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NEPEYEHb COKPAIIIEHUIA 1 OBO3HAYEHUI

HC nelipoHHbIE CETH
[II" — mapHUKOBBIE Ta3bl

[IM - mopucTeIii MaTepuan

3CM - 30Ha cyxoro Marepuaia
3I1H - 30Ha MOJIHOTO HAMOKAHUS
34YH - 30HBI YaCTUYHOTO HAMOKAHHS
I'P - rpanuna pazaena

KC - cBs3aHHas KUIKOCTD

’KH — HecBsi3aHHAS )XKUIKOCTh

LSTM (Long Short-Term Memory) nonrocpodHas KpaTKOBPEMEHHasI TaMATh



BBEJAEHUE

AKTyaJlbHOCTh TeMmbl auccepranuu. COBpeMEHHBIE M3MEHEHMs KIIMMAaTa
OKa3bIBAIOT 3HAYMTEIIBHOE BIMSHHAE HA PA3JIUYHBIE PETUOHBI MHpPA, BKIIOYAs
KbIprei3cTan, KOTOpBIM OTJIIMYAETCS CIIOKHBIM T'OPHBIM pelnbeoM U pazHOOOpazueM
MHUKPOKJIMMATHYECKUX 30H. MccienoBanue KIMMAaTHYECKUX W3MEHEHUM B JTAHHOM
PErMOHE MMEET BAKHOE 3HAYEHUWE I MPOTHO3UPOBAHUS BO3MOKHBIX IPUPOIHBIX
karactpo¢d (3acyX, HABOJHEHWI, HW3MEHEHHUsS BOJHBIX PECYpPCOB, JErpajaluu
JIETHUKOB), @ TAK)KE [ a[JalTalliy CEIbCKOT0 X0341iCTBA, THPOIHEPTETUKH U JIPYTUX
CTPATErM4eCKU BaXKHBIX OTPACIIEN IKOHOMUKH.

B ycnoBusix rno0anbHOrO MOTEMJIEHUS OCOOYI0 3HAYMMOCTh IMPHOOpETaeT
pa3paboTKa TOYHBIX M HAJCKHBIX MaTEeMaTHYECKUX MOJENICH, MO3BOISIOLIUX
aHAJIU3UPOBAaTh U IPOrHO3UPOBATH KIMMATUYECKUE IMPOLECCHl HA PETHMOHAIBHOM
ypoBHe. Takue Moenu He0OXOAUMBI JIJIS:

. OueHKM NWHAMUKH TEMIEPaTypbl, OCaJIKOB, BIAXHOCTH MW JPYTHX
METEOPOJIOTHYECKUX ITAPAMETPOB B OTAEIBHBIX parioHax Kelpreizcrana.

. Pa3paboTku clieHapueB M3MEHEHMsI KJIuMaTa U MX MOCIEACTBHM s
HYKOHOMHMKH, HKOJIOTUM U COLIMAIBHOTO Pa3BUTHS.

. [Tognepkku TPUHATHUS pelIeHUN B chepe BOJAHBIX PECYPCOB, CEIHCKOTO
X035 CTBA, FPAIOCTPOUTEIBCTBA U IHEPTrOCHAOKEHHUS.

Kpome Toro, yunrtsiBas OrpaHUYEHHOE KOJIMYECTBO METEOCTAHLUA B TOPHBIX
paiioHax KeIpreizcrana, mMaTeMarudyeckoe MOJEIUPOBAHUE CTAHOBUTCA BayKHBIM
UHCTPYMEHTOM JUIsl BOCIIOJIHEHHUSI MPOOENOB B JAaHHBIX U MOBBIIIEHUS TOYHOCTHU
IIPOTHO30B. lccnenoBaHne pervoHaIbHBIX KIMMAaTHYECKUX XapakTePUCYHOKTHK,
OllCHKa OyAylIuX WM3MEHEHUN KiIMMaTa U MX MOCIEICTBUNA MMEIOT CYIIECTBEHHOE
3HAQ4YEHUE IpU IUIAHUPOBAHUM COLMAIBHO-DKOHOMMYECKOIO PAa3BUTHUS PErMOHOB
Koipreizckoit  PecriyOnuku.  HaOmromaemble  perMoHalibHblE  KJIMMAaTHUYECKHE
W3MEHEHHSI HMEIOT TEHJCHIMIO K TOBBIIMIEHUIO CPEAHETOJOBOM TeMIEpaTyphl
BO3/yXa, IPU 3TOM HauOOJIBLINI poCcT OTMeUaeTcs ¢ cepeannnl 1970-x rr.

Takum 06p8,30M, HCCIICAOBAHUC 110 ,HaHHOﬁ TEMC SABJIACTCA aKTyaJIbHBIM KakK C



Hay4YHOHM TOYKH 3PEHHSI, IOCKOJIBKY CLIOCOOCTBYET Pa3BUTHIO METO/I0B PETUOHAIIBHOTO
KJIIMMAaTUYECKOr0 MOJEIIMPOBAHUS, TaK U C IPAKTUUECKOM, TAK KaK pe3yJbTaThl MOT'YT
HCIIOJIb30BaThCA TOCYJAPCTBEHHBIMU M MEKIYHAPOJHBIMH OPTaHU3ALMAMU JIS
pa3pabOTKu CTpaTeruil afanTalry K M3MEHEHHUIo kimMaTa B Kelpreizcrane.

Ces3b  TemMbl  JuccepTauM € NPHOPUTETHBIMM  HAYYHBIMH
HANPABJICHUSIMHA, KPYNHBIMM HAay4YHbIMH @porpamMmMaMu  (IPOEKTaAMH),
OCHOBHBIMM  HAYYHO-HCCJIE€0BATEIbCKUMH  padoTaMu,  NPOBOAUMBIMH
o0pa3oBaTeJbHBIMU M HAaYYHbIMM Yy4pe:kaeHusiMu. JluccepranuoHHas padorta
SBJISIETCS UHUITUATUBHOM.

Hear aucceprauMoHHON padoOTHI - pa3paboTka M TIPUMEHEHUE
MaTeMaTUYECKUX MOJENed i1 aHadu3a M MPOTHO3UPOBAHUS KIMMATUYECKUX
napaMeTpoB (CpenHei Temnepatrypsl Bo3ayxa, ypoBHs CO2 U 0CaikOB) B OTJEIBHBIX
peruonax KeIprei3ctaHa Ha OCHOBE COBPEMEHHBIX METOJIOB MAIIMHHOTO OOYYEHUS U
YUCJIIEHHOT'O MOJEIINPOBAHUS.

Jisi TOCTHKeHUsl LeJH HCCIeJOBAHUS ObLIM MOCTABJIEHBbI CJIelYHIIHe
3agaum:

1. IIpoBecTu cpaBHUTENIbHBIN aHAIN3 U TPOTHO3UPOBAHUE CPEIHEMECIYHOM
TEeMIEPATyphl BO3AyXa B OTIEIbHBIX pernoHax KeIprei3cTana Ha OCHOBE BPEMEHHBIX
PSI0B € UCTOJIb30BaHUEM METO/I0B MAIlIMHHOTO O0yYEHUS;

2. OcymecTBUTh aHajdW3 JIWHAMUKA ¥ TPOTHO3MPOBAHHE BHIOPOCOB
yraekucioro ra3za (COz) B atMocdepy € yueToM KIUMATHYECKUX M aHTPOMOTEHHBIX
(bhakTopoB;

3. Paspaborarb MaremMaTHUeCKHME MOJEIW JUIsl ONHUCAHMS TMPOLECCOB
nepeHoca 3arpsA3HsIOIINX BellecTB B aTMocdepe, Bkitodas ypaBHenne HaBbe-CTokca
JUTSI MOJICIIUPOBAHUS IBUKEHUSI BHIOPOCOB M YpaBHEHHUE MEPEHOCa TPUMECEH € yUETOM
HaJINYKS TPETSITCTBUM;

4. BBINOJHATh YHUCICHHBIN pacdeT (GUIbTPAIMA TIOTOKOB JKHJIKOCTH B
MOPUCTYIO CPENly C YUYETOM pa3pbiBa MOPUCTOCTU IJI OLICHKH THMAPOJUHAMHYECKUX

MpoucCCOB, BJIMAIONINX HA KIIMMATHYCCKYIO CUCTCMY PCTUOHA,



5. IlpoBectu aHanu3 U NPOrHO3UPOBAHUE CPEAHEMECSIUHBIX CYMM OCAJKOB
3a nociaeanue 100 neT mo AaHHBIM METEOPOJIOTMYECKUX HAOIIOICHUM, HCHOIb3YS
MOJIeJId BPEMEHHBIX PSA0B U METO/bl MAIIMHHOTO 00YYEeHMUS;

6. BpmMoOaHUTH, UYHCIEHHOE MOJEIMpPOBaHHE TIpoieccoB  auddy3un
3arpsI3HSIIONIMX BEIIECTB B aTMOC(Epe OT TOUEYHOTO MCTOYHUKA C MCIOIb30BAHUEM
nporpammHoro komiuiekca ANSYS CFX, yuutbiBas BIHMSHUE TypOYJIEHTHBIX
IIPOIIECCOB U adPOAMHAMUYECKUX (PAKTOPOB;

7. OcylecTBUTh pacyeT TPAaeKTOPUN PpaCIpPOCTPAHEHUS 3arpsA3HSIIOLINX
BEILECTB B aTMOc(epe ¢ yueToM TypOYyJIEHTHBIX 3P(EKTOB U HATMYUS MPENATCTBHM,
UCIIOJIb3YsI METO/bl BBIYMCIUTEILHON TMAPOAMHAMUKA B MPOrPAMMHOM KOMILJIEKCE
ANSYS Fluent.

Hayuynass HoBHM3HAa palOTbl COCTOMT B pa3pabOTKE MaTeMaTHUYeCKOU
MOJIEJI TIPOTHO3UPOBAHUS CPEJHEMECIYHOM TEMIIEpaTypbl BO31yXa, MO3BOJIIIOLICH
OLICHMBATh WM3MEHEHHsI TEMIIEpaTypbl C TOYHOCTBIO 10 1,6°C, OCHOBaHHOW Ha
HerpocereBor apxurektype LSTM u npoanHanm3upoBaHHOM Ha aaHHbBIX 3a 100-
netHu#t nepuon (1921-2021 rr.);

- BBINIOJIHEH MPOTHO3 IMHAMHUKHU BbIOpOCOB yriekucioro raza (CO2) u o0umx
TpeHa0B napHUKoBbIX razoB (III') 3a 1990-2022 rr., mpoBeaeHa anmpoKcUMaIlus
Bb1OpOcoB I1I" 1o 2050 1.;

- TOJlydyeHa MareMaThyecKkass MoJieJdb TypOyJEHTHOro IOTOKa JAbIMa IpH
HaJIMYUM TPENSATCTBUN HAa IYyTH €r0 paclpOCTPAHEHHsS OT TOYEYHOTO HCTOYHUKA,
pa3paboTaHHas C UCIOJIb30BaHUEM MTporpaMMHOro komruiekca ANSY'S Fluent;

- BIEpBble MNpUMeHEeHO YypaBHeHue HaBbe-CTokca 1 MOJEIUPOBAHUS
TypOYJIEHTHOTO MOTOKA JbIMa C YYETOM BIIMSHUS MPEMSATCTBUM Ha TPAGKTOPHUIO €T0
pacnpocTpaHeHusi OT TOYEUHOI'O0 UCTOYHHMKA BHIOPOCOB;

- pa3zpaborana monaens MU(GHYy3MOHHOTO pacCeUBaHUS TBIMOBBIX BHIOPOCOB B
aTMocepy C HUcCmoiab3oBaHueM mnporpammHoro komiuiekca ANSYS CFX,
YUUTBHIBAIONIAS] TUHAMUYECKUE XapaKTePUCTUKH TTOTOKA;

- BIEPBBIE INPUMEHEHO YPAaBHEHHME IIOTOKA JSHEPrUU U MOJECIMPOBAHUSA



¢ (Gy3MOHHOTO pacCEeMBaHUSl JBIMOBBIX BBHIOPOCOB B atmoc(epe OT TOUYEYHOTO
MCTOYHHKA,;

- TOJYYEHBbl KOJIMYECTBEHHBIE 3aBHUCHUMOCTH CKOPOCTH M JaJbHOCTH
pacnpocTpaHEHUs! JbIMOBBIX IOTOKOB OT HANpaBIEHHWA M CKOPOCTU BETpa, YTO
MO3BOJISIET 00Jiee TOYHO YUUTHIBATH aTMOC(EpPHBIE YCIOBHS MPHU MPOTHO3ZUPOBAHUU
3arpsi3HEHUS BO3/yXa;

- BBINIOJIHEHBI YHCICHHBIE pacueThl (UIBTPAIMM PACIPOCTPAHECHUS IOTOKA
XKUIKOCTH B IOPHUCTYIO CpEly C YYETOM pas3pblBa IOPUCTOCTH, YTO ITO3BOJISAET
YUYUTBIBATH TUAPOAMHAMUYECKME IPOLIECCH] B HEOJHOPOAHBIX IJIACTAX, BIUSIONINE HA
KJIIMMAaTUYECKYIO CUCTEMY;

- TIPOBEJICH aHAJIN3 CPETHEMECSUHbIX 0caakoB 3a 1921-2021 rr., pa3paboTana
MOJIENIb MTPOTHO3UPOBAHUS CPEIHEMECSYHBIX CyMM ocaakoB 0 2040 r. ¢ ydyeTtom
PErHOHANIBHBIX KIIMMaTHYECKUX 0coOeHHOCcTe KbIpreizcTana.

IIpakTH4Yeckasi 3HAYMMOCTD MOJIY4YeHHBIX Pe3yJIbTATOB.

- pa3paboTaHHbIE MOJENM TO3BOJAIOT A(P(PEKTUBHO MPOTHO3UPOBATH
KJIMMAaTHYECKHE IapaMeTphl, BKIIOYAsl CPEAHEMECSYHYIO TEMIIEpATypy BO31yXa,
OCaJIKU M JTUHAMUKY BBIOPOCOB 3arpsi3HSIOIIMX BELIECTB, YTO CHOCOOCTBYET Ooiee
TOYHOMY aHAJIN3Y KJIMMAaTUYECKUX U3MEHEHUI B OTIEIbHBIX pernoHax KeIpreizcrana;

- pa3paboTaHHbIE MaTeMaTHYECKUE MOJENU PACIPOCTPaHEHUsS BHIOPOCOB M3
IBIMOBBIX TpYyO, YUYHMTBHIBAIOIIME BIMSHUE TMPEMATCTBUM U METEOPOJOTHYECKUX
(bakTOpOB, MO3BOJISIIOT OILICHUBATh TPACKTOPHUH ABMXKEHUS 3arpsA3HSIIONINX BEIIECTB B
aTMoc(epe U MPeACKa3bIBATh 30Hbl HANOOJBIIETO UX HAKOIICHHUS;

- npumeHeHue ypaBHeHuid HaBbe-CTokca ¢ MOTOKAa SHEPruM IS
MOJICTTUPOBAHUS TYpOYIEHTHBIX U MU ()Y3MOHHBIX TPOIECCOB MO3BOJISET MPOBOIUTH
TOYHbBIE PAaCU€Thl AMHAMUKUA aTMOC(HEPHBIX BHIOPOCOB B TPEXMEPHOM MPOCTPAHCTBE C
Y4€TOM HECTallMOHAPHBIX (PaKTOPOB;

- Ucnoab30Banue nmporpaMMHbIX KomIuiekcoB ANSYS Fluent w1 ANSYS CFX
AT BO3MOXKHOCTh pellaTh CTAllMOHApHbIE M HECTallMOHapHble 3anadyu B 3D-

MOJCJINPOBAHNH, YTO IMO3BOJIACT MMOBBICUTH TOYHOCTDL PACUCTOB IIPOLECCOB IIEPCHOCA



3arpsI3HSIIONINX BEIIEeCTB B aTMocdepe;

- TOJYYEHHbIE KOJMYECTBEHHbIE 3aBUCUMOCTHM CKOPOCTH U JIaJbHOCTH
pacrpoCTpaHEHHsT [JbIMOBBIX IIOTOKOB OT HampaBl€HUS H CKOPOCTU BETpa,
CTaOMIBHOCTU aTMOC(EPDI, TEMIIEPATYPHI TOTOKA Ha BBIXOJIE U3 TPYOBI, TEMIIEPATYPhI
BO3]lyXa MOT'YT ObITh UCIIOJIb30BaHbI TP IKOJOTUYECKOM MOHUTOPUHTE U pa3paboTKe
Mep MO CHUKEHHUIO BPETHOTO BO3/ICHCTBUSI MPOMBIILIIEHHBIX BHIOPOCOB;

- pa3zpaboTaHHbIC MPOTHO3HBIE MOJICIM M3MEHEHHsI TeMIlepaTypbl BO3IyXa U
OCaJIKOB MOTYT OBITH MPUMEHEHBI B CEIILCKOM XO3MCTBE, BOJHBIX pecypcax u
IpalOCTPOUTENBCTBE JUIsl aAanTallii K HM3MEHEHUAM Kiumata U 3()PEKTUBHOIrO
YIPABJICHHS IPUPOIHBIMU PECYPCAMHU.

OCHOBHBI€ M0JIOKEHH S JUCCEPTALMH, BBIHOCUMbIE HA 3aIINUTY:

1. MaremaTnueckas MOJIEJIb IIPOTHO3UPOBAHUSA CpPEAHEMECAYHON
TEMIIEpAaTypbl BO3[yXa, OCHOBaHHAs Ha aHAJIW3€ KIMMaTUYeCKHX AaHHbIX 3a 100-
JETHUW TEpPUOJ C WCHOJIB30BAHUEM HeWpocereBo  apxutektypsl LSTM,
MO3BOJIAIONIAs BBISIBISTH JIOJATOCPOYHBIC TEHJCHIIMM HW3MEHEHMS TeMIIepaTyphl B
OTHEeNbHBIX pernoHax Keiprei3crana;

2. Ananu3 ¥ CpaBHHUTEIILHOE UCCIIEIOBAaHNE COCTaBa aTMOC(EPHOTO BO3TyXa B
OCCHHUN M BECEHHHUM TEPHO/IbI, BBISBIISIONINE OCOOCHHOCTH CE30HHBIX KOJeOaHWU
KOHIIEHTPALlMU 3arpsi3HAIOLIMX BEIIECTB, OOYCJIOBJIEHHBIE METEOPOIOrHUYECKUMU
YCJIIOBUSIMHM M aHTPOIIOTE€HHOM HAarpy3KOu;

3. IlporHosHas Mojenb NMHAMHKA BBIOpocOB yriekucioro raza (CO:2) B
aTMoc(epy, BKIHOYAIOas KOJIUYECTBEHHbIE OLIEHKH U3MEHEHHs YPOBHS BEIOPOCOB C
Y4ETOM KJIMMATUYECKUX U TEXHOTEHHBIX (PAKTOPOB, a TaKXKe TPEHJbl BHIOPOCOB
MapHUKOBBIX ra3oB J0 2050 roxa;

4. Pe3ynbTaTbl YMCIEHHOTO MOJEIHUPOBaHUS IpolieccoB IudPy3uun u
paccemBaHUs JIBIMOBBIX BBIOPOCOB W3 TOUYEYHOTO MCTOYHHMKA B aTMocdepe,
ONPEIENSIIONME OCHOBHBIE 3aKOHOMEPHOCTH IIEPEHOCA 3arps3HSIOIIMX BELIECTB C

YUETOM aOPOAUMHAMHNYCCKHUX XapaKTCPUCTHUK IIOTOKA;



5. Mogenbs TypOyJAE€HTHOTO TOTOKAa JBIMOBBIX BBIOPOCOB, YYHTHIBAIOIIAS
BIMSIHUE TIPENATCTBUN (3MaHUMl W Apyrux oOOBEKTOB) Ha paclpoCTpaHEHHE
3arpsi3HSIIONIMX BEILECTB, MOCTPOCHHAass HAa OCHOBE pacyeToB B IMPOrPaMMHOM
komiuiekce ANSYS Fluent, mo3Bosstomias OIEHUTH BO3JEHCTBHE BBIOPOCOB Ha
KaueCcTBO BO3/lyXa B TOPOJICKOM cpene;

6. Monenbs TpPOrHO3UPOBAHHMS CYMMAapHBIX aTMOC(EPHBIX  OCaJKOB,
OCHOBaHHAasi Ha METEOPOJIOTMYECKHX MaHHBIX 3a 1921-2021 rr., coapepxkamas
KOJIMYECTBEHHBIEC 3aBUCUMOCTH ISl OLICHKU X JuHaMUKH 110 2040 roga B OTAEIBHBIX
pernonax Keipreizcrana;

/. PacyeThl TMpOILIECCOB TEIUIOBIATONEPEHOCA B TPYHT, YUHUTHIBAIOLIUE
B3aMMOJICICTBHE IOYBBI C aTMOC(EPHBIMH OCaJKaMH U TeMIepaTypHbIMU
WU3MEHEHUSIMU, BaXKHbIE NIl TPOTHO3UPOBAHUS THIIPOJIOTMUECKUX U KIMMATHYECKHUX
IIPOLIECCOB.

JIMYHBIA BKJIAJ COMCKATEJS COCTOMT B TEOPETHYECKOM M IMPAKTHYECKOM
00OCHOBaHMM OCHOBHBIX HJAEM M TMOJOXKEHUA HCCIENOBaHUs; B pa3paboTKe
MaTEeMaTUYECKUX MOJEJIEH MPOTHO3UPOBAHUS KIIMMATHYECKUX [TApaMETPOB, BKITFOUas
CpPEIHEMECSUHYIO TEMIIEPATYPY BO3/1yXa, OCAJKU U BRIOPOCH! yriaekucioro raza (CO2),
C UCIIOJIb30BAaHUEM METOJI0B MAIIMHHOTO 00YYEHMS U YMCIEHHOTO MOJIETUPOBAHUS; B
MOCTPOEHUU U peanu3anuu mojenet nauddysun u TypOyJEHTHOTO TepeHoca
3arpsi3HSIIOUIMX BEUIECTB B arMocdepe ¢ y4yeToM MpensiTCTBU; B MPOBEICHUU
YUCJIEHHBIX Pacy€TOB MPOLECCOB TEIUIOBIArONEPEHOCA.

[TocTanoBka 3ama4 HCClE€IOBaHUS, OOCYXKIEHHUE W BHEAPEHHUE MOJTYyYEHHBIX
pe3ynbTaTOB MPOBOJUIIOCH COBMECTHO C HAayYHbIM PYKOBOAUTENEM, Ipodeccopom
C.M.CynaiimaHOBO.

AnpobGauusi pe3yabTaToB auccepramuu. OCHOBHBIE PE3yJbTAaThl JTAHHOMN
paboThl pacCMOTPEHbI: Ha MeXIyHapoIHON HaydyHO — MpaKTHYecKas KOH(epeHIH
“20-netue MHUT KI'VCTA um.H.McanoBa” bumkek, 19-21 oktsa6ps 2021 r., Ha
MexayHaponHoi koHpepeHiuu “ InTerpanus Hayku 1 oOpa30BaHUs B COBPEMEHHOM

mupe» Hypcynran (Acrana), Kazaxcran. 15 oxtsa0ps 2021 ., Ha MexmyHapoaHOMi
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koH(pepennun «30-netne KI'YCTA um.H.Mcanosa” bumikek, 28-30 mast 2022 r., Ha
MexayHaponHoil — Hay4yHO-TIpakTH4eckod  koH(epeHuuu «Ponp  Hayku U
MHHOBAIIMOHHBIX TEXHOJIOTUA B YCTOMYMBOM pPa3BUTUU TOPHBIX TEPPUTOPUN H
skocuctem», KI'TY um. U. Paz3akona (Keipreizcran, bunikek, 27-28 oxkta0ps 2022r.),
Ha MexayHapoaHoi HaydHoU KoHpepeHnn “CoBpeMeHHasi TEXHUKA U TEXHOJOTUU
B Hay4dHBIX HccienoBaHusx’, HayuHoil ctaHmuu Poccuiickodl akageMuu HayK B
r.bumkek (HC PAH) 26 ampens 2023r., Ha MexXIyHapogHOM HAy4YHO —
npakTuyeckas koHpepeHuu “CoBpeMEHHbIE TPEH/IBI B CTPOUTEIBCTBE: MIPOOJIEMBI U
nyTd pemenus 80-JIeThe  BBLAAIOIIETOCS T'OCYJAapCTBEHHOTO M IMOJIUTHYECKOTO
nesitenst KP H.McanoBa ” buinkek, 2 Hos0pst 2023 r., Ha MeXayHapoAHOW HayYHO-
MpaKTUYECKON  KoH(pepeHuu «udpoBas Tpanchopmarus oOmecTsa u
VUCKYCCTBEHHBIM HMHTEJUIEKT» KBIPreI3cko-I'epMaHCKOro MHCTUTYTa NPUKIATHON
uHdopmatuku , 23 Hos0ps 2023 r.

IonHoTa oTpamkeHusi pe3yabTATOB auccepranuu B nyOamkamusax. [lo
COJIEpKaHMIO HACTOSIIEH AUCCEepPTAllMU OMyOJMKOBAHO 7 Hay4YHBIX cTaTeil. OCHOBHBIE
pe3yNbTaThl AMCCEPTALMU OIMyOJIMKOBAHBI B kypHanax: “[IpobmeMbl aBTOMAaTUKU U
ynpasnenus” (1 crates), "Bectauk KI'YCTA" (2 crareu), "W3ectuss BY3os
Koipreizcrana" (1 crates), “Hayka, HOBble TEXHOJIOTUU U MHHOBaIMK KbIpreizcrana”
(1 crates), “Hayka u ”HHOBAITMOHHBIC TEXHOJIOTUN (2 CTATHH).

Crtpykrypa u o0bem auccepramum. /[ucceprainmonHass paboTa COCTOUT U3
BBEJICHUS, TPEX TJIaB, BHIBOJOB, 3AKIIOUCHHUS], CIIUCKA MCIOJIb30BAHHON JIUTEPATYPHI
u3 137. OcHoBHOE cojepkaHue AUCCEPTAIIMU U3JI0KEHO Ha 124 cTpaHuIiax.

ABTOp BBIpa)KaeT UCKPEHHIOIO 0JIarolapHOCTh HAYYHOMY PYKOBOJIUTENIO 1.~
M.H., podeccopy C.M.CynaiiMmaHOBO 3a MOCTAHOBKH 3aJa4, UJCI0 B UCCIICIOBAHUN
METO0/1a, 32 COBETHI M 00CYXACHHS Ha 3Tanax GOpMUPOBAHMS JAHHOW JUCCEPTALIMH, A

TaKKC 3a IOCTOAHHOC BHMMAHUC K pa60Te.
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I'JIABA 1. JUTEPATYPHBIN OB30P

OCHOBHBIM CpEJICTBOM MPOTHO3UPOBAHMS KJIMMATa U OIEHKU MPOUUIBIX U
Oyoylmux M3MEHEHUW KiuMmaTa sBISETCS Temrmeparypa Bosayxa. Muorue
UCCIIEIOBAHUS TIOKA3bIBAIOT, YTO B YCJIOBHUAX II00ANbHOIO MOTEIUICHUS BEAYT IO-
pa3HOMYy BeayT ceOsl TeMmmepaTypbl, YCPEAHCHHBIC IO OTACIBHBIM pPETHOHAM.
W3MeHeHus: peruoHaIbHOrO KJIMMarta MPOUCXOAST 4acTo ropasio ObicTpee Ha (oHe
r100aNbHBIX ~ M3MEHEHUH B COBMECTHBIX  HCCIIENOBAHUSX, MPOBEICHHBIX
C.M.CymnaiimanoBoii [1,4,6] mpoBeneHbl CpaBHUTCIIbHBIC AaHAIM3bI M COCTABJICH
MPOTHO3 CPEIHEMECSYHOM TeMIlepaTypbl BO3JyXa B OTACIbHBIX PpPErHOHaX
Keipreizcrana (Yyiickoro, Mccbik-Kynbeckoro, Omickoro pernoHon) [43,88,93] nHa
OCHOBE BpeMeHHbIX psifoB 3a 100mernuit nepuoy (1921-2021rr.) c¢ HelipoceTeBoit
moneiapto LSTM [14,16]. /Ilunamuka MMeeT He JIMHCWHBIM TPEHJ M IOKasaja, 4To
TEeMIIepaTypa 3HAYMTEILHO Bo3pocia. Takxke B padotax [3,4] mpoBemaeHBI aHAIHM3BI
TEeMITepaTyphl BO3/IyXa BECEHHUX U OCEHHUX MECSIIEB BBIIICTIEPEYHCIICHHBIX PETHOHOB
Ksipreizcrana 3a 100netnuii nepuon. IIpoBenensl pacyeTsl: CpeIHUX OTKIIOHEHHU U
CpeaHee 3HAUCHHS TeMITepaTyphl Bo3ayxa. IIporro3sl copnanu ¢ moaensmu LSTM.

Hapsiny ¢ dakTtopamu B M3MEHEHMHM KJIMMaTa TaKXE BBICTYIAIOT BBICOKHE
3HaueHus yBenuueHue yriekucioro raza (COz2). I'mobGanbHOE MOTENIEHUE BO MHOTUX
MCCJIEIOBAHMSIX 110 M3MEHEHHIO KITMMAaTa CBS3BIBAETCS C POCTOM MaJIol KOHIICHTPAIUU
yraekucnoro rasa Kcoo B atmocdepe  (Kcop=5x10%). Tlpu pemenun 3amaum
MPOTHO3UPOBAHUSI BPEMEHHBIX PSIAOB, YICHAMH KOTOPBIX SBISIOTCS HOMHUCCUU U
MapHUKOBBIE ra3bl B 3kBUBajeHTe CO ThiCSuM TOHH B roJ HaunHas ¢ 1990 no 2018 rr..
B nanHOll paboTe B KauecTBE HEHWPOHHOM ceTu Oblla BbIOpaHa OOOOIIECHHO-
perpeccroHHasl CeTh, peanu3yromas Metoisl suepHod anmpokcumanuu (GRNN).
HenaBuue wuccienoBanue B oOjactu mnporHo3upoBanus ¢ mnomoripio  GRNN
npeanonaraloT, 4yro GRNN wMoxer ObITh MHOTOOOECHIAIONIEH aJbTePHATUBHOM
TPaIUIIMOHHONH Mojenu BpeMeHHBIX psjgoB [105,110].  On mokasan OoJjbInme

BO3MOKHOCTHU B MOACIIMPOBAHNUH W ITPOTHO3UPOBAHUHA HEJIMHEHHBIX BPEMCHHBIX PAJ0B
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Y TIOCTEMEHHO BXOJUT B PSJIbl MHOTOLIENIEBBIX, IIIMPOKO UCIOJIb3YEMbIX METOJIOB.

B HammonanbsHOM J0KITa/ie 0 COCTOSSHUM OKPY’KaroIie cpensl [68]  omenka
KJIIMMAaTUYECKUX HW3MEHEHUN BBITIOJIHEHA C MPeoOpa3oBaHUEM HCXOJHBIX PSAOB
HaOIIOICHUH, 1 3aKTtoUaeTcs B Au¢GhepeHITMPOBaHIH OTACIBHBIX PSAIO0B, yCPEIHEHUN
mudpepeHIUpOBAaHHBIX PSIIOB, 3aT€M HWHTETPUPOBAHWM CyMMapHOro psiaa. B
HUCTOPUYECKUX  pANlaX  HCIOJb30BAaHHBIX  METEOCTaHIMi  Oblla  ycTpaHEHa
KJIIMMaTUYEeCKasi HEOJHOPOJHOCTh (FOMOTE€HHM3alMs), TPOBEICH JTal MPOBEPKU
KauecTBa JaHHBIX M 3aIOJHEHBI TPOOEIbl C UCIOIB30BAHUEM CIEIUATU3UPOBAHHOTO
MPOrPaMMHOTO TTPUIIOKEHHUS.

B pa6ote [40] paccmarpuBaeTcs aHaIU3 YpOBHS HAOIIOIaEMBIX U 0KHIaeMbBIX
KJIIMMaTU4YECKUX U3MEHEHH, cTernenu Bo3aencTus Ha Koipreizckyo PecniyOnuky mis
3O PEeKTUBHOrO  BBIMIOJIHEHUS HEOOXOAUMBIX  JEHCTBUM MO  ajanTalud K
KJIIMMAaTUYeCKUM u3MeHeHusaM. HHaOmonaTcss MHOTOYMCIEHHBIE TMOCHEACTBUS
KJIINMaTUYECKNX U3MEHEHUW, KOTOPbIE B HACTOSIIEE BPEMSI OKa3bIBAIOT CEPHE3HOE
BO3J/ICIICTBUE Ha OKPYXKAIOIUIYIO Cpeiy, 3[I0POBbE HACENCHUS] U pasiinuHble chepsl
SKOHOMHYECKOU JESATEIbHOCTH YEIOBEKA.

3arpssHeHne aTMoc(epHOro Bo3ayxa oOyCIOBJIECHO BHIOpOCAMHU M3 TOUEUYHBIX
UCTOYHUKOB M JIPYTUX HCTOYHUKOB, a Takke OWUOTeHHBIX OO0BEKTOB. Bce
CYILIECTBEHHBIE JI0KA3aTeJIbCTBA TOTO, YTO 3arps3HEHUE BO3/lyXa BIMSET HA 3I0POBbE
JIIOJIEN M KUBOTHBIX, HAHOCUT yIIepO pacTUTENHHOCTH, ITOUYBE U MaTepuaiam, BIUICT
Ha KJIUMAaT, CHUXA€T BHAMUMOCTh U COJIHEUHYIO paJHalMio, CO3HAeT YIrpo3y
0€30MacCHOCTH U B IIEJIOM MEIIAeT HACTAXKAaThCs KU3HBIO M UMYIIECTBOM. [1].

Oxkosio 60% BBIOPOCOB MPUXOAUTCS HA TOUYEUHbIC MCTOUYHUKU. K OCHOBHBIM
3arpsiI3HUTENISIM BO3/TyXa OOBIYHO OTHOCST MbLIb, TBEpbIe YyacTuilsl, PM10 (TBepbie
yacTuilpl guamerpoM 10 MukpoH u meHee) u PM2,5 u3-3a HEMOJHOIO CropaHus
TOTUTMBA WJIM MOOOYHBIX MPOAYKTOB MpoIllecca, OKCHABI a30Ta (B OCHOBHOM H3-3a
coueTaHus aTMOC(EPHOTO KUCIOPO/Ia U a30Ta IIPH BEICOKUX TEMIIEpaTypax), TBYOKHCh
cepbl (B OCHOBHOM M3-3a CXKUTaHHS TOIUIMBA, COAEPKALIEro OOJIbIIOE KOJIUYECTBO

CEpBbl), OKKUCh YIiIepoaa (KM3-3a HE MOJHOCTBIO CTOPEBILIETO TOIIMBA), 030H U CBUHEL.
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Marematnueckue moaenu auddy3un HauboJee MOJIE3HbI B HACTOSIIEE BPEMS,
MOCKOJIbKY OHHM TMPEIOCTABIAIOT MOJIE3HYI0 HH(POPMAIUIO ISl MPOTHO3UPOBAHUS
KOHIIEHTpAI[MU 3arPS3HSIONIMX BEIIECTB U OBICTPO 00ECIIEYNBAIOT BHIXOHBIC JaHHBIE.
MaremaTtuueckue MOJEIM KadecTBa BO3[AyXa MPEICTaBISIIOT COOOW yHHMKAJbHBIC
MHCTPYMEHTHI [2]:

- TPUHSATHE MeEp M0 KOHTPOJIIO 3a BBIOpOCAaMHU; TO €CTh OIpe/AeliCeHUe
MaKCHMaJbHO JOMYCTUMBIX YPOBHEW BBIOPOCOB, KOTOpBIE OYAYT COOTBETCTBOBATH
YCTaHOBJICHHBIM CTaHJapTaM KauecTBa BO3yXa.

- OLIEHKA MPEeJIaraeMbIX METOJIOB M CTPATETWii OTpaHUYCHHSI BHIOPOCOB; TO €CTh
OLICHKA BO3JIEMCTBUS OyAyIIUX CPEACTB KOHTPOJIS

AHanuTHYEeCKHWE PpeIeHUs ypaBHEHUS  TpexmepHod auddysun s
MPUTIOAHITOTO CIUIONIHOTO TOYEYHOTO UCTOYHHKA C TIEPEMEHHBIM BETPOM M BUXPEBOI
auddy3uerl TOayYeHbI TOJBKO MPU OIPAHUYCHHBIX MpeanookeHusx. Cmur [128]
WCIIOJIb30BaJl CTENICHHBIC BapHalvu g BeTpa U AUPGY3UU U TPEINOTOKUI, YTO
Bapuanusi OOKOBOTO BeTpa Bcerga uMeeT rayccoBy ¢opmy. Ragland [123]
WCITIOJIB30BaJI CTEMIEHHOM 3aK0H it KodhduireHToB Auddy3un 1Mo y 1 Z, HO CUUTal
BETEp MOCTOSAHHBIM. ['aHanH M COJIOBEMYMK MPEICTABUIM BAKHOE AHATUTHYECKOE
peuieHre, B KOTopoM ucnodib3oBaiuch U = ulzm, Ky = KOzm u Kz = Klz, roe u —
ckopocth BeTpa, Ky nu Kz — koaddummentst BuxpeBoit muddy3un B 60Kk0BOM U
BEPTHKAJIBHOM HampaBiieHUsiX cooTrBeTcTBeHHO [123]. Ilurepc w1 Knmuzunar [115]
uccienoBasi 3PQPEeKT H3MEHEHHs] 3HAYeHHs] MOIIHOCTH NpPU TMOCTOSIHHOM BETpeE.
MaxkcuMmanbHasi KOHIIEHTPAIKs Ha YPOBHE 3€MJIM XOPOIIIO COTJIACYETCs ¢ Pe3yabTaTOM
[aycca st HeWTpambHOW yctoitumBocTH atmochepsl [123]. Mexnuzane u Pudan
[113] wm3ydanu MoaenupoBaHHE IIICH(POB TOUYECYHBIX HMCTOYHHUKOB Ha OOJBIINX
BbIcOTaxX. OHM Ucnoyb30BaM 1Be Moaenu aucnepcuu EPA, Screen u ISC, u nonyuunnm
nucriepcuto SO2. Shamsijey [126] usyuan paccenBaHie BHIOPOCOB TBEPIbIX YACTHIL.

K macrosimiemy BpeMeHU MMeeTCsl OOJIBIION OMBIT B PENICHUM 3a/1ad (PU3HKU
aTMoc(epbl U MPUKIATHON METEOPOJOTHUN C MOMOIIBI0 MATEMATUHYECKUX MOJIENeH 1

aHaim3a Qaktuueckor wHpopmammu [48, 59, 65, 75,]. B 3aBucmmoctd oOT
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UCCJIEIOBaHUSI KOHKPETHON MPOOJIeMbl BEIOMPAIOTCS MOJETH Pa3IMYHOTO YPOBHS MO
buznyeckomMy coaepkaHuio A dPPEKTUBHON peann3aluy UX Ha BHIYUCIUTEIbHBIX
MaligHax. TeopeTuyecKyto OCHOBY MOJIENIEH JaHHOTO KJlacca COCTaBIISIOT YpaBHEHUS
TUAPOTEPMOJUHAMUKN aTMOC(hepbl W YypaBHEHUsA NEpeHOca M TpaHCHOpMALMH
IIPUMECEM.

B nannoit  paGore [2] wucmonb3yeTcss — MaremMaTH4ecKas — MOJIeNb
THAPOTEPMOJUHAMUKNA aTMOC(HEPHBIX TMPOIECCOB HAa OrPAHUYCHHOW TEPPUTOPUHU
pernoHanbHOrO Macmrtada. /[yt 3anucu ypaBHEHUH HCNONb3Ysl AEKapTOBY CHUCTEMY
KOOPJIMHAT X, Y, Z (OCh X OPUEHTUPOBAHA HA BOCTOK, Y — Ha IOT, Z — BEPTUKAJIb BHU3).
ATMoc(depHble TpoLecChl: YpaBHEHHs JBHUKEHHUSA, YpPaBHEHHUS HEPa3pbIBHOCTH,
ypaBHEHHUE NepeHoca TeIula U npumecH, ypaBHeHue cocrosiuus (Kumaiinepona). Beero
OBLJIO MPOBEACHO TPU YHCICHHBIX SKCHEPUMEHTA IO MOJEIUPOBAHMIO Mpolecca
pacnpocTpaHeHusi npumecu Haj Tepputopuei Keipreizckoit  PecnyOnmmku ¢
Pa3IMYHBIMU METEOPOJIOTUYCCKUMH YCIOBHAMU [24]. MHTerpupoBaHHe ypaBHEHUSI
muddy3un mpuMecH BO BCEX 3KCHEpUMEHTax MpoBoAwsiock Ha 30 u Ooisiee CyTOk
MOJIEJIBHOIO BpeMeHM ¢ maroM 1 cyTtku. HMcnonb3oBaiics peanbHBIA penbed
MOBEPXHOCTH, M30JIMHUU. Pe3ynpTaThl MPOBEAEHHBIX YHMCIECHHBIX SKCIIEPUMEHTOB
JEMOHCTPUPYIOT PEAJTUCTUYHOCTh MOJEIUPOBAHUS IpOLECCa PaCHPOCTPAHEHUS
IIPUMECH.

B coBmecTHbIX padoTax C.M.CynaiimaHoBoii [S] ObUIO BBIIOJIHEHO YUCIEHHOE
MOJICTUPOBAHUE TIpolieccoB MudPy3un 3arps3HAIONIMX BEIIECTB B aTMocdepe ot
TOYEYHOT0 MCTOYHUKA C MoMoLIbio mporpaMMmHoro komruiekca ANSYS CFX [58]. B
pabore Manyksn A.A., CenuBepcroBa T.B wuccienoBaiach  TpaeKkToOpus
pacnpoCTpaHEHUs] 3arpsi3HEHH OT TOYEYHOTO HMCTOYHHMKA B 3aBUCUMOCTH OT
xapakrtepa nangmradra [107, 110].

Taxke ObuUl  OCYLIECTBIEH  pacueT  TpPaeKTOpPHM  pacmpocCTpaHEHUs
3arpsI3HSIONINX BEIIECTB B aTMOCc(hepe C y4eToM TypOyJIeHTHBIX Y()PEKTOB U HATUUIHUS
npensTcTBUi.  Mcronb30Baquch METOJbI BBIYMCIUTENBHON TUAPOJMHAMUKHA B

nporpaMmMHoM komruiekce ANSY'S Fluent [108].
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BeIBOABI 1O IJ1aBe
B niepBoii rnaBe npeacTaBieH 001uid 0030p UCCIET0BAHNM, OTHOCSIIINXCS K TEME
JUccepTaluu. 31ech coOpaHbl pe3ynbTaTbl pabOT PA3NIMYHBIX aBTOPOB, a TAKXKE
JaHHBIE O BO3JCHCTBUM W3MEHEHHUS KIMMaTa U aHAJIOTUYHBIE TPOOJIEMbI, KOTOPHIE

PacCMaTpUBAOTC:A B ,ZIaHHOfI AUCCCPTAlINU.

16



I'JTABA 2. METOAOJIOI'UA U METO/IbI HCCJIIEJOBAHUA

IIpeamer wucciaegoBaHMsi — MaTeMaTHYECKHE MOICIH MPOTHO3UPOBAHUS
KIIMMAaTHYECKUX IMapaMeTPOB W YHUCJICHHBIC METOJbl aHaiM3a aTMOCHEpPHBIX H
TUAPOJOTHUYECKUX TTPOIIECCOB

O0beKT uccaeq0BaHUs — KIMMAaTHYECKUE MapaMeTphbl OTIAEIbHBIX PErMOHOB
Keipreizckoit PecryOnmku, BKIIIOYas TeMIEpaTypy BO3AyXa, OCAIKH WU BBIOPOCHI
yriekucioro raza (CO.).

MeToabl ucciaeqoBaHus — B pabOTE€ HCMOJIb30BAHBI METOABl MAIIMHHOTO
obyuenus (meripocetu LSTM, XGBoost, GRNN), 4#cieHHOro MoJIeIupOBaHUS
aTMocdepHbIx mnporeccoB (ypaBHeHusi HaBbe-CTokca, Mojenu TypOyJIEeHTHOCTH), a
Takke BbeluMcauTeNbHas TuapoauHamuka (CFD) B mporpaMMmHBIX KOMIUIEKCAxX
ANSYS Fluent u ANSYS CFX.

Hcnonb3yercsi anbTepHATUBHBIE METOJbI IPOTHO3UPOBAHUS, TaKUE Kak.
XGBoost (I'pagueHTHBINM OYCTHHT) — 3TO aJIFTOPUTM C OTKPBITBIM HCXOJIHBIM KOIOM,
KOTOPBIM peanu3yeT [JepeBbsi TPAAUEHTHOIO YCWIEHUS C JOMNOJHUTEIbHBIMU
YIYUYIIEHUSIMU  JIJIs JIy4IIed MPOU3BOAUTEIBHOCTH U CKOPOCTH, T.€. 3TO METOJI
MaITUHHOTO O0y4YEHHUsI, UCIIOIB3YEMBIN B 3a7a4ax perpeccuu u kiaccuukanuu. OH
CO3/Ia€T MOJIeJIb TPOTHO3MPOBAHMSI Kak aHcaMmOJib JApyrux, ciaObIx Mojenen
MPOTHO3UPOBAHUS, KOTOpbIE OOBIYHO SIBISIOTCA JAepeBbiMU pemenut . Ilo
CyTd, OYCTHHT paboTaeTr MyTeM J00aBJICHHS HOBBIX MOJEJIEH ISl HUCTpPaBICHUS
omKOOK, KOTOPBIE CACTAIN MPEIbIAYIINE.

XGBoost — 310 TN MOjeNU TPATUSHTHOTO YCWJICHHS, KOTOPAasi UCIOJIb3yET
METOJbl MOCTPOEHUS JEpeBa ISl MPOTHO3UPOBAHUS CBOETO0 KOHEYHOTO 3HAYCHHSI.
OOblYHO I JOCTHKEHHSI ~ MUKOBOM  IPOM3BOJIUTENILHOCTU  Tpelyercs
JIOTIOJIHUTEIIbHASI HACTPOIKA.

[IporHo3upoBanre B HayKe O JaHHBIX— 3TO METOJ, HCIOJIb3YEeMbIH IS
npejcKa3aHusl OyIyIIMX YHCIOBBIX 3HAYCHUNW HAa OCHOBE JaHHBIX HAOJIOJCHUS,

cOOpaHHBIX C TEYEHHEM BPEMEHHU, YEPE3 PETYIISIPHBIE WIIM HEPETYIISIPHBIE HHTEPBAJIbI.
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B oTnuune oT 0OBIYHBIX TAHHBIX METOJbI MAIIMHHOTO OOYYEHHs, T1Ie Kaxa0e

HAOJI0/ICHUE HE 3aBUCUT OT JAPYroro, AaHHBIE IS MPOTHO30B BPEMEHHBIX PSIOB
JOJDKHBI OBITH B MOCJEI0BATEILHOM MOPSIKE U CBA3aHBI C KaXKIOW TOUKOU JaHHBIX.
Hampumep, naHHblE BpPEMEHHBIX PAJOB MOTYT BKJIIOYATh €XKEMECSYHBIE OCAIKH,
€KEIHEBHBIC CPETHUE TEMIIEPATYPhI BO3/IyXa, €KEIHEBHBIE TPOJIAXKU U T. 1.
Mopnenu TpagueHTHOro OyCTHMHTa MPHOOpENH MOMYJIspHOCTh B  COOOIIECTBE
MaIIMHHOTO OOydeHus Onarogapsi CBO€il CHOCOOHOCTH JOCTHTaTh IMPEBOCXOJHBIX
pe3yibTaTOB B IIMPOKOM JMAIla30HE BapUAHTOB HCIIOJIb30BAaHUs, BKIIOYAs Kak
perpeccuio, Tak M Kiaccu(puKaiup. XOTsS 3TH MOJEIU TPAJAUIIMOHHO ObLIM MEHEe
pacnpocTpaHeHbl B NMPOTHO3MPOBAHUU, OHM MOTYT OBITh BechbMa 3(()EKTUBHBIMU B
3TON obnactu. HekoTtopble M3 OCHOBHBIX NPEUMYIIECTB HCIOIb30BaHUS MOAEIEH
IPaIMEHTHOTO OYCTHUHTA JJI IPOTHO3UPOBAHUS BKIHOYAIOT:

JIerkocTh, ¢ KOTOPOM B MOJIENIb MOKHO BKJIFOYATh 3K30I'€HHBIC IIEPEMEHHBIC B
JIOTIOJIHEHHWE K aBTOPErPECCHOHHBIM IepeMeHHbIM. CrocoOHOCTh (UKCHPOBAThH
HEJIMHEHHbIE 3aBUCUMOCTH MEX]y IEepEMEHHbIMU. BbIcOokas MacmTabHpyeMOCTb,
MO3BOJIAIONIAs MOJENIIM 00pabaTeiBaTh Oo0JbIIHEe 00BEMBI JaHHBIX.HekoTopsie
peanu3aluy  MO3BOJSIIOT  BKJIIOYATh  KAaTerOpHalibHbIE  IMEpEeMEHHble  0e3
HEOOXOMMOCTH JIOTIOTHUTENLHOTO KOJUPOBaHUS, HAIPUMEp, MPSMOTO KOJUPOBAHUSI.
HecmoTtps Ha 3TH mpeuMyllecTBa, UCIOIb30BaHUE MOJEICH MAlIMHHOTO OO0y4YeHUs
JUTSL TIPOTHO3UPOBAHUSL MOXKET OBITh COMPSIKEHO C PSAAOM IMpoOJeM, M3-32 KOTOPBIX
AHAIMTHKUA MOTYT HE 3aXOTE€Thb MX HMCHOJIb30BaThb. OCHOBHBIMU W3 HUX SIBJISIFOTCS:
[IpeoOpazoBanne AaHHBIX TaKUM OOpa3oM, YTOOBI UX MOXHO OBLJIO MCIIOJIb30BaTh B
KauecTBE 3a/layu perpeccuu. B 3aBUCMMOCTH OT TOr0, CKOJIBKO OYAYIIMX MPOTHO30B
HEOOXOIMMO (TOPU3OHT MPOTHO3MPOBAHMS), MOXKET NOTPEOOBATHCS HUTEPATUBHBIN
IIpoLeCC, B KOTOPOM KaXIbIi1 HOBBIM IIPOTHO3 OCHOBBIBAECTCSA HA IpeAbLAyuX. [l
IPOBEPKU MOJIETN TPEOYIOTCS OMpEICIICHHbIE CTpaTeruu, TaKUe Kak OIKTECTHHT,
dopBapaHas TMpoBepKa WM MEPEKpecTHas MPOBEpKa BPEMEHHBIX  PSIOB.

TpaI[I/IHI/IOHHaSI MEPEKPECTHAA ITPOBEPKA HE MOXKET OBITH MCITOJIB30BaHAa.
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bubmmoreka skforecast mpemocraBisieT aBTOMATH3MPOBAHHBIC PEIICHUS IS
3THX 3aJa4, YOpoIlas MPUMEHEHNE U MTPOBEPKY MOJENECH MAIIMHHOTO O0yUeHUs IS
3aJa4 NpPOrHO3MpoBaHUs. buOIMOTEeKa MNOAAEPKUBAET HECKOJIBKO PACIIMPEHHBIX
Mojiesiel rpagueHTHOro OycTuHra, Bkitoyass XGBoost .

Juis  obneryeHuss ~ oOydeHMss ~ MojeNed,  IMOMCKAa  ONTUMAaJbHBIX
TUIEepIIapaMeTPOB U OLEHKH UX TPOTHOCTUYECKOW TOUHOCTH JaHHBIE ACNATCS HA TPU
oTaenapHbIX Habopa: Co3aaet mpu3HaKy (MECSI, TOJl, OCaJKH 3a MPEIbIIYIIUNA MECSIT).

1. Pasnenser nanuele Ha train/test.

2. Oobyuaer XGBoostRegressor.

3. CTpouT MPOTHO3 U BU3YATM3UPYET PE3yIbTATHI.

Ckounp3dlas CTaTUCTHKA U CKOJb3AUMe cpeqHue. CKoJb3slas CTaTUCTHKA U
CKOJIB3SIIIAE CPEIHUE — OTO CTATUCTUYECKHUE METOMAbI, HCIONIb3yeMbIe IS
0000uIeHrsT UHPOpPMALIMKM 3a ONpPENEICHHbIN nepuox BpeMeHH. OJHUM M3 TaKux
METO/IOB SIBJISIETCS 7-THEBHOE CKOJIb3AIIEE CPEAHEE.

[Ipexne yeM mpUCTYNUTh K NMPOTHO3MPOBAHUIO ¢ Mcnonb3oBaHueM XGBoost,
HEOOXOMMO CHayajla yCTAHOBUTD IaKeT.

pip install xgboost
ITocne YCTAHOBKH MbI IIOAT'OTOBHM JAHHBIC JIA O6yquH${ Hamen MOJCIN.

Teopetuuecku, mporaozupoBanre XGBoost Oynet peaan3oBbIBaTH MOJIETb PETPECCUU
Ha OCHOBE E€IMHHUYHBIX WJIM MHO>XECTBEHHBIX MPU3HAKOB [JIsi MPOTHO3UPOBAHUS
OyIyIIMX YUCIOBBIX 3HaUueHHM. BOT mouemy oOyueHHe JaHHBIX TaK)Xe JOJKHO OBITh
B YHCJIOBBIX 3HaUYeHUsIX. Kpome TOro, 4ToOBl BKIIFOUUTH JBMKEHUE BPEMEHU B HAIILY
mozenb XGBoost, MbI peoOpa3yem JaHHbIE O BpEMEHU B MHOKECTBEHHBIC YMCIIOBHIC
MIPU3HAKHU.

Haunewm c co3manust yHKITUU I CO3/IaHUS YUCIIOBBIX XapakTePUCyHOKTHK Ha
OCHOBE JIaThl.

[Tporuo3sl BpeMEHHBIX PSAOB YACTO BKIIFOYAIOT TPEHIOBBIC, CE30HHBIC U IPYTHE
3aKOHOMEPHOCTH W3 JAaHHBIX JJI CO3AaHus mporHo3a. OIuH U3 MPOCTHIX CIOCOOOB

PACCMOTPETh 3aKOHOMEPHOCTb — BU3YAJIIM3HUPOBATH €C.
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[Toxaxem, kak paboraet mozaenb XGBoost B Python.
Har 1: UmnopT Heobxoaumeix 6ubdanorex Python

CHauana He0OXOAMMO HMIOPTUPOBATh Bce OUOTMOTEKH, KOTOpbIE
MOHA00TCS 11 MOJICIIN:

import numpy as np

import pandas as pd

import xghoost as xgb

from sklearn.preprocessing import MinMaxScaler

from sklearn.model_selection import train_test_split

import matplotlib.pyplot as plt

Kax BuaHO, umnoptupyercs naker pandas, KOTOPbIA OTIUYHO MOIXOIUT IS
aHanu3a U oOpaboTku AaHHbIX. KpoMe Toro, ecth Takxke NUMPY , xoTopsiii Oyner
UCIIOJB30BaThCA I  BBIMOJHEHHUS PAa3JIMYHbIX MAaTEMAaTHYECKUX ONepauuid ¢
MaccuBaMH, Takke Meton train_test split — oH upes3BbUaliHO Ba)keH, TaK Kak
MO3BOJISIET pa3OUTh JaHHBIE Ha OOyyarollde M TECTOBbIE MOAMHOXKecTBa. HakoHerr,
3nech ecth Meton Xgh.XGBRegressor , KkOTOpblii OTBedaeT 3a oOecredeHue
¢dynkunoHaiabHOoCcTH anroputMa XGBoost. OH uMnopTupyercs LEIUMKOM B Hayase
Halllel MOJEIIH.

[ar 2: Onpenenenne myTyd K HAOOPY AAHHBIX

Hcnone3zys dynkuuto Path , mMbel mMoxem omnpenenuTs, rae Ha Hamem [1K
XpaHUTCS HAOOP JTaHHBIX.

Janee mnpouwTaeTcs JAaHHBIM (daiti  Habopa MAHHBIX C  MTOMOIIBIO
¢yukuuu pd.read excel. Mel BcTaBuM 1y Th K (ailily B Ka4eCTBE BXOIHBIX JaHHBIX JIJIS
merona. ITocie ucmonp3yercss Mero reduce_mem_usage , KOTOpbI yiKe OIpeesieH
Mo TMOPSAAKY. OTO MOXHO CcJelaTh, TMepeaaB €My 3HAaue€HHE JaHHBIX U3
byHKIIUU ymeHus:

# 3arpy3Ka JaHHBIX
df = pd.read excel("Ocanku_bumkek.xIsx")
df.rename(columns={"T'og-Mecs": "JlaTa", "Ocanku": "Ocanku"},
inplace=True)
df["/1ara"] = pd.to_datetime(df["JaTa"], format="%Y-%m")
df.set_index("/lara", inplace=True)
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[Iar 3: OuncTka u pasaenacHue Habopa JaHHBIX. YTOOBI OYUCTUTH U PA3JCIUTh
Ha0Op JaHHBIX, KOTOPBIA MCIIOIB3YETCS, IPUMEHSICTCS CIICIYIONTUN KO/ !
# Co3naHue IpU3HAKOB BPEMEHHOTO psia
df["Mecsn"] = df.index.month
df["T'on"] = df.index.year
df["Ocanxu_npen'"] = df["Ocanku"].shift(1) # Ocanku 3a TPONUTBINA MECSIT

df.dropna(inplace=True)

# Pa3snenenue Ha train/test
train_size = int(len(df) * 0.8)
train_data = df.iloc[:train_size]
test_data = df.iloc[train_size:]

# Bplaenenue Npu3HaKkoB U LEJIEBOW MEPEMEHHON
X train = train_data[["Mecsanu", "T'ox", "Ocanku_npen"]]
y_train = train_data["Ocanxu"]

X test =test data[["Mecsan", "T'ox", "Ocanku_npen'"]]

y test = test data["Ocanxu"]

[ITar 4: MHcnonb3oBanne anroputMa XGBoost. HyxkHO wncnonb30BaTh
koHcTpykTop XGBRegressor() mis co3manus sk3emiuiipa oObekta. OH MOXKeT
IIPUHUMATb HCCKOJIBKO IMTapaMCTPOB B KAYCCTBC BXOJHBIX HAHHBIX — K&)I(I[blﬁ N3 HUX
MPUBEAET K HEOOTBIIIOMY U3MEHEHHIO TOTO, Kak padoTtaet anroputm XGBoost.

# Ooyuenne XGBoost-monenu

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

model.fit(X_train, y_train)

# IIporno3upoBaHue
y_pred = model.predict(X_test)

[Mar 5: Tloctpoem rpaduk xapakrePucynoktuk LGBM B 3aBucuMocTd OT
sHaunMoctTd XGBoost, Tenmeps MBI MOXEM TOCTPOUTH TpadUK BaKHOCTH KaxIOU
dbyHkIuu qaHHbIX B Python ¢ moMoreto ciieyromiero Kojia:

# Buzyanuzauus npeackazaHui

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

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

plt.plot(df.index[-len(y_test):], y_pred, label="TIporao3 XGBoost')
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plt.xlabel("Tox")

plt.ylabel("Ocanxu (Mm)")
plt.title("IIporuos ocagkoB XGBoost™)
plt.legend()

plt.show()

YucjieHHOE MOAEJTMPOBAHUE NIPOLECCOB TEIIOBJIATONEPEeHoca
Jnsg  mpocTOTBI  MOCTPOEHHWE MATEMATUYECKOM MOJEIH, OMMUCHIBAIOLICH
HECTAllMOHAPHYIO (QUIBTPALIUIO HEC)KMMAEMOM JKUJKOCTH Yepe3 HeaehopMUupyeMyro
IIOPUCTYIO CpENy, HAYHEM C TE€UYEHHs, B KOTOPOM IapaMeTpbl MOTOKA 3aBUCAT OT
BPEMEHHU t ¥ JIUIIb OT OJJHOM ITPOCTPAHCTBEHHOW MIEPEMEHHOM Z AEKAPTOBOM CHCTEMBI

KOOpOIHHAT XYZ. ITnockocth z=0

cn:| Z=-h(t)

4 N X X »
(3qu 'Z=Z_(t)

Pucynok.2.2.1. Bo3moskHbI€ CXeMbl OTHOMEPHOUN (PUIBTPALIUN KUIKOCTH

CoBmecTM ¢ TpaHMIE TMOPUCTOM  Cpenbl, 3aHUMaBUIEH  HUXKHEE
noyiynpoctpaictBo (z>0 ), a OCh Z HampaBUM CBEPXY BHHU3 IO BEKTOPY CHIIbI
TATOTCHMS, KaK TOKa3aHO Ha pucyHke.2.2.1 (och y MepHeHANKYJISpHA TIOCKOCTU
pucyHka). B ciydae pucynka.2.2.1,a) Haa rpanuned pasgena (I'P) z=0 nmaxomgutcs
bunpTpytomytocs B nopucthiii Marepuan (IIM) crmoit KUIKOCTH TUIOTHOCTH P U
tomuHbl h(t), mo IIM pacnpoctpansiercst ppont Hamokauusi {POH) z= z.(t), mox HUM
pacnosiaraercsi 30Ha cyxoro marepuaina (3CM), B KOTOpOIl KUAKOCTh OTCYTCTBYET, a
HajJ - 30Ha nosHoro Hamokanusa (3IIH), Bce mopsl KOTOpOHMl mpeamnoararoTcs

3allOJIHCHHBIMHU XUJIKOCTBIO. 3,[[601) n aainee IIM IMOKPBIBACTCA KPYKOYKaAMH, a
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KUIKOCTh, 3aHAMaBIIas Bce cBoboaHoe oT "ckenera" [IM mpoctpancTBO (Hampumep,
Hag I'P u B 3I1H), - nBoiiHON KOocoM mTpuXOBKOW. Hapsay ¢ mogHeIM HaMOKaHUEM
€CTECTBEHHO (CM., B 4acTHOCTH, /1-3/) HOMYyCTUTh 30HBI YAaCTUYHOIO HAMOKAHUS
(34H). B 3YH ¢parMeHTsl KUAKOCTH, pAaclojiaraBIIMecs Ha CMaddBACMbBIX
noBepxHocTAx "ckenera" IIM, B TymMKOBBIX MOpax, TOHKUX KamWUIApax U T.II., HE
oOpasytor cBsizHoro nuenoro. Ilo oatoit mpuumne 3IIH Oyaem nokpwiBaTh
NEPEUYEPKHYTHIMU KPY>KOUKaMH ("'4aCTUYHON" IITPUXOBKOI ), KaK CIEJIAHO HAa pUCYHKE
2.2.1, 6) u B). Ha pucynke 2.2.1,6) ®H nsmxercs nmo 3YH, a Ha pucynke 2.2.1,8
nepenuuii ®H pacnpoctpansercs no 3CM, a 3aauuii GpoHT z=2 (t) - pazaenser 3I[TH
(cHU3Y) U ocTaBIytocs nocie ero nmpoxoxaeHus 3YH.

B cornacuu ¢ BO3MOXHOCTBIO TIOJIHOTO M YaCTUYHOrO HamokaHus [IM kpome
oObIyHOTO KO3(pdueHTa mopucoctd m <I, narnIero OTHOCUTEIBHBIH OO0BEM
NPOCTPAHCTBA He 3aHATOro "ckeneToM", BBeeM KO((GHUITMCHT N, Tako, 4To (1-N) m
- OTHOCHUTCIBHBIH 00BEM, 3aHATBHIM XUAKOCTEIO B 3UH. B HecmauuBaromemcs
Matepuaine 6e3 TynukoBbiX 1mop n=1. KoagduuueHt n npuiekaercss He TOJNbKO IS
ormucanus 3UH. Benen 3a 6ynem cuutath, uTo u B 311H sxuIKoCTh MOXKHO pa3iennuTh
Ha HEMOJABMXKHYIO "cBsA3aHHYI0'" ¢ [IM 1 HECBSI3aHHYIO C MOCIEAHUM Y 3aHUMAIOIINMU
YacTH TOJIHOTO 00bEMa, paBHBIE COOTBETCTBEHHO (1—n)m B U na, ¢ TeM Xe n, Kak 1 B
34H. IIpu onpenenenun m, kak o0baHO [24,25,46,53,66], HE yuuThIBatOTCA "TIIyXxue"
MOpPhI, HEJOCTYHHBIE MJIA >KUJIKOCTH, XOTSA cama Takas HEJOCTYIMHOCTh HEPEIKO
SBJISICTCSI JIMIIIb BOMPOCOM BpeMeHM (MpaBna, JUIsi OBICTPHIX HECTAIIMOHAPHBIX
MPOLIECCOB C MallbiMU BpeMmeHamu cyiiectBoBanus 3IIH »ToT MOMEHT He CTOJb
aKTyaJjieH Jlaxke mpu 0oybIIoM oObeMe Tiyxux nop). CyliecTBeHHO 00Jiee YCIOBHBIM
npencrasisiercst pazouenue xxuakoctd B I1IM Ha cBszannyo (KC) u HecBsizaHHYIO
(°KH), ocoOeHHO eclii y4eCThb, YTO CTENEHb MOJ0OHOM CBA3aHHOCTH, T.€ BEJIMUMHA |—
N 3aBHCHT, HAIIPUMEP, OT CKOPOCTH KUAKOCTH (1—n yOBIBaeT ¢ ee poctom). HecmoTps
Ha CJIeJlaHHbIE OTOBOPKH, KOTOPbIE MOXXHO YYECTh NpPH JalbHEHIEM pa3BUTHH
MOJENH, IPUMEM, YTO M U N 33JaHbl U NOCTOSIHHBI, IPUYEM HE 3aBUCAT JAXKE OT Z.

Torma ypaBuenue nepaspsiBHOCTH JKH, nuddepennmanshuas ¢gopma KOTOporo B
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06IJ_ICM CiIydac€ HCIOCTOSAHHBIX m 1 n IIPOU3BOJIBHOI'O YMCJIa HPOCTPAHCTBCHHBIX

MNEPEMCHHBIX UMCCT BHU:

G(pnm) —— 4 V(pnmu) 0

(2.2.1)
C BEKTOPOM TaK Ha3bIBaeMOW '"(pU3MUECKON" CKOPOCTH U — HECBI3AaHHOU
KUJKOCTH M C €€ HMCTUHHOM IUIOTHOCThIO p (MOJYEPKHEM OTIWYHE P OT TaK
Ha3bIBaeMOH "pa3zMazaHHOU" 10 BceMy 00bEMY MIIOTHOCTH, HEPEIKO UCTIOIB3YEMO B

MHOTI'O )KHI[KOCTHOﬁ MCXaHHKC CIUIOIIHBIX CpEa CBOJIHTCA K:

ow _0
oz (2.2.2)
B (2.2.1) - u cKOpOCTb XKUAKOCTH C MPOCKIMSIMU U,V 1 W Ha OCH X, Y U Z

cootBeTcTBeHHO. [Ipm mepexone ot (2.2.1) k (2.2.2) mOMHMO CKa3aHHOTO paHee
YYTEHO, 4TO U U V - (PYHKIIMH TOJBKO t U Z.

VYpaBHEeHUs NBWKCHHSI CBOOOTHOM XKUIAKOCTH HAITWIIEM JJISI CHJIBI TSHKECTH,
HaIpaBJICHHOW COTJIACHO CHIETTAaHHOMY BBINIE BBIOOPY MO OCU Z U XapaKTepu3yeMou

YCKOpEeHHEeM CBOOOIHOTO majieHus §. Toraa mpu Haau4uu CUiibl f, TEeHCTBYIONIEH Ha

KUJKOCTb CO CTOpOHBI [IM, BEKTOpHOE ypaBHEHUE JBUKEHUS IPUMET BUJL

-

o, (UV)U = —[Eva +V(gz)+mnf
at p (2.2.3)

31ech p - 1aBJICHHUE KUAKOCTH, KOTOpOoe OyJIeM OTCUMTHIBATh OT JIaBJICHUS Ha €€
noBepxHocTH (npu z = —h (t) Ha pucynke.2.2.1,a u 6 wiu npu z =z_(t) Ha pUCyHKE

2.2.1,B), rae, TakuM obpazom, p = 0, @ f — u3BecTHast (yHKIUS U U MMapaMETPOB

obeux cpen. brnaronaps BBEIEHHUIO MHOXKHUTEIS MmN MPEANOCICAHIS UMEET CMBICI
CUJIbl, JeWcTByrolied Ha enuHuily maccel JKH, m0o Ha BCIO Takyr >KHIKOCTb,

HaXOJIAIIYIOCS B €IUHUIIE 00bEMaA, BO3JCHCTBYET criia, paBHas mnf. [Ipu Maneix u

YMEPEHHBIX CKOPOCTSX I f Xopoino padoraer "3akoH [lapcu" , cormacHO KOTOpOMY
f gu (2.2.4)
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a KoHcTaHTa k c pasMmepHocThi0 ckopocTH ("ko3dduuuent Quuprpanmn’)
omnpenenseTcss TOAbKO (u3ndeckumu cBoicTBamu xujkoctd u [IM. IlosiBnenue B
(2.2.4) g 00yCIIOBICHO YCTOSABIICIHCS TP HIIHCH.

[Tpu mpuBeAeHNN BBHIMMCAHHBIX YPaBHEHUH K Oe3pa3zMepHOMY BUIY B KaueCTBE
MaciTaba JmHbl L y1o0HO B34Th ho - HayanbHOE 3HaueHue BBICOTHI ciiog Hag [P, a
ecin ho=0, kak B ciyuyae Pucynok.2.2.1, B) (eciau u3o0pakeHHass Ha HEM CHTYyaI[us
otBeyaeT t=0), KaKy-mub0 APYryi0 BEITUYHHY TOH K€ pa3MEepHOCTH, Harpumep, L=
Z+0.-Z-0. 32 MacIITab CKOPOCTH BO3bMEM \/ﬁ , BPEMEeHH —\/7 , 1 nmaBieHus - pgl.
[Tocne Takoro o6Ge3pasmepuBanus ypaBHeHus (2.2.1) u (2.2.2) ocranytcs 0e3

u3MeHeHu (J1eByro vacth (2.2.3) MOXKHO pasneiauTh Ha p), a (2.2.3) ¢ f u3 (2.2.4)

CTaHCT:

—

u - .- 1)
a—+(uV)u =-Vop—|— U
ot ©
(p=p-2) (2.25)
c 0e3pa3MepHON KOHCTAHTOU N=k/mn,/gL. Ini1 TUOUYHBIX TOPHUCTHIX

matepuaioB X << 1, Ecnmi p u u - ¢pyHKIIMU TOJBKO Z U t, TO (2.2.3) cBOAMUTCS K

CJIEAYIONIEH CUCTEME TPEX CKAISIPHBIX YPABHEHUM:

ou ou u ov ov Vv

— 4t W—=——, —+W—=——

ot oz X ot oz (9] (2.2.6)
W__Op W

a o g (2.2.7)

OpY HAIIMCAHUU TOCJIEAHEr0 M3 KOTOPBIX YUuTeHO (2.2.2). TeueHue *uIKOCTH
BHe [IM (mpu z<0 ) ommceIBaeTcsi TeMu ke ypaBHeHUsMU ¢ 1/X = 0. Hakowner, Bo
MHOTHX 3aJja4ax, HalpuMmep, Npyu MOJAECIMPOBAHUHU OPOILLIEHUS MOKHO CUUTATh, UTO P B
OCM u B 3YH He oTnnyaeTcs OT JaBJIEHUS HA MMOBEPXHOCTH >KUAKOCTH, T.€. B CHILY

BBIOOpA HayaJla €ro 0TCYETa PaBHO HYJI0. B Takux cimydasx:

p(h(t) =0, p(z.(1) =0,(-g(1)) =h,@(z.() =-2z.  (228)
IIPYU HAIMCAHUU JTUX YCIOBHM, C OJHOM CTOPOHBI HE YYTEHBI KAWUIAPHBIC
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3¢ ¢deKTbl, KOTOphlE B JOCTATOYHO MEIJICHHBIX MpOIeccax MOTyT HrpaTh
CYILIECTBEHHYIO posib. C Opyroil CTOPOHBI, 3/1€Ch HE YUYUTBHIBAETCS JBUKEHUE rasza B
cB0OO1HOM TIpocTpaHcTBe (1pu z<- h) u B [IM. Kpome Toro, npeanonaraercs Hajau4due
cBsI3M Mexay oOmactamu Hai u mon 3IIH naBneHHss B KOTOPBIX CUHTAIOTCS
COBIAIAIOIINMHU.

IloBepxHoCcTH pa3pbiBa M COOTHOLIeHUs] Ha HHUX. Jluddepennmanbubie
YpaBHEHUSI HE BBINOJHAIOTCS HAa TOBEPXHOCTSIX pPa3pblBa, KOTOPHIMH B CIydasx,
Npe/ICTaBICHHBIX Ha pucyHKe 2.2.1 Hapsty co cBoOoaHO# moBepxHOCThIO (CIT) z=-h ,
apisitoTcst ['P: z=0 u ppoutsl Zz = z + (t)) , orpanuuuBaromue cHu3y u ceepxy 3I1H.
YacTp ycnoBUl Ha NEPEYUCIECHHBIX Pa3pbIBaX COCTOMT B HENpepbIBHOCTH p HA ClI n
Ha ¢ppoHTax z=z+(t) ¥ B BBITEKAIOIIMX U3 ATOI'O PaBEHCTBAX IS V. Kak 3TO OTPaKeHO
B (2.2.7). BeIrcaHHBIX COOTHOIICHUH, 0OTHaKO0, HenocTaTouHo. Tak mys CIT u 3amHero

¢dponTta 3ITH nMeroT MecTo o4eBUIHBIC PAaBEHCTBA

d—h =h'= —W(—h)a—Wh,% =72'=w(z.))=w_
dt dt (2.2.8)

KOTOpbIE, TOMUMO ITPOYET0, MOSICHSIOT PSi/l UCTIOIB3YEMBIX Janee 0003HaAUCHHIA
(IuTpUX - AJI MPOU3BOJHBIX MO t U (PYHKIIHMM, 3aBUCSIIMX TOJBKO OT BPEMEHH, , Wh
u w_T. 1, ). Insa nepennero ¢pponta 3ITH anamornuHoe paBeHCTBO SIBISIOIIETOCS
CJIEICTBUEM YCKOPEHHMS KUIAKOCTHU MPU €€ BTeKaHnu B [IM.

IIpexne yem, onupasich Ha BBIINMCAHHBIC BBILIE YPABHEHUS U YCIIOBHUsL, IEPEUTH
K OoJiee JETalbHOMY PAaCCMOTPEHHUIO TUIUYHBIX OJJHOMEPHBIX 3a7ad, OCTAHOBUMCS
elle pa3 Ha poJIM Ta3a, HE YUYUTHIBAEMOTro B JaHHON Mozaenu. [IpeHeOpexxeHue ero
JBH)KCHUEM BIIOJIHE OINPABJAHO INPU MAJIOCTH, BO-NIEPBBIX, yucesl Maxa, paBHBIX
otHoueHuto ckopocteit CII, ®H u Bepxue rpanunbl 311H: z-z (t) k ckopocTu 3ByKa
B ra3e U, BO-BTOPbIX, OTHOIICHHUS IJIOTHOCTEN ra3a u >kuakocti. Hapymenue moboro
U3 3TUX YCJIOBUH (HarpuMep, Mpy MajoCTy NEPEeUrCcIeHHBIX yrcesl Maxa, cpaBHUMBbIE
IUIOTHOCTU Ta3a M JKUAKOCTH, YTO BO3MOXHO B HEKOTOPBIX TEXHOJOTHYECKUX

YCTaHOBKAaX) JeaeT HeoOXOIUMBIM COBMECTHOE PacCMOTpEeHHE (DHIbTpaAIuu 00enxX

cpea. HpI/I 9TOM IIOMHMO HJIM BMECTO YXKC€ OIIMCAHHBIX Pa3pbIBOB MOI'YT IIOABHUTBLCSA
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HOBbIE. Tak, eciiu B3auMOJICHCTBYIOIIUE CPEAbl HE PACTBOPSIOTCS JIPYT B JIpyre, TO
BO3MOXHO (opMHpOBaHHE 'CKaukoB HacklmeHHOCTH" bakmm-JleBeperra wnmm mux
aHaJIOTOB B 0o0Jiee CIOXKHBIX cUTyarusax. Jpyras rpynna 3¢ dhekToB, 00yCIOBICHHBIX
HaJIMYUEM Ta3a, CBsI3aHA C MEJJICHHBIM MPOHUKAHUEM KUIKOCTU B MEJIKHWE TOPHI U
KalWUIspbl, KOTOpPOE, B CBOIO OYEPEIb, COMPOBOXKAACTCS BCIUIBIBAHHUEM Tra3a B
)kuakoctu. Ecim B IIM MHOTO Takux MOp M KamWUISIPOB, TO MPUMEHHUTEIBHO K
CYILIECTBEHHO HECTAI[MOHAPHBIM 3aJlayaM MOKET BCTaTh BOMPOC O MPAaBOMEPHOCTHU
MPUMEHECHUSI 3HAYEHUM m, TIOJYYEHHBIX B CTaTHYECKUX U3MEPEHUSX. 3]1€Ch
MpaBWIbHEE MCMOJb30BATh MEHBIIME 3HAYCHUS] M, HAWJICHHBIE W3 CHEIUATIbHBIX
"MMHAMHUYECKUX" HKCIEPUMEHTOB, MOCTABJICHHBIX C IMPUBJICYCHUEM TEX UIU WHBIX
HECTAIIMOHAPHBIX peleHud. bojee Toro, B MOAOOHBIX CiydasXx m M N H3-3a
OTMEYEHHBIX 3()PPEKTOB MOTYT CTaTh (PYHKIUSIMU BPEMEHH, OMNpEIETICHUE KOTOPBIX
noTpedyeT pa3BUTHUS COOTBETCTBYIONIETO "peflakcaliioHHOT0" (B CMbICIIe (DU3NUYECKUX

IIPOLCCCOB 3aIIOJIHCHUA KAIIWJIJIAPOB U T.H.) IIoaxoaa

2.1. BbIBO/BI TIO TJIaB€
[IpoBeneH aHaM3 W MPOTHO3UPOBAHUE CPEIHEMECSYHBIX CYMM OCAaJIKOB 3a
nocienuue 100 €T mo JaHHBIM METEOPOJOTHYECKUX HAONIOJCHUMN, HCIONb3Ys

MOJECJIU BPEMCHHLIX PAAOB U METOAbI MAIIIMHHOI'O O6y‘I€HI/IH.
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TJIABA 3. PA3BPABOTKA MATEMATHYECKNX MOJEJIEN
MMPOTHO3UPOBAHUSA CPEJHEMECSAYHOMW TEMIIEPATYPBI
BO3AYXA, BBIBPOCOB YIVIEKUCJIOI'O I'A3A (CO»),
CPEJHETI'OJOBbIX CYMMAPHbBIX OCAJIKOB.

3.1. IIporHo3upoBaHue BPEMEHHOI0 Psiia CpeHeMeCAYHOi TeMIlepaTyphbl
BO3/1yXa C MCN0Jb30BAHNEM HEHPOHHBIX ceTeill

Honras xkparkocpouHnasi mamath (Long short-term memory; LSTM) — ocobas
Pa3HOBHUJIHOCTh APXUTEKTYpPbl PEKYPPEHTHBIX HEHWPOHHBIX CeTed, CrocoOHas K
OOYYEHHIO JIOJTOBPEMEHHBIM 3aBUCHUMOCTAM. OHU OBUTM TPENICTABICHBI 3€MIOM
Xoxpaiitep u IOprenom lImuaxyodepom (Jirgen Schmidhuber) B 1997 rony, a 3arem
YCOBEPILICEHCTBOBAHBl M TMOMYJISAPHO M3J0KEHbI B paboTax MHOTUX JPYTUX
uccienopareneid. OHM MPEKPACHO PEIIAOT UENbld psAl pa3HOOOpa3HbIX 3a1ady U B
HACTOSAIEE BPEMS IIIMPOKO UCTIOJIb3YIOTCS.

LSTM  paszpabotanbl  croenuaibHO, 4TOOBI  HM30eXaTh  MPOOJIEMBI
JIOJITOBPEMEHHOM 3aBUCHUMOCTU. 3alOMUHAHUE HH(POPMAIMK Ha JOJTHE TMEePUOIbI
BPEMEHHU — 3TO MX OOBIYHOE MOBEJICHUE, a HE YTO-TO, YeMY OHU C TPYJOM IbITAIOTCA
OOy4YUTHCS.

PaccmatpuBarotcs TEHJICHIIUU HM3MEHEHUM BPEMEHHBIX pAIIOB
CpPEIHEMECSYHOTr0 TeMIepaTypHoro Bozayxa Omickoi o6aactu 3a 100-1eTHUM Tepro
1921-2021rr ¢ momompio LSTM Mozaenn HEWpPOHHBIX CETEH I PEIICHHS 3aaadu

MIPOTHO3UPOBAHUS.

PernonanpHple KIMMATHYECKHE HW3MEHEHUS BO MHOTOM OTPEIEISIOTCS HE
TOJIBKO TJIOOAJBHBIMU TPOIIECCAaMH, HO H3BECTHBIMU (PU3HMKO-TeorpaduuecKUMHU
YCIIOBUSIMH KOHKPETHOTO PETHOHA, YTO B TIOJTHOM MEPE MOXHO OTHECTH K HEKOTOPBIM

obnactsim Keipreizcrana.

OneHka TPEeHIOB TOJIBKO CPEIHEMECSYHOW TeMIlepaTypbl BO3JyXa JAAHHOIO
pErruoHa He MO3BOJISIIOT BBISIBUTH CTPYKTYPY TE€MIIEpaTypHbIX W3MeHeHu. B nanHon

paboTe MNpUMEHSETCS NPOTHO3UPOBAHME BPEMEHHBIX PANOB Uil JAHHBIX

28


http://deeplearning.cs.cmu.edu/pdfs/Hochreiter97_lstm.pdf
http://deeplearning.cs.cmu.edu/pdfs/Hochreiter97_lstm.pdf

CPENHEMECAYHBIX TEMIEpPaTyp BO31yXa, 4YTO JaeT BO3MOXKHOCTb HCCIIEN0BAThH
W3MEHEHHUS PETHOHAIIBHOTO KIMMATA.

3ajaya MPOTHO3UPOBAHUS BPEMEHHBIX PSAJOB 3AKIIOYAETCS B TOM, UYTOOBI
IIPOJOJDKUTH 3HAYEHUS JAHHBIX CPEIHEMECSYHOM TeMIepaTypbl BO3JyXa IPOLLIbIX

IICPHUOJ0B B 6y,Hy1H€€, A€ OTH 3HAa4YCHHA CIIC HC M3BCCTHBI.

PexyppeHTHas ceThb ¢ 1OJITroCpOYHOM U KpaTkocpouHoit namareio LSTM (Long
Short Term Memory) rmy6okoro o6yuenus 00s1ee TOUHO ONpeIeisieT 3aKOHOMEPHOCTH
B JIAHHBIX BPEMCHHBIX PSAAO0B, U OPPEKTHBHO MOXKET NPUMEHATHCS IS

MIPOTHO3UPOBAHUS OYyIyIIero TpeHaa JaHHbIX [1].

JlaHHBIE NPEICTABISAIOTCS KaK CPETHEMECSIUHAS TeMIieparypa Bo3ayxa Onickoi
oOnacTu B npoMexyTke ¢ 1921-2021rr. Onu pa3duBaroTCs Ha 00y4arouid U TECTOBBIN
HaOop, rae ganHble A0 2021r. UCHOMB3YIOTCA B KayecTBE OOyYarOIUX JAHHBIX JUIS
MOJIEJIN, a 3aTE€M MBITAEMCsl MPEACKA3aTh CPEAHEMECSUHYIO TEMIIEPATYPY B TEUCHHE
nocjeaHel yacTu Habopa JaHHbIX [93].

UtoObl  CHpPOTHO3UPOBATH  3HAYEHHs]  OyIyIIMX  BPEMEHHBIX  ILIaroB
MOCJIEIOBATEAbHOCTH,  MOXHO  oOyuuth cetb LSTM  perpeccun  oT
MOCJIEIOBATEIBHOCTH K MOCEA0BATEIbHOCTH, T/I€ OTBETAMU SBIIAIOTCS 00yvaroliue
IIOCJIEOBATEIBHOCTH CO 3HAYEHUSAMM, CABUHYTHIMU Ha OJWH BpeMEHHOM 1mar. To ecTh
Ha KaKJIOM BpPEMEHHOM IlIare BXOAHOM MocienoBareslbHOCTH ceTb LSTM yuures
IIPEICKa3bIBaTh 3HAYEHHUE CIIEIYIOUIEr0 BpeMeHHoro mara. [Ipu mpornosupoBannu
3HAYEHUSA HECKOJIbKMX BpPEMEHHBIX IIIaroB B OYIyIlleM, HCMOJIb3yeM (YHKIHIO
predictAndUpdateState nias mporHo3WpoBaHHsS BPEMEHHBIX IIAroB MO OJHOMY H
OOHOBJICHUSI COCTOSTHUS CETU MPH KaXKJJOM ITPOTHO3E.

B npencraBiieHHOM cilydae HMCHOJIb3yeTCsl HA0Op JaHHBIX CpeHEeMECSYHas
TeMmrepaTypa Bosayxa avgtemp_dataset. B strom mpumepe cetb LSTM oOyuaercs
IIPOTHO3UPOBAaTh KOJUYECTBO CIY4YaeB CPEIHEMECSYHOM TEeMIepaTypbl BO3AyXa C

YU4E€TOM KOJHMYECTBA CIIy4YacB B IPCALIAYIIUEC MCCALIBI.

Jlanubie 3arpyxaiorcs B avgtemp dataset, Tme OAMH BPEMEHHOW psa C
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BPCMCHHBIMHA nraraMu, COOTBCTCTBYIOIINMHU MECiALaM, u 3HaAa4YCHUAMMU,

COOTBETCTBYIOIIMMHU KOJUYECTBY TeMIepaTypsl. Beixo mpencraBisieT co0oii MaccuB

SYeeK, TJIe KaXKIbIH 2JIEMEHT MPeCTaBIseT COO0M OJJMH BpeMeHHOH miar. 3meHstorces

JaHHBIC, YTOOBI OHU OB BEKTOPOM-CTPOKOH.

Temperature

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

figure

plot(data)
xlabel("years")
ylabel("Temperature")

title("Eorcemecsiunvie cpeonue memnepamypoi 6 2.Ou ¢ 1921-2021")

ExemecA4HbIe cpegHMe TEMNEepaTYPRI B ropoge Ow c 1921-2021
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Pucynok.3.3.1. BpeMeHHbIC psijibl CpeHEMECSIUHBIX TemrepaTyp Bo3ayxa (C°)

o Omickomy pernony Keipreckoit Pecriyonuku 3a 1921-2021 rr.

Paznensrorcss Ha oOyuaromme W TECTOBBbIE JaHHBIE. BBomsTcs naHHbIE Ha

nepBbix 90% mocie10BaTeNbHOCTH U TECTUPYIOTCA Ha nocieauux 10%.

numTimeStepsTrain = floor(0.9*numel(data));
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dataTrain = data(1:numTimeStepsTrain+1);
dataTest = data(hnumTimeStepsTrain+1:end);

Jnst Jy4miero COOTBETCTBUSL W MPEAOTBPAIICHHUS OTKIOHEHUS OOy4YeHUs
CTaHAAPTU3UPYIOTCS JaHHBIC 00YUYEHUs, YTOOBI UMETh HYJIEBOE CpEIHEee 3HAUCHUE U
EAMHUYHYIO AUCIIepCcUio. Bo BpeMs IpOrHo3upOoBaHusl 1OJKHBI CTAHIAPTU3UPOBATHCS

TCCTOBLIC NAHHBIC, UCITIOJIb3YS TC KC IIaApaMCTPhI, YTO U 06yqa10mne JaHHBIC.

mu = mean(dataTrain);

sig = std(dataTrain);

dataTrainStandardized = (dataTrain - mu) / sig;

YtoObl  CHPOTHO3UPOBATH  3HAYEHUS  OyaylIMX  BPEMEHHBIX  IIAaroB
MOCJIEIOBATEIBHOCTH, HYKHO 3aJaTh OTBETHI KaK OOY4YaIOIIME MOCIEA0BATENbHOCTH
CO 3HAUYEHUSIMH, CABUHYTHIMU HAa OJUH BpeMeHHOW mar. To ecTp Ha KaxIoM
BPEMEHHOM IIare BXOJHOM MOcien0BaTeNbHOCTH ceTh LSTM yuuTtcs npencka3biBaTh
3HAUCHUE CJEAYIONIEr0o BpeMeHHoro mara. [Ipegukropsl — 3TO oOyuaromue
MOCJIEIOBATEIHLHOCTH 0€3 KOHEUHOTO BPEMEHHOTO II1ara.

Vkasanue eapuanmoe obyuenus. YCTaHABIMBAETCS peniatesib Ha «Agam» U
TpeHupyercss B TeueHue 250 smox. UToObl MpenoTBpaTUTh B3PHIB TPAJAUCHTOB,
yCTaHaBJIMBAETCS OPOT rpajiieHTa Ha 1. YKa3piBaeTCa HadaabHasi CKOPOCTh 00yUYEHUSI
0,005 u ymeHblmaeTcss CKOpPOCTh OOydeHusi Tmociie 125 53mox, yMHOXHB Ha

ko3 dunment 0,2.

options = trainingOptions(‘Adam’, ...
'‘MaxEpochs',250, ...
‘GradientThreshold',1, ...
‘InitialLearnRate’,0.005, ...
‘LearnRateSchedule’,'piecewise’, ...
‘LearnRateDropPeriod’,125, ...
‘LearnRateDropFactor’,0.2, ...

'Verbose',0, ...
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'Plots','training-progress’);

Obyuenue cemu LSTM. [Jlns oOyueHus HEHpOHHOM ceTH OblIa MOCTpOEHA

MOJIEJIb PEKYPPEHTHOM HEUPOHHOM CETH

oOydYeHHs: IJIMHA TIOCTIe0BATEIbHOCTH, paBHas S00; KOJIMYECTBO €IMHHMI] CKPBITOTO

CJI0s, PaBHOC 200, KOJIMYCCTBO JJICMCHTOB BBIBOJ4, PABHOC 1. YKa3aHHBIMHU

LSTM co crenyomuMu MapaMmeTpamMmu

napameTpaMu 00ydeHus ¢ moMomibko trainNetwork mokasan Ha pucyske.3.3.2.

net = trainNetwork (XTrain, YTrain, crou, napamempsi);

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

25F

RMSE
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] 50 100 150 200 250
lteration

Pucynok.3.3.2. O6yuenne LSTM c yka3aHHBIMU TTapaMeTpaMu OOYUICHHS C

Results
Validation RMSE:

Training finished:

Training Time
Start time:

Elapsed time:

Training Cycle
Epoch:

lteration:

lterations per epoch:

Maximum iterations:

Validation

Frequency:

Other Information
Hardware resource
Learning rate schedule:

Learning rate:

Learmn more

RMSE

R

rmomol1bio trainNetwork

YT00bI CIIPOrHO3UPOBATH 3HAYEHUST HECKOJIBKHUX BPEMEHHBIX IIIar0B B OyIyIeMm,
ucnoie3ytorcs Gynkuus predictAndUpdateState mist mporHo3upoBaHus BPEMEHHBIX
IIar0B MO0 OJAHOMY W OOHOBJICHMS COCTOSHHSI CETH TPH KaXKIOoM MporHose. Jlis

KaXX0T0 IIPOrHo3a UCIoJb3yCTCA HpG)IBIJIy'H_IHﬁ IMPOTHO3 B KAYCCTBC BXOAHBIX JaHHBIX

U1t QYHKITUH.

CTaHI[apTI/IBI/IpOBaTb TCCTOBLIC JJAHHBIC, UCIIOJIB3Yys TC KC IMApaMCTpPbl, YTO U

oOydarorniue TaHHbIE.
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dataTestStandardized = (dataTest - mu) / sig;
XTest = dataTestStandardized(1:end-1);
UtoOBl MHUIIMATH3UPOBATH COCTOSIHUE CETH, CHavalla MpeICKa3bIBacTCs
oOyuarorue paHHble XTrain. 3areM BBIBOAUTCA TEPBBIA MPOTHO3, HCIOJb3YS
nocJeAHUN BpeMeHHOM 1mar oOydaromero otBeta Y Train(end). Ilepebepem

OCTaBIIHMECS MPOTHO3BI M BBOJIUM TIpeablaymuii mporao3 B predictAndUpdateState.

Forecast
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Pucynox.3.3.3. BpemenHoii psig 00ydeHust ¢ MPOTHO3UPYEMBbIMHA 3HAUCHHUSIMU

JlenaroTcsi mpOrHO3bl HA KaXJOM BpEMEHHOM Imare. [[jisi Kaxaoro mporHosa
IpecKa3blBaeM CIEAYIONINI BPEMEHHOH IIar, MCIOib3ys HaOJIrogaeMoe 3HaueHHUE
MpEeabIAYIEero BPEMEHHOTO Iara. YcTaHaBiuBaeTcs s mnapamerpa «Cpena

BeinoaHeHus» B PredictAndUpdateState
YPred =[];
numTimeStepsTest = numel(XTest);
for i = 1:numTimeStepsTest

[net,YPred(:,1)]=
predictAndUpdateState(net,XTest(:,1),'ExecutionEnvironment’,'cpu’);

end
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HecrangaptusupyeM MporHo3bl, HCHOJb3Ys TapaMeTPhbl, pACCUUTAHHBIE 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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Pucynox.3.3.4. [Iporno3upyembie 3HaYCHHS C TECTOBBIMU JaHHBIMH
N3yuenune xnumatudyeckux wu3MeHeHudd Omickoit oOmactu  KeIpreizckoid
PecnyOiMku mpoAeMOHCTPUPOBAN, YTO CpEIHEMECSYHas TeMIilepaTypa BO3[ayXa 3a
nepuoa 1921-2021 rr. cymiecTBEHHO BO3pOCia, IPU BCEM ATOM TEHICHIIUS UMEET

HEJIMHEHHBIN XapakTep U B MPOLISAIINE ASCATKU JET TaKKe 3HAYUTEIBHO BO3pOCIa.

AHanu3 MpeICTaBACHHBIX JAHHBIX K UTOTOB, MOJIYYCHHBIX TIPH ITOMOIIN MOJICIIH
LSTM HeipoceTeBOT0 MPOTHO3UPOBAHUS BIAJCIOT BEChbMa OOJBIION 000OImIatome
CIIOCOOHOCTBIO KOTOpBIE C OOJBIICH TOYHOCTHIO IO3BOJIAIOT AIMIPOKCHMHPOBATH

" IIPEACKA3bIBATb 3HAUYCHUA BPCMCHHOTO psAaa.
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3.2. [IporHo3dupoBaHue BPEMEHHOT0 Psijia SMUCCHIA MAPHUKOBBIX I'a30B
(CO»)

['mo0GanpHOE MOTEIUIEHNE BO MHOTHX HMCCIIEAOBAHUAX 10 MU3MEHEHUIO KiMMaTa
CBSI3BIBACTCS C POCTOM MAaJIOW KOHIICHTPAIIMH YTIIEKHCIOro ra3a Kco» B aTMocdepe
(Kco=5x10%). Ipu peliennn 3amauv IPOrHO3MPOBAHUS BPEMEHHBIX PSANOB, YWICHAMH
KOTOPBIX SIBIIIFOTCS SMUCCHH U ITAPHUKOBBIE ras3bl B dkBUBaJIEHTE CO; THICSYM TOHH B
ron HaumHas ¢ 1990 mo 2018 rr., B KadecTBe HEWPOHHOW CETH ObLIa BHIOpaHA
000OILIEHHO-PETPECCUOHHASI CETh, PEAIU3YIoLasi METOAbl SIIEPHON anmpOKCUMAIUH
(GRNN). HenaBaue ucciemoBanie B 00JacTH Mporao3upoBanus ¢ momoinbio GRNN
npenmnonararoT, 4to GRNN wmoxer ObITP MHOTOOOCHIAOMIECH —aThTEPHATHBHON
TPaJUIIUOHHON MOJICIIM BPEMEHHBIX PIOB [5-7]. OH mokasai 0oJbIre BO3MOKHOCTH
B MOJEJIMPOBAHUU U IIPOTHO3UPOBAHUH HEJTMHEWHBIX BPEMEHHBIX PSAJIOB U IIOCTETIEHHO
BXOJIUT B PSAJbI MHOTOLIEJIEBBIX, IIUPOKO HUCIIOIB3YEMBIX METO/IOB.

GRNN-ceTb nuMeeT J1Ba CKPBITBIX CJIOSI: CIOW paJualIbHBIX 3JIEMEHTOB U CIIOM
AJIIEMEHTOB, KOTOpbIE (POPMHUPYIOT B3BEUIEHHYI0 CYMMY Uil COOTBETCTBYIOIIETO
JJIEMEHTA BBIXOJAHOIO CJ0s. B BBIXOZHOM CIJIO€ OIPEACISETCS B3BEIIEHHOE CPEIHEE
IIyTEM JEJEHUs B3BEIIEHHOM CyMMBI Ha CyMMYy BeCOB. B kadecTBe paauanbHOMI
dbynkun npumensiercs ¢ynkmus [aycca. Ucmonssyem NEWGRNN ans coznmanus

0000IIIECHHON PETPECCUOHHON CETH.
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Puc.3.3.5 lunamuka Beiopocos 3a 1990-2017 rr.
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Puc.3.3.6 [IporHo3upyemMblie 3HaueHUs Oy IyIINX YMUCCUNA TTAPHUKOBBIX Ta30B
Ha niepuon 2022-2035 rr.
Ha pucynkax 3.3.5, 3.3.6 mpexacraBieHsl rpadMKu UCXOTHBIX TECTOBBIX U
MPOTHO3HBIX 3HAYEHUW BPEMEHHOro psifa (HENpephIBHOM KpacHOW JUHUEH
MPEICTaBICHO MPOTHO3UPYEMOE HEHPOCETEBOM MOJIEIBIO 3HAUCHNE, CHHUMH TOYKaMU

TECTOBOC— 3HAYCHHE).
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Pucynok.3.3.7. 'paduk Touek anmpoKcuMaluu
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3.3. [Iporuo3upoBaHne BPeMEHHOT0 PS/Ia 0CAJAKOB C UCIOJIb30BAHUEM
LSTM n XGBoost moaeieii HeiipOHHBIX ceTel

[Iporno3zupoBanue BpEMEHHOIO psjga ocaiakoB B T. bumkek 3a 100 ner c
nomotisio LSTM Mozaenu HelipoHHo ceTu. JlaHHbIE conepxkaT ABa croioma: "l"ox-
Mecs" — mara B dopmare "ITTT-MM"; "Ocaaku" — KOJWYECTBO OCAJKOB
(npennonoxuTeNnbHO B MM). [IpuBenem maHHble B yA0OHBIM (QopMmar mjig aHanmusa,
npeoOpa3yem aatel B hopmat datetime v MpoBEpUM HX HA TIPOITYIIICHHBIC 3HAUCHUS.

BaxHOoil 4acThl0O NMpU MOJEIUPOBAHUU SIBJSIETCA PA3/CJICHHE MAHHBIX IS
OOy4eHHSI M TECTUPOBAHUS, KOTOPHIN TapaHTUPYET, YTO CO3JaHHAas MOJIETh MOXET
o0o0maTees 3a mpenesaMu OOyYarolMX JIaHHBIX, U 4YTO MPOU3BOAUTEIBHOCTh U
BBIXOJTHBIE JIAaHHBIE OYAYT CTATUCTUYECKU 3HAUUMBIMHU.

Jlanee BU3yanu3upyeTcs BpEMEHHOMU Psiji, YTOOBI BBISIBUTH TPEHIbI U CE30HHOCTh
nepen ooyyenuem LSTM.

Ocapku B buwikeke (1924-2022)
160}

Ocapku
140}
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Pucynok.3.3.8. Ocanku B buikeke (1924-2022rr.)

rpa(i)I/IK ITOKA3bIBACT 3HAYUTEIBHBIC KOJICOAHUS YPOBHA OCaaAKOB C SABHBIMHU
NEPpUOANICCKNMHU N3MCHCHHUAMU. BI/II[HBI TCHACHIIMNY 1M BO3MOXKHAasA CC30HHOCTD.

CrneyrolyM I1aroM siBJISIETCS MOATroToBKa AaHHBIX 1711 LSTM-monenu:
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1. Hopmammzamus ~ ganaeix  —  LSTM  pabGortaer  myume  C
MacITabMpOBaHHBIMU 3HAYCHUSMHU.

2. Paznienenre Ha 00y4arolyr U TECTOBYIO BBIOOPKY — 00bI4HO 80% st
oOyuenws, 20% st TecTa.

3. CoznilaHre OKOHHBIX MOCIEA0BATEIbHOCTEN — BPEMEHHBIE Psiibl TPEOYIOT
MOJATOTOBKHM BXOJIHBIX JIAaHHBIX B BUJIE MOCJIEI0BATEILHOCTEH.

Jlanubie s oOpaboOTKHM pa3fdelieHbl ciaeayommuM obpazom: Obyuarowas
evioopra: 959 3anuceit; Tecmosas evibopka: 240 3anmucelt ¥ MOATOTOBJICHBI TaKUM
00pa3oM, YTO CO3JAIOTCSI BpEMEHHBIE OKHA (TIOCTIEI0BATEIHHOCTH ), T/I€ MPEABIIYIITIE
3HAYEHUS UCTIONB3YIOTCS TS MpeicKazanus cineayromero. O6sraao 6epyt 30-1HeBHOE
OKHO, HO MOKHO HacCTpOUTH ATOT napametp. Mcnomnbs3yem ero i Hayana.

Teneps noctpoum u 00yuum LSTM-Mozenb uisi IpOrHO3UPOBAHUS OCATKOB.
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Pucynok 3.3.9. Ilporunos ocaakos

Ha pucynke 3.3.9. mokazaHo mporHo3 ocajkoB Ha OCHOBE JaHHBIX 1921-2020rT.
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Mporro3 ocagkos XGBoost go 2030 roga
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Pucynok.3.3.10. IIporuos ocagkos 1o 2030r.

Ha pucynke 3.3.10. xopomro moka3aH mporHO3 3€JICHBIMU JTHHUSAMH, KOTOPBII
MOKa3bIBaCT MAJIOE KOJMUYECTBO 0caakoB. DakTuueckue JaHHble 0003HAYEHBI CHHUMHU
JVHUSIMH, KOTOPBIE IIOKa3bIBAKOT, 4TO Tmociae 2020romoB KOJIMYECTBO OCAJIKOB
CHIDKAETCS.

CpaBHenue pesyabraroB. O0a anropuTMa CHpPaBHWIMCh C HAOOpPOM JIaHHBIX.
Xots Mogenb XGBoost mMmeer HEMHOro 0ojee BBICOKYIO MYyOJMYHYIO OLEHKY U
HEMHOT0 00Jiee HU3KYIO OIIEHKY ITPOBEPKH, YeM Mojiesib LSTM, pa3zHuiry Mmexay HUMH
MO’KHO CUMTATh HE3HAYMTEIHLHOM.

Cnenyer ormeruth, uto Mojenu LSTM namHoro ObicTpee, 0COOCHHO KOTaa
peub uaeT o 6oNbIIMX Habopax JaHHBIX. B 3aKIi0ueHHE ClIeIyeT OTMETUTD, YTO TaKUE
dbakTopbl, Kak pa3Mep HabOpa JaHHBIX U JOCTYMHBIE PECypcChl, OyIyT OKa3bIBaTh

OTPOMHOE BIIMSIHHE Ha BHIOOP alropuT™Ma.
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3.4. BeIBOABI IO IJIaBe

AHanu3 KIMMaTUYeCKUX U3MEeHeHUH Ha TeppuTopuu Keipreizckoii PecryOnmku
MoKasaj, 4To TeMrneparypa 3a nepuoji ¢ 1885 o 2020 rr. 3HaYUTEIBHO BO3POCIIA, PU
ATOM JMHAMHUKA UMEET HEJIMHEHHBIH XapaKTep U B MOCIEAHUE JCCATUIICTUS TaKXKe
CYIIIECTBEHHO yBEIMYUIIACh. BhlllieykazaHHble TpaKu UMEIOT SIBHO MEPUOAUYHOCTh
M BO3pacTalolMil JUHEHHbIM TpeHa HauuHas ¢ 1970-rogoB. B cpemnem st
Keipreisckoit PecnyOnuku B Ommkaiiliee MeCATHICTHE OXKHUIACTCS TTOBBIIICHUE
cpenneii Temmepatypsl Ha 1,8 °C, BenMuMHA NOBBINIEHUS CPEIHErOOBOMN
temnepaTypbl Bo3ayxa 3a 90 mgetr (1925-2015 rr.) Ha OCHOBE JUHEUHBIX TPEH]IOB

cocrasuia 1,6 °C.
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TJIABA 4. PABPABOTKA MATEMATHYECKOM MOJEJIA
PACIHHPOCTPAHEHHUSA 3ATI'PAZHAIOIINX BEIHECTB OT
TOYEYHOI'O HICTOYHHUKA

4.1. MaTemaTn4yeckoe Mo/1eJIUpOBaHNe TYPOYJI€HTHOTO MOTOKA AbIMOBBIX
BbIOPOCOB

3arpsizHeHHe aTMOC(HEPHOro BO3/yXa OOYCIOBIEHO BBHIOPOCAMHU M3 TOYEUHBIX
WCTOYHHUKOB, TUIONIAIHBIX HMCTOYHUKOB, MOOWJIBHBIX HCTOYHHKOB M OHMOTEHHBIX
00BbekTOB. HakomeHbl CyliecTBEHHBIE [TOKa3aTeIbCTBA TOTO, YTO 3arpsi3HECHHE
BO3JIyXa BJIMSET Ha 370POBBE JIIOJIEH U KUBOTHBIX, HAHOCHUT yIIepO PacTUTEIbHOCTH,
MOYBE M MaTepuajiaM, BIUAET Ha KJIUMAT, CHUXKAET BUJIUMOCTh U COJIHEUHYIO
paguaIuio, Co31aeT yrpo3y 0€30MacHOCTH U B I[EJIOM MEIIAET HACIAXAATHCS KU3HBIO
Y UMYIIIECTBOM. [26].

Oxkosio 60% BBIOPOCOB MPUXOAUTCS HA TOUECUHbIE MUCTOYHUKU. K OCHOBHBIM
3arpsi3HUTENISIM BO3/TyXa OOBIYHO OTHOCST MbUIb, TBEp/Ible YyacTuilsl, PM10 (TBepabie
yactulbl guamerpoM 10 mMukpoH u meHee) U PM2,5 u3-3a HEMOJHOTO CropaHus
TOIUIMBA WJIM MOOOYHBIX MPOAYKTOB Ipoliecca, OKCUABI a30Ta (B OCHOBHOM H3-3a
coueTaHus aTMOC(EPHOro KUCIOpOa U a30Ta MPHU BBHICOKUX TEMIIepaTypax). -Typhl),
JBYOKHCh cepbl (B OCHOBHOM H3-3a CXKMUTaHHUSl TOIUIMBA, COJEPXAIIEro OOJIbLIOe
KOJIMYECTBO CEPHI), OKUCH yIiiepoaa (13-3a He MOJTHOCThIO CrOPEBIIIET0 TOILIMBA), 030H
U cBUHell. H)XKeHEepHbIe UCCIICIOBAHUS 3arPs3HEHUS BO3/IyXa BKIIFOYAIOT: UICTOUHUKU
3arpsi3HUTENEN  BO3JlyXa, KOHTPOJIb 3arpsA3HEHUs BO3AyXa, MOJEIUPOBAHUE
pacceuBaHUs, BO3JICUCTBHE 3arps3HUTENICH BO3MyXa U MPOCKTUPOBAHHE CETU
MOHHUTOPHHTA KadecTBa Bo3ayxa (AQMN-Design).

Marematnueckue moaenu auddy3un Hanbosiee ToJe3Hbl B HACTOAIIEE BpeMs,
MOCKOJIbKY OHHU TMPEIOCTABIISIOT TOJE3HYI0 WH(OpMAIUIO JUIsi MPOTHO3UPOBAHUS
KOHIICHTPAITUH 3arpsI3HSIONINX BEUIECTB U OBICTPO 00ECIIEUNBAIOT BBIXO/IHBIC TAHHBIC.
MaremaTnyeckue MOJENH KadecTBa BO3MyXa MPEJCTABISIOT COOOW YHUKAIbHBIC
MHCTPYMEHTHI [S7]:

- TMPUHATHE 3aKOHOJATENbCTBA IO KOHTPOJIIO 3a BBIOPOCAMU; TO €CTh

Olpe/eNieHue MaKCUMalbHO JOMYCTHMBIX YPOBHEH BBIOPOCOB, KOTOpBIE OyIyT
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COOTBETCTBOBATh YCTAHOBJIEHHBIM CTaHIAapTaM KayecTBa BO3/1yXa.

- OLICHKA Mpe/jlaraéMblX METOJ0B U CTPATEruil OrpaHUYEHuUs1 BBIOPOCOB; TO €CTh
OLICHKA BO3JIEHCTBUSI OYAYIIUX CPEACTB KOHTPOJIS

- Be1Oop MecT pacnonoxkeHus Oy IyliuX UICTOYHUKOB 3arps3HSIOIINX BEIIECTB C
1ebI0 MUHUMM3AIIMU UX BO3JCHCTBUS HA OKPYKAIOILYIO CpPey.

- [InanrpoBaHre KOHTPOJIS 3a CIydasiMU 3arpsi3HEHHs] aTMOC(HEPHOTO BO3TyXa;
TO €CTh OIpPEAENICHUE CTPAaTEruil HEMEUIEHHOrO BMEIIATENbCTBA (T. €. CHUCTEM
OPEIyNpEeXICHUs U KPAaTKOCPOUHBIX CTpATETHi COKpAallleHUs BHIOPOCOB B pEXKUME
peanbHOro0 BPEMEHM ), YTOOBI N30€kKaTh AMU30J0B CEPbE3HOI0 3arpsI3HEHMS BO3yXa B
OIPEETICHHBIX PETUOHAX.

- OLleHKa OTBETCTBEHHOCTH 32 CYIECTBYIOIME YPOBHHU 3arpsi3HEHMS BO3AyXa

- Pa3paboTtka u ontumuzanus Marematudeckux Mmojeneii AQMN o0bdHO
BKJIFOYAIOT MOJYJIb MOJbeMa IIieii(a, KOTOPBIM pacCUUTHIBAET BBICOTY, HA KOTOPYIO
3arps3HSIOLIME BEIIECTBA IMOJHUMAIOTCS W3-32 UMITYJIbCA U IUIABYYECTH, U MOJIYJIb
pacceuBaHus, KOTOPBI OLEHUBAET, KAK OHM PACHpPOCTPAHSIOTCA B 3aBUCUMOCTU OT
CKOPOCTHU BETpa U CTAOMIILHOCTH aTMOC(EPHI.

CraHmapTHble MaTeMaTUYECKUE MOJEIHM JAMCIEPCUU, HCIOIb3YEMbIE IS
MOJIETTMPOBAHUS TPOMBIIIJICHHON AUCIIEPCUH, BKIIOYAIOT KOMIUIEKC MPOMBILIUIEHHBIX
uctounukoB (ISC), pa3paboTaHHBIiI ATEHTCTBOM IO OXPaHE OKPYKAIOIIEH Cpembl
CIIA, monemu T'aycca (Monenu uwuieiida, 3aTskku U Quykryauuu), moaens EPA
SCREEN, perpeccronHbIe MOJIeTH, MTPOCThie Mojeu nuddy3un (0J09HasS MOJETH U

JlabGoparopusi armocepHoit TypOysneHtHoctH U auddy3uu, ATDL), moaenu
TEOPUH TPAJUEHTOB, MOJEIIH, OPUCHTUPOBAHHBIE HA UICTOYHUK U PELENTOp, U MOJECIIb
MHOKECTBEHHBIX siueeKk. bojee clnokHple MOAETM MOTYT BKJIIOYaTh Ooliee
pEaTMCTUYHbIE METEOpPOJOTHYECKHEe O0padOTKH, HO OOBIYHO TPEOYIOT aHHBIX,
KOTOpbIE TpyJAHEE W JOpoXke MoayunuTh. [Ipumepsl BrimouaroT Ausmet/Auspuff,
Calmet/Calpuff, LADM u TAPM. JIpyrue Monens MOTYyT MBITATHCS MOJEIUPOBAThH
(GOTOXMMHUYECKHE  pEeaKIUU  MEXAY 3arpsA3HUTENSIMU, TakMe Kak  aHallu3

IMOUpUYecKoro kKuHetnueckoro moxaenuposanusi (EKMA), B To Bpems kak Ooiee

43



MIPOCTHIE MOJIETH OOBIYHO MPEANOJIATaloT, YTO 3arpsI3HUTENN coxpanstoTes [119].
AHaJIUTHYECKHE pEHIeHWs ypaBHEHHUS  TpexmepHo  auddy3um  ais
IPUTIOAHSTOrO CIUIOIIHOTO TOYEYHOI'0 UICTOYHHUKA C IEPEMEHHBIM BETPOM U BUXPEBOM
mud¢y3ueit MOMy4eHbl TOJNBKO TPU OTPAHUYEHHBIX MPEAnonokeHusx. Cmut [5]
UCIIOJIb30BaJl CTENEHHbIE Bapualuu Uid BeTpa U JUPQy3uu U MPEaIoyIoKuil, 4To
Bapuamus OOKOBOIO BeTpa Bcerga umeer rayccoBy dopmy. Ragland [117]
UCIIOJIb30BaJl CTEMEHHOM 3aKoH Al Ko duinenToB qudGy3uu 1Mo y u z, HO CUuTAal
BeTep MOCTOSIHHBIM. ['anauH u CoJIOBEHUMK NMpEeACTaBUIM BaXXHOE aHAJIUTHUYECKOE
peleHne, B KOTOpoM Ucnoiib3oBanuch u = ulzm, Ky = KOzm n Kz = K1z, rme u —
ckopocth BeTpa, Ky nu Kz — koaddummentst Buxpeoit muddy3nu B 60KOBOM U
BEPTUKAILHOM HampaBlieHusAX cooTBeTcTBEeHHO [119]. ITutepc m Knunszunr [111,65]
ucciaenoBasl 3PQPEKT M3MEHEHUS 3HAYEHUS MOIIHOCTH MpPU TMOCTOSHHOM BETpE.
MaxkcumanbHasi KOHIEHTpaLUs Ha YPOBHE 36MJIM XOPOLIO COIIACYETCs C Pe3yIbTaTOM
[aycca myis HelTpasibHOM ycTOMuMBOCTH aTMochepbl. Mexmusane u Pucdaun [65]
U3ydaJld MOJIETUPOBAaHKE NUIEH(OB TOYEUHBIX UCTOUYHUKOB Ha OOJIBIIUX BBICOTAX C

UCIOJIb30BaHUEM MOAH(UIIMpoBaHHON Mojenu ["aycca.

HL!p He hy+ &h —~

Pucynok. 4.4.1. [logpem muieiida u paccemBaHue 3arpsi3HSHUS U3 TPOMBIIILICHHON

TpyOBI
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JIJIs MOACITMPOBAHUS TPEXMEPHOT'O PACCEHBAHMS 3arpsA3HCHUS W3 TOUYEYHOT'O
WCTOYHHUKA 3arps3HUTENICH BO3yXa OT TOYCYHBIX MCTOYHHUKOB MOXKHO pa3OWUTh Ha
CIICYIOINE ATAIbI:

1. onrcaHne reoMeTprr 00IacTH

2. BBEJICHHUE COOTBETCTBYIOIIUX IPAHUYHBIX YCIIOBHUM

3. BBeJICHHE MCTOYHUKOB, CTOKOB M JHMCIIEPCHOHHBIX XapPaKTEPUCTUK JJIs BCCH
o0acTu

4. BBIOOp 3HAYCHHMI IMTAPaMETPOB B MOJICITH

5. pa3nencHue 00JIaCTH HA STYCHKU U PEIICHHE

KOHEYHO-Pa3HOCTHBIC YpaBHEHUS

6. BU3yaJIn3aIus pe3yJIbTaToB.

[Ipy mOCTpOCHHMH MOJCIH 3arps3HCHHS BO3JyXa CJCAYyeT Y4YUTBHIBATh IISTh

OCHOBHBIX (I)I/ISI/ILIGCKHX U XUMHUYCCKHUX ITPOICCCOB.

ot X oy oz ox ox ) oyl Y oy

0 oc® S
—| K E° —(k’+k))C® C?),
+8Z( P J"‘ (k; +k3)C* +Q(C?)

S S o(U CS S S S
oc® _a(U,C®) aU,C’) aU,C )+3(KxaCJ a(Kyac ]+

(4.2.1)
s=12,...,q

rae Cs — KOHIIEHTpalus XUMHUYECKUX BEIIECTB, yuyacTByronmx B Mmojenu (CO,
NOx, SO2 u TH), U —cxkopocTts Betpa, Kx, K , Kz — koapdunmentsr auddysun, Es
— ucToyHUKHM BbIOpocoB, Ks n Ks — xoaddunmenTtsl ocaxaenus (s Cyxoro u
BJIQYKHOTO OCaXKJeHUs1 cOOTBETCTBEHHO) U Q(Cs) mpeAcTaBisoT cO00M XUMUYECKUE
peakiuu. Mcrnonap3yroTcs Cleayonue NpeanoioKeHus:

1. Crarmonapusie yciosus (0C/(0t=0)

2. Uy =Uz =0 (ckopoCTh BeTpa TOJIHKO B HAMPABIICHUHU X U SIBISICTCS (PYyHKITHEH
z) [10].

3. IlepeHoc 00BEMHBIM JBI)KEHUEM B HAIMPABJICHUH X MpeBbIaeT nuddy3uro B

Hanpasyennu X (Kx = 0) [10].
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4. Otnoxenuii B cucreme HeT (K1=K2=0).
5. B cucreme et peakuuu (Q=0)
[IpumeHsia nprBeIeHHbBIE BhIIIE NPEINONIOKeHus, ypaBHeHue (4.2.1.) ceogutcs

K CIEAYIOIIEMY

a(uxcs):g(K acs} a(K QJ LES

ox oyl Yoy ) al ¢t e (4.2.2)

CIICAYIOMMUEC I'paHUYHBIC 1 HAYAJIBHBIC YCJIOBUS TAKIKC MCITOJIBb3YIOTCA:

. oC oC oC
x:o,C(o,J,k)zo,y=0,5=0,y=w—=0, z=0,—=0 (4.2.3)

oy oz

JUIst pelieHnst BhIIEYKa3aHHOM MOJIENH B IAHHOW CTAThE UCIIOJIb3YETCSI METOA
KOHEYHBIX pa3HocTel. Pa3o0beM BO3IyIIHOE MNPOCTPAHCTBO Ha PsAJ SIIUKOB U
3alMIIEM YpPaBHEHHE COXPAaHEHHMsI MAacChl Uil KaXIoro smuka (Kak i
U pepeHInanbHOTO 3JEMEHTa KHUIKOCTH). PaccMoTpuM 00BEM («KUAKOCTH» CO
croponamu Dx, Dy u Dz, pacnionoskenubiMu B Touke i+1, j, k. CBoiicTBa B Touke 1, j, k
U3BECTHBI, a CBOMCTBA B IUNIOCKOCTH 1p1 HemsBecTHbl. COXpaHEHUE MacChl JIEMEHTa

XKUAKOCTH npH 1+1, j, kK MOXKHO 3anmucaTh Kak:

U CS AyAX (K )k AXAZ(CHl j.k Clil j+l,k) (K )kAXAZ(CHl] |+l ]—1k)
i+1, j,k Ay Ay
(K )k+l/2AXAy(C|+1 ik |+1 i k) (K )k 1/2AXAy(C|+1] |+l] —1)
Az Az =U ,C’,  AyAX + E° AyAX

(4.2.4)
r1€  3HAYEeHMs CKOPOCTH BeTpa M  BHUXpeBOM  au(dy3un  paBHBI
MPEANOJIOKUTEILHO U3BECTHBIN. JTO sIBHAs alredOpanyeckast popMysia U MOXKET ObITh

HEeCTaOMJILHBIM B HCKOTOPBIX YCJIOBHAX. CTaOHIBLHOCTD YCIIOBUC IJIA ATOM CHUCTEMbI

[64].
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ATMOC]epHbIe YCIOBHS SABIAIOTCA JABIKYIIEH CHIION B (OPMHUPOBAHUH,
paccerBaHMM M IepeHoce HuIel(oB 3arps3HsAmuUX BemecTs. g perieHus
ypaBHeHus (4.2.4) Ham MOTpeOyIOTCSA Takue MapameTpsl aTMochepsl, KaKk CKOPOCTb
BETpa, BBICOTA IMoabeMa MuIeH(a, KaTeropus YCTONYMBOCTH, KOI(P(ULIUEHTHI
paccerBaHMs, IIEPOXOBATOCTh MOBEPXHOCTU M Apyrue mapameTpbl. HeoOxomumbie
YpaBHEHUS U 3HAYEHUS JUIsl ONIPEACIICHUS 3TUX MAPaMETPOB PUBEACHBI HUXKE!

AtMocdepnas ctabuibHOCTh. CTaOWIBHOCTH  aTMOC(eEpbl  M3MEHSETCS
€XKEeYacHO, HO IS IeJied MOJENMPOBaHUS M JUIsl KOPOTKUX MNEPHOJIOB BPEMEHU
IpUHUMANAach IOCTOSIHHAs W pENpe3eHTaThBHAas CTaOMIBHOCTH armocdepsl. B
npeiaraéMoi mporpaMme pacCMaTpUBaIOTCs TPU KJlacca YCTOMYMBOCTU aTMOC(EpPHI
(HeiiTpanpHas, ycToluumBas MW HeycroWuuBas). CTaOuWiIbHOCTH aTMOC(EpHI

PacCCUYMTHIBACTCS C MCITOJIb30BAaHUEM CIICAYIONIEro ypaBHenus (4.2.6):

u=c,pT
kgH, (4.2.6)

B ypaBHenuu (4.2.6) u* — cxopoctb Tpenusi, Cp — ynenbHas TEII0OEMKOCTb
Bo3nyxa, T — Ttemneparypa Bosayxa, k —mnocrosunas Kapmana (k = 0,4), g —
rpaBUTAllMOHHAsA OCTOsIHHAS, a Hn — yucToe temo, noctymnatomiee B atmochepy. Hn
IS HeWTpanbHON aTMoctepsl paBHo 0, I cTabuibHOM atMocdepsl A42 u s
HecTaOuibHOU atmocdepbl paBHo 175 [64]. 3ametum, uto L (mnmHa MonuoHa-
OOyxoBa) — D3TO MPOCTO BbHICOTA HaA 3€MIJIeld, Ha KOTOPOM MPOU3BOACTBO
TypOYJICHTHOCTH KaK MEXaHWYCCKHMH, TaK U TPaHUYHBIMU CUJIaMu paBHO (4.2.6) u
UMEET €AMHULBI JTUHBI.

[IlepoxoBaToCTh MOBEPXHOCTH M CKOPOCTh TPEHHUA. DTO YIOOHO BBECTH
K03 PUIIeHT J1000BOT0 CONMPOTUBIICHUS CZ, OCHOBAHHBI HAa Ha reoCTpPOPUYECKOM
BETpE, YTy, TAKOU, YTO:
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u"=c,u, 4.2.7)

Koaddunment reoctpopryeckoro CONpOTUBICHUS SBIsSETCS (PYHKIIUEH
noBepxHocTh Yucno PoccOu u L, rne f — mapamerp Kopuomnuca 3emmn, a Zo —
MOBEPXHOCTh. IIEPOXOBATOCTh. JleTray mpejaraer Cleayole SMIUPUYECKUE
COOTHOUICHHE ISl HEUTpanbHOM atMocdepsl [12]:

¢, = 0.16
(Rp)-18 (4.2.8)

JUist yCTOMYMBOM M HEYCTOMYMBOM aTMOC(epbl HEOOXOIUMO YMHOXXEHHBIE Ha
0,6 u 1,2 coorBercTBeHHO. [lennoctu Jnna mepoxosatoctu (Z0) U CKOPOCTh TPEHUS
(u™) 1JIst HECKOJBKUX PA3JIMUHBIX 36MHBIX ITOBEPXHOCTEHN MpeacTaBiieHbl B [117].

[Tonwem Ilmroma. Koraa 3arps3Hsionine BemecTsa BbIOpachlBalOTCs B BO3AYX U3
CTOIKHM, OHU TMOJHMMAIOTCS HAJ CTOIKOW, Mpexae 4eMm apei(doBaTh 3HAUMTEILHOE
paccrosiHue 1o BeTpy. DPDEeKTUBHBIN cTek BhicoTa H — 3T0 HE TonbKO (u3nyeckas

BBICOTA cTeKa hs, HO ¥ BBICOTA BKJIIOUAIOT TAKXKE IMObEM ek da.
H :hS +6oh (429)

BricoTa mTabens, ucmonap3yeMas B pacyeTax, MOJDKHAa ObITh d(ddexTuBHAS
BbICOTA ITadesns. O0buHO ypaBHeHue bpurra (4.2.10) u ypaBHeHue Xosuianaa (4.2.1)
UCIIOJIB3YIOTCSL IS TPOTHO3MPOBAHUS mMojabeMa muieiida. YpaBuenus bpurra u

Xonnanja uMeroT BUJ 3aaHHble ypaBHeHUsIMU (4.2.10) u (4.2.11) cOOTBETCTBEHHO

1/4 2 _
n=tCF T p Vs0O(i-To) ¢ 5841429
u 4T, Az (4.2.10)
P 1.5+2.68x10-3PD@
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IJIe VS — CKOPOCTh BhIXxoza mrabdens (m/c), D — mrabens nuamerp (M), u —
U3MEpEHHasi CKOPOCTh BeTpa (M/C) WM pacCUMTaHHOE Ha BbicoTe hs, P — nmaBienwue
(Mbap), ts — Temriepatypa asiMoBoro raza (K), Ta — temnepatypa armocdeps! (8K),
Dy/Dyz — norennuanbHas pa3sHocTh Temieparyp (8K/m). Ilpenckazanus ypaBHEHHH
bpurrca u Xomnanga cpaBHUBAIOTCS C AKCIEPUMEHTANbHBIMU AaHHBIMH CHaiizepa
[13]. Bugno, yto 00a ypaBHEHUs HE NAIOT XOPOHIMX MPOrHO30B. [loaTomMy MOXKHO
W3MECHHUTH YpaBHEHHUE XOJUIAH/Ia, YTOOBI TTOYIUTh JIYYIIUi Ha0op KOd(DPHUIEHTOB.

Bricota cmemmuBanusa. O0beM, JOCTYIHBIN aJisi pa30aBlieHUs 3arpsA3HSIOMINX
BEILECTB B aTMOC(hepe, ONpeIesieTCsl CMEIIMBAHUEM BBICOTHI. CBS3b MEXKY KJacCaMu
YCTOMYMBOCTH Y BBICOTA CMEIINBAHUA yKa3aHa B beidok [14].

C noMomnipIo mporpaMMbl MOKHO JIETKO U3YYUTh BIUSHUE METEOPOIOTHUECKUX
apamMeTpoB, TAKUX KaK CTaOMJIBHOCTh aTMOC(ephl, CKOPOCTh BETpa, TeMIlepaTypa
BO3/lyXa, MIEPOXOBATOCTh IOBEPXHOCTU U KOI(DPUIMEHT paccemBaHusd, Ha
paccerBaHMe 3arps3HSIOMINX BellecTB. Vcnoiap30BaHue MpOrpaMMbl JJIS U3yUCHUS
BJIUSIHUA [TapaMETPOB JBIMOBOM TPYOBI, TAKMX KaK TEMIIEPATYypa Ha BBIXOJIE, CKOPOCTh
Ha BBIXOJIE, BBHICOTA JILIMOBOM TpPyObl M KOHIIEHTpAIlMs Ha BBIXOJE, TaKkKe Oyner
MPOUJUTIOCTPUPOBAHO B 3TOM pazJiedie.

Brnusaue atmocdepnoit crabunpHocTH: Kak mokazano Ha pucynke 4.4.1,
pacnpenefieHue 3arps3HSIONIMX BEIISCTB JIy4Ille Ui HECTaOWIbHBIX YCJIOBHH, U
3arpsi3HSIIONIME BEIIECTBA HE YXOAT JAJEKO OT AbIMOBBIX TPYO.

Brnusare ckopoctn Ha Beixoje: Korma ckopocTh Ha BBIXOJE YBEIHMUMBACTCS,
noabeM Muieiida yBEIMYMBACTCS, YBEJIMYMBACTCS PACCEUBAHUE 3arpsi3HAIONINX
BEILECTB U, HAKOHEI, CHI)KAETCs] KOHIIEHTPALIMSI HA YPOBHE 3€MJIH.

BrlmeynoMsiHyThIE  TPOTOHBI  MOJETUPOBAHHS  SICHO  HILTIOCTPUPYIOT
MOJIE3HOCTh MPOrpaMMbl B MOMOLIM JHI[AM, TPUHUMAIOIIMM pelieHus o 6opr0e ¢
3arpsi3HEHUEM BO3JlyXa W MOCTEACTBUSX Pa3UYHBIX MMEPEMEHHBIE M0 PACCEUBAHHIO
3arpsi3HEHUS.

1. B 3uMHUX yCIOBHSIX B MECTaX, YAAJICHHBIX OT ABIMOBBIX TPYO, HAOII01at0TCS

0ojee BBICOKHE KOHIOCHTPAIUKU 3arpsa3HAronnuX BCUICCTB, da B JICTHUX YCIIOBUAX
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0o0JIbIlIe BCEro CTPAJaroT MECTa, PACIIONOKEHHbBIE BOJIU3U JBIMOBBIX TPYO.

2. Ilpu yBenWYE€HHHM BBICOTHI JBIMOBBIX TpPYO 3arps3HSIONINE BELIECTBA
MOJHUMAIOTCS B aTMOC(EPHBIH CII0H, U 3arpsI3HEHUE PACCEUBAETCs 10 00JIee IMIMPOKOM
00J1aCTH, a KOHIICHTPAIIHS Ha YPOBHE 36MJIM CHIYKACTCH.

3. VBenuueHne CKOPOCTH M TEMIIEPaTyPhl BBIXOJIa JHIMOBBIX Ta30B MIPUBOJIUT K
YMEHBIIICHUIO KOHIICHTpAIIU Ha YPOBHE 3€MJIH.

4. CHMKEHUE KOHIEHTPALUU Ha BBIXOJE TAK)KE MOKET ObITh JIOCTUTHYTO 32 CUET
CHIDKEHUSI YPOBHSI BEIOPOCOB. DTOr0 MOXKHO JIOCTHYb, HAIPUMEp, IMyTEM YCTaHOBKH
YCTPOUCTB yNpaBi€HUS W/UIM MOAEPHU3AIMU 3aBOJIOB C HCIIOJIH30BAaHUEM HOBBIX

TEXHOJIOTHH.

4.2. YucienHoe moeaupoBanne q1uddy3un 3arpsi3HAOMNX BellleCTB B
armocdepe B ANSYS CFX

B nuddy3nonHoit Moaenu pacnpoCTpaHEHHs JbIMa U3 JABIMOBON TPYOBI (TpH
TpyObI)  BBIBEICHBI

CTAllMOHAPHOM CJIy4ae M Tepexo]i Ha HECTAIMOHAPHBIM 3aBUCSIIMN OT BpPEMEHU

YPAaBHEHHUS, OINPEETAIONIME KOHLEHTPALMI JIbIMa B
KOHIIEHTpAIuu AbiMa. [65] MccnenoBanbl BIUSHUE METEOPOJIOTHYECKUX MTapaMETPOB
U MapaMeTpoB JLIMOBOM TPyObl HA pAaCCEHMBAHUE 3arpS3HSIONIMX BEIIECTB, TAKUX Kak
CKOPOCTb BETpa, TEMIEpaTypa OKPYXaloIIero BO3Ayxa, CTAaOUIBLHOCTh aTMOCQEDPHI,

TeMIIepaTypa Ha BBIXOJIE IBIMOBOM TPYObI, CKOPOCTb U BBICOTA ILIMOBOU TPYOHI.

TABJINIA.4.4.1. [TapameTpsl MOACITUPOBAHUS 0OBEKTA

JnuHa [Tupuna Bricota Huametp Huametp Huametp
KyOa KyOa KyOa BBIXOJa BBIXOJIa BBIXOJIa
L1 L2 H 1 TpyOnI 2 TpyOBI 3 TpyOBI
(outletl) (outlet2) (outlet3)
600m 100m 200m 20m 25m 15m

Ha ocHoBe BbIllIeyKa3aHHBIX MTapaMeTpoB B Tadnuiie 4.4.1. cTtpoutcs reoMmeTpus

oowekta B 3D momenupoBaHWM Kak MokazaHo Ha pucyHke.4.4.1. Ky0 - o3Hauaer
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MIPOCTPAHCTBO C TTapaMeTpaMu yYKa3aHHBIMH B Ta01.4.2.1.,KoTophIil uMmeeT aymmHy - L1,

mmpuHy -L2 u BeicoTy - H, rae mpoucxoauT mporecc BBIOPOCOB 3arpsi3HUTENEH B

atMocdepy U3 Tpex AbIMOBBIX TpyO (outletl, 2, 3) COOTBETCTBYIOIIMMH JTUAMETpaMu

BEHTWISILIMOHHBIX OTBEPCTHI TpeX TpyO 3amarotcs pasmepamu -(20m, 25m, 15m).
Co3zoanue ceomempuueckoil mooenu komnoneuma “‘Geometry”

[To BbINIE MpPUBEICHHOMY IPUMEPY CO3JAaI0TCA 00BbEKThl. B manHoM ciydae 3

TpyOBI, M POCTPAHCTBO.

L1=600m

nan en AN AAN AN SN

Pucynoxk.4.4.1. 'eomeTpust 00beKTa

B npaBoii yacTi okHa B BUJIE IepeBa OKa3aHbl 3JIEMEHThI 0OBEKTOB Ha pucyHke.4.4.2,

[ A: Geometry - DesignModeler - u] x
File Create Concept Tools Units View Help
Al @& ]| Dunds Greo seeet[ 'y b | D RE @ & [0 8 [[S - QR R QDT+ [w]e |
W~ B~ fr A~ A A A AT
T xvPiane v b | Sketem - 9 || /Generste @PShare Topology [FP: || Betrude gy R Sweep & Skin/Loft
| @hin/suface  -Blend » & Chamfer 0 Slice H @ Point B Conversion

-8 A Geometry
e XVPlane
o3k ZXPlane

g YZPlane

@ Enclosure2
o B inlet
e wall
M 4Parts, 4 Bodies

Sketching Modeling
Details View

| @ Dynamic rotation [No Selection Meter Degree b

Pucynok.4.4.2. JlepeBo 00bekTa

o1



Ha ocnoBe reomerpuu oOwnekta crpoutcs cetka (Meshing) ompenenstorcs
napameTpel  cetku  “Meshing”: ompenmensiem werton - Automatic  Method
(ABTomaTuueckuit meton), Scoping Method (Meton onpenenenust oobema). 3agaercs
napameTp - Element size (Pasmep amementa)- 4m. [Iponecc (Meshing) - otoOpaken
Ha pucyHke 4.4.3.

Co3zoanue cemounoti mooenu Meshing ¢ KomMnoneHmom “Mechanical
Model”.

[Io aHaIOTMYHBIM CIIOCOOOM BBINICYKA3aHHOTO MPUMEpPA OIPEACIISIOTCS

napameTpsl ceTku “Meshing” - MmeTon u pazmep.

o = Eaniet B: Mechanical Madel - Mechanieal [ANSYS Mechanical Enterprise] - B X
Home Mesh Display  Selection  Automation jul7
@ % %} Ny} @ & ﬁ%ﬁ ¥ Contact Sizing ?\mlauon @ i
= B ARefinement  {Hcasket
5

Q Insert  Update Generate Method Sizing Mesh  Mat:

urface Face atch oo Mesh | Metrics
Mesh Meshing Copy Control @ Pinch Edit~ | Display™

Outline Solvers Mesh Preview Controks
Outline >*4oOx Q Q w8 C-4 Q@ @@ Seect kModer FT [ B|B|@R B2 [ Clipboard~ [Empty] &iExtend~ @ Select By~

Name
- /T Geometry A
g @ Solid
. ey @ Solid
~ ey @ Solid
. -y @ Solid
B8 Materials
% Structural Steel

B v Air
T A2
. & a3
- < A4
. 3k Coordinate Systems
=) Cornections
B, Mesh
b oo Patch Conforming Method

-\ Body Sizing
~ 1% Named Selections

- | Details of "Mesh" ~aoOx
" | = Display
Display Style Use Geometry Setting

=1/ Defaults
| Physics Preference [ Mechanical
.| |Element Order | Program Cantrolied
. ElementSize | Default
- | sizing
" |6 Quaity

# Inflation
# Advanced
# Statistics

25,00 75,00

4.4.3. Onpenenenve rpaHndHbIX ycnoBuil B CFX

JIist HaCTpOMKHM CUMYJISIHMU aBTOMAaTUYECKU HYkHO 3amyctuth CircVent. Ha
Pucynok.4.4.4. HyxHo mnepexomuth Kk pasneny Steady-State and Transient
Configuration u HaCTPOUTH CUMYJISIITHIO.

CHavasia mpoOBOJWTCS aHAJIU3 B YCTAHOBUBIIEMCS PEKHUME, IPU KOTOPOM W3
JTLIMOXO0/1a HE BBIJIETSETCS AbIM. BTOpoit aHanus GepeT HaCTPOUKY JJIsi yCTOMYHUBOTO
COCTOSIHUSI M aJanTUpPyeT €€ s aHanu3a nepexoansix mnpoieccoB. PE3VJIBTAT
aHaiM3a yCTAaHOBMBUIIETOCS pexumMa OyJIeT HCIOJb30BAaThCI B KAauecTBE
NEPBOHAYAILHOTO MIPEATOIOKEHHUS ISl aHAJIA3a MEPEXOIHBIX MPOIeccoB [99].

1. B CFX BeiOupaem - ®aiin (file) -HoBblii ciydait (New Case)
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2. BeIOpaTh obmme (General) n Hasxkmure OK
3. BeIOpaTs file - Save case as COXpaHUTh PETUCTP KaK
4. yctanoBuTth File name ums ¢aiina Circvent.

5. Haxath Save « COXpaHHUTH»

Bl C3: CFx - CFX-Solver Manager - O X
File Edit Workspace Tools Monitors  Help

o o | v = g = o
g%%\yﬁaﬂ\,@@g@nﬁ%&@nl.imwmm oy
- Waorkspace

Solver Input File sject_files\dp0 \CFX\CFX\CFX_D0 Lmres

Global Run Settings

RunDefinton  Initial Values

Run Settings

Tpesffn ]
[ Double Precision

[ Large Prablem

Parallel Environment

-

Host Name

desktop-t6aj040

[ Show Advanced Controls

Sthn

Pucynok.4.4.4. HacTpoiiku CUMYJISILIA
Co3nmanue  JOTMONHUTENBHOW mepeMeHHOW. Ha gamHOM dTame  cosmaercs
JOTIOJIHATEIbHAS — TlepeMeHHas Ha  pucynke 4.4.5.  (Additional variable)
(Hepearupymoomasi CKaJIsIipHas  COCTaBJIAIOMIAs) OydeT HWCHOJBb30BAThCA IS
MO/JICIIMPOBAHUS PACCEUBAHUS IbIMA U3 BEHTHJISIIUOHHOTO OTBEPCTHS.
1. BwiGepute B rmaBHOM MeHIO MyHKT Insert > Expressions, Functions and
Variables > Additional Variable (BcraBka > Boipakenus, QyHKUNU U TepeMEHHbBIE >

JlononHUTEIBHBIC TIEpEMEHHBIC) WM HaxkmuTe Ha kHomky Additional Variable

(HdononHuTENbHBIE TIEPEMEHHBIE)
2. Ykaxwure ums nepemeHHon smoke ([Ipim).
3. Haxats OK.
4. B kauectBe Tuma nepemMeHHoW Variable Type BbeiOepute Volumetric
(O6bemHBIIA).
5. Bapaiire equnuisl uamepenuns Units - [kg m™-3].

6. Haxars OK.
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B8 2. crx- CRxPre - ] X
File Edit Session Insert Tools Help
PO B S A A o O A I CR S RI= A cR A RS d-Rd RS PRI R I A S R R i

Outine  Additional Variable: smoke  Boundary: wind B Slaa@e® s O ;.
| Details of windin circventin transient

View1l ¥

Basic Settings  BoundaryDetals  Sources Flot opt | ¥
Flow Regime a A
Option

Mass And Momentum =]
Cption
u
v
w

Turbulence
COption
Fractional Intensity
Eddy Length Scale

Additional Variables
smoke

smoke.

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

Option v | ¥ General editor in the

EE | EEE
B g ?;sfﬁg
sEE BT
=1 22| PR

§ .
5 1
B :
g

a4 4 ‘

[Coc 00 oy [[ cose | < >

— R e

Pucynok.4.4.5. Co3nanuie N0NOTHUTEILHON TEPEMEHHOM

MOSIBSITCS] OCTaTOYHbIE rpaduKu uist mecty ypasHeHuit: U-mom, V-mom, w-mom, p-
mass, K-TurbKE u E-diss.K (Tpu ypaBHEHHS COXpaHEHUS HMITyJIbCA, YpaBHECHUE
COXpaHEHHS MacChl W YpaBHEHHUS [JIsi KUHETHYeCKas SHeprusi TypOYJIEHTHOCTH U
JTUCccHIanus TypOyJIeHTHBIX BHXpei ( momentum conservation equations, the mass
conservation equitation and equations for the turbulence kinetic energy and turbulence
eddy dissipation)). Bknaaka «mMiynbc u Maccay coaepkut 4 rpaduka, a aABa Apyrux
HaxoAsaTcs B paszneie «KommuecTBa TypOylIeHTHOCTHY. OCTATOK JJIsl ypaBHEHUS AbIMa
TaK)Ke OTOOpa)kaeTcsi, HO HE PETUCTPUPYET HUKAKUX 3HAUYEHUH, MOCKOJbKY OH HE

nHunmanusupyercs [107,109]

B cranuonapHON cUMYJSIMM, WCHOJB3YETCS TOJJIEPKKa MHULIUAIU3ALUN
3nauenuil pemareneM ANSYS 2019 R3 CFX-Solver octaBuB MHUIIMANHU3AINIO BCEX
JaHHBIX, Tody4aeM rpapukd Ha pucyHke.4.4.6. u pucynke.4.4.7.B pexumax

(Streamline) u (Isosurface). [108]
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ANSYS

2019R3

«
0 100.00 200,00 (m) L .
[ s S|

50.00 150.00

3D Viewer Table Viewer Chart Viewer Comment Viewer Report Viewer

Pucynox 4.4.6. PactipocTpaneHue 3arpss3HuTenei Bo3ayxa B pesxkume (Streamline)

ANSYS

2019R3

©
0 100.00 200.00 (m) L M
[ E— ES—

50.00 150.00

3D Viewer ~ Table Viewer  Chart Viewer Comment Viewer ~ Report Viewer

Pucynok.4.4.7. PacnpocTpanenue 3arpsisHuteneil Bo3ayxa B pexxkume(Isosurface)
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L}
100.00 200.00 (m) L
[ I S

50.00 150.00

| 3D Viewer  Table Viewer  ChartViewer ~ CommentViewer  Report Viewer

Pucynok.4.4.8. PactipocTpanenue 3arpsi3HUTENCH Bo3ayxa B pexxume(Transperency)

l &
0 100.00 200,00 (m) -
[ EEaa— S

50.00 150.00

3D Viewer  Table Viewer ~ ChartViewer ~ Comment Viewer  Report Viewer

Pucynox.4.4.9 Pacipoctpanenue 3arpsi3HATENICH BO3lyXa B PEKUME aHUMAITIH
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ANSYS

2019R3

100.00 (m) I
]

25.000 75.00

3D Viewer Table Viewer Chart Viewer Comment Viewer Report Viewer L

Pucynok.4.4.10. PactipoctpaneHue 3arps3HATENeH Bo3ayxa B pexume Rainbow

ANSYS

2019R3

25.000

3D Viewer  TableViewer  ChartViewer  Comment Viewer  Report Viewer

Pucynox.4.4.11 PacnpocTpanenue 3arps3HUTENEH BO3ayXa B pa3pese
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3D Viewer Table viewer Chart Viewer Comment it Viewer Report Viewer

Pucynoxk.4.4.12. PactipocTpaneHue 3arpsi3HUTENECH BO3/IyXa B pa3pes3e CBEPXY

4.3. Bausinue MeTeopoJIOru4ecKuX NapaMeTpoB M NPENnATCTBUA HA TPAEKTOPHUIO
BbIOpocoB B ANSYS Fluent

JIist MofennMpoBaHus 0ObEKTA JaHHBIC TIPUBEIACHBI B Ta0uUIIE 4.2.2.

TABJIULA 4.2.2. [TapameTpsl MOACITUPOBAHUS 00BEKTA

Ne JlanHbIe MOAEIIN Ex usm.
1. | JnwnHa npocTtpancTBa (kyba) L1 600M
2. | lupuna npocTtpancTra (kyba) L2 100Mm
3. | Beicora npoctpanctBa (ky6a) H1 200m
4. | quameTp BbIXOJia IbIMa U3 ABIMOBOM TpyOHI (outlet]) 20m
5. | Boicora npiMoBoit TpyOsr H2 150m
6. | dnuna 3manus L3 50m
7. | Mupuna 3qanus L4 16m
8. | Boicora 3manus H3 25m
9. | Paccrosinne mexay AbIM.TpyObI 1 31anus LS 300m
10. | CxopocTb BeTpa 3m/c
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11. | CkopocTb JibIMa U3 ABIMOBOM TPYOBI Im/c

12. | TemnepaTypa npoCTpaHCTBA 150C

13. | TemmnepaTypa apIMa U3 ABIMOBOM TPYOBI 300 0C

inlet1

H1
D=20m _ outletl

H2
H3

L5 4 L1

Pucynok.4.4.13. Mogens o0bekTa ¢ mapameTpamu

Ha ocHoBe BhbIlI€yKa3aHHBIX MTApaMeTpoB B Tabiuie 4.2.2. CTpOUTCS reOMETpUs
oOwekta B 3D MomenupoBaHuM Kak rokasaHo Ha pucyHke.4.4.14. Ky6 - o3nauaer
MPOCTPAHCTBO C MapaMeTpaMu, yKa3aHHBIMU B Tabnuile 4.2.2., KOTOPBIM UMEET JIJTUHY
- L1, mmpuny -L2 u Beicory — H1, rae npoucxoauT mporecc 0OTeKaHue IbIMa M3

JBIMOBOM TPYOBI Ha 31aHue (CcTpeika - outletl), tuamerp oTBepcTHe TPyOHI -(20mM).

Paccrosinne Mexay npIMOBOM TpyOoil 1 3qaHus cocTaBisieT 300M.

Pucynok.4.4.14. 'eometpusi MOJ€IH JIMOBOM TPYOBI U 31aHUS B IPOCTPAHCTBE.
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[Tnarpopma Workbench nmeer MoaynbHBI TPUHLMIT OMHCAHUSA PACUETHOTO
NPOEKTa, YTO MO3BOJSET HATJSIAHO MPEACTaBUTH MOCIEI0BATEILHOCTD MPOBEICHUS
BCEX PACUETOB, a TAKXKE CUCTEMATU3UPOBATh U XPAHUTH IMOJYYCHHBIC PE3YJIbTATHI.
[Tomp3oBatensckuii maTEpPeiic Workbench (Pucynok. 4.4.15.) conepxut ciaemyromue
naHenu u oksa: [106,107,108,109,111]

1 — okno Project Schematic, B koTopoM oTOOpaxkaeTcsi cxemMa IpPOEKTa,
BKJIFOYArONIasi HAOOP MCHOJb3YEMBIX B POEKTE MOAYJIEH U NPUII0KEHHI;

2 — TaHeJIb UHCTPYMEHTOB OOBEIMHSIET OOIIUE HACTPOUKH M OIIIMH MPOEKTA,
MO3BOJIAIONINE MTPOU3BOIUTH OTNEpaIiu ¢ QailiaMu, HaCTpauBaTh BUA OTOOpaKEHUs
rpaguueckoil nH(popMaIMu B MPOEKTE, YCTAHABIMBATH IJ100aIbHbIE HACTPOMKH IS
OTJICJILHBIX MOJyJIEH MPOEKTa, BKIIOYas pemaTeiau (CBOMCTBA UMIIOPTa W JKCIOpTa
T€OMETPUUECKUX MOJeNield, BO3MOXXHOCTH TIOBBIINICHUS IPOU3BOAUTEIHLHOCTH
BBIYHMCIICHUM U T. J.), @ TaKK€ BbIOMpATh €IUHUIIBI U3MEPEHUS, UCIOJIb3yeMble B
OpOeKTe, U UHTErpupoBaTh B pPabouyl0 cpeny COOCTBEHHBbIE MPOrpPaMMHBIE
NPUIOKEHUS (pacluupeHus);

3 — maHenb Properties coepX HUT ONMUCaHHE CBOMCTB BBIJIEJICHHOIO B OKHE
Project Schematic o6bekTta. [To yMon4uaHuio maHenb CBOMCTB CKpPbITA U BBI3BIBACTCS
[OJIb30BaTEIEM 4epe3 KOHTEKCTHOE MEHI0 BblOpaHHOro oObekTa. [lanens
MPEICTABIISIET CO00M TaOIMITy U3 IBYX CTOJIOIOB. B mepBoM cTO/011€ TepedncisitoTces
Ha3BaHUs CBOMCTB, 4 BO BTOPOM — MX 3Ha4eHUs. Bce CBOMCTBA MMEIOT HEKOTOPHIE
3HAUCHHUSA, 3aJlaHHbIE 1O yMOJM4YaHWio. Eciu 3HaueHWe Kakoro-immbo CBOWCTBA
oToOpaxaeTrcs Ha cepoM (PoHE, TO OHO HE MOKET ObITh U3MEHEHO T0JIb30BaTEIIEM;

4 — manens Toolbox oroOpaxkaeT Bce AOCTYNHBIE MOAYJIW U THPUIIOKECHHS,
uHTerpupoBanubie B cpeny Workbench. HaGop qoctynmHbIx Momyie 3aBUCUT OT THIIA
mnen3nn ANSYS.

ITanens Toolbox Bcerma BKIIIOYAET MATH Pa3/IeiioB:

1) paznen Analysis Systems COJAEPKUT TOTOBBIE MIAOJOHBI JJISi Pa3THMYHBIX

THUIIOB YHMCJICHHOI'O aHaJIn3a.
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Pucynox.4.4.15. Untepdeiic Workbench

Kaxapiii mabson umeeT s1ipo B Buje onpeaenecHHoro pemarens (Fluent, CFX, Static
Structural u T. 1.), a Takke BKIIOYAET BCIOMOTATEIbHBIE MOMYIH JJISl MOJATOTOBKH
reomerpudeckoid monenu (Design Modeler), koHEUHO-2JIEMEHTHOM WJIM KOHEUYHO-
o0veMHol monenu (Meshing), 3ananus cBoiictB matepuanoB (Engineering Data) u
nocTo0paboTku pe3yibTaToB pacueta (Results).

Ha pucynxke. 4.4.16. U300paxen npumep mabnona Fluid Flow (Fluent) mns
MOJICIUPOBAHUS JBIMOBOM TPYOBI U 3/1aHUS C UCTIOIb30BaHueM pertatens Fluent. Jlns
no0aByieHHs 11abJIoHAa B MPOEKT JIOCTATOYHO MEpEeTaluTh ero ¢ maHenu Analysis
System B pabouee mpocTpaHcTBO npoekTa Project Schematic.

2) paznen Analysis Systems BKJIIOYa€T OCHOBHBIE ¥ BCIOMOTaTEIbHBIC MOTYJIH,
UCIIOJIb3yEeMbI€ MPHU PEIlIeHUH 3aaad. Tak, B pabouee MpOCTPAHCTBO MPOEKTa MOKET
OBITh OTAETHHO A00ABJIEH KOMIIOHEHT JUIsl MOCTPOCHHS T'€OMETPUYECKON MOJENHu,

OCTOOPabOTKH PE3yIHTATOB U T. .
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Pucynok.4.4.16. I1la6mon Fluid Flow (Fluent)

3) B paznene Custom Systems copep>karcs TOTOBbIE CBSI3KH IIAOJIOHOB ISl PEIICHMUS
MEKIMCIUIUIMHAPHBIX 3a/1a4.

4) pasnen Design Exploration mno3BosisieT pemiath 3aJadyd ONTUMM3ALUU IS
napaMeTpoB, KOTOphIE 3a7at0Tcsi B uHTepdeiice Parameter Set (Habop mapamMeTpoB);
5) pa3nen External Connection Systems 03BOJISIET UHTETPUPOBATH MOJIb30BATEIbCKUE
BHEIIIHUE MPUIOKEHUS U IPOLIECCHI B IPOEKT

O0630p OCHOBHBIX MOJYJIEH U MpUiiokeHui, ucnoyb3zyeMbix B ANSYS Workbench nnst
MOATOTOBKHU M MIPOBEAECHUS YNCIEHHOTO aHAJIN3A.

Engeneering Data — untepdeiic s ynpasieHus 6a30i JaHHBIX QU3HYCCKUX U
MEXaHUUYECKUX CBOMCTB MaTepUaliOB, a TAKKE BXOIHBIX MTAPAMETPOB MATEMATUUECKUX
MOJENEN.

Design Modeler (mynkt Geometry B pazaene Component Systems) —
MIPUJIOKEHUE ISl co3aanus reomerpuueckux 2D/3D-monaeneit. Takyke MOIyJIb MOXKET
pabotatb ¢ wWMMIOPTUPOBaHHOW U3 CTOPOHHUX CAD-KOMIIEKCOB TE€OMETPUEH:
MO3BOJIIET HUCHPABJISATH JePEeKThl B TCOMETPUH, W3MEHITh WIH YIPOIATh
TEOMETPUYECKYIO MOJEINb.

Meshing  (myakr Mesh B pasgene  Component  Systems) —
MHOTO(QYHKIIMOHANIbHBII ~ CETOYHBIM  NPEenponeccop,  KOTOPbIA  IMO3BOJSET
TEHEPUPOBATh BBICOKOKAYECTBEHHBIE PACUETHHIE CETKH B aBTOMATUYECKOM PEKHUME
JUISL Pa3JIMYHBIX THUIOB WHXXEHEPHOrO aHainu3a. Molynb MpeaoCTaBiseT MIMPOKUN

Ha60p HHCTPYMCHTOB I IMOCTPOCHHUA PACHCTHBIX CCTOK Ha OCHOBC TPCYI'OJIbHBIX U
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YETHIPEXYTOJIbHBIX JIEMEHTOB isi 2D-Moierneil 1 Ha OCHOBE TETPa3IpOB, F€KCa3POB
WM TUMPaMUJAIBHBIX JJIEMEHTOB i 3D-mopeneil. B mporpamMme  3aimoKeHBI
QNTOPUTMBI T TIOCTPOEHHUSI CTPYKTYPUPOBAHHBIX W  HECTPYKTYPHUPOBAHHBIX
pPacCUeTHBIX CETOK, a TAKXKE BO3MOYKHOCTM Kau€CTBEHHOI'O Pa3peIleHHs PacyeTHOU
CETKUA BOJIM3U TBEPJBIX CTEHOK U JPYTrUX OCOOEHHOCTEH MOjeleld, 4TO OCOOEHHO
BAJKHO ISl THAPOJUHAMHUYECKOTO aHAJIN3A.

Static ~ Structural mnpeaHasHaueH JUII  pEIIEHUs  3a7ad  MEXaHUKHU
nehopMUpyEMOTO TBEPJIOTO Tella B CTAaTUYECKOM moctaHoBke. [Ipu ucnonb3oBaHuu
KOMaHJHBIX BCTaBOK Ha si3blke APDL dyHKIIMOHANT MOIYIsl MOXKET OBITh PACIIUPEH
JUIsL pElIeHMs, HalpuMep, CBSI3aHHBIX 3a/lady (T€PMOYIPYTOCTh, MOPOYIPYTOCTh,
AIIEKTPOYIPYTOCTh U T. 11.).

Transient Structural — Moxynp a1 pernieHus 3a1a4 JUHAMHKA KOHCTPYKITHH.
OcHOBaH Ha HESIBHBIX CXEMaxX MHTETPUPOBAHUS YPABHEHUU IBUKECHUS.

Explicit Dynamics/AUTODYN/LS-DYNA — Moyiu, OCHOBaHHBIC Ha SIBHBIX
pemiarensx JUis pacyeta 3aJad JAMHAMUKA KOHCTPYKUMHA W MOJIEIMPOBAHUSA
OBICTPONPOTEKAIOLINX HETUHEMHBIX IMPOIECCOB: BBICOKOCKOPOCTHBIX  YAApOB,
npoOUTHH, (parMeHTALNH, PA3PYLICHUS U T. 1.

Rigid Dynamics npenHasHadyeH ajisi MOACIUPOBAHUS TUHAMUKH TOJIBHIKHBIX
cucreM, MexaHn3mMoB. KunemaTnka MexaHrn3Ma OMKCHIBAETCSA MYTEM 3aJlaHUsI CUCTEM
KOOpJIMHAT, CBA3AHHBIX C JETAJsIMHU, U BbIOOpa MapaMeTpoB, KOTOPbIE OJHO3HAYHO
OTIPEJICISIIOT B3aMMHOE TIOJIOKEHHUE JeTalel U KOH(UTYpalui0 BCETO MEXaHHU3MA.
[lepemernienus Tesn OMUCHIBAIOTCA ypaBHEHUsIMU ABUxkeHUs B (hopme Kelina [4], uTo
o0ecIeynBaeT BHICOKYIO TOUHOCTh U CKOPOCTh PEIICHUS 3aauH.

Steady-State Thermal/Transient Thermal — aHaJIN3
YCTaHOBUBULIETOCSA/HECTALIMOHAPHOT'O TEIJIOBOTO MOJIS HA OCHOBE PEIICHUS YpaBHEHUS
CTaIlMOHApHOM/HECTaIMOHapHOH TerutonpoBoaHocTH [108,111].

Fluid Flow (CFX) npenna3HadeH ajist pelieHus 3aa4 THAPOIHNHAMUKH, a TAKKE
3a/lady CONpspKeHHOro Teruiooomena. Ilo3Bossier MoaenupoBaTh IIMPOKHUIM CHEKTP

(I)I/ISI/I‘-ICCKI/IX npoueccCoB B JKHUIAKOCTAX M TIa3dX, TAKUX KaK HCCTAIMOHAPHOCTD,
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TypOyJICHTHOCTh, MHOTOKOMIIOHEHTHOCTh M MHOTO()A3HOCTh CpEIbl, XUMHUYECKUE
peakiuyu, paJualiOHHOE H3IyYeHHE, aKyCTHMYeCKHe BOJHBI U T. J. XOPOIIO
3apeKOMEHJIoBal ce0sd B 3ajayax TypOOMAIIMHOCTPOCHHUS, Tle HeoOX0IUMO
MOJCIUPOBAHUE TEUYCHUM JKUIKOCTEH MW Ta30B B YCJIOBHUSAX BPAIIAIOIIMXCS
MEXaHU3MOB.

Fluid Flow (Fluent) umeetr ananorununsiii Moy CFX dyHKIIMOHAN, OJTHAKO
COJEPKUT OoJiee MUPOKUH CIIEKTP MOJIETICH U METOIOB JJIsl MOJICITMPOBAHUS TECUCHHI
C XUMHUYECKUMH peakiusiMu. Takke 00JaaeT BCTPOSHHBIM PEIaKTOPOM PACUETHBIX
cetok [106,107].

1.Co3ianne reoMeTpruIECKON MOIEIA KOMIIOHEHTA “Geometry”

[To BbIIIE TIPUBEEHHOMY MPUMEPY CO3Jal0TCd OOBEKTHl. B maHHOM ciydae
MPOCTPAHCTBO, IBIMOBas TPyOa M 3/1aHUE.

Ortar co3aHusi TeOMETPHUH OCYIIECTBIIsIeTCA HaxaTiueM Ha “Geometry” u3 Fluid
Flow (Fluent), oTkpbIBaeTCsi OKHO KOTOpast u3oOpaxeHa Ha pucyHke 4.4.17.

B npaBoii yacTu okHa Moka3aHbl KOMIOHEHTHI “‘/{bIMOBOI TPYOBI”:

Extrude - dopma (uunuHIp) TBIMOBO#M TPYOBI

Inlet 1 - BXxo 1bIMOBOIA TPYOBI

wall 1 - ctBoJI ABIMOBO#T TPYOBI

Outlet 1 - BeIxoz apIMa U3 I6IMOBOM TPYOBI

Enclosure - mpocTpaHCTBO ABIMOBOM TPYOBI

Inlet 2 - BXo mpocTpaHCTBA IBIMOBOM TPYObI

wall 2 - mpocTpaHCTBO ABIMOBO# TPYOBI

Outlet 2 - BeIxo1 IPOCTPAHCTBA ABIMOBOM TPYOBI

2 Parts. 2 Bodies - onpenenenue xuakux (razoodpasyroiee) Tl (IbIMOBYIO

TpyOy, MPOCTPAHCTBO).
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[ ~: Fluid Flow (Fluent) - DesignModeler - O X

File Create Concept Tools Units View Help

AHBE @] Dunde @Redo [[sdect [y B | R R W[ w0 | W % 1S+ a&@EQCEME |+ e
W~ W~ - A~ S A~ A AP
¥Plane v 3| sketnt - #9 || Generste @@ShareTopology [EPerameters || MEctrude gloRevobe G Sweep  § Skin/Loft

B Thin/Suface §-Blend = & Chamfer @pSlice || @ Point 5) Conversion

- /88 A:Fluid Flow (Fluent)
-y XYPlane
i & Sketchl
Ly 3 ZXPlaNE
Ly 3 YZPlane
B Extrude
L inlet]
Lo wall
i S outlet]
i@ Enclosurel
Lo B inlet2
L8 oulet2
fo B wall2
- 2 Parts, 2 Bodies
ey @0 Solid
., @ Solid

aun aall

Sketching Modeling
Details View

@ Draq toscroll view [1 Mamed Selection [Meter Dearee ol

Pucynok.4.4.17. ITloctpoeHne reoMeTpun AbIMOBON TPyObl U MPENSATCTBUSA (3AaHUS).

[loctpoennass Mojnenb ABIMOBOM TpyObl B IPOCTPAHCTBE H300pak€H Ha

Pucynox.4.4.18.

Pucynox.4.4.18 Mopenb 15IMOBOM TPYOBI.

ITpu pabore B Workbench coxpanenne mMomenu mocie OKOHYaHHS €€ TMOCTPOSHUS
MIPOUCXOAUT aBTOMAaTHYECKU TipH 3akpeiTii Design Modeler, a B ctpoke Geometry
TOSIBJISIETCSA 3€JICHAst TaJ0UKa, €CIIM MOJIEINb (JIIMOBasi TpyOa U 3/1aHKe) MOCTpOeHa O6e3

ombok (Pucynok. 4.4.19.).
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Pucynok.4.4.19. Komnonentsl noctpoennoit mogenu Fluid Flow(Fluent)

[Ipu sToM B ctpoke cetku (Mesh) oToOpaxaroTcs 3eyeHble CTPEOYKH, YTO
O3HAau4aeT, YTO BXOJHAas MHGOpMalUs JAHHOTO OJOKa HM3MEHWJIAach M TpeOyeTcs
OOHOBJIEHUE.
2.Pabora B untepdeiice Meshing
[TpencraBiena pabouast 00iacTe MOIYyJs CUMYJsUMU. Pa3nen ceTku 3J1eMEHTOB
(Mesh) pacrionaraercs B 1epeBe MPOEKTa U MO3BOJIAET YIPABISATH HACTPOMKAMH CETKHU.
[Ipn HaxaThM JIeBOM KHOIKHM MbIIIM Ha pazfene Mesh usmeHnsercs BuUI MaHETU
UHCTPYMEHTOB, B KOTOPYIO BBIBOJSTCS OCHOBHBIE KOMaHIbl pabOThl ¢ ceTkou. Bce
JIOCTYTHBIE KOMaH/Ibl TAKKE MOYKHO BBI3BATh UYepe3 KOHTEKCTHOE MEHIO, BEI3BIBAEMOE

Ha)KaTUEM TMPaBOM KHOMKM MbIIM Ha pazaene Mesh. 3amyckaercs Mesh — Edit Ha

Pucynox.4.4.20.

Pucynok.4.4.20. 3amyck komnonenTta «Meshy s moaenu
AHaJNIOTUYHO, MOCJE MOCTPOEHUSI CETKU U moclieaytomero 3akpbitua ANSY'S

Meshing, BBIIIOJIHACTCA aBTOCOXPAHCHHUC CETOYHOM MOJEIU C MMOCJICAYIOIINM
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apromatuieckuM umnoptom B ANSYS Fluent (Pucynok. 4.4.20.). Oxuo Fluent
(Pucynox.4.4.21.) coctouT u3 rpadUUYecKoro OKHa, B KOTOPOM MOKHO BHUJEThH
3arpyKEeHHYI0 MOJellb, OKHAa TEKCTOBBIX COOOIEHUN, B KOTOPOE BBIBOJAATCS
pe3yNbTaThl BBHIMOJIHEHHUS KOMAaH, JIepeBa MPOEKTa M TaHelu WHCTPYMEHTOB. B
3aBUCUMOCTH OT TOT0O, KakoW NYyHKT BBIOpaH B JiepeBE MPOEKTa, OTKPbIBACTCS
cootBercTByIoMas nanenb. OkHo Fluent (Pucynok.4.4.16.) coctout u3 rpadpuyeckoro
OKHa, B KOTOPOM MO>XHO BUJIETh 3arpyKEHHYIO MOJIeJIb, OKHA TEKCTOBBIX COOOIICHUH,
B KOTOPOE BBIBOJISATCS PE3YJIbTaThl BBHIMOJIHEHUSI KOMaH/I, AepeBa MPOEKTa U MaHeIn
WHCTPYMEHTOB. B 3aBUCHMOCTH OT TOTO, KaKOW IyHKT BBIOpaH B JepeBE MPOEKTa,

OTKPBIBACTCA COOTBCTCTBYIOIIAS IMAHC]Ib.

3 )
00

%D

Pucynok.4.4.21. OxHo noctpoenue cetku «Mesh»

Jlii 3ammycka MOCTpOEHUs! CETKH HYKHO HakaTb kKHOnKy Update mnu Generate
Mesh na manenu uactpymenToB (Pucynok.4.4.22). Uepes kakoe-To BpeMs TeHEpaIus
CETKH 3aKOHYUTCS, U €CIIU B IepEBE POEKTa BbIOpATh 3eMeHT Mesh, MokHO yBHUIETh
pacu€THyro ceTky. Mumukarop cocrosiHus snemeHta Mesh mpumer Bua 3enéHoit

TaJ04KH.

67



Outline v B OX Q1

[ project*
5 {8 Model (A3)
& % Geometry
B Materals
v Coordinate Systems
<% Connectons
@
IS g Insernt »
B upaate

$  Generate Mesh

® &

Generate Mesh
Show
Update the geometry i

$  Create out of date and generate
™ Grow the mesh f out of date,
’ Clear & ® Press F1 '«w
J5 Rename ¥

Start Recording

Pucynok.4.4.22. I'enepanus ceTku

Omnpenensercs Meton - Automatic Method, Scoping Method -Geometry Selection,

Geometry - Apply.
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Pucynok.4.4.23. Onpenenenre METoa CETKH.

[Tocne BbImaeTcs cienyomuil pe3yabTaT Ha pucyHke.4.4.24.
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Pucynok.4.4.24. IToctpoennas monenb «Meshy.

Ha pucynke 4.4.25. 3amaercs napamerp - Sizing, snemeHr Size - 4m, Scoping

Method -Geometry Selection, Geometry - Apply.
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Pucynox.4.4.25. ITapameTpsl Mmojgenu «Meshy.

69



3.3agaHue rpaHUYHbBIX YCIOBUI

B paboueii obmacty HaxxumaeM “Setup”, MOSBISIETCS OKHO JJIS 3a/IaHHS OTPAHUYCHUN

Ha pucyHke 4.4.26.:

- A
W S Flud Flow (Fluent)
2 m Geomel y v 4
3 . Mest =3 n Fluent Launcher 2019 R3 (Settin.., - C X
I i —— !
4 Setup P}
LECN 4} “ Fluent Launcher
5 & Soutor T 4
¢ @ Resits P . Dimension
Fluid Flow (Flsen O Options
Ul w{Flgent)
® ) Double Precision
(] Meshing Mode

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

; ®) Serial
ACT Option i
() road ACT O rarallel

v Show More Options

o | e

Pucynok.4.4.26. OxHO 3a1aHusi OTpaHUYEHUI
OKHO COCTOWT M3 2-X yacTeil: B JICBOM paCIIONIOKEHBI ycioBus - Setup, Solution,

Results, Parameters & Customization Ha pucynke.4.4.27.

vy

Grnnrd

W

f
Grmm o w

Pucynok.4.4.27. OxHO mapamMeTpoB

Ha pucynke 4.4.28. 3anatotcs rpaHuYHbIE YCIOBUS
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Modaol
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[ranstion k-k-omega (3 egn)

k-epsion Model
® Standerd
M

Lo aitlz able

Near-Wall Treatment

........

Pucynox.4.4.28.

Jns1 3TOro Hy>KHO NEPEUTH Ha BKIAIKY

(Pucynok. 4.4.27), BeiOpaTh B CHHCKE TPAaHUYHBIX ycloBUH inletl, mpoBeputhb, 4TO
TUIIOM JJAHHOTO TPAaHUYHOIO YCI0BUS siBisieTcs velocityinlet (Bxo1 moToka ¢ 3ajaHueM

€ro CKOpOCTH), HaxaTb KHONKY Edit u B nosBuBIemMcs okue (Pucynok.4.4.29) u 3anate

CJICAYIONINE TTapaMeTpPhI

Model Constants

Energy Sranct! Number

User-Defined Fund tions

irbulent Vecoony

Prandt] Numbers
KE Prandt! Number
nan

DK Frandtd Numbe

['pannunbie ycimoBus

Boundary Conditions (rpanu4Hbi€ yCIIOBHUS)

Bxnagka Momentum (KOJIUYECTBO JBUKECHHUS):

Velocity Magnitude (BenmuunHa ckopocTH) 2 m/s

Turbulence (TypOyeHTHOCTB):

Specification Method Intensity and Hydraulic Diameter

(MeTo[ 3alaHusl MHTEHCUBHOCTb U THJIPABIMYECKUI JUAMETP)

Turbulent Intensity (uHTeHCUBHOCTH TypOyneHTHOCTH) S5 %

Hydraulic Diameter (runpaBnudeckuii nuamerp) 4 in
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Bxnanka Thermal (temmonepenaya):
Temperature (remmnieparypa) 297

Omnpenensiem Scheme - Simplec

TESSUND VEEILY LUy

Coupled

CIMPLE
FEO
iigilai]

f=p LT

Pucynok.4.4.29. Onpenenenue cxema - CUMILIEKC

Meton Munnmanu3aruu - Hybrid Initialization

Jns  wHUOMANIM3alMd  3a7a4M  [epexoAuM Ha BKiIaaky Solution Initialization
(manmmanm3arus  permenus) (Pucynok. 4.4.30.), ma mamenu BwiOmpaem Hybrid
Initialization (cMemIaHHBIM THUN WHULMAIM3ALMKM) U HakuMaeMm KHoOmKy Initialize. B
X0JI€ JIECSITH uTepaluii OyayT BBIUHUCIICHBI IIPEIBAPUTEIIbHBIC 3HAUSHUSI, 1 UMHU OyIeT
3amojHeHa pacu€THas o0jacTh. [Ipm 3TOM B TEKCTOBOM OKHE TOSBUTCS HAJIHUCH

«Hybrid initialization is done»

Initiakzation Methods
® Hybrd I Dl zaton
Standard Initielzation

W

Pucynok.4.4.30. Meron MHunmanu3anuu

AHaJIOTHYHBIM 00pa3oM MOOYEPEAHO 3aaTh MapaMETPhl BCEX MPAHUYHBIX YCIOBUH:
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 (Beixonm ¢ 3amanmem nasienws) Momentum: Gauge Pressure
(cratuueckoe m30ObiTouHoe nasienue) O 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
(cummeTpwst)

[Tomyuaem crnenyromuii rpaduk mocie BemoaHeHus 200 uteparuii:

Jl7is BBITIOJIHEHUS pelIeHus nepexoanuM Ha Bkiaaaky Run Calculation, BBoaum B mosne
Number of Iterations (KOJIMYECTBO HTEpallMii) HEKOTOPOE KOJIMYECTBO HTEpAIHil
(manpumep, 200) u nHaxumaeM kHonky Calculate (Beruuciste). [lpu 3TOM HauHETCs
nponecc noucka pemeHus (Pucynok. 4.30.), mpu KOTOpoM B TpauyecKOM OKHE
otoOpaxkaercsa rpaduk HeBs30K (Residuals) mo konmyecTBy penaeMbix ypaBHEHUH, a
B TEKCTOBOM OKHE BBIBOJIUTCS TAOJIMIIA N3MEHEHUS HEBS30K OT UTEPAITH K UTCPAIIHH.
Pucynok. 4.4.27. — Bxnaaka Run Calculation n mpomecc moucka pemenus. Korma
OyZeT 3aBepIIeHO TpeOyeMoe KOJIMYECTBO UTEPAIMil UM Ha KaKOW-TO UTEpalluU BCEe
HEBSI3KM OKAXKYTCS MEHBIIE YCTAaHOBJIEHHOro 1o ymosuanuto 3HadeHus (0.001),
perenue cumtaetcs comenmuM (Solution is converged) U pacyeT 3aKaHYMBAETCS C

nosiBjicHHeM okHa cooOtenust (Pucynok. 4.4.30).

D Scaled Residuals .
r Rendsals
fo—cortivaty
* v EOCity leedd
y-welocity
’ [— - IOOY laed

Wy

acsion Taedd

fmean

s leel2
tee2)

\
- \ ,\ ¥
o S st s
=04 _— l\\‘%
)
-3
0 v o 0 o 0
terations
1 ror <o
C L g 5% L = 8

Console o]

epdf-species-]

Pucynok.4.4.31. Utepanuu

4.ITouck pelieHusl.
Jlst mpeiBapuTeILHOTO MMPOCMOTpPA PE3yIbTaToB Ha BKIIaake Graphics and Animations

(rpaduka u anumanus) (Pucynok. 4.4.27) Hy»XHO JBaXAbl IIEIKHYTh Ha 3JIEMEHTE
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Contours (KOHTYpHI), 3a1aTh mapaMmeTpsl Bu3yanusaruu (Pucynok.4.4.31.) u Haxath
Display: Contours of Pressure (maBmenne) Options Filled (3amuTeie 1niBeToM moJist
KOHTYpoB) Surfaces symmetry (TOBEpXHOCTH OKpallIMBaHUs — TPAHUIIA CUMMETPHH).

Jlyis aHanu3a pe3ynbTaToB HYKHO OTKPBITH MOCT-TIPOIECCOP, IBAXKIbI KIMKHYB
Ha aneMmeHTe Results. [Ipu 3TOM OTKpoeTcs OKHO MOCTHpoLEccopa ¢ pe3ysibTaTaMu
000MX pacy€ToB OJHOBPEMEHHO. 3aTéM HYKHO BbI3BaThb U3 TJIABHOTO MEHIO
BU3yaIM3aTOp «KOHTYp»: Insert, B mosiBUBIIEMCs OKHE OCTaBUTh HazBanue Contour 1,
HakaB OK, u ycraHoButh cieayromme mapamerpbl (Pucynok. 4.4.32): Location
(pa3memenne) symmetry Variable (mepemennasi) Static Temperature. Haxats Apply
(npumennTs). [ToBepHYB MOJENN HYXHBIM 00pa3oM (HakuMasi Ha TPOMKY BEKTOpPOB
CIpaBa BHH3Y), MOKHO TOJY4YUTh KapTHHY, YAOOHYIO misi cpaBHeHHs (PucyHOK.4.
4.32). AHanormuyHO MOXKHO CpaBHUTH Apyrue mapametpsl (Velocity, Static Pressure u
1p).

B pe3ynbraTe BBINOIHEHUS BCEX pacyeTOB MoJIyyaeM cienyromue rpaguxu. Ha

pucynke 4.4.32. mokazano “CratudecKkoe JaBjeHUE ApIMa Ha TIPEIATCTBUA (31aHne)”

o Contours of Static Pressure (pascal)

Pucynok.4.4.32. KoHTypbl 1aBleHUsS

B pe3ynbTaTe BRINOIHEHHUS BCEX PacueToB Moyy4yaeM cienyroniue rpadpuxu. Ha

pucynke 4.4.33. nokazano “IIpousBojHast 1bIMa Ha IpensATCTBUA (31aHuE)”
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o Contours of Strakn Rate (1/5) )
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Pucynox.4.4.33. [IpousBoaHas apiMa Ha IPETSTCTBUS

Ha pucynke 4.4.34. nokazano “Craruueckasi TemriepaTypa JbiMa Ha MPENSITCTBUS

(31aHu€) B BUJE TUCTOTPAMMBI”

Histogram of Static Temperature >

no

»nm

bl

azm

1200

Hoe L 7500 " e 2420 150 e 20480 im e 0
Static Tempersture (k)

Pucynoxk.4.4.34. Crarnueckas TemMreparypa JIbiMa Ha TpeTsITCTBUS

Ha pucynke 4.4.35. [lokazano “Crarmdeckas TeMIeparypa JbIMa Ha MPENSTCTBUS

(3manue)”
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=] Contours of Static Temperature (k)

Pucynox.4.4.35. Crarnueckas TemMreparypa Jpima

Ha pucynke 4.4.36. nokazano “TypOyfieHTHas KHHETHYECKasi SHEPTUA JIbIMa Ha

nperpany (3nanue)”

o Contours of Turbulent Kinetic Energy (k) (m2/52)

1 a0t
145601
11401
3 2002
LRI
2.8%e02
9 B3e02

[=292 |

Pucynox.4.4.36. TypOyneHTHass KHHETUYECKAsI YHEPTUS

Ha pucynke 4.4.37. nokazano “BeKTop CKOpPOCTH MO BEIMYMHE JbIMa Ha MpErpamy

(3manue)”
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Velocity Vectors Colored Dy Velocity Magnitude (m/s)
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Pucynok. 4.4.37. BekTop CKOpPOCTH 110 BEIHMYWHE bIMa

Ha pucynke 4.4.38. nokazano “Cratndeckas Temreparypa’” B BUe rpaduka

Stathc Tomperature
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Pucynox.4.4.38 Cratudeckas Temmeparypa

Ha pucynke 4.4.39 mnoxkazano «TypOyJeHTHas KWHETHYECKas DSHEPTUsS» B BHJC

rpaduka

Turbulent Kinetic Energy (k) >
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5.Pe3ynbTaTel pacueToB
[Mpoussectn naumanm3anuio (Solution Initialization Initialize) u BeImONTHUTH

pacuér (Run Calculation Calculate) u mosnyuen pesynbrat Ha pucyske. 4.4.40.

Pucynox. 4.4.40. Pe3ynbTaThl pacyeToB

4.4. BeIBoABI IO IJ1aBe
[Tomy4enst pe3ynbTaThl YUCICHHOTO MOACIMPOBAHUS MPOIIECCOB TudPy3un
W pAacCeMBAHUS 3arpsS3HSIONIMX BEIICCTB W3 TOYCYHOI'O HMCTOYHHMKA B aTMocdepe,
3aBUCAIIME OT CKOPOCTH W HAmNpaBJICHHWS BeTpa, TEMIEPAaTyphl BBIOPOCOB M
CTaOMJIBHOCTH aTMOC(ephbl, MOCTPOCHHAs Ha OCHOBE pPAcUye€TOB B MPOrPaAMMHOM

komruiekce ANSYS Fluent, ANSYS CFX.
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I''TABA 5. YUCJIEHHOE MOJAEJIMPOBAHUE ITPOLECCOB
OUJIBTPALIMU ’KUIKOCTHU U ITPOI'HO3UPOBAHUE OCAJIKOB

5.1. UucaeHHoe Moie IMpOBaHME NIEPEHOCA MACCUBHON MPUMeCH Ha/l
OrPpAHUYEHHOH TeppuTOpHEH

B manHoM paszene npuBenCHBI pe3yJbTaThl pacueTa MePeHOCa OCPEAHEHHOM MO
BBICOT€ TACCMBHOM MPUMECH HAaJl TEPMUYECKH M Oporpauueckd HEOAHOPOIHOMN
OTpaHUYECHHON TeppuTOpHeH, BKItouaromien Tepputoputo Keipreizckoit PecnyOmnmku,
C HMCHOJIb30BAaHUEM JABYMEPHOU MOJENH, IMOJYYEHHOW IYTEM WHTETPUPOBAHUS IO
BBICOTE TMOJIHBIX YPABHEHUN THIPOTEPMOIUHAMUKH.

[Ipobiiema B3auMOJICHCTBUS YETIOBEKA C OKPYIKAIOIIEH cpeioil MPeCTaBIIsSET B
HACTOAIEE BpEeMsi AKTUBHO pPa3BUBAIONIYIOCS OO0JAcTh MPUMEHEHHUS METOOB
MaTeMaTU4YecKoro MojenupoBanusa. (OcCoOEHHO OCTpPO ATH 3aJa4ydl CTaBsITCA B
MOCJICTHUE TOJbI B CBA3U C AKTUBHBIM BIMSIHUEM YEIIOBEKA HA OKPYKAIOIIYIO CPENy.
YBenuueHue MaciradoB XO3IMCTBEHHOW JEATEILHOCTH CBSI3aHO C BO3/ICHCTBHEM Ha
OKPY’KAIOITYIO Cpely JOKAJTBHOTO U II100alibHOTO XapakTepa. [Ipu olieHKe BO3MOKHBIX
MOCHEACTBUA OTOM  JEATENIBHOCTH CYIIECTBEHHYIO pPOJIb  JOJDKHBI  CHITPATh
Marematudyeckre Moaenu. C Mo3uuuid MaTeMaTUYEeCKOrO MOJEIUPOBAHUS BIIUSHUE
JIESITEIbHOCTH YEJIOBEKa MOYXHO HWHTEPIPETUPOBATH KaK PEaAM3aLMI0 HEKOTOPBIX
AKCHEPUMEHTOB. [IoCTaHOBKA 7K€ SKCIEPUMEHTOB B PEAJIbHBIX YCIOBUSAX Ha MPAKTHUKE,
C OJTHOW CTOPOHBI, OKa3bIBAECTCS CIUIIKOM JOPOTOCTOSAIIEN C APYrOil CTOPOHBI, MHOTHE
AKCTIEPUMEHTHI B SKOJIOTHH Y COLIMAIBHO — SKOHOMHYECKUX 00aCTAX MOTYT IPUBECTH
K HEOOPATUMBIM TTOCIIC/ICTBUSIM.

K HacTosmemMy BpeMeHH yxKe HAaKOIJIEH J0CTaTOYHO OOJIBIIION OMBIT B pEIICHUN
3aMa4  GU3UKM  aTMOocephl M NPUKIAJAHOM METEOPOJIOTHH C  MTOMOIIIBIO
MaTeMaTHISCKUX MOeNeH u aHanu3a paktuaeckoit mHdopmaruu [35, 48,59,60,75]. B
3aBUCUMOCTH OT HCCJEJAOBAHHUS KOHKPETHOM MpoOsieMbl BBIOMPAIOTCS MOMAENIU
Pa3TUYHOTO YPOBHS MO (GU3HUECKOMY COEPKaHUIO TSt 3 (PEKTUBHOM peanu3aiiy ux

Ha BBIYUCIMTCIBHBIX MalllMHaXx. TCOpCTI/I‘{CCKy}O OCHOBY MOI[CJ'I@ﬁ JaHHOI'O KJIaccCa
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COCTaBJISIIOT YPAaBHEHUS THAPOTEPMOIMHAMUKN aTMOC(EPHI U YpaBHEHUS NIEpeHoca u
TpaHcpopMaIiK MPUMECEH.
MATEMATHUYECKAS MOJEJIb PACYETA.

PaccMoTpuM MaTeMaTH4yecKyr0 MOJENb THAPOTEPMOJUHAMUKN aTMOChHEpHBIX
IPOLIECCOB HAa OTPaHMUYEHHOW TEPPUTOPUHU pPErHOHAIBHOro Macmraba. [[is 3anucu
YPaBHEHHUH UCTOJIb3YEM JEKAPTOBY CUCTEMY KOOPJUHAT X, Y, Z (OCh X OPUEHTUPOBaHA
Ha BOCTOK, Y — Ha IOT, Z — BEpPTUKAJb BHU3).

B kauecTBe MCXOJHBIX YypaBHEHUHN JIOKaJbHBIX AaTMOCQEPHBIX IPOLIECCOB
npuMeM: ypaBHeHust jaBwkeHust (5.5.1), ypaBHeHuwst HepaspsiBHOCTH (5.5.2),
ypaBHEHHE TepeHoca Temia u npumec (5.5.3), ypaBuenue coctostHus (Knalinepona)

(5.5.4) B cnenyromeM Buje

N+ =t P

t p OX

ov 1op
T -fu=-=L 4 F 5.
8t+ (v) p8y+ (5.5.1)
@=9

ay pl
v, W (5.5.2)
oX oy oz
%+ L(g)=F’,

5c ow'e C (5.5.3)
—+L(c)+ +qc=F",

ot 0z
p=pRT, (5.5.4)

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

ou ov

2=0: pA, =7, PA, =7, W=0, W=0, (555)
y4
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00 oc ,
w

=H: u=v=w=0, A’—=0, A;—=0, =0
’.on ‘on
Y HavdaJbHbIE yciioBHs npu t = 0 B BHUE:
t=0: u=u,, v=v,, 60=6, c=c,. (5.5.6)

311ech U, vV, W — IIPOEKIIMH BEKTOPA CKOPOCTU BETPA HA OCH KOOPJAMHAT X, Y, Z
COOTBETCTBEHHO; p — IUIOTHOCTh, p — AaBieHue; T — temmeparypa; R - rasoBas

)( -1k

noctosHHas; f — mapamerp Kopuomnuca, 0= T(po/ P — IOTEHUUAaJIbHas

Temneparypa; x =c,/c, C,, C, —ynenbHas TenI0EMKOCTb BO3/yXa IPH HOCTOSHHOM
JIaBJICHUU U 00BEME COOTBETCTBEHHO; C — KOHIIEHTpAIUs NMPUMECH; ( — MOCTOSHHAs
pacrnaja; w' — CpelHeB3BeIlIeHHAs CKOPOCTh maaenus npumecu; H=H(X, y) — pynkius,
ONHUCHIBaIOUIast penabed MOACTUIAIOMIEH TMOBEpXHOCTH; Tx:Ty — KacaTelbHOE

HaIpsHKEHUE TPEHHs BeTpa Ha BepxHed rpanuile (z=0); n — HampaBjeHUE BHEIIHEH
ou ovu  OW

M vp OWp
OX oy 0z

HOpMaJIU K mMojcCTUiaromiei mnoBepxHoctu H(X,y); L(ﬂ) =

OTepaTop aJBEKIMH CKaJIIpHOW BenuwdwHBl L, FM — wumeHbl, omuckIBaromye
BEPTUKAJIIBHYIO W TOPU3OHTAIbHYIO  TypOyJI€HTHOCTb,  UMEIOIIHME  BHI

0 z 8,u 0 X a/J 0 a z X
F, = P A? -5 - 6X — A= ax 8y — A = 8y ALALAY — k02 PHUIHEHTE

BEPTUKAJIILHON M TOPU30HTAIILHON TYpOYJIEHTHOCTH, TJe MoJ L TOHUMAIOTCA U, V, 6
WM C; po — CPEIHSS INIOTHOCTH BO3Ayxa. KpaeBbie yCIOBUS Ha «OTKPBITON) TPAHUIIE
obJsiactu chopMyUpyeM HUKE.

[IepeitmeM OT METEOPOJOTUYECKUX BEIWYUH P, p, & U T K UX OTKIIOHCHUSIM

P, o', 0" u T’ no popmymam:

p=p+p’, p=p+p, =040, T=T+T" (5.5.7)
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rae P(z), p(2), 0 (2), T(Z) — (yHKIHS TOJIBKO BBICOTHI , ¢= const, mpuuem

! ! !

_ p_ p p
=RpT —=0p . —<<] =<<1 —<<1
Pp=RpT u pe 9P . Ilpennonaras nanee 5 > noS "

op ,
MHTETPUPYs UCXOHbIE ypaBHeHUs 110 z oT 0 1o H ¢ yuerom Toro, 4o 5% =A0", Toie
P

A=qg/ 0 = const IpUJEM K YPaBHEHUIO JUIsl HHTETpajbHON (DYHKLIUU TOKA y

o5 ) a7 ) aHa(100") a(106
“ox\pH) oylpH) 2 |oylH oy | ox\H oy

_0(10 o010 X X
( WJ (__w’AH:Au:Ax:Av:AzzconSt’
Hoy ) oy\H oy

a (1)YHKHI/I$I TOKa y CBsA3aHa C TOPU30HTAJIIbHBIMU CKOPOCTAMH COOTHOHICHUAMU

H % H
8_ ! E:—!udz. (5.5.9)

[Ipu BbIBOAE ypaBHeHus (5.5.8) mpu JUHEApU3alUU HEJIWHEHWHBIX YJICHOB

npeaiogaaraloCb, 4To
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[ a(2)B(2)dz = & p(z)dz = apH, (5,5.10)

T7ie 0. ¥ 3 —3TO U UJIU V, a BOJIHA CBEPXY O3HAYaeT OCPEIHEHUE 10 TITyOHHeE, T.€.

H

0

MOBCPXHOCTDb HNPOIOPHHUOHAIBHBI COCTABJIAIOINMUM ITOJHOI'O ITIOTOKA, T.C.

b ~

oA M Rz =R

Po "ozl "0

b . 5.5.11
oA M RWz=-RY, 651D
o Yozl <0 OX

2
, oH oH
e A=A A, ( )"‘(_j} - sbddexTuBHBI  KO3PHULHEHT

OX oy

IIPUJIOHHOTO TPEHUS.

VpaBuenue (5.5.11) MoOXHO 3amMcath B BHJIE€ CHCTEMbI JIBYX YpPaBHEHHI

OTHOCHUTEJILHO (PYHKIIMH TOKA y U TOTEHIHAIBbHOTO BUXps & = (Ay —f)/H

) ) 0(1oAy) 0(10Ay
H[a +R}§+J(l/f §)=-Rf +F+A {ax(H ox ]+ay(H oy H

8(16w} o(1loy CHEA T,
oX \ H ox ay H oy

(5.5.12)

Oy 06 Oy O¢ O’y Dy
OX oYy B oy OX Ay = ox2 ayz - orreparop Jlamiaca

e JWw, &)=

(xak u B (5.5.8)).

OcpenHeHHbIE TI0 TIIyOMHE OTKJIOHCHUE MOTCHIMAIBLHON TeMnepaTrypsl (0') U
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KOHIICHTPAIUS TIPUMECH (C) OTIPEACISIFOTCS U3 yPaBHEHHIA

OHO  AUHO GTHO _ 0 2,00 0 sy 00
ot OX oy OX oX oy oy
oHe  auHe L OVHC | g = O nar 9 9 yar %
ot OX oy OX ox oy oy

(5.5.13)

Ha OTKpBITBIX y4acTKax TpaHMIbI IPUHHUMAETCS YCJIOBUE PAaBEHCTBA HYJIIO
HOPMAJIbHOM MPOU3BOIHON OT KACATEIBbHON COCTABIISIIONIEH CKOPOCTH. Tam, re moToK
HaIpaBJieH U3 pacCMaTpUBaeMoi 00J1acTH, PYHKIMS TOKA U MOTEHIHMAIBHBIA BUXPb
BBIUUCIISIIOTCS. C MOMOINBIO CUCTeMBbI (9.5.12), a moreHuuanbHas TemIepaTypa
KOHLIEHTpalusi IpUMeCH U3 ypaBHEHHH (9.5.13) mpu yciioBUM paBEHCTBA HYJIO HX
HOpMaJIbHBIX IPOU3BOAHBIX. TaM, IJie MOTOK HAIIPaBJIeH B pacCMaTpPUBAEMYIO 00J1aCTh,
NOTEHIMAIbHAS TEMIIEpaTypa, KOHIEHTPALMs MpUMecd U (PYHKIMS TOKA 3aJlaHbl, a
MOTEHIIMATLHBIN BUXPh HAXOUTCS U3 BTOPOTO YpaBHEHUs cucteMbl (5.5.12).

Meton pemenusi. Ilpu uucienHoM pernenuu ypaBHenui (5.5.12) u (5.5.13)
UCIIOJIB3YIOTCS. KOHCEPBAaTMBHO — JUCCUIATUBHBIE PA3HOCTHBIE CXEMbl [0
IPOCTPAHCTBEHHBIM NIEPEMEHHBIM U HESIBHBIE alllIPOKCUMAIIUH 110 BpeMeHU. DyHKIUs
TOKa(y) M MOTEHLUUAJIbHBIA BUXPb (&) ONPEACNAIOTCS B Y3JaX TOPU30HTAIBHOU
PA3HOCTHOM CETKU C LEIOYUCICHHBIMA 3HAYEHUSIMU MHJIEKCOB 1 M j MO OCSIM X U Y
COOTBETCTBEHHO, OTKJIOHCHHE IOTCHIMAIBHON TEMIIEpaTypbl (0')- B TOYKAaX C
NOJTyLIENBIMA 3HAYEHUSIMH MHAEKCOB 1+1/2, j+1/2, coctapistonue CKOPOCTU (T) U
(V) B Toukax i, j+1/2, i+1/2, j coorBeTcTBeHHO (ceTka D mo tepmunonoruu [4]).
Cucrembl  anreOpandecKkMx  ypaBHEHHH,  aNNpOKCUMHUPYIOIIUME  HCXOAHbIC
muddepeHnranbable ypaBHEHUS, PEIIAIOTCS METOAOM MOCIEN0BAaTENbHOW BEpXHEN
peaKcanuu.

Pe3y.]'II)TaTI)I YUCJICHHBIX IJKCIICPUMCHTOB. HpI/I IMPOBCACHNHN YHCJICHHBIX

~!
9KCIICPUMCHTOB B HayaJIbHBI MOMEHT BPEMCHH 3aaBaJIOCh pacCHpCACIICHUC (90) C
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MEpUANOHATBLHBIM rpaieHTOM B 10'C [ 0'=10° Il -7 [Ho - H(x, Y)],
y

'7=O,936-10_3rpaﬂ/ M, Hp=8500 M — BbICOTa, Ha KOTOPOH PACIIOJOKEHO HAYaJIO
cuctembl koopaunar (z=0); l, — pasmep oGmactu ¢ ceBepa Ha Ior, 1,=4,8-10°m],
3ajaBajics (POHOBBIN MMOTOK U=U, Vo=V JUISI TOPU30HTAIBHBIX COCTABIISIONTUX CKOPOCTH
B 3aBUCHUMOCTH OT PacCMaTpHBAaEMOr0 BapruaHTa. 3HAYCHUE WHTETPAIbHON (QyHKITUH
TOKa B HaYaJIbHBIE MOMEHT HaXOJWJIOCh C MCIIOJb30BaHHWEM COOTHoIIeHui (5.3.9), a

SHAYCHHUC ITOTCHOHUAJIBHOT'O BUXPA &— U3 COOTHOIICHUA

S=(Ay-T)/H= ~H vha /H (5.5.14)

T.€. U3 BTOPOTO ypaBHEeHHS cucTeMsl (5.5.12).
B o0cyxmaemMpIX HIKE UYMCICHHBIX DKCIEPUMEHTaX, BBIMOJHEHHBIX ¢ 20-TH
KWJIOMETPOBBIM pa3pelI€eHUEeM MO0 FOPU30HTAIBHBIM KoopauHaTtaMm (49x25 Todek mo

OCH X U Y COOTBETCTBEHHO), 3HAUEHHUSI OCHOBHBIX MapaMEeTPOB CJICAYIOIIHE:

F=9,75-10° - 2-10 3y (c*!), R=10" ¢!,

| _
Au=2:202, A5 = AT = A, + hjuj/2, (5.5.15)

371eCh h — 11ar 1o ropu30HTaNIbHBIM KOOPAWHATAM, 7 — ILIar 10 BPEMEHHU.

B HayaibHBII MOMEHT BpEMEHHM B TOYKE C KOOpAMHAaTaMu (Xo, Yo),
IpUHAJIeKAIIeH paccMaTpuBaeMON 00JIaCTH, 3a/1aBajioCh HAJIWYME KOHIEHTpPALUU
IIPUMECH, TIOCIIE YErO PACCUMUTHIBAIICS €€ MEPEHOC, C MOMOILBID PEIMIEHUS BTOPOIO

ypaBHeHUs (5.5.13) ropu30HTAIBHBIM BETPOM, KOMIIOHEHThI KOTOPOTO HAXOIUJIUCh U3
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pemrenus ypaBHeHus (5.5.12) ¢ ydeToM BIUSHUS TEPMUYECKON HEOIHOPOTHOCTH ()

OTIpEICIIAEMOM U3 PEIICHUS ITepBOro ypaBHeHHs (5.5.13).

Bcero ObL10 MpOBEAEHO TPU YHUCIEHHBIX 3KCIEPUMEHTA IO MOJEIMPOBAHUIO
npolecca pacnpocTpaHeHus mpuMecu Hax Teppuropueit Keipreizckoit Pecryonuku ¢
pa3IUYHBIMH  METEOPOJIOTMYECKUMHU  yCIOBHSMU. HMHTErpupoBaHue ypaBHEHUS
¢ ¢y3un MpUMECH BO BCEX 3KCIIEPUMEHTaxX IpoBoawsioch Ha 30 u Oojee CyTok
MOJIEJIBHOTO BpeMeHH ¢ maroM 1 cyTtku. Hcmonb3oBasics peanbHBIA pesbed
MOBEPXHOCTH, U30JIMHUM KOTOPOrO NMPUBENEHBI Ha pucyHke 5.5.1. HuwxHuUil JeBbIid
YIOJl PaCUETHOM 00JIACTH COOTBETCTBYET 39 c.1L. U 69 B.1I.

B nepBoM 3KcneprMEHTE B KadyeCTBE HAYaJbHOIO COCTOSHUS ObUI 3aJaH
3arajHbli IEPEHOC CO CKOPOCTAMU Ug=1M/cek u vo=0,1Mm/cek. Jlanee paccunTpIBaIucCh
TEPMOJIMHAMHYECKHE XapaKTEPUCTUKU IO OMMCAHHOW Bblle Mojenu. [lomyyeHHoe B
pe3ysnbTaTe MOJEIUPOBAHMS T0JI€ BETPA MPEACTABICHO M30JUHUSIMHU (QYHKIHUUA TOKA
Ha puUCyHKe.5.5.2. U3 pucyHKa BHIHO, YTO CYIIECTBEHHOE BJIHMSHHE Ha JUHAMUKY
OoKa3biBaeT Ttomorpadus noBepXHOCTH. 3areM B paiioHe Kamxu-Caiickoro
XBOCTOXpaHWINIIA ObUIO 3a/laH0 HauyajlbHOE 3HAUEHUE KOHIEHTpPAlUU NPUMECH, U
ypaBHeHue auddy3un npumecu ObUIO NpouHTErpupoBaHo Ha 30 cyTok, T.e.
MOJICJIUPOBAJICSI MPOLECC PACHPOCTPAHEHUS] NPUMECH B PE3YJIbTaTe€ aBapUHON
cutyauu. M30IMHIM KOHIEHTpaluy NIPUMECH MPUBEJEHBI HAa pUCYHKE 5.5.3. AHanu3
pE3yNbTATOB pacyeTa MOoKaszall, YTO PacCHpOCTPaHEHUE MPUMECH OCYLIECTBISIETCS B

COOTBETCTBUU C IIPUCYLIEN DTOMY PAlOHY LIUPKYJISALIUEH.
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Pucynox.5.5.2. M3onmuanm GyHKIMu ToKa (9Kctm. 1)

Bo BTOpOM uMCIEHHOM 53KCHEpHMMEHTE 3a/aBajicsi 3amaJHblii MEepeHoc co
ckopocTsMmu Up=10m/cek, vo=Im/cex. B aToM ciyuae BiausiHue penbeda TOBEPXHOCTH
Ha TUHAMHUKY MOTOKAa 3HAYMTEIHFHO MEHBIIE W MPeoOianaeT 3aJaHHas [UPKYIISIIHS
(Pucynok.5.5.4). Ob6mako 3arpsi3HEHHS UMEET 00Jiee BHITSIHYTYIO (pOpMYy B BOCTOYHOM
HanpaBieHun (Pucynok.5.5.5). Ilocne 40 cyTrok wuHTEerpupoBaHus 00J1aKo

3arps3HSIONIUX BEIIECTB BBHIXOUT 3a MPEJENbl PACUETHON 00J1aCTH Yepe3 BOCTOUHYIO

TPaHMUILY.
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Pucynox.5.5.3. 3omvHNM KOHIIEHTpAIIUK TTPUMECH (IKIIC.2)
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Pucynox.5.5.4. U3onunuu pynkmum Toka (9Kcm.2)

OCHOBHBIE OTJIMYUS TPETHETO HKCIEPUMEHTA OT MEPBBIX JABYX 3aKIIOYAIOTCS B
TOM, 4TO OB 33J1aH BOCTOUYHBIN mepeHoc (Up=>5 M/cek, vo=0,5 M/ceK), a KOHIICHTpAIIHS
MPUMECH 3aJlaBajIach Ha BOCTOYHOM TI'paHMIE pacyeTHOM 00JiacTU. DTOT YUCICHHBIN
HKCIIEPUMEHT MOJICIUPYET MPOLECC PaCHPOCTPAHEHUsI PaTUOAKTHUBHOIO oOJakKa,
nepemeniatonierocs ¢ reppuropuu Kuras. Jlunamrika odiaka npuBegeHa Ha pUCYHKaxX

5.5.6-5.5.8 uepes 10, 25 1 35 cyTOK HHTETPUPOBAHHUSI.
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Pucynok.5.5.8. U3onunun gpynkuuu Toka- 35 cyrok (3kcm.3)

Pe3ynbTaThl NpPOBENEHHBIX YHCIEHHBIX 3KCIEPUMEHTOB JIE€MOHCTPUPYIOT
PEATUCTUYHOCTD MOJEIMPOBAHMS IPOLIECCAa PACIPOCTPAHEHUsT NPUMECH. BBIBOIBI.
3arpsizHeHre arMmocdepbl MPUMECSIMH Pa3IUYHOTO TPOUCXOXKICHUS BbI3BIBAET
HAYYHBI UHTEpEC, MPEXKIE BCET0 TEM, YTO OOJIbIIAs YaCTh aTMOC(EPHBIX NpuMeceit
OKa3bIBAET BPEJHOE BIIMSHUE KaK Ha JKUBOTHBIM W paCTUTEIbHBIM MHUp, TaKk U Ha
310pPOBbE YETIOBEKA.

KonnenTpanus npumMeceit, B TOM 4HCIe U PalMOaKTUBHBIX, B aTMOc(epe U Ha

3eMHOM MOBEPXHOCTU B CUJILHOM CTETIEHU 3aBUCUT OT METEOPOJIOTHYECKUX (PaKTOPOB,

90



YTO MOATBEPKIAETCS W BBINOJHEHHBIMU YHCIECHHBIMU 3KCHEPUMEHTAMU JaXe B
paMKax MaTEMaTHYECKON MOJIEIIHN.

Cpenu ynomsHYThIX (DaKTOpPOB BaXHOE 3HAUYEHHE MMEIOT CKOPOCTh H
HaIlpaBJI€HUE BETPAa, WX HU3MEHUYMBOCTH C BBICOTOW, TEPMHYECKAas yCTOWYUBOCTH
atMoc(epsl, 0071aKka, TYMaHbl M 0CaJIKU, pelibe() MECTHOCTH U T. I1. [loa BnusiHMEM 3THX
(aKTOpOB KOHLEHTpALUs IPUMECEHN B aTMOC(Epe U3MEHSIETCS B IIUPOKUX MPEEIax.
B cBs3u ¢ 3TMM mpeacTaBisieTcs BaXKHBIM pa3paboTKa TPEXMEPHBIX YHCICHHBIX
Mojieel mepeHoca U TpaHc(hOpMaluu TIpUMeced AJis OLIEHKH BBIOOpa MECT ISl

CTPOUTCIILCTBA ITPOMBIIIIJICHHBIX HpeI[HpHSITHfI, JKWJIMIO U T. 1.

5.2. MoaeaupoBaHHe MPoIecca TEMI0BJIAronepeHoca B HeOHOPOTHOM
MOPHUCTOIi cpe/ie ¢ y4eTOM pa3phiBa MOPUCTOCTH.

[IpuMeHrM BBITTHCAHHBIE BBITIIE YPABHEHHSI M YCIIOBUS K HECKOJIBKUM THITHIHBIM
3a/lauaM HECTallUOHApHOW OJHOMEpHOW QuiabTpanuu. B KkauecTBe HayaIbHBIX
ycioBus nipu t = 0 B 3amaue A (pucyHke 5.5.9,a) u b (pucynke.5.5.9,0) 3aganum
nokosinuiics Hag I'P cnos sxunkoctu Tonmuusl h(0)s ho=1. IlycTts, kpome TOTO, B TOT
xe momeHT z+(0)az+o = 0, u B 3agaue A(b) mox I'P pacnonaraercs 3CM (3UH). Ipu

t>0 HauHeTcs nporecc GUIBTpaLUy, npudeM coriacHo (5.5.4)

z, =n'w, (5.5.16)
¢ ] =Ja=1B mepBoii 3amaue u j = js = 0 BO BTOPO¥.
B cuny (5.5.16) u w_, T. €. Z-KOMIIOHEHTa CKOPOCTH (PUITBTPYIOIICHCS KUIKOCTH
nox u Han [P, - dysknum tompko t. IToatomy oGo3HaumB Odw/dt yepes w' u
NPOUHTETpUpPOBaB ypaBHeHue (5.5.13) or z=0, Tae coryiacHO OMNpeNeNeHUI0 U3
(2.3.9)X(o, t) =p*( t) = p*, no ®H, rue z=z+, a B cuiy (2.3.8) X(z:) = -z., HaligeM, 4TO

B 00enx 3a1ayax:

+

W .
—+ew, -1z, =p
£ (5.5.17)

3nech, 1o ananoruu ¢ 6 u3 (5.5.6) MHOXKHTENTL ¢ BBEJICH I TOTO, YTOOBI ObLIa
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BUJIHA POJIb OOBIYHO MPEHEOPEraeMOT0 HWHEPIMOHHOTO CJIAraéMOT0 YpaBHEHUS
nBrkeHus (9.5.7): pu é=1 oHO yuuThiBaercs, a rnpu <=0 - Her.

Cucrema ypaBHeHu# (5.5.15) u (5.5.16) He3aMKHYTa, TOCKOJIBKY OHA COJICPIKUT
elle HeM3BeCcTHOE MaBiieHue p*. [l ero onpeieseHus cHavaa, Kak v MpH MOTyuYeHUH
(5.5.11), npounterpupyem ypaBHeHue aBmwkeHus (5.5.13) c¢ 1/X=o gepe3 cioi
x)uakoctu Hag I'P, yurs, uto w™ = W. GyHKIMS TOJIBKO t, paBHas corjiacHo (2.2.5) mnw*

= MNWs., 1 gto B criy (5.5.13) K(h)=h. B pe3ynbraTe monyuum:
p~ =-ew, )h=(1—emnw,)h
OTKYJla B COOTBETCTBUHU ¢ (2.2.6) Haiinem TpebyeMoe BeipaxkeHue ais p+. Bor

OHO

S(m*n* —1)(w,)?

p"=@—-emnw,)h+
(5.5.18)

[Ipu HanMcaHUW JaHHOW OPMYIIBI, KaK U paHee, yYTeHa TOXKIESCTBEHHOCTh W'
U W4, KOTOpas O4eBUHA, TaK Kak w mpu z>0 (1 a"anoruuno npu z<0 ) - pyHKIUA
tosbko t. Ecnu B (2.2.3) monoxutsh € = § = 0, TO 3T0 AacT paBeHCTBO p* = h, yarie
BCEro ynoTtpebisieMoe B Kiaccuueckoit Teopuu dunbTparuu. [locne nmoactaHoBku p+
u3 (2.2.3) B (2.2.2) npuaem K ypaBHEHUIO:

gmh+z )W, =h+z, - (Z—+j ~ [mjm
R 2 (5.5.19)
Hakonen, ays onpenenenust Bxonsmend B (5.5.18) ¢ynkiuu h=h(t) umerorcs

OYCBHU/HBIC YPABHCHUC U HAYAJIbHOC YCIIOBUC

h'=-w_=mnw,,h(0)=h, =1 (5.5.20)

WurterpupoBanue ypaBuenuii (5.5.15), (5.5.18) u (5.5.19) tpebyer 3amanus emie
onHoro HayasbHOro ycnoBus g w+(0). B 3agauax A u b oHo nmeer BUx:
w_(0
0 _,
(mn) (5.5.20)

W+0 = W+ (O) =

U 3aMbIKaeT GopMyIUpoBKY 3amaun Komm 11t momyduBIIENCs CUCTEMBI TPEX
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OOBIKHOBEHHBIX Au(]depeHnanbHbIX ypaBHEHH mnepBoro mnopsaka. Ee pemenue
OIlpefeNgeT pa3BUTHE HECTAllMOHApHOTro mpouecca, ¢uibTpauuu ais Beex t>0. C
JPYTO# CTOPOHBI, 17151 BEIICHEHUS XapaKTepa PELIeHUs IPH MaJIbIX t MOYKHO IMOCTYIHTh

cienyromuM obpaszom. bynem uckats w B BHIE:

b %)
W+—05+,Bt o (5.5.21)

C 3apaHee HEM3BECTHBIMU KOHCTAaHTaMHU &, S W Y , IPHYEM B COOTBETCTBHUU C
(5.5.20) y> -1. Ilpounterpuposas (5.5.21) u (5.5.19) u yurs HavadbHBIC YCIOBHUS

o0enx 3a1a9: W+o= Z+o = 0 TIOTYyUUM:
1+y
W, =at+ St
(1+7)
n‘(ajt2 +n!
2
Z, =
[+ 7)(2+7)]

_ 2
1=omnt a;nnt — pmnt® + 5

e (55.22)

+....

[ToncranoBka 3TuX pasioxenus u (5.5.21) s ypasuenue (5.5.18) naet nns a, 8

U Y CIeNyIOLUEe 3HAUCHHUS:

. :i,ﬁz (mn—1) [en’ +§(1+3mn)] =2
(emn) [2(emn)”] (5.5.23)
[Tockonbky u1st ¢ = 0 KOHCTaHTHI & ¥ f 00OpalarTcs B 0€CKOHEYHOCTh, TO IIPU
peHeOpeKEHNU WHEPIMOHHBIMUA YJieHaMu TpejactaBienune (5.5.21) okasbiBaercs
HecrpaBeymBbIM. bonee Toro, mpu & =0 wu3 cucrempl auddepeHnnanTbHbIX
yYpaBHEHUS BBINIAJAET YCKOPEHHUE W+ U CJIEI0OBATEIIbHO HE MOKET OBITh y10BJIETBOPEHO

HauvajgpHOe YycioBue (5.5.20). HawanpHas CKOPOCTh Wio B O€3BIHEPIIMOHHOM

npubamxenuun noxydaercs npu ¢ = 0 u3 (5.5.18) u oka3pIBaeTcs paBHOM:

W, = 2 =W

2.2 0
Vo(l—mn (5.5.24)
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BcnomanM, 9To 32 MacmTab CKOPOCTH OBLT B3SIT \/ﬁ, rae h o - pasmepHas
HavaJIbHAs TONIIMHA CJIOS XuakocTh. [loatromy, Hampumep st hg = 0.1 wu g = 9.8
M/cek (5.5.24) naeT pazMepHyr0 Ha4aIbHYIO CKOPOCTh HECBA3aHHOW >kuaKkocT B [IM
nopsinka 1 <+ 2 m/cek. Takum oOpa3oM, XOTs y4€T MPOMOPIIMOHATBHOTO W+, CKaUKa
naBneHus Ha ['P u oGecnieunBaeT KOHEUHOCTh CKOPOCTH W+, B THITUYHBIX CUTYAIIHSIX
OHa BCE K€ OKA3bIBACTCS 3HAUMUTEIBHOM /IS ""MMHEHHOH" (B CMBICIIE CTIPaBEAJIMBOCTH
3akoHa Jlapcu) Teopun. Ecim xe Hapsgy ¢ mHepHuoHHBIMU ciaraeMbiMu (& = 0)
npeHeopeds U ATUM 3PHEKTOM, T.€ TMOJIOKHUTH elle U § = 0, Kak 0OBIYHO JIeJIaeTCs B
KJIACCUYECKON TeopHH (GUIBTPAINH, TO 3TO JIACT W= 0 . JleiicTBUTENBHO, (2.2.4) B

TAKOM CJIy4ac CBOAUTCA K YPAaBHCHUIO!
oyl
X =2Xn (h + \&) (5.5.25)
2

KOTOpOM X = z4 oTctofa u uB (3.1) HalieH, 4To

(go!th/;)

z

+

+

u nodtomy npu t = 0 , korna z, =0 u x=0 , CKOPOCTb W+ CTAHOBHUTCS
OECKOHEUHOM.

Htak, B corflacuu ¢ MpOBEICHHBIM aHAJIN30M, YU4e€T HHEPIUOHHOCTH KUIKOCTH
(¢ = 0) obecnieunBaeT, KaK 3TO CIEAYET U M3 MMOCTAHOBKH 3a7a4 A U b, BBITIOJHEHHUE
YyCJIOBUSI HyJE€BOW HauyanbHOUW ckopoctu BTekanus KH B IIM, a BMecTe ¢ 3Tum u
ckopoctu ®H: Do=n W.o. BaskHO, 4TO yCIIOBUHM YAOBIETBOPSAETCS BHE 3aBUCUMOCTH OT
ydeta uin npeneopexxenus ckadykoMm p Ha ['P. Eciu § = 0 mpu 6 = 1, 1.€. 6 ciiyqae
ydeTa TOJIbKO BTOporo 3¢gdekra (ckauka p mpu z=0 ), TO W+o OKa3bIBA€TCS KOHEYHOM,
HO OTJIUYHOU OT HYJIA M K TOMY K€ B THUIHYHBIX CHUTYaIUSIX JOCTATOYHO OOJBIIOH.
Haxkoner, npu mnpeHeOpexenur obonMu ob6cyxaaeMbiMu dddextamu (& = & = 0)
W= o0 . [To mepe ynanenuss ®H: z=z.(t) ot ['P oTiinuune pe3yiabTaToB, HOJIY4arOIIUXCS
npu ¢ u §, PaBHBIX HYNIO WIM €IUHUIIE, YMEHBIIIACTCS, YTO SBIACTCS CIEACTBUEM

Majoctu 0e3pazmepHoro korhduirenta puibTpanuu X .B 3Toil CBA3M HATOMHUM, YTO

X = k(mn,/gL ¢ L=hg, npuuem B 00b14nbIX [IM k<<0.01 M/cek. IIpu 8<<1 B (5.5.18)
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npu  "crapmeii  mpoumsBogHoW" < (W})  MOSBISETCS  Malblii  [apaMmerp,
ponopIHoHaNbHEIN K. B pe3ynbrare 1octaTouHo 00ibIIKX t (€Ciu, pa3yMeeTcs elle
paHbllle HE MPOU3OUIET Mepexoi K Ciayyaro, M300pakKeHHOMY Ha PUCYHKE 5.5.9,B)
pemrenue cucteMsl (5.5.15) (5.5.18) u (5.5.19) npakTryeckn nepecTaeT OTINIATHCS OT
cBOEro "paBHOBECHOIr0" aHajora, yaoBierBopsroiiero ypasaenusm (5.5.15), (5.5.25)
u (5.5.19).

3amaun A u b nerko o6oOmaroTcs Ha JOOYI0 KOHEYHYIO CKOPOCTh CTOJ0a
KUIKOCTHU, KOTOPBIN, pa3roHssick npu t<o, B MoMeHT t=0 coynapsiercs ¢ ['P: z=0. Eciu
BEJIMUMHA W+9 =W_o/(mn) B W /(mn) npu 3TOM MaJjia IO CPAaBHEHUIO CO CKOPOCTHIO
3BYKa B JKHUJIKOCTHU ay, TO PEIICHUE TAKUX 3a/1a4 TPOBOJUTCS MPAKTUUECKHU TaK e, KaK

U paHee, ¢ 3aMeHoi (5.5.21) nHa:

W, = ﬂ
(mn) (5.5.26)
a B cilIydae HEOOXOIuMOCTH - jauHelHoro 3akoHa Jlapcu (5.5.19) ero
HEJIMHEWHBbIMU aHasioramu lIpaBna, u Tenepp nepBbIe YJIEHBI PA3JIOKEHUN ISl W+, Z+
mo t, 3aMEHSAIONIME TOJyYeHHbIE 11 Wio=0 oTpe3kn psagoB (5.5.22) c
kodpoumentamu  (5.5.23) oka3pIBalOTCS HE 3aBUCSAMIMMHU OT BHAA 3aKOHA
B3aumoseiicteus JKH u I[IM. [leiictBurenbHo, npu w < <a, mn u3 (5.5.17) u (5.5.26)
npu pg = 0 u hy=0 umeem:
1 5@-mn’)W?  a-5(1-m’n)w’
C(emn)  Re(mn)’] [Re(m)’] (5527
C a w3 (5.5.23). Orcrona, uz (5.5.26) u (5.5.15) Haiinem, 4yTO TemEph

al - W+O

paznoxxenus (5.5.22) 3aMeHAThCA Ha:

- n'ot?
w, =W +at+..z2, =n'Wt+—2—+

2
h:1—Wmnt—ﬂ+

Cornacho (5.5.27) mna, . T.e. HayaNbHOE YCKOPEHHUE KUAKOCTH Haj ['P, mpu
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W>0 Bcerna MeHblIlle eqUHULIBI (WK §- [J €ro pa3MepHOl BeIHYHHbI ). Maio Toro,

CCln:

W? > 2(mn)® —[6(1—m?®n?)] = (MnW,)* (5.5.28)

c W, uz (5528), To HayaipbHOE YCKOPEHHE JKHUJIKOCTH OKaXeTCs
orpunatenbHbIM. [logquepkHem pazauny mexnay ciaydasmu W=0 u W>0. ITpu W=0
MTHOBEHHOE 'CHATHE" mepenajna AaBiI€HUS Ha CJIO€ XKUAKOCTH BEAET, KaK 3TO U
CJIEJIOBAJIO OKUIATh B paMKaX HEC)KUMAEMOW KUJIKOCTH, K MTHOBEHHOMY YCKOPEHHIO
BCET'O 3TOT'0 CJI0S JI0 YCKOPEHHUs CBOOOIHOTO NajieHus (B 0e3pa3MepHbIX EPEMEHHBIX
no wo= 1). Ilockonpky, omHako, moj HUM okasbiBaeTcs [IM, a He cBOOOJHOE
IIPOCTPAHCTBO, TO B TOT K€ MUI' HAUMHAETCS YMEHBIIEHNE HAaYaIbHOTO YCKOpeHUs. B
paznoxkeann  (5.5.22) mms  ws 3ToMy 3ddexTy oTBedaer — ciiaraeMoe,
nponopuuonansHoe Bt3 ¢ f<0 u3 (5.5.23). Ecim xe xuakocTs coyaapsaercs ¢ I1IM ¢
HavyaJbHON CKOPOCTHIO W-o = W > 0, nmes nipu t<0 yckopeHue, paHoe 1 (uimu g - st
pa3MepHOil ero BEJIMUYMHEI ), TO €€ YCKOPEHHE YMEHBIIAETCS MTHOBEHHO Ha KOHEYHOM
BeJIMUMHY, a npu W > mnWjy paxe craHoBUTCS otpunareiabHbiM. l[locnegnee
HEYIUBUTEIbHO, HOO TpU COYJAPEHUU CJOS HEC)KHUMAEMOW JKUIKOCTHU C
HEIIPOHMUIIAEMBIM OCHOBAaHUEM Cpa3y HACTYNAET MOKOM, U, CIEN0BATEIBHO, B HAIINX
obo3HaueHusx W_ =mnw. Tak kak mpu mn—> O mpaBas 4dacth (5.5.28) Taxxke
CTPEMUTCS K HYJIO, TO TOT ke pe3yabTaT ¢ yueToMm (5.5.27) u paBeHCTBa MOITydaeTcs

Y B pACCMaTpUBAEMON MOJEIIH.
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Pucynoxk.5.5.10. zt — nuarpamma BTekanus xxusikoctu B [IM ¢ yaerom

CXKHUMACMOCTH

B cBsI3U ¢ pacCMOTPEHHBIM BBIIIE MPEACIIBHBIM MEPEXOJIOM CIEIYET YKa3aTh,
OJIHAKO, HAa  OrPAaHUYEHHOCTh  MPUOJMIKEHHUS]  HEC)KUMAEMOW  YKUJKOCTH.
JlelictBuTensHO, M3 paBeHCTBa (2.2.3) BUAHO, YTO C POCTOM W, T. €. CKOPOCTHU
COYJIapeHHUsI, U C YMEHBIIICHUEM MPOU3BEIACHUS MmN PaHO WM TMO3JHO HapyIIaeTcs
YCIJIOBHE:

w, =a,,

KaK pe3yybTaT CTAHOBSITCS CYIIECTBEHHBIMU d(PPEKTHI COKUMaeMOCTH cpefibl. He
BHHKas B JIeTaJd BO3HUKAIOIIUX MPU 3TOM IMPOoOJIeM, OCTAHOBUMCS JIUIIIb HA TEX U3
HUX, KOTOPBIE CBSI3aHbI C TAK HA3bIBAEMBIM ''3amupaHueM’ yaro OTBEYaeT zt-auarpaMmma
Ha pucyHke.5.5.10, rae cxematuuecku uzoopaxensl I'P (ock t) u tpaektopun s CII,
®H, ymapHbIX BOIH, a TakXke C'T- U ¢~ - xapakrepucTuk Ha 3amepThIX pexumax,
KOTOpbIE, TPy0O0 TOBOPS, peanusytorcs mpu W>mnw., ipu z=(0 BBITOTHSIETCS yCIOBUE
oTkyda, B cuiy (2.1) w_=mnw,< W. Tak kak W o =w, TO H3-3a IOCIICTHETO
HepaBeHCTB» OT ['P pacmpocTpansieTcs BiIeBO yAapHasi BoJiHA (JIBoWiHas JuHUA 1 Ha

pucynke 5.3.10). Yaapuas BoiHa otpaxaercs oT CII (;kupHas criiomiHas KpuBas 2 ¢

U3JIOMOM) B 6ude IICHTPUPOBAHHOM BOJIHBI pa3peiKeHUsI U3 - XapaKTEPUCTUK (TOHKHE
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KpuBble 3). B HawanbHblii MOMEHT p =p (ax) B 0OO0IIeM cilyuyae OKa3bIBaeTCs
MOJIOKUTENIBHBIM, U3-32 YET0 U3 Hayajaa KOOPJAUHAT BEIXOJUT ITYYOK BOJIH pa3peKEHUs
U3 C~ - XapaKTEepUCTUK (TOHKUE KPUBBIE 4, BKIIFOUAIOIINE OCh t JIEBYIO TPAHUYHYIO C
-XapaKTEepUCTUKy ATOro myuka). [pyrue ¢~ - xapakrepuctuku, uayume or OH
(crimomHOM KpuBOH 5), co BpeMeHeM (OpMHUPYET YJIapHYIO BOJIHY (IBOIHasI KpHUBast
6), KoTopasi pacmpocTpaHsieTcs NMpoTUB MoToka. [locreneHHo oHa "nMuKBUAUpPYET"
IIy4OK BOJIH pa3pexenus 4. B pesynbraTte 3T0oro u npuxona k I'P BosH pa3pexenns 3
B KOHIIE KOHIIOB HCYE3aI0T YCJIOBMsI, HEOOXOAUMBIEC IJisl MOJJAEPKAHUS DPEKUMa
3aMMpaHus, CKOPOCTH MOTOKAa YMEHBIIAIOTCA U 3(PPEKThl CHKUMAEMOCTH KUJKOCTU
CTAaHOBATCA HeCyleCTBEHHbIMU. OJIHAKO €Ille paHblle B O0JIACTAX MHTEHCUBHOTO
paspexxeHus (Harpumep, NMpu oTpakeHUH mydka 3 oT I'P) maBienue moxeT ymnactb
HIKE Mpejena, Mpyu KOTOPOM JKUJKOCTh 00J1aaeT CBOMCTBAMH CIUIOIIHOW cpenbl. B
TaKUX YCJIOBHUSX IPOUCXOAUT "OTKON'- pa3pylIEHHE MXUIAKOCTH Ha OTIEIbHBIC
arperarsl (Karid 4 T.I1.).

BepuewMmcs k ucxoanoit popmynuposke 3a1au A u b. Utak, B [IM W=w.(t), a Haxq
I'P w=w_(t)=mnw.(t), tae w+(t) ompenensiercs u3 peuienus ypaBHenuid (5.5.15),
(5.5.19), u (5.5.25) wim uX YNOPOUICHHBIX BApUAHTOB MPU COOTBETCTBYIOIIMX
HavyaJbHBIX yciaoBusX. [locne wimm oqHOBpeMEHHO ¢ W+(t) OCTaBIIMECS KOMIIOHEHTHI
BEKTOpa CKOPOCTU NPH Z>0 HAXOJSATCS WHTErpupoBaHuEeM ypaBHeHHH (5.5.12) mpu

IpaHUYHBIX ycioBusx /10/

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

a GyHKIIUN Uo(t) U Vo(t) OTIpeACTAIOTCS U3 TEX K€ YpaBHEHUH C

1/X=0 1 HAYaJILHBIX PACIIPEICICHHIA:
u(z,0) =U(z2),v(z,0) =V (z2);z €[-1,0]
[lpy 5TOM MOXHO BOCIOJIB30BATHCS TEM, YTO COTJIACHO YIIOMSHYTBHIM

ypaBHEHUSIM U U Vv HaJ ['P coxpaHst0oTCs B 4acTULE U IO3TOMY:

U, (t) = U5 ()] v, (1) =VIs )] s (t =-mn[W. (r)d<
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CMBICT JaHHOTO PELICHHs] MOSICHSAIOT JIEBbIE MOJIOBUHKHM Zt-IUarpaMM Ha
pucynke.5.5.11,a) u B_, rae moka3aHsl TpackTopun 4acTull (C -XapaKTEPUCTHK):

oz
- W_ (t) = mnw,_ (t)

P —
b
~r

N

s
/’};/// |

/ //
[ || z

0

e

~

— >

—

Pucynok.5.5.11. Cetku Tpaektopus yactuil ( C°-XapaKTEepUCTHUK ),

WUx wunHTerpupoBanue “B 0oOpaTHOM HampaBieHuun oT T=t 10 7=0 u
onpeeNsieT HadanbHbIe KoopAuHaThl yacTuil Haja I'P. Ypasuenus (5.5.30) BayTpu [IM
Bronb c?-xapakrepuctuk: dz/dt=w.(t), mpomomkarommx Ha pucynke 5.5.11. c©-
xapaktepucTuku )ujakoct Haa ['P (mpu z<0), Takke UMEIOT BUJ OOBIKHOBEHHBIX
nudepeHnanTbHbIX YpaBHEHUH:

ou__uov__ v

ot @ ot o

WuTerpupys ux npu Ha4albHbBIX yeinoBusx (5.5.29), naiinem, uro

ut,t,) = Uo(to)exp__w}
L §

v(t,t,) =V, (t,)exp _M}
L 2

(5.5.30)
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2oe to - MOMeHT nepeceuenus yactueil I'P. Ha pucynke 5.5.9,a vactuupr ®H B
cornacuu ¢ (2.3.10) morousror ®H. Ha pucynke.5.5.11 ®H comagaer ¢ ogHON U3
TpaekTopuii. Kak yxe ynmomuHanoch, 00braHO 8<<1. B Takux yciIoBUSX TpH Ug U Vo ,
HE PaBHBIX HYJIO, U U V OTJIMYHBI OT HYJISl B TEYEHUH KOPOTKOIO MHTEpPBaJla BPEMEHHU
npeOpiBanust yactuusl B [TH. ITycTs 1 (t) mopsiika uiam MeHbIIE €IUHULBL, YTO TUITUIHO
I MHOTUX 3amad (QuibTpamud. Torma, IMOCKOJIBKY BIOJb C°- XapaKTepPUCTHKH
dt=dz/w.(t), To MOXKHO TIpeHeOperaTh X- U y- KOMIIOHEHTaMU CKOPOCTH Be3Jie, KpOMe
CITOSI TOJIIIMHBI NW.( ).

[lepelimem Temepp emie K OAHOW 3ajaye - 3amade B, MOCTaHOBKY KOTOPOWM
HOSICHSIET PUCYHKE 5.5.9,B, .eciu Ha HeM 1pH t=0 coBMecTUTh BepxHioto rpanuiy 311H
¢ I'P: z=0 u, xpoMe TOrO, NPUHSATH, YTO Z+e = 1. C pocToM t B 3TOM 3aaaue mexnay ['P:
Z=0 Y TOJIbKO YTO YIOMSIHYTOU rpanuieil z=z_(t) uz-3a asmxenus JKH BHU3 Bo3HUKaeT
3UH. Unterpupys nipu z_(t) < Z < Z4(t) ypaBaenue (2.3.7) cw=w4(t) u Jdw/0t =

dw/dt = w, (t), Haiigem, 4To:
W :
Pz, )=F1t)—| —+ew, |z
§
Omnpenenus 3ateM f (t) u3 ycnosus (2.3.6) npu z = z, TA¢ p=0 MOTYUHM:
W :
p=(p+2)=| —=+ean 1|z, -2)
5

a 3TO, B CBOIO O4epeap Wi Z = Z_ rje Takke p=0, naer

oh o(hu)
—+ +0=0,(g=mnw,(t
~ T T (g ()
2
o(h d(hu)? g hZ
(u)+ (u)+ +qu=0
ot OX OX (5.31)

Cuctema (5.5.31) 3amucana B ¢opme "3aKOHOB cCoOXpaHEHHS" W TOTOMY
JI0TyCKaeT "CKBO3HOM cYeT", Mpu KOTOPOM MOBEPXHOCTHU pa3pbiBa 1 "THUApaBIMYECKHE
OpbDKKK'"), BO3MOXKHBIE B TEOPHUH MEIKOH BOJBI, MOJY4alOTCs Kak O0OJacTH

HENPEPBIBHOIO, HO PE3KOr0 M3MEHEHMs h M u. 3aMeTuM, YTO CKa3aHHas BbILIE
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OroBOpKa '"MOYTH BCIOAY' OTHOCHUTCA Kak pa3 K TUAPABIMYECKUM MPbDKKaM, I7€
u3MeHeHne h M u mpoucxoauT Ha HyjleBod anuHe. Ha camom nene, ccbuiarorcs

HHTCTPAJIbHBIC 3aKOHbI COXPAaHCHUA, HMCIOIIUC BUJT:

#(—hdx + hudt) [[ qdxdt = 0
r [

h2
7, —hdx+£?jdt J;J'qudxdtzo

N

(5.5.32)

rae & - TPOW3BOJIbHAS TUIOMIAJKa B TUIOCKocTH xt, a I - ee rpanuma. B
10100JIACTSIX HEMPEPHIBHOCTH TapaMeTpoB (HO He uX mpou3BoAHbIX!) m3 (5.18)
cienytor auddepeHuaibabie ypaBHeHus (5.5.1), a Ha TUAPABIMYECKUX MPBDKKAX,

JOBMXKYILUXCS CO CKOPOCTBIO D:

[h)(u—D)]=0,|2uh)(u— D) +h?|=0 (5.5.33)

3neck (¢ - pa3HOCTH 3HAUCHUU (P Ha pa3pbiBe. B cormacuu co ckazaHHBIM paHee,
npu uHTerpupoBannu (5.5.32) mo cxemam CKBO3HOTO cyUeTa MapaMmeTphbl C Pa3HBIX
CTOPOH OT pa3Ma3aHHOI0 THPABINYECKOTO MPbIKKA, aBTOMATHUECKU YIOBJIETBOPSIIOT
ycnmoBusM (5.5.33).

B monobnacTsax HempephIBHOCTH mapamMeTpoB cucteMa (5.5.33) runepbonmuna

Y OSKBUBAJCHTHA CIICAYIOIIUM YpaBHEHHUsSIM, 3alMCAaHHBIM B ''XapaKTepUCTHKOM"
dopme.
d*1* + .
__d - =u+x2+/h
dt v h

d* o o
— ==+ @u=v/h)=
ot ( )8x

(5.5.34)

B stux coortHomenusix [+ - wHBapuantel Pumana, a d+/dt - omeparopsr
10JIHOTO AU (ePEHIIMPOBAHMS 10 t, COOTBETCTBEHHO BIOJb C'-HM €~ -XapaKTEPUCTHK,
rzae

Gﬂgizuivﬁ
dt (5.5.35)
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Kak Buano u3 (5.5.34) u (5.5.35), Vh B Teopun Meinxoii Bombl (B pa3sMepHOil
dopme - /gLh), urpaer Ty *e poib, YTO CKOPOCTh 3BYyKa B Ta30BOW TUHAMHKE.

[ToaTOMy, eciau Ha JIeBOW TpaHUIle pacCMaTpuBaeMoOM O0NacTH U, = \/h_l, TO 3/1€Ch
(mpu x = X4 ), KaKk " MpH "CBEPX3BYKOBOM BTEKaHUU'" CIEAYET 3a/aBath Uy U hy. [Ipu
\/h_l > u; > 0 Ha TOH e TpaHMIIe CTABUTCS OJHO yCIIOBHE (HA U; , hj miw o0y ux
GYHKIUIO, OTIWYHYIO OT ™). AHAJOTUYHO Ha MPABOM TpaHuIle (TIPH X=X;) IPH U, =
\/h_THe CTaBUTCS HU OJHOTO YCJIOBHS, a P HEOOXOJAMMO 3a/1aBaTh MO0 Uy, THOOA,. ,

00 100y UX (YHKIMIO, OTIMYHYIO OT [T, BrICKasaHHBIE COOOPaKEHHS O YHCIIE
IPAHUYHBIX YCIOBUM, MOJHOCTHIO COBHAJAIONINE C COOTBETCTBYIOIIUMH IMPABHIAMHU
ra3oBoM JWHAMHUKH, CIPABEMJIUBBI JO TE€X IOpP, IMOKA TEUEHHE B OKPECTHOCTH
paccMaTpuBaeMoOl rpaHullbl HenpepblBHO. [Ipu momynieHun paspbiBa, UAYIIETO OT
TpaHUIlbl, YACIIO YCIOBUI Ha HEH MOXKET OBITh YBEJIIMUEHO, XOTSI U B TaKUX CIIy4asx
(T.e. mpU JOMYIIEHUU pa3pbiBa) BO3MOXKHOE 'TPEBBbIIIEHUE" YHCIa YKa3aHHBIX
YCJIOBUH 3apaHee HEM3BECTHO U KaXKbli pa3 JOJKHO HAXOAUTHCS U3 PEUICHUA 3a1a4H
0 pacnajie MPOU3BOJIBHOTO Pa3pbIBA.

IMpu teyenun xunkoctu Hag [IM cuctemsl ypaBHenuit u ycmosuit (5.5.15) -
(5.5.33) cienyer nomonHUTh ypaBHeHuUsIMH aBrokeHus JKH B I[IM, MOCKOJIBKY TOJBKO
COBMECTHOE pAaCCMOTPEHHE MOTOKOB Ha U oA ['P: z=0 mo3BossieT HaWTH BXOAILY O
B (5.5.30) u (5.5.31) moTHOCTH TOKA q KUAKOCTH, pribTpyromieiics B [IM. XoTs B
paccMmaTpuBaeMoi 3ajade B 00IIeM cliydae mapaMeTphl )KUAKOCTH 1o I'P 3aBucar ot
BPEMEHU U JIBYX MPOCTPAHCTBEHHBIX MEPEMEHHBIX Z U X, TUIMYHA CUTYyaIlus, KOraa
byakuus z+(t,x), onpenenstomias OH: z=z.(t,X), cylmecTBEHHO MEHBIIIE TPOAOILHOTO
(T.€. mo X) MacmTaba TeueHus. B TakuxX yCI0BUSIX MPOU3BOIHBIMU 110 X B YPABHEHUSIX
teuenus: )KH B IIM moxxHO mpenHeOpeub, U ciemoBarenbHO TedeHue mnoa [P mpu
KOKIOM X Oyner NOo-TPeXHEMY OIMCHIBATHCS YPABHEHUSMH  OJHOMEPHOM
HECTAIIMOHAPHOW (PUIIbTpAIIMKU, U3YYEHHBIMU B MPEAbIAyIKUX pasaenax. OTiaudue ot
YKa3aHHBIX Pa3/AeiiOB TEMEPh, OAHAKO, OyAET COCTOSITh B TOM, UYTO PEIICHUE Yepes3
pP*=p*(t,X), a TakkKe Yepe3 BpeMEHa MOSIBJIICHUS WM UCYC3HOBEHUS XHUIKOCTH Haj [P

"mapamerpudecku” 3aBUCHUT U OT X. Kpome Toro, B popmyiie (5.5.17) st p* B 1aHHOM
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MpUOIMKEHUN W3-3a2 3aBUCUMOCTH MOTOKa Ham ['P OoT X HET cMbIcia yaep>KuBaTh
WHEPLMOHHOE cllaraeMoe, IporopimonansHoe wy . B pesyibrare (5.5.17) 3amenutcs

Ha:

2

ot =h+s(m?n? —1)

2

YTO BEJET K HEKOTOPOMY YIPOIIEHHIO ITOCIEAYIOIINX COOTHOLIEHNH I1.3.

He ocranaBmmBasick Ha MambHEUIMUX MOAPOOHOCTAX, OOCYyIHM CXEMy
peanu3aldd B paccMaTpUBaEMOM MPUOMKEHUU TaK HA3bIBAEMOIO “‘UMITYJILCHOTO
nmonuBa', mMoJ KOTOPBIM ITOHMMAETCS cienyromee PaccMorpum otpe3ok 0<x<X, rae
"niuHa 6opo3ael" X - 3aaHHas KOHCTAHTA, MpuyeM eciid Macirad L - xapakrepHas
BBICOTA CJI0s )uaKocTh Hajg [IM, To X>>1. Ha npaBoM KoHIIe oTpe3ka (pu x=x,=X)
noctaBuM ycioBue Herporekanus u=0. [Tycts nanee ceuenne x=x;=0 - ""neBas rpanuia
00po3nbl" coBMamaeT ¢ "3aBIKHOMU", pEryIUPYIONICH 1Mo1auy KUJIKOCTH B O0PO3dy.

Ecnu 3apBmkKka 3akpeiTa, TO:

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

[Ipy OTKpBITON 3aABUKKE, B COIVIACHMU CO CKA3aHHBIM BBILIE, YUCIIO YCIOBH,

3aaBaemMbIx Tipu x=0, 3aBUCUT OT OTHomeHus Fr = u, /,/h;, Ha3pIBAEMOIr0 YUCIIOM
®pyna v ABISIBIIETOCS SKBUBAJICHTOM uucia Maxa B razoBoit auHamuke. [Ipu Fr>l,
YTO OTBEUYAECT MCTECUEHMIO W3 Y3KOM LM MPU CPABHUTEIBHO BBICOKOM TMEpENaje

nayieHus, mpu x=0 HEOOX0AMMO 3aJaBaTh U Uy U hq, T.C.

U(t,O) = uI (t)1 h(t,O) = hI (t)i (5_5_37)

C U3BECTHBIMU QyHKUIMAMU U4 (t) U h4(t). Ecnu Fr<l, To 3amaercst onHa u3 sTux
byHKIui. 3amMeTuM, KCTaTH, YTO MPU KBAa3UCTALIMOHAPHOM HCTCUCHUH U3 LEJIU

BBICOTHI h y OCHOBaHHUS OOJBIIIOTO OTKPHITOTO cocyla BbICOTHI H (1o ypoBHIO

XKUJKOCTH) B cuily unrterpaia bepuymnu Fr = /2(H — h)/h. CnenoBatenbHo, 31€Ch
Fr>1, ecniu H>3h/2. Takum oOpa3om, 3akpsiBast 3aBHKKY ITpH puKcupoBaHHOM H, MbI
C yMEHbIIeHHeM h HEeMUHYeMO BBIXOJMM Ha PEKUM '"CBEPX3BYKOBOTI'O HCTEUEHUS'.

Ecmm xe B Teuenum Bcero mporecca H>3h/2, To B KBa3UCTAIlMOHAPHOM pEKUME
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VCTEYEHUS] MHTEPBAJbl 3aKPbITUS 3aJBHKKH, HAa KOTOPBIX INPU X=0 peaju3yercs
ycnoBue He nporekanus (5.5.36), cMeHSI0TCs HHTepBaia - HU BPEMEHH, Ha KOTOPBIX

BBITIOTHSIOTCS ycioBus (5.5.37) ¢ 3agaHHbIM (t) U:

u,(t) =/2[H —h(t),]

"Bonna cxkatus", dopmupyromascs Ipu OTKPHITUU 3aJBUXKKH, KOTJa UMEET

MECTO POCT BBICOTHI h4(t), aHAJIOTMYHON MABIEHWIO B Ta30BOW JMHAMHUKE, MOXKET
IPUBOJUTH TPH PACIPOCTPAHCHUU €€ BIIPaBO K OOPa30BaHUIO THJIPABIAYECKOTO
npbikka. Ilpu  oTpakeHMM OT MpaBOro KOHII@ OOpO31bl BHICOTA MPBIKKA
YBEIMYMBACTCS. 3aKpBITHE 3aJBMKKUA (OPMHUPYET TaKXKE PacHpOCTPaHSIOLIYOCS
BIIPABO BOJIHY pa3pekeHus. VIMITyJIbCHOMY IMOJMBY OTBEYaeT NOYTU CTYIIEHYATas
bynkmus hq(t) ¢ KOPOTKUMH BpEMEHAMHU OTKPBITUS M 3aKPBITHS 3aJBIKKH U
CYIIECTBEHHO OOJBIIUMH HHTEPBAIAMH BPEMEHH, B TEYCHUH KOTOpBIX h4(t) =h;>0
wi hy(t)=0. [Ipu X>>1 npu “nepBom mosmBe” QUIBTPYIOUIUNCA MTOTOK MOXKET HE
JIOCTHYb MPABOT0 KOHLA 00po3/sl. Jlanee, mpu CpaBHUTENIHHO OOJBIIOM BPEMEHHOM
OPOMEXYTKE MEXAY IOCIIEOBAaTEIbHBIMUA IOJIMBAMH, HOBBIA HMITYJIbC OyJeT
pacnpoctpanstecss 1o [IM, mpeacraBmsiemomy coboit 3UH, u T.1. Hexoropoe
MPEACTABICHUE O MHOr0OOpa3suu BO3HUKAIOLIMX IPU 3TOM CHUTyallMid Jaer zt-
auarpaMMa Ha pucyHke 5.5.10, koTopasi AeMOHCTpUpYyeT TuHaMUKy HamokaHus [TH B
HEKOTOPOM MPOMEKYTOUHOM cedueHun O0opo3anl. Ha pucynke 5.5.12. mpu t<0, t; <
t <t, mnpu t < tyxuakocts Hax [IM B paccmMarpuBaeMOM CEUYEHHHM OTCYTCTBYET;
nomaHasa z = z:+ (t) maer tpaektoputo ®H, cnpaBa or koroporo Haxoautcs 3CM;
kpuBast z=z.(t) - Tpacktopus ®H, Bo3HWKarOUmIEro TpPU MOBTOPHOM IIOJUBE M
nsuratomierocs mo 3UH; kpussie z = z.(t) - Tpaekropun 3aguux rpanui 3[TH. Cxema
Ha pUCYHKe 5.5.12. 0TBeyaeT peleHuto 3a1aun GuiabTpanuu 0e3 yuera HHEpLUUOHHBIX

uiieHoB ( ¢ =0) u ckauka gasnenust Ha ['P (& = 0).
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Temperature ()
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Pucynok.5.5.12. zt-quarpamMmma "UMIyJabCHOTO MOJIMBA
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Pucynok.5.5.13. TemnoBnaronepeHoC B IOPUCTOM cpejie
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5.3. BeIBOABI IO IJIaBe

[Toy4yeHsl YrclieHHbIE pacyeThl GUIBTPALMH MOTOKOB KUJIKOCTU B MOPHUCTYIO
Cpely C y4eTOM pa3pblBa MOPUCTOCTHU ISl OLICHKHU TUIPOJIMHAMUYECKUX MPOIECCOB,

BIIMSIFOIIMX HA KIIMMAaTHYECKYIO CUCTEMY PETHOHA.
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3AKJIIOYEHUE

B xome nuccepTallMOHHOTO HCCIIEIOBaHUSL pa3pabOTaHbl U MPUMEHEHbI
MaTeMaTUYeCKHe MOJENN ISl aHajdu3a M MPOTHO3UPOBAHUSA KIMMATHUYECKUX
napameTpoB B OT/CNIbHBIX pernoHax KbIprei3cTana, a Takke BHIOPOCOB 3arpsi3HSIIOIINX
BEILECTB U MTPOLIECCOB TEIJIOBIArONEPEHOCA B TOPUCTHIX Cpeax.

IIpoBeneHHBIM aHAIN3 KIMMATHYECKMX JaHHbIX 3a nociaegnue 100 njer
MoKa3zaJl, YTO B pEruoHe HaOJomaeTcsi yCcTOWYMBasg TEHJACHIMS K TOBBIIICHUIO
TeMIepaTypbl BO3AyXa, 4YTO MOATBEPXKAACTCS pe3yJbTaTaMu MOJICTIUPOBAHUS C
UCIIOJb30BaHUEM  HEUpPOHHBIX  ceTed.  [IporHo3upoBaHwe  CpeaHEMECSYHOU
TeMmreparypbl  Bo3ayxa ¢ npuMeHenueM — moxenern  LSTM,  XGBoost
MPOJICMOHCTPUPOBAJIO BBICOKYI0 TOYHOCTh W OOOOIIAIONIYI0 CIIOCOOHOCTBH, YTO
MO3BOJISIET MCMOJB30BaTh JTAHHBIA MOJXOJ IS JOJITOCPOYHOIO MPOTHO3MPOBAHUS
KIIMMAaTHYECKIX N3MCHCHUH.

Pa3pabGortannbie uncinennble Moaenu nepeHoca CO; U Ap. 3arpsA3HSIIOLIUX
BeIEeCTB B aTMoc(epe, OCHOBaHHbIE Ha ypaBHeHnHu HaBbe-Ctokca u qudy3noHHbBIX
YpaBHEHUSX, TO3BOJIMIN MCCIEAOBATh BIMSHUE PA3TUYHBIX METEOPOJOTHUUECKUX
GbakTOpoB M TPENSATCTBUM HA  pacnpocTpaHeHue mnpumeced. YucneHHbie
OKCIIEPUMEHTHI, BBIMOJHEHHBIE C KCIOJb30BAaHUEM MPOTPAMMHBIX KOMILIEKCOB
ANSYS Fluent u ANSYS CFX, mnokazamd, 4YTO CKOPOCTh U JaJIbHOCTB
pacpoCTpaHEHUsI 3arps3HAIONIMX BEIIECTB 3aBUCAT OT CKOPOCTH W HAIpPABJICHUS
BETpa, TEMIIEpATyphl BBIOPOCOB M cTaObWiIbHOCTH aTtmocdepnl. [lomydeHHbIC
pe3yNbTaThl MOTYT OBITh HCIOJB30BAaHBI TPH JKOJOTHYECKOM MOHHUTOPHHTE H
pa3paboTKe peKOMEHIAINI M0 CHMIKEHUIO BPEIHOTO BO3JEHCTBUS TPOMBIIICHHBIX
BBIOPOCOB.

UccnenoBanne mMpoueccoB TEIJIOBIArONEpeHOca B MOPHUCTBIX —Cpelax
MTO3BOJIMIIO BEISIBUTH BIIMSTHUE HEOAHOPOJTHOCTH TTOPHUCTOM CTPYKTYPHI HA THHAMUKY
WHQUIBTpAIIUU KUJIKOCTH. UHCIICHHBIC pacueThl MOJTBEPIWIIN, YTO y4YeT pa3phiBa

MOPUCTOCTU UTPAET BAXKHYIO POJIb B IPOrHO3UPOBAHUH (DUIBTPAIIMOHHBIX POIECCOB,
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YTO MOJKET OBITh MOJIE3HO JI THIPOJOTHYECKUX HCCIIEOBAHUN, MPOEKTUPOBAHUS
VUPPUTALIMOHHBIX CUCTEM M YIIPABJIEHUS BOJHBIMUA PECYPCAMHU.

[IpakTrueckast 3HAUUMOCTb pabOThI 3aKJIFOUAETCS B TOM, UTO pa3pabOTaHHbIE
MaTEMaTUYECKHE MOJIENN 1 YUCIICHHBIE METObI MOT'YT OBITh TPUMEHEHBI JUIsI aHATIN3a
Y IPOTHO3MPOBAHMS KIMMATUYECKUX MApaMETPOB, OLIEHKH BBIOPOCOB 3arps3HSIOLINX
BEILIECTB, ONTUMM3ALAN IKOJOTUYECKOHN IOJUTUKU U PEIICHUA 3a7a4, CBA3AHHBIX C
YIPaBJIECHUEM BOJHBIMU PECYPCAMU M YCTOMYMBBIM Pa3BUTHEM PETUOHOB.

Takum 00pa3oM, NpPOBEAEHHOE HCCIENOBAaHUE BHOCUT BKJIAJ B pa3BUTHE
METOJOB PETMOHAIBHOIO KIMMATHYECKOTO MOJEIUPOBAHUS U 3KOJOTHYECKOTO
IIPOTHO3UPOBAHUS, & €ro Pe3yJbTaThl MOTYT OBITh MCHOJb30BAHBI KaK B HAYYHBIX
VCCIICIOBAHUSX, TAK U B IIPAKTUKE KIUMATUUECKOTO U IKOJIOTMYECKOI0 MOHUTOPUHIA

B KbIprei3ckoit PecniyOmnuke.
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HPAKTUYECKHUE PEKOMEHJIALIUN

1. Pe3ynbraThl AMCCEPTAMOHHBIX UCCIIEIOBAHUN MOTYT UCIIOJIb30BATHCS:

- JUIsl aHaJiu3a W TMPOTHO3MPOBAHUA KIMMATHUYECKUX IMapaMeTpoB, OICHKU
BBIOPOCOB 3arps3HSIONIMX BEIIECTB, ONTHUMHU3ALMUA JKOJOTMUYECKOW TMOJUTUKH U
pEIIeHNs 3a/1ad, CBS3aHHBIX C YIPABICHUEM BOJHBIMH PECYpCaMyd U YCTONYHBBHIM
Pa3BUTHEM PETHOHOB,

- NOpU DKOJOTMYECKOM MOHHUTOPUHIE U pa3paboTKe pEeKOMEHAAIUH TI0
CHW)KCHHIO BPEHOTO BO3JACHCTBHUS IMTPOMBITIUICHHBIX BRIOPOCOB;

- JUTS aIalTallui CeTbCKOXO035MCTBEHHOIO CEKTOpa K M3MEHEHHUSIM KIIMMarta.
2. Ha ocHOBe mMporHO3a JWHAMUKH BBIOPOCOB YTJIEKHCIOrO Ta3za HE0OXOIMMO
pa3paboTaTh MEpHI MO0 COKPAIICHUIO aHTPOIIOTC€HHBIX BRIOPOCOB, BKIIIOYAs
COBEPIIICHCTBOBAHUE 3aKOHOJATENbCTBA B OOJACTH OKOJOTMU U  BHEIPEHUE
texHonorui ynasauanus COs..

3. TlporHo3upyemsblii pocT BBIOPOCOB TpeOyeT YCHJIEHHOTO KOHTPOJISI CO CTOPOHBI
DKOJIOTMYECKUX  OpraHu3aiui, 4YTO MOXET OBITh JOCTUTHYTO 3a  CYET
aBTOMATU3UPOBAHHOTO MOHHUTOPUHTA BBIOPOCOB C TMPUMEHEHHEM TEXHOJIOTUH
MaIlIMHHOTO O0yYCHUSI.

4. B ceabCKOM XO3SIMICTBE CTOUT MEPECMOTPETh CTPATErvMu OpPOIIEHUS, BHEAPSS
TEXHOJIOTUM TI0 HAKOIUIEHUIO U 3(P(PEKTUBHOMY HCIOIB30BAHUIO aTMOC(EpPHBIX
OCAaJIKOB.

5. Pa3zpaboTaHHble YMCIICHHBIE MOJIENIM TEPEHOCA 3arps3HSIONIMX BEIIECTB MOTYT
OBITh MCTIOIB30BAHBI JIJISI ONTUMU3AIMN PA3MEIICHUS TTPOMBIIICHHBIX TIPEANPUATAN
Y IPOEKTUPOBAHUS CUCTEM (PHIIBTPALIMU BEIOPOCOB.

6. Co3gaHHbie MaTeMaTHYECKHE MOJCIM MOTYT OBITh MPUMEHEHBl s
MPOTHO3UPOBAHUSI W TPEIOTBPAIICHUS] UYPE3BBIYANHBIX CHUTYallMii, CBSI3aHHBIX C
HU3MEHEHHEM aTMOC(HEPHBIX MPOIIECCOB.

7. llomydeHHbIE IaHHBIE IIEJIECOOOpPA3HO WCIONB30BATh MPU TPOSKTHPOBAHUU

OOBEKTOB HMH(PPACTPYKTYpPbI, YYBCTBUTEJIbHBIX K KIMMATHYECKUM H3MEHEHUSIM
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(HampuMep, THIPOIEKTPOCTAHITNH, INTIOTHH U CUCTEM BOJIOCHAOKECHMS ).

8. Pe3ynbTaThl YMCICHHBIX DKCIIEPUMEHTOB IMOATBEPKIAIOT HEOOXOIUMOCTh ydeTa
METEOYCJIIOBUH TpH TMPOTHO3UPOBAHWU PACIPOCTPAHEHHUS TpPUMEceH, BKIIOYas
paNOaKTUBHBIC BEIICCTRA.

9. PexoMmeHIyeTcs CO3/TaHNE KOMIUIEKCHON CUCTEMBI 9KOJOTHYECKOTO0 MOHUTOPHHTA,
OCHOBaHHOW Ha WHTETpAIlMM METCOPOJIOTUYCCKUX JAHHBIX M MOJENeH MepeHoca
3arpsI3HSIONINX BEIIECTB.

10. BeisiBIeHHBIE 3aKOHOMEPHOCTH (PHIBTPALIMM KUJKOCTEH B TMOPHUCTHIX Cpenax
MOXHO HCIIOJIb30BaTh Il PAlMOHAJIBHOTO YIIPABJICHUS BOJHBIMH pPECypCamH,
O0COOEHHO B paiioHax ¢ mpoOJieMaMu BOJOCHAOXKEHUSI.

11. /lanHbIe MOJEIN MOTYT MIOMOYb B MPOTHO3UPOBAHUHU PHUCKA 3aCyX U pa3paboTke

CTpaTeruii Mo COXpaHEHUIO BOJHBIX PECYPCOB.
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This run of the CFX-15.0 Solver started at 13:19:21 on 26 Oct 2023 by
user PC on WIN-CG12TBSMO4A (intel_xeon64.sse2_winnt) using the
command:

"C:\Program Files\ANSYS Inc\v150\CFX\bin\perllib\cfx5solve.pl* -batch
-ccl runinput.ccl -fullname CFX_002

Point Releases and Patches installed:

ANSYS, Inc. Products 15.0

ANSY'S Mechanical Products 15.0

ANSYS Customization Files 15.0

ANSYS Autodyn 15.0

ANSYS LS-DYNA 15.0

ANSYS CFX (includes ANSYS CFD-Post) 15.0
ANSYS Fluent (includes ANSYS CFD-Post) 15.0
ANSYS TurboGrid 15.0

ANSYS Polyflow (includes ANSYS CFD-Post) 15.0
ANSYS CFD-Post only 15.0

ANSYS Agwa 15.0

ANSYS ICEM CFD 15.0

ANSYS Icepak (includes ANSYS CFD-Post) 15.0
ANSYS Remote Solve Manager Standalone Services 15.0
ANSYS, Inc. License Manager 15.0

Setting up CFX Solver run ...



LIBRARY:
MATERIAL:diffuse model of the smoke pipe

Material Description = diffuse model of the smoke pipe
(constant Cp)
Material Group = Air Data
Option = Pure Substance
Thermodynamic State = Gas
PROPERTIES:
Option = General Material
EQUATION OF STATE:
Molar Mass = 28.96 [kg kmol*-1]
Option = Ideal Gas
END
SPECIFIC HEAT CAPACITY:
Option = Zero Pressure Polynomial
Zero Pressure al = 3.27149
Zero Pressure a2 = 0.000685475444 [K"-1]
Zero Pressure a3 = 0 [K™-2]
Zero Pressure a4 = 0 [K™-3]
Zero Pressure a5 = 0 [K™-4]
END
REFERENCE STATE:
Option = Specified Point
Reference Pressure = 1 [atm]
Reference Specific Enthalpy = 0. [J/kg]
Reference Specific Entropy = 0. [J/kg/K]
Reference Temperature = 25 [C]
END
DYNAMIC VISCOSITY:
Option = Sutherlands Formula
Reference Temperature = 273 [C]
Reference Viscosity = 17.12e-6 [kg m”-1 s”-1]
Sutherlands Constant = 111 [K]
Temperature Exponent = 1.5
END
THERMAL CONDUCTIVITY:
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Option = Value
Thermal Conductivity = 2.61E-2 [W m~-1 K"-1]
END
ABSORPTION COEFFICIENT:
Absorption Coefficient = 0.01 [m”™-1]
Option = Value
END
SCATTERING COEFFICIENT:
Option = Value
Scattering Coefficient = 0.0 [m"-1]
END
REFRACTIVE INDEX:
Option = Value
Refractive Index = 1.0 [m m”-1]
END
END
END
END
FLOW: Flow Analysis 1
SOLUTION UNITS:
Angle Units = [rad]
Length Units = [m]
Mass Units = [kg]
Solid Angle Units = [sr]
Temperature Units = [K]
Time Units = [s]
END
ANALYSIS TYPE:
Option = Steady State
EXTERNAL SOLVER COUPLING:
Option = None
END
END
DOMAIN: R1
Coord Frame = Coord 0
Domain Type = Fluid
Location = Passage Main
BOUNDARY: R1 Blade
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Boundary Type = WALL
Frame Type = Rotating
Location = BLADE
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Adiabatic
END
MASS AND MOMENTUM:
Option = No Slip Wall
END
WALL ROUGHNESS:
Option = Smooth Wall
END
END
END
BOUNDARY: R1 Hub
Boundary Type = WALL
Coord Frame = Coord 0
Frame Type = Rotating
Location = HUB
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Adiabatic
END
MASS AND MOMENTUM:
Option = No Slip Wall
END
WALL ROUGHNESS:
Option = Smooth Wall
END
END
END
BOUNDARY: R1 Inlet
Boundary Type = INLET
Frame Type = Stationary
Location = INFLOW
BOUNDARY CONDITIONS:
FLOW DIRECTION:
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Option = Cylindrical Components
Unit Vector Axial Component = 0.707
Unit Vector Theta Component = 0.707
Unit Vector r Component =0
END
FLOW REGIME:
Option = Subsonic
END
HEAT TRANSFER:
Option = Stationary Frame Total Temperature
Stationary Frame Total Temperature = 293 [K]
END
MASS AND MOMENTUM:
Mass Flow Rate = 0.0075 [kg s™-1]
Option = Mass Flow Rate
END
TURBULENCE:
Option = Medium Intensity and Eddy Viscosity Ratio
END
END
END
BOUNDARY: R1 Shroud
Boundary Type = WALL
Coord Frame = Coord 0
Frame Type = Rotating
Location = SHROUD
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Adiabatic
END
MASS AND MOMENTUM:
Option = No Slip Wall
WALL VELOCITY:
Option = Counter Rotating Wall
END
END
WALL ROUGHNESS:
Option = Smooth Wall
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END
END
END
BOUNDARY: R1 to R1 Internal Side 1
Boundary Type = INTERFACE
Location = SHROUD TIP GGI SIDE 1
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Conservative Interface Flux
END
MASS AND MOMENTUM:
Option = Conservative Interface Flux
END
TURBULENCE:
Option = Conservative Interface Flux
END
END
END
BOUNDARY: R1 to R1 Internal Side 2
Boundary Type = INTERFACE
Location = SHROUD TIP GGI SIDE 2
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Conservative Interface Flux
END
MASS AND MOMENTUM:
Option = Conservative Interface Flux
END
TURBULENCE:
Option = Conservative Interface Flux
END
END
END
BOUNDARY: R1 to R1 Periodic 1 Side 1
Boundary Type = INTERFACE
Location = PER1
BOUNDARY CONDITIONS:
HEAT TRANSFER:
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Option = Conservative Interface Flux
END
MASS AND MOMENTUM:
Option = Conservative Interface Flux
END
TURBULENCE:
Option = Conservative Interface Flux
END
END
END
BOUNDARY: R1 to R1 Periodic 1 Side 2
Boundary Type = INTERFACE
Location = PER2
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Conservative Interface Flux
END
MASS AND MOMENTUM:
Option = Conservative Interface Flux
END
TURBULENCE:
Option = Conservative Interface Flux
END
END
END
BOUNDARY: S1to R1 Side 2
Boundary Type = INTERFACE
Location = OUTFLOW
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Conservative Interface Flux
END
MASS AND MOMENTUM:
Option = Conservative Interface Flux
END
TURBULENCE:
Option = Conservative Interface Flux
END
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END
END
DOMAIN MODELS:
BUOYANCY MODEL.:
Option = Non Buoyant
END
DOMAIN MOTION:
Alternate Rotation Model = true
Angular Velocity = 20000 [rev min”-1]
Option = Rotating
AXIS DEFINITION:
Option = Coordinate Axis
Rotation Axis = Coord 0.3
END
END
MESH DEFORMATION:
Option = None
END
REFERENCE PRESSURE:
Reference Pressure = 0 [atm]
END
END
FLUID DEFINITION: Air Ideal Gas
Material = Air Ideal Gas
Option = Material Library
MORPHOLOGY:
Option = Continuous Fluid
END
END
FLUID MODELS:
COMBUSTION MODEL.:
Option = None
END
HEAT TRANSFER MODEL.:
Option = Total Energy
END
THERMAL RADIATION MODEL.:
Option = None
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END
TURBULENCE MODEL.:
Option =k epsilon
END
TURBULENT WALL FUNCTIONS:
High Speed Model = Off
Option = Scalable
END
END
END
DOMAIN: S1
Coord Frame = Coord 0
Domain Type = Fluid
Location = solid
BOUNDARY: S1 Default
Boundary Type = WALL
Location = Primitive 2D,Primitive 2D A,Primitive 2D B,wall2
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Adiabatic
END
MASS AND MOMENTUM:
Option = No Slip Wall
END
WALL ROUGHNESS:
Option = Smooth Wall
END
END
END
BOUNDARY: S1 Internal Interface 1 Side 1
Boundary Type = INTERFACE
Location = periodicl
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Conservative Interface Flux
END
MASS AND MOMENTUM:
Option = Conservative Interface Flux
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END
TURBULENCE:
Option = Conservative Interface Flux
END
END
END
BOUNDARY: S1 Internal Interface 1 Side 2
Boundary Type = INTERFACE
Location = periodic
BOUNDARY CONDITIONS:
HEAT TRANSFER:
Option = Conservative Interface Flux
END
MASS AND MOMENTUM:
Option = Conservative Interface Flux
END
TURBULENCE:
Option = Conservative Interface Flux
END
END
END
BOUNDARY: S1 Outlet
Boundary Type = OUTLET
Location = outlet
BOUNDARY CONDITIONS:
FLOW REGIME:
Option = Subsonic
END
MASS AND MOMENTUM:
Option = Average Static Pressure
Pressure Profile Blend = 0.05
Relative Pressure = 100700 [Pa]
END
PRESSURE AVERAGING:
Option = Average Over Whole Outlet
END
END
END
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BOUNDARY: S1to R1 Side 1
Boundary Type = INTERFACE
Location = inlet
BOUNDARY CONDITIONS:

HEAT TRANSFER:

Option = Conservative Interface Flux
END
MASS AND MOMENTUM:

Option = Conservative Interface Flux
END
TURBULENCE:

Option = Conservative Interface Flux
END

END

END

BOUNDARY: Walll
Boundary Type = WALL
Location = walll
BOUNDARY CONDITIONS:

HEAT TRANSFER:
Option = Adiabatic
END
MASS AND MOMENTUM:
Option = No Slip Wall
WALL VELOCITY:
Angular Velocity = -20000 [rev min”-1]
Option = Rotating Wall
AXIS DEFINITION:
Option = Coordinate Axis
Rotation Axis = Coord 0.3
END
END
END
WALL ROUGHNESS:
Option = Smooth Wall
END
END
END
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DOMAIN MODELS:
BUOYANCY MODEL:
Option = Non Buoyant
END
DOMAIN MOTION:
Option = Stationary
END
MESH DEFORMATION:
Option = None
END
REFERENCE PRESSURE:
Reference Pressure = 0 [atm]
END
END
FLUID DEFINITION: Air Ideal Gas
Material = Air Ideal Gas
Option = Material Library
MORPHOLOGY:
Option = Continuous Fluid
END
END
FLUID MODELS:
COMBUSTION MODEL.:
Option = None
END
HEAT TRANSFER MODEL.:
Option = Total Energy
END
THERMAL RADIATION MODEL.:
Option = None
END
TURBULENCE MODEL.:
Option =k epsilon
END
TURBULENT WALL FUNCTIONS:
High Speed Model = Off
Option = Scalable
END
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END
END
DOMAIN INTERFACE: R1 to R1 Internal
Boundary Listl = R1 to R1 Internal Side 1
Boundary List2 = R1 to R1 Internal Side 2
Interface Type = Fluid Fluid
INTERFACE MODELS:
Option = General Connection
FRAME CHANGE:
Option = None
END
MASS AND MOMENTUM:
Option = Conservative Interface Flux
MOMENTUM INTERFACE MODEL.:

Option = None
END
END
PITCH CHANGE:
Option = None
END
END
MESH CONNECTION:
Option = GGl
END
END

DOMAIN INTERFACE: R1 to R1 Periodic 1
Boundary Listl = R1 to R1 Periodic 1 Side 1
Boundary List2 = R1 to R1 Periodic 1 Side 2
Interface Type = Fluid Fluid
INTERFACE MODELS:

Option = Rotational Periodicity
AXIS DEFINITION:
Option = Coordinate AXxis
Rotation Axis = Coord 0.3
END
END
MESH CONNECTION:
Option = Automatic
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END
END
DOMAIN INTERFACE: S1 Internal Interface 1
Boundary Listl = S1 Internal Interface 1 Side 1
Boundary List2 = S1 Internal Interface 1 Side 2
Interface Type = Fluid Fluid
INTERFACE MODELS:
Option = Rotational Periodicity
AXIS DEFINITION:
Option = Coordinate Axis
Rotation Axis = Coord 0.3
END
END
MESH CONNECTION:
Option = Automatic
END
END
DOMAIN INTERFACE: S1to R1
Boundary Listl = S1 to R1 Side 1
Boundary List2 = S1 to R1 Side 2
Interface Type = Fluid Fluid
INTERFACE MODELS:
Option = General Connection
FRAME CHANGE:
Option = Stage
DOWNSTREAM VELOCITY CONSTRAINT:
Option = Stage Average Velocity
END
END
PITCH CHANGE:
Option = Automatic
END
END
MESH CONNECTION:
Option = GGl
END
END
OUTPUT CONTROL.:
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MONITOR OBJECTS:
EFFICIENCY OUTPUT:
Inflow Boundary = R1 Inlet
Option = Output To Solver Monitor
Outflow Boundary = S1 Outlet
END
MONITOR BALANCES:
Option = Full
END
MONITOR FORCES:
Option = Full
END
MONITOR PARTICLES:
Option = Full
END
MONITOR RESIDUALS:
Option = Full
END
MONITOR TOTALS:
Option = Full
END
END
RESULTS:
File Compression Level = Default
Option = Standard
END
END
SOLVER CONTROL.:
Turbulence Numerics = High Resolution
ADVECTION SCHEME:
Option = High Resolution
END
CONVERGENCE CONTROL:
Length Scale Option = Conservative
Maximum Number of Iterations = 300
Minimum Number of Iterations = 1
Timescale Control = Auto Timescale
Timescale Factor = 1.0
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END

ANSYS(R) CFX(R) Partitioner 15.0 |

|

|

| |

| Version 2013.10.10-08.49-130242  Thu Oct 10 11:12:50 GMTDT 2013 |
| |

| Executable Attributes |

| |

| single-64bit-int32-supfort-optimised-noprof-lcomp |

| |

| (C) 2013 ANSYS, Inc. |

| |

| All rights reserved. Unauthorized use, distribution or duplication |
| is prohibited. This product is subject to U.S. laws governing |

| export and re-export. For full Legal Notice, see documentation. |

e e +

e +
Job Information at Start of Run

o e +

Run mode: partitioning run

S S A S S S S —— +
| Host | Mesh | PID | Job Started |

| | Part | | DD/MM/YY | hh:mm:ss |
SRS S A S AT S R——— S RER——— +
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| WIN-CG12TBSMO4A | 1| 337626/10/15 |13:19:22 |

S ————— S — S S— S S — S S —— +
e +
| Memory Allocated for Run (Actual usage may be less) |
e o +

| Real | Integer | Character | Logical | Double
---------- SRR S S R S
Mwords | 3.06| 12.60| 3.43| 0.12| 1.20
Mbytes | 11.69| 48.06| 3.27| 0.46]| 9.16
---------- S S S
e e e +
| Host Memory Information (Mbytes) |
e e e +
| Host | System | Allocated | % |
o S S S S +
| WIN-CG12TBSMO04A | 16325.57 | 72.64 | 0.44 |
o S S S S +
e +

Mesh Statistics

e +

Domain Name : R1

Total Number of Nodes = 230320

Total Number of Elements = 209588
Total Number of Hexahedrons = 209588

Total Number of Faces = 40798

Domain Name : S1
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Total Number of Nodes

Total Number of Elements
Total Number of Hexahedrons

Total Number of Faces

Global Statistics :

Global Number of Nodes

Global Number of Elements
Total Number of Hexahedrons

Global Number of Faces

Domain Interface Name : R1 to R1 Internal

Discretization type =

Intersection type =
Non-overlap area fraction on side 1
Non-overlap area fraction on side 2

Domain Interface Name : R1 to R1 Periodic 1

Discretization type =

98595

= 85436
85436

25820

328915

= 295024
= 295024

66618

GGl

Direct
= 7.67E-03
= 7.70E-03

1:1

Domain Interface Name : S1 Internal Interface 1

Discretization type =

Intersection type =
Non-overlap area fraction on side 1
Non-overlap area fraction on side 2

Domain Interface Name : S1 to R1

Discretization type =

Intersection type =

GGl

Direct
= 2.40E-03
= 2.46E-03

GGl
Direct



Non-overlap area fraction on side 1 = 2.86E-07

Non-overlap area fraction on side 2 = 3.21E-07
Pitch ratio (area side 1/ area side 2) = 1.000
Pitch angle for side 1 [degrees] = 30.671
Pitch angle for side 2 [degrees] = 30.000
Number of stage groups = 16

e o +

Vertex Based Partitioning
e e e +

Partitioning of domain: R1

- Partitioning tool: MeTiS multilevel k-way algorithm
- Number of partitions: 2

- Number of graph-nodes: 225385

- Number of graph-edges: 1320402

Partitioning of domain: S1
- Partitioning tool: MeTiS multilevel k-way algorithm
- Number of partitions: 2

- Number of graph-nodes: 98595
- Number of graph-edges: 564752

Partitioning information for domain: R1

S S S R +
| Elements | Vertices | Faces |
S R RS S R +
| Part| Number % | Number % %Ovip| Number % |
S S RS S SR +
| Full| 209588 | 230320 | 40798 |
S S S S +



| 1| 107084 50.7| 118444 50.6 1.7| 20406 49.6|
| 2| 104323 49.3| 115862 49.4 1.7| 20770 50.4|

S — R —— e S ——— +
|Min | 104323 49.3| 115862 49.4 17| 20406 49.6 |
|(part)| ( 2) ( 2 1) ( 1)

S S —— N S N S — +
|Max | 107084 50.7| 118444 50.6 1.7| 20770 50.4 |
|(part)| ( 1) (1 2) ( 2)

S — R —— S S ——— +
|Ave | 105704 50.0| 117153 50.0 1.7| 20588 50.0]
S S — S S — +
|Sum | 211407 100.0| 234306 100.0 1.7| 41176 100.0 |
N S —— N S N S — +

Partitioning information for domain: S1

S S S R +
| Elements | Vertices | Faces |
S N — S e +
| Part| Number % | Number % %Ovip| Number % |
S N — S e +
| Full| 85436 | 98595 | 25820 |
S S S S S S +

| 1| 46699 53.9| 51442 50.9 2.4| 8124 31.2|
| 2| 39881 46.1| 49616 49.1 2.5| 17942 68.8|
R S — S S — +

|Min | 39881 46.1| 49616 49.1 25| 8124 31.2|
|(part)] ( 2) (2 1) ( DI

S — A — o S —— +
|Max | 46699 53.9| 51442 509 2.4| 17942 68.8|
|(part)| ( 1) (1 2) ( 2)

N o N S +

| Ave | 43290 50.0| 50529 50.0 2.4| 13033 50.0|

N S o S — o S — N S +

| Sum | 86580 100.0| 101058 100.0 2.4| 26066 100.0 |
N S N S — o S — N S +
- +



Partitioning CPU-Time Requirements

B S —— +
- Preparations 2.020E-01 seconds
- Low-level mesh partitioning 1.100E-01 seconds
- Gather zone interface information 0.000E+00 seconds
- Global partitioning information 0.000E+00 seconds
- Element and face partitioning information 1.500E-02 seconds
- Vertex partitioning information 0.000E+00 seconds
- Partitioning information compression 0.000E+0Q0 seconds
- Summed CPU-time for mesh partitioning 3.430E-01 seconds
- +

Job Information at End of Run
- +
S S S S S S S S R —— +
| Host | Mesh | Job Finished | CPU |
| | Part | DD/MM/YY | hh:mm:ss | seconds |
S S S S e +
| WIN-CG12TBSMO04A | 1]26/10/15|13:19:23|9.820E-01 |
S S S S e +

Total wall clock time: 9.830E-01 seconds
or: ( 0: 0: 0: 0.983)
(  Days: Hours: Minutes: Seconds)

160



ANSYS(R) CFX(R) Solver 15.0 |

|

|

| |

| Version 2013.10.10-08.49-130242  Thu Oct 10 11:12:50 GMTDT 2013 |
| |

| Executable Attributes |

| |

| single-64bit-int32-supfort-optimised-noprof-lcomp |

| |

| (C) 2013 ANSYS, Inc. |

| |

| All rights reserved. Unauthorized use, distribution or duplication |
| is prohibited. This product is subject to U.S. laws governing |

| export and re-export. For full Legal Notice, see documentation. |

e e e +

- +
Job Information at Start of Run

e +

Run mode:  parallel run (Platform MPI)

S S R S S S — +

| Host | Mesh | PID | Job Started |

| | Part | | DD/MM/YY | hh:mm:ss |

S S S S S R S S S S +

| WIN-CG12TBSMO04A | 1| 4544]26/10/24|13:19:24 |

| | 2| 4620|26/10/24|13:19:24 |

S S S S S R S S S S +

S +
License Information

e +
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License Cap: ANSYS CFX Solver (Max 512K Nodes)
License Cap: Multiple Reference Frames

License Cap: Parallel
License ID:  WIN-CG12TBSMO04A-PC-3300-008434

e o +
| Memory Allocated for Run (Actual usage may be less) |
S S —— +

Allocated storage in:  Mwords

Mbytes
Partition | Real | Integer | Character | Logical | Double
---------- S S S

Minimum| 52.98| 12.53| 3.88| 0.12| 121
( 1)| 202.10| 47.78| 3.70] 0.11| 9.22
---------- S
Maximum| 59.61| 13.12| 3.88| 0.12| 1.21
( 2)| 227.40| 50.06| 370| 0.11| 9.22
---------- S USRS SRR R —
Average| 56.30| 12.82| 3.88| 0.12| 121

| 214.75| 4892| 3.70| 0.11| 09.22
---------- S —
Total | 112.59| 25.65| 7.77| 0.24| 242

| 42950 97.84| 7.41| 0.23| 1843

---------- S U SR YU S S ——
e +

| Host Memory Information (Mbytes) |
e +

| Host | Npart | System | Allocated | % |
S S S S S — +

| WIN-CG12TBSMO4A | 2| 16325.57| 553.41| 3.39|
S S S S S — +
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| *kkkkk NOtICe *kkkhk*k |

| The Wall Heat Transfer Coefficient written to the results file for |

| phase: Air Ideal Gas |

| on domain: R1 |

| is based on the turbulent wall function coefficient. It is |

| consistent with the Wall Heat Flux, the wall temperature, and the |

| Wall Adjacent Temperature (near-wall temperature). If you would |
| like it to be based on a user-specified bulk temperature instead, |

| please set the expert parameter "tbulk for htc = <value>". |

| *kkkkk NOtICE *kkkkk |

| The Wall Heat Transfer Coefficient written to the results file for |

| phase: Air Ideal Gas |

| on domain: S1 |

| is based on the turbulent wall function coefficient. It is |

| consistent with the Wall Heat Flux, the wall temperature, and the |

| Wall Adjacent Temperature (near-wall temperature). If you would |
| like it to be based on a user-specified bulk temperature instead, |

| please set the expert parameter "tbulk for htc = <value>". |

e +
e e +

| Mesh Statistics |
S +

| Domain Name | Orthog. Angle | Exp. Factor | Aspect Ratio |
T S S S R —— +

| | Minimum [deg] | Maximum | Maximum |
S S S S R —— +

| R1 |  22.3 0k| 180k | 3910k |

| S1 | 53.90K| 2 OK | 90K |

| Global |  22.30k| 180k | 391 ok |
S I —— S S +

| | %! %0k %OK | %! %ok %O0K | %! %ok %OK |
S S S S ——— S +



| R1 | 0 16 84| 0 <1 100| 0 3 97|

| S1 | 0 0100]0 0100|0 0 100]
| Global | 0 11 89| 0 <1 100|0 2 98]
R — S — S —— S S — +

Domain Name : R1

Total Number of Nodes = 230320
Total Number of Elements = 209588
Total Number of Hexahedrons = 209588
Total Number of Faces = 40798
Domain Name : S1
Total Number of Nodes = 98595
Total Number of Elements = 85436
Total Number of Hexahedrons = 85436
Total Number of Faces = 25820
Global Statistics :
Global Number of Nodes = 328915
Global Number of Elements = 295024
Total Number of Hexahedrons = 295024
Global Number of Faces = 66618
Domain Interface Name : R1 to R1 Internal
Discretization type = GGl
Intersection type = Partitioner
Non-overlap area fraction on side 1 = 7.66E-03
Non-overlap area fraction on side 2 = 7.70E-03
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Domain Interface Name : R1 to R1 Periodic 1
Discretization type = 1:1

Domain Interface Name : S1 Internal Interface 1

Discretization type = GGl
Intersection type = Partitioner
Non-overlap area fraction on side 1 = 2.40E-03
Non-overlap area fraction on side 2 = 2.46E-03

Domain Interface Name : S1 to R1

Discretization type = GGl
Intersection type = Partitioner
Non-overlap area fraction on side 1 = 2.86E-07
Non-overlap area fraction on side 2 = 3.21E-07
Pitch ratio (area side 1 / area side 2) = 1.000
Pitch angle for side 1 [degrees] = 30.671
Pitch angle for side 2 [degrees] = 30.000
Number of stage groups = 16
e +
Average Scale Information
e +

Domain Name : R1

Global Length = 1.3400E-02
Minimum Extent = 2.4460E-02
Maximum Extent = 3.7180E-02
Density = 1.1971E+00
Dynamic Viscosity = 1.0943E-05
Velocity = 1.2327E+02
Advection Time =1.0871E-04
Reynolds Number = 1.8071E+05
Speed of Sound = 3.4372E+02
Mach Number = 3.5863E-01
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Thermal Conductivity = 2.6100E-02
Specific Heat Capacity at Constant Pressure = 9.9691E+02
Specific Heat Capacity at Constant VVolume =7.0981E+02
Specific Heat Ratio = 1.4045E+00

Prandtl Number =4.1796E-01

Domain Name : S1

Global Length = 1.7793E-02

Minimum Extent = 1.1000E-02

Maximum Extent = 6.2801E-02

Density = 1.1971E+00

Dynamic Viscosity = 1.0943E-05

Velocity = 1.1042E+02

Advection Time =1.6114E-04

Reynolds Number = 2.1493E+05

Speed of Sound = 3.4372E+02

Mach Number = 3.2125E-01

Thermal Conductivity = 2.6100E-02

Specific Heat Capacity at Constant Pressure = 9.9691E+02

Specific Heat Capacity at Constant VVolume = 7.0981E+02

Specific Heat Ratio = 1.4045E+00

Prandtl Number =4.1796E-01
e +

Checking for Isolated Fluid Regions

e +

Equations are given two labels: the individual name and a combined
name used for combining residuals together. Residuals for multidomain
problems are combined provided the domains are connected together and
have the same domain type (solid or fluid/porous). If there are

multiple groups of the same domain type, then the group residual is
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identified by the name of the first domain in the connected group.
The individual and combined equation names are given below.

Subsystem : Momentum and Mass

U-Mom-R1 --> U-Mom
V-Mom-R1 -->V-Mom
W-Mom-R1 -->\W-Mom
P-Mass-R1 --> P-Mass
U-Mom-S1 --> U-Mom
V-Mom-S1 -->V-Mom
W-Mom-S1 -->\W-Mom
P-Mass-S1 --> P-Mass

Subsystem : Heat Transfer

H-Energy-R1
H-Energy-S1

Subsystem : TurbKE and Diss.K

K-TurbKE-R1
E-Diss.K-R1
K-TurbKE-S1
E-Diss.K-S1

--> H-Energy
--> H-Energy

--> K-TurbKE
--> E-Diss.K

--> K-TurbKE
--> E-Diss.K

CED Solver started: Mon Oct 26 13:19:27 2015

Timescale Information
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e —— R — S I ——— +
| U-Mom-R1 | Auto Timescale | 3.22646E-05 |

| V-Mom-R1 | Auto Timescale | 3.22646E-05 |

| W-Mom-R1 | Auto Timescale | 3.22646E-05 |

| P-Mass-R1 | Auto Timescale | 3.22646E-05 |

| U-Mom-S1 | Auto Timescale | 3.22646E-05 |

| V-Mom-S1 | Auto Timescale | 3.22646E-05 |

| W-Mom-S1 | Auto Timescale | 3.22646E-05 |

| P-Mass-S1 | Auto Timescale | 3.22646E-05 |
S S S +

| H-Energy-R1 | Auto Timescale | 3.22646E-05 |

| H-Energy-S1 | Auto Timescale | 3.22646E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.22646E-05 |

| E-Diss.K-R1 | Auto Timescale | 3.22646E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.22646E-05 |

| E-Diss.K-S1 | Auto Timescale | 3.22646E-05 |
S S S +

OUTER LOOP ITERATION = 1 CPU SECONDS = 6.894E+00

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +
| U-Mom 10.003.2E-03 | 1.4E-01|  1.2E-01 ok

| V-Mom 10.00 | 1.5E-02 | 3.7E-01|  3.0E-02 OK|

| W-Mom 10.009.7E-04 | 1.2E-02|  7.9E+00 ok

| P-Mass 10.00 | 2.3E-02 | 1.4E-01 | 9.4 1.4E-02 OK|
S R S— N S— S S— . O — +

| H-Energy 10.00 | 2.5E-02 | 6.5E-01 | 5.9 8.1E-03 OK|
S S — N — N S R —— +

| K-TurbKE 10.00 | 7.0E-02 | 2.7E-01 | 5.9 7.9E-03 OK|
| E-Diss.K 10.00 | 1.2E-01 | 9.8E-01 | 7.2 6.4E-03 OK|
. RS- N S— N S— N S — +
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OUTER LOOP ITERATION = 2 CPU SECONDS = 1.866E+01

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

R —— S — S S— S S— S R — +
| U-Mom | 4.45|1.4E-02|2.0E-01| 9.7E-02 OK|]
| V-Mom |0.60 | 9.2E-03 | 1.4E-01|  8.2E-02 OK|
| W-Mom |99.99 | 1.0E-01 | 6.4E-01| 5.8E-02 OK]
| P-Mass | 0.29 | 6.6E-03 | 9.2E-02 | 5.2 9.4E-02 OK|
R —— S — S  S— S R — +
| H-Energy | 1.05| 2.6E-02 | 6.8E-01 | 5.8 5.8E-02 OK|
R —— S — S  S— S R — +
| K-TurbKE | 0.69 | 4.8E-02 | 4.1E-01| 5.8 1.2E-02 OK|
| E-Diss.K |0.34 | 3.9E-02 | 9.4E-01| 7.3 5.3E-03 OK|
S REUR— S —— S — S — S URR— +
OUTER LOOP ITERATION = 3 CPU SECONDS = 2.923E+01

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S ———— R S— S S— N S . S —— +

| U-Mom |1.17 | 1.7E-02 | 2.0E-01|  1.6E-02 OK|
| V-Mom 11.36| 1.3E-02 | 1.4E-01|  1.2E-02 OK|
| W-Mom 11.79| 1.8E-01 | L.4E+00|  1.9E-02 OK|
| P-Mass |0.34 | 2.2E-03 | 4.6E-02 | 9.4 4.9E-02 OK|
. R S— N S— S S— . O — +

| H-Energy |0.62 | 1.6E-02 | 3.5E-01 | 5.8 8.2E-02 OK|
. R S— N S— S S— . O — +

| K-TurbKE |0.59 | 2.8E-02 | 3.6E-01 | 5.8 6.8E-03 OK|
| E-Diss.K |0.60 | 2.4E-02 | 4.3E-01 | 7.6 9.6E-04 OK|
T S — N S— N —— S —— +
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OUTER LOOP ITERATION = 4 CPU SECONDS = 4.000E+01

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S— N S— N S— N S —— +

| U-Mom |1.64|2.8E-02 |45E-01|  3.9E-02 OK]
| V-Mom 10.61|7.7E-03|1.3E-01|  5.0E-02 OK|
| W-Mom 11.19 | 2.1E-01| 1L.5E+00|  3.3E-02 OK|
| P-Mass 10.69 | 1.5E-03 | 3.4E-02 | 5.2 9.1E-02 OK|
. N S N S— N S— N —— +
O +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 90.0% of the faces, 90.0% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy 11.40 | 2.3E-02 | 5.0E-01 | 5.8 7.1E-02 OK|
S ———— R S— S S— N S . S —— +
| K-TurbKE 10.89 | 2.5E-02 | 2.6E-01 | 5.8 5.8E-03 OK|
| E-Diss.K 10.89 | 2.1E-02 | 7.7E-01 | 7.6 1.5E-03 OK|
S S — N — N S R —— +
OUTER LOOP ITERATION = 5 CPU SECONDS = 5.045E+01

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +

| U-Mom 10.66 | 1.8E-02 | 3.4E-01|  3.9E-02 OK|
| V-Mom 10.68|5.2E-03 | 1.2E-01|  7.2E-02 OK]
| W-Mom 10.38| 8.1E-02 | 5.9E-01|  4.8E-02 OK]
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| P-Mass 10.73| 1.1E-03 | 3.5E-02 | 5.2 7.8E-02 OK|

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 100.0% of the faces, 100.0% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy | 0.65|1.5E-02 | 3.1E-01 | 5.8 5.0E-02 OK|
R —— S — S  S— S R — +

| K-TurbKE | 0.87 | 2.2E-02 | 2.2E-01 | 5.7 1.4E-02 OK|
| E-Diss.K | 1.19 | 2.5E-02 | 4.5E-01| 7.6 1.9E-03 OK|

S REUR— S —— S — S — S URR— +

|  Equation | Type | Timescale |
S S S +

| U-Mom-R1 | Auto Timescale | 3.34470E-05 |
| V-Mom-R1 | Auto Timescale | 3.34470E-05 |
| W-Mom-R1 | Auto Timescale | 3.34470E-05 |
| P-Mass-R1 | Auto Timescale | 3.34470E-05 |

| U-Mom-S1 | Auto Timescale | 3.34470E-05 |
| V-Mom-S1 | Auto Timescale | 3.34470E-05 |
| W-Mom-S1 | Auto Timescale | 3.34470E-05 |
| P-Mass-S1 | Auto Timescale | 3.34470E-05 |
S S S +

| H-Energy-R1 | Auto Timescale | 3.34470E-05 |
| H-Energy-S1 | Auto Timescale | 3.34470E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.34470E-05 |
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| E-Diss.K-R1 | Auto Timescale | 3.34470E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.34470E-05 |

| E-Diss.K-S1 | Auto Timescale | 3.34470E-05 |

e —— R — S I ——— +

OUTER LOOP ITERATION = 6 CPU SECONDS = 6.096E+01

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S— N S— N —— +
| U-Mom 10.61|1.1E-02 | 1.5E-01|  1.5E-02 OK|
| V-Mom 10.85 | 4.4E-03 | 1.8E-01|  3.6E-02 OK|
| W-Mom 10.40|3.3E-02 | 3.7E-01|  2.1E-02 OK|
| P-Mass |0.43 | 4.8E-04 | 1.1E-02 | 9.4 3.8E-02 OK|
S S N — N S S —— +

o +

| *kkkkikk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 100.0% of the faces, 100.0% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o e +
| H-Energy 10.86 | 1.2E-02 | 3.0E-01 | 5.8 2.5E-02 OK|
S S — N — N S R —— +
| K-TurbKE |0.46 | 1.0E-02 | 1.2E-01 | 5.7 2.8E-02 OK|
| E-Diss.K |0.56 | 1.4E-02 | 5.2E-01 | 7.6 1.1E-02 OK|
. R S— N S— S S— . O — +
OUTER LOOP ITERATION = 7 CPU SECONDS = 7.182E+01



| Equation | Rate | RMS Res | Max Res | Linear Solution |

R — S — S S— S — o +

| U-Mom 10.75|8.3E-03 | 1.4E-01|  1.1E-02 OK]
| V-Mom 10.90 | 4.0E-03 | 1.6E-01|  2.1E-02 OK]
| W-Mom 11.19| 3.9E-02 | 3.8E-01| 1.7E-02 OK]
| P-Mass |0.44 | 2.1E-04 | 1.1E-02 | 9.4 6.2E-02 OK|
. N S— N S— N S— N S —— +
U +

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 96.8% of the faces, 97.0% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy |0.74 | 9.2E-03 | 2.1E-01 | 5.8 2.4E-02 OK|
. N S N S—— N S— N S— +
| K-TurbKE 11.33|1.3E-02 | 1.7E-01 | 5.7 2.1E-02 OK|
| E-Diss.K 11.38 | 1.9E-02 | 3.8E-01 | 7.6 1.0E-02 OK|
. N S N S—— N S— N S— +
OUTER LOOP ITERATION = 8 CPU SECONDS = 8.259E+01

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. R S— N S— S S— . O — +

| U-Mom |0.59|5.0E-03 | 1.5E-01|  1.3E-02 OK|
| V-Mom |0.67 | 2.7E-03 | 1.5E-01|  1.9E-02 OK]
| W-Mom |0.58 | 2.2E-02| 7.8E-01|  1.4E-02 OK]
| P-Mass |1.19 | 2.5E-04 | 1.8E-02 | 9.4 7.8E-02 OK|
S S — N — N S R —— +

o +

| *kkkkk NOtICE *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET
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| boundary condition (at 6.0% of the faces, 6.2% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

U +
| H-Energy 10.80 | 7.4E-03 | 1.5E-01 | 5.8 4.4E-02 OK|
R — S — S S— S — o +
| K-TurbKE | 1.57 | 2.1E-02 | 2.6E-01 | 5.7 2.3E-02 OK|
| E-Diss.K | 1.28 | 2.5E-02 | 3.0E-01 | 7.6 9.6E-03 OK|
. N S N S— N S— N —— +
OUTER LOOP ITERATION = 9 CPU SECONDS = 9.341E+01

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S—— N S—— N S— +
| U-Mom 11.00 | 5.0E-03 | 1.1E-01|  6.9E-02 OK|

| V-Mom 10.99|2.6E-03 | 1.1E-01|  9.1E-02 OK|

| W-Mom 110.92 | 45E-01 | 1.7E+01|  8.0E-03 OK|
| P-Mass 8.03 | 2.0E-03 | 6.3E-02 | 5.2 2.5E-02 OK|
S ———— R S— S S— N S . S —— +
o +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 6.1% of the faces, 6.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o e +
| H-Energy 10.89 | 6.6E-03 | 1.1E-01 | 5.8 7.3E-02 OK|
. RS- N S— N S— N S — +

| K-TurbKE |1.11 ] 2.3E-02 | 2.7E-01 | 5.7 1.3E-02 OK|
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| E-Diss.K 10.68 | 1.7E-02 | 3.9E-01 | 7.6 5.1E-03 OK|
R — S — S S— S — o +

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

N ——— S N — N S S —— +
| U-Mom 10.94 | 4.7E-03| 1.6E-01|  9.5E-03 OK|
| V-Mom 10.92 | 2.4E-03 | 1.2E-01|  2.0E-02 OK|
| W-Mom 10.029.9E-03|3.2E-01|  8.5E-03 OK|
| P-Mass 10.21 | 4.4E-04 | 2.9E-02 | 9.4 6.1E-02 OK|
. N S N S— N S— N —— +

o +

| *kkkkk NOtICe *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 8.0% of the faces, 8.3% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy |0.95 | 6.3E-03 | 9.5E-02 | 5.8 9.7E-02 OK|
S S — S — N S R —— +

| K-TurbKE 10.80 | 1.8E-02 | 5.7E-01 | 5.7 1.3E-02 OK|
| E-Diss.K |0.64 | 1.1E-02 | 2.9E-01 | 7.6 3.4E-03 OK|

. R S— N S— S S— . O — +



| U-Mom-R1 | Auto Timescale | 3.31680E-05 |

| V-Mom-R1 | Auto Timescale | 3.31680E-05 |
| W-Mom-R1 | Auto Timescale | 3.31680E-05 |
| P-Mass-R1 | Auto Timescale | 3.31680E-05 |

| U-Mom-S1 | Auto Timescale | 3.31680E-05 |

| V-Mom-S1 | Auto Timescale | 3.31680E-05 |

| W-Mom-S1 | Auto Timescale | 3.31680E-05 |
| P-Mass-S1 | Auto Timescale | 3.31680E-05 |
e —— R — S I ——— +

| H-Energy-R1 | Auto Timescale | 3.31680E-05 |
| H-Energy-S1 | Auto Timescale | 3.31680E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.31680E-05 |
| E-Diss.K-R1 | Auto Timescale | 3.31680E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.31680E-05 |
| E-Diss.K-S1 | Auto Timescale | 3.31680E-05 |
S S S +

This run of the CFX-15.0 Solver started at 13:19:21 on 26 Oct 2015 by
user PC on WIN-CG12TBSMO4A (intel_xeon64.sse2_winnt) using the
command:

"C:\Program Files\ANSYS Inc\v150\CFX\bin\perllib\cfx5solve.pl" -batch
-ccl runinput.ccl -fullname CFX_002

Point Releases and Patches installed:

ANSYS, Inc. Products 15.0

ANSY'S Mechanical Products 15.0

ANSYS Customization Files 15.0

ANSYS Autodyn 15.0

ANSYS LS-DYNA 15.0

ANSYS CFX (includes ANSYS CFD-Post) 15.0
ANSYS Fluent (includes ANSYS CFD-Post) 15.0
ANSYS TurboGrid 15.0

ANSYS Polyflow (includes ANSYS CFD-Post) 15.0
ANSYS CFD-Post only 15.0

ANSYS Agwa 15.0

ANSYS ICEM CFD 15.0
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ANSYS Icepak (includes ANSYS CFD-Post) 15.0
ANSYS Remote Solve Manager Standalone Services 15.0
ANSYS, Inc. License Manager 15.0

Setting up CFX Solver run ...

LIBRARY:
MATERIAL.:diffuse model of the smoke pipe

Material Description = diffuse model of the smoke pipe
(constant Cp)
Material Group = Air Data
Option = Pure Substance
Thermodynamic State = Gas
PROPERTIES:
Option = General Material
EQUATION OF STATE:
Molar Mass = 28.96 [kg kmol*-1]
Option = Ideal Gas
END
SPECIFIC HEAT CAPACITY:

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

T S — N S— N —— S —— +
| U-Mom 10.90 | 4.2E-03| 1.5E-01|  9.3E-03 OK]
| V-Mom 10.95|2.3E-03| 1.1E-01|  1.7E-02 OK]
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| W-Mom 10.68|6.7E-03|3.3E-01| 1.9E-02 OK]
| P-Mass 10.34 | 1.5E-04 | 7.7E-03 | 9.4 9.4E-02 OK|

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 6.3% of the faces, 6.5% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

O +
| H-Energy |0.94 | 5.9E-03 | 8.6E-02 | 10.5 1.2E-02 OK|
. N S N S— N S— N —— +
| K-TurbKE 10.69 | 1.3E-02 | 2.4E-01 | 5.7 1.6E-02 OK|
| E-Diss.K 10.849.1E-03 | 3.7E-01 | 7.6 6.0E-03 OK|
S S N — N S S —— +
OUTER LOOP ITERATION = 12 CPU SECONDS = 1.253E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S ——— R S— S S— N S . S —— +
| U-Mom |0.82| 3.5E-03 | 1.2E-01|  1.1E-02 OK]
| V-Mom 10.91|2.1E-03 | 1.1E-01|  1.4E-02 OK]
| W-Mom |0.81|5.4E-03 | 2.8E-01|  2.8E-02 OK|
| P-Mass |0.79 | 1.2E-04 | 4.1E-03 | 9.4 9.3E-02 OK|
. R S— N S— S S— . O — +

e +

| *kkkkk Notlce *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 7.3% of the faces, 7.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |
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| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

S +
| H-Energy 10.91 | 5.4E-03 | 1.1E-01 | 10.5 1.3E-02 OK|
. N S— N S— N S— N S —— +
| K-TurbKE 10.64 | 8.1E-03 | 1.4E-01 | 5.7 1.4E-02 OK|
| E-Diss.K 10.67 | 6.1E-03 | 3.6E-01 | 7.6 8.8E-03 OK|
. N S— N S— N S— N S —— +
OUTER LOOP ITERATION = 13 CPU SECONDS = 1.361E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 11.00 | 3.5E-03 | 1.0E-01|  1.2E-02 OK|
| V-Mom 10.91|1.9E-03 | 8.8E-02|  1.3E-02 OK|
| W-Mom 10.89| 4.8E-03 | 2.4E-01| 2.5E-02 OK]
| P-Mass 10.81 | 9.5E-05 | 4.3E-03 | 9.4 9.0E-02 OK|
. N S N S—— N S— N S— +

oo +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 8.1% of the faces, 8.2% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

e +
| H-Energy |0.89 | 4.8E-03 | 9.0E-02 | 10.5 1.3E-02 OK|
. R S— N S— S S— . O — +

| K-TurbKE |0.79 | 6.4E-03 | 1.5E-01 | 5.7 9.6E-03 OK|
| E-Diss.K 10.90 | 5.5E-03 | 2.1E-01 | 7.6 8.0E-03 OK|

S S — N S— N —— S —— +
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|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S— N S— N S— N S —— +

| U-Mom |1.14 | 4.0E-03 | 1.1E-01|  1.3E-02 OK]
| V-Mom 10.99 | 1.9E-03 | 8.0E-02| 1.3E-02 OK|
| W-Mom 10.89|4.3E-03 | 2.2E-01|  1.9E-02 OK]
| P-Mass |0.93 | 8.8E-05 | 4.7E-03 | 9.4 8.5E-02 OK|
. N S N S— N S— N S — +

O +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 9.4% of the faces, 9.5% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy 10.92 | 4.4E-03 | 9.5E-02 | 5.7 9.5E-02 OK|
S ———— R S— S S— N S . S —— +
| K-TurbKE 10.78 | 5.0E-03 | 1.3E-01 | 5.7 6.5E-03 OK|
| E-Diss.K 1.20 | 6.6E-03 | 2.5E-01 | 7.6 3.9E-03 OK|
S S — N — N S R —— +
OUTER LOOP ITERATION = 15 CPU SECONDS = 1.577E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +

| U-Mom 10.983.9E-03 | 1.1E-01|  1.3E-02 OK|
| V-Mom 11.00| 1.9E-03 | 7.3E-02|  1.4E-02 OK]
| W-Mom 10.81|3.5E-03 | 1.4E-01|  2.0E-02 OK]
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| P-Mass | 1.01| 8.9E-05 | 4.6E-03 | 9.4 8.7E-02 OK|

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 11.5% of the faces, 11.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

S ——— +
| H-Energy | 0.95|4.2E-03 | 8.6E-02 | 5.7 7.5E-02 OK|
S R —— S SR S —— S T— S RE— +

| K-TurbKE | 0.83|4.1E-03 | 1.1E-01 | 5.7 5.6E-03 OK|
| E-Diss.K | 1.03 | 6.8E-03 | 2.6E-01| 7.6 3.8E-03 OK|

R — +ome- S S—  —— S R — +

|  Equation | Type | Timescale |
S S S +

| U-Mom-R1 | Auto Timescale | 3.12538E-05 |
| V-Mom-R1 | Auto Timescale | 3.12538E-05 |
| W-Mom-R1 | Auto Timescale | 3.12538E-05 |
| P-Mass-R1 | Auto Timescale | 3.12538E-05 |

| U-Mom-S1 | Auto Timescale | 3.12538E-05 |
| V-Mom-S1 | Auto Timescale | 3.12538E-05 |
| W-Mom-S1 | Auto Timescale | 3.12538E-05 |
| P-Mass-S1 | Auto Timescale | 3.12538E-05 |
o RS S +

| H-Energy-R1 | Auto Timescale | 3.12538E-05 |
| H-Energy-S1 | Auto Timescale | 3.12538E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.12538E-05 |
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| E-Diss.K-R1 | Auto Timescale | 3.12538E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.12538E-05 |

| E-Diss.K-S1 | Auto Timescale | 3.12538E-05 |

e —— R — S I ——— +

OUTER LOOP ITERATION = 16 CPU SECONDS = 1.684E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S— N S— N —— +
| U-Mom 10.89 | 3.5E-03 | 9.6E-02|  1.3E-02 OK|
| V-Mom 11.04|1.9E-03|6.3E-02|  1.3E-02 OK|
| W-Mom 10.87 | 3.0E-03 | 8.5E-02|  2.5E-02 OK|
| P-Mass 10.96 | 8.6E-05 | 4.2E-03 | 9.4 9.2E-02 OK|
S S N — N S S —— +

o +

| *kkkkikk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 11.9% of the faces, 11.5% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o e +
| H-Energy 10.93 | 3.9E-03| 7.6E-02 | 5.7 4.9E-02 OK|
S S — N — N S R —— +
| K-TurbKE 10.89 | 3.7E-03 | 9.8E-02 | 5.7 4.8E-03 OK|
| E-Diss.K |0.80 | 5.4E-03 | 1.7E-01 | 7.6 3.7E-03 OK|
. R S— N S— S S— . O — +
OUTER LOOP ITERATION = 17 CPU SECONDS = 1.792E+02



| Equation | Rate | RMS Res | Max Res | Linear Solution |

R — S — S S— S — o +

| U-Mom 10.893.1E-03 | 7.7E-02|  4.9E-03 OK|
| V-Mom 11.07 | 2.1E-03 | 5.3E-02|  5.9E-03 OK|
| W-Mom 10.91|2.8E-03|8.0E-02|  1.4E-02 OK|
| P-Mass 10.92 | 7.9E-05 | 3.2E-03 | 13.7 5.0E-02 OK|
. N S— N S— N S— N S —— +
U +

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 15.2% of the faces, 14.5% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy |0.94 | 3.6E-03 | 1.0E-01 | 5.7 3.4E-02 OK|
. N S N S—— N S— N S— +
| K-TurbKE 10.82 | 3.0E-03 | 8.1E-02 | 5.7 5.4E-03 OK|
| E-Diss.K 0.84 | 4.5E-03 | 1.OE-01 | 7.6 4.7E-03 OK|
. N S N S—— N S— N S— +
OUTER LOOP ITERATION = 18 CPU SECONDS = 1.904E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. R S— N S— S S— . O — +

| U-Mom |1.01|3.1E-03 | 8.3E-02|  5.1E-03 OK|
| V-Mom |1.06 | 2.2E-03 | 5.3E-02|  5.7E-03 OK|
| W-Mom |0.86 | 2.4E-03 | 5.6E-02|  1.5E-02 OK]
| P-Mass |0.97 | 7.7E-05 | 3.9E-03 | 13.7 5.1E-02 OK|
S S — S — N S R —— +
o +

| *kkkkk NOtICE *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET
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| boundary condition (at 19.4% of the faces, 18.6% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

L — +
| H-Energy | 0.96 | 3.5E-03 | 1.2E-01 | 5.7 2.5E-02 OK|
e — +ommen S SR Hommmmmene S S — +
| K-TurbKE |0.90 | 2.7E-03 | 6.7E-02 | 5.7 6.3E-03 OK|
| E-Diss.K | 1.03|4.7E-03 | 1.0E-01| 7.6 6.3E-03 OK|
S R —— S SR S —— S T— S RE— +
OUTER LOOP ITERATION = 19 CPU SECONDS = 2.015E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S—— N S— N S— +
| U-Mom 11.32 | 4.1E-03 | 8.5E-02|  5.3E-03 OK|
| V-Mom 11.04|2.3E-03 | 4.8E-02|  5.9E-03 OK|
| W-Mom 10.85|2.0E-03 | 3.8E-02|  1.5E-02 OK|
| P-Mass 11.03 | 7.9E-05 | 5.4E-03 | 13.7 5.2E-02 OK|
S ———— R S— S S— N S . S —— +
o +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 24.5% of the faces, 23.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o e +
| H-Energy 10.95 | 3.3E-03 | 1.OE-01 | 5.7 2.1E-02 OK|
. RS- N S— N S— N S — +

| K-TurbKE 0.96 | 2.6E-03 | 5.5E-02 | 5.7 6.8E-03 OK|
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| E-Diss.K |1.13 | 5.3E-03 | 1.2E-01 | 7.6 7.3E-03 OK|
R — S — S S— S — o +

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom |1.34| 5.5E-03 | 6.9E-02|  5.5E-03 OK]
| V-Mom 11.03]2.3E-03|5.3E-02|  6.0E-03 OK|
| W-Mom 10.88 | 1.8E-03 | 3.0E-02|  1.6E-02 OK|
| P-Mass | 1.10 | 8.7E-05 | 8.0E-03 | 13.7 5.0E-02 OK|
. N S N S— N S— N —— +
o +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 29.1% of the faces, 27.8% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy 10.91 | 3.0E-03 | 9.7E-02 | 5.7 2.3E-02 OK|
S S — N — N S R —— +

| K-TurbKE |0.96 | 2.5E-03 | 3.7E-02 | 5.7 7.6E-03 OK|
| E-Diss.K 10.99 | 5.2E-03 | 1.2E-01 | 7.5 7.4E-03 OK|

. R S— N S— S S— . O — +



| U-Mom-R1 | Auto Timescale | 3.04927E-05 |

| V-Mom-R1 | Auto Timescale | 3.04927E-05 |
| W-Mom-R1 | Auto Timescale | 3.04927E-05 |
| P-Mass-R1 | Auto Timescale | 3.04927E-05 |

| U-Mom-S1 | Auto Timescale | 3.04927E-05 |

| V-Mom-S1 | Auto Timescale | 3.04927E-05 |

| W-Mom-S1 | Auto Timescale | 3.04927E-05 |
| P-Mass-S1 | Auto Timescale | 3.04927E-05 |
e —— R — S I ——— +

| H-Energy-R1 | Auto Timescale | 3.04927E-05 |
| H-Energy-S1 | Auto Timescale | 3.04927E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.04927E-05 |
| E-Diss.K-R1 | Auto Timescale | 3.04927E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.04927E-05 |
| E-Diss.K-S1 | Auto Timescale | 3.04927E-05 |
S S S +
OUTER LOOP ITERATION = 21 CPU SECONDS = 2.236E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S ———— R S— S S— N S . S —— +

| U-Mom 10.82 | 4.5E-03 | 4.8E-02|  1.7E-02 OK|
| V-Mom 10.95|2.2E-03 | 6.1E-02|  1.5E-02 OK|
| W-Mom 10.91|1.6E-03 | 3.6E-02|  3.3E-02 OK|
| P-Mass | 1.05| 9.2E-05 | 6.2E-03 | 9.4 9.7E-02 OK|
S ——— R S— N S— S S— . O — +

e +

| *kkkkk Notlce *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 33.5% of the faces, 32.1% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |
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| to an Opening type boundary condition instead. |

o +
| H-Energy 10.89 | 2.7E-03 | 8.6E-02 | 5.7 2.8E-02 OK|
R — S — S S— S — o +
| K-TurbKE 11.00 | 2.5E-03 | 3.9E-02 | 5.7 7.8E-03 OK|
| E-Diss.K 10.97 | 5.1E-03 | 1.2E-01 | 7.5 6.7E-03 OK|
. N S— N S— N S— N S —— +
OUTER LOOP ITERATION = 22 CPU SECONDS = 2.342E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S— N S— N —— +
| U-Mom 10.74 | 3.4E-03 | 2.9E-02|  6.3E-03 OK|
| V-Mom 10.94|2.1E-03 | 7.0E-02|  7.4E-03 OK|
| W-Mom 10.90 | 1.5E-03 | 4.1E-02|  2.0E-02 OK|
| P-Mass | 1.04 | 9.5E-05 | 6.8E-03 | 13.7 5.3E-02 OK|
. N S N S—— N S— N S— +
o +

| *kkkkikk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 37.4% of the faces, 35.9% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

e +
| H-Energy |0.88 | 2.4E-03 | 5.5E-02 | 5.7 3.6E-02 OK|
. R S— N S— S S— . O — +

| K-TurbKE | 1.06 | 2.6E-03 | 3.8E-02 | 5.7 7.8E-03 OK|
| E-Diss.K |1.08 | 5.5E-03 | 1.4E-01 | 7.5 6.6E-03 OK|

S S — N — N S R —— +
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|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S— N S— N S— N S —— +

| U-Mom 10.70 | 2.4E-03 | 2.9E-02|  7.7E-03 OK]
| V-Mom 10.96 | 2.0E-03 | 6.5E-02|  8.6E-03 OK|
| W-Mom 10.90 | 1.3E-03 | 3.0E-02|  2.2E-02 OK|
| P-Mass 10.97 | 9.3E-05 | 6.9E-03 | 13.7 6.2E-02 OK|
. N S N S— N S— N —— +
o +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 41.0% of the faces, 39.5% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy 10.93 | 2.2E-03 | 5.9E-02 | 5.7 4.2E-02 OK|
S ———— R S— S S— N S . S —— +
| K-TurbKE 11.05 | 2.8E-03 | 3.7E-02 | 5.7 7.9E-03 OK|
| E-Diss.K 11.19 | 6.5E-03 | 2.1E-01 | 7.5 7.4E-03 OK|
S S — N — N S N — +
OUTER LOOP ITERATION = 24 CPU SECONDS = 2.564E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +

| U-Mom 10.67 | 1.6E-03 | 2.4E-02|  9.5E-03 OK|
| V-Mom 10.93| 1.9E-03 | 7.0E-02|  1.0E-02 OK]
| W-Mom 10.87 | 1.1E-03 | 2.9E-02|  2.5E-02 OK]
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| P-Mass | 0.90 | 8.3E-05 | 5.9E-03 | 13.7 7.5E-02 OK|
R — S — S S— S — o +

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 44.0% of the faces, 42.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

O +
| H-Energy 10.95 | 2.1E-03 | 6.3E-02 | 5.7 4.6E-02 OK|
. N S N S— N S— N —— +
| K-TurbKE 11.03 | 2.8E-03 | 4.8E-02 | 5.7 7.5E-03 OK|
| E-Diss.K | 1.05| 6.8E-03 | 2.5E-01 | 7.5 7.4E-03 OK|
S ——— S N — N S S —— +
OUTER LOOP ITERATION = 25 CPU SECONDS = 2.674E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S ———— R S— S S— N S . S —— +

| U-Mom 10.78 | 1.2E-03 | 25E-02|  1.1E-02 OK]
| V-Mom 10.92|1.7E-03 | 7.0E-02|  1.2E-02 OK]
| W-Mom 10.86|9.7E-04 | 2.1E-02|  2.6E-02 OK|
| P-Mass | 0.83 | 6.9E-05 | 4.0E-03 | 13.7 8.9E-02 OK|
. R S— S S— S S— . O — +
e +

| *kkkkk Notlce *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 45.2% of the faces, 43.6% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |
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| to an Opening type boundary condition instead. |

S +
| H-Energy 10.98 | 2.1E-03 | 7.2E-02 | 5.7 4.7E-02 OK|
R — S — S S— S — o +

| K-TurbKE |1.01| 2.9E-03 | 5.8E-02 | 5.7 7.2E-03 OK|
| E-Diss.K |1.03|7.1E-03 | 2.5E-01 | 7.5 7.0E-03 OK|

. N S— N S— N S— N S —— +

|  Equation | Type | Timescale |
S S S +

| U-Mom-R1 | Auto Timescale | 3.06404E-05 |
| V-Mom-R1 | Auto Timescale | 3.06404E-05 |
| W-Mom-R1 | Auto Timescale | 3.06404E-05 |
| P-Mass-R1 | Auto Timescale | 3.06404E-05 |

| U-Mom-S1 | Auto Timescale | 3.06404E-05 |

| V-Mom-S1 | Auto Timescale | 3.06404E-05 |

| W-Mom-S1 | Auto Timescale | 3.06404E-05 |
| P-Mass-S1 | Auto Timescale | 3.06404E-05 |
S S S +

| H-Energy-R1 | Auto Timescale | 3.06404E-05 |
| H-Energy-S1 | Auto Timescale | 3.06404E-05 |
o RS S +

| K-TurbKE-R1 | Auto Timescale | 3.06404E-05 |
| E-Diss.K-R1 | Auto Timescale | 3.06404E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.06404E-05 |
| E-Diss.K-S1 | Auto Timescale | 3.06404E-05 |
S S S +
OUTER LOOP ITERATION = 26 CPU SECONDS = 2.785E+02



| Equation | Rate | RMS Res | Max Res | Linear Solution |

R — S — S S— S — o S ——— +

| U-Mom 11.19| 1.5E-03 | 2.8E-02|  6.9E-03 OK|
| V-Mom 10.93| 1.6E-03 | 6.8E-02|  6.8E-03 OK]
| W-Mom 10.87 | 8.4E-04 | 1.8E-02|  1.5E-02 OK]
| P-Mass 0.84 | 5.8E-05 | 2.3E-03 [ 17.9 5.2E-02 OK|
. N S— N S— N S— N S —— +
U +

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 46.6% of the faces, 45.0% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o +
| H-Energy 10.99 | 2.0E-03 | 7.9E-02 | 5.7 4.7E-02 OK|
. N S N S—— N S— N S— +
| K-TurbKE 10.98 | 2.8E-03 | 6.0E-02 | 5.7 7.5E-03 OK|
| E-Diss.K 10.97 | 6.8E-03 | 2.8E-01 | 7.5 7.1E-03 OK|
. N S N S—— N S— N S— +
OUTER LOOP ITERATION = 27 CPU SECONDS = 2.898E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S ——— R S— N S— S S— . O — +

| U-Mom |1.35| 2.0E-03 | 3.2E-02|  6.7E-03 OK]
| V-Mom |0.94| 1.5E-03 | 6.7E-02|  6.7E-03 OK]
| W-Mom 10.91|7.7E-04 | 1.8E-02|  1.4E-02 OK]
| P-Mass |0.93 | 5.4E-05 | 2.2E-03 | 17.9 5.2E-02 OK|
S S — N — N S R —— +
o +

| *kkkkk NOtICE *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET
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| boundary condition (at 47.0% of the faces, 45.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

U +
| H-Energy 11.01 | 2.1E-03 | 8.7E-02 | 5.7 4.5E-02 OK|
R — S — S S— S — o +
| K-TurbKE |0.97 | 2.7E-03 | 4.3E-02 | 5.7 7.6E-03 OK|
| E-Diss.K |0.80 | 5.5E-03 | 2.3E-01 | 7.5 6.8E-03 OK|
. N S N S— N S— N —— +
OUTER LOOP ITERATION = 28 CPU SECONDS = 3.012E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S—— N S— N S— +
| U-Mom |1.27 | 2.5E-03 | 3.3E-02|  1.1E-02 OK]
| V-Mom 10.96 | 1.5E-03 | 6.2E-02|  1.2E-02 OK]
| W-Mom 10.96 | 7.4E-04 | 2.1E-02|  2.3E-02 OK|
| P-Mass 10.95 | 5.1E-05 | 1.6E-03 | 13.7 9.7E-02 OK|
S ———— R S— S S— N S . S — +
o +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 47.1% of the faces, 45.5% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

o e +
| H-Energy 11.02 | 2.1E-03 | 9.6E-02 | 5.7 4.2E-02 OK|
. RS- N S— N S— N S — +

| K-TurbKE 10.98 | 2.7E-03 | 4.9E-02 | 5.7 7.8E-03 OK|
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| E-Diss.K |0.77 | 4.2E-03| 1.7E-01 | 7.5 5.8E-03 OK|
R — S — S S— S — o +

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S— N S— N —— +
| U-Mom 10.97 | 3.7E-04 | 2.0E-02|  1.4E-02 OK]
| V-Mom 11.01|4.1E-04 | 1.5E-02|  1.7E-02 OK|
| W-Mom 11.02 | 2.6E-04 | 1.0E-02|  2.0E-02 OK|
| P-Mass |1.21 | 1.6E-05 | 9.5E-04 | 9.4 5.9E-02 OK|
N S N — N S S —— +

O +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 31.2% of the faces, 29.8% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air ldeal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

S S —— +
| H-Energy | 1.01|1.6E-03 | 6.3E-02 | 5.7 1.9E-02 OK|
R ——— S S SE— S S— S R — +
| K-TurbKE |0.99 | 6.4E-04 | 1.4E-02 | 5.7 1.1E-02 OK|
| E-Diss.K | 1.00 | 1.5E-03 | 5.2E-02 | 7.5 3.7E-03 OK|
S S — S S S +
OUTER LOOP ITERATION = 67 CPU SECONDS = 7.277E+02

| Equation | Rate | RMS Res | Max Res | Linear Solution |
S S S R S S R +
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| U-Mom 10.97 | 3.6E-04 | 2.0E-02|  1.4E-02 OK]

| V-Mom 11.00 | 4.2E-04 | 1.6E-02|  1.7E-02 OK|
| W-Mom 11.04|2.7E-04|9.3E-03|  1.9E-02 OK|
| P-Mass 0.86 | 1.4E-05 | 8.6E-04 | 9.4 7.0E-02 OK|
. N S— N S— N S— N S —— +

U +

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 30.6% of the faces, 29.2% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Air Ideal Gas. |

| If this situation persists, consider switching |

| to an Opening type boundary condition instead. |

- +
| H-Energy | 1.01 | 1.6E-03 | 6.2E-02 | 5.7 1.8E-02 OK|
S S S S S S S S +
| K-TurbKE |0.98 | 6.3E-04 | 1.3E-02 | 5.7 1.0E-02 OK|
| E-Diss.K | 1.00 | 1.5E-03 | 5.4E-02 | 7.5 3.6E-03 OK|
S S S —— S S — S +
OUTER LOOP ITERATION = 68 CPU SECONDS = 7.384E+02
S +
| ERROR #001100279 has occurred in subroutine ErrAction.
| Message: |

| Floating point exception: Overflow |



| ERROR #001100279 has occurred in subroutine ErrAction. |
| Message: |
| Stopped in routine FPX: C_FPX_HANDLER |

| The following user files have been saved in the directory |
| F:/Bondarenko/blad_pending_tasks/dp0_CFX_Solution/CFX_002:

| Warning! |

| After waiting for 60 seconds, 1 solver manager process(es) appear |
| not to have noticed that this run has ended. You may get errors |
| removing some files if they are still open in the solver manager. |

This run of the ANSYS CFX Solver has finished.
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Dpaemenm xooa

MOOenU pacnpocmpaHnenist 3a2pA3HIIouUxX euecmas 6 ammocgepe ¢ yuemom
MypOYIeHMHbIX dhPHeKmos u Haruuus NPENnIMCmeutt NPOSPaAMMHOM
xomnaexce ANSYS Fluent

This run of the Fluent-R2019.0 Solver started at 09:22:09 on 19 Sept 2023 by
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user PC on WIN-CG12TBSMO4A (intel_xeon64.sse2_winnt) using the
command:

"C:\Program Files\ANSYS Inc\v190\CFX\bin\perllib\fInt5solve.pl" -batch
-ccl runinput.ccl -fullname CFX_002

Point Releases and Patches installed:

ANSYS Fluent (includes ANSYS CFD-Post) R2019
ANSYS TurboGrid R2019

ANSYS Polyflow (includes ANSYS CFD-Post) R2019
ANSYS CFD-Post only R2019

ANSYS Agwa R2019

ANSYS ICEM CFD R2019

ANSYS Icepak (includes ANSYS CFD-Post) R2019
ANSYS Remote Solve Manager Standalone Services R2019
ANSYS, Inc. License Manager R2019

Setting up Fluent run ...

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S ———— R S— S S— N S . S —— +

| U-Mom |1.14| 4.0E-03 | 1.1E-01|  1.3E-02 OK]
| V-Mom 10.99 | 1.9E-03 | 8.0E-02|  1.3E-02 OK|
| W-Mom 10.89|4.3E-03 | 2.2E-01|  1.9E-02 OK|
| P-Mass |0.93 | 8.8E-05 | 4.7E-03 | 9.4 8.5E-02 OK|
. R S— N S— S S— . O — +

e +

| *kkkkk Notlce *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 9.4% of the faces, 9.5% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |
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| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +
| H-Energy | 0.92 | 4.4E-03 | 9.5E-02 | 5.7 9.5E-02 OK|
R —— S —  — S S— S SR — +
| K-TurbKE |0.78 | 5.0E-03 | 1.3E-01 | 5.7 6.5E-03 OK|
| E-Diss.K | 1.20 | 6.6E-03 | 2.5E-01| 7.6 3.9E-03 OK|
S REUR— S —— S — S — S URR— +
OUTER LOOP ITERATION = 1 CPU SECONDS = 1.577E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 10.983.9E-03 | 1.1E-01|  1.3E-02 OK|
| V-Mom 11.00 | 1.9E-03 | 7.3E-02|  1.4E-02 OK|
| W-Mom 10.81|3.5E-03 | 1.4E-01|  2.0E-02 OK|
| P-Mass |1.01 | 8.9E-05 | 4.6E-03 | 9.4 8.7E-02 OK|
S ———— R S— S S— N S . S —— +

o +

| *kkkkk NOtICe *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 11.5% of the faces, 11.4% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o e +
| H-Energy |0.95 | 4.2E-03 | 8.6E-02 | 5.7 7.5E-02 OK|
T S — N S— N —— S —— +

| K-TurbKE |0.83| 4.1E-03 | 1.1E-01 | 5.7 5.6E-03 OK|
| E-Diss.K |1.03| 6.8E-03 | 2.6E-01 | 7.6 3.8E-03 OK|
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|  Equation | Type | Timescale |

e —— R — S I ——— +

| U-Mom-R1 | Auto Timescale | 3.12538E-05 |
| V-Mom-R1 | Auto Timescale | 3.12538E-05 |
| W-Mom-R1 | Auto Timescale | 3.12538E-05 |
| P-Mass-R1 | Auto Timescale | 3.12538E-05 |

| U-Mom-S1 | Auto Timescale | 3.12538E-05 |

| V-Mom-S1 | Auto Timescale | 3.12538E-05 |

| W-Mom-S1 | Auto Timescale | 3.12538E-05 |
| P-Mass-S1 | Auto Timescale | 3.12538E-05 |
S S S +

| H-Energy-R1 | Auto Timescale | 3.12538E-05 |

| H-Energy-S1 | Auto Timescale | 3.12538E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.12538E-05 |
| E-Diss.K-R1 | Auto Timescale | 3.12538E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.12538E-05 |
| E-Diss.K-S1 | Auto Timescale | 3.12538E-05 |
S S S +
OUTER LOOP ITERATION = 2 CPU SECONDS = 1.684E+02

|  Equation |Rate | RMS Res | Max Res| Linear Solution |

S S — N — N S R —— +
| U-Mom 10.89 | 3.5E-03|9.6E-02|  1.3E-02 OK]
| V-Mom 11.04|1.9E-03|6.3E-02|  1.3E-02 OK|
| W-Mom 10.87 | 3.0E-03 | 8.5E-02|  2.5E-02 OK]
| P-Mass | 0.96 | 8.6E-05 | 4.2E-03 | 9.4 9.2E-02 OK|
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| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 11.9% of the faces, 11.5% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

O +
| H-Energy 10.93| 3.9E-03 | 7.6E-02 | 5.7 4.9E-02 OK|
. N S N S— N S— N —— +
| K-TurbKE 10.89 | 3.7E-03 | 9.8E-02 | 5.7 4.8E-03 OK|
| E-Diss.K 10.80 | 5.4E-03 | 1.7E-01 | 7.6 3.7E-03 OK|
S S N — N S S —— +
OUTER LOOP ITERATION = 3 CPU SECONDS = 1.792E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S ———— R S— S S— N S . S —— +

| U-Mom |0.89|3.1E-03 | 7.7E-02|  4.9E-03 OK]
| V-Mom |1.07 | 2.1E-03 |5.3E-02|  5.9E-03 OK|
| W-Mom 10.91|2.8E-03 | 8.0E-02|  1.4E-02 OK|
| P-Mass |0.92 | 7.9E-05 | 3.2E-03 | 13.7 5.0E-02 OK|
. R S— N S— S S— . O — +
e +

| *kkkkk NOtICE *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 15.2% of the faces, 14.5% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers
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| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

S +
| H-Energy 10.94 | 3.6E-03 | 1.0E-01 | 5.7 3.4E-02 OK|
. N S— N S— N S— N S —— +
| K-TurbKE 10.82 | 3.0E-03 | 8.1E-02 | 5.7 5.4E-03 OK|
| E-Diss.K 0.84 | 4.5E-03 | 1.OE-01 | 7.6 4.7E-03 OK|
. N S— N S— N S— N S —— +
OUTER LOOP ITERATION = 4 CPU SECONDS = 1.904E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 11.01|3.1E-03|8.3E-02|  5.1E-03 OK|
| V-Mom 11.06 | 2.2E-03 | 5.3E-02|  5.7E-03 OK|
| W-Mom 10.86 | 2.4E-03 | 5.6E-02|  1.5E-02 OK|
| P-Mass 10.97 | 7.7E-05 | 3.9E-03 | 13.7 5.1E-02 OK|
. N S N S—— N S— N S— +
oo +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 19.4% of the faces, 18.6% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +
| H-Energy 10.96 | 3.5E-03 | 1.2E-01 | 5.7 2.5E-02 OK|
S S — N — N S R —— +

| K-TurbKE 10.90 | 2.7E-03 | 6.7E-02 | 5.7 6.3E-03 OK|
| E-Diss.K |1.03| 4.7E-03 | 1.0E-01 | 7.6 6.3E-03 OK|

. RS- N S— N S— N S — +
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|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S— N S— N S— N S —— +

| U-Mom |1.32| 4.1E-03 |8.5E-02|  5.3E-03 OK]
| V-Mom 11.04|2.3E-03 | 4.8E-02|  5.9E-03 OK|
| W-Mom 10.85|2.0E-03 | 3.8E-02|  1.5E-02 OK|
| P-Mass 11.03 | 7.9E-05 | 5.4E-03 | 13.7 5.2E-02 OK|
N — N S N S— N S— N —— +
O +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 24.5% of the faces, 23.4% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.95| 3.3E-03 | 1.0E-01 | 5.7 2.1E-02 OK|
S ———— R S— S S— N S . S —— +
| K-TurbKE 0.96 | 2.6E-03 | 5.5E-02 | 5.7 6.8E-03 OK|
| E-Diss.K 11.13|5.3E-03 | 1.2E-01 | 7.6 7.3E-03 OK|
S S — N — N S R —— +
OUTER LOOP ITERATION = 6 CPU SECONDS = 2.126E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N S— N —— S —— +
| U-Mom 11.34|5.5E-03 | 6.9E-02|  5.5E-03 OK|
| V-Mom 11.03 | 2.3E-03|5.3E-02|  6.0E-03 OK|
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| W-Mom 10.88| 1.8E-03 | 3.0E-02|  1.6E-02 OK]
| P-Mass |1.10 | 8.7E-05 | 8.0E-03 | 13.7 5.0E-02 OK|
R — S — S S— S — o +

| *kkkkk NOtICG *khkkhkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 29.1% of the faces, 27.8% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

O +
| H-Energy 10.91 | 3.0E-03 | 9.7E-02 | 5.7 2.3E-02 OK|
S S S S— N S S —— +

| K-TurbKE 10.96 | 2.5E-03 | 3.7E-02 | 5.7 7.6E-03 OK|
| E-Diss.K 10.99 | 5.2E-03 | 1.2E-01 | 7.5 7.4E-03 OK|

. N S N S—— N S— N S— +

|  Equation | Type | Timescale |
S S S +

| U-Mom-R1 | Auto Timescale | 3.04927E-05 |
| V-Mom-R1 | Auto Timescale | 3.04927E-05 |
| W-Mom-R1 | Auto Timescale | 3.04927E-05 |
| P-Mass-R1 | Auto Timescale | 3.04927E-05 |

| U-Mom-S1 | Auto Timescale | 3.04927E-05 |
| V-Mom-S1 | Auto Timescale | 3.04927E-05 |
| W-Mom-S1 | Auto Timescale | 3.04927E-05 |
| P-Mass-S1 | Auto Timescale | 3.04927E-05 |
S S S +

| H-Energy-R1 | Auto Timescale | 3.04927E-05 |
| H-Energy-S1 | Auto Timescale | 3.04927E-05 |
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R — o R S — +

| K-TurbKE-R1 | Auto Timescale | 3.04927E-05 |

| E-Diss.K-R1 | Auto Timescale | 3.04927E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.04927E-05 |

| E-Diss.K-S1 | Auto Timescale | 3.04927E-05 |
S S S +

OUTER LOOP ITERATION = 7 CPU SECONDS = 2.236E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S— N S— N —— +

| U-Mom 10.82 | 45E-03 |4.8E-02| 1.7E-02 OK]
| V-Mom 10.95|2.2E-03|6.1E-02|  1.5E-02 OK|
| W-Mom 10.91 | 1.6E-03 | 3.6E-02|  3.3E-02 OK|
| P-Mass 11.05|9.2E-05 | 6.2E-03 | 9.4 9.7E-02 OK|
. N S N S—— N S— N S— +
o +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 33.5% of the faces, 32.1% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +

| H-Energy |0.89 | 2.7E-03 | 8.6E-02 | 5.7 2.8E-02 OK|
. R S— N S— S S— . O — +

| K-TurbKE | 1.00 | 2.5E-03 | 3.9E-02 | 5.7 7.8E-03 OK|
| E-Diss.K 10.97 | 5.1E-03 | 1.2E-01 | 7.5 6.7E-03 OK|

S S — N — N S R —— +
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|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S— N S—— N S— N S —— +

| U-Mom 10.74| 3.4E-03 | 2.9E-02|  6.3E-03 OK]
| V-Mom 10.94|2.1E-03 | 7.0E-02|  7.4E-03 OK|
| W-Mom 10.90 | 1.5E-03 | 4.1E-02|  2.0E-02 OK|
| P-Mass | 1.04 | 9.5E-05 | 6.8E-03 | 13.7 5.3E-02 OK|
. N S N S— N S— N —— +
O +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 37.4% of the faces, 35.9% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 0.88 | 2.4E-03 | 5.5E-02 | 5.7 3.6E-02 OK|
S ———— R S— S S— N S . S— +
| K-TurbKE | 1.06 | 2.6E-03 | 3.8E-02 | 5.7 7.8E-03 OK|
| E-Diss.K 1.08 | 5.5E-03 | 1.4E-01 | 7.5 6.6E-03 OK|
S S — N — N S R —— +
OUTER LOOP ITERATION = 9 CPU SECONDS = 2.453E+02

|  Equation | Rate | RMS Res | Max Res| Linear Solution |

T S — N S— N —— S —— +
| U-Mom 10.70 | 2.4E-03 | 2.9E-02|  7.7E-03 OK|
| V-Mom 10.96 | 2.0E-03 | 6.5E-02|  8.6E-03 OK|
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| W-Mom 10.90| 1.3E-03 | 3.0E-02|  2.2E-02 OK]

| P-Mass 10.97 | 9.3E-05 | 6.9E-03 | 13.7 6.2E-02 OK|
R — S — S S— S — o +

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 41.0% of the faces, 39.5% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

O +
| H-Energy 10.93| 2.2E-03 | 5.9E-02 | 5.7 4.2E-02 OK|
S ——— S N — N S S —— +
| K-TurbKE 11.05 | 2.8E-03 | 3.7E-02 | 5.7 7.9E-03 OK|
| E-Diss.K 11.19 | 6.5E-03 | 2.1E-01 | 7.5 7.4E-03 OK|
. N S N S—— N S— N S— +
OUTER LOOP ITERATION = 10 CPU SECONDS = 2.564E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +
| U-Mom 10.67 | 1.6E-03| 2.4E-02|  9.5E-03 OK]
| V-Mom 10.93|1.9E-03| 7.0E-02|  1.0E-02 OK]
| W-Mom 10.87 | 1.1E-03 | 2.9E-02|  2.5E-02 OK]
| P-Mass | 0.90 | 8.3E-05 | 5.9E-03 | 13.7 7.5E-02 OK|
. R S— N S— S S— . O — +
e +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 44.0% of the faces, 42.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |
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| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.95 | 2.1E-03 | 6.3E-02 | 5.7 4.6E-02 OK|
. N S— N S— N S— N S —— +
| K-TurbKE 11.03 | 2.8E-03 | 4.8E-02 | 5.7 7.5E-03 OK|
| E-Diss.K | 1.05| 6.8E-03 | 2.5E-01 | 7.5 7.4E-03 OK|
S S N — N S S —— +
OUTER LOOP ITERATION = 11 CPU SECONDS = 2.674E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 10.78 | 1.2E-03 | 2.5E-02|  1.1E-02 OK|
| V-Mom 10.92 | 1.7E-03 | 7.0E-02|  1.2E-02 OK|
| W-Mom 10.86|9.7E-04 | 2.1E-02|  2.6E-02 OK|
| P-Mass |0.83 | 6.9E-05 | 4.0E-03 | 13.7 8.9E-02 OK|
S ———— R S— S S— N S . S —— +
o +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 45.2% of the faces, 43.6% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +
| H-Energy 10.98 | 2.1E-03 | 7.2E-02 | 5.7 4.7E-02 OK|
T S — N S— N —— S —— +

| K-TurbKE |1.01| 2.9E-03 | 5.8E-02 | 5.7 7.2E-03 OK|
| E-Diss.K |1.03|7.1E-03 | 2.5E-01 | 7.5 7.0E-03 OK|
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|  Equation | Rate | RMS Res | Max Res | Linear Solution |

R — S — S S— S — o +

| U-Mom 11.19| 1.5E-03 | 2.8E-02|  6.9E-03 OK]
| V-Mom 10.93| 1.6E-03 | 6.8E-02|  6.8E-03 OK]
| W-Mom 10.87 | 8.4E-04 | 1.8E-02|  1.5E-02 OK]
| P-Mass | 0.84 | 5.8E-05 | 2.3E-03 | 17.9 5.2E-02 OK|
. N S N S— N S— N —— +
O +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 46.6% of the faces, 45.0% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy |0.99 | 2.0E-03 | 7.9E-02 | 5.7 4.7E-02 OK|
S S — S — N S R —— +
| K-TurbKE |0.98 | 2.8E-03 | 6.0E-02 | 5.7 7.5E-03 OK|
| E-Diss.K |0.97 | 6.8E-03 | 2.8E-01 | 7.5 7.1E-03 OK|
. R S— N S— S S— . O — +
OUTER LOOP ITERATION = 13 CPU SECONDS = 2.898E+02

| Equation | Rate | RMS Res | Max Res | Linear Solution |
S S — S S —— S ——— +
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| U-Mom 11.35| 2.0E-03 | 3.2E-02|  6.7E-03 OK]

| V-Mom 10.94 | 1.5E-03 | 6.7E-02|  6.7E-03 OK|
| W-Mom 10.91|7.7E-04 | 1.8E-02|  1.4E-02 OK|
| P-Mass 10.93 | 5.4E-05 | 2.2E-03 | 17.9 5.2E-02 OK|
. N S— N S— N S— N S —— +
U +

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 47.0% of the faces, 45.4% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy |1.01| 2.1E-03 | 8.7E-02 | 5.7 4.5E-02 OK|
S S N — N S S —— +
| K-TurbKE 10.97 | 2.7E-03 | 4.3E-02 | 5.7 7.6E-03 OK|
| E-Diss.K 10.80 | 5.5E-03 | 2.3E-01 | 7.5 6.8E-03 OK|
. N S N S—— N S— N S— +
OUTER LOOP ITERATION = 14 CPU SECONDS = 3.012E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +
| U-Mom |1.27 | 2.5E-03 | 3.3E-02|  1.1E-02 OK]
| V-Mom 10.96 | 1.5E-03 | 6.2E-02|  1.2E-02 OK]
| W-Mom 10.96 | 7.4E-04 | 2.1E-02|  2.3E-02 OK]
| P-Mass 10.95 | 5.1E-05 | 1.6E-03 | 13.7 9.7E-02 OK|
S S — N — N S R —— +
o e +

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 47.1% of the faces, 45.5% of the area) |
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| to prevent fluid from flowing into the domain. |
| The boundary condition name is: S1 Outlet. |
| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

U +
| H-Energy 11.02| 2.1E-03 | 9.6E-02 | 5.7 4.2E-02 OK|
R — S — S S— S — o +

| K-TurbKE 10.98 | 2.7E-03 | 4.9E-02 | 5.7 7.8E-03 OK|

| E-Diss.K 10.77 | 4.2E-03 | 1.7E-01 | 7.5 5.8E-03 OK|
. N S N S— N S— N —— +

OUTER LOOP ITERATION = 15 CPU SECONDS = 3.123E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S—— N S— N S— +
| U-Mom 11.17| 3.0E-03 | 3.8E-02|  1.1E-02 OK]
| V-Mom 10.97 | 1.4E-03 |5.9E-02|  1.2E-02 OK]
| W-Mom 11.00 | 7.4E-04 | 2.6E-02|  2.1E-02 OK|
| P-Mass 10.98 | 5.0E-05 | 1.1E-03 | 13.7 9.3E-02 OK|
S ———— R S— S S— N S . S —— +
o +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 47.2% of the faces, 45.6% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

| H-Energy | 1.04 | 2.2E-03 | 1.0E-01 | 5.7 3.8E-02 OK|
. RS- N S— N S— N S — +



| K-TurbKE |0.94 | 2.5E-03 | 6.2E-02 | 5.7 7.9E-03 OK|

| E-Diss.K 10.78 | 3.3E-03 | 1.3E-01 | 7.5 4.7E-03 OK|
R — S — S S — o +
OUTER LOOP ITERATION = 16 CPU SECONDS = 3.235E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom |1.04|3.1E-03 | 3.9E-02|  1.0E-02 OK|
| V-Mom 10.97 | 1.4E-03 |5.9E-02|  1.2E-02 OK|
| W-Mom |1.05|7.7E-04 | 3.6E-02|  1.8E-02 OK|
| P-Mass | 1.04 | 5.2E-05 | 1.2E-03 | 13.7 8.7E-02 OK|
S S N — N S S —— +
o +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 47.1% of the faces, 45.5% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +
| H-Energy |1.06 | 2.3E-03 | 1.1E-01 | 5.7 3.5E-02 OK|
S S — N — N S R —— +

| K-TurbKE |0.94 | 2.3E-03 | 7.3E-02 | 5.7 7.9E-03 OK|
| E-Diss.K |0.84 | 2.8E-03 | 8.7E-02 | 7.5 3.8E-03 OK|

. R S— N S— S S— . O — +



|  Equation | Type | Timescale |

e — S — e — +
| U-Mom-R1 | Auto Timescale | 3.11128E-05 |
| V-Mom-R1 | Auto Timescale | 3.11128E-05 |
| W-Mom-R1 | Auto Timescale | 3.11128E-05 |
| P-Mass-R1 | Auto Timescale | 3.11128E-05 |
| U-Mom-S1 | Auto Timescale | 3.11128E-05 |
| V-Mom-S1 | Auto Timescale | 3.11128E-05 |
| W-Mom-S1 | Auto Timescale | 3.11128E-05 |
| P-Mass-S1 | Auto Timescale | 3.11128E-05 |
R — e — S S —— +
| H-Energy-R1 | Auto Timescale | 3.11128E-05 |
| H-Energy-S1 | Auto Timescale | 3.11128E-05 |
S R —— e S — S R — +
| K-TurbKE-R1 | Auto Timescale | 3.11128E-05 |
| E-Diss.K-R1 | Auto Timescale | 3.11128E-05 |
| K-TurbKE-S1 | Auto Timescale | 3.11128E-05 |
| E-Diss.K-S1 | Auto Timescale | 3.11128E-05 |
S R —— S R — S RO — +
OUTER LOOP ITERATION = 17 CPU SECONDS = 3.346E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +
| U-Mom |0.84| 2.6E-03 | 3.7E-02|  9.7E-03 OK|
| V-Mom 10.97 | 1.3E-03 |5.9E-02|  1.4E-02 OK|
| W-Mom |1.07 | 8.3E-04 | 4.9E-02|  1.7E-02 OK]
| P-Mass | 1.13| 5.9E-05 | 1.7E-03 | 13.7 8.2E-02 OK|
. R S— N S— S S— . O — +
e +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 47.0% of the faces, 45.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |
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| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

U +
| H-Energy | 1.07 | 2.5E-03 | 1.1E-01 | 5.7 3.2E-02 OK|
. N S— N S— N S— N S —— +

| K-TurbKE 10.99 | 2.3E-03 | 8.5E-02 | 5.7 8.3E-03 OK|

| E-Diss.K 10.95 | 2.6E-03 | 8.9E-02 | 7.5 3.0E-03 OK|
S S N — N S S —— +

OUTER LOOP ITERATION = 18 CPU SECONDS = 3.457E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 10.75| 1.9E-03 | 3.9E-02|  9.3E-03 OK|

| V-Mom 10.97 | 1.3E-03 | 5.4E-02|  1.7E-02 OK|

| W-Mom |1.07 | 8.8E-04 |5.7E-02|  1.6E-02 OK|

| P-Mass |1.21|7.1E-05 | 2.7E-03 | 13.7 7.7E-02 OK|
S ———— R S— S S— N S . S —— +

OUTER LOOP ITERATION = 19 CPU SECONDS = 3.678E+02

|  Equation |Rate | RMS Res | Max Res| Linear Solution |

. R S— N S— S S— . O — +
| U-Mom 10.72| 9.8E-04 | 3.1E-02|  7.4E-03 OK]
| V-Mom 10.98| 1.2E-03 | 4.9E-02|  1.4E-02 OK]
| W-Mom 10.97 | 8.8E-04 | 7.3E-02|  1.2E-02 OK]
| P-Mass | 1.05 | 8.9E-05 | 4.0E-03 | 13.7 5.8E-02 OK|
T S — N S— N —— S —— +
e +

*kkkkk NOtICE *khkkkkk
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| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 45.9% of the faces, 44.3% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.99 | 2.7E-03 | 1.1E-01 | 5.7 2.1E-02 OK|
S S N — N S S —— +
| K-TurbKE 10.96 | 2.3E-03 | 1.5E-01 | 5.7 9.2E-03 OK|
| E-Diss.K 11.09 | 3.3E-03 | 1.4E-01 | 7.5 1.7E-03 OK|
. N S N S— N S— N —— +
OUTER LOOP ITERATION = 20 CPU SECONDS = 3.789E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S—— N S— N S— +
| U-Mom 10.96 | 9.5E-04 | 1.8E-02|  6.1E-03 OK|
| V-Mom 10.97 | 1.2E-03 | 4.6E-02|  9.7E-03 OK|
| W-Mom 10.928.1E-04 | 4.1E-02|  9.2E-03 OK|
| P-Mass 10.95 | 8.5E-05 | 3.7E-03 | 13.7 5.0E-02 OK|
S S — N — N S R —— +
o e +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 45.9% of the faces, 44.3% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |



| H-Energy 10.97 | 2.6E-03 | 1.0E-01 | 5.7 2.2E-02 OK|

R — S — S S— S — o +
| K-TurbKE 10.93 | 2.1E-03 | 1.2E-01 | 5.6 9.4E-03 OK]
| E-Diss.K 1.07 | 3.6E-03 | 1.3E-01 | 7.5 2.0E-03 OK]
. N S— N S— N S— N S —— +

|  Equation | Type | Timescale |
S S S +

| U-Mom-R1 | Auto Timescale | 3.16332E-05 |
| V-Mom-R1 | Auto Timescale | 3.16332E-05 |
| W-Mom-R1 | Auto Timescale | 3.16332E-05 |
| P-Mass-R1 | Auto Timescale | 3.16332E-05 |

| U-Mom-S1 | Auto Timescale | 3.16332E-05 |

| V-Mom-S1 | Auto Timescale | 3.16332E-05 |

| W-Mom-S1 | Auto Timescale | 3.16332E-05 |
| P-Mass-S1 | Auto Timescale | 3.16332E-05 |
S S S +

| H-Energy-R1 | Auto Timescale | 3.16332E-05 |

| H-Energy-S1 | Auto Timescale | 3.16332E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.16332E-05 |
| E-Diss.K-R1 | Auto Timescale | 3.16332E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.16332E-05 |
| E-Diss.K-S1 | Auto Timescale | 3.16332E-05 |
S S S +
OUTER LOOP ITERATION = 21 CPU SECONDS = 3.901E+02

| Equation | Rate | RMS Res | Max Res | Linear Solution |
S S — S S —— S ——— +
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| U-Mom |1.24|1.2E-03 | 1.9E-02|  1.6E-02 OK]

| V-Mom 10.95|1.1E-03 | 4.1E-02|  1.9E-02 OK|
| W-Mom 10.92 | 7.4E-04 | 3.5E-02|  2.1E-02 OK|
| P-Mass 10.85 | 7.2E-05 | 3.2E-03 | 9.4 9.8E-02 OK|
. N S— N S— N S— N S —— +

U +

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 45.9% of the faces, 44.3% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.97 | 2.5E-03 | 9.3E-02 | 5.7 2.6E-02 OK|
S S N — N S S —— +
| K-TurbKE 10.95 | 2.0E-03 | 8.6E-02 | 5.7 1.0E-02 OK|
| E-Diss.K 1.06 | 3.8E-03 | 1.4E-01 | 7.5 2.6E-03 OK|
. N S N S—— N S— N S— +
OUTER LOOP ITERATION = CPU SECONDS = 4.008E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +
| U-Mom |1.21 | 1.4E-03| 2.3E-02|  1.4E-02 OK|
| V-Mom 10.94 | 1.1E-03 | 4.6E-02|  1.5E-02 OK]
| W-Mom 10.95 | 7.1E-04 | 2.5E-02|  1.8E-02 OK|
| P-Mass | 0.80 | 5.8E-05 | 2.9E-03 | 9.4 9.5E-02 OK|
S S — S — N S R —— +

o e +

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 45.8% of the faces, 44.2% of the area) |
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| to prevent fluid from flowing into the domain. |
| The boundary condition name is: S1 Outlet. |
| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

U +
| H-Energy 10.99 | 2.5E-03 | 8.8E-02 | 5.7 3.0E-02 OK|
R — S — S S— S — o +

| K-TurbKE 10.98 | 2.0E-03 | 6.4E-02 | 5.6 1.0E-02 OK|

| E-Diss.K 1.03 | 3.9E-03 | 1.5E-01 | 7.5 3.4E-03 OK|
. N S N S— N S— N —— +

OUTER LOOP ITERATION = 38 CPU SECONDS = 4.115E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S—— N S—— N S— +
| U-Mom 11.12| 1.6E-03 | 2.7E-02|  1.3E-02 OK]
| V-Mom 10.93|9.8E-04 | 3.5E-02|  1.4E-02 OK|
| W-Mom 10.96 | 6.8E-04 | 2.1E-02|  1.7E-02 OK|
| P-Mass 0.83 | 4.9E-05 | 2.3E-03 | 9.4 8.9E-02 OK|
S ———— R S— S S— N S . S —— +

o +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 44.1% of the faces, 42.5% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

| H-Energy | 1.02| 2.6E-03 | 8.5E-02 | 5.7 3.3E-02 OK|
. RS- N S— N S— N S — +



| K-TurbKE |0.96 | 1.9E-03 | 4.5E-02 | 5.7 1.1E-02 OK|

| E-Diss.K 1.03 | 4.0E-03 | 1.5E-01 | 7.5 4.0E-03 OK|
R — S — S S — o +
OUTER LOOP ITERATION = 39 CPU SECONDS = 4.224E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 11.00 | 1.6E-03 | 2.6E-02|  1.2E-02 OK|
| V-Mom 10.93]9.1E-04 |3.3E-02|  1.5E-02 OK|
| W-Mom 10.95 | 6.5E-04 | 2.2E-02|  1.7E-02 OK|
| P-Mass 10.94 | 4.5E-05 | 1.8E-03 | 9.4 7.5E-02 OK|
S S N — N S S —— +

o +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 43.3% of the faces, 41.7% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o e +
| H-Energy |1.03| 2.7E-03 | 8.6E-02 | 5.7 3.3E-02 OK|
S S — N — N S R —— +
| K-TurbKE |0.96 | 1.8E-03 | 3.1E-02 | 5.6 1.0E-02 OK|
| E-Diss.K |1.03 | 4.1E-03 | 1.4E-01 | 7.5 4.3E-03 OK|
. R S— N S— S S— . O — +
OUTER LOOP ITERATION = 40 CPU SECONDS = 4.330E+02



| Equation | Rate | RMS Res | Max Res | Linear Solution |

R — S — S S— S — o +
| U-Mom 10.87 | 1.4E-03 | 2.5E-02|  1.2E-02 OK|
| V-Mom 10.93|8.5E-04 | 3.2E-02|  1.6E-02 OK|
| W-Mom 10.94|6.1E-04 | 2.1E-02|  1.8E-02 OK]
| P-Mass 10.92 | 4.2E-05 | 1.8E-03 | 9.4 7.3E-02 OK|
. N S— N S— N S— N S —— +

U +

| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 42.8% of the faces, 41.2% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy |1.03| 2.7E-03 | 9.4E-02 | 5.7 3.2E-02 OK|
. N S N S—— N S— N S— +

| K-TurbKE 10.97 | 1.8E-03 | 2.7E-02 | 5.6 9.7E-03 OK|
| E-Diss.K |1.00| 4.1E-03 | 1.5E-01 | 7.5 4.3E-03 OK|

S ———— R S— S S— N S . S —— +

|  Equation | Type | Timescale |
S S S +

| U-Mom-R1 | Auto Timescale | 3.19286E-05 |
| V-Mom-R1 | Auto Timescale | 3.19286E-05 |
| W-Mom-R1 | Auto Timescale | 3.19286E-05 |
| P-Mass-R1 | Auto Timescale | 3.19286E-05 |

| U-Mom-S1 | Auto Timescale | 3.19286E-05 |
| V-Mom-S1 | Auto Timescale | 3.19286E-05 |
| W-Mom-S1 | Auto Timescale | 3.19286E-05 |
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| P-Mass-S1 | Auto Timescale | 3.19286E-05 |

e —— R — S I ——— +
| H-Energy-R1 | Auto Timescale | 3.19286E-05 |

| H-Energy-S1 | Auto Timescale | 3.19286E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.19286E-05 |

| E-Diss.K-R1 | Auto Timescale | 3.19286E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.19286E-05 |

| E-Diss.K-S1 | Auto Timescale | 3.19286E-05 |
S S S +

OUTER LOOP ITERATION = 41 CPU SECONDS =4.437E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 10.79 | 1.1E-03 | 2.0E-02|  1.2E-02 OK|
| V-Mom 10.92 | 7.8E-04 | 2.5E-02|  1.7E-02 OK|
| W-Mom 10.94|5.7E-04 | 1.9E-02|  2.0E-02 OK|
| P-Mass 10.92 | 3.8E-05 | 1.5E-03 | 9.4 7.7E-02 OK|
S ———— R S— S S— N S . S —— +

o +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 41.8% of the faces, 40.2% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o e +
| H-Energy 11.00| 2.7E-03 | 9.7E-02 | 5.7 3.0E-02 OK|
T S — N S— N —— S —— +

| K-TurbKE 10.96 | 1.7E-03 | 2.4E-02 | 5.7 9.7E-03 OK|
| E-Diss.K |0.94 | 3.9E-03 | 1.4E-01 | 7.5 4.3E-03 OK|
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|  Equation | Rate | RMS Res | Max Res | Linear Solution |

R — S — S S— S — o +

| U-Mom 10.75|8.1E-04 | 1.5E-02|  2.3E-02 OK|
| V-Mom 10.92 | 7.2E-04 | 2.0E-02|  1.5E-02 OK|
| W-Mom 10.93|5.3E-04 | 1.6E-02|  1.0E-02 OK]
| P-Mass 10.92 | 3.5E-05 | 1.3E-03 | 9.4 6.0E-02 OK|
. N S N S— N S— N —— +

O +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 40.2% of the faces, 38.7% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.98 | 2.7E-03 | 9.3E-02 | 5.7 2.8E-02 OK|
S S — N — N S R —— +
| K-TurbKE 10.93| 1.6E-03 | 2.1E-02 | 5.6 9.8E-03 OK|
| E-Diss.K 10.94 | 3.6E-03 | 1.2E-01 | 7.5 4.2E-03 OK|
. R S— N S— S S— . O — +
OUTER LOOP ITERATION = 43 CPU SECONDS = 4.653E+02

| Equation | Rate | RMS Res | Max Res | Linear Solution |
S S — S S —— S ——— +

221



| U-Mom 10.83|6.8E-04 | 1.3E-02|  1.4E-02 OK]

| V-Mom 10.91|6.6E-04 | 1.9E-02|  1.8E-02 OK|
| W-Mom 10.92 | 4.9E-04 | 1.3E-02|  2.2E-02 OK|
| P-Mass 10.92 | 3.3E-05 | 1.7E-03 | 9.4 8.2E-02 OK|
. N S— N S— N S— N S —— +

U +

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 38.8% of the faces, 37.2% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.96 | 2.6E-03 | 9.3E-02 | 5.7 2.6E-02 OK|
S S N — N S S —— +
| K-TurbKE 10.92 | 1.4E-03 | 2.3E-02 | 5.7 1.0E-02 OK|
| E-Diss.K 10.94 | 3.4E-03 | 1.1E-01 | 7.5 4.2E-03 OK|
. N S N S—— N S— N S— +
OUTER LOOP ITERATION = 44 CPU SECONDS = 4.761E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +
| U-Mom |1.08 | 7.3E-04 | 1.2E-02|  1.5E-02 OK]
| V-Mom 10.92| 6.0E-04 | 1.9E-02|  1.8E-02 OK|
| W-Mom 10.92 | 4.5E-04 | 1.1E-02|  2.5E-02 OK]
| P-Mass |0.89 | 2.9E-05 | 1.5E-03 | 9.4 8.6E-02 OK|
S S — N — N S R —— +

o e +

| *kkkkk NOtICe *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |
| boundary condition (at 28.1% of the faces, 36.5% of the area) |
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| to prevent fluid from flowing into the domain. |
| The boundary condition name is: S1 Outlet. |
| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

L — +
| H-Energy | 0.94 | 2.4E-03 | 9.1E-02 | 5.7 2.4E-02 OK|
e — +ommen S SR Fommmmmene S S — +
| K-TurbKE |0.90 | 1.3E-03 | 2.2E-02 | 5.6 1.1E-02 OK|
| E-Diss.K |0.93|3.2E-03 | 9.8E-02 | 7.5 4.2E-03 OK|
S R —— S SR S —— S T— S RE— +
OUTER LOOP ITERATION = 45 CPU SECONDS = 4.869E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S—— N S— N S— +
| U-Mom |1.18| 8.6E-04 | 1.3E-02|  1.6E-02 OK]
| V-Mom 10.93|5.6E-04 | 2.1E-02|  1.8E-02 OK]
| W-Mom 10.92 | 4.1E-04 | 1.1E-02|  3.0E-02 OK|
| P-Mass |0.87 | 2.5E-05 | 1.1E-03 | 9.4 9.6E-02 OK|
S ———— R S— S S— N S . S —— +

o +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 37.7% of the faces, 36.1% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

| H-Energy 10.93| 2.2E-03 | 8.4E-02 | 5.7 2.4E-02 OK|
. RS- N S— N S— N S — +



| K-TurbKE 10.89 | 1.2E-03 | 2.1E-02 | 5.7 1.2E-02 OK|
| E-Diss.K 10.92 | 2.9E-03 | 8.6E-02 | 7.5 4.2E-03 OK|
R — S — S S — o +

|  Equation | Type | Timescale |
R — S —— SRR +

| U-Mom-R1 | Auto Timescale | 2.892770E-05 |
| V-Mom-R1 | Auto Timescale | 2.892770E-05 |
| W-Mom-R1 | Auto Timescale | 2.892770E-05 |
| P-Mass-R1 | Auto Timescale | 2.892770E-05 |

| U-Mom-S1 | Auto Timescale | 2.892770E-05 |

| V-Mom-S1 | Auto Timescale | 2.892770E-05 |

| W-Mom-S1 | Auto Timescale | 2.892770E-05 |
| P-Mass-S1 | Auto Timescale | 2.892770E-05 |
S — S R — +

| H-Energy-R1 | Auto Timescale | 2.892770E-05 |
| H-Energy-S1 | Auto Timescale | 2.892770E-05 |
SR — S R — +

| K-TurbKE-R1 | Auto Timescale | 2.892770E-05 |
| E-Diss.K-R1 | Auto Timescale | 2.892770E-05 |

| K-TurbKE-S1 | Auto Timescale | 2.892770E-05 |
| E-Diss.K-S1 | Auto Timescale | 2.892770E-05 |
S S S +
OUTER LOOP ITERATION = 138 CPU SECONDS = 4.977E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

T S — N S— N —— S —— +
| U-Mom 11.09|9.3E-04 | 1.4E-02|  6.1E-03 OK]
| V-Mom 10.95|5.3E-04 | 2.0E-02|  7.2E-03 OK]
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| W-Mom 10.93|3.8E-04 | 1.2E-02|  1.3E-02 OK]

| P-Mass 10.92 | 2.3E-05 | 1.2E-03 | 13.7 5.0E-02 OK|
R — S — S S— S — o +

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 37.3% of the faces, 35.8% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

O +
| H-Energy 10.91 | 2.0E-03 | 7.9E-02 | 5.7 2.3E-02 OK|
S S N — N S S —— +
| K-TurbKE 10.89 | 1.0E-03 | 2.0E-02 | 5.7 1.3E-02 OK|
| E-Diss.K 10.90 | 2.6E-03 | 7.6E-02 | 7.5 4.4E-03 OK|
. N S N S—— N S— N S— +
OUTER LOOP ITERATION = 137 CPU SECONDS = 5.087E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +
| U-Mom 10.96 | 9.0E-04 | 1.3E-02|  6.1E-03 OK|
| V-Mom 10.96 | 5.1E-04 | 2.0E-02|  7.7E-03 OK]
| W-Mom 10.93|3.6E-04 | 1.2E-02|  1.3E-02 OK|
| P-Mass |0.94 | 2.2E-05 | 1.1E-03 | 13.7 5.0E-02 OK|
. R S— N S— S S— . O — +
e +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.9% of the faces, 34.4% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |
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| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

U +
| H-Energy 10.91 | 1.9E-03 | 7.2E-02 | 5.7 2.3E-02 OK|
. N S— N S— N S— N S —— +
| K-TurbKE 10.89 | 9.2E-04 | 2.2E-02 | 5.6 1.3E-02 OK|
| E-Diss.K 10.90 | 2.4E-03 | 6.6E-02 | 7.5 4.6E-03 OK|
S S N — N S S —— +
OUTER LOOP ITERATION = 138 CPU SECONDS = 5.198E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom |0.84|7.6E-04 | 1.1E-02|  1.7E-02 OK]
| V-Mom 10.96 | 4.9E-04 | 2.0E-02|  2.3E-02 OK|
| W-Mom 10.94 | 3.4E-04 | 1.1E-02|  3.7E-02 OK|
| P-Mass |1.01| 2.2E-05 | 1.1E-03 | 9.4 9.8E-02 OK|
S ———— R S— S S— N S . S —— +

o +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.4% of the faces, 33.9% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +
| H-Energy 10.92| 1.7E-03 | 6.5E-02 | 5.7 2.4E-02 OK|
T S — N S— N —— S —— +

| K-TurbKE |0.90 | 8.3E-04 | 1.9E-02 | 5.6 1.3E-02 OK|
| E-Diss.K |0.88| 2.1E-03 | 5.7E-02 | 7.5 4.7E-03 OK|
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|  Equation | Rate | RMS Res | Max Res | Linear Solution |

R — S — S S— S — o +

| U-Mom 10.78 | 5.9E-04 | 1.2E-02|  6.6E-03 OK]
| V-Mom 10.96 | 4.8E-04 | 1.7E-02|  9.5E-03 OK]
| W-Mom 10.96 | 3.2E-04 | 1.OE-02|  1.3E-02 OK|
| P-Mass 10.94 | 2.1E-05 | 1.1E-03 | 13.7 5.1E-02 OK|
. N S N S— N S— N —— +
O +

| *kkhkkk NOtICG **kkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.3% of the faces, 33.8% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.93| 1.6E-03 | 5.8E-02 | 5.7 2.4E-02 OK|
S S — N — N S R — +
| K-TurbKE 10.92|7.6E-04 | 2.1E-02 | 5.6 1.3E-02 OK|
| E-Diss.K |0.87 | 1.8E-03 | 4.9E-02 | 7.5 4.5E-03 OK|
. R S— N S— S S— . O — +
OUTER LOOP ITERATION = 140 CPU SECONDS = 5.415E+02

| Equation | Rate | RMS Res | Max Res | Linear Solution |
S S — S S —— S ——— +
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| U-Mom 10.73| 4.3E-04 | 1.3E-02|  6.5E-03 OK]

| V-Mom 10.95 | 4.5E-04 | 1.7E-02|  9.4E-03 OK|
| W-Mom 10.95|3.1E-04 | 8.5E-03|  1.1E-02 OK|
| P-Mass 10.94 | 1.9E-05 | 7.3E-04 | 13.7 5.2E-02 OK|
. N S— N S— N S— N S —— +
U +

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.2% of the faces, 33.7% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.94 | 1.5E-03 | 5.3E-02 | 5.7 2.5E-02 OK|
S S N — N S S —— +

| K-TurbKE 10.92 | 6.9E-04 | 1.8E-02 | 5.6 1.3E-02 OK|
| E-Diss.K 10.88 | 1.6E-03 | 4.3E-02 | 7.5 4.3E-03 OK|

. N S N S—— N S— N S— +

|  Equation | Type | Timescale |
S S S +

| U-Mom-R1 | Auto Timescale | 3.13227E-05 |
| V-Mom-R1 | Auto Timescale | 3.13227E-05 |
| W-Mom-R1 | Auto Timescale | 3.13227E-05 |
| P-Mass-R1 | Auto Timescale | 3.13227E-05 |

| U-Mom-S1 | Auto Timescale | 3.13227E-05 |
| V-Mom-S1 | Auto Timescale | 3.13227E-05 |
| W-Mom-S1 | Auto Timescale | 3.13227E-05 |
| P-Mass-S1 | Auto Timescale | 3.13227E-05 |
S S S +



| H-Energy-R1 | Auto Timescale | 3.13227E-05 |

| H-Energy-S1 | Auto Timescale | 3.13227E-05 |

S R — S R — S R —— +

| K-TurbKE-R1 | Auto Timescale | 3.13227E-05 |

| E-Diss.K-R1 | Auto Timescale | 3.13227E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.13227E-05 |

| E-Diss.K-S1 | Auto Timescale | 3.13227E-05 |

R —— R —— S R —— +

OUTER LOOP ITERATION = 141 CPU SECONDS = 5.526E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 10.93 | 4.0E-04 | 1.3E-02|  6.2E-03 OK|
| V-Mom 10.95 | 4.3E-04 | 1.6E-02|  8.9E-03 OK|
| W-Mom 10.94|2.9E-04 | 7.6E-03|  1.0E-02 OK]
| P-Mass |0.96 | 1.9E-05 | 7.8E-04 | 13.7 5.0E-02 OK|
. N S N S—— N S— N S— +
o +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.2% of the faces, 33.7% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +
| H-Energy 10.96 | 1.4E-03 | 4.8E-02 | 5.7 2.5E-02 OK|
S S — N — N S R —— +

| K-TurbKE 10.93 | 6.5E-04 | 1.6E-02 | 5.6 1.2E-02 OK|
| E-Diss.K 10.89 | 1.4E-03 | 3.6E-02 | 7.5 4.0E-03 OK|

. RS- N S— N S— N S — +

229



|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S— N S— N S— N S —— +

| U-Mom 11.23|4.9E-04 | 1.3E-02|  6.1E-03 OK]
| V-Mom 10.95 | 4.1E-04 | 1.4E-02|  8.4E-03 OK|
| W-Mom 10.94|2.7E-04 | 7.1E-03|  9.5E-03 OK|
| P-Mass 0.96 | 1.8E-05 | 7.3E-04 | 13.7 4.9E-02 OK|
. N S N S— N S— N —— +
O +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.2% of the faces, 33.7% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

o +
| H-Energy 10.98 | 1.4E-03 | 4.6E-02 | 5.7 2.6E-02 OK|
S ———— R S— S S— N S . S —— +
| K-TurbKE 10.95|6.1E-04 | 1.4E-02 | 5.7 1.2E-02 OK|
| E-Diss.K 10.92 | 1.3E-03 | 3.1E-02 | 7.5 3.8E-03 OK|
S S — N — N S R —— +
OUTER LOOP ITERATION = 143 CPU SECONDS = 5.746E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N S— N —— S —— +
| U-Mom |1.22 | 6.0E-04 | 1.2E-02|  6.0E-03 OK]
| V-Mom 10.97 | 4.0E-04 | 1.4E-02|  7.6E-03 OK]
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| W-Mom 10.94 | 2.6E-04 | 5.8E-03|  8.8E-03 OK|

| P-Mass 10.95 | 1.7E-05 | 5.5E-04 | 13.7 5.0E-02 OK|
R — S — S S— S — o +

| *kkkkk NOtICG *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.1% of the faces, 33.6% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

O +
| H-Energy 11.00 | 1.4E-03 | 5.5E-02 | 5.7 2.7E-02 OK|
S ——— S N — N S S —— +
| K-TurbKE 10.97 | 5.9E-04 | 1.6E-02 | 5.7 1.2E-02 OK|
| E-Diss.K 10.94 | 1.2E-03 | 2.8E-02 | 7.5 3.9E-03 OK|
. N S N S—— N S— N S — +
OUTER LOOP ITERATION = 144 CPU SECONDS = 5.857E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S — N — N S R —— +
| U-Mom |1.10| 6.6E-04 | 1.3E-02|  5.9E-03 OK|
| V-Mom |1.00 | 4.0E-04 | 1.4E-02|  6.9E-03 OK|
| W-Mom |0.94 | 2.4E-04 | 4.7E-03|  8.3E-03 OK|
| P-Mass |0.96 | 1.6E-05 | 1.0E-03 | 13.7 5.1E-02 OK|
. R S— N S— S S— . O — +
o +

| *kkkkk NOtICe *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.1% of the faces, 33.6% of the area) |
| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |
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| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

U +
| H-Energy 11.02 | 1.4E-03 | 6.6E-02 | 5.7 2.8E-02 OK|
. N S— N S— N S— N S —— +
| K-TurbKE 10.98 | 5.8E-04 | 1.3E-02 | 5.7 1.2E-02 OK|
| E-Diss.K 10.95| 1.2E-03 | 3.0E-02 | 7.5 4.1E-03 OK|
S S N — N S S —— +
OUTER LOOP ITERATION = 145 CPU SECONDS = 5.968E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S S N — N S S —— +
| U-Mom 10.99 | 6.6E-04 | 1.3E-02|  5.7E-03 OK|
| V-Mom 11.01 | 4.0E-04 | 1.3E-02|  6.2E-03 OK|
| W-Mom 10.95 | 2.3E-04 | 6.6E-03|  7.8E-03 OK|
| P-Mass 10.94 | 1.5E-05 | 4.6E-04 | 13.7 5.4E-02 OK|
e R S— S S— N S . S —— +
o +

| *kkhkkk NOtICG *kkkhkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.0% of the faces, 33.5% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e e +
| H-Energy |1.03| 1.5E-03 | 7.8E-02 | 5.7 2.8E-02 OK|
T S — N S— N —— S —— +

| K-TurbKE |0.99 | 5.8E-04 | 1.3E-02 | 5.7 1.2E-02 OK|
| E-Diss.K 10.99| 1.1E-03 | 3.3E-02 | 7.5 4.3E-03 OK|
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|  Equation | Type | Timescale |

e —— R — S I ——— +

| U-Mom-R1 | Auto Timescale | 3.10520E-05 |
| V-Mom-R1 | Auto Timescale | 3.10520E-05 |
| W-Mom-R1 | Auto Timescale | 3.10520E-05 |
| P-Mass-R1 | Auto Timescale | 3.10520E-05 |

| U-Mom-S1 | Auto Timescale | 3.10520E-05 |

| V-Mom-S1 | Auto Timescale | 3.10520E-05 |

| W-Mom-S1 | Auto Timescale | 3.10520E-05 |
| P-Mass-S1 | Auto Timescale | 3.10520E-05 |
S S S +

| H-Energy-R1 | Auto Timescale | 3.10520E-05 |

| H-Energy-S1 | Auto Timescale | 3.10520E-05 |
S S S +

| K-TurbKE-R1 | Auto Timescale | 3.10520E-05 |
| E-Diss.K-R1 | Auto Timescale | 3.10520E-05 |

| K-TurbKE-S1 | Auto Timescale | 3.10520E-05 |
| E-Diss.K-S1 | Auto Timescale | 3.10520E-05 |
S S S +
OUTER LOOP ITERATION = 146 CPU SECONDS = 6.077E+02

|  Equation |Rate | RMS Res | Max Res| Linear Solution |

S S — N — N S R —— +
| U-Mom 10.90 | 5.9E-04 | 1.2E-02|  5.5E-03 OK|
| V-Mom 11.02| 4.1E-04 | 1.3E-02|  5.6E-03 OK]
| W-Mom 10.96 | 2.2E-04 | 45E-03|  7.5E-03 OK|
| P-Mass 10.97 | 1.5E-05 | 1.1E-03 | 13.7 5.5E-02 OK|
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| *kkkkk NOtICe *kkkhk*k |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 35.0% of the faces, 33.5% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

O +
| H-Energy 11.03 | 1.5E-03 | 8.9E-02 | 5.7 2.8E-02 OK|
N — N S N S— N S— N —— +
| K-TurbKE 11.00 | 5.8E-04 | 1.5E-02 | 5.7 1.2E-02 OK|
| E-Diss.K |1.02| 1.2E-03 | 3.6E-02 | 7.5 4.5E-03 OK|
S S N — N S S —— +
OUTER LOOP ITERATION = 147 CPU SECONDS = 6.189E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

S ———— R S— S S— N S . S —— +

| U-Mom |0.84|5.0E-04 | 1.2E-02|  5.3E-03 OK]
| V-Mom 11.01|4.1E-04 | 1.3E-02|  5.3E-03 OK]
| W-Mom |0.98| 2.2E-04 | 6.0E-03|  7.3E-03 OK|
| P-Mass |0.94 | 1.4E-05 | 4.8E-04 | 13.7 5.9E-02 OK|
S S — N — N S R —— +
e +

| *kkkkk Notlce *khkkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 34.8% of the faces, 33.3% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Qutlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
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| to an Opening type boundary condition instead. |

S +
| H-Energy | 1.02 | 1.6E-03 | 9.6E-02 | 5.7 2.9E-02 OK|
R — S — S S— S — o +
| K-TurbKE |1.01|5.8E-04 | 1.7E-02 | 5.7 1.2E-02 OK|
| E-Diss.K |1.04| 1.2E-03 | 3.9E-02 | 7.5 4.7E-03 OK|
. N S— N S— N S— N S —— +
OUTER LOOP ITERATION = 148 CPU SECONDS = 6.300E+02

|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S N S— N S— N —— +
| U-Mom 10.82 | 4.1E-04 | 9.6E-03|  5.2E-03 OK|
| V-Mom 11.01|4.1E-04 | 1.4E-02|  5.0E-03 OK|
| W-Mom 10.99 | 2.1E-04 | 47E-03|  7.2E-03 OK|
| P-Mass |0.98 | 1.4E-05 | 9.6E-04 | 13.7 5.8E-02 OK|
. N S N S—— N S— N S — +
o +

| *kkkkikk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 34.8% of the faces, 33.3% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +
| H-Energy |1.01| 1.6E-03 | 1.0E-01 | 5.7 2.9E-02 OK|
. R S— N S— S S— . O — +

| K-TurbKE |1.02| 5.9E-04 | 1.8E-02 | 5.7 1.1E-02 OK|
| E-Diss.K |1.05| 1.3E-03 | 4.2E-02 | 7.5 4.9E-03 OK|

T S — N S— N —— S —— +
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|  Equation | Rate | RMS Res | Max Res | Linear Solution |

. N S— N S— N S— N S —— +

| U-Mom 10.85| 3.5E-04 | 8.7E-03|  5.1E-03 OK]
| V-Mom 11.00 | 4.1E-04 | 1.3E-02|  4.9E-03 OK|
| W-Mom 11.01|2.2E-04 | 6.5E-03|  7.1E-03 OK|
| P-Mass 10.95 | 1.3E-05 | 4.7E-04 | 13.7 5.9E-02 OK|
. N S N S— N S— N —— +
O +

| *kkkkk NOtICE *kkkkk |

| A wall has been placed at portion(s) of an OUTLET |

| boundary condition (at 34.8% of the faces, 33.3% of the area) |

| to prevent fluid from flowing into the domain. |

| The boundary condition name is: S1 Outlet. |

| The fluid name is: Turbulent model of a smoke pipe with barriers

| If this situation persists, consider switching |
| to an Opening type boundary condition instead. |

e +

| H-Energy | 1.00 | 1.6E-03 | 1.0E-01 | 5.7 2.9E-02 OK|
S S S S S S S S +

| K-TurbKE | 1.02 | 6.0E-04 | 1.7E-02 | 5.7 1.1E-02 OK|
| E-Diss.K | 1.05|1.3E-03 | 4.4E-02 | 7.5 4.9E-03 OK|

o S — S R S S R +

o e +

| Warning! |

| After waiting for 33 seconds, 1 solver manager process(es) appear |
| not to have noticed that this run has ended. You may get errors |
| removing some files if they are still open in the solver manager. |

This run of the ANSYS Fluent has finished.
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