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PapmanoB H., llladpues T., Tawnremaposa-H.

MATEMATAYECKOE MOJIEJMPOBAHME Y IIPOI'PAMMUPOBAHUE
MATHEMATICAL MODELING AND PROGRAMMING

YK 519.6: 504.06

HEJIPIHEFIHAH MATEMATHYECKAS MOJAEJIb 1)1 MOHUTOPHUHT A
N IMPOI'HO3MPOBAHUS ITPOINECCA PACITPACTPAHEHUSI
e ADPO30OJIbHBIX YACTUIL B ATMOC®EPE

Pagwanos H., Ilagpuee T., Tauumemuposa H.

Maxkonaja 3apapnu 3appavyalapHUHT aTMochepana Ky4nml Te3THIHHA
MHOGATTa OJira” XoJizla atMocdepa Ba ep caTXy dKOJNIOIMK XONaTHHH Gamopatiani,
MOHMTOPUHI Ba Oaxonall yJyH MareMaTHK MOZAENb WLNa® YMKWIAH. 3apapiu
3appadyajiapHUHT aTMOCdepaRa KY4uIl TE3UIHHY aHUKIAll YUYH 3appaqaiapHuKr
acocuit (QH3NK-MEXaHUK XYCYCHADIApHHM Ba arMocdepazard XaBo MaccacH
TE3MUIMHU HHOOATTa ONYBYM YM3UKCHU3 TEHITIaMaliap cucTeMacy onuHau. OuHran
EUNMHHMHET  CH(amM  TaxJWId  KeNTUPUIUO,  KOMIBIOTEpAa  XHcoOJaul
TaXXpHOaNapuHy YTKA3HOI Y9yYH COHIIM aNTOPHTM HUUIA0 YAKANIHU.

Tasiru nGopanap: MaTeMaTHK MOIENb, 3apapiy 3appadaNapBuHT Kyuudmm
Ba i dy3nscH, 06-xaBo Ba MKJIAM OMHJIIIAPH, COHJIH allTOPUTM

B ' macrosumelf crarke paspaboTaHa MaTeMaTWU4ecKas MOIENb, UL
JIPOTHO3WPOBAHWSI, MOHUTOPUHTa W OLIEHKH JKOJOTHYECKOTO  COCTOSHMSA
arMocephl M TNOJACTIWIAIOWIEH T[OBEPXHOCTH ITACCUBHBIMH M  aKTHBHBIMH
IpUMECAMH, TAE YUYWTHIBAFOTCA H3MEHYMBASE CKOPOCTh MEPEMELICHHSA YacTHLl B
armMocdepe.  [nd ompemeneHus CKOpOCTeH nepeMEelIeHHs MEIKOJHCIEPCHBIX
YacTHLl B aTMOC(epe TONydeHa CUCTEMAa HENUHENHBIX ypaBHEHHM, INE yYTCHBI
OCHOBHEIE (DU3HKO-MEXAHMYECKHE CBOMCTBa 9acTHLl ¥ CKOPOCTh BO3AYLIHOH
MacChl B atMocdepe, KOTOpble MIparoT BaKHYIO poJib. IIpoBeleH kayecTBEeHHBINA
aHaNU3 peIeHHA W COCTaBlieHAa YHCICHHBIH airopuT™ A08 HpOBENEHMSA
BEIYHCITUTEIBHOTO 3KCHEPHUMEHTA Ha KOMIIBIOTEPE.

KoaioueBble cJioBa: MaTeMaTHyeckash MOAENb, NeEpeHoC U Auddys3us
BPE/IHBIX BELIECTB, IIOTOAHO-KIIMMATHIECKHIT (PaKTOpP, YUCICHHBIN aNropuT™.

Mathematical model for predicting, monitoring and assessing the ecological .
state of the atmosphere and underlying surface with passive and active impurities
is developed in this article; it takes into account the varying rate of particle
displacements in the atmosphere. To determine the rate of displacements of fine-
dispersed particles in the atmosphere, a system of nonlinear equations has been
obtained, which took into account such important factors as: the basic physical-
mechanical properties of the particles and the rate of air mass in the atmosphere.

TATUning ilmiy-texnika va axborot-tahliliy jurnali 45
Hayqxp-Texeneckasit 1 MH(popMaLHOHHO-aHand THaecknit XXypHan TYWUT

Scientific - technical and information-analytical journal TUIT

2019, N2 (50)




HEJUHEWHAA MATEMATIYECKASL...

Keywords: mathematical model, transfer and diffusion of harmful
substances, climatic factor, numerical algorithm.

1. BBE/IEHUE

ITporno3upoBanve, MOHHTOPMHI M OLIEHKA 3KONOTHYECKOrO COCTOSHUA
atMocheps! M TIOACTWIAIOIEH [MOBEPXHOCTH IACCUBHRIMH ¥ aKTUBHEIMU
NPUMECSIMY, Pa3MEUICHUS TPOMBIUIJIEHHEIX MNpenupuiaTU ¢ coOnoReHueM
CAaHUTAPHEIX HOPM 3arpsi3HEHHS PETMOHORE SBISIIOTCA aKTyalbHBEIMH B mpobreme
OXpPaHbI OKPY>KaroWen Cpeibl.

Ha ceronnsawnuil feHs ananus JaHHBIX IO OKPYXaloLEeHd cpene Moka3slBacT,
YTO MHTEHCHBHEIM pOCT 06beMa IPOMBILLIEHHOCTH OKa3bIBaeT OONBIIOE BIHSIHIE
Ha OKOJOrMYecKHd aucOanaHc arMochephl TMPOMBIIIEHHBIX pErHoHoB. B
OCHOBHOM TakKde OJKOJOTMYecKue npoOmeMBl 3aMETHbI B BBICOKO Pa3BUTHIX
OPOMEINLIEHHBIX IOCYNapCTBAX, HanpuMep, Takux Kak CIUA, Poccus, Opanims,
HMupua, Anonus, Kopes. Poct TeMna pa3BUTUSA IIPOM3BOACTBA HETAaTHBHO BIMAET
Ha 3KOJIOTHYECKOE COCTOSIHUE NPOMBIIIICHHEBIX PETUOHOB. YXYJIIEHUE SKOJIOTHU B
atMocepe TIPOMBLIIUIEHHBIX 30H BO3HMKAeT B CBSI3M C  YBEJUUECHHEM
KOHLIEHTPALIMHM BPEHBIX BEIUECTB U 3ara30BaHHOCTU aTMOC(epH!.

OmnacHoe 3arps3HEHME BO3AyXa CKa3bIBAacTCS Ha 3JIOPOBHE JMOAEH, T. K.
pa3TuyYHBIE XMMHYECKME O3JIEMEHTH! Haubollee WHTEHCHBHO IMOMIOIIAIOTCA
OpraHU3MOM WMEHHO TIpu  JelxaHud. TakuM  o6pa3oM, aKTyaldbHOCTDH
MaTEeMaTHYECKOTO  MOJENHPOBaHMA IpoUecca pachHpOCTPaHEHHMS  BPEIHBIX
a3pO30JIbHBIX YACTHL] OUECBUIHA.

MaremarraeckuM MOIENMPOBAaHWEM IIpouecca Iepenoca, AUGysnd u
BPENHEIX  BEIICCTB  (YDIEKHMCIble Tashl, MENKOXMCIEPCHEIE  a3PO30JBHBIE
TIaCCUBHBIE U aKTHBHBIC YACTULLI) B aTMOCHEPY 3aHUMAIOTCA B HAyUHBIX IIKOJAX,
CO3IaHHBIX Tof pykoBoacTBoM [.M. Mapuyka, B.B. Ilenenxo, A.E. Anosasa, JI.T.
Marpeesa, B.JI. Jemvaukosa W.D. Haaua, D.A. 3akapuna, M.A. Kubens, JLH.
I'ytmana, @.b. AGyrtanuena, a Taioke 3apybexHnx ydenslx W.J. Layton, J.H.
Ferziger, J.W. Deardorff, M. Germano, U. Piomelli, L.C. Berselli, G.S.
Winckelmans, W.C. Reynolds, X. 3unnck, K.A. Benac, K.JM. Hanmno, XK. T'ot2zac,
M. Mrommmmonanp, C. Tpan, M. Matuec, B. DxensMman 1 ap.

B uactHOCTH, aBTOpOM [1] TIpEANOXEH UYMCHAECHHBI IrgpuTM petieHHs
ypaBHEHHMH pacnpocTpaHeHns mnpumecedt B atMocepe. B xauecrse mpumepa
HEJMHENHBIX DAa3HOCTHEIX CXEM DELIEHHS YPaBHEHHS IIepeHOCa HCIOIb30BaHA
MOHOTOHHas cxeMa, paspaborannas BaH JIMpOM # ocHOBaHHAs Ha HeNUHEHHOW
cxeme OPpoMMa, KOTOpas alNpOKCUMRUPYLT HcexogHoe AHubdepeHnuanbHoe
YPaBHEHHE CO BTOPEIM IMOPANKOM TOYHOCTH 110 IPOCTPAHCTBEHHBIM MEPEMEHHBM

" ¥ 110 BPEMEHH.

B pabotax [2,3] u3noXennl HOCTHXEHMA B OONACTH MAaTeMaTH4eckoro u
YUCIIEHHOTO  MOOENHMPORGHHMA HECTallMOHApHOIO IEepeHoca  3arpA3HAIOMUX
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Papmanos H., Hla¢ues T., Tamremapora H.

IOpUMece B TOTpaHUYHOM cioe arMochepsl. ABTOpaMH - paspaboTaHsl
BBIYMCIIMTENBHBIE MOJECIN W COOTBETCTBYlOIIME SPMEKTUBHBIE ANMTOPUTMBI VIS
3aj1a4 [POTHO3Aa [1EPEHOCA M PACCESTHUA a3pO30JIEH, UCIIONB3YIOILUX ONEPATHBHYIO
HHPOPMALIHIO METEOPOIOTHYECKOTO XapaKTepa.

B pabote [4] paccMOTpeHB! BHABI 3arps3HUTENeN OKpYXawoINed cpembl ¢
TOYKM 3PEHMA BHIOOpA TOIUTMBHBIX XapaKTEPUCTUK A TEIUIOIEKTPOCTAHIIHMA.
VkasaH 1epeueHb BBIOPOCOB KPYINHBIX MNPOMBIMUICHHBIX 30H [0  THITY
3arpsasHMTeNel M ux (usMko-xMMHyeckye CBOWCTB. B HccnenoBaHMH OlieHKA
BO3JIEHCTBHUA TPOBOJMWIACH C  HCHONB30BAHUEM MCXOAHBIX  JaHHBIX ISt
HauXyAuero ciyuas ¢ nomowplo ¢opmyn I'aycca. Ha ocHoBe co3maHHOTO
IIPOrPaMMHOI0 00eCIeYyeHHs MPOBEAEHA OLIEHKa KayeCcTBa aTMOCQEPHOTO BO3AYXa
B pacCMaTpUBaeMbIX peraoHax Muaum.

B cratbe [5] paspaborama MmaremaThueckas MOJEAb JUIA ONPEAEICHHS
KOHLICHTPAlMK 3arpsA3HAIOIIMX BELISCTB B BO3AYyXe KaKk (DYHKIUH YCPENHEHUS
BPEMEHH U YacTOTEl. ARTOp NPOAEMOHCTPUPOBAJ TO, KAaK MPEIIOKEHHA MOAEIb
MOXKET UCIIONB30BaTGCA JUIA COOTHECEHHUS KPHTEpMEB KadecTBa BO3Qyxa CO
CTaHJapTaMM KayecTBa BO3yXa U HOpMaMu BEIOPOCOB.

B paGore [6] Ha ocHOBe pEHIEHUS HECTALMOHAPHOIO YPaBHEHHS
TypOyneHTHOH Auddy3un ¢ 3a5aBHBIMU BEIMYMHAME COCTABJSIOIIMX CKOPOCTD
BETpa u, v, w, kodbbuumenta nudody3um - £ 1 ko3P rUIneHToM TypOyIEHTHOTO

nepemMenmBamia -k, momyueHa HoBasx QopMmyma A pacyera TofeH
KOHUECHTPALMA 3arpsI3HeHdil BO3MyXa, CO3NABACMBIX TOUCYHBIMH WM HMHBIMH
[POMBIIIUIEHHBIMH UCTOYHUKAMH, Trle (OpMyna y4YWTHIBa€T B3aUMOACICTBHE
IIPOLIECCOB pacCedHUs M IlepeHOca TNPHMECH B HalpaBiICHUH OCEd JEKapTOBOH
CUCTEMBI KOOPAMHAT.

ABTOpOM Hal{leH»! pacyeTHBIC (POPMYIIBL, ITO3BONAIOLIME [IOXYYaTh [TOJIA
KOHLEGHTpalUUi HaJl IMOBEPXHOCTAMM JHODOM  CIIOXKHOCTH, NpH  JOOHIX
METEOPONIOTUYECKUX YCHOBUIX M CKOPOCTIX BETPA, B TOM YUCIIE U IIPH IUTUIIE.

B crarse [7] cpemaH aHanu3  JOATOCPOYHOIO  3KOJIOTHUECKOIO
NPOTHO3UPOBAaHMA C  (OMOIUBI0  MareMaTUYeCKOI'o  MOIEITHpOBAHHUA  C
UCIIONB30BAHUEM JOCTYIIHOM  (QakTH4ecKod WHOOpMAlM¥M O MHOTOJETHEH
JUHaMUKe Kiumara. YcenenoBaHsl mpoueccsl ONYCaHUS MaTEMATHYECKOH MOJENH
IMOPONMHAMUKA B KIMMATHYECKOH  CHUCTEME, MOJENAMM  MepeHoca |
TpaHchopMaliuy BJATH, XUMHUYECKHM U ONTHYECKM AKTHBHBIX 3arPA3HAIOIUX
npuMecedl B razoBBIX M adPO30JBHBEIX COCTOSIHUAX. ABTOpaMu Obil pa3paboTad
KOMILIEKC MOJEiel, HCIONBb3YeMEBIH I pELUeHHA HAay4yHBIX U YPAKTUYECKUX
3afay, 110 OUEHKE 3KOJIOTHUECKOH NEePCIIEKTUBE] MHIYCTPHANILHEIX PETHOHOB.

B craree [8] Ovumu mpemnoxeHb! 4yucieHHBle 3D MoAeNu A OUEHKM
YPOBHS 3arpsA3HEHMs aTMOC(hEepHOro BO3MyXa BBIOpOCAMHM OT aBTOTPAHCIIOPTA.
OCoOEHHOCTBIO TIPEANIOKEHHBIX YMCIECHHBIX MOIENEH ABJIETCS BO3MOXHOCTH
NPOTHO3UMPOBAHMS YPOBHS 3arps3HeHHs aTMOC(EpHOIO BO3JyXa B YCIOBHSAX
3acTpoiiku. BsiOpochl OT aBTOMOOHIEH aBTOTPACCH MOJEIMPYIOTCA Cepuel
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TOYEUHBIX UCTOYHMKOB, KOTOPHIE 3[aI0TCA C TIOMOMIBIO JeNbTa-GyHKiuy Jlupaka.
[pennoxeHHpIe MORENH Aal0T BO3SMOXXHOCTh ONEPATUBHO HONYIHTH HHPOPMAIIHIO
06 ypoBHEe 3arps3HEHHs aTMOC(EpPHOrO0 BO3AYXa B paHOHaX, INe HpPOXONST
aBTOMAarucTpay.

B craree [9] paccmarpuBaercs NpoOIeMBl MOAEIWpPOBaHHA TIpollecca
3arpsi3HeHUsT atMocepsl ¢ HCHONB30BAHMEM 3KOJIOTO-OMONIOTHYECKMX Mojenei
JOTHCTHYECKOro Tunma ¥ Tvma [ay3e, a Takke YTOYHEHHE M IIPOTHO3MPOBAHHE
Pa3sBUTHS IIpoLiecca ¢ MoMOMmBo MeTona Ilponu. JIns pemenus nepBElii IpoGaeMsl
TIOCTPOEHE! JIBE MOJICH: JIOTHCTUYECKasd, KOTOpast HE YYUTHIBACT NPOLECC OUMCTKH
1 Mogens Jlotku — Bonreppa, B XOTOPLIX MPOLIECCH OYUCTKY YK€ YITCHBI.

B craree {10] paspaborana MaremMarnyeckas MOAEIb pacdeTa 3arpsA3HEHUs
arMochepsl Ha OCHOBE Mojenu Tuna «dakeny. [JaHHast MOAENb YYUTHIBAET
BO3MOKHOCTB pacyeTa 3arpsS3HEHUs aTMOoc(epbl HECKONBKHMMU TOYEYHBIMU
MCTOYHHKAMH, CKOPOCTH BBUAGICHMS 3arpsi3HAIONIETO BEIUECTBa, YNANECHHOCTH
TOUKM M3MEPEHHUS OT MCTOYHHKA 3arpA3HEHMs, CKOPOCTh M HalpaBleHHe BETpa,
YCTOMYHBOCTE, aTMOCGhEpSI, OTKIOHEHUS pasMepoB (axena B TOPH3OHTAILHOM H
BEPTHKABHOM HaIpaBICHHUSX.

ABtopaMu pabor [11] pacCMOTPEHO MOIENUPOBAHME COCTOSHHUS KayeCcTBa
aTMOC(EepHOro. BO3MyXa C HCIOJB30BAHMEM pAa3NIMYHBIX  MaTeMaTHYECKUX
TIOOXOJ0B,  ONUCHIBAIOIIMX  (DU3MKO-XHMHYECKHE  [POUECCH,  KOTOpHIE
MOJETUPYIOTCS B 3aBUCHMMOCTH OT BHJA 3arpA3HEHHsd, MapamMeTpoB BHIOPOCOR,
METEOPONIOTHYECKIX, TONOrpapuyeckux M APYIHMX YCJIOBHH, BIMAIOWMX HA
paccerBaHUE 3arps3HAIOLIMX BELIECTB.

B cratse [12] paccMoTpeHa OxpaHa BO3IyIIHOTO OacceifHa, OCHOBaHHAs Ha
cOOMIONEHMH HOPMAaTUBOB KauyecTBa arMOCGhephl, B TOM uHucIe IO Gaxropy
XUMMYeckoro 3arpssHeHus. IloguépKMBaeTCs BaXXHBIM 3BEHOM B CXEME
HOPMHMPOBAHHS YHCTOTHI BO3AyXa SIBISIETCA pacyeT KOHLEHTpauuH, CO34aBacMBIX
Pa3NTMYHBEIMM MCTOYHMKAMH, HalpuMep, Tpybamu NPOMBIIIEHHBIX NpPEANPHATHH,
aBTOTPAHCIOPTOM ¥ BO3J{YLIHEIM TPAHCIIOPTOM.

B cratee [13] mpeanoxeHa 3¢dexTHBHAass MOJENb HPAMOrO YHCIEHHOIO
MOJENMPOBaHKsS PaCCEMBAHMS TOKCUYHBIX IrazoB B aTMocdepe ¢ y4éToM penaseda
MECTHOCTH. Pacy&r 10Msi CKOPOCTH BETPOBOrO IIOTOKAa IPOBOAMTHCA Ha Oase
NOTEHUMANEHOrO Te4YeHHd. [IpuMeHseMBIi B MOZENH METOX MapKHPOBaHUS
pacuyéTHOM 0ONacTH AaeT BO3MOXXHOCTb (POPMHUPOBATH JIOOYIO I'€OMETPUYECKYIO
dopMy penseda.

B crareax [14,15] paccmarpuBaeTcs akTyajabHas npobiema, CBA3aHHas C
PEIICHHEM 3a7a9y MOHUTOPHHIA U MPOTHO3UPOBAHUSA 3KOIOIMYECKOTO COCTOSHUS
BO3AYIIHOro GaccefiHa MPOMBINUICHHBIX PErMOHOB, TA€ UMEET MECTO HapyIIEHHE
fanaHca CaHMTAPHOH HOPMBI OKpYXaloOIeH cpeapl BCISACTBHE GOMBLIONO
KONTMYECTBa BEIOPOCOB BpPERHBIX BeWICCTB. JINA pelIeHUs YyKa3aHHOH 3ajadd
pa3paboTaHbl MaremaTHyeckas MOZENb, ONUCHIBAIOIAS  paccMaTpPMBaEMBEIi
IpoLecC C TIOMOIBIO YPaBHEHUH THIPOMEXaHMKM C COOTBETCTBYIOMIMMH
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HayaJbHBIMH M KPAaeBEIMH YCIOBHAMMU. .

[lompoOHBIi  aHanM3 HaydHBIX paboT CBA3AHHBIX C  [pobiemoi
MaTeMaTH4eCcKOro MOAENUPOBaHUsA NpolLiecca epeHoca U TuhHY3uHN a3po30NbHEIX
yacTHIl B arMocgepe TOoKazano, 4TO NpH MaTeMaTHYeCKOM MONEIHPOBaHMK H
MCCIEAI0BAHUM MpoLlecca paciipOCTPaHEHHS BPEIHBIX BEWIECTB B arMocdepe, BO
TIEPBBIX, HE PACCMOTPEHO U3MEHEHUE CKOPOCTH BETPA 110 HANpaBIEHUSIM, KOTOpEIe
H3MEHSIOTCA CO BpPEMEHEM M B 3aBUCUMOCTH OT M3MEHEHHs CKOpocted
BO3AYLIHOIO NIOTOKA BO3/1yXa, BO BTOPBIX, BO BCEX MPUBEICHHBIX MATEMATUIECKHX
MOJEIIAX IpoLecca, KodPpGUUHMEHT MONIOUICHHA adPO30JABHBIX YacTHL[ Opacs
[IOCTOSIHHBIM, B TPETBUX, MPEANONAranoch, 4YTO PACHPOCTPAHEHHE BPEJHBIX
BCLIECTB, BHIOPOILIEHHBIX U3 UCTOYHUKOB, HE JOCTUTAET PaCCMATPHUBAEMBIX TPaHULL
00J1aCTH pelleHus 3a0a4y H OTCYTCTBYET NPHUTOK M OTTOK BPENHBIX BELIECTB Yepe3
HUX.

Hcxong u3 BBIIECKAa3aHHOTO, LENIO JAHHOM CTaTbU ABIAETCH pa3paborka
HEJIMHEHHON MaTeMaTMYeCcKOW MOAENH Ul MOHWTOPHMHIA M IPOTHOZHPOBAHUS
npolecca InepeHoca U IudPy3sMH  BpEJHBIX  BEWECTB B aTMocdepe
NPOMBIIUIEHHBIX PErrMoHOB. J[aHHas MOJeab JOJDKHA YUYUTBIBATL BO3MOXKHOCTB
pacueTa 3arpsa3HeHust atMocdepbl HCTOYHUKAMH, CKOPOCTh W HallpaBAEeHMe BETpa,
OCaKAEHME YaCTHL IPHMECEH, a TaKKe MOroAHO-KIHMAaTHYECKHE QaKTOPHI.

II. OCHOBHASA YACTb

INocranoBka 3agaun. [lJis viccefoBaHus Tpolecca nepesoca u auddy3uu
a’pO30JTBHEIX YaCTHUIL B aTMOCHEPE € YYETOM CYLIECTBEHHBIX MApaMeTpoB U, V, W
COCTABISTIONIME CKOPOCTH BeTpa IO HANpAaBICHUAM X,),Z COOTBETCTBEHHO U
CKODOCTM ~ OC@KIEHHA  MEJNKONMCHEPCHBIX  4YaCTMIl  w,  PacCMOTPHM
MAaTEMAaTHIECKYI0 MOJIeNb, ONUCHIBAIOILYI0 Ha OCHOBE 3aKOHA THIPOMEXAHHUKHU C
HOMOIIBID ~ MHOTOMEPHOrO  JH(pdepeHIdaNsHor0  ypaBHEHHS B YaCTHEBIX
IIPOM3BOJHBIX

06 80 86 06
—+u—+v—+(w—w )——+09=
ot ox oy 8/ 0z o
= @+@ +—a—[1c(z€]+5(x ».2)0;
“ oo "o | e\ o VE)S
m%:cfﬂrzpa(u—U)z; (2)
m%chfrrzpa(v—U)z; (3)
aw
m dtg :—gﬂrJ(pn—py)g—kfpam'wg +F, (4)
U COOTBCTCTBYIOLUWM UM HavyaJIbHBIM R I'PaHHYHbIM YCIIOBHSIMH:
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HEJJUHEHHAA MATEMATUYECKASL...

6(x,y,2,0) = 6,(x,,2),

2 =u(0), ¥ =w(0), B, =w,(0), mput=0, )
-5 = £(6,~6) mpn x=0, (6)
X . -
128 6, -0y mpu =L, )
Oox
o8
K =E0,~0) npuy=0, )
42 6,6y mpny-L, ©)
y
—KfQ=(ﬂ9—Ff,), npuz=0 (10)
oz
K%Q=§(0b—9), npu z=H, (11)
Z

tae U =~u’ +97 +w*.

3aece m- Macca 4YacTHLBL, F- pagdyc dYactuusl; 6§ - KOJMIECTBO
pacipoCTpaHSIOIErocsi BEWECTBA; @,- MNEepBHYHA1 KOHLEGHTPAIMsi BpENHBIX
BemecTB B atMoctepe; o - K0dbOHULUMEHT MONIOMIEHHMS BPEIHKIX BEIIECTB B
atMocoepe; oS- dyHxkums Jupaka; g - YCKOpeHHS CBOOONHOrO MNafaHusd; ¢, -
K03(pdHLMEHT 1COOBOTO CONPOTURIEHHA YaCTHI, £, - Kod(QPuuUeHT GopMEl Tena
JUI1 CWJIBl COMpPOTUBNIEHHS; F, - TOABEMHAS Cujia BO3LYIIHOIO MOTOKa; p, -
IUIOTHOCTD YaCTHl, p, - TUIOTHOCThH BO3MYXa; A, -BA3KOCTH BO3MyXa; t — BpEMS;
X,y,Z— KOOpDOMHATHI, W- Kko3douument auddysuy; [- KkodQOUUHEHT
B32aNMOJECHCTBIS C MOACTIIANOIEH MOBEPXHOCTY; @ - MOUIHOCTh HCTOUHUKOB; K
- KOIMYECTBO &DPC30JIBHBIX YaCTUI[ OTOPBABINHXCA OT IIEPOXOBATOCTH 3EMHOI
IIOBEPXHOCTH, Kk - KOIPOUUHMEHT TypOYNEeHTHOCTH, ¢ - KOBM(PUUIHEHT 1A
IPOBEEHHS TPAHUYHOTO YCNOBMA K pasMepHOMY BHIY, 6, - KOHIIEHTpauus
B3BEUICHHBIX BEIECTB B COCENHUX O0ACTAX peIaeMbIX 3a1ay.

Meron pemenns. Tak kxax, 3agada (1) - (11) cimceiBaeTcss MHOTOMEPHBIM
HENUHEHHBIM AU QepeHIHaNbHEIM YPaBHEHHENM B YACTHBIX IIPOM3BOJHEIX C
COOTBETCTBYIOLMMH Ha4YajbHBIMU M KDAEBBIMH YCIOBMSAMU, TO IONYYHTH €€
pelicHUE B aHaNUTHUecKo Goprie 3aTpymHUTENBHO. [N perueHus 3anaud
UCIIONB3YEM HEABHYIO KOHEHHO-Pa3HOCTHYIO CXEMY [0 BpPEMEHH €O BTODBEIM
NOPSAIKOM TOYHOCTH COCTBETCTBEHHO 110 X,y U z:
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Y Az
1
1 3 n n n
+ 6,'“‘3 _ 91+1 ok 29 + ‘9,-1 ok 9,',,41,1( “2‘9/,1; +0’,j-1,k
OUijx =H 2 +H 3 +
Ax Ay
A
n n n
. K5O kut (Kk+0,5 +Kk—0,s)‘9i‘j,k + K050, 4 Ly 1 .
AZ2 g r,j,kQ’
OTpeiBas cKOOKH, MONYIUM BUA:
1 i 1 ! )
= n— = n— =
39m—;3 u e w3 me oy v 3 w-w,’
E i Jk _Xt_ .jk+ Ax 9;+1 k Ax Q‘,j,k"' A ‘9f:’j+1k A i_/,k+ Az (N2
1
'?.i_
—w 3 l { 1
s T R o N I s SR T +_ﬂ_9« 2y
Az iJk 1,).k sz i+, 7,k sz 1.jk sz Ayz i, f+Lk A-y), iJk
LM . K05 _ Kios t Kios g Keos a +l 5
Ayz Lk T2 JkH T AP AT AR kT3, j,kQ;

Janee BBegeM 0003HaYEHHS:
l

3 oy W "
U u
ai,j,k:%; bi,j,k '—+“—/'t‘l2““—+0" C’,jik-——~——-'u2 +—
Ax At A Ax TE AR Ax
) 1
n+— "1-5
_ _3__,_1)_5_ We 2u _ Kicos T Krsos 0" 7] Ao+
kT A 2 2 ik T 1,j-1k
1 1
ni— n+§

uov i, K05 pn Kios YW~ W, n 1 ,
" A Ay Ot Az R T AT T T '9”"""“+§5"f"‘Q’

B PE3YJILTATE YPAaBHCHUA MOXXHO CBECTU K TpeXauar OHAILHOM CHCTEME JJMHEUHBIX

anredpanyeckix ypaBHeHUH Buja:

1
n+-

6

3 —_
141,k

1
0”” A 3+c

[N N

ai,j,k i)k _dl,j,k (12)

Tereps anmpoxcuMupys rpaHHque yciioBue (6) Mosyunm:

1
9oj3k+49 -6, 3, .
_ =£0,-6
H 2Ax ¢ 074

500851
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HBEJUHEUHAS MATEMATHYECKAS. ..

"l ! el
3#‘90,,31‘ 4;1491 +/.10Mf =2Ax86, ~ 20%£6, (13)

1
n+—
Hanee u3 ypasuenns (12) naiigem 6, 2,
n-o—l a, n+—l b lH—l— d .
Ljk L)k 1,k
02 y ’ ‘90./_3k +—=L Hljk he (14)
cl,j‘/( cl,j.k cl,j,lc
n—tl o ”+l
IoxcraBus 6, 3 (14) B (13) Haiinem &, *, cnenyrommM cnocobom:

i S Ag

Ak ) Lk 5 WA

3#90 2 4;19, —-—90’“( + 0]“ LSk
Lk Cojk Cijk

\J .k

= 2A%£6, - 2Ax£6, ) ,;
NI
L b wh d
[ *””+2Axg+3y] W—L Pt g |67+ DBy

Ci 1)k Ciyk
B KOHEYHOM UTOTIC HOJ‘IY’-IPIM:

n% B by yH~4uc, el —2Mx860,c, |\ —dy M
0.k = L/ k .
’ a ;g M- 2A§xcld',k . 3;“"1,1',)( Q= 2Ax§cl,j,k - 3#cl,j,k
Benwaumst @,  f, , OIPEIEISIOTCS CIGYIOUHM CII0COGOM:
by, kM —4uc -20x56,¢, ,, ~d, ;B

@, = - Cur Ak (15)
hay =285, —3pe ), 0. a,'jvk;z—ZAxg‘cLM—3,ucu,,‘

Teneps annpokcUMHUpys rpaduYHOE yCT{OBI/Ie (7) monyumnm:
1 1

‘91:3 ik 49:/3 'k +39N k e
lu J 2Axl e __é: 9N13L
SR 0%
IUHN 2.5k Nl/k+3/‘t€N k—ZAX§0 2AX§0, (16)

IlpumMensit MeTo[ INPOTOHKM [UId  IocneaoBarejibHOCTH N, N-I u N-2

|
nt—

3
Haligem 6, 3 |, H 9N 3k

)] |
nes ne~
‘9)«-?,,‘_/« = aN-I.J,keN-;",_;,k + IBN—I,),I:; (1 7)
8N-2,j,lc = aN-z,,;kGN-l.j.k + Bua e = Cnca i (aN-l,/,ng_,j__k + .BN-l,/,k) + (18)

+:BN—2,j,k = aN—Z,j,kaN~l.j,k0N.1,k + 0y )4 Pyoiyx t Buos

u’f—

1
n ni—
3
J

1
Moncrases 6, }, n 6,3 ;, u3 (18), (19) B (17) natinem 6, ;, :
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n

1
n¥—
P2, k-1, MO, 0y By gt By =40y 1 MO,

Wi

o ek
~4By i3 p@ﬂ'li =2Ax&6, - 2Ax§9~</3k ;

1

(aN-z,j,kaN-l,;,kﬂ —day Mt 28xE + 3#)9N,f,k =
\ =2Ax£6, - IBN-2_j,klu - aNAZ,j,bBN—l,j,k/u + 4,5,,,,,,],,(/1;

9"‘% _ 26x86, - IBN—z,j,k/‘ - aN-2,j,k/8N—],j_klu +48y i M ]

Nk ’ (19)
O g Oy il =40y bt 20x¢ +3p
1 1 1
ni— n+-— n—
3HaYeHHs MOCNENOBATENBHOCTH KOHUEHTpauuk 6,3 ., Oy .y oy 8 5 !

OnpeJesieTcst METOAOM 0OPaTHOIM IPOTOHKH.

AHaJIOrUYHO, HCMOJIb3Ys BEILIC YKA3aHHYIO TEXHOJOTHIO 1O KOOPAMHATE ,
OY v nonyunm:

e SRR S B S NG g 2 |
ik Yk "3 Vi gk T Yk 2 Yi ,+1 £ " Yigk "2 |\ Vigkn T Yk ™3
)l L W2
B
3
:#91+1Jk 29/k+0]jk+/u67_;+lk—291_/k+9rjlk
Ax’ Ay?
| 1 1 }
AT P 6 +x 6"”_3 |
ST, R -0, i
Kk+05 i,j.k+) ( k+0,5 k05) _/k k-0,5"i,7,k=1 1
+ Azz + g 5,‘j.kQ
OTKpOCM CKOGKP,[, MOJYYHM BHUI:
2 2 2
2 1 n+3 1 n+§ ] n+§ 2 n4~3- 3
i +5 _—-_3_977-#5 U 0n+§ _ U 9J1+§ " A\ 9714-3 Vv 9n+3 +
i,J.k i,j.k i+l, 7,k iJjk i,J+],k i)k
At At Ax Ax Ay Ay
2 2
Wew 3 ol w3l nel 2.y et
Pl e S S B S SR
AZ ij A+l AZ ).k 1),k sz 1+1.7, K Ax2 1,).k
1 2 2
Mo /J 3 2# Y7, L s
+Ax29i—l,j A 61_/+llc A,’)_@:j/r 791jlk AZ lj/(+l
R
Kioo,5 7 Kiros 3, Ki-0s 1 .
T g b 30,0
BBEJEM CICAYOIINe 0003HaUEHUA;
3 o VO &
— - \% _ \%
Tyt Pty ey TS Tty
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HEJIMHEAHA ST MATEMATHYECKAS...

an "+§ ”*‘i 1
g = 3 2 .U +wg 20 Kios T Kios 9 ﬂ 9 H U R
ik = 2 2 ijs Kt i- 1J T -2 i+, j k +
A Ax Az Ax Az Ax Ax
2
nts
K n+d K w—w, 3 1
+ k-0,5 9 3 + k-0,5 g 0 3 5 Q
2 7, )k 2 i) k+1 Ljkxs
Az Az Az

B PE3yNbTare YpaBHEHUE MOXKHO CBECTH K TPEXIUATOHAIBHON CUCTEME JTUHEHHBIX
anredpandecKnx ypaBHEHUM:

n+= —
a/,j,k‘9, Lk bl, kgu ¢t cl.j,ker‘jfl,k = "dr,j,k (20)
Teneps annpoxcuMupys rpaHUuHOe yCa0BUE (8) MONyunM:
2 2 2
36,51 +46,10 — 0,5} wl
— 1 0, L 2k -1 6, -0}
2Ay § b 0.k
150315
2 2 2 2
n+5 n+3 n+§ _ n+§ 21
3#‘2,0,& - 41“9,’_1‘1( + /ugi,Z,k =24y56, — 2Ay§91,0,k (21)
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n+—
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e/,z,k -0z ‘9, ox T 9:,1,k i (22)
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m " 2
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nd wl o B, wi o buomiod ne
36,y —4p); ~ kg 2kl g Tl o apeg, —2nped)s;
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g ned b M Y uiod
St onyg 4316703 =) =2 197 S o e,
Coik Cirk Cirk
B KOHEIHOM HTOI'E [IOYYHM:
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L0k T = — (AW S e —
digH— 2Ay§z:i,l,k - 3#01,1,/( Qe 2Ayc,, - 3/16‘,’,,,(
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Teneps annpoKCUMUpPYs TPaHUYHOE YCIOBHE (9) OTYyYHM:

n+—§ n+§ 2
p 6, vk — 46, 170 +36,

id
2

! I,M3,I( _ 9 9714—3
_§ b YiMk

2Ay
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n-i-z ne— n+2— ,,+Z
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2
n+— n+—
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n4—§ e n+§ — = _ "'% =
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_ R S _
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T

2
ni— n+— n

3HayeHuA [NOCIEHOBATENBHOCTH KOHUEHTpauun 6,0, ,, 6,2, . .....6,

OIpeNENAETCS METOAOM OOpaTHO! MPOTOHKH.

AHANOIMYHO, MCIOTIB3YA BhIE YKa3aHHYIO TEXHOJOTHIO IO KOOpIHHATE
OZ W NoNyYyuMm:
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HEJUHEWHASI MATEMATHYECKASL. ..
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II. BBIBOJbI

JU11 IpOrHO3UPOBaHMS, MOHUTOPHHTA B OLIEHKH 3KOJIOTHYECKOTO COCTOSHM
arMocepsl M MOACTAIANOIWIEH ITOBEPXHOCTH IACCHBHBRIMH UM aKTHBHBIMU
npuMmecsamy, paspaboTaHa MaTeMarwdecKas MOJENb, [A€  YUMTHIBAIOTCA
U3MEHAIOWAsAcs CKOPOCTh IEPEMEIIEHHST YacTUIl B atMocdepe.

o I ompeneneHust CKopocTel NepeMEIEHUS MENKONUCIEPCHBIX YacTHIl B
arMocgepe IoNydeHa CUCTEMa HENMHEHHbIX YPaBHEHMH, Ile YYTEHBI OCHOBHBIE
U3MKO-MEXaHMYeCKUE CBOWCTBA JaCcTHI M CKOPOCTH IEpeMEIleHUs BO3IYIIHOMN
MAacchl aTMOC(EPEI, KOTOPBIE HTPAIOT BAKHYO POJIb.

Tak xax pazpaboTanHas HeNMHENHHAs MaTeMaTHIeCcKas MOAETs MOHUTOPHHTa
¥ TPOrHO3MPOBAaHMS MPOLECCA DACHPOCTPAHEHMS a3pO30JBHBIX YacTHI B
aTMOC(epe OIUCBHIBAETCS MHOIOMEPHBIM HEJNUHEWHLIM JuddepeHunanbHeIM
YPaBHEHHMEM B YACTHHIX TIPOU3BOAHBIX C COOTBETCTBYIOIIMMM HAYajJbHBIMHU U
KpPaeBbIMU YCIIOBHAMM, JUId €€ pelleHUus paspaboTaH UMCIEHHBIH alropuTM ¢
MCIIONB30BAHNEM HESIBHOM KOHEUHO-Pa3HOCTHOM CXEMBL.
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