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Annomayus. B nporecce pa3paboTku HEQTAHBIX MECTOPOXKACHUH MO Pa3IMYHBIM NPUYUHAM CITy-
YalOTCs CKBO3HBIE MOBPEXAEHHS MPOMBICIOBBIX TPYOONPOBOAOB, MPHBOJNINE K aBapUIHBIM
yTeuKaM U pa3IuBaM He()TH IO JTHEBHOH IOBEPXHOCTH.

Ha ocnoBanun o6cnenoanust B 2001 roxy teppuropuit SImano-Henernxoro AO cnerma-
mctamu ['ockoMdKoIOrHy OBLIO YCTAHOBJIEHO, YTO IOJIOBUHA YYaCTKOB KOMIIAKTHOTO COCPENO-
TOYEHUS CKBAXXUH («KYCTOBY») COJEPKUT HE(TSHBIE Pa3sIUBEL, P 3TOM C YI€TOM OCOOEHHOCTEN
(YHKIMOHMPOBAHHS yTEUEK HAa MECTOPOXKACHUAX peasbHas IUIOMIAAb 3arpsA3HEHUs MpEBbINIaeT
BU3YallbHO OTNpezeneHHyo B 2,5-10 pas. [To JaHHBIM HEKOTOPHIX HCTOYHMKOB, B Poccun k Havamy
2000-x roI0B HaXOAWIOCH B IKCIUTyaTalMd OKOJO 350 ThIC. KM BHYTPH MPOMBICIOBBIX M MEXK-
HPOMBICJIOBBIX HE(TENPOBOJIOB, Ha KOTOPBIX €XKEroJHO Mpoucxonir 50-60 ThiC. CKBO3HBIX II0-
BpEXICHUH (TIOPBIBOB, KOPPO3HOHHBIX OTBEPCTHI), COMPOBOXKAAIOUIUXCS YTEUKAMH, HMPH 3TOM
00beMbl BeITEKIIeH HedTH olleHnBatoTCs OT 1 10 7 % oT obmiero o6bema 100bIIH.

VYCTaHOBIIEHO, YTO €KETOIHBIM BBHIHOC He(Ted M HE(TENPOIYKTOB KPYITHEHIIMMH peKamMu
3ananHoit Cubupu B Mopsi Apktrku cocrasiser: O6b — 10 600 teic. T, Ennceit — o 360 ThIC. T,
Jlena — 1o 50 ThIC. T, a TOJIBKO B OacceiH peku OOn KaxkbIii ToJ] ITOCTYTAeT 10 1,5 MIIH T, B pe3yJIbTa-
Te yero okoio 250 pex u 1 200 pydbeB noTepsi CBOE MPUPOIHOE 3HaueHue. Eciu aBapuiiHble yTeUKn
MIPOUCXOJAT B BECEHHEE BpPEMs, KOTJla HA JHEBHOW MOBEPXHOCTU CYILECTBYET CJIOW Talod BOABI, TO
pactpocTpaHeHne He(TSIHOTO TITHA TI0 TTOBEPXHOCTH BOJIBI M3-3a BIMSTHUS BETPA MOXKET OBITh 3HAYH-
TENBHBIM, M, COOTBETCTBEHHO, CIIOCOOCTBOBAThH 0OJiee MacIITAOHOMY M HEKOHTPOJIMPYEMOMY 3arpsi3-
HeHnio Tepputopur. CBoOOIHOE NepeMelleHre HeTSIHOro MATHA IO BOJHOI IOBEPXHOCTH MOXKET
TIPUBECTH K JOCTIDKEHUIO HE(THIO TPAHHI] BKHBIX OXPAHHBIX 00BEKTOB (PEK, 03ep, PyIbEB) U MOCIIe-
JyIOLeMy MX 3arpsisHeHHro. IloaToMy MaremaTudeckoe MOAEIUPOBAHME Ipoliecca aBapuUiHOIO pac-
MPOCTPaHEHNs! BBITEKIIEH He()TH 10 eCTECTBEHHO! MOBEPXHOCTH, ITOKPBITOI CJIOEM TaJIOH BOJIBL, SIBIISI-
€TCSl aKTYaJIbHBIM JUISl PA3JIMYHBIX CUTYalU B MH)KEHEPHOM MPaKTHKE.

BolnonHeHne MpOTrHO3HBIX PacyeToOB MO MpeAJaraeMoid MaTeMaTH4eCKOH MOJAENH AaeT
BO3MO>KHOCTh OIICHHBAaTh AWHAMUKY PacIpOCTpaHEHHS HE(PTSIHOTO IIATHA IO BOAHOH IOBEPXHO-
CTH, Ha OCHOBAaHHMH YETO MOXKHO OCYIIECTBIISITH HEOOXOAMMBIC MEpPOIPUSTUS IO JOKaIH3aINU
pasivBa M HEAOIYIICHHIO 3arpsi3HEHNSI BAYKHBIX IIPUPOJOOXPAHHBIX 00BEKTOB.

Kurouesvle cnosa: aBapuu Ha Heq)TCHpOBOI[aX, MaTEMAaTHYCCKOE MOJCIIMPOBAHUEC, PA3JIUBbI He(bTI/I
B IIOJIOBOABC
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Abstract. Field pipeline failures can occur for various reasons during oil field development, result-
ing in emergency oil spills on the surface. In 2001, specialists from the State Committee on Ecolo-
gy examined the Yamal-Nenets autonomous district and found that half of the areas with dense
concentrations of wells referred to as "clusters," contained oil spills. In addition, considering the
functioning characteristics of leaks at oil fields, the actual pollution area is estimated to be 2.5 to
10 times larger than what can be visually observed. According to some sources, by the early
2000s, approximately 350,000 kilometres of in-field and inter-field oil pipelines were operational
in Russia. These field pipelines experienced between 50,000 to 60,000 failures each year, includ-
ing ruptures and corrosion holes with leaks. The volume of oil spilt was estimated to range from
1% to 7% of the total production volume.

It has been found that the annual discharge of oils and oil products from major rivers in
Western Siberia into the Arctic seas amounts to: the Ob River contributes up to 600,000 tons, the
Yenisei River up to 360,000 tons, and the Lena River up to 50,000 tons. In the Ob River basin
alone, up to 1.5 million tons of oil are discharged each year, resulting in the loss of natural signifi-
cance for approximately 250 rivers and 1,200 streams. Emergency leaks that occur in spring, when
a layer of meltwater is present on the surface, can cause the oil slick to spread extensively due to
wind effects, leading to uncontrolled environmental pollution. Oil slick movement on the water
surface may extend to important protected areas, such as rivers, lakes, and streams, resulting in
further contamination. Therefore, mathematical modelling of the emergency spread of spilt oil on a
natural surface covered with meltwater is essential for addressing various situations in engineering
practice. Predictive calculations using the proposed mathematical model allow for the evaluation
of the oil slick’s spread dynamics, providing the basis for necessary actions to localize the spill and
prevent pollution of critical protected natural areas.

Predictive calculations using this mathematical model can help evaluate the dynamics of
the oil slick’s spread, providing a basis for necessary actions to localize the spill and prevent pollu-
tion of critical protected natural areas.
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Beenenue

B mpormecce aKcInIyaTaniii MECTOPOXKICHUH CITydaroTCs pa3inuBhl HedTel
M TEXHOJIOTHYECKNX >KUIKocTed. Hambomee 3HaUMTENBHBIA ymiepd OKpyKaro-
el cpeae HAHOCHUTCS B CIIydasx, KOTJa aBapUilHBIE yTEUKH MPOUCXOIAT MPH
CKBO3HBIX (KOPPO3HOHHBIX) IMTOBPEKIACHUSX IMPOMBICIIOBBIX TPYOOTIPOBOIOB BEC-
HOW. B Takmx curyanmsx BBITEKIIas HE()TH BMECTE C TAIBIMH BOJAMU MOXET
pachpoCTpaHUTBCA 3a TpeNeibl MECTOPOXKIEHHs, Iomajas B pPydYbH, 03epa,
peku [1-3]. ExeromHo B TOBEPXHOCTHBIC BOMOeMBbl CHOMpPH TOCTyIAeT
oT 4 1o 5 MiH T HePTH U HEDTENPOAYKTOB, a C CIIOMOIIBIO» peK 3amagHON H
BocTOYHON Cubupu B ApKTHKY mocTynaeT 10 1 MiaH T HedTH 1 HedTepOIyK-
TOB [4]. [lomHOCTRIO M30EXKATh MPUBOAAIINX K yTeUkaM He(TH aBapuil Ha TpPY-
OOTPOBOJHBIX CHCTEMaxX HE MPEACTABISAETCS BO3MOXHBIM. OIHAKO CHHU3HUTH
yiepO OKpYKaroIIeh cpejie B OTACIBHBIX CIydasX dKCIUTyaTHPYIOIIUE OpPTraHu-
3anuu crocoOHBL. J[7Is 3TOro, Kak B pacCMaTpUBacMOM cCiiydae, MpejiaracTcs
WCIIONIb30BaTh YUCIEHHOE MOJICIIMPOBAHUE IMPOIIECCa PacIpOCTPAHCHUs HEPTH
0 BOJIHOM MOBEPXHOCTH, HA OCHOBE KOTOPOTO0 MOKHO CIUIAHUPOBATh U OCYIIE-
CTBUTh MEPONPUATUS TIO MPEAOTBPAIICHUIO 3arpsA3HEHUS YIIIEBOJOPOIaMHU
OTpeIeIeHHOT0 OXPaHHOTO 00BEKTA.
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O0BbeKT U MeTO bl HCCJIEI0BAHMSA

OOBEKT uccnenoBaHusl — BBITEKIIAsi U3 CKBO3HOTO MOBPEXICHUS TPYOO-
poBoJa HedTh, KOTOpasl pacnpocTpaHsIeTcsl 0 BOJHON MoBEepXHOCTH. OCHOB-
HBIMH (paKTOpaMH, BIUSIONIMMH Ha JABIKEHHE HE(TSHOTO ISTHA, CIY)KaT CHIIBI
TSDKECTH, BHYTPEHHETO (BSI3KOT0) TPEHHS B )KUAKOCTH, & TAKXKE MOBEPXHOCTHOTO
TPEHMsI Ha TPaHULIE C BO3AYLIHBIM TOTOKOM. B mpornecce nccnenoBanus npume-
HSUIMCh NOJIYYMBIINE HIMPOKOE PACIPOCTPaHEHNE aHAUTUYECKUE METO/bI, 1103~
BOJISIIOIIME Ha OCHOBE MAaTEMaTHYECKOI'O MOAEIMPOBAHMS OTKPBITBIX ITOTOKOB
BBITIOJIHATH YUCIECHHBIE PacU€Thl IPH PEIICHUH pa3INYHbIX NHKEHEPHBIX 3a/a4.

B ocHoBe MaremaTH4ecKoil MoJieNn Tmpoliecca pacnpocTpaHeHus HedTh
10 BOJIHOI\/’I IMOBEPXHOCTH JICKAT NUHAMUYCCKUE YPABHCHHA ABUKXCHUSA HBIOTO-
HOBCKOH >KMIKOCTH AJIsl OCPEAHEHHOT'0 0 TIIyOMHE TIOTOKa U COOTBETCTBYIOLIEE
YpaBHEHHUE HEPA3PBIBHOCTH CIEIYIOIIEro Buaa [S]:
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roe t — BpeMms, C; 0X1X2— npAMOYrojibHasA rOPpU30HTaJIbHAsA CUCTEMA KOOpAU-

o 7 0
HAaT, ——,——,——— — CHMBOJIbl YaCTHBIX IPOHU3BOAHBLIX COOTBETCTBCHHO IIO

ot ox, ox,
BpPEMEHH M KOOpAMHaTaM X, , X,; h=h(x, X,,t)— rnybuna cnos nedtu
Ha TIOBEPXHOCTU BOJbI, M; § — YyCKOpeHHE CcBOOOAHOro majeHus, 9,81 m/c?;
v — KodbduImenT kuHeMaTHHecKoit BsskocTH HedTH, M7c; U; =U; (X, Xp,t) —
MPOEKIIMK HA OCH KOOPIAMHAT OCPEIHEHHOM 10 TIIyOHHE IOTOKA CKOPOCTH MOTO-
Ka HeTH, M/C; p — TUIOTHOCTh HE(TH, Kr/M; pp — IIOTHOCTH BO3JyXa, KT/M;

W, , W — mpoeKIuu Ha 0CH KOOPAUHAT U MOAYJIb CKOPOCTH BO3AYLIHOTO MOTO-
Ka, M/c; §,— OOBbEeMHbIE MOTEPH JIETKUX YIJIEBOJOPOIHBIX (pakiuil HEGTH C
€IMHUIIBI [UI0IIAAN IOBEPXHOCTH OT HCIAPEHHsI, M/C.
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I'panuiia nsaTHa pas3nuToi HeTH (KOHTYP) ABJISIETCS MOABHYKHOMN B MPOIIEC-
ce pacTeKaHMs U MPUHUMAeTCs nepeMenHoil ¢ynkimeii L = L(X,, X,,t) , onpexne-
nsieMoit B xojie peiieHus. KpaeBble yclioBus it CHCTEMBbI HelMHEHHBIX audde-
peHLMANIBHBIX ypaBHeHHH (1)—(2) 3a1a10TCs COIrTIaCHO «(PH3HMKE) Ipoliecca pacte-
KaHMUS BA3KOW KHIKOCTH C MaJIbIMK CKopocTsimu (uncio Peitronbaca Re <500 u
COOTBETCTBYET JIAMUHAPHOMY PEXXUMY TEUEHHS JJIST OTKPBITHIX TIOTOKOB):

. Ha IOJIBIXKHOM rpaHulle (KOHType) NsTHA HeTH monaraercs riy-
Ouna motoka, paBHas Hymo (h=0), u oTcyTCTBYeT IepeHoC Macchl KUAKOCTH
Yyepes JaHHYIO TPaHHILY;

. B MECTE YTCUKH 33J]aeTCsl OOBEMHBIH PacXoJl BHITCKAMOIIEH H3
TpyOOIpoBOAa HE(DTH.

PesyabTarhl

AHaJTUTHYECKOE pEIIeHNEe CHCTEMBl HEJMHEWHBIX auddepeHImaIbHbIX
ypaBHeHu# 2-ro nopsnaka (1)—(3) ¢ 3a1aHHBIMH KpaeBbIMHU YCIOBUSMH HE TIpE-
CTaBJISIETCS BO3MOXKHBIM, MO3TOMY JUIsl peaju3alliy JJAHHOW MaTeMaTHYECKOM
MOJIETIN C IIENBI0 BBHIMIOJIHEHNSI WHKEHEPHBIX PAcuyeTOB MOXHO NMPUMEHHTDH Ka-
KOW-TiOO0 mporpaMMHBIN TIpoaykT (Hampumep, ANSIS) uimu ucmons30BaTh Ka-
KOH-1M0O0 YUCICHHBIH METOJ pemieHua. B Hamem ciydae mpUMEHsUICS MpOBe-
PEHHBIN B T€UCHHE HECKOJBKHUX ACCATHIICTUHN ISl pelieHus MOJOOHBIX CUCTEM
ypaBHeHu# (Tnna Cen-BeHana wim ypaBHEHUH MEJTKOW BOJIBI) METOJ] KOHCUHBIX
pa3HOCTEH, MPH 3TOM HUCIOJB30BAIUCH KaK SBHAS, TAK W HESBHAs Pa3HOCTHEIC
cxeMbl. B mocnennem ciydae anropuTM YCIIOKHSETCS, TaK Kak TpeOyeTcs mpu-
MCHCHUEC H3BCCTHOTIO MCETOAA «IPOTOHKH», KOrga Ha KaXIOM «BPEMCHHOM
CJI0€» CHayajia ONPeAeIsIOTCS «IIPOrOHOYHbIe KOA(MGUIIMEHTH» (TIPAMOM X01),
a 3aTeM 3HaueHHs UCKOMBIX QyHKIMH (kommoHeHT ckopoctH TeyeHus U, U, u

rIyOuHBI TOTOKA N ) B y3/1aX BBIYHUCITUTENBHON ceTKH (00paTHbIi Xo1). B ciyuae
WCTIONIb30BaHUS aIrOpuTMa Ha OCHOBE SIBHOW Pa3HOCTHON CXEMBI pacyeThl MPo-
BOJIATCSI C CYIIECTBEHHO MCHBIIIMMH «IIaraMu» 10 BPEMEHH, 00lllee pacueTHOe
BpEeMsI YBEIIMYMBACTCS, MPH 3TOM BEIMYUHA KKIOTO «IIaray OICHUBACTCS W3
YCIIOBHS YCTOHYHNBOCTH BBIYHUCIIUTEILHOTO anroputma [5-9].

CpaBHHUTEIbHAsS OICHKA KAayeCcTBA OMHCAHUS KOHECYHO-PA3HOCTHBIX aHa-
soroB ypaBHeHui (1)—(3) Obl1a HpoBeaeHa IyTEM COIOCTABICHUS PE3YJIbTaTOB
YHCJICHHBIX PACUETOB C DKCIICPUMEHTAIBHBIMH JAHHBIMHU M0 PACTEKAHHIO HBIO-
TOHOBCKHX He(TCH HAa rOPH30HTAIBHON MOBEPXHOCTH, MOKPHITOW CTEKIIOM, TIPH
STOM KHMHEMaTH4YecKas Bs3KocTh Hedreil cocraBmsima 7,4~ 10° u 16 - 10° m?/c.
HaubomnpIas morpenrHocTh BEIMUCICHUH TS JaHHBIX SKCTIepruMeHToB — 6,6 %.

Oo6cyxaenune

B peanbHBIX yCIOBHAX NPH PACHPOCTPAHECHHH HE(PTH IO MOBEPXHOCTH
BOJIbI MIPOMCXOIUT YMEHBIICHUE €€ MacChl M3-3a MCIAPEHUs JIETKUX YIJIEBOJO-
pOAHBIX (ppakuuil, YTO MOKHO ydecTb B opMmyie (2) Aisl BEIpaKeHUs (], , €CIU

BOCTIOJIb30BAThCSI M3BECTHBIMH OMITUPHYECKUMHU (HOpMyJIaMH, TOITYYCHHBIMH
mos pykoBojacTBoM mipodeccopa B. H. Artunwesa. Ecniu npenebpeus norepsimu
MAacCCBhI )KUJIKOCTH OT UCTapeHus (HalpuMep, MPH OTCYTCTBUH JIAHHBIX O (hpak-
LIMOHHOM COCTaBe He()TU WJIM HHU3KOH TeMIepaType Bo3ayxa), To, monaras B (3)
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0, =0, B pesynbrare pacueTOB NONYYHM «3aBBILICHHBIE» IPAHHIBI PACTIPO-

cTpaHeHus He(pTH, 9TO B MOJOOHBIX YCIOBHAX BIOJHE JOITyCTUMO.

BrIiBOaBI

PexoMennyercs npuMeHeHHE JaHHONW MaTeMaTHYeCKOW MOJENH Ipoiiecca
aBapUIHOTO pachpocTpaHeHHs He(TH TO BOMHOHN MOBEPXHOCTH IS PEIICHUS
CICAYIOIIUX 3a7a4:

. HaXO0XJIEHHUS pa3MepoB HE(TSHOTO IIATHA 32 OMPEIEICHHOE BPEMS
€r0 pacIpoCTpaHEeHWS,;
. HaXO0XJICHUS «KPUTUIECKOTO» BPEMEHH aBapUHHOTO PacTEKaHUS

He()TH 0 TOCTHKEHHS OIPEIEICHHBIX Pa3MepoB HE(TIHOTO MATHA WM TPAHHUIL
HEKOTOPOT'0 OXPAHHOTO 00BEKTa (HapuMep, 03epa, PEKH H T. II.).

Ilocneauee HanOosee AKTyaJIbHO B HH)KCHepHOfI IMPAKTUKE, TaK KaK I103-
BOJISICT OLICHUTH AWMHAMUKY PACIIPOCTPAHCHUSA He(i)TI/I 1o BO,Z[HOﬁ MMOBCPXHOCTHU
B TCYCHUC BPEMCHHU C MOMCHTaA O6pa30BaHI/I$[ YTC€YKHU, HAa OCHOBE YCr0 MOXHO
IJIAaHUPOBATh U BLINIOJIHATH HCO6XOI[I/IMLIC pa6OTI>I 110 3alIUTE Ba>XHBIX IIPHUPO-

AOOXPAaHHBIX 00BEKTOB OT 3arpsA3HCHUA He(l)TerOZ[yKTaMI/I.
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