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OnbIT MOAE/IMPOBAaHUA KPUBOM 06pa30BaHUsA acPa/IbTEHOB
U CHIDKE€HUSI MHTEHCUBHOCTHU UX 00pa30BaHUs NyTeM ONTHMU3 AL U
TEXHOJIOTUH A00bIYH HePTH

I1.10. WnomuH, K.A. BaTkuH, A.B. Ko310B™

Ilepmckull HAYUOHA/IBLHBIT UCCA008AMEALCKULL NOAUMeEXHUYecKUll yHusepcumem, Poccusi, 2. [lepmb

“anton.kozlov@girngm.ru

AHHOTanusa. AKmyasnbHOCMb ¥cCle/l0OBaHUsl 3aK/II0YaeTCs B HeOOXOJUMOCTH M3y4deHUs 0Opa3oBaHMs achajbTeHOBBIX
OTJIOXKEHUU B HedTe00bIBAOLMX CKBaXKMHAX. CpeZii U3BECTHBIX METO/0B 6G0PbOBI C JaHHBIMU OCJI0XKHEHUSIMU HauboJb-
LW UHTEpeC BbI3bIBAET ONTUMU3AIUSA TEXHOJOTHUECKOr0 Ipolecca A06buM HepTH AJisl NpeAynpeXJeHUs] WU CHIDKEHUS
MHTEHCUBHOCTH 00pa30BaHMs JaHHbBIX OTJIOKeHUH. LJes1b: U3y4yuTh BO3MOXXHOCTb MOCTPOEHUsS] KPUBOM 06pa3oBaHUs ac-
dasbTEHOBBIX OT/I0XKEHUH Ha slaGopaTopHO ycTaHoBKe «Wax Flow Loop» U onpeie/IuTh BO3MOXXHOCTb ONTHMU3ALUH TeX-
HOJIOTUH A06bIY1 HeTH C LieJIbI0 peAynpexieHus o6pa3oBaHye JaHHbIX OTJI0XKeHUH. Memodbsl: 1abopaTopHbIe UCCIe10-
BaHus Ha ycraHoBKe «Wax Flow Loop», MoJe/MpoBaHHe Ha OCHOBAaHMM KOMIIOHEHTHOTO COCTaBa HEPTHU B MPOTPaMMHOM
npoaykte «PVTsim», pacuyeThl B MPOrpaMMHOM MpPOAYKTEe «WH)KEHEPHBIH CHMYJSATOP TEXHOJOTHYECKHX IMPOIECCOBY.
Pe3ysaemambl. Ilo pe3ysbTaTaM JJabOpaTOPHBIX HUCCJAELO0BAHUHA U YUCIEHHBIX PacyeToOB MOCTpOeHa KpuBas 06pa30BaHUs
achasbTEeHOBBIX OTJIOXKEHUH, KOPPEKTHOCTb KOTOPOH BalIMAMPOBaHa Ha GpaKTHUUEeCKUX JAHHBIX O 3aKyMOPUBAHUU J06LIBa-
I0lIel CKBaXXKUHBL. BHIOJIHEHHBIN pacyeT BJIUSHHUS YCTAHOBKHU 3JIEKTPOLEHTPOOEKHOTO HAcoCa M WITYLUPOBAHUS CKBAXKH-
HbI Ha KPUBYIO 00pa30oBaHus achaJbTEeHOBBIX OT/IOKEHUH MOKa3aJs, 4YTO NepBas TeXHOJIOTHsS U3MeHeHHUs ITpolecca A00bIuU
HedTH MO3BOJISIET 3HAYUTENHHO CHU3UTh UHTEHCHBHOCTb 00pa30BaHUs acpajbTeHOBBIX OTJIOKEHHH 3a CYET BHECEHUS
JIOTIOJIHUTEJIbHON 3HePTUH. BTopast TeXHOJIOrUsI IMLIb HE3HAYHUTENbHO CMEeLIaeT TepMoOaprYecKye YCI0BUS J06bIYH KU -
KOCTH, YTO He OKa3blBaeT CYyI[eCTBEHHOTO BJIMSIHUSI HAa WHTEHCHUBHOCTb 06pa3oBaHUs acdaJbTEHOBBIX OTJIOMXKEHUH.
Bb1800b1. JlabopaTopHas ycTaHoBKa «Wax Flow Loop» mo3BoJisieT KOppeKTHO GOpMHUPOBaTh KPUBYIO 06pa3oBaHus acdhasib-
TEHOBBIX OTJIOXKEHUH B TUPTOBON KOJIOHHE HEDTEJOOBIBAKOIUX CKBAXKUH. [IpY KOPPEKTHOM MOJIe/IMPOBAaHUU U BBITIOJIHE-
HUH YUCJIEHHBIX PacyeTOB IVTYOUHHO-HACOCHOTO 060PY0BAaHUS METO/bI ONTUMU3AIMN TEXHOJOTUHU JIOOBIYK HEQTH MO3BO-
JISIOT MpeynpeuTh 06pa3oBaHre acajbTeHOBBIX OTJIOKEHUH

KirodyeBble ciioBa: aC(l)aJIbTeHOBbIe OTJIOXKEHHA, CKBa*XHHa, I‘JIy6HHHO'HaCOCHOB OﬁOpyﬂOBaHHe, OIITUMHU3aAL U, Jla60pa-
TOPHBIE KCC/IEeJOBaHHUA
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Hue Ne 075-11-2021-052 ot 24 utoHs 2021 r.) B COOTBETCTBUHU € nocTaHOBJIeHHeM [IpaBuTenbcTBa PP ot 09.04.2010 Ne 218
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Experience in modeling an asphaltene depositions curve and reducing
the intensity of their formation by optimizing oil production technology

P.Yu. Ilyushin, K.A. Vyatkin, A.V. Kozlov*

Perm National Research Polytechnic University, Perm, Russian Federation

“‘anton.kozlov@girngm.ru

Abstract. Relevance. The need to study the formation of asphaltene deposits in oil production wells. Among the known
methods of combating these complications, the greatest interest is in optimizing oil production technology to prevent or
reduce the intensity of the formation of these deposits. Aim. To study the possibility of constructing a curve for the formation
of asphaltene deposits on the laboratory installation “Wax Flow Loop” and to determine the possibility of optimizing oil
production technology to prevent the formation of these deposits. Methods. Laboratory studies on the “Wax Flow Loop“
installation, modeling based on the component composition of oil in the “PVTSim*“ software product, calculations in the
“Engineering Simulator of Technological Processes” software product. Results. Based on the results of laboratory studies and
numerical calculations, it was possible to construct a curve for the formation of asphaltene deposits. The correctness of the
curve was validated against actual data on plugging a production well. The calculation of the influence of installing an electric
centrifugal pump and choke-fitting a well showed that the first technology for changing oil production can significantly
reduce the intensity of the formation of asphaltene deposits by introducing additional energy. The second technology only
slightly shifts the thermobaric conditions of liquid extraction, which does not significantly affect the intensity of the formation
of asphaltene deposits. Conclusions. The laboratory installation "Wax Flow Loop" allows correctly forming the curve of
asphaltene deposits formation in the production tubing of oil producing wells. Methods for optimizing oil production
technology make it possible to prevent the formation of asphaltene deposits with correct modeling and numerical
calculations and selection of downhole pumping equipment.
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BBeaenue

OOpa3oBaHKe OpraHMYecKHX OTIOKEHUH B IIpoliecce
JOOBIMM U TPAHCHIOPTUPOBKH HE(THU SBIISICTCS OAHOMN U3
HanboJiee pacHpOCTPAHCHHBIX MPOOIEM TIpH SKCINTya-
Taly HE(TSIHBIX MECTOPOXKACHUIT HAa TEPPUTOPUH BCe-
ro mupa [1, 2]. OgHuM u3 Haubonee MalOU3yYeHHBIX U
OIIACHBIX OCJIOKHEHHH TpH 100bIde HEe(TH SBIAETCS
o0pa3oBaHue achaabTeHOBBIX OTIOXeHUH [3]. B Mupo-
BOW JIUTEpaType NPUBOJUTCS MHOXKECTBO CBHJIETEIIBCTB
CEepPbEe3HBIX MPOOJEM KaK Ha HA4yalbHBIX CTaIMAX
He(TeJ00bIUH, TaK U HA TO3IHUX, IPHYEM 00pa3oBaHHe
JaHHBIX OTJIOXKEHWH HMeeT MeCTO KaK B IUIACTOBBIX
YCIIOBHSIX, TAaK U B IOBEPXHOCTHBIX [4—6].

AcdanbTeHBI SBISIOTCS CaMBIM TSDKEJIBIM H Han0o-
Jiee TIOJSIPHBIM KOMITOHEHTOM CBIpOH HedTH, o0pasy-
IOIIMMCSI M3 TETEPOaTOMOB, TAKUX KaK KHUCIOPOJ, cepa,
a30T, ¥ METAJUIOB, TAaKUX KaK JKeJIe30, BaHAIUN W HU-

Kemb. VX sapo cocTOUT u3 Ha(QTEHOBBIX TPYII U apo-
MaTHYECKHX YTJICBOAOPOJIOB, MIPU 3TOM OHH PACTBO-
PUMBI B apOMAaTHYeCKUX PACTBOPHUTEIAX, TAKHX Kak
MUPUINH, TOIYOod U T. 1. [7]. Ha cTabunbHOCTH CBIpOi
He(TH BIMSET MHOXXECTBO (PAKTOPOB, CPEAH KOTOPHIX
BBIJICIISIETCSL TEMIIEpaTypa IMOTOKA, NaBICHHE, COCTaB
Heptu [8]. [lockombky cTaOMIBHOCTH ac(anibTeHOB
o0ecreuynBaeTcsi CTENEHBI0 PACTBOPUMOCTH B HE(TH
(v npyroM (romzae), TO IPUMEHEHHE B HACTOSIIEE
BpEeMsl PAa3IMUYHBIX XUMHUECKUX COEIUHEHUH Ui yBe-
JIMYCHUS HEPTEOTAAYH NPOAYKTHBHBIX IIACTOB, TAKUX
KaK 3aKkadka YIJICKHCIOTO Ta3a, MOIU(PHIIMPOBAHHON
BOJIBI, IIEIOYHBIX COCTABOB, MOXKET BEI3BIBATH MHTCH-
CHUBHOC BBIMAJCHUE ac(aJbTCHOBBIX OTIOXKEHHH B
IUTACTOBBIX ycaoBusx [9-11].

UnTencuBHOE ocaxmeHHe ac(aibTeHOB BeEAET K
CHIDKCHUIO TUaMeTpa JTU(TOBON KOIOHHBI M COKpallle-
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HUIO JeOuTa CKBAXHH WM aBAPUUHOW CHTYaI[HH.

Boprba ¢ oOpa3oBaHMEM JaHHBIX OTJIOXKCHUH HMEET

JIBa HAIIPaBJICHUS: yIOaJCHHUE CPOPMHUPOBAHHBIX OTIIO-

KCHUH wnn mpenymnpexneHue. [1ockombKy ynaneHue

ac(aabTEHOBBIX OTJIOXKCHHI SIBISICTCS KpaiiHe TpyHo-

€MKOM 3a1aueil BBUAY UX BBICOKOW IUIOTHOCTU U TBEP-

JOCTH, OOJBIIMHCTBO HEIPOIIOJIF30BATENCH BHEIPSIOT

MEXaHU3MbI TPEAYIPEKICHUS 00pa3OBaHUS NAaHHBIX

omnoxkeHn# [12]. Mertonp! mpexynpexaeHus obpaso-

BaHUs ac(aTbTCHOBBIX OTJIOKCHHH 3a4acTyiO BKIIFO-

4aroT B ce0s:

¢ HEIPCPHIBHOC OO3UPOBAHUC B IMOTOK XUMHYCCKHUX
peareHToB-UHTHOTOPOB. THrHOHUTOPHI achaibTeHOB
MPEAOTBPAIIAIOT arperaluo MOJICKYI ac(paabTeHOB
MW OKa3bIBAIOT BJIIMSAHHEC Ha OABJICHUC (I)JIOKyJ'IHHI/II/I
acaJbTEHOB, CJICJIOBATEIBEHO, OCKJCHHUE achalib-
TEHOB B CTBOJIC CKBA)KHHBI MOXKET OBITH IEpeHece-
HO B cucTeMy cbopa [13, 14];

e HENpEepHIBHOE TO3MPOBAaHHE B MOTOK XUMHYECKHX
peareHTOB-AUCIIEPraTopoB. bompIIMHCTBO OHCHEp-
raTopoB MPEACTABISAIOT COOON HEMOIUMEPHBIC MO-
BEPXHOCTHO-aKTHBHBIC BEIIECTBA, HCIONb3yEeMbIC
UL YMEHBIICHUS pa3mepa (IIOKYIHPOBAaHHBIX ac-
¢danpTeHoBBIX YacTul. OHM HE BIUAIOT HA TOYKY
¢okysiunu achanbTeHOB, HO OHU AWCIECPTUPYIOT
(IIOKYyIHpOBaHHBIC YACTUIBI ac(albTeHOB, YAEp-
JKMBas WX BO B3BCUICHHOM COCTOSHUH B He(QTH
[15];

e 00paboTka MoToKa (GU3MUECKUMH NoJsIMH. Bosnei-
CTBHUEC (1)1/131/1qec1<1/1x HOJE€N MOET BBHI3BATH YMEHb-
[ICHHE pa3Mepa YacTuil acHaJbTCHOB 3a CYET CO-
3IaHMS HOBBIX IICHTPOB KpucTaymmm3armn. [Ipume-
HCHUE yIbTPA3BYKOBBIX BOJIH MMO3BOJISIET CO3/IaBATh
TypOyJICHTHOCTh W KaBHUTAIMIO B MOTOKE, 32 CYET
9ero M3MEHSETCsl CTPYKTypa ac(albTeHOBHIX OT-
JIO)KEHUH U CHIDKACTCS HHTEHCHBHOCTh MX 00pa3o-
Banus [16];

e J100aBlicHWE B MOTOK (uronja HaHodacTull. [lpu-
MEHEHHE HaHOYACTHII CITIOCOOHO MPeayIpeanuTh 00-
pa3oBaHHE OTJIOKCHHUN 3a CYET YJIaBIMBaHHS ac-
(banpTeHOB B MOTOKe 0€3 3acopeHHs HedTenpo-
MBICIIOBOTO O0OPYZOBAaHUS U3-32 MaJbIX pa3MepoB
HaHovactul (1-100 um). Hanouwactuusr agcopbu-
pyrOT acambTeHBl B WX KOJUIOMJIHOM COCTOSIHUH,
IpeAoTBpamasl UX arperamuio, 4To 00ecIeUYnBacT
s¢hdexTuBHOE MpenynpexaecHrue oopa3oBaHus JaH-
HBIX oTIoXkeHui [17, 18];

® 3MEHEHHE TEXHOJOTUYECKUX IapaMeTpOB IKCILIY-
aTanuu He(TenoObIBAIOIIEH CKBa)XHHBI, MO3BOJIA-
IOIIAX CMECTHTh MeCTO 00pa30BaHHs ac(halbTCHO-
BBIX OTJIOXKEHUH B CHCTEMY cOopa.

Iocnenuuii MeTox sBIsACTCA HaUOOJEE TMPEAMOUTHU-
TENBHBIM, ITOCKOJIBKY TTO3BOJIIET MPEAyIpEenuTh obpa-
30BaHHEC ac(arbTCHOBBIX OTIOKEHUH Oe3 3HAYMTENb-
HBIX 3arpaT. s ero peanu3alid B MUPOBOM JTUTEpa-
Type pa3paboTaH MeTO UACHTU(UKAINU 00pa30BaHUs

ac(anbTEeHOBBIX OTJIOKEHUH B TOM WIM WMHOH TOUKe
cucteMbl cbopa. it aToro ucmons3yercs KpuBas 00-
pasoBanus acdansrenoB (asphaltene phase envelope
(APE)) [19, 20]. Ilpu cHmKeHMH OaBICHUS B POLIECCE
100614 He(pTH achaabTeHbl AESCTAOMIM3HPYIOTCS U
BEIMAJIAIOT B ocayiok [21]. Tlo Mepe CHIDKEHMsI TUIaCTO-
BOTO JTABJICHHS HIKE HAYAIFHOTO KOJIMIECTBO (hOPMH-
pyeMbIx acGallbTEHOBBIX OTJIOKEHHH YBEIUIHBACTCS U
JIOCTUTAET CBOETO MaKCHMAJIBHOTO 3HAa4YCHHs, KOIJIa
JABIICHHE TPUOIIKAETCS K JABICHUIO HACHIIICHHS.
[Ipu nanpHelnieM NMajeHUU JaBIIEHUS MHTEHCUBHOCTh
00pa3oBaHus acPaTbTCHOBBIX OTJIOKECHUI CHUKACTCS.
B naHHOI paboTe paccMOTPEH OIBIT MOCTPOCHUS
KpHUBOIi 00pa3oBaHus acalbTEHOB Ul OCIOKHEHHOM
He(TeOOBIBArOIIEH CKBAXXUHBI C Pa3padOTKON peKo-
MEHIAIW{ O ONTHMH3ALUN TEXHOJOTHYECKHX IIPO-
LECCOB JOOBIYU C LENBI0 IPEIYPEIKICHIS HHTCHCHUB-
HOro 00pa30BaHUs OTJIOKEHUN B CTBOJIE CKBaXKHHBI.

MaTepuaJsibl 1 METOAbI

Jns BBITIONHEHHsT JIAOOPATOPHBIX HCCIICTOBAHUIA
HCTOJb30BaNIach npoba HeTH ¢ omHOW M3 Hedremo-
OBIBAIOIINX CKB)XWH PacCMAaTpPHBaeMOro OOBEKTa.
[TnoTHOCT, HE(TU B MOBEPXHOCTHBIX YCIOBHSX CO-
crasusier 861 kr/M®, B mIacToBbIX ycioBusix — 692
kr/m°. Conepxanne B HeTH ac(albTEHOB COCTABIIACT
6,92 %, napapunos — 0,12 %, cmon — 0,93 %, nuHa-
MHUYecKas BS3KOCTh HedTu mnpu 3Tom paBHa 0,37
Mlla*c B muactoBeIx ycnmoBusix. Ilapamerpbl paboThI
LeneBoil HeTe00bIBaIOIeH CKBaXKUHBI MPENCTaBIIe-
HBI B Ta01. 1.

Ta6auya 1. [lapamemper  pabomsl  Hepmedobbisaroujeli
CK8ANCUHbI
Table 1. Parameters of an oil well operation
[TapameTp PasmepHoOCTb Besnnunna
Parameter Dimension Value
Je6ut ckBaxkunbl/0il flow rate M3/cyT (m3/day) 445
06BoaHeHHOCTh/Water cut % 0
JaBnenue | [lnactoBoe/Reservoir 44
Pressure | YcreeBoe/Annulus Mlla/MPa 10,7
l'azoBhlil pakTop/Gas factor M3/T (m3/t) 240
JlaB/ieHMe HacbIIeHUs
Bubble point pressure MIla/MPa 231
IIpoiyKTUBHOCTb CKBaXKMHbI M3 /cyT*MlIla 200
Well productivity m3/day*MPa
[lnacToBas TeMnepaTypa o
. C 120
Reservoir temperature
'ny6uHa nuacra/Reservoir depth M/m 3230

MonenupoBanue napameTpoB paboTsl HePTeI00bI-
BalOIIEH CKBaXMHBI, a Takxke NOAOOp TIIIyOMHHO-
HACOCHOTO OOOPYZOBAaHMS TPOU3BOIIINCE B TIPO-
rpaMMHOM o0ecneueHnr «VH)XXEHEepHbI CUMYyIATOp
TEXHOJIOTMYECKUX MPOLECCOB», B KOTOPOM CO37aHa
MOJIENTb HA OCHOBE PCATBHON CKBAYKUHEI.
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JlaGopaTopHble HCCIEIOBAaHUS BBIMOJHIMCH Ha
ycranoBke «Wax Flow Loop», moapo0OHO omucanHo# B
cratbe [22]. [lng co3manust AaBICHUSI B YCTAHOBKY I10-
JaBajics ra3000pa3HbIil a30T. BEIMONTHEHHBIE HCCTIeI0-
BaHUS 3aKJIIOYAINCh B OINpPEJEIICHUH HUKHEW KpHBOU
o0pa3oBaHus ac(haabTCHOBBIX OTIOKEHHIM.

J171s1 BBITIOJTHEHHUST PAacyeTOB BEpPXHEH KpUBOH 00pa3o-
BaHMS ac(haNbTEeHOBBIX OTIOKEHUI M KPUBOM M3MEHEHHUS
JIABTICHUSI HACBHIIICHHS UCIIONIB30BaH MPOTPaMMHBIN TIPO-
aykt PVTSIim. Jlist 9TOro MCholib30BaH KOMIIOHEHTHBIH
cocTaB (hIIrOU/Ia, MPEICTABICHHBIN B Ta0I. 2.

Ta6auya 2. KomnoHeHmHbwlll cocmas gawuda

Table 2. Fluid component composition

MouJissipHas MounsgpHas
KomnoHeHT [0 KoMmmnoHeHT 1015
Component Molar frac- Component Molar frac-
tion, % tion, %
N, 0,236 JleMUuTHI6€H30J1 0,036
et-Benzene
Co; 2,667 Mapaxcuon 0,186
p-Xylene
HaS 1,568 Merakcuon 0,186
m-Xylene
G 38,648 Oprokcuon 0,183
o-Xylene
Ca 8,425 Cs 2,58
Cs 6,345 Cs 2,325
iCq 1,094 Co 2,185
nCas 3,576 C10-C12 5,892
iCs 1,467 Ci13-Cis 3,873
nCs 2,189 C16-Ci18 2,765
cCs 0,137 C19-C22 2,38
Ce 2,981 C23-Czs 2,214
m-cCs 0,279 C29-C3s 1,505
BensoJs1/Benzene 0,123 C36-Ca7 1,32
cCe 0,224 C48-Ce1 0,952
m-cCe 0,33 Cs2-Cso 0,722
Tosyos/Toluene 0,404

Pe3ysibTaThl pacyeTra

B pesynerare wuccrnemoBaHus NpoObl HepTH Ha
ycranoBke «Wax Flow Loop» momydeHo u3MeHEHHE
JaBIICHUS] BBHIMAZCHUS ac(albTeHOB OT TEMIIEPaTypHI
notoka (puc. 1).

a1
o O O

= N W b
o

acanbTeHos, °C

o

o

y:

Ha nony4yeHHO# 3aBHCHMMOCTH OTYETIUBO BH[HO,
YTO C POCTOM TEMIICPATYpPhl AaBJICHUEC BLIITAACHUS OT-
JIO)KEHUHA TaKKe YBEIWYUBACTCSA. OJTO TMPOUCXOAUT
BBUAY W3MEHCHUS PAaCTBOPHMOCTH ac(aIbTEHOBBIX
OTJIOKEHMH B He(PTH B PA3IMUHBIX TEPMOOAPUUECKUX
ycnoBusx. Tak, Ans yBemHMUSHHS HABICHUS B CHIphE-
BYIO €MKOCTh YCTaHOBKH IIOJIACTCS a30T, YTO U OKa3bI-
BaeT BJIMsSHUE Ha KpuBylo. [lomyueHHast KpuBas sBisi-
eTcs yJacTKOM HIDKHEH KpuBOH oOpa3oBaHMsA acanb-
TEHOBBIX OTJIOXKCHUH WM TpaHHICH cTaOWIN3aIliK UX B
TIaCTOBOM (UIIOH]IE.

Janee Ha OCHOBaHMHM KOMIIOHEHTHOTO COCTaBa
¢dmonma B mporpaMmHoM Tpoaykre PVTSim mpose-
JIEHO MOJENTUpOBaHME BEpXHEW KpUBOM 0Opa3oBaHUs
OTJIOKCHHMI M M3MCHEHHMS NaBJICHUS HachlmeHus. Mo-
JISIUPOBaHUE BEpXHEH KPUBOW B JTAOOPATOPHBIX yCIIO-
BUSX HEBO3MOXKHO, TaK KaK TEXHOJOTHYCCKHE BO3-
MOKHOCTH 000pyZOBaHMsI HE MO3BOJISIOT CO3AATh JIaB-
nenue 6onee 40 MIla u remnepatypy 6onee 100 °C. B
MPOTPaMMHOM TPOAYKTe «HKEHEpHBIH CHUMYIATOP
TEXHOJIOTUYECKHUX MPOILIECCOBY» BBITIOIHEHO MOJAEIHPO-
BaHHE W3MECHEHHS TCPMOOAPHUCCKUX YCIOBHI JBHKE-
HUS IUTACTOBOIO (DIIIOMAA IO CTBOJY MOOBIBAIOIICH
CKBQ)KUHBIL.

C 1enpio npeaynpexacHus TalbHEHIIero 3aKyIo-
pUBaHUS TOOBIBAIOIICH CKBAKUHBI NPHHATO pEIICHHE
pacuera METOJOB ONTHUMH3AIMU MapaMeTpoB J0ObIYN
JUTSL CMEIIICHUS TOYKH O0pa3oBaHUs OTIOXCHUN B CH-
creMy cOopa 1 MOATOTOBKHU NPOAYKIuH. C 3TON 1ETbI0
B IIPOrpaMMHOM IpoayKkTe «HXeHEepHBIH CUMYISTOD
TEXHOJIOTUYECKUX TMPOLIECCOB» BBIMOJIHEH MOAOOD
anekTporeHTpodexxHoro Hacoca (OI[H): DIIHS5-320-
1250 ¢ uvactotoit Bpamenus apurarens 50 I'm. B pe-
3yJbTaTe paC‘IeTHbIﬁ Hanop YCTAHOBKU COCTaBJIACT
1088 metpos, KI1J] nacoca — 48,0 %. YcraHoBka mTy-
Lepa MpUBOAUT K POCTY YCTHEBOI'O JaBIIEHUS B pac-
CManHBaeMOﬁ CKBaXMHE, TPHU 3TOM YBCINYNBACTCA
JIaBJICHHUE BO BCEH CUCTEMeE, BCIICIICTBHE YEro CHUXKa-
eTca ee IeOUT W TemIepaTypa TPaHCIOPTHUPOBKH. B
pamkax paboOTBl paccMOTpeHa YCTaHOBKA IITyIEpa
nuamerpoM 8 MM. Pe3ynbrarhel pacueToB, HaJIOKEHHbBIE
Ha Tpaduk oOpa3oBaHUs ac(abTCHOB, MPEACTABICHBI
Ha puc. 2.
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Fig. 2. Application of technologies to optimize oil production at the target well under consideration

CornacHo TEOPETUYECKHM 3aBHCUMOCTIM MOXKHO
OTMETUTh, YTO HaWOOJBIIAS MHTEHCUBHOCTh 00pa3o-
BaHMA ac(albTEHOBBIX OTJIOXKEHHH HMMEET MeCTO B
MOMEHT JIOCTH)XKEHHS JaBJICHHS HACBILIEHNSA HePTH
MOMyTHBIM HE(MTSIHBIM ra3oM. [IpHuMHBEI 3TOro Mpo-
mecca MOAPOOHO paccMOTpEHH! B TiaBe «Bpemenwney.
CornacHo (akTHUeCKHMM JaHHBIM, paccMaTpHBaeMast
LesieBasl CKBAXMH 3aKyNoOpHiIach ac(aabTeHOBBIMU
OTIOXEHUAMU Ha paccrosHuu 200 M OT ycCTbs, 4UTO
MOJTBEPKIAETCS BBITOJTHEHHBIM MOJIEINPOBAHUEM.

PaccmatpuBasi mogy4eHHbIE JAHHBIC, MOXHO OTMe-
TUTh, YTO ycTaHOBKa B ckBaxuHe OIIH mo3Bomsier
YBEINYNTH JaBIEHHE B CHCTEME, IIPU 3TOM HaOIrona-
eTcs Jydllas AWHAMUKA COXPAHEHUS TeMIepaTypsl
[IOTOKA, II0O3BOJIAIOINASl YBEJIMYMUTh TEMIIEpaTypy Ha
ycthe Ha 20 °C. B crmydae peryaupoBaHusl YCTHEBOTO
CONpOTHBIEHHsA (yCTaHOBKA IINTyllepa) HaOmoaeTcs
YBEJIMUCHHE JABJICHUS NIPU COXpaHEHHM oO0Ieil TuHa-
MHUKH H3MEHEHHs TepMOOapWYeCKUX YCIOBHI TpaHC-
HNOPTUPOBKU KUAKOCTU. MOXHO cHenaTb BBIBOJ, UTO
ycranoBka OIIH mo3BoiMT mpeaynpeauTbs WHTEHCHUB-
HOe oOpa3oBaHHe ac(aTbTEHOBBIX OTIOXKEHHUH B JIM(D-

CITUCOK JIMTEPATYPBI

TOBOW KOJIOHHE, CMellas TOYKY MX BBINAJAECHUS B CH-
cTeMy cOopa IPOLYKIIH CKBaXKUH.

3aki4eHue

B pabote mpencTaBieH ONBIT MOACTUPOBAHUS KPH-
BOM ac(aabTOOTIOKECHUS W IPUMEHEHHSI METOIOB OII-
TUMU3alUN TEXHOJIOTUU AO0OBIYM HePTH Ui Mpeny-
MPEKACHUS HHTEHCUBHOTO 00pa30BaHUs OTJIOKEHUN B
TUQPTOBOM KOJIOHHE JTOOBIBAIONINX CKBXKWH. B pamkax
paboTel TMoKa3aHo, 4uro ycranoBka tuma «\Wax Flow
Loop» crmocobHa KOPPEKTHO OIMPENENUTh TOIBKO HUX-
HIOI0 KPUBYIO 00pa3oBaHUs ac(aJbTEeHOB, UYTO SBIISCT-
Csl CIIEACTBHEM TEXHOJOTMYECKUX OTPAHUYCHHUH II0
naieHuto. Pesynbratel PVT-monenupoBaHusi mo3Bo-
JSIOT TOCTPOUTH BEPXHIOK TPAaHUIy paccMaTphBac-
MOH 30HBI. PaccmaTpuBas MpUMEHEHHE METOJOB Ipe-
IyTpEexXIeHUs 00pa3oBaHUsl OTIOKEHUH, MOXKHO OTMe-
TUTh, YTO YCTAHOBKA IIIyOHMHHOTO 3JIEKTPOLIEHTPOOEK-
HOTO Hacoca I03BOJSIET W3MEHHTH TepMOOapHIecKue
YCIIOBUSL TPAaHCHOPTUPOBKH JKHUIKOCTH U CMECTHUTh
TOYKY MHTEHCHUBHOTO BBIETICHUA ac(albTeHOB B CH-
creMy cOopa M MOATOTOBKH CKBRXKUHHOW TIPOTYKITHH.
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AHHoOTanusA. AKmya/1sHOCmMb UCCiel0BaHUs 00YC/IOBJIEHA TEM, UTO B HACTOSALIEE BpeMsl THIPOPa3phIB IIJIACTa BCe yalle Mpu-
MeHSIeTCS B Ka4eCTBe METO/ia HHTEeHCUPHUKAIIUY MPUTOKA Ha «3PeJIbIX» MECTOPOXKEHUAX C BBICOKOH 0OBOJHEHHOCTBIO CKBa-
*kuH. [loaToMy nepBoHadasibHasA 3PpPEKTUBHOCTb TUPOPa3pbIBa IJIACTA, CBA3aHHASA C POCTOM J0ObIYH HEDTH, CTPEMHUTCA K
HYJIIO, TaK KaK PE3KO PacTET KOJIMYECTBO A00bIBAaeMOM BO/bI. [Ipy 3TOM CyIIeCTBYIOT CKBKHHBI, B KOTOPBIX He HAGIIOAAICS
pe3Kuil pocT 06GBOAHEHHOCTH MOCJ€e NMPOBEJEHNs] IMAPOpa3phIBa IJIACTA, B CBA3M C 3TUM aKTyaJIbHOH fBJISETCA MpobJeMa
Mpe/iCKa3aHus NMOBeJeHUs] BeJMYMHbI 00BOJHEHHOCTH CKBAXKMHBI MOC/Ie MPOBEJEHNs] Ha Hed ruapopaspbiBa miacra. Ljeas
JAaHHOM paboThI 3aKJIIOYAETCSA B CO3/IaHUHU MO/IEJH, TOKa3bIBaIOIIed pOCT 06BOJHEHHOCTH CKBAKMH MPU NMOMOIU QYHKIMH
Baxsn-JleBepeTTa MpU U3BECTHBIX apaMeTpax rUApopasphiBa IJIACTA B TEUEHUeE ro/ja Mocje ero npoeienus. 06seKm: Mo-
JleJib POCTa BeJIMYUHbI 06BOJIHEHHOCTH CKBRXXHMHbI [I0C/IE MPOBE/IEeHMs THApOpa3pbiBa miacta. Memodsl: MoielMpoBaHue 06-
BOZIHEHHOCTH CKBAaXXHH IOCJIe MPOBE/J€HHUs THAPOpa3phiBa IJIacTa Ha si3blKe MporpaMMupoBaHusi Python ¢ Mcnosib3oBaHueM
¢yukiuu bakiu-JleBepeTTa ¢ mocjaeAyoien oleHKOH CX0AMMOCTH CMO/IeTMPOBAHHbIX JJAHHBIX ¢ GAaKTUUYECKUMHU JaHHBIMY,
noJiydeHHbIMU ¢ BaHkopckoro HedTerazoBoro MectopoxaeHus. Peayssmamei. llokazaHo, YTO B TeUYeHUe ro/ia 06BOJHEHOCTD
IJIaBHO yBesinuuBaiack ¢ 12 10 30 %. CXoJUMOCTb CMOZIe/TMPOBAHHBIX U GaKTUUECKHUX JJAHHbBIX cocTaBuia 98 %. 3akaloueHue.
Co3gaHa Mojiesib JJisi oJicYeTa pocTa 06BOAHEHHOCTH Ha CKBAXKHHE MOC/e MPOBEAEHUs Olepaldy MApopa3phiBa IJIaACTa.
BbIcoKasi CXOAMMOCTb CMOJ€JTUPOBAHHBIX U GaKTUYECKUX JaHHBIX YKa3bIBAaeT HA KOPPEKTHOCTh MpUMeHeHUs1 GpyHKIUU Bak-
Ju-JleBepeTTa /sl MO/ICYeTa POCTa 0GBOJHEHHOCTH Ha CKBa)KUHE TOCJIe TPOBe/IEHUs ONlepaliiy r'MApopa3phiBa MIacTa.
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Abstract. Relevance. The fact that hydraulic fracturing is the efficient method for intensifying the inflow in "mature" fields.
But, despite on its efficiency, it can cause unpredictable increase of water cut in a well. In this regard, the problem of predict-
ing the behavior of the water cut in wells after hydraulic fracturing is topical. Aim. To create the model to predict the increase
of water cut in well using the Buckley-Leverett function with known hydraulic fracturing parameters during the year after
hydraulic fracturing. Object. Model of well water cut growth after hydraulic fracturing. Methods. Simulation of water cut in
wells after hydraulic fracturing using the Python programming language, followed by an assessment of the convergence of
the simulated data with actual data obtained from the Vankor oil and gas field. Results. It was shown that during the year the
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water cut gradually increased from 10 to 31%. The convergence of the simulated and real data was 98%. Conclusion. A mod-
el has been created to predict the increase in water cut in a well after the hydraulic fracturing. The high convergence of the
simulated and actual data indicates the correctness of the application of the Buckley-Leverett function to predict the increase

in water cut in the well after the hydraulic fracturing.
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BBeaeHnue

B HacTosiee Bpemst Ui yBennueHus: HedreoTaaun
4acTo UCIojb3yercs ruapopaspbi wiacta (I'PIT) [1-6].
3Oto cBs3aHo ¢ Tem, uyto ['PII mo3Bossier HE TOMBKO yBe-
JTYATh He(TeOoTaady, HO U UHTCHCHU(UIMPOBATH TPH-
TOK He(TH. DTO OOecreunBaeT yBEIWYEHUE CKOPOCTH
J00BIYM He(TH U, KaK CIEJCTBHE, SKOHOMHUYECKOH 3(-
¢dextuBHOCTH MecTopoxkaeHus [7]. Ilpm sTtoM mocrme
npoBeneHus [ PI1 0OBOJHEHHOCT CKBaYKHH MOXKET Pe3-
KO Bo3pactaTh ¢ 1 10 84 % nmbo mIIaBHO YBEIMYHBATH-
cs [1, 8]. B csa3u atum npumenenne ['PIT tpebyer co-
3MaHUs WHCTPYMEHTOB JJIsi IPOTHO3UPOBAaHUS OOBOJ-
HEHHOCTH TI0CJIe TIPOBEACHMs AaHHoH oneparun [8—10].
OmHuM W3 TaKMX HHCTPYMEHTOB SIBISICTCS MOJIEIHPO-
BaHHEe OOBOJHEHHOCTH CKBakuH. Llenpio Hacrosiei
paboThl ABIANOCH CO3JAaHWE MOJECH, TOKa3bIBAaIOUICH
POCT OOBOAHEHHOCTH CKBAXKHH HPH ITOMONIH (HYHKIHU
baxnmu—JleBeperTa, a Takke BepUpUKanusa pazpaboTaH-
HOW MOJIENM ITyTEeM CPaBHEHHUS PE3YJIbTATOB MOJICIHPO-
BaHUs C (DAaKTUUECKHUMH NAaHHBIMH pocTa OOBOJHEHHO-
cti nocne nposeaeHus 1'PII, momydenHsix ¢ Bankop-
CKOT0 He(hTera30BOr0 MECTOPOKICHHSI.

AKTya/IbHOCTB

Bankopckoe HedTerazoBoe MecTOpPOXKICHHE HaXO-
mutcst B paspabotke ¢ 2006 r. [2]. Ha naHHbI MOMEHT
Ha MECTOPOXKJICHUH OOBIBaeTCS HEPTh U3 HECKOJIBKHX
skcrutyaTannonusix oobektoB: i |-, SAx 1-VII, Ca-
IX, Hx-I, Hx-I11-1X [2]. B cBsi3u ¢ Tem, 9TO MECTOPOXK-
JICHHE HaxXOJIWTCS Ha TPEThEH CTaaWu pa3pabOTKH, Ha
HEM TMPHUMEHSIOTCS Pa3iMYHble METOAMKH yBEIHUYCHUS
HedTeoTauM JIIsl COXpaHeHHs o0bun HedTH. B nan-
HOU cTaThe paccMaTpUBAETCs MPUMEHEHUE TEXHOJIOTUU
I'PIT B xauecTBe MeToJa yBenuueHHs HedTeoTnaun Ha
Bankopckom mectopoxaennd. JlanHas TEXHOJIOTHS 10
OoJIbllIel YacTH TPUMEHSETCS Ha 3KCILIyaTalHOHHOM
oobekte HX-l [2], mosTomMy B JanbHEiIIeM B CTaThe
Oy/ieT paccMaTpUBaThCS TOJIBKO JIAHHBIH OOBEKT.

Kak yxxe o603Havanock BhIlie, Bankopckoe mecto-
pOKIIeHNE HaXOAUTCSA HAa TPEThEel cTaauu pa3padOTKH.
Tak kak IaHHasl CTaJHs XapaKTePU3yeTcsl pOCTOM 00-
BOJIHEHHOCTH, puMeHeHue onepaunu ['PII Bneder 3a
co00l1 pe3kuii poCT JoJU J00BIYU BOJBI B 00IIEM ra-
30KUIKOCTHOM IIOTOKE M3-32 HEMPaBUJIBHOTO JW3aiiHa
I'PI1 v momaganusi TPEIIMHBI B BOJOHOCHBIA TOPU30HT.
ITosTOMy nnst WICCIIEyeMOro IuTacTa SIBISIETCS aKTy-

aNnbHON 3a7ada MPOTHO3WPOBAHMS KPUBOH OOBOIHEH-
HOCTH Ttocne nposenenus onepauuu ['PII.

OCHOBHEBIE T€0JIOTHUYECKHE CBOMCTBA U ITOKa3aTeIu
pa3pabotku obbekta HX-l s o0ocHOBaHMS BO3MOXK-
HocTy npoenenus onepauuu ['PII Ha HeM npuBeneHBI
B Tabum. 1.

Ta6auya 1. OcHogHble zeosi02uveckue ceolicmea U nokasa-
meau paspabomku [1, 3]

Table 1. Main geological properties and development

indicators [1, 3]

[lapameTtp/Parameter 3HaueHue/Value

[Topucrtoctb/Porosity, % 19
[IpoHUII@aEMOCTD, MKM?
Permeability, mcm? 0,001
PacuseneHHOCTB 36

Dismemberment

ANeBpOJIUT U apTUJIUT

C IVIMHUCTBIMH IPOC/I0HKaMHU
Siltstone and mudstone

with clay interlayers

l'opHas nopoga
Rock

Tekyiast 06BOAHEHHOCTh

13,02
Current water cut, %
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Ananuzupys T1abn. 1, MOXKHO caenath cieayrolue
BBIBO/JIBI TIO AKCILTYaTallMOHHOMY OOBEKTY:
1. OObekT 0o06namaeT HHU3KOM MPOHUIIAEMOCTHIO, IIO-
3TOMY HEOOXOAMMO MPHUMEHEHHE METOJOB YBEIHU-
4yeHus HereoTnaud, KOTOphle OyAyT yIiydIlaTh
npoHuriaeMoctb o0bekra. C ydetoM paboThl [1]
HauboJsiee MOAXOISAIMMHU HPEICTABISIOTCS TEXHO-
norun I'PII, a Ttaxxe ob6paboTka mpu3aboitHoil 30-
HBI TJIACTa KUCIOTOM.
Hericokoe 3HaueHne 0OBOTHEHHOCTH IENIAET BO3-
MOJKHBIM IIpuMeHenue Texnonoruu I'PIT [7].
Hanuume riaMHUCTBIX NPOMIACTKOB, 3aTPYAHSIO-
IUX pa3pabOTKy MECTOPOKACHUS, B CHIY OTCYT-
CTBHUSI €IWHOW THUAPOJUHAMUYECKON CBS3M, TaKXkKe
nenaet npumeHeHne texHosnoruu [PIT nHambGonee
MOXOJISIIAM METOJIOM JIJIsl YBEIWYCHHUS HePTeOoT-
Jlauu.
C yueroM 0003HAYECHHBIX BhINIEC (PAKTOPOB MpUME-
Henue ['PII xak mMetona yBenwueHuUs HedTeoTnaun Ha
JAHHOM DJKCIDTYaTalliOHHOM OOBEKTE SIBISICTCS OITH-
MAaJIbHBIM.
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Opnako npoBeaenue TexHosxoruu ['PII conpsikeno
C BBICOKMMH OICPAIMOHHBIMH 3aTpaTaMu, MOITOMY
HE0OXOMM TOYHBINM pacdeT JaHHOU omnepaiui. B Hero
BXOJHT OIEHKA SYKOHOMHUYIECKOH d(P(PEKTHUBHOCTH TaH-
HOM npouenypsl. B coorBercTBUM ¢ pabotamu [11, 12]
cpasy nocie nposeaenus ['PIT pe3ko Bo3pactaer a1eOUT
He(TH TPU MPaBIWIHHOM IH3aliHe TpemwuHBl. OTHAKO
CO BpeMeHeM 3(PPEeKTUBHOCTh MPOBEACHHON ONepanun
MOXXET CHHXATbCsA H3-3a MHOTHUX (DaKTOpOB, B TOM
YHCclie U3-3a pe3Koro pocra o0BogHeHHOCTH. [ToaTomy
JUI TIPaBHJIBHOW OLIGHKHU DKOHOMHYECKO 3(hdexTus-
HOCTH JaHHOTO METOJa HEOOXOJMMO IMPOTHO3UPOBa-
HHUE KPUBOH OOBOJHEHHOCTH.

Cy1iecTByeT HECKOJIBKO MOJENel pacuera 100bun
He(TH Ha MECTOPOXKJCHHH, KOTOPBIE OMHUCaHBI B pado-
tax [13, 14]. B naHHO#1 cTaThe paccMaTpuBaeTcs pac-
yeT JoOBIYM HE(TU Ha TOJ IMOCie MPOBENEHUs orepa-
uuu ['PI1, a u3 Hero pacdeT 0OBOAHEHHOCTH JOOBIBae-
MOW TPOIYKIHUH C JOIYIICHHEM TOTO, YTO OOIIHA Je-
06Ut 100bIBaEMOM JXKUAKOCTH HE MEHAETCS ¢ MOMEHTa
nposeaenus onepauuu ['PII. Dtot pacuer Oyner mpo-
W3BOJUTHCA TIpU  TIOMOIM  METOJIUKK  bakies—
Jlepeperta [15, 16]. [lamee aBTOpamMH HPHBOIMUTCS
KpaTKO€ OMHMCAaHWE MOJIENIN pacueTa IBUKECHHUS KUIKO-
ctu no baknero—Jleseperry.

Meronuka bakies—JleBeperra onuchIBaeT
(UIbTpalMi0 OBYX HECMEUIMBAIOMINXCS >KUAKOCTEH
(Boma m HedTH) ¢ MOMOIIBIO CHUCTEMBI An(epeHIHn-
QJIBbHBIX YPaBHEHUH, BBIPAXKAIOIIMX 3aKOH COXPaHEHUS
Macchl [16]. CormacHO MaHHOW MOJENH NENAeTCs II0-
IyLIEHUE, YTO B CUCTEME ABYX MKHUIKOCTEH U IOpPHOHI
MOPOJIbl OTCYTCTBYIOT KalWUIAPHBIE CHIIBL. YKa3aHHOE
JOIyIIEHNEe MOXHO CIIeNaTh Ui JaHHOTO MECTOPOX-
JIEHHSI, TMOCKOJBbKY paccMaTpUBaeMbIid SKCILUTyaTallH-
OHHBI 00BEKT 00JIaaeT OOJNBIION MOPUCTOCTHIO, CO-
rnacHo knaccuukarmu [1.I1. ABnycuna u MLA. L{Bet-

koBoit [17]. Kpome ostoro, wmeroauka bakies—
JleBeperTa mpenmoyaraeT  ClEAyIOMIHE  JOITyIIe-
uus [16]:

® [IOCTOSIHHAs MOPUCTOCTH IJIACTA;
MOCTOSIHHASA TUIOTHOCTh PAacCMaTpPHBAEMBIX >KHJIKO-
CTei;

MOCTOSIHHAsA BSA3KOCTh PAaCCMaTPUBAEMBIX JKHUIKO-
CTCH;

MOPHUCTAs cpejia IIocKas U He AeopMupyemasi.

MeToabl UCC/1eA0BaHUS

IIpoduns noObIBaeMON KUAKOCTH TOCIE MPOBEe-
Hus onepauuu I'PIT paccuuTeiBancs mpu MoMouy Me-
tonukn baknes—Jleseperra. [logpoOHO naHHAsS MeTO-
nuka ommcaHa B [16, 18], mosToMy B maHHOW cTaThe
OHO HE MpuUBOAUTCA. [[omymeHus, KOTOPBIC ENar0TCs
TP UCTIOJIB30BAaHNUHU JAHHON MOJIEIH, OITMCAHBI BEIIIIE.

s MonmenupoBaHus Oblla BBIOpaHAa CKBa)KHHA
Ne 119 ¢ opnocraauwitneiM ['PIT Ha Bankopckom me-
CTOPOXICHUH. AHamu3zupyemas CKBakMHa Oblia BbI-

OpaHa 1O MpUYMHE HAUOOJEE MOJIHBIX JOCTYIMHBIX MO
Hell naHHBIX. JlaHHBIE, HEOOXOAWMBIC IS pacdera
npodwist 100bYM O Metoauke baknes—JleBeperra,
MpeICTaBICHBI B Ta0I. 2 U Ha puc. 1.

KpnBble OTHOCHMTENEHORW Pa30BON NPOHNLAEMOCTH

=
o
L

—— Bopa
—— HedTe

o o o o
¥ Y (=] =]

OTHOoCMTeNbHaA a3oBan NPOHUUAEMOCTb

e
=}
L

0.3 0.4

T
0.5 0.6 0.7

BOOOHACKIWEHHOCTL
Puc. 1.
Fig. 1.

Kpusble omHocumevHoli gpazoeoti npoHuyaemocmu
Relative permeability curves

JaHHble JUI1 TOCTPOEHHSI KPUBBIX OTHOCUTEIBHOU
(a30BOM NMPOHHIIAEMOCTH OBUIM CI'CHEPUPOBAHBI NPH
MOMOIIK IporpaMMHoro komruiekca tNavigator ¢ wmc-
MoJIb30BaHueM Koppensinuu Kopu B COOTBETCTBHHU C
paboramu [19-21]. Jlanee 4YucieHHBbIC NaHHBIE OBUIN
skcroptupoBansl B MS EXcel u ananmusupoBasimcs npu
MOMOIIM CPE/ICTB sI3bIKa MporpammupoBans Python.

Ta6auya 2. BxodHvle daHHble 01 NPO2HO3UPOBAHUS 06800-
HeHHocmu nocae I'PII [1, 3]

Table 2. Input data for predicting water cut after

hydraulic fracturing [1, 3]

[TapameTp 3HaueHHe

Parameter Value
PE.:ICCTOHHI/Ie MeXAy CKBaXKUHAMU, M 500,000
Distance between wells, m
Bsskoctb HedTH, MIla*c/0il viscosity, mPa*s 0,700
BsizkocTb Bogpl, MIla*c/Water viscosity, mPa*s 0,570
Koaddunuent oxsara/Coverage ratio 0,852
[MopucrocTs, A.eA./Porosity, units 0,190
JddexTHBHAA TONIMHA IJIACTA, M 6.900
Effective formation thickness, m ’
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Berurciienrne npou3BOAMIOCH M0 GopMyiam, mpe-
CTaBJIeHHBIM B pabore [15].

Ha mnepBoM »sTame mpoOM3BOIMIOCH MOCTPOCHHE
¢byukuuu baknes—JleBeperTa B cOOTBETCTBHU C (HOP-
mymoi (1):

Ky(S)
Kp(S)+2 K ()’

Hu

f(8)= @
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rae f(S) — dyuxuns baknes—JIeseperta; K,(S) — 3a-
BHUCHMOCTb OTHOCHTENBHON MPOHUIIAEMOCTH IO BOJIC
oT BoJOHAchIeHHOCTH; K, (S) — 3aBHCHMOCTH OTHO-
CHUTENBEHON MPOHUIIAEMOCTH 10 HE()TH OT BOJOHACHI-
HIEHHOCTH; [, — BSI3KOCTh BoAbl, Mlla*c; p, — Bs3-
KocTh He(TH, M[1a*c, S — BOJIOHACKHIIIIEHHOCT, 1. 1.
s noctpoenus (ynkuun bakies—JleBeperta 3aBu-
cumoctn K,(S) m K, (S) ObuUmM anmpoKCUMHPOBAHBI
ypaBHeHUsAMU 3 U 4 creneHU. UnClieHHbIE 3HAUYEHUs OT-
HOCHUTEJIbHOM NPOHUIIAEMOCTH, KOTOPBIE allpOKCUMUPO-
BaITNCh, KaK YK OBUIO OMKCAHO BBIIIE, OBUTH ITOTYYCHBI
npu nomouu koppersiuu Kopu. Ilocne storo nomyuen-
HbIC ypaBHEHUs ObLIM TOJICTAaBIICHBI B ypaBHeHHE (1) 1
MOCTpOEHAa KPHBAsl, PENICTABICHHASI HA PHC. 2.

OyHKUKUA baknu-IlesepeTTa

1.0+

0.8 1

0.6 1

0.4 1

0.2 4

®yHKUMA Baknu-JlesepeTTa

0.0+

0.‘4 0:5 0.‘6
BoLoackILLEeHHOCTh

Puc. 2. ®yHnkyus bakaes-/lesepemma
Fig. 2.  Buckley-Leverett function

0.3 0.7

Janee x moCTpoeHHOM KpHUBOW MPOBOJMJIACH Kaca-
TeNbHas W3 TOYKH, COOTBETCTBYIOIIEH 3HAUYCHUIO
HaCBHIIIEHHOCTH CBA3aHHOM BOJBI. IloMCK TOukM Kaca-
HUS Ipou3Boausicss meronaMu HploToHa B COOTBET-
CTBHU C paboToii [22] ¥ MOJOBHHHOTO NIENICHHUS OTPE3-
KOB B COOTBETCTBHH C padotoii [23].

[anee mnpom3BogmicS pacdeT BPEMEHU JOOBIYH
He(TH, 32 KOTOpOe OOBOJHEHHOCTh HE OyIET MEHATh
CBOE 3HA4YeHHE, B COOTBETCTBUU C pabortoit [15] mo

dbopmye (2):
Va

_ _ mmhrd
afrSs)  afr(ss)’

’ )
rae t* — Bpems 0e3BOJHOTO mMepuoaa noosrau HedTw,
cyt; V, — o0beM mop miacta, OXBaYCHHBIX 3aBOJTHCHU-
eM, M, M — [OPHCTOCTb, J. eil.; h — OXBaueHHAs 3a-
BOJHCHHEM TOJNIIMHA IUIACTA, M; T;, — pajnyc KOHTypa
miranus, M; f'(S,) — 3HaUeHWe TPOM3BOJHON (QYHK-
mun bakmu—JleBepeTTa B TOYKE BOJOHACHIIICHHOCTH
Ha (pOHTE BBITECHEHHS BOJIOH; g — NeOUT He(TH TO-
cie nposenenus ['PII, t/cyT.

Janee MPOU3BOAMICS pacyeT CIACAYIOLIMX MOoKa3a-
Teseil: 0OBOAHEHOCTh MPOAYKIMM, CYTOYHAas 0ObIua
HE(TH U BOJIBL.

Pacuer 0OBOJHEHHOCTH MPOM3BOIUIICS B COOTBET-
cTBUU ¢ pabotoii [15] mo popmye (3):

fi(s t*
L _ 3)

frSs) t
rae f'(S) — 3HadeHwe mpousBomHOM (yHKIMH ba-
kies—JIeBepeTTa B MOMEHT BpEMeHH i, CyT.

[anee 3amaBaincs neproj BpeMeHu t, KOTOpbIid B JaH-
HOH CcTaThe COCTaBUII TOJ. 3aTeM ATO BpeMsl OBLIO pasjie-
JICHO HA PaBHBIC MPOMEXKYTKH, U IO 3TUM 3HAUYCHUSIM
HaXOMWINCh 3HAYEHHs npousBoaHoi f'(S), nanee Haxo-
JWJIACH 3HAUYCHUS BOJOHACHINIEHHOCTH B ITHUX TOUKAaX.
Mo HuM ompenensMch 3HA4YeHHs QYHKIMK bakies—
JleBeperTa, oKka3bIBatoIIHe OOBOJHEHHOCTh TIPOAYKIIHH.

Hanee, B coorBeTcTBHU ¢ pabotoit [15], Haxomu-
Jach cyTouHas 1o0s14a HedTH mo dopmyite (4):

qw =q - (1= B). (4)

3areM, B COOTBETCTBUHM ¢ pabotoii [12], Haxomau-
Jack CyTo4Hast 100br4a Bojsl 1o hopmyie (5):

4 =q"p. (5)

CX0OMMOCTh TONYYEHHBIX PE3YJBTaTOB OICHUBA-
J1ach B COOTBETCTBHH ¢ paboroii [23] mo dhopmyite (6):

x = (1 _ .Bpeaan_Bpac'-l) * 100%’ (6)

ﬁpeam’H
rae X — CXOAUMOCTDH MPAKTHYICCKUX U CMOJCIIUPOBaH-
HBIX 3HAYEHUH, %0; Bpean,n — PEATbHAS OOBOIHEHHOCTS,

A. € Ppacy — PacueTHas OOBOJHEHHOCTb MO BCEM
CKBa)XMHAM, 1. €]I.

Pe3ybTaThl

B T1abn. 3 npencraBneHpl 3HaUYCHUS, HEOOXOIMMBIE
JUI TaJbHEHIINX pacueToB MoKa3areneil 0OBOJHEHHO-
ct, OEe3BOJHOrO Tmepuoja Jo0buM HeTH, JOOBIYH
He(TH U BOABI AIIEMEHTA TI0 CyTKaM. JlaHHbIe 3HAYEeHUS
OBbLIM TOJTy4YeHBI rpado-aHATUTHIECKUM CIIOCOOOM.

Ta6auya 3. Pacuem nokaszamesell 045 pewleHus 3adavu
npo2HO3Upo8aHus 06600HeHHOCMU

Table 3. Calculation of indicators for solving the problem

of forecasting water cut

3HayeHUe
Value

[TapameTp
Parameter

3unavyeHue GpyHKIUU bakiau-JleBepeTTa B TOUKe 0,43
BO/IOHACBIIEHHOCTH Ha ppPOHTE
Value of the Buckley-Leverett function at the water

saturation point at the front

BojoHachileHHOCTh Ha PPOHTE BhITECHEHHSI BOJOM 0,48

Water saturation at the water displacement front

3HaveHUe Npou3BoJHOHN PyHKu MM Bakin-JleBepeTTa 1,89
B TOYKe BOJJOHACBIIEHHOCTH Ha QPOHTE
Value of the derivative of the Buckley-Leverett func-

tion at the water saturation point at the front
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Io popmyne (2) paccuuTHIBATIOCH 3HAYCHHUE L, KOTO-
poe coctaBwio 25 cyTok. [lanee Mpou3BOAMIICS pacuer
0OBOZIHEHHOCTH Ha cleaytomuii roj. ['paduk oOBoaHEH-
HOCTH Ha TaHHBIH ITEPHO]] IPEICTABIICH Ha PHUC. 3.

Ipathuk obBOAHEHHOCTW

0.300

0.275

Ob6BOOHEHHOCTb
o =] =]
N N N
o N w
[=) w [=]

o

=

~

w
L

0.150 A

0.125 4

T T T T
200 250 300 350

CyTKNn
Puc. 3. 06800HeHHOCMb hocsae npogederusi ['PI1
Fig. 3. Water cut after hydraulic fracturing

T T
50 100 150

I'paduku cyTouHO# MOOBIYM HE()TH U BOJBI MOCIE
nposenenus ['PI1 npencraBnens Ha puc. 4, 5.

Mpocnnb fobblum Hed T

180

170 A

160 +

150 A

Oebut HedTw, T/cyT

140 4

130 §

T T T T T
50 200 250 300 350
CyTKK

Puc. 4. T'paguk do6biuu Hegpmu nocae nposedernus I'PI1
Fig. 4. Oil production schedule after hydraulic fracturing

T T
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o -

Taxxe B maHHON paboTe CyMMHpPOBAaHHMEM IOOBIYH
HEe(TH 3JIeMEeHTa 3a MPOMEKYTKH BPEMEHH, Ha KOTOpPBIE
Obul paszzeneH roj, ObUIO PAacCUUTaHO, CKOJIBKO TOHH
HedTH OyneT JOOBITO U3 CKBXKUHBI ITOCIIEC TIPOBEICHUS
I'PII. Ota BenmuwmHa coctaBmna 1358 T 3a uccneayemsii
MIPOMEKYTOK BpeMeHHU. PacueT He MpUBOAUTCH.

Mpodune pobblyn BOAbLI
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35

Debwut BOObI, T/CYT
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25 4
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Puc. 5. T'paguk do6bruu odvi nocsae nposedenus I'PIT

T T
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Fig. 5. Water production schedule after hydraulic fractur-
ing
06cyxaeHue

B nanHoit paboTe paccMaTpuBanach IPUMEHUMOCTb
OLIEHKH OOBOIHEHHOCTH NOOBIBAEMOM KUIKOCTH I1OCIIE
npoBenenuss ['PII mpu nomomum wmetona baknes—
JleBeperta. [IpuMEHMMOCTh OLIEHMBAJIACh MPHU TTOMO-
1 CpaBHCHI/IH JaHHBIX, HOqueHHLIX HpOFHO3I/IpOBa—
HUEM OOBOJHEHHOCTH IIPH IMOMOIIHM MeTona bakmes—
JleBeperTa, M nmaHHBIX ¢ BaHkopckoro mectopoxie-
HUA.

B Tab6n. 4 npeacraBneHbl (pakTHUECKUE NaHHBIE 110
00BOJIHEHHOCTH JOOBIBAEMOM JKHIKOCTH IMOCIIE MPOBe-
nenust ['PII, momydyennsie ¢ 119 ckBaxuns! [2], man-
HbIE, KOTOPbIC OBUTH TOJIYYECHBI ITPU MOMOIIN MOJICITH,
CO3JJaHHOW aBTOpaMH, a TaKXe CXOJUMOCTh JTaHHBIX,
paccuuTanHas 1o ¢popmyie (6).

Ta6auya 4. CpagHeHue paciemHbiX U NPAKMUYeCKUX Noka-
3amedeti 06800HeHHOCMU [2]

Table 4. Comparison of calculated and practical indica-
tors of water cut [2]
dakTuue- ﬂaHHbIe, noJiy4eHHbIe MO- CXOAH_
CyTku MOCTb
Days CKHeE JaHHbIe ,[L.eJIl/IpO.BaHI/[eM Converg
Real data Simulation data
ence
0 0,12 0,12 100,00
36,5 0,12 0,13 98,87
73 0,23 0,19 95,42
109,5 0,23 0,22 98,53
146 0,24 0,24 99,61
182,5 0,24 0,25 98,57
219 0,25 0,27 98,33
255,5 0,27 0,28 99,15
292 0,30 0,28 98,21
328,5 0,30 0,29 98,22
365 0,31 0,30 97,67
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B Tabn. 4 moka3zaHo, YTO MaKCUMAaJIbHOE PaCXOXK-
JICHHE TIOCTPOCHHOM MOJIeNM ¥ pPeajbHBIX JaHHBIX
BHIHO Ha 73 cyTkaxX. Tarkke HEOOXOJAMMO OTMETHUTH,
9TO €CIIM CPaBHUBATH OOIIYI0 JOOBIUY 3a TOJ, TO CXO-
JUMOCTh PacueTHOW M peaNbHON OOBOJHEHHOCTH CO-
craBmia 98 %. Takum oOpa3oM, HECMOTpS Ha JOIY-
HICHUs, KOTOPBIE B ce0s BKIIFOYAeT MeTonuka bakies—
JleBepeTTa, OHA TOKAa3bIBAET BBICOKYIO CXOAUMOCTH C
(axkTuyeckuMu naHHBIMH. s Gojlee TOYHOW OICHKH
MMOCTPOCHHON MOJENH IUIAHUPYETCS CMOJACIUPOBATH U
CPaBHUTH OOJIbIlIee KOJHMUYECTBO CKBAXKUH, YTO SIBJISET-
csl TEMOW HaJbHEHIIMX HccienoBanuii. HeoOxomumo
OTMETHUTb, YTO JJISI HEKOTOPBIX MECTOPOKICHUH U JKC-
IUTyaTallMOHHBIX OOBEKTOB JIOMYIICHUS, KOTOPbIE
BKJIOYAET B ce0sl JaHHAS MOJIENIb, MOTYT OBITh HENPH-
MeHuMbl. Hammpumep, B cooTBeTCcTBUU ¢ paboToit [13],
JUTSL SKCILTYyaTallMOHHBIX OOBEKTOB ¢ HU3KOM IPOHUIIA-
€MOCTBIO, B KOTOPBIX KalHJUIIPHBIC CHIIBI OYIyT OKa-
3bIBaTh OOJIBIIOE BIMSHHE HAa IBIDKCHHE >KHUAKOCTH,
MOJIENTb MOXKET IIOKa3bIBaTh OoJiee HU3KYIO CXOIH-
MocTb. [lo MHEHHIO aBTOPOB, AJISl pEIIeHUs JaHHOMN
Mpo0OJIeMBI 11eJIecCO00Pa3HO HCIOJIB30BaTh Oosee 00-
e TOAXOBI, KOTOPBIE HE 3aBUCST OT KOJUIEKTOPCKHIX
CBOMCTB 3KCIUTyaTal[MOHHOTO oObekta [24, 25].
B wactHOCTH, B cooTBeTCTBHU € paboToii [26] MOXKHO
HCTIOJIF30BATh METOMUKH MAIIMHHOTO OOyUYCHHS IS
MpesicKa3aHusi OOBOJHEHHOCTH Yepe3 OmpeseseHHbII
MPOMEXKYTOK BpeMeHH. JlaHHas 3a/ava sBisieTcs 3a/1a-
Yell TpeacKa3aHus BpEMEHHBIX psimoB [26].
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HckpoBoe my1a3MeHHOEe clieKaHue 06’beMHbIX MaTepPHAJIOB Ha OCHOBe SiC
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AnHOTanua. AKmyabHOCMb Uccie[j0BaHUsl CBs3aHa C IIOMCKOM NyTeM I10JIe3HOr'0 MCNO/Ib30BaHUSA YIJIEPOJUCTBIX OCTAT-
KOB TepMHYeCKOH nepepaboTKH pHCOBOM IlIeJyxy, KOTOpble M3-3a BbICOKOTO COJiepKaHHUsl KpeMHUS B HeOpraHW4YecKol 4a-
CTH NOTEHLUAJbHO MOTYT ObITh IPUMEHEHBI JJISl MOJIy4eHUsI Kap6uJa KpeMHUs — BaXXHOro GyHKIMOHAJbHOTO MaTepHasa
JJISl pa3/IMYHBIX 06J1acTell HayKU U TexHUKMU. [losle3Hasa yTUIM3alus TaKOro pojia OTXO/J0B MO3BOJIUT He TOJIBKO PelluThb
3KOJIOTHYECKYI0 Tp0o6J/ieMy, CBI3aHHYIO € UX HeaQPeKTUBHBIM UCNO/b30BaHHEM U 3aXOPOHEHHEM, HO U NOJIYYUTh M0JIe3Hble
NPOAYKTBI B BUJle 06’beMHBIX KeEpaMHUUeCKUX U3/leJIMH Ha OCHOBe Kapbuja kKpeMHus. Ljes1b: nosyduTb 06'beMHble U3Jeus
Ha ocHoBe SiC U3 yr/1epoJUCThIX OCTAaTKOB TepMUYECKOH Nepepab0oTKU pUCOBOM LIeJyXyu METOAOM UCKPOBOTO MJIa3MEHHOT0
CreKaHUsl C MUHUMa/bHBIM KOJIMYEeCTBOM JOMOJHUTENbHBIX 3TalOB 06pabOTKH UCXOJHOTO ChIpbs. O6B€KMmMbl: 060 beMHble
n3genus Ha ocHoBe SiC, mosiyyeHHble C MCNOJIb30BAaHHEM YIJIEPOJAUCTBIX OCTaTKOB TepMHUYeCKON NepepabOTKU PUCOBOM
umesyxu. O6pasipl MoJyyeHbl METOL0M HCKPOBOTO JIa3MEHHOr0 cliekaHust npu Temnepartype 1800 °C, saBienuu 60 Mlla u
BpeMeHHU BbiiepKH 10 MUHYT. Memodbsl: HCKPOBOe IJIa3MeHHOe ClieKaHHe; peHTreHOBCcKas AudpakToMeTpus (peHTreHo-
¢$a3oBbIl aHa/IN3); CKAHUPYIOLIAs 3JIEKTPOHHAsA MUKPOCKONHUS; 6e3BaKyyMHbIH 3JIeKTPOJYyroBOi MeToJ CUHTe3a. Pe3y./1b-
mambult. [IpoBe/ieHBl 3KCIIepUMeHTa/IbHbIe UCCJIe[JOBAHUA 110 OLleHKe BO3MOXHOCTH MPSIMOT0 UCIO0JIb30BaHUSA YTIJI€POJUCTO-
ro oCcTaTKa TePMUYeCKOH NepepaGoTKHU PUCOBOH LieJyxH B KaueCTBe NpeKypcopa AJs CHHTe3a Kap6uja KpeMHHs B 06'beM-
HOM (KepaMuKa) U AucnepcHOM (nopouiok) Buje. PeannsoBaHa cepysi 3KCIEPUMEHTOB 110 UICKPOBOMY IIJITa3MEHHOMY CIeKa-
HUIO YTJIepOJJUCTOr0 OCTAaTKa TEPMHUUYECKOH NepepaboTKU PUCOBOM LIeyxHU B UCXOJHOM U pa3MOJIOTOM BHJE, C 06aBKaMHU
KBapueBoro necka SiOz, a TaKXe € UCNO/b30BaHHEM NOPOIIKOB Ha OCHOBe Kap6u/Jja KPeMHHUs, CHHTE3UPOBAHHBIX U3 yrJle-
pPOANCTOro ocTaTKa 6Ge3BaKyyMHBIM 3JIEKTPOAYTOBBIM MeToAoOM. [lociesHUH OCyLiecTB/ASETCS B XOZe OJHOCTAaJUHHOIO
OBICTPONPOTEKAIOIIETO MpoLiecca B BO3AYIIHOHN cpesie U He TpeGyeT NpHMeHeHHs] CUCTeMbl BaKyyMHUpoBaHUs. C ero nomo-
IbI0 MOJIyY€eHb! JUCIEPCHbIE MPOAYKTHI C CoJlepKaHreM Kapbuaa kpeMHus cBbilie 60 mMac. %. [IpegBapuTesibHbIE pe3yJib-
TaThbl MPOJIEMOHCTPHUPOBAJIN BO3MOXKHOCTD IOJIy4YeHHUs 00bEMHBIX U3/JeJIUH U JUCIEPCHBIX TOPOLUIKOB HAa OCHOBe Kap6uja
KpeMHHUs c cojiep>kaHreM He MeHee 50 1 60 Mac. %, COOTBETCTBEHHO, U CBUJIETEJNbCTBYIOT O NepCNeKTHUBaxX AajlbHellIero
MOBBIIIeHUs] $a30BOH YHUCTOTHI 3a CYET ONTHMH3ALUH MPOLECCOB HCKPOBOIO IJIa3MEHHOI'0 CIIeKaHUS U 6e3BaKyyMHOTO
3JIEKTPOJyTOBOTO CUHTE3a.

KmodyeBble coBa: kap6u/ KpeMHUs, HCKpPOBOe IJIa3MeHHOe ClleKaHHe, 00'beMHble MaTepHaJibl, YIIepoAUCTbIN O0CTaTOK,
JlyrOBOH IJIa3MeHHbIN pa3psiji, 6e3BaKyyMHbIH CHHTE3

BiiarogapHocTH: VcciiejoBaHMe BbINOJIHEHO NTPY GHMHAHCOBOH noAAep>kke MUHHCTepCTBa HAYKU U BbICIIEr0 06pa30BaHUs
Poccuiickoit ®epepaunu (mpoekt Ne FSWW-2023-0011). B pa6oTe npumMensiock o6opyaosanue LKII HMHT TITY.

Jna nuTupoBaHuUs: VcKpoBoe NJja3MeHHOe ClleKaHHe 00'beMHBbIX MaTepHasoB Ha ocHoBe SiC M3 yrjepofAUCTOr0 ocTaTKa
TepMHYecKol nepepaboTku pucooi menyxu / U.U. lllanenkos, J.C. Hukutus, A. Haceip6aes, A.U. [lummepman, 10.J1. lla-
HeHKOBa, A.B. Biacos, Af. Tak, A.C. Caiiram // U3BecTusi TOMCKOro NMOJIMTEXHUYECKOI'0 YHUBepcUTeTa. UHXXKUHUPUHT Te-
opecypcoB. - 2024. - T. 335. - Ne 4. - C. 22-33. DOI: 10.18799/24131830/2024 /4 /4513
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Spark plasma sintering of SiC-based bulk materials from carbonaceous
residue of rice husk thermal processing
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Abstract. Relevance. The search for a useful application of carbonaceous residues of rice husks thermal processing. These resi-
dues due to high silicon content in the inorganic part can potentially be used to produce silicon carbide - an important functional
material for various fields of science and technology. Useful utilization of this waste will allow not only solving the environmental
problem associated with their inefficient application and formal disposal, but also obtaining value-added products in the form of
SiC-based ceramics. Aim. To obtain SiC-based bulk products from carbonaceous residues of rice husk thermal processing by
spark plasma sintering with a minimum number of additional stages of feedstock processing. Objects. SiC-based bulk products
obtained using carbonaceous residues of rice husk thermal processing. The samples were obtained by spark plasma sintering at
1800°C, pressure of 60 MPa and holding time of 10 minutes. Methods. Spark plasma sintering; X-ray diffractometry (X-ray phase
analysis); scanning electron microscopy; vacuumless arc discharge synthesis method. Results. The authors have carried out the
experimental studies to assess the possibility of applying carbonaceous residue of rice husk thermal processing as a precursor
for the synthesis of silicon carbide in bulk (ceramics) and dispersed (powder) forms. A series of experiments on spark plasma
sintering of carbonaceous residue from rice husk thermal processing in the initial and milled form, with SiO2 silica sand addi-
tives, as well as with the use of silicon carbide powders synthesized from carbonaceous residue by vacuumless arc discharge
method were implemented. The latter is performed within a one-stage fast-flowing process in an air environment and does not
require the use of a vacuum system. Preliminary results demonstrated the possibility of obtaining bulk products and dispersed
powders based on silicon carbide with a content of at least 50 and 60 wt %, respectively, and indicate the prospects of further
increasing phase purity by optimizing spark plasma sintering and vacuumless arc discharge synthesis.

Keywords: silicon carbide, spark plasma sintering, bulk materials, carbonaceous residue, arc discharge plasma, vacuumless
synthesis
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BBegeHne UEHT TeruioBoro pacurupenus [4]. Io sto#t mpudmze
Kepamuueckne MaTepwansl B BHIE OKCHIOB, Kap-  SiC Ha HpOTSHKEHHM MHOTHX JIET HPUBJIEKAET BHHMA-
OunoB, GOPUIOB ¥ HUTPHIOB 3aPEKOMEH/IOBAIM Ce0sI B HHE HCCICAOBATENeH U HCMOJNB3YeTCs B Pa3IHYHBIX
MHOTOYHCIIEHHBIX c(epax HNPOMBIIUIEHHOCTH, B 0CO-  00JIacTsAX IPOHM3BOJCTBA, OT aOpa3sHBHBIX MAaTEPHANIOB,
OEHHOCTH TIpH pPabOTE B 3KCTPEMAIBHBIX YCJIOBHAX  H3HOCOCTOMKOW M YKapOCTOMKOW KEPaMHKH IO paaua-
JKCIUTyaTalllH, IIPY MOBBIMICHHBIX TEMIIEPATYpaxX, M-  IIHOHHOCTOMKMX KOMIIO3MUTOB U Ppa3JIM4YHBIX BHJOB
XaHUYECKOM, XUMMYECKOM M PaJUAlMOHHOM BO3Jei- OuomarepuanoB u Ouokepamuku [5-7]. Kpome Ttoro,
creun [1-3]. Cpenmu psiga KepaMHYECKHX MATEPHANOB  KapOW KPEMHHS SBISETCS IIEPCIEKTUBHBIM MOJIYIPO-
BhIIeNsieTCs Kapoua kpemuus (SiC), KOTOpBIH o0naga-  BOJAHMKOBBHIM MaTE€PHAIOM, Ha OCHOBE KOTOPOIO BO3-
€T COBOKYNHOCTBIO TAKMX BBINAIOLIMXCS CBOMCTB, KAK  MOYXHO W3TOTOBIJIEHHE YCTPONCTB CHIIOBOW M BBICOKO-
BBICOKAs TBEPJOCTh, HU3KAS IUIOTHOCTH, XOPOIIAsl U3-  TEMIIEPaTypHOU 3JeKTPOHHUKH [8].
HOCOCTOHKOCTh, XUMHUYECKas CTAOWIILHOCTh TIPH BBI- Paznuunbie crpyktypsl SiC mpuBiekin 0onblioe
COKMX TEMIIepaTypax, BBICOKas TeMIlepaTypa IUIaBlIe- BHHMaHWE 0Jarofaps CBOMM IPEBOCXOMHBIM XapakTe-
HUSI ¥ TEIUIONPOBOJHOCTh, a TAaKXKe HU3KUH K03(pdu- pucTrkaMm U GOJBIIOMY MOTeHIHANy mpumeneHus [9].
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Muxkpo- u HaHopa3MepHble yacTulbl SiC MPUMEHSI0T-
Cs B KaueCTBE apMHPYIOIIETO KOMIIOHEHTA I Kepa-
MHYECKHX, METAJUTHYECKUX M KOMIO3HIIMOHHBIX MaTe-
PHAJIOB [UIS YIIYYIICHUS] H3HOCOCTOMKOCTH, TBEPOCTH,
MPOYHOCTH W yAapHOW Bsi3koctu wm3menwmid [10, 11].
Kpome Toro, u3BecTHO, 4TO CTPYKTYphl Ha ocHOBe SiC
AKTUBHO HCIOJB3YIOTCS B KATAJMTHYSCKUX IPUIIOKE-
HUSIX, HAIIPUMEP, B KAUECTBE MaTepHana-HOCUTEIIS ISt
JJIEKTPOKATAIN3aTOPOB B IPSIMBIX METAHOJBHBIX TOII-
JIMBHBIX dJ1eMenTax [12, 13].

B cuny akTyambHOCTH TNPUMEHEHUS Pa3IHYHBIX
CTPYKTYp KapOuaa KpeMHHsI B MHOTOYHCIICHHBIX 00J1a-
CTSIX HAYKU U TEXHUKHU UCIIOIB3YHOTCS pa3HOOOpa3HbIe
TEXHUKK M moaxonsl. s cunresa wactui SiC cero-
JIHsI 3a/ICHCTBOBAHBI TAKUE METOJIbI, KaK BBICOKODHEP-
TeTHYECKUI MTOMOJI B IIapoBOM MenbHuIle [14], xumu-
yeckoe TpaBieHue [15], cuHTe3 B mpomecce ropeHus
[16], kapGoTepmuueckoe Boccranoienue [17], 30ib-
reas meron [18], ummynbcHast asepras abmsmums [19],
XMMHYECKOE OCaxaeHue wu3 mapoBou cpenst [20],
asMoxumuueckue metoast [21, 22]. Tpu Bcem o6u-
JUM Pa3HOOOpa3HBIX TEXHWK I CHHTE3a KapOuaa
KPEeMHHsI CYIIECTBYET MpobieMa MOTHOIEHHOTO HC-
MOJIb30BaHMS YHUKAILHONH COBOKYIMHOCTH (hU3MUSCKIX
xapaktepucTHK SIC BCIEACTBHE CIIOKHOCTH IOJIy4e-
HUsI KAYECTBEHHBIX HAHO- M MHKPOCTPYKTYp, 3arpsi3-
HEHHUH U rpyOOH AMCIEPCHOCTH MOIY4aeMOT0 POIYK-
Ta, SHEPro3aTPaTHOCTH W MHOTOCTATUAHOCTH HCIIONb-
3yembIx Metoauk [23]. B cBsi3u ¢ MM (yHIAMEH-
TaJbHOW HAy4YHOW 3ajauell sBiseTCs pa3paboTka HO-
BBIX TIOJXOIOB JUIS MOTyYeHHs KapOuaa kpemuust [24].

Cpenu npecTaBlIeHHBIX BBIIIE TTOIXO0B BBIAEIS-
FOTCSI METOJIbI, HAIPaBJICHHBIC HA IIOJNyYCHUE YACTHUI]
KapOuaa KpeMHHS TPU KCIONB30BAHMM B KauyeCcTBE
MPEKYPCOPOB  OTXOJO0B PA3JUYHBIX 00JacCTeH IPO-
MBIIICHHOCTH, B TOM YHCJE DJICKTPOHHON MPOMBIIII-
JICHHOCTH, CEJIbCKOT0 X03SHCTBA U T. [I., B CHIIY 3KOJIO-
TMYHOCTH JAAHHOTO MOAX0Aa. MHOTHE MOIXOIbI OCHO-
BaHbl HAa HCIIOIb30BAHUHM PA3IMYHBIX CEIbCKOXO35Ii-
CTBEHHBIX U OMOJIOTUYECKHUX OTXOA0B 11 cuHTe3a SiC
B OCHOBHOM METOJIOM KapOOTEepMHUYECKOr0 BOCCTAHOB-
nennst [24]. TIpenMyIiecTBO MCIIOIB30BAHMS IJIsI CHH-
Te3a KapOHuga KpPEeMHHS PACTUTEIBHOW OHOMAacChHl 3a-
KIIFOYAETCSI B TOM, YTO OHA COAEPIKUT YIJIEPO U 3ada-
CTYI0 KpeMHe3eM (Hampumep, IelyXa, COJIoMa 3J1aK0-
BBIX KYJIBTYp), OOecIlicuMBasi MOYTH HICATbHBIA HC-
XOJHBIA MaTepual IUis CHHTE3a KPHUCTAJUIOB KapOuma
kpemHusi [25], a Takke ee JAOCTYNHOCTh, MOCKOJBKY
€KEroJHO B MHUpE MPOM3BOAATCS MUUIHOHBI TOHH
OMOMACChl CENbCKOXO3IMCTBEHHBIX 0TX010B [26]. 3a
CYET PAaBHOMEPHOI'O MPOHUKHOBEHHS THOKCHIA KPEeM-
HUSI B Pa3iIMYHbIC OPTaHbl PACTEHHUI B BHIIE OPTOKPEM-
HHEBOM KHCIIOTBI B TMPOIECCE POCTa MHHEpalIbHas
KOMITOHEHTa PAaCTUTEIbHON OHOMACCHI MTPEACTABICHA B
BUJIC YACTHIl aMOP(HOr0 MHOKCHIA KPEMHHsS pa3Mme-
POM HECKOJIBKO HM, PaBHOMEPHO pPACHpE/ICICHHBIX B
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JUTHOLEIUTIOI03H0M MaTpuie [27-29]. DT1o mo3Bosser
MOTEHIIMAILHO PAcCMaTpPUBATh PACTHTEIBHYI OHO-
Maccy Kak MPUPOAHBIA HAHOKOMITO3UT, COJEp KAl
MUHEpaJIbHYI0 (ha3y W MPHUTOAHBIA JJS TadbHEHIIEro
WCIIOJIb30BAHUS B KadyecTBE IMpEKypcopa MOIyuYeHUs
HEOPTaHUYIECKUX COCTUHCHUH.

B TO ke BpeMs HCHONB30BaHHE PACTUTCIHHOM
O6uomacchl MOMHMMO MPEUMYIIECTB, CBA3aHHBIX C €€
COCTaBOM U CTPYKTYpOH, TaKXe aKTyaJbHO BBHUIY
poOIeMBI IepepadOTKU OTXOAOB, TIOCKOIBKY CETrOIHS
B OCHOBHOM TaKue€ OTXOJIbl YTHIIM3UPYIOT IIyTEM 3aXO0-
pOHEHHs, INO0 MPOU3BOIAAT HA UX OCHOBE yIOOpEHHs
u kopma [30], a okono 30 % oT ux oburei Macchl ocTa-
ercsi 0e3 Kakoro Obl TO HU OBLJIO JaTbHEHIIETro UCTIOJb-
3oBanus [31]. B kxauecTBe HCXOIHBIX MATEPHAIIOB IS
MOTy4eHMUsI KapOuaa KpeMHHs, B TOM 9YHCIC B HaHO-
pasMEpHOM BHUJE, HCHONB3YIOT Pa3HOOOpa3HOE CHIPbE
PaCTUTENBHOTO TPOUCXONKACHUS: PHCOBYIO IIETYXY
[32, 33], mucTes 6ambOyka [34], apeBecuyro maccy [35],
opexoByIo ckopiyiy [36] u mp.

Takum 00pazoMm, HCMONB30BaHHE B KAayeCTBE HC-
XOAHBIX MAaTepHajioB Ui HOIydYeHHsS KapOuma Kpem-
HUS Pa3IHYHBIX BHUIOB BTOPHYHOTO CHIPBS HE TOJBKO
MO3BOJISIET TOJYy4aTh BOCTPEOOBAHHBIA TUCIEPCHBIN
MPOAYKT, HO M peliaeT 3ajady yTUIH3aIUd OTXOJOB.
[Io sTOl mpruyMHE CEroAHS YPE3BBIYAKHO AKTYaJIbHBI
WCCIIeZIOBaHUS, TIO3BOJISIFOIINE CO3/IaTh €AUHYIO PeCyp-
c03¢GGEeKTUBHYIO TEXHOJOTHIO 1Mo monyueHuto SiC u
pa3sHOOOpa3HBIX U3AEIHI Ha €T0 OCHOBE.

B HacTosmieM wuccrnenoBaHUM IEMOHCTPUPYETCS
BO3MOKHOCTB MPSIMOTO HMCIOJIb30BAHUS YTIEPOIUCTO-
ro ocratka (YO) TepMHUECKON mepepaboTKH PHUCOBOM
1ienyxy B KauecTBe MpeKypcopa AJsl CHHTe3a Kapouaa
KpeMHHsI B 00beMHOM U JucriepcHoM Buze. [lposene-
HbI SKCIEPUMEHTAJIbHBIC UCCIICIOBAHUA 10 UICKPOBOMY
TUIa3MEHHOMY CIIEKaHHUIO YTIIEPOJUCTOTO OCTaTKa Tep-
MHUECKOH MepepaboTKu PHCOBOI MIETyXU B UCXOJHOM
W pa3MoOJIOTOM BHUJE, ¢ JI0OaBKaMH KBapIEBOTO TECKa
SiO,. Kpome Toro, mojy4eH mopoIIOK Ha OCHOBE Kap-
Ouja KpeMHUS U3 yIIIepOJUCTOTO OCTaTKa Oe3BaKyyM-
HBIM 3JIEKTPOLYTrOBBIM METOJOM, KOTOPBIH OCYILECTB-
JSETCS B XOJIe OJHOCTAIMHHOTO OBICTPOIIPOTEKAFOIIE-
r'o mporiecca B BO3AYIIHOM cpefie U He TpeOyeT nmprume-
HEHUs CUCTEMBbl BakyyMupoBaHus. C €ro MnoMmollbo
MOJYYEHBl IUCIIEPCHBIE MPOXYKTH C COAEp’KaHHEM
kapbuga xkpemHus ceime 60 mac. %, KOTOpble BIO-
CJIICACTBHUHU TaKXKE 6])IJ'II/I KOMIAKTUPOBAaHbl UCKPOBLIM
TUIa3MEHHBIM CIICKAHUEM.

JKcnepuMeHTa/IbHaA 4acTh

B kadecTBe OCHOBHOT'O METOJa KOMITAKTHPOBAHHSI
OBLT BBIOPaH METOJ HICKPOBOTO INIA3MEHHOTO CIIEKAHHS
(Spark Plasma Sintering — SPS), koTOpbIii HCIIONB30-
BaJICS ISl TIONy4YeHUsT 00BbEMHBIX 00pa3moB. s pea-
JMH3alUU TIPoIecca KOMIIAKTHPOBAHHS IMPUMEHSIACH
cucTeMa HCKpOBOro mja3MeHHoro cnekanus GT
Advances Technologies SPS10-4. McxoaHyto IMIUXTY,
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KOTOpasi MpeAcTaBisia co00i WM U3MENbYeHHBIA yT-
JICPOJUCTBI OCTATOK TEPMHUECKOH NepepadOTKU pH-
COBOM IIENyXW, WIH €0 CMECh C KBapIEBBIM MECKOM
SiO,, wnmm mepepaboTaHHBIA 0€3BaKYYMHBIM DIICK-
TPOAYTOBBIM METOJIOM MOPOLIOK 00opaunBanu rpadu-
TOBOW Oymaroi W rmomeman B 00beM, 00pa3oBaHHBIN
BHYTpEHHHMM JuaMeTpoMm mpecc-popmbr (12,7 MMm) u
BEPXHUM U HWKHHUM TPapUTOBBIMU IMyaHCOHAMH TaKO-
ro ke guamerpa. [IpumeHeHue TpadUTOBBIX Ipecc-
(OpPMBI ¥ ITyaHCOHOB ITO3BOJISIET OCYHICCTBIATH IIPS-
MoO€ NIPECCOBAHME IIUXTHI U CO3JaéT KaHAI JUIs IIPOTe-
KaHUs TOKa B 00XO0J TIOPOIIKa, o0ecreyrnBasi TepMude-
CKOe Bo3zencTBueE 3a cu€r J[koyneBa HarpeBa. Temiie-
patypa npecc-(hopMbl U3MEHSETCS MPOTPaMMHO U pe-
TUCTPUPYETCS BBICOKOTEMIIEPATYPHBIM ITUPOMETPOM.

OCHOBHBIE TapaMeTphl Mpolecca CIeKaHUs BHIOH-
paUCh B COOTBETCTBHU C paHEe IMPOBEICHHBIMU HC-
CJIEJIOBaHUSAMHU MO TOJYYCHHUIO KEPaMUKH Ha OCHOBE
kapbuma kpemuwust [37, 38] u ObUIH CITEAYIOIIUMH: TaB-
nenue mpeccoBanus — 60 MIla, Temmeparypa creka-
Hust — 1800 °C, BpeMsi BBLAEPKKHU NPU MaKCUMaJIbHOM
temnepatype — 10 MHUHYT M CKOpOCTh HarpeBa —
100 °C/muH. Bech mporiece oT Havasia Harpesa Ji0 Bbl-
€MKH KOHEeYHOro oOpasua 3aHumaer He Oonee 30 Mu-
HyT. [Ipy BRIOpaHHBIX MapaMeTpax Mpolecca BeTNIHHA
TOKa COCTaBJISIET OKOJIO 1 KA, YTO COOTBETCTBYET IIO-
Tpebiasiemoil mMomuocti 12,5 kBt. Ilpn oT™medeHHO
JUTNTETIPHOCTH  CIICKAHUSl BEJIMYMHA TOTPEOICHHON
ANIEKTPOIHEPTUU paBHA 6 KBT 4, 4TO B KOHEYHOM HTO-
re ¥ COCTaBIII€T OOILIYI0 BEIMYUHY JHeproszarpar Ha
1 o6bemHsIit 00pazen SiC, nmomyyeHHblit MmeTogom SPS
(wnm B mepecdeTe Ha TpaMMBI TIPH Macce oOpasna Juis
HAIIIET0 KOHKPETHOTO city4ast 2 T — 3 KBT-u/T).

B kauecTBe 00BEKTA UCCIIEAOBAHUS UCTIONIB30BAJICS
YIJIEPOANCTBIA OCTATOK TEPMHUYECKOH IepepadoTKu
pucoBoil menyxu. O60CHOBaHHEM i1 BO3MOXKHOCTHU
MPUMEHEHUs TaHHOTO MaTepuaia B KauecTBe IPeKyp-
copa TOJIyYeHHsT KapOnaa KPeMHHUS SIBISETCS BBICOKOE
COICp)KaHWe KPEMHHUS B HEOPTaHMYECKOH YacTH.
B ocHOBHOI cBOEH Macce OH IPEJCTAaBIIEH B BUIAE JU-
OKCHJIa KPEMHHS, O YeM MOXXHO CYJHUTh IO JaHHBIM
peHTreHoQIyopeceHTHOM BOJIHOAMCIIEPCUOHHOMN
crextpockomnuu (X-ray Fluorescence — XRF), koropas
ObUTa BBINTOJIHEHA C HCIOIB30BAHHEM CIEKTPOMETpa
XRF-1800: Si — 52,1 mac. %; O — 39,6 mac. %; K —
8,3 mac. %. Bricokoe comepixaHue KpeMHUsI B HEOpra-
HUYECKON YacTH M yIJepoja B COCTaBE OPraHUKU Je-
JIAIOT NaHHBIA MaTepHaj MOTCHIMAIBHO MPHUMEHUMBIM
KaK ISl IPSIMOTO PEaKLMOHHOTO CIIEKaHusl, TaK U AJIs
JIONOJTHUTEIIBHBIX MPOLELyp 00padoTKH.

B kadecTBe 0JJHOTO M3 CIIOCOOOB MPeABAPUTEIHHOMN
00paboTKH YTIEPOIICTOrO OCTaTKa M MOIYICHUS AHC-
IEPCHOTO NMPOAYKTa HAa OCHOBE KapOHaa KpeMHHS HC-
MIOJIB30BAJICS METOX OE3BaKyyMHOTO 3JIEKTPOIYTOBOTO
cunte3a [37]. B ocHOBe mporiecca JICKUT MOABEACHHE
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ANEKTPUUECKOM 3HEPTUH K JABYM TOKONPOBOISIIUM
rpaUTOBBEIM 3JICKTPOJaM, YTO BBI3bIBAET HArpeB
OKpY>KaromeH cpeasl W MpOTEKaHWe Peakluil Kapou-
nmoobpaszoBanusi. Bo3mokHOCTE paboTel B aTMocdep-
HBIX YCJOBUSAX oOycinaBnuBaeT 3(h(deKkT sKpaHupoBa-
HUS 30HBI PEaKIUH 33 CUET TeHEepalry ra30BOH CMecH
u3 MoHookcuaa yriepoga CO u muokcupaa yriiepona
CO,. [y oueHKH BO3MOXKHOCTHU TOJIy4eHHUs! KapOouja
KpEMHUSI B JIMCIIEPCHOM BHJIE M3 HCXOJHOTO YTJIEPO-
JUCTOTO MaTepHajia ObLT pPealn30BaH IIPEIBAPUTEIIH-
HBII DKCIIEPUMEHT C MCIIOIB30BAaHHEM ONHMCAHHON BBI-
me cucteMbl. OCHOBHBIE MapaMeTphl Mpolecca mepe-
YHCIIEHBI JIaee: CUCTeMa ¢ TPyOUYaThIMU KOAKCHAJIHHO
PacMoI0KEeHHBIMU TPAQUTOBBIMU 3JIEMEHTaMH, TIOCTO-
SIHHBIA TOK mporiecca — 450 A, IIUTEeIbHOCTh BO3/CH-
ctBus — 210 cek, monBenenHas sHeprust — 913 k/x.

CTOUT OTMETUTbH, YTO NPEUIOKEHHBIA CIIOCO0 IT0-
JMy4YeHHs NUCIEPCHBIX MAaTepHalioB OTIMYAETCA HU3-
KAMH SHepro3arparamu. [lpy ykazaHHBIX dHepreTuie-
CKHX MapaMeTpax M TEKyIeM KOHCTPYKTHBHOM HC-
MOJTHEHUH J1a0OPaTOPHOI YCTaHOBKHM 3arpys3Ka IIUXThI
nmocturaer 15 r. DHepromorpebieHHe YCTaHOBKU CO-
craBusiet 0,31 kBtu 3a ogun pabounii nuki. Takum
00pa3oM, DHEPrOEeMKOCTh NpOIecCa COCTABJIAET He
6onee 0,021 xBt-u/r. Tekymiee ncnoaHeHNE O3BOJISAET
MIPOM3BOANTE 32 OJMH Yac He OoJiee TpeX IKCIIEPUMEH-
TOB (¢ py4uHOH mepecOopkoil cucremsl). Takum obpa-
30M, TPOU3BOJUTEIHLHOCTh O HMCXOJHOMY CHIPHIO B
HACTOsIIIIee BpeMs COCTaBIseT MpuUMepHO 10 50 r B
yac. OIHAKO OTCYTCTBUE CUCTEMBI BaKyyMHPOBAHUS U
OTHOCHTEJIBHO HHU3KHE YHEPro3aTparhl BHITOIHO BbIJE-
JSIOT TIPEACTABJICHHBIN CIIOCOO MOMYYESHUS AHCIEpC-
HOro KapOuja KpeMHHUsl.

CToHuT OTMETHUTD, YTO UCIIONB3YEMBIi JUIsl CTIEKAaHUS
1 0e3BaKyyMHOTO 3JIEKTPOJYTOBOTO CHHTE3a MaTepHh-
aj, NpeACTaBIAIOMIUNA coO0l yriaepoaucThlii OCTaTOK
TEPMUUECKON MepepaboTKH PUCOBON MIETyXH, IIpe/Ba-
PUTENBHO U3MENbUaNCs B mapoBoi MenbHUIEe SPEX, ¢
WCIIONIb30BAHUEM CTAKaHOB M IOMOJIBHBIX IIApOB M3
Hutpuaa kpemHus SizNg. [Ipouemypa momona mo3Bo-
JsTa TOBBICUTH JIMCIIEPCHOCTh W HACBHITHYHO TUIOT-
HOCTh. Moponornieckre 0COOEHHOCTH XapaKTePHBIX
00BEKTOB YIJIEPOJUCTOTO OCTAaTKa 0 U MOCIe ToMoJia
IIpeJICTaBJIeHbl Ha pHC. 1.

Kak u mcxomHbpI# yriepoaucThiii OCTATOK, BCE TI0-
JNy4YyeHHblEe B JajbHEHIIeM IHCIepCHble U OObEeMHbIE
MaTepHallbl UCCIEAOBAINCH METOJIOM PACTPOBOI IEK-
TpoHHON Mukpockonuu (Hitachi TM3000, Snonwus).
®a30BBII COCTaB MaTepHaliOB MCCIEIOBAJICS METOI0M
pentreHoBckod muépakuuu (Shimadzu XRD-7000,
CuKoy-mnyuenne, M=1,5406 A, 20=10-90°), xaue-
CTBCHHBIN aHaJN3 OCYMIECTBIIIICS C HMOMOIIBIO TIPO-
rpamMel  Crystallographica Search-Match u  6a3sl
CTPYKTYpHBIX naHHbIX PDF4+.


https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/Fluorescence+spectroscopy
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SiC_waste_0004 H x100 1mm SiC_mil_0011 H x1.0k 100 um

Puc. 1. CHuMKu pacmposoti 31eKmpOoHHOU MUKPOCKONUU 0151 XapakmepHbiX 065eKmo8 8 cocmasge y2/1epoducmslx 0Cmamkos
mepmuyeckoli nepepabomku pucosgoli weayxu: a) ucxooHoiil YO; 6) usamenvuerHslii YO

Fig. 1.  Scanning electron microscopy images for characteristic objects in the composition of carbonaceous residues (CR) of rice
husk thermal processing: a) initial CR; 6) shredded CR

Pe3yabTaThl M 06CyXKAeHUe [TosmyueHHble AaHHBIE CBUAETEILCTBYIOT O TOM, YTO
Kak BHAHO M3 NPEACTaBICHHBIX MMUKPOCHUMKOB Ha  WCXOIHBIH MOJIOTBIA YIJIEPOAUCTBIA OCTATOK IIpel-
puc. 1, mpsMoe NpHMEHEHHE YacTHI] YIJIEPOAUCTOIO  cTaBisieT coOOH peHTreHoaMopdHBIN MaTepual, Impe-
OCTaTKa B YCTAHOBKE MCKPOBOIO IUIa3MEHHOIO CIEKa-  HMYIIECTBCHHO COCTOSIIMN W3 IHOKCHAA KPEMHUS
HHUS HE IpPEeACTaBILUIOCh BO3MOXKHBIM BBUAY HH3KOH  SiO, ¢ mpucyrctBueM amopduoro yriepoma. Coaep-
HACBITHOM IUIOTHOCTH M NOTCHIMANBHOW ONACHOCTH  kaHHe (a3 B JaHHOM oOpasle He IT0JIaeTCsl OLEHKE
HapyIIEHHUs SKCIIEPMMEHTAJILHOIO IPOLIECCA U €T0 Bbl-  METOIAaMH PEHTTEHOBCKOH mudpakunu. [Ipu criekannn
XO/1a M3-TI0J] KOHTPOJI W3-3a HEYNpaBISEMOW yCaaKH  JaHHOro oOpasla B OTMEUYEHHBIX YCIOBHAX B CHCTEME
ITyaHCOHOB I'MJPAaBIMYECKON CUCTEMBI npeccoBanusa. B SPS nHabmiomatorcst ¢a3oBble mpeBpamieHust ¢ Gopmu-
9TOW CBSI3M IIPEABAPUTENLHO OCYILECTBIISUICA IIOMOJI  POBAaHHEM IIPEUMYIIECTBEHHO JIByX KOMIIOHEHTOB:
HCXOJHOIO IpeKypcopa Ui YMEHBIIEHUs CpeaHero  rpadurononodbHoro yriepona (gC) u xapbuma kpem-
pa3Mepa YacTWI] ¥ MOBBIIICHHSI HACHITHOH MIOTHOCTH.  Hus (SiC) TpuronanbHoM cuHroHuu. IIpu 3TOM cozep-
OsxuyaeMo, Takoi MOMOJ MPUBEN K PaspylICHHIO MC-  JKaHWE IMOCICAHEro I10 JaHHBIM KOJHUYECTBEHHOMN
XOJHBIX YaCTHI[ C MX H3MENbUYEHHEM M IEPeX0JOM B  OIEHKH He mpeBbimaet 15 mac. %.
MHUKpPOHHBIH [rana3oH pa3MepoB. CTereHb H3Melbue- TeM He MeHee 3TOT pe3ynbTaT MOXKHO CUUTATh TO-
HUsS B KOHEYHOM WTOI€ 3aBMCMT OT BPEMEHHM IIOMOJA:  JIOXKHUTEJIBHBIM BBUAY OOHApYKEHHOH BO3MOXKHOCTU
4eM OHO [OJbllie, T€M MeHbIle cpenHuil pasmep. dopmupoBanus SiC B pesynbrare peaklHOHHOTO CIie-
B manHOM 3KCIICpIMEHTATBHONW CepHX IS 33724 HCCle-  KaHus 0e3 J100aBOK KaKUX-JIMOO KOMITOHEHTOB, YTO
JOBaHUS OBUT BEIOpaH AWana3oH, paBHEIH 30 MUHyTaM. MOTEHIUAIBEHO MOKET OBITh MEPCIEKTUBHO JUIS CO37a-
Ha mnepBoHauanbHOM »3Tame OBUIO MPEAJIOKEHO  HHUS MAKCHMMAIBHO MPOCTOrO TEXHOJOTMYECKOTO IMPO-
OLICHUTh BO3MOXKHOCTH IPSIMOIO PEAaKLMOHHOIO CIIE-  liecca NpPU BapbUPOBAHUM COJAEP)KAHUS CBOOOJHOIO
KaHWA KPEeMHHSA W YIiepona, B M30BITKE MPHCYTCTBY-  yIJIEpOJa B YIJIEPOIUCTOM OCTATKE.
IOLIMX B COCTaBE YIJIEPOAUCTOro ocTarka. st 3Toro Ha puc. 3 mpuBenensr ¢ortorpadus momydeHHOTO
IIPeIBapUTENBHO U3MEIbUYEHHBIN MIOPOILIOK CHEKANCA B 00bEeMHOr0 MaTepuasia 1 POM CHUMOK ero moBepXxHO-
COOTBETCTBUM C METOIHUKOW, MOAPOOHO ONMCAHHOW B CTH. IlOBEpXHOCTh XapaKTEpPH3yeTCs EeCTECTBEHHOI
[37, 38]. Peanusauus mpouecca HCKPOBOTO IUIA3MEH-  IEPOXOBATOCTBIO, HAJIMYKMEM MOP M TPEUIMH. ITO MO-
HOTO CHEKaHHs NPU YKa3aHHBIX B pasfiesie «DKCIEpU- KeT ObITh CIEACTBUEM 3HAYUTEIBHOIO KOJIMYECTBA
MEHTalbHAsA 4YacTb» IapaMeTpax IO3BOJMIA OCYlLIe-  HECBSI3aHHOIO YIJIEpoJa B COCTaBE UCXOJHOH cMecH,
CTBHTb KOMITAKTMPOBAaHHME JMCIEPCHBIX MATEPHUANIOB C  KOTOpPBIM OXpyHMuMBaeT KOHeuHoe wuzfenue. Tem He
¢dopmupoBaHueM 00beMHBIX u3fenuil. Pa3oBBIA CO-  MeHee MONTyYeHHE TAKOro poja 00beMHOro 00pasia u3
CTaB MCXOAHOH MHUXTHI (M3MEIbYECHHBIH YINEPOAH-  HCXOTHOW LIMXTHI CAMO MO ceOe SIBICTCS HHTEPECHBIM
CTBIIl OCTATOK) M IOJY4YEHHOrO OOBEMHOIO M3AENUA  HAYYHBIM DPE3YNBTATOM B CBSI3M C H3BECTHBIMU OCO-
HccieroBaics METO/IaMH PEHTI€HOBCKOM  OEHHOCTSMH M TPYAHOCTSIMH IIPU CIEKaHWUHM Kapoumo-
mudpaxromerpruu. COOTBETCTBYIOIINE KAapTHHBI PEHT-  KpeMHHEBOU Kepamuku [39].
TCHOBCKO# Mupakiny MpuBeICHBI Ha pHC. 2.
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Puc. 2. KapmuHbl penmezeHogckol dudpakyuu ucxooH020 M0/10moz0 06paszya yziepoducmozo ocmamka (a), 065emMHo20
KOMNakmupoeaHHoz20 obpasya (6) 6 cpagHeHuu ¢ 3IMAA0HHbIMU KAPMOUKAMU U3 6a3bl 0aHHbIX PDF4+ (8)

Fig. 2.  X-ray diffraction patterns of the initial ground carbonaceous residue sample (a), bulk compacted sample (6) in compar-
ison with reference cards from the PDF4+ database (8)

31(40)_0000 H x100  1mm
SPS_1800-60-10

Puc. 3. ©domoepagdus sHewHezo suda 06vemHo20 06pasya (a) u PAM-cHumok nosepxHocmu npu ygeauveHuu x100 (6)
Fig. 3. Photograph of the bulk sample appearance (a) and SEM image of the surface at x100 magnification (6)

B cBs3u ¢ 00HapyKEHHBIMU OCOOEHHOCTSIMH MOJy-  KBaplEBbIH MECOK, COOTBETCTBYIOLIUHN XapaKTepUCTH-
YEeHHOTO 00beMHOro oOpasia, a UMeHHO HH3KUM mMac- kam ['OCT 9428-73. PeaknMoHHOE CIIEKaHHWE TaKOU
COBBIM BBIXOJIOM KapOWJa KpeMHHS M HU3KOH OTHOCH-  CMECH JOJDKHO MPHBOAUTH K YAAICHUIO YaCTH M3JIUII-
TEJNBbHOM TUIOTHOCTBIO, OBUIO MPEIOKEHO MOJIEPHU3H-  HEro yriepoja 3a CYET ero peakiiu ¢ BHICBOOOXKIAro-
pOBaTh METOIMKY CHIEKaHUs 3a CYET MOOABKM K UCXOJA-  IIMMCS MPHU HATPEBE KUCIOPOJOM, a KPEMHUHN JOJIKECH
HoMy YO IIHPOKO paclpoCTPaHEHHOTO KBApIIEBOTO  BCTYIIATh B PEAKIMIO C IPYTod YacThIO yTiieposa ¢ 00-
necka (Si0,). B kadecTBe Takoro Chiphbst ObUT BeIOpan — pasoBanueMm SiC. I[To3ToMy B KadecTBE JECMOHCTPAIU-
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OHHBIX PabOT OBLIM UCCICIOBAHBI PEKUMBI CIICKAHHSI
YO ¢ nobaBkamu KBapIieBOTO Mecka B MaCCOBOM COOT-
vomeann YO:xBapu=1:1 u VYO:xBapn=3:1. Heco-
MHECHHBIM TIPEUMYIIECTBOM HCIIONB30BAHUS TaKOTO
MOAXOAa SBISETCS IIOBCEMECTHAs pPaclpocTpaHeH-
HOCTB KBapIIEBOTO MECKa U €r0 HA3KAsl CTOMMOCTb.

[Ipr MOCHTHYHBIX YCIOBHSAX CIIEKaHWS (IaBICHUH,
TEeMIIEpaType, BPEMEHU BBIICPKKU M CKOPOCTH Harpe-
Ba) MetojoM SPS ObutM mosydeHsl 00beMHBIC 00pa3-
Bl U3 cMeceBhIX cocTaBoB Y O+kBapi. Ha puc. 4 mpu-
BEJICHBI PEHTICHOBCKHE TU(PPAKTOrPAMMBI IOIYUYCH-
HBIX MAaTC€pUaJiIOB B CPABHCHUHN C 3TAJIOHHBIMU JaHHBI-
MH U 00pa3loM W3 HM3MEIBYCHHOT'O YIIECPOIAMCTOTO
ocratka. Takxke MPUBEJCHBI JAHHBIC KOJHYSCTBEHHOTO
peHTreHo(}a3oBoro aHagu3a B BUAC TAOIHIL.

Kak BugHO, BBeICHHE MOTONHUTEIHHOTO KOMIIO-
HeHTa (KBapIEBOTO IECKA) CYIIECTBCHHO BIHSCT Ha
KOHEYHBIH ()a30BbIi COCTAB, YTO BBHIPAXKACTCS B IPHH-
OUMHATEHO PAa3HOM XapaKTepe KapTHH PEHTTEHOBCKOH
mudpakuu. [Ipy He3HaunmTenmpHON nOOaBKEe KBapra
(puc. 4, a) HaOmojaeTcsl CHIDKEHHE OTHOCHUTEIBHOM
WHTEHCUBHOCTH T'PaHUTOBBIX MAaKCUMYMOB (~ 26 rpaj.)

B CpaBHEHHH ¢ 00pa3uoM u3 ucxoanoro YO (puc. 4, 6)
Y BO3pacTaHHEe MaKCUMYyMOB, COOTBETCTBYIOIIUX (a3ze
SiC. B KOHEYHOM UTOTE ATO BHIPAXKAETCS B TPOCKpAT-
HOM TOBBIIICHUN KOJWYECTBEHHOTO BBIXOAa SiC 1o
53,5 mac. % B cocTaBe 00BEMHOTO U3AETHA.
[NoaroTroBka cMeceBOro cocraBa ¢ paBHBIMH MaccCo-
BeMH JTOJsIME YO ¥ KBapLEeBOro Iecka, Kak BHAHO U3
MPENICTABICHHBIX JaHHBIX, HETaTHBHO CKa3bIBACTCS HA
(a30BOM cocTaBe KOHEYHOTO Mpoiaykra. OTCYTCTBYIOT
MaKCUMYyMBI KapOmaa KpeMHUs KaK TaKOBOTO, & BMECTO
storo Bo3pactaer aona SiO, u yraepoaa. Takum oOpa-
30M, MOKHO CICJIaTh BBIBOJ, YTO CYHICCTBYCT HCKas OII-
THUMAaJTbHASI TOYKA TI0 MacCOBOM T00aBKe KBapIia, KOTopast
MO3BOJISIET JIOCTUYh MaKCUMalbHOTO Bbixona SiC B co-
CTaBe IOJyYaeMbIX OOBEMHBIX W3zenmil. [IpeBbimieHue
3TOTO ONTHMyMa IPHBOIUT K HEOOPATUMBIM H3MCHEHH-
SIM TIPOTEKAIOMMX XUMHYCCKUX PEAKIHd W M3MEHECHHIO
(a3oBOro cocraBa B HEraTUBHYIO (IJIs1 IIOCTaBJICHHOMN
3a7a4n) cTOpoHy. HecMoTps Ha 3T0, TakoM MOIXOJ K I10-
JYYCHUI0 0OBEMHBIX M3ICIUIA HA OCHOBE KapOmIaa KpeM-
HUS MOXKET pacCMaTPUBATBHCS KaK TIEPCIICKTUBHBIA U
TpeOyeT MPOBEICHUS TOTTOTHUTEIBHBIX HCCIISIOBAHUH.

a) CaMBoa da3a Conep:kanne, mac. %
| YO + Ksapu | SiC 535
3:1 mac. % O C (rpacur) 46,5
[ |
00 L
-~ CumBoJl dasa Copep:ranue, mac. %
0) - ® YO + Ksapn ] Si02 -
1:1 mac. % O C (rpagpur) -
-]
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Puc. 4. KapmuHbl penmeeHo8ckoll duppakyuu 06seMHbIX 06pasyos, NoayHeHHbIX U3 cMecesblx cocmasos YO u Keapyesozo
necka (keapy) 6 maccosom coomuoweruu 3:1 (a), 1:1 (6), uz ucxodHozo mosnomoeo YO (8) 8 cpagHeHUU C IMA/AOHHDbI-
MU OaHHbIMU (2)
Fig. 4. X-ray diffraction patterns of bulk samples obtained from mixed compositions of CR and quartz sand (quartz) in mass

ratio 3:1 (a), 1:1 (6), from initial ground CR (8) in comparison with reference data (2)
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AIIbTEpHaTUBHBIM BapHaHTOM IIOJy4eHHS O0BeM-
HBIX M3JICNIUI U3 YIIIEPOJUCTOr0 OCTaTKa SIBISICTCS €T0
TpelBapuTebHas mepepaboTka ¢  (OpPMHPOBAHHEM
MOpoIIKa KapOuga KpeMHHs, KOTOPBI B JaJbHEHIIEM
MOXKHO HCIIONB30BaTh KaK MIMXTY JUIS HCKPOBOTO
IUIA3MEHHOTO cHekaHus. s peann3ayy Takoro moj-
Xo/1a OBIT MCIIOIB30BaH OE3BAKyYMHBIH BIIEKTPOIYTo-
BOM CHHTE3, KOTOpPBIH HpeAcTaBiIsieT co00il yHMKalb-
HBI aBTOPCKHUH CIOCO0 MOTy4eHHsI KapOUIHBIX MaTe-
pHaNoB B aTMOC(EPHBIX YCIOBUAX 0e3 HEOOXOIMMOCTH
HCTIOJIB30BAHUS JOPOTOCTOSIIUX BAKYYMHBIX CUCTEM U
COIIyTCTBYIOIIEH I'a30BO ocHAcTKU. JlJI1 OLIEHKU BO3-
MOXXHOCTH TIOJydeHHsS KapOuma KpeMHHsS B AUCIIEpC-
HOM BUJI€ U3 UCXOJHOTO YIJIEPOAUCTOrO OCTAaTKa ObLI
peani30BaH MPEABAPUTENBHBIN HKCIEPUMEHT C HC-
MOJTb30BAHIEM ONMCAHHOM CHCTEMBI.

Peanuzanus ykaszanHoro crioco0a cuHTe3a kapouna
KPEMHUS O3BOJIMNIA MTOJIYYUTh U3 UCXOAHOIO MOJIOTO-
IO YTIEPOJUCTOr0 ocTaTka MOPOIIoK SiCyen, Ga30BBIH
COCTaB KOTOPOTO TaKKe OLIEHHWBAJICSI METOIOM PEHTTe-
HOBCKOH mudpaxromerpuu. Pe3ynabTaTsl TaHHOTO aHa-
JM3a TpHUBEICHBI Ha puc. 5, a. Kak BumHo M3 mpen-
CTaBJICHHBIX JaHHBIX, KapOua KpeMHHUS ABIAETCA JI0-
MUHHUPYIOIIUM KOMIIOHEHTOM, O YeM MOXHO CyJIUTh IO
cootHomenuo MakcuMyMmoB SiC u C. Pacuet azoBo-

IO COCTaBa MO3BOJHI YCTaHOBUTh, UTO COJAEPKAHUE
SiC B MOJTy4EeHHOM IIPOAYKTE MPAKTHIECCKU TOCTHUTacT
70 mac. %. DTOT pe3ynbTaT SIBISETCS BechbMa oOHaze-
JKMBAIOIUM C MO3WIIMA BO3MOKHOW JanbHEUIIEH OI-
TUMM3ALUN [polecca A MOBBIIIEHUS (Ha30BOM 4H-
CTOTBL.

Ha puc. 6 npuBeneHbl CHUMKH pPacTpOBOM 3JIEK-
TPOHHON MHUKPOCKOIHHU TOIYYEHHBIX AUCIEPCHBIX Ma-
TEpHAIOB (a—6) C MPOCTABICHHBIMU pa3MepaMH U MUK-
POCHHMOK IIOBEPXHOCTH KEpaMH4YeCKOro obpasma (2).
Kak BHIHO M3 IPUBEJCHHBIX H300pa)MKeHHH, TUCHepc-
HBII IPOIYKT XapaKTepU3yeTcs HATMYHEM JBYX OCHOB-
HBIX TUTIOB YacTHUIl: oJiee TEMHBIX TI0 KOHTPACTy — da-
CTHUI] yrieposa, u Oojee CBETIBIX — YacTUI] Kapoupa
kpemans SiC. Bo3aMoxxHOCTE (ha30BOil naeHTHPHUKAIINN
M0 KOHTpAacTy o0YyCJIOBJIEHa OCOOCHHOCTSIMH METoJa U
Pa3Hoil IUIOTHOCTBIO MCCIEAYeMbIX MaTepuasioB. Marte-
puan c¢ OomnblIel INIOTHOCTBIO XapaKTepHu3yeTcst Ooiee
SIPKUM CBEUEHHMEM IIpU B3aUMOJEHCTBUU C IJIEKTPOH-
HBIM Iy4koM. [TyTem mpsiMbIX U3MEpEHHUH yCTaHOBJIEHO,
YTO YacTUIlbl NoydeHHOro SiC XapaKTepusyrTcs pas-
MepaMH 4acTHLl OT €JUHUL] MUKPOMETPOB 10 ~50 MKM.
[pu sToM HabOIrOMaeTCs GOpMHUPOBAHUE ariOMEPaTOB,
COCTOSIIIUX U3 Oosee MeIKOi HaHOpa3MepHOH (pakiuy,
YTO OTYETIIMBO BUJIHO Ha puC. 6, 6.
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Puc. 5. Kapmunbl penmeeHosckoll dugppakyuu cuHme3upo8aHHO20 NOPOWKA HA OCHoge kapbuda kpemHusl (a), 06BveMHO20
mamepuana, nosyvyeHHo2o memodom SPS npu ezo cnekanuu (6), u s3ma/10HHble daHHble 0151 OmMMeYeHHbIX Pas u3 6asvl
daHHbix PDF4+ (8)
Fig. 5. X-ray diffraction patterns of synthesized silicon carbide powder (a), bulk material obtained by SPS sintering (6), and

reference data for the marked phases from the PDF4+ database (8)
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20_10_01_0010 H
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x5.0k

100 um 20_10_01_0006
SiC from waste

20 um 37(40)_0002 H
SPS_1800-60-10 from 20_10_01

H x2.0k 30 um

x500 200 um

Puc. 6. P3M-cHumKu xapakmepHbIX 065€KImMo8 8 cocmase CUHME3UpOB8AHHO20 AUCNEPCHO20 Kapbuda KpeMHUsi (a-8) U CHUMOK

nosepxHocmu noay4eHHo20 06seMHO020 06pasya (2)
Fig. 6.
obtained bulk sample (2)

CrieyeHHBIH ¢ UCIOIb30BAHUEM CUHTE3UPOBAHHOIO
MopoIka 00beMHBIN 00pasel] xapakTepusyeTcs Oolee
BBICOKOW OJJHOPOIHOCTBIO MOBEPXHOCTH W OTCYTCTBH-
eM MukpoTpend. TeM He MeHee mpu Onmkaiiiiem
pPaccMOTpEHUH HaOM0gaeTCs OOJIBIIOE KOJHYECTBO
MHUKpOIIOp, 00pa3oBaHHE KOTOPHIX OOYCIOBICHO 3HA-
YUTENLHBIM KOJIMYECTBOM HECBS3aHHOTO YIJIEpoja,
KOTOPBIA IPUCYTCTBYET B COCTaBE MCXOIHOTO MOPOIII-
ka. Takum 00pa3oM, OJHUM U3 IyTEH MOBBIMICHUS
IUIOTHOCTU U (PU3UKO-MEXaHUYECKUX CBOMCTB KOHEY-
HBIX OOBEMHBIX M3ICITUH MOXKET OBITH ONTHMH3AINS
mporecca 0e3BaKyyMHOTO PE3HCTUBHOTO CHHTE3a LIS
MUHHMU3AIHMN COJICPKAHUS YTIePOa.

3akiw4yeHue
Ilo pesympTaTaM MpPOBEACHHBIX HCCICIOBAHUI
MOJKHO CJIeNIaTh CJICIYFOIINE BBIBOJIBI:
1. TIpoBeneHBI UCCIIEIOBAHUS IO TONTYYCHUIO 00BEM-
HBIX KEPaMHUYCCKHX O0pa3llOB C HCIOIB30BAHUEM

30

SEM images of characteristic objects within the synthesized dispersed silicon carbide (a-8) and surface image of the

YTIAEPOANCTOTO OCTaTKa TEPMHUYECKOH mepepadort-
KH PHCOBOH mIenyxu. [Ipsmoe criekanue npenBapu-
TENFHO W3MENBFYEHHOTO YIIIEPOTUCTOTO OCTaTKa
no3BonsgeT chopMHpoBaTh OOBEMHBII o0paser c
conepxanueM SiC 1o 15 mac. %.

@dopMHUpPOBAHUE CMECEBBIX COCTABOB YIIIEPOIUCTO-
r0 OCTaTKa ¢ KBAapIIeBhIM MECKOM U X JalbHeiliee
cnekanre MetoaoM SPS mo3BosisgeT MOBBICUTH BEI-
xox SiC B cocTaBe 00BEMHBIX U3ACTHNA 0 YPOBHS
cBeie 50 mac. %.

Peanm3oBan mpomecc TONy4YeHHS AWCHEPCHOTO
kapOuga kpemMHus SiC 0e3BaKyyMHBIM PE3UCTHB-
HBIM CHHTE30M C HCIIOJIb30BAHUEM MPEIABAPUTEIIh-
HOTO MOMOJIOTOTO YTJIEPOIUCTOTO OCTaTKa B Kade-
CTBe npekypcopa. Takol mporecc NO3BOJAET MOITY-
YUTh MHUKPOHHBIC MOPOIIKU C pa3MepaMH OT €Iu-
HUIl 70 50 MKM C MacCOBBIM BBIXOJOM KapOumia
kpemuust ~70 %.
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CriekaHue KepaMUYeCKUX 00pa3loB MpPHU UCIONB30-  KOYHCTBIX MAaTepUAiOB HA OCHOBE KapOHIa KPEeMHHS
BaHMM B KAYeCTBE IIUXTHl CHHTE3UPOBAHHOTO M3 YIIIEPOIUCTOrO OCTATKA TEPMUYECKOU MepepaboTKu
0e3BaKyyMHBIM PE3HCTHBHBIM METOJOM KapOuma  pucoBoil memyxu. J[is atoro Tpebyercst mpoBeieHHE
KPEeMHHS TI03BOJISICT MOJYYUTh KepaMUYecKue 00-  JIOMONHHUTEIbHBIX HUCCICIOBAHUI JT1OO0 Ui Ompeerne-
pasubl ¢ BbixogoM SiC MpakTHYeCKW paBHBIM — HHS ONTUMAJBHBIX J00ABOK U MPSIMOT0 CIIEKaHHs 00b-
60 mac. %. €MHBIX U3/CIHH, JTNOO0 10 IpeABaAPUTEIIFHOMY CHHTE3Y
TMonyueHHbIE JaHHBIE CBUIETENHCTBYET O BBICOKOH € BO3MOXKHOCTHIO JAIIBHEHIIETr0 HCIONb30BaHHS Kak

TNEPCICKTUBHOCTU W BO3MOXXHOCTU IOJIYUCHHSA BBICO- MOpOIIKa, TaK U KEPAMUKHU Ha OCHOBC SiC.
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Honyquue KOMIVIEKCHBIX TUTAHCOAECPKALLIUX KOATY/IAHTOB
U3 KPYIIHOTOHHAXKHBIX MUHE€PAJIbHBIX KOHICHTPATOB
U UX UCITOJIB30BAHHUE IIPHU OYUCTKE CTOYHBIX BOJ,

E.H. Kysun™, A.B. ®aseen

Poccutickuii xumuko-mexHos102uyeckuli yHusepcumem um. J|.H. Mendeneesa, Poccus, 2. Mockea

MKuzin.e.n@muctr.ru

AHHOTanusA. AkmyasasHocms. Pa3paboTKa HOBbIX, BEICOKO3($PEKTUBHBIX peareHTOB /Js1 OUUCTKH CTOYHbBIX BOJ, PAa3JIUYHO-
ro NPOUCXOXKAEHHUS — CI0XKHas U KpaliHe BaxkHas 3aZ,a4ya. He MeHee akTyaJIbHbIM 0CTaeTCsl BONPOC MPOEKTUPOBAHUS TEXHO-
JIOTUH NepepabOTKU KPYNHOTOHHAXKHBIX MHUHEpaJbHbIX HNPOAYKTOB, MOJIYYHUBIIUX CTAaTyC «OTXOJAbl» WU He HUMEWILHUX B
HacTosiliee BpeMsi S9KOHOMUYECKU U 3KOJIOTMYeCKHM 060CHOBAHHBIX U PalMOHAJIbHBIX COCO60B yTU/AM3auuu. PaspaboTka
TEXHOJIOTUU TOJIyYeHUSI PeareHTOB C MCIO0JIb30BAaHUMEM B KadeCTBe ChbIPbsi NPOMBIIJIEHHBIX OTXOJL0B OyAeT He TOJIbKO
HMeTb 9KOHOMUYEeCKUH 3¢ PeKT, HO U MO3BOJIUT CYLIeCTBEHHO MUHUMHU3UPOBATh YPOBEHb HETaTUBHOI'O BO3JeWCTBUS Ha
OKpY>KaIoLLyI0 CpeAy U cAeJaTh LIar K peanu3aluu KoHUenuuu Zero Waste. Ilesb: pazpaboTKa TeXHOJOTHU NepepaboTKU
KPYNHOTOHHaXKHOT'0 TUTAHCOJEPKaLlero Chblpbsl AJs1 NOJTYYEHUS] KOMIIJIEKCHBIX TUTAHCOJEPKALUX peareHTOB U UCCef0-
BaHHe UX 3¢GGEKTUBHOCTH B IPOLECCAX OYUCTKU CTOYHBIX BOJ| Pa3/IMYHbIX NPOU3BOACTB. Memodul. [lnsa vuccienoBaHus ¢a-
30BOT0 COCTaBa 06pa3L0B NPUMEHSJIM METO/, PEHTIeHOBCKOH AP PAKLMY, a ONpeJie/ieHHe COAePKaHNUs MeTaJlJIOB B KUCJIBIX
pacTBoOpax U CTOYHBIX BOJAX MPOBOAMIN METOIOM aTOMHO-3MHUCCHOHHON ceKTpocKonuu. Pe3y1emamsl u 818006l [1pen-
JIOXKEeHa TEeXHOJIOTUSA MO0JyYeHHUs KOMILJIEKCHBIX TUTAHCOJeprKalluX KoaryJasHTOB, BKIOYaIas rHApOoMeTalJypruiecKyto
TEXHOJIOTHIO CEPHOKHCJIOTHOHN NepepaboTKH KPYyMTHOTOHHAXKHOT'O MUHEPaJIbHOTO ChIpbsl TUTAHUTA. B mosiy4eHHbIe pacTBO-
PBI /11 KOPPEKTUPOBKY XUMHUYECKOTO COCTaBa U HEUTpaJU3aluu CBOGOLHOU CEPHOU KHUCJIOThI BBOJUIN THAPOKCUJ aslio-
MuHus. O6pa3yruuicsa cyabdaT allOMUHUS EPEXOAUT B HauboJiee CTabUIbHYI0 GopMy 18-BogHOTO KpUCTALIOTHAPATA U
MOIJIOLAeT BJIAry M3 PacTBOpa, TEM CaMbIM peaiM3ys NpoLecc XMMUYEeCKOM JerujpaTtaluu. MccienoBanue coctaBa TBep-
JIbIX 00pa3L0B KOAry/sTHTOB II0Ka3aJo, YTo npeobJajaonieil ¢pa3od B cocTaBe KOMIIEKCHOTO KOAryJIsHTA fIBJISIETCS CYJIb-
daT anmoMuHUs, a cofiepKaHue COeJMHeHUN TUTaHa KoJiebJieTcd B AuanasoHe 1-14 % mac. YcTaHOBJIEHO, UTO TPU BapbUPO-
BaHUM COOTHOILIEHUSI MUHEPAJILHOTO ChIPbsl M CEPHON KHUCIOTHI MOXKHO HANpaBJeHHO MEHSTh KOJIUYECTBO MOJUPHUIIUPYIO-
el 06aBKM COeJMHEHUWH TUTaHA B COCTAaBe KOMIIEKCHOTO peareHTa. /loka3aHO, 4TO MpUMeHeHHe KOMILJIEKCHBIX TH-
TaHCOZiepXKalllMX PeareHTOB B MPOIeCccax OYUCTKHU CTOYHBIX BOJ|, 03BOJIsAeT Ha 25-35 % CHU3UTH pacxo/i KOAryJasiHTOB, IO-
BBICUTb 3QPEKTUBHOCTh OUUCTKH BOJbI, MUHUMHU3UPOBATh OCTATOYHbIe KOHIIEHTPAI[MU 3arPSA3HAIIUX BEIIECTB, a TAKXKe
CYLIECTBEHHO MOBBICUTh CKOPOCTh CEUMEHTAllMU KOATYJISIIMOHHBIX LIJIAMOB B CPAaBHEHUH C TPAJULMOHHBIM CyJbdaTOM
QJIIOMUHUSL.

KirouyeBble cii0Ba: XuMUvecKasi Aeryapartanvd, KOMIJIEKCHbIe TUTAHCOAEpMXKalljhe KOaryyJadHTbl, CTOYHbIe BOAbl, THTAHHUT,
MHHeEpaJIbHOE ChIpbe, CeUMEHTAll U, BbIlleJIa4YiBaHUEe

BJiarogapHocTH: ABTOpBI BBIPQXKAlOT 6J1aroJapHOCTb HAyYHOMY KOHCYJ/IbTAHTY, JOKTOPY TEXHUYECKUX HaykK, npodeccopy
Hatanuu EBrenbeBHe KpydnHHUHOM.
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Preparation of complex titanium-containing coagulants from large-scale
mineral concentrates and their use in wastewater treatment
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Abstract. Relevance. Development of new, highly effective reagents for treatment of wastewater of various origins is a com-
plex and extremely important task. An equally pressing issue remains the development of technologies for processing large-
scale mineral products, which currently have not found an economically feasible technology for their processing and have
received the status of “waste”. The development of a technology for producing reagents using waste as a raw material will not
only have an economic effect but will also significantly minimize the level of negative impact on the environment and take a
step towards the implementation of the Zero Waste concept. Aim. Development of technology for processing large-scale tita-
nium-containing raw materials to obtain complex titanium-containing reagents and study of their effectiveness in
wastewater treatment from various industries. Methods. To study the phase composition of the samples, the X-ray diffrac-
tion method was used, and the determination of metal content in acidic solutions and wastewater was carried out by atomic
emission spectroscopy. Results and conclusions. The authors have proposed the technology for production of complex tita-
nium-containing coagulants, which includes hydrometallurgical technology for sulfuric acid processing of large-capacity mi-
neral raw materials - titanite. Aluminum hydroxide was introduced into the resulting solutions to adjust the chemical com-
position and neutralize free sulfuric acid. The resulting aluminum sulfate transforms into the most stable form of 18-aqueous
crystalline hydrate, absorbing moisture from the solution, realizing chemical dehydration. The study of the composition of
solid samples of coagulants showed that the predominant phase in the composition of the complex coagulant is aluminum
sulfate, and the content of titanium compounds ranges from 1 to 14 wt %. It was established that by varying the ratio of mi-
neral raw materials:sulfuric acid it is possible to vary the amount of modifying additive titanium compounds in the complex
reagent. It was proven that the use of complex titanium-containing coagulants in wastewater treatment allows reducing the
consumption of coagulants by 25-35%, increasing the efficiency of water purification, minimizing residual concentrations of
pollutants, and also significantly increasing the rate of sedimentation of coagulation sludge in comparison with traditional
sulfate aluminum.

Keywords: chemical dehydration, complex titanium-containing coagulants, wastewater, titanite, mineral raw materials, sed-
imentation, leaching
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BBeaeHue HAKOIUIEHUs] OTHOCUTEIILHO HEBOCTPEOOBAHHBIX KpYII-
PocT NpOMBINUIEHHOrO MNPOU3BOACTBA BEAET K  HOTOHHAXHBIX MMHEPAIBHBIX  KOHLIEHTPATOB, HE
HEU30€)KHOMY YBEIMYEHHUIO YPOBHS HEraTUBHOIO  HAIIEIIMX B HACTOAIICE BPEMs IIMPOKOrO MpaKTHue-
BO3JCHCTBUSL HAa OKPYKAIOIIYI0 IPHPOJHYIO CPEAy. CKOI'O INIPUMEHEHHS M HMEIOIINX CTaTyC «OTXOIbD»
HauGonpmremy BIHMSHUIO, HECOMHEHHO, moaBepraercst  [1, 2]. Haubonee spkumMu npuMepamu MOJA00HBIX «OT-
rugpocepa. OrpomHble 00BEMBI TNIPECHONH BOIBI,  XOJAOB» SBISAIOTCSA He(ETHMHOBBIN, CPEHOBBIN (THTaHU-
M3BIMACMOM M3 IOBEPXHOCTHOIO M IOJ3EMHOTO MC-  TOBBIH) M KBapl-JICHKOKCEHOBBIE KOHIIEHTPATHI, €Xe-
TOYHHKA, a TaKXKe cOpOC HEIOCTATOYHO OYMILEHHBIX  TOJHBIC 00bEeMbl 0Opa30BaHKs U PA3MEILCHHS HA [UTa-
CTOYHBIX BOJ Pa3IUYHBIX OTpacieil MPOMBIIIEHHO-  KOBAJIbl KOTOPBIX HCUUCISIOTCS MUJLUTHOHAMHU TOHH.

CTH TPUBOAUT K CYIIECTBCHHOMY CHIIKCHHIO Kade- IMomgo6HbIE 0OBEKTHI XPAHEHHUSI OTXOIOB HE TOJIBKO
CTBA BOJBI B IIOBEPXHOCTHBIX M MOA3EMHBIX HCTOYHH-  OTYYKJAIOT 3HAYUTEIBHBIE TEPPUTOPHH, HO U OKa3bl-
Kax. BalOT CEpbE3HOE HEraTHBHOE BO3JEHCTBHE HA OKpY-

EIJ.[G OJHUM HCTATUBHBIM ITOCJICACTBUEM PA3BUTHUA KAy Cpeay. B otpenbHBIX CciIyvasax HO,Z[O6HI>IC
TMPOMBINUICHHOCTH ABJISICTCA  YBCIIMYCHHUC 00BEMOB 00BCKTH HAKOILICHHS OTXOJOB MOTYT CTaTb SMIHUICH-

35



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 34-42
Kuzin E.N,, Fadeev A.B. Preparation of complex titanium-containing coagulants from large-scale mineral concentrates ...

TpaMHU TEXHOTEHHBIX, OJKOJOTHMYECKHUX KatacTpod.
B 2010 r. B Benrpuu npopsIB IUIaMOXPaHUIKIIA IIPU-
BEJ K 3arpsi3HEHHMIO OTPOMHBIX IIOLIafell U YHUYTO-
KEHHIO HECKOJBKUX JIepeBeHb [3].

Haubonee 3¢ pekTBHBIM METOAOM OUUCTKH CTOY-
HBIX BOJ Pa3jIMYHOIO IPOMCXOXKAEHUSA SIBIIAETCS KOoa-
TyJSIIMs, WIM €€ YacTHBIA ciydyall — (Qruokymsuus.
JlaHHBI METOA JAOCTaTOYHO JaBHO MCHOJB3YETCs Kak
Ha CTaHIMIX BOJOIMOJTOTOBKH PEYHOW BOJBI, TaK U Ha
JIOKAJIbHBIX OYMCTHBIX COOPY>KEHUSIX Pa3InYHbIX MPO-
MBIIUICHHBIX MPOU3BOACTB. TpaJHIMOHHO B Ka4yecTBE
peareHTOB-KOaryJIssHTOB HUCIOJIb3YIOT COJIA ATFOMHHUS
WM skenes3a. /laHHBIE peareHThl XOpOIIO 3apeKOMEH-
JOBanM ce0si, OJTHAKO YXe IaBHO MOPAJIbHO ycTapelu
¥ HEeJIOCTaTOYHO YCIIEIIHO CIIPABISIOTCS C MOCTABJICH-
HBIMHU Ilepell HuUMH 3agadamu. [lomumo 3toro, coenu-
HEHUs aJIOMHHMA paboTaloOT B y3KOM Jauana3oHe pH,
Mao3(pHEeKTUBHBI B XOJIOIHOW BOJIE M UMEIOT JKeCTKUI
octrarounbli HOpMaTuB [1JIK. Coenunenus sxenesa, B
CBOIO OdYepelb, MOTYT OOpa3OBHIBATH YCTOWYHMBEIC
KOMIUIEKCHI C OpPTaHWYEeCKHMMH JUTaHIaMU, a TaKKe
001aJal0T APKO BBIPAKEHHBIMH KOPPO3UOHHBIMU H
abpa3uBHBIMH cBolicTBamu [4, 5].

B mocnenHee BpeMmsi Bce 4Yallle HCCIENOBATENIMU
OTMEYAeTCsl TIEPCIEeKTHBHOCTh MPUMEHEHHS KOM-
IUIEKCHBIX WM OWHApHBIX peareHToB. CMmech coei
AMIOMHUHHUS U JKeJe3a, a TaKkKe aTlOMOKPEMHHEBBIN
(IIOKYJISHT-KOATYJISIHT ~ SBISIOTCA 3 QEKTHBHBIMU
aHaJloraMi TpaJULUOHHBIX peareHToB. K coanenuto,
pAd TeXHoJorndeckux ocobeHHocTedl (Hu3kui pH,
reIMPOBaHKE U TP.) HE MO3BOJISAIOT IPUMEHSTh JaHHBIE
peareHTsI TIOBCEMECTHO [5, 6].

CeroJHsi 3HAYUTENIBHOE KOJHYECTBO 3apyOEKHBIX
KOJUJIEKTUBOB HA3bIBAKOT THUTAHCOJIEPIKAIINE KOATYJISH-
ThI HOBBIM ITOKOJICHHEM KOATYJISTHTOB, CITOCOOHBIX BBI-
MOJIHATh HEAOCTIKUMBIE JUISl TPAAULMOHHBIX peareH-
TOB 3a7aun. K CoXaleHuIo, JaHHBbIE PEeareHThl JOpO-
THe, 4TO CYIIECTBEHHO 3aMeJIseT WX TMOBCEMECTHOE
BHeapenue [7—13].

Brixo/10M U3 CHOXUBLIEICS CUTYalluu MOKET CTaTh
WCTIONIb30BAaHUE KOMIUIEKCHBIX TUTAaHCOAEPIKAIINX KO-
aryJIsTHTOB, MOJYYAeMbIX MoAX(UKAIMEH TpaIuinoH-
HBIX aJIOMO- WJIH >KEJIe30COJepXKalluX KOaryJsHTOB
COCIMHEHUSIMU THTaHa B KonmdectBe 2,5-10,0 % mac.
[14]. KoMrutekCcHBIE peareHThl IMOKa3ajd BBICOKYIO
3 PEKTUBHOCTh B MPOIECCaX OYHCTKU CTOYHBIX BOJ
pa3IuyYHBIX MPOou3BOACTB [15-17], omgHako A0 cux mop
HE CYIIECTBYET TEXHOJOTHH WX IMPOW3BOJCTBA, H JIO-
KaJlbHbIE IMOTPEOHUTEIM MPOCTO CMELIMBAIOT COJHU
QNIOMHUHUS U TUTaHA, YTO HETATHMBHO CKa3bIBAETCs Ha
CTOMMOCTH TIPOIIECCa OYHCTKU.

Lenpto naHHOrO HCClEAOBaHUS SBIAETCS paspa-
0OTKa TEXHOJOTHH TepepadOTKH TMONYYCHHS KOM-
IJIEKCHBIX TUTaHCOAEP)KALIUX PEareHTOB W3 KPyIHO-
TOHHAXXHOT'O THUTAHCOJEPXAILEro ChIPbsl U H3Yy4YEHHUE

3(1)(1)6KTI/IBHOCTI/I MOJIYYCHHOI'O0 p€arcHra npu O4YUCTKE
CTOYHBIX BOJ Pa3jIMYHBIX MPOU3BOJCTB.

O6'beKTHI M1 METObI HICC/IEA0BAHUA

B xadyecTBe OCHOBHOTO 00BEKTA UCCIIETOBAHUS BbI-
OpaH TUTaHUTOBBIN (C(EHOBBII) KOHIIEHTPAT — 000Y-
HBIA TPOAYKT H0OBdM amatuta Ha KOIBCKOM MmOIy-
octpoBe. HecmoTpss Ha 3HaYMTEeNbHBIE YCIEXH B
HaIpaBICHUN NepepabOoTKH TUTaHUTA B MTUTMEHTHBIN
IUOKCHUJI THUTaHa, TyOUTETU U COPOCHTHI, 0OBEMEI €r0
00pa3oBaHUs CYIIECTBEHHO IIPEBBINIAIOT HPOU3BOJ-
CTBEHHBIC MOIITHOCTH, a4 3HAYUT, BOIIPOC ITOUCKAa HOBBIX
HAIPaBICHUN €ro MPUMEHEHUS OCTACTCS aKTyaJIbHBIM
[18-21].

Cynbdaruzanuio ceipbs npoBogwin  50-80%-mu
pacTBOpaMHy CEpHOU KHCIIOTHI IIPH TeMIIepaType KuIe-
Hus pactBopa (1). Hempopearuposasuryto pyay yaa-
JSUTH OTCTaWBaHMEM, a CBOOOIHYIO CEPHYIO KHCIOTY
HEHTPaIM30BaIN THIPOKCHIOM aTFOMHUHUSL.

CaS|T|O5+2H2304—>TIOSO4+C3.SO4+S|OZ2H20 (1)

DJNEeMEHTHBIH COCTaB TBEPIBIX OOPA3IIOB HCCIIEIO-
Ball HA PEHITEHOGUIyOPECLEHTHOM 3JIEKTPOHHOM
mukpockonie JEOL1610LV c sHeproaucrnepcuoHHON
npucraBkoil SSD X-MaxIncaEnergy (JEOL, Snonus;
Oxford Instruments, Benuko6putanus).

Uccnenopanne (a3oBoro cocraBa TBEpABIX 00pas-
OB MPOBOJMIIN Ha NMpubope peHTreHo(a3oBoOro aHa-
mu3a JJPOH 3 H (Poccus).

ConepxaHue METAJUIOB B KHCIBIX pacTBOpax M
CTOYHBIX BOJAX OIpPEIENSUTd MpPH TMOMOIIH aTOMHO-
SMHUCCHUOHHOTO CHEKTPOMETpa C MarHUTHOHM IUIa3MOi
«Crextpockaii» (r. Kopones, Poceust) [22].

Conep:kaHue B3BEUICHHBIX BEIIECTB B BOJIE OIIpe-
JIEJIATIN TPaBUMETPUUECKUM METOJIOM B COOTBETCTBUU
c ITHA ® 14.1:2:4.254-09, a Taxxe pu NOMOILU Typ-
ongumetpa-mytHoMepa HANNA HI 98703 (Italia).

[Ipobuyto koarymsumio (Jar-Test) mpoBogwin Ha
nabopartoprom daokymistope JLT 4 Velp Scientifica
(Italia). Bpemsi cmerenust a3 KoarysisiHTa MCTOYHOI
BOABI — 2 MHHYTHI, XJIONMbeoOpa3oBaHUsA — 8§ MUHYT,
cequmeHTa — 30 MUHYT.

CKOpOCTh CEIMMEHTAIMU KOAryJIAIUOHHBIX IUIa-
MOB OIpPEIEIUTH MyTeM U3MEPEHHUS BpeMsl CTaOmin3a-
UM ONTHYECKOH IIOTHOCTH 00pabOTaHHON KOAryJsiH-
TaMH CTOYHOH BOJBI.

B xagectBe 00pasia cpaBHEHHS UCIIOIB30BAIN CYIlb-
dart amomunust mpousBoactea Kemira (OunmstHaust).

B xadecTBe TecT-00BEKTOB CTOYHOW BOABI OBLIH
BEIOpaHBI:
® CTOYHBIE BOJbl YCTAaHOBKHM T'a300YUCTKH 00OTaTH-

TENBHOTO YJaCTKa,

e CTOYHBIC BOJBI yYaCcTKA OTMBIBKH M HEHTPaTH3aIUH
¢docdorurca;
e arMocdepHbIe CTOKU C MPOMBIIUICHHOHN MJIOMAAKH

TPEITPHATHSL.
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Pe3ybTaThl icC/IeJOBAaHUS U UX 06CYXKIeHHe

JloObIBacMbIif TUTAHUT W TIOJy4aeMBIH M3 HErO TH-
TAHUTOBBINA (CQPEHOBBIA) KOHLEHTPAT, KaK OBLJIO OTMeE-
YEHO paHee, B HacTodIlee BpeMs He repepabaThiBaeTcs
B MPOMBILUIEHHBIX MaciiTabax U MpHOOpeTaeT cTaTyc
«oTtxoaa». OOBIYHO B COCTaBe HANpPaBJISIEMOTO Ha AJH-
TENIFHOE XpaHEHHE TUTAHUTE conepxurcs 95-97 %
OCHOBHOTO BemlecTBa (TUTaHuTa) U 10 3—5 % mpume-
ceil HeenmHa, amaTuTa, KBapla, OKCUAOB ATIOMHUHUS,
Kelesa, KaJblusa, HATpus U 1p. JlaHHBIE MO DIIEMEHT-
HOMY cOcTaBy 0Opasiia, HCIOJBE30BAaHHOTO B AKCIIEPH-
MEHTax, NMPeCTaBICHEI B Ta0. 1.

Ta6auya 1. 31emeHmHbill cocmag mumaHuma, mac. %

Table 1. Titanite elemental composition, wt %

JnemenT/Element O |Ca | Si |Ti | Fe | Al Mg, Na, K,
Y, Sc etc.
Copepxxanue/Content |40,1 [20,8 (14,3 /24,1 (0,22 |0,11 0,37

O0pa3enr THTaHUTOBOTO (CPeHOBOTO) KOHIIEHTpATa
o0pabaThIBaIM pacTBOPAMH CEPHOM KHUCIOTHI pa3iIvy-
HOW KoHIeHTparmu. JlaHHbie 10 3 deKTHBHOCTH H3-
BJICUCHHUS TUTAHOBOW (ha3bl IpeCTaBICHBI Ha rpaduke
(puc. 1).

W3 nanubix rpaduka (puc. 1) BUgHO, 4TO HaUOOIb-
masi CTENeHb W3BJICYEHHs TUTaHa HaOIrogaeTcs IpH
KOHIIEHTpanuu cepHoit kuciaotsl 60—70 % Mac. u Bpe-
MeHu 1npouecca 210 u 150 MUHYT COOTBETCTBEHHO.
BaxHOo OTMETHTH, YTO IEPEXOJ B pPACTBOP HOHOB
KaJgbLusl B TIpolecce Cylb(aTH3aLUU CHIPbS COIPO-
BOXKIAJICS oOpa3oBaHMeM cynbdaTa (THIIca), KOTOPHIH
BEINTaAaj B BUIE HEPACTBOPUMOTO OCAIKA.

OOpazyromuiics 0CaJoK TIOCie HEUTpaIu3aIuu
cB0OOOIHOM (HEpopearupoBaBIlei) CEpHON KHUCIOTH U
OTMBIBKH BOJOPACTBOPUMBIX KOMIIOHEHTOB IIPEIICTAB-
JsT co00# cMech TuUTuApara cyib(aTta KambIus, THOK-
cua KpeMHUS U IPUMECeil OKCHUJIOB JKee3a U altlOMHU-
HUS B MIPOIICHTHOM cooTHoureHuu 72/27/1 %. Cornac-
HO JaHHBIM 3JEMEHTHOTO W (Pa30BOr0 aHaIM3a U C
YYETOM TECTOB Ha (PUTOTOKCHMYHOCTH JTAaHHBIH OCaJlOK
OTHOCHTCS K 5 KJlacCy OIAaCHOCTH W MOXXET OBITh HC-
MOJb30BaH B KAUeCTBE KOMIIOHEHTAa CTPOUTEIBHBIX
cMecei.

CHmwxenne >pQEeKTUBHOCTH H3BJICUCHUSI COCAUHE-
HUHU TUTaHA TPU KOHIICHTpanuu KucioThl 80 % u 6o-
Jiee MOKHO OOBACHUTH MPOLIECCAMH TEPMOTUIPOJIN3a
BBICOKO KOHIICHTPHUPOBAHHBIX PACTBOPOB OKCHCYIb(ha-
Ta THUTaHAa M BBIAJCHUEM THIPOOKHCH THUTaHA B OCa-
JIOK BMECTE C YacTHIIaMH THUIICa M HEIpopearupoBaB-
et pyasl. I[loHmwkeHHas 3¢ (GeKTUBHOCTh U3BICUCHUI
tutaHa 50 %-HOM CepHOW KHCIOTOH 0O0YCIOBIEHO
HAJIMYMEM B COCTaBE MUHEpala XHMMUYECKU HEaKTHB-
HBIX COEIMHEHUU TUTaHa, IPUOPUTETHO B (popme nu-
OKCHJIa THTaHA PYTHIBHON MOIM(UKAIIHH.

[Ipu BapbUpOBaHUU COOTHOIICHVSI THTAHUTA U KHUC-
JIOTHI MOXHO KOHTPOJIMPOBATh KOJIMYECTBO CBOOOTHON
CEPHOM KHCIOTHI, & 3HAYUT, U KOJIMYECTBO O0pasyro-
mrerocs mo peakunu (2) cynabdara amroMuHus. JTaHHBII
TEXHOJIOTUYECKH XOJ TO3BOJHUT PEryJIHpOBaTh MPO-
LIEHTHOE cojiepkaHue Moauduuupyroned a00aBKu
COCIMHEHUH THUTaHA B COCTaBE KOMIUIEKCHOTO KOary-
nsgaTa. COrjacHO JAaHHBIM Pa3lIMYHBIX HCTOYHUKOB,
colepkaHue J00aBKH JOJDKHO HAaXOJUTHCA B JHara-
30HE 2,520 % Mac.
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Fig. 1. Degree of Ti extraction during titanite sulfatization with 50-80% H2S04
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Fig. 2. X-ray diffraction pattern of a complex titanium-containing coagulant sample

[IpuarMas BO BHHUMaHHE TOT (akT, YTO Hamboiee
cTabuibHas popma cynbhaTa amoMuHus — 18-BoaHBII
KPUCTAJUIOTH/PAT, OOpa30BaBIIMKCS aHTHUAPHUI CYJIb-
(aTta amoMuHUSA OyIeT TOMIIOMATh HEOOXOIUMYIO
BJIary u3 pactBopa. Tak, KOJIN4eCTBO MOTJIOMIaeMOH 13
pacTBopa Biaru konebnercs ot 0,8 mo 1,5 rpamMmoB Ha
1 rpamMMm oOpasyromierocss aHTHAPUAA Cyib(aTa airo-
MUHHSL.

@®a30BbIii COCTaB KOATYJISIHTA, [TIOJIyYEHHOTO METOAO0M
XUMHYECKOW ICTHIPATALMH, TIPEACTABIICH Ha pHC. 2.

Ha ocHoBanmu maHHBIX AudpaKkTOrpaMMbl (puc. 2)
MOXKHO CZIeNiaTh BBIBOJ, YTO mpeoOnagaromeii ga3oi B
COCTaBe KOMIUIEKCHOTO THTAHCOJCPKAIIETO KoaryJisH-
Ta sABIsAETCA Ccynbdar amoMuHusS B ¢dopme 14-18-
BomHOrO Kpuctawioruapara. CoeIWHEHUs TUTaHA
MIPUCYTCTBYIOT B hopMe OKcHcylb(haTa TUTaHA, a 3HA-
YHUT, PaCTBOPHUMEI B BOJE M CHOCOOHBI K PEaKIHsIM
THIPONU3a M KOAryJsiuu. J[aHHbIe MO BIHMSHUIO HC-
XOJIHOTO COOTHOIIICHUSI THTAHUTA U CEPHON KHCIOTHI
Ha COjlepKaHHEe aKTHBHOHN 0OABKH OKCHCYJb(daTa TH-
TaHa B COCTAaBE KOMIUIEKCHOTO KOAryJssHTa IPEICTaB-
JIeHBI B Ta0I. 2.

Hcxong u3 a”Hanu3a JaHHBIX Ta0J. 2 ObLIO BBISICHE-
HO, YTO BapbupoBaHue cootHomeHnus T:)K mo3Bosser
MOJy4aTh 00pa3ibl KOMIUIEKCHBIX KOATyJsSHTOB C OII-
TUMAaJIbHBIM COJICPXKAHUEM MTOOABKH COCIAWHEHUI TH-
taHa. B kagectBe omtmManeHOTO cootHomeHus T:0K
0610 BBIOpaHo 1:4, a MOTY4YEeHHBINH MPOIYKT COAEPIKaT
5 % BOIOPacCTBOPUMOTO OKCHCYIb(aTa TUTAHA.

3aKITIOYNTETIBHEIM ATAallOM JKCIEPUMCHTOB CTaia
OLICHKA KOATYJISIIHOHHOM 3()(PEeKTHBHOCTH MOTYIEHHO-
ro obpaslia KOMIUIEKCHOTO THTaHCOJEpXKAaIIero pea-

reata (KTK) B mpomeccax OYHMCTKA CTOYHBIX BOJI.
JlaHHBIE 110 OCTATOYHBIM KOHIICHTPAIMSM B3BEIICHHBIX
BCIICCTB B CTOYHOM BOJIC A0 U MOCJIE OYMUCTKU NPEa-
cTaBJeHbI Ta0I. 3.

Ta6auya 2. Pazoswill cocmas 06pa3y08 KOMNAEKCHbIX mu-
maHcodepicawjux KoazyAssHmMos8 npu pasAuvHbIX
3HaveHusx T2

Table 2. Phase composition of samples of complex titani-
um-containing coagulants at different S:V values
TutanuT: CocTaB KOMILJIEKCHOT'O KoaryJisHTa
H2S04 Complex coagulant composition, %
Titanite: . . .
Sulfur acid Al>(S04)3-18H20 Ti0S04(TiO2) Ca0/Si0:
1:3 83,2 13,9 (6,95) 2,9
1:4 88,3 9,7 (4,85) 2,0
1:5 90,9 7,5 (3,75) 1,6
1:6 92,6 6,1 (3,05) 13
1.7 93,8 5,1 (2,55) 1,1
1:8 94,7 4,4 (2,2) 0,9
1:9 95,3 3,9 (1,95) 0,8
1:10 95,8 3,5 (1,75) 0,7
1:11 96,2 3,1 (1,55) 0,7
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[IpuBenennsie naHHble (Tabia. 3) JEMOHCTPUPYIOT,
YTO TIPUMEHEHHE KOMILIEKCHOTO KOAryJIsSTHTa IO3BOJISIET
HE TOJIBKO COKPATHTh ero pacxon Ha 25-35 %, Ho u 10-
OWTHCS MHHHUMAJIBHBIX OCTaTOYHBIX KOHIICHTpAIUi
B3BCIIICHHBIX BEIICCTB B OUMIICHHOW Boje. s Bcex
HCCIIETyeMBIX CHUCTEM KOMIUICKCHBI THTaHCOCpKa-
U peareHT NmokKa3all BEICOKYIO A(h()EKTUBHOCTH U Tpe-
B30ILIEN TPAAUIIMOHHBIH peareHT — Cyib(}aT aTroOMUHUSL.
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Ta6auya 3. KoHyenmpayuu 838ewleHHbIX gewjecme 0o U nNocje 04UCMKU 800bl

Table 3. Concentrations of pollutants before and after water treatment
Jlo3a koarysisiuTa, Mr(MexOy)/am3
PeareHT Coagulant dose, mg(MexOy) /dm3 BpeMs cejuMeHTaL MU 111J1aMa, CEK
Reagent Hcxopnas Bosa 10 20 30 40 50 60 Sedimentation time, sec
Wastewater
CTo4Hast BOJja C yCTAHOBOK ra300YMUCTKH 060raTUTENbHOI0 y4acTKa
Wastewater from gas purification units of the enrichment area

KTK 1890 1170 | 360 42 5,6 55 55 360
Complex coagulant

Cynbgar aniomumus 1890 1480 | 950 | 420 | 116 | 59 | 23 540
Aluminum sulfate

ATtMocdepHble CTOKM C TPOMBIIIEHHOW MJIOMAAKHY NPeANpUATHS
Atmospheric effluents from the industrial site of the enterprise

KTK 148 34 52 11 1,0 1,0 0,9 120
Complex coagulant

Cynibgar amoMuHus 148 69 | 375|148 | 61 | 58 | 57 180
Aluminum sulfate

CToYHBIe BOJbI € yYacTKa OTMbIBKH U HeHTpanusauuu ¢ocdorumnca
Wastewater from the phosphogypsum washing and neutralization area

KTK 1360 980 684 326 54 10,2 | 10,1 600
Complex coagulant

Cynibgar amoMuHus 1360 1140 | 759 | 387 | 145 | 52 | 296 780
Aluminum sulfate

[loMuMO CHIDKEHHS COZEpXKaHUS B3BCIICHHBIX Be-
IIECTB B IPOLIECCE OYHCTKH CTOYHOM BOIBI ydacTKa
HEeWTpaM3aluy U OTMBIBKH (pocorurica, 6bu10 3aduKcu-
POBaHO 3HAYMTEIHLHOE CHIDKCHIE KOHIEHTpaun docdar-
AHHOHA, TIPU 3TOM KOMIUIEKCHBIN peareHT ObLT B CpeJHEM
Ha 10-15 % sddexTnBree cynbdara amromunus [9].

BaxxHOo OTMETUTH, YTO NPUMEHEHHUE KOMILJIEKCHOT'O
TUTAHCOAEP>KAILETO peareHTa Takxke IMO3BOJIUIIO CyIIe-
CTBEHHO COKPAaTHUTh BPEMs CEAMMCHTAIIMU KOAaryJIsiu-
oHHbIX nuamMoB (20-30%-e yckopeHHE CeaUMEHTa-
LK), YTO B CBOI0 oOdYepenb 00eCNeduT yBeTUYeHUE
3¢ PEKTUBHOCTH OYHCTHOTO 00OpPYIOBAaHUS U COKpa-
[CHHUE ero rabapuToB.

[oBeimenHy0 3 PEKTUBHOCTh KOMIUIEKCHBIX TH-
TaHCOJICPKAINX KOATYJITHTOB MOXHO OOBSICHHTB IPO-
TEKAIOIIUMH TPOIECCaMH TTOJUKOHACHCAUH (TIOJIH-
MepH3alKK) NPOIYKTOB THAPOJIN3a COEAUHEHUN TUTa-
Ha, OKasbIBaloIIMMHU (QUIOKyIupytomee aehicteue. He
MEHEe BECOMBIM BKJaJ BHOCHT IpOILECC HEHTpaIm3a-
WU MOJIOKUTEIBHO 3apsKEHHBIX YaCTHIl TMAPOKCH]A
QNIOMHUHUS OTPUIATEIBHO 3apsDKEHHBIMU COCIMHEHU-
SIMHU THTaHa (3apoJIBIIIe00pa30BaHue), YTO MIPUBOIUT K
MOTEepPE arperaTUBHOM M CEAUMEHTAaTUBHOM YCTONYH-
BOCTU JUCIIEPCHON CHUCTEMBI, 00pa30BaHHUIO MEPBUY-
HBIX MHWIEII ¥ WHTEHCHUBHOW Koarymsauuu [23, 24].
Taxke HEOOXOINUMO OTMETHTH, YTO COCTMHEHHS THTa-
Ha CITOCOOHBI K aICOPOIIMHU 3arps3HSIONINX BEIISCTB HA
CBOEH OBEpXHOCTH [24].

OuniieHHas: BOJa MOXKET OBITh HCIONB30BaHa IS
obecrnieueHs] 0OOPOTHOTO BOJOCHAOKEHUS TPEATNpus-
TSI, 9TO OyAET MMETh BBIPAXKCHHBIN 3KOHOMMYCCKUI
a¢pext [25]. OOpasyromuics KOAryasSIHOHHBINA
[UlaM, C Y4eTOM THUIIA yJAIAEMBIX 3arpsA3HAIOLINX Be-
IIECTB (HEPACTBOPUMBIC MaJOOMACHBIE OKCHUABI KpeM-
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HUS, IIOMHHUS, XKeJe3a WIN KallbIIHs), MOXET OBITh
3¢ eKTUBHO MepepaboTaH ¢ MONMyYCHHEM YUCTBIX CO-
eIVHEHWH NUOKCHIA TUTaHA WM BOBIIEYCH B IIPO-
MBIIUICHHOEC TPUMEHEHHE B KAauecTBE KOMITOHEHTA
CTPOUTENBHBIX cMecel [14, 24]. Bompoc npoMsliiuieH-
HOT'O TIPUMEHEHHUSI KOATryJISIIIMOHHBIX IIAMOB B CTPOHU-
TENFHON TPOMBIIUICHHOCTH OyIeT aKTyaJdbHBIM MpU
OUYUCTKE OONBIINX 00BEMOB CTOYHBIX BOJ, 3arpA3HEH-
HBIX TPEUMYIICCTBEHHO JIMOKCHJIOM KpeMHHs (Iie-
MEHTHasI, CTPOUTEIbHAS MIPOMBIIUIEHHOCTD, BOIOIIO-
TOTOBKA PEYHOU BOABI H TIP.).

3ak04eHue

Ha ocHoBaHMM 3KCIIEPUMEHTANBHBIX JaHHBIX MOXK-
HO CJIeNIaTh CIICTYFOIINE BBIBOJIBI:
1. TlepepaboTka TUTAaHUTOBOTO (C)EHOBOTO) KOHIICH-
TpaTra THAPOMETAUTYPrHYEeCKUM CIIOCOOOM IMO3BO-
JISET TIONy4YaTh CEPHOKHCIBIE THUTAHCOACPIKALIUE
pacTBOPHI, KOTOPHIE MOTYT OBITH HCIIOJB30BAHEI B
KayecTBe MpeKypcopa Uil CHHTe3a KOMIUIEKCHBIX
TUTAHCOAEPKALINX KOAryJsIHTOB. Y CTAaHOBIJICHO,
YTO CTENeHb W3BJICUCHUS COCTUHEHUH THTaHA IO-
cruraer 90-95 % mnpu cynpdaTH3anuud TUTAHUTA
60-70 % cepHOIi KUCIOTOM.
JlokazaHo, 4TO BBEJICHHE B CEPHOKHUCIIBIC PACTBOPHI
THOPOKCHIA AJTIOMUHHS ITO3BOJSIET IONydYaTh aH-
TUAPHUI cyibdaTta amfOMHHNSA, KOTOPBIKA MOTIONIAeT
BJIary W3 pacTBOpa s oOpa3oBaHHs Hamboiee
cTaOWIBHON (hopMbI 18-BOJHOTO KPHUCTAIUIOTHIPA-
Ta. [IpeasioxKeHHBIN Mpolecc XUMHUYECKON IEeruI-
patamy TO3BOJISIET TONydYaTh TBEPABIA MPOIYKT,
HCKITIOYast TPOIIECC CYIIKH, YTO MTO3BOJHUT CHU3UTH
ce0ecTOMMOCTh TMOJy4aeMOr0 KOMIUIEKCHOTO TH-
TaHCOJIEPIKAIIET0 KOaryJsHTa
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3. YcTaHOBIEHO, YTO OCHOBHOH (pa3oii B COCTaBe B CpPaBHEHUU C TPAAUIIMOHHBIM CYIb(paTOM aito-
KOMIIJIEKCHOTO TUTAHCOJIEPKAILlEro KOaryyisHTa siB- MUHHUA TI03BOJIsIET Ha 25-35 % CHU3UTH pacxoi Ko-
JISIOTCS] KPUCTAILIOTHIPATHI CyJib(aTa allfOMUHUS, a aryJISIHTOB, TOBBICUTh 3()()EKTUBHOCTE OYHUCTKH
MoauduIMpyromias 100aBKa COCAMHCHHA TUTaHA BOJbl, MUHUMHU3HUPOBATh OCTAaTOYHBIC KOHIIEHTpA-
HaxoauTcs B popMe oKkcucyibdaTa TUTaHA. LMY 3arpsI3HAIONIUNX BEIIECTB, a4 TaK)KE YBEIUYUTH

4. YCTaHOBJICHO, YTO, BapbUPysl COOTHOIICHHE THUTAa- CKOPOCTb CEAUMMEHTALMU KOaryJsILHOHHBIX Ija-
HHUTA U CEPHOM KUCIOTHI HA CTAIUU BCKPBITUSA ChI- MOB. [lomydeHHBII 0caqoK MOXKET OBITH UCTIOIB30-
pbsi, BO3MOXHO TMOJIy4eHHE OOPa3lOB KOMILIEKC- BaH B KaYeCTBE KOMIIOHEHTA CTPOUTEIbHBIX CMECEH
HBIX TUTAHCOJAEPIKALUX KOAryJIsTHTOB C Pa3jIMYHbIM WM TiepepaboTaH B THTAHCOEPKAIEe ChIPhE.
coJiepkaHreM MOAUGUIUpYOIeHd 100aBKH coenn- 6. Pa3paboTka TEXHOJOTHMHM BOBJICYCHUS TEXHOICHHO-
HeHuil TuTaHa (1-14 mac. %). OnTumanbHBIM CO- TO ChIPbsI B MPOIIECCH] NOMYyUYEHHUsI HOBBIX, BBICOKO-
otHomenueM T:)K Obiio BeIOpaHo 1:4, mpu 3ToM 3¢ EKTUBHBIX PEAreHTOB AJSl MPOIIECCOB HHXKE-
coJiepkaHue MOAM(DHIUPYIONICH T0OaBKH COEIH- HEpPHOU 3alllUTHl OKPYXKAOWIEH CPebl MTO3BOJIUT HE
HEHUH TUTaHa COCTaBUIIO OKOJI0 5 Mac. %. TOJBKO CHHU3UTh YpPOBEHb HEraTMBHOI'O BO3JEH-

5. IlonTBepkaeHa  moBbIMEHHAS 3 (HEKTHUBHOCTH CTBHS Ha OKPYKaIOLLYIO0 Cpely, HO U CAENIaTh 1ar K
KOMIUIEKCHOI'O TUTAHCOAEPXKALEro pearcHra B peaym3anuu koHrenuuu Zero Waste B pamkax sko-
MPOLIECCAaX OYHUCTKU CTOYHBIX BOJ OT B3BELICHHBIX HOMMKH 3aMKHYTOI'O LIUKJIA.
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AHHOTanusa. AKmya/abHocmb paboThl 06yC/A0BIeHA BaXKHOCTbIO MHUHHMM3ALMH MOTPEGIEHHUs] 3JIeKTPOIHEPTUU Ha Mpo-
MBIIIJIEHHBIX NPEANPHUATHAX C HEIPEPhIBHBIM XapaKTEePOM MPOU3BO/CTBA C YI€TOM OCOOEHHOCTEH TEeXHOJOTUYECKHX MpOo-
[[eCCOB Ha HUX M TpeOGOBaHHU COXpaHeHHs 06beMa BBIMYCKaeMOW MMHU NpoAyKuuH. Ileqs: pemnTh 3afa4y MUHUMU3ALUN
NoTpe6/IeHUs 3JIeKTPUIECKON 3HEPTUM Ha OCHOBE MaTeMaTUYeCKOHW MOJeNH U TPaJJHeHTHOTO MeToJa B yCJOBHAX ONTH-
MaJIbHOI'0 IUITAHUPOBaHHUsI 06'beMa NMPOAYKIMH, BBINYCKAaeMON HAa MPOMBILIJIEHHBIMY NPEJIPUATUAMH C HENPEPbIBHBIM Xa-
paKTepoM NpPOU3BOACTBA; pa3paboTaTb MAaTEMATHYECKYH MOJe/b ONTHUMa/JbHOI'O paclpefieseHdst MPOAYKIHUH 33 LUKII
BpeMeHHU (Mecsl, KBapTaJ, Ioji) 1o LiexaM C y4eTOM IPOCThIX U PYHKLUOHATBHBIX OTPAaHUYEHUH, UCX0/is U3 YCJIOBUS 0bec-
nevyeHrss MUHUMaJIbHOTO NMOTPeBJIEHUS 3/IEKTPOIHEPTUH HA IPOMBILJIEHHBIX NPEAIPUATUAX C HENPEPBIBHBIM XapaKTepoM
npou3Bo/cTBa. Memodsul. [Ipu pa3paboTKe MaTeMaTUYECKONW MOJe/Id 00eCcrieYeHUs MUHMMAJIbHOTO MOTPEGIEHUS 3JIEKTPO-
3Hepruu Mpy COXpaHeHUH 0O0'beMa NMPOU3BOAUMON NPOAYKIMY MPUMeHeHbl KJacCuiuecKue MeTo/ibl ONTUMHU3aluy Jlarpas-
’a, a C LeJbl0 obecreyeHNs JJOCTaTOYHON TOYHOCTH pacyeTa — UTepalMOHHble MeTo/bl. [/ paccMaTpHBaeMo# 3afauu
npejrnoJiarajacb U ycTaHOBJIeHa MOrPEIIHOCTh pacyeTa Ha ypoBHe £=0,1. Mi3BecTHO, 4TO BbI6Op 3HAYEHUS] NOTPEIIHOCTH
pacyeTa 3aBUCUT OT OCOOEHHOCTeH pelnaeMol 3a/a4yM Y JIMLA, IPUHUMAIOLEr0o pelleHue. [l NPOBEPKU aJleKBaTHOCTU
pa3paboTaHHOHN Mo/iesid 6bIJ1 UCIIOJIb30BAaH METOJ, OTBICKAHUSI OTHOCHUTEJNBHOTO 3KCTpeMyMa GyHKIMH HECKOJIbKUX Nepe-
MEHHBIX. Pe3y/1ibmamel. Ycnoib30BaHNe MaTeMaTUYeCKOW MOJIe/IH, YUUTBIBAIOLIEH XapaKTep TEXHOJI0THYECKOro polecca
Y IPaHHUYHbBIE YCJIOBUS B NMPOCTOH M MHTETpabHOW opMe, MoKaszaso 1eecoo0pa3HOCTb ONTHUMA/JbHOIO IJIAHUPOBAHUS
3JIEKTPONOTpebIeHUs NpeJnpusiTHeM. IPPEKTUBHOCTb Pa3pabOTaHHBIX I0AX0/0B IPOBEpEHA Ha NPUMepe MeTalIypruye-
CKOT'0 NMpeANPHUATHS KaK NPOMBILIJIEHHOTO NPeJIPUSTHS C HENPEPBIBHBIM XapaKTepoM NMPOU3BOACTBA NPU pelleHUH 33/a-
Y MHHUMH3ALMM PacxoZa 3JIeKTPO3IHEPTUU Ha MPOAYKLHIO, TPOU3BOAUMYIO B TeYeHHe OTYETHOTrO nepuo/a. Mcnosb3oBa-
HUe TpeJ/I0KEHHOH MOZie/I MO3BOJIMJIO CHU3UTB I'OZl0BOE NMOTpebJieHHe 3/1eKTPO3IHEPTUH Ha 2,5 % NpH COXpaHEeHUH Hens-
MEHHBIM 00'beMa MPOU3BOJCTBA NPOAYKLUHU. OJUH U3 KJIACCHYECKUX METOJ0B ONTHUMHU3ALMHU — METO/, OTbICKAaHUS OTHOCH-
TeJIbHOT0 3KCTpeMyMa QYHKIMH HECKOJIBKUX IlepeMeHHbIX — PH MPOBepKe M0Ka3a/l NPAKTUYEeCKH TaKHe JKe pe3ysbTaThl.
JTO elle 0HO CBUAETENBCTBO a/leKBATHOCTH NPE/I0KEHHOH MOoJeJIu.

KiioueBble €/10Ba: TEXHOJIOIMYECKUH MPOLECC, 3JeKTPONoTpe6ieHHe, TPOAYKLMs, ONTUMHU3alUsA, MUHUMU3alUsA, MEeTO/,
Jlarpanka, ¢QyHKLHOHa/JIbHblEe OTpAaHUYEHMs, MaTeMaTH4YeCKHH MOJiesb, NMJIAaHUPOBAHHE, HENPEPBIBHBIA PEXHUM DPabGOTHI,
aZleKBaTHOCTb

g puTUpoBaHMA: MaTeMaTHyeckoe MoOJe/JMpOBaHHE MHHHMMM3aLMM PACXOJ0B 3JIEKTPO3HEPrMHU IPOMBILIJIEHHBIMU
NpeANpUsATUSMU C HENPEPBIBHBIM XapaKkTepoM npousBojactBa / U.Y. PaxmoHoB, B.fl. Ymakos, A.M. Haxxumosa, K.K. 06108,
C.P. CynefimanoB // V3BecTrs ToMCKOro MOJIMTEXHUYECKOTO YHUBepcUTeTa. UHXXHHUPUHT reopecypcos. - 2024. - T. 335. -
Ne 4. - C. 43-51.DOI: 10.18799/24131830/2024 /4 /4423

43



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 43-51
Rakhmonov L.U. et al. Mathematical modeling of minimization of electricity consumption by industrial enterprises with ...

UDC 621.310.311
DOI: 10.18799/24131830/2024 /4 /4423

Mathematical modeling of minimization of electricity consumption
by industrial enterprises with continuous production

L.U. Rakhmonov!®, V.Ya. Ushakov?, A.M. Najimova3, K.K. Obidov#, S.R. Suleimanov>

I Tashkent State Technical University, Tashkent, Uzbekistan
2 National Research Tomsk Polytechnic University, Tomsk, Russian Federation
3 Karakalpak State University, Nukus, Uzbekistan
4+ “TIIAME” NRU Bukhara Institute of Natural Resources Management, Bukhara, Uzbekistan
5 Research and production company KazTechAutomatics, Temirtau, Kazakhstan

Hilider1987 @asu.ru

Abstract. Relevance. Determined by the importance of minimizing electrical power consumption in industrial enterprises
with continuous production, considering the specific characteristics of their technological processes and the requirements to
maintain the output volume of their products. Aim. To solve the task of minimizing electrical power consumption based on a
mathematical model and gradient method under optimal planning of the production volume of the industrial enterprises with
continuous production; to develop a mathematical model for optimal distribution of production over a time cycle (month,
quarter, year) across departments, taking into account both simple and functional constraints, derived from the condition of
ensuring minimal electrical power consumption in industrial enterprises with continuous production. Methods. When deve-
loping the mathematical model for ensuring minimal electrical power consumption while preserving the production volume,
classic Lagrange optimization methods were used. To ensure sufficient calculation accuracy, iterative methods were also ap-
plied. For the task under consideration, a calculation error margin of e=0,1 was assumed and established. It is known that the
choice of calculation error margin depends on the specifics of the problem at hand and the decision-maker. To verify the ade-
quacy of the developed model, the method of finding the relative extremum of a function of several variables was used.
Results. The use of the mathematical model, which takes into account the nature of the technological process and boundary
conditions in both simple and integral forms, demonstrated the feasibility of optimal planning of electrical power consump-
tion by the enterprise. The effectiveness of the developed approaches was verified using a metallurgical enterprise as an ex-
ample of an industrial enterprise with continuous production, in solving the task of minimizing electrical power consumption
for products produced during the reporting period. The use of the proposed model allowed for a reduction in annual electri-
cal power consumption by 2.5% while maintaining the same production volume. One of the classic optimization methods -
the method of finding the relative extremum of functions of several variables - showed almost identical results upon verifica-
tion. This serves as further evidence of the adequacy of the proposed model.

Keywords: technological process, power consumption, products, optimization, minimization, Lagrange method, functional
limitations, mathematical model, planning, continuous production, adequacy

For citation: Rakhmonov .U, Ushakov V.Ya., Najimova A.M., Obidov K.K., Suleimanov S.R. Mathematical modeling of minimi-
zation of electricity consumption by industrial enterprises with continuous production. Bulletin of the Tomsk Polytechnic Uni-
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BBegeHue e pazpaboTKa M peaym3alysl KOHKPETHBIX MEpPOPHUSTHIA
[ToBemmenne  3((EKTHBHOCTH  HMCHOIB30BAHUS IO PalMOHAIEHOMY HCIIONIb30BAHUIO AJIEKTPO3HEPTUH.
3JIEKTPOIHEPTHM HA MPOMBIIIJIEHHBIX NPEANPUATHIX C OnHuM U3 MyTel MOBBIIICHUS SHEPT03((HEKTUBHO-

HenpepbIBHBIM XapakrepoM npousBoacTBa (IIMMHXII)  cTu paGoTel MPOMBINUICHHBIX TPEINPHATHN SBISETCS
TpeOyeT BBHIIONHEHHsS CHUCTEMBbI MEPONPHATHI, B TOM  MHHHUMH3AIMSA PACXOJd UMM IJIEKTPOIHEPTHHU TPU CO-
gyucne cnemmanbHeIX [1, 2]. K yHuMBepcanbHBIM, xpaHeHHH 00BEMa BBIMYCKACMOH MPOAYKIMH 3a pac-
HaunOosee OOMUM, MEPOIPHUATHAM OOBIHO OTHOCAT  CMATPMBAEMbINM MEPHOA. MUHUMHU3ALMHK PAcX0a dIIeK-

CJIEYIOIIHE: TPOSHEPTHH MOXKHO IOOUTHCS MPHUBICUYCHUEM IIOTPE-
e yY€T U KOHTPOJIb PACX0/a dJIEKTPOIHEPIHUH; oureneii; B paccMatpuBaeMoM cirydae — [ITTHXIT Ha
® COCTaBJICHHE D3JIEKTPOOANaHCOB OTHENIBHBIX 3J€K-  aIMHUHHCTPATHBHO-dKOHOMHUYECKOW OCHOBE [3].
TPOMOTPEOISIFOINX MAIlMH U arperaroB, LEXOB U B [4-6] mpenmnoskeHa clieayromiasi TEXHOJIOTHS pea-
MPENNPUATHUS B LIETIOM; JMU3alUK MOTEHLUANa YHEprocOepekeH sl U IMOBBIIIe-
® HOPMHPOBAHHUE IEKTPONOTPEOIICHUS; Hus sHeprodddexruroctr (AC u [123) na IMITHXIT:
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pa3paboTKa HOBBIX METOJIOB M TEXHUYECKHUX pellie-
HUMN IO CHUKEHUIO YHEPTeTHUECKUX 3aTpar;
ONTHUMU3AIUS PAcXoJla TOIUTHBA, AIIEKTPHUECKOW H
TEIJIOBOM SHEPIrUM B OCHOBHBIX TEXHOJOTHUECKHX
MpoIeccax TPOMBIIIJIEHHOTO IPOU3BOJCTBA C HC-
TOJIb30BAaHUEM COBPEMEHHBIX TEXHHUYECKUX CPEJICTB
y4éTa, KOHTPOJIS ¥ YIIPABIICHHUS,

pa3paboTka METOJO0B IKCIEPUMEHTANIbHBIX HCCIe-
JIOBaHWW W M3MEPEHHI Ha JeHCTBYOMEM 000pyI0-
Banuu [ITTHXII;

COCTaBJIEHHE MaTeMaTHUECKUX MOJIEIIEH TapaMeTpoB
VIpaBlIeHUS PESKUMaMH JHEPronoTpediieHus, odec-
TEYNBAIOIINX MUHUMYM JHEPTETHUECKUX 3aTpar.

B cBsi31 ¢ 3TUM Ha OCHOBE BBHITIOJIHEHHOTO aHaJIN3a
COBPEMEHHOTO COCTOSIHUSI YIPaBJICHHUS NOTpeOICHHEM
AJIEKTPOIHEPTUU TPOMBIIIUICHHBIMU  TIPEATIPUSTUIMHA
MOXXHO CJIeNIaTh BBIBOJI, UTO I€JIECOOOpa3HbIM SIBIISIET-
csl pa3paboTKa ¥ HCIOIB30BaHHUE CIEIHMAIbHO CO3JIaH-
HOM JUIA 3TOH IIeIW MaTeMaTHUYECKOI MOJEITH.

Pe3ysibTaThl HCCJ/Ie JOBaHUSA

IIpu pemennn 3amau peanuzanuu noreHnuana JIC
u [123D B kauecTBe OCHOBHBIX YHEPTETUUECKUX MMOKa3a-
TeJNeWd SIIEKTPONOTPeOICHUs, KOTOPBIE 3aBUCAT OT
MHOTHX (aKTOPOB, OOBIYHO pPACCMATPHUBAIOTCS: IIO-
TpebnsiemMas aKTHBHash MOIIHOCTH — P, pacxom amek-
tposueprun — W, yrenbHOe iekTpornorpedneHue — d
(Ha enuHUITy MPOW3BEAEHHON TTPOIYKIHN) [7, 8].

OOBMHO HAa  TIOKa3aTeNmd  AJIEKTPONOTPeOICHUS
HauOoJIbIIIee BIUSIHIE OKA3bIBACT 00bEM M HOMEHKJIATY-
pa BBIIyCKaeMO# NpoAyKIMH 3a pacutabiii iepuon (I1).
B Marematnueckux MOAENSX 3TO BIUSHUE ONKCHIBACTCA
BelpakenueM P=f(I1) [9]. IIpu BbITyCcKe HECKOJIBKUX BU-
JIOB MPOTYKIIUH YIUTHIBAIOTCS UX 00BEM U JIOJIS KXKIOTO
BUZIa B OOMmIEM BBIITYCKE MPOMYKIHH, & TAKKe PEKHM
paboTsl 000pYAOBaHUS IPH W3TOTOBJIEHUH KaXKI0TO BHIA
nponykiun. [loTpebnsieMas MOIIHOCTh ONpenessieTcs
IUTSL KKIOTO BHAa MPOAYKINH. B 3THX ciydasx wmccie-
JIOBaHUS TPOBOJSATCS HA OCHOBE CHCTEMHOIO MOIXO[a,
YTO MO3BOJISIET Pa3pad0OTaTh METOIbI ONITUMH3AIMH HIICK-
TPUUYECKUX HArpy30K U ONPEIEIUTh 3aBUCHMOCTH MEXITY
PEXUMOM PabOTHI 3IEKTPOOOOPYIOBaHUS M €r0 dHEepre-
THYECKUMHE ToKazatensimi [ 10, 11].

Kak usBectro [12, 13], uccinenoBaHus MOKHO BBI-
MOJHATh KaK Ha (hU3NUECKOW MOJENTH (HAa yMEHbBIICH-
HOM BapHaHTE PEaNbHOr0 00BEKTA), TaK U HAa MaTeMa-
THYECKOH Mojiend. B mepBoM ciydae W3ydaroT cam
MPOLIECC, @ BO BTOPOM HCCIEAYIOT yPaBHEHHUSI, OMUCHI-
BalOIMEe TOT WIM MHOW mporecc. OOBIMHO B TaKHX
CJIydasix HEeBO3MOXKHO aHAJIMTHYECKOE PEIICHHE TaKhUX
YpaBHEHHUH, MMOTOMY C TOMOINBIO PAa3IHYHBIX IIPH-
OMMKEHHBIX METOJOB ypaBHEHHs NPHUBOIAT K BUAY,
IIPY KOTOPOM OHH MOTYT OBITH PEUICHBI.

[pu omrrMm3ammy AMEKTPOIOTpeOIeHNsT pa3padaThl-
BAIOTCS W BBINOJHSIOTCSA 3HEProcOeperaroiye MeporpHs-
THS, U1 OCYIIECTBICHUS KOTOPBIX TPEOYIOTCS 3HAYUTEIb-
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HbIe (PHHAHCOBBIC cpencTBa. [1py 5TOM VTSl OLICHKH pa3iiid-
HBIX CTpaTerHil MCIONB3YIOTCS pa3pabOTaHHbIC MOJCIH, W
TP MIBMEHEHHH JTFOO0TO TapamMeTpa ¢ X IIOMOIIBI0 MOYKHO
OBICTPO ¥ TOYHO HAWTH HOBBIC PEIICHNS, 00CCTICUNBAIOIIIHC
OIITMMAIIBHOCTB CUCTEMBI B 11eIoM [ 14-16].

[IpoMbInIUTeHHBIE TIPEANPUATHS, KaK MPABUIIO, pac-
MmoJlaratoT HpopMalmend Mo UToraMm paboThl B OTYET-
HOM Ilepuojic 06 00beMax MPOU3BEACHHON MPOTYKIUU
U HaKTHYCCKHUX PacX0JIax dJICKTPOIHEPTUH HA KaXKIbIH
BHJ] TPOAYKIUH B COOTBETCTBUH C MPUHATOM JJISI TIPO-
M3BOJICTBCHHBIX MONPA3JCICHAN METOJUKON yuéra
QJIEKTPOIHEPTHH 32 OTUYETHBIM Tepuon (Toja, MeCHIl,
Heaens) [17-19]. HeoOxoauMo OTMETHTH, YTO MpE-
JIOXKECHHAsi METOIWKA TPUMEHUMA JUIsl TPEATPUSTHIA,
BBIITYCKAIOLIMUX OJWH THUIl NPOAYKIUU C pa3IMYaroliy-
MHUCSl 00beMaMH TI0 BpeMEHHBIM HMHTepBaiaMm. Ha oc-
HOBE 3TOM MH(OPMAIMU MOYXKHO HOPMHPOBATh YJCIb-
HBIH pacxoJ AJIEKTPOIHEPTHH 10 COOTHONICHUIO:

di = f(Hl):\l,Y[_la

(1)

rae Wi — pacxon 3/IeKTpOo3IHEepIu 3a OTYETHBIH NepHo
(ronm, mecsu, Hemens), KBy, di — yaenbHBIH pacxon
JIEKTPOSHEPTUU 32 OTYETHBIN IepHox (rof, Mecsl,
Henens), kBra/t; I1; — 06bEM BbITyckaeMol HPOIyK-
MY 32 OTYETHBIH MePHOJ (TOM, MeCALl, Heems), T.

AHanmm3 CTaTHCTHYECKUX TaHHBIX 00 0ObeMax mpo-
W3BOJICTBA U COOTBETCTBYIONINX MM YAEIBHBIX Pacxo-
Jlax 3JIEeKTPOIHEPTHH TTOKa3al, YTO HAWIy4IInM oOpa-
30M CBSI3b YJEINBHBIX PACXOAOB AIIEKTPOIHEPTUH C
00bEMaMH  MIPOM3BOACTBA OTPAKACTCSA SKCIIOHEHIIH-
aTbHOM 3aBUCHMOCTHIO BHa [9]:

di = f (Hi) = exp(aio + ailni )s ()

rze ajo, i1 — KO3QGUIMEHTHI, ONpeiesieMble JUIsT Kax-
oW 3aBHUCHMOCTH (ST KaXXIOTO MPOH3BOACTBEHHOTO
MOJPA3IeICHUS MIPEIIPHUSITH).

Takum o0Opa3oM, Ha YpOBHE MPOHM3BOJCTBEHHBIX
noJipa3ieieHuid 00bEM MOTPEOICHUS JICKTPOIHESPTUU
MOJKHO OIpEIessITh HAa OCHOBE IOJYYCHHBIX 3aBUCH-
MocTei (1) Mo COOTHOIICHHUIO:

W, = f(IL)=d,II;. (3)

3agaya COCTOMT B MUHHMH3AI[MH OOLIETO pacxoia

WM yIENBHOTO PACX0/a dICKTPOIHEPTHUH TIPH OTPaHH-

YHUBAIOIIEM YCIIOBHHU JUIS 00beMa BEITyCKaeMOU IIpo-
nykouu I, T. e.:

W, = f(I,) » min wm d, = f(I1,) > min.

Hcxonst u3 ocobeHHOCTeH paboThl 00OPYIOBAHHS
MITHXTI, st obecrieueHnss HEU3MEHHOTO 00BEMaA TPO-
W3BOJICTBA TPOJAYKIIMA B TEUYCHHE TEXHOJIOTHYECKOTO
mporiecca NP MHHAMAJIBHO BO3MOKHOM TOTpPEOTICHHN
AJIEKTPOIHEPTUU 33jada ONTHMAIBHOTO PacIpeeiICHUs
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MPOU3BOJICTBA TOTOBOM MPOIYKIUH B TEUCHUE OTIYETHOTO
neproa (0e3 ydera mpoCcThIX U (PYHKIIMOHAIBHBIX Orpa-
HUYCHUH) TIOMIArOBO PEIIACTCS CIICAYIONMM 00pa3oM
[20, 21].

MuHuMu3upyeTcs IieneBas (QYHKIHS, KOoTopas
MPE/ICTABNISET COOOM CyMMy 3aTpar Ha 3JIEKTPOdHep-
THIO TIPU MIPOM3BOJICTBE TOTOBOM MPOIYKIHHU B j-II€Xax
MPEIIPHUSITHS:

a+blIl

W, =I1,™" — min, 4)
371eCh
W, =W, +W, +W; +...+W, . Q)
OrpaHnueHust:

1o 6ayaHcy rOTOBOW MPOAYKIINH, POU3BEIEHHON B
nexax MpeIIpHATUs 32 OTIYETHBIH mepuo (rof, Me-
CsIIl, HeIes):

I, =11, +1L, + I, +...+ I1,, (6)

M0 MaKCHMMAJIbHOMY W MHHHMAJIbHOMY OObeMam
TOTOBOM MPOJIYKIHH, KOTOPask MOKET OBITH IPOU3-
BEJICHA I1IEXOM 3a OTYETHBINA Tepuoxa (To1, MECSII,
HeJens):

o7 <II, <™, jeN. ()

Omnmcannas ypaBHeHusMH (4)—(7) 3amava ¢ ydeToMm
OTPaHWYCHUI MHUHHMH3UPYETCS C MOMOIIBIO (QYHKIHN
Jlarpanxa:

L=W, +W, +W, +...+W,_+
+ AL, T, —TI, —...—11,) =
= I1,e*™™ + I1,e*" 4+ I1,e*™™ + ...+ IT,e*™™" +

+A(I, — 11, —T1; —I1,)), ®)

rme A — HeompeAeleHHble MHOXuTenu Jlarpamka c
y4€TOM yciIoBHs OajaHca IMPOM3BOJICTBA TOTOBOM IMPO-
JOYKIIUK B OTYETHOM IIEPHOJIC.

[l obecnieueHuss MUHUMYMa (QyHKIHMH (8) JTOIKHO
BBITIOJIHATBCS CIIE/IYIOIIee YCIOBHE!

L. w, — A = (L+bIT, )e*™™ — 1 =0;

oI,

oL _ W, — A = (L+bIT,)e*™ — 1 = 0;

orl,

L w, — A = (L+bIT,)e*™ - 1=0;

oll,

. W, — A = (L+bII, )e**™ — 1 = 0;

ol

oL

ﬁzn—nl-nz—ng—...—nnzo, )
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Tae w, = W, _ orrocHTensHbT MIPUPOCT MOTPEOICHUS
)

9NEKTPOIHEPTHH j-TO 1ieXa MPU MPOU3BOACTBE TOTOBOI

nponykuuu I1j 3a OT4ETHBIA NIEpHOT,

W3 cuctems! (9) BUAHO YTO, 3HAYCHUS A paBHBIL:
_ a+bIl.
A= (L+DbIT;)e™™".

Jns pemieHHs CHCTEMbl YpaBHEHHI 3Ha4eHUS A
HaXOAUM 10 MHUHHUMAJIBHBIM 3HAY€HHAM 00beMa Ipo-
JTyKIWH, T. €.

A= (1+bIT,)e*

Torma nust ompeneneHust 3HadeHus [l umeem
TPAHCIECH/ICHTHBIE YPaBHEHUS BUIA

f(I1;) = A—(1+bIT,)e*™™ =0. (10)

Hns pemenus ypaBHeHus (10) mpumeHHM MeTOx
UTepanu.

C yuerom (10) ypaBHEHUE UMEET CIIETYIOUIMN BHI;

H~ _& 7(a+b1'11) _1.
b b
3nauenus I1; u3 (4) onpenemnsroTcss METOJOM HUTe-

pauumu.
Takum oOpaszom, s obecnieueHuss MUHIMyMa I10-
TpeOJICHHS IEKTPOIHEPTUH B MPOIIECCE MTPOM3BOICTBA
TOTOBOH MPOXYKIHUU HEOOXOAMMO BBINOJHSITE YCIIO-
BUs, 3amucanubie B Buze (6), (7).
B uwacTHBIX ciy4asx, T. €. ¢ yUeTOM BCEX YCJIOBUH,
MpUBEJIEHHBIX B (8), Mmosyyaem:

w,=-4,, i eN;
n-> 1, =0,
i=1

OTO 03HAUYaeT, YTO IPH COXPaHEHUH OanaHca roTo-
BOI MIPOAYKLMHU PAaBEHCTBO OTHOCUTENBHOTO MIPUPOCTA
pacxo/ia MEKTPOIHEPTHH I-T'0 [[eXa [IPU POU3BOACTBE
nponykuuu Ilj 3a paccMaTpuBacMBIil OTYETHBIM NEPU-
OJl SIBISIETCS KPUTEPUEM MHUHHMAIBHOTO TOTPEOICHUS
aneKkTposHepruu [22, 23].

s ipoBepKH NPaBUIBHOCTH CHOPMYITHUPOBAHHBIX
BBIIIIC BBHIBOJOB pAacCMOTpEHa 3ajgada OOecIedeHus
MHHHMAJIBHOTO PacXo/ia 3JEKTPOIHEPTUN HA TOTOBYIO
MPOTyKLHIO, TPOU3BOIUMYIO IPOMBIIIJIEHHBIMU TIPEJ-
MIPUSTHUSIMU C HETPEPHIBHBIM XapaKTEPOM IPOU3BOJI-
CTBa B TE€YEHHE OTYETHOro nepuoxaa. B cBs3u c Tewm,
4YTO TMOTpeOJCHUE SIEKTPOIHEPTHH Ha MPEIIpPUATHN
IIPONOPLMOHAIBHO YAEIbHON CTOMMOCTH IMpPOAYKLUH,
PEKOMEHYEeTCsl HCII0JIb30BaTh CTOMMOCTHBIE XapakTe-
PUCTHKH BMECTO XapaKTEPUCTUK IJIEKTPOIIOTPeOIeHNS

A

II. =—e
b

—(a+bIly) 1

b’
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3navenus I ompenensioTcs ¢ MOMOIIBI0 METOAA
UTEpaLIUH.

Takum o0pazom, sl oOecriedeHuss MUHIMyMa T10-
TPEOICHMUS HIIEKTPOIHEPTUN B TPOIIECCE MMPOM3BOJCTBA
TOTOBOM IMPOAYKIIMM HEOOXOIMMO BBIMOJHATE YCIIO-
BusA, 3anucanubie B Buze (6)—(8).

B gacTHBIX ciydasx, T. €. C y4eTOM BCEX YCIOBUH,
MpHUBEJIEHHBIX B (8), moiyyaem:

Wn:—ﬂ,j, ieN

H—Zn:Hj =0
i-1

DT0 03HaUaeT, 4TO MPH COXpPAHCHUH OallaHCca TOTO-
BOM MPOAYKLUHU PaBEHCTBO OTHOCUTEIBHOI'O IIPUPOCTA
pacxojia 3JeKTPOIHEPIHH J-TO [[eXa MPU IPOU3BOICTBE
npoaykuuu I1 3a paccmarpuBaeMblil mepHoJ SIBIISETCS
KpUTEpUEM MHUHHMAJIBHOTO TOTPEOJICHUSI DIICKTPO-
SHEPruu.

Jna monarsepxkaeHus cHOpMYyITUPOBAHHBIX BHIIIE
BBIBOJIOB PACCMOTpPEHa 3ajada OOCCIICUCHHS MHHH-
MaJbHOI'O Pacxoia 3JIEKTPOIHEPIUH Ha MPOU3BOACTBO
npoxaykuu Ha [IITHXII B TeueHne oT4eTHOrO mepuoaa
0 mojpasae’aeHusIM npeanpuarust (o nexam). Koad-
(bUIMEHTEHI, ompe/ielieHHbIe 10 ypaBHeHHsM (2) u (3),
TpuUBECHBI B Ta0I. 1.

Ta6auya 1. Koagppuyuenmol, xapakmepusyouwue pacxod
a/1eKmpo3sHepauu no hodpaszdeseHusm npeonpu-
amus (no yexam), onpedesieHHble N0 YpagHeHU-

Ta6auya 2. [1raHo8ble 3HAYEHUS 8blnycka 20mogotli npodyk-
yuu IIITHXTI

Planned output values of finished products of the
industrial enterprises of continuous production
(IECP)

Table 2.

KBapTasibl/Quarters 1 2 3 4 Cymma/Total

Hunan, T/plan, t 210 | 241 | 201 | 202 854

31ech rpaHUYHbIE YCIOBHA AJIS KaXKIOro Lexa 3a-
paHee 3aJaHbl PYKOBOJCTBOM HPEINPHUSATHSI, a MUHH-
MaJlbHble U MaKCHMAaJIbHbIE 3HAYCHUS ONPEAEINSIOTCS
cren(UKON TEXHOJIOTHUYECKOTo Mporecca. Hampumep,
COKpalleHHue MPOU3BOACTBA JO MUHUMAJILHOTO 3Haue-
HUSI HEIEI0CO00pa3HO ¢ 3KOHOMMYECKOM TOUKHU 3pe-
HUSI, @ YBEIMYCHUE €TO BBIIIC MAaKCHMAJIBHOTO 3HAYe-
HUSI OTPaHMYCHO BO3MOXKHOCTSIMH TPEITPHATHS (FUTH
nexa).

E>xexBapTajbHBIN IJIaH 110 BBIYCKY NPOLYKLMH U
COOTBETCTBYIOIIAsl €My MOTpedsieMas 3JIEeKTPOIHEP-
TSl IPUBEICHEI B Ta0M. 3.

Ta6auya 3. ExcekeapmanvHblll naaH npouzsodcmea npo-
dykyuu u nompebieHue 3nekmpoaHepauu npeo-
npusimuem

Table 3. Quarterly plan for production and electrical

power consumption by the enterprise

KBapTasbl
Quarters

Cymma

1 2 3 4 Total

06'beM NpoOU3BeZEHHON
NPOAYKUMH, [Tnnan, T
Volume of produced
products, Mpian, t

210 241 201 202 854

Pacxoj; asieKTpoaHepruu
Ha IPOU3BO/CTBO NPO-
AYKUMH, Winan, 104-KBT-y
Electrical power
consumption for
production, Wyian,
104kW-h

81,69 (93,749 | 78,189 (78,578 | 332,21

am (2) u (3)

Table 1. Coefficients, characterizing electrical power
consumption by divisions of the enterprise (by
workshops), determined according to equations
(2) and (3)

[Moapaspenenus (1ex)/Divisions (workshop) EN a1

Ne1l 3,0092 | 0,0041
Ne 2 3,0067 | 0,0043
Ne 3 2,9663 | 0,0043

BBeneH psaj orpaHMuYeHU B COOTBETCTBUU C YPaB-
Henusmu (6) u (7):
e 10 0aJaHCy TOTOBOH MPOIYKIMH, MPOU3BEIAEHHON
IPENIPUATUEM 33 TOJ;

v
DI, =TI + 11, + 11 +..+ = 854;
k=1
® TUIAHOBBIC 00S3aTENLCTBA IO 00BEMY IPOU3BOTUMOI
HPOIYKIUHU, IPHHATHIC peanpuaTieM (Tadi. 2).
e OrpaHHMYCHHS [0 MaKCUMAJILHOMY ¥ MHHUMAIBHOMY
00beMaM MPOYKLKH, TIPOU3BEAEHHON B LiEXax Mpe-
HPHATHSA 110 KBapTajlaM UMEIOT CIeTYFOIINH BUT:

mex Ne 1: 67<I1;<81
nex Ne 2: 69<I1,<82
nex Ne 3: 65<I15<75.

[TokBapTajgpbHOE W3MEHEHHE B TEYCHHE Tojia Io-
TpeOJICHUs SNIEKTPOIHEPTUN U 00BEMA MTPOU3BEACHHON
MPOAYKIMU Ha MPENNPUATHN YEPHON METATypTrHH C
HETNPEPHIBHBIM XapaKTepOM MPOU3BOACTBA TIOKA3aHO B
Tabm. 4.

BunHo, 4TO Npu HE3HAYUTENHHOM W3MEHEHHH 00b-
€Ma MPOU3BOAMMON TMPOAYKUMU B TEYEHHE TIoJa
HaOJII0Ial0TCS 3HAYNTENLHBIE U3MEHEHN 00bEMa II0-
TpeOsIeHHOH 3nmekTposHeprun. [Ipu coxpaneHuu rojo-
BOTO 00BEeMa TOTOBOHM MPOJYKIIMA MUHHMAaJIbHOE I10-
TpeOJICHUE DJICKTPOIHEPTUU B MECSI] COCTaBIISET
324,03'106 kBT'u, a paznuume Mexay IJIaHOBBIM H
ONTUMAIBHBIM TOJOBBIM MOTPEOJICHUEM AJICKTPOIHEP-
TUU COCTaBIISIET 8,176'106 kBT1-4. ['omoBoe motpeoiie-
HUE 3JICKTPOIHEPTUU yMeHbIaercs Ha 2,5 % mpu co-
XpaHeHHH OOBEMOB TPOU3BOJCTBA TPOIYKIHH, T. €.

47




Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 43-51
Rakhmonov L.U. et al. Mathematical modeling of minimization of electricity consumption by industrial enterprises with ...

YCIIOBHsI OTPaHHMYEHHs IO MAKCUMalbHOMY U MHHH-
MaJbHOMY OOBeMaM IIPOAYKIHMH, NPOU3BCAEHHON B
LEeXax NPEINpHUSATHS 3a TOJ II0 KBapTalaM B pa3pe3ax
LEX0B, BBIIOIHAIOTCA. Pe3ynpTaTel HCCIIEIOBaHUS
MOATBEPKAAIOT aJEKBAaTHOCTD IIPEJI0KEHHOU MOJIENH.

Ta6auya 4. [lokeapmasibHoe U3MeHeHUe 8bINYCKA 20Mogoll
npodyKyuu u nompe6aeHus 3/1eKmposHepauu

Table 4. Quarterly changes in finished product output and
electrical power consumption
KBapTasibl CymMa
Quarters 1 2 3 4 Total
na, T/plan, t 210 241 201 202 854
Honrim, T/ Moptim, t 205 238 201 210 854
Pa3Huia B 06'beMax
MPOU3BEeJeHHOU
MPOAYKLUUH , T 5 3 0 -8 0
Difference in volume
of products, t
Wnnau, 10*+kBT-u
Wiyian, 10+-kW-h 81,69 [93,749|78,189| 78,578 | 332,21
WonTuM., 104kBT-u
Wopim, 104-kW-h 80,01 | 83,84 | 79,57 | 80,61 |324,03
Pa3uua B 06'beMax
notpe6seHus 33,
10 kBT . 1,68 | 9,909 [-1,381| -2,032 | 8176
Difference in electrical
power consumption
volumes, 104-kW-h

Pe3ynpTraTel mogoOHOrO cpaBHEHHs, HO B paspese
1IeXO0B (Ha MpUMepe TpeX 1IeX0B), IpUBeIeHbI B Ta0IM. 5.

Ta6auya 5. H3meHeHue no kKeapma./am 8vlnycka 20mosoli
npodykyuu u nompeb6aeHusl 31eKmpo3Hepauu 8
paspese yexos

Table 5. Quarterly changes in the output of finished
products and electrical power consumption by

workshop division

[Togpasenenus
(uexk)
Divisions
(workshops)

KBapTasbl
Quarters

Cymma
Total

Hon'rnMan, T
Hoptimal, t
WOHTHME/IJ

104kBT-u

Woptima];
104kW-h

onruman, T
Toptimal, t
WOHTHMa"J

10%kBT-4y
Woptimal,

104kW-h

Ionruman, T
Ioptimal, t
WGHTHMa/li

10*kBT-4
Woptimalv

10*kKW-h

70 81 67 69 287

Ne 1

27,01)28,26|26,68|26,90| 109

69 82 69 75 295

Ne 2

27,2128,77 (27,21 (27,92

66 75 65 66 272

Ne 3

25,79126,81|25,68|25,79| 104

B Tabn. 6 HOCTOBEPHOCTH MOJIyUCHHBIX pE3yNbTa-
TOB M CJENaHHBIX HA UX OCHOBE BBIBOJOB IOJITBEp-
KICHAa CpPaBHEHHWEM C pe3yJIbTaTaMH, MOTyYEHHBIMU
METOJIOM OTBICKaHUS OTHOCHTENBHOTO 3KCTpeMyMa
(YHKIUI HECKOJIBKUX MEPEMEHHBIX [24, 25].

Taé6auya 6. CpasHeHue nNOAY4HEeHHbIX pe3y.bmamog Memo-
JOM OMbICKAHUS OMHOCUMENbHO20 3KCMpeMmy-
Ma PYHKYUll HECKObKUX NepeMeHHbIX

Table 6. Comparison of results obtained by the method of
finding the relative extremum of functions of
several variables

KBapTaJibl CymMa
Quarters 1 2 3 4 Total
Pe3y}1bTaTbI, IoJIy4Y€eHHbIe pa3pa6OTaHHbIM ABTOpaMU MeTO0M
Results obtained by the method developed by the authors
Ionrnm, T/ Hoptimal, t 204 | 238 | 202 | 210 854
4. .
Wonman, 10%-KBT-4 80,01(83,84 | 79,57 [80,61 |324,03

Woptimal, 104kW-h

Pe3ysibTaThl, MOJyYeHHbIE METO/IOM, IPEJJIOKEHHBIM B [24, 25]
Results obtained by the method proposed in [24, 25]

Tonrum, T/Hoptimal, t 205 238 201 210 854
Wonrum, 104-KBT-1
Woptimas 104-kW-h 79,86 83,84 | 80,52 |80,61|324,83
Pa3Huua B 06'beMax noTped-

% 4. .
JieHHoH 33, 104 kBT-u 015 0 0,95 0 0,8

Difference in electrical power
consumption volumes, 104+-kW-h
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3akrouenue

Pemrena 3amaua MUHUMHU3aIUN TOTPEOICHUS DIICK-
TPO3HEPrMM Ha OCHOBE MAaTeMaTU4ecKOH Mojenu Hu
TPaJiuCHTHOTO METOAAa B YCIOBUSIX ONTHMAJIBHOTO
IUTAaHUPOBaHMsI 00beMa MPOXYKIMH, BHITyCKaeMOH Ha
[ITHXITI. ITpu pa3paboTke MaTeMaTHYECKOW MOJEIH,
YUUTBIBAIOLIEH XapaKTep TEXHOJIOIMYECKOrO IpoLecca
U TpaHUYHBIE YCJIOBUSA B IPOCTOM M HHTErpajibHOI
(dopMe, BBISBICHA I1€71eCO00OPA3HOCTh ONTHMAILHOTO
TUTAaHUPOBAHMS 3JIEKTPONIOTPEOICHNS TPEATIPUATHEM.

Ha ocHoBe NpoBENEHHBIX PacdyeTHO-IKCIEPUMEH-
TallbHBIX UCCIIEI0BAHUN YCTAHOBIIEHO, YTO MPEIOKEH-
Hasi MaTeMaTU4ecKasi MOJIENb SIBJISICTCS aJIeKBaTHOM, Tak
Kak o0ecredynBaeT MHUHHUMYM MOTpEONeHHs 3IEKTpPO-
sHepruu. IIpu ydere pa3nuyHBIX BUAOB OrpaHUYEHUI
OHa 0051a/1aeT BBICOKUMH BBIUMCIUTEIBHBIMY KaueCTBa-
mu. [lpu 3TOM oONTHUMaNBHBIA 0OBEM BBITYCKaeMOM
IIPOAYKIIMU OTHOCHUTCS K ONpPENEICHHOMY OTPE3KY Bpe-
MeHH (MeCSII, TOT) MPH YCIOBHH CTPOTOTO COOITIOACHUS
TpeOoBaHHI TEXHOIOTHUECKOTO MPOIIecca.

AZEeKBaTHOCTh pPa3pabOTAaHHOM MOJENTH IOITBEP-
KJeHa Ha IpuMepe paboThl METATYprHIeCKOro Tpe.-
npusitis. IIpy 3TOM BBISIBICHO yCIOBUE MUHHMMAIIBHO-
TO TMOTpeOICHNUs IEeKTPO’Heprun. Pe3ynbTaTsl pacue-
TOB MO NPENI0KEHHOH METOAMKE U ¢ MPUMEHEHHEM
METOa OTBICKAaHHsSI OTHOCHUTEIBHOIO 3KCTpPEMyMa
(YHKINH HECKOJIBKUX NMEPEMEHHBIX MPAKTHYECKU COB-
namy. Mcrnonp3oBaHue Ha NpPakTHKE NPEAIOKEHHOIO




HW3BecTuss TOMCKOIro NOJUTEXHUYECKOTO YHUBepcuTeTa. UHXXMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 43-51

Paxmonos W.Y. u ap. MaTeMaTn4eckoe MoJieJIMpOBaHMEe MUHUMHU3ALUU PACXOL0B 3JIEKTPO3HEPTUH IPOMBILIJIEHHBIMH ...

aBTOpaMH METOJla MO3BOJIAET COKPATUTh TOJOBOC  BIMAIOLIME HA MOTPeOICHUE 3IEKTPOIHEPTHU HA JaH-
3NIEKTpONOTpeOsIeHHE Ha 8,176:10° kBr-4, uro cocta-  HOM KOHKPETHOM IPOMBIIUIEHHOM IpPENNPUATUH, a
BUT 2,5 % oT cymmapHoro o0neMa. EcTecTBeHHO, 9TO  TakKe I'paHWYHBIC YCJOBHUS B NPOCTOM W HHTETPab-
MIPHU 3TOM IOJDKHBI YUUTHIBATHCSI OCHOBHEBIE (PAKTOPBI,  HOM (hopme.
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natural plant fibers (Alfa, jute, sisal) vs. polypropylene fiber
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Abstract. This study offers a comparative assessment of two methodologies for mitigating soil swelling in marl and clay soils.
The methods under investigation include the use of natural plant fibers (Alfa, jute, sisal) and polypropylene fibers in combi-
nation with lime-pozzolana cement. Laboratory tests, including Proctor compaction tests, and swell potential assessments,
were conducted to assess the effectiveness of each method. The findings reveal that both natural plant fibers and polypropy-
lene fibers, when combined with lime-pozzolana cement, effectively reduce soil swelling. The study underscores the promise
of eco-friendly natural plant fibers and the durability of polypropylene fibers as viable solutions for soil stabilization. Fur-
thermore, incorporating lime-pozzolana cement enhances both methods performance, providing an additional layer of soil
stability. This research contributes valuable insights to geotechnical engineering projects dealing with marl and clay soils.
It aids in the selection of suitable soil stabilization techniques, considering project-specific needs and sustainability concerns.
Ultimately, this study advances the field of geotechnical engineering by promoting environmentally conscious and resilient
solutions to address soil swelling in clay and marl soils.

Keywords: soil stabilization, swelling reduction, natural plant fibers, polypropylene fiber, lime-pozzolana cement
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rPYHTOB: HATypaJ/IbHbIE PaCcTUTE/IbHbIE BOJIOKHA (Alfa, AKyT, cu3asib)
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AHHOTa].llfli[. B AAHHOM HCC/JIeJOBAHHUU JaHA CPAaBHHUTEJIbHAA OL€HKA ABYX METOAUK CHUXEHUSA Ha6yxaHm{ I'PyHTa B Mep-
reJIbHO-TJIMHUCTLBIX IT04YBax. I/Iccne,qyeMbIe METO/bl BKJIDYAKT UCII0JIb30BAHHUE HATYPaJIbHbIX PAaCTUTEJ/IbHbIX BOJIOKOH [Alfa,
HAXKYT, CI/IBaJ'Ib) " NOJIMINIPOINUJIEHOBBIX BOJIOKOH B COY€TAaHUHU C U3BECTKOBO-MTYLIIOJIAHOBBIM LIEMEHTOM. [[J'Iﬂ OLIEHKH 3¢¢)6K-
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TUBHOCTH KQXI0r0 MeTO0/ja GbLIM NPOBEIEHbI JIA60PaTOPHbIE UCIIBITAHMUS], BKJIIOYAKOLIME TECTHI HAa YIJIOTHEHHUE 110 METOAY
[IpoKTOpa M OLeHKY NOTeHIMala BCyYMBaHHUs. Pe3yibTaThl IOKa3a/Iy, YTO KaK HaTypa/ibHble PaCTUTEJbHbIE BOJIOKHA, TaK
Y MOJIUNIPOIMJIEHOBBIE BOJIOKHA B COYETAaHUH C U3BECTKOBO-NYLL[0JIAHOBBIM 11eMEHTOM 3 (GEKTHUBHO CHIXKAIOT HabyxaHHe
rpyHTa. MccieoBaHue MoJ4epKUBaeT NEPCHEKTUBHOCTb 3KOJOTMYECKH YUCTBIX HATYpaJIbHbIX PACTUTE/bHBIX BOJIOKOH U
JIOJITOBEYHOCTDb MOJIMIIPONM/IEHOBBIX BOJIOKOH Kak 3 }EKTUBHBIX pelleHUH s cTabuan3anuu rpyHta. Kpome Toro, fo-
6aBJIeHHEe U3BECTKOBO-IIyL1l0JIaHOBOrO leMeHTa NOBbIMAeT 3 PEKTUBHOCTb 060UX METO/0B, 00ecredrnBasi JONOJIHUTEb-
HBIM CJI0H CTaGUJIBHOCTU IpyHTA. [JlaHHOE HCCle/joBaHUe BHOCUT LIeHHBIH BKJaJ B MHXEHEPHO-Ie0JIOTHYeCKHe MPOEKTHI,
CBSI3aHHbIE C MePreJIbHO-IJIMHUCTBIMU rpyHTaMu. OHO ITOMOTaeT BbIOPATh MOAXOASIME MeTO/bl CTabUIM3alMK IPYHTaA C
y4eToM crenrpUKH NpoeKTa U coobpakeHUH ycTOMYMBOCTH. JJaHHOe HccleJoBaHUe CIIOCOGCTBYET Pa3BUTHIO TeOTeXHUYe-
CKOM MHXXeHepHH, Npejjiaras 3KOJOTHYecKH Ge3olacHble U YCTOMYMBLIE pellleHUsA [JJ/Is 60ppObl ¢ HabyxaHWeM I'PyHTa B
[JIMHUCTBIX U MEPreJIMCThIX I0YBaXx.

KiroueBbie ci0oBa: CTa6I/IfII/I3aL[I/IH I'PYHTOB, CHUXKE€HHE Ha6yXaHI/IH, HaTypaJibHbl€ paCTUTEJ/IbHbI€ BOJIOKHA, IIOJIMIIPOIINJIEe-
HOBO€ BOJIOKHO, I/ISBeCTKOBO'HyHL[OJIaHOBbIﬁ LEeMEeHT

BaarogapHocTu: ABTOpPHI 6/1aroJjapAT J1abopaToOpPUI0 KOHTPOJIA MaTepHasIoB M NOYB 3a NIPel0CTaBJIeHHY0 BO3MOXHOCTb
COTPYZHUYECTBA B paMKaXx 3KCIIEPUMEHTAILHOTO IPOEKTa.

Jna oputupoBanMa: diab Mamxkug A, Bab6a X, Pa3syk f. CpaBHUTeNbHBIH aHA/IW3 CHU)KEHHUs1 HAaOyXaHWs MepreJbHO-
[JIMHUCTBIX IPYHTOB: HaTypaJibHble pacTUTeJbHbIe BosIoKHA (Alfa, [KyT, cu3asb) NPOTUB MOJUIPONHUIEHOBOH GUOPHI C
M3BECTKOBO-NYLII0JIAHOBLIM LIEMEHTOM IIPHU NPOKTOPHOM yIIoTHEHUH // U3BecTus1 TOMCKOro NOJIUTEXHUYECKOTO YHHUBED-
cuteta. UE>XXMHUPUHT reopecypcoB. - 2024. - T. 335. - N2 4. - C. 52-63. DOI: 10.18799/24131830/2024 /4 /4410

Introduction Fiber reinforcement, improved water retention, and

Marl and clay soils, characterized by their fine par-  erosion control are among the benefits that these natu-
ticles, high plasticity, and sensitivity to moisture con-  ral plant fibers offer [6, 7]. In parallel, the deployment
tent, are integral components of geotechnical engineer-  of synthetic fibers, particularly polypropylene, has
ing projects globally. These soils, while prevalent, are  arisen as a compelling alternative [8, 9]. Polypropylene
notorious for their inherent susceptibility to volumetric ~ fibers have earned their place in the realm of geotech-
changes, primarily swelling and shrinkage, in response  nical engineering for their durability, resistance to en-
to variations in moisture content. These soils remarka-  vironmental degradation, and exceptional tensile
ble plasticity is a testament to their versatility and a  strength. Their applications extend to crack reduction,
source of formidable challenges in civil engineering improved load-bearing capacity, and enhanced resili-
and construction [1-6]. The magnitude of these chal-  ence to cyclic loading, making them a formidable con-
lenges cannot be overstated. Swelling and shrinkage in  tender in the realm of soil stabilization [10-12]. Fur-
clay and marl soils pose substantial threats to the struc-  thermore, the deployment of lime-pozzolana cement
tural integrity and long-term stability of civil engineer- (LPC) as a soil stabilizer has displayed significant
ing structures and infrastructure. Foundation settle- promise in ameliorating the swelling behavior of clay-
ment, pavement distress, and building damage are buta ey and marly soils [13, 14]. LPC operates as a poz-
few of the pernicious consequences associated with  zolanic material and cementitious binder, engendering
these soil behaviors. It is a complex interplay of geo- a transformation in soil characteristics. Reduced plas-
logical factors, climatic conditions, and human activi- ticity, enhanced compressive strength, and improved
ties that conspire to render these soils particularly chal-  durability are among the effects of this treatment
lenging. As a result, the mitigation of swelling and  [2, 15]. This research article endeavors to proffer an
shrinkage issues in clay and marl soils has remained a  exhaustive comparative analysis of these two distinct
primary focus of geotechnical research and practice for  methodologies for swelling reduction in clay and marl
decades. The imperative to find effective solutions to  soils. As a testament to our dedication, we embark on a
these challenges has driven the exploration of numer-  comprehensive exploration of these methodologies,
ous soil stabilization techniques. Among these tech-  deploying a carefully designed array of laboratory tests
niques, the incorporation of natural plant fibers into the  and evaluations. Our rigorous approach encompasses
soil matrix has emerged as a prominent avenue of in-  Proctor compaction tests, California Bearing Ratio
vestigation [2-5]. Natural plant fibers, such as Alfa (CBR) tests, unconfined compressive strength tests,
(scientifically known as Medicago sativa), jute (Cor- and exhaustive swell potential assessments. Our core
chorus capsularis), and sisal (Agave sisalana), have objective is to furnish empirical evidence concerning
garnered significant attention due to their ecological the efficacy of natural plant fibers, polypropylene fi-
advantages. These fibers possess inherent qualities of  bers, and LPC in soil stabilization. We aim to do jus-
biodegradability, renewability, and the potential to en-  tice to the complexities of soil behavior, considering
hance soil properties through a myriad of mechanisms.  the intricate interplay of soil properties, fiber types,
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proportions, and the dosages of LPC. Moreover, this
research journey will probe deeper into the influence of
varying fiber types, proportions, and the precise dosage
of LPC on the geotechnical properties of clay and marl
soils. It is our mission to illuminate the path for ge-
otechnical engineers and practitioners, empowering
them to navigate the nuanced terrain of soil stabilization
techniques with informed decision-making. We recog-
nize that the exigencies of each project are unique, influ-
enced by project-specific requirements, sustainability
considerations, and the distinctive geologic and hydro-
logical characteristics of the soil. This research aspires to
be a beacon in the realm of geotechnical engineering.
Our comprehensive analysis will bridge the chasm be-
tween laboratory findings and real-world engineering
applications, ushering in a new era of sustainable and
resilient infrastructure development. We are committed
to advancing the science of soil stabilization, paving the
way for a greener and more resilient future in civil engi-
neering and construction.

Experimental program
Sample collection and preparation

During the initial phase of our research, we meticu-
lously procured soil samples from the Fez-Meknes re-
gion in Morocco [8]. These samples were acquired dur-
ing the construction of a hospital in Tahla and a local
road, identified during geotechnical surveys [3,4].
A diverse array of experiments was subsequently con-
ducted to elucidate the geotechnical properties of these
two collected soil samples [8]. The clay and marl soils
subjected to our study have been classified as exception-
ally plastic A3 [8], in accordance with GTR 92 guide-
lines [16]. This classification is grounded in a compre-
hensive analysis that incorporates various correlations
and the findings derived from soil identification tests, as
meticulously documented in Table 1. It is worth noting
that both samples exhibited a notable propensity for high
to very high levels of soil swelling [17-21], particularly
within the domains where marl and clay soils predomi-
nate. To guarantee an exhaustive representation of sub-
surface conditions, our sampling strategy involved the
collection of samples at diverse depths. These soil spec-
imens were vigilantly transported to our laboratory,
carefully enclosed within hermetically sealed containers
to safeguard against moisture fluctuations during transit.

Upon their arrival at the laboratory, our research
team meticulously adhered to a rigorous and standard-
ized protocol. This included subjecting the soil samples
to a controlled air-drying process until they reached a
consistent and stable weight. Following this crucial step,
the samples underwent uniform crushing and meticulous
sieving through a 2 mm mesh to meticulously eliminate
coarse particles. Subsequently, the samples were sub-
jected to thorough mixing, ensuring the attainment of
sample homogeneity, thereby establishing a consistent
foundation for our subsequent testing procedures.

Table 1. Characteristics of the soil samples [9]
Ta6auya 1. Xapakmepucmuku 06pa3yos nouswl [9]
Clay soil Marl soil
Parameter
Mapamerp ['nuHucTas Meprenucras
no4Ba no4sa

particle size analysis
rpaHyJIoMeTpUYeCKUI aHaIu3

%-<0.08 mm 93.7 95.5

%<2 mm 98.7 99.7

%<20 mm 100 100
Water content w (%)
CopeprkaHue Baard w (%) 166 19
Atterberg limits
[penenbl ATTepbepra
Liquid limit LL (%) 62 55
[Ipenen Texydectu LL (%)
Plasticity index PI (%) 38 37
Wnpekc mnactuaHoctH Pl (%)
Classification
Knaccudukauus A3 A3

Fiber selection and preparation

The selection and preparation of fibers were exe-
cuted with meticulous attention to detail. Our research
team meticulously sourced natural plant fibers (Alfa,
jute, and sisal) from reputable suppliers, guaranteeing
their quality and integrity, as meticulously documented
in Table 2.

Table 2. Properties of Alfa, jute, and sisal fiber [8]
Ta6auya 2. Ceolicmea aabul, dicyma u cu3anesozo 80/10K-
Ha [8]
. Alfa fiber Jute fiber Sisal fiber
Properties
. Anbda- JxyToBOE CusaneBoe
CBoiicTBa
BOJIOKHO BOJIOKHO BOJIOKHO
Density (g/m?3) _ _
lnotracen (c/s) 1.3-1.4 1.3-1.4 1.4
Diameter (um) 5-22 15-35 10-20
[uameTp (MKM)
Tensile strain (%)
Jledopmanus npu 1.4-5 1.5-1.8 2-2.5
pactspkenuu (%)
Tensile strength (Mpa)
[IpoyHOCTH IPU 173.4-1327 400-800 511-635
pactsxenuu (Mma)
Young’s modulus (Gpa) 5 B _
Moy 10mra (Fa) 18-58 10-30 9.4-22
Cellulose (%)
lennionosa (%) 38.8-47.6 67-71.5 67-78
Lignin (%) _ _ 5
J—— 14.9-24 12-13 8-11
Microfibrillar angle _ ge 11°
Yros MUKpodUGpHIILI
Wax (%)
Bock (%) 1.5-5 0.5 2
i- 0, —
Hemi-Cellulose (%) 22.1-38.5 13.6-20.4 10-14.2
T'emu-nesoiosa (%)
References
CobUIKH [27] [22,23] [22, 23]
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These fibers underwent a stringent cleansing pro-
cess to eliminate any potential contaminants. Subse-
quently, they were subjected to a comprehensive dry-
ing procedure to eliminate moisture content, thus facili-
tating precise measurements. Uniformity was main-
tained by meticulously cutting the fibers to standard-
ized lengths. In the case of polypropylene fibers, we
selected filament polypropylene (PP) fibers that were
carefully extracted from sweepers and held well-
documented specifications. These PP fibers utilized in
our research exhibit a comprehensive range of physi-
cal, chemical, and mechanical properties, augmenting
their suitability for a wide array of applications. With a
specific gravity of 0.89, this PP fiber is notably light-
weight, greatly facilitating its handling and application.
Its remarkable tensile strength of 0.67 kN/mm? allows
it to endure significant loads and stresses without suc-
cumbing to deformation, rendering it an exemplary
choice for reinforcement applications. With Young's
modulus of 4.00 kKN/mm?, this fiber showcases its abil-
ity to withstand substantial forces while retaining its
structural integrity. Furthermore, its melting point
range of 160—170°C ensures stability when exposed to
elevated temperatures, making it a fitting choice for
applications that demand heat resistance. This fiber
high ignition point at 590°C underscores its resilience
to ignition at lower temperatures, thus enhancing safety
across various contexts. It boasts a bulk density of 910
kg/m3, a characteristic that greatly facilitates its easy
handling and application. Furthermore, its loose densi-
ty, ranging from 250-430 kg/m?, accommodates di-
verse requirements across various applications. It is
offered in cut lengths of 10, 15, 20, and 25 mm, effec-
tively catering to specific project needs. This PP fiber
also demonstrates excellent dispersion characteristics,
ensuring uniform distribution within materials such as
concrete, thereby elevating their overall strength and
durability. Additionally, it exhibits notable resistance
to acids and salts, making it a dependable choice for
applications exposed to corrosive substances. Moreo-
ver, its inherent chemical-proof nature guarantees en-
during performance, particularly when faced with chal-
lenging and harsh environmental conditions. These
fibers remained unaltered to preserve their original
characteristics and to maintain consistency across our
experiments, precise measurements of fiber proportions
were meticulously executed, accounting for the dry
weight of the soil samples. This thorough approach
allowed us to prepare the fibers with the utmost preci-
sion in anticipation of subsequent testing procedures.

Soil stabilization methods

The essence of our experiment revolves around the
exploration of soil stabilization methods. The approach
was systematically organized into distinct phases. For
the integration of natural plant fibers (Alfa, jute, and
sisal) with soil samples, proportions were methodically
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varied, ranging from 1 to 18% by weight of dry soil.
This systematic variation facilitated an investigation
into the influence of different fiber concentrations on
soil stabilization.

Simultaneously, in the context of polypropylene fi-
ber stabilization, varying fiber content percentages,
spanning from 0.1 to 1.8% by weight of dry soil, were
introduced. This spanned a spectrum of concentrations,
providing a comprehensive assessment of the impact of
varying fiber levels on soil stability. In select samples,
LPC was introduced in different dosages, ranging from
1 to 18% by weight of dry soil. This deliberate varia-
tion enabled a comprehensive exploration of the effects
of this stabilizing agent on soil properties, contributing
to a richer understanding of our study scope.

Laboratory testing

In our laboratory testing, we employed a systematic
approach to examine soil-fiber-cement mixtures. The
central method was the Proctor compaction test, con-
ducted meticulously to determine maximum dry densi-
ty and optimum moisture content. Sample preparation
ensured representative materials, and data on weight,
moisture content, and compaction were collected.
Swelling behavior was assessed alongside data analysis
to draw meaningful conclusions. All tests were repeat-
ed for reliability, contributing to a comprehensive in-
vestigation of these mixtures in our research.

Data analysis

To extract meaningful insights from our experi-
ments, a rigorous data analysis process was employed.
The methodical approach allowed us to discern the
effectiveness of each soil stabilization technique under
scrutiny. Visual representations, such as graphs and
charts, were generated to offer a clear, concise visuali-
zation of the variations in soil properties corresponding
to different fiber types, proportions and lengths.

Quality control

To maintain the integrity and reliability of our ex-
perimental data, strict quality control measures were
diligently implemented. Our laboratory equipment was
regularly calibrated to ensure precision and consistency
in our measurements. Adherence to well-established
testing standards, such as ASTM [24-28], was strictly
followed throughout our experiments, upholding the
highest standards of scientific rigor. These quality con-
trol practices reinforced the credibility of our findings
and ensured the robustness of our conclusions.

Results and discussion

Exploring the impact of time on swelling potential
Exploring the relationship between time and per-

centage swelling in standard Proctor compaction tests

on pristine clay and marl samples, which were rein-

forced with various materials including PP fiber, ce-
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ment, and a range of plant fibers such as Alfa, jute,
sisal, and a composite of these three, has yielded intri-
guing findings. The results indicate a gradual increase
in swelling over time, with stabilization occurring after
4320 minutes.

PP fiber with LPC: in this study, it was observed that
the combination of PP fiber with LPC was highly effec-
tive in reducing swelling in both clay and marl samples
as presented in Fig. 1, 2. The key findings include:
Higher percentage: when compared to plant fibers,
the PP fiber with LPC mixture (1.8% PP+18%
LPC) had a higher percentage reduction in swelling.
This suggests that the synthetic PP fibers, when
combined with the cementitious material, have a
stronger impact on swelling reduction compared to
plant fibers.

Length effect: the study also revealed that increas-
ing the length of PP fibers in the mixture further
enhanced the reduction in swelling as seen in Fig. 3.
This indicates that longer PP fibers (L=25mm) cre-

30

25

20

15

Swell (%)

10

ate a more effective reinforcement network within

the soil, which is better at controlling swelling.

Plant fiber reinforcements (Alfa, jute, sisal): on the
other hand, the use of plant fibers like Alpha, jute, and
sisal in the clay and marl samples also led to reductions
in swelling, but the effectiveness was lower compared
to the PP fiber with LPC. Key observations for plant
fibers include:
Higher percentage: despite having higher percent-
ages of plant fibers in the mixture (18%), their
swelling reduction effect was not as significant as
that of PP fiber with LPC. This implies that plant
fibers alone may not provide as robust reinforce-
ment against swelling.
Length effect: similar to PP fibers, increasing the
length of plant fibers (L=25 mm) also contributed
to a reduction in swelling as represented in Fig. 3.
However, even with longer fibers, the reduction
was still less pronounced than with PP fiber and
cement.
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Time-percent swelling correlation in standard Proctor compaction for clay soil reinforced with: (a) PP filament fiber

CoomHoweHue epemeHUu U npoyeHma HAGYXAHUS Npu CMAHOAPMHOM YNAOMHEHUU 2/AUHUCMO20 2pyHmd,

apMuposaHHozo: (a) noaAuUnponuIeHO8bIM 80/10KHOM U U38ECMKO80-NYYY0A0HO8bIM YyeMeHmoM; (b) pacmumenbHbim

80/10KHOM
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Fig. 2. Time-percent swelling correlation in standard Proctor compaction for marl soil reinforced with: (a) PP filament fiber
and LPC; (b) plant fiber

Puc. 2. CoomHoweHue 8peMeHU U NpoyeHmMa HAGYXAHUSI Npu CMAHOAPMHOM YNJAOMHEHUU Mep2es, apMUupo8aHHO20:
(a) noaunponusieHo8bIM 80/10KHOM U U38ECIMKOB0-NYYYO0JA0HOBbIM yemeHmom; (b) pacmumenbHbIM 8010KHOM
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Fig. 3. Swelling behavior as a function of fiber length (plant and PP fiber)
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The results of the study indicate that when it comes
to reducing swelling in clay and marl samples, the
combination of PP fiber with LPC was more effective
than using plant fibers alone. Additionally, increasing
the length of the reinforcing fibers, whether synthetic
or plant-based, generally led to improved performance
in reducing swelling. This information can be valuable
in selecting the most effective materials and configura-
tions for soil stabilization in construction and geotech-
nical engineering projects.

Numerous studies in geotechnical engineering have
consistently demonstrated the substantial reduction of
soil swelling with the incorporation of natural or syn-
thetic fibers, and these reductions often correlate with
increasing fiber content and length. For instance, di-
verse research [29-32] found that as the content of jute
fibers increased in expansive clay soil, there was a pro-
portional decrease in soil swelling. Similarly, various
investigations [7, 33-36] reported a significant reduc-
tion in swelling behavior with the introduction of long-
er polypropylene fibers into clayey soils. These find-
ings underscore the effectiveness of higher fiber con-
tent and longer fiber lengths in enhancing soil stability
and mitigating the adverse effects of swelling.

Potential swell influence on swelling pressure across
different soil types

Swelling pressure, a pivotal factor in soil me-
chanics, exhibits a direct correlation with the swell-
ing potential of different soil types. When evaluating
marl and clay soils, it becomes apparent that clay
soil typically manifests higher swelling pressure and
greater swelling potential in comparison to marl soil.
This swelling propensity, however, can be signifi-
cantly impacted by the inclusion of plant fiber addi-
tives.

As the content and length of plant fibers increase
within the soil mixture, the swelling pressure in both
marl and clay soils tends to diminish. This decline is
attributed to the reinforcing qualities of plant fibers,
which act as stabilizing agents, counteracting the ex-
pansive nature of these soils.

Moreover, the introduction of LPC into the soil
composition yields noteworthy effects on swelling
pressure. In reinforced marl soil, the swelling pressure
surpasses that of clay soil, signifying the constructive
influence of LPC in reducing swelling potential and
enhancing soil integrity.
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Fig. 4. Swell pressure vs. swell: comparative study with and without reinforcement, varied compaction energies: (a) clay soil,
(b) marl soil
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Notably, in soil blends incorporating PP fibers
along with LPC, swelling pressure exhibits enhanced
stability. This indicates that the combination of PP fi-
bers and cement offers a more enduring and dependa-
ble solution for managing swelling pressure when
compared to plant fibers alone.

Our research underscores the efficacy of PP in con-
junction with LPC as a superior alternative to plant
fiber additives for addressing soil-related challenges.
Our study clearly demonstrates that the PP-cement
blend has a more pronounced impact on reducing
swelling pressure and improving soil stability com-
pared to plant fiber reinforcement. These results align
with a growing body of evidence supporting the
strength and durability of PP fibers, which offer a ro-
bust, long-lasting reinforcement mechanism. Further-
more, the cohesive properties of LPC synergize with
PP fibers, resulting in heightened soil stability. These
findings emphasize the potential of PP combined with
LPC as a preferred choice for engineering solutions
aimed at mitigating swelling pressure and enhancing
soil performance in various geotechnical applications.

Swelling pressure in soils is influenced by the in-
herent swelling potential of the soil type, the presence
of PP fibers, and the addition of LPC. Understanding
these dynamics is crucial for developing engineering
solutions that effectively manage soil swelling and en-
sure the stability of construction projects.

Comparing our research findings with those of pre-
vious studies provides valuable insights into the broad-
er context of our work. In contrast to some earlier re-
search, our results reveal distinctive patterns in soil
behavior under varying conditions. While some prior
studies may have reported similar trends regarding
swelling pressure and soil additives [36-45], our re-
search extends this understanding by specifically fo-
cusing on marl and clay soils and their response to
plant fibers [3, 4] and LPC with PP.

18
16
14
12
10

Swell (%)

o N b O

=

Furthermore, our findings highlight the unique dy-
namics of reinforced marl soil, which demonstrates
higher swelling pressure compared to clay soil when
treated with LPC. This diverges from certain earlier
research that might have suggested different outcomes.

Overall, our research contributes to the evolving
body of knowledge in soil mechanics and provides
valuable data for engineering applications. By building
upon and refining existing research, we strive to offer a
more comprehensive and nuanced understanding of
soil behavior, ultimately aiding in the development of
more effective solutions for construction and geotech-
nical projects.

Exploring the influence of maximum dry density on
potential swell in various soil types

The evolution of soil swells as a function of dry
maximum density can be described as a distinctive
convex curve, mirroring the characteristic shape of the
Proctor curve [46]. In our comprehensive study, we
observed a compelling trend wherein the sample rein-
forced with PP fibers exhibited significantly greater
stability when compared to the sample reinforced with
natural plant fibers, which, in its turn, was more stable
than the unaltered virgin soil sample. This progression
is in accordance with logical expectations, as the intro-
duction of reinforcing fibers, regardless of their origin,
tends to fortify the structural integrity of the soil. Fur-
thermore, the type of soil played a pivotal role in shap-
ing these findings. Remarkably, the clay soil, despite
its innate expansiveness, displayed notably more stable
results compared to the marl soil as presented in Fig. 5.
This intriguing outcome underscores the considerable
potential of soil improvement techniques, such as fiber
reinforcement, in not only mitigating the detrimental
effects of soil expansion but also in enhancing overall
soil stability and performance in diverse geological
contexts.

Virgin clay sample

e C5+1.8% PP (L=25mm)+18% LPC
CS+18% Mixture of ALFA-JUTE-SISAL (L=25mm)
Virgin marl sample

e [V|S+1.8% PP (L=25mm)+18% LPC

MS+18% Mixture of ALFA-JUTE-SISAL

10 18
Maximum Dry Density (KN/m3)
Fig. 5.

20

Correlation between swell and maximum dry density across diverse sample types
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Our research findings are in line with several prior
studies that have explored the relationship between soil
swell and maximum dry density [47]. In particular, our
observation that soil stability increases with the incor-
poration of reinforcing fibers aligns with established
principles in geotechnical engineering. This consisten-
cy in results reinforces the effectiveness of fiber rein-
forcement techniques in enhancing soil stability, as
demonstrated by both our study and others in the field.
Furthermore, the intriguing aspect of our research lies
in the comparative analysis of different fiber types. Our
data supports the notion that PP fiber reinforcement
outperforms natural plant fibers (Alfa, jute, sisal) in
terms of stabilizing soil, a finding that is consistent
with certain previous investigations. However, our
study also introduces a novel dimension by highlight-
ing the role of soil type. Despite the inherent expan-
siveness of clay soil in comparison to marl, our results
show that clay soil can achieve superior stability when
subjected to similar fiber reinforcement techniques.
This insight contributes valuable information to the
existing body of knowledge in geotechnical engineer-
ing, emphasizing the importance of considering soil
type as a critical factor in soil improvement strategies.

Effect of compaction energy on the evolution of swell
and swelling pressure in expansive soil behavior

The observed increase in both swell and swelling
pressure with rising compaction energy can be attributed
to the inherent expansiveness of the soil under investiga-
tion. Expansive soils tend to exhibit greater volume
changes in response to changes in moisture content, and

this behavior is often exacerbated with increased com-
paction energy. As compaction energy rises, the soil
particles are subjected to higher levels of compaction
and densification. Paradoxically, this densification can
lead to increased swell and swelling pressure in expan-
sive soils due to reduced void space for water to occupy.
In essence, while compaction energy aims to reduce soil
voids, it can also lead to more significant internal pres-
sures and subsequent soil expansion. This phenomenon
underscores the complex interplay between soil proper-
ties, moisture content, and compaction efforts in the be-
havior of expansive soils, a critical consideration in ge-
otechnical engineering and construction projects.

The effect of compaction energy on the evolution of
swell and swelling pressure in our study remained con-
sistently aligned with established principles, regardless
of the presence of reinforcement materials such as
plant fibers and PP combined with LPC. In both the
clay and marl soil samples, we observed a systematic
reduction in swell and swelling pressure as compaction
energy increased. This reduction was particularly
noteworthy in the reinforced samples, where the addi-
tional incorporation of plant fibers or the PP+LPC mix-
ture contributed to even greater stability as seen in
Fig. 6. These results echo the well-documented influ-
ence of compaction energy on soil density and the con-
sequent mitigation of soil expansion. Importantly, our
study underscores the beneficial role of reinforcement
materials in further enhancing soil stability, demon-
strating their compatibility with the fundamental prin-
ciples governing soil behavior.
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S 15
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Fig. 6.
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Effect of compaction energy on swell characteristics in expansive soils samples: (a) swell (%); (b) swelling pressure
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Our research results, which show an increase in
both swell and swelling pressure with rising compac-
tion energy in expansive soils, align with several prior
scientific studies that have investigated the behavior of
expansive soils under compaction. These findings are
consistent with established principles in geotechnical
engineering and soil mechanics. Another study [47]
has reported similar trends, emphasizing that the densi-
fication of expansive soils through higher compaction
energy often leads to increased internal pressures and,
consequently, greater soil expansion. Moreover, the
relationship between compaction energy and soil be-
havior in expansive soils has been a subject of interest
in geotechnical research for several decades. Studies
have explored various factors influencing this relation-
ship, such as soil composition, moisture content, and
the type of compaction equipment used. Our results
bolster the existing body of knowledge by reaffirming
the importance of understanding and managing soil
expansion in expansive soil environments. While the
increase in swell and swelling pressure with compac-
tion energy may seem counterintuitive at first glance, it
underscores the intricate nature of expansive soils.
These soils possess unique characteristics that necessi-
tate a nuanced approach to engineering and construc-
tion projects. Therefore, our research contributes to the
broader conversation on how to effectively mitigate the
challenges posed by expansive soils, offering insights
that can inform best practices in geotechnical engineer-
ing and soil management.

Conclusion

In conclusion, this study has yielded valuable in-
sights into the intricate relationship between swelling
potential, soil stabilization methods, compaction ener-
gy, and maximum dry density, while considering vari-
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AHHOTanusa. AKmyaasHOCMb UCCIeJ0OBaHUSl 00yCJOBJIeHAa TEM, YTO B JIMTEPATYPHBIX MCTOYHHKAX OTCYTCTBYIOT KaKHe-
JIN60 aHHbBIE HE TOJIbKO 0 K03dUIlMeHTaxX KpUCTA/JIM3alMH, HO U 0 XapakTepe coocaxaenus amepuuus (I1I) Ha okcanaTe
Ka/bLus. Peakuus coocax/ieHns aMepHIMs C 0KCAJaTOM KaJbLiMsl NPUMEHsIeTCs 11 KOHILeHTPUPOBAHUSI MUKPOKOJINYECTB
aMepUIMA B CBA3M C MaJIOM paCTBOPUMOCTBIO OKCajlaTa KajbLys U ero aJIcCOpOLHOHHON CIOCOGHOCTBIO. B cBA3M € 3TUM Oe3-
YCJIOBHBIH MHTEpeC BbI3bIBAET M3y4YeHHE MeXaHU3Ma COOCAXKAEHHUS MHUKPOKOJIMYECTB aMEPULIUS C OKCAJATOM Kajblusd, a
TaK)Xe U3y4yeHHUe BblJleJIeHUs] MUKPOKOJINYECTB aMePULIMs C IOMOLIbI0 HOCUTES — Ka/IbIMsA — U NOCJIeAyIollee OT/Ae/eHHe
ero ot Hocutess. Ileaw. UccienoBaHre MexaHHM3Ma COOCAXK/EHUSA aMepHUIMA Ha TBEPAOM COpOeHTe — OKcajaTe KaJbLuf,
onucaHHe PAaBHOBECHS U30TEPMbI COPOLMHU C UCII0Ib30BaHUEM Mojeselt Jlenrmiopa u ®peitHannxa. Memodst. [lpu npose-
JIeHUHU MCC/leJOBaHUH [0 YCTAaHOBJIEHUIO MeXaHU3Ma COOCaKJeHUsA aMepHUIUsA Ha HOCUTeJe — OKcaJlaTe KasbLUsA — KBa/IH-
duKanMAa UCIO/Ib3yeMbIX XUMUYECKHX PeaKTHBOB COOTBETCTBOBa/IA TPe6GOBAHUAM MapKH He HWXe X.4. B paboTte ncnoss3o-
BaJIM U30TOI aMepHuLUs-241, cocTaB TBepj0H pa3bl HOCHUTEIS — OKCaJlaTa Kalblus — COOoTBeTcTBOBaJ popmysie CaC204-H20.
KonnenTpauuio katuoHoB aMepunus (I1I) B ucxogHOM pacTBope U B QUIbTpaATe ONpefessivi raMMa-ClleKTPOMeTPHUYeCKUM
METO/IOM C MCINOJIb30BaHUEM creKTpoMeTpuyeckoro kommaekca CKC-0711, koamyecTBO KaabLUs — KOMIJIEKCOHOMETpHYe-
CKUM TUTPOBaHHEM C MypeKCH/JIOM B KaueCTBe MHJHUKATOpa, KOHIEHTPALUI0 OKCaJaT-UOHA — epMaHTaHAaTOMETPUYECKUM
MeTo/i0M. Pe3y/ibmameul. Y CTaHOBJIEHO, UTO COOCAXK/eHHe N3 HUTPATHbIX pacTBopoB aMmepuiius (I11) Ha okcasaTe KanbLus B
GoJibllell cTeneHU 00YC/I0BJIEHO ajcopbiueld MUKpoKoMnoHeHTa — amepunusa (III) - Ha noBepxXHOCTH MMeIOIIErocs HJIx
BHOBb 06pa3yollerocst ocaZika MakKpoKOMIIOHEHTa — OKcaJlaTa Kasiblus. OnpejeseHo, YTo MoJiesib ypaBHeHHUs1 JleHTMopa
aJleKBaTHO OMKCBIBAeT IPOLECC COPOIMH, NMOCKOIBKY 06paboTKa 3KCIePUMEHTaJbHBIX AAaHHBIX MeTOJOM HaWMEeHbIIHX
KBaJIpaToB M0Ka3aJja, YTo B KoopauHatax C/A=f(C) usoTepma copbLUH ONMHUCHIBAETCS YpaBHEHHEM IPSIMOM C BBICOKHM KO-
addunmenToM Koppensuuu 6osee 0,95.

KiiroueBble c/10Ba: aMepULIMH, OKCalaT KaJbLUsl, COOCAXKIEHUE, 0CaJUTEb, U30TEPMA COPOLMH, aCOPOLIHs], a30THOKHUCIbIE
pacTBOpEI
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Abstract. Relevance. The fact that the literature does not contain any data not only on crystallization coefficients, but also on
the nature of the co-precipitation of americium (III) with calcium oxalate. The co-precipitation reaction of americium with
calcium oxalate is used to concentrate trace amounts of americium due to calcium oxalate low solubility and adsorption ca-
pacity. In this relation, the study of co-precipitation of trace amounts of americium with calcium oxalate, as well as the study
of the isolation of trace amounts of americium using a calcium carrier and its subsequent separation from the carrier, is of
unconditional interest. Aim. Investigation of americium co-precipitation with the solid sorbent - calcium oxalate, description
of the equilibrium of the sorption isotherm using Langmuir and Freundlich models. Methods. When studying the establish-
ment of co-precipitation of americium with a carrier - calcium oxalate, the qualification of the chemical reagents used met the
requirements of the grade not lower than r.g. The isotope americium-241 was used in the work, the composition of the solid
phase of the carrier - calcium oxalate - corresponded to the formula CaC204-H20. The concentration of americium (III) cati-
ons in the initial solution and in the filtrate was determined by gamma-spectrometric method using the SCS-07P spectromet-
ric complex, the amount of calcium - by complexometric titration with murexide as an indicator, and the concentration of
oxalate ion - by permanganatometric method. Results. It was found that the co-precipitation of americium (III) nitrate solu-
tions with calcium oxalate is largely due to adsorption of the micro-component - americium (III) - on the surface of the exist-
ing or newly formed precipitate of the macro-component calcium oxalate. It is determined that the Langmuir equation model
adequately describes sorption, since the processing of experimental data by the least squares method showed that in coordi-
nates C/A=f{C) the sorption isotherm is described by the equation of a straight line with a high correlation coefficient of more
than 0.95.
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BBegeHne 9TOMY 4alle BCEro JUIS YCTaHOBJICHHUS MEXaHH3Ma U
s BblaeneHus paduOaKTUBHBIX  JIEMEHTOB,  (DU3MKO-XUMHUYCCKHUX 3aKOHOMEPHOCTEH COOCAKICHHS
HaXOAAIIMXCS B PAcTBOpPE B MHUKPOKOIMYECTBAX,  KCHOJNB3YIOT PSII IKCIIEPUMEHTAIBHBIX METO/IOB.
MOXXHO HCIIOJI30BaTh METOJABI COOCAKICHHUS MUKPO- Jlo HacTosIero BpPeMEHH JOCTATOYHO IOAPOOHO
KOMIIOHEHTAa C MAacCOBBIMHU KOJIMYECTBAMHU YCTOMYM-  OBUIM HM3Y4YCHBI JIUIIb MEXaHU3Mbl COOCAXKICHHS He-
BOI'O COEIMHEHHsS — MaKpOKOMIIOHEHTA. B oTux cimy-  MHOrmx cuctem. Hampumep, mpu U3y4eHHH COOCaXe-
YasiX BO3MOXHBI Pa3JIMUHbIE BUJBI COOCAXKAEHUS, OT-  HHUA Psila KATHOHOB C CYJIb()AaTOM Kalaus W XJIOPHIOM
JIuYaroluecs Apyr OoT Apyra IO MEXaHWU3My U 3aKO-  HATpPHUS OTMedaiach OOJbIIas poiib aicopOIUy Ha Io-
HaM, KOTOPble MMH YIpPaBiSIOT [1], OCHOBHBIMH M3  BepxHOCTH KpuctauioB [2]. TIpu coocaIeHHH Tpex-
KOTOPBIX SBIISAIOTCA: BaJICHTHOTO LIEPHSI C OKCAJlaTaMH ypaHa M TOPUS OCO-
e 130MOp(HOE CcOOCaKACHHE: PAJAUOVIEMEHT pac- OyI0 pojb UTpajl 3aXBaT MHUKPOKOMIIOHEHTA B IPOIIEeC-
IpeaessieTcs Mo BceMy o0BEMY ocazka, o0pa3ys ¢ ce pOCTa KPHCTALIOB U3 IEPECHIICHHOTO PacTBOPa
OPOTHBOIMONIOXKHO 3apsHKEHHbIM HOHOM TBepaod  [3]. OngHako, HECMOTPS HAa TEXHOJOTMYECKOE MpUME-
(hasbl coenuHeHne, M30MOp(HOE ¢ 0caTKOM; HEHHWE OKCAaTHOI'O0 OCAXKIEHUSA Ui  BBIIEICHHS
e ancopOIMOHHOE  COOCAXKICHHE:  PagHodIeMEHT  TPaHCYPaHOBBIX 31eMeHTOB (TYD), MexaHU3M HX CO-
KOHIIEHTPHPYETCS Ha MOBEPXHOCTH pasfena (a3  OCaKICHUS IETAIbHO He u3ydancs. Vmeercss numb
KpPHUCTaJI—PacTBOp. OTPaHHMYCHHOE KOJIMYECTBO OIyOJIMKOBAaHHBIX PadoT, B
B o6oux ciydasx HaOitoJaeMple SIBJICHUS OJMHA-  KOTOPBIX MNPHUBOIATCS IKCIHEPUMEHTAIbHO YCTaHOB-
KOBBI — C 00pa3yIONIMMCS 0CaIKOM MaKpOKOMIIOHCHTa  JICHHBIE YCJIOBHS, MPH KOTOPHIX OKCANAThl KaJbIIMSA,
COOCaXIAIOTCSL IIPYTUE BEIIECTBA, KOTOPHIC, B3ATHIC  SBJSLICH HAaMMEHEE PAaCTBOPHUMBIMH M3 OKCAJIATOB IIE-
OTJICNILHO, HE JIAIOT OCaJlKa B 3TUX YCIOBHSX. DTH BH-  JIOYHO3EMEJbHBIX METAJUIOB, HUCIOJB3YIOTCS Ul BbI-
IBI COOCAXKIEHHMS MOXKHO Pa3jIMUUTh TOJNBKO 3KCIepu-  JeieHus P33 u akrunounos [4-7].

MCHTAJIbHO — IMYTEM OIPCACIICHUS KOJIMYECTBA paanuo- Z[OCTI/DKCHI/IG COCTOsIHUS PABHOBECHUS B reTepO(bas—
JJIEMEHTa, TIePEUIeIIero B TBEpAyo (asy, B 3aBUCH- HBIX IIpoIeccaX, OCOOEHHO B CHCTEMax «TBEpHOe—
MOCTH OT CJICAYIOUINX q)aKTopOBI KUAKOCTBb», MOXKCET OCJIOXHATHECA YCTAHOBJIICHUEM
¢ IMIPOAOJDKHUTECIBHOCTH ITPOLICCCa; JIO’)KHOT'O paBHOBECUS H3-3a 3aMEIJICHUA OOMCHHBIX U
e BEJIMYMHBI YIETbHOM MOBEPXHOCTH OCAJKa MAKpo- XHMHYECKUX peakiuil B TBepaoi (aze Ha aKTHBHBIX

KOMIIOHEHTA; rpynnax. AKTUBHOCTh (PYHKLHMOHAJIBHOM TPyNIBI MO-
® COICp)KaHMA M M3MCHCHHMS KOHICHTpaluu co00- KET NPOABIIATHCSA KaK CIOCOOHOCTH K HOHHOMY obOMme-

CTBEHHBIX HOHOB MUKPOKOMIIOHCHTA; HY (MOHOTEHHBIC TPYMIIBI), KAK BO3MOXHOCTh 00pa30-
e COJCpKaHHUSI M HM3MCHCHHS KOHIICHTpAIlMU IIOCTO- BaHUsI JOHOPHO-AKICOTOPHBIX KOMIIJICKCOB (KOMHJ‘IGK-

POHHUX MHOT'OBAJIEHTHBIX HOHOB. co00pa3zyrolre TPYIINbI), a TaKkKe KaK CIIOCOOHOCTh K

O[LHaKo BCE€-TaKU OTJIUYUTH a);[cop6]_[1/10HHoe coO- 06p3.30BaHI/IIO TMOJIUIIUTAHAHBIX  IMPOCTPAaHCTBCHHBIX
OCaXJICHUE OT I/ISOMOp(l)HOFO JIOCTaTOYHO TPYHHO, IIO- KOMIIJICKCOB — X€JIaTOB (XenaToo6pa3y}0mHe rpyHHLI).

65



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 64-72
Sofronov V.L., Selyavskiy V.Yu. Americium co-precipitation with calcium oxalate

B Hacrosmee Bpemst TeopHst COPOIIMY U3 PacTBOPOB
HaXOIUTCs B Pa3BUTHU, YTO O00BACHSIETCS CIIOKHOCTBIO
M3y4aeMoro siBjieHUs. JIo cux Iop He CyIIeCTBYET Teo-
pHH, KOTOpasi nana Obl BO3MOXKHOCTH KOJMYECTBCHHO
IIPOTHO3UPOBATh B3auMoOjeiicTBUE copOeHT—copbar u
alpuopy PaCCUHUTHIBATE COPOLMOHHYIO EMKOCTH TeX
WIH WHBIX COpOEeHTOB. sl pelieHus Takux 3agad
MMEIOT MPaBO Ha CYIIECTBOBAHKE Pa3JIMYHbIE OIXO/IbI
" TCOpUH, NArOIIMEC HOBBIC 3HAHUA 00 N3y4YaCMbIX IIPO-
neccax [8, 9].

JKcnepuMeHTa/IbHasA 4YaCTh

CoocaxkieHHe MPeJCTaBIsIeT co0O0i OIHOBPEMEH-
HBIH IIepexo]i MUKPO- U MaKPOKOMIIOHEHTOB B (hOpMH-
pyIomIytocst TBepAyIo (aszy komiekropa. OHO BKIIOYa-
€T 3axBaT MPHUMECH Ha CIEIYIOUIMX CTAAUIX: IPU PO-
CT€ YaCTHUI[ KOJJICKTOpA, IIPU CO3PEBAHUU OCAJKa, TIPU
CTPYKTYPHOM W MOP(OIOTHYECKOM COBEPIICHCTBOBA-
HUM 4acTull TBepAoi ¢aspl. [Ipu aTOM BEIMOMHIETCS
[JIABHOE YCJIOBUE COOCAXKICHHUS — OJHOBPEMEHHOCTH
Mepexo/ia MUKPO- U MAaKPOKOMITOHEHTOB M3 YKHIKOW B
TBepAyIo dasy [6, 10].

B pabote paccMaTpuBarOTCS HEKOTOPBIE 3aKOHO-
MEPHOCTH OKCAJIATHOTO COOCXKIACHHS TPEXBAJICHTHOTO
HMOHA aMEpUIMSI C OCAIKOM OKCallaTa KaJIbIHsI, KOTO-
pO€ MOXKET OCYIIECTBISTHCS KaK COBMECTHOM COKpH-
CTaJUTH3AIKEl MUKPOKOMIIOHEHTA ¢ MAaKPOKOMITOHEH-
TOM (M30MOP(HOE COOCAXKJICHUE), TaK U aJcopOrmein
MHUKPOKOMIIOHCHTa HAa IOBEPXHOCTH OCAJKa MakKpo-
KOMMOHEHTa (aICOPOIIMOHHOE COOCaXKICHHE).

IIpu npoBeneHNN UCCIEAOBAHUN IO YCTAHOBICHUIO
MEXaHH3Ma COOCAXKICHUS aMEpHIHUs Ha HOCUTEIe —
OKcajlaT€ KaJlbliusad — KBaJ'II/I(l)I/IKaIlI/IH HCTIOJIb3YCMbIX
XMMHUYECKUX PEaKTHBOB COOTBETCTBOBANA TPEOOBAHU-
sIM MapKy He HIke X.4. B paboTe mcmons3oBamu u3o-
ToIl amepurua-241, coctas TBepaoH (a3l HOCUTENS —
oKcajata  KaJbIIHs COOTBETCTBOBaN  (hopmyiie
CaC,04-H,0 [10, 11].

O copOLMOHHBIX CBOHCTBAX COpPOEHTa HOCHUTENS
MOJKHO CYIHTh 0 M30TePME, XapaKTEPU3YIOICH 3aBH-
CUMOCTh €r0 COpPOIIMOHHOW CIOCOOHOCTH OT KOHIICH-
TpallK B pacTBOpe copOUpyeMoro Ha HEM KOMIIOHCH-
Ta MPH MOCTOSHHOHM Temmepatype. MccnenoBanus 1o
OTIPENICTICHUIO TIOKa3aTenell COpOLMH OCYIIECTBISIIH
o cienyromeit metoguke. CopbeHT Maccoi 1,4 T mo-
Menianu B Koy Bmectumocthio 100,0 M u 3anuBanu
100,0 mn MonensHOTO pacTBOpa. MojenbHBIE PacTBO-
PBI TOTOBIUTH METOAOM pa30aBJICHUs pacTBOpa HUTpa-
ta amepunus (II) ¢ KOHIEHTpaLUAMU KATHOHOB Am**
ot 8,0 mo 200,0 mr/n. B npouecce uccnenosanuii pH B
pacTBopax He KoppekTtupoBaan. CMech mepeMeInBaii
AJIEKTPOMATHUTHOM MEIIAIKOW C YHUCIIOM 000POTOB HE
meHee 1000 o6/muH B TeueHue 1 4, copOeHT OTHMIIB-
TPOBBIBAIK Yepe3 1 cyTku Ha OymMakHOM (QuibTpe (Oe-
nast nenta). Konnenrparmio katrnonos amepuiust (111)
B HMCXOIHOM pacTBOpe W B (HIBTpaTe ONpEAeIsuIN
raMMa-CIIieKTPOMETPHUECKAM METOIOM C HCIIONB30Ba-

66

HUEeM creKkTpoMeTpuueckoro komiwiekca CKC-07I1
[12], xomudecTBO Kamblus — KOMILIEKCOHOMETPHYE-
CKHUM TUTPOBAaHHEM C MYPEKCHIOM B Ka4deCTBE HHJH-
katopa [13], KOHIIEHTpaIHIO OKCaIaT-noHa — MepMaH-
raHaTOMETpUIecKuM mMeToaom [13].

Pe3y/ibTaThbl 3KCIIEPUMEHTOB U 0GCYKAeHHE

Kaxpiit ancopOeHT XxapakTepusyeTcs CBOeH H30-
TEpMOM, SBJISIOMICHCS OCHOBHOM XapaKTEPUCTHKOUN
aJICOpOIMOHHON CIIOCOOHOCTH HOCUTENs, W MO e€
¢opMe MOXHO CyAUTh O MEXaHU3ME Ipolecca KOH-
LHCHTPUPOBAHUS.

Cop6uuonHyro emkocTh copbenta (A, MOnb/T) B
YCIOBUSIX YCTQHOBUBILETOCS PaBHOBECHS B CHUCTEME
ompeaensuy 1o popmyre:

4= GV

m

(1)

rae C; — MCXOIHAs KOHICHTpPAIUs aMEpUIMsS B pac-
TBOpe, MoJb/1; C, — paBHOBECHAsI KOHIICHTPAIIUS ame-
pUIMSI B pacTBOpE TOCJE Mpolecca COpOIuK, MOJIb/T;
V — o0BeM pacTBoOpa, J; M — Macca copOeHTa, UCIIOIb-
3yeMoro ajs mpoiecca copOuuu, T. [loaydeHHsie gaH-
HbIe 00pabaTHIBAIA METOJOM HAUMEHBINNX KBAaJIPAaTOB
¢ Hcnonb3oBaHueM Kpurepus CTBIOICHTA TpPU 3HAYe-
HUH JOBepUTENbHOM BeposTtHocTH 0,95.

[lo monydYeHHBIM SKCICPUMCHTAIBHBIM JTaHHBIM
OblTa paccydTaHa ancopOIMs Ha OKCalaTe KallbITHsI
noHos aMepurus (III) U3 HUTPATHBIX PACTBOPOB C UX
pasHOil MCXOmHOH KoHIeHTpammeidl mo dopmyne (1),

MOCTPOEHA HW30TepMa  aACOpOIVH, IpeACTaBICHHAS
rpaduvecku Ha puc. 1.
A, Monb/T
A, mollg
0,045 o
o
0,035
0,025 <
0,015 <
0,005 o
T L} T T L} L}
0 0,0002 0,0004 0,0006 0,0008 0,0010 0,0012 C, mons/n
C, mollg
Puc. 1. Hzomepma cop6yuu amepuyus (IIl) Ha okcasame
Kabyus
Fig. 1. Isotherm of americium (Ill) sorption with calcium
oxalate

B mwmrepatype mist Gonpmoro psma TBEPOBIX COp-
OCHTOB OMHUCAHBbI JECATKH THUIIOB HM30TEPM COpOLUU.
W3oTepMy, mpencTaBIeHHYIO Ha puUC. 1, MOXHO OTHE-
ctu o knaccudpukanuu BT (Bpynaysp, Jemwusr,
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Hemunr, Temnep) wnu bpyHayspa k mnepBoMmy TH-
ny [14], onmceBaromieMy MOHOMOJEKYJISPHYIO —a-
copbrmo ¢ obpasoBannemM MoHocios amepunus (111)

Ha TIOBEPXHOCTH aJCOpOEHTa — OKcajata KasbIIHs.

B sToM cnydyae copOupoBaHHbBIE MOJEKYJIbl WIH HOHBI

MHKPOKOMITOHEHTA pacIoJiaraloTcss B MOHOCIIOE Ha

MMOBEPXHOCTH MAaKpOKOMIIOHeHTa. [lpu 3amojgHeHun

€ro TIOBEPXHOCTH COPOEHT JOCTHTaeT COCTOSHUS

HACBIIICHUS, YeMYy COOTBETCTBYET IUIATO Ha Tpaduke

HU30TepMbl. PaBHOBecHe B COPOIMOHHBIX Mpolleccax

ompenessieTcs, B IMEPBYIO OYepelb, CYNepHo3Uluei

paBHOBecuil B (pazax pactBopa U copOeHTa. Du3MKO-

XHMHMYECKHE ITOAXOALI MMEIOT HanOOJbIIee 3HAYCHHE

JUIS TIOHUMAHUS M KOJIMYECTBEHHOTO OMHCAaHUsl paBHO-

BECHsI, OCOOCHHO B YCIIOBHSAX MHOrooOpasus (opm

CYIIECTBOBAaHHUS KOMIIOHEHTOB B MX (hazaxX. DTH MOJ-

XOJIbI JTAIOT HEOOXOIUMYI0 WH(pOPMAIIMIO MO HCXOJ-

HBIM ¥ KOHEYHBIM (hopMaM pearupyromux BEemeCTB U

ONPENCISIFOT MYyTH BO3MOXHOTO TEXHOJOTHUYECKOTO

BO3JICHCTBUS HAa XUMHUYCCKUE Tporecchl. UMEHHO OHU

MO3BOJISIOT ONPENIEIUTh TaKHe BaKHEHIITUE mapaMeTphbl

copOLMHU, Kak eMKOCTh M HM30MPaTeIbHOCTh, & TaKKe

HaWTH BO3MOXXHOCTH JUIsI HAIPABICHHOTO CMEIICHUS

paBHOBECHs W OLEHKH BO3MOXXHOH 3(deKTuBHOCTH

Hpoueccm; B KOHerTHLIX yC.]'IOBI/ISIX nux HpOBe)le—

uus [15-17].

HaubGonee wacto uisi aHAIMTHYECKOTO OIMCAHUS
MOHOOOMEHHBIX PAaBHOBECHU WCIIOJIB3YIOT TOAXO/,
OCHOBaHHBIH HAa NPUMEHECHHWH 3aKOHA IEHCTBYIOIIHMX
macc. B 3TOM ciyuyae CIOXHBIA TeTepOTeHHBIA Mpo-
1IeCC MOHHOT0 oOMeHa paccMaTpuBaeTcs Kak oOparu-
Mas XHMWYeckas peaknus. s KOJUYEeCTBEHHOTO
OTIMICaHMsI pAaBHOBECHsI COpOIMU B MHTEPBAJIC KOHIICH-
Tpauui, OTBEYAIOIINX 00pPa30BaHUIO MOHOCIOS, ObLIN
ucnonb3oBanbl Mojenu Jlenrmiopa u @DpeiHanuxa
[18, 19].

Mooenwv Jlenemwpa. CornacHO 3TOW MOJeNU al-
COpOLIMIO TIPEACTABIISAIOT KaK KBa3UXUMHUYECKYIO peak-
LU0 MEXIY acopOaToM U afcopOIMOHHBIMU IIEHTPA-
MU HOBerHOCTI/I az[cop6eHTa, 4qTOo HpI/IBOHI/IT K ana-
COpOLIMOHHOMY HACHIIIIEHUIO TIOBEPXHOCTH aJIcOpOEHTa
0 Mepe YBEIIMYCHUS KOHIICHTPAIIUH paclpeaessieMoro
BEIIECTBA. DTO IMPEJICTABIICHUE SBISICTCS] OCHOBOIIOJA-
raroIuM B TeopuH JICHrMIOpa U YTOYHSETCS CIIEAYIO-
LIMMHM JTOITOJTHEHUSMH:

1) agcopOuus JOKaJIM30BaHa Ha OTAENBHBIX alncopo-
LMOHHBIX LEHTPax, KaXAbld M3 KOTOPBIX B3aMMO-
JIEHCTBYET TOJILKO C OJTHOM MOJIEKYJIOH afcopbaTa ¢
o0OpazoBaHUEM MOHOCIIOS,

2) ajcopOIMOHHbBIE IIEHTPHl JHEPrEeTUYECKH DKBHBA-
JICHTHBI, HOBerHOCTB cop6eHTa OKBHUIIOTCHIIMAJIbHA,

3) ancopOMpOBaHHbBIE MOJIEKYJIBl HE B3aWMOIECHCTBY-
0T JIPYT C JPYTOM.

OO0bIYHO ypaBHEeHHE JIeHrMIOpa HCIOJB3YIOT B BUJIE:

Aco'K-C
~ T+xc’ )

rae A — KOJIMIeCTBO COPOUPYEMOTO BEIIECCTBA, MOJIB/T;
A, — TIpeienbHOE KOJIMYECTBO COPOMPOBAHHOTO BeEllle-
cTBa (EMKOCTH aJCOPOIIMOHHOTO MOHOCIOS), MOJIB/T;
C — paBHOBecHasi KOHIICHTpAIlUs aacopOTHBA, MOJIb/T;
K — koHCTaHTa COpPOLIMOHHOTO PaBHOBECHS, XapaKTepH-
3yIOIIasi HHTCHCUBHOCTD TIpOIiecca COpOIIHH, J1/MOITh.
CpoacTBo MexIy ajacopbaroM H  aacopOeHTOM
MOXKHO OLEHHTH M0 BeIMYMHE Oe3pazMepHOro Kodg-
¢unuenrta pasnenenus R, ucnone3ys mapamerp K u3
ypaBHeHus JleHrMiopa:
_ 1
T (A+K-C)’

3)

rac C() — HavajibHasA KOHIICHTpalsd MOHOB METAJlJIa B
pactBope, Mouib/il. B 3aBHCUMOCTH OT BEJIHYHHBI KO-
spdunuenta R; amcopOIHMOHHBIA TIPOLECC MOXKET
OBITh OIICHEH cienyroIuM obpasom: npu R >1 yco-
BHS JUIS €T0 MPOTEKaHMs HeOIaronpusTHel, pu R =1
HaOroIaeTcs TuHeHast 3aBUCUMOCTh, ipu R =0 mpo-
mecc copbumu OyJeTr mporekaTh HeoOpaTuMmo, a MpH
0<R_ <1 ycnoBus mist copbimu Onaronpusitasr [18].
Hns ompenenenus mapaMeTpoB copommu A, u K
ypaBHeHue (2) mpeodpasyem B uHelHyio dpopmy [20]:

L

C 1 1
-=C—+—. 4)
A A Ac'K
Pesymeratel 00pabOTKH H30TEPMBI COPOIIMU aMEpH-
must (1) okcamatom kampimst mo Moaenu JleHrmropa

(ypaBuenus (3), (4)) npencraBieHsl B Tabur. 1 v Ha puc. 2.

Ta6auya 1. Pesysomamosl 06pabomku O0AHHbIX U30MepMbl
no ypagHeHuro Jlenemiopa

Table 1. Results of processing isotherm data according to
the Langmuir equation
KoHneHnTpanus amepunus | KosudecTBo aMepuiust
(III) B pacTBOpE, Mos1b/a1 | (III) Ha ocajke okcana-
Americium (III) concentra- | Ta kanbius - A, MOJib/T C/A R
tion in solution, mol/1 Amount of americium
Ucxon- | PasuoBechasi | (III) on the precipitate
Has (9} of calcium oxalate - A,
Basic | Equilibrium (C) mol/g
0,003465| 8,29876E-06 0,0024 0,0035 | 0,0297
0,010394| 8,71369E-06 0,0072 0,0012 | 0,0101
0,034647| 6,22407E-05 0,0240 0,0026 | 0,0031
0,048506| 0,000219917 0,0335 0,0066 | 0,0022
0,041577| 0,000323651 0,0286 0,0113| 0,0025
0,055436| 0,000356846 0,0382 0,0093 | 0,0019
0,0589 | 0,000477178 0,0406 0,0118 | 0,0018
0,062365| 0,000792531 0,0428 0,0185 | 0,0017
0,06583 | 0,000850622 0,0451 0,0189 | 0,0016
0,051971| 0,000871369 0,0355 0,0246 | 0,0020
0,069295| 0,001029046 0,0474 0,0217] 0,0015

[ocnenyromnias mMaTtemaTHueckas oOpabOTKa JKCIie-
PHMEHTAITBHBIX JaHHBIX (PUC. 2) METOIOM HAMMEHBIIHX
KBaJIPaToOB T0Ka3aja, uto B koopauHarax C/A=f(C) u3o-
TepMa copOILiU OMUChIBaeTCs ypaBHeHHeM HpsiMoii (5) ¢
BBICOKIM K03 drumenToM koppemsimn (R?=0,9520):

y = 21,059x + 0,0022 . (5)
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Puc. 2. 0O6pabomka usomepmul copbyuu amepuyus (1)
oKcanamom kaavyus no Modeau Jlenemopa

Treatment of the americium (1lI) sorption isotherm
with calcium oxalate according to the Langmuir

model

Fig. 2.

OTO CBUIETEIBCTBYET O TOM, YTO HCIOJb3yeMast
Mozeb ypaBHeHHs JIGHrMIopa aJleKBaTHO OINHCHIBAET
MpoIecC COPOLMU M TIO3BOJISIET JTOCTATOYHO HANICKHO
OTIPENCTUTh BETMIUHEI A0 1 K.

W3 paHHBIX, pencTaBlieHHBIX B Tabid. 1, cimemyer,
gyro coocaxaenue amepuius (1) Ha ocaake okcanara
KaJbIUs IPOTEKAeT Mo aJCcOpOIMOHHOMY MEXaHU3MY,
MOCKOJIBKY BenuurHa R OoJblne HOJMSA, HO MEHBIIE
CAVHUIIBI.

M3BecTHO, UTO MOAEH JIeHTrMIOpa ClipaBeyIvBa AJIs
MOHOMOJIEKYJISIPHON aacopOLuy, MpOoTeKaolel Ha aj-
copOeHTe ¢ PHEePreTUYecCKd SKBUBAJIICHTHBIMHU aJicopO-
IMUOHHBIMU LICHTPAMU. PeannHas ke TIOBEPXHOCTH COp-
OeHTa TakMMH CBOMCTBaMH He 00JajaeT M B ciydae
COpOEHTOB ¢ HEOJHOPOIHON MOBEPXHOCTHIO MpU 00pa-
60TK€ SKCTICPUMCHTAJIBHBIX JaHHBIX HIUPOKO HCIIOJIb3Y-
eTcs sMnupruyeckoe ypaBHeHue OpeiHmmxa.

Moodenv @peitnonuxa. CopOUUMOHHBIE LUEHTPHI MO
9TOW MOJeNu 00JaNaloT Pa3IUYHBIMHA BEITUYHMHAMHU
SHEPTuH, TMOATOMY B TEPBYIO OYEpPEOb MPOHCXOIUT
3aIIOJTHEHUE aKTHUBHBIX COPOIIMOHHBIX LIEHTPOB C MakK-
CHUMaJIbHOU DHEpruen.

[Ipu 0OpadoTke FKCIIEPUMEHTATBHBIX JaHHBIX H30-
TEPMYy aACOPOLMH YacCTO OMNHCHIBAIOT IMIUPHUYECKUM
ypaBHEHHEM B Bujie creneHHol (yukiuu [20]:

A=K-CYm, (6)

rie A — KoJM4ecTBO COpOUPYEMOro BeIecTBa, MOJIB/T;
N — KoHCTaHTa u30TepMbl DpeiHIINXa, MOKA3bIBAIO-
ass MHTEHCUBHOCTH COPOIMM U paclpeielcHue ak-
TUBHBIX IeHTPOB; K — KoHcTaHTa m30TepMBl Dpeina-
TUXa, OTpaKaromas OTHOCUTEIBHYIO COpPOLHNOHHYIO
cnocoOHocTh; C — paBHOBECHas KOHIICHTpAIUS a-
copOtuBa, MoJb/I. B norapudmuueckoii hopme ypas-
HeHue (6) TpUHUMAET BU/I:

lgA = IgK +~1gC. @

Ecnmu n<1, sHeprus cBsizeii Bo3pactaeT, mpu Nn>1
SHEPTUsl CBA3U COPOCHT—COpOAT YMEHBIIAETCS [0 Mepe
3aI0JIHCHUsI TOBEPXHOCTH; B ciiydae N=1 Bce copOuu-
OHHBIE IIEHTPBI SKBUBAJICHTHBI [15].

IpencraBneHre  HKCIEPUMEHTANBHBIX  JaHHBIX
(tabm. 2) o ypasuenuio (7) B koopaunarax IgA=f(IgC)
MO3BOJISIET rpaduuecKn onpeaenuth 3HaueHus K u n
(puc. 3) [20]. TTocnenyromias 06paboTKa IKCIIEPHUMEH-
TaJIbHBIX AAaHHBIX MCETOJOM HAWMMCHBIINX KBaJpaTOB
MOKa3ala, 4To M30TepMa COpOIUHU OMUCHIBACTCS YpaB-
HeHHeM mpsMoit (8) ¢ koadduireHTOM KOoppemsuuu
(R?=0,8520):

y = 0,4871x + 0,4234. (8)

PesynbraTel 00pabOTKH HM30TEPMBI COPOIMU ame-
puttust (111) okcamarom kamenus mo moxenu DpeitHi-
JIMXa IpeJcTaBieHs! B Ta0d. 2 U Ha pHc. 3.

Ta6auya 2. Pe3ysiemamul 06pabomku O0AHHbIX NO ypagHe-
Huto PpeiiHdauxa

Table 2. Results of data processing according to the

Freundlich equation

KoHueHnTpauua amepunus | KosnyectBo amepunus
(1) B pacTBOpe, Mostb/n1 | (I1I) Ha ocajke okcana-
Americium (III) concentra- | Ta kanbuus - A, MoJib/T lo A leC
tion in solution, mol/I Amount of americium g g
PaBHoBecHas | (III) on the precipitate
HcxonHas .
Basic . (C) of calcium oxalate - A,
Equilibrium (C) mol/g
0,003465 | 8,29876E-06 0,0024 -6,0322 |0,0297
0,010394 | 8,71369E-06 0,0072 -4,9320 |0,0101
0,034647 | 6,22407E-05 0,0240 -3,7290 |0,0031
0,048506 | 0,000219917 0,0335 -3,3953 |0,0022
0,041577 | 0,000323651 0,0286 -3,5527 10,0025
0,055436 | 0,000356846 0,0382 -3,2636 /0,0020
0,0589 0,000477178 0,0406 -3,2047 |0,0018
0,062365 | 0,000792531 0,0428 -3,1522 |0,0017
0,06583 | 0,000850622 0,0451 -3,0983 |0,0016
0,051971 | 0,000871369 0,0355 -3,3386 /0,0020
0,069295 | 0,001029046 0,0474 -3,0490 |0,0015
IIpumeuanue/Note: K=1,527, n=2,053 moas/2 (mol/I).
g C -12 -10 -8 -6 -4
1 1 1 1 2
- -4
() - -6
IgA
Puc. 3. 0O6pabomka usomepmul copbyuu amepuyus (1)
0KCa1amoM Kaabyus no modeau PpeiliHoauxa
Fig. 3. Treatment of the americium (Ill) sorption isotherm

with calcium oxalate according to the Freundlich model
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CpaBHeHusa 3HaueHHH K03()(UIIMEHTOB KOppens-
UM, TIOJYYCHHBIX TPU JTUHEapU3ali U30TePMBI MO-
HOMOJIEKYJIsIpHO# copbrmu amepurus (111) Ha ocamke
oKcaJjlaTe KaJplus no MoaenaM Jlenrmiopa u OpeitHa-
nuxa (tabn. 1, 2) mokassIBaloT, YTO cOpOLMS C OOb-
meld  BEpOATHOCTHIO  ONHCHIBACTCS  yYpPaBHEHHEM
Jlenrmropa.

Taxum 00pazoM, B X0Jie IPOBEJEHHBIX HUCCIIE0BA-
HU# TOoKa3zaHo, 4uro coocaxaenue amepurms (I11) u3
KHCJIBIX HHTPaTHBIX PacTBOPOB Ha OCAJKe OKcajara
KaJbIMsl IPOTEKAET MO aJICOPOLIMOHHOMY MEXaHU3MY U
OIHCHIBAETCS MOJIeNbI0 JICHIMIOpa, 9TO COOTBETCTBYET
00pa30BaHUI0 MOHOMOJICKYJSPHOTO COPOIMOHHOTO
CJIOSl Ha IOBEPXHOCTHU COpOEHTA.

06pa6oTKa pe3y/IbTaTOB 3KCIEPUMEHTOB
pac4eTHHIMHU U rpapIeCKUMHU METOJaMHU

[onTBepAnTh WM ONPOBEPTHYTH ITOT MEXaHH3M
MOXHO U APYTMMH MeTojaMH. MakcumanbHO OBICTpO
U 10CTaTOYHO 3(P(PEKTUBHO OTIMINUTH COKPUCTAIIN3A-
LU0 OT aACOPOLIUH MOXKHO IO CKOPOCTH COOCAXKICHHSL.
INockonpky HpU COKPUCTALIM3ALUU PaTUOIIEMEHT
JOJDKEH paclpelesIUThCSl PAaBHOMEPHO IO BCEMY 00B-
eMy OCaJKa, YCTAaHOBIICHWE PaBHOBECHUS IIPH IIepeMe-
HIMBAaHUM OCAJKa C PAcTBOPOM, COJEPKAIIUM pPaauo-
3JIEMEHT, TpeOyeT 3HAYUTENbHOI0 BpeMeHH (0T 2 10 3
HeNenb Tpu KoMmMHaTHOW Temmeparype). CooTBeT-
CTBEHHO, KOJHYECTBO PAIHOdIEMEHTa, TepelIe/Iee B
TBepayro (aszy, mpu M00aBICHUU €ro K TOTOBOH Cyc-
MEH3UH 3HAYUTEIHHO MEHBIIE, YeM IPH OCAKICHUU
HOCHUTENsS B MPHUCYTCTBUM paauodnemenrta. Ilpu an-
copOLMK paBHOBeCHE yCTaHaBIMBaeTcsl ObicTpo (0T 15
10 20 MUHYT), U IIO3TOMY BeNIWYHMHA copOrum Oyzmer
Majo 3aBUCETh OT MOMEHTa BBOJAa B PacTBOp pPaauo-
anemeHTa [21].

JlJis OLIGHKH JIOJIM B COOCaXJICHUM aJcopOIuu u
COKPHCTAJUIN3AIH B W3y4aeMOW CHCTEMe IO HM3BECT-
HO MeToauke [21] mpoBoAWIM OMpeaeneHue A0JIU
amepurs (111), coocaxxaeHHOr0 W3 A30THOKHCIIOIO
pacTBopa Ha OKcajaTe KNI 32 OIPEHeIICHHBINA
MPOMEXKYTOK BpeMeHH. Pe3ynbTaThl MOJy4YeHHBIX HC-
CJIeJIOBaHWH TipuBenieHbl B TaOu. 3. CTeneHb OYMCTKH
pacTBopa OT aMepuUus TPH COOCAKICHHH €ro Ha
TBEPJOM HOCUTEIE — OKCalaTe KallbIUs — PaCCUMThI-
BaJIM IO ypaBHeHuto (9):

_ GG
==

a - 100, 9)
rae o — moist amepunms (l11), coocaxnarornerocs Ha
HocuTene okcanare kansims; Co u Cq — KOHIEHTpanus
amepurmst (I11) B MCXOMHOM W KOHEYHOM pacTBOpax,
MOJIB/JI.

Kak cnenyer u3 pesynbraroB Tabm. 3, mpu ocaxze-
HUM OKcajiara Kambiums amepuii (111) coocaxxmancs ¢
HUM HE3aBHCHMO OT TOTO, IIPUCYTCTBOBAJ JIU OH B pac-
TBOpPE JI0 Hayajia KPUCTAIUIM3AINN OCAIKa WITH BBOIHII-
Csl yKe TocIie ero 00pa3oBaHHs.

Ta6auya 3. Koauvecmeo amepuyus (111), coocaxcdeHHozo Ha
Hocumese - okcaaame Kaabyus

Table 3. Amount of americium (Ill) co-deposited on the
carrier - calcium oxalate
Jlo/is1 amepuLIKs], COOCAXKAEHHOTO Ha
[pomosku- | OKcajaTe KajlbLius, ®, Mac. %, B ONbITE
TeJbHOCTb Proportion of americium
coocaxJieHusi, | co-precipitated on calcium oxalate, a,
MHH wt %, in the experiment yCﬂO.B.He
) Condition
Duration of co- CpepgHee
precipi.tation, 1 2 3 4 3Ha4YeHUe
min Average
value
5 38,2 (27,6 |43,3 [48,2 39,3 Ha cdop-
10 50,2 [ 60,3 |66,3 | 54,1 57,7 MHpOBaH-
30 77,2 1874 [72,5 |79,4 79,1 HOM OcafiKe
60 93,1 82,1 |90,4 |85,6 87,8 On the
120 96,9 98,4 99,5 |93,9 97,1 formed
180 95,2 98,7 199,3 |98,8 98,0 sediment
5 51,3 [ 54,6 | 28,8 | 53,7 47,1 Ha ¢popmu-
10 72,8 |57,8 65,2 |70,2 66,5 pyloiemcs
30 80,2 | 77,2 | 86,4 | 85,8 82,4 ocajike
60 96,6 |97,5 |186,4 90,3 92,7 On the
120 98,8 96,7 199,1 |97,5 98,0 forming
180 99,6 198,8 |98,8 |98,3 98,8 sediment
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U3 pe3ynbpTaToB, ImpeACTaBICHHBIX B Tabn. 3, cie-
JIyeT, 4TO paBHOBECHE B HCCIECIyeMOH CHUCTeMe ycTa-
HaBJIMBAETCS OBICTPO. YK€ NPH M3MEHEHUH TPOJIOJI-
)kutenbHOCTH Tiporiecca oT 30 go 180 MuH mons ame-
punus (I11), coocakmeHHOT0 Ha OKcalaTe KasbIIHs,
nmocturaeT 3HadeHus ot 85,0 mo 99,0 mac. %, cooTBeT-
cTBeHHO. [IpM 3TOM KOJIMYECTBO aMepwHius, cooca-
JKIAIOIIETOCs C OKCAIaTOM KaJlbI[isl, MaJIO 3aBUCEIO OT
MOMEHTa BBOJIa PaJHMO3JIEMEHTa. DTOT (aKT TakKe
YKa3bIBaeT HA 3aMETHYIO POJIb aJCOPOIMH B MEXaHU3-
M€ COOCaKICHHS.

B nmrteparype wacto mis aacopOIMOHHOTO cooca-
XKIECHHS UCITONB3YIOT ypaBHeHue [22]:

C,=a-c/™, (10)

rae C; — KOJMUYECTBO COOCAXKJEHHOT'O MHKPOKOMIIO-
HeHTa; C; — KOJIMYeCTBO MUKPOKOMIIOHEHTa, OCTaBIIIe-
ecsl B pacTBOpe; o M N — MOCTOSHHbIE BeJINYMHBI. M30-
TepMa, onmuchiBaeMas 1o ypasHenuto (10), Ha rpaduke
B koopaunatax C,=f(C}) mpeacraBiseT xapakTepHYIO
KpUBYI0 TUHUIO (puc. 4).

B ciyuae m3oMopdHOro coocakieHHs H30TepMa
MOXeT OBbITh OIKCcaHa ypaBHeHueM [21]:

y

b-y'

. (11)
IJie X — KOJIMYECTBO COOCAXKIEHHOTO MUKPOKOMITOHEH-
Ta, paBHoe Cy; a — HAYAILHOE KOJIUYECTBO MUKPOKOM-
MOHEHTA; ¥ — KOJIMYECTBO OCAXKICHHOTO MaKpOKOMIIO-
HeHTa; b — HavalbHOE KOJNIMYECTBO MAaKPOKOMITOHEHTA;
D — koaddunueHt pacnpeneneHus; a—x — KOJIUIECTBO
MUKPOKOMITOHEHTA, OCTAIOIIEroCs B PacTBOpPE, pPaBHOE
C;. Ilpy mOCTOSIHHOM KOJIMYECTBE MAaKPOKOMITIOHEHTA U
MOCTOSIHHBIX ~ YCJIOBUSX OCQKICHUS TIpaBas dYacTb
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ypaBHeHus (11) octaercs mocTosiHHON. 3HAUUT, U Je-
Bas 4acTh ATOTO ypaBHEHHS JOJDKHA OBITH TOXE IO-
CTOSIHHOM, ITI03TOMY OTHOIIEHHE COOCAXKICHHOTO KO-
JTMYECTBa MHUKPOKOMITOHEHTa K OCTaBIIEMYCSI KOJHYe-
CTBY €ro B PacTBOpE HE M3MEHSETCS MPH W3MEHEHHUH
HaYalbHBIX KOJMYECTB MHKpPOKOMIIOHEHTa. OTcronma
CIIEyeT, YTO H30TEepPMa H3O0MOP(PHOTO COOCAKIACHISI
npejcTaBiseT coboit B koopaunarax Cp,=f(C7) mpsimyto
JIMHUIO, TPOXOSIIYI0 TOJ yriiomM 45° uepe3 Hayaio
KOOpJIUHAT.

s moAaTBepkKAECHUS MEXaHM3Ma COOCAKICHHS
(amcopOumonHOe WM M30MOP(HOE COOCAKIACHHUE)
HEOOXOIMMO MPOBECTH IPOLECC COOCAKICHUS MpHU
MEPEMEHHBIX KOJIMYECTBAX MHUKPOKOMIIOHEHTA M IO-
CTOSIHHBIX KOJIMYECTBaX MaKpOKOMIOHeHTa. [locTpous
H30TEPMY COOCAXKIEHHs, 00paboTaB IMOJIydeHHBIE pe-
3yJIBTAaThl TPAQUUECKH U TPEICTABUB MOTYyYCHHEIC 3a-
BUCHUMOCTH B  JOTapu(MUYECKHX  KOOPIUHATAX
IgCo=f(IgC1), MOKHO HalTH yroj HaKJIOHA IOJYyYEH-
HOU mpsimod. B ciywae ecnm mpeoOriamaer mpoiiecc
U30MOPGHOTO COOCAXIEHUs, Yroj HaKJIOHA MpsIMOi
JOJDKeH OBITH ONM30K K 45°, a B ciaydae aacopOIMoH-
HOro — MeHee 45° [22]. Takum 06pa3om, 10 XapakTepy
MOJy4aeMON H30TEPMbI TAKKE€ MOXKHO OTIMYATh HU30-
Mop(dHOE COOCaKICHHE OT aICOPOIIMOHHOTO.

B paccmarpuBaeMBIX gajee OMBITaX COOCAKICHHUE
npoBouiaK B TedeHue 30 MuHyT. JTa BeludrHa ObuIa
BBIOpaHa C TAaKMM PAacyeTOM, YTOOBI IOJIHOCTHIO 3a-
BepIImIach ObICTpas CTaaWs IIpoIecca W OCHOBHAS
macca amepunus (l11) coocamunace Ha Hocurene. Ta-
KOW METOAOJOTMYECKUI TOJIX0J MOATBEPKAAETCS
JaHHBIMH, IPEACTaBICHHBIMU B [21].

Pe3ynmpTaTel HCCIIEIOBAaHUN COOCAXICHHS aMEpH-
LM Ha OKcajaTe KalblMsl B BHIE HM30TEPMBI COOCa-
xaenust B koopaunatax C,=f(C;) rpaduyecku mpen-
CTaBJICHBI Ha pUC. 4.

Ca, mr/n
C,, mg/l
180 ~
160 ~
140 ~
120 ~
100 ~
80
60
40
20
T T T T T U
0 05 10 15 2,0 25 30 Comila
Cy, mg/l
Puc. 4. Hzomepma coocaxcdeHusi amepuyusi Ha4 okcaaame
Kaabyus
Fig. 4. Isotherm of americium co-precipitation with calcium
oxalate

[Mocnemyromast 00paboOTKa 3KCHEPUMEHTATBHBIX
JAaHHBIX MCETOJAOM HAUMCHBIINX KBaJApaTOB IIOKa3aja,
YTO OHAa OmMHChIBaeTcs ypaBHeHHeM (12) ¢ xoadduim-
GHTOM J0CTOBepHOCTH ammpokcumarmu (R?=0,9167):

y = 13,955x3 — 89,67x2 + 201,83x. (12)

W3 puc. 4 cnenyer, 4To Nody4deHHAs! H30TEpMa Mpe-
CTaBISICT KPHUBYIO JIMHHIO, XapaKTePHYIO IS Iporecca
ancopOimonHoro ocaxnaeHus. I[locnenyromas 06paboT-
Ka DKCIIEPUMEHTAIbHBIX JaHHBIX 10 ypaBHeHuto (10) u
METOJINKE, TPEICTaBICHHON B [22], MOKa3ana, 4To rpa-
(uYecKu 3Ta 3aBUCUMOCTH B JIOTapU(PMHUIECCKUX KOOP-
muHartax 1gC,=f(IgC1) (puc. 5) onmchiBaeTCst ypaBHEHH-
eM npsMoit muHuu (13) ¢ yriiom HakiioHa 26° npu Beu-
YHMHE IOCTOBEPHOCTH AlMPOKCHMAIUN R2=O,8803:

y = 0,6375x + 2,0519. (13)
g C,
25
2,0
15 A
1,0
05 -
1 1 1 1 1
2,0 -1,5 -1,0 05 0 05 g C;
Puc. 5. Hzomepma coocaxcdenus amepuyus (I1I) Ha okca-
Jame Ka/avyusi 8 soz2apu@muyeckux KoopduHamax
lgC2=f(1gC1)
Fig. 5. Isotherm of americium (IlI) co-precipitation with calci-

um oxalate in logarithmic coordinates lgC2=f{lgC1)

[TonmyueHHble pe3ynbTaThl TAK)KE YKa3bIBalOT Ha Me-
xaHm3M azgcopOrmonoro coocaxkaerust amepurms (111)
Ha OCaJIke oKcaiaTta Kajblus, ITOCKOJIBbKY yroj HaKJIoHa
IIPAMOM, COOTBETCTBYET 26°, T. €. MeHblle 45°.

3aki04eHue
B xone npoBeneHHBIX HccIeI0BaHUNA U 00pabOTKU
MOJTyYEHHBIX PE3YyJIbTaTOB pacueTHHIMH U Tpadude-
CKMMHU METOJIaMH YCTAHOBJIEHO, YTO COOCAKIECHUE U3
HUTpaTHBIX pacTBopoB amepuuusa (III) ¢ oxcamatom
KaJbIusl B OOJIBIICH CTereH! 00yCIIOBIICHO aicopOIm-
et mukpoxkomionenta — amepurms (I11) — Ha moBepx-
HOCTH MMEIOLIErocs MM BHOBb 00pa3yrollerocs ocau-
Ka MaKpOKOMITOHEHTa — OKcaJlaTa KaJbIlHsl.
OT0 MOATBEP)KAAETCS TEM, UTO:
1) amcopOuust amepHildsi Ha OKcajlare KaablUs W3
KHCTIBIX HUTPATHBIX PACTBOPOB OMKCHIBACTCA MO-
nenpio JIeHrMIopa, 9TO COOTBETCTBYET 00Opa3oBa-
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2)

HUIO MOHOMOJIICKYJISIPHOTO COPOIMOHHOTO CJIOSI B
JaHHBbIX YCJ'IOBI/IHX;

paBHOBecHE B CHCTEME IpH aJCOPOLUH AOCTHraeT-
Csl IOCTATOYHO OBICTPO, B OTIMYHME OT COKPUCTAJ-
JM3aluH, TIPH KOTOPOH YCTaHOBIICHUE PAaBHOBECHSI

KOTOpasi B JIorapu(pMuyeckux KOOpAWHATAX Mpe-
CTaBJSIET COOO0H MPSIMYIO JHHUIO C YIJIOM HaKIOHA
26°, uro MeHblne 45°, XapaKTepU3YIOIIETO H30-
MOp(HOE COOCAXKICHHE.

Ha ocHOBaHMM BBIIIECKA3aHHOTO CIEAYET, YTO CH-

crema Am(IIl) — CaC,0,4 A0mOMHSET TPYIITY CHCTEM,
UL KOTOPBIX B TIPOIECCE COOCAKACHHUS XapaKTepHa
npeobnasaromas pojb aacopOLUu MUKPOKOMIIOHEHTA

TpeOyeT 3HAYMTENFHOTO BpeMeHH. Bemmumna
cOpOLMU HE3HAYUTENbHO 3aBUCUT OT MOMEHTA BBO-
Jla B PacTBOP PaJH03IEMEHTa;

3) u3oTepma amcopOIMOHHOTO COOCAKICHUS BBIpaKa-  HA HOCHUTEIC — MAKPOKOMIIOHEHTE.
€TCA XapaKTEPHOU KPUBOJIUHENHON 3aBUCUMOCTBIO,
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AHHOTanua. AKMya/1bHOCM®b UCCIeJ0BAaHUSA COCTOUT B HEO6XOAUMOCTH JeTaJbHOI0 aHaJIM3a pacipezeeHns GUaniecKux
CBOMCTB IJIaCTa B NPOCTPAHCTBeE. B HacTosee BpeMsl mapaMeTphl, CBA3bIBAIOLINE Pe3YJbTaThl OTKJIWKOB reopu3nIecKux
noJielt ¥ neTpopUsnvYecKUx UccIeJOBaHUH KepHa, ocpeAHA0TCA. C 0/JHOM CTOPOHBI, 3TO NIPOUCXOAUT M3-3a MaJIOr0 KoJinye-
CTBa CKBaXXHMH C KEPHOM Ha MECTOPOXKJEHHUSAX, a C APYTON — /IS YyIPOILEHHUs U YCKOPEHUs PAaCYETOB IPU HAJWYUHU GOJIBIIOTO
KOJIMYECTBA CKBAXXUH C reoPpu3nN4ecKUMU HccaefoBaHusAMU. OJHAaKO TaKOH MOJX0J He IM03BOJISIET BBIABUTH HauOOJIblLIEE
YHCJIO XapaKTePUCTHK, CBOMCTBEHHBIX KOHKPETHOMY IJIAaCTy WJIM pa3pesy. ITO, B CBOIO 04Yepefib, MOXKET MOBJIeYb HETOYHO-
CTH B BBIYUCJIEHUH QUIbTPALMOHHO-EMKOCTHBIX CBOMCTB KoJuIeKTOpa. [Ipn ocpeiHEHMH apaMeTPOB MPOUCXOAUT HOTEPS
ocobeHHOCTENH POPMUPOBAHUS 3aJIEKU B YACTIX MECTOPOXK/IEHHUsI C OTOOPOM KepHa, YTO He M03BoJisieT chOpMUPOBATh 60-
Jiee TOYHO EMKOCTHYIO MOJieJIb MeCTOPOXAeHUs. [Jes1b: creHepyupoBaTh KapTy pacnpezeseHus JIOTHOCTH CKeJleTa Mo pe-
3yJIbTaTaM KEPHOBBIX UCC/IELOBAHUH 1Sl HAZAYTOJbHOW TOJILM TEPPUTEHHOr0 HePTAHOTO MJIACTa; NPOaHAIM3UPOBATh MO-
JIYYUBILYIOCS KapTy paclpe/iesleHus], BbIIBUTh 06JIACTH C MOBBIIIEHHBIMY M NOHM)XEHHbIMU 3HAY€HUSMH IJIOTHOCTH; Olie-
HUTb CTeNeHb U3MeHeHUs K03 UILMEeHTa NOPUCTOCTH NIPU CONOCTABJIEHUH C BEJMUMHAMU IJIOTHOCTH; BbIIEJUTDb 06J1aCTH
NOBBILIEHHON U NOHWXEHHOW IVIOTHOCTH, BBISIBUTb TPEHAbI €€ n3MeHeHusl. 06'6eKm: HaAyrobHas TOJIIIA TEPPUTE€HHbIX
OTJIOXKEHUU OJJHOTO U3 IJIACTOB HEQTSHOTO MECTOPOXKAEHUS HA TeppuTopuu ToMckoil o61acTu. Memodsl. AHaiu3 NETPo-
¢du3nYecKoi 6a3bl JaHHBIX CIOCOGCTBYET GOPMUPOBAHUIO KOHIENTYaJbHOI'O CTPOEHHUs 3asiexu. JlabopaTopHble HCCIe0-
BaHUSA KepHa — UCTOYHMK CaMOM JJOCTOBEPHON MHGOPMaLUU 0 GUIbTPALMOHHO-EMKOCTHBIX CBOMCTBax macra. MeTouka
aHa/IM3a MoJipa3yMeBaeT NOCKBAXKMHHOE MOCTPOEHHE 3aBUCUMOCTeH NeTpodU3NIeCKUX TapaMeTPOB U ONpesiesIeHHe BeJlt-
YUHBI NOCTOSIHHOY TJIOTHOCTH CKeJleTa. JloMOJIHUTENIbHO CTPOUTCS 0611asi 3aBUCUMOCTD 10 BCEM CKBaXKMHAM JJ1s1 COTIOCTaB-
JIEHUS1 3HAYeHUH U BbISBJEHUS MaKCHMaJbHbIX U MUHHUMAJIbHBIX TPaHUl, napaMeTpoB. CTPoSATCA KapThl paclpesiesleHuUs
NJIOTHOCTH CKeJleTa U MPOBOJMUTCS aHAIM3 MOJIYYUBIIHXCS 30H C NOHWXEHHBIMU U NIOBBIIIEHHBIMH 3HAaY€HUSIMH IIJIOTHOCTH.
[TockBakuHHasA AuddepeHIansd 3HaYeHUH MPUBOJUT K MOBBILIEHUIO JleTaJU3alMK pacnpe/ie/ieHUsl u3y4aeMoro mnapa-
MeTpa U BbISIBJIEHHIO 30H C aHOMaJ/IbHO BICOKMMH Y HU3KUMU 3HAaYeHUsMHU JIJIs 6oJlee eTabHON POpaboTKU U GOpMUPO-
BaHUA KOHLENTYaJbHOH reoJIornyecko MoJesH.

KioueBble cioBa: netpodusnyeckre 3aBUCUMOCTH, 06bEMHASA MJIOTHOCTb, KO3QPUIHEHT MOPUCTOCTH, KapTa pacnpeje-
JIeHUA NeTPoPU3UYECKOro NapaMeTpa, BApUaTUBHOCTD TapaMeTPOB
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Abstract. Relevance. The need in a detailed analysis of distribution of physical properties of the formation in space.
Currently, the parameters connecting the results of responses of geophysical fields and petrophysical studies of core are
averaged. On the one hand, this is due to the small number of wells with cores in the fields, and on the other hand, to simplify
and speed up calculations in the presence of a large number of wells with geophysical surveys of wells. However, this
approach does not allow us to identify the largest number of a particular layer or section characteristics. This, in its turn, may
lead to inaccuracies in calculating filtration and capacitance properties. When averaging parameters, the features of
formation of the deposit in parts of the field with core sampling are lost. And this is a very big opportunity to more accurately
form facies models of deposits. Aims. To generate a map of skeletal density distribution based on core data for the supra-coal
strata of a terrigenous oil reservoir; analyze the resulting distribution map, identify areas with increased and decreased
density values; assess the degree of change in the porosity coefficient when compared with density values; identify areas of
high and low density and trends. Object. Supra-coal strata of terrigenous sediments of one of the layers of an oil field in the
Tomsk region. Methods. Analysis of the petrophysical database leads to formation of an idea of the reservoir. Laboratory core
studies are the source of the most reliable information about the filtration and reservoir properties of the formation. The
analysis technique involves the well-by-well construction of dependencies of petrophysical parameters and determination of
the value of the constant density of the skeleton. Additionally, a general relationship is built for all wells to compare values
and identify maximum and minimum parameters boundaries, skeletal density distribution map and resulting zones with low-
and high-density values analysis. Borehole differentiation of values leads to increased detail of the distribution of the studied
parameter and identification of zones with abnormally high and low values for more detailed study and the formation of a
conceptual geological model.

Keywords: petrophysical dependencies, bulk density, porosity coefficient, parameter distribution map, parameter variability
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BBegeHne IICHHOCTH, IJIOTHOCTH (abCONOTHO CyXoro ooOpasia,
AHanu3 KepHOBOIO MaTepuasa SBJIAETCS HEOTbEM- MAaKCUMAIbHO YBIQXHEHHOTO, MHHEPAJIOTHYeCKas),
JIEMBIM 3TallOM CO3JAaHUS JIUTOJIOTHYECKOH, MeTPO(U-  SIEKTPHUYECKUX MapaMeTpoB (mapaMeTp MOPHCTOCTH,
3UYECKOM, I'COJOTMYECKOM, T'MIPOAMHAMUYECKOM MO-  TapaMeTp HACBIICHHOCTH, YJEIbHOE JJICKTPHUECKOE
JieNiel MpOIyKTUBHOTO KOJUICKTOPA. AHAJIN3 UCXOAHBIX  CONMPOTHBICHHE 00pa3iia), aKyCTHYECKHX MapaMeTpPoOB
JAHHBIX TO3BOJSET TOHATH TEOJOTHYECKHE TPedrno-  (CKOpoCTh mpobera mpoaoibHbIX BosH) [6—10].

CBUIKH (DOPMHUPOBAHUS IIACTOB-KOJUIEKTOPOB H JIAJTb- B3aumocBs3u, TOJIy4YeHHBIE TpH J1a0OPATOPHBIX
HEHILIEro paclpeleeHusl CBOICTB B MEXKCKBAKMHHOM  HCCIICIOBAHHSIX KepHa, ABJISAIOTCS Hanboliee TOCTOBep-
MIPOCTPAHCTBE U 10 BEPTUKAIH pa3pesa. HBIMU TIPHU XapaKTEPUCTUKE MapaMeTpOB TOPHBIX II0-

CoBpeMEHHBIE TEXHOJIOTHU TO3BOJIAIOT cO31aTh He  poia. OcoOEHHO BaKHO, YTOOBI Ka)Ibld IUIACT OBLI
TOJNBKO 0a30BBIC 3aBUCHMOCTH, HO M MIPOAHAIU3UPOBATh  OXapaKTEePHU30BaH OOJBIIMM KOJHYECTBOM HCCIIEIOBA-

JIOTIOJIHUTEIIbHBIE B3AUMOCBSI3H MEX/Y IapaMeTpamMH. HHUH JUIS CO37aHMs HaJSKHBIX B3aMMOCBS3eH M yuéra
HEOJHOPOJIHOCTEH pa3pesa Mo BEPTUKAIIH.
T'eosioruyeckue 0CO6€HHOCTH MECTOP 0K/ eHH Takue B3aMMOCBSI3H MO3BOJISIOT MOJIy4Yarh HopMy-

Ilpy aHanm3e KEPHOBBIX JIAHHBIX HEOOXOMMMO YYHM-  JIbI JUISl IEPEXOA OT TeODU3NIECKHX XapAKTEPUCTUK K
TBIBaTh T€OJIOTHYECKHE OCOOEHHOCTH (OPMHMPOBaHUA  reonoruueckuM. Tak, HalpuMep, 4epe3 JAaHHbIE TUIOT-
3aJIeKeN B pesieiax MECTOPOXKAEHUS. IIPENCTaBIeHUE O HOCTU WK AKyCTHYECKHX CBOMCTB MOXXHO TEPEHTH K
(GopMUpOBaHMH 3aJIEXKH TTIO3BOJIMT CKOPPEKTUPOBATH MIIM  TIOPUCTOCTH MIIH TIOJYYHTh KOO()(PUIIMEHTHI ypaBHEHHUS
MOATBEPANUTH 3aKOHOMEPHOCTH PACHPEACIICHUS CBOMCTB Ap‘lI/IfI[aXHOBa 4yepe3 HCCICOOBAHUS DJIEKTPUYCCKUX
NPOIYKTHBHOIO Macta. B wucTouHMKax mwureparypbl  cpoiicts [11-16].

HPUBOJIATCS CIIOCOOBI NMPUMEHEHHS IBYX U OOJee 3aBHU- JOTIOTHUTENEHO HEOOXOOUMO OTMETHTH IPHHIIUIII
CHMOCTEH JUIst pacu€Ta NpoHUIaeMocTu [1-5]. OObeKTOM  (hopMUpOBaHMA IIETPOPUUYECKOrO OOOCHOBAHMS MH-
yiccieioBanmii sBisiercs wiact Y0, BXosuwmii B co- TepHpeTaluu reoyioro-reopusuueckux AaHHbIX. Kak
CTaB HaJ{yroJbHOW MAYKU BaCIOIaHCKOW CBUTHI. TIPABUJIO, JJIsl OJJHOTO CTpaTurpaduyeckoro miacta ¢hop-
MHUpyeTcsl HabOp 3aBUCUMOCTEH, a B JaJbHEHILEM TOIy-
Mpeanocbuiku popMupoBaHus NETPOPU3NIECKUX  yeHHBIE K03(HULMECHTHI U YPaBHEHHS UCIOIB3YIOTCS IS
B3aHMOCBs3€el TUIA «KePH-KEepH» pacuéra QHIBTPAIIOHHO-EMKOCTHBIX CBOHCTB.

W3 Ha3zBaHMs THIIa B3aUMOCBSI3€H CTAaHOBUTCS I10O- IIpy TakoM MOAXOJe HE YYHTHIBACTCS HEOTHOPOJI-
HSITHO, YTO Ha BCEX rpa(bI/IKaX 3aBUCUMOCTEH MO OCIM HOCTb pacIpeJieiIcHHs CBOMCTB IIO IUIOILIAIH. Ananu-
aberyce W opauHaT OyIyT JaHHBIC NETPOPHU3MICCKHX 3WUpYys TAaHHBIE, MBI MOJKEM HaOII0AaTh, YTO 3HAYCHUS
HCCIIeI0BaHMI KepHa. MIMeroliecs JaHHbIC BKIIOYAOT  [IOTHOCTH, aKyCTHYECKHX, SIEKTPHYECKHX CBOMCTB

MCCIIC0BaHMs KOO((OULMCHTOB KapOOHATHOCTH, 1O-  MEHSIOTCS HE TOIBKO IO BEPTUKAIH, HO U T10 TOPU30H-
PHCTOCTH, MNPOHUIAEMOCTH, OCTATOMHON BOJIOHACBI-  TajpHOI cocTaBisiomei [17-20].
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IeTpodusnyeckue uccae 0BaHU
H3y4aeMoro Ijiacra

[leTpodusndeckne wuccienOoBaHUs — HaubOoee
yIOOHBIA W HATTSTHBIA MCTOYHHK HHGOPMAIUH IS
aHaJn3a KOJJIGKTOPCKUX CBOMCTB Iuiacta. PaccmoTpum
creayromui mpumep (puc. 1).

’ ]
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Puc. 1. 3asucumocmb njaomHocmu a6CoAOMHO  CYX020
obpasya om KospduyueHma nopucmocmu no
KepHy. JlaHHble N0 8ceM CK8AXCUHAM
Fig. 1. Density (dried plugs) vs core porosity. All wells da-

tasets

B gaHHOM CiyYae IJIOTHOCTh MATPHIIBI, HCXOII M3
ypaBHeHus, GyzeT cocTaBusTh 2,5875 r/em’. OxHako
MPYU TAaKOM ITOJXOJC HAa BCEH TEPPUTOPHH IUIACTA Oy-
JIET UCIIOJIb30BaThCS eAMHBIA K03 duument. Pacu€re
B TaKOM BH/IE 11€JIECO00PA3HO MPOBOUTE B MOJHOCTHIO
OTHOPOIHON Ccpele, KOorma 3apaHee IMPearnoaraeTcst

2.6

OTCYTCTBHUE M3MEHEHHUs CBOMCTB MO IUIOIIATH MECTO-
poxzaeHus. B melicTBUTENB HOCTH HaOIIOmaeTcsl ciie-
IyIoIas KapTuha (puc. 2).

[pu amanmse puc. 2 MOIyYaeTcsi, YTO IMOPHCTOCTE,
BbIUMCIIsieMas yepe3 chopMUpOBaHHBIE YpaBHEHHS, CO-
crapiser 0,09, 0,0968, 0,0992 u 0,0993 nme. Ouenn
OJ3KHE 3HAYCHMS, KaK B a0COIOTHBIX, TAK U B OTHOCH-
TeNbHBIX BeTruuHax. CielyeT OTMETUTb, YTO B IaHHBIX
nepecy€Tax He yJacTBYET IUIOTHOCThH (PIIIOMIA, 3aIoi-
HSOMIETO TOPBI MOopoAbl. [IMOTHOCTE (Iornaa 3aBUCHT
oT Tuma OypoBOro pacTBOpa M €ro KOHIEHTpalud U
MOXKeT BapbupoBarbes oT 0,8 mo 1,2 F/CMS, WU 3Ha4u-
TENBHO BIIMATH Ha HTOTOBOE 3HAYCHHUE TIOPUCTOCTH.

[InoTHOCTE MaTpuubl u3MeHsieTcss oT 2,6466 1o
2,7274 t/eM® (puc. 3) Ilpu yBenn4yeHUH IUIOTHOCTH
MaTpHUIBl TOPHOHW MOPOIBI M MOCTOSHHBIX 3HAYCHISIX
IUIOTHOCTH (UIBTpaTa OypOBOTO pacTBOpa W MOPOIBI
HabmogaeTcs yBenuueHue KoddduimeHTa mopucTo-
ctu. Tak, HampuMep, IIpU CpeIHEM 3HAUYEHHUH IUTOTHO-
CTH MATpHIIBI, PABHOM 2,65 I/cM°, ¥ [IPH M3MECHEHHH
sTOro mapamerpa 10 2,63 u 2,73 r/eMm® ko3(duiHeHT
MOPUCTOCTH OyAeT MeHAThcsA Ha 6,9 u 25,9 %, coot-
BETCTBEHHO. Takue pacu€Thl IMONYYaArOTCs MpPU IUIOT-
HOCTU (puibTpaTra OypoOBOTO pacTBOpa, paBHOM 1 r/em’,
Y ypaBHEHHH pacyéTa MopucToCcTH (Tabauua, puc. 3):

Ki=(pm—Po)/(Pm—p1),

Il pm — IUIOTHOCTH CKEJeTa, r/em; pf — IUIOTHOCTB
dubTpaTta GypoBOro pacTBOpa, r/cM° (IPHHSTA paB-
HO#i 1); pp — MIOTHOCTH TIOPOJIHI, r/em® (mpunsTa pas-
HoOH 2,4).

y="-33014x+2.7274

= . R2=(.9696
L
=25 y=-2,9808x+2.696
s B R2=0.9518
= - -~

2 = y=-2,6636x+2,6579
o =24 R*=(),9526
S 7
o B
5 223
5 =
S E
M99

2.1 w0093

2. .

0.05 0,0968 ) §.0992 0.15 0.2
K. 1.e.

Porosity, v/v

Puc. 2. 3asucumocmb naomuocmu abcoalomHO cyxo20 obpasya om koadguyueHma nopucmocmu no kepHy. [laHHbie no
omoenbHbIM cKeaxcuHaM (kaxcdbulll ygem coomeemcmayem 00HOU ckeaxicuHe)

Fig. 2.

Density (dried plugs) vs core porosity. Separate wells datasets (each color fits one well)
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Ta6auya 1. Conocmas/ieHue noy4eHHbIX 3HA4eHull Koagdh-
duyuenma nopucmocmu

Table 1. Porosity coefficients comparison

pm, r/cM3 (g/cm3) | pb, v/cM3 (g/cm3) | K, a.e./Porosity, v/v | A%
2,63 2,4 0,141 0,069
2,65 2,4 0,152 0
2,73 2,4 0,191 0,259

Formation Density Log Determination of Porosity -

frevesy

Puc. 3. BvluucaeHue Koagpgduyuenma nopucmocmu (na-
semka Por-5 Schlumberger)
Fig. 3.  Porosity coefficient calculation (chart Por-5 Sclum-

berger)

VYike Ha dTare aHaju3a JaHHBIX KepHa CTAHOBHTCS
OUYEBUHO, YTO TUIOTHOCTHbBIE XapaKTEPUCTUKU H, CO-
OTBETCTBEHHO, (DUIBTPAIIMOHHO-EMKOCTHBIC CBOWCTBA
MOTYT 3HAYUTEIFHO PAa3HUTHCS B 3aBUCHMOCTH OT BBI-
0opa CKBaYKUHBI.

[I10THOCTH TeCHO cCBsi3aHa C (DU3UKO-XUMHUUYECKUM
CBOMCTBaMH TOPHBIX ITOPOJ] ¥ BIMSIET HA BEJIMYMHY aKy-
CTUYECKUX M paJlMOAaKTHBHBIX MapameTpoB. Ha naHHOM
9Tarne MPOUCXOJWT aHAIN3 IUIOTHOCTH TBEPIOU (asbl
MopoJI. DTa BeJIMYMHA 3aBUCUT OT 3HAYEHHH IJIOTHOCTH
MHUHEPAIOB (TJIMHHACTHIE, MOPOA000PasyIONIHe, COMyT-
CTBYIOIINE TSDKEINBIC) B COCTABE MTOPOJIBL.

Teépmas daza MoKeT OBITH:
MOHOMHHepalbHOW. [lpu 3ToM miIoTHOCTH (hasbl
COTMOCTaBUMa C TUIOTHOCTBIO MOPOJ000pa3yoIero

MUHepana;
e TOJIMMHHEpaTbHOH. [IpM 3TOM IUIOTHOCTH (ha3bl
OmnpenensieTcss 3HAUYEHWEM  CpPEJHEB3BEIICHHOMN

IUIOTHOCTU MHUHEPAJIIOB B COCTABE.
OI‘paHI/I‘leHI/IH IIPUMEHCHUA TAaKOT'0 ImoaxoJa K aHa-
JIN3Yy JAaHHBIX W MMOCTPOCHUIO HeTpO(I)I/BI/I‘-IeCI(Of/'I MOoacC-
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J1 00YCIIOBJICHBI KOJIMUECTBOM CKBAXKHH C MCCIIEAOBA-
HUSIMA KCpHA M KPaTHOMY YBEJIHUCHUIO KOJIHMYECTBA
CO37]aBaEMBIX 3aBHCHMOCTEH pa3IMNYHbBIX TapaMETPOB.

B mpoTtuBOBec orpaHndeHHAM, B pe3ynabrarte Oyaer
MOJTy4YeHa MAKCUMAaJbHO JAeTalbHas NeTpodusndeckas
MOZENb ¢ U3MEHEHUAMH CBOWCTB, NPHOIMKEHHBIMH K
(haKTHUECKUM pacHpeieTICHUSIM.

Ha puc. 4 otobpakeHO pacnpejescHUe BETUYUH
IUIOTHOCTH CKeJeTa, IOJYyYEHHBIX [0 OTICIBHBIM
CKB@XMHAM JUI1 HCCIEIyeMOro IUIacTa. AHAIH3UPYS
KapTy, MOXKHO BBIJICJIUTH 30HBI MOBBIIICHHBIX U ITOHU-
JKEHHBIX 3HAYEHMHM IUIOTHOCTH CKeJleTa. Bemuuunbl
IJIOTHOCTH BapbUpYIOTCS OT 2,5236 mo 2,9445 r/en’.
Hcxonst U3 3THX JNAHHBIX SIBHO BBIAEISIOTCS 30HBI, B
KOTOPBIX OYIyT IMPOTHO3HPOBATHCS COOTBETCTBYIOIINE
BEJINYUHBI TOpUCTOCTH. [IpH yBeIWYeHHH IIOTHOCTH
ckenera KO3(p(UINEHT MOPHCTOCTH OyaeT YBEIUYH-
BaThCA (PUC. 2) MPU OCTATIBHBIX MOCTOSHHBIX K03(du-
I[HEHTax.

JIOTIONTHAUTENPHO BapHalny IUIOTHOCTH CBHAETEIb-
CTBYIOT 00 H3MEHSIOLIEMCS MUHEPAJIOrMYECKOM CO-
CTaBe IOPOJ, YBEIMYCHUH WM YMEHBIICHUH COJEp-
JKaHUsT MHHEPAJIOB IOBBIIIEHHON IUIOTHOCTH, WJIH 00
o0mmeM yIJIOTHEHUH (pa3ylUIOTHEHHM) IO JaTepanu
miacTta. I'paHyloMeTpHdecKnuii cocTaB TEpPPUTCHHBIX
OTJIO)KCHUH — WHAUKATOP TUAPOANHAMHYIECKON aKTHB-
HOCTH TEPPUTOPHUU OCaAKOHAKOIUICHUs. [Ipu Hanmuuuu
JETATBHBIX TPAaHYIOMETPUIECKUX HCCIEIOBAHUI CTa-
HOBHUTCSI BO3MOXKHBIM JIOTIOJHUTENBHO (HOPMHUPOBATH
(hanmanbHOE 30HUPOBAHUE B IpEeNax MacTa.

KonnuecTBo ckBakuH, O€3yCIOBHO, BIUSIET Ha Jie-
TAJIA3aLUIO0 KapThl B pa3HbIX 4acTAX. B F0ro-BocToyHOM
YaCTH CKBAXHMH MaJlo, IOATOMY paclpeielieHue IIoT-
HOCTH B ATOM YacCTH XapaKTEPU3YeTCs] MEHEE PEe3KUMU
m3MeHeHMwsIMHA.  [Ipn  mepememieHMm B 3amagHOM
HaNpaBJICHUU KOJIUYECTBO CKBAaXXHMH YBEIHMYUBAETCS U
CTAaHOBUTCSI BO3MOKHBIM BBLACIUTH JBE OOJIACTU MO-
BBIIICHHBIX 3HAYCHUH INIOTHOCTH C BETMYMHAMH OKOJIO
2,8 m 2,825 r/em®. HanGonbimas pa3HUIa B 3HAYCHUSAX
IUIOTHOCTH HAOMIOAAeTCs B CEBEPHOM YacTH MECTO-
poxneHus ¢ muddepeHuanuei o 3HaYeHusIM oT 2,5
o 2,9 r/ev’. Ecin paccMaTpuBaTh MPUYUHBI TOSIBIIE-
HUSl TaKUX JMaNa30HOB 3HAUCHUH, TO MOXHO BblE-
JUTh CEIVMEHTAIlMOHHBIE M TEKTOHHYECKHEe. Tarke
MOTYT TIPOSIBIIATECS BTOPUYHBIE MPOLECCH M3MEHEHHS
JIUTOJIOTMYECKOTO COCTaBa KOJUIEKTOPOB U UX KOJIIEK-
TOpCKHUX CBOUCTB. ChopMupoBaHHOe moje (KapTa u3o-
JUHUHN) Na€T MpeacTaBIeHIe O pacipeieIeHIH Haubo-
Jiee YIIOTHEHHBIX 00JacTell ¢ MOHMKEHHBIMU 3Haue-
HUSIMU TIOPUCTOCTH.



HW3BecTust TOMCKOIro NOJUTEXHUYECKOT0 YHUBepcuTeTa. UHXXMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 73-79
KopoBuH M.O., AneeBa A.0. DopMupoBaHue neTpoPU3UIECKUX B3aUMOCBSI3€el TUIA KKePH-KEePH» JIJIsI CO3AaHUS MOJIEJH ...

10000m

0 2000 4000 6000 8000
P ew —

1:200000

Puc. 4. Kapma pacnpedesnerus nnomHocmu ckesema
Fig. 4. Matrix density distribution map

3ak/1l04eHHe U BbIBO/bI
AnHanmmn3 1abopaTOPHBIX HCCIECAOBAHNHN KepHa ITOKa-
3aJ, 4TO HOCTPOCHHE IPa)UKOB 3aBUCHMOCTH O KaXK-
JIOW OTJENIbHON CKBaXKMHE MO3BOJISIET OLICHUTH CTETIEHb
HEOMpPEeAeIEHHOCTH B KOHKPETHOH BEIOOPKE MaHHBIX U
c(hOpMHPOBATh MPEACTABICHHE O HEOTHOPOJHOCTH
pacrpeneneHust CBOUCTB MO Iulomanu. bnaromapsa ot-
JICTTEHBIM yPaBHEHUSIM:
e TIOJNyYeHbl JOCTOBEpHBIE 3HAUYEHHs IapaMeTpoB
IUTOTHOCTH CKEJIETa B KXKIOH OTIEIBHON CKBaXKHHE;
e OIICHCHA CTETICHh W3MCHYMBOCTH HETPOPH3HICCKUX
CBOIICTB,
e chopMHpOBaHBI TPEHABl paclpeaescHus meTpodu-
3UYECKHUX U PUIBTPAMOHHO-EMKOCTHBIX CBOWCTB;

MnoTHocTk, ricm’

e BEBLIBIICHBI OONACTH IOHIXCHHBIX M MOBBIIICHHBIX
3HAYEHHUH TUIOTHOCTH;

e chopMHPOBaHBI MIPUYNHBI BOZHUKHOBEHHUS MPEIIO-
CBUIOK BapHally INIOTHOCTH CKeJeTa.
[IpencraBieHHbIe UCCIEAOBAHUS CBHIETEIBCTBYIOT

00 M3MEHEHNHN 3HAYCHUH ITIOTHOCTH CKEJIeTa, a BMECTE

C TeM WU HOPUCTOCTH MO IUIOMIAAUM MECTOPOKACHUS.

Panee, mnpu KOMIJIEKCHOM  aHanu3e TeoNoro-

reoU3NYEeCKUX JAaHHBIX, 3TA MpobiaeMa He BO3HUKAIA.

B HbIHEIIHUX peanusx KOMIIBIOTEPHbIE MOILIHOCTH MO03-

BOJLIIOT (hOPMHUPOBATh MAKCHUMAITBHO JIETANTBHBIC TEOJI0-

TMYECKUE MOJEIM U YyYUTBIBATh AK€ HE3HAUUTEIIbHBIE

W3MCHECHUS (PHIIBTPAMOHHO-EMKOCTHBIX CBOHCTB, BIIH-

SIOIINE HAa BEJIMYMHY OLIEHKM Ipeferna KOJUIEKTopa Mo
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3HA4YEHUSIM MOPUCTOCTH. MccrienoBanus 1esiecoo0pa3Ho  M3MEHEHHH MeTpoPU3NIeCKUX CBOMCTB MOpoA. TpeHsl
MPOJIOJDKUTH U JIOTIOJHUTh aHAJIM30M IO APYTUM (pU3K-  HM3MEHEHHs CBOWCTB IeNecOo00pa3sHO YYWTHIBATH IpU
YECKUM CBOMCTBaM IIOPOJ, COINOCTABUTH IOJMyYCHHBIE  pacu€Tax (QUIBTPAIlMOHHO-EMKOCTHBIX CBOWCTB W CO-
pe3yabTaThl M HAWTH 3aKOHOMEPHOCTHM BO B3aHMMHOM  3JJaHUH I'€OJIOTHUECKHUX MOJEJIEH.
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Yuc/1eHHBIA aHAJIM3 MOJIA pacnpeje/ieHus JaB/IeHUs
U BEKTOPOB CKOPOCTH MOTOKA KUJKOCTH BOJIU3U OTBEPCTUM
KYMYJIATUBHOM nepdopauuun

C.H. Monos!™, C.E. YepHBIIOB?2

I HHcmumym npobsaem Hedpmu u 2aza Poccutickoil akademuu Hayk, Poccus, e. Mockea
2 [lepmckull HQYUOHAILHYLI UccaedosamenscKull noaumexHudeckull ynusepcumem, Poccus, 2. [lepmb

“popov@ipng.ru

AnHoOTanua. AKmyaibHocms vcciefioBaHUs 00yc/I0BJIeHa He06X0JUMOCTBIO ONpe/ie/IeHHUs AOCTOBEPHOTO M0JIsl pacnpeje-
JIeHUs JlaBJleHus1 1 BeKTOPOB CKOPOCTH GuibTpanuu ¢Jonja BHYTPU NepdopaliOHHOTO KaHajla U B OKpYyXKalolllel ero
nopoJje-koJjieKtope. IJesb: Ha 0CHOBe YHCJIEHHOT0 KOHeYHO-3/1IEMEHTHOI'0 MOZe/IMPOBaHUs TeueHUs QJIIoM/a BHyTpH Nep-
dopanoHHOro KaHajla U GUJIbTPALUK ero B OKpy»Kalolllell opoje-KoJJIeKTope BbIIBUTh 3aKOHOMEPHOCTH paclpe/ie/leHUs
JlaBJIeHUs U BEKTOPOB QU/IbTPALMU KUJKOCTH B NeppopallMOHHOM KaHaJle, Ha ero CTeHKaX U B OKOJIOCKBXKMHHOW 30He.
065eKmbl: 0KOJIOCKBOXKMHHASA 30Ha KapOOHATHOTO KOJIJIEKTOpPA OJHOTO M3 HedTSHBIX MeCTOpPOXAeHUH tora Ilepmckoro
Kpasi, BKJIIo4awuas nepopanioHHble KaHa/lbl. Memoodbsl: YUCJeHHbI KOHEYHO-3/1eMEeHTHbIH MeTO/J| pacyeTa TeYeHHUs U
buIbTpaALMK KUAKOCTH B OKOJIOCKBXXMHHON 30HE C y4eTOM reoMeTpuu nepdopanvoHHBIX KaHauoB. Pe3y1bmamol. Pac-
CMOTpPEHBI OCHOBHbIE COOTHOILEHHS, UCI0JIb3yeMble NIPH YHCIEHHOM MO/IeJIMPOBAHUM TeYeHHUs U QUIbTPALMH KUJKOCTH B
NPOrpaMMHOM KOMILJIEKCE KOHEYHO-3/ieMeHTHOro MoziesinpoBanus ANSYS. PaspaboTaHa KOHEeYHO-3JleMEHTHAs cxeMa OKO-
JIOCKBR>KMHHOM 30HBI, BKJIIOYAIOIIAs KyMyJ/IATHUBHbIe NepdOpallMOHHbIe KaHAJIbl U YYHUTHIBAIOLIAA UX TeOMeTpUYeCKHe Xa-
PaKTEPUCTHKHY, a TaKXKe TOT GaKT, YTO BHYTPH OTBEPCTUH MOJEJUPYeTCs Te4eHHUE KUAKOCTH B OTKPLITOM IIPOCTPAHCTBE C
nomolibio ypaBHeHUH HaBbe-CTOKCa, a B OKpyKaloIled UX IOpoJie-KOJJIEKTOpe — Ha OCHOBe ypaBHEHHWH QUJIbTpaLUU U
3akoHa /lapcu. IIpoBe/ieHBl YHC/IEHHBIE pacyeThl, HA OCHOBE KOTOPBIX MOJIy4€HO pacnpe/iesieHHe JjaBJeHHs, CKOPOCTeH Te-
yeHUd U uabTpanuu GJona BHYTPU KaHAJIOB U B OKOJIOCKBRXXMHHOM 30HE B I1eJI0M. PacyeTsl IPOXU3BOAUINCE IPU BapH-
alMy BeJIMYMHBI JaBJeHUS B CKBaXWHe (WJIM JlePeCcCHH Ha IJIACT), @ TaKXKe JJIs1 Pa3/IMYHON BeJIMYMHBI MIPOHHUILAeMOCTH
mJiacTa. Pe3ysbTaTel pacyeToB NOKa3asH, YTO /151 GaKTUIECKHX 3HAaYeHUH Jenpeccuy Ha miiact B 10 MIla u npoHnniaeMocTH
koJuektopa 50 M/l BesiMurHa N3MeHeHUs jaBJeHNsl BHYTpH nepdopanoHHoro kaHasiaa He npeBbicuT 0,01 MIa, T. e. MoXxHO
NpPeAIoJ0XKHUTh, YTO BHYTPH OTBEPCTHS OHO NPAKTUYeCKH He MeHsieTcst. OTMeueHo, 4YTO MaKCHMaJlbHOe 3HaueHHe CKOPOCTH
bunbTpanuy COOTBETCTBYET BepllMHe NnepdopalMoOHHOr0 KaHasla, U 3aTeM ee 3HaUeHHe YMeHbIlaeTcs 110 Mepe NpUbJInKe-
HUS K CTeHKe CKBa)kKMHBbI. CAies1aH BbIBOJ O TOM, UTO NpH JlajbHelIleM Mo/ieJIMPpOBaHUM HanpsKeHHO-AepopMUpPOBAHHOIO
COCTOSIHUSI OKOJIOCKBR>XMHHOM 30HBI C Y4€TOM KaHaJIOB KyMyJATHUBHOM nepdopaliy Ha MOBEPXHOCTH OTBEPCTUH JONYCTH-
MO 3a/laBaTh NMOCTOSIHHYI0 BEeJIMYMHY JlaBJIeHUs], PaBHYIO JjaBJeHUI0 B CKBaXKHHe, a He JiorapudpMUiecKoe UM KaKoe-Ju60
JApyroe ero pacnpejejeHue.

Kiro4yeBsblie cioBa: Hep(l)Oan,I/IOHHOE OTBEepCTHe, aBJIeHUE, CKOPOCTb (bHHpraLU/IPl, YHCJIEHHBIN MeToJ, MeTOJ KOHEYHBbIX
3JIEMEHTOB, CKBa)KMHa, OKOJIOCKBa>KMHHAA 30HA

BiiarogapHocTH: Pa6oTa BbINOJIHEHA B paMKax roc3aZlaHusl «JKCllepUMeHTa/IbHble U TeOpeTHYecKHe UCCIe[0BaHUsI MeX-
$asHbIX ABJEHUH, TepMOAUHAMUYECKUX, PU3UKO-XUMHUYECKHUX U FeOMeXxaHU4eCKUX CBOMCTB HedpTerazoBbIX MJIACTOBBIX CH-
cTeM JJs1 noBbllieHUs] 3GPEeKTUBHOCTU OCBOEHHsI TPYAHOU3BJIEKAaEMBIX 3amacoB yrjeBogopozoB» (FMME-2022-0008,
Per. Ne HUOKTP 122022800364-6).

Jna putupoBanus: [lonos C.H., YepHbimoB C.E. YucneHHbIN aHanU3 noJsl pacupe/eieHus JaBJeHus U BEKTOPOB CKOPOCTH
MOTOKA KUJKOCTH BOJM3U OTBEPCTUH KyMy/JATHBHOHN nepdopaunu // UsBectus ToMcKoOro nojuTeXHUYECKOI0 YHUBEPCH-
TeTa. UHXKUHUPUHT reopecypcoB. — 2024. - T. 335. - N2 4. - C. 80-87. DOI: 10.18799/24131830/2024/4/4295
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Numerical analysis of a pressure distribution field and fluid flow velocity
vectors near cumulative perforation holes

S.N. Popov!®, S.E. Chernyshov?
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Abstract. Relevance. The need to determine a reliable pressure distribution field and fluid filtration velocity vectors inside
the perforation hole and the reservoir rock surrounding it. Aim. On the basis of numerical finite element modeling of the fluid
flow inside the perforation holes and its filtration in the surrounding reservoir rock, to reveal the patterns of pressure distri-
bution and fluid filtration vectors in the perforation hole, on its walls and in the near-wellbore zone. Objects. Near-wellbore
zone of a limestone reservoir of one of the oil fields in the south of the Perm Region, including perforations.
Methods. Numerical finite element method for calculating the flow and filtration of liquid in the near-wellbore zone, taking
into account the geometry of perforation holes. Results. The paper considers the main relationships used in numerical simu-
lation of fluid flow and filtration in the ANSYS finite element modeling software package. The authors have developed the
finite element scheme of the near-wellbore zone, including cumulative perforation holes and taking into account their geo-
metric parameters, as well as the fact that inside the holes the fluid flow is modeled in open space using the Navier-Stokes
equations, and in the surrounding reservoir rock based on the filtration equations and Darcy's law. Numerical calculations
were carried out, on the basis of which the distribution of pressure, flow velocities and fluid filtration inside the holes and in
the near-wellbore zone as a whole was obtained. Calculations were made with varying pressure in the well (or pressure
drawdown), as well as for different values of reservoir permeability. The calculation results showed that for the actual draw-
down values of 10 MPa and the reservoir permeability of 50 mD, the value of pressure change inside the perforation holes
will not exceed 0.01 MPa, i.e. it can be assumed that it practically does not change inside the hole. It is noted that the maxi-
mum value of the filtration rate corresponds to the top of the perforation holes and then its value decreases as it approaches
the borehole wall. It is concluded that in further modeling of the stress-strain state of the near-wellbore zone, taking into ac-
count the holes of cumulative perforation on the surface of the holes, it is permissible to set a constant pressure value equal
to the pressure in the well, and not logarithmic or any other distribution of it.

Keywords: perforation hole, pressure, filtration rate, numerical method, finite element method, well, near-wellbore zone
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BBegeHue Kak wu3BectHo, mpu pacuerax MNPOAYKTUBHOCTU

B mponecce ocBoeHMst HEDTAHBIX M Ta30BBIX CKBA-  CKBaKMHBI MJIM NPHEMHCTOCTH HATHETATEIBHOU CKBa-
WH IPUMEHSIOT Pa3INYHbIe METO/bl UHTCHCU(UKAIIMM ~ JKMHBI [NPUMEHSETCS IMHPOKO M3BeCTHas (Gopmyia
HpPHUTOKA (CO3JaHNEe TPEUIMHBI THAPOPA3PhIBA, paguallb-  JIFOITOH, MO3BOJISIONIAS aHATUTHYECKH, C UCTIOIb30Ba-
Hoe OypeHue, KHCIOTHbIe 00paOOTKH (IIOSIBIIEHHE Yep- HHEM HEOONBIIOr0 YHCIIAa XapaKTePUCTHUK IUIaCTa U
BOTOYMH) M Jp.), a TAaKXKe IPOU3BOAAT BTOPUYHOE  (hJIrowIa, ONPEaCTUTD BhIIIEIIEPEYNCIIEHHBIE OCHOBHBIE
BCKPBITHE TPOAYKTUBHOTO OOBEKTa C MOMOINBIO pa3-  mapaMeTpbl paboThl CKBaXuH. C IOMOIIBIO JaHHOM
JMUYHBIX METONOB TNepdopalii: KyMyJISTUBHOH, Ielde-  (GOPMYIIBI TAKIKE MOKHO MOIYYUTh JOTApU(PMHUUECKYIO
BOH, myneBoi, ceepisimieid u ap. [1-4]. [logoOHbIC SB-  3aBUCHMOCTBH pacipeieieHUs IaBiICHUS BOJNN3U CKBa-
JeHWs NPHBOIAT K TpaHC(OpPMAalWM HANpsHKEHHO-  SKMHBI B TaK HA3BIBAEMOM «IETMPECCHOHHON BOPOHKE».
Ie(hOpPMHUPOBAHHOTO  COCTOSIHHA —TNOPOA-KOIIIEKTOpoB  HecMoTpst Ha To, 4To JaHHas GopMmylia IPHMEHSETCS
BOJIM3M CKBaXXUHBI [5—8], a TakKe K MU3MEHCHUIO MOJII  MMOBCEMECTHO, C OMNPEACICHHON CTEMEHBI0 JT0CTOBEp-
pacnpeneneHus JaBIeHUs U CKOPOCTH MOTOKA (JIFOMJA  HOCTH OHa MOXET OBITh HCIOJb30BAHA TOJBKO IS
B OKOJIOCBaXXHHHOM 30He [9-13]. BEPTUKAJIbHONW CKBAKUHBI C OTKPBITBIM CTBOJIOM, T. K.
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HE YYUTHIBACT UIMPOKHUH CIIEKTpP Pa3NUUYHBIX (DAaKTOPOB:
TEOMETPHUI0 MepPOPAIMOHHBIX KaHAJIOB, HECOBEPIICH-
CTBO IIO CTEIIEHU U XapaKTepy BCKPBITHUS ILIacTa U Ap.
B cBs3u ¢ 3THM pacueT QUIbTpanyH JKAIKOCTH HEOO-
XOJIMMO BECTHM HMMEHHO JJI KaHaJIOB, & HE Ui BceH
[TOBEPXHOCTH BCKPBITHUS.

Takas npo0GiieMa MOXeT OBITh pelIeHa 3a CUeT MC-
TOJIb30BAaHUSI YHCJIEHHBIX METOJIOB pacueTa, KOTOphIe
MO3BOJISIIOT  ONPEJEUTh OCHOBHBIE THAPOJUHAMUYE-
CKHe mapaMeTpbl (uItoufa U BBIYUCIMTH CyMMAapHbIi
MOTOK YKUJIKOCTH Yepe3 TOBEPXHOCTH Mep(opariioHHbIX
orBepcTuidl. Ha OCHOBE UMCIIEHHBIX METO/IOB TAKKE TO-
SIBTSIETCS. BOBMOXKHOCTD IIPOAaHATIM3UPOBATh TpaHchop-
Maluoo (QUIBTPAIIMOHHO-EMKOCTHBIX CBOMCTB, BBI3BaH-
HYI0 U3MeHeHHeM G QeKTUBHBIX HanpsbkeHui [14-17].
B 1O Xe Bpems IpH MOIEIUPOBAHWU HAIPSKEHHO-
Ie(hOPMHUPOBAHHOTO ~ COCTOSHHSL — ITOPOJI-KOJUICKTOPOB
BO3HHUKAET MpobiemMa ¢ BIOOPOM I'PaHUYHBIX YCJIOBHIA Ha
MIOBEPXHOCTH KaHAJOB Mep(opamuy, T. €. KaKylo BENH-
YHMHY JaBJI€HHA 33/1aBaTh Ha UX CBOOOTHOM MMOBEPXHOCTH
Y JIOJDKHO JIaBJIEHHUE OBbITh MOCTOSHHBIM WM MEHATHCS B
3aBUCUMOCTH OT YJABJICHUS OT CTEHKU CKBA)KUHBI IO
JIMHEWHOM, JIorapru(PMUUECKOH WM KaKOW-THOO APYron
3aBUCUMOCTU. B jaHHOW MyONMKalMM HAa OCHOBE YHC-
JICHHOTO pacyera C IPUMEHEHHEM METOJa KOHEUHBIX
JJIEMEHTOB OIPENENIEH XapaKTep paclpeleieHusl JaBiie-
HUSL ¥ BEKTOPOB CKOPOCTH IMOTOKA JKUAKOCTH IOCJE CO-
3/IaHUs TIepPOPAIIMOHHBIX OTBEPCTHH, a TaKkKe TPaHHY-
HBIE YCIIOBUS NpPU PEUICHHH YOPYrol W MOPOYyHpyroi
33Jaud A7l ONpEAEICHUs] oM paclpelie]IieHns] Harpsi-
XKEeHU u TpaHchopmayu (GUIbTPaMOHHO-EMKOCTHBIX
CBOVICTB B OKOJIOCKBKIHHOM 30HE IIIAaCTa-KOJUIEKTOPA.

Yuc/eHHbI MeTO/ pacyeTa TeYeHUus
U GUIbTPALMU XKUAKOCTH
Kaxk y>xe ObIIO OTMEUYEHO BBIIIE, OOBIYHO IPUHUMA-
€TCsl, UTO JABJICHHE B KOJUIEKTOpE BOJM3M BEPTHKAIb-
HOW CKBA)XKHMHBI pacIpeniensieTcs MO M3BECTHOH Jora-
pUPMHIIECKON 3aBUCHMOCTH.:
(z)

(%)
rae p — ompexensieMasi BeIMYMHA JABICHUS; Pp — aB-
JIeHHe Ha KOHTYpe MUTaHus; AP — JeTrpeccus Ha IUIacT;
Mp, — paguyc KOHTypa UTaHus; Iy — paguyc CKBaXKUHBIL,
I — paguyc OT OCH CKB)XHHBI, I KOTOPOTO OIpele-
JseTCs BeJIMYMHA JaBICHHUS.

OueBuaHO, YTO 00pa30BaHUE MOJOCTEH B MOPOJIE B
BHzE Nep(OpanuoHHBIX OTBEPCTHH JOJDKHO IPUBECTH
K TIepepacrpeneeHHIO TaBlIeHUst U CKOpocTel (uiib-
TpaLUX XUAKOCTH. JJOCTOBEpHOE paclpeieNeHue JaH-
HBIX THIPOJMHAMUYECKUX XapaKTEPHUCTHK MOXKET OBITh
ONpEeNeIeHO ¢ MOMOLIBI0 METOJOB YHCICHHOTO MOJE-
JIMpOBaHUsA, B YaCTHOCTHU MCTOJIa KOHCYHBIX JJIEMCH-
TOB. MozenupyeMyto 00J1acTh IPH 3TOM MOXHO pas-
IENUTh Ha BE COCTABIIIOLIHX:

p=pp—Ap 1)
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e 00nacTh HepOpalOHHBIX KaHAJOB, TJC TCUCHUC
KUAKOCTU IPOUCXOOUT IO aHaJIOTMHU C TCUCHHUCM
KUJIKOCTH B TPyOOINpOBOJaX W B 0OOIIeM ciydae
MOJKET OBITh OMUCAHO TU(PEPEHITHATLHBIMA YPaB-
Henusamu HaBre—CroKkca;

001acTh MOPOA-KOJICKTOPOB, rAe (IrouI (HIIb-
TpyeTcsl 4epe3 MOpHI, U €€ IMOBEICHHE MOXKET OBITh
OIIHCAHO C MOMOIIBIO 3aKoHa Jlapcu.

Jis penreHust naHHOM 3anmaun Oblia paspaboTaHa
KOHEYHO-2JIEMCHTHAsI CXeMa OKOJIOCKBAKUHHOM 30HHI,
YUUTBHIBAIONIAS  BBILICTICPEUYHCIICHHBIE O0COOCHHOCTH
(puc. 1). Monenp Oblia peain3oBaHa B MPOTPAMMHOM
komiuiekce ANSYS, B KOTOpOM Ui pemieHus 3aaad
THIPOTUHAMUKH, a Takke (UIbTPAIMU JKUIKOCTH B
MOPHUCTON Cpelie HCIONB3YEeTCs BCTPOCHHBIA MOJIYJIb
FLOTRAN [18-20]. MauubIit MOAyJIb BKJIIOYACT CIie-
[UAJBHBIA TTapaMeTp, Ha3bIBAEMBIN pachpeaeIeHHBIM
CTallMOHAPHBIM CONPOTUBICHHEM, KOTOPHIH H00aBIs-
ercs B ypaBHerne HaBee—Crokca. [TocTaHoBKa 3amaun
UL HEC)KIMAEMOH JKUAKOCTU BKJIIOYAeT B ceOs ypas-
HEHHE HEPa3PBIBHOCTH:

div(v) =0 (2
u ypasHenue HaBre—Crokca:
] a i\ .
=pg; — a_:i +R; + a—xj<ue a_z]) (1j =1,2,3), (3)

rjie gi — BEKTOp YCKOPEHHil; 0 — MIOTHOCTh; 4° — (-
(bexTHBHAs BA3KOCTB; Rj — pacmpeneneHHoe COpOTHB-
JIeHHE TIOPUCTOM Cpeibl; V — CKOPOCTh TEUECHUS JKU-
KOCTH.

CormpoTuBieHHE TTOPUCTON Cpelbl — BEKTOp R; w3
ypaBHenus HaBbe—CToKca:

Ri = _C,Ll'l.?i, (4)

TZie 4 — BA3KOCTb.
Kak BunmHO n3 cooTHomenuit (2)—(4), B HUX BKIIIO-
yeH 3akoH apcu:
k dp
wox;’

()

rae K — mpoHUIIaeMOCTh TOPHOU TIOPOIbI; 4 — BSIBKOCTD

Ui

P
JKHIKOCTH; P — naBieHue; 5o — TP/IMEHT IaBIICHUS.
X

W3 cpasuenus (4) u (5) Bunuo, uro C=1/k.

B coorHomenusax (2)—(5) mas obnacTé MOpOIbI-
KOJUIEKTOpa Vi — 3TO CKOPOCTh (DUIBTPALUH KHIKO-
CTH B TIOpOJIE; sl 001acT BHYTPH mep(OopainoHHO-
ro KaHaja 3TO0 CKOPOCTh TEYEHHUS KUAKOCTH B OTKPbI-
TOM mpoctpaHcTBe. Tak, /s 00JacTH TEYCHHUS KU -
KOCTH BHYTpHU KaHana nephopanuu napameTp mpoHu-
[[AEMOCTH HE 3a/1a€TCsl, MMO3TOMY B COOTHOIICHHH (3)
napamerp paclpelielIeHHOTO CONpPOTHBIICHHS pPaBeH
HYJIIO.



HW3BecTust ToMCKOro NOJUTEXHUYECKOT0 YHUBepcuTeTa. UH>KMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 80-87
[Tonos C.H., YepHusbimos C.E. YucseHHbIN aHaNINU3 N0JIs1 pacnpe/ie/ieHHs JaBJIeHUsl U BEKTOPOB CKOPOCTH NMOTOKA »KUAKOCTH ...

Jns pacdera TedeHUs (UIIOMAa B OKOJOCKBAKHH-
HOU 30HE C YYETOM OTBEPCTHI KyMYJSTHBHOH mepdo-
panum  Obuta pa3paboTaHa TpexXMepHas KOHEYHO-
JJIEMEHTHAsl CXE€Ma, YYHUTHIBAIOIIAs TEOMETPHUIO Tep-
(hopanoHHBIX KaHaoB. [Ipu co3gaHuu TpexMepHOI
KOHEYHO-3JIEMEHTHOH CXEMBI HCIOJIh30BAIUCH KOHEY-
uble onementsl fluid142, koropsle, coriacHO COOTHO-
meHuaM (2)—(5), MOXKHO HCIIOJIb30BaTh AJISI MOJIENH-
POBaHUS TEYCHUS KHUIKOCTH U €€ PUIbTPAIlUH B TIOPH-
croit cpene. Ilpu 3ToM mpenanonaraisoch, 4YTO0 MOAEIIH-
pyercs oaHodasHas XUAKOCTb, B CHIy TOTO B TPO-
rpaMMHOM KOMIUIEKCE HE 3aJI0)KeHa BO3MOXKHOCTH 3a-
JaHus (Ha30BbIX MPOHUIIAEMOCTEH.

Ha ocHoBe mnpenBapUTENbHBIX PacyeTOB ObLIM
OTIpEeJIeJIeHbl BeIMYUHBI 4ncen PeitHonbaca u ®@pyna,
KOTOpBIE MOKa3aJIv, YTO IS MOJICIIUPYEMBIX YCIOBUH
TEUEHUE SIBJISICTCS JIAMUHAPHBIM, a BO3JICHCTBUEM CH-
Bl TSHDKECTH MOXHO THpeHeOpeus. PaccmaTpuBanach
M30TepMUYeCcKas CTallMOHapHas 3ajada C YCTAaHOBHB-
IIMMCS TEUYCHHUEM B KaHaie nepdopanuu U (GUiIbTpa-
uuu B mopoje. TemmepaTrypa CHUCTEMbI Mpearnosara-
JIach TOCTOSIHHOM M OJWHAKOBOM BO BCEH 00JIacTH.
B cBs13u ¢ TeM, 4TO BBINOJIHIETCSA pacdeT (GUIbTPAUU

epanuya Nel

epanuya Ne3

0,108 m

HEe(TH M3 TUIACTa, BA3KOCTh U IUIOTHOCTH JKHIKOCTH

MOCTOSIHHBI U HE 3aBUCAT OT JaBJICHUS.

Ha puc. 1 o6nacts GuIbTpamnyy >XUaKOCTH B TOPHOU
MOpOJIe BBIACNIEHA TOXYyOBIM IIBETOM, OOJACTh TEUCHHUS
JKHJIKOCTHU B KaHase nephopanuy — GUOICTOBBIM.

B kadecTBe rpaHWYHBIX YCIOBHMH 3a/1aBaJNCh CIie-
JyoLIue:

e Ha BepxHed (rpanmma Ne 1), HmxHell (rpaHuna
Ne 6), npaBoit (rpanuna Ne 2) u neBod (rpaHuIa
Ne 3) rpansx Monenu 3ajaBanach HyJieBas CKO-
POCTh MOTOKA >KUAKOCTU IO HAMPABICHUIO HOpMa-
I K CBOOOTHON TIOBEPXHOCTH;

e Ha CTEHKE CKBaXWHHI (rpaHuna Ne 4) 3amgaBanuch
HYJICBBIE CKOPOCTH IOTOKAa >KUAKOCTH IO BCEM
HaIpaBICHUAM, UMUTUPYS HETIPOHUIIAEMYIO CTCHKY
o0cakeHHOW CKBaKWUHBI (IOMHUMO 00JIacTH mepdo-
PALMOHHBIX KaHAJIOB);

e Ha BHemHel creHke (rpanuna Ne 7) mosmenu 3ana-
BaJlach NOCTOSHHAsI BENWYMHA JaBJICHUS, OIpere-
JIEHHAas Ha OCHOBe 3aBUcUMOCTH (1);

B 00JIaCTH, COOTBETCTBYIOLIECH BXOay B mepdopa-
[IMOHHBIA KaHad Ha CTEHKEe CKBaKHHBI (rpanuia Ne 5),
3aJaBaJOCh JaBICHUE B CKBAXUHE C YUETOM Jerpec-
CHUH Ha IUTACT.

epanuya Ne7 (bokosas
nogepxHcmy)

—

! 0,167 n

epanuya Ne2

®OparMeHT «A»

epanuya Ned
(cmenka ckgadicumbl)

epanuya Ne5
(nosepxnocms
68X00H020 omeepcmusi
Kaunana)

epanuya Neb
(HudicHAR 2panuya mooeiu)

Puc. 1.
ysemoM gvldesieHa 06.1acmb omcymcmaus nopodsl)
Fig. 1.

KoHeuHo-3/1eMeHMHAs cXeMa 0KO/I0CK8AXCUHHOU 30Hbl C 0meepcmusiMu KymyAsimusHoll nepgopayuu (uosemossim

Finite element scheme of the near-wellbore zone with cumulative perforation holes (the holes area is highlighted in purple)
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B mopenu nepdopanronHbie kKaHaibl ObUIM 3a7aHbl
B BHJIE duthnconaa ¢ paquycamu 20 u 300 mm (puc. 1).
MopnenupoBaHre OCYIIECTBISUIOCH JJISI YCIOBHM TYp-
Hel-(haMeHCKHX KapOOHATHBIX OTIIOXKEHHH fora [lepm-
CKOro Kpasd. B TaOmuie npuBeZeHbl OCHOBHBIE T'€OMET-
prdeckue U GU3MYECKUE XapaKTePUCTUKI MOIEIH.

Ta6auya. Teomempuyeckue u ¢usudeckue hapamempbl
Mo0eu, Ucno/1b3yeMble 8 pacyemax
Table. Geometrical and physical parameters of the
model used in calculations
Mapamerp EnuHunb 3Hayve-
Parameters M3MEpEH U Hne
Units Value
pajuyc ckBaxxkuHbl /well radius MM/mm 108
BHELIHUH pafinyc 06J1aCTH KOJIJIEKTOPA
. . - M/m 3
outer radius of the reservoir section
MaKCHMaJIbHbIH pafinyc nepdoparoHHOro
KaHasIa MM/mm 20

maximum radius of the perforation hole

JJIMHA eppopalMOHHOr0 KaHala

perforation hole length MM/mm 300

NMpoHULAeMoCTh/permeability m/l/mD 50
Bsi3KOCTb kukocTH /fluid viscosity mlla-c/mPa-s 5
JlaBJieHHe Ha KOHTYpe MUTaHHUs MIla/MPa 176

supply pressure

JlaBJieHHe B CKBaXkuHe /bottom hole pressure MIla/MPa 7,6

IIpennonaranoce, YTO ILUIACTOBOE JABJIEHUE PABHO
17,6 Mlla, u ckBaxuHa paboTaeT Ha [EMPecCUuu
10 MIla, moaTomMy JaBiicHHE Ha TOBEPXHOCTH B Havaje
nepopannoOHHOro KaHaa, COOTBETCTBYIOIIETO CTCHKE
CKBayKUHBI, 3a/1aBaJIOCh paBHbIM 7,6 Mlla.

Pe3yJibTaThl Y CJI€HHOTO MO/E/JIMPOBAaHUSA

C momormIpo pa3pabOTaHHOW KOHEYHO-3IEMEHTHON
MoJieH OBIJIO TIPOBEICHO MHOTOBAPHAHTHOE YHCIICHHOE
MozienpoBaHre. B pacderax BapbHpOBaIMCH Mapamer-
PBI, KOTOpBIE B OOJBILEH CTETIEHH MOTYT MOBIUATH Ha
pacnpenenenne JaBJIeHHsS U CKOPOCTh TEUEHHS JKUAKO-
CTH: TIPOHHIIAEMOCTb, BSI3KOCTH JKHIKOCTH H JIETIPECCHS
Ha macT. Ha puc. 2, 3 nokazaHbl OCHOBHBIE PE3YJIbTaThl

pacueToB. TOYHOCTb PACUETOB 3aaBaNach [0 BEIUUUHE
JaBJCHUS U ObLIa paBHOM 107 Ila, CKOPOCTH TCUYCHHS
YKUIKOCTH OMPEAETISUTUCH C TOYHOCTHIO 108 m/c.

Kak BumHO W3 puc. 2, 6, B MOponIe-KOJICKTOpE,
OKpy>Karollie nepdopaliioHHOEe OTBEPCTUE, MPOUCXO-
JIUT BecbMa CYIIECTBEHHOE IIepepaclpe/iesieHUe aaB-
nenus. IIpu co3paHuu Jenpeccuy Ha IUJIACT 30HAa MH-
HUMAJbHBIX JABICHUH COOTBETCTBYET CTEHKAM IIep-
(opaMOHHBIX OTBEPCTHH U BO3PACTACT MPH YAAICHUH
OT HHUX, MEPEXOJs B JIOTAPUPMHICCKYIO 3aBUCHMOCTH
0T paguanbHOU KOOPAUHATHI.

Takxke OBIJIO YyCTAaHOBIIEHO, YTO BHYTpH mepdopa-
UOHHOTO KaHala JdaBJeHHe (ironga W3MEHSIeTCs
BeCchbMa HE3HAUUTENbHO (pHcC. 2, a). Tak, s npoHuLa-
emoctu 50 M/l mepeman naBiIeHUS MEXAYy HadaloM
nep¢opannoHHOTO KaHajla Ha CTEHKE CKBaKUHEI U €T0
BepiinHOU coctaBui Beero 0,01 MIla. C ysenuuenuem
MPOHUIIAEMOCTH TIepemnaj MAaBICHUS BHYTPU KaHala
IPSIMOIPONIOPUHUOHANIBHO yBenuuuBaica. Eciu 3anath
BEJIMYMHY NPOHUIAEMOCTH KoJuleKTopa paBHou 1 /I,
ero BenuunHa yxe coctaBut 0,2 MIla, uto B TO e
BpeMsl TaKXe SIBISCTCS BECbMa HE3HAUUTEIBHBIM II0
OTHOUICHUIO K BEIHYHHE IDIACTOBOTO WU 3a00HHOTO
JIaBJICHUS, XOTS TaKOM pe3yabTaT MOIyueH AT BecbMa
3aBBIIICHHON IPOHHUIIAEMOCTH IUTacTa. BbeIIo ompexe-
JIEHO, YTO Iepemnaj [aBIeHUS B KaHalle H3MEHsIeTCs
IPSIMO MPONOPIIMOHATIBHO BETUIMHE JICIPECCUH.

Takum 00pa3oM, Ha OCHOBE IOJTYYEHHOTO pachpeze-
JIEHUs! JaBJI€HUS MOXKHO CJIeaTh BBIBOJ O TOM, YTO NPH
MOJIETIMPOBAHNH TTep(OPAIH B YIIPYTOM U MOPOYIPYron
cperie JUIsl peasIbHBIX 3HAUCHUH MPOHUIIAEMOCTH TIIacTa
Ha CTeHKe Nep(OpalMOHHBIX KaHAJIOB MOXKHO 3a/1aBaTh
IPaHUYHOE YCJIOBUE B BHUJE OAWHAKOBOIO AABICHHS HA
BCeif CBOOOJHOI MOBEPXHOCTH OTBEPCTHil, a HE JIOra-
puhMHIYECKYI0O W KaKylo-THOO JPYTryi0 3aBUCHMOCTD
OT pajMaJIbHOM KOOpAMHATHL. B TakoM cityuyae 3aiaBaTh
JIaBJIeHHE HEOOXOAMMO JUISl KAKAOTO KaHala C y4eTOM
TOJNIIMHBI IUIACTa W TIIyOWHBI PACIONIOKEHHS KaHaIoB
BIOJb CTBOJNIA CKBaXWHBL. B KOHEYHOM wuTOre IeOHT
CKBAXHHBI MOXKET OBITH PacCUMTaH IyTEM CYMMHUPOBa-
HES ICOUTOB 1O BCEM Nep(OpaIOHHBIM OTBEPCTHSIM.

9 1.604599 T.60748 - 60991 .
7.80374 7.60624 7.60873 7.61 7.75

a/a

-e024
7.60124

Puc. 2.
denpeccuu 10 Mlla
Fig. 2.
down of 10 MPa

8.21
8.06 8.36 8.67 8.98

o/b

Pacnpedesenue dassaenus (MIla) e nepgopayuoHHom kaHase (a) u 8 okpyxrcaroujeli nopode-koaiekmope (6) npu

Pressure distribution (MPa) in the perforation hole (a) and in the surrounding reservoir rock (b) at a pressure draw-
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ET— T
0 +640E-04 +128E-03 L192E-03 +256E-03
.3208-04 +9598-04 160E-03 .2248-03 +288E-03 [
a/a
Puc. 3.
nopode-koanexkmope (6) npu denpeccuu 10 Mila
Fig. 3.

pressure drawdown of 10 MPa

Ecmu yunThIBaTH B pacyerax M3MeHeHHE (HUIBTpa-
UOHHO-EMKOCTHBIX CBOMCTB IOPOJI MOJ BO3JCHUCTBH-
eM H3MEHSIoIUXcS 3((EKTUBHBIX HAIMPSDKEHUH, TO
OHO HE JOJDKHO CYIIECTBCHHO TOBJIMATH HA pacmpee-
JICHUE NaBJICHUS B mep(opallMOHHOM KaHaje, HO IOo-
BIMSCT Ha IepepaclpencicHue NaBICHHUS B OKpyXKa-
IoIIel TopoIe-KOJUIEKTOPE.

Ilpu BapbUPOBAHUM BS3KOCTHIO KHUIKOCTH OBLIO
MOJy4EeHO, YTO W3MEHCHHE [IaHHOTO IapamMerpa He
BIIVSJIO Ha paclpefefieHre JaBICHHUS, HO MPOIOPINO-
HAJILHO M3MEHSUIACh CKOPOCTh TCUCHUS M (DIIIBTPALAN
xuakoctd. M3 puc. 3, a BUAHO, YTO MaKCHUMajbHAs
CKOpPOCTh TE€YEeHHUS (IIIOWIa COOTBETCTBYET OCH Mep-
(OpallMOHHOTO KaHala M €ro CEYCHHI0 Ha CTEHKE
CKB@)XMHBI, YTO COYETACTCS C TCUCHUEM JKHIKOCTEH B
TpyOOIpoBOgax M KpyribIX KaHamax. [lpm ymanmenun
OT CTEHKH CKBaXXHHBI CKOPOCTH TEYEHHsI JKUAKOCTU B
OTBEPCTHH YMEHBIIACTCS.

Ecin paccMaTpuBaTh CKOPOCTH (HIBTpAIMU HE(QTH
B TIOPOJIe-KOJIEKTOpe BOIM3U mepopaluu, TO HaOIro-
JlaeTcsl MPOTHUBOIIOJIOXKHAS KapTuHa. 13 puc. 3, 6 BumHO,
YTO €e MaKCHMaJbHOE 3HA4YCHHE COOTBETCTBYET BEp-
mrHe 1epOpaIlMOHHOTO KaHalla M 3aTeM ee 3HaueHHe
YMEHBIIASTCS TI0 Mepe NPHOIKCHUS K CTCHKE CKBa-
uHBI. ECIM COMOCTaBIIATh MAaKCUMAJIbHBIC 3HAYCHHS
CKOpPOCTH Te4YeHWs (ronma B KaHalie W (PUIBTpAIUM
KHIKOCTH B MOPOJE, TO U3 PUC. 3 BHIHO, YTO MAaKCH-
MaJlbHasi CKOPOCTh TEUCHUS JKUAKOCTH B mephOpaIroH-
HOM OTBepcTHH npuMepHO B 20 pa3 BBIIE MaKCHMAb-
HOH cKOpocTH (prITbTpariu (GIIronIa B MOPOJE.

CrnenyeT Takke OTMETUTh, YTO C IIOMOIIBIO pa3pa-
0OTaHHOW YHCIICHHON MOJEIN MOYKHO YYHTBHIBATH H3-
MEHEHUS MPOHHUI[AEMOCTH B 3aBUCHMOCTH OT pacrpe-
neneHus 3((GHEKTUBHBIX HANPSHKEHUH U BIUSHUE TaKO-
ro 3¢dekra Ha pacrpeneeHue AaBICHUSI U CKOPOCTH
moToka Quitoraa BONMH3H Tep(HOPAIMOHHBIX KaHAJOB.
B paMkax panpHEMIINX HCCIEIOBAaHUM IJIAHUPYETCS
MIPOBECTH COIOCTABIICHHUE ITOJNYYCHHBIX pacdeToB C
peaTbHBIMHA TIPOMBICIIOBEIMH JTAHHBIMHU: 3HAYCHUSIMHA
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Distribution of fluid flow velocity vectors (m/s) in the perforation hole (a) and in the surrounding reservoir rock (b) at a

JIeOUTOB CKBAXKHUH U1 T€OMETPUYECKHX XapaKTepH-
CTUK TIep(OpalMOHHBIX KaHAJIOB U UX KOJIMYECTBOM,
HUMEIOIIAM MECTO TP CO3IaHUH TIePPOpaITHH.

BbIBOAbI

B manHOW myOnmKamuu paccCMOTPEHBI pe3ybTa-
Thl YHCIIEHHOTO KOHEYHO-3JIEMEHTHOIO0 MOJAEIUPO-
BaHUSA (WIBTPAIMM U TEUCHHUS XHUAKOCTU BOIU3U
KaHaJIOB KyMyJISTUBHOH mepdoparuu. [lomydenHsie
pe3ynbTaThl MO3BOJIAIOT CHENATh CIEAYIOLIHE OC-
HOBHBIE BBIBOJIBI:
1. B crartee mpencTaBiI€HBl COOTHOIICHHUS UIS YHC-
JIEHHOTO KOHEYHO-3JIEMEHTHOIO pacyeTa TEUEHUs U
(UIBTpaNMU SKUAKOCTH B IPOIPAMMHOM KOMILIEK-
ce ANSYS. Ormeuaercs, 4TO BHYTpU KaHaJIOB
nepdopannuy MOJAEIHPYETCS TCUCHUE >KUIKOCTU B
OTKPBITOM IPOCTPAHCTBE C IIOMOLIBIO YPaBHEHUI
HaBre—CTOKCa, a B OKpyXawomeil ux mnopoje-
KOJUICKTOpPE — Ha OCHOBE YpaBHEHHI (GpUIbTpanuu U
3akoHa [lapcu.
IIpu ucnonb3oBaHUU peanbHBIX 3HAYEHUM Aenpec-
cun B 10 MIla m mpoHHMIIaeMOCTH KOJJIEKTOpa
50 M/ ObuTO oOmpeneneHo, YTO BEJIMYMHA H3MEHe-
HUSl JaBJICHUS BHYTPU Nep(OpaIIOHHOrO KaHajIa
e npessicut 0,01 Mlla, 3T0 roBopuT 0 TOM, YTO
BHYTPHU OTBEPCTHS NEpenaj JaBlIeHHUs NPaKTHYECKH
OTCYTCTBYET.
[Ipy uyKMCIEHHOM MOEIUPOBAaHUM HAMPSIKEHUN
BOWJIM3H CKBQXHHBI C y4eTOM Mep(OpanruoOHHbBIX
OTBEPCTUH Ha HX MOBEPXHOCTH MOXHO 3a]aBaTb
MIOCTOSIHHYIO BEJIMYMHY JABJICHUS, PABHYIO J1aBJic-
HUIO B CKBaXHWHE, a HE JIOTapU(PMUYECKOe WIH Ka-
KO€e-TH00 pyroe ero pactpesaeieHue.
Pe3ynbraThl UMCIEHHOrO MOJEIUPOBaHMS IIOKa3a-
JIM, 9TO MaKCHMAaJbHOE 3HauCHHE CKOPOCTH (HIIb-
TpalUl COOTBETCTBYET BEpIUIMHE NEep(hOpauoHHO-
ro KaHajla 4 3aTe€M €€ 3HAUYCHUE yMEHbIIAeTCA II0
Mepe NPUONIHKEHNS K CTEHKE CKBaYKHHBI.
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5.

BapbupoBanue BeMUUMHON MpoHHIAEMOCTH, ne- 6. Pa3paboTaHHYH0 MOJETh OKOJOCKBKUHHOW 30HEI
MPECCUU Ha TUIACT M BA3KOCTH JKUAKOCTH TMPUBOJUT MOKHO TIPUMEHSITH B JaJbHEUIIIEM JIJIs pacdera IMo-
K NIpsAMO IPONOPLHUOHAIBHOMY H3MEHEHHIO BEJIH- TSl TAaBJICHUHM, CKOPOCTH (DMIIBTPAIIMNA W BEIMYMHEL
YHHBI CHIDKCHHS TaBJICHUS B KaHaje mepdopanny, MPOIYKTHBHOCTU/TIPHEMHUCTOCTH CKBAXKHHBI C yUe-
HO B TO € BpeMsl OCTaeTCsl JOCTATOYHO MaJoi Be- TOM W3MEHSIOUICHCS MPOHUIAEMOCTH B 3aBHCHMO-
JIMYUHOMN 10 CPAaBHEHUIO CO 3HAYEHHUEM IIIaCTOBOIO CTH OT BEJIMYUHEI (P PEKTUBHBIX HANPSDKECHUH.

win 3a00HHOTO TaBICHUS.
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JHepronorpeos/ieHre 3JIeKTPOLEHTPOOEKHbIX HACOCHBIX YCTAHOBOK
NP4 A006bIYe BLICOKOOOBOJHEHHbIX HedTel

P.W. Baxutosal™, JI.A. Capauesal, K.P. Ypa3akos?

1 Anbmemueackull 2ocydapcmeeHHblll HepmsiHol uHcmumym, Poccus, 2. Arbmembvesck
2 Yumckuli 2ocydapcmeeHHbill HedhmsiHoU mexHuveckuli yHugepcumem, Poccus, 2. Ypa

Hroza-w@mail.ru

AHHoOTanua. Akmya/abHocms. B HacTosimee BpeMsl HeTsAHbIE MeCTOPOXAeHUsT Poccur B OCHOBHOM pa3pabaThIBAIOTCA C
NpUMEHEHHEM MeTOJa MCKYCCTBEHHOIrO INMOJJAEepXKaHHs IJIACTOBOrO JiaBJeHHUs [JJIsl JOCTHXKEHHs] BBICOKOH HedTeoTAauu
macToB. [I[prMeHeHMe Ha MPOAYKTHUBHBIE IJIACTBI UCKYCCTBEHHOTO BO3ZE€HCTBHUS METO/OM 3aKadK{ BOJBI CIIOCOGCTBYET
npex/eBpeMeHHOMY 00BOIHEHHIO J06bIBAIOLINX CKBAXXUH. OGBOIHEHHOCTh NPOJYKTUBHBIX IIJIACTOB HAa HEPTAHBIX MECTO-
POXJEHHUSX 3HAYUTETBHO OCI0XKHSAET TEXHOJIOTUH A06bI4M HedpTH. C pocTOM 06BOJHEHHOCTH IJIaCTOBOM KHUAKOCTH YBEJIH-
YHBAETCS MOLIHOCTb, NOTpebJsseMasl ABUrateseM. MUHUMHU3anus 3HEPro3aTpar JOCTaTOYHO aKTyabHA, TaK KakK Z06bI4a
HedTH OCyIIEeCTBISIETCA CO 3HAYUTEJIbHBIMU PAcXoJaMu 3JIEKTPUYECKON 3Hepruu. BaxkHo Hccie10BaTh 3aBUCUMOCTH pac-
X0/ia 3JIeKTPUYECKOH 3HEPTUH OT 06BOJHEHHOCTH CKBaXKUH. IJes1b: u3yyeHue 3aBUCMMOCTH 3HEPronoTpeb/ieHHs MOrpyX-
HBIX 3JIEKTPOLEHTPOOEXKHBIX YCTAHOBOK, 3KCILIyaTUPYIOUIUMXCS B HedpTeAOOLIBAIOLIMX CKBAOXKHWHAX, OT OOBOJHEHHOCTH.
06veKm: TNOorpy>XHble 3JEKTPOLEHTPOOEKHBIE YCTAHOBKU AJs1 A06bIYM HebTU. Pe3ysibmamsl. YTOObI U3yYUTh BJIUSHUS
00BOJJHEHHOCTH IJIACTOBOM XU/AKOCTU Ha YA eJbHbIA pPacXo, 3J1eKTPUYECKON 3HEPTUH, ObLJIN BEIGPAHbl CKBRXKUHBI C 06BO/JI-
HeHHOCTbIO 60siee 90 %. PaccuuTtanu no opmysie yaeabHbIR pacxos 3/1eKTPUUeCKOH 3HEPTrUU Ha JoO6bl1y HeQpTH. AHa/INU3
pe3y/bTaTOB PacYeTHBIX JaHHBIX OKa3aJ, YTO Ha A06bIBAIOLIMX CKBAXKMHAX C 06BOJHEHHOCTbIO HEDQTH 10 90 % cpenHee
3HayeHUe y/ieJIbHOI'0 pacxo/ia 3/1eKTPUYeCKON S3Hepruu Ha A00bluy HedTH HAXOAUTCA B Ipefieslax peKOMeHAyeMbIX HOpPM, a
B CKBaXKMHaX, Ijle 06BOAHEeHHOCTb HedTH npesbimaeT 90 %, cpeiHee 3HaUYeHHe Y/IeJIbHOTO pPacxo/a 3J1eKTpUUecKoi sHep-
MU Ha J06b14y HepTH 60JIbllle, YeM peKOMeHAyeMble yAe/bHble HOPMbl PacXxoja 3J1eKTPUYeCKON 3HepTUM NPU 3KCIIyaTa-
MU HepTeJ0O6bIBAIOIMX CKBAXKMH, OCHALleHHBIX 3/1eKTPOL@eHTPOOEKHBIMU yCTaHOBKAaMHU. [10 pacueTHBIM AaHHBIM NOCTPO-
€Ha 3aBUCHUMOCTb YZeJbHOTO pacxoja 3J1eKTPUUeCKOW 3Hepruu Ha Ao06b14y HepTH OT BeJUYMHBI 06GBOAHEHHOCTH ILJIACTO-
BOM MPOJYKLUY, IPU 3TOM ObLIM BIOPaHbl CKBAXKHHbI, UMeLe 060BOJHEHHOCTh 6osiee 90 %. AHanus rpadpudeckoit 3aBu-
CUMOCTH TOKa3aJl, YTO Ha CKBaXKMHAxX C 06BOJHEeHHOCTbI0 HedTH Gosiee 90 % BesMUMHA YAeJbHOTO pacxoja 3J1eKTPo3Hep-
TUU JJOCTUTaeT MaKCUMaJIbHbIX 3Ha4eHUH (yAeJbHBIN pacxo/ 3J1eKTpUYeCKOHN 3Hepruu yBeanurBaeTcs Ha 40 %).

KioueBble c10Ba: [[eHTPOOEXKHBIN HAcOC, METOJ, UCKYCCTBEHHOrO MOJJepXKaHus IJIaCTOBOrO AaBJIEHHs, 00BOJHEHHOCTD
CKBaKHH, 9HEPTeTHYECKHE 3aTPaThl, Y eJbHbIH Pacxo/| 3JIeKTPUYECKOH 3HePIHH Ha J06bIYY HeQTH

Jnsa oputupoBanus: Baxurtosa P.1., Capauesa /I.A., Ypa3zakoB K.P. JHepronoTrpe6/ieHHe 3/1eKTPOLEHTPOOEIKHBIX HACOCHBIX
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Abstract. Relevance. Currently, oil fields in Russia are mainly developed using the method of artificial maintenance of reser-
voir pressure to achieve high oil recovery. The use of artificial impact on productive formations by the method of water injec-
tion contributes to the premature irrigation of production wells. Water content of productive layers in oil fields significantly
complicates the technology of oil production. With the increase in water content of the surface fluid, the power consumed by
the engine increases. Minimization of energy consumption is quite relevant, as oil is produced with significant expenditures
of electrical energy. It is important to investigate the dependences of the electric energy consumption on the well water cut.
Aim. To study the dependence of energy consumption of submersible electric centrifugal units operated in oil production
wells on water cut. Methods. Submersible electric centrifugal installations for oil production. Results. In order to study the
effects of formation water cut on electrical energy specific consumption, wells with a water cut of more than 90% were se-
lected. Using the formula, the authors have calculated the electrical energy specific consumption for oil production. The ana-
lysis of the results of the calculated data showed that in producing wells with a water cut of up to 90%, the average specific
electric power consumption for oil production is within the recommended standards. In wells with the water cut more than
90%, the average specific electric power consumption for oil production exceeds recommended specific norms of electric
energy consumption during operation of oil producing wells equipped with electric centrifugal installations. Based on
calculated data, the dependence of the specific electrical energy consumption for oil production on the water cut of reservoir
products was plotted, and wells with a water cut of more than 90% were selected. The analysis of the graphical dependence
showed that in wells with an oil water cut of more than 90%, the specific energy consumption reaches maximum values (the
specific energy consumption increases by 40%).

Keywords: centrifugal pump, method of artificial maintenance of reservoir pressure, water cut, energy costs, electrical ener-
gy specific consumption for oil production
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BBegeHne JHYHBIX (QIIOMIOB B 3aJ€Kb. B OONBIIMHCTBE CIydacB
IIpu paspaboTke HEPTAHBIX MECTOPOXKICHUH B  noObiua HehTH B Poccuu XxapakTepusyercsl MpHUMeHe-
Poccuiickoit denepannu co BpeMeHEM HAONMIONAETCSd  HHEM METOMOB PEryJIMPOBAHUS JaBJICHUS IUIACTA CIIO-
CTPYKTYPHOE yXy[lICHHE He(TAHBIX 3alacoB, pa3pa- coOOM 3aKaykd BOJBI B 3aJ€XKb. DTOT METOJ Ha3bIBa-
00TKa paHee He OCBOCHHBIX MECTOPOX/ICHUI CBSI3aHA C  €TCS METOIOM IMOJJIEP)KAHUS IIIACTOBOTO JIaBJICHUS
CYpPOBBIMHM KJIMMaTHYECKUMHU ycIOBUAMU U co ciox-  (II1]]) 3aBomueHuem [2]. B To e Bpemsi oTMeuaercs,
HBIM TEOJIOTUYECKUM CTPOCHHEM. BaXHO OTMETHTb, YTO NMPUMEHCHUE MCKYCCTBEHHOTO BO3ACHCTBUS METO-
YTO OCHOBHBIM HCTOYHUKOM YTJIEBOAOPOJHOTO CHIPBS  JIOM 3aKa4yKH BOIBI M CITOCOOBI (GOPCHPOBAHHON H0ObI-
B HACTOSIIEC BPEMS OCTAIOTCS paHee pa3paldaTblBac- Y IUIACTOBOM JKHIKOCTH HA IPOAYKTHBHBIE ILIACTHI
MBblI€ 00BEKTHI, KOTOPBIE HAXOAATCS Ha MO3IHEH CTaqud  CHOCOOCTBYIOT MPEXICBPEMEHHOMY OOBOIHEHHIO JO-
paspaboTku. I IMTENBHO — OKCIUTyaTHPYEMbBIX  OBIBAIOMIMX CKBaXHH [3-5].
HE(TSHBIX MECTOPOXKJICHHUI B COBPEMEHHBIX yCIOBHAX OOBOJHEHHE CKBa)XUH — 3TO CYILIECTBEHHBIH (hak-
XapakTepHa TEHACHLUSA YBEIMYCHHA KOJHUYECTBA  TOP, OCIOKHSIOMIMNA ycIoBHs dKciuTyaTanuu. losBme-
HaXOJAIIUXCS yXKe B pa3pabOTKe CIOXKHBIX 3aJekel, HHe IUIACTOBOW BOMABI B MPOAYKIMHA CKBAKHH 3HAYH-
JONMM C MajblM M CpPEAHUM JeOMTOM AOOBIBAIONIMX  TEILHO MEHSET CBOMCTBA BCel cHCTeMEI. M3MensieTcs
CKBa)KHH. BA3KOCTHAs XapaKTEPUCTHKA JOOBIBAEMOH MPOAYKIIUH,
TeXHUKO-DKOHOMHMYECKHE TIOKA3aTeNd YCTAHOBOK  a K 3TOMY, KaK W3BECTHO, IOCTATOYHO YyBCTBUTEIIHHEI
JNIEKTPOLIEHTPOOEKHBIX HACOCOB HA PasHBIX MECTO-  0COOEHHO IeHTpoOekHBIe Hacocekl [6, 7]. Hammuwe
POXIEHHUAX OTIMYAIOTCS APYr OT Apyra, a MPUYHMHBI  BBICOKOMHHEPAIM30BaHHON BObBI, KOTOpas oOjagaer
TaKOW CHTyallUM B OCHOBHOM KpOIOTCS B YCJIOBUSIX  MOBBIIICHHOW KOPPO3MOHHOW aKTUBHOCTBHIO, CIOCO0-
9KCIUTyaTallud, KOTOPBIE OMPEAEISIOTCS CBOWCTBAMU  CTBYET BO3HHKHOBEHHIO B paboTe MOIPYKHOM ycTa-
JIOOBIBAEMON M3 CKBaKUH IUIACTOBOW KUIKOCTH U KOH-  HOBKH Pa3JM4YHBIX OCIIOKHEHHH, CBI3aHHBIX C 00pa3o-
CTPYKLMEH CTBOJIA CKBaXKUHBI [1]. BAaHUEM COJIEBBIX OTJIOKEHUM, IPEXKIEBPEMEHHBIM BbI-
B Hacrosmiee Bpemst HE(TSHBIC MECTOPOXACHHS  XOIOM M3 CTPOS OTACIBHBIX JCTAJCH U Y3JI0B yCTAHOB-
CTpaHbl B OCHOBHOM pa3palaThIBaloTCsi ¢ momomuipio  ku [8, 9].
METO/a HUCKYCCTBEHHOTO IOIAEPKaHHs IUIACTOBOTO OOBoHEHHE ILTACTOBOM JKUAKOCTU CHOCOOCTBYET
JaBJICHUS JUIl JIOCTIKCHMS BBICOKOM He(TEOTIauu  yBEIHMUYCHHMIO YHMCIa OTKa3oB  ycraHoBok  [10].
IUIACTOB W HMHTEHCH(HUKAIUHM BBIPaOOTKM 3amacoB  C pocToM OOBOAHEHHOCTH IUIACOBOM JKHUIKOCTH YBe-
Hedrn. Hambombiee pacrpocTpaHeHWE CpeAnd METO-  JIMYMBACTCS MOIIHOCTH, MOTpEOiseMast ABUTATENEM, a
JIOB UCKYCCTBEHHOTO BO3JICUCTBHS Ha IIACTHI MONYYMSI  3TO BEAET K DHEPTOHANPSHKEHHOCTH YCTAHOBKH IIO
TUAPOJVHAMUYECKMM METOJl, KOTOpPBIM CBsI3aH C  3JEKTpUYCCKOW YacTH. B ciyuae momamaHus BOJABI 4e-
YIPaBJICHHUEM IABJICHUEM ILIACTA IyTEM 3aKadyKM Pa3-  pe3 CalbHUKOBOE YIUIOTHEHHE B MOTPYKHOM NBUTATENb
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U TPOTEKTOP BO3MOXKEH Npo0oii OOMOTKH, H3HOC
VIUTOTHUTENLHBIX 3JIEMEHTOB M Bajia. Bo3pacraer aBa-
PUHHOCTH DIIEKTPHUYECKUX KabeJel B MIacTOBOU cpejie
W3-3a TMAJCHUS CONPOTUBIICHHUSA W3oismu. Habmoma-
€TCsl yBeJIMUYeHHE KOJIUYeCTBa MPOTapoB TOKOBBOJA
AIIEKTPUYECKOTO IBHUTATENS. YBEIMYCHUE 3HAYCHUS
KPYTSIIEr0 MOMEHTa Ha BajJy HOTPYXKHOTO JIBUTATEIs
BCJIEICTBUE THAPABINYECKUX COMPOTHUBIEHHUH CrIOCO0-
CTByeT OoJiee paHHEMY BBIXOIy W3 CTPOS DIIEKTpHYe-
CKOW 9acTH MOTPYKHOH YCTaHOBKH, & HHOTJA U CIIOMY
Bajla IpOTEKTOpa WK Hacoca [11].

Huskas 3¢ pekTHBHOCTD MPUMEHSIOMHNXCS CHCTEM
3aBOJHECHUS JUISI HEQTSIHBIX IUIACTOB CIIOCOOCTBYET
TOMY, YTO 3aKayKa KMJKOCTH B KaueCTBE BBITECHSIO-
IIEr0 areHTa He JacT TPeOyeMbIX TEMIIOB JOOBIYH IIa-
CTOBOH JKHAKOCTH, a €¢ OOBOJHEHHOCTb WHTEHCHBHO
pactet u gocturaer 90 % u 6onee. Heobxonumo otme-
TUTh, YTO HAOJIIOJAaeTCAd MOCTOSHHBIA peajbHBI POCT
00BOJIHEHHOCTH IIJIACTOBOM TpoayKIuu [12].

OOBOIHEHHOCTh  MPOAYKTHBHBIX  IDIACTOB  Ha
He(TIHBIX MECTOPOXKIACHUAX 3HAUYUTEIBHO OCIOXKHSAET
TEXHOJIOTUU JTOOBIYM MEXaHU3UPOBAHHBIMH CIIOCO0a-
MH, cOopa u oaroToBku Hedtu [11]. B nccnenoBanu-
SIX, TIOCBAIICHHBIX J100bIYe OOBOJHEHHBIX HE(TEH, OT-
MEYaeTCs, YTO TOSABJICHHUE BOJBI B TPOIYKIMH JOOBI-
BalOIIEH CKBAXXMHBI B IIEJIOM YBEJIIMUNBACT HAIIPSDKCH-
HOCTb PabOTOCIIOCOOHOCTH CHCTEMBI «IIJIACT—HACOCH,
CHIDKAET TEXHHKO-DKOHOMHYECKHE II0Ka3aTeNd Ipo-
mecca SKCIUTyaTallid YCTaHOBKH 3JICKTPOLICHTPOOEK-
HbIx Hacocos (YOIIH) [13].

IlocTaHOBKa P0G/1€eMbI

[pu camxenun 00beMOB TOOBIYN HEPTH aKTyabHA
ONTUMU3AIHUS PEKUMOB PabOTHI JOOBIBAIOIINX CKBa-
KUH TI0 SKOHOMHYECKUM KPHUTEpHsIM, a WMEHHO, II0
cebecTonMocTH n00bIBacMOi HedTh. B cTpyKTYype ce-
6ecToUMOCTH AOOBIUN He(TH SHEPTeTUUECKUE 3aTPAThI
B HEKOTOPHIX He(Tera3ofo0bIBAIONINX OpraHU3AIHIX
nocturart 10 30—40 %, 370 00ycrnaBIuBaeTCs PE3KUM
YBEJIMYCHUEM OOBOJHEHHOCTH TUIACTOBOM KUAKOCTH U
HEOOXOMMOCTBIO 3aKaYMBaHHUS OOJIBIIIOTO KOJINYECTBA
BOZBI W JOOBIYM B TAaKMX K€ KOJUYECTBaX HedTeco-
Jepxaiiei JKUIKOCTH. B COBpEMEHHBIX YCIOBHSIX
BXHO aHAIM3UPOBATh 3aTpaThl HA dHEPronoTpedie-
HHUe, pa3pabaTbBaTh MEPONPUATHS MO UX CHIDKCHHUIO
[14]. HeoOxoauMo aieKBaTHO OICHUBATH SHEPTOIO-
TpeOiieHne o0opyJoBaHUs HEe(PTEIOO0BIBAIONINX CKBa-
*KuH [15].

B mporneccax 100b14u HeQTH ONTHMAIBEHOCTD dHEP-
ro3arpar He ABJsieTcsa camolienbio. Heobxomumo Bectu
JI00bMy He(TH B ONTUMAIBLHOM TEXHOJIOTHYESCKOM
pexuMe, B 3aJJaHHbIE CPOKHU OOECIIeYUBaTh MPU MUHU-
MaJIbHBIX 3aTparax MaKCHMallbHO BO3MOXHOE H3BIIe-
YCHUE YTIIEBOIOPOIAHBIX 3a11acoB.

OHepreTHUecKue 3aTparhl IpH JOOBIUE IITACTOBOU
KUJKOCTH Ha HEPTSIHBIX MECTOPOXKICHUSAX 3aBHCHT,
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MPEXKE BCEro, OT Fe0JIOTMYECKUX MOKa3zaTesieil MecTo-
POXIICHUN U TEXHOJOTHYECKHUX yCIOBUH 100brdn. I1pn
oOmieil TEHACHIINKM YBEJIWYCHUS DHEPTONOTPEOICHUS
Ka)XII0€ MECTOPOXKICHUE TI0 Mepe ero pa3paboTKh Xa-
pakTepusyeTcsa  ONpeAeNieHHON  3aKOHOMEPHOCTHIO
MEXIy SHepromnorpeOiIeHneM W JOOBIYEeH IUTaCTOBOM
JKUIIKOCTH.

Jiis ocBOeHUS HE(PTAHBIX PETMOHOB Ha MO3THHUX
CTamusAX pa3paboTKH, Korja A00bIYa HeTH CHUXKAET-
csl, a 0TOOp HedTecoaepIKaIIeH KUIKOCTH BO3PACTAET,
yBEJIMYCHUE SHEepronorpedsIeHus B mpolecce J00bIYr
HeTH SBIAETCS OOBEKTUBHBIM (hakTOpoM. MHUHUMH-
3aIisl DHEPro3aTpar JOCTATOYHO aKTyalbHA, TaK Kak
no0bYa HE(TH OCYLIECTBISIETCA CO 3HAYUTENbHBIMU
pacxoaMu 3MeKTpuIecKoii suepruu [16].

HaubGonee  SHeproéMKMMH  TEXHOJIOTUYCCKHMU
MPOIIECCaMU SIBISIFOTCSl M3BJICUCHHE IUTACTOBOU JKUJ-
KOCTH W3 CKB)XMH Ha JHEBHYIO MOBEPXHOCTb W MOJ-
JIepKaHUe IUIACTOBOTO [ABJICHHS, YTO COCTaBIIET
OOJIBIITYIO YacTh PACX0JI0B Ha 0ObIuy HedTH [14].

W3 ananm3a SHEProeMKUX TEXHOJOTHYECKUX IMPO-
1IeCCOB (3aKauMBaHWE MMOMYTHOW BOJIBI JUIS TIOJIepKa-
HUS TaBJICHUS IUIACTA, U3BJICUCHUE TIACTOBOM KHIKO-
CTH U3 CKBAO)XMH Ha JIHEBHYIO MOBEPXHOCTH) CIIEMYET,
YTO TEMIIBl CHW)XEHHUS JOOBYM HeTu Ooliee WHTEH-
CHUBHEI, YeM TEMIIBI CHIDKEHHUS 00bEMOB 3aKaUNBaHUS U
MOHATHS TTOMYTHOM BobI [17].

K noBbIIIeHNIO yIETBHOTO pacxojia BEACT 3aBblllie-
HHUE YCTAaHOBICHHON MOITHOCTH TPaHC(HOPMATOPHOTO U
3JIEKTPOMEXaHnYecKoro obopynoBanus. IlpuuuHoit
9TOTO Tpoliecca ABISETCS CHIKEHHE HYHEPreTHYecKOi
3¢ (HEKTUBHOCTH COOPYKCHUH W 00OpyJOBaHHS H3-3a
UCTOUICHUSI B pe3yjbTare pa3paboTKH YIIIEBOIOPO.-
HBIX 3aI1aCOB.

Ha ocHOBaHMUM BBIIEU3IIOKEHHOTO MOYKHO BBIJIC-
JUTh OCHOBHBIE NPUYHHBI POCTAa YIEIBHOTO pacxoja
JIEKTPUUECKON 3HEPIUU IPpH J0ObIUe He(QTH:

e yBeTUUCHHE OOBEMOB TOOBIYH TOMYTHOM BOJIBI;
YBEJIMYEHHUE YJENbHBIX O0OBEMOB 3aKayKu IOIYT-
HoM Bozwl aust TTIT/T;

TTOSIBJICHUE «H3JTUIITKA MOIITHOCTE [ 14].

[To mepe pa3pabOTKH MECTOPOXKICHUS IaxKe IMPH
MOCTOSIHHOM TJIyOMHE CKBaXMH YJENBHBIA Pacxoj
AJIEKTPOSHEPTHH Ha JOOBIMY IUIACTOBOM JKHUAKOCTH
MMeeT TEHAEHIINIO K yBennueHuo [16].

[IpencraBnsoT UHTEpEC UCCIEAOBAHMS, MPOBEICH-
Hele B.SI. YapoHOBBIM 1O H3yu€HHIO 3aBUCHUMOCTH
YAENBHOTO pacXxoia SHEpTUH OT 0OBOTHEHHOCTH ILIa-
ctoBoii xunkoctu [14]. Ha puc. 1 nmpuBenena rpadu-
yeckas 3aBUCUMOCTb YJEJIBHOTO Pacxoja 3JeKTphde-
CKOM »HepruM Ha JI0ObIYYy HE(PTH Ha JTOOBIBAIOIIMX
CKBa)KMHAX, KOTOPbIE OCHAILIEHBI 3JIEKTPOLEHTPOOEK-
HBIMU W IITAaHTOBBIMH HACOCaMU, IPU Pa3IMYHBIX 3HA-
YCHUSX YPOBHEH, OT 0OBOTHEHHOCTH KHUIKOCTH.

W3 ananusa puc. 1 BUAHO, 4TO POCT pacxoja 3JeK-
TPORHEPTHH HAYWMHACTCSI CO 3HAYCHUS OOBOJHEHHOCTH
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80 %, a mpu oOBogHEHHOCTH Oosiee 95 % crenyer o0xKu-
JIaTh, YTO PACXOJ]] DICKTPUUCCKON DHEPIUU IS H3BIIC-
YeHHs Ha JHCBHYIO OBEPXHOCTh TaKON JKUIKOCTH JTAXKe
MOXET HE OKYIIAThCS BBIPYUIKOH OT pearn3anudl JOObI-
BaeMoi HedTu. Uccnenosanus [14] moka3bBaloT, 4TO,
HauyWHas ¢ 0OBOmHEHHOCTH Hedtn 98 %, ee moObIYa
(make He YYHTHIBasS COKpAIICHHE SKCIUTYaTAMOHHBIX
3aTpar Ha CKBaXMHY U BBICBOOOXKICHHE €€ OCHOBHOI'O
000pyI0BaHMUS) CTAaHOBUTCS HEA(PHEKTUBHOI.
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Puc. 1. 3asucumocmb y0desnbHO20 pacxodd 3/aeKmpuyveckol
JHepauu om 8eau4uHbl 06800HEeHHOCMU N1AcMo8oll
scudkocmu npu caedyrouwux ycaosusx: kpueas 1 -
H;+Hrsy=1000 m, kpusas 2 — Hy+Hray=600 m

Fig.1. Dependence of electrical energy  specific

consumption on the value of formation fluid water
cut under the following conditions: curve 1 -
Hp+Hemp=1000 m, curve 2 - Hp+Hemp=600 m

VYuuThIBas, YTO TEXHOJOTMH TMoabeMa He(pTH B
CKBa)KMHAX, OCHAILCHHBIX CKBA)KMHHBIMH IITAHTOBBIMU
HAcOCaMH M 3JIEKTPOICHTPOOEKHBIMH HACOCAMH, Pa3-
JIMYAI0TCS U AJIEKTPOLIEHTPOOEKHBIE HACOCHI AKCILTya-
THPYIOTCSL Ha JOOBIBAIOIINX CKBA)KUHAX C BBICOKOM 00-
BOJIHEHHOCTBIO, & TaKXKe OTCYTCTBHE IPYTHUX allbTepHA-
TUBHBIX CIIOCOOOB JKCIUTyaTalluu JJisl BBICOKOOOBOJI-
HEHHBIX CKBQ)XWH, TPEACTABISCT HMHTEpEC H3yUCHUE
SHEPTreTHYCCKHUX MapaMeTPOB Ha CKBOKUHAX, OCHAIICH-
HBIX YOIIH, ¢ 06BogHeHHOCTEIO 90 % 1 Gotee.

BonbmmHcTBO HEDTIHBIX MecTOpoXkaeHuid Poccuii-
ckoii deneparuu paspabaThIBacTCs Ha TO3IHEH CTa-
IUH, YBENWYMBacTCsI (OHA BBICOKOOOBOIHEHHBIX
CKB&XMH C MallblMU M CpPEIHUMH JeOUTaMH, pacreT
SHEPrOEMKOCTh A0ObIUM HeTH. DKCIUTyaTalusl TaKUX
CKBQ)KMH COIPOBOXAAETCS Pa3IMYHBIMU OCIIOXKHEHHUS-
MH, [IO3TOMY B Ipolecce paboThl HEOOXoaUMa ONTH-
MHU3alMs PEXHUMOB JOOBIBAIOIIUX CKBaKUH. BaxHO
HCCIIEZIOBAaTh 3aBUCUMOCTH pacxoja 3JEKTpUYECKOM
SHEPruU OT TEXHOJOTHUECKuX napameTpon Y II[H.

OnHUM U3 BaXKHBIX MAapaMETPOB PabOTH! YCTAHOBOK
MOTPYKHBIX IICHTPOOSKHBIX HACOCOB SIBISCTCS IOKa-
3aTeNb Hepros3arpar.

IIpoMbIC/IOBBIE MCCIeA0OBAHUS

JUis  TpoBeNeHHS TMPOMBICIOBBIX HCCIICIOBAHUN
ObUTM BBIOpPAaHBI HECKOJBKO CKBaXKUH. C 1eNbI0 Ucche-
JIOBaHUS PEKUMOB PabOTHI AJIEKTPOHACOCHBIX IIEHTPO-
OCKHBIX YCTAHOBOK Ha 3THUX CKBOKHUHAX OIPEICIIVIH
CIIeyOIIUe MapaMeTphl:

e JIMHAMHUYECKUH ypoBeHb H, M;

e pacxon aktuBHOM dHEprun Wy, kBT 1;

e TIyOMHBI MoABECKH Hacoca Hyy, M;
e 1eOUT KUAKOCTH Qs M3/CyT;

e 00BoaHEHHOCTH HebhTH b, %.

Uro0bl M3YYHTh BIHSHUE OOBOAHEHHOCTH IIJIACTO-
BOW JKHUIKOCTH Ha YAETBHBIA PaCXOJl AJICKTPHIECKOH
9HEepruu, ObUIM BHIOpaHBI B OCHOBHOM CKBa)KHHBI C
o6BoHenHOCTREIO 90 % 1 Ooee.

Y enpHBINA pacxo[ ANEKTPUUECKOM SHEPTUH Ha J0-
ObIuy HeTH paccuntaeM 1o GopmyIe:

KBT- /T,

9 =—2
Q,p(1-b)

I71€ p — YJEeIbHBINA BEC KHUAKOCTH, T/M3; b — 06BOIHEH-
HOCTH HeTH, %.

PesynmpraTel pacueToOB yHENBEHOTO pacxoja JIIeK-
TPO3HEPrHU Ha JOOBIUY HE()TH CBEAEHBI B TabIHILIE.

Hmeercst pexkoMeHayeMoe 3HAYCHHE YICIBHOTO
pacxojia 3JeKTPUIECKON SHEPTUH TIPH JT0ObIUe HEPTH C
noMomIbpi0 ycranoBok JLIH, oHO HaxomuTCsl B MHTEp-
Bane 70-120 kBr-u/t (PJ] 39-3-934-83 «Metoauka
pacyera HOpPM pacxoja 3JICKTPHYCCKOH JHEpruy Ha
JO0BITy HEDTH»).

AHanM3 pe3ynbTaTOB PACUETHHIX TaHHBIX ITOKa3al,
9TO Ha JOOBIBAIONIMX CKBAKUHAX C OOBOIHCHHOCTBHIO
HedTH 10 90 % cpenHee 3HaUEHHE YACIBHOIO pacxo/a
AJIEKTPUUCCKOM SHEPTHH Ha TOObIUY HE(hTH COCTABIIACT
94 kBT 4/1, B TO %e BpeMs Ha CKBa)KHHAaX, I/ie 00BOI-
HEHHOCTH HedTn mpesbimaeT 90 %, cpenHee 3HaAUCHUE
YACIBHOIO PAcXo/1a JIICKTPUICCKON SHEPTUH Ha TOObI-
gy HedTH coctaBusier 369 kBt 4/T, a 3TO mpeBbIIaeT
PEKOMCHTyeMbIe yICSIbHBIC HOPMBI pacxoja dICKTPU-
YEeCKOM JHEPIUU MPH IKCIUTyaTallud HeTea00bIBat0-
IIMX CKBaXXKH, ocHammeHHbx Y IITH [18-20].
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Ta6auya. Pesysvmambl pacyemos yoesbHo20 pacxoda saekmpoaHepauu Ha do6biy Hegpmu (3,,)

Table. Results of calculations of specific electricity consumption for oil production
N cKBaXKMH Ne ckBaXKHUH Ne ckBaKMH Ne ckBaXKHH N cKkBaXKMH
(o6e3snnuen- I, (o6e3nnyen- A, (o6e3nnuen- A, (o6e3nnyen- A, (06e3nnyeH- A,
Hbl€) KBT-u/T Hble) KBT-u/T Hbl€) KBT-u/T Hble) KBT-u/T Hble) KBT-u/T
Well no. kWt-h/t Well no. kWt-h/t Well no. kWt-h/t Well no. kWt-h/t Well no. kWt-h/t
(anonimized) (anonimized) (anonimized) (anonimized) (anonimized)
1 70,387 11 501,85 21 43,069 31 426,25 41 417,55
2 50,328 12 139,35 22 1806,7 32 167,85 42 299,56
3 151,05 13 288,567 23 177,37 33 113,452 43 147,125
4 224,04 14 183,6 24 212,525 34 231,73 44 359,975
5 151,05 15 1063,2 25 227,51 35 117,9 45 689,96
6 81,75 16 138,614 26 163,367 36 84,26 46 134,82
7 60,45 17 327,1375 27 53,588 37 4118 47 171,25
8 80,592 18 231,97 28 207,44 38 637,55 48 117,43
9 129,78 19 163,569 29 73,455 39 369,875 49 9368
10 165,22 20 204,4625 30 707,55 40 37,609 ’

YnensHeIl pacxon aNeKTpo3Heprun kBTuT

IMocTpoeHa 3aBUCUMOCTD YACIBHOTO pacxojia 3JeK-
TPUUYECKOW SHEPTHH Ha JOObIMY HE(DTH OT BEIHMYUHBI

12007 J = 0777 -280.30¢ + 40304 - IE-+06K + BE0T 00BOTHEHHOCTH IIACTOBOM MPOAYKIHHU, TIPH ITOM OBI-
R = 0 8758 . U BBIOpaHBl CKBA)KUHBI, MMEIOIINE OOBOAHEHHOCTH
1000 1 6omee 90 % (puc. 2).
U3 anammza puc. 2 ciemyer, 9TO Ha CKBaXHHAX C
200 obBogHeHHOCTRIO HedTH Oomee 90 % 3aBblIeHa
yAeTbHasl BEIMYMHA PACX0/1a dJICKTPUIECKON YHEPTHU.
500 | 3aBHCUMOCTP yIENBHOTO pacxoja JICKTPOIHEPTHH Ha
J00BIYy HE(TH OT MITyOMHBI MOJIBECKH HAacoca U JUHA-
100 MHYECKOTO YPOBHS HE paccMaTpHUBaeTCsl.
BbiBOj,
200 [IpombIciOBBIE HCCIETOBAaHUSI TOKa3ajdd, 4YTO Ha
CKBa)XMHAX, OOOPYHOBAHHBIX YCTAHOBKAMH IIEHTPO-
o , , , , , ., OCKHBIX HACOCOB M UMEIOIIMX OOBOTHEHHOCTH ILTA-
88 80 92 94 96 a8 100 CTOBOW MPOAYKIWH, mpesbimaromyo 90 %, yBemnmun-

OBBOAHEHHOCTD, Y BaeTCAd yJelbHAs BEIWYMHA PACX0/a DJICKTPHUECKON

0
Puc. 2. 3asucumocmb ydeavHozo pacxoda saekmposnepeuu ~ OHEPTHH HA 40 %. BaxHO OTMETHTB, YTO Ha CKBAXH-

Ha A06bIvy Hemu HA CKBANCUHAX, 060pydosanHbX — HAX, UMEIOMUX OOBOAHEHHOCTH 99 %, BenuuuHa
Y3IH, om 06800HeHHOCMU NpodyKyuu YACIBHOIO pacxoja 3JIEKTPOIHEPIrHU JOCTHUracT Mak-

Fig. 2. Dependence of the specific electricity consumption cumyma — 1063 kBT u/T, Ha JOOBIBAIOIINX CKBAXKUHAX,

for oil production at wells equipped with installa-

; . . UMEIOIIUX O0OBOAHEHHOCTh 98 % €JIbHBIA Pacxo
tions of electric centrifugal pumps on the water cut - A 0 YA p a

ANEKTPOIHEPTHHU B cpefHeM coctaBmi 530 kBT u/T.

of the products

CIINCOK JIMTEPATYPBI

1. CapaueBa J[.A., BaxuroBa P.M. O mnoBbimeHn# 3pQeKTUBHOCTH IKCIUTyaTanud HEQTSIHBIX CKBAXKHH C BBICOKHM T'a30BBIM
¢akropom // TTpobiiembr c60pa, MOArOTOBKH M TpaHcnopra HedTu u HedrenpoaykTos. — 2015. — Ne 2 (100). — C. 91-98.

2. Goldman H., Goldman E., Goldman Ch. Creating the future: integrated resource planning for electric utilities / Annual Review
of Energy. —1991. —Vol. 16. — Ne 1. — P. 91-121. DOI: 10.1146/annurev.eg.16.110191.000515

3. KanpmakoBa T.B., CrapueB W.C. Ananm3 BIMSHHS T€OJOTMYECKOTO CTPOEHHS Ha OOBOJHEHHOCTH Mpoxykunuu TypHeickoi
3anekd IThInickoro Mectopoxaenus [/ IIpoGiembl pa3pabOTKM MECTOPOXKICHHH YIJIEBOAOPOJHBIX M PYIHBIX MOJIE3HBIX
uckomnaembix. — 2017. — Ne 1. — C. 153-155.

4. GeY., LiS., Xiaodong Z. Optimization for asp flooding based on adaptive rationalized Haar function approximation // Hinese
journal of chemical engineering. — 2018. — Vol. 26. — Ne 8. — P. 1758-1765. DOI: 10.1016/j.cjche.2018.06.015

5. Application potential of in situ emulsion flooding in the high-temperature and high-salinity reservoir / W. Pu, C. Shen, Y. Yang,
R. Liu, D. Du, Z. Mei // Journal of dispersion science and technology. — 2018. — Vol. 68. — P. 347-368.
DOI: 10.1080/01932691.2018.1491858

6. OOBOIHEHHOCTh Kak OAMH U3 (HaKTOpOB, BIMSIOMINX Ha SKOHOMHYECKylo 3bdexruBHocTh npoekra / H.A. JDxymssosa,

E.[. Kysueuosa, C.A. Huxkenb, A.O. JIo6oBukoB // AkryaibHble MpoOJEeMbl SKOHOMHKH W YHPABJICHUS Ha HPEANPHATHIX

92



https://elibrary.ru/item.asp?id=24038408
https://elibrary.ru/item.asp?id=24038408
https://elibrary.ru/contents.asp?id=34102399
https://elibrary.ru/contents.asp?id=34102399&selid=24038408
https://www.researchgate.net/journal/Annual-Review-of-Energy-and-the-Environment-1056-3466
https://www.researchgate.net/journal/Annual-Review-of-Energy-and-the-Environment-1056-3466
http://dx.doi.org/10.1146/annurev.eg.16.110191.000515#_blank
https://elibrary.ru/item.asp?id=30710675
https://elibrary.ru/item.asp?id=30710675
https://elibrary.ru/contents.asp?id=34550401
https://elibrary.ru/contents.asp?id=34550401
https://elibrary.ru/contents.asp?id=34550401&selid=30710675
https://doi.org/10.1016/j.cjche.2018.06.015#_blank
https://elibrary.ru/contents.asp?id=35726037
https://doi.org/10.1080/01932691.2018.1491858#_blank
https://elibrary.ru/item.asp?id=32656616
https://elibrary.ru/contents.asp?id=34838086

HW3BecTust TOMCKOro NOJUTEXHUYECKOTO YHUBepcuTeTa. UHXXKMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 88-94
BaxutoBa P.1., CapaueBa /I.A., Ypa3akoB K.P. JHepronoTpe6,/ieHHe 3/1eKTPOLeHTPOOEKHBIX HACOCHBIX YCTAHOBOK MPH ...

MAIIMHOCTPOCHHUS, HE(PTAHONH U Ta30BOH MPOMBIIUIEHHOCTH B YCIOBHSAX HMHHOBAIlMIOHHO-OPUEHTUPOBAHHONH SKOHOMHUKH. —
2017.-T.1.-C. 33-38.

7. Acosta-Coll M., Ballester-Merelo F., Martinez-Peiré M. Early warning system for detection of urban pluvial flooding hazard
levels in an ungauged basin // Natural hazards. — 2018. — Vol. 92. — Ne 2. — P. 1237-1265. DOI: 10.1007/s11069-018-3249-4

8. SiQ., CuiQ., Yuan S. Tests for flow induced characteristics of a centrifugal pump under air-water two-phase inflow condition //
Journal of Vibration and Shock. — 2019. DOI: 10.1088/1755-1315/240/3/032016

9. Experimental evaluation of different strategies for improving oil recovery at high-water-cut by quantitative etched-glass micro-
models / D. Wu, B. Ju, E.T. Brantson, X. Chen, Y. Fu // Energy Exploration and Exploitation. — 2016. — Vol. 34. — Ne 4, —
P. 586-605.

10. Karambeigi M.S., Asl A.H., Nasiri M. Multi-objective optimization of microemulsion flooding for chemical enhanced oil
recovery // Oil and Gas Science and Technology. — 2018. — Vol. 73. — P. 73.

11. JluruuskoBa S1.C. I/ICCHeHOBaHI/IC BJIMAHHUSA T'€0JIOTO-IIPOMBICIOBBIX XaPAKTECPUCTUK TypHCﬁCKOI‘O mIacrta Ha 06BOIIH€HHOCTI>
npoaykiuu ckBaxkut // Hempomone3zoBanue. — 2022. — T.22. —Ne 1. — C. 15-20.

12. Tumnoesa X.®., Tomes II1.O. M3yueHne BIUSHUS Ha OOBOJHEHHOCTh CKBAXXMH IPH AIKCIUTyaTallMd HE(QTSHON CKBaXKHHBI
¢donrtanubM criocoboM // Amest Hayku. — 2022. — T. 1. — Ne 12 (75). — C. 625-629.

13. Li S, GeY. A numerical computation approach for the optimal control of asp flooding based on adaptive strategies //
Mathematical problems in engineering. — 2018. — Vol. 175. — P. 223-228. DOI: 10.1155/2018/1040476

14. YaponoB B.fl. ABromaTtu3zamusi paOOTBl OCHOBHOTO OOOpYZOBaHHS M NpoOJIEMBl 3HEprocOepekeHUs: Ha OOBEKTax
HedrerazonoObrun. — AnbMerbeBck: « TaTACYHedgTH» AO «TatHedTh», 1988. — 330 c.

15. Hasan A.R., Kabir C.S. Two-phase flow in vertical and inclined annuli // Int. J. Multiphase Flow. — 1992. — Vol. 18. — P. 279-293.

16. Dueprocbeperaromiyre TEXHOIOTHH IKCIUTyaTalud 00BoAHEeHHbIX ckBaxkuH / B.M. Banosckuii, I'.FO. Bacoc, K.B. Banosckuii,
P.T. 3a66apos // Hedrsinoe xo3siictBo. — 2011. — Ne 11. — C. 84-88.

17. Ziganshina P.A. Development of pump units energy efficiency increasing techniques in reservoir pressure maintenance system //
VHHOBaIMOHHBIE MPOIIECCHI B HCCIICAOBATEIBCKOW U 00pa3oBarenbHol nestenbroctu. — 2016. — T. 1. — C. 39-42.

18. Usanosckuii B.H., Kapenuna C.A. Emie pas x Bonpocy 00 3HeprodhGpeKTHBHOCTH 3JIEKTPOIIPUBOAHBIX JIOMACTHBIX HACOCOB //
Teppuropust Hedreras. — 2022. — Ne 1-2. — C. 34-38.

19. 3ynun  B.I., Casenok O.B. Iloxgbop 51aeKTpoLeHTPOOSKHOTO Hacoca Ha CKBaxuHy Bocrouno-JlambGeiiopckoro
mecropokaenus // Hayka. Texunka. TexHomoruu (monurexHudeckuii BecTHuk). — 2021, — Ne 3. — C. 109-125.

20. TTypycosa N.IO. dakTudeckas MpoOU3BOUTEIHLHOCTD OTPYKHBIX HacocoB // Dueprocbepexenue u Bogonoaroroska. — 2019. —
Ne 4 (120). — C. 26-28.

HUHdopmanus 06 aBTopax

Po3a UibrusoBHa BaxuToBa, KaHAUJAT TEXHUYECKUX HAYK, AOLEHT Kadeaphl 3JIeKTPOIHEPTETUKH, AJTbMeThb-
eBCKUU ToCyJapCTBeHHbI HedTAHOW HHCTUTYT, Poccusi, 423450, r. AnbMeTbeBcK, ya. JleHWHa, 2. roza-
w@mail.ru; http://orcid.org/0000-0002-6563-1095

Juana AsaTroBHa Capa4yeBa, KaHAUJAT TEXHUYECKUX HAyK, CTApPLIMH MpenojaBaTesib Kageaphl 3JIeKTpo3Hepre-
THKH, AJIbMETbEBCKUM TOCYJapCTBEHHbIH HePTAHON UHCTUTYT, Poccusi, 423450, r. AnbMeTbeBCK, yi1. JleHunHa, 2.
elite@agni-rt.ru; http://orcid.org/0000-0002-7639-8954

Kamus PaxmMaTy/IJIOBUY Ypa3aKoB, IOKTOP TEXHUYECKUX HaYK, Tpodeccop Kadeaphbl MAIUH U 060pyA0BaHHUS
HedTerazoBbIX MPOMBICIOB, YPUMCKHH TOCyJapCTBeHHbIM He(PTAHOHW TeXHUYEeCKUH yHUBepcuTeT, Poccus,
450062, 1. Yoa, yi1. KocMoHaBToB, 1. UrazakK@mail.ru; http://orcid.org/0000-0003-2202-396X

[loctynuaa B pefakyuio: 11.07.2023
[TocTynuua nocse pereHsvpoBanus: 07.11.2023
[IpuHsaTa Kk my6ankanuu: 22.03.2024

REFERENCES

1. Saracheva D.A., Vakhitova R.l. On improving the efficiency of operation of oil wells with a high gas factor. Problems of
collection, preparation and transportation of oil and oil products, 2015, no. 2 (100), pp. 91-98. (In Russ.)

2. Goldman H., Goldman E., Goldman Ch. Creating the future: integrated resource planning for electric utilities. Annual Review of
Energy, 1991, vol. 16, no. 1, pp. 91-121.

3. Kandakova T.V., Startsev I.S. Analysis of the influence of the geological structure on the water content of the Turneiskoe
reservoir of the Etyshskoe field. Problems of development of deposits of hydrocarbon and ore minerals, 2017, no. 1, pp. 153-155.
(In Russ.)

4. GeY,, LiS., Xiaodong Z. Optimization for asp flooding based on adaptive rationalized Haar function approximation. Hinese
journal of chemical engineering, 2018, vol. 26, no. 8, pp. 1758-1765.

5. PuW, ShenC., Yang Y., LiuR., DuD., Mei Z. Application potential of in situ emulsion flooding in the high-temperature and
high-salinity reservoir. Journal of dispersion science and technology, 2018, vol. 68, pp. 347-368.

6. Dzhumyazova N.A., Kuznetsova Ye.D., Nikel S.A., Lobovikov A.O. Water cut as one of the factors affecting the economic
efficiency of the project. Actual problems of economics and management at the enterprises of mechanical engineering, oil and
gas industry in the conditions of an innovation-oriented economy, 2017, vol. 1, pp. 33-38. (In Russ.)

7. Acosta-Coll M., Ballester-Merelo F., Martinez-Peiré M. Early warning system for detection of urban pluvial flooding hazard
levels in an ungauged basin. Natural hazards, 2018, vol. 92, no. 2, pp. 1237-1265.

93


https://elibrary.ru/contents.asp?id=34838086
https://elibrary.ru/contents.asp?id=35715583
https://doi.org/10.1007/s11069-018-3249-4#_blank
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1088%2F1755-1315%2F240%2F3%2F032016#_blank
https://elibrary.ru/item.asp?id=26831079
https://elibrary.ru/item.asp?id=26831079
https://elibrary.ru/contents.asp?id=34279895
https://elibrary.ru/contents.asp?id=34279895&selid=26831079
https://elibrary.ru/item.asp?id=47934636
https://elibrary.ru/item.asp?id=47934636
https://elibrary.ru/contents.asp?id=47934633
https://elibrary.ru/contents.asp?id=47934633&selid=47934636
https://www.elibrary.ru/item.asp?id=53805452
https://www.elibrary.ru/item.asp?id=53805452
https://www.elibrary.ru/contents.asp?id=53805302
https://www.elibrary.ru/contents.asp?id=53805302&selid=53805452
https://elibrary.ru/contents.asp?id=35187522
https://doi.org/10.1155/2018/1040476#_blank
https://elibrary.ru/item.asp?id=17066081
https://elibrary.ru/contents.asp?id=33699274
https://elibrary.ru/contents.asp?id=33699274&selid=17066081
https://elibrary.ru/item.asp?id=28420715
https://elibrary.ru/contents.asp?id=34421995
https://elibrary.ru/item.asp?id=48156570
https://elibrary.ru/contents.asp?id=48156566
https://elibrary.ru/contents.asp?id=48156566&selid=48156570
https://elibrary.ru/item.asp?id=47133615
https://elibrary.ru/item.asp?id=47133615
https://elibrary.ru/contents.asp?id=47133601
https://elibrary.ru/contents.asp?id=47133601&selid=47133615
https://elibrary.ru/item.asp?id=39210895
https://elibrary.ru/contents.asp?id=39210888
https://elibrary.ru/contents.asp?id=39210888&selid=39210895
mailto:roza-w@mail.ru
mailto:roza-w@mail.ru
https://orcid.org/0000-0002-6563-1095
https://orcid.org/0000-0002-7639-8954?lang=ru#_blank
mailto:UrazakK@mail.ru
https://www.researchgate.net/journal/Annual-Review-of-Energy-and-the-Environment-1056-3466
https://www.researchgate.net/journal/Annual-Review-of-Energy-and-the-Environment-1056-3466
https://elibrary.ru/contents.asp?id=35726037
https://elibrary.ru/contents.asp?id=35715583

Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 88-94

Vakhitova R.I,, Saracheva D.A., Urazakov K.R. Power consumption of electric centrifugal pumping plants under extraction ...

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

Si Q., Cui Q., Yuan S. Tests for flow induced characteristics of a centrifugal pump under air-water two-phase inflow condition,
Journal of Vibration and Shock, 2019. DOI: 10.1088/1755-1315/240/3/032016

Wu D., Ju B., Brantson E.T., Chen X., Fu Y. Experimental evaluation of different strategies for improving oil recovery at high-
water-cut by quantitative etched-glass micro-models. Energy Exploration and Exploitation, 2016, vol. 34, no. 4, pp. 586-605.
Karambeigi M.S., Asl A.H., Nasiri M. Multi-objective optimization of microemulsion flooding for chemical enhanced oil
recovery. Oil and Gas Science and Technology, 2018, vol. 73, p. 73.

Liginkova Ya.S. Investigation of the influence of geological and commercial characteristics of the Tournaisian reservoir on the
water cut of well production. Subsoil use, 2022, vol. 22, no. 1, pp. 15-20. (In Russ.)

Tilloeva Kh.F., Toshev Sh.O. Study of the influence on the water cut of wells during the operation of an oil well by the flowing
method. Alley of Science, 2022, vol. 1, no. 12 (75), pp. 625-629. (In Russ.)

LiS., GeY. A numerical computation approach for the optimal control of asp flooding based on adaptive strategies.
Mathematical problems in engineering, 2018, vol. 175, pp. 223-228.

Charonov V.Ya. Automation of the main equipment and energy saving problems at oil and gas production facilities. Almetyevsk,
«TatASUneft» AO «Tatneft» Publ., 1988. 330 p. (In Russ.)

Hasan A.R., Kabir C.S. Two-phase flow in vertical and inclined annuli. Int. J. Multiphase Flow, 1992, vol. 18, pp. 279-293.
Valovskiy V.M., Basos G.Yu., Valovskiy K.V., Zabbarov R.G. Energy-saving technologies for the operation of flooded wells.
Oil Industry, 2011, no. 11, pp. 84-88. (In Russ.)

Ziganshina P.A. Development of pump units energy efficiency increasing techniques in reservoir pressure maintenance system.
Innovative processes in research and educational activities, 2016, vol. 1, pp. 39-42.

Ivanovsky V.N., Karelina S.A. Once again to the question of the energy efficiency of electric vane pumps. Neftegaz Territory,
2022, no. 1-2, pp. 34-38. (In Russ.)

Zudin B.G., Savenok O.V. Selection of an electric centrifugal pump for the well of the Vostochno-Lambeishorskoe field.
Science. Technique. Technologies (polytechnic bulletin), 2021, no. 3, pp. 109-125. (In Russ.)

Purusova l.Yu. Actual performance of submersible pumps. Energy saving and water treatment, 2019, no. 4 (120), pp. 2-28.
(In Russ.)

Information about the authors

Roza 1. Vakhitova, Cand. Sc., Associate Professor, Almetyevsk State Oil Institute, 2, Lenin street, Almetyevsk,
423450, Russian Federation. roza-w@mail.ru; http://orcid.org/0000-0002-6563-1095

Diana A. Saracheva, Cand. Sc., Senior Lector, Almetyevsk State Oil Institute, 2, Lenin street, Almetyevsk, 423450,
Russian Federation. elite@agni-rt.ru; http://orcid.org/0000-0002-7639-8954

Kamil R. Urazakov, Dr. Sc., Professor, Ufa State Oil Technical University, 1, Kosmonavtov street, Ufa, 450062,
Russian Federation. UrazakK@mail.ru; http://orcid.org/0000-0003-2202-396X

Received: 11.07.2023
Revised: 07.11.2023
Accepted: 22.03.2024

94


https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1088%2F1755-1315%2F240%2F3%2F032016#_blank
https://elibrary.ru/item.asp?id=26831079
https://elibrary.ru/item.asp?id=26831079
https://elibrary.ru/contents.asp?id=34279895
https://elibrary.ru/contents.asp?id=34279895&selid=26831079
https://www.elibrary.ru/contents.asp?id=53805302&selid=53805452
https://elibrary.ru/contents.asp?id=35187522
https://elibrary.ru/item.asp?id=28420715
mailto:teplotexAGNI@yandex.ru
https://orcid.org/0000-0002-6563-1095
https://orcid.org/0000-0002-7639-8954?lang=ru#_blank
mailto:UrazakK@mail.ru

HM3BecTust TOMCKOro nMoJIMTEXHUYECKOT0 YHUBepcuTeTa. UHXXUHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 95-107
BopTthaukosa C.b. u Ap. TOKCMYHOCTB NapOTra30BbIX IOTOKOB OT TEXHO€HHOTO BellecTBa

YJIK 550.47
DOI: 10.18799/24131830/2024/4/4298
Iudp cnenuansHocTy BAK: 1.6.21

TOKCUYHOCTh IMapora3oBbIX IOTOKOB OT TEXHOI'€HHOI'O BelleCTBaA

C.B. Bopraukosa'™, A.B. Mpinuk?, A.B. Egenesl, A.A. XBameBckasn3

1 Uincmumym Hegpmezazosoli ceonozuu u zeogusuxu um. A.A. Tpogpumyka CO PAH, Poccus, 2. Hogsocubupck
2 HogocubupcKull HayuHo-ucciedogameibCkull uHcmumym auzueHbl Pocnompe6Hnadsopa, Poccus, 2. Hosocubupck
3 HayuoHasawHblll uccaedosamenwvckull Tomckutl nonumexHuyeckutl yHueepcumem, Poccus, e. Tomck

“BortnikovaSB@ipgg.sbras.ru

AHHOTanus. Akmya/bHocmb [lapora3oBble NOTOKU OT TEXHOT€HHOT'O BeleCTBA (CK/IaJMPOBAaHHbBIX OTX0/0B FOPHOPYAHOH
NPOMBILJIEHHOCTH), TepeHOoCsALie 3HAaYUTEJbHOEe KOJMWYECTBO MOTEHIHMAJBbHO TOKCUYHBIX 3JIEMEHTOB, NpPEJCTABJSIOT
GO0JIbILYI0 TPOGJIEMY /It OKPYIKaIOLel CpeJibl U HaceseHUs, T. K. METAJ/Ibl U META/IJIOU/IbI B COCTaBE IMaHaLMI HaXoATCs B
JIETKOYCBOSIEMOI OMOZOCTYIHOW GpOpMe U CIOCOOHBI JIEFKO IPOHUKATD B JKMBble OpPraHu3Mbl. L]e/b: oleHKa TOKCUYHOCTH
JUIS1 )KMBBIX OPraHM3MOB BO3/YIIHBIX CMeCeH, coJlepKallliX ra3oo6pasHble NMPOJYKThI, Bblje/IsieMble TEXHOIeHHBIM Bellle-
CTBOM, CBOGO/IHO pAClOJIOKEHHBIM BOJIM3M HACeJEHHBIX NYHKTOB U HAXOJSALIMMCS 10, BO3JEHCTBHUEM KJIMMATHYECKUX
$aKTOpOB MU MHUKPOOPraHU3MOB. OGseKmbl: BelleCTBO apCeHU/HBbIX OTXOL0B KoMOHHaTa TyBako6aJbT M IaporasoBble
3MaHalUU OT Hero. Memodbul: NpoBe/ileHHe IKCIEPUMEHTOB C Ge/IbIMH KpbICaMU-CaMLjaMH JIMHUM BucTap, aHanu3 opraHos
Ha co/lepKaHHe IHUPOKOTo Kpyra asieMeHTOB MeTozioM UCII-MC Ha macc-ciektpomeTpe NexION 300D (PerkinElmer, CIIIA)
(ITpo6sieMHas Hay4HO-HCC/IeJ0BaTebCKasA JJabopaToOpUs THPoreoXuMun «Boja» VHKeHepHOH IIKOJIbI HIPUPOJAHBIX pecyp-
coB TOMCKOT0 NOJIMTEXHUYECKOT0 YHUBEPCUTETA). B saKcnepuMeHTe McnoJib30Bastachk 06'beiMHEHHas npoba BelecTBa OT-
x0/10B. [Ipo6a Oblj1a MpoaHaJIM3UPOBaHA Ha COZepXKaHHe OKCHAOB CHJIMKATHOW rpynmnel MeTosoM PPA Ha peHTreHodyo-
pecueHTHOM cnekTpoMeTrpe ARL-9900-XP (Thermo Electron Corporation, Switzerland) B s1aGopaTopuu peHTTeHOCHEK-
Tpa/JbHbIX METO/I0B aHa/IM3a MHcTHTYTa reosornu 1 MuHepasoruu uM. B.C. Co6osieBa CO PAH, ssieMeHTHBIN aHAJIN3 IPOBO-
auicst metosoM UCII-MC Ha npu6ope ELAN-9000 DRC-e, Perkin Elmer, USA (XAL] «Ilna3zma»). Pe3yasmamut. [lpy Bo3jei-
CTBUH NApOTa30BbIX 3IMAHALIMHN OT BelllecTBA apCEHU/IHBIX OTX0/[0B KOMOUHaTa TyBaKko6a/JbT HA IPYNIy KPbIC-CAMIIOB JIH-
HUM Buctap B onbITHOH rpyIiiie NpOX30ILIM TATOJOrHYeCKHe U3MeHeHHUs. B sierkux o6pa3oBaiichk MeJKHe 04ark KpoBOU3-
JINSIHUH, TKaHU CTaJM OTEYHBI M BOCHaJIeHbl. [ledeHb y BceX KMBOTHBIX YBEJWYUJIACh, CTAJI0 PE3KO BBIPAXKEHO J0JIeBOE
CTPOEHHE, [[BET CTaJl CBETJIO-0eXKeBbIM. B moukax oGHapyKeHbl eANHUYHbIE KPOBOU3MHUAHUSA. COCyZibl MO3TOBBIX 060JI049€EK
pacuMpeHsbl, HaG/II0AAI0TCA NeTexXualbHble KPOBOM3/IUAHUA. bblyla HapylieHa cuHTeTHYecKas QYHKLMA KJIETOK U CTabUJIb-
HOCTb KJIETOUHBIX U BHYTPUKJIETOUHbIX MeMOpaH, B IepBYyI0 oyepe/b NOCTPafasl 3HAOTENIUN KPOBEHOCHBIX COCY/I0B, GbLIO0
HapyuieHo ¢usmnosornieckoe GyHKIIHOHHPOBAHHE OPTAaHOB U TKaHEeN ¢ HaKOIJIEHHeM NPOMEKYTOUYHbIX IPOJYKTOB GHOXU-
MHYECKHUX peaKLUH, onpejessieMoe Makpockonudecku. Takxke onpefessjach JUCTPoduUs BHYTPEHHUX OPraHOB, B YaCTHO-
CTH NeYeHH, JIETKUX, NT0Y€eK, FOJIOBHOT'O MO3Ta. JJIeMeHTHbIA aHa/IM3 OpraHOB XKUBOTHBIX [T0OKa3aJ HaKOIJIeHue TOKCHUYHBIX
3JIEMEHTOB I10 CPaBHEHHIO C KOHTPOJIbHOH rpymnmnoil. Hau6osiee xapakTepHble 3/1eMeHThI, IPeBbIILIeHHEe [10 KOTOPLIM 3adUK-
CUPOBaHO B GOJIbIIMHCTBE CJy4YaeB, — 3TO PTYTh U MblllIbsAK. OHM HEPAaBHOMEPHO pacnpesiessiiich o0 opraHaM. PTyTb riaB-
HbIM 00pa30M HaKaIJIMBaJIACh B JIETKUX, I0YKaX M MEYEHH, a MbIILIbSK — IPEUMYILECTBEHHO B NI€YEHHU U MO3Te. ITO MOXKET
CBUJETEBCTBOBATD O MOMNAJaHUH HOHOB PTYTH M MblllIbsiKa B GMOJIOTMYECKH JOCTYIHOH GOopMe B KPOBOTOK MHTA/NSIIMOH-
HbIM NyTEéM, NMPUYEM JIOKAJIbHOE pasjipakalolllee U TOKCHYECKOe BO3/IeHCTBHUE Ha JIETKHME He ObLIO NpEeBaJUPYIOIUM, a
HauboJiee MOBPEXAEHHBIM OPraHOM SIBJISJIACh MIEYEHb MO Pe3y/IbTAaTaM TOKCUKOXHMHUYECKOr0 U MOPQOIOrMyecKoro uccie-
JloBaHUH. ['oMeocTa3 MUKpO- M MaKpO3JIEMEHTOB TOHKO OTPETYJIMPOBaH, U JII060H KOHLIEHTPALMOHHbIN JucbalaHC B BUJE
JebunuTa NIPUBOAUT K NPOrPECCUPYIOIEMY CHHXKEHUIO U HapyIIEHHI0 HOPMa/JIbHON GHO0/I0TMYECKONH QYHKIMH, K TAXKeNbIM
$U3MO0JIOTMYECKUM U KJIMHUYECKUM HUCX0ZaM, YTO U HAGJII0AA/I0Ch [0 pe3ysibTaTaM onblTa. [loslydyeHHble JaHHbIe JJOKa3alu
OCTpO€e TOKCUYHOE BO3/leHCTBHE NapOra3oBbIX MOTOKOB Ha KMBbIE OPraHU3MBbl, a TaKXKe MO TBePJUJIN BO3MOXKHOCTb BBIHO-
ca MHOT'MX XUMHY€ECKHX 3JIEMEHTOB B JIETKOZOCTYIHON U yCBOsieMOoH popMax.

KirouyeBble cjI0Ba: apceHUHbIE OTXOABI, Mapora3oBble NOTOKH, MeTa/Ibl U MeTaJUIOU/bI, KPbIChI-CAaMIibl JIMHUK Bucrap,
TOKCU4YecKuH 3 ekt
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Abstract. Relevance. Vapor-gas flows from technogenic substances (storage wastes of the mining industry), carrying a high
amount of potentially toxic elements, are a big problem for the environment and the population, because metals and metal-
loids in the composition of emanations are in easily digestible bioavailable forms and are able to easily penetrate into living
organisms. Aim. Assessment of toxicity for living organisms of air mixtures containing gaseous products emitted by a surfac-
es of mine tailings freely located near settlements and under the influence of climatic factors and microorganisms. Objects.
Arsenide waste material from the Tuvacobalt plant and steam-gas emanations from it. Methods. Experiments with white rats
male Wistar, analysis of organs for the content of a wide range of elements by ICP-MS on a NexION 300D mass spectrometer
(PerkinElmer, USA) (Problem-based research laboratory of hydrogeochemistry "Water" of the School of Natural Resources
Engineering of Tomsk Polytechnic University). In the experiment, a pooled sample of the waste substance was used. The
sample was analyzed for the content of oxides of the silicate group by XRF using an X-ray fluorescence spectrometer ARL-
9900-XP (Thermo Electron Corporation, Switzerland) at the Laboratory of X-ray Spectral Analysis Methods of the IGM SB
RAS; elemental analysis was carried out by ICP-MS using an ELAN-9000 DRC-e instrument Perkin Elmer, USA (HAC Plasma).
Results. Under the influence of vapor-gas emanations from the substance of arsenide tailings of the Tuvacobalt plant on a
group of rats male Wistar, pathological changes occurred in the experimental group. Small foci of hemorrhages formed in the
lungs, the tissues became edematous and inflamed. The liver of all animals increased, the share structure became sharply
expressed, the color became light beige. Single hemorrhages were found in the kidneys. The vessels of the meninges are dilat-
ed, petechial hemorrhages are observed. The synthetic function of cells and the stability of cellular and intracellular mem-
branes were disrupted, first of all, the endothelium of blood vessels was affected, the physiological functioning of organs and
tissues was disrupted with the accumulation of intermediate products of biochemical reactions, determined macroscopically.
Also, dystrophy of internal organs was determined, in particular, the liver, lungs, kidneys, and brain. Elemental analysis of
animal organs showed the accumulation of toxic elements in comparison with the control group. The most characteristic el-
ements, the excess of which was recorded in most cases, are mercury and arsenic. They were unevenly distributed through-
out the organs. Mercury was accumulated mainly in the lungs, kidneys and liver, while arsenic was accumulated mainly in the
liver and brain. This may indicate the entry of mercury and arsenic ions in a biologically available form into the bloodstream
by inhalation, and local irritating and toxic effects on the lungs were not prevailing, and the liver was the most damaged or-
gan according to the results of toxicochemical and morphological studies. The homeostasis of micro- and macroelements is
finely regulated, and any concentration imbalance in the form of a deficiency leads to a progressive decrease and disruption
of normal biological function, to severe physiological and clinical outcomes, which we observed from the results of the exper-
iment. The data obtained proved the acute toxic effect of vapor-gas flows on living organisms, and also confirmed the possi-
bility of the removal of many chemical elements in easily accessible and assimilable forms.

Keywords: arsenide waste, vapor-gas flows, metals and metalloids, male Wistar rats, toxic effect
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BBeseHue HETaTUBHOE BO3/CICTBHE Ha OKPYXAIOILIYI Cpeny,

OTX0/6I TOPHOMOOBIBAIOLIEN M METAUIYPIHYeCKOH  OuoTy U 4enoBeka [1-4]. Bospiioe BHUMaHHE HCCIe-
TPOMBIIIIEHHOCTH, COJIEPIKAIINE BHICOKAE KONMYECTBA  JOBaTeliell HallpaBJICHO Ha M3yYeHHE INIAXTHBIX BOJ U
METAVIOB M METAIONIOB, OKa3bIBAIOT CEPhE3HOE  JPCHAKHBIX IMMOTOKOB BCICICTBUC BBICOKMX KOHIICH-
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Tpanui TOKCHYHBIX 3JIeMeHTOB [5, 6] u BimsHus Ha
MPUPOAHBIC BOIBI, TIOYBEI, PAaCTUTECIHHOCTh U Haceye-
uue [7, 8].

3arpsi3HeHHE BO3/lyXa — 3TO HE COBPEMEHHOE TMOHS-
THE, OHO CYIIECTBOBAIO Ha MPOTSDKEHUH MHOTHX Be-
KoB. B mMupe mmpoko u3ydarorcs mpoOieMbl BO3IEH-
CTBHS 3arps3HeHusi aTMoc(epHOTro Bo3/ayXa Ha 3710pO-
BbE JIIOACH. VM3BECTHO, UTO OHO SBJISAETCA ITPUUHMHOU
cMepTH OoJiee 2 MITH YelloBeK Kax bl rox [9]. Hccre-
JIOBATEIM TOACYUTAIHN, YTO €XKETOJHBIH MaTephallb-
HBII ymepO, CBA3aHHBIA C BO3JCHCTBHEM OJHHX TOJIb-
KO B3BCHICHHBIX YaCTHI[ HA 3I0pPOBbE Jonmeil (CoBo-
KyIHO II0 CMEPTHOCTH U 3abosieBaeMocTH), B 1990-x —
Hayae 2000-x TIT. MMEN CIEAyIoIMe I0Ka3aTemu:
3,6 Mapna gomn. B Asctpuu, 24,3 mupa moiut. Bo Opan-
uum, 3 muipa gomn. B HIsenunm, 21,2 miapa goit. B Be-
nmukobputanun. B CLLA ymep6 ot Bo3aeicTBHS aTMO-
cdepHbIX B3Becel coctapmi 40—50 MuIpa JOJIIL. B TOJ, &
Kurae — 61 mupn momn. [10, 11].

Mertamtyprudeckass W TropHas MPOMBIIUICHHOCTh
SIBIISICTCS. OMHUM W3 KPYHMHEHIINX UCTOYHHUKOB 3arps3-
HeHus: atMocdeproro Bosayxa [12-16]. Cetu meteo-
POJIOTHYECKUX CTAHLUN HAOIIOJACHUS MOTYT HUCIONb-
30BaTbCs JUII MOHHUTOPHWHTA METEOPOJIOTHYECKHX Ia-
paMeTpoB M ONpeACIeHIs BO3ACHCTBHS 3arps3HUTEICH
BO3JyXa Ha KOMIIOHEHTHI OKpyaromed cpenbl. s
W3YYCHHUSI aHTPOTIOTCHHOTO BO3JCHUCTBUS HA OKpYKa-
IOIIYIO0 CPEeoy HCIONB3YIOTCS Pa3TUYHBIE KOCBCHHBIC
MOKa3aTell, TakKhue KaK M3MEHEHHWE XHMHYECKOTO CO-
craa nous [17-20], cuexxHoro mokpoa [21-25], a
TaKke pacreHus-uHaukaropsl [26-30]. B momonnenne
K OMOMHAMKATOPHBIM HCCIIEOBAHUSAM B TOpOJax HAJs
OIICHKH BO3JICHCTBUS 3arpsA3HEHUS IUPOKO HCIOJB3Y-
FOTCSI METOIBI aKTUBHOTO OMOMOHHUTOPHHTA U OIEHKU
HAKOIUICHUSI 3arps3HSIONINX BEIIECTB B MXaX M JIH-
nraiinnkax [31-35]. B wacTHOCTH, OICHKH KadyecTBa
MXa CTaHIAPTH3WPOBAHBI M PEKOMEHIOBaHBI IS HC-
cremoBaHus 3arpsisHeHus armocdepsr [33, 36].

TexHoreHHBIE BBHIOPOCHI METAJNIOB B BUIE a’3p030-
Jedl TOCTymaroT B aTMmocdepy U IEpeHOCATCS Ha
OTPOMHBIE PACCTOSIHUSA, MTPOBOLMPYSL TEM CaMbIM IJIO-
OalbHOE 3arpsi3HEHUE.

Cepbe3HOH 3KOJIOTHUECKON IPOOIEMON SBISETCS
MOCTYIUIEHHE MHOTHX XHMHYECKHX HSJIEMEHTOB B CO-
CTaBe Mapora3oBbIX IOTOKOB OT TEXHOT€HHBIX TeJ
(CKJTaPOBAHHBIX OTXOJIOB 00OTAICHUSI TOPHOPYIHOM
npombitiuieHHocTH) [37, 38]. Ilpu aToM nokazaHo, 4TO
MIPU SMHUCCHUU OT TEXHOTE€HHBIX TEJI XMMHUYECKHE diie-
MEHTBI CIIOCOOHBI TIEPEHOCUTHCS B UCTHHHOM T'a30BOM
MOTOKE MO0 B BHUJIE HAHO-Pa3MEPHBIX YacTUI] <3 HM
[39], uTo 03HauaeT uxX BBICOKYIO OMOAOCTYNmHOCTH. He
BCE METAJJIBI B TIOOOM KOJIMUYECTBE SBJISIOTCS TOKCHY-
HBIMH. HexoToprie TspKemple MeTajuThl BaXKHBI B Kade-
CTBE MHKPODIICMEHTOB BO BHYTPUKJICTOYHBIX OHOXU-
MHUYCECKHX peakiusx. HeoOXoIuMbIM CUHTAIOT TaKoi
XMUMWUYECKHUH 3JEMEHT, NMpPU HEIOCTaTKe KOTOPOTO B
OpTaHm3Me YeIOBeKa BO3ZHHUKAIOT (HyHKIHOHAIBHEBIC
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HapyleHus: (THIOMUKPO3JIEMEHTO3bl), Takue Kak 00-
ne3Hb Menkeca (nepunmt menu) [40], BpoxaeHHBIC
MMOPOKH Pa3BHUTHS MO MpUYMHE AcduumnTa MuHKa [41],
nuaber B CBA3M ¢ jaedumuToM Mapranuna [42] u Aap.
HoHBI HEKOTOPBIX METAJUIOB CIY>KaT TEpareBTHUECKU-
MU areHTamMu. KapOOKCHIIaThl IIMHKA, HAIpUMeEp, HC-
MOJIB3YIOTCSI IPOTUB OAKTEPHiA, BHI3BIBAIOMINX 3a00JIe-
BaHUE «HOTH aTiieTay, a JUTUS — NP JeUSHUH MaHHUa-
kajgpHOM menpeccun [43]. OmHako NpU HAKOIUICHUU
TSDKEJIBIX METAJIOB B OPTaHU3ME TOKCHYIECKUe dPdek-
Thl MHOTMX W3 HUX BBI3BIBAIOT CEPHE3HYI0 03a00YEH-
HOCTb.

HexoToprie omacHbIe BemecTBa SBHO HE 0OHApYKH-
BAIOTCs, HO MHOTOYHCJICHHBIE >KaT0Obl Ha W3MEHEHUS
OPraHoJICTITHICCKUX CBOICTB BO3lyXa M YBCINYCHUEC
VJICIBHOW JIOJM OTpe/IeIeHHBIX 3a00JIeBaHUi Ha TeppH-
TOPUSIX, MPUMBIKAIOLUIUX K KPYIHBIM OOOTaTHUTENbHBIM
MPEANPHUATHSIM, TO3BOJIAIOT MPEANOJIOKUTh HebIaro-
NPUATHOE BIMSHHE TI0Ka HEYCTAHOBJICHHBIX, BHOBb 00-
Pa30BaHHBIX COEIMHEHUI, B TOM YHUCIIE Pa3IUYHBIX Me-
TAJIOB U METAJUIOUIOB, TIEPEMEIIAIONINXCS C BO3TYLI-
HbIMM MacCaMU M3 30H CKJIaAUpPOBaHUA IPOMBINIICH-
HBIX OTXOJIOB B MecTa HaxoxaeHus Jnojeit [44]. Ha ce-
TOJHS OTCYTCTBYIOT MCUEPIIBIBAIOIINE 3HAHUS O TpaHC-
(bOpMaHI/II/I IIOTCHIMAJIBHO OIIaCHBIX BE€HICCTB W COCIH-
HEHUI B 9KOJIOTMYECKON CUCTEME. DTO IPUBOANUT TIOPOH
K CEepbE3HBIM TOCIEACTBHAM: KaXKyluecs 0e30MacHbIMU
MIPOIYKTHI YeJIOBEYECKOW JCATSIILHOCTH B OMOTeOIeHO-
3€ MOI'YT CTaTh TOKCUKaHTaMHU.

Lenp nanHOW pabOTHI cOCTOANA B OLIEHKE TOKCHY-
HOCTU IJIs1 KUBBIX OPraHU3MOB BO3OYHIHBIX CMeCGﬁ,
coJiep)KalIuX Ta3000pa3Hble MPOIYKTHI, BEBIACIICMBIC
TEXHOT'€HHBIM BEIIECTBOM, CBOOOHO PACIIOIOKEHHBIM
B6J'II/I3I/I HACCJICHHBIX IMYHKTOB W HaXOAAIIUMCA 1O
BO3JICHCTBHEM KIMMATHYECKUX (PaKTOPOB U MHUKPOOP-
TaHU3MOB.

MartepuaJibl 1 METObI

J7nst SKCTIEpUMEHTOB OBLIO BBHIOPAaHO BEIIECTBO ap-
CEHMJIHBIX OTX0A0B KoMmOunHaTta TyBakoOanbT. OcHOBa-
HUEM I IIPOBCACHUSA OKCIIEPUMEHTOB UMCHHO C 3TUMH
OTXOJIAMH CITYKHJIH TTOJyYeHHBIE paHee Pe3yIbTaThl 10
COCTaBy KOHJIEHCATOB TMAapOra3oBBIX MOTOKOB OT TIO-
BEPXHOCTH KapT 3aXOPOHEHHS, B KOTOPBIX OBUTH OIpe-
JIeNIEHBI MHOT'HE 3JIEMEHTHI B JieTydel ¢popme [45].

Xapakmepucmuka eeujecmead 0151 IKCnepumMeHmo8
[IpoObl UIsT SKCIEPUMEHTOB OBLTH OTOOpaHBI Ha
kapTax NeNe 4 1 5 xpaHunuil oTxoA0B koMmOuHarta Ty-
BakoOanbeT. PacmonmoxeHne KapT 3aXOpOHEHHS M CO-
CTaB OTXOJIOB B HUX MOKa3aHbl paHee [45]. CoOpaHHbBIE
poObI ObUTH 0OBEAMHEHBI U TIIATENBHO IepeMeIIaHbl.
W3 momydeHHO! cMecH METOAOM KBAapTOBaHHUS OTO-
OpaHbl HABECKH [UTS aHAJIH30B U 3KCIEpUMEHTOB. Ok-
CUIBl CHJIMKATHONH TPYIIBl ONpEAETeHbBl METOA0M
POA Ha peHTreHODIyOPECIIEHTHOM CIEKTPOMETpe
ARL-9900-XP (Thermo Electron Corporation) B i1a60-
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paToOpuM PEHTTEHOCHEKTPAIBHBIX METOJNOB aHAIN3a
HUT'M CO PAH, sneMeHTHBIN aHamu3 MPOBOIUIICS Me-
tontom HCII-MC nHa mpubope ELAN-9000 DRC-e,
Perkin Elmer, USA (XALI «ITna3zma).

Jnia onpeneneHus: coctaBa dYMaHalUi OT JKCIEPH-
MEHTAIBHOTO BEIIECTBAa OBUIN MOJTYYEHBI KOHICHCATHI
Mapora3oBOil CMECH, OTICILTIOMICHCS PH HEOOIBIIOM
HarpeBaHuu. Haecka BemectBa npo6sl ~100 r 6buta
MIOMEIIEHa B TEPMOCTOMKHM CTakaH, HaKpBITBIH BO-
POHKOM, KOTOpast COeTUHSIACh ¢ 6apOOTEPOM CHITHKO-
HOBBIM MUIAHIOM. BO3IyIIHas cMech OTKa4yHMBaIach
00paTHBIM KOMITPECCOPOM, MPUCOSAUHEHHBIM KO BTO-
pomy BeIxoay 6ap6otepa. CtakaH ¢ mpoOOl HarpeBas-
csi go Ttemmeparypel 60 °C Ha TepMOCTaTHYECKOM
mMTKe B TedeHue 8—10 yacoB, U KOHAEHCAT MOCTyIall B
Oapbotep. KoHIleHTpaIluy OCHOBHBIX MOHOB B KOHJICH-
care ONPeeISUTICh METOAOM KAIMIUIIPHOTO JJIEKTPO-
(opesa Ha npudope «Kamnens 105-M» (JIromdkc, CaHKT-
[etepOypr). Ha MukpoaneMeHTHBINA cocTaB poObI aHa-
JM3UPOBATUCH METOJIOM MAaCC-CIIEKTPOMETPHH C HHITYK-
THBHO CBsI3aHHOW masMoii Ha mpubope Agilent 8800
(Agilent Technologies, CIIIA) B IIpoGiemHO# Hay4HO-
HCCIEAOBATENILCKOH  Ta0OpaToOprH  THAPOTCOXUMHUU
«Boma» WmkeHepHOW IIKOJBI MPUPOTHBIX PECYpPCOB
TOMCKOTO MOIMTEXHUIECKOTO YHUBEPCHUTETA.

Iocmanoeka skcnepumenma

OKCHEepUMEHT NMPOBeNU Ha OebIX KpbICax-camIax
ymaun Wistar o6ment maccoit 250-280 r. JKuBoTHBIX
COIepXaIy B YCIIOBHSX J1aDOpaTOPHOTO BHBApHs IO
10 oco0eil B MONMUIPONUIEHOBBIX KIETKaX, HAKPBITBIX
CBEPXY BBICOKOW METaJNIMUECKOM pelETKol, HE MEHee
JBYX HEJeNb 10 Hadana 3KCIEpPUMEHTOB Ha CTaHOAPT-
HOW JueTe, MpU CBOOOAHOM JOCTYIE K BOAE U HOP-
MAIILHOM CBETOBOM DEXKHME. Ha xaxmoe >xuBOTHOE
npuxoamiock 270 cM” TuIomany KIeTkd. IKCTIEPUMEHT
IIPOBOJMIICS COOTBETCTBEHHO MPaBUIIaM, IPUHSTHIM Ha
EBpormelickoli KOHBEHIIMM TIO 3alIUTE TO3BOHOYHBIX
KMBOTHBIX, UCIIOJIb3YEMBIX JUIS SKCIIEPUMEHTANBHBIX U
WHBIX Hay4yHbIX Lieneil [46], npaBuiam jgabopaTOpHOI
npaktuka  [47]. B skcnepuMeHTe 3aielCTBOBaHO
20 J1abopaTOpHBIX KUBOTHBIX, BE rpynmbl mo 10 oco-
Oeil, KOHTPOJIbHAS U OIBITHAS.

OKCIEePUMEHTAIBHBIX XKUBOTHBIX OMELIATN B CTaH-
Japtaeie 200-1UTpOBBIE 3aTpaBOYHBbIE KaMEphl, KOTO-
pble ABaXKIBI COOOINATNCH MEXIY COOOH C MOMOIIBIO
XMMHYECKUX CHUJIMKOHOBBIX TPYOOK JUISi IOCTOSTHHOM
muh¢dy3nun mapa, BO BpeMsl HHTAISIIMOHHON 3aTpaBKU
ucnoab3oBanu Hacoc «Kum-Koncanr» (puc. 1).

3a yac 0 HCCIENOBaHMS B MEPBYK KaMepy IoMe-
many mpoOy BemectBa Maccoi 1500 r B maboparopHoit
(bapdopoBoif €MKOCTH, YCTaHOBICHHOH Ha 3JIEKTpO-
neusb. B npoby n06aBnsnu AUCTUIUIMPOBAHHYIO BOAY B
xomuuectse 100-150 mi ans ucnapenus. s HarpeBa
BEILIECTBA UCIOJIB30BANH JIAOOPATOPHYIO AIEKTPOIEUb ¢
KOHTPOJIMPYEMBIM JAaTUUKOM TeMmeparypbl. Temmepa-
TypY IOBEPXHOCTH 3JIEKTpoIeuy BbICTaBsM Ha 120 °C
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JUTs TIOCTOSTHHOTO HarpeBa oOpasna a0 50 °C mo Bcemy
00BbeMy JI0 TIOTYYEHHsI YCTOWYMBOM KOHIICHTpAIIUHU T1a-
pa B mepBoi Kamepe. MOHMTOPWHT HarpeBa BeIIeCTBa
BBITIOJTHSUTA C TIOMOMIBIO PTYTHOTO rpaxycHuka TJI-2.
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Puc. 1.
Fig. 1.

Cxema sKkcnepumeHma
Setup of the experiment

[Tocne aToro Bo BTOPYIO KaMmepy MOMeLIaln j1ado-
PaTOPHBIX >KMBOTHBIX M JKCIIOHHPOBAIM B TeueHue 4
gacos ¢ 10:00 mo 14:00. Bo Bpems 3aTpaBku B Kamepax
KaXK7ble Mmojiyaca CHUMaJH rnokasarenu (tadiu. 1):

e B nepsoii kamepe — TemrnepaTypy HarpeBarouieics
moBepxHOCTH 3jekTpomutku (°C), Temmeparypy
Harpesatoierocs rpyHta (°C), Bi1axxHoCTH ¢, %.
Bo BTOpOii Kamepe — Temneparypy Bosznyxa (°C) u
BIaXXHOCTH ¢ (%).

[Tocne TpexIHEeBHOW WMHTAJSLMHU ONBITHYIO TPYIITY
n1ab0paTOPHBIX KUBOTHBIX BBIBOAWUIM METOJIOM YCHII-
JISHWsI JUATUIOBBIM 3(HUpPOM M TIOCIEIyOmIeH 1epBu-
KallbHOW nucnokanuei. OCyIEecTBISUIM BCKPBITHE W
MPOBOJMIIM OCMOTP BHYTPEHHHX OPraHOB cpazy IMocie
3a00s. [locne BCKpBITHS W3BIMAINCh MO3T, ICYCHB,
JIETKUE, TOYKU AJISl THATHOCTHKH CONEPIKAHUS TSKe-
JBIX METAJUIOB U METa/NIOUJ0B B TKaHAX. Ha uerBep-
Thle CYTKA KOHTPOJBHYIO TPYIIY BBIBOAWIH, OCY-
IIECTBIISUTA BCKPBITHE, POBOIILIN OCMOTp M U3BIMAIIN
Oprasbl TaK e, Kak U B OIBITHOM IpyTIie.



HM3BecTust TOMCKOro nMoJIMTEXHUYECKOT0 YHUBepcuTeTa. UHXXUHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 95-107
BopTthaukosa C.b. u Ap. TOKCMYHOCTB NapOTra30BbIX IOTOKOB OT TEXHO€HHOTO BellecTBa

Ta6/luua 1. Ycaosus JdKcnepumeHma no onpeae/leHu}o moKcu4¥Hocmu napoe om seujecmea XOGy-AKCUHCK'LlX XpaHuauw

Table 1. Conditions of the experiment to determine the toxicity of vapors from the Khovu-Aksu tailings
OnbiTHas rpynna/Experimental group KoHTposibHas rpynna/Control group
Bpewst Temnepartypa/Temperature of, T, °C . Bpewms T Bosyxa .
Time MOBEPXHOCTH 3JIeKTPOTIMTKH rpyHTa BO3AyXa @, % Time (air) °C ® %
electric stove surface ground air

10:00 80 Huske 30 26,2 73 10:00 26,2 83
10:30 82 Below 30 27,8 87 10:30 26,2 85
11:00 82 28,5 90 11:00 26,2 85
11:30 82 38 28,8 91 11:30 26,3 87
12:00 82 42 28,8 91 12:00 26,4 91
12:30 82 46 28,9 92 12:30 26,4 91
13:00 82 47 28,9 95 13:00 26,4 92
13:30 OTkittounin aseKTpoiuTKy /Turned off the electric stove 13:30 26,6 93
14:00 [Togaya Bo3ayxa/Air supply .

Jo6asuun H20 100 ma/Added H20 100 ml 14:00 Mopasa sosayxa/Air supply
10:00 120 59 25,8 67 10:00 26,0 78
10:30 120 68 27,9 99 10:30 26,0 79
11:00 120 69 279 99 11:00 26,1 80
11:30 120 70 28 99 11:30 26,1 81
12:00 120 72 28 99 12:00 26,2 82
12:30 119 74 28 99 12:30 26,3 81
13:00 119 72 28 99 13:00 26,4 85
13:30 OTki04nIu 31eKTpoIuTKy /Turned off the electric stove 13:30 26,5 92
14:00 [Tosava Bosgyxa/Air supply

[lepemewmanu rpyHT, fo6aBuau H20 150 M 14:00 [lomava Bo3xyxa/Air supply

Ground was mixed, H,0 150 ml was added
10:00 125 47 25 90 10:00 26,0 79
10:30 125 51 25,5 93 10:30 26,1 80
11:00 125 56 26,4 98 11:00 26,2 85
11:30 126 59 26,7 99 11:30 26,3 87
12:00 125 60 26,9 99 12:00 26,4 91
12:30 125 60 27 99 12:30 26,4 93
13:00 125 61 27 99 13:00 26,4 95
13:30 OTk/aounau ajektpomauTky/Turned off the electric stove 13:30 26,6 97
14:00 [Mogaya Bo3ayxa/Air supply 14:00 [Topaya Bo3ayxa/Air supply

Oprasbl )KUBOTHBIX (KOHTPOJBHOW M ONBITHOM TPyTI-
BI) OBUIM BBICYIIEHBI B CymiibHOM Iikady mpu T 105
°C 110 TIOCTOSHHOW Macchl M IIPOaHaIU3UPOBAaHBI METO-
nom MCIT MC na macc-criektpomerpe NexION 300D
(PerkinElmer, CILIA) c sruetikoit ycrpanenust pona UCT
B IIpobGiemHOl HaydHO-MCCIIEOBATENbCKOM Tabopato-
puu rugporeoxumun «Bona» MHkeHepHOH IMIKOJIBI IIpHU-
pPOAHBIX pecypcoB TOMCKOro MONUTEXHUUYECKOTO YHU-
BepcuteTa. HaBecky npo6sr 0,4-0,5 T nomemanu B mna-
CTHKOBYIO IPOOHpPKY 00BeMoM 50 e’ IIPOBEPEHHYIO Ha
grcToTy. Jlanee mpoBOIIIIOCE MOKpOE 030JIeHHE 00pasia
noGaBeHreM 2 cM® 0000 YHCTOl KOHIEHTPHPOBAHHOI
A30THOM KHUCIOTHI U 1 oM’ TIEPEKUCH BOJOPOAA, MOCIIE-
JyIoIliee MUKPOBOJIHOBOE PA3JIOKEHHE C HCIIOIB30BaHHU-
€M MHKPOBOJIHOBOH CHUCTEMBI CO BCTPOEHHBIMH OECKOH-
TAKTHBIMH ~ JATYAKaMH  TEMIIEpaTypbl ¥ JABJICHHS
«Speedwave four» npu Temmneparypo 190 °C B TeueHue
15 munyT. IlomyueHHas cMech JOBOIMIACH A0 0ObeMa
50 M’ 3 % pacTBOpoM a30THOW KHUCJIOTHL [lomroroska
«xomoctoii mpobe» (blank) mpoBoauTCsS aHATOTHYHBIM
CIIOCOOOM C HCHOJIb30BaHUEM BMECTO MPOOBI IEHOHH30-
BaHHOU BoJibl. KOHTpONb KauecTBa pe3ysIbTaTOB aHAIN3a
MPOBOIMIICSI C HCIOJB30BAHIEM MYJIETHAIIEMEHTHBIX
KammbpoBouHEX 00pastoB Ne 2-5 (PerkinElmer, CIIIA).

OTHOCHUTENBbHAS TIOTPENTHOCTh ONpPECICHUN COCTABIISACT
15-30 % B 3aBHCUMOCTH OT COJICPKAHUSI STIEMEHTOB.

Pe3ybTaThl
Cocmae sewjecmea u kondeHcama

CocraB mpoOBl, MPUHATON I SKCHEPHMEHTA, CO-
OTBETCTBYET yCPEOHEHHOMY COCTaBY OTXOJIOB KOMOH-
Hata TyBakoOaNbT, CKIAQJAWPOBAHHBIX B IIITH KapTax
3aXOpOHEHHs M cTapbix Tpasiuesx [45, 48] (Tabn. 2).
B cOOTBEeTCTBHH € COCTaBOM pyI MECTOPOKICHHUS
XoBy-AKCHI, B OTXOJaX COXPaHIINCH CPAaBHHUTEIHHO
BeicOKue KoHIeHTpanuu As, Co, Ni, Cu.

CocraB maporazoBbIX 3MaHanui OBUT OIEHEH 10
cocTaBy COOpPaHHOrO KOHJAEHCATa, SIBJIAIOLIETOCS YIb-
TpamnpecHbIM ciabomenodynsiM pactBopom (pH=8,00),
B COOTBETCTBUHU C KilacCH(HKAIMEH TPUPOJHBIX BOJ,
Cynb(aTHO-TUAPOKAPOOHATHOTO  KJIacca,  KaJbI[Hii-
HaTpHeBOH rpynmsl (Tabmn. 3). Jletyune Gopmsl, oTae-
JSIOIIUECS OT BEMIECTBA OTXOJOB C IApOra30BBIMU
MOTOKaMH, 00pa3yloT MHOTHE DJICMEHTHI, BEIyIIUe 3
KOTOPBIX — KaTHOHBI (Ca2+, Mgz+, Na', K*) u munk,
KoHIeHTpauu kotoporo (0,74 Mr/ia) comoctaBUMBI C
comeprkanreM katuoHoB (tabi. 3). Mn, Cu, Ni, As u
Ba ompeneneHbl B KOHIEHCATaX B MCHBIIEM KOJUYC-
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ctBe. OCHOBHOI aHMOH — ruapokapOoHat (4,1 mr/m),
Cyib(aT COCTaBISIET MEHBIIYI0 KOHLEHTpauuu — 2,4
mr/n. [Ipn 3TOM B aHHOHHOM COCTaBE 3aMETHYIO POJIb
UTPAIOT OPTaHUYCCKUE JIUTAHIBI — OKcaIaT U opMuat
(0,27 u 1,2 Mr/a, COOTBETCTBEHHO), YTO yKa3bIBaeT Ha
y4acThe MHKPOOHMOTHI B TMpollecce TpaHCHOpMAIUu
BeIIeCTBa M (POPMUPOBAHUU MOJBIDKHBIX (OpM 3I1e-
MEHTOB, a TaKkXe HX IEepeHOC B BHJE MeTall-
opraHnyeckux Komiiekcos [37, 38].

Ta6auya 2. Cocmas eewecmsa Xo8y-AKCUHCKUX 0mMX0008
04151 3KcnepuMeHma no onpeodeaeHUr) MOKCUY-
Hocmu napoza3oswvix nomokos: Si0z — LOI 8 %,
Cr-Hgez/m

Table 2. Composition of the Khovu-Aksu tailings for the
experiment to determine the toxicity of vapor-
gas flows: SiOz - LOI in %, Cr - Hg in ppm

KomnoHeHT CozepxxaHue JeMeHT CozepxxaHue
Component Content Element Content
Si02 30,34 Cr 83

TiO2 0,30 Co 1500
Al:03 7,95 Ni 1500
Fe203 7,28 Cu 670
MnO 0,25 Zn 270
Mg0 5,67 Pb 41
Ca0 15,80 Cd 1,1
Naz0 0,84 Ag 7,6
K20 1,45 Sb 100
P20s 0,22 Se 7,5
BaO 0,03 Mo 3,2
Stot 0,20 Rb 26
As 2,37 Sr 110
LOI 16,6 Hg 2,0

Ta6auya 3. Cocmag koHdeHcama 06BeduHeHHOU 3Kchepu-
MeHmMas/bHoll npobsl omxodos: SO+~ - K 8 M2/,
Fe - Sr e mkz/n

paboT Ha moBepxHOCTU KapT NeNe 4 u 5 oOHapyKeHBI
aHOMaJIMM PTYTH B TPU3EMHOM CIIO€ aTMoc(epsl 10
3000 HF/MS, YTO CBHUJIETEIBCTBYET 00 aKTUBHOM 3Ma-
HUPOBaHUH € Tra30BBIX (POPM OT BEIIECTBA OTXOJIOB.

Mopdhor02uyeckue usmeHeHus
Y 3KCNepuMeHMAa/AbHbIX HCUBOMHbBIX

[Tocne oxOHYAHHS SKCHEPHUMEHTA U BCKPBITUS JKU-
BOTHBIX TP MaKPOCKOIMYECKOM OIMCAHUH B TPYIIIE
KOHTPOJIA mopdonoruueckux U3MEHEHUH HE OTMe-
9aJI0Ch.

B OIIBITHOM rpymme y Beex u3 10 maGopatopHbix
JKHBOTHBIX OOHAPYXWIICh TATOJOIMICCKHE W3MCHEHIIS.
B nerkux — menkue oyarn KpOBOWBIMSHUM, MPEUMYILE-
CTBEHHO B CyOIUICBPAJBGHBIX OT/IENAX JIETKUX, TKAHH JIeT-
KUX OTEYHEI, BocrajieHbl. [leueHs y BceX JKMBOTHBIX YBe-
JIMYEHA, CBETJIO-OEKEBOIO I[BETA, PE3KO BBIPAXKEHO JOJIE-
Boe cTpoeHre. Ha pa3spese cBeTio-0exeBoro msera, apsio-
JIOi KOHCHCTEHIMH. MOp(OIOTHIECKH — MPH3HAKH KUPO-
BOH qucTpoduy NedeHu. B noukax euHUYHbBIE KPOBOU3-
JIMSHUA TI0]1 KaICyJIoN U Ha paspese. TkaHu Iouek yIuior-
HEHBI, TEMHOT'O [IBETA, IPAHMIA MEXTY KOPKOBBIM M MO3-
TOBBIM BEILIECTBOM BhIpaxkeHa HeueTko. Cocyapl MO3ro-
BBIX 00OJOYEK PACIIMPEHBI, B MX TOJIIE HAOTIOAAIOTCS
TIETeXHAIBHBIE KPOBOMBIIILSTHIS pa3MepoM oKoito 0,5 M.

HakonseHue 3,1eMeHM0O8 8 MKAHAX

DJNeMEHTHBIN aHaU3 OPraHOB JKUBOTHBIX ITOKAa3all
HAKOIUICHHE TOKCHUYHBIX DJICMEHTOB 110 CPABHEHHIO C
KOHTPOJIbHOU rpymmoi (tabm. 4, puc. 2). Y GOJbIIMH-
CTBa OIBITHBIX JKUBOTHBIX MPOM30ILIO HAKOIUICHUE
(B cpemuem): Hg (8 1,7 pas), Ni (8 6,5 pa3) u Fe
(81,5 pa3) B nerxux; Mg (8 1,6 pa3), Mn (8 1,6 pa3),
Fe (B 2 pa3a), As (B 2 pa3a) B mo3sre; Mg (B 1,2 pasa),
Mn (B 1,2 paza), Hg (8 1,4 pa3a) B meuenu; Mg
(81,3 pa3a), Ni (B 2,4 pasa), Fe (B 2 pasa), As

Table 3. Condensate composition of the experimental (8 2,2 paza), Hg (8 1,6 pa3), Pb (8 1,7 pa3) B noukax.
tailings sample: S042- - K in mg/L, Fe - Srin
ug/L
Komnonent Konuentpauus | 3nement | Konuentpauus | Tagauya 4. HakonseHue u 8bIHOC 31eMEHMO8 8 OP2aHAax
Component Concentration Element Concentration 6e1bIX KpbiC 8 SKCnepuMeHme
pH 8,00 Fe 2,3
SO 2.4 Al 9,0 Table 4. Accumulation and removal of elements in the
c- 0,91 Mn 40 organs of white rats in the experiment
NOs- 0,48 Cu 50 [loBbILLIEHHBIE [OHMKEHHbIe
C204%-(okcanar 027 7n 740 OpraH | Mo CpaBHEHUIO C KOHTPOJIEM | 10 CPABHEHUIO C KOHTPOJIEM
oxalate) ’ Organ Elevated compared Decreased compared
HCOO-(popmuar 12 Pb 027 to control to control
formate) ’ ’ Jlerkue Mg (9), Hg (10), Na (9), P (8), Si (8),
HCO5- 41 Ni 21 Lungs Ni (10), As (4), Fe (7) K (8), Br (8),1(8)
Ca? 1,9 Co 4.6 Mosr Mg (10), Mn (10), Na (8), i (8), P (8),
Mg2+ 0,30 As 23 Brain Fe (8), As (9), Hg (5) S(8),K(8),Br(7)
Na* 0,96 Ba 45 [leyeHb Mg (6), Mn (5), Fe (6), Na (9),Si(8),P (8),S(9),
K* 0,44 Sr 71 Liver As (2), Hg (9) K (9), Ca (10), Br (10)
[Mouku Mg (10), Mn (4), Fe (8), Ni Na (6), P (8),S (8),
Kidneys | (10), As (10), Hg (10), Pb (4) K (8), Ca (8)

OTMeTHM, YTO PTYTh B KOHJEHCAaTe OKa3allaCh B
KOHILIEHTpaLUAX HIDKE Ipesaena oOHapyxeHus. OqHako
IIpU IPOBEACHUU PTYTHOM CBEMKU B XOJE€ IIOJIEBBIX

Ipumeyuarue: 8 cko6Kax NOKA3AHO KOAUYECMBO HCUBOMHDIX, Y
KOMopblX 06HApY*ceHO No8bluleHUe/NOHUYCeHUe KOHYeHmpayutl
3/1eMeHmMo8.

Note: the numbers in parentheses show the number of animals
with increase/decrease in the concentrations of elements.
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Puc. 2. KoHyeHmpayuu HeKOMOpbIX 3/1eMeHM08 8 OP2aHAX ONbIMHBIX HCUBOMHbLIX N0 CPABHEHUIO C KOHMPOALHOI 2pynnoti.
JluHuamu Ha 2pagpukax nokasaH yposeHb KOHYeHmMpayuil 8 KOHmMpo.Je
Fig. 2.  Concentrations of some elements in the organs of experimental animals compared with the control group. The lines on

the graphs show the level of concentrations in the control
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OTMeTUM, 4TO Y OTIENbHBIX >KUBOTHBIX IMPEBBIIIE-
HUE KOHIIEHTpAlMii B OpraHax OBLJIO CYIIECTBEHHO
Oonpie (puc. 2). MakcuMaJbHOEC HAKOTUICHUE HUKEIS
B JIETKUX IIOYTU Ha MOPAJOK MPEBBILIANIO KOHTPOJIb, B
moukax — B 4 pasa; MbllIbsiKka — OoJiee yeM B 4 pas3a B
MO3re, JIETKUX U TOYKaX. DJIEMEHThl HEpaBHOMEPHO
pacnpeaensuiuchk o oprasam. PTyTh riiaBHbIM 0Opa3oM
HaKaIUIMBaJach B JIETKUX, NIEUYE€HU U B MOYKAX, MbIIIb-
SK — B MO3T€ M [0YKaX, HUKEJIb — B JIETKUX W TOYKAX.
Y Bcex JKMBOTHBIX BO BCEX OpraHax OTMEYEHO MPEBBI-
meHue cojepxkanus MarHus. Haumbonee ys3BHUMBIM
OpPraHOM OKa3aJMCh MOYKH, B KOTOPBIX IIIJI0 HAHOOIb-
1iee HAKOIUIEHHWE 3JIEMEHTOB, a KpPOME€ OTMEYEHHBIX
BbIIIIe, CBUHIA (B 1,7 pa3 BBIIIE KOHTPOJISA B CPEIHEM U
B 7 pa3 — MakCUMaJbHbIe KOHIEHTpanun). I1pu stom,
BEpOATHO, UMEJIa MECTO HE COBCEM PaBHOMEpHasl IKC-
MO3UILIMSI TapOB Ha Pa3HbIX KUBOTHBIX. Hampumep, BO
BcexX opraHax >KUBOTHBIX NeNe 6 u 7 oTMmeuaercs Mu-
HUMaJbHAasl KOHIIEHTpAIWs >Kelie3a 10 BBIOOpKE, a y
XKHUBOTHOTO Ne 3 — MakCHUMaJIbHOE COJIEPKAHUE MbIIIb-
sIKa.

Bunumo, coueTaHHOE HAKOIJICHHE Pa3IMYHBIX Me-
TaJJIOB ¥ MBIIIbSKA B OpraHax *XMBOTHBIX IPOHU3BEIO
3¢ (dexT B3aMMHOTO yCUJIEHHUSI TOKCUYECKOTO JeHCTBUS,
KOTOPOE TIPEBBICHIIO KOMIICHCATOPHBIE BO3MOXKHOCTH
OMOJIOTMYECKUX CHCTEM W SIBUWIOCH TNPHYMHOW WX
OCTPOTO TOpaXKEHUsI, MPOSBUBIIErOCs MOpQoIorHye-
CKH.

OOHOBPEMEHHO C HaKOIJIEHHMEM OIpPENeIeHHbIX
3JIEMEHTOB, XapaKTEePHbIX Ul TapOra3oBbIX AMaHaLUi
OT BelecTBa XOBY-AKCHHCKHX OTXOJIOB, TPOUCXOJIU-
70 3aMeTHOe OOeIHEHWe HEKOTOPHIMH OHOTEHHBIMU
anementamu (Na, P, K, S, Br, ), BBIHOC KOTOPBIX,
MPENOIOKUTETHHO, OCYIECTBISUICA 32 CUET 3aMellle-
HUS TOKCHYHBIMH TSDKEIBIMH METAJUTAMH W MBIIIbS-
koM. B cpenHeM OWOTCHHBIX 3JEMEHTOB CTaJl0 Ha
20-30 % MeHbIE B OpraHax OMBITHBIX *XUBOTHBIX IO
CPaBHEHUIO C KOHTPOJIEM.

BiauMoneiictBrue OMONOIrHYECKUX OOBEKTOB C Me-
TaJJIaMH U METAJIJIOWAaMHU BBI3bIBa€T 0COOBII MHTEpEC,
MTOCKOJIbKY OJIHM M3 HHX BXOJST B COCTaB JKHUBBIX Op-
TaHU3MOB KaK MAaKpOJIJIEMEHTHI, BBHITONHSA (PH3HOIIO-
rudeckyro poib (Cu, Zn, Se), a apyrue sIBISIOTCS KCe-
Hobuotukamu (Hg, Ag, As). Ilapora3oBeie sMaHaIuu
(a BMecTe ¢ HAMH XHMHYECKHE SJIEMEHTHI B OHOIO-
CTYmHO# (opMe), B OTIUYUE OT MBUICBBIX (paKIuii
Pa3IMYHON TUCTIEPCHOCTH, MOTYT NIPOHUKAThH B PECIU-
paTOpHBIE OTAENbl JIETKUX, MOBPEXKAas SIHUTCIHIA,
oOecrieynBalOUi razo00MeH, U H3MEHATh COCTaB
KPOBH CO CKOPOCTBIO, COMOCTaBMMOH C Hemocpen-
CTBEHHBIM TapeHTEpaIbHBIM BBeJeHHeM. CodeTaHue
9THX (AKTOPOB PE3KO MOBHIIIAET OHOJIOTUIECKYIO TI0-
CTYIIHOCTb U TOKCHUYECKHE 3((HEKTHI, KOTOPHIC CI0XKHO
MpelcKa3aTh NP COBMECTHOM BO3ACHCTBUM IIEPEHO-
CHUMBIX TI'a30BBIMM NOTOKaMH BEIIECTB. 3allyCK Kacka-
JIOB MATOJIOTHUECKUX PEaKIHii MPUBOAUT K PA3IUYHBIM

MPOSIBICHUSM HAapYIICHHs (YHKIHHA KIETOK, OPTaHOB
U TKaHel TeM 0oJiee CI0XKHBIX, 4eM Ooliee MHOTO(aK-
TOPHO aNbTEPHPYIOIIEe ACHCTBHE M COCTaB TOKCHYE-
ckux cMmeceit [49].

B 1menoM mnodydeHHBIC pe3yabTaThl CBUACTEINb-
CTBYIOT 00 OCTPOM TOKCHYECKOM 3(PQeKTe Mmaporaso-
BBIX SMaHAIM{ OT BEIIECTBAa OTXOIOB, BBHICOKOW OMO-
JMOCTYIHOCTH JIeTy4uX (GOPM DIIEMEHTOB, OBICTPOM
MNPOHUKAHUU HUX B OpraHbl JXWUBBIX OPTaHU3MOB H
HAKOIUICHUH 32 CUET OMOTCHHBIX KOMITOHEHTOB. [Ipo-
OneMa TeHepalMd U PacHpOCTPAHEHUS B MPU3EMHOM
ciioe aTMOC(epbl IMaHaIU, BEIHOCSIIHUX JIETKO YCBOSI-
€MbIe METaJUTBl ¥ METAJUTOUBI, TPEOyeT IMPHCTAIEHOTO
BHUMAHUS W JaJbHEHINEr0 W3yYeHHs, T. K. 3TH IMPO-
HCCChl MPAKTUYCCKU HC HCCJIIEAOBAHBI, a MaC]_HTa6I)I
HEHM3BECTHEI.

3akiloueHue

IIpn BO3aEHCTBHM MApora3oBBIX SMAHAIMN OT Be-
IiecTBa apCEHUIHBIX OTXO0A0B KomOuHaTa TyBako-
0anmbT Ha TPYNIy KpbIc-caMIOB JUHMM Bucrap B
OTIBITHOM TPYIIiE MPOM3OILIN TaTOJIOTHYECKHE H3Me-
HeHus. B jerkux oOpa3oBajiuch MEJIKHE OYard KpoBO-
M3JIMSHUN, TKAaHU CTald OTEYHBI U BOCIAJCHEI. [leueHb
Y BCEX JKHBOTHBIX YBEIIHMUYHIIACH, CTAJIO0 PE3KO BhIpaxKe-
HO JIOJIEBOC CTPOCHHUE, IIBET CTal CBETJIO-OCIKEBBIM.
B moukax oOHapy>keHbl €JUHUYHBbIE KPOBOU3IHSIHUS.
Cocyapl MO3TOBBIX OOOJIOUEK pacUIMpeHbl, HaOIroIa-
FOTCS TIETEXUATIbHBIE KPOBOUBITUSHHUSL.

Bruta HapymieHna cuHTeTHYECKas! GYHKIUS KIETOK U
CTaOMJIBPHOCTh KJIETOYHBIX M BHYTPHUKIETOYHBIX MEM-
OpaH, B MEpPBYI0 oYepeb MOCTPagAT SHIOTEIHNA Kpo-
BEHOCHBIX COCYZOB, OBIJIO HApyIICHO (U3HOJOTHYE-
cKoe (DYHKIIMOHWPOBAaHUE OPTaHOB U TKaHEW C HAKOII-
JICHUEM MPOMEKYTOUYHBIX MPOIYKTOB OHOXHMHYESCKHX
peakimii, ompenensieMoe MaKpPOCKOIWYeCKU. Takke
omnpeaensuiack AUCTPOGUS BHYTPEHHUX OPraHOB, B
YACTHOCTH IICYCHH, JIETKUX, I0YEK, TOJIOBHOIO MO3Ta.

DJeMEHTHBIA aHaJIM3 OPTaHOB JKWBOTHBIX MOKAa3ajl
HAKOIJIEHNE TOKCHYHBIX 3JIEMEHTOB IO CPaBHEHUIO C
KOHTpONbHOU Tpynmoil. Hambonee xapakrepHbIe 3i€-
MEHTBI, TPEBBIIICHHE MO0 KOTOPBIM 3a()UKCHPOBAHO B
OOJNBIIMHCTBE CIy4aeB, — 3TO PTYTh U MbIMIbIK. OHH
HEPAaBHOMEPHO pacHpe/elsUINCh 10 OopraHaMm. PTyTh
TJIaBHBIM 00pa30M HaKaIlTMBAIACh B JICTKUX, ITOYKaX U
MEYCHH, & MBIIIbIK — MPEUMYIIECTBEHHO B TIEUCHH U
MO3T€. JTO MOKET CBUIACTCIHCTBOBATH O ITOIAJAHUN
HWOHOB PTYTH M MBIIIbsKA B OHOJOTHYECKH TOCTYITHOM
¢dopMe B KPOBOTOK HHTAJSAIMOHHBIM MyTEM, MPUYEM
JIOKAIbHOE pa3paxkarliee M TOKCHYECKOe BO3JCH-
CTBHUE Ha JIeTKKHE He ObLJIO MPEBATHPYIONUM, a Hau0Oo-
Jiee TIOBPEKAEHHBIM OPTraHOM SIBIISIACh MEUEHB 110 pe-
3yJbTaTaM TOKCHUKOXMMHUYECKOTO U MOpdosorundecko-
0 UCCIIEOBAHNM.

OnHOBpEMEHHO 1IUTO 00eTHEHNE HEKOTOPBIMH OHO-
rennsiMu anementamu (Na, P, K, S, Br, 1), BeiHoC KO-
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TOPBIX, MPEINONIOKUTENBHO, OCYIIECTBIUICS 3a CYET
3aMEIICHUS TOKCHYHBIMHU TSDKEJIIBIMH METaJUIaMH U
MBILIBAKOM.

Tl'omeocTas MUKpPO- U MaKpO3JIEMEHTOB TOHKO OTpe-
TYJIHpOBaH, U JII000I KOHLEHTPALMOHHBIN AucOazaHc
B BUJAE JIe(HINTa NPHUBOAUT K IIPOTPECCHPYIOLIEMY
CHIDKEHUI0 U HapyLIEHUI0 HOPMalbHOWU OHonoruue-

CKOH (pyHKIMH, K TSDKENBIM (PU3HONIOTUYECKUM U KIIH-
HUYECKUM HCXOJIaM, YTO Mbl M HAOIIONAIH TI0 PE3yIib-
TataMm onsita. [TomyyeHHble AaHHBIE JOKa3aJld OCTPOE
TOKCHMYHOE BO3JEICTBHE Napora3oBbIX IIOTOKOB Ha
JKUBBIE OpPTaHM3MBI, & TAKXE MOATBEPANUIM BO3MOX-
HOCTb BBIHOCA MHOTMX XMMUYECKHX 3JIEMEHTOB B JIET-
KOJIOCTYITHOW U yCBOsSIEeMOH (hopMax.

CITMCOK JIMTEPATYPbI

1.

Helser J., Vassilieva E., Cappuyns V. Environmental and human health risk assessment of sulfidic mine waste: Bioaccessibility,
leaching and mineralogy // Journal of Hazardous Materials. — 2022. — Vol. 424. — Article No. 127313.

2. Rahman Z., Singh V.P. The relative impact of toxic heavy metals (THMs) (arsenic (As), cadmium (Cd), chromium (Cr) (VI),
mercury (Hg), and lead (Pb) on the total environment: an overview // Environmental Monitoring and Assessment. — 2019. —
Vol. 191. - P. 1-21.

3. Impact of copper mining wastes in the Amazon: Properties and risks to environment and human health / W.P. Covre, S.J. Ramos,
W.V. da Silveira Pereira, E.S. de Souza, G.C. Martins, O.M.M. Teixeira, C.B. do Amarante, Y.N. Dias, A.R. Fernandes //
Journal of Hazardous Materials. — 2022. — Vol. 421. — Article No. 126688.

4. Mobilization of toxic elements from an abandoned manganese mine in the arid metropolitan Las Vegas (NV, USA) area /
J.H. Park, V. Hodge, S. Gerstenberger, K. Stave // Applied Sciences. — 2014. — Vol. 4. — P. 240-254.

5. Hydrogeochemical evolution induced by long-term mining activities in a multi-aquifer system in the mining area / C. Wang,
F. Liao, G. Wang, S. Qu, H. Mao, Y. Bai // Science of The Total Environment. — 2023. — Vol. 854. — Article No. 158806.

6. Nordstrom D.K., Blowes D.W., Ptacek C.J. Hydrogeochemistry and microbiology of mine drainage: an update // Applied
Geochemistry. — 2015. — Vol. 57. — P. 3-16.

7. Current state of the gold mining waste from the ores of the Ursk deposit (Western Siberia, Russia) / N. Yurkevich, P. Osipova,
L. Tsibizov, E. Tsibizova, |. Fadeeva, S. Volynkin, K. Tulisova, T. Kuleshova // Applied Sciences. — 2022. — Vol. 12. —
No. 10610.

8. Transfer and distribution of metals and metalloids in carassius auratus organs from tailings pond and their influence on
morphological characteristics / E.N. Yadrenkina, S.B. Bortnikova, N.V. Yurkevich, T.V. Korneeva, A.Y. Shevko,
V.V. Olenchenko, A.A. Khvachevskaya // Applied Sciences. — 2022. — Vol. 12. — No. 12446.

9. Remoundou K., Koundouri P. Environmental effects on public health: an economic perspective // International Journal of
Environmental Research and Public Health. — 2009. — Vol. 8. — Iss. 6. — P. 2160-2178.

10. Pearce D. Economic valuation and health damage from air pollution in the developing world // Energy Policy. — 1996. — Vol. 7. —
Iss. 24. — P. 627-630.

11. Paxmanun 10.A., HoBukoB C.M., Pymsanes I'.11. Metononoruyeckue npo0ieMbl OLIGHKH YIpo3 3J0POBBIO YenoBeka (HakTopoB
okpyxatomiei cpenst // T'uruena u canurapus. — 2003. — Ne 6. — C. 5-9.

12. Mineralogy and mineral chemistry of snow filter residues in the vicinity of the nickel-copper processing industry, Kola
Peninsula, NW Russia / D. Gregurek, E. Melcher, V.A. Pavlov, C. Reimann, E.F. Stumpfl // Mineralogy and Petrology. — 1999. —
Vol. 4. —Iss. 65. — P. 87-111.

13. The empirical relationship between mining industry development and environmental pollution in China / G. Li, Y. Lei, J. Ge,
S. Wu /I International Journal of Environmental Research and Public Health. — 2017. — VVol. 14. — Iss. 3. — Article 254.

14. Phytoindicational properties of the vegetation in landscape transformation studies on Sibay Chalcopyrite deposits (southern
Urals) / M.G. Opekunova, A.Ju. Opekunov, E.E. Papyan, V.V. Somov // Contemporary Problems of Ecology. — 2017. —
Vol. 10. — Ne 3. — P. 301-314.

15. Timofeev 1.V., Kosheleva N.E. Geochemical disturbance of soil cover in the nonferrous mining centers of the Selenga River
basin // Environmental Geochemistry and Health. — 2017. — Vol. 39. — P. 803-819.

16. Metal mining's environmental pressures: a review and updated estimates on CO, emissions, water use, and land requirements /
M. Tost, B. Bayer, M. Hitch, S. Lutter, P. Moser, S. Feiel // Sustainability. — 2018. — Vol. 10. — Iss. 8. — Article 2881.

17. Carlon C. Derivation methods of soil screening values in Europe: a review and evaluation of national procedures towards
harmonization. EUR 22805-EN. — Ispra: Institute for Environment and Sustainability, Joint Research Centre, European
Commission, 2007. — 306 p.

18. Weissenstein K., Sinkala T. Soil pollution with heavy metals in mine environments, impact areas of mine dumps particularly of
gold- and copper mining industries in Southern Africa // Arid Ecosystems. —2011. — Vol. 1. — P. 53-58.

19. Heavy metal contents in soils and native flora inventory at mining environmental liabilities in the Peruvian Andes / E. Cruzado-
Tafur, L. Torrd, K. Bierla, J. Szpunar, E. Tauler // Journal of South American Earth Sciences. — 2021. — Vol. 106. — Article
No. 103107.

20. Bioavailability and soil-to-crop transfer of heavy metals in farmland soils: a case study in the Pearl River Delta, south China /
J. Zhang, H. Li, Y. Zhou, L. Dou, L. Cai, L. Mo, J. You // Environmental Pollution. — 2018. — Vol. 235. — P. 710-719.

21. Multiple effects of changes in Arctic snow cover / T.V. Callaghan, M. Johansson, R.D. Brown, P.Ya. Groisman, N. Labba,
V. Radionov, R.S. Bradley, S. Blangy, O.N. Bulygina, T.R. Christensen, J.E. Colman, R.L.H. Essery, B.C. Forbes,
M.C. Forchhammer, V.N. Golubev, R.E. Honrath, G.P. Juday, A.V. Meshcherskaya, G.K. Phoenix, J. Pomeroy, A. Rautio,
D.A. Robinson, N.M. Schmidt, M.C. Serreze, V.P. Shevchenko, A.I. Shiklomanov, A.B. Shmakin, P. Skold, M. Sturm, M. Woo,
E.F. Wood // Ambio. — 2011. — Vol. 40. — P. 32-45.

22. Gradient study of 34 elements in the vicinity of a copper-nickel smelter in the Kola Peninsula / V.P. Shevchenko, S.N. Vorobyev,

V.V. Krickov, R.M. Manasypov, N.V. Politova, S.G. Kopysov, O.M. Dara, Y. Auda, L.S. Shirokova, L.G. Kolesnichenko,

103



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 95-107
Bortnikova S.B. et al. Toxicity of vapor-gas flows from technogenic substance

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

V.A. Zemtsov, S.N. Kirpotin, E. Steinnes, N.V. Lukina, V.V. Nikonov, D. Aamlid, O.A. Reyset // Environmental Monitoring
and Assessment. — 2000. — Vol. 60. — Iss. 1. — P. 71-88.

HccnenoBaHne HEPacCTBOPHMBIX YAaCTHI[ B CHE)XHOM MokpoBe 3amaanoi Cubupu Ha npoduie ot Tomcka no scryapus O6u /
B.II. Illeuenko, B.H. Bopo6sés, C.H. Kupmorun, U.B. Kpuukos, P.M. Manacemos, O.C. [Tokposckuii, H.B. IlomutoBa //
Onruka atmocdeps! u okeana. — 2015. — T. 28. — Ne 6. — C. 499-504.

Mercury pollution in snow cover around thermal power plants in cities (Omsk, Kemerovo, Tomsk Regions, Russia) /
A.V. Talovskaya, E.G. Yazikov, N.A. Osipova, E.E. Lyapina, V.V. Litay, G. Metreveli, J. Kim // Geography, Environment,
Sustainability. — 2019. — Vol. 12. — Ne 4. — P. 132-147.

Tanosckas A.B., S3ukoB E.I'., ®unumonenko E. A. OneHka 3arpsi3sHeHHs1 aTMOC(EpHOTo Bo3ayxa ypOaHU3UPOBAaHHBIX PaliOHOB
Tomckoil 00NacTH MO JaHHBIM H3Y4YEHHsS CHEroBoro mMokpoBa // I'€0dKoJOrHs, HHKEHEpHas T'eOJOTUs, THAPOTEONOTHs,
reokpuonorust. — 2014, — Ne 5. — C. 408-417.

Bargagli R. Trace elements in terrestrial plants: an ecophysiological approach to biomonitoring and biorecovery. — Berlin,
Heidelberg: Springer-Verlag, 1998. — 344 p.

Geochemical atlas of the Eastern Barents Region / R. Salminen, V. Chekushin, M. Tenhola, I. Bogatyrev, S.P. Glavatskikh,
E. Fedotova, V. Gregorauskiene, G. Kashulina, H. Niskavaara, A. Polischuok, K. Rissanen, L. Selenok, O. Tomilina,
L. Zhdanova. — Amsterdam: Elsevier B.V., 2004. — 548 p.

Pirintsos A.S., Loppi S. Biomonitoring atmospheric pollution the challenge of times in environmental policy on air quality //
Environmental Pollution. — 2008. — Vol. 151. — P. 269-271.

Kabata-Pendias A. Trace elements in soils and plants. — Boca Raton, FL, USA: CRC Press/Taylor & Francis Group, 2010. —
548 p.

Geosphere-biosphere circulation of chemical elements in soil and plant systems from a 100 km transect from southern central
Norway / C. Reimann, K. Fabian, B. Flem, M. Andersson, P. Filzmoser, P. Englmaier // Science of the Total Environment. —
2018. - Vol. 639. — P. 129-145.

Vasconcelos M.T.S.D., Tavares H.M.F. Atmospheric metal pollution (Cr, Cu, Fe, Mn, Ni, Pb and Zn) in Oporto city derived
from results for low-volume aerosol samplers and for the moss Sphagnum auriculatum bioindicator // Science of the Total
Environment. — 1998. — Vol. 212. — P. 11-20.

Salo H., Makinen J. Magnetic biomonitoring by moss bags for industry-derived air pollution in SW Finland // Atmospheric
Environment. — 2014. — Vol. 97. — P. 19-27.

Best options for the exposure of traditional and innovative moss bags: a systematic evaluation in three European countries /
F. Capozzi, S. Giordano, J.R. Aboal, P. Adao, R. Bargagli, T. Boquete, A. Di Palma, C. Real, R. Reski, V. Spagnuolo, K. Steinbauer,
M. Tretiach, Z. Varela, H. Zechmeister, J.A. Fernandez // Environmental Pollution. — 2016. — Vol. 214. — P. 362-373.

Implication of vitality, seasonality and specific leaf area on PAH uptake in moss and lichen transplanted in bags / F. Capozzi,
M.C. Sorrentino, A. Di Palma, F. Mele, C. Arena, P. Adamo, V. Spagnuolo, S. Giordano // Ecological Indicators. — 2020. —
Vol. 108. — Article 105727.

The effect of “moss bag” shape in the air monitoring of metal(oid)s in semi-arid sites: influence of wind speed and moss porosity / V.
Morales-Casa, J. Rebolledo, R. Ginocchio, C. Saéz-Navarrete // Atmospheric Pollution Research. — 2019. — Vol. 10. — Iss. 6. —
P. 1921-1930.

Arsenic accumulation and speciation in epilithic moss collected from an abandoned mercury mining area, south-western China /
L. Liang, Z. Xu, G. Qiu, P. Wu, R. Zhang // Atmospheric Pollution Research. — 2019. — Vol. 10. — Iss. 2. — P. 455-461.
Mechanisms of low-temperature vapor-gas streams formation from sulfide mine waste / S. Bortnikova, N. Yurkevich,
A. Devyatova, O. Saeva, O. Shuvaeva, A. Makas, M. Troshkov, N. Abrosimova, M. Kirillov, T. Korneeva, T. Kremleva,
N. Fefilov, G. Shigabaeva // Science of the Total Environment. — 2019. — Vol. 647. — P. 411-419.

Element transfer by a vapor-gas stream from sulfide mine tailings: from field and laboratory evidence to thermodynamic
modeling / S.B. Bortnikova, N.V. Yurkevich, O.L. Gaskova, A.Y. Devyatova, I.I. Novikova, S.S. Volynkin, A.V. Mytsik,
V.A. Podolinnaya // Environmental Science and Pollution Research. — 2021. — Vol. 28. — Iss. 12. — P. 14927-14942.

Evidence of volatility metals and metalloids at environmental conditions / S.B. Bortnikova, N.V. Yurkevich, S.S. Volynkin,
A.S. Kozlov, A.L. Makas // Applied Sciences. —2022. — Vol. 12. — Iss. 19. — Article No. 9942.

Hacnencreennsie 6osie3nn oomena BemiectB. / P.H. Mycradun, E.B. Caiidymmmna, C.II. Myp3abaeBa, A.K. MapnaHosa,
3.K. XycnyrnuHoa. — Ya: PI'BOY BO BI'MVY Munszzapasa Poccun, 2020. — 89 c.

Canbuukosa E.B. [ToTpeOHOCTE YeioBeKa B IIMHKE U €0 UCTOYHHUKH (0030p) // MukposnemenTsl B Meauiuae. — 2016. — T. 17. —
Ne 4, —C. 11-15.

Aramxansa H.A., BennanoBa M.B., CxansHblii A.B. DKomornueckuii mopTpeT desioBeka U poib MUKpodeMeHToB. — M.: KMK,
2001. - 236 c.

CyIII)}lI/IHa T.N. COI{ep)KaHI/Ie TSKEJIbIX METAJIJIOB B IMPOAYKTAX MUTAHUSA U UX BIIMAHUE HA OpraHU3M // PaIII/IOHaHBHOG IIMTaHUC,
nunieBsle 1o00aBKH U onoctuMysiTopel. — 2016. — Ne 1. — C. 136-140.

Elucidations of molecular mechanism and mechanistic effects of environmental toxicants in neurological disorders / H. Goel,
K. Goyal, A.K. Pandey, M. Benjamin, F. Khan, P.Pandey, S. Mittan, D. Igbal, M. Alsaweed, W. Alturaiki, Y. Madkhali,
M.A. Kamal, P. Tanwar, T.K. Upadhyay // CNS and Neurological Disorders Drug Targets. — 2023. — Vol. 22. — Iss. 1. — P. 84-97.
Arsenic and metal quantities in abandoned arsenide tailings in dissolved, soluble, and volatile forms during 20 years of storage /
S.B. Bortnikova, N.V. Yurkevich, O.L. Gaskova, S.S. Volynkin, A.V. Edelev, S.P. Grakhova, O.l. Kalnaya, A.Sh. Khusainova,
M.P. Gora, A.A. Khvachchevskaya, O.P. Saeva V.A. Podolynnaya, V.V. Kurovskaya // Chemical Geology. — 2021. — Vol. 586. —
Iss. 30. — Article No. 120623.

EBpOHeﬁCKaﬂ KOHBCHIUA O 3alIUTE NO3BOHOYHBIX JXUBOTHBIX, UCIIOJIB3YEMBIX JJI SKCIICPUMEHTOB WM B UHBIX HAYYHBIX HEJIAX
ETS Ne 123. — CrpacOypr, 18 mapta 1986 r. — 13 ¢. URL: https://rm.coe.int/168007a6a8 (nara obpamienus: 15.06.2023).

[Tpukaz MunzgpaBa Poccun ot 01.04.2016 N 1991 «O6 yrtBepkaenuu IlpaBun Hamiexameil 1abopaTOpHOH HPaKTHKID
(3apeructpuposano B Muntocte Poccuu 15.08.2016 N 43232). — M., 2016. — 7 c.

104


https://rm.coe.int/168007a6a8

HM3BecTust TOMCKOro nMoJIMTEXHUYECKOT0 YHUBepcuTeTa. UHXXUHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 95-107
BopTthaukosa C.b. u Ap. TOKCMYHOCTB NapOTra30BbIX IOTOKOB OT TEXHO€HHOTO BellecTBa

48. Bortnikova S., Bessonova E., Gaskova O. Geochemistry of arsenic and metals in stored tailings of a Co—Ni arsenide-ore, Khovu-
Aksy area, Russia // Applied Geochemistry. — 2012. — Vol. 27. — Iss. 11. — P. 2238-2250.

49. Andrade V.M., Aschner M., Marreilha dos Santos A.P. Neurotoxicity of Metal Mixtures // Advances in Neurobiology. — 2017. —
Vol. 18. — P. 227-265.

HUHdopmanus 06 aBTopax

CeeTs1aHa BoprcoBHa BOpTHUKOBA, JOKTOP I'eo0JIoro-MHHepaJoruieckux Hayk, npodeccop, 3aBeyoLias Ja-
6opaTopuei reo3IeKTPoXUMUHU, UHCTUTYT HedTerazoBoi reosioruu v reodpusnku uM. A.A. Tpoopumyxka CO PAH,
Poccus, 630090, r. HoBocu6upck, np. ak. Konriora, 3. BortnikovaSB@ipgg.sbras.ru; http://orcid.org/0000-0003-
2395-7406

Anekceii BiiagumupoBud MBIOMK, KaHAWJAT MeAWIMHCKUX HayK, HoBocuOUpCKUN  Hay4HO-
HCCJIeIOBATENbCKUHA HHCTUTYT TUTHeHbl PocioTpe6Hazazopa, Poccus, 630108, r. HoBocubupck, yi. [lapxomeH-
Ko, 7. telemedcare@mail.ru; http://orcid.org/0000-0003-1201-4699

Anekceil BukropoBu4 EfesieB, KaHAu/]aT reojioro-MUHEPAJIOrHYeCKUX HAYK, CTAPIIUN HAyYHbIA COTPYAHHUK,
HuctutyT HedTerazoBoil reosioruu u reopusukud uM. A.A. Tpodumyka CO PAH, Poccus, 630090, r. HoBocu-
6upck, np. ak. Konriora, 3. EdelevAV@ipgg.sbras.ru; http://orcid.org/0000-0003-0045-999X

Anb6uHa AHaToJIbeBHA XBalleBCKasA, KaHJWJAT reosoro-MHHepaJOrHyecKWX HayK, JOLeHT, 3aBeAylollas
npo6JIeMHOM Hay4yHO-HCC/Ie0BaTeNlbCKOM JlabopaTopuell rujporeoxuMuu HanHoHalbHOro Hccjief0BBaTe/b-
ckoro ToMcKOro mOJMTEXHUYECKOTO yHUBepcuTera, Poccusa, 634050, r.Tomck, np. Jlenuna, 30.
unpc_voda@mail.ru; http://orcid.org/0000-0003-4494-2609

[loctynuia B pefakyuio: 21.06.2023
[Toctynuia nocne penensupoBanud: 28.09.2023
[IpunsaTa k ny6ankanuu: 22.03.2024

REFERENCES

1. Helser J., Vassilieva E., Cappuyns V. Environmental and human health risk assessment of sulfidic mine waste: Bioaccessibility,
leaching and mineralogy. Journal of Hazardous Materials, 2022, vol. 424, article 127313.

2. Rahman Z., Singh V.P. The relative impact of toxic heavy metals (THMs) (arsenic (As), cadmium (Cd), chromium (Cr) (VI),
mercury (Hg), and lead (Pb) on the total environment: an overview. Environmental Monitoring and Assessment, 2019, vol. 191,
pp. 1-21.

3. Covre W. P., Ramos S.J., Da Silveira Pereira W.V., De Souza E.S., Martins G.C., Teixeira O.M.M., Do Amarante C.B., Dias Y.N.,
Fernandes A.R. Impact of copper mining wastes in the Amazon: Properties and risks to environment and human health. Journal
of Hazardous Materials, 2022, vol. 421, article 126688.

4. Park J.H., Hodge V., Gerstenberger S., Stave K. Mobilization of toxic elements from an abandoned manganese mine in the arid
metropolitan Las Vegas (NV, USA) area. Applied Sciences, 2014, vol. 4, pp. 240-254.

5. Wang C,, Liao F., Wang G., Qu S., Mao H., Bai Y. Hydrogeochemical evolution induced by long-term mining activities in a
multi-aquifer system in the mining area. Science of The Total Environment, 2023, vol. 854, article 158806.

6. Nordstrom D.K., Blowes D.W., Ptacek C.J. Hydrogeochemistry and microbiology of mine drainage: an update. Applied
Geochemistry, 2015, vol. 57, pp. 3-16.

7. Yurkevich N., Osipova P., Tsibizov L., Tsibizova E., Fadeeva I., Volynkin S., Tulisova K., Kuleshova T. Current state of the
gold mining waste from the ores of the Ursk deposit (Western Siberia, Russia). Applied Sciences, 2022, vol. 12, article 10610.

8. Yadrenkina E.N., Bortnikova S.B., Yurkevich N.V., Korneeva T.V., Shevko A.Y., Olenchenko V.V., Khvachevskaya A.A.
Transfer and distribution of metals and metalloids in carassius auratus organs from tailings pond and their influence on
morphological characteristics. Applied Sciences, 2022, vol. 12, article 12446.

9. Remoundou K., Koundouri P. Environmental effects on public health: an economic perspective. International Journal of
Environmental Research and Public Health, 2009, vol. 8, Iss. 6, pp. 2160-2178.

10. Pearce D. Economic valuation and health damage from air pollution in the developing world. Energy Policy, 1996, vol. 7, Iss. 24,
pp. 627-630.

11. Rakhmanin Yu.A., Novikov S.M., Rumyantsev G.l. Methodological problems of assessment of threats of environmental factors
to human health. Gigiena i sanitariya, 2003, no. 6, pp. 5-9. (In Russ.)

12. Gregurek D., Melcher E., Pavlov V.A., Reimann C., Stumpfl E.F. Mineralogy and mineral chemistry of snow filter residues in
the vicinity of the nickel-copper processing industry, Kola Peninsula, NW Russia. Mineralogy and Petrology, 1999, vol. 4,
Iss. 65, pp. 87-111.

13. Li G, Lei Y., Ge J., Wu S. The empirical relationship between mining industry development and environmental pollution in
China. International Journal of Environmental Research and Public Health, 2017, vol. 14, Iss. 3, article 254.

14. Opekunova M.G., Opekunov A.Ju., Papyan E.E., Somov V.V. Phytoindicational properties of the vegetation in landscape
transformation studies on Sibay Chalcopyrite deposits (southern Urals). Contemporary Problems of Ecology, 2017, vol. 10, no. 3,
pp. 301-314.

15. Timofeev 1.V., Kosheleva N.E. Geochemical disturbance of soil cover in the nonferrous mining centers of the Selenga River
basin. Environmental Geochemistry and Health, 2017, vol. 39, pp. 803-819.

16. Tost M., Bayer B., Hitch M., Lutter S., Moser P., Feiel S. Metal mining's environmental pressures: a review and updated
estimates on CO, emissions, water use, and land requirements. Sustainability, 2018, vol. 10, Iss. 8, article 2881.

105


mailto:BortnikovaSB@ipgg.sbras.ru
mailto:telemedcare@mail.ru
mailto:EdelevAV@ipgg.sbras.ru
mailto:unpc_voda@mail.ru

Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 95-107
Bortnikova S.B. et al. Toxicity of vapor-gas flows from technogenic substance

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Carlon C. Derivation methods of soil screening values in Europe: A review and evaluation of national procedures towards
harmonization. EUR 22805-EN. Ispra, Institute for Environment and Sustainability, Joint Research Centre, European
Commission, 2007. 306 p.

Weissenstein K., Sinkala T. Soil pollution with heavy metals in mine environments, impact areas of mine dumps particularly of
gold- and copper mining industries in Southern Africa. Arid Ecosystems, 2011, vol. 1, pp. 53-58.

Cruzado-Tafur E., Torré L., Bierla K., Szpunar J., Tauler E. Heavy metal contents in soils and native flora inventory at mining
environmental liabilities in the Peruvian Andes. Journal of South American Earth Sciences, 2021, vol. 106, article 103107.

Zhang J., Li H., Zhou Y., Dou L., Cai L., Mo L., You J. Bioavailability and soil-to-crop transfer of heavy metals in farmland
soils: a case study in the Pearl River Delta, south China. Environmental Pollution, 2018, vol. 235, pp. 710-719.

Callaghan T.V., Johansson M., Brown R.D., Groisman P.Ya, Labba N., Radionov V., Bradley R.S., Blangy S., Bulygina O.N.,
Christensen T.R., Colman J.E., Essery R.L.H., Forbes B.C., Forchhammer M.C., Golubev V.N., Honrath R.E., Juday G.P.,
Meshcherskaya A.V., Phoenix G.K., Pomeroy J., Rautio A., Robinson D.A., Schmidt N.M., Serreze M.C., Shevchenko V.P.,
Shiklomanov A.I., Shmakin A.B., Sk6ld P., Sturm M., Woo M., Wood E.F. Multiple effects of changes in Arctic snow cover.
Ambio, 2011, vol. 40, pp. 32-45.

Shevchenko V.P., Vorobyev S.N., Krickov I.V., Manasypov R.M., Politova N.V., Kopysov S.G., Dara O.M., Auda Y.,
Shirokova L.S., Kolesnichenko L.G., Zemtsov V.A., Kirpotin S.N., Steinnes E., Lukina N.V., Nikonov V.V., Aamlid D.,
Royset O.A. Gradient study of 34 elements in the vicinity of a copper-nickel smelter in the Kola Peninsula. Environmental
Monitoring and Assessment, 2000, vol. 60, Iss. 1, pp. 71-88.

Shevchenko V.P., Vorobyev S.N., Kirpotin S.N., Krickov 1.V., Manasypov R.M., Pokrovsky O.S., Politova N.V. Study of
insoluble particles in the snow cover of Western Siberia on the profile from Tomsk to the Ob estuary. Atmospheric and ocean
optics, 2015, vol. 28, no. 6, pp. 499-504. (In Russ.)

Talovskaya A.V., Yazikov E.G., Osipova N.A., Lyapina E.E., Litay V.V., Metreveli G., Kim J. Mercury pollution in snow cover
around thermal power plants in cities (Omsk, Kemerovo, Tomsk Regions, Russia). Geography, Environment, Sustainability,
2019, vol. 12, no. 4, pp. 132-147.

Talovskaya A.V., Yazikov E.G., Filimonenko E.A. Assessment of atmospheric air pollution in urbanized areas of the Tomsk
region according to the study of snow cover. Geoecology, engineering geology, hydrogeology, geocryology, 2014, no. 5,
pp. 408-417. (In Russ.)

Bargagli R. Trace elements in terrestrial plants: an ecophysiological approach to biomonitoring and biorecovery. Berlin,
Heidelberg, Springer-Verlag, 1998. 344 p.

Salminen R., Chekushin V., Tenhola M., Bogatyrev I., Glavatskikh S.P., Fedotova E., Gregorauskiene V., Kashulina G.,
Niskavaara H., Polischuok A., Rissanen K., Selenok L., Tomilina O., Zhdanova L. Geochemical Atlas of the Eastern Barents
Region. Amsterdam, Elsevier B.V., 2004. 548 p.

Pirintsos A.S., Loppi S. Biomonitoring atmospheric pollution the challenge of times in environmental policy on air quality.
Environmental Pollution, 2008, vol. 151, pp. 269-271.

Kabata-Pendias A. Trace Elements in Soils and Plants. Boca Raton, FL, USA, CRC Press/Taylor & Francis Group, 2010. 548 p.
Reimann C., Fabian K., Flem B., Andersson M., Filzmoser P., Englmaier P. Geosphere-biosphere circulation of chemical
elements in soil and plant systems from a 100 km transect from southern central Norway. Science of the Total Environment,
2018, vol. 639, pp. 129-145.

Vasconcelos M.T.S.D., Tavares H.M.F. Atmospheric metal pollution (Cr, Cu, Fe, Mn, Ni, Pb and Zn) in Oporto city derived
from results for low-volume aerosol samplers and for the moss Sphagnum auriculatum bioindicator. Science of the Total
Environment, 1998, vol. 212, pp. 11-20.

Salo H., Makinen J. Magnetic biomonitoring by moss bags for industry-derived air pollution in SW Finland. Atmospheric
Environment, 2014, vol. 97, pp. 19-27.

Capozzi F., Giordano S., Aboal J.R., Adao P., Bargagli R., Boquete T., Di Palma A., Real C., Reski R., Spagnuolo V., Steinbauer K.,
Tretiach M., Varela Z., Zechmeister H., Fernandez J.A. Best options for the exposure of traditional and innovative moss bags: a
systematic evaluation in three European countries. Environmental Pollution, 2016, vol. 214, pp. 362-373.

Capozzi F., Sorrentino M.C., Di Palma A., Mele F., Arena C., Adamo P., Spagnuolo V., Giordano S. Implication of vitality,
seasonality and specific leaf area on PAH uptake in moss and lichen transplanted in bags. Ecological Indicators, 2020, vol. 108,
article 105727.

Morales-Casa V., Rebolledo J., Ginocchio R., Saéz-Navarrete C. The effect of “moss bag” shape in the air monitoring of
metal(oid)s in semi-arid sites: influence of wind speed and moss porosity. Atmospheric Pollution Research, 2019, vol. 10, Iss. 6,
pp. 1921-1930.

Liang L., Xu Z., Qiu G., Wu P., Zhang R. Arsenic accumulation and speciation in epilithic moss collected from an abandoned
mercury mining area, south-western China. Atmospheric Pollution Research, 2019, vol. 10, Iss. 2, pp. 455-461.

Bortnikova S., Yurkevich N., Devyatova A., Saeva O., Shuvaeva O., Makas A., Troshkov M., Abrosimova N., Kirillov M.,
Korneeva T., Kremleva T., Fefilov N., Shigabaeva G. Mechanisms of low-temperature vapor-gas streams formation from sulfide
mine waste. Science of the Total Environment, 2019, vol. 647, pp. 411-419.

Bortnikova S.B., Yurkevich N.V., Gaskova O.L., Devyatova A.Y., Novikova I.I., Volynkin S.S., Mytsik A.V., Podolinnaya V.A.
Element transfer by a vapor-gas stream from sulfide mine tailings: from field and laboratory evidence to thermodynamic
modeling. Environmental Science and Pollution Research, 2021, vol. 28, Iss. 12, pp. 14927-14942.

Bortnikova S.B., Yurkevich N.V., Volynkin S.S., Kozlov A.S., Makas A.L. Evidence of volatility metals and metalloids at
environmental conditions. Applied Sciences, 2022, vol. 12, Iss. 19, article 9942.

Mustafin R.N., Saifullina E.V., Murzabaeva S.Sh., Mardanova A.K., Khusnutdinova E.K. Hereditary metabolic diseases. Ufa,
FSBEI HE BSMU Minzdrav Russia Publ., 2020. 89 p. (In Russ.)

Salnikova E.V. Human need for zinc and its sources (review). Microelements in medicine, 2016, vol. 17, no. 4, pp. 11-15.
(In Russ.)

106



HM3BecTust TOMCKOro nMoJIMTEXHUYECKOT0 YHUBepcuTeTa. UHXXUHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 95-107
BopTthaukosa C.b. u Ap. TOKCMYHOCTB NapOTra30BbIX IOTOKOB OT TEXHO€HHOTO BellecTBa

42.

43.

44,

45.

46.

47.

48.

49.

Agadzhanyan N.A., Veldanova M.V., Skalny A.V. Ecological portrait of a person and the role of trace elements. Moscow, KMK
Publ., 2001. 236 p. (In Russ.)

Suldina T.1. The content of heavy metals in food and their effect on the organism. Rational nutrition, nutritional supplements and
biostimulants, 2016, no. 1, pp. 136-140. (In Russ.)

Goel H., Goyal K., Pandey A.K., Benjamin M., Khan F., Pandey P., Mittan S., Igbal D., Alsaweed M., Alturaiki W., Madkhali Y.,
Kamal M.A., Tanwar P., Upadhyay T.K. Elucidations of molecular mechanism and mechanistic effects of environmental
toxicants in neurological disorders. CNS and Neurological Disorders Drug Targets, 2023, vol. 22, Iss. 1, pp. 84-97.

Bortnikova S.B., Yurkevich N.V., Gaskova O.L., Volynkin S.S., Edelev A.V., Grakhova S.P., Kalnaya O.l., Khusainova A.Sh.,
Gora M.P., Khvachchevskaya A.A., Saeva O.P. Podolynnaya V.A., Kurovskaya V.V. Arsenic and metal quantities in abandoned
arsenide tailings in dissolved, soluble, and volatile forms during 20 years of storage. Chemical Geology, 2021, vol. 586, Iss. 30,
article 120623.

European convention for the protection of vertebrate animals used for experimental or other scientific purposes. Strasburg,
March, 18, 1986. 13 p. Available at: https://rm.coe.int/168007a6a8 (accessed: 15 June 2023).

Order of April, 2016 N 199n "On approval of the rules of good laboratory practice”. Moscow, Ministry of Health of the Russian
Federation Publ., 2016. 7 p. (In Russ.)

Bortnikova S., Bessonova E., Gaskova O. Geochemistry of arsenic and metals in stored tailings of a Co—Ni arsenide-ore, Khovu-
Aksy area, Russia. Applied Geochemistry, 2012, vol. 27, Iss. 11, pp. 2238-2250.

Andrade V.M., Aschner M., Marreilha Dos Santos A.P. Neurotoxicity of metal mixtures. Advances in Neurobiology, 2017,
vol. 18, pp. 227-265.

Information about the authors

Svetlana B. Bortnikova, Dr. Sc., Head of the Department, Trofimuk Institute of Petroleum Geology and Geophy-
sics, Siberian Branch of the Russian Academy of Sciences, 3, Koptyug avenue, Novosibirsk, 630090, Russian
Federation. BortnikovaSB@ipgg.sbras.ru; http://orcid.org/0000-0003-2395-7406

Alexey V. Mytsik, Cand. Sc.,, Leading Researcher, Research Institute of Hygiene Rospotrebnadzor, 7, Parkhomenko
street, Novosibirsk, 630108, Russian Federation. telemedcare@mail.ru; http://orcid.org/0000-0003-1201-4699
Aleksey V. Edelev, Cand. Sc., Senior Researcher, Trofimuk Institute of Petroleum Geology and Geophysics, Sibe-
rian Branch of the Russian Academy of Sciences, 3, Koptyug avenue, Novosibirsk, 630090, Russian Federation.
EdelevAV@ipgg.sbras.ru; http://orcid.org/0000-0003-0045-999X

Albina A. Khvachevskaya, Cand. Sc., Head of the Department, National Research Tomsk Polytechnic University,
30, Lenin avenue, Tomsk, 634050, Russian Federation. unpc_voda@mail.ru; http://orcid.org/0000-0003-4494-2609

Received: 21.06.2023
Revised: 28.09.2023
Accepted: 22.03.2024

107


https://rm.coe.int/168007a6a8
mailto:BortnikovaSB@ipgg.sbras.ru
mailto:telemedcare@mail.ru
mailto:EdelevAV@ipgg.sbras.ru
mailto:unpc_voda@mail.ru

Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 108-117
Gavrilin A.N. et al. Solid-state damper for reducing vibration activity of an electromechanical device of a life support system ...

Y/]IK 534.647
DOI: 10.18799/24131830/2024/4 /4583
IIudp cnenuansHocTH BAK: 2.5.2

TBepaoTenbHbIN AeMIpep Al CHUKEeHHSI BUGPOAKTUBHOCTH
3JIEKTPOMEXaHUYECKOTr0 YCTPOICTBA CUCTEMBI XKU3HEeOoGecnedyeHUus
HedTerasoBbIX CTAHIHUM

A.H. TaspuiuH, B.C. Imutpues, 1.B. Epmakos™, /I.A. /lepycoBa

HayuoHasbHbill uccaedogamenvckuti TomcKull noaumexHuveckull yHusepcumem, Poccus, e. Tomck
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AHHOTanus. Akmya/bHocmbe. MexaHU4ecKHe KoJIeOaHUs — paclpOCTPAHEHHBIN U TEXHUYECKH BaXKHBIH NPOLECC, KOTOPBIN
OKa3blBaeT HEraTUBHOE aKyCTUYEeCKOe BJIHsSHHUE Ha 3/10POBbe YeJIOBEKA U ABJISETCS BPeJAHbIM IPOU3BOJCTBEHHBIM $aKTO-
poM. B npubopax U ycTpoiicTBax HajiMuue BUOGpaLUU 06YCI0BIEHO BO30OYXKAAOLIMMU BO34eHCTBUSIMU pa3inyHON dusunve-
CKOM NMPUPOAbBI: MEXaHUYECKOMH, 3JIEKTPOMArHUTHOH, a3poAMHAMUYeCKOU. [IpHYMHON UX BO3HUKHOBEHUS SABJISAIOTCA Jedek-
Tl ieTajled U y3JI0B, TEXHUUECKUH NPUHLHMI yCTPOMCTBA LIapUKONO/IIMIIHUKOB, @ TaKXKe COBNaJeHue pabovell 4acTOTEhI
yCTpPOMCTBA C COGCTBEHHOW YaCTOTOH 3/IEMEHTOB KOHCTPYKUMH. [IOCKOJIBKY MOJIHOCTBIO YCTPAaHUTb BUOPOAKTHBHOCTH
3JIEKTPOMEXaHUYEeCKOIr0 YCTPOHCTBA TEXHUUECKHU HEBO3MOXKHO, aKTYaJIbHOM 3a/jlauell Hay4HbIX UCCJIe0BAaHUN CTAHOBUTCS
B TOM YHMCJIe U pa3paboTKa AeMndupyoliero ycTpoicTsa c onpesiesieHreM ero 3GpPpeKTHBHOCTH CHUKATb BUGPOAKTUBHOCTb
3JIeKTPOMEXaHUYEeCKOro yCTPOMCTBA, TEM CAMbIM MHHHUMH3UPYS BO3/I€HCTBHA COIYTCTBYIOLIUMX BPeJHBIX NPOU3BO/JCTBEH-
HbIX paKTOpOB Ha yesioBeKa. /l/ig pelneHUs 3TOH 3aa4u pa3paboTaHa 3/J-Moze/ b KOHCTPYKLUK TBepJOTeNbHOr0 AeMnde-
pa Ha OCHOBE NEeHOAJIOMHUHHS 110 KOTOPOX U3TOTOBJIEHBI iBAa MAKETA, pas/iMyarolLiyecs rily6HHON LIUJIMHAPUYECKUX IPOTO-
YeK, UCNO0JIb3yeMbIX JJsl yCTAHOBKH BUHTOB. M3 pe3y/ibTaTOB U3MepeHUsl BUOPALMOHHBIX XapaKTEPUCTHK CJIeAyeT, YTO Ma-
TepHaJl, UCII0JIb3yeMbIH B Ka4ecTBe racuTess KosebaHuH, o6s1afaeT JeMIPUPYIOIMMH CBOMCTBAMU U MOXET ObITb IIpUMe-
HeH Il CHWXKEeHUs YPOBHSA BUGPOAKTUBHOCTH 3JIEKTPOMEXaHUYECKOT0 ycTporcTBa. CpaBHEHMe Pe3yJbTaTOB MCIBITAHUN
MaKeTOB TBEp/OTEJbHOTO JieMndepa M0oKas3aslo, YTO UCNO/b30BaHHe MaKeTa N2 1 Mo3BoJ/sAeT CHU3UTb aMILIMTYAy BHOpa-
UM 710 3 pa3 Mo CpaBHEHHIO ¢ MakeToOM N2 2. 06eKmom vccie/JoBaHus sBseTCsa GparMeHT JeMIPUPYIOIIEro 3JeMeHTa —
racuTeJsisl KoJe6aHUH TBEPAOTENIbHOTO JeMiidpepa — Ha OCHOBe NMeHOoaTIOMUHUs. Ifes1b: pa3paboTaTh KOHCTPYKIMIO MaKeTa
TBepAOTEJIbHOTO JieMIipepa HA OCHOBE NMEHOATIOMHUHHUS U ONpeeauTb 3GPEeKTUBHOCTb €ro MPUMEeHEHUs JJIs1 CHHKEeHUs
YPOBHSI BUGPOAKTHUBHOCTH 3JIEKTPOMEXaHUYECKOr0 YCTPOMCTBA CHUCTEMBbI >KM3HeoOecrnedyeHUs] HedTera3oBbIX CTAHIIUH.
Memodb!: coBpeMeHHbIe MTO/AX0/{bl BUOPOAMATHOCTHKHY, BBIYHUCIUTENbHON MaTeMaTHKU U CPe/ICTB U3MepeHUH. Pe3yibma-
mbl ¥ccJIeJOBAHUS NT0KA3a/IM BO3MOXKHOCTb CO3/JaHUs TBEPJOTEJIbHOTO ieMndepa Ha OCHOBE MEHOATIOMUHUS JIJIsl pelleHus
3a/ia4 CHIMKEHHUs aMIUIMTY/ibl BUOpALUM B Juana3oHe pabo4ux 4acTOT BpallleHUs POTOpa 3JIEKTPOMeXaHUYeCKOr0 YCTPOii-
CTBa 10 CPAaBHEHHIO C COOTBETCTBYIOLIMMYU BUOPALIMOHHBIMU XapaKTepUCTHKaMU 6e3 3/1eMeHTOB JleMNPpUPOBAHUSI.

KmodyeBble csioBa: HedTerasobble CTaHLMM, MEHOAJIOMUHHUM, BHOPOAKTHBHOCTb, BHMOPOJUArHOCTUYECKUH KOMILJIEKC,
TBEPAOTENbHBIN AeMndep

BiiarogapHocTH: Pa6oTa BeinoJsiHeHa B paMkax rpaHTa PH® Ne 23-79-10107 (s1abopaTopHoe 060pyA0OBaHHe, pe3yIbTaThl
HcceloBaHUsA AeMIIPUPYIOIUX CBOMCTB MaTepHaJsIoB).
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Solid-state damper for reducing vibration activity of an electromechanical
device of a life support system of oil and gas stations
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Abstract. Relevance. Mechanical vibrations are a common and technically important process that has a negative acoustic
effect on human health and in some cases is a harmful production factor. In devices, the presence of vibration is caused by
exciting influences of various physical nature: mechanical, electromagnetic, aerodynamic. The reason for their occurrence are
defects in parts and assemblies, the technical principle of the ball bearing device, as well as the coincidence of the operating
frequency of the device with natural frequency of the structural elements. Since it is technically impossible to completely
eliminate the vibration activity of an electromechanical device, the actual topic of scientific research is the technical task of
developing a damping device with determining its effectiveness to reduce the vibration activity of an electromechanical
device, thereby minimizing the effects of concomitant harmful production factors on humans. To study this problem, a 3D
model of the construction of a solid-state damper based on aluminum foam has been developed, according to which two
layouts are made with different depths of cylindrical ducts used to install screws. The results of measuring vibration
characteristics showed that the material used as a vibration dampener has damping properties and can be used to reduce the
level of vibration activity of an electromechanical device. A comparison of the test results of the solid-state damper layouts
showed that using layout No. 1 reduces the vibration amplitude up to three times compared with layout No. 2. Object.
Fragment of the damping element of the vibration damper of a solid-state damper based on aluminum foam. Aim. To develop
a design for a solid-state damper based on aluminum foam and determine the effectiveness of its use to reduce the level of
vibration activity of an electromechanical device of the life support system of oil and gas stations. Methods. Modern
approaches of vibration diagnostics, computational mathematics and measuring instruments. Results. There is a possibility
of creating a solid-state damper based on aluminum foam to solve the problems of reducing the amplitude of vibration in the
operating frequency range of the rotor of an electromechanical device compared with the corresponding vibration
characteristics without damping elements.

Keywords: oil and gas stations, aluminum foam, vibration activity, vibration diagnostic complex, solid-state damper
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BBeaenue

CHmKeHHe YpOBHS BHOpPAIUil TPOU3BOJICTBEHHBIX
00BEKTOB U COMYTCTBYIOIIKX IIYMOB SIBJISICTCS BXKHOM
HAyYHO-TEXHUYECKOH MpoOieMol B 00JIACTH TEXHUYE-
ckoil akyctukd. lllyMm MexaHW3MOB BO3HUKAET BCIEII-
CTBHE YIPYTuX KoJicOaHHU KaK MEXaHH3MOB B IEJIOM,
TaK ¥ OTACJIBHBIX JJIEMEHTOB KOHCTPYKIIMH DIIEKTPO-
MeXaHWYeCcKHX ycTpoiicTB (OMY), ux neranei.

OMY — 3T0 0OJBIION KIIACC MCIIOJHUTEIBHBIX Me-
XaHU3MOB, B KOTODBIX ABHKHTEIIEM SBIISETCS DJICK-
TPUYECKUI IBUTATEIH JIIOOOTO THIIA C YCTaHOBICHHBIM
Ha Baly (DYHKIIMOHAJIBHBIM OJIOKOM, OMpPEIEISIONIIM
HazHadyeHue OMYVY.

OTO OYeHBb MHMPOKas TPYIIA YCTPOHCTB OT MPUMHU-
TUBHOTO TOYMJIA WM JPENU JO MPEHU3UOHHBIX OMY,

yCTaHABIMBAEMbIX Ha KOCMHMYECKHMX ammaparax. O0-
myM (YHKINOHAIBHBIM TPHU3HAKOM 3TOW TPYIIIBI SB-
JSieTCsl HAJIMYUE BIIEKTPOJBUraTessl, ONpPEeACIOnero
IUHAMHYECKHE KayecTBa Bcero OMYVY.

Cucremsl xu3HeobecniedeHns1 He(hTera3oBbIX CTaH-
LU, Takhe KaK BEHTHJSILMSA U KOHAMIUOHHPOBAHMHE,
cogepxar OMY — BeHTHIATOpPHI, paboTa KOTOPBIX CO-
MPOBOXKJAETCS] IPOU3BOACTBEHHBIM HIYMOM. JTO OKa-
3bIBa€T HETATHBHOE BIMSHUE HA N3HOC 000PYIOBAaHUS,
YMEHBIIIEHHE CPOKa €ro SKCIUTyaTallud, a TakXKe Ha
3/I0POBBE OINEPATOPOB, HAXOIIIIUXCS B MOMEIICHMHU,
TaK KaK HaJu4yHhe IMPOU3BOACTBEHHOIO IIyMa SIBISETCS
BPEIHBIM IIPOU3BOACTBECHHBIM (haKTOPOM.

[TomHOCTBIO yCTpaHUTh BHOPOAKTUBHOCTE OMY
TEXHUYECKH HE NPEACTaBIAETCS BO3MOXKHBIM. Ee
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MOYHO TOJIBKO YMEHBIIHTH 10 MPUEMIIEMOTO YPOBHS

paboThI 3HAUCHUH.

Jns cHmwkeHns: BUOPOAKTUBHOCTH MEXaHHU3Ma IIPHMe-
HSIOTCS KaK TEOPETHUECKHIE CIIOCOOBI pacdera KOHCTPYK-
i OMY, Tak ¥ NPaKTHYeCKHe PEIICHHUs 10 TallleHUEo
BuOparmii. Onetka BubpoakTuBHOCTH DMY [1-6] moka-
3bIBACT, YTO HMCTOYHHKH KOJEOAHUH WMEIOT Pa3IndHyIO
(U3MYECKYIO TIPUPOAY: JUCOAIAHCHI, IEKTPOMArHUTHBIE
SBIICHUS B 3JICKTPOJIBUTATENIE, IIOTPEIIHOCTh MIAPUKOIION-
[IAITHAKOB, TEXHOJOTUYCCKHE MOTPEIIHOCTHA —JeTaiei
KOHCTPYKIIMH, KAYeCTBO COOPKU.

Kak cnenyer u3 pesyibraTroB ucciemoBanuil [2, 3],
BuOparmss OMY UMeeT TUIOTHBIA CIIEKTP YacTOT OT Je-
CSITKOB JI0 JAECATKOB THICSY I'epll, COJePIKaIUi MHOXeE-
CTBO T'apMOHHK BUOPAITOHHBIX BO3MYIIIEHHUH. B cBsi3u C
9THUM CIIEyeT WCIIONH30BATh OCHOBHBIE CIIOCOOBI CHU-
KEHHS BUOPOAKTUBHOCTH DMY — BEHTWIIATOPBIL:

1. VYMeHpIMTh BHOPOAKTHBHOCTH CaMOil KOHCTPYK-
nuu OMY Ha 3Ttane pa3paboTKu:

e YBEIMYUTH YHCIIO JIOIATOK padodero Koieca,
NOCKOJIBKY C YMEHbBIICHHEM 4YHCIa JIONATOK
YBEIMYUBACTCS OECHOPSIIOYHOCTh  JBIDKCHHUS
OTIETBHBIX CTPYH, BHITEKAIOIINX W3 MEXKIIOIa-
TOYHBIX HPOMEXYTKOB, BIMSIONIMX Ha OOLIMH
YpOBEHb IIyMa, CO3/1aBacMOro pabodymM KoJe-
COM.

® U3MEHWUTH JHaNa30H COOCTBEHHBIX 4acTOT 3JIe-
MCHTOB KOHCTPYKHIHHU W YaCTOT BO3MYIIAIOIINX
BO3JICHCTBHI;

e CHM3UTH AUcOaIaHC POTOPHOH CHCTEMBI;

® 3aMCHHUTH NOAIIMITHUKHW KAa4YC€HHS ITOAIIMITHHUKA-
MH CKOJIBKEHHS.

2. OrpaHM4HTh YTIOBYIO CKOPOCTh JIEKTPOIBUTATEIS
OMY, HO HaHHBIA CHIOCO0 HE SIBIISETCS YHUBEP-
CaPHBIM M HE JaeT BO3MOXXHOCTH HCIIONB30BATh
BECh TEXHUYECKUI MOTEHIIMA YCTPOHCTBA.

3. Paszpaborats BHOpO3amuMTy, YCTaHOBHB €€ HETO-
CPEACTBEHHO B UICTOYHHK BUOPOAKTHBHOCTH.
YBenu4yeHue KeCTKOCTH U Beca KOHCTPYKIMH B Psi-

Jie CcIydaeB NMPaKTHYECKH HE BIHMSET Ha adpOJMHAMU-

geckoe ImyMmooOpazoBanme. [loaToMy oOdYeHB dYacTo

yBEJIHYEHHE KEeCTKOCTH M Beca KoJjieca U KOXKyXa MpH-

BOOAT K H3JIMIIHEMY YBCJIWYCHHUIO BE€Ca KOHCTPYKIUHU

OMY u ee cTOMMOCTH, HE BNl Ha aKyCTUYECKHE

CBOICTBA.

OnHMM W3 HOBBIX HampaBjieHUN B 00NacTH paspa-
00TKH neMigepoB SBISETCS HCIOIL30BaHNE NEHOME-
TAJUIOB BBUAY COYETAaHWS MX HU3KOW IIOTHOCTHU, BBI-
COKOH Y/eNIbHOHM >KECTKOCTH M IPOYHOCTH, a TaKXkKe
criocobHocTH nornouieHus sHeprun [7/—10]. B yactHo-
ctH, B pabore [7] ObUIO MOKa3aHO, YTO MEHOMETAIIBI
MOTYT IIPEBOCXOJHO IOTJIOMIATh M PacceUBaTh HEp-
THIO 32 cueT AedopMalim, 9To AeaeT uX uicaabHbIMU
MaTepHaIaMy [UIs TOTJIOMICHIS yIapOB U OCIAOICHUS
BuOpanuu. IlpuyeM onTHMH3aLUs TeMIepaTypsl, pa-
6ouyero auamnasoHa W aMIUIMTYJbl IIPUKIIaJbIBACMbIX

HaNpsOHKEHUH TO3BOJIACT PEryilupoBaTh AeMI(pUpPYIO-
[IME CIIOCOOHOCTH TMEHOMETAIOB. Takke BaKHO OT-
METHTB, YTO IEMII(QUPYIONINE CBOMCTBA MMOPHCTHIX Me-
TAJIOB TPOSBILIFOTCS TPH IDIACTHUSCKUX epOopMaIii-
SIX U YIUIOTHEHWH, a BO3HUKAIOIIME MPH 3TOM Hampsi-
KCHUSI MEHBIIIE TIpe/ieNia TeKYIECTH «CIUIOIITHBIX)» Me-
tawioB [11-24]. OcoGeHHOCTE THCTEpe3nca TOPUCTHIX
MaTtepuasioB [11-24] 3akirodaercss B Hanmuuuu oOJia-
CTH, OTpaHUYMBAIONICH aMIUIUTYAy CHJIOBOTO BO3MY-
MIAIOIIETO BO3ICUCTBHSA, IEPEAaBAEMOT0 Ha MOPHCTHIN
MaTepuasl. Hanuuue mop B aqOMHUHHUM TaK)kKe BBI3bIBA-
eT CYyLICCTBCHHOE 3aTyXaHHe BHOpaumil m3-3a mpeood-
pa3oBaHMs PE30HAHCHBIX MOJ] KOJEOIFOIIErocss 00beK-
Ta. OTMEUYEHHbIE MPEUMYIIECTBA IEHOMETANIOB 00b-
SICHSAIOT I1eJIECOO0Pa3HOCTh WX HCIIONB30BAHHS TIPH
CO3aHUU JeMI(EPOB IS CHIKCHHS BHOPOAKTHBHO-
ctt OMY B pa3iuYHBIX MPAKTUICCKUX TPUMCHCHHUSX.

Hacrosimast paboTa HOCBSIIIEHA CO3JaHUIO KOH-
CTPYKIUH MaKeTa TBEPIOTENHFHOrOo aeMmdepa Ha oc-
HOBE IICHOATIOMUHUS U MCCIEIOBAaHHIO d(PPEKTUBHO-
CTH €ro MPUMEHEHUs IJIsl CHIXKEHUS! YPOBHS BHOpOak-
TUBHOCTH DOMY cHCTEeMBI kH3HeoOecTieueHus HedTe-
ra3oBeIX cTaHiuid. C 3TOH LENbI0 MPOBEICHBI JKCIIE-
pUMEHTaJbHBIE HCCIEOBaHUS HAa MpPHUMEpe aHalu3a
BHUOpanuii, BOZHUKAIOIIUX B Iporecce (hyHKITHOHHPO-
BaHusi OMY.

KoHcTpyKnus TBepA0TeIbHOTO JeMndepa

OcHOBY KOHCTPYKIMH pa3pabOTaHHOTO TBEPJIO-
TENBHOTO JieMIiepa COCTaBISeT HOPUCTBIN TIEHOAIIO-
muHHN pasmepamu 100x100x40 mm (puc. 1). Ile-
HOAIOMUHMIA Toiy4yeH u3 cruiasa J[16 TOCT4784-97,
YTO M ONpEIENIeT ero OCHOBHbIE MEXaHNIECKHE CBOH-
cTBa. AHAJIN3 TEXHOJOTUH U3TOTOBIICHUS HCCIIEyeMO-
ro o0pa3ia NeHOATIOMUHIS BBIXOJUT 338 PAMKH JaHHOU
MCCIIEe0BATENbCKOW PabOThI, HO MPEACTaBIEH B pado-
tax [17-19].

C wucnosp30BaHUEM AEMI(UPYIOIIET0 3JIEMEHTa,
MPUBEJEHHOTO Ha pHC. 1, CIPOEKTHPOBAH MaKeT TBep-
notensHOTrO Aemmdepa (puc. 2, a).

Puc. 1. ®Ppacmenm meepdomenvHozo demngpepa Ha ocHose
NeHoaNMUHUS

Fig. 1. Fragment of a solid-state damper based on alumi-
num foam
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a/a
Puc. 2.

o/b

Makem meepdomesibHo20 demndgpepa (a), 3D-modeav makema (6), 1 - ocHosaHue kpenaenus IMY, 2 - ¢ppazmenm

e2acumesisi K0.1€6aHUll HA OCHO8e NEHOATMUHUS, 3 — KpenejtcHble demasau makema

Fig. 2.

Layout of a solid-state damper (a), 3D model of the layout (b), 1 - Electromechanical device mounting base, 2 - frag-

ment of an oscillator based on aluminum foam, 3 - fasteners of the layout

Ta6auya 1. Koncmpykyuu makemos meepdomeibHo20 demngepa Ha OCHO8e NEHOATIOMUHUS

Table 1.

Designs of solid-state damper layouts based on aluminum foam

Ne makeTa
Layout number

KoHcTpykius MmakeTta
Layout design

[y6HHa DUIMHAPUYECKUX IPOTOYEK, MM
Depth of the cylindrical ducts, mm

nomaaKa kpenieHus MY

MEHOATFOMHUHHH

1 26

TIoaAKa kperienus IMY

NEHOATIOMHHHI

!

| T

i

.

Maket TBepmoTenbHoro gemrdepa (puc. 2, a) co-
JCPIKUT OCHOBaHUE ISl KperuieHnuss MY u ocHOBaHHE
IUTSL KPETUIEHUS TBEPIOTENBHOTO JeMIiepa ¢ YCTaHOB-
JICHHBIM Ha HeM OMY Ha BHOpOU3MEPUTEIHHOM CTCH-
ne (puc. 2, 6). Kperuienne meHOATIOMUHHS K TTOCAI0Y-
HOHM Twiomanke OMY U OCHOBaHHIO OCYIIECTBISIETCS
TakuM 00pa3oM, 4TOOBI 00ECIICYUTh KMHEMATHUECKYHO
Pa3BsA3KYy MEXKAY TEXHUYECKHM YCTPOWCTBOM U ILIOC-
KOCTBIO €r0 YCTaHOBKHU 4epe3 (parMeHT Jemiipupyro-
IIET0 AIIEMEHTa TacuTels KoJeOaHuil TBepIOTEILHOTO
nemmgepa. [IpudeM B MCCIeIOBATENBCKAX IEISX MPH-
MEHEHBI JIBa (hparMeHTa ¢ pa3HOi TITyOMHOU MPOTOUYCK
IUTSL YCTAaHOBKU BUHTOB 7 1 26 MM (Tabm. 1) ms obec-
MEYCHHS Pa3IUYHOTO COMPOTHBICHUS Je(POopMaIuu
MaTepuaia MeHOATIOMUHIS TI0/ BO3/eiicTBHEM BHOpa-
OUOHHBIX CHIL.

O60pyaoBaHMe AJIs POBEJeHUs NCCIeJ0BAHNS
3¢ PeKTUBHOCTH NPUMEHEHNs TBEPAOTEIbHOI0
Aemndepa

Omnpernenenne aMILTUTYIHO-YaCTOTHBIX XapaKTepH-
ctuk (AYX) TBepaoTenpHOro AemMiiepa MpoBOAUIOCH
B cootBercTBun ¢ ['OCT 30630.1.1-99. MaxkeTsl moa-
BEPTJINCh BO3JICHCTBHIO CHHYCOWAAIBLHONH BUOpAITUM C
IJTABHOW pa3BEPTKOM YacCTOTHl B [HAMAa30HE YacTOT
10-2000 I'y mpu 3HAYEHUH AMILTUTYABI YCKOPEHHS B
KOHTPOJBHOU TOUKe 4,9 M/’ u CKOPOCTH W3MEHEHHS
9acTOTH 1 OKT./MHUH.

OOmast cxema UCTBITAaHUH COCTOUT U3 BHOpPAIOH-
HOU cHcTeMBl (BHOpaTOpa), YCHIIUTENS MOUIHOCTH,
CHUCTEMBI YIIPaBJICHUS BHOPOHWCHBITAHUSMH, a TaKKe
BUOpPOM3MEPUTENBHBIX peodpazoBaTeneii (BUIT).
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Hanpasnesse X (Y)

Tpucnocobnenne MaKeT nemMmndepa

BHIT 1

Hanpagnesne Z

MaKeT geMnodepa

BHIT 2

/

BHII 1

/ IIpucnocobnenne

Puc. 3. (Cxema pacnonoxceHus BUIl Ha makemax meepdomesnbHoz20 demngpepa

Fig. 3.

Jlyist 3aKkperieHns: MakeToB Ha 1uiatdopme BUOpaIu-
OHHOMW CHCTEMBI HCTOJIb30BAITUCH CIICIIMATBHO pa3pado-
TaHHbIe TpUcocobeHus (puc. 3), He UMeroIHe coo-
CTBEHHBIX PE30HAHCHBIX YacTOT B AmamnazoHe g0 2000
I'u. JlanHoe TpeboBaHue, IPEABIBIAEMOE K IPUCITOCO0-
JICHUSM MEXaHHYECKUX HCIBITAHHH, MMO3BOJISIET MCKIIFO-
YUTH UX COOCTBEHHBIE YACTOTHI KOJIECOAHUI U3 qUaIa3o-
Ha pabOYMX YacTOT TBEPIOTEILHOIO AeMidepa.

Omnpenenenne AUX MakeToB OCYIIECTBISIIOCH TO-
OYEPENHO B KaXXIOM M3 TPEX B3aMMHO IEPIEHIUKY-
nsipHbIX HanpasieHusx (X, Y, Z) 1ekapToBOi CHCTEMBI
koopauHart. [Tpudyem HampasieHust X u Y HaxoJsaTcs B
IJIOCKOCTH Hcchenyemoro oobekra. BUIT ycranasmm-
BaJIMCh Ha MakeThl JeMrdepoB (puc. 3), paboune ocu
KOTOPBIX OPHEHTHUPYIOTCS 10 HAIIPABICHUIO TEHEPUPY-
€MBIX CTEHIOM KOJIEOaHMIA.

ITocne onpeneneans AUX npoBeneHbl BHOPOHUCIIBI-
TaHUs TBEPJOTENBHBIX AeMIT()EPOB C MOMOIIBIO TTOPTa-
THUBHOTO BUOpoauMarHoctuueckoro kommiekca K-5101

”
TE3IZE 10913
5, 2 = 805,377, 0 = 21063, darwp = 249%
2 ka0 13802 750828
134123, 12 - 1333.500, 8 = 29,927, damp = 1.67%

24,0000
225000
21,000

217171
ZW003 k20 230315
M= 2288611, 12

Layout of the vibration measuring transducer on the layouts of the solid-state damper

[2], mpemHazHa4yeHHOTO JUIsI MCCIENOBaHMS M cOopa
JAHHBIX, B TOM YHCJIE C OTMETKAMHU BPEMEHU, IIPU H3-
MepeHHH OOINEero ypoBHs BHOpamuu, 0a30BOTO M pac-
MIMPEHHOTO aHalN3a IHHAMHYCCKHX XapaKTCPHCTHK
JIIEMEHTOB KOHCTPYKIWH. blOK-cxema cTeHma u
BUOPOJIMArHOCTUYECKOTO KOMIUIEKCA JUIsl M3MEepeHUs
BHOPAITMOHHBIX XapaKTepUCTHK DMY, a Takxke MeTo-
IUKa ornpenencHus 3GOEeKTHBHOCTU CHIDKCHUST BHOPO-
AKTHBHOCTHU MOAPOOHO omucaHbl B pabore [2].

Pe3ysbTaThl 3¢ppeKTUBHOCTH IPUMEHEHUsI
TBEepAOTe/LHOro AeMindepa

[IpoBeneHHble UcCcHeAOBaHUS IO  OIPENEICHUIO
AUYX TBepIOTENBHOTO IemIdepa Ha BUOPAIMOHHOM
CTEHJIe TTO3BOJIMIIA COTIOCTABUTh PE30HAHCHEIE YaCTO-
THI pa3pa0OTaHHBIX MAaKETOB JAEMII(EpPOB C IUAIa30-
HOM pabouux 4acTOT BpauleHus potopa OMY. Pesyib-
TaThl WCCIEAOBAaHWU TpHUBENCHB Ha puc. 4, 5 U B
TaobI. 2.

an
33.468,0 = 14017, damp = 357%

0= 11,083, domp = 451
0 = 43505, demp = 1.15% 1

2
o=

185000
18000

] 16,5000
15,000

13500

12000

10500

30000
75001

0000
45001

) \
/7

20000

— N
A 15000

-

00000 120000 140000 160000 1EODCO 200000 2:0000

Freguency (Hi)

a/a

40000 G000 BIDOD

B ‘///

-

275005
500

F000 140000 160000 G000 200000 220000

Frequency (Hs]

o/

A0 GO0 GO0D) 100000

Puc. 4. AYXmakema Ne 1 (a) no HanpasaeHuto X(Y), (6) no HanpasaeHur Z

Fig. 4.
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ki
Signal % v

1 kA0 TEes2 a2mm 20000~
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Sigral % v
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Puc. 5. AYX makema Ne 2 (a) no HanpasaeHuto X(Y), (6) no HanpasaeHur Z

Fig. 5.

Ta6auya 2. AYX makemos meepdomenvHulx demngepos 8
duanasone wvacmom om 5 I'y do 2,5 kl'y

Table 2. Frequency response of models of solid-state damp-

ers in the frequency range from 5 Hz to 2.5 kHz

Ne makeTa
HaumeHoBaHMe nmapaMeTpa L
ayout number
Parameter name 1 | 2
Hanpassenue X (Y)/ X (Y) direction
IlepBas pe3oHaHCcHas 4acToTa, 'y
The first resonant frequency, Hz 7839 1806,5
KoadounuenT nepesayu/Transmission ratio 20,06 42,84
KOB(I)C!)I/ILIHGH'I: LFGMH(I)HpOBaHI/IH 2,49 117
Damping coefficient, %
Hanpassenue Z/Z direction
[lepBasi pe3oHaHCHas 4acToTa, '
The first resonant frequency, Hz 14127 1856,6
KoadounuenT nepesayn/Transmission ratio 14,02 34,06
Koadounuent nemndupoBanus
Damping coefficient, % 3,57 147

W3 momydeHHBIX BHOpAMOHHBIX XapaKTEPUCTHK
TBEPIOTENBHBIX JeMmbepoB (Taba. 2) ciemyer, uTo
PE30HAHCHBIE YACTOTHI Pa3pabOTAHHBIX MAaKETOB HE
BXOJIAT B PabOYMi NHama3oH BpaileHusi potopa DMY
(1,666+50 I'my). IIpuuem maker Ne 1 umeer 3HaYUTEIb-
HO MEHBIIIYIO KECTKOCTh, 4eM MakeT Ne 2. 3To MOXKHO
OOBSCHHUTH Pa3Nu4reM TITyOMHBI IPOTOYEK MO BUHTEI

KOIPDHUUMEHT 3PDEKTHBHOCTH

40 m—
1.666 mm—

3.

45—

6.666 .
B.

333 me—
333 —
50—

T=T ==

KO3DPUUMEHT 3ddeRTUBHOCTH
o - ~
e v = W wm n
1.666 m—
3,333 =
5 mm
6.666 m——
8333 m———
10—
15 -
20—
21.666 m——
23.333 —
25 m—
26.666 mm—
30

11.666 m—

31,666 m—
33.333 e

36,660 M———

38.333 e——

13.333 e——
16.666 m—
18.333 e

28333 m

YaCTOTa BpaWeHus, My

a/a

Puc. 6.
HanpaeaeHuto X (Y), (6) no HanpaeaeHuro Z

Fig. 6.
(Y) direction, (b) in the Z direction

Frequency response of layout no. 2 (a) in the X(Y) direction, (b) in the Z direction

U, KaK CJIEICTBUE, pa3HBIM COIPOTHBIECHHEM Hedop-
Maruu (parMeHTa racuteis KoJieOaHH IT0j TPHIIO-
JKEHHOW Harpy3KOu.

CpaBHUTENBHBIH aHAMN3 1O Kodddummenty s¢-
¢bextuBHOCTH [2] TOKa3zanm HanbobIIyI0 3PQEKTHB-
HOCTh CHIDKCHHSI BUOpoakTHBHOCTH DMV i Makera
Ne 1, rmyOmHa mnpoTOYEK KOTOPOTO 3HAYUTEIHHO
MeHble, yeM B MakeTe Ne 2 (tabu. 3) (puc. 6, 7). D10
MOXXHO OOBSICHHTH TEM, YTO ITOMHMO MEXaHH3MOB,
CBSI3aHHBIX C BHYTPCHHHUM H3MCHEHHEM MHKPO- WU
MaKpOCTPYKTYp TBEPAOTEIHHBIX MAaTEPHAIOB, a HMCH-
HO HCIIOKAIWH, JOKAIBHBIX JNe(eKTOB KpHcTauinde-
CKUX PELIETOK, pellakcaluil HalpsDKEHUI Ha ITpaHuLax
3epeH, (ha30BBIX MPOIECCOB U T. M., KOTOPBIC BIHSIOT
Ha 3 (EKTUBHOCTh PACCEHBAHUS DHEPTUH, HEOOXOH-
MO YYHTBHIBaTh U JKECTKOCTH NeHOATOMHUHU. KoH-
cTpyknusi Makera Ne 2 mMeeT OoibIIe MEXaHH3MOB
pacceuBanus 3Hepruu, yem makeT Ne 1, mon Bozjei-
CTBHEM BHEUIHEH HArpy3KH, NOCKOJbKY TIyOHHA IpO-
TOYEK MEHBIIE, HO OH TaKKe 00jagaeT W OOJIBIINM
MOTSHIIHAIOM COMPOTUBICHUS Ne(opMaln, 9TO IOI-
TBEPIIIN HCCICIOBaHUS BHOPAIIMOHHBIX XapaKTepH-
CTHK (Tabi. 2), a 3HAYUT, U JUCCUTIAIHS SHEPTHH B HEM
MEHBIIIE.

09
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HsmeHeHue koagguyuenma sggekmusHocmu om yacmombwvl spauwjeHuss pomopa IMY ¢ makemom Ne 1 (a) no

Change in the efficiency coefficient depending on the rotation frequency of the EMU rotor with layout no. 1 (a) in the X
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KO3 dUUMEHT 3pHEeKTUBHOCTH

Table 3. Test results of solid-state damper layouts
BapuaHT AMmiutyna Bubponepe-
NpUMeHeHUs MelleHHs o ocsAM (MM) Bﬂzar[;:s: qsgoz
MakeTa Amplitude of vibration p ;u (06/1\1/[1)1/1H)p ’
Variants of displacement along the Rotoli speed range
the layout axes (mm) Hzp(r m) ge
application X(Y) Z P
IMY 6e3
nemndepa
EMU without 0,479 0,287
damper 1,66+50
MakeT Ne 1 0121 0,119 (100+3000)
Layout no. 1
MaxkeT Ne 2
Layout no. 2 0,224 0,145

PesynbraTel M3MepeHHs BUOPAIIOHHBIX XapaKTepH-
ctuk OMY (tabn. 3) ¢ pa3pabGoTaHHBIMH MaKeTaMH
TBEPIOTENIBHOTO JeMI(epa HA OCHOBE ITEHOATFOMUHHUS
MOKa3allk, YTO MCIOJIb3yeMbIi MaTepuan o0najaeT He-
IUIOXUMH  JAEMI(UPYIOMUME  CBOICTBAMH U  MOXET
OBITh TIPUMEHEH [UIS CHIDKCHHUSI YPOBHS BHOpamuu C
YYETOM €r0 CONPOTHBICHHS Ae(hOpMAIMOHHON Harpys-
K€ TpU—BUOpoakTUBHOCTH OMY. AMIUTUTYAHBIC
3HAUCHUS BHUOpONEpEMEIIeHNsI NPH HCHONb30BaHUN
MaKeTa TBepPIOTEIBHOTO JeMIidepa CHU3IINCE B 3 pasa.
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3aK/royeHue

W3 mpuBeneHHBIX B CTaThe Pe3yJIbTaTOB HCCIENO-
BaHUH cJIeayeT, 4TO BHOpOakTMBHOCTE OMYVY mpen-
CTaBIsIeT COOO IUIOTHBIA CIIEKTP YaCTOT OT JECATKOB
JI0 JIECSITKOB THICSY TepI], KOTOPBIA COAEPIKUT MHOXKE-
CTBO TapMOHHK BHOPAIlMOHHBIX BO3MYIICHHH, BO3HU-
KalOMWX B KOHCTPYKIUH SJIEKTPUUIECKOTO JBUTATEIS,
SIBIIIOLIETOCS TeHEepaTOpOM YKa3aHHBIX BHOpalui.
C menpro penieHus] TeXHUYECKUX MPOoOJIeM CHIDKEHUS
BHOPOAKTUBHOCTH DMY CHCTEMBI KH3HEOOeCTIeueHUS
HE(TEra3oBBIX CTAaHIMH TPEIUIOKEHA KOHCTPYKIIHUS
TBEPIOTEIBHOTO JIeMIdepa, a MPOBEICHHBIE HCCIIEI0-
BaHMs JBYX MAaKETOB IIOKa3aJid, YTO MaTepual Iie-
HOAJIOMUHMIA 00nanaeT AeMnupyOIUMU CBOMCTBaA-
MU U1 3¢ (EKTUBHOW MHHUMH3ALUU BHOPOAKTUBHO-
ctu OMY.

D¢ dexTHBHOCT AeMI(pHUPOBaHHUS BHOpalMid 3a
CYeT MPUMEHEHHUSI TBEPAOTENbHBIX EMI(PEPOB OILICHU-
BaJlaCh C HCIOJIb30BaHHWEM J1IabOpaTOPHOTO 3IIEKTPO-
nuHamudeckoro BuOpoctenaa ET-139 u BuOpomua-
rHoctrueckoro kommiekca K-5101. Pesynbsrarsl mpo-
BEJICHUS BUOPOWCIBITAHHMIA TIOKA3alld, YTO HCIIOJB30-
BaHHE TNPEIIOKEHHOTO TEXHHYECKOTO pEIIeHHS Ha
OCHOBE pa3pabOTaHHON KOHCTPYKIHUH TBEPAOTEIHHOTO
nemrdepa Mo3BOJIIET MUHUMHU3UPOBATh BUOPOAKTHB-
HOCTH OMY 110 3 pas.
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XapaKTepI/ICTI/IKI/l ropeHusd KalieJib BOAOMaSYTHOﬁ IMYJIbCUHA
CO Crniena/IN3UPOBAHHBIMH IIPpUCAAKAMHA
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AnHoTanua. AKmyaasHocme, [IpyMeHeHHe Ma3yTHOTO TOIJIMBA HAa 3HEPreTUYeCKHUX YyCTaHOBKAX XapaKTepHU3yeTcs NMOBbI-
IIeHHbIMH 3HAaYeHUAMH HeJI0’Kor'a M aHTPOIOreHHBIX BbIOPOCOB. OJHUM U3 COCOG0B CHU3UTb aHTPONOTE€HHbIE BbIGPOCHI
SBJIIETCSA MCII0JIb30BaHHE BOJOMAa3yTHBIX 3MyJbCUH. Takxke /Jis COKpAllleHHUs aHTPONOTeHHbIX BbIGPOCOB W Y/Iy4YLIEeHHUS
XapaKTePUCTUK FOPeHMs TOIJIMBA MCNOJb3YIOTCS AOMOJHUTE/NbHbIE ClelHaJu3UpOBaHHble Npucajku. IlJeaw, Uccnenosa-
HUe HallpaBJIEHO Ha OpeJie/ieHne ONTUMAJbHON MTPUCAZKU K Ma3yTHOMY TOILIMBY JJisl CHIPKEHHSI aHTPOIIOTEHHbBIX BBIOGPO-
COB M BpEMEH 33/Iep>KKH 3axuranusa. Memodsl. B coctaB BojoMa3yTHOro TomarBa Jo6asasan npucagku: UOH-M, PocuedTh
P503B3, PocuedTs P502B1 (oTHOCHTEeIbHAsA MaccoBasi KoHLeHTpanus 0,5 %). OnpesesneHsl GU3NKO-XMMHUYECKHE CBOWCTBA
MasyTa M-100, a Takxxe ssiemeHTapHbIi cocTaB CHNSO. YcTaHOB/1eHBI peosioruyeckue XapakTepPUCTUKHU COCTaBOB BOJIOMA-
3YTHBIX TOIJIMB. C IOMOIBI0 BBICOKOCKOPOCTHOM CheMKH OIpe/ie/IeHbl BpeMeHa 3aZleP>KKH 3aKUraHus KaneJsb. C moMouipio
ra3oaHa/JnN3aTopa OoNpeseseHbl aHTPONOreHHbIE BbIGPOCHL. Pe3y1bmamel U 8b1800bl. Pe3yibTaThl MPOBEJEHHBIX HCCIIE0-
BaHUH MOKa3a/iy, YTO MPHCA/iKa HA OCHOBE 0COOOr0 COYETAHHS MOJOKHUTENBbHO U OTPULATENIbHO 3apsiKeHHbIX HoHOB (MOH
M) cHMKaeT BpeMeHa 3a/lep>KKH 3axkuraHus Ha 20-60 % npy BapbUpOBaHUU TeMIlepaTypbl ra30BOH Cpejibl B iMana3oHe OT
700 go 900 °C. lo6aByieHMe MPUCAZKH HA OCHOBE XKUPHBIX PacTUTeNbHbIX KUCA0T (P502B3) cHmkaso BpeMeHa 3aieprKKU
3axuranud Ha 7-10 % npu usMeHeHUU TeMiepaTypsl B AuanasoHe oT 700 o 900 °C oTHOCHTEJIBHO BOLOMa3yTHOIO TOII-
JIMBa. YCTAHOBJIEHO, YTO UCNOJb30BaHUe npucagku P502B1 B BojoMa3yTHOM TOIJIMBE NO3BOJIMJIO CHU3UTb BpeMeHa 3a-
JlepKKHU 3akuranusa Ha 15-50 %. OnpefiesieHo, YTO B IPUCYTCTBUM KaTaJIU3aTOPOB TOPEHUsI BOJa CBA3BIBAETCS C TSXKeJIbIMU
yTJIeBOJIOPOJilaMU U Te€M CaMbIM BbIXOJ, JIETYYHUX BellecTB MIPOUCXOJUT GLICTpeE, T. €. IO/ BeJleHHasl TeNJIoTa He TPaTUTCA Ha
nporpes BOJbl B KallJIM, 2 pABHOMEPHO BO3/leHCTBYeT Ha BeCcb 00'bM TOMJIMBA. Pe3y/IbTaThl UCCIeJ0BaHUN aHTPOIOTeHHbIX
BbIGPOCOB MMOKA3aJy, UTO UCII0/Ib30BaHUe NMPUCAZ0K MPU CKUTAaHUM BOJOMAa3yTHOTO TOILJIMBA CHIKaeT KoHLeHTpauuu CO,
CO2, NO, SO2Ha 8, 6,10 1 13 %, COOTBETCTBEHHO, 10 CPABHEHUIO C Ma3yTOM.

Kio4deBsle ciioBa: BOJJOMa3yTHO€ TOIIJIMBO, NPUCAJAKH, XaPAKTEPUCTHUKHU TOpeHUsd, aHTPOIOreHHble ra3oBble Bbl6p0Cbl,
ra3oaHaiu3aTop
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Abstract. Relevance. Fuel oil application in power plants is characterized by increased values of underburning and anthro-
pogenic emissions. One way to reduce anthropogenic emissions is the use of oil-water emulsions. Also, additional specialized
additives are used to reduce anthropogenic emissions and improve fuel combustion characteristics. Aim. To determine the
optimal fuel oil additive to reduce anthropogenic emissions and ignition delay times. Methods. The following additives:
ION-M, Rosneft R503V3, Rosneft R502V1 (relative mass concentration 0.5%) were added to the water-oil fuel. The physico-
chemical properties of fuel oil M-100, as well as the elemental composition of CHNSO, were determined. The rheological
characteristics of water-oil fuel compositions were established. Using high-speed photography, the droplet ignition delay
times were determined. Using the gas analyzer, it was possible to prevent anthropogenic emissions. Results and conclusions.
The results of the study showed that the additive based on a special combination of positively and negatively charged ions
(ION M) reduces ignition delay times by 20-60%, when the gas temperature varies in the range from 700 to 900°C. The addi-
tion of the additive based on fatty vegetable acids (P502B3) reduced the ignition delay times by 7-10%, when the tempera-
ture changed in the range from 700 to 900°C relative to water-oil fuel. It was found that when using the P502B1 additive in
water-oil fuel, it was possible to reduce the ignition delay times by 15-50%. It was determined that in the presence of com-
bustion catalysts, water binds with heavy hydrocarbons and thus the release of volatile substances occurs faster, i. e. the sup-
plied heat is not wasted on heating water into droplets, but evenly affects the entire volume of fuel. The results of the study of
anthropogenic emissions showed that the use of additives when burning water-oil fuel reduces the concentrations of CO, COz,
NO, SOz by 8, 6, 10 and 13%, respectively, compared to fuel oil.

Keywords: fuel oil/water emulsion, additives, combustion characteristics, anthropogenic gas emissions; gas analyzer
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BBeaeHnue

Tonounsrii Mazytr M40 u M100 sBnseTcs OCHOB-
HBIM JKHJIKAM TOIUIMBOM B DHEPICTHYECKHX YCTaHOB-
KaxX, MOCKOJBKY OOJIaaeT BBICOKOW TEIUIOTBOPHOU
CIOCOOHOCTRIO M HU3KOH cToumocThio [1]. Kak mpasu-
70, TIPH CXKUTAHUHM Ma3yTHOTO TOIUTMBA 00Opa3yroTcs
pasiuuHbIe 3arps3HsIOIIME BELECTBa, TAKUE KaK OCTa-
TOYHBIC 30JIbI, CaXxka U cepHas kuciota [2—4]. Cnenyer
OTMETUTh, YTO MAa3yTHOE TOIUIMBO XapaKTEpU3yeTCs
BBICOKHUM cojiepakaHueM cepsl (10 4,5 %). Ilpu atom B
Ma3yTe COAEPXKATCS PA3IMYHbIC KOHIICHTPAI[MM MHUK-
POAJIEMEHTOB TSDKEJIBIX METAUIOB, TAKMX KaK BaHAIIUH,
HUKENlb, CBUHEI, MeIb. Takas KOHIIEHTpAIHs MpUBO-
IUT K BBICOKOTEMIICpATypHOW Kopposuu [2-4].
B Hacrosmiee BpeMs CymIECTBYET BBICOKas HOTped-
HOCTh B Ma3yTHOM ToIuuBe [5, 6]: ams MOpckux mepe-
BO30K, BBIPAOOTKH TEIJIOBOH M ANEKTPUUECKOU 3HEp-
rud. s 3¢ GEeKTUBHOIO CXUTaHUS MA3yTHOTO TOILIH-
Ba JHEpPreTHUYecKas YCTaHOBKAa 00s3aHa MMETh COOT-
BETCTBYIOIlee 000pYyI0BaHUE, BXOIIEe B COCTAB Ma-
3yTHOrO Xo3siicTBa. Bceiencrtsue uero mpemycMmarpu-
BaeTCs BO3MOXHOCTh IIPHEMa, XPaHEHUs, ITOJTOTOBKH
Ma3yTa K CXXHTaHUIO M ToAade K (OpPCyHKaM KOTIOB
[7]. Ons ynyamenus 5bPeKTHBHOCTH CKUTAHHS Ma3y-
Ta W CHIDKCHHS aHTPOIOTCHHBIX BEIOPOCOB HCIIONB3Y-
IOTCSL TOTIOJHUTENBHBIC CHEIUATN3UPOBAHHBIC IIPH-
canku [8, 9]. OHu crOCOOCTBYIOT CHIIKEHHUIO 3aTPaT Ha
MPOM3BOJICTBO TEIUIOBOM »Hepruu. lcmomp3oBaHue
MPHUCaTOK B TOIUIMBE HWMEET Pl MPEHMYIIECTB, a
nMeHHo nosbiienre KIIJ[ koTna n mpenoTBpaleHue
00pa30BaHUsI BTEKTHYCCKUX CMecedl NpH CKUTAHUH
ToruBa. Takke BBeACHHE NMPHCATOK MO3BOJSACT CHH-
3uTh TeMmeparypy 3actbiBanus (1o 15-20 °C) u noBbI-

cuth Tekydecth Maszyta [10]. IIpousBoxactBo 3¢ddex-
THUBHBIX TPHUCAIOK BKIIOYAECT CMEIIMBAHHUE, IEpeMe-
IIMBaHUE WHIPEIUEHTOB B TedeHue 5—10 MUHYT u
¢unpTpoBanue. Kak mpaBuio, B MpUcagKy JOOABISIOT
KaTalM3aTOphl TOPEHNUS, U3HOCOCTOHKHUE, ITBIMOYAANS-
IOIIME ¥ SHeprocOeperaroie KOMIIOHSHTHI, a TaKKe
peryJsiTopsl OKTaHoBOrO uncina [11, 12].

Ha maHHBIIT MOMEHT CyIIECTBYET HECKOJIBKO THUIIOB
CHEHUATN3UPOBAHHBIX IPUCANIOK, KOTOPbIE MO3BOJISIOT
noBeicuth KITJ[ sHepretuueckoii ycranoBku [13].
Hampumep, kaTamu3aTopsl TOpPEHHs YIIy4IIAlOT IIPO-
LIECC TOPEHUs], TEM CaMbIM CIIOCOOCTBYIOT OoJjiee paB-
HOMEPHOMY pAacCIpEleNeHUI0 TDKENO0 BOCIUIAMEHSIO-
IIMXCS YacTell B Karuie MaszyTa, YTO MPUBOJMUT K CHHU-
KEHWIO Hemokora ToruuBa [14]. Jas yMeHbIIEHHUS
TeMIepaTypbl 3acThIBaHHS Ma3yTa HCIOJIB3YIOT Je-
MpeccopHbIe Mpucanku. Kak npaBuiio, OHW COCTOAT U3
pacTBopoB comonnMepoB. Takue Mpucankd MPHUMEHS-
I0TCS 711 YMEHbILIEHHs 3aTpaT Ha MOJOrpeB MasyTa, a
Tak)Ke BCJICJICTBUE CHIDKEHUsS BA3KOCTH TOIUIMBA T103-
BOJISTIOT yYMEHBIINTH PacXoIbl Ha IEPEeKauyKy ero Io
Tpybonposogam [15].

OxHUM M3 OCHOBHBIX HAaNpaBJIEHUH C LENbI0 T0-
BeiteHust K/[I1 koTenbHOM yCTaHOBKU SIBISIETCS CHKH-
raHue MasyTa B BHJE BOJOMa3yTHOU smysbcuu [16].
Kak mpaBuio, oHOH U3 TJIaBHBIX NMPOOJIEM CXKUTAHUS
MasyTa sBIsieTcs ero o0BojHeHue. M3BecTHO, YTO TO-
cle MoiydeHus ¢ HedTenepepabaThIBaIOIIETO 3aBoJa
MasyT copepxut 10 1,5 % Bomst [17]. TIpu Tpamcmop-
THUPOBKE COJIEPKAHUE BOJABI B Ma3yTe IOBBIMIACTCS J0
3-5 %. Ho ocobenHo cmibHOE OOBOJHEHHE Ma3yTa
MPOUCXOAUT TMPH €ro CIMBE M pa3orpeBe, TaK Kak
Hanbojee pacpoCTPaHEHHBIM CIIOCOOOM €To paszorpe-
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Ba SIBISICTCS pa3orpeB ocTpbiM mapom [7]. TIpu sTom
cozep)kaHHe BOJABI B MazyTe MoxeT gocturarb 30 %.
CTOUT OTMETHUTB, YTO PACIPENICICHHE BOABI B Ma3yTe
UMeeT ITMH30BBIA XapakTep H3-3a MajJod pa3HHUIIBI
IUIOTHOCTEH paccmarpuBaeMbix (a3. [lpu cxxuranuu
TaKUX CMeceil 00pa3yloTcs OTPOMHEIE KOJNMYECTBA Ta-
30BBIX BBIOPOCOB B OKPYXKAIOIIYIO CPEIy, YTO IPUBO-
JIUT K TOHMKEHHUIO 3(PEKTUBHOCTH CXKUT'AHUS TOILIH-
Ba, a TaKXKE€ IOABIIACTCA OIIaCHOCTH l'[yJ'ILCEIHI/Iﬁ " CpbI-
Ba (akena [18]. Ompeneneno [19], uTo Bs3KOCTH U
BBICIIIAs TEIUIOTA CTOPAHUsS BOJOMA3yTHBIX 3MYIbCHI
3aBUCAT OT cojepkaHus Bojbl. ONTHMAaJBbHOE COJep-
JKaHHE BOJBI B BOJOMA3yTHBIX AMYNBCHIX ONpEAEis-
€TCs. Ha OCHOBE YMCIICHHBIX 3HAueHWH Bs3kocTH. Kak
MPaBHUJIO, COJlep)KaHHEe BOJBI B BOJOMA3yTHOH IMYJIb-
cum cocrasisieT okoso 10-15 % [19]. B [20, 21] ycra-
HOBJICHO, YTO ONTHMAJIbHAs KOHICHTPAlUs BOIBI B
BOJIOMa3yTHOM TOIUTHBE cocTaBiseT okoio 10 %. [Ipu
9TOW KOHIICHTPAIUH yCHIUBaeTCI A(PPEKTHUBHOCTH
paCHBUIMBAHUS TOIUTMBA, TEM CAMBIM IOBBIIIAIOTCS
XapaKTePUCTHKH TOPEHHUS, a TAKXKe CHIDKACTCS CONEep-
YKaHNE aHTPOIIOTCHHBIX BBHIOPOCOB (OKCHIBI A30Ta, YI-
aepona u Ap). Eme ogHUM BaKHBIM IMapaMeTpoM IpU
CKUTaHUH SMYJILCHH SIBJSICTCSI COJIEPIKAHUE BOJOPOIA
B ra3oBoil ¢ase, T. e. orHomenue H/C. Ilpu stom oc-
HOBHBIM OIIPENIENISIONNAM [apamMeTpOM SIBIISIETCS CO-
CTaB CMECH, KOTOPHIN XapakTepusyercs koddduimen-
TOM I/I36BITKa BO3ayXa U KOJIMYECTBOM BOJIbI B TOILJIU-
Be. TeM caMbIM rOMOr€HHM3alHs BO3AYLIHO-Ma3yTHOU
CMECH Ha OCHOBE BOJIBI ITO3BOJIIET CHU3UTH KOHIICH-
TPAIIMHU Ca’K¥ B IBIMOBBIX Tazax [22].

CymecTByeT HECKOJBKO CIIOCOOOB MOTYYEHUS BO-
JIOMa3yTHOH amynbcun. OTHUM U3 CHOCOOOB SIBISIETCS
WHTEHCHUBHAS THAPOMEXaHUYecKasi 00paboTKa B KaBU-
TaMOHHOM mnose. [Ipu 3TOM crmocobe MPOUCXOIST
[IIyOOKHE CTPYKTYPHBIC M3MEHCHHS B MOIEKYJLSIPHOM
COCTaBe YIJIEBOJIOPOJIOB, BCICACTBHE YETrO MOBBIIIACT-
Csl CTENeHb JUCIEPCHOCTH ac(aabTeHOB, KapOCHOB,
KkapbonIoB 10 pasmepoB 2—3 MkM. B pabore [23] mo-
Ka3aHO HCCIIeJ0BaHHE IPOoLecca NPUTOTOBIEHUS TOTI-
JINBHBIX SMYHBCI/Iﬁ B KOHHYECKHUX HW3MCEIBbYUTCIAX.
[IpoBeneHHOE WCCIENOBaHUE IIOKA3BIBAET BO3MOXK-
HOCTh HCIOJB30BaHMS KOHHYECKUX H3METbUUTENeH B
Ka4yecTBe AMYJbratopoB. [Ipu 3TOM ONTUManbHOE CO-
nepkanve Bofasl coctaBisier 5—10 %. Ho atu metonpt
TpeOYIOT IONONHUTEIBHBIX 3aTpaT Ha 00OpyIOBaHHUE.
IMokazano [10], uro mnpu moGaBICHWUHM MPUCAIKH
CIIITX-9777 pacxox TommuBa cHrKaercst Ha 3—-5 %.

[pucangku ans BOAOMAa3yTHOTO TOIUIMBA HCIIOINb-
3yI0TCS B KOTEJIBHBIX arperarax Juid yJydiieHus pado-
TBI TOPEJIKU, CHHKCHU TIOTpe6J'[eHI/IH TOIIJIMBA, ITOBBI-
meHus YQQPEeKTUBHOCTH TOPEHUS M COKPALICHUS BBI-
OpOCOB BpEIHBIX BEIIECTB B OKPYXKAIOIIYIO Cpemy.
Br10op onTHManbHBIX HPUCANOK IS YITydIICHHS Xa-
PaKTEPHCTHK TOPCHUSI CUUTACTCS CIOKHOW 3agadei,
TaK Kak Ha CETOMHSIIHHUUA JIEHb €CTh MHOXKECTBO IMPH-

CaJOK, KOTOPBIE MOTYT BJIMATH Ha PCOJIOTMYCCKHUE Xa-
PAKTCPUCTUKU TOIJIMBA U HAa €r0 XapaKTCPUCTHUKHU T'O-
peHuA. HCHB HaCTOAIIET0 MCCICIAOBAHUA — OIPECIACIIC-
HHE ONTHMAJIbHOMN NpUCAAKH I CKUTaHUSA BOAOMaA-
3YTHOI'O TOIUIMBA B BBICOKOTEMIICPATYPHBIX YCIOBUSIX.

MeToguKa NIpoBeAeHUA IKCIEPUMEHTOB,
CTeHJ, U MaTepHuaJIbl

Ha puc. 1 npexacraBnena cxema SKCHEPUMEHTAIBHO-
ro CTEHJA Ul MPOBEACHMS HCCICHOBAHHUN IO OIpere-
JICHUIO XapaKTEPUCTUK TOPEHWS M KOHIICHTPAITMHA aH-
TPOTIOTEHHBIX BBIOPOCOB. [l MpOBEICHUS SKCIICPH-
MEHTAJBHBIX KCCICIOBAHUIM MPUTOTABINBAIACH BOJIO-
Ma3yTHasi 3MYJIbCHA (6) MPH ITOMOIIKA MarHUTHOTO Iie-
pememmBatoniero ycrpoicTsa (5) B teuenne 10-15 mu-
HyT. B kauectBe nmabOpaTOpHOIl KaMepbl CrOpaHHs WC-
noJib3oBajiach MydenpHas neub R50/250/13 Nabertherm
GmbH (MakcuManbHast pabodas temmeparypa 1100 °C,
BHyTpeHHUH qumetp 30 MM). OKCHEPUMEHTH! IPOBOIU-
JUCh TP TeMIlepaType  Ta30BO3AYLIHOM  Cpebl
Tg=700-900 °C. BbIcOKOCKOpOCTHAs BHAEOKaMepa
Phantom Miro C110 ucnonb3oBaniachk s BU3yaIu3alin
W 3alHCH TPOIIECCOB TOPEeHUs (2). DKCIEPUMEHTHI IPO-
BezieHs! Tipu paspemrennn 1280%1024 mukceneii, co cKo-
POCTBIO CheMKH 915 KaIpoB B CEKyHAY M MEXKaJpOBOH
3agepxkoi  1/10000. BricokockopocTHass Kamepa WC-
MOJIb30BaIaCh COBMECTHO C OOBEKTHBOM Sigma 50mm
/1.4 EX DG OS HSM Macro Nikon F. DxcniepuMeHTsI
[0 M3YYCHHUIO XapaKTEPHCTHK TOPEHHs IPOBOIWIKCH C
OJIMHOYHBIMU KarusiMiA. CTOUT OTMETHTb, YTO 3KCIIECPH-
MEHTAIbHAs] YCTAaHOBKa oOecIeunBaia YCTOWYUBEIC
YCJIOBHS TOpEHUs] 0e3 BIMSHUS TMOTOKA OKHUCIISIOLICH
cpenpl. C moMoIIBIO BIeKTponprBosa (8) 3amyckancs
KOOPIUHATHBIA MeXaHU3M (9), KOTOPBIH ITOMEIIal KaruTo
(10) B mydenbayro neus (3). KoopanHaTHbI MexaHU3M
(9) coemumsics ¢ KOMIBIOTEPOM (7), KOTOPBIA OTCIICKH-
BaJI TIOJIOYKEHHE KaIUId TOIUmMBa. [y permcrpamyy aH-
TPOIOTEHHBIX BEIOPOCOB B My(heIbHYIO Medb MOMEIacs
niyn razoanammsaropa (4). KoHneHTpamum ras3oB, Bblje-
JSIEMBIX BO BpeMsl TOPEHHS, M3MEPSUINCH C TOMOIIBIO
razoBoro anammszatopa Tect 1 (3JEKTPOXHUMHUYECCKHE —
0, (0-25 %, +0,2 %), SO, (0-1000 ppm, +5 %),
NO (0-2000 ppm, +5 %), NO, (0-500 ppm, £7 %),
H,S (0-500 ppm, £5 %); orrrrueckue — CO;, (0-30 %, £2 %),
CH, (0-50 %, +5 %), CO (0-50 %, £5 %), H, (0-30 %,
+5 %)). ['a30aHamM3 TPOBOWIICS TIPH HCIIOJIB30BAHUH
Heboubioro kommuectsa Torumsa (0,2 m). Mccnemye-
MBI cOcTaB HaOMpaJCsi ¢ TIOMOIIBIO IITIPHIIA U TOMe-
mascst Ha jAepkarens. Ilocie gero oTmpapisuics B My-
¢denmpHyrO TIeYb. OTOOp MPOO JBIMOBBIX T'a30B MPOW3BO-
JIJICS. C TIOMOIIBIO HACOCA, BCTPOSHHOTO B Ta30aHaIn3a-
TOp, ¥ 30H/a, PacHOJIOKEHHOTO B Kamepe cropanust. J{is
OCYIIIKA THIMOBBIX Ta30B M OTIEJICHHS KPYIMHBIX YACTHII
CaXH U JICTy4ei 306l UCIONB30BATUCH (QIJIBTP U BIAr0-
oTaenuTenb. Pacuer cpemHMX 3HAUYCHWH KOHIICHTpAIUi
ra3oB IIPOBEJICH 10 MeToauKe [24].
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Puc. 1.

Cxema cmeHOa: 1 - wmamue 0415 Kamepbl; 2 — 8bICOKOCKOPOCMHAs gudeokamepa; 3 — mygdeabHas nevs; 4 — 2azoaxa-

Ausamop; 5 - nepemewiugaroujee ycmpoticmeo; 6 — uccaedyemolii cocmas; 7 — komnvlomep;, 8 - 3/1ekmponpugood;

9 - KoopduHamHbitl mexaHusm; 10 - kanass monauea
Fig. 1.

Stand diagram: 1 - camera tripod; 2 - high-speed video camera; 3 - muffle furnace; 4 - gas analyzer; 5 - mixing device;

6 - composition under study; 7 - computer; 8 - electric drive; 9 - coordinate mechanism; 10 - drop of fuel

IIpy nmomomu BBICOKOCKOPOCTHONH CBEMKU pEru-
CTPUPOBAJIOCH BPEMs 3aJEPXKKU 3aKUTAHUS KaIUId Tg.
BpemeneM 3aepXKu 3aKWTaHUSA CUUTAJICS HHTEpBA
OT Hayajla HarpeBa oOpaslia TOIUIMBA 10 MOSIBICHUS
1aMeHu. Bpemst 3aepikku 3a)kKuraHus Karuiy omnpeze-
JIIOCh KaK Ty = T — Ty. L 1€ T — BpeMs Havyasia Ten-
JIOBOTO BO3ACUCTBUS, T, — MOMEHT BPEMEHH, BUAUMO-
ro Havaja ropeHus. Bpems ropeHust — 3T0 HHTEpBaJ OT
MOMEHTa BOCIDIAMEHEHUS Ta30BOH (ha3el MO OKOHYA-
HuUs TopeHus. Karuis BoJoMa3yTHOHN 3MyJbCUU C AHMa-
merpom 2+0,3 MM cxKuraiach B IPEIBAPUTENHHO
Harpetoil kamepe cropanus. CpeaHuil pa3Mep Kareib
KOHTPOJIUPOBAJICA C MOMOIIBIO MPOrpaMMHOIo obec-
neyenus: Phantom Camera Control. @yHknus usmepe-
HUS T03BOJISIIIA OTPEACIIATh THHEWHBIH pasMep 00bek-
TOB B Kagpe. C MOMOIIBIO 3TOH (DYHKIHH HU3MEPSUICS
JUaMeTp KalUld CYCHeH3HH B TPEX MPOEKIUIX, Mocie
Yero onpeAessuics CpeaHUN AuaMeTp KarulH.

Brimonnena cepust u3 15 skcnepumentoB. Jlanee 1o
MpaBWTy TPEX CUI'M OTCEUBAIMCH IpyOble ommOku. Tax-
K€ OIpeNeIsuIach CPEAHss KBaJpaTUIHAsl HOTPEIIHOCTD
S, =%", (Taa—7a)?

n-1
KW 32KWT'aHUs, N — KOJIMYECTBO M3MepeHuni. [locme gero
OMPENEISUICS JTOBEPHUTEIBHBI HHTEpBan (aOCOMFOTHAS
MOTPEIHOCTh Cepur u3Mepennii) At,; = S, - t(a, n), rue
t(a,n) — koadurment CTeroaeHTA.

B pesynbTare 3KCIEpUMEHTANbHBIX HCCIEIOBAHUN
YCTaHOBJIEHBI 3aBUCUMOCTH KOHIIEHTpAIMi razoo0pas-
HBIX BEIIECTB OT BPEMEHHU MPH TeMmIepaType MyQeib-
Hoit meun okoso 800 °C. Iyt 3TOro BBINOJHEHA Cepus
U3 MATH SKCIEPUMEHTOB ISl Kaxoro cocrasa. Ilocie
Yero pacCYUTHIBAINCH CPEIHUE cojiepxaHus ra3oB (1)
B T€UEHUE BPEMEHU F'OPEHHUS TOILUIUBA:

, THE Ty, — CPEAHEe BpeMsl 3a[iepiK-

Xi = (x; + Xi41) % 1)

IMocne atoro ¢ momompio Meronaa Tparmermd (2)
OTIPEIEIISIIOCH COMIEPIKaHHUe Ta3a Kak:

n .
X = Zi=1 Xi )

)
Tu~Tx

TZie Ty U T,— BpeMs Hayalla ¥ KOHIIAa ropeHus. [ pyObie
OIIMOKH B 9KCIIEPUMEHTE OTCEMBAINCH II0 TPaBUITy 3
CHTM.

Jnst sKCHeprMEeHTaNbHBIX HMCCIISIOBAaHUH HCIIONb-
30BaH Ma3yT Mapkd M100. Ouznko-XxuMHYEcKue Xa-
paKTepUCTHKH MasyTa IpuBeneHsl B Tabm. 1. CocraB
Ma3yTa OIpPEeAENSICS ¢ HOMOIIBIO 3IEMEHTHOTO aHaIH-
3atopa vario MICRO cube B cooTBeTCTBHU C MeTOAA-
MH, ONMHCAaHHBIMH B crtathe [25]. OOpasen TomInBa
CXKHTranu B kuciopojie npu temnepatype 1100 °C. 3a-
TEM IOJIy9eHHBIE Ta3bl XpoMaTorpaduyecKu pasiess-
¥ W aHAIM3HPOBAIH C TIOMOIIBIO JETEKTOpa TEIIo-
MPOBOJHOCTH. BriocnencTsun ObLIM ONpeeNieHsl Mac-
cosble oy C, H, N u S u nepecunrtansl 10 cyXxoro
6e330mpHOTO cocTostHUA. CBONCTBA MasyTa Ompesnens-
JIMCh B COOTBETCTBHH C METOJaMH, yKa3aHHBIMH B [26].
CopnepxaHue 30516l M BOJBI B MacjlaX OLCHHMBANOCH C
ncronb3oBanreM ctannapToB ISO 3405-88. Temmnepa-
Typa BCIIBIIIKK M TEMIIEpPaTypa BOCIUIAMEHEHHUS Ma3yTa
olpeaersulach ¢ HUCHonb3oBaHueM crangaptoB ['OCT
10585-99. B Tabn. 1, 2 mpencTaBieHBl PE3yNbTATHI
HCCIIeI0BAHMS.

Ta6auya 1. Xapakmepucmuku masyma

Table 1. Fuel oil characteristics
YucneHHble
XapaKTepUCTHKH uccaeayemoro madyta M100 3Ha4YeHUs
Characteristics of the studied fuel oil M100 Numerical
values
MaccoBas Z10J1s1 MEXaHU4YeCKHX NpuMecel, %, He GoJiee 1
Mass fraction of mechanical impurities, %, no more
3oJ1bHOCTB, %, He Gosiee/Ash content, %, no more 0,09
MaccoBas fjos151 Bojibl/Water mass fraction, % 1,51
MaccoBas fiosis cepbl/Sulfur mass fraction, % 2,6
Temnepatypa Bcnbliku /Flash point, °C 122
Temnepatypa 3acteiBanusi/Pour point, °C 25
Ta6auya 2. KomnoHeHmHblll cocmas masyma
Table 2. Fuel oil component composition
Mapka/Grade w A S C N O+H
M-100 1,51 0,09 2,6 85,2 9,9 0,7
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[ m3MepeHust BSI3KOCTH HCIIONBb30BAINCH: POTa-
MUOHHBIA BHCKo3uMeTp Brookfield DV3T (auanazon
n3Mepenus ot 1 1o 6-10° mlla-c, TounocTs £1 %, BoC-
npousBoauMOocTh +0,2 %), mmuaaens SC4-18 (nuama-
30H u3Mmepenus Bsazkoctu 50—100000 mlla-c) u Tepmo-
crar Termex KPMO-BT-12-01 (paGodas KHIKOCTh —
Tocon, muamazon paboumx Temneparyp ot —30 g0
+200 °C, TOYHOCTH MOJAEPKAHUS TEMIIEPATYPHI
40,1 °C) mia moxnepxkaHus TemrepaTypbl oopasma 20
u 80 °C, cBoiicTBa KOTOPOr0 U3MEPSIOTCS 3a CYET Op-
TaHU3alMKd BHEIIHETO KOHTypa TEePMOCTaTUPOBAHUS
uis moTpedutens. JiIs M3MEpeHus MOBEPXHOCTHOTO
HaTSDKeHUs ucmojb3oBaics TeHsumomeTp Kruss K20
(mnana3zon wu3Mepenus 1-999 wmH-M, paspemenue
0,01 MmH-m, mmamazon Temmeparyp 1-130 °C). C mo-
MOIIBIO METOJIa OTPHIBA KOJBIIA BEIYHCISICTCS TIOBEPX-
FmaxFy
LB cos(6)’
Fpax — MaKCUMAIILHOE YCHIIHE, TIPHUIIOKEHHOE JIJIS OT-
pBIBa KONbIa; F, — CHJIa THAPOCTATHUECKOTO CTONIOA
JKUIKOCTH O] KOJNBIOM; L — IyinHa cMaunBaHus; 6 —
yroa cMauuBaHus. J{Js OIpeneNeHus IMOMPaBOK HC-
noiks3oBayica MeToj Xama—Macona. Takke ¢ IIOMO-
IIBI0 TEH3MOMETPa ONPENeIUIach IUIOTHOCTH TOILUIHB-

HOCTHOC HAaTsXKCHUC IIO (l)opMyne: o = rac

HOHM cMecH. V3MepeHHe MIOTHOCTU OCHOBAaHO Ha CUJIE
Apxumena. B Ttabn. 3 mpencrtaBiieHbl pe3yabTaThl peo-
JIOTUYECKUX XapaKTEPUCTUK BOJOMAa3yTHBIX TOILJIMB.

Karanmzaroper ropenuss HWOH-M, Pocuedts
P503B3, Pocuedts P502B1 — xwuakue mpucagku s
TOIIOYHBIX U (IIOTCKUX Ma3yToB. OHU MpeqHa3HAYECHBI
JUISL TIOBBILIEHUS MPOU3BOAUTEIBHOCTH B KOTIaxX U
npoMblInuleHHbIX medax. llpucagxka MOH-M umeer
MHOTOKOMITOHEHTHBIH COCTaB, KOTOPBIN OKa3bIBaeT
BIMSIHME HA CTPYKTYPY TOIUIMBA U HEMOCPEICTBEHHO
Ha mponecc roperus. MOH-M mnpenacrasnsier co6oit
ocoboe coueTaHue MONOKUTEIBHBIX U OTPHULATEIBHBIX
noHoB. [Ipu 3TOM 3neKTpocTaTUYECKUE MOJSA OKa3bl-
BalOT CTPYKTypupyollee (ynopsouuBaoliiee) Bo3ei-
CTBHE Ha MOJIEKYJIbI BEIIECTBA Cpelbl (TOIUTHBA), B KO-
Topodi oH Haxomutcsa. Pocuedts P503B3 u P502B1 —
MIPUCAJKU, KOTOPbIE COCTOAT U3 KOMIUIEKca aaudaru-
YeCKHUX yIIeBOAOPOIOB, OJIEMHOBOM M KUPHBIX KUCIOT
pacTUTENbHBIX Macell.

B Tabn. 4 mpuBeneHbl peoJIOTHUECKUE XapaKTepH-
CTUKM BOJOMAa3yTHOTO TOIUIMBA B 3aBUCHMOCTH OT
KoHUeHTpauuu npucaaku MOH M.

Ta6auya 3. Peosozuieckue xapakmepucmuku ucc1edyemblX cocmasos

Table 3. Rheological characteristics of the studied compositions
Temnepatypa JluHaMuveckast BA3KOCTb |, [lnoTHOCTS p,
N cocTaBa [ToBepxHOCTHOE
HavMeHOBaHNe TOMJIMBHOM CMeCH mlla-c Kr/m3
. Temperature of A . . HaTshKeHUe o, H/M
Fuel mixture s Dynamic viscosity p, Density p, )
composition Surface tension o, N/m
e °C mPa-s kg/m3
MasyT/Fuel oil 20/80 1795/130 1015/937 0,041/0,035
MaszyTt/Boga -90/10 %
Fuel oil/Water - 90/10% 20/80 1543/116 1021/933 0,044/0,033
MasyTt/Boga/P503B3 -
89,5/10/0,5 %
Fuel oil/Water,/P503B3— 20/80 1505/111 1020/934 0,042/0,030
89,5/10/0,5%
MasyT/Bona/P502B1 -
89,5/10/0,5 %
Fuel oil/Water/P502B1 - 20/80 1515/112 1022/934 0,044/0,031
89,5/10/0,5%
MaszyTt/Boga/UOH M -
89,5/10/0,5 %
Fuel oil/Water/ION M - 20/80 1493/109 1016/933 0,041/0,029
89,5/10/0,5%

Ta6auya 4. Peosozuveckue xapakmepucmuku 6000Ma3ymMHO20 Monaued 8 3agucumocmu om koHyeumpayuu npucadku HOH M

Table 4. Rheological characteristics of water-oil fuel depending on the capacity of the ION M additive
KoHueHTpauus npucagku TemnepaTypa cocraBa JluHaMHYecKas BA3KOCTb [InoTHOCTS p, MoBepxHOCTHOE
HWOH M, % Temperature w, mlla-c Kr/m3
o s A . . HaTspKeHUe o, H/M

Additive ION M composition Dynamic viscosity Density Surface tension 6, N/m
concentration, % Tt °C y, mPa-s p, kg/m3 !
0 20/80 1543/116 1021/933 0,044/0,033
0,25 20/80 1532/114 1020/933 0,044/0,032
0,5 20/80 1493/109 1016/933 0,041/0,029
1 20/80 1506/112 1018/933 0,042/0,030
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Pe3yJibTaThl HCC/IEJOBAaHUSA U X 06CYKAeHHE

Ha puc. 2, a moka3zaHsl BHICOKAIPHI TOPESHHS KAILTH
BOJIOMa3yTHOTO TOIUIMBA TIPH TEMIIEpaType ra30BO3IyII-
HoMt cpezpl okosto 700 °C. TIponece ropeHust MOKHO pas-
JEIUTh Ha HECKONbKO dTamoB. CHauanma MpU HarpeBe
KaIUl BBIJIEISUIMCH JIETY4re BEIeCcTBa U MapaHbl, KO-
TOpBIC 3aTEM 3KUTAINCh. B pesynprare 3aKuraHus Je-
TYYHX BEIIECTB TEMIEpaTypa B 30HE TOPEHMUS KaIUTH yBe-
JIMYMBAIach, BbI3bIBAA €€ IUCIEPrUpOBaHUE. ITOT (-
(exr obOycmopneH npucyrcTBueM okosio 10 % Bojbl B
Karuie, KOoTopasi HCIapsuiach M BBI3BIBAIA JIOKAJIGHOE TI0-
BBIIIICHUE JABJICHUS, YTO W MPUBOIIIO K MHKPO-
B3pBIBHOM (pparmeHTanmu. B pesysnprare NMOBBIIEHHOTO
JABIICHUS KaIUll HANONHAIACH ITy3BIPHKaMH I1apa, TeM
caMbIM 00pa3yst BTOpUYHbIe (pparMeHThl. Ha crenyromem
9Tare 3TH BTOPUYHBIE (PparMeHThl PaCIPOCTPAHSITUCH IO
BCelf KaMepe CrOPaHus ¥ 3aTeM 3aKUTAJIHCh.

Ha puc. 2, 6 nmpuBeneHsl Kaupbl TOPSHUS KaILIH BO-
JIOMa3yTHOTO TOIUIMBA C JOOAaBICHHUEM IIPUCAIKHU Ha
OCHOBE XHPHBIX KUCIIOT pacTUTEeIbHBIX Macen (P5S03B3,
coctaB Ne 3). YcTaHOBIEHO, YTO TPOIECC 3AKUTAHUS
MpOTeKal aHAJIOTHYHO OMBITAaM C BOJOMAa3yTHBIM TOII-
muBoM mipu jgobaBieHnn okono 10 % Boapl. OmHako
BTOPOI ATal C 3aKUTaHHEM Karelb MPOUCXOMT HHAYE.
[pu aucreprupoBaHUM KAIUTA BOJOMAa3yTHOTO TOILIHBA
¢ n00aBNIeHUEM TPUCAIKA HA OCHOBE KHMPHBIX KHCIOT

1 mm

1 mm

1 mm

1 mm

ala

PaCTHTEIBHBIX Macen 00pa30BaHHBIC BTOPHYHBIC (par-
MCHTBI UMEJIM MCHBIINC pasMEpPbl OTHOCUTCIIBHO BOJO-
MazyTHoro TormBa Ha 50 %. Takoit addekt 00ycmoB-
JICH TeM, YTO TNpPH JOOABICHHW HPHCATOK K TOILTHBY
BOJIa, MMEIOIAsICS B €0 COCTAaBE, CBA3BIBACTCS C YIJIe-
BOJIOPOJIAMU  (CHIDKAeTCs MeX(a3HOe HaTHKCHHE).
TommBo cTaHOBUTCS OOJIee OTHOPOIHBIM.

Ha puc. 2, ¢ npencraBieHbl Kapbl TOPSHUS KaTUTH
BOJZOMAa3yTHOI'O TOIJIMBA IIpH }:[OGaBJ'IeHI/II/I Mpucaaku Ha
OCHOBE >KHPHBIX KHCIIOT pacTuTenbHbIX Macen (PS03B1,
coctaB Ne 4). AHanu3 KaJIpoB MOKazal, YTO B TEUCHUE
BTOPOTO 3Talla 3)KUTaHKs KAILTH IPOIIECC TUCIICPTUPO-
BaHMS MIPOHUCXOJUT MPAKTHIECKH MTHOBeHHO. OOpa3zy-
eTcsi OOJIbIlIee KONMYECTBO BTOPHYHBIX ()PArMEHTOB, B
OTJIMYKME OT BOJOMAa3yTHOTO ToIUMBa (puc. 2, a), Ha
20 %. Ha pwuc. 2, 2 mpencTaBieHsl KaIpbl TOPEHHS Kall-
JIM BOJOMAa3yTHOTO TOIDIHBA MPH JOOABICHUH MPUCATKH
HAa OCHOBE 0COOOI0 COYETAHMS TOJIOKUTEIBHO U OTPH-
nateibpHo 3apsbkeHHbIX HoHOB (MOH M, cocra Ne 5).
AHanu3 KampoB IOKa3al, YTO MPOLECC 3aKUTAHUS MPO-
TEKaJl aHAJOTHYHO TOILTMBHON Kommosuimu Ne 4. On-
HAKO KOJMYECTBO BTOPHYHBIX ()ParMEHTOB BO3PACTAIO
Ha 15 %. Ilpu 5TOM IUTEIBHOCTDH IMpoIecca TOPEHHUS
Karumy yBenuuuBanach Ha 10 % OTHOCHUTENBHO KOMITO-
3unmu Ne 4,

400ms 750ms 1050 ms |

600 ms 950 ms

450ms 850ms

250ms ' 800 ms

Puc. 2. Budeokadpbt 2opeHus kanau npu Tg=700 °C 4151 cocmasos: a) Ne 2; 6) Ne 3; 8) Ne 4; 2) Ne 5

Fig. 2.

Video frames of a drop burning at T4=700°C for compositions: a) no. 2; b) no. 3; c) no. 4; d) no. 5
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Taxo#t 3pdekT cBA3aH ¢ TeM, 4TO MpHCaaKa Ha OC-
HOBE 0OCO0OTO COYETAaHUs TMOJOXHUTEILHO W OTpHIIa-
TEJIFHO 3aPsDKCHHBIX HOHOB CBSI3BIBACT YTIICBOAOPOALI U
CHIDKACeT pa3Mep KaIUT BOJABI B SMYJIECHU BCIICICTBUE
MEHBIIIETO MOBEPXHOCTHOr0 HaTsDKkeHHA. Takas mpucai-
Ka ITO3BOJISIET CO3/IaBATh HOHHEIC CBSI3U B AYMYJILCHH, UTO
MPUBOAUT K YBEIUYCHHIO TTONHOTHI CTOPAaHUs TOILIHBA.
YT1eBo0poAbl IPU CMELICHUH ¢ MPHCAAKON MpHoOpe-
TarOT 3aJ]aHHYIO0 OPHEHTAIINIO B 00BhEeMeE.

Ha puc. 3 mokazaHbl 3aBUCHMOCTH BpPEMCHHU 3a-
JEPKKU 3aKUTaHUS Kamellb BOJOMAa3yTHBIX 3MYJbCUN
OT TeMIepaTypbl ra3oBO3AyLIHON cpenpbl. IlokasaHo,
9TO BCE HCCIETyeMBbIE MPHUCANKHA CIIOCOOCTBYIOT CHH-
KEHHUIO BPEMEH 3aJIepXKKU 3aKUTaHus Kamenb. Takoit
a¢ ekt o0yCIOBIEH TeM, YTO NPUCAIKH SBISIOTCS
Katanmu3atopamu ropeHus. [losToMy Takwe mpucamku
YMEHBIIAIOT MOPOTOBYIO SHEPTHIO AKTHBALUHN OKHCIIE-
HUS TOIUIMBA, YTO MPHUBOAMUT K O0Jiee MOJHOMY BBITO-
pannio. BenmencTBue 4ero ykperisieTcs CBs3b B Karuie
MEXIY BOJOW WM TSDKEIBIMH YIJICBOJAOPOIAMH, T. €.
TOIUTUBHAS CMECh CTAHOBHUTCS Gojiee 0OHOPOIHOM [27].
biaronapst TakoMy BO3/JEWCTBHIO KaTajlH3aTOPHI CIO-
COOCTBYIOT 3a)KHTaHUIO TOIUIMBA IIPH OOJee HHU3KHX
TeMIepaTypax OKpyKarollei cpenbl. AHAIMU3 JKCIie-
PUMCEHTAJILHBIX I/ICC.]'Ie}:[OBaHI/Iﬁ II0Ka3ajJ, 4YTO MHWHHU-
MaJIHBIMH BPEMECHAMH 3aICPKKH 3KUTAHHUS XapaKTe-
pusyetcst coctaB Ne 5. Takoil cocTaB CHI)Kall BpeMEHa
3anepkku 3axuranus Ha 20-60 % Bo Bcem mccnenye-
MOM TeMIIEpaTypHOM JAHAIa30He ra30BO3IYIIHON cpe-
nel. JIpyrue nBa coctaBa (Ne 3 u 4) mo3BOJIUIIM CHU-
3UTh BpEMEHa 3a/IepKH 3akuranug Ha 7—-10 u 15-50 %
COOTBETCTBEHHO.

114 T T T T T
12 | N 1] 4
10 | E 2 .
' En
i 4
L; 0,8 ﬂ}%_ b
(&
0,6 .
04 4
0,0
700 750 800 850 900
T,.°C
Puc. 3. 3asucumocmu 8pemeH 3a0epicKu  3aHCUSAHUS
Kanesab uccsedyeMblx mMonaus om memnepamypbl
2a30803dywHoll cpedvl: 1 - Ne 2; 2 - Ne 3; 3 — Ne 4;
4-Ne5
Fig. 3. Dependence of the ignition delay time of droplets of

the fuels under study on the temperature of the gas-
air environment: 1 - no. 2; 2 - no. 3; 3 - no. 4, 4 -
no. 5

OnTtumanbHas paboTa KOTJIa MOXET OBITh JIOCTHT-
HyTa TOJILKO B TOM ClIydae, €ClId IMPH OIpeIeTIeHUN
mporpamMmbl 00paOOTKH TpUCATKaMU OBUTH TPUHSITHI
BO BHHUMAaHHE CTaIUH TPEABAPUTEIHFHOTO CrOpaHHS U
cxuranus Torumsa. [Ipu sToM mpucagku K Ma3yTHOMY
TOIUIMBY TIPHMEHSIOTCS B Pa3HBIX KOHIIEHTPAIUSAX — OT
0,01 mo 0,5 % [28]. Onpenenenne ONTUMAIBHONW KOH-
LUEHTPALUH MPUCATKHU SIBIISETCS KIOYEBBIM acleKTOM
noBbIIeHUs 3 dekTnBHOCTH KoTia. Cleayronum 3Ta-
MOM OJKCIEPUMEHTAIBHBIX HCCICAOBAHUN SBISUIIOCH
YCTaHOBIIEHUE ONTHUMAaIbHON KOHIICHTPALUU MPUCATKI
JUTSL CHIDKCHHS BpEMEHH 3a/ICP)KKH 3KUTaHHs. DKCIIe-
PUMEHTAJIbHBIE MCCIEIOBAHHS IPOBEICHBI C COCTAaBOM
Ne 5, Tak Kak OH TMO3BOJMJI MAaKCUMAJIbHO CHHU3HUTH
BpEMEHa 3aJepaKKH 3axuranus kamnu. Ha puc. 4 npen-
CTaBJICHO BIMSHUE KOHIICHTPAIIMH TPHUCAIKU Ha Bpe-
MEHa 3aJepKKU 3aKUraHus Kammm. B xome akcmepu-
MEHTAJIbHBIX MCCIIE0OBAaHUI yCTaHOBIEHO, YTO MHHHU-
MaJIbHBIMH BPEMEHAMH 3aJCP)KKH 3a)KUTaHUs 00Jiana-
€T BOJAOMAa3yTHOE TOIUIMBO C KOHIICHTPALUEH MpHCaI-
ku 0,5 %. [Ipu yBenmHUueHUN KOHICHTPAI[MH MPUCATIKU
10 1 % BpemeHa 3aJepXKKU 3aKUTaHMs KaIljiu BO3pac-
tamu Ha 50-60 % Bo BceM HcCIeIyeMOM TeMITEpaTyp-
HOM auamna3oHe. Takoil a3ddekrt cBsi3aH TeM, 4TO IpuU
JI0OABJICHUN TIPHUCATKU HU3MEHSIOTCS PEOJIOTUYCCKUE
CBOMCTBA TOIUIMBA. B CBA3M ¢ 3TUM BA3KOCTb, MEXK-
(dazHOE M TOBEPXHOCTHOE HATSKEHHS TOIUIMBHOM
KOMTIO3HIIMU YBEIMYUBAIOTCS, YTO TIPUBOJUT K HecTa-
OMIIBHOCTH Tporiecca ropenus [29].
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Puc. 4. BausiHue KoHYyeHmMpayuu npucadku Ha 8pemeHa
3adepicKu 3axcu2aHus kanau oaa cocmasa Ne 5
Fig. 4. Influence of additive concentration on droplet igni-

tion delay times for composition no. 5

Ha puc. 5, a npencrasnensl koHueHtpanuu CO;
MIPH CXKMTAaHWH BOJIOMA3yTHBIX 3MYILCHH. YCTaHOBIIE-
HO, YTO CHW)KCHUC KOHIICHTPAIlMd MOHOOKCHAA yTJIe-
po/ia OCYIIECTBISUIOCH TPU BBICOKHX TEMIIEpaTypax
(900 °C) Ta30BO3AYIIHON CPEIBI.
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[Ipu Takux TemmnepaTypax CropaHue BOJOMa3yTHBIX
AMYIBCHH MPOUCXOAUT O0Jee MONHO, YTO IPUBOINUT K
CHIDKEHUIO XMMHUYECKOTO Helokora. Tem cambIM BBI-
COKHE TeMIIepaTyphl CIOCOOCTBYIOT npeBpamiernto CO
B CO,. AHann3 MpoOBEJICHHBIX MCCIIEIOBAHUN TOKa3al,
yTO n00aBjIeHHE BOJBI B Ma3yT NMPUBOJWIO K YMEHb-
IICHUIO KOHIICHTPAIUK OKCHJOB yriepona. Takoit a¢-
(eKT cBsA3aH TEM, YTO IPH HArpeBe BOIOMAa3yTHOTO
TOIJIMBA BOJA B KaIUISIX MCHApsETCs NepBOil, TOCKOJIb-
Ky ee 00beM MEHbIIe 00beMa Ma3zyTa. DTO HabIr01aeT-
Csl TIpH TeMIlepaTypax, HAMHOTO IMPEBBIIIAIONINX TEM-
neparypy kunenus Boabl (~270 °C). Ilpu ucnapenuun
BOJBI 00pa3yroTcsl My3bIpbKU. [IpW UX B3pBIBE Karliu
TOITMBA pa30MBArOTCS, 00pa3ysi BTOPHYHBIC (parMeH-
TBl. CTOUTh OTMETHUTD, YTO CKUTAHHE TAKOTO TOILINBA
CrocoOCTBYET CHMXKEHUIO TeMIIepaTyphl B Kamepe Cro-
paHusl, a TaKKe CHIKEHUIO CKOPOCTH OKHCIUTEITHHBIX
peakuuid. Pa3mep kamenbs BOAOMa3yTHOTO TOILINBA,
BIIPHICKMBAEMOT'O0 B KaMepy CropaHHs, TaKXKe BIHAET
Ha TIOJTHOTY cropanus. Jlo6aBneHne BOabI CIIOCOOCTBY-
€T IpoOJCHUIO Kamlelb TOIUTMBA, YTO YBEIHIHBACT
[UTOMIA b B3aUMOIeUCTBUS ¢ Bo3ayxom [30].

Pe3ynbTarhl sKCIEpUMEHTANIBHBIX HCCIIEIOBAaHUM T10-
Ka3aJii, YTO HCIIOIB30BAHUE BOJOMA3yTHOTO TOILIMBA C
MIPUCAJKaMH MO3BOJISIET CHU3UTH BeIOpockl CO; Ha 21,5,
24,98 u 22,86 % msa coctaBoB Ne 3, 4, 5 1o cpaBHEHUIO €
Ma3yTOM BO BCEM HCCIIClyeMOM JHalla30He TEMIIEpaTyp
Tg. Ha puc. 5, 6 ipencrasieHa 3aBUCIMOCTb COJEPKAHUS
OKCHZIa YIIIepoa MpU COKUTAHWU HUCCIEAYyeMbIX COCTa-
BoB. OnperencHo, 9To ¢ pOCTOM KOHIICHTPAIMH BOIbI B
Karuie ymeHbIaercs conepskanre CO. YcraHOBIEHO, 9TO
py J00aBIEHNH MPHUCAIOK CHIDKaroTCs BhIOpockl CO Ha
14,36, 14,16 u 17,61 % nns coctaBoB Ne 3, 4, 5 1o cpas-
HEHHIO C Ma3yTOM BO BCEM HCCICOyEeMOM IHaIra3oHe

700 750 800 850 900

¢ C

o/b

Konyenmpayuu CO:z (a) u CO (6) npu sapbuposaHuu memnepamypbl 2a308030yuHoU cpedwl: 1 - Ne 1; 2 - Ne 2; 3 - Ne 3;

COz (a) and CO (b) concentrations when varying the temperature of the gas-air environment: 1 - no. 1; 2 - no. 2;

Temiieparyp razosoi cpensl Tg. Ilokasano, uto mpu ro-
pernn coctaBoB Ne 3, 4, 5 Bo3pacraer komuaectBo CO»
Ha 3,6, 0,7 u 2,1 %, COOTBETCTBEHHO, OTHOCHTEIBHO CO-
craa Ne 2 mipu Tg=700-900 °C. Taxoit apdekT cpsazan
TEM, YTO TIPUCAJIKHA SIBISIFOTCS KaTaIM3aTOPaMH TOPESHUSL.
Takue nprCcaaKy YCHUITMBAIOT PEaKIUKM OKHCIICHHS B IPO-
1ecce TOPEHUSI U YMEHBINAIOT KOJIMYECTBO KPYITHBIX He-
CrOpeBIIMX Karellb. Tarke pe3yJbTaThl MMOKA3ald, YTO
pu T00aBIICHUM MTPUCAIOK CHIKArOTCS BEIOpockl CO Ha
4,2,5,1 n 2,7 % nns cocrasos Ne 3, 4, 5 npu Tg=800 °C
otHocuTenbHO Ne 2. [lpucanka neficTByeT Kak ycKOpH-
TEJb OKUCIICHHUsI HECTOPEBILIETO YIiiepo/ia (KaTtaiu3aTop),
TEM CaMbIM YBEJIMYMBACTCSI BBITOPAHUE YIiepoja B 4a-
CTHIIAX.

Ha puc. 6, a mpejicraBieHbl 3aBUCHMOCTH COJIEP-
xaHust NO oT TemmepaTypbl ra3oBO3AYLIHOI cpeibl
MIPH TOPSHHUH BOJOMAa3yTHBIX 3IMYJIbCUN TpU J00aBie-
HUU TIPUCANIOK. Y CTaHOBJICHO, YTO MpPH JOOABJICHUHU
MPHCaJ0K B BOJOMAa3yTHOE TOMIHBO BBIOpockl NO
ymenbmarores Ha 6,7, 9,4 u 5,3 % myis coctaBoB Ne 3,
4, 5 ornocutenbHO Ne 1 (T4=700-900 °C). Ha puc. 6, 6
MpHBEJIcHa 3aBHCUMOCTh cozepskanus SO, oT Temrie-
paTypbl Ta30BO3AYILIHON Cpelbl Ui BOJOMAa3yTHBIX
SMYJIbCHIA ¢ JOOABICHHWEM CHEIHATH3UPOBAHHBIX JO-
0aBOK. YCTaHOBJICHO, YTO MPH J0OABJICHHU BOJBI B
MazyT npoucxoauno cHmwkenne SO,. 910 00bsICHAETCS
TEM, 4TO MPH TOPESHUH BOJIOMA3yTHOTO TOIUINBA BBIJIC-
nsieTcs BoAsSHON nap. OH pearupyeT ¢ OKCHJIAMH Cephl,
o0pa3ys coJlM, KOTOpPHIE BBHINAJAIOT B BUAE 30JILHOTO
ocanka. Pe3ynpTaThl TPOBEIACHHBIX HCCIEIOBAHUHN
MO3BOJIWJIA YCTAHOBUTH, YTO MPH HCIOJIH30BAHUU CO-
crtaBoB Ne 3, 4, 5 ymensbInatorcss BbiOpocsl SO, Ha
10,89, 12,13 u 13,43 %, cOOTBETCTBEHHO, MO0 CpaBHE-
HUIO C HCOOBOJTHEHHBIM Ma3yTOM.
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Puc. 6. Konyenmpayuu NO (a) u SOz (6) npu sapbuposaHuu memnepamypwvl 2a308030ywHoll cpedvl: 1 - Ne 1; 2 - Ne 2;
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Fig. 6. NO (a) and SOz (b) concentrations when varying the temperature of the gas-air environment: 1 - no. 1; 2 - no. 2;

3-no.3;4-no.4;,5-no. 5

Y CTaHOBJIEHO, UTO MCIOJb30BaHUE KOMITO3UIIUM No
3, 4, 5 npuBoaMT K yBenu4yeHuro BeIopocoB SOz Ha 0,6,
3,1 u 3,8 % npu comocraBneHnn ¢ coctaBoM Ne 2 BO
BCEM HCCIIEIyeMOM TEMIIepaTypHOM Iuana3oHe. Tak-
XKe MpH A00aBIEHUH MPUCAJOK B BOJAOMAa3yTHOE TOII-
nuBo BeIOpockl NO yBenuunBatores Ha 1,9, 0,8 u 4,9 %
st coctaBoB Ne 3, 4, 5 orHocurenbHO Ne 2. Takoi
3¢ dexT cBsI3aH C TeM, YTO MpU 100aBICHUN MPHUCATOK
B TOIUIMBO BOJIAa CBSI3BIBACTCS C TSKEIBIMU YTIICBOJIO-
pomamu. TakuM 00pa3oM BBIXOJ[ JIETYYHX BEIICCTB
MIPOUCXOAUT OBICTpEE.

Ha puc. 7, a npencraBieHbl 3aBUCHMOCTH COJIEP-
xkauuss CO, oT TemmepaTypbl Ta30BO3AYIIHONW CpEIb
MIPU TOPSHHUH BOJIOMA3yTHBIX 3MYJIbCHI MPU BapbUPO-
BaHNM KoHIeHTparuu npucagku MOH M. IlokazaHo,

18

YTO Npu BapbupoBanuu npucagku MOH M B pasmepe
0,25, 0,5, 1 % Bo3pacraer komuuectBo CO, Ha 0,9, 2,1
u 0,1 %, COOTBETCTBEHHO, OTHOCUTEILHO cocTaBa Ne 2
npu T¢=700-900 °C. Ha puc. 7, 6 npeicraBieHa 3aBu-
CHUMOCTB COZIEp)KaHUS OKCHJa yriepoja Ipu BapbUpPO-
BaHuu KoHueHTpauuu npucaaku MOH M. [lokasano,
YTO NMPU FOPEHUH BOJOMAa3yTHOU 3MYJbCUU TPU Bapb-
uposanuu npucaaku MOH M B pasmepe 0,25, 0,5, 1 %
cHmxkarorcst Beiopockl CO Ha 0,5, 2,7 u 1,1 %, coot-
BETCTBEHHO, OTHOCHTENHHO coctaBa Ne 2 rmpum
Tg=700-900 °C. Takum 006pa3oM yBeIHIECHHE KOHLCH-
Tpanuu npucagkud 10 1 % K BOJOMa3yTHOMY TOIUIUBY
OKa3bIBaCT HECYMIECTBEHHOE BIHMSHUE HA aHTPOIIOTECH-
HBIE BBIOPOCHI.
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Puc. 7. Konyenmpayuu CO: (a) u CO (6) npu eapbuposaHuu koHyeHmpayuu npucadku HOH M
Fig. 7. CO:z (a) and CO (b) concentrations when varying ION M additive concentration
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Fig. 8. NO (a) and SO: (b) concentrations when varying ION M additive concentration

Ha puc. 8, a npezacraBieHbl 3aBUCUMOCTH COAEp-
xanuss NO or Temreparypbl Ta30BO3IYIIHOW Cpeibl
IIPY TOPEHHUU BOJOMA3yTHBIX AMYIJIBCHIA TPU BapBHPO-
Banuu npucagku MOH M. YcraHoBineHO, YTO HCIOJIb-
3oBanue npucagku MOH M B pasmepe 0,25, 0,5, 1 %
MPUBOIUT K yBenmdeHuto BeioOpocoB NO na 2,6, 3,8 u
1,3 % mpu comocTaBieHUU ¢ cocTaBoM Ne 2 BO BceM
uccuenyeMoM TemmnepaTypHoMm amamnaszoHe (Tg=700-
900 °C). Ha puc. 8, 6 nmpuBeneHa 3aBUCIMOCTh COJIEP-
xaHust SO, OT TeMIepaTypbl Ta30BO3YIIHONH Cpeb
JUIS  BOJOMAa3yTHBIX SMYJIbCHA TPH BapbUPOBaHWUU
koHueHTpanuu npucaakua MOH M. YcranosneHo, 4T0
npu pob6asneHuu npucanku MOH M B pasmepe 0,25,
0,5, 1 % B Bomoma3zytHoe TorinBo BeIOpockl NO yBe-
ymuuBarores Ha 5,2, 4,9 u 1,6 % ornocurensno Ne 2.
Takol 3(dexT cBs3aH ¢ TeM, YTO MpHU A0OABIECHUH
MPHUCAJOK B TOIUIMBO BOJA CBSI3BIBACTCS C TSDKEIBIMHU
YIJIEBOOPOIAMHU, U TEM CaMBIM BBIXOI JIETYYHX Be-
HIECTB TPOUCXOmUT ObicTpee. Takum oOpaszoM mpu
YBEJIIMYCHUU KOHIEHTpaluu npucaaku 10 1 % k Bogo-
Ma3yTHOMY TOTUTMBY OKa3bIBAaeT HECYIIECTBEHHOE BIIH-
sIeT Ha aHTPOTIOT'€HHbIE BEIOPOCHL.

CITMCOK JIMTEPATYPbI

3aK/royeHue

PesynbTaThl MpoBeNEHHBIX UCCIIEOBAHUN MOKA3AJIH,
9TO MPHUCAZKAa HA OCHOBE 0COOOT0 COUCTAHMS IOJIOKH-
TEJILHO M OTPUIATENhHO 3apsbkeHHbIX HOHOB (MOH M)
CHIKAeT BpeMeHa 3a/epkku 3axuranust Ha 40—50 % Bo
BCEM HCCIIEIyeMOM TEMIIepaTypHOM amamaszoHe. Jlo-
OaBileHrEe TPUCAAKU HAa OCHOBE JKUPHBIX PACTHTEIBHBIX
kucnot (P502B3) cumxana BpeMeHa 3aJepKKH 3aKura-
Hus Ha 10 % BO BceM uccieayeMoOM TeMIepaTypHOM
QIFaria30He OTHOCHUTEIHFHO BOIOMAa3yTHOTO TOILIHBA.
Hob6aenenue npucaiaku P502B1 B Bogoma3yTHoe TOm-
JMBO TO3BOJIMJIO CHU3UTH BPEMEHA 3aJIEPKKH 3a)KHIa-
Hust Ha 3040 %. OnpeneneHo, YTo B NPUCYTCTBUM Ka-
TaJIM3aTOPOB TOPEHUS BOJA CBA3BIBAETCS C TSDKENIBIMU
YIIIEBOJIOPOAAMH W TEM CaMbIM BBIXOJ JIETyYHX Be-
IIECTB MPOHUCXOINUT OBICTpEE, T. €. TIOABEICHHAS TEIUIO-
Ta He TPATUTCS Ha IPOTPEB BOIBI B KaIlle, a paBHOMEP-
HO BO3JIEIICTBYeET Ha BeCh 00BEM TOILIHBA.

[IpoBeneHHbIe vcclenoBaHMs TOKA3aIH, YTO HCIIOJb-
30BaHUE TPUCATOK MPU CKUTAHUK BOJOMA3yTHOTO TOTI-
nBa cHmkaeT koHueHTpaimu CO, CO,, NO, SO, Ha §, 6,
10 u 13 %, COOTBETCTBEHHO, 1O CPABHEHUIO C Ma3yTOM.
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OnTuMasibHble TEMIIEPATYPbl U3MepPeHHs BA3SKOCTU HedTH
/111 BOCCTAHOBJIEHMA ee BA3KOCTHO-TeMIIepaTyPHOU 3aBUCUMOCTH
no ¢popmysaiam ®PuoHoBa-PeiiHo b/ ca, BasibTepa
U Porena-Pyabyepa-TammaHa
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AnHoOTanua. AKmyaasHOCMb vccie0BaHuUs 00yCI0BIeHa YBeJIMYeHHEM KOJIMYeCTBA JOObIBAEMBIX M TPAHCIOPTUPYEMBIX
BBICOKOBSI3KMX U HEHBIOTOHOBCKHUX HedTel. [/ Takux HedpTel BaXKHO TOUHO MPOTHO3UPOBATH PEOJIOTUYECKHE CBOMCTBA H,
B YaCTHOCTH, BA3KOCTHO-TEMIIEPaTyPHYIO 3aBUCUMOCTb. Mi3MepeHre BA3KOCTH /1 IMPOKOI0 AHana30Ha pa3/IM4YHbIX TEeM-
nepaTyp Ype3MepHO TPYAOEMKO M HepalMOHa/JbHO, U HAa IPaKTUKe MUCHOJb3YIOT U3MepeHHUe BA3KOCTH NpPHU ABYX WU Tpex
Pa3IMYHBIX TEMIEPATYPax U Aajsee NPUMEHSIOT GopMyJibl epecyeTa. Takke BaXKHO YTOYHUTb, Kakue GOPMYJIbl U AJIs Ka-
Kux HedTell cleAyeT UCNOJIb30BATh JJIs MOJIyYeHUs] HAaMMeHbllled NMOrPelHOCTH, B YaCTHOCTH, aKTyaJbHO ONpefiesieHue
ONTHUMAaJIbHBIX TeMIepaTyp U3MepeHUs BA3KOCTHU HedTH 11 BOCCTAHOBJIEHUS ee BA3KOCTHO-TeMIepaTypHOH 3aBUCHMO-
ctu. Ilesw: onpefeneHre ONTUMaJbHBIX TeMIlepaTyp U3MepeHUsl BS3KOCTH HePTH /11 BOCCTAHOBJIEHUS ee BS3KOCTHO-
TeMIepaTypHO 3aBucUMOCTU 1Mo popmysaMm PuyoHoBa-PeitHonb/ca, BanbTepa u Porensas-dynbuepa-TammaHa, B TOM
Yyucsle U IpU pacyeTe AJ1s BCETO AOCTYIHOIO AMana3oHa TeMnepaTyp. 06seKmbl: BA3KOCTHO-TeMIIepaTypHble 3aBUCUMOCTH
HedTelt u3 CnpaBounuka HepTeil CCCP. Memodwur: 06paboTKa AaHHBIX 10 U3MEPEHUIO BA3KOCTH JJist 564 HedTel us Cnpa-
BoyHuKa HedTeidl CCCP; mocTpoeHHe anmpOKCUMUPYIOIIUX BA3KOCTHO-TEMIIEPATYPHBIX 3aBUCUMOCTEN; ONpeseseHUe Mo-
IPEeIHOCTH MPH HCMOJIb30BAaHUM IMOJyYeHHbIX 3aBUCUMOCTeH, B TOM 4YHuC/Je U C HCIOJb30BaHHEM KpOCC-BaJuJalUU.
Pe3yasmambl. PaccuvTaHa norpeiHocTb npuMeHeHus ¢opmya PunoHoBa-PeliHosbaca, BaabTepa, Porens-Pynbyepa-
TamMaHa Ha npuMepe cBbllle 500 HedTell, M yCTaHOBJIEHO, YTO NPH C/Iy4yaiiHOM BbIGOpe TeMIepaTyp AJsl U3MepeHUs BA3-
KOCTU MUHUMaJIbHas CpeJiHss NMOTPeLIHOCTb NPU JPYroi TeMnepaType cocTaBJ/IsleT AJs AaHHbIX GOPMYJ, COOTBETCTBEHHO,
13,8, 10,7 u 6,2 %. UcnonbzoBanue ¢popmynsl PunoHoBa-PeliHosb/ca HexXeaTeIbHO [JJI1 pacyeTa BA3KOCTH NPU MaJsbIX
TeMmnepaTtypax. Popmyna Porens-Pynpuyepa-TaMMaHa [TOKa3blBaeT HaWJIyullMe pe3yJbTaThl MPU pacyeTe B3KOCTH NpHU
rcnosib3oBaHuU TeMnepatyp 30-50-70 u 10-30-50 °C.

KioueBbie cinoBa: HedThb, BA3KOCTh, Gopmysia PunoHoBa-PeliHosbAca, dopmysa Banbrepa, dopmyna Porens-Pynbuepa-
TaMMaHa, 6a3a JaHHbBIX

BaarogapHocTtu: HcciesoBaHue BBINOJHEHO 3a c4eT rpaHTa EBpasuiickoro HayyHo-06pa3oBaTeJbHOrO LeHTpa (IPOeKT
Ne EHOLI-06-22).
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CTH HeTH /I BOCCTAHOBJIEHUS ee BA3KOCTHO-TeMIIepaTypHOH 3aBUCHUMOCTH o popmy.iaM PuoHoBa-PeiiHosbca, Banb-
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Optimal temperatures for measuring oil viscosity to restore
its viscosity-temperature dependence according to the Filonov-Reynolds,
Walter and Vogel-Fulcher-Tamman formulas
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Abstract. Relevance. Increase in the number of high-viscosity and non-Newtonian oils produced and transported. For such
oils, it is important to accurately predict the rheological properties and, in particular, the viscosity-temperature dependence.
Viscosity measurement for a wide range of different temperatures is excessively time-consuming and irrational, and in prac-
tice, viscosity measurement is used at two or three different temperatures and then conversion formulas are used. It is also
important to clarify, which formulas and for which oils should be used to obtain the smallest error. It is important, in particu-
lar, to determine the optimal temperatures for measuring the viscosity of oil to restore its viscosity-temperature dependence.
Aim. To determine the optimal temperatures for measuring oil viscosity to restore its viscosity-temperature dependence
using the Filonov-Reynolds, Walter and Vogel-Fulcher-Tamman formulas, including when calculating for the entire available
temperature range. Objects. Viscosity-temperature dependences of oils from the Directory of oils of the USSR. Methods. Pro-
cessing the viscosity measurement data for 564 oils from the USSR 0il Directory; construction of approximating viscosity-
temperature dependencies; determination of error when using the obtained dependencies, including using cross-validation.
Results. The authors have calculated the error in application of the Filonov-Reynolds, Walter, Vogel-Fulcher-Tamman for-
mulas, using over 500 oils as an example. It was found that with a random choice of temperatures for measuring viscosity, the
minimum average error at another temperature for these formulas is, respectively, 13.8, 10.7 and 6.2%. The use of the Fi-
lonov-Reynolds formula is undesirable for calculating viscosity at low temperatures. The Vogel-Fulcher-Tamman formula
shows the best results in calculating viscosity when using temperatures of 30-50-70 and 10-30-50°C.

Keywords: oil, viscosity, Filonov-Reynolds formula, Walter formula, Vogel-Fulcher-Tamman formula, database
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BBeaenue

ITpu no6srae He(TH, MPOSKTHPOBAHNH HOBBIX He(Te-
MIPOBOJIOB, & TAKXKE BHIOOPE TEXHOJOTHYECKHUX PEKIMOB
JUISL €€ TePeKavky M0 MarkCTPaibHBIM TPyOOmpoBOIaM
KIIFOYEBBIM IIaroM SABJIACTCSA OIPEACICHUE BA3KOCTU
He]TH, TOCKOIBKY OHA CHJIFHO BIMSIET Ha ITOTEPU HAIOpa
Ha TPEHHWE, YTO, B CBOIO OYepellb, HANPSIMYIO CBS3aHO C
sHepro3atparamu [1]. Ilpu mnaMuHapHOM TE€USHUH TTOTEPH
HAIopa JMHEHHO 3aBUCAT OT BA3KOCTH, a MpHU TypOyJIeH-
TOM PEKUME TEUCHHsI, IO Mepe YBEIHMUCHUs dncia Peii-
HOJIbJICA, BKJIAJ BA3KOCTH B TIOTEPU HAMopa MajaeT, 3a-
MECHSICH Ha BIIMSTHHE IIEPOXOBATOCTH CTCHKH.

IIpu sTOM B HacTrosIee BpeMs CYIIECTBYET TCH-
JICHIIUA K YBEIMYCHHIO 00beMa 00BN BHICOKOBSI3KOM
He(TH [2] 1 HEHBIOTOHOBCKUX HedTeit [3], uTo compo-
BOXKIAETCS MPOOIEMOH, YTO TEeMITEpaTypHBIC YCIOBHS
He 00ecrieunBalOT HEOOXOAUMYIO BSI3KOCTh IUIS Tiepe-

Kauku HedTH [4]. DTO, B CBOIO OYepellb, ¥ MPHUBEIO K
UCIIOJIb30BAHUI0 TEPMHUECKUX METOMOB IpU J00bIUE
BBICOKOBSI3KHX HedTel [5], a cnemoBaTenbHO, HEOOXO-
JAUMOCTH TOYHOT' O IIPOTHO3UPOBAHUA BSA3KOCTHO-
TeMIIepaTypHO# 3aBUCUMOCTH He(hTH [6].

IIpu sTOM BA3KOCTH HE(TEH MpPU PA3IUYHBIX YCIIO-
BUSIX MOXET Pa3IN4aThCsl Ha MOPSAKU: IIPU OJHOU U TOMI
e TeMmeparype ofHa He(Th MOXKET UMETh BS3KOCTh
10 mm?/c, npyras — 1000 MM?/C, a TaKKe, ecIr TOBOPHTH
0 BS3KOCTH 3amaHHOW HedTH mpH Temmeparypax 0 u
50 °C, ee 3HaueHune MoxeT paznmmuathes B 100 u Gomnee
pa3. OTo eme pa3 MoJUEPKUBACT HEOOXOJUMOCTb TOY-
HOTO TIPOTHO3UPOBAHUS CBOMCTB He(hTH M TOAOOpa OII-
TUMAJIBHBIX MOJIENICH II0 PacueTy BS3KOCTH, TIOCKOIBKY
MIPU MPOEKTHUPOBAHUH M HKCILTyaTallUl MarucTpajibHbBIX
HEe(TENPOBOIOB HEOOXOIUMO MEPECUUTHIBATE BSI3KOCTh
K TeMIIepaType dKcIuryaranu [7].
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OCHOBONOJATAIOUIMM BONPOCOM B ONpPENEICHUU
BA3KOCTU SIBISIETCA €€ 3aBUCHUMOCTb OT TEMIIEpaTypBhl.
H3BecTHO, YTO NaHHAs 3aBUCHMOCTH ONM3Ka K JKCIIO-
HEHLIUAIBHOM U €€ MOXHO OIUCATh PACHPOCTPAHEH-
HbIM ypaBHeHHeM OunoHoBa—PeiiHonbaca [8]:

v, =V, o9 (-u(T, - T,)),

TJIe V1 U Vy — BA3KOCTU HE(PTH MPH, COOTBETCTBEHHO,
Temneparypax T1 U Tz; U — KO3(QQUIMEHT KPyTH3HBI
BHU3KOrpaMmsi [9].

Takum 00pa3zoM, Ha MPaKTHKE 3ajJa4a CBOJUTCS K
OTIPENICTICHUIO BS3KOCTH HE(TH INPH IBYX TeMIIEpaTy-
pax, BBIYUCICHHIO K0d(duUIMeHTa KPYTHU3HBI BH3KO-
rpamMmbl [10], a mamee mpu HOMOIIM IPHBEAECHHON
(dbopMynBl K pacuéTy BS3KOCTH TIpU JOOOH IpyTroi
temmeparype [11].

Ho Bcraer Bompoc: npu Kakux TeMIiieparypax JTyd-
1€ BCETro MPOBOAUTH M3MeEpEeHUs BA3KocTu? Tpaaunu-
OHHOH siBIsieTcst mapa temneparyp 20 u 50 °C, Ho sIB-
JISeTCS JIM OHa ONTUMANBHOM [ BeeX HedTei?

B monk3y MakcHManbHO IMIUPOKOTO TEMIIEPATypHO-
r'0 JUana3oHa CYMIECTBYET «THIIOTE3a», YTO TAKUM 00-
pa3oM CHIDKAETCSl IMOTPEIIHOCTh MPHU  OIpelesICHHU
BSI3KOCTH BHYTPH JaHHOro auamasona. Ho c gpyro#
CTOPOHBI, TIPH BEICOKHMX TEMIIEPAaTypax BS3KOCTH MHO-
rux HeTel ONMU3KU IPYT K APYTY, H, CIICAOBATENHHO,
TOYHOCTB PacieTOoB Majaer.

Ha ocHOBe BBIIIECKa3aHHOTO IIEIBIO TAHHOTO HC-
CJIEJIOBAHUS SIBJIIETCS ONpeAeSIeHHE ONTHUMAalbHBIX
TEMIIEpaTyp Al pacueTa BSI3KOCTH COTJIACHO pas3yind-
HbIM (popMyJIaM, B TOM YKCIIE M BHE TMANa30HA UCXO/-
HBIX TeMIIEpaTyp.

OnpejesieHre ONTUMAJIBHBIX TEMIIEPATYP
JJIsl U3MepeHUs BI3KOCTH MPH UCI0JIb30BAHUM
dopmynsl PunoHoBa-PeitHosbca

B KAauECTBEC KpI/ITepI/IH OIITUMAJIBHOCTHU npezlnaraeM
MIPUHSTH OTHOCHTEIHHYIO IOTPENIHOCTh MPU CpaBHE-
HUH pacqume 3Ha‘IeHHI>lI C y>1<e N3BCCTHBIMU BCIINYU-
HaMH.

OCHOBHO# pacueToB OyneT ABIATbCA 0a3a JaHHBIX
co cBoiicTBamu HeTeil, ocHoBaHHass Ha CrpaBOYHU-
kax Hepreit CCCP [12-15].

B ucrnonp3oBaHHON 0a3ze HAaHHBIX UMEIOTCS CBELE-
HHUSA O BA3KOCTH 564 Hedrel, m00bIBacMbIX B
1970-¢ roxst Ha Tepputopun CCCP. B Heil npuseneHa

uHpOpMAIHS 0 BA3KOCTAX Mpu Temmeparypax ot 0 1o
70 °C ¢ marom B 10 °C, HO IpHu 3TOM OIS Pa3HBIX
He(Tel yKa3aHa BS3KOCTh NPU PA3IMYHBIX HabOpax
temreparyp. OOImee YHCIO 3HAYEHUH BS3KOCTH CO-
crasnset 1890.

Bce 3Ha4YeHMs BA3KOCTH MpHUBEIEHBI Ha Puc. 1.

CeeleHMNA 0 BA3ZKOCTW pa3fin4HbIX HedTen

103

ll [ ]
102 ——;
10!
® @
b

®
1]
@
t
50

60 70
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Puc. 1. C(CsedeHuss o0 8s3Kocmu pa3Au4HbiXx Hedmell 8
ucno/vb3yemoli 6aze OaHHbIX
Information about the viscosity of various oils in the

database used

Fig. 1.

B none3y yTBEpkKIEHHUS, UTO UL U3MEPEHUS U JaJlb-
HEUIINX pacuyeToB HE CIENYeT HCIONB30BATH BI3KOCTU
TIPH BBICOKHX TEMITEpaTypax, TOBOPHUT TOT (aKT, 4To IpH
temnepatypax 60 u 70 °C, 1 B HEKOTOPBIX CIy4asx
50 °C, BS3KOCTh IS PA3NMYHBIX He(TeH pasmmgaercs
He3HaunTebHOo. Koadduiment Bapuanwmn (oTHOIICHHE
CpEIHEKBAIPATHYHOIO OTKJIOHEHUsS K CpeJHEMy 3Have-
HUIO) JUTS YKa3aHHBIX TEMIIEpPaTyp 3aMETHO MEHBIIE, YeEM
i qranazona temreparyp 1040 °C (tabn. 1). B nan-
HOM ciTy4ae OOJbINasi BEMYMHA BapHAIUK YKa3bIBaeT HA
TO, YTO 3HAYCHHs BSI3KOCTH PacIpe/iesieHbl 0oJIee paBHO-
MEpHO, B TO BpeMsI KaK MPH MaJOM 3HAYCHUH KO PHITH-
€HTa BapHallii BSI3KOCTH OoJiee CrpyIIpoBaHbl, Cleo-
BaTeJbHO, MX CJIOXKHEE Pa3M4yMTh, a 3HAYUT, BA3KOCTh
npu OONBIINX TEMITEpaTypax IO3BOJIET XyXKe HICHTH-
¢urmpoBath HeTh U ee CBOICTBA.

Ta6auya 1. Kosgpduyuenm sapuayuu 015 8513K0Cmu pasAuvHbuIX Hegomeli 8 ucno1b3yemoli 6aze aHHbIX

Table 1. Variation coefficient for the viscosity of various oils in the database used
TemnepaTtypa/Temperature, °C

[lapameTtp/Parameter 0 10 20 );% / p40 50 50 20
KosimuectBo 3HaueHui/Number of values 14 137 382 421 436 438 32 30
CpenHee 3HaueHue, cCt/Average value, cSt 88,7 53,1 37,2 26,2 16,5 11,1 9,8 7,5
CpeAHeKBaipaTUYHOE OTKJIOHEHHE, CCT
Standard deviation, cSt 50,1 103,9 76,4 67,0 32,4 17,8 6,2 4,7
Koaddunuent Bapuanuu/Variation coefficient 0,57 1,96 2,05 2,56 1,96 1,60 0,63 0,62
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Puc. 2. OmHocumesvbHasi nozpewHoCMb npu onpedeseHuu B8s3KOCmMu ¢ nomowblo gopmyael PuaoHosa-Peiinoavdca (A),

Basavmepa (B), ozeas-Pyavuepa-Tammana (B)
Fig. 2.

IIpoBenem crnenyromuil aHanu3: NPUHUMAEM, YTO
BEITIOJTHEHBI N3MEPEHHS BI3KOCTH IIPH HEKOTOPOIL mape
Temneparyp. OmnpenenseM Kod(QQUIUEHT KpPyTU3HBI
BH3KOTPaMMBI JIJIsl JAHHBIX 3HAYCHUN U PACCUUTHIBAEM
BSI3KOCTB 10 (popmyste DutonoBa—PeiiHonmbca s apy-
rux Temmeparyp u3 nuanasona 0-70 °C c marom 10
°C. Ilocne 3TOro CpaBHUBAEM PACCUUTAHHbBIC 3HAUCHUS
¢ yke m3BecTHEIMH. OrpenernsieM OTHOCHTENBHYIO TI0-
TPEIIHOCTh U YCPEAHSEM €€ JJIsl BCeX 3HAYCHHWH I
JAaHHOU Mapbl TEMIIepaTyp.

ITony4yenHsle 3HAYEHUS! OTHOCUTENIBHOM IOTpEIl-
HOCTH CBeJieHbI Ha Puc. 2, a.

Hcxoas M3 MOdTy4YeHHBIX pe3ylbTaToB, BHIHO, YTO
HaUMEHBIIIEH OTHOCUTEIHLHON NOTPENIHOCTBIO 00Maa-
et mapa temrepatyp 30-50 °C — 13,8 %, u Omu3kas k
ueit 2040 °C — 14,1 %. B 11€J10M CTOUT OTMETHUTD, YTO
HCTIONIb30BaHME B KauecTBe nepBoi temmeparypst 0 °C
BeJleT K BbicOKOH morpemHocTH — 40-50 %. D10 MoX-
HO OOBACHUTH TE€M, YTO MpPH TeMIlepaTypax U3 auarna-
30Ha 0—20 °C 3aBUCHMOCTH BSI3KOCTH OT TEMIIEPATYPHI
uMeeT Oojee KPYTYIO XapaKTepHCTHKY, YeM O3KCIIO-
HEHIMaJbHasl XapaKTepHCTHKA.

Tem He MeHee Jake OTHOCHUTENbHAs MOTPEIIHOCTh
13,8 % sBisieTcs BBICOKOM, YTO TOBOPUT O TOM, YTO
ypaBHeHHe @DunoHoBa—PeliHOMBACA XOTh M IIHUPOKO
pacnpocTpaHeHo U yIO0OHO B HMCIOJB30BAaHUH, HO €ro
HEJb3s pacIICHUBATh KaK YHUBEPCAIbHOE M TOYHOE.

C BBIYMCIUTENBHOW TOYKM 3PCHUS TpPUMCHEHHE
ypaBHeHne PuioHoBa—PeilHONIbACA MOXXHO CBECTH K
WCTIOJIb30BAHUIO BSA3KOCTH NPU HEKOTOPOH TeMIepary-
pe (mampumep, 20 °C) u KO3DQOUIHEHTY KPYTH3HBI
BH3KOTpaMMBL. [Ijis1 Toro 4ro0bl ypaBHEHHE IpeicKa-
3BIBAJIO Pa3HOOOpAa3HbIC 3HAYCHHS BS3KOCTH JJIS pas-
HBIX HeTeH, IBa MaHHBIX MapaMeTpa TakkKe TOJDKHBI
MMETh IIHUPOKUN Tuamna3oH 3HadeHuid. O4eBUIHO, YTO
BSI3KOCTH TIPH HEKOTOPOW TeMIlepaType YAOBIETBOPS-
0T JaHHOMY YCJIOBHIO, HO KO3(DQHIMEHT KpPyTHU3HBI
BHU3KOTPaMMbl UMEET OTpaHHYEHHBIH Mpenenbl u3Me-
HeHuH. TlokaxkeM 3TO Ha CIIEQYIOIIEM aHalIu3e JaH-
HBIX.

Relative error in determining viscosity using the Filonov-Reynolds (A), Walter (5), Vogel-Fulcher-Tamman (B) formulas

B mnpojomkeHue mHpenbLaylniero pacdyera onpese-
JIUM cpejiHee 3HaueHne Kod(hUIMeHTa KpyTH3HBI BU3-
KOTPaMMBI JUIS 33JlaHHOM Mmaphl TemiepaTyp. Pe3yib-
TaTHI IpUBeAeHH! Ha Puc. 3.

Ko3thhrUMeHT KpyTWU3HEI BU3KorpaMmel, 1/°C

0.09

0.075 | 0.058 | 0.051

0.08

Q 0.057 | 0.046 [R/NE D]

-0.07

0.031 - 0.06

0.029 0.032

- 0.05

BTopas TemnepaTypa, “C
3

0.029 0.029

0.028

10

20

|
30

|
40

|
50

60

70

MepBas TemnepaTypa, °C

Puc. 3. C(CpedHee 3HaueHue ko3gduyueHma KpymusHbl
8U3K02PAMMbl 0151 3a0AHHOT napbl memnepamyp
Fig. 3. Average value of the slope coefficient of the viscog-

ram for a given temperature pair

W3 nmanHOrO pHCyHKa BHIUM, 4YTO KOA(OUIIUCHT
KPYTH3HBI BHU3KOTPaMMBI IO OOJBIIEH YacTH paBeH
0,03-0,04 c HeOONBIIUM MOBBIIICHUEM IIPU MaJbIX
Temreparypax. Mcxoms uX 3TOro MOXHO 3aKJIIOYHTh
creayolee:

1. TlockoneKy cpeaHui K03((UIUEHT KPYTU3HBI BU3-
KOTPaMMBbl HIMEET CXOXKHE 3HAYCHUS IS OOJIBIIOTO
KOJIMYeCTBa He(TeH, NaHHBIA MHapameTp MOXKET
IUIOXO MPOTHO3HMPOBATh HIMPOKOE pa3sHOOOpasue
BSI3KOCTH Pa3IMYHBIX HEPTEH.

2. OnuHakoBBIe 3HAaYCHUSI KO3(DPUIMECHTA KPYTHU3HBI
BU3KOTPaMMBI TIpU OOJBIIMX TeMIeparypax u 0o-
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Jiee BBICOKHE 3HAUYCHUS MPU MANBIX TeMIepaTypax
HPEIoIATatoT, YTO IIPH Pa3HBIX TeMIlepaTypax OIl-
THUMAJIGHO UCTIONB30BAaTh PA3IHYHbBIC 3aBUCHMOCTH.
Takum 00pa3oM, KO3(PGUIMEHT KPYTH3HBI BHU3KO-

rpaMMBbI TIpH BCEeW CBOEH MPOCTOTE U HALNIAHOCTU

HENB3s CYMTATh YHUBEPCANBHBIM ITAPAMETPOM IS

OITMCaHUs BA3KOCTH Ha MIMPOKOM JHAIa30He TeMIlepa-

TYP.

CrieioBaTenbHO, MOXKHO MPEANONOKHUTD, YTO TIOJTY-
YeHHAs BRICOKAs IIOTPEITHOCTh ypaBHEeHUs DUIIoOHOBa—
PeitHonbaca o0ycnaBIuBaeTCs CIEAYIOIINM:

1. VYpauenune OunonoBa—PeliHonbaca xopoiio pado-
TaeT TOJBKO JJISI OTIPEIEIEHHOTO THIa HedTei. D10
MOXXHO OOOCHOBaTh TeM, YTO BBICOKOINapaduHH-
CThle HE(TH IUIOXO YJOBJIETBOPSIOT IAHHOMY
ypaBHeHHIO. HO KakuM WMEHHO JOJDKHO OBITH
yCIOBUE Ui pas3jieneHus Hedredl Ha TPYHIBl B
KOHTEKCTe JaHHOM 3amaun? Tem Goinee, 4TO B MpU-
MeHsAeMOM 0a3e IaHHBIX HAXOMUTCS OOJNIBIIOE KO-
JMYECTBO WHBIX CBOWCTB HE(PTH: IIOTHOCTH, TEM-
neparypa 3acThIBaHUS He(TH, cojep)kaHue Hapa-
(¢uHA CMOJI, CMOJI, KOMIIOHEHTHBIH cocTaB, (pak-
OUOHHBIN cocTtaB  T. 1. C yderoM OOJBIIOrO KO-
JMYecTBa IapaMeTpoB JaHHAs 3aJa4a MOXeET ObITh
peleHa ¢ WMCHOJIb30BAaHHMEM METOJIOB MAllMHHOTO
oOyuenus [16], 9yTo sBISETCS MPEIMETOM CIICAYIO-
IIMX UCCIIEIOBAaHNIT aBTOPOB.

2. Cama mo cebe PKCIOHEHIMAILHAS 3aBUCHMOCTH B
ypaBHeHUM DuioHoBa—PeliHONBACA MIIOXO OTpa-
JKaeT 3aBHCHUMOCTH BSI3KOCTH OT TEMIIEPATyPHL.
B naHHOM cnydae Tak)Ke HMEETCS JOCTATOYHO
00JIBIIIOE KOJMYECTBO PabOT pa3jMYHBIX aBTOPOB,
MPEAJIAraoIX WHBIC 3aBUCHMOCTHU BSI3KOCTH TEM-
neparypsl, Hampumep, ypaBHeHus — Doremsa—
Oynbuepa—Tammana [17], Banetepa u apyrue [18].

OnpejejieHHe ONTHMAIBHBIX TEMIIEPATYP
JJIs1 U3MepeHHs BA3KOCTH NIPH UCII0J1b30BAaHUH
dopmynsl BanbTepa

®opmyna Banbrepa — 310 apyras usBectHas (op-
MyJia ajis pacdera BsizkoctH [19], HO 3a cuer Oosee
CJIO’KHOH 3aIlCH OHA SIBIISICTCS MEHEE MOMYJIISIPHOIL:

lglg(v+0,8)) =a+b-lg(T),

rae a, b — smompuueckue koddduimentsr; T — abco-
JroTHAs Temreparypa, K.

CornacHo naHHOW ¢opmyse HEOOXOAMMO HMETh
IBa 3HAYCHHUA BA3SKOCTH IIPU JIBYX TEMIIEpaTypax Ijisd
BBIYHCIICHUS OOOMX SMIUPHUYCCKHX KO3(PHIIMEHTOB.
Ilo ananorum c NpeAbIAYHINM pacuYC€TOM ONPEACINM UX
UL KaKAOM HeTH Uil KakKmoil mapel TeMmeparyp,
paccunTaeM BSI3KOCTH IO hopmyie Bambrepa mis mpy-
rux Temmeparyp. [locie 3TOro cpaBHHBaEeM paccyu-
TaHHBIC 3HAYCHHS C YK€ H3BECTHBIMH. Ompenernsem
OTHOCHUTENBHYIO TOTPEIIHOCTh M YCPEmHSIeM e ML
BCEX 3HAUCHHH LTS JaHHOH Maphl TEMIIEPaTyp.

[TomyueHHble 3HaUY€HUS OTHOCUTENBHOW MOTper-
HOCTH cBeZIeHBI Ha Puc. 2, 6. B cpeanem morpenrHoctu
mo gopmyiie Banbrepa Humxke, yem st popmyibl Du-
noHoBa—PelHonbACA.

Hauwmenbieil OTHOCHUTENBHOM MOTPEIIHOCTHI0 00-
nmanmaer mapa temmeparyp 20—40 °C — 10,7 % u Omms3-
kag k Hedl 20-50 °C — 11,0 %. Ecnu npumenenue
¢opmyiel BanbTepa XOTh 3/1€Ch U AaeT MEHBIIYIO TO-
IpelHoCTh 1o cpaBHeHUI0 ¢ PunoHoBa-Pelinonbaca,
HO HE 3HAYUTENbHYI0. Ho IpH 3TOM morpenHocTs npu
pacuere Temnepatyp u3 nuanasona 0—20 °C 3ameTHO
MEHBIIIE — [IPAKTUYECKH B 2 pa3a.

OnpepesieHNe ONTHMA/IbHBIX TeMIepaTyp
JJ1sl U3MepeHUsI BA3KOCTHU PU UCIOIb30BaHUU
dopmyasl dorensa-Pynbuyepa-TammaHa

[IpoBenem aHanmoru4HOE MCCIEIOBaHHE 1O ONpee-
JICHUIO OTHOCHTEIILHOM TMOTPEIIHOCTH HPU HCIIOJIB30-
Bauuu Gpopmyisl Porens-Dynsuepa-Tammana [20]:

b
v=v_-eT?,
TIE Vo, D, @ — sMImUpHUEcKUE KO PUITHEHTHL.

Jannbie k03)QUIIMEHTHI MOKHO KQ4eCTBEHHO OITH-
caThb CIEAYIOINM 00pa3oM: V., — 3TO YCIOBHAs BSI3-
KOCTh He()TH TpU TemIepaTrype paBHOH OeCKOHEYHO-
ctH; 6 — Temmeparypa, MpH KOTOPOH BA3KOCTh paBHA
OeCKOHEYHOCTH (TemriepaTypa 3acThiBaHUs); b — Ko-
3¢ UIMEHT KPYTU3HBI BUCKOTPaMMBbI JUI 3aJJaHHOH 8.

Ilo ananoruu c mpeaplAyIIMM ypaBHEHUEM IIPOBE-
JIEM CJIeIYIOUINI aHaun3.

[lpuHuMaeM, 4YTO BBINOJHEHBI M3MEPEHHS BSI3KOCTH
TIPU HEKOTOPOH Tpoiike Temrmeparyp. OmnpenesnsieM SMIi-
pudeckre KodpduumeHtsl 3 opmynsl  Doremns—
Oynpyepa—TaMmaHa, paCCUUTHIBAEM BSI3KOCTh JUTS IPYTUX
temniepatyp. [locme 3TOro cpaBHMBacM pacCUMTAHHbBIC
3HAUYEHHS C YK€ M3BECTHBIMH W3 0a3bl MaHHbIX. Onpere-
JISIEM OTHOCHUTENBHYIO MOIPEIHOCTh U YCPEAHSEM ee s
BCEX 3HAUECHUH [T JAHHOM TPOUKH TeMIIEpaTyp.

[Tony4yennsle 3Ha4YeHUS] OTHOCHUTENIBHON TMOTpEII-
HOCTH CBeZicHbI Ha Puc. 2, 6. Ha pucyHke npuBeneHa
HauMEHbIIasi MOTPEUIHOCTh NPU Pa3IMYHBIX 3HAYEHU-
sIX BTOPOM TEMIIEPATyphl, IPU YCIOBUHU, YTO NEPBasd U
TPEeThs TEMIEpaTypHl 3aJaHbl. B ckoOkax yka3zaHo 3Ha-
YeHHe BTOPOW TeMIeparypbl, MpU KOTOPOH JaHHas
HanMCHbIIIas MOTPEIIHOCTD IMOJTYyYCHA.

PaccunranHble 3HaYeHHS TOTPENIHOCTH s (op-
Mynbel Oorens—@ynpuepa—TammaHa 3aMETHO MEHBIIIE,
geMm ai1st popmyn @unonoBa—PeitHonsaca u Bansrepa.

W3 momydeHHBIX pe3ynbTaToB BUAHO, YTO HAMMEHb-
mMe norpemHocty — 6,4 u 6,2 % — nosdydaroTcs npu
Tpoiikax 3Hauenwit 20-50-70 u 30-50-70 °C. 3to0
MOXXHO OOBSICHUTH TeM, 4TO BsizkocTh mpu 70 °C no-
CTaTOYHO XOPOILIO OTPAXKAET BAZKOCTb Ve, NMPH YCJIOB-
HO OeCKOHEYHOU TeMIepaType; Majloe 3HaueHue mep-
BOH TeMIiepaTypsl OJIM3KO K 6, a BTOopas TeMIieparypa
oTpaxkaer 3HaucHue b.
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Puc. 4. OmHocumenbHass nozpewHocmsv npu onpedeneHuu es3Kkocmu ¢ nomowbto gopmya PusoHosa-Peiinonrsvdca (A),
Baavmepa (B), Pozens-Pyavuepa-Tammara (B) npu pacieme eHympu memnepamypHozo duanasoHa
Fig. 4. Relative error in determining viscosity using the Filonov-Reynolds (A), Walter (E), Vogel-Fulcher-Tamman (B) formu-

las when calculating within the temperature range

B 06a3e maHHBIX OTCYTCTBYIOT HE(TU C BA3KOCTBIO
onHoBpeMeHHO npu Temmeparypax 0 u 70 °C, Ho
MperoiaracM, 4To HaumMEHbIIasi MOTPEITHOCTh ObLIa
ob1 s Tporiku 0—40-70 °C.

Crnenyroniee MHHAMAQJIBHOE 3HAYEHHE IOTPEITHO-
cTH Habmroaaercs uId HeTeH, Ui KOTOPhIX BA3KOCTh
npu Temmeparype 70 °C He u3MepeHa, TO €CTb AJs
tpoiiku 10-30-50 °C.

Taxum 06pazom, onTUManbHAs TPOiiKa TeMIepaTyp
Uil ucnonb3oBaHus  (popmynsl  Dorens—Dynpuepa—
Tammana — »sto 30-50-70°C pgua Ooiiee TXKEIBIX
nHedreit u 10-30-50 °C anst Oonee nerkux HedTew.

Ta6auya 2. CeodHass mabauya no pacyemy esi3kocmeli no
PasauvHuIM PopMyaaMm

Table 2. Summary table for calculation of viscosities ac-
cording to various formulas

[orpemmHocTh IpH
pacyeTe BA3KOCTH
BHYTPH AMana3oHa

HaumMmenbluas mno-
IPEIHOCTb NMPHU pac-

HaumeHoBaHMe yeTe BA3KOCTH [ o
Temmnepatyp 0-50 °C
dopmyibr BCeX TeMIlepaTyp : )
. Error in calculation of
Formula The smallest error in

viscosity within the
temperature range of
0-50°C

calculation of viscosity
for all temperatures

dunoHoBa- %

PeliHosbACa
Filonov-Reynolds 138 135

BasnbTepa

Walter 10,7 88

Dorens-Pynpyepa-
TammaHa
Vogel-Fulcher-
Tamman

6,2 58

AHasu3 ¢popMyJ1 IpM pacyeTe 3HAYEHUH BA3KOCTU
BHYTPH TeMIepaTypHOro Auana3oHa

Dopmyiny PunoHoBa—PeliHonbACa PEKOMEHIYIOT UC-
TIOJTB30BATh JUISl pacdeTa BS3KOCTH TOJBKO BHYTPU TEM-
nepatypHoro auamnasona [11], B oTimume OT MpoBeAeH-

HOro aHaynusa Bbine. IIpoBepum, KakuM o0pa3oM MeHs-
I0TCSl TIOTPEIIHOCTH TIpU pacuere 1o ¢opmynam Duio-
HoBa—PeiiHonbaca (Puc. 4, a), Bambrepa (Puc. 4, 6) n
®Dorens—Dynpuepa—Tammana (Puc. 4, 6) 1 B wacTHOCTH,
JUTS IOMyJIsIpHO# mapel TemriepaTtyp 20-50 °C.

[Ipu pacuere BS3KOCTH BHYTPH AMana3oHa TeMIIe-
paryp 0-50 °C mOrpemrHocTb HECKOJIBKO CHIKACTCS
JUTSL BceX Tpex (GopMyJI, HO TIPH 3TOM COXPaHSAETCs, YTO
HauOoJbIIasl TOTPEHIHOCTh y (opMmyisl DunoHoBa—
Pelinonbaca, Menbmas y Gopmynel Banerepa u eme
MeHblIas st popmynsl Porensi—Pynpuepa—Tammana
(tabm. 2).

BbIBOABI U 0GCYKAeHHE pe3y/IbTaTOB

[IpoBenenHbIii aHamM3 3aBUCHMOCTH  BSI3KOCTH
HeTH OT Temmeparypsl Ha ocHoBe CHpaBOYHHKOB
Hedtu CCCP nokasai, 4To UCIIOIB30BAHUE YPAaBHEHUS
®unonoBa—PeitHoNBACA IS €€ aNMpPOKCUMAINK JAeT
BBICOKYIO YCpEIHEHHYO norpemHsocts 13,8 %, Bbruuc-
JIEHHYIO 7151 BceX HeTel I pa3iuuHBIX Map TeMIle-
patyp. YCTaHOBJIEHO, 4YTO HWCIOJB30BAaHUE IaHHOU
(bOpMyITBI HEXENaTeNBPHO NS pacueTa BS3KOCTH IIPH
Temreparypax u3 auanasona 0-20 °C.

IIpu paBHBIX ycnoBusx ¢opmyina Bamerepa mpen-
nourutensHee Gopmynsl PunoHoBa—PeitHonbACa, TTO-
CKOJIBKY MMEET IMOTPeIIHOCTh HMKE Kak IpU pacuere
npu Becex Temneparypax (10,7 % nportus 13,8 %), Tak
IpU pacdere BI3KOCTH BHYTpH amamazoHa 20-50 °C
(8,8 % nportus 13,5 %).

®opmyna Dorens—Pynpuepa—TamMmana MOKa3bIBa-
€T HaWMEHBIIIYIO TOTPEIIHOCTh MPU pacyeTe B3KOCTH
KaKk BHE TeMIlepaTypHOro numama3oHa (6,2 %), Tak u
BHyTpHU nuamnazona 20-50 °C (5,8 %). [Ipu Bo3MOKHO-
cTh u3MepeHus Bs3koctH npu temmneparype 70 °C pe-
KOMCHIYETCS HCIONB30BaTh TPOHKY TEMIIepaTyp
30-50-70 °C, 4TO maeT YCPEOHEHHYIO MOrPEITHOCTD
Juis Beex Hedredt — 6,2 %, B IPOTUBHOM ClIydae peKo-
MEHIyeTCs UCTob30Bath TeMmeparypsl 10-30-50 °C,
YeMy COOTBETCTBYET MOrpemHocts 7,7 %.
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AJIrOpUTM TOYHOrO NepeMelLeHNs TPy30B Ha QU3UYECKON MO eTu
COPTUPOBOYHOTI0 TPaHCHOpTeEpa

H.J. Cap6acosal, A.Jl. Ymyp3akoBa2* A.C. Tupuuk3, C.H. Kiagues?
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AHHOTanusa. AKmya1sHOCMb VCCIel0BaHUs 3aKJII0YAETCs B TOM, YTO HEOOXOAUMO 3KCIEPUMEHTA/NbHO NMOATBEPAUTD pa-
60TOCIOCOGHOCTD QJIFOPUTMA NepeMeleHUs] BbBIGPAaHHOI'0 COPTUMEHTA Jieca C MOBbIIIEHHOH TOYHOCTBIO K COOTBETCTBYIO-
1ieMy GYHKepy-HaKOIUTEJI0 B TEXHOJOTMYECKOM IPOLIeCCe ero COPTUPOBKH Ha 3UMHMX CKJIaJiax JieconepepabaThlBalOLIMX
npeanpusaTUi. IJeas, VccnesoBanus mpolecca nepeMelleHHs MTYYHOro rpy3a Ha GU3HYecKord MoJiesId NPOJOJIBHOTO Lien-
HOTO WJIM JIEHTOYHOI'O TPaHCNOpTepa, 06ecrneyrBaIoIero MaclITaOUpOBAaHHOE CHIDKEHHE OMIHMOGKHU MO3ULMOHUPOBAHUA.
[Ipy copTHpPOBKe KpYIJIOTO Jieca Ha LeNMHbIX MPOJOJBHBIX TPAHCIOPTepax 3HAYUTEJbHOW NPOTSKEHHOCTH BO3HHKAeT
ournbka nepeMelieHUs BbIGpaHHOIO COPTUMEHTa KpPYTJIOro Jjieca K MeCTy c6poca B HaKOMHUTe b, KOTOPasi yBeJUYUBAETCS
NPONOPIMOHAJIBHO JI/IMHE COPTUPOBOYHOM JIMHUU. B HacTosIlee BpeMs HCNO/Ib3YIOTCA TPAHCIOPTEPbl OFPAaHUYEHHON MPO-
TsHKeHHOCTH. HakonuTe u pacnosiaralTcs ¢ ABYX CTOPOH TPAHCNOPTepa. ITO YMeHbLIAeT OIIMOKY TPAHCIOPTUPOBKHU. MHo-
r/la COPTUPOBOYHAA IJIOIIA/IKA He T03BOJIAET pa3MeCTUTb Ha HeH KOPOTKHUHM TpaHCIoOpTep € JBYXCTOPOHHEH BBIIPY3KOH,
WJIM TpebyeTcs OTCOPTUPOBATb 3HAYUTEJbHOE KOJUYeCTBO MOPOJ Jieca. B 3ToM ciiyyae He06X0AMMO UCNO/Ib30BATb TPAHC-
nopTtep 6osbllel JJIUHBL B cTaThe mpejsiaraeTcss HOBBIM CIIOCO6, aJiCOPUTM M YCTPOKUCTBO YIIpaBJeHUs [T COPTUPOBKHU
KpYTJIOTO Jieca Ha MPOJOJIbHBIX LIENHbIX TPAHCIOPTEePax 3HAYUTEJbHON MPOTHKEHHOCTHU. ITO YMEHBUIAET OMINOKY Cexe-
HUS NepeMelleHNs] COPTUMEHTA B/IOJIb TPAaHCIOpTepa. B kauecTBe JaTYMKOB YTJIOBLIX lepeMelljeHUH Belylero U BeZJ0MOro
BaJIOB JIEHTOYHOTO TPAHCIIOPTEPA MUCNOJIB3YIOTCS ONTO3JEKTPOHHbIE JATYHUKH UX YTJIOBBIX lepeMelleHni. Memodsl: dpusu-
Yyeckoe MoJleJIMpOBaHKe, UHPOPMALMOHHO-CTaTHYeCKHe MeTo/bl 00paboTku. Pe3ysiemamul u 6616004l [IpoBesieH aHaNINU3
CTPYKTYPHI cTeHZa pU3nuecKoro Mo 061 MpoJ0IbHOTO TPAHCIIOPTEPA; JaTYNKOB TEXHOJOTUYECKOT0 IPOIiecca, a UMEHHO,
YTJIOBOHM YaCTOThI BpallleHUs]; IPOrpaMMHO-aNNnapaTHhIX CPeACTB 06paboTKY NoydeHHOM nHpopMaluy A1 MUHUMU3ALUU
OIIMGKYU TPAHCIIOPTUPOBAHHUSA LITYYHOTO Irpy3a Ha JIeHTe TpaHCNopTepa. Pe3yabTaThl McCle0BaHUs TOATBEPXAAIOT BO3-
MO>KHOCTb NPAaKTHYeCKOro IpUMeHeHHsl YCTPOICTBA /151 paboThl Ha MPOAOJIbHBIX TPAHCIIOPTEPaX.

KimlodeBble cj10Ba: JIeHTOYHBIN TpaHCHOpPTep, ONTO3JEKTPOHHBIA JAaTYUK, YIJIOBas 4acToTa BpallleHUs, porpaMMupye-
MBbIH JIOTHUECKUI KOHTpPOJLIep, yIpaBJsoolias NporpaMma, ollinbKa epeMeleHus, LITYYHbIN IPy3
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Abstract. Relevance. The necessity to confirm the operability of the algorithm of accurate movement of the selected wood
sorting to the corresponding storage bunker in the technological process of roundwood sorting at winter warehouses of tim-
ber processing companies to solve scientific and engineering problems both at present and in the future. Aim. To investigate
the process of moving piece load on the physical model of longitudinal chain or belt conveyor, providing scaled reduction of
positioning error. When sorting roundwood on chain longitudinal conveyors of considerable length, there is an error of
movement of the selected roundwood sort to the place of discharge into the accumulator, which increases in proportion to
the length of the sorting line. At present, conveyors of limited length are used. The accumulators are located on both sides of
the conveyor. This reduces the transport error. Sometimes the sorting yard does not allow placing a short conveyor on it, or
there is a considerable amount of assortments. In this case, it is necessary to use a conveyor of considerable length. The paper
proposes a new method of sorting roundwood on longitudinal chain conveyors of considerable length. This reduces the track-
ing error of the movement of the assortment. Optoelectronic sensors of angular displacements of the leading and driven
shafts of the belt conveyor are used as sensors of angular displacements of the shaft. Methods. Physical modelling, infor-
mation-static processing methods. Results and conclusions. The authors have carried out the analysis of the structure of the
physical similarity stand of the longitudinal conveyor; sensors of the technological process, namely, angular frequency of ro-
tation; software and hardware means of processing the obtained information to minimize the error of transporting piece
cargo on the conveyor belt. The results of the study confirm the possibility of practical application of the device for operation
on longitudinal conveyors.

Keywords: belt conveyor, optoelectronic sensor, angular speed, programmable logic controller, control programmed, travel
error, piece load
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BBeaeHue

B ycrnoBusix coBpeMEHHON PBHIHOYHON SKOHOMMKH
BOIIPOCHL OIEHKH M YydYeTa KpPYIJOro Jjeca HMEIOT
Oouspmioe 3HaueHWe. Poccus 3aHMMaeT OJHO W3 BEdy-
IIMX MECT B MUpE MO0 JoObIYe U nepepaboTke AenoBon
IOpeBecHHBL. B mocnennee Bpemsi 0OBEMBI TPEBECHHBI,
3aroTaBIMBaeMON JJIsl IPOMBIILICHHBIX LIEJEH, pacTyT,
a MeToAbl 00BEMHOI0 M3MEPEHUs! KPYIJIOro Jieca IMOo-
CTOSIHHO COBEpIICHCTBYIOTCS. VI3MepeHHe M COpTH-
POBKa KpYTJIOrO Jieca SBILTIOTCS BaKHBIMH BHIAMU
JeSTeIBHOCTH B JIECHOM XO3SCTBE, IJIaBHBIM 00pa3oM
MOTOMY, YTO OHU NPEAOCTABIIAIOT KOJIUYCCTBECHHYIO U
Ka4eCTBEHHYI0 MH(OPMAIIUIO, HEOOXOIUMYIO JIECHOMY
XO3SHCTBY Ha Pa3IMYHBIX 3Taax IEMOYKH MOCTABOK U
nepepaboTku Kpyrioro Jjeca [1, 2].

[lomHOCTEI0O MeXaHM3MPOBAHHBIE CHUCTEMBI 3aro-
TOBKH KPYTJIOTO Jieca, KaK IPABHIIO, XapaKTEPU3YIOTCS
BBICOKMMHU SKCIUTYATAallMOHHBIMU XapaKTCPUCTUKAMU,
IIMPOKO PACTIPOCTPAHEHBI U UCTIONB3YIOTCS BO MHOTHX
peruonax Poccuu [3-5].

B Hacrosmiee Bpems IIMPOKO HCIIONB3YEeTCs He-
CKOJIKO BapHaHTOB aBTOMATH3UPOBAHHOI COPTUPOBKU
JIPEBECHHBI, TIPH 3TOM PYYHBIE METOIBI MO-TIPEKHEMY
HIMPOKO MPUMEHSIOTCSI BO MHOTHX CTpaHax [6, 7].

[TosToMy mpoOiieMa TOYHOTO HM3MEPEHHUs 00BeMa
OpeBeH SIBJIICTCS OYEHb BaKHOW 3amadeil. B cospe-
MEHHBIX TEXHOJOTHAX KOHTPOJII 00beMa APEBECHUHBI
9aCTO WCHONB3YIOTCS PYYHBIE CPEICTBA, IIO3TOMY IIPO-
[ecc PyYHOrO M3MEPEHUs MOBOJIBHO HETOYHBIA U Tpe-
OyeT MHOTO BpeMeHH [8].

3ajada IOBBIILIEHUS] TOYHOCTH y4é€Ta KpYIJIBIX JIe-
COMaTEpHAJIOB B aBTOMATH3HPOBAHHBIX CHCTEMaX COp-
THPOBKH TO-TIPEKHEMY CTOUT JOCTaTOYHO OCTPO.

K HacrosmeMy BpeMeHH pa3paOOTaHbI MAKETHl IMPH-
KJIaJIHBIX [IPOrpaMM, OCHOBAaHHbIE HAa MAIIMHHOM 3pe-
HUHW, KOTOpbIE MO3BOJIAIOT CYLIECTBEHHO COKpPAaTUTh
TPYAOEMKOCTD OIIEpaIiii MO y4eTy 0OBEeMOB KPYTJIBIX
JIeCOMaTEPUAJIOB B NPOLIECCE TPAHCIIOPTUPOBKU U Xpa-
HeHUs. ABTOMaTU3UPOBAHHbIE TEXHOJOTMYECKUE IMPO-
IIECCHl COPTHUPOBKHM KpPYIJIOro Jjeca OOecIednBaoT
KOHTPOJb y4eTa TOPIOBBIX ONEpaluil ¢ IPEBECHHON U
YYeT JJaHHBIX U3MEPEHUI 00bEMOB JIpeBECHHBI [9].

B pabotax [10, 11] paccMOTpeH croco0 U KOMILIEKC
annapaTHO-IIPOIPaMMHBIX CPEJICTB 3ALIUTHI MOTYUYEeHHON
undopmammu  6a3 nmaHHbIX npemmpustis U ETAUC,
00ecreunBas—TOIHBI U OTKPBITBI y4eT HMMEIOIIUXCS
JIECHBIX PECYPCOB M BO3MOXKHOCTH TPaHCIIOPTHPOBKH
JIPEBECUHBI C IPUMEHEHUEM TEXHUYECKUX CPEACTB.

Bompoc o mnoBsimeHnH 3¢ ¢EKTUBHOCTH paboThI
TpaHCIIOpTEpa JJIs TPAHCIIOPTHPOBKK OpEBEH, aHAIIN3
JIOCTOMHCTB W HENOCTATKOB CYILIECTBYIOIIMX KOH-
CTPYKUHUI TpaHCIOPTEPOB, B TOM YHUCIE 3alaTeHTo-
BaHHBIX B P®, npencrasnensl B padore [12], u npen-
JIO)KEHa MOJEpHHU3alMsl TpaHCIOpTEpa COPTUPOBKU
nieca, O3BOJISAIONIAsA JOCTHYb MOBBIILIEHUS HaJIe)KHOCTU
YCTPOKCTBA JUIsl cOpachiBaHUs OpEBEH.

Taxkum 00pa3oM, U3 BEIMIECTIEPEUHCICHHOTO CIEAY-
€T, YTO B JIECHOM Xxo3siiictBe PD Bo3HMKaeT He00Xo-
JIUMOCTh CO3JIaHUSl HOBBIX TMOJXOJOB B YIPaBICHUU
COPTUPOBKOM KpYIJIOro Jieca C LEIbH YBEIMYEHUS
3¢ $eKTUBHOCTH pabOTHI JIECOMUIBHOTO MPOU3BOCTBA.

B paborax [13—16] paccMOTpeHBI CIOCOOBI CHUXE-
HUSI OIINOKY ITEpEMEICHNUs KPYTIIOTo Jieca B Iporecce
COPTHUPOBKM Ha MPOAOJIBHBIX IIETIHBIX TpaHCIOpTEpax
OONBIION TPOTHKEHHOCTH. A TaKke MpPUBEICHBI pe-
3yJlbTaThl MaTEMaTHUYECKOI0 U MMUTALMIOHHOIO MOJe-
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JUPOBAHUS TEXHOJOTUYECKUX IMPOIIECCOB COPTHPOBKU
KpYIJIOTo Jieca.

ABTOpaMU MPEIIOKECH HOBBIHM CIIOCO0, aNrOpUT™M U
YCTPOHCTBO ISl YIIPaBICHUS MPOIECCOM COPTHPOBKU
kpyrioro yeca [16]. B manHoii pabore mpuBonsATCS
pe3yAbTAaTHl AKCIEPHMEHTAIBHBIX HCCICIOBAaHMHA aB-
TOMAaTH3HUPOBAaHHON COPTHPOBKU TPy30B Ha CTEHIE
(uznyeckoro Nogo0us.

O6G'beKThI 1 METOAUKA UCC/IEAOBAHUSA

Jnst mpoBepku pa3pabOTaHHBIX CHOCOOOB peaynsa-
UM ¥ aIropuT™a QopMupoBaHus (MHGOOPMAIIMOHHOTO)
KaHaJa JJIsi COPTUPOBKH KPYTIIOTO Jieca ObUTH MPOBEICHBI
9KCTIEPUMEHTAIbHBIE UCCIIEIOBaHUA Ha cTeHae (usuue-
CKOM MOJIeTIH KOHBelepa (JISHTOYHOTO TPaHCTIOPTEPA).

Ousmdeckas MOZIEIb JICHTOYHOTO TPAHCIIOPTEPA TIPe/-
CTaBJIsIeT CO0OM yCTaHOBKY KOHBEHepa ¢ TPaHCIIOPTEpHON
JICHTOM, TIPUBOAMMOM B JIBIDKCHHE BEAYIHM U BEIOMBIM
OapabaHaMu, KOTOpBIE B CBOIO OYepellb BpAIalOTCsA OT
npuBoIHOro apuratensi. CTeH ] OCHAILEH ONTHYECKOH Cu-
CTEMOIl JUII KOHTPOJSI TabapHTOB TPAHCIIOPTUPYEMBIX
TPY30B, IBYMs IPHEMHBIME KOP3HHAMH, KOTOPEIE TIpEeTHA-
3HAYCHBI U1 TpPHEMA COPTHUPYEMBIX TPYy30B, KOTOPHIC
cOpachlBatOTCS TOBOPOTHOM IuTomIaakon. Dusmyeckas
MOJIETIb JIEHTOYHOTO TPAHCTIOPTEPa IIPUBE/ICHA HA PHC. 1.

Odusnyeckas MOAeIb BKIIOYaeT B ceds: 1 — TpaHc-
MOPTUPYEMBIid TPpy3; 2 — 3JIEKTPOJBHUraTEb ACHHXPOH-
HBIiA; 3 — nHGpaKpacHbIi JIyd; 4 — JIGHTY; 5 — UCTOYHH-
KH CBeTa; 6 — ONTHYECKHE NATUMKH; 7 — HAIPaBIIIO-
IIyI0 TOBOPOTHYIO IUIOIIAAKY JUIS CIIyCKa IPYy30B B
KOp3WHBI; 8 — JaT4YMKH W3MEPEHHs Beca rpys3oB; 9 —
NMpUEMHBIC KOP3WHBI ISl cOopa rpy30B; 10 — cuiioBoi
mKad ¢ 3MEKTPoOOOPYIOBAHUEM.

AaTvuK yrnosoﬁ HacToThbl
BpalleHnsa seyLliero sana

Puc. 1.
Fig. 1.

Dusuueckas Modenb 1eHMOYHO20 MpaHchopmepa
Physical model of the belt conveyor

Juis ompeneneHus MOJIOKEHUS (TTO3UINH) BBIOpaH-
HOW MCXOJHOW METKH (TOYKH) B JIFOOOKW MOMEHT Bpe-
MeHH 0 TpaeKTOpPHH IBMXKEHHsSI TPAHCIIOPTEpa yCTa-
HABJIMBAIOTCS ONTOAICKTPOHHBIC JATYUKU YTIIOBOH
YacTOTHI BpAllleHHs Ha BEIyIIEM W BEJOMOM Bajax
TpaHcmopTepa (puc. 2).

B cooTBeTCTBHE C TEXHUYECKHM OIHMCAHHEM JaT-
gukoB Gupmer Moeller BeiOupaeM onTudeckuit 1aTIUK
LSO-R18P-S300-LD (puc. 3) [17].

Mopens LSO-R18P-S300-LD Bbimaer oqHy MeTky
Ha 00OpOT Ul JAQHHOTO CTEHJA, MOATOMY OH MOXKET
BBIMONHATh (DYHKIIMIO KOHEYHOTO BBIKIFOYATENS, KO-
TOPBIA HCMONB3YETCsl Al ONMPENCICHUs MPeICIbHbBIX
pa3MepoB IITYYHOI'O Ipy3a IO BHICOTE H IIUPHHE.

o/b

a/a
Puc. 2. a) nenmouHwlii mpaHcnopmep, 610K ynpasaeHusl, 0am4uKu U Memku; 6) onmo3/ieKmpoHHbIl dam1uk
Fig. 2.  a) belt conveyor, control unit, sensors and tags; b) optoelectronic sensor
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LSO-R18P-S300-LD

Limit — Swich — Optical

R18=kpyrasiii (round), 18 Mm

P — mmactuna

S - naTuuk (sensor)

300 = HOMHHAJIBHBIA IHAMETp

cpabateiBanms Sn (mm)

L = xabenn

D =10 -30 V IlocrosgaHoro Toka

Puc. 3. Pacwugposka 0603HA4YeHUs1 0NMO3/1eKMPOHHO20
damuuka

Fig. 3. Decoding of the optoelectronic sensor designation

[puHimn aeiicTBUsI OCHOBAH HAa HM3MEPEHUH Bpe-
MEHHOTO MHTEpBajia MEXIy CBETOBBLIMU HMITYJIHCAMU,
MOCTYMAIOIIIMHA OT UCTOYHHUKA CBeTa K (POTONPHEMHH-
Ky. B kauecTBe HCTOUHMKA U3ITyUICHUS B3AT CBETOHOI,
a B KkadecTBe (HOTONMPUEMHHKA HCIIONB30BAIN (HOTO-
TPaH3UCTOpP.  3aBHCHUMOCTh  YacTOTHI  MOsBJE-
HUS/TIpONIAIaHusL  CBETOBOTO CHTHAlla OT CKOPOCTH
BpallleHUs] OMNpeJeNsieT CBETONPEPHIBAIOIINN IUCK C
OTBEPCTHUSAMH, Yepe3 KOTOPHIA MPOITYCKAETCS CBETOBOE
U3Iy4eHHEe OT cBeTonuoza. [lo BpeMeHHOMY MHTEpBa-
Iy MEXIy INepenajgaMd TOKa B LENH YIpaBICHUS
oTIpesessieM CKOPOCTh BPAIIEHUS JHCKA.

CTeHp TO3BOJISIET IPOBEPUTH:

e paboOTOCOCOOHOCTh TOYHOTO anropurMa (hopmMupo-
BaHMS KOMAHbBI YIPABICHHS  ICPEMEICHUEM s
MITYYHOTO Ipy3a (BBIOPAHHOW METKH) Ha HEOOXOIH-
MOE PACCTOSHHE 33 CYCT CHHXPOHH3AIMU JBHKCHHS
HHpOpMAIMA O TEPEeMEIICHUA METKH Ha JICHTE
TpaHCIOpTEpPa B YCTPOIHCTBE YIPABICHUS COPTHPOB-
KO C mepeMelleHreM caMOH JIEHThI TPaHCIIOPTEPa;

e OMNpeNeNuTh  BO3MOXKHOCTb  MAacIITaOUpPOBaHHUS
IBIDKCHHST HH(POPMAIIH O IepeMEeIIeHIH METKH Ha
JICHTE TpaHCIopTepa 0e3 MpPUBICYCHUS IOMOIHU-
TENbHBIX TEXHHYECKUX CPEJCTB; MPU 3TOM HA TOY-
HOCTh YIpABJICHHUS IEPEMEIICHAEM BBIOPAHHON
METKH HE BJIHSIOT CIIyYailHbIe BO3MYIICHUS, Iie-
(opManusi JEHTHI TpaHCIOPTEpa, TaK Kak JIEHTa
MPHUKpEIUICHA K TATOBOMY YCTPOWCTBY YECTKO C
MHHAMAIBHBIMHA 3230paMH U HE HCIBITHIBACT JI0-
MIOJTHUTEIIbHBIE HATPY3KU.

[Ipy TpoBeieHUM SKCIIEPUMEHTA HCIOIB3YETCS
nporpammupyemMbiii - kortposep IIJIK EC4P-222-
MRADL1 [18].

ITporpammupyeMsblii JOrMUECKUH KOHTPOIIIEP — ATO
MHUKpPOIIPOIIECCOPHOE  YCTPOHCTBO [UIS  TIONYUYCHHS,
npeobpa3zoBaHus, 00pabOTKH, XpaHeHUs HH(POpPMaLuu
W BBIa4YM YIpaBIstomnx komaua. OCHOBHas 3amada
[JIK — GecniepeboitHOE aBTOHOMHOE YIIpaBICHHE 00b-
€KTOM B peKUME peanbHoro Bpemenu [19, 20].

IIJIK pabotaer muknudecku. B Hawane pabouero
nukia [TJIK mpou3BoauT CkaHUpOBaHUE CBOMX (HH3H-

YecKMX BXOJIOB, Ha KOTOpbIE MOCTYMAIOT 3JEKTpHUe-
CKHE€ CUTHAJIBI OT ONTORJICKTPOHHBIX JaT4yuKoB. [lanmee
MIPOTPAMMHBINA alNropuT™M, KOTopbli 3amoxeH B ITJIK,
BEIUHUCISIET COCTOSHHUE (DU3UYECKUX BBIXOAOB KOH-
Tposuiepa. B xonue pabouero nukna [TJIK ycranasiu-
BaeT BBIYMCICHHOE COCTOSTHUE ISl KAXI0T0 BBIXO/a.

K Bxogam KoHTpoiiepa MOTYT MOJIKIIOYAaThCs pas-
JUYHBIE UCTOYHUKHU CHTHAJIOB, HANpUMeEp, TaKue Kak:
KHOTIKH YIIPaBIICHUS, TATYNKH PA3INIHBIX TApaMETPOB
(Temnieparypa, IaBJeHHUE, CKOPOCTh, YPOBEHb U T. I.).
A X BBIXOZaM KOHTPOJIEpa MOTYT MOJKIIOYAThCS (da-
CTO Yepe3 MPOMEXKYTOUHBIE pelie) paziIryHbIe HCIIOJI-
HUTENbHbIE MEXaHU3MbI, HAIIPUMEp, TaKUe KaK: CHUJIO-
Bble KOHTAaKTOPBI, OJJIGKTPOJBUTATENN, CUTHAJIbHBIE
JIAMIIbI, 3JICKTPOMAarHUTHBIC KJIamaHa u T. JI.

[Ipu npoBeneHuH SKCIEPUMEHTA UCIIONB3YETCs IIPO-
rpammupyemMbiii koutpoiuiep EC4P-222-MRAD1 [18],
HUMEIOIINNA BXOBI-BBIXO/IbI:
¢ 12 mudpoBEIX BXO0B, 4 aHAJIOTOBBIX BXO/1a;

e 0 peneiHbIX BBIXOJ0B, | aHAIOTOBBIN BBIXO/;
e quTarouiee HanpspkeHue 24 B nocTosHHOrO TOKA.

Ha puc. 4 nokasana BbpIYMCIUTENbHAs CUCTEMaA
crerna B cocrase IIJIK u mepcoHanbHOr0 KOMIIbIOTE-
pa. Kontposmiep crnocobeH paboTaTh Ha BCeX S3bIKaxX
nporpammupoBanus cranmapra MOK (LD, IL, ST,
SFC, FBD, CFC). [Ina nporpaMMHUpOBaHUS UCIIOJIB3Y-
ercs cpenqa CODESYS. ¥V nanHOro KOHTpoiuiepa Ha
0OpTy WMEIOTCS JTUCKPETHBIE W aHAJIOTOBBIC BXOJIBI
0-10 B, peneitHO-KOHTaKTHBIC BBIXOIbI, HHTepderc
nonkmouyenus mo cetu Ethernet u CAN open. Kpome
TOTO, Y KOHTPOJIIEpa €CTh JUCILICH OTOOpaKeHHUsS ero
COCTOSIHMSL M KHOIIKU YIPABJICHUS, YTO AeJaeT JaHHbII
[JIK BecbMa ynoOHBIM B 3KcrmyaTanmu [18].

ArnmapatHash 4YacTh BBIYHCIUTENFHOW  CHUCTEMBI
creraa cocrout m3 [IJIK EC4P-222-MRAD wu mepco-
HAJILHOTO KoMmmbtoTepa. IIporpamMmmHas yacte COIEpKUT
nporpamMmy CFC Ha s3bIKE€ BEPXHETO YPOBHS, COCTOSI-
IIyI0 U3 HAOOPOB (PYHKIIMOHAIBHBIX OJIOKOB (pHC. 5).

Manage_motor — ¢hyHKIHOHATBHBIH OJIOK Ui 3a-
JIaHWsI YacTOThl BPAIICHUS MPHUBOIHOTO JIBUTaTels
TpaHcnoprepa. B Hamem ciyyae JuHEHHas CKOPOCTb
JIEHTBI TPaHCIOpPTEpa BBHICTABJIEHA HAa MaKCHUMaJbHOE
JUTSL SKCTIEPUMEHTANIBHOTO CTeHa 3HaueHune — 0,87 m/c.
@OyHKIMOHANBEHBINH OJ0K MOLOr oTBeyaeT 3a MyCK H
ocraHoB asuratens. DyHKIHOHANBHBIA Oiok timer
3aJiaeT BpeMs paboThl 3aMyIIEHHOTO JBUTATEIS.

OTo BpeMs HEOOXOIWMO Jisi ONpeseNieHUs Tepe-
MEIIEeHUs IIyTeM IMEPEeMHOKEHUsI BPEMEHHU Ha BbIYHC-
JeHHyI0 ckopocTh. Biok velocity ucmosnbsyercs mis
W3MEpPEHUs JUHENHON CKOPOCTH, Kak OT JaTyhKa Be-
IYLIETo Baja, TaKk U OT JaT4HMKa BeIOMOI'0 Baja TpaHC-
noprepa. CuUrHai OT AaT4vKa CKOPOCTH B OJIOKe Ve-
locity ymuoxaercs ua 0,04 M mepes mepeMHOXKXEHHEM
Ha BpeMs IJIi IepecueTa pajuyca BeAylIero Wid Be-
JIOMOTO Bajia Ha paguyc BEAyIIero WM BeIOMOro Oa-
pabaHa JIeHTBI TpaHCTIOpTEpA.

142



H3BecTusi TOMCKOro NOJUTEXHUYECKOTO YHUBepcuTeTa. UHXXKMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 139-147
Cap6acoBa H.[l. u ap. AIropuTM TOYHOTO IlepeMelleHHs TPYy30B Ha QU3NYeCKON MOJieJId COPTUPOBOYHOrO TPaHCIopTepa

Puc. 4. BwriyucaumenvHas cucmema cmenda 8 cocmase I1IJIK u nepcoHanbHo20 komnblomepa
Fig. 4. Computing system of the stand consisting of a Programmable logic controller PLC and a personal computer

-4 easy (o] test_encoders.pro - [PLC_| =B
®, Fie Edit Project Insert Extras Online Window Help BIEES
2l=8 Bl@leESER & BlemE e - s[aEelsle|s]-d W= gle|s
D001|PROGRAM PLC_PRG
3 POUs
Manage_matar (FB) start_button A 0.0: BOOL; (*101%)
mator [FB) stop_button A 0.1: BOOL,; (*102%)
PLC_P rotation_up AT %I140.2: BOOL;
timer [FE] rotation_down AT %0403 BOOL;
i velacity (F8) work_motor AT %030.0: BOOL; (*Q01%)
velo_sensor AT 0.1: BOOL; (*IA1-R2%)
velo_sensor2 AT 0.2: BOOL; (*1A4-R37)
3BOOL; (FQ047)
0.4:B00L; (*Q05*
5:BOOL; (*Q06*)
velocity_measure1: velocity;
velocity_measure2: velocity;
stari_maotor: motor;
M_M: Manage_motor;
time_counter: timer;
current_time: REAL;
velocity1: REAL; (*Santimeter / Secund™)
velocity2: REAL, (*Santimeter / Secund*®)
way1: REAL; (*Santimeter*
way2: REAL: (*Santimeter*)
END_VAR
‘ >
M_M @ &
Manage_motor 5 -
rotation_up 04 El
rotation_down 05| [
06| Qf
start_motor ]
motor
{j:l
start_button tart work] work_maotar @l
stop_button stop
time_counter
current_time
velocity_measure
— 1 —1
velocity @ MuL 3 a
velo_sensorl nsor velocity velocity1
. f 1 v Ti2]
4 ML El
— L
velocity_measure2, E] [E]
velocity MuL (73)
velo_sensor2 | |sensar velocity] velocity2 ?
——15]
4 MuL ]
— L]
™
— | >
] = = — |
| OHLINE [0V [READ

Puc. 5. 0xHo 2snaeHoli npoezpammul PLC-PRG 6 cpede paspab6omku CODESYS Ha si3vike npozpammuposaHusi CFC
Fig. 5. PLC-PRG main programme window in CODESYS development environment in CFC programming language
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Marematudeckasi MOJENb, ONKCHIBAIONIAs 3aKOH
JBIDKCHUSI JICHTBI TPAHCIIOPTEpa, MpeacTaBieHa ¢op-
myoi (1)

Si(0)+S,()

5 €]

So(t) =
korma Sp(t)=Sy(t) wmm S;(t)=S,(t), rme Si(t) — 3akon
JBHYKEHUS JICHTBI TPAHCIIOPTEPa OTHOCHUTENBHO BEY-
mmiero Bana; Sy(t) — 3aKOH JBMKEHUsI JIEHTHI TPAHCIOP-
Tepa OTHOCHTEIHFHO BEIOMOTO BaJa.

BripaxkeHue isi 3aJaHAS EPEMELICHUST OTMETKH
Ha JIEHTe TPaHCIopTepa:

Si(0)+S,(t) _
. =

1% 1}
= EJ.(DHaTl ! (k6 : RBaJI)dt + EICOHQTZ : (k6 : Rxan)dt’
t t,

So (t) =

1€ Myqr] — BEIYUCICHHAS YaCTOTA BPAIICHHS BEIYILETO

BaJla; (4o — BBIYUCIEHHAS YacTOTa BPAIIECHHS BEIO-

MOro Bana; Ry,; — paanyc Baia BEAylIero U BEIOMOTO

Oapabana; ks=0,04 M — macurrabupyromuit ko3hduuu-

€HT MeXIly panuycaMu OapabaHa 1 Baa.
Jonywenus:

e TOYHOCTB MOJUIEPIKAHNS YTITIOBOH YaCTOTHI BpAIICHHS
BEIyIIEro Bajia JICHTOYHOI'O TPAHCIOpTEpa JOJDKHA
COOTBETCTBOBATh TOYHOCTH Ha YPOBHE 3aMKHYTOU
CHCTEMbI aBTOMAaTHYECKOTO CKaJISIPHOTO YHPABJICHHS

4 easy Soft CoDeSys - test_encoders.pro - [PLC_PRG (PRG-CFC)]
Q Fie Edt Project Inset Exvas Onine Window Help

ACHHXPOHHBIM YaCTOTHO-PETYJIMPYEMBbIM  3JIEKTPO-
MIPUBOIOM.

e PesnHOTKaHEBas JIEHTa TPAHCIOPTEpa HMMEET JIO-
KaJbHBIE PACTSHKEHHS WM CXKATHA B COOTBETCTBHHU
¢ 3akoHOM ['yka.

e He npeanprHUMaeTcst HIKAKUX Mep MO YITydIIeHHIO
TOYHOCTHBIX XapaKTEPUCTHK MEXaHHYeCKOH dacTH
TpaHcropTepa. DJIEMEHThl MEXaHH4YECKOW CHCTeMBI
TpaHCIIOpPTepa UMEIOT JOITyCTUMBIE JTFO(TEL.

e MakcuManbHas JIMHEHHAs! CKOPOCTh NepeMeIeHUS
JICHTBI B OKCIIEpUMEHTE OTpaHH4YeHa BEJMYMHOU
0,87 m/c.

e lcronp3yroTcss ONTHYECKHE JaTYMKH C HHU3KOH
paspelaomell cnocoOHOCThIO, TaK KaK OHU BbIIa-
10T BCETr0 OAHY METKY Ha 000pOT BaJa.

e He mpennpuHuMaeTcss HUKAaKMX Mep MO YIydiie-
HHUIO TOYHOCTHBIX XapaKTEePHCTHK MEXaHHYeCKOH
9JacTH cOpachIBaTelneit

Pe3y/IbTaThl 3KCHEPUMEHTA/IbHBIX HCC/IeJOBAHUI

DKCIepUMEeHTaNIbHAasl IPOBEpKa TOYHOCTH JJOCTABKH
COPTHPYEMBIX IPY30B K MECTy UX cOpoca B OYHKEpHI-
HaKOIMTEIH A KaXKIOTO OIBITA BHIBOJWINCH B WH-
(OpMallMOHHOM OKHE Ha JKpaHe MePCOHAIBHOTO KOM-
meroTepa (puc. 6).

Ilocne o0pabOTKH pe3yabTaThl 3KCIEPUMEHTAIIb-
HBIX HCCIICIOBAaHUN TIPUBEJICHBI B TaOIHIIE.

Bls{| BI9l0lSEE X -
P ————————————— [ |1

) timer
5] velocity FB)

4 measure1
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start_motor
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timer )
start outputi{Z=3T

MM -
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rotation_up
rotation_down

= r0.|®S0a. Vis. Re

ONLINE: EC4P [511
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Puc. 6. OkHo ¢ pezyssmamamu sKcnepumeHma

Fig. 6. Window with the results of the experiment
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Ta6auya.
Table.

Pesyabmamet akcnepumeHma
Experiment results

Ne/No.

OmunGKa nepeMeleH sl, BbIYUCJIEHHAs Yepe3
4acTOTY BpallleHHs BeJjyLlero Bajia
Travelling error calculated via the speed of the
drive shaft

OmnGKa nepeMeleH sl, BbIYUCIEHHAss
Yyepes 4acTOTY BpallleHHs] BeZJlOMOro BaJia
Travelling error calculated via the speed of

the driven shaft

JlaT4uK yrj0BO# 4aCTOTHI BpallleHUsT
BeJlylLlero Basia
Angular speed sensor of the drive shaft

Aw1=226,64-226,15=|+0,49| M -

JlaT4UK YT/I0BOM 4aCTOTHI BpallleHHsI
BeJIOMOTr0 BaJia
Angular speed sensor of the driven shaft

Aw2=224,40-224,69=|-0,29| M

06cyxaeHMe pe3yibTaTOB

1.

OmmobKa niepeMenieHus], BEIYMCICHHAs Yepe3 4acTo-
Ty BpalleHus BeAyllero Bana, coctaBmna +0,49 M,
YTO MPEBBINIACT MPEACIbHYIO JOMYCTHMYIO BEIH-

ypHy Ha 100 % x (%2'3)] =66,7 %.

OmmbKa nmepeMeInieHus], BRIYUCICHHAs Yepe3 4acTo-
Ty BpalleHus BeOMOro Baina, coctaBmwia —0,29 M u
HE IMPEBBICHIIA MPENENbHYI0 JOMYCTUMYIO BEJIUYH-
Hy B 0,3 M.

ITokazaHo, 4TO 3HAK BBIYMCICHHON OINMMOKH 4epes
YacTOTY BpalllEHUs BEAYLIEro Bajla UMEET MOJIOKH-
TeJNbHOE 3HaYCHHE — METKA Ha JICHTE Tepeexaia Ha
0,49 M pacueTHyIO0 METKY Ha pamMe TpaHCIopTepa.
Omubka, KOoTopasi BEIYHCICHA Yepe3 YacTOTy Bpa-
IICHUsI BEIOMOTO Basla, UMEET OTPHUITEIbHOE 3Ha-
yeHne, — MeTKa Ha JeHTe He jpoexana 0,29 M 10
pacueTHOM METKH Ha pame.

Cepust OIIBITOB HA Pa3HYIO BEJIMUYMHY MEpeMELIeHHs C
maroM 50 M MoOKazaia, 4TO IHOKA TepeMEICHUS
LITYYHOT'O I'py3a Ha JIEHTE TPaHCIOPTEPa OTHOCUTENb-
HO TIepeMEIIeHNS, BBIYMCIEHHOTO KOCBEHHBIM CIIOCO-
00M, U3MEHSAETCsI TPOMOPLUOHAIBHO €TO JJTHHE.
VYcpennenHass ommOka IEepeMENIeHUs  OJDKHA
ONpeAeNsaTbca A OJHOTO W TOTO ke 3aJaHHOTO
nepeMenieHus: Sy, OHAKO 3Ta OIIMOKA MPHU ycpes-
HEHWH JIaeT Pe3ysbTaT

A +A,() 0,49-0,29

A (D) =
o) 5 5

~0,1m,

YTO MEHBIIE MPEACTbHO AOIMYCTUMOM OLIMOKHU Ie-
pemenienus 0,3 M MpUMEPHO B TPH pasa.
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3akro4yeHue

Omubka TIepeMemenns COPTHMEHTAa Ha JICHTe
TpPaHCIIOPTEPAa OTHOCUTENIBHO BBIYMCIIEHHBIX IEepeMe-
LIEHUN YBEIUYMBAETCSA IPONOPLUOHANIBHO IIPONAEH-
HOMY paccrosiHMO0. Pazpaborana ympapisromas mpo-
rpamma it OBM ¢ MUHUMM3AIMed OTHOCHUTEIhHON
OIMOKN JOCTaBKM COPTHUMEHTa J0 MecTa cOpoca B
HaKOITUTENb, PEANN3YIOMAsi METOAUKY (OPMUPOBAHUS
YIOPaBISIONIEro KaHajla COPTUPOBOYHOIO TPAaHCIOPTe-
pa Ui TiepeMelIeHus] KPYIjoro jieca B CHHXPOHHO-
ciensAuieM pekuMe. BBIUMCIIeHHBIE OICHKH OIIHMOOK
MepEeMEIIECHUsI COPTUPYEMBIX I'Py30B Kak IMOKa3aTeneit
(YHKIMOHUPOBAHUS YIIPABIIAIOUIET0 KaHala CUHXPOH-
HO-CJIEJISIICTO DIIEKTPONPUBOIA HAXOMATCS B JIOMY-
CTUMBIX NIPEJENax, YTO MO3BOJIET IIOBBICUTH TOYHOCTh
JIOCTaBKH COPTUMEHTa II0 TPAHCIOPTEPY B TOYKY
copoca [19-21]. TIporpamMma oOecCrieIrBAET BBITOJIHE-
HUE CIEAYIOIMNX (QYHKIUH: (OPMHpPOBAHUE YIIPABIIs-
IOLIEro KaHajla COPTUPOBOYHOTO YCTPOICTBA € LIENbIO
YMEHBIICHUA OINMOKU JOCTaBKM KpPYIJIOro Jjeca Ha
TPaHCIIOPTEPE IO BBHIOPAHHOTO OyHKEepa-HAKOMUTES,
OLICHKY OINMOOK TOKazaTened (yHKIMOHUPOBAHUS
KaHajJa YHpaBJSIOIIEr0 COPTHPOBKOW KpYTJOro Jjeca.
PesynpTaThl mMuTaIIMOHHOTO MoJenupoBanus [14, 15]
MOJTBEPXKACHBl JKCIICPUMEHTAFHO Ha (U3MUECKOMN
MOJIeNHM TpaHCopTepa. AHaiM3 pe3yJbTaToB, MOTY-
YEHHBIX OKCIEPUMEHTAIBHBIM IyTEeM, IOKa3bIBaeT
aZIeKBaTHOCTb MAaTeMaTHYeCKOro OIMCaHUA MOJENIU
CHHXPOHHO-CJICJISIINEr0 AJEKTPONPUBOAa €  OJOKOM
YCPEJHEHHUsT 3a/IalolIer0 BO3ACHCTBUS OT CHUTHAJIOB
JIATYUKOB YIJIOBOM 4acTOTHI BpallleHHUs OT BEIyILLEro u
BEJJOMOT'0 TyEepOB LIEMTHOI'O JIECOTPaHCIIOpTEPA.

145



https://doi.org/10.15287/afr.2017.909

Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 139-147
Sarbassova N.D. et al. Algorithm of accurate cargo movement on a physical model of a sorting conveyor

6. Borz S.A., Proto A.R. Application and accuracy of smart technologies for measurements of roundwood: evaluation of time consumption
and efficiency // Computers and Electronics in Agriculture. —2022. — Vol. 197. — P. 106990. DOI: 10.1016/j.compag.2022.106990.

7. Inoue M., Oishi Ya. Trends and challenges in “forest products processing” in forestry and forest education at Japanese
Vocational High Schools // Journal of the Japanese Forest Society. — 2022. — Vol. 104. — Ne 1. — P. 18-30. DOI:
10.4005/jjfs.104.18.

8. Knyaz V.A., Maksimov A.A. Photogrammetric technique for timber stack volume control // International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences. — 2014. — Vol. 40. — P. 157-162. DOI:
10.5194/isprsarchives-XL-3-157-2014.

9. Kynunxas O.A., [Tomuryes A.B. ITepepaboTka apeBecHHBI Ha MOOMJIBHBIX JIMHUSX JIECHBIX TepMUHaNOB // Bectouk ATATY. —
2021. — Ne 3 (3). — C. 82-99. EDN: ZLUOBO.

10. Methods of wood volume determining and its implications for forest transport / T. Moskalik, .. Tymendorf, Ja. Van Der Saar,
G. Trzcinski // Sensors. — 2022. — Vol. 22. — Ne 16. — P. 6028. DOI: 10.3390/522166028.

11. Pasztory Z., Heinzmann B., Barbu M.C. Comparison of different stack measuring methods // Cubupckuii JecHON KypHaI. —
2019. — Ne 3. — P. 5-13. DOI: 10.15372/SJFS20190301.

12. Berendt F., Cremer T., Wolfgramm F. Reliability of photo-optical measurements of log stack gross volume // Silva Fennica. —
2021.—Vol. 55. — Ne 3. DOI: 10.14214/sf.10555.

13. Paspabotka anroput™a (GOpMHPOBaHUS pabOTHl YIpaBieHHs IO COPTHpPOBKe kpyrimoro uneca / A.JI. Ymyp3sakosa,
H.[. Capbacosa, C.K. XXymaxanos, O.C. JIu // Bectauk KasATK. — 2023. — Ne 4 (127). — C. 218-226. DOI: 10.52167/1609-
1817-2023-127-4-218-226.

14. Capbacoa H.JI., Ymyp3akoBa A.Jl., Kmagues C.H. [IpumeHeHmne TaxoreHepaTopa W PETyIHPYEMOTO SJIEKTPONPHBOAA JUIS
3aMEHbl MEXaHHYECKOTO YIPABJIAIONICr0 KaHajla IS CHHXPOHHO-CIELIMX COPTHPOBOYHBIX YCTPOWCTB Kpyrioro jeca //
DJIEKTPOTEXHUUECKHE U MHPOPMAIHOHHBIE KOMIUTIEKCHI 1 cucTeMbl. — 2022. — T. 18. — Ne 1. — C. 154-167. DOI: 10.17122/1999-
5458-2022-18-1-154-167.

15. IMUTaninoHHOE MOJCIMPOBAHUE CICISIICTO dICKTPOIIPUBOIA COpTUpOBOYHOTO KoHBelepa / C.H. Kiaaues, A.Jl. YMyp3akona,
H.J. Cap6acosa, K.B. Xauesckuii / Omckuit HayuHsiil BecTHHK. — 2022. — Ne 2 (182). — C. 72-76. DOI: 10.25206/1813-8225-
2022-182-72-76.

16. YcrpoiicTBO Asis ympaBieHHs COPTUPOBKOW KPYTJoro yieca: mar. Ha m3obpereHue Ne 2795741, Poccuiickas ®enepanus, Cl,
3asBi. 30.01.2023; omy6u. 11.05.2023, bro. Ne 14 — 13 c.

17. Retroflective sensing sensor, ST-281987-LSO-R18P-S300-LD. URL: https://shop.shortec.com/eaton-moeller/281987-1so0-r18p-
$300-1d/ (accessed 21 June 2023).

18. Eaton Industries GmbH. URL: http://www.eaton.eu (nara obpauiesus: 23.06.2023).

19. Dnexrpuk Undo. Kypuan. URL: https://electrik.info (zata obparuenust: 24.06.2023).

20. Control Engineering Russia. URL.: https://controleng.ru (nata oGparienus: 25.06.2023).

21. VrpaBieHHe COPTUPOBKOI KpYIJOro Jjeca ¢ LEeMbI0 YMEHBIICHHS OLIMOKM JOCTaBKH COPTHMEHTA [0 HAaKOMHUTENs: /
C.H. Knagues, A.Jl. Ymyp3akosa, H./l. CapbacoBa, H.A. Boponuna. 'ocynapctBeHHass peructpamusi nporpammsl ans OBM
Ne 2023663757, Poccuiickas ®enepanns; 3as81. 28.06.2023; omy6u. 28.06.2023, bron. Ne 7. — 1 c.

HUHopmanus 06 aBTopax

Hyp6any JaykeHoBHa Cap6acoBa, cTapimiuil npemnojaBatesb ¢akynbrera Computer Science TopalrbipoB
yHuBepcuTeTa, Kasaxcran, 140008, r. [TaBnogap, yi. JlomoBa, 64. nurbanu_66@mail.ru; https://orcid.org/0000-
0001-7280-7434

Anapa /laykeHOBHa YMyp3aKoOBa, KaHAWJAT TEeXHUYEeCKHUX HayK, flokTop PhD, crapmuii nmpenogaBaTenb Ka-
deapbI 3KCIUTyaTalMU 3J1eKTPO06OopyAoBaHus Ka3axcKoro arpoTeXHUYeCcKOro UCCIe/i0BaTebCKOT0 YHUBEPCH-
Teta uM. CakeHa Celdynnnna, Kasaxcran, 010011, r. Acrana, mnp. Xenwc, 62. granat 72@mail.ru;
https://orcid.org/0000-0001-7683-5256

Aunppeii CepreeBud 'MpHUK, KaHAU/IAT TEXHUYECKUX HAYK, JAOLEHT OT/AEJNEeHUs 3JEeKTPOIHEPTreTUKU U 3JIEeK-
TpPOTeXHUKHU U HXKeHEepHOH 1KOJIbl 3HepreTUKU HallnoHaMbHOTO UCC/ieoBaTebCKOro TOMCKOTro MOJIMTEXHUY e-
ckoro yHuBepcuTeta, Poccust, 634050, r. Tomck, nip. JlenunHa, 30. andreyelectro@tpu.ru; https://orcid.org/0000-
0002-5465-331X

Cepreii HukosiaeBnu KiagueB, KaHAWAAT TEXHUYECKUX HAYK, JOLEHT OT/EJIEHUS 3JIEKTPO3IHEPreTHKH U
3JIEKTPOTEeXHUKH UHKeHepHOH 1IKO0JIbl 3HepreTHKH HaloHaabHOTro UcciefoBaTelbCKOro ToMCKOro noyuTex-
HU4YeCcKoro yHuBepcuTeTa, Poccus, 634050, r. Tomck, np. Jlenusna, 30. kladiev@tpu.ru; https://orcid.org/0000-
0001-9432-0176

[loctynuia B pepakyuio: 02.02.2024
[Toctynuia nocie peueHsupoBanus: 01.03.2024
[IpuHsATa K nyoaukanuu: 22.03.2024

REFERENCES

1. Starikov A. V., Baturin K. V. Research and analysis of methods of accounting for harvested timber in Russia and foreign
countries. Lesotekhnicheskiy Zhurnal, 2015, vol. 20, no. 4, pp. 103-114. (In Russ.) DOI: 10.12737/17408.

2. Soldatov A.V., Gerz E.F., Terinov N.N. Study on photometric method of measering for volume of round timber. Forests of
Russia and management in them, 2018, vol. 67, no. 4, pp. 73-77. (In Russ.).

146


https://electrik.info/
https://electrik.info/
https://controleng.ru/

H3BecTusi TOMCKOro NOJUTEXHUYECKOTO YHUBepcuTeTa. UHXXKMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 139-147

Cap6acoBa H.[l. u ap. AIropuTM TOYHOTO IlepeMelleHHs TPYy30B Ha QU3NYeCKON MOJieJId COPTUPOBOYHOrO TPaHCIopTepa

10.

11.

12.

13.

14.

15.
16.
17.
18.
19.

20.
21.

Apafaian A.l., Proto A.R., Borz S.A. Performance of a mid-size harvester-forwarder system in integrated harvesting of sawmill
pulpwood and firewood. Annals of Forest Research, 2017, vol. 60, no. 2, pp. 227-241. DOI: 10.15287/afr.2017.909.

Muys B., Kint V., Hynynen J. Simulation tools for decision support to adaptive forest management in Europe. Forest Systems,
2010, vol. 19, pp. 86-99. DOI: 10.5424/fs/201019S-9310

Furniss T.J., Hessburg P.F., Povak N.A. Predicting future patterns, processes, and their interactions: Benchmark calibration and
validation procedures for forest landscape models. Ecological Modelling, 2022, vol. 473, pp. 110099. DOI:
10.1016/j.ecolmodel.2022.110099.

Borz S.A., Proto A.R. Application and accuracy of smart technologies for measurements of roundwood: evaluation of time
consumption and efficiency. Computers and Electronics in Agriculture, 2022, vol. 197, pp. 106990. DOI:
10.1016/j.compag.2022.106990.

Inoue M., Oishi Ya. Trends and challenges in “forest products processing” in forestry and forest education at Japanese
Vocational High Schools. Journal of the Japanese Forest Society, 2022, vol. 104, pp. 18-30. DOI: 10.4005/jjfs.104.18.

Knyaz V.A., Maksimov A.A. Photogrammetric technique for timber stack volume control. International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, 2014, vol. 40, pp. 157-162. DOI: 10.5194/isprsarchives-
XL-3-157-2014.

Kunickaya O.A., Pomiguev A.V. Wood processing on mobile lines of forest terminals. Vestnik AGATU, 2021, vol. 3, no. 3,
pp. 82-99. (In Russ.).

Moskalik T., Tymendorf L., Van Der Saar Ja., Trzcinski G. Methods of wood volume determining and its implications for forest
transport. Sensors, 2022, vol. 22, pp. 6028. DOI: 10.3390/s22166028.

Péasztory Z., Heinzmann B., Barbu M.C. Comparison of different stack measuring methods. Sibirskij lesnoj Zhurnal, 2019, vol. 3,
pp. 5-13. DOI: 10.15372/SJFS20190301.

Berendt F., Cremer T., Wolfgramm F. Reliability of photo-optical measurements of log stack gross volume. Silva Fennica, 2021,
vol. 55. DOI: 10.14214/sf.10555.

Umurzakova A.D., Sarbasova N.D., Zhumazhanov S.K., Li O.S. Development of an algorithm for the formation of the work of
roundwood sorting management. Vestnik KaZATK, 2023, vol. 127, no. 4, pp. 218-226. (In Russ.) DOI: 10.52167/1609-1817-
2023-127-4-218-226.

Sarbasova N.D., Umurzakova A.D., Kladiev S.N. Application of tachogenerator and variable speed drive to replace mechanical
control channel for synchronous tracking roundwood sorting machines. Electrical engineering and information complexes and
systems, 2022, vol. 18, no. 1, pp. 154-167. (In Russ.) DOI: 10.17122/1999-5458-2022-18-1-154-167.

Kladiev S.N., Umurzakova A.D., Sarbasova N.D., Khacevskij K.V. Simulation modelling of the tracking electric drive of the sorting
conveyor. Omsk scientific bulletin, 2022, vol. 182, no. 2, pp. 72-76. (In Russ.) DOI: 10.25206/1813-8225-2022-182-72-76.

Kladiev S.N., Umurzakova A.D., Sarbasova N.D. Device for controlling the sorting of round wood. Patent RF, no. 2795741,
2015. (In Russ.)

Retroflective sensing sensor, ST-281987-LSO-R18P-S300-LD. Avialable at: https://shop.shortec.com/eaton-moeller/281987-Iso-
r18p-s300-1d/ (accessed 21 June 2023).

Eaton Industries GmbH. Available at: http://www.eaton.eu (accessed 22 June 2023).

Ehlektrik Info. Available at: https://electrik.info (accessed 24 June 2023).

Control Engineering Russia. Available at: https://controleng.ru (accessed 25 June 2023).

Kladiev S.N., Umurzakova A.D., Sarbasova N.D., Voronina N.A. Management of roundwood sorting in order to reduce the
error of delivery of assortment to the storage. State registration of computer programme RF, no. 2023663757, 2023. (In Russ.)

Information about the author

Nurbanu D. Sarbassova, Senior Lecturer, Toraigyrov University, 64, Lomov street, Pavlodar, 140008, Kazakh-
stan. nurbanu_66@mail.ru; https://orcid.org/0000-0001-7280-7434

Anara D. Umurzakova, Cand. Sc., PhD, Senior Lecturer, Saken Seyfullin Kazakh Agrotechnical Research Universi-
ty, 62, Zhenis avenue, Astana, 010011, Kazakhstan. granat_72@mail.ru; https://orcid.org/0000-0001-7683-5256
Andrey S. Girnik, Cand. Sc., Associate Professor, National Research Tomsk Polytechnic University, 30, Lenin
avenue, Tomsk, 634050, Russian Federation. andreyelectro@tpu.ru; https://orcid.org/0000-0002-5465-331X
Sergey N. Kladiev, Cand. Sc, Associate Professor, National Research Tomsk Polytechnic University, 30, Lenin
avenue, Tomsk, 634050, Russian Federation. kladiev@tpu.ru; https://orcid.org/0000-0001-9432-0176

Received: 02.02.2024
Revised: 01.03.2024
Accepted: 22.03.2024

147


https://doi.org/10.15287/afr.2017.909
http://www.eaton.eu/

Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 148-158
Sayitov S.S. et al. Material composition of copper slag of the Almalyk copper-smelting plant (Uzbekistan)

VJIK 553.2:549:553.3(575.11)
DOI: 10.18799/24131830/2024/4/4292

BewiecTBeHHbIN COCTAaB MeJHBIX HIJIAKOB AJIMaJIbIKCKOTO
Me/elJIaBUJIbHOTO 3aB0ja (Y30eKUCTaH)

C.C. CaitutoB™, B.JI. Iloi, III.M. Pacy.ios, P./I. [leyepckuii,
A.B. PacysioBa, A.K. A6AyBauToB, A.A. ACpPOpOB

T'ocydapcmeeHHoe yupescdeHue « IHCmumym MuHepa/ibHbIX pecypcos», Y3b6ekucmat, 2. TawkeHm

“’sardorsayitov@gmail.com

AHHOTanusA. AkmyaasHocms. [IpoU3BOACTBO MeIU COMPOBOXK/AETCSA BBIXOZOM 60JIBLIIOTO 06'beMa LIIAKOB. B HacTosiee
BpeMsI 110 BCEMY MHUPY HAKOIMMUJIOCh OTPOMHOE KOJIMYECTBO MeAHBIX IIJIAKOB, B COCTaBe KOTOPBIX COZEepKaHUe Meau AaKe
OoJIbllle, Y4eM B UCXOAHBIX pyaax. lllsaku, KoTopble 06pa3yrTCcs B pe3ysibTaTe MJIABKH Py U KOHIEHTPATOB KaK YePHBIX, TaK
Y UBETHBIX METAJIJIOB, BMECTE C IPYTMMHU METAJIyPTHUeCKUMH OTX0AAaMHU, TAKUMU KaK XBOCTOXPaHHUJIMILA, BCe Yallle CTAHO-
BATCS NMPEJMETOM CEPbE3HBIX IKOJOTHYECKUX CIOPOB. EMMHCTBEHHBIM CIIOCO6G0M CHUKEHUS HETaTHBHOTO BO3JIeHCTBUSA
LIJTAKOBBIX OTXO/I0B Ha OKPYKAIIIYI0 CPeAY MOXKET ObITh UX YTUJIX3ALUS IYyTEM KOMIIJIEKCHOTO U3BJIEUeHHUs LeHHBIX KOM-
MMOHEHTOB M3 HUX U Ja/IbHENIIEr0 UCII0JIb30BAHHUS IIJIAKOBBIX OTXO/I0B JJIsSI CTPOUTEJbHBIX Liesiel. B MeIHBIX 1IJ1aKax KpoMe
OCHOBHOI'0 KOMIIOHEHTAa MeJU NMPUCYTCTBYIOT MOBBIIIEHHbIE COJlepXKaHUsl 30JI0Ta, cepebpa, LIMHKA, Kese3a U Ap. Popma
HaXO0X/IeHUs [IeHHbIX MeTaJIJIOB, TAKUX KaK KeJie30, Me/lb, CBUHELl U LIUHK, B MeJIHbIX lIJIaKaX CJI0XHas. /leTajlbHOe u3yde-
HUE MHUHEPAJbHOTO COCTaBa LIJIAKOB HCIOJIb3yeTcsl NMpU pa3paboTke 3PpPeKTUBHOM TEXHOJIOTMU MepepaboOTKHU LIJIAKOB.
lleaw: M3y4yuTh MUHEPAJbHBIA COCTaB MEJHBIX LLJIAKOB, GOPMbl HAXOXKJEHUS LEHHbIX KOMIOHEHTOB. 06eKm: MeJHble
LIJTAKOBBIE OTXO/bl MeJIeIIaBUJIBHOI0 3aBojia AnMasibikckoro 'MK. Memodsl. XumMuieckuil cocTaB MeJHbIX LIJIAKOB yCTa-
HOBJIEH $a30BbIM aHAJIM30M, aTOMHO-a6COPOIIMOHHBIM, peHTIeHO(IyopeCcLleHTHbIM MeTOJaMU Hccae0BaHUNU. MuHepasb-
HbIM COCTaB pyJ, yCTAHOBJIEH B pe3yJibTaTe KOMIJIEKCHBIX UCCJIeJOBAaHUM, B TOM YUC/e: ONTUYECKOH MUKPOCKOMUU B IPOXO0-
JsIIEM U OTPAKEHHOM CBeTe, PEHTTeH-AUPaKLIMOHHBIM, PEHTTE€HOCIIEKTPaJbHbIM JIOKAJbHbIM (MHUKPO30H/0BBIM) HUCCJIe-
JlOBaHUEM U 3JIEKTPOHHOU MUKpocKonuel. Pezys1bmamul. Cofiep>kaHue MeJy B COCTaBe NPo6 MeIHbIX LUIJIaKOB BHILIE, YeM B
MeJIHbIX pyAax, u coctasJsieT 0,77-0,97 %. KpoMe Meiu B cocTaBe MeIHBIX LIJIAKOB OTMEYAOTCs MOBBILIEHHbIE COlePKaHUs
caepywmux MmetaanoB (r/t): Au - 0,17-0,26; Ag 8,42-10,64, Zn 4,288-10216, Pb - 2014-3360. B cocTaBe MeAHBIX LIJIaKOB
Mpeo6/1a/jaloT KeJle3UCTble CUIUKAThl (dasiuT, GeppoCU/IIINT), CTEKJOBUAHAS Macca KeJe3UCTO-CUJIMKATHOTO COCTaBa.
PynHble MUHepasibl IpeSCTaBleHbl B OCHOBHOM MarHeTuToM. CoJieprkaHue MUHepasia cocTaBiseT npuMepHo 10-15 %. U3
MUHepaJIoB MeJli pe3Ko Npeo6/IafaloT CyJabGUAbl — GOPHUT, XaJIbKO3UH, pexxe Ky0aHUT, XaJIbKOMUPUT, KOBeJUIMH. B He3Ha-
YUTEJbHOM KOJIMYECTBE OTMEYAITCS KYNPUT, cCAMOpoHast MeZb. MuHepaibHas ¢opMa HaXoXJeHHUs MoJIubjeHa — MoInu6-
JleHUT. U3 cOGCTBEHHBIX MUHEPAJIOB cepedpa YCTAaHOBJIEHO CAMOPOJHOe cepedpo B acColMalluy C MUHepaJaMU CBUHIA. 30-
JIOTO BXOJUT B COCTaB CaMOPOJHOM MeJlu U XaJIbKO3WHA B BU/Jie IPUMECH U NIepexX0JUT B MeHbIH KOHIEHTpaT NpU Nepepa-
60TKe IIJIaKOB.

KioyeBble c/10Ba: Me/iHble LIJIaKK, XMMUYECKUH, MUHepaJbHBIN coCTaB, popMa HAXOXKJEHHUs, Me/lb, KeJie30, 30JI0TO, Mar-
HEeTHT, cy1bouabl Meu, Anmanbikckuil MK, Y36ekncran
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Material composition of copper slag of the Almalyk copper-smelting plant
(Uzbekistan)
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Abstract. Relevance. Copper production is accompanied by release of a large volume of slag. Today, huge quantities of cop-
per slags have accumulated all over the world, in which the copper content is even greater than that in original ores. The slags
that result from the smelting of ores and concentrates of both ferrous and non-ferrous metals, together with other metallur-
gical wastes such as tailings, are increasingly the subject of significant environmental controversy. The only way to reduce the
negative impact of slag waste on the environment can be their disposal, by complex extraction of valuable components from
them and further use of slag waste for construction purposes. In addition to the main component of copper, copper slags con-
tain elevated contents of gold, silver, zinc, iron, etc. The form of finding valuable metals such as iron, copper, lead and zinc in
copper slags is complex. A detailed study of the mineral composition of slags is used in development of an effective technolo-
gy for processing slags. Aim. To study mineral composition of copper slags, the form of finding valuable components. Object.
Copper slag waste from the copper-smelting plant of the Almalyk MMC. Methods. Chemical composition of copper slags was
established by phase analysis, atomic absorption, X-ray fluorescence research methods. Mineral composition of the ores was
established as a result of complex studies, including: optical microscopy in transmitted and reflected light, X-ray diffraction,
microprobe studies and electron microscopy. Results. Copper content in composition of copper slag samples is higher than in
copper ores and it is 0.77-0.97%. In addition to copper, copper slags contain elevated contents of a complex of metals (g/t):
Au-0.17-0.26; Ag - 8.42-10.64, Zn - 4.288-10216, Pb - 2014-3360. Ferrous silicates (fayalite, ferrosillite), vitreous mass of
ferruginous-silicate composition predominate in the composition of copper slags. Ore minerals are mainly represented by
magnetite. The mineral content is approximately 10-15%. Among copper sulfides minerals bornite, chalcocite, less often
cubanite, chalcopyrite, covellite sharply predominate. Cuprite is observed in small amounts, and native copper is metallic.
The mineral form of finding molybdenum is molybdenite. Among the native silver minerals, native silver was found in associ-
ation with lead minerals. Gold is included in the composition of native copper and chalcocite as an impurity and passes into
copper concentrate during processing slags.

Keywords: copper slags, chemical, mineral composition, form of location, copper, iron, gold, magnetite, copper sulfides,
Almalyk MMC, Uzbekistan
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BBeaenue

Axmyanvrocms. Menp Oblla TIEPBBIM METAJIIOM,
KOTOPBIH OBLT BBIMIJIABIICH (M3BJICYCH M3 PYABI) OKOJIO
CEMHU ThICAY JIET Ha3al Ha JApeBHeM bmmxnem Boctoxke,
00 3TOM CBHUJETENBCTBYIOT PE3yJIbTaThl UCCIICIOBAHUI
METaJUTypPTUYECKUX OTXOJIOB, HAWICHHBIX BO BpeMs
apxeoJormueckux packonok [1]. o cux mop menp siB-
JISIETCST OJTHAM M3 BOCTPEOOBAaHHBIX METAJIOB U CIIPOC
0CTaeTCsl Ha BBICOKOM YPOBHE.

[Ipou3BOACTBO MeIu COMPOBOXKAAETCS BBIXOJOM
0oapIIoro oonema nuIakoB. OTBaJIbHBIE IUIAKA MEI-
HOTO TIPOU3BOJICTBA — 3TO CKOIJICHHEC MHHEPAJIOB, B
KOTOPBIX KPOME MEIM COJEPKATCS U JPYTHe DICMECH-
THI, (popMupymonMe cBoiicTBa nutakoB [2]. OHH co-
JIepXKaT pa3HOe KOJIMYECTBO CTEKJIAa W HOBBIX KPHUCTAJI-

JM30BaHHEIX (Da3, a Takke MOTYT COMEPIKATh PEITUKTO-
Bble MHUHEpaIbl U (urtockl. COCTaB IIUTAKOB 3aBUCHT OT
METaJUTypTHUECKUX IIPOILECCOB M COCTaBa Iepepada-
ThIBaeMOH pyzAbl (pya) U HCIONB3YeMbIX (urocoB [3].
B oCHOBHOM MeIHBIC NIIAKH MPEACTABISIOT COOOM
COBOKYITHOCTh OKCHUJOB (Kefne3a, MapraHua u [Ip.),
onmBrHa ((asuTa U JIp.) W/HiId MUpOKceHoB [1].
[Ipou3BoACTBO MUTaKa COCTABISAET OT 2 O 5 TOHH
Ha TOHHY IleHOBOI‘/'I MEAu B MCACIUIABUJIBHBIX TPEI-
npusitusix mupa [4]. Ha ceroansmuuii 1eHs O BceMy
MUpPY HAKOMUIUCh OTPOMHBIC KOJHYECTBA MEIHBIX
IIIJIAKOB, B COCTaBE KOTOPBIX COJCP)KAaHHE MEAU Ja’ke
OonpIie, YeM B HCXONHBIX pynax. Lllmakw, KoTOpbIe
00pa3yroTcss B pe3ynbTare IUIaBKH PyX M KOHICHTpa-
TOB KaK YE€PHBIX, TaK U LIBETHBIX MCTAJIJIOB, BMECTC C
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JIPYTUMHU METAJUTYPTUYECKUMHU OTXOJaMH, TAKUMU Kak
XBOCTOXPAaHWIHIIA, BCE Yalle CTAHOBATCS MPEIMETOM
CEPBE3HBIX YKOJOTHYECKUX CTopoB [5]. Metammsr Mo-
TyT TIOCTyHaTh B OKPYXAIONIYIO CpPEely B YCIOBHUSIX
€CTECTBEHHOI'0 aTMOC(EepHOro BO3ACUCTBUS, 3arps3-
HSISI TPYHTOBBIE Y TIOJI3EMHBIE BOJIBI.

EnuHCcTBEHHBIM CTIOCOOOM CHM)KEHHSI HETATUBHOTO
BO3JICICTBUS IIJIAKOBBIX OTXOJIOB Ha OKPYXKAIOIILYIO
Cpey MOXKET ObITh MX YTHIU3AIMs IyTeM KOMILUICKC-
HOTO W3BIICYCHUS IICHHBIX KOMIIOHEHTOB W3 HHUX U
JAJIbHEHIIIEro NCIOIb30BAHUS IUIAKOBBIX OTXOJOB JJIs
CTPOUTENbHBIX IeNell. B MeaHBIX HuIakax Kpome oc-
HOBHOTO KOMIIOHEHTa MEIM MPUCYTCTBYIOT ITOBBIIICH-
HBIE COJEp)KaHMs 30JI0Ta, cepebpa, LIMHKA, Kele3a U
np. Hampumep, B MeaHoMm komruiekce Capuenimex
Hpana ckonmiock OKOJIO § MIIH T IIJIaka CO CPEIHUM
conepxxannem Cu — 1,67 %, Mo — 0,05 %, Ag —
40-56 /T, Au— 1 /1 [6].

®dopMa HaXOXKACHUS [IEHHBIX METAIJIOB, TAKUX KakK
JKeJne30, Me/b, CBHUHEI] W IMHK, B MEIHBIX INLIaKax
cnoxHas [7]. [losToMy u3yueHHMe MHHEPAIBLHOIO CO-
CTaBa SBISCTCS aKTYaIbHBIM, TaK KaK pe3yJbTaThl MU-
HEPAJIOTHYECKUX HCCIICOBAaHUM TO3BOJSIOT CJAENaTh
BBIBOJIBI O MX TEXHOJIOTMYECKUX CBOWCTBaX W paspa-
0OTKaxX TEXHOJOTMYECKUX CXEeM HX OOOTalleHUs H
MaKCUMAaJIBHOTO U3BIICYCHHUSI IICHHBIX KOMITOHEHTOB.

AO «Anmansikckuii 'MK» saBiageTrcs OIHUM U3
KpYNHBIX IpousBoguTeneil Meau B mupe. Ilpu nupo-
METAJTypPru4ecKoOM CIoco0e TOIYYeHUs MEIU B IuTa-
BWIBHBIX Ile4aX MeJeriaBmwibHoro 3aBoja (MII3)
AO «Anamansikckuii IMK» obpasyercs Gonbiioe Ko-
JIMYeCTBO OTBabHOTO Tutaka. lllmakm memHOTO 3aBO-
Ja: mak orpaxkatensHod miaBku (OI1) — 5439503 T;
oUlak  KUCIopoaHo-(pakensHoW maBku (KOIT) -
1836117 T; nutak B IUIaBKE >KUIKMX BaHH — 724380 T;
Bcero 8000000 T [8].

TexHOTeHHOE MECTOPOXKJIEHHE OTBAIBHBIX HIIAKOB
METAJTYypPru4ecKOT0 TPOU3BOJICTBA MEJIETUIABUIBHOTO
3aBOJIa HAXOJUTCS HAa PACCTOSHUHM 3,7 KM OT Topoja
Anmaneik. Hagano ¢opmupoBanust murakooTBana
1964 r., u oOBekT, melicTByromuii [8]. B oTBanbHbIC
xBocTel AO «Anmansikckuit ' MK» exeromno mocty-
naetr 10 350400 teic. T orBanbHBIX HuUIakoB KOIT u
OII ¢ conepxanuem xene3a 38-45 %, meaun no 1 %,
3omota 0,4-0,6 r/T ¥ APYrux IMEHHBIX KOMIIOHCHTOB
[9]. OcHOBHBIME HCXOMHBIMH MAaTE€pUAIAMH SIBIISIFOTCS
[IUIAKA MENEeIUIaBUIIbHOTO TMPOU3BOJCTBA AJIMabIK-
ckoro I'MK, cocrosiue Ha 75 % U3 KOHBEPTOPHBIX U
Ha 25 % W3 OTBaNbHBIX LUIAKOB M (pTOpMAAa aMMOHUS,
KOTOpBIA OBUI IPUMEHEH B KadecTBe (TOPHUPYIOLIETO
pearenra [10].

M3ydyeHrneM MUHEPAIOTO-TEXHOJIOTUIECKIX CBOWCTB
MEJHBIX NIakoB Aunmainbikckoro MII3 3aHuManuchk
MHOTHE y4ueHbIe [2, 8—22]. YcTaHOBIIEHO, UTO XUMUYE-
CKHI COCTaB MEIHBIX IIIAKOB MEACTUIABUIBHBIX 3aBO-
noB CHI' umeet HekoTopoe cxonactso [11]. B 1acTHO-

CTH, MeIHBbIe LUIAKH HUMEIOT CBOIO OCOOEHHOCTh, 3a-
KJIIouaronryrocst B ToM, uto Ha 30—40 % nuiak cocTout
n3 nuokcuna kpemHaus (SiOz) U MPUMEPHO B TAKOM XKe
KOJIMYECTBE COAEpIKATCsA OKCUBI xkene3a [12]. B Hem
cpenHee cojJiepKaHue HIEMEHTOB U OKCUIOB COCTABIIS-
et: Cu—0,06-0,9 %, Fe — mo 50 %, SiO,— 32 % wu mp.
[8]. PesymbTaThl XMMHYECKOTO aHAIW3a ABYX MPOO
makoB  AI'MK, wu3yuennsix  M.IIL KypOaHOBEIM,
TaK)Ke MOJTBEPIKAAIOT, YTO OCHOBY MEIHBIX NUIAKOB
Anmanesikckoro I'MK cocrasisaror SiO, 1 OKCHABI XKe-
Jie3a, Ha uXx JIoJr0 npuxoautcs 6omee 80 % [10].

B cocraBe murtaka 1EeHHBIME KOMIIOHEHTAMHU SIBJISI-
torcst Cu, Zn, Cd, Pb u 6maroponasie MeTaiiel Au, Ag
[9, 13]. B cocraBe OTBAJBHOTO IIIaKa COAEPXKATCS
cnenyroomue 1neHHble kKommoHeHtel: 0,7-1 % — Cu,
3545 % — Fe, 0,2 r/t — Au, 0,4 r/t — Ag [14]. B co-
cTaBe KOHBEPTOPHbIX HIIakoB AQO «AnMalbIKCKUI
I'MK» cozepxanue meau cocrasiser 2,4-3,56 %, 00-
miero xenesa a0 49,5 % [15]. A.X. Typecebekos ycra-
HOBWJI TIOBBIIICHHBIC COACP)KAHHS PEHUS B COCTaBE
MEJIHBIX IUIAKOB MEIHOTO IPOM3BOICTBA AJMAIBIK-
ckoii T'MK — 0,088 r/t [16].

[Mo xmaccupukaimu B.B. Jlanuna, nutaku MII3
AO «Anmanbikckuit TMK» oTHOCSTCS K OMMHUHEpaIb-
HBIM U COCTOAT U3 JKEJIE3UCTOrO OPTOCHIIMKATa — (hasitu-
Ta 1 Maraerura [17]. Kpome Toro, B OTBaIbHOM IILIAKe B
3HAYHUTENBHBIX KOJIUYECTBAX MPUCYTCTBYIOT MEJIKHE Ya-
CTHUIIBI CYTbGUIOB MTUPPOTHH-XATHKOUPHUTOBOTO, Xajlb-
KOITUPUT-OOPHUTOBOTO,  XaJIbKO3UH-OOPHUTOBOTO U
XambKO3MHOBOro coctaBa [12]. Okcuael MeTaiuioB
MPEACTaBICHBI KYIPUTOM U TEeMaTHUTOM; CYIb(OUIBI —
MUPPOTHHOM, XaJIBKO3HHOM, c(halepuTOM, TalCHUTOM,
OOpHUTOM M HECTEXHOMETPHYHBIM COCIUHEHUEM CO-
craBa CuFeS; camopojnsie — cepebpoM u Mebio [8].

B Omkaiimme rompl IIaHUPYeETCsl MaciTabHOE yBe-
nrdeHre To0bK Memu. BhIIo MOINMMCcaHo MOCTaHOBIIE-
HHe npe3uaeHta PecryOmuku Y30exucran Ne T111-5159
«O JIONOJHUTENBHBIX MeEpax 10 pa3BUTHIO TOPHO-
METaJUTYPrUUecKOi TPOMBIIUIEHHOCTH M CMEXKHBIX OT-
pacieii», B KOTOPOM yKa3aHO CO3/IaHHE KJlacTepa MeTHOM
MPOMBIIIIICHHOCTH M YBEJIMUCHHUE TIPOU3BOJICTBA MEITU IO
400 ToIic. T B Ton. COOTBETCTBEHHO ATO MPUBEAET K yBE-
JMHYEHNI0 00BbEMOB MEIHBIX IDIAKOB. Ha ceromHsimHuiA
JICHb 4acTh MEJHBIX IUIAKOB IepepadaThiBacTCs C Mep-
BUYHBIMH MEIHBIMH PyAaMH, HO B HEOOJBIINX KOJIHYeE-
ctBax. [lpuBieueHre MeEMHBIX NUIAKOB B HepepabOTKy
TpeOyeT JeTalbHbIX MHUHEPAIOTUYECKUX U TEXHOJIOTHYe-
CKUX WCCIICIOBaHHUH, YTOOBI MaKCHMAaJbHO W3BJIEKAaTh
LIEHHBIE KOMIIOHEHTBI U3 OTXO/0B.

UccnenoBanunsi, HampaBieHHbIE Ha pa3paboTKy
TEXHOJIOTUM TIepepadOTKA MEIHBIX IIIJIAKOB, MPOBO-
IITCSL TIO BCEMY MEPY IaBHO. /I3-3a HEXBATKH PYyAHOTO
KOHIICHTpaTa pas3iIUYHbIe TOPHOMOOBIBAIOIINE TMPE-
NPUATHS TPUCTYIIMIIN K U3BICUCHUIO MEAU U3 OTBANb-
HOTO IITaKa. THIMYIHBIA TPOIECC COCTOUT U3 apolbiie-
Hus, w3MenpueHust u (uoranuu [18]. Paspaborana
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TEXHOJIOTUS MpOollecca MATHUTHOM cemapainuy npsiMbIM
BOCCTAHOBJICHEM Ha OCHOBE YIJIS JUISI M3BJICUCHHS
Kenesa n3 nuiaka ¢ coxaepxkanueMm 39,85 % Feyoy u
0,33 % Cu. Pe3ynbpTaTsl MOKa3bIBAIOT, YTO KOHEUHBII
KoHIeHTpat coaepxut 90,68 % sxenesa, CTEeHb Me-
tayumsanyu 94,01 %, 0,66 % Cu u 0,058 % S ¢ oOmum
u3BneueHueM xenesa 90,49 u meau 79,53 % [19].

Pa3paboTkoif TexHONOTHH NepepabOTKU MEIHBIX
nutakoB Anmaneikckoro I'MK takske 3aHUMaCh MHO-
THe UCCIICNOBATEN. BhUTO MpeaokeHo HCIOIB30BaHIe
anmapaTtoB WACAIBFHOTO TMEepeMeIlnBaHus AJs Tepepa-
OOTKH MEJIHBIX [IUIAKOB, TAK KaK OHO AT BO3MOXKHOCTb
Hanbomnee 3PPEKTUBHO MPOBECTH IMPOIECC BBIACICHUS
MeJIH, 30JI0Ta, cepebpa U APYruX SJIEMEHTOB U3 IIUIAKa;
TaKKe CYJIbOUIN3UPOBAHNE OKUCIICHHBIX COCIMHCHHN
TTOJIE3HBIX KOMIIOHEHTOB IToMoraeT 3(h(heKTHUBHOM Tepe-
pabotke ™menneix nmakoB [20-22]. H.M. Ackapoa
CUMTAET, YTO NMPHUMEHEHHE OOECKPEeMHHUBAHUS TPH Iie-
pepaboTKe MITaka MO3BOIIIET U3BIEKATH ME/Ib B PACTBOD
THUIPOMETAILTYPruieckuM criocobom [ 14].

ITo muenuto II.T. XomkueBa U Ap. CHUKEHHE CO-
nepkanust meau B nwiake o 0,12-0,17 % mocrturaercs
MPOIYBKOH OeAHOI cMecH 1 H00aBIeHUEeM B TIIIaK KBap-
nesoro mecka (94 % SiOy). Hobaenenue B nuiak 10 %
MeCKa YBEJIMYMBACT COZCPKAHUE KpEeMHEe3eMa B HEM JI0
35 % u camkaet comeprkanue meau 10 0,12 % [23].

HecmoTpsi Ha MHOTOUYHMCIIEHHBIE HCCIEAOBaHMSA, Tie-
pepaboTka IUTAKOB MEIHOTO TPOU3BOJICTBA OCTa&TCs
OJJHOW W3 CaMBIX CJIOKHBIX W HEpEIIeHHBIX MpolieM
COBPEMEHHOM LIBETHOH METaJUTyprud. /[leTampHoe KOM-
IUIEKCHOE M3YYEeHHE MUHEPAIBHOTO U DJIEMEHTHOTO CO-
CTaBa MEIHBIX NUIAKOB M (POPMBI HAXOXKACHHS IIEHHBIX
KOMIIOHEHTOB SABJISIETCSl BaXHBIM Ui pa3pabOTKU OIl-
TUMAaJIbHOM TEXHOJIOTUH MepepaOdOTKH HIJIAKOB.

MaTepuaj 1 MeTOAbI

Boutn u3yyens! Tpu MpoObl MEAHBIX LIUIAKOB, 00pa-
3oBaHHbIX HA MII3 AO «Anmansikckuit ['MK» 3a mo-
caegaue 5—-10 ner, 6 Mecsnes u 3a 2022 r. Xumude-
CKUH COCTaB MpEACTaBICHHBIX MpoO ycTaHOBIIEH (a-
30BBIM aHAIN30M, aTOMHO-abcopOumoHHBIM (ZEEnit
700 P), pentrenoduryopectieHTHBIM (X50 Mobile Soil)
METOJaMH HCCJIEOOBAaHUH. XHMHUKO-aHAIUTHUECKUE
WCCIICJIOBaHUS BBITIONHEHBI B L[eHTpe aHaIMTHYeCKHX
uccaenosanuui ['Y «MIMPy.

W3yuyeHne MHMHEPaJbHOTO COCTaBa MpPEICTaBIICH-
HBIX TPOO OCYIIECTBISUIOCh KOMIUIEKCOM MHHEPAJo-
TMYECKUX W IMPELHU3UOHHBIX METOAOB HCCIEIO0BaHUM.
Bty n3roToBNeHB! TUTUQBI U aHIDTH(BL ¥ U3yYCHBI B
MPOXOSIIEM U OTPAKEHHOM CBETE MOJ MUKPOCKOIIOM
Eclipse LV100 Pol (Nikon). ITpu xapakTepucTuke Ko-
JIUYECTBEHHOTO MHUHEPAJbHOTO COCTaBa KPOME OITH-
YECKUX METOAOB OBIT NPHUMEHEH pEHTITCHO(A30BBII
anamm3 (au¢ppaxromerp JJPOH-3).

Jns m3ydenust GopMbl HAXOXKICHUS 30J0Ta U JIPY-
TUX COMYTCTBYIOIIUX DIIEMEHTOB MPOBOIUCH aHAIH-

TUYECKasl CKAaHUPYIOIIAsl 3JEKTPOHHAST MUKPOCKOIUS €
SEM EVO MA (10) Zeiss ¢ peHTT€HOBCKHM JCTEKTO-
pom x-act (Oxford Instrument Nano Analysys), peHT-
TCHOCTICKTPAGHBIN JIOKABHBI aHamu3 Superprobe
JXA-8800R (JEOL).

AHanuTudeckas CKaHUpYOIlas 3JIEKTPOHHas MUK-
pockonust (COM-D/IC) 6puta mpoBeaeHa B Llentpe
MEepPEeIOBBIX TEXHOJIIOTHH Impu MUHHMCTEPCTBE MHHOBA-
LIMOHHOI'O0 pa3BUTHUA. PEHTT€HOCIIEKTpabHBIN JIOKaJIb-
HBIM (MHKPO30HIOBBIN) aHaM3 npoBoamics B MHCTH-
TyTe reonoruu u reopusuku uM. X.M. AGaynnaena.

Pe3yJIbTaThl U 06CYKAEeHNE

Xumuueckuii cocmas. ConepkaHus 30710Ta B MPO-
6ax koneOmorcs ot 0,17 mo 0,26 /1, cepebpa —
8,42-10,64 r/T MO NMaHHBIM aTOMHO-a0COPOIMOHHOTO
aHanmu3a. Takke yCTAaHOBIEHBI BBICOKHE COJEpPHKAHUS
[IWHKA, CBUHIIA, MoinOaeHa U Meau. [lo maHHBIM (ha-
30BOTO aHANIN3a COJAEPKAHWE MEAU B M3YUEHHBIX IIPO-
0ax koneonercs ot 0,77 mo 0,97 %, Meawr npeacTase-
Ha B OCHOBHOM CyNb(puAHOH hopmoii (Tabi. 1).

Munepanvuviii cocmag U3y4eHHBIX P00 CXOXK MEX-
Iy coboii. B pesynpraTe mpocMoTpa Mpo3pavHbIX MUTH-
(OB yCTaHOBIJIEHBI CIIEIYIOIIME MHUHEpAJbl: (asnT,
(beppocHnT, KBapI, CEPUINT, CTEKIO U PYAHBIC MUHE-
panbl. DasuuT U QEeppPOCHILIAT SIBISIFOTCS OCHOBHBIMH
MuHepanamd. OHH pPa3BUTHl B BHUJAE YUIMHEHHO-
MpU3MaTHICCKHUX, JICCTOBATBIX U CKCJICTOBUIHBIX KpH-
CTaJJIOB, TECHO CPACTAIOIIMXCS CO CTEKIOBHIHOW Mac-
coit. Pasmeps! 3epen ot 0,1-0,3 mo 1-1,2 mm. Amopd-
HBII TBEPIBIA CHITMKATHBIA PacTBOP (CTEKIIO) BBIOJIHS-
€T TIPOCTPAHCTBO MEXY KpUcTaIaMu (dasuita u dep-
pocuiuTa (puc. 1). CrexnoBuaHas Macca COCTOUT B OC-
HOBHOM W3 JKeJie3a, KpeMHHsI u Kuciopona. [lomyuen-
Hble FTIR-criekTphl 00pa3ioB MEIHOTO IILTaKa PaKTH-
YEeCKW aHaJIOTMYHbI CIEeKTpy (asnutoBoil dazer [24].
XUMHUECKMH COCTaB MHHEPAJIOB, YCTAHOBJIECHHBIN
PECHTTCHOCICKTPAJIbHBIM  JIOKAJIbHBIM ~aHaJIM30M IO
MHKPO30HIOM M QHATUTUYECKHM JIICKTPOHHBIM MHKPO-
CKOIIOM, TaKXK€ IMOKa3bIBACT, YTO HEPYAHBIC MHUHEPAJIbI
COOTBETCTBYIOT B OCHOBHOM (asuInTYy.

Conep:xaHue pyAHBIX MHHEPAJIOB COCTABISIET IPH-
MepHO 15-20 % ot obuiero o0beMa ILTAKOBBIX 00pa-
3oBaHmil. HepynHas macca mpencraBieHa IpopacTaHu-
SIMH KpUCTAIUIOB (asiuta U HeppoCHIINTa CO CTEKIIO-
obOpa3Hoii Maccoil. B crekinooOpa3Hoil Macce Takxke
BBISIBJICHBI TOHKHE OTPaHEHHBIC U KCEHOMOP(HBIE 3ep-
Ha HEpYIHBIX MUHepaioB. Dasimut u GpeppocriuT pas-
BUTHl B OCHOBHOM B BHUJEC MPH3MATHYCCKHX U Mapa-
JIEJIBHO IIECTOBATHIX, MHOTIa Pa3HO OPUEHTHPOBAHHBIX
KpUCTAJUIOB. B pe3yibraTre ux cpacTaHuil co CTEKIOM
MPOUCXOAUT 0Opa3oBaHUE CIIyTaHHO-BOJOKHHUCTOH,
(uOpPOTUTOBOM, THIMIANOMOP(PHO3EPHUCTOH, CKEIETO-
BHUJIHOM M IEHAPUTOBOI cTpyKTyp. Kpome Toro, ycra-
HOBJICHBI N30METPUYHBIC, 3CPHUCTHIC BBIICICHUS (asi-
JIUTa ¥ Mar€HeTUTa B CTEKI000pa3Hoil Macce.
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Ta6auya 1. Codepacarue Au u Ag (2/m), conymcmeyoujux 31eMeHMo8 8 WAAKAX PA3HbIX Jiem XPAHeHUst N0 0aHHbIM AMOMHO-

abcopbyuoHHO020 U Opy2ux Memodos aHaAu3a

Table 1. Content of Au and Ag (g/t), associated elements in slags of different years of storage according to atomic absorp-
tion and other methods of analysis
Ne npo6sr | [leproj HaKOMIEHHUS LIJTAKA, TOJ AAGr/T XUMHECKUA ananu3, % POA, /T
Sample no Slag accumulation period y'ear AAS, g/t Chemical analysis, % XRF, g/t
) i Au Ag Cu Mo Zn Cu Pb Mo S

1 1rox (3a2022r.)/1 (for 2022) 0,25 | 10,64 | 27,54 | 097 0,215 7 683 6171 | 3071 | 2199 | 7481
2 0,5rozna/0.5 0,26 | 9,17 | 29,53 | 0,77 0,175 10216 6131 3360 1993 7256
3 5-10 set/5-10 0,17 | 842 | 32,42 | 0,92 0,065 4288 6289 2014 680 7897

Puc. 1.
gls - cmeko, ore - pydHble MuHepabl
Fig. 1.

Pynuble MuHepanbl HpeACTaBICHbI B OCHOBHOM
MarHeTUTOM M cyiabdugamu mMenu. OHH paBHOMEPHO
pacrpenesneHsl 0 IOy Ilaka B BUAE OTACIBHBIX
BKpaIUICHNH, TOHKUX BKJIIOYCHUH CyIb(pHUIOB MeoHu B
MarHeTUTE, CKOIUICHWI U arperaTuBHbIX CPOCTKOB
apyr ¢ apyroM. CTpyKTypa BbIAEICHUN PYIHBIX MUHE-
paJIOB THIMUANOMOP(HO-, ¥ HEPaBHOMEPHO3EPHUCTAS
(puc. 2).

W3 pynHBIX MUHEPAJOB, MO JAHHBIM ONTHUYECKOH
MUKPOCKOIIMY, YCTAaHOBJIEHBI: MATHETUT, XaJIbKOIIUPUT,
OOpHUT, XaNbKO3UH, KOBEIUIMH, MEIb CaMOpPOJHafi,
rajieHuT, chaneput, Oyeknas pyna, IUPPOTHH, MHUPHT,
MonuOxenur. Cpemu HHUX JOMUHHPYET MAarHETHT.
B noguMHEHHOM KOJIMYECTBE YCTAHOBJIEHB! XalbKOIH-
pHUT, OOPHUT, MUPPOTHH U XAIBKO3UH. OCTaJIbHBIE OT-
MEYalOTCs 4YacTo, HO B EAMHUYHBIX 3epHax. Popma
CEUCHMs 3epeH PYAHBIX MUHEPAIOB B aHNUIN(ax Ky-
Oudeckasi, U30METPUUHAs, CIOXKHO-YIJIOBaTasi, OKpyT-
nasi, kceHomopHas. Mx pasmepst ot <0,01 10 0,2 mm.
B ocHOBHOM pyIHBIE MHUHEpallbl paccpeiOoTOYEHbI B
CTEKJIO00pa3HOH Macce, MeEXIy HpU3MaTHYECKUMU
KpHUCTaJUIaMH (asutuTa U eppocuumTa.

CopmepxaHusi MarHeTuTa COCTaBJIIET NPUMEPHO
10-15 %. B anmumdax ¢opma ceueHHs e€ro 3epeH
U30METpHUUHAsI, OKTa3ApHueckas, Kyoudeckas. Pa3smep
3epeH pocturaer 0,2 mM. MuHepan paBHOMEpHO pac-

Mukpogomozpadusi MeOHbIX WAAKO8 8 NPOX0JsiWeM ceeme, HUKOU CKpeweHbl. px — geppocuaium, fa — gasaum,

Microphoto of copper slags in crossed polarized light. px - ferrosillite, fa - fayalite, gls - glass, ore - ore minerals

MpeIecH MO IUIONIAa [UIaKa; HAOJIIoNaeTcs B BHIE
TOHKHUX BKparIeHUH, CKOIJIEHU U B CPOCTKax C MH-
HEpajlaMu MCIU. I/IHOFIIa COACPIKUT BKIIIOUCHHUSA Xallb-
KOTIMPHTA, XaJbKO3HWHA, OOpHUTA H 1p.

MuHepaibl MeIU 9acTO YCTAaHOBJICHBI B TECHOU ac-
COIMalMK IPYT C JPYyTOM, a TaKXe C IMUPPOTHHOM,
MarHeTUTOM, TaJleHuToM, canepurom. [IpeacraieHsr
B OCHOBHOM XAJBKOIIHPHTOM, OOPHUTOM, XallbKO3H-
HOoM. OHHU 00pa3yloTcs B pe3ysibTaTe BBIJCIEHUS pac-
TBOPEHHBIX CYJIB(QHUIOB W3 IUIAKA IPH €r0 PacKpH-
cTayjuM3ald. Bo BpeMs pacIUlaBiIeHHs] LIUXTHl U
MTeHHO-IIINTAKO00pa3oBaHus cOCTaB Cynb(uaHon (a-
351 (T. €. KOTJ]a HepacIUIaBICHHBIE CYIb(MUIHBIC YaCTH-
[l OIMXTHl OMBIBAIOTCS LUIAKOBOHM (ha30if) MeHseTcs
OT TMHUPPOTUH-XAJIBKONHUPUTOBOTO U XaJIBKOIIUPUT-
OOpHHUTOBOIO 10 XaJbKO3MH-OOPHUTOBOTO M XaJbKO-
3uHOBOTO [12].

B oramume oT MCXOAHBIX MPOO HAa MOBEPXHOCTH
OopHHTA 00pa3yrOTCS TOHKUE PElIeTYaThie KPUCTAIUIBI
XaJpKo3WHa. B cocTaBe MCXOMHBIX pyn MeaHas MUHE-
pamu3anys MpeiCTaBIcHa B OCHOBHOM XaJbKOIHPH-
TOM, PEIKO BTOPHYHBIMH cyiabdpuaamu Meaun. Ho oHn
00pa3yIoT TECHBIE CPOCTKH JPYT C APYTOM. XaIbKOIIH-
pPUT OTMEYAeTCs B OCHOBHOM B aCCOIMALUN C THPU-
TOM, Pa3BHBasACh IO €ro KpasMm, TpeumHam. Tarxe
YCTQHOBJICHO TIIOBBIIICHHOE COACP)KaHHWE 30JI0Ta 0

152




H3BecTusi TOMCKOro NOJUTEXHUYECKOTO YHUBepcuTeTa. UHXXMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 148-158
CaiiutoB C.C. u p. BellecTBeHHBIN COCTAB MEJHBIX IIJIAKOB AJIMaJILIKCKOI'0 Me/lelJIaBUJIbHOTO 3aBoja (Y36eKucTaH)

6,11 % B cocraBe BTOPUYHOH CaMOPOJHOW MEHH. laneHuT ¥ canepuT BCTPEUAIOTCS MO KpasiM 3epeH
B cocraBe nuiakoB caMopojHas MEAb Pa3BUBACTCS MO  MHHEPAJIOB MEIH, T. €. COIJIACHO MOCJIEA0BaTEIbHOCTH
TpEIIMHAM, MEX3EPHOBBIM MPOCTPAHCTBAM HOBOOOpAa-  KPHCTAIUIM3ALMH SBISIIOTCS OoJiee mo3aqHUMu. VI3 MuHe-
30BaHHBIX CYIb(HUIOB MEIH. pasioB MOIKMO/IeHA YCTAHOBIICH MOMHOICHHUT (pHC. 2).

Xapaxkmep evidesenuil pydHuix muHepasos 6 waake. Pomozpagusi 6 ompasxcenHom ceeme. Fa - ¢asaum; Gls -
cmekao; Mt - maeHemum; Chp - xaavkonupum; Chc - xasavko3uH; Bo - 6opHum; Cu - camopodHasi medv; Pyr -
nuppomuH; Py - nupum; Spl - cdpanepum; Gn - zanenum, Mo - moau6deHum

Character of allocation of ore minerals in slag. Photography in reflected light. Fa - fayalite; Gls - glass; Mt - magnetite;
Chp - chalcopyrite; Chc - chalcocite; Bo - bornite; Cu — native copper; Pyr — pyrrhotite; Py — pyrite; Spl - sphalerite;
Gn - galena, Mo - molybdenite
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MuHepanbHbIi COCTaB IIJAKOB YCTaHOBJICH PEHT-
reH-TU(PPaKIHOHHBIM MeToZioM. ChEMKa POBOMIACH
Ha qudpakromerpe JJPOH-3 ¢ CuKa ¢ ordpunsTpoBan-
HBIM H3IydeHneM B peskume: [=25-30 mA, U=30 kV,
Vaerekt=2 °/MUH, Vugp. renmm=000 MM/4, npenen u3-
MEpeHUN — 4x10? nmr/c, 7=0,5 ¢, memn: 1x2x0,25 mMM.
Wntepnperanus u uaeHTHGUKAINSI MHHEPAITBHBIX (a3
MPOBOMJIACH 110 CTAHJAPTHBIM METOJHMKAM C HCIIOJIb-
30BaHHEM OTEUYECTBEHHBIX KaTajsoroB u ASTM.

KonmdectBeHHOE conepkaHHe MHHEPAIBHBIX (a3
paccuuTbiBaioch 1o Metoauke PK®A (3kcnpeccHblit
PEHTTEHOBCKMI KOJIMYCCTBEHHBIN (Da30BEIi aHANMM3), OC-
HOBaHHOM Ha WCIIOJNB30BaHUM ypaBHeHHs Ilerepa—
Kanpmana 1 yHU(UIMPOBAHHBIX TEPECUETHBIX KOPYHIO-
BBIX KO3(QUIMEHTOB Oc3 BBEJICHHS BHYTPEHHHX CTaH-
naproB. [Ipemmonaraercs, 9To cymMMa BceX KpHCTaLIAIe-
ckux ¢a3 cocramsier 100 %. Hammume pertrenoamopd-
HOTO BelllecTBa B NpoOax He yuuThiBasiock. CopepxkaHue
amMop(HOTO BeIIeCTBa B JAHHBIX MP00ax BHICOKOE.

[lo naHHBIM peHTTeH-AU(PAKTOMETPUIECKOTO aHa-
nu3a B MEIHBIX MUIAKaX MpeoOIaaroT MHUHEPAJIbl
TPYINIBI THPOKCEHA U OJIMBHHA, a TAK)KE OKCHJIOB JKe-
Je3a u Maraus. B cocraBe mpoOBI QasuIuT cocTaBisieT
18,3-37,6 %, deppocwumut — 7,0-13,7 %, mmuHens —
8,5-11,4 %. Kpome TOTO, BBISBICHBI KaJBIHT, JOJO-
MUT, XJOPHUT, TUONCHI, TpaduT B HE3HAUUTEIHHBIX
KoiuyecTBax. M3 pyAHBIX MHUHEPAJOB YCTaHOBIIEHBI
nuppotuH (2,2-2,7 %), nuput, Cu-uput (5,4-6,3 %),
moymonenut 0,8 %, camopoaHas Menb, kene3o. Mu-
Hepajbl MEIU MPEICTaBIEHbl TaK)Ke KYOaHUTOM, Xallb-
KO3MHOM, KOBEJIJITMHOM, XaJIbKOMUPUTOM H JIp.

O0pazoBanue (HasuTUTOB M JIPYTUX CIIOXKHBIX CHITHKA-
TOB B COCTaBE MEIHBIX LIIAKOB JIPYTHX 3aBOJIOB OTMEUECHBI
MHOTHMH HccliefioBaTensiMi. Ho B 3aBUCHMOCTH OT Tiep-
BOHAYAJIBHOTO COCTaBa TiepepabaThlBAeMBIX Py M YCIO-
BU UX nepepaOOTK1 MUHEPANIbHBIN COCTaB IIIAKOB UMEET
HeKoTopble pasnuuns. Hampumep, B coctaBe nuiakos bai-
XaIlICKOTO MEJIeTUIABIIFHOTO 3aBOJIa BBISBIICH (hasuTiT
Marfe3naIbHBIN: Mgo,geFelv74SiO4Mgo,347Fe1,548Mn0,105SiO4
[25]. ®asmter Memubix muiakos ATMK B mopasisrorem

OOJBLIMHCTBE CIIy4aeB MMEIOT M30BITOYHYIO MPOTHB MO-
JIEKyNBl (pasuiTa KPEeMHEKHCIOTY, YTO BBI3BAHO TOHKUM
MPOPACTaHNEM CKEJICTHBIX KPHCTAIIOB (pasumiTa CTEKIIOM.
[ono6noe sBiierne B.B. JlamuabiM 00BsACHSIETCS TIPUCYT-
CTBUEM CTEKJa BHYTPHU KPHCTAIUIMKOB (hasiiuTa B BHIC
KarieoOpasHbIX MHKPOBKJIFOUCHHH, O00pa3yroNuXcs 3a
CUeT SMYJIbCHOHHOM JIMKBaruu [12].

B cocraBe mutakoB B pe3ynbTare aHAIUTHYECKOU
CKaHHUpPYIOIIEH 3JIeKTpOHHOH Mukpockonuu (COM)
OTIPEICNICHBI CICAYIOINE MUHEPaIbl MEAH: XaIbKOIIH-
pHUT, OOPHUT, XalIbKO3UH, KOBEIUIUH, KyOaHUT, OypHO-
HHUT, CaMOpOAHas MeAb, OyIamKepUT, TETPadAPHT.
Taxoke OTMEUAIOTCS pa3NUYHBIE COCIMHEHHS MEIH CO
CBUHIIOM, cypbMoii. Kpome Toro, Ob110 g0Ka3aHO TpHU-
CYTCTBHUE TaJICHHUTA, CypHKa, chajepuTa, TyIMyHINTA,
MUPUTA, THPPOTHHA, CAMOPOIHOTO JKeie3a U JIp.

PynmHple MUHEpaNTBl yCTAaHOBJIECHBI B BHIIE BKpaILie-
HUH, CIOXKHBIX CPOCTKOB JPYr C JPYTrOM, a TaKkKe C
MarHeTuToM. Yacto HabIromaeTcs pa3BUTHE TaJIICHHUTA
0 KpasM 3EepeH MHHEpaJoB MeAd. Y CTaHOBICHBI
CPOCTKH cdanepuTa € XalbKOIMHPUTOM, OOpHHUTOM,
XalbKO3WHOM. OTMeueHBbl pYyJIHBIE MHHEpAIbl CPeIu
3epeH (asuTa B cTeKII000pa3Hoi Macce (puc. 3).

Jis1 xkemnes3a BBISIBICHBI TPU OCHOBHBIE (ha3bl MUKPO-
30HJIOBBIMH HCCIICIOBAaHMSAMHU: IepBasi (aza mpeacTas-
JICHa KpUCTaJUIAMH MarHeTHTa; BTopas (paza — CTEKIOo-
BUJHOM MacCOM KeIe3UCTO-CUIMKATHOIO COCTaBa; Tpe-
Thsl (paza — KpUCTAJUIAMH JKEJIE3UCTHIX CIAHIEB (pHcC. 4).
Taxke OTMETHM, YTO JKEJEe30 BXOAUT B COCTAB TaKHX
Ccynb(GUIOB, KaK MUPPOTHH, XaIbKOIUPUT, OOPHUT, TH-
PUT ¥ JPYTHX CIOKHBIX MUHEPAIILHBIX CMECEH.

Menp B OCHOBHOM TIPE/ICTaBJICHA XaTbKOIHPUTOM,
pexe OOPHUTOM, XaITBKO3HHOM. XaJIbKO3UH YacTO BCTpe-
YaeTcs B BUJIE HTOJIbYATHIX, YITMHEHHBIX KPUCTAIJIOB Ha
TOBEPXHOCTH OOPHUTA. Y CTAHOBJICHBI TETPASIPUT U MH-
Hepall, B COCTaBe KOTOPOro Me[lb, [IMHK U CBUHEL. BbIsiB-
JieHa TpuUMech 30J10Ta 110 6,11 % B cocTtaBe caMOpOTHOIA
Memu (tabn. 2). Menmp camopojHas pacroyiaraercs B
MUKPOTpEIIIHAX, Ha Kpasx 3epeH OOpHHTA M XaIbKO3H-
Ha. VlHOT1a acconuupyeT ¢ MUHEpanaMy CBHHIIA.

Ta6auya 2. aemeHmHbIU cocmas MUHepano8 Medu U 61a20p00HbIX MemMas/n108 No pe3yabmamam peHmMz2eHoCneKmpaabHo20

J/IOKA/IbHO20 aHA/1U34a Ha Muxpo30H0e

Table 2. Elemental composition of copper minerals and precious metals based on the results of local X-ray spectral analysis
on a microprobe

. JneMeHT, Mac. % /Element, wt % CymMa

Mutepaz/Mineral Cu Fe Au Ag 1§b Cr Ni Sb S Total

89,68 0,77 1,22 0,01* 3,78 - - - 0,09* 95,45

76,14 1,04 5,76 0,06* 13,51 - - - 0,08* 96,45

95,25 2,18 0,14* 0,14* - - - - 0,07* 97,43

91,59 1,64 0.08* 0,10* - - - 3,41 0,10* 96,64

Cu-3 camMopoAiHas MeAib C 30/10TOM 92,01 | 2,09 | 0,20* | 0,08 - - - [ 349 [ 002" | 97,59

Cu-3 native copper with gold 83,16 | 2,84 | 243 | 011* | 829 -~ o4 | - 03 | 97,76

83,32 2,78 6,11 0,14* 2,23 0,32 0,6 - 0,14 95,50

86,03 2,84 5,32 0,08* 1,45 - 0,56 - 0,07* 96,20

92,22 2,81 0,07* - - - 0,71 - 0,05* 95,74

AAg caMOpOAHOe C raJleHiToM 167 | 148 - 7348 | 943 - - - 036 | 10145
Ag native with galena
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Fig. 3. Accumulations of ore minerals. Photo in
backscattered  electrons  under  SEM.
Elemental composition (%) at a point
(spectrum number in the table)

f 100pm !

Ne El\gsas[;l)(é;tr;f\lgﬁi. Munepas/Mineral Fe Cu Al Ti Si | Mg (0] S
1 7867 Bopuut/Bornite 18,13 | 47,5 - - - - - 34,38
2 7868 Bopuut/Bornite 19,31 | 45,23 - - - - - 35,46
3 7869 MarHeTtut/Magnetite 64,77 - 4,66 | 0,99 - - 29,58 -

4 7870 Bopuurt/Bornite 19,55 | 47,12 - - - - - 33,33
5 7871 MarneTtuTt/Magnetite 64,13 - 3,67 | 1,01 - - 31,19 -
6 7873 Peppocunut/Ferrosilite | 48,02 - - - 17 | 2,08 | 32,91 -
7 7874 Bopuut/Bornite 16,88 | 50,1 - - - - - 33,02

Puc. 4. Bxpansenusi MazHemuma, 60pHUMA U Xab-
KO3UHA 8 w./1ake C NpusmMamuyeckumu Kpu-
cmaanamu gasauma. Pomoepagus 8 06-
pPAMHO-OMPAXMCEHHbIX ~ 3/1eKMmpoHax  nod
MUKpo3oHdom. Cu-1 - xaavkosuH; Cu-2 -
6opHum; Cu-3 - camopodHass medv; Pb -
C8UHEeY caMopOoOHblii

Fig. 4. Inclusions of magnetite, bornite and
chalcocite in slag with prismatic fayalite
crystals. Photography in backscattered
electrons under a microprobe. Cu-1 -
chalcosine; Cu-2 - bornite; Cu-3 - native
copper; Pb - native lead

e JnemeHT, Mac. %/Element, wt % D
Fe 0 Si S |Al| K |Ca| Ti | Mn| Cr | Na | Mg | Zn )\ Ba
Fe-1-KpHCT/LIb! MATHETHTA 659]232| 04 - 28] - - 11,24]0,09(005] - [037[093]| - - 94,8
Fe-1 magnetite crystals 66,3] 229 03 - 26| - - 1107/ 00(026] - 1038[085]| - - 94,7
64,5[231]| 04 |0,07[31] - - 1112]0,18|001| - |041[1,08|0,04]| - 93,8
14,8| 42,8 23,410,73(81|3945]033]|0,18] - ]0,55[0,37| 1,3 - - 101,0
Fe-2-xese3ucro-kpemuucroe creksio |13,2]43,3(251[049(7,6| 48 |3,7[0,14|0,14| - 0,68 0,33 1,11 - 0,03 | 100,8
Fe-2-iron-siliceous glass 14,0| 429 23,71 0,58|8,5| 48 |3,9(0,22]|0,14| - 0,741 0,42 | 0,61 - 0,23 | 99,8
219(39,2(201)087(57[39(61[0,13]0,09{002| - ]019]035| - - 98,4
Fe-3-uronbuathie (basnt) 47,6|31,6]14,0/0,01]0,2]{0,01]02] - |051] - - | 172]11.22] - - 97,1
Fe-3-acicular (fayalite) 4731316140 - ]102]|0,04{02] - [049] - - 1196]124| - - 96,9
479(1315|139/004]03/01(03|] - [053] - - 11421089 - - 96,8
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W3 muHepanoB cepebpa yCTaHOBIEHO CaMOPOIHOE
cepebpo pazmepoM BKparuieHuit 1o 1 MkM. Berpewaercs
B CPAaCTaHWU C TAJICHUTOM, CaMOpoIHOH Menbio. Ceped-
PO BXOIIUT B COCTaB caMOpOHOTO cBUHIA 10 16,88 %.
CBuHell Tpe/CTaBlIeH B OCHOBHOM TalleHUTOM, CaMoO-
POIHBIM CBHHIIOM, peke cypukoM. OH 00pasyeT coemu-
HEHHMS C KeNe30M, MeIbto, cypbMoi. LInHK npencraBieH
cdanepuToM U BIOPTUUTOM. Tarke B HE3HAYUTEILHOM
KOJIMYECTBE BXOJUT B COCTAB APYTHX MUHEPAJIOB.

3akiw4yeHue

brin u3ydeHn BemiecTBEHHBIM COCTAaB MEAHBIX IILIa-
KOB KOMIIJIEKCOM aHAIMTUYECKUX METOJ0OB. B MeIHBIX
[IUTAKaX KpPOME OCHOBHOTO KOMIIOHEHTa MEAU MPUCYT-
CTBYIOT TIOBBHIIICHHBIE COJEPIKaHUS 30J10Ta, cepedpa,
nrHKa, kene3a u aAp. CopepxaHue MeId B COCTaBe
Mpo0 MEeAHBIX [UIAKOB BHIIIE, YeM B MEJHBIX pyAax, U
cocrasiger 0,77-0,97 %. Kpome menau B coctaBe Me-
HBIX IIJJAKOB OTMEYAIOTCS TIOBBIIICHHBIE COAEP KaHUS
psana metamios (1/T): Au — 0,17-0,26; Ag — 8,42-10,64;
Zn —4,29-10216; Pb — 2014-3360.

®dopma HAXOXKICHUS [EHHBIX METAJUIOB, TAKUX Kak
’KeJIe30, Meb, CBUHEI U IIUHK, B METHBIX IIJIAKaX CIIOXK-
Has, HO B COCTaBe IIJAKOB MEAEIIaBUJILHOTO 3aBOja
AI'MK oHu npeacTaBieHbl COOCTBCHHBIMU MUHEPaJIaMIL
OcHOBHAsg Macca METHBLIX IIUIAKOB COCTOMT M3 JKEJIC3H-

CITMCOK JIMTEPATYPbI

CTBIX CHJIMKATOB ((hasyuT, (GeppOCHIUTUT) U CTEKIOBUI-
HOI MacCBhI JKeJIe3UCTO-CHIIMKAaTHOTO COCTABA.

Pynubpie mMunepans! cocraBisger 10-15 % u npen-
CTaBJICHEI B OCHOBHOM MAarHETUTOM U CYJIb(QUIaMu
MeJH, JKene3a. MuHepaibl MeIu O4eHb TECHO CpacTa-
IOTCSI, 3aMEIIAloT ApPYr Apyra, a Takke 00pasyioT
CPOCTKHU C JPYTHMH pyIHBIME MUHepaidaMu. Berpeua-
IOTCSI OYCHb TOHKUE BKIIFOUCHHUS PYTHBIX MUHEPAIIOB B
BHJIE B3aUMHBIX MpPOpacTaHWM W B HEPYIHOM Macce.
Takue TeCHbIE CPOCTKH YCIOXHSIOT UX IMpoIecc 000-
ralieHusl.

PeSyJ'ILTaTLI Ppa3IMYHbIX AHAIUTUYCCKUX MCETOI0B
WCCIIEIOBAaHUH TOATBEPKIAIOT MHHEPAIBHYIO (opMy
HAXOX/ICHUS IIEHHBIX KOMIIOHEHTOB. BbICOKHE comep-
JKaHus psAla METAJJIOB U HAJIUMYHUC HUX CO6CTBCHHLIX
MHUHEPAJIOB B COCTaBE MIJAKOB YBEIHUUBAIOT HX IICH-
HOCTh KaK TEXHOTEHHBIH MCTOYHHK MEIH, 30]I0Ta, Ce-
pebpa, MonubneHa, xenes3a, CBUHIA, IMHKA U ap. Mc-
MOJIB30BAaHME PE3yIbTaTOB JAHHOTO MHHEpaJIoTude-
CKOTO HCCIEAOBaHUS MaéT BO3ZMOXHOCTH pa3paboTaTh
TEXHOJOTMYECKUAE CXEMbI OOOTAlCHUS U MAaKCUMaJhb-
HOI'o M3BJICYCHHA ILICHHBIX KOMIIOHCHTOB M3 IIJIAKOB.
[epepaboTka IDTAKOBBIX OTXOJOB PACIIUPSET MUHE-
panbHO-ChIphEBYIO 0a3zy PecmyOmuku Y30ekucral, a
yTuinsanus OTXOJO0B SBJIACTCA aKTyaJ'H:HOﬁ B peuic-
HUH YKOJOTMIECKUX aCTIEKTOB HAKOIUICHHS IITAKOB.

1. Bourgarit D. Mineralogy of slags: a key approach for our understanding of ancient copper smelting processes // EMU Notes in

Mineralogy. — 2009. — Vol. 20. — Ch. 5. — P. 203-231.

2. AckapoBa H.M. Hekotopsle MuHepanornyeckiue CBOWCTBa TepMuuecku obpaboranHoro nuiaka AO «Anmansikckuii TMK» //
Universum: texanueckue Hayku. — 2021. — T. 4 (85). DOI: https://7universum.com/ru/tech/archive/item/11572.

3. Copper slag as a potential source of critical elements — a case study from Tsumeb, Namibia / S. Lohmeier, B.G. Lottermoser,

T. Schirmer, D. Gallhofer // The Journal of the Southern African Institute of Mining and Metallurgy. — 2021. — Vol. 121. —
P. 129-142. DOI: http://dx.doi.org/10.17159/2411- 9717/1383/2021

- 2022. - Vol. 12. - 1153.

4. Sanchez M., Sudbury M. Physicochemical characterization of copper slag and alternatives of friendly environmental
management // Journal of Mining and Metallurgy, Section B: Metallurgy. — 2013. — VVol. 49 (2). — P. 161-168.

5. Enhancing the flotation recovery of copper minerals in smelter slags from Namibia prior to disposal / V. Sibanda, E. Sipunga,
G. Danha, T.A. Mamvura // Heliyon. — 2020. — Vol. 6. — Iss. 1. DOI: https://doi.org/10.1016/j.heliyon.2019.e03135

6. Mineralogical properties of the copper slags from the SarCheshmeh Smelter Plant, Iran, in view of value recovery / M.N. Saeed,
Sh.B. Behnam, Y. Mohamad Reza, M.M. Mohammad, K.Kh. Javad // Minerals.
https://doi.org/10.3390/min12091153

7. Mineralogical characterization of copper slag from Tongling nonferrous metals group China / Ch. Tiejun, N. Chao, L. Hongming,
L. Jiaxin, Y. Jialong // JOM. — 2016. — Vol. 68. — Ne 9. DOI: 10.1007/s11837-015-1752-6

8. N3yueHHe XMMHYECKOTO BEIIECTBEHHOTO COCTaBa IUIAKOB MEJCIUIABHIBHOTO IPOM3BOACTBA, KEKOB, KIMHKEPOB U IPYTUX
0TX0710B Mertamuryprideckux npomssoacTts / KK, Xaxumos, A.C. Xacanos, O.A. Katomos, A.1O. Ilykypos, B.ILI. Coatos //
Universum: TtexHuueckue Hayku. — 2021, — T. 2 (83). URL: https://7universum.com/ru/tech/archive/item/11313 (mata
obpammenus: 10.06.2023).

9. Ackapoa H.M., CamanoB A.Y. B03MOXHOCTH mepepabOTKH ILIJTAKOB MEIHOTO IPOU3BOJCTBA T'HAPOMETAILITYPrHYCCKUM
crioco6om // BectHuk Hayku u obpasoBanus. — 2020. — Ne 10 (88). — Y. 2. — C. 36-39.

10. OnbBITHO-IPOMBIIIIEHHAST YCTAHOBKA JUIs TepepabOTKU NITAKOB MEJHOro mpom3BojacTBa Asnmainsikckoro MK u cBoiictBa
CHHTE3MPOBAHHBIX MOPOIIKOB amop¢Horo kpemuesema / M.ILL. Kypbanos, Y.M. Hypanues, JK.A. Ilamxues, C.A. TynaraHos,
M. Dpanazapos // Uzbek Journal of Physics. —2022. — Ne 1. — C. 67-75. DOI: https//doi.org/10.52304/v24i1.305.

11. CabanoBa M.H. UHTeHCHpUKanus mpomecca GIOTAMd MEIHOTO HIJIaka B YCIOBHUAX BOIOOOOpOTA: AMC. ... KaHIA. TEXH. HAyK. —
M., 2016. - 161 c.

12. Canakynos K.C., Xacanos A.C. ITepepaboTka nuiakoB MeIHOTro npou3BoacTsa. — Tamkent: @an, 2007. — 238 c.

13. Hoit B.J., Koponesa MN.B., MynsaBa ['.C. MuHepanaoro-reOXuMiH4eckiue OCOOCHHOCTH paclpeleNieHHs MEIH W JKele3a B
koHueHTparax u nutakax MII3 AI'MK // Topusiit BectHuk Y36ekucrana. — 2009. — Ne 3. — C. 24-30.

14. AckapoBa H.M., TomxomupoBa P.D. Pesynbrartel uccienoBanuii nepepabOTKM MEOHOTO ILIJIaKa WU KIWHKEpa LHUHKOBOTO

npousBozcTea // Universum: texunueckue Hayku. — 2022, — T. 3 (96). URL: https://7universum.com/ru/tech/archive/item/13310
(mata obpamenus: 10.06.2023).

156


https://7universum.com/ru/tech/archive/item/11572
http://dx.doi.org/10.17159/2411-%209717/1383/2021
https://doi.org/10.1016/j.heliyon.2019.e03135
https://doi.org/10.3390/min12091153
https://7universum.com/ru/tech/archive/item/11313
https://7universum.com/ru/tech/archive/item/13310

H3BecTusi TOMCKOro NOJUTEXHUYECKOTO YHUBepcuTeTa. UHXXMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 148-158
CadiutoB C.C. u p. BeljecTBeHHBIN COCTAB MEAHBIX IIJIAKOB AJIMaJILIKCKOT'0 Me/lelIaBUJIbHOTO 3aBo/ia (Y36eKucTaH)

15. Depletion of slag from Almalyk Copper Plant with aluminum containing waste / Sh.T. Khojiev, A.A. Yusupkhodjaev,
D.Y. Aribjonova, G.B. Beknazarova, D.N. Abdullaev // International Journal of Innovative Technology and Exploring
Engineering (IJITEE). — 2019. — Vol. 9. — Iss. 2. — P. 2831-2837. DOI: 10.35940/ijitee.B7200.129219.

16. Pennit V36exuctana / A.X. TypecebekoB, X.T. Ilapumos, W.B. TypamypatoB, A.I'. Jly3anosckuii, b.b. Bacunesckuii,
P.P. Paxumos // Topubiit BectHuk Y36ekucrana. — 2007. — Ne 4. — C. 14-22.

17. XacanoB A.A. H3ydeHne MuHepansHOro cocrasa nuiakoB MII3 // T'opHblit BectHuk Y36ekucrana. — 2007. — Ne 4. — C. 43-46.

18. Muhlare T.A., Groot D.R. Recovery of copper from reverberatory copper slag and production of a leach residue used as a
portland cement additive // Copper Cobalt Africa, incorporating the 8th Southern African Base Metals Conference. —
Livingstone, Zambia, 2015. — P. 247-255.

19. Utilization of waste copper slag to produce directly reduced iron for weathering resistant steel / X.L. Zhou, D.Q. Zhu, J. Pan,
T.J. Wu // ISIJ International. — 2015. — VVol. 55. — Ne 7. — P. 1347-1352. DOI: http://dx.doi.org/10.2355/isijinternational.55.1347

20. Technology of processing slags of copper production using local secondary technogenic formations / A.A. Yusupkhodjaev,
Sh.T. Khojiev, B.T. Berdiyarov, D.O. Yavkochiva, J.B. Ismailov // International Journal of Innovative Technology and Exploring
Engineering (IJITEE). —2019. — Vol. 9. — Iss. 1. — P. 5461-5472. DOI:10.35940/ijitee.A4851.119119.

21. TlepepaboTka LUIAKOB MEJHOTO MPOU3BOJCTBA C HCIIONb30BAHHMEM  aNllapaToB MICAIBHOTO IepeMelInBaHus /
A.A. IOcynxomxkaes, A.C. Xacanos, C.P. Xynospos, X.P. Banes, C.T. MarkapumoB // 'opusiii BectHux Y30ekncrana. —
2017.— Ne 4. - C. 67-71.

22. DddexTrBHAST TEXHOJNOTHS IepepabOTKH MEIHBIX IUIAKOB CyIb(QUANZUPOBAHHEM €€ OKHCICHHBIX COeIUHeHHi /
A.A. IOcynxomxkaes, A.C. XacanoB, C.P. Xynosipos, X.P. Banes, C.T. Markapumos // T'opHsiit BectHuk VY36exucraHa. —
2018. — Ne 1. - C. 42-47.

23. Khojiev Sh.T. Pyrometallurgical processing of copper slags into the metallurgical ladle // International Journal of Advanced
Research in Science, Engineering and Technology. — 2019. — Vol. 6. — Iss. 2. — P. 8094-8099.

24. Mihailova 1., Mehandjiev D. Characterization of fayalite from copper slags // Journal of the University of Chemical Technology
and Metallurgy. — 2010. — Vol. 45.3. — P. 317-326.

25. KomrutekcHast nepepabotka koHBepTepHbIX mmiakoB / E.A. Cureko, B.M. Cykypos, I'.C. PyzaxynoBa, B.A. Ommup3axos,
A.E. Baiinyucenosa // KoMIuiekcHOE HCHONB30BaHHE MHHEPAIBLHOTO ChIphbs, Kazakcran. — 2018. — Ne 2. — C. 45-56. URL:
https://doi.org/10.31643/2018/6445.6 (nara obpamenus: 10.06.2023).

UHpopmanusa 06 aBTopax

Capaop CaBpuaauHoBud CaiiutoB, PhD, Haya/bHUK OTAe/la MUHEPAJIOTUUECKUX UCCAeN0BaHUM, UHCTUTYT
MUHepaJbHbIX pecypcoB, Y36ekuctaH, 100164, r. TamkeHT, ya. Onumiaap, 64. sardorsayitov@gmail.com;
https://orcid.org/0000-0001-9984-8674

Biaagumup JenbeBuu Lloi, JOKTOp reosioro-MMHepaJord4eckux Hayk, npodeccop, IJIaBHbI Hay4HBIM co-
TpyAHUK, ['ocyapcTBeHHOE yupexaeHue «MHCTUTYT MUHEpaAJbHBIX pecypcoB», Y36ekucraH, 100164, r. Tam-
KeHT, yJa1. OsuMiap, 64. vtsoi@inbox.ru

Illoxpyx My¥icyH yrim Pacy/ioB, Miafmnil HaydyHbIM cCOTPYyAHUK, UHCTUTYT MUHEpaJbHbIX PECYPCOB, Y36eKu-
ctaH, 100164, r. TamkeHT, ya. Onumiaap, 64. shohruhrasulov2019@gmail.com; https://orcid.org/0009-0008-
8066-4304

Pycaan /ImutpueBud Ileuepckuii, Maamnuii HaydYHbIH COTPYAHUK, MHCTUTYT MUHEpPaIbHBIX PECYPCoB, Y36e-
kuctag, 100164, r. TamkeHT, yJ1. Onumiap, 64. russell.4ay@gmail.com

Anuna BiagumupoBHa PacyioBa, Miafmnii HayYHbIHA COTPYAHUK, UHCTUTYT MUHEpaJbHBIX peCcypcoB, Y30e-
kuctaH, 100164, r. TamkeHdT, yia. Onumiaap, 64. alinarasuloval986@gmail.com; https://orcid.org/0009-0004-
9790-8388

AsumxkoH Kyapart yriim AGAYBauTOB, reoJsior, MHCTUTYT MHUHepa/bHBbIX pecypcoB, Y36ekuctaH, 100164,
r. TamkeHT, ys1. Onumiap, 64. azimjon.abduvaitov96@gmail.com; https://orcid.org/0009-0007-5363-8656
Azamart Ackapasu yrjim Acpopos, reosior, UHCTUTYT MUHepaJbHbIX pecypcoB, Y36ekucraH, 100164, r. Tam-
KeHT, yi1. OsiuMiap, 64. asrorovazamat603@gmail.com

[loctynuna B pegaknuio: 15.06.2023
[loctynuia nocse penensuposanus: 04.08.2023
[IpuHsaTa K nyb6ankauuu: 22.03.2024

REFERENCES

1. Bourgarit D. Mineralogy of slags: a key approach for our understanding of ancient copper smelting processes. EMU Notes in
Mineralogy, 2009, vol. 20, Ch. 5, pp. 203-231.

2. Askarova N.M. Some mineralogical properties of thermally treated slag of Almalyk MMC JSC. Universum: technical sciences,
2021, vol. 4 (85). (In Russ.) Available at: https://7universum.com/ru/tech/archive/item/11572.

3. Lohmeier S., Lottermoser B.G., Schirmer T., and Gallhofer D. Copper slag as a potential source of critical elements — a case
study from Tsumeb, Namibia. The Journal of the Southern African Institute of Mining and Metallurgy, 2021, Vol. 121. pp. 129-142.
DOI: http://dx.doi.org/10.17159/2411- 9717/1383/2021.

4. Sanchez M., Sudbury M. Physicochemical characterization of copper slag and alternatives of friendly environmental
management. Journal of Mining and Metallurgy, Section B: Metallurgy, 2013, vol. 49 (2). pp. 161-168.

5. Sibanda V., Sipunga E., Danha G., Mamvura T.A. Enhancing the flotation recovery of copper minerals in smelter slags from
Namibia prior to disposal. Heliyon, 2020, vol. 6, Iss. 1. DOI: https://doi.org/10.1016/j.heliyon.2019.e03135.

157


http://dx.doi.org/10.2355/isijinternational.55.1347
https://doi.org/10.31643/2018/6445.6
mailto:sardorsayitov@gmail.com
https://orcid.org/0000-0001-9984-8674
mailto:vtsoi@inbox.ru
mailto:shohruhrasulov2019@gmail.com
https://orcid.org/0009-0008-8066-4304
https://orcid.org/0009-0008-8066-4304
mailto:russell.4ay@gmail.com
mailto:alinarasulova1986@gmail.com
https://orcid.org/0009-0004-9790-8388
https://orcid.org/0009-0004-9790-8388
mailto:azimjon.abduvaitov96@gmail.com
https://orcid.org/0009-0007-5363-8656
mailto:asrorovazamat603@gmail.com
https://7universum.com/ru/tech/archive/item/11572
http://dx.doi.org/10.17159/2411-%209717/1383/2021
https://doi.org/10.1016/j.heliyon.2019.e03135

Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 148-158
Sayitov S.S. et al. Material composition of copper slag of the Almalyk copper-smelting plant (Uzbekistan)

6. Saeed M.N., Behnam Sh.B., Mohamad Reza Y., Mohammad M.M., Javad K.Kh. Mineralogical Properties of the Copper Slags
from the SarCheshmeh Smelter Plant, Iran, in View of Value Recovery. Minerals, 2022, vol. 12, 1153. DOI:
https://doi.org/10.3390/min12091153.

7. Tiejun Ch., Chao N., Hongming L., Jiaxin L., Jialong Y. Mineralogical characterization of copper slag from tongling nonferrous
metals group China. JOM, 2016, vol. 68, no. 9. DOI: 10.1007/s11837-015-1752-6.

8. Khakimov K.zZh., Khasanov A.S., Kayumov O.A., Shukurov A.Yu., Soatov B.Sh. Study of the chemical composition of slags
from copper smelting, cakes, clinkers and other wastes from metallurgical industries. Universum: technical sciences, 2021,
vol. 2 (83). (In Russ.) Available at: https://7universum.com/ru/tech/archive/item/11313 (accessed 10 June 2023).

9. Askarova N.M., Samadov A.U. Possibilities of processing copper production slag by hydrometallurgical method. Vestnik of
science and education, 2020, no. 10 (88), P. 2, pp. 36-39. (In Russ.)

10. Kurbanov M.Sh., Nuraliev U.M., Panzhiev Zh.A., Tulaganov S.A., Eranazarov M. Pilot plant for processing copper production
slags of Almalyk MMC and properties of synthesized amorphous silica powders. Uzbek Journal of Physics, 2022, no. 1, pp. 67-75.
(In Russ.) DOI: https//doi.org/10.52304/v24i1.305.

11. Sabanova M.N. Intensification of copper slag flotation under water circulation conditions. Cand. Diss. Moscow, 2016. 161 p. (In Russ.)

12. Sanakulov K.S., Khasanov A.S. Slag processing from copper production. Tashkent, Fan Publ., 2007. 238 p. (In Russ.)

13. Tsoi V.D., Koroleva I.V., Mulyava G.S. Mineralogical and geochemical features of the distribution of copper and iron in
concentrates and slags of the AGMK MPZ. Gorniy Vestnik Uzbekistana, 2009, no. 3, pp. 24-30. (In Russ.)

14. Askarova N.M., Toshkodirova R.E. Research results of copper slag processing and zinc production clinker. Universum: technical
sciences, 2022, vol. 3 (96). (In Russ.) Available at: https://7universum.com/ru/tech/archive/item/13310 (accessed 10 June 2023).

15. Khojiev Sh.T., Yusupkhodjaev A.A., Aribjonova D.Y., Beknazarova G.B., Abdullaev D.N. Depletion of slag from Almalyk
Copper Plant with aluminum containing waste. International Journal of Innovative Technology and Exploring Engineering
(JITEE), 2019, vol. 9, Iss. 2, pp. 2831-2837. DOI: 10.35940/ijitee.B7200.129219.

16. Turesebekov A.Kh. Sharipov Kh.T., Turamuratov I.B., Luzanovsky A.G., Vasilevsky B.B., Rakhimov R.R. Rhenium of
Uzbekistan. Gorniy Vestnik Uzbekistana, 2007, no. 4, pp. 14-22. (In Russ.)

17. Khasanov A.A. The study of the mineral composition of slags of the MPZ. Gorniy Vestnik Uzbekistana, 2007, no. 4, pp. 43-46. (In Russ.)

18. Muhlare T.A., Groot D.R. Recovery of copper from reverberatory copper slag and production of a leach residue used as a
portland cement additive. Copper Cobalt Africa, incorporating the 8th Southern African Base Metals Conference. Livingstone,
Zambia, 2015. pp. 247-255.

19. Zhou X.L., Zhu D.Q., Pan J., Wu T.J. Utilization of waste copper slag to produce directly reduced iron for weathering resistant
steel. IS1J International, 2015, vol. 55, no. 7, pp. 1347-1352. DOI: http://dx.doi.org/10.2355/isijinternational.55.1347.

20. Yusupkhodjaev A.A., Khojiev Sh.T., Berdiyarov B.T., Yavkochiva D.O., Ismailov J.B. Technology of processing slags of copper
production using local secondary technogenic formations. International Journal of Innovative Technology and Exploring
Engineering (1JITEE), 2019, vol. 9, Iss. 1, pp. 5461-5472. DOI: 10.35940/ijitee.A4851.119119.

21. Yusupkhodzhaev A.A., Khasanov A.S., Khudoyarov S.R., Valev Kh.R., Matkarimov S.T. Processing of copper production slags
using perfect mixing devices. Gorniy Vestnik Uzbekistana, 2017, no. 4, pp. 67-71. (In Russ.)

22. Yusupkhodzhaev A.A., Khasanov A.S., Khudoyarov S.R., Valev Kh.R., Matkarimov S.T. Efficient technology of copper slag
processing by sulfidization of its oxidized compounds. Gorniy Vestnik Uzbekistana, 2018, no. 1, pp. 42-47. (In Russ.)

23. Khojiev Sh.T. Pyrometallurgical processing of copper slags into the metallurgical ladle. International Journal of Advanced
Research in Science, Engineering and Technology, 2019, vol. 6, Iss. 2, pp. 8094-8099.

24. Mihailova ., Mehandjiev D. Characterization of fayalite from copper slags. Journal of the University of Chemical Technology
and Metallurgy, 2010, vol. 45.3, pp. 317-326.

25. Sitko E.A., Sukurov B.M., Ruzakhunova G.S., Omirzakov B.A., Baiduisenova A.E. Complex processing of converter slags.
Integrated use of mineral raw materials, Kazakhstan, 2018, no. 2, pp. 4556. (In Russ.) Available at:
https://doi.org/10.31643/2018/6445.6 (accessed 10 June 2023).

Information about the authors

Sardor S. Sayitov, PhD, Head of the Mineralogical Research Department, Institute of Mineral Resources, 64, Olimlar
street, Tashkent, 100164, Uzbekistan. sardorsayitov@gmail.com; https://orcid.org/0000-0001-9984-8674
Vladimir D. Tsoi, Dr. Sc., Professor, Chief Researcher, Institute of Mineral Resources, 64, Olimlar street,
Tashkent, 100164, Uzbekistan. vtsoi@inbox.ru

Shohruh M. ugli Rasulov, Junior Researcher, Institute of Mineral Resources, 64, Olimlar street, Tashkent,
100164, Uzbekistan. shohruhrasulov2019@gmail.com; https://orcid.org/0009-0008-8066-4304

Ruslan D. Pechersky, Junior Researcher, Institute of Mineral Resources, 64, Olimlar street, Tashkent, 100164,
Uzbekistan. russell.4ay@gmail.com

Alina V. Rasulova, Junior Researcher, Institute of Mineral Resources, 64, Olimlar street, Tashkent, 100164,
Uzbekistan. alinarasuloval986 @gmail.com; https://orcid.org/0009-0004-9790-8388

Azimjon K. ugli Abduvaitov, Geologist, Institute of Mineral Resources, 64, Olimlar street, Tashkent, 100164,
Uzbekistan. azimjon.abduvaitov96@gmail.com; https://orcid.org/0009-0007-5363-8656

Azamat A. ugli Asrorov, Geologist, Institute of Mineral Resources, 64, Olimlar street, Tashkent, 100164, Uzbeki-
stan. asrorovazamat603@gmail.com

Received: 15.06.2023

Revised: 04.08.2023
Accepted: 22.03.2024

158


https://doi.org/10.3390/min12091153
http://dx.doi.org/10.2355/isijinternational.55.1347
https://doi.org/10.31643/2018/6445.6
mailto:sardorsayitov@gmail.com
https://orcid.org/0000-0001-9984-8674
mailto:vtsoi@inbox.ru
mailto:shohruhrasulov2019@gmail.com
https://orcid.org/0009-0008-8066-4304
mailto:russell.4ay@gmail.com
mailto:alinarasulova1986@gmail.com
https://orcid.org/0009-0004-9790-8388
mailto:azimjon.abduvaitov96@gmail.com
https://orcid.org/0009-0007-5363-8656
mailto:asrorovazamat603@gmail.com

H3BecTuss TOMCKOro NOJUTEXHUYECKOT0 YHUBepcuTeTa. UHXXHHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 159-171
[onoBa M.C. F'uaporHaMUYecKre IPOLeCcChl TPH pa3paboTKe KOHCTPYKILUHU aiMa3HOTO GYPOBOTO HHCTPyMEHTA

YJIK 622.24.051
DOI: 10.18799/24131830/2024/4/4320
llIudp cnenuansHocTH BAK: 2.8.1

T'mapoariHaMu4YecKHe NPoLecchl IPU pa3paboTKe KOHCTPYKIUM
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AHHOTanusa. AkKmya/ibHocmb, PanvoHanbHbIA BEIOOP GYpPOBOTO MHCTPYMEHTA ABJISAETCA OJHHUM M3 COCTABJAIIUX M0JI0-
KUTEJbHOI'0 pe3yJbTaTa re0JI0ropa3BeJOYHbIX, FOPHBIX, 6YpPOBbIX paboT. Ha coBpeMeHHbINH 6YpOBOHM HHCTPYMEHT BO3J1ara-
eTcsd QyHKLMA KOMIIJIEKCHOTO pelleHHus npo6sieM, BOSHUKAOLMX B Npolecce 6ypeHus: cKkBaXUH. Cero/jHA UMeeTcs JOCTa-
TOYHO 60JIbIIOe Pa3HOOOpa3ve KOHCTPYKIMHI Nopojopa3pyLianiiero 6ypoBoro HHCTpyMeHTa. OJJHaKo Hay4yHble JOCTHXKe-
HUSA B YyCOBEPIIEHCTBOBAHUM MaTePHAIbHON M TEXHHYECKOM MPOU3BOJCTBEHHOM 6a3bl COCOGCTBYIOT PAa3BUTHIO OypOBOH
TEXHHUKHU U CO3J,aHUI0 HOBBIX, 6oJsiee 3¢ eKTUBHBIX KOHCTPYKLUHM HHCTpyMeHTa. Hanbosiee nepcreKTUBHBIM U 3 dEKTUB-
HBIM IIPY paboTe B pa3JIMYHbIX TOPHBIX YCJIOBUSX SABJSETCS aJIMa3HbId 6YypPOBOH MHCTPYMEHT. B Xo/je sKcmyaTanuu Takoro
MHCTPYMEHTA HEMAJIOBAXXHBIM SIBJISIETCS MPOLECC MUPKYJIALUN MPOMBIBOYHOHN KHUJKOCTH, 0COOEHHO B IPU3a60HHOM 30He
COOpYyKaeMO¥ CKBa)XMHBL. [103TOMy NpU NMPOEKTHPOBAHMHM HOBBIX KOHCTPYKLIMH aJMa3HOr0 MOPOJOpa3pyLIAoIero WH-
CTPyMeHTa HeoOXO0JMMO YYHUTBIBAaTh HE TOJBKO [IPOYHOCTHBIE, peXyIire, CTa6UIN3UPYIOLIe ero CBOMCTBA, HO U BO3MOX-
HOCTb 3¢ PEeKTUBHOIO TeUEHHU KUJAKOCTH B IUPKYIALUOHHOHN CUCTeMe, T. e. 6e3 3aTpaT 3Hepryuy OTOKA Ha MpeoJjoeHue
CONPOTHBJIEHUH, C JOCTATOYHOM NPOU3BOAUTENBHOCTBIO 10 BBIHOCY 1lIJIJaMa U HEOGX0IUMBIM YPOBHEM OXJIAXK/EHUS, CMa3KU
U peasM3aluu Apyrux QYHKIMHA OYMCTHOrO areHTa, COCOOCTBYIOIMX MOBBIIMIEHHUI0 pe3ybTaToB 6ypeHus. [Ipu aTom co-
BpeMeHHbIe METO/bl IPOEKTUPOBAHHUS 6YPOBOr0 HHCTPYMEHTA JOJ/DKHBI YUUTHIBATh BJIUSHUE NPOMBIBOYHOM XKUJKOCTH, ee
CBOWCTB, XapaKTepa TeYyeHUs] Ha MeXaHU3M pa3pylleHUsl FOPHbIX NopoA. TakuM 06pa3oM, BO3HUKAET HEOOXOAMMOCTb TILa-
TeJIbHOTO MCCJIe[JOBaHUs XapaKTepa NpoTeKaH!s THPOAMHAMUYeCKUX IPOLeCCOB B 30He KOHTAaKTa pe3L0B HUHCTPYMEHTa C
ropHoit mopogoil. KoHCTpyKIHsa pexyllel MOBepXHOCTH 6YpOBOro aJMasHOr0 MHCTPYMEHTa paccMaTpHUBaeTCsi KaK 30HA
BJIMSIHUA THJPOJAMHAMHYECKUX NPOIECCOB Ha XapaKTep B3aMMOJENCTBUSA pe3l0B C FTOPHON NOpPO/AOH, B KayecTBe JJ0BO/IOB
NPUBOJUTCS aHAJIU3 Pe3y/IbTaTOB UCC/Ie0BAaHUN KaK CaMOT0 aBTOPA, TAK U U3BECTHBIX MUPOBBIX IPOM3BOJUTE/IEN a/Mas-
HOro 6ypoBOro MHCTpyMeHTa. L]e/1blo paGoThl SIBJASIETCS HCCIe0BaHUE BJIUSHUS KOHCTPYKTHBHBIX OCOGEHHOCTEH Cylie-
CTBYIOLIEr0 a/IMa3HOro GypOBOro HHCTPYMEHTA Ha XapaKTep TeYeHHUs XKUJKOCTH B NPU3a00HHOM 30HE CKBaXKHUHBI B NIPOLiEC-
ce 6ypeHus. 066eKmbl: KOHCTPYKLUH aJIMa3HOTO 6YpOBOro MHCTPYMEHTA, FHAPOAMHAMHUYECKUE IPOLECCh], COMYTCTBYO-
mue 6ypeHuto. Memodsl: aHaIUTUYECKUH METOJ, MEeTO/J, KOMIbIOTEPHOTO MOJieJIMpOBaHus. Pe3ybmamul. OnpeseseHbl
pasyIM4us UUPKYJIALUU )KUJKOCTH B OTZJE/bHBIX BU/IaX aJIMa3HOro GYpOBOr'0 MHCTPYMEHTA. BbljiesleHbl 30HBI aJIMa3HOrO
N0pO/I0pa3pyIIAIEr0 HHCTPYMEHTA, OTJINYAOLINECS XapaKTePOM Te4YeHUs MUAKOCTH. YCTaHOBJIEHbl HAalPaBJIeHUs] CHHU-
YKEeHUs THJPABJIMYECKUX CONPOTHUBJIEHUH B NPU3a60HHOM 30He CKBaXKUHBI U YJIYYLIEHUS LUPKYJALUHN KUJKOCTH B PEXY-
el YaCTH UHCTPYMEHTa CEKTOPHOTO THIA 3a CYeT U3MEHEHHs ero KOHCTPYKTUBHBIX 0COOEHHOCTEH.

KirouyeBble cjI0Ba: aJIMasHbIi HHCTPYMEHT, MAPOJMHAMUYECKHE NPOLecChl, 6YpeHre, THAPaBINYeCKOe CONPOTHBIIEHME,
pa3paboTka 6ypoBOTO UHCTPYMEHTA, NOBBIIeHNE 3G EKTUBHOCTH OypeHHUs

Jna putupoBaHus: Ilonosa M.C. TmapoauHaMuyecKue NpoLecchl MPU pa3paboTKe KOHCTPYKLIMM ajJMa3HOro 6ypoBoro
HHCTpyMeHTa // VI3BeCcTHs TOMCKOTO MOJIUTEXHUYECKOTO YHUBepcuTeTa. WHXUHUPUHT reopecypcoB. — 2024. - T. 335. -
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Abstract. Relevance. The rational choice of drilling tools is one of the components of a positive result of exploration, mining,
drilling operations. The function of a complex solution of problems arising when drilling wells is assigned to a modern
drilling tool. Today there is a great variety of designs of rock cutting drilling tools. However, scientific achievements in
improving the material and technical production base contribute to the development of drilling technology and creation of
new, more efficient tool designs. The most promising and effective in various mining conditions is a diamond drilling tool.
During the operation of such a tool, flushing fluid circulation is of great importance, especially in the bottomhole zone of the
well being constructed. When designing the structures of a diamond rock cutting tool, it is necessary to take into account not
only the strength, cutting, and stabilizing properties, but also the possibility of an effective fluid flow in its circulation system,
i.e. without flow energy consumption to overcome resistance, with sufficient capacity for cuttings removal and the necessary
level of cooling, lubrication and implementation of other functions of the flushing fluid, which contribute to improving drilling
results. At the same time, modern methods of designing a drilling tool should take into account the influence of the drilling
fluid, its properties, and the nature of the flow on the rock destruction mechanism, i. e. require a thorough study of the nature
of the fluid flow in the contact zone of the tool cutters with the rock. The article proposes the position of considering the
design of a diamond drilling tool cutting surface from the point of view of the influence of hydrodynamic processes on the
nature of cutters rock interaction. The results of the study of both the author herself and well-known world manufacturers of
diamond drilling tools are given as arguments. Aim. To study the influence of the design features of the existing diamond
drilling tool on the nature of the fluid flow in the bottomhole zone of the well during drilling. Objects. Designs of diamond
drilling tools, hydrodynamic processes associated with drilling. Methods. Analytical method, computer simulation method.
Results. Differences in fluid circulation in certain types of diamond drilling tools are determined. The zones of the diamond
rock-cutting tool are distinguished. They differ in the nature of the fluid flow. Directions for reducing hydraulic resistance in
the bottomhole zone of the well due to changes in the design features of the drilling tool were established.

Keywords: diamond tool, hydrodynamic processes, drilling, hydraulic resistance, drilling tool development, improving
drilling efficiency

For citation: Popova M.S. Hydrodynamic processes in designing diamond drilling tools. Bulletin of the Tomsk Polytechnic
University. Geo Assets Engineering, 2024, vol. 335, no. 4, pp. 159-171. DOI: 10.18799/24131830/2024/4/4320

BBeaenue

BoctpeboBanHOCTh OypOBBIX PabOT B Pa3IMIHBIX
OTpacisiX TOPHOHW MPOMBIIUIEHHOCTH CHOCOOCTBYET
Pa3BUTHIO OYPOBBIX TEXHOJOTHH U B TO K€ BpeMs MPH-
BOJIMT K BBIJBIDKEHUIO )KECTKUX TPeOOBaHHN K pe3yIib-
TataM | mpoueccy Oypenus. He3aBucumo ot Ha3Hade-
HUS, CKBKMHA JIOJDKHA COOpYXaTbes ObICTpo, 6e3 oT-
KJIIOHEHUH OT IPOEKTHOH TPaeKTOpUM, C KayeCTBEH-
HbIM OTOOPOM KEpHA WIJIM MUIAMOBBIX MPOO, TOYHBIM
BCKPBITUEM NPOAYKTUBHOI'O IUIaCTa U ¢ MUHUMAJIbHbI-
MU 3aTpaTaMHu (SHGPFeTI/IquKI/IMI/I, MaT€puajJIbHBIMH
u 1. a.). [Ipu 3TOM pacrer riryOMHA U CIOKHOCTB T'€0-
JIOTHYECKHUX YCIOBUI MPOBEACHUS CKBAXKUH, 4YTO B CO-
BOKYITHOCTH CO3[AacT PSAJ NPEISATCTBUH JUIA peann3a-
[IUH TTOCTABJICHHBIX LEINEH.

OpnHuM U3 Hauboliee PaIMOHAIBHBIX M HAJEKHBIX
CIOCOOOB yCTPAaHECHUSI TUIIOBBIX MPOOJIEM, BO3ZHUKAIO-
IIMX B IIporiecce OYpEeHUs] CKBaXKHH, SIBIISICTCS TPUME-

HEHHE OypOBOTO MHCTPYMEHTa, KOHCTPYKIHUS KOTOPO-
T'0 TIO3BOJISIET OTHOBPEMEHHO pelIaTh P TAKUX 3a7ad,
Kak, HampuMmep, 3(QQEKTHBHOE pa3pyLIeHHE TOPHBIX
MOpoJI, CTa0MIN3aIus paboThl OYpPOBOTO CHapsina, 1o-
BBIILIEHUE pecypca HHCTPYMEHTa, CHIDKEHHE 3aTpaT
MortHocTH [1-31]. JIns pa3paboTKu TeOMETpHH TaKoTO
OypoBOro WHCTPYMEHTa HEOOXOJMM KOMIUICKCHBIH
MOJXOJ, KOTOPBI OCHOBBIBAETCS Ha OIpeleTIeHUN
B3aUMHOTO BIUSHUS (DU3UKO-MEXaHUIECKUX, IMHAMHU-
YEeCKHX, THPABINYECKUX, TEMIIEPATYPHBIX MPOIIECCOB,
conmyTcTByIOmMX OypeHuto. I[Ipu 3TOM BakHOW 30HOU
WCCIIeZIOBaHUS ABISETCS TUIOCKOCTh KOHTaKTa paboueit
TMOBEPXHOCTH MHCTPYMEHTA ¢ TOpHOU mopomoi. Ciox-
HOCTh HM3Y4YCHHUS NpU3a00MHON 30HBI CKBAKUHBI 3a-
KJIFoUaeTcsl B ee rabapurax. 3a4acTylo pa3Mephl 3a30-
poB, 00pa3oBaBIINXCS B 00J1aCTH 320051, HE TO3BOJISIOT
pasMeniate MpUOOPH M ITATYUKH, MPEAOCTABIIAIONIHE
BO3MOKHOCTh MCCJIEIOBAHUS SIBIICHUH, BO3HUKAIOIIUX
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B Ipolecce OypeHus, YTO Tak HEOOXOAUMO AJIS MONY-
YCHUS NPEJCTABICHUS O COCTOSHHUM 320051 B pa3ind-
HBIIA Tiepuoa Oypenusa. K mpumepy, Kak MOKa3bIBAIOT
paHee MpoOBeICHHEIC HccienoBanus [1], ocobeHHOCTH
MPOTEKAHUS TUAPABINUECKUX MPOLIECCOB B 30HE KOH-
TaKTa PEXyIIe NOBEPXHOCTH MHCTPYMEHTA C TOPHOU
MOPOZOH B HEKOTOPOH CTENEHH OmpeneisiioT 3ddek-
TUBHOCTb Pa3pylLIeHUs 32005 U ycIOBUS pabOThI Oypo-
Boro cHapsiaa. K Tomy e HMEHHO Ha 3a00€ CKBaYKUHBI
peanu3yloTCsl OCHOBHBIE (PYHKIMHM POMBIBOYHON
XKHUJIKOCTH — OYHMCTKA U OXJAXAEHHE, KOHTPOJIb KOTO-
pBIX 0c000 akTyalleH Ipu ajiMa3zHoM OypeHun [1-22].
B T0 xe Bpems mnpu3aboOiHBIC THIPOIAWHAMHYECKHE
IIPOLIECCH OCTOSHHO M3MEHSIIOTCA [0 Mepe yriyOie-
HUS CKBOXUHBI, IOATOMY HCCJIEIOBAaHHE M JIEMOHCTPa-
OUI0 TEYCHUS >KUAKOCTH MENECOO0pa3HO IMPOBOIMTH
MyTeM NPUMEHEHUS METOJOB KOMIIBIOTEPHOIO MOje-
JIMPOBAHUsI, OCHOBHBIE MHCTPYMEHTBI KOTOPOro Oas3u-
pYIOTCA Ha 3aKOHAaX MEXaHWKH U THIPaBIMUYECKOH IU-
HaMUKU.

BosneiictBue Ha THAPOIWHAMHKY Ipoliecca Oype-
HHUS BO3MOXXHO IIyTEM PETYJIHPOBAHUSA HaNpaBICHHSA
TEUYEeHUS JKUAKOCTH B NpU3a0OWHONW 30HE, YTO, Kak
MIPaBUIIO, peaTu3yeTcs IMOCPEACTBOM U3MCHEHUS KOH-
CTPYKIMY HUPKYJSIIMOHHON CUCTEMBI MHCTPYMEHTA.

Kak m3BecTHO, Bce pe3nbl OypoBOTO MHCTPYMEHTA
pabotaroT HeoguHaKoBO [1—8], 4TO cBA3aHO ¢ pa3nIny-
HBIMU YCJIOBUSAMH HCIIOJIB30BAHUSA HX pexcymei/i I10-
BEPXHOCTH. XapakTep pabOTHl ONHOTHITHBIX PE3IOB
ornpenessieT UX MECTOINOJIOKEHHE, OPUSHTALUS U OpY-
rue ¢axTopsl [1-9], mpu 3TOM BaKHYIO (YHKIHIO BBI-
MOJIHAET MPOMBIBOYHAS KHUJKOCTb, & TOUHEE CTEIEHb
ee KOHTaKTa ¢ pe3uoM. Iloatomy mis paspabotku Oy-
POBOr0 MHCTPYMEHTa KOMIUICKCHOTO JEHCTBHS HEO0O-
XO0AUMO BBIACJICHUE OCHOBHBIX IapaMETPOB €TI0 KOH-
CTPYKLIUH, HU3MEHEHUE TC€OMETPUU KOTOPBIX CIOCO0-
CTBYCT OPUCHTHUPOBAHUIO ITOTOKA HpOMbIBO‘lHOﬁ XKHUI-
KOCTH C IEINBI0 YITyUIIeHHUs PE3yIbTaToOB OypeHus..

OCHOBHbIe HaNpaBJIeHUA HCCIeJOBaHUS
TrUAPOAMHAMHUYECKUX NPOLEeCCOB

[Mupkymsiuys TpOMBIBOUYHOM KUJKOCTH B IpoOLiEcce
OypeHus WrpaeT OJHY M3 BaXKHBIX POJICH B COOpYXKe-
HUM CKBa)XUHBI. [IpOMBIBOYHAS >KUAKOCTb OYMIIAET
32000 OT mIIaMa, OXJaxJaaeT pabouyi0 MOBEPXHOCTb,
MPEIOTBPAIACT OCHITAaHNE CTEHOK CKBa)KUHBI, OKa3bI-
BaeT CMa3blBAIOILEE BIUSHUE HA MHCTPYMEHT U T. .
IIpuMeHeHue TUAPOAMHAMMYECKOM 3HEPruu B Kaue-
CTBE pa3pylIaomied CHIIBI WM TPHBOJAA 3a00HHOTrO
CHapsia SBIAETCS SKOHOMHBIM, 3()(EKTUBHBIM U KO-
JIOTUYECKU YHCThIM crocoboMm. Takum obpazom, pas-
pabaTeiBacMasi KOHCTPYKIIMS OYpOBOTO MHCTPYMEHTA,
MOMHMO pa3pyIIaloIel, CTaOMIN3UpyIomeil crnocoo-
HOCTH, JOJDKHa OJaronpUsiTCTBOBATh YIy4YIICHUIO
YCIIOBU peann3anni QyHKIUH TPOMBIBOYHON JKUIKO-
CcTH.

B cootBerctBum c Teopueit I1.A. Pebunnepa, ak-
TUBHOC TPOHUKHOBEHME XUIKOCTH B 00JAaCTh TpELIH-
HOOOpa30BaHMS TOPHOW MOPOJIBI CIIOCOOCTBYET IMOBBI-
meHuio 3Q(HEKTHBHOCTH €€ pa3pyLICHHUS 3a CUET IHC-
MIEPTUPOBAHMS WM OCIIA0JIeHHs! CBSA3EH TOPHBIX TOPOJ
O] BIUSTHHEM aJCOPOIMH MPOMBIBOYHON >KHAKOCTH.
B TO X BpeMsi, COTJIACHO Pe3yNbTaTaM HCCICIOBaHUS
yuensix BHUUBT nopn pykoBoacrsom b.B. baiiatoxka,
Ipyu HEAOCTATOYHOM MPOHUKHOBCHHUHU KXKUIAKOCTHU B 30-
Hy KOHTaKTa pe3lla C TOPHOH MOpPOJOH, a MMCHHO B
TPELIMHY ee CKOJa, BO3HUKACT TaK Ha3bIBAEMOE yTHE-
Tarollee TUApPABINUYECcKoe NaBieHue [22, 23], nefictue
KOTOPOTO TPHBOAWT K CHW)KCHUIO 3(PPEKTUBHOCTH
Oypenus. IIpu 3ToM, cormacHo paHee MpPOBEICHHBIM
uccuenoBanmsiM [1, 16], B moObIX yciaoBusIX OypeHus,
VYUTBIBas, YTO TIPH COOPY)KCHHH CKBa)KMHA BCETIa
3aI0JTHEHA JKUIKOCTBIO, B 30HE KOHTAKTa TIOBEPXHOCTH
pesla U paspyLIaeMoro MacCuBa TOPHON IOPOJBI BO3-
HHUKaeT HeKas JKUIKas Cpefia, OTIMYAIOMAsCS OT IPo-
MBIBOYHOHN JKHIKOCTH M COCTOSIIAsl U3 CMECH OYHUCT-
HOTO areHTa M TOpPHOH MOpPOJBI Pa3IUM4HOTO COCTOS-
Huda. CocTaB M Kak CIIEJCTBUE CBOMCTBA JaHHOW Cpeabl
3aBUCAT OT MHOXecTBa (DaKTOPOB, B TOM YHCIIE U OT
XapakTepa THIpOANHAMUYECKUX TNPOIIECCOB, MPOTEKaA-
IOMMX B Tpu3a0oiHON 30He. CKOIUIEHHE OMUCAHHOM
cpembl MOXET CO3[IaBaTh CONPOTHBIICHHE HepeMele-
HHUIO pe3lla U TakUM 00pa3oM OKa3bIBaTh BIUSHUE Ha
pe3ynbTathl Oypenus. K ToMy ke UMEHHO IUIOCKOCTh
KOHTaKTa pe3LO0B ¢ TOPHOW MOPOAON SBIAETCS UCTOY-
HUKOM TeIUIa, BOSHUKAIOLIETO B pe3yJbTaTe TPEHUs, U
TpeOyeT TIIATEIBHOrO OXJIAXKJECHUS. TakuM o0pa3zoM,
MIPY IPOEKTUPOBAHUK OypPOBOTO MHCTPYMEHTa HOBOTO
MOKOJIEHHUS LIEIEeCO00pa3HO YUMTHIBATh CUCTEMY JdaH-
HBIX (PakTOB M pa3palaThBaTh TaKHe KOHCTPYKIIMH,
TeOMETpHUsl KOTOPBIX CIIOcOOCTBOBasia ObI HaIpaBie-
HUIO TeUeHUs KUAKOCTH B IJIOCKOCTh KOHTAaKTa pe3ua
C TOPHOHM MOPOJON, HE3ABUCUMO OT MECTOIOIOKEHUS
pexymiero snemeHTa. OTCIOma aKTyaJbHBIM SIBIISICTCS
HCCIIEIOBaHUE THIPOANHAMUYECKUX IPOIECCOB, IPO-
TEKaIOIUX HEMOCPEACTBEHHO B 30HE KOHTAKTa pe3lia ¢
TOPHOW TOPOAOH, C IENbIO BRISIBICHUS WX BIUSHUS Ha
MEXaHU3M pa3pylIeHUs TOPHOH MOPOIBI W Ompenaee-
HUSI KOHCTPYKTHBHBIX JJIEMCHTOB OYpOBOTO HMHCTPY-
MEHTa, U3BMCHCHUE I'COMCTPHUU KOTOPBIX IMTO3BOJIUIIO OBl
PETyIHpOBaTh CTETICHb MPOHUKHOBEHUS IPOMBIBOYHON
JKHJIKOCTH B OOJIACTH B3aMMOJICHCTBUS PEKYIINX dIIe-
MEHTOB U 320051 CKBRXHHBI.

Kak wm3BecTHO, IUPKYJSAIUS KUAKOCTH OCYIIECTB-
JIeTCsl cnenyonmM obpa3oMm. BypoBoii pactBop, 00-
JAAIOIIUI ONpEeICHHBIMU CBOWCTBAMHU, MOCTYHAET
Ha 3a00i. B mpu3aboiiHol 30HE HPOMBIBOYHAS KU-
KOCTh HACHINIAeTCs IIIAMOM M 3aTeM BBIXOIHT Ha IO-
BCPXHOCTb. Ha Bcem IMyTH CBOCTO MNEPEMECIICHUA
OYNCTHOH areHT HETPEepBIBHO KOHTAKTHUPYeT ¢ Oypo-
BBIM HHCTPYMCHTOM WM CTCHKaMH CKBA)KHHBI, TEOJOTHS
KOTOPBIX HeoAHOpoAHA. [Ipu 3TOM BHEIIHHE YCIIOBHS
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TEYEHHUS KHUJKOCTH, TaKHe KaK TeMIlepaTypa W JiaBiie-
HHE, HETIPEPhIBHO M3MEHsAI0TCA. Eciau mpu nepemerte-
HUU B OypWIBHBIX TpyOax W B 3aTpyOHOM MPOCTpaH-
CTBE JBIDKCHHE XHAKOCTH MOXHO OXapaKTepH30BaTh
KaK TIpeJCKa3yeMoe, YCTaHOBMBIIEECS,, MOCTOSIHHOE,
MMeIoIlee MaTeMaTHIecKoe OIMCcaHue, TO Ha 3aboe, B
CHIIy TEOMETPHYECKHX OCOOCHHOCTEH IMPKYISINOH-
HOU CHUCTEMBI NOPOJOPA3PYIIAIOIIET0 HHCTPYMEHTA U
XapakTepa €ro B3auMOJEMCTBUSA C TOpHOW IOPOJIOH,
JIBHKEHHE UMEET CIIOKHBIN, HETIOCTOSHHBIN XapaKTep.
VYUuTeIBasi yCTPOHCTBO CHCTEMBI B3aUMOJCHCTBHSA
OypOBOrO MHCTPYMEHTa M CKBaKHHBI, a TaKkXke oOpa-
I1asi BHUMaHHE Ha BBIIETIEPEUNCIICHHBIE YCIOBHS, IPH
TIIATEJIFHOM HM3YYeHHH UK T€YEHHsS XXHIKOCTU IO
KaHaJlaM BHYTPH CKBA)KUHBI HE CJIOKHO OTMCTUTDH, YTO
IUIOTHOCTB, CKOPOCTH W JaBJIE€HHE JKUAKOCTH MHOTO-
KpaTHO H3MEHSIOTCS W pa3IMYHbl Ha OTHENBHBIX
ydacTKax M3ydaeMod cucteMsl. Bce 3To memaer mpu-
MEHEHHE TEOPETHUECKOT0 aHali3a Ha OCHOBE 3aKOHOB
THAPOANHAMUKHA TPOMO3JIKHUM M 3aTPYyAHHTEIHHBIM
JUIL PacdeToB, OCOOEHHO B Mpu3aboiiHOM 30HE, rie
TEUEHHE IPEUMYIIIECTBCHHO TYypOyJICHTHOE, CIOKHOE.
Takum 00pa3oM, OCHOBHBIMHU HAalpaBIECHHAMH HC-
CIIEIOBAHUS THJPOJUHAMUYECKUX IPOIECCOB TPHU
MIPOEKTHPOBAHNHU 3(P(PEKTUBHOTO aIMa3HOTO OypOBOTO
MOPOIOPa3PYIIAIONIEr0  MHCTPYMEHTA  SIBJIAIOTCS:
OIIpEieJICHUEe CKOPOCTH, HAINPABICHUS M PEXUMA Te-
YeHHS, JaBJICHUS J>KUIKOCTH B TPU3a0OWHONW 30HE
CKB&XHMHBI B 3aBHCHMOCTH OT KOHCTPYKTHBHBIX 0CO-
OeHHOCTEH LHMPKYIALMOHHON CHCTEMBI M pabodero
TOpIIa HHCTPYMEHTA, a TaKXKe OIpeAEICHUE XapaKkTepa
TEYEHUS] XHUIKOCTH B OTHENBHO BBIICJICHHBIX 30HAX
KOHTaKTa OypoBOr0 MHCTPYMEHTa C TOPHOH TOPOIOH.

AHanu3 ruJposuHaMHYeCKUX MPOLEeCCOB
B IPU3a060MHOY 30HE CKBA>KUHBI

Hasnauenue OypoBOro HHCTpYMEHTA OIPENETSET €ro
KOHCTPYKTHBHBIE OCOOCHHOCTU H, KaK CJIEACTBHUE, OTpa-
HUYMBACT WK paCIIupACT BO3MOKXHOCTHU BOSHCﬁCTBI/IH Ha
THAPOIMHAMHIYECKHE Tporecchl. Tak, mpoduis Topma
0eCKepHOBOI0 MHCTPYMEHTAa HMEET IMPEeHMYIIECTBEHHO
KOHYCHYIO WM cepudecKyio (GopMy, B TO BpeMsl Kak
KOJIOHKOBBI HHCTPYMEHT 00J1aJ1aeT KOJBIEBOM (POpMOiA,
4TO B CBOK) OYEpe]b ONpeesieT BO3MOXKHOCTD pPeaan3a-
LMY TOW WJIM MHOM T€OMETPUH LUPKYIISILIMOHHON CHCTe-
MBI pa3MCIICHUA TPOMBIBOYHBIX KaHAJIOB, UX pasMEpoOB
1 (OPMEI; CrIoco0a YCTAaHOBKY TUIPABIMYIECKAX HACATIOK
WM UX OTCYTCTBUEC U TaK JaJjice.

B tunoBwix gonorax PDC ocHOBHBIE pe3libl pacmo-
JararoTcs HEMOCPEICTBEHHO II0CIE MPOMBIBOYHOTO
kaHana (puc. 1, a, 6). CKOPOCTb TEUEHHS >KUAKOCTH
Mepes TaKAM Pe3lOM B OCHOBHOM 3aBHCHUT OT BEJINYH-
HBI €€ I10/Ia4d, KOJMYECTBA, TUIIAa U MECTOIOJIOXKCHHUS
TUAPOBIMYECKUX HAcagoK, CBOWCTB TMPOMBIBOYHOMN
KUIKOCTH, a HAaIpPaBICHHE OIPENeIseTCs KOHCTPYK-
[uel TPOMBIBOYHOTO KaHama. B To ke Bpems ciemyer

He 3a0bIBaTh, YTO MPH 3TOM HWHCTPYMEHT COBEpILAET
BpallleHue BOKPYT CBOCH OCH M TUHAMHUKA JBIOKESHUS
OypHIIBHOHN KOJOHHBEI HE MOKET HE OKAa3bIBATh BIIHSHI
Ha XapaKTep TCUCHHUs KUIKOCTH B €ro padodeit 30He.
CKOpOCTh TepeMelleHns pe3la 3aBUCUT OT pajuyca
€ro MEeCTONOJNIOKEeHHs Ha pabodeM TopIe I0NOoTa.
Haubonpmass cKOpOCTb COIyTCTBYET pe3Ly, Haxonsd-
ieMycsl Ha BHEITHEM paJiiyce MHCTPYMEHTa, a ClIeA0-
BaTENbHO, M BO3JCHCTBHE Ha THUIAPOJWHAMHYECKUE
MIPOLIECCHI TAKOTO pe3la OyneT OobIe.

K Tomy >xe B mporecce OypeHHS CKBa)XKMHBI HpHU
TIOCTOSIHHOM T0/1au€ MPOMBIBOYHON >KUJIKOCTH B 30HE
KOHTAaKTa pe3LOB C IMOPOJOH BO3MOXKHBI HW3MEHEHUS
TUIPOAMHAMUYECKUX IIPOLIECCOB 3a CYET W3MEHEHUs
ITTyOMHBI BHEAPCHUS PE3I0B U CBOICTB pa3pyIIacMoit
TOPHOW MOPOABI, OTPaKAIOIMXCS Ha 00pa3oBaHUU
oulamMa M pa3Mepax IONEpPeYyHOro CeyeHHsl MOTOKa
JKUAKOCTH.

Hccnenopanue B3aMMHOIO BIMSHHUS BCEX MEpeUMC-
JIEHHBIX ()aKTOPOB BO3MOXKHO ITyT€M NPUMEHEHUS Me-
TOJOB KOMIIBIOTEPHOTO MOJAEIMPOBAHMSA, XOPOLIO 3a-
PEKOMEHIOBABIINX ceOsl MPU KOHCTPYHPOBAHUU Oypo-
Boro uectpymenta [9, 10, 16, 24-26, 30].

[Ipy MonenupoBaHWU THAPOJUHAMUYECKHX IPO-
[IECCOB, COMYTCTBYIONIMX OYpPEHHIO aJIMa3HbIM TOPO-
JIOpa3pyLIAOUM HHCTPYMEHTOM Ppa3IMYHOM KOH-
CTPYKIUH, 32 OCHOBY IPUHATHI METOJ KOHEYHBIX dJie-
MEHTOB W 3aKOHBI MEXaHHWKH CIUIOIIHOHM cpenbl. B ka-
YeCTBE HCXOJAHBIX JAaHHBIX HCIOJIb30BAJIMCh: KOH-
CTpYKUHUsI OypoBOr0 MHCTPYMEHTa, CBOWCTBA MPOMBI-
BOYHOH KUAKOCTH, MAapaMeTpsl pexxuma OypeHust (Imo-
Jlaya MPOMBIBOYHOM MKHUIKOCTHM, 4acTOTa BpaLIEHHUS,
oceBast Harpy3Ka), CBOMCTBA TOPHBIX MOPOI.

CornacHo pesynbTaTaM KOMIBIOTEPHOT'O MOJENHU-
pPOBaHUs, TCUEHHE KUIKOCTH HA 3200€ CKBaKWHBI HO-
CHUT CJIOXKHBIHM XapakTep. B To ke BpeMs MOXHO Bblzie-
JIUTh HECKOJIKO OJJHOTHITHBIX 30H.

Pasmepsr n munmmHapudeckas ¢opma pesna PDC
CHOCOOCTBYIOT TOMY, YTO IIPH BHEIPCHHUH B TOPHYIO
MOPOJly TOJ €ro PEeXyIlled MOBEPXHOCTHIO CO3/aeTCs
HECKOJIbKO 00JacTell rupaBINnIecKOrO JaBJICHHUS, BbI-
3BaHHBIX HaJMYUEM JKUIKOM Cpeibl U TMHAMHUKON pe3-
ua (puc. 1, 2, 0) [1].

B pa3nuyHBIX TEOJIOTHYECKHX YCIOBUSX OypeHUs
BO3HHKAIOIIEe THIPABIMYECKOEe HaBJCHHE Mojn pabo-
geil yacTeio PDC MoxeT 1100 criocoOCTBOBATH AKTHB-
HOMY MPOHUKHOBEHHIO KUJKOCTU B 30HY Npeapaspy-
IICHUS TIOPOJIBI, TEM CaMBIM OOECIIeUMBasl TIOBBIIIICHUE
3¢ (deKTUBHOCTH pa3pylleHuss 3a00s (CoriacHo yue-
HUuI0 PeOuHzepa) W CHHMXKEHHE YTHETaIoUlero JaBiie-
HUS, JTHOO CO371aBaTh COMPOTHBIICHUE TEPEMEIIECHUIO
pesIa, BBRITAJKUBAs €ro Ha IMOBEPXHOCTH 3a00s M Ta-
KM 00pa3oM CHHIKasi CKOPOCTh OypeHHsl.

[Ipn mpounx paBHBIX YCIOBHSX pacrpeesicHue 00-
JIACTH MaKCHUMAaJbHOIO JaBJICHHS BO MHOI'OM 3aBHCHUT
ot opueHTaruu pesua PDC.
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Hanpumep, yem Oosnblie BeIMYMHA IEPETHETO YIJia
ycranoBku PDC, Tem Oombllie Tomaab pacrnpocTpa-
HEHHS 00JAaCTH MaKCHMAaJbHOTO NABJICHHS Cpensl Ha
paboueii moBepxHOCTH pe3na [1]. B To xe Bpems
HEOOXOJMMO YYHUTHIBATH CBOWCTBA TOPHOW MOPOBL,
BIHSAIONINE Ha IUIOTHOCTH 0Opa3oBaBIIEHCS MO pe3-
LIOM CpeJbl, U YacTOTy BpAIlIEHUs WUHCTPYMEHTA, BIIH-
SIFOLIYI0 Ha CKOPOCTh MEPEMEICHHUS pe3lia, KOTOPhIE B
COBOKYITHOCTH OIPEACIAIOT BEIUYNHY TABICHUS KHI-
KO cpefibl oJ| pe3LoM.

[IpoBenenHble HccaeOBaHUA TOKa3alH, YTO MpPU
MIPOYMX PABHBIX YCIIOBHSAX HamOOJbIIEEC I'MIpABINYC-

THUOBOM BHELIHUH BUJ,
Typical appearance

6/b
Puc. 1.

CKOE JaBJIeHHE BCerja HaOJroJaeTcs II0 BHEIIHEMY
nuametpy noiota (puc. 1, d), 4To 0OBACHSIETCS YBEH-
YEHHOW CKOPOCTHIO TIEPEMEIIICHHUS PE3IIOB B 3TOU 30HE,
OITHAKO BEJMYHMHA U XapaKTep paclpeeliCHHs THIPaB-
JMYECKOTO JIABJIICHUS MOJ| PEXKYIIEH MOBEPXHOCTHIO
aIMa3HBIX PE3II0B MOXKET PETYIMPOBATHCS OPUCHTAIIH-
eit PDC. YMeHbIICHHE MEpENHEro Yria yCTAHOBKU
pesiia PDC cnocoOcTByeT CHIDKEHUIO THIPABINICCKO-
rO JaBJICHHS B 30HE KOHTAKTa pe3lia ¢ TOpHOU Mopo-
nmoit. Ilpu stom cienyer yumteiBaTh pasmep PDC, a
TaKXe pa3Mep IMPOMBIBOYHBIX KaHAJIOB.

Pe3ysibTaThbl KOMIBIOTEPHOT'O MOJEIMPOBAHHUS
Results of computer simulation

AHasnuz munogeix dosom PDC: a) koHcmpykyusi pabo4ezo mopya dosioma Smith Bits; 6) o6wuti eud; pesysbmameol

KOMNbIOMEpPHO020 MOOeAUpOB8AHUs: 8) NAUHUU MOKa 8 npedesnax paboyezo psida pe3yos [24]; 2) dassieHue sicudkoll cpe-
dul nod paboueli nosepxHocmoto PDC; d) eudpasauieckoe dasaeHue Ha mopye (KpacHvIM 0603HAUEHO MAKCUMA/AbHOE
3HaueHue) [27, 28]; e, sc) AUHUU MOKa 8 npoyecce 6ypeHuUsl CK8AdX CUHbL [26-28]

Fig. 1.

Analysis of typical PDC bits: a) design of the Smith Bits bit working end; b) general view; results of computer simulation:

c¢) streamlines within the working row of incisors [24]; d) liquid medium pressure under PDC working surface; e)
hydraulic pressure within the radial row [27, 28]; f, g) streamlines when drilling a well [26-28]
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Koncrpykius nonor PDC ¢ pa3meleHueM pesnos
HETIOCPEJICTBEHHO TOCJE IPOMBIBOYHOTO — KaHajla
(puc. 1) cocoOCTBYET KOHIICHTPAITUN ITOTOKA TIPOMBbI-
BOYHOH KHUIKOCTH Tiepe]] paboueii MOBEpXHOCTHIO pe3-
ua (puc. 1, ¢). 'eomeTpust TUPKYIALUOHHON CUCTEMBI
TAKOTO WHCTPYMEHTa oOecIeurBaeT OBICTPBIH BBIHOC
oUlamMa M3-TIOJA PEeXYIIeH ITOBEpXHOCTH pe3la, YTO
CrocoOCTBYET CHMYKEHHUIO BIMSHUS Pa3pylIeHHOH rop-
HOM MOPOJIbI HA CBOMCTBA Cpelibl, 00pa30BaBIICHCS MO
paboueil YacThI0O WHCTpyMEHTa. BakHoe BIUSHHE B
TaKWX CIIy4asx OKasbIBalOT CBOMCTBa MOTOKA MPOMBI-
BOYHOM KHUIKOCTH (HAIpaBIIEHHUE, CKOPOCTh, JaBIIc-
HHUE, IUIOTHOCTB, BSI3KOCTH U T. [II.), B HEKOTOPOH CTe-
MIEHU peryIupyemble pazMepaMud U (HOpMO MPOMBI-
BOYHOTO KaHAIA.

[Ipr nmocTaroyHBIX pa3Mepax KaHajla OCHOBHAs
9acTh MPOMBIBOYHON KHIKOCTH YCTAHOBHBIIHMCS Te-
YeHHEeM NPOXOJIUT Yepe3 MPOMBIBOYHBIA KaHam 0Oe3
Ype3MepHBIX MOTEePh, HE CO3JaBas aHOMAJIHHOTO IaB-
nenus (puc. 1, e, oc). TuapaBnudeckuii MOTOK B IUP-
KYJISIIMOHHOM CHCTEME paccMaTpUBaeMoOil KOHCTPYK-
MU aJMa3HOTO HMHCTPYMEHTa MpeTepreBaeT Cylie-
CTBEHHBIC M3MEHEHUS JIMIIb B 00JacTH M3rubda Joma-
CTeil (32 CYeT MECTHBIX COMPOTHUBIIEHUI), YTO YUHUTHI-
BaeTcsi (pOpMOIl JIOMACTH JOJIOTa U KOMIIEHCHPYETCS
TCOMETPUIECKUMHE TTapaMeTpaMy STOH 30HBI HHCTPY-
MeHTa. B TakoMm cityyae HMpKYISAIUH KUAKOCTH B TIPU-
3a00HHOI 30HE CKBaXMHBI PEINAIONIYI0 POJb HTPaeT
THTT U KOJWYECTBO THUAPABIUYECKUX Hacamok [2, 31],
pa3MeriaeMblx B OypoBOM HMHCTPYMEHTE M CIIOCOO-
CTBYIOIIUX U3MEHCHHIO XapaKTepa TCUCHUS KUAKOCTU
Ha 3a00e. OHAKO M3HOC PE3LOB WM U3MEHEHHE TITy-
OMHBI WX BHEIPEHUS B TOPHYIO MOPOJY CHUXKAIOT
IJIOMIA b TPOXOJHOTO OTBEPCTHS MPOMBIBOYHOTO Ka-
HaJ1a, MOBHIIIAs THAPABINIECKOE AaBICHUE Ha 3a00e.

B KOHCTpYKIMAX IOJOT HJIM KOPOHOK CEKTOPHOIO
TUTA, TAC PEXKYLIHE SJIEMEHThl PaclojiaraloTcs B He-
CKOJIBKO PAJHABHBIX PAIOB (pHC. 2, ¢—8), OTCYTCTBY-
€T BO3MOXKHOCTh Pa3MEIIeHHs] THIPAaBIMICCKAX Haca-
JAOK HJIM KaHAaBOK, HAIPABJIAIOMINX XUAKOCTH MEKIY
psanamu pes3noB. Takoi MHCTPYMEHT MMEET CEKTOPHOE
CTPOEHHE C PACIIOIIOKCHHEM IPOMBIBOYHBIX KaHAJIOB B
MEXCEKTOPHOM IMPOCTPAHCTBE, U PEryJUpPOBaHUE TIO-
TOKa XHUJIKOCTU B JaHHOM CJIy4a€ BO3MOXXHO JIMIIb
MyTeM H3MeHEeHUs (OpMBI M pa3MEpoOB KaHAJOB, a
TaKXKe UX KOJMYECTBA.

B cnyuae npsiMoil cxembl MPOMBIBKM OCHOBHOM I10-
TOK JKHUIKOCTH M3 MEXKTPYOHOT'O TIPOCTPAHCTBA TIOCTY-
MaeT BO BHyTpeHHHE OOKOBbIE KaHAJIbl LUPKYJIALIUOH-
HOW CHCTEMBI TaKOro MOPOAOPA3PYIIAIOIIETO HHCTPY-
MeHTa. B 3T0i1 30He HaOmogaeTcs pa3aencHue MoToKa.
31mech pu OTHOM U TOM K€ 00beMe JKUIKOCTH CHIXKA-
€TCsl IJIONIA/b TIONIEPEYHOTO CEUCHHS MPOXOAHOTO OT-
BEPCTHSI, YTO TNPHBOAWT K W3MCHEHHUIO MapaMeTpoB
TEUCHHS YKAAKOCTH, T. €. 32 CUCT YMCHBIICHUS pa3Me-
POB U yBEeIWYEHHUSI KOJMYECTBA KaHAJIOB HaOstogaeTcs

TOBBINICHUE CKOPOCTH TeueHus (puc. 2, 2, €) U JaBie-
HUS KUAKOCTH (pUc. 2, 3). UI3MeHeHne CKopocTH Tede-
HUS )KUAKOCTH B 3TOW 30HE 3aBHCHUT OT T€OMETPUHU U
KOJINYECTBa OOKOBBIX KAaHABOK M MOJXKET BO3pacTaTh
6onee ueM B 3—4 pasa. 3aTeM >KUAKOCTb YCTPEMIISETCS
B TOpIEBBIC IPOMBIBOYHBIC KaHANBL M3-3a pe3koro
mepexojia OT BEPTHKATBFHOTO OOKOBOTO KaHaNa B TOPH-
30HTAJNBHBIA KaHall OOJNBIIEr0 pa3Mepa MPOUCXOIUT
MakcHUMaJlbHas edopMaliysi MOTOKa, YTO CIIOCOOCTBY-
€T BO3HHUKHOBCHHIO OOJNBIIMX ITOKa3aTeieldl MEeCTHOTO
COMPOTHUBJICHUS W CYLIECTBEHHBIX IOTEped Hamopa.
CrnemyeT OTMETHTh, YTO XapaKTep TCUCHUS JKUIKOCTH
B 9TOIl 30HE 3aBUCHUT KaK OT KOHCTPYKIIMH U pazMepa
KaHaJoB, TaKk U OT reoMeTpuu pabouero topua Oypo-
BOI'0 MHCTPYMEHTA U BCCrja ABJIICTCA HEYCTAaHOBHB-
IIUMCS TYpOYJIEHTHBIM, T. K. JeOopMaIus OTOKa CBS-
3aHa C OJIHOBPEMEHHBIM H3MEHEHUEM (POPMBI CEUCHUS,
CKOPOCTH U HaIlpaBJIEHUs TOTOKA.

[IpsmoyromeHas (opma CEKTOPOB CIOCOOCTBYET
MOBBIIMICHUIO TypOYJICHTHOCTH ITOTOKA. MeHbIIe TH-
paBIMYeCKUe CONMPOTHUBIEHHUS B 3TOW 30HE Habmroma-
FOTCS TIPH MCTIOJIb30BAaHUH CEKTOPa B BUJIE TOITYCHEpHI
(puc. 2, e, e). Ilpu 3TOM MHTEHCUBHOCTH 00pa30BaHUS
BUXpEH omnpezenseTcs BEIMYMHON paanyca 3aKpyriie-
HUSl CEKTOpa, OKAa3bIBAIOIIETO BIUsSHHE Ha aedopma-
IIUIO TTOTOKA. B TOpIieBoM IMpOMBIBOYHOM KaHAIE TYp-
OyJIEHTHOCTh JOCTHTaeT TaKUX 3HAYEHHM, MPH KOTO-
PBIX BS3KOCTh MPOSIBISiCTCS HE3HAYUTENbHO. CorilacHO
3aKOHAM KIJIACCHYECKOW THUIAPOIWHAMUKH, K03(dum-
CHT THPABINYECKUX CONPOTUBICHUHA B TAKOM CIydae
HE 3aBHUCHUT OT MoKa3zaTens PeliHonb/ca v onpenenser-
csl TeOMeTpHei moToka [25].

[Ipu u3yueHun 30HbBI Epexoaa KUAKOCTH U3 OOKO-
BOI'O B TOPLIEBOM MPOMBIBOYHBIN KaHajl MHCTPYMEHTa
CEKTOPHOTO THIIA HA OCHOBAaHHMU 3aKOHOB THJIPOJHMHA-
MUKH BO3HUKACT MPEAMONOKEHHE O TOM, YTO IS
CHW)KEHHUSI TypOYJNEHTHOCTH B 3TOH 30HE MPUMEHUM
MPUHIIMT TUTABHOTO BXOJia C 3aKpPYyIJICHHWEM, CIOC00-
HBIH, COTJIACHO pe3yJbTaTaM THAPOJMHAMIYCCKHX HC-
CJIeIOBaHUH, YMEHBIINTH 3a CUET CHIDKEHUS aedopma-
WU MTOTOKA TUAPABINYCCKHUE COITPOTUBIICHUA.

B T0 e Bpems TypOYJEHTHOCTH IOTOKa B 3TOH
30HE OTpa)KaeTcsl Ha KayecTBe OYUCTKH 3a00s OT LuIa-
Ma. Hamnuue TypOyNeHTHOCTH CIIOCOOCTBYET WHTEH-
cU(UKaIUK OTPBIBA YACTHI] Pa3pyIICHHONW TOPHOU TO-
POIBI OT MaccUBa.

Kak moka3sIBatoT pe3ynbTaThl KOMIIBIOTEPHOTO MO-
JACIINPOBaHUA, IIPU IMPOYMUX PAaBHBIX YCIOBUAX YEM
MEHBIIEC UIMHA CEKTOpa W, KaK CIEICTBHE, OOJbIIe
KOJIMYECTBO KaHAJIOB, TEM CKOPOCTb TEUEHUS KUIKO-
CTH BO BHYTPCHHHX 6OKOBLIX KaHaJlaX M, COOTBET-
CTBEHHO, B TOPIEBBIX KaHalIaX MeHbIe. [1pu 3ToM yem
OoJbllle JTUHA CEKTOpa W MEHbBIIE KOJIUYECTBO MpO-
MBIBOYHBIX KaHAJIOB, TEM BBIIIE THAPABINIECKOC JaB-
JICHHE B MIPOMBIBOYHOM CHCTEME TIOPOIOpa3pyIIaroIIe-
T'O HHCTPYMEHTA.
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Pexy1mue 3eMeHTBI EPBOrO Psiia CEKTOpa TAKOr0  3TOM 4YeM Jallbllle PacloOKEH pes3ell OT MPOMBIBOU-
QIMa3HOT0 MHCTPYMEHTA, KaK MPAaBHJIO, MMEIO OTCTYIl  HOIO KaHaja, TEM MEHBIIE OMBIBAETCS IUIOCKOCTh €ro
OT TOPIIEBOTO MPOMBIBOYHOTO KaHama (puc. 2, 6, 6), KOHTAaKTa C TOPHOH MOPOIOH OCHOBHBIM ITOTOKOM
9TO0 HEOOXOAUMO Ui MPOYHON WX (ukcaiuu. [Ipy  TPOMBIBOYHON KUIKOCTH (PHUC. 2, 0, ).

TUIIOBO# BHEIIHUH BUA Pesy/ibTaThl KOMIBIOTEPHOI'O MOJEIMPOBAHUS
Typical appearance Results of computer simulation

Pressure
313083.2

278298.7

2435143

208729.8

173945.3

139160.8

104376.3

69591.9

34807.4

229

-34761.6

[Pa]

3/h

Puc. 2. AHnaau3 uHcmpymeHma ceKkmopHozo muna: a) 3apesHoe dosomo muna PDC (OAO Boaza6ypmauwi); 6) kopouka TSP;
8) o0Hoca10liHAasA KopoHka IZzTAB; pe3yabmamul KOMNbIOMeEPHO20 MOOEAUPOBAHUSA: 2) NUHUU MOKA 8 npedenax cekmo-
pa; d) AuHUU Moka Ha pabovem mopye UHCMPYMeHma; e) AUHUU MOKa 8 npedeax yKOpOUeHHO020 CeKmopa; ) AUHUU
moka Ha paboyem mopye YKOpO4eHHO20 ceKmopa; 3) 0as/ieHue 8 NPOMbl8OYHOM KaHase; 1 — eHympeHHUll 60K0801
NPOMbIBOUHDBLI KAHA,; 2 — MOpYe8oll NpOMbIBOHHbIU KAHA

Fig. 2. Analysis of a sector type tool: a) PDC bit; b) TSP crown; c) single-layer crown; results of computer simulation:
d) streamlines within a sector; e) streamlines at the working end of a tool; e) streamlines within a shortened sector;
g) streamlines at the working end of a shortened sector; h) pressure in the flushing channel; 1 - internal side flush
channel; 2 - end flushing channel
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Kak mokaszan mpoBeAE€HHBIH aHaNW3, MPOHUKHOBE-
HUE TMOTOKAa MPOMBIBOYHOM IKHIKOCTH TIOJ pe3el]
HEOOXOOMMO IJISl YIyYIICHHS pPe3yJIbTaTOB OypCHHS.
Bo3MOXXHOCTh HENMOCPEICTBEHHOTO KOHTAaKTa pe3lia ¢
MIPOMBIBOYHOM JKHAKOCTBIO OKAa3bIBaeT BIUSHHE Ha
CBOMCTBA XXUAKOW CPEbI M pa3Mep IIIJIaAMOBOH MOy~
KM TIOJ] PEeXYLIEHl MOBEpXHOCTbIO MHCTPYMEHTA U J0-
MOJHUTENIFHOE BO3ACHCTBHE HA Pa3pyIIaeMyto IOPOIY.

CormacHo pe3yibpTaTaM KOMITBIOTEPHOTO MOJEITH-
pOBaHUA, CKOPOCTh TEUCHHUS KHUIKOCTH MEpea pe3LoM
BTOPOT0 U MOCJIEAYIOIIET0 paAuaIbHOTO PAa B MaJoi

Mepe 3aBUCHT OT XapakTepa TSUCHUs KUAKOCTH B TOP-
[[IEBOM MPOMBIBOYHOM KaHaJle HHCTpyMeHTa (puc. 2, 0
u puc. 3, a, 6). AHanTU3 pPe3yIbTATOB MOJICIIMPOBAHUS
MOKa3aj, 9TO Ha M3MEHCHHE CKOPOCTH TCUCHHS H JIaB-
JICHUs )KUIKOCTH B TOPIIEBOH PEXKyIeld 30HE UHCTPY-
MeHTa (ITOJI CEKTOPOM) OKAa3bIBAIOT BIIMSHHE YacTOTa
BpanieHus: OypoBOro MHCTPYMEHTA, KOJTHIECTBO PaH-
aNBHBIX PSJIOB B CEKTOpE, pasmep u (opma pes3los, a
TaKXXe PACCTOSHHE OT IPOMBIBOYHOTO KaHAIa JI0 pe3la
(puc. 2, 0, oc u puc. 3, a, 6).

a/a

0,004 -

0,003 ~

0,002 -

pacxoa, kr/c

0,001 A

=

6/b

cpegHun

400 600
-0,001 -

-0,002 -

800 1000

yacToTa BpalleHusl, 06/MuH

8/c

Pe3ysbmamul uccaedosaHusi CKOpocmu meveHusi HUOKOCmuU HAa mopye UHCMpyMeHma ¢ paduaabHoll packaadkou

Puc. 3.

pesicywux ssemenmos: a) npu yacmome spawjeHus 200 06/mum; 6) npu yacmome spawjeHus 800 o6/muH; 8) epadux
3a8ucuMocmu U3MeHeHUsl cpedHe20 pacxoda Hudkocmu nod MopyoM ceKkmopa KOpoHKU 0m Yacmombl 8pawjeHust Ko-
poHku (duamemp 93 mm, ocesast Hazpyska 20 kH, nodaua npombieouHoli scudkocmu 40 a/mun); 1 - nepsvwiii paduans-
Hbll psid (Habezaroujas yacms cekmopa); 2 — yemgepmylil paduanvHulil psd (cbezaroujas yacms cekmopa)

Fig. 3.

Results of the study of the fluid flow rate at the end of the tool with a radial layout of the cutting elements: a) at

rotation frequency of 200 rpm; b) at rotation frequency of 800 rpm; c) graph of dependence of the change in the
average fluid flow under the end of the sector of the bit on rotation frequency of a bit (diameter of 93 mm, axial load 20
kN, flushing fluid supply 40 l/min); 1 - the first radial row (incoming part of the sector); 2 - the fourth radial row

(running part of the sector)
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PaccmoTpumM cnyuail kKOHTakTa OypOBOTrO WHCTPY-
MeHTa ¢ 3a00eM CKBaXXWHBI Oe3 BpamieHus. [Ipu 3Tom
MIPOMBIBOYHAS JKHIKOCTh, IIOCTyMalolIas Ha 3a00H,
cabo WM BOBCE HE IIPOHUKAET M3 TOPIICBOTO KaHAA B
3a30p MEXAy paboyMM TOPLOM CEKTopa U 3aboeM
CKBA)XUHBI U MOJTHOCTHIO YXOIUT Yepe3 HapyKHbIE 00-
KOBbI€ KaHaJbl. YUUThIBasg CUMMETPUYHOCTh aJIMa3HO-
ro OypoBOTO HHCTPYMEHTa, 3TO MOXHO OOBICHUTH
PaBHBIM JaBIICHHEM BO BCEX TOPIEBBIX KaHAJaXx.

Pacxon >KuIKoCTH Moj pexyIieil MOBEPXHOCTHIO CEK-
TOpa MOKHO PAacCUUTaTh 10 GopMyJie U1 IOTOKA B ILETH:

__ (P1—P)a®b

= M)

12uL

rae P u P, — COOTBETCTBEHHO JABJICHHE >KHUJIKOCTH
noj HalOeraroleil yacTelo U ok cOeraroiieil 4acThio
CeKTOpa, KOTOpPOE NPH OTCYTCTBUH BpalleHUS COO-
CTBCHHO U onpex[ensleTcsI JaBJICHUEM B TOp]_IeBI)IX Ka-
Hajax OypOBOTO MHCTPYMEHTa, HAaXOJSAIIUXCS MO 00e
CTOPOHBI OT CEKTOpPa; @, b u L — COOTBETCTBEHHO BHI-
coTa, MMpPUHA U AJUHA 3a30pa, ONpejAemsieMble KOH-
CTPYKLIHEH CEKTOPOB U IITyOMHON BHEAPEHUS PE3IOB B
TOPHYIO TMOPOAY; 4 — KOI(PQPHUIMEHT TUHAMUYCCKON
BSI3KOCTH JKHUIKOCTH.

B cmydae orcyrcTtBus BpamieHust OypoBOro HH-
CTPYMEHTA, YYUTHIBas CHMMETPHUIO €r0 KOHCTPYKIIUH,
Py u P, Bceraa paBHBI U ONPEACTSIOTCS JaBICHHEM B
TOpHeBLIX HpOMLIBO‘IHBIX KaHaJiax. TO €CThb pa3HOCTB
P1—P;=0, 4rto, cormacHo BeIpaxkenuro (1), moaTBep-
JKIACT BBIBOJI 00 OTCYTCTBUU TEUEHUS YKUIKOCTH TIOJ
pabounM TOPIIOM HHCTPYMEHTA.

B cnyyae, koraa ocyliecTBisieTcs BpaimieHue Oypo-
BOTO MHCTPYMEHTA, TEUCHHE XHJIKOCTH O]l CEKTOPOM
MOXXHO PAacCMOTPETh KaK pe3yJbTaT B3aMMHOTO BIIMS-
HUSl (DPUKIOHHOTO TEYEHHS], BBI3BAHHOTO TepeMele-
HUEM HIDKHETO TOpIa CEKTOpa OTHOCHTEIBHO 3a00s
CKBO)XWHBI M HAMOPHOTO TEYEHHS, ONPEASIIEMOro Ie-
penajgoM JaBlieHHs KUAKOCTH oA coeraromield u Habe-
TarolIeH YacThI0 CEKTOPA OMKMCAHHOTO BHIIIE. Y YUTHIBASI
HampaBJieHHE JIBM)KEHHS KaXKJOr0 M3 TEUSHUH, pacxon
JKHUIOKOCTH IO CeKTOpOM MOXHO HpeIICTaBI/ITI) KaK:

__ (P1—Pp)ab | vab

=0t )

12ulL 2

TZie V — CKOPOCTh MEPEMEIICHHUSI CEKTOPa OTHOCHTENb-
HO 32004, omnpeenseMas BeIMYMHON 4acTOThI Bpallle-
HUA U JUAaMETPOM MHCTPYMEHTA.

BricoTa 3a30pa a Mexxay pabodnM TOPLIOM CEKTOpa
U 3a00eM CKBaKHHBI ONPEIEISCTCS PasMEpOM U BBI-
MyCKOM aJIMa3HbIX pe3loB, a TaKkKe TIIIyOWHOW HX
BHEJIpEHUs B ropHyto nopoay. [Tokazarenu sTux mapa-
METpOB SIBIIIIOTCS] IEPEMEHHBIMU B Tpoliecce OypeHus
H 3aBUCAT OT CTCIICHHM HM3HOCA PE3LOB U HU3MCHCHUA
TEOJIOTUYECKUX YCIOBHH.

CortacHO pe3yibpTaTaM KOMITBIOTEPHOTO MOJCITH-
POBaHUs, MOBBIMICHUC YaCTOThI BpAallICHUSI NHCTPYMCH-
Ta CIIOCOOCTBYET NMPOHHKHOBEHUIO YAaCTH IPOMBIBOY-

HOM >KUAKOCTH U3 TOPLIEBOTO KaHajla B 30HY BTOPOTO U
MOCIIEAYIOMNX PSAAOB PEXYIIUX 3JIEMEHTOB OypOBOTO
uHcTpyMeHTa (puc. 3). Ilpu 3TOM, COracHO BhIpaXke-
HUIO (2), Ipy BpalieHWH WHCTPYMEHTA TOJ €ro pado-
9UM CEKTOPOM BO3HHMKAET HE TONBKO (DPUKIIMOHHBIN
MIOTOK, HO ¥ B CHIIy TIepepaclpeieeHus THAPaBInIe-
CKOTO JTABIICHHS 32 CUCT IepeMeIleHHs ceKTopa (op-
MHUpYyeTCsS HallopHOe TeueHue. B To jke Bpems, mpoHu-
Kasi HOJ CEKTOpP, XHUIKOCTh TEpseT DHEPIHIO0 3a CYET
0o0TeKaHUsI pE3LOB, BCTPEUAIOMIMXCSA HA €€ IyTH
(puc. 3, a, 6). llosToMy yem nanbliie OT TOPLEBOTO
MIPOMBIBOYHOTO KaHAlla HAXOIWTCS peselr] (cumTast OT
HaOeraromeil 4acTé CeKTOpa), TeM MEHBIIE pacxo
JKMKOCTH B €ro npejenax (puc. 3, a, 6).

Bce 310 00BsSICHAET TOT (akT, YTO 4YeM MAJIMHHEE
CEKTOp, TEM MEHBIIIE OMBIBAIOTCSI IPOMBIBOYHON KU/~
KOCTBIO PE3IBI IOCIEIHET0 PaIualbHOTO PsAa CEKTO-
pa. [Ipu mpoYux paBHBIX YCIOBHSX CHUKCHUC IUTUHBI
CEKTOpa CITIOCOOCTBYET YBEINUYCHUIO KOJMMYECTBA JKUJ-
KOCTH, IOCTyHaroIIel K paboueil HOBEPXHOCTH PE3LOB
(puc. 2, 0, ac), naxke NPU CHUKEHUU CKOPOCTH TEUEHHUS
xuakocTd. OJHAKO yMEHBIICHHUE JUIMHBI CEKTopa Oy-
POBOTO MHCTPYMEHTA MOKET MPUBECTU K YXYALICHUIO
€ro MPOYHOCTHBIX XapaKTEPUCTUK U MOTEPSIM B ILIO-
maau pabovel MOBEpXHOCTH.

OmHnM U3 cIO0COOOB YBEIIMUICHMS pacXo/ia KHIKOCTH
T0J] TOPLIOM MHCTPYMEHTa MOXKET BBICTYAaTh M3MEHEHHE
KOHCTPYKITMH IUPKYJSIIIMOHHONW CHUCTEMBl M T€OMETPHU
cektopa. Hamprmep, mipu pasmenieHH: OOKOBBIX POMEI-
BOYHBIX KaHAJOB TaK, YTOOBI KOJIMYECTBO HAPYIKHBIX
OOKOBBIX KAHAJIOB IIPOMBIBOYHOM CHCTEMBI OYpOBOTO
WHCTPYMEHTa OBUIO B JIBa pa3 MEHBIIE, YeM BHYTPEHHUX
(puc. 4) [29], coznatoTcst Takue rUAPOOAPUUECKHE YCIIO-
BUS, TIPM KOTOPBIX YBEJIMYHMBACTCS O0BEM U CKOPOCTh
MOTOKA JKUJIKOCTH, TIPOXOIAIICH 101 HanboJiee HarpeTon
U 3arpsi3HEHHOM anMasocoiepikallel 4acTbi0 CEKTOPOB
KOPOHKH, YTO YBEIMUIHUBACT PECYpC HHCTPYMEHTA 32 CUET
VIIy4IIEHHON OYHMCTKH W OXJIAKICHHS IUIOCKOCTH KOH-
TaKTa pe3LoB C TOPHOU MOPOAOI.

A oxpyriieHHe KOHI[OB HAaOeraromiei 4acTu ceKTopa
COOTBETCTBEHHO (OpMe TEYeHHUS KHIKOCTH CHU3UT
MOTEPU AKTHUBHOM >KUAKOCTH, NPOHUKAIOWIEH MOJ pa-
6ouuii Topel.

OCHOBBIBASICE Ha BBIMIECKA3aHHOM, MOXXHO 3aKJIIO-
9HUTH, YTO YEM MEHBIIE pe3ell, TEM MCHBIIE 3a30p MEXK-
Iy CEKTOpOM M 3a00eM CKBa)XWHEHI (mapametp a B Gop-
mynax (1), (2)), u3-3a 4ero HamopHOE TEYECHHE B ITOM
30HE CHIDKACTCS, & TIPU HCIIOJIb30BaHUH HWMIIPETHUPO-
BaHHOT'O MHCTPYMEHTa M BOBCE OTCYTCTBYeT. B Takom
clly4ae BIMSHUE IUPKYJSIMK TPOMBIBOYHON KHUIKOCTH
Ha THIPOAMHAMHYECKHE IIPOLECCHI, MPOTEKAMONINE B
paboueil 30He MHCTPYMCHTA, He3HAUUTENbHO. [Ipu Oy-
PCHUM HMIIPETHUPOBAHHBIM HHCTPYMEHTOM (TIIpH Ma-
JIBIX 3330pax a) TUAPABIMYECKUE TIPOIIECCHI B 3TOM 30HE
OTIPEACIIIOTCS. CBOMCTBAME JKHIKOH CPEIBI, TEOMETPH-
el TopIla CEeKTOpa U 4aCTOTOM BpalIeHUs! HHCTPYMEHTA.
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a/a

BbiBobl. OCHOBHbIE HaNpaBJIeHUSA
pery/jupoBaHMsA rUAPOJMHAMUYECKHUX IPOLeCCOB
nyTeM M3MeHeHHs KOHCTPYKLMHU

6ypOBOro HHCTPpyMeHTa

PazpabarbiBacMasi KOHCTpPYKIUsT OypoOBOTO HH-
CTPYMEHTA JIOJDKHA CHOCOOCTBOBATH YIIyUIICHHIO pea-
nmu3anuu QYHKIUH TPOMBIBOYHON KHIKOCTH, YTO 0CO-
OCHHO aKTyaJbHO B 30HE KOHTAKTA PEXYIIEH MOBEpX-
HOCTH C TOpHOU mopojoii. Ha srane mpoekTupoBaHus
paspabaTeiBacMble KOHCTPYKIIMU CIEIyeT pa3feisiTh
Ha THIIbI TEOMETPUH TOpLa: CHEPUICCKHA, T KaXKIbIi
pe3el; UMeeT BO3MOYKHOCTh KOHTaKTa C MOCTyNaroIen
Ha 3a00i MPOMBIBOYHON JKHUIKOCTHIO, ¥ CEKTOPHBIM,
I/ie pe3lbl MOTYT pacrojaraThbCsi Ha pasHOM pPaccTosf-
HUU OT IPOMBIBOYHOI'O KaHajla UHCTPYMEHTA.

[pu O6ypennu nomoramu PDC TUMOBO# KOHCTPYK-
MM KOHTAaKT pe3la C MPOMBIBOYHOH KHUIKOCTHIO
OIpeNEsIeTCs. HE TOJIbKO KOHCTPYKIMEH IPOMBIBOYHO-
ro KaHaJjla, HaXOJSIIEerocs nepes pe3Lom, Ho U Clledy-
OIMMU (pakTopamu:

e TIyOMHOI BHEAPECHUS pe3iia B TOPHYIO IIOPOLIY;
e (pu3HKO-MEXaHMYECKHUMH CBOWUCTBaMH pa3pylIae-

MBIX TOPHBIX TTOPOJI;

e pasmepoM U opueHTanmei pesna PDC.

Hambonee cnoxHOE TEYCHWE KUIKOCTH B TpH3a-
OoitHOI 30HE HaOMrOMaeTCs MpHu OypEeHHH WHCTPYMEH-
TOM CEKTOpHOro Tuna. IIpm 3TOM MOYKHO BBIIEIHUTH
CJIEYIOLE OCHOBBI PETYJIMPOBaHUS THAPOANHAMUYE-
CKUX TPOIIECCOB B MPU3a0OHHON 30HE CKBa)KMHBI ITYy-
TeM U3MEHEHHUsI KOHCTPYKIIUU OYpOBOTO HHCTPYMEHTA:

CITUCOK JIMTEPATYPbI

6/b
Puc. 4. AamasHas 6yposasi KOPOHKA C passumoti NpoMvl8o4HOLl cucmemoli [29]: a) mpexmepHass modeaw; 6) pe3ysbmambl
MO00eaupo8aHus 2udpodUHAMUYECKUX NPOYECCO8
Fig. 4. Diamond drill bit with a developed flushing system [29]: a) three-dimensional model; b) results of simulation of
hydrodynamic processes

YBEIMYCHHE Pa3MEpPOB TOPIEBBIX MPOMBIBOYHBIX
KaHAJIOB CIIOCOOCTBYET CHIDKCHHUIO THApaBIIHYC-
CKOTO JaBJICHHs Ha 3a00e, OJHAKO MPH 3TOM CHH-
JKaeTcs IMepenaj JaBIeHUS MEXIy BHYTPEHHEH W
HApY)KHOH 4YacThIO MOPOAOPA3PYIIAIONIETO HH-
CTPYMEHTA, BJMSIONINI Ha CTEIICHb BBIHOCA IJIAMA;
CHIDKEHHE Pa3HOCTH pa3MepoB OOKOBBIX W TOpIIE-
BBIX IPOMBIBOYHBIX KAHAJIOB CIIOCOOCTBYET cTabu-
JIN3AaLMH TeYEHHS KUIKOCTH;

MPUMEHEHUE MPUHIIMIA [DIABHOTO BXOJA C 3aKpyT-
JICHAEM CIOCOOCTBYET CTAOMIIU3AIMK  TEUYCHHSI
JKUJIKOCTH B TPpHU3a00MHOM 30HE;

¢dbopma u paguyc 3aKpYIIICHHS CEKTOpa BIUSICT Ha
HMHTEHCHBHOCTh TYPOYJICHTHOCTH JKHUIKOCTH B TOP-
LIEBOM KaHaJI€;

4eM MEHBIIE 3a30p MEXAy CEKTOpOM M 3aboeM
CKBa)KMHBI, TeM OOJIbIIIC BIHSIHUE YaCTOTHI Bpalle-
HUSI Ha THAPABJINYECKUE MPOIIECCHI, IPOTEKAIOIIUE
B 30HE KOHTAaKTa PEXyIIeH MOBEPXHOCTH WHCTPY-
MEHTa ¥ 320051, YTO OKa3bIBACT BIMSHUC HA Xapak-
TEp pa3pyIICHHs TOPHOU TOPOIBI;

B KOHCTPYKIIUSIX OypOBOrO HMHCTPYMEHTa KOJblie-
BOTO CEKTOPHOTO THIA PEryJIUPOBAHUE THIPOIHU-
HAMHYECKHX MPOIECCOB B paboueii 30HE BO3MOYKHO
MyTEM OAHOBPEMEHHOT'O M3MEHEHHs KOJIMYECTBA M
FEOMETPUH MPOMBIBOYHBIX KaHAJIOB.

CKPYTJICHHBIC KOHIIBI Ha0eraromei 4acTH CEKTopa
CIIOCOOCTBYIOT YIYYIICHUIO MUPKYISAIMHA JKHIKO-
CTH O] PabOYMM TOPIIOM HHCTPYMEHTA.
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[IporHo3upoBaHue NOKa3aTe el Nporecca KaTaIMTUYeCKOro KpeKUHra
IPU COBMECTHOH Nepepa6oTKe BAKYYMHOTI0 ra3oiis
1 HU3KOMap>KHMHAJIbHbIX NIOTOKOB HedpTenepepa6oTKU

I'.10. Ha3ap03a®, E.H. UBamukuHa, B./I. Hago, B.B. Masbues, T.A. lllappan

HayuoHanbHbill uccaedosamenvckuli Tomckuil noaumexHuveckull yHugsepcumem, Poccus, e. Tomck

“silko@tpu.ru

AHHOTanus. AKmMya/sbHOCMb UCCIe[0BaHUH, CBA3aHHBIX C PACLIMPEHHUEM PECYPCOB ChIPbSl KaTAJIUTHYECKOTO KPEKHHTA,
06yc/I0BJIEHA KaK MOTPEOGHOCTBIO B UHTEHCUPUKALIMY Tpoliecca JJ/Isl YBeJUYeHHs BbIX0/Ia Lies1eBbIX IPOAYKTOB (BbICOKOOK-
TAHOBbBIN 6eH3UH, Jierkue ojiepUHbI), TaK U B IOBBIIIEHUHU [VIyOHUHbBI IepepaboTKU HePTU U YTUIU3AL MU HU3KOMapKUHAJIb-
HBIX IOTOKOB Ha HedTenepepabaThIBalOIIKUX 3aBoax. [[03TOMY cyliecTByeT ocTpast HE06X0JUMOCTb B CO3/JaHUH MaTeMaTU-
YeCKHUX MHCTPYMEHTOB /ISl NIPOTHO3WPOBAHUS U ONTHUMH3ALMU NPOLECCOB KaTAaJTUTHUYECKOTO KPEKUHTa NPH U3MEHEHUH
PEXKHMMOB M KayecTBa ChbIpbsl, @ TAKXKe [IJIAHUPOBAHUHU NTPOU3BO/ACTBA, UTO TPEGYeT AeTalbHOIO UCCJIe[0BAHUS COCTaBa BO-
BJIEKaeMbIX B IEPePa6OTKY HEPTAHBIX GpaKLUi, TEPMOAUHAMUYECKHUX U KUHETUYECKHUX 3aKOHOMEPHOCTEH reTeporeHHOro
nporecca. Pa3paboTka U NpHMeHeHHWe MaTeMaTH4eCKOH MOJesH Npolecca KaTaJUTUYeCKOro KPEKHHIa, YYUThIBawoLleH
COCTaB M CBOHCTBA BOBJIEKA€MbIX KOMIIOHEHTOB B IepepaboTKy, M03BOJIsAET KOJHMYECTBEHHO OLEHUTb BBIXOJ M KayecTBO
1jeJIeBbIX U NOOGOYHBIX MIPOAYKTOB B 3aBUCHMOCTH OT COCTaBa M PU3UKO-XMMHUYECKHUX CBOHCTB CMECEBOI0 ChIPbS U MapaMeT-
POB TEXHOJIOTMYECKOTO PeXMMa C OLleHKOH BO3MOXKHOCTH HX NepepabGoTKH Ha AeHCTBYIOIEM NPOMBIIIJIEHHOM OGbEKTe.
Llesv10 paGoOTHI ABIAETCA IKCIEPUMEHTAIBHOE UCC/Ie[l0OBAHNE COCTABA U CBOWCTB CMECEBOTO ChIPbSl KATAJIUTHYECKOTO Kpe-
KHMHra Ha 6a3e BaKyyMHOTO ra3ois, cofepxaliero oT 5 o 20 mMac. % 3KCTpaKTa CeJIeKTUBHOM OYMCTKHU MaceJ, Jeacdasb-
TH3aTa U NOTOKOB rayedl AUCTUJUIATHOTO M OCTAaTOYHOIO, U NPOTHO3MpPOBaHHUE NOKa3aTeJel Npolecca KaTaJUTHIeCKOro
KpEKHHIa IIPU UX COBMECTHOH NepepaboTKe ¢ MpUMeHEHHWEM MaTeMaTH4eCKOH Mozenu. Memodsl: MeTO bl XUAKOCTHOH
xpoMaTorpaduu /s HCCIe0BaHUS COCTaBa CMECEBOT0 ChIPbs NMPOIecca KaTaJUTHIEeCKOI0 KPEeKHHTa B COYETAHUH C PAZ0M
CTaH/JIAPTHBIX METO/0B onpeJiesieHNs GU3NKO-XUMUYECKUX CBOUCTB. Pe3yibmamul. C npuMeHeHHeM KOMILIeKca 3KCIepH-
MEeHTaJIbHBIX UCCJIeJOBAHUH YCTAaHOBJIEHbI 3aKOHOMEPHOCTH M3MEHEHHUs COCTaBa U QU3UKO-XHUMUYECKUX CBOMCTB KOMIIO-
HEHTOB U CMECEBOTO0 ChIpbsl KaTAJIMTUYECKOTO KPEeKHUHTa, cojiepKamiero ot 5 0 20 mac. % radeid JUCTHUJLIATHOTO U OCTa-
TOYHOTO, leacdanbTH3aTa U IKCTpaKTa. [losrydeHHbIe pe3y/IbTaThl UCIOJIb30BaHbl IPHU pa3paboTKe MaTeMaTUYECKOH Mo/Jie-
JIM TEeTEPOTeHHOr0 KaTaJUTUYECKOT0 Mpoliecca KPeKHHra CMeCEBOI0 ChIpbs, YUUTHIBAIOIIEH COCTaB BOBJEKAEMBIX B Iepe-
paboTKy HedTSAHBIX paKLUM M 3aKOHOMEPHOCTH Jle3aKTUBAL[MM KaTaju3aTopa moj AeicTBueM Kokca. C mpuMeHeHHEM
MaTeMaTH4YeCKON MoJie/I YCTaHOBJIEHbl 3aKOHOMEPHOCTH M3MEHEHHUs COCTaBa U BbIx0Jja MPOJYKTOB Npoliecca Mpy BoBJIe-
YeHHUHU B nepepaboTKy 5-20 mac. % raya JUCTUJISATHOTO U 3KCTPAKTa CeJeKTHUBHOM OYMCTKU MaceJ B CMeCH C BaKyyMHbBIM
JUCTU/IATOM. Pa3paboTaHbl NpakTUYeCKUe peKOMeHJAllMy MO0 BO3MOXXHOCTH paCLIMpeHHUs] pecypcoB YTJIeBOJOPOAHOTO
CBIPbs NpoIiecca KaTaTUTHYECKOT0 KPeKUHTIa C Y4eTOM TOIJIMBHOI'O WM HepTeXHMHUYeCKOro pexxuMa.

KiroueBble €/10Ba: KaTaJUTHYECKUH KPEKUHT, CMECEBOE ChIpbe, BaKYYMHbIH AUCTUJLIAT, ray, AeacdalbTHU3aT, IKCTPAKT,
MaTeMaTU4YeCKOe MO/leIMPOBaHUe
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Prediction of catalytic cracking performance during co-processing
of vacuum gas oil and low-margin oil refining streams
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Abstract. Relevance. Expansion of catalytic cracking feedstock resources both due to the need to intensify the process to
increase the yield of target products (high-octane gasoline, light olefins) and to deepen oil refining through the utilization of
low-margin streams at refineries. Along with this, there is an urgent need to develop domestic mathematical tools for predict-
ing and optimizing the catalytic cracking when the modes and feedstock qualities changes, as well as planning of production.
This requires in-depth analysis and detailed study of the composition of oil fractions involved in processing and
thermodynamics and kinetics of a heterogeneous process. The development and application of a mathematical model of the
catalytic cracking, taking into account the composition and properties of the components involved in processing, makes it
possible to quantitatively assess the yield and quality of target and by-products depending on the composition,
physicochemical properties of the mixed feedstock, and the parameters of the technological regime, with an assessment of
the possibility of their processing at an existing industrial facility. Aim. Experimental study of the composition and properties
of mixed feedstock of catalytic cracking based on vacuum gas oil containing 5 to 20 wt % of extract of deasphalted oil,
distillate, residual slack wax, and prediction of the catalytic cracking indicators during their co-processing using a
mathematical model. Methods. Liquid chromatography method to study the composition of feedstock materials of the
catalytic cracking in combination with a number of standard methods for determining physico-chemical properties. Results.
Using a set of experimental studies, the authors have established the patterns of changes in the composition and physico-
chemical properties of the components and mixed feedstock of catalytic cracking containing 5-20 wt % of distillate and
residual slack wax, deasphalted oil, and extract. The results obtained were used in development of a mathematical model of
the heterogeneous catalytic cracking of feedstock, which takes into account the composition of oil fractions involved in
processing and the patterns of catalyst deactivation by coke. Using a mathematical model, the authors established the
patterns of changes in the composition and yield of process products when 5-20 wt % were involved in processing distillate
slack wax and extracts of selective cleaning of oils mixed with vacuum distillate. Practical recommendations were developed
on the possibility of expanding the hydrocarbon feedstock of the catalytic cracking, taking into account the fuel or
petrochemical regime.
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Acknowledgements: The research was supported by the Russian Science Foundation grant (project no. 22-79-00238).

For citation: Nazarova G.Yu,, Ivashkina E.N., Nafo B.]., Maltsev V.V., Shafran T.A. Prediction of catalytic cracking performance
during co-processing of vacuum gas oil and low-margin oil refining streams. Bulletin of the Tomsk Polytechnic University. Geo
Assets Engineering, 2024, vol. 335, no. 4, pp. 172-184. DOI: 10.18799/24131830/2024 /4 /4489

BBegeHue

OnTuMH3aLus TEXHUKO-DKOHOMHUYECKUX TOoKa3are-
neil HedrenepepadarpiBaromux 3aBoaoB (HII3) u mo-
BEIICHNE TIIyOMHBI mepepaboTku HE(TH SBISIOTCS
KJIIOYEBBIMHU 3aJjauaMu COBPEMEHHOH HedTenepepada-
ThIBalOIIEel npomsinuieHHocTH [1]. Ha poccuiickux u
3apyOexxHbix HII3 mpUMEHSIOT TEXHOJOTHIO KaTayH-
THYECKOTO KPEKHWHTa, 00ECIEUNBAIONIYIO YIIyOJeHne
nepepaboTku HEPTH U MPOU3BOJACTBO BHICOKOOKTAHO-
BOTO KOMIIOHEHTa TOBapHOro OCH3MHA, IPOIAaH-
nporwieHoByto  ¢pakmuro  (IIIIP) wu  OyraH-
oyruneHoByto ¢paknuo (Bb®) ¢ wucnonp3zoBaHMEM
IICOJIUTCOMIEPKAIIUX KaTanu3aTopoB. CrIpbeM Iporiec-
ca SIBIITIOTCS BBHICOKOMOIICKYJISIpHBIC He(TSIHBIC (pak-

MU, KaK BaKyyMHbIe Ta3oilliu, TaKk M OCTAaTOYHOE
HeTSHOE CHIphE. YUUTHIBAs MIHPOKOE BBEICHUE KOM-
IUIEKCOB TIyOokol mepepaboTku Hedtn wa HII3 Ha
0a3e TMIPOKPEKUHIa, BO3HUKAET HEOOXOIUMOCTb pac-
IIMPEHUS] CBIPbEBOM 0a3bl YITIEBOAOPOTHOTO CHIPHA.
[To »To¥ MpuuYWHE MOBBIIIACTCSI HHTEpEC K TepepadoT-
K€ U ONTUMM3ALUN CMECEBOTO ChIPbs Ipoliecca MpH
BOBJICUCHHH B MEpepaboTKy HU3KOMAPKUHAIBHBIX
moToKoB [1].

s noBbIIeHUs TIyOuHBI niepepaboTku HeTAHO-
IO CBIpbS M TOBBILECHUSA 3((HEKTUBHOCTH IPOIECCOB
[1-3] B mepepaboTKy BOBJICKAIOT HE TOJBKO BaKyyM-
HBIe razoinu ¢ temmeparypor kumenus 370-540 °C,
HO ¥ Jpyrue HedTsHbIe (HpaKkIuy, TaKUe KaK: TUCTUII-
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JISITHI CMA304HBIX Macell, aTMoc(epHble ra3oiiu, Mmo-
TOKH C YCTaHOBOK 3aMEJJICHHOTO KOKCOBaHMSI, OCTaTKU
THOPOKPEKUHTa,  CPEOHEIANCTIIUIITHBIE  (pakuun
HedTH, MapadUHOBBIC Ta4H, Aeac(aabTU3UPOBAHHBIC
He(TAHBIE OCTaTKM, PACTUTENBHOE ChIpbe, paduHAT,
onepunnl C5-C8, merposatym u ap. [4—12]. Dro, ¢
OJTHOW CTOPOHBI, 00ECTIeYNBAET PACIIUPEHUE PECYPCOB
CBIPb KAaTAIUTUYECKOTO KPEKWHTa U HHTEHCHU(UKa-
LU0 TIpoIecca ATl YBEJINUEHHS BHIXO/a [IEIEBBIX IPO-
IYKTOB (BBICOKOOKTAHOBBIN OCH3UH, JIETKHE OJIe(hUHBI,
JIETKUil Ta30inb) W, C APYroil CTOPOHBI, MOBBIIIAET
ryOnHy mepepaOoTKu HePTH M yTHIM3aLUI0 HHU3KO-
Map KUHAITBHBIX MOTOKOB Ha HIT3.

BwMmecTe ¢ TeM ncnonb3oBaHUE B epepaboTke ocTa-
TOYHOTO HE(TSIHOTO CHIPhsI TpeOyeT ONTHMH3AIUU
TEMIIEpaTypHOI'O PeXUMa Ipolecca WIN Jaxke HU3Me-
HEHUS KOHCTPYKLHMOHHBIX OCOOEHHOCTEH ammaparos,
TaK KaKk B COCTaB€ MPUCYTCTBYET BBICOKOE KOJIMYECTBO
apoMaTUYEeCKUX YIJIEBOJOPOIOB U CMOJHUCTHIX KOMIIO-
HEHTOB, COJEPKAIUX TXKeNble METAIJIbl. DTO CBA3AHO
C TEM, YTO KOHBEPCHsI ChIPhSI MOXKET OIpPaHUYMBATHCS
M30BITOYHBIM KOKCOOOpa30BaHWEM H JIe3aKTHBALIUCH
KaTajau3aTropa, B TOM YHUCIE TEPMOXUMHUYECKUMHU ITOKa-
3aTeNIsIMU IIpoIlecca OKUCICHUSI KOKca, MpH Iepepa-
00TKe BEICOKOAPOMAaTH3UPOBAHHOTO CHIPHS.

CeroJHs TEXHOJOTHS KaTaJUTUYECKOIO KPEKUHTra
BHeapeHa Ha 15 HII3 Poccuiickoit @eneparuu u npen-
CTaBJICHA KaK yCTAHOBKAMH IEPBOTO—TPETHETO ITOKO-
nenu#, Tak u BHeapeHHbMU (2006-2021 rr.) U cTposi-
mmucsa oowvextamu (10 2023-2026 rr.). Bmecte ¢ Tem
IPU HKCIUTyaTallul Ka)KIOTO MPOMBIIIJICHHOTO 00BEK-
Ta TpeOyeTcsl HelpephIBHAS ONTUMH3aLUI KaK TEIUIo-
BOTO pexuMa paboTel peakTopa M pereHepaTopa B
YCIIOBUSIX U3MEHEHHSI COCTaBa CHIPbSI U JE3aKTUBALUU
KaTalu3aTopa, TaK M COCTaBa CHIPHS, HAIPABIIIEMOTO
Ha MNepepaboTKy C LEenbl0 00ecredeHus] TOIUIMBHOTIO
U1 He(hTEXUMHUIECKOTO PEXUMOB.

[TosTomy cymiecTByeT octpas HEOOXOJUMOCTh B
CO3/1aHUM MaTeMaTUYECKUX HHCTPYMEHTOB [UI OITH-
MU3aIMU [IPOLECCOB KATAIUTUIECKOTO KPEKUHTa, Ipo-
THO3UPOBAHUS ITOKa3aTeNeil MpHU U3MEHEHNH PEKUMOB
U Ka4yecTBa ChIPbs, a TAKXKE INIAHUPOBAHUS IPOU3BOJI-
ctBa [13], uro TpeOyeT AeTanbHOr0 HUCCIEIOBaHUS CO-
CTaBa BOBJIEKACMBIX B mepepaboTKy HeTSHBIX (pak-
LUH, TEPMOAMHAMUYECKUX M KHHETHYECKHX 3aKOHO-
MEpPHOCTEN TeTepOreHHOro nporecca.

Lenbio pa®oThl SBNSETCA 3KCIEPUMEHTAIBHOE UC-
CJICZIOBAHNE COCTaBa M CBOMCTB CMECEBOTO CHIPhS Ka-
TAIMTUYECKOTr0 KpEKUHra Ha 06a3e BaKyyMHOI'O ra3oii-
11, cogepxamero ot 5 10 20 % 3KcTpakTa CelneKTHB-
HOW OYHMCTKHU Macel, Aeac(aabTu3aTa ¥ HOTOKOB Taueit
JUCTUJUIATHOIO M OCTaTOYHOr0, M TNPOTHO3UPOBAHUE
MOKazaTeJle mporecca KaTaJTUTUYECKOT0 KPEKUHTa
IIPY MX COBMECTHOW mepepaldoTKe ¢ HCIOIb30BAHHEM
MaTeMaTU4ecKOi MOJIENH.

3aI[a‘II/I pa6OTI)I BKJIIOYAKOT OMMPEACICHNE COCTaBa U
(1)I/I3I/IKO-XI/IMI/I‘IGCKI/IX CBOMCTB IIOTOKOB, ABJIAIOINUXCA
MOTCHIUAJIIBHBIM CBIPEEM YCTAaHOBKH KaTaJIUTUYCCKOI'O
KPCKHHIra, 1 YCTAaHOBJICHUC 3aKOHOMepHOCTeI>i HU3MCHC-
HHSI COCTaBa MU CBOMCTB CMECEBOTO ChIpbsA B 3aBUCUMO-
CTH OT THUIIA U KOJIMYCCTBA BOBJICKACMBIX B Hepepa60T—
Ky IIOTOKOB, a TaK)K€ YCTAaHOBJICHUC SaKOHOMepHOCTeﬁ
HU3MCHCHHUA BBIXOJa M COCTaBa IPOAYKTOB MpoLecca
IIpyU BOBJICYCHUHU Ha YCTAHOBKY KaTaJIMTUYCCKOTO Kpe-
KHHTa CMCCEBOI'O CbIPbA.

MeToAbI HCCJIEJOBAHUA
OnpedesieHue cocmasa HeimsHO20 CbIPbS
U e20 KOMNOHeHMos8

OnpeneneHue KOJIWYECTBEHHOIO TIPYIIIOBOIO XH-
MHUYECKOTO COCTaBa TSDKENBIX HEPTAHBIX (paKIuid C
Temnepatypoit kuneHus Boime 300 °C ObUIO BBIIOTHE-
HO Ha xpomatorpade «I'paaueHT-M» METOIAOM KU~
KOCTHO-2JICOPOIIMOHHOM XpoMaTorpaduul ¢ rpaJaueHT-
HBIM BBITECHEHHEM. B KaudecTBe HEMOABMKHOU (hazbl
ucnonb3oBad cuwiukarenas ACKIT ¢ pasmepom gacrung
63-100 MKM, TIOJBWXKHOU (ha30il SBISIICS MHOTOKOM-
TTOHEHTHBIN ITIOEHT B COOTBETCTBUH C JOKYMEHTaLUEeH
Ha Ipuodop.

OnpedeseHue puszuKko-XuMu4ecKux ceoiicme
CMeceg020 CbIpbsi U e20 KOMNOHEHMOo8

Ons uccrenoBaHus (PU3HKO-XUMHIECKAX CBOUCTB
KOMIIOHEHTOB CBIPbS TIPOIlecca KaTATUTHYECKOTO Kpe-
KHMHTa HCIIONB30BaH psa MeTonoB. [ImOTHOCTH, KuHE-
MaTHYecKas i JHHAMHYECKasl BSI3KOCTh OIPE/ICICHBI B
cootBeTcTBUU ¢ ASTM D7042-16 «Standard Test
Method for Dynamic Viscosity and Density of Liquids
by Stabinger Viscometer (and the Calculation of
Kinematic Viscosity)». Ilokazarens mnpenomieHus
onpeaened no 'OCT 18995.2-73 «Meron omnpenene-
HUS TokazaTens nperomieHus (IIpoaykTel xummde-
CKHE KHJIKHE)» C HCIONb30BaHUEM pedpakToMeTpa
Atago NAR-3T (nmana3oH wu3MepeHHs IOKa3aTels
npenomniernst  1,3—1,7 nD, ToyHOCTH W3MepeHUH
+0,0001 nD, Temnepatypa 5-50 °C, TouHOCTH H3MEpE-
Huit £0,2 °C). [Ins onpeneneHus: MOJIEKYJISIpHOW Mac-
CBI 00pa3IoOB CMECEBOTO CHIPhSI M €ro KOMITOHEHTOB
WCIOJIb30BaH KPUOCKOMUYECKUNH METOJ] C IPUMEHEHHU-
eM JabopatopHoro oOopynoanuss KPMOH-1 (Tou-
HOCTb TeMIepaTypHbIX u3MepeHuil cocrasisger 0,001
°C, mokasareyib TOYHOCTH +9 %) B GeH30J1e B COOTBET-
ctun ¢ OCT 153-39.2-048. MaccoBas mosisi cepsl B
obpasnax onpenenena B coorBerctBuu ¢ [OCT 53203-
2022 «Hedtp u HedTenmpoaykTel. OnpeneneHne cepbl
METOOM 3HEPrOAUCIEPCUOHHON peHTreHodmIyopec-
[CHTHON CIEKTPOMETPHM» C WCIIOJIB30BAHNECM aHAJIH-
3aropa cepbl KCIIEKTPOCKAH SLy» (pabouwmii quarma-
30H KoHueHTpanuii cepbl 0,0007-5,0 %, HuxKHUIA Tpe-
nen ooHapysxenus cepst 0,0005 %).
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IMpuzomoe.ieHue 06pPa3y08 CMeCe8020 Cbipbs
npoyecca KAamMaaUMuU4eck0z20 KpeKuHza

B ka4yecTBe KOMIIOHCHTOB JJIsi TIPUTOTOBIICHUS CME-
CEBOTO CBIPbSl KATAIUTHYCCKOTO KPEKHHTa OBLTH HC-
MOJIb30BAHBI: BAKyYMHBIA THUCTHJUISAT, SKCTPAKTHI, JC-
achanpTH3aThl, FaYd JUCTHIULSITHBIE W Tadyd OCTaTOY-
Hble. OOpa3lbl CMECEBOTO CHIPbS KaTAJUTHYSCKOTO
KpekuHra, coaepskaniero 5—20 mac. % ravya AUCTHILIAT-
HOTr0, raya OCTaTO4HOro, AeacdabTU3aTa U IKCTPAKTA,
ObLIM MPUTOTOBJICHBI B JIA0OPATOPUH C MPUMEHEHHUEM
MEIIaJKH MAarHUTHOTO TUIIA B YCJIOBHUSIX HArpeBaHHS 10
50 °C mpu 100 06/mMuH B TeueHue 20 MUHYT.

Pe3ysibTaThl M 06CYKAeHUE
Pe3y/ismamul 3KcnepuMeHma/abHo20 UcC/1ed08aHUSA
cocmaea u ceolicme 06pa3yoe cmMeceeozo CoIpbs
npoyecca KaMaAuMu4ecKoz2o KpeKuHaa
U e20 KOMNOHEHMo8

Ipu nepepaboTke cMeCeBOro YIiaeBOAOPOIHOIO ChI-
phsl KaTAJIMTHUYECKOTO KPEKHHTa JIOJDKEH OBITh TpoaHa-
JIM3UPOBAH COCTaB U (PM3UKO-XUMHUYECCKHE CBOMCTBA KaK
KOMIIOHEHTOB, BXOJIAIIMX B €ro0 COCTaB, TAK U 00pa3iioB
MIPUTOTOBJICHHBIX cMeceld. B Tabi. 1 mpuBeneHs! pesyiib-
TaThbl AKCIEPUMEHTAIBHOTO HCCIICIOBAHUA 00pasIoB
CMECEBOT'0 CHIPhSI U €r0 KOMIOHEHTOB. COIJIACHO MOITY-
YCHHBIM [TAHHBIM BAaKyyMHBIA JUCTHIUIAT XapaKTEpHU3y-
€TCS: BBICOKHM COJICPYKAHHEM HACBHIMICHHBIX YTIICBOJIO-
poaoB — 60,6 mac. %, oOlee conepikaHue apoMaThye-

CKHUX YTJIEBOJIOPOJIOB M CMOJIUCTBIX COeAMHEHHH — 33,5 1
5,9 mac. %, cooTBeTcTBeHHO. Hambosblee conmepkanue
apOMATHYCCKHUX VYTIICBOJOPOZOB XapPaKTEPHO IS DKC-
TpakTa u aeacdanptuzara (38,4-59,8 mac. %), mpu SToM
JAHHBIC KOMIIOHEHTBI XapaKTePU3YIOTCsI HauOOJNbIIeH
BEJIMYMHON MTOJTMAPOMATHICCKHX YTIICBOJIOPOJIOB U CMOJT
(33,0-18,7 u 7,4-9,2 mac. %, cooTBeTCTBEHHO). BMecTe ¢
TeM HanOoJee HACBHIIICHHBIM KOMIIOHEHTOM CBHIPbs Kpe-
KUHTA SIBJISCTCS Tau MUCTHULITHBIA, B KOTOPOM COIEp-
J)KQHWE  HACBHIICHHBIX  YIJICEBOJOPOJOB  COCTABJIACT
99,4 mac. %. BaxxHO y4IHTHIBaTh, YTO Ta4 OCTATOYHBIH, B
OTJIMYKE OT Taya MUCTHUIATHOIO, XapaKTepPHU3yeTCsl BbI-
COKHM COJICpKaHHEeM apOMaTHYECKHX YTJIEBOJOPOJIOB U
cMOJMCTRIX coeauHenuii — 13,1 u 3,0 mac. %, cooTBeT-
CTBEHHO.

3aKOHOM€pHOCfnu u3MeHeHUsd cocmaea u ceolicme
cMeceg020 cbipbsi npu do6aseHuuU 2ayet,
deachanrvmuzama u IKcmpakma 6 pa3AUYHsIX
COOMHOUWEHUSAX K AKYYMHOMY aucmwymmy
OcHoBHas TpoOiieMa CMENICHUS «TEMHBIX» (pak-
U CBsA3aHA C HEMHEHHBIM U HEaITUTHBHBIM Xapak-
TEpOM H3MEHEeHHs HX CBOHCTB. IIpencTaBieHue o
He()TH W MPOJYKTax ee INepepaboTKu Kak O JUcIepc-
HBIX CHCTEMaX BO MHOTOM YTOYHSET U MO3BOJISET IIPO-
THO3UPOBATh MX MOBEACHHE W MYTH MHTCHCU(DHUKAIUU
HHTEpeCyIomX mpomeccos [1, 14-16].

Ta6/1uua 1. Pesy/lbmambl no onpede/lel-lwo cocmaea u ceolicme cmecesozo CbIpbi KAaMa/1umu4eCcko20 KpeKuHaa U e20 KOMNOHEeHmos8

Table 1. Results for determining the composition and properties of mixed catalytic cracking feedstock and its components
Cocras i cBoficraa HYB | JIAYB | CAYB | TAYB, | BC | CBC, S . MM, v, M2/
Composition and properties SH LAH | MAH | HAH | BR | ABR p2 r/MoJb e n (20 °C)
Mac. % /wt % MW g/mol
BJ/VD 60,6 12,0 7,8 13,7 2,5 34 0,9655 | 0,9107 377,6 33,062 1,5098
r'Z1/SWD 99,4 0,2 0,1 0,1 0,2 0,0 0,0029 | 0,8845 766,40 - 1,4555
r'o/RSW 83,9 8,4 1,6 34 1,2 1,9 0,1147 | 0,8913 709,70 - 1,4859
JA/DAO 54,2 12,9 6,8 18,7 4,0 34 1,5011 | 0,9153 503,50 380,29 1,5147
3/E 31,1 | 145 12,3 330 | 38| 54 | 1,5417 | 0,9763 378,10 118,90 1,5494
BA+T'ZL (5 %)/VD+SWD (5 %) 674 | 114 6,0 10,7 | 15| 31 0,953 0,903 250,94 - 1,5077
BJI+T'/1 (10 %)/VD+SWD (10 %) 74,2 9,4 4,6 7,9 1,4 2,5 0,910 0,8997 366,7 - 1,5047
BJ+T/1 (15 %)/VD+SWD (15 %) 78,4 7,5 4,0 7,1 1,0 2,0 0,842 0,8923 155,38 - 1,5013
BJ+T/1 (20 %)/VD+ SWD (20 %) 80,5 6,7 3,6 6,7 0,8 1,7 0,815 0,8869 400,59 - 1,4979
BA+T'0 (5 %)/VD+RSW (5 %) 62,2 13,4 6,5 12,0 2,0 3,9 0,973 0,9066 383,21 - 1,5089
BJA+I'0 (10 %)/VD+RSW (10 %) 63,2 12,8 6,3 11,2 1,8 3,9 0,898 0,9038 429,71 - 1,5069
BJI+T0 (15 %)/VD+RSW (15 %) 66,0 | 11,2 6,2 11,0 | 1,8 | 38 0,924 | 0,9008 352,94 - 1,5059
B/I+I'0 (20 %)/VD+RSW (20 %) 67,6 10,1 59 10,9 1,9 3,6 0,865 0,8991 328,14 - 1,5041
BA+JA (5 %)/VD+DAO (5 %) 59,8 15,2 6,2 12,3 2,4 4,3 0,987 0,9097 376,47 36,257 1,5107
BJI+/1A (10 %)/VD+DAO (10 %) 58,7 14,5 53 14,7 2,6 4,3 1,001 0,9102 401,88 41,682 1,5109
BJ+/1A (15 %)/VD+DAO (15 %) 58,2 14,7 6,4 13,6 2,3 4,7 1,019 0,9108 315,97 43,344 1,5113
BJA+/1A (20 %)/VD+DAO (20 %) 57,2 13,7 7,3 14,6 2,5 4,8 1,031 09111 309,76 47,493 1,5121
B/+3 (5 %)/VD+E (5 %) 58,0 | 142 6,7 144 | 2,7 | 40 1,022 | 09121 351,76 34,476 1,5126
B/1+3 (10 %)/VD+E (10 %) 56,8 14,3 6,9 15,1 2,8 4,1 1,047 0,9149 338,89 36,403 1,5145
BJ1+3 (15 %)/VD+E (15 %) 54,9 14,3 7,3 16,1 2,8 4,6 1,074 0,9182 406,04 38,633 1,5155
BZ1+3 (20 %)/VD+E (20 %) 53,6 14,3 7,6 16,8 2,7 5,0 1,101 0,9209 363,60 41,998 1,5179

HYB - HacvlyeHHble yeaesodopodvel; JIAYB, CAYB, TAYB - nezkue, cpedHue, msisceavle apomamudeckue yeae8000podel coom-
eemcmeeHHo; bC, CbC - 6eH30/1bHble U CNUPMOGEH30/1bHble CMOJIbl COOMBemMcmeeHHo; MM - Mo/eKyAsipHas Macca; v — KuHe-
mamuveckas esizkocms npu 50 °C; S - codepicaHue cepbl; n — nokasamess npeaomaeHus; B - eakyymuwlii ducmuansm; I/l -
2ay ducmuansamuulil; 'O - 2ay ocmamoyHwili; [JA - deachanbmuszam; 3 — akempakm.

SH - saturated hydrocarbons; LAH, MAH, HAH - light, middle, heavy aromatic hydrocarbons; BR, ABR - benzene resin and
alcohol-benzene resin; MW - molecular weight; v - kinematic coefficient of viscosity at 50°C; S - sulphur content; n - refraction
index; VD - vacuum distillate; SWD - slack wax distillate; RSW - residual slack wax; DAO - deasphalted oil; E - extract.

175




Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 4. P. 172-184
Nazarova G.Y. et al. Prediction of catalytic cracking performance during co-processing of vacuum gas oil and low-margin ...

[pu cMmemmBaHUM TUCTHULITHOTO Taya M OCTaTOY-
HOTO Ta4ya ¢ BaKyyMHBIM Ta3oijieM coJiep)KaHhe HACHI-
IICHHBIX YTJIEBOJOPOJOB B CMECH YBEIMYUBACTCS B
000HX CITyJasX, IpHIeM IpH T00aBICHUN Tava AUCTUI-
naTHOro Oenee wHTeHCUBHO (Ha 13,1 mac. %), B oTiu-
gre oT Ho0aBKH raga ocraTrogHoro (Ha 5,4 mac. %), xo-
TOPBIN XapaKTepu3yeTcs OOJBIINM KOJIUYECTBOM apo-
MaTHYeCKUX KOMIIOHEHTOB, COTJIACHO JaHHBIM Tabi. 1.
KonmruecTBo apoMaTHYECKUX M CMOJIUCTBHIX KOMITOHEH-
TOB B OOIIEM CIIydae CHIIKAETCSI BCIICACTBHE pa3daB-
JIEHUs] BAKYYMHOTO T'a30MJIsl BRICOKOHACHIIIEHHBIM I10-
TokoM. CHIDKEHHE COIep KaHUs dTHX TPy Ooyiee WH-
TEHCHBHO IIpH TOOABICHUN Tada AUCTHUIITHOTO, YTO
CBSI3aHO C €r0 XMMHUYECKHM COCTaBOM M MEHBILIUM CO-
JepKaHUEM apoOMaTHYECKUX KOMIIOHEHTOB. boiee To-
r0o, IPH CMEUINBaHNH TUCTHIUIATHOTO rada B COOTHO-
meHud oT 5—20 % c BakyyMHBIM ra3oijieM coaepka-
HUE apoOMaTHMYECKUX M CMOJIUCTBHIX BEIIECTB PE3KO
camkaercs Ha 11,1 n 2,1 % u 5,0 m 0,4 %, cooTBeT-
CTBEHHO, — IIPH JO0OABICHUH rada AUCTHUIATHOTO H
OCTaTOYHOT'O, COOTBETCTBEHHO.

[Ipu cmemennn geacdanbTuzata U SKCTPAKTa B CO-
otHomeHnu 5—20 mac. % ¢ BaKyyMHBIM TUCTHILITOM
COJIepKaHWe HACBHIIIEHHBIX YTJIEBOJOPOJOB B CMECH
yMmeHbIIaercs Ha 2,6 u 4,4 mac. %, COOTBETCTBEHHO,
9TO CBSI3aHO C MEHBIIUM COJEPKAHHUEM HACHIIIEHHBIX
yIIeBOJOPOAOB B MoToke 3KcTpakTa (31,1 mac. %).
[Ipruem mpu poGasnennu 5 mac. % HKCTpPaKTa MOIy-
YeHHas! CMECh OJM3Ka 10 COCTaBy M CBOWCTBAM K HC-
XOIHOMY BaKkyyMHOMY mucTWwuiIty. [Ipu moGaBneHun
10-20 mac. % dKCTpakTa NOJSy4YEHHas CMECh 3HAYHU-
TENFHO OTIIMYAETCSI COCTaBOM M (DH3UKO-XUMHUYECKUM
CBOMCTBaM OT MCXOJHOTO BaKyyMHOIO JUCTHILIATA.
IIpu mepepabotke crIpba, copepsxkamero 5-20 mac. %
9KCTPaAKTa B CMECH C BAKYYMHBIM JUCTHIUISTOM, HMEET-
Csl CKJIOHHOCTh K KOKCOOOPa30BaHUIO H3-32 BBICOKOTO
COJICp)KaHHsI CMOJIUCTBIX CoeAuHeHui (>6,7 mac. %).
OO0mmee cojliepKaHWE apOMATHYECKUX W CMOJIUCTHIX
COCIMHEHNH B CMECEBOM CBHIphE Ooliee 3HAYUTEIHHO
BO3pacTaeT MpH J00aBJIEHUH BBICOKOApOMATHU3UPO-
BaHHOT'O KOMITOHEeHTa dKkcTpakta (Ha 3,4 u 1,0 mac. %)
U OTIMYAETCSI OT MCXOAHOTO BaKyyMHOTO TUCTHILIATA
Ha 11,3-14,7 u 0,8—1,8 mac. %, COOTBETCTBEHHO. YBe-
JIMYEHUE COJICPXKAHUS STHX TPYIMI MpH J00aBICHUN
5-20 mac. % neacdanpTnzara cocrauio 1,9 u 0,7 mac. %,
COOTBETCTBEHHO.

CozepkaHue Jerkod apoMaTHKH BO3pacTaeT Ha
1,7-3,2 u 2,2-2.4 mac. % npu nobasneHnu aeachaibTu-
3aTa U IKCTpPAaKTa K BaKyyMHOMY rasoimo. Ilpu stom
HaOJrOaeTcss HEKOTOpOE BO3pACTaHHWE COJEPKAHUS
JIETKOM apoMaThku nipu podasienun 15 % neachanbtu-
3aTa, COMCpIKaHNe JIETKOM apOMAaTHUKH MpU 100aBICHUN
5-20 % sKcTpakTa MPaKTUIECKU HE H3MEHSETCSI.

[Tpn yBenw4YeHNH COAEP)KaHMS rada AUCTHUISTHO-
r0 ¥ OCTaTOYHOTO odmiee cCoIepiKaHhe CMOJ B cMece-

BOM CBIPbE CHMIKACTCS C PA3IMYHON WHTECHCHBHOCTHIO
Y BO3pAcCTaeT NMpH YBEIMUYCHUH CONEpKaHUsI eacdalib-
TH3aTa ¥ 3KcTpakTa B koiuuectBe 15-20 mac. %. Bo-
BJICYCHUE TAKOTO BHJA CHIPhS HA YCTAHOBKY KaTallTH-
9EeCKOT0 KPEKMHIa MOXET OBbITh OJarOmpUSTHBIM IS
YBEMMUEHHUS OKTAHOBOTO 4HCIIA OCH3WHA, TPH 3TOM
3HAYHATEIHFHO YBEIUYUTCS CKIOHHOCTH €r0 K KOKC000-
Pa30BaHUIO M3-32 BBICOKOTO COJAEpKaHUsA cMon (>6,7).
Bonee Toro, B Takux MOTOKaX Ba)KHO OIEHUTH U3MEHE-
HHUE COIEpPXaHUSI THKETBIX METAJUIOB JJIsI MIPEIOTBPa-
meHus HeoOpaTHMOM Je3aKTUBAIlMM KaTaln3aTropa
KpEKHWHTa W BBIOOpa ONTHUMAJIBHOTO KOJIMYECTBA JO-
0aBJsIEeMOT0 KOMIIOHEHTA.

[Ipu cmemenun HeHTENPOAYKTOB, CYIIECTBEHHO
pa3IMYAIONIAXCA 110 TUIOTHOCTH, HMEETCS BOZMOXHOCTh
TposiBIICHHUS YPQEKTa «IOoTepH 00beMa IIPH CMEIIICHUI
[1, 14-19]. N3MeHeHUs IFIOTHOCTEN CMECEBOTO CHIPHS,
comepxkamtero 5-20 mac. % radyeil NDUCTWUISATHBIX M
OCTAaTOYHBIX, Aeac(anpTH3aTa W DKCTPAKTa B BaKyyM-
HOM JUCTUILIATE B 3aBUCHMOCTH OT COJICPKaHHS B CMe-
cU mapauHO-HA(PTEHOBBIX M apOMAaTHUYECKHX YTIIEBO-
JIOPOZIOB, TIPUBE/ICHBI Ha puC. 1, a—e.

XapakTep YCTaHOBJICHHBIX HW3MCHEHHH (H3HKO-
XMMHYECKUX CBOHCTB MOKAa3aj, 4YTO MPHU yBEIMYCHUU
collep)KaHMsl HACBIIICHHBIX YTJIEBOJIOPONIOB B CHIphE,
coAeprKaleM rad JUCTHUUIATHBIA M OCTAaTOYHBIN, Je-
ac(anbTu3aT U IKCTPAKT B CMECH C BaKyyMHBIM [IH-
CTHIUISITOM, IJIOTHOCTh TIOJYYEHHOM CMECH CHHXKAeT-
csl, B TO BpeMs1 KaK IPH YBEIUUECHUH CONEP KaHHsI apo-
MaTHYECKUX YIIEBOAOPOAOB IUIOTHOCTh CMECH YBEIIU-
YUBAETCSA, MPH ITOM 3aBHCUMOCTH IUIOTHOCTH CMECH
HOCUT HEJIIMHEHHBIN XapakTep. MIHTEeHCHMBHOCTh CHHU-
JKEHHsl TUIOTHOCTH 0OJiee BBICOKA TP OOABICHUU K
BaKyyMHOMY Ta30WJII0 Taya ITUCTHIUIATHOTO, MPH YyBe-
JIMYEHUN Joau rada guctwiiara ¢ 5-20 % mioTHOCTh
MoNy4yeHHOH cMecu ymenbmmnace ¢ 0,903  no
0,887 r/cm® 1 oTaMUanace ot pacuéTHOl ¢ y4yeToM Jo-
1 komrnoHeHToB Ha 0,72-2,6 kv’

Bsiskocth HedTenpoaykToB 00yclOBIIEHA B3aWMO-
JIENCTBUSAMU MEXIy €IMHHULIAMU Bsi3Koro TeueHus. [1a-
paMeTphl BSA3KOTO TEUSHHS 3aBHCAT OT CTPOSHHS, CO-
CTaBa U pa3MepoB (a30BBIX YACTHUI], BCICICTBUE UETO
XapakTep U3MCHEHHs BS3KOCTHBIX IMOKa3aTeNedl oTpa-
’KaeT COBOKYITHOCTh CTPYKTYPHBIX U3MCHEHHMH, [TPOHC-
XOJIAIMX B CUCTEME Npu cMmerneHuu [15]. Pesynbrarst
WU3MCHEHUS] KUHEMATHYEeCKOW BSI3KOCTH CMECH BaKy-
yMHOTO auctwuiiara ¢ 5-20 % mac. neacdanbTuzarom
U 3KCTPAKTOM IpUBeJeHbI Ha puc. 3. Ilpu yBenuuenuun
conepxkanus aeacthanpruzara ¢ 5-20 mac. % B Baky-
YMHOM JUCTHJUIATE KHHEMATUYECKash BSI3KOCTh MU
50 °C mony4yeHHO# cMecu BospactaeT ¢ 36,257 no
47,493 mm%c, a MIPU YBEIWYCHUH COACPXKAHUS IKC-
TpakTa ¢ 5-20 mac. % KuHeMaTH4YecKas BA3KOCTb IO-
JydeHHOM cmecu  Bospactaer ¢ 34,476 no
41,998 mm*/c.
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Puc. 1. 3asucumocmu naomHOCMU CMeceso20 Cblpbsl nNpu 006asAeHUU 2aya OUCMUAASIMHO20 U 2a4d ocmamoyHozo (a),
decagpanbmuzama u skempakma (6) kK 8aKyyMHOMY QUCMUAASIMY OM CO0epHCAHUs1 Napag@uUHO-HaAPMEHO8bIX Y2/1e80-
dopodos, eaua ducmuaasimHO20 U 2a4a 0CMamo4Hozo (8), decagarbmuzama u skcmpakma (2) K 8aKyyMHOMY Ou-
CMUAAMY 0M COOEPHCAHUS APOMAMUHECKUX Y2/1e8000p0008
Fig. 1. Dependence of mixed feedstock density when adding distillate slack wax and residual slack wax (a), desphalted oil and

extract (b) to a vacuum distillate on the content of paraffin-naphthenic hydrocarbons, slack wax distillate and residual
slack wax (c), desphalted oil and extract (d) to vacuum distillate on aromatic hydrocarbon content

Mamemamuyeckas modeJ1s npoyecca
Kama/aumu4eckozo KpeKuHada

Ha ocHOBaHMH pe3ynbTaToB 3KCIEPHUMEHTAIHLHOTO
HCCIICIOBAHUS COCTaBa CHIPbs U MPOIYKTOB Ipolecca
pa3paboTaHa HOBas PEaKIHOHHAS CXeMa Ipolecca Ka-
TATUTHIECKOTO KpeKuHra (pHc. 2), OTINYAIOMascs OT
paspaboTanHOi panee [18] yyeroM XUMHYECKHX TIpe-
BpaHIeHI/Iﬁ KOMIIOHECHTOB BBICOKOMOJICKYJIAPHBIX U
CPETHEMUCTHIUIATHBIX HEe(TAHBIX (QpaKiuil U OCHOB-
HBIX KIIACCOB CEPHHUCTBIX COEAWHEHHMH. Tem caMbIM
OGCCHC‘H/IB&CTCSI YYBCTBUTCIIBHOCTh MOJICTIN K COCTaBy
BOBJICKACMBIX B MepepabOoTKy KOMIIOHEHTOB M CMece-
BOTO CBIPBAL.

Marematudeckasi MOJIENb, OMUCAHHAS YPaBHCHHUEM
(1), mpencraBiasier co0oif cuCTEMY OOBIKHOBEHHBIX
T hepeHITHATBHBIX YPAaBHEHUH, OIMUCHIBAIONIMX W3-
MEHEHUE KOHIIEHTPAIUH KOMIIOHEHTOB U TEMITePATyPhI
mpoliecca 1o JUIMHE TUPT-peaKTopa ¢ y4eToM H3MEeHe-
HHUA 061,eMa peaKL[PIOHHOﬁ CMECH U aKTHBHOCTH KaTa-
nu3aropa. JIupT-peakTop MOAETUPYETCs KaK PEaKTop
WJICalbHOTO BBITECHEHHUS, MOCKOJBKY CKOpPOCTh Trasza
HaXOIUTCS B AuamnaszoHe ~3,2-9,2 M/c, 4TO 3HAYUTEIIb-
HO TIPEBBIMIACT HAYAIBHYIO CKOPOCTH IICEBIOOKIKE-

HUs, a yucio nuddysun [lekne crpemutcs Kk Oecko-
HEYHOCTH:

dac; d
o+ G = AT (EY )

i N

apCy— = A Xjo, (XY - (4:Hyr) - 1)
HaganbHble ycnoBust 1o=Typ, Ci=Cy, rae C; — KoHLEH-
Tparuu i-0#f TPYIMIbl YIJICBOIOPOIOB, moms/M>; | —
JUTHHA PEaKTopa, C; j — NOPSAAKOBBIA HOMEp; i — mapa-
MeTp ne3aktuBanuu karamuszatopa [19, 20]; T — tem-
nepatypa noroka, K; p, C; — njnoTHOCTE M TemmoeMm-
KOCTh MmoTOKa, Kr/mM°, KJx/kr-K, coOTBeTCTBEHHO;
(ArHP), — TenoBoit >3ppeKT peakiuu B NPAMOM U 00-
paTHOM HampaBleHusAX, KJ[k/Monb, q — OOBEMHBIH
pacxon; A;— IIOLAAb MONEPEUHOro CEYEHUs PeaKTopa
UJeaTbHOTO BBITECHEHUSI.

C wHCronp30BaHUEM MOJICTH TPOBEJIEHBI MPOTHO3-
HBIE PacUeTHI 10 BIISIHUIO COCTaBa 00pa3IOB CMECEBO-
IO CBIPbS, YCTAHOBJICHHOTO B XOJI¢ TIPOBENEHUs J1abo-
patopHbIX HchbITaHni. ChIpbe TpencTaBisieT coOoi
CcMech BaKyyMHOTO TUCTWILIATA U o0aBku 5—20 mac. %
raya TUCTWIUILITHOTO U DKCTPAKTA CEJICKTHBHOW OYUCT-
KH Macell.
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Puc. 2. PeakyuoHHasi cxemMa Kamaaumu4eckozo KpekuHaa
Fig. 2.  Reaction scheme of catalytic cracking

IlpozHo3upoeaHue nokazameseli npoyecca
Kamaaumu4ecko20 KpeKuHaa npu 6oe/ie4eHuu
8 nepepa6omkKy 8aKyymHozo ducmuariasma

u 2a4a JUCMuAAsIMHO20 U U3MeHeHUU
memnepamypul KpeKuHza

g mpoBeneHUs] pacyeToB MCIOIB30BaHbI MOTOKU
100 mac. % Bakyymuoro auctumista (Ceipee Ne 1),
cMecu BakyymHoro auctuiuiara u 20 mac. % auctui-
nsatHoro raya (Ceipbe Ne 2) u 10 mac. % IUCTHIUIATHO-
ro raua (Ceipee Ne 3). Ceippe Ne 1 comepxur
HauMEHbIIIee KOJIMYECTBO HACHIIICHHBIX YTIIEBOJOPO-
noB — 60,6 mac. %, 33,5 mac. % apomMaTHYeCKUX yTIe-
BOJIOpOIOB U 5,9 mac. % CMOJUCTBIX COEAMHEHUM.
Ceippe Ne 2 comepxuT HamOOJbIIee KOJIHMYECTBO
HACHIIIEHHBIX yrieBogopoaoB — 80,5 mac. %, apoma-
TUYECKHUX YIIeBoAopoaoB — 17 mac. % M CMOJHMCTBHIX
coenuHenni — 2,5 mac. %.

Ha wuccnemyemoll ycTaHOBKE KaTaIUTHYCCKOTO
KpekuHra (paktuyeckas 3arpyska cocrtaBisgeT 82,36 %
or MakcumanbHoi (5000 T/cyT). Hdns oOecmeueHHs
MIPOM3BOAUTEIFHOCTH YCTAHOBKH TI0 CHIPBIO BBHIMTOJTHE-
HBI TMPOTHO3HBIC PACUCTHl C MPUMCHEHHEM MaTeMaTH-

- YriieBo10po/ibl 6eH3HHOBOI (pakumn |:|

- CepHUCTBIE COSTUHEHUS |:| - VIJ1eBOIOPO/IBI CPEAHEANCTHILIITHON (hpaKkiuu

- YFHCBOHOPOHBI CBIpbs

YecKOW MOJIeNId C LEeNbI0 ONpeAesieHus lesiecoodpas-
HOCTH BOBJICUEHUS U ONTHUMAIBHOTO COOTHOIICHUS
KOMIIOHEHTOB B CMECEBOM CHIPhE, COJICPIKAIEM BaKy-
YMHBIA JTUCTHIUIAT W TapaduHOBBIC TauW. BiusHue
cOCTaBa CMECEBOTO CHIpbs MPU BOBJICUCHUHU B Tiepepa-
0O0TKy rada JAMCTHWJUISTHOTO Ha BBIXOJ IEJIEBBIX MPO-
IYKTOB TMpollecca KaTATUTHUECKOT0 KPEeKWHra Tpu
MPOYMX PABHBIX YCJIOBUSAX II0Ka3aHO (TeMIiepaTrypa
kpexunra 528 °C) Ha puc. 3 u B Tadum. 2.

MoJenbHbBIE pacyeThl TTOKa3alld, YTO MPH KPEKUHTE
Coippst Ne 1 obOecrieurBaeTcss HAUMEHBIIHIA BBIXO]T JIET-
kux osnedunos (9,77 mac. % Bb®D u 4,58 mac. % I1I1D)
u Oen3mHa (48,2 Mac. %) ¢ BBICOKHMM OKTaHOBBIM YHC-
JIOM TIO HccienoBarenbckomy Meroay (OUm) — 93,7 en.
3a CYET COOTBETCTBYIOIIETO COAEPIKaHUS apEHOB.

Kpexunr Caipbst Ne 2 IpUBOIUT K YBEIHMUEHUIO BbI-
xoJia 6eH3uHa 110 52,55 % mac., ipu 3TOM HaOJIIo1acT-
cs 3HauuTeNnbHOE cHWwkeHne OYm Oensuua (89,5 en.)
32 CUET CHW)KCHHUS COJICP)KaHUS apeHOB B CMECEBOM
notoke. [lepepaboTka TAaHHOTO CHIPhS XapaKTepHU3yeT-
ci HauOOJBIIMM  BBIXOAOM JIETKUX  oJeuHOB
(12,8 mac. % Bb® u 6,18 mac. % III1D).
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Influence of the mixed feedstock composition on the
yield of target products of the catalytic cracking
when involving slack wax distillate into processing

Fig. 3.

IIpu xpexunre Ceipbs Ne 3 BbIxoj OCH3MHA cocTa-
B 51,02 mac. %, gto Ha 1,53 mac. % HmKe Mo cpas-
HeHuto ¢ CeipeeM Ne 2 (puc. 4, a), 1 3TO CBSI3aHO C
YMEHBIIEHHEM COJIEpKAHHUS HACBIIICHHBIX BEIIECTB B
cocTaBe ChIpbsi. XOTs BbIXoJl OeH3uHa cHu3MICA, OUn
yBenumaunoch Ha 2,27 en. (¢ 89,5 no 91,7 exn.) 6nmarona-
PA BO3pOCIIEMY COAEPIKAHUIO apOMaTHYECKUX COEIH-
HeHu#t B coctae Coipbsa Ne 3. Beixog Bb® cocraBun
11,8 mac. % (puc. 4, 6), B mepeBoje Ha T/CYyT 3TO
486,2 1/cyT u 5,6 mac. %, 4TO COOTBETCTBYET BBIXOAY
MI1d 231,3 1/cyT (puc. 4, 6) IpU MOCTOSIHHON TeMIIe-
parype kpekunra 528 °C. MaccoBble pacxojibl Ipo-
JyKTOB TIPUBEICHBI B Ta0I. 2.

Ta6auya 2. Bvixod npodykmos ¢ ycmaHosku kamaJaumuye-
CK020 KpeKuHaa

Table 2. Yield of products from a catalytic cracking unit
Bbixog npoAyKTOB Ceipbe, T/cyT/Feedstock, t/d
Yield of products 1 2 3
Bersui 2009,85 2134,97 2100,75
Gasoline
BED/NNO
BBF/PPF 407,76/191,13 | 519,95/251,06| 486,19/231,32

PesynbraThl TOKa3bIBAIOT, YTO TNPH MepepadboTKe
Ceipbst Ne 3 HeTEeXUMHUYSCKHE DPEKHUMBI OBLIM JIO-
CTUTHYTHl mpu Temnepatypax 531,5-543,7 °C, uro
COOTBETCTBYeT  BbIXOAaM  6,45-9.85 wmac. %
(264,8-405,5 t/cyt) mo IID u 13,51-20,57 mac. %
(566,2-846,8 T/cyr) mns BB®. Takum o6pasom,
Hanbosee OJIAroNpUATHBIM CBIPhEM MAJISL MOTYYCHUS
He(TexuMudeckux ra3oB sBisercs Ceippe Ne 2, co-
nepxariee 20 % rava AUCTUUISTHOTO, MIPU 3TOM O€H-
3UHOBasT (hPAKIHS XapaKTePU3yeTCsl HAMMEHBIINM OK-
TAHOBBIM YHCIIOM.

MaxkcuManbHbIN BbIX0T OeH3UHOB Tt Chipbst Ne 1-3
cocraBui 49,27, 52,58, u 51,25 mac. %, COOTBETCTBEH-
HO, U nocturaercs mpu 536,9, 530,3 u 531,5 °C, coot-
BETCTBEHHO (pHc. 4, a). DTOT (HaKT MOKHO OOBSICHUTH
0oJiee BBICOKMMH CKOPOCTSIMH DPEaKLUUid BTOPUUYHOTO
KpEKHHTa ¢ 00pa30BaHUEM Ta30BbIX KOMIIOHEHTOB TIPH
KaTaIMUTHYECKOM KpEKHHTe, NMpHUeM IepepadoTka 00-
JIETYEHHOTO CBHIPhSl NIPU BOBJICUEHUH Tadya JUCTHILIAT-
HOTO CIIOCOOCTBYET CHIDKEHHIO TEMIIEPATyphI «Iepe-
KpekuHra» Ha 5—6 °C.
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Fig. 4. Results of cracking temperature influence on the

yield of: a) gasoline; b) Butane-butylene fraction;
¢) Propane-propylene fraction

IlpozHo3upoeaHue nokazameseli npoyecca

Kamaaumu4eckozo KpeKuHza npu 80e./1e4eHuu

8 nepepa6omky 8aKyyMHoz0 ducmuaisama

U IKcmpakma ces1eKmMueHoll o4uUcmKu mace
BrInonHeHbI IPOTHO3HBIE pacueThl (puc. 5) u3Me-

HEHUS BBIXO/Ia IIENEBBIX HPOIYKTOB IIPU IepepaboTke

BakyymHoro auctmiisita (Ceipee Ne 1), cmeceBoro mo-

TOKa, COJICPIKAIIETO BAKYYMHBIA JUCTHULIT U SKCTPAKT

B Pa3IMYHBIX MaccoBBIX A0isiX 5 % (Ceipee Ne 4), 10 %

(Cripne Ne 5), 20 % (Coipbe Ne 6).
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Fig. 5.

Influence of the involved extract amount when mixing it with a vacuum distillate on the yield and Research octane

number of gasoline (a), changes in the feedstock composition on gasoline Research octane number, overall yield of

gasoline, PPF and BFF (b)

[IpuMenenue MoOJeNnH MOKA3ajo, YTO MPH Tepepa-
6otke Coipps Ne 1 obecneumBaeTcst IPOHM3BOJICTBO
MaKCHUMaJIbHOTO BbIXoja OcH3uHa, I1T1® u bDD, uto
cootBercTByeT 48,56, 4,79 u 10,23 mac. %, coorBert-
CTBEHHO (pHcC. 5, a, 6), 4TO CBA3aHO ¢ Ooyiee BHICOKHM
COJIep)KaHWEM B HEM HACHIIEHHBIX YTJIEBOJIOPOJIOB,
npu 3ToM OUu GeH3WHA HIKE OTHOCHUTEIBHO IPYTHX
TUTIOB ChIpbs (93,19 e7.), 4TO MOXKHO OOBIACHUTH
HaUMCHBIIIUM COJICPKAaHUEM apOMAaTHYECKHX YTIICBO-
nopojoB 1o cpaBHeHuto ¢ CeipeeM Ne 2, 3. ITo mepe
YBEIHMUYCHHsT KOJMUYECTBA DKCTPAaKTa B cMmeceBOM ChI-
pbe Ne 4—6 HaOmogaeTCs CHU)KEHUE BhIXOJa OCH3MHA
(47,08, 46,76 u 45,41 wmac. %), IO (4,28, 4,2 u
3,88 mac. %) u Bb® (9,18, 9,02 u 8,38 mac. %) Bcien-
CTBHE 00Jiee BBICOKOW apOMAaTHUYHOCTH BOBJIEKAEMOTO
moroka. [Ipu 3TOM ¢ yBeTUYCHHEM apOMAaTHUYECKHX
coequHeHuii Bozpactaer OUwu (93,6, 93,9 u 94,6 exn.),
COOTBETCTBEHHO.

Bwmecte ¢ Tem Coipbe Ne 2, 3 comepKUT 3HAYUTEINb-
HOE KOJIMYECTBO CMOJIMCTBIX coeauHeHui (Oonee 6
Mac. %), KOTOpbIe 00JIaTal0T BBICOKOW CKIIOHHOCTBIO K
peakiusaM KOKcooOpa3oBaHHs M 0oJjiee HWHTEHCHBHO
Je3aKTHBUPYIOT KaTanu3aTop. BeIcokoe copepikaHue
ApPOMATHYECKHUX YTIICBOJOPOIOB M CMOJUCTBIX COCIH-
HEHUIl B CMECEBOM CBIPhE MPH BOBJICUYCHHU IKCTPAKTA
B Koyim4uecTBe oT 5 1o 20 mac. % TpHUBOIUT K yBETHYE-
HUIO COIEp)KaHWs KOKCa Ha Karanu3atope Ha
0,1-0,2 mac. %, 4To moTpedyeT 3HAYUTENHLHON KOPPEK-
THPOBKH PEKUMOB pereHepaliy Karajau3aropa W Ofl-
TUMU3AIMH COCTaBa CMECEBOTO CBIPbs C OMpEACICHU-
€M OINTHUMAJIBHOT'O KOJHMYECTBA CMECCBBIX IIOTOKOB,
00ECTIICUNBAIONINX  TOJIYYCHHE  BBICOKOOKTAHOBOTO
GCHSI/IHa C BBICOKHM BBIXOIO0M.

B mocnennee Bpems HII3 ocobenHo akTyaneH Bo-
MPOC O BBHIOOPE ONTHUMAIBLHOTO COOTHOIICHHS KOMIIO-
HEHTOB MPH CMEUICHHHA HHU3KOMAap)KHHAJIBHBIX IMOTO-
KOB, TOCKOJIbKY KOMITOHEHTBI CMECEBOTO CHIPhsI 3Ha-
YUTEIHHO Pa3IHYAIOTCS MO COCTaBy. B cBs3M ¢ 3TUM
Janee ObLTH pa3paboTaHbl PEKOMEHIAIMU 10 PACIIH-

PEHHIO PECYPCOB YITIEBOJOPOJHOTO CHIPbS MpPU HC-
MOJIb30BAaHUH CMECEBBIX ITOTOKOB.

PexomeHOayuu no pacuwupeHuio pecypcoe cobipbs
Ha ycmaHo8Ke Kama aumu4eckozo KpeKuHaa
8aKyyMHO020 ducmuaiama

Pa3zpaboTaHbl peKOMEHAANNU M0 PACIIUPEHHUIO pe-
CYPCOB YTJICBOJOPOTHOTO CHIPhSI HA YCTAaHOBKE KaTa-
JUTUYECKOTO KPEKWHTa BAaKyyMHOI'O JUCTWUIATA B
YCIOBUAX Ae(HIUTa TPAIUIMOHHOTO BaKyyMHOI'O Ta-
30us1, KoTopeiid coctasisieT 10 30 %. IIpemmararorcs
CcOCTaBbl ChIpbS (Tabn. 3), pe3yNbTaThl MOJEIHHBIX
MPOrHO30B (puc. 6, Tabu. 3) U peKoMeHAaluil BoBIIe-
YEeHUS CHIPbS C YUETOM TOIUIMBHOTO M HEe(PTEXMMHUYE-
CKOT'0 peXXrMa Mpoliecca KaTaTUTHYECKOTO KPEKUHTa.

[IporaosHeie pacueThl MOKa3aid, YTO BOBIICUCHHE
15 mac. % raua guctwuisiTHoro U 15 Mac. % akcTpakTa
B IepepaboTKy ¢ BaKyyMHBIM IHTHIUIATOM OOECIICYH-
BaeT MOJIHYIO 3arpy3Ky YCTaHOBKH ChIpbeM. [Ipu 3TOM
yYBEJIMUCHHUE pacxona OeH3WHa U oJeHHCOAEpKaIIuX
ra3oB coctaBmiio 656,1 u 131,72 1/cyT npu Temnepa-
Type kpekunra 528 °C.

Ta6auya 3. Peyenmypbl cMecegozo Cbipbsi

Table 3. Recipes of mixed feedstock
C % OT MaKCUMaJIbHOH
BIpre/ 3arpysKu .
cocTas, % from maximum load ['pynmnoBoii coctaB
Mmac. % = Group composition
KoMnoHeHTHBII cocTaB
Feedstock/ -
composition Component composition
Wt % ! B 3 A HY AY CMOJIBI
VD E SWD SH AH Resins
5 70 0 0 60,6 | 33,5 59
6 70 15 15 62,0 | 325 55
7 60 20 20 62,7 | 32,1 54
8 70 20 10 58,6 | 35,5 6,0

B/l - sakyymHuulil ducmuanam; 3 - skempakm; I/l - 2a4 du-
cmuanamubtl; HY - HacvlujeHHble y2aesodopodsul; AY — apo-
mamuyeckue y21e8000p00bl.

VD - vacuum distillate; E - extract; SWD - slack wax distillate;
SH - saturated hydrocarbons; AH - aromatic hydrocarbons.

180



H3BecTust TOMCKOro NOJUTEXHUYECKOTO YHUBepcuTeTa. UHXXMHUPUHT reopecypcoB. 2024. T. 335. Ne 4. C. 172-184
Hazapoga I'.10. u ap. [IporHo3upoBaHue nokasaTesiei npouecca KaTaTUTUYeCKOr0 KpPEKUHTIa IPU COBMECTHOM ...

938 - Temmepatypa r 3000 066 - Temueparypa - 518
528°C = ’ o g
03,6 - L 2800 =] 528°"C T e
£ g 0,64 - 508 S
93,4 - g o , WE
- 2600 s . S
932 - g 5 g 062 - 9g =
93 1 F 2400 4 g e g d
3. v B 06 48 & &
§ 9281 F220 25 | EES o B
= 926 5= £ 058 - 47 8 §
= - 2000 g 8 & 2
© 9241 g 55 056 46 E §
922 - 1 800 1;5 (3 '.21::
92 - : : S 1600 5 0.54 = ' ' ' - 45
No7 Ne§ Ne9 MNel0 8 Ne7 Ne§ Neo Nel0
Chipbe Cripre
HOUM M Cymma TEeRTX MPOTYKTOR H Koke Ha Karalusarope b AKTHBHOCTE 3aKOKC. Kar-pa
a/a 6/b
Puc. 6. BausiHue usmeHeHull 8 cocmase cblpbsi HA CyMMYy Yeesblx npodykmog u OYu 6eH3uHa (a) u codeprcaHue KOKCa U ak-
mueHocms kamaausamopa (6)
Fig. 6. Influence of changes in the feedstock composition on the amount of target products and gasoline RON (a) and coke

content and catalyst activity (b)

Ta6/luua 4. Pe3y/1bmamb1 peKOMeHaauuﬁ 808J/1€4EHUSl CMeCe8020 Cblpbi 8 npoyecc Kama/aumu4veckoeo KpekuHea ¢ yyemom
mon/sueHozo u HegﬁmeXuMu‘leCKOZO peicuma npoyecca

Table 4. Results on recommendation for involvement of mixed feedstock in process of FCC, taking into account the fuel and
petrochemical regime of the process
Pacxop cbipbs, = Pexum/Mode ” .
/eyt TonsuBHEIH/Fuel HedTexumunueckuii/Petrochemical
CbIpbe Feedstock TemnepaTtypa Pacxop 6eH3MHa, TemnepaTypa Pacxon xxupHoro
Feedstock - KpeKHHTra T/CyT KpeKHHTa rasa, T/cyT
consumption, . . .
t/day Cracking Gasqllne Cracking Wet.gas
temperature, °C consumption, t/day | temperature, °C | consumption, t/day
70 % BJ1/VD 2866,5 528,0 1427,9 528,0 527,72
70% BA/VD+15 % TAL/SWD+ 4095,0 528,0 2084,0 528,0 659,44
15%3/E
B/l/VD - eakyymmuuili ducmuaasim/vacuum distillate; I/]/SWD - zau ducmuaasmubiii/slack wax distillate, 3/E - 3kc-
mpakm/extract.
3akoyeHue KHUHIa MPU CMELICHWH ¢ BaKyyMHBIM Ta30MJIeM, BMECTE

BBIHOHHeHHBIe 3KCHCpI/IMeHTaJ'ILHBIe HUCCJIeA0BaHUA
MO3BOJIMJIA  YCTAHOBUTH  COCTaBbl W (DHU3HKO-
XUMHUYECCKUEC CBOP'ICTBa KaK OTACJIBbHBIX KOMIIOHCHTOB
CMECEBOTO CBIPhs MpoIlecca KaTaIuTHIECKOrO KPEeKHH-
ra, Tak M CMECEBOTO CBHIPbs, COAEPXKAaIIero oT 5 Jo
20 % raued OUCTUUIATHONO M OCTATOYHOIO, J€ac-
¢anpTH3aTa M SKCTPAKTa. Y CTAHOBJICHBI 3aKOHOMEPHO-
CTH W3MCHEHHS COCTaBa U CBOMCTB CMECEBOTO CHIPHS
Mporecca KaTAIUTUYECKOTO KPEKHHra IPU BOBJIEYE-
HUU B TIepepadOTKy CYIMECTBEHHO PAa3INYAIONIUXCS 110
COCTaBy TIOTOKOB. XapakTep HW3MEHEHHsS (U3UKO-
XUMHUYECKUX CBOWCTB TIOKa3aj, YTO IPHU COJEPKaHUU
HACBIIICHHBIX YTIEBOJOPOJOB B CMECEBOM ChIpbe 00-
nee 77 mac. % IUIOTHOCTh M3MEHSCTCS HEIWHEHHO U
3HAYHUTENHHO CHMXKACTCS.

C mpuMeHeHHeM MaTeMaTU4eCKOW MOJIENU OIpee-
JICHBI 3aKOHOMEPHOCTH HM3MCHECHHUSI COCTaBa M BBIXOJIA
MPOIYKTOB Mpoliecca MPH BOBJICUCHUU B MEpepabOTKy
oT 5 50 20 % rava AUCTHIIISITHOTO U SKCTPAKTa CEJIEK-
TUBHOW OUYMCTKU Maceid. OmpeneneHo, 9To radu SiBIs-
FOTCSl ONArompUATHBIM CHIPhEM KaTATUTHUECKOTO Kpe-

C TEM JIOJI1 UX B CMECEBOM CBHIPhE JIOJDKHA OIPEACIIATh-
s B 3aBUCHMOCTH OT COCTaBa CMEIIMBACMBIX TOTOKOB U
TpeOyeMOro OKTaHOBOTO YHciia OCH3UHA. Y CTaHOBJICHO,
qro mpu nob6aBieHud oT 5 10 20 % dKCTpakTa K Baky-
YMHOMY Ta30iJIl0 BBIXOJ, KOKCa yBEIMYMBAETCS 3HAYM-
TCJIBHO U MOXKET MPEBbINIATE HOPMBI JIJIA ﬂeﬁCTByIOHle-
rO TMPOMBIIUICHHOTO OOBEKTa, TPH ITOM OKTaHOBOE
4pCII0 OEH3MHA MOXKET JOCTUraTh 94 en.

Brinonnennsie OKCIICPUMCEHTAJILHBIC UCCIICAOBAHUA
U pe3yJbTaThl PacYeTOB IO MOJENH MO3BOIMIN pa3pa-
00TaTh MPAKTHYECKHE PEKOMEHIAIIH [0 PACIIMPECHUIO
PECYPCOB CBHIPHS MPOIIECCa KAaTATUTHYSCKOTO KPEKUHTa
C yY4ETOM TOIUTMBHOHM WM HE(PTEXMMHUYCCKOW HAIpaB-
JICHHOCTH Tporiecca. [IporHo3Hbie pacyeTsl MOKa3ajH,
gro BoBueuerne 15 % I'[ u 15 % O B mepepabotky
BJ] obecnieunBaeT MOMHYIO 3arpy3Ky YCTAHOBKH ChIPb-
eM. YBemuueHHe pacxoja OcH3uHa U oneduHcomep-
Kalux Ta3oB coctaBuio 668,4 1/cyT (Ha 31,48 %) u
138,53 1/cyt (ma 19,97 %) npu Temneparype KpeKuHra
528 °C.
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J¢pPeKTUBHOCTb METOAMKH NOA00Pa POTOPHO-YNPABJIsIEMbIX CUCTEM
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AHHOTanua. AKmyaasHOCMb UCCIeJ0BaHUA 3aK/II0YaeTCs B OCTPOH HEO6X0AMMOCTH PAaCCMOTPEHUS U ONpeJie/leHUs] BO3-
MOXHBIX MyTeH HCII0Jb30BaHUSA METO/0B MALIMHHOIO 06y4eHHs B 6YPOBOM OTPAC/H, NOCKOJIbKY MCKYCCTBEHHBIM MHTEJ-
JIEKT pPa3BUBAaeTCA CTPEMHUTEJbHBIMH IIaraMu. JocTHxKeHHe 3TOH 3a/ja4y NMpeAoCTaBUT MPOMBILIIEHHBIM NPeJIPUATHAM
OrPOMHOe KOHKYPEHTHOE NpPEeHMYIeCTBO U BHECET BaXKHbIM BKJIAZ, B HAyYHOE COOOLIECTBO AJsA ero 6yyliux ucciesoBa-
HUH. ITO TNONYEPKUBAETCS TAaKUMU HOPMAaTUBHBIMM aKTaMH, Kak Yka3 Ilpesugenta Poccuiickoii ®expepanuu ot
10.10.2019 r. N2 490 «O pa3BUTHHU UCKYCCTBEHHOI'0 UHTeJ/IEKTA B Poccuiickont ®epepanun» u « HaunoHa/IbHOM cTpaTeruei
Pa3BUTHSA UCKYCCTBEHHOTO UHTeJJIEKTa Ha nepuo a0 2030 rogax». Leaw: uccienoBanue 3¢ GeKTUBHOCTH IPUMEHEHHUS Me-
ToJla MalMHHOro o6y4eHust Random Forest Classifier g1 paspa6oTku MeToguK MoA60pa POTOPHO-YNPAB/ISEMbBIX CUCTEM,
paccMoTpeHHs paboTOCIOCOGHOCTH MAIIMHHOIO 06y4YeHH s AJIs OTIpe/ieJIeHHs 1eJIeBbIX IapaMeTpOoB IIPU pelleHHH I0CTaB-
JICHHOH TepeJsi HUM 33/1a4y B paMKaxX 6ypOBOM OTpaC/IH U ONpe/ie/IeHHI0 IPUMEPHOro KOJIMYeCTBA BpEMEHHU, KOTOPOe MOXET
OBITh 3aTPavyeHO AJTOPUTMOM [iJisi MPOPAGOTKU BO3MOXKHOTO pellleHUs. 06BeKm: MeTo/i MallMHHOr0 06ydyeHHUss Random
Forest Classifier B ycyioBusix peuieHus 3aila4i U3 6YpOBOM OTPAC/IH MO MOA00pPY ONTUMAJbHON POTOPHO-YIIPAB/ISEMOU CH-
CTEMBI 10/, KOHKPETHO 33/laHHbIE YCI0BUs. Memodsl. BbinosHeHb! /1Ba BBIYUCIUTENbHBIX SKCIIEPUMEHTA C IPUMEHEHHEM
JIByX BBIYMCIUTEBHO 3JIEKTPOHHBIX MAIlKH, @ UMEHHO HOYTOYKa U YJaJIEHHOTO CEPBEPA, NPEATOCHIIKOM J/Is1 KOTOPBIX CTa-
JIM JaHHbIE, COOpaHHbIE U IPOAHAJM3UPOBAaHHbIE HA OCHOBE U3y4YeHUs] HAYYHOH JIMTEPATYPbl 0 HANPaBJIEHUIO UCCIe0Ba-
HUA. B JaHHOM cTaTbe uccie[lyeTcs: BO3MOXHOCTb NMPUMeHEeHHsI MeTo/la MallMHHoro o6ydyeHuss Random Forest Classifier
JUIs ONITMMHU3ALMY IIpoliecca CTPOUTEILCTBA CKBAXKUH Ha NpUMepe pa3paboTKU MeTOAUKH N0Z160pa pOTOPHO-YIpaBJIsieMbIX
CUCTeM. BeluncauTebHbIE 3KCIePUMEHTHI BBINOJHEHb! Ha JBYX BbIYMCJIUTENbHbIX MallMHAX C IPUMEHEHHeM fI3blKa Npo-
rpammupoBanus Python Bepcuu 3.8.10, a Takxke cneaywouux 6ubanorek: NumPy, Pandas, Scikit-learn. Pesys1emamet. Ilpo-
BeJIéHHbIE BbIYMCJIUTEIbHbIE 3KCIEPUMEHTDI JI0Ka3aJd CIOCOOHOCTh pAacCMAaTPUBAEMOro METOJa MALIMHHOIO O0y4YeHUs
pelwiaTh 3aZayd MO BBIGOPY IOJAXOASLEr0 GypoBOro 0GOPYAOBaHHUs, NPHUMEPOM KOTOPOTO BBICTYNaJd POTOPHO-
ynpasJisieMble CUCTEMBI. JJaHHBIH METO/] CHOCOGEH CAaMOCTOSITENILHO ONpeJessiTh He0OX04UMble JIJIs1 BBINOJHEHHUS MOCTaB-
JIEHHOM 33/layy 3aBUCHMOCTH U 3aTPayMBaTh HA 3TOT MPOLECC HE3HAYUTEJIBbHOE KOJUYECTBO BpeMeHU. COBOKYIHOCTb 3THX
BbIBO/IOB MO3BOJISIET CJ€JIAaTh MPEJIOJ0XKEHHE O 11e1eCO006PA3HOCTH U HEOGXOAMMOCTH pa3paboTKH HOBBIX CIIOCOGOB HC-
M0JIb30BaHHUsI METO/I0B MALIMHHOIO 00y4YeHHsi B GYPOBOM OTpac/y, a TakXe BbIIOJHEHHUI0 MHOXXECTBEHHbIX HayYHbIX MC-
c/le/JOBaHUI BOIIPOCOB 0 BO3MOXKHOCTSIX NPUMEHEHHs MAIIMHHOTO 06y4YeHus B NPOLiecce CTPOUTEIbCTBA CKBAXKHUH U aHAJIU-
3a uX 3¢ PEeKTUBHOCTH, MOCKOJBKY JAaHHOE HalpaB/eHHe SIBJISAETCS MepefloBbIM M MOXKET KapJWHAJbHO U3MEHUTH Cylle-
CTBYIOLIME NPe/CTABIEHHS O NPOTEKAOLIUX BO BpeMs 6YpeHHs CKBaXKHH NPOLieccax.

KiroueBble c/10Ba: MallMHHOE 06y4yeHUe B GYpeHUH, IPUMeHeHHe MAIlMHHOTO 00y4yeHUs B 6YpeHUH CKBAXKHH, MallMHHOE
obydyeHHe AJsi BbIGOpA POTOPHO-YIPAB/IsEMBIX CUCTEM, METO/HKA BbIOOpPA POTOPHO-YIPaBJIAEMbIX CUCTEM, IPUMEHEHHe
aJITOPUTMa CJIy4alHOro Jieca B OYypPeHUU CKBAXKHH, UCKYCCTBEHHBIH MHTEJIJIEKT B G6YpEHUH, UCKYCCTBEHHBIH HHTEJUIEKT B
HedTerasoBoi oTpaciu
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Effectiveness of the method for selecting rotary-steerable systems based
on the machine learning algorithm Random Forest Classifier

V.V. Nikishin™, P.A. Blinov, V.A. Terekhin

St. Petersburg Mining University, Russian Federation, St. Petersburg
“Nikishin_VV@pers.spmi.ru

Abstract. Relevance. Urgent need to consider and determine possible ways to use machine learning methods in drilling indus-
try, since artificial intelligence is developing rapidly. Achieving this task will provide industrial enterprises with a huge competi-
tive advantage and make an important contribution to the scientific community for its future research. This is emphasized by
such regulations as the Decree of the President of the Russian Federation dated 10.10.2019 G. No. 490 "On the development of
Artificial Intelligence in the Russian Federation" and "The National Strategy for the Development of Artificial Intelligence for the
period up to 2030". Aim. To study the effectiveness of using the machine learning method Random Forest Classifier, to develop
methods for selecting rotary-steerable systems, to consider the efficiency of machine learning to determine target parameters
when solving the task assigned to it within the drilling industry and to determine the approximate amount of time that can be
spent by the algorithm to work out a possible solution. Object. Random Forest Classifier machine learning method in the condi-
tions of solving a problem from the drilling industry on the selection of an optimal rotary-steerable system for specified condi-
tions. Methods. The authors have performed two computational experiments using two computing and electronic machines,
namely a laptop and a remote server, the prerequisite for which was the data collected and analyzed on the basis of the study of
the scientific literature in the field of research. This article explores the possibility of using the machine learning method Random
Forest Classifier, to optimize well construction, using the example of developing a method for selecting rotary-steerable systems.
Computational experiments were performed on two computers using the Python programming language, version 3.8.10, as well
as the following libraries: NumPy, Pandas, Scikit-learn. Results. The computational experiments carried out proved the ability of
the considered method to solve the problems of choosing suitable drilling equipment, an example of which was rotary-steerable
systems. This method is able to independently determine the dependencies necessary to perform the task and spends a small
amount of time on this process. The totality of these conclusions makes it possible to unequivocally assert the expediency and
necessity of developing new approaches to the use of machine learning methods in the drilling industry, as well as performing
multiple scientific studies on the possibilities of using machine learning in well construction and analyzing their effectiveness,
since this direction is advanced and can radically change the existing ideas about the processes occurring during well drilling.

Keywords: machine learning in drilling, machine learning application in drilling wells, machine learning for selecting rotary-
steerable systems, method of selecting rotary-steerable systems, application of the random forest algorithm in drilling wells,
artificial intelligence in drilling, artificial intelligence in the oil and gas industry
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BBegeHue
CTpoUTENbCTBO CKBAKUH — MHOTO()AKTOPHBINA TPO-

[12, 13], xoTopble B naeane AOKHBI KOPPEKTHPOBATh-
ca [14, 15] ¢ y4eToM MOCTOSIHHO YBETWYHBAIOLIETOCS

necc [1], obmas 3¢ HekTHBHOCTh KOTOPOTO 3aBUCHT OT
Ka4eCTBa COCTABJISIONINX €ro AJIEMEHTOB [2], K KOTO-
PBIM MOXXHO OTHECTH TaKHe XapaKTEePUCTHKH, KakK: Ka-
YEeCTBO MPOOYPEHHOTO CTBOJNA CKBAXHHBI [3] M COOT-
BETCTBUE €ro TpaekTopuu [4], npeaycMOTpeHHOH pa-
0ounM mpoekToM [S5]. KauecTBO yHmOMSHYTBIX Xapak-
TEPUCTUK HAIPSMYIO 3aBUCHUT OT BBIOPAaHHOTO OYpOBO-
ro obopynoBanus [6—8]. Ha Tekyniuii MOMEHT camMbIM
3 PEKTUBHBIM TakKUM OOOPYIOBAaHHEM SBILIIOTCS PO-
TopHO-ymnpasisieMbie cuctembl (PYC) [9-11]. B cBoro
ouepesb, YTOOBI mpaBmiIbHO Noa00paTh PYC, HeoOxo-
VMO YYUTHIBATH MHOXKECTBO PA3IHYHBIX MapaMETPOB

ombITa MpoMbICIOBOr0 Oypenus [16, 17]. Ilpu sTom
HEBO3MOXKHO YYHTBHIBaTh BCE 3TH MapaMeTpbl JUIIb C
MOMOIIIBIO YeNloBeueckux pecypcoB [18, 19]. Haxe
€CITM U TONYYIHUTCS BBIBECTH KIIIOYEBHIC NPH3HAKH, HA
OCHOBaHMM KOTOPBIX OyIeT coCTaBlieHa CIielualbHas
METOJHUKA, OHAa MOXKET OBITE HEAOCTATOYHO TOY-
Hoti [20-22], win ee mpuMeHeHHWe OyaeT 3aHHMATh
BecbMa OOJIbIIOE KOJIMYECTBO BpeMeHu [23-25], cHu-
*asg 3(p(HEeKTHBHOCTH BCEro IIpoIiecca CTPOUTEIHCTBA
ckBakuH [26-28]. TlosToMy kaxnmas paspaboraHHas
METOJNKA TOJDKHA OBITH MPOBEpEHa Pa3THMIHBIMH HC-
MBITAaHUSAME [29], HA OCHOBAaHMH KOTOPBIX HY)XKHO OY-
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JIeT BHOCUTH ompeaeneHHble mpaBku [30, 31]. IIpu
9TOM MOTYT HMETh MecTO ocoOble cimyuan [32, 33],
PEIIUTh KOTOPBIE MOXHO JIMIIh COCTABICHUEM HOBOW
MeTouku [34], uTo eme OoJbIle yUTHHSAET pabodnii
nporecc [35-37].

Bo03MOXHBIM pelieHHeM JaHHOW MPOOJIEeMBI MOXKET
OBITH HCIOJB30BaHUAE METOMIOB MAIIMHHOTO OOYYeHISI
[38, 39], OCHOBHBIM IPEUMYILECTBOM KOTOPBIX SBIS-
eTcsl BBICOKasi CKOpocTh oOyuenus [40, 41] u Beimos-
HEHUS BBIYMCIUTENBHBIX oreparuii [42, 43], a Takke
BO3MOKHOCTB PabOTHI ¢ OOJBIIMMHU 00BEMaMHU JAHHBIX
(BigData) [44, 45]. JlaHHBIC METOIIBI YK€ aKTUBHO HC-
MOJB3YIOTCSL IJIST MIPOTHO3MPOBAHHS TEOJOTHH IIIa-
cta [44, 45] u KOppeKTHpPOBaHUs TpaeKTopuu Oype-
Hus [46, 47], Benb OHa MOXKET aHAJIM3UPOBAThH Iapa-
METpBI, TIOCTyMalmue ¢ OypoBOro 00OpYyIOBaHUS
[48, 49], Takue kak ypoBeHb BHOpaiuu [50], CKOPOCTh
OypeHus u BpaiieHus poropa [51], Harpy3ky Ha Jono-
TO [52] u T. 1., ¥ ONIPEAENATH COCTaB MOPOJBI BOKPYT
CKBaXHUHBI [53, 54]. DT0 MO3BOJSAET ONEPATUBHO pea-
TUPOBaTh Ha U3MEHEHHS TeOJIOTHH [S55] M MmoIiepKu-
BaTh TeMIIBl OypeHHs B paMKax pabodero mpoekTa
[56]. Takke cymiecTBYIOT pa3padOTKH MO TPOTHO3UPO-
BAaHUIO OCIIOKHEHHH BO BpeMsi OypeHus M OLEHKH
HaAEKHOCTH 000pynoBaHuA [57], KOTOpBIE MO3BOJISIOT
BBISIBIIATh aHOMannu [58], CBUAETENHCTBYIOMIHE O
BO3MOXXHBIX HEUCIPABHOCTAX WJIM MPEANOCHUIKAX K
aBapusiM [59]. [lomoGHBIe pa3paboTKK HUCIIONB3YIOTCS B
kommnanuu British Petroleum. Camo coboii, B cdepy
ONITUMHU3AIMH PabOThl OYPOBOTO 00OPYIOBAHUS TAKKE
AKTUBHO MHTETPUPYIOTCS pelieHus Ha 0a3e MalluHHO-
ro o0yuenwus [60, 61].

B HacTosiee BpeMs CylecTByeT O0JIbIIOe KOIHue-
CTBO PA3JIMYHBIX MOJIENIEH ISl MAllIMHHOTO OOy4YeHus,
HO HaumboJyiee YacTO MPUMEHsSIEMbIE U3 HUX — METOIbI
ancambnerr [62]. Random Forest Classier (RFC) —
OIIMH W3 TaKWX METOAOB, KOTOPHIN sBisieTcs Oojee
TOYHBIM, YeM OOJIBIIMHCTBO CYIIECTBYIONINX MOJICNICH,
U yOOOHBIM B NPHUMEHECHHH, TaK KaK MMEET BO3MOXK-
HOCTb TIepelaul B €0 aTOPUTMBI JAHHBIX HE TOJIBKO C
YUCJICHHBIM THIIOM, HO U KaK 00BEKThI [63, 64].

JlanHas paboTa HampaBJieHa Ha WCCIeIOBaHHE (-
(EKTHBHOCTH TPUMEHEHHS METOAa MAIIWHHOTO 00Y-
geHust RFC st pa3paOoTKH pa3nuyHbIX METOIHK TTOA-
0opa poTOpHO-yIpaBisieMbIx cucteM. OIEeHKa MPOou3-
BOAMUTCS MO CIEAYIOLIUM IapameTpaMm: CKOPOCTb BBI-
MOJIHEHUS Pabo4nX MPOLECCOB U TOYHOCTh KOHEUHOTO
pesyibTaTa. ['paHndHbIE 00JaCTH JAHHOTO MCCIIEI0BA-
HUs 0003HAYEHBI TAKHM 00pa3oM, YTOOBI MOKHO OBLIO
OpUOIU3UTE pabodre mapaMeTpsl K Kak MOXKHO Oonee
HAeaNbHBIM YCIIOBHSM, YTOOBI HCIIONB30BaTh Hanbomee
yCIICIIHBIE TOAXOAB KaK OTIIPABHYIO TOYKY B BOIPO-
caxX HaXOXKJICHUs B3aUMOCBSI3U MEXKTy TapaMeTpaMHu.

MeToaoJsi0rusi

Hanpasnenue nccnenoBanusi — moBblieHHe P Qek-
TUBHOCTU OypeHus CKBaXUH. [Ipenmer uccnenoBanus —
ONTUMU3AIUS TIporiecca Moa00pa O0OpYHOBaHUS C
MPUMEHECHHEM COBPEMCHHBIX TEXHOJOTHH U COBEp-
IICHCTBOBaHMA IMPOLIECCa CTPOUTENHCTBA CKBAXKHH.
3amauy UCCIENOBAHUS: BEIIOTHAUTE IIOCTPOCHAE METO-
nuk nondopa PYC Ha nmpumepe JaTaceToB pa3inuyHON
WH(GOPMATUBHOCTH C HCIIOIB30BAaHMEM METOJa Ma-
muHHOro o0ydenuss RFC; mpoBepuTh KauecTBo co-
CTaBJICHHBIX METOJUK TI0 IOKA3aTeIsIM TOYHOCTH MO-
JMy4aeMbIX Pe3yJNbTaTOB M CKOPOCTH BBIMIOJHEHHS MO-
CTaBJIEHHOU 3aJa4u; BBIIIOJHUTL CPABHCHUE UCIIOJIB3Y-
€MBIX ITOJX0JI0B K 00YUEHHIO MOJCIH MEXIy co00i U
cienaTh COOTBETCTBYIOIINE BBIBOIBI.

Wnest nccnenoBanus 3aKiIr09aeTcsl B TOM, YTO MPH-
MEHEHHUE TEXHOJIOTUH MAIIHHHOTO 00YIEHHS MO3BOIUT
3HAYATEIFHO COKPATHTh BPEMs Ha UCCICIOBaHHE B3a-
UMOCBSI3€l MEXIy XapaKTepUCTUKaMU 000pyAOBaHUS
U pabounMH MapaMeTpaMu TEXHOJOTHYECKHUX IIPOIIec-
COB, II0 CYTH, IIPEICKA3bIBasl pe3yIbTAaThHl HA BCEX ITa-
nax pas3lInYHbIX BEpCUil clieHapueB MpoBeaeHHs Oypo-
BBIX paboT, B OCHOBE Yero JIS)KHUT ONpeIeTICHHE OCHOB-
HBIX MTAPaMETPOB, YUET KOTOPBIX U IO3BOJIIECT IPHHTH
K BHJICHHUIO BO3MOXHOro Oynymiero. [locturaercst 3To
3a cuér mnoabopa ONTHUMAIBLHOTO OOOPYIOBaHUS,
YCIIOBHBIE 3aBHCHMOCTH U BBIOOpa KOTOPOTO ajro-
PUTM MAalIMHHOTO OOYYEHHUS HaXOJUT WM COCTaBIISIET
caMm, TakuM O0pa3oM CO3JlaBasi HOBbIE METOJMKHU IS
onpezaencHus Haubojiee MOIXOSIEro padodero 00o-
pyIOBaHUS MMOJ KOHKPETHYIO pabOo4yl0 CHUTYyalHUIo ¢
Ka)XA0H HOBOH Mozenbio. [ToaToMy HE00X0AUMO MOKa-
3aTh W JOKa3aTh TO, YTO MOJEIH, OCHOBaHHBIC Ha Ma-
UIMHHOM O00y4Y€HHH, CIIOCOOHBI CaMOCTOSITEIbHO HAaX0-
IUTh LeJIeBble MapaMeTphl CpeJy MHOXKECTBA 3ajaH-
HBIX, KOTOPBIC SABJIAIOTCA HaM6onee BaXXHBIMHU IIPU BbI-
Oope TOro WM WHOTO 00OpYIOBaHHS, U JENATh ATO 3a
OYEHb KOPOTKHE BPEMEHHbBIE IIPOMEKYTKHU.

HaubGonee Tounas meToamka BbIOOpa 0OOpyIOBa-
HUS, IPUMEHUMAs B PEaJBbHBIX IIPOMBICIIOBBIX YCIIOBH-
SIX, 00s53aHa Yy4YUTHIBATh OOJIBIIOE KOJIUYECTBO Pa3iIny-
HBIX (PaKTOPOB, KOTOPBIC MOXKHO OIPENENUTH JIHIIb
Ipyd MOXPOOHOM aHAIM3e PEaJbHBIX MPAKTHUSCKUX
JIAaHHBIX, 10 Pe3yJbTaTaM KOTOPOTO MOXKHO MOPOAUTH
HOBBIE BOTIPOCHI, M €CJIM 3apaHee He 0003HAYHThH Ipa-
HUYHBIC YCIIOBHS TNPHUMEHEHHUS, TO HX HEOOXOIUMO
Oyzer cpasy ke nmpopaboTaTh. A ¢ yu4eToM 3aj7ay JaH-
HOTO HCCJICJIOBaHUS MOAOOHOE SIBIISETCS H3JIUIIHUM,
COOTBETCTBECHHO, MOXHO OI'PaHUYUTHCA JaHHBIMU,
CTeHEPUPOBAHHBIMU C YYETOM YCJIOBUSI MX COOTBET-
CTBHSI PEAIbHBIM POTOPHO-YNPABIAEMBIM CUCTEMAM, U
abcTparupoBaThCsi OT OOJBIIMHCTBA W3JHUINHUX (ak-
TopoB. B pesymprare wero paspaboTka METOIHMK TOI-
6opa PYC Oynmer ocymiecTBIATECS C YY4E€TOM YJIOBIIC-
TBOPCHHSI CIEIYIONIMM pab0ouuM XapaKTePHCTHKAM:
IUaMeTp CKBKUHEI (B MIJUTUMETpax W AIOHMax), UH-
TEHCUBHOCTh  TMPOCTPAHCTBEHHOTO  HMCKPUBJICHUS
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(°/30 ™M), ckopocTh BparieHus gonota (06/MHH), CKO-
pocTh moToka (JI/MUH), TUIOTHOCTh OYpPOBOTO pacTBOpa
(KI‘/MS) u pabouas TeMmrieparypa Ha 3a00¢ CKBa)KHHBI
(rpanyc C).

DKCclepUMeHTalbHAs 4YacTh ObUIAa BBIMONHEHA Ha
IBYX Pa3HBIX BBIYHCIUTENBHBIX MammHax: HoyTOyke
HP Pavilion Gaming 15-dk0069ur (¢ ucmoas30BaHHEM
BBIUUCIIUTENBHOIO HHCTpyMeHTa Jupyter Notebook) u
cepBepe kommanuu Google CepBepHBIN yCKOPUTETH
Python 3 na 6a3e Google Compute Engine, ucmons3y-
emoM yepes cepuc Google Colaboratory. Hanucanue
KO/Ja OCYHIECTBIIIOCH Ha s3bike Python, Bepcus
3.8.10. Ucnoms3yemble 6udamorexku: NumPy, Pandas,
Scikit-learn. I'paduyeckas dacTb BbIIOJIHEHA B pabo-
yeir cpene MS Excel 2016. KonupoBka aist BEITpY3KH
natacetoB B paboune nepemennbie — UTF-8. Cpennne
cKopocTtu o0ydeHus Mozene (morpemHocTs +12,5 Mc)
Y BBIIIOJIHEHUS omepanuii nogdopa odopyaosanus (To-
TPemHoCcTh +1,5 MC) pacCUMTHIBAINCh C TOMOIIBIO
MeTona «%%timeit —n200», BCTPOCHHOT'O B MCIIONB3Y-
€MBIC BEIYHCIUTEILHBIC HHCTPYMCHTBIL.

Bri6op mapameTpoB ISl 1aTaceTOB OCYLICCTBILUICS
o0 JaHHBIM paboumx xapaktepucTHk PYC, kotopblie
OBLIH B3SITHI U3 Pa3[eioB O(UIMATBHBIX CAHTOB H JIO-
KyMEHTOB CEPBHCHBIX KOMITAHHH, SIBJISIONIAXCS Bia-
JeIbIIaMu 3TUX cucteM. Yacth nHbOopManmu o pabounx
MOJICTIIX OJHHUX KOMIIAHUI TpeNcTaBlicHa B Ooliee pac-
[IMPEHHOM BHIE, B TO BPeMs KaK JPyrHe KOMITaHHU
MPEJOCTABIISIFOT 0oJiee OrpaHUueHHY0 MH(OpMAIHo O
napamerpax csoux PYC. IloatoMy B pamkax uccieno-
BaHHs ObLIO MPHUHSTO PEIICHUE OIPAHHYUTHCS BEIOOPOM
HECKOJIBKHX TapaMeTpoB, HambOojee 4YacTo BCTpedaro-
IIUXCS B OTKPBITBIX MCTOYHUKAX, PabOYMX XapaKTepH-
ctuk PYC, xoTopsle B A€HICTBUTEIBHOCTH YUUTBIBAIOTCS
IIpU BBEIOOPE POTOPHO-YIPABISIEMBIX CHCTEM TIOZ Oype-
HHUE CKBa)XHH Ha PEATBHBIX MECTOPOXKICHHSX.

HcciiegoBaHue 3aBUCMMOCTH MEXK/y TOYHOCTBIO
0Gy4YeHHbIX MoJeJIell 1 00 beMOM JAaHHbIX

TO4YHOCTP METOIOB MAIIMHHOTO OOYYeHHs Harmps-
MYIO 3aBHCHT OT KOJHMYECTBAa M KauecTBa JaHHBIX B
natacere. IMEHHO aHHas 3aKOHOMEPHOCThH OblLiia pac-
CMOTpeHa B Havaje paboTel. Ilpu 3TOM HEoOX0oauMo
YUUTBIBATh, YTO KaueCTBO MOJAEIH, 00yuYeHHON Ha oc-
HoBe amroputma RFC, HampsiMyro 3aBHCHUT OT €ro
HaYalbHOTO 3Ha4YeHHs mapamerpa random_state. Bui-
MOJIHUB TEPBOHAYAJbHBIN aHAM3 BCEX MMEIOLIUXCS
JaHHBIX, 6])1.]'[0 MPUHATO PEUHICHUEC O Pa3ACJICHUN UX Ha
TPU OTIMYMMBIX MEXIy coOolf naracera, Ha OCHOBE
KOTOPBIX OBUIO IIOCTABICHO TPH BBIYUCIUTEIHHBIX
9KCIIEPUMEHTa, B PaMKax KOTOPBIX ObUIO 00y4YeHO IO
200 momeieid, IS KOTOpBIX mapaMeTp random_state
mmensuics ot 1 10 200 ¢ marom B eAMHMAILY.

OcHoBHas 3ajaya MEpBOro0 HKCHEPUMEHTa — IMPO-
Bepka pabOTOCIIOCOOHOCTH MOJIENH, OOYYeHHOW Ha
Habope MaHHBIX, B KOTOPHIC BXOMAT JIUIIb TPaHUIHBIC

3HaYeHUS MPEJYCMOTPEHHBIX METOAOJIOTHEH MmapaMeT-
poB (MakcMMallbHbIC 1 MUHHMAJIbHBIC 3HA4YeHHUs). Tak
KaK C HMOZOOHBIMH YCJIOBHSIMH TPCHHUPOBOYHBIN NaTa-
CeT CHWJIBHO OTPAaHWYEH KOJMYECTBOM HAaHHBIX, OBLIO
MPUHATO PELIEHHE HATOJHUTh €r0 TOJBKO YHHKAlb-
HBIME MozesiMA PYC, mpuMEHUMOCTh KOTOPBIX MOX-
HO, B TEPBYIO OYepelb, ONPEACIUTH IO 3aJaHHOMY
JMaMeTpy CKBaXXHHBI. DTO JIENaeTCs C UENbI0 MPOBep-
ku, cmoxeT 1 Mero RFC nonsaTs, uTo eMy nepenaHsl
UMEHHO TpaHUYHEBIe TapaMeTphl. Takum oGpazom, Tpe-
HUPOBOYHBIHA JlaTaceT JAHHOTO SKCIIEPUMEHTa BKIIIO-
qaeT B ce0s1 9 cTpok u 7 ctonbioB. B tadu. 1 mokazaHbl
ero mepBble 5 cTpok. B pamkax storo maracera WH-
(OpMATHBHOCTh O MPUMEHHUMOCTH KaXKIAOH MOJENH
PYC orpanuuuBaercst AByMs CTpOKaMu, Ha OJHOW W3
KOTOpPBHIX yKa3aHbl MHUHUMAaJbHEIC, a Ha JAPYroil Mak-
CUMaJbHBIC 3HAYCHHUS pab0OYUX ITapaMeTPOB.

Tak xak B paMKax JaHHOTO JKCIIEPHUMEHTa TeCTO-
BEI JaTaceT COCTaBIIeH TaKUM o0Opa3oM, 4TO Mpea-
cTaBieHbl Takue mojaenn PYC, koTopeie paboTaioT B
COBEpIICHHO pa3HBIX AMANa30HAX JAUaMETPOB CKBa-
KHWH, TO TOYHOCTb MOJICTH JTIOCTaTOYHO IMOJHO U MPO-
CTO OTpENeNsIeTCs ¢ IPUMEHCHUEM METPHKH Accuracy
classification score u3 6ubmuorexu I10 Scikit-learn.

OnHako €€ TOYHOCTh MOXKET OBITH HE COBCEM O0B-
€KTUBHOM, MTO3TOMY ObLTa pa3paboTaHa U pealn30BaHa
B MPOTPaMMHOM KOJi¢ JOMONHUTENbHAs CIielUalbHas
METPHKa, Pe3yJIbTaThl KOTOPOH OyIyT CpaBHMBATHCS C
pesynmbTatramMu Accuracy classification score. Aunro-
pUTM pabOThI JTAHHON METPUKH MPEICTaBICH Ha puc. 1.

Ta6auya 1. Yacms damacema 0451 nep8ozo 8bIMUCAUMENL-
HO20 3KcnepumeHma [cocmageHo aemopamu]

Table 1. Part of the dataset for the first computational
experiment [compiled by the authors]

E’ [uameTp JunameTp HHTeHCcUBHOCTD

< PYC CKBa>XUHBI, CKBa>XUHBI, WCKpPHBJIEHUS,

= .

Q RSS MM JIOUM rpaz/30 m

§ Hole size, mm | Hole size, in DLS, deg/30 m

0| RSS-HM-195 220,7 8,6875 0,5

1| RSS-HM-195 2223 8,7500 7,5
PowerDrive

2 Archer 475 RSS 149,2 5,8750 0,5
PowerDrive

Archer 475 RSS 1715 6,7500 18

PowerDrive

4 ICE 675 RSS 2159 8,5000 0,5

[lnoTHOCTB

> CkopocTb Pacxopn 6ypo- 5

&) ypPOBOTrO

& | BpalleHUs BOTO PacTBO- Pa6ouas Temme-

= pacTBopa, o

5 Jl0JIOTa, pa, 1/MUH patypa, °C

= 06/MHUH Flow range, Mud density Temperature, °C

Bit speed, RPM L/min i

0 0 960 1000 0

1 200 2580 1500 125

2 0 492 1000 0

3 350 1343 2160 150

4 0 1040 1000 0
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(OTBeT 110 METOUKE)

PYC nogxoaur
M0J1 3aJaHHBIA
JIAMETpP CKBaXKH-
HBI?

PYC noaxonut
M0J1 3aJaHHBIA
pacxon OypoBoro
pacrBopa?

Puc. 1.
Fig. 1.

Cpenu 200 mpOBEJEHHBIX JKCIEPUMEHTOB TS
KaKIO0H BBIYMCIUTEILHOW MAaIluHBI TPU HCIIOJIB30Ba-
HUU sJIep CllydailHOW TeHepaluy B AMana3zoHe oT 1 a0
200 BKJIFOYHTETHHO OBUTM MOJIyYEHBI CIEAYIOLINE pe-
3yJBTaThl O Ka4eCTBE MOJIENICH, KOTOPhIC MpeICTaBIIe-
HBI B Ta0II. 2.

ITocne mpoBepkH TOYHOCTH MoOjeneld, 00y4YeHHBIX
Ha Habope JaHHBIX, COCTOSAIIEM TOJHKO U3 MUHUMAIIb-
HBIX ¥ MaKCHMaJbHBIX pa00UYHMX 3HAYCHUA 000pyI0Ba-
HUS, B COOTBETCTBHMM C METpUKOil Accuracy score,
PE3yNIbTAThI MOKA3bIBAIOT, YTO HU B OJHOM U3 CITy4acB
obopynoBaHHe He OBUIO TPABWIBHO IOA0OpaHO CO
100 % TtounocThi0. OMHAKO MPOBEPKAa TOYHOCTH MO-
CTPOEHHBIX MOJIEJEN ¢ UCTIOIb30BaHUEM CHENATbHOMN
METPUKH TI03BOJIMJIA BBISBUTh HAJIMYHE YETHIPEX MO-
JieJiel, KOTOpbIe CMOTJIM ONPEeNIUTh BCEe MPAaBUIIbHBIE
PYC pmns ycnoBuif, yka3aHHBIX B TECTOBOM Habope
IaHHBIX. HecMOTps Ha TO, YTO B OONBIIMHCTBE CIIyda-
€B TOYHOCTh MOJYYCHHBIX MOJETeH KpallHe HHU3Ka,
€CTh HEKOTOphIC M3 HUX, KOTOPBIE MOTYT pemarhb Io-
CTaBJICHHBIC 3a]1a4M C BBICOKOI TOYHOCTEIO.

mozens PYC
B o011eM jatacere?

BepHYTb 0

PYC noagxoaur
071 33JJaHHYI0
HHTEHCUBHOCTh
HCKPUBIIEHHS?

PYC nogxomut
0] 33/IaHHYIO
IUIOTHOCTB Oypo-
BOTO pactBopa’?

Asnzopumm pabombwl cneyuaabHoOU MempuKu [cocmasieHo agmopamu]
Algorithm for a special metric operation [compiled by the authors]

[OMCK MUHUMAJIbHBIX 1
MaKCHMAaJbHBIX 3HAYCHHUIT
pabo4nX mapamMeTpoB

PYC nogxomur
071 3aJaHHYIO
CKOPOCTB Bpa-
LeHus j1oy1ota?

PYC moxer pabo-
TaTh IIPH 33J1aH-
Holi Temmnieparype?

OxHako MoJy4YeHHe TaKuX MOJEJICH MOXET MOTpe-
6oBatp OonpmInx ycwiauid. B aToM ciaydae Hu3Kas ToU-
HOCTb OOJIBIIIMHCTBA MOJEIEH MOXKET ObITh OObSICHEHA
KaK CYLIHOCTbIO CJIy4allHOM TIe€HepaluH YCJIOBHBIX
IIPU3HAKOB MOJIEIU, HA KOTOPBIE OHA ONHUPAETCA NPH
BBHIITOTHCHUH OTIEPAIlH, TaK M HEJIOCTATOUYHOU WH-
(hopMaTHBHOCTBIO OOydatoniero Habopa AaHHBIX IS
MOJTHOLIEHHOTO OOY4YeHHsI MOJICIM B paMKax 3aJlayuu.
Opnako anroput™ RFC sBisiercs oqHuM u3 Haunbolee
pacnpocTpaHEeHHBIX W HCIOJB3YEMBIX B pealbHbIX
IIPOrpaMMHBIX PELIEHUSX, I03TOMY JaBaiiTe paccMOT-
pHUM BTOPO#l BapuaHT GoJiee oapoOHO.

Habop ngaHHBIX 11 BTOPOro SKCHEPUMEHTA Mpe-
CTaBJICH B BHUJC CIMCKA MPAKTUYCCKUX NAHHBIX, KOTO-
pBIH BKJIIOUAET OKOJIO 68 MPUMEPOB BO3MOXKHOI'O BBI-
6opa onpezeneHubix Moaeiei PYC. B Tab:. 3 nokasa-
Ha YacTh JaHHBIX U3 00ydaroniero Habopa AaHHBIX TS
3TOTO SKCHEPUMEHTA. Pe3ynbTaThl 0 KauecTBe MOIeNei
MpeACTaBICHEI B Ta0MI. 4.

Ilo pe3yjbTaTtaM BTOPOTO0 BBIYUCIMUTCIIBHOTO 3KC-
MEPUMEHTA BHIHO, YTO 00IIas TOYHOCTh MOJIENEH CTa-
J1a Ha TOPSIIOK JIydmie. DT0 0COOCHHO 3aMETHO TI0 pe-
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3yJabTaTaM TPOBEPKM TOYHOCTH PaOOThI MOJENEH C
WCTIONIB30BAHUEM CIICIIUAILHO Pa3pa0OTaHHON ISt
HCCTIEIOBAHNS METPUKH, B KOTOPBIX BBISABICHO, YTO U3
200 oOydueHHBIX Moxeiel 185 craenamu abGCOIFOTHO
MPaBWIBHBINA BBIOOp, U TOJBKO 15 Mozeneit nomycTuiu
OJTHY OIITHOKY.

Ta6auya 2. TouHocmb pabomvl noay4eHHbIX Modesaell U3
nepeozo BbIMUCAUMENbHO20 KchepumeHma [co-
cmaegseHo asmopamu]

0OYyYCHHBIN aNrOpPUTM JIsl TIOUCKA HYXHOTO KiacTepa
MOTEHIIUAILHBIX OTBETOB, MPEIBAPUTEILHO BBHITOTHUB
HEOO0XOAMMEBIC OTICpAIH KIIACTCPH3AIIHH.

Ta6auya 3. Yacmb OaHHbLIX MPEHUPOBOYHO20 damacema
011 8MOpP020 BbIMUCAUMENLHO20 3KCNEePUMEH-
ma [cocmasaeHo asmopamu]

Table 3. Part of the data of the training dataset for the
second computational experiment [compiled by
the authors]
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46 |iCruise X™ 4.75 171,0 | 6,750 | 6,5 | 361 | 908 |1350(100
47 liCruise X™ 4.75 171,0 | 6,750 | 7,0 | 97 |1086|1160|119
PowerDrive Orbit
48 G2 825 RSS 269,9 |10,625| 4,0 | 344 |5075|2630|106
PowerDrive Orbit
49 G2 825 RSS 269,9 [10,625| 1,0 | 201 (2169|2660| 84
PowerDrive Orbit
50 G2 825 RSS 269,9 |10,625| 5,0 | 32 |5846|2380| 45

Table 2. Accuracy of the obtained models from the first
computational experiment [compiled by the
authors]
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Ta6auya 4. TouHocms pabomsl noaydeHHuIx Mmodesell u3
8MOp020 BbIYUCAUMENBHO20 IKCnepuMeHma [co-
cmassieHo asmopamu]

HecmoTpst Ha TO, 4TO BO BTOPOM JKCIEPUMEHTE
OBUTH TIOJYYEHBI XOPOIINE Pe3yJIbTaThl, pa3HUIA B pe-
3yJIbTaTaxX OIpPENCICHUS] TOYHOCTH OOYYEeHHBIX MOJE-
Jel MeXAy MEeTpUKaMu BCe elle CIMIIKOM BEJIMKa.
Huzkure mokaszarenu TOUHOCTH, U3MEPSEMbIE METPUKOU
Accuracy_score, MOTYT OBbITh PE3yJIbTaTOM CIICITU(DUKI
ee paboThl, MOCKOJIbKY OHA ONpeAesseT NpaBUIbHOCTD
BbIOOpa PYC 1o ero Ha3BaHUIO, KOTOPOE AOJDKHO COB-
Majath C TAKOBBIM B TECTOBOM HabOpe JaHHBIX, OJHA-
KO paboure XapaKTepUCTUKU Pa3IUYHBIX POTOPHO-
VIPaBJISIEMBIX CHUCTEM MOTYT COOTBETCTBOBATH OJHUM
U TeM XK€ YCIOBHAM PabOTHI, HO CPEAU BCETO MHOTO-
obpasust obopynoBanus RFC Moxer BHIOpaTh TOIBKO
OJIMH OTBET. DTO He MpobieMa, B TaKUX clydasX, Ko-
rra HeoOXOIMMO ONPEAENUTh CIHCOK ITOIXOJSIICTO
000pyHOBaHUS, MOKHO FHCIOJB30BaTh CIICIHAIBHO

Table 4. Accuracy of the obtained models from the second
computational experiment [compiled by the
authors]
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CepBep/Server 100 185
96,4 | 81
Google 13,1 12,7
Colaboratory 929 | 79 96,4 15
89,3 18 i
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OpHako B HalleM cllydae paboduii MOAXOA 3aKIHO-
94aeTcsl B TOM, YTOOBI COCPEOTOUUTHCS HA XapaKTepH-
CTHKaX OJHOW BBIOpaHHOW Mozenu. VIMEHHO 3TOT HIO-
aHC YYUTBHIBACTCS B CIICIIMAIBLHOH METPHKE.

Ho nonaratbcst TOJIBKO Ha OJHY METPUKY HE SIBIISI-
eTcsl HOCTaTOYHO BEPHBIM IOIXOAOM, Ooiiee TOro, B
MepBOM OKCIIEpUMEHTE MeTpHKa Accuracy score B
HEKOTOPBIX CIIydasX MOTJA ONpPEAesTh HYXHbBIE MO-
nenu co 100 % Tounoctsio. [loaTomy cienyer npose-
CTH TPETHH SKCIIEPUMEHT, KOTOPBIH OyAeT COeAMHSATH
B ce0e MoIX0 (bl 000UX MPEABIIYIINUX FKCIIEPUMEHTOB.

COOTBETCTBEHHO, B TPETHEM IKCIIEPUMEHTE YUUTHI-
BAIOTCS Kak JTaHHBIE 0 TPAHUYHBIM 3HAYECHUAM, TaK H
IIPAKTUYECKHE JAaHHbIE (Bce 00bEAUHEHO B 0o0Imuil na-
Tacer), OJHAKO OHU OyIyT cllerka nepepaboTaHbl, a
TOYHEe, O CUTyallli, KOTAa IOJ pEeIIeHHe 3aIadn
MOJXOAAT Cpa3y HECKOJBKO IPABUIBHBIX OTBETOB, ObI-
Jla CYIIECTBEHHO COKpalleHa. Pe3ynbTaThl JaHHOTO
9KCTIEPUMEHTHI TIPEJCTaBICHBI B Ta0II. 5.

Ta6auya 5. TouHocmb pabomvl NOAYYeHHbIX Modesaell u3
mpemvez20 8bIMUCAUMENALHO20 IKCNepuMeHma
[cocmasaeno aemopamu]

Table 5. Accuracy of the received models from the third

computational experiment [compiled by the

authors]
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HoyT6yxk/Laptop
HP Pavilion Gamin, 144 14,1
81964 | 22| 964 5
15-dk0069ur
CepBep/Server 100 | 178 | 100 | 195 137 132
Google Colaboratory | 96,4 | 22 | 964 | 5 ’

[To pe3ynbTaTaM TPETHETO BBIYMCIHUTEIBHOTO JKC-
MEepUMEHTa OTYETIIMBO 3aMETHO YBEJIMUYEHUE KOIHYe-
ctBa Mojeneid co 100 % TouHOCTBIO pPaboTHI, U3Me-
peHHOM Kak Mo MeTpuke Accuracy score, Tak U IO
crienragbHON MeTpuke. [1ocKoNbKy 00€ METPUKH MO-
Ka3bIBAIOT OYEHBb XOPOIINE Pe3yNbTaThl, MOXKHO C yBe-
PEHHOCTBIO CKa3aTh, 4YTO HaWOoOJIee IOAXOSAIINM
Ha0OpOM JaHHBIX JUIA PEUICHHs 3ajad BBIOOpa ONTH-
mansHOM PYC siBnsieTcst HaOOp JAaHHBIX, COAEpIKAIIUN

MPaKTUYCCKHUE TAHHBIC B COYCTAHUU C JTAHHBIMHU O MH-
HUMAJIbHBIX W MaKCHUMaJIbHO JOIIYCTHUMBIX pa60q1/1x
napaMerpax o0OpyIOBaHHs, HMMCHHO TaKOW Habop
JIAHHBIX ¥ MOXKHO Ha3BaTh Hanbosee HH)OPMATHBHBIM.
O/HAKO CTOWUT YYHTHIBATh, YTO CYIIECTBYET OIpEie-
JICHHBIH Tpezen o0beMa AaHHBIX, HAYHUHAS C KOTOPOTO
POCT TOYHOCTU PaboThI Mozeei 1160 OyaeT He3HAYH-
TENBHBIM, JTH00 ero He OyaeT BOBCe.

HcciieaoBaHHE 3aBUCMMOCTH BpEMEHHU
o0y4eHMs MOAeJsieHd OT 06'beMa JAaHHbBIX

HecMoTpsi Ha NOBBIMICHHE TOYHOCTH MOJCIHU IMPH
OTHOCHTEJIBHO HEOOBIIIOM H3MEHEHNH 00beMa Habopa
JAHHBIX, 3HAYEHHE CPEIHEH CKOPOCTH OOYYEHHS MO-
JIET TPAKTHYECKH HE MEHSETCs, YTO JeNlacT HEBO3-
MOXXHBIM TOYHOE OIpEACTICHUE 3aBHCUMOCTH STOTO
napaMeTrpa or o0beMa HabOpa JaHHBIX B paMKax JaH-
HOTrO uccienoBanus. Hammuwe madopmannu 06 3TOH
3aBUCHMOCTH HOCUT Ba)KHBI XapakTep ISl MPaBUIIb-
HOTO pacIipe/ielieHusi paboyero BPEMEHHU CIIeIHalIU-
CTOB IIPH BBIIOJHEHUH PAa0OT MO HAXOXKICHUIO 3aBH-
CUMOCTEH MEXIy 3aJaHHBIMHU Mapamerpamu. [loaTomy
JUISA TIOJTHOTBI MCCIICAOBAaHUA 6])1_]'[ IMPOBEACH IOIOJIHH-
TENBHBIA JKCIEPUMEHT, B KOTOPOM YUYHTHIBAJIOCH H3-
MEHEHHE CpellHEl CKOPOCTH 00yUYeHHS MOJAETH B 3aBU-
CHUMOCTH OT: KOJIMYECTBAa CTPOK B HAOOpE MAHHBIX C
OJIMHAKOBBIM KOJIMYECTBOM CTOJIONOB (pHUC. 2); KOJIH-
9ecTBa CTOJIOIOB C OJAWHAKOBHIM KOJIHYECTBOM CTPOK
(puc. 3); KonMYeCTBa CTPOK M CTOJIOIOB C OJJMHAKOBBIM
00BeMoM Habopa TaHHBIX (pHC. 4).

HecMmotpst Ha yBenmyeHue BpeMEHH OOyYEHHS MO-
JIeTH C yBeIUUIeHHeM 00beMa Habopa JaHHBIX, CKOPOCTh
06y"leHI/IH Mopaxa€T CBOMMH HU3KHMHU 3HAYCHUSAMU.
Hampumep, kak BHIHO H3 pHC. 2, IPH OOIIEM pa3Mepe
Habopa ganHbIX 8000 cTpok Ha 7 CTONOLOB CpemHss
CKOPOCTh OOYy4YeHHsl OJHOH MOJIENU COCTaBIISIET BCEro
248 mc. COOTBETCTBEHHO, HCIOJB30BaHUE TAKOTO MOJI-
Xoza ISl pa3pabOTKU METOJO0JIOTHH BbIOOpa pabodero
000pyIOBAaHUST MOMKET COKOHOMHTH OTPOMHOE KOJHMYE-
CTBO BpEMEHH, 0OCOOCHHO MU NPOBEPKE TUTIOTE3 O BO3-
MOXKHBIX 3aBHCUMOCTSIX MEXKIY 33JaHHBIMU IapaMeT-
paMu, MperoCTaBIsAs BOZMOXHOCTE ISl Oostee moapoo-
HOTO U3yYEHHS pacCMaTPUBAEMBIX 3aBUCHMOCTEH.

Jnst ©ojee HATTISIHOTO TPEICTABICHUS B3AUMOCBSI3H
MEXAYy 00bEMOM 00Y4aIOIEro aTaceTa U CpeiHel CKo-
POCTBIO 00YUYeHHUsT OJTHOM Mozeny (T, MC) ObUT TIPOBEIICH
aHaJIM3 JaHHBIX METOJOM MHOKECTBEHHON JIMHEWHON
perpeccu, pe3ybTaThl KOTOPOrO BBISIBUIN CIICAYIOIIYIO
B3aMMOCBSI3b, 3ANHCAHHYIO HIDKE C KOI(PHUIMEHTOM,
VYUTHIBAIOIIAM MOIIHOCTD BBIYMCIUTELHON MAIHHEI,
HA KOTOPO#! BBIMOJIHACTCS MPOLEypa 00yUCHHS:

T =k, (102,744 0,18 -r+ 0,43 - ¢), mMC

rae k, — KO3(UIMEHT, YIUTHIBAIOMINI MOIHOCTD BBI-
YUCIUTENEHOTO 000PYAOBaHKSA; ' — KOJMYECTBO CTPOK B
Jaracere, T, ¢ — KOJIMYECTBO CTOJIOIOB B JaTaCETe, MIT.
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Fig. 2. Dependence between the model average learning rate and the number of rows in the dataset [compiled by the authors]
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Fig. 3. Dependence between the model average learning rate and the number of columns in the dataset [compiled by the
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Dependence between the model average learning rate and the amount of data in the dataset [compiled by the authors]
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3akjI04eHue

Tounocte Mozenei, 00ydeHHBIX amroputMoM RFC,
HaIMpsIMyt0 3aBUCUT OT KOJMYECTBAa M KayecTBa JAHHBIX,
WCTIONB3YEMBIX MpU 00yueHnH. Hawmmydive pe3ynbTaThl
MOKAa3aJId MOZENHU U3 TPETHEro BBIYMCIUTEIBHOTO JKCIIE-
pUMeHTa. DTO MOXKHO OOBSCHUTH TeM (DAKTOM, YTO HAOOP
JAaHHBIX UL 9TOTO SKCIEpPUMEHTa conepskail OoJbIIoe
KOJIMIECTBO TPHMEPOB, Ha OCHOBE KOTOPHIX MOENb
CMOIJIa HaWjIy4lIdM 00pa3oM BBICTPOHUTH B3aUMOCBS3H
MEXy apaMeTpamMy U ONPEACIUTh UX TPaHUYHbIC 3HA-
YeHUsT U KKI0W ykazanaou moaenu PYC.

Bonee Toro, HeOOXOAUMO aKKypaTHO MOAXOAUTH K
BOIIPOCY BHIOOpA MOAXOMSIICH METPUKH JUIs IPOBEPKU
TOYHOCTH MOZEJH, MOCKOJIbKY pa3Hble METPUKH UMEIOT
pas3Hble IIeJIeBble XapaKTepUCTUKU AJIsl CPAaBHEHUS, YTO
MOXET OIpENEIICHHBIM 00pa3soM HCKa3UTh KOHEUHBIE
pesymbpraTel. ['padudeckoe mpeacTaBiIeHHE TOYHOCTH
00y4EHHBIX MOJENIEH U UX KONUYECTBA A KaXJ0ro U3
SKCIIEPUMEHTOB MOXXHO YBUJETh Ha pUC. 5, IJe TOY-
HOCTb OLEHUBAJIAaCh C HCIIOJIb30BAHUEM METPUKHU
Accuracy_score, 1 Ha puC. 6, Iie TOYHOCTb OLICHUBA-
JIaCh C UCTIOJIB30BAaHUEM CIIEIUAIBLHON METPUKH.
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Puc. 5. TouHocmb noay4eHHbIx Modeell, 0yeHeHHAst no Mempuke Accuracy_score [cocmassiieHo agmopamu]
Fig. 5. Accuracy of the obtained models, estimated by the metric Accuracy_score [compiled by the authors]
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Fig. 6.

Accuracy of the obtained models, estimated by a special metric [compiled by the authors]
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Ta6auya 6. CpedHss ckopocms 06yveHUs U 8bIN0AHEHUs1 Modeell [cocmagaeHo aemopamu]

Table 6. Average learning and execution rates of models [compiled by the authors]
HoMep BBIYMCIUTENBHOTO CpeaHsisi ckopocTb 06ydeHusi | CpeZiHsisi CKOPOCTb ONepanuu nogéopa
3KCIIepUMeHTa BbluvcauTe/ibHAsA MalllMHA mojesu 3a 200 LUKJI0B, MC o6opyoBanus 3a 200 LUKIIOB, MC
Number of computational Computing machine Average model learning rate Average speed of the equipment
experiment for 200 cycles, ms selection operation for 200 cycles, ms
HoyTt6yk/Laptop
1 HP Pavilion Gaming 15-dk0069ur 135 135
CepBep/Server
Google Colaboratory 131 12,9
HoyT6yk/Laptop
2 HP Pavilion Gaming 15-dk0069ur 130 131
CepBep/Server
Google Colaboratory 133 137
HoyTt6yk / Laptop
3 HP Pavilion Gaming 15-dk0069ur 144 141
CepBep/Server
Google Colaboratory 137 132

IIpu 3TOM, HECMOTpPS HA MOCTEIEHHOE YBEIUYCHHE
KOJIM4ECTBA TPEHUPOBOYHBIX JaHHBIX, C IEPEXOAOM OT
OJIHOT'O DKCIEPUMEHTA K APYTOMY CPEIHHUE CKOPOCTH
BBIIIOJIHEHUS OINlEpalUil CO3aHusl 3K3EMILULIPOB MOJe-
7, UX 00y4YeHHS M HCIOIB30BAHUS UIS PEIICHHS T10-
CTAaBJICHHOM 3a1a4d M3MEHAIOTCA B MaJIOM AMAaIla30HE
u Oonblle 3aBUCAT OT MApaMETPOB BbIUMCIMTENIBLHON
MamuHbl. B Tabm. 6 mpencTaBieHBl pe3yibTaThl BBI-
YHUCIIEHUs CPEIHUX CKOPOCTEH BBINOIHEHHSA BCEX IIO-
CTPOCHHBIX MOJENEH B paMKaX INPOBEICHHBIX JKCIIE-
PUMEHTOB.

CIIMCOK JIMTEPATYPBI

[onmy4eHHble pe3yabTaThl BHIYUCIUTEIBHBIX JKCIIE-
PUMEHTOB, MPOBENICHHBIX B PaMKaX JaHHOTO HCCIIENO-
BaHUs, NOATBEPXKAAIOT 11€JIECO00Pa3HOCTh UCIIONB30BaA-
HUSI MAIIMHHOTO OOy4YeHHUs ISl PELIeHUs] PUKIATHBIX
3aj1a4y, KOTOpbIE MPSAMO WM KOCBEHHO HATpaBlieHbl Ha
BBISIBJIEHHE B3aUMOCBS3EH MEXIYy HCCIEAyeMbIMU IIa-
paMmeTpamH, TaK KaK MalllMHHO-OOy4eHHbIE MOJAEIH
MO3BOJLIIOT CO37aBaTh Pa3sHOOOpa3HBIC METOAWKH 32
MaKCHMAaJIBHO KOPOTKHE CPOKH, Oirarogapst 4eMy MOKHO
Oonee TIyOOKO HW3YYUTH BIMSHHE PACCMATPHBACMBIX
MapaMeTpoB Ha MPOTEKAIOIINE MTPOLIECCHI.
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Abstract. Relevance. Batteries are playing an increasingly vital role in power systems due to their utilization in various ap-
plications including microgrids, electric vehicles, sustaining geographically isolated communities, and energization of auto-
mated devices. Since they are considered as the enabling technology for renewable energy integration, the absence of battery
systems from islanded microgrids can result in decreased system reliability and compromised performance due to the inter-
mittency of local sources. Nevertheless, the hazardousness associated with their charging mechanism has led to the urgent
continuous development of charging technologies and battery management systems. Aim. To develop a safe testbed to exa-
mine the functionality of newly produced battery charging stations and battery managers without employing actual physical
batteries to avoid the hazardous manipulation of batteries and increase flexibility during the design and validation stage. This
is accomplished by modeling the electrochemical dynamics of the battery system and integrating the device-under-test to a
DC converter, which reacts based on these modeled dynamics. Novelty. This work adapts one of the most successful Li-ion
battery models available in the literature and utilizes it to interact with power electronic devices that exchange power sig-
nals. Unlike other work in this field, the design is based on power hardware-in-loop principles and has minimized power con-
sumption characteristics due to its unique configuration. The constructed computer model can be easily reparametrized to
describe the dynamics of various battery capacities. Methods. MATLAB-based simulations of the proposed testbed were con-
ducted for high and low power capacity. A LabView-based program was interfaced with the testbed hardware using a NI-DAQ
board to validate the proposed design practically. The testbed hardware components were entirely developed from scratch
for experimentation purposes. Results. The proposed testbed successfully imitated the dynamics of the battery, while the
practical results concurred the simulated ones.
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AnHoOTanusa. AkKmyaasbHocmb. AKKyMyJIAITOpHble 6aTaped UTrpaloT Bce Gojiee BXKHYIO POJIb B IHEPTOCHUCTEMAxX M3-3a UX
HCI0JIb30BaHUS B Pa3/IMYHBIX NPUJI0KEHUSAX, BKIOYas MUKPOCETH, 3JIeKTPOMOOUIIH, 3JIeKTPOCHAGKeHHe reorpadpruyecKu
M30JIMPOBAHHBIX PAlOHOB M NUTaHHE aBTOMAaTHU3UPOBAHHBIX YCTPOUCTB. [I0CKOJIBKY OHU CUUTAIOTCSl TEXHOJIOTHEH, obecre-
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YUBawIleld HHTerpalnuo BO30OHOB/IsAEMbIX HCTOUHUKOB 3HEPIUH, OTCYTCTBHE aKKYMYJ/IATOPHBIX CUCTEM B U30JMPOBAHHbBIX
MHUKPOCETSAX MOXET NPUBECTH K CHIXKEHHIO UX HaJIeXXHOCTH U NIPOM3BOAUTENbHOCTH U3-3a IPEPBIBUCTOr0 XapaKTepa reHe-
pUpoBaHHUs sHepruu. OcO6eHHOCTH, XapaKTepHble 151 GYHKIMOHUPOBAHUSA aKKYMYJIATOPHBIX GaTapel, NpUBOAAT K HEOO-
XOAMMOCTH Pa3BUTHS TEXHOJOTUH U KOHTPOJISI CUCTEM 3apsza 6aTapel. IJeqb: pa3paboTKa UCIBITATENBHOTO CTEHAA AJIs
KOHTPOJIA 3apAJHBIX CTAHLMH M yCTPOMCTB ynpaBJeHUs UMU 6e3 HCIOJIb30BAHUS PeasbHbIX aKKYMYJIITOPHBIX OGaTapew,
MO3BOJISIIOILEr0 NMOBBICUTb 6€30MacHOCTh U F'MOKOCTb 3TANOB POEKTUPOBAHUsI U KOHTPOJIA 3apsAfHbIX cTaHLUH. [locTas-
JIeHHas LieJib JJOCTUTaeTcsl MyTeM KOMIbIOTEPHOI0 MOJEJIUPOBAaHUs JUHAMUKHY 3JIeKTPOXUMUYECKUX IPOLIeCCOB aKKyMyJIs-
TOPHOW 6aTaper ¥ MHTErpalvy TeCTUPYyeMOro ycTpoMcTBa ¢ npeobpa3oBaTesieM IOCTOSHHOIO TOKa, yNpPaBJseMOro 3TOH
Mogesblo. HogusHa. B paboTe nmpuMeHUTEJBHO K 3ajade afaNTUPYeTcd OAHA M3 CaMblX M3BECTHBIX MoJesed JIMTHH-
HMOHHBIX aKKYMYJIATOPOB J/If1 YIIpaB/JIeHHUs B3aUMOJI€HCTBUEM CHJIOBBIX 3JIEKTPOHHBIX YCTPOUCTB, KOTOPble 06MEHUBAIOTCA
3Hepruew. B oTsinyme oT Apyrux paboT B 3TOH 06J1aCTH, KOHCTPYKIMA OCHOBAHA HAa NMPUHLMIIAX alllapaTHOro obecneyeHus
CUJIOBOM 4acTH M MMeeT MUHUMaJIbHble NOKa3aTesu 3HepronoTpebeHus 6jarojaps cBoed YHUKaJbHOH KOHQUIYpalHH.
[IpepnoxeHHass KOMIObIOTEpPHasA MOJleJlb IapaMeTpUpyeTcs JJisl ONMCAHUA Npolecca 3apsAAa-paspsaja akKyMyJIaTOPOB pas-
JINYHOH eMKOCTU. Memodsbl: KOMIbIOTEPHOE MOJEJHpPOBaHUe U 3KCIepHMeHTa/lbHasl IpoBepKa MpejjaraeMblX pelleHHH.
Paspa6orana MATLAB-Moze/nb HCIBITATENBHOTO CTEH/A MOBLIIIEHHOW MOLIHOCTH. MoJiesib aKKyMyJISTOPHOH 6aTapeu U
CHCTEMBI yIIpaBJIeHUs] MaJIoro 3HepromnoTpe6seHus B cpese LabView c miatoit NI-DAQ ucnosib3oBaHa AJ1s1 3KCIIEpUMEH-
TAJIBHOTO NMOATBEPXAEHUA NpeajiaraeMblix pemel—mﬁ. [[JIH IMMOCTPOEHHA IKCIIEPUMEHTAJIBHOI'O UCNIBITATEJIBHOTO CTEHJA pa3-
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Introduction

Energy storage devices are gradually becoming the
key element in the modernized power system,
especially with the high penetration of renewable
distributed generators RDGs. This is a direct
consequence of the increased consumer demand and
environmental concerns that encouraged the adoption
of storage devices as a solution with reduced
environmental impact. Recently, storage devices have
been extensively utilized in grid applications including
frequency and voltage regulation, providing ancillary
services like demand peak shaving, balancing
renewable energy generation and consumption, and
proportionately increasing the reliability of the
distribution grid [1]. It has been alleged that the
integration of storage devices in conjunction with
renewable energy generators, like photovoltaic solar
cells, can improve the impact of greenhouse gases by
36-68% for each 1.5 kW of installed capacity [2].
Battery systems, particularly lithium-ion batteries, are
considered as the leading candidate for such
applications due to their high-energy density, stable
performance, long life cycle, and high power capacity
[3, 4]. These battery-on-grid applications was boosted
by the considerable advancements in microgrids and
the rising popularity of renewable-based generation,
which can sustain partitions of the electricity grid.
Large countries, like the Russian Federation, with
numerous communities sprawling across its massive
land area can undoubtedly benefit from such

configuration to support the local demand of critical
and isolated loads during emergencies and grid faults.
The proper implementation of battery systems is not
confined to on-grid applications, but includes the
voguish application in the electric transportation sector
which is gaining a lot of attention globally due to the
flourishing electric vehicles EVs demand and global
regulations [5]. The adoption of EVs has attracted
massive investments in the development of charging
infrastructure to satisfy the demand and handle the
problem of driving anxiety. Although these
applications, exemplified in Fig. 1, advertise the
importance of battery storage devices and their vast
implementations, battery systems suffer from safety
challenges due to their thermal, physical, and electrical
characteristics [4, 6-8]. Lithium metal is a flammable
solvent with exothermal activities and thermal runaway
[6]. Thermal, electrical, and aging factors are some of
the drivers of lithium-ion batteries hazardous
operation, which can lead to high temperatures and
combustion. Electrical factors, on the other hand, are
caused by the mismanagement of charging and
discharging [4]. For this reason, state-of-the-art battery
management systems are required to be developed to
induce safety and reliability in operation of such
systems [8]. Furthermore, hardware and software
safety systems and regulations that address concerns
such as degradation, cyberattacks, and energy
mismatch are imperative for efficient battery utilization
[6, 7]. New charging station topologies are also
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continuously evolving to satisfy the changing
operational requirements for each specific application.
Nevertheless, these synthesized hardware and software
technologies cannot be tested on real-physical batteries
due to the potential safety issues previously mentioned.
It is, therefore, prime essential to manifest a testing
platform that can imitate the power behavior of
batteries while interacting with these deployed
technologies in the design and verification phase. Ergo,
the academic literature is enriched with articles on
battery emulation based on various designs.

Critical Loads

Renewable Energies
‘:¢:_ ﬁ

Industries and Automation

Microgrid Applications

Electric Vehicles

a9
;-“"l\ S\ a

Isolated Communities and Infrastructures

Fig. 1.
Puc. 1.

Applications of battery systems
IIpumeHeHue aKKYMY/JSIMOPHBIX CUCMeM 3IHep20-
CHab#ceHus

The majority of contributions in this field are
concentrated on constructing a battery simulator based
on hardware-in-loop technologies to test designed
battery management systems (BMSs). These systems
are ordinarily in constantly developing, since they are
obligated to manage thermal and cellular behavior of
the battery pack. This direction is similar to our current
work in terms of the utilization of generic battery
models to test modern designs that typically interact
with batteries in real-time. The architecture of such
testbeds consists of a battery model, battery simulator
deployed on a DSP processor, and power component to
establish the communication between the BMS under
test and the simulation testbench. However, no power
signals are exchanged during these tests and the
employed battery models usually focus on analyzing a
cell thermal behavior and thermal dynamics. The
research in [9] utilized HIL technology to test the cell-
to-cell performance of the emulated battery system for

BMS applications. The testbench consisted of the
battery model in real-time on a ASSPACE GmbH battery
emulator as an equivalent circuit model for battery
cells. The testbench also consists of a switch box,
thermal sensors, and a battery charger modeled as an
electric vehicle charger. Specialized battery emulators
were reviewed and applied to test some commercially
available BMS controllers [10]. These emulators are
expensive and devised to test certain low-voltage
functionalities of battery cells which makes them
unsuitable for power tests. Other research implemented
the XPC technology, which consists of two PCs,
working in real-time, to emulate the battery behavior in
managing both the power and temperature of the
battery pack [11]. However, only models of the battery
and controllers were tested without assessing the
capabilities of the power components. A cell-in-loop
technology was employed to test the response of a live
cell installed in an environmental container [12]. This
method is equally effective only when the BMSs and
thermal reaction of battery cells are the center of
interest. Another application of battery emulators is to
test the battery behavior when integrated and
interacting with the power grid and power components.
A DC/DC converter was used to emulate a
decentralized battery management system [13]. The
device under test DUT, in this case, was the DC/DC
converter while programmable loads, communication
devices, and local controllers were used to emulate the
simulation scenario. A converter-based battery
emulation was introduced in [14] to simulate the
battery-on-grid functionality. The testbed used active,
reactive, and inertial controllers to investigate the
effect of the battery system on a microgrid. The
interaction between the regenerative load and battery
system in a microgrid scenario was studied in [15],
using the HIL testbench. Renewable energy sources
were also emulated in the test to establish their
effectiveness in charging the battery module.

There is a small portion of the reviewed research
articles addressed the implementation of a converter-
based battery emulator. These types of testbeds imply
the power characteristics of the battery system are to be
examined. An interleaved DC/DC boost converter was
utilized to emulate the discharge behavior of lithium-
ion batteries for testing certain battery-operated
applications [16]. A stable power supply was used to
energize the converter while a thevenin-based battery
model was used with voltage and current controllers to
manipulate the converter output and achieve battery
emulation. The design, however, can only test the
discharge characteristics of the battery. Another
research proposed a parametric battery emulator, using
a comprehensive set of power converters [17]. The
primary objective of the experimental setup is to
evaluate the interaction of the battery system with the
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electric vehicle motoring system based on specific
driving patterns. Consequently, the power converters
that compose the testbench are controlled to imitate the
behavior of both batteries and drive systems in both
discharge and charge “regenerative” modes of
operation. For emulating the charging and discharging
behavior of the battery system, a two-converter
testbench was proposed to accomplish more accurate
control over the bidirectionally exchanged power [18].
A z-type converter with a single switch was controlled
to emulate the battery voltage using a battery model
and voltage controller. Power hardware-in-loop (PHIL)
technology was used collectively with an RTDS
specialized system hardware, which includes a lithium-
ion physical model, to evaluate the impact of battery-
on-grid operation and related issues [19]. Rapid and
stiff frequency rate of change in response to RDGs
integration into the electricity grid was studied and
mitigated using a battery system in an emulation
environment [20]. The authors, however, employed a
physical battery model which is arguably a hazardous
experimentation provided that extensive safety
measures had to be taken.

This research proposes a PHilL-based testbed for
battery charging operation. Although the proposed
testbed concurs with the reviewed literature in
principal objectives and mechanisms, the design
building blocks and utilized equipment are deployed to
increase efficiency, flexibility, and reduce losses of the
testbed. A converter-based battery emulator was
employed to imitate the power dynamics of the
lithium-ion battery module. A half-bridge topology
was utilized for that purpose, which is typically
characterized by its simplicity and reduced switching
losses. The emulator circuit shares the same power
terminals as the charging station DC bus, which
implies the exchanged energy between the emulator
and charger is in balance. This induced stability and
increased safety of emulation as the absorbed energy
by the battery emulator fed back to the charging
station. The battery dynamics was developed based on
the Shepherd model, which accepts the battery current
as input and produces the emulated battery voltage as
an output. Voltage and current controllers are
employed to regulate the emulation converter such that
the resulting behavior resembles real battery operation.
The ultimate objective of the proposed testbed is to
emulate the battery power interactions when connected
to the charging station in a manner that enables
researchers and designers to safely test their software
and hardware products before operational deployment.
MATLAB simulations were conducted to verify the
design requirements and expected results. While
LABVIEW software along with specialized hardware,
completely designed and assembled in our laboratory,
was used to validate the testbed practically.

Battery model

Many battery models have been reviewed and
introduced in the literature. Depending on the targeted
applications, these models largely contrast in the
addressed parameters and variables. However, this
work is more implicated in a battery model that can
formulate and emulate the relationship between the
battery voltage and current based on the input power.
These models must exploit the V-1 characteristics of
the battery pack while projecting the internal battery
parameters on its power behavior. The model utilized
in MATLAB/Simulink software, called the Shepherd
model, is considered a sufficient, efficient, and
accurate description of the battery states during
charging and discharging modes. This model was
sufficiently developed based on the combined work of
different research papers to emulate power, thermal,
and aging variations [21-23]. For lithium-ion batteries
operating in the discharge mode the input battery
current is greater than zero and the discharge
characteristics adhere to the following equation:

Q
Q-

While, when the battery current is reversed, the
battery operates in the changing mode and the
characteristic equation becomes:

Q Q
ji+o.1Q Q—ji

Considering the battery internal resistance, the
battery voltage equation can be written as:

Vitary = T ([ 1) =Ry i

In these equations E; is the constant battery voltage,
K is the polarization constant in VV/Ah, Q is the battery
capacity in Ah, Ji is the integration of the battery
current to represent the extended capacity in Ah, i is
the filtered battery current, A is the amplitude of the
exponential region in V, B is the exponential capacity
in Ah™Y, Rin is the battery internal resistance in ohm, i
is the unfiltered battery current. By proper selection of
battery voltage and capacity, these parameters are
adjusted for battery scaling purposes.

The developed model acquires the battery current as
input and manifests the battery voltage as output. As
illustrated in the model, the battery voltage contains
nonlinear dynamics that vary with the supplied current,
the battery internal parameters, and the current
capacity. Therefore, scaling the battery system by
recalibrating the battery internal  parameters
significantly influences the battery dynamics. Although
the adopted MATLAB model accounts for the aging
and thermal characteristics of the battery, they are

f(ji,i*):EO—KQ?Iii*—K [i+Aexp ™"

t([ii=E-K i"—K ji+Aexp’BIi.
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omitted from this work, since they are not relevant to
the essential target of the charger testbed.

Proposed testbed design

As previously established, the adopted fundamental
concept of this work is to emulate the V-1 dynamics of
the battery system while interacting with the charging
station. The synthesized emulator should behave
explicitly like a real battery imitating power
interactions based on the selected battery parameters.
The proposed battery power simulator contains the
following parts:

e bidirectional DC/DC converter to emulate the
battery voltage;

o battery model operating on a processor or computer
to estimate the actual battery voltage;

e charging station, consisting of the active rectifier
and DC/DC charging converter;

e control systems of the charging station and the
emulator circuit.

The block diagram of the charging station,
connected to the battery emulator, is demonstrated in
Fig. 2. The objective of the single-phase rectifier is to
stabilize the DC voltage across the DC line capacitor
and supply the DC/DC charger with the required
current. A half-bridge DC/DC converter was employed
to implement the DC charger with the target of
adequately providing the charging current through the
output filter. This is considered as the simplest
charging station which employs uncomplicated battery
manager. More complicated charging station
architectures are provided in [24].

The battery emulator circuit is illustrated in Fig. 3.
As it is seen in the figure, the buck-boost DC/DC
converter is utilized to emulate the battery
characteristics by emulating the battery voltage on the
input terminals. The essential idea here is to manage
the voltage and current on the DC line between the
device under test DUT “Battery Charging Station” and
the DC/DC converter. This can be achieved by

2 mH

0.6 mH R A%

' AC 66 uF

-

Filter
Fig. 2.

supplying voltage in the opposite direction to the
charger voltage to emulate battery voltage response.
The DC/DC converter will ensure voltage balance by
constantly changing the operation mode from buck to
boost and vice versa. The following equations
represent the battery emulator function:

Vbattery = charger — Vemulator!

[battery =1= _Icharger-

It is imperative that the battery current is in the
opposite direction to the charger current because one is
considered an energy generator while the other is
assumed as an energy consumer. As it was previously
mentioned, the battery model receives the measured
battery current and produces the battery voltage, which
will be considered as a reference for the outer loop control
system of the DC/DC converter. It should be emphasized
that both the battery charger and the emulator circuit are
supplied from the same DC line, which implies that the
excess exchanged energy is fed back to the DC line where
the voltage level is maintained by the rectifier control
system. Capacitor and inductor filter parameters in Fig. 2, 3
are designed based on the maximum allowable voltage
and current ripples respectively.

Fig. 4 exhibits the DC charger control system. The
outer control loop receives the measured battery
voltage and compares it to the set reference voltage.
The generated error is regulated using a Pl controller,
which formulates the current reference signal. Current
limitation is integrated with the voltage controller,
which represent the maximum and minimum allowable
current, Imax and lwin respectively. A second Pl
controller is then utilized as a current controller and
produces the charger control signal. This signal is
limited to the range of 0-0.95, which represents the
controller saturation levels shown in Fig. 4. The
control signal is then translated to PWM signals to
control the switching patterns of the DC/DC charger
shown in Fig. 2.

DC/DC
------- | S6mH . Vout, Tbat Battery
1500 pF Emulator
125 uF | -

- - .

Charging station connected to battery emulator terminals

Puc. 2. (Cxema nodKar4eHus 3apsA0HOL CMAHYUU K IMYAsIMOpY aKKyMyAmopHoU 6amapeu
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+
Battery | Vbatt, Ibatt | Current
Charger sensor
Voltage T
. sensor 125 pF
Fig. 3.  Battery emulator circuit connected to charging station terminals

Puc. 3. (Cxema nodkA04eHUs1 SIMYAS1MOpa AKKYMyA51mopa K 3apsi0Holl cmaHyuu

I Max Controller Max
Charger
Vref Pl VOItage | ref Pl Current Control
- Controller _ Controller
V Meas. ;
eas I Min | Meas. Controller Min
Fig. 4. DC charger control loops

Puc. 4. Cmpykmypa cucmembl ynpasieHust 3apsioHolt cmaHyuetl

| Max Controller Max
B tt v Batt | ref Emulator
I battery attery attery Pl Voltage P Current Control
Model - Controller :% Controller
V Mezs. I Min I Meas. Controller Min
Fig. 5.  Battery emulator control loops

Puc. 5. Cmpykmypa cucmembl ynpagaeHusi IMyAs1mopoM AKKyMy/1simopHoll bamapeu

In a similar manner, the battery voltage in the DC
line is compared to the modeled battery voltage, and
the resulting error signal is regulated by the voltage
controller. The output of the PI controller is assumed to
be the reference current for the DC/DC emulator
converter and is compared to the measured battery
current to generate a current error signal. A
proportional P controller is then employed to control
the internal current and produce the reference signal to
the PWM generator. The current controller also acts to
limit the exchanged current between the DC line and
the buck-boost converter, which will protect the DUT
from driving high currents or returning circulating
current. The employed P controller is also used to
calibrate the system when the battery model is
changed, or the tested charger is varied. This
particularity is very important, since the proposed

testbed is adaptable and should work with all tested
charging stations and for all battery models. The block
diagram of the battery emulator control system is
demonstrated in Fig. 5.

Simulation results

In this section, the proposed testbed is constructed
in a MATLAB environment to evaluate design
parameters and tune the controller blocks. The
emulator converter circuit and the charging station are
designed in SIMULINK with standard electrical library
tools while the battery voltage and capacity were
specified based on commercial heavy-duty CTS-
Lifepo4 battery modules used in truck applications.
The battery model parameters, exhibited in Table 1,
were extracted from the exponential discharge curve of
the battery. This curve can be obtained from
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parametrization of generic battery block in MATLAB
and plotting the battery characteristics. These
parameters significantly vary when the battery rating is
changed due to the high nonlinearity of the discharge
characteristic curve. Control loops for both the
charging station and battery emulator were equally
developed jointly in the same environment while a
battery model was developed from scratch based on the
previously illustrated lithium-ion battery dynamics.
The motivation for such an action is to allow a more
flexible battery model design and adapt the developed

experiential setup is challenging because of the chosen
battery parameters and rated power of the charging
station. As a consequence, the battery parameters are
scaled down by selecting lower voltage and battery
capacity. The new parameters are exhibited in Table 2.

800
50.01 Battery Voltage
Modeled Battery Voltage
= 600
EN o
(6] =)
& 50.005 8
< 400
50 200
0 1 2 3 0 1 2 3
time(sec.) time(sec.)
0 1
-5 . Emulator Controller
< § Charger Controller
g 10 505
:
-15 38
-20
0
0 1 2 3 0 1 2 3
time(sec.) time(sec.)
Fig. 6. Simulation of battery emulator (high power)

Puc. 6. ModeauposaHue npoyecca 3apsda Ha 3myasmope
AKKYMy/simopHoU 6amapeu 604bWol MoOwHocmu

Table 2.

Ta6auya 2. [lapamempbl cucmeMbl (HU3KAs1 MOUWHOCMb)

System parameters (low power)

function in various environments for practical

implementation.

Table 1. System parameters (high power)

Ta6auya 1. [lapamempbwi cucmembl (8bICOKASI MOUHOCMb)
Module Parameter Value Units
Mogaysib [TapameTp Besnnuuna | Ep. usmepeHust

.2 Total power ~10 KW /«B
by 8 2 [TosiHasi MOLIHOCTh
Q
% ga 5’5 gutputcufrent 19 A/A
S £ & p|Bbixoanoi Tok
™ O | Output voltage 540 V/B
BbIX0/IHOE HaNpsKeHHE
Eo 542.179 V/B
. K 0.0397 | V(Ah)1/ B(Au)!
IS 100 Ah/Ay
=5 |4 44507 V/B
2 ; B 0.6106 Ah-1/Ay1
i 2 | Battery time constant
5 = [locTosiHHast BpeMeHU 1 sec/c
= 2 GaTapeu
¥ & [Initial state of charge
S |HcxonHoe cocTosiHHE 50 %
3apsija
Rint 0.053 Q

Fig. 6 shows the battery charging response assuming
that the charger set voltage is relatively higher than the
battery-rated voltage. The charging curve is increasing
gradually while the battery voltage and modeled voltage
are temporarily stabilized to 496 V, which corresponds
to the rated battery voltage at the specified state of
charge (SoC). The battery voltage represents the voltage
of the emulator circuit, while the modeled battery
voltage represents the voltage estimated by the
numerical model. The fluctuations experienced in the
emulated battery voltage are due to the electronic
devices employed attempting to imitate the battery
behavior. These fluctuations, however, were attenuated
when the emulator dynamics converged to the modeled
battery dynamics. This behavior is common in PHiL
testbeds where a short period is required for the
emulation device to perform its task. The battery current
attained at 19 A, while the negative sign indicates the
direction of the current from the charging station to the
battery pack. Although this test verified the effectiveness
of the proposed testbed, the accomplishment of the

Module Parameter Value Units
Mogysib [TapameTp Bennuuna | Ep. usmepeHus
, o Total power 15.375 KW/xB
-5 8 é [los1Hasg MOLHOCTD
§ %o ;(,g Output current 375 A/A
s £ g2 BbIXoHO# TOK
™ 9| Outputvoltage 4 V/B
BbIX0IHOE HaNpsKeHUe
Eo 4.1748 V/B
o K 0.0057 | V(Ah)-1/ B(A4)-!
§- Q 5.06 Ah/Ay
- & |A 0.32331 V/B
23 [B 12.067 Ah-1/A'y-1
i é» Battery time constant
E = [TocTosiHHas BpEMEHU 1 sec/c
s 2 GaTapeu
- & |Initial state of charge
§ HcxoaHoe cocTosiHUE 50 %
3apsga
Rint 0.007608 QO

Once again, the simulation is conducted based on the
new parametrization, and the results are compiled in
Fig. 7. In the figure, the SoC rate of change is steeper
than the previously obtained results, which corresponds
to the lower battery capacity. The modeled and
simulated battery voltages are concurring with each
other, which inferring that both charger and emulator
controllers are properly functioning. The dynamic
fluctuation in the battery voltage was also observed for
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less than a second then the emulated voltage coincided
with modeled voltage. Battery current is maintained at
3.75 A, while the control signals are retained at a lower
level, which also corresponds to the reduced battery
rating. Finally, it is immensely important to mention that
during the previous tests, the proposed emulator results
were evaluated against the results obtained by
MATLAB generic battery model. It was discovered that
the errors between the estimated battery behavior for
both modules were bounded and insignificant. Their
errors fluctuated around zero with an RMS value of less
than 1. This implies that the developed model and the
corresponding testbed are accurately operating with
comparable results to the frequently used SIMULINK
battery emulation block.
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Fig. 7. Simulation of battery emulator (low power)
Puc. 7. ModeauposaHue npoyecca 3apsida Ha 3myasmope

AKKYyMyASIMOpHOU 6amapeu Ma/a020 3Hep20no-
mpebaeHus

Practical results

In this part, the testbed design is implemented
practically for validation purposes. The formulated
models and controllers in the previous section are
transferred into the LABVIEW  G-language
environment to establish a more empirical and
experimental-based  real-time  application.  The
experimental layout is shown in Fig. 8 where the main
hardware components are labeled. A dedicated NI-
DAQ PXI-6025e interface card was employed to
establish the communication between the LABVIEW
environment and the integrated hardware. This DAQ
device has an astonishing speed of 200 kS/s for analog
input functionality, which qualifies it to read from
multiple channels almost simultaneously. Furthermore,
it was utilized to deliver the control signals from the
computer to the controller module. Although this DAQ
device can produce an output voltage signal within the
range of +10 V, the signals were scaled down to

accommodate the analog input capabilities of the
Amigo Heart controller, which is based on STM
microcontroller technology. This controller, which
functions as a PWM signal generator, was developed
by one of our team members to tackle the practical
implementation of industrial control systems. In the
design, each controller was employed to generate
opposing polarities PWM signals that drive two
transistors forming the corresponding converter leg.
These power converters are wired to power filters that
work contrary to each other to emulate the power
characteristics of the battery system. Voltage and
current sensors were installed between two power
filters, while the sensed signals were wired back to the
DAQ device. Scaling and calibration were conducted
on both the computer and controller to compensate for
the variable operational range of different components.
Software filters were also implemented to isolate noise
and prevent spiky measurements.

Experimental setup of the proposed testbed (low

Fig. 8.
power)
Puc. 8. 3JxcnepumeHmasvHblll cmeHd 3apsidHO20 ycmpotl-

cmea ¢ IMyaAsamopomM amf_ymyﬂﬂmopHoﬁ 6amapeu
MaA/1020 3Hepeonompe6ﬂeHu57

The front panel of the developed LABVIEW
program is exhibited in Fig. 9 [25]. This program
double functions as a control and monitoring platform.
The battery parameters can be specified within the
panel, which means that the battery model can be
scaled with simple modification. Sensor and controller
calibration can also be performed using this interactive
panel. Furthermore, the sensor measurements are
demonstrated and registered.

Fig. 10 demonstrates the emulated and real
measured voltages. The emulated voltage is generated
by the real-time battery dynamics with real current as
input to the model. The tracking error between two
voltages is minimal, while the small fluctuations are
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due to sensor noise and controller calibration. These
fluctuations could be reduced by employing more
accurate voltage and current sensors and upscaled
hardware devices. This behavior is attenuated in higher

The measured battery current is illustrated in
Fig. 11. The current maintained at 3.75 A level, which
is considered as realization of the previously obtained
MATLAB results. This current is the maximum
allowable current by the currently available power

power testbed according to the noise reduction
characteristics of utilized sensors. supply unit.
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Fig. 12 compares the generated control signals by
the charging station and the battery emulator
controllers. It can be observed that the emulator
controller saturated at the maximum achievable control
signal output 3.2 V, which represents the maximum
analog input of the microcontroller system. The
charger controller, however, fluctuates below the 3.1 V
level. The proximity between two signals is crucial to
accomplish power balance and battery emulation. The
SoC of the emulated battery is shown in Fig. 13 with a
gradually increasing value. This indicates that the
battery is charging, and the direction of energy is from
the charging station toward the emulated battery. The
battery emulator can be made to test the discharge
functionality. However, it is a less critical test, since
the most hazardous battery behavior occurs in
charging. Furthermore, the discharge process requires a
load emulation, which is out of the scope of this
research.
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According to the exhibited performance and by
comparing the MATLAB simulations with the
obtained practical results, the proposed testbed
effectively accomplished the desired design targets.
The testbed can emulate a battery system with any
capacity and functionality and can only be limited by
the utilized hardware capabilities. Conclusively, the
proposed testbed offers a more flexible battery
emulation variant and satisfactory performance, with a
substantially cheaper price tag than the commercially
available counterparts.

The obtained results of the operational testbed
indicated the possibility of utilizing the proposed
design for testing real battery charging stations with
the compliance with the international standers of
electrical system installation parameters and test
methods IEC 62933-2-1:2017 and IEC 62933-1:2018
for ESS. The tested system capacity was in compliance
with the systematic performance testing procedures
described in the standers under nominal voltage and
current. Round-trip testing and other parametric tests
like charge-discharge effectiveness were not carried
out, since the discharge procedure lays outside the
scope of this research. Furthermore, it should be
mentioned that the designed testing power hardware
devices obeyed the UL 1741 (2010) international
standers for axillary enabling power devices.

Conclusion

The presence of batteries in power systems has
become vitally important due to their regulative and
energy-balancing functionates. Applications of battery
systems range from automated devices and industries
to grid-supporting and renewables integration.
Industries and research facilities are increasingly
engaging in the development of battery-related
technologies to enable faster charging and safer
utilization. Nevertheless, batteries pose significant
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hazards because of their exothermal reactions and
electrical mismanagement. This is detrimental to the
battery industry and researchers involved in this
scientific sphere since they constantly devise modern
charging stations and battery managers to
accommodate the soaring demand of various
applications. This work proposed a battery emulation
testbed to allow safer and more flexible
experimentation of newly created technologies during
the design and validation stages. The testbed emulates
the V-I characteristics of lithium-ion batteries by using
battery model dynamics and power converter. This
converter is regulated to interact with the charging
station resembling the behavior of a physical battery.
MATLAB simulations were conducted to verify the
design parameters and set a reference of anticipated

implemented practically using the LABVIEW
environment and synthesized power components. The
practical results coincide with the simulated results,
and the testbed accomplished the required
performance. The designed testbed is quite competitive
in terms of price and flexibility to other commercially
available solutions. Future goals are to utilize the
testbed flexibility and reconfigurability to emulate
more complicated functionalities and control systems
that involve the interaction of battery systems with
different loads and grid scenarios. Furthermore, the
battery model could be developed in the VHDL
environment and deployed on an FPGA device to
reduce the bulky size of the computer and associated
interface devices. This modification will also eliminate
the need for foreign licensed software.

performance.

Then, the proposed testbed was
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