CYLLECTBYHOT 0CObble
TpeboBaHNA K ero TpaHcnopTuposke' (Ans Ko-
Topow TpebyeTcs cneuunanbHoe paspelueHue,
crneuuanbHbll - aBTOTPAHCNOPT, HENOBPEXAEH-
Has Tapa W ynakoBKa) U XpaHeHuto (B 3aKpbITOM
BEPTUKASIbHOM MOMOXEHWUN), @ TakKe AanbHei-
LemMy pa3BefeHuo 40 pacTBopa 3adaHHOW KOH-
LeHTpauum [3].

MNoTpebHOCTb B UMaHuae HaTpusi 3aBUCUT OT
XapakTepa BblLLenavnsaemMon pyapl U cocTaBns-
et 0,25-0,75 kr Ha 1 T cyxom pyabl [4, 5].

MoaTomy akTyanbHbIM SBRSIETCA MONyyYeHne
pacTBopa UuaHuaa HaTpus 3aJaHHOW KOHLEeH-
Tpauum HenocpeacTBEHHO Ha MPOW3BOACTBEH-
HbIX nowaasax oboraTutenbHbIX KOMOWHATOB.

'Hoasi  xumus. LUnanupg HaTtpus: CBOWCTBA, M TexHOnorus npou3BoacTBa [OnekTpoHHbin pecypc]. URL:
http://lwww.newchemistry.ru/printletter.php?n_id=6492. (10.05.2021).

BECTHWK UPKYTCKOIO rOCYOAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2021;25(4):488-497
ISSN 1814-3520 489

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(4):488-497




B naHHom paboTe ana 9Ton uenu npegnaraercs
MCMONb30BaTb CUHTE3-rasbl, NPOWU3BEAEHHbIE
npu rasmdmkaumm yrns ¢ nonyvyeHuem rasoob-
pasHoro HCN KoHBepcuen meTaHa C KWUCHOpo-
AOM M aMMWAKOM U JaflbHENLMM CUHTE30M Lin-
aHnpga Hatpua copbumen HCN cogosbiM pac-
TBOPOM (Tabnuua).

lasndumkaums yrns — 310 BblcOKOTeMnepa-
TYPHbIN (PU3NKO-XUMUYECKUA NPOLIECC B3anMO-
pencteuss yrns ¢ rasamu-okmcnutenamu (O,
H,O, CO,,) ¢ nonyyeHnem rasos H,, CO, CH,
(cm. Tabnuuy, ypasHenus (1)—(5), puc. 1) [6-9].
CocTaB 1 TennoTa CropaHns NOMy4eHHOro B pe-
3ynbTaTe ravudukaumm rasa pasfnmyHbl 1 3aBu-
CAT OT NpeanonaraemMblX HanpasneHui ero uc-
nonb3oBanus [12, 13]. B pesynbtate wmoryTt
BbITb MONYYeHbI%:

— TOpOYMiA ra3 (AN TEXHOMOTMYecKoro u
SHEPreTMYECKOro  CXWraHus) npu  Hanmuuu
Bonblero obbema mMeTaHa U OTCYTCTBUU Hexe-
naTenbHbIX NPOAYKTOB MOMYKOKCOBAHWS Yrns
(macna, cMofbl, (heHonbl);

— BOCCTaHOBWTESbHBIA a3 (B MeTannypru-
4ECKOW NPOMBILLIIEHHOCTUN) — ANS NPSMOro BOC-
CTaHOBINEHMWS XENE3HOW pyabl U Ap.;

— CUHTE3-ra3 (XMMUYeckoe Cbipbe Ans npo-
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“3BOACTBA METaHONa, amMuaka, XWaKoro Ton-
nuea cornacHo npouecca ®uwepa-Tponwa)
npu onpegeneHHoMm cooTHoweHun CO:H, wu
CHy:Hy, yto pgocturaetca noabopom ycnoBwii
TEXHOMOrM4YecKoro npouecca v BbIGOPOM cocTa-
Ba rasuduumpytoLiero areHta [14-16].

- Kak nokasbiBaeT  TepMOAUMHAMUYECKMIA
aHanu3 f[aHHbIX NpW PaBHOBECHLIX YCIOBUSAX
(pnc. 2, 3), rasudukaumio yrns MOXHO NPOBO-
AuTb Npu Temnepatypax Boiwe 500°C (¢ uenbio
NonyyYeHUss CUMHTe3-rasa JOCTaTOYHO Temnepa-
Typbl 600-800°C, peakuun (1)—(3) [17]. Bogo-
PO CUHTE3MPYeTCS NpW FOPEHUN yrns B UHTEP-
Bane Temnepatyp Bbie 650°C (peakums (1))
[18, 19].

— CuHTe3 metaHa ns CO nCO, (peakumm (4),
(5)) npoTekaeT nNpu TemnepaTypax rasoB Ha Bbl-
Xo[le U3 YCTaHOBKM Huke 600°C, ana obpasosa-
HUA rasoobpasHoro ammuaka TpebyloTea elle
Bonee HM3kne Temnepatypbl (Huke 200-300°C,
peakums 6) [14—16]. CuHunbHas kucnota obpa-
3yeTcsl Npu COBMECTHOM OKWUCIEHUM amMuaka u
MeTaHa KMCnopoaoM BO3dyxa BO BCEM Auana-
30HE Temneparyp, Takke Kak ¥ LumaHug HaTpus,
CUHTE3VPYEMBI BO BpeMsi xemocopbumu cu-
HUMbHOW KUCNOTbI COAOBLIM PACTBOPOM.

CTaauu npoTeKaHWs peakLuuii Npy reHepaLun LMaHuaa HaTpus

Reaction stages at sodium cyanide generation

Cragus Peakuus

Ne peakuuu MpumeyaHune

C+H,0(g) = Ha(g) +
+ CO(9g)

npouecc OCHOBaH Ha B3aUMOZENCTBUN yrnsa c Bo-

OAHBbIM NapoM, peakuua ABnaeTca aHaoTepmMmnye-

CKOW, paBHOBeCKE CABUraeTcAa BnpaBo, HA4MHadA C
923 K

)

r
asndmkauma yrna 2C + Oz(g) - ZCO(g)

napannenbHo ¢ peakuueit (2) NpoTekaeT ak3oTep-
MUYecKas peakumsi CcropaHus yris, kotopas obec-
neynBaeT HeoBXoAMMbIN TEMNOBO GanaHc

®)

C+CO0a(g) = 2CO(g)

peakums 6ynyapa, SBNSeTCs S3HO0TEPMUYECKON,
paBHOBECKE COBUraeTcs Bnpaeo, HaumHas ¢ 973 K

Koneepcus cunTes-rasa B |CO2(g) + 4H2(g) = CHa(g) + + 2H0(g)

paBHOBECKE COoBUraeTcd BnpaBso npu remnepary-

meTaH COx(g) + 4H2(g) = CH4(g) + + 2H,0(g)

pax Huxe 873 K

O6pasoBaHve ammMuaka N2(g) + 3H2(g) = 2NH3(g)

paBHOBECWE COBWUraeTCsl BNPaBo Npu TeMnepary-
pax Huxe 473 K

MonyyeHve cuHUnbHOM 2NH;(g) + 2CHa(g) + 30,(9) =

COBMECTHOE OKUCIieHne aMmmMnaka n MmetaHa KuCno-

KMCNoThI = 2HCN(g) + 6H20(g) ponom Bo3ayxa

Monyuexue Luakuaa HC_:N(g) + NaOH = 9) HelTpanusaumst CUHWUIBLHON KNCOTbI LLESoYbio
HaTpus =NaCN + H,O

*g — razoobpasHbii (0T aHrn. gas).

“Hedpreras. lasucpukaums yrns  [dnektpoHHbin  pecypc]. URL:  https:/neftegaz.ru/tech-library/energoresursy-

toplivo/147407-vnutritsiklovaya-gazifikatsiya-uglya/. (26.04.2021).
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Puc. 1. PaznoxeHue yanisi Ha MOMeKy bl 2a308 Npu 2as3ugpukayuu yans
Fig. 1. Decomposition of coal into gas molecules at coal gasification
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Puc. 2. BnussHue memnepamypbi 20peHusi yanepoda Ha cocmae cuHme3s-2asa npu 2asughukayuu yans
Fig. 2. Carbon combustion temperature vs synthesis gas composition at coal gasification
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Puc. 3. BnussHue memnepamypbl omxodsujux 2a3o08 Ha cocmae cuHmes-2a3a
npu danbHeliwell copbyuu e2o co008bIM PACMeOPOM
Fig. 3. Waste gas temperature vs synthesis gas composition at its further sorption with a soda solution

MNpu BbIGOPE TEMMEPATYPHOro pexuma CTo-
WT y4UTbIBaTb, YTO 3PDEKTUBHOCTL abcopbumm
YBENMUYMBAETCH C MOHWKEHMEM TemnepaTypsbl
abcopbeHta. Takum ob6pasom, rasudukauuo
yrns HeobxoAMMO NpPOBOAWTbL B AManasoHax
Temnepartyp Bbile 600°C, 04HAKO C LieNbio CUH-
Te3a aMMuaka, MeTaHa 1 Lienesoro Npoaykra mx
B3aMMOAENCTBMS ra3006pasHoOro  LiMaHoOBOAO-
poda ¢ nocnegywouwen addekTneHon abcopb-
umein HeobXoaMMO pe3Koe CHIDKEHWe Temnepa-
TYpbl rasa Ha BbIxoAe W3 yctaHosku Ao 200°C
MW npoBeaeHnwe  copbuuMu  LMAHOBOZOPOAA
XONOAHBIM LLENOYHBIM PAaCTBOPOM.

METOOWUKA 3KCMEPUMEHTA MO
FrEHEPALUU ULMAHUOA HATPUA
NabopatopHas ycTaHOBKa cocTosina U3
Tpyb4aTon neym UMIMHOPUYECKON KOHCTPYKLMM
1, Kopnyc KOTOPOW U3rOTOBIEH M3 XapOnpPOYHOM
ctanu, yTepoBaHHOW TENIOU30NALNOHHBIMM
KUpnu4yamu, n rmpnsHabl ¢ NOrnoTUTENSAMM (puc.
4). Pabounin oTcek neuu npepctaensan coboi
KOpyHZOBYO Tpyby C HamOTaHHbIM BOKPYr Chu-
panbHbIM HarpeBaTeNbHbIM 3IEMEHTOM.
TemnepaTtypa B s4elke KOHTpOSMpoBanach
Tepmonapon Tuna K 4, nogKniYeHHON K peryns-
Topy OBEH TPM. lMepen 3anyckom rasuguka-
TOpa B Hayane Kaxpgoro aKcrnepuMeHTa npoBo-
Avnacb npegsapuTenbHas npoBepka Ha Hanwu-
yne yTeyek, repMeTUYHOCTb YCTaHOBKM U pabo-

Ty CUCTEMbI BEHTUNALUN.

Yronb (Oypeit unu gpesecHbid, 30-60 ),
npeaBapuTensbHO M3MENbYeHHbIN ANS NOBbILLEe-
HUS  YOENbHOM MOBEPXHOCTM, MoMellancs B
kBapueByto Tpybky 2. 3atem Tpybka pacnonara-
nacb B neuu Takum obpasom, 4Tobbl cpeanHHas
ee yacTb TpyObl, 3anosfiHEHHas yrnem, Haxoau-
nacb B Kamepe neuu, a kpas Tpybku Bbixogunu
3a npegenbl kamepbl neun Ha 10 cm. C ogHoro
KOHUa TpybKka repMeTM4YHO 3aKkpbiBanacb pesu-
HOBOW NPOBKOM3, C Apyroro KoHua — Npobkow ¢
ra3o0TBOAHOW CTEKNSAHHOM Tpybkon. [a300T-
BoAHas Tpybka yepe3 CUMMMKOHOBLIW LUMAHr CO-
eMHANachb C rupnsaHoon 5, cocTosLen u3 asyx
nornotutenen odobemom 200 Mn 1 ogHOro Kan-
neynosuTens.

Mornotutenu sanonHuanu pactsopom NaOH
(pH = 10) go 100 mn, rMpnsHAy ycTaHasnueanm
B neasHyto 6aHio 6, KoTopas CnyxuT oxnaxaa-
MM 3fIEMEHTOM NS Haunydwero adgekta
KOHBEpTaLuu.

lNeyb BKNOYaNM M yctaHaenuBanu 3afaH-
Hyto Temnepatypy perynatopom. Obpasyrowmi-
CH MpW CropaHun yrns ras rnocreneHHo BbITec-
HSANCS MO CMCTEME CUNMKOHOBBIX TPYBOK B rmp-
naHay ¢ nornoTtutensamu. [locTeneHHo ocThiBas,
ra3 MeTaHu3upoBasncs U KOHBepTUpoBasncs B
LMaHoBo4OpOs, KOTOPbLIN NPU NMPOXOXAEHUN Ye-
pes3 cucTemy mornoTutenen copbuposancs wie-
NOYHBIM pacTBopoM ¢ obpasoBaHmem NaCN.
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6

B cucremy
¢ BeHTHIAIHH

Puc. 4. Cxema ycmaHoeKu no 2eHepayuu yuaHuda Hampusi: 1 — neys; 2 - keapyeeass mpyba c yanem;
3 - pesuHoeas npobka; 4 — mepmonapa; 5 — eupnisiHda ¢ mo2iomumesniAMuU U Kanseysogumesnem;
6 — nedsiHas 6aHs
Fig. 4. Diagram of a sodium cyanide generation plant: 1 - furnace; 2 - quartz pipe with coal;
3-rubber stopper; 4 —thermocouple; 5 - chain of absorbers and a drop trap; 6 —ice bath

NonyyeHHble pacTBOpbl W3 MOrMOTUTENEN
nocrne OKOHYaHWS JKCMEPUMEHTA CnMBanuCb B
CyXue CTEeKNSAHHbIE MepHble KOnbbl, repMeTUYHO
3aKpbiTble Npobkon. Konbbl MapkmMpoBanu ¢ yka-
3aHMEeM HauMEHOBAHWSA NPOAYKTa, BPEMEHM OT-
6opa npobbl 1 Hagnucbto «OCTOPOXHO — Aal» U
OTMPaBNANUCbL Ha NPOBeAEHNe aHanms3a Ha Co-
[iepXXaHue B pacTBopax uuaHuga Hatpus. Co-
LEepXaHWe UMaHnaa Hatpus B pacTBope onpe-
[EenAnocb MEeToAOM TWUTPOBaHUA B COOTBET-
cTBum ¢ TOCT 8464-79°,

PE3YJIbTATbl 3KCMNEPUMEHTOB
YCTaHOBMEHO, YTO C NOBLILIEHWEM TEMMNEPa-
Typbl 0T 600 40 900°C KOHUEHTpauus umMaHuaa
HaTpWs B LLENOYHOM paCTBOPE CHUKAETCS Mo-
4yTi B 4 pasa npu 0AMHaAKOBOW MPOAOIHKMTENb-
HOCTU 3KcnepumeHTa (puc. 5). [lonyyeHHble
KOHLUEHTpaUMM unMaHuga HaTpus npu nposege-
HUM rasuduKaumm OpPEeBECHOro yrna B Auana-
30He TemnepaTyp 600-800°C 0,03-0,08% macc.
COOTBETCTBYOT TpebyeMbiM  KOHLEHTpaUuUaM

UMaHuga HaTpus B pacTBope ANs NpOoBeAeHUs!
WHTEHCWBHOIO LIMaHMPOBaHMs.

B pesynbtate 06paboTkn nonyyYeHHbIX gaH-
HbIX MO pe3ynbTaTam 3KCNepUMEHTOB GbINo Bbl-
BEAEHO PErpeccroHHOe YpaBHEHWE 3aBUCKMO-
CTU KOHUEHTpaUWUWU LnaHuga Hatpusi B LLENoy-
HOM pacTBOpe OT TemnepaTypbl rasudgukalmum
yrna T (°C) M nNpoOomKuUTENbHOCTU BedeHUs
npouecca t (4):

Crnacn=0,171-2-10"- T +0,023 - t.

MHOXeCTBEHHbIN KO3(PPULMEHT perpeccun
coctasnset 0,973. YpaBHeHNe KOPPEKTHO B WH-
Tepsane Temnepatyp ot 600-900°C u B npeae-
nax NpOAOSKUTENBHOCTU npouecca oT 45 MuH
o 1,5u.

Takxe 66110 0TMeYeHo HebonbLUIOE BNUSHME
TNa MCNonb3yemoro Ans rasudukaumm yrns Ha
KOHEYHOe cofepXaHue uuaHuga Hatpus. Tak,
npn 700°C copepxaHue uuaHuga HaTpus npu
rasudukaumm Gyporo yrns B TeyeHne 1 4 cocta-

TOCT 8464-79 (OKI 21 51120100). HaTpuit unaHUCTbIN TEXHUYECKUA. TexHudeckne ycnosus. M.: M3g-Bo cTaHgapTos,

1979.
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Puc. 5. BnusiHue npodo/mkumenbHOoCMu u memmnepamypbl npoyecca 2a3ugukayuu yansa Ha CUHmMe3 yuaHuda Hampus
Fig. 5. Effect of coal gasification duration and temperature on sodium cyanide synthesis

Buno 0,04% macc., B TO BpeMsa Kak npu uaeH-
TUYHBIX YCMOBMSX MPW rasudukaumm gpeBecHo-
ro yrns oHa coctasuna 6onee 0,06% macc. 310
CBSI3aHO C TeM, YTO [OPEBECHbIA Yronb MMeeT
MEHbLUYK 30MbHOCTb, MeHblle OGUTYMUHO3HbIX
neTyyMx BeLlecTB, cepbl U BOAbl, YeM Bypbin
yronb. Takke ApeBecHbIN yronb uMMmeeT 605b-
wyto BET-noBepxHoCcTb BCneactaue 60nbLUOro
KONMMYecTBa KanunnispoB W Mop, YTO MOATBEp-
xnaetcs B pabortax.

Takum obpasom, pesynbTaTbl 3KCNEPUMEH-

TOB NOKa3anu, 4TO reHepaums umaHuga HaTpus
B nabopaTopHbIX YCMOBUSAX MyTeM rasudukaumm
Yrns NO3BONSET NPU ONTUManbHbBIX NapameTpax
BeJeHMs npouecca MOMy4YUTb KOHLEHTpauuu
UMaHuga Hatpus B pacTBope, COOTBETCTBYHO-
LiMe NpPUMEHSIEMbIM Ha 30M0TON3BIIEKATENbHbIX
tabpukax Ans nNpoBefeHus LmaHupoBaHus. B
kayecTBe copbunoHHoro obopyaoBaHus Ans
yNaBn1BaHUsS KOMMOHEHTOB CUHTe3-rasa npej-
naraeTcs HecKONMbKO CTyMeHEen ra3oouMCTHOrO
obopynoBaHus, onucaHHoro B [20, 21].
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UccnepnoBaHue n BbIOOP ONTUMarbHON TEXHONOMM4YeCKOMN CXeMbl
¢noTaumMoHHOro oborateHns 3010TO-MeAHO-MbILWbAKOBUMCTOMN PYAbl
mMecTopoxaeHus «Tapop» (Pecnybnuka TagkukucraH)

© M.M. Conuxos*, A.B. AkcénoB**, M.U. Kapumo™**, I'.I'. Munees**, O.b. PaxmaHoB*
*000 HMUMN « TOMC», e. Upkymck, Poccus,
*Wpkymckul HayuoHarbHbIlU uccrnedosamenbckull mexHudeckul yHugepcumem, . pkymck, Poccusi,
***[opHO-Memannypaudeckul UHcmumym Tadxukucmara, 2. bycmoH, Tadxukucmax

Pestome: Llenb — n3yyeHne BNuUSHUS KPYMHOCTU MaTepuana Ha nosblweHne 3deKTMBHOCTY proTaumoHHoro obora-
LLEHNs1 30/10TO-MeHO-MbILLbSKOBUCTBIX PyA MecTopoxaeHus «Tapop» (Pecnybnuka TamKuKncTaH) U U3yyeHue 3aBu-
CYMOCTW W3BNEYeHNs 30M0Ta OT NPOAOIMKMTENBHOCTH NpoLecca ANns Bbibopa anbTepHaTUBHOW TEXHOMOTNYECKON CXEMBbI
nepepaboTku AaHHOW pyAbl. [10 4aHHBIM PeHTreHoMasoBoro aHanu3a MUHeparbHbli cocTas NPobel pyAbl MecTopoxae-
Hua «Tapop» Ha 92% npeactaBneH nopogoobpasyowuMu MuHepanamu. PyaHas MuHepanusauus npefcraBneHa
CynbduAHBIMM MUHEepanamu, rnaBHLIM 06pasoM apCeHONUPUTOM, XanbKONMPUTOM U MUPUTOM B CYMMapHOM KONMYECTBE
8%. Pypnoobpasytolume anemMeHTbl npeacTaBneHbl N0 GOnbLLel YacTh xene3oM, CEepor, MbllLbSAKOM U Meablo. Maccoas
[ons coctaenseT, %, COOTBETCTBEHHO: xenesa — 6,02, cepbl — 3,26, mblwbska - 1,52, megu - 0,82. CogepxaHue 3ono-
Ta u cepebpa B pyae coctasnset 7,35 r/t n 20,28 r/1. CTeneHb OKUCNEHNS pyabl, pacCUMTaHHas No xerneay, COCTaBnseT
51,3%. JaHHblIii noka3aTernb NO3BONWUN XapakTepusoBaTb pyay Kak CMellaHHyto, Bnuskyio K nepBuyHOMY Tuny. Pesynb-
TaTbl UccnefoBaHuii No noTaLMoHHOMY oboralleH o NoKkasanu, YTo U3MenbYeHne UCXOAHOW pyAbl 40 KpynHocTh 95%
-71 MKM NO3BONSIET NOBLICUTL U3BMNEYEHNE 30M0Ta B KoHLUeHTpaTe Ha 10% no cpaBHEHUIO C M3MeNbYeHeM A0 KPYMHO-
ctn vactuy 80% -71 MKM. Bbino n3y4yeHo BIMsiHME NPOAOIIKUTENIBHOCTM NpoLlecca (noTauuy Ha U3BMEYEHNE 3050Ta.
[Ons QOCTUXEHWNS MaKCUManbHOro M3BMEeYeHNs 3010Ta B YEPHOBON (ONOTALMOHHbIA KOHLLEHTPAT BpeMsi OCHOBHOW ¢hro-
Tauun B JanbHenwmx Tectax LenecoobpasHo NpUHATL paBHbIM 14 MUH, B KOHTPONbHONW dnoTauuu — 12 muH. Mo nony-
YEHHbIM 3KCMepUMEHTaNbHBIM AaHHBIM NPU PekoMeHAaLmnn GroTaLnoHHOro oboraleHns n3yyaemoii pyabl MecTopox-
peHus «Tapop» B kKayecTBe anbTepHaTUBHOTO TEXHOMOMMYECKOro PeLIeHNs npeanaraeTcs cpaBHUTENbHO CTaHAapTHas
CXeMa, BKIT0YatoLLas OCHOBHYI0, KOHTPOSbHYIO M NEPEYNCTHYIO CTaanuu roTtauu.

Knroyeenle cnioea: MecTopoxzaeHue «Tapop», yNopHble 30N10TOCOAEpXKaLMe pyasl, 301070, (roTaums, dhnoTauMoHHoe
oboralleHve, pyaHas MUHepanusaums

Ana yumupoeanus: Conuxos M.M., AkcéHoB A.B., Kapumos M.N., Munees I'.I"., PaxmaHoB O.B. /ccnepoBaHue 1 Bbl-
Bop onTUManbHON TEXHOMOMMYECKOH CXeMbl (hNOTaLMOHHOMO 0boralleHus 3010T0-MeAHO-MbILbSKOBUCTOW pyabl MECTO-
poxaeHus «Tapop» (Pecnybnuka TamkukuctaH) // BeCTHUK pKyTCKOro rocyapCTBEHHOTO TEXHUYECKOTO YHUBEPCUTETA.
2021. T.25. Ne 4. C. 498-508. https://doi.org/10.21285/1814-3520-2021-4-498-508

An optimal technological scheme for flotation
concentration of gold-copper-arsenic ores
of the Taror deposit (Republic of Tajikistan)

Mirzobedil M. Solikhov*, Aleksandr V. Aksenov**, Murad |. Karimov***

Gennadiy G. Mineev**, Odilzhon B. Rakhmanov*
*Institute of Technologies of Mineral Separation (TOMS) LLC, Irkutsk, Russia,
**|rkutsk National Research Technical University, Irkutsk, Russia,
***Mining and Metallurgical Institute of Tajikistan, Buston, Tajikistan

Abstract: This article investigates the effect of material size on the efficiency of flotation concentration of gold-copper-
arsenic ores of the Taror deposit (Republic of Tajikistan) and studies the dependence of gold recovery on the duration of
the process with the purpose of developing an alternative technological scheme for processing this ore type. According to
X-ray phase analysis, Taror ore samples consist of rock-forming minerals by 92%. Ore mineralization is represented by
sulphide minerals, mainly arsenopyrite, chalcopyrite and pyrite, in the total amount of 8%. Ore-forming elements include
iron, sulphur, arsenic and copper with the mass fraction of 6.02%, 3.26%, 1.52% and 0.82%, respectively. Gold and sil-

498 BECTHUK UPKYTCKOIO roCYAAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2021;25(4):498-508 ISSN 1814-3520
PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(4):498-508




Conuxoe M.M., AkcéHoe A.B., Kapumoe M.U. u dp. UccnedoegaHue u 8bi60p onmumanbHOU MexHOI02u4ecKou ...

Solikhov M.M., Aksenov A.V., Karimov M.I. et al. An optimal technological scheme for flotation concentration ...

ver are contained in the ore in the amount of 7.35 g/t and 20.28 g/t, respectively. The oxidation state of the ore calculated
by iron comprises 51.3%. According to this indicator, this ore type can be distinguished as mixed, close to the primary
type. According to the conducted chemical phase analysis of gold, this ore type belongs to the category of refractory
ores. Flotation concentration experiments showed that grinding the original ore to a size of 95%-71 microns increases
the recovery of gold in the concentrate by 10%, compared to grinding to a patrticle size of 80%—-71 microns. The effect of
the flotation process duration on gold recovery was also studied. To achieve the maximum gold recovery in the flotation
concentrate, the duration of the main flotation and control flotation should be taken equal to 14 and 12 minutes, respec-
tively. As a result of the experiments, a relatively simple technological solution was proposed for flotation concentration of
the Taror ore, which includes the main, control and cleaning stages of flotation.

Keywords: Taror deposit, refractory gold-bearing ores, gold, flotation, flotation concentration, ore mineralization
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BBEOEHUE

[lobblya 3onoTa B TagkukuctaHe B HacToOS-
ee Bpems ocyulectenserca Ha ~ 40 mecto-
poxaeHusx. KpynHenwme MecTOpOXOeHMs 30-
noTa, rge cocpefoTodeHbl OCHOBHble HanaHco-
Bble 3anacbl, pacnonoxeHbl B LieHTpanbHou Ya-
cTn TamKukucTaHa, B 3epaBLUaHCKOW [ONMHE
(Tapop, xunay, Yope, [lyo6a).

N3 nepeumncrneHHbIX MEeCTOPOXAEHUA Ha
TeppuTopum Pecny6nuku TamxvkmucTaH
Hanbonbllee 3Ha4yeHWe WMeeT 30M0TOpyAHOe
MeCcTopoXaeHue «Tapop», KOTOpoe Mo Belye-
CTBEHHOMY COCTaBy XapakTepuayeTcs 60nbLwmm
pasHoobpasneM. [naBHOW 0COBEHHOCTbLIO 30M10-
TocoAepXKallen pyabl JaHHOrO MECTOPOXAEHUS
SBNAETCA Hanuyme COMyTCTBYHOLMX NPUMECHbIX
3NEeMEHTOB — Meau U Mbllbsika [1-5].

30M0TO-MeHO-MbIWbLAKOBACTAA pyda Me-
cTopoxaeHuss «Tapop» siBnsieTcss Hambonee
TSKENbIM 06BEKTOM (YNOPHBLIM) MO OTHOLLEHMIO
K TPagMUMOHHLIM crnocobam M3BnevYeHns 30m0-
Ta. [MepepaboTka AaHHOW pyabl 3a4acTyto gaet
HEey[4O0BEeTBOPUTESNbHbIE TEXHUKO-
9KOHOMMWYECKME W 3IKONOrMyeckue nokasartenu:
MUHepanbl Meau, aKkTUBHO B3aUMOAEWCTBYS C
LUMaHWUCTBIMK pacTBOpPaMU, SBNSKTCA MPUYMHON
6onbLlmx noTepb UMaHuga BcneacTane obpaso-
BaHWUA KOMMMEKCHbIX LUAHUCTLIX COEAUHEHWN
mMean. MblWbsaKCoaepKallMn mMuHepan — apce-
HOMUPUT — ABNSIETCH OCHOBHBIM HOCUTESEM

TOHKO-BKpanmneHHoro 3osiota. Hanuuue 3onota
B JaHHOM hopme 0OYCrnoBNMBAET HU3KME MOKa-
3atenu nasnedeHust: meHee 80% npu umaHupo-
BaHun® [6-12].

B nocrnegHve rogbl B MUPOBOW MpakTuke
ynopHble 30M10TOCOAEpXaLime pyabl nepepaba-
TbIBAKTCA MO pa3HbiM KOMOWHWPOBAHHLIM CXe-
MaM, B TOM yucre no groTaumoHHON n noTa-
LIMOHHO-UMaHUCTON cxeme. dnoTaums wurpaet
[AOCTaTOMHO BaXXHY0 ponb npu oboralieHun 30-
notopygaHoro celipbs [13].

B Hactoswee BpemMs (hrioTauUMOHHBLIM Cro-
cobom oborauieHns exerogHo nepepabaTbiBa-
toT 6onee 2 Mnpa T NONE3HbIX UCKOMAEMBbIX, W
3TOT (haKT ABNSAETCA Nyylen XapakTepucTUKOM
[laHHOrO TEXHONOIMYeCKoro npoecca.

BnaronpuatHbIMM oBbekTamMu Ans UCnonb-
30BaHus (brioTaumm SBMSKTCA TEXHOMOrMYeCKu
YNOpHblE PyAbl, 30M0TO B KOTOPbIX TECHO acco-
LUMUPOBAHO C CyNbMUAHBIMW MUHEpanamm (nu-
PUTOM, apCEHOMUPUTOM, XanbKONUPUTOM, rasne-
HUTOM, @HTUMOHWUTOM W MHOTUMMW APYrMU), W,
KaKk W3BECTHO M3 NUTepaTypHbIX WCTOYHMKOB,
Takoe 30510TO HEe MOXET ObITb U3BMIEYEHO LMna-
HUpoBaHMeM 6e3 MpUMEHeHWs [[OCTaTo4YHO
CINOXHbIX U [OPOroCTOALLMX MOArOTOBUTESNbHBIX
NPOLECCOB: OKUCIUTENbHOrO 0bxwura, asTo-
KNnaBHOro, atMocepHOro unu GUoxmMmyeckoro
okucrieHnst cynbcuaos®? [13-20], ynbTpaToHKO-
ro n3mesnbyeHus [19].

l>Kyt4|<ona N.A. UsBneuyeHne 30m0Ta M3 ynopHbIX 3omoTocodepxawmx pya: yveb. nocob. Mpkytck: Msp-so WplTY,

2008. 88 c.

2Aquwa B.M. OcHoBbl o6GoralieHnst MonesHblx uckonaembix: y4eb. B 2 1., 1. 2; 4-e u3pg., ctep. M.: M3g-Bo «lopHas

kHura», 2017. 312 c.

3quapoa B.A., WUrnatkuHa B.A., AbptotuH [1.B. TexHonorus nepepaboTku 30/10TOCOAEPXKALLErO Chipbs: y4eb. nocob.

M.: U3a-8o «MUCuC», 2011. 328 c.
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B HacToswen paboTe C Lenbio MOoBbILLEHUS
M3BMEYEHUS LIEHHOrO KOMMOHEHTa (30110Ta) M
obecneyeHns npuemnemon peHTabenbHOCTH
nepepaboTkn MecTopoxaeHus «Tapop» aBTopsbl
nposenu nabopaTopHble WCCneaoBaHWUs  No
cnoTauuoHHomy oboralleHuo  3on0Tocoaep-
Xaliui pyabl MecTopoxaeHus «Tapopy.

®OPMA HAXOXOEHUA 30NOTA UEIO
PACNPEOENEHMUE B UCXOOHOW PYOE

B xome n3yyenusa aszoBoro aHanusa Obinm
onpeaeneHbl opMbl HaxXOXAeHWUs 30110Ta, Xa-
pakTepa ero B3auMOCBS3W C PyAHbIMU U NOPO-
A000pasylowmnMn MUHepanamMm B UCXO4HOW py-
[ile MecTtopoxaeHus «Tapop». PesynbTaThl aHa-
nu3a npeacTasneHsl B Tabn. 1.

Kak BnaHO 13 Tabnuubl, gons csoboaHoro 30-
foTa B UCXOQHOW pyAe Mo KPynHOCTM MaTepuana
95% knacca -71 MKM HaxOAWTCS Ha HU3KOM YPOBHE
u coctasnset 7,93%. CymmapHoe KOnM4ecTBo Lu-
aHupyemoro 3onota — 76,63 %. Ha gonto ynopHo-
o, He W3BIIEKAEMOr0 MPSMbIM LMAHMPOBaHWEM
3onoTa, npuxoautcst 23,37% ot obLein macchl Me-
Tanna. YnopHoe 30M0TO pacnpefensercs Ha 30-
noto, cogepxatyeecs B cynbmaax (18,22%), u
HepacTBopMMoe B Liapckon Bogke (5,15%).

lNo pesynbTaTty (pasoBoro aHanmsa OTMeYeHO,
4TO MCXOOHas pyAa MeCTopoXaeHus «Tapop»
SIBMSETCS YNOPHbLIM ChIPbEM MO OTHOLLEHWMIO K L~
aHucTomMy npoueccy. M3BneyeHne 3o5n0ta LmaHu-
poBaHMeM cocTaBuio 76,63%. OCHOBHbIMK Mpu-
YMHaAMK TEXHOMOTMYECKOW YMOPHOCTU uccnepye-
MOM0 Cblpbsl SIBMSIETCS TOHKAs BKPanjeHHOCTb
30M0Ta B Cynbduaax, kak ykasbiBarocb Bbille
(18,22%), n Hann4me 30M10Ta B KBapLe W MUHepa-
nax, HepaCTBOPUMbIX B KUCNOTaX.

Takum o6bpas3om, Ha OCHOBaHWKM (Ha30BOro
aHanusa 30f10Ta caenaH BbiIBO4 O TOM, YTO AaH-
HOE Cblpbe OTHOCWUTCS K KaTeropum TpyaHoobo-
raTUMbIX pyAa,.

Tabnuua 1. Popma HaxoxaeHNUs 3050Ta B pyae
Table 1. Form of gold occurrence in ore

MeTannyprus n matepvmanosegeHue
Metallurgy and Materials Science

METOOUKA SKCMNEPUMEHTA

®noTaunoHHoe oboralleHne UCXOaHoW pyaebl
MecTopoXaeHus1 « Tapop» NPOBOAWMM C MCMOSb-
30BaHMEM [OCTATOMHO MNPOCTOW CXEMbI, BKIHO-
YaKLLEN OCHOBHYH, KOHTPOSIbHYK WM NEpPevncT-
Hyto cTagum cpnotaumn. Cxema pnoTaLmMoHHOro
oboralleHns pyabl NpeacTasneHa Ha puc. 1.

OaHuM 13 hakTopoB, BNUSAIOLWMX Ha 3 dek-
TUBHOCTb (hNOTALUMOHHOrO oboralleHus, aBns-
€TCS KPYNHOCTb MaTepuana. YunTeiBas TOHKYH
BKpanseHHOCTb CyNb(UOHbIX MWUHEPanoB, pe-
KOMEHOYEMON KPYMHOCTbK MaTtepuana Aans
npouecca noTauMoHHOro oboraweHns Ha
NEepPBOV CTaAuM 3KCMEPUMEHTOB MPUHATA Kpyn-
HocTb 80-90% knacca -71 mkm [18].

VcxopHyto pydy usmernbyanu B LLApPOBOM
menbHuue Ao kpynHoctn 80% -71 MKM npu cne-
AyIOLWMX YCNoBUAX: Macca matepuana — 1 kr,
macca Menwwmx Ten (wapbl U3 HU3KOYrnepo-
aucton ctamu) — 7 kr, T2K =1:0,5.

OnbIT NpoBOAMM C HaBeckamu maccoun 1 kr B
nabopaTopHOM (PIOTOMALUMHE MEXaHWUYECKOrO
TMna ¢ 06bemMom kamepbl 3 N, NepeyncTHas one-
pauua — B kamepax obvemom 0,75 n. Mpogon-
XWUTENBbHOCTb hroTaumy onpeaensny BusyasnbHo
MO CTENEHW HarpyXeHHOCTU MeHbl. 10 OKOHYaHWUK
npouecca oboralleHns NpoayKTbl BbiCyLIMBAnNy,
B3BELUMBANM W aHanM3upoBanm npoOUPHLIM,
aTOMHO-abCopOLMOHHBIM 1M XUMUYECKUM METO-
[AaMu aHanusa. B kauyectBe cobuparens ucnonb-
3oBanu ByTunoBbl KcaHToreHaT kanus (BKK)
npu pacxoge 200 r/T B ocHoBHYO 1 100 r/T B KOH-
TPOMbHYIO Onepaumn, COOTBETCTBEHHO. B kaue-
CTBE BCMEHMBATENs MPUMEHSNN peareHT T-92
npu pacxoge 130 r/t (ocHoBHas ¢noTaums) n 60
r/T (KoHTponbHaa dnoTauus). Obwasa npogon-
XuTensHocTb cnotauum coctasuna 40 muH (10
MWH — OCHOBHas1, 10 MUH — KOHTpOsbHas, 20 MUH
— nepeuncTHas dnotauus).

dopma CBoGoaHOE | 30MOTO B OTKDLITLIX ToHKOBKpanneHHoe 3onoTo B KBapue
HaxoxaeHus A P B cynbugax (nupwmr, M MUHepanax, Bcero
30M10TO  |CpOCTKax (L4uMaHupyembie)
30M10Ta apceHoONUpwUT) B HEPaCTBOPMMbIX KACNIOTaxX
CopaepxaHnue, 1/t 0,57 4,94 1,31 0,37 7,19
MaccoBast gonst, % 7,93 68,70 18,22 5,15 100
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McxogHasa pyaa

!

MN3menbyeHune 80%-0,071 mm
BKK =200 r/T
T-92 =130 r/T
OcHoBHaga chnotaumns t =10 mMuH
BKK =100 r/T
KoHueHTpaT XBocTel | 1-92 =60 r/T

KoHTponbHas pnotauus t=10 muH

v KoHueHTpaTt

XBOCTbI

MepeunctHas pnotauus t=20 MUH

l

KoHueHTpaT

l

MpomnpogykT

Puc. 1. Cxema ¢hniomayuoHHo20 o602aweHusi pyobi
Fig.1. Diagram of ore flotation concentration

PE3YJIbTATbI U UX OBCYXXOEHUE

PesynbTaTbl ¢noTaunoHHoro oboraiieHus
pyabl NpuBeAeHb! B Tabn. 2.

Takum obpasom, B xoae ¢riotaumoHHoro obo-
rawieHus pyabl NonyyeHbl crnegytoLime npoayKTbl:
KOHLEHTpaT nepeyncTHON notauum ¢ cogepxa-
Huem Au - 46,6 r/T, BbIXOA, KOHUeHTpaTa — 9,2%,
MPOMMPOAYKT (XBOCTbI NEPeYnCTHON (hroTaumm) ¢
cogepxaHnem Au - 6,8 r/t, Bbixog — 9,79%,
OTBanbHble XBOCTbI PrOTaUMM C COAEPKaHWEM
Au - 2,6 r/1, Bbixoq xBocToB — 81,01%.

B cymmapHOM KOHLEHTpaTe cogepxaHue

3onoTta coctasuno 26,09 r/T npu u3BneYeHUn
70,17% v Bbixoge 18,99%. Xumuyeckui coctas
NPOAYyKTOB hrioTaumm npueeeH B Tabn. 3.
PesynbTaTtbl, NonyyeHHble Npu noTaunoH-
HOM oboraLleHnn UCXOQHOW pyabl Npu KPynHO-
cTn namesnbyeHns 80% -71 MKM, He MOryT cyu-
TaTbCA YAOBMNETBOPUTENbHBIMU: HEBLICOKOE W3-
BneveHne Au (70,17%) npu OOCTAaTOMHO BbICO-
KUX MOTEpsX LIEHHOro KOMMOHEHTA C XBOCTaMMU
(2,6 r/T). OgHON U3 NPUYMH HWU3KOTO U3BNEYEHMS
30/10Ta SBNAETCA TOHKAs BKPANIEHHOCTb Cyrib-
¢uaos B nopogoobpasyoLmnx MuHepanax.

Tabnwuua 2. Pe3ynbTaTthl (hnoTaLnoHHOro oboralleHust npobbl MCXOAHOI pyabl MECTOPOXAEHNS « Tapop»
Table 2. Results of flotation concentration of the sample of original ore of the Taror deposit

MpoayKTs! Beixon % CopepxaHue U3BneueHue, %
oboraueHus A Au, rit Fe, % S, % As, % Au, Fe S As

KoHLieHTpaT nepeuucTHoi 9,20 46,6 22,6 21,3 11,0 60,74 | 36,06 | 6354 | 65,66
noTtauum

[pOMAPOAYKT NEpeUMCTHOM 9,79 6.8 59 33 0,94 943 | 1001 | 1047 | 5,97
dnoTtauum

CymMMaPHBIIA KOHLEHTPAT 18,99 26,09 13,99 12,02 5,81 7017 | 46,04 | 74,01 | 71,63
dnoTtauum

OtsaneHsle 81,01 26 3,84 0,99 0,54 29,83 | 53,93 | 2599 | 2837
XBOCTbI

Vicxoanas pyaa 100 7.06 577 3,00 152 100 100 | 100 | 100
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Tabnuua 3. XuMnyeckunit cocTaB NpogyKTOB hrioTaumm
Table 3. Chemical composition of flotation products

AneMeHTbI, MaccoBas gons 31:|emeHTa, %
KOMMOHEHTLI KoHueHTpaT nepe4ncTHon XBOCTbI
dnotauum
Al,04 0,52 5,14
CaO 3,77 11,0
Fe;0; 32,3 5,49
MgO 7,60 11,9
MnO 0,042 0,093
P20s <0,010 0,064
K,0 0,144 1,79
Na,O <1,0 <1,0
TiO, 0,041 0,212
Si0; 15,3 39,2
As 11,0 0,54
Ba 0,0043 0,054
Bi 0,077 0,0050
Cd 0,043 0,0016
Cr 0,0010 0,0022
Co 0,0074 0,0007
Cu 7,14 0,150
Pb 0,015 0,0016
Sb 0,134 0,0052
Mo 0,0036 <0,0005
Ni 0,0022 0,0010
Sr <0,0010 0,0078
Sn 0,0079 <0,0050
W <0,0050 <0,0050
Zn 0,205 0,013
Au, /T 46,6 2,6

C uenblo BCKPbITMS 3epHa 30110TOCOAEPXKaA-
LWMX MUHEPAnoB M OOCTUXEHMS MaKCUManbHOro
M3BMEYEHNS 30/10Ta B KOHUEHTpaT chnotayuu B
[anbHenWwmnx WuccnefoBaHusax no nortaumoH-
HOMy oboralleHuno npeanaraeTcs usmesibyeHmne
MCXOQHOM pyabl A0 KpynHOCTU 95% -71 MKM.

Ona Bbibopa onTuManbHbIX PEXUMoOB ¢no-
TauuyM OblNM NOCTaBMEHbl 3KCMEPUMEHTbI MO
U3YYEHUIO KMHETUKU hrioTauuy npu KpynHOCTM
pyabl 95% -71 MkMm. 3yyeHne KuUHeTMKU dro-
TauuyM MUHEpPanoB C LEeNbi NOBbILLEHNUS TEXHO-
NOrMYecKnx nokasarenen notaunmoHHoro obo-
ralleHns SBnsieTCs OQHUM M3 BapuaHTOB pelue-
HUS JaHHoW npobnemel [20].

Cxema npoBefeHust akcnepumMeHTa no no-
Tauum npeactaBfneHa Ha puc. 2, pesynbraTbl
nccnenoBaHuii NpyMBeaeHbl B Tabn. 4.

[ns oueHkn pesynbTaToB (PrioTaumMm B AaH-

MeTannyprus n matepvmanosegeHue
Metallurgy and Materials Science

HOM TecTe ObIfl0 pacCcyMTaHO 3Ha4YeHMe Kpute-
pusi  XeHKOKa, XapakTepuaymowero aghgeKkTuB-
HOCTb MpOTeKaHMs proTaumoHHOro npouecca, u
MOCTPOEHbI rpadmyeckne 3aBUCUMOCTU 3TOTO
nokasaTens U U3BnevYeHns 30n0Ta OT NPOAOITHKM-
TeNbHOCTN (oroTaumMK, NPMBEAEHHbIE Ha puC. 3.

N3 rpadmka (cm. puc. 3) crnegyet, 4to npu-
POCT M3BMNEYEHMS 30510Ta B KOHLEHTPAT Habnto-
Jaetca B TedyeHue 18 MuH, ganee npupocT um3-
BieYEHNss MeTanna 3amegnserca. B atom xe
MHTEepBane BpPeMeHW [ocTuraetcs O6nuskoe K
MaKCUManbHOMY 3HauveHue Kputepus addek-
TUBHOCTM oboralleHnsi. B ocTaBlieecss Bpemsi
MPOLECC 3aMeAnseTcs, W3BMEYEHMe HapacTaeT
nnasHo. [Ns OOCTWXEHWUS MaKCUMMarbHOro WU3-
Bie4YeHMs 30510Ta B KOHLEHTpAT dnoTaumm npo-
JOSMKUTENBHOCTL OCHOBHOW (bfioTauun B Aanb-
HEMLWKX TecTax LenecoobpasHo NPUHATL PaBHOW
14 MVH, B KOHTPOMbHON prioTauum — 12 MUH.

Mo gaHHbIM, NOMYyYEHHbIM B pe3ynbTaTe uc-
CnefoBaHUA KUHETWKM pnoTauum UCXOOHOW py-
[bl, CregyeT, 4YTo MO CpaBHEHWO C npenblay-
MM TECTOM 30S10TO AOCTATOMHO 3(PEKTUBHO
dnoTtupyetca npu KpynHoctn 95% -71 MKM.
[aHHble Tabn. 1 n 3 nokasbiBaloT, YTO U3BMNEYe-
HWe 30Mn0Ta B KOHUeHTpaT npu kpynHoct 80% -
71 mkm coctasuno 70,17%, a npu KpynHocTu
95% -71 MKM noBbicunocb Ha 13,67% wu cocta-
Buno 83,84%.

Onupasch Ha nonyyeHHble pe3ynbTathl, 6bin
npoBedeH OnbIT Mo dnoTaunoHHomy oboratwe-
HUIO UCXOLAHOW pyabl KPYNHOCTbIO 95% -71 MKM
C NocneaywLlinMM LMaHMpOBaHWEM NPOAYKTOB
cnoTauum.

C uenbto NOBLILIEHUS COAEPXKAHUS MeTanna
B KOHLEHTpaTe U CHWMXEHUS BbIXOda MEHHOro
npoaykTa B CXEMY BBEAEHA MepeyncTHas one-
paums. [Ins npegoTtepalleHus rugpodobrsaumm
MWHEparnoB Npy TOHKOM WU3MeSIbY4EHWUN U NOBbI-
WeHns  m3bupaTenbHOCTU  (CENEKTUBHOCTM)
cdnoTaumm npu pasgeneHun MuHepanos, obna-
Jawowmx  6nuskumMm - noTaumoHHbIMM - CBOW-
cTBamu, Gbin MCNONbL30BaH peareHT-4enpeccop
kapbokcumeTunuenntonosa (KML,). Mpogomku-
TenbHOCTb hnoTaumn Obina onpegeneHa no
pesynbTatam WUCCNefoBaHWs KUHETUKM (hroTa-
umm (cm. Tabn. 3).

Cxema dnoTaumoHHoro oboralleHus pyabl
npefcTtasfieHa Ha puc. 4.
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Hcxomnas py ma

l

M3menbyeHune 95%-0,071 mm

BKK =300 rir
T-92 =160 r/T

OcHoBHas drnoTauus

t=2 MUH t=3 MUH t=5 MuH

v Y BKK = 100 /T
KoHueHTpaT 1  KoHUeHTpaT 2 KoHuUeHTpaT 3 T-92 =60 r/t

A\
KoHTponbHasg conorauusa

t=4 MmuH t=4 MmuH t=4 MmuH t=4 MuH

KoHueHTpaT4  KoHuUeHTpaT S KoHUeHTpaT6 KoHueHTpaT7  XBOCTbI

Puc. 2. Cxema usy4eHusi KuHemuKku ¢hiomayuu ucxo0Hol pydbi
Fig. 2. Diagram for original ore flotation kinetics study

Tabnuua 4. PesynbTaThl KNHETUKM (DNOTALMOHHOTO 0BoraLleHnst UCXOAHON pyabl
Table 4. Results of original ore flotation concentration kinetics

Ne n/n Ha:pnl:r;?(?zzwe Hpo.qonm:;t:lnbuocm, Macca, r Buixoa, % Co.qepx;?THMe Au, Mssneq;)uue Au,
1 KoHueHTpar 1 2 31,5 3,23 52 22,78
2 KoHueHTpart 2 3 33 3,38 30,3 13,91
3 KoHueHTpat 3 5 40,5 4,15 18,8 10,59
4 KoHueHTpat 4 4 88,5 9,08 20,7 25,48
5 KoHueHTpaT 5 4 42,5 4,36 9,8 5,79
6 KoHueHTpaT 6 4 33,5 3,44 6,9 3,22
7 KoHueHTpat 7 4 26 2,67 5,7 2,06

roro cymMapHsii 26 2955 30,31 20,40 83,84
KOHLEHTpaT

8 I XBoCTbl - 679,5 69,69 1,71 16,16

WcxogHas pypa 975 100,00 7,37 100,00

PesynbTaTbl McCnegoBaHW NpeacTaBneHbl  NOTO-MEAHO-MbILLbSKOBUCTLIN KOHLEHTpaT, CO-
B Tabn. 5, XMMMYeCKnii coctTaB NpoaykToB 060-  Aepxawmi: 3onoto — 43,2 r/t, meab — 5,51%,
rawieHus — B Tabn. 6. cepebpo — 89,8 r/1, mbiwbsk — 10,3% (npw BblI-
Mo npeanaraemon cxeme 6bin nonyyeH 30-  xoge KoHueHTpata 14,17%).
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Fig. 3. Gold recovery vs flotation duration
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Puc. 4. Cxema ¢pniomayuoHHo20 o602aweHuss ucxodHol pydbl npu kpynHocmu 95 % -71 MKkm
Fig. 4. Diagram of flotation concentration of original ore of 95% -71 um size
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Ta6bnuua 5. PesynbTaThl prioTaunoHHOro oborallerns npobbl UCXOAHO PYAbl KPYNHOCTLI0 95% -71 MKM
Table 5. Results of flotation concentration of the original ore sample of 95% -71 um size

oggf:uﬁ::ﬂ Beixoa, % Au, it A;orﬂrepmaﬂl?; % S, % Au V|3zl;e‘leﬂﬂe|;e°/o S
KoHueHTpaT chnoTauum 14,17 43,20 89,80 26,10 20,90 80,21 76,72 54,71 | 86,95
XBOCTbI hrioTaumm 85,83 1,76 4,50 4,10 0,45 19,79 23,28 | 45,29 3,05
WcxoaHas pyga 100 7,63 16,59 7,22 3,35 100,0 | 100,0 | 100,0 | 100,0

Tabnuua 6. Xumnyeckunit coctas NpogyKTOB prioTaumm
Table 6. Chemical composition of flotation products

Hyl0 dnoTtauun. B pesynbraTte nccrnegoBaHun
ObINo onpeaeneHo OCHOBHOE BpeMs (hroTauum.

DmeMeHTEI MaccoBast 4ons anemenTa, % Ons OOCTUXEHUS MaKCUManbHOrO M3BMEYEHUs!
KOMMOHEHTLI KoHuenTpat XBocTbl 30M10Ta B KOHUEHTpaT roTtauum npoLonKu-
tpnoTauuu tpnoTauun TENbHOCTb OCHOBHOW (hrioTauumn B AanbHENLWmx
A, oo 8 TecTax PEKOMEHOOBAHO MPUHSITL paBHON 14
Fe,0; 369 56 MWH, KOHTPOMbHOW hrioTauumn — 12 MuH.
MgO 8,9 13,8 MNpumeHeHne peareHTa-genpeccopa KMLU B
MnO 0,049 0,099 npouecce noTaumMoHHoOro oboraileHns Ccno-
F}Z%S 8;? 01'03677 cOBCTBOBANO MOBBILLEHMIO  TEXHOMOTUYECKMUX
Na,0 <10 <10 nokasaTtenen 3a CYeT COKpalleHus Bbixoda
TiO, 0,042 023 (PfIOTOKOHLEHTPATA M 3HAYUTENBLHOIMO yBENMYe-
SiO, 15,9 34 HUSI COOEPXaHUA MeTanmna B KOHLEHTpaTe.
’QZ 0100626 016:319 PesynbTaThl MCCMEAOBaHWA MoKasanu, 4To
5 0.076 0.0039 N3MenbYeHNE WCXOAHOW pyabl OO KPYMHOCTM
cd 0,003 <0,0002 95% -71 MKM MO3BOSSIET BCKPbITb 3€pHa 30I10-
Cr <0,0050 <0,0050 TOCOAepXKalMx MUHeparnoB, YTo GnaronpuaTHO
Co 0,0081 <0,0005 ckasblBaeTcst Ans nocrneaylowmx oboratutenb-
gg 0?0'2;9 <£bl()220 HBIX 11 TAPOMETaNNYpPri4eckux NPoLEccos. Ta-
Sb 0,103 <0,005 kuMm 06pasoM, Npu U3MENbYEHUN UCXOOHON py-
Mo 0,0036 <0,0005 Abl Ao kpynHoct 80% -71 MKM M3BneyeHue 30-
Ni <0,0050 <0,0050 nota B koHueHTpat coctasuno 70,17%, a npu
St <0,0010 0,0093 KpynHocTM 95% -71 MKM - MOBBICUNOCH Ha
21 D000 D0 10,04% 1 cocTasuno 80,21%
w <0,010 <0,010 , , -
Zn 0,1 0,024 B panbHelwem, ¢ uenbo U3y4yeHns BAMSHNS
Ag, rit 89,8 4.5 KPYNHOCTM YacTUL, KOHLEHTpaTa Ha n3BnevyeHue
30M0Ta, paccMaTpvBaeTCs NPOBEAEHNE Cepui
3AKITIOYEHUE

o nonyyeHHbIM AaHHBIM MPK PROTaLUOH-
HOM oboralleHun 3onoTocogepxallen pyabl
mecTopoxaeHus «Tapop» (Pecnybnuka Tamxu-
KUCTaH) B KayecCTBe aSlbTEPHATWBHOW TEXHOSO-
FMYecKon Cxembl npeanaraeTca cxema, BKIHO-
YawLlas OCHOBHYH, KOHTPOSIbHYIO W NepedmncT-

3KCNEPUMEHTOB MO YNbTPATOHKOMY M3MenbYe-
HUIO (PNOTOKOHLEHTpaToB ¢ 06paboTkoi mony-
YEHHOro npoaykta MeTOZOM aTMOCKEpPHOro
OKUCIEHMS1 C NMOCMEAYOLWMM LMaHUPOBAHNEM B
copbumnoHHoM pexume. LlenecoobpasHbiM SB-
NSeTca TakkKe M3yyeHWe HanpasreHus LuaHu-
POBaHWs XBOCTOB (hrioTaLum.
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MaTtematunyeckoe mMoaernimpoBaHue TenysioBoro pexunmMa arperata
neYyb-KOBLU C Yy4€TOM BHYTPEHHUX TenJ1oBbIX NICTOYHUKOB

© A.0. Yepemucun*, C.A. HoeokpelweHos**, B.C. LLsbiakuin**, B.M. XKykoB***
*AO «YpanaHepaoyepmemy, 2. EkamepuHbype, Poccus
**Ypanbckull pedepanbHbili yHUsepcumem um. nepgoeo llpesudenma Poccuu b.H. EnbyuHa,
2. EkamepuHbype, Poccus
**AQ «YpanmexaHobpy, 2. EkamepuHbype, Poccus

Pestome: Llenb — uccnenoBaHne MeTogaMy MaTeEMaTMYECKOro MOZENMPOBAHWS MPOLLecCcoB TennoobmeHa OrHeBOro
padMHNpOBaHUS YepPHOBOW Meau B arperate neyvb-KoBL. OCHOBHBIM METanmypruyeckum arperatom npyu MoaenvupoBa-
HUM ObIN NPUHSAT arperat neyb-KOBLU, NpefHa3HAYeHHbIN ANst anpobaumn TEXHONOrMM padMHUPOBAHKS C UCMOMNb30Ba-
HUEM [JOHHOW NPOAYBKW B My3bIpbKOBOM PEXMME C MPUMEHEHWEM ra3o0bpa3HbiX BOCCTAHOBUTENEW (YrneBogopOAoB)
okucnutens. Micnonb3oBaHbl METOALI MAaTEMAaTUYECKOrO MOZENMPOBaHUS, NO3BONSIOLLME ONUCLIBATL CBOWCTBA peasb-
HOro MpoLecca Ha OCHOBE MaTeMaTUYeckon hopmanu3auum uan4eckmx 3akoHOB W 3aKOHOMEpPHOCTEN. BMecTo gopo-
roCTOsILLero Ma3yTa, UCMONb3YeMOro B Ka4yecTBe XKMAKOrO0 BOCCTAHOBUTENS, NPeAsIOKEHO MCMoNb3oBaTh ra3oobpasHble
BOCCTaHOBMTENM. [oKa3aHo, YTO MX UCMONIb30BAHUE B PEXMME NPOLYBKM «CHU3Y» MO3BOMSET JOCTUMHYThL BbICOKMX TEX-
HUKO-3KOHOMMWYECKUMX MoKasaTenei npouecca. ATOMy Takke CrnocobCTBYKT NEPEHOC YacTW TEXHOMOTNYECKUX OMnepaLil
HENOCPELCTBEHHO B KOBLL, UCKIKYEHWE HEOOXOAMMOCTI NOBTOPHOIO pacniaBneHus 1 pasorpesa pauHupyemol Meau.
MokasaHo, YTo 0HOM M3 Npobnem sBnseTcs HeObXoAMMOCTb NOALEPKaHWS 3aaHHOrO TENIOBOTO pexuma, obecneyu-
BaIOLLETO Kak camy BO3MOXXHOCTb MPOBEAEHUS onepauuin padHUpOBaHUs, Tak 1 BBOZA B pacnnas Npu AOHHOI npoay B-
ke ra3oobpas3Horo peareHta, OT KOTOPOro 3aBWUCAT rMaporasoanHamMuyeckue napametpbl. peanoxeHa opuruHanbHas
MeToaMKa yyeTa B MaTeMaTUYECKUX MOZENsX BAMSHWAS TennoBblXx 3DEKTOB XUMUYECKUX peakumuin (Ha NpuMepe 3K3o-
TepPMUYECKUX peakLuii OKUCIMTENBHOTO Nepuoga padmHUpoBaHus). icnonb3oBaHve ABYX pasfnMyHbIX METOLOB aHanu3a
MO3BOMMO AOCTATO4HO NOMHO MAEHTU(ULMPOBATL BENUYNHY BMUSHUS OCHOBHBIX 3K30TEPMUYECKUX peakuuii Ha Tenmno-
BOW pexum npolecca pacuHupoBaHus. MpeacTaBneHHble MatemMaTtyeckne MoLenu No3BONAT ONPeAeNnnTL yaerbHoe
BINMSIHUE Pa3fIMYHbIX TEXHOMOTMYECKMX MapameTpoB (COCTAB M pacxof TONMBaA, TemnepaTtypa u cTeneHb oboralleHus
AYTbsl, KOHCTPYKUMS (DYTEPOBKM W T.A.) Ha AMHAMWUKY M3MEHEHWUs TemnepaTypHOro nons pacnnaBa W TEXHMKO-
9KOHOMMUYECKME nNapamMeTpbl NNaBku B LENIOM.

Knwoueenlie cnoea: pa(bVIHI/IpOBaHI/Ie Meau, nevb-KoBL, AOHHaA NpoayBKa, Tennosow banaxc, I'a3006p83HbIe BOCCTaHO-
BUTENWU, rmgporasogmHamMmmyeckme napameTpbl

Ana yumupoeaHnus: Yepemncud J.0., HosokpeweHos C.A., Wsbigkui B.C., XKykos B.M. MaTematuyeckoe mogenmpo-
BaHWe TEMMOBOrO pexuma arperata neyb-KoBW C YYETOM BHYTPEHHWUX TENSIOBbIX WCTOMHUKOB. BecmHuk MpKymckoeo
20cydapcmeeHH020 mexHuyeckoao yHueepcumema. 2021. T. 25. Ne 4. C. 509-518. https://doi.org/10.21285/1814-3520-
2021-4-509-518

Mathematical modelling of the thermal regime
of a ladle- furnace unit considering internal heat sources

Dmitry D. Cheremisin*, Sergey A. Novokreschenov**,

Vladimir S. Shvydkiy**, Vladimir P. Zhukov***
*Uralenergochermet JSC
**Ural Federal University named after the first President of Russia B.N. Yeltsin, Yekaterinburg, Russia
***Uralmekhanobr JSC, Yekaterinburg, Russia

Abstract: We apply mathematical modelling to study heat transfer processes during fire refining of blister copper in a
ladle-furnace unit. A ladle-furnace unit was designed to test the refining technology using bottom blowing in a bubble
mode by gaseous reducing agents (hydrocarbons) and an oxidiser. Mathematical modelling allows the properties of a
real process to be described based on mathematical formalisation of physical laws and regularities. It was proposed to
use gaseous reducing agents, rather than expensive residual fuel, as a liquid-reducing agent. The use of gaseous reduc-
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ing agents in the bottom blowing mode produces higher technical and economic indicators of the process. In addition,
some technological operations were transferred directly to the ladle, thereby eliminating the need for re-melting and heat-
ing of refined copper. One of the identified problems was the need to maintain the predetermined thermal regime, which
provides the very possibility of both performing refining operations and introducing a gaseous reagent (determining the
hydro-gas-dynamic parameters) into the melt during bottom blowing. An original method for considering the thermal ef-
fects of chemical reactions in mathematical models was presented using an example of exothermic reactions during oxi-
dative refining. The use of two different methods of analysis allowed a comprehensive assessment of the influence of the
main exothermic reactions on the thermal regime of the refining process. The presented mathematical models can be
used for determining the specific effect of various technological parameters (composition and fuel consumption, tempera-
ture and degree of blast enrichment, lining design, etc.) on the dynamics of changes in the temperature field of the melt
and the technical and economic parameters of melting as a whole.

Keywords: copper refining, ladle furnace, bottom blowing, heat balance, gaseous reducing agents, hydro-gas-dynamic
parameters

For citation: Cheremisin DD, Novokreschenov SA, Shvydkiy VS, Zhukov VP. Mathematical modelling of the thermal
regime of a ladle- furnace unit considering internal heat sources. Vestnik Irkutskogo gosudarstvennogo tehnicheskogo
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BBEOEHUE

TexHnyeckut nporpecc B obnactu npoms-
BOACTBA TSXKENbIX LBETHbIX MeTannoB pasBu-
BaeTCs Mo MyTW COBEPLUEHCTBOBAHWUS TEXHOMO-
FMYECKUX NPOLECCOB, PELUeHUs IKOMOrnYecKmnx
npobnem npou3BOACTBA W MOBLILEHUS Kaye-
CTBa KOHEYHOMN npoaykuum [1-12].

B npakTuke Begywmx cTpaH npousBoauTe-
nev Megu Ha cTagmu OrHEBOro paPUHMPOBAHUS
pacnpoCTpaHeHO MWCMoMb30BaHWe MNPUPOJHOrO
rasa kak BocctaHoBuTens. Ero gons cpeam npo-
YMX peareHToB B HACTOsILLEE BPeMs COCTaBnseT
6onee 35%. Cneundukoin paboTbl ypanbCKux
npeanpusaTUiA SBNSETCA TO, YTO MPOLECC OrHe-
BOrO padMHUPOBAHUA OCYLLECTBNSAETCA LEH-
TpanusoBaHHo. C 3aBOAOB- MPOAYLEHTOB Ha
npogunbHoe npeanpuatne kombuHata OAO
«Ypananektpomeab»  MPUBO3AT  YEPHOBYHO
Meab, KOTOPYK MOBTOPHO pacrnnaBnsioT W pa-
(PUHMPYIOT B CTaLMOHAPHLIX aHOAHbLIX OTpaxa-
TenbHbIX nevyax emkocTbo 350 T, rae Ha ctagun
BOCCTaHOBIEHUS OrHEBOro padoMHMpPOBaHUS UC-
NONb3YHT AOPOrOCTOALLMIA Ma3yT.

lprMeHeHne B BOCCTAHOBUTESILHOM MepUo-
[le OrHEBOro padpMHMPOBAHUSA JOHHOW NPOAYBKU
pacnnaea ra3oobpasHbiMK  yrreBogopoaamm
[13, 14] B nNy3bIpbKOBOM pexume Mo3BONAET
3HAYUTENBHO MOBLICUTL CTEMEHb WCMONb30Ba-
HUS BOCCTaHOBUTENS [15], B TOM yucne 3a cyeT
Bonee paBHOMepHOro pacnpefeneHus pereHTa
B obbeme pacnnasa v Gonbluei yaenbHOW no-
BEPXHOCTU KOHTaKTa (ba3 «BOCCTAHOBUTENb —
pacnnasy». [JaHHbIN MeTo4 B COBOKYMHOCTM C

Technical

University.  2021;25(4):509-518. (In  Russ.)

BO3MOXHOCTbIO MEpPeHoca vactu obbema npo-
“3BOACTBA B HOBbIN ANS1 LUBETHOW MeTannyprum
arperaTt — neyYb-kOBLW — Ha Nowazky 3aBona-
npodyLeHTa BbiBeAeT TEXHWUKO-3KOHOMUYECKMe
nokasaTenu npoiecca Ha 3HaunTenbHo Gonee
Ka4eCTBEHHbI YPOBEHD.

Peanusauua npouecca conpspkeHa c onpe-
[ENEHHbIMW TPYAHOCTSMKU B NOAAEPXKAHUM 3a-
[aHHOrO YPOBHSI TeMnepaTtyp pacnnaea, Bbibo-
pe OnTUManbHOro  rMapora3ognHaMmUYecKoro
peXumMa OOHHOW MPOAYBKM, ONTUMU3UPYIOLLENO
MOMHOTY M CKOPOCTb XWMWYECKUX B3aUMOZEWi-
CTBMW NpU OrHEBOM paUHUPOBAHUM YEPHOBOW
mean. Ans peleHns HacToawmx npobnem obin
pa3paboTaH KOMMNEKC HeCcTaunoHapHbIX MaTe-
MaTUYeCKMX MOAENEN, OCHOBHbIMM M3 KOTOPbIX
ABMNATCA MOAENb TEMNOBOr0 COCTOSIHUA pac-
nnaea [16], rmapoaMHamuyeckas mModenb ABU-
XeHna  (BCMNbITMS) ras3oBbiX nysbipen [17],
AMPPY3NOHHO-KMHETUYECKasd MOAefNb BOCCTa-
HOBMeHWs okcuaa meam (l) npogyktamu Henon-
HOro CropaHusi npupoaHoro rasa [13].

MopenupoBaHue nboro obbekra conps-
XEHO C MPUHATMEM psiga AOnyweHun, npudnu-
XEHWIA, annpoKCMMaLui, B TOW UK MHOW cTene-
HU BMUAKOLMX HA Ka4eCTBO U afieKBATHOCTb MO-
nyyaemblx pesynbTatoB. Cpean OCHOBHbIX My-
TEN COBEPLUEHCTBOBAHUS MaTemMaTU4eCKMX Mo-
Lenen MOXHO BblAENUTb He TOSbKO YTOYHEHWe
3a cyeT y4yeTa OonblUero KonmMyectsa BRUSIO-
Wux ¢pakTopoB, HO W adanTauuio 3IEeMEHTOB
MPUHATBIX MaTeMaTUYECKUX MoENeN.
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MATEMATUYECKOE MOAETUPOBAHUE
TEMMEPATYPHOIO NMONA PACIMJIABA
YEPHOBOW MEQIX B OKUCNTUTENBHOM
NEPUOOE PAOUHUPOBAHUA

MNpu npoussogctee mMean Ha AO «Ypan-
aneKkTpoMeab» YEepHOBY Mefb BbiNyCKalT U3
KoHBepTepa ¢ TemnepaTtypon nopsigka 1300°C,
HO B Npouecce pa3nuBKM W TPaAHCMOPTUPOBKM
Temnepatypa pacnnaBa  CHWXaeTcs [0
1100-1150°C, n gns peanusauun npouecca
padmHMpoBaHNa HeobxoaMmMo NOABECTU [0-
MOMHUTESIbHYIO TEMMOBYID 3HEpPruio ANns AoCTu-
XEHWs 3adaHHOM Temnepatypbl pacnnasa. Oga-
HOBpPEMEHHO ¢ aTuMm B pabotax [18-20] noka3sa-
HO onpedenstwLiee BAUSHUE TemnepaTypHOro
peXuMa Ha WU3MeHeHue pasmepa U OMHAMUKK
BCMMbITUA ra3oBOro nysbips [21, 22], 4yto, B
CBOK O4yepedb, BO3[AEWCTBYET Ha CKOPOCTb M
rnybuHYy XMMUYECKOro B3aUMOAENCTBUSA rasa u
pacnnaea. B To xe Bpems XxuMuyeckoe B3anMo-
[EeNCTBMEe Ha MNOBEPXHOCTM KOHTaKTa «pac-
nnae — ra3oBbIv Ny3bipb» ByaeT npogyunpoBaTth
n3MeHeHne obbema ny3bipss, a B pesynbraTte
9K30- WUNW SHAOTEPMUYHOCTM XUMUYECKUX peak-
LUMA — OKa3biBaTb BO3AENCTBME HA TEMNNOBOW U
TeMnepaTypHbIA PeXuMbl pacnnaea, YTo noka-
3aHo B pabore [23].

OcCHOBHOE ypaBHEHWe maTemaTu4yeckon Mo-
Aenu [16] TennoBoro pexumma neym-kosLwa obino
[OMOMHEHO HOBbIM YNEHOM — ypaBHEHWEM Ten-
NonpoBOAHOCTM B AndpdpepeHumansHon popme:

ot

o’t 0%t )
—=a +
or

+ )
ox> o0y*) c-m

pacn

(1)

roe t — TemnepaTtypa; X Uy — ropusoHTanbHas

1000
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BEepTMKanbHas KOOpAMHATbl, 7 = BPEMS;
a=A/(c-p) - KkoachdMUMEHT TemnepaTypo-

NPOBOAHOCTU; Myac; — Macca pacnnasa, X -
CYMMapHbIA TENS0BOM MOTOK 3K30TEPMUYECKMX
peakuun.

AHanuTuyeckn BTOPOE criaraemoe B NpaBon
4acTU YypaBHEHUs, OMUCbIBaKOLLee BNUSHME
BHYTPEHHWX WCTOYHMKOB Tenna Ha craguu
OKWUCNEHWS, UMEET CreayLmn Bua;

= _ 1
c-m

pacn C- mpacn “Tox (2)

X(D(M, 0 - AH),

rae AH — ynoenbHble Tennosble 3PMEKTbI peak-
umn okucnenuns Cu, Pb, Sh, As, Ni, Fe; Mgpen —
pacyeTHble MaccCbl OKUCNSEMbIX KOMMOHEHTOB;
Tox — BPEMS MPOBEAEHUS| OKUCIUTENBHOrO ne-
puoa nnasku, NPUHATOE paBHbIM 1,5 u.

BenuunHa TennoBoro adhekta peakumit
N3MEHSETCH B 3aBUCUMOCTM OT TemnepaTypHbIX
YCNIOBUA, W aHanM3 TabnuuHbiX AaHHbIX® MO
KaXoW M3 XMMUYECKUX peakLmii B OTAEMbHOCTM
MO3BOSIMST MaTemMaTU4eckn onucatb 3aBUCUMO-
ctn AH (t). Mpadhuyeckas nHTepnpeTaums 3asu-
CUMOCTU U3MEHEHUS BENUYMHBI CYMMapHOro
TENnoBoro noToka X OT TemnepaTypsl t npea-
CTaBrneHa Ha puc. 1.

NonyyeHHas 3aBUCUMOCTb, 3afaHHas B BU-
[ie NOTrUCTMYECKOro ypaBHeHus y1(t), no3sonuna
y4eCTb HecTaLMOHapHbLIN xapakTep npouecca u
YTOYHUTb MaTemMaTU4ecKkyro mMogesflb TennoBoro
pexuma arperata neyb-KoBL AN OTHEBOrO pa-
puHupoBaHusa meam [16]:

YA(t) = -———[18,1751-0,00014646426 -t ~1,6071429-10 -t* —

4,087

- 0,907189+0,001388-t - 5,178571-107" -t?

t
(IS LS
(1246,8345

. Bml M.

j16882,45132

! Outokumpu HSC Chemistry for Windows. Chemical Reaction and Equilibrium Software with Extensive Thermochemical

Database [OnekTpoHHbIN

pecypc].

URL: http://www.chemistry-

software.com/pdf/HSC/full%20manual%20HSC%20Chemistry%205.pdf (12.11.2020).
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Puc. 1. U3meHeHUe 8eNuUYUHbI CYMMapHO20 Men108020 MOMOKa 3K30MepMUYeCKUX peakyull ¢ U3MeHeHUeM memnepamypbi
Fig. 1. Value of total heat flux of exothermic reactions vs temperature

YucneHHoe pelleHve B NIOCKOW NOCTaHOB-
Ke, HaWgeHHoe C Wucnonb3oBaHWeM MeToda

puc. 2 B BUAE W30TepM nosst TemnepaTyp B ce-
YeHUM KoBLUA.

KOHEeYHbIX  3JIeMEeHTOB, npencraBneHo Ha
Time=5400 Contour: 1emp|erature m Time=5400 Contour: tempfrature m
I I | T | I
14447112 f : 1499 6684 :
1427 29058 1427. 2905 1479.973 - 1479973
14098697 — | 1409.56%7 1480.2777 ———————— 14602777 —
1392.4489 — 1392.4489 —_— — 14405823 1440 562 I
13975.0281 ‘13?5 0281 3 71420 869" — 1420 BBEY
.................................... A ITE :158?‘6?37 e 14119187 ~4404.1915
1340.1865 13401865 1381.4962 - — 1351 4962
13227658 o 8227 ! 1361.5008 1361.8008: {
1305345 | “3“522‘.}%242 ! 1342.1054 1342.1054 jf
DL ysensu Uy 12879242 vt PP AR
T e 5034 12705034 J{ 1?23243; ;217 AN e rar
1270 : : ;
: G 3
1253.0826 : 4253! 0822351691.9 12830193 1282 g;j
................ 1235,55191]|l el g R B AEI32A0
: 1248747 ‘ 12436204
1218.2411 1200 8203 12436266 12209892

1200 5203

— 4483 53995

~ 165! 978?’

—1223 9332

R ARSI
12042578 ' ———

Puc. 2. PacuemHoe memnepamypHoe noJie pacniaea npu memnepamype 2a3a nod kpuiwkoii 1850°C u epemeHu Hazpesa

90 muH cneea (a) - 6e3 yyema; cnpasa (b)

- C yYemom 3K30mepMuYecKux peakyuli

Fig. 2. Calculated temperature field of the melt at the gas temperature under the cover of 1850° C and the heating time

of 90 min: on the left (a) -

ignoring exothermic reactions; on the right (b) — taking into account exothermic reactions
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Ha pgaHHOM aTane mogenupoBanus 6bifo
NPUHATO, YTO OKWUCIISieMble NPUMECU paBHOMEp-
HO pacnpefeneHbl B obbeme pacnnasa W Bbl-
[eneHne Tenna npoucxoauT HenpepbIBHO B Te-
YEHWe BCEro OKWUCNUTENbHOro nepuoga padu-
HUpoBaHusa. B panbHenwem MOAenb MOXHO
YTOUHUTb, BbIAENMB OTAENbHO PeaKUMOHHYH
30HY, XOTS NpWU Ny3blpbKOBOM pEXWUME ABWXE-
HUA ra3oB dTa obnacTb OygeT HaxoauTbCs B
6onbluen Yyactn obbema BaHHbI.

AHanus pesynbTaTtoB MOAESIMPOBaHUS C yye-
TOoM 1 6e3 yyeta TennoBbiX AMEEKTOB XUMUYeE-
CKMX peaKLuii OKUCNEeHUs nokasbiBaeT, YTo Ans
TemnepaTypbl rasoB nog Kpblwkon 1850°C,
Ha4anbHon TemnepaTypbl pacnnasa 1100°C,
BPEMEHM, COOTBETCTBYIOLLETNO  ANUTENbHOCTY
HarpeBa 1,5 4, ypoBeHb CpedHeuHTerpanbHON
TemnepaTtypbl pasnuyaetca Ha 24°C, uto ABns-
eTCA BeCbMa 3HauUTENbHOW BENUYMHOW B YCro-
BUSIX HEOBXOAMMOCTW NOAAEPKaHNS TeMnepaTyp
npouecca papuHUPOBaHNUSA B JOCTATOYHO Y3KOM
AvnanasoHe. MakcumanbHas TemnepaTypa Ans
[@HHbIX YCNOBUI yBeEnMuunacb noytn Ha 55°C,
MuUHUManebHas — Ha 7°C o yposHsa 1086°C, op-
HaKo cnepgyeT yYWTbIBaTb, YTO AaHHble abcontoT-
Hble BENMWYMHbI NOMyYeHbl 6e3 yyeTa ABWIKEHUS
pacnnasa B KOBLUE, MPOUCXOAALEro nog Aew-
CTBMEM CBOOOHOW M BbIHY)XAEHHON KOHBEKLMM,
W BCNMbITUS ra3oBbIX Ny3bIpel.

TENNOBOW BANAHC OKUCITUTENIbHON
CTAOUU NPOLIECCA OrHEBOI'O
PAOUHUPOBAHUA MELU B ArPErATE
NEYb-KOBLL

[pyrUM CrocoBOM MPOBECTH KOMMAEKCHYHO
OLIEHKY TEMNOTEXHUYECKMX XapaKTEPUCTUK arpe-
rata SIBNSIETCS COCTABREHWE TENnoBoro GanaH-
ca npouecca. Ha ocHoBe MaTepuanbHoro Ga-
naHca Mo W3BecTHOI MeToamke®® Bbin cocTas-

MeTannyprus n matepvmanosegeHue
Metallurgy and Materials Science

neH Tennoon 6anaHC mpouecca OrHeBoro pa-
(PrHMPOBaHWS MeaM B NEYM-KOBLLE W NpeacTas-
neH B TabnuyHon chopme. PacyeT ropeHus Ton-
nvBa npousBedeH N0 MeToAMKE , 3a OCHOBY
B3AT YCPEeOHEHHbIN COCTaB rasa, UCnosib3yeMo-
ro Ha NpeanpusTUK, a Bo3adyX, NofaBaeMbli Ha
ropesnku, nogorpesaetcs go 200°C. [Mpoayska
BEAETCA CMeChio Kucropoda M Bo3gyxa B COOT-
HoweHun 40:60. MNMapameTpbl (PYTEPOBKM N KOH-
CTPYKLMU NeYmn-KoBLUA eMKOCTbio 36 T COOTBET-
CTBYIOT NapameTpam npoekTa nepeobopynosa-
HUS® pa3nuBoyHoro koewa OAO «Ypananek-
Tpomeab».

Ha ocHoBe TabnuyHbix AaHHbiX [13] Ans
BHECEHWS B MPUXOAHYID 4YacTb Tennosoro 6a-
naHca ctatbu «Tenno 3K30TepPMUYECKUX peak-
LUMA B OKWUCNUTENbHOM nepuoae paduHuMpoBa-
Hua» (Tabn. 1) 6binM paccunTaHbl BENUYUHDI
CYMMapHbIX TEennoBbIX 3MEKTOB XUMUYECKUX
peakuui OKWUCINEHWUsS OCHOBHbIX npumecen Pb,
Sh, As, Ni, Fe, a Takke peakuum obpasoBaHus
okcuga meau (1):

4CU + 02|'33 = ZCUZO,
XM+ yCu,0 = T,0y, + 2yCu,

rae - meTtann-npumecs.

Tennoson n TonnueHbin K[ arperata co-
ctasunn 17,64% wun 19,41%, COOTBETCTBEHHO,
yOernbHbl pacxoq ycrnoBHoro tonnmea — 15,29
Kr y.T/T megn. Micxoas M3 npon3BOANUTENBHOCTM
MMEILLMXCS B NapKke NpeanpuaTuiA 1 npeanara-
€MbIX K YCTaHOBKE rOpesiovHbIX YCTPOWCTB, pac-
YeTHOe BpemMs [JOCTWXEeHUs TemnepaTypbl
1300°C — 197 muH (11820 c). MpeacraBneHHbie
TENNOTEXHNYECKME XapaKTepUCTUKKM arperarta
MOXHO YNyYLUMTb 3a CYET OONONHUTENBHON y-
TEepoBKkM KoBLla, nogorpesa Ttonnunea go 300°C,
NPOAYBKN YNCTbIM KMCIOPOAOM (BMECTO CMECK

2CTapueB B.A., BopoHoB I'.B., JlobaHos B.W., Wymaxep 3.A., Wymaxep 3.3. Ckpan-kap6iopaTopHbIli npouecc npu
NPOM3BOACTBE CTanu B MapTEHOBCKMX neyvax: y4eb. nocob. Exkatepunbypr: U3g-so YITY-YIN, 2004. 225 c.

$306HuH b.0. KassieB M.[1., Kutae b.W., Niucuenko B.I., TenernH A.C., fApowenko O.I. TennoTexHuyeckne pacyeTsl
mMeTannypruyeckux neven. 2-e usg. M.: Metannyprus, 1982. 360 c.

4FyLl_MH C.H., 3aitHynnuu J1.A., Kasses M.[., iOpbes B.M., ApoweHko KO.I'. Tonnueo u pacuyeTbl ero ropexus: yueb.
noco6. Ekatepunbypr: OO0 «YpanbCkuii LLeHTp akagemuyeckoro obcnyxuaanusy, 2007. 88 c.

®Pa3paBoTka MaTeMaTM4Yeckoii MOAEn TENMOBOro PexiuMa Neyn-KoBLUa Ansi patvHUPOBaHIUS MEAU C UCMONb30BaH K-
eM npupogHoro rasa: otyet o HAP / TOY BIMO “YITY-YMW”; pyk. C.A. HosokpelyeHoB. Ekatepunbypr, 2009. 72 c. Jor.

Ne 0420.
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Tabnuua 1. Tennoson 6anaHc arperaTta neyb-KOBL ANS OTHEBOrO pacMHMPOBAHKS YEPHOBOW MEAU
Table 1. Heat balance of the ladle furnace unit for fire refining of blister copper

MpuxopHas yacTb PacxogHas 4yacTb
Cratbs 3HaueHune, MOx | Oons, % Cratbs 3"7;5:(%’ Dons, %
Xummnyeckoe Tenno - cropays 161356 90,88 MonesHo 3aTpayeHHoe Tenno 3132,0 17,64
TOMMBOBO34YLIHON CMECH (Ha nonydyexue meTanna)
MoTepu ¢ oTX0ASALMMY Fraszamm
dusmyeckoe Tenno Tonnmea 155 0,09 13560,3 76,37
®usmyeckoe TEnNno BO3ayXa, 12220 6.88 B Tom yncne abiMoBble rasbl 13382,5 75,37
NMoAaBaemMoro Ha ropernku ! !
®usmnyeckoe Tenno fyTbs 56,9 0,32 177,8 1,00
MpoayKTbl NpoAyBKM
Tenno 3K30TEPMUYECKUX peak-
LUMA B OKWUCNUTENBLHOM nepuoae 3249 1,83 TennoBbie notepu 973,3 5,48
PacbupoBaHus TENMONPOBOAHOCTHIO
118,8 0,67
B ToM yucne aHo KoBLUA 3154 178
CTeHKu KoBLUa (pacnnas) ' ’
CTeHku koBLUIA (MOA KPbILLKOW) 180,4 1,02
- - - Kpbilwka koBLwa
358,6 2,02
HeyyTeHHble noTepu 89,4 0,50
WToro 17 755,0 100,00 Wtoro 17 755,0 100,00

kucrnopoga v Bosgyxa). B Tabn. 2 npegcrasneH
COMOCTaBUTENbHbIA aHanM3 BRWsSHUS (HaKkTOpPOB
(1 - Temnepatypa nogorpesa Bo3gyxa, nogasa-
emMOoro Ha ropenku, 2 — oboralleHne OKuCnu-
TeNbHOro AyTbs KMCMopodoM, 3 — dyTepoBka
koBLa, 4 — COCTaB TOMMMBA) HA pacyeTHyto Npo-
LOMKUTENbHOCTL MPOLecca Harpesa pacnnasa B

OKMUCIMTENBHOM Nepuoae papUHNPOBaHNS.

PacyeTHas onuTenbHOCTL HarpeBa pacnnasa
onpegeneHa Ha OCHOBE PacXOAHbIX WM Npuxod-
HbIX cTaTel Tennosoro 6anaHca M NMUMUTUPOBA-
Ha MOLLHOCTBIO TOPENOYHbLIX YCTPOWCTB, BbIpa-
XEHHON (PMKCMPOBAHHLIM HOMUHAmbHBLIM pPacxo-
fom tonnmea 120 M3y gns Bcex BapuaHTOB.

Tabnuua 2. BnusiHne pas3nnyHbix (hakTOPOB Ha pacyeTHylo ASNMTENbHOCTH MpoLEecca HarpeBa pacnnasa C yvyeTom
TennoBbIX 3DEKTOB K30TEPMUYECKUX peaKLuil padvHUPOBaHUA Meau
Tabnuua 2. Effect of various factors on the estimated duration of melt heating taking into account the thermal effects

of exothermic reactions of copper refining

TemnepaTypa nogorpesa Bo3ayxa, °C (1) 25 100 200 300
PacyeTHOe BpeMs npouecca Harpesa, ¢ 12986 12633 12080 11529
CooTHoLieHWe Bo3ayxa W Kucrnopoga B ayTbe, % (2) 100:0 80:20 60:40 0:100
PacuyeTHOe BpeMs npouecca Harpesa, ¢ 12986 12863 12725 12219

BapwuaHT chyTepoBku arperata (3)*

6a30BbIi1 BapUaHT

BapuaHT C AONOJTHU-

(yTeposaHus TenbHON hyTEPOBKOM
PacueTHoe Bpemsi npouecca Harpesa, ¢ 12986 12554 - -
Bug Tonnuea (4) NPWPOAHLIVA ra3 nponar-byTaosas - -
CMECb
PacyeTHOe BpeMs npouecca Harpesa, C 12986 11446 - -

*CTaHgapTHbIN, He NnepeobopyaoBaHHbIN Pa3NUBOYHLINA KOBLU, pacyeTHoe Bpems Harpesa — 13605 c.
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AHanu3 aaHHbIX Tabn. 2 nokasbiBaeT bonee
3HAUYNTENbHOE COKpaLLeHMe pacyeTHOM Anu-
TENbHOCTU HarpeBa 3a CYET NPUMEHeHUs Noao-
rpeBa No4aBaeMOro Ha ropenoyHble YCTponcTea
BO3Jyxa B CpaBHeHWU ¢ oboralieHnemM OOHHOro
AYTbS1 KNCTOPOAOM, AaXe HECMOTPS Ha CHMXe-
HMe obbemMa nodaBaeMoro «XOfoAHOro» rasa
HENnocpeacTBeHHO B pacnnas. Cuutaem uene-
coobpasHbiM hyTePOBaHWE Pa3NUBOYHOIO KOB-
wa, obecneymBarollee CyLECTBEHHOE CHUXeE-
HWEe pac4yeTHOW ANMUTENbHOCTM Harpeea. Onuu-
OHanbHO MPWBEAEHO 3HAYeHWe Ans Harpesa C
UCMOSIb30BaHWEM MponaH-byTaHOBOW cMmecK Ha
aTane nonuroHa 6e3 NOAKMHOYEHNS K ra3oBbIM
ceTam.

Mpu coctaBneHun Tabn. 2 pPaccMOTPEHO
BNUAHME (DaKTOpPOB B OTAEMbHOCTU OTHOCK-
TenbHO 6a30BOro BapuaHTa (Temnepartypa no-
[laBaeMOro Ha ropenku sosgyxa 25°C, npogyBska
CHU3Y aTMOC(epHbIM BO3YXOM, KOBLU (pyTepo-
BaH, OTOMMEHME MPUPOAHLIM rasoM; 3Ha4eHue
pacyeTHON ONIMTENbHOCTU Mpouecca Harpeea —
12986 c). lNpeactaBneHHass GanaHcoBas MoO-
[ieNb NO3BOMSAET YYUTbIBATb BCE 3TN (DAKTOPbI U
B COBOKYMHOCTW, Hanpumep, AN Temnepatypsl
nogorpesa Bosayxa 300°C, npodyBKU YMCTbIM
KUCIOPOAOM W JOMNOMHUTENBHON  (PYyTEPOBKK
Meyn-KoBLLA pacyeTHas ASIMTENbHOCTb Npouec-
ca Harpesa coctasut 10717 c. Ho cnegyet
y4ecTb, 4TO BanaHCoBbIi METOA UCCneaoBaHNs
npegnonaraet pacCMOTPeHWe pacnnaBa Kak
FOMOreHHOro, OOHOPOAHOr0 Mo TemnepaTtype
HarpeBaemoro Tena, a B YCNOBUAX peanbHOro
3KCnepuMmeHTa, Jaxe npu YCNOBUWU MPUHATUS
AONYyLEHNS O «HEMOABMXHOCTW pacnnaeay,
BPEMSI [JOCTMXEHWUS 3adaHHOW CpeaHeuHTe-
rpanbHoOM TemnepaTypbl OrpaHUYeHO TENNONPO-
BOAHOCTbI camoro pacnnasa. [loatomy ans
BblbOpa OKOHYaTENbHOrO pexuma Harpesa
HeobX0aQMMO YYMTbIBaTb HECTAUMOHAPHBLIN Xa-
pakTep npoLecca HarpeBa, YTO U MO3BONSAET

MeTannyprus n matepvmanosegeHue
Metallurgy and Materials Science

peanun3oBaTb mMaTemaTtnyeckas MoAenb Temmne-
paTypHOro nons pacnnaea, NpeAcTaBlieHHas
BblLLE B HAcTosLLen paboTe.

3AKNKOYEHUE

Ha ocHoBe ABYyX pasnuuHbiX MaTemaTtnye-
CKUX Mofenen npoBedeHa OueHKa OCHOBHbIX
TENNOTEXHNYECKUX XapaKTEPUCTUK OKUCIUTENb-
HOW CTaguun npouecca, nokasaHa npuHUMnuanb-
Hasi BO3MOXHOCTb JOCTUXEHUS U NOAAEPKaHNS
Temnepartypbl, HeobxoAMMON Ans npoBefeHust
OrHEBOrO pauHMpPOBaHWMS Meau B arperate
neyb-KoBL. lNpeacTaBneHHble maTemaTuyeckme
MOZENU MO3BOMSAT ONpeaenvTb  yaenbHoe
BNUSHWE Pa3fIMYHbIX TEXHOMOTMYECKUX napa-
MeTpoB (COoCTaB M pacxod TOnnuBa, Temnepary-
pa u cTeneHb oboraleHns OyTbs, KOHCTPYKLMS
(PyTEPOBKM W T.O.) HA AUHAMUKY W3MEHEHWSs
TemnepaTypHOro nons pacnnasa W TEXHUKO-
9KOHOMMWYECKME NapameTpbl MaBku B LENOM, a
Takke OydyT MCNONb3oBaHbl Ha AaribHENLMX
aTanax MOAENUPOBaHWUSA NPOAYBKU MeTannuye-
CKUX pacnnaBoB rasamu.

Mopgenu fononHeHbl aBTOPCKOW MeETOAMKOW
yyeTa BIIMSAHUS 9K30TEPMMUYECKUX peakuun pa-
(PUHMPOBaHMS, MO3BONSAOWEN 3HAYUTESIBHO WX
yTouHWUTb. CocTaBneHHbIn TennoBon 6anaHc
rnokasan AOCTaTOYHO HU3KUN «yOernbHbIA BECH
NOABOAMMON B pe3ynbTaTe NpoTekaHUs OCHOB-
HbIX 3K30TePMUYECKUX peakuuid TeNSoTbl B pac-
nnase B OKUCIUTENbHOM Mepuofe nnaBku B
CPaBHEHUM C KONWYECTBOM Tensa, MmocTynato-
MM 3a BECb Nepuoj NnaBku U3 BCEX UCTOYHU-
koB. OHaKo ecnu paccMatpuBaTth B OTAESIbHO-
CTW OKUCIMUTENbHBbIA Nepuos paduHNpoBaHus
mMeau, nokasaHo, 4YTo Tennosble 3addeKkTbl pe-
aKUMA OKUCINEHUS 3HAYUTESIbHO BIMSOT Ha
TemnepaTtypy pacnnaBa Ha JioKallbHOM Bpe-
MEHHOM OTpe3ke, HaxoasLemMcs bnvke K KOHLY
OKUCNUTENBHOrO nepuoda OrHeBoro pagmHUpo-
BaHUSI YEPHOBOW MeaMu.
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EII MeTannyprusa u MaTepuanoBegeHue

OnpeneneHMe KOPPO3UOHHbLIX XapakKTepUCTUK B KOopanHaTax
HenkBucra npu 3alinute NoOBepPxXHOCTU CTaJIn NNaTekcamMmu

© A.A. fkoBneBa, E.A. AHuudcpepoB, C.B. CagnoBckui
Upkymckul HayuoHanbHbIl uccrnedosamenbckull mexHudeckul yHueepcumem, e. pkymck, Poccusi

Pestome: Llenb — nccnenoBaHme KOppO3MOHHOTO npouecca Ha obpasuax ctanu CT3, 3almileHHbIX NaTEKCHBIM MOKP bl-
Tnem 696-2k, Bbinyckaembim OO0 «Kanutenby (r. MpkyTck). B nccnegoBanusx NpUMEHANCs METOA 3NEeKTPOXMMUYECKON
MMMeJaHCHOW CNeKTPOCKonMM 0bpasLoB CTanu ¢ HAHECEHHBIM TPEXKPATHO MOKPLITUEM U3 naTekca C MOMOLLbI MOTEH-
umoctaTta-ranseaHoctata PGSTAT302+FRA2, ocHalleHHoro nporpaMmmHeiM obecneveHmem NOVA 1.8. KoppoanoHHble
uccnefoBaHMs NpPOBOAWNKM Npy TepmocTatupoaHun (25+0,2°C) paboyero npocTpaHcTBa. [nst onpeaeneHnst CKOpocTu
KOppOo3um BbI NPOBEAEHbI FPAaBUMETPUYECKNE UCTIBITAHUS C PUKCUPOBAHUEM W3MEHEHWIA Macchl 06pa3LoB 3a KOHTPO-
nupyembin npomexyTok Bpemenn (go 10 4). B kauecTBe anekTponuTa ncnonb3osanu 3% pacTeop xnopuaa Hatpus. o-
Ka3aHo, 4TO ANA OMUCaHUs MEXaHW3ama KOPPO3MOHHOTO mpolecca B 6OMbLUMHCTBE CMy4YaeB NpMeMieMbiM OKa3biBaeTcs
MCNONMb30BaHWE 3KBMBASIEHTHOM 3NMEKTPOXMMUYECKOW CXeMbl C anemeHTamu Bapbypra u Cotangent Hyperbolic, moge-
nupyloLLe NPOTEKaHWEe PeaKkuUy Ha rpaHuLe aneKkTpoa-anekTponut. o pesynbratam Bu3yarbHbIX, TPaBUMETPUYECKMX
W 3NEKTPOXMMUYECKUX UCCNENOBaAHUN NOKa3aHo, YTO Ans noBepxHocTW cTanu CT3 ¢ nokpbiTeM M3 natekca 696-2k
AMTenbHOe Bpems UMMedaHc noytv He nameHsietcd. O4eBNOHO, YTO MOBEPXHOCTHBIA MPOLECC CBA3AH C JIMMUTMPY to-
LWeW cTaaven anddysun pacteoputens vyepes 3alluTHbIA croi. Mpu 3TOM 3NEeKTPOXUMUYECKU OnpeaeneHHas CKOpoCTb
Koppo3uu Hesenuka u coctasuna ~ 0,164 mm/rog (BN KOHTPONbHLIX 06pasuos — 0,75 mm/rog). Takum obpasom, Npose-
[EHHbIE UCCNefoBaHNS NMOATBEPANIIM [OCTATOMHO BHICOKME 3alLUTHLIE kavecTBa natekca 69b-2k. KoppoanoHHble noka-
3aTenu naTtekca cBs3aHbl C ero COCTaBOM, KOMMOHEHTbI KOTOPOro He TOSbKO 0BnafatoT XOpoLUUMK aare3MoHHbIMK Kay e-
CTBaMW, HO W aKTUBHbI MO OTHOLUEHWIO K APYrMM B3aMMOLENCTBUSIM, TaKUM Kak XMMUYECKMNE B3aUMOLENCTBNS KOMMOHE H-
TOB Mexay coboi 1 ¢ KpucTannuTamy Ha NOBEPXHOCTWU MeTannoBs. o pesynbTaTaM 3KCNepUMEHTarnbHbIX WcChnefoBa-
HUI paspaboTaHa 3KBMBANEHTHAs dNeKTpuyeckas cxema. MoaenbHbIA pacyeT, NPOBEAEHHbIN HAa ee OCHOBE, NMO3BONSET
onucbiBaTb KCNepUMeHTanbHY KpUBYH B KOOPAKWHaTax HelikBucTa npakTM4eckn NOMHOCTBIO.

Knroyeebie cnoea: KOppo3ns, MeXaHWU3M, UMMNEeAaHC, 9KBUBANEHTHAsA CXEMA, aHTUKOPPO3NMOHHOE NOKPLITUE, NaTeKe

Ansa yumuposanus: Akosnesa A.A., AHundepos E.A., Cagnosckuin C.B. OnpegeneHne KOppO3MOHHbIX XapakTepucTuk
B KoopauHaTtax HelkBucTa npu 3awimMTe NOBEPXHOCTW CTanu natekcamu. BecmHuk MpKymckoeo eocy0apCmeeHH020
mexHuyecko20 yHusepcumema. 2021. T. 25. Ne 4. C. 519-527. https://doi.org/10.21285/1814-3520-2021-4-519-527

Determination of corrosion characteristics of steel
protected by a latex coating in Nyquist coordinates

Ariadna A. Yakovleva, Evgeniy A. Antsiferov, Sergey V. Sadlovsky
Irkutsk National Research Technical University, Irkutsk, Russia

Abstract: This paper investigates the corrosion process of steel St3 protected by latex coating 69b-2k produced by
Kapitel Ltd (Irkutsk). Electrochemical impedance spectroscopy of steel samples with a threefold latex coating was carried
out by a PGSTAT302 + FRA2 potentiostat-galvanostat equipped with NOVA 1.8. Corrosion studies were carried out un-
der thermostating (25 + 0.2°C) of the working environment. The corrosion rate was determined by gravimetric tests with
the recording of mass changes over a controlled period of time (up to 10 h). A 3% sodium chloride solution was used as
the electrolyte. In most cases, the mechanism of the corrosion process can be reliably described by an equivalent elec-
trochemical circuit with Warburg and Cotangent Hyperbolic elements, which simulates the reaction at the electrode-
electrolyte interface. According to the conducted visual, gravimetric and electrochemical studies of the St3 steel surface
protected with the 69B-2k latex coating, the impedance remains almost unchanged for a prolonged period of time. It is
obvious that the surface process is associated with the limiting stage of solvent diffusion through the protective layer.
Thus, the electrochemically determined corrosion rate was low and amounted to ~ 0.164 mm/year (for reference samples
—0.75 mm / year). Our studies confirmed high protective qualities of latex 69B-2k. The corrosion properties of the coating
under study are related to its composition, the components of which not only exhibit good adhesion, but are also active
with respect to other interactions, including chemical interactions of the components with each other and with metal sur-
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face crystallites. The model calculation of the process, carried out using the developed equivalent electrochemical circuit,
describes experimental curves in Nyquist coordinates almost comprehensively.

Keyword: corrosion, mechanism, impedance, equivalent circuit, corrosion resistant coating, latex
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BBEOEHUE

KOppo3noHHbIe SIBNEHWSI Ha MOBEPXHOCTYU
CTasbHbIX KOHCTPYKLUMIA HACTOMNbKO MacluTabHbl
1 pa3HooOpasHbl MO CBOWM MPOSIBMEHUSAM, YTO
[0 HaCTOSILLEr0 BPEMEHWN MPOAOIMKAT aKTUBHO
paspabaTbiBaTbCsl BCEBO3MOXHbIE MPUEMbI 3a-
WWTbl M npotneogencTems uMm. CyLieCTBEHHbIN
MHTEpeC MmaTepuanoBedeHUss CBS3aH C aHTU-
KOPPO3NOHHOM 3aLUMTON CTamnbHbIX MOBEPXHO-
CTeil MOKPbITUSIMA Ha OCHOBE OpraHWU4ecKkmx
csAsytowmx [1-3].

MNpeacTtasnsemas pabota OTHOCMTCS K pas-
paboTKe TEXHOMOTMN U CO3AAHUKD Cneunanunaun-
POBaHHbLIX MOMMMEPHBIX MOKPLITUIA, @ TakkKe K
HeOOXOAMMOCTWN [eTanbHOro W3y4YeHus Mexa-
HM3Ma B3aUMOZEWNCTBMUA NOKPbITUS C MeTanmnu-
YeCcKOW OCHOBOW, OLIEHKE CBOWCTB 3alLMTHbIX
MMEHOK, X YCTOWYMBOCTU BO BPEMEHU U peLle-
HUIKO JpYrux BOMPOCOB, CBA3aHHbIX C 3TUM. Llenb
paboTbl COCTOMT B MCCNEAOBAHNN KOPPO3UOHHO-
ro npouecca Ha ctanu CT3, 3alUMLiEHHON Na-
TEKCHbIM NOKpbITUEM 69b-2k, BbINyckaeMbIM
000 «Kanutenb» (r. NpkyTck).

MATEPWAIbI U METOObl UCCINEOOBAHUA

MNpu npoBeAeHUM KOPPO3UMOHHBLIX Mccneno-
BaHW UCMONb30BanN CTanbHOW CTePXeHb Anu-
HOW OKOJo 7 CM W AMamMeTpoM 5 MM, BCTaBeH-
HbIl B CTEKNSAHHYI0 TPYOKy Bonbluero anametpa
W 3anuTblid 3NoKcMaHoW cMonon. [na kpenne-
HUA K Npubopy Ha OOHOM KOHLE CTEPXHS Bbl-
nonHeHa pesbba. [pyras TopueBasi CTOpPOHA
CTEPXHS Obina 3aunLLeHa Ha TOUYMIIbHOM CTaHKe
4O MeTanna u senanacb MMEHHO TOM NOBEPX-
HOCTbIO, HA KOTOPOW NPOBOAWNM KOPPO3UOHHbIE
ncnbiTaHnsl. Paboyas noBepxHOCTb Bbina oTno-
NpoBaHa anMasHoW Macton [0 3epKanbHOro
cocTosiHMA 1 06e3xupeHa cnuptom. 3atem 06-
pasel norpyxanu B ynbTpa3ByKOBYK BaHHY Ha
5 MWH, OONONHUTENBHO 06E3XMpUBanu U3onpo-
MUMOBLIM CMMPTOM U BbIAEPXKMBANMW B CyLIWIb-
HOM wkadgy okono 10 MMH npu Temneparype
40°C. ®opmupoBaHmne Ha paboyen NoBepPXHOCTH

3aLlUMTHOWM MNMEHKU MPOM3BOAUIIM TPEXKPATHLIM
HaHECEHMEM faTekca MMUKPOO03aTOpOM C Bbl-
CyLLUMBaHWEM MpeablayLLEro Cos Ha BO3ayXe.

B kauecTtBe 3aLlMTHOW MNEHKM ObIN UCMbITaH
natekc 69b-2k, OCHOBOW €ro coctaBa SBNSETCS
CMeCb CTUPON-aKpUIIOBbLIX NATEKCOB, MOyYeH-
HbIX METOAOM paguKanbHOW 3MYNbCUOHHOW No-
numMepusauum CononMMEPOB akpUIOBON KWCIO-
Tbl M ByTunakpunara, B Ka4ecTBe aMynbraTtopoB
MCMNOSIb30BaHbl CyNbgoHan v HeoHon — fobas-
K1, CNocobCTBYIOWME MOBBLILEHNID AHTUKOPPO-
3MOHHbIX CBOWCTB MOKPbLITUNA.

B kaxgon cepuun OnbITOB UCNOMb30Banun Kak
MWHUMYM Tpu obpasua, YTo MO3BONSANO ycpen-
HATb pesynbTaTbl B3BELUNBAHWUSA U OTCNEXMBATD
AMHaMUKYy B3ammopgenctsus obpasua co cpe-
LL01.

locne KOPPO3WOHHBLIX MccnegoBaHui 06-
pasubl NpOMbIBaNM AUCTUNNMPOBAHHOW BOAOMW,
BbICyLUMBANN 40 NOCTOSIHHOW MaccChl B CyLUMSIb-
HOM WwKady npu Temnepatype 40°C n B3BeLLu-
Banu. BaeewwuBaHne obpasua oo Hayana v B
KOHLE OnblTa MNO3BONSET MNPOKOHTPONIMPOBATh
[IOCTOBEPHOCTb MOMYYEHHbIX pPe3ynbTaTtoB WU
[laeT cBefeHns 0 Macce NPOKOPPOAVMPOBaBLLErO
3a BpeMs aKcnepMmeHTa metanna. Pesynbrarhl
TaKoro rpaBMMETPUYECKOrO aHanu3a no3BonsaT
OLEHMBATb CKOPOCTb KOPPO3WM.

OCHOBHbIM METOAOM MccrnegoBaHns  Obin
METOZ, 311eKTPOXUMNYECKOW MUMMNEeaHCHOW Crnek-
Tpockonuu (ANC). Metog SUC oTHOCUTCSH K He-
paspyLaLwmM MeTogam U3yvyeHns mexaHuama
KOPPO3UM M OCHOBAH Ha 3KCMEepUMeHTanbHOM
onpedeneHu uMmnegaHca dneKTPOXMMUYECKON
cucTeMbl [4—7], OH NO3BONSET ONPeaensTb CKO-
POCTW N MEXaHWU3Mbl MOBEPXHOCTHLIX NMPOLLECCOB
Ha OCHOBE JNIEKTPOXMMUYECKUX XapaKTEPUCTUK
(NNOTHOCTM TOKa, NEpeHanpsHkeHnsl, MHAMOW u
LENCTBUTENBHOW COCTaBMSAWMX CONPOTMBIE-
HUs). B ocHOBe aHanun3a pe3ynbTaToB NEXUT UX
CPaBHEHME C M3BECTHbIMW MOAENsMU IKBMBA-
NEHTHbIX 3NEKTPUYECKUX Lienen, oTpaxaroLumm
CBOWCTBa CTaHAApTOB (KOMOMHALMWM CONpOTMB-

520

BECTHUK UPKYTCKOIO rOCYOAPCTBEHHOIO TEXHUWYECKOIO YHUBEPCUTETA 2021;25(4):519-527

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(4):519-527




NEHW, eMKOCTEN U UHOYKTUBHOCTEN). HecmoT-
PS Ha M3BECTHblE MPEUMYLLECTBA AAHHOMO Me-
ToAa uccnefoBaHus, UMeTcs paboTel, B KOTO-
pbiX aBTOpPbl OTMEYAOT B Ka4eCTBE HeAocTaTka
mMeToda HEBO3MOXHOCTb OAHO3HAYHOrO Bblbopa
aKBMBaneHTHOW cxemsbl [8]. ABTopamu npeano-
XeHa coOCTBEHHas ynpolleHHas 3KBWMBASIEHT-
Has cxema, No3BOMNAOLWAN YAOBNETBOPUTESIbHO
MOZenMpoBaTb KOPPO3MOHHOE MOBedeHne CTa-
nn C110 B pactBope NH4Cl ¢ koHueHTpauwuen
0.5 Monb/am®.

[lencTBuTENbHO, M3BECTHO OOMbLIOe KOomnu-
4YeCTBO CIIOXKHbIX 3KBMBASIEHTHbIX CXeM, Jato-
WMX YAOBMETBOPUTESIbHOE COBMAageHWe npu
MOZENMPOBAHUN KOHKPETHBIX 3f1IEKTPOXMMUYE-
ckux cuctem [9-19]. Ha HavanbHbIX 3Tanax uc-
CneaoBaHnst KOPPO3MOHHBLIX 3aKOHOMEPHOCTEW,
o4yeBMAHO, ynobHee paccmatpuBaTb Te He-
CKOMbKO 6a3nCHbIX TEOPETUYECKUX CXEM, KOTO-
pble OnepupylT MPOCTbIMU 3fieMeHTamu (Co-
NPOTMBIEHNE, €MKOCTb, WHAOYKTUBHOCTL), CO-
€AMHEHHbIMK N0 2-3 3ieMeHTa B NpocTble (no-
crnefoBaTtenbHble UK NapansenbHbIe) Lenu.

B Hawei paboTe anekTpoxumuyeckme xa-
PAKTEPUCTUKIN KOPPO3WM NOMNyYeHbl Ha npubope
noTeHumocTar-ranbBaHocrar PGSTAT302+
+FRA2 upmbl «AutoLab» ¢ nporpaMmHbIM
obecneyeHnem NOVA 1.8. Cwuctema
PGSTAT302+FRA2 nossonseT nNpoBOAUTL W3-
MepeHune mmneaaHca B amanasoHe ot 1 MmOMm o
100 rOM u nonyyaTb uMccregyemMble TOYKM Ha
rpacpukax kaxable 100 HC, YTO BaXHO Ana aHanu-
3a pesybTaToB KOPPO3VOHHBIX MCCMEA0BAHWIA.

B pabote Obina mcnonb3oBaHa Knaccude-
CKasi TPEXANeKTpoaHasa sivemnka, kotopasi CocTo-
T u3 paboyero anekTpoda (Mccnegyembin
CTalNlbHON CTEPXKEHb), XnopcepebpsiHOro anek-
Tpoda CpaBHEHWS W BCMOMOraTenbHOro nnatu-
HoBoOro anektpoaa. Cama suenka npegcraenseT
KOHYCHYIO CTEKNSHHYI0 €eMKOCTb C pybalukon
AN TepMOCTaTMPOBaHMS W CheLuanbHow
KpblkoW. [lepen 3KCNepMMEHTOM S4eirky 3a-
MOMHANN 3nekTponuTom. B KavecTBe anekTpo-
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nuta ucnonb3oBanu 3% pactBop Xxnopuaa
HaTpWs, YTO COOTBETCTBYET rocTam Ans uayde-
HUS KOPPO3NOHHBIX MpoLieccos (FTOCT P 9.907%,
FOCT 9. 9082, TOCT 9.08°). KoppoanoHHble nc-
CrnefoBaHWst NPOBOAMIM NPU MOAAEPKMBAEMO
TepmocTatoM Temnepatype 25+0,2°C.

PE3YJIbTATbl UCCJIEQOBAHUA U UX
OBCYXOEHUE

MpuHUMN “3MepeHns uMmnegaHca 3akrova-
€TCS B TOM, YTO Ha 3MEKTPOXMMUYECKYID CUCTE-
MY, HaxosLylCs B PaBHOBECUM, OKasblBalOT
BO3QENCTBME ManblM CUrHamoOM W U3MEpPSIOT
OTKMMK cucTembl. ECnn K 3nekTpoxmmMmuyeckon
cucTeme NpUnoXnTb NePEeMEHHbIN TOK, TO Yepes
cuctemy Oyget wmATM TOK  CUHYcOMZANbHOW
opmbl, UMEKLWNA Takne XapaKTepuUCTUKKU, Kak
cosur a3 ¢ (pasHuua a3 Toka U Hanpske-
HUA) N @ — yrnoBas yacToTa.

MMnegaHc Z (nonHoe KOMMNMeKCHoe Ccomnpo-
TUBMNEHME B CMCTEME, NO KOTOPOW npoTekaeTt
NEPEMEHHbIN TOK) B fHOOON MOMEHT BpEMEHU
t MOXeT ObITb NPEACTaBMEH Kak

Z = Zycosp + Zysing - ctg(wt),

roe Z, — HekoTopasl NOCTOSiHHAas AN AaHHbIX
aMNUTYOHbIX 3HAYEHUN BENUYMHA.

Yawe ypaBHeHWe Ons umnegaHca umeet
Bonee npocton BWA, NPU NONYyYEHUN KOTOPOro
ucnomnb3osaHa  opmyna  Ounepa:  e/® =
cos a + j sina AN HEKOTOpOro yrna a, a Takke
Apyrue npeacTaBneHnst O KOMMMEKCHbIX Benu-
yuHax [7]:

7=2—jz",

roe Z' v Z" — aKTWBHasi U peakTBHasi COCTaB-
nalwmne WMNeaaHca;j — MHUMas eguHuua
(j =\-1).

pachnyeckoe npeacraBneHne uMnegaHca B
ocax Z' —Z" (xoopamHatax Hemksucra) sBns-
€TCS OOHWUM W3 BaXHbIX 3TanoB KOPPO3MOHHbIX

''OCT P 9.907. EguHas cucTema 3aluThl oT Koppo3uu u ctapeHus. MeTannel, cnnasbl, NOKPLITUS MeTannuyeckue.
MeToabl yaaneHuss NpoayKTOB KOPPO3WUM Nocne KOpPo3MOHHbIX mucnbiTaHui. Beeg. 01.01.2009. M.: CtangapTuHdopm,

20009.

2rocT 9. 908. EauHas cnctema 3awwuTbl OT KOppo3um 1 ctapeHus. Metannel u cnnasbl. MeToael onpeaenexus nokasa-
Tenemn Koppo3uu 1 kopposnoHHon ctonkocTu. Beea. 01.01.87. M.: UMK WU3g-Bo cTaHgapTos, 1999.
*rOCT 9.008-82. MoKpbITUS MeTannMyeckne n HemeTannuyeckme HeopraHnyeckue. M.: U3a-Bo rocctaHgapTos, 1982.
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nccnenoaruii. KoopamHatel Hankeucta — Kom-
NriekcHas OMUYecKkasi nnockoCcTb — Ha ocu abc-
UMCC MpeacTaBnalT AeWCTBUTENbHYID COCTaB-
nswwyo Z', Ha ocuM opauMHaT — MHUMYK CO-
CTaBNAOLLYH COnpoTMBNeHns Z'".
Mcnonb3oBaHue CNEeKTPOCKONUMN 3N1eKTPOXM-
MWYECKOTO MMnedaHca Af1s onucaHus noBepx-
HOCTHBIX SIBfIEHMA OCHOBAHO Ha NpOBedeHUM
CPABHEHUS1 BENWYUH Zpaeq W Zreop W NONYHYEHUM
YMCMEHHbIX MapaMeTpoB M3y4aeMoro rnpouecca.
TeopeTnyeckoe paccMOTpeHVE U co3gaHue u-
314ecKon, a 3aTeM MaTtemaTuyeckod Monenu
ANSt Zyeop OOBIMHO MPOBOAAT NapannenbHo ¢
KOHCTPYMPOBAHMEM  3MEKTPUYECKON  IKBMBA-
NEHTHON CXeMbl M3 MPOCTENWMUX SMEMEHTOB
(conpoTUBNEHUA, MHAYKTUBHOCTEN U EMKOCTEN),
ONpeAeneHHbIX B 9KCNEPUMEHTE ANA Z,cq [4, 5].
Ha puc. 1 npeacraBneHbl pe3ynbTaTbl UCMbITa-
HUA (rogorpadobl MMNedaHca): cneea nokasaHa
pasBepTka npouecca BO BpPEMEHW, crpaBa —

5000 [~
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P 0, mm
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1000 |-
15, MuE
—1>

ot 1

-1000 [~

10 MmHH

1 1 1 1
0 1000 2000 3000 4000 5000 5000 7000 8000

OAWH U3 rogorpad)oB MMNeaaHca, Ha KOTOPOM
LEMOHCTPUPYETCA aHanu3 nonyvyaemblX 3aKo-
HOMEPHOCTEW.

MNp aHanu3e nOMyYeHHbIX AaHHbIX 6bINo
MPOCMOTPEHO MHOXECTBO MofJefieil 3KBMBa-
NEeHTHbIX Lenen n3 6asbl AaHHbIX, HO HAaNTK Ta-
Kyt Mogernb, KOTopas NOMHOCTbID COOTBETCTBO-
Bana 6bl n3y4aemblM pexuMam, He yaanoch.

3a OCHOBY NpUHSATa NPOCTas MOAENb SYENKN
C AN DY3NOHHBIMY 3aTPYAHEHUAMU, B KOTOPOK
COMNPOTUBIIEHNS METANNNYECKOro anektTpoga u
MOHHOrO MPOBOAHMKA (3NEKTponuTa) SABMSATCS
YMCTO OMMYECKUMU R, a HA MexdasHOW rpaHu-
Lle BO3HMKaEeT [BOMHOW 3NEKTPUYECKUIA CIOoWN,
nMerLmn emkocTe C. MogenupoBaHue npoBo-
OVNK C UCMONb30BAHWEM JIECTHUYHON CXEMbI C
anemeHToM Bapbypra ¢ y4eToMm npoTeKaHust
W3MEHEHWI Ha rpaHULEe SNeKTPOA-3NeKTPOonuT
(puc. 2). OgHako okasanock, YTO Takasi MoJenb
noaxoauT He KO BCen yactu rogorpada, a Tonb-
KO K y4acTKy, nexaliemy nesee MMHUMyMa.
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Puc. 1. Juacpamma Halikeucma Ans anekmpo0da, NoOKpbIMo20 CMupoJI-akpusioebiM 1amekcom 696-2k
Fig. 1. Nyquist diagram for an electrode coated with styrene-acrylic latex 69B-2k
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Puc. 2. UcxoOHasi cxema anemeHma 05151 ModesiupoeaHus [4]
Fig. 2. Initial diagram of the element for modeling [4]
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Mo puc. 1 BMAHO, YTO MepBOHAYasbHO CO-
NPOTUBNEHWE B MCCreayemon cucteme 6osb-
woe, nneHka «paboTaeT» WU 3aTpyaHseT npo-
HUKHOBEHWEe BOAbl M MOHOB ANEKTPONMTA Yepes
ee nopbl. OpHako yxe k Z = 2000 Om v farnee K
Z — 8000 Om (B 0BnacTy HU3KNUX 4acToT) pas-
Bpoc Touyek Ha rpadmke Bce bonee ycunueaeTt-
CS M NpeBpaLLaeTcs NoYTU B XaoTUYeCKuA. ITO
MOXET CBMOETENbCTBOBATb O KaKuUX-NnbO anek-
TpUYecknx HaBogkax ussHe. pexae Bcero, Ta-
Kue HaBOAKW AN AAHHOM 30Hbl 3NEKTPOXUMU-
4eCKOMW Lienu CBsA3aHbl C akTuBu3auuen ampdy-
3MOHHBIX NPOLECCOB — SABMEHUAMKU Npobos
nneHkn. Ha Haw B3rnsa, AaHHas cuTyauus Ha
9KBMBAmNEHTHON CxemMe MOXeT OblTb npeacTas-
neHa cnegytwoLwwmm obpasom (puc. 3).

lNpencraBneHHas Ha puc. 3 cxema COoOTBeT-
CTBYET MMMNedaHCy Lenu, COCTOSLLEN M3 nocne-
[0BaTENbHO 3a4E€MCTBOBAHHbIX MPOLECCOB: akK-
TUBHOrO COMPOTMBIIEHUS R, XapaKTepusytoLle-
ro nepeHoc 3apsga, u umnegaHca Bapbypra:

Zy=01-))+

XapakTepusytoLlero and@y3noHHbIA  npoLecc
(W - noctosHHas Bapbypra).

Cam umnegaHc Bapbypra, B cBOO oyepesp,
(bakTMyeckn oTBevaeT nocnegoBaTernibHOMyY CO-
€AVHEHWNIO aKTUBHOTO COMPOTUBREHUS R © em-
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koctn C, KOTOpblEe 3aBUCAT OT 4aCTOThbl, MEHA-

ACb NMPOMNOPLMOHANBLHO BENMYNHE (\/5) g

AHanus nuTepaTtypHbIX AaHHbIX C pacwmd-
POBKOW 3KBMBAMNEHTHbLIX 3MEKTPUYECKUX CXEM
CBUAETENbCTBYET, YTO BblbpaHHas HaMu cxema
OTBEYAET  OKUCNUTENbHO-BOCCTAHOBUTENBHOW
peakuun, npoTekawowen 6e3 crneyngmnyeckon
agcopbuun [20, 21]. MNpu ycnosuu, Korga co-
cTaBnslowme wumnegaHca Bapbypra cyue-
CTBEHHO OTNMYalTCs ApYr OT Apyra, nokasaHo,
YTO HE3aBMCUMO OT YaCTOTbl TOK MOXET onepe-
XaTb HanpsxeHwe no gase [22].

PesynbTaTbl 9KCNEpPUMEHTOB MOKa3bIBAOT,
YTO Takoe OnepexeHne Toka no pase oOT
HanpskeHust cocTaBnseT 45° — BaXHbI HIOAHC
MpW MHTepnpeTauuy pesynbTaToB, KOTOPbIVA Bbin
y4TEeH MpY NONyYeHUN TeopeTU4ECKOoro rpaduka
(puc. 4 a).

C
1l
ir

Ro
g N

e

R

anemeHT BapGypra

Puc. 3. 3keueaneHmHas cxema c aneMmeHmom Bapbypea
Fig. 3. Equivalent circuit with Warburg element
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Puc. 4. Teopemuyeckas duaepamma Halikeucma: a — paccyumaHHasi; b — ¢ dobaeneHuem aneMeHma
Cotangent Hyperbolic u HanoxeHuem Ha npakmu4eckyto
Fig. 4. Theoretical Nyquist diagram: a — calculated; b — with the added Cotangent Hyperbolic
element and superimposed on the practical one
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[ns 6onblueri CXOAUMOCTU TEOPETUYECKOrO
M NPaKTU4YECKOro CNeKTpoB MmneaaHca Obin nc-
Nonb30BaH 3fIeMeHT nofg HassaHuem Cotangent
Hyperbolic (koTaHreHTHbIN runepbonuyeckun),
KOTOPbIA OMUCLIBAET ypaBHEHME, CBA3bIBaKOLLEE
KOHCTaHTbI MMNeaaHca Z, v agmuTTaHca Y;:

Zy = Yojj_w tanh(B\/j_w),

roe B — KoHcTaHTa [4, 5.

Nob6asneHHbin anemeHT Cotangent Hyper-
bolic 06blMHO BCTpeYaeTCsa B KOPPO3MOHHBIX
cpegax, roe Habntopaetca nonybeckoHeyHas
anddysns, onucelBaemas 3akoHamu duka [23,
24]. JkBMBaNeHTHas 3NeKTPOXMMMYeckasi cxema
npuobpetaet 6onee rnbkun Bug. bygyun Hano-
XEHHOW Ha 3KCMNepUMEHTAsIbHYI KPWBYH, OHa
[EMOHCTPUPYET XOpoLlee coBnageHue (CM. puc.
4 b) n moxeT BbITb MCNOMb30BaHa Ans onuca-
HMS  MPOLECCOB Ha rpaHuue  anekTpod-
3NEKTPOSNT.

Ha puc. 5 npeacraeneHa COOTBETCTBYHOLLASA
9KBMBASIEHTHAs ANEKTPOXMMUYECKasi CXeEMA, rae
TakkKe YyKasaHbl YMCEHHblE 3HAYEHUS] HEKOTO-
PbIX MPOCTEMLIMX 3IEMEHTOB (COMPOTUBNEHUN,
€MKOCTEM W KOHCTaHT aAMWUTTaHca), KoTopble
Oblnn MCMoONb30BaHbl MPW pacyeTe MatemaTu-
4yeckon Moaenu.

bes umnegaHca Bapbypra 1 conpoTuBeHus
nepeHoca 3apsiga HeBO3MOXHO Obino Obl onu-
caTb MPOLECChbl Ha MOKPbITbIX NlaTekcamu no-
BEPXHOCTSIX, UMEILLMX, O4EBUOHO, NOBPEXAEH-
Hble y4yacTkn. O6 3TOM CBMAOETENbCTBYET 3Ha-
YyeHue cpefHen CKOpoCTW, onpenefieHHoe no
3WNC u coctasnswowee 0,16357 mm/rog.

[ns nosepxHoctn ctanu CT3 ¢ naTekcHbIM
MOKPbITUEM MMMEAAHC ASIMTENIbHOE BPEMS MO-
YTW He M3MEeHSIeTCs, MOTOMY 4YTO MOBEPXHOCT-
HbIN MPOLECC N0 CBOEN NpMpoLe OLHO3HAYEH U
CBSI3aH C NUMUTUPYIOLWEN cTaguen aumddysnm

*1 0
Y0 = 75.5 uMho =-
B=0411

arpeccMBHOrO pacTBOPUTENS Yepe3 3aLuUTHbIN
Crnon.

B pesynbrate rpaBUMETPUYECKMX UCMbITa-
HUIA BbINK paccynTaHbl UBMEHEHUS MAcC NO U3-
BECTHOM HayanbHOW macce obpasuoB Mg M KX
mMacce m; Nocne BblAEPXWBaAHUS B KOPPO3WOH-
How cpefe B TedeHne 10 Y 1 onpeaeneHo cpen-
Hee 3HayeHue M3 AByX napannenbHbIX 3amepoB

1~ My

N0 BbIPAXEHWIO: mm— 100.
0

Ana nokpbITbix Nnatekcom 69b-2k o6pa3uos
oHo coctasuno 0,0096%.

CHuxeHve maccbl 06pasLoB B xode uccrne-
[0BaHW faeT BO3MOXHOCTb ONpeaeneHuns cko-
poCTU Koppo3uu [25-27].

CpenHsis CKOPOCTb KOPPO3UW 3aLLMLLEHHbIX
obpasuos coctaeuna 0,166, B To BpeMs kak Ans
KOHTpOmnbHbIX 06pa3uoB — 0,75 mm/rog. 31w
[aHHble MOATBEPXAAKT OOCTAaTOYHO BbICOKME
3allUTHblEe KayecTBa naTekca 69b-2k.

Ha Haw B3rnaa, KOPpPO3MOHHbLIE NoKa3aTenu
natekca CBsi3aHbl C ero COCTaBOM, KOMMOHEHTbI
KOTOPOro He TONMbKO 06nagarT XOpOoLMMKU af-
re3nOHHbIMM Ka4yecTBaMmn, HO W aKTUBHbI MO OT-
HOLUEHWIO K APYrMM B3aWMOLENCTBUSM, TaKuM
Kak XMMM4eckune B3aMMOOENCTBUSA KOMIMOHEHTOB
mexay cobow 1 ¢ KpucTanmTamu Ha NOBEPXHO-
CTU MeTannos.

3AKNKOYEHUE

lpumeHeHHbIN B HacTosLwWwen paboTe noaxoa
No3BONSET MNPOBECTU aHann3 KOPPO3WOHHOrOo
npouecca Ha nosepxHocTu ctamm CT13, 3aww-
LLEHHON naTekCHbIM MOKpbITMEM. o pesynbTa-
Tam 3KCMEPUMEHTanbHbIX MCCNeaoBaHUN pas-
paboTaHa 9KBMBAneHTHas 3NeKTpuyeckas cxe-
mMa. Cxema yunTbiBaeT HECKOMbKO KOHCTPYKLIWIA:
aKTUBHOE COMPOTUBIEHWE, OTBEYatoLlee 3a ne-
PEHOC 3apsfa Yepes rpaHuLy anekTpos — anek-
TPONUT, a TakKe CONPOTUBMEHUS W €MKOCTU B
anemeHTax Bapbypra n Cotangent Hyperbolic,

}_@

W

Y0 =117 pMho

Puc. 5. dxeusanenmHas cxema ¢ anemeHmom Cotangent Hyperbolic
Fig. 5. Equivalent circuit with the Cotangent Hyperbolic element
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CBSA3aHHblE C 3aMeNIeHHOCTbI0  Anddy3um
3NEeKTPOXUMUYECKM aKTUBHbIX BellectB. Mo-
[ENbHbIA pacyeT, NPOBEAEHHbIN Ha ee OCHOBe,
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MO3BOMSIET OMUCbIBaTb  AKCMEPUMEHTanNbHYH
KPMBYIO B KOOpAMHaTax HenksmcTa npakTnyecku
MOMNHOCTbHO.
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