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AHHOTAN NS

Beeoenue. HeratnsHble mociaencTBUs, KOTOPbIe MOTYT BO3HHKHYTH IO NPHUYMHE aBapUHHOIO pasiauBa HedTH, HOCAT,
KaK IPaBHJIO, TPYIHO YUUTHIBACGMBIN XapakTep, MOCKOIbKY HapyIIaloT MHOTHE €CTECTBCHHBIE MTPOIIECCH M B3aMMOCBSA3H
BHYTPH 3KOCHCTeMBI BooéMma. [locne pasniBa He(TH Ha BOTHON OBEPXHOCTH TOBOJBHO OBICTPO 00pa3yeTcs IIOTHBIN
ciI0¥ He()TAHOM IUICHKH, MPEIATCTBYIOMIMK AOCTYIy BO3AyXa M cBera (IIOCIC pa3jinBa OTHOW TOHHBI HedTH depes
10 MUHYT Ha MOBEPXHOCTHU BOJI0EMaA 00pa3yeTcst HeTIHOE MATHO TONIKMHOMN okoo 10 mm). BenencTue aToro crpagaer
JKMBOTHBIN M PacTUTENLHBII MUp BojoeMa. Ecin aBapust mpou3onuia B pUOPEKHOW 30HE HEMoJalleKy OT HACEJICHHOTO
IyHKTa, TO TOKCHYECKUI 3()(EeKT ycHIMBAeTcs, MOTOMY YTO HE(Th/HEPTENPOAYKTHl B COYETAHHH C PA3INYHBIMU
3arpsI3HUTENISIMIA  YEJIOBEUECKOTO TIPOMCXOXKICHUSI MOTYT OOpa3oBBIBATH ONACHBIE CcOeAMHEHHS. [t TeppuTopHit
TIOBBIIIIEHHOTO PUCKa (OCHOBHBIX MapIIPYTOB TPAHCIIOPTHPOBKH HE(PTEIPOILYKTOB, MECT MX OYHKEPOBKHU W BBITPY3KH H [IP.)
HEo0X0JUMO HPOTHO3UMPOBATh PA3IMYHBIE CLEHAPHU PACIPOCTPAHEHUS W TpaHCHOpMalUK HE(TAHBIX 3arps3HEHUH
C y4eTOM HMX MHOTO()PaKIMOHHOTO COCTaBa, TypOyleHTHOH nud(dy3un W aJABEKTUBHOTO IIEPEHOCA, NECTPYKIHMHU O]
BO3/IefiCTBUEM PUPOJHBIX (PAKTOPOB U T. A. Llenpio paboTh! ABISIETCS MOCTPOSHHE JINHEAPU30BaHHOM HECTAIIMOHAPHON
IIPOCTPaHCTBEHHO-HEOAHOPOAHONH MaTeMaTHYECKOW MOJENN TpaHCIopTa M TpaHchopMannu HETSHBIX 3arps3HEHUH
C YYETOM MEPEUNCIICHHBIX BBIIIE (JAKTOPOB.

Mamepuanst u memoosl. 1lonaBmas B BOAHYIO cpeny HE(Th MPEICTABIACTCS B BHAE MOBEPXHOCTHON M B3BEIICHHOM
B BOJHOW Tomme cyOctaHumu. HedTh moasepieHa MHOXKECTBY TpPaHC(OPMALMOHHBIX HPOLECCOB: aJBEKLHH, I'pa-
BUTAI[IOHHOMY pacTeKaHWIO, SMYJBIMPOBAHHUIO, HCIEPIUPOBAHUIO, PACTBOPEHHIO, Ouonerpaganmuu u np. He-
CJIC/IOBaHUE JaHHBIX IPOLECCOB M HMX IPOTHO3MPOBAHWE, KaK IpaBWIo, TpeOyeT pa3padOTKHM MaTeMaTHYecKOro
U TporpaMMHoro odecrnedenus. Kak moka3piBaeT MHPOBOW OIBIT M OOBEKTUBHBIM aHAIM3 (PU3NUECKOH KapTHHBI
MIPOIIECCOB, NPH MATEMaTHYECKOM W YHCICHHOM MOJEIMPOBAHUU CIIEAYET OTTAJIKUBATHCS OT CHCTEMBI ypaBHEHWH
Haspe-CTokca M ypaBHEHHH HEPa3pBIBHOCTH, a TAKXKE BBOIWTH JOMONHUTEIBHBIC (PU3NYECKHE AOIyCKH T'€OMETPHU
[IOTOKA, IpHUeMIIeMble 1 00OCHOBAHHbBIE B KO)KAOM KOHKPETHOM ciaydae. C y4eToM IaHHBIX COOOPa)KeHHH BBHIIIOIHEHO
MaTeMaTHueCKoe MOJIETMPOBaHHE Tpoliecca pacupoCcTpaHeHUst HeTH B MPUOPEKHBIX MOPCKHX CUCTEMaX.
Pe3ynomamut uccnedosanusn. Co3ana MaTeMaTHYeCcKasl MOJIENb IPoLiecca paclpocTpaHeHusl He(TH, YUnThIBaroLIas eé
MHOTro(pakMOoHHBIH cocTtaB. [Ipearnonaraercs, 4To ¢ppakuuyu HeGTH MOTYT HAXOIUTHCS B BOJIE B PACTBOPEHHOM WIIH
HEpacTBOPEHHOM COCTOSHHAX. [Ipy MOAENnMpOBaHMHM YUYHUTHIBAIOTCSA Takue (U3MUECKHE XapaKTEPHUCTHKU YacTHIl Kak
IUIOTHOCTH, YCKOPEHHE CBOOOIHOTO MaJieHMs, MOJISIpHAs Macca u ap. Ilocne nuHeapu3anuy paccMaTpuBacMoi 3a1a4n
OBLTH TOCTPOEHBI PA3HOCTHBIE CXEMBI, HCTIOJNIB3YIOIINE PACIINPEHHBIE PABHOMEPHBIE CETKH.

Oobcyscoenue u 3aknrouenue. 3arps3HEHUE, BBI3BAHHOE PA3IMBOM HE(TH B BOJHOM Cpejie, TPOUCXOTUT OYCHB OBICTPO U HE-
PEIKo SIBIISIETCS BEChbMa pa3pyIlUTENbHBIM. B TaHHON cuTyanny BaykKHBIM (hakTOpoM OyZeT oliepaTHBHOE pearnpoBaHue,
Urparoliee pearollyo poib Ui MUHUMH3AIMKA €ro HEraTHUBHBIX IOCieNCTBHH. MoJenupoBaHue mpolecca pasinBa
He(TH MOXKET OBITH IMOJE3HBIM JUISl ONPEACTICHHUSI MECTOTIOJIOKEHUSI M COCTOSIHUS HE(PTH B MOpE, MPOBEACHHS PHCK-
aHaJIM3a PacIpOCTPAHEHUS CyOCTaHIIMU U Pa3pabOTKe MEp IO JOKATU3AINHI 1 JIMKBUIAINHN 3arPs3HEHNS.

KoueBble ciioBa: npuOpexHbIe MOPCKHE CUCTEMBI, aBapUHHBIA pasziauB HedTH, HeTIHOI CMK, MHOTO(MPaKIIHOHHBINA
cocTaB He()TH, KOHIICHTPALHS YacTUILl He()TH, MaTeMaTHIECKOe MOEINPOBaHNUE, allIPOKCUMALUS HETTPEPBIBHOW MOJIEITN
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Abstract

Introduction. The negative consequences that may arise due to an accidental oil spill are difficult to account for, since
they disrupt many natural processes and relationships within the ecosystem of the reservoir. After an oil spill, a dense
layer of oil film forms on the water surface quite quickly, preventing access to air and light (after a spill of one ton of oil,
an oil slick about 10 mm thick forms on the surface of the reservoir after 10 minutes). As a result, the fauna and flora of
the reservoir suffer. If the accident occurred in the coastal zone near a populated area, then the toxic effect is enhanced,
because petroleum products in combination with various pollutants of human origin can form dangerous compounds. For
high-risk areas (the main routes of transportation of petroleum products, places of their bunkering and unloading, etc.),
it is necessary to predict various scenarios for the spread and transformation of oil pollution, taking into account their
multifractional composition, turbulent diffusion and advective transport, destruction under the influence of natural factors.
The aim of the work is to build a linearized non-stationary spatially heterogencous mathematical model of transport and
transformation of oil pollution, taking into account the above factors.

Materials and Methods. The oil that has entered the aquatic environment is represented as a surface and suspended
substance in the water column. Oil is subject to a variety of transformation processes: advection, gravitational spreading,
emulsification, dispersion, dissolution, biodegradation, etc. The study of these processes and their forecasting, as a rule,
requires the development of mathematical and software. In mathematical and numerical modeling, one should start from
the system of Navier-Stokes equations and continuity equations, as well as introduce additional physical tolerances of the
flow geometry, acceptable and justified in each case, as shown by world experience and objective analysis of the physical
picture of processes. Mathematical modeling of the oil distribution process in coastal marine systems has been performed.
Results. Mathematical oil distribution model has been created, taking into account its multifractional composition. It
is assumed that oil fractions can be in water in dissolved or undissolved states. The modeling takes into account such
physical characteristics of particles as density, acceleration of gravity, molar mass, etc. After the linearization of the
problem under consideration, difference schemes using extended uniform grids were constructed.

Discussion and Conclusion. Pollution caused by an oil spill in the aquatic environment occurs very quickly and is often
very destructive. An important factor will be prompt response, which plays a crucial role in minimizing its negative
consequences. Modeling of the oil spill process can be useful for determining the location and condition of oil at sea,
conducting a risk analysis of the spread of the substance and developing measures to localize and eliminate pollution.

Keywords: coastal marine systems, emergency oil spill, oil slick, multi-fraction composition of oil, concentration of oil
particles, mathematical modelling, continuous model approximation
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BBenenue. B mocnennee BpemMs BO BceM MUpe HaOIr0IaeTcst pOCT 00BEMOB TOPTOBIM HEPTHIO 1 HEQTETPOTYKTaMH,
IpHYeM 3HAUUTENIBHYIO JOJIIO B MX TPAHCIIOPTHPOBKE 3aHUMAET MOPCKOE CY10X0JCTBO. [l1s obecriedeHus 3KOJI0THUeCKOH
0e301acHOCTH BOJHBIX IyTeHl M Haxojsiieics BONM3M WMHQPACTPYKTYyphl HAa NMPOTSHKEHHH BCEH NEPEBO3KM TOBapa
COOJIIO/IAI0TCS OTIpEJICIICHHBIE OTpaHNueHUsT 1 Mepbl. HecMoTpst Ha aTo, 3a mocnenHue 50 yer B Mupe 3a)MKCHPOBaHO
5,86 Mmmona ToHH HedTH, pazauTol B Mope. Ilpumuem okono 80% 3Toi HedTH pasiuTO HA PACcCTOSHUU HE Ooiee
10 mopckux Mmis OT O6epera [ 1]. HeraTupHbIe mocneacTBUS HE(PTSIHOTO 3arps3HEHUS BOJOEMOB MOTYT OBITh CYIIIECTBEHHO
YMEHBIICHBI IPX CBOEBPEMEHHOMN JTIOKATH3AIMH 1 TMKBUAAINHN 3arpsa3HeHns. [1is1 3THX nesneit Heooxoanm pa3paboTaHHbINH
KOMILJIEKC MEp UL UCHOJIB30BAHUS MX CIy>KOaMu ObICTPOro pearnpoBaHus. JaHHBIH KOMIIJIEKC MEp, CPEeOH MPOYero,
JIOJDKEH COJIepyKaTh HEKOTOPBIH aIlapar, o3BOJISIOIIN OCYLIECTBIISITh IPOTHO3 pacipeiesieHust HeTSHBIX 3arPSI3HEHHH.
OTH NpOrHO3BI TPEOYIOT MPHUBJIEYCHUS] METOIOB MAaTEMAaTHUECKOT0 U YUCICHHOTO MOJIETUpoBaHus [2—4].
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B Poccun u 3a py6ekoM HCCIeI0BaHHS B 3TON 00JIACTH MPOBOAATCA TAKMMH HaYYHBIMH LIEHTPAaMH KaK HHCTHUTYT
okeanonorun M. ILII. lupmosa PAH (Poccus), unctutyt Boaneix mpobiaem PAH (Poccus), I'ocynapcrBeHHbII
rugposnornyeckuii mHCTUTYT (Poccust), Kuraiickuii Hedrsnol yHuBepcurer M MHCTHTYT OKkeanonorun Kuradckoin
Axanemun Hayk B [{unnao (Kurait), yausepcurers! TacMannu n Makkyopu (ABCTpaitust), MeMOpHaJIbHBIA YHUBEPCUTET
Herodaynmienna (Kanana) u np. [5-9]. Hakonenue HOBBIX 3HAHUH 1 SKCTIEPUMEHTAIBHBIX JAHHBIX MTOOYXIAET K ITOJTy-
YEHHUIO HOBBIX PE3YJIbTATOB 110 HHTEPECYIOIIEH Hac Ipobaeme.

B nacTosmei pabote npezcraBieHa MaTEMaTHIECKasi MOJIEIIb PACTIPEICICHNS HEPTAHBIX 3ar PA3HEHUH, yUUTHIBAIOIIAS
crenyoonme (GpU3MYecKue mapaMeTpbl U HpOLEcChl: MHOTO(PAKIMOHHBIN cocTaB He(TH, TypOyJeHTHYO Iuddy3uto
1 aIBEKTUBHBIN IEpPEHOC, UCTIAPEHHE, AECTPYKIIHIO IO BO3AEHCTBUEM MUKPOOPTaHU3MOB U Ap. J[aHHas MaTeMaTudeckas
MOJIEJTb CKOMILICKCUPOBAHA C TUAPOIUHAMUYICCKON MOJICIBIO, OITUCAHHOM, HapuMep, B padotax [10, 11]. [Ins HavansHO-
KpaeBoi 3aJauu, MOJEIHUPYIOIIEH paccMaTpHBaeMble IPOIECCHI, TOCTPOCHBI Pa3HOCTHBIE CXEMBI Ha CEeTKax, MMEIOIINX
HEpaBHOMEPHBIE IIIary B MPUTPAHNYHBIX sUeiikax (BOJIM3U TPaHUIIBI).

Matepuajbl 4 MeTOAbI

IocraHoBKa 3a1a4u. ByeM HCIIONB30BaTh IPAMOYTONBHYIO IEKAPTOBYIO cucTeMy Koopauuat Oxyz. Ilycts Q  R® —
pacuerHas obnacts, Q={0<x<L,0<y<L,0<z<L_}. Paccmarpusaem ciy4aii BbIbpoca He)TH B TCUCHHE KOPOTKOIO
BPEMEHHOTO IIPOMEKYTKa (0OTHOMOMEHTHBIH BBIOPOC) B paccMaTpuBaeMyto odsacts. [loctynuBmas B o6macts Q HepTh
Ha CBOOOJIHOM MOBEPXHOCTH {2, 00pasyeT MATHO. O6IacTh MOKPBITHSA NMEPBOHAYATLHBIM HEPA30PBABIIMMCS HEDTIHBIM
MIITHOM 0003HAYUM .

3aMeTHM, YTO B HAYaJbHO-KPAcBOH 3ajaue, MOJCIUPYIOUIEH pPacHpOCTpaHEHHE HE(TSHOTO 3arps3HEHHS, DAL
MPOIIECCOB PACCMATPHUBACTCS Ha IIOBEPXHOCTH BOZOEMA M IIOTOMY 3/1€Ch UCTIONB3YyeTCs AIByMepHast MOCTaHOBKa. [Iporecc
pacrpoctpaHeHus U TpanchopMaluu He(TH B IPUOPEKHON 30HE ONUILIEM CIICAYIOIMMH YpaBHeHUsIMU [12]:

— YpaBHEHUS JUIsl KOHIIEHTpanuy (pakiuy HoMepa o He(hTH, HaXOJISIIEHCs B TOBEPXHOCTHOM CJIO€:

* * K P
%+ua&+vac“ -2 phaC“ 9 uha& - £+ K,S, |X,m, — Doy, (1)
ot ax oy oxl "oax) oyl "oy RO q(c, +K,)
Oa (x, J’) 0o, oc
Cal oo = =0, (x,y)er; 2
=0 CuO’ (X,Y)E(’; an ( y) Y
— YpaBHEHUS U1l KOHIIEHTPAui MUKPOOPTaHU3MOB — JIECTPYKTOPOB HEPTH:
%4_”%4_‘;%:2 haﬁ i uhaﬂ +MM_}\‘M, (3)
ot Ox oy Ox Ox Oy oy c, +K,
- oM
M| =My g (xy)ey @
on
— YpaBHEHUS JUIsl KOHIIEHTpanuy (Gpaknuy HoMepa o He()TH, HaX0IsIIeicss B paCTBOPEHHOM COCTOSTHHH:
00y 00 0% (00 O My %), 2 My, %), 2 y % ), )
ot ox oy 0z Ox Ox oy oy oz oz
09, =K,S, X m,, (x, y,z)e Q,, (6)
0z
0
&:0, (x,y,z)eQ\QO. ™)
on
B ypaBuenmsx (1)—~(7) mcmonp3yrorcs ciemyromue oO0O3HA4eHUS: U, V, W — KOMIIOHEHTHI BEKTOpa CKOPOCTH
JIBWKEHMS BOJIHOW CPEMIbl; ¢, — KOHIEHTpauus (pakuuu HoMepa o HE(TH, HAXOIANIEHCS B MOBEPXHOCTHOM CJIOE,
a=LA"; p,=p,+(@p, - p)gh’ /u, (1, — xo>pduuuent ropusoHTaNbHON AMPQY3UHM YacTHL, g — YCKOpEHHE
CBOOOJIHOTO MajIeHks, P p, — IWIOTHOCTH YacTHIL] (PPAaKIKH O ¥ BOJBI COOTBETCTBEHHO, /1 — TOJMIMHA IIEHKU HE(TH);
K, — ko3¢ duument macconepeHoca ans yriesojaopoaa, K, = 2,5 -10°U"” (U — ckopocTh BeTpa OTHOCUTENEHO BOJIbI);
P — napienwe MapoB YacTHIl (Gpakuuu o, R — yHHBEpCaIbHAs Ta30Bas MOCTosHHasdg, R = 8,314; 0 — Temmeparypa

OKPY KaIOIIEH CPEIbI Hal TOBEPXHOCTHIO IATHA; K — K02 (HHUIMEHT MACCOIEPEHOCA PACTBOPEHHUS; S, — PACTBOPHMOCTb
B BoJie yacTull ppakuun o, o= A"+1,4; Xa — MOJISIpHAst 10JIs1 YacTUIl HPaKIKu 0., m_ — 3Ha4YeHHE MOJISIPHOM MaccChl
yacTul (Qpakuuu o; g — 3HauYeHHe KOI(PPHUIUEHTA MPOMOPIHOHAIBHOCTH MEXAY KOJIMYECTBOM MHKPOOPIaHM3MOB
¥ TIOTJIOMIEHHBIM CyOCTpaToM; M — KOHIEHTPalHs MUKPOOPTaHH3MOB; (0 — 3Ha4YEHHE MaKCUMallbHOH CKOPOCTH PocTa
MHKPOOPTaHHU3MOB TIPY TTUTaHNH YacTULaMU Qpakiuu o; K — 3Ha9eHHe KO3(Q(QHUIMEHT HACHILEHHUS; A — CKOPOCTh
OTMHPaHHUs MHKPOOPTaHM3MOB; (), — KOHIEHTpamus (ppakuuu o He(TH, HAXOMAUIEHCA B PACTBOPEHHOM COCTOSHHH,
a=A4"+1,4; p — xodbduiment BepTuKaTbHOH IUDDY3HH; 7 — BEKTOP BHENIHEH HOPMaTM K MOBEPXHOCTH,
OTIMCHIBAIOIICH TPaHMILy pacueTHOH 007acTH; Y — 00J1aCTh, ONMCHIBAIOIIAS TOBEPXHOCTHBIE CJION BOJOEMA.

Maremaruueckast MOJIENb paclipoOCTPaHEeHUs HEPTSHOTO 3arpsI3HEHUS [OJTy4aeTCsl [TPY UCIIOJIb30BaHUH CYIEPIIO3ULIUT
pesynbraroB pentenus 3anaun (1)—(7) mis kaxaoi gpakuum.
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Pe3yabTaThl HCc/IeI0BaHUS.
Jluneapuszamusa 3amaun. Ha BpemenHom otpeske 0 <f<T cTpoWTcs paBHOMEpHas CETKa C IIaroMm
T o = {tﬂ =nt, n = 1,..., N; Nt = T}. Ha BpemeHHOl ceTke ®_ BBIIOJIHEHA JIMHEAPH3allisl PACCMaTPUBAEMBIX 3a/1ay.
JluHeapu3anusl BBIMONHEHA TaKUM 00pa3oM, 4yTo B ypaBHeHHHU (1), OompeiensionieM KOHIICHTpPAIU0 (pakiuu o Ha
JIAHHOM BPEMEHHOM CJIO€, HCIIOJIb30BAIKCH KOHIIEHTPAIIUH MUKPOOPIaHU3MOB Ha TPEIBIAYIIEM BPEMEHHOM CIIOE.
Ha xaxmom mare Bpemenn n = 1,2,..,N, ¢t <t <t pemenuamu ypaBuenui (1)~(3) myctb OymyT QyHKIMH
cl, M", ¢!, n=12,..,N +1 coorBeTcTBEHHO. B 5TOM Cily4ae JTMHEapU30BaHHbI aHATIOT PACCMATPHBAEMOI 3a/1a4H

JUTSI BceX uHTepBanoB ¢  <t<¢ ,n=1,2,.. N 3anumiercs B BUJE:
n—1 n

oc, +u"ai+v &, _ 0 Wy a2 +i Wy oc, Ke P Xuma——f‘lc" M, (®)
ot ox 8y ax\" " ax ) vl oy RO g +k,)
! :{0’ (XJ’)E o,
=0 eqps (x,y)ecs, 9)
e (x,y,tH): ! (x,y,t"f1 ), n=2,.,N, (x,y) €y,
L -, (xy)er (10)
n
> Y > \ o ~n-1
om +u”a M0 W, oM™\, 0 W, om +~ujc°‘ M"-AM", (11)
ot Ox oy Ox Ox oy oy ¢ +K,
M| =My,
1=0 (12)
M" (x,y,tnfl) = M"(x, V.t ), n=2,..,N, (x,y)e A
oM"
=0, (x, ;
= (x.y)ey (13)
00, w08 .00, .00, _ 0 ha% L9 L, 99, |, 0 " 99, | (14)
ot Ox Oy 0z Ox Ox Oy oy oz oz
6 =K,S, X ,m, (x,y,z)eQO, (15)
82
aaqi’ =0, (1,0,2)eQ\Q, (16)

Ecnu n = 1, TO B Ka4uecTse c, (x ¥, 0) JOCTaTOYHO B3STh cbyHKLmH HavaJgbHBIX ycnoBuil u3 Gopmyn (9). Ecom n = 2,
T0 U3 opmyi (12) Oepercst PyHKIHSI HAYATLHOTO YCIOBHS M (x y,O) TIOJICTaBJISETCS B ypaBHEHHE (8) U Jasiee mpoBo-

JTCA pellienne sajad (8)—(10) u (14)—(16) na mpomexyTKe ¢ < <t{,, B XOJIE YETO HAXOMATCS 3HAYCHHUS KOHLICHTPAIIUI

(x y:4), 9, (x ,t ) B cBoro ouepenn, ypasuenue (11), conepskaiiee B IpaBoi 9acTu (GYHKIIUIO C, (x y,O), HMEET pe-
wennem M (x y,t ) IIpu nponomKeHrH 3TOro npouecca I[J'ISI cnyqaeB n=73,...,N OyneMm mpHIepKUBATHCS OITMCAHHON

1
soruku. OyHKIMU C, (x V.t 1)— e (x Vst ,) 9, (x Y.zt )= (x V2,8, 1) ONPEACIISAIOTCS IPU PELLICHUH 3a1a4
(8) (10) u (14)~(16) na npomexytke ¢  <t<t ,,n=3,...,N U3 NPEANONOKEHHU, YTO H3BECTHBIMHU ABJIAIOTCS QyHKIMH
1
M" (x Vot ) JULSL TIPEABIYIIETO BPEMEHHOTO IPOMEXYTKA ¢, <t <t .
Pa3HOCTHaﬂ cxemMa IS JTUHEAPpU30BaHHOM 3aaa4yu. YUJieHbl, ONUCHIBAIONINE A/IBEKTUBHBIM MEPEHOC YaCTHUII, U3

ypasaenuii (8), (11) u (14) numeror Bun B CI/IMMeTpPI‘{HOﬁ ¢dopme [13]:

o5

2 8x 6y

1{ ovr ol 8(u1l7["_1)+ olviz™ )}

21" oy ox Py
l{ué(ﬁi L 0e obr oludr) o) 6(w6£)}
2| oOx oy 0z Ox oy 0z

YTO TO3BOJISICT B PE3yJIbTaTe JUCKPETH3AIUN OCTPOUTH PA3HOCTHBINA OIEepaTop aJBEKTUBHOTO IEPEHOCA, 00Ia a0
CBOMCTBOM KOcocuMMeTpuuHOCTH [ 14, 15].

B o6nact G TOCTPOMM CBA3HYIO CETKY @, ) = @r XMy X M-, TAE Ox = {x, 1, =ih ;i =0,1,..,N ;N h =L},
o, = {yj y;=jh:j=01.,N;Nh, = Ly}, o = {zk iz, =kh;k=0]1..,N;N.h = L}. MHOXECTBO BHYTPEHHUX Y3-
JIOB CETOK 4, My, ®y,®: OyAeM 00O3HAYATH, COOTBETCTBEHHO, KaK ®,m ® »_. Ha mpocTpaHcTBeHHO-BpeMEHHOI ceTke
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®_, = 0_X O, anmpoKCHMHUpyeM 3anady (8)—(16) ¢ 3ananneM B y3iax, CABUHYTBIX Ha IOJIOBHHY CKOPOCTEH ITara CETKU U
10 COOTBETCTBYIOLEMY KOOPAUHATHOMY HanpaBneHmo.

[Hanee cuMBoI «—» CBEpXY Hal (1)yHKLII/IHMI/I cy (p @ uM', M Gyner 03Ha4aTh UX MPHHAUICKHOCTH K KIIac-
cy ceTodHbIX (ynKumiA. OyHKIMA C) 5 Of , M " paCCManI/IBa}OTCiI Kak JOCTAaTOYHO IIaAKue (yHKIMH HETPEPHIBHBIX IIe-

PEMEHHBIX. _
[Mocre anmmpokcuMaIuy Bo BHYTPEHHIX y3J1axX ceTku ®; ypaBHeHH (8), (11) u (14) mpumyT BuA:

—n —n

—1
N B R ) B OO R e R
T x

+2;1 (v”(x,.,yj+O,5hy)EZ(x,,yj+hy)—v”(x,.,yj—O,Shy);;(xi,yj—hy)J:

y
=hl—f(p;(xi+0,5hx,yj)(22(xi+hx,yj)—EZ(xi,yj)j—u;(x,.—0,5hx,yj)(22(xi,yj)—ZZ(xl.+hx,yj))j+ (17)
+hLz(“; (x,,,yj +O,5hy)(22(xl.,yj +hy)»EZ(x,,y,)j—u}‘,(xl.,yb, —O,Shy)(EZ(x,,y‘,)—EZ(xi,y/ _hy)j)_

5
_(Kzge? +KDS&)X“’"“‘ -Oiqca<x“y’) M ()
q(ca(xi,y/.)+Ks)
Mn_ﬂn—l

+

Z( (x +0,5h, y]) (x +h, y]) (x,.—O,th,yj)Zvn(xi—hx,yj))+

X

T
+ 22 (v" (xi,yj + O,Shy )IV" (xl.,y./. + h},)—v" (x,.,y./. - O,Shy )Mn(x,,yj - h}, )j = hl—z(u; (xl. + O,ShX,yj)-
.(ﬁn(xi + hx,yj)—ﬁn<xi,yj)j - pZ(x[ —O,th,yj)(ﬁn (x,.,yj)—]\_/[n (xl. + hx,yj))j + (18)

+hlz(u;(xi,yj +0,5h},)(ﬁn(xi,yj +hy)—ﬁn(xi,yj)j —uZ(xi,yj —O,Shy);
y

—n-1
.(M”(xi,yj,o)—ﬁ"(xi,yj _hy)D+Mﬂn(’%d’j)_}‘M”(an’j);
Ca (x,.,yj)+K

oo (o 05,2 oL o2 5 = 05w, o 2 )+

X

%(V X; yl+05h Zk)(pa<x yl—i—h zk) (x,.,yj—O,Shy,zk)(_pZ(x,.,yj—hy,zk))+
2h (W Xis Vs zk+05h) (xl.,yj,zk+hz)—w”<xl.,yj,zk—O,ShZ)QZ(xi,yj,zk—hZ)z
=L(Hh X, +0,5h,,y;, zk)((pZ(xi+hx,yj,zk)—6:(xi,yj,zk)j—uh (xi—O,th,yj,zk); (19)

\_/}A

(xi+hx,yj,zk)D
y; —0,5h, zk)( (x Vi Zk) GZ(xi,yj—hy,zk)D+hl (u (x V;s2; +0,5h, )( (x Vs Zk+h)

_(_P::(xi’yj’zk))_“’v(xi’yj’zk _O>5hz)(62()5:")/‘/’21()_(_PZ(xnyj'azk _hz)j)'

hl (uh(x v, +0,5h, zk)( (x Y, +h,z (pZ(xi,yj,zk)j—

¥y

(xiayj Zr )~

K pasnoctbiM ypaBHenuam (17)—(19) neoOxomumo 100aBUTh HavaabHBIE YCIOBHS LI (X, , Z) € ©, , @ TAKXKE all-

MIPOKCUMAIIUIO TPAaHUYHBIX yCIOBHH.
Jnst 3anaHus TpaHUYHBIX YCIOBUH yIOOHO BBECTH PACIINPEHHYIO CETKY:

o ={t.y,.2 )i =10, N, +1j =10, N, +1:k =—10,... N, +1;

x,=ihy, = jhizy =kh N b = LiN,h =LiNh =L}
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. —

ByzneM cuuTaTh U3BECTHBIMU 3HAYEHUS KOMITIOHEHT BEKTOPA CKOPOCTEH BOMHOM CPEIBI B Y3IIaX CETKH O \ ) ¢ Ipo6-
HBIMH 3HAYEHUAMH HHJIEKCOB, Hanpumep, u” (—0,54 , Yy z), u' (L +0,5h, Yy z), V" (x,-0,5 hy, z), V' (x,, Ly +0,5 hy, z) W'
(x, Vs 0,5 1), w" (x, Vs L.+0,5h)nT o

ATIpOKCUMAITIIO TPAaHUYHBIX YCIOBHUI IPOBeieM Ha puMepe yeioBus (15). AHATOTHYHO IIPOBOMIATCS PACCyKACHUS
Jutst TpaHgHBIX yeiowuid (10), (13) u (16).

—n —_ — —_— —

Bynem npenmnonarars, 4to (Pa(x, ¥, z) =0,ecnu (x, ¥, Z) €® \os. [l TeX y3I0B CETKA © \ @, KOTOPHIE HAXOIATCS
BHE pacu€THO 00JacTH, 3HAYeHHE KOMIIOHEHT BEKTOpPA CKOPOCTH BOJHO Cpe/ibl IPEIIIONAraeTCsl paBHBIM HYITO.

dopmanbHO 3anKIIeM BhIpaKEHHE:

()

KOTOPOE MO>KHO PacCMaTpHBaTh KaK Pa3sHOCTHYIO alPOKCUMAIIII0 KOHBEKTUBHOTO 4jieHa rpu z = 0.
Hapsny c (17) MoxkHO A1 TpaHU4HOrO yciaoBus (15) 3anucars paBeHCTBO:

- %(W (5, ,,0,5m, )0 (x, 3, . )= w" (x,, 9,,=0.,5h. )@, (x . v, =, )j , (17
20 .

- —n

cp;(xj,yj,hz)— (Pa(xj,yj,—

hZ)—K S X
20 =Bpog A My,

13 KOTOPOTO MOJYyYHUM:

—n

(Pu<xj,yj,hz)=6:(x‘f,yj,—hz)+ 2h K S, X m,. (18)

N3 Beipakenuii (17) u (18) momyyaem:
P 1 n n n —n
Cz((Paj = ﬁ(w (x,.,yj ,0,5h, ((Pa (xi, yj,—hz)+ 2hZKDSaXamu) -w (xl., y;»=0,5h, ) @, (xj,yj,—hz )j (19)
z=0

—
Hanee paccMoTpuM (hopmasbHO Ha PACIIUPEHHON CETKE O PaBEHCTBO
-n

DZ[EZJ \(_Pz<x,.,yj,hz)—(_Pz<xi,yj,0) )(_PZ(xl.,yj,O)—(Pa(xi,yj,—hz) - (20)

1
=—|u, (xi,yj,O,ShZ, -u, (x,.,yj,—O,ShZ
=0 h, h, h,

[Mockonbky Ha cBOOOAHOI HEBO3MYIIIEHHOI TOBEPXHOCTH BOIOEMa OTCYTCTBYET TypOyneHTHast Tuddy3usi, To MoxkeM
CUHMTAaTh, 9TO W, (X, Vo= 0,5 7)) = 0. C ydetom s10r0 M3 BBIpaxeHus (20) momydyaem

p.(0) =

o B
U3 (18) u (21) Haxoqum
D (?p"j LGy 050 )(6"( —h.)= 01 (x,,y,.0)+ 20K S, X j (22)
z o _hzz ”‘v i’yj’ 5> z axj’yj’ z (Pu xi’yj’ z"*DMa qma .
OOcy:xnenne W 3akia0denne. B pabore mpencraBieHa MareMaTH4yecKas MOJENb Ipolecca pacHpoCTpaHEHUs
U TpaHchopMauy HeTSIHBIX 3arpsI3HECHAI B IPHOPEIKHBIX MOPCKHX cucTeMax. JJaHHas MOZIeNb yUHTHIBaET MHOTO(paK-
LOHHBIA COCTaB HE(QTAHBIX 3arpsA3HEHMH, TypOyaeHTHYO TU(dY3UI0 U aaBEKTUBHBIA NEPEHOC, NSCTPYKLUHUIO YaCTHUII
He(TH 101 BO3AEHCTBHEM MHUKPOOPIaHM3MOB U T. A. ANNPOKCHMANUs IPEIJIOKEHHOH MOJENIN BBIIIONHEHA CO BTOPBIM
HOPSAKOM TOYHOCTU OTHOCHUTENBHO IIaroB IPOCTPAHCTBEHHOH CETKH. BOIPOCEHL, CBA3aHHBIE C HCCIEOBAHIEM MOHOTOH-
HOCTH IOCTPOSHHOI Pa3HOCTHOM CXEeMBbI U €€ CXOAUMOCTH K PEIICHHUIO UCXOIHON HaualbHO-KPaeBOU 3a/1ady SABIAIOTCS
MIPEAMETOM JIAIBHEHIINX UCCIIEI0BaHUI aBTOpa.

z

uv(xﬂyj?()’ShZ)(aZ(xi’yj!hz)_62<xi’yj90) ) @b

z=0
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