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AHHOTAUMA

BBeaeHue. PesepByapbl U pe3epByapHble Napku WMPOKO PacrnpoCcTpaHeHbl BO MHOMMX cybbektax PoccuicKon
depepaumnn U ABASKOTCSH OAHUM U3 BaXHENLLMX SAEMEHTOB TEXHOAOTMUYECKOW CXeMbl AODbIUM, MOAFOTOBKU, TPAHC-
NOPTUPOBKK U NepepaboTkn HedTH KU HedTenpoaykToB. Mpobrema obecneyeHus noxapHow 6e3onacHoCcTU pe-
3epByapHbIX MapKoB, COOTBETCTBYHOLUMX, COTAACHO PUCK-OPUEHTUPOBAHHOM MoaeAn besonacHocTv, Haubonee
BbICOKUM YPOBHSIM PUCKa, IBASIETCS aKTyaAbHOM Kak Ha POCCUICKOM, Tak M Ha MMPOBOM YPOBHsX. B ¢Bsi3u ¢ pas-
BWUTMEM B TEUEHWE MOCAEAHWUX AECATUAETUI UHGOPMALMOHHBIX U KOMMYHUKALMOHHbIX TEXHOAOTUIA U UX BHEApPe-
HWeM B npouecchbl GyHKUMOHWPOBAHUS W YNPABAEHUSI PA3AMUHBIMU 0ObEKTAMU MOSBUAUCH NMEPEAOBLIE METOABI
NPOrHO3MPOBaHUSI BOSHUKHOBEHUSI U PA3BUTUSA Upe3BblYaiHbIX CUTyaLMi Ha 06bekTax, ONTUMU3aLMK YNpaBAEH-
YECKUX peLLeHUI NpU AOKaAU3aLMKU Y AMKBUAGLMU YPE3BbIYaNHbIX CUTyaLWH, B TOM YACAE U NOXapOB.

Lieav u 3apaun. B pabote aBTOpbl MPEACTABASIKOT pa3paboTaHHyo UMW MOAEAb OMEPATHUBHOMO NMPOrHO3UPOBAHUS
TEMAOBOIO MOTOKa Ha OCHOBE WMCKYCCTBEHHbIX HEMPOHHbIX CETEN AAS MOBbILLEHUA 6e30MacHOCTU NepcoHana noxap-
HOW OXpaHbl NPU TyLLEHWU MOXapa Ha Ha3eMHOM BEPTUKaAbHOM CTaAbHOM pe3epByape C 3aLLUMTHOM CTeHKOW. B uc-
CAeAOBaHUK 0COB0e BHYMaHWE aBTOPbI YAEASHOT BbISBAEHWHO 3aBWCUMOCTU TEMAOBOIO MOTOKA OT BETPOBOW HArpy3Ku.
MeToabl. AAA AOCTUXKEHMWSI YKa3aHHOW LieAM aBTOpaMu OpraHW3oBaHa W MPOBEeAEHa Cepusi 3KCNEPUMEHTOB, OCy-
LLLEeCTBAEH COOP IKCMEPUMEHTAABHBIX AQHHBIX O TEMAOBOM MOTOKE M CHOPMMPOBaHbI 06yUatoLLIMe U TECTOBbIE BbIGOPKM.
Pesynktathl. [TOCPEACTBOM NOCTPOEHUSA UCKYCCTBEHHBIX HEMPOHHBIX ceTeit ANFIS BbINOAHEHO onpeAeneHUue 3aBu-
CUMOCTEW TENMAOBOTr0 NOTOKa OT GaKTOPOB BHELLHEN cpeAbl. [1pon3BeAeHO cpaBHEHUE Pa3AUYHbBIX TUMOB GYHKLMI
NMPUHAANEXHOCTH, METOAOB ONTUMMU3ALMMU U METOAOB FreHEepUpPOBaHUSI CUCTEMbI U YCTAHOBAEHO, UTO AAA CETEN
ANFIS, BbINOAHSIFOLLMX MPOrHO3MPOBaHWE TEMAOBOIO NMoToka 6e3 yueTa 1 ¢ yYeTOM BETPOBOM Harpy3ku, OnTMManb-
HbIM AIBASIETCA NMPUMEHEHME METOAA CybKhacTepu3aumm U rtbpUAHOrO MeToAa ONTUMU3aLUMK, UTo obecneunBaet
camble HU3KWE 3HaYeHUs OLLIMOKK Ha BblOOpPKaX.

06¢cyxaeHue. Pe3ynbtatbl aHaAM3a MOKa3biBatoT, YTO CKOPOCTb BETPA M PACMOAOXKEHWE pe3epByapa MOryT npu-
BECTU K MOBbILEHUIO TeMMNepaTypbl BO3AyXa, CTEHKU pe3epByapa v 6eH3nHa. [103ToMy, HECMOTPSA Ha CAOXHOCTb
aHaAv3a, perucTpaumsa BCex 3TuX GakTopoB NO3BOASIET NPOrHO3MPOBaTh 6e30MacHoe AAA MOXAPOTYLIEHWUS PaccTo-
fIHWE OT ropALLero pesepsyapa.

BbiBoabl. HayuHoe nccaepoBaHUE NO3BOAMAO pa3pabotaTb MOAEAL ONepaTUBHOMO MPOrHO3MPOBaHKSA TEMAOBOTO MNo-
TOKa Ha OCHOBE MCMOAb30BaHMWS SAEMEHTOB UCKYCCTBEHHOIO MHTeAAEKTa (ceTert ANFIS). MoAyUyeHHble B xoae paboTbl
pe3yAbTaThl MO3BOAAIOT MOBbICUTE 3OGEKTUBHOCTL ONEPATUBHOIO MPOrHO3UMPOBAHUS AMHAMWKM Pa3BUTUSA MOXaPOB
B pesepByapax U pe3epByapHbIX Napkax U ONTUMU3ALMIO NPOLECCOB NPUHATUS YNIPABAEHUECKUX PELLEHWI OTBET-
CTBEHHbIMU AUL@MU.
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BeeaeHue HOU TIpoOJIEMOii, BEI3BIBAIOIICH 03a009€HHOCTH BO BCEM

B HACTOAIIEE BPEMsS MHPOBOE COO6H_ICCTBO BCE OOMb- MUPE, ABIACTCA BO3pACTaHHUC IOXKAPHOU OIACHOCTH

Iree BHHMaHHE yiaesseT obecnedeHnio Gesomacuoctn PAAa OOBEKTOB, OTHOCANIMXCS K CTPATETMYECKU BaX-
YEeJIOBEKa M YCTOMYMBOMY pAa3BUTHIO deloBedyecTBa HBIM JUIA HAIMOHAJILHOM O€30MaCHOCTH TOCYapCTBa
BO B3aUMOJICUCTBUU C OKpYy>Xaroleit cpenoii. [obanb-  0ObeKTaM TOMIMBHO-DHEPTETHUECKOTO KOMILJIEKCA.
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AKTyambHOCTh TMPOOJIEMBI OOecIieueHUs ToXxap-
HOH 0e30macHOCTH OOBEKTOB TOIUTUBHO-YHEPTETHUC-
ckoii chepsl 00ycIOBICHA TEM, YTO UIMEHHO SHEPreTH-
Ka SBISIETCSI OCHOBHOW OTPACIiIbl0 MPOMBIIUIEHHOCTH
moboro rocygapctBa. Kpome Toro, sHepreTuka umeer
pelaroiee MeXOTpaciieBoe 3HaueHHe, IOCKOJIbKY
YPOBEHBb M Ka4eCTBO IOOBIUH, IPOHU3BOICTBA M MOCTA-
BOK YHEPTOPECYpCOB OMPEACISAIOT YCIOBUS IPOU3BOA-
CTBEHHOH JEATEIFHOCTH CTPAHBI M OOCITy>KUBAHUS Ha-
CeJICHHS.

B mnacrosimee Bpemss B Poccum, Kak ykazaHo
B Enunoii MexBeqoMCTBEHHON HMH(OpMAIIMOHHO-CTa-
tuctuueckoir cucreme (EMUCC)!, wacuurtsiBaercs
8139 pesepByapoB [is XpaHEHUS HePTETPOTYKTOB
ob6rmeit BMectumMocTthio 16 512,17 teic. M* 1 772 pe-
3epByapa JUId XpaHEeHUs HeTH 00IIel BMECTUMOCTBIO
5590,58 Teic. M*. COmIaCHO MTOTOBBIM OT4YeTaM MUH-
snepro Poccun 3a 2018 % u 3a 2019 1, B poccuiickoit
He(TsHOH oTpachu B 2018 I. BBEACHO B IKCILTyaTallUio
54 mecropoxkaenus, B 2019 r. — 31 mecTopoxaeHue,
B 2018 1. o0mast MpOTsHKEHHOCTh HOBBIX MarMCTPajb-
HBIX HedTenpoBoaoB coctapwia 216 kM, B 2019 . —
324 kM. Poct mepepaboTKu HeQTH i1 BHYTPCHHETO
WCIIONB30BaHMS U IS BBIBO3a 32 PyOeXk COIPOBOXKIA-
€TCsI CTPONTETILCTBOM KPYITHBIX HehTeba3 ¢ OoIpIimMu
o0beMaMu pe3epByapoB Ha TEPPUTOPUM CTpaHbl. Tak,
B Poccuiickoii @enepaniuy akTUBHO CTPOATCS PE3EPBY-
apHbIe MAPKH ¢ pe3epByapamu 00beMoM 10 50 ThIC. M,
U B TO € BpeMs BEAyTCS PabOTHI IO MPOSKTHPOBAHUIO
pesepByapoB o6beMoM 110 100 ThIC. M.

PocT 00beMOB 100OBIYHM HEPTH ¥ AKTHBHOE Pa3BH-
THe HedremoObIBaroNIel U HedTenepepadaThIBaoNICH
MIPOMBITIIEHHOCTH B Poccri yBeTMUMBAIOT KOTHYECTBO

'EMHUCC. URL: https://www.fedstat.ru/organizations/

2HWrorn pabotel MunsHepro PoccMu M OCHOBHBIE PE3YIBTAThI
¢ynxunonnposanust TOK B 2018 roxmy. 3amaunm Ha cpeaHecpou-
Hyto nepcrekruBy. URL: https:/minenergo.gov.ru/prezentaciya_
kollegiya 2019.pdf

3 Utoru pabotel Munssepro Poccuu B 2019 rogy u 0OCHOBHBIE 3a/1a-
gn Ha 2020 rox. URL: https://minenergo.gov.ru/node/18288

= J[loxxap = B3spoB

Bri6poc

Puc. 1. KonnuecTBo upe3BbIUAiHBIX CHTYyaIHid HA OOBEKTaX He-
(remobbIBaroleH 1 HedTenepepadaThIBAIOIICH TPOMBIIIITICHHO-
ctu B Poccnn 3a mepuoz ¢ 2007 mo 2016 rr.

MOYXKApOB, CITOCOOCTBYS POCTY UX MAcIITaOOB M HAHO-
cumoMy UMH yiepOy. 3a mepuoa ¢ 2007 no 2016 rr.,
Kak yka3aHo B [1], mponsonuio 126 4pe3BbIYaifHBIX CH-
Tyaruii. J[nHaMruKa BO3HUKHOBEHHSI Pa3INIHBIX THITOB
YpEe3BBIYANHBIX CUTYaIHi (T10%Kap, B3PHIB HIIH BEIOPOC)
IpeJcTaBiieHa Ha puc. 1. 3a AecSaTUIeTHUI Iepuo/ Ipo-
U301JI0 65 OXKapoB, 46 B3pbIBOB U 15 BEIOPOCOB omac-
HBIX BEIIECTB, YTO COCTABIIET OT OOIIETO KOMHMYECTBA
uHIUAEHTOB 52, 36 u 12 %, cooTBeTCTBEHHO (pHC. 2).
Cpenu moxxapoB Ha HeTebazax 93,4 % noxkapoB U aBa-
puii 3apUKCHPOBAaHO Ha HA3eMHBIX pe3epByapax, U3 Ko-
TopeIX 53,9 % — Ha pe3epByapax M XpaHEHUs OcH-
3uHa; 32,1 % — Ha pe3epByapax AJs XpaHEHUs ChIpOH
He(ty; 14,0 % — Ha pesepByapax, UCIOIb3YEMbIX IJIs
XpaHEHUs IPYyTUX BUIOB HEPTEIPOAYKTOB (IN3EIBEHOE
TOILTUBO, KEPOCHH, Ma3yT H T.1.).

CornacHo [2], pUCKH pa3IUYHBIX MPOUCIIECTBUN
Ha pe3epByapax B Poccum gocratouHo BbICOKH. Ha-
MpUMep, PUCK BO3HHKHOBEHUS IOXapa JbIXaTeIbHOU
apMaTypbl W B 3epKayie HE(PTEHpOAYKTa COCTABISIET
9,0-10° rox!, uro B 90 pa3 BbIlIE PEKOMEHIOBAHHOIO
yposust 1076, ykazanuoro B 'OCT 12.1.004-91%.

Hecmotpss Ha TO, YTO CTaTUCTHYECKHUE IAHHBIE
00 aBapusax Ha OOBEKTax HedTenepepadaThIBarOIICH
1 He(TEXMMHUUECKOH OTpacieil JeMOHCTPUPYIOT CHH-
JKEHUE YaCTOTHl BOSHUKHOBEHUS ITOXKAPOB U yMCHbIIIC-
HHUE KOJIMYECTBA MOCTPAIaBIINX JIOACH MpH HOXKapax,
IU(PPBl HEYTEIIUTEIBHBl M TPEBBIMIAIOT AHAIOTHY-
HbIE MTOKa3areiu B EBporre, npencrasienHsie B Major
Accident Reporting System (eMARS)’, u CIIA,
conepxaruecss B naHHbIXx National Fire Protection
Association’.

4TOCT 12.1.004-91. Cucrema craHmapToB 0GE30MaCHOCTH TpPyIa
(CCBT). Iloxapnas 6e3omacHocTh. Ob6mme Tpebosanus. URL:
http://docs.cntd.ru/document/9051953

>eMARS. URL: https://emars.jrc.ec.europa.eu/en/emars/content

¢ National Fire Protection Association. U.S. fire problem. URL:
https://www.nfpa.org/News-and-Research/Data-research-and-tools/
US-Fire-Problem

12 %

= [loxkap = B3prm Bribpoc

Puc. 2. PacnipesienieHue THIIOB Ype3BbIYAHBIX CUTYalHi Ha 00b-
ektax HedremoObIBaromIeil U HedTenepepadaThIBarOIICH MPo-
MeiuieHHOCcTH B Poccnn 3a mepuon ¢ 2007 mo 2016 .
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MPOLIECCHI TOPEHKA, AETOHALMU U B3PbIBA -

Bo3HMKHOBEHHE MOKapoB B XpaHWINIIAX HE(TH
U He(TEIPOLYKTOB M HX PACIPOCTPAHEHUE HECET CY-
IIECTBCHHYIO YIPO3y JUIS XKHU3HU U 300POBbs IPaX/IaH,
a TaKKe OKa3bIBaeT HETaTHBHOE BO3/ICHCTBUE HA OKPY-
JKAIOIIYI0 cpeny (BIUIOTH IO KaracTpopuIecKux 3Ha-
gyeHuil). Iloxxapbl Ha 00BEKTaX TOILUIMBHO-3HEPIeTH-
4eckoll cdepbl XapaKTepu3yrTCs OOIIUPHOW 30HOU
Pa3sBUTHS TOPEHUS, MOIIHBIM TEIUIOBBIM H3ITyYCHHEM
B OKPYKaIOIYIO Cpely, IPU 3TOM BBICOTA CBETSIEHCS
4yacTu IUIaMeHU B 1—2 pa3a IpeBBIILIAET AUAMETP rops-
mero pesepsyapa [3]. B ciydae moskapa oross pacrmpo-
CTpaHsieTcs ¢ OOMBIION CKOPOCTBIO, TOPEHUE COMPOBO-
KTAaeTCs B3pHIBAMH M BEIOPOCAMU TOPSAIICH KUIKOCTH.
[Moxxapel B pe3epByapax HOCST 3aTsDKHOM Xapakxrtep,
W JUIS TIOJHOM JIUKBUIAIIMH IT0XKapa MOXKET IOTpedo-
BaTbCsd OT HECKOJIBKHMX YaCOB 0 HECKOJIbKHX )Z[Heﬁ
1 OOIbIIOe KOMUYeCcTBO cvil U cpencTB [3]. OcobeHHO
OITaCHBI MOXKapHl Ha HeTeOa3ax u HePTeXpaHWINIIAX,
MIOCKOJIbKY HarpeB COCEIHUX PE3EPBYapOB MOXKET CTaTh
IIPUYMHOM KacKaJHOTO pa3BUTHUs IIOXKapa.

Takum 00pa3oM, MOBEIMICHAE MTOKAPO- M B3PHIBO-
0€30MacHOCTH PE3epBYapoOB U PE3ePBYapHBIX MAPKOB
SIBISICTCSI BYKHOM M aKTyaJbHOH mpobmemoii. Pabora
B 3TOM HamlpaBlieHHH oOecreyrBacT OoJjiee BBICOKHI
YPOBEHb 3aIlUTHl HACEIECHUS U OKPYXKaIOIIeH Cpenbl
OT yIpo3 TEXHOTEHHOTO XapakTepa. [ nu3yueHus BbI-
OpaHbl pe3epByapHbIC TAPKU ISl XpaHCHHsS OCH3WHA,
TaK Kak UMEHHO B HUX CKOHIICHTPUPOBAHO MaKCUMAITb-
HOE KOJNMYECTBO TOpIOUEH >XUIKOCTH U CYIIECTBYET
BBICOKAs BEPOSITHOCTH PacIPOCTPAHEHUsI OTHS Ha CO-
cemHHUe pe3epByapsl. Beidop Buaa TorumBa (OeH3MHA)
00yCIIOBIIEH pe3ydbTaTaMH aHalINW3a CTATHCTHUECKUX
JAHHBIX O TIOXKapax Ha OOBEKTaX XpaHEHHWsS HEPTH
1 He(pTepOXyKTOB (OONIee MOJOBUHEI aBapUHHBIX CH-
TyaIuii MPOUCXOJAIT B HA3EMHBIX pe3epByapax s Xpa-
HEHUs OCH3UHA).

B manHOM HccIiemoBaHWM TpeyiaraeTcs paccMoT-
pETh MapK ¢ BepPTUKAIBHBIMH CTaJbHBIMU pe3epByapa-
MU C 3aIMTHOM CTEHKOM. DTO CBSI3aHO C TEM, UYTO 3TOT
TUN XPaHWIAII SBISIETCS MHOTOOOCHIAIONICH TEeH/IEH-
[UEH B CTPOUTEIHCTBE HOBBIX WITH PACIIHPECHUU CYIIC-
CTBYIOIUX CKJIQZOB HE(THU U HE(PTEIPOTYKTOB.

Llenpio MccnenoBaHMA SBISCTCS ITOBBIICHHE O€3-
OITACHOCTH TIEPCOHANA MMOXKAPHOH OXPaHBI MPH TYIIE-
HUM TI0XKapa Ha HAa3eMHOM BEPTHKAJIBHOM CTaJIbHOM
pe3epByape C 3allUTHOW CTEHKOH myTeM pa3paboTku
MOZETH TIPOTHO3MPOBAHMS THHAMHUKH Pa3BUTHS II0-
’kapa (TeIIOBOro MOTOKA) Ha OCHOBE MCKYCCTBEHHBIX
HEHPOHHBIX CETEH.

MaTtepuanbl U MeTOAbI

IIponieccrl ropeHust KUAKOCTEM aKTUBHO H3yda-
FOTCSl POCCUMCKMMHU U 3apyOeKHBIMU ydeHbIMU. B Ka-
YecTBe MpUMepa MOXKHO TpuBecTH padoty B.U. BimHo-
Ba, ['M. Xynsakosa u 1.1. IlerpoBa [4], B xo1e KoTOpoit

aBTOpaM{ TPOBOIIIINCH KOMIICKCHBIC HCCIIEIOBAHUS
MIPOIIECCOB TOpeHUsI He(PTH M HEPTEIPOAYKTOB U Me-
XaHU3MOB TYIIEHHS BellecTB. ECTeCTBEeHHBIM MPOOI-
KEHHUEM YKa3aHHOH paboThl CTal COBMECTHBIE HCCIe-
noBanust MI.LU. Tlerposa u B.Y. Peytra [5], B KOTOpBIX
ocoboe BHUMaHWE YIEISIOCh YCTAHOBICHUIO KPUTH-
YECKUX YCJIOBUH MOTyXaHUs TUIAMEHH He(TETPOIYKTa
MIpH €ro IepeMeluBaHuy B pe3epByape. Bompockl mo-
KapHOW 0€30MaCHOCTH B pe3epByapHbIX MapKax Hccie-
noanuchk O.M. Bonkossim u I A. TIpockypsikoBbIM [6],
a IMEHHO TIPUYXHBI BOSHUKHOBCHHUS M PA3BUTHSI MOKa-
POB Ha 00BEKTaX, OCHOBHBIC MEPOMPHUATHS 10 TPEIY-
MPEXJICHUIO U TYIIEHHUIO [10XapoB He(TH U HedTenpo-
nyktoB. 0.A. Abpamos u A.E. bBacmanos B pabote [7]
paccMOTpeNH JEeTEPMHUHAPOBAHHYIO H CTOXaCTHIECKYTO
MOZEJH TIOCTaHOBKH 3aa4l ONTHMAIBEHOTO PACIOJIO-
KEHUS W BbIOOpa OOEBBIX 3a/ad sl TIOKapHBIX CTBO-
JIOB IIPH JIOKAJU3alMH TIOXKapa B Pe3epByapHOM MHapke.
Wmu nmpeyioskeHbl METO U aIrOPUTM pelieHus cdop-
MYJMPOBAHHOW 3aJayd Kak B JETEPMHUHUPOBAHHOM,
TaKk W B CTOXacTHYECKOM BHic. B mcciemoBanum [8]
Zabetakis M.G. u Burgess D.S. paccMarpuBaim Borpoc
WCIIapeHUs JKUJKOTO BOJOPOAa C TOYKH 3PEHUS TEO-
UM TEIUIONepeIaun 1 SKCIIEPUMEHTATIBHO OMPEIeIIsiIn
pacnpeneseHue JerkoBOCIUIaMEHSIOLIUXCS cMeceil Haj
30HOH pa3muBa. B mporecce IKCIIepUMEHTOB BBIION-
HSUTOCH BOCIUIAMEHEHHE MTApOB BOIOPOA HAJl COCYIOM
Jbroapa 1 BOCIUIAMEHEHHME IapOBO3AYIIHOW cMecu
HaJl 30HOM pa3iiBa B Pa3IMYHOE BpeMs MOCIE Pa3INBa
paziauyHoro kKojuyectna (1o 90 1) ®KUIKOrO BOIOpOA.
Markstein G.H. B pabotax [9, 10] ommcan pe3yasTaTsl
OKCTIEPUMEHTOB MO0 W3MEPEHHIO OOIIEro JY4IHUCTOTO
W3Iy4eHHs Ha CBOOOTHO TOpSIIIEM IUIAMEHH IIENEeBOU
TOPEJIKM U Ha CTpyWHOM axene (TOTIIMBO — METaH,
9TaH, 3TWIEH U MPOMWIEH ¢ 001Iel CKOPOCThIO TEIIOo-
BBIJICNICHHST), MPOBET HM3MEPEHHs JIyYUCTOTO TEILIO-
oOMeHa ¥ TeIUIonepeaadd OT TOPEHHs] MeTaHa, dTaHa,
STUIICHA U TIPONHJIEHA Ha BEPTUKAIBHOW TTOBEPXHOCTH
MOPHUCTOTO METaJLIA.

®opMy IUIaMEHH M TEIUIOBOW MOTOK OMHUCHIBAI
B cBoux pabotax Drysdale D. [11]. Takxke B jutepa-
Type TPEICTaBICHB HEKOTOPHIE SKCHEPHIMEHTAIBHEIC
HCCIIEIOBAHMS, CBSI3aHHBIC C TIOXKapaMH B pe3epByapax
JUId XpaHEHHUs TOIJIMBA WIM MOXKapaMu B OaccelHax.
Hanpumep, B pabote Babrauskas V. [12] conepxarcs
SKCIIEPUMEHTAIBHBIC NTAaHHBIE 0 CKOPOCTSIM TOPEHHS
OeH3MHA, CKIKEHHOTO PUPOJHOTO Ta3a U CIHUPTa IS
OacceiinoB nuameTpom ot 0,2 10 7,0 M. Munoz M. B pa-
6ote [13] mpoBeneHsl TepMorpadudecKue U3MEPEHUS
MpH MoXkapax B OacceifHaXx ¢ OEH3MHOM U AM3EIbHBIM
TOIUTHBOM IuameTpoM oT 1,5 mo 6,0 M. B pabore [14]
OTIMCAaHBI IKCIIEPUMEHTHI 0 TIOKApOTYIIEHHIO B Oac-
ceiiHax (muamerp 3,0 M) A7 M3MEpPEHHs] MacCOBBIX
ckopocteit ropeans. OCOOEHHOCTH pa3BUTHS MTOXKAPOB
B pe3epByapax THIIa «CTaKaH B CTAaKaHE» OMHUCaHBI B pa-
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6otax [15, 16]. BiusHue TEIUIOBBIX HArpy30K IMoxapa
B He(pTIHOM pe3epByape Ha OmmxalIime pesepByapsl
MpeacTaBieHo B ctathe [17].

Ha ocHoBaHuM aHamu3a JTUTEPATYPHBIX HCTOYHH-
KOB MO’KHO CHEJaTh BBIBOJA, YTO B OCHOBHOM 3JKCIIC-
PUMEHTHI TIPOBOIATCS Oe3 ydera BIMSHUS BETPOBOM
Harpy3kH (ipu ckopoctu Betpa 0 m/c), B paborax 60Jb-
IIMHCTBO HCCIeaoBareneii TM00 He YUYHUTHIBACT BIIHSI-
HHUE BETpa Ha TEIUIOBOW MOTOK MpH MOXKape, JTHO0 Uc-
MOJB3YET YIPOIICHHBIE COOTHOIICHHS.

[TockonbKy TIpOIecChl TOPEHHs, TEIUIOBOTO H3IY-
YEeHUS IUIAMEHHM M €r0 pacCesHHs B aTMocgepe OTIIH-
YarTCA CIIOKHBIM B3aMMHBIM BJIIMAHHEM, HCO6XOI[I/IMO
TIIATeIBHO M3YYUTh MPOIECC PA3BHUTHsI MOXKapa B pe-
3epByape IpH Pa3IHMYHON BETPOBOW HArpyske, YTOOBI
BBIOpaTh CPENCTBA 3alMThHI pe3epByapa U pa3padboTarh
PEKOMEHIAIINKA O TOM, KaK NPOBOAWTH JIEHCTBHUS IIO-
apHBIX MOAPA3ACICHUH MO TYIICHHUIO TOXKapa.

HenaBuuii mpopbiB B pa3BUTUH HCKYCCTBEHHOTO
WHTEJUICKTa, OONBIINX JaHHBIX W MAIIMHHOTO O0ydYe-
HUSI co3iai OecnpeneaeHTHBIE BOSMOKHOCTH IS Tie-
pexoma K IepeIoBBIM HHTEIUIEKTYaIBHBIM CHCTEMaM,
obecrnieuynBaroUM 00pabOTKy OOJBIIOTO0 00beMa HH-
dopMary pasITMYHON NPHUPOABI U (POPMHUPYIOIIUM
YIPaBICHYECKHIE PEIICHUs B He(hOPMAaIH3yeMbIX U Clia-
00 opMaM3yeMBIX KPUTHICCKUX CHTYaIsIx obecrie-
yeHuss Oe3omacHOCTH 00BekTOB. OnHako IOIOOHBIE
HWHCTPYMCHTBI AKTUBHO MNPUMCHAIOTCA Ha MNPAKTUKE
WMEHHO B 00JacTAX MapKETHHTa, COIUAIBHBIX CETEH,
Ou3Heca, MEMIMHE, HA PON3BOJICTBE yKa3aHHBIE Me-
TOZBI UCTIOJIE3YIOTCS OTPAHUYCHHO.

B nipencraieHHOM paboTe aBTOPaMH MPEII0KEHO
HCIOJIb30BaTh 3JICMCHTBI MCKYCCTBEHHOI'O HWHTCIICK-
Ta (UCKYCCTBEHHBbIE HEHpPOHHBIE ceTH) JUIs 00paboTKu
JAHHBIX HSKCIEPUMEHTa 110 MOJCIHPOBAHUIO MOXKApa
B pe3epByape Ha TEPPUTOPHH PE3epPBYapHOTO ITapKa,
YTO COOTBETCTBYET IIPHOPUTETAM H IIEPCIICKTHBAM Ha-
YYHO-TEXHOJIOTHYECKOTO pa3BuTHs Poccum cormacHo
Crpareruu Hay4yHO-TEXHOJIOTHUYECKOTO pa3BuTHa Poc-
cuiickoit ®enepauuu (Crparerun HTP PD).

B wnccrnenoBaHuM HCIONB30BaHA aqaNTHBHAS CH-
cTeMa Heipo-HedeTKoro BbiBoma (adaptive network-
based fuzzy inference system — ANFIS) [18] mus
MPOTHO3UPOBAHUA JUHAMHKH TII0)Kapa B OCHOBHOM
pesepByape. Bribop cetu ANFIS oOycioBieH Tem,
9TO JaHHBIA THO ceTed oO0ecrnedYnBacT MEHBIIYIO
cpexHekBaapaTnaHylo ommoky RMSE mo cpaBHeHnio
C IpyTUMU HEUpO-HEUeTKUMU cucteMamu. Kpome toro,
cetn ANFIS ouens 3¢exTuBHBI U1 penieHus 3amad
nporHozupoBasus [19].

C touku 3peHus apxutekTypsl, cetb ANFIS — 310
MSTUCIIONHAS CETh C y3JaMH, KaKABIA U3 KOTOPHIX HMe-
eT CIeIHUANN3NPOBaHHYI0 (QyHKIIMOHAIEHOCTh. DyHK-
U y37a KaXJOro BXOJa OIpeAessieTcss mo (GopMy-
ne (1) [18]:

O =14 (F)- (1)
rae P; — BXOJHbIE JaHHbIE JUIs Y314 I
A; — QyHKINSA NPUHAATICKHOCTH.
Jlis 0000IIeHHON KOJIOKOJI000pa3HOU (DyHKITHH
ucrnosb3yercs Gpopmya (2):

MA(PJ'): 1 N )

rae a; — Ko3(PQUIMCHT KOHIIEHTpAK (YHKITUH TIPH-
HaJUIS)KHOCTH;
b; — xo3¢p¢uINEHT KPyTU3HBI (QYHKINUU ITPUHAI-
JeXKHOCTH;
¢; — KOOpJIUHATa MakCUMyMa (DYHKIIUM MPHHAI-
JEKHOCTH.
Jis rayccoBoil (yHKIMM IpUMEHseTcs (GopMy-
ma (3)% ,
~(£b)
na(P)=e 3)
rae b; — KoopIuHaTa MakCUMyMa (YHKIUM TPUHA-
JIEKHOCTH;
¢; — KO3 QUIIMEHT KOHIICHTPAUU GYHKIIUH TIPH-
HaJUIEKHOCTH.
Jnist TayccoBoit KOMOMHUPOBAHHOH (YHKINH TIPH-
MeHsoTest popmysst (4)—(5)°:

€CIIU €1 ;< Cp;, TO

(P—i,)
2a;, , Pj < s
wa(P)=11 qi<P<e, @
(P-e,)
e 2 P>cy
€CJM Cy ; > Cyi, TO
(Pa,)
e , P <cy;,

(P-c.)

—2a2, .
R P >c ;5

rze ¢ ;(¢y;) — MUHAMAJIBHOE (MaKCHMAJILHOE) 3Hade-
HHE Siipa HEYETKOTO MHOXKECTBA;
ay;(ay;) — KO3(QOHUIMEHT KOHIEHTpPALMHU JIEBOM
(mpaBoif) 4acTu (yHKIMH TPHHAIICKHOCTH.

7 MathWorks. URL: https://www.mathworks.com/help/fuzzy/
gbellmf.html

8 MathWorks. URL: https://www.mathworks.com/help/fuzzy/
gaussmf.html

® MathWorks. URL: https://www.mathworks.com/help/fuzzy/
gauss2mf.html
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Jls1st TpeyroNsHOM QYHKINK pacueTr TPOU3BOIUTCSE
o popmyte (6)'%:

0, PjSai,
P -
b , al-SPj <b,
. —a
w(p)=1 ©
J c. —P.
—~L, b <P <c,
Ct_h
0, c,-SPj,

rze [a;, ¢;] — OMana3’oH U3MEHEHUs IIEPEMEHHOIA;
b; — HamboJee BEPOATHOE 3HAYECHHE IIEPEMEHHOM.
Jls TpanenueBraHoN (QyHKUMU mpuMensercs (op-
myna (7)1

0, P <a;,
P —a;
—_— a <P <b
b ) i Jj i
i —4d;
lLlA(pj): 1, b <P <c, o
d;,—P;
—_— ¢, <P <d
d s i J i’
i~ G
0, d; <P,
e [a;, d;] — meccuMucTUYecKasi OllEHKAa 3HAYCHUH
MIEpEMEHHOM;
[b;, ¢;] — onTumMucCTHYECKas OICHKA 3HAYCHHIA
NIEPEMEHHOM.

[ pa3sHOCTH MEX Ty IByMsI CHTMOUTATIEHBIMU (yHK-
LMSIMH [IPUHATISKHOCTH UCTIONB3yeTcs opmyra (8)':

1 1
wa\ )= - . ®
( ! ) 4o lBa) g alfe)

Jlist ii-00pasHoit (PYHKIMU MPUHAIEKHOCTH MPH-
Mmenstercst popmyna (9):

0, PjSal-
2
5 Pj—al- a. +b;
R A—— , ai )
b, —a; / 2

2
1—2[1)1'_[]"] Cath p oy

IN
T
IN

b, —a; 2 I
we(P)=1L b <P < 9)
2
P.—c .
YR ¢ ,cl.sP._c’erl
d; —¢ / 2

2
P.—d. ) )
2| L — ,C’+d’5P.sd.
d —c 2

G

0, P,2d,

10 MathWorks. URL: https://www.mathworks.com/help/fuzzy/trimf.html
! MathWorks. URL: https://www.mathworks.com/help/fuzzy/trapmf.html
12 MathWorks. URL: https://www.mathworks.com/help/fuzzy/dsigmf.html
13 MathWorks. URL: https://www.mathworks.com/help/fuzzy/pimf.html

Pacuer mpousBeneHns IBYX CHTMOMIATBHBIX (DYHK-
[MH TIPMHAIEXKHOCTH BBITOIHSAETCS 110 (opmyste (10)!4:

1 1

M) ey

I[J'IH H3YUCHUS BIMAHHA TCIJIOBOI'O IMOTOKA HA OC-
HOBHYIO U 3aIllUTHYIO CTEHKH OObEKTa M Ha COCEIHHE
pesepByapbl IIpU  pas3jIMYHBIX BETPOBBIX HAarpyskax
B paMKax HMCCIIEOBaHUN ISl pe3epByapa C 3allUTHON
CTCHKOH BEITTOTHEHO MOJICIIMPOBAHNE MTOKAPa, BHI3BAH-
HOTO TOpeHreM OCH3MHA B OCHOBHOM pe3epByape.

ABTOpaMH TIPOBOIMJICS KCHEPHMEHT C HCIIOIb-
30BaHHUEM MOJEIH PEalbHOTO 00BEKTa — pe3epByapa
obbemoM 125 Thic. M. TeomeTprdeckue pasmephbl Mo-
JIeNIv TIpelICTaBlIeHbl B Ta0M. 1, Ha puc. 3 HaIAIHO U30-
OpakeHa cXeMa MOJICIH, Ha PUC. 4 TIPENCTaBICHBI (HOTO-
rpacduu Mozaenu. O0muit 00beM KUIKOCTH (TOTIUBO +
BOJIISIHOM OautacT) cooTBeTcTBYeT 80 % BMECTUMOCTHU
Oaka. BeiOop maHHOW BMeCTUMOCTH OOYCJIOBJIEH TEM,
4TO 3amoiiHeHre o0beMa pesepByapa Ha 80 % sBuseT-
Csl THIIMYHBIM BapHaHTOM 3amoniHeHus. Hcmons3yemast
Mapka ctanu moaenu — S590, oHa cOOTBETCTBYET Map-
K€ CTAJI PEaJIbHOTO Pe3epByapa C 3alIUTHON CTEHKOU
obbemMoM 125 TrIC. M.

(10)

D= LAl m H,=033m H =04

D, =151m

Td=0,1m

Puc. 3. Cxema (Bujx cOOKy U BHJ CBEpXY) (PHU3HMUCCKON MOJICITH:
D, — nuameTp OCHOBHOTO pe3epByapa, M; D, — JquaMerp 3a-
[IMTHOTO pe3epByapa, M; d — IMUPUHA MEKCTEHHOTO MPOCTPaH-
cTBa, M; H; — BBICOTa OCHOBHOTO pe3epByapa, M; H, — BBICOTA
3aI[UTHOTO pe3epByapa, M

[Tpu Ka)XTOM HCIBITAHWN W THAMETPE OCHOBHOTO
0aka KOJMYECTBO CXKHUTAEMOTO TOIUIMBA COCTABIISIIO
0,499 M. Kak ykazaro B [20], mprcyTCTBHE BOIBI IO
TOIUTHBOM MOXET BIIHATH Ha XapaKTEPUCTHKH CTOPAHHSI
MpU KUIEHUHU (BHE3alHOE UCIAapeHHe BOJIbI), KOTOpOe

14 MathWorks. URL: https://www.mathworks.com/help/fuzzy/psigmf.html

NOXAPOB3PbIBOBE3OMACHOCTb/FIRE AND EXPLOSION SAFETY 2020 TOM 29 Ne 5 ﬂ



- COMBUSTION, DETONATION AND EXPLOSION PROCESSES

Puc. 4. Mozens pe3epByapa ¢ 3alIUTHON CTEHKOI

3aBHUCUT OT THIIA TOILIMBA M KOJMYCCTBA TOIJIMBA HAl
BOJIOM. O,Z[HaKO OTO SABJICHHUC HC Ha6moz[anoc1, BO BpEMs
MIPOAOJDKAOIINXCA SKCIIEPUMEHTOB.

Ta6anna 1. [eomerprdeckue mapameTpsl GU3NIECKOH MOIEIH

— PeanbHbIi dusnyeckas
pameTp 00BEKT MOJICITb

JuameTp 3amuTHorO 90,47 1,51

pesepByapa, M

JlumeTp OCHOBHOTO 84.47 1,41

pe3epByapa, m

Bricora 3amuTHOTO 20,00 0,33

pesepByapa, M

Bricora ocHoBHOTO 24,10 0,40

pesepByapa, M

TonmuHa cTeHKH 0,06...0,26 0,002

W THUIIA pe3epByapa, M

Temmneparypa okpykaromieii cpeabl BO BpeMs Hc-
neiTanuil coctaBisiia 0 °C, arMmocdepHoe gaBneHne —
1 at™m. [Tockonbky pesepByap OBLIT OTKPHIT CBepXY (0e3
KPBIIIN), TO 9TH JKCHEPUMEHTHI ITOXOKH Ha IOXKaphI
B OacceliHe.

B nporiecce MofenupoBaHus Hoxapa aBTopamu Bbl-
OpaHbI 3Ha4YCHHs HanOoJee XapaKTepHBIX JJIS HIONS Be-
TPOB (UIOJIb — CaMBblii OITACHBII EPHO IS 00eCIIeUCHUs]
MOKapHOHM 0e30MacHOCTH XpaHWIHIT HeTH 1 HedTernpo-
IYKTOB). YYTEHO, 4TO, KaKk yka3zaHo B [15], MakcuMaiib-
Has CKOPOCTh BETpa NPH YHCICHHOM MOJCIMPOBAHUU
HE JI0JDKHA TIpeBbImaTh 10 M/c, TOCKOIBKY YToJl OTKJIOHE-
HUS IVIAMEHHU OT BEPTUKAIH MOJ JeHCTBUEM BETPA U UTH-
Ha IUTaMEHH OOJTBIIE HE M3MEHSIOTCS 3HAUUTEIHHO C TAJTh-
HEUIIINM YBEITMYCHHEM CKOPOCTH BETpa. JKCIICPUMEHTHI
¢ (hU3UUECKON MOJEIBIO IPOBOIMIINCH B IIOMEIICHUH TIPU
Pa3NUYHBIX BETPOBBIX HArpy3Kax: sKcriepuMenTs No 1, 2,
10 u 11 — 6e3 BeTpOBOii HArpy3KH; SKCIEepUMEHT Ne 3 —
ckopocth Berpa 1,9 m/c; skcriepumeHtsl Ne 4 u 5 —
1,3 m/c; akcniepuMeHThI Ne 6 1t 7 — 0,9 M/c; SKCTIepUMEHT
Ne 8 — 4 m/c; axcriepument Ne 9 — 4.4 m/c.

B Xome 3KCIIepHMEHTOB HCIONB30BAHBI JATYHKA
TEIUIOBOTO TIOTOKA, XapaKTEePUCTUKU KOTOPBIX Oolee
oipoOHO MpecTaBlIeHbI B TabI. 2. Pacnionoxkenue nat-
4yiKOB TeroBoro notoka SBGO1 mokazano Ha puc. 5-8.
Bonee monpobHast nHpoOpManys 0 AaTYUKAX JOCTYIHA
B MHCTPYKIHHU .

15 User manual SBGO1. Water cooled heat flux sensor. URL: https:/www.
hukseflux.com/uploads/product-documents/SBG01_manual v1722.pdf
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npougccs! ropenus, AETorALMK 1 B3PbiBA [

Ta6auua 2. JlaTuuku TerioBoro NoToka

1 0...100 1,56 50 0,4
2 0...100 2,00 33 0,4
3 0...200 1,26 56 0,4
4 0...50 2,80 27 0,4
5 0...50 2,80 27 0,4
6 0...100 1,26 56 0,4
7 0...100 1,26 56 0,4
8 0...100 1,26 56 0,4
9 0...100 1,56 50 0,4
10 0...100 1,56 50 0,4
11 0...100 1,56 50 0,4
Hanpasienue Berpa Ne g e
q ; 1,56 | 1,56
. 1,26 ; 1,26
__________ =}
ol I i T o
.r:::’ '.:::’ ‘\\\:\
AT i No | "l‘l
1 . '3 |:
N N3 W "
) 3\
\*Q\ \tt\ /””
Pesepryap 3_ N Pesepsyap 2
s A Ne s w
[ " I\l
" " \!
i i )
]
l‘:‘ “:‘ ":1
\‘\\\ “é\ 35'
Pe3zepayap :l— Pesepsyap 5 N Pesepsyap 6

Puc. 5. JlaTunku TETI0BOTO MOTOKA (BUI CBEPXY)
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Hanpagnenue Betpa

Ne7 Ne 6 Ne3
< 50°<56° 56°._502 o

No 9 _]_@:L ; 1] . _‘&\%@ Nel
=
=

1,26 1,26
1,56 | 1,56
Pesepryap 3 Pezepryap 1 Pesepryap 2

Puc. 6. JlaTunku TEIIOBOTO MOTOKA
(Bux cOOKy 1u1s pe3epByapoB Ne 1-3)

T Harpagsienue serpa

Ne 7 Ne 6
N8 4 56° ; 56° ) Ne 2
AN i =
=
S
1,26 i 1,26 i
2,0
Pesepryap 1 Pezepeyap 5

Puc. 7. JlaT4nky TEIUIOBOTO OTOKA
(Buz cOoky mist pezepByapoB Ne 1 u 5)

Harpapienue perpa

Ne 4

h
Ne2
Ne5 o o
ﬁ:\
| | =
2,2 2,2
Pezepryap 6 Pezepryap 5

Pezepryap 4

Puc. 8. JlaTuriku TEmI0BOro MoToka (Bui cOOKy s pe3epByapoB Ne 4—6)

[Ipu ucrnonp30BaHUM MOJEIBHOIO SKCIIEPUMEHTA
BO3HMKaeT MpoliieMa CPaBHEHUSI MOJIENIU C PealbHbIM
00BEKTOM, KOTOpasi peIIaeTcs IyTeM NPUMEHEHUS Te0-
pun mogo6ust. Teopust 000U TO3BOJISIET YCTAaHOBUTD
XapaKTepUCTUKHU MOJENH, NapaMeTpbl, KOTOphIE Lieje-
co00pa3HO BapbUPOBATH B DKCIIEPUMCEHTAX, MPaBUIIA
mepeHoca pe3yibTaToB Ha peajibHbIe OOBEKTHI M OT-
BETUTHb Ha MHbBIE BOIIPOCHI, CBA3aHHBIE C peaiu3anuen
9KCTIEPUMEHTOB.

B mpoBeneHHOM aBTOpaMH HCCIICIOBAHUH IIPH-
MeHsIcs MeTox nomoousa. HeoOXoauMBIM UM 10CTATOY-
HBIM YCJIOBHEM NOJ00MS MOAETH U 00BEKTa SIBISETCS
MOCTOSTHCTBO YMCIIOBBIX 3HAYEHUIl Oe3pa3MepHBIX KOM-
IUIEKCOB. B sKkcmepuMeHTax Mojenb OOBEKTa U Bep-
THKAJIBHBII CTaJIBHOM pe3epByap C 3aIIMTHON CTEH-
koii oObeMoM 125 Thic. M® reoMeTpUYUECKH MOIOOHHI,
TaK KaK UX OJMHAKOBBIE pa3Mepbl MPONOPLHOHAIBHBI
U YIJIbl paBHBL.

ITockosbKy B Ipoliecce MCCIEeOBaHUS CO3/a-
Jack pasiuYHas BETpOBas Harpyska, 3To Tpeboma-
JI0 KHHEMAaTHYECKOTO CXOJICTBA PEaJbHOM CKOPOCTH
BETpa U CKOPOCTH BeTpa B 3KcmepuMmeHte. Pabora
[21] memoHncTpupyeT odeHb ciabyi0 3aBUCHUMOCTH
ko3 dunuenta nogobus k ot xputepus PeiiHonbaca

Re ipu Re >> 1000, T.e. aspoguHamMudeckue ko3 hu-
IUEHTHl Ha MOJAEISAX TPeOYIOT BBITOJHEHHUS TOIBKO
YCJIOBUS MOAOOHUS MO TeOMETPUUYECKON (NTHHEIHO)
mkane. [Ipu 3TOM BIUsSHUE CTENCHH TYpPOYICHTHO-
CTH Ha pacyeTHHIC 3HAYCHUS OOBIYHO HE MPHHIMA-
€TCS BO BHHMAaHHUE, MMOCKOJIBKY U3MEPEHUS CTEIEHU
TypOyJIGHTHOCTH B MOTOKE BO3IyXa M pETyIHpOBa-
HUE 3TON CTerneHu TPeOyIoT CIO0XKHOTro o0opymoBa-
HUS W CHENHAIBHBIX HccienoBaHui. Takum oOpa-
30M, CKOPOCTH Ha MOJENIH U CKOPOCTH Ha peaJbHOM
00BbEKTE KUHEMATHYCCKH MOJOOHBI, TOCKONBKY HpU
COOITIOZICHUN TEOMETPHUYECKOTO IMOA00US CKOPOCTH
MOOOHBIX TOYEK IPOMOPIIUOHAIBHEL, UX TPAEKTOPHU
AQHAJIOTHYHBI:

L. V
AL — jdem, £ = idem,
2i Vak

i=1,2, .. k=12 . m (11)

tae li;, b, lig ly — XapakTepHble T€OMETpHYECKHe
pa3Mepbl 1 CKOPOCTH.

UzBecTHO, uTO XapakTep, opma u pa3Mepsl mia-
MEHH IIPU MPOYMUX PABHBIX YCIOBHUAX OIPENEISAIOTCS
XapaKTePUCTHKAMHU TOPIOYe KHUIKOCTH, €€ TeMITepaTy-
poii, pa3mepamu cocynia U BETpoBoil Harpy3koil. Ha oc-
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HOBaHHWH T€OMETPHIECKOTO MOAOONS MOJCTH U peajb-
HOTO 00BEKTa, KHHEMAaTHYECKOTO MOIO0Hs CKOPOCTEr
BETpa U BEIOOPA OMMHAKOBOTO BUA TOPIOYEH KHUIKOCTU
(OeH3MHA) MOXHO CHIeJaTh BBIBOJ, YTO B XOJIE JKCIIC-
PUMEHTOB 00eCTIeunBaeTCs ofo0ue TIaMeHHOH 30HBI
Ha (U3NYECKON MoIenu W pe3epByape odbemom 125
TeiCc. M°. KpoMme Toro, mpu BbIOOpE T€OMETPHUESCKHX
pa3MepoB MOJICIH AaBTOPAMHU YUUTHIBAIOCH TPEOOBaHUE
obecriedeHus pa3BUTHs TYPOYJIEHTHOIO peXUMa rope-
HUSI, KOTOPOE XapaKTepHO IS peabHOTO OOBEKTA.

Pe3yAbTaThbl U UX 06Cy)XXAEHUE

ITocne mpoBeaeHUs SKCIEPUMEHTOB C HCIIOJb-
30BaHUEM MOJACIN aBTOpaMU MOJYYCHBI 3HAYCHUS TEC-
IUIOBOTO TIOTOKA TPH TMOXKape OCH3MHA B OCHOBHOM
pe3epByape B 3aBUCHMOCTH OT PacCTOSHUS OT PE3CpBY-
apa 10 o0beKkTa 1 CKopocTH BeTpa. Ha puc. 9 HarsimHO
MpeJCTaBleHbl JaHHble OT Aatunka Ne 1, 3aduxcupo-
BaHHbIE B pe3yabrare skcrepumeHToB Ne 1,2, 10 u 11,
Ha puc. 10 — pannsie ot natauka Ne 1 mpu ckopoctu
Betpa 1,9 m/c.

st moctpoenus cetu ANFIS, nporuosupytromeit
TEIUIOBOM MOTOK (0€3 BETPOBOW HArpy3Kku), OTOOpaHO
YeThIpe IKCIIePUMEHTa 0e3 BETPOBOI HArPy3KHU: DKCIIe-
pumentsr Ne 1, 2, 10 u 11. B xauectBe BXOIHBIX ma-

30

pPaMeTpOB CETH MCIIOIB30BAHBI CIIEIYIOIIHe: BXon 1 —
BpeMs, C; BXOJ 2 — pPAacCTOSIHHE OT IIEHTPa Pe3epBy-
apa, M; BX0A 3 — Yroj HakJOHa OT TOPHU30HTAJIHU
BBEPX, I'Pajl.; BBIXOJHOHN MapaMeTp CeTH — TEIIOBOH
moToK, KBT/M2.

C uensto noctpoenus: cetu ANFIS mis mporHo-
3MPOBaHUS TEILIOBOTO TOTOKA (C BETPOBOM HArpy3Koii)
0TOOpaHO CeMb JKCICPUMEHTOB C BETPOBOH Harpys-
Koii: akcriepumeHThl Ne 3—9. B kadecTBe BXOAHBIX IMa-
pamMeTpoB CETH MCIIONB30BAHBI ClIeAyIOIMe: BXoA 1 —
BpeMsl, C; BXOJ 2 — CKOPOCTb BeTpa, M/C; BXol 3 —
paccTosiHAE OT IIEHTpa pe3epByapa, M; BXoa 4 — yroiu
HAaKJIOHAa OT TOPH3OHTANM BBEpX, I'Paj.; BBIXOAHOU
rnapaMmeTp CeTu — TEIIOBOM MOTOK, KBT/M.

OO0mee KONMUYECTBO HKCIEPUMEHTAJbHBIX JIaH-
HBIX U1 moctpoenus: cetu ANFIS, mpornosupytoreit
TEIUIOBOM MOTOK 0e3 BETPOBOW HATrPy3KH, COCTABHIIO
10 845 zamuceii: 50 % ot oburero Habopa — oOy4aro-
miast BeIOopka, 50 % ot obmiero Habopa — TecToBas
BbIOOpKa. [Ipu moctpoennn cetn ANFIS, onpenernsto-
1ieii NpOrHo3 TEIIOBOT0 MOTOKA IPU BETPOBOIl HATpYy3-
Ke, HCIIOJIb30BaHbl SKCIIEPUMEHTAJIbHBIE TaHHBIE B KO-
nudectBe 32 518 3ammceii. 13 obmiero Habopa 3amuceit
c(hopMHpOBaHEI BEIOOPKH [T 0OyUCHUS U TECTHPOBA-
Hus: 50 % oT obmmero Habopa — oOydaromas BEIOOpKa,

25

[\
S

—_—
(9}

TeruioBoii NOoTOK, KBT/M?

—_
o

== JlaTynk TemioBoro noroka Ne 1 (akcm. Ne 1)

JaTuuk TerutoBoro moroka Ne 3 (akcrm. Ne 10)

=8 JlaTynk TemioBoro noroka Ne 2 (akcm. Ne 2)

== JlaTuuk TemioBoro noroka Ne 4 (axcr. Ne 11)

Puc. 9. 3aBUCHMOCTh TEIUIOBOTO MIOTOKA OT BPEMEHH (aT4YMK TEIIOBOro motoka Ne 1, ckopocts Betpa — 0 m/c)
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Puc. 10. 3aBUCHMOCTD TEIJIOBOIO IIOTOKA OT BpEeMEHH (IaTYHK TeruioBoro notoka Ne 1, ckopocts Betpa — 1,9 m/c)

50 % ot obmero Habopa — TecToBas BeIOOpKA. Jlys
¢dopmupoBanus obyuaromieil BeIOOpkH (Tabm. 3 u 4)
u3 ob1iero Habopa 3amuceil B 000uX cilydasx oToOpa-
HBI BCE 3aIIMCH C HEYETHBIMH YUCIAMH, JUII TECTOBOI
BBIOOpKH (TabMI. 5 1 6) — ¢ YETHBIMU YUCIIAMHU.
BrimonHeHo cpaBHEHWE THUTIOB (PYHKIMA MTPHHA-
JISKHOCTH TIPU Pa3NAYHBIX METOIaX ONTHMHU3AINH TIPH
TeHEPUPOBAHUH CHCTEMEI MO AJITOPUTMY PEIIETIATOrO
pa3OueHHUS TIPH CIIEAYIOINX apaMeTpax CeTH:
®  KOIMUEeCTBO 0Oydarommx snox — 100;
®  KOJIMYECTBO (DYHKIMIA-UJICHOB ISl Ka)X/I0TO BXO/Ia
—3;

Taonuua 3. ®parment oOyyatoreii Be1Oopku st ANSIS
(6e3 BeTpOBOI HArpy3Ku)

norpenraocts — 0;

METOJ] ONTHMHU3AIMH — TUOPHIHBIA WIH METOJ

00paTHOTO PacIPOCTPAHEHHUS OIIUOKH.

Kak BuIHO U3 MONTy4eHHBIX pe3ynbTaroB (Tabm. 7),
"aumMmeHnsblas omubOka RMSE g cetu ANFIS 6e3 Be-
TPOBOU HATPY3KH COOTBETCTBYET UCIIOIB30BAHHIO MIPO-
W3BE/ICHUS JIBYX CUTMOWAAIBHBIX (YHKIHH IpHHAI-
nexxaoctr. s cetn ANFIS, dopmupyrorieid mportos
C y4eTOM BETPOBOM HArpy3Kd, HAMMEHBINAS OIIMOKA
RMSE, kak BuiHO U3 Ta0Il. 8§, COOTBETCTBYET IIPUMEHE-
HUIO 0000IICHHON KOIOKOI000pa3HOH (pyHKIMH NIpH-
Ha/UIEKHOCTH.

Tabnuua 4. ®parment oOy4atoreit Be1oopku s ANSIS
(c BeTpOBOI Harpy3Koii)

Howmep Bxox 1 Bxox 2 Bxox 3 Brixon Howmep Bxox 1 Bxon 2 Bxon 3 Bxon 4 Brixon
1 1,00 1,56 50,00 0 1 1,00 1,90 1,26 56,00 0
2 3,00 1,56 50,00 0 2 3,00 1,90 1,26 56,00 0
3 5,00 1,56 50,00 0 3 5,00 1,90 1,26 56,00 0
4 7,00 1,56 50,00 0 4 7,00 1,90 1,26 56,00 0
5 9,00 1,56 50,00 0 5 9,00 1,90 1,26 56,00 0
5423 290,00 1,56 50,00 1 16259 | 270,00 4,40 1,56 50,00 0
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Ta6anna 5. ®@parment tectoBoii BeIOopKH a1t ANSIS

(6e3 BeTpOBOI HArpy3KH)

Ta6mua 6. ®parment obyuarorieit BeIoopku st ANSIS

(c BeTpOBOI HArpy3KOii)

Homep Bxox 1 Bxox 2 Bxox 3 Brixon Howmep Bxox 1 Bxox 2 Bxox 3 Bxon 4 Brixon
1 2,00 1,56 50,00 0 1 2,00 1,90 1,26 56,00 0
2 4,00 1,56 50,00 0 2 4,00 1,90 1,26 56,00 0
3 6,00 1,56 50,00 0 3 6,00 1,90 1,26 56,00 0
4 8,00 1,56 50,00 0 4 8,00 1,90 1,26 56,00 0
5 10,00 1,56 50,00 0 5 10,00 1,90 1,26 56,00 0
5422 289,00 1,56 50,00 1 16 258 | 269,00 4,40 1,56 50,00 0

Ta6anna 7. 3nauenust onmbxu ANFIS (6e3 BeTpoBoit
Harpy3kH) B 3aBHCHMOCTH OT THIA (YHKINH IPUHA/IISKHOCTH

Ta6anna 8. 3nauenns ommodku ANFIS (c BeTpoBoit Harpy3koit)
B 3aBHCHUMOCTH OT THIA (ByHKI[UN MPHHAUISKHOCTH M METOAA

M METO/Ia ONITHMHU3ALAN ONTUMM3ALUHN
RMSE RM
o S ) SE ) o RMSE ) RMSE )
HATICKHOCTH 11 00y4aromel | IS TeCTOBOM HATICKHOCTH U151 00ydJaromeil | JUIs TECTOBOM
fpHHaZL BBIOOPKH BBIOOPKH fIpHHazT BBIOOPKH BBIOOPKHU
I'mOpumHBIT MeTOq T'ubpunnsiil MeTox
TpeyronbHas 8,90 8,86 TpeyronbHast 7,30 7,26
TpaneuueBuaHAS 9,01 8,96 TpamneuneBuaHAS 7,34 7,29
O0001eHHas 8.92 8.87 O06001IeHHas 7.07 7.02
KOJIOKOJIOOOpa3Hast KOJIOKOJIOOOpa3Hast
I'ayccosa 8,89 8,84 lNayccosa 7,16 7,12
l'ayccoBa kKOMOMHAITMOHHAS 9,01 8,96 TayccoBa KOMOMHAI[MOHHAS 7,34 7,30
IMTu-o6pa3nas 9,05 9,00 IMu-o6pasnas 7,36 7,31
PazHoCTh MEXKTY IByMS PaszHoCTh Mexay IBYyMSs
CUTMOHIAILHBIMU 8,78 8,73 CUTMOHUIAILHBIMU 7,31 7,27
dyHKIHAME byHKIMAME
[IpousseneHue AByx 8.72 8.67 IIpousBeneHue IByX 731 7.27

CUTMOMJATIBHBIX (DYHKIIUI

MeTox 00paTHOTO PacHpOCTPAHEHHS OIIHOKH

TpeyronbHas
TpanenueBugHas

O6006meHHas
KOJIOKOJIOOOpa3Hast

I'ayccoBa
I'ayccoBa kKOMOMHAIIMOHHAS
ITu-o6pa3Has

Paznoctb MexIy OByMs
CHTMOHIATTBHBIMH
dyHKUMIMH

IIpousBenenue nByx
CHUTMOMIATBHBIX (QYHKIIHI

10,85
10,78

10,85

10,85
10,77
10,76

10,78

10,74

10,79
10,73

10,79

10,79
10,79
10,70

10,72

10,68

CHUTMOHIANBHBIX (QYHKIIHI

TpeyronbHas
TpanenwneBumHas

O6o0meHHas
KOJIOKOJIOOOpa3Hast

l'ayccoBa
layccoBa koMOMHAIIMOHHAS
ITu-o6pa3nas

PaznoCTh MEXITy IBYMS
CUTMOUIATIBHBIMH
dyHKIMAMEI

Iponssenenue AByX
CHTMOUANBHBIX (PyHKINH

MeTozx 06paTHOTO pacupOCTPAHECHHS OIIHOKH

7,97
7,91

7,97

7,97
7,91
7,91

7,91

7,91

7,93
7,87

7,92

7,93
7,87
7,86

7,86

7,86
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IIpousBeneHo CpaBHEHUE IIOJYUYEHHBIX pe3yib-
TaToOB C pe3yJabTaTaMH IMPH TEHEPHUPOBAHUU CHUCTEMBI
yepe3 CyOTpPaKTHBHYIO KJIACTEPH3ALHIO MO TOPHOMY
metony. [Ipu moctpoennn cereit ANFIS ¢ ncrionp3oa-
HHEM METOJa CyOKJIaCTepHU3aIlH IPUMEHEHBI CIIETyI0-
e napaMeTpsl:

e  BekTop paguycoB — 0,5;

Kod(duiueHt nogasnenus — 1,25;

ko3 dunment npunsatus — 0,5;

ko3 duruent orropxxenus — 0,15;

KoJIuecTBO oOydaromux smox — 100.
Pesynwratsl, npencrasneHssle B Tabn. 9 u 10, ne-
MOHCTPHPYIOT CJIEAYIOLINE BBIBOABIL:

e cetrb ANFIS mist mporao3upoBaHus TETIOBOTO TO-

TOKa 0e3 y4eTa BETPOBON Harpys3KH, IOCTPOEHHAs

C HCIOJBb30BAaHHEM METOAA CyOKJIacTepU3alluH,

SIBISIETCS] ONTHMAIIBHON (METOI ONTHMHU3AIINA —

THOPUIHBIN);

e cetrb ANFIS ans nporao3upoBaHus TEMIOBOTO M10-

TOKa C Y4eTOM BETPOBON HArpy3KH, IOCTPOCHHAsS

C HCIIONB30BAaHHEM MeETOJa CyOKacTepu3alvy,

SABJISIETCSI ONTUMAJIBHON (METOJ ONTUMHU3ALNH —

THOPHTHBIN).

Taonuua 9. 3nagenus omuodku ANFIS (6e3 BeTpoBoit
HArpy3KH) B 3aBUCHMOCTH OT METOJIa ONITHMHU3AI[HH
Ha oOyyJaromiel 1 TeCTOBOI BEIOOPKax

RMSE RMSE
Merton . .
IUTs1 O0yd9aromet | [UIsl TECTOBOM
ONTHMH3ALUN
BBIOOPKH BBIOOPKH
T'uOpumHBIi MeTON 8,33 8,28
Merton oOparHOro
pacnpocTpaHeHus 42,53 42,42
omuoKu

Ta6anna 10. 3nauenns ommbku ANFIS (¢ BerpoBoii
Harpy3Koi) B 3aBUCHMOCTH OT METOZA ONITUMHU3ALHN
Ha o0yuJaromieil 1 TecToBoi BEIOOpKax

RMSE RMSE
Merton o o
Juist 00yuaroIei IS TECTOBOM
OIITUMHU3ALMHA
BBIOOPKH BBIOOPKH
T'uOpunHbIil MeTOR 6,61 6,56
Merton obparHOTO
pactpoCTpaHeHUs 9,01 8,96
OIIMOKH

Takum 00pa3oM, NPOU3BENEHO CpaBHEHHE pas-
JWYHBIX THIIOB (YHKIMH NPHHAUICKHOCTH, METOZIOB
ONTUMHU3ALMM M METONOB TI'€HEPUPOBAHMS CHCTEMBI
U yCcTaHOBJEHO, 4To 1is cereil ANFIS, BbimomHsio-
IMUX TIPOTHO3HUPOBAHME TEIUIOBOTO ITOTOKa 0e3 ydera
U C y4ETOM BETPOBOM HArpy3KH, ONTUMAJIbHBIM SIBIISET-
csl IPUMECHEHHUE METOa CyOKIacTepH3alui U THOPUA-

HOTO METOJa ONTHUMH3AINH, YTO 00ECIIEUNBAET CaMble
HU3KHE 3HAUEHUs! OLIMOKM Ha BEIOOpKax.

Paspaborannbie cetn ANFIS ucnons3oBanbl 1is
(OpPMHUPOBAHUS CHCTEMBI TIPABHJI C IIETBIO OIpeaeie-
HUS 3aBHCHUMOCTH TEIJIOBOIO IIOTOKAa B pe3epByapax
C 3AIIUTHOM CTEHKON OT (JAKTOPOB BHEUIHEH CpeEsBl.
Ceru ANFIS npeanasnaveHs! A1 JOPMUPOBAHUS MTPO-
THOCTHUYECKOIO CLIEHapusl pa3BUTHs HOXKapa B OCHOB-
HOM pe3epByape JI1 pe3epByapa ¢ 3alllUTHON CTEHKOM.

PesynpraThl aHanu3a MOKa3bIBalOT, YTO CKOPOCTH
BETpa U PACIIONIOKEHUE pe3epByapa MOryT IPHUBECTU
K IOBBILLIEHHUIO TEMIIEPATYPbI BO3/LyXa, CTEHKU PE3EPBY-
apa u OensuHa. lloaTOMy, HECMOTpPSI Ha CIOXHOCTh
aHaJM3a, PETHCTPAIS BCEX ATUX (DAKTOPOB ITO3BOJISIET
IPOTrHO3UPOBATh 0€30MaCHOE PACCTOSHUE OT TOPSILLETO
pe3epByapa i1 I0KapOTyIIECHUS.

CymiecTByeT pasHHLIa MEXIY pe3yJbTaTaMH HcC-
CJIeJOBaHUI U 3KCIIEPUMEHTAIbHBIMU JaHHBIMU. [Ipu-
YUHOM 3TOr0 MOXET OBITh TO, YTO BCIBIILKH MOXKa-
POB 3aBUCAT OT APYTHX (PaKTOPOB, HIOMHMO CKOPOCTH
BETpA, PACCTOSHUS M YITIa, KOTOphIe He OBLTH BKITIOUE-
HBI B MOJIeNib. KpoMme Toro, BO BpeMEHHOM PSIY MOXKET
MPHUCYTCTBOBATH IIIyM, CBSI3aHHBIN C KOJICOAHUSAMHU He-
3apeTHCTPUPOBAHHBIX (DAaKTOPOB.

Taxum 06pa3oM, MOXKHO C/I€IaTh CIEAYIOLIHHA BbI-
Boa: cetb ANFIS, noctpoenHas ¢ uCcroip30BaHuEM Me-
ToAa CyOKJIacTepU3aIly, SBISICTCSI ONTUMAaIBHON (Me-
TOJl ONITUMM3AIIN — TUOPUTHBIN).

BbiBoAbI

B uccnenoBanuu aBropaMu pacCMOTPEH CLIEHAPHIA
pa3BUTHS TIOXkKapa B OCHOBHOM pe3epByape BHYTpPHU pe-
3epByapa C 3alIMTHON CTEHKOH, BXOSIIETO B COCTaB
pe3epByapHOro napka.

[Iponecc miaHUpoOBaHKUA U NPOBEASHHS TOJEBBIX
9KCTIEPUMEHTOB MMOIPOOHO OMMCAH B MPENCTaBICHHON
pabote (cM. puc. 3-9). B pesynprare sKcriepuMeH-
TOB Ipou3BelleH cOOp SKCIEPUMEHTAJIbHBIX JaHHBIX
(cm. puc. 10 u 11) ¢ ucnonp30BaHUEM JATYMKOB TEILJIO-
Boro noroka SBGO1.

Ha ocHOBaHMM 53KCIIEPUMEHTAJIbHBIX JaHHBIX
cthopmMupoBanbl 00yyarolIre U TECTOBbIE BEIOOPKH (CM.
TabI. 3—6) U onpe/eNIeHbl 3aBUCUMOCTH TETIOBOTO T10-
TOKa OT (paKTOpPOB BHEWIHEW CPeAbl IOCPEACTBOM IIO-
CTPOEHUS UCKYCCTBEHHBIX HEHPOHHBIX ceTeil ANFIS.

BrimonHeHo cpaBHEHHE THUIIOB (PYHKIMA MPHHA-
JEKHOCTH IJIs1 BBIOOpA ONTUMAJIBHOW (YHKIMH IS
obeux cereit ANFIS (6e3 BeTpoBOW Harpy3ku U C Be-
TPOBOHM Harpyskoii). YCTaHOBJICHO, YTO MPH THOPUI-
HOM METOJIe ONTUMM3ALMU MPOU3BEICHUE [IBYX CHUI-
MOMJIANBHBIX (DYHKIMHA MPUHAUIEKHOCTH SBIAETCS
ONTHUMAJIBHBIM THIOM (YHKIWW MIPHHAJICKHOCTH 115
cetn ANFIS 6e3 BerpoBoii Harpy3ku (RMSE = 8,72
1T oOyJatoniei Beioopku, RMSE = 8,67 mys TecroBoit
BeIOOpkH). st cetu ANFIS, yuuteiBaromeil BeTpo-

m POZHAROVZRYVOBEZOPASNOST/FIRE AND EXPLOSION SAFETY 2020 VOL. 29 NO. 5



MPOLIECCHI TOPEHKA, AETOHALMU U B3PbIBA -

BYIO HArpys3Ky, IpH THOPHIHOM METOAE ONTHMHU3AINN
o0ecrieunBaroTCsl JTy4IUe pPe3yabTaThl TPUMEHEHHUS
0000IICHHON KOJIOKOJI000pa3HoW (YHKIIMH TpPUHAI-
nexxnoct (RMSE = 7,07 ansa obyuatomield BBIOOPKH,
RMSE = 7,02 ayis TecToBOI BEIOOPKH).

Boinonuen ananus cereir ANFIS, moctpoeHHbIX
C WCIIONB30BAaHUEM METoJia CyOKiIacTepu3anuu. Ycra-
HOBJICHO, YTO JUIsl TPOTHO3UPOBAHHS TEIJIOBOTO TOTO-
Ka ¢ ucrnons3oBanueM cetd ANFIS kak 6e3 ydera, Tak
U C YUETOM BETPOBOI Harpy3Ku MeTo]] cyOKIacTepm3a-
mun (IpU THOPHIHOM METOIE ONTHMHU3AIMU) obecre-
YHBAET CaMbIC HU3KUE 3HAYCHUS OLTHOKY Ha BHIOOPKAX.
Tak, ans cetn ANFIS 6e3 yuera BeTpoBOW Harpy3Kku
RMSE = 8,33 gy oby4atomeit Beioopku, RMSE = 8,28
JUTsL TeCTOBOUM BBIOOpKH, a it ceth ANFIS ¢ yuerom
BeTpoBoii Harpy3ku RMSE = 6,61 st oOy4atornieid BbI-
6opku, RMSE = 6,56 m1st TecTOBO# BEIOOPKH.

HayuyHoe mccrnenoBaHue MO3BONIIIO pa3padoOTaTh
MOJIENIb ONEPATHBHOTO MPOTHO3MPOBAHUS TEILIOBOTO
MOTOKA Ha OCHOBE WCIOJIB30BAaHUS DIIEMEHTOB HCKYC-
cTtBeHHOro uHremiekra (cereit ANFIS). B npezncras-
JICHHOM WCCIICIOBAaHUH aBTOPHI 0C00O€ BHUMAaHUE
VICIWIHA BBISBICHHIO 3aBUCHMOCTHU TEIJIOBOTO TIOTOKA
OT BeTpoBOW Harpy3ku. IlomydeHHbIe B Xozue pabOThI
PE3yIBTaThl MO3BOJMAT TMOBBICUTH 3(P()EKTHBHOCTE JI0-
KaJIM3allil W JINKBUAAIINH TOXXapoB, OE30MacHOCTh
MOXKAPHBIX OOBEKTOB M TEPCOHANA, COKPATUTH COIH-
aNbHBIA, 3KOHOMHYECKHHA M SKOJIOTMYecKui yepo.
Mogzenb oneparuBHOTO MPOTHO3MPOBAHUS TEILIOBOTO
MOTOKA, YYUTHIBAIOUIas BIHSHHE (HAKTOPOB OKpyXKa-
IOIIEN Cpefibl, B TOM YHCIIE U BETPOBOM Harpy3KH, MO-
KET TPUMEHIThCA B CHCTEMAaX MOIJICPKKU MPUHATHS
YIPaBJICHYECKUX PEIICHUH [UIs MPUHATUS YIIpaBiieH-
YECKHX PEIICHHUH IT0 pa3MENICHHUIO IepcoHaa u 000py-
JIOBaHUS B COBPEMEHHBIX pe3epByapHBIX MapKax.
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ABSTRACT

Introduction. Tanks and tank farms are widespread in many constituent entities of the Russian Federation
and are among the most important elements of the model for the production, treatment, transportation and pro-
cessing of oil and oil products. It is relevant both at the Russian and global levels to ensure that fire safety
is arranged for tank farms to reduce highest risk levels according to the risk-based safety model. In the context
of information and communication technology (ICT) developments and introduction of ICT into the operation
and management of various facilities, over the past decades advanced methods have emerged for predicting
the occurrence and development of emergency situations at facilities and enhancing management decisions on
containment and elimination of emergency situations including fires.

Goals and objectives. In this paper, the authors present a model that they developed to promptly forecast heat
flows using artificial neural networks. The forecast model will improve the safety of fire brigade personnel re-
sponsible for extinguishing fires inside ground-based vertical steel tanks having protective walls. In the research,
the authors place special emphasis on identifying dependence between the heat flow and the wind load.
Methods. To achieve this goal, the authors arranged and conducted a series of experiments, collected experi-
mental data on heat flows, and created training and test samples.

Results. Dependences between heat flows and environmental factors were identified by constructing adap-
tive neuro-fuzzy inference systems or adaptive network-based fuzzy inference systems (ANFIS). Various types
of membership functions, optimisation and system generation methods were compared and it was found out
that for ANFISs, prediction of heat flows with regard to and disregarding wind loads were optimal, if subcluster
and hybrid optimisation methods were used, as they had lowest error values for samples.

Discussion. The analysis shows that wind speed and tank location can rise temperatures of the air, tank wall
and petrol. Therefore, despite the complexity of the analysis, the regard for all these factors makes it possible
to identify a safe distance between a burning tank and firefighters.

Conclusions. The research made it possible to develop a model for prompt heat flow forecasting with the help
of artificial intelligence elements (ANFIS). The results obtained in the course of the work make it possible to in-
crease the efficiency of prompt forecasting of the dynamic behaviour of fire inside tanks and tank farms and op-
timize managerial decision-making by responsible persons.

Keywords: fire safety; petrol; physical model; wind load; artificial neural networks
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Introduction

Recently, a particular focus has been placed by the glob-
al community on ensuring human security and sustain-
able development of mankind in interaction with the en-
vironment. A global problem of concern throughout
the world is the growing fire hazard from the facilities
that are of strategic importance for the national security,
namely the national fuel and energy sector.

The relevance of fire safety at the facilities of
the fuel and energy sector originates from the fact that

power engineering is the main industry in any state.
In addition, power engineering is of decisive cross-
sectoral importance, since the level and quality of min-
ing, producing and supplying energy resources deter-
mine the conditions for national production activities
and services.

Currently, in Russia, as stated by the Unified Inter-
departmental Statistical Information System (EMISS)!,

' EMISS. URL: https://www.fedstat.ru/organizations/
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there are 8,139 tanks for oil products with a total capac-
ity of 16,512,170 m*® and 772 tanks for crude oil with
a total capacity of 5,590,580 m®. According to the final
reports of the Russian Ministry of Energy for 20182 and
20193, 54 fields were commissioned in the Russian oil
industry in 2018, 31 fields in 2019; and in 2018, the total
length of new oil pipelines reached 216 km, in 2019 —
324 km. Growing oil refining for domestic use and ex-
port is accompanied by the construction of large oil de-
pots having big tanks in the country. Tank farms having
tanks with the capacity of up to 50,000 m? are being
intensively built in the Russian Federation; at the same
time, tanks having the capacity of up to 100,000 m* are
being designed.

An increase in oil production and intensive de-
velopment of oil production and oil refining industries
in Russia boost the number of fires, thus, leading to
the growth of the fire scale and the damage caused. From
2007 to 2016, as indicated in [1], 126 emergencies oc-
curred. The dynamics of various emergency situations
(fire, explosion or emission) is shown in Fig. 1. Over
a ten-year period, there have been 65 fires, 46 explo-
sions and 15 emissions of hazardous substances, which
is 52, 36 and 12 % of the total number of incidents,
respectively (Fig. 2). 93.4 % of fires and accidents at oil
depots were recorded at ground storage tanks, of which
53.9 % were at petrol storage tanks; 32.1 % at crude oil
storage tanks; 14.0 % at tanks used for storing other oil
products (diesel fuel, kerosene, fuel oil. etc.).

According to [2], risks of various accidents, in-
volving tanks, are quite high in Russia. For example,
the risk of fire in pressure vent valves and oil level is

2 Operating performance of the Russian Ministry of Energy in
2019 and key challenges for 2020. URL: https://minenergo.gov.ru/
node/18288

3 Operating performance of the Russian Ministry of Energy and key
results of the fuel-and-power sector operations in 2018. Mid-term
objectives. URL: https://minenergo.gov.ru/prezentaciya_kollegiya
2019.pdf
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Fig. 1. Number of emergencies at the facilities of oil and oil
refining industries in Russia from 2007 to 2016

9.0 — 107 year!, which is 90 times higher than the rec-
ommended level of 107 specified in GOST 12.1.004-91%.

Despite the fact that the statistics on accidents at
the facilities of the oil refining and petrochemical in-
dustries show a decrease in the frequency of fires and in
the number of people injured in fires, the numbers are
disappointing and exceed those in Europe presented in
the Major Accident Reporting System (eMARS)?, and
in the USA according to the National Fire Protection
Association data®.

The outbreak of fires in oil and oil product storage
facilities and their spread pose a significant threat to
life and health of citizens, and also has a negative im-
pact on the environment (which is almost irretrievable).
Fires at facilities of the fuel and energy sector can be
characterised by a vast combustion spread area, pow-
erful thermal radiation, while the height of the glowing
flame is 1-2 times bigger than the diameter of a burn-
ing tank [3]. A fire spreads at high speed; burning is
accompanied by explosions and emissions of burning
liquid. Fires in tanks are long lasting; and they may last
from several hours to several days and require a large
amount of manpower and resources to be completely
extinguished [3]. Fires are especially hazardous at oil
depots and oil storage facilities, since heating of neigh-
bouring tanks can cause a cascade fire.

Indeed, the increase in the number of fires and
explosions inside tanks and at tank farms is a relevant
problem. The research in this area can ensure higher
security for the population and the environment from
man-made threats and technology-related risks. For
the purpose of research, tank farms designated for
storing petrol were selected, since they can accumu-

4 GOST 12.1.004-91. Occupational safety standards system (SSBT).
Fire safety. General requirements. URL: http://docs.cntd.ru/docu-
ment/9051953

> eMARS. URL: https://emars.jrc.ec.europa.eu/en/emars/content

¢ National Fire Protection Association. U.S. fire problem. URL:
https://www.nfpa.org/News-and-Research/Data-research-and-tools/
US-Fire-Problem

12 %

Emission

= Fire

= Explosion

Fig. 2. Breakdown of emergency situations at oil production and
refining facilities in Russia from 2007 to 2016
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late the largest amount of flammable liquid, and there
is a high probability of fire spread to adjacent tanks.
The type of fuel (petrol) is chosen due to the reviewed
statistical data on fires at oil and oil product storage fa-
cilities (over 50 % of emergency situations occur inside
above-ground petrol storage tanks).

This research is focused on a farm having vertical
steel tanks with a protective wall. This type of storage
units represents a new trend in building oil and oil prod-
uct storage facilities and expanding the existing ones.

The research is aimed at improving the safety
of firefighting personnel when extinguishing a fire in-
side a ground-based vertical steel tank with a protec-
tive wall by using artificial neural networks to simulate
the fire (heat flow) spread pattern.

Materials and methods

A rigorous research into liquid combustion pro-
cesses is conducted by Russian and foreign scien-
tists, including the work co-authored by V.I. Blinova,
G.M. Khudyakov and I.I. Petrov [4], in which the au-
thors carried out comprehensive studies of extinguish-
ing patterns applicable to oil and oil product com-
bustion processes and substances. A joint research by
LI Petrov and V.Ch. Reutt [5] was a natural follow-up
to this work; in in project, special focus was placed on
identification of critical conditions for flame extinction
in a tank, in case that an oil product is stirred there.
Fire safety issues inside tank farms were studied by
O.M. Volkov and G.A. Proskuryakov [6]. They ana-
lyzed the origin and development of fires at facilities
as well as key measures to prevent and extinguish fires
involving oil and oil products. Yu.A. Abramov and
A.E. Basmanov in [7] considered deterministic and
stochastic models of setting the optimal location and
choosing combat missions for fire-fighters containing
fire at tank farms. They proposed a method and an al-
gorithm for solving the problem in deterministic and
stochastic forms. In the study [8] M.G. Zabetakis and
D.S. Burgess considered the evaporation of liquid hy-
drogen from the point of view of the theory of heat
transfer and experimentally identified the pattern of dis-
tribution of flammable mixtures over the spill area.
During the experiments, ignition of hydrogen vapour
above the Dewar vessel and ignition of the vapour-air
mixture above the spill area were carried out at different
times after the spill of various amounts (up to 90 litres)
of liquid hydrogen. G.H. Markstein [9, 10] described
the results of experiments on measuring the total radi-
ation emitted by the burning flame of a slot burner and
a jet flame (fuel — methane, ethane, ethylene and pro-
pylene), measured radiant heat transfer and heat transfer
caused by the combustion of methane, ethane, ethylene
and propylene on the vertical surface of porous metal.

The shape of the flame and the heat flow were de-
scribed by D. Drysdale in his works [11]. There are also
some experimental researches related to fires in fuel
storage tanks or in pools. For example, V. Babrauskas’
work [12] contains experimental data on combustion
rates of petrol, liquefied natural gas and alcohol for
pools having a diameter of 0.2 to 7.0 m. M. Munoz in
[13] took thermographic measurements of fires in 1.5
to 6.0 m diameter pools containing petrol and diesel
fuel. In [14], experiments on fire extinguishing in pools
(3.0 m in diameter) are described and mass combustion
rates are measured. Fire development inside the tanks
ofthe ‘glassinaglass’typearedescribedinworks[15,16].
The influence of the thermal load of a fire inside an oil
tank on nearest tanks is presented in the article [17].

Based on the analysis of reference sources, it can
be concluded that experiments are basically carried out
without taking into account the effect of the wind load
(at a wind speed of 0 m/s), in the works, most research-
ers either do not take into account the effect of wind on
the heat flow during the fire, or use simplified ratios.

Since the processes of combustion, thermal radi-
ation of the flame and its scattering in the atmosphere
differ due to their complex mutual influence, it is neces-
sary to carefully study the fire development process in
a tank under different wind loads in order to choose tank
protection measures and develop recommendations on
how to carry out fire extinguishing actions.

The recent breakthrough in the development of ar-
tificial intelligence, big data and machine learning has
created unprecedented opportunities for transition to ad-
vanced intelligent systems that process a large amount
of information of various nature and generate manage-
ment decisions in non-standard environments and hardly
projected critical support situations to ensure the securi-
ty of facilities. However, such tools are actively used in
practice in marketing, social networks and business op-
erations, while these methods are used to a limited extent
in medicine and production activities.

In this work, the authors proposed to use artificial
intelligence elements (artificial neural networks) to pro-
cess data from an experiment on simulating a fire in
a tank in the territory of a tank farm, which corresponds
to the priorities and prospects of Russia’s research and
technology advancement according to the Scientific and
Technological Development Strategy of the Russian
Federation (Strategy of the RF STDS).

The research used an adaptive network-based fuzzy
inference system (ANFIS) [18] to predict the fire devel-
opment pattern in the main tank. The choice of the AN-
FIS network is substantiated by the fact that this type
of networks provides a lower root-mean-square error
(RMSE) in comparison with other neuro-fuzzy sys-
tems. In addition, ANFIS networks are very effective in
forecasting [19].
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Architecturally, ANFIS is a five-layer network with
nodes, each of which has dedicated features. The func-

tion of the node of each input is determined by the for-
mula (1) [18]:
01,1' =Wy (PJ ),
where P; — input data for node i
A; — membership function.

For the generalised bell-shaped function, formula
(2) is used’:

(M

@

where q; is the membership function concentration co-
efficient;
b; is the coefficient of steepness of the membership
function;
¢; 1s a coordinate of the membership function max-
imum.
For the Gaussian function, formula (3)? is applied:

~(F5)
27
wi(P)=e 2, 3)
where b; is the coordinate of the membership function
maximum;
¢; is the coefficient of the membership function

concentration.
For the Gaussian combined function formulas

(4)~(5) apply:
c1; < ¢y then

2

24}, ’ R] <ey,
(Be)  (Pew)
wa(B)=fe 7 e T e shza, )
(P-e.)
e 24, s P >c
c1;> ¢y, then
(Be.)
e 2, , P <cyy,
(Pf"lz,f)z (Pﬁczz ) (5)
My (P]): e 2 » G S P] <6y,
(Bes)
e 2 , P>cp

where c¢;;(c;;) is the minimum (maximum) value
of the fuzzy set kernel;

" MathWorks. URL: https://www.mathworks.com/help/fuzzy/gbellmf html
8 MathWorks. URL: https://www.mathworks.com/help/fuzzy/gaussmf.html
 MathWorks. URL: https:/www.mathworks.com/help/fuzzy/gauss2mf html

ay,; (ay;) 1s the concentration coefficient of the left

(right) part of the membership function.

For a triangular function, the calculation is made
according to formula (6)'°:

0, P <a,
P.—a
b’ -, @, <P <bh,
. —a.
P)=< " 6
HA( J) ci_Pj Y ep < (6)
B i i C,e
ct_bi !
2 C SP/’

where [a;, ¢;] is the variable range;

b; is the most likely value of the variable.

For the trapezoidal function the following formula
(7" is used:

0, P <a,
P, —aq;
I—, @ <P <bh,
b, —a;
wa(P)=11 h<Pze, ()
d,~ P,
L, ¢ <P <d,
di_cl /
0, d, <P,

where [a;, d;] is a pessimistic assessment of variable values;
[b;, ¢;] is an optimistic assessment of the variable
values.
For the difference between two sigmoidal member-
ship functions, the following formula is used (8)':

1 1
Myl P )= — .
( ’ ) 1+ eia""(P’fc”) 1+ eiaz"(P’ <)

)

For the pi-shaped membership function, the fol-
lowing formula (9)' is applied:

0, P <q
P_a,' : a +b
2| -2 , a; <P <—1—1
b, —a, / 2
P b,' : a +b
1-2| - , L —1<p.<b
b, —a 2 s

)

0, P, >d,

10 MathWorks. URL.: https://www.mathworks.com/help/fuzzy/trimf.html
! MathWorks. URL: https://www.mathworks.com/help/fuzzy/trapmfhtml
12 MathWorks. URL: https://www.mathworks.com/help/fuzzy/dsigmf.html
13 MathWorks. URL: https://www.mathworks.com/help/fuzzy/pimfhtml
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The product of two sigmoidal membership func-
tions is calculated according to formula (10)'

1 1
P )= . .
HA( J) 1+e_al,[(P'_cl,[) 1+ e_az,i(Pj_Cz,i)

J

(10)

To study the effect of heat flow on the main and pro-
tective walls of an item on fire and neighbouring tanks
under various wind loads, within the research into a tank
that has a protective wall, a fire caused by the combustion
of petrol in the main tank was simulated.

The authors carried out an experiment on a simulat-
ed real item, or a tank having a volume of 125,000 m>.
The geometric dimensions of the simulation are pre-
sented in Tabl. 1; Fig. 3 illustrates a diagram of the sim-
ulation; Fig. 4 shows photographs of the simulation.
The total liquid volume (fuel + water ballast) corre-
sponds to 80 % of the tank capacity. The choice of this
capacity is explained by the fact that tanks are usually
80 % full. The steel grade used in the simulation is S590;
it corresponds to the steel grade of a real 125,000 m?
tank having a protective wall.

The amount of consumed fuel was 0.499 m? for
each experiment and tank diameter. As it was pointed
out in [20], the presence of water below the fuel can

14 MathWorks. URL: https:/www.mathworks.com/help/fuzzy/psigmfhtml

affect combustion and boiling characteristics (sudden
vaporisation of water), which depend on the type of fuel
and amount of fuel above the water. However, this phe-
nomenon was not registered during the experiments.

b, =141m H,=033m H,=04m

| A

D,=151m

d=0.1m

Fig. 3. Diagram (side view and top view) of a physical model:
D, — diameter of the main tank, m; D, — diameter of the protec-
tive tank, m; d — width of the inter-wall space, m; H; — height
of the main tank, m; H, — height of the protective tank, m

Fig. 4. Model of a tank having a protective wall
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Table 1. Geometric parameters of the physical model

= |zE
Protective tank diameter, m 90.47 1.51
Main tank diameter, m 84.47 1.41
Protective tank height, m 20.00 0.33
Main tank height, m 24.10 0.40
Tank wall and bottom thickness, m | 0.06...0.26 | 0.002

The ambient temperature during the experiments
was 0 °C, the atmospheric pressure was 1 atm. Since
the tank was open (it had no lid), these experiments are
similar to pool fires.

When simulating a fire, the authors selected
the wind values most typical for July (July is the most
unsafe period for oil and oil product storages). It is tak-
en into account that, as indicated in [15], maximum
wind speed during numerical simulation should not ex-
ceed 10 m/s, since the angle of deflection of the flame
from the vertical under the influence of the wind and
the flame length no longer change significantly with
a further increase in the wind speed. Experiments in-
volving a physical model were carried out indoors
at various wind loads: Experiments 1, 2, 10 and
11 — without wind load; Experiment 3 — wind speed

Table 2. Heat flow sensors

1.9 m/s; Experiments 4 and 5 — 1.3 m/s; Experiments
6 and 7 — 0.9 m/s; Experiment 8 — 4 m/s; Experiment
9—4.4ms.

During the experiments, heat flow sensors were
used, the characteristics of which are presented in more
detail in Tabl. 2. Heat flow sensors SBG01 are located
as shown in Fig. 5-8. More detailed information about
the sensors is available in user manuals'’.

In a simulation experiment, there arises a problem
of comparing simulation with a real object, which is
solved by applying the theory of similarity. The simi-
larity theory makes it possible to set simulation charac-
teristics and parameters that are worth varying in exper-
iments, the rules used to transfer results to real objects,
and answer other questions relating to the experiment
implementation.

In the research carried out by the authors, the sim-
ilarity method was used. A necessary and sufficient
condition of similarity between a simulation model and
a simulated object is the consistency of numerical val-
ues of dimensionless items. In the experiments, a simu-
lation model of the object and a vertical steel tank with
a protective wall having a volume of 125,000 m® are
geometrically similar, since their equal dimensions are
proportional and angles are equal.

15 User manual SBGO1. Water cooled heat flux sensor. URL:
https://www.hukseflux.com/uploads/product-documents/SBGO1 _
manual v1722.pdf

BT Searieasiing Distance Angle of inclination. of th; sensor Sensor

number range, kW/m? from the centre of the tank from the contour line directed height from
to the sensor, m upwards, degrees the ground, m

1 0...100 1.56 50 0.4

2 0...100 2.00 33 0.4

3 0...200 1.26 56 0.4

4 0...50 2.80 27 0.4

5 0...50 2.80 27 0.4

6 0...100 1.26 56 0.4

7 0...100 1.26 56 0.4

8 0...100 1.26 56 0.4

9 0...100 1.56 50 0,4

10 0...100 1.56 50 0.4

11 0...100 1.56 50 0.4
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Fig. 5. Heat flow sensors (top view)
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Fig. 8. Heat flow sensors (side view for tanks 4-6)
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Since different wind loads were applied during
the research, this experiment required kinematic simi-
larity between the real wind speed and the wind speed
in the experiment. The study [21] demonstrates a very
low dependence of similarity coefficient £ on Reynolds
criterion Re at Re>> 1,000, i.e. aerodynamic coefficients
of models only require the fulfilment of the geometric
(linear) similarity condition. In this case, the influence
of the turbulence intensity on calculated values is usu-
ally not taken into account, since measuring the turbu-
lence in the air flow and regulating this figure require
some sophisticated equipment and special studies. In-
deed, the speed in a simulation model and the speed in
a real object are kinematically similar, since, subject to
their geometric similarity, speeds are proportional, and
their trajectories are similar:

L. . v .

AL = jdem, £ = idem,

2i Vak
i=1,2,...,.nk=12,...,m,

an

where [y;, b, L, o, are typical geometric dimensions
and velocities.

It is understood that the nature, shape and size
of flame, other things being equal, are determined
by the characteristics of the flammable liquid, its
temperature, the tank size and wind load. Based on

30

the geometric similarity of the simulation model
and the real object, the kinematic similarity of wind
speeds and the choice of the same type of combusti-
ble liquid (petrol), it can be concluded that the experi-
ments ensure similarity of the burning area of a phys-
ical simulation model and a tank having a volume
of 125,000 m®.

Results and discussion

Having conducted experiments involving the sim-
ulation model, the authors obtained values of heat flows
emitted during petrol combustion in the main tank de-
pending on the tank-to-object distance and the wind
speed. Fig. 9 shows the data from Sensor 1 recorded as
a result of experiments 1, 2, 10 and 11; Fig. 10 shows
the data from Sensor 1 at the wind speed of 1.9 m/s.

To build an ANFIS network that will make heat
flow projections (disregarding wind loads), four wind
load-free experiments were selected; they were expe-
riments 1, 2, 10 and 11. The following network input
parameters were used: Input 1 — time, s; Input 2 —
distance from the centre of the tank, m; Input 3 — angle
of deviation from the horizontal, degrees; network out-
put parameter — heat flow, kW/m?.

25

20

15 —

—_
(]

Heat flow, kW/m?

=+ Heat flow sensor 1 (exp. 1)

Heat flow sensor 1 (exp. 10)

=#— Heat flow sensor 2 (exp. 2)

== Heat flow sensor 1 (exp. 11)

Fig. 9. Dependence of heat flow on time (heat flow sensor 1, wind speed — 0 m/s)
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Fig. 10. Dependence of heat flow on time (heat flow sensor 1, wind speed — 1.9 m/s)

In order to build an ANFIS network will make heat
flow projections (with regard for wind loads), seven ex-
periments that took account of wind load were selected;
they were experiments 3 to 9. The following network
input parameters were used: Input 1 — time, s; Input
2 — wind speed, m/s; Input 3 — distance from the cen-
tre of the tank, m; Input 4 — angle of deviation from
the contour line, degrees; network output parameter —
heat flow, kW/m?.

The total amount of experimental data applied
to construct an ANFIS network capable of predict-
ing heat flows disregarding the wind load comprised
10,845 records: 50 % of the total package were used

Table 3. Fragment of the training package for ANSIS (no wind load)

to produce the training sample, 50 % of the total pack-
age were applied to make the test sample. Experimen-
tal data that represented 32,518 records were used to
make an ANFIS network capable of projecting heat
flows with regard to the wind load. Training and test-
ing samples were generated: 50 % of the total package
were designated for training purposes, 50 % of the to-
tal package were test samples. All records having odd
numbers were selected from the package of records to
make a training sample (Tabl. 3 and 4), and records
having even numbers were chosen for the test sample
(Tabl. 5 and 6).

Table 4. Fragment of the training package for ANSIS (wind load)

Number Input 1 Input 2 Input 3 Output Number | Inputl | Input2 | Input3 | Input4 | Output
1 1.00 1.56 50.00 0 1 1.00 1.90 1.26 56.00 0
2 3.00 1.56 50.00 0 2 3.00 1.90 1.26 56.00 0
3 5.00 1.56 50.00 0 3 5.00 1.90 1.26 56.00 0
4 7.00 1.56 50.00 0 4 7.00 1.90 1.26 56.00 0
5 9.00 1.56 50.00 0 5 9.00 1.90 1.26 56.00 0
5423 290.00 1.56 50.00 1 16259 | 270.00 4.40 1.56 50.00 0
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Table 5. Fragment of the test sample for ANSIS (no wind load)

Table 6. Fragment of the training package for ANSIS (wind load)

Number Input 1 Input 2 Input 3 Output Number | Input1 | Input2 | Input3 | Input4 | Output
1 2.00 1.56 50.00 0 1 2.00 1.90 1.26 56.00 0
2 4.00 1.56 50.00 0 2 4.00 1.90 1.26 56.00 0
3 6.00 1.56 50.00 0 3 6.00 1.90 1.26 56.00 0
4 8.00 1.56 50.00 0 4 8.00 1.90 1.26 56.00 0
5 10.00 1.56 50.00 0 5 10.00 1.90 1.26 56.00 0
5422 289.00 1.56 50.00 1 16 258 | 269.00 4.40 1.56 50.00 0

Table 7. ANFIS error values (no wind load) depending
on the type of membership function and optimisation

Table 8. ANFIS error values (wind load taken account of)
depending on the type of membership function

method and optimisation method
RMSE for RMSE for RMSE for RMSE for
Optimisation method the training the test Membership function the training the test
package package package package
Hybrid method Hybrid method
Triangular 8.90 8.86 Triangular 7.30 7.26
Trapezoidal 9.01 8.96 Trapezoidal 7.34 7.29
Generalised bell-shaped 8.92 8.87 Generalised bell-shaped 7.07 7.02
Gaussian 8.89 8.84 Gaussian 7.16 7.12
Gaussian combinational 9.01 8.96 Gaussian combinational 7.34 7.30
Pi-shaped 9.05 9.00 Pi-shaped 7.36 7.31
Dicwerterente | gn | e | [Pmmssmemse |y |
E:ggz(c); ;)f two sigmoidal 372 R.67 fv:zgzz; sf two sigmoidal 731 797
Backpropagation Backpropagation

Triangular 10.85 10.79 Triangular 7.97 7.93
Trapezoidal 10.78 10.73 Trapezoidal 7.91 7.87
Generalised bell-shaped 10.85 10.79 Generalised bell-shaped 7.97 7.92
Gaussian 10.85 10.79 Gaussian 7.97 7.93
Gaussian combinational 10.77 10.79 Gaussian combinational 7.91 7.87
Pi-shaped 10.76 10.70 Pi-shaped 7.91 7.86
Dilmecbeeve | oz | lom | Sememvemse g s
I;JESESL ;)f two sigmoidal 10.74 1068 E:I(;S;;L ;)f two sigmoidal 791 736
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Types of membership functions for different opti-
misation methods were compared in the process of gen-
erating a system having a lattice partitioning algorithm
and the following network parameters:

e number of training epochs — 100;

e number of member functions for each input — 3;

e error—O0;

e optimisation method — hybrid or backpropagation
method.

According to the results provided in Tabl. 7,
the smallest RMSE error for the ANFIS network desig-
nated for wind load free results, corresponds to the use
of the product of two sigmoidal membership functions.
For the ANFIS network, which generates a forecast
taking into account the wind load, the smallest RMSE
error, as it can be seen from Tabl. 8, corresponds to
the application of the generalised bell-shaped member-
ship function.

The results obtained are compared with the results
obtained during system generation through subtractive
clustering using the mining method. The following pa-
rameters were used to construct ANFIS networks using
the sub-clustering method:

e vector of radii — 0.5;

suppression coefficient — 1.25;

acceptance coefficient — 0.5;

rejection coefficient — 0.15;

number of training epochs — 100.

The results, presented in Tabl. 9 and 10, demon-

strate the following conclusions:

e The ANFIS network (1) designated for forecasting
heat flows regardless of wind loads and (2) built
using the sub-clustering method, is optimal (hybrid
optimisation method);

e The ANFIS network (1) designated for forecasting
heat flows with account taken of wind loads and (2)
built using the sub-clustering method, is optimal
(hybrid optimisation method).

Indeed, various types of membership functions,
optimisation methods and system generation methods
were compared, and it was discovered that it is opti-
mal to use subcluster and hybrid optimisation methods,
which provide lowest sample error values for ANFIS
networks, that forecast heat flows with account/with no
account taken of the wind load.

The developed ANFIS networks were used to cre-
ate a set of rules to determine the dependence between
heat flows inside tanks, having protective walls, and
environmental factors. ANFIS networks are designed
to create a predictive scenario for fire development in
the main tank for tanks having protective walls.

The analysis shows that wind speed and tank loca-
tion can rise the temperature of the air, the tank wall and

petrol. Therefore, despite the complexity of the analy-
sis, consideration of all these factors allows forecasting
a safe distance from a burning tank.

There is a difference between research results and
experimental data. The reason for this may be that fire
flares depend on other factors apart from wind speed,
distance and angle, which were not included in the sim-
ulation model. In addition, time series may contain
noise associated with unrecorded factor fluctuations.

Consequently, the following conclusion can be
made: the ANFIS network built using the sub-clustering
method is optimal (the optimisation method is hybrid).

Conclusion

In the research, the authors considered a fire devel-
opment scenario inside the main tank having a protec-
tive wall, if the tank is the part of the tank farm.

The plan and the course of the field experiments
are described in detail in this work (see Fig. 3-9). As
a result of the experiment, the experimental data were
collected (see Fig. 10 and 11) by SBGO1 heat flow
Sensors.

Based on the experimental data, training and test
samples were generated (see Tabl. 3—6) and dependenc-
es between the heat flow and the external environment
were determined by means of ANFIS artificial neural
networks.

Types of membership functions were compared to
select an optimal function for ANFIS networks (wind
load versus no wind load). It was found out that if
the hybrid optimisation method is used, the product
of two sigmoidal membership functions is the optimal
type of the membership function for the ANFIS network
constructed regardless of wind load (RMSE = 8.72 for
the training sample, RMSE = 8.67 for the test sample).
For the ANFIS network, that takes account of the wind
load, the hybrid optimisation method provides the best
results if the generalised bell-shaped membership func-
tion is used (RMSE = 7.07 for the training package,
RMSE = 7.02 for the test package).

Table 9. ANFIS error values (regardless of the wind load)
depending on the optimisation method applied to training and
test samples

RMSE RMSE
Optimisation method for the training for the test
package package
Hybrid method 8.33 8.28
Backpropagation 42.53 42.42
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Table 10. ANFIS Error values (with account taken of the wind
load) depending on the optimisation method applied to training
and test samples

RMSE RMSE
Optimisation method for the training for the test
package package
Hybrid method 6.61 6.56
Backpropagation 9.01 8.96

The analysis of ANFIS networks built using
the sub-clustering method is carried out. It was found
out that the sub-clustering method (coupled with
the hybrid optimization method) provides lowest er-
rors in the samples designated for predicting the heat
flow using the ANFIS network with account/with no
account taken of the wind load. Indeed, for the ANFIS
network that takes no account of the wind load,

RMSE = 8.33 for the training sample, RMSE = 8.28 for
the test sample, and for the ANFIS network that takes
account of the wind load, RMSE = 6.61 for the training
sample, RMSE = 6.56 for the test sample.

Scientific research made it possible to develop
a model for the operational forecasting of heat flows
using elements of artificial intelligence (ANFIS net-
works). In the presented study, the authors placed spe-
cial emphasis on identifying the dependence between
the heat flow and the wind load. The results obtained
in the course of the work will increase the efficiency
of containment and elimination of fires, safety of fire fa-
cilities and personnel, and reduce social, economic and
environmental damage. The model for the operational
forecasting of heat flows that takes account of the in-
fluence of environmental factors, including wind loads,
can be integrated into management decision support
systems designated for making managerial decisions on
the arrangement of personnel and equipment in modern
tank farms.
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