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«M3BecTs TOMCKOro MONMUTEXHNYECKOro yHUBEpcuUTeTa. MHXUHI-
PUHT reopecypcoBy» NybnmkyeT opuruHasnbHble paboTbl, 0630pHbIe
cTaTbi, OYepku W oBCyXaeHWs, oxsaTbiBaloLLMe MOCneaHue Ao-
CTXeHNs B obnacTu reonorin, passeakn v [obbluKM NonesHbIX
MCKOMaeMbIX, TEXHOMOTUN TPAHCMOPTUPOBKMA W TNy6OoKON nepepa-
BOTKM NPUPOZHBIX PECYPCOB, SHEProapEKTMBHOMO NMPOU3BOACTBA
1 Npeobpa3oBaHNs HEPTUN HA OCHOBE MOME3HbIX UCKOMaembIX, a
Takke 6e30nacHoi yTUnm3aummn reoakTueoB.

XypHan npencTaBnsieT UHTEPEC [ Te0NoroB, XUMMUKOB, TEXHO-
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TakKe yUYeHbIX pYruX CMexHbIX obnacTeil.

TemaTuuyeckne HanpaeneHus xypHana «M3sectus Tomckoro no-
TIUTEXHUYECKOTO YHUBEPCUTETA. VIHKUHUPUHT reopecypcoBy:
lMporHo3upoBaHue 1 pa3Befika reopecypcos

[Jo6blua reopecypcos

TpaHCnopTMPOBKa reopecypcoB

I'ny6okas nepepaboTka reopecypcos

OHeproadthekTUBHOE NPOM3BOACTBO 1 NpeobpasoBaHie
3HepriM Ha 0CHOBE reopecypcoB

BesonacHas yTunuaauus reopecypcos v BONpOCh! re03Komnorim
MHxeHepHas reonorus EBpasun v okpanHHbIX MOpe

K ny6nukaumn npuHAMaloTcs cTatby, paHee HUrAe He omyGnuKo-
BaHHbIE 11 HE MPECTABMEHHbIE K NeYaTyt B OpYriX U3naHusX.

Cratbi, oTOMpaeMble ANs NyGnMKauuW B XypHane, NPOXOAAT
3aKpbITOe (Cnenoe) peLieHanpoBaHme.

ABTOp CTaTbi WMEET NMPaBO MPEANOXUTb ABYX PELEH3EHTOB NO
Hay4YHOMY HarpaBMEHMI0 CBOETO UCCNEA0BaHMNS.

OkoHYaTemnbHoe pelleHre Mo ny6nukauuu cTaTbi NPUHMMAeT
rMaBHbI PELAKTOP XypHana.

Bce maTepuanbl pasMeLLatoTes B XypHane Ha 6ecrnaTHO! OCHOBE.

YKypHan nsgaeTcs exemecsyHo.

MonHOTEKCTOBbIA AOCTYN K 3NEKTPOHHOM BEPCUM XYpHana BO3MO-
XEH Ha caittax www.elibrary.ru, scholar.google.com
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The journal will be of interest to geologists, chemists, engineers,
physicists, ecologists, power engineers, specialists in storage and
transportation of energy resources, IT specialists as well as to
other specialists in the related fields.

Scope of the journal issue "Bulletin of the Tomsk Polytechnic Uni-
versity. Geo Assets Engineering" in accordance with Geo Assets
(GA) strategy includes:

Geo Assets exploration and refining;
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AxkmyanbHocmb uccnedosaHusi 0bycrnosnieHa Heobxo0uMOCmbIO yyema pasHoobpa3usi ¢hopm muepayuu npupodHbIX paduoHyknudos
NpuU CMEHE 2€0XUMUYECKUX yCrosull, a makxe npu npo2Ho3UposaHuUU padLio3KoIo2u4ecko20 cmamyca audposkocucmem. Ha meppumo-
puu CemunanamuHCcKo20 UchbimamesibHO20 NoU20Ha Mu2payusi eCmecmeeHHbIX padUoHyKIuOo8 8 800HbIX cucmemax cnabo usyyeHa,
pacdem ¢hopM Mu2payuu ypaHa u mopusi npu CMeHe 2eoxXumMuyeckux obcmaHogok 6ydem uHgopmamueeH Ot NOHUMAaHUS Mugpayuu
WUPOKO20 Chekmpa mpaHcypaHosbix paduoHyknudos.

Llenb: onpedenums (hopmbi Mu2payuu ypaHa u mopusi 8 npupodHbix 8odax 8 3agLUCUMOCMU 0m Pa3Mepos Yacmuy U ¢ y4emoMm WUpPOKO-
20 cnekmpa KoMNOHEHMO8, paccyumams (hopMbI UX Mu2payuu 8 pydbsx U 03epax.

O6BbexkmbI: 800bI py4beg 20pHO20 Maccusa [lezerneH, 800bi 03ep aKkcnepumeHmarbHbix ninowadok CeMunanamuHCcKo20 ucnbimames-
HO20 Nonu2oHa, MoOesbHbIe 2UdPO2EOXUMUYECKUE CUCMEMBI.

Memodsbi. ®opmbi Haxox0eHusT NpUPOOHBIX paduoHyKnudos uccrnedoganu in situ Memodom KackadH020 (hpaKkyUOHUPOBaHUS NPUPOOHBIX
800. pH, Eh 600 onpedensnu memodom nomeHyuomempuu, obuyto MuHepanu3ayuio — koHdykmomempueli. OnpedeneHue OCHOBHbIX
LI0HO8 800k1 U 0OMOeNbHbIX 3emeHmog npoussedeHo memodamu mumpumempuu (HCOs, COs%, Cl, Ca?*, Mg?*), onmuKko-aMUCCUOHHOL
cnekmpomempuu (Na, K, Ca, Mg, Fe, Si), a makxe uoHHol xpomamoepacgpuu (CF, SO4). CodepxaHue pacmeopeHHbIX 0peaHU4ecKux
sewecms onpedensnu no nepMaHzaHamHoll u 6uxpomMamHoli okucnsemocmu, MemoO0OM Kamanumu4yecKo20 CKU2aHUS, a makke No UH-
mercueHocmu UV cueHana. Codepxarue U u Th onpedensinu Memodom mMacc-cnekmpoMempuu.

Pesynsmambi. OnpedesneHb! 0CO6EHHOCMU NEPEHOCa ypaHa U mopusi 8 NPUPOOHbIX 800ax pa3nu4HbIXx 800HbIX 06bekmog Cemunana-
MUHCKO20 UCNbIMamesbHO20 NOMMUZOHa, U 0603HaYeHbI oNpedenswue Ux Npoueccsl. YcmaHog8mneHo, Ymo cynbgham-UuoH 8 8odax pyyb-
€8 A8ngemcs UHOUKamopPOM UHMEHCUBHOCMU 800000MEHa U CKOPOCMU OKUCITEHUS Cyiib(hUOHbIX MUHEPaos, onpedensuux 8bixod 8
pacmeop 3Ha4yUMerbHbIX KOHUeHmpayull ypaHa. YpaH c8a3aH ¢ OpeaHUYeckuMU U OpeaHOMUHEePanbHbIMU KOMNeKcamu U no08epKeH
mpaHchopmayuu popm HaxoOXOeHUs 8 Crlydae USMEHEHUST 2e0XUMUYeckux ycnogull cpedsl. na mopusi e 6onbwel cmeneHu, yem 0nsi
ypaHa, xapakmepeH KommnoudHbili mpaHcnopm. LomuHupyowel Mu2payuoHHOU (hopmoll dmux 371EMEHMO8 AeNSMCS 838EWEHHbIE
KoMnoHeHmbI NpupoOHbix 800. OmHoweHue Th/U 8 pacmeoperHol ¢hopme docmamo4Ho cmaburibHO NO CPABHEHUIO C KOMTOUGHBIMU U
838eweHHbIMU chopmamu. [nsi 800 ¢ pasHbiM 2UOPOOUHAMUYECKUM PEXUMOM NPOCIEXUBAeMCcs Om/uyue 8 CMeNeHU BbIPaxXeHHOCmU
8M1USIHUST meppu2eHHol cocmasnsowed.

Knioyesbie cnosa:

YpaH, moput, konmoudsl, ModenuposaHue, 2e0XUMUYECKUE YCIoBUS, MUgpayusi, ypaHurkapGoHam Kanbyus, paduoHyKiTudb|, MUHEPab!.
BeepneHue TIOBEJICHUS PAIMOHYKITMIOB B dKocucTeMax. Ha Teppuro-

pun CpenHeit A3uu U3BECTHBI KPYIIHbIE MECTOPOKICHHUSA

ypaHa, a Takxe OONblINE TEPPUTOPHU C TOBBILICHHBIM

COJIEpKaHNEM E€CTECTBEHHBIX PAJIMOHYKIUIOB B TIOYBAX U

OCHOBHBIM TyTE€M MEpPeHOca pa3IHYHOrO0 poja 3a-
TpA3HUTENEH Ha TallbHUE PACCTOSHUS, B TOM YHCIE U Pa-
JMOHYKJIUJIOB, SIBISETCS BogHas cpena. Ocoboe BHUMa-

HHUE B 3TOM BOTIPOCE YJENSeTCs TPAHCYPAHOBBIM Pajiio-
HYKJIMAaM, UIMEIOLIMX CaMoe JIUTENbHOE MpedbIBaHue B
Omocdepe ¢ MEPHOIOM MONypAcIaga MILUTHOHBI M MII-
JUAPJBI TET.

[MoBeneHe PaMOHYKIUIOB B THAPOTCOXUMHYESCKUX
CHUCTEMaxX SBIAETCSA aKTyalbHOW HayYHO-NPAKTUYECKOH
npo0OneMoi, Hapsily ¢ HHTEHCUBHOCTBIO M CKOPOCTBIO HX
MUTpalliy, a TaKKe BIUSHUEM PaJUOdIEMEHTOB Ha 3]10-
poBbe uenoBeka [1]. B Hacrosimee Bpems BBHIOIHEHO
CYIIECTBEHHOE KOMMYECTBO MCCIENOBAHUI TI0 U3yYCHHIO
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TOPHBIX TIOpPOJAX, YTO MOXKET CIOCOOCTBOBATH YCHIICH-
HOW MUTpaly TPUPOAHBIX PAIHOAKTHBHBIX 3JE€MEHTOB.
[Ipn 3TOM YCTaHOBIEHO, YTO TJIABHBIMU NapaMeTpaMH,
ONpENENIOMUME MUTPALMOHHBIA IIPOLIECC, SBISIOTCS
(GOpMBI  HAaXOXIEHHS OJJIEMEHTOB W JIaHMA(THO-
T€OXUMHYECKUE YCIOBUS IPUPOHOM cpeasl [2].
OKonoruyeckas ONACHOCTb, CO3/jaBagMasi TOBBILICH-
HOM €CTECTBEHHOH pafiOaKTUBHOCTBIO B PUTOJHBIX AL
UCIONb30BaHUA BOJHBIX pecypcax [3], uMeeT MecTo,
HampuMep, MY SKCIDTyaTallid WIH PeKyJIbTHBALUU OT-
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pabOTaHHBIX MM 3aKPHITBIX YPAHOBBIX PyIOHUKOB [4, 5],
TIPH pa3Be/Ke HOBBIX PECYPCOB MOJ3EMHBIX BoI B AdpH-
ke [6] u bimxaem Boctoke [7], Toe cOOTBETCTBHE MUThE-
BOM BOJbl TMTHEHUYECKMM HOPMATUBAM IO HPUPOIHBIM
PaJMOAKTUBHBIM BJIEMEHTaM [OBOJBHO YacTO SBIAETCS
npobnemoi. Ilornommenne ypana u3 BoJbl, IOYBBI U BO3-
JyXa *UBBIMH OPTaHU3MaMH B KOHEYHOM HTOT€ IIPHBO-
JIUT K 00Ty4IeHUIO YenoBeka. J100bIva moe3HbIX HCKOTIa-
eMbIX TaKK€ MOXKET CYIIECTBEHHO YCHIMTb MHIPALMIO
ypaHa B pe3yJbTaTe U3MEHEHHS THAPOJIOTUYECKUX U Te0-
XUMHYECKUX ycioBuii [8, 9].

CemunanatuHCKuil ucnbiTatenbhplit monuron (CUIT)
ABIAETCS ORHOM M3 KpYNHEHIIMX MHpOBBIX SAHEPHBIX
IUIONIAI0K, Ha KoTopoii B Teuenue 40 netr B XX B. mpo-
BOJMITMCH UCIIBITAHUS, U3MEHUBILINE OOJUK JAHHOH Tep-
PUTOPUH ¥ CO3/IaBIINE CHENU(UUECKUE YCIOBUS MHUTPa-
LUK HE TOJIBKO TEXHOTEHHBIX PaJMOHYKIMAOB, HO U MHO-
TUX JAPYTUX 3IE€MEHTOB, B 3HAYUTENBHOM CTENEHH MOBIIH-
ABIINE HA MIEPEHOC BellecTBA. PaHee HaMu ObLIO TTOKa3a-
HO, YTO TEXHOTEHHbIE PaJUOHYKIH/IBI (ZSQPU, Am u
Ip.) B moBepxHOoCTHBIX Bofax CUII comepsxarcs B cyiue-
CTBEHHBIX KOJMYECTBAX, U Ja’K€ BBILIE TMTMEHUYECKUX
HOPMATUBOB, YTO MOXKET HPEJACTABIATh OMNACHOCTb IS
YeJIOBEKa U JKOCHCTEM, TepeMeIasch 3a MpeeNbl MIo-
manok ucneitanuit [10, 11]. [Ipu sToM mMurpaums ecre-
CTBEHHBIX PAJMOHYKIMIOB B TMIPOr€OXUMHYECKUX CHU-
cTeMax octaercs cnabo u3ydeHHou. HarypHble uccneno-
BAaHUA MUTPALMU U KOHLEHTPHPOBAHUA TOPUA U ypaHa, a
TaKke pacderT GopM MX MUTPAIUM TPH CMEHE Te€OXUMHU-
YeCKHX OOCTAaHOBOK Takke OyAyT MH(OPMATHBHBI M
TIOHAMAHHUS YCIOBUH MUTpAli OMM3KUX 1O CBOMCTBAM
IpYTUX PafHOHYKIHIO0B, B TOM YHUCJIE U TEXHOI€HHBIX.

Ha teppuropuu CUII momMuMo TeXHOTEHHBIX (aKTo-
POB (S/IpHBIC MCTIBITAHUS U SKCIIEPUMEHTHI C PaJHOAK-
TUBHBIMH BEIIECTBAMH) UMEETCS PAJl IPUPOAHBIX (PaKTo-
POB IOBBILIEHHOH pajiloaKTUBHOCTU. Pernon orHocurcs
K YPaHOHOCHOW MNPOBHMHLMH, @ HEKOTOPbIE JIOKAIbHbIE
MecTa (HampuMep, NoiuHa pyubs KapaOyiak) sBistorcs
ypaHoBeiME aHomanusimu [12, 13]. Ha ¢one Gombiioro
Pa3HOOOpa3us THAPOTEOXUMHYECKUX O0OCTaHOBOK (0CO-
OenHoctu penbeda, pasrpy3ka MOA3EMHBIX BOJ Ha TO-
BEPXHOCTb, HAIMYME TOPHOTO MAcCHBa, 3aMKHYTHIX BO-
JIOEMOB PA3MYHON TIyOWHBI) MOBEACHUE PAIUOHYKIH-
J0B OyJieT cieru(MIHBIM B KaXKI0M KOHKPETHOM CITydae.
Ha nanHO! TeppUTOpUM MMEIOTCS IIPUPOAHBIE BOJbI Ca-
MOT'0 pa3MMYHOTO COCTaBa — OT MPECHBIX 10 COJEHbIX,
OoraTsie U OemHBIE M0 PACTBOPEHHOMY OPTaHIYECKOMY
BEIECTBY, NIPX 3TOM KOHLEHTPALUs ypaHa U UHOTJA TO-
pust BbITE (DOHOBBIX 3HAUCHHUH.

CxopocTh mepeHoca OTIENbHBIX (OPM XUMHYECKHX
9JIEMEHTOB MOKET [JOCTHIaTh 3HAYEHHH, COMOCTABHUMBIX
CO CKOPOCTBIO JIBUKEHUS TPUPOAHBIX BoJ [14]. ®usuko-
XUMHYECKUE MEXaHU3MbI [IEPEHOCA TEXHOTEHHBIX Pauo-
HYKJIHJIOB C BOJIOH HEJOCTATOYHO H3Y4YEHBI. JTO 00BsC-
HACTCS KaK METOAMYECKUMH CIIOKHOCTSMHU, TaK U 00beK-
THBHOM TPYJHOCTBIO OMpENeIeHHS (OpM HAXOKICHHS
PaJMOHYKIM/IOB B BOJHBIX CHCTEMAxX HM3-3a UX HU3KUX U
yIBTPaHU3KUX Kosndects [15, 16].

Ha neobxoanmocTs m3yueHus (popM HaxXOXACHHUS pa-
JWOAKTHBHBIX ~ DJIEMEHTOB B  CHCTEME  PacTBOpP—
KOJUTOU/Ibl-B3BELIEHHOE BELIECTBO YKa3bIBAIOT PabOTHI

[17, 18 u mp.], craBume yxe Ki1accuyeckuMu. B Hactos-
mee BpeMs NPOUCXOIUT COBEPIICHCTBOBAHHE AHAIUTH-
YECKUX METOJIOB, BHEPSAIOTCSA HOBBIE KOMOMHUPOBAHHBIE
MHCTPYMEHTHl Ui M3YYeHHs (PaKIHOHUPOBAHMS die-
MEHTOB, HACHTH()HUKAINN U OTPEICICHAS T€OXUMHUUECKH
M JKOIOTMYCCKU 3HAYMMBIX (JOPM HAXOMKICHUS DPAIHO-
HYKIHJOB W psfa OPYTHX 3HAYHMBIX B 3KOT€OXHMHYE-
CKHX HCCIENOBAHHSX SIEMEHTOB B TPHPOIHEIX Cpelax,
YTO OTKPBHIBACT COBEPIICHHO HOBBIE BO3MOJKHOCTH IS
YIyUIICHAS MPOTHOCTHYECKHX MOJENEeH MHUIpalud Be-
I[EeCTBA.

OOHpHBIHA, HO HE UCUEPIIHIBAIONININ CITUCOK METO/IOB
m3yueHns HopM MHUTpalid ypaHa, TOPUS M IPYTHX die-
MEHTOB B TIPHPOJIHBIX MOBEPXHOCTHBIX BOAAX HPUBOJIUT-
ca B 003ope S. Markich u P. Brown [19] u B [20]. Pa3-
JUYHBIC BAPHAHTHl (QU3HMUECKOr0 (DpaKIMOHUPOBAHHUS
XAMIIECKUX SJIEMEHTOB C BHIAENCHHEM YacTHIl TI0 pas-
Mepy MOJNYYHIH Hambolee IMHPOKOE PACTIPOCTPAHCHHE
TI0 CPAaBHEHHIO C BBIIETICHHEM XUMHYECKUX (OPM.

Cpeny HUX MOJKHO OTMETHTH PabOThl MO KaCKaaHOMY
(pakuuoHNpOBaHUIO (yNbTPaQUIBTPALMK) C UCTIONB30-
BaHHEeM Habopa MeMOpaH, BKII0Yas YIbTpadHIbTPAIIIIO
[21, 22], mo MPOTOYHOMY M TaHTCHIUATBLHOMY (paKIHo-
HHPOBAHHIO, TIO3BOJIAIOIIME OCYLIECTBIATH MYJBTHAC-
TEKTOPHOE COMPSIKEHHE JHOO0 HCIOMB30BaTh OOMNBIION
00beM npoOsl [23-27 u 1p.].

[TomMumo 3TOTO, MU BEIIENEHHS «Pa3sMEpHBIX» (PopM
MUTPaliy PAJAOAKTHBHEIX SIEMEHTOB HCIIONb30BAICH
TaKoKe AUANu3, Telb-QUIbTPALUS U Pa3zMEPOUCKITIOUAI0-
mast xpomarorpadus, KanuuIspHsIi s1ekTpodopes [19],
B TOM YHCJI€ COTPSKEHHBIE ¢ MACC-CIIEKTPOMETPHIECKIM
JETEKTUPOBAHUEM JJIEMEHTOB B Ka)XTOW BBIIEIAEMON
¢paxmmu [19, 28] WIS KOMMYECTBEHHOTO OMpPEICICHHUS
YPaHWIBbHBIX KOMIUICKCOB C €CTCCTBCHHBIM PAaCTBOPCH-
HbIM opraHuyeckuM BeriectBoM (POB) B mpecHo#t mo-
Eegmocmoﬁ BOJE, a TAKXKe I pa3lesIeHUs U022+ u

Kak npaBuino, H1 OZIMH METOJ HE 1a€T OHO3HAYHOU U
HcueprbIBatomel nHpopMalmu o Gopmax MUTPaLUN Me-
tamna. OOBIYHO BBITOJHO KOMOWHMpPOBATH ABA M OoJjee
METOJ]a HIH WCIOJNB30BaTh CXEMY BBIAENCHHS (GopM
Haxoxnenus [19]. PasnuuHble BapHaHThl KOMOWHAIIMA
METOJI0B TIpe/cTaBlIeHbl B padoTax [27-32 u ap.].

Eannoro mMHeHWs o TOM, SBISETCA JH Kakas-IuOo
KOHKPETHAs METOJMKA BbIeNeHUS (OPM HAXOXKICHUSA
3JIEMEHTOB B BOJIE ONTUMAIbHOM, HA CETOHAIIHUN JeHb
HeT. PaboToCIOCOOHOCTD TOW WJIM MHOM CXeMBI (DpaKIin-
OHMPOBAHHS (HOPM MHUTPALMH KKIBIA pa3 HYKHO BEpHU-
¢umpoBate. A Habop Hambomee MOIXOAAIINX HHCTPY-
MEHTOB (CXEM BBIIEJICHHS KOHKPETHBIX (hOpM HaXOXkjie-
HUS, METOAMK, CO3JaHHE T'MOPUIHBIX METOAOB U T. II.)
Oyner 3aBUCETh OT IIPUPOJIEI U XapakTepa o0pasiua, Habo-
pa ompenenseMbIX 37IeMEHTOB. BaxHo, 4ToOBI (opma
CYIIECCTBOBAHMS MeTala (pafgHoOHYKINIa) HE H3MEHS-
7achk mocne 0Tbopa mpod, XpaHEHHs, TPEIBAPUTEIHHOM
00palOTKH WO CaMUM  aHATUTHYCCKHM — METOAOM
(HampuMep, MpHM HApYLIEHUH PABHOBECHBIX YCIOBHIA).
Kak mokazai Halr OIBIT U MOJYEPKUBAIOT MHOTHE HCCIIE-
nosatenu [10, 15, 19-21], onpenenenue hopM Haxoxe-
HUS 3JIEMEHTOB OBUTO M OCTACTCS HETPUBHAIBHOW 3aj1a-
4ei. B cuiy MeTOAMYecKHX CIOXKHOCTEH SKCIEpUMEH-
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TANGHOE BBIICNCHAE MUTPAIMOHHBIX (DOPM 3IEMCHTOB
BBIKa3bIBACT BBICOKHE TPeOOBaHUA K MPOPECCHOHATU3IMY
HCTIONHUTENS W HCTONB3yeMbIM AHATUTHYECKHM METO-
nam. OIHAKO TPH OTCYTCTBHH METOJOJTOTHIESCKHX OIIN-
00K Jaxe cxaTblil HA0Op METOI0B MOXKET JaTh 0OJIBIIOE
KOJIMYECTBO T€OXMMUYECKOI HHPOPMALIUH.

XHUMHSL ¥ TEOXHMHS YpaHa, KaK M MHOTUX JPYTHX aKTH-
HHJIOB, OCJIOXHEHA CTIOCOOHOCTEHIO TAHHOTO 3MIEMEHTa K 13-
MEHEHHIO CTETICHH OKUCICHI. B rHporeoXuMueckux cu-
cTeMax MUTpauys ypaHa KoHrponmupyercs pH, okucnurens-
HO-BOCCTaHOBHTENBHBIM MOTEHIMATIOM U PAAOM JOCTYIHBIX
KOMILIEKCOO0pa3oBaresell, Takux Kak T'yMHHOBBIC BEIIe-
cTBa, KapboHatkl, hocharsl, cynsdarel u T. 1. [33].

Wwmeercs u psan HepaspyIIAOUIMX METOJ0B, KOTOPbIE
Yarie BCEro MOryT JOTONHUTH OOIIYI0 KapTUHY MOHHMA-
HUSl MUTPAIAN PAJIHOAKTUBHBIX SMEMEHTOB U JIUKBHIUPO-
BaTh «Oenble MATHa» B Bompoce (GopM HAXOKACHUS H
Tpancnopta paguonyknuaoB [34]. K Takum metomam ot-
Hocsites TRLFS 1 pasnuynble BapHaHTBI CHEKTPOCKOIHH
penrrenoBckoro nornomenus (EXAFS, XANES) [35].

Bonbinoii BkIag B MOHMMaHHE MeXaHWU3MOB (opMu-
POBaHHS PA3TUIHBIX (OPM MUTPAIUH BHOCAT U TEPMO-
JIWHAMUYECKHe MeToasl pacueta [36]. UpesBbruaitHoe
3HaueHUE TAKKe UMEET M JOCTOBEPHOCTh TEPMOJINHAMH-
YECKHUX PAcyeTOB MUTPALMK PAJUOAKTHBHBIX JJIEMEHTOB
B YCIOBHAX OKPYXKAOWIEH Cpeabl. J[aHHbBIE 0 KOHCTaH-
TaM PaBHOBECHS YpaHa HOCTATOYHO OOIIMPHBI U ACTAIb-
HBI TI0 CPaBHEHMIO ¢ TopreM. CYIIECTBYET psii TePMOIN-
Hamuyeckux 0a3 gaHubix, Hampumep PRODATA (based
on NEA-OECD TDB), Thermochimie, LLNL, Minteq,
PSI/NAGRA u nip., xoTopble MOAUDHUIMPYIOTCS WA JI0-
TOJNHAIOTCA MO Mepe HeoOXOIUMOCTH, HAmpuMep, A
ypanunkapbonaroB kamerms u Mmaraus [37, 38]. Ilo-
CKOJIKY MOJIETMPOBAHUE OHOTO M TOTO XE COCTaBa BO-
Abl C HMCIIOJIb30BAHUEM PA3JIMIHBIX 63.3 JaHHBIX MOXET
TPUBECTH K BECbMa Pa3IMYHBIM pe3yibTaram [39], kop-
PEKIIST MOHHBIX CHII PACTBOPOB TIPH MOJCTHPOBAHHH H
yueT CHCHI/I(DI/I‘IGCKI/IX KOMIIJIEKCOB ABJIAIOTCS KPUTH4YC-
CKUMH IS pacueToB [40].

I/IsyquHe MUTpALMA €CTECTBCHHBIX PAJAUOHYKIIUIOB —
ypaHa ¥ TOpHS — C METOJONOIUIECKOH TOUKH 3PEHIS MMe-
€T ps TPEHMYIIECTB ONarofaps WX IHPOKOH pactpo-
CTPaHEHHOCTH B IIPUPOJIHBIX BOAAX W BO3MOXKHOCTH OIIpE-
JeTeHusT KaK  pajuoOMeTpUyecKW, TaKk W  Macc-
CIIEKTPOMETPHUYECKH, YTO MO3BOJAET OoJiee YETKO BBISB-
JATh CHeMU(MUKY BIHASHES TEOXMMUUECKHX YCIOBHH Ha
0COOCHHOCTH MUTPAIWH ¥ APYTHX AIEMEHTOB, B TOM HHC-
JIE CJIOXKHO OTIPEACTACMBIX TEXHOTCHHBIX PaUOHYKIUIOB.

006beKTbI U MeTOAbI UCCreaoBaHus

Teppuropus CeMUnanaTMHCKOTO UCHBITATENBHOIO T10-
JMTOHA HAXOIHUTCS B CeBEPO-BOCTOYHOM yacTu Kazaxcrana,
B BOCTOYHOM yacTi Ka3axckoro MenkoconoyHuka, B ycio-
BUSX 3aCYLLTUBOTO PE3KOKOHTHHEHTAIBHOTO KIIMMATA.

[IpoOb1 oTOMpanuch Ha OCHOBHBIX HCHBITATEIHHBIX
mwiomankax CUII (puc. 1):

«OmnbITHOE TIONEY, TJIe MPOBOAWIUCH HA3EMHBIE Alep-
Hble HCTBITaHus B 1949-1961 rr. BonHble 00BEKTH 9TOH
IUIOMIAJIKK — 3TO BOPOHKHM TOCJIE HA3EMHbIX AIEPHBIX HC-
TBITAHUH, 3aMI0JTHEHHBIE BOJIOW U 3apOCIINE BOAHOM pac-
THUTETHHOCTBIO, Yallle BCErO KaMbIoM. s AeTanbHOTro

UCCNEeI0BaHUs B3AT OAMH M3 TaKHX BOJOEMOB — BOPOHKA
B-1 (1. 1).

«Tenpxem» u «banamany. M3yyaembie BogoeMsl mpes-
CTaBJIAOT CO0OM MCKYCCTBEHHBIE 03¢pa, 00pa3oBaHHBIC B
pe3ynbTaTe dKCKaBalMOHHBIX B3pbIBOB: Tenbkem-1 (T. 2) u
Tenbkem-2 (1. 3); «AToMHOE» 03€po (T. 4). Llenbro naHHbIX
MCTIBITAHMI SBIUIOCH CO3IAHNE NCKYCCTBEHHBIX BOJOSMOB
B 3aCYIIUTMBOM paifoHe. « ATOMHOE» 03epo (Ipyrue HasBa-
HUs 03epo YaraH, ATOMKOIE) CHOpMUPOBAIOCH B Pe3yib-
TaTe 3aIoJHeHUs BoJ0i BopoHKH riry6uHoii 6onee 100 M 1
auamerpoM 400 M mocrie B3pbiBa B 1965 1. Ha MecTe cius-
Hus pex [laran n Amucy (SnepHsle ucnsitanus. .., 1997;
Semipalatinsk test..., 2017). O3epa miomanxu «Teabkem
obpazoBanuch B 1968 r. B toro-eocrouHoit yactu CHII.
OO6pazoBaHHbIE BOPOHKH 3aMOJHUINCH OCAIKaMU U 00pa-
30Balld OJHOMMEHHBIe o3epa «TenpkeM-1» ¢ MmHUpHHOM
90 M u rmyOuHOM 15-20 M 1 «TenbkeM-2», BHITAHYTOE B
(hopme oBaia 03epo pasmepamu 120x60 M 1 TITyOHHOM MO-
panka 10-16 m [41 u 1p.].

[Inomanka «/lerenen», Ha OAHOMMEHHOM TOPHOM
MaccuBe, IJI¢ COCPEOTOYCHO camoe OOJbIIoe KOIHye-
CTBO BOJHBIX 00beKTOB. ['opHBIA MaccuB JlereneH Haxo-
mutes B roxuoi yactd CUIL B reomornyeckom orHorie-
HUM Tpeoblafiaoias yacTb TOPHOTO MAaccHBa CIOXeHa
TPaHUTaMH, KOTOPbIE PAaCTIPOCTPAHEHBI Ha TPH YETBEPTU
Tepputopur. B ropHomM MaccuBe JlereneH BBIAENAIOT
TPELINHHEIE BOJBI MATE030CKUX TOPOJ, TIOPOBBIE BOJBI
AITIOBHANGHO-TIPONIOBHANBHEIX OTIOXKEHUH, Kyda OTHO-
CAT ¥ NOJpycIoBbie BoJbl. KOro-BocTouHOE HampasneHne
TIOJI3EMHBIX BOJ SBISIETCS OCHOBHBIM M COBIANAeT C
HampaBJIeHHEM JOJUHEL pydbs Y3bHOYTaK. TperrnHHbIe
BOJIBI 00pPa3yIOT €IUHBIN BOJOHOCHBIA TOPH30HT.

HccnenoBaHbl camble KPyIHbIE pyubH Y3bIHOYNAK (T. 5)
Ha MecTe BBIXOJa Pydbsl 3a Tpeaensl iomaaku «Jlere-
nen» u Kapalynak ¢ ero nputokamu (T. 6-11). Obmee xo-
JIMYECTBO TPO0, 00Cy)TaeMbIX B paboTe, cocTaBmio 11.

B Mecrax pacmonoxeHns UCTIBITATENBHBIX MUIONIAI0K
CHII ipoxoAsT pas3noMbl ITyOOKOTo 3aleraHus, KOTopbie
OTpPEENSIOT HEOJHOPOJHYIO (UIBTPALMOHHYIO CTIOCO0-
HOCTh TI0poji. K OCHOBHBIM paznomam oTHocAT: Kanba-
UWHrH3CKUIl pa3ioM Ha HCHBITATENbHON IUIONIAJKE
«OmnbiTHOE TONEY, HaltMamkanbCkuii paznoM IIIONIAJKH
«Tenvkem», u Yunpayckuil pasiom miomajaku «bana-
naHy. 30HbI BIUSHAS TEKTOHUYECKHX Pa3IOMOB XapaKTe-
pusytoTCcs Oosiee BHICOKMMH TOKA3aTeNsIMH TPEIMHOBA-
TOCTH W HAIMYHEM 30H JpoONeHus. D10 ABiseTcsS HeOna-
TOTPHATHBIM (AKTOPOM ISl TPAHCTIOPTa 3arpsS3HEHHBIX
PAIMOHYKITMAAMH BOJ B TOJ3EMHBIC BOJIBI TEPPUTOPHHA,
TJIC HE UMEETCS CIIEIOB 3arps3HEHHUS.

O160p mpoO MPHUPOTHBIX BOJ MPOBOAMICS B COOTBET-
crin ¢ [OCT 17.1.5.05-85. O6bem mpob BOABI cocTas-
w11 10-12 1. [IpoOy oTOuMpanu B 9UCTHIE MOTUAITHICHO-
BbIE EMKOCTH, U30€erasi MomajaHus TOCTOPOHHUX MPUMeE-
ceit. Ha mecte or6opa mpoBoawmM (paKHOHUPOBAHUE
BOIBI MO pasMepy ¢ (HIBTPOBAaHHEM dYepe3 MeMOpaHbI
450 um u 10 ka (cooTBeTcTBYET pasmepy 3 HM). Takum
00pa3oM, BELIEISITN B3BEIICHHBIE (POPMBI (pa3HALA MEXK-
Iy He(HIBTPOBAHHOM Mpoboi i mocne dumbsTpa 450 HM),
KOJUTOUIHBIE (OpMBI (pasHUIA MEXIy Npodamu, OT-
¢mwisTpoBaHHEIME Yepe3 MemOpanst 450 aM u 10 k/{a) u
pactBopenHbIe GopMmbl (<10 k/la).
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Puc. 1. Cxema onpobosanus 600HbIX 00bEKMOB

Fig. 1. Scheme of water bodies sampling

Onpenenenue odueit Munepanuzanuy 1 pH u Eh Bozsl
BBINOJHSIIN C TIOMOIIBI0 aHAIIN3ATOPa JKUAKOCTH Jlabopa-
topHoro cepur AnnoH 4100. Eh BombI n3mepsiics ¢ xiop-
cepeOpSHBIM HIEKTPOIOM CPABHEHHS € MOCIEAYIONINM Tie-
pecdeToM Ha CTaHAAPTHEIA BoAOpoaHsIH 3nektpox (SHE)
npu Temneparype 25 °C. Cozxep:kaHne OCHOBHBIX HOHOB
Boztbl ompenensiii Metonamu tutpoBanus (HCO; , CO3),
cl, ca® Mg, doromerpun (SO, omruko-
IMHUCCHOHHOH crekTpoMetpun Ha mpubopax iCAP 6300
Duo u Optima8300DV (Na, K, Ca, Mg), a Taxxe HOHHO#
xpomartorpadu na mprbope Dionex-2000 (CI, SO,%).
OO6muii opraHuyecKuil yruepos OLCHUBAICS MO TEpMaH-
TaHATHOM W OMXPOMATHOH OKHCISEMOCTH (THTPOBAHHE W
(oTomerprs cOOTBETCTBEHHO). I yacTi 0OpasIoB Hc-
TIONTB30BANICS METOJ] KATATUTUIECKOTO CKUTAHMS Ha TpH-
6ope Vario TOC cube, a Takxe KauecTBEHHBI METON —
unteHcuBHOCTh UV curnana (UV Schimadzu 1800) B
nranasone ot 225 no 280 M. Conepxanue U u Th ompe-
JeSUTH  METOIOM MAcC-CIIEKTPOMETPHH € HMHIYKTHBHO
ceszanHod wiasmoit (MC-UCII) Ha mpubopax Elan-9000,
Agilent 7600, Thermo Element XR B cooTBercTBHE €O
crangaprom MCO 17294-2-2006.

MonenupoBasne MUTPaHOHHBIX (HOpM ypaHA U TO-
pHs TIPOBOAIIIOCH C TIOMOIIBI0 MPOTPAMMHOTO KOMILICK-
ca Visual Minteq 3.1. Hcrnons3oBanach BcTpoeHHas 0asa
JIAHHBIX KOHCTAHT PaBHOBeCHs. Pacuer mpoBoamics mpu
temrepatype 25 °C, naBneHuu 1 aTM U paBHOBECHOM C
arMocepoil TapIUaTbHBIM JABJICHAN YIIEKUCIOTO Ta3a.
Monens OblTa OrpaHiYeHa CICTYIMIMI KOMIOHCHTAM:
pH, Eh, o6mas mieno4HocTh ((C032’+HC03’ ,CI', S0,7,
Ca” Mg®, Na', K* Si (H,SiOq), Fe**, UO,”", Th*, pac-
TBOpeHHbIH opranudeckuit yriaepon (Cop). Pacuer opra-
HIYECKUX (OpM MHUTpPaIM| 3EMEHTOB MPOBOUIH C TI0-

10

30 xm

motbto Mogenu NICA-Donnan ¢ pa3zienbHbIM BBEICHH-
eM koHueHTpaimi rymuHoBeIXx (I'K) u ¢ynsBokucnor
(®K). OTHOImEHHE aKTHBHOTO (CTIIOCOOHOTO K OMOTpaHC-
(opmanun) Copr K OPraHUIECKOMY YIIEPOLY IPHHUMAIH
kak 1,65, nonto OK yuuThiBaiu UCXOAS U3 COOTHOIICHHS
I'K/®K. NonHas cuna pacTBopa 1 6aTaHC aHHOHOB U Ka-
THOHOB PAaCCUMTHIBANKCH aBTOMATHUECKU. Koppekuus
AKTHBHOCTH MOHOB TIPOBOJIMIACK TI0 ypaBHEHMIO JIIBIICa
¢ b-mapamerpom pasubM 0,3.

Pe3ynbTathl 1 ux 06CyxaeHne

Wzyuennvie BogHble 00bekThl CUIl mpencTaBisioT
€000 BOJIOEMBI U PYYbH, KOTOPBIE CYIIECTBEHHO Pasiiu-
YaOTCA MO YCIOBHUSAM MUTPALUH PATHOHYKITHIOB.

[To XUMHIYECKOMY COCTaBY H TpeobIIaJaloiM HOHAM
BOJIbl TOPHOT0 MaccuBa JlereneH OTHOCATCA K NMPECHBIM
BOJaM CYIb(aTHOTO, KATbIMEBOTO U TMAPOKapOOHATHO-
CyNMb(aTHOTO KaTbIHEBOro coctaa. I1o nanHbM [42-44]
XMMHYECKHH COCTaB BOJ CTaOMIBHBIM M HE 3aBHUCHT OT
ce3oHa. [lepemeniasch o cucTeMaM TPEIUH U HOJIOCTIM
IITOJIEH, BOJBI MOTONHAIOT OacceilH MOA3eMHbIX BOJ JIH-
00 BBIXOJAT HA JHEBHYIO TIOBEPXHOCTh B paiioHe MopTa-
JIOB IITOJICH.

W3yueHHble BOABI CYLIECTBEHHO Pa3iMYalucCh MO XU-
MHYECKOMY COCTaBY, XOTA M MPOCIEKHUBAIUCH CXOXKHE
ycnoBus uX (popMupoBaHus. M3ydaemas TeppuTOpHS Xa-
pakTepusyercsl MHUPOKNM HabopoM ycnoBuil (opMupo-
BAHHUS TIOBEPXHOCTHBIX BOJ M JIOCTATOYHO TIECTPOM Teo-
XUMIYeCKoi o0cTanoBkoi. Ha dopmupoBanme xumude-
ckoro cocrasa npupojaHsix Bog CHUII oka3biBaloT BiHs-
HHE MEXaHU3Mbl UCIAPUTEIHLHOTO KOHIEHTPUPOBAHUA U
KOHTHHEHTAIBHOTO 3aCONICHHS, BBIIENAYABAHHUS BO-
JIOBMEIIAIONINX MOPOJ B YCIOBUSX MOBBIIICHHOH TPEIIH-
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HOBATOCTH ¥ 00pa30BaHus OONBINOTO KOJNMYECTBA 30H
IpoOneHns B pe3ynbTare JehopMaliy TOPHOTO MacCHBa
JlereneH BCIEACTBHE SICPHBIX UCTIBITAHUH.

Kak yske ObII0 CKa3aHO paHee, BOIOUCTOYHUKH Ipe/-
CTaBJICHBI TEXHOTCHHBIMH 03€PaMH M BOPOHKAMH, & TaK-
KE PYUBIMH H PEKaMU.

Taonuya 1. Xumuueckuii cocmas npupoouvix 600 Cemuna-
JAAMUHCKO20 ucnoslmamelbHo2co noJjiucoHa,
cpednee codepoicanue (MUHUMYM—MAKCUMYM)
Chemical composition of natural waters of
Semipalatinsk Test Site (STS), mean (minimum-—
maximum)

Table 1.

Ilokasarens, ex. usM. | Pyusu/Riverstreams Osepa/Lakes
Parameter, units (n=7) (n=4)

pH 7,44 (7,14-7,91) 7,92 (7,20-8,36)
Ehsue, MB/mV 249 (208-260) 186 (152-207)
Coprs n{[r/n/Dlssolved* 12,8 (9,6-16) 14 (5-35)
organic carbon, mg/I

OK/TK/FA/HA 95 7
(humic acid/fulvic acid) '

Munepatisauts, MI1 | 45 (535 2310) | 10950 (1960-20520)

TDS, mg/l

HCOs, mr/n/mg/l 171 (67-490) 332,5 (180-530)

SO%, mr/n/mg/l 221 (79-1100) 3345 (600-7580)

CI, mr/m/mg/l 15 (5,5-210) 3705 (420-5950)
Ca”*, mr/n/mg/1 93 (54-120) 380 (120-540)
Mg, Mr/n/mg/1 18,5 (8-76) 512 (80-910)
Na*+K", mr/n/mg/I 39,5 (17-560) 2845 (480-5450)
Si, mr/in/mg/1 6 (4,5-10) 3(2,2-3,8)
Fe, Mxr/m/pg/l 210 (180-240) 330 (90-600)
ca®*/Mg* 5,0 (1,6-8,4) 0,92 (0,59-1,50)
SO/ /Cl” 16,4 (5,2-53,3) 0,97 (0,47-1,43)

n — koauuecmso npo6/n — number of samples; */[1s sodoe-
moe Tenvkem-1 u Tenvkem-2 npu pacueme cpednezo co-
oepoicanus C,y,, UCNONTB306ANOCH 3HAYEHUE NONOGUHDL NPede-
na obuapyscenus/*For Telkem-1 and Telkem-2 lakes the
half of the detection limit was used for mean value of DOC.

ITo 3nauenumsam pH (tabn. 1) Bomel OoJNBIIMHCTBA
ONpoOOBAHHEIX PYUbeB U BOPOHKH B-1 Oblmn HelfTpans-
HEIMH, BOJEI 006ekT0B TenpkeM-1, TenpkeM-2 U « ATOM-
HOTO» 03epa — crabomenounsivy. 3Hauenus Eh (mpuse-
JEHHBIH K cTaHAapTHOMY moTeHnmany u 25 °C) npupoa-
ueix Bog CHII yknaneiBatotcs B auanazon +150...+260
MB, BbIcTpauBasch B pix B 3aBucuMoctd ot pH Ha 600-
700 MB BbIIe HUKHEH TPAHUIIBI TIPEiENa YCTOMIUBOCTH
Bozel M Ha 200-300 MB Himke paBHOBecus B3auMoOJEH-
CTBUS BOJIBI ¢ atMocdepoii [45]. Inst Bcex BOAHBIX 00b-
eKTOB  XapakTepHa  IEpeMEHHas  OKUCIHUTENbHO-
BOCCTAHOBHTEJBHAS 0OCTAHOBKA.

Bona Bogoemos B-1 u TenpkeMm 2 OTHOCHTCS K COJIO-
HOBaTeIM BojaM (1960 u 8950 Mr/m COOTBETCTBEHHO).
Bogpr o3epa Tenbkem-1 (20520 mr/m), « ATOMHOTO» 03e-
pa (12380 mr/m) — k coneHsIM BogaM. Bozisl pyuses Osutn
IPECHBIMH, 32 MCKIIOYEHHEM MeCTa CIUAHHA MPHTOKOB
pyubst Kapabyuak, rie Bojia OblIa CONOHOBATOM.

ITo monHOMYy coctaBy mnoBepxHocTHbe Boibl CUIL
JIOCTATOYHO pa3HO0Opa3Hbl. OCHOBHBIE TEOXHMHUYECKHE
(anum ObUTH BBIIENEHB! IO NPE00IaIaloNiM aHHOHAM U
KaTHOHaM ¢ MoMoIbio jauarpammsl [laiinepa (puc. 2).
[Tpu sTOoM yetkas mudepeHnranms HabMOAaeTCs MEK-
Iy BOJOEMaMHu U pyubsiMu. PocT MuHepanu3auuu mrob-
HEBBIX BOJI 00€CTIEYNBACTCS YBEIMUCHUEM COJICPIKAHHUS B

HUX THAPOKApOOHAT-MOHA, KaJNbIWI, MArHWs, a TaKxke
CyJb(aT-HOHOB.

Bogibl pydubeB UMEIOT ONM3KHEA COCTAaB CO IITONBHEBBI-
MU BOJOTOKAMH, TIOCKOJIBKY MOCIEIHNE MOAMUTHBAIOT HX
[10]. Boxs! pyuseB Y3biHOYIak 1 KapaOynak no cocraBy
cymb(arnsie kambiyesse. Orromenne SO;° /CI™ B pyubsx
mMeHsieTcss B mpenenax oT 5,2 no 53. Oto mosBomser
TPEATONIOXKUTH, 9TO COCTAB BOA PYUbEB (POPMHPYETCS MO
BIUSHHEM TPOLECCOB BBIMENAYNBAHIS MHHEPANOB BO-
JIOBMEIIAIONINX TIOPO M OKUCICHHS CYNb(QUITHBIX MIHE-
paioB. Ha muarpamme Ilaitnepa (puc. 2) Bo Bcex IIOCKO-
CTAX TOYKH PYYbeB JICKAT OUECHb ONM3KO APYT K JAPYTY
IPH 9TOM 3aHHMAIOT IPOMEKYTOUHOE TONOXKEHHE TI0 OT-
HOIIICHUIO K COCTaBY INITONBHEBBIX BOI. Takum 00pasoM,
TPY CMEIIMBAHUK BOJ MEJNKHUX PYYbeB M POIHHMKOB, MOJ-
TUTHIBAIOIIMX PYYbH MAaccuBa JlererneH, MPOUCXOIUT «BbI-
PaBHHBAHKE» HX XUMUUIECKOTO COCTaBA. ITO MOXKHO MPHU-
HIMAaTh BO BHIMAHHUE P OLIEHKE MUTPALUA PAIHOAKTHB-
HBIX 9JIEMEHTOB BHH3 110 TCUCHHUIO PYIbEB.

[ToBepXHOCTHBIE BOJOEMbI HAXO/IATCS B 30HE BIIHSHHUS
KOHTHHEHTAJIBHOTO 3aCOJICHUS C M3MEHEHHEM OTHOLIe-
HUA SO42’/CI’=1 ,4 B Bomax Bogoema B-1, o3epa Tenbkem-
1-1,2, «<AtomHoro» o3epa — 0,7, o3epa Tenpkem-2 — 0,5.
Bogsl BOZI0EMOB 10 COCTaBY SIBISIOTCS XJOPHIHBIMU 1
XJOpHAHO-CcyIbdaTHeMA. [IpeoOnajatomue aHMOHBI, a
TaKKe HATPUH MPOTOPUHOHATBHO YBEIHIHBAIOTCS C PO-
CTOM MHUHEpANM3alMK B  BOJOEMAaX, OTHOIICHHE
Ca?'IMg?" Taxxe cHimkaeTcs.

ConeprkaHie OpraHMYECKOro yriepoia B pydbsx Ba-
peupoBano ot 10 mo 16 mr/m, B BOjoeMax AOCTHrano
35 mr/n (Boponka B-1). Jlns wactu mpo6 He 6bUI0 MONTY-
YeHO KOJMMYECTBEHHBIX 3HAUCHHH 13-32 HI3KOH YyBCTBH-
TENLHOCTH METOIOB OTPE/ICNCHUs OPTaHNIECKOTO BETe-
CTBa B IP0Oax co CIOKHON MaTpuIiel U BHICOKOI MUHe-
pammsanueil. OfHako B BOJAAX, Iie COEPKaHHE PacTBO-
PEHHOT0 OPTaHMIECKOTO yTiepona ObLIO HEDKE Tpejena
00HapyXeHHs, B YACTHOCTH s 03epa TenpkeM-2, TyMu-
HOBBIC U (DYJIBBOKHCIOTH (PKCHPOBAINCH KA4ECTBEHHO
1o norfomenuo Y ®-crekTpa.

OO6pamasich K paHee MPOBEACHHBIM HCCIEIOBAHHAM,
HEO0XOMMO OTMETHTB, YTO BOIHBIH PEKUM M XapaKTep
TUTAHUS TAaKXKe MOTYT OKa3aTh BIHSHAE Ha MHTPAIHIO
PaJMOAKTUBHBIX JJIEMEHTOB M PacIpeiecHue Q)o?M X
Haxoxaenus. OTHOIIEHHE CTaOMIBHBIX M30TOMOB H20
CBUCTCJILCTBYECT O INMUTAHUU BOAOEMa 3a CUCT aTMO-
ctheprbix ocagkoB [10, 11], mockonsKy BOABI 03epa
Tenbkem-2 u BogoeMa B-1 jexar oyeHp Onm3Ko K Jio-
KQJIbHOH JIMHAM MeTeOpHBIX BojA. Hebombimme cauru
M30TOITHOTO COCTaBa B MeCTax oTOopa mpod MOryT 00b-
SICHATBCS KOHACHCUPOBAHUEM HCHapéHHOﬁ BJIaru ¢ BOJ-
HOTO 3epKana o3epa B MOBEpPXHOCTHOM ciioe [46]. Takue
JaHHBIC HE TPOTHBOPEYAT BBIBOJAM aBTOPOB, HUCCIEIO-
BaBIINX «ATOMHOE» 03epo [47 u 1p.], O TOM, YTO OCHOB-
HOW MCTOYHHK NOCTYIUICHUA PAJUOHYKIIUAOB B BOIOEM —
BEHIIIENIAYNBAHNE U3 3arPA3HEHHOTO TPYHTA. JTO T03BO-
JET PacIpOCTPaHUTh TAKOE CYXKICHUE U Ha JPYTHE BO-
noemMbl CeMUTIANATHHCKOTO TIOJIATOHA.

Taxxe panee ycranosieHo [11], uto mTonbHEBbIE BO-
Jbl, TOATIUTHIBAONINE PYYbU IOPHOT'0 MacCHBa HQFCHCH,
10 orromennio “H/**0 yrsukenenst no xefirepnio B cpas-
HEHHH C JIOKAGHOH JIMHUE METEOPHBIX BoI. Takoe pac-

11
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IpefeNeHue MOXHO OOBSCHUTb HCHAPUTEIbHBIM KOH-
IICHTPHPOBAHNEM HH(HIIBTPAMOHHBIX BOJ METEOT€HHO-
ro ¢opmupoBanus. Takke BO3MOXKHO CYyIIECTBOBAHHE
JOIOJHUTEIPHOTO MCTOYHUKA MMUTAHUA BOJ B YCIOBUAX
OTHOCHTENbHOH JIUTONOTHYECKON U TUIPOre0IOrHUEeCKOM
3aKPBITOCTH, C OTIUYHBIM OT JIMHUU METEOPHBIX BOJ OT-

21718 . 2
nommenneM “H/™O. JleBoctoponuuit casur A°H otHOCH-

TEJIbHO JIMHHH METEOPHBIX BOX MOXKHO TaIOKe 00BACHUTE
M aKTHBHBIM MCTOLIEHHEM ~ O BCIEACTBHE €0 Mepexona
B KapOOHATHBIE OTJIOKEHHS U YIIEKUCIOTY, a Takke OT-
CTaBaHWEM BOBJICUEHHS NeHTepus BO BTOPHYHbIE MHHE-
pajibl B IIpoLiecce B3aUMOACHCTBUS Boa—TIoposa [48].

pY Y3biHOYynak

py Kapabynak
«ATOMHOE» 03ep0o
Tenbkem-1
Tenbkem-2
BopoHka B-1

100 80 60 40 20 0 0 20 40
Ca

Puc. 2. [laiinep-ouazpamma xumudeckoeo cocmasa ozep u pyuves CUII
Fig. 2. Piper diagram of chemical composition of lakes and waterstreams of STS

Tabnuya 2. Pacnpedenenue paouoHykiuoos 8 800OHbIX 00b-
exmax CHUII u ¢popmel ux HaxoocoeHus, cpeo-
Hee 3HaueHue (MUHUMYM—MAKCUMYM)
Distribution of radionuclides and their
speciation in water bodies of STS, mean
(minimum—maximum)

Table 2.

Tlokasarens, ex.u3m. | Pyusu/Riverstreams Osepallakes
Parameter, units (n=7) (n=4)

Thias! Thietar, MKT/11/pg/1 0,43 (0,11-0,59) 19,1 (4,5-46)
Thissen/ Thsusp, % 89 (84-92) 88,4 (75,4-94,4)
Thyons/ Theon, % 9,2 (7,6-11,4) 11,1 (5,3-24,4)
Thipacrs/ Thaiss, %0 1,5(0,8-2,4) 0,42 (0,1-0,9)
U an/ Usotal, MKT/11/pg/1 110 (32-810) 202 (10,6-2567)
Upssen/Ususps % 55 (47-82) 84,5 (49-98)
Uson/Ucon, % 13 (5-15) 3,6 (0,5-12)
Upacrs/Ugiss, %0 32(10-42) 12 (2-39)

Tpumeuanue: cepoim yYeemom gbloeieHbl CMpoKU ¢ hopma-
MU HAXOXHCOEHUSL PAOUOHYKIUOO8.
Note: speciation of radionuclides is highlighted gray.

BanoBoe cozpepxanue Topus (Tabn. 2) B MpUPOAHBIX
Bozax CUII m3mensercs B IIMPOKMX Tpesenax, Oonee
aByx mopsakoB — ot 0,11 go 46 mkr/n. Ilpu stom, ecnu
OTCeYb B3BEIICHHYIO (pakumio (kpymuee 450 HM), cymma
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ocraBmmxcs (pakuuif, kotopas Hambojee 4acTto pac-
CMATPUBAETCA B MCCIENOBAHUAX MO TUAPOTCOXUMHH Pa-
JMOAKTHBHBIX MEMEHTOB KaK pacTBOpeHHas (opma, co-
crasut oT 0,014 mo 3,7 MKI/nm cooTBeTCTBEHHO. BHHO,
4TO JOMUHHpYET B3BelIeHHas (opMa B mepeHoce Topus
u ypana. [Ipu 5ToM 1011 TIEPEHOCUMOTO €O B3BECSIMH TO-
pus PUMEPHO OJIMHAKOBAs Kak JUIs Py4ybeB, TaK W VI
o3ep. B To Bpems Kak [f ypaHa OTMEYEHa CYILIECTBEH-
Has pasHHma. B pyupsax ropasmo Ooipmias moms ypaHa
MUrpupyer B (opMe pacTBOPEHHBIX YaCTHI], MPOXOAs-
mux yepe3 memoOpany 10 x/la. Jlons ypana, Murpupyto-
IIEro B BOJAX PYYbeB € YACTHIIAMH KOJUIOUHOH pazmep-
HOCTH, IPUMEPHO B TPH pa3a BhILLE, YEM B BOJOEMAX.

ConeprxaHue ypaHa B M3y4aeMbIX NPHPOAHBIX BOAAX
AHAJIOTMYHO M3MEHSETCS B JHAMa30HE JIBYX MOPSIKOB.
[Tpw 3TOM KOHIICHTpAIUs JAHHOTO PaJHOAKTHBHOTO 3Jie-
menTa (<450 HM) B BogoeMax MeHblie: oT 5,5 Mkr/n (B-1)
no 66 mxr/n (Tenpkem-2). B pydpsix ropHOro maccusa
Herenen oOuiee coiepskaHue ypaHa coctaBiuser 60 u
81 mkr/n ans pyuseB Kapabynak u Y3siHOYIaK coOTBET-
CTBEHHO.

JloJst MUTPHUpPYIOIIEro B KOJUIOMAHOH (hopMme ypaHa B
BOJIOTOKAX MacchBa JlereneH HEBBICOKa, oT 5 10 15 %.
OnHaKo, y4uTHIBaS BBICOKHE KOHIIGHTPAIMM 3TOTO pa-
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JMOAKTHBHOTO 3JIEMEHTa M OCOOEHHOCTH MHTPALH JIe-
MEHTOB B KOJUTOMIHEIX ()OpMax, 3TO MOKET CBHACTENb-
CTBOBaTh O 3HAYNMOM BBIHOCE YpaHa ¢ KOILIoHgaMu. B
BojoeMe B-1 u pyure Kapabymak monst ypaHa, KOTOpHIi
MHUTPHpYeT B KOJUIOMIHOH (OpMe, BBIIIE, YTO MOXKET
00BACHATECS 00Jiee BBHICOKHM COZIEPIKAHHEM OpraHuye-
CKOTO BEIIECTBA, 3aMEICHHBIM BOJOOOMEHOM H BBICO-
KO KOHIIEHTpAIen KOJLIOUIOB.

Jlnst Topust Takxke OBLIO YCTAHOBIEHO TIpeoOdiagaHue
B3BeIIECHHOH (opmbl (0T 75 10 91 % oT cymmbl Beex
(bopm HaxoxnaeHus). B cpemnem mopsaka 12 % Ttopus
IIEPEHOCHUTCS B M3YUCHHBIX BOJOUCTOYHHKAX C KOIUIOH-
JaMH, ¢ MaKCHUMyMOM Ju1st Bogoema B-1 (24 %).
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Jns pyubs Kapabynax npeobnazaer B3BeleHHAs
(Gopma ypaHa u Topus. bbUI0 MOAPOOHO M3YYeHO H3Me-
HeHue (opM HaxXOXIEHUS B TpocTpaHcTBe (puc. 3).
brmke K UCTOKaM pydYbeB TOPHOTO MACCHBA MPOHCXOIHUT
pasrpys3Ka MOJ3eMHBIX BOJ, 00OTAlCHHBIX PaIHOHYKIIH-
namu. HecoMHEHHO, B 3THX BOJOTOKAaX NPHUCYTCTBYIOT U
TEXHOTE€HHBIE PaIMOHYKIHIEI, YTO OBUIO MOKA3aHO HAMU
B Ooree panHUX padoTax. OHAKO B CBSA3M CO 3HAYUTEIb-
HOM JeopMmanuell MaccuBa M yBENMYCHUEM IIPOHHIIAC-
MOCTH TIOPOJI CKOPOCTH BBIIIENAYMBAHIS IPUPOIHEIX Pa-
JVOHYKIIUZIOB MOTJIA CYIIECTBEHHO YBEIMUUTHCSA, a MU-
Tpamus — yCKOPHTBCSL
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Puc. 3. Pacnpeoenenue mopus, ypana u 00aeil KOAIOUOHOU U 636CUleHHOU (pakyull 6 npasom npumoke pyuvs Kapabyrax om
ucmoxa 00 mMecma CIUsHUs NPUMOKOS. @) pacnpeoeneHue 8aio8020 cooepicanus u 0oau gopm naxoxcoenus U; 6)
pacnpedenenue 8an08020 codepacanus u ooneil hopm naxoxcoenus Th. Kpachoti u dcenmoil 1uHuerl vloenenvl 00U
hopm HaxodcOeHusa ypana u mopus 6 ude g3geceli U KoLIOUO08 COOMBEMCMEEHHO, YepHOU AuHuell — odujee cooep-

HCAHUE I1eMEHMO8B

Fig. 3.

Distribution of thorium, uranium and the proportions of colloidal and suspended fractions in the right tributary of the

Karabulak riverstream from the headspring to the confluence of the tributaries: a) distribution of the total content
and the proportion of U species; b) distribution of the total content and the proportion of Th species. The red and
yellow lines show the proportions of the uranium and thorium in suspended and colloidal fractions respectively, the

black line is the total content of elements

OnHoif M3 3ajau HCCNENOBAaHUS CTOSUIO M3y4eHHE
TpaHc(pOpMAIMK MUTPALMOHHBIX (OPM PaTHOHYKIHIOB
BHH3 M0 TEYCHMIO OT MCTOYHMKOB HX MOCTYIUICHHL.
Hanbonee mokazaTenbHBIM AN TaKUX HAOMIOACHHH OBLT
y9acToOK MpaBoro mputoka pyubs Kapalynak, rae cymre-
CTBYET TOATOK BOJ C MOBBIIIEHHBIM COJEP)KaHUEM YpaHa
(6omee 800 Mkr/m ypaHa u 3 MKI/1 TOpus, MO COOCTBEH-
HBIM HccnefoBaHusaM). [IpoTsieHHOCTh ydacTka cocra-
BUIa Topsizka 9 kM. PaccrosHue Mexy MepBBIME TpeMs
TOUKAaMH — 1,5 KM, KpalfHssA TOYKa HAXOMHUTCA B 9 KM OT
nepBoil. B menom cooTHomeHne popM HaxOKACHUS Kap-
IVHATBGHO HE MEHSAETCS OT TOYKM K Touke OTOOpa, HO
yMeHblIaeTcs o0uiee cofiepkaHue paJuoakTUBHBIX dJie-
MEHTOB. MakcuMalbHOe COfepXkaHHe ypaHa M TOpHS
IPUYPOYCHO K UCTOKY pydbs (Touka 6, puc. 1), Tie ume-
I0TCSl UCTOYHUKU TIOCTYIUICHHS 3THX PAJUOHYKIHIOB CO
IITONEHEBBIMU BOJaMu. Hibke TI0 TEUCHHIO pydbs, TPH
JOCTIKEHHH TOYKH 11 (MECTO CIMAHMA MPUTOKOB), CO-
JepKaHue ypaHa NajaeT MPUMEPHO Ha MOPSIOK, a Co-
nepxkanue Topus — B 3-6 pas. Takum o6pazom, Th/U ot-

HOILICHUE TI0 CyMME q)OpM HaXO0XXJICHHUA ITOBBIIIACTCA K
MeCTy CIUSHUS NpUTOKOoB pyubs KapaOymak. Bospacraer
PO KOJUIOMIOB B TIEPEHOCE PAJHOAKTHBHBIX 3IEMEHTOB
Ha (hOHE CHIDKEHHS 00IIEro UX COAePKAHHUS.

Habmonas 3a pacmpenencHieM (opM HaxOKICHHS
3THX JIBYX SJIEMEHTOB, OTMEUEHO, 4T0 (hOpMBI ypaHa Ooliee
1YyBCTBUTCIIbHBL K HU3MEHCHHUIO HaHI{HIaq)THO'
TCOXUMHYECKUX YCIOBUH Cpelbl, 4eM Topus. Tax, B mpe-
Jenax 3 KM JIOJTs KOJUIOMITHOH (hOPMBI ypaHa H3MEHSIIACH
TIOYTH B JiBa paza — oT 8,2 1o 14 %, B TO BpeMs KaK MOH-
HBII COCTAB M MUHEPATM3AIHS BOJ Pydbsi OBUTH IIPUMEPHO
OJIMHAKOBbIE. BeposTHO, HA I]AHHOM y4acTKe MPOMCXOJUT
nepepactpenencaine  GopM  HAXOXKIEHHS, O0OpaThMast
copOIrs B3BECAMH PyUbsi M 3aXBAT YpaHa KOJUIOMIHBIMA
vactuuamu. Jlanee Ha QoHe MOBBIIEHUS CONECOEPIKAHUS
(ot 450 o 2300 mr/m) B MecTe CIIMSHHS TPUTOKOB PYUbs
KapaOynak n3-3a MexaHu3Ma HCIApUTENBHOTO KOHIEH-
TPUPOBAHMS ¥ CHIKCHUS HHTCHCHBHOCTH BOJOOOMEHA
JI0JSL KOJUIOMIHOTO ypaHa CoKparmaercs B 3 pasa. B To ixe
BpeMs JI0JIs KOJUIOMIHOM M B3BEIICHHOH (pakimii Topus
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(puc. 3, 0) ocraeTcs Ha OJHOM yPOBHE HECMOTPA Ha TO,
YTO €r0 KOHIEHTPAIUs CHIDKACTCS Ha TOPSIOK.

CoOTHOIIIEHNE OTIENBHBIX 3JNEMEHTOB — YacTo TIpH-
MEHSIEMBIH TTapaMeTp, KOTOPBIA MOXET OBITh YETKUM HH-
JUKaTOPOM TEOXMMHYECKUX MPOIECCOB M MHTCHCUBHO-
CTH MUTPAIMH IeMeHTOB. HOT/Ia Takue mapaMeTpsl 00-
Jee MHPOPMATUBHBI, Ye€M BAJIOBOE COJCPKAHHE DIEMCH-
TOB B OTAEIBHOCTH. TaK, NU3BECTHBIA B TCOXUMHH PAJIHO-
aKTHBHBIX 3JIEMEHTOB mapameTp, otHomenue Th x U [49],
TNPEUMYIIECTBEHHO HCIONB3yeTCs B TCOXHMMUU MHHEPa-
JIOB ¥ TOPHBIX MIOPOJI, @ TAKXKe WX AaTupoBke. U Teopern-
YeCKOe PACCUMTAHHOE, M JKCIEPUMEHTATbHO YCTAHOB-
nenHoe oTHomenne Th/U B 3eMHON KOpe Ha cerojHAII-
HUi JIeHb YKJIajbiBaeTcs B auamnasoH 3—4 [50], ¢ BecbMa
IIMPOKUM JUAMAa30HOM B TOPHBIX TOPOJAX PA3HOTO CO-
craBa. OHAKO B BOJAX THAPOC(EPH B TOAABIAIONIEM
OOJIBITMHCTBE SKCIIEPUMEHTANBHBIX HCCIenoBaHul [50,
51] 3Ha4YeHre MHOTO MEHBINE SAMHHIIBI (Th/U:10’3—1O’5),
OJTHAKO BCTPEYAIOTCA B UCKITIOYUTEIBHBIX CIYYasX BOIBI
¢ Th/U Beime eaununpl u 6onee. Bemwunna 3Toro moka-
3aTels s OKCAaHHYECKHX BOJI, JOJIS KOTOPBIX COCTABIIS-
et 98 % Box ruppocdepsl, B cpenneM pasra 0,0036 [49-
51]. Jlnst kpynHeHmero mo 3amacam MpecHO# BOJBI 03epa
baiikan nanHas BenuuuHa B cpenHem coctasiier 0,007
[49].

B uccnenoBarnsix Bogusix 00bekrax Th/U cocrasuio:
1s pyubeB 0,0011, anst BOZOEMOB HOYTH B TPH pa3a BbI-
me — 0,0028. D10 MOXKHO OOBACHUTH 3aMEJJIEHHBIM BO-
J00OMEHOM B BOJIOEMAX, I/I€ CO3JAIOTCS OIArompPUSTHBIC
YCIIOBHS JUIS TIEPEX0/1a TOPUS B KOJUIOUIHOE COCTOSHHUE,
7100, HANPOTHB, 0OJEC aKTHBHOE OCAXKJACHHE YpaHa €O
BTOPHYHBIMA MHHEPAIaMH, JOCTUTHYBIIMMH HACBIIICHMSA
B COJIOHOBATO#1 BOJIE 03¢p U BBIMAJAIONIMMH B 0CAI0K. B
Bozie BojoeMoB Th/U Bbilite TOUTH Ha MOPAZOK, BEPOSTHO,

DopMbl MUTPaLMK YpaHa bes yyeTa ryMMHOBbBIX BELLEeCTB

801 Migration forms of uranium without humic substances
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3a cyer Ooiee MEIJICHHOTO BOJOOOMEHa M O0OTalICHHS
BOIBI TOPUEM B TIPOLECCE BBIMIENAYMBAHMA W3 TOPHBIX
opoJI.

Jpyroii 3anadeil paboThl OBLT pacueT JIOMHUHHPYIO-
mEx (GOpM MUTPAlH TPUPOIHBIX PATUOHYKIHIOB B
pactBopenHO# dopme. [lockonbKy NpUMEHEHHE JKCIie-
PUMEHTAIBHBIX METOIOB BBIICNICHIS (OPM MHUTPALIHN HA
CETOIHANIHAN ACHb 3aTPyIHUTENBHO IS TeX KOMHYECTB
PaIMOHYKIHAOB, KOTOPHIE TPHCYTCTBYIOT B HPUPOIHBIX
BOJAX, YCIEITHO MPUMEHSAIOTCS pacueTHble METOIbl Ha
OCHOBE M3BECTHBIX TEPMOJMHAMUYECKUX KOHCTAHT, MPO-
M3BEZICHUH PAaCTBOPUMOCTH OTJEIBbHBIX KOMIIOHEHTOB H
HAIM4IUs KOMIUIeKcooOpasyrommx BemecT. [lo Tepmo-
JMHAMUYECKHM pacueTam, peodnanaromeii Gopmoid Mu-
rpalMi ypaHa B BOJAaX JAHHOTO COCTaBa, B AWAala3OHE
3KCIepuMeHTaIbHbIX 3HaueHuit pH u Eh, Oyayt ypanu-
kapOonaruele kommiekcsl (LNLL, OECD-NEA). [lns
TOPHS PacyeThl MOKA3BIBAIOT HauOoJiee BEpOATHYIO (op-
My €ro HaxoxjaeHus Tpu rnoctpoerun pH-Eh muarpamm
ThOycr, topmanur (LNLL, JNC-TDB). Ogmako 3T0
yTBepXkeHHe OyIeT CIpaBelIMBO Ui PACTBOPEHHBIX
(GopM HaXOXKACHHS TIPH OTCYTCTBHH KOMILIEKCOOOpa3o-
Batenedl. Hammume B Bome KommiekcooOpaszoBatenei,
PAcTBOPEHHBIX OPraHMYECKHX BEIIECTB M KOJUIOUIOB
PA3NHUYHOI Pa3MEPHOCTH UCKAKACT HICANbHYIO KapTHHY,
T0JTy4aeMyo NP MPUMEHEHUH TaKUX PacyeToB U MOJe-
JHPOBAHMS TI0 CYIIECTBYIOMMM KOHCTAHTAM PAaBHOBECHSL.
Jlaxe Oonee JETANBHBIA pacdeT ¢ Y4eTOM COJICpIKAHHA
OCHOBHBIX HOHOB BOJIbl I OPraHMYEeCKUX BEIIECTB, MPH-
BEJICHHBIA Ha puc. 4, 5, KOTOPBI JEMOHCTPHPYET BO3-
MOXHOCTh MHUTpAalli¥l ypaHa B BHAE ypaHuUIKapOoHATa
KaJbIHA, a Takke 000MX SIEMEHTOB B BUIE (yIbBO- U
TYMaTHBIX KOMIUIEKCOB, HE YUUTHIBACT B TONHOH Mepe
TCOXUMHYECKOI'0O 06HI/IKa BCEX BOJAHBIX CUCTEM.

DopMbI MUrpaLny ypaHa C y4eTOM ryMUHOBbIX BELLECTB
Migration forms of uranium taking into account humic substances
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Puc. 4. @opmul muepayuu ypana 6 pyuvax u osepax CHII: a) 6e3 yuema 6 mooenu KOMNIEKCOOOPA3VIOWUX BeWjecme;
0) ¢ yuemom @IuUAHUA 2yMUHOBLIX éewecms. [Ipumeuanue onsa puc. 4, 5: HAI, FAI coomeemcmeyrom kapOoxkcunb-
HbIM MUNAM COeOUHEHUs C 2YMUHOBbIMU Kuciomamu u gynveoxucromamu, HA2, FA2 — genonvnoim @ynxyuonans-
HbIM 2PYRRAM CEA3U MEMANN-TUSaHo OJis IMUX COeOUHeHUll

Fig. 4.

Migration forms of uranium in riverstreams and lakes of STS: a) without taking into account humic substances in

modelling; b) taking into account humic substances. Note for Fig. 4, 5: HA1, FA1 correspond to carboxyl types of
compounds with humic acids and fulvic acids, HA2, FA2 — phenolic functional groups of metal-ligand bonds for

these compounds
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Paccunransl popmsl Murpamuu ypana (puc. 4) u To-
pus (puc. 5) B PUPOMHBIX BOJAX C TIOMOIIBIO TPOTPaM-
Mbl Minteq Visual 3.1. baza jaHHBIX 3TOr0 mporpaMMHO-
T'0 KOMIUIEKCA PETYISPHO JOTOTHSAIOTCS M OOHOBIAIOTCS.
I[TockonbKy cocTaB BOJOEMOB U BOJOTOKOB CYIIECTBEHHO
OTIHYANCs, OBLIO PENICHO PACCMOTPETh MX MO OTIEIBHO-
ctu. Breinenensl GopMBl HAXOKACHUS TOPUSA M YpaHa C
y4eToM U 0e3 yueTa TYMHHOBBIX BEIIECTB IS TOTO, YTO-
ObI ObLTa BO3MOXKHOCTH CPAaBHHTH, HACKOIIBKO MOXKET M3-
MEHAThCS KapTUHA B TPHCYTCTBUU KOMILIEKCOOOpa3yro-
IUX BemecTB. B Mojenp OBUIM 3al03KEHBI BCE KOMIIO-
HEHTBI, NiepevnciieHnbie B Ta0n. 1. OTnenbHO MOJEIUpo-
BAIHCh (POPMBI MUTPALIAH C YIETOM TYMHUHOBBIX BEIIECTB
u 0e3 HUX.

[porpaMMHBIH KOMILIEKC TAKKE IMO3BOJSET Paccyu-
TaTh MHICKCHl HACBHINICHUA MO OCHOBHBIM TIOPOJ000pa-
3YIOIIAM MUHEpanaM M CHeHU(UIHBIM B 9TOM HCCIIEI0-
BAHMM MHHEpAlaM ypaHa M TOpHsA. JTH JaHHBIE MOTYT
OBITb WCIIONB30BAHBI U1 MHTEPIPETAMH JAHHBIX MPH
M3YYCHHH TPOIECCOB OCAKICHUS PaIMOAKTUBHBIX dIIe-
MEHTOB C TEMH WM HHBIMH (pa3aMH.

PopMbl MUrpauun Topua 6es yyeTta ryMUHOBbIX BELLECTB
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IIpu pacuere (opM Murpanuy ypaHa ObUIO YCTaHOBIEHO,
YTO YpaHIWIKApOOHAT KaIbIlks Oy/ieT mpeoOiaiath, BHE 3aBH-
CHMOCTH OT COCTaBa BOJBI W ydYeTa TYMHHOBBIX BEIIECTB.
[Tpeobnamanne MIMEHHO Takol (OPMBI MUTPAIIMH B TIPUPO.I-
HBIX BOJAX OBLIO SKCIEPUMEHTATBHO MOATBEPKICHO U He-
PaspyIIAOMMM METOJOM DEHTTCHOBCKON CIEKTPOCKOIHH
TioryonieHus paee B padore I'. bepHapna ¢ coapropamu [52].

[lpu noGaBineHnn B MOAENTH TYMHHOBBIX BEIIECTB JI0-
MUHaHTHas QopMa MHUTpaIy ocTaercs HensMeHHoH. Oj-
HAaKO JUIsl MAJIOMHHEPaIH30BaHHBIX BOJ] PYUbEB MOSBIISCT-
csl CYIIECTBEHHAs 0N MHUTPALMOHHON (OpMBI ypaHa,
CBSI3AHHOK ¢ (DEHOMBHBIMY (DYHKIMOHAGHBIMH TPYTIIAMIX
TYMHHOBBIX KHCJIOT. [Ipu 5TOM, cormacHo pacderam, cpem
opraHmyeckux GopM Ui pyubeB CYIIECTBEHHYIO POk 0y-
AT Urparh TymatHble kommiekchl (o 30 % oT cyMMbl
Qopm murparmm), a B BogoeMax — ¢ynpBaTHble. B 1ienom
0 pe3yNbTaTaM MOJAENUPOBAHKS BUIHO, YTO POJb TYMU-
HOBBIX BEIIECTB B BOJOEMaX HIDKE, YEM B BOJAX PYUbEB.
IT0 MOKET OBITh CBA3aHO C TEM, UTO B BOax ¢ Ooyee BbI-
COKOM HOHHOH CHJIOM YCTOMYMBOCTH HEOPraHMYECKHX
KOMIUIEKCOB BBILLIE.

GOpMBI MUTPaLIKA TOPUA C YHETOM rYMUHOBbLIX BELWECTB
Migration forms of thorium taking into account humic substances
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Puc. 5. Dopmovl muepayuu mopus 6 pyuvsax u ozepax CHUII: a) 6e3 yuema 6 mooenu 2yMUHOBbIX seuecms; 6) ¢ yuemom eius-

HUs 2YMUHOBbLX geujecme

Fig. 5. Migration forms of thorium in riverstreams and lakes of STS: a) without taking into account humic substances in

modelling; b) taking into account humic substances

[Ipyn n06aBneHUM B MOAENBHYIO CUCTEMY IS pacue-
TOB TYMHHOBBIX BEIIECTB IS TOPUS KapTHHA pacrpese-
JNeHus ero ()opM MUTPALH CYIIECTBEHHO MeHsAeTcs. Taxk,
BeCh TOpHH CBs3bIBaeTCA (hEHONBHBIMH (DYHKIHOHANb-
HBIMH Tpynmamu (yIbBOKHCIOT. JInmb Hebomibmas ero
9acTh B3aUMOJICHCTBYET C aHAJIOTMYHBIMH TPYIIAMHU Ty-
MUHOBBIX KHCIOT. BbIBelieHHE TOpHS € KOMIIOMJAMH M
B3BECAMH TAKXE MOXKET OBITh CIEACTBHEM €r0O BbIBE[E-
HUS € acCOLMATaMU BbICOKOMOIEKYISPHBIX OpraHuye-
CKHX BEIIECTB 00 OPraHOMHUHEPATBHBIMU KOJIOHAAMH,
T7ie OJJHUM U3 KOMIIOHEHTOB SIBISIOTCS (DYTBbBOKHCIIOTHL.
ITockonbky B HPUPOAHBIX BOJAX NPAKTHYECKH BCETAA
IPUCYTCTBYIOT ~OpPraHMYECKHE BELIECTBA T'yMUHOBOH
IPHPOJIBI, TIPH JIETATBHOM PACCMOTPEHHH 0COOCHHOCTEH
MUTPaIii TOPHUS, C OJHON CTOPOHBI, MOJKHO OBLIO OBI
npeHeOpeds ero HeopraHndeckuMH Kommiekcamu. Og-

HaKoO HCO6XOI[I/IMO YUYUTBIBATL OTPaHUYCHHOCTH MOJCIU
TOJIBKO JKej1e30M. JIaHHBIH 3IeMEHT ObLT BKIIOYEH B MO-
JIeTTb KaK 3JIEMEHT, HMEIONINH caMble BHICOKHE KOHCTaH-
THl YCTOWYIMBOCTH CPENH OONBIIMHCTBA M3YYCHHBIX Me-
tamioB. OJHAKO B MPHUCYTCTBUU 3JIEMEHTOB, UMEIONINX
OoJiee BHICOKHE WK COMIOCTABMUMBIC KOHCTAHTHI YCTOHYH-
BOCTH C (pyJIbBO- U TYMHHOBBIMH KHCIOTAMH JUIS TOPHS,
HampuMep MeIu, KoOaabTa W Jp., BCSA JOCTYIHAS JUIS
KOMILIEKCOOOPa30BaHMS OpTaHAYECKas COCTABIIONIAs
Oyner pacxonoBarbcs. W B TakoM ciydae MUTpaIus To-
pusi, paBHO Kak W ypaHa, OyJeT OmpeensiThcs HeOpraHu-
YeCKMMH KOMILIEKCaMH, KOTOpbIe U ObLIM PaccMOTPEHBI
B pabore.

Onwpasice Ha cyaeHus aBTopoB [36 u fp.], MBI BBI-
JITUIH TPaJAlyio Mo WHAeKCY Hackimenus 0>S[>-0,3
KaK PaBHOBECHYIO JHO0 ONM3KYIO K paBHOBECHIO. TakuM
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00pa3oM, mpecHbIe IHAPOKAPOOHATHBIEC HEUTPATbHBIE BO-
bl py4beB IUIOMaaKK «Jlereneny mo BenmunHe SI (Tabi.
3) ObUIM HACBHIIEHBI TOJNBKO OTHOCHTENBHO KBapla U
OJNIM3KY K HACHIIEHHEO KAIBIIUTOM (PaBHOBECHBI).

Tabnuya 3. Huoexcvr nacviwenusa (SI) ocHoeHvIx MmuHepa-
7108 8 800HbIX 0bvekmax CHIT

Table 3.  Saturation indexes (SI) for main mineral phases
in water bodies of STS
Pyusn
OcHoBHble MuHepaibl, | \Waterstreams Osepa/Lakes
JIOCTHUTILINE Topuauut/Thorianite (4,9)
HACKIILEHUS Kaonmuuut/Kaolinite (3,3)
Main minerals at Ksapit Jonomut/Dolomite (1,9)
saturation point and Quartz (0,4) | Aparonut/Aragonite (0,75)
above (SI1>0) Kansnur Kaneiut/Calcite (0,89)
100 OJM3KKE K paB- Calcite Ksapu/Quartz (0,04)
HOBECHUIO (-0,08) Tunc/Gypsum (-0,27)
or near equilibrium MHHEPAIBI TPYIIIHI JKee3a
(0,3>S>-0,3) o 1p.
iron minerals etc.

Boisl BOI0€MOB, COCTaB KOTOPBIX HCIIOJIB30BANICS IS
pacueToB B Mojieny, OyAyT HACBHIEHBl MO KapOoHAaTaM
KalbIUsS M MArHus, MHHEpaJaM TPYIIbI JKelne3a W OT-
IeBHBIM anmoMocuinkaraM. [[o OTHONICHHO K THICY U
KBapIy BOIBI MOKHO CUMTAaTh PaBHOBECHBIMH. Dopmu-
pOBaHHE TOPHAHWTA, HECMOTPS HA BBICOKUH HHICKC
HACBIIIEHNS, OCTAaeTCs MMCKYCCHOHHBIM BBHAY KpaiiHe
MaJIOr0 €ro KOJM4ecTBa. B03MOXKHO, HamMuuMe IPYTHX
aKIecCOpHBIX (a3 OyIeT WHUIMHPOBATH PAa3BHUTHE €ro
HECTEXHOMETPHYECKHX COSIUHEHHIA.

Takum 00pa3oM, IPU BBICAKUBAHHUE TEPEUHCICHHBIX
BTOPUYHBIX MUHEPANIOB IS BOJOEMOB OyIET OYEBUICH
60.]'[66 AKTHUBHBIM BBIHOC €CTECTBEHHBIX PaauoOHYKIINIOB
TIPY WX COOCAXICHUH 1 COPOIMK Ha IAHHBIX (a3ax.

3aknioueHue

[onydeHHbIe pe3yIbTaThl B COBOKYIHOCTH TO3BOJISIOT
0osee 0OBEKTUBHO B3ITIHYTH HAa 0COOCHHOCTH TEpeHOca B
BOZ[HOﬁ Cpeac NPUPOAHBIX PAAUOAKTUBHBIX 3JIEMECHTOB U
0003HaYNTh MPOLIECCHI, KOTOPbIC B 3HAYUTEIBHON CTENEHN
ero onpezensitor. Cynb(ar-HoH B BOJAX PydYbeB SBISLCTCS
VHMKAaTOPOM HMHTEHCHBHOCTH BOJOOOMEHA W CKOPOCTH
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FORMS OF RADIONUCLIDES (U AND Th) MIGRATION IN NATURAL WATERS
UNDER DIFFERENT GEOCHEMICAL CONDITIONS BASED
ON COMPUTATIONAL AND EXPERIMENTAL DATA
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The relevance of the study is caused by the necessity to take into account the diversity of the migration forms of radionuclides under
geochemical conditions changes, as well as prognosis of the radioecological status of hydroecosystems. On the territory of the
Semipalatinsk Test Site, the migration of natural radionuclides in water systems is poorly investigated, the calculation of the migration
forms of uranium and thorium with a change in geochemical conditions will be informative for understanding the migration of a wide range
of transuranium radionuclides.

The aim of the research is to determine the forms of migration of uranium and thorium in natural waters depending on the particle size and,
taking into account a wide range of components, to calculate the forms of their migration in waterstreams and lakes.

Objects: water of streams of the Degelen mountain massif, water of lakes of experimental sites of the Semipalatinsk Test Site, model
hydrogeochemical systems.

Methods. Speciation of natural radionuclides were investigated in situ using the method of cascade fractionation. The pH and Eh of the
waters were determined by potentiometry, total dissolved solids was determined by conductometry. The main water ions and some
elements were determined by titrimetric (HCO3, COs%, CF, Ca?, Mg?*), optical emission spectrometry (Na, K, Ca, Mg, Fe, Si), and ion
chromatography (CI-, SO4+%). The content of dissolved organic substances was determined by the permanganate and dichromate oxidation,
the method of catalytic combustion, and the intensity of the UV signal. The content of U and Th was determined by mass spectrometry.
Results. The features of U and Th transfer in different water bodies of Semipalatinsk Test Site are determined. The processes that control
them are indicated. It was found that the sulfate ion in waterstreams is an indicator of water exchange intensity and the rate of oxidation of
sulfide minerals, which determine the release of uranium significant concentrations into the solution. Uranium is associated with organic
and organomineral complexes and is subjected to transformation of migration forms in the event of changes in the geochemical conditions
of the environment. Thorium is more characterized by colloidal transport than uranium. Suspended components of natural waters dominate
among migration forms of these elements. The Th/U ratio in dissolved form is rather stable compared to colloidal and suspended forms.
For waters with various hydrodynamic regimes, there is a difference in the severity of the influence of the terrigenous component.

Key words:
Uranium, thorium, colloids, modeling, geochemical conditions, migration, calcium uranyl carbonate, radionuclides, minerals.

The reported study was funded by RFBR, project number no. 19-33-60030.

REFERENCES

Medved L., Cerny R. Modeling of radionuclide transport in porous
media: a review of recent studies. Journal of Nuclear Materials,
2019, vol. 526, 151765.

Zhang B., Wang X., Zhou J., Han Z, Liu Q., Wang W,, Li R,
Zhang B., Dou B. Regional geochemical survey of concealed
sandstone-type uranium deposits using fine-grained soil and
groundwater in the Erlian basin, north-east China. Journal of
Geochemical Exploration, 2020, vol. 216, 106573. Available at:
https://doi.org/10.1016/j.gexplo.2020.106573  (accessed 15
September 2020).

Uranium in the environment. Mining impact and consequences.
Eds. B. Merkel, A. Hasche-Berger). Berlin, Heidelberg, Springer-
Verlag, 2006. 896 p.

Drozdzak J., Leermakers M., Gao Y., Elskens M., Phrommavanh V.,
Descostes M. Uranium aqueous speciation in the vicinity of the
former uranium mining sites using the diffusive gradients in thin

films and ultrafiltration techniques. Analytica Chimica Acta, 2016,
vol. 913, pp. 94-103. Available at: https://doi.org/10.1016/].
aca.2016.01.052 (accessed 15 September 2020).

Pandit P., Mangala P., Saini A., Bangotra P., Kumar V., Mehra R.,
Ghosh D. Radiological and pollution risk assessments of terrestrial
radionuclides and heavy metals in a mineralized zone of the
siwalik region (India). Chemosphere, 2020, vol. 254, 126857.
Available at: https:/doi.org/10.1016/j.chemosphere.2020.126857
(accessed 15 September 2020).

Post V.E.A., Vassolo S.1., Tiberghien C., Baranyikwa D., Miburo D.
Weathering and evaporation controls on dissolved uranium
concentrations in groundwater — a case study from northern
Burundi. Science of the Total Environment, 2017, vol. 607608,
pp. 281-293. Available at: https://doi.org/10.1016/j.scitotenv.
2017.07.006 (accessed 15 September 2020).

Alkinani M., Kanoua W., Merkel B. Uranium in groundwater of
the Al-Batin Alluvial Fan aquifer, south Iraq. Environmental Earth

19


https://doi.org/10.1016/j.aca.2016.01.052
https://doi.org/10.1016/j.aca.2016.01.052

Toropov A.S. et al. / Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2020. V. 331. 12. 7-21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

20

Sciences, 2016, vol. 75, no. 10, pp. 1-13. Available at:
https://doi.org/10.1007/s12665-016-5685-3 (accessed 15 Septem-
ber 2020).

Placzek C.J., Heikoop J.M., House B., Linhoff B.S., Pelizza M
Uranium isotope composition of waters from South Texas uranium
ore deposits. Chemical Geology, 2016, vol. 437, pp. 44-55. Avail-
able at: https://doi.org/10.1016/j.chemge0.2016.05.008 (accessed
15 September 2020).

Yang J., Zhang Z., Chen Z., Ge M., Wu W., Guo Z. Co-transport
of U(VI) and gibbsite colloid in saturated granite particle column:
role of pH, U(VI) concentration and humic acid. Science of the To-
tal Environment, 2019, vol. 688, pp. 450-461. Available at:
https://doi.org/10.1016/j.scitotenv.2019.05.395 (accessed 15 Sep-
tember 2020).

Toropov A.S. Migration forms of anthropogenic radionuclides in
tunnel waters at the Degelen Mountains, Semipalatinsk Test Site.
Geochemistry International, 2020, vol. 58, no. 3, pp. 342-351.
Toropov A.S. Fractionation of technogenic radionuclides species
in water bodies of Semipalatinsk Test Site. Bulletin of the Tomsk
Polytechnic University. Geo Assets Engineering, 2018, vol. 329,
no. 6, pp. 74-84. In Rus.

Kayukov P.G. lzuchenie radiatsionnoy obstanovki na territorii
Respubliki Kazahstan [Study of the radiation situation on the terri-
tory of the Republic of Kazakhstan]. Otchet za 2004-2008 gg [Re-

port for 2004-2008]. Almaty, Volkovgeologiya Publ., 2008. Vol. 2.

East Kazakhstan region. 177 p.

Gorlachev 1., Kharkin P., Dyussembayeva M., Lukashenko S.,
Gluchshenko G., Matiyenko L., Zheltov D., Kitamura A., Khleb-
nikov N. Comparative analysis of water contamination of the
Shagan river at the Semipalatinsk test site with heavy metals and
artificial radionuclides. Journal of Environmental Radioactivity,
2020, vol. 213, 06110. Available at: https://doi.org/10.1016/j. jen-
vrad.2019.106110 (accessed 15 September 2020).

Malkovsky V.1., Yudintsev S.V. Model of colloidal transportation
of radionuclides by groundwater. Doklady Earth Sciences, 2016,
vol. 470, no. 1, pp. 942-945. Available at: https:/doi.org/
10.1134/S1028334X16090051 (accessed 15 September 2020).

Ure A.M. Davidson C.M. Chemical speciation in the environment.
Glasgow, Blackwell Science, 2002. 452 p.

Radioactive particles in the environment: sources, particle char-
acterization and analytical techniques. IAEA-TECDOC-1663. Vi-
enna, International Atomic Energy agency, 2011. 90 p.

McCarthy J.F., Zachara J.M. Subsurface transport of contaminants.

Environmental Science Technology, 1989, vol. 23, pp. 496-502.
Kersting A.B., Efurd D.W., Finnegan D.L., Rokop D.J., Smith D.K.,
Thompson J.L. Migration of plutonium in ground water at the Neva-
da Test Site. Nature, 1999, vol. 397 (6714), pp. 56-59.

Markich S.J., Brown P.L. Actinide speciation and bioavailability
in fresh and marine waters. The heaviest metals: science and tech-
nology of the actinides and beyond. Eds. W.J. Evans, T.P. Hanusa.
USA, Wiley, 2018. pp. 367-400. Available at: https://doi.org/
10.1002/9781119951438.eibc2559 (accessed 15 September 2020).
Environmental colloids and particles: behavior, separation and
characterization. Eds. K.J. Wilkinson, J.R. Lead. England, Wiley,
2007. 502 p.

Ilina S.M., Lapitskiy S.A., Alekhin Y.V., Viers J., Benedetti M.,
Pokrovsky O.S. Speciation, size fractionation and transport of
trace elements in the continuum soil water—-mire—humic lake—
river—large oligotrophic lake of a Subarctic watershed. Aquatic
Geochemistry, 2016, vol. 22, pp. 65-95.

Novikov A.P. Migration and concentration of artificial radionu-
clides in environmental objects. Geochemistry International, 2010,
vol. 48, no. 13, pp. 1263-1387.

Lydersen E., Bjornstad H.E., Salbu B., Pappas A.C. Trace element
speciation in natural waters using hollow-fiber ultrafiltration.
Speciation of metals in water, sediment and soil systems. Ed. by

L. Landner. Berlin, Heidelberg, Springer, 1987. Vol. 11, pp. 85-97.

Lind O.C., Oughton D.H., Salbu B., Skipperud L., Sickel M.A.,
Brown J.E. Transport of low 240Pu/239Pu atom ratio plutonium—
species in the Ob and Yenisey Rivers to the Kara Sea. Earth and
Planetary Science Letters, 2006, vol. 251, no. 1-2, pp. 33-43.
Salbu B., Kashparov V., Lind O.C., Garcia-Tenorioc R., Johan-
sen M.P., Child D.P., Sanchof R.C. Challenges associated with the
behaviour of radioactive particles in the environment. Journal of
Environmental Radioactivity, 2018, vol. 186, pp. 101-115.

26.

21.

28.

29.

30.

3L

32.

33.
34,

35.

36.

37.

38.

39.

40.

41.

Bouby M. Finck N., Geckeis H. Flow field—flow fractionation
(FIFFF) coupled to sensitive detection techniques: a way to exam-
ine radionuclide interactions with nanoparticles. Mineralogical
Magazine, 2012, vol. 76, no. 7, pp. 2709-2721.

Baalousha M., Stoll S., Motelica-Heino M., Guigues N.,
Braibant G., Huneau F., Le Coustumer P. Suspended particulate
matter determines physical speciation of Fe, Mn, and trace metals
in surface waters of Loire watershed. Environmental Science Pol-
lution Research, 2019, vol. 26, no. 6, pp. 5251-5266. Available at:
https://doi.org/10.1007/s11356-018-1416-5 (accessed 15 Septem-
ber 2020).

Itoh A., Kimata C., Miwa H., Sawatari H., Haraguchi H. Specia-
tion of trace metals in pond water as studied by liquid chromatog-
raphy/inductively coupled plasma mass spectorometry. Bulletin of
Chemical Society of Japan, 1996, vol. 69, no. 12, pp. 3469-3473.
Bolea E., Gorriz M.P., Bouby M., Laborda F., Castilloa J.R.,
Geckeis H. Multielement characterization of metal-humic sub-
stances complexation by size exclusion chromatography, asym-
metrical flow field—flow fractionation, ultrafiltration and induc-
tively coupled plasma—mass spectrometry detection: A compara-
tive approach. Journal of Chromatography A, 2006, vol. 1129,
no. 2, pp. 236-246.

Geckeis H., Liitzenkirchen J., Polly R., Rabung T., Schmidt M.
Mineral-water interface reactions of actinide. Chemical Reviews,
2013, wvol. 113, no. 2. pp. 1016-1062. Available at:
https://doi.org/10.1021/cr300370h (accessed 15 September 2020).
Geckeis H., Schafer T., Hauser W., Rabung T., Missana T.,
Degueldre C., Mori A., Eikenberg J., Fierz Th., Alexander W.R.
Results of the colloid and radionuclide retention experiment at the
Grimsel Test Site (GTS), Switzerland—-impact of reaction kinetics
and speciation on radionuclide migration. Radiochimica Acta,
2004, vol. 92, no. 9-11, pp. 765-774.

Claveranne-Lamolre C., Aupiais J., Lespes G., Frayret J., Pili E.,
Pointurier F., Potin-Gautier M. Investigation of uranium-colloid
interactions in soil by dual field-flow fractionation/capillary elec-
trophoresis hyphenated with inductively coupled plasma-mass
spectrometry. Talanta, 2011, vol. 85, no. 5, pp. 2504-2510. Avail-
able at: https://doi.org/10.1016/j.talanta.2011.07.100 (accessed
15 September 2020).

Langmuir D. Aqueous environmental geochemistry. Upper Saddle
River, N.J., Prentice Hall, 1997. 600 p.

Tayal A., Conradson S.D., Kanzari A., Lahrouch F., Descostes M.,
Gerard M. Uranium speciation in weathered granitic waste rock
piles: An XAFS investigation. RSC Advances, 2019, vol. 9, no. 21,
pp. 11762-11773. Available at: https:/doi.org/10.1039/c9ra00961b
(accessed 15 September 2020).

Romanchuk A.Y., Vlasova I.E., Kalmykov S.N. Speciation of urani-
um and plutonium from nuclear legacy sites to the environment: a
mini review. Frontiers in Chemistry, 2020, vol. 8, pp. 1-10.
Kolpakova M.N., Gaskova O.L., Naimushina O.S. Ebeity Lake,
Russia: chemical, organic and mineral composition of water and
bottom sediments. Bulletin of the Tomsk Polytechnic University.
Geo Assets Engineering, 2018, vol. 329, no. 1, pp. 111-123.
In Rus.

Guillaumont R., Fanghénel T., Fuger J., Grenthe 1., Neck V.,
Palmer D.A., Rand M.H. Update on the chemical thermodynamics
of uranium, neptunium, plutonium, americium and technetium.
Chemical thermodynamics series. Ed. by F.J. Mompean. Michigan,
Elsevier Science, 2003. Vol. 5, 918 p.

Vercouter T., Reiller P.E., Ansoborlo E., Février L., Gilbin R.,
Lomenech C., Philippini V. A modelling exercise on the im-
portance of ternary alkaline earth carbonate species of uranium(VI)
in the inorganic speciation of natural waters. Applied Geochemis-
try, 2015, vol. 55, pp. 192-198.

Mahoney J.J., Jakubowski R.T. Assessment of uranyl sorption
constant on ferrihydrite — comparison of model derived constants
and updates to the diffuse layer model database. Uranium, mining
and hydrogeology. Eds. B. Merkel, A. Hasche-Berger. Berlin,
Heidelberg, Springer, 2008. pp. 919-928.

Di Bonito M., Lofts S., Groenenberg J.E. Models of geochemical
speciation: structure and application. Environmental geochemistry.
Site characterization, data analysis and case histories. 2™ ed. Ed.
by B. De Vivo. Amsterdam, Elsevier, 2018. pp. 237-305.

Reiller P.E., Descostes M. Development and application of the
thermodynamic database PRODATA dedicated to the monitoring


https://doi.org/10.1016/j.chemgeo.2016.05.008
https://doi.org/10.1016/j.scitotenv.2019.05.395
https://doi.org/10.1016/j.jenvrad.2019.106110
https://doi.org/10.1016/j.jenvrad.2019.106110
https://doi.org/10.1002/9781119951438.eibc2559
https://doi.org/10.1002/9781119951438.eibc2559

Toropov A.S. et al. / Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2020. V. 331. 12. 7-21

42.

43.

44,

45.

46.

47.

of mining activities from exploration to remediation. Chemosphere,
2020, vol. 251, 126301. Available at: https://doi.org/10.1016/
j-chemosphere.2020.126301 (accessed 15 September 2020).
Semipalatinsk test site. Present state. 39 ed. Eds. E.G. Batyrbekov,
S.N. Lukashenko. Pavlodar, Press House, 2017. 52 p.

Kazakova Yu.l. Tekhnogennaya treshchinovatost i khimicheskiy
sostav vod zony filtratsii gornogo massiva Degelen [Technogenic
fracture and chemical composition of water filtration zone of Del-
egen mountain massif]. Vestnik NYAC RK, 2005, no. 4, pp. 84-89.
Nazarbayev N.A., Shkolnik V.S., Batyrbekov E.G. Scientific,
technical and engineering work to ensure the safety of the former
Semipalatinsk Test Site. Vol. 1. London, WorldWide Promedia,
2017. 304 p.

Aguatic chemistry: chemical equilibria and rates in natural waters.
3" ed. Eds. W.Stumm, J.J. Morgan. New-York, Wiley, 1995.
1040 p.

Ferronsky V.1., Polyakov V.A. Izotopiya gidrosfery zemli [Isotopy
of the Earth's Hydrosphere]. Moscow, Nauchny mir Publ., 2009.
632 p.

Raimkanova A.M., Aydarkhanova A.K. Lukashenko S.N.
Vyshchelachivanie tekhnogennykh radionuklidov iz grunta zony
navala «Atomnogo» ozera na territorii Semipalatinskogo ispytate-
Inogo poligona [Leaching of technogenic radionuclides from the
soil of the pile of the «Atomicy lake on the territory of the Semipa-
latinsk test site]. Materialy 10 Mezhdunarodnoy konferentsii.
Yadernaya i radiatsionnaya fizika [Proc. of the 10™ International
Conference. Nuclear and Radiation Physics]. Kurchatov, 2015.
pp. 167.

Information about the authors

48.

49.

50.

51.

52.

Zamana L.V. Isotopes of hydrogen and oxygen in nitrogen hot
springs of Baikal Rift Zone in terms of interaction in the water—
rock system. Doklady Earth Sciences, 2012, vol. 442, no. 1,
pp. 81-85.

Rihvanov L.P. Radioactivity and radioactive elements as a factor
of the geological environment and its use in earth sciences.
Razvedka i okhrana nedr, 2017, no. 12, pp. 55-61. In Rus.
Degueldre C., Joyce M.J. Evidence and uncertainty for uranium
and thorium abundance: a review. Progress of the Nuclear Energy,
2020, vol. 124, no. 4, 103299. Available at: https://doi.org/
10.1016/j.pnucene.2020.103299 (accessed 15 September 2020).
Kopylova Yu.G., Guseva N.V., Arakchaa K.D., Khvash-
chevskaya A.A., Mazurova 1.S., Ayunova O.D., Oidup Ch.K,
Rychkova K.M. Uran i toriy v prirodnykh vodakh yuga-vostoka
Altae-Sayanskoy oblasti [Uranium and thorium in the natural wa-
ters of the South-East of the Altai-Sayan Region]. Radioaktivnost i
radioaktivnye elementy v srede obitaniya cheloveka. Materialy V
Mezhdunarodnoy konferentsii [Radioactivity and radioactive ele-
ments in the human environment. Proc. of the V™ International
conference]. Tomsk, TPU Publ. House, 2016. pp. 339-345.
Bernhard G., Geipel G., Reich T., Brendler V., Amayri S.,
Nitsche H. Uranyl(VI) carbonate complex formation: Validation of
the Ca,UO,(COs)s(aqg.) species. Radiochimica. Acta. 2001, vol. 89,
no.8, pp. 511-518. Available at: https://doi.org/10.1524/ract.
2001.89.8.511 (accessed 15 September 2020).

Received: 31 August 2020.

Andrey S. Toropov, Cand. Sc., senior researcher, Lomonosov Moscow State University.

Evgeniya A. Soldatova, Cand. Sc., senior researcher, Vernadsky Institute of Geochemistry and Analytical Chemistry
Russian Academy of Sciences.

ILeonid P. Rikhvanov, Dr. Sc., professor, National Research Tomsk Polytechnic University.

21



V13BecTust TOMCKOro NOnNUTEXHUYECKoro yHusepcuTeta. MHxuHnpmHr reopecypcos. 2020. T. 331. Ne 12. 22-40
Xapnamos C.H., [xxaHrxop6aHu M. IpoLeaypb! ¥ MHCTPYMEHTapuii MOHUTOPWHTA NPOLIECCOB M MEXaHU3MOB TPaHCTopTa LUnama npy ...

YK 532.517:536.242:544.012:622.244:519.6

MPOLEAYPbI U MHCTPYMEHTAPUI MOHWTOPWUHI'A NPOLIECCOB U MEXAHU3MOB
TPAHCIMOPTA LUMTAMA NPU ruaAPABJIIMYECKOU OYUCTKE TOPU3OHTAIIbHbIX CKBAXWH

XapnamoB Cepreit Hukonaesuu?,
kharsn@mail.ru

IxaHrxop6anu Mexpan',
mehran.janghorbani@gmail.com

1 HauuoHanbHbI nccnegoBatensCkuii TOMCKUIA MOMMTEXHUYECKUIA YHUBEPCUTET,
Poccus, 634050, r. Tomck, np. JleHuHa, 30.

AxkmyanbHocmb pabomsi 6bi3gaHa He0bX0OUMOCMbI0 UOEHMUULLPOBaMb, NOHSIMb, NPO2HO3UPOBaMb U KOHMPOIUpogamb ghusuye-
CKUe MexaHU3MbI, Conposoxdatolyie NPOUECC 04UCMKU ckgaxuH om bypogoeo winama. Puck HekayecmeeHHoU o4ucmku co3daem ycro-
8us1, obocmpsiowUe NPOUECChI 3aKkiuHUSaHUs mpybbl, ynpaeneHus CKeaxuHoU, CHUXeHUs ckopocmu 6ypeHus, usHoca 6yposoeo cneyu-
anbHo20 0bopydosaHusi, 0COBEHHO Npu y8enuyeHuU Konudecmsa omgepcmuli, npobypeHHbIX nod bonbwumu yenamu. Takue aKkempe-
MaribHble cumyayuu xapakmepHbl Orsi NPOMSKEHHbIX 20PU3OHMATbHBIX CK8AXUH. B Hacmosiuee epemsi OHU NOMyYUNU Wupokoe pac-
npocmpaHxeHue 8 cuiy c8oell No8bIWEHHOU NPoU3BoAUMENbHOCMU U UCKToYUmenbHoU aghghekmusHocmu 8 cnocobax O0CMUXeEHUs
onpedeneHHbIX NPodyKkmueHbIX nnacmoe. Bce amo xapakmepusyem npobnemy noucka u paspabomku aghghekmusHbIx Memodos oyucm-
KU CK8aXUH Kak 00HY U3 8axHelUX 3a0ay CO8PEMEHHO20 BYPEHUS.

Lenb: anybxe noHsimb sieneHus e macwmabe modenu u hakmuyecku paspabomams Memodsbl NPOHO3UPOBAHUS NPOUECCO8 NPU 2ud-
DasUYECKOL OYUCMKE 20PU3OHMANbHBIX CK8aXuH om wnama 05is onpedenieHus npuopumemos 6yOyWux HaydHbIX U NPaKmMUYecKux
paspabomok NPoYECcos OYUCMKU.

Memodbi: cospemenHblie MemMOoObI MEoPEMUYECKO20 U SKCnepUMeHmMarbHO20 MOOEUPOBaHUS medeHul meepObIx yacmuu, ¢ NOMOKOM
8s3Koli cpedbl 8 02paHUYeHHbIX 0biacmsx, XxapakmepHbix Onsi 3adad Heghmeaa3oeol ompaciu; npakmudyeckue Memods! uccrnedosaHus
makux eonpocos, kak ceduMeHmayus, Koaeynsuyuu, meyeHue PeoioeUYECKU CIOXHBIX 8513KUX cped 8 3ampybHOM npoCMpaHcmee ckea-
JKUH C npousgonbHol obpasyroweli ee cmeona.

Pe3ynbmamsi. MpedcmagneH 0630p U aHanu3 COBPEMEHHBIX IKCNEPUMEHMAsbHBIX U Meopemuyeckux pesysibmamos MoOenuposaHus
npouecca 3acopeHusi npodykmamu 8bIpabomKu 20pU3OHMaANbHbIX CK8AXUH. YUCneHHO uccredogaHbl NPOUECCH! U MeXaHU3Mbl MpaHC-
nopma wnama Ha 6ase opueUHanbHbIX PedKO UCNONb3yeMbIX 8 npakmuke nNpUIoXeHul Mamemamudeckux modened. [lo pesynbmamam
MOHUMOPUHea NPouyeccos cghopMynuposaHo MHOXECMSO KpumepuarnbHbIX Cesi3ell U AMNUPUYECKUX npasusl, KomopbIMU pykogodcmey-
1omes NPU MEXHUYECKOM NPOEKMUPOBaHUU 3reMeHmos 060pydosaHuUst U NPO2HO3aX ONMUMaITbHbIX PEXUMOB 2UdPagnU4ecKoll O4UCMKU.
Kpumuyecku ouyeHeHbI 8o3moxHocmu modesneli, Memodos, UHCMpPYMeHMapus 0nbImHo20 0bopydogaHus An1s peaucmpayuu, Npo2Ho3a U
ynpagnexus pexuMamu nocmynamerbHo-8pauamerbHo20 08UXeHUs cmecell 8 CKeax)uHax ¢ KpugonuHelHoU obpasyroweli cmerku. La-
HbI 06bSICHEHUS1 NpomuBopeyUsocMU HabdaeMbIX U paccyumaHHbIX NPOUECCo8 Npu 2udpasuyeckoli 04UCMKe 8 pamKax Ucnonb3ye-
M020 060opydosaHus.

Kntoueenie cnosa:
Linam, yacmuypl, ckeaxuHa, o4ucmka, ModenuposaHue, 2udpoduHaMuKa, Peooeus, CmpyKMypa, HanpsXeHUus.

MIUPUYECKUX TIPaBMII, KOTOPHIMH PYKOBOJCTBYIOTCSA NpU
TEXHUYECKOM MPOEKTUPOBAHUM SIEMEHTOB 000pY/A0Ba-
HUs. DT NpaBUiIa OCHOBAHbl HAa KOPPENALMAX MEXIY
M3MEPEHHAMHI B MOJIETTFHOM MacmiTabe u HaOMI0CHISIMH
pabodYmX mapaMeTpoB U TPOLIECCOB.

Heob6xomumMocTs Tity0xe MOHATH ABNECHUA B MacuITade
MOJIENHN MpHBENa HCCle0BaTeNel K CO3JaHII0 PAsla YHHU-
KaJIbHBIX AKCIIEPHUMEHTANbHBIX CTEHIOB IS MOJAEIUPO-
BAaHUS TPAHCIOPTa CHOXKHOW cpenpl. Ilpuuem k pamy
KPYTHEHIINX CTEHJIOB CJIEAyeT OTHECTH OMBITHYIO yCTa-
HOBKY, pasMEINeHHYI0 B yHHBepcutere Taica, mTar
Oxiraxoma, CIIIA [1, 2]. OCHOBHBIMH SIEMEHTaMHU TaKOM
YCTaHOBKHM SIBJIAIOTCA: 1) MCHBITaTENbHAS CEKIUs, KOTO-
past BKIIFOYAeT OONBINYI0, 0OBITHO MPO3PAYHYI0 TPYOY ¢
9KCIIEHTPUYHO pPACIOJOKEHHOW BHYTPEHHEH Bpaliaio-
meiics TpyOoit; 2) cpencTBO i H3MEHEHHS YIia HAKIIO-
Ha UCTIBITATENBHOTO YIaCcTKa (0OBIMHO C HCTIONb30BAHUEM
TUIPABINYECKUX JOMKPATOB); 3) KMAKOCTHBIH Hacoc
(kak mpaBuIO, LEHTPOOEKHOTO THUMA) U BUHTOBOH HAcoC
Jist 1o0aBNeHus TPOJYKTOB BHIPAOOTKM YaCTHII TBEPIOH
(aspr; 4) HabOp cuCTeM, TIO3BOJIAIOIIHMX PA3JENATh COCTAB
BEIPa0OTKH HA IUCTAaNbHBIX YYAcTKaX H3MEPHUTEIBHOM

BBeaeHune

3acopeHre pabouynx 3MEMEHTOB OypoBOro 00opyo-
BaHWA MPOAYKTaMH BBIPAOOTKM YXYAIIAeT KadecTBO M
3¢dexTuBHOCT, WX (yHKIMOHMpOBaHus. IlocienHue
3040 ner a5 HedTErazoBoi OTPACIN OTMEUEHBI Pa3HO-
00pa3HBIMU JIOCTIKEHHUSMH, MHOTOYHCICHHBIMH BHE]I-
PEHMSAMH HOBBIX TEXHOJOTHH, MPEMATCTBYIOINX HAKOI-
JNIEHHIO IUTaMa. B 3ToM cMbIcTe yMeHne BO3/eHCTBOBATH
Ha PEOJIOTHYECKIE CBOHCTBA OYpOBOTO pacTBOpa MMeEET
Oonpmroe 3HaueHue. [109TOMy TOHATHO JKeMaHHE HHKE-
Hepa-MeXaHuKa MACHTU(ULMPOBATh, MOHATH, IPOTHO3H-
poBaTh M KOHTPOJHMPOBATH (PM3MYECKHE MEXAHH3MBI,
NpUBOJAIIME K BO3HMKHOBEHHIO 3acopeHus. OpHako
CKBKUHHYIO CpeJTy UPE3BBIYAIHO TPYIHO MOJEIHPOBATH
B Tabopatopun. OHA XapakTepu3yeTcs BHICOKMMH JaBie-
HUSMH, TEMIIEPATYPHBIMH HAlopaMy, HpOCTPaHCTBEH-
HBIMI M3MEHEHHUSMHI CTPYKTYPbl MHOTO(a3HOTO TIOTOKA
TNO/IBUKHOCTBIO JIEMEHTOB TEXHOIOTHUECKOT0 000py10-
BaHUS. B HacTosmee Bpems HakomieH OOMBIIONH 00beM
IMIMPHYECKOH HH(pOPMALMKE O IUHAMHYECKOH KapTHHE
Tporecca 3acopeHus, cHopMyINPOBAHO MHOXKECTBO M-
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o0macTy; 5) ycTpoiCTBa 3aIiCH U U3MEPEHHUI, IPEICTaB-
Jsromye co0oi KaMephl ¢ 3aMKHYTBIM KOHTYPOM, JaTdi-
KU JJaBJICHHS, aHEMOMETPEHI H T. I1.; 6) pe3epByapsbl, TpyObI
1 QUTHHTH. 3aMeTHM, YTO HPH INIAHAPOBAHUU H TIOCTa-
HOBKE AKCIEPUMEHTOB [UIMHY HCIBITATEIBHON CEKIUH
BBIOMPAIOT JIOCTATOYHO MPOTSIKEHHOM, YTOOBI IIPH U3Me-
PEHHUSX MCKIIOYHUTH BIMSHAE BOMYIIECHHUI Ha CTPYKTYPY
Pa3BUTOr0 MOTOKa OT 3(¢dekToB Bxoma/Beixoxa. Jlis
IUCTICPCHBIX ~ CHCTEM MOJENMPOBAHHE CKBAKUHHBIX
YCIOBHH C XOpOIIeH TOYHOCTBIO O00ECIEeYMBACTCS HA
anuHax nopsaka X>50D, rae X — okanpHas oceBas He3a-
BucHMas mepeMeHHas, D — ruppaBmiueckumii mamerp.
[Ipu 3TOM 3aKOHOMEPHOCTH IBIKEHIS BBIPAOOTKHU omIpe-
JEJAIOTCA TI0 CEPUU JTAHHBIX U3MEPEHUH CTPYKTYPHI BsI3-
KOT0 JIAMHHAPHO-TYPOYJIEHTHOTO MOTOKA.

C y4eToM CKa3aHHOTO, yelblo SKCIIEPUMEHTAITBHBIX
HICCIIEIOBAHMN TpoIecca TPAHCIOPTHPOBKH IIIaMa Ha
0asze yKa3aHHOTO 00OPY/IOBAHHMS SBIISETCS MOHUMAHUE U
KOHTPOJIb SIBICHUI M MEXaHU3MOB 3TOTO CIOXKHOTO TIPO-
necca. Heo0XoaMMOCTh mpecTaBIeHus TAKUX Pe3yIIbTa-
TOB JIUKTYETCS COOOPaKCHUSMH, YTO HOBBIC HAYYHBIC H
9KCIIEpUMEHTANLHBIE BO3MOXHOCTH IIO3BOJAT 3HAYH-
TENBHO TOTONHATH 00BEM 3HAHMH 00 OCOOCHHOCTSX U
3aKOHOMEPHOCTAX TPAHCIOPTA IIIaMa U OUYUCTKH CKBa-
KUH. Y 9TH CBEICHUS MOMOTYT PacCTaBUTh HPUOPHTETHI
OyIyIuX Hay4YHBIX pa3paboToK.

Mpo6neMbl ccneaoBaHUA TpaHCNopTa WaMoOB
MporHo3 NpoLeccoB B BEPTUKAMbHBIX CKBaXWHAX

Brukekype B UCTOpHIO MpoOJEM MOUCKA M MOCTpoe-
HIIS PEIIEHAN MO0 WHTEHCU(UKAIMHA OYNCTKH CKBXUH OT
IITAMOB TOKA3BIBAET, YTO ITU BOTIPOCHI COCTABHIIA TIPEIMET
HCCIIEJIOBAHUHN C TIEPBBIX TIOMBITOK AHATH3a BEPTHKAIBHBIX
ckBakud B 1940-x rT. ['maBHas 1enb THUX HCCIIENIOBAHMI
3aKITI0YANach B MONYYCHHH KPUTEPUATHHBIX CBS3EH, ompe-
JENSIONINX TPOIECC OCAKICHI JUCTIEPCHBIX YacTHIl ce-
puueckoi (opMbl B Hecymieil cpeie ¢ HbIOTOHOBCKUMH
cBoiicTBamu. Takoe jomymieHne o OypoBOM pacTBOpe mpen-
CTaBISIETCS JIOCTAaTOYHO TpyObIM. [losToMy mporHo3 oca-
HKJIEHUH ¥ KOAryJISIMA YaCTHIl B AaHOMATBHO BSI3KUX IHC-
IIePrUPYEMbIX TIOTOKAX, K KAaKOBBIM OTHOCHTCS PACTBOP C
TICEBIOTUIACTAIECKAMH PEOJIOTHUECKAMI CBOHCTBAMIL, TI0
COOTHOIIICHISIM TSl HRIOTOHOBCKIIX CHCTEM HE MPEICTaBIIS-
€TCcs KOPPEKTHBIM. 1 mepBbIM, KTO 00paTii Ha 3T0 BHUMa-
Hue, Ob1 P. [Turott [3], KOTOpBIH Mpemioku TeucHue 0y-
POBOTO PacTBOpA B BSI3KOH 00JACTH CTPYKTYPHI THIPOIMHA-
MIYECKOTO MOTPAHMYHOTO CIIOS OMKCHIBATH C MOMOIIBIO
KaXyIei BA3KOCTH, a B MHEPIMOHHOM 30HE (C JOMHHHPO-
BaHHEM TYpOYICHTHBIX 3((EKTOB MPOIECCOB MepeHoca) —
MOJIENBIO PAcTBOPA CO CBOMCTBAMH HBIOTOHOBCKOW CpEBL.
[Tpwyem CyIecTBEHHOTO OTIMYMS BIUSHUS PEOSOTHH (TIPH
HBIOTOHOBCKOM M QHOMANBHO BSI3KOM XapakTepe aedopma-
1iA) B TypOYJICHTHOM Tporiecce He 00HAPYKEHO.

Hanee X. Xomnn u coaBTophl [4], mpenmonaras pac-
TBOp OMHTaMOBCKOHM CpeloH, SMIUPHIECCKH CHOPMYIH-
pOBaNIA 3aBHCHMOCTh MEXAYy Kod()(HIMEHTOM Ccompo-
THBIICHUSI TPEHUS W 4ucioM PeifHombica st aucmepc-
HBIX 9acTHII cepudecKoil U AUCKo0OpasHoit GopMel mpu
TypOYJIECHTHOM W JaMHHAPHOM PEXKHUMAX TEYCHHS, YTO
TI03BOJIMIIO MCCIE0BATh U3MEHEHHUS CKOPOCTH CKOJIbXKE-
HUA YacTHL[ B pEANbHbIX YCJOBHAX TEYEHHS CMECH.
CpaBHUBas pe3yNbTaThl €r0 IMIMPHUSCKUX YPABHEHHUH C

pe3ynbTaTaMi HATYPHBIX JKCIEPUMEHTOB, OBLIO OOHA-
PYXEHO, 9TO KOPPEISAIHOHHEIE COOTHOIICHHUS IS PeXH-
Ma JJaMHHAPHOTO TEYEHHs BEChMa YCIEIIHBI, HO HE YHO-
BIICTBOPSIOTCS CBS3H, OPHCHTHPOBAHHBIC HA IPOTHO3
TypOYJIEHTHBIX YCIOBHil ¢ TOYHOCTbIO Hopsiaka 15 % u
Oonee.

K. Yunesamc u coaBtopsr [5] cocpemoroumnu cBou
YCUIHS HAa JACTATGHOM H3YYEHHH IIPOLECCOB BIHSHHS
TIOABIKHOCTH BHYTPEHHEH CTEHKH OYpWIbHOH TPYOH H
ONpesieNieHd MUHUMAIBHOTO 3HAYeHHs ee CKOPOCTH
BpalleHus, Heo0X0IMMOH IS yaIeHns [iaMa U3 CTBO-
Ja CKBAXUHBL, a TAKXKe HA TpoOIeMax BIMSHUS Pasimy-
HBIX CBOMCTB OypOBOTO pacTBOpa Ha €ro HECYIIyIO CIIO-
co0HOCTh. [l 3TOTO aBTOPHI MPOBENH MONHOMACIITAO-
HBle HATYpHBIE JIabOpaTOpHbIE HKCIEPHUMEHTHI, KOTOPBIE
CBOIIJINCH K clefylomeMy. Takue 3KCIepHMEHTHI BBI-
TIONHSUTHCD B MCTIBITATENbHON 150-MeTpOBOM CKBaXHHE C
ACTIONE30BaHAEM AFOMHHUEBBIX IUCKOB PA3HBIX pa3Me-
poB. OTO HCCIEOBaHHE 3aclyXKHBAaeT BHUMAHHUA, I10-
CKOJIBKY B HEM OBUIO HCIIOJB30BAHO 23 pa3HOOOpa3HbIX
¢mronsa ¢ pa3nuuHO MWIOTHOCTHIO OT 8,33 ft/gal (Boza)
10 14,8 ft/gal u Bsazkoctho ot 1 10 200 cIl. 3amerwm, 4to
3T0 OBUI TIEPBEI SKCTIIEPHMEHT, B KOTOPOM HCIIONB30Ba-
Jack Bpamaomascs OypiibHas Tpyda ¢ MHHUMAIbHBIM
3HAauUeHWeM CKOpocTH BpameHus mopsaaka 200 ft/min.
Takoke SKCTIepIMEHTaMI YCTAaHOBIEHO, YTO C BpaIIaio-
meiicss OypoBOH KOJIOHHON MOXKHO JOOHThCA d)(EeKTHB-
HOTO yJaJeHUsA BBIPAOOTKM M TIPH 3HAYMTENBHO Oonee
HU3KHX CKOPOCTSIX BpalleHus (Hampumep, 124 ft/min npu
HCIIONBb30BaHMHM BOJBI M MEHEe IPH HMCIIONB30BaHHH 00-
JIee TSOKENBIX | Oonee BA3KUX pacTBOPoB). UToObI 00bscC-
HATH 3TU PE3yNbTATH, OBUTH TPOBEACHHI JTaOOpaTOpHbIE
SKCTIEPUMEHTHI, Ti¢ OBUIO 3aMEYeHO, YTO JACTHIIBI [UC-
nepcHoil (assl B hopmMe Aucka BedyT ceds COBEPIICHHO
MHauye, 4eM B QopMe cepbl, MOCKONBKY HX CKOPOCTb
CKONIBKEHHS PE3KO M3MEHSCTCS B 3aBUCHMOCTH OT HX
OpHUeHTaIuy B TO0TOKe (B 1,5 paza it TaMUHApHOTO T10-
Toka; B 13 pa3 m1s TypOysneHTHOro pexuma). YCTaHOB-
JIEHO, YTO YacTHIIbl B (hopMe JUCKAa UMENH TEHICHINIO
COCPENOTauMBATECA B 00JIACTH TBEPIOH CTEHKH, OJIIKE K
TpaHdIaM, Tae NpoQWib CKOPOCTH YMEHbIIaeTcs. A B
YCIOBHAX TYpOYIEHTHOTO 3aKPYy4eHHOTO MOTOKA IPo-
¢uipe ckopoctu nprodperan crnenududeckyro napadonu-
4eckylo (opMy, XapakTepHyI0 s JaMHHApHOTO Tede-
HUS, YTO TOBOPMJIO O (POPMHPOBAHMH YCIOBHIl NaMUHa-
pU3alMKM TEYCHUS C IOJABICHUEM HANpsOKCHUHd Peid-
HONBJICA Y CTCHKHU (CTAOMITM3UPYIOIINN MEXaHM3M KpyT-
KH) 1 HHTeHCUMKAIUK TeueHus B sape. [Ipn xomOuHa-
MM 3TUX TPOIECCOB AMCTIEPCHBIE YacTUIBI Oojee 3¢-
()EKTHBHO TPAHCIOPTHPOBAINCH U3 CKBAXKHHBL Taxike
CTOUT OTMETHTH, YTO BECHMA BAKHBIM TIPH Y IATCHHUH BHI-
paboTki OBUIO yCTaHOBIEHHE (aKTa: MPU MONYYCHHH
3HAaYeHHs MapameTpa (OTHOLICHHS MPOAOJIBHOTO pa3mepa
YaCTHIB! K COOTBETCTBYIOIIEMY TONEPEIHOMY) MEHBIIE
0,167 TpaHCTIOPTHPOBKA CTAHOBUIACH UPE3BBIYAHO TIPO-
OneMaTUYHOH, MOCKONBKY YaCTHIBI IIAMa MMETH TEeH-
JIEHIIHIO TIepeCcTPanBaThCs B IPOCTPAHCTBEHHOM TEUECHHH
npu uX OOTeKaHWHM IMCIEPrupyeMor cpenodl. Bee 3to
TIOKa3bIBACT, YTO BOTPOCH YAJCHHS YaCTHI BHIPAOOTKH
TIOTOKOM €Ile HEJ0CTATOYHO M3Y4YeHbl W TpeOyloT Jo-
TIONTHUTENBHBIX HCCIIETOBAHHIA.
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E. XonkuH [6] monsITajics B paMKax OpocToii 1abopa-
TOPHOI METOIUKH IS KAUECTBEHHOTO OTPEIETICHHS BS3-
KOCTH KHIKOCTH, H3BECTHOH KaK «BS3KOCTH B BOPOHKEY,
NPOAHANM3UPOBATE 3PHEKTUBHOCTh TPOIECCa OYUCTKH
OypOBBIM pacTBOpOM. ODTOT METOJ| ONpeHeNeHHs Kade-
CTBEHHOTO 3HAYCHHUS BA3KOCTH MIMPOKO KCMOJIB3YETCS B
IIPOMBIIIIEHHOCTH. VI3MepeHys BA3KOCTH OCYIIECTBIISCT-
s 3a BpeMs (B CEKyHJax), HE00X0JUMOE I TOTO, 4TO-
Ob1 keapm (1 kB = 0,95 1) OypoBOro pacTBopa «BHITIAI»
W3 CTaHIApTHOH BOPOHKH, Ha3bIBaeMoil eopoukoll Map-
wa. 3aMeTuM, YTO B MOMEHT TyOnuKaiuu [6] 0ObIMHO Uc-
TIONE30BANM OYpOBBIE PACTBOPHI C BSA3KOCTBIO BOPOHKH,
npesbrnatoreir 200 ¢/kB, ¢ MeNbl0 JOCTIKEHUS dPdek-
THUBHOM OYMCTKH OTBEPCTHIl (C KOHLIEHTpalumei Meree 5 %
B 3aTpyOHOM mpocTpancTBe). OMHAKO, TOCKOJNBKY TPaK-
THYECKOE UCTIONB30BAHHE B OYMCTKE AHOMAIBHO BSI3KHX
OypOBBIX PacTBOPOB HEXENATETBHO — OHH JOPOTH B H3-
TOTOBIICHHH, YBENIMYMBAIOT HATPY3KH HA TIacT u Oypo-
Boe 000pyHOBaHHME, CHUKAIOT CKOPOCTh OypeHus, B [6]
BBITIOJTHEHBI JIA0OPATOPHBIE IKCIIEPUMEHTHI ¢ 52 pasHo-
00pa3HBIMU YACTHIIAMU MPOU3BOJIBHOH (DOPMEI (pa3mmy-
HOU cepuuHOCTH) ¥ 13 pasnuyHbBIMA OYypOBBIMH pac-
TBOpaMH C 6a3kocmbvlo 6oponku ot 26 no 1000 c/kB.
B pesynbTare ombIToB 00HAPYKEHO, UTO CYIIECTBYET BBI-
paXkeHHAs KOPPEIANHSA MEXKITY BS3KOCTHIO BOPOHKH M
TPOIYCKHOM CIOCOOHOCTBIO OYpOBBIX pacTBOpoB. Ilo-
CKOJIBKY BSI3KOCTH BOPOHKH TECHO CBSI3aHA C IIPENEIOM
TEKy9eCTH XHUIKOCTH, IPEIIONaraercs, 9To AehopMupy-
€MBIC CPEIbl «C BBICOKOH BSI3KOCTBIO MpPH HEOOJBIIOH
CKOPOCTH CHBUra» — HAWIYYIIHHA OOBEKT M OYUCTKH
BEPTHKAIHHBIX O0TBepcTH. COBpEMEHHOE MPOHU3BOACTBO
OypOBBIX PacTBOPOB HCIOIB3YET ATOT MPHHIMIL. Takue
OypoBBIE KHUAKOCTH HMEIOT HU3KYIO BS3KOCT B 00MACTSX
C BBICOKOH CKOPOCTBIO C/BUI'a, HATIPHMEP, MPH MPOXOK-
JCHUM CKBO3b HACAJKH J0JIOTA, U, CIEIOBATENBHO, TPe-
OyI0T MEHbIIEH MOMIHOCTH Hacoca. A B 00IacTaX ¢ HU3-
KOCKOPOCTHEIM TOTOKOM KOJBIEBOTO MPOCTPaHCTBA Oy-
JyT TPOSIBISITHCS BBICOKHME BSI3KOCTH, CIOCOOCTBYIOIIHE
OUHCTKE OTBEPCTHIL.

[TonbiTkH CHOPMYITHPOBATH HAMEKHYIO KOPPEISAIHIO
ITST TIPEICKA3aHUs CKOPOCTEH CKONBXEHHS TBEPHABIX Ua-
cTAL BEIpaOOTKH OBbUTH mponomkensl Y. Leitmiepom [7].
OH mpumen K BBIBOAY, 4TO s umcen PeifHombaca
Re>1500 skcnepuMeHTaNbHBIE PE3YJBTATBl CKOPOCTEH
OCaXICHUA YaCTUI] HAYMHAIOT CYIICCTBECHHO OTINYATLCA
OT TIPECKAa3aHHBIX MO (OPMyNaM, YIHTHIBAIOIINM WX
ctheprueckyro hopmy. To ke camoe HaONIOIATOCH B pe-
KuMax ¢ yucnamu PeitHonbaca Re<2, xapakTepHbIX st
TOJNI3YIIEro moToka. [[pyruM BaXHBIM Pe3yIbTaTOM YKa-
3aHHBIX I/ICCIICJIOBEIHI/Iﬁ ABJIIETCA (I)aKT HEBO3MOXXHOCTH
100 %-ro BBIHOCA BHIPAOOTKH M3 CKBAXKHHBI B CHIy 0CO-
OcHHOCTEH ee B3aMMOJIECUCTBHS CO CTCHKOH B YCIOBHSX
BpAIlleHUs M CNa00i MHEPIMOHHOCTH YACTHIl IIaMa B
HEeMOCPeNCTBEHHONH ee okpecTHOcTH. OO000IeHne IaH-
HBIX [O3BOMIUIO  COPMYIHPOBATE  KOPPENALMOHHOE
ypaBHEHHE IS TPOTHO32 MAKCUMAIBHOTO KOIHYECTBA
M3BICKAEMOH BBIPAOOTKH, BKIIOYAIOMIEH YaCTUIBI TIPO-
M3BOJIBHON T€OMETPHH HpH TypOYJICHTHOM TEYCHHH BO-
nsHoro noroka. Kpome Toro, Y. Ieitmnepom [7] mpen-
CTABJICHBI CBSI3H JUIS CITyYacB OUHCTKH B PEKHUMAxX Bpa-
eHust OypribHON TpyObl. OHAKO TH PE3yNBTATH TPe-
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OYIOT JNOTONHHUTENBHOTO aHANKM3a W3-32 OONBIIMX I10-
TPENIHOCTEH B OIICHKAX PeaTbHBIX MPOLECCOB.

B nenom ananu3 my6nmikanuii mo npobiemMaM opraHu-
3aI[MM OYKMCTKH BEPTHKANBHBIX CKBAXHH Teproa 80-X TT.
XX B. MO3BOJISET OTMETUTH, YTO OCHOBHOE BHUMAHHE HC-
CIeNoBaTeNel CBOAMWIOCH K (hOPMYITHPOBKE CBSI3H, OIH-
CHIBAIONIEH CKOPOCTh CKOJNBKEHWS YacTHIl Iuiama (W3-
BECTHOM KaK €IMHCTBEHHBINA ompenenstiomuid daktop B
OYHCTKEC BEPTHKATBHBIX CKBAKWH) BapHALMed MEXIY
CKOPOCTSIMH KHIKOCTH U TBEPJbIX YaCTHIl CMecH. YcTa-
HOBJIEHO, 9TO CKOPOCTH CKOJBKEHHS 3aBUCHT OT YHCIIa
Peitronpaca gacTHilpl, KOTOpOE B paMKax TEOPUH TIOJ0-
Oust 1 aHanmM3a pazMepHocTelt nmeet Buj (1):

Re = V1 ®
7

3mecy Dy — muamerp yactui; Vs — cpefiHsis CKOPOCTh
CKOJIBXKEHUS YacTHII, o, | — TNIOTHOCTD M BS3KOCTh JKUJI-
KOCTH COOTBETCTBEHHO. M3MeHeHus Vs B IMPOKOM ua-
na3oHe 3Ha4YeHHH Re oTpaxkaiT KpuTephalbHbIE CBA3U
CIIE/YIOIIEro BUA:

9D? (o, = py)
18u
coorrommenne Ctokca, mpu Re <2 — 2)

g(DS (ps _pf ))0‘5 _

Ps
cooTHoweHue Pertunrepa, mpu Re >1500 — 3)
13,42(p, - p,)°" D

0,218 0,564

V, = Py H
cootHomenue Leimnepa, mpu 2 <Re<15— 4)

13,88(p, — p; )" D"

0,388 0,224

Py H
cootHomenue lleiinnepa, mpu 15<Re<80—-  (5)

17,88(p, - p,)** DI**

0,484 0,032
U

Pt
cootHommenue lleimiepa, mpu 80 < Re <1500 — (6)

3ameTHM, uTO 3aBHCUMOCTH (2)—(6) chopMyTHpOBaHBI
JSl HBIOTOHOBCKUX Cpell M CheprUyecKuX 4acTHll, HO C
IIOMOILBIO TIOHATHH IKEUBATIEHMHOU 653KOCHU X MOYKHO
HCIIONB30BATh M JUII HEHBIOTOHOBCKHMX JKHIKOCTEH ¢
TPOU3BOJIBHON reoMeTpuueckoil Gpopmoit actui. OpHa-
KO Takoe 0000IIeHIe He JIUIIEHO TPYIHOCTEH, 110 CyIe-
CTBY, MPUBOJAMINX K HEOMPEAEIEHHOCTAM U IPOTHUBOpE-
YUBOCTH OIEHOK 3(P(EKTOB TEUCHHS JKUIKOCTH, COMPO-
BOXKIAIOIIMX TpaHCIOpT BbIpaboTku. [losToMy mpen-
CTaBIISIETCS 11€7€CO00pa3HbIM MOAPOOHEEe OCTAHOBUTHCS
Ha aCTeKTaX MOJICIUPOBAHUS PEONIOTHH AHOMAIBHO BSI3-
KHX Cpell, BeCbMa OCIIOXKHSIONIMX MPOTHO3 TPaHCIOpTa
I1aMa Jake B CPaBHEHHH ¢ 0oJiee TPOCTHIM CTydaeM He-
C)KAMAEMOT0 TEUCHHS.

IIpexzae Bcero, HalOMHUM, YTO HBIOTOHOBCKMI peo-
JIOTHYECKHMH 3aKOH JJIS HEC)KUMAEeMOM JKUIAKOCTH CBSI3bI-
BAa€T JIEBMATOPHYI0 YacTh TEH30pa HANpshKeHWH (Kaca-
TENBHBIX/CABUTOBBIX HANPSKEHHH) € CHMMETPUYHBIM

TEH30pOM CKOpOCTeil JedopMani B BHIE = ,uS.
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IMpuyeM nuHaMudeckuit KodhdUIUEHT BA3KOCTH (1) 3a-
BHCHUT OT JIOKAJIbHBIX 3HAYEHUH Temmeparypsl (T) u JaB-

senns (P), cocraBa cMecd, HO HE 3aBUCHT OT 7 HIH S.
JI71s IPOCTBIX THIIOB aHOMANBHO BSI3KHX Cpell MOXKHO 3a-
nmcars cBa3b (7):

=15, U]
MPHHHMas HEHBIOTOHOBCKYIO [MRAMHUECKYIO BA3KOCTb

CKAIIAPHON BENMYHHON M (QyHKIMeEH 7=7 (T S T, P).
BBIOOp pasIUYHBIX SMIHPHUECKUX PEOTOTHUECKHX 3aKO-
HOB (MOZIENEH KUAKOCTH) IS OTMCAHMA 3aBUCHMOCTH

CKAIApa 7 OT TCH30PHBIX MApPaMETPOB 7 HWJIH S COCTaB-
JAeT OJHY M3 MpoOiIeM 0000IIeHNs, MOCKOIBKY KaK CKa-
JpHas QYHKIMS TEH30pa — BA3KOCTH ;) — JIOJDKHA 3aBH-

CCTh TOJIBKO OT MHBAPHUAHTOB S , YTO €CTb CYyTb TaKHUX

0cO0BIX KOMOHMHAIIMI KOMIIOHEHTOB S, KOTOpbIE Mpeod-
pa3yroTCs Kak CKaIApbl MPU BPAIICHAU CHCTEMBI KOOP-
JIMHAT:

1:(3;5):Zsii; gg) ZZSS

L =det($) =Y 3 3 .55, Sar
i ] K

0 — eOMHUYHBIN TeH3op. Tak Kak B HAIIEM ciydae Iep-
BBl MHBapuaHT — |;=0 (Hec:xkuMaemas KUIKOCTb), TO JIs
3ampIkaHusd (7) Tpebyercs CBS3b OT OCTATbHBIX MHBApH-
autoB — =7(ly, 13). Ee monyuenue cBsi3aHo ¢ HeoOX0au-
MOCTBIO y4eTa MHOTHX JeTajell JHAKOCTH, OIICEIBAEMO-
TO TpoIIecca M CONMPSHKEHO €O CIOKHOCTSIMH TEOpETHYE-
CKOTO U DKCTIEPUMEHTAIIEHOTO XapakTepa. Y UuThIBasI, YTO
sl MHOTHX TIPOCTBIX TOTOKOB THIIA aKCHAILHOTO TeYe-
HUS B TpyOax, TaHTCHIMATBHOTO TEUEHHA B 00JIACTH
MEXIy KOHICHTPUUECKHMH LUIHHApaME uMeeM |3=0
(M HE CIMIIKOM CYIIECTBEHEH JUIS OPYTHX IIOTOKOB), J10-
MyCKAlOT, YTO 3aMBIKAHHE BS3KOCTH COOTBETCTBYET
¢ynxiun 7=7(l,). IMEHHO JIs 3TOTO YaCTHOTO Ciydast i
OBLTH TIPEUIOKEHB! IMIIpAYECKre (PAKTHIECKHE) MO-
nemn 5= n(z; ), B KOTOPBIX BA3KOCTb 3aBUCHT OT MO-
TOKa KONMYECTBA JBMKEHHUS M OTBEYAET MPOIECCY €O
CII0XKHOM T€OMETPHUEN:

e Bs3KOIUTaCTHUECKas Mojeb (8) KUIAKOCTH (MOJENb
bunrama-IlIsenoBa)

}S npu 0, 5(r T) >z

nz7=0, $-0 npu 0,5(;;;)<r§ (8)

u kuakoctb THna [epmenu—bankmu (9), kak gacTHEIH
ciydaii Moaenu bunrama —

Tor kS 9)

e creneHHas Monenb (xuakoctd OcrtBanbia—Beiins)
tuna (10)

n-1 =

7={m|(0,5(5:$)%| 18, (10)

rie M, N — MOJIEMbHBIE KOHCTAHTHI.

3aMeTHM, YTO MPaKTHYECKas MO0Jb3a OT YKa3aHHBIX
MOJICTBHBIX CBS3eH 3aKITF0YacTCs B BO3MOXHOCTH OIHCa-
HAS peoU3UYECKUX OCOOCHHOCTEH M3MEHEHHS HEHBIO-
TOHOBCKOW BSI3KOCTH, 4, CBOMM 0OIIMM BHIOM. Ha 310
VKa3bIBAIOT CIaraeMble B QUTYPHBIX CKOOKaxX Mojen (8),
(10). [MoaToMy, BBOAS 7 B COOTBETCTBYIOIIHE PEONIOTHYC-
CKHE CBS3H (BMECTO (), & TaKKe HEOOXOMMMBIE 3aMbIKa-
HUS B COOTBCTCTBy}OH.ICI/I cucTeMe KOOpAWHAT IS diie-

HOB (T z') I (S S) OyneM MMeTh 3aMBIKaHHSI MaTe-

MaTHYECKUX MOJeJell K OMUCAHHI Je(OpMalHOHHBIX
TPOIIECCOB B OONIEM ClTydae yd4eTa BIHMIHHS M3MCHEHUH
peonoruy pabodel KUAKOCTH Ha TPAHCIIOPT ILTaMa.

B Bompocax yscHeHus XapakTepa BIHSHUSA T€OMETPHH
YACTUIBl HA MPOLECC OYMCTKH MOJNEe3HA PEKOMEHMIAIHS
X. Yozenna [8] mo yuery SKBHUBAJCHTHOU C(EPHIHOCTH
YaCTHIIBI B BUJIC apaMeTpa — OTHOIICHHS IUIONMIAIA TI0-
BEPXHOCTH cepbl ¢ 00bEMOM, MOJ00HBIM paccMaTpHBa-
eMOM YACTHIIBI, K IUIOMAIHM OBEPXHOCTH YACTHIIBI, KO-
Topast popmynupyercs B Buze (11):

_ 7[1/3 (6Vp )2/3
A

p

(11)

rae V, — o0beM yacTuubl; A, — IIIOMAL HOBEPXHOCTH
YacTUIBL. 3aMeTuM, 4YTO cooTHomeHus (2)—(6) crout
CUATATh KOPPEKTHBIMH IIPH HEOOJBIINX 3HAYCHHSIX JK-
BUBAJICHTHOM BA3KOCTU. B ciyuyae anHanmsa mpomeccos ¢
AHOMAJILHO BSI3KOW PEONIOTHEN M HETPUBHANBHOHU (op-
MOH YacTuIl (Hampumep, AUCko0Opa3HoOM, 4acTo BeTpeya-
eMoil B OypoBBIX IINamMax), a TAKkKe OCIOKHEHHBIX Bpa-
meHneM OypuiIbHOH TPyOBI, 3TH ypaBHEHUS CIELyeT
IPUMEHATH C OCTOPOKHOCTBIO MPU KOHTPONE TOYHOCTH
nponeccoB. YuuthiBas 3T ocoderHocty, T. 3udepman ¢
coaBTopamu [9] MpoBENH MOTHOE MCCIIENOBAHUE MPOLIEC-
Ca TPAHCIOPTHPOBKH IINTAMa B BEPTHKAIBHBIX CKBAXKH-
Hax (Ha SKCIIEPUMCHTATIBHOM ycTaHOBKe IyinHOH 140 ft)
¥ OLCHHNIH BIHSHAE Ha 3(QQEKTUBHOCTH Mpolecca clie-
AYIOIIMX TIAPAaMETPOB: PEONOTHUECKHX CBOICTB OypoBOro
pactBopa (c mpuMecsiMH He(TH ¥ BOJBI); CKOPOCTH B
KoJbIieBoM Tipoctpanctse (ot 4 1o 200 ft/min); pasmepa
4acTHIl BEIPaboTKH; wioTHOCTH *)uakoctu (12-15 ft/gal);
ckopoctr Bpamienus (0—200 06/MuH); CKOpOCTH OypeHHuS,
3KCIIEHTpHCUTETa OYpUIBbHOH TPYOBI U pa3Mepa Komblie-
BOTO MpocTpaHcTBa. MccnemoBaHne OpHEHTHPOBAHO Ha
CEpHI0 BOTIPOCOB: YCTAHOBJICHHE HEOOXOIUMOCTH TIOBHI-
IICHMS/TIOHMKEHAS.  BS3KOCTH OYpOBOTO pacTBOpa s
OYHCTKH CKBAXUHBI; OTIpEJIeNieHIEe 3HaueHni TpeOyemMon
CKOPOCTH IS TIPEAOTBPAIICHUS UPE3MEPHOTO HAKOILIE-
HUS TIPOAYKTOB BHIPAOOTKU B 3aTPyOHOM NPOCTPAHCTBE;
TIOUCK JMana3oHa M3MEHEHUH KOJbLEBOH CKOPOCTH Ui
30H 3aMeJICHHOTO OypeHus; YACHEHHE CBA3M MEXKIY po-
CTOM Macchl OypoBOTO pacTBOpa M TPAHCIOPTa ILIAMA;
CHIJKEHHE KOJIBIIEBOH CKOPOCTH, MHTEHCUBHOCTHU Bparle-
HUS OypwiibHOH TpyOBI, M3MEHEHHE SKCLEHTPHCUTETA,
pa3Mepa KOJbLEBOrO NPOCTPAHCTBA M MX BIUAHUE Ha
BEIPA0OTKY; a TaKkKe TPAHCIOPT IUIaMa C KOINBIEBOH
ckopoctbio opsaka 100-120 ft/min, a Takxke mpu Kakux
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YCIOBHSX MO CKOPOCTSIM M COCTaBy «HAEAIBHOTO» Oypo-
BOTO PAacTBOPA 3TO BO3MOJKHO.

Pesynpratel (3udepman u coastopsl [9]) mporecca
TpaHCIopTa OyPOBBIX IIIAMOB B BEPTHKAIBHBIX CKBaXKH-
Hax TOKasantu: 1) HamOonee Ba)XHBIMH, BIMSIOIIMMH Ha
3(G(HEeKTUBHOCTh TPAHCTOPTA IIIAMOB, SBIAIOTCA CKO-
pOCTh TOTOKA M PEONIOTHYECKHE CBOWCTBA PAcTBOPA;
2) ckopocTH T0ToKa 0K0J10 50 ft/min BroMHE AOCTATOYHBI
11 3OEKTUBHON OUYMCTKU CKBAXHH; 3) KOPPEAIHOH-
HBIE CBS3U MMEIOT morpemHocTd nopsaka 10-15 % mpu
JaMuHapHOM pexume U 25 % — mpu TypOyneHTHOM;
4) MIOTHOCTH PacTBOpa ¢J1ab0 BIMAET Ha MPOIIECC OUUCT-
KW CKBAKHH; 5) BpalleHue TpyObl HAPSLY C OCTAIBHBIMH
(hakTOpaMH HE3HAUYNTEIBHO BIMAET HA MPOLECC OUMCTKH.
JleTanbHble MCCIIEI0BAHNS CIOKHBIX PEONOTHYECKUX CH-
creM no3Bonmn Y. Llefinnepy yTouHUTD NpeUIoKeHHbIE
paHee YpaBHEHHS JUIS OMPENENECHUs CKOPOCTU CKOJBXKe-
Hus gactuil. Tak, B [10] uM ObUIO TpemIOKEHO HOBOE
ypaBHeHue (11) s pacdera CKOPOCTH CKOJBKEHHS 4a-
CTHII BHIPAOOTKH U TOJIS KOHLEHTPALMH YacTHIl I BUJA
yrcna PeliHonb/ca B MOTOKE KHJKOCTH CO CTEHEHHOM
peornorueii:

Re = 224 102, (11)

3neck K 1 n — koaddurmentst (9); ds — dKBUBANEHT-

HBIH auamerp vactunbl, C — koddduiment, onpenense-
MBI (JOPMOH YaCTHIIBI.

P. Tomac u coaBtopsl [11] mpoBepuin ypaBHEHUS
Letianepa u mpUILTH K BBIBOIY, YTO OHH XOPOIIO OIH-
CBHIBAIOT MPOLIECC TONBKO IMPH BBICOKUX CKOPOCTSX IOTO-
Ka ¥ eCJIM CKOPOCTh IIOTOKA B IBA 1 Oojiee pa3 MpeBblma-
€T CKOPOCTb CBOOOJHOTO TajeHWs wacTuil. beumo ycra-
HOBIICHO, YTO MpPU JAHHBIX YCIOBUAX MOTPEIIHOCTD
ypaBHenuil Lleiianepa mo KOHIEHTPALUSIM COCTaBUIA T10-
panka 8 %. Ho mpu HEBBICOKHX CKOPOCTAX IOTOKA MO-
rpewHocTs yBenuuuBanach 1o 90 %. Ilorpewmnocts
OTpPENENeHNss  CKOPOCTH  CKOJBKEHHS  COCTaBHIA
3...15 %-y1o BenMnuuHy, IpHYEM Ha €€ POCT BIUANA MH-
TeHcHuKanus mporecca TedeHus. Taxxe B [11] orMe-
YeHO, YTO BpallleHHe TPyOBbl CIOCOOCTBYET MpOIecCy
OYHCTKH, HO: 1) 3TOT 3((PEKT 3HAUMTENCH TOJIBKO MpPH
HIBKHX CKOPOCTSX TOTOKA; 2) sl KaXKI0H CKOPOCTH TI0-
TOKa €CTh ONpENEICHHBIN YPOBEHb CKOPOCTH BpAIICHHS,
BBIIIE KOTOPOr0 OOHAPYKEHHBIH 3(P(DEKT He yBEIUuHUBa-
eTcsl ¢ POCTOM 3HAueHWH KpyTkd TpyObl. Ilo Hamemy
MHEHHIO, B IAHHBIX TIPOLIECCAX MPOSBILIOTCS MEXaHU3MBI
BHXPEBOTO TIEPEX0fia, CIOCOOCTBYIONINE pelaMHHapH3a-
IV TIOTOKA, TPEOYIONIHe ACTATEHOTO HCCIEI0BaHNUS.

C. XycceitHu u coaBTopsl [12], mpomomkas 3To
HalnpaBlieHue HCCIEe0BAHUM, MPOAHATU3UPOBAIN BIHUS-
HUE pa3Mepa YacTULl Ha MOrpelHoCTh ypaBHeHus Lleiin-
Jiepa U MPUILUIK K BBIBOJY, YTO 3TH YPaBHEHHS HOCTOBEP-
HBI JIMIIb [P OTPEIETCHHBIX pa3Mepax dacTuil (Ooupie
0,79 cm nmamerpa). Hapsay ¢ 3TUM HccieoBaHue TOJ-
TBepAwiIo 3akmoueHne E. Xomkuna. Tak, aHanmsupys
OMHraMOBCKYIO HIKOCT, B [12] mokazaHo, uto 3ddek-
THl OT M3MCHEHHI KOMIIOHEHT TEH30pa CKOpOCTeH je-
(opMarmii IPOSBIAIOTCS 3aMETHEE B CPABHEHHH C U3Me-
HEHUSAMH TUIACTHYECKON BS3KOCTH B JMANa30OHE HU3KUX
3HaueHUI CKOpOCTel MOTOKA. B yClnOBUSIX HHTEHCHBHOTO
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TEYCHHUS C BBICOKUMH KOMIIOHEHTaMH BEKTOpPA CKOPOCTH
BIIMSHKME PEOJIOTHYECKUX MPOLECCOB 3aMETHO ocliabeBa-
70. Bee 3TO 1M03BONMIO CUMTATh, YTO C TOYKH 3PEHHUS
9(EKTUBHOCTH OUYHMCTKU CKBAXHWH MPEATIOYTHTEIbHEE
BBITJLIIAT PACTBOPHI, TPEACTABIAIONINE CO00H MCEBIO-
TUIACTHYECKHE CPEIBI, C BHICOKUM MPEIEIOM TEeKYYECTH.

B 3axmouenne TaHHON YaCTH CTOUT OTMETHUTD, YTO TI0
JIAaHHBIM DE3YJIbTaTaM, CIEKTPY (DUKCHPYEMBIX I'€OMET-
PUYECKUX M (U3HYECKUX O0COOCHHOCTEH, COMPOBOXKIAL0-
I[UX TPAHCIIOPT, HENb3S C ONPEAeTIEHHON YBEPEHHOCThIO
CUUTATh, HATIPUMEp, KAKUE MEXaHW3MbI OYAyT ompene-
JATh TEYCHHE NIIaMa B CIOXHOW KOH(HTYpaIluH CKBa-
KVHBI, TIOCKOJIbKY TIPOONEMaTHYHO (DUKCHPOBATH CTPYK-
Typy W COCTaB NPHUMECH B KOJbIeBOW obmactu. Takxke
TpeOyIOTCs JieTallbHbIe UCCIEIOBAHUS 110 YACHEHHIO Me-
XaHA3MOB CEITMMEHTAIIMH M KOATYJIIMH YaCcTHUI] [ITaMa B
KOHKPETHBIX YCIOBUAX TCUEHHS Ha JAPYTHX KPHBOJIUHEH-
HBIX y9aCTKaX CKBAKHHBI.

OtpenbHble npobnembl MoLenMPOBaHUS NPOLIECCOB
TPaHcnopTa B reOMeTpUsix CTBONA CKBAXMH,
OTKMOHEHHbIX OT BEPTUKANBHOM NNOCKOCTY

VUUTBIBas OTBIT M Pe3yJbTaThl aHAIIM3a 0COOCHHOCTEH
TPaHCIIOPTa BBIPAOOTKH B BEPTHKAIBHBIX Y4acTKax CKBa-
’KMHbI, ECTECTBEHHBIM U 11€NeCO00Pa3HBIM Tpe/ICTaBIAeTCS
o0pamieHie K TeOpeTHKO-IKCIEPHMEHTATBHEIM HCCITEI0-
BaHMAM TEUCHWH IIaMa B KOH(MHTYpalusax ¢ oOmier
KpHMBONHHEHHON oOpasytommell ee cTBona. YscHeHue 3a-
KOHOMEPHOCTEH TakuX TeUeHMH Hapsgy ¢ pa3paboTkoit
3((EKTHBHBIX METOJOB OYUCTKM TaKXe I03BOJIUT
0TOOpaTh TaHHBIC IS TIOCTPOCHHS HOBBIX U COBEPIICH-
CTBOBAHHMS HMMEIOIINXCS METOHOB, METOAMK IPOTHO33
THAPOJVHAMUKHE BSI3KHX cUCTeM. bubnmorpadudeckuit
aHanmu3 paboT ATOr0 HampaBJiEHHs MOKAa3bIBAET, 4TO O-
HUMH U3 TIEPBBIX HCCIEAOBATENCH, 3aHUMABIINXCS H3Y-
YeHHEM MPOIecca TPAHCTIOPTa NIIAMOB B KPHBOJMHEH-
HbIX cKBakuHax, Ok I1. Tompen u coasropamu [13],
K. ®ymu u M. Caro [14]. B wactHoCTH, TIOCTEIHSSA pa-
00Ta MOCBSIIEHA SKCIIEPUMEHTAM B CKBAKUHAX C YIIIaMH
OTKJIOHEHHS OT BepTukanu mopsaka 45...60°. Ho pe3yns-
tatel @ym3u u Caro [14] cnemyer cuuTaTh HE BIIONHE
aIeKBATHBIMH, TIOCKOIBKY MpPOIECCH TPAHCIOPTa COOT-
BETCTBYIOT BBICOKUM CKOPOCTSIM TeueHus (Oonee 3 m/c),
KOTOPBIC OYEHb PEKO BCTPEUAIOTCS B MPAKTUKE MPOLIEC-
coB OypeHws, a TeCTOBBIH YYacTOK OBLT JOCTATOYHO KO-
potkuM (0Komo 3M) W He oOecTednBall CYIIECTBOBAHHE
pexIMa THAPOJUHAMIIECKN CTaOMIN3UPOBAHHOTO TeUe-
HUS B CTAIIOHAPHBIX YCIOBHUSAX.

I1. Tompen u coastops! [13] paspaboTanu skcmepu-
MEHTAIBHYIO YCTaHOBKY JutnHOH 40 ft ¢ BO3MOXHOCTAME
V3MCHEHHS YIa HAKIOHA, MOIBIKHOCTH BHYTpEHHEH
CTCHKM TpyOBI U cooCHOCTH ee nonoxenus. K uccneno-
BAHHIO MPOLIECCOB TPAHCTIOPTA IIIaMa MPHUBJICKAIHCE pe-
anbHBIC 110 CBOMCTBaM PACTBOPHI U3 MECTOPOXKICHHS B
KOMOMHAIUM COCTaBa (BOJA; HU3KO- M BBICOKOBSI3KUIA
KapOOTIOIT; BEICOKO- ¥ HU3KOBS3KHH OCHTOHHT) B yCIIOBH-
X JTAMHHAPHOTO, TIEPEXOIHOTO U TYpOYJICHTHOTO PEXH-
MOB TedeHns. CleayeT OTMETHTB, YTO BCE JKUIKOCTH (32
MCKITIOYCHHEM BOJBI) COOTBETCTBOBAIH TPYIINIE HEHBIO-
TOHOBCKUX CpEJl CO CTENEHHOH PEeONOrHueckoil CBS3bIO.
Cepust ux u3MepeHuii u3 242 ciyyaeB npuBena K ciemy-
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IOIIMM BEIBOJIaM: 1) mpu yrinax HakioHa 6oibme 40°, He-
CMOTpS Ha CKOPOCTH TIOTOKA, SKCIIEPUMEHTHI IIOCTOSHHO
(ukcupoBamy mponecc 00pa3oBaHMS CNOS IIJIAMOB B
HIDKHEH dYacTW KOJbIEBOTO TipocTpaHcTBa. [lpuuem
IUTAMBI, HAXOMSIIMECS B COCTAaBE ITOTO CJOS, OYCHbB
TPYAHO YAALUTUCH U3 CKBAXKHHBI, 2) TPOIECC TPAHCIIOP-
Ta IUIAMOB B YCIIOBISIX TYPOYIEHTHOTO peXHMa OTIH-
qayicst BBICOKOM M cTaOMIbHOM 3)(QEKTHBHOCTBIO B CpPaB-
HEHHH C JIAMAHAPHBIMH YCIOBUAMHE; 3) 00HapyXKeHO, 9T0
CYIIECTBYET ONpEICICHHbIN YPOBEHb BS3KOCTH padoueit
KHUIKOCTH, TPH KOTOPO#l JocTHraercs 3(QEeKTHBHOCTH
TPAHCIIOPTHPOBKH MITaMOB. TaK, B KONMYECTBEHHOM BBI-
POKEHHH OYHCTKA TMOJX NCHCTBHEM BS3KHX CHJ 3HAYH-
TeNbHEE B CPABHEHHH C TOMBITKOM €¢ YIPaBICHHS HHEP-
[IMOHHBIM MEXaHH3MOM 33 CUCT YBEIMYCHUS CKOPOCTH
notoka. Taxke B YacTH JAHHOTO 3aMEYaHWs TOKA3aHo,
YTO JKUJKOCTH TIPH JTFOOOH CBOEH CKOPOCTH HEOOXO0AMMa
XOTS OBl MHHMMAIbHAS BA3KOCTb IS CIOCOOHOCTH BHI-
HOCHTb YaCTHIIBI IIIamMa. bonee Toro, *%uaKkocTH ¢ 60Ib-
1IIeH BA3KOCTHIO PabOTAIOT JIyUIlIe, YeM aHANOTHYHbIC CH-
CTEMbI C HU3KOM BA3KOCTBHIO; 4) HAa HaIl B3IVISAM, 3aKII0-
qeHne 1o 3P(HEKTaM BIISHUA BA3KOCTH HPENCTABISCTCS
camolm cnophvim (TIOCKOJNBKY TpeOyeTcs neTanbHas ma-
paMeTpPH3AIKH IPOLECCa C IIENbI0 BRIICHEHHUS: TIPH KaKUX
YCIOBHSIX aHAIM3UPOBAIOCH HANOKEHHOE HA MOTOK Bpa-
menne?). Tak, Moka3aHo, 4TO BpaleHUE TPYOBI HE OKa-
3BIBACT 3HAUUTENHHOTO BIHMSIHHS HA TPOLECC OYHUCTKH
CKB)XMH HA B JIAMHHAPHOM, HH B TYpOYJICHTHOM PEXKH-
Max TEUCHHUS XKUIKOCTH. 3aMETHM, YTO NAHHBIN BBIBOJ
noATBepk AT 3akmrodenne T. 3udepmanHa mpu uccie-
JOBAaHHH MPOIECCOB B BEPTUKAIBHBIX CKBAKUHAX H HPO-
THBOPCUMII PAHHUM 3aKITIOUEHUAM O TOM, 4TO 3(QeKT
BpalICHHS TPYOBl 3HAUMTENCH JHUIIb NPU JAMHHAPHOM
PEOKUME TCUCHHSA, HO HE CYILICCTBCHCH B YCJIOBHUAX TYyp-
OyJIEHTHOTO MepeHOca UMITYJIbCa.

3meck BecbMa BaXKHO OTMETHTD, YTO JJAHHBIC UHCIICH-
HBIX HCCIENOBAHNN 3aKPyUCHHBIX BHYTPEHHHUX TCUCHHIT
[15-17], a Takke COOTBETCTBYIOMIMX PE3YIHTATOR HACTO-
Amrero OubIHoOrpaguyueckoro 0630pa MO3BOISIOT BCE JKE
CyAUTb O 3aMCTHBIX H3MCHCHUAX JIOKAJIbHBIX W HHTEC-
TPaJBHBIX MAapaMEeTPOB THAPOJUHAMUYECKHX IPOIECCOB
(Hampumep, puc. 1-4) B 06IacTIX ¢ MOJBIKHON CTEHKON
BHYTpPEHHEH TpyObl. B 4acTHOCTH, Ha 3TO YKa3bIBAIOT
KapTHHBI TMPOCTPAHCTBEHHBIX PACTIPEICICHH MO JI0-
KaJIbHBIX KOMIIOHCHT BEKTOPAa CKOPOCTH U TABJICHHUSA TIPU
Bpamenun creHku Tpyonr (Ro=W/Uy=10) n muHamuke
MOTOKA HECKUMAEMOH KanenbHOH KuakocTu mpu Re=20.
BI/I}IHO, 4TO TCYCHUE IMOTOKA C BpALICHHUEM B IIPOKCHU-
ManbHOM 4actu (x/R<2,5) cmocobHO (opmupoBarh crie-
mupuyeckre dPGEKTH ¢ PEHUPKYIIIHOHHBIME 30HAM,
TPEATCTBYIOIMMH JBHKCHHIO B aKCHATBHOM HAIpaB-
JeHnH. IT0 00CTOATENHCTBO HE CIEMyeT WTHOPHPOBATH
NpH MOJCTMPOBAHHUK MPOIECCOB TPAHCIIOPTA IIaMa B
IPUCTEHOYHOH YacT! OypoBOI KOJOHHEI M CTOUT PyKO-
BOJICTBOBATBCS IPEICTABICHISAME O BO3MOXHOCTSAX MO-
Jeiell yIpaBIATh KOHBEKTHBHO-TH((Y3HOHHBIMH IIPO-
IeCCaMH B CpefiaX ¢ aHOMANBHOM BS3KOCTBIO M HEOTHO-
POJIHOCTBIO COCTaBa MpH 00JIee CIIOKHBIX CABUTOBBIX Te-
YCHUAX.

T T T T
[} 05 1 15 2 25 3 35 4 45 5
R

Puc. 1. Jlunuu moka u gekmopHoe nofe meuenusi 6 mpyoe c
epawjarowelics cmeHKou npu 3Havenusx yucia Peii-
Homwoca Re=20 u Poccou Ro=10

Fig. 1. Flow lines and vector flow field in a pipe with a
rotating wall at Re=20, Ro=10
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Puc. 2. H3onunuu u none 0cesol KOMNOHEHMbI eéekmopa
ckopocmu U/Uy npu Re=20, Ro=10

Fig. 2. Isolines and axial component field of the velocity
vector U/U, at Re=20, Ro=10

xR

Puc. 3. Uzonunuu u none maneeHYUAIbHOU KOMHOHEHNb
sexmopa ckopocmu W/Uq npu Re=20, Ro=10

Fig. 3. Isolines and tangential component field of the
velocity vector W/U, at Re=20, Ro=10
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Puc. 4. Hsonunuu u none dasnenus P/(Uy’p) npu Re=20,
Ro=10

Fig. 4. Isolines and pressure field P/(Uy%p) at Re=20,
Ro=10

BupHo, uTo paccmatpuBaeMbie BOIPOCH TPeOYIOT fie-
TAbHOTO aHANM3a M COCTABIIOT MPEAMET AN MepCIeK-
THBHBIX TIPWIOKEHNH, MOCKONbKy MHeHHE [I. TompeH n
€0aBTOpOB [13] He MOATBEPAKAAIOT U OTAEIBHBIE PE3YIIb-
TaTBl U3 MECTOPOXKACHUH, T/Ic MHOTOKPaTHO HabIogascs
3(}eKT 3HAYNTENHHOTO BIMSHHS BpalieHus TpyObl Ha
TPAHCHIOPTHPOBKY IINamMa B HAKIOHHBIX CKBaXMHAX. Ha
TMPAaKTHKE 3TOT MPOILECC OOBACHIIOT CISAYIOIIMH MeXa-
Hu3Mamu. C yBeNMYEHHEM YIila HAaKIOHA TaHTEHIHANb-
HOE IBWKCHHE OypHIbHOH TpyOBI CIIOCOOHO paspyIINTh
CcJ0# mnamMoB B CkBaxkuHe. [Ipy 3TOM 4acTHIBI MOMyYa-
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10T JIOTIONHUTEIBHBIA UMITYJIbC, TUQOYHIUPYIOT U MU-
TPUPYIOT B KUAKOCTH, 3HAYMTENBHO MOBHIMIAS 3(QPeK-
THBHOCTb BCEr0 Iporecca OYHCTKH. K coxaneHuro,
OOJIBIIMHCTBO aBTOPOB HE TpUIaBald 3TOMY 3(QeKTy
JOJKHOTO BHUMaHUS. bonee Toro, MojenuposaHue Bpa-
IIEHUS TPE/ICTABIISET HETPUBHABHYIO 3aady U Tpebyer
KAaueCTBEHHOI'0 HOBOTO YPOBHS ONHCAHHS I'UIPOAHMHAMH-
KH BSI3KUX CpeJl ¢ HEOJHOPOAHOW aHM30TPOITHON CTPYyK-
Typoii [15-17]. 3amerum, 4To B HacTosIIee BpeMs IIO-
SBHIIMCh HCCIENOBAHUA, MOIIEPKUBAIONINE 1Ty TOUKY
speHust (Hanpumep, b. Ilamr u gp. [18], A. Bym u
1p.[19]).

UccnenoBanus C. Oxkpanmka 1 coaBTopos [20] poky-
CUPOBAIIMCH Ha JETaNsIX IPOLecca TPAHCIOPTa HMUIAMOB B
HAaKJIOHHBIX CKBKMHAX, HCIOJNBb3YIOMKUX aHOMAIBHO
BA3KHE CpeIbl M MO3BOJSAIOIINX ONPENeHTh BIHSHHE
PEONOTHYECKHX CBOMCTB W IAPAaMETPOB HA OYHCTKY B
paMKax TPOLECCOB, PEANH3yeMbIX HA TOH ke SKCIepH-
MEHTAIbHOM YCTaHOBKE, 4TO Oblla HCHOJNb30BaHA To-
MpeH u coaBropamu [13]. B xome wuccnenoBaHuit
C. Okpanmxu 1 coaBTopoB [20] Mody4eHbl pe3ysbTaThl,
3HAYUTENBHO OTIHMYaromuecs oT BbBOLOB 1. TomMpena n
COABTOPOB, 00JIee COBMAJAIONINE C PAHHUMH HCCIEIO0BA-
HusMA. TOMpEH ¥ COaBTOPHl YTBEpXKIAlId, 4YTO TypOy-
JIEHTHBIH PEXUM TEUSHHS IS TPAHCTIOPTUPOBKH ILTAMOB
Oosiee 3G (PEKTUBEH B CPABHCHHM C JTAMHHAPHBIM PEXKH-
MOM TedeHns pu ounctke ckBaxunsl. Ho, C. Oxpanmkn
1 coaBTopsl [20] 3aMeTwH, 9TO 3TO CIPABETHBO TOIBKO
TpH yIJIaX HaKIoHA 6ombiue 55°. B ckBakuHAX ¢ yriaamu
MeHbIe 55° UMEHHO JaMUHAPHBIA PEXUM TEUEHHs CO-
37T TEXHOJNOTHYECCKHE YCIoBUA 1 d(pdekTHBHON
OUYHCTKH CKBaXKHHBI.

®u3uKy 3TOr0 TMpoIecca MOKHO 0OBIACHUTH MOTO00HO
ToMmy, uto M Habmogamu II. Tompen u coasTopsl. Tak,
TpH yriax HakinoHa Oonee 40° MOSBNAIOTCS TEHICHINN K
00pa3oBaHuIoO CJ0s IIaMoB. Ha mepBoit (ase 31oT ciioit
OBUT HETMOABMKHBIM U PAcTBOp OOTEKaN ero TsDKeNbIe
(pakuuy B yCIOBHSX, XapakTEpHBIX I JAMUHAPHOTO
pexuma. Tak Kak 4acTUIlBl IIIaMa B IPUCTEHOYHON 30HE
TeUeHus caabo WHEPLMOHHBI, OHU MHTCHCUBHO OCaXxa-
I0TCS M TPYIIIAPYIOTCS HA HEMOIBIDKHOM cioe. B ycio-
BUAX TypOYNEHTHOTO peXHMa TPOQHIb aKCHATBHON
KOMITOHEHTBI BEKTOpa CKOPOCTH 0ojiee 3amoHEHHBIH B
TNIPHCTEHOYHON 00J1aCTH MOTPAHMYHOTO CIOS U3-32 BBHICO-
KMX 3HaueHWH TypOyneHTHOH auddysuu. MHTEHCHBHOE
TepEMEIINBAHNE TPEMATCTBYET HAKOIUICHHIO YacTHI[ Y
CTEHKH 1 00pa30BaHmMIo cJ10s nutama. C Ipyroif CTOPOHHL,
C. Oxpanmku u coastopsl [20] 3amernin, 4to TypOy-
JICHTHOE TEUCHHE JI0 ONpPEICICHHON CTeNEeHH Aaxe pas-
pywmaeT 3ToT [9) (o)’ U, BCICACTBUEC ITUX NPUYNH, ABJIACTCA
Oonee >QQPEKTUBHBIM IS OYHCTKU, YeM IIPH JAMUHAp-
HOM TIOTOKE B yIiax HAKIOHHOCTH, CIOCOOCTBYIOIIHX
obpasoBannio crnos mmamoB. B pabore C. Oxpanmxu u
c0aBTOpoB [20] HaILIM IOATBEPKAEHUE PE3YIILTATHI APY-
TUX aBTOPOB, 3AMETHBIIHE, YTO MPEIeT TEKYYECTH SBIIS-
€TCs CaMBIM BAJKHBIM PEOJIOTHYCCKHM TApaMeTpoM JUTs
TpaHcmopTa mnamoB. Ho ¢ mepexosioM k TypOyneHTHOMY
NOTOKY 3((EeKT BIUSHHSA 3TOTO MapaMeTpa 3HAYHTEIBHO
ocnabesaet. [103TOMy ¢ TOUKM 3pEHHMS OYHCTKH IINaMOB
caMbIMi Y()(OEKTHBHBIMA JKUIKOCTSMH CIEIYEeT CUHTATH

NCECBAOMITIACTUYCCKUC C BLICOKUMHA MPEACTIaMU TEKYUYCCTH.
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Paznmuuus B olieHKax pe3ynbTaToB AaHHBIX paboT, Mo-
JTy4eHHBIX TPU MCTIONB30BAHUH OJHOW yCTaHOBKH, MOXK-
HO OOBSCHUTH PasHBIMU CTIOCOOAMH OTIPEICTIEHHS Tepe-
X071a XK TypOYJIEHTHOCTH ISi HEHBIOTOHOBCKHX JKHIKO-
credl. DTOT BOMIPOC ABJIAETCS MNPEIMETOM COBPEMEHHOTO
uccnenoBanus. Hampumep, nockonsky II. Tompen u co-
aBTOpHI [13] HE cOOOMIAIOT IETATH CBOETO METO/IA OTIpe-
JICTIEHHS] KPUTHUECKON CKOPOCTH, MOKHO JIOMYCTHTb, 9TO
B [13] Ha camom jene WCMONB30BANK HBIOTOHOBCKYIO
KHUIKOCTb MOJOOHO IpyruM uccrienoBatenim. Hekoro-
PYIO OTpPEIeNeHHOCTh B 3TOM BOIpOCE D00aBIAIOT CBe-
Jenus padotsl [20], narouye mpeacTaBIeHus 00 onpee-
JICHUW KPUTHYECKON CKOPOCTH IO IMITUPUYECKOMY YpaB-
HeHuto Buja (12):

1
2-n
6464(12"K) (12)

1 (2+n)(1+n) ID_OD n
1+3n 2[—] 2,79 L(i)
a3 2 n P\

.=

3mech N, K — mapameTpsl ypaBHEHHs CTEIEHHOTO 3a-
koHa (9), p; L — IIOTHOCTB JKMAKOCTH M JUTHHA YYacTKa,
OD, ID — BHeniHuid 1 BHYTPEHHUH AHAMETPBI TPYOBI CO-
OTBETCTBEHHO.

Teoperuueckoe uccnenoBanue A. ['aBiHE W COABTO-
poB [21] doxycupoBanock Ha Tpobiemax pa3paboTKu
MOJIENH, MPECKA3bIBAIOMIEH POTSHKEHHOCTD CIOS IIIa-
MoB. OIHAKO MOJENh OKa3anach TPyJHOpEann3yeMa B
TPaKTAIECKAX YCIOBIAX (YHKIMOHUPOBAHHS CIICIIAATE-
HOT0 000pYI0BaHUS B CHJIy TOTO, YTO MMeJIa TIapaMeTpHl,
HEJOCTYIHbBIE [T U3MCHCHHS Ha MECTOPOXXICHHH: JKC-
IEHTPUYHOCTD, TPEHHE MEKIY YaCTULAMH, MeX(pa3sHoe
HaTsDKeHHUe U 1p. Bee 310 cocTaBiger mpeaMeT AOTONHH-
TENBHOTO W3YUCHHUS 3aJa4i TPAHCIIOPTA [IIaMOB Ha 0aze
aHaJin3a MEXaHUYECKUX CHII, I[eﬁCTByIOIHHX Ha YaCTHIIBI.
Ha nam B3z, 9T0 HampaBieHHE M COOTBETCTBYIOLINE
SKCTIEPUMEHTATBHBIE PE3YIBTATEl BECHMA TIEPCIEKTHBHEI
IS YSACHEHHS XapakTepa pPacCMaTPHBAEMBIX IMPOOIEM,
HO B paMKax JaHHOU CTaThHl JIETATbHO HE aHATM3UPOBA-
JHCB.

M. MaptuH u coaBTophl [22] pa3paboTanu OYeHb
IPOCTYI0 KPHUTCPHATBHYIO TOTYyIMIHPHYECKYIO CBA3D
MPOTHO32 MHHUMANBHOW CKOPOCTH, HEOOXOMMMOHW ISt
3¢ ()EeKTHBHONH OYMCTKM CKBAKUHBI, B YCIOBUAX Yria
HaKJIOHA CKBaXXMHBI MeHbIIe 45° cnemytomero Buja (13):
2/3

| clto—mgum”
min 1
A

rae C — kodhpuIueHT, 3aBUCAINKA OT yriia HaKJIOHA W

BSI3KOCTH, OMpEAeIsIeMbli 3KcrepuMeHTansHo. CTouT

OTMETHUTb, YTO B MPOLECCE BBHINOIHEHUS 3KCIIEPHMEHTOB

B J1a00OpaTopul U Ha MECTOPOXKIEHHUAX TAKKE YCTAHOB-

JIEHO: yYaCTOK CKB)XHMH B JMANa30HE M3MEHEHHH YTIIOB

HaknoHa mopsaka 30-60° sBiusercs cambiM TpoOiIeMa-

THYHBIM JUI OYUCTKH. JTO OOBACHAETCS TEM, YTO TPH

3THX Yriiax o0pasyeMblil ClOW IamMa BechMa HEyCTOM-
9B,

M. 3ubeprep u coaBTops! [23] aHATH3UPOBATH BIHS-
HUE M3MCHEHUH CBOWCTB PACTBOPOB ¢ HE(TSIHBIM OCHO-
BAHHEM Ha MHTEHCHBHOCTh OYMCTKH IIAMOB B HAKJIOH-
HBIX CKB)XHHAX. Takue pacTBOPbl OYEHb IHMPOKO TOJb-

(13)
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3YIOTCS TIpH OYPEHHH YYaCTKOB CKBAXKHH, TPOXOMSIINX
9epe3 MPOIYKTHBHBIN IUTACT, TIOCKOJBKY, B OTIHYHE OT
OOBIYHBIX PAaCTBOPOB HAa OCHOBE BOABI, OHH HE HAHOCAT
Bpel MPOAYKTUBHOMY IutacTy. OOHApyXWIoch, 4TO Ta-
KHE PacTBOPHI KpaitHe HeIQPEKTUBHBI B 3a1a4ax TPaHC-
HOpTa LIJIAMOB, HECMOTPSI Ha aHAITM3 U3MEHEHUH UX Peo-
JIOTHYECKUX CBOWCTB, PEXHMOB H CKOPOCTH IIOTOKA.
VCTaHOBJEHO, YTO JaXe NMPH CKOPOCTSX TOTOKA BBIIE
220 ft/min (1,12 m/c), npexenax Tekydectu oime 22 Ila
npoOneMbl ¢ OYUCTKOM CKBAXKUH €IIE COXPAHSIIUCh U He-
OJTHOKPATHO CO3/IaBallil yrpo3y €€ MoTepu. 3aMeTUM, 4To
3TO 3aKJIOYCHHE [OCTATOYHO W3BECTHO. Tak, paHee
V. Hanc [24] pekomeHI0OBa HE HCMONB30BATH 3TH pac-
TBOPH TIpM OypeHHH YyYacTKOB C AHAMETPOM BBINIE
12 nroiiMOB U HaKJIOHOM BBIIIe 30°.

M. 3ubeprep, mpoBoAs psia SKCIEPUMEHTOB, CBI3BIBAI
IPHYHHY TOTO SABICHHUS CO CIETYIOIME Tporieccami: 1)
TpH TOBBIICHAN TEMIIEPATYPHl PACTBOPHI HA MACISHOM
OCHOBE OY€Hb OBICTPO M MHTEHCHBHO TEPAIOT HENUHEH-
HOCTb B CBOUX PEOJNIOTHYECKUX CBA3SX U CTAHOBSATCS Me-
Hee BA3KUMHU; 2) CHIDKEHHE BA3KOCTH XapakTepHO U
BBICOKHX cKopoctel nedopmanuit. U3 pabor I1. Tompena
u C. OKpaHIKH TaKkKe M3BECTHO, YTO KUAKOCTH C HH3-
KOH BS3KOCTbIO OYEHb IIOXO OYHINAIOT CKBAXKUHY, He-
CMOTPs Ha MOTIBITKY YBEIHYEHHUS CKOPOCTH TIOTOKA U €T0
pexuMa TedeHns. B Hacrosmiee Bpems M3-3a TEXHOTCH-
HBIX YTPO3 OKPYKAIOMmeH cpefe ropasio pexe UCIONb-
3YIOT pacTBOpHl Ha HedTsAHOW ocHOBe. Ho pesymbTarsl
9THX UCCIENOBaHUIl MOJUEPKUBAIOT, YTO TOAOOHBIE fB-
JeHUS MOTYT MPUCYTCTBOBaTh MPH HCIONb30BAHUU
OOBIYHBIX PACTBOPOB, T. K. HCUE3aeT HEIMHEHHOCTH B
PEONOTHYECKHX CBOICTBAX ITPH 3a00€ M ITHM MOXKHO
OOBACHUTD CYIIECTBYIONINE TOTPEITHOCTA IMPU CPaBHE-
HUM PE3YJBTATOB PACUCTOB U JAHHBIX OIBITA IO OYMUCTKE
ckBaxuH. K coxalneHuro, 3TH BOIPOCHI TaKxke €Ille Helo-
CTAaTOYHO M3YUEHBI, €IIe XKAYT CBOECTO PEIICHIS i MOTYT
COCTABUTb MPEIMET [UTsl NATbHEHIIEro HCCIEIOBAHIIS.

BbrisBreHII0 0COOCHHOCTEH, OMPEAETAOIINX PACXOK-
ACHUA B PE3YyJIbTaTaX paHHUX SKCICPUMCEHTAJIbHBIX HC-
CIeNIOBAHUI, NOCBSAMICHHBIX (HOPMUPOBAHHIO YCIOBUH
ONTHMAIEHOTO PEXUMa I TPAHCIOPTA KUAKOCTH H
OYHMCTKH CKBKHHBI, TOCBSMIEHa padoTa [25], BHINON-
HEHHas Ha 000pYyIOBAaHMHM yHHBEpCHTETa XepHoT Bartrt,
[Motnanust. B pamkax uccnenoBaHuil Mo ONPEAETCHUIO
XapaKTepPHOT0 MHUHHMAIBHOTO 3HAYEHHS CKOPOCTH, He-
00X0omUMOro JUIsi TOJHOW W 3()(EKTHBHOW OYHUCTKH
KOJIBIIEBOTO TIPOCTPAHCTBA, MOKa3aHO [25], 4To cyIe-
CTBYIOT JIBa CHeHI/I(bI/I‘-ICCKI/IX MEXaHu3Ma TpaHCIopTa
[UIaMOB B HAKJIOHHBIX CKBa)XHMHaX. Heprlﬁ N3 HUX 6])1_]'[
BBIABJICH B paHHUX UCCIICAOBAHUAX W 3aKJIIOYAJICA B TOM,
YTO OTHENbHbIC YACTHILbI, HAXOAALIMECT B COCTABE CJIOS
IIUTaMa ¥ MCIBITHIBAS Ha ceOe JIeHCTBHE TIOIBEMHBIX CHLII,
CKOJIB3IJIM MO CJIOI0 LITAaMOB. Bmopoti OTAMYAJICS TEM,
YTO TI0 MEPE Pa3BUTHS YCIOBUIA Mpolecca U yBEIHUCHHS
CKOPOCTH TOTOKa 3TH YaCTULBI ONATh MPHUXOMWIH BO
B3BELIEHHOE COCTOSHUE B JKUIKOCTH M 3aT€M JBHIAIUCH
BMECTe C Hedl BBepX. B oboux cmywasx BpauieHue Oy-
PWIBHOH TpyOBl OTIMYANOCH TEM, YTO HPHBOJWIO K
YMCHBIICHUIO 3HAYCHUA MHUHHUMAaJILHOI CKOPOCTH IIOTOKA,
TpeOyeMoi U1 OUMCTKHU, @ POCT pa3Mepa YacTHL] MPHBO-
W1 K YBENMYEHHIO €€ COOTBETCTBYIOLIETO 3HAUCHHS.

Hamuume aTuX 08yx Mexanusmoe TpaHCIOPTa ILIAMOB
BIIOJTHE OOBSACHAET KApTHHY TOTO, YTO OTHEJIBHBIC aBTO-
pbl CUMTQJIM YCIOBHS TypOYJIEHTHOTO IIOTOKa OoJee
NPEeNIOYTUTEIFHBIME IS OYHCTKH, IPYTHE, Ha000poT,
CBSI3BIBATM 3TO C PEKUMOM JIAMHHAPHOTO TeueHus. [Ipu-
YHHOM 3TOTO PA3iMdUs MOXKET OBITH TO, YTO TaKHE JKC-
TEPUMEHTH! CHIBHO OTIHYAOTCS, T. K. B HUX (PHKCUpY-
0TCS YCIIOBHS ONPEICTCHUS PEXKUMA TEICHUS JKUIKOCTH,
HO TipeHeOperaeTcs OICHKAMHU PeKUMa TCUCHNS YaCTHII 1
M3MEHEHHUS CTPYKTYPBI H COCTaBa CMECH.

HccnenoBanne 3THX BOMPOCOB HAINIO NPOJOIKEHHE
B pabore JIx. Ilemen u coaBropoB [26], roe Obuia uc-
TIONB30BAaHA KOHIEMIMS YCTAHOBICHUS 3HAYCHUN MUHU-
MaJbHOH TpaHCIOPTHOI ckopocTu (pa3paboTanHas B k.
®opx u coaBTophl [25]), MOCBALIEHHAS H3YUECHHIO POJIH
OTJIENBHBIX MAPAMETPOB B MPOIECCEe TPAHCIOPTHPOBKH
BBIPAOOTKH TI0 JABYXCIOWHOH Mojend. MuHUMAaNbHAs
TPAHCIIOPTHAS CKOPOCTh OMpEeNeNsiach Kak CKOpOCT,
TP KOTOPOH JBIDKYTCS BCE YAaCTUIbI IITama. JTo Oosee
COBEpIICHHASA B (DU3UUECKOM CMBICIIC KOHIIETIINSA MUHH-
MaJbHOH CKOPOCTH B CPABHCHHH TEM IIOJIOKCHHEM, TI0
KOTOPOMY €€ CIIEYeT CBS3BIBATH C TIOHATHEM CKOPOCTH
TPOCKANb3BIBAHAA (YTO CIIPABEATHBO TOTBKO JUIA BEPTH-
KANbHBIX CKBAXKHH) HIIH CO CKOPOCTBI0, XapaKTepHOH T
nepeHoca YacTHIl mutaMa (B KOTOpOH He YYHTHIBAIOTCH
Pa3IIUHS B CKOPOCTSX MEXKIY B3BEIICHHBIMH YaCTULIAMI
1 CIIOSIMHU YACTHII).

LleHHbIMH AN TPIIOKEHHH BEHICTYIAIOT JAHHBIC
paHHUX HccnenoBaHui, npencrasnenssx 0. Jly [27], B
KOTOPBIX TPHUBOIATCS CIEAYIONMUE MOTyIMIAPUUCCKHE
YpaBHEHHUS JUTS OTIPEJIENCHIS 3TOH MUHIMATBHON CKOpO-
CTH TepeHoca, XOpomio 3apeKoMeHIoBaBIne cebs (1o
JaHHBIM [26]) B KaUeCTBEHHOM W KOJHMYECTBEHHOM OT-
HOIICHUAX B IIPOTHO3€ pealbHbIX HpoueccoB. Tak, and
YaCTHII BO B3BEIICHHOM COCTOSIHUU UMeeM (14):

v? (V" (d )" (g

(ps—pf\ . lL M bca
- @

JInst 9acThIl, HaXOAAIIUXCA B ¢iIosx 1mama (15):

v? B
(p.—p; ) -
d.g kMJ (cosp— f. sing)
Ps
(dVp "™ (d "™
=m| = (15)
H b,

3necs N, M (1=1,3) — kosp@uimenTs onbira; @ —
YTOM HAKIOHA; Dy — PACCTOSHUE MEXY CTCHKAMH BHELLI-
Hell ¥ BHyTpeHHel Tpy0; fs — koadduiment TpeHns Mex-
Iy 9acTHIAMHU ¥ CTCHKaMH Tpyo0.

ITpu npoBepke MPUBEICHHBIX BHIIIE YpaBHEHHH OBLIO
YCTAaHOBIIEHO, YTO OYHCTKA OTBEPCTUS CUIBHO 3aBHCUT OT
pexuma notoka. Ilpuuem TypOyneHTHOCTh HaeT aaxe
Oonbimuit 3¢ dexT, yeM 0COOCHHOCTH TOBEICHUS PEoIo-
TUYECKHX CBOMCTB MOTOKA. Takke yCTaHOBJIEHO, 4YTO
MEJIKHE YaCTHIBI JTyYLIe TPAHCIOPTHPYIOTCS KUIKOCTS-
MU C HU3KOH BS3KOCTbIO, TOTA KAK KPYIHbIE YaCTHUIL[bI
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3 deKTHBHEE IBIDKYTCS B BBICOKOBS3KOM MOTOKE. OTHO-
CUTENBHO 3((deKTa BpareHns TpyOsl OTMEUYEHO, YTO OH
TIPOSBISAETCS JUIIb B HEOOMBIINX KONBLEBEIX MPOCTPaH-
ctBax. Bce 3T0 cmocoOCTByeT MOHUMAHHUIO TOTO, YTO 00-
Jee paHHHWE WICCIENOBAHUS OUHCTKH BEPTHKAIBHBIX
YYaCTKOB CKBAXUH C OOJBIIMMHU 3HAYCHUSIMH KOJBIEBO-
r0 3a30pa NPHBOIWIM K 3aKIIOYECHHIO 00 OTCYTCTBHH
BIIUSHIS KPYTKU CTEHKU TPYOBI HA TPAHCIOPT [LIaMa.

T. bexkep m coaBtopel [28] mpoBenu cepuio u3
180 skcmepuMeHTOB HA TOM ke 000pYIOBAHHUH, KOTOPOE
ucnoip3oBany [1. Tompen u C. OkpaHmKu 1s CBOMX
SKCIIEPUMEHTOB, B MOMBITKE YACHATH 0COOEHHOCTH H3Me-
HEHUH PEONOTHYECKHX CBOWCTB JKHAKOCTH HA TIPOIECC
TPAHCIIOPTa IIIaMa. BBUTIO YCTaHOBIEHO, YTO PEONOTHS
CIOCOOHA OKa3bIBATh HAMOOJBINEE BIMSIHAE MPU HU3KHX
CKOPOCTSIX MOTOKA B CKBRKMHAX TI0 BEPTUKAIBHBIM H
OMM3KMM K BEPTHKAIGHBIM OpUEHTALHSIM €€ CTBOJA.
B Takux ycnoBumix Hambonee BaKHBIM IS YIPABICHHS
PEONOTHYECKIM TapaMeTPOM BBICTYIACT MPEEN TeKyye-
ctu. T. bekkep u coaBTopsl [28] Mpenmonokuiau, 4To
KPUTHYESCKUM TTApaMETPOM SIBJIAETCSA OTHOIICHHE Mpere-
Ja TEKYYeCTH K IUIACTHYECKOH BA3KOCTH, KOTOPOE A
CTETeHHBIX JkuakocTed, cormacHo J[x. Casuac [29],
MOKHO TpeACTaBUTh B BuE (16):

Yp 2-2"

PV 2"-1'
rae YP obo3Hauaer mpenen Tekydectu; PV — mimactuye-
CKas BA3KOCTh; N — MOKa3aTelb B CTEIIEHHOM 3aKoHe (9).

Kax ykaspiBanoch panee, mpu IMOYTH BEPTHKAIBHBIX
yIIax ¥ HHU3KUX KOJNBIEBBIX CKOPOCTSAX 0oJee BBICOKIHE
3HAYEHHSI ITOTO OTHONICHHUS MPUBOJAT K JIYYIIEH OUUCT-
ke oTBepcTus. Takxke B [28] moaTBepKIeHBI paHee cie-
JIAHHEIC BBIBOJIBI, UTO JIAMHHAPHEII MOTOK MPEIIOYTUTE-
JieH Tipu yriax ot 0 10 45°, a npu GonpInmx yriax (oco-
Oenno Bbime 60°) ycnoBus TypOyJIeHTHOTO MOTOKA Clie-
IyeT cuutath Oonee addexruBHbIME. Kpome Toro, TaKxke
TMIOATBEPSKACH TOT (paKT, YTO B YCIOBUAX TypOYIEHTHOTO
TMIOTOKA PEOJNIOTHS MAajuo BIHSCT HA TPAHCIOPT YaCTHII
BEIPa0OTKH. 1 4TOOBI ompenenuTh peknuM IOTOKA, aBTO-
PBI UCTIONB30BANH crienytoniee ypaBHerue [30] tuma (17),
CYMTas KPUTHYECKUM 3HauyeHHe yucha PeifHonbaca mo-
paxa 2200 7151 CyLiecTBOBaHHS IAMUHAPHOTO IIOTOKA:

2,79[(0OD - ID) /12]'V > "p,
e=
12°K,

rae K, — MHAEKC COracoBaHHOCTH CTEMEHHOTO 3aKOHA €
TIOTIPAaBKOM Ha KOJIBLEBOM MOTOK.

Crour ormertuts, 9to T. Cuddepman u T. bexxkep [31]
TPOBENH OJIMH U3 KPYMHEHIIMX KauyeCTBEHHBIX dKCIEPHU-
MEHTOB B HCCIEIOBAaHMM MpOONEeM TpPaHCIOpTa IUIaMa,
I7IsL 3aBepIICHHS KOTOPOTO TOTPebOBANOCH YETHIPE Tofa,
U M3YUYMIIM BIUSHHUE CIIEIYIOIIMX BAXKHBIX IS IPAKTUKU
10 mepeMeHHBIX: KONBIEBas CKOPOCTB; MIOTHOCTH Oypo-
BOTO PAacTBOpa; PeoJiorws; TN OypoBOTO pacTBopa (Ha
OCHOBE HE()TH MIM Ha BOJHOH OCHOBE); pa3Mep YacTHII;
CKOPOCTb OypeHHs; CKOPOCTh BpalleHus! OypUIbHOM TPY-
OBL; KCIIEHTPUCHTET OypPIITBHOM TPYOBL; 3a30p B KOJbIIE-
BOM IIPOCTPAHCTBE W Yrol HAKIOHA CKBAXHHBI (MOI-
YepKHEM, YTO YUMTBIBAIHCH TOJNBKO YTIBI Bhime 45°).

(16)

(17)

30

Bce 3T0 opHeHTHPOBAHO HA MPOLECCHl B TOPU30HTAIb-
HBIX, @ HE B BEPTUKANBHBIX U ONM3KHX K BEPTUKAIbHBIM
ckBaxkuHaX. OOHapyKEHO, YTO CKOPOCTh TeUeHUs Oypo-
BOTO pacTBOpa OblIa €AMHCTBEHHBIM W HamOoJee Bax-
HBIM (DAKTOPOM B TPAHCIIOPTUPOBKE MLIAMA, 38 KOTOPHIM
CIENOBANH IUIOTHOCTH OYpOBOTO pPacTBOpa, CKOPOCTH
BpAIICHHS M yroJl HAKIOHA, B TO BPEMs Kak 9KCIEHTPHU-
cuter OYpoBOI KOJOHHBI U PEOJIOTHs OYPOBOTO PacTBOpa
OKa3bIBAJIH HE3HAUUTEIbHOE BIUSHHUE.

ObheKT BpaLLieHNs U TPAHCNOPT Lnama

HecMotps Ha TO, 4TO BOLPOC O BIMSHHH PEKHAMA TO-
ToKa ObUT OoJiee MM MEHEe XOPOIIO M3Y4YeH K cepeliHe
1990-x rr. (mpH 3aKITIOYECHUSX JTAMAHAPHBIN MOTOK Mpe-
TIOYTHTENEH TPU YIlIax HAKIOHA CKBAXWH HUKe 45°
TypOyJIeHTHBIH MOTOK — NpH yraax Bemme 60°), ponb
BpalleHus OypuiIbHOH TpyOBI Bee elle ocTaBanach mpea-
METOM aHallu3a, TaK KaK pe3yJbTaThl JabOpaTOpPHBIX HC-
CIIEOBAHMI OTMEYANH er0 He3HAYHTEIBHOCTD, B TO Bpe-
M KaK pe3yibTaThl Ha MECTOPOKICHHSX II03BOJISIH
YTBEpXK/aTh, 4TO, HA CAMOM JIeJie, 3TO OYEHb 3aMETHBI
3G dEKT cO 3HAYMTEIBHBIM BIMIHAEM HA OYHCTKY CKBa-
kuHbl. [Tostomy P. Canuec u coaBTopsl [32] ucmomb30-
Bamu npoTspkeHHyto (100 dyTos, 4 Y2 moiiMa OypribHAs
TpyOa B 8” 00caHON KOJOHHE) MCIBITATENbHYI0 CEKIIO
IS MICCTEN0BaHMS BIMSHHUSA CKOPOCTH BpaiieHus. bpuio
BBINONHEHO Oonee 600 McHBITaHUI CO CKOPOCTHIO Bpa-
menus ot 0 1o 175 06/mMuH, a Takxke ¢ U3MEHEHHEM YTiia
HakIoHa ckBaxuHbI (40°, 65°, 80° n 90°), peonoruu 0y-
pOBOTO pacTBOpa, pa3Mepa IIaMa W pacxona OypoBoro
pactBopa. PesymbraThl mokazanu, 4to BpaiieHue Oy-
PUIBHOH TpyObl 1aeT OYeHb CYLIECTBEHHBIH 3((eKT,
0COOCHHO MPH TPAHCHIOPTHPOBKE HEOOJNBIIAX YACTHIL.
BecpMma BaXKHO OTMETHUTB, 9TO JaHHBIE PE3YNBTATHI TIOMY-
YEeHBI B MPETONI0KEHAN HATHIHS OpOUTAIBHOTO BpaIle-
HUS BHYTpeHHeil TpyObl, 03TOMy M OOHapy:KeHO pac-
X0XKACHUE C APYTUMHU pE3YJIbTaTaMH, ITOJYYCHHBIMU TIPU
aHanm3e JacTHoro 3¢dekra, 00yCIOBICHHOrO JIUIIb KO-
aKCHATBHBIM BpamieHHeM. Bpamarensroe IBmkeHue 0y-
PWIBHON TPyOBI HHTEHCH(UIHUPYET MPOIIECC TPAHCTIOPTA,
3aXBaThIBAs OOJIBIIE YACTHI]. DTO NPUBOAUT K CHIIKEHHIO
KoHIeHTparuy mama (Ha 80 %) Mpu MEHBIINX KOJbIIe-
BBIX CKOPOCTSIX M IpU 0oJee BBICOKHX YTiax HAKJIOHA.
OpnHako, ero BIHSHAE CHIDKACTCS C YBEIUYCHUEM KOJb-
IIEBOM CKOPOCTH ¥ YMEHBIICHHEM HAKIOHA CKBAXKHHBI.
Ho, oHO HUKOT/Ia HE CTAHOBUTCS NMPEHEOPEKIMO MANBIM,
JlKe TPU caMOM HHU3KOM yTiie HakioHa B 40°.

T. Jlapcen u coaBtopsl [33] mpeANpUHSIH MOMBITKY
TOCTPOCHHS IMIMPUUECKOR MOIEIN I MPOTHO3a MPo-
mecca, 00ECIICUMBAIOIIETO YCIOBHS TPAHCIIOPTA IIIaMa ¢
MHHUMAIBHON KOIIBIIEBOH CKOPOCTHIO, HEOOXOAMMON JIIst
NPeIOTBPANICHHS PasBUTHSA 3(Q(EKTOB cedumenmayuu
YaCTHII IIAMA B IUIOTHBIX ¢1a00 HHEPUMOHHBIX CIOSX, 1
CIEIAIIET0 3a JBOMIOUMCH MU(QPY3HOHHOH CTPYKTYpEI
YaCTHUIl 1JIJaMa B KOJIBLICBOM IPOCTPAHCTBE B YCJIOBUAX,
€CITH JIOKAJIbHasi CKOPOCTh MOTOKA CTAHOBUTCS HHIKE ATO-
0 XapakTepHOTo 3HaUeHUs. VX ypaBHEHNE CIIpaBeTHBO
TOJNBKO JUIS HEMOJBIDKHBIX TPYO (TMpH JOMYIIEHHN JKC-
[EHTPUYHOCTH MEXTPYOHOTO TPOCTPAHCTBA M PACIIONO-
JKCHMS BHYTpEHHEH TpyOBl Ha MOBEPXHOCTH HIDKHEH
CTEHKHM KOJIOHHBI) NpH yriax Beime 55°. B [33] ucnons-
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30BaJIM PabOvyI0 TPAHCHIOPTHYIO CPEAy C HapameTpaMu
bunramoBckoit  xuakoctu. Kpurtmueckas — ckopocTh
TPAHCIIOPTHPOBKH COOTBETCTBOBANIA YCIOBISIM IIIAMA,
HAaXOSIIErOCs BO B3BEIICHHOM COCTOSHHH, ISl KOTOPBIX
HanboJiee BaXXHBIM (DaKTOPOM SBIAETCS PAcyeT CKOPOCTH
ckonbxeHnss. CKOpPOCTb  CKONBXKEHUS — OMpENeNsieTcs
(YHKIMOHATLHOM CBA3BIO OT PEO(HU3MUESCKUX CBOWCTB,
TIEPBOHAYANBHO TIPEIOKEHHON IS pacdera B BEpTH-
KAIbHBIX CKBAKHHAX, HO ITyTeM BBEACHHS JKCIEPHMEH-
TANBHBIX TOMPABOYHBIX KOI((HUIMEHTOB aanTHPOBAHA
Ha y4eT YCIOBHIl HAKJIOHA M Beca OypoBOrO pacTBopa B
Bujie (18), (19):

Vi, =0,00516, + 3,006, ccin 1,<53 cll;

slip

Vg =0,02554( 1, —53) + 3,28, ecm ;253 Il (19)

(18)

3amernm, uto [Vyip] — ft/s. Bmecte ¢ Tem aBTopamu
OblTa TIpOBE/IcHa KPOTIOTIMBAs padoTa MO PACIIUPEHHIO
BO3MOKHOCTEH TMPUMEHEHUS KPUTEPHATBHBIX CBSI3€H TMy-
TEM BBEJICHHUS OT/JEIBHBIX SMIMPUYCCKUX MOMPABOYHBIX
K09 QHUIMEHTOB (HAPUMED, HA YIET HAKIOHA CKBAXKHHBI,
Beca OypoBOrO pacTBOpa, pa3Mepa YaCTHI U T. I1.), UMe-
formux Bu (20)—(22):
e ko3 duIMeHT yuera Beca OypoBOTo pacTBopa:

C,yy =1-0,0333(p, —8,7), mpi p;<8,7, Iblgal;

Cww=1, mpu p>8,7, Ib/gal (20)
®  KO3(UIMEHT yUeTa yIia HaKIOHa:
C,,. =0,03420-0,000233¢, (21)

e KOd(DUIMEHT yuera pazMepa YacTHI] IITaMa;

C,,, =—1,04D,, +1,286.

(22)

3nech Dsy — cpemnumii pasmep uyactuil muiama, [in].
Ilpuyem, ecnu pacxon Hacoca (Qpump) MEHbIIE pacxoza
(Qcrit), HEOOXOAMMOTO I OOECTICUCHHS KPUTHUECKOH
CKOPOCTH, MPEIaraeTcs PacCUMTHIBATH KOHIEHTPAIIUIO

yactul nuama (C), BXOASMUX B CJIOH IIJTaMOB, C TIOMO-
IIBIO CIIEYIONIEro ypaBHeHus (23):
C :100{1—M] 1-9),
chit

IJie ¢ — OPUCTOCTb CIIOS IIIAMOB.

CTouT OTMETHTh, 4TO mpobieMa peanusalud COOT-
Homenu# Jlapcena (18)—(23) Ha npakTHKe COCTOHT B TOM,
9TO OHH HE B TOJTHON Mepe OTBEYAIOT TPOIIeccaM, COTpo-
BOKJIAIOIIMM 3PO3HUI0 U pa3pyleHHe HOBBIX HOpMHUpPYIO-
IMUXCS CJIOEB [IIAMOB B CHTYyallWsX OCTaHOBA/3aITycKa
crenuansHoro OypoBoro o6opynoBarmsi. Kpome Toro,
CJIeyeT YYMUTBIBATh, YTO MPU OTCYTCTBUM PAbOTHI HACO-
COB YaCTHIIBI OCEIAIOT U (POPMHUPYIOT CIOW ILTaMOB, a
3TO 3aCTaBIACT UCKATh peleHUs (PHEKTHBHON OUHCTKH,
HCTIONB3YS IPYTHE TOAXOJbl, HE OTPAHUYMBASLCH TOJBKO
IpeCTaBIeHUSIME O MUHUMAIBHOMH CKOPOCTHU. YUHUTHIBAS
910, A. MaptuHc ¢ coaBropamu [34] paspaboramu koppe-
JALUI0 U TIPOTHO3UPOBAHUS BBICOTBI CIOSL BBIPAOOTKH
TMOCIe IUPKYJSIHUE B TEUCHUE OTPEENCHHOTO MepHoja
BpeMeHH. OTBITHI MOKA3bIBAIOT, YTO 3HAYEHHUE ITOTO Ma-
paMeTpa SKCMOHEHIUATbHO YMEHBIIAETCS CO BpEMEHEM U
MOXKET OTIMCHIBATLCS CBS3bIO TUMA (24):

(23)

C, =Cy+Ae?, (24)

rae Cr — KOHIIEHTpAIHs YacTHI[ MIJIaMa, COOTBETCTBYIO-
mas yCIOBUAM MpoLecca AOCTaTOYHO OONBIIOTO Bpe-
MEHHOTO Mepuoja; A — paspyliaeMas KOHLEHTpAlus da-
CTHII IIIaMa, T — XapaKTepHOEe BPEMs TEXHOJIOTUYECKOTO
Tporecca, onpezenseMoe B Buae (25):

z=+/a(RPM +b)°Q D /8,

rae RPM — a10 ckopocts Bpamenus; Q — pacxox Hacoca;
D — nnameTp ckBaxuHsl; &, b, C, d — sKCIIepUMEHTATbHbIE
TapaMeTpsl. 31ech BaXKHO OTMETHTh, TaK KaK aBTOPHI HE
MO3BOJLUIM TPyOE BpAIIaThCs OpPOMTANBHO, YpaBHCHHE
(25) mpumenumo Tosbko B cutyamuax RPM=0. [Toatomy
nenecooOpasHa paboTa MO MOCTPOCHUIO CBA3EH, YUUTHI-
BAIONIMX OpPOUTANBHOE IBIKCHHE TPYOBI, OTpPEICIECHIIO
Cr ¢ yueroM (akTa, YTO UX CyMMa TIPECTaBISIET 3HAYE-
HUE CYMMAapHOH KOHIIEHTPAINH IILIaMa, POU3BEACHHOTO
BO BpeMs Oypenust. Briiie oTMeyanoch, 4To opOUTaIbHOS
IBIKeHHE OypHIBHON TPyOBI OKa3BIBAET CYIIECTBEHHOE
BIASHAE HA TIPOLECC TPAHCIIOPTHPOBKH IIIaMa | €ro KO-
AKCHAIBHOE JIBKCHHE CTAHOBHUTCA Oosiee 3(peKTUBHBIM
B CPaBHCHHUH C 3aKIIOUCHHSAMH TPEABITYIIAX UCCIIEI0BA-
HUL

Tax, ysacHeHue neTaneil 3Toro mporecca MPUBOAAT 3.
®ummnma 1 coaBTopoB [35] K 3aKIIOUEHHIO, YTO BHXPU
Teiinopa, reHepupyemble BpamarenbHbIMU dQpekTamu B
KOJIBIIEBOM TIPOCTPAHCTBE BO BpeMsl OypeHHS, MOTYT HH-
TEeHCH(ULMPOBATH IPOIECC OYUCTKU OT mnama. Pe3yis-
TAaThl WCCIENOBAaHWM OTMEYAIOT, 4YTO BHXpH |eiiopa
(cxeMaTHYHO MPEICTABIECHHBIC HAa PHC. 5) 00pa3yroTcs B
yCIoBHUAX, KOrja JokanbHoe uucio Teitnopa (Ta, ompe-
JieTeHHoe B BUJIE (26)) IpeBbIMIAET KPUTHIECKOE 3HAYE-
uue (Ta,=3414) [36]:

Ta=4(pw/ 1)’ (b*0OD?/ (ID* —0D?)), (26)

TJie ® — YIJI0Bas CKOPOCTh, (pan/c); b — mupuHa Konblie-
BOro 3a3o0pa, M; 1D, OD — BHyTpeHHH W BHEIIHUN aHa-
MeTpEI TpyO.

3aMeTHM, YTO OJHHMHU W3 IMEPBBIX PE3YJbTaTOB, 3a-
TParuBaloOMKX MPoOIeMy OIECHKH BIMSHHS 3THX BHXpEH
Ha TPAHCIOPT MIIAMOB, OBUIM JAHHBIC HCCIECIOBAHHIL
T. Jlokerta u coastopsl [37]. [eranm3aius mcciemoBa-
HU, BBIOJTHEHHAS B [35], MO3BOMMNA YTBEPXKAATh, YTO B
pabouem ApMana3oHe CKOpPOCTEH BpaIeHHs CTEHKH B MpPO-
mecce OYpeHHs aKCHANBHEIH MEPeHOC HMITYIbCa TIPemsT-
CTBYET BUXPEOOpPa30BaHUIO M CTPYKTYpa TEUCHHS C BHUX-
PEBBIMH  OCOOCHHOCTAMH (pOPMHPYETCS TONBKO MpH
Re<1000. B [35] ormeueHo, 4TO 1715 mpolecca noJabemMa
M 3aXBaTa YaCTHIl BUXPEBBIM MOTOKOM Ba)KHO 3HAYCHHE
TOKa3aTels CTENEHHOrO PEONIOrHueckoro 3akoxa N B (9).
OzHako yBeslMYeHHe 3TOT0 TapaMeTpa MPUBEAET TAKKe K
CHIDKCHHIO BJIWSHUS CBOWCTB JKMAKOCTH (B CMBICITE
«PaBKIKCHUS TIPH CIBHTE»), UYTO HEKETATENbHO, IIO-
CKOJIBKY 3TO CMIOCOOHO MHTEHCU(DHIMPOBATh HATPY3KH Ha
IacT, a TaKke CrelnatbHoe o0opynoBaHue I Oype-
Hus. B ykazaHHOM cMbIciie, HECMOTPs Ha TO, Y4TO PE3YJib-
Tathl [35] UMEIOT OTHOCHTENBHO HU3KYIO MPAKTUYECKYIO
IIEHHOCTh, BCE JK& MX CIEAYeT NPHUBICKATh K ySCHEHHIO
ocobeHHOCTel M IPOTHBOPEYNH, OTMEYEHHBIX B OIyOIH-
KOBaHHBIX Ooliee paHHHX paboTax IPYTMMHU HCCIEI0BA-

(25)

31
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TENSIMH, B OTHOLICHHH POJU KOAKCHUALHOIO BpAllEHHS
TpyO B TPAHCIOPTE YACTHUI] IIUIAMA.

1

3
2 +7

2
\
i
£ 3 M 3¢ ) [/
R S R |
Puc. 5. Buxpu Tetinopa, obpasyrowuecs 6 KOIbyegoM npo-
cmpancmee  20pU30HMANbHBIX  YYACHKOS CKBAJICUH
[35]: 1 — enympennsss mpyoa, 2 — suxpu, 3 — gnew-
HAs mpyba

Fig. 5. Taylor vortices formed in the annular space [35]: 1
— inner pipe; 2 — eddies; 3 — outer pipe

E=

OcoGeHHOCTM HOBBIX TEXHONOTWI U AeTanu

UX MOZENUPOBaHUs B NpoLieccax GypeHus

C 2000-x rr. OypeHHWe Ha JEMPECCHH CTaJ0 HOBOH
TEXHOJIOTHEH OypeHMs MCTOMEHHBIX IUIACTOB. JTOT THII
OypeHus UCTONB3YeT JIETKYIO MEeHy B Ka4ecTBe 0ypOBOTO
pactBopa. A. Maptunc u coaBTophl [38] uccienoBann
CBOWCTBA MEHBHl MPUMEHUTENHHO K TPAHCIIOPTHPOBKE
IIaMa ¢ WCTOJTb30BAHMEM HOBOW HCIIBITATENHHON CEK-
MM 3KCTIEPUMEHTAIBHOM YCTaHOBKH, pa3paboTaHHOM
Petrobras, xotopas croco0Ha MOIETHPOBATH CKBAKHH-
Hele ycnoBus. OOpalieHne K meHam oOyCIIOBIEHO TeM,
9T0 VI HUX XapakTepHa ciabococumaemocms. HeszHa-
YUTENHHOE YUCIO HCCIENOBAHUHN, B KOTOPHIX IMEHBI HC-
TIOJIB3YIOTCS B KadyecTBe paboueil cpelbl, oOBICHIETCA
OTCYTCTBHEM CIEIHATLHOTO 000pYIOBAHUS IS MPOBE-
JICHUs OTIBITOB TIPH BBICOKUX NABICHHUAX U TEMIEpaTyp-
HBIX HAIOpaX, OPUBOJAIMINX K CYIECTBEHHOMY M3MEHe-
HUIO peopr3uUecKux cBOiCTB cpensl. Kpome Toro, panee
BBIITIOJTHCHHBIC HUCCICA0BAHUA ITIOKa3aJu, YTO IICHBI I[eﬁ-
CTBUTCJIBHO OYCHb TMOAXOIAT A TPAHCIOPTUPOBKU 4Ya-
CTHII 1IJIaMa, TTOCKOJIBKY CMOCOOHBI YICPKUBATh YaCTH-
Bl BO B3BEIICHHOM COCTOSHHUH JaXe B MOMEHTHI BEI-
KIIOYEHHS W TOCIEAYIOMEro MpocTos 000pYIOBAHHSA
(HacocoB). OmHAKO I TOTO, YTOOBI 3TO MMENO MECTO,
COOTHOLICHUC KOHICHTPAIIUU Tra3a U KUIKOCTU (I/IBBGCT-
HOE KaK KayecTBO IEHbI) B JAHHOW CMECH JIOJDKHO CO-
craBnaTh 94-98 % [39]. [lonnepsxanue 3TOro COOTHOLIE-
HIIS YPE3BBIYAIHO CIIOKHO B MOJIEBBIX YCIOBHAX, U, €CTe-
CTBEHHO, Ipu OypeHHH TEeHON Takxke oOpasyercs croi
mnama. CrnenoBatenbHO, Kak U B CIy4ae ¢ OOBIYHBIMU
OypOBBIMH PAacTBOPAaMH, BKHEIM IS TICHOIUIACTOB SIB-
JIAETCS BOIPOC O TOTOBHOCTH M CIOCOOHOCTH () (EKTHB-
HO pa3pyIiaTh CIOW ocaxaaeMbIX qacTui. OTMETUM, 9TO
B [38] mpeanaraercs IMIUPUUECKOE ypaBHEHHE JUIS 3pO-
3WM 3TOTO CJI0s B BUjiE (27):

D aber, @)

oD
rae h/OD — oTHOLICHHE BBICOTHI CIIOS LIIAMOB K IHaMET-
Py CKBaXHMHBI, ¢ — KO3 (GULMEHT KayecTBa MeHsl; a, b,
C— ommupumyeckne kodpoumuentel. [lo [40] moxHO
TIPEACTABUTH PEOIOTUIECKUE CBOMCTBA MEHBI KK KUK O-
CTH CO CTETCHHBIM 3aKOHOM Tuma (7) ¢ mapaMeTpamMu BH-
na (28), (29):

32

1_a 0,5164
n= 0,8242[—] ; (28)
a
1_a 1,5909
k=008 %) 29
a
Torna moxuo Hamucats (27) B Buze (30), (31):
L=a—bRe°nd; (30)
oD
_ 80D”\/ 2—npf . (31)
K ( 5 (3n —1))
n

[Momxuepkrem, uto ceszu (30), (31) chopMmymupoBaHbl
JUISL CIydasi ¢ HeTOJBIKHON CTEHKOW BHYTPEHHEH TpyObl
U TIpU OTCYTCTBHHU B COCTAaBE CMECH KamlelbHOH KUIKOH
(aspl, a Takxke PaKToOpa ee SKCIESHTPHIHOCTH.

B nomonuenne x Bompocy o OypeHHH Ha JEIPECCHH
orMernM, 4to B 2000-X IT. Takxke BechbMa MOMYJSAPHON
ObLTa TeXHOJOTUS OYpeHHs ¢ TMOKHMH TpyOaMu, BKIIIO-
Yapmas crenupuyeckne mpodneMbl ¢ TOYKH 3peHHS
OYHCTKM CKBXWH B CHIy TOTO, YTO B HEOONBIIUX KOMb-
IEBBIX IPOCTPAHCTBAX CKOPOCTH TEUCHUS OTPAHHYCHBL
Kpome Toro, KOHCTpYKTHBHBIE 0COOCHHOCTH 000pY 10Ba-
HUS 71 JaHHOTO OypeHHs MCKITIOYAI0T HAMYKE Bpalla-
TENbHOM MOJBMKHOCTH CTEHKH TPyObl. B Takux ycnoBu-
X JUIS paspylueHus oOpasyromerocs cios nuiama dd¢-
(exTBHA THApaBIMYECKas d5po3us. [losToMy BaxHO
TPeICTaBIATh, KaK JOJITO M C OMOMIBIO KAKHX TapaMeT-
POB MOTOKA KMAKOCTH 3TOTO MOKHO 1oouthes. C. Yokep
u JIx. Jlu [41], Bomonuus 6onee 700 usmepenuit mpo-
1ecca ¢ MepeMEeHHBIMU MapaMeTpOB KUIKOCTH M pazMe-
POB YaCTHII IIaMa, OOHAPYXUIH (MOJO0OHO paHHUM HC-
cienoBaHmsAM MapTuHca), 9T0 (QYHKIHOHANBHAS CBA3b
MapaMeTpoB, OTBETCTBEHHBIX 32 YAaleHHUE NIIaMa C Te-
YCHUEM BPEMCHH, HOCUT E)KCHOHCHI_[I/IaJ'II)HLIﬁ XapaKTep.
[Mpraem Hambonee BaXHBIMH (PaKTOpaMH YIPABICHHUS
OYHCTKOH HAKJIOHHBIX CKBAXKUH SBISIOTCS CKOPOCTH U
BSI3KOCTh paboueil JKUJIKOCTH. YCTaHOBJICHO, YTO HC-
TIOJIb30BAHKE KUIKOCTEHN C HU3KOM BA3KOCTHIO MPH TEpe-
Ka4ke C BHICOKUMH CKOPOCTSIMH B Y3KHX OONACTSX KOJb-
IIEBOTO 3230pa BEChbMa MPOAYKTUBHO U OUCTKU Ccede-
HHH CTIeIMANTBHOTO 0YPOBOr0o 000pyI0BAHHSL.

[Mocnenytomme wuccnemoBanust J[x. Jlu [42] nmenn
CBOEIT IENbI0 BBIICHEHHE CYTH KOMIUIEKCHBIX MPOOJIeM,
BO3HHUKAIOMIUX TPH 00beIMHEHNH TEXHOIOTUI OypeHus ¢
ruOKuME TpyOamu u OypeHueM Ha nempeccud. [Ipmaem
BMECTO IIE€HBl MCIOJB30BANach BO3YIIHO-KaNENbHO-
KUAKOCTHAs (adpupoBaHHasd) cMmech. OOMMpHBIE HCCle-
JIOBaHUS TIO3BOJIMIIM YTBEPXKIIATh, YTO B cliyyae Tpexdas-
HOTO MOTOKa 0e3 BpamieHus TpyObl: 1) cymmecTByer xa-
paKTepHas KOJNbILEBAs CKOPOCTh, HIDKE KOTOPOH TpamHc-
TOPT YaCTHI] ITaMa BECbMA 3aTPYIHEH TI0 OTHOMICHHUIO K
paccMaTpuBaEeMbIM YCIOBUAM TIpoliecca (HO OTIMYHOTO
OT ClIy4as TpaHCIopTa € XKUIAKUMHU TICEBIOTIIIACTUIHBIMU
pacTBopamu); 2) 4TOOBI MMETh KaKyIO-THOO HECYIIYIO
CIOCOOHOCTD, 00BEMHAS IO KUIKUX (a3 JTOIDKHA CO-
craBisaTh He MeHee 50 % (31ech yMECTHO CpaBHEHHE CO-
OTBCTCTBYIOLIUX MPOILECCOB C NCHAMH, MMOKa3bIBAIOIINMU,
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4TO 3Ta 00BEMHAs 10N JIOJKHA OBITH JTHIh MeHee 8 %):
3) 9po3us YacTHIl IITaMa COOTBETCTBYET SKCIIOHEHIIU-
QTBHOM 3aBUCHMOCTH, & BPEMs OYHCTKH MOXKET OBITh B
Bujie (32):

:V_°|n (\é\
cQ \v,J

rae Vo — UCXOaHbIH 00beM YacTull uiaMa B 3aTpyOHOM
TPOCTPAHCTBE (M3); Vi — KOJIMYECTBO YacTHI] TIOCTIE IIUp-
KYJISIUM B T€UEHHE BpeMeHu {, [MUH| Ipu CKOpPOCTHU TOo-
TOKa ¢ pacxoioMm Q, [M3/MHH]; Cy — ucxonHas KOHIEH-
TpaIys 4acTHIl IITaMa B 3aTpyOHOM mpoctpancTse. Cre-
Jyer oTMeTutb, uto (32) — 3To obliee ypaBHEHHE, U
HeoOxouMa paboTa IO BBEACHHIO TONPABOYHBIX K03(-
(UIMEHTOB AN y4eTa CBOMCTB M PEKUMHBIX [IapaMeTpOB
OypoBoro pacTBopa, 0COOCHHOCTEH IIaMa, CrelH(puKe
TIOTOKA M JeTajlell TeOMETPHH. YKa3aHHOE MOAYEpPKHBAET,
YTO yTOUHEeHHE (opMBI 3aBUCHMOCTH (32) MOXeT cocTa-
BUTH IPEIMET MEPCTIEKTHBHBIX UCCIENOBAHUH MO OUHCT-
Ke obnacteif oT IUTaMa.

C. HaranaBa u coaBTopsl [43] Takke HCCIeI0BaNH
TpoLiecC TPAHCIOPTUPOBKH IIaMa C HCIONb30BaHHEM
a’pupoBaHHOrO OypoBoro pactBopa. OOHapyxkeHo, 4To
I7sL TOTO YTOOBI IIIaM HE 3arpOMO’KIAN CEUCHHE W He
00pa3oBBIBaiCS HAa IPAHHUNAX KOJBIEBOTO MPOCTPAHCTBA,
KOHIIGHTpalMs. 4acTull B 3aTpyOHOM 00nacTé JO0JKHA
ObITh MeHee 4 %. OToT dakT cieayer cuuTath MOATBED-
XKneHueM npasuna [lurorra, cdopmynupoBaHHOrO erie
50 net Ha3ax, 4To YQPEKTHBHAS OYMCTKA OTBEYAET YCIIO-
BUSIM TIH KOHIICHTPALNH IITaMa B 3aTpyOHOM MpPOCTpaH-
ctBe B 00beMe MeHble 5 %. OnHako B [43] ycTaHOBIEHO,
YTO [ TPEHOTBPANICHHS IOBBINICHHS KOHICHTPAIUH
yacTHIl B 3aTpyOHOM mpocTpaHcTBe (BhImE 4-5 %-ro
KPHUTHYECKOTO YPOBHS) HEOOXOAMMBI OCTATOYHO BEICO-
KHe KONBIEBBIe cKopocTh. M XoTs mobaBienue Bo3ayxa B
CHCTEMY HECKOIIbKO CHH3HIIO 3TO TpeOOBaHHE, OUUCTKY B
TOPU3OHTATbHBIX CCUCHHUAX OINPEACIACT MHUHHUMAJIbHAA
HeoOXoMMas KoJIbIieBasi CKOpocTh Topsiaka 1,5 m/c. Bee
K€ ITH CKOPOCTH OIpPEIEICHHO BBICOKH, HO BO3MOJKHEI
Ha HEOOJBIINX YIaCTKaX CKBAXWHBI (HAIPHMEp, KOMbIIe-
Bas ckopocTh 1,5 M/c Gyaer cootBercTBOBaTH 570 Tamno-
HaM B MHUHYTY B 85-T10MMOBOM CKBaXHHE C MATHAION-
MOBBIMH OypHIBHBIME TpyOamu). OmHAKO Ha JpPyTUX
pasMepax OTBEPCTHH WX OyIeT O4eHb TPYIOHO TONYYUTH
(manpumep, B 12,25-m10iMOBOYM CKBaXXHHE C TSTHIION-
MOBBIMH OYpUIBHBIMU TpyOaMu HOTPeOYyIOTCS CKOPOCTH
notoka mopsaka 1500 gal/min). Bee sto eme pa3 mon-
TBEPKIACT TOT (AKT, YTO HPAKTUYECKH HEBO3MOXKHO
NPEIOTBPATHTh 00pa30BaHME CNOS YACTHI[ ITaMa B
KOJIBIICBOM NPOCTPAHCTBE B TOPU3OHTAIIBHBIX U 6.]'[I/I3KI/IX
K TOPU30HTAJIbHBIM CTBOJIAX CKBaXXHH. B rakux YCJIOBUAX
pemeHue HpO6IIeMI>I OYHUCTKH CKBAXKHH 3aKIH0YaCTCA HE B
NPEIOTBPANICHHH 00pa30BaHMS CIIOS ITaMa, a B CO37a-
HUA 3Q(PEKTOB U MEXAHU3MOB IS €ro OBICTpOd u 3¢h-
(eKTHBHOIT 9p031H MOCIE OyPEHHUSL.

Hanee I1. Bueiipa u np. [44] Taxxe 3aHMMaIHUCh HC-
CIEIOBAHMEM aJ3PHPOBAHHBIX CHUCTEM, YTO MO3BOJIHIIO
yTBEPKIATh, YTO HECMOTPS HA TO, YTO YACTHIBI TPAHC-
TIOPTHPYIOTCA TONBKO KHAKOM ()a3oil, KONbIeBas CKO-
POCTb KUIKOHM (ha3bl HE ABIACTCS €AMHCTBEHHBIM U BaX-

t (32)

HBIM [apaMeTPOM KX TPAHCIOPTHPOBKH, B JTAHHOM MpO-
mecce 3aMETHO BIMSHHE CYMMapHOI CKOPOCTH MOTOKa
obenx (a3. ITO 03HAYAET, YTO €CIU JOCTHKEHHUE TpeOy-
eMBIX CKOPOCTEH JKHIKOCTH JUIS MpeIoTBpALIeHHS 00pa-
30BaHHS CJIOCB NUIAMOB HEBO3MOXHO, 3TH TPEOOBaHHMS
MOXHO CKOPPEKTHPOBAaTh NYTEM YBEIHUYCHHS CKOPOCTH
BO3IYIIHOTO mHoToKa. OfHAKO ClNEAyeT MOMHHTb, UYTO
YBENHYECHHE CKOPOCTH BO3AYIIHOTO MOTOKA MPHBEIET K
CHIDKCHHIO 3Ha4eHHS 3()(eKTHBHOW MIOTHOCTH H, Clie-
JI0BATENBHO, 9TO HE BCET/A MPAKTHYECKH IIeIeco00pasHo
ans paccmaTpuBaeMoro mporecca. Kpome toro, B [44]
TIpearaeTcs B MPAaKTHKY UCCIEIOBAHHI KOPPEAIHOH-
Hasl CBSA3b /IS TOPU3OHTANBHBIX U KBAa3UTOPH30HTATBHBIX
CKBA)XHH, KOTOpas MPEICKa3bIBaET TpeOyeMyt0 CKOPOCTh
BO3MIYIIHOTO MOTOKA TIPH JAHHON CKOPOCTH MOTOKA JKHUI-
KOCTH, TIPEMATCTBYIONICH MeXaHW3MaM 00pa3oBaHus
cII04 1mIaMoB, B Buje (33):

11,5752, ( A(ID?*-0D?))
> In

022 (IDZ—ODZ)PB—“, (33)

0,4085Q, Tan

rae Qg — pacxon rasa, ft3/min; Qi — pacxon KHIKOCTH,
gal/m; ID u OD — nuamerpsl HapyXHOH W BHYTpEHHEH
Tpy0, [in]; Pgy — 3aboitHoe naBneHwue, Ibffin?; Tgy — 3a-
OoiiHas Temmepatypa, °Ra; 4, B — KcnepuMeHTanbHbIe
KO3 (PUIIMEHTSL.

P. ABuna u coastopsl [45] mpomomKany UCCIENOBATH
HECYIIYI0 CIOCOOHOCTh MHOTO(A3HBIX CHCTEM, HO OHH
OTPaHUYMBANH CBOU HCCIENOBAHUS YIJIaMU C OTKIOHE-
HUEM OT ropusonta nopsaka 30°, 45°, 60°, a Taxxke yuu-
THIBAJIM OpOUTANbHOE JBUKEHHE OypwibHOM TpyOsl. Pe-
3YIBTATHl TIO3BONHIH C(HOPMYITHPOBATE KOPPEIAMUOHHOE
YpaBHEHHE TI0 y4eTy OpOMTATBHOTO BpAICHUS OypHIib-
HO# TPYOBI, MPUBOAIIETO K CHIKEHHIO CKOPOCTH MOTOKA
rasa, HeOOXOIUMOW Ui MOJJEPKAHUS KOHICHTPAIUH
YacTHIl INama B 3aTpyOHOM IPOCTPAHCTBE B 00OBEME
menbine 1 %. OOHAM W3 TIABHBIX PE3yIbTaToB OBLIO
TOATBEPKICHHE (haKTa, UTO OpOHTAIBHOE BpaIlaTeIbHOE
JBHKCHHE BIHAET Ha TPAHCIOPT IILTAMOB ropasio 00ib-
me, 4eM pEKHUM COOTBETCTBYIOLICTO MPAMOTOYHOTO IIO-
Toka. OTMeUeHo, 9TO J0OABICHHUE ra3a B CHCTEMY CHH3H-
70 TpeboBaHMA K 3HAYCHHIO CKOPOCTH MOTOKA U KHI-
Kot (a3el. U 3T0 Takxke MOATBEPKIACT paHee TONYUCH-
Hble pe3ynbTaTsl I1. Bueiipa u np. [44].

M. JlaH u coaBTophI [46] mpuHAIH BO BHUMaHHE (ak-
TOp, KOTOPBI 0 CUX TIOp MTHOPHPOBAJICS HCCIEN0BATE-
simMu. OHHE 3aMETHIIH, YTO MPOLECC OYUCTKH OTBEPCTHIA
HEOJMHAKOB U YACTHII IPOHU3BONBLHOTO pa3Mepa ! 4To
TEOPETUYECKHE MOJIEIH, KOTOPBIE COCTABISIOT OCHOBY
MHOTHUX HpHHO)KeHI/Iﬁ JUIA 6prHI/IH, HC YYUTBIBAIOT 3TO
obcrostenbetBo.  [locmennee mHpuBOOMT K - OONBIIMM
ommOkaM B OIEHKax JeTaledl mpomecca. AHAIH3 BO3-
MOKHOCTEHN OTIACIBHBIX TAKUX MO}IeHeﬁ, YCHOCUIHBIX TIpH
MPOTHO3€ TPAHCIIOPTA YaCTHIl KPYIHBIX Pa3MepoB, MOKa-
341 CYIIECTBEHHOE PACXOXKICHHE C JTAHHBIMHU OIIBITOB (110
80 %) mpu MoJenMpOBaHMU MENKHX YacTul. Takue ya-
CTHIBI TPYAHO YIAIWTh W3 CKBAXHHB. OHH HMEIOT
HaI/I6OHBU_IyIO CKJIOHHOCTDb K CEIMMCHTALIMH, KOATyIAIuu
B C/IOC IIIaMa M HYKIAIOTCA B JCTAIHHOM H3YYCHHH.
Crour OTMECTUTD, YTO IMOBCACHUC MCIIKHUX YAaCTHIl B CJIOC
HescHO. JlaH ¥ JIp. B CBOHX 9KCNEPHMEHTAX HCIONb30BA-

33



V13BecTust TOMCKOro NOnNUTEXHUYECKoro yHusepcuTeta. MHxuHnpmHr reopecypcos. 2020. T. 331. Ne 12. 22-40
Xapnamos C.H., [xaHrxop6anu M. Mpovesypb! 1 MHCTPYMEHTapHit MOHUTOPUHTA NPOLIECCOB W MEXaH3MOB TPaHCTIOpTa LUMama npy ...

JU TOJBKO YacTHIIBl TPEX Pa3MEPOB, CAMbI MENKUH U3
KOTOpbIX cooTBeTcTBOBAN 0,45 MM. OfHAKO CTaHAAPTHOE
ompeziesieHue mecka, ocHoBanHoe Ha [1SO-14688, umeer
muametp ot 0,063 10 2 MM, 1 HeOOXOMUMBI JaJbHEHIIIE
UCCIIEIOBAHMUS, YTOOB! BBISICHUTh, HACKOJIBKO U3MEHECHHE
CPEeIIHETO UaMeTpa YacTHI] BIUSET Ha MPOLECC OYUCTKH
OTBEPCTHAL.

M. Os6aitoray u jp. [47] BepHYJIUCH K BOIPOCY KOP-
PEKTHOTO MPOTHO3a KPUTHUYECKUX 3HAYCHUN KOJBIIEBON
CKOPOCTH TEUYEHHS M PEXHMa, MPEISATCTBYIOMIETO Mpo-
neccaM 00pa3oBaHMs CJIOS TaMOB. MccnenoBanue mos-
BOJIMIIO BBISBHThH JECATh (DAKTOPOB, BIHMAIOIMX HA (-
(eKTHBHOCTD OYHCTKH TPOCTPAHCTBA, a HA OCHOBE TEO-
pun monodus chopMmylnHpoBaTh CceMb 0Oe3pa3MepHBIX
KOMOMHAIMH, COCTAaBIEHHBIX M3 TApaMeTPOB: KOHLEH-
Tpalys YacTUL BBIPAOOTKH (CAaMOCTOATEIHHO BIUAIOLIASL
Ha TPAHCMIOPTHPOBKY IITaMa); CPEIHEMACCOBAst CKOPOCTh
KOJIBIIGBOTO TOTOKA, YroJ HAKJIOHA; THAPABIMYECKH
JUaMeTp; TUIOTHOCTH JKUAKOCTH M YACTHIl LJIama; Teo-
METpHS YaCTHII; BA3KOCTh; CKOPOCTh BpAIlEHHs TPYObl U
cuna TsxecTd. B pamkax 6e3pasmepHoro aHamuza chop-
MYJIUPOBAHBI KPUTEPHATbHBIC CBSA3M TPOTHO3a POCTA BbI-
COTHI CIIOS TINIaMa ¥ 3HAYCHHH KPUTHYECKOH KONBIIEBON
CKOPOCTH. 3aMeTHM, UYTO JaHHas 3aBUCUMOCTH B BHE (34)
HMEET OT/ICNbHBIC HEJOCTaTKH, BIUSAIONINE HA TOYHOCTh
nporHosa: 1) cBs3b (34) chopMynmupoBaHa MO JAHHBIM
M3MEPEHNH B TECTOBBIX yJaCTKaX C OTPaHMIECHHOW TPO-
JOIBHOM JUIMHOM. 3aMETHM, 4YTO IIOJHOMACIITA0HEIE
IPOIECChl TPAHCMOPTA LamMa Ha 00OpPYAOBaHHU YHU-
Bepcutera Tynca, CLLIA, cOOTBETCTBYIOT [IMHE TOpSIKA
100 ft. D10 WCKIMIOYaeT BIMSIHKME BO3MYIICHHH HA BXOJIE
Ha XapaKTepUCTHKH TIpoliecca. B cpaBHEHHH ¢ 3THM, B
[47] mvHA TecTOBOM ceKuuW He TpeBbimaeT 15...40 ft,
4To 3aCTaBJIACT YUHUTBIBATH KOHBEKTUBHO-
¢ y3nOHHbIC HEMMHEHHBIE MPOLECCHl B M3MCHEHHH
CTPYKTYPBI NMOTOKA M BHOCHTb MOTPENIHOCTH K 3HAYCHHU-
AM OTIpeJICNIIEMbIX MTapaMeTPOB MPOCTPAHCTBEHHOM 3a11a-
YH MCCNEJ0BAHNUS; 2) BHYTPEHHS TpyOa pazMeleHa 3Kc-
[EHTPUYHO U HE CHOCOOHA K BpalleHHI0; 3) YacTHIbI,
UCMOJIb30BAHHBIC B OKCIIEPUMEHTE, UMCIOT JUAMETP 3 MM.
OTO MPUHOCHT HEONPEISTCHHOCTh ydeTa JacTHl] Oolee
MEJIKOTO COCTaBa, BBI3BIBAIOIIMX YBEINYCHHUE CIIOA ITa-
Ma. TeM He MeHee TpeJaraeMble HIDKE 3aBUCHMOCTH
(34), (35) ueHHbl AN OPAKTHKH, U BHA MX MOXKET OBITh
YTOYHEH 110 MEPE ACTATU3 AU HBHGHHﬁ, OIPEACIAIOIINX
TPAHCTIOPT IIIaMa;

(/)V(Do _ Di )\\ -0,1023
L 0,7524 “ : (34)
2 \—0,2933
ell XH0,34( v C 02108
\b,-p) ™
( 00,0378 D3,4686 % \

V.., =3,9835| xROP*®¥(D, + D,)*®¥ x |, (35)
><IllO,lZI.37 (D0 _ DI )—0,022 p—0,1137

7€ Apeg — TUIOIIAJB PEXYIIETO CIOST; Ayey — IOMIEPEIHOE
CEUCHHE CTBOJIA CKBAKUHBI; P —ILIOTHOCTh KHUAKOCTH; V —
KOIIbIIEBas CKOPOCTh, Do — IMaMeTp Hapy:KHOH TpyOBI;
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D;— nuamerp BHyTpeHHeH TpyObl, & — yrom HaKIOHa;
C. — xonnentpamums vactui; ROP — mexanmuekas cko-
POCTB IPOXOJKH; {{ — BI3KOCTH KIIKOCTH.

A. T'ymaru u X. Takamu [48] uccienoBanu HECYIIyIO
CMoCcOOHOCTD TIEH U YCTaHOBIJIN, YTO OHA OJIM3KA MO Peo-
JIOTUYECKUM CBOMCTBAM K MOJENH CTEHEHHOTO 3aKOHa.
OT0 3aKioyeHne crnocoOCTBOBANIO pa3paboTke MaTeMa-
THYECKOH MOJENH TPAHCIOPTA IUIaMa M YHCICHHOMY
TPOTHO3UPOBAHUIO BEMYHHBI [IOTEPH JABJICHHUS B KOJb-
[IEBOM MPOCTPAHCTBE NS YCIOBUH H30TEPMUUYECKOTO
npotecca. Pe3ynbTaTsl Mo3BONIIN YCTAHOBHTD, YTO B OT-
JMYHUE OT MBYX(a3HBIX CHCTEM MEHBI (PAKTUUECKU TEPSIOT
CBOI0 HECYIIYIO CIIOCOOHOCTDH TIPH YBEIMICHHH KOJBIIE-
BOH cKopocTH. DU3MUECKU 3TO MOKHO OOBSICHHUTH TEM,
YTO HA CaMOM Jiene TIEHOTUIACThl He TPAHCIOPTHPYIOT, a
3aXBATHIBAIOT YACTHIBl NIJIAMA B CUJIy CBOEH BBICOKOM
BA3KOCTH. U, SBIAACH MCEBIOITACTHYIHBIME JKUIKOCTAMH,
OHH TEPSIOT CBOIO BSI3KOCTH B PEXKMMax MpH OoJiee BHICO-
KHX 3HAYCHHIX KOJBIEBBIX CKOPOCTEHl.

HoBble TeXHONOTHH, HHCTPYMEHTAPUH HCCIIeI0BAHUI
U WMHTALMOHHOE MOJEIMPOBAHUE MPOLECCa OYUCTKU
CMOCOOCTBOBAIM MOTYYEHHUIO MPEACTABICHANR 00 H3Me-
HEHWH TI0N JABICHIS HA JOJOTE B PEKMME PEANbHOTO
BpeMeHH. [IpaKTHYeCKHil OMBIT MCTONB30BAHUS CIIELIH-
QJTBHOTO 00OpPYAOBaHHS MOITBEPIKIAET, YTO 1TO JaBIe-
HHUE SKBUBATICHTHO MOTEPSAM JABIEHHUA B KOJIBIIEBOM IMPO-
crpancTBe. [103TOMy pasyMHO JOMYCTHTB, YTO OHO OIIO-
CpPemOBAaHHO MOXKET OBITh CBSI3aHO C KOHICHTparmei
[JIAMOB B 3aTPyOHOM MNPOCTpaHCTBE. DTO HABOJIMUT Ha
pa3MbILLIEHHE, YTO B CIy4ae MOCTPOSHHS TaKOW CBA3M
CTaHOBHUTCS BO3MOXHOW OIIEHKA KOJMYECTBA IIIAMOB B
3aTpyOHOM MPOCTPAHCTBE B PEKAME PEATHHOTO BPEMEHH.
[locnenmee cocraBiseT MpakTUYECKYIO [EHHOCTh B BO-
Npocax BbIPaOOTKH ONTHMAIBHBIX PEIICHHI MO yIpasie-
HUIO O00O0pY/ZOBaHMEM M COCTaBISAET JOMOTHUTENbHYIO
COBPEMEHHYI0 ~MpoONeMy MCCIEIOBAHMN mporecca
TpaHcrmopTa yactuil nuiama. 3ameriM, uto M. CopryH u
coaBTOpHI [49] mOTyUHIN OUeHb UHTEPECHBIC PE3YIBTATHI
B 3TOH obmactu uccnenosanuid. Tak, mposens Gonee 700
HCHLITaHHﬁ, OHU TIOJYYWIN PAJl OMIIUPUYCCKUX YpaBHC-
HUH, CBS3BIBAIONINX IUIOMIAb CIOS MITaMOB ¢ KO3(hdH-
IUEHTOM COTIPOTHBIIEHHS TpeHwsT DaHHWHTA TS JKUIKO-
CTel ¢ BBICOKOM M HU3KOH BSI3KOCTBIO. [10CKONBKY KO3(-
(uimenT compotuBieHus TpeHus (DaHHUHTA CBSA3aH C
MaIcHUEM JIABJICHUS COOTHOIIEHHEM (36):

AP__ fo
AL 21,1(D,-D,)’

0 BENHYMHE TAJCHUs JABICHHSI Ha y4acTKe JIMHBI AL
MOKHO OTPEIENHUTh IUIOMAb CIOS [UIAMOB B 3TOM CEK-
1uH. 3ameTum, 9To B (36) Bce eIMHUIIBI I3MEPEHHS JTAHbI
B aMEPUKAHCKOH CHCTEME CIMHHUI[ U3MEPEHHs, KOTOpas
npuemiaeMa B OYpeHHH B OOJNBIIMHCTBE CTPAaH MHPa, a
naenenne B [Ibffin], mmma B [ft], wotsocts B [Ib/gal],
JWaMeTpHI B [in], ckopocTs B [ft/s]. Taxoke cneayer umerh
B BHIY, YTO B JCHCTBUTENBHOCTH ITO YpaBHEHHE HE
BIIOJIHE KOPPEKTHO, MOCKOJNBKY MPUMEHHUMO TOJNBKO JUIS
HEOOJBIIOTO y4acTKa MPsMOU TPYOBI, TOTIa Kak TeOMeT-
P CKBOXKHHBI BKIIOUACT B Ce0S HECKONBKO HM3THOOB U
M3MCHEHHH B IHamMeTpe. JTO 03HAYaeT, YTo B 00LIeH Be-

(36)
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JVYMHE M3MEHEHHS 10N JaBIEHHs CNELyeT YYUTHIBATh
TOKaNbHEIE TOTEPH HAa TPEHHE H3-32 M3MEHEHHWH IO
ckopocTi. Ilo3ToMy, ecinu BMECTO OJJHOTO NaTdhKa JaB-
JNIeHHs B I0JI0Te OyZHET UCTIONB30BaThCS HECKOIBKO, OPH-
CHTHPOBAHHBIX HA Y4eT ocoOEHHOCTEH mpolecca B 0CO-
OBIX JIOKaNbHBIX 30HAX, 3TOT METOA OyIeT ajeKBaTHBIM
PeanbHBIM YCIOBHSAM.

M. Copryn [50] pa3paboTan opurHHAIBHOE YpaBHE-
HHE TPOTHO3a Mepenaja Mo NaBICHUS C y4eToM H3Me-
HEHUH 0COOEHHOCTEH reOMeTpUN U YIIIOB OTBEPCTHIl (0T
60 1o 90°) u pexkoMeH0BAN €TO B MPAKTUKY PUKIAJHBIX
uccnenoBanuii B Buze (37):

AP A)ed + ReO,ll
—=0,08 ANell

Ak +0,0007ReR +C,-0,010

- (37)

rae Aped U Auellbore — TIOTIEPEYHBIE CEUCHUS DPEXKYIIETO
cnos u Kombia; Re — ancio PeitHomb/ca, onpeneneHnoe
10 oceBoi ckopocTy; C; — KOHIIEHTpAIHS [IIaMa, OCTY-
TAONIET0 B CHCTEMY; 6 — yroJl HaKJIOHA OT BEPTUKAJIH;
ReR — uucrno PeitHomnb/ca, onpeaensieMoe MO TaHTCHIIU-
ATBHOI CKOPOCTH cieayromuM odpazom (38):

2,025p0(D, - D,) D,
U

3ameTuM, 4TO Bce BeMUUMHBI B (38) COOTBETCTBYIOT
He(TePOMBICIIOBEIM SIMHALIAM U3MEPEHHI, OTHCAHHBIX
BBIIIIE; (0 — TO YTJIOBAs CKOPOCTh BpaIleHus, 00/MUH; [ —
s exTuBHAS BpamaTenbHas BI3KOCTh, PACCUUTAHHAS TIO
(39) nns creneHHbIX xupKocTei [S1]:

e

e K 1 N — KO3 (pHUIMEHTHI CTEMEHHOTO 3aK0Ha, & ompe-
nensiercs B Buae (40):

ReR = (38)

(39)
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B xoze skcniepumentoB [50] ycTaHOBIIEHO, UTO Bpalie-
HHUE TPYOB! S3PHEKTHBHO MPH YCIOBHAX €€ SKCIICHTPHYHO-
CTA. DTO TOTYEPKUBACT, YTO 3HAYMTENHHOE BIHSHHE HA
TPOLECC OKA3BIBACT MOABMKHOCTH CTCHKH TPYOBI IIPH OT-
HOCHTEJIBHO HEOOJBIIMX CKOPOCTAX MPSIMOTOYHOIO JBH-
KeHust ToToka. OTHeNbHbIE Pe3yJbTaThl TOKA3HIBAIOT
[15-17], uTo 3TO OTBEYAET YCIOBUAM TEUCHHS C KPUTEPH-
em Poccon, Ro=W/U<3. Vxka3annbie mpoOiemsl crmabo
M3YYCHBI M COCTABJIAIOT MPEIMET MEPCICKTUBHBIX HCCIIe-
JIOBAHHUI TIPH IKCILTyaTallMK K MPOSKTHPOBAHMH CKBAKHH.

Mporpecc npoueayp YACNeHHOro moaenuMpoBaHusa

B nocnenHee necatuneTHe BHIYMCIUTENBHBIE METOJIBI
HOJNYYWIN JOTONHUTENbHBIA HUMIYJbC M3YYEHHS pac-
CMATpPHBAEMBIX MPOOIEM BCIEICTBHE PACIIHPEHHS 0a3bl
9KCTIEPUMEHTANIBHBIX JIAHHBIX O JETANSIX OYHCTKH 000py-
JIOBaHHUSI, COBEPUICHCTBOBAHMUS THAPOJIMHAMUYECKHX MO-
neneil. B 3ToM HampaBneHMM SPKUMH TPEICTaBIAIOTCA
pesyabrathl, Hanpumep, C. HaraBana u coastopos [52],

KOTOpbIE TIOCTPOWIIM YUCIIEHHOE PElIEHUE M0 MMEIOIIEH-
C MaTeMaTHYeCKOW MOJICTH, TECTHPOBAIH PE3YIbTAThI
Ha JTabOpaTOPHBIX AKCIEPUMEHTAX C IENbI0 YTOYHCHHS
K03 (DUIMEHTOB MOJICNH, a 3aTeM NPUMEHWIH MOJEb
I7s TIPOTHO3a MOTEPh JaBIEHUA NpU OYpeHHH B pealib-
HO# ckBaxkuHe. CpaBHeHHE ¢ (DAKTUYECKHMHU MOJEBBHIMU
JIAHHBIMH TI0KA3aJ10, YTO, XOTS MOJIENb TPABMIBHO TIpe]i-
CKa3blBaJla TUAPOJMHAMUYECKUE TPEH/IbI TIOBEACHHS 110~
T8 CKOpOCTH, (haKTMYeCcKWe 3HAYCHHS HE COBIANANU C
SKCTIEPUMEHTOM. JTO OOBACHSAETCS HECTaOWJIBHOCTBIO U
00BaIoM CTEHOK CTBOJIA CKBAYKUHBI.

B paborax @. XKanra [53, 54] unciaeHHOE MOJAEITHPO-
BaHHE TI03BOJUIO O00OOIIUTH Pe3yiIbTaThl B AUATPAMME,
TI0JIE3HbIE NS aHANIM3a TIPOLECCOB B MOJEBBIX YCIOBHUAX
NpU TIPOTHO3MPOBAHUM M3MEHEHHIl 00BbEMHOH KOHIEH-
Tpalliy 1JIaMa B CTBOJIE CKBaXHMHBI. B nanbpHeleM co-
OTHECEHHE CBEICHWH MO AWarpaMMmaM W JaHHBIM H3Me-
peHHH yKa3ano Ha MOTPEeIIHOCT pe3yasTatoB (10 20 %)
TIPY aHAJIM3€ BIMSHUS Ha IPOLECC CNEAYIOIHX (aKTOpOB:
HAKJIOHA CKBAXUHBI, U3MEHEHUH BSI3KOCTH M IFIOTHOCTH
paboueil JKUIKOCTH; MIIOTHOCTH YaCTHIl IIaMa; CKOpO-
creit OypeHus, BPAICHNs CTEHKH U KOJIBIIEBOTO TTOTOKA.
Jeramu pesynpraToB pabot Xanra [53], Xanra u coas-
TOpOB [54] WIMIOCTPUPYIOT JaHHBIE, IPEJCTaBICHHBIE Ha
puc. 6.
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Puc. 6. Pacnpeodenenus nonegvix kapm [54] 06 usmerenusx
00beMHOU KOHYEHMPAyul WIamMo8 8 3a8UCUMOCHU
om usmMeHeHutl ckopocmu nomoxa. Jlunuu — yauvl
HakaoHog om 45 00 50°, uucra — ckopocmu 6ypeHus,
ft/h

Fig. 6. Field chart distributions [54] (the chart shown here
is for inclinations from 45 to 50°). The numbers in
the box represent drilling speed in feet per hour

3aMeTuM, 4TO TP MPAKTHYECKOM HCIIONB30BaHUH pe-
3YIBTaTHl pUc. 6 JOKHBI OBITH CKOPPEKTHPOBAHEI C HC-
TIOJTB30BAHMEM JAHHBIX VTS TIOTIPABOYHEIX K0d((HIMeH-
TOB /ISl BPAIIEHHUS OYPUIBHON TPYObI, BI3KOCTU JKUKO-
CTH U TJIOTHOCTH HUIAKOCTH U YaCTHII

Taxxxe uHTEpecHbIe pe3ybTaThl mony4yeHs! b. Bepre-
pom [55]. Hdonroe BpeMs CYMTAIOCh, YTO PACTBOPHI Ha
HE(TIHOW OCHOBE HE BIIONHE MPUTOMHBI IS MPaKTHYE-
CKOJ OYMCTKM M yCTYMAIOT PacTBOPaM Ha BOJHOI OCHOBE.
PesynpTaThl Ha MECTOPOXKIECHHH YKA3bIBAIOT HA 3aKOHO-
MEPHOCTH, KOTOpbIE HE COOTBETCTBYIOT 3TOMY IMpEAINO-
noxenuto. OTMEUYEHO, YTO CYLIECTBYIOT Pa3fiuyKs B CIIO-
coOHOCTH OYpOBBIX PAcTBOPOB HAa MACISHON M BOXHOM
ocHOBe K ouncTke. Jlannblie [55] moka3biBatoT, 4TO HECy-
11as CII0COOHOCTD 00EUX KUIAKOCTEN IOIHOCTHIO 3aBUCUT
OT WX PEeoNIOTHYEeCKHX CBOHCTB. OJHAKO B CIOCOOHOCTH
pa3pymiath ciod muiama OypoBbIE PAacTBOPHl Ha MACIs-
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HOIl OCHOBE UMEIOT SIBHOC MPEHMYIIECTBO. DTOT PE3YJIb-
TaT CIeOyeT BKIIOYUTH B MPEIMET MEpPCTEKTHBHBIX HC-
CJIEOBAHUH.

Anamu3 OubIHOrpaQuUECcKuX UCCIENOBAHUH MOKa3bI-
BACT, UTO OJHOM M3 CaMbIX OONBIIMX MPOOIEM HpHU H3Y-
YEHHH TPOLECCOB TPAHCIOPTHPOBKH ILILIAMOB B 3aTpyo0-
HOM TIPOCTPAHCTBE SBISETCS TOT (aKT, 9TO M3-32 HEMpPO-
3payHOCTH OOJBINMHCTBA OYPOBBIX PACTBOPOB HUPE3BBI-
9aifHO TPYIHO BM3YaJBHO HAOMIOAATH 38 CAMHM IPOIIEC-
COM M MOXHO COOHMpATh TOINBKO HHTETPANbHYI0 HH(OP-
Maluio (HampuMep, JaHHbIE M3MEHEHHH MacCOBOW CKO-
pOCTH JKUIKOCTH, OOBEMHOM KOHIICHTpAIMH MLIAMOB
U T. 1.). ONHaKo CYHIECTBYIOT Cly4ad, KOTJa 3HaHHE 00
M3MCHEHHIX JIOKANBHBIX TApaMETpOB BEChbMa MOJE3HO,
0COOCHHO [ BAMIAIMH U BepUDHUKAIMH METOJOB, OII-
TAMH3AIMN MATEMATUYCCKUX ¥ YHCICHHBIX MOJIENEH.
Pemennto 3tEX mpoOieM CocoOCTBYET MCMONBb30BAHIE
KapOoroia, KOTOPBIA MpecTaBisieT co0oi Mpo3pavyHyto
XKHIKOCTh CO CTCTICHHBIM PEONIOTHYECKMM 3aKoHOM. Of-
HAaKO MPUTOTOBUTH PACTBOP KapOOIIOis, KOTOPHIi OB ObI
PEONOTHYECKH UICHTUYCH ONPEIeICHHON OypOBOM K-
KOCTH B IIUPOKOM JHAIa30He CKOPOCTEH C/IBUTA IPE3BHI-
YaifHO CIOXHO. M3 [55] u3BeCTHO, YTO JIBE KHIKOCTH C
OJTMHAKOBBIMH PEOJIOTMUCCKUMH TIPODHUIAME HE 0053a-
TENBHO BEAyT ce0s OJMHAKOBO B JKCIEPHUMEHTAX IO
OYKCTKE OTBEPCTHH M3-32 pasinumii B Ko3(pduImeHTax
COTPOTHBIIEHHA TPeHHUS. TakuM 00pa3oM, KapOOTOIbHBIH
METOJ] HEaIeKBATeH B MCCIEIOBAHMAX TIPOLIECCOB TPAHC-
nopta namMa. OJHAKO MOXHO OTMETHTB, YTO CYIIECTBY-
€T TEXHOJIOTHSI, YCHIENIHO UCTIONIb30BAHHAS TIPH H3yICHUH
MHOro(a3HBIX OTOKOB B Tpy0ax W pe3epByapax U B I10-
cleqHee BpeMs peKOMEHIyeMast Ul aHaIi3a TPaHCIIop-
THPOBKU YACTHI] IITaMa. JTO METOAWKA, W3BECTHAS Kak
TOMOTPa(us C 3NMEKTPUYECKHM COMPOTHBICHUEM, SIBIIS-
€TCsl OTHOCHTENBHO HEJOPOrOil M HE MMEET HU OJIHOTO 13
HEJIOCTATKOB KapOOTONbHOW MeToquku. Tak, Hanmpumep,
M. Kypeiimm u coaBtopsl [56], A. 3axua u coaBTopsI [57]
UCMIOJIb30BAJIN 9Ty TCXHUKY IJid U3YUCHUA TpeX(i)a?)HOFO
IOTOKAa BO34YyXa, BOJAbI U CTCKIAHHLIX IIAPUKOB B KOJb-
IIEBOM TIPOCTPAHCTBE (Ha puc. 7 MOKa3aHO M300pakeHHe
JaHHBIX CTPYKTYPHI IOMEPEYHOr0 CeUeHus TPYObI, momy-
YEHHOE 3TUM CIOCOOOM).

Puc. 7. Hz00pasicenue momozpaguu ¢ snekmpudeckum co-
npomuejlenuem, nokdasvledrwujee nonepednoe cede-
HUe KObYe8020 NPOCMPAHCMEA, CO0epAucaye20 mpu
pasHvie Gasvl ¢ paA3HOU 3IEKMPONPOEOOHOCBIO,
NpeoOCmasieHHol pPasHblMU yeemamu (N0 OaHHbIM
Kypetiwu [56]: 1 — 6030yx; 2 — 600a; 3 —mpyba,; 4 —
CMEKJIAIHHble qacmuubz)

Fig. 7. ERT image showing the cross section of an annular
space containing three different phases with
different electrical conductivities represented by
different colors. Data from M.F. Qureishi [56]: 1 —
air; 2 —water; 3 — tube; 4 — glass particles
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OTMeTuM, 4TO MOJe PacCUMTAHHBIX 3HAYEHUH KOH-
LEeHTpaLKil 0TBeYaeT 4acTAM IUIOLAAN HOIEPEYHOro Ce-
qeHH (C MMKCENSIMU PAa3HOTO IIBETA), & HHANBHAYAIbHBIH
IBET OTBEYAET PA3IMYHBIM U COOTBETCTBYIOLIUM 3Hade-
HUSAM BJIEKTPHYECKOTO CONPOTHUBIEHHS U, CII€I0BATENBHO,
XapaKkTepu3yeT pPasHOe BEIIECTBO, KOTOPOE MOJIEKUT
OYHCTKE.

3aknioyeHne
TeHaeHUnM, BO3MOXHOCTU 1 NEPCMEKTUBbI

[TpoBeneHHbIN aHATN3 TAHHBIX YPOBHS M COCTOSHHS
Hpo0IeM UCCIENOBAHUS MPOIECCOB TPAHCIOPTA NIAMOB
B CKBOXKMHAX C TIPOM3BOJBHON 00pasyrolmel ee cTBoia
TI03BOJIIET OTMETHTH CIICTYIOMIEe.

1. dwusmyeckue MeXaHW3MBI BO3HUKHOBEHHS YCIOBHIA,
00eCTIeYMBAONINX TPAHCIOPT YACTHIL MPOU3BOIBHOTO
pasMepa W IeOMETpHH, B OOJBIIOH Mepe OCTATCS
HEOOBCHCHHBIMH, HECMOTPS Ha JJOCTATOYHO AOITYIO
FCTOPHUIO MX HHTCHCHBHEIX UCCIEIOBAHHI.

2. SIBneHMs TpPOLECCOB MEPEeHOCa MACChl, UMITYJIbCa B
TPAHCTIOPTUPYEMOI CPEJiC ONHUCHIBAIOTCA HETPUBH-
ANBHBIMI COOTHOIIEHMSIMH, OOTaTHIMH HETHHEHHBIMI
s dexramu.

3. Tlpouexypsl pacdyera, METOIbI HAOMIOICHUN U UX HH-
CTPYMEHTapHil OPUCHTUPOBAHBI HA AHAJTU3 TPOCTPAH-
CTBEHHBIX TPOLECCOB B MAJIOPa3MEPHBIX YYaCTKaX
ACTIBITATENBHEIX CEKINH IPEHMYIIECTBEHHO B KBA3H-
CTAIMOHAPHBIX YCIOBHUAX, YTO CO3AET MPOOIEMBI
0000IIEeHNsS pa3BUTHA SBICHAH C KOHBEKTHBHO-
i Y3UOHHBIM B3aUMOJEHCTBHEM B MPIMOTOYHOM
¥ 3aKPYYCHHOM IBIKCHHSX paboueil TOMOTCHHOW H
TeTEePOreHHOH aHOMAIIEHO-BSI3KOH CPElIbl.

4, MonenupoBaHie BpallaTeNbHBIX TCUEHUH OYypOBOTO
pacTBopa eIie HAXOAUTCS B CTAIUH HACHTH(HKAIINH,
aHajn3a, MOHUMAaHKs U TPeOYeT AeTalbHBIX pa3pabo-
TOK 3((HEKTHBHBIX TEOPETUUECKUX U HIKCIEPUMEH-
TAIBHBIX METOJIOB WX MCCIEIOBAHNS.

5. Tocnenane 30-40 et pyOexa XX—XXI BB. BHIABUIN
OMpE/IENAIONICE BIMSIHHE M PONb PEONOTHYECKHX
CBOICTB paboueil KUIKOCTH Ha HMHTEHCHBHOCTH H
3 eKTUBHOCTH Mpoliecca OUUCTKU. B cBs3M ¢ 3TUM B
OmmKaiiie roJbl BHUMaHHE MCCleaoBaTeneil Oyaer
COCPENIOTOUCHO Ha BoOMpocax: YsAcHeHHS 3(QeKkToB
TEUCHHS] CMECH B MOTOKE, 3aKPYUCHHOM CTEHKOH 0Y-
PWIBHOH TpPYOBI; MOCTPOCHMS HOBBIX M COBEPIICH-
CTBOBAHHA HUMCIOIIUXCA MATEMATHYCCKUX MO)leHeﬁ
SBOIONHUH Pa3MEPOB CIOS W TIPOLECCOB B IUIAME;
onpeneneHus dPPEKTOB OT M3MEHEHHS PEOJIOTHYIE-
CKHX CBOICTB Cpel, HHTCHCH(UIMPYIOIHUX OYHCTKY;
KanuOpOBKY KPUTEPHATBHBIX CBS3EH M MX MapameT-
POB B peabHBIX YCIOBHAX TPAHCIOPTA IIIaMa, CIO-
COOCTBYIOIMX MOACPKAHMIO ONTAMAIBHOTO PEKH-
Ma (YHKIMOHHUPOBAHHS CHEHHATBLHOTO OypOBOTO
000pyI0BaHuUs.

6. WHCTpyMeHTapuil SKCTIEPHMEHTANBHOTO 000pyA0Ba-
HUS C YHUKQJIBHBIMA MOJTHOMACIITAOHBIME yCTaHOB-
KaMl JUT1 M3MEPEeHUH JeTaleil MpoCTpaHCTBEHHOTO
TIOBEJICHHS JIOKATBHBIX U MHTETPATBHBIX TapaMeTpOB
npotriecca: Mojeil ckopocTel, KOMIOHEHTHOTO COCTa-
Ba CMECH M B3aWMOJCHCTBHI MEXIy YacTULAMH,
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CIOCOOCH JIaTh YTOYHECHHUS PE3yNIbTATOB, MONYYEHHBIX
Ha 0ase ManopasMepHbIX cucTeM. [lo-Buammomy, 3a
3TO MOTYT OTBEYaTh «TOHKHE» (PQEKTHl B MENKo-
MacITaOHEIX CTPYKTYpPaX, MOPOXKAAEMBIE MPOIEIy-
poit paboTbl OOMbLIEH U3MEPUTENBHOM CEKLIUHU U CBS-
3aHHbIE ¢ TG (DY3MOHHBIM TIEPEHOCOM, KOTOPEIE CIIO-
COOHBI TIOBBICHTH BOCHPUHMYHBOCTH (CKIOHHOCTB)
YaCcTHII IITaMa K 3po3ud. bonee Toro, paspematomas
CIOCOOHOCTh MHCTpyMeHTapus (PoTo- ¥ BHAEOTEX-
HUKA), TPOLEAYpsl 00pabOTKH NAHHBIX M CaMU pe-
3yJBTaThl YHCIEHHOTO MOJENHMPOBAHHS IIPOLIECCOB
Pa3BUTHA W 3aTYXaHHSA KPYTKH MO UIHHE 10 OPHIHU-
HalbHBIM RANS-Mozensm BTOporo mopsjka Mmo3Bo-
NS0T YSACHHUTh OCOOGHHOCTH TIEPEX0J0B BHXPEBOH
TIPUPO/IBI TIPH TEUCHUH AHOMAITBHO-BSI3KHX CHCTEM. A
TIPE/ICTaBICHNS O CTPYKTYpE MOTOKA B 30HAX OYMCTKH
PacIINpSIOT JAHHBIE METOJa TOMOTPadHH C AIEKTPHU-
9ECKUM COTIPOTHBIICHHEM.

B mpakTuyeckoii yacti 0co0yr LEHHOCTh Mpuodpe-
TAIOT Pe3yNbTaThl aHAIM3a AeTalell mpouecca TpaHc-
TOpTa 10 KPUTEPHATBHBIM COOTHONIEHMAM, 0000ma-
OIIM MHOTOYHCICHHBIE CEPUN OTBITOB: MUHAMANb-
HOH CKOpPOCTH, HEOOXOIMMOH st 3(QeKTHBHOM
OYHCTKU CKBAXHHBI B YCIOBUAX YIJIa HAKIOHA CKBA-
*kuHbI MeHble 45° (13); MUHUMANBHOH CKOPOCTH Iie-
peHoca JUIS YaCTHII BO B3BEIICHHOM COCTOSTHUM (14) 1
crnoe murama (15); ckopocTel CKONbKEHHs, KOHTPO-
JMpyomux 3)PEeKTHBHOCTh TPAHCIIOPTA U OYUCTKH
(18), (19); mapameTpsl NOTOKA, HPEIATCTBYIOIIME Me-
XaHu3MaM 00pa3oBaHus 105 [UIamMoB (33); mporuo3a
pocTa BBICOTHI cilosl uiama (34) u 3HaueHWH KpUTH-
4eckod KOombleBOM ckopoctu (35); mepemama mous
JaBIeHNSA U K0d()(HIMEHTa COMPOTHBICHHS TPEHHS
36)urT. 1.

B psany axTyanbHBIX M JKAYIIMX CBOETO PEIIEHHUS
HaXOMIATCS TPOOJIEMBI: YIIPABICHHS SKBHBAICHTHOM
IJIOTHOCTRIO TUPKYNsimu [58]; yBenmmdeHus KpyTs-
IIIer0 MOMEHTa, CHUKEHHUSI CKOPOCTH OypeHHs W u3-
Hoca OypoBOoro 00OpyIOBaHMS, KOTOpPBIE B paMKax
I/ICCJ'IC)IOBaHI/Iﬁ OYUCTKH CKBAXXUHBI OINPEACIAOT CO-
BPEMEHHYI0 3314y OypeHusl.

OOmmit aHanu3 MpodIeM TPEACTABICHHOI0 MaTepHa-
Ja TOKa3blBaeT, 4TO HauOolee IUI0JOTBOPHBIMU
NPaKTHYECKUMHU IIaramM, 00ECTeYnBAOMMU 3-
()EeKTHBHOCTH ~TPaHCIOPTHPOBKM ILIaMa, OyaAyT:
OTrpaHHYeHUE 00beMa CIIOs NiIaMa Tph OypeHWH ¢
TIOMOIIBIO YIIPABIEHHS PEOJIOTHEH OYpOBOrO pacTBo-
pa ¥ CKOPOCTSIMU TIOTOKA; 3(peKTUBHAS 3p0o3us aH-
HOTO CIIOSl Tocie OypeHMs ydacTka OmpelelieHHOM
mmunbl. [IpuyeM mocieqiHee HampaBieHHe c1abo u3y-
YeHO W ONHPACTCS HA OTICIBHBIE PE3YJIbTATH, OIHU-
CBHIBAIOIINE TIPOLIECC 3PO3NUH (QYHKIMAMH SKCIIOHEH-
IMATBHOTO BUJA, SMIHPHUECKHE KOIDYHIMEHTH KO-
TOpOH TPeOYIOT ONTUMU3AIMH HA TaHHBIX PEATbHOTO
nporuecca.
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10. Bypenne Ha AenpeccHH ¢ UCIOIb30BAHUEM THOKUX

TpYO COAEPIKUT CBOU CIIOKHOCTH U ABNISETCS MPEMe-
TOM MOBBIIIEHHOr0 UHTepeca. OT/eNbHbIE HCCIeN0-
BAHHUS TOCBSIIEHBI pa3pa00TKe HOBBIX OYpPOBBIX pac-
TBOPOB [59-62], aHanu3y TeueHUHl ¢ BHE3AMHBIM U3-
MEHEHHEM CKOpPOCTU TOTOKa [63], uto Oe3 sicHOro
aHaTM3a OYHMCTKH HEBO3MOXKHO.

MpyopuTeThbl BYAYLIMX HAYYHbIX Pa3paboTok
BrimonHenHoe uccieoBaHne MO3BONSET ONMPEIETHTD

pAI IPUOPHUTETHBIX 33/jad TPAHCIIOPTA IITaMa, B OCHOBE
KOTOPBIX JISXHUT THAPOJMHAMHYECKUN TOJXO0/, KaK yHH-
BEPCAIBHBII KIIOY K MOHUMAHHIO 3BOJIOLMH AHCIEpC-
HBIX IIOTOKOB BO BHYTPEHHHX CHCTEMAX, OCIOHECHHBIX
MHEPIMOHHBIME d((deKTamu, TypOYIeHTHOCTBIO, CTONK-
HOBEHHSMH YacTUL, pPeO(QU3NYECKUMH H3MEHEHHIMH
CBOMCTB CMECH, CyTh KOTOPBIX CBOAATCS K CIIEAYIOLIEMY.
1. TpeOyercs nerambHOe (YU3UKO-MATEMATHUECKOE U

YUCIEHHOE MOJEIMPOBAHHE THAPOAUHAMUYECKHX U
A Py3HOHHBIX YQHEKTOB, CONPOBOKIAFOIINX H3ME-
HEHHE TOJI1 JaBIEHUS B 3aTPYOHOM IPOCTPAHCTBE.
310 KpailHe BaXHO, T. K. MOHUTOPHHT IIpoliecca yBe-
JUYEHUS TIepenaja JaBlIeHUs B KOJBIEBOH o0mactu
MOXET JaTh OLECHKH Hanmyus o0beMa IITamMa B 3a-
TpyOHOM TIPOCTPAHCTBE, XapPAKTEPHOTO IS peaib-
HBIX YCIOBHUH OypeHHSL.

Heob0xomuMo ysCHUTb 0COOEHHOCTH BIUSHUS 3aKpY-
YEHHOTO0 TEYeHHs, O00YCIOBIEHHOTO OpOHTAIBHBIM
IBIKEHHEM OypOBOI KOJMOHHBI, Ha TPAHCIIOPT MINaMa.
OTH Tpouecchl TOYTH HE M3YYeHbl M aKTyalbHbl B
pa3paboTKax 3aMbIKaHMI K MOCTPOCHUI0 MHOTOMApa-
METPHYECKHUX TYpOYJIEHTHBIX THAPOAMHAMUYECKHX U
i dY3MOHHEIX MOJENEeH TeUeHHs IMITaMa B JAHHBIX
YCIOBUSAX.

C nenpio NpaKkTUYECKUX TPHIOKEHHUH BaXKHO MpoaHa-
JM3UPOBATH M YCTAHOBUTH 3aKOHOMEPHOCTH TIpoliecca
TIO/IBIKHOCTH/OCAXICHHS YACTHUI] LITaMa TIPH CIIBHTO-
BOM JIBM)KEHMH JKHIKOCTH B IIMPOKOM JHaNa3oHe U3-
MEHEHHMI MapaMeTpoB, XapaKTePH3YIOLIUX H3MEHEHHE
€€ PeoNornyeckux cBoicTB. B HacTosiee Bpems ycra-
HOBJICHO, YTO Pa3NIMYHBIC JKMAKOCTH CO crermpuye-
CKOJ1 peoJIoruel IEMOHCTPHUPYIOT COBEPILIEHHO Pa3HbIE
BO3MOKHOCTH TIPH OYHCTKE OTBEPCTHIA.

[IpoBecTH TINATENbHYI0 KOPPEKUMIO HMEIOLIHXCS
OTIBITHBIX JAHHBIX 110 KOMIUICKCHOMY MOJICTUPOBAHHUIO
TMPOLIECCOB TPAHCIIOPTA IITaMa TpPH CPaBHEHHH UX C
COBPEMEHHBIM MaTepHaioM, TOTyYCHHBIM Ha IOJTHO-
MacITa0HbIX YCTAHOBKAX, & TAKKE C UCTIOTB30BAHAEM
CHCTEM C KOHTAaKTHOW/OGCKOHTAKTHOM perucTparmert
napamerpoB. Hampumep, J1a3epHoil aHEMOMETPHH, TO-
MOTpaduy C MEKTPUIECKHM COTPOTHBICHHEM, KOTO-
past obecTIeYnBACT TOYHYIO M KPATKOBPEMEHHYIO BU3Y-
ANMM3ALHI0 KOJBLEBOTO HPOCTPAHCTBA, U MOXKET UMETh
OoJbIOe 3HAYCHWE TPH BepUDHUKAMH MaTeMaTHde-
CKHX, YUCTICHHBIX U TIOTy3MIMPHYCCKUX MOJIETIEH.

Yan T., Wang K. Sun X., Luan S., Shao S. State-of-the-art
cuttings transport with aerated liquid and foam in complex
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PROCEDURES AND INSTRUMENTS FOR MONITORING PROCESSES AND MECHANISMS
OF CUTTING TRANSPORT IN HYDRAULIC CLEANING OF HORIZONTAL WELLS

Sergey N. Kharlamov?,
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Mehran Janghorbani,
mehran.janghorbani@gmail.com

! National Research Tomsk Polytechnic University,
30, Lenin avenue, Tomsk, 634050, Russia.

The article relevance is caused by the need to identify, understand, predict and control physical mechanisms that accompany well
cleaning from drill cuttings. The risk of poor-quality cleaning creates conditions that exacerbate the processes of stuck pipe, well control,
reduced drilling speed, and wear of drilling special equipment, especially when increasing the number of holes drilled at large angles. Such
extreme situations are characteristic for long horizontal wells. Currently, they are widely used due to their increased productivity and
exceptional efficiency in reaching certain productive formations. All this characterizes the problem of finding and developing effective
methods for cleaning wells, as one of the most important tasks of modern drilling.

The main aim of this article is to better understand the phenomena and actually develop methods for predicting processes during
hydraulic cleaning of horizontal wells from cuttings in order to determine the priorities of future scientific and practical development of
cleaning processes.

Methods: theoretical and experimental modeling of flows of solid particles carried by the flow of a viscous medium in situations related to
the cleaning of horizontal wells; practical research methods for issues such as sedimentation, coagulation and the flow of rheologically
complex viscous media in the annulus of wells with arbitrary geometries.

Results. The paper introduces the review and analysis of modern experimental and theoretical results of modeling the process of cleaning
horizontal wells. Based on the results of monitoring, the authors have formulated a number of criteria-based relationships and rules of
thumb that guide technical design of equipment components and forecasts of optimal hydraulic cleaning conditions. The capabilities of
models, methods, and tools of experimental equipment for recording, forecasting, and controlling the regimes of translational-rotational
motion of mixtures in wells with a curved wall geometry are critically evaluated. The inconsistencies of the observed and calculated
processes during hydraulic cleaning within the framework of the equipment used are explained.

Key words:
Cuttings, particles, well, cleaning, modeling, hydrodynamics, rheology, structure, stress.
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2 BCepocCuCKIin Hay4YHO-MCCNEA0BATENbCKUIA MHCTUTYT PagUONOrAN 1 arpO3KONOTUH,
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AxkmyanbHocmb daHHoOU pabombi 06ycrogneHa Heobxo0UMOCMbI pacuUpeHUss Memo008 KOMNTIEKCHbIX 9KOM02UYECKUX uccredosaHull
0ns oueHKu kadecmea 0b6bekmos okpyxatoweli cpedbl MasbIX HAaCeNeHHbIX NYHKMOB. M3yyeHue 31eMeHMHOo20 cocmasa Nbieaspo3oss-
HbIX ebinadeHuli 0acm Haubosiee NOMHyK KapmUHY O COCMOSIHUU Kayecmga OCHO8HbIX NPUPOOHbIX KOMNOHeHMo8. A3po3onu 8o30yxa
npedcmasnsiom cobol croxHyto QUCNEPCHYI0 cuCMeMy, 8KIYaowyo 8 cebs yacmuybl pasmepom meHee 10 MUKPOH. Omu Yacmuub!
umerm Kak npupodHoe, mak U MexXHO2EHHOe NPOUCXOXAEHUE: MeKoOUCNEPCHbIE NbiIesble Yacmulibl NOY8kI, pacmeHuli, MUKpoopea-
HU3MbI, Caxa, 30/1a, CoCMasHbIe Yacmu 0bIMOBbIX 8b16POCO8 KOMEITbHOU, NPOMBILIEHHOCMU U m. 0. AmMocgepHb Il 6030yX HEOOMbLIUX
HaceneHHbIX NYHKMO8 0CMaemcs MasousyyeHHbIM, omecymemeayrom cucmemamuyeckue daHHbIe 0 XUMUYECKOM cocmase ammocghep-
HbIx 838ecell, 8 c8s3u ¢ Yem U onpedensiemcs akmyanbHoCcmb daHHOU pabom..

Llenb: onpedenume anemeHmHbIl cocmas meepdoli ¢hasbl CHE208020 NOKPO8a Maro20 HaceeHHo20 nyHKkma omoHb.

06BekmbI: NbieaspPo3osibHbie 8binadeHusi, meepdble Yacmuub! aspo3osneli 03dyxa, CHe2080l NOKPOB, y20orib U 30/1a.

MemodbI: macc-cnekmpomempuyeckuli U amoMHO-3MUCCUOHHB I ¢ UHOYKMUBHO-C8s13aHHOU nina3moll.

Pesynsmambl. VI3y4eH anemeHmHbIl cocmag cHezomannoli 800k u meepdoll ¢hassi cHeza. [ns onpedeneHus cmeneHu nemyyecmu Xu-
MUYECKUX 37IeMEHMO8 paccyumaH ux koaghguyueHm obozaweHus u3 yans 6 301y. OnpedeneHbl 0CHOBHbIE 30HbI C NOBbILEHHbIM CO-
depxaHuem msxxesibiX Memarsioe 8 Nbi1easpo3obHbiX 8binadeHusx. B cHeaogom nokpoge uccnedyemoll meppumopuu ebisgneHa apyn-
na 311eMeHmo8s C 8bICOKOU Mu2PayuoHHOU cnocobHOCMbH0. [TocmpoeHs! Kapmb| 3a2pA3HEHUS CHE208020 NOKPOBA HACENEHHO20 NyHKMa
LonoHb ¢ 8bideneHuem ydacmkos (0peosnog 3a2psisHeHUL) C No8bILIEHHbIM coOepxaHUeM ucciedyeMbix 2pynn aIeMeHmos.

Knioyesnbie cnosa:

[Mbineaspo3onbHbie 8bINa0eHUsT, CHEXHbIL NOKPos, meepdbili 0cadok CHe2a, CHezomaras 800a, Nbiegasi Hagpy3ka, MSAKesble Memasnibl.
BeepeHue CHETOBOM ITIOKPOBE XapaKTEPU3YET 3albUICHHOCTh TEPPH-

TOpI/II/I " ABJIACTCA OOHUM U3 KpI/ITepI/IeB CTCIICHU 33I’pﬂ3-

HEHHOCTH BO3JYLIHOTO OacceiiHa TpyIHOPACTBOPHMBIMH

(opmamu coequHeHnit W dnementos [11-13]. Xumuuve-

Ha ceropnsmHmii 1eHp IS OIEHKM KauyecTBa aTMo-
c(hepHOro BO3/yXa KPYIHBIX MPOMBIILUICHHBIX 30H, & TaK-
€ HACEJICHHBIX MYHKTOB C HAJWYMEM HCTOYHHKOB BpPEJ-

HBIX BEIOPOCOB IIMPOKO MPHMEHSIOT KOCBEHHBIE METOIBL.
K TakoBBIM MeTOJAaM OTHOCHTCS CHETOBAas ChEMKa it
OTpE/IeTICHAs. HANMYMS W KOHIICHTPAIMH 3arps3HSIONIIX
BeIIeCTB aTMoc(epHoro Bozayxa [1-10]. dopmupoanme
XUMUYECKOT0 COCTaBa CHErOBOTO MOKPOBA MPOMCXOMUT 3a
CUET MEePeHOca U OCAXACHUA U3 OKPYKAIOLIEro BO3AyXa
TBEPABIX MBUICBBIX YACTHI] TEXHOTCHHOTO W MPHPOIHOTO
TPOMCXOXKIICHUS, PACTBOPEHUS OCAJKaMHU Ta3000pa3HBIX
CJIOKHBIX KOMIIOHEHTOB. [IpH 3TOM ciieZlyeT OTMETUTb, YTO
KOJIMYECTBO TBEPIbIX YACTHIl M B3BELICHHBIX BEIIECTB B

DOI 10.18799/24131830/2020/12/2937

CKHii COCTaB TBEP/BIX YACTHI CHETOBOTO MIOKPOBA COCTOUT
NPEUMYIIECTBEHHO M3 SNIEMEHTOB TEXHOTCHHOTO MPOHC-
XOKIEeHHs. VIMEHHO MOTOMY B HACTOSIIEE BPEMST H3yde-
HHE 9JIEMEHTHOTO COCTAaBA IBLICa’pPO30IbHBIX BHINA/CHHIA,
a TaKXke TBEPIOTO OCaKa CHera KPYIHBIX M MAJBIX Hace-
JICHHBIX MyHKTOB M0 PEKOMEHIALMSM MHOTHX aBTOPOB
TIpEICTaBseT HAMOONMbIIMKH HMHTEpPEC € 9KOJOTMYECKO
ToukH 3penus [ 14-21].

BriepBbie MPOBEICHO KOMIUIEKCHOE HCCIEI0BaHHE
QNIEMEHTHOTO COCTAaBa IMBLICAIPO30JBHBIX  BBINAJCHHIA
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CHEroBOr0 TMOKPOBAa MajOro HACENEHHOTO IyHKTa —
c. [lononp, pacrmoyoxkeHHOTo Ha foro-zamane beckapa-
raiickoro paiiona Bocrouno-Kazaxcranckoir oOmactu
Pecnybnuku Kasaxcran Bmonmb JieHTOUHOTO Oopa Mp-
TBINICKOTO OacceifHa. HaceneHHBIN MyHKT sBISETCS aj-
MUHHCTPATUBHBIM LEHTPOM JIOOHBCKOTO ~ CEIBCKOTO
okpyra, rie 80 % MecTHOro HaceneHus B 3UMHUI epuos
I7sL OTOILICHHSI TOMOB HCIIOJNB3YIOT IPEBECHHY (COCHA,
ocuHa), ocranbasie 20 % — yrois ¢ MecTopoxuerns Ka-
paxbIpa.

O6beKTbI U MeTOAbI UCCHeA0BaHMA

Yeonv u 301a. OtO0p mpoOd YIIis U 3076l TPOBENHU B
cepenuHe okTs0ps 2015 r. HaBecku npoOsl Maccoit 0,2 T
noMemnand B TE(IOHOBBI BRI, JO0ABISANN He-
Oonmbumu mopuuaMu 10 mn 7M HNOj; mMapku «oc.d.».
KucnotHoe pasnoskenne npob NpOBOJWIN B TepMETHY-
HBIX aBTOKJIABaX B TEUCHHUE 2,5 YacoB IpPH TEMIIEPaType
160+5 °C. O0beM KHCIOTHBIX BBITSDKEK, ITONYYEHHBIX
TaKUM crocoooM, noBouiu 1o 15 M 7M HNO3 mapku
«OC. 4.y,

Crecomanas 600a u meepoviii 0cadox cHeza. MetooM
urypda B KoHIe MapTa — Havaie anpens 2015 r. otoOpanu
30 mpo0 crera. lypdsr ObLTH 3aJ0%KEHBI IO BCEH TLTONTA-
IM HccreayeMol Tepputopur. Metoa mypda mpeamnona-
raer 3akiajky miomaaku pasmepom 100x100 cm Ha Bctro
MOIITHOCTb CHEXHOTO IOKPOBA, 33 HCKIIOUEHHEM 5 CM
oS HaJl TMOYBOH, ryOuHa mypda B cpeqHeM He mpe-
BhimaeT 50 cM. Macca cHeroBo mpoObl, 0TOOpaHHOHU ¢
KaKJ0H TUiomanku, coctapmna npumepHo 10 kr. Taxxe
Obl1a 0TOOpaHa «(poHOBas) Mpobda Ha paccTosHUH 1,2 KM
B CEBEPO-3aIla[HOM HaNpaBJeHuH OT cena (puc. 1).

YcnoeHbie 0603Ha4eHns

Touku oT6opa Npo6

. @ crer

Puc. 1. Touxu ombopa npod
Fig. 1. Sampling points

JocraBneHHble B TabopaTopuio 00pasibl CHera pas-
MeMaNH B ITy0OKHE eMKOCTH U3 TIIACTMACCHl. B maHHBIX
€MKOCTSIX IIPOOBI OTTAMBAIH MPU KOMHATHOH TeMIIepary-
pe. Tlocne cHerotanyrw Bomy OT(HYrOBBIBANH IS TOMY-
YEeHHS TBEPJOr0 OCaJKa, U BOAY KOHCEPBHPOBANH M3
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pacuera Ha 1 11 BOJBI 3 MJI KOHIICHTPUPOBAHHOH a30THOM
KHCIIOTH MapKH «0C.4.» W TIepeIaBaii Ha aHanm3. TBep-
JbIe YaCTHIIE! CHETa MePeKIIaIbIBAIH B YHCTYIO Te(IOHO-
BYIO €MKOCTb M BBICYIIMBAIA 10 TIOCTOSHHON MAcChl IpH
KOMHATHOU TemIeparype. Bricymiennsie o0pasibl TBep-
JBIX YACTHUI[ CHETA pasjaraid CIocoOOM AaBTOKIABHOH
MUHEpAH3AIHN C HCIONb30BAHMEM KOHIICHTPHPOBAH-
HeIX (ropucroBogopoaHoit (HF) u azotHoit (HNO3) kuc-
JOT B COOTHOMICHNH 1:2. ABTOKIIaBBI BBIJEPKHBAIH B
CyIHIbHOM IKady B TedeHHe 4 4, HArpeToM JI0 TeMiie-
patypsl 160+5 °C, npunuBanu 7M a30THYI0 KUCIOTY H
BBIIIAPUBAJIM PACTBOP JI0 00PA30OBAHMS CYXHX COJNEH TpH
temmeparype +160+5,0 °C. Ilocie oxmaxkneHus oObem
pactBopa nooauu g0 15 M 7 M HNOs.

Omnpenenenre CONCPKAHUS XUMUUESCKHX DJIEMEHTOB B
aHATH3UPYeMbIX 00pasiax mpoomwi Merogamu MC-UCII
C HCIIONB30BAHAEM KBAJPYIONBHOTO MAacc-CIIEKTPOMETpa
Agilent 7700x «Agilent Technologies» [22], a Takxe
ADC-UCIT ma mpubope iCAP 6300 Duo «Thermo
Scientificy. IIpurotoBunu kKanuOPOBOUHEIE PACTBOPHI IS
TIOCTPOCHHUS TPaTyHPOBOYHBIX KPHBBIX U3 CEPTUDHUIUPO-
BAHHBIX MYJBTHAJIEMEHTHBIX CTAHIAPTHBIX 00pa3moB —
IV-ICPMS-71A, Ne 9300233, Ne 9300235, mpoun3Bo/cTBa
CIIA, xommanuu «Perkin Elmer». OTHOCHTeIbHOE CTaH-
naptHoe otkinonenne (RSD — relative standard deviation)
mMepenuii 66010 Mensbine 10 %. BHyTpeHHHIT KOHTpOIb
KauecTBa M3MEPEeHHMH B 1abOPaTOPHI OCYIIECTBISIIA Ty~
TéM M3Mepenus KoHTposbHOro pacteopa (QC — quality
control) ¢ aTTeCTOBAHHBIM COJCPIKAHUEM HCCIETyeMbIX
3neMeHToB depe3 kaxasie 10 npob. Takxke A1 KOHTpos
BOCIIPOU3BOIMMOCTH PE3YJIBTATOB BO BpeMs aHAIM3a HC-
TI0JT30BATTH KOHTPOJIbHBIE (MapajlieNbHbIe) 00pa3Ibl ve-
pe3 kaxasie 15 mpo6. ITH mponeypsl MPUMEHSIIOTCS A
BBIBJICHUS HEOMPEIEICHHOCTEH mpoliecca mpoOOoaro-
TOBKH JUIS SJIEMEHTHOTO aHanmu3a. [Ipu Heya1oBieTBOpH-
TENLHOM PE3yJIbTaTe MPUMEHICMBIX METOOB KOHTPOJIS
KauecTBa (OTKIOHEHHE KATMOPOBOYHOTO Tpaduka Ha 8§—
10 %, OTKIOHEHHE KOHTPOJA TOYHOCTH U MOKaszaTeseH
HapaJUIebHbIX 00pasIioB OT aTTECTOBAHHBIX 3HAYCHHI
Ha 20 %) 3aHOBO CTPOUIH IPALYUPOBOYHYIO KPUBYIO JIJIst
ACCIEAYEMBIX JJEMEHTOB. AHANU3 Mpo0 MPOBOIWIN Ha
omnpesieNeHne Takux EMeHToB, kak Be, Mg, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Mo, Cd, La, Ce,
Pr, Nd, Sm, Pb, Th, U, no meroauxe ISO 17294-2:2003
(E) ¢ HOMepoM ToOCyIapCTBEHHOH  perucTpauu
022/10505 ot 27.12.2005 T.

Jlnst TOTO 9TOOBI COOTHECTH HCCIEAYEMBIE KOMIIOHEH-
THI B TIP00AaX yIJIs ¢ ONPEIETCHHBIM KIIACCOM IO CTETICHH
JIETY4eCTH M 000TalmaeMOCTH B 30JI€ PacCUUTAIN KO3 (-
dunment oboramenus (K°) 51eMERTOB, BEIMUCIAEMBII 110
dopmyme (1):

K’=C,/C,, (1)
rae C, — comepXaHie HMCCIEIyeMOro dJIeMEHTa B 307,
mr/kr; Cy — coiepKaHHe HCCIelyeMOro JIeMeHTa B yIIle,
MI/KT.

KonuuectBo mbuiea’po30NibHbIX BBINAJEHUH, JKCIO-
HUPOBAHHBIX HETIOCPEACTBEHHOTO B CHETY, OLPEIEISIIH ¢
TIOMOLLBIO MOKa3aTeNs IbuieBoi Harpysku (Pn) [23] kak
KpUTEpHil 3arpsi3HEHHS HA SAMHUIYY IUTOM[AIH 32 OIpere-
JICHHBIH Tiepuo (2):
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Pn=Po/(Sxt), (2
rae Po — mMacca meutu B ipo0e, Mr; S — miomaas mypoda,
Mt — BpeMs OT Hayaja CHerocraBa o0 0TOopa mpoosl,
CYTKH.

Taxke paccuuTanu TOKa3aTenb OalaHca MEXKIY
HATMYAEM XHMHYECKHX 3JIEMEHTOB B COCTaBE TBEPHOH
(ha3bl U CHEroTaNoi BOJBI CHETOBOTO TOKpoBa [23, 24].
Jlo1io B TIPOIIEHTAX COJIePKAHUS XUMUIECKOTO IIEMEHTA,
OTHOCSIIYIOCS K TBepHoH (ase cHera ([Toc), paccuuThI-
BanM cornacHo gopmyiaam (3.1-3.4):

Hroc=(Piroc X100)/Picyer, 31
Picyer=PitoctPicseroranan somas (3.2)
Pipoc=(Cmr/krxP)/1000, (3.3)
PiCHCl‘OTaHaﬂ Boﬂa:Cic}lel‘OTaHaﬂ BOHQXV’ (34)

rae Piroc — Macca XMMHYECKOTO JJIEMEHTa B COCTABE
TBepaod (asbl cHera, MT; Pic,r — Macca XMMHYECKOTO
9JIEMEHTA B COCTaBE CHETOBOI MPOOBI B 11ETIOM, MT; Piyye.
roraas soza — MACCA XMMHYECKOTO JIIEMEHTA B COCTABE CHE-
rotanoit Boapl, Mr; C — KOHIIGHTpAIHsA XUMHYECKOrO
9IeMeHTa B TBepaod (ase cHera, MI/kr; P — Macca mbutu
B npo0e cHera, T; Clegeroranas soxa — KOHIICHTPAIAS XUMH-
YeCKOro 3JeMEHTa B CHErOTaJol BOJE, Mr/z[M3; V — 005-
€M pacTBOPUMON (ha3bl CHera, MOJYYCHHBIH MOCIE Tas-
HHSI CHETOBOM TIPOOBI, 1M ",

[IporeHTHYIO OO COMEPKAHUS XUMHYECKOTO 3Jie-
MEHTA, TIPUXOJIANIYIOCS Ha cHeroTanyro (asy cHera ([ e
rotanas soxa— He.s.)s PACCUMTBIBANIN coriacHo opmyine (4):

I[CHEI‘OTHJ‘IHS{ BOHB.ZlOO_I[TOC' (4)

O6cyxpaeHne pe3ynbLTaToB

Cree. Jlns w3yueHus JUMHAMMKH COIEPXKaHHUSA U IpO-
CTPAHCTBEHHOI'O pacOpeACICHUS XUMUYCCKUX 3JICMCHTOB
B CHETOBOM TOKPOBE MCCIIETyeMOl TEPPUTOPHH OMpese-
JIeHbl UX KOHLEHTPALMKM BOJOPACTBOPHMBIX M TPYIHO-
pactBopuMBIX (opM. CpemHee cofepiKaHHE H TIPEICIbI
KoNeOaHHi XMMIYIECKHX JIEMEHTOB B JKHIKOW W TBEPJIOH
(azax cHEroBOToO MOKPOBA MPE/ICTABIEHBI B Ta0M. 1.

KoHueHTpaiys 3neMeHTOB B CHETOTANION BOJE Bapbu-
pyer ot 0,0005 10 280 mkr/1. Takxe B xuaKon (pase cHera
(oHOBOH TIPOOBI OTPEIETEHB 3HAYCHUS KOHIEHTpPALHH
XIMITYECKHX JNEMEHTOB MEHBINE Tperesia 0OHApyKEeHHS
npubopa. Ha cerogusmuuii 1eHb OTCYTCTBYIOT IOKa3aTe-
JH JOIyCTUMBIX YPOBHEH COZIEP:KAaHHMS XUMMUYECKHX dJie-
MEHTOB B CHEXHOM MOKpoBe. [loaToMy 11 oleHKu mpe-
J€JIbHO JIOIMYCTUMbIX KOHLIEHTPALMi XUMUYECKHX dJIeMEH-
TOB B CHCXHOM IOKPOBE COBPEMCHHBIC aBTOPbI HCIIOJb-
3y10T ()OHOBBIN MOAXO0A. B TaHHOM ciiydae B KauecTe oc-
HOBHOI'O 3HA4YCHHUA MPUHATO CUYHUTAThb COACPIKaHHUC i-FO
3MEMEHTA B CHEKHOM IOKPOBE OTHOCUTEINBHO €10 KOHLIEH-
Tpaluy B CHere, OTOOpaHHOM C (DOHOBOH TeppUTOpHH.
[Ipu 3TOM [JaHHBINH YYaCTOK XapaKTEpPU3YeTCs OJHOPOIHO-
CTBIO JAaHMA(TA U HETOJABEPKECHHOCTHIO TEXHOTCHHOMY
Bo3zeicTButo [25, 26]. Ilo TakoMy e IPHHLHMIY COIEp-
KaHUe XUMHYECKHX SJIEMEHTOB B COCTaBE CHETa MablX
HACENEHHBIX MYyHKTOB CPAaBHIJIM C MX KOHUEHTPALUSIMU B
CHeTY, 0TOOpaHHOM C (JOHOBOTO yJacTKa.

B HameMm mccieoBaHNN TIPH aHATH3E COCTOSHUS (o-
HOBOTO YYacTKa BBISBICHO OTHOCHTENBHO BBICOKOE CO-
JepKaHue TN W ypaHa B TBEPAOH (ase CHEKHOTO

TIOKPOBA, B CPABHEHUH C JPYTUMH 3JIEMEHTaMHU, KOHIIEH-
Tpanys KOTOPHIX COCTABIUIA MEHBIIE Tiperena OOHapy-
JKeHHs mpudopa. JTO, BEPOSATHO, CBA3AHO C MEPEHOCOM
TBEp/bIX YaCTULl a’po30Jel BO3yXa JUAMETPOM MeEHee
2,5 MUKPOH, KOTOPbIE COJIEPIKATCSA B COCTAaBE CaXH, MBUIH,
30JIPHOTO OCTaTKa, Ha [JalbHUE PACCTOSHUS U METEO-
YCIOBUAMH PETUOHANBHOTrO KiuMmara. ClieyeT OTMETUTD,
YTO COJEPIKAHUE MCCIENYeMbIX XUMMYECKUX JIEMEHTOB
B CHErOTANION BOJE HE NPEBBIIAET UX MPENETbHO JOIy-
crumble koHueHTpauun (IIIK) B muTtheBoi Bone, yka-
3aHHBIE B CAHUTAPHO-3IUIEMUOJIOTMYECKHIX TPEOOBAHMSAX.

Taonuya 1. Cpeonee codepoicanue u npeodenvl KoaeOauus

XUMUYECKUX I/IeMEHMO8 6 CHENCHOM NOKpoee
(n=30)

Table 1. Average content and variation limits of
chemical elements in the snow cover (n=30)
CHerotasnas Boja TBepblit 0cafiok cHera
Melted snow Solid snow deposition
Dite-
donoBas doHoBas
MEHT /1 npoba MI/KT npoba*
Element MKI P P
ng/l Background mg/kg Background
sample sample*
1,040,2 60+6.5
M 0367 <0,05 14-170 <0,05
0,20+0,03 609, 1
cr 00306 <0,01 4-240 <0,01
12+3 380+46
Mn 0,2-88 <0.1 88-1100 <0.1
50+14 2200042500
Fe 6-280 <05 |5300-61000| 3!0*6
0.20+0.01 12+1.4
co 0,020-1,6 <0,01 2.0-34 <0,01
. 0,50+0.10 38+5.0
Ni 0,020-2,40 <0,01 3-120 <0,01
1.340.3 140+58
Cu 0.4-10 <0.1 21700 <0.1
1.3+40.1 430+120
Zn 0.2-170 <0.1 7-3500 <0.2
2.0+0.2 46161
Ga 0.7-6,8 <0.1 50130 | 401
1,0£0.1 24+5.1
As 0435 <0.1 3-130 <0.25
18+3.4 150+25
Sr 4195 <0.1 17-580 <0.1
0,0720.01 4.4+1,1
Cd | 0005040 <0,001 0,223 <0,001
0.030=0.001 19+1.8
La 0,004-0.2 <0,001 —,_6416 <0,001
0.05+0,01 40+4.0
Ce —’—’—0100770’4 <0,001 —’—12795 <0,001
0,02+0.01 20+2.0
Nd | 0005006 | <0001 | 14 | <0001
0.0005+0,0001 4.7+0.7
Sm | 50005-0060 | 00001 | i3T5y | <0.0001
0.7+0.3 120£18
Pb 0,06-7.2 0,10 9-410 <0.1
0.030=0,001 4.0+0.4
Th 0,003-0.3 <0,001 —’—’—1’1_10 <0,001
0,030+0,004 1,240.2
u 0,004-0,11 <0,001 Q—LO’3_4’3 0,04+0,01

Hpu/weqanue: n — Koauvecmeo np06, 6 quciumene — cpez)Hee
codepoicanue ueco 0mu6l<a, 6 3HameHnamene — MUHUMAJIbHoe
U MaxkcumailbHoe 3HA4YeHUe KOHYeHmpauuu, * — npe()eﬂbl
06Hapydicenus npubopa 8ulpadiceHvl 8 MK2/1.

Note: n — number of samples, in the nominator — the average
content and uncertainty, in the denominator — minimum and
maximum concentration value; * — instrument detection
limits are expressed in ug/l.
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YcnosHbie 0603HaueHNs
. hoHOBBII yuacTok, 0,25 mrikr Av e
Knapk 5 mr/kr
KOTenbHas yCTaHoBKa 3.5
MHAVBWAYaNbHan OTONUTENbHAR nevs 5-20
@ Toukyu oT6Opa Npob cHera [ 2040
w—r113BHaA AOPOTA I 40-100
AP pexa Viproiw [ 100-134

.A

YcnosHbie 0603HaueHns
Cu, mrlkr
Knapk 20 mr/kr

. poHOBbI yuacTok, 0,25 mr/kr

. KoTeneHas ycTaHoBka 2-20
f wiavsuayanshas oronutenshan neus 2050

@ Touku oT6opa npob cHera
m— r1aBHaR AOPOrA

glc
u ceunya (2)

lead (d)

YcnosHble 0603HaueHUs

. oHoBbIA yuacTok, 0,005 mrikr Cd, mikr
Knapk 0,5 mrikr
. KOTENbHanA yCTaHoBKa
‘ WHAMBUAYANbHAA OTONUTENBHAR NeYb
@ Toukn oT6opa npob cHera
— rriaBHan gopora

-10226

YcnoBHble 0603HaueHus

. hoHoBbiA yuacToK, 0,1 Mr/kr Phy sirl;
Knapk 10 mr/kr

KOTeNbHan yCTaHoBKa 9-10
‘ MHAMBUAYANbHARA OTONUTENBHAA NeYb. 10-50

@ ouku ot6opa npob cHera © 50-100
wm—rnasHas gopora [ 100-200
NP pexa Vproiw [ 200-409

2ld

Puc. 2. Pacnpedenenue konyenmpayuu 31emMeHmos 6 meepooul (haze CHe208020 NOKPOBA: MblubsKa (a), kaomus (0), medu (8)

Fig. 2. Distribution of elements concentration in the solid phase of the snow cover: arsenic (a), cadmium (b), copper (c) and
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HanGonbmuit wHTEpEC MPEICTABIACT aHAIU3 COICP-
KaHHSA XUMHYECKUX SJIEMEHTOB B TBEpJIOH (haze CHEroBo-
r0 TIOKPOBA, MOCKOJBKY B HEH CONEPKHUTCS OCHOBHAS
YacTh 3JIEMEHTOB TEXHOTCHHOTO NPOUCXOXKICHHS, BbI-
OpackiBaeMbIX B ciabopactBopumoii popme. TpyaHopac-
TBOPHUMBIE (POPMBI HCCIIETyEMBIX JIIEMEHTOB OTPEIEIICHbI
C TIOMOIIBIO BHIIENAYABAHNS MUHEPATbHBIMU KHCIOTa-
MH TBEpJIOTO OcajKa CHeTa cIioco00M aBTOKIABHOTO pa3-
noxenns. CojepkaHue XMMHUYECKUX 3JIEMEHTOB B TBEP-
JoM ocanke cHera cocrasiser oT 0,04 mo 61000 mr/kr.
B tBepmoM ocanke cHera ¢ (HOHOBOTO y4acTKa BBISBJICHEI
KOHIIEHTpAIMK KeJe3a, TAUHA M ypaHa cO CICIYIONUM
conepxanueM — 310; 0,4 u 0,04 (mr/kr).

CHer, 0TOOpaHHBIl HAa yYacTKaX C MOCTOSHHBIM aH-
TPOIOTEHHBIM IPECCOM, Kak MOKa3alld HCCIeI0BaHuS,
COJICPKUT B CBOUX TPYIHOPACTBOPHMBIX YAaCTHIAX KOH-
HEHTPAIlMA 3JIEMEHTOB, B 3HAYMTENHHOW Mepe INpPEBbI-
IIaronIue cojiepkaHne, YCTaHOBICHHOE B TIpo0ax CHera ¢
(oHoBOTO yyacTka. 13 Bcex u3yyaeMbIX HaMU SIEMEHTOB
Haubosee BBICOKHE KOHIeHTpanuu nokasamu As, Cd, Cu
u Pb. C nomompio KapTUpOBaHHS CHETOBOTO IOKPOBA
HCCIeMyeMOl TepPUTOPUH OTPENeNeHbl «YYacTKH» pac-
NPOCTPAHEHUS KOHIICHTPAIWHA BBHIMICTICPUHCIICHHBIX XH-
MHYECKHUX 3JIEMEHTOB M YCTaHOBIIEHBI 30HBI BIUSHHUS UC-
TOYHHMKOB HX MOCTYIIEHus (pHC. 2, a—2).

Ilo mpencraBneHABIM TaHHBIM B TBEpHOH (asze cHera
BBISBIIEHA TpYIIa 3JIEMEHTOB, COJCPKAHHE KOTOPHIX
npesbimaer ux [IJ[K B mouBe, yTBepKIeHHBIE COBMECT-
HBIM TIPHKa30M MHUHHCTEPCTBA 3ApaBOOXpaHeHus U Mu-
HUCTEPCTBA OXpaHbl OKpYyXkatomied cpensl PecmyOinku

YcnoeHble 0603HaueHus

| ' hoMHOBBIIt yuacToK, 0.4 Mr/kr Ca g
p Knapk 30 mr/xr
@ «orensuas ycranoexa 4,9-10
M wianeuayanswas oronuTenswas neus 10-30
30-50
1 50-100
B 100-132,6

@ Toun oT60pa Npob crera
m— aBHER AOPOra

Kazaxcran. K nanHO# rpymnme OTHOCATCA: MBIIIbAK, Kaj-
MU, MeJIb U CBUHEII.

Jlanee mpencraBieH yOBIBAIOIIMN AN 3arps3HEHUSA
CHETOBOTO ITIOKPOBA HCCIIETYEMOI TEPPHTOPHH:

A512>Cd3'3>CU412>Pb313.

[Ipumeuanue: B UHACKCE YKa3aHa KPAaTHOCTh MPEBBI-
menus [1JIK JaHHBIX 371EMEHTOB B TIOYBE.

B cHexHOM TIOKpOBE CoJepiKaHHME IEMEHTOB OMpe-
JIeNsSIeTCs pa3MEIeHHEM | MOIHOCTBIO UCTOYHHKOB T10-
CTYILUIEHHs 3NIeMEHTOB. Kak BHIHO M3 IMpeACTaBICHHBIX
KapT, OCHOBHBIM MCTOYHMKOM TMOCTYIUIEHHS MBIIIbSKA B
CHETOBOM MOKPOB ABJAETCS KOTENbHAS, PACIIONIOKEHHAS B
JOT0-BOCTOYHON YacTH cena. Takke BBISBIEHBI JIOKalb-
HBIE YYaCTKH 3arps3HEHHs CHEXHOTO IOKPOBA MBINIbS-
KOM, KaJIMHEM, MEJIbI0 M CBHHIIOM I10 BCEH ILIONIATHN Ce-
Ja. YPOBHHM HAKOIUIEHHS JAHHBIX MOJIIOTAHTOB B TBEp-
JIBIX YaCTHIIAX CHEra CHWKAKOTCS MO0 Mepe yIaleHUs OT
MX UCTOYHHKOB TIOCTYIUICHHS. B wacTHOCTH, HaOmo1aeT-
Csl CHH)KEHHE KOHICHTPAIMK KaJMHSA B TBEPAOM OCAIKE
CHera mo Mepe yjaanenus ot Touek 21, 23, 14. BeiasneHo
BBICOKOE COJIEpKAHUE MEIU B TIPode CHera, 0TOOpaHHOH
¢ toukn 11. Ompeneneno conep:kaHne CBUHIA B TBEPIOM
ocazke cHera, mpeBsimiatomee ero [1JIK B mouse B T04-
kax 12, 22, KoTopble pacronokeHbl B HEMOCPEICTBEHHON
OMM30CTH OT TPAHCIIOPTHOH JOPOTH, & TAKXKE B TOUKax 14,
23. HabmromaeTcst TeHIEHIMS PACTIPOCTPAHEHHS KOHIICH-
TPAIUK 3arpsA3HAIONINK SJIEMEHTOB 110 TOCHOJCTBYHOIIC-
My HaNpaBJICHHUIO BETPa B OTOIUTEIBHBIHA CE30H.

Taxoke B mpobax TBepzoil (assl CHera OMNpENeNeHO
coJlep>KaHue TANA U [UHKA, MPEBHIIAINIee UX KIapKu
B COCTaBE 3eMHOM KOpBI (pHc. 3, a, 6).

YcnoeHble 0603HaveHns
] . hoHOBBI yuAcTOK, 0,2 Mr/kF &n; Mrlgx
Knapk 50 mrikr
 «orensuan ycravoska 7-50
Mt vnauenayanshas oronutensHas neus 50-200
200-500
[70 500-1000
I 1000-3503

@ TouKu oTBopa npob cHera
w—rnasHan Aopora
£\ pexa Viptoiw

a/a

ol

Puc. 3. Pacnpedenenue konyenmpayuu eainus (a) u yunka (6) 6 meepoou gasze cne206020 nokposa
Fig. 3. Distribution of gallium (a) and zinc (b) concentration in snow cover solid phase
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Kax BUIHO M3 NIPECTABICHHBIX JAHHBIX, CPEIHEE CO-
JIep)KaHue TaJUTHsl TIPEBBIIAET €ro Kiapk B 2.4 pasa,
IIWHKA B — 5 pa3 COOTBETCTBEHHO.

®onoBas mpoda cHera, oToOpaHHAs Ha PACCTOSHUH
1,2 kM B ceBepo-3amaJHOM HaMpaBIEHUHU OT cefla, Xapak-
TEPU3YEeTCS MPUPOTHBIMYI 3HAYCHUAMHE COJIEPKAHUS U3Y-
YeHHBIX JIEMEHTOB, HE TMPEBBHIMIAIONIIMY UX CpPEXHHI
COCTaB B [IOYBE U 36MHOM KOpE.

Takum o00pazoM, Tpu HOPMHPOBAHWH COIEPIKAHISA
TSOKENBIX METAJIJIOB B TBEPIOH (ha3e cHera K MX Mpelelb-
HO JIOMYCTHMOH KOHIICHTPAIMK B II0YBE BBIABJICHEI
y9acTKU TeppuTOpHH cena J(OMOHb ¢ MOBELICHHBIM CO-
JepKaHueM pAZa TSHKETBIX METaIOB, & IMEHHO MBIIIbSI-
Ka, Ka[MHsI, MCII1 ¥ CBUHIIA.

Jns momydenus oOumeil KapTHHBI O KOHICHTPAIUH
9JIEMEHTOB B CHETOBOM MOKpoBe . JloJIOHb MpoBeIeH
pacder o JOJAX COJEPKaHus MX B KUIKOU U TBEpHOH (a-
3ax. Jloms pacTBOpeHHBIX (OPM HAXOXKICHHS XHMHYE-
CKHUX 3JIEMEHTOB B Tpo0ax CHera uccienyeMoil TeppuTo-
PUM OTHOCHUTENIBHO Malla 32 UCKIIOUEHHEM KaaMus, rai-
JHSL MBINIBAKA M CTPOHIHS. [l yKa3aHHBIX 3JIEMEHTOB,
XapaKTePU3YIOUXCS BRICOKON CTETIEHBIO TIOABUKHOCTH,
IONS COTEPIKAHHMS PACTBOPEHHBIX (OPM HAXOKICHHUS
npeodianaer Haj B3Becbio Ha 40-60 %. [lo momy4eHHBIM
JIAaHHBIM MOKHO TPEJIOJI0KHUTh BO3MOXKHBIC M3MECHEHHUS
KOHIICHTPAIMI STHX 3JIEMEHTOB B II0YBE B 3aBHCHMOCTH
OT CTEICHH TOABHXHOCTH. JTO MOXKET OBITH 00yCIIOBIIE-
HO MHTEHCHBHBIM IBLIEBBIM MPUTOKOM H3 aTMOC(HEPHOTO
BO3IyXa (CKMTaHHE TOIUIMBA), (U3UKO-XMMUYECKUMU
YCIOBHUSAMHE CPeJIbl U IPUPOJION CaMUX SIIEMEHTOB.

OpHUM W3 KPUTEPHEB OIEHKU COCTOSHHUSA aTMochep-
HOTO BO3/AyXa B 3WMHHU MEHOI SBJSETCS BBIABJICHHE
CpeHeCYyTOUHOH TbLIeBo Harpy3ku (Pn). B otomurens-
HBII CE30H BENMUMHA CpefiHecyTouHOH Pn [27] Ha uccne-
JIyeMOl  TeppuTOpuM  HM3MEHseTci OoT 5 1o
450 mr/(m*xcyr.). TIo CTeleHn 3albUICHHOCTH HCCIEye-
MYI0 TEPPUTOPHIO MOKHO YCIOBHO Pa3[elUTh HA y4acT-
KU CO CPEIHEH M HU3KOM CTeNeHAMH HAarpy3KH B OTOIU-
TENbHBIN ce30H. Tak, y4acTKy Bo3Je KOTENbHOH (T. 5), Ha
TEPECeUCHNH TPAHCTIOPTHBIX JAopor (T. 24), M Ha 1OTO-
3amaje cena (T. 17) XxapakTepusyroTcs CpeIHel CTeTeHbI0
TBLIEBOH HArpy3kd. CieyeT OTMETHTD, YTO JUTS yYacTKa
TEPPUTOPHUH, KOTOPBIi PACTIONOXEH B CEBEPO-BOCTOUHOM
4acCTHu ceJia, BBISBIICH HaI/IGOHI)IHI/Iﬁ II0Ka3aTeIb IBIIEBOI'O
nputoka — 450 MF/(MZXCyT.) [23].

Yeonv u 301a. OMHAM W3 KOCBEHHBIX TOKa3aTeNeH co-
JepKaHus B aTMOC(EPHOM BO3YXE XUMUIECKIX dIEMEH-
TOB, B TOM YHCJIC TAKCIBIX MCTAJUIOB, ABJIAIOTCA JaHHBIC
10 BEIOpOCAaM TBEPIBIX BELIECTB (CXKUTAHUE OPraHHYECKO-
ro TorumBa). CHEroBoii MOKPOB, Kak yxke ObLIO OTMEUEHO
BBIIIIE, SIBISETCS JCTOHUPYIONICH Cpeloil i BBIOPOCOB
BCEX MPOMBIIUICHHBIX 00BEKTOB, B TOM YHCJIE OTOIHTENb-
HBIX CHCTEM (KOTEJbHAs), KOTOPBIE COZIEpKaT HOPMHPYe-
MbI€ U HEHOPMUPYEMbIE KOMIIOHEHTBI. TBEp/ble YacTHIIbI
OT BBINICYKA3aHHBIX NCTOYHIKOB HAKATUTHBAIOTCS B CHETY
3a nepuoj ¢ HosiOps (00pa3oBaHMe YCTOHYMBOrO CHErOBO-
T'0 MOKPOBA) 10 KOHIIa MapTa (Ha4auo CHErOTasHHU).

CpenHee cosiepkaHue XUMHYECKUX 3JIEMEHTOB B TIPO-
0ax yrias W 3006l HCCIEAYEMOTO HACENECHHOTO MyHKTa
TPEJICTABICHO B Ta0M. 2.
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Taonuya 2. Cpeonee codepowcanue u npeoenvl KoaieOamus
XUMUUECKUX ITIeMEHMO8 8 00pa3yax yens u 30-
JIbl, UCNOABL3YeMbIX 8 C. [Jonoub me/ke (n=10)

Table2.  Average content and variation limits of
chemical elements in coal and ash samples for
Dolon village, mg/kg (n=10)
DJeMeHT VYronb 3omna *K°
Element Coal Ash *Ef
Ge 040-050 fs1p | 3
Mg 570610 o0 2s00 | 30
v St ot 35
Cr 2225%310 57857—i846 3,0
Mn 7%0 1351(5)——259% 33
Fe 4500+420 110004860 24
3700-6500 9700-12100 '
Co %g%g:% =2 38
Ni o b 38
cu e o 45
Zn 450%?7 7%0 18
Ga o1 s 36
Ge % %ﬁ?% 23
As %:g%?% ;({%% 30
Rb 5080 = 25
st 130-180 o | %8
Mo 050060 vsor | 28
La %38%3’% o 33
Ce T = 36
Pr %8%2,% %g 37
Nd ol S 35
Pb %:%g:g o 33

Ipumeuanue: n — xonuuecmso npob, 8 uuciumene — cpedHee
codepoicanue ueco 0mu6l<a, 6 3Hamernamele — MUHUMAJIbHOE
u Makcumanvhoe snavenue konyenmpayuu; *K° — koagppu-
yuenm 0602&1%{61114?[.

Notice: n — number of samples, in the numerator — the
average content and uncertainty, in the denominator —
minimum and maximum concentration values; *Ef —
enrichment factor.

Kax BugHO M3 Tabmuel, cpenHee 3HaYCHHE KOdDDU-
IMEHTa 00OTAIICHHAS JIEMEHTOB JUTS YIS PABHO PHOMNH-
surensio 3,4. Ecnin K°<3,4, To npu o3omenun yris sie-
MEHTbI, MOJBEPraeMble TEMIEPATypPHOMY BO3JEHCTBUIO,
OonpIIe MepexodT B ra3oBylo (GopMy M HCTOIIAIOTCS B
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sompHOM ocratke. IIpu K°>3,4 onementsl mepexonsr
Ooutblie B TBEpAYIO (pasy 30JIbHOTO OCTaTKA.

[lo maHHBIM TabmHIB 3HAUCHHE K03 dummenta 06o-
rameHnst 10 3,4 XxapakTepeHo IS CIeIyIoIHX dIeMeH-
toB: Cr, Mn, Fe, Zn, Ge, As, Rb, Mo, La u Pb. Bo3mox-
HO, B OTONHUTEIbHBIN TIEPHOJ TOCTYIUICHHE B aTMOcdepy
JAHHBIX 3EMEHTOB-TIPUMECEH TIPH CrOpaHUM YT OyzHeT
3HAYUTENBHO, YTO YACTHYHO MOATBEPIKICHO HCCIEIOBA-
HIBIMHE 110 H3YYEHHIO 3JIEMEHTHOTO COCTaBa a3po30inei, a
VIMCHHO BBISIBIICHHBIMH 3UMOH BHICOKHMH COZEPKAHMAMHU
MBIIIbsKa ¥ MonubeHa [28, 29].

[locTymneHne XMMAIECKHX 3IEMEHTOB B KOMITOHEHTHI
IPUPOJHON cpeaibl (BOJa, BO3YX, OYBA, CHET) TIPH CXKHU-
TaHHUH YIS TPOMCXOMHT 32 CYET PACIpPOCTPAHEHHUS B CO-
CTaBe JIeTy4ell caxu Ha JaTbHHE PACCTOSHHUS U BBIATIC-
HUS KPYMHBIX YacTHI] 301bl BOMM3M HcTouHMKa [30].
Bosmoxkno, snementsl ¢ K°>3,4 Be, Mg, V, Co, Ni, Cu,
Ga, Sr, Ce, Pr, Nd, Sm, Th u U pacnipoctpaHstoTcs B co-
CTaBe JIeTy4ell 3076 M B JAIbHEHIIEM OCAXKIAIOTCS Ha
CHETOBOM MOKPOB.

[TockonbKy yTBEpHKACHHBIC IKONOTHYECKHE HOPMATH-
BEI COJICPKAHUS MUKPOIIIEMEHTOB B YIJIE U 30J€ OTCYT-
CTBYIOT, TIPH AHAIM3E MOJYYCHHBIX PE3YJIBTATOB OBLIH
HCIIOJIB30BAHBI KJIAPKH 3JIEMEHTOB-TIPUMECEeH B KaMeH-
HBIX YIJIX U X 301e [31]. B mpobax yrmnst oOHapyxeHb!
KOHIICHTPAIIMH BAaHAIMA, XpOMa, MEIH, IIHHKA, TAJTHI I
CTPOHIUSA, IPEBHIIAIONINE UX KIapKH B 2 pasza. Bricokue
COZEPIKaHMS ITUX K€ DIEMEHTOB, 32 HCKIIOUCHIEM Ba-
HaJIus, 0OHAPYKEHBI B TBEPAOM OCAJIKE CHETa, T. €. B IIb-
J1€a3pO30JIbHBIX BBITAICHHSX, YTO OBLIO OTMEUYCHO BBIIIIE.
B uccnemyempix o0pasmmax 30116l COfEpKaHIE MEIH TIpe-
BEIITACT €T0 KIapK B 2 pa3a M MPelebHO IOIyCTHMYIO
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The relevance of this work is caused by the need to expand the methods of complex environmental studies to assess the quality of
environmental objects in small communities. The study of the elemental composition of dust and aerosol depositions will provide the most
complete picture of the quality status of the main natural components. Air aerosols are a complex dispersed system that includes particles
smaller than 10 microns. These particles have both natural and man-made origin: finely dispersed dust particles of soil, plants,
microorganisms, soot, ash, components of smoke emissions from boiler houses, industry, etc. Atmospheric air of small settlements
remains poorly studied, there are no systematic data on the chemical composition of atmospheric pollutants, and therefore the relevance of
this work is determined.

The aim of the research is to determine the elemental composition of the solid phase of the snow cover of a small settlement Dolon.
Objects: dust-aerosol deposition, particulate matter of air aerosols, snow cover, coal and ash.

Techniques: mass spectrometric and atomic emission with inductively coupled plasma (MS-ISP, OES-ISP)

Results. The elemental composition of snow melt water and solid phase of snow was studied. To determine the degree of volatility of
chemical elements their coefficient of enrichment from coal to ash was calculated. The main zones with increased content of heavy metals
in dust and aerosol depositions were determined. In the snow cover of the investigated territory a group of elements with high migratory
capacity was revealed. Maps of the snow cover pollution of the Dolon settlement were constructed with identification of areas (halos of
pollution) with increased content of the studied groups of elements.

Key words:
Dust-aerosol deposition, snow cover, solid snow residue, meltwater, dust loading, heavy metals.
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1 Youmckuit rocyapCTBEHHbIN HE(HTAHON TEXHUYECKUIA YHUBEPCUTET,
Poccus, 450062, r. Ydpa, yn. KocmoHasToB, 1.

AkmyanbHocmb. Ha ce2o0HsiwHUl eHb Haubonee akmyanbHoU 3adaqeli MexaHu3uposaHHOU 006bINU Heghmu sensemcs yeenudeHue
peHmabenibHoCmU dKchyamayuu HU3Kko-0ebUMHO20 U 0CIOXHEHHO20 (hoHOa ckeaxuH. OOHUM U3 nepcnekmusHbIX nymell ee peweHus
s8/I5IeMCs Co8epUEHCMe08aHUe MPaOUYUOHHbIX U pa3pabomka anbmepHamueHbIX MexHOMoeull sKkenIyamayuy, 8 YacmHocmu niyH-
JKEPHbIX HAaCOCHbIX YCMAaHOBOK C NO2PYXHbIM npugodoM. dghehekmusHOCMb PabombI NO2PYKHBIX NITYHKEPHBIX YCMAHOBOK 8 3HaYUMeTb-
Holi cmeneHu onpedensiemcs Haepy3kol, Oelicmeyrowell Ha nyHxep Hacoca. CywecmeeHHbIl POCM YUKTUYECKUX NEPEMEHHBIX Hagpy-
30K Ha nnyHxXep u npusod obycnosneH KonebaHusMU 0asfieHUs! 8 HaCOCHO-KOMNPECCOPHBIX mpybax, 803HUKaKOWUMU ecriedcmeue He-
pasHomepHoU nodayu Hacoca. BbiweckasaHHoe 0bycnaeugaem akmyanbHOCMb pa3pabomku Memodo8 U mexXHOMoaull CHUXEHUS Kone-
6anull (nynbcayutl) daeneHusi 8 HaCOCHO-KOMNPECCOPHBIX MPyBax NoePyXHbIX NTYHKEPHBIX YyCMAaHOBOK.

O6Bekm: ycmaHogKka HacoCHas NITYHXEPHasi ¢ No2pyXHbIM npugodom, 060pydogaHHas NHeMamMUYECKUMU KoMneHcamopamu O0aeneHust
(nHesmokomneHcamopamu), pabomatowas 8 cmeHA08ol ckeaxuHe. [THeemokomneHcamops! npedcmasnsaom cobol ycmpolicmea,
npedHasHayeHHble 0n1si C030aHusT PaBHOMEPHO20 MEYEHUSs XUAKOCMU 8 HACOCHO-KOMNPECCOPHbIX mpybax.

Lens: uccnedosaHue aghhekmusHOCMU NHEBMOKOMNEHCAMOPO8 8 COCMase NiyHXEPHbIX HACOCHBIX YCMAHOBOK C NO2PYXHbIM NPUBO-
00OM, aHanu3 efusHUS MEXHOM02UYECKUX U 2e0MEMPUYECKUX Napamempos NHEGMOKOMNEHCamOpOo8 Ha 3(hheKmMUBHOCMb CenaxueaHust
KkonebaHuli dasneHus U CKOpOCMU NOMOoKa 8 HaCOCHO-KOMNPECCOPHbIX Mpybax.

Memodbi: paspabomka aHanumuyeckol Mamemamudeckoli Modenu pabomel noepyxHol NiTyHxepHoOU ycmaHoeku 8 cmeHA08oli ckea-
JKUHe; nposedeHue YUCTEHHbIX AKCNepUMeHMOo8 O7sl 8bISIBNIEHUST 3aKOHOMEPHOCMEU 8/IUSHUSI MEXHOM02UYECKUX NapamMempos NHEEMO-
KoMneHcamopog Ha 3ghhekmusHocmb UX pabomel; ¢huzudeckoe ModenupogaHue pabombi NO2PyKHOU NiyHXEepHOU yCmaHOBKU Ha
CmMeHO080U CK8AXUHE.

Pesynbmamel. Tony4eHo aHanumuyeckoe ebipaxeHue, nossonsouee 0nsa 3a0aHH020 3aKOHa U3MEHeHUs nodadu Hacoca U 3HEP20eMKO-
CMU CUCMEMbI NHEBMOKOMNEHCamopoe paccdumams QUHaMUKY 0agneHUs 8 HaCOCHO-KOMNPECCOPHbIX mpybax. B pesynismame mModenupo-
8aHUs1 pabomb| No2PYHOU NTyH)XEPHOU yemaHosKuU 8 cmeHA0BOL CKea)UHE nofyyeHa meopemudeckas bapoepamma UsMeHeHuUs: OagreHus
8 HAaCOCHO-KOMNPECCOPHBIX Mpybax 8 medeHue Yukna OmKayKu, Komopasi Xopowo coanacyemces ¢ hakmuyeckoll 6apoepammoti. Modenu-
posaHuem pabomb! NO2PYXKHOU NiTyHXepHOU ycmaHoeKu, 060pydogaHHOU NHEBMOKOMNEHCAMOpamu, NOKa3aHO 3HayUmesbHoe, npakmuye-
CKU Ha NopsiOOK, CHUXKEHUE nynibcayull 0aenieHus 8 HaCOCHO-KOMNPECCOPHbIX Mpybax U Hagpy30K Ha niyHxep U npugod. NpoaHanu3uposaHo
8/1UsHUE CYMMapHO20 0bbemMa U 0assieHus 3apsioKu NHEBMOKOMNEHCAMOPO8 Ha 3ghghekmusHOCMb Ux pabomb. [aHbi npakmuyeckue pexo-
MeHOayuu no pacyemy onmumarnbHo20 daereHust 3apsidku NHEEMOKOMNEHCamMOpOe.

Knroyeenie cnosa:

YcmaHoeka HacocHasi niyHXepHasi ¢ No2pyXHbIM NpusodoM, NHEEMOKOMNEHCamop,
MexHomoauyeckue napaMmempb! NHE8MOKOMNEHcamopa, konebaHusi 0aeneHus,
OaeneHue 3apsidku, paboyas kKamepa NHEBMOKOMNEHcamopa.

Beepenue

Ha cerognsaminuii 1eHb B CBA3M € MEPEXOJOM pPsjia Be-
JYIIMX MECTOpPOXKICHNH Poccuy Ha 3aBepIIAKONIy0 CTa-
JIMI0 3KCIUTyaTallii OJTHOM W3 KIIOYEBBIX TEHICHIMH Me-
XaHM3UPOBAHHOH TOOBIYM HE()TH ABISIETCS CHIDKCHHE JIe-
OMTOB ¥ POCT OCIOXHEHHOTO (JOHAA CKBAXHH.
K OCHOBHBIM  (haKkTOpaM, OCIOXKHSIOIIMM OSKCILTyaTaIHIO
CKBA)XHH, CIIE/IyeT OTHECTH: HA3KOE MIIACTOBOE JIABICHUE U
MPOYKTUBHOCTD KOJUIEKTOPOB, BBICOKYIO BA3KOCTb HE(TH,
MHTCHCHBHOE OTJIOXCHHE TMapauHOB B Y3JIaX BHYTpHC-
KBOKHHHOTO OOOpYIOBaHHS, YTO OCOOCHHO aKTyaJbHO
npH pa3paloTKe TPYIHOM3BICKAEMBIX 3amacoB. Tpauiy-
OHHBIE CIIOCOOBI AKCILTyaTallM JAHHBIX KAaTETOPHi CKBa-
)KMH — IITAHTOBBIMU HacocHbIMU ycTanoBkamu (Y CIIH) u
yCTaHOBKaMH 3MeKTpoLeHTpobexHoro Hacoca (YOLH) — B
psizie ClydaeB OKa3bIBAIOTCS HepeHTabembHbMH [ 1-3].

DOI 10.18799/24131830/2020/12/2938

OnuH M3 TMepCrneKTUBHBIX MyTeil MOBBILIEHHS PEHTa-
OenpHOCTH W 3(Q(MEKTUBHOCTH  MEXaHU3MPOBAHHOM
HedTe100bI91 — HCTI0JIB30BaHKE TTYHKEPHBIX YCTAaHOBOK
C TOTPYXHBIM TIPHBOJOM, B YAaCTHOCTH, C JIMHEHHBIM
asurarenem (YIJI/I). Mcnonb3oBanue morpyxHOro npu-
BOJIa B COCTaBE C IUTYHKEPHBIM HACOCOM ITO3BOJISET Mpe-
OJIONIETh HEJOCTATKU CYIIECTBYIONMINX CIOCOO0B IKCILTY-
aTalud, B YACTHOCTH, HU3KUH KOI(PQPUIMEHT MONE3HOTO
neticteus (KIIJ) YOUH B obnactu Huskoro (mo 40 ky-
OMYeCKHX METPOB B CYTKH) OeOWTa, OTpaHUYCHHS II0
rTyOMHE CIyCKa M KPUBH3HE CKBAXKUH, XapaKTEPHBIE IS
IITAHTOBBIX YCTAHOBOK B CBSI3U C HAIIMYMEM IITAHTOBON
KonoHHBI. OJJHAKO, HECMOTPS Ha BHIIIETIPUBEIEHHbIE 10-
CTOMHCTBa, TIPOIECC OTKAYKM IUTACTOBOrO  (omaa
VI Taxke COMpOBOXKIACTCSA OCIOKHEHUAMU B padoTe
HacocHOM ycTaHoBKH. ITockombKy IUTyHXEpHBIN Hacoc B

51


mailto:timashev@mail.ru
mailto:felix8047@mail.ru

V13BecTust TOMCKOro NonUTEXHUYeckoro yHusepcuteta. MHxuHupmHr reopecypcos. 2020. T. 331. Ne 12. 51-59
Ypasakos K.P., Tumawes 3.0., MonuaHosa B.A. MogenuposaHue paboTbl NOrpyHbIX NITyHKEPHbIX HACOCHBIX YCTaHOBOK C ...

cocrase YIIJIJI sBiseTcs HACOCOM OJHOCTOPOHHETO JeHi-
CTBHUS, €T0 ITojaya SBJIAETCS HEPAaBHOMEPHOH: IOIBEM
JKHMIKOCTH B HAacoCHO-KoMmImpeccopHbx TpyOax (HKT)
OCYIIECTBIIAETCA TONBKO B TONYIUKIE X0Ja INTYHXKepa
BBEPX, NIPH XOJIe IUTYHXKEpa BHU3 T0Jaua HACOCa OTCYT-
ctByet. Konebanus cxopoctu xupkoctd B HKT B mpo-
necce padorsr YIIJIJ] o0yciaaBiaMBarOT BO3HHKHOBEHHE
Konebanmit (mynscanuit) masiaenns B HKT, Bo3Hukaro-
KX 3a CYET JCUCTBUS CHI THAPOIUHAMHIECKOTO TPEHHUS
JKHMIKOCTH 0 CTeHKH Tpy0. [lyabcanuu naBieHus, B CBOIO
o4epelib, BBI3BIBAIOT POCT IMKIMYECKUX IEPEMEHHBIX
HArpy3oK, JICHCTBYIONIMX Ha ILTYHXEp Hacoca M MPHBOI,
YTO BEJET K CHIKEHHUIO HAJIGKHOCTH PabOTHI IPHBOJA 1
pocty notpebisiemoit anextposuepruu [4-10].

Juist cHmXeHUs KojneOaHWH NaBieHHS NpU OTKAdKe
KUJKOCTH TUTYH)KEPHBIMH HAcOCaMH MOTYT OBITh HC-
T0JTb30BaHbl TTHEBMATHUECKHE KOMIICHCATOPHI JaBICHHUS
— mHeBMokommnencatopsl (I1K). B HedTenpombicioBoit
IpaKkTHKe IIHPOKOE PACTIPOCTPAHEHHE MONYUYUIH ITHEB-
MOKOMIIEHCATOPBI B COCTaBE OYPOBBIX HACOCHBIX YCTaHO-
BOK, TaKXe M3BecTeH ombIT npuMenenus [K mpu nodsrue
He(TH IITAHTOBBIMK YCTaHOBKaMH. [IpWHIMII paboThI
ITHEBMOKOMIICHCATOPOB OCHOBAH HA CHIDKCHHH aMILIU-
Ty[bl K0JIeOaHuii TaBIeHHS MyTeM BHIPABHUBAHUS CKOPO-
cti noroka xunkoctd B HKT. Teopetnueckuil pacuer
TEXHOJIOTHYECKUX I1apaMeTPOB ITHEBMOKOMIIEHCATOPOB
OCHOBaH Ha ONpPEAECICHNHA 00beMa JKHIKOCTH, KOTOPBIH
NPUHUMAET ¥ 3aTeM oTgaeT pabouas xkamepa I1K Taxmm
obpasom, uto ckopocth noToka B HKT ocraercs mocto-
sHHOM BeamunHoi. DddexTuBHOCTs paboTHl IIK B 3HAa-
YWUTENHHONW CTENEHH OINpeaenseTcss 000CHOBAHHEIM pac-
YeTOM TEXHOJOTHUECKHMX ITapameTpoB. J[Id mccienoBa-
aus 9GHEKTHBHOCTH ITHEBMATHYECKHX KOMIIEHCATOPOB B
COCTaBe IUIYH)KEPHBIX YCTAHOBOK C MOTPY)KHBIX JTHHEH-
HBIM IIPUBOJAOM, aHAJIM3a BJIIMAHUA TEXHOJOTHMYCCKUX U
TeOMETPHUYECKUX MapaMeTPOB MHEBMOKOMIIEHCATOPOB Ha
3¢ (OEKTUBHOCTL CIIAXKHBAHUSA KOJCOAHWH [aBICHUS H
ckopoctr noToka B HKT paspaborana Metojuka mpoBe-
JeHUs J1a00paTOPHBIX DKCIEPHMEHTOB. DKCIIEPHUMEHTHI
TPOBOJASATCS Ha CMELHATU3MPOBAHHON CTEHJOBON CKBa-
xure [11-13].

CreHpg ans MmoaenupoBaHus paboTsl YN

¢ NHEBMOKOMMeEHcaTopamm

Crenp npeacrasiser co00i BEPTHKANLHYIO CKBAKKHY,
000pYIOBaHHYI0 HACOCHOM YCTaHOBKOHW C IOTPYKHBIM
npusojgoM YIIJIJI. B xauecTBe mpuBOJa HCIOIB3YETCS
MOTPY)KHOH JMHEWHBIH MarHUTOIEKTPHUUECKUN IBUTa-
tenb. B komonne HKT ycTanaBauBaroTcsi MHEBMOKOM-
neHcaTopel. KpoMe Toro, ycTaHOBKa BKIFOYACT CIEYIO-
mue snementsl: HKT, oOcagnsie TpyObI, CTaHIMS YIIPaB-
JIeHHs1, TIPAOOPHBIA LIMT, TpaHC(hopMarop, auadparma,
MaHOMETPBI, JaTUKMK JABJICHUS, JaTUYMK PacXxoja, CueTyu-
KA aKTHBHOH M PEeakTWUBHOH 3nmextposuepruu [14-17].
Cxema ycTaHOBKM IIpHBEiEcHA Ha pucC. 1.

Ipunmun paboTEl HACOCHOH YCTAHOBKH: IUIYHIKED
HPUBOJIUTCS B JIBIKCHHE TIOIPYKHBIM JTMHEHHBIM MarHu-
TOINEKTPUICCKUM JBUTATENEM CO CTAHIMU YIPaBICHUS.
Oo0bemublil pacxon xuakocty B HKT 3asucut or auma-
MeTpa ITYHKepa, JJIHHBI X0/1a ¥ YacTOThI KauaHuH (Juc-
Ja JIBOWHBIX XOJIOB B MHHYTY) IUIYHXEPHOTO Hacoca.
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HKT nomoaHMTENbHO 000pPYAYIOTCS ITHEBMOKOMIICHCA-
TOpoM  (IMHeBMOKoMIeHcaTopamu).  KOHCTpYKTHBHO
MTHEBMOKOMIICHCATOP TIPEICTaBIsAET COOOH Ta30BYI0 H
pabouyio KaMepbl, pa3jielieHHbIe HENPOHUIAEMOH TI0-
JBWKHOW CTEHKOH, HAIpHMep, 3aCTHYHON IradparMoi.
l'azoBas kamepa MHEBMOKOMIIEHCATOPA 3aTIONHEHA Ia30M
TI0JT OTIPE/ICIICHHBIM JaBJICHHEM, pabodas Kamepa cooo-
maercs ¢ monocteio HKT. Ilpu Bo3pacranmu ckopoctu
notoka u pasnenns B HKT u paboueii kamepe 1K, run-
poauHamuyecku cBsi3aHHoi ¢ monoctbio HKT, o0bem ra-
30BOH Kamepbl CHUKAETCS, IIPH 3TOM YacTb JKUAKOCTU
TIOCTYTAET B OCBOOOMMBIIMIKCA 00beM paboueil Kamephl
[IK. Ilpu cHmKXeHnH CKOPOCTH TIOTOKA W JIABICHHS CiKa-
TBIM Ta3 BBITECHSACT HMOPLHUIO XKUAKOCTH B monocth HKT.
B pe3ynbraTe BBIIIE MECTa YCTAHOBKH ITHEBMOKOMIIEHCA-
TOPa JOCTHIAeTCsl BEIPABHUBAHHE CKOPOCTH JKHUIKOCTH B
HKT u cumxenne konebanuii napiaenus (puc. 2).

VYcrhe CKBaKHUHBI TEPMETH3HPYETCS, a TakxkKe Mpeay-
CMaTpUBAeTCs CHUCTEMa, obecreunBaronias UPKYIAIHI0
KHUIKOCTH B cKBakuHe. CHCTEMa IMPKYISIHU COCTOHMT
13 HATHETATEeNLHOM JIMHUH ¢ PACXOJ0OMEPOM M MaHOMET-
POM, PETHCTPHUPYIOMIUMH COOTBETCTBEHHO CKOPOCTH II0-
TOKA W JaBleHHE Ha ycThe. IS peryiupoBaHHs JaBiie-
uus B HKT u HarnerarenbHOM JIMHMM HA YCThE CKBAXKH-
HBl YCTAaHABIMBAETCS IITYIEP, IPUUEM BEIUYMHA YCThE-
BOI0 JIaBJIIEHHSA DETYIUPYeTCs H3MEHEHHEM IHaMeTpa
mrynepa. JlomonHuTeIbHbIE THAPABINYSCKHE COMPOTHB-
nenus aBwkeHuro skupkocTd B HKT (sxBHBaneHTHEIE
ruapoanHaMuueckoMy Tpenuoo skuakoctd B HKT) 3a
CUeT pa3MeIleHNs Ha YCThe MITYLEpa Majoro Ipoxo Ho-
IO CEYEHHS CO3MAIOTCS BBUAY HEOONBIION TIIyOHHBI
CKBaXUHBI (Topsaka 10 M) 118 MOJETMPOBAaHUS TPO-
MBICIOBBIX ycioBuit padoter YITJIJI.

Jlns perucTpalvi MynbCcalliid TaBiIeHUs B 00CagHON
konoHHe Ha mpueMe Hacoca U B HKT ycranasnuBaroTcs
COOTBETCTBYIONIAE JATYMKH JaBJIeHHA (MaHOMETPHI).
IToxa3anust MaT4MKoB BBIBOJATCS Ha IPHOOP pETUCTpa-
[IMM JABJIEHUS B CTAaHLUH yrpaBieHus. YuCIoBEIE BEIH-
YUHBl TEXHOJNOTHMYECKMX M TEXHHYECKHX IapaMeTpoB
CTeHJIa peICTaBJIeHbI B Tab. 1.

Tabnuuya 1. Ilapamempor cmenoa

Table 1.  Bench parameters
Benmunna
Value
CaoiictBa duronga
Fluid properties
Inotrocts, kr/m°/Density, kg/m® 900
Bsizkocts, MIla*c/Viscosity, mPa*s 100
ITapameTpbl CKBaXKUHBI
Well parameters
Bnyrpennnii tuamerp HKT, mm 60
Tubing inner diameter, mm
Jmnamerp Hacoca, MM/Pump diameter, mm 32
I'nyOuna cycka, M/Depth of pump descent, m 10
Texnonoruueckue napaMmeTpsl
Technological parameters
Jnuna xoma, M/Stroke length, m 1,230
Yucno KauaHuii B MUHYTY 8
Number of swings per minute
DopMHpPOBAHUE YCTHEBOTO IAaBICHUS
Wellhead pressure formation
JlnameTp IpoXoJHOro Ce4eHus MTyIepa, MM 2
Fitting passage section diameter, mm
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N

Puc. 1. Cxema sxcnepumenmanshozo cmenoa: 1 — nacocho-
Komnpeccoprvie mpyovl, 2 — obcaouvle mpyowl, 3 —
NHEBMOKOMNEHCamop (-bl), 4 — NIYHICEPHDLIL HACOC C
NOSPYIHCHBIM JTUHEUHbIM O8ucamenem, 5 — O0amuux
0agnenus 8 00CAOHOU KONOHHEe HA npueme Hacoca, 6 —
cmanyus ynpaenenus,, 7 — npubop pesucmpayuu no-
mpebnenuss mownocmu, 8 — npubop pesucmpayuu
dasnenusi 6 06CAOHOU KONOHHe HA npueme Hacoca, 9 —
npubop pecucmpayuu pacxooa Ha yCmve CKEANCUHbL,
10 — npubop pecucmpayuu OaeneHus HaA Ycmve
ckeaoicunvl, 11 — npubopuvii wum, 12 — mpancgop-
mamop, 13 — wmyyep, 14 — manomempwi, 15, 18 —
damuux daenenus, 16 — damuux pacxoda, 17 — cuem-
YUK GKMUGHOU U PEAKMUBHOT NIeKMPOIHePeUU

Scheme of the experimental bench: 1 — tubing pipe,
2 — casing pipes, 3 — pneumatic compensator (s), 4 —
plunger pump with downhole linear motor, 5 —
pressure sensor at the pump reception, 6 — control
station, 7 — power consumption registration device,
8 — pressure registration device at the pump
reception, 9 — flow registration device at the

Fig. 1.

wellhead, 10 — wellhead pressure registration device,

11 — instrument panel, 12 — transformer, 13 — fitting,
14 — pressure gauges, 15, 18 — pressure sensor, 16 —
flow sensor, 17 — active and reactive electricity
meter

.--—"-""- -
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Puc. 2. Cxema nneemoxomnencamopa (1 — easosan kamepa
IIK, 2 — pabouas xamepa IIK, 3 — norocme HKT,
cmpenkamu  NOKA3aHbl B03MOJICHbIE HANPAGLEHUS
NnOMmMoK08)

Pneumatic compensator design (1 — PC gas
chamber, 2 — PC working chamber, 3 — tubing cavity,
arrows show possible flow direction

Fig. 2.

MatemaTtnyeckas mogenb paboTbl NOrpyxHOM

NAYHXePHON YyCTaHOBKK C MHEBMOKOMNEHcaTopamMu

B obmem cnyuae pacuer Tedenus xunkoctd B HKT
0azupyercs Ha COBMECTHOM pElLICHHH YpaBHEHUH cOXpa-
HEHUs HMITyJIbca M 3Hepruu (ypaBHeHuit HaBbe—Croxkca).
[lockonmpKky rTyOMHA CIycKa Hacoca UIi CTEHOBOH
CKBaXHHBI ABIseTcs HeOonbmoi (10 M), BIUSHMEM He-
CTaIlMOHAPHOTO U MHEPIHOHHOTO CAaraeMblX B ypaBHe-
HISIX MOXKHO mpeHeOpeub. [lonaras pexuM TedeHHS B
HKT namuHapHBIM ¥ OTIpeNeNnss KacaTeIbHbIE HATpsDKe-
HHS Ha CTEHKe TpyOBI corsacHo dopmyne Ilyaseitns—
larena, 3aK0H COXpaHEHHS MMIYJbCa MOXKHO MEperH-
cath B BuzE [17]

dp 64 pv°

dz Re 2d, P9a: @)
rie p — maBuenue, [la; 2 — KoopAWHATA BIOTH CTBONA
CKBXKHMHBI, HAMPABIIEHA BEPTHKATIBHO BBEPX, M; V — CKO-
poctb xuakoctu B HKT, m/c; Re — uncno Peiinonbca;
di— Buyrpennnii muamerp HKT, mMMm; p — mioTHOCTh
KUJIKOCTH, KT/M"; §; — YCKOPEHHE CBOOOJHOTO MajCHHMS,
w/ct,

Cxopoctb aBmwxenns xuakocta B HKT ompenensercs
CKOPOCTBIO JIBWKCHHS ILUTYH)Xepa Hacoca, a Takke 00-
MEHHBIMH MacCOBBIMH MOTOKaMu Mexny monoctsio HKT
1 paboueil Kamepoil MHEBMOKOMIICHCATOPOB, PAacCUHTHI-
BAaEMbIMU COTJIACHO CIEAYIOIIell 3aBUCUMOCTH, TIONY4YeH-
HOH B TPENNONOKEHUH H30TEPMHUECKOTO XapakTepa
pacmMpeHusa U CxKaThs ra3oBoH KaM€pbl THEBMOKOMIICH-
caropa:

PoVo dp)
(qump( =B ) @
rae Quump(t) — 3aKOH HM3MEHEHWS BO BPEMEHH INOJAuH
Hacoca, M°/C; P — JIaBNEHHE B Ta30BOi KaMege ITa; po,
Vo — HavanbHoe naBnenue (Ila) u obvem (M°) rasoBoi
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KaMephl COOTBETCTBEHHO; Sp —
nonepeynoro cedeHnst HKT, .
JoTOTHUTENbHBIE THAPABIMYECKUE COIPOTHB-
JIeHU$, BO3HUKAIOLIUE HA YCTHEBOM ILUTYLEPE, PACCUUTHI-
BAIOTCS COTJIAacHO 3aBUCUMOCTH [18, 19]
2
Ap = &‘&, ®)
2
rae &— kK0d(D(HUIUEHT MECTHBIX TUIPABIMIECKUX COMpPO-
THBIIEHUH IS IOTYIIEPa.
CosmectHbiM pemenneM (1)—(3) monmyyeHo BbIpaxe-
HHUe JUIs pacyeTa npou3BoaHoi aasnenHus B HKT (B Hik-
Heil gactu kononusl HKT, mpuneratomieii k Hacocy):

dPout _ Qpurp (1) p2, — Sy Paut «
dt Uy ™ U,

( i |
XL_WH 1 [ 32,uL] +25p(pout—pS)J, ()

omaab BHYTPEHHETO

epd”  ep Ldt2

e Pout — AaBienue B HikHel yactd HKT, Ila; Up=poVy —
sHeproemMkocts cuctems! IIK, JIx; 4 — nuHammueckas
Bs3kocTh kuakoct B HKT, Ila-c; ps — craruueckoe naB-
nenwe B xuakoctd B Hwkaer yactn HKT, Ila; L — quwna
KOJIOHHBI HACOCHO-KOMIIPECCOPHBIX TPYO, M.

JluHaMuKa W3MEHEHMs [aBICHUS B HIDKHEH YacTH
HKT nns HacocHOM ycTaHOBKM, 00OpYIOBAaHHOM IMHEB-
MOKOMIIEHCATOpPaMH 3HEProeMKocThio Uy, paccuuThiBa-
eTCsl YMCIICHHBIM perneHneM (4) s MPOU3BONBHOTO 3a-
KOHA M3MEeHEeHHs ojaqn Hacoca Qpump(t).

MopenvpoBaHue paboTbl NOrpyxHON NAYHXKEPHOM
yCcTaHOBKM U 060CHOBaHMWe 3dhpekTBHOCTH
NHEBMOKOMMEHCaTOPOB

B pesynbrate MmonemupoBanus paboter YIUIJ B
CTEHJIOBOH CKBakuHe (0€3 MHEBMOKOMIIEHCATOPOB) MO-
JydeHa TeopeTmueckas OaporpamMMa M3MEHEHHS IaBlie-
Hust B HKT B Teyenne mukna oTKauku, KOTOpas XOpOIIO
cormacyercst ¢ (paxtuueckoi 6aporpammoii (puc. 3). Ot-
KIIOHEHHE KPHBBIX HE MpeBblmaet 4 %, 4To CBHUAETENb-
CTByeT 00 aJIeKBATHOCTU MOJEIUPOBAHUA. AMIUTHTYAA
koneOanmit jmaBnenns B HKT cocraiser mnopsaka
13 MITa, 4o 00yCIOBIEHO TJIaBHBIM 00Pa30M 3HAUHTEIb-
HBIMH THJPABIMYECKUMU CONPOTUBIEHUAMH, pa3BUBae-
MBIMH MPU TEYCHUH KUAKOCTH Y€PE3 YCThEBOH HITYIIE.

MopenupoBanue pabotel YIUIJ, oGopymoBaHHOH
IIHEBMOKOMIIEHCATOPAaMH, MOKAa3all0 3HAYUTENbHOE CHU-
xenne mynbcarumit paBnenus B HKT u Harpy3ok Ha
INYHXep U npuBoj (Tadn. 2). PacuerHsle TexHONmoOrnde-
CKHE TapaMeTpbl MTHEBMOKOMIICHCATOPOB MPEICTABIICHBI
B Ta0I. 3.

ODheKTHBHOCT CHWKCHHS KONCOAHWH NaBIEHHUS
onpenensercs AByMs KJIIOYEBBIMU MapamMeTpaMu: AaBlie-
HIEM 1 00beMOM Taza B TazoBoii kamepe [1IK, mpuuem stn
BEJIMYMHBI HETPEPHIBHO M3MEHSIOTCS B TEUCHHE IMKJIA
pabotsl ryHxkepHOTO Hacoca YILJIJI. B xauecTBe ananu-
3UPYEMbIX M KOHTPOJUPYEMBIX TEXHOJIOTMYECKUX Mapa-
METpPOB PaccMaTpHBAIOTCA: JABJICHHE 3apAAKHU MHEBMO-
KOMIICHCATOPOB (JIaBIICHUE TPEIBAPUTENBHO 3aKauMBaC-
Moro Ha moepxHoctH rasa B [IK) u cymmapHsiii 00bem
ITHEBMOKOMeHcaTopoB (1o oobeMoM onnoro K moHn-
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MaeTcsi MAaKCHMAJTBHBIN BO3MOXHBIH 00BEM ra3oBOi Ka-
mepsl [IK, onpenensemplii ero reoMeTpHIECKIMH Xapak-
TepucTHKamu). Pesymbrupyromuii 0obem T1K perymupy-
€TCS W3MCHEHHEM KOIMYeCTBa ITHEBMOKOMIIEHCATOPORB
CTaHAPTHOTO 00pa3sia, yCTAHABIMBACMBIX B CKBAXKHUHY.
B kauectBe cranmaptHoro oopasua [1IK paccmarpuBaercs
[UIHHAPUYICCKUH ~ KOAKCHANBHBIA  JHadparMeHHbINH
MTHEBMOKOMIICHCATOp, TOABWKHBIA 3JIEMEHT KOTOPOTO
(pmacTnuHas ympyras auadparma) nepemeniaeTcs B npo-
crpanctse mexay HKT u BrHewneit Tpy6oit (puc. 2).

Tabnuya 2. Iloxazamenu pabomul NOSPYHCHOU NIYHHCEPHOU

YCMAaHoBKU
Table2.  Performance indicators of downhole plunger
installations
VIULJ 6e3 [IK | YIUIA ¢ [IK
DPI without DPI with
Tokazatens/Index ! .
pneumatic pneumatic
compensators | compensators
MaxkcumanbHoe nasienue B HKT,
MlIla
Maximum pressure in the tubing, 12,7 2.0
MPa
CpenHee faBieHUE 3a LIUKII OT-
kauku, MIla
Average pressure during the 25 16
pumping cycle, MPa
MaxkcumanbHas Harpy3ka Ha
tyHxep, KH
Maximum load on the plunger, 10.4 16
kN
Cpez[H;m 3a OUKJI Harpys3Ka Ha
wynxep, kKH
Average per cycle load on the 2.0 13
plunger, KN

Taﬁﬂuua 3. Texnonocuueckue napamempol NHeEMOKOMNEeH-

camopoe

Table3.  Technological parameters of pneumatic
compensators
TTokasarens/Index 3nauenue/Value

JlaBnenue 3apaaku
THeBMOKoMIeHcaTopoB, MIla
Charging pressure of pneumatic
compensators, MPa

KomuuectBo TTHEBMOKOMIICHCATOPOB 6
Number of pneumatic compensators

OG’BGM OJHOI'0 ITHEBMOKOMIIEHCATOpPa,
m>107

. 05
Volume of the one pneumatic
compensator, m*-10°°
MNuTepBan pa3merienus IlocnenoBaTensHO,

TTHEBMOKOMIIEHCATOPOB B HIDkHel yactu HKT
Placement interval of pneumatic In series, at the bottom
compensators of the tubing

C yBenuuenuem cymmapsoro oosema I1IK Bo3pactaer
JHEPTOEMKOCTh CHCTEMbl MHEBMOKOMIICHCATOPOB, aM-
IIATYIa KOJNCOAHUH W MaKCHMAaJbHAs BENMYMHA JaBie-
HUS 3aKOHOMEPHO CHIDKAIOTCH (pHC. 4), MPHYEM 10 Mepe
pocra konuyectBa IIK TeMn crmaxuBaHus Myjbcaluii
JaBIEHUS CHIDKaeTcs. B 4acTHOCTH, NpH yBEIUYEHHU
xonnuecTBa [1K B cucreme ¢ 1 10 2 MakcuMaibHas BeJy-
YHHA JaBICHHUS yMeHbIIaercs Oomee yeM B 2 pasa — ¢ 7
10 3 MIL, npu yBenuuenuu ¢ 3 go 6 IIK — Ha 20 %, ¢ 2,5
1o 2 MIla. Cnexyer OTMETHUTb, 4TO MOAAYA ILTYHIKEPHOro
HACcOCa 3a OJIMH LIMKJI COCTABIIAET NOPAAKA 1-10°3 (1m,
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4ro cootBercTByeT o0bemMy 2 IIK). U3 rpadukoB Ha
puc. 4 BUIHO, YTO CYIIECTBEHHOE CIIIAKHBAHIE Koneba-
HUM TaBneHus (KpuBble 2—4) NOCTUTAeTCs B CIydasx, Ko-
TJla CyMMapHBIH 00beM ITHEBMOKOMITEHCATOPOB OJTU30K K
Nojlaue Hacoca 3a LMKJI WIM KPaTHO MPEBBINAET ee.
OreHKa KOJNMYECTBA U CYMMapHOT0 00beMa THEBMOKOM-
IICHCATOPOB, YCTAHABIMBACMBIX B CKBAKHHY, MOXKET
IPOBOAMTECS C HCIONB30BAHMEM YPaBHEHUSA NI H30-
TEPMHUYECKOTO CXKAaTHs Ta3a B ra3oBbix kamepax [1K:

V, = AV [1+ %] , )

rae AP, AV - mmenenne nasnenus (I1a) n o0bema (M3)
ra30BBIX Kamep.

15

13

laenenue, MlMNa

10 5 10 15
Bpema,c

Puc. 3. bapoepammvl 8 HACOCHO-KOMRPECCOPHBIX mpyodax
(cnnowHas auHUs — MoOenb, ONUHHBIL WMPUX —
gaxkmuueckas, KOpOMKUUL WMPUX — MOOEIbHAA, NO-
SPYIHCHAAL NIYHICEPHASL YCMAHOBKA C NHEEMOKOM-
nencamopamu)
Barograms in tubing (solid line — model, long bar —
actual, short bar — model, downhole plunger
installations with pneumatic compensators)

Fig. 3.

Nasnexue, MMa

0 2 4 6 8 10 12 14
Bpema, ¢
Puc. 4. Mooenvrvie bapoepammvl 8 HACOCHO-KOMNPECCOPHBIX
mpy6ax npu. pasiudHom CyMMAPHOM Kojaudecmee
nHeemoxomnencamopos 6 cucmeme (1 —1,2 -2, 3 —
3, 4 — 6 nueemoxomnerncamopos)
Fig. 4. Model barograms in the tubing with different total
number of pneumatic compensators in the system
(1-1,2-2,3-3,4 -6 pneumatic compensators)

[Mockonbky ¢ yBenmdeHneM cymmapHoro oosema [1K
TIOCTETIEHHO CHUKACTCS aMIUTUATY/a KOJIeOaHUi JTaBIeHHUS,
yMeHbIIaeTcs M pabounii xox auadparmel, a Takxke d¢-
(exTuBHBIA 00BeM kuakocTH, upuHUMaemblid K.
B pesynbrare yBennuenue xonuuectsa [1K ne mpusogut

K TPOMOPIMOHATEHOMY CHIDKCHUIO aMILTHTYbI Koieha-
HUS JaBIeHHA. HampoTwB, CBS3b MEXKLY STHMH ABYMS
BENMYMHAMH ONM3ka K rumepOonndeckoil. CoriacHo
dopmyne (5) A MOTHOTO BHIPABHUBAHMS ITyJbCAIHI
nasnenuss B HKT konmdectBO W cymMMapHblii 00beM
TTHEBMOKOMIIEHCATOPOB JIOJKHBI CTPEMHUTBCA K Oecko-
HeYHOCTH (pHc. 5).

10

9

CymmapHbii o6vem MK, n

01 03 0,5 0,7 0,9 1,1 13 1,5
AmnauTyga konebanuin, MNa

Puc. 5. Pacuemnas 3asucumocmsv cymmaprozo obvema 11K,
mpebyemoco 0k Q0CMuUdNCeHUs: 3a0AHHOU AMNIUNY-
Obl Konebanull dasnenus nocie cenaxcueanus (1 —
nodaua Hacoca sa yukn 21, 2— 11, 3—0,51)

Fig. 5. Calculated dependence of the total PC volume
required to achieve the specified amplitude of
pressure oscillations after smoothing (1 — pump
supply percycle21,2-11,3-051)

XapakTep BIMAHUA JaBICHUS 3apsIKd ITHEBMOKOM-
TIEHCATOPOB Ha KOH(UTypamuio 6aporpamM ITIOKa3aH Ha
puc. 6. BHauane poct naenenus 3apsaku ¢ 0,5 no 1 MIla
(0T kpuBOIf 2 K KpHBO# 4 Ha pHC. 6) MPUBOAHUT K CHUXKE-
HUIO aMIUTHTY/bI KoJeOaHuil NaBIeHUS: NPH Ype3MEPHO
HU3KOM JIaBIEHHMH 3apsIKd JaBIEHHE JKUAKOCTH B
HaCOCHO-KOMIIPECCOPHBIX TPy0ax, B TEUEHHE LHUKIA OT-
KayKM MPEeBBILIAIOIIEE JaBICHHE 3apsiKu, 00yCIaBIyBa-
€T MIOCTOSTHHOE CKATHe Ia30BON KaMepsl, CEeI0BATENBHO,
cHmkenue pabouero xona auadparmsl 11K u sddexrus-
Horo o0bema sxuakoctH, puaaMaemoid T1K. TIpu pocte
nasnenus 3apsaaku ¢ 1 go 1,5 MIla (ot kpuBoii 4 x xpu-
BOi 3 Ha puc. 6) aMImIUTyAa KoneOaHui TaBieHUS BO3-
pactaer, mpuueM ¢opma OaporpaMMsl MpeTepreBacT
3HauyMTeJIbHBIE U3MEHEHHs. B mporecce CHXEHUS 1aB-
nerns B HKT B momyrmkie BcachBaHus (X0 INTyHXepa
BHH3) T10/1a4a HAcoca OTCYTCTBYET, IBIDKCHHE MOTOKA B
HKT obecneurnBaetcs HCKIIOUUTETHHO 33 CUET BHITECHE-
HUS JKUAKOCTH U3 paboueit kamepsl 1K cxaTbiM rasom.
Opnnako ecnu naBnenue B HKT cranoButcs Huke faBie-
Hus 3apanku 1K, B mporecce paciupeHus rasosoii kxa-
Mepbl AuaparMa MONHOCTBIO MPHJIETaeT K BHYTPEHHEH
CTCHKE THEBMOKOMIICHCATOPA, M €ro Mojava MpeKparia-
ercsi. [Tockonmbky mofaua u Hacoca, u IIK paBHbI HyITIO,
NpeKpalaeTcs JBIDKEHHE KUAKOCTH B  HACOCHO-
KoMIIpeccopHbIX Tpy0ax, u masnenne B HKT cHmkaerct
J0 craTHueckoro. B pampHeiinieM B Hayane MONyIUKIA
HarHeTaHus (X0 IUIyHKepa BBEPX) MHEBMOKOMIICHCATOP
HE MPUHUMACT XHAKOCTh 10 TeX TOp, TOKA JaBICHUE B
HKT ne npebicutr nasnenue 3apsaku 1IK. Takum obpa-
30M, UPE3MEPHO BBICOKOE JIABICHUE 3aPSIKHU, TAK KeE, KaK
M YPE3MEPHO HHU3KOE, OKA3BIBACT OTPHIATENBHOE BIUS-
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Hue Ha 3¢¢exruBHOCTh padoThl [IK. Ucxons u3 BemIe-
CKa3aHHOTO, ONTUMAILHOE MABICHHE 3aPSOKH PAIlio-
HAJIBHO YCTAHABJIMBATH PABHBIM MHHIMAILHOMY JaBie-
uuio B HKT B TeueHue 1yuxiia OTKayKH.

a5
4 1

35

Nasnexue, MMNa
= ‘N
w N w W

=

o
tn

[=]

0 2 4 6 8 10 12 14
Bpems, c
Puc. 6. Mooenvhvie 6apoepammul 6 HACOCHO-KOMNPECCOPHBIX
mpybax npu pasiuiHomM 0asleHuu 3apAaoKY NHeeMo-
xomnencamopos, Mlla: 1) 3; 2) 0,5, 3) 1,5, 4) 1
Fig. 6. Model barograms in tubing at different charging
pressure of pneumatic compensators, MPa: 1) 3;
2)05;3)15;4)1

Creztyer OTMETHTb, UTO CYILECTBYIOIIE METO/IBI pacye-
Ta TEXHONOTMYCCKHX TMApPaMETPOB MHEBMOKOMIICHCATOPOB
HE YYUTHIBAIOT PACCMOTPEHHBIX BBIMIE (DH3MUECKUX TPUH-
IUIOB (hOPMUPOBAHHS KOJNEOAHHMI CKOPOCTH MOTOKA M JaB-
nenus B TpyOax mpu pabore [1K. B yactHoctw, B [20] naB-
nenne 3apsaku [TK pexkoMeHIyercs MpUHUMATH PaBHBIM
CTaTHYECKOMY JIABIICHUIO HA IMyOHHE ero ycTaHoBKH. Pac-
9eT TEXHONOTHYECKIX MapaMeTpoB MHEBMOKOMIIEHCATOPOB
C yYeTOM MpPHBEICHHBIX B CTAaThe PEKOMEHIAIHI O3BOJHT
00CCIICYNTh MAKCUMATBHYI0 SHEProeMKOCTh THEBMOKOM-
NEHCATOPOB U ONITUMAJIBHBIC YCITOBUA UX pa6OTI)I.

BbiBoAgbI

1. Pazpaborana MaTemaTHuecKas MOJENb TCUCHHS KU /-
KOCTH B TIOJBEMHBIX TPyOax MIYHXEPHON HACOCHON

CMUCOK NUTEPATYPbI

1. Twunaes I'T., baxrusun P.H., Ypasakos K.P. CoBpementbie MeTO-
b1 HACOCHO 100brun HedTH. — Ya: Bocrounas meyats, 2016. —
410 c.

2. 3KCHJIyaTaHI/I}I CKBa)XWH YCTAaHOBKaMH IITAHTOBBIX HACOCOB Ha
no3gHeil cTagMum  pa3paboTKu  HE(TAHBIX MECTOPOKACHUH /
B.M. Banogcxknii, K.M. Banosckui, I'.10. bacoc, H.I'. i6parumos,
B.I. ®anees, A.B. Aptioxos. — M.: U3n-Bo «HedrsaHoe x03sii-
cTBOY, 2016. — 592 c.

3. Robust technology and system for management of sucker rod
pumping units in oil wells / T.A. Aliev, AH. Rzayev,
G.A. Guluyev, T.A. Alizada, N.E. Rzayeva // Mechanical Systems
and Signal Processing. — 2018. — V. 99. — P. 47-56.

4, Kolawole O., Gamadi T., Bullard D. Comprehensive review of
artificial lift system applications in tight formations // SPE (Society
of Petroleum Engineers) — 196592, SPE Eastern Regional Meeting. —
Charleston, West Virginia, USA, 15-17 October 2019. - P. 1-21.

5. Valeev AR., Zotov A.N., Kharisov Sh.A. Application of disk
springs for manufacturing vibration isolators with quasi-zero
stiffness // Chemical and Petroleum Engineering. — 2015. —
V. 51. — Ne 3. - P. 194-200.

6. Model predictive automatic control of sucker rod pump system
with simulation case study / B. Hansen, B. Tolbert, C. Vernon,
J.D. Hedengren // Computers and Chemical Engineering. — 2019. —
V. 121. - P. 265-284.

56

10.

11.

12.
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KOMIIPECCOPHBIX TPyOax.

B pesynbrate MonenmupoBaHus pabOTHI TOTPYKHOH
ITYHXXEPHOH YCTaHOBKM B CTCHIOBON CKBaxHHe (0e3
IIHEBMOKOMIICHCATOPOB) MONyYEHA TEOpeTHUecKas
OaporpaMMa W3MEHEHHS [aBICHHS B HACOCHO-
KOMIIPECCOPHBIX Tpy0aX B TEUCHHE LMKJIA OTKAUKH,
KOTOpas XOpOILIO cornacyercs ¢ (akTuueckoi 6apo-
rpamMMoil (OTKIOHEHHE KPHBbIX He HpeBbIaeT 4 %).
MogenupoBanue paboThl MOTPYXHOH IUTYHXEPHOH
YCTaHOBKH, 00OPYZOBAaHHOH ITHEBMOKOMIIEHCATOPA-
MU, TIOKa3al0 3HAYMTENFHOE CHIKCHHE MyJbCAIui
JaBICHUS B HACOCHO-KOMIIPECCOPHBIX TpyOax u
Harpy30K Ha IUIYHXep M TPHBOA: MaKCHMAalbHOE
JaBIICHHE B HACOCHO-KOMIIPECCOPHBIX TPyOax M Mak-
cCUManbHas Harpy3ka Ha INTYHKEp CHH3WINCH TPAK-
THYECKH Ha MOPSIOK, B 6 pa3. [loka3ano, 4to cTeneHs
CIMIQXHUBAHUS TyNbCAllMi MaBIEHHS BO3PACTAET C
YBEIMYEHHEM CYMMapHOTO 00beMa Ia30BBIX KaMmep
TTHEBMOKOMIICHCATOPOB, T. €. C YBEIHYCHHEM KOJIH-
YeCTBA ITHEBMOKOMIIEHCATOPOB, IIPUUEM TI0 MEpe po-
CTa KONHMYECTBA ITHEBMOKOMIICHCATOPOB TEMII CTIa-
KUBAHUS TyIbCALUil TaBNCHUS CHIDKACTCS.
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Relevance. To date, the most urgent task of mechanized oil production is to increase the profitability of operation of low-debit and
complicated well stock. One of the promising ways to solve this problem is to improve ftraditional and develop alternative operating
technologies, in particular, plunger pumping units with downhole drive. The efficiency of downhole plunger installations is largely
determined by the load acting on the pump plunger. A significant increase in cyclic variable loads on the plunger and drive is due to
pressure fluctuations in the lift pipes, resulting from uneven pump supply. The above causes the relevance of the development of methods
and technologies for reducing pressure pulsations in the lift pipes of downhole plunger installations.

Object: pump plunger installation with downhole drive, equipped with pneumatic pressure compensators (pneumatic compensators),
working in the bench well. Pneumatic compensators are devices designed to create a uniform flow of liquid in lift pipes.

Purpose: to study the effectiveness of pneumatic compensators as part of plunger pumping units with downhole drive, to analyze the
influence of technological and geometric parameters of pneumatic compensators on the effectiveness of smoothing pressure fluctuations
and flow rate in lift pipes.

Methods: development of an analytical mathematical model of the downhole plunger installation in a bench well; numerical experiments to
identify patterns of influence of the technological parameters of pneumocompensators on their performance; physical modelling of
downhole plunger installation in a bench hole.

Results. The authors have obtained the analytical expression that allows calculating the pressure dynamics in the lift (tubing) pipes for a
given law of change in the pump supply and energy intensity of the pneumatic compensator system. As a result of modeling the operation
of a downhole plunger installation in a bench well, a theoretical barogram of the pressure change in the tubing during the pumping cycle is
obtained, which is in good agreement with the actual barogram. Simulation of the operation of the downhole plunger installation equipped
with pneumatic compensators shows a significant, almost an order of magnitude, reduction of pressure pulsations in the tubing and loads
on the plunger and drive. The influence of the total volume and charging pressure of pneumatic compensators on the efficiency of their
operation is analyzed. Practical recommendations for calculating the optimal charging pressure of pneumatic compensators are given.

Key words:
Plunger pump installation with downhole drive, pneumatic compensator, technological parameters of the pneumatic compensator,
pressure oscillation, charging pressure, working chamber of the pneumatic compensator.
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3ArPA3HEHUE HE®TbIO U COMYTCTBYIOLWMUMU TAXENBIMUA METATAMMU,
PAOVUOHYKNUAAMW U HAKOMNEHWE B OPTAHU3ME r’MAPOBUOHTOB
KA3AXCTAHCKOU 30HbI KACMUA

BuranueB AiiTxaxa buranueBuy!,
aitkhazha@gmail.com

KoxaxmeToBa Ai3aga HypaxmeToBHa',
ayzada.1983@mail.ru

1 Kasaxckui HaLmMoHanbHbIn yHuBepcuTeTa MMeHu anb-dapabu,
KasaxcraH, 050040, r. Anmartbl, np. anb-®apabu, 71,

AkmyanbHocmb. CocmosiHue 3Kkonoauyeckoll cucmembi Kacnulickoeo Mopst U npubpexHol 30Hb1 Xapakmepusyemcs Kak HebriagononyyHoe.
B 6nwxatiweli nepcnekmuse 803MOXHO PE3KOE YBENUYEHUE KOM02UYECKOL Hagpy3KU He MOMbKO Ha KazaxcmaHckol Yacmu [lpukacnudicko-
20 peauoHa, HO U no 8celi akeamopuu cpedHel U cegepHol yacmu Mops. [TpuduHOU S8rsiemes UHMEHCUBHOE 0C80EHUE HE(hMe2a308bix Me-
CcmopoxdeHull Ha KoHmuHeHManbHoM wenbhe Kacnus (KawaeaH). B cocmage 0obbieaemoli Hehmu codepxames nonuapoMamudeckue ye-
nes0dopodsbl, npedcmaensiowue WUPOKUl kace 3agpsisHumeneli — ycmoliqugbix 8 okpyxaroweli cpede opeaHuyeckux coeduHeHul. Obue-
U3BECMHO, YMO MOKCUYHbIE U KaHUEPO2EHHbIe Sghehekmbl nouapoMamuyeckux yaeeo0opo0og 0bycrioesieHs! 0bpazogaHueM ux memabo-
numos. MupeH, omHocswulics K nonuapoMamuyeckum yaneseodopodam, codepxumcs 80 cex uccredyembix npobax Heghmu. YemaHo8neHo,
Ymo 0GHUM U3 OCHOBHbIX MEMabONUMO8 NupeHa siensemcs YpessbaliHo MoKcudeHbIl 6eH3(a)nupeH, obadarowull cunbHelwel KaHuepo-
2€HHOU aKMUBHOCMbI0, CNOCOBCMBYIOLEl 8OSHUKHOBEHUIO ONYXOMel 8 XUebIX OpeaHU3MaXx.

Lenbro Hacmosiweeo uccrnedosaHusi siensiemcs onpedefieHue 6 opeaHusmMe mecm-06bekmog nupeHa U €20 Memabonuma
(6eH3(a)nupeHa), a makxe conymemeylouwux HehmMaHOMY 3aePASHEHUID MSKENbIX Memannog U paduoHyknudos Kak 0b6bekmugHO20
mMemoda A1 OUEHKU KaHUEPO2EHHO20 pucKa.

06BexkmbI. B kayecmge mecm-06bekmos (6uouHOUKamMopos) U3 NPUPOOHbIX nonynsyul omobpaHsbi 2udpPOBUOHMB! (PbIBbI, MOIOCKU U
nonuxema (Nereis diversicolor) u HazeMHble obumamenu npubpexHol 30HbI Kacnus — doxdesbie Yepsu (Eisenia fetida).

Memodbi: amomHo-adcopbyUOoHHas cnekmpomempust U paduonioauyeckue Memods! UcciedosaHus.

Pesynbmamel. [posedeH aHanus cnocobHocmu 2udpobuoOHMo8 U HaseMHbIX npedcmasumenel akKymynupogams Hegpmenpodykmel,
conymemayrouwjue msxesble Memansbl U paOuoHyKnudbl. M3yyeHbl 0CHOBHbIE 0COBEHHOCMU HaKoNeHUs 3aepa3Humeneli 8 opaaHuaMe
mecm-06bexkmo8, npedcmagnsowux pasHble akocucmems! ucciedyemoll 30Hbl; onpedenieHa cymmapHas paduoakmueHOCMb 06pa3yos.

MposedeHo cpasHeHue codepxaHus Heghmenpodykmos, paduoHyKIUOO8 8 opeaHax U mKkaHsix 2u0pobUOHMOS.

Knioyesnble cnosa:

Kacnutickoe mope, mecm-06bexmbi, buonoauyeckue sgphekmsi, paduayusi, 3aeps3HuUmenu.

BeepeHue

CoxpaneHue skoormueckoit ycroitunsoctu Kacrmmii-
CKOr0 MOpS KaK YHHKQIBHOTO HPHPOIHOTO OOBEKTA MpH-
oOpeTaeT Ha cerojHd HEOBIBANYH) aKTyalbHOCTb, I10-
CKOJIbKY OHOJIOTHYECKHE M YTIEBOJOPOIHEIE PECypPCHI
JaHHOTO 3aKPBITOrO BOJOEMA HE MMEIOT aHaIoroB. Bompoc
0 MEXIYHapoIHO-TpaBoBoM cratyce Kacrus u o pasznene-
HIM HE(TAHBIX PECYPCOB MEXIY MPUKACIHICKAME CTpa-
Hamu pernmncs B 2018 r. Tem He MeHee Mope ocraercs
OOIIMM JKOJOTHYECKA BAXHBEIM OOBEKTOM pETHOHA. 3a-
TpsA3HEHHE B 0JHOH 13 dacTeit Kacnus BbuIbETCS B 00LIYIO
Hepa3/IeIMMYI0 3KONOTUYECKYI0 IPo0IeMy U B HTOTE MO-
XKET OTPasUTbCS Ha JIMYHBIX MEPCHEKTUBHBIX IUIAHAX Pa3-
BUTHS KaxJ0l cTpaHbl. OCHOBHBIM HCTOYHHKOM 3arpss-
HEHHS MOPS SIBIISTIOTCS. HETAHBIE OTXOIBL. JTO B IEPBYIO
ouepesib OTPAKACTCS HA KUZHENCATENLHOCTH (UTOOSHTO-
ca W (UTOIUTAHKTOHA, KOTOPBIH obecrednBaeT TeIvIo-
ra3oBblil 00MeH B MOpckoii Boje. IIpu atom pacmpoctpa-
HEeHHe He()TSHOM IUIEHKH JaXke Ha HE3HAYHTENbHBIX IIIO-
IAsX BeAET K THOEIM PeIKHX BHAOB PBIO M APYTHX BOJ-
HBIX OpraHmsMoB. [lommapomaTHyecKue YyrieBOAOPOMIBI
(ITAY) xak OCHOBHOH KOMIIOHEHT HE(TSIHOTO 3arpA3HCHHS
TPEACTABIAIT OMACHOCTb B MEPBYI0 OUYEPelb KaK KaHIle-
POTeHBI, TaK KaK MPEH, BXOAAIINI B COCTaB 000 He(TH,
TIpH TIOCTYIUICHUN B OPTAHM3MBI B PE3YJIbTATe KICTOYHOTO
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MeTa0onm3Ma TpeBpamiaeTcs B OeH3(a)MpeH, KOTOPHIi
SBIISCTCS TYCKOBBIM MEXaHM3MOM 3J0KAUeCTBEHHOrO Iie-
pepoxaeHus kietok [1, 2]. B mopckoit cpene kazaxcraH-
ckoil 30HbI Kacnusg moMuMo yrieBoJOpOZIOB COAEPIKATCA
TSDKEIBIE, PEIKUE M IEPEXOIHBIE METAIIEL, PAIHOHYKITHIET
KaK €CTECTBCHHBIC (B PAcCESHHOW (opme B 0OCANOTHBIX
TN0pPOJIax), TAK U TEXHOTEHHbIC (IIPUBHECEHHBIC C PEUHBIM
CTOKOM B BHJIC KOMIIOHEHTOB IPOMBIILICHHBIX OTXO/OB),
SBIIIOIHAECS OTACHBIMU 3aTPS3HUTEISMH. MeTalTsl Kak
MyTarcHHBE W KaHIEPOTCHHBIE (DaKTOPHI OpyKAromIeH
CPEZBI BO3ICHCTBYIOT Ha OMOTY M MPUBOIAT K TSKEILTBIM
OMONOTUYECKHM, B TOM YHUCIIE K OTJQICHHBIM (TeHEeTHYe-
CKMM), IIOCNEACTBUSAM, HECMOTPS HA TO, YTO KaK MHKpO-
3NIEMEHTHl METAUIBl HMEIOT OOJIBIIOE 3HAYECHHE IS JKH3-
HeJeATeNbHOCTH PhIO U Apyrux ruapobuontos [3, 4]. Ilo
JaHHBIM JTa00PATOPHBIX MCCIENOBAHMI YCTAHOBJICHO, YTO
HanOOIMbIIIE KOHIICHTPAIMN TSDKENBIX M IMEePEXOIHBIX Me-
TaIoB B Boge Kacmud mpuxonstTcs Ha Menb, alfOMHHAH,
nuHK 1 Oapuil. CozepaHus Meu U LUHKA B BOJE JOCTHU-
rafor 20 mxr/n (mpu [IJK 10 mxr/m), 6apust — 50 Mkr/n
(mpu ITJK 0,7 mxr/m). Oxomnoruyeckue mpobdnemsl Kacmms
BOSHHKJIM B Pe3yJbTaTe MIUTEIBHOTO SKCTEHCHBHOTO pas-
BUTHSA SKOHOMHKH PETHOHA, @ TAK)KE aKTyalbHBIX COLH-
ANBbHO-9KOHOMHYECKHX TPOoOJIeM (KPH3HCHI, KOH(IHMKTHI
TPaHCHAIMOHATBHBIX KOprioparwii i T. 1.) [5-9].
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JIns OLEHKM BKONOTMYECKOro COCTOSHHS NPUPOITHOM
CpeIBl, OABEPTIIEHCS TEXHOTEHHOMY 3arpsi3HEHUIO HapsiTy
C XUMUYECKHMU U (FBZHYECKIMH, BCE Yalle MPHMEHSIOT
Ouonorudeckue Meronbl. [Ipu 3ToM B KavecTBe OHOTECTOB
WCTIOJIB3YIOTCS JKUBBIE OpraHu3MBbL [10 OTBETHOW peakimu
OpraHM3Ma, TPOSBISIOMEHCS HA MONEKYIIPHOM, KJIETOU-
HOM, TKaHEBOM, OPTaHM3MEHHOM YPOBHE, MOXHO CYIHTh O
TIOTCHIMATBHON OMOJNOTHYECKOM OTMACHOCTH HCCIETYEeMbIX
(axTopoB okpyxaromeii cpenpl. Hanbonee 3dpekTHBHBIME
TECT-00BEKTaMH IS TIOJTYUCHIS TOCTOBEPHBIX PE3YIBTATOB
SBIISFOTCS JIOMUHAHTHBIC BBl MECTHOM (DayHBI, PE/ICTaB-
JITIONINE Pa3HBIE CHCTEMATHIECKHE TPYIIBI M TPO(IiecKue
YPOBHHM SKOCHCTEMBI. B HAIMX HCCIIEHOBAHUSIX HCIIONB30-
BaHBI HIMPOKO PAcTpOCTpaHeHHbIe B KacmuiickoM Mope U
p. Ypan ruspoOUOHTBI U HazeMHble obutarenu. Mx mpe-
MMYIIECTBO B TOM, YTO OHH ITHPOKO PACIPOCTPAHECHBI H OT-
BEYAOT BCeM TPeOOBAHMAM OMOMHIMKATOPOB CPEIbl 0OUTA-
His. CopiepikaHue COMyTCTBYIOMUX ¢ HE(PTHIO TSKENBIX Me-
TAVIOB B OPraHU3Max TeCT-00BEKTOB ONPENIENsITH METOOM
atoMHO-a0copOimonHoi  cektpodotomerpunt  (AAC).
Briepeble ucronb30BaHa paspa0oTaHHAs HAMH METOJMKA
TIPUTOTOBJICHHS 00pA3NOB MOJNMXET I XpoMaTorpagude-
ckoro aHamu3a. [locnme 00paboTku 00pa3moB yepBeil B TO-
Jy4eHHBIH 0caJioK 100aBiseTcs HEOOXOAUMOE KOMMYECTBO
THPEHa, PACTBOPEHHOTO B MUHUMATBHOM 00BEME alleTOHA 1
MOpcKoit Bobl. CeMMMEHT TIepeMENNBaeTCs ¢ TMPEHOM Ha
ABTOMATUYECKOM MEMIATKE HEMPEPHIBHO B TEUECHUE S5 4aCOB.
3ateM mocie OCAKACHHS BOJA YIALIETCS, U IIPUTOTOBICH-
HbIi 00pasell BBICTaBISETCS B TEPMOCTAT HPH TEMIEpaType
5 °C Ha ofiHy HEJEMo JI0 HCTOJb30BaHMs B SKCIIEPUMEHTE.
B nanHOM ciydae 00BEKTHI, TaKie Kak MOPCKUE UepBH, BBI-
JIepXuBatoTCA TATh aHEH. [lanee oOpasipl ¢ YepBsIMH OT-
CTaMBAIOTCS B MOPCKOH BoJIe (MUHAMYM 4 Hyaca 10 9KCTpaK-
HI/II/I) JUISL OYUCTKU UX KUIICYHUKA.

IIpoObl KMIIEYHOH TKAHN B3BEIIMBAIOT U HEPEHOCST B
TecT-TyOBI. [l TOTO 94TOOBI YACTHIBI KMIIETHOH TKAHH
OCaXMIANICh, TIPOOB! B MPUCYTCTBHH METaHOJNA TOMOTe-
HIBUPYIOTCA, oOpabarbiBatoTcs ynbTpasBykoM (10 muH)
u neHtpudyrupyrores (3000 o6/mun, 5 °C, 10 mun). 3a-
TeM CYNEPHATAHT (UIBTPYETCS U MEPEHOCUTCS B COCY IbI
B3XX (Beicoko DdpdextnBHas KunkoctHas Xpomaro-
rpadus) ¢ dayopecueHTHEIME U YO nmeTekTopamu s

OnpeseNeHus MeTadonuToB mupena. CyMMapHyro paiuo-
AKTHBHOCTh OHMOOOBEKTOB OMNPEACIAIM HAa TO3MMETpE
MKCAT-6130 (2010 r.). Ha GuocyOctparax m3mepsin
PaIMOAKTUBHOCTD 3JIEMEHTOB! K4O, Th? , Ram, Cs 7, U
UX KOJNHMYECTBEHHOE COJCPKAHHE C HCIONb30BAHHEM
crektpooromerpa (kommnekce «lIporpecc b-I'y, 2015).
W3mepenns akTHBHOCTH MPOBOAIUIH B ISATHKPATHOH II0-
BTOPHOCTH (0J1HO TpoOa TedeHne 30 MUHYT).

Xnmunyeckue 3arpsisHUTENU

Hamusnas negpms. Jlns oneHKN HAKOIUTCHUS HE()TH B
OpraHu3Me B KauecTBE TecT-00bEKTa UCTIOIb30BATU MOP-
ckux uepseir (Nereis diversicolor). Pesymbratel mpoBe-
JCHHBIX Ta00PATOPHBIX TOKCHKO-TEHETHYECKHUX HCCIIEI0-
BAHHI IPUPOIHBIX TECT-00BEKTOB MO3BONAIOT KOPPEKTH-
POBaTh UCNOb3yEMbIE B IPHPOJOOXPAHHBIX JOKYMEHTAX
ITOK. IlomydyeHHble pe3yibTaThl MO  COAEPIKAHUIO
OeH3(a)nupeHa mokazansl B Tab. 1.

Taonuya 1. Cooepoicanue Oensz(a)nupena 6 opeanusme
mecm-o06vekmos uz npudpescrou 3ouvl Kacnus
Benzo(a)pyrene content in test-objects body
from the coastal zone of the Caspian sea

Table 1.

BB TecT-06beKTOB Conepxanue OeH3(a)upeHa, MKI/KT
Species of test-objects Benz((?[) Eﬁ?[ﬁdcgrlt%néonf)c o/kg

Sander volgensis 0,232+0,02
Sander lucioperca 0,049+0,003
Abramis brama 0,026+0,002
Unio pictorum 0,013+0,002
Dreissena polymorpha 0,375+0,03
Nereis diversicolor 0,38140,04
Eisenia fetida 0,566+0,04

Hasemubiit mpeacraBurens KoipyaTeix Eisenia fetida
(moxmeBoil 4epBb) OBLT B3AT B KaueCTBE MO3HUTHBHOTO
KOHTPOJIS U3 TeX ke OMoTomoB mpubpexHoii 30HbI Kac-
nus. Bo Bcex uccienyeMbIx opraHu3Max, Kak MOPCKHX,
TaK ¥ HA3eMHBIX, CoJepkaHue OcH3(a)mupeHa OoJbIre
ycraHoByeHHoro ITK (0,001MKr/kr) W cocTaBifeT OT
0,013 g0 0,566 MKI/KT.

Tancenvie memanavt (TM). TpoBeieHO TaKkxke Hccie-
JoBaHue HakomieHus TM B opraHm3Max B3STBIX 0OBEK-
ToB. [loxTyueHHBIC TaHHBIE TIPUBEICHBI B Ta0. 2.

Taonuya 2. Cooepocanue TM 6 opeanax u mxansx 6 mecm-o6vekmax, me/xe

Table2.  Content of heavy metals in organs and tissues in test-objects, mg/kg
Haszganue Buna/View name Fe Zn Ni Cd Cu Pb
30,183+1,2 16,895+0,58 0,573+0,02 0,129+0,005 1,399+0,05 3,606+0,14
Sander volgensis TIJ1IK 30 ITAK 40 ITAK 20 IAK 0,2 TIAK 10,0 IAK 1,0
Ltd C 30 Ltd C 40 Ltd C 20 Ltd C0,2 Ltd C 10,0 Ltd C1,0
122,342+5,2 4,918+0,21 0,435+0,015 0,087+0,002 0,199+0,01 1,875+0,065
Sander lucioperca TIJIK 30 TK 40 TK 20 MK 0,2 IIK 10,0 MK 1,0
Ltd C 30 Ltd C 40 Ltd C 20 Ltd C0,2 Ltd C 10,0 Ltd C1,0
114,688+4,9 7,355+0,30 1,973+0,06 0 1,506+0,063 4,419+0,19
Abramis brama TIIK 30 TIJIK 40 TIJIK 20 T1IJ1K 0,2 TIIK 10,0 TIIK 1,0
Ltd C 30 Ltd C 40 Ltd C 20 Ltd C0,2 Ltd C 10,0 Ltd C1,0
192,622+7,3 15,554+0,53 2,856+0,1 0,115+0,005 2,104+0,1 0,832+0,035
Unio pictorum /1K He YCTaHOBIEHO TI/IK 200 TI/IK 200 K 2,0 /1K 30,0 /1K 10,0
Ltd C no estimated Ltd C 200 Ltd C 200 Ltd C 2,0 Ltd C 30,0 Ltd C 10,0
312,36=+15,1 39,996+1,7 6,962+0,33 0,064+0,003 1,578+0,065 1,248+0,055
Dreissena polymorpha IJIK He ycTaHOBIIECHO TIIK 200 TIIK 200 IIJIK 2,0 TIIK 30,0 TIIK 10,0
Ltd C not estimated Ltd C 200 Ltd C 200 Ltd C 2,0 Ltd C 30,0 Ltd C 10,0
135,356+5,4 11,11+£0,43 2,892+0,11 0,128+0,005 3,945+0,17 0,416+0,016
Nereis diversicolor IJIK He ycTaHOBIICHO TIIK 200 TIIK 200 IIJIK 2,0 TIIK 30,0 TIIK 10,0
Ltd C not estimated Ltd C 200 Ltd C 200 Ltd C 2,0 Ltd C 30,0 Ltd C 10,0
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Cpenu paccmotpennslx TM HaubomblIeH akKymyois-
THBHOM CIOCOOHOCTBIO 00JAMaloT Kene3o (B CpemHeM
151,258 w™r/kr gmms BceX TecT-00bEKTOB) W IIMHK
(16,0 mr/kr). Crneayer OTMETHTb, YTO 110 CTEHEHH TOK-
CHYHOCTU IKEJNe30 He TPEelCTaBisieT CTOJNb BBICOKOU
OTACHOCTH KaK Ui TUIPOOHOHTOB, TaK U NS YelOBeKa,
B CPAaBHEHHH C KaJMHEM, Me/IbI0 Wi cBHHIIOM. O0mIens-
BECTHO, YTO B OpPraHM3ME JKUBOTHBIX JKEI€30 BXOIUT B
COCTaB MHOKECTBA (P)ePMEHTOB, YIACTBYIOMINX B OKHCITH-
TENbHO-BOCCTAHOBUTENBHBIX PEAKLUAX, TaBHBIM 00pa-
30M B Tpolecce JAbIXaHusi. TeM He MeHee MOBBIIIEHHOE
COZIEpIKaHMe JKee3a OKa3bIBAaeT OOIMIETOKCHYECKOe Iei-
CTBHE, pa3pyIas aHTHOKCHAAHTHYIO CHCTEMY OpTaHH3Ma.
HWcrouHnkoM keie3a M JAPYTHX TSKEIBIX METAIIOB SIB-

Taonuua 3. CymmapHulil yposens f-uznyuenusi mecm-o0beKmos

JSIOTCS TUIACTOBBIE BOJBL, TOcTymaomue B Kacmuit B
nporiecce JOOBIYHM, TPAHCTIOPTHPOBKA W TEpepadOTKU
HedTh. BBICOKOE coeprkaHue Kene3a oTMeyaeTcs B OeH-
TOCHBIX OpPraHU3Max ¥ B OpraHu3Me phIO, UTO 00BACHSCT-
csl_OBICTPBIM IEPEXOJOM PACTBOPEHHBIX MOHHBIX (OpM
Fe” B Fe*, BBImajalomux B 0CaioK B BUJE PA3IHUHBIX
OKCHJIOB U TUAPOKCHIOB, @ TAaKXe B BHIE OpraHOMHUHE-
PATBHBIX KOMIUICKCOB.

Paouayuonnoe 3acpsaznenue. Ilpesrimenne GoHOBOTO
YPOBHs -M3IyUeHus y IpeNCTaBUTEICH KONBYATHIX Yep-
Beii Nereis diversicolor u Eisenia fetida (ta6x. 3) Bbisie-
JE€HO B Pe3yNbTare ONpeleNeHHs OOmEero YpoBHSI CyM-
MapHO! PaJi0aKTHBHOCTH.

Table 3.  Summary level of p-irradiation in test-objects
B-uzny4enue, B-usny4enue, B-u3nydenue,
Ha3sBauue npo0st 1/mun*cm? HasBauue npo0sr 1/mum*em? Haspauue npo0si 1/mum*em?
Sample title B-radiation, Sample title B-radiation, Sample title B-radiation,
1/min*cm? 1/min*cm? 1/min*cm?
TKaHb sxabep nema 0,830,003 T_Kax-u) xabep cynaxa 1,050,006 _ Txanp MBIIIILL HEPEHC 6.24+0,021
Tissue of bream gills Tissue of zander gills Tissues of Nereis diversicolor
TkaHp MBIIIIL JIeIa TKaHb MbI P TkaHb MBIIIIIT
Tissue of bream 0,88+0,003 : 1 ey 1,410,007 JIOYKIEBOTO UepBs 8,810,021
Tissue of zander muscles . N
muscles Tissues of Eisenia fetida
TI_<aHL xabep 6ep_ma 1,420,007 TKaHB MBIIII] TTEPIIOBULIBI 0,860,004 B B
Tissue of bersh gills Tissue of pearl bar muscles
TkaHb MbILII Oepina TkaHb MBI JpeiCeHbI
Tissue of bersh muscle 1,42+0,007 Tissue of dreisena muscle 0,860,003 B B

B sxabepHBIX MBINIIAX JENIEH U CcyAakoB HalOmona-
ercs Ooyiee BBICOKHH YpOBEHb AKTHBHOCTH paJyo-
HYKJIHJOB, YeM B MBINIIAX HX Tela, B TO BpeMA Kak B
TKaHSX PBIOBI OepIn 0OHApYKEHB! OJMHAKOBHIC MOKa3a-
TCIIN paﬂl/loaKTI/IBHOCTI/I. HOHy‘IeHHBIC pe3yJH>TaTLI 110
AKTUBHOCTHU pa}lI/IOHyKHI/IJlOB B opraHax pa3H51x BUJIOB

TUAPOOUOHTOB KOPPENUPYIOT C AAHHBIMH IO COJEpiKa-
HUIO Y-M3Iy9alolnX PagloOHYKIHAOB B 00BEKTax U CBHU-
JETENbCTBYIOT O PA3IMYHOM TKAHEBOH paJUOUyBCTBU-
TENbHOCTH TecT-00bekToB. Ilo 3THM mMoKa3aTensiM pe-
3yabTaThl Beex M3MepeHuit Beimre win 6mmsku k I1/IK, 3a
ucknogeruem Cs™' (tabm. 4).

Tabnuya 4. AkKmusHoOCmMb Y-U3TYUAOWUX PAOUOHYKIUOO8 8 MeCH-00beKmax

Table 4. Activity of y-irradiated radionuclids in test-objects
Ha3zBaHue po0s! AkrtrBHOCTB pajmoHyKiioB, br/kr/Activity of radionuclides, Ba/kg
Sample title Cs™’ Ra’*® Th*? K*
Jleur (Abramis brama)
Bream 64,5+0,5 155+0,4 119+0,5 1296+12,3
Cynaxc (Sander lucioperca) 63+0,4 1230,4 70+0,4 1124+12,4
Zander
bepm (Sag‘ifsrh"o'gens's) 65+0,4 16440,5 12404 1300+11,9
Tlepoeuia (Unio pictorum)
Pearl bar 109+0,5 31+0,3 43+0,4 62549,9
Jpeiicena (Dreissena polymorpha) 76403 3240.5 45204 624498
Dreisen ’ i i i
Hepenc (Nereis diversicolor) 11120,5 100+0,3 100+0,3 85098
Nereis
Joxnessie uepsu (Eisenia fetida) 125404 18540.6 169+0.5 1332412.5
Earthworms
Jomnycrumas no3a
Ltd activity dose 370 32 45 700

V3 pamHBIX TaONI. 4 BHIHO, YTO AKTHBHOCTH Cs®' s
TECT-00BEKTAX CYIIECTBEHHO HIDKE JOMYCTUMBIX YPOB-
Heil, K™ MeHble B MOJITIOCKAaX, YEM B OCTAIbHBIX Opra-
HU3MaXx, Ra?® 1 Th** s Ipezenax HOpMBI B TKaHAX Iep-
JIOBUIIBI U JIpelicenbl. M3 BCeX HCClieyeMbIX BUJIOB PBIO
B opranusme cynaka (Sander volgensis) ormeuaercs
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HaMMEHBITHH YPOBCHb AKTUBHOCTH PAJUOHYKIIMAOB, HC-
CMOTpS Ha TO, YTO OH AKTHUBHBIH XUIIHHUK. O6Hapy>I(CH-
HBI€ HU3KUEC KOHUCHTpAlUUKU PaJUOAKTUBHOCTHU DJIEMCH-
TOB B OpraHax W TKaHAX UCCICAOBaHHBIX TCCT-O6L€KTOB,
MO-BUAUMOMY, CBA3AHBI C 0COOEHHOCTAMH MeTaboIH3Ma
W BBIBCACHUA PAAUOHYKIWAOB U3 OpraHru3Ma. Takum 00-
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pa3oM, MONYYEHHBIC PE3yNbTATHI MO3BOJSIOT CYIUTH O
crenu(puKke BHIOBOH PaaMOYyBCTBUTENBHOCTH HCIOJb-
30BaHHEIX TECT-00BEKTOB.

O6cyxpaeHne pe3ynbLTaToB

[IpenMyIecTBO METOIOB C UCTIONB30BAHHEM TIPHPOA-
HBIX MOMYNALMHA (in situ) JUIS OLEHKH HKOIOTHIECKOro
COCTOSTHHS SKOCHCTEMBI B OTIIHYHE OT J1a00paTOPHBIX HC-
TIIBITAHAN B TOM, YTO OHH OPUEHTHPOBAHBI HA HM3yUCHHE
COO00MIECTB OPTraHM3MOB B €CTECTBEHHBIX YCIOBUAX. JTO
JaeT BO3MOKHOCTD TIPOBOAHTH OIEHKY IO LIENOMY KOM-
mnekcy OuoTHueckux mokasareneil. Kak crnemyer wus3
HAIlMX WCCIEOBAaHUH, cpeay OecrO3BOHOYHBIX AKTHB-
HOCTb PaIHOHYKJINIOB (TI0 LIE3HI0) 3HAYNUTENBHO BBIIE Y
BUJIOB 00JIee TECHO KOHTAKTHPYIOLINX C OYBO-TPYHTOM.
K HUM OTHOCSTCS HpeicTaBUTENH OEHTOCa — MOPCKOH
uepsb (Nereis diversicolor) u HasemubIl — J0XK/EBOI
uepBb Eisenia fetida, sxkusHenestensHOCTs KOTOPHIX CBSI-
3aHa ¢ HAKOIUIEHHEM PaIHOHYKIHIO0B B JOHHBIX OTJIOXKE-
HuX (OeHTOCE) W B TOYBE MPHOPEKHON 30HBI, OTKYIa
OHH TIONAJIAIOT B TECT-00BEKTHI Yepe3 TPOYHUECKUE e
nutanusd. JIpyroi myTh — MUrpamys paadoOHyKIHIOB 3
TOPHBIX M OCAJI0YHBIX TOPOA. V3 JaHHBIX JMTEpaTyphl
[10-13] caenyer, uto snementst Ra*, Th** comyrersy-
€T 3arpsS3HEHHI0 OKPYKAIOWIeH cpeisl B 30HE JOOBIBAIO-
el TpoMbINUIEHHOCTH. [Io3TOMy MHOTHE HccieoBare-
JIM PeKOMEHAYIOT HHTETPAIBHBIH TI0IX0/ U1 OLEHKH 3a-
TPA3HEHMS IPUPOHON cpeibl. JlaHHBIE HAIIMX HCCIeNo-
BaHMH (TabOu. 3, 4) CBHACTENBCTBYIOT O HEOIATONPHATHON
paIMaOHHOA 00CTAHOBKE B aKBATOPHH Ka3aXCTAHCKOM
30Hbl Kacrns. PeabHyto omacHOCTb NpeACTaBIAIOT JUIf
YeloBeKa MOCTYILICHHE PaIHOHYKIHIOB B IPOIYKTHI TU-
TaHHS HACENECHUS 00JACTH 110 TPOPHIECKUM LETsIM: TOY-
Ba—paCTCHUA—KHBOTHEIE. OIHAKO J1a0OpPATOPHBIE METO-
Il OMOTECTHPOBAHMS UMEIOT CBOH HEIOCTATKH, a IMEH-
HO, PE3YJIbTAaThl 9KCIIEPUMEHTA HE MOTYT OBITh 9KCTpaIo-
JIMPOBAHBI HA BECh OMOIIEHO3 ISl OLEHKU €r0 COCTOSHHUS.
B cBor  ouepenp  pe3ymbTaThl  MOJEKYILSPHO-
TEHETHYECKOT0 M IMTOTCHETHYECKOTO aHamm3a (Xpomo-
COMHBIH W MHUKpPOSIEPHBIA) C HCIIONBG30BAHHEM JOMH-
HAHTHBIX BHJIOB U3 TPHPOJHBIX MOMYJSIMNA CIykKaT OC-
HOBaHMEM [l PEKOMEH/IAIMU B Ka4eCTBE JIOKa3aTelbHO-
T0 METOZa OLEHKH PEATbHONW OIMACHOCTH BISHHS 3a-
IpSA3HATENEH Ha OKPYXaromyrw cpexy W ouory [14-16].
OT0 TO3BOJISET MPOBOAMTH MHTETPAIbHYI0 OLEHKY 3(-
(bexTa aHTPONOreHHBIX (AKTOPOB U PAHXKHPOBAHHE OT-
JeNbHBIX PAHOHOB MO CTENEHH JKOJOTHYECKOro Hebia-
romonyuns. MccnenoBaHne MOCHEACTBHI 3arps3HEHASL
J00BIBAIOIIEH MPOMBIILICHHOCTH JUIS IPUPOIHBIX TOIY-
JSLUA SABISETCS HEOOXOIUMBIM YCJIOBUEM IS OLEHKH
OTZHaNeHHBIX (TeHeTnYecKux) d(dekToB HehTENPOLYKTOB,
MOHM3UPYIOUIMX M3IYYCHHH M TSDKENBIX METAIUIOB Ha
npupoxHbIe coobmectBa. CieayeT OTMETHTb, YTO B IH-
TOTCHETHYECKUX HCCICIOBAHIAX 110 TECTUPOBAHHUIO HA
MYTareHHOCTh XMMHYCCKUX, (H3MYECKUX U OHOIOrude-
CKHMX areHTOB HCIONB3YIOT PA3NMYHbIE TECT-CUCTEMBb,
CpeIr KOTOPBIX BEICOKYIO 9yBCTBUTEIBHOCTD TOKA3bIBACT
MUKpOSIepHBIA TecT. [10 MaHHBIM JHTEpaTyphl HCIONb-
30BaHNE MUKPOSJIEPHOTO TecTa y PHIO U3 BOZXOEMOB 30HBI
VMICCIICJIOBAHUS YCTAHOBIIEHA MHIYKIHA OIyXOJIel y phiO

B PE3YJIbTATE MEPEPOKIACHAS HOPMATBHEIX KJIETOK B 3710-
KauecTBeHHbIE. CpaBHEHHE MOTYYCHHBIX pE3yIbTaToOB
HAXOIWT CBOC MOITBEPXKIEHHE B PadOTax OTE4ECTBEH-
HBIX MCcaenoBarene. Tak, MMEITCs JaHHbIE 00 MCIIOIb-
30BaHHH OKYHS U IUIOTBBI B Ka4eCTBE OMOMHIUKATOPOB
OTKPBITBIX BOJIOEMOB, PACIIONIOKEHHBIX BOIU3M ypaHOI10-
obBatomux pernonoB CesepHoro Kasaxcrama [17-26].
IuapoOuontsl Kacrmmiickoro mopst (MOJUTIOCKH) pearw-
PYIOT Ha HAIMYME TSDKETBIX METAJUIOB CHHTE30M OCOOBIX
0emKoB — MeTAINIOTHOHWHOB. JlaHHAs rpymma OenKkoB
CBSI3BIBACTCS C TSKEIBIME METAJLIAMH H CIIOCOOCTBYET MX
Heifrpanusauu. Onupasich Ha 3TU CBEECHHUS, MOXKHO T10-
Jarath, YTO W3MEHEHHE YPOBHS OENKOB — METAILIOTHO-
HUHOB B TKausx Dreisena polymorpha — sto mexanusm
3aIUTH OPTaHM3MA OT TOKCHYECKOTO JCHCTBHS Cu®,
Zn®, Pb* u Cd* [27, 28]. oxzeBble YepBU TaKkKe MO-
TyT OBITH PEKOMEHIOBAHBI B KadecTBe OHOMHIMKATOpA
Js OleHKH 3(PdeKTa paadalMoOHHOTO 3arps3HCHUS.
Kpome Toro, moseneHne paJguoHYKIHIOB B 3BEHE «IOY-
Ba—JI0XKICBBIC YCPBU» MO3BOJISET MPOCICHUTh HX Jallb-
HEHIIYI0 MUTPAIKIO B TPOPUUECKHX IEMIX 300ICHO30B.
OpHako 4epBH He BCETAA MOTYT OBITh OHOMHAMKATOPOM
PAIMOAKTHBHOTO 3arps3HEHMUS, TaK KaK UX YHCICHHOCTH
CUJILHO BapbHpPYeT B 3aBUCHMOCTH OT THIIA [I0YB.

Takum 00pasoM, ompeneneHue aKKyMYJIIIUH 3arpsi3-
HHUTEJICH B OpTaHHU3ME TeCT-00BEKTOB M UX METa0ONUTOB
KaK CIHen(pHISCKAX KCEHOOMOTHKOB B 30HE HCCIIEIOBA-
HHS ABJACTCA aKTyalbHOU mpoOieMoii. [lo qaHHBIM MHO-
TUX HCCIE0BaHUN OONIENpPUHATO cuuTath, uto [TAY n
JpyTHe MOJUTIOTAHTHI 00J1a1al0T TOKCHISCKAMH U KaHIe-
pOTeHHBIME 3 deKTaMu, HaNPUMeEp, OCHOBHOE COEIHHE-
aue [[AY — mupeH, CITyXUT TTTaBHEIM KPUTEPHEM OLCHKH
SKOJIOTUYECKOTO PHCKA MOJHApOMATHIESCKHX YTIECBOIO-
poB 151 OnoTHI 1 yenoseka [29, 30].

BbiBoabI

1. Tloka3aHo HakomieHHe MeTaboNHMTa MUpEHa B Opra-
amme Nereis diversicolor (monmxera — MOpCKOH
YepBb), MBIIIEYHOH TKAHH HCCIEAOBAHHBIX THAPO-
OMOHTOB (pBIO, MONMMXET W MOJUTFOCKOB). I[lpmuem
HauOoublee cojiepkanne OeH3(a)IMpeHa 0TMeYaeTcs
B TKaHsX pbIObI S.volgensis (Gepin) — B MbIIIax u
mevyeHd, B MATKMX TKaHax Buga  Dreissena
polymorpha (mommiock). Tem cambIM HajH4Ke
OeH3(a)nupeHa B TKAHSIX MCCIEIOBAHHBIX THAPOOUO-
HTOB CBHJIETENBCTBYET O CMOCOOHOCTH €r0 HaKoILIe-
HUS B OPTaHU3ME TECT-00BEKTOB.

2. BoIfBIEHO BBICOKOE COAEPIKAHHE COMYTCTBYIOLINX
HE()TH TSHKENBIX METAUIOB (JKENe30, CBUHEI) B TECT-
00BEKTaX M PaaMoOHYKIHAOB (pamuii, TOpHH M Ka-
mmii-40). ComyTcTBYROIIHE HE(TH TSKEIbIE METAJLIBI,
BEPOSATHO, OKA3BIBAIOT MOAMQHUIMPYIONICE BIHSIHHE
Ha TpaHc(OpMANMIO THPeHa KaK KaHIEPOTEHHOTO
(akTOpa B OpraHax M TKaHSIX OPTaHU3MOB.

3. TlonydeHHble JaHHBIC CBUICTEIBCTBYIOT O HATMYMH
crerududeckoil BUIOBOH M TKAHEBOM UyBCTBUTENb-
HOCTH M3YYEHHBIX BHJIOB TECT-OOBEKTOB K JCHCTBUIO
HE(TH, COMYTCTBYIONINX TSKEIBIX METAIUIOB M PajiH-
OHYKJIMIOB, UX MOTEHIMATBHOH KaHIEPOTCHHOH U
MyTareHHO# OMACHOCTH Tt OMOTHI U YETOBEKA.
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OIL POLLUTION AND ASSOCIATED HEAVY METALS, RADIONUCLIDES
IN THE BODY OF HYDROBIONTS OF THE KAZAKHSTAN ZONE OF THE CASPIAN SEA
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The relevance of the research is caused by the extremely unfavorable state of ecological system of the Caspian sea and the coastal zone.
In the nearest future, intensive development of oil and gas fields on the continental shelf of the Caspian sea (Kashagan) may dramatically
increase the environmental burden not only on the Kazakh part of the Caspian region, but also on the entire water area of the middle and
northern part of the Caspian sea. Oil as a pollutant contains polyaromatic hydrocarbons, which represent a wide class of environmentally
stable organic compounds. It is generally accepted that the toxic and carcinogenic effects of polyaromatic hydrocarbons are caused by
their metabolites. Pyrene is the main component of oil and the studied oil samples always contain it.

The main aim of this study is to determine polyaromatic hydrocarbons in oil and metabolite (benz(a)pyrene), as well as associated heavy
metals and radionuclides in the body of test objects as a sufficiently objective method for assessing environmental risk.

Objects. The aquatic (picses, molluskas, polyhetas) and terrestrial inhabitants (earthworm) of the coastal zone of the Caspian sea were
selected from natural populations as test-objects (bio-indicators).

Methods: atomic adsorption spectrometry and radiological methods of research.

Results. The authors have analyzed the ability of hydrobionts and ground representatives capable of accumulating petroleum products,
included heavy metals and radionuclides and studied the main features of accumulation of pollutants in the body of test-objects
representing different ecology systems of the studied zone, determined the level of total radioactivity. The paper compares the studied
species of hydrobionts, the content of petroleum products, heavy metals and radionuclides in organs and tissues.

Key words:
Caspian sea, test-objects, biological effect, radiation, pollutants.
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Epodees 1.5, u ap. Feonoro-reodpmanyeckie 06CTaHOBKN M MHCHOPMATMBHOCTb 3MEKTPOTOMOrpadui Ha 3010TOPYAHBIX MECTOPOXKOEHMSIX ...

YK 550. 83: 550. 814: 553: 41

FEONOro-reOdU3N4YeECKUE O6CTAHOBKU U UHOOPMATUBHOCTb
ANEKTPOTOMOIPA®UN HA 30JI0TOPYAHBIX MECTOPOXAEHUAX CUBUPU

Epocbees lleonmng Skoanesuy!

OpexoB AnekcaHap Hukonaesuy',
orekhovan@mail.tomsknet.ru

Mmpsakosa KOnus lleonnpgoBHal,
ulg@tpu.ru

EpodeeBa NannHa BacunbesHa',
egv@mail.ru

1 HauuoHanbHbI uccnegosatenbekinii TOMCKUIA NONNTEXHUYECKUI YHUBEPCUTET,
Poccus, 634050, r. Tomck, np. NlenuHa 30.

AkmyanbHocmb uccriedogaHusi 0bycrosnieHa He0bX00UMOCTbI0 NOBbILLIEHUS 3hehekmuUBHOCMU 2e0ghu3LYeCcKUX Memodos npu nouckax
mecmopoxdeHul 300ma, 8 MOM yucie 3a cYém UCnonb308aHUsT HOBbIX MemoOUK NPogedeHus 2eoghuauyeckux pabom, 8 yacmHocmu
anekmpopa3sgedoyHoll momoepaghuu ebi3gaHHOU nonapusayuu. ns amod Moducbukayuu dnekmpopasgedku 8 Hacmoswee epems co-
30aHbl meopemuyeckasi 6asa, annapamypa, mexHono2uu usmepeHruti, 06pabomku u UHmepnpemayuu nonegbIx HabmoodeHul.

Lenb: oueHums uHGopmMamueHOCMb 3nekmpomomoepaguyeckux pabom npu uccredosaHuU pasfuyHbIX MUNo8 3010MopydHbIX Me-
cmopoxdeHud.

06BekmbI: 803MOXHOCMU 371EKMPOPa3sedoyHoOl momoepaghuu npu uccnedogaHuU PasnuyHbIX MUNoe 3010mMopydHbIX 06LEKMO..
Pesynbmambi. Ha munudHbix nonsix mecmopoxdeHuli 3onoma Cubupu u e ux npedenax — Haubonee npedcmagumerbHble 8 Munosoli
epadauyuu pydoHocHble niowadu ¢ docmamoyHo nodpobHO U3yyeHHOU 2eonoeudeckoli obcmaHoskol u 8 npedenax KomopbIx bbuiu 8bi-
NOmHeHbI 2eogpusudeckue cbémku mMacwmaba 1:2000-1:5000 (MasHumomempusi, anekmponpounupogaHue), npogedeHsl pasnuyHble
20pHble 8bIpabomku, no3sonsawue npussisames GaHHbIe 3nekmpomomozpaghuu K nnowadHeIM eeodu3u4ecKuM ChEMKaM U 2e0/102ul
uccnedyembix npogpunell. YecmaHoseneHo, Ymo Ha pyOHbIX Nonsx 8cex (hu3uKo-2e0/102U4ECKUX MUNO8 ¢ NOMOWbI0 31eKmpomomoepachuu
MOXHO 0OCMamoYHO Y8EPEHHO OUEHUBaMb MOMWUHY U COCMAag NOKPOSHbIX OMITOKeEHUD, Hameyamb Mecma meKmMOoHUYECKUX Hapywe-
Hull, onpedensimb 0CHO8HbIE YepMbl CMPYKMYPHO20 CMPOEHUST meppU2eHH0-0cadoyH020 KoMniekca nopod 8 NpuNosepXHOCMHbIX 20-
PpuU3oHMax, npu b1aeonpusimHbIX (HU3UKO-2€0/102UYECKUX YCII08USIX NPO2HO3UPO8amb MECMONOOXeHUEe OpyOeHenbIX yyacmkos. MoxHo
ommemums, Ymo Haubonee UHGHOPMamugHbIM napamempom, onpedensieMbIM No Mamepuanam 37eKmpomomozpagul 8 eapuaHme 8bl-
38aHHOL NOMIAPU3AUUL, Ha 8CEX (hU3LIKO-2€07102UYECKUX MuUnax 3010mopyOHbIx nonell CuBUPCKO20 peauoHa s8/1siemesi conpomusneHue
nopod, NonsiPU3yeMoCMb e UX Uzpaem CyLeCMBEHHYI0 POk fULb NPU oKanbHOU Cynbgudusayuu umu epagumusayuu nopoo.

Knroyeenie cnosa:
Onekmpomomozpacpusi, mecmopoxdeHus 3omoma, Cubupckull pe2uoH, MOHKUE K8apUEe80-KUsTbHbIE 30HbI, aHOMasTbHbIE 30HbI.

B nocnennue necarwierus paspaboraHa HOBas TeX-
HOJIOTMS TPOM3BOJCTBA MOJIEBBIX JJIEKTPOM3MEPEHUH U
MHTEPIPETAME TIONyYaeMbIX MAaTepHaoB, MO3BOJISIO-
masi CyIECTBEHHO PACIIMPHTh BO3MOXHOCTH 3JIEKTPO-
pa3BelKu IpH U3y4EHUM BEpXHel wacTu paspesa, KOTO-
past TIOKa He HaIlIa JOJDKHOTO MecTa B 00IIeM KOMILIEK-
Ce IeoJI0ropa3BeJ0uHbIX PaboT Ha 30I0TOPYIHBIX MECTO-
poxnenusx. Peus unér 06 smexrpotomorpadpuun [2-6].
Jnst 310l MoAMDUKAIIMM SNEKTPOPA3BEAKH B HACTOSIIEE
BpeMs CO3JIaHBI TeOopeTHUeckas 0asa, ammaparypa, Tex-
HOJIOTHH M3MEPCHHH, 00pab0TKH U MHTEPIPETAINH T10-
neBbix HabmropeHwuii [7-10]. E€ ceifvac mmpoko ucmosb-
3YI0T TJIaBHBIM 00pa3oM TpH MPOBEACHUM HHKEHEPHO-
TEOJIOTUYECKHUX, aAPXCOJOTUYECKHUX, OSKOJIOTUYECKHX U
rugporeonoruyeckux u3pickanuit [11-20]. B pynHsix
paiioHax W, B YaCTHOCTH, P M3YYEHHUH 30JOTOHOCHBIX
miomaneil B Poccun croenmaHbl NHIIG OTAEIbHBIE IIArd.
OHn, KaK 1 3apyOeKHBINA ONBIT, CBHACTENBCTBYIOT O IIH-
POKHX TIOTEHLHMABHBIX BO3MOXHOCTSAX 3JIEKTPOTOMO-
rpaduu Ipy H3y9eHHH PYIHBIX TLIOMANCH.

B macrosmedt pabote paccMaTpHBAIOTCS PE3yNbTaThl
MHOTOJIETHUX MCCIICIOBAHNNA WH(QOPMATHBHOCTH DJIEK-
TpoTOMOTpadud B TUMHYHBIX (DH3MKO-TE€OJOIHYESCKUX

BeepeHue

DIeKTpopa3Be/ika Ha PYAHBIX MOMAX 30s0Ta Cudupu
IpUMEHseTCs JUIHTeNbHOE BpeMs. llepBhie amekTpopas-
BEJIOYHBIC Pa0OTHl (METOJOM H30JMHHM) Ha 30J10TO B
stoM peruone Opumi BemonmHeHs! H.M. CadpoHOBEIM B
1928 r. na IlenTpansHoM MecTopoxaeHud B Mapuuh-
ckoii Taitre (Ky3Henkuit Anaray).

B Hacrosuiee BpeMs 37IEKTPOPa3BEAKY B Pa3lIHUHBIX
MOJH(UKAIUAX TIOBCEMECTHO IIMPOKO HCIOIB3YIOT MPH
peLIeHHH MHOTUX I'€0JI0Or0pa3BeJOYHbIX 3a/1a4 MPaKTH4e-
CKH Ha BCEX THNax PyAHBIX moneil 3omota [1]. Dddek-
TUBHOCTb IIpUMeHEHUs € pasnuuHa. Ha MecTopoxaeHu-
X 30JI0TA OHA TIPOBOAHMTCS C PA3NTMIHBIME MacmiTabamu
HabmoieHns. VI3MepeHns BbIIOJHAIOTCS [0 TAKUM CETSM,
KOTOpbIE JaXe NpPH CaMbIX JETaJbHBIX ChbEMKAX HE MO3-
BOJIIOT TMOMYYUTH HH(OPMAIHIO O TEONOTHYECKOM CTPO-
CHUM BEpPXHEH d9acTH paszpesa, HEOOXOIUMYIO TpH Je-
TaIbHOM TEOKApPTUPOBAHMM PYJOHOCHBIX ILIOLIAJEH,
0co0EHHO Ha PYJHBIX TOMAX 3omoTa CHOMpH, KOTOpHIE
HAaxXOMATCs B apeale BEUHO MEP3MBIX NOPOJ, IJe Apyrue
«MOBEPXHOCTHBIC» METOAbI, B TOM YHUCJIEC U T'COXUMHUYC-
CKHe€, OKa3bIBAIOTCS OECCHIBHBIM.
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00CTaHOBKAX 30/M0TOPYIHBIX MecTopoxaeHuil Cubup-
CKOTO PETHOHa.

MHOTOYHCIEHHBIE MECTOpOXAeHHS 3050Ta CHOMpH
COCPEeIOTOUCHB! B OCHOBHOM B CKJIAIYaTOM O00paMIICHUN
3anaaHo-Cubupckoi miaTGopmbl, ¢ TeOQU3NIECKUX T1O-
3UIUI OHH JENATCSA Ha YeThIPE TPYIIIBL MO TUITY TOPOI,
CIAralomIfX pPyIHBIC TON: Ha MECTOPOXKICHHS, PacIo-
JIOXEHHBIE B YITIEPOAMCTO-TEPPUTEHHBIX (YEpPHOCTAHIIE-
BBIX) TOJNIIAX; MECTOPOXKICHNUS, JOKATH30BAHHBIC B HH-
TPY3UBHBIX 00pa3oBaHMAX; MECTOPOXKIEHHS, CHOPMHUPO-
BAaHHbIC B IIPHKOHTAKOBBIX (CKAPHOBBIX) 30HAX; MECTO-
POXIEHHS, HAXOIAMMECS B TEPPUreHHO-0CATOYHBIX
(GIMOIONTHBIX OTIOXKEHUAX [4].

JUis ompeneneHus BO3MOXHOCTEH 31€KTpOTOMOrpa-
(UM  TpH  W3YYEHMHM TOTO MIHM HWHOTO  (PU3HKO-
T€0JI0TMYECKOT0 THIA MECTOPOXKACHUH 3010Ta ObLIH BbI-
OpaHbl pasHONaHAATHBIE, HANOOJIEe 3HAUMMBIC B TIPO-
MBIIUICHHOM OTHONICHHH 30JI0TOPYAHBIE MPOBUHIIHM
Cubupu, a B ux npenenax — Haubonee MpeiCTaBHTENb-
HBIC B THIOBOM IpaJalliyl PyAOHOCHBIE IUIOMAIHN C JO-
CTaTOYHO MOAPOOHO M3Yy4EHHOH reosormyeckoil odcra-
HOBKO¥ U B TIpeJeNiaX KOTOPHIX OBUTH BBIIONHEHEI Fe0 -
3nyeckue cheMkM Macmrtada 1:2000-1:5000 (marauro-
MeTpUs, 3NEKTPONPOYUINPOBAHUE), IPOBEICHBI Pa3IHy-
HBIE TOPHBIC BHIPAOOTKH, MO3BOJISIOMIIE NPHUBSI3aTh NaH-
HBIE JNEKTPOTOMOTpadHH K TUIOIMIATHEIM Fe0()H3HIeCKIM
ChEMKAM M T€OJIOTHH HCCIIEAYEMBIX MPOQHIIEH.

MecTopoxaeHus 30noTa B YepHOCNaHLUEBbIX TONLWax

MecTopokIeHns 3TOro TUIa, KaK MPaBUIO, PHYPO-
YEeHBI K MOIIHBIM (IO COTEH METPOB) OTIOXEHHSIM Teo-
CUHKJIMHAJBHBIX KOMILIEKCOB, BO3PAcT KOTOPBIX 0OBIYHO
OIICHMBACTCS B MHTEpBANE OT IPOTEPO30s 10 HIDKHETO
naneo30s. TurmoMopdHOH 0COOCHHOCTBIO 3THX TOJNII AB-
JAeTCs HaJIU4Me YriaepoaucThix cnaHueB. OHH, Kak mpa-
BUJIO, CYIb(QUAM3MPOBaHbL. KpoMe Toro, B HUX HpOH30-
nUla  cymecTBeHHas JuddepenHuuanus  GU3MUECKUX
CBOJCTB MOpPOJI, TJTaBHBIM 00pa3oM 3a CUET M30MpaTelb-
HOIT TpaguTH3aul 00yTIePOKEHHBIX OTIOKEHHH i 000-
TameHds uX CylTb)HAaMI PAa3NIUYHBIX METAUIOB (Jame
Bcero muputoM). C TaKUMM y4acTKaMH OOBIYHO CBS3aHO
30]I0TO€ OpYJEHEHHE, KOTOPOE YacTO MPOCTPAHCTBEHHO
TIPHYPOUCHO K M3TH0aM CKIAIOK, 00pa30BAHHEIX U3 ITHX
OTIIOKEHHUH.

B CubupckoM permoHe K paccMaTpHBAGMOMY THITY
OTHOCATCS KpyIHeii1e MecTopokaeHus 3010Ta Pocen,
pacronio’keHHble B mpenenax EHucedickoro Kpsika
(OmammmauHckoe, bnaronarHoe u ap.), JIeHcKoii 30710-
topyaHoit nposunuuu (Cyxoit Jlor u ap.), Bocrounoro u
3anagnoro CasHa (3yH-XOJIOMHCKOE, MECTOPOKICHUS
Onbx0BcKO-UnOMmKeKCKOi TpyIIBl U Ap.), a TaKXKe psja
IpYTHX pyAHBIX mnpoBuHIMN Cubmpm, 3abaiikanes u
OmmKkHero 3apy0exbs.

OmnbITHO-MeTOAMYECKHE PAOOTHI MO BBIACHEHHIO BO3-
MOKHOCTEH 3JeKTpoTOMOrpaduy B mpenenax Takux Me-
CTOPOXJICHUI BHITIONHEHBI B bomailOnHCKOM 30710TOPY I-
HOM paiioHe, TeppUTOpHANbHO OTHOCAIEMEs Kk JIeHcko#
IPOBHHIUH, ¢ KOTOPOH CBSA3aH LENBIHA PsAJl paHee U3BECT-
HBIX U HEJABHO OTKPBITHIX, B TOM YKCJIE B TIPOLIECCE MPO-
BelICHHS PabOT, MECTOPOKICHUH W PYyIONPOSBICHHH.
K ocHoBHBIM MOXHO oTHecTH MecTopoxiaeHus Cyxoi
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Jlor, Beicouaiimuii, Bepuunckoe, Kpacuwiii, UY€proBo
Kopsito, Hesckoe u aip.

HUccnenoBanus BO3MOXKHOCTEH SIEKTPOTOMOTpaduu
BBIIIOJIHEHB! B TIPeeIaxX HECKOJIBKUX PyIHbIX monei. [l
TIONIEBBIX U3MEPEHUI UCIONb30BaNach AECATUKAHAIbHAS
MHOTr03J1eKTpoaHas cranuus Syscal-ProSwitch 72 dup-
Mel IrisInstruments. M3MepeHns BBITIONHAINCH B BapHaH-
Te BbI3BAHHOM MOJIAPU3ALKY C ONpEeIeHUEM NapameTpa
HOJIAPU3YEMOCTH M YIEIBHOIO 3JIEKTPUUECKOrO0 COIMpO-
TUBJICHUS CPEIBbL.

Hccnemyemble pyaHble TOJS CIOXKEHBI B PasIMYHOM
CTeneHn OOyTIEePOKEHHBIMA U CYNb(UIN3UPOBAHHBIME
TEPPUTEHHO-0CAIOYHBIME  OTJIOXKEHMAMH  pudeiicko-
BEHJCKOTO BO3pacTa, KOTOpbIE NPEJCTaBICHBI pa3iuy-
HBIMH CIIAHIIAMHM, aleBPOJUTAMH M NecyaHukamu. Yer-
BEPTHYHBIEC OTJIOKEHUs 4acTo 3aHMMAOT 0 60 % mio-
MajH, TpeodTaatoT 3aKphIThIC JaHIAa(Th — 3aTecéH-
HbIE U 33/ICPHOBAHHbIE CKJIOHBI C MOXOBBIM CIIOEM, YacTO
MMEIOIUM MOIIHOCTB 0 | M 1 Ooiiee, OA KOTOPBIM pas3-
BUT BEYHOMEP3IBLA CIOH TyMycO-TOP(SHBIX OTIIOKEHHUIH,
JeNOBHATBHO-COMU(IIOKIIMOHHBIX 00pa3oBaHuil. 3HauH-
TENbHYIO IUI0LIa/Ib 3aHUMAIOT M0 KYPyMOB.

B crarbe mpuBeneHbl pe3ynbTaThl MCCIENOBAHUN B
npenenax TpéX Y4acTKOB C W3BECTHBIM I'€ONOTHYECKUM
CTPOCHHEM, C XapaKTEpPHBIMH IS JAHHOTO PErHoHa reo-
JIOTHYECKAMHI 00CTaHOBKAMH.

Ha yuwactkax, rie HpUIOBEPXHOCTHbIE TOPU3OHTHI
HpeCTaBIeHbl IOPOAAMH, MPAKTUYECKH CTEPUIILHBIMU B
OTHOIIEHHH YTTIEPOAUCTOTO BELIeCTBA U (WIH) Cynbhu-
JI0B, OCHOBHYI0 MH(OPMAILMIO O T'€0JOTHIECKOM CTpOe-
HHUHU Ja€T YAENbHOE 3NEKTPUYEcKoe compoTHBicHue. Ha
paspezax KC, mony4eHHBIX O pe3ynbTaTtaM JByMEPHOU
MHBEPCHH, YBEPEHHO BbBIIEIAIOTCS YETBEPTHUHBIE OTIO-
KEHUSA C KOHTpAcTHOM HibkHell rpanumeidl. OT4ériuso
NPOCMATPUBAETCS HEOJHOPOAHOCTh MX COCTaBa, CBS3aH-
Hasg ¢ 0COOCHHOCTSAMH pACIpeIeeHHsS B MPOCTPAHCTBE
YYaCTKOB C BEYHOMEP3IBIMU IOPOAAMU U KYpYMOM, Ipa-
HUIBl MEXIY JUTOJOTHYECKIMU PA3HOCTSAMH TOPOJ H
MECTOIIOJIOXKEHNE TEKTOHMYECKHX HapyleHHil (o cMe-
menuto rparut) (puc. 1). [loguepkuém, 4to npu 00BIY-
HBIX JeTalnbHbiXx (Macmtaba 1:2000) reopu3muecKnx
CbEMKAX OTMEUYEHHBIE HJIEMEHTBI U YePThI [€0JOTHYECKO-
r0 CTPOGHMS HE HAXO[AAT 3aMETHOTO OTPaXEHUS B
HAOII0JaEMBIX MOJISX.

B xauectBe npumMepa Ha puc. 2, g IPUBEAEHBI PE3YIIb-
TATHl IMEKTPOTOMOTPAPUIECKAX H3MEPEHHUH MO0 OTHOMY
13 ombITHRIX Tpo¢uneit. Tomorpadwuecknii nmpoduis
TepeceKaeT paHee BHIBICHHYIO pyIHYIO 30HY. B reomo-
THYECKOM OTHONICHWH OHA IIPECTABICHA MHTCHCHBHO
00YTIepOXKCHHBIMI  CIIAHIIAMM, (HUTHTaMH, a TaKxke
necuaHnkamy. Pa3pe3 mepekpbiT A0CTATOUHO MOIIHBIM
KYpyMOM, KOTODHIH, KaKk BHIHO Ha PUC. 2, d, BECbMa YeT-
KO BBIZENAETCS B pa3pe3e MEpPBBIM CI0EM BBICOKHX CO-
MPOTHUBIICHHH, HIKE €TI0, He MEHEe KOHTPACTHO MPOSIBIIS-
€TCs CIOM BEUHOH MEp3I0ThI, Tiy0xke paspe3 10 JaHHBIM
anekTporoMorpaduu He muddepenmupyercs. [locnenHee
00YCIIOBIEHO BBICOKOH 3JIEKTPOIPOBOUMOCTBIO HIKHEH
YacTH paspesa, B KOTOPOW HE TPOSBIAIOTCA HE TOJNBKO
JUTOJOTHYECKUE PA3HOCTH TOPOA, HO M OpYZACHEIbIe
yuacTki. KoHTyp 0iHOr0 U3 HUX NOKa3aH (B BUAE AJUIUI-
ca) Ha puC. 2, 6. B TakuxX yciOBHAX MPAaKTHYECKH CBO-
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JUTCSA K HYJI0 U BO3MOKHOCTb MCCIIEN0BATh Pazpes Mo
nojspusyemoctd. Illupokoe pa3BUTHE HMHTEHCHBHO
00YTIIepOKEHHBIX U CYIb(QUIN3HPOBAHHBIX MOPOM TPH-

aa

AT, HTn Jannsie MeKTPONPOPHANPOBAHHA W MATHHTHBIX HIMcpennii ¢ warom 10 M

BOJUT K TOMY, YTO M3MEpAEMble CUTHANBI KpaiiHe Mallbl,
YTO JIENaeT HEBO3MOXKHBIM YBEPEHHYIO MHBEPCHUIO MONY-
YEHHBIX JaHHBIX.
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Puc. 1. Pesynomamor ceousuueckux pabom ua npogune Ne 1 (Booaiibunckuii 3010mopyoHblil paiion): a) epaghuxu 21ex-
mponpoghunuposanus (p) cummempudHol ycmanoskou u unoykyuu maznumno2o nois (AT). [llaz na6bniodenuit — 10
M, 6, 8) pazpesvl Kaxcyuwe2ocs conpomuenenus () u noaapusyemocmu (1) coOomeemcmeeHHo o OAHHbIM 3J1eKMpo-
Pa38ed0uHol momospagpuu, 2) cxemamuueckuil 2eono2uteckull paspes no pesyibmamam unmepnpemayuu. Ilo napa-
Mempy noaapuzyemocmu paspes He oughgepenyupyemcs. 1 — uemeepmuunvle OMAONHCEHUSA; 2 —MEAKO3EPHUCTIbIE

necuyaHuxu, 3 — nonumuxmosvie necuaHuKu

Fig. 1. Results of geophysical surveys, profile no. 1 (Bodaibo gold ore area): a) graphs of symmetrical electrical profiling
(o) and magnetic induction (AT). Measurement interval — 10 m; b, c) sections of apparent resistivity (o) and
polarizability (7), respectively, according to electrical tomography data; d) schematic geological section plotted
according to interpretation results. The section is not differentiated by polarizability. 1 — Quaternary formations; 2 —

fine-grained sandstones; 3 — polymictic sandstones

Ha ygactkax, rae cremneHb 00yTIepoXKEHHOCTH Y pas-
HBIX TIOPOJI Pa3JIN4Ha, BO3MOKHOCTHU 3NIEKTpOTOMOTpadhuu
B M3YYCHHH KOPEHHBIX MOPOJ B ONM3MOBEPXHOCTHBIX TO-
PU30HTaxX CYIIECTBEHHO BO3pacTaioT. C ee MOMOLIbIO yBe-
PEHHO KapTHpPYETCs CTPYKTYPHOE CTPOCHUE OTIOKEHUH M
MPOSBICHNA B HHUX TEKTOHMYECKMX Bo3jeicTBuid. Ho
TOJIBKO 10 BEJIMYMHE KAXKYIIMXCS CONPOTHUBIECHUH U 1O
HapameTpy MoJsIpU3yeMOCTH MOPOJ Pa3pe3 U B 3TUX YCIO-
BUAX TPAKTHYECKHd He pacuneHsercd. J[ns mpumepa Ha

PUC. 2, @ TIPUBENIEHBI PE3YNBTATHl NEKTPOTOMOTrpadude-
CkuX paboT Ha ydactke KsaxTHHCKMI MO mpoduimo, mepe-
CeKaKolIEeMy OCh CKIIAIKH, B S/Ipe KOTOPOil cOpMUpOBaHa
MUPUTH3HPOBAHHAS 30JI0TOHOCHAS 30HA. [10 mpHBeneHHO-
My pa3pe3y MOXKHO BHJETb, HAPAAY C HPOUnM, (GopMmy
3aMKa CKJIAJIKH, OLCHHUTh ¢€ pasMepsl M TIyOHHY 3ajera-
HHS, & TAKKE HAMETHTh MECTOIONOXEHHE TEKTOHMYECKHX
HapYIIEHHH B OCAJ0YHOM KOMILIEKCE MOPOJ MO CMelle-
HUIO TPAHAUI] CIOEB, BBIEIIEMBIX B pa3pe3e KaKyIIXcs
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conpoTuBrneHuid. COOCTBEHHO pyIHOE TENO B CKJIaIKe IO
COMPOTHBIECHHIO HE OTMEYALTCs, a [0 MapaMeTpy HONpH-
3yeMOCTH pa3pe3 BOOOIIE HE pacuIeHAETCSL.

MecTopoxaeHus B WHTPY3UBHbIX Nopoaax

MecTopoxkeHns 30710Ta 3TOr0 (PU3HKO-TEOTOTHIECKOr0
TUIA TIPEJICTAaBICHB! Yallle BCEr0 KBapIEBO-XKMUIbHBIMH
TeaMH C Pa3IMUHBIM cofepxkaHueM cymbpunaos. B Cu-
OWpH pyIHBIE TIOJIS 3TOTO THIIA PACTIPOCTPAHEHBI HAMOO-
Jiee MHPOKO W M3BECTHBI IPAKTHIECKH BO BCEX CKIIamda-

THIX pernoHax Cubupwu, 3abaiikanss u JlanpHero Boctoka.

[To conepxanusM Cymb(GUIOB B PyAe CPEAH MECTO-
POXKJICHHH BTOTO THIMA BBIIENSIOT: CYIIECTBEHHO CYJib-
(bunHbIe, YMEPEHHO CYIbQUIHBIE W MAIOCYIb(HIHBIC.
bonbimas yacts Mectopoxaenuit 3omota CuOupu OTHO-
CUTC K MAJOCYTbOHIHBIM M YMEPEHHO CYIb()HIHBIM
Tunam. VX pynHble Tena MpelcTaBieHbl, Kak MPaBUIIo,
TOHKHUMH KBapleBO-XKHIbHBIMU 30HamMH [1].

HccrenoBanne BO3MOKHOCTEH 3EKTPOTOMOTpadUHd ISt
3TOTO THIA MECTOPOXKICHHI BBIMONHEHEI B MpacckoM 30-

1600— L2 sxvsepernit 10 w0
1200
800—

V

400—

JOTOPYAHO-pOCCHITHOM paifoHe KysHenkoro Anmatay. Us-
Mepenus poBerieHs! B BapuadTe BII Ha berosckoit miomga-
m 1o OypoBoMmy mpodumo (ckB. 1-4), BIONH KOTOPOTO
TIpoiizieHa mpoTshkeHHas Tpanes (okomno 400 M) (puc. 3).
OTH TOpHBIE BHIPaOOTKU BCKPBUIH JalKH 1Haba30Boro
COCTaBa, 30JI0TO-KBAPIEBBIC MBI M TPOKHIKH, 30HBI
OepesuTU3aUy M HE3aICUCHHBIE TEKTOHMYECKIE Hapy-
menus. [Ipy comocTaBneHN: reoJoTHIecKoro paspesa ¢
pa3pe3oM  KaXyIIErocs CONPOTHBICHHSA OJHO3HAYHO
MOJKHO YCTAaHOBHTb COOTBETCTBHE TOJIBKO CaMbIX BEpX-
HUX 4acTeil paspe3oB. O4eBHIHO, YTO HA MOMYYEHHOM I10
pesymbTaTaM JBYMEpHOH MHBEPCHH paspe3e Oonee i
MEHEe YBEpPEHHO MOXHO T€OMETPH30BATH TONBKO CTPYK-
TYPHYIO KOPY BBIBETPHBAHHSA, a TakXe 00J1acThb APYTHX
THIEPTeHHBIX M3MeHeHnH. OT/IenbHO Heo0X0MMO OTMe-
TUTh OTCYTCTBHE KOHTPACTHOH TPAHMIBI MEXJIy Iepe-
KPBIBAIOIUMH OTIOXEHISME U CTPYKTYPHOH KOPOH BHI-
BETpHBAHMs. Brimensercss TOMbKO IpaadeHTHEIH Tepexon

MEXAY 9TUMU 30HAMU.
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Puc. 2. Paspesvl 21eKmpoconpomueienuss Ha y4acmke ¢ usdupamenvhou (a) u cnaowHou unmencuenol epagumusayuetl (6)
6 npedenax booaiibunckozo paiiona Jlenckoii 3010mopyonoii nposunyuu. Ilo eenuyune nonapusyemocmu nopoo pas-

pesvl He dughgepenyupyiomcs

Fig. 2. Electrical resistivity sections obtained in selective (a) and continuous intensive graphitization (b) area within the
Bodaibo gold ore area of the Lena gold-ore province. These actions are not differentiated by rock polarizability

70



V13BecTnst TOMCKOro NOnNUTEXHUYECKOro yHuBepcuTeTa. HxuHupmHr reopecypcos. 2020. T. 331. Ne 12. 67-76
Epodees 1.5, u ap. Feonoro-reodpmanyeckie 06CTaHOBKN M MHCHOPMATMBHOCTb 3MEKTPOTOMOrpadui Ha 3010TOPYAHBIX MECTOPOXKOEHMSIX ...

Tosspuzyemocts

Puc. 3. Paspesbl 21eKmpoconpomusienuss u ROAApUyeMocnmu no OaHHbIM 9JIeKMpPopa3eedoyHol momoepaduu 8 npeoenax
30710MOPYOHO20 NOTSL, TOKATUZ0BAHHO20 6 UHmMpy3ueHom maccuse (I'opuas [llopus) u ceonozuueckuii paspes no oanu-
HbIM Oypenus u 20pHbIx pabom: 1 — ouopumul, Kéapyegvie OUOPUMBL, 2 — CIMPYKMYPHASL KOPA BbI6EMPUBAHUSL NO OUO-
pumam, 3 — oatiku 0uabazoe u ouadazoevix noppupumos, 4 — bepesumvl, 5 — Keapyesvle HCUIbL U NPOHCUIKU, 6 —

20pHble 8blpabomKu

Fig. 3. Electric resistivity and polarizability sections plotted according to the data of electrical tomography in gold-ore field
hosted in the intrusive rock sequence (Gornay Shoria) and a geological section according to the data from drilling
and mining operations: 1 — diorites, quartz diorites, 2 — diorite weathered layer, 3 — diabase and diabaseporphyrite
dikes, 4 — beresites, 5 — quartz veins and veinlets, 6 — mining operations

Kaxue-mn6o jpyrue sneMeHTb Ie0IorH4eckoro CTpo-
eHus (B TOM YHCIIE XKIUTHL, HAPYLICHNUS | T. 1I.) Ha pa3pese
He BBIICIIOTCSA. BO3MOKHAs MpHYMHA 3TOTO MOXET CO-
CTOSITH B TOM, YTO 30JIOTOKBAPIEBbIC JKUIbL, KaK W Iaii-
KOBBIE TeNa, 30HBI Oepe3UTH3AIHNH MOPOJ ¥ BMEIIAIONINE
TPaHOAMOPHTH! Pa3pyILICHEI, IPEBPATHINCH BMECTE B OT-
HOCHTEJBHO OJHOPOIHYIO (C TOUKH 3pEHHS 3JEKTPONpO-
BOJMMOCTH) Cpeiy, 4eMy B HEMaJOH CTENeHH croco0-
CTBYET 00BOJJHEHHOCTb 9TO! YacTH pa3pesa.

[lo mapameTpy MONAPU3YEMOCTH pa3pe3 W B 3TOM
ciydae TpakTUdecku He nuddepeHmupyercs. Bennunna
KaXyIIeHcs TOIIPU3yeMOCTH TOpOJl M3MEHSAETCS 37eCh
0e3 KakuX-m00 BHAMMBIX 3aKOHOMEPHOCTEH B HE3HAUH-
tenpHBIX Tpenenax — 0,2-1,5 %. VckmroueHue cocras-
JIOT CyOBEPTHKAIBHBIC JHHEHHBIC 30HBI, KOTOPBIE 10-
CTAaTOYHO XOPOIIO COBIAJAIOT C M3BECTHBIMH TEKTOHUYE-
CKMMU HAPYLICHHUSIMH H KHIAMH.

MeCTOpO)KAeHVIﬂ 30J10Ta KOHTAKTOBbIX 30H

MecTtoposkeHus 3010Ta 3TOTO TUMA TPHYPOYEHBI K
KOHTaKTYy MEXIy TEpPUTEHHbIMU TIOPOAAMU U UHTPY3UB-
HBIMH 00pa30BaHMAMH ¥, Kak IPaBHIO, TPEACTABICHEI
CKapHaMH U CKapHOUJAMH.

Yamre Bcero kK CHOMPCKMM MECTOPOXKACHUSIM 3TOrO
tuna oTHocaT CuHIOXMHCKOe, Myp3unckoe, DEnopos-
ckoe, UYaiickoe, Haranmuckoe, Tapman, Maiicko-
Jlebemunckoe, Ynemenckoe, IOrammnckoe, IOxnoe u
ApYyTue MECTOPOXKICHUS U PYAOTPOSABICHUS.

B 3abaiikanbe ckapHOBBIME cunTtatotcs IObuneitnoe,
Anppromunckoe, beictpunckoe, KenanHoe, YpromkaH-
CKO€ U IPYTHe MECTOPOIKICHHS U PYAONPOSBICHHUSL.

JUts CKapHOBBIX MECTOPOXIEHHH, KaKk MpaBHIO, Xa-
paKTepHa MOJWIeHHAs MUHepamu3anus. Hambomee pan-
HAs MMHEpaIu3alysl SBISAETCS BbICOKOTEMIIEPATYPHOM.
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OHa HernocpeICTBEHHO CBA3aHa CO CKapHaMH (B TOM YHC-
JIe ¥ TCHETHIECKH).

Bonee mo3mmss MuHepamu3alis B OCHOBHOM SBILIETCS
CpelHe- U HHU3KOTeMIepaTypHou. [l Heé xapakTepHO OT-
CYTCTBHE SIBHO BBIPXXEHHOH CBSI3M CO CkapHamu. Kak mpa-
BUJIO, OHA TpEJICTABIAET CO00 30J10TO-KBApL-CYIb(HIHOE
OpyZICHEHHE, YacTo JOKAIM30BAHHOE B TOHKHX TPEIIUHAX.
BozmoxHOCTH 311eKTpoTOMOrpady MpH pa3BedKe KIIEHO-
TO OpYHECHEHHS CKAPHOBBIX MECTOPOXKICHUIH PacCMOTPEHEI
B TIpEIbIAYIIEM pa3fielie HAacTOALIel CTaTbhi, HIDKE pedb
HOMAET 0 BHICOKOTEMIIEPATYPHOI MUHEPATH3ALIHH.

Pynubie Tena BrIcOKOTEMIEPATYPHON MUHEPATU3ALAH
ABIAIOT c000 00BEMBI CKAPHUPOBAHHBIX TOPOJI, B KOTO-
pBIX copMUpOBaHA BKpalieHHas pyJaa, COCTOAIIAs M3
CyNb(UIOB, SBIIONMXCS, KAK H3BECTHO, B OOJBIINHCTBE
CBOEM, XOPOIIMMHU MPOBOJTHUKAMH HJIEKTPUUECKOTO TOKA.
OpnHako 3T0 00CTOATENBCTBO HE MPUBOJUT K HU3KOOMHO-

CTH PYAHBIX TEN M3-32 TOTO, YTO BKPATUICHHUKHU 30JI0TO-
COIepKAIMX CYTb(HIOB M30MUPOBAHBI APYT OT OPYTa
BMeIIarome BeICOKOOMHOM cpefoil. [loaromy pymHbIe
TeNla BEICOKOTEMITEPATyPHOH T'eHepalii PAKTUYECKH He
TPOSBJIAIOTCS B TIONE DJIEKTPOCONPOTUBIECHUS Ha (oHE
CKApPHUPOBAHHBIX TOPOJ, KOTOPBIE MPEICTABIAIOTCS
CPaBHUTENFHO OTHOPOAHBIMH BBICOKOOMHBIMH 00pa3o-
BAHISIMHE, YBEPEHHO BBIACIEMBIMHA B pa3pe3e 10 TaHHBIM
aekTpotoMorpaduu (puc. 4, 6). B mpoTHBOMONOXHOCTE
3TOMY MO TIapaMeTpy MONSPU3YEMOCTH YUACTKH CKapHHU-
POBAHHBIX TIOPOJ HE OTIMYAOTCSA OT JPYTMX MACCHUBOB
OO/, CIArafOIuX PyIOHOCHYIO ILIOMANb, HO PyIHBIC
TeNla 10 MapaMeTpy MOAPH3YEMOCTH HAaXOIAT CBOE OT-
paXeHHE B BUJIC JTOKATBHBIX aHOMAIHH MOBBINICHHON MO-
aapuzyemMocti (puc. 4, 6). 310 ABNAETC APKUM TIPUMe-
POM KJIIaCCHYECKOTO COYETaHHSI METOJOB COMPOTHBICHUS
¥ BBI3BAHHOH TTOJAPH3AIAN.

WNEECIRIRINNNALT]

Puc. 4. Pesynomamol 2eoguzuyeckux uzmepeHull u COnNOCMAagieHue ux ¢ 2eoiocudeckumu oaunsimu Ha Hiickoi niowaou 6
3anaouwix Casnax. Ycnognvie 0603nauenus: a) epapuru Kaxlcywezocs 1eKmpuiecko2o ConpomueieHus, npupauye-
HUs uH@yKL{Llu MACHUMHO20 nOJisl U yenda cosuza d)a3bl,’ 6) paspes no eeiudune 3j1eKmpuiecKkoco conpomueileHus no-
poO; 8) paspe3 nNo GenudUne NOIAPUIYEMOCIU, &) CXeMATUYECKUTl 2eon02udeckull paspes, 8 komopom: 1 — pyonvie
mena 6 30He CKapHUpos8anusi nopoo, 2 — paccesnnas cyivguousayus, 3 — epanoouopumol; 4 — OenioguaibHvle om-
JIOJMCEHUA, 55— B8YJIKAHOCEHHblE ocadounvle nOpOdbl

Fig. 4. Results of geophysical measurements and their correlation with geological data obtained in the lyskoe area in the
Western Sayan Legend: a) graphs of apparent electrical resistivity, increment of magnetic induction and phase angle;
b) sectional view of electrical resistivity of rock; c) sectional view of polarizability; d) schematic geological section,
in which: 1 — ore bodies in skarnatization zone; 2 — disseminated sulphide mineralization; 3 — granodiorites; 4 —
talus deposits; 5 — volcanogenic sedimentary rocks
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3onoTopyAHble MECTOPOXAEHNS

TepPUreHHo-0CaA0uHbIX (hIMLWONAHBIX TONLY

Kak m ckapHOBBIE MECTOPOXKICHHS, OOBEKTHI 3TOrO
THTIA B OOJBIIMHCTBE CBOEM M3BecTHBI B Crbupwu (CoBert-
cKoe, Dmpopao u zp.) u 3abaiikanse (Taceesckoe, Jro-
0aBHHCKOE U JIp.).

Mecropoxnenus 3010Ta B (IIMIIOUIHBIX TONIIAX
TPEeICTaBICHBI Yallle BCET0 MUHEPAIH30BAHHBIMHI 30HAMH
U THE3IaMUH OOBMHO OTHOCATCS K KBapI-30J0TO-
cynbduaHon Gopmarmn [1].

XapaxTepHOi 0cOOEHHOCTBIO TAKHX MECTOPOKAEHHH, C
TOYKHU 3PEHHAS HIEKTPOIPOBOAMMOCTH CIArafOIINX MOPO,
SBISIETCS TO, YTO YIIHCTOE BEIIECTBO HE HTPaeT 371eCh CY-
IIECTBEHHON PONH B SIEKTPONPOBOIUMOCTH T€ONOTHYC-
CKOW cpelbl. AHOMATBHBIC 3(PQPEKTH Ha PYAHBIX MOJAX
00y CIABIMBAIOTCS TIIABHBIM 00Pa3oM COJICPIKAHUEM CYITb-
(GunoB (MOHWKAKOIIMX COMPOTHBJICHAE) M WHTECHCHBHO-
CTBIO OKBApIIEBAHMSA MOPO. (TIOBBIMIAIOMMX AJIEKTPOCO-
npotuBneHue). Kak mpaBmio, Takke aHOMaNbHbIE YIACTKHU
COCEJICTBYIOT, COBMEMIAIOTCS JAPYT C JPYrOM, SBIIOTCA
BA)XHBIM TTOMCKOBBIM MPU3HAKOM JUTS DNIEKTPOPA3BEIKH.

Ha puc.5 mokasaHsl pe3yabTaThl 3MEKTPOTOMOTpadum
B BAapUaHTC BHI3BAHHOH IOJIPH3AIUH, TONyYEHHBIE B
Cananpckom kpsike Ha EJbCko¥ pyoOHOCHOH TUTOMIA/IH.
B pa3pesax mo CONPOTHBIICHHMIO W MOJSAPU3YEMOCTH I10-
POJ B CEBEPO-BOCTOYHOM YacTH MPO(HIA HCCIeI0BAHNH
4EeTKO MPOSBIIAETCS aHOMANIbHAs 30HA, COOTBETCTBYIOIIAs
pyzHoMy Teny. Ilo momspu3yeMocT 0Ha OHOPOAHA, TI0
COTIPOTHBIICHHMIO PAcIaaeTcs Ha JBE YACTH: HA YIaCTOK
AHOMAJIBHO TOBBIIIEHHOTO M CONPSDKEHHOTO C HAM TIO-
HIKEHHOTO COIpOTHBIEHMA. B mone monsgpusyemoctu
3Ta 30HA OJHOPOJHA TMOTOMY, YTO MPOKBAPILOBAHHBINA
Y9acCTOK TMOPOJ, KOTOPBIH YETKO BBIAEIATCS MOBBIICH-
HBIM COTIPOTHBIIEHHEM, COJICPIKUT PACCESHHYI0 MUHEpa-
JM3alMI0 — MUPUTU3UPOBAH. B 1eHTpanbHOi 4acTu mpo-
(uns aHOMaNMA TONAPH3YyeMOCTH OO0YCIOBIEHa TOBBI-
IIEHHOH 00BOJHEHHOCTHIO B 3HAUMTENHLHOM Mepe paspy-
MEHHBIX TOPOJ, YTO TOJTBEPXKAACTCS TEONOTHYECKUMH
maHHEIME. Ha purc. 5 3akapTHpoBaHO TEKTOHHYECKOE Ka-
HaTM3UpYIOIee BEPXOBOAKY HapyILIEHUE, KOTOPOE, KCTa-
TH, QUKCUpYeTCA M B TIONE COMPOTHBICHUH TO «Ipoce-
JIAHHIOY» B 3TOM MECTE KOPbI BHIBETPUBAHHSL.
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Puc. 5. I'paghuru kadicywecocsi conpomueienus u npupaujenisi NOJIH020 6eKMopa UHOYKYuu MacHUmMHoO20 nojis (a), paspesvl
yena coguea asul (0) u Kadcyuecocs INeKMpuiecko2o conpomusieHs (8) no OaHHbIM INeKMpPoOpa38e00UHOLU MOMO-
epaduu u unmepnpemayuonHblil 2eonocuteckull paspes (2) na Envcxoil 3onomopyonoti nrowjaou (Canaupcxuil kpsic)

Fig. 5. Results of geophysical measurements, conducted in the Yelskaya gold-bearing area of the Salairsky Ridge: a) graphs
of apparent resistivity and increment of total vector of magnetic induction; b) polarizability and c) apparent
electrical resistivity sections plotted according to electrical tomography data; d) interpretation geological section
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3aknroyeHue

OnektpoToMorpadust TO3BOJIAET peliaTh B Pa3HOM
Mepe (B 3aBUCHMOCTH OT (PU3HKO-TEONOTHYCCKHX YCIIO-
BUil) P MPaKTHUECKHM BAXKHBIX 3aJau MPHU H3YYEHUU
Te0JI0THYECKOTO CTPOCHHUS BepXHell yacTu paspesa 30710-
TOPYIHBIX MecTopokaeHnid. [Ipu 3ToM MBI TONydaeM
BO3MOJKHOCTh BBIICNEHHS TAKUX OIEMEHTOB CTPOCHHS
paspesa, KOTopble HEe MOTYT OBITh MOJNYYEHbI MPH IUIO-
I[AHBIX 3NEKTPOPa3BEIOYHBIX Pab0TaX, BBINONHAEMBIX
METO/IOM 3IEKTPONPO(UIUPOBAHHSL.

Haubonee nHpOpPMATHBHBIM TIapaMeTPOM, OTIpeneNns-
eMBIM 10 MaTepHanaMm dJIEKTPOTOMOTPA(QHH B BapHAHTE
BbI3BAHHOW  MOJNApHM3alMM, HAa  BceX  (PUBUKO-
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The relevance of the research is caused by the need to improve the efficiency of geophysical methods in the search for gold ore fields,
including the use of new methods of geophysical work, electrical tomography VP particularly. Theoretical base, instrumentation,
measurement, processing and field interpretation technologies have currently been developed for this method of geoelectric prospecting
The main aim of the research is to estimate the informativeness of induced polarization tomography in typical physical-geological
environments of Siberian gold ore fields.

Objects of the research are opportunities of the electrical tomography during the exploration of different types of gold ore fields.

Method of the research is the electrical tomography.

Results. It has been found that in ore fields of all physical-geological types, electrical tomography can be used with sufficient assurance to
evaluate the thickness and composition of overburden rocks, to locate tectonic faults, to determine the main features of the structural
framework of terrigenous-sedimentary rocks in the subsurface horizons, and to make location prognosis for ore mineralization in
favourable physical-geological environments. The most informative parameter determined by the data of induced polarization tomography
in all types of physical-geological gold ore fields of the Siberian region is rock resistivity, whereas their polarizability is significant, provided
that local sulphidization or graphitization of rocks is present.

Key words:
Electrical tomography, gold ore deposits, Siberian territory, thin quartz-vein zones, anomalous zones.
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YK 622.276
YYET U3MEHEHUA 3AKOHA OUNbTPALIMK NPU PACYETE AEEUTA FA30BON CKBAXMHbI

Coxowko Cepren KoHCTaHTUHOBMY,
sohoshkosk@tyuiu.ru

THOMEHCKUI MHAYCTPUAnbHBIA YHUBEPCUTET,
Poccus, 625000, r. TtomeHb, yn. Bonogapckoro, 38.

AxkmyanbHocmb. B Hacmoswee epems dns pacyema 0ebuma eepmukanbHOU 2a30800 CK8aXUHbI NPUMEHAEMCA mpexJneHHas (hopmy-
Na, Komopas He y4umbigaem mom ¢hakm, Ymo 80Kpye 8epmuKabHOL 2a3080U CK8aXUHbI NPU NPOMbIWIIEHHbIX debumax cywecmsyom
00HOBPEMEHHO 08€ 30HbI, 8 KaxXAOU U3 KOmMOpbIX C80U 3aKOH (hunbmpayuu. Pasmepb! 3mux 30H 3a8Ucam Kak om (ounbmpayuoHHbIX na-
pamempos nnacma, mak u om paboyel Oenpeccuu Ha nnacm.

Lens: onpedenerue 3asucumocmu debuma eepmukasbHOlU 2a3080U CK8aXUHbI 0m Oenpeccuu Ha ninacm u unbmpayuoHHbIX napa-
Mempog nnacma ¢ y4emom pasmepos 30H fuHelHoU U HenuHelHoU gunbmpayuu

06BekmbI: 2a308bILi NIacCM U HECOBEPUIEHHAS 2a308as1 CKBAXUHA, IUHEUHbIU U HenuHelHbIL 3aKoHbI hunbmpayuu easa.

Memodbi: aHanumuyeckue Memodb! n003eMHOU 2udpo2a3o0UHaMUKU.

Pesynbmambl. [jns pacdema 0ebuma eepmukanbHOU 2a3080U CK8aXUHbI 8 HACMOAWEE 8PEMS UCNOMb3yemcs U3BECMHas MPEXYeH-
Has hopmyna. M3 darHol chopmynbi cnedyem, Ymo hunbmpayus 2aza npoucxodum no HenuHeUHOMY 3aKoHy 0 ecell obracmu gurb-
mpayuu om ckeaxuHbl 00 KOHMypa numarusi. B peanbHocmu xe HenuHel bl 3aKoH (humbmpayuu npucymemeyem nullib 8 02paHu4eH-
HOUl 30HE 8OKPYe CK8aXUHbl. He ydem amoeo seneHus Moxem npueodumb K y8enuYeHHol noepewHocmu 6 pacyemax (hubmpayuoH-
HbIX K03ghghuyueHmos, 0ebumos ckeaxuH U ux npodykmusHocmu. Pasmep amoli 30HbI 3agucum om 0ebuma ckeaxuHbl, (hunbMpayUoH-
HbIX napamMempog nnacma, ceoticme 2a3a u m. 0. C ucnonb308aHueM aHanumuyeckux Memodos nod3emHol audpo2a3oduHamuKu nomy-
YeHbl hopmynibl U aneopumm pacyemos 0ebuma 2a3080U CK8aXUHbI, @ makxe (umbmMpayUoHHbIX KOI(OUUUEHMO8, YHUMBbIBAIOULUX
pa3mep 30HbI HenuHelHoU unbmpayuu. Paduyc 30HbI HenuHelHoU hunbmpayuu Haxodumces u3 NOMYYeHHO20 YPaBHEHUs C y4yemom
3Ha4eHus kpumuyeckol ckopocmu ghunbmpayuu, onpedensemol hunbmpayuoHHbIMU napaMempamu nnacma. lonyyeHsl 8bipaxeHust
0ns hunbmpayUOHHbIX K03huUUEHMOos mpexyneHHol hopMynbl npumoka 2asa K ckeaxuHe. [TpoussedeH pacyem debumos 2a3osoli
CK8aXUHbI N0 NOy4eHHOU ghopmyne Ons pa3nudHbIx 3HayeHul pabodel denpeccuu Ha nnacm. Pasnuqus @ pe3ynsmamax pacdemos 0e-
6UMo8 CKBaXUHbI, 8bI4UCIEHHBIX N0 MPadULUOHHOU U NOTyYeHHOU hopmyrne, YMEHbWAaoMCs ¢ POCMoM Aenpeccuu o NPUYUHe y8enu-
YeHus: pasmepos 30HbI HenuHelHoU gunbmpayuu. llocmpoeHs! UHOUKamMOopHble OuazpaMMbi N0 NOMyYeHHOU U mpaduyuoHHoU hopmy-
nam. Mo cpasHeHuto ¢ mpaduyuoHHOU MpexyneHHOU hopMysoll USMEHSIMCSA 8bipaxeHus 0515 humbmMpayUoHHbIX KoagguyueHmos A u
B, komopble menepb makxe 3a8Ucsim om pa3mMepos 30HbI HenUHelHoU hunbmpayuu.

Knroyesnie cnosa:
BepmukarnbHasi 2a308asi ckeaxuHa, 0ebum, mpexyneHHas hopmyna, hunbmpayuoHHbie KOIPHUUUEHMbI,
NUHEUHBIU U HeNnUHeUHbIU 3aKOHbI (hunbmpayuu, Kpumu4eckas ckopocms hunbmpayuu.

BeepeHue

B Hacrosiiee BpeMst [ pacuera JeOuTa BEPTUKAITb-
HOH Ta30BOH CKBXXHHBI HCTIONB3YIOT TPEXWICHHYIO (op-
MyJ1y, moiydeHHyto npodeccopom E.M. Munckum [1]:

R’ —PR’=AQ+BQ", )

rie Py — naBnenne Ha KoHType muranus, [la; P, — 3a60ii-
Hoe naBienue, [1a; Q — meOUT CKBaXKMHBI B CTaHIAPTHBIX
yenoBusX, MY/c; A, B — QHIBTPALHOHHbIC KO(QHLHEHTBL.

W3 310#t (opMyIBI ClEmyeT, 9T0 3aKOH (IIBTPAIIHI
raza HeJuHeHHbIH. OJHAKO 3aKOH (DMIBTpALMK HENHHEH-
HBIM MOXET OBITh TOJIBKO B HETMOCPENCTBEHHOH OMM30CTH
0T 32005 CKBaXHHBI, TJIC CKOPOCTb (HIBTpalMH rasa
TIPEBBIIACT KPUTHYECKYI0. Ha 310 yKaseiBanm B cBoeil
cratbe mpodeccop 3.C. Anmes [2].

B pabore nmpodeccopa 3.C. AnneBa 0TMEUEHO TaKxe,
9TO MOCKONBKY B Ta30BOH 3aleH, pa3padaThiBaeMoil Ha
HCTOIIEHHE, MPOUCXOAUT MOCTOSHHOE TaJeHHe IUIacTo-
BOTO [JaBJICHHS, CTAl[HOHAPHOTO PEXKUMA KAaK TaKOBOTO
ObITh HE JOMKHO. MM TonydeHs! GopMyIibl IS pacyera
nebuta ra3oBoil CKBaXKMHbI C YY€TOM MOCTOSHHOTO Maje-
HIIS TUIACTOBOTO JABIICHIIS.

3meck MBI paccMOTPUM CITydaid, KOT/a TaJeHHeM IuTa-
CTOBOTO JIABJICHHSI MOXHO TIpeHeOpeyb H HE0OXOIMMO pac-
CUHTATH IEOMT ra30BOW CKBAKUHBI MPH 3aaHHOM ILTIACTO-
BOM JIABJICHHH C YUETOM H3MEHEHHS 3aKOHA (PIITBTPALIH.

DOI 10.18799/24131830/2020/12/2941

00beKT U MeToabl UccnegoBaHus

W3BecTHO, 4TO 3aKOH (PUIIBTPAIINH Ta3a B IPH3a00HHOM
30HE BEPTUKAIBHON CKBXUHBI HENMMHEHHBIA [1, 2 u mp.].
B 1o xe BpeMs B yJaeHHON OT 32005 CKBaXKWHBI 30HE
CKOpOCTH (DHITBTPAIIM HEBENHKH M B PE3yNbTaTe 3aKOH
(unpTpanuy 3xeck MMHEHHEI [3-6 u ap]. PaccMmoTpuM
cXeMy TPHUTOKA ra3a K CKBaxkuHe (puc. 1).

=~ P
K

Puc. 1. ﬂGyXS’OHHaH cxema npumoka 2asza K CKkeascune
Fig. 1. Dual-zone diagram of gas influx into the well
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3amuiieM ypaBHEHHUs Ui 1eOMTa CKBAKHH C PajHy-
camu I, u R,:
- ( R, \

PZ _ P dT nn
e 27rkhT R )

P?_P? = AQ+BQ?,

31ech P, — JaBieHHe Ha TpaHWIE 30HBI HEJTMHEHHON
¢mwisTpanyy, [la; 4 — BI3KOCTH Ta3a B INTACTOBEIX YCIO-
BusX, [la'c; Z — koaduIMenT cBEpXCIKUMAEMOCTH B IIa-
CTOBBIX YCIOBHSX, 0/p; Py —
T., — mmacroBas Temmepatypa, °K; K — npoHnijaeMocTs
miacra, m% h — Tonmuna muacra, M; Te, — CTaHapTHAs
temnepatypa, °K; Ry — paauyc KoHTypa mutanus, m; R, —
pazuyc 30HbI HEMHEHHOH QHIBTPALNH, M.

CxnapnbiBast ypaBHeHHS (2) U H30aBIAACH OT HEM3-
BECTHOTO JHaBICHHUS P, momydaeM ypaBHEHHE s IpH-
TOKa K Ta30BOH CKBAXUHE C JIMHEHHBIM 3aKOHOM (DHIIb-
Tpalyy B yJANCHHON 30HE IIACTA U HEIMHEHHBIM 3aKO0-
HOM B Ipu3a00iiHoit 30HE:

propro| Halw 0t R alorBo?, O
27kNT LRH J
P T (R)
371€Ch A= —<2|n 2 1+C,+C, |,
: AT | )T
= 27T \r J

u

Cy, C3 u Cy, C4 — GunbTpalliOHHBIE CONPOTUBIEHUS CO-
OTBETCTBEHHO T10 XapaKTEPy U CTEIICHH BCKPBITHS TLIACTA
[3, 7-9].

[locne ynpomieHns monyyaeM ypaBHEHHE TIPHTOKA Ta-
32 K HECOBEPLICHHOM Ta30BOi CKBAXUHE C YUETOM paju-
yca 30Hbl HEMTMHEHHON (QUIBTPALIHHL:

(JRR)
propr =Bl NRA o0
khT_ r,
pPT (1 1
(Pallalmy = 2 L0y, 4
27I0T. \r R JQ @

H

Kak BugHo, npu R,=Ry ypaBHeHue (4) npeBpamaercs
B ypaBHeHue npodeccopa E.M. Munckoro.

HewnsBecTHRIMU B 3TOM ypaBHEHHH SIBIIOTCS JEOHT
CkBaXHMHBI QQ ¥ paguyc 30HBL, B KOTOPOW Habmomaercs
HENMHEHHBIN 3aKkoH (unbTpanuu R,. Paguyc 3T0i 30HH
MOKHO OTIPEJIENNTh, 3Has KPUTUUECKYIO CKOPOCTh (PUITb-
TPALUH Ta3a Vi HA IMIMHIPUYECKOH TOBEPXHOCTH Pajiu-
yca R,

Ckopoctb duibTpanuy Vg Ha paccTosHuM R, OT cKBa-
KWHBI JIOJDKHA OBITh paBHAa KPHTHYECKOH CKOPOCTH
(ribTpanmm:

v, = LoPelw  _\ (5)
27hmR zT P, ®

cT na

3[1eCh M — MOPUCTOCTH IJIACTA, I.€.
Orkyna
27zhmR zT_P
LA ©)
Q= z. P.T »

CcT' CcT  mn

78

atMocgepHoe rasnenue, [la;

[oxcrasnss 3Havenne Q B (3) momydaem:

R -P=
P T (R 27hmR 2T_P,
— Cl T1J1 Ln LS A CT I i
27Z-khTCT L RHJ ZCT PCTTHJ'I i

2
27hmR zT_P
(ﬂzmpi_a "“vkp\. )

CT CT Il

KpI/ITepI/IeM CIIpaBCAMUBOCTH JMHEMHOTO  3aKOHa

(unbTpanuy cayxur urcno Peitnonszca [10], 6/p:
Vo8P ®)
Y7

e Ve — cKopocTh (uibTpanuu, M/c; p — IIOTHOCTH
KHIKOCTH, Kr/M3; 11— K03 (DHUIMEHT BA3KOCTH KHIKOCTH,
[Ta'c; a — xapakTepHbIil pa3zMep MOPHUCTOM Cpepl, M, KO-
TOPBIH pa3HBIC aBTOPHI OTPEACISIOT T0-Pa3HOMY.

Ecnu uucno Peiinonbaca, onpeneneHHoe mo Gpopmyie
(8), HE MPEBOCXOAUT HEKOTOPOTO KPUTHUECKOTO 3HAYE-
Hus Rey,, To nuHeiHsIH 3akoH Quibrpanuu [lapeu co-
xpamsiercs. [l BBIYMCICHHS 3HAYCHHUS KPHTHIECCKOI
CKOPOCTH (PWIIBTpAIMK CYIIECTBYET P hopMmyd [4 1 1p.]
pasnuunbix aBTopoB. B.H. Illenkaués [4] ompenmenun
nuanasoH 3HaueHuit 1<=Re,<=12 npu

10vk )

a= .
m23

Re =

[Ipu pacuere neOWTa Ta30BOW CKBAXHHBI HAXOAUM
3HAaUeHHE KPUTHYECKON CKOPOCTH (PUIBTPALMH, UCTIONb-
3y ypasHenus (9) u (8). U3 nenuneiiHoro ypasuenus (7)
HaxoJMM HeW3BecTHOe 3HaueHue Ry, a 3aTeM U3 ypaBHe-
HAs (6) HCKOMOE 3HaYCHME J1eOUTa CKBAXHHBI Q.

PesynbTathl. 06cyxaeHue

[IpoBenem pacyeTsl I COBEPLICHHOM ra30BOH CKBa-
KuHbl [3, 6, 11-16] npu cnenyomux 3HAYSHAR HCXOJ-
HBIX }j[aHHI)IX TonmuHa miacta h=12 M, IpOHUIAEMOCTH
k=10" M2 miactoBoe gasnenue P=10 MHa [UIOTHOCTB
rasa B CTAHJIAPTHEIX yCTOBUAX P= =0,8 Kr/M°, BSI3KOCTB Ta-
3a u=4-10" * MITarc, paanyc KOHTypa HI/ITaHI/If{ R=800 M,
pajyc CKBAKHHBI I= 0,1 M, K03 dHIHEHT MakpoIIepo-
xoBaroct [=8,5:10", koaddumment cBepxcxKUMacMOCTH
B ImIacToBeIX ycnoBusx 2=0,85, xoad¢uuueHt cpepx-
CKUMAEMOCTH B CTaHJAPTHBIX YCIOBUAX Z,=0,8, mmacro-
Bas Temmeparypa 1=303 °K, cranmapTHas Temmeparpa
T=293 °K, nopuctoctb m=0,2.

Kpurnueckyto ckopocTh (UIBTpanMM B ILUIACTOBBIX
yclmoBUAX W3 ypaBHeHMA (8) TMOITydaeM paBHYIO
Vip=0,0015 m/c. Jlnd pasnuyHbIX 3HAYEHMi Jempecchu
NONy4YaeM CIeyolie 3HAUEHHUs pajuyca 30Hbl HENU-
HeliHo# ¢unbTpann R, n nebut ckBaxunsl Q (Tabmuma).

Kax BumuM, paguyc 30HBI HEMMHEHHON (HIBTpaIuu
pacTeT ¢ yBeNMUICHHEM ACHpeccHy Ha miacT. B dpopmyme
(5) mpu pacuere KPHTHUECKOH CKOPOCTH (DHIBTparin
CIeyeT YYUTBIBATh TAKXKE OCTATOUYHYIO BOJAOHACHILICH-
HOCTb, HACHIIIEHHOCTh KOJUICKTOpa KOHACHCATOM B IIpH-
3aboiinoit 30me [17-21]. [loaToMy B TaHHBIX clydasx pa-
JUyC 30HBI HENWHEHHOW (mubTpamuu Oyner Ooiblie.
Pacuernerii nebut ckBaxuusl M0 (popmynam (6) u (7)
Ooxblle, 4eM 10 TPAMIMOHHON IBYWIEHHOH (opmyie.
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C yBenuueHHeM JENPEecCUd 3Ta PasHUIA YMEHbIIAETCH.
Jlnst HeCOBEpIUIEHHOW CKBAKWHBI CIEAYET YYECTh TAKKE
(WIBTPANMIOHHBIE  COMPOTHBJICHUSA,  O0YCIOBICHHBIC
nep¢oparmeil 1 HECOBEPIICHCTBOM ITI0 CTENECHH BCKpEHI-
Tus macra [3, 13, 17].

Tabnuya. Pe3ynomamol pacuemog

[o pe3ynbraTaM pacyeToB MOCTPOEHBI HHAMKATOPHBIE
maaun (WJT) [2, 17] nmns §OByX ciydaeB: JHMHEH-
HBI+HETTMHEHHBIN 3aKOH M HETMHEHHBIH 3aK0H (puc. 2).

U3 ypaBHeHus (4) ciemyer, 4To MO CpaBHEHHIO ¢ (op-
MyJIOH HeNTMHENHOro 3akoHa (GuibTpanuy (1) B HeM u3Me-
HImch kodddummenter A i B. B abcomrotHOM BBIpaxe-
HUH HanOoJee 3HAUNTENBHO M3MEHsETCS KodpdumueHt A.

Table. Results of the calculation Kax BunHO 13 puc. 2, koadgument A mmermics Ha 30 %
o] = (mepeceuenne rpauKOB ¢ OCBIO OPJIMHAT).
= > - L x| ° o _
§ E 5 c28| ¢ o2z £ c:\s VBI)IJ'IO MPOU3BEJIEHO CPABHEHHE HMHIMKATOPHBIX JH-
=L |2=£8] 2 BE | 2% S| 5 TS| HU IOCTPOCHHBIX IO ABYM (hopMynam, ¢ HHINKATOPHOM
=5 |Es6¢| £ 88|52 8E |8 £° 5 E| mmHmeii, nocTpOCHHOI MO (akTHUECKHM 3amepaM. B ka-
by 3] S = = 2 hL o
£S5 | =5e¥ 25 s s § 55 02|32 g éf-_’ = | uectBe (axTHuecKoil ObLTa B3ATA CPEHSASL HHIMKATOPHAS
%) R _ o BT v
52|k 5“6 2 ‘é 23 E é £ g Elgsz g S | XapakTepuCcTHKa pa3BeIOYHON CKBaxuHb Iimacta 1K
7 o £ S 2 < =
E( 2 i;g_g = Lé?[ gé’ “E S 5 SE § &€= g | boBaHEHKOBCKOro HedTera3zoKOHAEHCATHOIO MECTOPOXK-
= = = o = = B
&g E 22 s | = s 3 El8 gg nenus. YcpenHennsie mo 10 pa3BelOYHBIM CKBAKHUHAM
A~ = = 22|65 = | HCXOIHBIE IIaHHLIf)S J:[sz pacueroB WJI: mpornnaemocts
0,05 0,32 243000 161000 33,51 wiacta k=510-10" M , TOJIIHHA ILIacTa h:17,2 M, IIEp-
0,1 0,55 426000 306000 28,33 (bOpI/IQOBaHHaﬂ tonmuHa h,=16,4 M, BA3KOCTh Tasa
0,2 0,91 724000 559000 22,78 p=10" Ia‘c, koapduuuent ceepxcxumaemoctu z=0,85,
03 121 970000 780000 19,58 macToBas Temneparypa T=293 °K, miotHocTs mepQopa-
0.4 147 1180000 977000 17,42 mu N=12 oTB/M, pamuyc neppOpalrOHHBIX KaHAIOB
0,5 1,70 1370000 1160000 15,83 ~0.005 P.=6 MII
06 1,91 1550000 1320000 14,59 r=0,0U0> M, IUIaCTOBOC NaBNCHHE Fy= a, pauyc
07 210 1710000 1480000 13,60 koHTypa utanus R=800 m, pamuyc ckBaxunsl Ic=0,1 m.
08 2,28 1860000 1620000 12,79 [TocTpoeHbl MHAMKATOPHBIE JUHUM JUIS CIy4YacB: JH-
09 2,45 2000000 1760000 12,10 HEeWHBIH+HETMHEHHBI 3aKOHBI, HETMHHEHHBIH 3aKOH,
1,0 2,61 2130000 1890000 11,51 (akTHYeCKas HHAMKATOPHAs TMHKS (pHC. 3).
2 2
P — P 2,,63
, Ma“/ 10 m /eyr
Q
1,20E+13
1,00E+13 /
8,00E+12
6,00E+12
4,00E+12
2,00E+12
0,00E+00 ‘ — )
Q10" m
INGEESEENNS S I R RS RS R RN IR AR o
U Y EF S Y oF
©” O 9 L\ AN W o A @ oY N
N Hr <’)‘ AN O Ny N N NN Ny N W R
1 ——2

Puc. 2. Unouxamopnvle nunuu: 1 — nuHelHbli+HeIuHelinblll 3aKoHbL, 2 — HelTUHelHblll 3aKOH
Fig. 2. Indicator lines: 1 — linear+non-linear laws; 2 — nonlinear law
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Pk’ Pc”. na’

3,00E+13

2,50E+13

e

2,00E+13

1,50E+13

1,00E+13 =

5,00E+12 - =

0,00E+00

1 ——2

0,00E+00 1,00E-01 2,00E-01 3,00E-01 4,00E-01 5,00E-01 6,00E-01 7,00E-01

Q 10° w7y

3

Puc. 3. Hnouxamopuwie aunuu 6 koopounamax (P2—P2%; Q): 1 — nuneiinviti-+nenunerinbiii 3axkoHbl; 2 — HEIUHEIHbLI 3AKOH;
3 — ¢paxmuueckas onsn cpeoneil ckeaxcunvl niacma I1K, bosanenxosckoeo HI'KM

Fig. 3. Indicator lines in the coordinate (P,>~P.2%; Q): 1 — linear+non-linear laws; 2 — nonlinear law; 3 — actual for the
average well of the PK; formation of the bovanenkovsky field

Kak BunHO U3 puc. 3, pakrmueckas UJI n mocrpoen-

Has MO IpejnaraeMoil ¢opMysie MOKa3bIBAIOT XOpolee
COBMAJICHNUE, B TOM YHCTIE TI0 opMme.
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ACCOUNTING FOR CHANGES IN THE FILTRATION LAW WHEN CALCULATING
THE FLOW RATE OF A GAS WELL

Sergey K. Sokhoshko,
sohoshkosk@tyuiu.ru

Tyumen Industrial University,
38, Volodarsky street, Tyumen, 625000, Russia.

Relevance. For the time being, when calculating the flow rate of a vertical gas well, a trinomial formula is used, which discounts the fact
that at cost-efficient flow rates there are two simultaneous zones around a vertical gas well, where each zone has its own Darcy’s law. The
extents of these zones depend both on the formation’s permeability/porosity parameters and on formation’s draw-down pressure.

The aim of the research is to determine a relationship between the flow rate of a vertical gas well and the formation’s draw-down pressure,
as well as the formation’s permeability/porosity parameters, taking into account the extents of areas of linear and nonlinear gas flows.
Objects: gas formations and perfect gas well, laws of linear and non-linear gas flow.

Methods: analytical methods of subsurface hydrodynamics.

Results. Currently, to calculate a flow rate of a vertical gas well, the well-known trinomial formula is used. This formula implies that gas
flow is governed by nonlinear law throughout the entire flow area starting from the well through to the external reservoir boundary.
Whereas in reality, the law of nonlinear flow only occurs in a narrow area around the well. The extent of this area depends on the flow rate
of the well, formation parameters, gas properties, etc. The use of analytical subsurface hydrodynamics methods enables to find formulas
and an algorithm for calculating the flow rate of a gas well, as well as fo determine flow coefficients, accounting for the extents of the non-
linear flow areas. The radius of the nonlinear flow area can be determined from the derived equation taking into account the critical flow
rate calculated based on the formation’s permeability/porosity parameters. Equations of flow coefficients have been derived for the
trinomial formula of the gas inflow to the well. The derived formula was used to calculate gas well production rate with various values of
formation’s draw-down pressure. The difference in calculation results of flow rates obtained using traditional versus the derived formula
decreases after the draw-down pressure growth due to the increase in the extent of the non-linear flow area. Indicator charts are
constructed according to the obtained and traditional formulas. Inflow performance relationship curves were plotted based on the derived
and traditional formulas. Compared to the traditional trinomial formula, the equations for the A and B flow coefficients are changed, which
now also account for the extents of the non-linear flow area.

Key words:
Vertical gas well, flow rate, trinomial formula, flow coefficients, laws of linear and nonlinear flow, critical flow rate.
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MNAHUPOBAHUE LIMKNUYECKOr0 3ABOAHEHWA HA OCHOBE AHU3OTPOMHOW
r’MAPOAUHAMUYECKOU MOJENN KAPEOHATHOWU 3AJEXNU
FAFAPUHCKOIO MECTOPOXIAEHUA

MapTioweB [mMutpuit AnekcaHapoBuu',
martyushevd@inbox.ru

MenranueB Anekcanap MeHpuxoBuy'2,
mengaliev.alexandr@gmail.com

1 TepMCcKuMin HaLMOHANbHbIN UCCNER0BATENLCKUIA MONUTEXHUYECKUIA YHUBEPCUTET,
Poccus, 614990, r. Mepmb, np. Komcomonbckui, 29.

2 TNN «Amannedreras» 000 «IYKOWUN-3anaaHas Cnbupby,
Poccus, 629008, r. Canexapa, yn. Matpocosa, 24.

AxkmyanbHocmb. Ha ce200HAwHUl OeHb 00HOU U3 akmyasibHbIX U 8axHelwux 3a0ay 8 HeqhmsHOU ompacinu SeIemcs y8enuyeHue Ko-
HEYHO20 KoaghghuyueHma usgneyeHus Hepmu. bonbuioe sHUMaHue cellyac yOensemcs mak HasbiBaeMbiM 2UOPOOUHaMUYECKUM Memo-
Oam nosblweHus koaghguyueHma HegpmeussneyeHusi. OOHUM u3 Haubonee NnpocmbixX, HeAOPO2UX U Yacmo NPUMEHsieMbIX 2uOpoOUHa-
Muyeckux Memodos si8niiemes YUKIudeckoe 3aso0HeHue. Becbma 8axHOU Kak ¢ HayyHOU, mak U ¢ npakmu4eckol moyku 3peHus 3ada-
yell A6/151eMCS 803MOXHOCMb UCNO/Ib308aHUS YUKITUYECKO20 3a800HEHUS 8 CIIOXHONOCMPOEHHbIX KOMIEKMOpax C HUSKUMU ¢hunbmpa-
YUOHHO-eMKOCMHBIMU cgolicmgamu, K pa3pabomke KOmopbIX Hayanu npucmynams 60MbWUHCMEO HEeMSAHbIX KomnaHul. Ha 0aHHbIU
MoMeHm, YmobbI oueHUMb 3cheheKmUBHOCMb MEXHOMO_UU, @ maKxe u3bexams HexenamenbsHbIX nocrnedcmeull npu ee Ucnonb308aHuU,
npumeHsrom eudpoduHamudeckoe modenuposaHue. [ns peweHusi daHHoU 3adayu ucnonb3oeanack adanmuposaHHasi 2€0/1020-
2udpoduHamuyeckass MoOerb, y4UMbIBaloWas mpewuHo8amocmb U hapamemp aHU30mpPONUU NPOHUYAeMocmu, mypHelicko-hameHckoU
3anexu azapuHcKo20 MecmopoXdeHus.

Llenb: oueHuUMb 803MOXHOCMU peanu3ayuu YUKTUYecKo2o 3a800HEeHUs1 Ha 0CHO8e MOAUGULUPOBAHHOU 2€0/1020-2UdPOdUHaMUYECKOU
modenu, yyumsigarouwjeli 2eoMexaHu4eckue Ighpekms!.

06BeKm: CrIoXHONOCMPOEHHasi mypHeUicKo-thaMeHcKas kapboHamHas 3anexb [a2apuHCKo20 MeECmopOXOEeHUS!.

Memodbi: 2udpoduHamudeckuti cumynsmop Tempest gepcuu 8.3.1 komnaHuu Roxar.

Pesynbmambl. BbinosHeHHoe MoOesuposaHue YUKUYecKko2o 3a800HEHUS Ha onpedeneHHbIX ydacmkax 3anexu azapuHcko2o mecmo-
poxdeHus npodeMoHcmpuposaso ymeHbweHue Aobbu 800bl, conposoxdarouieecs ygenuyeHuem dobbiu Hegpmu. Takxe Heobxodumo
omMemumb, Ymo nepexod co CMayuUoHapHO20 Ha UUKITUYECKOe 3a800HEHUe He Ha 8ce peazupyrouwjue 000bisaroljue CK8aXUHbI oka3ar
nonoxumesnsHoe enusHue (ysenudeHue 0obbMU Hepmu), ceszaHo amo e bosbuiell Mepe ¢ Hanuyuem 8epmukanbHOU NPoHUYaeMocmu
(napamempa aHuzomponuu npoHuyaemocmu). Takxe no0meepx0eHo, Ymo ynyuieHue napamempa aHU30mpoNuUU NPOHUYaeMocmu u
Hanuyue ecmecmeeHHOU mpewjuHo8amocmu 8 2e0/1020-2U0pOAUHaMUYECKUX MOOeNsiX NPUBoOUM K 3aBbILIEHUD nNapaMmempa HakonseH-
Holi 006k 14U HeghmU.

Knroyeenie crosa:
TpeuuHogamocms, 8epmukanbHas NPoHULaeMocms, AononHumensHas 006b4a Heghmu,
06800HEHHOCMb, NOMYUUKIT, (OUSTbMPAUUOHHBIL NOMOK.

BeepeHue

Ha ceropusmnuii eHb 0JHAa W3 aKTyalbHBIX M Bak-
HeMImMX 3a1a4 B He(TAHOM OTpaciu — yBenuueHUE KOHE-
HOro ko3¢ dureHTa u3BnedeHns Hetu, Kotopas Tpedyer
npuMeHeHusT 3QQEKTUBHBIX METONIOB pa3padOTKH. boib-
10 BHUMaHHE ceyac yjensercsl Tak Ha3bIBAEMbIM THJ-
POIMHAMMYECKAM METOAaM TOBBINEHHS KoddduuyeHTa
HedTensBneyeHus. JlaHHbIE METO/IBI CBA3aHBI ¢ H3MEHEHH-
€M BEIIMYMHBI W/WIM HAMPABJICHUS TPAINCHTOB TIIACTOBO-
ro AasneHus. OfHUM U3 Hanboee MPOCTHIX, HEAOPOTHX
YacTo MPUMEHAEMBIX THIPOAUHAMHYECKUX METOJOB SBIIS-
eTcs IMKIIMYeckoe 3apojiHeHne. B padotax [1, 2] roopur-
¢S, YTO TIOBBINICHHUE IPAJUCHTOB JABICHUH B TIACTE OKa-
3pIBACT TIOJNIOKUTENBHOE BIUSAHHAE Ha Kod(duiment Hed-
TEOT/a4ll HEOJHOPOAHBIX KOJUIEKTOPOB M HPUBOIUT K
CHIKEHHIO 00BOJHEHHOCTHU I0OBIBAIOIINX CKBAXKHH.

O PeKTHBHOCTh NMKINIECKOTO 3aBOJHEHUS 3aBHCHT
OT JBYX MPOIIECCOB, KOTOPHIEC SBISIOTCS B3aMMOCBSI3aH-
HBIMH — 32 CUET MepernaioB JaBleHHUs NPOUCXOIUT BHE-
peHue BOJbl B MAJONPOHHLIAEMBIE MPOILUIACTKU U yIEp-

84

KaHHE ee TaM 3a CYeT KamWwuUIApHbIX cwil. OfHuUM U3
HamboJee BaXHBIX TEOJNOTO-(PM3NIECKUX KPHUTEPHEB
TPUMEHUMOCTHU IIUKIAYECKOTO 3aBOJHEHHS SBISCTCS He-
OJIHOPOIHOCTh TacTa. PazHOHampaBieHHas TpelHHOBA-
TOCTh KapOOHATHBIX IMIACTOB O0YCJIABIMBAET MHTEHCHB-
HBIA 0OMEH TIAcTOBOTO (IIIOMIA MEXIY MPOIUIACTKAMH
(cMosMH) W TEM CaMbIM YBenWYHBaeT S(PQEeKTUBHOCTH
merona. Oco00 CTOMTh OTMETHTH, YTO HE TONBKO BO3HH-
KaloIIue TPaJNEHTHI JABICHUS UTPAIOT ITTaBHYIO POIIb BO
BHEJIPEHUH BOJIBI B MAJIOTIPOHUI[AEMbIE TIPOTLIACTKH TIIa-
CTa, HO W HaIN4YUe TPOHULAEMOCTH B BEPTHUKAIHLHOM
HarpasiieHut [3, 4].

B Hacrosmiee BpeMs TpPOSKTHpPOBaHHE Pa3pabOTKH
CII0XKHOTIOCTPOCHHBIX KapOOHATHBIX KOJUICKTOPOB peajiv-
3yeTcsl Ha OCHOBE TPEXMEPHOTO KOMIBKOTEPHOTO MOJIe-
supoBanus. B paborax [5, 6] paccmarpuBaeTcs MOIENH-
POBaHHE [UKINYECKOTO 3aBOJHEHHS HA OCHOBE CUHTETH-
4ecKHX (YMPOIICHHBIX) T'€0IOr0o-THAPOANHAMUYECKHX
MoJIeNeid, HO CTOMTh OTMETHTh, YTO OHH HE OMUCHIBAIOT B
TIOJIHOW Mepe MPOLECChI, TPOUCXOSMINE B MIACTAX, OCO-
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OCHHO B CIIOKHOTIOCTPOCHHBIX KapOOHATHBIX, XapaKTepH-
3YIOIIMXCS HAMYHEM TPEIIMHOBATOCTH M AHH30TPOIHEH
(WIBTPAIOHHBIX CBOMCTB. JIOTHYHBIM 3TATIOM Pa3BHTHSA
TIO/IXOJIOB, HCIONB3YEMBIX HPH MPOCKTHPOBAHHE ITHKIIH-
YECKOTO 3aBOJHEHHS, SBICTCS COBEPIICHCTBOBAHHE
Te0JIOTO-THAPOIUHAMIUECKUX MOJIeIeH, KOTOPhIE Yy4H-
THIBJIM OBl BCe (WM OONBIIMHCTBO) 0COOEHHOCTH Kap-
OoHaTHBIX 3anexeil. B pabote [7] TroBopurcs, 4T0 BBEIC-
HIE B T€OJOTO-THAPOAMHAMUYECKYI0 MOJENh 3HAYCHHH
BEPTHKAIBHON W JIATCPATbHOH aHU30TPOIUU TIPOHHIIAC-
MOCTH WMEET CYNICCTBCHHOE BIHMSHHE HA MOBCICHHE
KOJIICKTOPA.

I'maBHas menbs JaHHOW PabOTHI, KOTOPYIO Mpecieno-
BAIIM aBTOpPHI, ObLIA B BO3MOXHOCTU MOJAKIHOYCHHST K
JPEHUPOBAHMIO paHee He OXBAYEHHBIX MPOLECCOM 3a-
BOJIHCHHS HU3KOMPOHHUIIAEMBIX NPOILTACTKOB U 3aIacoB,
COCPEIOTOUCHHEIX B 3aCTOMHBEIX 30HAX, IyTEM ONTHMH-
3aIMM CHCTEMBI MOIIEPXKAaHWS IUIACTOBOTO JABJICHHAS
(TITLA). Mcmonb3ys TEXHONOTHIO LHKIMYECKOTO 3aBOJ-
HEHHUS, BO3MOXXHO JOOUTBCS CYIIECTBEHHOTO CHIKCHHS
KOJIMYECTBA TOMYTHO NOOBIBAEMOW BOIBI TIPH OJHOBpE-

10 15 20 25 30 35 40

Gagar_TFm_adapt
Global Range: Min=1.0, Max=4.0

MEHHOM YBENHYCHUU T0OBMH HE(TH 32 CYET UCIONb30-
BaHUS paHee He IPEHUPYEMBIX YUACTKOB 3aJIEHKU.

T'eonoro-thusnyeckas xapakTepucTuka

TypHelcko-thameHckoro oobekTa

Ha nanHbIi MOMEHT, 4TOOBI OlECHHUTH 3()()EKTHBHOCTH
TEXHONOTHH, & TAKKe M30€XKaTh HEKEeNATeNbHBIX MOCIEs-
CTBUIT TIPH €€ MCIIONB30BAHAH, IPAMEHSIOT THIPOMHAMITIC-
CKOe MOJIeNMpoBaHue. Jis pelieHns JaHHOH 3a/1aui UCTIOIb-
30BAJIACH AJJANTHPOBAHHAS I€OIOTO-THAPOANHAMITIECKAs MO-
Jenb, YYUTHIBAIOMAS TPEIIMHOBATOCTh M AHM30TPOIHIO
TIPOHKUIIAEMOCTH, TYpHEHCKo-paMeHcKol 3aiexu [ ara-
puHCKoro MectopoxaeHus (puc. 1). Meroauxa ompenesne-
HUS TTApaMETPa aHU30TPOIHH TIPOHULIAEMOCTH ¥ TIapameT-
OB €CTECTBEHHOH TPEIIMHOBATOCTH 1O JAHHBIM THAPOIH-
HAMIYECKHX HCCIEHOBAaHMH (KpHBas BOCCTAHOBIICHHS
JIABJICHUS/yPOBHS ), MX MHAMHKA B TIPOIIECCe Pa3pabOTKH
(MY M3MEHEHUH TIIACTOBOTO M 3a00MHOT0 JIABJICHNUI) 1 UX
Y4eT B IeONOr0-THAPOMHAMUIECKOA MOJIETN OMHCAHbI B
pabotax [8, 9], M03TOMY B IaHHOH CTaThe HA ITOM HE 3a-
OCTpPEHHO 0CO00T0 BHUMAHHS.

Puc. 1. Brewnuil 610 MoOuuyuposanHotl 2eo1020-2u0poOUHAMULECKOU Mooenu (amenckou 3anedxcu I acapunckozo mecmo-
poofa)emm. Fopu30Hma/le0 OpUEHMUPOBAHHbIE 06AJlbl — OO MeKyuue Omﬁopbl CKB8AJICUH C YKA3AHUEM 6 YeHmpe HO-
mMepa CKeAds;NCUHbL, pA3IUYHbIMU YeemaMu gvloesenbl ﬂumozzoeo-qbauuaﬂbuble 30Hbl mypHeZJCKO-(]?aMéHCKOlJ 3ajestcu

Fig. 1. Appearance of a modified geological and hydrodynamic model of the Famennian deposit of the Gagarinskoe field.
Horizontally oriented ovals are the current well selections with the number of the well in the center; lithologic-facies
zones of the Tournaisian-Famennian deposits are highlighted in different colors
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Taonuya 1. I'eonoco-pusuyeckasn xapaxmepucmuka oobexma

Table1l.  Geological and physical characteristics of the
object
Ilapamerp/Parameter 3nayenue/Value

Cpenusisi NiryOMHA 3aJIeTaHus, M 2001,0
Average depth, m

Iopucrocts/Porosity,% 11,0
IMponuraemocts, MJ1/Permeability, mD 39,0
Cpenssist 90 d. HedTeHAC. TOTLINHA, M 123
Average net pay thickness, m '
BsizkocTs HedTH B 1. yei., mIla*c 113

Oil viscosity at reservoir conditions, MPa * ¢ '
I'azoconepsxanue, Mo/T

Gas contel?]t, m3/t 1856
IInacroBoe naBneHue HavaiabHOE, MIla

" K 20,7

Initial reservoir pressure, MPa

JlaBnenue HacwieHus, MIla 144
Saturation pressure, MPa '
Koaddunuent pacuneHeHHOCTH, [. 1. 198
Dissection coefficient, fraction of units '
Koaddunnent necuannucrocty, 1.ex. 021
Sandiness coefficient, fraction of units '

OcHOBHBIE  Treonoro-hU3NYECKUe  XapakTePUCTHKH

paccmarpuBaeMoro 00beKTa NpeacTaBieHsl B Tabm. 1.
B menom cToMTh OTMETHTB, 9TO TI0 3aJeXKH CPEIHHI Je-
Out 10 HedTH coctaBiusger 6,8 T/CYT; MO KHAKOCTH —
11,1 MS/CyT; o0BogHeHHOCTh — 37,8 %); cTerneHb BhIpa-
Ootku 3amacoB Hedrr — 43,4 %.

Jlis MOJIeTMPOBAHHUS IIUKINYECKOTO 3aBOJHEHUS BbI-
OpaHbl TpU OvYara 3aBOJHCHHS — paioH ckB. 223, 406 u
430, KoTOpBIE PACTIONOKEHBI B 30HE BEPXHETO THLIOBOTO
nuteitda (puc. 2). IlpoBeaeHHbli aHAIN3 T€0I0rHIECKOro
CTPOEHHS U TEKYILIEr0 COCTOSHUS Pa3pabOTKH 3alexu
TI03BOJISIET CHENATh BHIBOJ O HEPABHOMEPHOH BHIPaOOTKE
3amacoB HeTH (0COOCHHO B 30HE BEPXHETO THUIOBOTO
1mieiiha) BBHAY BBHICOKOH HEOJTHOPOJIHOCTH KOJIEKTOpa
(mo miomanM ¥ Mo paspesy), a TakkKe 3HAYUTENBHOIO
BIMSHHUS €CTECTBEHHOU TPCIIMHOBATOCTH M KaK CJICI-
cTBHE 00pa30BaHHA MPOMBITEHIX 30H. TakuM o00pasom,
OonbITas YacTh 3almacoB B HHU3KOIPOHHMIAEMBIX 30HAX
OCTaEeTCs He OXBaYeHHOM HarHeTaeMoi Booi [10-12].

CTOUTh OTMETHTH, YTO HA 3aNEKU HAOMOJACTCS OTPH-
laTeNnbHas JUHAMUKA TIACTOBOTO JABIEHHS B 30HAX 0TOO-
pa B IpoIecce IKCILTyaTAalllH, CBSI3aHO 9TO B MIEPBYIO OUe-
pelb ¢ HeJIOCTATOYHOW KOMIICHCAIEH TEMIIOB 0TOOpa €O
croponsl cucteMbl [111J] u ee HM3KOIH 3PPEKTUBHOCTEIO.
Bo MHOTOM 3TOMY CMOCOOCTBYET CIOXKHAS TPEIIMHOBATAS
CTPYKTypa TIacTa ¥ MHOrooOpasue (aruanbHeIX 30H B
npezenax pudoBOTO MacCUBA, MEKIY KOTOPHIMH MOXET
TIPOUCXOANTH KaK MEPeToK (uIrowaa, Tak 1 OapbepHOe co-
npoTuBneHue. [IpoBeicHHbIe TpaccepHble HCCIEN0BAHUS B
anpene 2018 r. 103BONMIM IOATBEPAUTD, UTO BIMSIHUE 3a-
KauMBaeMOH BOJIbI Ha IOOBIBArOIMH (hOH]T HU3KOE (Ha puc.
2 CUHUMU CMPETKAMU YKA3aHbL OCHOBHbIE HANPAGIEHUs.
3aKAYUBAEMOU 600bl 1O Pe3YIbMAMAM MPACCEPHBIX UC-
c1edosaniiii), HO, CTOMTh OTMETb, YTO MPAKTHYECKH BCE
JOOBIBAIOIIME CKBAKUHBI B TOW WM MHOW CTEIIEHH UMEIOT
TUAPOAMHAMUYCCKYIO CBA3b C HArHECTATC/IbHBIMU.

MogenupoBaHue LMKNMYECKOro 3aBOJHEHNSA

Hcxons w3 uMeEOUIErocs OMbITAa IPOEKTUPOBAHUA
[13-19] amuTenbHOCTH MONYLMKIA PEKOMEHIYETCS OLle-
HUBATHCS C IOMOIIBIO CIEAYIONIEH HOpMyYIIBL:
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lZ
t= 2)('

rie t — JUMTENBHOCTh TONYLWKNA, | — paccTosHue OT
HATHETAaTENBHON CKBAXHHBI 10 (POHTA BEITECHEHHS HE(PTH
BOJIOW; Y — TIbE30MPOBOJHOCTD IIACTA MEXIY JOOBIBAIO-
el W HATHeTaTeJbHOM CKBaXuHaMh. B paborax [20-22]
CKa3aHO, YTO IIApaMETp IHE30MPOBOIHOCTH JOCTATOUHO
TOYHO OMPEAEIAETCS MPSIMBIM METOJIOM — THIPOTPOCITY -
Banus. Ho TaHHBIH METONT SIBISETCS JUTATEBHBIM 1 JIOPOTO-
crosmmM.  [losToMy omperneneHre [TAaHHOTO Tiapamerpa
OCYIIECTBILIIOCH C TIOMOIIIBIO HHTEPIPETALH JAHHBIX THI-
POIMHAMITIECKUX MCCIIEOBAHNN CKBAKIH (KPUBAs BOCCTa-
HOBJICHHS JIaBJICHNS/YPOBHS, KpHBas CTAOMIN3aIMK JaBIe-
HIS) KaK Haubonee pactpoCTPAHEHHOTO METONa KOHTPOJ
3a pa3paboTKoi MecToporkaeHni [23-25].

U3 mpencraBneHHO# (OpMYIBI BUIHO, YTO IS Kaxk-
I0# OOBIBAIONIEH CKBAKHHBI TUTENLHOCTD MOTYIHKIA
Oyner MHIMBHIyanbHa M B OONbIIEH Mepe 3aBUCETh OT
TEE30IPOBOIHOCTH IUTacTa (Tabm. 2).

Tabnuya 2. Onpedenenue OnumenrbHOCMU NOAYYUKIA 000bl-
BAIOWUX CKBAJICUH, DACNONIONCEHHBIX 8 0udze
HazHemamenvHoll cke. 430

Table2.  Determination of duration of a half-cycle of
producing wells located in the area of the
injection well 430
JloObiBa- Paccrosiaue 1o [Ise3ompo- Jlnurens-
rouras HarHeTaTeJIbHOM BOOHOCTb, HOCTb IIOJTY-
CKBaXHHa CKBa)XXHUHBI, M CMZ/C 1MKJIa, CyT
Production Distance to the Piezoconducti- Half cycle
well injection well, m vity, cm?/s duration, days
423 356 93,3 19,7
427 445 167,4 17,1
429 445 143,1 20,0
431 534 93,2 44,3
432 445 2774 10,3
433 445 72 397,9

JUst Kaaoro u3 Tpex 0003HAYEHHBIX Ha pHc. | oyaroB
3aBOJIHEHHS] CMOJICTIMPOBAHA IIMKIIMYECKAs 3aKauka ¢ pas-
JIMYHOH JTHTENGHOCTRIO TONymukia. Llmkmmdeckyro 3a-
KauKy B THAPOIMHAMAYECKOM CHMYISATOPE MOXKHO TPOBO-
IUTh PA3THIHBIME CTOCO0AMI — MEHSATH PEKHM PabOTHI
HarHeTaTeNbHOM CKBAXHHBI, 3aJaBas Mepuoabl pado-
TBI/TPOCTOS, HO B pe3yJbTaTe MONYyYaeTcs JOBOJIBHO TPo-
MO3JIKHH (haidJl IPOTHO3HBIX COOBITHH. ABTOpaMH paboThI
IUKIAYECKas 3aKauKa pean30BaHa depe3 HCIOMb30BaAHIIE
OTepanyii BCTPOCHHOTO MOAYJIS C Pa3TMIHBIMA YCIOBHS-
MH, COJIEPKAIET0 EMEHTHI POrpaMMHUpoBanus. B utore
peanu3anys pasnyHbIX CIEHAPUEB PabOTHl CBOIUTCH K
KOPPEKTUPOBKE HECKOJNBKUX 4ucel. B pesynprare mose-
JIMPOBAHHS LMKIMYECKOH 3aKa4YKH MOTYYEHBI CeIyIolIHe
3HAYCHHS TEXHOJOTHYECKUX MapaMeTpoB, KOTOPBIE Mpej-
cTaBleHsl B TaOm. 3. PacyeT HMKIMYECKOro 3aBOJHEHHS
nposouics Ha nepro 20 ser. B psiae pabor [26-29] pe-
KOMEHJIYETCS U3MEHATh PEXUMBI IKCILUTyaTallui CKBAKHUH
M B 9THX CITy9asx PACCUMTHIBATH HA BBICOKYIO d(QeKTHB-
HOCTh IMKIMYECKOT0 3aBOJHCHHS. HO B mpaKTHYEeCKHX
YCIOBUSAX CO3/IAaHHE AMIUTMTYJl W3MEHEHUS 3aKadykd He-
BO3MOKHO BBUJY TEXHUYECKHX OTPAHUYCHHH CHUCTEMBI
[T T'arapyHCKOTO MECTOPOKIEHHSA, TO3TOMY JaHHBIA
BAPHAHT TEXHUYECKOTO PELICHNUS He MOJETHPOBAIICS.
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® 150——_ o 430 427 YcioBHbIE 0603HAYEHUS: \\-~~u -------
35,4 30 ol | .
35.0 ; @ CKBa)XKHHA JCHCTBYOIIAs JOOBIBArOIIAst
\ 429 /- CcKBaKMHA JCHCTBYIONIAA HATHCTATCIBHAS
\\ 431 ®2.8 / W ckBakMHA THKBHIMPOBAHA
o 23 4,0 429 HOMep CKBAXHHbI
\\31 2.8 nebur vedyru, T/CYT

4,0  0OBOOHEHHOCTH, %

430 HOMED CKBaXHHBI
30 OpHEMHCTOCTh, M3/CyT

— - — - - BHCIIHHUI KOHTYP He(TEHOCHOCTH

- Huoxuuit TeU10BOM HUTEHD
Bepxuwuii TeII0BOI HIei}
buorepmHoe s1po

Ckion puda

Puc. 2. (D(ll{ua.flea}l cxema Kllp6OHde0ﬁ 3aneascu FazapuHc;cozo Mecmopoolcdeuuﬂ C BbLOCNCHHBIMU OYA2AMU OJIs BO3MOIC-
Hotl pearuzayuu uumu%cxot? 3axkadxu

Fig. 2. Facies diagram of carbonate deposit of Gagarinskoe field — dedicated foci waterflood for cyclic injection realizable
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Taéﬂuua 3. Pej’yjlbma}'}’lbl paciemoes MEXHONI02UYECKOU 3¢)¢ekmueﬁocmu YUKIUYecKozo 3A600HEHUS NO OYAAM HAZHEMAHUS

Table 3.  Results of waterflooding cyclic technological efficiency calculation by injection areas
CKB. Tonyuumka, Haxkormuiennas 100b14a HaxkoruienHnas 100b14a HaxkoruieHHas 3akayka
Ne JIHU HedTH, THIC. T OOBOJHEHHOCTH, % JKUIKOCTH, THIC. M° areHTa, ThIC. M°
Well Half cycle, Cumulative oil production, Water cut, % Cumulative fluid Cumulative agent injection,
no. days thousand tons production, thousand m® thousand m*
basosbi* 431,75 88,46 881,09 1573,61
Basic
223 5/5 428,73 84,20 770,07 800,28
10/10 429,14 85,60 776,80 853,07
20/20 429,41 85,12 783,01 908,24
40/40 429,67 85,53 788,23 946,10
basoseiid 267,66 60,63 456,68 37,15
Basic
106 5/5 271,54 54,74 428,94 11,23
10/10 264,78 59,48 444,67 13,24
20/20 265,16 59,57 445,93 15,82
40/40 233,55 60,79 394,44 16,83
basosuiii 329,21 79,87 567,19 143,07
Basic
430 5/5 333,23 70,40 531,97 52,35
10/10 325,02 71,55 541,81 60,50
20/20 325,77 72,38 543,38 67,79
40/40 326,25 72,99 544,57 72,56

*CmayuonapHoe 3a600HeHUe.
*Stationary flooding.

Jannble Tabn. 3 TOBOPAT O TOM, YTO pealu3alys uK-
JMYECKOTO 3aBOJIHEHHUA B 0Uare CKB. 223 ABIAETCS MEHee
9(EKTHBHOH 110 CpaBHEHWIO CO CTAI[HOHAPHOW 3aKad-
Kkoit. Ckopee BCero, 3TO CBA3aHO ¢ aKTUBHOU BBIPaOOTKON
3aIacOB ¥ 3HAYUTENHHO MEHBIIMMH OCTaTOYHBIMH W3-
BIIEKaeMbIMU 3alacaMy MO0 CPaBHEHHIO C JPYTHMH pac-
cMaTpuBaeMbIMU odaramu. Ha IBYX mpyrumx odarax mpu
peann3anyud [UKITHIECKOTO 3aBOXHEHHS C UTUTEIHHO-
CTBIO TIONyIHKNIA 5/5 TexHomormdeckas 3(p(EKTHBHOCTD
BBIIIE, YEM MPH CTAIMOHAPHOM 3aBOJHEHUHU (B CpEHEM
Ha 1,3 %). Taxke HEOOXOUMO OTMETHTh 3HAUHUTEIHHOE
CHIKEHHE OOBOJHEHHOCTH N00BIBAEMON MpPOAYKIUH B
paccMaTprBaeMBIX OdYarax HarHeTaHus (B CpemHEM Ha
10 %). B menom peanusarusi TMKINYECKOTO 3aBOJHEHUS
Ha JJAHHBIX YYaCTKaX C OMPE/CICHHBIM BPEMEHHBIM IHK-
JIOM SIBJISIETCS TEXHOMOTUIECKU 3(P(PEKTUBHBIM MEPONpH-
SATHEM.

IIpoBeneHO CpaBHEHHE TEXHONOTHYECKOH 3(QeKTus-
HOCTH peajn3allii IMKINIECKOTO 3aBOJHEHHS HAa MOJIH-
(UIMPOBAHHON TEONOTO-THAPOINHAMIIECKON MOJETH H
CTaHIapTHOHM, 0e3 ydyeTa TeoMeXaHHYEeCKUX 3((PeKToB
(tabn. 4). [lomydeHHbIE pe3yibTaThl YKa3bIBAlOT Ha TO,
YTO HEYYeT TPEeLIMHOBATOCTH U MapamMeTpa aHU30TPOIHH
TPOHUIIAEMOCTH B TE€OJOTO-THAPOJMHAMUYECKAX MOJIE-
JSIX CIOKHOMIOCTPOCHHEIX KapOOHATHBIX 00BEKTOB BEACT
K 3aBBIIICHAI0 TEXHOMOTHYCCKHX TTOKa3aTeNeH, uTo B I10-
CIIEACTBMU MOKET NPUBECTH K HEBEPHON IKOHOMUYECKON
OIIEHKE MPOEKTA.

Jnst ouaros HarHeTauus (ckB. 406, 430), 1711 KOTOPBIX
IUKITMIECKOE 3aBOJHEHHE ABISETCS d()EKTHBHBIM, pac-
CMOTPEHO B OTHENBHOCTH BIHSHHME 3aKAYKH HA KAKIYIO
N00BIBAIOIIYI0 CKBaXHMHY (Tabn. 5, 6) ¢ IENbl0 OLEHKHU
M3MEHEHHMS HaKOTIEHHOH 100bI9M HETH.

Tabnuua 4. Cpasnenue pe3yibmamo8 YUKIU4eCKo20 3a800HeHUs

Table 4.  Comparison of cyclic flooding results
O p— T'eonoro-ruapoanHaMuyeckas MoJeib 0e3 yuera reomexa-
THUApOAUHAMHUYECKasT MOJCITb - HITIECKHX ?(I)QJGKTOB - - -
Cks. Tonyiuk, Modified geological and hydrodynamic model Geological and hydrodynamic mpdel without taking into
Ne JHA account geomechanical effects
Well Half cycle, Hakoruiennas 100b14a HaxkorrernHast 106614a HedTH,
no. days HedTH, TBIC. T OOBOJHEHHOCTH, % TBIC. T OOBOJHEHHOCTH, %
Cumulative oil Water cut, % Cumulative oil production, Water cut, %
production, thousand tons thousand tons
basoserid 267,66 60,63 277,54 67,44
Basic
406 5/5 271,54 54,74 278,21 67,34
10/10 264,78 59,48 275,88 65,22
20/20 265,16 59,57 274,91 65,12
40/40 233,55 60,79 272,45 66,04
BazoBwrit
Basic 329,21 79,87 345,67 84,61
430 5/5 333,23 70,40 347,24 84,12
10/10 325,02 71,55 339,55 82,45
20/20 325,77 72,38 338,46 80,12
40/40 326,25 72,99 334,67 82,34
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Taonuya 5. Pesynomamol pacuemog mexnonocuveckou 3¢)-  Tabnuuya 6. Pesyromamol pacuemog mexHonocuieckou 3¢h-
exmueHocmu YUKIUYECK020 3a800HeHUs (0Yae hexmusHOCMU YUKIUYECKO20 3a800HeHUs (oyae
cks. 430) cks. 406)
Table5.  Results of calculation of technological efficien-  Table6.  Results of calculation of technological efficien-
cy of waterflood for cyclic injection (area of cy of waterflood for cyclic injection (area of
well 430) well 406)
Haxomuiennast 1o0b14a Haxorutennast no0sr4a HeTH, AOCOJIOTHOE HU3Me-
Cxs He(TH, ThiC. T ABCOMIOTHOE HAMEHEHHE Cks. _TRIC. T ) HeHue 100br4u HedTH,
No : Cum_ulatlve oil 5 Ne Cumulative oil production, TBIC. T
N production, thousand n106bian Hedu, TRIC. T Well thousand tons Absolute change in oil
Well tons Absolute change in oil no 5 = 55 duction. th d
no. - production, thousand tons : 430BbIL e production, thousan
basossrit Lukn 5/5 Basic 5/5 cycle tons
Basic 5/5 cycle 400 64,20 55,49 -8,71
423 44,06 44,05 -0,01 407 40,26 41,12 +0,86
427 28,99 29,32 +0,33 408 50,06 49,87 -0,19
429 24,47 24,67 +0,20 423 44,06 50,64 +6,58
431 75,39 75,20 -0,19 433 21,30 22,96 +1,66
432 71,04 70,42 —0,62 9070 91,96 92,54 +0,58
433 21,30 21,76 +0,46

Jlns kKauecTBEHHOM OICHKM IMKIMYECKOTO 3aBOJHE-  3allMM 3aKAauk MOBEPXHOCTHO-akTHBHBEIX BemiecTB ([TAB)
HUSl IPUMCHEHA OMIUSA TPacCepoB, MO3BOISIONIAS BH3y- M JPYIMX METOJOB TOBBINICHHS HE(TEOTIAUM IMIACTOB
QTBHO OTCIICIUTD HATIpaBIeHNE ABMKeHNs 3akaunBaeMblx  [30-37]. Ha puc. 3 u3oOpaxero rpadudeckoe pacmpee-
arentoB. [IpuMeHeHne TpaccepoB He 3aKaHUMBACTCS BH-  JICHHE IIOTOKOB 3aKaUMBAEMOTO areHTa 10 0Yary HarHe-
3yalbHOW OIEHKOM, WX MMPOKO MPUMEHSIOT IS pealn-  TaTembHOU CKBaXHHEI 4006.

®133 423

ala olb

]

0.0 0.250 0.500 0.750

1

Gagr_TFm: Qil Phase saturation (frac)
Global Range: Min=0.000, Max=0.959
Puc. 3. I paguueckoe pacnpedenenue GuibmpayuoHHbIX HOMOKO8 3AKAYUBAEMO20 A2eHmMA HA npumepe oyaza cks. 406, 74-
bl COU 2UOPOOUHAMUYECKOU MOOENU, a) Peanu3ayus YUKIUYecKo20 3a600HEHUS ¢ ONUMENbHOCMbIO NOAYYUKAA 5/5;
6) cmayuonapHoe 3a600HeHUe
Fig. 3. Graphical distribution of filtration flows of the injected agent on an example of well 406, hydrodynamic model layer
74; a) implementation of the waterflood for cyclic injection with the half cycle duration of 5/5: b) stationary
waterflood

Ucxons u3 TIPOBCACHHBIX PAaCUYCTOB H Fpa(I)I/I‘IeCKOP’I y‘II/ITBIBa}OH.[eﬁ TCOMCXaHNYCCKHUEC 3(1)(1)CKTLI, MMO3BOJIACT

BU3yaliM3allid MOXHO CHCIaTb BBIBOA O TOM, 4YTO HC- Oosee HOOCTOBCPHO M KAYCCTBCHHO OULCHUTL BJIUSAHUEC
IIOJIB30BAHUC FeOHOFO'FH}IpOZIPIHaMH‘IeCKOﬁ MOJCIH, IUKINYCCKOIr0 3aBOJHCHHUSA Ha BpraGOTKy 3aracoB H3
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paHee HE OXBAUEHHBIX MPOLECCOM 3aBOJHEHHUS MPO-
ITaCTKOB.

Takke TOATBEPKIEH TOT (aKT, YTO IUTEILHOCTH
HOJIYLMKIIA, IPU KOTOPOM HOCTHIaeTcs MaKCHMAaJbHBIN
TEXHOJIIOTHYECKHH d(QQEeKT (HomoNHUTENbHAS H00BIYA
He()TH), 3aBHCHT OT ITapaMeTpa aHM30TPOIHH HPOHHIAE-
MOCTH: 4eM OOMbIe 3HAUCHHE JNaTepaabHOH MpOHHIIae-

40

Bpewms nonyuukia, cyt

MOCTH (MeHBIJ.Ie KOB(i)(i)HLIHCHT AHU30TPOIIMH TIpOHULIAC-

BepT

K
MocTH macta (v = "

)), TeM Ooblie BpeMEHH HEOO-
Top
XOIUMO [isl Tepepachpe/iesieHns NaBICHHS B BEpTH-

KaTbHOM HAMpPABICHUH, CIEI0BATENbHO, BPEMs IOJY-
KA yBeamauBaercs (puc. 4) [7-9].
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Puc. 4. 3asucumocms noryyuKIa YuKIUYECcKko20 3a600HeHUsI OM KOIQDGuyuenma aHuzomponuu RPOHUYAemMoCcmu
Fig. 4. Dependence of the half cycle of waterflood for cyclic injection on the permeability anisotropy coefficient

3aknioyeHue

Ha ceromusimHmit 1eHb TUAPOTMHAMUYECKOE MOZIEIHPO-
BAHHE SBISICTCS OHIM W3 HAHOOJIee PIMEHIEMBIX H TTIaB-
HBIX MHCTPYMEHTOB JUT 00OCHOBAHMS PEMICHHH 110 YIIpaB-
JEHUI0 pa3paboTKoil HeTSIHBIX MecTOpokAeHHH. Mopemu
(wibTparMy mo3BOJIAIOT OoJee IPPEKTHBHO MPOTHO3UPO-
BATh M BU3YaIIN3HPOBATH TIOTOKH ILIACTOBBIX ()TIOMIOB.

BrimonaeHHOE MOJIETHPOBAHAE UKIHIECKOTO 3aBO/I-
HEHMS Ha ONPEENEHHBIX yYacTKaX 3alexXH MPOJIEeMOH-
CTPHPOBANIO YMEHBIIIEHHE JTOOBIYM BOJBI, COMPOBOXK/A-
foreecst yBenumueHueM a00bun HetH. Takke HEoOXo-
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The relevance. Today, one of the urgent and the most important tasks in the oil industry is to increase the final oil recovery ratio. Much
attention is now paid to the so-called hydrodynamic methods of increasing the oil recovery coefficient. One of the most simple, inexpensive,
and frequently used hydrodynamic methods is cyclic flooding. A very important problem both from a scientific and a practical point of view
is the possibility of using cyclic water flooding in complex reservoirs with low filtration and capacity properties, which most oil companies
have begun to develop. At the moment, in order to evaluate the effectiveness of the technology, as well as to avoid undesirable
consequences when applying it, hydrodynamic modeling is used. To solve this problem, an adapted geological and hydrodynamic model
was used, taking into account the fracturing and the permeability anisotropy parameter of the Tournaisian-Famennian deposit of the
Gagarinskoe field.

The main aim of the study is to assess the possibilities of implementing cyclic flooding based on a modified geological and hydrodynamic
model that takes into account geomechanical effects.

Object: complex Tourneys-Famennian carbonates deposit of the Gagarinskoe field.

Methods: the Roxar Tempest hydrodynamic simulator version 8.3.1.

Results. The performed modeling of cyclic waterflooding in certain areas of the Gagarinskoe field deposits showed a decrease in water
production, accompanied by an increase in oil production. It should also be noted that the transition from stationary to cyclic waterflooding
did not have a positive effect on all reacting production wells (increase in oil production), this is mainly due to the presence of vertical
permeability (permeability anisotropy parameter). It is also confirmed that the omission of the permeability anisotropy parameter and the
presence of natural fracturing in geological and hydrodynamic models leads to an overestimation of the parameter of cumulative oil
production.

Key words:
Fracturing, vertical permeability, additional oil production, water cut, half cycle, filtration flow.
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NPAKTUKA OTBEOPA NMPOB CHEXHOIO MOKPOBA ANA XUMWUYECKOIO AHAJTU3A
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VipKyTCKMiA HALMOHANBHBIN UCCIIEA0BATENLCKUIA TEXHUYECKN YHUBEPCUTET,
Poccus, 664074, r. MpkyTck, yn. JlepmonToBa, 83.

AkmyanbHocmb uccriedogaHus 06ycrosneHa HeobXo0UMOCMbIO U3Y4EHUST XUMUYECKO20 COCMasa CHEXHO20 NOKPOosa O1st OUEHKU Kaye-
cmea 6030yxa U conpedesbHbiX CPed 8 YCrosusX USMEHEHUS KnuMama, Ymo nodmeepxdaemcs ycmolyuebiM pOCMOM HaydHbIX ny6nu-
Kayuli no OaHHol meme. B mo xe epems npakmuyecku omeymemeytom cospeMeHHble nybrukayuu no memoduke ombopa npob CHEXHO-
20 nokpoea 0151 aHanumuyeckux yened.

Lenb: uccnedosamb npakmuku ombopa npob CHEXHO20 nokposa Onisi aHanumuyeckux onpedenieHull Ha OCHoge 063opa HayyHO-
mexHuyeckol uHgpopmayuu. CospemMeHHble yYCoBEPWEHCMBOBaHHbIE MemoObl ombopa CHEXHO20 NoKposa Heobxodumbi OIS NOMYYEHUSs
Haubonee ocmogepHbIX 0aHHbIX O XUMUYECKOM COCMage CHEXH020 NOKposa, sensomes 0CHO8oU 0511 OueHKU OUHaMUKU Kadecmsa
6030yxa U npupodooxpaHHbIX Mep, a makxe 6ydym cnocobecmeogamb Hay4HOMY NOHUMAHUKO XUMUYECKUX NPOUECCos, C8si3aHHbIX CO
CHE20M 8 YCrI08UsX U3MEHEHUS Knumama.

O6BekmbI: HOpMamugHasi U Hay4HO-mexHUYeckasi UHgopmayus no Memodonoeuu ombopa npob CHEXHO20 nokposa 0/1si XUMUYECK020
aHanu3aa; cnocobbl N0020MOBKU CHEXHO20 NoKposa neped ombopom npob; npubopsl, 0bopydosaHue, cpedcmesa, npucnocobneHus Ons
ombopa npob CHEXHO20 NOKPoBa C Uebio onpedesieHusi NTIOMHOCMU ((husudeckull nokasamesib) U XUMUYECKO20 COCmasa CHEXHO20
nokpoea.

Memodb1: 0630p Hay4HO-mexHUYecKol UHhopmayuu u cucmemamu3ayusi ceederudl.

Pesynbmamoi. CospemenrHas uccnedogamernbckas npakmuka ombopa npob CHEeXHO20 nokposa 01151 XUMUYECKO20 aHanu3a umeem ceou
0C0BEHHOCMU, OMITUYHbIE OM PEKOMEHOYEMbIX NPakmuK, paspabomanHbix 8 0CHogHOM & 1990-x 22. Omo 0bycI08MEHO pacmyLyum Ko-
nu4ecmeom onpedenseMbIx XUMUYECKUX KOMNOHEHMO8 CHEXHO20 Nokposa U mpebosaHusmu docmosepHocmu ombopa npob. MpumeHs-
eMble 8 HacCmosiLiee 8peMsi aBmopcKue Npakmuku ombopa npob CHEXHO20 Nokposa st XUMUYECKO20 cOCmaga CHEXHO20 NOKposa
UMetom Kak obujue amanbi, mak U OmsuYyusi 8 3agUCUMocmU om aeoepaghudeckoli moyku ombopa U onpedensemo20 XUMUYECKO20 KOM-
noHeHma. B Hacmosiwee epems 05t ombopa npob Ons uccrnedosaHus XUMUYECKO20 cOCmaga CHEXHO20 NoKposa npumeHsiemcsi 60mb-
woe pasHoobpasue ecnomozameribHbIX cpedcms, ycmpolicms, npucnocobreHul, He 8xo0aWux 8 peecmp U3MepumenbHbIX cpedcms
0N XUMUYECK020 aHasu3a CHEXHO20 NOKPOBa, Ymo ebI3bigaem HeobX0UMOCMb CO8EPLUEHCMB08aHUS MemMOoAuK ombopa NPob CHEXHO-
20 NOKpoBa U passumusi npuknadHo20 NpuBOPOCMPOEHUS 8 obracmu XUMu4eckoeo cHe2osedeHus. LlenecoobpasHo paspabomams co-
2nacogaHHble (munosbie) Memoduku ombopa npob CHEXHO20 NOKPoBa OIS XUMUYECK020 aHasu3a ¢ y4yemom onpedeneHHbIx eeoepachu-
YECKUX PezuoHo8.

Knroyesnie cnosa:
CHexHb Il nokpos, ombop npob, npoboombopHUK, XuMuyeckuli KOMNOHeHM, Memoduka.

BeepeHue

CHer ofecreunBaeT OfIHY IIECTYH0 4YacTh HACENCHHS
TTAHETHI TaNON BOJOH M MPAaKTUIECKH BCE HACEICHNE ITa-
HETHI MOMyYaeT MOMb3y OT OXJTKICHUS 3eMITH TP COXpa-
HEHUH TEIUIOBOTO OalTaHCa, TaK KaK CHET OTPaXKaeT CONHEY-
HYH0 9Hepruto [1], Taxke CHEr MOJIepKUBACT MPOIBETAI0-
IIy10 B HACTOALICC BPEMSA MHAYCTPHUIO 3UMHETO OTAbIXa Ha
npupoze. M.M. Sturm nummwer [1], 4To Ha ceromHAIHUHA
JeHb TIOMHAS (PMHAHCOBAS OLCHKA 3HAUNMOCTH CHETa B
Harei xwu3nu (Kanaza) He poOBOIMITACH, HO PAacUeThl 311ECh
U B APYTUX MECTax IOKa3bIBaKOT, YTO OHA COCTABJIACT I0O-
pAJIKa TPUILUTHOHOB JI0MTapoB. B mpotuBoBec sToMy 3Hade-
HHEO TEKYIIHe 3aTpaThl HA HAYYHBIE MCCIICIOBAHUS TPHBU-
anbHel [1]. MccnenoBanmst cHera OymyT MMeTh Bce Ooree
BaXHOC 3HAYCHHUE U YIIPABJICHUS NTPECHBIMU BOHBIMHA pE-
CypcaMu, CMATYCHUA HOCJ’[C}ICTBPIEI HU3MCHCHHUA KJIMMara,
YIpaBJIeHUs 3KOHOMHKOW CHEXHBIX paioHoB [2, 3],
QJIANTAIMY K HOBBIM KIMMATHYECKUAM YCJIOBHSM W OLCHKH
PHCKOB (TaKHX KaK JIABUHBI X HABOJHEHHS), JUISl yUeTa yI0-
BJICTBOPCHHS HOBBIX TMOTPEOHOCTEH, CBS3AHHBIX CO CBEIe-
HusIMA O cHere [4]. [losBATCsS HOBBIE IOTPEOHOCTH B HCCIIe-
JIOBAHHH TIapaMETPOB CHETa, HaTpUMep, IIPH COBPEMEHHOM
ocBocHHH ApKTHKA M AHTapkTuku. Hemoctatok 3HaHWi 0
CHETE CUMTAeTCS CaMbIM OOJBIINM HPOOETOM B COBPEMEH-
HBIX MPEJICTABICHUSX O TII00ATLHOM BOJHOM OanaHce [5].

94

BaxxHolt cocTaBisiomend HCCIEAOBAHUS CHEXHOTO
TIOKpOBa ABJAETCS M3YYEHHE €r0 XMMHYECKOTO COCTaBa
JUS OLIEHKH KauyecTBa BO3JyXa W MOBEPXHOCTHBIX BOJI,
COCTOSTHHSI COTIPEMIETBHBIX CPEe WX JUTS TIaIeOKITHMATH-
4YecKHMX HccheoBaHuil. B Hacrosimee Bpems uccienoBa-
HUS XUMHYECKOTro cocTaBa cHexxHoro mnokposa (XCCII)
TaKXe HeoOXOIUMBI B CBSI3U C T€M, YTO XapakTep pac-
TpeNeNeHnsl 3arpA3HAIONINX BEIIECTB CYNIECTBEHHO W3-
MEHHTCS ¢ I3MEHEHIEM KIIMaTa, B YACTHOCTH C POCTOM
TEMIIEPaTyphl M U3MEHEHHEM KOJNMYECTBA OCATKOB B OT-
JIETbHBIX PEruoHax [6].

Ho HabmoieHns 32 XUMUYECKUM COCTABOM CHEKHOTO
TIOKPOBa Ha MECTE HEMHOTOYHCICHHBI TI0 CPABHEHHIO C
M3MEPCHUAMHU (PU3HUECKUX CBOKCTB CHETa, KOTOPHIE MO-
TYT OBITH AMCTAHIMOHHBIMH MM aBTOMATH3UPOBAHHBIMH
[1]. O630p uH(bOPMALKH MO3BOIAET CIENATH BBIBOA, YTO
3apyOCKHBIMH YYEHBIMH 0OJiee aKTUBHO HCCIETyeTcs
HallM4ie 4YEpHOTO YIIepo]a, KOMIOHEHTOB OMOTHI, XH-
MIYECKUX BEIICCTB BO JBJAaX W CHETax ApKTHKH, AH-
TApKTUKH, TOPHBIX MACCHBAaX, TOPOJICKUX TEPPUTOPHSIX.
B P® GonpmmHCTBO MyONMKaImid MOCBSIMIEHB XUMUYE-
CKOMY COCTaBY CHEXHOTO MOKPOBA B HACENECHHBIX MyHK-
Tax WK B ONIKHUX paiioHax aTMOC(EpPHOro TEXHOTECH-
HOTO BIMSHUS, YTO CBSI3aHO NPEXJE BCErO € JOCTYIHO-
CTBIO0 00BEKTA, TAK Kak 0TOOp CHera — 310 Beeraa GpuHaH-
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CUPOBAHHE OKCICAUIMOHHBIX HCCICIOBAHUN Pa3HOTO
MacmTaba.

O030p nmaHHBIX 00 HCCIENOBAHMM XMMHYECKOTO CO-
CTaBa CHEXHOTO MOKpoBa B PO cBUAETETHCTBYET, UTO
HabnrofaeTcs ycToiumBbIi poct mybaukarmii. Ecnu npo-
BECTH 3ampoc B e-laibray Ha c10Ba «XHMHYECKHIl COCTaB
CHE)KHOTO TIOKPOBa» (AHHOTALNH, CTAaThH B JKypHAJTAX,
KIFOUEBBIC CJIOBA, MOJHBIA TEKCT crarei), To Oyzmer
HaiineHo 288 mybmukanui u3 30621756 B 2010 1., 353 —
2013 r.,424 — 2016 1., 378 — 2017 1., 407 mybnukarmii u3
30621756 B 2018 r. ([lara obpamenus 15.09.2019).
Ha repputopun Poccun akryansHocTs uccnenoanus CII
He BbI3bIBaeT comHenui. [lo manubM [7. C. 9] mpomon-
KHUTEITbHOCTh YCTONYUBOTO CHEXHOTO TokpoBa (T muu) ¢
yKka3aHueM Ko3¢pduuuenta Bapuauu (cr, %) coCTaBIseT
s «Mypwmanckoe YI'KC 193 nmeit (3 cr, %), Cesepo-
3amagnoe YIKC 150 pwedr (12 cr, %), Bepxwue-
Bomxckoe YI'KC 156 mmeit (5 cr, %), Ypamsckoe YIKC
164 nns (5 cr, %), 3anagHo-Cubupckoe YI'KC 175 nueit
(5 c1, %), Upkyrckoe YIKC 196 ameii (5 cr, %)». B to
Ke BpeMs MyOJUKaIni, MOCBANICHHBIX METONOIOTUH U
MPaKTHKE 0TOOpa MPoO CHEKHOTO TTOKPOBA JUIS XHUMHUYE-
CKOTO aHANM3a MAKPO U MHKPO-KOJNMYECTB BEMIECTB U
9JIEMEHTOB, MPAKTHYECKH HET, HECMOTPSI Ha TOCTYMHOCTh
MHOTHX QHATUTHICCKUX MCCIICIOBAHHUIL.

W3BectHO, 4TO OTOOpP MPOO — 3TO OJHA M3 BAXKHBIX
CTaJuil MPOBENEHHs aHaiIu3a. JJ0CTOBEPHOCTh HCCIENO-
BaHMS XMMIYIECKOTO COCTAaBa CHEKHOTO TTOKPOBA 3aBUCHT
HE TOJNBKO OT COBPEMEHHOTr0 000pyIoBaHUS, KBaTH(U-
IUPOBAHHBIX CMCIUAIUCTOB, HO M OT COOMIOJICHUS METO-
JIOJIOTHH 0TOOpa 1po0. Pe3ybTaThl XUMUYECKOTO aHAIH-
3a, OTyYeHHbIE Ha OCHOBE HEJOCTOBEPHOTO, HEKOPPEKT-
HOTO TIPo600TOOpa, MOTYT TPHBECTU K HEBEPHOH HHTEP-
npeTanuu pe3ybTaTOB aHaIn3a U BBIBOJAM.

B.H. Bacunenko mumer [7], 4To cucTeMaTHyecKue
Habmoenns 3a XCCII Obutd OpraHM30BaHBl B Hayaie
1980-x rr. Ha 0a3e cymiecTBOBaBIIEH B TO BPEMs CHETO-
mepHoi cetu. Mccnenosarenu B.A. Berpos, B.B. Ky308-
kuH, JI.A. MaH30H [8] yKa3bIBaIOT, UTO CO3JIaHHE CHCTE-
Mbl MoHUTOpHHTa XCCII 103BOMMIIO0 BIIEPBBIE B MEUPOBON
TNPAKTHKE TONYYUTh IETaNbHYI0 KapTHHY 3arps3HEHHS
CHEKHOTO TTOKpPOBA Ha OOIIMPHBIX TEPPUTOPUSX U €€ M3-
MeHeHuil Bo BpeMeHH. «Cers MonuTopuHra XCCII Ha
tepputopun PO B 2016 1. Brmoyana 528 TYHKTOB
Habmonennit (ITH), 3 Hux Ha EBponeiickoit Tepputopun
P® - 268, nma asmarckoil Teppuropun PO — 260.
B Hacrosiee Bpems B po0ax CHEXHOTO MOKPOBa, OTOH-
pacMbIX CKCETroAHO TMEPEA AKTUBHBIM CHETOTAAHUEM,
OTIPEENIOTCS KUCIOTHOCTS (pH) M KOHIEHTpauy Mak-
pororos — SO,~, NO** CI', HCO*, NH*, Na*, K*, Ca?,
Mg”. Tlo pesyibraraM HabIIOZCHHI CTPOATCS KapThi-
CXEMBI TIPHHATHIX B COBPEMEHHBIN MEpHOJ MOKa3aTenei
«p» Monutopunra XCCIIL: pH (KuCIOTHOCTB) CHEXHOTO
MOKPOBA M HHTCHCHBHOCTb aTMOC()EPHBIX BBINAACHUH
cepnl IS u azora IN (KF/KMZ‘MCC) B KaxoM [1H Habro-
nenuii B 3umuui ieproay [8. C. 93].

B Hacrosmee BpeMs HCCIENOBATENH Pa3IHIHBIX Op-
TaHU3AIHI OMPEACIAIOT B OCHOBHOM CIEAYIONINE XUMHU-
YECKHE KOMIIOHCHTBI CHEXHOTO MOKPOBA: BOIOPACTBO-
pHUMBIC W HEPACTBOPUMEBIE COSTMHCHHS (UEPHBIN YTIIEpOI,
OpraHMYEeCKUN YTIepos, aTMOChHEpHBIE a3po30iH); MaK-

pPO- U MHKpONPHUMECH BELIECTB; MAaKpO- U MHKpOdJe-
MEHTHBIH COCTaB; BOAOPACTBOPUMEIC OPTaHUYECKHE CO-
CIOVHEHHS; HEKOTOpPHIC TMOMUIUKINIECKAE apoMaTHde-
CKHIE YTIICBOJOPOJbI; M30TONBI, MUHepamm3anuio; pH u
JpyTHe.

KpaTkue xpoHonoruyeckue cBejeHUs 0 HOpMaTMBHOM

1 HayYHO-TeXHMYecKoi nuTepatype B P®, copepxanue

MeToZoNnoruu oTéopa Npob CHEXHOro NOKpoBa

ANsA XMMuyeckoro aHanu3sa (¢ 1970-x rr.)

B 1971 r. Obi1a m3nana kuura M.J]. Komanea «Me-
TOJIbI U3YYEHHUs CHEXHOTO nokpoBay [9]. B 1982 r. B Un-
CTHTYTC MHUHEpANOTHH, T€OXUMUH H KPUCTAIOXHMHH
PEIKHX 3MEMEHTOB OIyONMKOBAHB METOUYECKHE yKa3a-
HUS TIO0 TEOXMMMYECKOH OlIEHKE MCTOYHHKOB 3arps3He-
Hus okpyxaromeil cpens! [10] u 3arpsa3HeHus Xxumuue-
CKHMH 3JIEMEHTaMH Tepputopuil roponos [11] ¢ ykasa-
HUEM POIH CHEXHOTO TIOKPOBa.

B 1985 r. B T'ockomrumpomere ytBepxaeHsl «Bpe-
MEHHBIE METOJJMYECKUE YKa3aHWs /i MPOU3BOJCTBA OT-
Oopa 1 00paboTKK TIPOO CHEXHOTO IOKPOBA B TOPOAAX U
MX OKPECTHOCTSX Ha KOMIUIEKC 3aTPA3HSIONINX BEMIECTBY.
[Ipenmaraercs opraHu3amysl MPEICTABUTENHHON CETH OT-
Oopa mpo6 B ropoze [12].

B 1985 r. u3gana xuura B.H. Bacunenxo, 1.M. Hasa-
pos, III.JI. ®punmana « MOHUTOPUHT 3arpsA3HEHUS CHEX-
Horo mokpoBay [7]. Kak yka3aHo B paboTe, «KapTHHY
TPOCTPAHCTBEHHOTO PaCTIpE/IeNIeH s 3arps3HAIOMINX Be-
MECTB B CHEXXHOM IIOKPOBE YIOOHO XapaKTepH30BaTh
TpeMs KapTaMu: paclpeaeieHHs KOHIEHTPALUU 3arpss-
HAIOIMX BEIIECTB (MI/N); KOJNMYECTBA 3arpA3HSIOIINX
BEIIECTB, BHIMABIIHX 38 BPeMs OT 00pa30BaHIS CHEXXHOTO
TIOKPOBA 10 MOMEHTa HAKOIUICHHS MaKCHMyMa BIIaro3a-
naca B CHere — MOBEPXHOCTHOM IJIOTHOCTH (T/KMZ); WH-
TEHCHBHOCTH  BBIMIQJICHUS  3arpsA3HSIONIMX  BEIIECTB
(kr/km®cyt)» [7. C. 59]. TodTOMy [ MHTEPIPETALHH
PE3yNBTAaTOB BAXKHO 3HATH HE TONHKO KOHICHTPALHIO 3a-
TPS3HSIONIETO BEIMIECTBA, HO M YYHTHIBATH KOJMUECTBO
CHETOBOI BOJIbI (TPoOa CHEKHOTO TOKPOBa), BIIaro3arac,
Jaty oTbopa mpoObl, 1aTy yCTAHOBJIEHMS CHEXHOTO I0-
KpOBa U IJIONIA/1b 0TOOPa MPOOBI CHEKHOTO MOKPOBA.

B 1989 r. l'ocyomrugpomerom u I'nmausiv ['ocynap-
cTBeHHBIM caHuTapHbIM BpsyoM CCCP  yTBepxkueHo
«PyKOBOJICTBO 110 KOHTPOJIO 3arps3HEHUS aTMOCHEPHL.
PJ1 52.04.186-89», xoTopoe comepxut pasnen 5. Habato-
JEHHS 3a 3arps3HEHUEM CHEXHOro mokpoBa. B PJI
52.04.186-89 ykazano, uto jis otbopa Tpod cHera Hc-
TONB3YIOT CTAHAAPTHEIH CHETOMEp-INIOTHOMED, IIPU TPO-
0ooTOOpe KKl KepH BEIpE3aeTcs Ha TMOTHYIO0 TTyOnHy
CHETOBOTO MOKPOBA, YTO MEPe]] CCHIIAHMEM CHEra B I10-
JIMITUIICHOBOE BEIPO MM TAKET TIIATENbHO OYMILAETCS
HIKHUIT KOHEIl CHErOMepa U CHEXHOTO KepHa OT TpyHTa
Y pacTUTENbHBIX BKIOUeHHH [13].

B 1990 r. yrBepxaens «MeToanyeckue peKoMeHa-
MM TI0 OLEHKE CTEMEHM 3arpsA3HEHHs aTMOC(EepHOro
BO3/IyXa HACeJEHHBIX MyHKTOB METalNIaMH 110 UX COZep-
’KaHUIO B CHEXXHOM MOKPOBE U MOYBEY», KOTOPbIE MPEIHA-
3HAYeHBI ISl pAOOTHUKOB OPTAHU3AINH, 3aHUMAKOIIHXCS
0XpaHOU OKpYy:KaroIel cpesibl B roposiax. Pexomenaann
TIOJTOTOBNEHBl B THCTUTYTE MUHEPANOTHH, T€OXUMHUU U
Kpucramoxumun peakux snementoB Munreo CCCP u
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AH CCCP (UMI'P3) [14]. B m. 2.5 ykazano «IIpoGst
CHE)KHOTO TOKPOBa OTOMPAIOTCS HA BCHO MOIIHOCTD H3
myphoB WIN CHETOOTOOPHHUKAMH, 00S3aTENbHO (DHKCH-
pyercs miomans mypda u BpeMs cHeroctaBa. Pazmeps
urypda 3aMepsArTCa MO JUTMHE M MIMPHHE IS pacuera
IUIOMIAN, HA KOTOPYIO MPOCKTHPYIOTCS BBIMAACHUS W3
armocoepsn» [14. C. 4].

B 1990 r. u3nana xomrexruBHas MoHorpadus «l'eo-
xumus okpyxarorert cpeasn» 10.E. Caera, b.A. Pepnua,
E.Il fuuHa u apyrux astopos [15]. B 1994 r. ytBep-
xpuensl PJ1 52.44.2-94 «Mertopuueckue ykazanus. Oxpa-
Ha mpupoxasl. KommuiekcHoe o0cienoBanie 3arps3HeHIs
IIPHPOHBIX Cpel MPOMBIIIICHHEIX PaifOHOB ¢ HHTCHCHB-
HOH aHTPONOTEHHOM Harpy3koi» [16].

B 2010 r. yrBepxaeHsl npuxazoM MuHucTepcTBa
9KOJIOTUH U HPUPOAHBIX pecypcoB PecmyOmuku Tatap-
cran «Meroquueckue pexomeHanuu. OmeHKa a3poTex-
HOTEHHOTO 3arpsi3HEHIS TIPHPOIHEIX Cpel XUMUIECKUMH
9JIEMEHTAMH TI0 PE3yJbTaTaM MOHHTOPHHTA CHEXHOTO
nokpoay [17].

B 2016 r. omy6nukoBars! pexomennarm 52.18.851-2016.
«OCHOBHBIE CPE/ICTBA H3MEPEHHI THAPOMETEOPONOTHYE-
CKOTO Ha3HAUYCHWS, MPUMEHIEMbIC Ha TOCYIapCTBEHHON
HabmronarenbHoM ceTi» [18], B KOTOPBIX yKa3aHO MpH-
MeHeHue cHeromepa BecoBoro BC-43 (Homep B [ocpe-
ecTpe cpencts mMmepenuin 22529-02) u cHeromepa co-
cTaBHOTO M-78 i M3MepeHus BBICOTHI, IUIOTHOCTH W
BOJHOTO 9KBHBAJIEHTA CHEKHOTO IIOKPOBA.

I'IpaKTuKa U3mMepeHuUa NNOTHOCTU CHEXXHOro NOKpoBa

OTH NPaKkTUKU M3MEPEHHS PACCMOTPEHBI B CBA3U C
TEM, YTO C YYETOM IIeJiei MCCIeOBaHHUS BOSMOKHO HX
npumeHenne 111 otoopa mpod w1 XCCIL. UsBecTHIi
uccieoBatens cHexxHoro mokposa M.JI. KomaneB yka-
3BIBAET, UTO IJIaBHAs (U3MUecKas (HbIHE Teo(u3mIeckas)
oOcepBaropusi 3aHMMallach BOIMPOCAMH OpTaHU3ALNH
CHEroMepHOM ceTH, pa3paboTKU METOIMKU HAOMIOICHUH
1 00paboTkn Matepuaios. 3neck B 1893 T. Obina cocTas-
JieHa TepBas WHCTPYKUHS IS HAOMIONCHWS HAX CHEX-
HBIM TIOKPOBOM M MeTelisiMK, a B 1903 T. Obl1a MOAr0TOB-
JieHa WHCTPYKUUMA Ui HaOMrOJeHWi HaJ IUIOTHOCTBIO
CHEXHOTO TMOoKpoBa [9].

HW3BecTHO yCTpOHCTBO JuIs 0TOOpa Mpod cHera, 10 KO-
TOPOMY OTIPENEIAIOT (PMZHICCKHE XAPAKTEPUCTHKHI CHETO-
BOTO MOKPOBA (IIOTHOCTE), — cHeromep BC-43 [13, 18, 19],
COCTOSIINEE M3 METANMYECKOT0 IUIMHIPA U BECOB, Me-
XaHWYECKH COeIMHEHHBIX TojaBecoM. [lo manHBIM [18]
cHeromep BecoBoit BC-43 umeer Homep 22529-02 B T'oc-
peecTpe CpeCcTB M3MEPEHHl U MpefHa3HaueH I U3Me-
PEHUH BBICOTHI, IIIOTHOCTH, BOJHOTO 3KBHBAJICHTA CHEX-
Horo nokposa. B.B. Kosun, 3.A. Kysuenosa [20] mumyr,
9T0 «Ha KKIOM y4acTKe M3Mepsaach (B TpeX TOUKAX)
IUIOTHOCTh CHEra C MOMOIIBIO BECOBOTO CHErOMEpaA...)».
Hanee aBropsl B.B. Kozun, 3.A. Ky3uenosa [20] nenatot
ccpuiky Ha Pexomennarmu 1989 u 1990 rr. [9, 13].

VcoBepiieHcTBOBaHHbIH cHEromep BecoBoit BC-43M
3apEruCTPUPOBAH B PEECTpe T'OCYIapPCTBEHHBIX CPEICTB
mmepennit [21]. Cueromep BecoBoit BC-43M npumens-
0T TIPH TIPOBE/ICHUM CHETOMEPHBIX ChEMOK Ha THAPOME-
TEOPOJIOTHYECKUX CTAHIMAX M MOCTaX M B Pa3IMYHBIX
OTpacisX HapoAHOTo Xo3siicTBa. M3BecTHO, 4TO CHEro-
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Mep TpeIHa3HAYeH I M3MEPEHHUS BBICOTHI M MAcChl BI-
pe3aeMoro cronOuka mpoObl cHera. IIMOTHOCTH CHera
PAcCUMTHIBAETCS U3 TIOJTYYSHHOTO Beca W 0ObemMa poobL.
[puemnas mromans munuHApa paBHa S0+0,4 oM’ Tosap
cepruduimpoBan. HoMmep B rocymapcTBEHHOM peecTpe
57925-14.

Astopckuit komnexktuB [.I'. ['ymsxuna npemmaraer
«Crioco6 oTOopa mpoO cHera M yCTPOUCTBO IS €ro 0Cy-
mecTBiIeHus» [22] 1 «YcTpoicTBO s 0TOOpa TIpob CHe-
ra» [23]. M300peTenust OTHOCATCS K METEOPOIOTHIECKHM,
THIPOIOTHYCCKUM, THAPOXUMHUYESCKIM U IKONOTHYECKIM
FCCIEIOBAHAAM U MOTYT OBITh HCTIONB30BAHEI IS H3Y-
YCHHUS IIOTHOCTH, 3aMacOB M XUMHYECKOTO COCTaBa CHe-
ra W WCCIEJIOBAaHUSA CHETOBBIX cBalok [23]. M3Becten
npobootbopruk cHeromepHsiit [24] A.IL  Cepreesa,
AT byesuua, JI.b. bepra. Ilpu onucanuu cBoero u3o0-
pETeHHs aBTOPHI YKa3BIBAOT, YTO «OCHOBHBIM HEIOCTAT-
KOM TIpH MCTIONIb30BaHUH cHeromepa BC-43 mis otOopa
npo0 cHera SIBISETCS HEIOCTATOYHAS TOYHOCTH OTOOpa
npoObL. [IprYrHAME 3TOTO SABJAIOTCA KOHCTPYKIMS IIH-
JUHApPA M €ro MaTepuall, B YacTHOCTH: B pe3yJbTare
HarpeBa METANTMYECKOT0 IIUTMHIpPA CONHIEM IUTH TIpH
TPAHCTIOPTHPOBKE B CATIOHE aBTOMOOWIS €r0 TeMIIepaTy-
pa 4acto okasbiBaercst Boime 0 °C, 4TO P OTHOCUTENb-
HO BBICOKHX 3HAYEHHSX €r0 TEILIONPOBOJHOCTH U TEIUIO-
€MKOCTH ... TIPHBOIUT K HANHIAHAIO CHEra HA MOBEPX-
HOCTb ITWIHHApPA (M3HYTPH M CHAPYXH), 0COOEHHO B TEM-
neparype Bo3ayxa okono 0 °C, a IMEHHO TaKue yCIOBH
HaOIIOAl0TCA TIPH CHETOMEPHOH ChEMKE MaKCHMAllbHO-
r0 Bilarozamaca W 3arpsA3HEHUs CHEXHOTO TOKPO-
Ba....HAJNIIAHNE CHETA HA TIOBEPXHOCTh IINUHIPA CHa-
PYXH HWCKaxaeT Bec IpoObl, a HANHIAHUE BHYTPH — U
BeC, U 00beM TPOOBI; MUIHHAP C MAIbIM BHYTPECHHHM
anametpoM (okono 80 Mm)...1pu 0TOOpE MPOObI CMUHAET
CHET, a He MPOpPE3aeT ero, 4T0 MPUBOAUT K HCKAKEHHIO
Beca M 00beMa MPOOBI, a TAKXKE 3aBBIIICHHIO IIOTHOCTH
cuera..» [24. C. 9, 10]. ABTOpHI MpeIaraloT CHETOMEp C
NTaCTUKOBBIM [MWIMHAPOM YBCIUYCHHOIO AUAMETpa U
BO3MOKHOCTBIO YIIJIOTHCHUA Hp06bl HETIOCPCACTBEHHO B
OWIMHAPE, YTO MOBLIMIACT TOYHOCTDL ONPEACTICHUA (1)1/131/1-
YECKUX M XUMIUECKUX XapaKTEPHCTHK CHETOBOTO MOKPO-
Ba M COKpAmIaeT BpeMs 0T00pa K01 mpoOsbI.

B pat6ore uccnenosarens M./, Konanesa [10] ykaza-
HO, 4TO I U3MEPCHUA BBICOTHI U TNIOTHOCTH CHEKHOTO
TIOKPOBa HCIONIB3yeTCs COCTAaBHAS JIOPATIOMHHUEBAS
TpyOKa, COCTOSMmAs W3 HECKONBKHX ceKimid. Cekims
uMeer uHy 76 cM, BHyTpeHHHE mmamerp 3,77 cMm.
HwxHss dacTh TpyOKM MMeeT MUI000pasHyH pe3boy.
TpyGa MoXkeT cocToATh W3 OTHAENBHBIX CEKIMi, 00mas
anuHa — 608 cM. UToObI CHU3UTH MOTEPHU CHEra U3 Tpyo-
KU, TIpH M3BJICYCHUH €€ U3 CHera peKoMeHIyeTcs C Io-
MOIIBI0 Pe3h0BI 3aXBATHIBATh HEKOTOPOE KONMYECTBO
TIOYBBI, KOTOpas CIYXHT mpoOKod. «Pexomenmanmn
52.18.851-2016» [18] Takxe ykaspiBaroT Ha «CHeromep
cocraBHoi M-78». B ommcanuu [22, 23] ykazaHo, yTO
YCTPOHCTBO TpeHa3HayeHo st oTOopa mpobd cHera
(cueromep coctaBHOM M-78) M COOEPKUT CHCTEMY Me-
TaITHYECKHX TPYO (10 YeThIpeX ¢ CyMMAapHON ANHHOM /10
3,5 M), COEIMHEHHBIX MPH OMOITH 0alfOHETHOTO 3aTBOPA,
a TaKKe COJCPKHUT PEHKy C M3MEPHUTENBHOM IIKAIOH,
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yKa3aTeleM, YPAaBHOBEIIMBAIONIAM TPY30M, CEpPBroi u
TPU3MOH C TI0JIBECOM, MEXaHIMIECKOH CBA3bIO» [22, 23].

M3BecTHO PYKOBOACTBO MO 0TOOPY MPoO CHEKHOTO
MOKpoBa JiemapTaMenTa cenbckoro xossiicta CIIA
(United States Department of Agriculture, Natural
Resources Conservation Service, National Water and
Climate) [25]. Llempto maHHOrO PYKOBOJCTBA SBIACTCA
cozeiictBre dQYEKTHBHOW U TOYHON CHEXHOH CheMKe H
YCTaHOBJICHAE EIMHBIX Mpoleayp orbopa 1mpobd. OTo
y4eOHOe H CTpaBOYHOE PYKOBOJICTBO MPEIHA3HAYEHO I
Te0/Ie3UCTOB, KOTOPbIE HMCIONB3YIOT 000pYAOBaHHE JUIA
oTOOpa npol IS M3MEpEHHs HAKOIUICHUS cHeTa. B Hem
OOBSACHAIOTCS MPOIEAYpPhl 0TOOpa MPob W PEeruCTpaIuH,
HEOOXOAMMBIE IS TOYHBIX TPOTHO30B BOJOCHAOKEHHS
cTpansl. [lokazaHo MpEMeHEHHEe COCTaBHOTO MPoO00TOp-
HUKA.

D. Dixon, S. Boon B cBoeii pabore [26] paccmarpu-
BAIOT TPU KOHCTPYKIMH TPOOOOTOOPHUKOB, TpEIHA3HA-
YEHHBIX [ H3MEPEHUs BOJHOTO SKBHBAIEHTA, C IEJBIO
OLICHKH TOYHOCTH H3MepeHuil. Tpu mpobooTOOpHHKA
cpasuuBanu (A: SnowHydro, B: MSC, C: Standard
Federal) B yciaoBHAX MEJNKOro, CHIBHO DPaccIOCHHOTO
cHera. [lomydeHnble pe3ynbTaThl CPABHUBANH YK€ C pe-
3yJbTaTaMy, MOMYyYeHHBIMH METOIMKOH 0TOOpa mpod Me-
tonoM mmypda. Uccnenosarenu N.J. Kinar, J.W. Pomeroy
[27] BBITIONHUIH 0030p METOIOB M3MEPEHUS M COOTBET-
CTBYIOIIUX YCTPOKCTB, UCTIONB3YEMBIX IS OTPECICHIS
(VBIIECKNX CBOKMCTB CE30HHOTO CHEKHOTO IMOKPOBA, €
paccTostHui, OIM3KHX K MOBEPXHOCTU 3EeMIH. YKa3aHO,
YTO CHEXHas TpyOa, KOTopas MCIOJNb3yeTcss OOJbLIMH-
CTBOM HCCIIE/IOBATENEH CHEXKHOTO TIOKPOBA, M3TOTOBJICHA
M3 METaJlla WA TPO3PAYHOro IUTACTHKA ¢ 3y0UYaThIM pe-
KymuMm KoHOoM. [Ipo3paunas mmactukoBas Tpyba mo3-
BOJISIET MCCNEOBATENI0 BU3yalbHO HAOMIOaTh 00pasel
CHera Iocjie TOro, Kak OH OblJ M3BJEYEH, XOTS MeTalIu-
Yeckue poO0OTOOPHUKH IS CHETa YacTo UMEKOT Mpope-
3, 94TOOBI MOXKHO OBUTO YBHJIETH 00pasen cHera. OOpa-
3ell M3BJIEKACTCA ITyTeM TNpOTAIKMBAaHHS TPYOKH uepes
CHEXXHBII TOKPOB TMOKAa 3yOuaThI pexymluii KOHel[ He
JOCTHTHET NOBEPXHOCTH 3eMIIU. Pyuku Ha BepxHeil yacTu
TPYOKH TIO3BOJIAIOT TIOBOPAYMBATE MPOOOOTOOPHHK TaK,
qT00BI 3y0UaTHIl PEXYIIUA KOHEN M3BJICKAT MPOOKy W3
nouBsl. [l CpaBHEHHUS, HEKOTOPBIE CHEXHBIE TPYOKH,
HUCIIOJIb30BABIINUECSA B IIPOIIIIOM, 6I)IJII/I pocTo KOHTEH-
HEpaMH, KOTOpbIe NPUMEHSIHCh i1 0TOopa Tmpob cHera
[27]. Ucnonb3oBaHue CHEXHBIX TPYOOK OBLIO BIEpPBBIC
nomynspmsupoBano J.E. Church B xmmre «Snow
surveying: its principles and possibilities» [28]. Ha caiite
Western Snow Conference [29] yka3aHo 0 IpHMEHEHHH
PA3TUYHBIX TPOOOOTOOPHUKOB, KOTOPHIC HMEIOT PasHYIO
mwiomans otdopa, B 3aBUCHMOCTH OT TUIA M TIIyOUHEI
CHera.

R. Pirazzini [30] mumer 06 0630pe N.J. Kinar [27],
YTO MX MCTOPHYECKAs MEPCIEKTHBA WILTIOCTPUPYET pa3-
BUTHE U COBPEMEHHOE COCTOSHHE OTPAcid C YIOPOM Ha
IpaKkTuKH, npuMensemble B CeBepHoil Amepuke u Kana-
Ie, KOTOpBIEe, OJ[HAKO, HE IOJHOCTHIO COOTBETCTBYIOT
HBIHELIHUM IpaKTHKaM, KOTOpbIE HCIONb3YI0T EBponei-
CKHUE€ UHCTUTYTHI. OHa TaKxxe IHUIIET O pe3ysibTaTax aHKe-
THUPOBAHHS TI0 BOTIPOCY HCCIEIOBAHUA CHEKHOTO TOKPO-
Ba. VI3MepeHns cHera Ha MecTe, TIPOBOJMMBIE €BpOTIEH-

CKIMHJ HHCTUTYTaMH IS OLEPATHBHBIX MCCIENOBATEIb-
CKUX ¥ 3HEPreTUYECKUX OM3HEeC-NPUIOKEHUH, ObLTH 00-
CNIeNIOBAHBI B paMKax aeiictBusi EBpomeiickoro cotpyn-
HudectBa B oOnacti Hayku u TexHuku (COST) ES1404,
HasBaHHOro «EBpomefickas ceTh I COTIacOBaHHOTO
MOHHUTOPHHIA CHETa Ui MPEeMMYIIECTBA CLEHAPHEB H3-
MEHEHHS KIMMATa, THAPOJIOTUN M YHCIEHHOTO MPOTHO3a
TOTOZBI). ABTOpPHl TIPEACTABWIM PE3YNBTATH 3TOTO
ompoca, Ha KOTOPBIH OTBETHWIM 125 y4acTHUKOB u3
99 onepalMOHHBIX ¥ HCCIEI0BATENbCKHX YUPEKICHHH,
npuHaIexamux k 38 espomneiickum ctpanam [30]. 93 %
PECTIOH/ICHTOB M3MEPSAIOT MaKpO(H3UIECKHIE TapaMeTphI
CHera, Takhe Kak Halmdhe cHera, ryOmHa cHera (HS —
height snow), skBuBasieHT cHexHON Bozsl (SWE — snow
water equivalent) u mIoTHOCTb cHera. Ilapamerpsl, xa-
paKTepH3yIOIIHe MHKPOCTPYKTYpHBIE CBOWMCTBA CHera
(Takme KaK pazMep M (opMa CHEKHOTO 3epHA U yIelbHAS
IUIOMIAb ITOBEPXHOCTH), JJEKTPOMATHUTHBIC CBOWCTBA
CHera (Takue Kak anb0eno, SpKOCTHAs TeMIepaTypa M
o0paTHOe paccesHue) U COCTaB CHera (Takue Kak mpumMe-
cu 1 u30ToIbl) m3Mepstotes 41, 26 u 13 % pecnoHIeHToB,
COOTBETCTBEHHO, B OCHOBHOM U HCCIIECAOBATEIBCKIX
memen.

CpepcTBa, yCTPOWCTBA, NpucnocobneHus,
€noco0bI 1 NpUeMbl 0TG0pa NP6 CHEXKHOrO NOKPOBa
Ana XuMU4yecKoro aHanusa

Buinoanenue cpesa chedxicHo2o noxkposa u ombop npoo
¢ nomowwlo naacmun. W3Becten cHeroot6opHUK M.II.
TentiokoBa. B omucanuu ykaszaHo, 4T0 «M300peTeHHe
OTHOCUTCS K OONACTH 3aIIUTHl OKPYXAIOIMEH Cpembl U
TpeIHA3HAYEHO T MOCIOWHOTO ONPOOOBAHAS CHEXHON
TOJIIIH € PETYIUPYEMBIM IaroM 0TOOpa Mpod TpPH BHISB-
JEHUH a’POTEXHOTEHHOTO 3arpsA3HEHHS MOBEPXHOCTH
CHETA B Pe3YJbTaTe OCAKICHUS CyNb(haTOB U3 MPU3EMHO-
r0 CIos BO3OyXa INpH 0Opa3OBaHHH IIOBEPXHOCTHOTO
unes» [31. C. 62].

Ombop npob naacmuKosbiM YUTUHOPUYECKUM npobo-
omoopHuxom. ABTOPHI [32] yKa3hIBAIOT, «YTO CHETOOT-
OOpHUK TpencTaBisAn co00i IIACTHKOBYHO TpyOy nHa-
metpoM 14,5 cM. OTOOp CHETOBOTO KEpHA MPOBOIHICS H3
HEHapyIUEHHON CTEHKH TPaHIIEH, BBIKAIIBIBAEMOMN [0 MO-
BEpXHOCTH Mo4Bbl. KepH oTOHMpancs MocienoBaTeNbHO
CBEpXy BHU3 4acTAMH. BbicoTa OTHENbHBIX YacTel KepHa
MoTJI1a BapbupoBaTh oT 15 10 50 cM 1 Goree B 3aBUCHMO-
CTH OT IUIOTHOCTH CHeroBoro nokposay [32. C. 62, 63].

H.C. Kacumos, H.E. Komenesa u npyrue ykassiBaior,
4TO0 «CHEroMepHas TeOXMMUYECKas CheMKa MPOBeleHa B
Havane mapta 2010 r. py MakcUMalbHON BBICOTE CHEX-
Horo mokpoa. Cwmermannble npoOsl u3 10 OTAETbHBIX
npo6 otbupanu ¢ mwarom 500-700 M mIacTUKOBOH TpY-
0oif muametpoM 5 cM B 51 Touke Ha TEPPUTOPHH OKpyTa
1 B 5 hoHOBBIX Toukax B 50 kM Ha 3amaj oT MOCKBBI B
paitone r. 3senuropoay» [33. C. 15]. Taxxe npumenenue
M0J00OHOT0 YCTPOWCTBA C YKa3aHMEM Ha XUMHYECKYIO
MHEPTHOCTh  Npo00OTOOpHMKA omucaHo B pabote
T.J. Ipoxopunoii, E.B. becnanosoif, C.A. Kyponar,
[L.M. Bunorpazmosa [34]. ABTOpBI MHIIYT, YTO «permpe-
3CHTATHBHBIC TIPOOBI "Mexanoro” cHera OTOMpANHCH TIO
BCEil TOJIIE CHEXHOTO IOKPOBA, 32 UCKIIOUYEHHEM HUX-
HUX 2-3 cM (Bo u30exaHue 3arpA3HEHHs YacTULAMU
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nousbl). OT60p NMpod NpOBOAMIICS ILUIACTHKOBOHM TPYOKOH
IIIOMAABI0 ceueHus 78,5 oM’ 1 mmHoi 30 cM. B mecre
oTOOpa mpoOkl TpyOy Bpe3ald Ha BCIO TOIIIMHY CHEXHO-
T0 MOKpoBa 110 moBepxHOcTH 3eMiH. [locie gero TpyoKy
W3 CHEra BBIHUMAJH, MOJNCPXKHUBAsS CHU3Y IUIACTMACCO-
BOH JomaTkoil. HikHIOK 4acTh TpyOKH TIIATENTbHO OYH-
manu ot yactul rpyaTta» [34. C. 29]. Uccnenosarenn
H.B. Canran, E.IN. lllnanak, B.K. )Kupos, O.b. T'onraps,
E.A. CBATKOBCKas TakXke YKa3bIBAIOT, YTO «CMEUIAHHBIE
pOObI CHETa OTOMPATUCH C TIOMOMIBIO TIACTHKOBOM TPY-
Ob1 muHo# 1,15 M u muamerpom 10 cm. Opna mpoba
Morfa coepxath oT 4 10 15 kepHOB B 3aBUCHMOCTH OT
IVIOTHOCTU W MOIIHOCTU CHEXHOTO MoKpoBa. CHer oT0OH-
paics Ha BCIO TIIyOUHY 33 HCKITIOUEHUEM HIDKHETO CIIOS B
3-5 cM, uT00BI M30EXKATh 3arpsA3HEHN MPO0 CHera ¢ oI
CTHJIAIOLIEH PACTUTENBHOCTBIO U mouBoit» [35. C. 329].
Pexomennanmu [17. C. 6] yKa3bIBatoT, 4TO «CHETOOTOOD-
HHK TIPEJICTABIACT COOOM IUTACTUKOBYIO TpyOy (ITHHA B
npenenax 800-1000 MM) ¢ ompeneneHHBIM AUAMETPOM
(B mpexenax 80—-100 mMm), cHAOKEHHYIO JOTIONHUTENBHO
IUIs TIPEAOTBpAIeHUs TIOTeph CHera B Tpolecce oTbopa
VIDIOTHSIFOIIIM CHEXHYI0 Maccy mopimHeM. Himkamuii ko-
HEIl CHerooTOOopHHWKa QaibiyeTcs JuIs  OOJerdeHus
BXOX/ICHHS €0 B CHEXHBINA MOKPOB, a M0 BHEIIHEH MO-
BEPXHOCTH HAaHOCUTCS TPagyupoBKa B CM JIIS OTperene-
HUS BBICOTBI CHEXHOTO TIOKpOBay. B pexomenmanuu [17]
NpUMEHSIOT Ipo00oTOOpHUK A.P. Baneraunosa [36].

Ombop cHedcHo20 NOKPOBA ¢ UCNOTb30BAHUEM Uyppa
u keprogoeo Oypenus. C. Kyty3oB, M. Illaxrenanosa,
K. Baiit, M. Byneiimx, B. Muxanenko, U. JlaBpeHTbeB,
I'. HoceHko yka3bIBarOT, YTO TPU BBINOJHEHUH COBMECT-
Horo npoekrta MucrutyTa reorpaduu PAH (r. Mocksa) u
VHuBepcuteTa . PaguHT M0 ompeene o BIUSHIS 110-
BCPXHOCTHOT'O 3arpA3HCHUA Ha TasAHUC JIibJa Ha KaBkaze
Oblta paspaboTaHa clelHaibHAs METOAMKA aHAIN3a To-
PU30HTOB 3arps3HCHUS B CHEXHBIX mypdax [37]. AsTo-
pBI TAIIYT, 9TO OBLTO MPOBEACHO HETMYOOKOE KEPHOBOE
OypeHue Ha 3amaJHOM IU1ato JnbpOpyca U 0ToOpaHsl 00-
pasupl cHera u ¢upHa [37]. WccnenoBaTenn NpUMEHUIH
nepyaTku JJId HCKIOYCHUA BTOPUYHOT'O 3arpA3HCHUA
npoOsl. B padote [38] ykasaHo, 4To B T€UCHHE 3UMHETO
cesoHa B 2014 . mpoBomuiicad OTOOP CBEXEBBITABLICTO
CHEra M MHTETPaNbHBIX MPO0 M3 CHEXHBIX IHyphoB B
okpectHOcTAX p. bapennOypr u mnoc. Jlouriup. Opar-
MeHT Metoauku: «Ilepen TeM Kak BBIKONATh CHEXHBIM
myp(, TPOU3BOAMIOCH TINATENBHOE —HCCIENOBAHHE
MECTHOCTH, JUIS TOTO, YTOOBI MCKIIOYHTH JICHCTBHE TIO-
CTOPOHHHX (PAaKTOPOB, TAKMX KakK: BETPAHOH HAmyB Y
MOJHOXKUH CKIIOHA U MEPEOTIOKEHHUE CHETa B OTKPBITHIX
YacTSX TOPHBIX MONHH. .. [l0CTIe H3rOTOBICHHS CHEKHOTO
mrypda, ero CTporo BepTHKANbHAS CTEHKA 3aUUIIANACH C
TIOMOIIBIO TTACTMACCOBOM JIONMATKH WIIH COBKA, MPENOT-
BpAIIAIONIMX MONaJaHNue 3arpsA3HEHUN OT XKeNe3HOW Jo-
natel. Jlanee B urypge BHIACIUINCH TOPH30HTHI, KOTOPBIE
OMHCHIBANUCH. s BBIIEICHHS PaBHOMEPHOI TIPOOHI M3
rypga UCTomb30Bancs 0yp (AHATOTHYHBINA UCTIONB3YETCS
Inst OypeHus Jbja). BeieneHHsIid 00beM cHera u3 mryp-
¢a orOupancs B MIACTMACCOBBIC TEPMETHYHBIC KOHTEH-
Heps» [38. C. 107].

Omb6op cHedxcHo20 NOKPOBA ¢ UCNONb308AHUEM Ulyppa
U npobvl 8 Ude NPAMOY201bHO20 napaieienuneda. Kax
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ykazaHo B pabore B.H. Makaposa, npu or6ope mpob B
Slxytin «B creHke mypda BeIpe3acs ONOK B BHAE TpS-
MOYTOJBHOTO MapaJUIeNeNue 1a Ha BCIO BEICOTY CHETa OT
JTHEBHOW TMOBEPXHOCTH 10 3emiu winu Jpjaa. [lupuna
Onoka QuKcHpoBanach, 00beM CHEra COCTABISUT BEIHYH-
Hy 0KOJO 3 m’... Ha Tepputopur SKyTHH CHEr 0TOU-
pajIcs KaK MyTeM TOYECYHOTO OMpOOOBAaHUS — JUIA Peruo-
HATbHOH XapaKTEePHCTHUKH XUMHYECKOTO COCTaBa CHEX-
HOTO TOKPOBA, TaK M IUIOMATHEIM METOIOM Ha JOKAJb-
HbIX yuacTtkax» [39. C. 22].

Ombop cHexncHozo nokposa pamkoii. ABtopamu [40]
OTIpEIeNeH XUMHIECKHI COCTAaB CHEXKHOTO MOKPOBA B 3a-
noBequukax IlpuOaiikanes. Yka3aHo, 4TO M3 CHera Ha
BCIO €r0 BBICOTY BBIpe3ajach KOJNOHKA, M3MEpANach ee
IUIONIAJb ¥ BBICOTA, ITACTUKOBOM JIOMATKOH CHEr mepe-
HOCWJICS B MOJMATHICHOBBIC MEIIKK JUIA TPAHCIIOPTH-
poBkH B nabopartopuro. Ha dororpaduu ¢ HasBanumem
«O100p P00 CHEXHOTO MOKPOBa HA balikanbCKoW IpH-
poxnHo# Tepputopuu. Ilo pe3ynbTaTaM aHAIU30B MPOHU3-
BOJIUTCS PAcyeT HAKOIUICHHUS 3arps3HAIONIUX BEIIECTB HA
TIOICTUJIAIONICH MOBEPXHOCTHY, TPHBEACHHON HA caiiTe
Jlabopatopuul THAPOXUMHUM M XUMHH atMochepsl Jum-
HOJIOTHYECKOTO MHCTHTYTa [41] moKa3aHo, Kak BBITON-
HAIOT 0TOOp 1P06. MOXKHO MPEINOIOKUTh, YTO MPUME-
HSIOT CHENHANBHYIO IPAMOYIOJNBHYIO paMKy. A.B. Ykpa-
MHIEB TAkKe YKA3bIBACT HA TO, UTO «CHET OTOHMpAINCS Ha
BCIO €T0 MOIIHOCTDH 32 HCKIIOUECHIEM HEeIOCPEICTBEHHO-
T0 CONPHKACAIOMIErOCs ¢ MOYBOH CIOeM. YUacToK s
cbopa cHera BBIIENSNCA. .. paMKOii B opMe KBaapara co
croponamu 0,5 m» [42. C. 140].

Ombop cHedxcHoeo NOKPOBA ¢ UCNOTL308AHUEM uypda
U NoCnoUHbII 0MOOp nPod TOXPOOHO OTMCAH HCCIEN0BA-
tersvu J.C. Gallet, M.P. Bjorkman, C. Larose u mp. Ouu
npencraBunu noknaj «Protocols and recommendations for
the measurement of snow physical properties, and
sampling of snow for black carbon, water isotopes, major
ions and microorganismsy («IIpOTOKONBI U PEKOMEHIAIUH
TI0 U3MEPEHNI0 (PU3NUECKHUX CBOKMCTB CHETA M 0TOOpPY MPod
CHETa Ha CoJiepKaHne YEePHOTOo YTIeposa, M30TOMOB BOIBI,
OCHOBHBIX HOHOB U MUKPOOPTaHU3MOBY) [43].

Ombop npod chegcroeo nokposa winamenem. Uccre-
noBaten [44, 45], nposojsiue 0TOOP MPod B MOJNEBBIX
YCIOBHUAX, 103a00TUINCH O TOM, YTOOBI NPEIOTBPATUTD
3arpasHenue mpo6. [l 3TOro MCTHonb30BaJICs IIMATeNb
U3 HepKaBerolled cTanu, a 00pasibl MOMEIANICh B Tia-
CTUKOBEIC TIAKETHI, B CBOIO OUepeNb YIAKOBAHHEIC B T1a-
ketbl Whirlpack. [TeHOTIONMHCTHPOIBHBIC KYJIePhl HCTIOJNb-
30BAJMCH JUIS TPAHCTIOPTUPOBKH B Tabopatopuio [44, 45].

Kax mokaspiBaeT kpaTkuii 0030p HaydHO-TEXHHYECKOH
uadopmarmn [3-6, 31-56], HekoTOpBIE METOANKH 0T6O-
pa mpo0 A XUMAYECKOTO aHANK3a SBISIOTCS aBTOPCKH-
MU, HE CTaHIAPTH3UPOBAHHBIME, UTO OLPEIEISeTCs Ie-
JAMH aHANN3a, COCTOSHHEM CHEXHOTO TOKPOBA M TeO-
rpaduyeckuM MecToM. MOXHO OTMETUTh, YTO TPUMEHS-
€MBIC METOJMKHA OCHOBAHBI HAa KJIACCHYCCKUX PEKOMCH-
narusx [7, 10-16].

Taxxke MOXHO OTMETHTH, YTO BHI (CmOCO0) MOMIrO-
TOBKH CHEXXHOTO TIOKPOBA BBIOMPACTCS B 3aBUCHMOCTH OT
ero QU3MIECKHX XapaKTEPHUCTUK, MECTa H BPEMEHH 0TOO-
pa mpo0, MOACTHNAIONIEH MOBEpXHOCTH (JEf, TPYHT,
CKIIOH), TeNel aHanm3a. Bo3MoxkHO, UTO HccnenoBaTeny
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JIETAI0T Cpe3 CHEXKHOTO TOKPOBa, mypd st 0TO0pa ciio-
B WIN JUIA1 0TOOpa KepHa TPoObI CHEera B BHJIE CTONOMKA
IIIHHAPA HWIH TPSAMOYTONBHOTO MapajlIeNenumnena, B
OCHOBAHHH KOTOPOTO MPSIMOYTONBHHIK.

Taxoke MOXHO TIEpPEUHCITUTH HEKOTOPBIE ATAIIBI BHITON-
HeHus 0TOOpa Mpo0 HEMOCPEeCTBEHHO Ha MeCTe. JTH 3Ta-
bl HE YKa3aHbl B METOJMYECKUX pexoMeHmammsix 1970-
1990-x rr. [7, 10-16], HO KOTOpBIC M3 HUX HCMOJB3YIOT
COBpEMEHHBIE HcciIenoBaTeny. [Ipi BEIMOMHEHNN COBpe-
MEHHOT0 0TOOpa Mpod Takxke 11eaeco00pasHo:

e BBHINONHUTE peructpanuo GPS-xoopauHat (BKirouas

BBICOTY MECTHOCTH);
® [PUMEHATH CNECHUATBHYIO OIEKLY, IEPUaTKH, MACKU

(XpaHWTCS B 3alleYaTaHHOM BHE 1O 0TOOpa mpod)

TIPH BBITIOJTHEHUH aHATH3a HA MEKPOKOMIIOHEHTH;
® [pPUMEHHUTh NPOOOOTOOPHHK U  JOTIONHHUTEIBHbIC

CPeINCTBA M3 MHEPTHOTO MaTepHana, a TaKxke ILTacTh-

KOBBIC MEIIKH, MOJUMPOIMICHOBBIE EMKOCTH st

XpaHeHHS U TPAHCTIOPTHPOBKH 1Po0;

e  clenaTh MaHOPAMHBIA CHUMOK MecTa 0TOOpa IpoOBI.

O030p Hay4HO-TEXHHYECKOH HH(OpMAIMK, IPHBE-
JICHHOW B JaHHON paboTe, MOKAa3bIBACT HEOOXOJIMMOCTH
00CYXXIEHHs PAKTUKK 0TOOpa TMPod C IENbI0 MOBBIIIE-
HUS TOCTOBEPHOCTH.

Tak, B nexaGpe 2017 T. cocTosuICS MEpBBI HAYYHO-
uccnenoBatensckuii  monepod cemmHap B WPHUTY
(r. Upkytck) «TeopeTudeckue U MPaKTHUECKHE ACTIEKTHI
HCCIIeIOBAHUS CHEXHOro MokpoBa: KOxHsIit baiikany, Ha
KOTOpOM OBLIa CIeJaHa IOTBITKA PACCMOTPEHHS HEKOTO-
PBIX BOIPOCOB 0TOOPa TPOO NI XUMHYECKOTO aHAIH3a
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PRACTICE OF SNOW COVER SAMPLING FOR CHEMICAL ANALYSIS

Natalia I. lanchenko,
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Irkutsk National Research Technical University,
83, Lermontov street, Irkutsk, 664074, Russia.

The relevance of the research is caused by the need to study snow cover chemical composition to assess air quality and adjacent envi-
ronments under climate change, which is confirmed by the steady growth of scientific publications on this topic. At the same time, there are
practically no modern publications on the methodology for sampling snow cover for analytical purposes.

The main aim: to study snow cover sampling practices for analytical definitions based on a review of scientific and technical information.
Modern improved snow sampling techniques are needed to obtain the most reliable data on chemical composition of snow cover, provide a
basis for assessing air quality dynamics and environmental protection outcomes, and will contribute to the scientific understanding of the
chemical processes associated with snow under climate change.

Objects: information on regulatory and scientific and technical literature in the Russian Federation on the methodology for sampling snow
cover for chemical analysis; methods for preparing snow cover before sampling; instruments, equipment, means, devices for sampling
snow cover in order to determine the density (physical indicator) and chemical composition of the snow cover.

Methods: review of scientific and technical information and data systematization.

Result. The current practice of sampling snow cover for chemical analysis has its own characteristics that differ from practices developed
mainly in the 1990s. This is due to the growing number of determined chemical components of the snow cover and the requirements for
the reliability of sampling. Modern, original practices of snow cover sampling for the chemical composition of the snow cover have common
stages and differences depending on the geographical point of sampling and the determined chemical component. At present, a wide vari-
ety of auxiliary tools and devices not included in the register of measuring instruments for the chemical analysis of snow cover are used for
sampling to study the chemical composition of snow cover, which necessitates the development of applied instrumentation in the field of
chemical snow science. It is advisable to develop harmonized snow cover sampling techniques for chemical analysis.

Key words:
Snow cover, sampling, sampler, chemical component, method.
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AxkmyanbHocmb uccriedogaHus 060CHO8bIBaEMCS MEM, Ym0 Npu ynpasfieHuu npouyeccamu mpaHcnopmuposku Hegmu no Maau-
cmparnbHbiM mpybonposodam 803HUKaem Heobxodumocmb onpedenieHusi U ebibopa onmuMarbHbIX PeXumMog pabombi aspezamos
Heghmenpogoda C y4emom Heyemkocmu HekomopoU Yyacmu UcxodHol uHgbopmayuu. B amoli ceasu ghopmynuposka u peweHue 3aday
MHO20KpUMepUansHo2o 8bibopa aghchekmugHbIX pexuMo8 pabomsi mexHoMo2u4eckux 0bbekmos HehmenpogodHoU cucmeMbl, Komo-
Pble Yacmo onuckliBalomcs 8 Hedemkoll UHGOPMayUOHHOU cpede Ha 0CHO8E MameMamu4yecKo20 annapama HeYemKux MHOXecms, sie-
nisemcs akmyarnsHol Hay4Ho-npakmuyeckoli 3adaqed.

Lenb: chopmynuposams nocmaHosky 3alad MHO20KpUMepuanbHo20 ebibopa pexumos pabombl MEXHOMo2UYEeCKUX aspeaamoe
Hegpmenposoda 8 Heuemkoli uHhopMayUoHHOU cpede u, MOOUUYUPYS Pa3fIudHbie NPUHYUNLI ONMUManbHOCmU, paspabomams 38pu-
cmuyeckue memods! ux peweHusi. PaspabomarHbie MemoObi 00/KHbI BbiMb peasu3o8aHbl ¢ NPUBIEYeHUeM uya, NPUHUMAWe20 pe-
WeHUs1, 8 npoyecce NpuHAMUS pewerul. Peanusogams npedoxeHHbIl Heyemkuli no0xod k peweHuro 3adaqu 8bI60pa ONMUMaIbHO20
pexuma pabomb! Ha npumepe cmaHyuu nodoepesa Heghmu MazucmparnbHo20 Hegpmenposoda Y3eHb—Camapa 8 nyHkme Amabipay.
06BbekmbI: MexHOM02UYeCKUe agpeeamb| MasucmparnbHo20 Heghmenpogoda, KOMOpbIie Xapakmepuaymcs MHO20KPUMEPUaTbHOCMbIO
U HEYEMKOCMbI0 HEKOMOPbIX 02paHuUYeHU(.

Memodbi: Memodsl meopuli HeYeMKUX MHOXecms, Memodb! MHO20KpUMepUanbHo20 8bibopa, 38pucmudeckue Memoodbl, Memodbi He-
YemKo20 MamemMamu4yecko20 NPoePaMMUpPOBaHUSI.

Pesynbmambi. CchopmynupogaHbl NOCMaHo8KU 3aday MHO20KpUMEpPUanbHO20 8bI6opa PEXUMO8 pabombl MEXHOIO2UYECKUX agpeaa-
mog MazucmpasibHbIX Heghmenposodos 8 YCIo8USIX HEYEMKOCMU HEKOMOPOU Yacmu UCX00HOU UHgopMayuu, U paspabomarbi 36pu-
cmuyeckue memods! ux peweHusi. [pednoxeHHble 3gpucmu4eckue Memodsl MHO20KpUMEPUabHO20 8bibopa 8 Heyemkoli cpede pa3pa-
6omaHbI Ha 0CHOBE NPUMEHEHUS ONbiMa U 3HaHull luya, NPUHUMAKWE20 PeWeHUs U MoOUGbUKayUU pasiiuyHbIX NPUHYUN08 onmumMarb-
Hocmu Ons pabome! 8 Heyemkoli cpede. [ns obecneyeHus 803MOXHOCMU 8bI60pa ULOM, NpUHUMaloWuM peweHus, 6oee y006HO20
memoOa peweHus 3adayu 8sibopa pexuma 8 3agucuMocmu om Hasuyus u docmynHocmu ucxo0Hol uHgbopmayuu, npednazaemcst Habop
nocmarosku 3adayu 8si60pa NymemM NPUMEHEHUS Pa3iu4HbIX NPUHYUNOE ONMUMabHOCMU (KOMNPOMUCCHBIX CXeM NPUHAMUS peweHuli)
u ux kombuHayuu. lNpednoxeHHbIl Nodxo0 peanu3ogaH NPU NOCMaHOBKE U peweHUU 3a0aqu MHO20KpUmepuanbHo2o 8bIbopa Pexumos
pabomb! Heghmenpogoda ¢ Uenbio ONMUMarnbHO20 YnpasrieHusi NPOUECCOM NepeKaqku Heghmu no MagucmpasnsHomy Hegpmenpogody
Y3eHb—Ambipay—Camapa (ydacmok Kynbcapbi-Ambipay) ¢ npugnieyeHuem Yenogeka, m. . NPUMEHSS HeYemKkyro UHGopmayuro 8 gude
€20 onbima, 3HaHul u uRmyuyud. lNomyyeHHble pesynbmamsi nodmeepdunu sghghekmusHocmb NPednoxeHHo20 nodxoda K peweHuto no-
CmaereHHbIxX 3a0ay.

Knioueenie cnoea:
MHozokpumepuanbHbIii 861600, MpaHCNOPMUPOBKA Hehmu, MazucmpabHble Hehmenpogods,
Heyemkasi UHGhopMayUs, UUO, NDUHUMAIOWEE PeLeHUe, 38pUCMUYecKUl Memod.

BBepeHue KHX ¥ ra3000pa3HBIX T€0pecypcoB, SABIAIOTCA Ooree d¢-
MaructpasbHbie TpyOOPOBOBI ABIAIOTCA COKHOH — (PEKTHBHBIM M 9KONOTHYECKH GE30MACHBIM BUJIOM TPaHC-
Pa3BETBICHHOM TEXHOJOTHYECKOH CcHcTeMOi Gonbmioii — NOPTHPOBKH Hedru u rasa [1]. Maructpanbhbie Hegre-
MPOTSKEHHOCTH. Maructpanbuele  TpyGOmpoBoAsl, To — TMPOBOJBI SABIAIOTCS COKHOM TPAHCIIOPTHOH CHCTEMOH,
CPABHEHMIO C JPYTHMH BHIAMH TPAHCIIOPTHPOBKM kM-  OCHAIICHHOH CTaHLMAMM MEPEKaykn HepTH (MOLIHBIMH
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HAacOCaMH), CTAHIMAMH TOfiorpeBa HeTH (TIpH mepekay-
Ke BA3KUX HedTel) U TMHEeHHBIMU y9acTKaMu (COOCTBEH-
HO TpyOOIPOBO), @ TAKKE CPEACTBAMH CBS3H, aBTOMa-
THKY, TENEMEXaHWKH U MHPOTHBONOKAPHEIME YCTPOii-
creamu [2, 3]. CrpykTypHas cXema THIIOBOIl Maru-
CTpaIbHOH He(TENPOBOAHOH CHCTEMBI U OCHOBHBIE 00'b-
eKTBHl MCCIICOBAHMA JAHHOM paboTHI NpeACTABICHB Ha

puc. 1.
|
© LA:TJ [ 57@
/2 /s s /3
1 4

Puc. 1. Ocnognvle anemenmuvl U 00veKkmuvl Hepmenposooa,
0J11 KOMOPbIX HEOOXO0UMO 8blOpAMb PenCUMbl Pa-
6ombi: 1 — nodsoosiuue negpmenpogoovi, Komopwvie
CBA3bIBAIOM MeCTO 000bIYU Hepmu ¢ 20108HbIMU
CoOpydceHuaMU Hegmenposoda, 2 — 20108HaAA
Heppmenepexauugaiowas cmanyusi, 3 — npomestcy-
mounvle Heghmenepexkauusarowue cmanyuu, 4 — Ko-
HeuHble NYHKMbl, NPUHUMAalowue npooyKmsl U3 Ma-
2UCMPANbHO2O Hedhmenpogooa, 5 — nuHeliHas Yacme
Heghpmenpogooa (mpy6onpogod); 6 — cmanyuii nooo-
epesa Hedpmu (mpybuameie neuu) Ons NEPeKAyKu
8A3KUX Hepmell

Fig. 1. The main elements and objects of the oil pipeline for
which it is necessary to choose operating modes: 1 —
supply pipelines that connect the oil production
place with the main structures of the oil pipeline; 2 —
head oil pumping station; 3 — intermediate oil
pumping stations; 4 — end points receiving products
from the main oil pipeline; 5 — linear part of the
pipeline (pipeline); 6 — oil heating stations (tube
furnaces) for pumping viscous oils

[lpn TpancHOpTHpOBKE HE(PTH MO MAruCTPaTbHBIM
TpyOOIIPOBOaM 4acTO BO3HHKAIOT 3aJjaull BEIOOpA ONTH-
MaJBHBIX PEXUMOB PabOTHI OCHOBHBIX 00BEKTOB Tpy0OO-
IpOBOIHOM cucTeMbl [4, 5]. B kauecTBe OCHOBHBIX 00b-
€KTOB MarucTpajbHOTO He(TENPOBOJA B JAHHOH padoTe
paccMaTpMBAIOTCS: CTAHINHM TIepeKauku HeTH (Hacoc-
HBIE arperarsl); CTaHIMK MOA0rpeBa HedTH (TpyOuathie
TeYr) U JIUHEeiHas yacTh TpyOompoBoa. Takum o0pazom,
TIPH YIpPaBICHAN MPOIECCAMH TPAHCTIOPTHPOBKA HE(PTH
M0 MAaruCTPanbHBIM HE()TEPOBOJAM 3aJaudl TOWCKA H
BEIOOpa 3((EKTHBHBIX PEXHMOB pabOTHI arperatoB
HE(TENPOBOJHOA CHUCTEMBI SBIAIOTCS aKTYalbHBIMH.
[Ipn sToM BHIOMpaeMble PEXHMBI PabOTHl OOBEKTOB
He(TeNPOBOAa JIOMKHEI 00ECIeNBaTh 3KCTPEMATbHbBIC
3HAYCHHS KPUTEPHEB YIPABICHHS, HAMPUMED, MAaKCH-
MalNbHYH) NPOU3BOJUTENILHOCT, MAaKCUMAIBHBIA 00beM
NepeKauky, MHHHMAIbHOE BO3JCHCTBHE HA OKpYXKalo-
ITyI0 CPeRy U JIp.

[lpuHATHE ONTHMANBHEIX PENICHHH MO BBIOOPY (-
(PEKTUBHBIX PEKHUMOB PabOTH 00BEKTa — 3TO IPOIECC,
BBITIOJTHAEMBII ¢ yJacTHEeM JIHIA, IPHUHAMAIOIIETO pele-
uus (JITIP). B mpomuecce BrIOOpa pernieHus OIEHUBAIOTCS
aNbTEPHATHBBI, T. €. BO3MOXHbBIC BApUAHTHI PELICHHI, U
TIPOM3BOANTCA BEIOOP HAMIYYIIEro W3 HUX MO 33/[aHHBIM

106

kputepusiM [4, 6]. Onenka U BHIOOP HAMIYYIIETO pelie-
HUS B IPOU3BOJCTBEHHBIX YCIOBHAX, B T. U. B HAIIEH 3a-
Jadve, MPOM3BOIUTCS B YCIOBUAX MHOTOKPUTEPHATBHOCTH,
T. €. TI0 BEKTOPY KPUTEPHEB 3KOHOMHYECKOTO, SKOJIOTH-
4eCKOro, TEXHOJIOTUYECKOr0 XapakTepa. 3ajaua yclIox-
HSETCA TEM, YTO 3TH 3KOHOMHYECKHE U 3KOJIOTUYECKUE
KPHTEPUH MOTYT OBITh IPOTUBOPEUHUBEIMH, A TAK)KE OIIH-
CaHBI HEUETKO. B 3THX ycrmoBHAX 3amadya MHOTOKpPUTEPH-
aNpHOTO BEIOOpA, T. €. KOTJa UCXOTHOE MHOMKECTBO alb-
TepHaTHB {)p M3BECTHO, HO HEHW3BECTEH NPWHIMI ONTH-
MaJbHOCTH OpPt, CBOAUTCS K 3ajiaue UCCIEeI0BAHUS TIpe]-
nourenui JIIIP 1 mocTpoeHuIo Ha 3TOH OCHOBE aeKBAT-
HOW MOJIeNTM BBIOOpA HAMNYYIIIEH 110 331aHHBIM KPUTEPH-
SIM albTepHaTuBbI [5-9].

BaxxHOCTb pelreHus TakuX aKTyalbHBIX JUI1 HAYKU U
NPaKkTUKY 337a4 ¥ MHTEpeC K MOHATHIO MPOLECCOB aHa-
mm3a u conoctanexus JI[IP MEHOTOKpUTEpHANBHBIX allb-
TEPHATHUB, BEITIONHAEMEIX IPU BEIOOPE PEIICHHS, IPUBETA
K TIOSBICHMIO psina paboT 10 MHOTOKPUTEPHAILHOMY
BBIOOPY U MO NpuHATHIO peruenus [4, 5, 10-13]. Ho cne-
AyeT OTMETUTh, 4TO B IPOAHAIM3UPOBAHHBIX pabOTax
HEOCTaTOYHO WCCIENOBAHBI W PEIICHBI TPOOIEeMBI MHO-
TOKPUTEPHATBHOTO BBIOOpA PEKUMOB PAOOTHI CIOKHBIX
TEXHOJIOTMIECKAX CHCTEM B YCIOBHAX MPOTHBOPEUHBEIX,
II0X0 (pOPMANU3YEMbIX M HEUETKO OMMCHIBAEMBIX KpH-
TEPUEB U AIbTEPHATHB. B 3TOH CBA3M OCHOBHO! LENBIO
JaHHOU PabOTHI SBISETCS MCCICIOBAHIE M PELICHHE He-
KOTOPBIX TIPOOJIEM 331a4i MHOTOKPHTEPHATEHOTO BBIOO-
pa MpH HEYETKOCTU MCXOAHOH MH(pOpMAIUU MO ompese-
JCHHIO ONTHUMANBHBIX PEXUMOB PabOTBI TEXHONOTHYE-
CKHX 00BEKTOB Ha NPHMEPE OCHOBHBIX TEXHONOTHUECKHX
arperatoB HE(TENPOBOJHON CHCTEMBL. [l NOCTHKEHHS
TIOCTABJICHHON e M pEIIeHHS 3a1ad HCIONB3YIOTCA
METOJIbl IPUHATHS peteHnit [7—10], MeTol MHOTOKPH-
TEepHaNbHON OLEHKH anbTepHatuB [12, 13], MeToxBI TEO-
puii HeueTkX MHOXecTB [14—-16], KoMIpoMHCCHBIE CXe-
MBI IIPHHATHSA pentenuii [4-6].

3apaya MHorokpuTepuanbHoro BeiGopa

3(hheKTUBHBIX PEXMMOB PaboThI arperaToB

MarucTpansHoro HediTenpoeoaa

CHayana (popManm3yeM 3aaudl MHOTOKPHTEPHATIBHO-
ro BeIOOpa Ha MpUMepe 3a1a4u BEIOOpa pesKUMOB pabOTHI
HeTenpoBoAHON cucTeMbl. [ 3TOro BBEAEM ClEayto-
e o6o3nauenust: f(X)=f1(X),...fn(X) — BexTOp 3KOHOME-
KO-DKOJIOTHYECKIX KPHTEPUEB, OLCHUBAIOMINX KaueCTBO
paboThl HedTenpoBoAHOH cucTeMbl. Hampumep, HekoTo-
poie yactHeie (okambHbie) kputepuu fi(X),f(X),....f(X)
ONKCHIBAIOT IKOHOMHYECKHE MOKa3aTeNH, TaKHe Kak 00b-
eM TMepekaukd, npubbulb ¥ T. A, a JApyrue
fir1(X),fi2(X),....fn(X) — okomormueckue mokasarenu
He(TenepeKaunBaIoNIero MPOM3BOACTBA.

X=(X1,...Xy) — BEKTOp (MHOXECTBO) BXOJHBIX W
YIpaBISeMBIX TapaMeTpoB HedrempoBona (00beM, peo-
JIOTHYECKUE CBOMCTBA HE()TH, PacXo/bl PEarcHTOB, TEM-
Tepatypa, TaBJICHAE arperaToB M T. J. SHAYECHHS YaCTHBIX
KPUTEPUEB 3aBUCAT OT X=(Xy,...Xy) [3, 17-20]. Ha mpak-
THKE 3HAYEHWs JJIEMEHTOB 3TOTO BEKTOpa, T. €. PEKUM-
HBIX MTAPAMETPOB, OPEALNAIOTCS B 00acTu (), T. €.

X; €Q, i=Ln; Q:[x;”'”,x;"aX ,
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min max
31€Ch Xj ) Xj — 3aJaHHBIC TCXHOJIOIMYCCKUM periia-

MEHTOM MHWHHMANbHbIC W MAKCHMAIBHBIC 3HAYCHHUS Ta-
pamerpa X, j=1,n.

Torza 3anaua MHOTOKPHTEPHAIBHOTO BEIOOPa 3 hek-
THBHOTO PEeXHMa PabOThl YIPaBIsSEeMOro OOBEKTa CBO-
JHUTCS K TIOHCKY M OMPEIECHUI0 TAKOTO 3HAYCHHS BEK-
Topa X*:(Xl*,...x,;),* KOTOPBIA 00€CTIeYMBacT ONTHMANb-
woe 3Hadenme T (X )=fy(X),...fn(X ). Ilpmuem OMKHEL
OBITH BEITOJHEHBI BCE YCIOBHS 33JIAHHBIX OTPAHHYECHHUIT
@4(X)>hg, 4=1,L, a Taxxke npyu BLIOOPE PeIIeHHs JOIKHBI
OBITh YYTCHBI MPEAMOYTEHHS JIMIA, IPHHUMAIOIIETO Pe-
IICHHS. o

OrmernM, uto dyHKIHH @4(X)>D,, 9=1,L, ommceiBa-
IOIle OTPaHMYEHHS Ha PECYpCHI, MOTYT OBITh 3aIaHbl
TEXHOJOTHYECKIMH PETIAMEHTAMH M JKONOTHUECKAMH
HOpMaTHBaMHu. Bce mii yacTh U3 HUX MOTYT ObITh HeueT-
KUMH, T. €. ¢(X) > (,2)bg, g=1,L 1mbo Qq(X)qu,i:K,L,
@y(X) 2bg, 9=1,K. Taxxe u 3amanHOe "nCcIO by, 4=1,L mm
HEKOTOPBIE M3 HUX MOTYT OBITh HEUCTKHMH, T. €. b .

Tereps 3armmieM MaTeMAaTHIECKYIO IOCTAHOBKY (popMa-
JM30BAHHOM 3a/laudl OTPEIENEHAs ONMTUMAIBHBIX PEKNUMOB
paboThl arperatoB He(TENPOBOAA MPH HATHYMH HEYETKUX
orpanuueHud. [l 3TOro CHayaga MNPHBEAEM 3a[auy K
YIOOHOMY JUTsl TIPUMEHEHHS METOJIOB TEOPHH HEYETKHX
MHOECTB BHILY, BBEJIS CIEYIONTHe 0003HAYCHNS:

o po(X)=(16"(X),...5"(X)) — HOPMATH30BAHHBII BEKTOP
vacTHbIX kputepues fi(X),...fn(X). Kak yxe ormeueHo,
po(X)=(16"(X), .. 15" (X)) TIO3BONSET OLEHATH KAYECTBO
PEKUMOB PabOThI arperatos He(TEMpPOBOIa;

o 1(X), =1L — QyHKUMM TPHHATEKHOCTH, OlEHHU-
BAOIIIME CTETCHb BBINONHEHNA HEYCTKHX OrpaHHde-
HUH @4(X) >Dg, G=1,L. JlaHHBIE QyHKIMK MOTYT OBITH
noctpoeHsl ¢ yyactueM JIIIP, cnenumanucros-
akcreptoB [19-21];

¢ Y=(M,-.,00) 1 B=(1,...,A.) — BEKTOp BAKHOCTH KpH-
tepues (/4,...,%n) H orpannyerus (fy,...,H) (BecoBbie

KO3 (DHUIMEHTBI). DTH BECOBBIE KOIDPUIMEHTBI IS

YACTHBIX KPHTEPUEB U OTPAHHYEHHI CUHTAIOTCS W3-

BECTHBIMU UM MOTYT ObITH 3a1anbl JITIP.

Torma B o0mmem Bujae MaTeMaTHYECKYI0 MOCTAHOBKY
3aJ1a4i BBIOOPA ONTHMATBHBIX PEXXUMOB PabOTHI 0OBEK-
TOB HE(TENPOBOAA B YCIOBHMAX MHOTOKPHTEPHATBHOCTH
MOJKHO 3AIIiCaTh B CIICAYIONIEM BHJIE:

max (. =1 m,
X ={x:arg mg)xyq(x), q =1,_L}.

[Tyrem MoauuKaLWY U afaNTALHHN PA3THIHBIX HPUH-
yunog onmumansHocmy s paboThl B HEUETKOH HH(OP-
MAlLMOHHOH Cpefe MOXHO MONYYUThb Pa3lUuHblE IOCTa-
HOBKHM 33/[a4 MHOTOKPUTEPHANBHOTO BBIOOpa PEKMIMOB
MaructpamsHoro Hedremposoma. ms sddexTuBHOrO
pelIeHus MOTy4YEeHHOH 3a1a4y ¢ HEYETKUMHU OrpaHUUYEHU-
MK MOXHO pa3paboTaTh ¥ MPUMEHHUTH IBPUCTHUECKHE
METO/Ibl, OCHOBaHHble Ha npusneueHuu JI[IP, cnennanu-
CTOB-IKcIepToB. IIpenmMyIecTBo Takoro moaxona K pe-
IIEHUIO 33144l MHOTOKPHUTEPHATBHOIO BEIOOpA B HEUET-
KOH cpejie B TOM, UTO B HEM YUUTHIBAKOTCS OIIBIT, 3HAHUS
¥ VHTYHIMH YeloBeKa, 00ecreunBaercs THOKOCTh MpH

yuere npeanourenus JI[IP B mpouecce BbiOopa pelieHus

[5, 12, 21, 22].

Pa3pa6oTka 3BPUCTMYECKNX METOAOB PelleHUs

3afay MHOrokpuTepuanbHoro BbiGopa.

Pe3ynbTarthbl UccnefoBaHus

[Tyrem MomuduKanuy pa3mHYHBIX MPUHIHAIIOB ONTH-
MaJIbHOCTH IIPY HEYETKOCTH MOXKHO MOJIYYHTh KOHKpET-
HblE 33714l MHOTOKPUTEPHUAIBHOTO BBIOOpA B HEUETKOI
cpene U pa3paboTaTh 3BPUCTUUECKUE METOABI UX pele-
Hus. Pa3paboTaHHBIE 3BPHCTHUYECKHE METOABI PEIICHUS
3a]a4 BEIOOpa ocHOBaHbl Ha npupiedyenue JITIP mpu BbI-
Oope permeHms. B HUX HCTIONMB3YIOTCS OMBIT, 3HAHUA H
untynuus JIIIP, dopmanu3oBaHHbIe Kak HEYeTKas WH-
(opmanus. Hanpumep, Ha OCHOBE UJIeH NPUHLKIA OTHO-
curenbHOl yerymku (OY) m npunnmna paseHctBa (I1P)
TIOCTAHOBKY 3a[jaull MHOTOKPHTEPUAIBLHOTO BHIOOpa IpH
HEYETKOCTH MCXORHOH MH(MOPMAIUH 3aIHIIeM B CIexy-
IOIEM BHJE:

maxio (), 0=y logi(d (1)

X ={x:x eQrarg(f4(X) = Btz (X) = ... = Bu, ()} (2)

B mosy4eHHON MOCTaHOBKE A — 3HAK JIOTUYECKOTO
«i», TpeOyIOIKH, 4TOOBI BCE YCIOBHS, KOTOPBIE CBA3AHEI
uepes A, BBIOIHANKCE; %, I=1,m u f,5,...,A. — Beco-
BbIE KOI((UIMEHTHI, OTPAKAIOIINE B3aMMHYI0 BaKHOCTh
KPUTEPHUEB U OTPAHNICHHUIL.

B nocranoske 3amaun (1), (2) nomyckaercs, 4To 3Ha-
YeHHS BECOBBIX KOIQPUIUEHTOB 1,...,%m U M,.... L 3a-
JAIOTCS UM ONPEIENSIOTCA SKCIEPTOM C YYETOM YCTYTI-
ki co ctoponsl JITIP n obecrieunBaroT 0JHHAKOBBIC BaX-
HOCTH HEYeTKUX orpaHuueHuid. [Ipm 3ToM perienue 3a-
naun (1), (2) 3aBUCHT OT 3HAYEHHS BECOBBIX KOA(hHIIH-
CHTOB, T. €. IPH PA3IUYHBIX 3HAUYCHUSAX ITHX KOIDPHITH-
€HTOB II0JIy4aeTcs ceMEﬁCTBo penieHni, a BbIOOD
Hamnydmero pemenus X () ocymectsaser JIIIP Ha
OCHOBE CBOETO MPEATNOYTEHHS, T. €. UCIOJb3Ys IBPUCTH-
qeckue MeTomt [23, 24].

Jlns pereHus 3a1aul MHOTOKPUTEPHATBHOTO BRIOOpa
(1), (2) npemnaraeM cieqylomuUiA IBPUCTUYECKUH METO
Ha OCHOBE MPHHLUIIOB OTHOCUTENBHON YCTYIKH U PaBeH-
ctBa (OY+IIP), OCHOBHBIE TTyHKTBI KOTOPBIX TIPUBEICHBI
HUKeE:

Depucmuueckuii  aneopumm Ha OCHOBe NPUHYUNOB
OV+IIP:

1. C mpuBneueHHeM crienuamicToB-3kcmeproB u JIIP

ONPEIENAIOTCS 3HAYCHHS BECOBBIX KOI((HUIMEHTOB

m
YACTHBIX KPUTEPUEB 7i,...,Jm C YUETOM Z y,=1u
i=1
70, i=1,m, a TaxKe BBOIATCS 3HAYEHHS BECOBBIX
K03 DUIMEHTOB OTpaHWYCHUuHd f,...,[4, KOTOpbIE

L —
obecreunsaor Y A, =1 Vq, >0, =1L u pasen-

q=1
c1B0 St (X)=Fotto (X)=....= A pn(X).

2. Beau kputepun 1'(X) 1 BecoBble KO3QOUIMEHTH %,
i=1,Mm gBIAIOTCA HEYETKMMH, TO HEOOXOIUMO BbI-
Opath TEPM-MHOXKECTBO W ITOCTPOUTH COOTBETCTBY-
oniue GyHKIMH MPHHAICKHOCTH.
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3. Ompenensaiorcs _KOJIMYECTBO WIAroB Pq AT KakIoi
KoopauHathe 4=1,L.
4, Jlna wW3MCHEHHWS KOODIHWHAT BECOBBIX BEKTOPOB

B=(f,--.,A) paccuurbiBatOTCS hq:pi, q:ﬁ_

q

INMHA TIaroB.
5. Mensts xoopauHatel Ha otpeske [0, 1] Ha BenuuuHy
12 N

hq, OTIpeJIeNAI0TCS BEKTOPHI BB,

N=(ps+1)(p2t1)...(pL+1).

6. JId HeYeTKHX OrpaHMYeHHH CcTposATcs (yHKIUH
TNIPHHAIEKHOCTH f4(X), 0=1,L, omenmBaromeii ux
CTETICHb BBIMIOIHEHHSL.

7. C npumenenmem npunrumna OY pemraercs 3agada

MaKCHMUSALIAH: MaX j, (X), o(X) = > 7 log 1y (x)
Xe )

¥ OTpefeniroTes TeKymue pemenns X(x,/4,), obece-
YHBAIONIME MAKCHUMAJIbHBIC 3HAYCHHS KPUTEPHEB
K (KA ))s- oo " (X(, /) 1 bymicin mpmiaz-
nexrocredt (a(X(7,4))- - i (X(%.5))-

8. Bormcrertbie suauerns X(%,4), 1o X4/ -» o (X(/3))
u m(X(A ). i (X(74,6,)) mpembsusrores JITIP.
Ecnu Texymue pe3ynbTaThl YIOBIETBOPSIOT €ro, TO
OH TEPEXONT K cleayromeMy nyHkry 9, uxage JIIIP
C LIeNTBIO YIydIIeH s PENICHHS BBOJUT HOBBIE 3HaUe-
HHSA i=1,m wum Py 9=1,L 1 ocymectBiercs me-
pexoJ1 06paTHO K IMyHKTY 2 alropuTMa.

9. BsBomaTcs pesynsraTsl BbiOopa JIIIP 3¢dexTHBHBIX
peleHuii, T. . 3HAYCHHS PEKHUMHBIX MAPAMETPOB
X*(;f,,ﬂq), 00eCreYnBarOINe XKelaeMble 3HAYCHHS JI0-

l * *
KanbHbIX KpTepHen o (X (f).-... o (X (71.4))
IpU YCIOBHY BBIIONHEHUS HEUECTKHX OTpaHHMYEHHH

4GB or (X (10/5)-

Ha mpakTuke MOIyT BO3HHKATh PasiHYHBIC MPOH3-
BOJICTBEHHBIC CUTYyallHii, HAMPUMEp, MEHSIOTCS XapaKTe-
PUCTHKM TEPEKaUYMBAEMOTO CHIPbS, KOPPEKTUPYIOTCS
IPOM3BOJICTBEHHBIE TUIaHbl, MEHSAIOTCH XapaKTePUCTUKU
arperatoB # IpruOopoB u T. 1. COOTBETCTBEHHO KPUTEPUH
BBIOOpA PEICHUH, JOCTYITHOCTh TOH MM HHOM MCXOHON
HH(pOPMAIMK TaKXKEe MOTYT MEHAThCA. Takue cUTyarmi
TpeOyIOT a[aNTUPOBAHHBIX K HUM IIOCTAHOBOK 33724 BBI-
0opa ONTUMANBHBIX PEKUMOB PabOTHl 00BEKTA U pa3pa-
OOTKH 3()(DEKTHBHBIX ATTOPUTMOB HX PEIICHHS.

PaccMoTpuM cuTyanmio, KOra MOXXHO HPUMEHHTh
HJed METOJI0B IMIaBHOTO Kputepus U mpuHuumna [lapero
ontumansrocTd [17, 25]. B atoit curyaruu JITIP, cienn-
QTUCTBI-3KCIIEPTHl MOTYT BBIAENHUTD TJIABHBIA KpUTEPHUI
L' (X) ¥ HasHAYHTH IPaHUYHbIE 3HAYEHHUS [T OCTANIbHBIX
JOKaIbHBIX KPUTEPHEB 4R, I=2,M, a TaKKe HAa3HAYUT Be-
COBBIC KOI((UIMEHTH! 115 orpaHuyeHuil fA,...,H, yiu-
THIBAIONIMX MX BakHOCTH. Ilo TpeboBaHMIO MpHHIMIA
[Tapeto oNTHUMATBHOCTH KOMMYECTBO OLCHUBAEMBIX 00B-
€KTOB, B JAHHOM CITy4ae OrpaHM4EHUH, HE JOIKHO ObITh
CIMOIKOM OOJIBIINM, T. €. He Oonee 7+2. B aTom ciyuae
NOCTAHOBKY 3a/1a4ll MHOIOKPHUTEPHAIbHOTO BbIOOpa OII-
TUMAIBHBIX PEKUMHBIX [apaMeTpOB arperaroB Maru-
CTPAJIbHOTO HE(TENPOBOAA C BEKTOPOM OTPAHMUCHHH
MOKHO 3aIicaTh B BUzE |5, 26]:

max 5(x), ©)
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x:x eQAaarg(uh(X) > ) A

L L
X =1 narg n&xZﬂqu(x)Zﬂq =1nB,>0, ;. (4)
gq=1 gq=1

i=2,mq=1L

B nocranoske 3agaun (3), (4) BBeAeHO HOBOE 000-
3HAYEHHE — ,uR'—_rpaHHque 3HAYCHHS YACTHBIX KPHTE-
pue. 4o'(X), i=2,m. Onu 3agarorcs ¢ nomompio JIITP u
CTIEIHATICTOB-IKCTICPTOB.

Permenue nomy4eHHoi 331241 MHOTOKPUTEPHATLHOTO
BBIOOpa (3), (4) 3aBMCHT OT /g, i=2,M H Br,.... A, Menss
MX_MOYHO TOIY4HTh Habop pewenuit X(1R', ), i=2,m,
0=1,L, 3aTem mpou3BOAUTCS BBIOOP HAMIYUIIEr0 U3 HUX
JITIP. Ha ocHOBe KOMOWHHMPOBAHHOTO TPUMEHEHHS
TPUHIMIOB TIaBHOrO Kputepus u Ilapero onTumansHo-
CTH i1 HEYeTKOM HH(MOPMALMOHHOH CpPEIBl MOXHO
TPEIJIOKUTh IBPUCTHYCCKHI ANTTOPUTM PELICHUS IONY-
vyeHHol 3axauu (3), (4).

PaccmotpuMm  cuTyammio, Korga  CHEIHANHCTHI-
akcmeptsl, JIIIP MOryT BBIIENHUTH TIABHBIA KPUTEPHH, a
UJIcalbHbIE TOUKK (XKENaeMble 3HAYCHHS OTPAHHYCHHUM)
M3BECTHBI WIM MX MOXHO ompenenuTs ¢ ydactuem JIIP.
B ar0if cuTyanuu Ha OCHOBE MOJM(MKAIINN ¥ KOMOHWHA-
M TIpuHIMIOB TiaBHoro kputepus (I'K) u maeambHON
toukn (MT) MOXHO 3amucath CIEAYIOMYI0 MOCTAHOBKY
3374 MHOTOKPUTEPHATbHOTO BbIOOpa 3((EKTHBHBIX
PEXUMOB HeTEMPOBOA:

max (), ()
XX € QA (1 (X) > 1) A
X =

Aarg(ﬂq (x) = min ee(x) - o2 D), .0

i=2,mq=1L

B 3r0ii nocTaHOBKE 3a7auM MHOTOKPUTEPHAIBHOTO
BBIOOpA NPHHATEL 00O3HAYEHHS: o'(X) — BbIOPAHHBI
rMaBHBI KpuTepHil; £'(X), i=2,M — YacTHble KpUTEPHH,
KOTOpPBIE BBEJICHBI B COCTAB OTPAHMYUEHMS; LR, i=2,M —
3aaBaeMbie JIIIP rpaHn4HbIe 3HAYEHUS YACTHBIX KPHUTE-
pHEB (KPOME IIIABHOTO KPUTEPHS); ('~ uneanbHas TouKa;
4(X), =1L — dyHKIMM NPHHALTEKHOCTH, OLEHUBAIO-
IMEe CTENCHU BBINONHCHUS HEUYETKHX OrpaHUYCHHIL;
[|4(X)~£"||o — ncnonp3yemas metpuka D.

Koopaunatel £/ OnpenesioTcs B CEyIOmEM BUJE:
'=(maxuy(X),maxz (X)) wm B coydae HOpPMATbHBIX
dynkumii npunamiesknocreit — 4'=(1,...,1).

Briok-cxema sgpucmuueckozo arcopumma Ha ocHoge
NPUHYUNOG 21A6HO20 KDUMepUus U UOedIbHOl MOYKU
(TK+UT), mpenmnaraeMoro Jisi pelieH|s 3aJadd MHOTO-
KpHUTEpHATBHOTO BEIOOpa mpu moctaHoBke (5), (6), mpu-
BEJICHa Ha pHuC. 2.

B Onoxax BBoja (010K 1) u BeBoza (Onok 9) mpuBe-
JICHHOTO QITOPHTMa BBIOMpAeTCs ITIABHBIA KpUTEpHH C
TPUOPHTETOM | U BBIBOMAATCS HAMIYUINHE PEHICHHUS, BbI-
Opannbie JI[IP (Gmokx 7) B mporiecce aHaIW3a TEKYLIUX
PE3yNIbTATOB, T. €. OKOHYATENbHOE PELICHUE, YI0BIETBO-
psiomee JIIP: X (g |}~ |ei=2,m) - 3Hauewms
BXOJHBIX, PEKUMHBIX MapaMeTpPOB, KOTOpHIE 00ecmeyn-
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BarOT ONITUMAJIbHBIC 3HAYCHHUS INIABHOI'O KPUTEPUA U IPY- n (X* (,u}; ” ,LI(X) _ ,uu ”E )) i= Fn

THX YaCTHBIX KPUTEPHEB
* . B Gnoxke 8 ¢ nensto ynydmenus pewenus JIIIP mpo-
1 u 2 2 u
X X)— ’ X ’ X)— yeeny o i
’u"( (||,u )= ”E)) H 0( (,u wll 40 =4 ”E)) M3BOJINTCS. KOPPEKTHPOBKA TPAHMYHBIX 3HAUYEHHH /R,
Ly (X* (,ué,” (X)) — p ||E)), i=2,m kpuTepues, TIEPCHCCCHHEIX B COCTAR OFpaHuI/I'-IeHI/ISI,
W/MITH BRIOUpAETCs Apyroi Bug MeTpuku ||z(X)— ||g.
Taxum o6pasom, pemenne 3axaun (35), (6) 3aBUCHT OT
ucrons3yemoit Metpukn ||u(X)-||e , oT 4, i=2,M u BEHI-
m (X* ( s |l () = 12" |l )) . OpaHHBIX KOOPJMHAT HealbHOM TOuKH £,

a TAKXKC MaKCUMaJIbHBIC 3HAYCHUA q)yHKIleI OpUHAJIC K-
HOCTH BBIIIOJTHCHHUA HCUCTKUX OI‘paHH‘ICHI/Iﬁ

Hauamno/Start

v

BBon npuoputeToB Kputepues
Entering the criteria priority I,={1,...,m},
1 — rmaBHbIA KpuTepHii/1 — Main criterion

v

HOCTpOHTL TCPM-MHOKCECTBO U Q)yHKHI/II/I NPpUHAJICKHOCTH
2 Build a term set and membership function

T(X,Y), ,qu(X), q =17_L'

3amars/Set ,u;, i= ﬁ; BBectu B cocTaB orpaHMIeHHSL
Introduce restrictions  z(x), i =2,m

4 v

Onpeznenutsb /1” — KOOpAMHATHI U€aNbHOH TOUKH:
Determine ' — coordinates of the ideal point:

= (max g4 (X),..., max 44 (X))

v

5 Jlns oueHku paccTosHus ot 4(X) 10 £ BbIOPATH BUJ METPUKH:
To estimate the distance from x(x) to 4 choose the type of metric:
LX)~ #'lo
N
6

Pemms sanauy max 4;(X) (5) Ha MHOXKecTBE X (6)
Solve task max 4 (X) (5) on the set X (6)

Texymue pemenus npeabssuts JIITP
Current decisions present to decision makers

° v

7
KoppekTtuposka Het/No
Adjustment JITIP BBIOpaHBI HAMITYHIIHE PENICHHS?
e, i=2,m; || p) =" | — Have the decision makers selected the best solutions?
* Ha/Yes
9

BrBopx pesynbsraTos/Results output
X (sl 0= e =2m); (X (126~ 1))
S0 (R 0 = W ) o 5X (15 00=I ):
10 (ol 0= 2 e ) ot (X (ol 209~ e -

v

Konen/End

Puc. 2. Enox-cxema I6PUCMUHUECKO20 aleopummda, OCHOBAHHO20 HA NPpUHYUNAX 2l1aeH0c0 Kpumepusi U M()ed/leOL? mouKu
(TK+HT)

Fig. 2. Block diagram of a heuristic algorithm based on the principles of the main criterion and ideal point (MC+IP)
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ITpuBeIeM HECKOJBKO BAPUAHTOB HCMONB30BAHMUS €B-
K080l Metpukd (D=E):
s o maxp () s, ()

= Z B LXEQ—
E q
g=1

max s (x)

a0 - ¢

b=, = e 00 ) . @

2 < (m%xﬂq (X)_ﬁqﬂq (X)

<= 2 e (4

XeQ

u

Jos(x) =4

MpuMeHeHMe pe3ynbLTaToB Ha NPaKTUKe

Jls TpaKTHYEeCKOTO MPUMEHEHHs IONYYCHHBIX pe-
3yNBTATOB HCTOJNB3yeM ONMCAHHBI HEYETKUH II0JXO0X
IpH PEelICHAN 33Ja49ll MHOTOKPHTEPUAIBLHOTO BHIOOpA
pexuMa paboThl TEXHOJIOTHYecKuX 00bekToB. C 3TOH 1e-
JIbI0 TIPHBEJEM MOCTAHOBKY M PelIeHHe 3aJjaudl BhIOOpa
ONTHMAIBHOTO pEXUMa pabOTHl CTAHIMHM IOJ0TPEBa
et (CITH) marucrpansHOro HedTenpoBoga Y3eHb-
Camapa B mynkre Ateipay. OcnoBnas 3amaga CIIH 3a-
KIII04aercs B 00ecrneueHny Heo0X0MMOro TeMIepaTyp-
HOTO peXHMa Iedyeld TpH TepeKauke BBICOKOBSI3KOM
Hetu. IIpu ynpasnenuu CITH Heobxomumo pemutsb 3a-
Jlaqy BBIOOpa PeKUMOB pabOTHI Ieueit, 00eCTIeYnBAROIINX
ONTHMHU3AIHIO0 KPUTEPHEB:

* MHUHUMH3alHS Ce0ECTOMMOCTH TOJOrpeBa M Tiepe-

Kauku HeTH;
®  JKOHOMHS TOIUTMBA U JKCILTyaTal[HOHHBIX PACX0JI0B;
® MakcuMH3alud o0bema IepeKaukd HedTH U Tpous-

BOZIHMTENBHOCTH TPY1a;
¢  TIOBBIIICHIE YKOJOTHIECKOI 0€30MacHOCTH 00BEKTa.

O0BéM TepekadnBaeMoil HETH MOXKHO OTIPEACIATH
TOKA3aTeSIMH  PA3MYHBIX H3MEPHTEIBHBIX HPHOOPOB,
HaTlpUMep, pacxojomepamiu. B ucciemyemoM ydactke
MarucTpaibHOro He(TenpoBoja pacxoj IepeKaynBae-
MOM He()TH MOXeT mpuHMAMAaTh 3HaueHus ot 00,1960 no
0,1980 kr/c. Ha mpakTHKe Npy U3MEPEHUN M OIICHKE He-
KOTOPBIX KayeCTBEHHBIX IOKa3aTeneil Imporecca nepe-
Kaukd M OKOJNOIMYECKHX IOKa3aTeneil MpOM3BOJCTBA
BO3HUKAIOT HpO6HeMLI, CBA3aHHBIC C HCYCETKOCTBIO HC-
xoaHOH uH(popMmanmu. Onpeneanth 3QPeKTHBHOCTD pa-
OOTBHI TEXHOJOTHYECKOTO W MPOM3BOJCTBEHHOTO KOM-
IIeKca He(TenpoBoaa, 9IKOJOTHUECKOH 0€30MacHOCTH
paboTh! 00BEKTA OJTHUM YHCIIOM OYEHBb TPYHO U HE BCe-
r/a yraercs. YacTo u3MepeHue YHCIOBbIX 3HAYEHHI ITHX
TIOKa3aTeNel OYCHD CIIOKHO MIIM HEBO3MOXKHO M Xapak-
TEpU3yeTCs HEUETKOCTBIO NCXONHOH MHpopMmaruu. Kaue-
CTBO PabOTHl TEXHOJOTUYECKHX OOBEKTOB, 3KONOTHYE-
CKO€ COCTOSHHME NPOM3BOACTBA OOBIYHO OIMHCHIBAOTCS
HEUCTKUMH OTPAHMYCHUSAME THUIA: «He Ooreey, «He Me-
Hee» U T. 1. [22, 27].

Hegrenepexaunpatoniee mpon3BOACTBO, Kak U JT00oe
JpYroe MpPOM3BOJCTBO, XapaKTepHU3yeTcs M IKOHOMHUYE-
CKUMH, U DKOJIOTMYECKUMY, U ApyruMu kpurepusmu. Ha
NpakTUKe TpeOyeTcs YIydlINTh 3HAYEHHS BCEX ITHX
KPHUTEPHEB, HAPAMED, MAKCHMH3HPOBATH 00BEM Iepe-
KaunBaeMoil He()TH, a PacXobl PECYPCOB M AKOJIOTHUE-
CKOIl Harpy3Ku MUHUMM3UPOBaTh. Tak KaK 3TU KpUTEPHU
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B ONpEJIENICHHON 00IacTH MPOTHBOPEYAT APYT APYTY, Of-
THMHU3ALHUS BCEX KPHTEPHEB OJHOBPEMEHHO CTaHOBHTCS
HEBO3MOXKHOW. B 3THX cHTyamusix MpUXOAWTCS pemaTh
3a/1a4y MHOTOKPHTEPUAIBHOTO BBIOOpa M MPUHATHS pe-
IIEHNH, TI03BOJIAIONIYIO ONpPENENHUTh HAWIydllee perre-
HUe B obnactu kommpomuccoB. Kak Obu10 000CHOBaHO
BBIIlIE, TAKHE 33Ja4H XapaKTEPU3YIOTCA HEUETKOCTHIO U
Oonee 3ddexTBHO pematorcs ¢ mpuenedeHueM JIIIP,
T. €. 3BPUCTHYECKUMHU METOJAMH.

dopmanmzyeM 3ajjauy BHIOOpa HAWIYYIIEr0 PEKUMa
pabote! CIIH mynkTa ATbIpay uccneayeMoro Hedrenpo-
Boja. Jns ynoOHOro mpUMEHEHHs METOJI0B TEOPHH He-
YETKMX MHOMKECTB BBEIEM CIEAyIIIHe 0003HAYCHHUS:
10(X)=(1t6 (%), 15°(X), 116°(X)) — BEKTOp HOPMATH30BAHHBIX
YACTHBIX KPUTEPUEB, ONCHHMBAIONIMI KAYeCTBO PabOTHI
craHimy monorpea HedtH. COCTaBIAIOMMME JaHHOTO
BEKTOpA, T. €. YACTHBIMH KPHTEPHSIMH SIBISIOTCS: L (X) —
00beM ToorpeToid HeTH Ha BBIXOJE (TPOU3BOIUTEINb-
HOCTB) IE€YH MOAOTPeBa; iy (X) — TeMIeparypa Ha BBIXO-
Jie TIe; ,u03(x) — nasnenue Ha Beixone CITH.

[ycts @4(X) 5 by, 0=1,2 — HedeTkHe dKONOrHUECKHE
orpanuyenns. CyutaeM, 4To MOCTPOEHBI (YHKIUH MPHU-
HAJVIEKHOCTH, OIMCHIBAIOIIME CTENEHH BBIIOMHEHHS
3THX HEYETKMX orpaHmuenuii: u(X), 4=1,2. Taxxke cun-
TaeM, 4TO 3aJ1aHa MM MMEEeTCsS BO3MOXHOCTD ONpesierne-
Hus psna npruopureroB kpurepues |,={1,2,3} n BecoBbIx
K03 (DUIIMEHTOB OTpaHIeHuH [, [.

Kak Biano, qacTHbie Kputepun o (X), to>(X), o (X) 1
HeYeTKne orpaHuyeHus ¢y(X) s by, 0=1,2 3aBHCAT OT Bek-
Topa X=(X1,Xp,X2,X4), THE X1 — TEMIEpATypa B MeuH, X, —
JaBJIeHHE B TeuH, X3 — pacxoA Tomiusa Ha Bxoze CITH,
X4— pacxon (o6bvem) Heptr Ha Bxoae CIIH. Otu 3aBucu-
MOCTH OTIPEJIEJIAIOTCS Ha OCHOBE MaTeMaTHYECKHX MOJIe-
neit CITH, kotopsie paspaborassi B [17, 28—-30].

ChopMyTHpOBaHHYI0 3334y MHOTOKPHTEPHAIBHOTO
BBIOOpA ONTUMANBHBIX PEXXUMOB PabOTHI CTAHINK TMOHO-
rpeBa He(TH B YCIOBUIX HEUETKOCTH HEKOTOPOH 4acTu
UCXOJIHOW MH(OPMAIIMKM MOJKHO 3aIiCcaTh aHAJOTUYHO
(5), (6) B cnemyrommeM Buje:

.

max 44, (x), (5)
XX €QA (1 (X) > i) A

) ©)

X = /\arg(yq(x) > min|u(x) - 4

XeQ

i=2,3,q=12

B mnocranoske 3axaqn (5 ), (6°) menomsyrorcs cie-
aywomue 0003HAUCHHS: L (X) — MAaKCHMH3HPYEMBbIi
TJIaBHBI KPUTEPHH, B HAIIEM CIydyac NPOM3BOIMTENb-
HOCTb CTaHIMH MojorpeBa HedTH; 4o'(X), i=2,3 — Teme-
patypa u nasienue Ha Beixoae CITH, yactHele kputepu,
TIEpEHECEHHBIE B COCTaB OTPaHUYCHUS; ,uR', i=2,3 — rpa-
HUYHBIE 3HAYEHHUS JOKAIBHBIX KPUTEPHUEB, BKIHOUEHHBIE
B COCTaB OTPaHHYEHMIl; 4" — MjeanbHas TOUKa, O3HAya-
IOIlas JKeTaeMoe 3HaueHue orpanmueHus; 14(X), 1(X) —
(QYHKIMH TPUHAIEKHOCTH — BBIIONHEHHS —HEYETKHX
orpanuuennii; ||u(X)-4 || — ucnonb3yemas eBKIMIOBas
Merpuka E, '=(max(X),max (X)) wim 1=(1,1) - xo-
OpJMHATHI UICATBHON TOUKH.
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Haunyunum peneHreM 3a1a4id MHOTOKPUTEPHATIBHO-
10 BbI60p2 3Q)EKTHBHEIX PEKUMOB PAGOTBI CTAHIIHA 110-
norpesa Hedri (5°), (67) myHKTa AThIpay MarkCTpanbHO-
ro HeQrenposoza Y3enb—Atbipay—Camapa SBISETCH Ta-
KM€ 3HAUCHHS PEXUMHBIX NapaMeTpoB Xi Xz Xz X4 , KO-
TOpbIc 0GECIICUHBAIOT MAKCHMYM /g (X) W MaKCHMAlTb-
HbIC CTETICHH BBIMOTHEHHUS HEYETKUX OrpaHudeHnit 4 (X),
15(X). TIpu BeIOOpE pEIUCHHS YUUTHIBACTCS MPEINOUTE-
nue JIIIP, u mpu 3TOM BBIOpaHHBIE PEXKUMBI PabOTHI

CTaHIIAY TIOJIOTPeBa HE(YTH JOIKHBI Y0BIeTBOPATH JITIP.

[IpuBenem pe3ynbTaThl pemieHUs MOMYYEHHOW 3a1a4u
MHOTOKPHTEPHAIBHOTO BbIOOpa pexumos padotsl CITH
(5), (6) c mpumeHenneM MOIU(DHUKALMH BHIIICOMACAHHO-
T0 3BPUCTHYECKOTO aNTOPUTMA, OCHOBAHHOTO HA HPHHIIA-
Tax [JTaBHOTO KpuTepys U uieanbHol Touku ([K+UT).

1. Cnemmanucramu-3kcnepramu, JITIP onpenenen psin
IIPHOPUTETOB s yacTHbIX kputepues ,={1,2,3}. B ka-
YeCTBE IJABHOTO KpHUTEpUs BHIOpaHa MPOU3BOAUTENb-
HOCTh CTaHIIMM TojorpeBa HedTH (00BeM MOAOTpeTOH
He(TH), KOTOPBIA UMEET PUOPHUTET 1, IPUOPUTET 2 TIPH-
CBOCH TEMIIEPAType Ha BBIXOZIE IeUH, a JaBICHHE Ha BEI-
X0JI¢ TIeueii uMeeT MPHOPHTET 3.

2. Jlns onucaHus HEYETKUX MapamMeTpoB M OTpaHHye-
auid  JIIP, cmeumanucramMu-3KCmepTaMu  ONPEAENEHO
TEPM-MHOKECTBO M TIOCTPOCHBI (DYHKINH TIPHHAIIEKHO-
CTH, OIICHHBAIOLINE CTENECHH BBITNONHEHHUS HEYETKUX
orpaHuYeHHi: L4(X), 0=1,2. TepM- MHOXKECTBO COCTOUT
U3 CIEeIyIOMUX OCHOBHBIX TEPMOB: «HE 00JIee); «OKOIO0»;
«He MeHee». [Ipm HEOOXOIUMOCTH [OONHUTENHHBIC
TEpPMEI [IONYYAOT U3 OCHOBHBIX C IPHMEHEHHUEM Pa3iiy-
HBIX MOIU(HKATOPOB THIIA «OUCHBY, IPUMEPHOY H T. I
[MoctpoeHHbie (HYHKIMH TPUHAANEKHOCTH BHITOJTHEHHUSA
HEYCTKUX OI‘paHI/I‘leHI/Iﬁ HUMCIOT BU:

14,(x) =exp(0,20] a,—50,0*);
14,(x) =exp(0,10| a, —80,0[7),

e a;, 8, — CpeIHUE JHCIOBBIC 3HAYCHHS HEUCTKHUX TIa-
paMeTpoB, COOTBETCTBEHHO: TEMIIEPATYpHl U JABJICHHAS
neun (CIIH) Ha BeIXOzne, a apyrue napamerpst 0,20; 0,5;
0,10; 0,7 sBnstOTCSA MASHTHHUIUPOBAHHBIMU K0IPDUIIU-
eHTaMH Ipy00# U TOUHOH arMPOKCHUMALHH.

3. Pa3paboTaHb! MORENH I OTPE/IENEHNS YaCTHBIX KPH-
Tepues o (X), 1=2,3, KOTOpbIE NIEPEHECEHbI B COCTAB OFpAHH-
YEHWSL, Y 3a/1aHbI TPAHWYHBIC 3HAYCHHS TS HAX ,uR', i=2,3:

7+1,2% -0,25% +57%—|
(x)= ) , » Mg =55,
-1,3x, +1,8%; +8,3x;
10.25-131 +7,35% =3 1 + |,
/JO( 2 By =8,5.
+2,25x4 +9,85x2 +8,7x;

s

4. Tak Kak (GYHKUMM NPUHAIEKHOCTH HEYETKUX
OTPaHMYCHHUH SBIISIOTCS HOPMAILHEIMH, - KOOPIMHATH
ujeanbHoil Touku onpesenensl kak: 1'=(1,1).

5. Jlns oueHku paccTosiHust Mexky (X) u 4 BriOpana
eBKImI0Bas MeTpuka ||i(X)—|e. B Hamewm ciyuae Buj
METPHKH ONPE/IENeH CIeYIOIINM 00pasoM:

=3[ max () -, (00

riie ff; — BecoBoil KOOQOUIMEHT (-ro HEYETKOrO OrpaHu-
qeHus, 3ajaBaeMbiit JITTP.

6. Pemaercs 3amaya MakCMMM3AIMH TIABHOTO KPUTeE-
pust rpgx,ué(x) (5)) Ha MHOKECTBE JOMYCTHMBIX pellre-

HHii, onpejenseMoro mo Bepaxenuio (6 ). [pn 3rom 3a-
BHUCHMOCTb TJIABHOTO KPHTEPHsI OT BEKTOpA PEXUMHBIX
mapaMeTpoB X=(X1,X2,X2,X4) OTpEMAENCHA 110 MOJETH, KO-
Topas mpeiokeHa B padorax [17, 30], u uMeeT BUA He-
YeTKOI MOJIENHU TOCHIe TPpeo0pa3oBaHus Ha OCHOBE MHO-
*KecTBa ypoBHA @, 11 @ =05; 085; 1, umeet BUA:

05 08 3
2.000254727 © 2,007525117
#09= 1 0,85 J
" ,088235294 ' 2175725157 ' 2, 787515357
(05 085 \
.| 7001000000 7,010000000 J
1 0,85
*7,100000000 * 7101523567 ' 7, 156572378
05 . 085 h
5,005700000 ' 5,012500000
B 1 L, 085 J
*'5,680000000 * 5,750000000 5, 950000000
05 085 )
.| 0,003700000 0,055000000 J
1 . 085
*0,400000000  0,450000000 ' O, soooooooo
0,5 . 08
0,000378677  0,007725335 s
+ X +
. 1 . 08 0,5
0,061418685 0,097733375 0,134457767
0,5 . 08
.| 0600000000 " 0,650000000 2
. 1 L 08 0,5 2
0,710000000 ~ 0, 760000000 ~ 0,820000000
(05 . 08 \
| 0,180300000 ' 0,200100000 24
. 1 . 08 0,5 :
0,227200000 0, 247200000 0, 267200000
05 08
.| 0,00000873 " 0,000077540 2
N 1 .08 0,5 ‘
0,000563380  0,003735470  0,012557370
(05 L 08 A
| 0,006000000  0,007000000 .
. 1 L 08 0,5 s
0,008000000  0,009000000 ~ 0,010000000

3areM HeweTkue KOI()QHUIMEHTH, AeTCPMUHHPOBAH-
HBIC HA @ YPOBHSX, O0BEAMHAIOTCS TI0 MPABUITY TEOPHH
HeueTKkux MHoxecTB [16]. B mpuBeneHHO# Monenu 3Ha-
4eHHs K03((UIMEHTOB PErPECCHH BE3Je OCTaBICHE Je-
BATH3HAYHBIMU TIOCJIE AECATHYHOH TOUKH, T. €. KaK B
pacyeTHOM BapHaHTE Ha KOMIIBIOTEPAX.

3agaya MaKCHMH3ALIUU C YIETOM HAIOXEHHBIX Orpa-
HUYEHUH pelieHa ¢ UCTONb30BAHUEM METOJOB MaTeMa-
THYeckoro mporpammupoBanus [31]. OmnpeneneHsl cie-
AYIOLIUE TEKYIHUe PEIICHNUS:
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2

X(léizg(l%(qgflﬁ(x)—!ﬁ(x»)z],

i=2,3 - BCKTOp PEKHUMHBIX TTAPaMETPOB;
2

%%L Lﬂwi By (max a1, (X) - uq(X))J J

i=2,3 — 3HAaYCHHUE TTABHOTO KPUTEPHS,

(( = V2
1 LXVI‘RZ (B, (max 11, (X) - (X))J J ,

%)

(( 2
uSLx[uL.Z(ﬂq (max 1, ()~ 41 (X))} J

i=2,3 — 3HaYEHHSA YACTHBIX KPUTEPUEB, [IEPEHECEHHBIX B
COCTaB OTPAHUYCHHS;
2

( 2
ﬂitx[ﬂéelg(ﬂq(n;ggxﬂq(x)_/uq(x))} J’

2

( 2
) Lx{ﬂ:a ' Z (4, (rlagx Ho(X) = g (X))j J !

i=2,3 — 3HaveHus (DYHKIMK MPUHAIICHKHOCTH, OLCHHBA-
IOIME CTETICHU BBIIOTHEHUS OT paHUIEHHUIH.

7. 3HayeHus pe3yJbTaToB KAXIOr0 IHUKJIA HPENbsB-
senst JITIP (TexHONOTY M cTapiiemy oOmepaTropy, yrpas-
JIOIUM HpoueccoM mogorpesa). C mepBoro mo msThlii
VKN HMH BHOCHINCH KODPEKTHPOBKH B SHATCHHA
£25(X), 12°(X) M MOMCK NPHEMIEMOro pEIICHUS MOBTO-

pAIics, HaUMHAA C IPEeIbIAYIIEro MyHKTa, a Hocle MATOro
[MKJIa TIONy4YeHbl pernenus, ynonersopstomue JIIP, n
TPOM3BE/ICH MEPEX0 K MYHKTY 8.

8. JIIP mpuHATO OKOHYATENHHOE pElIeHHe, KOTOpOe
ABIAETCS HAMIYYLIMM: 3HAYEHHUS YNpPaBIAIONIUX, pe-
’KMMHBIX IapaMeTpoB

wi@mmm%MJ

KOTOpBIC 00ecreunBaoT ONTUMAIbHBIE 3HAYEHUS 4YacT-
HBIX KPUTECPHUCB

([ = V2

ﬂéLX | 4o 22 0B (max sy (9~ 1, () J

(2 )

LﬂR,Z(ﬂ (max s, () = 4, (X))J J

(( =2 \2)

#SLX Lﬂk,Z(ﬂq(Tgfﬂq(X)—ﬂq(X))J J

1 MaKCHMaJIbHBIC 3HAYCHUA (i)yHKHI/Iﬁ NpUHAIIICKHOCTHU
BBITIOJTHCHUSA OFpaHI/I‘{eHI/Iﬁ
(2 V)
MLX 0 2 0B a1, () = 1) J
g=1
%)

( :
1 Lx* {ﬂ; 2 0By (M a1y () = 4, 00)} J :

YucnoBble 3HAUEHUsS PE3yJIbTATOB, MOTYUEHHBIE IO-
CJIe TIIECTOTO MUKNA 3aHECEHBI B TAONHILY.

Tabnuya. Pesynomamel pewienus 3a0auu MHO2OKPUMEPUATLHO20 6bl60pa NO O0emepMUHUposanHomy memooy [27], no
npeonoicennomy memooy (I'K+HT) u peanvhvix 3nauenuil (npouzeodcmeeHHbvle OaHHbLe)
Table. Results of solving the multi-criteria selection problem by the deterministic method [27], by the proposed method
(MC+I1P) and real values (production data)
JleTepMUHUPOBaHHBIH AsropuTy Peanbubie
Kpurepuu u orpannueHus P Meng[ T'K+UT SHACHIS
Criterion and limitations Deterministic method MC+IP Actual values
algorithm

HponsBouMTenLHFJCTL C'HH, KI.‘/C - KpI/ITepI/II\./'I y{ ~ 0,1960 ~0.1970 0,1965
Performance of oil heating stations, kg/s — criterion y,
Temmneparypa Ha BbIXoje neun, K — kpurepnii y,
Furnace outlet temperature, K — criterion y, 321,15 323,15 323,15
JlaBnenue Ha BeIxojie ey, klla — xpurepuii y3
Furnace outlet pressure, kPa — criterion ys; 101,51 96,54 9,70
Crenensb BeIMoNHEeHUs orpanmyenus 1 — (X (5)) B 10 B
Degree of compliance with restriction 1 — z4(x"(8)) '
CTereHb BHITIOTHEHHs orpaHudenus 2 — (X (/) B 098 B
Degree of compliance with restriction 2 — z6(x"(5)) '
OnTuManbHOe 3Ha4€HHUE BEKTOPa PEKUMHBIX ITapaMeTpOB X*:(Xl*,XZ*,Xg*,X4*):
Optimal value of the vector of operational parameters X"=(X; %, X3 X4 ):
Xl* — OIITUMaJIbHasA TEMIIEpATypa Ha BXOAC I1CYH, K
x," — optimal furnace inlet temperature, K 308,15 306,15 307,15
xz* — ONTHMAaJbHOE JaBJICHUE Ha BXoe mmeuu, klla 125.40 117.04 11942
xz — optimal furnace inlet pressure, kPa ' ' '
x3 — ONTHUMAJBHBII PacX0]] TOIUINBA, KI/C 0.0075 0.0069 0.0072
x3 — optimal fuel consumption, kr/c ' ' '
X4 — ONTUMAJIbHBIA 00bEeM ChIphs (He)TH) Ha BXOJIE TIeUH, KI/C

X4 — optimal volume of raw materials (oil) at the inlet of the furnace, kg/s 0,1970 0,1970 0,1970

Tpumeuanue: (—) napamempsi He onpeoersiomcsi u He usmepsiomcs. Bpews, neobxooumoe 0ns pewienus 3a0ay 8 Memooax

noumu 0OUHAKoBoe.

Note: (—) parameters are not determined and not measured. The time required to solve task in the methods is almost the same.
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0GcyxaeHne pe3ynbLTaToB

[lo pe3ynbraTaM aHamM3a M 00CYXICHHUS PEIIeHHS 3a-
ZJa4u BbIOOpa 3eKTHBHOTO pexknMa paboThl Hcceye-
MO¥i CTaHIMM TIONOTPEBa HEPTH C MPUMEHEHHEM MPej-
JIO)KEHHOTO HEYETKOr0 MOJX0/a, KOTOpbIe NMpPHUBEACHb B
TabIIHIE, MOKHO OTMETHTD:
® [IpH PEIICHUH 33/Ia9l MHOTOKPUTEPHAIIEHOTO BEIOOpa

PSKUMOB TIeuel mojorpeBa HedTH pa3pabOTaHHBIH

9BPUCTHYECKUI aIrOPUTM, OCHOBAHHBIH HAa MPUHLH-

Tax TJIaBHOTO KPUTEPUS W UICATbHOH TOYKH, MO3BO-

JAeT MOJYYUTh PE3YNbTaThl, KOTOPBIE JIYUIIe COBIA-

JAI0T C peallbHBIMH TaHHBIMH, 110 CPaBHEHHIO C pe-

3yNbTaTaMy JICTEPMUHAPOBAHHOTO MOIX0/1a;
® TaK Kak HeyeTkas MHQOpMALus OT CHeLHaTuCTOB-

skcneptoB, JIIIP mo3Bonsier MpaBUIBHO YYHTHIBATH

CTIOXKHYIO CBSI3b MEXIy IapaMeTpaMd TPOM3BOJ-

creennoro oowekra — CITH, moBeimiaercs anexsar-

HOCTh ¥ 3(Q(EKTUBHOCTH pEIICHUs 3aJlaul BHIOOpa

PEKUMOB pabOTHI YIPABIAEMOTO PEATBHOTO 00BEKTa;
® MPEUMYIIECTBOM MPEUIOKEHHOTO 3BPHUCTHIECKOTO

METO/a PENICHHs TIOCTABICHHON 3aJ1aul TaKkKe SABNA-

€TCs TO, YTO TOT METOJ MO3BOJISIET OLIEHHUTE U 00€ec-

TIEYHTh BBINOJHEHAE HEYETKUX OTPAHHYCHUH.

[IpaBUIEHOCTD PE3yJIbTATOB PENICHHS TTOCTABICHHOH
3a[jaudl MHOTOKPUTEPUAIBHOrO BbIOOpa obecreunBaeTcs
KOPPEKTHBIM ~ HCIIOJ30BAaHHEM METOJIOB 9IKCIEPTHBIX
OIICHOK W TEOPHH HEYESTKUX MHOKECTB,  TAKXKE METOJIOB
MHOTOKPUTEPHAIEHON ONTHUMH3AINK M TPUHATHS pelie-
Hu#. Kak BUIHO W3 TPUBEICHHOH TAONMIIBI, pacueTHbIE
pe3yJbTaThl, MOJYYeHHbIE Ha OCHOBE MPEIIOKEHHOTO
QITOPUTMA, OCHOBAHHOTO HA TMPUHIMIAX TTIaBHOTO KpHU-
TEpHSA M MACATHHON TOYKH, JIYYIe COBMAIAOT C peab-
HBIMH JIAaHHBIMH, & CTENICHU BBIMOIHEHAS HEUETKUX OTpa-
HUYeHUH 1octatouno Beicokue (1; 0,98).

3aknroyeHue

Ha ocHoBe MonuduKayy 1 KOMOMHAIIMK Pa3IMIHBIX
TNIPHHIUIIOB ONTHMAIBHOCTH MPEIOKEHB! HOBBIE TIOCTa-
HOBKH 33/[ad MHOTOKPHUTEPHAILHOTO BBIOOpA PEKMMOB
paboTHI TEXHONOTHYECKHUX arperaTos (Ha MPUMepe CTaH-
UM TofiorpeBa HeTH HedTenmpoBoaa) B YCIOBUAX He-
YETKOCTU MCXORHOH MH(OpMANNU U pa3paboTaHbl 3BPH-
CTHYECKME METOABI PpELIEHHS IOCTABIECHHBIX 3ajau.
IIpemoxeHHbIe METOJBI OCHOBAHBI HA HCIIONB30BAHHA
Wfled Pa3INYHBIX IPHHIAIOB ONTHMANbHOCTH, KOMOWHa-
I KOMIIPOMUCCHBIX CX€M HpuHATHA pemenuil. [Tocra-
HOBKHM KOHKPETHBIX 33/[a4 HONYYEHBI yTeM KOMOMHAIINN
TIPHHIUIIOB OTHOCUTENBHON YCTYNKM M PAaBCHCTBA, I7IaB-
HOTO KpHUTEpUs M WJCANbHON TOYKM, HA OCHOBE ajamTa-
LMY UX JUIS HEYETKOH Cpejibl.

B KadecTBe OCHOBHBIX pPe3yNbTAaTOB HCCICAOBAHHUS
MO’KHO BBIJICTTHTB:

e JcCienoBaHB ¥ (OPMATM30BaHbI 33/1a4M MHOTOKpH-
TEPHANBHOTO BEIOOpa 3P(MEKTHBHEIX PEKUMOB pabo-
Tl TEXHOJIOTHYECKHX 00BEKTOB (Ha MpUMepe arpera-
TOB MAaruCTpalbHOTO He(TeNpoBOAa), KOTOpPHE Xa-

PaKTEpPU3YIOTCS MHOTOKPHTEPUAILHOCTBIO U HEYET-

KOCTBIO CXOIHOH HHPOpMAIIHH;
¢ chopMmynmpoBaHa MaTeMaTHYecKas MOCTAHOBKA 3a-

Jlaud BBIOOpA ONTHUMAIBHBIX PEKUMOB PabOTHI 00b-

€KTOB HEe(TENPOBOJIA B YCIOBUSIX MHOTOKPUTEPHANb-

HOCTH ¥ HeueTkocTd. [Toka3aHo, 4To myteM MOAH(H-

KallMd M aJaNTallid Pa3iddHBIX NPHHIUIOB ONTHU-

MAIBHOCTH U1 paboThl B HEUETKOH MH(OPMAIMOH-

HOH cpejie MOXHO TOMYYHTh Pa3IHYHbIC TOCTAHOBKA

3aJ1a4 MHOTOKPHTEPUAIEHOTO BBIOOpA PEKUMOB Ma-

TUCTPaJbHOTO He(TENPOBOa;
® Ha OCHOBE NPHHIMIOB OTHOCUTENBHOM YCTYNKH U

PABCHCTBA, TJIABHOTO KPUTEPHSA M HICATBHOH TOUKH

TIONY4YEHBI TIOCTAHOBKY 3a[aYi MHOTOKPUTEPHATBHO-

T0 BBIOOpA MPH HEYETKOCTH MCXOJHOH MHGOpMAINH

1 pa3paboTaHbl IBPUCTHICCKHIE ATOPUTMBI HX pellie-

HUSL.

Takoke TIpHBENCHBI PE3yNBTATH PEANH3ANNN IPEII0-
’KEHHOTO TOJXOJa HAa TPAKTUKE HPU PEMICHAUH 3a1auH
MHOTOKPUTEPHATBHOTO BHIOOpA ONTUMAIBLHOTO PEXAMa
pabOTBl CTAaHIMK TOAOTPEBa HE()TH MAruCTPaIbHOTO
HedrenpoBoaa Y3eHp—Camapa B myHKTe T. ATbipay. Jis
TPaKTAIECKON pean3aluy TPEIToKEeHHOTO MOAX0Aa K
PEMICHHUIO TTOCTABICHHON 3a1a4i BEIOPAH TPEI0KEHHBIN
IBPUCTUYCCKUN ANTOPUTM, OCHOBAHHBIH HA MPHUHIIMIAX
TJIABHOTO KPUTEPHs W HMacaibHOW ToukH. [lo pesybra-
TaM pacdeTa 000CHOBaHA 3((EKTUBHOCTh MPUMEHEHHUS
HEYETKOTO ITI0JX0Ja K PeIleHMI0 3a1ad MHOTOKPUTEpH-
aTpHOTO BHIOOpa pexumoB padotsl CITH ¢ ucmonb3oBa-
HHEM D3BPHCTUYECKOrO alrOpHTMa, OCHOBAHHOTO Ha
TIPUHIIUIAX TIABHOTO KPUTEPHS M UICATBHOM TOUKH.

OpHUrHHAEHOCTh ¥ HOBW3HA Pa0OTHI 3aKIIOYAETCS B
TOM, UTO 3371398 MHOTOKPHTEPHAIBHOTO BEIOOpA HA OCHO-
BE 9BPHUCTHYCCKHX ITOPUTMOB PEIIAETCS B HEIETKOM Ccpe-
ae. HpI/I 9TOM B OTJIMYMUE OT M3BECCTHBIX METOHOB HE MPO-
U3BOJIMTCS 3aMEHA MCXOJHOW HEUETKOM 3aJauM C SKBUBA-
JICHTHBIMH JICTCPMHHHPOBAHHBIMY 3a/[adaMH. JTO TO3BO-
J€T MAKCHMAJBHO HCIOJNB30BaTh MCXOJHYIO HEYETKYIO
MHGPOPMALMIO M TONYYHTh aJCKBATHOE PEMICHHE MPOU3-
BOJICTBEHHOM 3a/1auil B YCIOBUAX HEYETKOCTH. TakuMm 00-
pasom, obecrieunBaercs 3PHeKTHBHOE TIPUMEHEHHE METO-
JI0B MHOTOKPHTEPHAIBHOTO BEIOOpa B HEIETKOM Cpejie.

[TpakTH4ecKNM MPEUMYIIECTBOM — IPEIIOKEHHOTO
MOAX0Ma K PEIICHHIO 3a1a4 MHOTOKPHTEPUAILHOTO BBHI-
Oopa B HEUETKOH cpele ABNAETCS TO, YTO B 3aBUCHMOCTH
HPOU3BOJICTBEHHOM CUTYallUH U JOCTYIHOCTH MCXOJHON
nHopMamuu paznuyHoro xapakrepa JIIIP maercs Bos-
MOHOCTh BBIOOpa 0ollee MOAXOJANIETO, MPHEMIEMOTO
croco0a peleHns 3a1a41 U3 IPEUI0KEHHOT0 Habopa a-
TOPUTMOB.

[TepcriekTrBBl AANbHEHIINX HAYYHBIX HCCIEN0BAHUH
B JJAHHOM HATIpaBICHUH 3aKITI0YaeTCs B pa3paboTke Ma-
TEMATHIECKOr0 00ECTICUCHNS Pa3IMIHBIX CHCTEM YIIPaB-
JICHUS, HApUMEp, HUHTCIUICKTYAIM3UPOBAHHBIX CUCTEM
HOJJEPHKKU NPUHATHS PELICHUN 10 YIPABIEHUIO PEXKHU-
MaMH paboThl TEXHOJOTUYECKHX OOBEKTOB MAarucTpaib-
HOTO HedTenmpoBoa.
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The relevance of the research is justified by the fact that when managing oil transportation through trunk pipelines, it becomes necessary
to determine and select the optimal operating modes of the pipeline units, taking into account the vagueness of some part of the initial
information. In this regard, the formulation and solution of the problems of multi-criteria selection of effective operating modes of
technological objects of the oil pipeline system, which are often described in a fuzzy information environment based on the mathematical
apparatus of fuzzy sets, is an urgent scientific and practical task.

The main aim of the research is to formulate the problem statements of the multi-criteria selection of operating modes of technological
objects with fuzzy initial information based on the adaptation of various principles of optimality and develop heuristic methods for their
solution, which are based on attracting a decision maker in solving the problem. Implement the proposed fuzzy approach to solving the
problem of selecting the optimal operating mode for the oil heating station of the Uzen—-Samara trunk oil pipeline in Atyrau.

Objects: technological units of the main oil pipeline, which are characterized by multi-criteria and unclear certain restrictions.

Methods: methods of theories of fuzzy sets, methods of multicriteria choice, heuristic methods, methods of fuzzy mathematical
programming.

Results. The authors have stated the problems of multi-criteria selection of operating modes of technological units of main oil pipelines in the
conditions of fuzziness of some part of the initial information and developed the heuristic methods for their solution. The proposed heuristic
methods of multi-criteria selection in a fuzzy environment are developed based on the application of experience and knowledge of the decision
maker and modification of various optimality principles for working in a fuzzy environment. To ensure that the decision maker can choose a
more convenient method of solving the choice problem depending on the availability and accessibility of the source information, the current
situation, a set of statement of the choice problem is proposed by applying various principles of optimality (compromise decision-making
schemes) and their combination. The proposed approach was implemented in formulating and solving the problem of multi-criteria selection of
operating modes of the pipeline with the aim of optimally controlling the process of pumping oil through the Uzen-Atyrau-Samara trunk
pipeline (Kulsary-Atyrau section) with the involvement of a person, i. e. applying fuzzy information in the form of his/her experience, knowledge
and intuition. The obtained results confirmed the effectiveness of the proposed approach to solving the tasks.

Key words:
Multi-criteria selection, oil transportation, oil trunk pipelines, fuzzy information, decision maker, heuristic method.
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BeepeHue

Tpa}lI/IL{I/IOHHaﬂ SHCPreTHKa, OCHOBAHHAA Ha CKUTaHUU
MCKOTIAEMBIX OPTaHMYEeCKHUX TOIUHB (YIJIL, Ta3a W He(Ts-
HBIX OPOAYKTOB), ABJAETCA OJHUM U3 OCHOBHBIX MCTOYHH-
KOB 3arpsA3HEHHS OKpYKarolleil cpeibl 1 U3MEHEHHs KIIH-
Mara mianethl [1, 2]. TexHoreHHoe BO3JEHCTBHE dHeEpre-
THKH Ha OKPYXaIoIIyI0 Cpely IPUBOJUT K CYLIECTBEHHO-
MY YXY/ILIEHHIO 370POBbS M MPEKIECBPEMEHHOH CMEPTHO-
ctu Hacenenus [3]. YuuTbBasg MNPOTHO3UPYEMBIH pOCT
HaceNeHUs IUTaHeThl [4-6], HeM30ekKHO COMPOBOKIAL-
IMICS POCTOM 3HEpromnoTpedneHus 7], MEpoBOe 3Hepre-
THYECKOE COOOIIECTBO CTPEMHUTCS K MEPEXOAy Ha IKOIO-
TUYECKU YHUCTYIO 3HEPTeTHKY, MOBBILIEHHIO 3HEPro- U pe-
cypco3(hHEeKTUBHOCTH MPUPOIONONIH30BAHHUS.

B cBsi31 ¢ 3THM BO MHOTHX CTpaHax 0c000¢ BHUMaHHE
yJeNsSeTcs. MCIOTb30BAHUI0 BO30OHOBISAEMBIX HCTOYHH-
koB 3Hepruu (BUJ) [8-12]. CornacHo nanHbM Mexny-
HApoOJHOTO 3HEPreTUYECKOro areHTCTBA 0N HEPrHH,
BEIpa0OTaHHO! Ha ocHOBe BUD, B MupoBoM MacmTabe

DOI 10.18799/24131830/2020/12/2945

cocrapiser 11,5 % (6e3 yuera rumposnepreruku) [13].
[Tpun 3TOM HEKOTOPBHIMU CTPAHAMH JIaKe PACCMATPUBAIOT-
cs cueHapu [8, 14-18] mo moiHOMY MepeBojy SHepre-
tukd Ha BUD B 0603puMoM Oymymiem.

Cornacuo [19] cpemu paznmanbix BugoB BUD B Tom-
JMBHO-3HEPTeTHICCKOM OajaHce 3HAUUTENbHAs TONS HC-
TIONB30BaHKUS  OTBoAWTCS Omomacce. OHa  sABIAETCA
HauboJiee pacrpoCTPaHEHHBIM HUCTOYHUKOM CPEeIH TMpo-
yux BuaoB BUD [20, 21], uto nenaer e€ yHUBEpCalIbHbIM
pecypcoM i TOBCEMECTHOTO HCIONb30BaHUA. AKTY-
aNBHOCTH BOBJICUCHHS B HEPTETHKY VI OHOMACCHI 00Y-
CJIOBJIEHA TAKXKE TEM, 4TO OHA IO OONbIICH YacTH mpea-
CTaBliCHa OTXOJaMH Pa3IMYHBIX cdep JAeATeNbHOCTH
(onunku, nysra, cojoMa, OTXO[bl 3epHOIEpPepabOTKU U
T. 1) WUIM IPOAYKTAMH Pa3NoKCHHS OPTaHUKH (Topd, wi
BoJ10eMOB). OcTaBasCh HEMCIONB30BAHHBIME, 3TH PECYP-
CBl MOTYT HAHECTH Bpel OKpYXkalomed cpene WIH Co-
371aTh TIOTEHIUAIBHYIO OMACHOCTH BO3TOPAHMS, PUBOASL
K IIPUPOJIHBIM H AHTPOIOTEHHBIM moxkapam [22—25].
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TpamuurOHHBIE TEXHONOTUH CKUTAHUS OPTaHHIECKHIX
TOIUTUB, YCICIIHO TNPHMEHSAEMBIE I YIIA, 3a4acTyio
OKAa3bIBAIOTCA HEI(P(PEKTHBHEIME IIPH HUCTIONB30BAHUH
Omomaccel. IT0 00YCIOBICHO €€ cenu()UIeCKUMHI Xa-
paKTepucTHKaMH. B ucxogHoM cocTosHMM Ouomacca
MIMEET BBICOKYIO BIaxHOCTh (30,4-79,7 % [26]), uto cy-
IECTBEHHO OCIOXHSIET HPOIECC TPAHCIOPTHPOBKH ITIPH
HIBKHX TEMIIEPaTypax OKpPYKAIOIIEro Bo3dyxa (cMmep3a-
eTcs B 3UMHUH mepuoa) [27] u TpebyeT mpu CKUraHUH
BBICOKUX DKCIUTyaTal[MOHHBIX 3aTpaT Ha UCIapeHHe Blia-
ru. HecMoTps Ha HU3KOE 3HAUEHHE 301bHOCTH OHOMACCHI,
e€ MHIHEpaTbHAs YacTh B IPOLECCe TOPEHMS IPUBOIUT K
IITAKOBAHHIO TIOBepXHOCTEeH Harpea [28, 29]. Menkuit
(pakiuoHHBI cocTaB (HampuMmep, IPH PacCMOTPEHHH
ONWIOK WM COJNOMBI) M KPOIIMMOCTb HE TIO3BOJIAIOT
CXHUraTh OMOMAcCy B CJIOEBBIX TONOYHBIX YCTPOMCTBAX
0e3 MX MOJIepHHU3AIIHH.

B cBs131 ¢ BEIIICONHCAHHEIM HEOOXOIUMO HCKATh allb-
TEpHATUBHBIE IYTH, MO3BOJSIOIINE BOBIEYh PECYPCHI
OroMacchl B MUPOBOIT TOIUIMBHO-3HEPreTHYECKUH OanaHc.
OnHUM 13 TIEPCTIEKTUBHBIX HATIPABIEHUH, MO3BONIIONINX
nepepadaTeBaTh OMOMACCy B XHMHYECKH M 3HEpreThye-
CKH TEHHBIE TPOIYKTH, sBIseTcs muponm3. [lmpomms
TIpeAcTaBisieT co0o0if MHOrOCTaAMHHBIN Mporece TepMu-
YECKOTO Pas3OKEHHsI OPraHUYECKOTo CHIPbS NPU OTCYT-
CTBHH KHcIopofa. B mpomecce mumpomm3a o0pa3yroTcs
TBEPABIH YTIEPORHMCTEIl OCTATOK, JKUIKHE HPOXYKTEHI
(mmporeHeTmUecKas BOJa W CMOJNA) M TOPIOYHIA Ta3, co-
CTaB U XapaKTEPUCTUKU KOTOPBIX CYLIECTBEHHO 3aBHCAT
OT TIPUPOBI UCXOJJHOTO CHIPhS, TEMIIEPATYPHOTO PEXUMA,
JaBIICHIIS, CKOPOCTH HATrpeBa CHIPBS M MTHTEIBHOCTH €T0
nepepabotku. CToNb CNOKHAS 3aBHCUMOCTH, YUHTHIBA-
omias 0OJBIIOE KOMHMYECTBO MApaMeTpPoB, ¥ MHOT000-
Pa3HOCTh TIPOTEKAIONIUX MPH 3TOM XUMHUYECKUX PEAKIUN
NIPUBOJAT K TOMY, UTO HanOoJee pacpoOCTpaHEHHBIM Me-
TOJIOM HCCIIEIOBAHMS MIPONH3a Beé eme ocTaercs Gu3u-
yeckuil akcrepument [30-34]. OxHako BemyTcs Hccie-
JI0BaHHS 10 pa3paboTKe anroOpUTMOB YMCIECHHBIX METO-
JI0B M3Y4YEHHS ¥ MOJCIMPOBAHHUIO TPOLECCOB TEPMUUE-
CKOTO PA3IOXKeHHs OMOMAcChl, CIOCOOHBIX CYIIECTBEHHO
CHU3UTH BPEMEHHEIC W TPYAOBBIE 3aTPaThl IPHU MPOCKTH-
pOBaHHM 00OpYIOBAHMS, €0 HANaJKe W BHEIPEHHH B
TEXHOJIOTMYeCKHH mpolecc. Peanusanust 3Toil 3amaun
TpeOyeT TMoApOOHOTO M3YYEHWS KUHETHKH MPOHMCXOMS-
IIUX TIPH HPOJIH3€E TIPOLIECCOB.

B Teopuu XxuMuuecKoid KMHETHKH IIAPOKO H3BECTHEI
IIBa TOAX0/a K OTPE/ICNCHNI0 KHHETHIECKAX XapaKTepH-
CTHK (JHEprHH aKTUBAIMK W MPEIIKCIIOHEHIUATBHOTO
MHOKHTEJIS) TIPOLIECCOB XMMHUUECKOTO pearnpoBanus [35,
36]: 3KcmepHUMeHTaNbHbIC METOABI 6e3 MOCTPOCHHS MO-
Jend ¥ MeTojbl mojdopa mozenei. [locnenrne Metomsl
SBIIIOTCS JTOCTATOYHO TPYHOEMKHMH, T. K. VI JOCTO-
BEPHOTO OINHCAHMS PEaNbHBIX MPOIECCOB HEOOXOIMMO
UCTOJIB30BATh CIOKHBIM MaTeMaTHYECKUi ammapar u co-
OTBETCTBYIOIIME NPOIPAMMHBIC KOMILIEKCHI, HAIPHMED,
IpU TPOBEICHUM KBAaHTOXUMHYECKUX pacueroB [37]. B
CIydae YNpOLICHHS 3THX METOJI0B HEOOXOAUMO 000CHO-
BBIBATH OOJIBIIOE KOJMYECTBO NOMyHieHWi. Hampumep,
OOBIYHO CUMTACTCS, UTO MIIABHOE H3MEHEHHUE [IapaMeTpOB
nporecca XMMUYECKOTO PEarupoBaHUS HE MPUBOAUT K
PE3KOMY U3MEHEHHI0 KHHETUYECKUX XapaKTEPUCTHK, YTO
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B PCANbHBIX YCIOBUSX HE BCErja BhImoiHsAeTcs. [loaTomy
IS OLIEHKH JTOCTOBEPHOCTH TONYICHHBIX KHHETHIESCKHIX
XapaKTepUCTHK HEOOXOOUMO BOCHPOHM3BENCHHE HATYP-
HBIX YCIOBUH JKCIIEPUMEHTA.

Mertonsl 6e3 moctpoenus Mozenu (Metoasl Opuama-
Ha, Koyrca u Pendepna, Kuccummxepa—Axaxupbi—
Cynoce, O3aBpi—®niHHa-Y0mna u fp.) SBISAIOTCS MEHee
TPYJOEMKUMHU ¥ Oonee HajnexHbIME [38—41], mosTomy
OHH 0oJiee MHPOKO UCTIONB3YIOTCS IS BBIYUCICHHS KH-
HETHYECKHX XapaKTEePHUCTHK MPOLECCOB MO JTaHHBIM 00
M3MEHEHHH Macchl 00pa3LoB (TepMOrPaBUMETPHIECKOTO
aHamza — TT)) B mpomecce TEPMUUYECKOTO Pa3JOXEHHS.
[lomywyaemble mpu pacdere KUHETHKU XapaKTEPUCTHKH
SBJIAIOTCS B TANBHEHINEM MCXOMHBIMH TAHHBIMHA IS Pas3-
paboOTKK TPOTHOCTHYECKUX MaTeMaTHYECKHX MOenel u
TPOBEICHHS YUCIEHHOTO MOJIEIUPOBAHHUS COOTBETCTBY-
OIMX (PM3MKO-XHMIYIECKUX MPOIECCOB B MIHPOKUX [Ha-
Ma30HAX BaphUPOBAHHSA MApaMETPOB HCCIEAYEeMOH CH-
CTEMBbI ¥ BHELIHUX BO3AEHCTBHUIL.

HccnenoBanue KMHETHYECKHX MapaMeTPoOB OHOMACCHI
BCTpEUaeTCs BO MHOTHX paboTax, Hampumep, B [42-45].
OnHako HEOOXOMMMO OTMETHTh, UTO COTJAcHO [46] Xxa-
PaKTEPUCTHKH OMOMACCHI IEMOHCTPUPYIOT OONBIIYIO Ba-
PUATUBHOCTH JaXKe B 3aBUCHMOCTH OT €€ BHJIa, TUIA pac-
TUTEJLHOCTH, CTaJAUU POCTa M YCIOBHIl BHIpAIIMBAHMUSL
DT CBOMCTBA OOBIYHO OKA3BIBAIOT OONBIIOE BIMSHIE HA
CKOPOCTh CTOpaHHs OMOMAcChl, COCOO CKUT'aHWSA, BBI-
Opocel 1 001yt0 3PHEKTUBHOCTh CIKUTAHHUS, & COOTBET-
CTBEHHO M Ha KMHETUYECKHE MapaMeTpbl. ITO MPHBOJUT
K HEOOXOIMMOCTH M3y4eHUS! KMHETHKH I KaxXA0To OT-
JeNBHOTO BHAAa OHOMACCHl MPUMEHUTENHHO K KOHKPET-
HOMY PETHOHY €€ IIPOUCXOKICHNS.

B wHacrosmieid paboTe paccMaTpHBAIOTCA PECYpCHI
ouomaccel ToMckoi obnacTH, SBISIOLICHCS, KaK U MHO-
rue apyrue peruoss! B Poccuiickoil denepanuu, 3aBu-
CHMOH OT TOCTAaBOK YINS C KPYIHBIX YTONBHEIX MECTO-
poxaenuii (Kyz0acca wim KpacHospckoro kpas) [47].
[Tpu 3TOM 00MacTh MMEET COOCTBEHHBIE, HEUCIIONb3Ye-
MbI€ Ha JIAHHBI MOMEHT 3amackl OHOpecypcoB — Topda,
APEBECUHDBI, OTXOO0B arpoONpOMBIIIJICHHOTO KOMILUIEKCA
[47-49], mwis >HEpProTEXHOJOTHYESCKOTO HCIIONb30BAHHS
KOTOPBIX HEOOXOOUMO H3yUeHHE KHHETUYCCKUX Mapa-
METPOB IHUPOJIK3a. B cBa3u ¢ BBIIICOIMUCAHHBIM, LEJIbIO
HacToAlIed pabOThl SBISETCS OMNPEJENeHUEe KUHETHYe-
CKHX IapaMeTpoB NMuponu3a Ouomaccel Tomckoi obma-
ctu merogoM ['. @puamaHa Ha OCHOBE pE3YJIbTATOB
audepeHInaTbHOT0 TEPMUYESCKOTO aHATH3A.

MeToauka nccnepgoBaHus

OObeKT UccnenoBaHus

B KkauecTBe MCXOMHOTO CBHIPbS JUIsL HCCIENOBAHUH
PacCMOTPEHO HECKOJIBKO BHIOB OMOMACCHI Pa3THYHOTO
TIPOUCXOXKIICHHA: COJNOMA, OTXOJBl 3epHOIepepadoTKN
(mmeHuyHbIe OTPYOH), CKOPITyIIa KEPOBBIX OPEXOB, COC-
HOBBIE OTWIKH, HU3UHHBIA TOpd CyXOBCKOTO MECTOPOX-
JICHUS, a TAKKe OTXOJbl KU3HEIEATEIBHOCTH KPYITHOPO-
ratroro ckota (OXKC). IlpensaputensHo mpoObI BEICY-
IIEHBI 10 BO3AYLIHO-CYXOI'0 COCTOSHUSL.

BnaxHocTh ¥ 30J1bHOCTH TOpda ONpeaeNsiii Mo cooT-
BerctBytonuM craraapram [OCT 11305-2013 u TOCT
11306-2013, mng oCTanbHBIX BHIOB OMOMACCHI MCIOJb-
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soBausl TOCT P 54186-2010 (EN 14774-1: 2009) u
['OCT P 56881-2016 (E1755-01). Brixon meryumx Be-
IIECTB /I BCEX BHAOB OMOMACCHl YCTAHABIMBAIU CO-
rnacHo meroxuke [OCT 32990-2014 (EN 15148: 2009).
Tennory cropanust 6HoMacchl ONpeeNs i TP MOMOIIH
kanopumerpa ABK-1 (POT, Poccus) B cooTBETCTBHU C
I'OCT 147-2013 (1SO 1928-2009). DreMeHTHBII aHATH3
e€ OpraHMYecKOd dYacTH IIPOBOAWIM Ha TIpHOOpe
VarioMicroCube (Elementar, ['epmanus).

OudbdhepeHumanbHbIi TEpMUYECKUI

1 rpaBUMETPUYECKMN aHannsbl

ITepen aHanu3oM Kaxayto mpoOy BBICYLIMBANM B Ja-
Oopartopu 0 JOCTHKEHHS BO3AYLIHO-CYXOT0 COCTOSHHUS,
MOCJE Yero M3MENbYaTd Ha IUIAHCTAPHOW MENbHUIIE
«Pulverisette 6» (FRITSCH, I'epmanus) 10 MbIIeBHIHOTO
coctostHuS (pa3mep Ppaxmuit MeHee 200 MKM).

Jnst uccienoBanusl MUpoiM3a OMOMAcchl M pacyera
€ro KHHETHYECKUX MapaMeTpoB MPOBEISHBI TEPMOTPaBU-
Mmerpuaeckuit anamm3 (TI) u nuddepeHtmansHas ckaHu-
pytomas kanopumerpus (JCK) Ha cMHXpOHHOM TepMoO-
anamzatope STA 449 F5 Jupiter (Netzsch, ['epmanus).
[Tapamerpsl mpoBeeHUS aHATW3a BKJIIOYANM: Macca
Kax 1011 mpoObl coctaBmna 20 Mr, CKOPOCTh HarpeBa 00-
pasnoB — 5, 15 u 30 K/MuH., TeMIepaTypHbIii MHTEPBAT
HarpeBa — 313-1273 K. AHanu3bl BHITIONHEHBI B HHEPT-
HOH cpene aprona (pacxon 20 M B MHHYTY) C LEJbIO
MMHUTALMH YCIOBUH OCYLIECTBICHUS MUPOIIH3A.

Hannele TI' ncnonb3oBaHbl s ONpeEeTeHUs KUHE-
THYECKUX XapaKTepHCTHK MpoIecca MHPOTUTHIECKOTO
pasnoxenus Onomacchl MeTonoM I'enpu Opunmana [39].

KuHeTuka TepMIUYECKOTO Pa3rnoXeHus:

CormacHo pexoMmeHAausIM MexnyHapoaHOH KOH(e-
JIepallid  TEPMUYECKOTO aHaM3a W KaJOpPUMETPUH
(ICTAC) [50] ycraHOBIEHHE 3aBUCUMOCTH SHEPTUM aK-
tuBamun (E,) oT crenenu KoHBepcun obpasia (W/Wg) siB-
JAETCS JOCTATOYHBIM YCIOBHEM sl KHHETUYECKOTO
ONHcaHus mporecca. B cBs3M ¢ 3TUM st pacyeta KuHe-
THKHY TIporiecca npuMeHeH meton I'. ®puamana.

W3oxoHBepcroHHBIN MeTo OpraMaHa UCTIONB3YeTCA
I7ISL OTIMCAHKS CTAHil TpoIecca XMMUIECKOTO Pearupo-
BaHHS, B KOTOPBIX CTENeHb mpespaiieHust (W/Wp) sxcrre-
pUMeHTalbHOrO0 00pasia oxuHakoBa [39]. Tloatomy s
OIICHKM KMHETHYECKMX XapaKTePHCTHK Mpolecca Tope-
Hus MeTogoM Ppuamana HeoOXOMUMBI JaHHBIE Ju(de-
PEHIHANBHOTO TEPMUAIECKOTO aHANN3a, ONYICHHBIE TIPH
HECKOJIBKIX CKOPOCTSIX HarpeBa oOpasmoB. OxHako oHa
¥ Ta JKE€ CTEMeHb npespamieHus (W/Wo) TocTHraeTest mpu
pa3HOii TeMIepaType B 3aBUCHMOCTH OT CKOPOCTH Harpe-
Ba. B [51-54] moka3ano, 4TO JaHHbIE, MOJyYEHHBIE IO
merony Dpuamana, UIMEIOT XOPOLIYI0 CXOAUMOCTh C pe-
3yNbTaTaMu (PU3MIECKOTO IKCIICPUMEHTA.

OTOT METOJl OCHOBAH Ha B3aMMHOM COTIOCTABJICHHH
PEe3yIbTaTOB IKCIEPUMEHTOB, TIPOBEACHHBIX MPH Pa3HBIX
ckopocTax HarpeBa o0OpasuoB [39]. Merox ®puamana
TI03BOJIAET ONpPENENUTh FHEPTHIO aKTUBALMH MPOLECCOB
0e3 TOCTPOEHMS MOJENH HMX TNPOTCKaHWs. Y paBHEHHE,
OTKCHIBAIOIIEE CBSI3b SHEPIUM AKTUBAIMK W MPEAIKCIIO-
HEHIIMATFHOTO MHOXKHUTEINS, UMeeT BUA [39]:

1 dw w
n(-~%) =la+mn|f () ()
OTHOIIEHUS SHEPTHH aKTUBAIIMY K YHHBEPCATBHON ra-
30Boil mocrosHHO# (-E/R) omperensiores mo HakmoHy
KPHUBBIX, ormuchiBarormux 3asucumocti (In((—1/wg)(dw/dt)))
ot (U/T) mnst Tpymmbl 3HAYCHWH CTENCHH IPEBPAIICHHUS
Tomusa (W/Wp). TIpon3Benenns npeadKCIOHEHIHATBHO-
r0 MHOXHUTENS U (YHKIMK M3MEHEHHS MAcChl 00pasiia
(In(Af(w/wq))) momyyaroT st Kaxmoro 3uaueHus (W/wpg) B

TOYKAX NIEPECEUCHHS C OChIO OP/IUHAT.
Janee cormacHo Meroxy @DpuaMana TpHHAMAETCH,

4TO:

E
RT’

fw/iwo) = [(w = wg)/wo]", ()
e Wy — Macca 00pasia IpH OKOHYAaHWH IPOIECcca Tep-
MHYECKOTO Pa3loXKeHHs, KI'; N — KHHETHUECKUH TMOpAI0K
peakuu, (W-Wy) — Macca TOIINBA, JOCTYIHAS IS pas-
JIOKEHUS B JII000H MOMEHT BpEMEHH, K.
B pesynsrate nmpeobpazoBanuii ypasnenuit (1) u (2)
®puamanowm [39] momydeHo:

In [Af (WKO)] =InA + nln [(Wv_v—:vf)] (3)

Takum oOpasom, cornacHo ®puaMany, MOTyYUAM, UYTO
rpaduk 3aBucumoctr (IN(Af(w/wp))) ot In((w—wy)/wp) ma-
€T MPSMYIO JIMHHIO, TAHT€HC yTJIa HAKJIOHAa KOTOpOH pa-
BEH N, a Touka IEPecedyeHHs ¢ OCb OpAMHAT —

In(Af(w/wp)).

VccnenoBaHue coctaBa MUHEPanbHO YacTu

B npouecce HarpeBa MuHepalbHas 4acTh TOILIMBA
MOKET MPETEepIeBaTh M3MEHEHHS, COMPOBOKIAIOIINECS
noTepei Macchl (Hampumep, NMpH JAETHAPALUH MOHTMO-
PWIINIOHHUTA W PA3NI0KEHNs U3BECTHAKA), YTO OTPA3UTCS
Ha pesynbTatax TI' M NMpHBENET K HETOYHOCTH pacyera
KHHETHKH. B CBA3M ¢ 3THM HeoOX0oaMMO TpenBapsromee
HCCIEI0OBAHNE COCTaBAa MHUHEPATbHOH yacTH OHOMAcChHI
ULl OLIEHKH €€ BIMSAHUSA Ha pe3ynpTatsl TI.

C aTo0ii 1enmblo TPOBEaCHA PEHTTEHOBCKAs AU(PaKTO-
metpust (XRD) paccmarpuBaembix mpo0 ¢ MCHONB30Ba-
aneM mugpaxromerpa Shimadzu XRD7000 (CuKa-
M3NMy4YEHHUs)) C CYETUMKOM MOHOXpoMartopa Shimadzu
CM-3121. KadecTBeHHBIN PEHTTCHOBCKUH aHANN3 TIPO-
BOJMJICS C MCIOJB30BaHMeM 0a3bl naHHbIX PDF2+. Ilpu
3TOM BJIKHOCTh AHAIM3HPYEMBIX 00pa3IloB COOTBET-
CTBOBAJIA BO3YLIHO-CYXOMY COCTOSIHHUIO.

OGcyxaeHne pe3ynbLTaToB
TenmnoTexHYeckue XapakTepucTuki Buomaccsl

TennoTexHUUECKUE XapAKTEPUCTUKH HCCIENyeMOH
Omomacchl mpejcTaBieHsl B Tabn. 1. BugHo, 4To 3011B-
HOCTb PacCMaTpUBAaeMbIX TPOO MPEACTAaBIEHA B IIHPO-
koM juamnaszone: ot 1,0 % mnst ckopiymbl KEAPOBBIX Ope-
X0B 110 22,8 % 1151 cyxoBckoro Topda. 30mbHOCTh 00pa3-
TIOB COJIOMBI, OTPYOEH, OTIUJIOK M CKOPITYIIBI HIXKE CPETHETO
3HAYEHHUS TSl TPABSHUCTOM U CEIBCKOXO3SMCTBEHHON O1O-
Macchl (Ad:8,0 %) [55]. ITpodsr OXKKC u cyxoBckoro Top-
(ba 10 BENMYMHE 30JILHOCTH MOYKHO OTHECTH K 0oJiee MUHe-
paT30BaHHBIM BuIaM Ouomacchl. Husmias Terwiora cropa-
HUS TIPH JJOCTHXKEHUHU TIPOOAMHU BO3IYIIHO-CYXOTO COCTOSI-
Hus cocrapiseT 11,8-18,1 MJDx/kr.
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Ilpu paccmotpernu cyxosckoro topda, OXKC wu
MIIEHIYHBIX 0TPYyOeH B KauecTBE UCXOTHOTO CHIPBS VIS
M3TOTOBJICHHS TOIUTUBHBIX TPAHYN MOXKHO TIPHATH K BEI-

o0ecrieunBaeT HU3KOE 3HAYEHHE KOIUYECTBA BHIOPOCOB
oKcuoB cepbl (SOX) MpH ero CXKUraHWM JaXe TpH OT-
CYTCTBHH CEPOOYHCTKHU JBIMOBBIX I'A30B.
[Ipu momory peHTreHo(ha3o0Boro aHamu3a MCCIeno-

BOIY, 4TO JaXX€ B BBICYIICHHOM COCTOAHHMHU HU3KOC 3HA-

YeHHE TEIUIOTHI CTOPAHKS HE TMO3BOIMT U3TOTOBHUTH IIE-
JeThl U OPUKETHI ¢ XAPaKTEPUCTHKAMH, YIOBICTBOPSIO-
muMu TpedoBanusM cranaaptoB DIN u DINplus (6onee

Qi'=17,5 u 18 MJIx/kr, cOOTBETCTBEHHO) [56, 57].

3HAYNTENbHBINA BBIXOZ JIETYYHX BEIIECTB W3 OmoMac-
chl (69,7-83,4 %) cBUIETENECTBYET O TEPMUYECKOH He-
CTaOHMIBHOCTH €€ OPraHMYeCcKOil MAacChl M BHICOKOH peak-
IIMOHHOM CIOCOOHOCTH TpW CXUraHud. Mcciemyemoe
ChIpbe 00MaaeT HU3KUM CoJepKaHhueM cephl (He Ooiee
0,07 % B mepecueTe Ha Cyxyl 0€330JbHYIO Maccy), 4To

BaH COCTaB MHHEpAJbHOH 4YacTH paccMaTpUBAEMbIX
npo0. YCTaHOBIIEHO, YTO MUHEPANbHAs COCTABIAIONIAS
CYXOBCKOT0O Topa B OCHOBHOHM CBOEH Macce MpejicTaB-
neHa kapoonatoM kaibims CaCO3 M OKCHIIOM KpeMHHS
SiO; (puc. 1). U3yuuTh MHHEPATOTHYECKHH COCTAB

OCTaJIbHBIX Hp06 HE TPEACTABUIIOCH BO3MOXKHBIM H3-3d
BO3HUKAKOWMIETO B MPOLECCE aHalIn3a I[I/I(i)(l)YBI/IOHHOFO

rajgo, HaIM4He KOTOPOTO OO0YCIOBIEHO OTCYTCTBHEM
KPHUCTAJNIMYECKOTO CTPOEHUS. MUHEPAIU30BAaHHBIX KOM-

IIOHCHTOB.

Taonuua 1. Tennomexnuyeckue XapaxmepucmuKky ucciedyemol 6uoMaccol

Table 1. Thermotechnical characteristics of biomass

TeruioTeXHUYeCcKasi XapakTepHCTHKA cojomMa | OTpyOM | CKOpJyHa | OIHWJIKH OXKC Topdh*
Thermotechnical characteristics straw bran shell sawdust | waste from cattle | peat*
Buaxunocts W4, %
Humidity W<, % 7,0 8,6 13,0 7,0 7,0 9,9
3051bHOCTH Ha CyXylo Maccy A4, %
Ash content on dry matter A%, % 28 6.9 10 16 9.8 228
Beixox neTyunx Bemects V4 %
Volatile substances V44, % 783 81,0 69.7 834 78 748
TemnnoTa cropasus Ha CyxXyro 0e33onbHyko Maccy Q4% MJIx/kr
Calorific value for dry ashless mass Q**, Ml/kg 196 19.1 21,0 198 148 20,1
Hu3was teruiora cropanus Q; , MJDx/kr
Net calorific value Q], MJ/kg 17 16,6 181 181 179 118
DOneMeHTHBII COCTaB Ha CyXylo 0e330JIbHYIO Maccy, %
Elemental composition for dry ashless mass, %
co 50,20 | 49,14 51,81 52,5 47,87 52,06
H 6,36 6,66 6,39 6,58 6,16 6,31
N daf 1,09 3,30 0,24 0,22 1,94 3,58
g daf cienpl 0,07 ceipl cienpl 0,25 0,20
o 42,35 | 4083 41,56 40,70 43,78 37,85
H/C arowm. 1,52 1,63 1,48 1,50 1,54 1,45

HpuMeanue.' * — pe3yibmamaol dIEMEHMH0o20 cocmaed monjiuea I’lpu62()€Hbl C yuemom cobepofcamezoc;z 6 monjiuge OUOKCU-

0a yenepoda kapbonamos (CO,)" =9,82 % [58].

Note: * — the results of fuel elemental composition are given taking into account carbon dioxide carbonates (CO,)=9,82 %

[58].

% 2 - CaCO3 - rhombohedral Space group R-3¢
P 8z No. 167 (ICDD card No. 86-2334)
Yy =V
L
a4 ‘ Si0, - triclinic Space group P1 No. 1
E = 1.54 (ICDD card No. 77-1060)

m =

5

[~ . -~ —

389 = =28 g2

S - = = a =< a
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L] e " =n
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Puc. 1. /luppaxmoepamma penmeeHoCmpyKmypHo20 aHaiu3a cyxo8cko2o mopga

Fig. 1. X-ray diffraction pattern of Sukhovsky peat
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OunddepeHumarntHblil TEpMUYECKUA aHann3

Ha puc. 2 mpuBeneHsl pe3yiabTaThl TEPMOTPAaBUMET-
pHuuecKoro aHanuza 6uomaccsl B uHTepBane 313-1273 K.
BupHo, uTo B unTepBane Temneparyp 313-423 K npouc-
XOJIUT HMCTapeHWe BIAard, cojepikammics B oOpasmax
OMoMacchl, ociie Yero o0pasipl HarpeBarTes 0e3 u3Me-
HEHHS Macchl 10 TeMrepaTypsl 463—488 K (B 3aBucuMo-
cth ot Buja Owomaccel). Ilpm sTHX Temmeparypax
Ha0II0/1aeTcsl Ha4aIo NepBON CTaUK TEPMUUECKOTO pa3-
NoKeHns GroMacchl, mpoposvKatoweiics 1o 623-653 K u
XapaKkTepu3yIomeiics pe3KuM CHIDKEHHEM Macchl o0pas-
0B 0T 24 (Topd) no 63 % (omumku). CoracHo JHTEpa-
TYpPHBIM JAaHHBIM [59] 3TOT TemmepaTypHBIH HHTEpBA
pasNIoKeHHs XapakTepeH M LEeIUT0N03bl U TeMULEILTIO-
JI03B1, COIEPXKAIMMXCS B OONBIIOM KONHIECTBE B OHOMAC-

a'a) &'k}
100
50 I 3 E'min
T 15 K/min
Feo L 30 Kimin =60
D r. . . : M : M : M : i
300 500 700 Q00 1100
TK
E/C) r/d)
100 100
%0 L 5 E'min
1 15 K/min
Fen L 30 K/min =60
D e I M I M I M I i
300 500 700 900 1100
TE
a'e) e/f)
100 1 100
L 5 E/min
30 +
r 15 K/min
e L 30 E/'min =60
:_4|C| _; —_
20+ 20
[J [ : i : i : i : i
300 500 700 900 1100
K

100 -

ce: cojiepXKaHue LEeJUT0N03bl B OMoMacce MOXKET JI0CTH-
rath 56 %, remuresnionoss — 35 % [60-65].

B wunrepBane Temmeparyp ot 623-653 mo 873 K
HabnmroaeTcs BTOpas (3aKIIOUMTENbHAS) CTAIUsA Pasiio-
KEHUS OWMOMAcCHI, XapaKTepHU3YHOIIAscs 3HAYUTEIBHO
MEHBIIIUM 10 CPABHEHHUIO C IEPBOH CTaueil I3MEHECHHEM
Mmaccol — oT 9 o 14 %. [lanpHeiimee yBennyeHne Temiie-
patypsl MPHUBOAHUT JIUIIL K HECYIIECTBEHHOMY H3MEHe-
HII0 Macchl 00pa3noB. MCKioueHne COCTaBIsET CYXOB-
ckoit Topd: B mHTepBate Temmepatypsl 923-1123 K ero
Macca ymenbluaercs emé Ha 18 %. OngHako 3T0 u3MeHe-
HHUE, T0-BUIUMOMY, 00YCIIOBICHO pa3oXeHHeM Kap0o-
Hara kaibius CaCOzHa CaO u CO,, uTo moATBEpKAALT-
s TAaHHBIMH 110 M3YYEHHIO €r0 TEPMHYECKOTO pasnoxe-

Hus [66)].

L 3 Ki'min
I 15 K/min
I 30 Kimin
300 500 700 aga 1100
TK
[ 3 Kimin
T 15 K/min
I 30 K/'min
[ i i i I i i i I i i i I i i i I i
300 500 700 Q00 1100
TE
L 3 K'min
! 15 K/min
I 30 K'min
300 500 700 Q00 1100
TE

Puc. 2. Kpusvie mepmozpasumempuueckozo anamsa (TG — thermogravimetric analysis) 6uomaccer npu ckopocmu nazpesa
5-30 K/mun: a) conoma; 6) onunxu; 8) ckopayna, 2) OXKKC; 0) ompybu; e) mopgh
Fig. 2. Thermogravimetric analysis (TG) curves of biomass at a speed of 5-30 K/min: a) straw; b) sawdust; c) shell;

d) waste from cattle; e) bran; f) peat
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Crout OTMETHTb, YTO YBENHYEHHUE CKOPOCTU HArpeBa
or 5 1o 30 K B MUHYTy He OKa3bIBaeT CYIIECTBEHHOTO
BO3/IEHCTBUS HA pe3ynbTarhl 11, 0fHAKO BIMSET HA CKO-
pOCTh M3MEHEHMs Macchl (nudQepeHImanbHbIi TepMOo-
rpaBuMerpudeckuit ananuz — JITI) B 3aBUCHMOCTH OT
TeMneparypsl Harpesa (puc. 3). BujaHo, 4T0o CKOpOCTH
M3MEHEHHs. Macchl MPSMO MPONOPLHUOHAIBHA CKOPOCTU

a'a)
TK
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D = \}.l\-l/llra—o—:—- T ' — : 7
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E/C)
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.D — i ———T i i - : e pp—
N --HJ‘_‘_H\f‘,_s——-
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=20 i
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|:| E'\-o—"" --\_L\‘L/l_/_l_——L'—'_ : — - :"-_
-5+
Z.0 4
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HarpeBa: yBenuueHue ckopocty Harpesa ¢ 5 10 30 K/mun.
npueno k pocty ITT B 6 pa3.

Kak BunmHO M3 puc. 3, MakcUManbHas CKOPOCTh pas-
JIOXEHHS IS coloMbl HaOmomaercs mpu 613 K, mis
onunok — npu 643 K, mna ckopaynst — mpu 613 K, s
OXKC — mpu 598 K, ans orpy6eit — npu 573 K, misa
topda — pu 583 K.
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Puc. 3. Kpusvie JJTI" 6uomaccol npu ckopocmu uaepesa 5—30 K/mun: a) conoma, 6) onunxu, 6) cxopayna; 2) O)KKC;

0) ompybu; e) mopg

Fig. 3. Differential thermogravimetric analysis (DTG) curves of biomass at heating rate of 5-30 K/min: a) straw; b) sawdust;

¢) shell; d) waste from cattle; e) bran; f) peat

Pesynbrater [ICK (puc. 4) moxasblBaioT, 4To pasio-
KEHHE BCeX MCCIENI0BAHHBIX MPO0 B JUara30He TeMIepa-
Typ oT 463-488 no 873 K compoBoxknaercs npeumyuie-
CTBEHHO DK30TEPMUUYECKHUMH PEAKIUSIMH, CBSI3AaHHBIMH C
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PasyoKEHHEM OCHOBHBIX KOMIIOHEHTOB OMOMacchl (re-
MHILEIUTION03bI, LEIUTION03bI, IMTHUHA H 1p.). DTO TOJ-
TBEPIKAACTCS DaHEe MPOBEICHHBIMH HCCICHAOBAHUAME
pasnnYHbIX aBTopoB [67-69)].



/3BecTis TOMCKOrO NOMUTEXHUYECKOro yHuBepeuTeTa. MkxuHupuHr reopecypeos. 2020. T. 331. Ne 12. 117-130
Tabakaes P.B. n gp. KuHetnueckvie xapakrepucTuki nuponusa duomacch

aa)
40 - —
F— > E'min
35'5 15 K/min
30 £ — 30 Kmin

]
L¥
L

IICE. mBT/nar
DEC, uWimg
= b2
i O

._.
=1
.

=4
i

=
=

B/C)

=1

— 5 K/min
——15 K/min
— 30 K/'min

LA
L

in i
L]

IICE. mBT/0ar

DEC, uWimg

== bd b2 L L 4
[}

(=T P

E 5 K'min
S ¥ —15 Kmin
30 ¢ — 30 K/min
-?.%” 25 £
| = £
9% 20 £
SCRER:
BRI

05 §

00 ¥

700 1100
LK

S00

o)

ICE. mB1/var
DEC, uWimg

r'd)

=

i
i

=
'l
e

AL RN R RE AR AEAAE LERAS )

JICE. mB1/mr
D3C, uW/mg
= e

= La
1

L= T B R P R P

= in

e'f)
6.0

50 — 15 K/min

JCE. mBr/nr
DSC, uW/mg
il
= =

20
10
0.0 A
300 500 T00 200 1100
TK

Puc. 4. Kpusvie JJ]CK 6uomaccet npu ckopocmu nazpeséa 5—-30 K/mun: a) conoma; 6) onunxu,; 8) ckopayna; 2) O)XXKKC; 0) om-

pyou; e) mopgh

Fig. 4. Differential scanning calorimetry (DSC) curves of biomass at a heating rate of 5-30 K/min: a) straw; b) sawdust;

¢) shell; d) waste from cattle; ) bran; f) peat

KuneTtuka TEPMUYECKOro pasnoxeHua

ITo pesympratam TI' muda Tpex ckopocTeil HarpeBa
(puc. 2) cormacHo (3) mocTpoeHsl rpaduky 3aBHCUMOCTH
(In((~1/wq) (dw/dt))) ot (1/T) (puc. 5). 3HaueHus creneHn
KoHBepcur (W/Wg) BEIOPAHBI JUIS KaKIOTO BHA TOIIHBA
MHIMBUIYaJIbHO B 3aBUCUMOCTH OT pe3yabratoB TI. [lar
m3MeHenus (W/wo) mpusst pasubiM 0,05.

Buauenust E, u (In[(Af(W/wg)]) mst xaxmoit mpobsi
Omomacchl PUBEJICHBI Ha PHC. 6 I BCEX paccMaTpHBa-
eMBIX JIHANa3’oHOB CTeneHu Kousepcuu (W/Wp). ITomy-
ueHHble 3aBucuMoctH E, u (In[(Af(w/w,)]) npumernrens-

HO K K&)XIOMY KOHKPETHOMY 00pasily UMEIOT MIEHTHY-
HBII BUJ, 4TO, cOrnacHo [39], cBUAETENBCTBYET O KOp-
PEKTHOCTH BBINOJHEHHOTO pacdera. CpenHue 3HAYCHHS
SHEPTHH AKTHBAIMH JUII PACCMOTPEHHBIX HMHTEPBATIOB
(W)  cocrapisior: g conombl  (Eag) -
21,4 kJIK MOJIB 5 JUIs OTIHIIOK (Eagy) — 20,7 x[Ix MOITb
mis ckopynsl  (Eagy) — 23,8 x/lk MoIb ;s
OXKC(Eag,) - 23,1 x/lx MOIIb ;1 otpy6eit (Eagy) -
31,5 kJlk Mo ; s Topda (E agp) — 24,0 kJlx MO .
U3 puc. 6 MOXKHO 3aKJTHOUHTB, YTO, HECMOTpPS Ha OJIH3-
KHil COCTaB HMCCIEAYEeMBbIX TpoO Omomacchl (Tadm. 1), ux
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TEPMHUYECKOE PA3IOKEHHe MPOTEKaeT M0 PasTHIHOMY Me-
XaHU3MY XMMHYECKHX peaknuid (3aBucumoctb (E,) ot
(Wiwg) nmeer pasublil TpoduIb WIS KaKIOTO BHAA OKO-
Macchl). MOXHO OTMETHTh, YTO HamOOJIbIIee 3HAYCHHE
(E)=73 «Jlx moms = HaGmomaeres mns oTpyGeii mpn
(W/wg)=0,46, uto cootserctByer 630 K — Temmeparypa
Pa3NOKEHHs LEMION03bI [59]; BTOpPOI MUK — IpH Temiie-
parype pasnoxenns remunesnttonossl (555 K). Ipu 6mms3-
kux Temmeparypax (600-613 K) mposBisercs mik 3Haue-
Huit (E,) y conomsl, onunok 1 OXKKC. MoxHo nmpuiitu k
BBIBOJTY, UTO HAWOOJIBbIINE 3HAYEHHS SHEPIUH aKTHBALMH
[P [UPOJH3e OHOMACCHI XapaKTEepHbI IS TEMIIEPaTyp,
IpH KOTOPBIX MPOUCXOJUT PA3OKEHHE OCHOBHBIX €8
KOMIIOHEHTOB (TeMHIEILTIONO03bL, LIEUTEOI03b! 1 JTUTHHHA).

[lpn cpaBHEHHH MOTYYCHHBIX 3HAYCHHH C JAHHBIMH
JpYTUX aBTOPOB, IPOM3BOAMBIIMX PACUYET SHEPIUN AKTH-
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BAllUM PA3IUYHBIMU MeToAamu [42-45], MOXKHO OTMe-
THTh, 4T0 (E,) Tepmmueckoro pasnokeHus OHOMACCHI
Tomckoit 00macTu MMeeT MEHbIINE 3HAYCHHSL.

CornacHo Metoaunke [39] Ha OCHOBE MONYYEHHBIX
pe3yNbTaTOB  OMpPEJACTIEH  NpPeAdKCIOHEHIMATbHbIM
MHOXKHTENb A ¥ TOPSIOK PeaKuuu N, 3HAUCHHUST KOTO-
PHIX TIpeICcTaBieHBl B Ta0M. 2. BuaHO, 4TO MONTyYeHHOE
3HaueHHEe N I Peakuui, IPOUCXOAAMHUX TPU THUPO-
nu3e OMOMAcChHl, MMeeT 0oliee HM3KOE 3HAYEHHE, YeM
ITOT K€ MapaMeTp s Peakluid TEPMUYECKOTO Pasio-
KEHHS OTHENBHBIX e€ KOMIIOHEHTOB (I[EJLTIONO3BI, T'e-
MHIIEJUTION036 M JUTHAHA) [42]. DTO MOXHO 00BsC-
HHTB 00Jiee CIIOKHBIM MEXaHH3MOM Pa3JIOKEHHUs, 00y-
CIIOBJICHHBIM OOJNBIIUM KOJUYECTBOM OJHOBPEMEHHO
MPOTEKAMONINX PEAKIHii, OKA3bIBAIONINX BIUSHUAE IPYT
Ha Jpyra.
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Puc. 5. Kpusvie 3asucumocmu (In((-1/wo)(dw/dt))) om (I1/T) ons pasnuunvix 6udog Guomaccel: a) coroma; 6) ONUIKU;

8) ckopnyna, 2) OJKKC; 0) ompybu; e) mopgh

Fig. 5. Curves of dependence of (In((—1/wo)(dw/dt))) on (1/T) for various types of biomass: a) straw; b) sawdust; c) shell;

d) waste from cattle; e) bran; f) peat
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Puc. 6. 3asucumocmso snepeuu axmugayuu E, u In[(Af(w/wg)] om cmenenu xomsepcuu Guomaccwl 6 npoyecce nuponusa:
a) conoma; 6) onunku; 8) ckopayna; 2) OXKKC; 0) ompyou; e) mopgh

Fig. 6. Dependence of the activation energy E, and In[(Af(w/wy)] on biomass conversion degree during pyrolysis: a) straw;
b) sawdust; c) shell; d) waste from cattle; e) bran; f) peat

Taonuya 2. 3uauenus npeddIKCNOHEYUATLHO20 MHOJICUMEIS U NOPAOKA PEaKyuu npu RUPoaUu3e Gpakyuil

Table 2.  Values of the pre-exponential factor and reaction order during fraction pyrolysis
Buomacca/Biomass
Tloxka3zarens/Indicator cooMa oTpyoun CKOpITyIia OIIVIIKH OXKC Topd
straw bran shell sawdust waste from cattle peat

TIpeaskcrnoHeHIMAIbHBIA MHOXHTEND A, '
Pre-exponential factor A, 1 123,95 82,42 277,44 208,62 2377,01 664,88
Topsnox peartiu n 0,39 0,28 0,62 0,47 0,80 1,05
Reaction order n

3aknroyeHue

JuddepeHunanbHblii TEPMAYECKUN aHATM3 OHOMACCHI
TI0Ka3aJ, 4T0 ¢ TePMIUECKOe Pa3NIoKEHHE B HHTEPBANC
313-1273 K mporcxoaut B ABE CTAINU: TEpBast CTaIHs
NpoTeKaeT B HUHTepBaje Temmepatyp oT 463-488 no
623-653 K u xapakTtepusyercs pe3KUM CHIDKCHHEM Mac-
cel 00pasuoB oT 24 (topd) mo 63 % (ommwikm); BTOpas
cramus HaOmomaercs ot 623-653 mo 873 K co 3naum-
TEJHHO MEHBIINM H3MEHEHHEM Macchl 00pasios (0T 9 1o
14 %). Ilpn manbHeineM yBeNMICHUH TEMIIEPATypHI Op-

raH4eckas 4acTb 00pas3IOB MPAaKTHYECKH HE MpeTeprie-
BaJla MPeoOpa3OBaHMs, U3MEHEHHUS MPOUCXOAMIH TOIBKO
B MHHEpambHOH wacT Topda Ipu TeMmmepaType
923-1123 K n Obun cBS3aHbI C pasoXKeHHeM KapOoHara
Kanbisa. OTMedYeHo, 4TO YBENMYeHHe CKOPOCTH HarpeBa
ot 5 10 30 K B MuHyTY He 0Ka3bIBaeT CyIIECTBEHHOTO BO3-
JeicTBHS Ha pe3ynbTaTsl T, 0lHAKO BIMSET HAa CKOPOCTh
mmeHeHnst Macchl (JITI) B 3aBHCHMOCTH OT TeMIIepaTyphl
HarpeBa: yBEIMUYEHHE CKOPOCTH Harpesa ¢ 5 1o 30 K/mum
npuseno K pocty ATI B 6 pas.
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Ha ocnose mansbix TI' metonom ®@puamana npousse-
IeH pacuyeT KHHETHKU TEPMUUIECKOTO PasIOKeHHs Owo-
Maccel. OmpeneneHsl 3aBHCHMOCTH SHEPIUH aKTHUBALNH
(Ea) ot cremenn koHBepcuu Onomacchl (W/Wp), Mo KOTO-
PHIM paccyMTaHbl €€ CpelHHe 3HAYeHHS: VI COJIOMBI
(Eagp) -214 [k moms 5 wis ommwiok (E ap) -
207 kxMomb 5, mir ckopnymst  (E agp -
24,2 xJl moms ' s OXKKC (E agp) — 23,1 kllx MOTB
mis orpybert (Eagy) — 33,1 x/ik Mollb ; a1s Topda
(Eagp) — 24,0 x[lx Moib ', OTMeueHO, YTO HauGoIbIIe
3HAYEHHS SHEPTUN aKTUBALWH TPH MHPOJI3E OHOMACCHI
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