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CIIMCOK NCHOJIb3O0BAHHBIX HCTOYHHUKOB...........cocvvuerirrrersnnecssnnneees

HNPUJIOKEHUSA



IMEPEYEHb COKPAIIEHUM U OBO3HAYEHUI

HC neiiponnsie cetn
III" — mapHHUKOBBIE ra3bl

IIM - nopucTeiil Matepuan

3CM - 30Ha cyxoro Marepuaia
3ITH - 30Ha MOJTHOTO HAMOKaHUS
3YH - 30HBI YaCTUYHOTI'O HAMOKAHUS
I'P - rpanuna pasnena

JKC - cBs13aHHAas )KUIKOCTh

KH — HecBsi3anHast )KUIKOCTh

LSTM (Long Short-Term Memory) gojarocpodnasi KpaTKOBpeMeHHasi TaMsTh



BBE/IEHUE

AKTYaJbHOCTh TeMbl Auccepranuu. COBpPEMEHHBIE H3MEHEHHUs KiIMMaTa
OKa3bIBAlOT 3HAYMTEIIBHOE BIIMSHUE HA pAa3JIMYHBIE PETMOHBI MHUpPA, BKIKOYas
KbIprei3cTan, KOTOpBIM OTJIMYAETCS CJI0KHBIM FOPHBIM pesibepoM U pazHooOpa3zuemM
MHUKPOKJIMMATHYECKUX 30H. MccienoBaHue KIMMaTHYECKUX W3MEHEHUN B JTaHHOM
pPEruoHEe MMEET BaXKHOE 3HAYECHUE U1 NPOTHO3UPOBAHUS BO3MOKHBIX ITPUPOIHBIX
KaTtacTpod (3acyX, HaBOJHEHMH, HW3MEHEHHUs BOJHBIX PECYpCOB, JAerpajaluu
JEAHUKOB), a TaKXe s aJalTalllid CEeIbCKOIO XO3SIMCTBA, TMAPOIHEPIrEeTUKH U
OPYTUX CTPATErMYECKN BaXKHBIX OTPACIIEN IKOHOMUKH.

B ycrnoBusix r17100a71bHOTO MOTEIUICHHS OCOOYI0 3HAYMMOCTh MPUOOpETaeT
pa3paboTKa TOYHBIX M HAJASKHBIX MaTEeMaTHYECKUX MOJENIEH, MO3BOJISIIOLIUX
aHAIM3UPOBATh M IPOTHO3UPOBATH KIMMATHYECKHE IPOLIECCHI HAa PErMOHAIBHOM
ypoBHe. Takue Moieu HeOOX0IUMBI JIJIS:

. OuneHkn AVMHAMUKHA TEMIEPATYPBI, OCAJKOB, BIIAXKHOCTH U JPYTUX
METEOPOJIOTMYECKUX ITAPaMETPOB B OTIEIBHBIX pailoHax KeIprei3craHa.

. Pa3paboTku clieHapreB M3MEHEHUs KiIuMaTa M HMX TMOCIEACTBHM s
DKOHOMHKH, HKOJIOTHH U COLUAIIBHOTO PA3BUTHS.

. [ToanepkKy MPUHATHUS pelIeHUuN B cepe BOAHBIX PECYpPCOB, CEIbCKOTO
XO035IMCTBA, TPaJJOCTPOUTENBCTBA U SHEPTrOCHAOKEHUS.

Kpome Toro, yunteiBasi OrpaHMYEHHOE KOJIWYECTBO METEOCTAHLUN B TOPHBIX
paiioHax KsIprei3ctana, mMaTeMaTHYECKOE MOJIEIUPOBAHUE CTAHOBUTCS Ba)KHBIM
MHCTPYMEHTOM JUIsl BOCIIOJIHEHHUSI MPOOENOB B JIAHHBIX U MOBBILIEHHUS TOYHOCTH
IpOrHo3oB. MccienoBaHne pErMOHAIbHBIX KIMMAaTHYECKUX XapaKTePUCYHOKTHK,
OLICHKa OyAyIIUMX WM3MEHEHUH KIMMaTa U UX MOCIEACTBUN HMEIOT CYIIECTBEHHOE
3HaQ4YEHUE IpU IUIAHUPOBAHUU COLUAIBHO-DKOHOMHMYECKOTO PAa3BUTHUS PETMOHOB
Koipreizckoit  PecniyOnmuku.  HaOmromaemble — pervoHajbHble — KJIMMAaTUYECKUE
M3MEHEHHSI MMEIOT TEHJICHIMI0O K MOBBIMICHUIO CPEIHETOJOBOM TEMIIEPATYPHI

BO3/yXa, IPU 3TOM HAaUOOJBIINN POCT OTMEUaeTcs ¢ cepearnbl 1970-x TT.



Taxum oOpa3oM, HccineaoBaHrEe MO JAHHON TeMe SIBISETCS aKTyalbHBIM Kak C
HAyYyHOW TOYKM 3pEHMs, TIOCKOJbKY CHOCOOCTBYET  PAa3BUTHIO  METOJIOB
PETHOHANBHOTO KIMMATUYECKOIO0 MOJEIUPOBAHUA, TaK U C NMPAKTHYECKOM, TAK KaK
pe3yabTaTbl MOIYT MCIOJIB30BATBCSA T'OCYJAPCTBEHHBIMM W MEXKIYHApOIAHBIMHU
OpraHu3alusIMHu JUIsl pa3pa0OTKU CTpaTeruil ajanTaluud K M3MEHEHUIO KJMMara B
KsIpreiscrane.

CBs3p  TeMbl  JAUCCEPTANMH C  NPHOPUTETHBIMM  HAYYHBIMH
HANPABJICHUSIMHA, KPYNHBIMM Hay4YHbIMH T@porpaMmMaMu  (IIPOEKTaMH),
OCHOBHBIMH  HAYYHO-HCCJIE0BATEJIbCKMMH  padoTamMu,  NPOBOAUMBIMH
o0pa3oBaTeJIbHbIMM W HAayYHBIMH Yy4dpexaAeHUsiMU. [luccepranmonHas pabora
SABJISIETCS WHUIIUATUBHOM.

Hear pauccepTanMoHHON PadoOTHI - pazpaboTka ¥ TPUMCHEHHE
MaTeMaTUYECKHX MOJENEd i1 aHalu3a M NPOTHO3HPOBAHUS KIMMATUYECKHUX
napameTpoB (cpeaHel Temneparypsl Bo3ayxa, ypoBHs CO2 U 0CaJikoB) B OTIIEIbHBIX
pernonax Kelprel3craHa Ha OCHOBE COBPEMEHHBIX METOJOB MAIIMHHOIO O0yUYEHUS U
YUCJIEHHOTO MOJEIUPOBAHUA.

JUIsl TOCTHKeHUs] LeJId HCCJIeJ0BaHMA ObLIM IOCTABJICHbI CJEeAyIOLIue
3a1a4M:

1. IIposectn CPaBHUTEIIbHBIN aHaJIn3 u IIPOrHO3UPOBAHUE
CpPEeIHEMECAYHON TEMIEpPaTyphl BO3AyXa B OTAEIBHBIX peruoHax KeIpreiscrana Ha
OCHOBE BPEMEHHBIX PAJIOB C UCIOJb30BAaHUEM METOJIOB MATMHHOTO O0y4YEHHS;

2. OcylecTBUTh aHadu3 JUHAMUKH W TPOrHO3UPOBAHHME BHIOPOCOB
yraekucioro ra3a (CO:z) B atMocdepy € y4eToM KIMMATUYECKUX U aHTPONOTE€HHBIX
(bakTopoB;

3. Pa3paborarp MmaTemaTHuecKU€ MOJEIM JUIsI OIUCAaHUS TPOIECCOB
HepeHoca 3arps3HAIOIIMX BEIIECTB B aTMOoc(epe, BKitouas ypaBHeHue HaBbe-CTokca
JUIsL MOJENHMPOBAaHUS JBHKEHHS BBIOPOCOB M YpaBHEHHE IEpEeHOCa MNpUMECE ¢
Y4ETOM HAJIM4MS IPENATCTBUM;

4. BbINOJHUTH YMCIEHHBIM pacyeT (UIbTPALUU TOTOKOB >KHMJIKOCTH B



MIOPUCTYIO CPEy C YYETOM pa3pbiBa MOPUCTOCTU ISl OUEHKH THIPOJINHAMHYECKHX
IPOLIECCOB, BIUSIOIIMX HA KIMMAaTUYECKYI0 CUCTEMY PETMOHA;

5. IlpoBectn aHamu3 U MPOrHO3UPOBAHUE CPEIHEMECSIYHBIX CYMM OCAIKOB
3a nocnennue 100 yeT Mo JAaHHBIM METEOPOJOTUYECKUX HAONIONCHUN, UCIOIB3YS
MO/IeJId BPEMEHHBIX PSAJ0B U METO/Ibl MAIIMHHOTO 00YyYEeHUS;

6. DBpINOAHUTH YHCIEHHOE MOJEIMpPOBaHUWE TpoleccoB AU dy3uu
3arpsI3HAIOLIMX BEUIECTB B aTMOC(Epe OT TOUEUHOr0 MCTOUYHHKA C MCIOJB30BaHUEM
nporpammHoro komiuiekca ANSYS CFX, yuuteiBasg BIMSHHE TYpOYJEHTHBIX
MIPOLIECCOB U AIPOAMHAMUYECKUX (PAKTOPOB;

7.  OcCyLIeCTBUTh pacyeT TPACKTOPUHA PACHPOCTPAHEHUS 3arpsA3HAIOIINX
BEILECTB B aTMOoc(epe ¢ yueToM TypOyJIeHTHBIX 3P(PEKTOB U HATUUMS MPENATCTBUM,
UCITIOJIb3YSl METO/bl BBIYMCIUTEIBLHON TMAPOJAMHAMUKHA B MPOrPaMMHOM KOMILIEKCE
ANSYS Fluent.

Hayuynasi HoBHM3Ha pa0OTbl COCTOMT B pa3padOTKE MaTeMaTHYECKON
MOJIEIM IIPOTHO3UPOBAHMSI CPEIHEMECIYHON TeMIlepaTypbl BO3AyXa, MO3BOJISIOLIEH
OLICHMBATh HM3MEHEHUS TEMIEPATYpPbl C TOYHOCTBIO 10 1,6°C, OCHOBaHHOW Ha
HelipoceTeBoil apxutektype LSTM u npoananu3upoBaHHOM Ha maHHbIX 3a 100-
netHuid nepuon (1921-2021 rr.);

- BBITNIOJIHEH MPOTHO3 JUHAMUKU BBIOpOCOB yriekucioro raza (CO:z) u obmux
TpeH 0B napHukoBbiX ra3zoB (III') 3a 1990-2022 rr., npoBeleHa anmpoOKCUMAaIIMs
BbIOpOcoB [1I" 10 2050 r.;

- IOJIydyeHa MareMaThyecKass MoJedb TypOyJIeHTHOro IOTOKa JbIMa MpuU
HAJIMYUM TPEMSITCTBUA Ha MYTH €ro pacnpoCTPaHEHUs OT TOYEYHOI'O HCTOYHMKA,
pa3paboTaHHas ¢ UCIOIb30BaHuEM MporpammHoro komiuiekca ANSYS Fluent;

- BIIEpBbIE IpUMEHEHO YypaBHeHHe Habe-CTokca UIsi MOJEIMPOBAHUSA
TypOYJICHTHOT'O MOTOKA JIbIMa C YYETOM BIIMSHUS NPENATCTBUN HA TPAEKTOPHIO €0
pacnpocTpaHeHUs! OT TOYEYHOI'O0 UCTOYHHKA BBIOPOCOB;

- pa3zpaborana monens nuQGy3MOHHOTO PACCEMBAHMS JILIMOBBIX BBIOPOCOB B

atMochepy ¢ wucnoib3oBaHueM mnporpammHoro komiuiekca ANSYS CFX,



YUMTHIBAIOIIAS] JTUHAMHYECKUE XapaKTEPUCTUKH ITOTOKA;

- BIIEPBBIE IIPUMEHEHO YPAaBHEHWE II0TOKA JHEPrUU Uil MOJECIMPOBAHUSA
1 (y3MOHHOTO paccerBaHUsl ABIMOBBIX BBIOPOCOB B aTMoc(epe OT TOYEHHOIO
MCTOYHHKA;

- TOJY4Y€Hbl KOJIMYECTBEHHbIE 3aBHCHUMOCTH CKOPOCTH M JAJIbHOCTH
pacnpocTpaHEHUs! JbIMOBBIX IMOTOKOB OT HANpAaBJIECHUS M CKOPOCTU BETpa, 4YTO
MO3BOJISIET 0OJIee TOYHO YUUTHIBATH aTMOC(EpPHBIE YCIOBUS MPH MPOTHO3UPOBAHUU
3arps3HEHUs BO3AyXa;

- BBINIOJIHEHBI YHCJICHHBIE pacueThl (UIbTpPALMM PACHpPOCTPAHEHUS IMOTOKa
KUJKOCTH B IIOPUCTYIO CpPEAYy C Yy4YE€TOM pa3pblBa IOPUCTOCTH, YTO IO3BOJIAET
YUHUTBIBATh THAPOJUHAMUYECKHUE IMPOIECCHl B HEOJHOPOAHBIX IUIACTAX, BIUSIOLINE
Ha KJIIMMaTUYECKYIO CUCTEMY;

- IPOBEJICH aHAJIMN3 CPeIHEMECSUHbIX ocaakoB 3a 1921-2021 rr., pazpaborana
MOJIESIb MTPOTHO3UPOBAHUS CPEIHEMECSYHBIX CyMM ocaakoB 10 2040 r. ¢ ydetom
PErMOHATBHBIX KIIMMAaTUYECKUX 0co0eHHOCTe KbipreizcTana.

IIpakTH4yeckasi 3HAYMMOCTh MOJIy4YeHHBIX Pe3yJbTaTOB.

- pa3paboTaHHBIE MOJAENHM TO3BOJISAIOT A((PEKTUBHO TPOTHO3ZUPOBATH
KJIMMAaTUYECKAE IapaMeTpbl, BKIIOYas CPEAHEMECSYHYIO TEMIIEparypy BO31yXa,
OCaJIKM U JUHAMUKY BBIOPOCOB 3arpsA3HSIOIIMX BEIIECTB, YTO CIIOCOOCTBYET OoJjiee
TOYHOMY  AQHAJIM3y KIMMAaTUYECKUX HW3MEHEHUH B  OTACJIBHBIX  pPErMoHax
KsIpreizcrana;

- pa3pabOTaHHbIE MAaTEeMaTUYECKUE MOJEIN PaciupoCTpaHEHUs: BHIOPOCOB W3
IBIMOBBIX TpYO, YYHUTHIBAIOUIUE BIHUSHHE TMPENSATCTBUA U METEOPOJOTHUYECKHUX
(bakTOpoB, MO3BOJISIOT OLICHUBATh TPAEKTOPUU JIBUIKEHHUS 3arpsI3HSIIONIMX BELIECTB B
aTMoc(epe U MpeacKa3bIBaTh 30HbI HAUOOJBIIETO UX HAKOTICHUS;

- npuMmeHeHue ypaBHeHuii Habe-CTOkca W TOTOKAa HHEPrUM s
MOJICJIUPOBaHUS TypOYJIEHTHBIX U AU(P(Y3HOHHBIX NPOLECCOB MO3BOJSET MIPOBOINUTH
TOYHBIE PACUEThl IMHAMUKHA aTMOC(EPHBIX BEHIOPOCOB B TPEXMEPHOM MIPOCTPAHCTBE C

Y4E€TOM HECTallMOHAPHBIX (PAaKTOPOB;



- Hcnoib30Banue nmporpaMMHbIX KoMIuiekcoB ANSYS Fluent 1 ANSYS CFX
JAaeT BO3MOXXHOCTh pEIIaTh CTAallMOHApPHBIE M HECTAaMOHapHble 3anadyd B 3D-
MOJICTUPOBAHUH, YTO MO3BOJISIET MMOBBICUTh TOUHOCTh PACUYETOB MPOIECCOB MEPEHOCA
3arps3HSAONINX BEIIECTB B aTMOchepe;

- TIOJIyYEHHbIE KOJIMYECTBEHHBIE 3aBUCHUMOCTH CKOPOCTH U JaJIbHOCTH
pacrpoCTpaHEHUs JbIMOBBIX IIOTOKOB OT HampaBJEHUS U CKOPOCTH BETpa,
CTaOWJIBHOCTH  aTMoc(epbl, TeMIepaTyphl IOTOKAa Ha BBIXOAE U3 TPYOHI,
TeMIepaTypbl BO3JyXa MOTYT OBITh HCIOJB30BAaHbl MPU  DKOJOTUUYECKOM
MOHUTOPUHTE U pa3paboTKe Mep MO CHIDKEHHUIO BPEIHOTO BO3CHCTBUSA
IPOMBIIICHHBIX BHIOPOCOB;

- pa3paboTaHHBIE MPOTHO3HBIE MOJEIW M3MEHEHHUS TeMIEpaTyphbl BO3AyXa U
OCaJIKOB MOTYT OBITh NMPUMEHEHBI B CEIIbCKOM XO3SWCTBE, BOJHBIX pecypcax u
IPaIOCTPOUTENBCTBE IS aJanTallud K HW3MEHEHUsSM Kiumara U 3(PEGeKTUBHOrO
yIIpaBJI€HUs IPUPOTHBIMU PECYPCAMMU.

OcHOBHBIE N10JI0KEHHSI JUCCEPTAIMU, BBIHOCUMbIE HA 3aIIIUTY:

1. MaremaTuyeckas MOJICITb MIPOTHO3UPOBAHUS CpeaHEMECSYHOU
TEMIIEpATyphl BO3/1yXa, OCHOBAaHHAs HA aHAJIN3€ KIMMAaTHYECKUX NaHHbIX 3a 100-
JETHUW TEepHOoJl C MCIHOJIB30BAHUEM HeWpocereBoll  apxutektypsl LSTM,
MO3BOJISIIONIASL BBISIBJISITH JIOJATOCPOYHBIC TEHJCHIIMM W3MEHEHUsI TeMIlepaTyphl B
oTHeNIbHBIX perrnonax Keipreizcrana;

2. AHanu3 U CpaBHHUTEJLHOE UCCIEIOBAHUE COCTaBa aTMOC(EPHOTO BO3yXa
B OCEHHUM U BECEHHUMN NMEPHUO/IbI, BBISBIISIIONIME OCOOCHHOCTH CE30HHBIX KOJIeOaHU
KOHIEHTPAIMN 3arps3HSIONMX BEUIECTB, OOYCIOBJICHHBIE METEOPOJIOTHUYECKUMU
YCJIOBUSIMU U aHTPOIIOT€HHOMN HArpy3KoOu;

3. IlporHo3Has monelb AUHAMUKH BbIOpocoB yriekucioro raza (CO:2) B
aTMocdepy, BKIIOYAIONas KOJIMYECTBEHHbBIE OIEHKU M3MEHEHHS YPOBHS BHIOPOCOB C
Y4ETOM KJIMMATUYECKUX U TEXHOTEHHBIX (PAKTOPOB, a TaKXKe TPEHIbl BBHIOPOCOB

MapHUKOBBIX ra3oB J10 2050 roxa;



4. Pe3ynbTaThl UYHCIEHHOTO MOJCIUPOBAHUS TIpoiieccoB uddy3uun u
pacceuBaHUs JIBIMOBBIX BBIOPOCOB M3 TOYEYHOrO KCTOYHUKA B aTmocdepe,
OMPENEIAIONME OCHOBHBIE 3aKOHOMEPHOCTH MEPEHOCA 3arps3HSIONIMX BEIIECTB C
YYETOM a’3pOJIMHAMUYECKUX XapaKTEPUCTHUK MOTOKA;

5. Mogenb TypOYyJE€HTHOTO TIOTOKA JBIMOBBIX BBIOPOCOB, YUYUTHIBAIOIIAS
BIIMSIHUE TPEMSITCTBUM (3MaHMl U JAPYrux OOBEKTOB) HA PacHpOCTPaAHCHUE
3arpsA3HSAIONIMX BEIIECTB, MOCTPOCHHAs HAa OCHOBE pAacyeToOB B IPOTrPaMMHOM
komiuiekce ANSYS Fluent, nosBosistomnas OIEHUTh BO3JEHCTBUE BHIOPOCOB Ha
KayeCTBO BO3/1yXa B TOPOJACKOM CpEIE;

6. Mopnenbs TPOTHO3UPOBAHMS CYMMAapHBIX aTMOC(EPHBIX  OCAJKOB,
OCHOBaHHAas Ha METEOPOJIOTHYECKMX HAaHHbIX 3a 1921-2021 rr., coxmepxkamas
KOJIMYECTBEHHBIE 3aBUCHUMOCTH JUId OlleHKH wux guHamMuku 10 2040 roma B
OTZIEeNIbHBIX perrnoHax Keipreizcrana;

7. Pacuersl mpomeccoB TEIUIOBIAroNepeHoca B TPYHT, YUHUTHIBAIOLIUE
B3aMMOJICUCTBHE TMOYBBI C aTMOC(HEpPHBIMH OCaJKaMH U TEMIIepaTypHBIMU
U3MEHEHUSIMU, BaXKHbBIE JIJISl TPOTHO3UPOBAHUS THIPOJOTMUYECKUX U KIMMATHYECKUX
IIPOLIECCOB.

JIMYHBIA BKJIAX COMCKATEJNH COCTOMT B TECOPETHUYECKOM U MPAKTHUYECKOM
00OCHOBaHMM OCHOBHBIX HAEH M TMOJOKEHUA HCCIEJOBaHUSA; B pa3pabOTKe
MaTeMaTUYECKUX MOJIeNIel MPOrHO3UPOBAHUS KIIMMATHUYECKUX MTapaMETPOB, BKITIOUast
CpPEIHEMECAUYHYIO TeMIIepaTypy BO3AyXa, OCAJAKA W BBIOPOCHI YIJIEKUCIOTO Ta3a
(CO2), ¢ wuCHOJIb30BAHMEM METOJOB MAIIMHHOTO OOYy4YeHUSS U YHUCJIECHHOIO
MOJIETUPOBAHMS; B TOCTPOEHUH U peanu3aiuu Mmojeneit nudy3uu u TypOyJIeHTHOTO
NepeHoca 3arps3HSAIONIMX BEIIECTB B aTMochepe C Yy4eToM MPENsSTCTBUM; B
MIPOBEJICHUH YHCIEHHBIX PACUETOB MPOLIECCOB TEIIOBIArONIEPEHOCA.

[TocTanoBka 3adad HCClEOBaHUS, OOCYXKJIECHHUE W BHEAPEHUE MOTYyUYEHHBIX
pEe3yJbTAaTOB MPOBOAWIOCH COBMECTHO C HAay4YHBIM PYKOBOJUTENEM, Mpodeccopom
C.M.CynaitmaHOBOH.

AnpoOGauusi pe3yabTaToB auccepranmuu. OCHOBHBIE PE3yJibTaThl JTAHHON
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paboThI paccMOTpeHBI: Ha MeXIyHapOIHON HAYYHO — MPAKTUYECKas KOH(EPEeHINH
“20-netue UHUT KI'VCTA um.H.Ucanora” bumkek, 19-21 oktsa6ps 2021 r., Ha
Mexnaynaponnoii koHdpepenuun “ HHrerpanus Haykd u  oOpa3oBaHUS B
coBpemeHHoM mupe» Hypcynran (Acrana), Kazaxcran. 15 oktabps 2021 r., Ha
Mexaynaponnoi koHpepennuu «30-netue KI'YCTA um.H.Ucanosa” bumikek, 28-
30 masa 2022 r., Ha MexayHapoJHON Hay4yHO-NpPaKTHUYEeCKOW KoH(pepeHuun «Poib
HAayKH M MHHOBAIIMOHHBIX TEXHOJOTUM B YCTOMYMBOM PAa3BUTHHU TOPHBIX TEPPUTOPUIA
u skocuctem», KI'TY um. U. PazzakoBa (Ksipreizcran, bumikek, 27-28 okta0ps
2022r.), Ha MexnayHapoaHoi HaydyHoW KoH(pepeHiuu “CoBpeMeHHas TEXHUKA U
TEXHOJIOTUY B Hay4YHBIX HccieaoBanusax’, HayuHoii ctaniuu Poccuiickoi akajiemMuu
Hayk B r.bumkek (HC PAH) 26 anpenst 2023r., Ha MexayHapoJHOH Hay4yHO —
npakTudeckas KoHpepeHu “CoBpeMEHHbBIE TPEH/BI B CTPOUTEIIBCTBE: MTPOOIEMBI
U nyTtd pemeHus 80-JIeTHE BBIIAIOLIETOCS T'OCYJApCTBEHHOTO U MOJUTHYECKOTO
nesitenst KP H.Mcanosa ” bunikek, 2 Hosi0ps 2023 r., Ha Mex1yHapoJHOI Hay4HO-
PaKTUYECKON  KOH(EepeHIIUH «ludpoBas Tpanchopmanus oOmecTBa U
UCKYCCTBEHHbIM WHTEIUIEKT» KbIproizcko-I'epMaHCKOro MHCTUTYTa MPUKIAIHON
undopmatuku , 23 HosOps 2023 T.

IHonHoTa OTpakeHUsi pe3yabTATOB AHMccepTanvu B nyOaumkamusax. [lo
COJICP)KaHUIO0 HACTOSALIEHM JUCCEPTALlMM OIMyOJIMKOBAHO 7 HAy4YHBIX CTaTew.
OcCHOBHBIE PE3yJBTATHl HUCCEPTAIMU OIMyOJWKOBaHBI B >KypHanax: “‘TIpoGmembr
aBToMatuku M yrpasieHus” (1 crarbs), "Bectauk KI'YCTA" (2 cratbn), "U3BecTus
BY30B Keipreizcrana" (1 crates), “Hayka, HOBbIE TEXHOJOTMUM U WHHOBAIUU
Keiprecrana” (1 crates), “Hayka u ”HHOBAaIIMOHHBIE TEXHOJOTUM (2 CTATHH).

Ctpykrypa M o0bem auccepramum. /luccepranmoHnHas paboTa COCTOUT W3
BBEJICHUS, TPEX TJIaB, BHIBOJOB, 3aKIIOUEHHUSI, CIIMCKA UCIOJIb30BAHHON JINTEPATYPHI
u3 137. OcHOBHOE coziepKaHKe TUCCEPTALIMU U3JI0KEHO Ha 124 cTpaHuLax.

ABTOp BbIpa)kaeT UCKPEHHIOKO 0JIaroJIapHOCTh HAYYHOMY PYKOBOJIUTENO 1.(.-
M.H., podeccopy C.M.CynaiimaHOBO# 3a MOCTAaHOBKH 3ajJa4, UJECI0 B UCCIEIOBAHUN

METO0/1a, 32 COBETHI U 00CYkICHMs Ha 3Tanax (OPMUPOBAHUS TAaHHOM AKMCCEepTalllH, a
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TaKKC 3a ITIOCTOSIHHOC BHUMAaHHEC K pa60Te.
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I'JIABA 1. JUTEPATYPHbBIN OB30P

OCHOBHBIM CPEJCTBOM MPOTHO3UPOBAHUS KJIMMaTa M OLEHKUA MPOIUIbIX U
Oynymux M3MEHEHUW KIuMaTa sBIsSIeTCS TemIeparypa Bo3ayxa. MHorue
HCCIIEIOBAHUS TIOKA3BbIBAIOT, YTO B YCJIOBHUSAX IIO0AJIBLHOIO MOTEIUICHUS] BEIyT IIO-
pa3HOMYy BeAyT ceOsi TeMIlepaTypbl, YCPEIHEHHbIE IO OTAEIbHBIM pPErHOHAM.
N3meHeHus: pernoHaIbHOrO KiIMMaTa MPOMCXOAST 4acTo ropasnio ObicTpee Ha (oHE
IJIO0ABHBIX ~ W3MEHEHWH B COBMECTHBIX  WCCIENOBAHMSIX, TMPOBEICHHBIX
C.M.CymnaitmanoBoii [1,4,6] mpoBeneHbl CpaBHUTEIbHBIE aHAIU3bl U COCTAaBJIEH
MPOTHO3 CPEAHEMECSYHOW TeMmIepaTypbl BO3JAyXa B OTHAEJIbHBIX pEruoHax
Keipreizcrana (Yyiickoro, Mccebik-Kynbckoro, Omickoro pernonoB) [43,88,93] Ha
OCHOBE BpeMEHHBIX psiioB 3a 100neTHuit nmepuoa (1921-2021rr.) ¢ HelipoceTeBoOM
Mojzenbto LSTM [14,16]. [luHaMuka uMeeT HE JUHEWHBIM TPEHI M MOoKa3aja, 4To
TeMriepaTypa 3Ha4MTeNIbHO Bo3pocia. Takxke B pabotax [3,4] mpoBeaeHbI aHAIU3bI
TEMIEPATypbl BO3/yXa BECEHHUX M OCEHHUX MECAILEB BbIIIEIEPEUYNCICHHBIX
pernoHoB Keipreiscrana 3a 100metHnit mepuon. IIpoBeneHbl pacyeTsl: CpeaHUX
OTKJIOHEHUW W CpeJHEE 3HAauYeHUsI TeMmmepaTypbl Boziayxa. [IporHossl coBmanu c
Moaensamu LSTM.

Hapsny c¢ ¢dakropamu B M3MEHEHHMM KJIMMaTa TakKXe BBICTYNAIOT BBICOKHE
3Ha4YeHUs yBenuueHue yriekucioro raza (COz). ['mobanbHOE MOTEIIeHHEe BO MHOTHX
HCCIIETIOBAHUSIX TI0 U3MEHEHUIO KIIMMaTa CBSI3BIBAETCSI C POCTOM Majlol KOHIIEHTPAILIUU
yriekucaoro rasa kco, B armocdepe (kcor=5x10"). Tlpum pemenun 3agauu
POTHO3UPOBAHUSL BPEMEHHBIX pPANIOB, YIEHAMHU KOTOPBIX SBISIOTCS SMHUCCUU U
MMAPHUKOBBIE Ta3bl B 3kBUBajeHTe CO, ThiCsSuM TOHH B roJ HauuHag ¢ 1990 mo 2018
rr.. B pganHOil paboTe B KadecTBE HEWPOHHOU ceTH OblIa BBIOpaHa 000OIIEHHO-
perpeccuoHHasl ceTb, peanusyromas MeToAbl saepHoi anmpokcumanuu (GRNN).
HemaBume wucciaenoBanue B o00macTd mporHosupoBaHus ¢ mnomombio GRNN
npeanonaraioT, 4yro GRNN wMoxker ObITH MHOrooOemawIIel albTePHATUBHOU

TPAJUIIMOHHONW MoOJien BpeMeHHbIX psaoB [105,110]. On mnokaszan OoublIne
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BO3MO>XHOCTH B MOJIETMPOBAHUHU U MPOTHO3UPOBAHUN HEIIMHEHHBIX BPEMEHHBIX PSIIOB
Y TIOCTENIEHHO BXOAUT B PSAbl MHOTOLIETIEBBIX, IIMPOKO UCIOIb3yEMbIX METOIOB.

B HammonanbHOM JOKJIa/ie O COCTOSIHUM OKpYXKarolien cpenabl [68]  oleHka
KIIMMAaTUYECKNX W3MEHEHUN BBITIOJIHEHA C TPEeOOpa30BaAaHUEM HCXOJHBIX PSIOB
HaOMoACHU, U 3aKiro4aeTcs B AUPGEpEeHIUPOBAHUM  OTIAEIBHBIX  PAJIOB,
ycpeaHeHud aud@epeHIUPOBaHHBIX PSIIOB, 3aTEM WHTETPUPOBAHUU CYMMAPHOTO
psiga. B ucropuueckux psnax MCIOIb30BAHHBIX METEOCTaHIMN Oblla ycTpaHEHa
KJIMMAaTUYeCKasi HEOJHOPOJHOCTh (TOMOreHM3alusi), MPOBEJIEH JTall MPOBEPKHU
KauecTBa JAaHHBIX W 3aMOJTHEHBI TPOOENBI C UCIIOIH30BAHUEM CIEIUATH3NPOBAHHOTO
IPOrPaMMHOTO MPHUIIOKEHUS.

B pab6ore [40] paccMaTpUBAaEeTCS aHajdu3 YpPOBHS HAOIIOMAEMBbIX U
0KUJAEMbIX KIMMATUYECKUX W3MEHEHUM, CTEIEHU BO3ICUCTBHUS HAa KBIPrbI3CKYIO
PecnyOnuky mist 3(Q@PEKTUBHOrO BBIMIOJHEHUST HEOOXOIUMBIX JEHUCTBUU 1O
ajanTalud K KIMMATUYECKUM U3MEHEeHUsM. HHaOmoqal0Tcsi MHOTOYUCIICHHbBIC
MOCJIEJICTBUS KIIMMAaTUYECKUX U3MEHEHHM, KOTOPhIE B HACTOSIIEE BPEMs OKa3bIBAIOT
CEpPBhE3HOE BO3JICHCTBUE HA OKPYKAIOIIYIO CPEIy, 3I0POBbE HACCIICHUS U PA3INYHbIC
chepbl SKOHOMUYECKOH IESITEIIbHOCTH YeJI0OBEKA.

3arpsizHeHHEe aTMOC(HEPHOro BO3yXa OOYCIIOBJIEHO BHIOpOCAMU M3 TOUECUYHBIX
UCTOYHUKOB M JIPYyTMX HCTOYHUKOB, a TakXKe OHOTreHHBIX O0O0BEeKTOB. Bce
CYIIIECTBEHHBIE JI0KA3aTeJIbCTBA TOT0, YTO 3arpsi3HEHHE BO3/lyXa BIMSET HA 3I0POBbLE
JOJIeH M KUBOTHBIX, HAHOCUT yIIepO pacTUTEIHHOCTH, IOUBE U MaTepHUaliaM, BIUSET
Ha KJIMMAaT, CHIDKACT BHUJIMMOCTh W COJHEYHYIO paJiualfio, CO3/JaeT Yyrpo3y
0€30MacHOCTH U B LIEJIOM MEIIIaeT HACIaXIaThCs )KU3HBIO U UMYIIecTBOM. [1].

Oxkono 60% BBIOPOCOB MPUXOJUTCS HAa TOYEUHBIE MCTOYHUKH. K OCHOBHBIM
3arpsi3HUTEIISIM BO3/TyXa OOBIYHO OTHOCST MbLIb, TBEp/IbIe YyacTuilsl, PM10 (TBepabie
yacTulbl auamerpom 10 MukpoH u MeHee) u PM2,5 M3-3a HEMOJHOIO CrOpaHUs
TOIUJIMBA WM MOOOYHBIX MPOJIYKTOB MPOIECCa, OKCUABI a30Ta (B OCHOBHOM H3-3a
coueTaHus aTMOC(HEpHOr0 KHUCIOpPOJa W a30Ta MPU BBICOKUX TEMIIepaTypax),

JIBYOKHCH c€pbl (B OCHOBHOM H3-3a COKMIaHMS TOILJIMBA, COJEPIKAIIEro OONbIIOE

14



KOJIMYECTBO CEphI), OKUCh yTiiepoja (M3-3a HE MOJHOCTHIO CTOPEBIIEro TOILIKBA),
030H U CBHUHELI.

MaremaTtuueckue mojzienu auddy3un Hauboliee MoJae3Hbl B HACTOSIIEE BpEMS,
MMOCKOJIBKY OHH TPEOCTABISIOT TOJE3HYI0 WH(GOPMAIHMIO MJis TPOTHO3UPOBAHMUS
KOHIICHTPAIIUU 3arpsi3HSIIONIMX BEIIECTB M OBICTPO 0O0ECIEeUMBAIOT BBIXOJIHbBIC
naHHble. MaremaTuyeckue MOJIEIM KayecTBa BO3JAyXa MPEJCTABISIOT CcOOOM
YHUKaJIbHbIE HHCTPYMEHTHI [2]:

- MPUHIATHE Mep MO KOHTPOJI 3a BBIOpOCAMH; TO €CTh OIpEACICHUE
MaKCHUMAaJIbHO JIOMYCTUMBIX YPOBHEH BBIOPOCOB, KOTOPBIE OYIyT COOTBETCTBOBATH
YCTaHOBJICHHBIM CTaH/IAPTaM KayecTBa BO3yXa.

- OIIEHKA TpeJiaraéMbIX METOJIOB U CTpPATEeTMid OTrpaHUYEHHUS BBIOPOCOB; TO
€CTb OIIEHKA BO3JIEUCTBUS OyAYIIUX CPEACTB KOHTPOJIS

AHAIUTUYECKHUE  pElIeHUsS ypaBHEHHS  TpexmepHol  auddys3um s
MPUTIOAHSATOTO CIUIOIIHOTO TOYEYHOIO0 HCTOYHUKA C TEPEMEHHBIM BETPOM U
BUXpeBOM uddy3ueil moaydeHbl TOIBKO MPU OTPAHUYEHHBIX MPEANOIOKEHUSX.
Cmur [128] wucnonb30Ball CTENEHHbIE Bapualuu i Berpa W aubdy3un u
MPEANOJIOXKUI, YTO Bapuaius OOKOBOTO BeTpa BCEra HMMEET TayccoBy (opMy.
Ragland [123] ucnonb3oBan cTeneHHON 3aKoH it KoddduimenToB nuddys3uu mno y
W Z, HO CUMTal BETep MOCTOSHHBIM. ['anauH n CONOBEUYMK MPEICTABUIIM BaKHOE
aQHAJIUTUYECKOE PEILICHHE, B KOTOPOM HCoiab30BaIuCh U = ulzm, Ky = KOzm u Kz =
K1z, roe u — ckopoctb Betpa, Ky nu Kz — xoaddunments Buxpeoid nuddys3un B
OOKOBOM M BEPTUKAJILHOM HalpaBJICHUSX COOTBeTCTBeHHO [123]. Ilutepc wu
Kmunasunar [115] wucciaegoBan 3¢@deKT u3MEHEHUs 3HaueHUs MOIIMHOCTH IpU
MOCTOSTHHOM BeTpe. MakcumanbHas KOHIIEHTpallds Ha YPOBHE 3E€MJIM XOPOIIO
coriacyercs ¢ pesyiapratom [aycca st HEUTpaJbHOW YCTOWYMBOCTH aTMOC(HEpHI
[123]. Mexauzane u Pudaum [113] uzyuanu mojenupoBaHue NUICH(POB TOUEUHBIX
HMCTOYHUKOB Ha OO0JbIIKX BbIcOTaX. OHU MCMOIL30BaAIH ABE MoAenu aucnepcuu EPA,
Screen u ISC, u nomyunnu gucnepcuto SO2. Shamsijey [126] uzyyan paccenBanue

BBIOPOCOB TBEPABIX YACTHII.
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K HacTosiimemy BpeMeHH MMeeTCs OOJBINON OMBIT B PEIICHUH 3a7a4 (pU3uKu
aTMoc(epbl U MPUKIATHON METEOPOJIOTUU C MOMOIIBI0 MAaTEMAaTHYECKUX MOJIECIECH U
aHanu3a (daxtuueckot wuHdopmammu [48, 59, 65, 75,]. B 3aBucumoctu OT
MCCJIeI0BaHMSI KOHKPETHON MPOOJIEMbl BRIOUPAIOTCS MOJIENN PA3IMYHOTO YPOBHS 10
(dbuznyeckoMy coaepkaHuio sl 3PGHEKTUBHON peannu3alii UX Ha BBIYUCIUTEIbHBIX
MammuHax. TeopeTHdYecKkyl0o OCHOBY MOJENEel JaHHOrO Kjacca COCTaBIISIIOT
ypaBHEHHUS TUIPOTEPMOJMHAMHUKKA aTMochepbl W YpaBHEHUS I[epeHoca U
TpaHchopMalui NpUMecei.

B nammoit  paGore [2] wucmoib3yercss — MareMaTHuecKkas — MOJENb
TUAPOTEPMOJUHAMUKH aTMOC(HEPHBIX MPOIECCOB HA OrPAHMYECHHON TEPPUTOPUU
peruoHagbHOro Macmrada. s 3anucu ypaBHEHHUI HCIONb3Ysl IEKAPTOBY CUCTEMY
KOOPAMHAT X, Y, Z (OCh X OPUEHTUPOBAHA HA BOCTOK, Y — Ha 0T, Z — BEPTUKAJIb BHU3).
ATMocdepHbie MPOIECCH: YpaBHEHUs JBIKCHHS, YpPaBHEHUS HEPa3pbIBHOCTH,
ypaBHEHHE NIepeHoca TeIia U mpumecHu, ypaBHenue coctosinus (Knalinepona). Beero
ObLJI0O TPOBEJCHO TPU YHCICHHBIX SKCIEPUMEHTA IO MOJEIMPOBAHUIO IpoIlecca
pacripocTpaHeHuss TpuMecu Haj Teppuropuedt  Keipreickoit PecnyOnuku ¢
Pa3IMYHBIMA METEOPOJIOTHUYECKUMH ycioBUsiMU [24]. HTerpupoBaHHne ypaBHEHUS
b dy3un mpuUMecH BO BCEX IKCIEPUMEHTax MpoBoauiioch Ha 30 u Oojee CyTok
MOJICJIBHOIO BpeMeHu ¢ maroM | cyTtku. Mcnosb3oBancs peanbHbId pesbed
MOBEPXHOCTH, HM30JIMHUU. Pe3ynbTaThl MPOBENCHHBIX YHUCIEHHBIX SKCIEPUMEHTOB
JEMOHCTPUPYIOT PEATUCTUYHOCTh MOJIEJIMPOBAHMS IIpollecca paciupoCTpaHEeHUs
MIPUMECH.

B coBmecTtHbIx padotax C.M.CynaitmanoBoii [5] ObUIO BBIIOJTHEHO YHUCIEHHOE
MOJIETMpOBaHue MpoueccoB AU y3un 3arpA3HAIOMIMX BEUIECTB B arMocdepe oT
TOYEYHOT'0 MUCTOYHHUKA C TOMOIIIbIo nmporpammHoro komiiekca ANSYS CFX [58]. B
pabore Manykan A.A., CenuBepctoBa T.B wuccnemoBamace TpaekTopus
pacrpoCTpaHeHus 3arpsi3HEHUNM OT TOYEUYHOr0 HMCTOYHMKA B 3aBUCUMOCTH OT
xapaktepa nanamradra [107, 110].

Taxxke ObUI  OCYLIECTBIEH  pacueT  TpPaeKTOpPUM  pacHpOCTpaHEHUs
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3arpsi3HSIONIMX BENMIECTB B aTMocdepe C ydeToM TypOyJeHTHhIX 3(QexkToB u
HaJIN4us MPEISATCTBUM. Hcnonpi3oBamuce METO/bI BBIUHUCIIUTEIHLHOUN

TUIPOIMHAMUKY B ITporpamMmmMHoM komiuiekce ANSY'S Fluent [108].

BriBoaBI 1O IJ1aBe€
B mepBo#i rnaBe mpejicTaBiieH oOmIui 0030p MCCIEAOBaHUN, OTHOCSIIUXCS K
TeMe JUCCepTalliU. 3/1eCh COOpaHbl pe3yJIbTaThl paOOT Pa3IMUHBIX aBTOPOB, a TAKKE
JAHHBIE O BO3JCHCTBUU M3MCHEHHUS KJIMMaTa W aHaJIOTHMYHBIC MPOOJIEMBI, KOTOPBIC

pacCMaTpuBarOTCA B ,HaHHOfI AUCCCPTALINN.
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I'/TABA 2. METOAOJIOI'UA U METO/1bI NCCJIEJOBAHUA

IIpeaMer wucciaea0oBaHus — MAaTEMaTUYECKME MOJEIU MPOTHO3ZUPOBAHHUS
KJIUMATUYECKUX TMapaMeTpPOB M YHCICHHBbIE METOJbl aHalin3a aTMOCHEpHBIX U
TUAPOJOTHYECKUX IIPOLIECCOB

O0beKT HCCIe0BAHMS — KIMMATHYECKHUE NapaMeTphbl OTACIbHBIX PETHOHOB
Koipreizckoit PecryOnuku, BKitOYasi Temmepatypy BO3[ayXa, OCaJKH U BbIOPOCHI
yriekucioro rasa (COz).

Metoabl HcCaeI0BAHUS — B pabOTe HCIONBb30BAHBI METObl MAITUHHOTO
o0yuenus (Heripocetu LSTM, XGBoost, GRNN), 4wuciieHHOro MoJeIupoBaHUS
aTMocdepHbIx nporeccoB (ypaBHeHus: HaBbe-Ctokca, Moaenu TypOyJIEHTHOCTH), a
Takke BbluuciautTenbHas ruapoguHamuka (CFD) B mporpaMMHBIX KOMILIEKCaX
ANSYS Fluent u ANSYS CFX.

Hcnonp3yercss anbTepHATUBHBIE METOAbl IPOTHO3UPOBAHUS, TaKUE Kak.
XGBoost (I'panreHTHBIN OYCTUHT) — ATO AJITOPUTM C OTKPBITBIM UCXOIHBIM KOJIOM,
KOTOPBIM  pEAN3yeT  JAEPEBbs IPAJUEHTHOIO  YCHWIICHMS C  JONOJHUTEIbHBIMU
YIYYHIEHUAMHU ISl JIyYIIed MPOU3BOJUTEIIBHOCTH W CKOPOCTH, T.€. 3TO METOJ
MaIIMHHOTO 00y4YeHHsl, UCIIOJIb3yeMbIi B 3ajlayax perpeccud u kiaccudukamu. OH
co37aeT MOJeNb MPOTHO3UPOBAHUS KaK aHcamMOllb Jpyrux, ciabbIx Mojenei
IIPOTHO3UPOBAHMS, KOTOpPbIEe OOBIYHO  SABISIIOTCS JAepeBbsiMu  pemenuid . [lo
CyTH, OyCTHHI paboTaeT NyTeM J00aBJIEHHS HOBBIX MOJENEH s HUCIpPaBICHUS
OLIMOOK, KOTOPBIE CAENAIH MPEAbIIYIINE.

XGBoost — 3TO THII MOAENH TPAAUEHTHOTO YCHIIEHUS, KOTOpPAas UCIOIb3YET
METOJbI MOCTPOEHUS AEpEBA JUIsl MPOTHO3UPOBAHMS CBOErO0 KOHEYHOI'O 3HAYEHUS.
OObIlYHO  1mNIE  JOCTIDKEHHMSIT ~ TUKOBOM  MPOU3BOAMTEILHOCTH  TpeOyercs
JOIIOJIHUTEIIbHASL HACTPOMKA.

IIporHo3upoBanre B HayKe O JaHHBIX— 3TO METOJ, HCHOJIb3YEMBbIM IS
npejckazaHus OyAylIuX YWCIOBBIX 3HAUYEHHWU Ha OCHOBE JAHHBIX HAOIIOJCHMS,

cOOpaHHBIX C TEYEHHEM BPEMEHH, YEPE3 PETYIISIPHBIE WM HEPETYJIIPHbIE HHTEPBAJIBI.
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B oTnuynie oT 0OBIYHBIX JAHHBIX METOAbl MAIIMHHOTO O0Y4YEHUS, II€ KaKI0€e

HaOJI0JICHNE HE 3aBUCHUT OT JIPYroro, JaHHbIE Ji MPOTHO30B BPEMEHHBIX PsIOB
JOJKHBI OBITH B MOCJIEI0BATEIBLHOM MOPSAKE M CBSA3AHBI C KaXJI0M TOYKOW JaHHBIX.
Hampumep, naHHblE BpPEMEHHBIX PSAJOB MOTYT BKJIIOUYATh €XKEMECSYHBIE OCAJKH,
€XeIHEBHbIEC CPEAHNE TEMIEPATyPbl BO3/IyXa, €KEAHEBHBIE MPOJAKU U T. [I.
Mogenun rpagueHTHOro OyCTHHra npuoOpenu MOMYJSIPHOCTb B  COOOIIECTBE
MAaIIMHHOTO OOyudeHusi Oyarojapsi CBO€W CIOCOOHOCTH JOCTUTraTh MPEBOCXOIHBIX
pEe3yibTaTOB B IIMPOKOM JMAana3oHE BapHaHTOB HCIONb30BaHUSA, BKIIIOYAs Kak
perpeccuio, Tak U KiacCU(UKaLU0. XOTs 3TU MOJEIN TPaJAULMOHHO OBLIM MEHee
pacnpocTpaHEHbl B MPOTHO3MPOBAHUU, OHU MOTYT OBbITh BeCchbMa 3((PEKTUBHBIMU B
TOoi 0OslacTu. HekoTopble M3 OCHOBHBIX MPEUMYLIECTB HCIOJIb30BaHUS MOJEIEH
IpaJeHTHOTO OYCTHHTA JJIsi IPOrHO3UPOBAHMSI BKITIOUAIOT:

Jlerkoctb, ¢ KOTOPOM B MOJI€SIb MOKHO BKJIFOYATh 3K30I'€HHbIE IEPEMEHHBIE B
JOTIOJTHEHUE K aBTOPErPECCHOHHBIM IepeMeHHbIM. CrocoOHOCTh (PUKCHPOBATH
HEJINHENHbIE 3aBUCHMOCTH MEXJy IepeMEeHHbIMU. Bblcokas MacimtabupyemocTb,
no3BoJIsitoLas MozensiM oOpabaTbiBaTh Oojbiive o0ObeMbl AaHHBIX.HekoTopbie
pealM3allid  TO3BOJISIIOT  BKJIIOYaTh  KaTeropuajbHble  INEepeMEeHHble  0e3
HEOOXOAUMOCTH  JOIOJIHUTENBHOIO  KOJAUPOBAHUS,  HampuMmep,  MPsSMOTo
KoaupoBaHus. HecMoTpss Ha 3TH NpeUuMyIECcTBa, MCHOJb30BaHUE MOJAENEH
MAIIMHHOTO OOy4YeHHs ISl MPOTHO3MPOBAHHS MOXKET OBITh CONPSDKEHO C PAIOM
npoOieM, H3-32 KOTOPBIX AHAJUTUKA MOTYT HE 3aXOTe€Th WX HCIIOJIb30BaTh.
OcHOBHBIMM U3 HUX sABJs0TCA: [IpeoOpazoBaHre TaHHBIX TaKUM 00pa3oM, YTOOBI UX
MO’KHO OBLJIO MCHOJIb30BaTh B KAUECTBE 3a/1auu perpeccuu. B 3aBucumocT oT TOrO,
CKOJIbKO OyAylIMX MPOTHO30B HEOOXOIUMO (TOPU30HT MPOTHO3UPOBAHUS), MOXKET
MOTpeOOBaThCA WTEPATUBHBIA TMPOIECC, B KOTOPOM KaXkJbId HOBBI MPOTHO3
OCHOBBIBAaeTCsS Ha NpeblaymuX. Jias npoBepku Moaenu TpeOyroTcsl ONpesiesieHHbIE
CTpaTeruu, TaKue Kak OS3KTeCTHHI, (opBapAHas MpOBEpPKAa WM MEPEKPECTHAs
IIPOBEPKA BPEMEHHBIX pAAOB. TpaJuWlMOHHAs IEPEKpPEeCTHas MPOBEPKA HE MOXKET

OBITH UCIIOJIL30BAHA.
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bubnmnoreka skforecast mpegocTaBisier aBTOMAaTU3UPOBAHHBIC PEIICHUS IS
ATUX 3aJlay, yInpouias MpUMEHEHHE U TIPOBEPKY MOJIeTIEH MAIIMHHOTO OOY4YEeHUS IS
3a/lad MPOTHO3MPOBaHUS. bHOIMOTEKa MOJAEPKUBACT HECKOJIBKO pPACIIHPEHHBIX
Mojenel rpagueHTHoro Oycrunra, Bkiatouas XGBoost .

Hns  oOneruenuss ~ oOyueHHss ~ Mojeled,  TOUCKAa  ONTUMAaJbHBIX
TUTNIEPIapaMETPOB M OIIEHKA WX MPOTHOCTUYECKOW TOYHOCTH JAHHBIC NEIATCS HA
TpU OTIenbHbIX HaOopa: Co3nmaer mpu3Haku (Mecsll, TOJ, OCAJAKHU 3a MPEIbIITYIIHMA
MECHIII).

1. Pasnensger naHuble Ha train/test.

2. Oo6yuaer XGBoostRegressor.

3. CTpouT IpOrHo3 v BU3yalIn3uPyeT pe3yJIbTATHI.

Ckonp3sias CTaTUCTUKA W CKONb3simue cpenHue. CKOMb3simasi CTaTUCTHKA |
CKONB3AIINE CPEIHHE — O3TO CTATUCTUYECKHE METOMBI, HCIOJIb3yeMbIe IS
0000mIeHus uHGOpPMALMU 3a ONpPEACNICHHBIN mnepuoa BpemMeHd. OJHUM U3 TaKuUxX
METOJIOB SIBJIIETCS 7-THEBHOE CKOJIB3SIIIIEe CpETHEE.

[Tpexkie yeM MpUCTYNUTh K TMPOTHO3UPOBAHMIO ¢ HMCMOab30BaHneM XGBoost,
HE0OXOMMO CHavyaia yCTAHOBUTH TAKeT.

pip install xgboost
[Tocre yCTaHOBKM MBI MOJATOTOBUM JIaHHBIC JUISI OOYYCHHS HAIICH MOJIEIH.

Teopernuecku, mnporHosupoBanue XGBoost Oyner peann3oBbIBATH  MOJIEIb
perpeccud Ha OCHOBE E€IMHMYHBIX WJIM MHOXECTBEHHBIX TPU3HAKOB IS
IPOTHO3UPOBAHUS OYAYIIUX YUCIOBBIX 3HaueHHM. BOT modyemy oOyueHHE JTaHHBIX
TaKke JIOJDKHO OBITh B YHUCJIOBBIX 3HaueHHUsX. KpoMe Toro, 4toObl BKIIOYUTH
JIBMKEHUE BpeMeHH B Halry mojeinb XGBoost, MbI mpeoOpazyeM 1aHHbIE O BpEMEHH
B MHO>KECTBEHHBIEC YHCJIOBBIC TPU3HAKHU.

Hauynem c co3manust QyHKIMU A7 CO37aHUSI YHCIOBBIX XapaKTePHUCyHOKTHK
Ha OCHOBE JIaThI.

[IporHO3bl BpEMEHHBIX PSIJAOB YaCTO BKIIOYAIOT TPEHAOBBIC, CE30HHBIC U
JIpyTrue 3aKOHOMEPHOCTH M3 JAHHBIX JJISI CO3MaHusl MporHo3a. OJuH U3 MPOCTHIX

CII0CO0OB PACCMOTPETL 3aKOHOMCPHOCTL — BU3YAJIM3UPOBATH €C€.
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[TokaxxeMm, kak paboraet mozenb XGBoost B Python.
[ar 1: Umnopt HeoOxoauMbIx Oubnrorek Python

CHauana HEOOXOIMMO WMIIOPTUPOBATh BCE OWMOIMOTEKH, KOTOPHIC
[MIOHAI00ATCS IJIs1 MOJIEIIH:

import numpy as np

import pandas as pd

import xgboost as xgb

from sklearn.preprocessing import MinMaxScaler

from sklearn.model selection import train_test split

import matplotlib.pyplot as plt

Kak BunHo, uMnoptupyetcsi maket pandas, KOTOPbIA OTIMYHO MOIAXOIUT JUIS
aHanu3a U o0paboTku JaHHbIX. Kpome Toro, ects Takke NumPy , KoTopblid Oyner
WCIIOJB30BaThCA MJI1  BBIMOJHEHHUS PAa3JIMYHBIX MAaTEMAaTHUYECKUX OmNepanuid ¢
MacCHBaMHU, TaKXe€ METOJ train test split— OH 4Ype3BBIYAWHO BaXXEH, TaK Kak
MO3BOJISIET pa3OUTh JaHHBbIE Ha OOyYarolue M TECTOBbIE MOJAMHOXkecTBa. Hakonern,
3necb ecTb Metoa xgb. XGBRegressor, KOTOpBIA OTBEUaeT 3a oOOecreueHue
¢dbynkuuonanbHocTH anroputMa XGBoost. OH uMnopTupyercs HeJIUKOM B Havaje
Hallle MOJEH.

[ar 2: Onpenenenne MyTH K HAOOPY JTaHHBIX

Ucnonw3zyst ¢dyukiuto Path , Mbr Moxem omnpenenuts, rae Ha Hamem [IK
XpaHUTCA Ha0Op JTAHHBIX.

Hanee mnpouurtaercs JaHHBIA (Qaitn  HaOopa JaHHBIX C  MOMOIIBIO
¢bynkuuu pd.read excel. Mbl BcTaBuM NyTh K (hailly B KauecTBE BXOIHBIX JTAHHBIX
mist metona. Ilocne wucnonmb3yercs MeTon reduce mem_usage , KOTOPBIM — yKe
OTpEJIENICH MO MOPSAKY. DTO MOXHO CHAeNaTh, MepeaaB €My 3HaueHUEe JaHHBIX U3
byHKIUT umenus:

# 3arpy3ka JaHHBIX
df =pd.read excel("Ocanku_ bumkek.xIsx")
df.rename(columns={"T'og-Mecs": "JlaTa", "Ocanku'": "Ocanku"},
inplace=True)
df["data"] = pd.to_datetime(df[" daTta"], format="%Y-%m")
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df.set_index("lara", inplace=True)
[ar 3: OuncTka u pasaeneHue Habopa JaHHBIX. YTOOBI OUMCTUTH U Pa3ACIUTh
Ha0Op JAHHBIX, KOTOPBIN HCTIOIL3YETCS, IPUMEHSIETCS CICIYIOMUN KO
# Co3laHne NpU3HAKOB BPEMEHHOTO psiia
df["Mecsan"] = df.index.month
df["T'on"] = df.index.year
df["Ocanku_npen"] = df["Ocaaxu"].shift(1) # Ocanku 3a npoNUIBIA MeCsII]

df.dropna(inplace=True)

# Pasnenenue Ha train/test
train_size = int(len(df) * 0.8)
train_data = df.iloc[:train_size]
test data = df.iloc[train_size:]

# BplaeneHue Npu3HAKoOB U LEJIEBOU IEPEMEHHON
X train = train_data[["Mecsu", "T'ox", "Ocanku_npen"]]
y train = train_data["Ocaaku"]
X test =test data[["Mecsan", "T'on", "Ocagxu_npen']]

y_test =test data["Ocanku"]

[ITar 4: MWcnonb3oBanne anroputMa XGBoost. HykxHO wncnosnb30BaTh
koHCcTpykTOp XGBRegressor() mims  co3manust sx3emiuisipa o0bekta. OH  MOXKET
MPUHUMATh HECKOJIBKO MapaMeTPOB B KAYECTBE BXOJHBIX JAHHBIX — KaXKIbIM U3 HUX
MPUBEET K HEOOTBIIIOMY U3MEHEHHIO TOTO, Kak padoraetr anroputM XGBoost.

# O0yuenune XGBoost-monenu

model = xgb. XGBRegressor(objective="reg:squarederror",
n_estimators=100, learning_rate=0.1, max_depth=5)

model.fit(X train, y_train)

# IIporanozupoBanue
y_pred = model.predict(X _test)

[IIar 5: IMoctpoem rpaduk xapaktePucynoktuk LGBM B 3aBucuMocTH OT
3HaunMoctu XGBoost, Teneps Mbl MOKEM MOCTPOUTH TrpadUK BAXKHOCTU KaXKIOU
dbyHKIuu gaHHBIX B Python ¢ moMorsto criemyromero Koja:

# Buzyanuzanus npeickazaHui

plt.figure(figsize=(12, 5))

plt.plot(df.index[-len(y_test):], y_test, label='"®akTuueckue ocaaku')

22



plt.plot(df.index[-len(y_test):], y _pred, label="TIpornoz XGBoost')
plt.xlabel("T'ox")

plt.ylabel("Ocanxu (Mmm)")

plt.title("TIporno3 ocagkoB XGBoost")

plt.legend()

plt.show()

YuciaeHHoe MoaeTMPOBAaHUE IPOLIECCOB TEIIOBJIAronepeHoca
JInss  mpoCTOTBI MOCTPOCHUE MATEMATHUYECKOM MOJENH, OINHUCHIBAKOLICH
HECTAIMOHAPHYIO (QUIBTPALMIO HECKUMAEMOU KUIKOCTH 4epe3 HeaehopMUpyeMyIo
IIOPUCTYIO CpENy, HaYHEM C TEUYECHHUS, B KOTOPOM I1apaMeTpbl IOTOKA 3aBUCIT OT
BPEMEHHU t ¥ JIUIIb OT OAHOW MPOCTPAHCTBEHHOU NIEPEMEHHOM Z IEKAPTOBOU CUCTEMBI

koopauHat Xyz. [Imockocts z=0

cn:| Z=-h(t)
SRSITSTLS
'0:0:0’4' K

gy N (X X »
(3 X 'Z=Z,(F)

W W
*3MNH
«

(A )
o

Pucynok.2.2.1. Bo3amoxHBIE CXeMbI OHOMEPHON (PUIBTPALIUU KUTKOCTH

CoBMecTUM C TpaHMIIE TOPUCTOM  cpeAbl, 3aHUMAaBIIEH  HUXKHEE
MoJIynpocTpaHcTBO (z>0 ), a OChb z HampaBUM CBEpPXY BHHM3 1O BEKTOPY CHIIBI
TATOTEHHS, KaK TOKa3aHO Ha pucyHke.2.2.1 (och y MepHeHAMKYJISpHA IUIOCKOCTU
pucyHnka). B ciaydae pucynka.2.2.1,a) Hag rpanuneit pasnena (I'P) z=0 naxomutcs
bunbTpyromytocs B nopucteii Matepuan (IIM) crmoit KUAKOCTH TJIOTHOCTH P H
tomuHbl h(t), mo IIM pacnipoctpansercst ¢ppont Hamokanusi {®OH) z= z.(t), mox HUM
pacrionaraetcst 30Ha cyxoro matepuana (3CM), B KOTOpOH KUJIKOCTh OTCYTCTBYET, a
HajJ - 30Ha nosHoro Hamokanus (3IIH), Bce mopsl KOTOpO#l MNpeAnojararoTcs

3aII0JJHCHHBIMHU XHUAKOCTBIO. 3)1605 n aajiee IIM IMIOKPBLIBACTCA KPYKOUKaAMH, a
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KUJIKOCTh, 3aHUMaBIIIasi Bce cBoOoaHOE OT "ckenera" [IM mpocTpaHcTBO (Hampumep,
Hag ['P u B 31IH), - aBoitHOI KOCO# mITpUXOBKOW. Hapsay ¢ MOJHBIM HaMOKaHUEM
€CTEeCTBEHHO (CM., B 4acCTHOCTH, /1-3/) AOMyCTUTH 30HBI YACTUYHOIO HAMOKaHUS
(34UH). B 3YH d¢parmMeHTsl KHJIKOCTH, paclojaraBIidecss Ha CMadydBaeMbIX
noBepxHOCTAX "ckenera" IIM, B TymMKOBBIX MOpax, TOHKUX KalWUIAPax M T.N., HE
oOpasyror cBsizHoro uenoro. Ilo »atoii mpuumne 3IIH Oyaem nokpbiBaTh
NepPeYEPKHYTHIMU  KpY>KOukamu ("'9acTUYHOM" INTPUXOBKOM), Kak CJejJaHO Ha
pucyske 2.2.1, 6) u B). Ha pucynke 2.2.1,0) ®H nBuxercs no 3YH, a Ha pucyHke
2.2.1,8 mepenuuit ®H pacnpoctpansercs mo 3CM, a 3agauii PponT z=7 (t) -
paznensier 3ITH (cHu3y) u ocraBiiytocs mocie ero npoxoxaeHust 3YH.

B cornacum ¢ BO3MOXXHOCTBIO IIOJIHOTO M 4aCTUYHOro HamokaHusa [IM kpome
00bryHOTO KO3(dumenTa mopucoct m <l, JAOIIETO OTHOCHTEIBHBIM 00BEM
MIPOCTPAHCTBA HE 3aHATOrO "ckeneToM', BBeieM KO3 PUUUEHT n, Takou, uTo (1-n) m
- OTHOCHUTEIBHBIM 00BEM, 3aHATBIA »kujakocThio B 3UH. B HecmauumBaromemcs
MmaTtepuaiie 6e3 TynukoBbIX op n=1. Koadduiuent n npusiekaercs He TOIKO IS
onucanus 3UH. Benen 3a 6ynem cuurtarh, uto U B 3ITH XMAKOCTE MOXKHO pa3/ieuTh
Ha HeNnoABWXKHYIH '"cBszanHyw" ¢ IIM u HecBA3aHHYyO C TMOCIEOHUM U
3aHUMAIONIUMHU YaCTH MOJIHOr0 00bEMa, paBHbIE COOTBETCTBEHHO (I-n)m B u na, C
Tem ke n, kak 1 B 3YH. Ilpu onpenenenun m, xkak oObryHO [24,25,46,53,66], He
YUYUTHIBAIOTCS "Tiyxue" MOpbl, HEAOCTYINHbIC MJIA >KUAKOCTH, XOTS cama Takas
HEJIOCTYTHOCTh HEPEAKO SIBJISETCS JUIIL BOIIPOCOM BpeMeHH (MpaBiaa, Jjisl ObICTPBIX
HECTAllMOHAPHBIX MPOLIECCOB C MalbiIMU BpeMeHamu cymiectBoBanus 3IIH stor
MOMEHT HE CTOJIb aKTyaJIeH JJaxe Mpu 00JIbIIOM o0beMe Tiyxux mop). CyliecTBeHHO
0oJiee yCIOBHBIM MpecTaBisieTcs: pazouenue xxuakoctu B [IM Ha cBsizannyo (XKC)
n HecBsa3anHyo (JKH), ocoGeHHO ecin ydecTh, 9YTO CTEIEeHb MOA00OHON CBSI3aHHOCTH,
T.€ BEJIMUMHA |—n 3aBUCHUT, HANPUMEpP, OT CKOPOCTH KUIKOcTU (1-n yObIBaer c ee
poctom). HecMoTpsi Ha clelaHHblE OTOBOPKH, KOTOPhIE MOXKHO Y4Ye€CTh MpH
JajdbHEUIEM Pa3BUTUU MOJIEIU, IPUMEM, YTO M U N 3aJaHbl U MOCTOSHHBI, IPUYEM

HE 3aBUCAT Jaxe oT z. Torna ypaBHeHue HepaspsiBHOcTU KH, nuddepenumanbuas
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dbopma KOTOpPOro B OOIIEM Ciydae HEMOCTOSHHBIX M M N MPOU3BOJBHOTO YHCIIA
IIPOCTPAHCTBECHHBIX IIEPEMEHHBIX UMEET BU/L:
M+V(pnm;):0
ot (2.2.1)
C BEKTOpOM TakK Ha3blBaeMou "(u3uyeckoil" CKOPOCTH U — HECBI3aHHOU
KUJKOCTU U C €€ HUCTUHHOW IUIOTHOCTBIO p (MOJYEPKHEM OTIMYUE P OT TakK

Ha3bIBaeMoH "pa3ma3zaHHON" MO BceMy 00bEMY MIIOTHOCTH, HEPEKO MUCIOJIb3yEeMOM B

MHOTI'O )KI/I,Z[KOCTHOI\/'I MCXAaHHUKEC CIIIOIIHBIX CPEa CBOJIHTCA K:

9w _o
0z (2.2.2)
B (2.2.1) - u cKkopoCTbh XUAKOCTH C MPOEKIMSIMU U,V U W Ha OCU X, Y U Z

cootBeTcTBeHHO. [Ipu mepexonme ot (2.2.1) k (2.2.2) mOMUMO CKa3aHHOTO paHee
YYTEHO, 4TO U U V - PYHKIIMH TOJBKO t U Z.

VYpaBHEeHUsI NBHKEHHSI CBOOOTHOM MKUAKOCTH HAIMMUIIEM ISl CHUJIbI TSDKECTH,
HaIPaBJICHHOW COTJIACHO CJIICJITAaHHOMY BBIIIIE BHIOOPY O OCH Z U XapaKTEepPU3yeMOi
YCKOpEeHHeM CBOOOJHOTO nazeHus g. Torma mpu Haau4uu CUibl [, JEHCTBYIONIEH Ha

KHUIKOCTb cO CTOpOHBI [IM, BEKTOpHOE ypaBHEHUE JBUKEHUS IPUMET BUJL

8—a+(ﬁV)ﬁ:— 1 Vp+V/(gz)+mnf
ot p (2.2.3)

3n1ech p - JaBJIEHUE )KUIKOCTH, KOTOpO€ OyJIeM OTCUMTHIBATh OT JABJIEHUS Ha
ee oBepXHOCTH (1pu z =—h (t) Ha pucyHke.2.2.1,a u O unu npu z =z_(t) Ha pUCYHKE
2.2.1,B), rae, Takum obOpazom, p = 0 , a f — u3BecTHass (PyHKUMUS U U MAPaMETPOB
obeux cpen. bmaronaps BBEICHHIO MHOXKUTEIS MmN HPEINOCIEAHSS] UMEET CMBbICI
cwibl, AeiicTByromed Ha eauHuiy maccsl JKH, mbGo Ha BCIO Takyro >KUIKOCTb,
HaxoJAIIYyIOCs B eAUHUIE 00bEMa, BO3/AEHCTBYeT cwia, paBHad mnf. [Ipu Manbix u

YMEPEHHBIX CKOPOCTAX A [ Xopoio padotaet "3akoH [lapcu" , cormacHO KOTOpoMy
f=_gt (2.2.4)

a KoHcTaHTa k ¢ pa3smepHOcThIO ckopocTH ("koddduuuent ¢unpTparuun')
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ompenesaeTcs TONbKO (PU3MYECKUMH CBOMCTBaMHU >KHAKOCTH u IIM. ITlosBienue B
(2.2.4) g 00yCNOBJIEHO YCTOSABIICHUCS TPATUITUEH.

[Ipu npuBeAeHUN BBIMUCAHHBIX YPaBHEHUN K 0€3pa3MEpHOMY BUIY B KaUECTBE
Macmtaba Jmabl L yno6HO B3sITh hy - HavaibHOE 3HAYEHUE BBHICOTHI ciiost Hax [P, a
eciu hy=0, xak B cmydae Pucynok.2.2.1, B) (ecnu n3oOpakeHHas HA HEM CUTYallMs
otBeyaeT t=0), KaKyro-J1100 APYryr0 BEIUYUHY TOU ke pa3MEpHOCTH, Harpumep, L=
Z.0.-Z.0. 3a MacITab CKOPOCTH BO3bMEM + gL , BpeMenu —vVL/g , u maBienus - pgl.
ITocne Takoro oOe3pa3mepuBaHus ypaBHeHus (2.2.1) u (2.2.2) ocrtanyrtcs 0e3

M3MEHEHUM (JeByro 4acTh (2.2.3) MOKHO paszaenuTh Ha p), a (2.2.3) ¢ f u3 (2.2.4)

CTaHET:
Ol (7= 1.
—+HuV)i==V¢—|—=i
S HEVi==Vo-| 2
(p=p-1) (2.2.5)
¢ Oe3pa3MepHOM KOHCTAaHTOM N=k/mnvgL. JIns TUNUYHBIX HOPHCTHIX

MatepuanioB X<1, Ecnu p u u - QyHKUMH TOIBKO Z U t, TO (2.2.3) cBOAMUTCS K

CJIEIIOLIEN CUCTEME TPEX CKASIPHBIX YPaBHEHUIA:

ou, du_ u dv, O0v_ v

ot W@z__;’a W@Z__E (2.2.6)
ow__0p W
ot 0oz & (2.2.7)

IIPY HAIMCAHUU IOCJIEIHEr0 U3 KOTOPBIX yuTeHO (2.2.2). TeueHue XKUAKOCTH
BHe [IM (mmpu z<0 ) ommchIBaeTCs TeMHU ke ypaBHeHHMsAMHU ¢ 1/X=0. Hakoner, Bo
MHOT'MX 3aJja4ax, HalpuMep, MpU MOAECIUPOBAHUN OPOILIEHUS MOKHO CYUTATh, YTO P
B OCM u B 3UH He oTiinuaercs OT AaBJI€HUSI HA TOBEPXHOCTH KUAKOCTH, T.€. B CUILY

BBI60pa HavaJla €ro OTC4cTa paBHO HYJIO. B takux ciaydaiax:
p(h(t))=0,p(z.(t))=0,p (=g(t))=h,p(z.(t))==2. 5,4

IIpy HAIIMCAHUU 3THUX YCIOBUHU, C O)IHOﬁ CTOPOHBI HC YUYTCHLI KallWJIJISAPHBIC

3¢ (}exTs, KOTOpble B JOCTATOYHO MEJICHHBIX TMpoIleccaXx MOTYT UIpaTh
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CYILECTBEHHYIO posib. C Ipyroil CTOPOHBI, 3/1€Ch HE YUUTHIBAETCS JBUKEHUE ra3a B
cBobogHOM mpocTpancTBe (npu z<- h) wu B IIM. Kpome Toro, mpeamomnaraercs
HaJIM4Me CBA3U Mexay obmactsmu Haxa U nof 3I1H naBneHust B KOTOPBIX CUUTAIOTCS
COBIAJAAIOLIUMHU.

IloBepxHocTH pa3pbiBa M COOTHOIIeHMS Ha HuX. JluddepeHuunanbHbie
YpPaBHEHUSI HE BBINOJHAIOTCS HA IOBEPXHOCTSX pa3pbiBa, KOTOPHIMU B CIydasx,
IpeJICTaBIIEHHbIX Ha pucyHke 2.2.1 Hapsgy co cBoOonHOo#M nmoBepxHOCThIO (CII) z=-
h , seasrores I'P: z=0 u GponTHI z=2+(t)) , orpannumBaromue cHu3y U ceepxy 3ITH.
YacTp ycioBUl Ha IEPEUHUCICHHBIX pa3pbhiBax COCTOUT B HempepblBHOCTH p HA CII u
Ha ¢poHTax z=z+(t) ¥ B BBITEKAIOIINX U3 3TOTO PABEHCTBAX JUIsl V. KaK 3TO OTPaKEHO
B (2.2.7). BpimucaHHBIX COOTHOILIEHHM, OJHaKo, HemoctaroyHo. Tak mns CII u

3agHero ¢pponTa 3ITH nMeroT MecTo odeBUIHBIC PaBEHCTBA

dh_,.

Z '
" =h=-w(-h)a—w,,—=z=w(z_)=w_

dt (2.2.8)

KOTOpbIE, IOMUMO [POYEro, TMOSCHSIOT pAJ HCHOJIB3YEMBIX Jaliee
0003HauYeHUH (WITPUX - U1 MPOU3BOAHBIX MO t JUId QYHKIUH, 3aBUCAIUX TOJIBKO OT
BpEMEHHU, , Wn U W_ T. 11, ). JJns nepeanero ¢ponra 3I1H anamornunoe paBeHCTBO
SBJISFOLIETOCS CJIEICTBUEM YCKOPEHUS KUIAKOCTH MpHU ee BTekaHuu B [IM.

[Ipexne yem, onrupasich Ha BBIIIMCAHHBIC BBIILIE YPABHEHUS U YCIOBUS, IEPEUTH
K OoJiee JETAIBHOMY PAacCMOTPEHHUIO TUIMYHBIX OJTHOMEPHBIX 3a]a4, OCTAHOBUMCS
ellle pa3 Ha pOoJIM raza, HE yUYMTHIBAEMOIO B JaHHOW Mmojnenu. [Ipenebpexxenue ero
JIBUKEHUEM BIIOJHE OINpPaBJAaHO MPHU MAJIOCTH, BO-NEPBBbIX, yucen Maxa, paBHBIX
otHouieHuto ckopocteit CII, ®H u Bepxneit rpanuusl 3I11H: z-z_(t) k ckopocTH 3ByKa
B I'a3€ U, BO-BTOPBIX, OTHOILIEHUS IUIOTHOCTEH Ta3a U )kuakocTu. Hapymenue mo6oro
U3 OTUX YCIOBHM (Hampumep, NpPU MaJOCTH TEpPEYUCICHHbIX uucen Maxa,
CpPaBHUMBIE IUIOTHOCTHM Tra3a M IKUAKOCTH, YTO BO3MOXHO B HEKOTOPBIX
TEXHOJIOIMYECKUX YCTAHOBKAax) JelaeT HEOOXOJUMBIM COBMECTHOE PacCMOTPEHHE
¢unbTpanuu odeux cped. [lpu 3ToM MOMUMO HIIM BMECTO YK€ OMHCAHHBIX Pa3phIBOB

MOI'YT IIOSABUTBCA HOBBIC. TaK, cClin BBaHMOHeﬁCTBYIOHIHe Cpcabl HC PACTBOPAIOTCA
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' baknu-

Ipyr B Jpyre, TO BO3MOXHO (OpMHpOBaHHE '"CKaYKOB HACBHIIICHHOCTH'
JleBeperra wiIM UX aHAJOrOoB B 0Oojiee CIOXKHBIX cuTyarusax. [lpyras rpymima
3¢ dekToB, 00YCTOBIECHHBIX HAaJUYUEM ras3a, CBsi3aHa C MEJICHHBIM MPOHUKAHUEM
KUJIKOCTA B MEJIKME TOpbl M KamWwUIAphl, KOTOPOE, B CBOIO OYEPE/b,
COIPOBOXKIAETCS BCIUJIBIBAHUEM Ta3a B KUAKOCTU. Ecau B [IM MHOro takux mnop u
KanuuISIpOB, TO MPUMEHUTEIBHO K CYIIECTBEHHO HECTAIIMOHAPHBIM 3aJlayaM MOKET
BCTaTh BOINPOC O IPABOMEPHOCTH MPUMEHEHUS 3HAYEHHM m, TOJYYCHHBIX B
CTAaTUYECKUX M3MEPEHUSX. 3/1eCh MPaBUIIbHEE UCIOIb30BaTh MEHBIIIUE 3HAYCHUS M,
HalJICHHbIC M3 CICHHUAJIbHBIX "THUHAMUYECKHUX'" SKCIIEPUMEHTOB, MOCTABJICHHBIX C
IPUBJICYCHUEM TEX U1 UHBIX HECTAlIMOHAPHBIX pelieHui. boiee Toro, B moqo0HBIX
ClIy4yasix m M N M3-32 OTMEUYEHHBIX 3()PPEKTOB MOTYT CTaThb (PYHKUUSIMH BPEMEHH,

OTIPEJICIICHIE KOTOPBIX MOTPEOyET pa3BUTHS COOTBETCTBYIOIIETO ""pelaKkcaimoHHOTO"

(B cmbIciie (PU3MYECKUX MPOIECCOB 3AMOJIHEHHS] KalMJUISPOB U T.I1.) OAX0/a

2.1. BeiBOABI 11O IJIaBe€
[IpoBeneH aHanu3 W MPOTHO3UPOBAHUE CPEAHEMECSYHBIX CYMM OCAJIKOB 3a
nocieanre 100 7eT MO AaHHBIM METEOPOJOTUYECKUX HAOMIOJACHUN, HCIOJIb3Ys

MOACIHN BPECMCHHBIX PAAOB KU METOAbI MAIIIMHHOT'O 06y‘-IeHI/I$I.
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TJIABA 3. PABPABOTKA MATEMATHYECKHX MOJIEJIEM
IMPOTHO3UPOBAHUS CPEJHEMECSYHOM TEMIIEPATYPBI
BO3AYXA, BBIBPOCOB YIVIEKUCJIOI'O I'A3A (COy),
CPEJHEI'OJOBbBIX CYMMAPHBIX OCAJIKOB.

3.1. IIporHo3upoBaHue BPEMEHHOI'0 Psi/ia CPeIHEMEeCAYHOM TeMIlepaTyphbl
BO3/1yXa € MCI0JIb30BAHNEM HEHPOHHBIX CeTei

Honras kpatkocpouyHas namath (Long short-term memory; LSTM) — ocobas
Pa3HOBUIHOCTh APXUTEKTYpPbl PEKYPPEHTHBIX HEHPOHHBIX CETEH, cmocoOHas K
O0Oy4YEHHIO JIOTOBPEMEHHBIM 3aBUCUMOCTSAM. OHHM OBUIM TPEJCTaBICHBI 3EMIOM
Xoxpaiitep u FOprenom llImuaxyodepom (Jiirgen Schmidhuber) B 1997 rony, a 3arem
YCOBEPIIICHCTBOBAaHbI M TMOMYJISIPHO M3J0KEHBI B pabdoTaXx MHOTHUX JPYTUX
uccienoarenaeid. OHM TPEKPACHO pEeIIalOT IEIbIM P Pa3HOOOpa3HBIX 3ajlad U B
HACTOSAIEE BPEMS IIIMPOKO MCIOJIb3YIOTCS.

LSTM  pa3paboranpl  choemuaabHO, 4TOOBI  H30ekaThb  IPOOJIEMBI
JOJITOBPEMEHHOM 3aBUCUMOCTHU. 3allOMUHAHUE WHQPOpMAIlMU Ha JOJTHE TEPUOIbI
BPEMEHU — 3TO UX OOBIYHOE MOBEACHUE, a HE YTO-TO, YEMY OHU C TPYJOM IBITAIOTCS
0OyYUTHCS.

PaccmaTtpuBarotcs TCHACHIIUH U3MCHEHHH BPEMEHHBIX PAIOB
CpPeIHEMECSYHOr0 TeMrepaTypHoro Bo3ayxa Omickoil oOmactu 3a 100-neTHUi
nepuoa 1921-2021rr ¢ nomouipto LSTM mopenun HEMpPOHHBIX CETEH JJIsl pelieHUs

3aJlavy IMPOTHO3MPOBAHMNA.

PernonanbHple KIMMaTUYECKHE H3MEHEHHS BO MHOI'OM OIpCACIIAIOTCA HC
TOJIBKO TJI00aIBLHBIMU ImponecCcaMu, HO H3BCCTHBIMH (1)I/I3I/IKO-FCOTpa(1)I/IIICCKI/IMI/I
YCIOBHUAMMA KOHKPETHOI'O pCrioOHa, YTO B MOJIHOM MCPEC MOXKXHO OTHECTH K HCKOTOPBLIM

obnactsam KeIpreizcrana.

OueHka TPEHIOB TOJIBKO CPEIHEMECSYHOM TeMIlepaTypbl BO3QyXa TaHHOTO
pEruoHa HE MO3BOJISIOT BBISIBUTH CTPYKTYPY TEMIIEpaTypHBIX U3MEHEHUW. B nanHOM

paboTe TNpUMEHSETCS] NPOTrHO3UPOBAHME BPEMEHHBIX PANOB  JUIS  JAHHBIX
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CPEOHEMECAUYHBIX TEMIIEPAaTyp BO3[yXa, YTO JAaeT BO3MOXHOCTb HCCIEN0BATH
WU3MEHEHUSI PETHOHAIIBHOTO KJIMMATa.

3agaya TPOTHO3MPOBAHUS BPEMEHHBIX PSJIOB 3aKJIIOYAETCd B TOM, YTOOBI
MPOJOJKUTh 3HAYEHHS JAHHBIX CPEIHEMECSYHOM TEMIIEpATypbl BO3yXa IPOIUIBIX

MepUO0B B Oyaylee, I/1€ 3TH 3HAYEHUSI €111€ HE U3BECTHHBI.

PexyppeHTHas ceTh C JOJTrOCpPOUHON U KpaTkocpouHoit mamateio LSTM (Long
Short Term Memory) riaybokoro oOyudeHusi Oojieeé TOYHO OMpEIEINsieT
3aKOHOMEPHOCTH B JJaHHBIX BPEMEHHBIX PAJOB, U 3PPEKTUBHO MOKET MPUMEHSITHCS

JUTSl IPOTHO3UPOBAHUS Oy IyIIero TpeHaa JaHHbIX [1].

JlaHHBIE TIPENCTABIAIOTCS KaK CpeIHEMecsyHas TeMmIeparypa BO3ayXa
Omickoit o6mactu B mpomexkyTke ¢ 1921-2021rr. Onu pa3buBaroTcss Ha 00y4YarOIIHA
U TECTOBBII HaOop, rae nanueie 10 2021r. UCHOAB3YIOTCS B KauecTBE 00ydaronIux
JAHHBIX IS MOJENW, a 3aTeM IMbITaeMcsl MpPeACKa3aTh CPEIHEMECSIYHYIO
TEMIIepaTypy B TE€UCHHUE MOCIeIHeN YacTh Habopa naHHbIX [93].

UTtoObl  CHPOTHO3UPOBATh  3HAYEHUA  OyJaylIMX  BPEMEHHBIX  II1aroB
MOCJIEIOBATENbHOCTH,  MOXHO  oOyuuth cetb LSTM  perpeccun  oT
MOCJIEIOBATENBHOCTU K IMOCJEI0BATEIbHOCTH, TJI€ OTBETAMHU SIBJISIOTCS OOy4YaroIiue
MOCJIEA0BATEILHOCTH CO 3HAYEHUSIMHU, CIBUHYTHIMM Ha OJIUH BpeMeHHou mar. To
€CTh Ha KaXJIOM BPEMEHHOM Illare BXOJHOW TMocienoBaTrelbHOCTH ceTb LSTM
YUYUTCS NPEACKA3bIBaTh 3HAYEHUE CJIEAYIOUIEro BpeMeHHoro mara. llpwu
MPOTHO3WPOBAHUM 3HAYEHUS HECKOJbKMX BpPEMEHHBIX IIaroB B OyayImiem,
ucronas3yeMm ¢ynknuio predictAndUpdateState nnsi IpOrHO3UPOBAHUS BPEMEHHBIX
IIarOB MO0 OJJHOMY ¥ OOHOBJICHHSI COCTOSIHUSI CETU MPU KaKJOM MPOTHO3E.

B mpencraBieHHOM ciydae HUCHOIB3YeTCsl HAaOOp JaHHBIX CpelHEeMecsyHas
TeMmreparypa Bosnyxa avgtemp dataset. B atom npumepe cetb LSTM oGyuaercs
MPOTHO3UPOBATh KOJHUYECTBO CIIYYaeB CPEAHEMECAYHOW TEeMIEpaTypbl BO3ayXa C

Y4CTOM KOJIMYCCTBA CJIY4YACB B IIPCALIAYITNC MCCAILIBI.

JlanHble 3arpykaioTcs B avgtemp dataset, rae OAMH BpPEMEHHOM psa C
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BPEMEHHBIMM  IIaraMH,  COOTBETCTBYIOIIMMHM  Me€CSlaM, W  3HAYCHUSAMMU,
COOTBETCTBYIOIIMMH KOJIMUECTBY TeMIlepaTyphbl. Beixos mpeacTaBiser coO0oi MacCuB
AYEeK, T/€ KaXKIbIM SIEMEHT NpeACTaBisieT CcoO0OHM OJUWH BpPEMEHHOM Iar.

N3menstoTes nanHbie, 4TOOBI OHU OBLTA BEKTOPOM-CTPOKOH.

data = avgtemp _dataset;
data = [data{:}];

figure

plot(data)
xlabel("years")
vlabel("Temperature”)

title("Escemecsiunvle cpeonue memnepamypul 6 2.0ui ¢ 1921-2021")

BEEHEMEI:.HHHhIE cpegHWe TeMnepaTypel B ropoge Ow c 1921-2021
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Pucynok.3.3.1. BpeMeHHBIC psAIbl CpeTHEMECIUHBIX TemMIepaTyp Bo3ayxa (C°)

no Omickomy pervony Keipreizckoit Pecriyonuku 3a 1921-2021 rr.

Paznenstorcss Ha oOydyaromue M TECTOBBIC JaHHbIC. BBOASTCS JaHHBIE Ha

nepBbix 90% mocie10BaTeIbHOCTH U TECTUPYIOTCS Ha nociaeaHux 10%.
numTimeStepsTrain = floor(0.9*numel(data)),
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dataTrain = data(l:numTimeStepsTrain+1);
dataTest = data(numTimeStepsTrain+1:end);

IIJ'ISI Jydmiecro COOTBCTCTBHA MW IIPCAOTBPAIICHHA OTKIIOHCHUA 06yquI/m
CTaHIapPTU3UPYIOTCA JaHHBIC O6YII€HHSI, YTOOBI UMETH HYJCBOC CPCAHCC 3HAYCHHC U
CAMHUYHYIO AUCIICPCHIO. Bo BpCMs1 IMPOTHO3NPOBAHNUA JOJIDKHBI
CTaHIapPTU3UPOBATECA TCCTOBBIC HAaHHBLIC, HCIIOIB3YA TC IKC IIapaMCTpbl, 4YTO H

oOyyaroiue 1aHHbIE.

mu = mean(dataTrain),

sig = std(dataTrain),;

dataTrainStandardized = (dataTrain - mu) / sig;

YtoObl  CHPOTHO3UPOBATH  3HAYEHUA  OyAyHIMX  BPEMEHHBIX  IIAroB
MOCJIEA0BATEILHOCTH, HYKHO 33/1aTh OTBETHI KaK O0ydarolue MociaeoBaTeIbHOCTH
CO 3HAUYEHUSIMHU, CABUHYTHIMHU Ha OJMH BpeMeHHoW mar. To ecTh Ha KaxJIoM
BPEMEHHOM I1are BXOJHOM Mocie1oBaTelbHOCTH ceTh LSTM yuuTtcs npenckasbiBaTh
3HAUEHUE CJEAYIOLEro BpeMeHHoro mara. IlpeaukTopel — 3T0 oOyuaromue
MOCJIEIOBATENHHOCTU 0€3 KOHEYHOTO BPEMEHHOTO 111ara.

Vkazanue eapuanmos obyuenus. YcTaHaBIMBaeTCsl peuniatesib Ha «Aaam» U
TpeHupyetrcss B TedeHue 250 smox. YToObl MpemoTBpaTUTh B3PBIB TPATUEHTOB,
YCTaHaBJIMBAETCS TOpOr TpaaueHTa Ha 1. VYka3piBaeTcsl HayalabHas CKOPOCTb
o0yuenus 0,005 1 yMeHbIIaeTcsi CKOPOCTh 00yueHust nociie 125 3mox, yMHOKUB Ha

ko3 dunment 0,2.

options = trainingOptions('Adam’, ...
'"MaxEpochs', 250, ...
'GradientThreshold' 1, ...
'InitialLearnRate’,0.005, ...

'LearnRateSchedule','piecewise’, ...

'LearnRateDropPeriod' 125, ...
'LearnRateDropFactor'’,0.2, ...
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MOJIE€NIb PEKYPPEHTHOW HEMPOHHOM CETH

"Verbose',0, ...

'Plots’, 'training-progress’);

Obyuenue cemu LSTM. ]Ins oOyueHus HEHPOHHOW ceTh ObLIa MOCTpOEHA

LSTM co creayroomuMu MapaMmeTpaMu

oOy4eHMsI: IJIMHA TIOCIe0BATENbHOCTH, paBHast 500; KOIUYECTBO €IUHUII CKPBITOTO

cnos, paBHoe 200; KOJMYECTBO SJEMEHTOB BBIBOAA, paBHOE 1. yKa3aHHBIMHU

napameTpaMu o0yueHus ¢ nomoipko trainNetwork noka3an Ha pucyHke.3.3.2.

net = trainNetwork (XTrain, YTrain, ciou, napamempot);

Y Training Progress (17-Mar-2022 08:34:51)

RMSE

Training Progress (17-Mar-2022 08:34:51)
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Pucynok.3.3.2. O6yuenne LSTM ¢ ykazaHHbIMH TapaMeTpamMu 0Oy4YEeHHUS C

nomMorbio trainNetwork

Y100kl

CIIPOrHO3UPOBATbL 3HAYCHHUA HCCKOJBKHX BPCMCHHBIX IIIaroB B

OynyuieM, ucnonb3yrorcst Gyukius predictAndUpdateState niis nporHO3UpPOBaHUS

BPCMCHHLBIX ITaroB I10 OJHOMY H OOHOBJICHHUSI COCTOSIHHS CETH IIpu  KaXXa10M

nporso3e. s Kaxa0ro nporuo3a MCnoJib3yeTcsl MPEeAbIAYIINi TPOrHO3 B KAUECTBE

BXOJOHBIX JAHHBIX IJIA (I)YHKI_[I/II/I

CTaHI[apTI/IBI/IpOBaTB TCCTOBLIC IAaHHBIC, UCIIOJIB3Ys TC KC MApaMCTpPbl, YTO U
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oOyyJaroiue JTaHHbIC.

dataTestStandardized = (dataTest - mu) / sig;
XTest = dataTestStandardized(1:end-1);
UToOBbl MHUITMATH3UPOBATh COCTOSIHHE CETH, CHadasla Mpe/ICKa3bIBACTCS
oOyuarormuie gaHHbIe XTrain. 3aTeM BBIBOJUTCS TIEPBBIA TMPOTHO3, HCIOIB3YS
MoCJIeNHUIA BpeMeHHOM 1mar oOyvaroniero otBeta Y Train(end). IlepeGepem

OCTaBIIIHMECS MPOTHO3bI M BBOJIUM Ipenbiayiuii mporno3 B predictAndUpdateState.

— . ‘ ' ‘ Forﬁcast ' ' .
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12 + s Iforecast 2
! Fq ‘ i‘ ’I‘. .': 'l““. I| 1 |
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11 F .""I | ]| ‘ J ‘ I‘i|i r||| .---' -
@ 1 ' ' ke | ||
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Pucynok.3.3.3. BpemeHnHo# psii 00yueHuUs ¢ MPOTrHO3UPYEMBIMU 3HAYCHUSIMU

JlenaroTcst mpOTHO3bI HA Ka)XJO0M BpPEMEHHOM Imare. [[is Kakaoro mporHosa
Mpe/cKa3biBaeM CIIEIYIONIMH BPEMEHHOM IIar, UCIMOib3ysl HaOlroJaeMoe 3HaueHue
NpeabIAYIIEro BpPEMEHHOro Iara. YcraHaBiuBaeTcss st mnapamerpa «Cpena

BeITIONIHEHUS» B PredictAndUpdateState
YPred =[],
numTimeStepsTest = numel(XTest);
fori = 1:numTimeStepsTest

[net, YPred(:,i)]=

predictAndUpdateState(net, XTest(.,i),'ExecutionEnvironment','cpu’),
34



end

Hecranmaptusupyem nporaossl, UCIOIb3Ysl IapAMETPBI, PACCYUTAHHBIE PaHEe.

YPred = sig*YPred + mu,

Calculate the root-mean-square error (RMSE).
rmse = sqrt(mean((YPred-YTest)."2))

rmse = 158.0959

Forecast with Updates
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Pucynok.3.3.4. [Iporno3upyembie 3HaUCHUS C TECTOBBIMU TAHHBIMU
N3yuenue knmumatnyeckux uaMeHeHuii  Omckoid  obmactu  KbeIpreizckoit
Pecny6inku mpoieMOHCTPUPOBAN, YTO CpeHEMECAYHas TeMIlepaTypa BO3Ayxa 3a
nepuon 1921-2021 rr. CylIeCTBEHHO BO3POCIIA, MPU BCEM 3TOM TEHACHIUS HMEET

HEJIMHEHUHBIN XAapaKTCP U B MMPOIICAIMNHNEC ACCATKH JICT TAKKC 3HAYUTCIILHO BO3POCIIA.

AHanu3 MPEJICTABJICHHBIX TAHHBIX Y UTOT'OB, MOJIyYE€HHBIX pu
noMmom moaenn  LSTM  HelipoceTeBOro  MpOrHO3UPOBAHMS BIIAJICIOT BEChbMa
00J1b110M 000011aK01IeH CTOCOOHOCTHIO KOTOPHIE ¢ OOJIbIIIEH TOYHOCTHIO MO3BOJISIIOT

AIIIIPOKCUMHUPOBATH U IIPCACKA3bIBATh 3HAYCHHA BPCMCHHOI'O pAaa.
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3.2. IlIporHo3upoBaHne BpeMEeHHOTI0 Psijia IMUCCUI MTAPHUKOBBIX I'a30B
(CO»)

['o6anbHOE MOTEIJIEHHE BO MHOTHX HCCIIEIOBAHUSAX MO U3MEHEHUIO KIUMara
CBSI3BIBACTCS C POCTOM MaJIOW KOHIICHTPAIMM YTJIEKUCIOoro ra3a kco. B armocdepe
(kcox=5x10"). TIpu penreHny 3amaud NPOrHO3UPOBAHMS BPEMEHHBIX PSIOB, YIEHAMU
KOTOPBIX SIBJIIFOTCS YMUCCHUM Y TTAPHUKOBBIE Ta3bl B dkBUBasieHTe CO; ThICAYU TOHH B
rog HauuHasg ¢ 1990 mo 2018 rr., B KauecTBe HEHUPOHHOW ceTH ObLIa BhIOpaHa
0000IIEHHO-PETPECCUOHHAS CETh, pealM3yIoIas METOIbl SJICPHON amlpOKCUMAIUU
(GRNN). HenaBuue uccienoBanue B 061actu mporao3upoBanus ¢ nmomoibio GRNN
npeanonaraloT, 4yro GRNN wMoxer ObITh MHOrooOe€marIeld aabTepHATHBHOM
TPAAUIIMOHHOM MOJIETM BpPEMEHHBIX psiaAoB [5-7]. OH moxkazan OoJbIHe
BO3MO>XHOCTH B MOJIEIMPOBAHUHU U MPOTHO3UPOBAHUH HEIIMHENHBIX BPEMEHHBIX PSIIOB
Y TIOCTETIEHHO BXOJUT B PsiJIbl MHOTOLIEJIEBBIX, ITUPOKO UCIOJIb3YEMBIX METOJIOB.

GRNN-ceTp nMeeT Ba CKPBITBIX CIIOA: CIIOM PAaJHAIBHBIX 3JIEMEHTOB M CIIOU
AJIEMEHTOB, KOTOpbIE (POPMHUPYIOT B3BEUICHHYIO CyMMY Il COOTBETCTBYIOLIETO
AJIEMEHTA BBIXOAHOTO CJOSl. B BBIXOAHOM ClIO€ ONPEAEISIETCS B3BEIIEHHOE CPEIHEE
IIyT€M JEJIEHUs B3BCLICHHOM CyYMMbl Ha CyMMy BecOB. B kauecTBe paananbHOU
bynkuuu npumensiercss ¢ynkuusa ['aycca. Mcnoaszyem NEWGRNN st coznanus

0000IIIEHHON PETPECCUOHHON CETH.
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Ha pucynkax 3.3.5, 3.3.6 mnpexacraBieHbl rpadUKd HCXOJHBIX TECTOBBIX W

IIPOIrHO3HBIX

[IPEJICTABJICHO NPOTHO3UPYEMOE HEUPOCETEBOU MOJIEIBIO

TOYKaMHU TECTOBOE— 3HAUYCHHUE).
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Function to approximate.
T T T T T
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Pucynox.3.3.7. I'paduk Touek anmpoxkcuManuu

3.3. IIporuo3upoBaHne BPEMEHHOI 0 PS/Ia 0CAJAKOB C HCNOJIb30BAHNEM
LSTM u XGBoost moaeseil HeiipOHHBIX ceTel

[IpornosupoBanne BpPEMEHHOroO psaa ocagkoB B TI. bumkek 3a 100 jer ¢
nomompio LSTM monenu Heiiponnoit cetn. JlanHbie copeprkat aBa cronbma: "I'ox-
Mecsn" — nara B dopmare "ITTTT-MM"; "Ocaaku" — KOJIUYECTBO OCAJKOB
(mpennonoxutenbHo B MM). [IpuBenem nanHwie B ynoOHBIN dopmaT IJjisl aHANIMU3a,
npeobpazyem natel B popmat datetime 1 mpoBepUM UX Ha MPOMYIICHHbIE 3HAYEHUS.

BaxxHoil 4acThio TpU MOJACIMPOBAHUU SIBISETCS pas3leieHue ITaHHBIX s

OoOy4eHHs] ¥ TECTUPOBAHUS, KOTOPBIM rapaHTHUPYET, YTO CO3JaHHAs MOJEIh MOXKET
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o0oOmaThest 3a mpejeinamMu OOy4aroUuIMX JaHHBIX, U YTO MPOU3BOAUTEIBHOCTH U
BBIXOJIHbIE JaHHBIE OYlyT CTATUCTUYECKH 3HAUHMbIMHU.
Jlanee BU3yanu3upyeTcss BpPEMEHHOW psl, YTOOBl BBIABUTH TPEHIbl U

CE30HHOCTB nepen o0yuenrnem LSTM.

Ocanku B buwkeke (1924-2022)
160}
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Pucynoxk.3.3.8. Ocanku B bumikeke (1924-2022rr.)

I'padwx moka3piBaeT 3HAYMTEIHHBIC KOJICOAHUS YPOBHS OCAJKOB C SBHBIMH
MEePUOANYECKUMHU U3MEHEHUSIMU. BUTHBI TEHICHIIMU U BO3MO>KHAsI CE30HHOCTb.

Crenyromum 1marom siBJIsIETCA MOAroTOBKa JaHHbIX 111 LSTM-monenu:

1. Hopmanuzamuss ~ manmnbix —  LSTM  paboraer  myume ¢
MacIlITaOMPOBAHHBIMH 3HAYCHUSIMHU.

2. Paznenenne Ha 00yuaroiryto U TECTOBYIO BBIOOPKY — 00bI9HO 80% mist
ob6yuenus, 20% s Tecra.

3. Co3niaHre OKOHHBIX MOCJIEA0BATENbHOCTEN — BPEMEHHBIE PAJIbI TPEOYIOT
MOATOTOBKU BXOJHBIX JAHHBIX B BUJIE MMOCIEI0BATEILHOCTEH.

Janubie 11 00pa®OTKM paszielieHbl cleaytomuM obpazoMm: Obyuarowas
svloopka: 959 3anuceit; Tecmosas evibopka: 240 3anucedt U MOATOTOBJICHBI TaKUM
o0pa3oM, 4TO CO3/1al0TCsl BpEMEHHBIE OKHA (ITOCIIeIOBATEIBHOCTH), T/I€ MPEbIAYIIHIE
3HAQYCHUSI HCIOJB3YIOTCSA JUIs TpejacKkazanus crhenaytomero. Oo0bsuHO OepyT 30-

JHCBHOC OKHO, HO MOXHO HACTPOUTD 3TOT IIapaMeCTp. HCHOHBSyeM €ro aJs1 Ha4daja.

39



Teneps moctpoum u 06yuum LSTM-monens A1 MpOrHO3UPOBAHUS OCAIKOB.

lporHo3 ocagkos LSTM
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Pucynok 3.3.9. [Iporao3 ocajakoB

Ha pucynke 3.3.9. noka3zaHo nporso3 ocajikoB Ha OCHOBe JaHHbIX 1921-2020rr.

Mporxo3 ocagkoe XGBoost go 2030 roga
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Pucynok.3.3.10. IIporno3 ocaakos mo 2030r.
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Ha pucynke 3.3.10. xopolio 1noka3zaH OporHo3 3€J€HbIMU JTUHUAMH, KOTOPBIN
MOKa3bIBa€T MaJ0€ KOJIMYECTBO 0CaAKOB. PaKTHUYECKUE JTaHHbIE 0003HAaYEHbl CUHUMHU
JVHUSMH, KOTOpBIE IIOKa3bIBalOT, 4TO mnocie 2020rogoB KONIMYECTBO OCAIKOB
CHUKAETCS.

CpaBHenue pesyapraroB. O0a anroputMma CHOPaBUIUCH ¢ HAaOOpPOM JTaHHBIX.
Xotrs Mozgenb XGBoost mmeer HEMHOro 0ojiee BBICOKYIO IMYyOJIMYHYIO OLEHKY HU
HEMHOro OoJsiee HM3KYI0 OLEHKY IpoBepkd, yeM Mozaenb LSTM, pasHumyy mexnay
HUMHU MOXXHO CUMTATh HE3HAYUTEIHHOM.

Cnenyer ormeTuTh, uTo Moaenun LSTM HamHOro OBICTpEe, 0OCOOEHHO KOorjaa
peub uaeT o OonblIMX HabOpax NaHHBIX. B 3akimioueHue cieayeT OTMETHTh, YTO
Takue (aKTopbl, Kak pa3Mep HaOopa [aHHBIX M JOCTYNHBIE PECYpPChI, OyayT

OKa3bIBATbh OI'POMHOC BJIMAHUC HA BBI60p ajJropurma.
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3.4. BeIBOABI IO IJI1aBe

AHalM3  KIUMAaTUYECKUX HW3MEHEeHMH Ha  Tepputopund  KeIpreizckoit
PecnyOnuku nokaszai, uto temmneparypa 3a nepuoi ¢ 1885 mo 2020 rr. 3HaUYUTEIBHO
BO3pOCia, MpPU 3TOM JWHAMUKA HWMEET HEIMHEWHBIM XapakTep U B MOCIEIHUE
JECATUIICTUSI TAaK)Ke CYIIECTBEHHO YBEJIMYMWIIAch. Bhlllieyka3zaHHble TpadUKd UMEIOT
SBHO MEPUOJIMYHOCTh U BO3PACTAIOLINN JTUHEWHBIA TpeHJ HauuHasa ¢ 1970-rogos. B
cpenneMm st Keipreizckoit PecnyOnuku B Onmkaiiiee NeCATUIIETHE OXKUIACTCS
NOBBIIEHHE ~ cpeaHedl  Temmeparypsl Ha 1,8 °C, BeluuMHA MOBBILIEHUS
cpeaHerooBoi TemmepaTypsl Bo3ayxa 3a 90 gmer (1925-2015 rr.) Ha OCHOBe

JIMHENHBIX TpeH 0B cocTaBuia 1,6 °C.
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TJIABA 4. PA3BPABOTKA MATEMATHYECKOM MOJEJIA
PACIHIPOCTPAHEHUA 3AT'PAZHAIOIIUX BEIIECTB OT
TOYEYHOI'O UHCTOYHUKA

4.1. MaremaTnueckoe Mo/JeJIJUPOBAHHUE TYPOYJIEHTHOI0 NMOTOKA IbIMOBBIX
BbIOPOCOB

3arpsizHeHHE aTMOC(HEPHOT0 BO3yXa O0YCIIOBIEHO BBHIOPOCAMHU M3 TOYECUHBIX
MCTOYHUKOB, IUIOIIAIHBIX HCTOYHHKOB, MOOWJIBHBIX HCTOYHUKOB M OHWOTEHHBIX
00bekTOB. HakoreHbl CylIeCTBEHHBIE J0Ka3aTelbCTBA TOr0, YTO 3arps3HEHUE
BO3/IyXa BJIMSET HA 3[I0POBBE JIIOACH U )KUBOTHBIX, HAHOCUT YIIEPO PacTUTEIbHOCTH,
MOYBE M MarepuajaM, BJIUSET Ha KJIUMaT, CHIXKACT BUAUMOCTh M COJHEYHYIO
paualuio, Co3aeT yrpo3y 0e30MacHOCTH U B LIEJIOM MEIIaeT HACIAXKIAThCs KU3HBIO
Y UMYILIECTBOM. [26].

Oxkono 60% BBIOPOCOB MPUXOJUTCS HAa TOUEUHBIE MCTOYHUKH. K OCHOBHBIM
3arpsI3HATEIISIM BO3/TyXa OOBIYHO OTHOCST MbLIb, TBEp/IbIe YacTuilsl, PM10 (TBepabie
yactuubl auamerpom 10 MukpoH u meHee) U PM2,5 u3-3a HENMOJHOrO CropaHusd
TOIUJIMBA WM MOOOYHBIX MPOJYKTOB MPOIECCa, OKCUABI a30Ta (B OCHOBHOM H3-3a
CoueTaHus aTMOC(EPHOTO KUCIOPOaa U a30Ta NPHU BBICOKUX TEMIIEpaTypax). -Typbl),
JIBYOKHUCHh Cepbl (B OCHOBHOM H3-3a COKMT'aHHUS TOILUIMBA, COJEPIKAIIEero OOJIbIIOe
KOJIMYECTBO CEPhl), OKUCh yriepoja (u3-3a HE TMOJHOCTHIO CrOPEBIIETO TOILUIMBA),
030H U CBUHEL. MHXEHepHbIE HCCIEIOBAaHMS 3arpsA3HEHUs] BO3/yXa BKIIOYAIOT:
UCTOYHUKHM  3arps3HUTENIEd  BO3[yXa, KOHTPOJb  3arps3HEHUs  BO3/yXa,
MOJICJIMPOBAaHUE  pacceMBaHUs, BO3JCHCTBUE  3arps3HUTENIed  BO3AyXa U
MPOCKTUPOBAHNE CETU MOHUTOPUHTA KauecTBa Bo3yxa (AQMN-Design).

Marematuueckue mojenu nuddy3uu Haubosiee MoJe3Hbl B HACTOSIIEE BpEMS,
MMOCKOJIbKY OHHU TMPEIOCTABIISIIOT TOJE3HYI0 WH(OpMAIUIo I MPOTHO3UPOBAHUS
KOHIICHTPAIIMU 3arpsi3HSIONIMX BEIIECTB M OBICTPO OOECIEUUBAIOT BBIXOJIHbBIC
naHHble. MaremaTuyeckue MOJIeIM KadecTBa BO3JAyXa MPENCTABISAIOT CcoOOM
YHUKaJIbHbIE UHCTPYMEHTHI [57]:

- TPUHATHE 3aKOHOJATENbCTBA 10 KOHTPOJIO 3a BBIOpOCAMHU; TO €CTh

OTpe/ieTICHNe MaKCUMaIbHO JOMYyCTHUMBIX YPOBHEH BBIOPOCOB, KOTOpBIE OYyIyT
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COOTBETCTBOBATh YCTAHOBJIEHHBIM CTaHJApPTaM KayeCTBa BO31yXa.

- OLIGHKA MpEeJIaraéMbIX METOJIOB U CTPATErvil OrpaHUYEHHsS BBHIOPOCOB; TO
€CTh OLIEHKA BO3JEHCTBUA OyAyIIUX CPEACTB KOHTPOISA

- Boibop Mect pacrnonoxenus OyIyluX UCTOYHUKOB 3arps3HSIONIMX BEIIECTB
C 1IeJIbI0 MUHUMU3AIMKU UX BO3JIEUCTBUS Ha OKPYKAIOUIYIO CPELy.

- [ImannpoBaHue KOHTPOJIA 3a CIydasMH 3arpsi3HEHUs aTMOC(EPHOTO BO3AyXa;
TO €CTh OIpEAeNIeHHe CTpaTeruil HEeMEJICHHOrO0 BMeEIIaTeNbCTBa (T. €. CHUCTEM
OPEeIynpekIeHUs U KPaTKOCPOUYHBIX CTpPATErWil COKpAIlEHUs BBIOPOCOB B PEKHUME
pealbHOTO BPEMEHH), UTOOBI H30€KaTh AMHU30/I0B CEPbE3HOI0 3arpsi3HEHUS BO3AyXa B
OIPEJEIICHHBIX PETMOHAX.

- OLleHKa OTBETCTBEHHOCTH 3a CYILECTBYIOIME YPOBHHU 3arpsi3HEHMS BO3AyXa

- Pa3pabGoTtka m onTumusamus maremarudeckux mozaened AQMN oObraHO
BKJIFOYAIOT MOJYJIb TOJAbeMa Huiel(a, KOTOPbI pacCUUTHIBAET BBHICOTY, HA KOTOPYIO
3arpsi3HSIONIME BEIIECTBA MOAHUMAIOTCA W3-3a UMITYJIbCAa U IUIABYYECTH, U MOJYJIb
pacceuBaHus, KOTOPBIM OIEHUBAET, KAK OHHM PACHPOCTPAHSIOTCS B 3aBUCHUMOCTU OT
CKOPOCTHU BETpa U CTAOUIILHOCTH aTMOC(EpPBHI.

CraHpapTHble MAaTeMaTUYECKHUE MOJENIN JUCIIEPCUH, HCIOJIb3yeMble IS
MOJEJIIMPOBAHUS POMBIIIEHHOW AUCIIEPCUU, BKIIOYAIOT KOMILIEKC MPOMBIIICHHBIX
uctouHukoB (ISC), pa3paboTaHHbIii ATEHTCTBOM IO OXPAaHE OKPY’KAIOIIECH Cpelbl
CIIA, monmenu T'aycca (momenu muieiida, 3aTsokku U Qurykryaruun), moaens EPA
SCREEN, perpeccuonnbie Mojiend, IpocThie Mojenu audy3uu (60uHast MOJIETb U

JlabGoparopusi armocdepHoit TypOynentHocty u nuddy3uu, ATDL), moxenu
TEOPUH TPAJAUECHTOB, MOJCIIU, OPUCHTUPOBAHHBIE HA HICTOYHUK U PELENTOP, U MOJIEIh
MHO>KECTBEHHBIX siueeK. boree cliokHble MOJENIM MOTYT BKJIIOYaTh Oosee
pEeaIMCTUYHbIE METEOPOJIOrHuecKkre 0O0pabOTKH, HO OOBIYHO TpPeOYyIOT [aHHBIX,
KOTOpbIE TpyJIHEE W JOpoke moidyuuTh. [Ipumepsl BriouaroT Ausmet/Auspuff,
Calmet/Calpuff, LADM u TAPM. [lpyrue Moaean MOTYT ObITaTbCA MOJEIUPOBATH
(GOTOXMMUYECKHE  PEaKIMu  MEXAY 3arps3HUTCISIMH, Takhe Kak  aHallu3

AMIUpHUYEecKoro kunernyeckoro mojaenupoBanus (EKMA), B To Bpems kak Oosnee
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MIPOCTHIE MOJIETT OOBIYHO MIPEATOIAratT, YTO 3arps3HUTENH coxpansroTes [119].
AHanuUTHYECKHWE  pEIEeHUsS ypaBHEHHS  TpexmepHoud  auddy3un s
MPUIOJHATOIO CIUIOIIHOIO TOYEYHOIO MCTOYHUKA C MEPEMEHHBIM BETPOM U
BUXpEeBON nu(dPy3uelt MoaydeHbl TOIBKO TPH OTPAHWYCHHBIX MPEAMOIOKEHUSIX.
Cmur [5] wucnonb3oBan CTENEHHbIE BapvalMu g BeTpa W AUPPy3un U
MPEANOJIOXKUI, YTO Bapuauusi OOKOBOTO BeTpa BCErla HMMEET TIayccoBy (opMy.
Ragland [117] ucnonp3oBai cTeneHHon 3aKkoH 11 K03 duiuenToB quddys3uu 1mo y
U Z, HO CUMTaJl BeTep NMOCTOSHHbIM. ['anauH u CoNoBEMUYMK MpPENCTAaBUIIU Ba)XKHOE
AHAJIUTUYECKOE PEILICHHE, B KOTOPOM HCIOoiab30BaIuCh U = ulzm, Ky = KOzm u Kz =
K1z, rae u — ckopoctb Betpa, Ky u Kz — xoaddunments BuxpeBoi quddys3un B
OOKOBOM M BEPTUKAJILHOM HAIMpaBieHUsIX cooTBeTCTBeHHO [119]. Ilutrepc wu
Kmumsunar [111,65] wuccnenoBan »¢hdexT w3MEHEHHS 3HAYCHHS] MOITHOCTH MPHU
MOCTOSIHHOM BeTpe. MakcuMalibHasi KOHIIEHTpalMs Ha YPOBHE 3€MJIM XOPOIIO
corjacyercs ¢ pesysibraroM [aycca ninsi HEWTpalbHOW YCTOMYMBOCTH aTMOC(EPBHI.
Mexnuzaae u Pudau [65] uzydanu moaenupoBaHue nuieioB TOUEUHBIX HCTOYHUKOB

Ha OOJIBIIIMX BBICOTAX C UCIOJIb30BaHUEM MOUdUITMpOoBaHHON Mojenu [aycca.

H= bt &h

hs ____.-—""P.
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Pucynok. 4.4.1. [logbem mueiida u pacceMBaHue 3arpsi3HEHUS U3 TIPOMBITIIEHHON

TpyOBI
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JIsist MOJIeTMpOBaHMsT TPEXMEPHOTO PACCEMBAHUS 3arpsS3HEHUS U3 TOYEHHOTO
MCTOYHWKA 3arpsi3HUTENICH BO3/yXa OT TOYEYHBIX MCTOYHUKOB MOXKHO Pa30OUTh Ha
CJIeTYIOTITUE ITAITHI:

1. onucanue reoMeTpun 00IaCTH

2. BBEICHHE COOTBETCTBYIONIUX TPAHUYHBIX YCIOBUI

3. BBEJIEHWE UCTOYHUKOB, CTOKOB M JTUCTIEPCUOHHBIX XaPAKTEPUCTHK I BCEH
oOnacTu

4. BBIOOp 3HAYCHHMI ITAPaMETPOB B MOJICTTH

5. pa3nenenue 00IacTh Ha TYEHKH U PEIICHHUE

KOHEYHO-Pa3HOCTHBIE YpaBHEHUS

6. BU3yalu3amnus pe3yJbTaToB.

[Ipn mocTpoeHWHM MONENW 3arps3HEHUs BO3AyXa CIEIyeT YYHUTHIBATH MSATh

OCHOBHBIX (I)I/ISI/I‘ICCKI/IX N XUMHUYCCKHX IIPOLECCCOB.

oc_o(u,c’) o(u,c’) a(u.c’) 5. ac’ +-0 0C

ot ox oy oz ox|"¥ax [ oyl vy
0 [k OC 1B (i) o+l C
+ LK, S =Kk C+Q(C°), 4.2.1)
s=1,2,...,q

rae Cs — KOHIIEHTpalus XMMHUYECKUX BEIEeCTB, yyacTByronmx B moaenu (CO,
NOx, SO2 u TH), U —ckopoctb BeTpa, Kx, K , Kz — koadpunments nuddysuu, Es
— ucTOYHUKHM BBIOpocoB, Ks u Ks — ko3duuuents ocaxaeHus (s cCyxoro u
BJIQXXHOTO Oca)JeHusi cooTBeTcTBeHHO) U Q(Cs) mpencTaBsaiOT cO00M XUMHUECKHUE
peakuuu. Mcronb3ytoTes ciaeayromue mpeanoaoKeHus

1. Cranmonapusie ycioBus (0C/(0t=0)

2. Uy = Uz = 0 (ckopocThb BeTpa TOJIbKO B HANpaBICHUM X U SIBISETCA
dbyukiueit z) [10].

3. [lepeHoc 0ObEMHBIM JBMKEHHUEM B HAIPaBICHUH X MpeBbImaeT AU y3uro

B HanpasyieHuu X (Kx = 0) [10].
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4. Otnoxennii B cucreme HeT (K1=K2=0).
5. B cucreme et peakuuu (Q=0)
[TpumeHsis mpuBeIEHHBIE BBILLIE MPEANON0XKEHH, ypaBHeHue (4.2.1.) cBoautcs

K CIEAYIOIIEMY

Ao (K ac5)+ 0 (K 0C | gs (4.2.2)

0x oy\ Y0y | 0z\ * 0z

CICAYIOIHNEC I'PAHUYHBIC 1 HAYaJIbHBIC YCJIOBHA TAKIKC UCITIOJIB3YIOTCA:

x=0,C(0,],k)=0,y= 0‘9—C 0,y= wC - 0,z 08—C 0
oy o0y 0z

(4.2.3)

Jlyist penieHust BBITIICYKa3aHHON MOJICIH B TAHHOW CTAaThe UCIOJIB3YETCS] METO.
KOHEYHBIX pa3HocTed. Pa3zoObem BO3AyITHOE TPOCTPAHCTBO HA PsiJi SIIIUKOB H
3alUIIeM YpaBHEHHE COXpPAaHEHWS MacChl JUIA KaKIOro smuka (Kak IS
b depeHuaIbHOTO dJIEMEHTa KUAKOCTH). PaccMOTpuM 00BEeM <(GKUIKOCTH» CO
croponamu Dx, Dy u Dz, pactionoxenasiMu B Touke i+1, j, k. CBolicTBa B TOUKe 1, J,
k u3BecTHbI, a CBOMCTBA B IJIOCKOCTH 1p1 HensBecTHbI. COXpaHEHHE MACcChl JJIIEMEHTA

KHUJIKOCTH TpH i+1, j, k MOXKHO 3amucaTh Kak:

(K )kAXAZ(CHl]k C1+1 J+1k)+<K )kAXAZ(CHl ik C1+1,, 1k)

U,c® AyAx+ +
xk i+, j,k yXAy Ay
S S s S
+(Kz)k+1/2AXAy<C1+1 ik Ci+1,j,k) +(K )k 1/2AXAY(C1+1 i Gl k= 1)
S
Az Az=U,C; ]kAyAx+E AyAx (4.2.4)

IJIc  3HAYCHHWs] CKOPOCTH BeTpa ©  BHXpeBOM auddy3ud  paBHBI
MIPEANOI0KUTEILHO U3BECTHBIN. JTO siBHAS ajreOpandeckas Gopmysia U MOXKET OBbITh

HECTAOMJILHBIM B HCKOTOPBIX YCJIOBHAX. CTaOuIbHOCTD YCIIOBUC IJIA ATOM CHUCTEMBI
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UX
Ax <
2| 2o
4y” Az (4.2.5)

ATMoOc]epHbIe YCITOBHS SABISAIOTCA JABIKYIIEH CHION B (OPMUPOBAHUH,
pacceMBaHMM U TIepeHoce NUIeH(OB 3arps3HSAIONMX BewecTB. s pemeHus
ypaBHeHus (4.2.4) HaM MOTPeOYIOTCS TaKUe MapaMeTpbl aTMOc@epbl, KaKk CKOPOCTh
BETpa, BBICOTA IMOAbEMa MUICH(a, KaTeropuss YCTOMYMBOCTH, KOIP(UIHEHTHI
paccenBaHMsl, IIEPOXOBATOCTh MOBEPXHOCTU M Apyrue napamerpbl. HeobOxomumsie
YpaBHEHUS U 3HAYEHUS ISl ONIPEICNICHUsS 3TUX MApaMETPOB MPUBEICHBI HUXKE:

Atmocdepnas ctabunbHOCTh.  CTaOWIBHOCTH  aTMOC(Epbl  H3MEHSETCS
€XKeyacHO, HO JUIsl LeJed MOJCIHUPOBAHMUS U JUI KOPOTKUX MEPUOJOB BPEMEHHU
NpUHUMAJAach IOCTOSHHAs M pENpe3eHTAaTUBHAs CTaOMIBHOCTH aTtMocdepsl. B
npejiaraeMoi mporpaMme pacCMaTpUBAIOTCS TP KJlacca yCTOMYMBOCTH aTMOC(EphI
(weiiTpanpHas, ycToWuumBas u  HeycroWuuBas). CraOuiabHOCTH aTMoc(epbl

PacCUUTBHIBAETCS C UCIOJIB30BAHUEM CIeAyoIIero ypasuenus (4.2.6):

= uc »PT
kgH, (4.2.6)

B ypaBHenuu (4.2.6) u* — ckopoctb TpeHus, Cp — yaenbHas TerI0eMKOCTh
Bo3ayxa, T — TemrepaTypa Bo3ayxa, k —rmocrtossHHas Kapmana (k = 0,4), g —
rpaBUTAIIMOHHAS TIOCTOsIHHAsA, a Hn — 4mcToe Temo, mocrynaroiiee B arMocdepy.
Hn ju1st HeiTpanbHO# aTMochepsl paBHO 0, Ui cTabMIbHON atMocdepsl A42 1 mis
HecTaOmwibHOU atMmoceprsl paBHo 175 [64]. 3amerum, uro L (mmna MoHuoHa-
OO0yxoBa) — 3TO NpPOCTO BHICOTA HaJA 3€MJIeH, Ha KOTOPOW MPOU3BOJCTBO
TypOYJIEHTHOCTH KaK MEXaHWYECKUMHU, TaK U TPaHUYHBIMU CUJIaMH paBHO (4.2.6) u
UMEeT eIUHUIIBI JITUHBI.

[IlepoxoBaTOCTh MOBEPXHOCTH U CKOPOCTh TPEHHUA. OTO YIAOOHO BBECTH
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Kod(hpuIeHT 1000BOTO CONMPOTUBIIEHUS CZ, OCHOBAHHBIN Ha HAa T€OCTPOPUIECKOM

BETPE, YTy, TAKOU, UTO:

6
u=c_u
g9 (4.2.7)
Koaddumment reoctpopuyeckoro ConmpoTUBIICHUS SBIsETCA  (yHKUIUEH
noBepxHocTh Yucno PoccOu u L, roe f — mapamerp Kopuonuca 3emnm, a Zo —

IIOBEPXHOCTh. IIEPOXOBATOCThb. JleTray mpemaraer Cleayromue SMIMPUYECKUE
COOTHOIIIEHHE JIJIs1 HEUTpalibHOM aTMocdepsl [12]:
__0.16

9 (R,)-1.8 (4.2.8)

JI7ist ycTOM4YMBOM M HEYCTOMUYMBOM aTMOc(epbl HEOOXOAUMO YMHOXEHHBIE Ha
0,6 m 1,2 coorBerctBeHHo. llennoctn Jlnmmaa mepoxoBatoctn (Z0) U CKOPOCTh
TpeHus: (U*) AJi1 HECKOJIbKUX Pa3JIMYHBIX 3€MHBIX MOBEPXHOCTEH MPEICTABICHBI B
[117].

[Moxpem Ilnroma. Korna 3arpsi3Hsitoiue BeliecTBa BHIOPACHIBAIOTCS B BO3MIYX
U3 CTOIKH, OHU NMOJHUMAIOTCS HaJl CTONKOM, MPEX/Ie YeM IpeioBaTh 3HAUUTEIBLHOE
paccrosinue 1o BeTpy. DPGdeKTUBHbBIN cTeK BbicoTa H — 3TO HEe TonbKo (usnueckas

BBICOTA CTCKaA hS, HO M BBICOTA BKIIIOYAIOT TAKXKC IIOIBEM mneﬁ(ba.

H=hg+dh (4.2.9)

BricoTa mtabens, ucmonplyeMas B pacdeTax, JOJDKHA ObITh d(d(exTuBHAS
BbicoTa mmTabens. OObiyHO ypaBHeHue bpurra (4.2.10) u ypaBHenuwe XoiiaHaa
(4.2.1) ucnonp3yroTcs A MPOrHO3UPOBAHMS MoAbeMa Ieiida. YpaBuenus bpurra

1 XOoJUlaHaa UMEroT BUJ 3ajiaHHble ypaBHeHUs MU (4.2.10) u (4.2.11) cOOTBETCTBEHHO

U4 VegD*(T,~T
SHACE p_tsd T, “),C:1.58—41.4A—9

u 4T, Az (4.2.10)
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Sh= s 1.5+2.68><10_3PDM
u T 4.2.11)

r7ie VS — CKOpOCTh BbIxoja mradens (m/c), D — mrabens nuamerp (M), u —
U3MEpEHHas CKOPOCTh BeTpa (M/C) UM paccuMTaHHOE Ha BbicoTe hs, P — naBieHue
(Mbap), ts — Temmnepatypa apiMoBoro raza (K), Ta — temneparypa armocdepst (8K),
Dy/Dyz — notennuanbHas pazHocts Temneparyp (8K/m). IIpenckazanust ypaBHeHUI
bpurrca u Xonnanjga cpaBHUBAIOTCS C AKCIIEPUMEHTaIbHBIMU NaHHbIMU CHaiinepa
[13]. BugHo, uto 00a ypaBHEHHS HE AlOT XOPOIIMX MPOrHO30B. [ToaTOMY MOXHO
W3MEHUTH YpaBHEHHUE XOJUIaH/a, 9YTOOBI TTOIYIUTh JIy4IInid Habop K03 PUImeHToB.

Bricota cmemmBanus. O0beM, JOCTYHHBIM AJisi pa30aBiIeHUs 3arps3HSIOIINX
BEIIECTB B armocdepe, OMpeAessieTcsl CMEIIMBAaHUEM BBICOTHL. CBSI3b MEXIY
KJIaCCaMM YCTOMYMBOCTH M BBICOTA CMEIIMBaHUs yYKa3aHa B beituok [14].

C nomoI11pio MPOrpaMMbl MOXKHO JIETKO U3YUYUTh BIUSHUE METEOPOJIOTMYECKUX
napamMeTpoB, TaKUX KaK CTaOMIBHOCTH aTMoc(ephl, CKOPOCTh BETpa, TeMIiepaTypa
BO3[lyXa, MIEPOXOBATOCTh IOBEPXHOCTH U KOIDPUIIMEHT pacceuBaHusi, Ha
paccerBaHue 3arpsI3HSIONIMX BellecTB. Mcrnonap30BaHuE MPOrpamMMbl ISl U3YUYEHUS
BIIUSIHUAS TIApaMEeTPOB JBIMOBOM TpPyOBI, TakWX Kak TeMIepaTrypa Ha BBIXOJIE,
CKOPOCTh Ha BBIXO/IE, BHICOTA JIBIMOBOW TPYyOBbl M KOHIICHTpAIMsl Ha BBIXOJE, TaK¥Ke
OyJeT NPOMJLTFOCTPUPOBAHO B 3TOM pa3fele.

Bmusnue atmocdepnoit crabwnpHocTH: Kak mokasaHo Ha pucynke 4.4.1,
pacripeiefieHne 3arps3HSAONIMX BEIIECTB JIydllle IS HEeCTaOWIbHBIX YCIIOBHH, U
3arpsi3HSIONINE BEIIECTBA HE YXOJIAT JAIEKO OT ABIMOBBHIX TPYO.

Bnusnaue ckopoctu Ha Beixoze: Korja ckopocTh Ha BBIXOJIE YBEJIUYUBAETCH,
moabeM MuUieiida yBEIMYMBACTCS, YBEIMYMBACTCS pPACCEUBAHHUE 3arpsI3HSIOIINX
BEILIECTB U, HAKOHEII, CHIXKAETCSI KOHIICHTPAIUsl Ha YPOBHE 3€MJIH.

BrllieynoMsiHyTblE  MPOTOHBI  MOJICTUPOBAHUSI  SICHO  WIIIOCTPUPYIOT
MOJIE3HOCTh MPOrpaMMbl B MOMOIIM JHUIAM, MPUHUMAIOIIUM pelieHus o 0oprde ¢

3aIrpA3HCHUCM BO3yXad U ITOCICACTBUAX PA3JIUYHBIX IICPCMCHHBIC 110 PACCCUBAHHIO
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3arpsi3HEHUS.

1. B 3uMHHX YyCIOBUSX B MeCTaX, YJaJ€HHbIX OT JABIMOBBIX TpYO,
HaOMOaI0TCsl OoJiee BHICOKME KOHIIEHTPALMU 3arps3HAIONINX BEIIECTB, a B JIETHUX
YCJIOBHSIX OOJIBIIIE BCETO CTPAAAIOT MECTA, PACIIONOKEHHBIE BOJIM3H IBIMOBBIX TPYO.

2. llpu yBenWYEHHWH BBICOTHI JBIMOBBIX TpPYO 3arps3HSIONINE BEIIECTBA
MOJHUMAIOTCA B aTMOC(EpHbI CIIOH, W 3arps3HEHUE pacceuBaerca Mo Oojee
IIMPOKOW 00J1aCTH, a KOHIICHTPAIIH Ha YPOBHE 3€MJIM CHUKACTCS.

3. YBennueHue CKOPOCTH U TEMIIEPATYPHI BBIX0/1a JIMOBBIX T'a30B MPUBOINT K
YMEHBILIEHUIO KOHIIEHTpAllMii Ha YPOBHE 3€MJIH.

4. CHM)KEHUE KOHILIEHTPAllMM Ha BBIXOJIE TAK)XKE MOXKET ObITh JIOCTMTHYTO 3a
CU4eT CHIKEHHUS YpPOBHS BBIOPOCOB. DTOTO MOXHO JOCTHYb, HAIPUMEp, MyTeM
YCTaHOBKH YCTPOMCTB YIIpaBJICHUS W/WIM MOJACPHU3ALIMHU 3aBOJOB C UCIIOIb30BAHUEM

HOBBIX TEXHOJIOTHUH.

4.2. YucaenHoe MmoaeupoBanue 1upPy3nu 3arpsa3HA0IIMX BellecTB B

armocdepe B ANSYS CFX
B muddy3nonHON MoAenu pacnpoCTpaHEeHHs AbIMa U3 JBIMOBOM TpyOBI (Tpu
TpyObl)  BBIBEJICHBI

CTallMOHAPHOM CJly4ae M TIEepeXoJl Ha HECTAI[MOHAPHBIM 3aBUCAIIMM OT BpPEMEHU

yYpaBHEHUS, OIpEACNAIONIMEe KOHIIEHTpAllMI0 JbiMa B
KOHIIEHTpaluu abiMa. [65] MccnenoBaHbl BIUSIHUE METEOPOJIOTUYECKUX MTapaMETPOB
U MapaMeTpoB JAbIMOBOM TPYObI Ha pacCeUBaHUE 3arPsI3HSIONINX BEIIECTB, TAKUX Kak
CKOPOCTh BETpa, TeMIlepaTypa OKPY>KaIOILEro BO3AyXa, CTaOMIBHOCTh aTMOC(EpHI,

TeMIIepaTypa Ha BBIXOE ILIMOBOU TPYObI, CKOPOCTh U BBICOTA JLIMOBON TPYOHI.

TABJINLA.4.4.1. [TapameTpsl MOAETUPOBaHUS O0BEKTA

Jnvna [[Tupuna Bricora Hnamerp Hnamerp HnameTtp
KyOa Ky0Oa KyOa BBIXOJa BBIXOJa BBIXO/a
L1 L2 H 1 TpyOsI 2 TpyOBI 3 TpyObI
(outletl) (outlet2) (outlet3)
600m 100m 200m 20m 25m I5m
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Ha ocHoBe BbIlIeyKa3aHHBIX MapamMeTpoB B Tabnume 4.4.1. crtpoutcs
reoMeTpusi o0bekTa B 3D MomenmpoBaHWM Kak Mmoka3aHo Ha pucyHke.4.4.1. Ky0 -
03HAYaeT MPOCTPAHCTBO C MapamMeTpaMH yKa3aHHBIMHU B Ta0i.4.2.1.,KOTOpBII uMeeT
nuny - L1, mupuny -L2 u BeicoTy - H, rae mpoucxoauT mporecc BbIOPOCOB
3arpsi3HUTENE B atMocdepy U3 Tpex AbIMOBRIX TpyO (outletl, 2, 3)
COOTBETCTBYIOIIUMH JUAMETPAMHU BEHTWISLIMOHHBIX OTBEPCTUN TpeX TpyO 3ajaroTcs
pazmepamu -(20m, 25m, 15m).

Coszoanue ceomempuueckoii mooenu komnonenma “Geometry”

[To BbINIE MpPUBEIEHHOMY TIPUMEPY CO37a0TCA 00BbEKTHI. B ganHOM ciydae 3

TpyOBI, U MPOCTPAHCTBO.

L1=600m

LR ELLY. nAR AR FL

Pucynok.4.4.1. 'eomerpusi 00beKTa
B 1npaBoit wactTm oOKHa B BHJIE€ JepeBa TIOKa3aHbl dJEMEHTHl OOBEKTOB Ha

pucynke.4.4.2.
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Sketching Modeling

Details View

Dynamic rotation No Selection Meter Degres 0 0
ol 2]

Pucynok.4.4.2. JlepeBo o0beKTa

Ha ocnHoBe reomerpun oOwnekTa ctpoutcs cetka (Meshing) omnpenenstorcs
napameTpbl cetku “‘Meshing”: ompenensiem wmeton - Automatic Method
(ABTomatuueckuit Meroxa), Scoping Method (Merox omnpenenenuss oObnema).
3anaerca napametp - Element size (Pasmep snementa)- 4m. Ilponecc (Meshing) -
oToOpaxeH Ha pucyHke 4.4.3.

Co3zoanue cemouHol  mooenu Meshing c KOMNOHEHMOM
“Mechanical Model”.

[To aHamOTWMYHBIM CTMOCOOOM BBINIIEYKA3aHHOTO TIPUMEpPA OMPEICTSIOTCS

napameTpsl ceTku “Meshing” - MeTo1 U pazmep.
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4.4.3. Onpenenenuie rpaHu4HbIX yciaoBuil B CFX

JIist HaCTpOMKKM CUMYJISIUMK aBTOMAaTUYECKH HYkHO 3anmyctuth CircVent. Ha
Pucynok.4.4.4. HyxnHo mnepexonutb k pazgeny Steady-State and Transient
Configuration u HaCTPOUTH CUMYJISILIHIO.

CHauana MpoOBOJUTCA aHAIU3 B YCTAHOBUBIIEMCS PEXHUME, NMPU KOTOPOM U3
JTBIMOXO0JIa HE BBIJIEIACTCS IbIM. BTOpoi aHaimm3 6epeT HaCTPONKY JJIsI YCTONIUBOTO
COCTOSIHMSI M aJanTUpyeT ee s aHanuza mnepexoanbix mnpoueccoB. PE3YJIBTAT
aHaNMM3a yCTAaHOBWBIIETOCS peXHMa OyIeT MCIOJb30BaThCS B KAdeCTBE
MIEPBOHAYATILHOIO MPEJINOI0KEHUS ISl aHAIN3a MePEeXOAHBIX MpoueccoB [99].

1. B CFX BeiOupaem - ®aiin (file) -noBeiit cayyaii (New Case)

2. BeIOpath o6mmme (General) u Haxxmute OK

3. BeIOpaTs file - Save case as COXpaHUTh PETUCTP Kak

4. ycranoButsb File name ums ¢aiina Circvent.

5. Haxkatb Save «COXpaHUTH»
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C3: CFX - CFX-Solver Manager - O ®
File Edit Workspace Tools Monitors Help
B R rE Ry EEEE D Hi

PRI
= & Define Run
: Workspace

x |

?
Solver Input File sject_files\dp0\CFX\CFX\CFX_001.mres

Global Run Settings

Run Definition  Initial Values
Run Settings
Type of Run Ful

[ Double Precision
[] Large Problem
Parallel Environment

Run Mode

desktop-t6aj040

[ Show Advanced Controls

Sactun

Pucynok.4.4.4. HacTpoWiku cCUMYJISILIUM
Co3nanne  JOMONHUTENBHOM mepeMeHHoM. Ha  nmanHoM 3Tame  co3maercs
JOTIONTHUTENbHAsT mepeMeHHass Ha pucyHke 4.4.5. (Additional variable)
(HepearupymoIas CKalspHas  COCTABIAIOMIAs) OyJeT HCIONb30BAThCA IS
MOJIETTMPOBAHUS PACCEUBAHUS JbIMA U3 BEHTHIALIMOHHOTO OTBEPCTHSI.
1. BriGeputre B mmaBHoM MeHI0 myHKT Insert > Expressions, Functions and
Variables > Additional Variable (BctaBka > Bripaxxenusi, GyHKIIUN ¥ TIepEMEHHBIC >

JlomoTHUTENbHBIE TEPEeMEHHbIC) WM HAXKMHUTE Ha KHOMNKY Additional Variable

(JdononHurenbHbIE IEPEMEHHBIE) |
2.  VYkaxwure ums nepemeHHoi smoke (Jpm).
3. Haxars OK.
4. B xawectBe Tuna mnepemeHHoM Variable Type BboiOepuTe Volumetric
(OOBeMHBIN).
5. 3Bapaiite equauIbl u3mepenus Units - [kg m™-3].

6. Haxars OK.
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B c2: CFx- CRt-Pre — O X
Fle Edit Session Insert Tools Help
B @ o AT X Ex s OvE @A P Al RvAR-R-BE R

Qutine  Additional Variable: smoke  Boundary: wind O n Shaqe s O ;m
Details of wind in circvent in transies

Viewl ¥

Bascsettngs  BoundaryDetals  Sources  Flotoptd b
Flow Regime [SE.

Option

Mass And Momentum =]
Option
u 3 [ms7-1]
v 0 [ms*-1]
w

Turbulence

Option

Fractional Intensity
Eddy Length Scale

Additional Variables
smoke

smoke

g g

: g

ﬁ: a
bl Ll « 4

+, Automatic generation of default domains is not currently active, This feature can be activated via sither the 'Edit > Options » CFX-Pre > General editor or the ‘Case Options >,
outiine tree,

Option v | ¥ General editorin the

o ][ oy |[ cese | < >

Pucynok.4.4.5. Co3znanue 10MOTHUTEIBHON IEPEMEHHON

MOSIBSITCSL OCTaTOYHBIE Tpaduku A ImecTy ypaBHeHHi: U-mom, V-mom, w-mom,
p-mass, k-TurbKE u E-diss.K (Tpu ypaBHEeHHsS coXpaHEHUS HMIYJbCa, YpaBHEHUE
COXpaHEHHMsS MacChl U YPaBHEHHUsS NJIsl KHMHETHUYECKas >HEprusi TypOYyJIEHTHOCTU H
JUccUIanusl TypOyJIeHTHBIX BUXpel ( momentum conservation equations, the mass
conservation equitation and equations for the turbulence kinetic energy and
turbulence eddy dissipation)). Bknaaka «mmysnbsc u macca» coaepkut 4 rpaduka, a
IBa Apyrux Haxoaarca B pasnene «KomwmuecTBa TypOyJIEHTHOCTH». OCTATOK IS
ypaBHEHHsI JbIMa TAaKKe OTOOpakaeTcsi, HO HE PETUCTPUPYET HUKAKUX 3HAYCHHHU,

MOCKOJIBKY OH He nHunmanuzupyercs [107,109]

B cranuonapHOW CUMYJNSIMM, HCHOJIB3YeTCS TMOJJIEPKKAa MHUIIMAIA3AIUT
3HayeHuit pemarenem ANSYS 2019 R3 CFX-Solver octaBuB MHUIMATU3ALUIO BCEX
JaHHBIX, Tody4aeM Tpaduku  Ha pucyHke.4.4.6. u pucynke.4.4.7.B pexumax

(Streamline) u (Isosurface). [108]
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Pucynok 4.4.6. Pacnipoctpanenue 3arpsa3HuTeNei Bo3ayxa B pexkume (Streamline)

ANSYS

2019R3

&
0 100,00 20000 (m) IL,,
- e

50.00 150.00

3D Viewer Table Viewer Chart Viewer Comment Viewer Report Viewer

Pucynok.4.4.7. Pacnpoctpanenue 3arps3HuTenei Bo3ayxa B pexume(Isosurface)
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3
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] 3D Viewer Table Viewer Chart Viewer Comment Viewer Repart Viewer

Pucynox.4.4.8. Pacnpoctpanenue 3arps3HuTeNei Bo3ayxa B pexume(Transperency)

@
0 100.00 20000 (m) 1&.
[ — T E—

50.00 150.00

30 Viewer Table Viewer Chart Viewer Comment Viewer Report Viewer

Pucynok.4.4.9 PactipocTpaHeHue 3arps3HuTeNiell Bo3ayXa B PeXUME aHUMAIlUU
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Pucynok.4.4.10. Pacnipoctpanenue 3arpsi3HUTENEH Bo3ayxa B pexumMe Rainbow

ANSYS

2019 R3

25.000

2D Viewer Table Viewer Chart Viewer Comment Viewer Report Viewer

Pucynok.4.4.11 Pacnpoctpanenue 3arpsi3HUTENEH BO3/1yxa B pa3pese
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Pucynok.4.4.12. PacipocTpaneHue 3arps3HUTENEN BO3lyXa B pa3pe3e CBEPXY

4.3. Biausinue MeTeOpoJIOrTHYeCKUX MapaMeTPOB U NMPENATCTBUI HA TPAEKTOPHUIO
BbIOpocoB B ANSYS Fluent

Jlns MmoaenpoBaHusl 00bEKTa JJaHHBIE TIPUBEICHBI B Tabue 4.2.2.

TABJIULA 4.2.2. [TapameTpsl MOACIUPOBAHUS 00BEKTA

No JlanHbIe Mmoaenu En n3m.
1. | Anuna npoctpanctBa (ky6a) L1 600Mm
2. | upuna npoctpancTsa (kyba) L2 100m
3. | Beicora mpoctpancTBa (ky6a) H1 200m
4. | IuameTrp BBIXOJA JbIMAa U3 JBIMOBON TpPYOBI 20Mm
(outletl)

5. | BeicoTa apiMoBO# TpyOsl H2 150m
6. | nuna 3manus L3 50m
7. | Hlupuna 3nanusa L4 16Mm
8. | Bricora 3nanusa H3 25m
9. | Pacctostnue Mexay AbIM. TpyOBbI U 31aHust LS 300Mm
10. | CxopocTsb BeTpa 3m/c
11. | CkopocThb ibIMa U3 JBIMOBOU TPYOBI Im/c
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12. | Temneparypa npocTpaHCcTBa 150C

13. | Temneparypa biMa U3 JbIMOBOM TPYOBI 300 0C

inlet1

H1
D=20m __ outletl

H2
H3

L5 ILa 11

Pucynok.4.4.13. Mopaens o0bekTa ¢ mapaMmeTpaMu

Ha ocHOBe BbIllIEyKa3aHHBIX MapaMeTpoB B Tabmuie  4.2.2. crpoutcs
reomeTpusi o0bekTa B 3D MojenupoBaHuM Kak Mmoka3aHo Ha pucyHke.4.4.14. Ky6 -
O3HayaeT MPOCTPAHCTBO C MapaMeTpaMu, YKa3aHHbIMU B Tabuwuie 4.2.2., KOTOPbIi
umeet quny - L1, mupuny -L2 u BeicoTy — H1, T11e nmpoucxoaut nporiecc o0TekaHue

IbIMa U3 IBIMOBOM TpyOBbI Ha 3/1aHue (CTpesika - outletl), AuameTp oTBEepcTHE TPYOHI -

(20m).

PaccrostHue Mexay npIMOBOM TpyOoOit 1 31aHus coctaBisieT 300M.

Pucynok.4.4.14. 'eomeTpust MoieNu ABIMOBOM TpyOBbI U 3/1aHUS B POCTPAHCTBE.
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[Tnatpopma Workbench nmeer mMoaynbHBIA TPUHITUIT OMUCAHUS PACUETHOTO
IPOEKTa, YTO TMO3BOJIAET HAIJISIAHO MPEACTaBUThH MOCIEIOBATEIBHOCTD MPOBEACHUS
BCEX PACUETOB, a TAKKE CHUCTEMATHU3UPOBATh M XPAHUThH TMOJNYYCHHBIC PE3yJIbTATHI.
[Tonp3oBatensckuii  unTepdeiic  Workbench  (Pucynok. 4.4.15.) coxepxur
cienytromue nanenu u okna: [106,107,108,109,111]

1 — okxHo Project Schematic, B KOTOpOM OTOOpa)kaeTcsi cxema IPOEKTa,
BKJIIOYAIOIIast HA0OP UCTIOIB3YEMBIX B MMPOEKTE MOAYJIEH U MPUIOKEHUN;

2 — MaHejb WHCTPYMEHTOB OOBCAMHICT OOIIUE HACTPOWKH M OIIHMH MPOCKTA,
MO3BOJISIONIME MTPOU3BOAUTH omepanuu ¢ ¢daiaamMu, HaCTpauBaTh BHUIl OTOOpaKEHUS
rpaduydeckoil HGOPMAIIMK B MPOCKTE, yCTAHABINBAThH INI00ANTbHBIC HACTPONKU IS
OTIIETBLHBIX MOJYJICH TPOEKTa, BKIIOUas periaTesd (CBOMCTBA MMITIOPTA M AKCIIOPTa
T€OMETPUYECKUX  MOJIeTICH, BO3MOXKHOCTH TIOBBIIICHUS TPOU3BOAUTEIHEHOCTH
BBIYKCIICHUA M T. J.), @ TakKKe BBIOMpaATh CIWHUIIBI M3MEPCHHsI, MUCIOJIb3yeMbIC B
MPOCKTE, W HWHTErPUPOBaTH B pabodyl0 cpeay COOCTBEHHBIC MPOTPAMMHBIE
NPUIOKEHUS (pacIupeHus);

3 — maHenb Properties COMEpPKUT ONMHMCAHWE CBOWCTB BBIJICJICHHOTO B OKHE
Project Schematic o6bekra. [lo ymon4anuio maHe b CBOMCTB CKPBITA U BBI3BIBACTCS
MOJIb30BaTelIeM 4Yepe3 KOHTEKCTHOE MEHIO0 BbIOpaHHOro oObekTa. [lanens
MPECTABIAECT COO0M TaONUILy U3 JBYX CTOJIONOB. B mepBoM cT0I01I€ MEpEeUnCIIsIFOTCS
Ha3BaHUs CBOMCTB, & BO BTOPOM — MX 3Hau€HUs. Bce CBOWCTBA MMEIOT HEKOTOPHIE
3HAU€HHUA, 3aJlaHHble MO0 YyMoidaHuio. Eciaum 3HaueHWe Kakoro-ianbo CcBoMcCTBa
oToOpaxaeTrcs Ha cepoM (POHE, TO OHO HE MOKET ObITh U3MEHEHO IM0JIb30BATENIEM;

4 — manens Toolbox oroOpaxaeT Bce MOCTYNHBbIE MOAYJIM M TMPHUIOKEHUS,
uHTerpupoBanubsie B cpeny Workbench. HaGop ngoctymHbIX Moaysell 3aBUCHT OT
tuna juien3uu ANSYS.

[Tanens Toolbox Bcerna BKItOUYACT MATh Pa3IeioB:

1) pasmen Analysis Systems COAEpPKUT TOTOBBIE IIAOJIOHBI JJISl PA3TUYHBIX

THUIIOB YHMCJICHHOI'O aHaJIn3a.
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Pucynok.4.4.15. Untepdetic Workbench

Kaxnpiit mabmon umeet sapo B Buje onpenenenuoro pemarens (Fluent, CFX, Static
Structural u T. 11.), a TaKXKe BKJIIOYAET BCIIOMOTAaTEIbHBIE MOJIYJIH JUIsl TOATOTOBKU
reomerpuueckoit mogenu (Design Modeler), KOHEUHO-3IEMEHTHOW WJIM KOHEYHO-
oowemuoit monenu (Meshing), 3amanus cBoiicTB matepuanoB (Engineering Data) u
nocToOpaboTku pe3ynbTaToB pacyeTa (Results).

Ha pucysnke. 4.4.16. 1U300paxen npumep maodnona Fluid Flow (Fluent) s
MOJICTTMPOBAHUS TBIMOBOM TPYOBI M 3[JaHUS C UCTIONB30BaHUEM pernarens Fluent. J{ms
no0aBieHNs IIa0JIOHA B MPOEKT JOCTATOYHO MEpEeTamuTh ero ¢ maHenu Analysis
System B paGouee nmpocTpancTBo mpoekTa Project Schematic.

2) pasmen Analysis Systems BKIIOYAa€T OCHOBHBIE M BCIIOMOTaTEJIbHbBIC
MOJIyJI, UCTIOJIb3YEMBIE TIPH pelIeHnH 3a1a4. Tak, B paboyee MPOCTPAHCTBO MPOEKTa
MOKET OBIThb OTIEIbHO J00aBJIEH KOMIIOHEHT JUIsi MOCTPOCHUS T'€OMETPUUYECKOM

MOJIEIH, MOCTOOPAaOOTKY PE3yabTATOB U T. .
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Pucynok.4.4.16. lla6non Fluid Flow (Fluent)

3) B pasnene Custom Systems cofepikarcsi TOTOBBIE CBSI3KH MTAOJIOHOB TSI PEIICHMUS
MEXIUCITUTUTMHAPHBIX 3a/a4.

4) pazmen Design Exploration mo3BoyisieT pemaTh 3aJadud  ONTUMM3ALMM IS
napaMeTpoB, KOTOphIE 3a1at0Tcsi B uHTepderice Parameter Set (Habop nmapameTpoB);
5) pasmen  External  Connection  Systems  MO3BOJISIET  MHTETPUPOBATH
MOJIb30BaTEIHCKUE BHEIIIHNE TPUII0KEHUS U TIPOIIECCHI B IIPOCKT

O0630p OCHOBHBIX MOAYJEH W MpuiioKeHHH, ucnonbzyeMbix B ANSYS Workbench
JUTSI TIOJTOTOBKU U MTPOBEACHUS YUCIEHHOTO aHAIH3a.

Engeneering Data — unrepdeiic ans ynpaiaeHust 6a30i JaHHBIX PU3NIECKUX U
MEXaHUYECKUX  CBOMCTB  MaTepHalioB, a Tak)Ke€ BXOJHBIX  TapaMeTpPOB
MAaTEMATUYECKUX MOJEIEH.

Design Modeler (mynkt Geometry B pasnene Component Systems) —
npuIoKeHue sl co3aanusi reomerpudeckux 2D/3D-mozeneii. Takxke MOAYTb MOXKET
paboTath C HMMIOOPTUPOBAHHOW U3 CTOPOHHUX CAD-KOMIUIEKCOB T€OMETpHUEN:
MO3BOJISIET HUCIPABIATh Je(PEKThI B TEOMETPUHM, U3MEHSITh WM YIPOILIATh
T€OMETPUYECKYIO MOJICIIb.

Meshing  (myakr Mesh B pasgene  Component  Systems) —
MHOTO(YHKIIMOHATBHBIN ~ CETOYHBIM  TPEMpOIECcCOop,  KOTOPBIA  IMO3BOJSET
TeHEPUPOBATH BHICOKOKAYECTBEHHBIE PACUETHBIE CETKHM B aBTOMATHUECKOM PEXHME
Ui Pa3lUYHBIX TUIOB WH)XEHEPHOTO aHalin3a. MOIyJb MPEAOCTAaBISIET IIUPOKHI

Ha60p HHCTPYMCHTOB JIAA ITOCTPOCHUSA PACUYCTHBIX CCTOK HAa OCHOBC TPCYI'OJIBHBIX U
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YETBIPEXYTOJbHBIX JJIEMEHTOB sl 2D-moneneld W Ha OCHOBE TETPa’apoB,
reKCa’JIpoB WJIM TUPAMUJAIBHBIX 3JIeMeHTOB i 3D-moxeneii. B mporpamme
3QJI07KEHbI aJIrOPUTMBbI TUTSt MOCTPOCHUS CTPYKTYpPHUPOBAHHBIX u
HECTPYKTYPUPOBAHHBIX PACUETHBIX CETOK, a TAaKKE€ BO3MOXKHOCTH Kau€CTBEHHOI'O
pa3pellieHus] pacueTHOM CETKU BOJIM3U TBEPJbIX CTEHOK W APYTrUX OCOOCHHOCTEH
Mojiesel, 4TO 0COOCHHO BaXKHO JJIsl TUAPOJIMHAMUYECKOTO aHAJIN3a.

Static Structural npeaHasHayeH  AJIs1  pelICHUsT  3aJad  MEXaHUKU
nedopMUpyEMOTO TBEPOTO Tejla B CTaTUYECKOM mocTaHoBke. [Ipu mcnonb3oBaHuU
KOMaHJIHBIX BCTaBOK Ha si3bike APDL ¢yHKImoHaM MOAYJs MOKET OBITh paclIupeH
JUISL pEIICHMs, HAlpUMEpP, CBA3AHHBIX 3a7a4 (TEPMOYIPYroCThb, MOPOYNPYTOCTH,
ANEKTPOYHPYTOCTh U T. 11.).

Transient Structural — MOynb AJis pemIeHUs 3a/1a4d TAHAMHUKU KOHCTPYKIIHM.
OcHOBaH Ha HESBHBIX CXE€MaxX MHTETPUPOBAHUS YPABHEHUHN JABUKEHUSI.

Explicit Dynamics/AUTODYN/LS-DYNA — Moayiu, OCHOBaHHbIE Ha SIBHBIX
pematensx Uil pacyeTa 3aJad  JIUHAMUKH KOHCTPYKIHMH W  MOJEIUPOBAHUS
OBICTPONIPOTEKAIOIINX HEJTWHEWHBIX TMPOILIECCOB: BBICOKOCKOPOCTHBIX  YyJIapOB,
npoOuTHid, hparMeHTaINK, Pa3pyIICHUS U T. 1.

Rigid Dynamics npenHa3HadeH Jyisi MOJCIUPOBAHUS JTUHAMUKH TIOJIBUKHBIX
cucreM, Mmexanu3mMoB. KunemaTtuka MexaHu3Ma OMUCHIBAETCS MYTEM 3alaHUsI CUCTEM
KOOPJIMHAT, CBS3aHHBIX C JIETAJsIMU, M BBIOOpA MapaMeTPOB, KOTOPHIE OJTHO3HAYHO
OTIPENICIIAIOT B3aUMHOE TOJIOKEHUE JeTajed M KOH(QUTypaluio BCEro MeXaHH3Ma.
[lepemernienus Tey ONUCHIBAIOTCSA ypaBHEHUsAMU ABWkeHUs B (popme Keiina [4], uTo
o0ecIeuynBaeT BHICOKYIO TOUHOCTh U CKOPOCTh PEIICHHUS 3aa4H.

Steady-State Thermal/Transient Thermal — aHaIu3
YCTaHOBUBIIETOCS/HECTAIIMOHAPHOTO  TETUIOBOTO TIOJII HAa OCHOBE  PEIIeHUs
ypaBHEHUS CTAIlMOHAPHON/HEeCTallMOHAPHOM TertonpoBoaHocTy [108,111].

Fluid Flow (CFX) npennasnHaueH ajis pelieHus: 3ajlad TUIpPOJAHMHAMUKH, a
TaK)Ke 3a7a4 CONPSDKEHHOro TertooOMeHa. [lo3BomsieT MomenupoBaTh IIUPOKUN

CIICKTp (1)I/ISI/IIICCKI/IX IMPOIECCCOB B JKUJKOCTAX U radax, TAKMX KaK HCCTAIIMOHAPHOCTD,
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TypOyJIEeHTHOCTh, MHOTOKOMITOHEHTHOCTh M MHOTO(A3HOCTh CpEAbl, XUMHUYECKUE
peakiuu, paJuallMOHHOE W3JIyYeHUEe, AaKyCTHYECKHE BOJHBI M T. J. XOpPOIIO
3apeKOMEHJIoOBall ce0si B 3ajadax TypOOMAlIMHOCTPOCHUS, TJI€ HEOO0XO0IUMO
MOJICIMPOBAaHUE TEUEHUM JKUJIKOCTEH W Ta30B B YCIOBUSX BpallalolIUXCs
MEXaHU3MOB.

Fluid Flow (Fluent) umeer ananoruunsiii Moayiito CFX dyHkimonan, ogHako
COJIEP>KUT 00Jiee MUPOKUI CIEKTP MOJIETIeH 1 METOJOB /JIsi MOACIIUPOBAHUS TEUCHHI
C XUMUYECKUMU peakiusiMu. Takke o0agaeT BCTPOEHHBIM PEAAKTOPOM PACUETHBIX
cetok [106,107].

1.Co3nanne reoMeTpuyecKoi Moiesin KomnoHeHTa “Geometry”

[To BbIIE TPHUBEACHHOMY MPUMEPY CO3AAOTCA OOBEKTHl. B maHHOM ciiydae
MIPOCTPAHCTBO, IBIMOBAs TPyOa U 37aHUE.

DTan COo3JaHusl TE€OMETPUU OCYIIECTBISIETCS HaxkaTueM Ha “Geometry” u3
Fluid Flow (Fluent), oTkpbiBaeTCsi OKHO KOTOpasi u3o0paxeHa Ha pucyHke 4.4.17.

B npaBoii gacTu okHa 1moka3aHbl KOMIIOHEHTHI “‘J{bIMOBOM TPYOBI”:

Extrude - dpopma (uunmHap) I6IMOBON TPYOBI

Inlet 1 - BXo1 ABIMOBOM TPYOBI

wall 1 - cTBON ABIMOBO¥ TPYOBI

Outlet 1 - BbIX0Z 1bIMa U3 JBIMOBOU TPYOBI

Enclosure - mpocTpaHCcTBO JIMOBOM TPYOBI

Inlet 2 - BXOJ mpocTpaHCTBa ABIMOBOM TPYObI

wall 2 - mpocTpaHCcTBO ABIMOBOM TPYOBI

Outlet 2 - BbIXOJ MPOCTpPAHCTBA ABIMOBOM TPYObI

2 Parts. 2 Bodies - onpezaenenue xuakux (razooopasyroiiee) Ten (AbIMOBYO

TpyOy, MPOCTPAHCTBO).
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BB A Fluid Flow (Fluent) - DesignModeler — [m]

File Creste Concept Tools Units View Help
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Pucynok.4.4.17. IlocTpoeHue reoMeTpuu AbIMOBOM TPYOBI M IPENSATCTBUS (3/1aHNUSA).

[Toctpoennass Mojenb JABIMOBOM TpyObl B MPOCTPAHCTBE H300pa)K€H Ha

Pucynok.4.4.18.

Pucynok.4.4.18 Mojenb 15IMOBOI TpYyOBI.

[Ipu pabore B Workbench coxpanenune mozmenu mocjiae OKOHYaHHS €€ MOCTPOCHHS
MIPOUCXOIUT aBTOMAaTHUECKHU MpH 3akpbiTun Design Modeler, a B ctpoke Geometry
MOSIBJISIETCS 3€JIeHAas Tallouka, eclid MOJAENb (IpIMOBasi TpyOa M 37aHKME) TMOCTpPOeHA

6e3 ommbok (Pucynok. 4.4.19.).
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E Fiuid Flow (Fluent)
2 m GeQrmets v 4
3@ Mest v 4
4 3 <t T 4
5 'I_ \ -~ 4
6§ Resuts 4

Pucynox.4.4.19. Komnonentsl noctpoennoit mojenu Fluid Flow(Fluent)

IIpu sTom B cTpoke cetkm (Mesh) oToOpa)karoTcsi 3€JICHBIC CTPEIOUYKH, UTO
O3HayaeT, 4YTO BXOJHAs WHOOpPMaANMS JaHHOTO OJIOKAa H3MEHWIAch U TpedyeTcs
OOHOBJICHHE.
2.Pabora B untepdeiice Meshing
[IpencraBiena pabouass 007acTh MOJIYJISI CUMYJSIUU. Pa3nen ceTku »JIeMEHTOB
(Mesh) pacnionaraercs B AepeBe NpOEKTa M MO3BOJISIET YNPABIATH HACTPOHUKAMHU
cetku. Ilpy HakaTUW JIEBOW KHOMKM MBIIIM Ha paszaene Mesh uzmeHseTcs BuUj
MaHeJId WHCTPYMEHTOB, B KOTOPYIO BBIBOASTCS OCHOBHBIE KOMAaHJIbI pPalOOThI ¢
ceTkoi. Bce mocTymHbIe KOMaHBI TAKKE MOKHO BBI3BATH Ye€pe3 KOHTEKCTHOE MEHIO,

BBI3BIBAEMOE Ha)KaTHUEM IPaBOI KHOIKH MBIIIK Ha pasneie Mesh. 3amyckaercs Mesh

— Edit na Pucynok.4.4.20.

Pucynok.4.4.20. 3amyck kommoneHnTa «Meshy» s Mmoaenu
AHAJIOTUYHO, TIOCJIE MOCTPOEHHUS CETKU W mocieaytomero 3akpbitus ANSY'S

Meshing, BBINIOJHSCTCS aBTOCOXPAHCHHE CETOYHON MOJIEIH C IOCISAYIOITUM
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apromatuueckuM umnoptomM B ANSYS Fluent (Pucynok. 4.4.20.). Oxuo Fluent
(Pucynok.4.4.21.) cocroutr u3 TpaduyecKoro OKHa, B KOTOPOM MOKHO BHUJIETh
3arpy’KeHHYI0 MOJIellb, OKHAa TEKCTOBBIX COOOIICHUH, B KOTOPOE BBIBOISATCS
pe3yJbTaThl BBHINOJHEHUSI KOMaH]I, JepeBa MpPOEKTa W MaHeJIM WHCTPYMEHTOB. B
3aBUCUMOCTH OT TOIO, KakoWl IyHKT BbIOpaH B J€peBE€ IPOEKTa, OTKPHIBAETCS
cootBeTcTBytomas mnaHenb. OkHo Fluent (Pucynok.4.4.16.) cocroutr wu3
rpaduyeckoro OKHa, B KOTOPOM MOKHO BHUJETh 3arpy>K€HHYIO MOJIe]b, OKHA
TEKCTOBBIX COOOIIEHUH, B KOTOPOE BBIBOJSATCS PE3YJbTAaThl BHITIOJHEHUS KOMaH],
JiepeBa MPOEKTa W IMAHENIH MHCTPYMEHTOB. B 3aBUCHMMOCTH OT TOTO, KaKOW MYHKT

BI)I6paH B ACPCBC IIPOCKTA, OTKPBIBACTCA COOTBCTCTBYIOIIAA ITIAHCIIb.

am e

P 0

Pucynok.4.4.21. Oxno noctpoenue cetku «Mesh»

Jliist 3amycka MOCTPOEHUS CETKU HYKHO HakaTh kHomky Update unu Generate
Mesh na manenu unctpymentoB (Pucynok.4.4.22). Uepes kakoe-To BpeMsi TeHepaIus
CETKM 3aKOHUUTCS, U €CIU B JepeBe NpoeKTa BbIOpaTh 31eMeHT Mesh, MoOxHO
YBUJIETh PAcCUETHYIO CeTKy. MHaukaTop coctossHUs djeMeHTa Mesh nmpumer Bua

3€JIEHOU TaJIOUKH.
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Pucynok.4.4.22. I'enepanus ceTku

Omnpenensercs metron - Automatic Method, Scoping Method -Geometry Selection,
Geometry - Apply.
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Pucynok.4.4.23. OnpeneneHre METO/1a CETKHU.

ITocne BbIgaeTCs Cneayromuid pe3ybTar Ha pucyHke.4.4.24.
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Pucynok.4.4.24. IToctpoennas mojenb «Meshy.

Ha pucynke 4.4.25. 3agaercs nmapametp - Sizing, 3JIeMEHT size - 4m, Scoping

Method -Geometry Selection, Geometry - Apply.
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Pucynox.4.4.25. Ilapametpsl moaenu «Meshy.
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3.3agaHue rpaHUYHbBIX YCIOBUI

B paboueii oOmactu Haxumaem “Setup”, TOSBISETCS OKHO I 3aJaHUs

orpaHu4eHuil Ha pucyHke 4.4.26.:

- &
1 S Flusd Flow (Fluent)
2 m Geomely ' 4
3| @ e em B Fluent Launcher 2010 R3 (Settin,.,  — (= x
i@ setw 2 i
‘“_"‘" m FHuent Launcher
5 g8 solution T 4
6| @ Rests ? ., Dimenson
l- -
Fluid Flow (Fluent) Qum Options
® [J pouble Precision
[0 Meshing Mode
Display Options : :

Display Mesh After Reading
[ Do not show this panel again Processing Options

ACT Opt @ Senal

) woad ACT O rarallel

“ Show More Options

) o

Pucynok.4.4.26. OxHO 3a/1aHUsI OTPaHUYCHUI
OkHO cocTOMT M3 2-X YacTei: B JIEBOM pacnoJioKeHbl yciaoBus - Setup, Solution,

Results, Parameters & Customization Ha pucynke.4.4.27.

|
1
"o

&

=
| |
v

Pucynok.4.4.27. OxkHO mapamMeTpoB

Ha pucynke 4.4.28. 3a1at0TCsl TpaHUYHBIE YCIOBUS
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Pucynok.4.4.28. I'paH4HBIE YCIOBUSA

Jlyist aTOrO HYKHO Tepeitu Ha Bkianky Boundary Conditions (rpaHuyHbIE YCIOBHS)
(Pucynok. 4.4.27), BpiOpaTh B CHHCKE I'PaHUYHBIX ycJIoBHUH inletl, mpoBepuTh, uTO
TUNIOM JITaHHOTO TPaHUYHOTO YcJoBHs sBisiercsa velocityinlet (BXxox moToka c
3aJITaHUEM €ro CKOpOCTH), HaxaTh KHONKy Edit u B mMOsSBUBIIEMCS OKHE
(Pucynoxk.4.4.29) u 3a1aTh clieIyIOIIHUE MapaMeTPhl

Bxnagka Momentum (KOJIMYECTBO ABUKCHHS ):

Velocity Magnitude (BenmnurHa ckopocTH) 2 m/s

Turbulence (TypOyneHTHOCTB):

Specification Method Intensity and Hydraulic Diameter

(MeTox 3a1aHnsi UHTEHCUBHOCTH M THAPABINYECKHUIA TUAMETP)

Turbulent Intensity (uHTeHCHUBHOCTH TypOyeHTHOCTH) S5 %

Hydraulic Diameter (rugpaBnuueckuii nuamerp) 4 in
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Bxnangka Thermal (Temonepemada):
Temperature (Temneparypa) 297

Omnpenensiem Scheme - Simplec

TESSUNE VERBLILY LUy
Couplad
FEO

Cougbad
TREAR

Pucynok.4.4.29. Onpenenenue cxema - CUMILIEKC

Meton Manmmanuzarum - Hybrid Initialization

JIns vHUIManM3aluy  3ajJadd  mepexoauM Ha BkIanky Solution Initialization
(vauuuanuzanusa pemenusi) (Pucynok. 4.4.30.), Ha mnanenu BwiOupaem Hybrid
Initialization (cMelIaHHBIA THUIT MHULMAIU3AIMNA) U HaXKKMMaeM KHoOMKy Initialize. B
XOJIe JCCATU UTEpanyii OyAyT BBIYUCIICHBI TTPEIBAPHUTEIbHBIC 3HAYSHUS, U UMHU OyIeT
3amojHeHa pacy€tHas o0jacTh. [Ipu 3TOM B TEKCTOBOM OKHE TOSBHUTCS HAAINKCH

«Hybrid initialization is done»

Initiakzation Methods
® Wybnd Initbalcebon
Standard Initialration

M.

Pucynok.4.4.30. Meron Maunuanuzauuu

AHanornyHeIM 00pa3oM NOo4epENHO 3aaTh IapaMeTPhbl BCEX T'PAaHUYHBIX YCIOBUIL:
inlet2:

Type velocity-inlet

Momentum: Velocity Magnitude - 0.4 m/s

Turbulence:

Specification Method Intensity and Hydraulic Diameter Turbulent Intensity 5 %
Hydraulic Diameter 0.8 in Thermal: Temperature 363 k outlet:

Type pressure-outlet (Bbixon ¢ 3amanuem naBieHus) Momentum: Gauge Pressure
(cratnueckoe n3obiTouHoe napnenue) 0 Turbulence: Specification Method Intensity

and Hydraulic Diameter Backflow Turbulent Intensity 5 % Backflow Hydraulic
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Diameter 4 in Thermal: Backflow Temperature 310 k symmetry: Type symmetry
(cummeTpust)

[Tonydaem crnenyrommii rpaduk nocie BoinonHeHus 200 urepanmii:

Jyist BBITIONTHEHWS perieHus mepexoauM Ha Bkiaaky Run Calculation, BBoauM B mose
Number of Iterations (koJW4YecTBO HTepaluil) HEKOTOPOE KOJIMYECTBO HTEpaluid
(manmpumep, 200) u Haxkumaem kHoriky Calculate (Beruucnste). [Ipu 3ToM HauHETCS
npouecc noucka pemenus (Pucynok. 4.30.), mpu KOTOpOM B rpauyecKOM OKHE
otoOpaxkaercsa rpaduk HeBs30K (Residuals) mo konuuecTBy pelaeMbIX YpaBHEHHM, a
B TEKCTOBOM OKHE BBIBOJUTCS TaOJWIla W3MEHEHHUS HEBS30K OT HWTEpalud K
utepanuu. Pucynok. 4.4.27. — Briagka Run Calculation u poiiecc noucka perieHusl.
Korma Oynmer 3aBepiiieHO TpeOyemMoe KOJIMYECTBO HUTEpallUii WM Ha KaKo-TO
UTEPAIH BCE HEBA3KU OKAXKYTCS MEHBIIIE YCTAHOBJICHHOTO TI0 YMOJTYaHUIO 3HAUCHHUSI
(0.001), pemenune cumrtaercs comenmum (Solution is converged) u pacuer

3aKaHYMBAETCS C MOsBJICHUEM OKHA coobieHus (Pucynok. 4.4.30).

(] Scaled Residuals ®
r EESE TS
e cotruny
w-wEloTity fe+e23
y-waesity
. — Ry

)y

[Tl
fmean

— 5

i ———

lterabons

i
&
~
],

M I I3 - AL DS - P

Consoke ol

epdf=apecies=]

Pucynok.4.4.31. Utepauun

4.1Touck peuieHus.
JUis  mpenBapuTeNbHOrO MPOCMOTpa pe3ynbTatoB Ha Bkiaake Graphics and

Animations (rpaduxa u anumanus) (Pucynok. 4.4.27) Hy>XHO JBaXKJbl IIEJIKHYTh Ha
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anemente Contours (KOHTYpBI), 33J1aTh TapameTpbl Buzyanusamuu (Pucynok.4.4.31.)
u Haxath Display: Contours of Pressure (maBnenue) Options Filled (3anutbie
IIBETOM ITOJIsI KOHTYpOB) Surfaces symmetry (TOBEpXHOCTH OKpAIIMBaHUS — TPaHUIIA
CUMMETPHH).

Jns ananusza pe3yJabTaTOB HYKHO OTKPBITH MOCT-NPOIECCOP, ABAXKJbI
KIUKHYB Ha aneMeHTe Results. Ilpu 3TOM OTKpoeTcs OKHO MOCTHpoIeccopa C
pe3ynbTaTaMu 000MX PacyETOB OJTHOBPEMEHHO. 3aTe€M HY>KHO BBI3BaTh W3 IJIaBHOTO
MEHIO BHM3yaJlu3aTop «KOHTYyp»: Insert, B MOSBUBIIEMCS OKHE OCTaBUTh Ha3BaHHE
Contour 1, maxaB OK, u ycraHoBuTh cienytomue napametpsl (Pucynok. 4.4.32):
Location (pa3memenue) symmetry Variable (mepemennas) Static Temperature.
Haxare Apply (npumenuts). IloBepHyB Moaenu HyKHbIM oOpa3om (Hakumas Ha
TPOWKY BEKTOPOB CIpaBa BHH3Y), MOXXHO TOJYyYWUTh KapTUHY, YyIOOHYIO ISt
cpaBHeHus (Pucynok.4. 4.32). AHQJIOTMYHO MOXKHO CPaBHUTH JPYTHE MapameTphl
(Velocity, Static Pressure u nip).

B pesynbTaTe BRINMOTHEHUS BCEX PACUETOB MOJIydyaeM clienayroniue rpadpuku. Ha

pucynke 4.4.32. nokazaHo “CrtaTH4eckoe JaBJICHHE JIbIMa Ha MPEMSTCTBU (31aHue)”

[*] Contours of Static Pressure [ pascal)

ka1

e |

Pucynok.4.4.32. KoHTypbl 1aBlieHUS

B pe3ynbTaTe BBINOIHEHUS BCEX PACUETOB MOJIy4yaeM ciieayromue rpadpuku. Ha

pucyske 4.4.33. nokazano “IIpousBoaHas nbiMa Ha IPEMIATCTBUSA (37aHUE)”
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Pucynok.4.4.33. [IpousBoanHas ApiMa Ha PENSATCTBUS

Ha pucynke 4.4.34. nokazano “Crarndeckass TeMrneparypa AbiMa Ha MPENSATCTBUSA

(3maHue) B BUAEC THCTOTPAMMBI”

Histogram of Statkc Temperabure »

Haa 5 0 TEA0 A B 0 15008 TN 24030 250 280 ™0

Suatic Temperature (k)

Pucynok.4.4.34. Cratuyeckas Temrieparypa AbIMa Ha NPETSTCTBUS

Ha pucynke 4.4.35. [lokazano “Craruueckas TeMmIieparypa IbIMa Ha NPEHsITCTBHS

(3manue)”
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B C of Static ture (k)

Pucynok.4.4.35. Crtatuueckas TeMieparypa abiMa

Ha pucynke 4.4.36. nokazano “TypOylieHTHass KHHETUYECKasi YHEPTUS JIbIMa Ha

nperpany (3nanue)”

[ ] Contours of Turbulent Kinetic Fnergy (k) (m2/s3)

a
LR 1]
1. 80
1 1dedi
4. Meil
4.Tredl
2_BieZ
3. Fell

Pucynox.4.4.36. TypOyneHTHas KHHETHYECKAsi YHEPTHUS

Ha pucynke 4.4.37. nokazaHo “BekTop CKOpOCTH IO BEJIWYMHE JIbIMA HA MpErpasy

(3manue)”
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Pucynok. 4.4.37. BekTOp CKOPOCTH MO BEJIUYHMHE JAbIMA

Ha pucynke 4.4.38. nokazano “Craruueckas remneparypa’ B Buje rpapuka
Stath Temperahare

Tlwsid
LI TR . - ] -.Jhl .ﬁ"+ -5 ﬂ"! iy E
" -

:
:

Z

188

2=l =

LLLEL T

L
TEmalll

Slmanl
EEEL

5001

QDm0 .- - W - e B e S W e

Alesl1 =% T " - T - T - 1
AR ¥ -1a -174 AT 173 =47 s I =FES A0 B -i8

Pesftion {m)

Pucynok.4.4.38 CraTtuueckast TeMieparypa
Ha pucynke 4.4.39 mnoxazano «TypOyneHTHass KWHETHUECKas OSHEPTUs» B BUJC

rpaduka

Turbukent Kinethc Energy (k) 2

et =
t dide=l - -
[ T
1 Dl -:
&.00e-00 - -
20002 =
e . i

00000 L} s
AEE 18 ATA ATS a7 AT s Y] A

Position {m)

: | -18

Pucynox. 4.4.39. TypOyneHnTHass KHHETHYECKasi YHEPTHUS
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5.Pe3ynbraThl pacyeToB
[TpomsBectn mHUIManmmM3auio (Solution Initialization Initialize) u BRITOTHUTH

pacu€t (Run Calculation Calculate) n momyden pesynbrar Ha pucyske. 4.4.40.

Pucynok. 4.4.40. Pe3ynbTaThl pacueToB

4.4. BeIBOBI 11O IJIaBe
[Tonydensl  pe3ynbTaThl  YHUCJICHHOTO  MOJICJIUPOBAHUS  MPOIECCOB
mudy3um U paccerBaHUS 3arpsS3HSIONIMX BEMIECTB M3 TOYEYHOTO HMCTOYHUKA B
atMocdepe, 3aBUCSIIME OT CKOPOCTHU M HAIMPaBJICHUS BETpa, TEMIIEpATypPhl BELIOPOCOB
U CTaOMIBLHOCTH aTMOC(Ephl, TIOCTPOCHHAS HAa OCHOBE PAacueTOB B IPOTPAMMHOM

kominiekce ANSYS Fluent, ANSYS CFX.
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I'JIABA 5. YUCJIEHHOE MOJAEJIMPOBAHUE IMTPOLHECCOB
OUJIIBTPAIIMN KNIKOCTHU U TIPOI'HO3UPOBAHUE OCA/IKOB

5.1. YncsieHHOE MOIe/IMPOBAHNE MIEPEHOCA TACCUBHOM NPHUMeCH HAJI
OrPAHUYCHHON TeppUTOpHUEl

B nanHOM paszelnie npuBeAcHBI PE3yJbTaThl pacdyeTa MepeHoca OCPEIHEHHOU
M0 BBICOTE MACCUBHOW MPUMECH HAJ[ TEPMUYECKU U OporpaduuecKu HEOTHOPOTHOM
OTpaHUYCHHOU TeppUTOpHUEH, BKItouatomiel Tepputoputo Keipreizckoit PecmyOmukw,
C UCIOJIb30BAHUEM JBYMEPHOW MOJIEIH, MOJYYEHHON MyTEM HWHTETPUPOBAHUS IO
BBICOTE MOJIHBIX YPABHEHUM TUIPOTEPMOIUHAMUKH.

[IpoGnema B3auMOICHCTBUS YEIOBEKA C OKpPY>KAIOIIEeH Cpeioi MpeACcTaBiIsieT B
HACTOAIEe BpEeMsi AKTUBHO pPa3BUBAIONIYIOCS O0JacTh MPUMEHEHUS METOJIOB
MaTeMaTU4YecKoro MozenupoBanus. OCOOEHHO OCTpO JTH 3aJauyd CTaBITCS B
NOCJIEIHUE TO/Ibl B CBA3U C aKTUBHBIM BIIMSIHUEM YEJIOBEKA HA OKPYKAKOIIYIO CPELy.
VYBenuueHre MacmTaboB XO3SIMCTBEHHON JNEATEIbHOCTU CBSI3aHO C BO3JICUCTBUEM Ha
OKPYXKAIOIyI0 Cpeay JOKAIbHOTO M TJIoOanbHOTO Xapakrepa. Ilpu oreHke
BO3MOXXHBIX TIOCJICICTBUM DTOM JEATEIBHOCTU CYIIECTBEHHYIO pOJIb JOJDKHBI
ChIrpaTh MaTeMmarudeckue mozenu. C mo3unuil MareMaTU4eCKOro MOJEIUPOBAHUS
BIUSHUE [JEATEIbBHOCTH YEJIOBEKA MOXHO HWHTEPIPETUPOBATh KaK pPEATM3aLHI0
HEKOTOPBIX dKCIepuMeHTOB. [locTaHOBKA K€ AKCIIEPUMEHTOB B PEAIbHBIX YCIOBUSIX
Ha TPAKTUKE, C OJHOW CTOPOHBI, OKA3bIBAETCS CIMIIKOM JOPOTOCTOSIEH C Ipyrou
CTOPOHBI, MHOTHE 3KCIIEPUMEHTHl B 3KOJIOTUM M COLHUAIBHO — SKOHOMHYECKUX
00JaCTSX MOTYT MPUBECTU K HEOOPATHUMBIM ITOCIICICTBUSM.

K HactosmeMy BpeMeHH YK€ HAKOIUIEH JOCTaTOYHO OOJIBIION OMBIT B
pemieHny 3ana4d (HU3MKA aTMoc(epbl W TMPUKIATHON METEOPOJOrMU € TMOMOIIbIO
MaTeMaTUYECKUX MoJielel u aHanuza daktuyeckor nnpopmaruu [35, 48,59,60,75].
B 3aBucuMocCTH OT wHcCclieJoBaHUSI KOHKPETHOM MpoOJeMbl BBIOMPAIOTCS MOJEIU
Pa3IMYHOTO YPOBHS MO (PU3UYECKOMY COJepKaHuI0 Uil 3PPEeKTUBHON peanu3anuu

X Ha BbIYUCIUTCIBHBIX MAlIHMHAaXx. TGOp@TI/I‘-IEECKYIO OCHOBY MOI[eHeﬁ JaHHOI'O
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KJIacCa COCTABJISIIOT YPAaBHEHUS TUAPOTEPMOJMHAMUKU aTMoOc(epbl W ypaBHEHUS
nepeHoca u TpaHcopMaIuu MPUMECEH.
MATEMATHYECKASA MOJIEJIb PACYETA.

PaccMoTpumM mMaTeMaTHYECKyI0 MOJENb THAPOTEPMOIUHAMUKHN aTMOC(EpPHBIX
MIPOIIECCOB HAa OTPAaHUYEHHON TEPPUTOPUU pPErHOHAIBLHOTO Maciitaba. s 3amucu
YpaBHEHHUI UCIOIb3yEeM JICKAPTOBY CHUCTEMY KOOpJAMHAT X, y, Z (och X
OpUEHTHPOBaHa Ha BOCTOK, Y — Ha IOT, Z — BEPTUKAJIb BHU3).

B kauecTBe HCXOJHBIX YpaBHEHUU JIOKAJIBbHBIX aTMOC(EPHBIX MPOIECCOB
npuMeMm: YypaBHeHus JBrkeHust (5.5.1), ypaBHeHusi HepaspbiBHOCTH (5.5.2),
ypaBHEHUE TepeHoca Teruia u npumecH (5.5.3), ypaBuenue cocrosinus (Kiaiinepona)

(5.5.4) B ciienyroiieM BUIE

1op

E+L(u)+fv:—pa+F ,
ov _1p, o
6t+L( )—fu= p6y+F’
op _
oy (5.5.1)
ou 0v ow_
- __0,
0x 0y 0z (5.5.2)
o0 0
6t+L(9) F’,
oc ow ¢ e
E+L(c)+ 5, Tac=F", (5.5.3)
p=pRT, (5.5.4)

3agaeM kpaesble ycnoBus npu z=0 u z=H B Buze:

ou ov ,
va—Z:—TX, pOAvE:_Ty’ w=0, w=0

z=0: p,A
, (5.5.5)
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2=H: u=v=w=0, A"%%=0, 4% =0, w'=0
o0n on

Y HadaJIbHbIE ycinoBus nipu t = 0 B BUeE:

t=0: u=u,, v=v,, 0 (55.6)

3,Z[CCI> u, v, W — IIPpOCKIINHN BCKTOpPA CKOPOCTHU BCTpa HAa OCHU KOOPpAUHAT X, Y, Z

COOTBETCTBEHHO; p — IUIOTHOCTh; p — AaBieHue; T — temmepaTypa; R - razomas

Kl/K

Q—T(po/p

noctosinHas; f — nmapamerp Kopuonuca, — TNOTEHIMAIbHAS

K=c /c c,C .
TEMIIEpaTypa; p/ % p’ "V  — ynenpHas TEIJIOEMKOCTh BO3AyXa TIPH

IIOCTOAAHHOM AAaBJICHHUHU U o0BeMe COOTBCTCTBCHHO, C — KOHIOCHTpAaOWsA IIPUMECHU;  —

MOCTOSTHHAS pacrajia; w — CPEeIHEB3BEIICHHAs CKOPOCTh najaeHus npuMecn; H=H(X,

. T,T
y) — OyHKIWMS, OMUCHIBAOIIas peibed MOACTUIAIONICH MOBEPXHOCTH, X° YV —
KacaTeJbHOE HAaNpsOKEHWE TPEeHUs BeTpa Ha BepxHed rpanune (z=0); n —

HalpaBJICHUE BHEIIHEH HOpMald K TNoAacTwiaronied mnoepxHoctn H(X,y);

_oup 6v;1 awu

L
M y
0 X 5 y 0z _ OIlEpaTop aABEKLUUH CKAIAPHOM BeIMYMHBI W, F* —

YJICHBI, OINKCHIBAIOIINE BEPTUKAIBHYI0O U TOPU3OHTAJIBHYIO TYypOYJIIEHTHOCTD,

_ 0 220B, 0 4xOH, 0 AyOH,
F A A A s ax
uveromme  sun P 0Z 0z axnax oy "oy’ A, AL A

KO3((PUIIMEHThl BEPTUKAIBHOW W TOPU3OHTAIBHON TYypOYJEHTHOCTH, TIA€ TOA U
HOHUMAIOTCA U, vV, @ Win ¢; p, — CpeaHsis INIOTHOCTh Bo3ayxa. Kpaesble ycnoBus Ha
«OTKPBITOW» TpaHulle 00JacTu cHOPMYITUPYEM HUKE.

[lepeitneM OT METEOPOJIOTHUECKUX BEIUYHUH P, p, @ u T K UX OTKIOHEHUSIM

p,p,0 uT po dbopmyam:
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p=p+p‘, p=p+p, 0=0+0, T:T"'T', (5.5.7)

rae P (Z)) p (Z>’ 9(2 )’ T(Z) — (QyHKIUS TOJBKO BBICOTHI , €= const, nmpuuem
0p_ _ ’ ' '
— D= —~—=gp p7<<1, 'DT<<1 i<<1
p_RpT u 0z . Ipennonaras namee P p u O u
0Pz
WHTETpUpYs UCXOHBIE ypaBHEHN 110 z oT 0 10 H ¢ yuetom Toro, uto 0Z p , TIIE
A= g /8=const IpUIEM K YPABHEHMIO U1 MHTEIPAIbHON (DYHKIMHU TOKa ¥
ot ox\Hoy) ody\Hox | 0x\H 0y ody\H 0x
_ a0 (1L oAy |\ 0 [1 0Ay
=A== + — +F
Hox\Hox | oy (H oy ’ (5.5.8)
371ECH
ped | b | 0|t | M 9 |106] o106
ox\poH| 0y\p,H| 2 |0y\H dy| 0x\HOdy]||
Aw:aiéwﬂ 10y oy oy
ox\Hoy| oy\Hoy| Ag=A,=A,;=A,=A; =const

9

a (bYHKI_II/IH TOKa ¥ CBsI3aHa C TOPU3OHTAJIBHBIMU CKOPOCTAMHU COOTHOHICHHUAMU

H H
Z_RU:J” vdz, g_‘l’:_f udz.
X y 0 (5.5.9)

IIpu BbIBOozme ypaBHeHus (5.5.8) mpu JIuHeapu3alyyd HEJIMHEHHBIX YJICHOB

ImpcarojarajloCb, 4To
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0 (5.5.10)

rae o0 U —3TO U WM V, a BOJIHA CBEPXY O3HAYAET OCPEIHEHHE M0 ITyOuHe,

1H
ﬁ{ A

Ty
T.C. CuuTanoch, 4YTO COCTABJISIIONIME TPECHUS X Y o

MOACTIWIIAOINYIO IMOBCPXHOCTL IMPOMOPHHUOHAIBbHBI COCTABIIAIOIHUM IIOJHOI'O ITOTOKA,

T.€.
LU g [ udz=RZL
p, ‘ozt Hae= ay
b
_r=a A |H——Rf vdz=— 8_1/1,
Po 62 X (5.5.11)
2 2
A=A+A, %H ; %H)
rae X J - 3¢dexTuBHBIH  KO3PULHEHT

MIPUJIOHHOTO TPEHUS.

VYpaBuenue (5.5.11) MoxHO 3amucaTh B BUJE CHUCTEMBI JBYX YpaBHEHUMU

OTHOCUTEIHHO (PYHKITUHU TOKA ¥ M IOTCHIIMAILHOTO BUXPS §= (AW —f )l H

5 _ o (L ody),a (1 oAy
H at+R E+J(y,&)=—Rf+F+A, i ay (H 5y ) ,
0 (Loy) o [1oy|_
= —ZT |=H
0x \H 0x +8y(H ay) S+ (5.5.12)

oy 0& oy 0é o’y 6z,u
e Tw,¢)= 0x dy 0y ox, A=

2
ox° O y - oneparop Jlamaca

(kak u B (5.5.8)).
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OcpenHeHHbIE 10 TIIYOMHE OTKJIOHEHHE MOTEHLIUAIBLHON TeMIIepaTyphbl (6) u

~

KOHIIEHTpALUs IIPUMECH <) ONPEAEIIAIOTCA U3 YPABHEHUM

il 0uH0 0vH0 K ] i 09

TR 8y 0xHA90x 8yHA96y _o HAXaC i HAyaC
OHT OUHT 0VHT o dy
t——+——+H{C
ot ox 0y (5.5.13)

Ha OTKpBITBIX yudacTKax rpaHULbl NPUHUMAETCS YCIOBHUE PABEHCTBA HYJIIO
HOPMaJIbHOW MPOU3BOJHOM OT KacaTeJIbHOM COCTaBIISIOIICH CKOpOoCcTU. Tam, rxe
MOTOK HANpaBJIEH M3 paccMaTpUBaeMoOil 00JacTH, GyHKUMA TOKA M MOTEHLIHUAIbHBIN
BUXPb BBIYUCIISIIOTCS C MIOMOLIBIO CUCTEMBI (5.5.12), a moTeHmanpHas TeMneparypa
U KOHIICHTpalus puMecu U3 ypaBHeHui (5.5.13) npu ycinoBUM paBEHCTBA HYJIO MX
HOPMAJIBHBIX MPOM3BOJHBIX. TaM, IJ€ NOTOK HAaNpaBJIEH B paccMaTpUBAEMYIO
o01acTh, MOTEHIMANIbHAS TEMIIEpaTypa, KOHLEHTpAalUUs NpUMecH U (QYHKIHS TOKa
3a/laHbl, a TOTEHLUHAJIbHBIA BUXPb HAXOJUTCS W3 BTOPOTO YpPAaBHEHHUS CUCTEMBI
(5.5.12).

Meton pemenusi. [Ipu yucinennom pemeHun ypaBHeHui (5.5.12) u (5.5.13)
UCIIOJIB3YIOTCS KOHCEPBATHUBHO — JAMCCUIATUBHBIE PA3HOCTHBIE CXEMBbl 110
IPOCTPAaHCTBEHHBIM IIEPEMEHHBIM W HESABHBIC AaNNPOKCHUMALMM 110 BPEMEHMU.
OyHKIMA tokalV) ® moTeHUMAIBHBIL BUXPb (€ )OHpeI[eJ'I}IIOTCH B y3Jlax

TOPU30HTAIBLHOW PA3HOCTHOM CETKHU C IEJI0YNCICHHBIMHA 3HAYCHUSMH WHJEKCOB 1 U |

Mo OCsAM X MU 'y COOTBCTCTBCHHO, OTKJIIOHCHHC HOTGHHI/IaJ]BHOﬁ TEMIICPATYPhI (9 )— B

TOUYKAX C MOJYLEJIbIMU 3HAYCHUSIMU UHIIEKCOB 1+1/2, j+1/2, cocTaBstomume CKOpocTu

() u (V') B Toukax 1, J+1/2, i+1/2, j cooTBeTcTBeHHO (ceTka D mo TepmuHoNOrUn
[4]). Cucrembr anreOpandecKux YypaBHEHUN, AaNMpPOKCHMHUPYIOIINE WCXOIHBIC
muddepeHanbable YpaBHEHUS, PEIIalOTCsl METOJIOM TOCJI€IOBATEIbHON BepxXHEH
penakcaiuu.

Pe3y.]'ll>TaTbI YUCJICHHDBIX IJKCIICPUMECHTOB. HpI/I IMPOBCACHUN YHCIICHHBIX
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(6)
SKCIECPHUMECHTOB B HadaJlbHbIM MOMCHT BPEMCHM 3aJaBajJIOCh pacopeaeiicHhe 0 ¢

'5':100%—)/ [HO—H(x,y)],
MEPUAUOHAIIbHBIM rpagueHTOM B 10'C [ y
y:O,936-10_32pa6/ M He=8500 M — BBICOTa, Ha KOTOPOIl PACIOIOKEHO HAYAJIO
cuctembl koopauHar (z=0); 1, — pasmep obOnactu ¢ ceBepa Ha tor, 1,=4,8:10°m],
3amaBayics (POHOBBIH TIOTOK U=U, V¢=Vo UISI TOPH3OHTAIBHBIX COCTaBIISIOIINX
CKOPOCTH B 3aBHCHUMOCTH OT PaCCMaTPUBAEMOTO BapraHTa. 3HAYCHHE WHTETPaTbHOM
(GYHKIIMM TOKA B HAYaJIbHBI MOMEHT HaXOAMJIOCHh C MCIIOJIh30BAaHHEM COOTHOIIEHUI

(5.3.9), a 3HAYEHNE TOTEHIMATBHOTO BUXPS € — N3 COOTHOIICHHS

(f:(Aw_f)/H: oV _ou /H
dxH JdyH (5.5.14)

T.€. U3 BTOPOIr0 ypaBHEHUs cucteMsl (5.5.12).
B o0cyxmaeMbIXx HUXE YUCIEHHBIX SKCIEPUMEHTAX, BBITOJHEHHbIX ¢ 20-TH
KAJIOMETPOBBIM Pa3pellIeHUEM IO TOPU30HTAIbHBIM KoopauHaTaMm (49x25 Todek 1o

OCH X U Y COOTBETCTBEHHO), 3HAUEHHUsI OCHOBHBIX ITapaMeTPOB CIEAYIOIIHUE:

F=9,75107-2-10" y (¢), R=10"¢",

1
A*=A*==A_+h|u|/2
An=2n2, 0200 , (5.5.15)

1 ~
Ag:AgZEAH+h|v|/2, 1,=1,=0,

q= 2:10°¢", =120 C.

31ech h — mar no ropu30HTaJIbHBIM KOOPJIMHATAM, T — ILIar 110 BPEMEHHU.
B HavanpHbII MOMEHT BpPEMEHM B TOYKE C KoopAuHATamu (Xo, Yo,
INpUHAJUIekKAIIEeH paccMaTpUBaeMOM 00JIaCTH, 3aaBajoCh HAIUYME KOHIIEHTPALUU
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MIPUMECH, TOCIIE€ YEro PaCCUUTHIBAIICS €€ MEPEHOC, C MOMOIIbI PEHIEHUS BTOPOIO
ypaBHeHus (5.5.13) ropu30oHTAIBHBIM BETPOM, KOMIIOHEHTHI KOTOPOTO HAaXOJMIIUCH

U3 peuieHus: ypaBHeHus (5.5.12) ¢ y4eToM BIIMSHHS TEPMHUYECKOW HEOTHOPOJHOCTHU

(6) OTIpEJICIISIEMON U3 pelleHuUs IepBOro ypaBHenus (5.5.13).

Bcero ObuIO MPOBENEHO TPHU YUCIEHHBIX 3KCHEPUMEHTA MO MOAEIUPOBAHUIO
MpoIlecca pacnupoCcTpaHeHUs puMecu Haja Tepputopueit Koiproizckoil PecyOnuku ¢
Pa3IMYHBIMA  METEOPOJIOTUYECKHUMHU  YCIOBUSAMH. VIHTErpupoBaHHE ypaBHEHHUS
b dy3ur IpUMecH BO BCEX SKCIEPUMEHTax MpoBoauiioch Ha 30 u Oojee CyTok
MOJIEIbHOTO BpeMeHH c mmarom 1 cyTtku. Mcnonb3oBancsi peanbHbIl  penbed
NOBEPXHOCTH, U30JIMHUU KOTOPOTO NMpPUBEAEHBI HAa pucyHke 5.5.1. HukHHMil JIeBbIii
YTOJI pACYETHOM 00IaCTH COOTBETCTBYET 39 c.11. U 69 B.1I.

B mnepBoMm 3KcrnepuMeHTe B KayeCTBE HauyaJlbHOI'O COCTOSHUS ObLI 3ajaH
3aMafHbId  MEpPEeHOC CcO  CcKopocTsMU  Up=Im/cek u  vo=0,I1M/cex. [lanee
PaCCUMTBHIBAINCH TEPMOJAMHAMUYECKUE XAPAKTEPUCTUKU 110 OIMCAHHOW BBIIIE
Mozenu. llomyyeHHOe B pe3yinbTaTe MOAECIMPOBAHUS IOJE BETpPa IPEICTABICHO
M30JMHUSAMU  (QYHKOMM TOKa Ha pucyHke.5.5.2. W3 pucyHka BHJIHO, YTO
CYLLIECTBEHHOE BJIMSHHE Ha JUHAMMKY OKa3bIBaeT TONOrpadusi HIOBEPXHOCTH. 3aTEM B
paiione Kamxu-Caiickoro XBOCTOXpaHWIHUIIA OBbUIO 33JaHO HAYaJIbHOE 3HAYEHUE
KOHIIGHTpAIlluu  TpuMecH, ©  ypaBHeHue  gudpdy3um  npumecu  ObUIO
OpouHTErpupoBaHo Ha 30 CyTOK, T.e. MOJEIMPOBAICA IPOLECC PACHPOCTPAHEHUS
IIPUMECHU B PE3YyJIbTATE ABAPUMHOW CUTyauuu. M30MMHUM KOHUEHTPALUH NPUMECU
NpUBEJAEHbl Ha pucyHke 5.5.3. AHanu3 pe3yJbTaroB pacyera IOoKa3aia, 4YTo
pPacIpOCTPaHEHUE TTPUMECH OCYUIECTBIIIETCS B COOTBETCTBHM C IPUCYLIEH ITOMY

palioHy HUPKYJISALHACH.
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Pucynok.5.5.1. M3onuauu penbeda moBepXHOCTH
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Pucynok.5.5.2. M3onunun QyHkiuu Toka (9kci. 1)

Bo BTOpOM uMCIEHHOM OSKCHEPUMEHTE 3aJaBajiCsl 3amaJHbli TEPEHOC CO
ckopocTsMu Uo=10M/cek, vo=1M/cex. B aTom ciydae BiusHuE penbeda MoBepXHOCTH
Ha JMHAMHKY MMOTOKA 3HAYMTEIILHO MEHBINEC W MpeodsanaeT 3aJaHHas [UPKYJISIIHS
(Pucynok.5.5.4). Obnako 3arpsi3HeHHUS UMEET 00Jiee BHITSIHYTYIO0 (OPMY B BOCTOUHOM
HarpaBieHun (Pucynok.5.5.5). Ilocie 40 cyrok wHTErpupoBaHms 00JaKO
3arpsI3HSIONINX BEIMIECTB BBHIXOAUT 3a MPEACIIbl pacueTHON 00JaCTH Yepe3 BOCTOUHYO

IpaHully.
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Pucynox.5.5.4. U3onuuuu GyHkmmm Toka (9KCm.2)

OCHOBHBIC OTJIMYHUS TPETHETO IKCIICPUMEHTA OT MEPBBIX JABYX 3aKIIOYAOTCS B
TOM, 4YTO OBUI 3aJaH BOCTOYHBIM mepeHoc (ue=5 w/cek, v¢=0,5 w™/cex), a
KOHIICHTpaIusl MPUMECH 3aJaBajlach Ha BOCTOYHOW T'paHHUIIE pacdeTHOH o00JacTu.
OTOT  YHCICHHBI  OKCIEPUMEHT MOJACIUPYET MPOIECC  PACHPOCTPAHCHUS
paAroaKTUBHOTO o0Jaka, mnepememaromerocss ¢ teppuropun Kutas. JluHammuka
oOnmaka TIpuBeJAeHA Ha pUCyHKax 5.5.6-5.5.8 wepez 10, 25 wum 35 cyrok

WHTETPUPOBAHUS.
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Pucynox.5.5.6. U3onunauu KoHneHTpaIuu (3Kci.3)
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Pucynok.5.5.7. U3onuaun pyskumm Toka — 25¢yToK (9Kcm.3)
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Pucynox.5.5.8. M3onunuu pynkuuu Toka- 35 cytok (9kcm.3)

Pe3ynprarel MpPOBEACHHBIX YHMCIEHHBIX JKCIEPUMEHTOB JEMOHCTPUPYIOT
PEATUCTUYHOCTh MOJEIIMPOBAHUS MPOLIECCA PACTIPOCTPAHEHUS] TPUMECH. BBIBOJBL.
3arps3HeHre atMoc(epbl MPUMECSIMH Pa3IMYHOTO TPOUCXOXKICHUS BBI3BIBACT
Hay4HbIH MHTEpEC, MPEXKIE BCErO TeM, YTO OOJbIIas YaCcTh aTMOC(EPHBIX MpUMecen
OKa3bIBa€T BPEAHOE BIIMAHUE KAaK HA >KMBOTHBIM M PACTUTEIbHBIA MUpP, TaK U Ha
310POBBE YEIOBEKA.

KoHuenTtpamust npuMeceii, B TOM 4uCle U paIMOAKTUBHBIX, B aTMOc(hepe U Ha

3eMHOH IOBCPXHOCTHU B CUJIBHOM CTEIEHM 3aBHUCUT OT MCTCOPOJOTHYCCKUX
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(aKkTOpOB, YTO MOATBEPKIAETCS W BBHIMOJHEHHBIMU UYHCICHHBIMH SKCIEPUMEHTAMHU
Jake B paMKaxX MaTeMaTH4e€CKOW MOJICIIH.

Cpenn ymoMsiHYTBIX (AaKTOPOB BaKHOE 3HAYCHHUE WMEIOT CKOPOCTh U
HalpaBJIeHUE BETPA, WX HW3MEHUYMBOCTH C BBICOTOW, TEPMHUUYECKAsT yCTOWYHUBOCTH
atMoc(epsbl, 00y1aka, TYMaHbl U OCaJKH, peibed MECTHOCTU W T. 1. Ilox BIusHUEM
9TUX (aKTOPOB KOHIICHTpAIUs TpUMece B arMocdepe H3MEHSETCS B IIMPOKUX
npenenax. B CBSA3M C 3THM MPEACTaBISETCS BaXHBIM pa3paboTKa TPEXMEPHBIX
YHUCIICHHBIX MOJICJICH TIepeHoca W TpaHCHOpPMAIMKM MPUMECEH I OICHKH BBIOOpa

MCCT AJIA CTPOUTCIIBCTBA IIPOMBIIIIICHHBIX Hpe,Z[HpI/IHTHﬁ, ZKWJINOI U T.A.

5.2. MOI[eJIHpOBaHHe nmpouoecca TemjioBJaaromnepeHoca B HGOIIHOpOIlHOﬁ
HOpl/ICTOﬁ cpeae ¢ y4eTomM paspbiBa MOPUCTOCTH.

[IpumeHuM BBIMIMCAHHBIC BHINIE YpPAaBHEHUS H YCIOBUS K HECKOJIbKHUM
TUMUYHBIM 3aJlayaM HEeCTallMOHAPHOW OJIHOMEpHOM (QuiabTpanuu. B kadecTBe
HavyajabHbIX yciioBus nipu t = 0 B 3amaue A (pucynke 5.5.9,a) u b (pucynke.5.5.9,0)
3agaaumM nokosmuiics Han ['P cimost skunkoctu Tommuubl h(0)s ho=1. IlycTs, kpome
TOro, B TOT ke MoMmeHT Z:(0)az., = 0, u B 3agaue A(b) mox I'P pacnomnaraercs 3CM

(34YH). ITpu t>0 Haunetcs nporiecc GuIbTpaluu, IPUIEeM coryiacHo (5.5.4)

z,=n'w, (5.5.16)
cj=j.=1 B mepBoii 3aga4de u j=Jjs=0 BO BTOPOW.

B cuny (5.5.16) u w , T. €. Z-KOMIIOHEHTa CKOPOCTH (PUIbTPYIOIICICS
XKUAKocTH o ¥ Haj [P, - hyrakmm Toneko t. [Toaromy 0603HauuB dw/dt yepe3 w' u
npouHTerpupoBas ypaBHenue (5.5.13) ot z=0, rae cornacHo onpenenenuto u3 (2.3.9)
X(o, t) =p"(t) = p’, 1o ®H, rae z=z., a B cuny (2.3.8) X(z;) = -z, HalijeM, 4TO B

o0enx 3agavax:

w, 4
—+ew,— 1|z, =
o " =P (5.5.17)

+

3aech, Mo aHajoruu ¢ 6 u3 (5.5.6) MHOXKUTENb ¢ BBEJICH I TOT0, YTOOBI OblIa
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BUJHA pOJIb OOBIYHO MpeHeOperaeMoro HWHEPLUUOHHOIO CJIaraéMoro ypaBHEHUS
neuxkeHus (5.5.7): mpu =1 oHo yuuThIBaeTcs, a npu =0 - HeT.

Cuctema ypaBHenuit (5.5.15) u (5.5.16) He3aMKHyTa, NOCKOJbKY OHa
COJICPKUT €Ille HEU3BECTHOE NaBiieHue p'. JIJisl ero ompenesieHus CHavana, Kak u npu
nosyyenuu (5.5.11), npounrterpupyem ypaBHenue aBuxeHus (5.5.13) ¢ 1/8=o0 uepes
cioi xuakoctd Hag I'P, yurs, uto w™ = w. QyHKUUS TOJNBKO t, paBHas COTJIACHO

(2.2.5) mnw" = mnw., u 4to B cuiy (5.5.13) ¥(h)=h. B pe3ynbrare nmosyunm:
p =(1—ew, Jh=(1—emnw,)h
OTKyJia B COOTBETCTBUU C (2.2.6) Hailnem TpeOyeMoe BbIpaxkeHue aisa p+. Bor

OHO
(5(m2n2—1)(w+ )2
2 (5.5.18)

p'=(1—emnw, )h+

Ipu HanMcaHuu JaHHON (HOPMYIIbI, KaK M paHee, YITeHa TOKICCTBEHHOCTD W

U W., KOTOpas O4eBUIHA, TaK Kak w npu z>0 (1 aHanoruyHo npu z<0 ) - GyHKUHS
toapko t. Ecau B (2.2.3) monoxutrh §=6=0, TO 3TO JacT paBeHCTBO p’ = h, warie
BCEro ynoTpeodiasieMoe B Kilaccuueckoi Teopun Gpuibrpauuu. [locne noacrtaHoBku p+

u3 (2.2.3) B (2.2.2) npuaeM K ypaBHCHUIO:

z )_ §(m°n*-1

¢(mnh+z, )w,=h+z — w

A 2 " (5.5.19)

Hakonen, s onpenenenusi Bxonsamen B (5.5.18) ¢ynkuuu h=h(t) umerorcs

OYCBU/IHBIC YPABHCHUC M HAYAJIbHOC YCIIOBUC

h':—w_:mnw,,,h(O>:ho:1 (5.5.20)

NurerpupoBanue ypaBHenuit (5.5.15), (5.5.18) u (5.5.19) Tpebyer 3amaHus

enie oJIHOro HavasbHOro ycioBus s w+(0). B 3agadax A u b oHo umeeT BU/I;

w_( O) _
(mn) =0 (5.5.20)

W+0:W+(O):

U 3aMbIKaeT GopMyIupoBKY 3a7aun Komm /uist mosryduBIIeHCs: CUCTEMBI TpeX
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OOBIKHOBEHHBIX AuddepeHInaIbHbIX YpaBHEHUN mepBoro mopsnka. Ee pemienne
OTpeJeNsieT pa3BUTHE HECTAIMOHAPHOTO mporecca, puubrpamuu s Becex t>0. C
JIPYTOW CTOPOHBI, Uil BBIICHEHUS XapakTepa pemieHUs MPH MaJbIX t MOYKHO

MNOCTYIIHUTD CJICAYIOIIUM 06p330M. BYI[GM HCKAaTb W B BHUJIC:

- §
w,=a+[t"+.... (5.521)

C 3apaHee HEM3BECTHBIMU KOHCTAHTAMH &, B U Yy , IpUYEM B COOTBETCTBHUU C
(5.5.20) y> -1. IIpounterpupoBa (5.5.21) u (5.5.19) u yuts HayanabHbBIE YCIOBUS

o0eunx 3a1a4: Wio= Zi, = 0 momyqum:

' 1+y
w+:at+Bt—+....
(1+y)
| L) e24nl pe2+y
Z+: +..
[(1+y)(2+y)]
_ 2
1= amnt” 0(2mnt —ant2+6
h= +...
[(1+y)(2+y)] (5.5.22)

IToncranoBka 3tux pasznoxenus u (5.5.21) s ypaBHenue (5.5.18) maer ms a, B

Hn Yy CICAYOIIUEC 3HAUYCHH:

1 en’+8(1+mn)]

emn)

B=(mn—1)!

a= =2
( [2(emny] (5.5.23)
[TockonbKy 1151 §€=0 KOHCTaHTHI @ U 8 0OpalaTcs B OECKOHEYHOCTh, TO TIPH
MpeHeOpeKEHNN WHEPIMOHHBIMUA YJieHaMu TipeactaBienne (5.5.21) okasbiBaercs
HecnpaBeyiuBbIM.  bonee Toro, mpu =0 wu3 cucrembl auddepeHnaIbHbIX
YpaBHEHUSl BBINAJAET  YCKOPEHHE W: W CIEJOBATEIbHO HE MOXET ObITh
YIOBJIETBOPEHO HavalbHOe ycinoBue (5.5.20). HavanbHas cKOpocThb Wi, B

0€3bIHEPLIMOHHOM TPUOIMXKEeHUU mnonydaeTcss npu =0 u3 (5.5.18) u oka3biBaercs

PaBHOM:

w

2
= =W
+0 0
¢5(1-ﬁn2n2 (5.5.24)
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BcooMHHM, 4TO 3a MaciuTab CKOpPOCTH ObLT B3AT +gh, rae h o - pasmepHas
HavaJIbHas TOJIIMHA cJIos skujKocTu. [loaromy, Hampumep st ho = 0.1 w u g = 9.8
M/cek (5.5.24) naet pa3MepHYIO HauYalIbHYI0 CKOPOCTh HECBA3AHHOM >XuaKocTH B [IM
nopsinka 1 = 2 m/cek. Takum oOpa3oM, XOTsI y4eT MPONMOPIUOHATHHOTO W+, CKAUKa
nasieHus Ha ['P u oGecneynBaeT KOHEYHOCTh CKOPOCTU W, B TUIIMUHBIX CUTYaLUSIX
OHA BCE )K€ OKAa3bIBAETCS 3HAUUTEIBHOM A1 "NMMHEHMHOU" (B CMBICIIE CIIPABEIMBOCTH
3akoHa Jlapcu) teopun. Eciu sxe Hapsmy ¢ MHEPUHUOHHBIMH ciaraeMbiMu (§=0)
npeHeopedb U 3TUM 3G(HEKTOM, T.e MOJOXKUTH eile U 6 =0, kak OOBIYHO JIeNIaeTCs B
KJIACCUYECKON Teopur (UIBTPAIMH, TO 3TO JAACT Wt . JleiicTBuTenpHO, (2.2.4) B

TaKOM CJIy4ae CBOJIUTCS K YPaBHEHHIO:
x =2 xn’[h+/x (5.525)
KOTOpPOM X=Z, ., oTctoaa u uB (3.1) HalijgeH, 4To

_go(h+&)

* Z

+

u nodroMy npu t = 0 , Korma Zu-o. ¥ X=0 , CKOPOCTb W CTaHOBHUTCS
OECKOHEYHOMH.

Wtak, B coriacuu ¢ NpoOBEJCHHBIM aHAIU30M, YU€T MHEPIIUOHHOCTH JKUJKOCTH
(§=0) obecneunBaeT, Kak 3TO CJICAyeT W W3 MOCTAHOBKH 3a1a4d A u b, BeITONTHEHHE
YCIIOBHSI HyJIEBOM HauanbHOUW ckopoctu BTekanus JKH B IIM, a BMecte ¢ 3tum u
ckopoctd @H: Do=n w.o. BaxkHO, 4TO yCIIOBUM YyIAOBJIETBOPSETCS BHE 3aBUCUMOCTU
OT y4eTa Win npeHedpexxkenus ckaukoMm p Ha ['P. Eciu =0 npu 6=1, T.e. ¢ cinyuae
y4eTa TOJIbKO BTOporo 3¢ dekra (ckauka p rnpu z=0 ), TO W1y OKa3bIBA€TCSI KOHEUHOM,
HO OTJIMYHOW OT HYJIS U K TOMY € B TUIHUYHBIX CUTyalUsX JOCTATOYHO OOJIBIIOMN.
Hakoner, npu npeHedpexennn odonmu o0cyxnaeMbiMu dddexramu (§=6=0) w =
. ITo mepe ynanenust ®H: z=z.(t) ot I'P oTiinune pe3yapTaTtoB, NOJYyYaIOMIUXCA TPUS
U 6, PaBHBIX HYJIO WM €UHHIIC, YMEHBIIACTCS, YTO SBISETCS CIEACTBHEM MAJIOCTH
6e3pa3zmepHoro koddduimenta punptpanuu X .B 3Toi CBSI3U HAIIOMHUM, 4TO R=Kk{ ¢

L=h,, npuyem B 06brunbIX [IM k<<0.01 m/cex. Ilpu R<<1 B (5.5.18) npu "crapueit
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npou3BogHOU" (W,,,) MOSBISETCA Malblid MapaMmeTp, MPONOpHUOHANbHBIN N. B
pe3ysbTaTe I0CTATOYHO OONBIINX t (€Ciu, pa3yMeeTcs €lle paHblle He MPOU30MIeT
Mepexo/1 K ciiy4aro, U300pakeHHOMY Ha puUcyHke 5.5.9,B) pemienue cucteMsl (5.5.15)
(5.5.18) u (5.5.19) mpakTu4ecKkd NepecTaeT OTIUYATHCS OT CBOEro "paBHOBECHOIO"
aHajora, yJoBJIeTBOpstolero ypaBHeHusm (5.5.15), (5.5.25) u (5.5.19).

3agaun A u b nerxko 0600marTcss Ha J00YI0O KOHEUHYIO CKOPOCTh CTOJ0a
KUJKOCTH, KOTOPBINA, pa3roHssich npu t<o, B MomeHT t=0 coyapapsercs ¢ ['P: z=0.
Ecniu BenmmumHa wi =w_o/(mn) B W /(mn) mpu 3TOM Maja MO CPaBHEHHUIO CO
CKOPOCTBIO 3BYKa B JKHJIKOCTH 2y, TO PEIIEHNE TAKUX 33]1a4 TPOBOIUTCS TPAKTUIECKU

TakK ke, Kak 1 paHee, ¢ 3aMeHoi (5.5.21) na:

_ W
W=

0=
’ (m”) (5.5.26)

a B ciaydae HEoOXOomMMOCTH - JuHeWHoro 3akoHa Jlapcu (5.5.19) ero
HEJMHEWHBbIMU aHanoramu [IpaBna, m Teneps NMEpBbIE WIEHBI PA3JIOKECHUM I W,
Z: .. 1O t, 3aMeHsANIMEe TOoJydyeHHble il W+o=0 oTpe3ku psanoB (5.5.22) c
kodpounmentamu  (5.5.23) OKka3pIBaIOTCS HE 3aBUCSAIIMMU OT BHJAA 3aKOHa
B3aumoyercTus JKH u [IM. JleiictButenbHo, pu w < <a, mn u3 (5.5.17) u (5.5.26)

1 hy=0 umeeMm:

o 1 _5(1—m2n2)W2:a—5(1—m2n2)W
L7 (emn)  [2e(mn )] [2¢&(mn)*] (5.5.27)

pH P,
2

C a wu3 (5.5.23). Orcroma, u3z (5.5.26) u (5.5.15) Haiimem, 4TO TEnephb

pasnoxenus (5.5.22) 3aMeHATHCS Ha:
j 2
n at

— —nJ -
w,=W+a t+...z, =n' Wt+ 5 +...

a,mnt’
hzl—Wmnt—T+...

CornacHo (5.5.27) mnQ, . T.e. HauYaJbHOE YCKOpeHue xkuakoctu Haja ['P, npu

W>0 Bcerna MeHbllle eAMHULBI (WU g- 7151 €r0 pa3MepHOU BeluuuHbl ). Maio toro,
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CCJIn:

W*>2(mn)*~[8(1—m*n)]=(mnw,)’ (5.5.28)

c W, wu3 (5.5.28), TO HayaJlbHOE YCKOPEHHE JKUJKOCTH OKaXKEeTCs
orpunarenbHeIM. [loguepkHem paszauiy Mexnay caydasmu W=0 n W>0. [Ipu W=0
MTHOBEHHOE ''CHATHE" Iepenana NaBIEHUS Ha CIOE€ XUIAKOCTH BEAET, KaK 3TO U
CJI€0BAJIO 0KUAATh B pAMKAaX HECKUMAEMOU KUIKOCTH, K MTHOBEHHOMY YCKOPEHUIO
BCEI0 ATOTO CJIOS IO YCKOPEHUsSI CBOOOIHOTO MaieHus (B 0e3pa3MepHBIX MEPEMEHHBIX
10 wo= 1). IlockonbKy, omHako, moj HUM oka3biBaeTcs IIM, a He cBOOOIHOE
IPOCTPAHCTBO, TO B TOT € MUI' HAUMHAETCS YMEHBIIEHUE HAYAJIbHOTO YyCKOpeHus. B
paznoxenun  (5.5.22) ana wy  3toMy  3(¢dexTy OTBeuaeT  ciaraemoe,
nponopuonansHoe Bt* ¢ f<0 u3 (5.5.23). Ecnu xe xuakocts coymapsercsa ¢ I1IM ¢
HayaJbHON CKOPOCThIO W9 = W > 0, umest npu t<0 yckopenue, papHoe 1 ( wim g -
JUIsL pa3MEPHOM €ro BEJIMYMHBI ), TO €€ YCKOPEHHE YMEHBIIAETCS MIHOBEHHO Ha
KOHEYHOM BeNIWuMHy, a npu W > mnW, [naxe CTaHOBUTCA OTPULIATEIIbHBIM.
[locnennee HeyaUBUTEIBHO, KOO MIPU COYJAPEHHUH CJIOS HEC)KUMAEMOM KUJKOCTH C
HEIIPOHMIIAEMBIM OCHOBAaHUEM Cpa3y HACTYIAET IOKOH, H, CIEA0BATEIbHO, B HAIIMX
o0o3HaueHusax w_ =mnw. Tak kak npu mn—> O mpaBas dactb (5.5.28) Takke
CTPEMHUTCS K HYJIIO, TO TOT K€ PE3yJIbTaT ¢ yueToM (5.5.27) u paBeHCTBA MMOIYy4YaeTcs

Y B pACCMaTPUBAEMON MOJEIH.
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Pucynok.5.5.10. zt — quarpamma Brekanust ;kuakoctu B [IM ¢ yuerom

CXKMMAacMOCTH

B cBsI3U ¢ pacCMOTPEHHBIM BBIIIE MPEIETbHBIM MEPEXOJIOM CIEAYET yKa3aTh,
OJIHAKO, HA  OrPAHUYCHHOCTh  MNPUOIMKEHUS  HECKUMAEMOM  KUIKOCTH.
JlefictBuTenbHO, U3 paBeHCTBA (2.2.3) BUIHO, YTO C POCTOM W, T. €. CKOPOCTH
COyJapeHusi, U C YMEHBIICHHEM MPOU3BEACHHUS MN PaHO WIH MO3JHO HAPYIIAETCS

YCIJIOBHE:
w + —d JHC

KaK pe3ysbTaT CTAaHOBSATCS CYIIECTBEHHBIMH 3((EKTHl COKMMAEMOCTH CPEbI.
He BHUKas B jeTaqy BO3HUKAIOLIUX MPU 3TOM MPOOJIEM, OCTAHOBUMCA JUIIb HA TE€X
M3 HUX, KOTOPbIE CBS3aHbI C TaK Ha3bIBAa€MbIM ''3amupaHueM' 4al OTBEYaer zt-
auarpamMma  Ha pucynke.5.5.10, roe cxemaruuecku wuzoOpaxensl ['P (ocb t) u
tpaexropuu s CII, ®H, ynapHbIX BoIH, a Takke ¢ - u ¢ ** - xapakrepucTuk Ha
3aMepThIX pexuMax, KOTOpbie, rpy00 ToBOps, peanusyroTcs npu W>mnw, npu z=0
BBITIOJIHSETCA YCIOBUE OTKyZAa, B cuity (2.1) w_=mnw,< W. Tak kak W_o =w, TO U3-
32 MOCIEAHEro HepaBeHCTB» OT [P pacmpocTpassieTcss BI€BO ynapHas BOJHA
(nBotinast muHus 1 Ha pucynke 5.3.10). Yaapnas Bonmna orpaxaetcs ot CII (ckupHas
CILIOIIHAS KPUBAsi 2 C U3JIOMOM) B 8uOe LIECHTPHUPOBAHHON BOJIHBI Pa3peKEHUsI U3 C -
XapakTepUCTUK (TOHKHE KpHBBIE 3). B HayanbHbII MOMEHT p =p (ax) B oOleM
Cllyyae OKa3bIBAETCS IMOJIOKUTENbHBIM, M3-3a YEro U3 Hayajla KOOPJAWHAT BBIXOIAUT
Iy4OK BOJIH Pa3pexkeHus U3 ¢ *° - XapaKTEPUCTUK (TOHKHE KPUBbIE 4, BKIFOUAIOIIHE
och t JIEBYyI0 TPaHMYHYIO ¢ ° -XapaKTepPUCTHUKy 3Toro mydka). Jlpyrue c *° -
xapakTepuctuku, uayume or ®H (crtomnoi kpuBoii 5), co BpemeHeM GOopMHUpPYET
yIapHylO BOJHY (IBOIHasi kpuBas 6), KOTOpas pacHpOCTPAHSIETCS MPOTUB MOTOKA.
ITocrenenHo oHa "NMUKBUAMPYET' My4OK BOJIH pa3pexeHus 4. B pesynprare 3100 U
npuxoga kK I[P BonH paspexeHus 3 B KOHIE KOHIIOB HCYE3AKOT YCJIOBUS,

HEOOXOAMMBIC IS TOMJCPKAHWS pPEKHMMa  3almupaHus, CKOPOCTH IOTOKa

YMCHLIIAIOTCA U 3(1)(1)6KT]’:>I CKNMAaCMOCTH KUJAKOCTH CTAHOBATCA HECCYHICCTBCHHBIMMU.
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Opnako emie paHbllle B 0OJACTAX WHTEHCHBHOTO pa3pekKeHus (HampuMmep, IpH
oTpaxeHuu nydka 3 ot I'P) naBieHune mMoxkeT ynacTh HMKE TMpeJena, Mpu KOTOPOM
KUJKOCTh 00J1aIaeT CBOMCTBAMM CIUIOLIHOM Cpe/ibl. B Takux yCcloOBUSIX MPOUCXOUT
"0TKON"- pa3pylIEHUE KUJIKOCTH Ha OT/IEJIbHbIC arperarsl (Kariu U T.11.).

Bepuemcs k ucxonnoit popmynupoBke 3anady A u b. Urak, B [IM w=w.(t), a
Hag ['P w=w_(t)=mnw.(t), rae w.(t) onpenensercs u3 peuieHus: ypasuenui (5.5.15),
(5.5.19), u (5.5.25) wnum uX YHOPOIICHHBIX BapUAHTOB IPU COOTBETCTBYIOIIUX
HavyaJIbHBIX ycioBusix. [locie i ogHOBpeMEHHO ¢ W.(t) ocTaBIIMECs KOMIOHEHTHI
BEKTOpAa CKOPOCTU MPHU Z>0 HAXOMATCS MHTErpHUpoBaHUEM ypaBHeHuil (5.5.12) npu

rpaHuyHbIX ycnoBusx /10/

u(0,t)=u,(t),v(0,t)=v,(t) (5.5.29)

a QyHKIMH Uo(t) U Vo(t) OpeAensatoTCs U3 TeX Ke YpaBHEHHI ¢

1/R=0 1 HayaIbHBIX paclpeIeICHUN:
u(z,0)=U(z),v(z,0)=V(z);z €[-1,0]
I[Ipy 5TOM MOXHO BOCIOJB30BATHCA TEM, YTO COTJACHO YIOMSHYTHIM

ypaBHEHHUSIM U U v HaJ ['P coxpaHsI0TCS B 4acTULE U TO3TOMY:

(=0Tl v, (=Y Te(e) ] gle=—mn W, (e}

Cwmbicn JAHHOI'O PCHICHHUA IIOACHAIOT JICBBIC ITOJJOBHHKHU Zt-I[I/IanaMM Ha

pucynke.5.5.11,a) u B_, re nokazansl Tpackropun yactull (C -XxapaKTepucTuK):

0z
EZW_(t):mnw+(t)
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/’/ /0 z / z
a) 6)

Pucynok.5.5.11. Cetku Tpaektopus yacTtuil ( C°-XxapakTEpUCTHK ),

Nx unTerpupoBanue “B 0OpaTHOM HalpaBlieHHH OT T=t 10 T=0 1 ompeaenseT
HavyallbHbIE KOOPIUHATHI yacTull Hajx I'P. Vpasaenus (5.5.30) Buyrpu IIM Brois c’-
xapakrepucTrk: dz/dt=w.(t), mpoIo/rKaromuX Ha pUCyHKe 5.5.11. c’-XapakTepucTHKH
xuakoctu  Haxg I[P (mpu  z<0), Takxke WMEOT BUJI OOBIKHOBEHHBIX

muddepeHIrnanbHbIX ypaBHEHU:

ou__u ov__ v
ot ot @’
WHuTerpupys ux npu HayajbHbIX yciaoBUsX (5.5.29), Haiinem, uTo

(t-t,)

u(t,t )=u,(t, )exp %

(t=t,)

v(t,t )=v,(t, )exp Y

(5.5.30)

2oe t) - MOMeHT niepeceuenust yactuuen ['P. Ha pucynke 5.5.9,a vactuupst ®©H B
cornacuu ¢ (2.3.10) gorousitor ®H. Ha pucynke.5.5.11 ®H coBnagaer ¢ oaHoi u3
TpaekTopuii. Kak yxxe ynoMmuHanoch, 00bidHO N<<I]. B Takux ycnoBusiX mpu Uo 4 Vo ,
HE PABHBIX HYJIIO, U U V OTJIMYHBI OT HYJISI B TCUCHUU KOPOTKOI'O MHTEPBaja BPEMEHU
npeopiBanus dactuiibl B [TH. Ilycte m (t) mopsnka wid MEHbBINE €IWHUIIBI, YTO

TUIWYHO JUIS MHOTHX 3amad  (uiabTpanuu. Torma, IOCKONBKY BIOAb ' -

101



xapaktepuctuku dt=dz/w.(t), TO MOXHO TpeHeOperarb X- U y- KOMIIOHEHTaMU
CKOPOCTH B€3Ji€, KpOME CJI0S TOMIIUHBI Rw.( t).

Ilepelimem Temepp eme K OAHOW 3amade - 3amadye B, IMOCTaHOBKY KOTOpPOU
MOSICHSIET pUCYHKE 5.5.9,B, .eciin Ha HeM Ipu t=0 COBMECTUTHh BEPXHIOIO T'PAHUILY
3IIH ¢ I'P: z=0 u, xpoMe TOro, NpUHATH, 4YTO Z+. = 1. C pocTOM t B 3TOU 3ajaye
Mexay ['P: z=0 u TOABKO UTO ynoMsiHyTOM rpanuuei z=z (t) uz-3a npuxenus JKH
BHU3 Bo3HuKkaeT 3YH. Unrterpupys npu z_(t) < z < z.(t) ypaBHeHue (2.3.7) c w = w(t)
u Owlot=dwldt=w, .. = wmaiinem, 4To:

ol2.0)=(lt)-| " vew

Omnpenenus 3ateM f (t) u3 ycinoBus (2.3.6) pu z = z. TJie p=0 MOJIYUUM:
— — + '
p=(¢+z)= ?+€W+ —1/(z,~z)

a 3TO0, B CBOIO ouepenb i z & z Tae Takke p=0, naer

oh oO(hu) _
6t+ oy +q_0,(q—mnw+(t))
2
» O h_
8(hu)+6(hu) . 2 cau=0
ot 0Xx 0X qu= (5.31)

Cuctema (5.5.31) 3anucana B ¢opme '"3aKOHOB COXpaHEHHS" W TMOTOMY
JIOTTyCKaeT "CKBO3HOM cueT", Mpu KOTOPOM MOBEPXHOCTH Pa3pbiBa 1 "TUAPABIHNYECKHUE
NPBDKKH'"), BO3MOXHBIE B TEOPUM MEIKOW BOJBI, TOJYydYarOTCS Kak 00JacTu
HEIMPEPBIBHOIO, HO PE3KOro M3MeHEeHHs h u u. 3aMeTuMm, 4YTO CKa3aHHAsl BBILIE
OroBOpKa '"MOYTH BCIOAY' OTHOCUTCSA KaK pa3 K THAPABIMYECKUM MPBIKKAM, /€
U3MEHEeHHe h ¥ u mpoucxoAuT Ha HyJeBoW jummHe. Ha camom jerne, cchuiaroTcs

HHTCTPAJIbHBIC 3aKOHbBI COXPAHCHUS, UMCIOIINEC BHU:
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¢(—hdx+hudt ) [| qdxdt=0
r B

2
" —hdx+(%)dt ([ qudxdt=0
r § (5.5.32)

rae 6 - IMpOM3BOJbHAS IUIOIIAJKa B IUIocKocTH Xt, a I - ee rpanuma. B
moj00JaCTAX HENPEPBIBHOCTH IMapaMeTpoB (HO He WX Mpou3BOJHBIX!) u3 (5.18)
cienytor auddepeHmanpapie ypaBHeHuS (5.5.1), a Ha TUAPABIMYECKUX TPBIKKAX,

JBUXKYIIHUXCS CO CKOPOCTHIO D:
2
h)(u—D)|=0,2uh)(u—D)+h*|=0 (5.533)

3nech (¢ - pa3HOCTh 3HAYEHUM ¢ Ha pa3pbiBe. B cormacum co cka3aHHbBIM
paHee, npu uHTErpupoBaHuu (5.5.32) mo cxemaM CKBO3HOI'O CUY€Ta MapaMeTphl C
pasHBIX CTOPOH OT pa3Ma3aHHOTO THIAPABIMYECKOTO TMPBDKKA, aBTOMATHYECKU
YIOBJIETBOPSIOT ycaoBusaM (5.5.33).

B nopo0nacTsx HenmpepbIBHOCTU NapameTpoB cucteMa (5.5.33) runepbonuuna

M DKBUBAJICHTHA CIEAYIOIIMM YPaBHEHUSM, 3alMCAaHHBIM B  ''XapaKTepUCTHKOMN"

dbopwme.
di Ii + q . -
=L ["=u+2vVh
dt Vh'’ u=2y
d= _5 Y
©« _0 ++h)9—
de Ot “l\/)ax (5.5.34)

B stux coornHomenusx I+ - unBapuantel Pumana, a d+/dt - omepatopsr
+i6 -6

nosHoro auddepeHuupoBaHuss 1o t, COOTBETCTBEHHO BAOAbL C -U € ‘-

XapaKTEPUCTHK, TJIe

cT: dx _ u++vh
de (5.5.35)

Kak BuanO u3 (5.5.34) u (5.5.35), Vh B Teopun Menkoii Boasl (B pazMepHOi
gopme - VgLh), Urpaer Ty e pOJb, YTO CKOPOCTh 3ByKa B TIa30BOM JMHAMUKE.

[1o9TOMY, €CiH Ha JIeBOM rpaHHIE paccMaTpUBaeMoit obmactu u;=vh,, To 31ech (pu
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X=X, ), Kak M TMpH "CBEPX3BYKOBOM BTeKaHHH" cieayeT 3afaBartb U; u h,. Ilpm
Vh,>u;>0 Ha TOii e IpaHMIe CTABUTCS OAHO ycioBue (Ha U, , hi mwim mobyio nx
QyHKIHMIO, OTAMYHYyI0 oT I *). AHajgorM4HO Ha TpaBol rpaHuie (IpH X=X,) NpH
u,=+/h,He CTABUTCSA HU OJHOTO YCIIOBHS, a P HEOOXOAMMO 3a/1aBaTh JIMOO U, JTHOON,
, TH00 M00YI0 NX (PyHKIUIO, OTIMYHYIO OT I, BBICKa3aHHBIE COOOPAKEHHUS O YHCIIE
IPaHUYHBIX YCJIOBHUH, MOJHOCTHIO COBMAJAIONINE C COOTBETCTBYIONIMMH IpaBUIaMU
ra3oBod JUHAMHKH, CIPaBEIJIUBBI JO TEX MOp, MOKAa TEYECHUE B OKPECTHOCTHU
paccMaTpuBaeMOi TpaHUIIBI HempepbiBHO. [Ipu momymiennn pas3pbiBa, WIAYMIETO OT
TPAHUIIBI, YACIIO YCIOBUM Ha HEW MOXXET ObITh YBEJIUYEHO, XOTS U B TaKUX CIydasiX
(T.e. mpU JOMYIIEHUH pa3pbiBa) BO3MOXKHOE 'TPEBBIINICHUE" YHCIIA YKa3aHHBIX
yCIIOBUW 3apaHee HEM3BECTHO U KaXIbli pa3 JOJDKHO HAXOAUTHCS W3 PEIICHUS
3aJlayy O pacnaje MPOU3BOJIbLHOTO Pa3phiBa.

IIpu teuenun xxkunkoctu Hana IIM cuctemsl ypaBHeHu#M u ycioBuit (5.5.195) -
(5.5.33) cnenyet nononHuTh ypaBHeHussMu JBrkeHus JKH B IIM, MocKoJIbKYy TOJIBKO
COBMECTHOE pacCMOTpPEHHE NOTOKOB Hax u nox I'P: z=0 mo3Bonser HalWTh BXOIAIILYIO
B (5.5.30) u (5.5.31) mmoTHOCTH TOKa  *XUAKOCTH, prutbTpyromeiics B [IM. XoTs B
paccMaTpuBaeMoM 3a7aue B 00IIEM Cilydyae mapaMmeTpsl Kuakoctu noa ['P 3aBucsT ot
BPEMEHHU U JIBYX MPOCTPAHCTBEHHBIX MEPEMEHHBIX Z U X, TUIIMYHA CUTYyaIus, KOTaa
bynkuus z:(t,x), onpenenstomiasi OH: z=z.(t,x), CylIeCTBEHHO MEHbIIIE MPOAOILHOTO
(tr.e. mo x) macmraba TedeHUsA. B Takux yCIOBHUSX MPOU3BOJHBIMH 1O X B
ypaBHeHusix TeueHus JKH B [IM moxHO nipeHeOpeus, U ClIe10BaTeIbHO TEYCHHUE 10T
['P mpu kaxaom x OyleT MO-IPEeKHEMY OIUCHIBATHCA YPABHEHHUSIMU OJHOMEPHOM
HECTaIMOHAPHON (DUIBTpAIK, U3yUYCHHBIMU B TIPEABIAYIIUX paszaenax. OTaudue ot
YKa3aHHBIX Pa3eliOB TENEPh, OJAHAKO, OyJET COCTOATh B TOM, YTO PEIICHUE UYepe3
p=p'(t,x), a Takke Yyepe3 BpeMeHa MOSIBIICHUS WM HCYC3HOBEHUS XKUAKOCTH Haa [P
"mapamerpuuecku” 3aBHCHT M OT X. Kpome Toro, B dopmyne (5.5.17) mnas p* B
JaHHOM TPHUOIMKEHUU H3-32 3aBUCUMOCTH TMoToka Hajg [P oT x Her cmbicia
YAEPKUBATh HMHEPLUHUOHHOE CllaraéMoe, NpoINopLHUoHaIbHOE W, .. B pe3ynbrare

(5.5.17) 3amenurcs Ha:
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2

p =h+S&(m*n°—1) We

2

YTO BEJIET K HEKOTOPOMY YIPOIIECHUIO OCIEYIOIIMX COOTHOLIECHUH 11.3.

He ocranaBnmuBasch Ha JalbHEWIIMX MOAPOOHOCTAX, OOCYIUM CXEMY
peaiM3alid B paccMaTpUBAeMOM MPUOIMKEHUHU TaK Ha3bIBAEMOIO ‘“‘UMITYJIbCHOTO
IoyMBa', Mo KOTOPBIM NOHMUMAaeTcs caenyromee Paccmorpum orpes3ok 0<x<X, rue
"mmaa 60po3asl” X - 3a1aHHast KOHCTaHTa, MpUYeM eciii Macitad L - xapakTepHas
BbICOTA cJios Kuakoctu Haj [IM, To X>>1. Ha npaBoM koHIle oTpe3ka (mpu X=X,=X)
noctaBuM ycioBue Henporekanus u=0. Ilycte nanee ceuenne x=x=0 - "neBad
rpa"uIia 60po3apl" COBMAgaeT ¢ "3aIBMKHOM", pEryIUpYIONMIEeH Mojiauy >KHUAKOCTH B

6opo3ny. Ecnu 3aaBukKa 3aKpbITa, TO:

u(t,0)=u(t)=0 (5.5.36)

IIpu OTKpBITOM 3aJBUXKKE, B COIJIACHMU CO CKa3aHHBIM BBIIIE, YUCJIO YCIOBUU,
3a1aBaeMbIX TpH X=0, 3aBUCHT OT OTHOWEHMs Fr=u,/\h, Ha3bIBAEMOr0 YMCIIOM
@®pyna u ABISABIIETOCS SKBUBAJICHTOM uucia Maxa B razoBoi auHamuke. [Ipu Fr>l,
YTO OTBEYAET MCTEUYCHMIO M3 y3KOM LIEJIM IIPU CPABHUTEIBHO BBICOKOM IIEeperaje

nasneHus, npu Xx=0 He0OX0IUMO 3aaaBaTh U U; u hy, T.e.

u(t,O)Zul(t),h(t,O):hl(t)’ (5.5.37)

¢ u3BecTHBIMU (yHKIusaME U;(t) u hy(t). Ecu Fr<l, To 3amaercst oHa u3 3THX
dbyHKUMNA. 3aMeTHM, KCTaTH, YTO MpPU KBA3UCTALIMOHAPHOM HCTEYEHUU M3 LEIH
BBICOTHI h y OCHOBaHHS OOJBIIOTO OTKPBITOrO cocyla BbicoThl H (1m0 ypoBHIO
KMIKOCTH) B CHIy HWHTerpana bepmymmu Fr=y2(H—h)/h. CrnenoBaTenbHo, 37eCh
Fr>1, ecniu H>3h/2. Takum oGpa3zoM, 3akpbiBasi 3aABMKKY Npu (ukcupoBaHHOM H,
MBI C YyMEHBIIEHHEM h HEMHHYeMO BBIXOJUM Ha PEXUM '"CBEPX3BYKOBOTO
ucreyenus". Ecnu xe B TeueHuu Bcero npouecca H>3h/2, To B kBa3ucTanimoHapHomM
peXKUME WCTEUYCHUST HHTEPBAIbl 3aKPBITHS 3aJBUXKKH, Ha KOTOPHIX MPHU X=0
peanuzyercs yclioBue He npoTekanus (5.5.36), CMEHAIOTCSl UHTEpBaja - HU BPEMEHH,

Ha KOTOPBIX BBITIOIHAIOTCS yciioBus (5.5.37) ¢ 3apaHHbIM (t) U:
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ul(t):\/2[H—hl(t),]

"Bonna cxatus", GopMHUpYIOIAsACA MPU OTKPHITUM 3aJIBHXKKH, KOT/a UMEET
MECTO POCT BBICOTHI hi(t), aHATOrMYHOW MABICHUIO B Ta30BOW JUHAMHKE, MOYKET
OPUBOAUTH IPU PACHPOCTPAHEHHWU €€ BIPABO K OOpPA30BAaHUIO TUIAPABINYECKOTO
npeikka. [lpu  oTpakeHMH OT TMpaBOro KOHIA OOpO3Abl BBICOTA MPBDKKA
YBEJIMYUBACTCS. 3aKpbITHE 3aJBWKKU (OPMUPYET TaKKe PpacHpOCTPaHSIOLIYIOCS
BIIPABO BOJIHY pa3pexeHus. MMmylbCHOMY MOJMBY OTBEYAeT MOYTH CTyleHYaTas
byukmms hi(t) ¢ KOPOTKMMH BpEeMEHAMH OTKDBITHS M 3aKPBITHS 3aJBHKKA H
CYIIECTBEHHO OOJBIIMMU WHTEPBAaJaMU BPEMEHH, B TEUEHHH KOTOpPbIX h(t) =h>0
win hy(t)=0. Tlpu X>>1 npu “nepBom mosuBe” QUIBTPYIOMIUNACSI MOTOK MOXET HE
JOCTUYb MPaBOro KoHua 60po3nsl. Jlanee, npu CpaBHUTEIBHO OOJIBIIOM BPEMEHHOM
OPOMEXYTKE MEXAY IOCIEA0BATEIbHBIMU IOJMBAMH, HOBBIH HUMIYJIbC OyaeT
pacnpoctpanstecs mo [IM, mpeacraBmsemomy coboit 3UH, m T.1. Hekoropoe
NpEJICTaBICHUE O MHOroOOpa3uM BO3HUKAIOIIMX MpPH ATOM CHUTyalUudl naer zt-
auarpamma Ha pucyHke 5.5.10, koTopast ieMOHCTpUpyeT IMHaMUKy HamokaHus [1H B
HEKOTOPOM MPOMEXKYTOUHOM ceueHuH 0opo3anl. Ha pucynke 5.5.12. npu t<0, t,<t<t,
u nipu t<tpxuakocts Hal [IM B paccMarpruBaeMoOM CEYEHHHM OTCYTCTBYET; JIOMaHas Z
= 7. (t) maet Tpaektoputo ®H, crpaBa oT koToporo Haxogutcs 3CM; kpuBas z=z+(t) -
tpaekTopuss @H, BO3HHMKAIOMIETO MPHU TOBTOPHOM IOJMBE U Auratouierocs no 34YH;
KpuBble Z = z.(t) - TpaekTopum 3aaHux rpanui] 3[IH. Cxema Ha pucynke 5.5.12.
OTBEYACT PEIICHUIO 33/aui QUIbTpauu 0e3 ydeTa MHepIHUOHHBIX WieHoB ( ¢ =0) u

ckauka gaBieHus Ha ['P (6=0).
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Pucynok.5.5.13. TenoBnaronepeHoc B HOPUCTOM Cpefie
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5.3. BeiBoabI 1O rJ1aBe
[Tosry4eHs! YnCIEHHBIE pacdyeThl (PMIBTPAIIMN TTOTOKOB KHIKOCTH B TIOPUCTYIO
Cpeay C y4eTOM pa3pbiBa MOPHUCTOCTH ISl OLICHKU THAPOINHAMUYECKUX ITPOIIECCOB,

BIIMSIFOIIMX HA KIIMMAaTHYECKYI0 CUCTEMY PETHMOHA.
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3AKJITIOYEHUE

B xome auccepTallMOHHOTO HCCIEAOBaHUS pa3padOTaHbl U TMPUMEHEHbI
MaTeMaTUYeCKHe MOJCIM i1 aHadu3a M MPOTHO3UPOBAHUS KIMMATUYECKHUX
napamMeTpoB B OTAENbHBbIX pervoHax KeipreisctaHa, a Takxke BBIOPOCOB
3arpsA3HSIIONIMX BEIIECTB U MPOLIECCOB TEIIOBIArONepeHoca B MOPUCTBIX CPelax.

[IpoBeneHHBIN aHATW3 KIMMATUYECKUX JaHHBIX 3a mnocieanue 100 net
MOKasajl, YTo B pEruoHe HAOII0JaeTCs YCTOMYMBAash TEHJEHIUS K TMOBBIIICHUIO
TeMIEpaTypbl BO3AyXa, YTO MOATBEPKIAACTCA pe3yJibTaTaMU MOJICTUPOBAHUS C
WCIOJIb30BAHUEM  HEUPOHHBIX  cered. [IporHo3upoBaHne  CpeaHEMECSIYHOU
TeMIeparypbel  Bo3ayxa ¢  mnpuMeHenueM — mogzened  LSTM,  XGBoost
MPOJIEMOHCTPUPOBAIO BBICOKYIO TOYHOCTh M OO0OOIAIONIYI0 CIOCOOHOCThH, YTO
NO3BOJIIET MCHOJIb30BaTh JNAHHBIA MOAXOJ Uil JAOJTOCPOYHOTO IMPOTHO3UPOBAHUS
KJIIMMaTUYECKUX U3MECHEHUH.

PazpaboTtannsie uncnenusie monenu mnepeHoca CO> u Jp. 3arpsi3HAIONIMX
BEIIECTB B aTMoc(epe, OCHOBaHHbIE Ha ypaBHeHHU HaBbe-CTokca u 1uddy3uoHHBIX
YpaBHEHUSX, TMO3BOJIMIN HCCIEAOBaTh BIMSHUE PA3TUYHBIX METEOPOJOTHUECKUX
(GakTOpoB M TPENSATCTBUIA HA  pacmpocTpaHeHwe mnpumeced. YucneHHbie
AKCIIEPUMEHTHI, BBITIOJHEHHBIE C HCHOJb30BAHUEM MPOTPAMMHBIX KOMIIJIEKCOB
ANSYS Fluent u ANSYS CFX, noka3anu, 4TO CKOPOCTb H JAJIbHOCTH
PacCIpOCTPAHEHUS 3arpsI3HAIOLNIMX BELIECTB 3aBUCAT OT CKOPOCTH W HalpaBJICHUS
BETpa, TEMIIEpAaTyphl BBIOPOCOB M CcTaOWiIbHOCTH aTtmocdepnl. [lomydyeHHBIC
pe3ynbTaThl MOTYT OBITh HCIOJIb30BaHBI TMPU DKOJOTUYECKOM MOHUTOPHUHTE U
pa3paboTKe peKOMEHIAIUI M0 CHUYKEHUIO BPEAHOTO BO3JEHCTBUS MPOMBIIIEHHBIX
BBIOPOCOB.

UccnenoBanne MponEeccOB TEIUIOBIArONEPEHOCa B IMOPUCTBIX  Cpenax
MO3BOJIUJIO BBISIBUTH BIUSHUE HEOJTHOPOAHOCTH MOPUCTON CTPYKTYPhI HA TUHAMUKY
MHQUIbTpAIIMU KUJKOCTH. YHCIEHHbIE pacyeThl MOATBEPAWIHM, YTO YYET pa3pbiBa

NOPUCTOCTH WrpaeT BaXHYIO pPOJIb B MPOTHO3UPOBAHUM  (PUIBTPALMOHHBIX
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MPOLECCOB, YTO MOET OBITh TOJE3HO MJIsi TUAPOJIOTMYECKUX HCCIEIOBaHUM,
NPOEKTUPOBAHUS UPPUTALUOHHBIX CUCTEM U YIIPABIICHUS BOJAHBIMHU PECYPCAMH.

[IpakTryeckasi 3HAUUMOCTh pabOTHI 3aKJIFOYAETCA B TOM, UTO pa3padOTaHHbIE
MaTeMaTHYeCKUe MOJEIN W UHWCJICHHbIE METOJAbl MOTYT OBITh HPUMEHEHBI s
aHanM3a M NPOTHO3UPOBAHMS KIMMATHYECKUX MapaMeTpoB, OLEHKH BBIOPOCOB
3arpsA3HAIOIIMX BEUIECTB, ONTUMHU3ALMHU YKOJIOTUYECKON MOJUTHKU U PELIEHU 3a1a4,
CBSI3aHHBIX C YIOPAaBICHUEM BOJHBIMM pPECYpCaMH M YCTOMYMBBIM pPAa3BUTHEM
PETHOHOB.

Takum 00pa3oM, NMpoOBENEHHOE HCCIEIOBaHHE BHOCUT BKJIaJ B pa3BUTHE
METOJIOB PErMOHAIBHOIO KIMMATHYECKOTO MOJEIUPOBAHUS M SKOJIOTMYECKOTO
MIPOTHO3UPOBAHMS, @ €ro Pe3yJbTaThl MOTYT OBITh HCIIOIB30BAaHbl KAK B HAYYHBIX
HCCJIEIOBAHMSIX, TAK U B MPAKTUKE KJIMMATUYECKOTO U 3KOJIOTMYECKOr0 MOHUTOPUHIA

B Kbipreizckoit PecniyOnuke.
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HNPAKTUYECKHUE PEKOMEHJIALIMHU

1. Pe3ynbTaThl AMCCEPTALMOHHBIX UCCIIETOBAHUN MOTYT UCIIOIb30BATHCS:

- JUIs aHaJlh3a W TMPOTHO3MPOBAHUSA KIMMATHYECKUX MapaMeTpoB, OIEHKU
BBEIOPOCOB 3arpsi3HSIONINX BEIIECTB, ONTHMH3AIMHA JKOJIOTMYECKOW TOJIMTUKH U
pElIeHus 3a/lay, CBA3AHHBIX C YIPaBICHUEM BOJHBIMH PECypcaMu U YCTOWUMBBIM
Pa3BUTHEM PETHOHOB;

- TpU DKOJOTMYECKOM MOHHUTOPUHIE U pa3pabOTKe pEKOMEHAAIMN 0
CHUKEHUIO BPEIHOTO BO3ACHCTBUS TPOMBIIIUICHHBIX BHIOPOCOB;

- IS aJanTaiyy CebCKOX03IMCTBEHHOIO CEKTOpa K U3MEHEHUSIM KJIMMaTa.
2. Ha ocHoBe mporHo3a JIWHAMUKH BBIOPOCOB YTJIEKUCIOTO Ta3a HEOO0XOIUMO
pa3paboTaTh MEpHI 10 COKPAIICHUIO aHTPOMOTEHHBIX BHIOPOCOB, BKIIIOYAS
COBEPIIICHCTBOBAaHUE 3aKOHOJATEIhCTBA B OOJACTH OSKOJIOTUM U  BHEJPEHUE
texHonorui ynaBiauanus COs..

3. IlporHo3upyemsblii pocT BBIOPOCOB TpeOyeT YCHIEHHOTO KOHTPOJISI CO CTOPOHBI
DKOJIOTHYECKUX  OpraHU3alMii, YTO MOXET OBITh JOCTUTHYTO 3a  CYeT
aBTOMATU3UPOBAHHOTO MOHHUTOPUHTA BBIOPOCOB C TPUMEHEHHUEM TEXHOJOTUHN
MAaIlIMHHOTO O0y4YEeHUSI.

4. B cenbCKOM XO34MCTBE CTOMT NEPECMOTPETH CTPATETMH OpPOILIEHUS, BHEIPSS
TEXHOJIOTUM MO0 HAKOIIEHUIO U 3(P(PEKTUBHOMY HCIOIB30BAHUIO ATMOC(EPHBIX
OCaJIKOB.

5. Pa3paboTaHHbIe YHCIIEHHBIE MOJIETH TMEPEHOCA 3arpsi3HSIOMIUX BEIIECTB MOTYT
OBITh MCTOIB30BAHBI JIJISI ONTUMU3AIMKI Pa3MEIEHUs POMBIIIJIEHHBIX MPEINPUITHI
U TIPOCKTUPOBAHUS CUCTEM (PUITBTpALIK BEIOPOCOB.

6. Co3gaHHble MaTeMaTHYECKHE MOJAEIU MOTYT OBITh TPUMEHEHBI s
MIPOTHO3UPOBAHUS M TIPEIOTBPAIICHUS YPE3BBIYANHBIX CHUTYAIlMid, CBS3aHHBIX C
M3MEHEHHEM aTMOC(EPHBIX MPOIIECCOB.

7. llomyuyeHHble JaHHBIE I11€JIeCOOOPA3HO HCIOJIB30BaTh MPH TMPOEKTUPOBAHUU

00BEKTOB I/IH(ppaCTPYKTypBI, YYBCTBUTCIIbHBIX K KIUMATHYCCKUM H3MCHCHUSAM
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(HampumMep, TUIPOITEKTPOCTAHITNH, INIOTHH M CUCTEM BOJIOCHAOXKEHMS ).

8. Pe3ynbTaThl YMCIEHHBIX KCIEPUMEHTOB MOJTBEPKIAIOT HEOOXOAMMOCTh y4eTa
METEOYCJIIOBUM TPH MPOTHO3UPOBAHUU PACTIPOCTPAHEHUS] MPUMECEH, BKIIOYAs
PaJMOAKTUBHBIC BENIECTBA.

9. Pexomenayercsa co3iaHne KOMIUJIEKCHOM CUCTEMBbI SKOJIOTUYECKOI0 MOHUTOPUHTA,
OCHOBAHHOM HA HWHTETrPAllMAd METEOPOJIOTMYECKMX JAHHBIX W MOJEIEH MepeHoca
3arpsA3HSAIONIMX BEUIECTB.

10. BrisiBIeHHBIE 3aKOHOMEPHOCTH (DUIBTpAIIUU KUJIKOCTEW B IMOPHUCTBHIX Cpeaax
MOYXKHO HCHOJIb30BaTh JJIsl PAUMOHAIBHOIO YIIPABJIECHUS BOAHBIMU pPECYpCaAMHU,
0COOCHHO B paiioHax ¢ MpobdiieMaMu BOJOCHAOKCHUSI.

11. JlanHbie MOAEIM MOTYT MOMOYb B MPOTHO3UPOBAHUM PUCKA 3aCyX U pa3pabOTKe

CTpaTeruii Mo COXpaHEHUIO BOJHBIX PECYPCOB.
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