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YIK 536.4

YNCNEHHOE NCCNEAOBAHUE 3AKOHOMEPHOCTEN
“B3PbIBHOIO"” NMAPOOBPA30BAHNA BOAbI
B MIAMEHHOW 30HE FOPEHUS

PaszpaboTaHbl pu3ndeckas U MaTeMaTyeckas MOLENM MPOLLECCOB TemnsonepeHoca npu ABUKEHUN
HeofHOpOoAHOM Kannu Bofdbl (C TBepAbIM BKIOYEHMEM) B Cpefe BblCOKOTeMnepaTypHbix (bonee
800 K) rasos. C npumeHeHieM pa3paboTaHHbIX MOLeNel NpoBefeHbl YACIEHHbIe NCCNefloBaHNS 1C-
napeHus Kanefb C TBepPAbIMU BKIIIOYEHVAMU B MiIaMEHHOW 30He ropeHns. BoisBneHbl ABa pexymMa
a30BbIX NpeBpaLleHNin HeOQHOPOOHbIX Kanesb: UCMapeHne co CBODOLHOM MOBEPXHOCTM Kamnin Ha
BHeLUHeW rpaHuLe npv TemnepaType rasoson cpedbl 7, < 1050 K n paguyce kannv r, < 0,310 ™,
a TakXe 1crnapeHue co “B3pbiBHbIM” NapoobpasoBaHieM BOM3M 30HbI KOHTAKTa TBEpAOro BKIoYe-
HMA C XnakocTtbio npu 7,2 1050 K, r, > 0,3-1073 M. ConocTaBneHbl pe3ynbTaTbl YACIEHHOrO MOAENN-
POBaHVA C pe3ynbTaTaMy NPOBeAeHHbIX paHee 3KCNepUMEHTOB.

KnioueBble cnoBa: HEOAHOPOAHAs Kanna BOAb!; TBepAoe BKIIIOYEHMeE; yriepoamncras 4actnua; Bbico-
KoTeMMepaTypHas ra3oBas cpefia; UCnapeHue; “B3pbiBHOe” napoobpasoBaHue.

BBepeHune

Texnonornu, 0CHOBaHHBIE HA IPUMEHEHHH KATTEbHBIX
MMOTOKOB TOHKOPACIIBUICHHOW BOJIBI, IIMPOKO HCIOIb-
3yIOTCS BO MHOTHX ITPOU3BOJCTBEHHBIX OTPACIISIX IS
OCYIIECTBICHHS PA3THIHBIX MPOIECCOB: Pa3MOPaKH-
BaHUS CHITyYHX CPE] Ta30IIapOKaNeIbHBIMH ITOTOKA-
MU, OYUCTKH B 00pabOTKH pa3IMYHBIX IOBEPXHOCTEH,
(hopmupoBaHHS IBYX(a3HBIX TETNIOHOCHTEIIEH Ha 6a3e
JBIMOBBIX Ta30B U NapoKarelbHbIX cMecel u T. 1. W3-
BECTHO Takxke [ |-6], 4T0 Ha IPUMEHEHUH TOHKOPACTIbI-
JIEHHOHM BOJIbl OCHOBAHBI ME€PCIIEKTUBHBIE TEXHOIOTUN
noxapotyueHus. B padore [7] mokazaHo, 4to st 00-
nee 3¢ GEeKTUBHOTO U OBICTPOTO CHUKEHHSI TEMIIEpaTy-
pBI B 30HE TUIAMEHU HEOOXOAMMO IPOOJICHUE Karelb
BOJIBI /IO OIIPE/ICIICHHOTO XapaKTEePHOTo pa3Mepa (OT He-
CKOJIBKHX JICCSITKOB /IO COTCH MUKPOMETPOB), a TAKKE
MOCTIeIOBATEIHbHOE PACIIBIICHNE BOIBI Yepe3 OIpere-
JICHHBIC BPEMEHHBIC HHTEPBAJIBI.

Kpowme Toro, sKkcriepuMeHTaIbHO HCCIISTIOBAHO BITH-
SIHUE HA HHTCHCUBHOCTh MCIIAPCHHS KaIleJIb BOBI B BBI-
COKOTEMITepaTypHOU ra30BOil cpeae NpUMeceld U UHO-
poaHbIX TBepAbIx BKitoueHui [8]. I[Tokazano [8], uro
HaJIMYUE TOCJICIHUX HHTEHCU(HULUPYET MPOLIECChI Tel-

JoMaccornepenoca u (pazoBbIX IEPEXOI0B B PaCCMaTPH-
BaeMBIX cucTeMax. Takue pe3yabTaThl Jal0T OCHOBAHUE
MIPEIIIoIaraTh BO3MOKHOCTB OCYIIECTBICHHS PEKIMa
WHTEHCHUBHOTO (“B3pBIBHOTO”) Mapo0Opa3oBaHus HEOJI-
HOPOJIHOM Karid BOJIBI (C TBEP/IBIM BKIIOUCHHUEM ) TIPHU
ee JIBIDKEHUH 4epe3 30HYy IUaMeHH (TJe MPOUCXOTUT
[IEPETPEB Kallejb 10 TEMIIEPATYPbI KUIIEHUS U, KaK CIIe]I-
CTBHE, Pa3pyILIEHUE UX CTPYKTYPbI BCIIEICTBUE JBHKE-
HUS ITY3bIPHKOB).

OpHako JUIs OTpeieTICHHsI MEXaHU3MOB MHTCHCH-
(mKanuu UCHApeHUsl Kamellb MPHU HAJHYUH TBEPJIBIX
WHOPOJHBIX BKJIFOYEHHIA, a TAKXKe JIs pa3paboTKH Teo-
PETUYECKUX OCHOB TEXHOJIOTHH, TTO3BOJIAIOLICH OCYIIe-
CTBIIAITH TYLIEHHUE JIECHBIX ¥ TOPOJICKHX MOKAPOB TOHKO-
PACIIBUICHHOM BOJIOW ¢ MAaKCHMAIBHBIM KOA(PPHUIIACH-
TOM (32 CUET YBEIMUYCHHUS IO apooOpa30BaHus)
€¢ MCIIONTB30BaHNs, HEOOXOIMMO MTPOBEACHIE FCCIIEI0-
BaHWH B yCIOBHUSIX BAPHHPOBAHUS OOJIBIIOTO KOJIMYE-
CTBa MapameTpoB cucTeMbl. OTHAKO 3a49aCTyI0 H3MEHE-
HUE TAKUX MapaMeTPOB OTPAHUUYEHO JMAa30HOM, TIpe-
JyCMOTPEHHBIM KOHCTPYKLMENH U XapaKTepPUCTUKAMU
cten10B. C 9TOU TOUKH 3peHUs 1IeTIeCO00pa3HbIM sIBIIS-
€TCsI MPOBEJICHUE MTOJJOOHBIX UCCIIEIOBAHUH C TIOMOILIBIO

© Buwicokomopnas O. B., ITuckynos M. B., Cmpusicax I1. A., 2015
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- MPOLIECCHI TOPEHWUA U B3PbIBA

(pM3NYECKUX M MAaTeMaTHYeCKUX MOJICICH, OMICHIBA-
IOMINX TIPOIECCHI TEIUIOTIEPEHOCa M (PAa30BBIX IIEPEX0-
JIOB B CUCTEME HEOOHOPOOHASL KANIsl 800blL C MBEEPOLIM
BKIIIOYEHUEM — BbICOKOMEMNEPANYPHAs 2430845 Cpedd.

Lens pabOThI — YHCICHHOE HCCIICIOBAHNE BO3MOXK-
HOTO MEXaHM3Ma “B3PBIBHOTO” MTAPO0OPA30BaHUS B CH-
CTEME HeOOHOPOOHAsL Kanjisi 600bl C MEEPOLIM BKII0Ue-
HUEeM — 8bICOKOMEMNEPAMypPHAsL 24308ds1 Cpeod.

MocTtaHOBKa 3apayu

PaccmarpuBanacek 3aga4a TemionepeHoca s He-
OJTHOPOJIHOM Karlid BOJBI (C TBEPJBIM BKIFOYCHHEM),
JBIKYLIEHcA B Cpele BbICOKOTEMIIEPATYypHBIX ra30B
(TTocTaHOBKA 3a/1aUM aHAJIOTHMYHA YCIOBHSAM SKCIICPH-
MeHTOB [8]). Cxema 00JacT pelIeHus 3aja4u Mmpej-
cTaplieHa Ha puc. 1.

TBeproe BKJIIOUEHHE — YIIIEPOAMCTAsl YacTULA C
XapaKTepHbIM pa3MepoM 7, (M). BHemnuil panuyc He-
OJTHOPOJHOMH Karuiu BoAsl 7, (M). HauanbHas Temnepa-
Typa Karutu ¢ TBepAbIM BitoueHueM 7 (K). [Ipu neuxke-
HUU KaIlJii B Ta30BOH cpee MPOUCXOAUT KOHIYKTHUB-
HBIH U pagualnoHHbIN TerooOmeH. [Tpu aTom sHeprus
BBICOKOTEMIIEPATYPHBIX Ta30B YACTHYHO 3aTpavynBaeT-
Csl Ha IPOTPEB U UCTIAPEHUE BOJbI, & YACTUYHO MPOBO-
JIUTCS BOJIOW K TBEP/IOMY BKIIFOUCHHUIO, 32 CYET YEro yI-
JepoUCTas YacTuia pazorpepaercs. Takum oOpaszom,
MOJIBOJ] TEIUIa K BOJIC MPOMCXOIUT B JBYX MPOTHBO-
MOJIOXKHBIX HANIPABIICHHSIX: OT BEICOKOTEMIIEPATyPHOM
ra30BOM Cpeabl K IEHTPY HEOJHOPOMHON KaIlld M OT
pa3orpeToro TBEPAOIo BKJIIOUEHHUS B LIECHTPE KaIlJIi K €€
BHEIITHEH ITOBEPXHOCTH. YKa3aHHAS 0COOEHHOCTH Me-
XaHM3Ma HarpeBa Karuly BOJbI IPUBOAUT, C OAHOM CTO-
POHBL, K CBOOOIHOMY HCTIAPEHUIO JKUAKOCTH B 00JIaCTh
rasoB, a ¢ Jpyroi — K “B3pbIBHOMY”’ mapooOpa3oBa-
HUIO B 00JIaCTH KOHTAKTa TBEPIOTO BKIFOUCHUS C JKUJI-
KoH (pa3oi.

B nepBom npubmnmkeHun peaiach 3agada Terio-
IepeHoca B OJHOMEPHOW OCECHUMMETPUYHOUN MOCTa-
HOBKE (cM. puc. 1). TermaooTBox 3a CUET UCcapeHus Ha
TpaHUIIe pa3aesa meepoas uacmuyd — 800d He YUNThI-
BaJjCs.

Puc. 1. Cxema obnactu peneHust: / — TBEpAOE BKIIOUCHHE; 2 —

BOJIa; 3 — BBICOKOTEMIIEpATypHas ra3oBasi cpe/ia

Maremaruueckas 1I0CTaHOBKA 3a1a41 BKJIF04asia CU-
CTeMy HEMHEHHBIX HeCTaMOHAPHBIX AU PepeHIInaIb-
HBIX YPaBHEHUH C COOTBETCTBYIOIIMMHU HauyaJIbHBIMU U
FPAaHUYHBIMH YCIIOBUSMHU.

o 1 <r<ry

T, _, (0T, 20T, 0H(r),

— £ = 1
P27 g2 roor or ’ M)
o O0<r<rg:
T, o°T, 20T,
— =2 +-— 2
“P1 5, %2 "7 ar 2
HauanbHble ycaoBus:
t=0: Tp =300 K. 3)
['pannuHbIe yCaoOBHS:
e 7r=0:
oT/or = 0; 4)
e Ir=rn
oT. oT.
Ay =2 =N —> —H(@); 5
2 ar 1 ar (I’i )’ ( )
[ ] r= I"2
oT.
7\’2872:[_1rd _QeWe’ (6)
r

e ¢ — remioeMKkocts, Jik/(kr-K);
p — IUIOTHOCTb, KI/M’;
T — Temneparypa, K;
t — BpewMs, C;
A — TerIonpoBoaHOCTh, B1/(M-K);
H(r) — TUIOTHOCTB TETIOBOTO ITOTOKA, MOCTYIIA-
IOIIET0 OT BHICOKOTEMIIEPATYPHBIX Ta30B, BT/M%;
H(r) — NIOTHOCTb TEMJIOBOrO NMOTOKA HA IPAaHU-
e pa3zena 00a — GbICOKOMEMNePamypHbie 2a3bl,
Br/m%;
H,; — TJIOTHOCTB TEIJIOBOTO MOTOKA Ha TPAHUIE
paszierna meepooe gKuoueHUe — 800d;
0, — temnoBoii ad ekt ncrapenus Bosl, Jk/Kr;
W,— MaccoBasi CKOPOCTb HCTIAPEHHSI BOJIBL, KT/ (m*c);
MHJEKCHI “1” 1 “2” COOTBETCTBYIOT TBEPIOMY BKIIIO-
YCHUIO U BOJIC.
[T10THOCTH TEIIOBOTO MOTOKA OMPEIEISCTCS O (op-
mynam [9]:
e Ha IpaHUle pa3jela meepooe 8KIUeHUue — 8004:

Hy =e,6[(T))" - (T 7

e Ha TPAHHUIIC Pa3Ieiia 600a — GbICOKOMeEMNepanyp-
Hble 2a3bl:

H(ry) = H,; exp[-y,(rn — 1], (®)

7€ € — CTEICHb YSPHOTEHI;
o —nocrosiuHas Crepana—bonbimana, Bt/ (Mz‘K4);
T, — Temmeparypa ra3oBoi cpezsl, K;
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T,, — TeMIieparypa IOBEPXHOCTH KAk BOABI Ha
TpaHHIE pa3melia 600d — GbICOKOMeMNnepamypHas
2asoeas cpeoa, K;

Y, — KOA(PPUIINCHT OTIIONICHNS YHEPTHH BOJOH.
Cucrema HecTaMOHAPHBIX U PEepeHInaTbHBIX

YpaBHEHHUH B YaCTHBIX MPOU3BOAHBIX (1)—(6) pemanacs

METO/IOM KOHEUYHBIX Pa3HOCTEeH B COUETAaHUH C METO-

JIOM MPOTOHKHU C MCIIOJIb30BAaHUEM HESBHON YETHIPEX-

ToueyHol cxemsl [ 10]. TIpu perienny HeMMHEWHBIX ypaB-

HEHUH HCTIob30Basics mero nrepanuii [11]. Meronu-

Ka OLEHKH JOCTOBEPHOCTHU PE3YyJIBTATOB BBIITOJHEHHBIX

YHCJIEHHBIX UCCIIE0BAaHUM, OCHOBaHHAas Ha IIPOBEPKE

KOHCEPBAaTUBHOCTH IPUMEHSIEMOM pa3HOCTHOM CXEMBI,

aHaJIOTUYHA MCTIOIb3yeMbIM B [12, 13].

Pe3synbTathl U UX 06CyXXAeHUe

YucneHHbIE UCCTIeIOBAHUS BHITIONHEHBI IPU THITAY-
HBIX 3HAYCHHUSX MIAPAMETPOB: HaYalIbHAs TEMIIEpaTypa
HeonHopoaHOM Karum Boasl 1, = 300 K; Temneparypa
IPORYKTOB cropanus (rasos) 7, = 950+1500 K; rerwro-
Boii o ekt ucnapenust Boasl O, = 2260 Jx/kr. Cko-
POCTB UCTIApESHUS BOIBI B 3aBUCHMOCTH OT TEMITCPaTyphI
PUHIMAJIACH B COOTBETCTBHH C DKCIIEPHMEHTATLHBIMHU
JnaHHbME [8]. HauanpHBIN BHENTHUHN pajinyC HEOTHO-
poaxoii karmu r; = (0,1+1,0) 107 u; pasMep TBEPIOTO
BiroueHus 1, = 0,57, Terutodusndeckue xapakrepu-
CTHKH BOJBI, BOASHOTO I1apa, BHICOKOTEMITEPATYPHBIX
ra3oB 1 yIJIIEPOJUCTOTO TBEPAOTO BKIIOUEHHS COOTBET-
CTBYIOT JIaHHBIM, IPUBEJICHHBIM B [ 14—17].

[Ipu BEITTOTHEHUHN YHCIICHHBIX HCCIICTOBAHUIN Baph-
UpoBaJiach TEMIIEpaTypa Ta30BOU Cpelbl, a TAKKe Xa-
paKTepHBIEC pa3Mepbl HEOMHOPOIHOU KAty BobI. C mo-
MOILBIO Pa3pabO0TaHHON MOAENH TeIUIoNepeHoca Mnpu
B3aUMOJICHCTBHH KAIUTH BOJIBI C TBEPIBIM BKIIOUYCHUEM
U BBICOKOTEMIIEPATYpPHBIX I'a30B OBLIO YCTaHOBJIEHO,
YTO B paccMaTprUBaeMOM CUCTeME BO3MOXKHBI J[BA pe-
sKuMa (pa3oBBIX MPEBPAIICHUN.

Ha puc. 2 u 3 mpezncraBieHbl pacipeIeIeHus TeM-
neparypsl B HEOJHOPOIHOH Karuie B pa3Hble MOMEHTHI
BpPEMEHH ITOCJIC Havala JBMKCHUS B BEICOKOTEMIIEpa-
TYPHOI1 cpele, KOTOpbIE XapaKTEPHBI IS BEISIBICHHBIX
PEXHUMOB HCIIAPEHHUS.

Puc. 2 mutmrocTpupyeT pocT TemIieparypbl B ooac-
TH KOHTAKTa TBEPIOTO BKIIFOUCHHS C JKUIKOCTHIO, a TaK-
K€ Ha TOBEPXHOCTH HEOAHOPOIHOM Karuiu. Takoe pac-
npeJesieHue TeMIepaTypbl XapakTepHO Ul Iporpesa
KaIlTd B IBYX HAIPABICHHUSAX: OT BHEIIHEH rPaHUIIBI K
LEHTPY U OT LIEHTPa K MOBEPXHOCTH. ITO, C OAHOH CTO-
POHBI, IPUBOJIUT K UCIIAPEHHUIO BOJIBI B 30HY BBICOKO-
TeMIIepaTyPHBIX Ta30B Ha BHEIIIHEH TPaHHUIIE, a C Ipyron
— crmocoOCTBYeT “B3pBIBHOMY™ Tapo00pa30BaHUIO B
00JTaCTH KOHTAKTA KUJAKOCTH C TBEPBIM BKITFOUCHUEM.

Crnenyet, 0lHAaKO, OTMETHTb, YTO PEKHUM ‘‘B3PbIB-
HOro” mapooOpa30BaHUsl YCTAHOBJICH NPHU TeMIlepa-
Type rasosoit cpensl 7,2 1050 K u pamuyce kamnu

T,K
330 1
325
320 ¢
315+
310 -
305 -

300 :
0 0,2 0,4 0,6 0,8

7y, 103 M

Puc. 2. Pacnipenenienne Temneparypsl B HEOAHOPOHOM Karuie
oxsimipu 7y = 1100 K, 7, = 1-10 > m: 1 —1=0,05¢; 2—1=02¢;
3—1t=05c

T,K
312

310
308
306
304
302
300
298

0 02 0.4 0,6 08 1, 10°m

Puc. 3. Pacnipesienienne Temneparypsl B HEOAHOPOIHOM Karuie

Bogpl ipu 7y = 900K, r, = 1103 m: / —¢=0,05¢; 2—1=0,2¢;
3—1=05c

ry 20,3 107 m. [Ipu MeHBIIMX 3HAYEHUSIX TEMIIEpary-
PBI ra3za WiM pajuyca Kaluli ¢ TBepAbIM BKIIIOUEHHUEM
peam3yeTcsi BTOpOi pekuM, IMIPH KOTOPOM WHTEHCHB-
HOTO TapooOpa3oBaHHS B 30HE COMPHUKOCHOBECHHS
TBEPOM YACTHUIII C BOJIOM HE MIPOUCXONUT U KUJIKOCTh
UCTIapseTCs MPEUMYIIECTBEHHO Ha BHEIIHEH TpaHUIle
(cm. puc. 3).

ChopmynupoBaHHbIE B pE3yIbTaTe YUCICHHBIX UC-
CJIEJOBaHUI BBIBOJIBI O PeaM3allii BTOPOTO PeKUMa
(ha30BBIX MpeBpamIeHAH (CM. PHC. 3) B YCIOBHSIX OTHO-
CHTEJIBHO HEBLICOKOH TeMIeparypsl Ta30BOU CpeIbl U
MaJIOTO XapaKTEPHOTO pazMepa HEOTHOPOIHON Karuth
XOPOIIIO COMIACYIOTCS C MOJyYCHHBIMU PaHee pesyiib-
TaTaMy SKCIEPUMEHTOB [8].

Ha puc. 4 npuBeieHbI BHICOTPaMMbI CBOOOHOTO
TMa/ICHU s HEOJTHOPOIHBIX Karelb BOJBI (C TBEPABIMH yT-
JEPOIUCTHIMU BKIIFOUCHUSMHU) B CPE/I€ BBICOKOTEMIIE-
paTypHBIX IPOAYKTOB CTOPAHUSI THUIIUYHOTO >KUJKOTO
TOTUIMBA — KepocuHa [8].

Crnenyer OTMETUTh, YTO, HECMOTPSI Ha peasin3alnio
B XOJI€ SKCIICPUMEHTOB PEIKIUMA UCTTAPCHNS C BHELITHEH
rpaHuIel (6e3 addekra “B3pbIBHOrO” mapoobdpa3oBa-
HIST), pE3YIIBTaThl SKCIICPUMEHTATBHBIX HCCIICAOBAHNT
MO3BOJISIIOT CIIEIATh BBIBOJ O 3HAYMTEIIHHON MHTCHCH-
(bukanuu mpouecca UCnapeHus BOJbl MPU HAJTUYUU B
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Puc. 4. Bunerpammsl kamnems BoJbI (1, = 3 MM) ¢ BKITIOUEHHUSMH YTIIEPOANCTBIX JACTUI] HA BEIXO/IE M3 BEICOKOTEMIIEPATypPHOU Ta30BOM

cpenst (Tp= 1050 K)

KaIUIIX TBEPABIX BKIFOYEHUH, YTO OATBEPKIAET LIEIe-
CO00Pa3HOCTh JALHEHINEr0 MPOBEICHUS YUCICHHBIX
1 SKCIIEPUMEHTAIBHBIX UCCIEA0BAHUN TEIUIO- U MacCO-
IepeHoca Npu ABUKEHUH HEOTHOPOIHBIX KaIleJlb JKH/I-
KOCTH B BBICOKOTEMIIEPATYPHBIX FA30BBIX Cpeaax.

3aknoyeHue

B pesynbrare npoBeICHHBIX C HCIONB30BAaHUEM pPa3-
paboTaHHOI MOJETH TEIIONEPEHOCA YNCICHHBIX HC-
cremoBaHni (pa30BBIX MPEBPAIICHUH HEOTHOPOIHBIX
KarieJb BOJIbI (C TBEP/IBIMHU BKIIFOUCHHUSIMH ) TIPH JIBYIKE-
HHUH B BBICOKOTEMIIEPATypHOI Ta30BOM cperie Oblia ycra-
HOBJICHA BOBMOXXHOCTB PCATTH3AIINH IBYX PEKUMOB HIC-
napeHusi: “B3pbIBHOIO” mapoodpasosanus (7,2 1050 K,
ry 20,3 107 M) ¥ MCTTApEHHSI C BHEIITHEH 'PAHMIIbI Karl-
mu (T, <1050K, r, <0,3- 107 M). [Tomryduennbie pesyib-

TaThI XOPOIIIO COTTIACYIOTCS C pe3yNIbTaTaMt IPOBEICH-
HBIX paHee SKCIICPIMCHTAITLHBIX NCCIICIOBAHHUI HCTIape-
HISI KaTleTb BOJIBI C TPUMECSIMHE YTIICPOIUCTHIX YaCTHII.

PazpaboranHast MOZIEITb TIO3BOJIHUT OCYILECTBISITE HC-
CIICIOBaHS TEIUIOTIEPEHOCA [TPU HCITAPESHIH KaIlellb BO-
IIbI C TBEPIBIMU BKITFOUCHHSIMU B IIMPOKOM JTHAIIA30HE
3HAYEHUH MapaMeTPOB CUCTEMBI HEOOHOPOOHAsL KANJIs
800bl — BHICOKOMEMNEPAMYPHASL 2030845 cpedd. ITO
JIACT BO3MOYKHOCTB C(OPMYITUPOBATH PEKOMEH ALY JIS
pa3pabOTKK HOBBIX U YCOBEPUICHCTBOBAHMS CYIIECT-
BYIOIIUX TEXHOJIOTUH MOXXAPOTYIICHHS.

koksk

Paboma evinonnena npu gunancogot noooepoic-
xe epanma Ilpesudoenma Poccuiickoti @edepayuu

(MJ1-2806.2015.8).
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NUMERICAL INVESTIGATION OF THE LAWS OF THE “FLASH"
WATER VAPORIZATION IN A FLAMING FIELD OF COMBUSTION

VYSOKOMORNAYA O. V., Postdoc, Departament of Heat and Power Process Automation,
Institute of Power Engineering, National Research Tomsk Polytechnic University
(Lenina Avenue, 30, Tomsk, 634050, Russian Federation; e-mail address: vysokomornaja@tpu.ru)
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Automation, Institute of Power Engineering, National Research Tomsk Polytechnic University
(Lenina Avenue, 30, Tomsk, 634050, Russian Federation; e-mail address: piskunovmv@tpu.ru)
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of Heat and Power Process Automation, Institute of Power Engineering, National Research
Tomsk Polytechnic University (Lenina Avenue, 30, Tomsk, 634050, Russian Federation;
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ABSTRACT

The physical and mathematical models of heat and mass transfer at the heating of a water droplet with
carbonic inclusion in a high-temperature (more than 800 K) gas area in a flaming field of combustion
are presented in the work. The physical and mathematical formulations of the heat and mass transfer
problems under conditions of phase transformations are reduced. The methods of numerical solution
of the set problem are described.

The numerical investigations for the wide range of parameters of the system “heterogeneous water
droplet with a solid inclusion — high-temperature gas area” were conducted. Two modes of phase
transformations were indicated in the concerned system: the mode of formation of “flash” vapori-
zation centers in a field of the contact between solid inclusion and liquid (at a temperature of gas area
T,> 1050 K and a radius of heterogeneous droplet , > 0.3-1 0~ m) and the mode of liquid evaporation
from the free droplet surface into the field of high-temperature gases (at 7,< 1050 K and r, < 0.3:107° m).
The distributions of temperature corresponding to each of revealed modes of phase transformations
were presented.

The comparison of numerical simulation results with the results of conducted before experimental
investigations of evaporation of water droplets with solid inclusions during motions in a “flame”
combustion field was carried out. A good agreement with the results of numerical calculation using
the developed model and the results of experimental investigations was revealed.

Keywords: heterogeneous water droplet; solid inclusion; carbonic particle; high-temperature gas
area; evaporation; “flash” vaporization.
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O NBYX®PPOHTOBOM rOPEHUUN BOKPYT YACTULLbI
TOMJINBA B HETOPIOYEWN BEAHOWN CMECHU
FOPIOYEIO NA3A C BO34YXOM

B paMkax pacnpocTpaHeHHbIX OMYLLEeHN MOyYeHO aHannT4eckoe pelleHye 3a4a41 O CTalmMoHap-
HOM Chepu4eckn CUMMETPUYHOM ABYX(PPOHTOBOM ANMPEDY3NOHHOM FOPeHUM BOKPYT HEeMOABVXKHON
4acTMLbI ra3nPUUMPYIOLLErocs TonIMBa beckoHe HoM (g obecrnedeHns CTaUmMoHapHOCT ropeHns)
MMOTHOCTM B TMbpUAHON aTMocdepe. MMokasaHo, 4To OnMXKanWMn K Yactiue MpoHT nnameru (A)
MNMeeT Ty XXe NPUPOLY, HTO 1N ANHCTBEHHbBIN ANMDEY3NOHHBIV MPOHT NaMeHM BOKPYT YacTuLbl, rops-
LLier B YMCTOM BO3/yXe, a BO BTOPOM (PpoHTe riameHu (B) npomcxogmt yctonuneoe anddysmoHHoe
ropeHue nepemMeLlaHHOV CMeCu ra3a C BO34yXOM. PelleHrne NpounanioCcTprpoBaHoO Ha ABYX BapyaHTax
NCXOLHbIX AaHHbIX: B | BApMaHTe napbl TOMAMBA W ra3 UOEHTUYHbI 3TaHy; || BapuaHT oTnm4aercsa Ync-
nom Jlblovca pnsa roptodero rasa Le; v TemnepaTypon MIOCKOro MAaMeHW Ha npefene ropenHus
(HKMP) ra3oBo3ayWwHOM cMecu, 3aMMCTBOBaHHbIMU Y BOAOPOAA. [ns 601X BapuaHTOB 3a4a4um npu-
BefleHbl rpauyeckre 3aBUCUMOCTU Pa3MepoB 1 TemMnepatyp ANMdOY3MOHHbIX NIaMeH OT codepa-
HUS TOPIOYEro rasa B BO3AyXe M OT pagmyca 4acTulbl. YCTaHOBMIEHO, YTO reoMeTpuyeckoe nofobuve
nonen pacnpefeneHus TemnepaTypbl B NpoCTpaHCTBe OTCYTCTBYET ANs 4acTuL, C pagmMycoM nopsaka
20 MKM 1 MeHee. [Ins BapuaHTa Il B 06MacTu, orpaHU4YeHHON NOBEPXHOCTbIO (POHTa B, oTMeveHa
cBepxagmnabatuyeckas Temnepatypa cpefbl. CTauMOHapHOe pelleHve 3afady OTCYyTCTBOBANO Mpwu
KOHLIEHTpaLMm ropiodero rasa, npesbiwatoent HKIMP/Les. MokasaHo, YTO yHKUMS pacnpegeneHums
TemnepaTypbl B MPOCTPaHCTBE MexXAay poHTaMu A 1 B NMHENHO pacTeT C yBeYeHMeM Coaep KaHma
roptoyero rasa, 4to MCNonb30BaHO s 0ObACHEHNS 3aBMCUMOCTM KOHLLEHTPaLMOHHOro Npefena pac-
NPOCTpaHeHUs NiaMeHn No aspoB3Beck oT foOaBOK roployero rasa, B TOM YAC/e BOAOPOLA.

KnioueBble croBa: MofenMpoBaHie; ropeHne; Yactiua Tonnmea; rmbpuaHas atmocdepa; rmbpua-

Haa cMecb.

BBepeHune

Teopernueckue npecrasieHus 00 OCHOBHBIX 0COOEH-
HOCTSIX TU((y3HOHHOTO TOPEHHS KaIlIi TOIUTHBA B BO3-
nyxe nomydensl I. A. Bapmasckum [1]. B atoit nmo-
HEPCKOW paboTe MOKa3aHo, YTO B PaMKax “‘yIpOINCH-
HOTO” HcCienoBanus (chepruuecK CHMMETPIIHOE U
KBa3HCTAIIMOHAPHOE OMHCAHUE MPOIecca, PABEHCTBO
U TIOCTOSTHCTBO TETUIO(YM3HIECKHX XapaKTEPUCTHK KOM-
MIOHEHTOB T'a30BOH (a3bl, MpeHeOpeKeHNE TOIIMHON
30HBI PEaKIH, TEIUIONOTEPSIMH Ha M3IIy4eHHE H T. I1.)
MOJIYYUTb aHAJIUTUYICCKUC BbIPAKCHUSA JI1 oJieit pac-
IpeeICHUS TapaMeTPOB 3a/1aul HECIOKHO. Perenuto
9TOH 3a/auu oTBe4aeT MU PYy3NOHHBIN (PPOHT IIaMe-
HU, paanyC KOTOPOro HC 3aBUCUT OT KMHCTUKU PCaAK-
ITH TOPCHHS.

OnHO W3 HaIpaBICHUH Pa3BUTHS PE3yJabTaroB [1]
CBSI3aHO C pelreHuemM ooee ootel 3a1a4an o quddysu-
OHHOM TOpPEHHH KaIUId TOIUIMBA B THOPUIHOM aTtMmo-
cdepe. AHATUTHIECKOE PEIICHHE TAKOH 3a/1a91 B paM-
Kax “ympoIIeHHOTO” HWCCJENOBaHUS TONYy4YeHO B [2]
Ha OCHOBE IPEATIOIOKEHHUS O CYIIECTBOBAHUH BOKPYT
KaIlIi eJMHCTBEHHOTO (ppOHTA IUIaMEeHH. 3/7Iech U Aajee
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noJ1 THOpuTHOM arMocdepoit OyJeM TOHUMATh CMECh
BO3/IyXa C TOPIOYNM Ta30M, COJCPKAHIE KOTOPOTO MEHb-
e HIDKHETO KOHIIGHTPAILMOHHOIO Ipejesia pacipo-
crpanenust tamuHaproro miamern (HKIIP,).

Jlerko mokasarb, YTO KOPPEKTHOE aHATUTUYECKOE
pellIeHNe 3a/1au HENb3sl IOIYYUTh B PEINON0KEHUN
0 CYIIIECTBOBAaHHUH BOKPYT YaCTHIIBI €TUHCTBEHHOTO TU(]-
(hy3MOHHOTO MIIaMeHH, 00BEIUHSONIETO TOPSHHE ITPO-
JQYKTOB rasu(ukanuy TOmianBa (B JaJbHEHIIEM —
(poHT A), HOCTYNAIOMUX B IJIaMs CO CTOPOHBI 4aCTH-
IIbl, ¥ TOPEeHHUeE ra3a (B ganbHeiimeM — ¢GpoHT B), nud-
(hbyHIUPYIOIIETO K TUIAMEHH ¢ Tepu(epruu COBMECTHO
¢ okucnuteneM. JeficTBUTensHO, B 9TOM Cllydae CTpyK-
Typa MoJeil pactpeesieH st apaMeTpoB 3a1auu MoJ-
HOCTBIO Ompezensercs 0e3 yueTa KHHETHKH XUMU4de-
CKOH peaKIny, 9TO MOKET IIPOTHBOPCUUTH H3BECTHOMY
13 TEOPUH TOpeHUs [3] yCIIOBHUIO CyIIECTBOBAHUS TU(-
(hy3MOHHOTO TNTAMEHH B IEPEMEIIAaHHO roprodeii cMe-
cu (¢pponra B).

TakuMm 00pa3om, BOKPYT YaCTHIIBI, TOPSIIEH B THO-
puaHON arMocdepe, BO3MOXKHO 00pa3oBaHHE JBYX
¢dpouTOB MM (HY3MOHHOTO TOPEHHS, PACIIOIOKEHHBIX
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- MPOLIECCHI TOPEHWUA U B3PbIBA

Ha pa3HBIX PACCTOSHHUAX OT Hee. Hackombko M3BECTHO
aBTOPY, B INTEpaType OTCYTCTBYIOT CBECHUS 00 aHa-
JUTUYECKUX HCCICAOBAHMAK, YIUTHIBAIONINX JTaHHOE
00CTOSATENBCTBO.

Chopmynupyem 1enb HacToseld padboThl — 3TO
AHAJTUTHYCCKOE HCCIICOBAHNE CTAIHOHAPHOTO JIBYX-
(hpOHTOBOTO TOPEHUSI BOKPYT HEMOJIBUKHOW YaCTHIIBI
TOIUTMBA B THOpHIHOM aTMocdepe. HTepec K TaHHOK
paboTe 00yCIIOBIICH HE TOJIBKO )KEJTaHHEM BOCIIOJIHUTh
npoOeIt B CIIEKTPEe HCCICAOBAHUN paccMaTpHBaeMoOro
HAY4YHOTO HAIIPABJICHUS, HO U CTPEMIICHUEM OOBSICHUTh
O0COOCHHOCTH BJIMSIHUS COCTaBa TMOPUAHON aTMocde-
PBI Ha B3PBIBOOIIACHOCTH B3BEIICHHOMN B 3TOi atMocde-
pe roproueit b [4].

MaTemaTnyeckas Mopesb

PaccMoTtprM 3a1ady o cTaliMOHAPHOM C(hepHICCKH
CUMMETPUYHOM JABYX(POHTOBOM FOPEHUH BOKPYT He-
MOJIBMYKHOHM 4aCTHIIBI Ta3u(UIIUPYIOIETOCS TOTUINBA,
MOMEIIEHHOH B rTHOpUAHYI0 aTMOCc(hepy TPy HOPMaJib-
HBIX ycrmoBusx (Temneparypa 298 K u naBnernne 103 I1a).
ConepkaHue TOPIOYEro ra3za B BO3JyXe Ha OOJBIIOM
YIQJIEHUU OT YaCTULIBI IIOCTOSTHHO U HUKE HKHPg. ITmot-
HOCTb YaCTHIIBI [TPEIIoIaraeTcst 06 CKOHEUHO OOJIBIIOH,
4TOOBI HCKITIOUUTh YMEHBIIICHUE e paauyca. J{ist 60mb-
1Ieil onpeaeeHHOCTH IPU MOCTAaHOBKE 3a/1a4u Oyjaem
CYMTATh YACTHUILY KHUJIKOW U OJHOPOIHO HATPETOH 10
TeMITepaTypbl, OJIH3KOH K Temrieparype kumenus. [Tpu
9TOM MOJAaraeM, 4To IyTEM COOTBETCTBYIOIIETO BEIOO-
Pa MCXOIHBIX MAPaMETPOB MOJIETIH BO3ZMOXKHO yIOBJIET-
BOPHUTEIBHOE OMUCAHNE PEATHHOTO MPOIECCca TOPCHUS
YaCTHIL HETUIABALIUXCS Ta3u(PULHUPYIOLINXCS MaTepra-
JIOB, HAIIpUMeEp Kpaxmara.

[Ipu onucanuu napaMeTpoB 3aJa4d NPUHSATHI Clie-
Iytole 0003HAYCHHUS: 7 — paJnaibHas KOOpAWHATA
TOYKH IPOCTPAHCTBA, OTCUMUTHIBaEMas OT LIEHTPa Yac-
THIBL, M; 7'y — PAINyC YaCTHIIBI, M; P — IJIOTHOCTb T'a-
30BOH (asbl, Kr/ M ¢, — TCII0OeMKOCTb, Jix/(xrK);
A — xoa(pumment remnonposoauoctu, Jx/(K-m-c);
V — CKOpOCTB TeueHHs ra30Boit (hasbl, M/c; T— Temite-
paryparasoBoii passl, K; L— Temnora ucnapeHus Tor-
nmBa, JIx/xr; Q— Terora cropanus, Jl/kr; p— mac-
COBBIH CTEXHMOMETPUYECKUH Kodpumment; D — Ko-
s¢pdunment qudpysun, m/(c-K); C — oTHOCUTEBHAS
MaccoBast KOHIICHTpanus; /¥ — maccoBast CKOPOCTb H3-
MEHEHHsI COJIepKaHMsI BELIECTBA BCJIEJCTBHE XUMUYE-
CKOH peaxIum; 7 — MOPSIIOK PeaKIiy FOpIovero rasa
C KHCIIOPOZIOM BO3JyXa.

Hwxuue ungexcel «, 1, 2, 3,4, s, Au B orHOCSTCS
COOTBETCTBEHHO K HauaJIbHBIM 3HAYEHUSIM [IapaMeTPOB,
KHCIIOPOIY BO31yXa, MapaM TOILUIHBA, TOPIOYEMY rasy,
WHEPTHOMY Ta3y (B COCTaB KOTOPOTO BXOAST MPOAYKTHI
OKHCJICHUS, a TAK)Ke a30T ¥ IPyTUe HHEPTHHIC KOMITO-
HEHTBI BO3/lyXa), uacture, GppoHty Au pponty B. Hop-

MUpOBaHHbIE (Oe3pa3MepHbIe) MapaMeTpsl 3a1add OT-
MEUYECHBI CHMBOJIOM <«*».

CrenaeM IpeAIoNoKeHHsI, CIIOCOOCTBYIOIMINE MTPE/-
CTaBJICHUIO PE3YJIbTaTOB MOJEIMPOBAHUS B aHAJIUTHU-
ueckoit popme. [lapamerpsi ¢, u A moctosHHbL. Yucno
JIstoucalLe=c,pD /A U1 KHCIIOPOZIa BO3yXa U ITApOB
toruBa paBHo 1. Hucno Jlptonca juist roprodero rasa
Le; = ¢, pD3/) Taxxke sBISETCS MOCTOSAHHOM BeTHHU-
HOIA, HO B 0011IeM Cily4yae MOXeT omIn4arscs ot 1. Xu-
MUYECKas peaklys He MEHSET O0ILEero Ynucia MOJIEKYJI.
Paznuunem MoseKysIsIpHBIX MacC KOMIIOHEHTOB ra3000-
pasHoii cpenbl mpenedperaeM. ['azoBas (aza moguuHs-
€TCsl YPaBHEHHIO COCTOSTHUS HJICATbHOTO ra3a. 3aBUCH-
MOCTb CKOPOCTH XUMHUYECKOH PEaKIIUU OT TEMITEPATYPhI
SBIISICTCS JIOCTATOYHO PE3KOM, YTOOBI alllPOKCHUMHUPO-
BaTh 30Hbl XUMHUYECKOTO MTPEBPAIICHUS BOKPYT 4aCTH-
61 C(epaMu PanyCOM 7', U 7'y, OTBEUAIOIINMH TI0JIO-
JKEHHIO PPOHTOB A 1 B COOTBETCTBEHHO U SBJISFOIIN-
MHUCSI [IOBEPXHOCTSAMU Pa3pbiBa IEPBLIX IPOU3BOJHBIX
apaMeTpoB 3a7aun. J[efiCTBUEM CUJIIBI TSKECTH U TEII-
JIOMIOTEePSIMH Ha M3ITyYCHUE TaKXKe ITpeHeOperaeM.

KauecrBeHnHas cxema pacrnpeneneHus napameTpos
3a/laud B OKPY’KalOIIEM YacTUIly [IPOCTPAHCTBE MPHU-
BOJIUTCS HA puC. 1.

B obnactu r > r, craunoHapHsle pacupeaenctus C;
(i=1,2,3)u TBHE y3KHX 30H XUMUYECKOT'0 IIpeBpalie-
HUS (7 = ¥, U T ® F'g) OIUCHIBAIOTCS YPABHEHUSIMU U (D-
(hy3uH U TETIONPOBOAHOCTH:

1d

dcC,
2 i
— — 71| pCV —pD; =0; 1
2 dr ( ! ' dr) M)

ldrz(pcp(T—Tw)V—Xiszo. 2)

2 dr r

CrpaBeAsMBO TAaKKEe YPAaBHEHUE COCTOSIHUS ra3o-
BOM (pa3bl MIPU MOCTOSIHHOM JIaBJIICHUM U YCIOBHE HE-
Pa3pbIBHOCTU [IOTOKA CPENBIL:

PT = pu T ©)
pVr? = (M) K, 4)

rae K| — KOHCTaHTa.
BoipaxkeHue Ui NOCTOSIHHOTO 3HAYEHHUs MPaBoil
yacTu (4) BBIOpaHo U3 cooOpakeHuit ynoOcTBa mnocie-

T, C;
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Puc. 1. Cxema pacnpeznenenust C; u T B OKpECTHOCTH ropsiiei
YACTHIIBI
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NPOLECCHI TOPEHUA U B3PbIBA -

Jyrolero ucrnoinbs3oBanus. Paciipenenenue C, nosyya-
TOT U3 TOXKJIECTBA

C4:1*C1*C2*C3. (5)

3anumieM oObIYHBIC YCIIOBUS (HEMPEPBIBHOCTH T 1
C,, coxpaHEHHsI MacChl U JHEPTUH), KOTOPBIMHU CBsI3a-
HBI TTapaMeTPHI 3a/1aud BOJHM3H MOBEPXHOCTH YaCTH-
1bI, BOJIM3W TTOBEPXHOCTEH N (HY3NOHHBIX TUIAMEH U
Ha OOJIBIIIOM yIIaJIeHUU OT YacTuIlsl. Munekcamu “—0”
n “+0” oTMEYeHBI 3HAUCHHUS MApaMETPOB 33JIa4M I10
pa3HbIe CTOPOHBI OT PacCMaTPHBAEMOH ITOBEPXHOCTH
(co cTOPOHBI COOTBETCTBEHHO MEHBIIUX U OOJIBIIHX 7°):
o r=rg

dc dr| 1
T=T,; pC,V —pD,—2%| =i—| = =pV:
pC, pLy—— ar drl,, L P
[ ] V:I’AI
Ty =Ty Cig=Cio=0i=123;
dc dCc
-B,D,—2%| =D —L 6
BrDy—— O U, (6)
dCc ,47 247
—-0,0D,—%| =
QpDy=g = =2 dr
o r=rg:

Ty =Ty; Cig=Cii0:Cig=Ci9=0,1=2,3;

B3D37dc3 :Dl(dcl _ﬂ ];
dr |, dr |, dr |,
dc dr dr
Q3PD3T3 :k( - j;
"o dri, dri,
° V= 0o0;
T=T,; Ci,=Cip; C;=0; C3=Csp.

Pemrenue cucremsl ypaBuenntii (1)—(4), yaoneTso-
psttoriee ycIoBusM (6), B 3aBUCHMOCTH OT yYacTKa OCH
7 MOYKET OBITh IPECTABICHO B CICAYIOIIEM BH/IE:

7;,<l"<}"A:

T=K;+K,exp(-K,/r); C; =0;

C, =Ks +Kyexp (=K, /r); C3 =0;
Fa <1 < Ty

T=K;+Kgexp(—K,/r);

C, =Ko+ Kgoxp (K, /r);C, =C5 =0; (D
VB< r.

T =Ky +Kygexp(-K,/r);

C, =K +Kjpexp (=K, /r); C;, =0;

Cy = K5 + K4 exp (K /(Leyr)).

Pa3smepsl m1aMeH 7, g M KOHCTaHTBL K, ..., K |5 C
Y4YE€TOM UCXOIHBIX TaHHBIX 7»/ c¢,=pD,=pD,= pD3 /Le,
OIIPENETISAIOTCS COOTHOI_HGHI/ISIMI/I

In(Z) In(Z)

A =75 > Iy =7

In(Y) In(X)’
KZZ(L/CP)Za K3:_L/cp+Txp K4:_Y; KSZI;

Kl —rgln(Z)

X -1
K6 =_TS+TOO_ Q2 _L_C300Q3( ) i’
Xl/Le3 c

-1 »
Ky =T+ (02— L)/cy; Ky=BaY; Ko=—Po;
Xl/Le3 -1 Cp
Ky =T, +(Qz —L+7C3wQ3 jl; ®)
Xl/Le3 -1 cp
Ky =By +Ci +C3+33;
Ley (X7 —1)
K3 =—PB, - C+{33;
Le, (X' —1)
1/Le;
Ky =7C300X Csx

VL _1; 15 =7X1/Le3 K

Ch,  CaBy(X -1
Br  Leyp,(x/'s —1)

_ Cis OB
Z‘“[ B, +C3°°[Q3 Legﬁzjx

«—X=b (T, -T,) 1
(Xl/Le3 -1 P s L
Bxopsmas B 5TH COOTHOLICHHS BEIMYMHA X HEU3-
BECTHA, 1 JUISl €€ ONpeAeNeHus TpeOyeTcs JONONHUTENb-
Hoe K (6) ycioBue, CBS3bIBAIOLIEE TapaMEeTPhl 3aJa4H.
3710 ycioBre peicTaBisieT co0oi 6anaHc MEX /Ty IUIOT-
HOCTBIO IIOTOKA J5 TOPOYEro rasza Bo (ppoHT B u cko-
POCTBIO MepepaboTK raza M,y enuHMLEH MmIomanu
IMOBCPXHOCTH JAHHOTO IIJITAMCHU:

J3B :M3B. (9)

Beipasum J; 1 M, uepes BBEICHHBIE PaHee Napa-
MeTphl 3a1aun. llocne HecIOXHBIX MpeoOpa3oBaHU
u3 (1) c yaerom (7) u (8) momydum:

rme ¥ =1+ —=

dc
Jw =pDi= | =(/g) Ky (Ki5)/rg. (10)
rB+O
Comnacho [3]
1/2
2
M3B—[Q jW3(C3,T)dT] : (11)

rae B coorBeTcTBUU € (7) 1 (8)
K K _ T 1/L83
Ty =K, + 7 Cy =K5 + K”(“ij .(12)

B cuny pe3koii 3aBUCMMOCTH CKOPOCTH PEAKIUU OT
TeMIIepaTypbl BKIa B uHTerpan u3 (11) qaer aums y3-
Kast 00s1acTh HHTErpupoBanus Bonusu 7 = T, B mpese-
1ax KoTopoi C5(7) MOKHO annmpOKCUMUPOBATh JINHEH-
HOHU (yHKITHCH:

CG=F(ITg-T),
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- MPOLIECCHI TOPEHWUA U B3PbIBA

rae ¢ yaeroM (7), (8) u (12)
Le
7dC3| _ Ky’ )
dr |TB Ley (K o) (=K 15)" 7!

F =

Bynem mosarare, 4TO XMMUYECKasl PeaKIus TOPIO-
Yero rasza ¢ KUCIOPOAOM BO3/1yXa IPOUCXOAUT B OIHY
HEOOPATUMYIO CTAIHIO i IMEET /-i MOPSIIOK MO HEJ0-
CTaloNIel KOMIIOHEHTE (ToprouemMy rasy), T. €.

Wi(C3,T) = C3W5(T).

Torna ypasaenue (10) MOXXHO IPeOOPa30BaTh K BHITY

TB 12
My |20 B

|2~ [yt | (13)
P 05 71[0 2

rne C} =c, (T —T)/(Le; 03);
P = (Le3FQs5/c,)"?.

IIpaBas vacts (13) coBmagaer ¢ BEIpAKECHUEM JJISI
MacCOBOH CKOPOCTH MepepabOTKH TOPIOYETO ra3a eau-
HUIIEH MUIONIAAN IIOCKOTO IIIAMEHH, KOTOPOE Pactpo-
CTpaHsCTCS 0 IPEIBAPUTEIBHO ePEeMEIIaHHON ra3o-
BO31yIIHON cMmecu Oe3 Terutonoreps [3]. CornmacHo (13)
JUIsL 9TOM CMecH HadallbHas Temreparypa 7., Temrie-
parypa mpoxyKTOB TopeHHs 7 W KOHIICHTPAIHS Ta3a
C; = ¢, (Tg — T,) /Q;. Beens HOpMaIbHYIO CKOPOCTH
pacnpoCcTpaHeHus TAKOTO IITAMEHH u,,, ieperuiieM (13)
B BHJIC

Mg = Pp,Chu,. (14)

Jst manpHelmero npumeHenust (14) Bocnonb3y-
eMcs anmpoKcuMaIuen
u, = {a(TB - Tb,min)a ccin Tb,min < TB < Tb,max; (15)

0, ecut Ty < T, iy -

TAC a = Uy, max /(Tb, max Tb,min);

Ty mmax> T min— IKCHIEPIMEHTAJIBHBIC 3HAICHHS TCM-

nepaTypbl FTOPEHUs ra30BO3AYILIHON CMECH COOTBET-

CTBCHHO CTEXHOMETPHUYECKOTO COCTaBa M BOIW3U

HKITIP,;

Uy, max — IKCIIEPUMEHTAJILHOE 3HAYEHUE HOPMAJTb-

HOU CKOPOCTH paclpoCTpaHeHHs IITAMEHH JUIsSI CMe-

CH CTEXHOMETPHUECKOI'0 COCTaBa.

Armmpoxcumarnus (15) ocHOBaHa Ha CIIETYFOIITUX J0-
nymenusnx. B nnanasone 7, < T < T), 1, OTBEYA-
IOLIEM peajbHOMY CYILECTBOBAHMIO INIOCKOIO ILIaMe-
HH, XapaKTep 3aBUCUMOCTH u,, OT T 3aMMCTBYETCS U3
JKCIIEPUMEHTA. DKCIEPUMEHTANIbHAS 3aBUCUMOCTb U,
OT KOHIICHTPAIINH T'a3a UTA psifga OeTHBIX cMeceil yrie-
BOJIOPOJHBIX T'a30B C BO3IYXOM YIIOBJIETBOPUTEIILHO
anmpoOKCUMUPYETCs INHEWHOHU QyHKIuel [5]. B cBoro
oyepesib, KOHLIEHTPALus ra3a CBsA3aHa JIMHEHHbIM CO-
OTHOILIEHUEM C TEMIIEPaTYpOl TOPEHHUsl Takoi cMecH
(B paMKax HMCHOJIB3YEMOTrO 3/1€Ch MPEATOJIOKEHHUS O
MOCTOSTHCTBE TEIUIOEMKOCTHU cpefibl). TakuMm o0paszom,
IPECTaBIISETCS €CTECTBEHHBIM OMUCHIBATE CBA3b U, U

T muHeHbIM cooTHOLeHUeM. [Tomaras a1 npocToTh!
u, = 0 B6:im3n HKIIP,, npuxoanm k ypasuenuio (15).

CootHomenueM (15), 04eBUAHO, YIUTHIBACTCS pe-
aNbHOE CYIIECTBOBAaHNUE Mpeerna augy3nOHHOTO T0o-
peHus. DTOT Npesiesl B paMKax JaHHOW paboThl OyieM
CBSI3BIBATH HE C TEIUIONOTEPSIMH Ha M3Iy4eHHE, KOTO-
PBIMH, KaK yKa3bIBAJIOCH BHIIIIE, IIPEHEOperaemM, a ¢ 0co-
OEHHOCTSIMI KHHETHKH IIETTHBIX XUMHUECKIUX PEaKIHiL.
W3BecTHOE SMIMpHYEcKOe TIPABHIIO “TeMIIepaTypa BO
(pOHTE KMHETHYECKOTO TUIAMEHH, PACcIIPOCTPAHSIONIE-
roCs TI0 TOMOT€HHOM ITepeMenIaHHO CMECH TOPIOYero
¥ OKHMCJIUTENS, HE OIycKaeTcst Huke T, .. [6], o Mue-
HUIO aBTOpA, MOXKET OBITh PACIIPOCTPAHEHO HAa (PPOHT
Ju(Qy3HOHHOTO TUIAMEHHM B HEpPEMELIaHHOW cMecu
(¢pouT B), uTo 1 caenano B pamkax cootHoteHus (15).

Wrax, npencraBieHHas MaTeMaTH4ecKasl MOZIENb pac-
CMaTpUBAEMOro Mpolecca 6a3upyercs Ha CIeYOMUX
COOTHOILICHUSIX TapaMeTPoB 3a1aun. Bennuuna X onpe-
JIeNsieTCs Ha OCHOBE YHCICHHOTO PELICHUS ypPaBHEHUS
(9) c ucnonwzoBanuem cootrHomenwuii (10), (14) u (15).
[ToncranoBkoii 3HaUeHUsI X B BeIpaxkeHus (8) yctaHas-
JMBACTCS MOJIOKEHHUE (PPOHTOB A 1 B, a Tarke 3HaUe-
HUA KoHCTaHT K, ..., K| 5. Pactipenenenus C; u T'B Okpy-
JKAFOIIEM YaCTHILY POCTPAHCTBE ONPECISIOTCS COOT-
HomeHusimu (5) u (7).

Pe3yn bTaTbl MOAeNIMpPpOBaHUA

Pesynbrarer MogennpoBaHus Oy/ieM 1IEMOHCTPHPO-
BaTh Ha IIpUMepe cHepruuecKor YaCTHIIBI Ta3UPUIHPY -
FOIIIETOCS] TBEPIOTO TOILTUBA. PaccMoTprM JBa BapuaH-
Ta 100aBKM MOJAEIBHOIO T'a3a K Bo3ayxy. B nepsom (1)
BapHaHTE MCCIEOBAHUA K BO3IyXY J100aBiseTcs ras,
WJICHTUYHBIN MTPOTyKTaM ra3u(pUKaIK TOILINBA, BO BTO-
pom (II) — ra3, oTnimyaronuiics ot ra3a, UCTIOIb30BaH-
HOro B Bapuante I, cymectBeHHo Oobiieit nuddysu-
OHHOH CITOCOOHOCTHIO.

[Tpumem oO1He MOIeITbHBIC 3HAYCHUS [TapaMETPOB
3agaun Juist Bapuantos [ u II: 7, = 298 K; T, = 998 K;
L =2,6:10° Jlx/xr; c,= 1,4:10° I/ (xr'K); Cy., = 0,21
x(1=Cy,); p,= 1,3 kr/M*; L =5,6:10 Jix/(K-m-c);
n=1;p,=3,50,= 5,6:107 Jlx/xr. B ciydae npume-
HEHU Pe3yJIbTaTOB MOJEIIMPOBAHUS K PeasbHbIM (T. €.
MMEFOIIIM KOHEUHYIO MacCy) YacTHIIAM TIoJlaraeM IuioT-
HOCTb FOPIOYETO pf; = 1000 kr/ M. Paznmuarommecs 3Ha-
YeHMsI IapaMeTPoB 3a1a4u i BapuanTos | u Il mpuse-
JIEHBI B TAOJIHLIE.

MopenbHble XapaKTEPUCTUKHU TOIITMBOBO3TYITHON
U Ta30BO3JIYLIHON cMeceil i BapuaHTa | 3aumMcTBO-
BaHbBI U3 CBEJICHUI 00 3TAaHOBO3/YIIIHON CMECH, a Ta3o0-
BO3IYLIHOM cMmecu Ay Bapuanta Il — u3 cBenenuit
0 BOJIOPOZIOBO3AYIITHOM cMecH [5, 7]. OcHoBHas po0o-
JiemMa TaKoro 3aMMCTBOBaHUs 3aKJII04aIach B KOHPIUK-
Tax MEX]y AOMYIIEHUSIMI MaTeMaTHYeCKOW MOJIETH U
(hakTHYECKUM OMUCAaHUEM CBOMCTB YIOMSHYTBIX CMe-
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MogenbHble 3Ha4eHnsa napaMeTpoB 3a4a4v Ang BapmaHTos | u I

Bapuaur HKIIP, 0,, JUk/xr Le, By Uy mins M/C | Uy o M/C | Ty i, K Ty maxs K a, m/(cK)
I 0,03 5,6:10 1,0 3,5 0,05 0,45 1500 2540 4331074
11 0,08 1,23-10’ 3.6 0,5 0,05 1,92 1000 2850 1,04-107*

ceil. Huxke npuBeneHsl mpUMepsl Pa3pelieHns TaKux
KOH(DJIMKTOB.

B cury MOHOTOHHOTO YBEIMUYEHHUS PEAIbHOTO 3Ha-
YEHUSI A ¢ POCTOM TEMIIEPATYPhI B KAYECTBE MOCTOSH-
HOTO MOJIEJTBHOTO 3HaYEHHMS ITapaMeTpa HCIIOIb30BAIOCh
CpeaHee reOMETPUIECKOE BEIMUNH, OTBCUAIOIINX TPa-
HUIIaM pabodero WHTepBasia Temmneparyp (oT 298 mo
~2500 K).

Monenbueie 3Hauenns napamerpa 7, ., 01 060ux
BapMaHTOB 33J]a4l COBMAJAIOT C SKCIIEPUMEHTAIbHbI-
mu. [Ipu 5TOM peabHast 3aBUCHMOCTS ¢, OT TeMIepa-
TypbI (B MOJIEII IPEAIIONAraeTes ¢, = COonst) NCKIK0Ya-
€T YHCJIEHHOE COBIAICHHUE YKCIIEPHMEHTAIbHBIX 3HaUe-
Huit Qu T, . (54 Mk /xr 1 2240 K 1s BapuanTa 3a-
naun I u 120 MJIx/xr u 2500 K s Bapuanta II coot-
BETCTBEHHO) C MOJIC/IbHBIMM 3HaYeHUsIMH. Bbibopom ¢,
0, 1 O; MUHMMU3UPOBAJIOCh OTHOCUTEIIBHOE Pa3/Inune
MOJICIIbHBIX W OKCTIICPUMECHTAIIBHBIX 3HAYCHUN T}, 0.

3HaunTeIbHOE (HA IOPSAIO0K) OTKIIOHEHHE MOJICITh-
HOTO 3Ha4eHHs napaMeTpa Q5 OT 3KCIIEPUMEHTAIIBHOIO,
KaK ¥ JuIsi mapaMerpa f; (SKCIlepuMeHTaIbHOE 3Hade-
HHE 3; = 4), BBI3BAaHO MOJICIHHBIM yCIIOBHEM COBIIajIe-
HUS IJIOTHOCTH TOPIOYETo Ta3a U Bo3ayxa (IIpu peasib-
HOM OTJIMYMH TUIOTHOCTH BOAOPOJIA U KUCIIOPO/A B HOP-
MaJIbHBIX YCIIOBUAX B 16 pa3). DT0 OTKJIOHEHHE, OTHAKO,
HOcUT (hOpMasbHBIN XapakTep, MIOCKOJIbKY apaMeTpbl
05 1 B3 UCHONB3YIOTCS COMIACHO (&) B COCTaBE KOMII-
aexkcoB Cy 05 u C;PBs, 3HaUCHHUS KOTOPBIX IS MO-
JIETBHOTO Ta3a U BOJOPOJia OTIAHYAIOTCS He Oojee ueM
Ha 20 %.

BennunHa T He 0Ka3bIBaeT CyLIECTBEHHOIO BIIMs-
HIS Ha Pe3yIBTaThI HCCiIeioBanus. BEIOOp BechMa BBICO-
KOT'O 3HAUEHUS JIJIS1 IaHHOTO TapaMeTpa BbI3BaH CTPEM-
JICHUEM CJIeJIaTh €ro COMOCTAaBUMBIM ¢ MUHUMAJIbHON
pacdeTHON TeMIepaTypoi TopeHus a’pos3Beceit [4].

Br100p L yuuThIBaI XapaKTepHOE SKCIIEPUMEHTAITb-
HOE 3Ha4YEHUE KOHCTAHTHI TU((y3MOHHOTO TOPEHHS pe-
anbHOM c(heprudecKoi YacTHIIbI B YHCTOM Bo3ayxe K.
JlaHHasi KOHCTAHTA BXOJUT B COOTHOIIICHUE, OTIPEIEs-
I0I1IEE 3aBUCHMOCTh BpeMeHH () (HY3HOHHOTO TOPCHUS
T, peasipHOi (T. €. NMeroIIel KOHEYHYI0 MaccCy) YacTH-
ITBI OT €€ pazMmepa:

1. = 4K

N s's

(16)

Jus yris, Harpumep, K = 5-10%c/m? [4]. Bripaxe-
HUE, ONpeielsolniee KOHCTaHTy U (Gy3HOHHOTO TO-
peHus

K, =plc,/(81In(2)),

HECJIOKHO IOTyYUTb, UCTIONB3Ysl IPECTABICHHYIO BbILIE
CTalMOHapHYo Mojenb npu X=Yu C;, =0, B npeamno-
JI0KEHHUH O KBA3UCTAllMOHAPHOCTHU MPOLIECCA BEITOPAHUs
yactuisl. [locnennee o3Hauaet, uTo noje pacupeaese-
HUSI TAPaMETPOB 33Ja41 OMHUCHIBACTCSI CTALHOHAPHBIM
pacmpenenerueM (7)—(8), B KOTOPOM BETHUUHA 7, yObI-
BaeT CO BpEMEHEM (BCJIC/ICTBUE ra3U(DUKALIUH YACTHIIBI).

[Ipexx e ueM nepenT K U3JI10KEHUIO OCHOBHBIX pe-
3yJIBTaTOB MOJICIUPOBAHMS, IPEACTABIISIONINX 3aBUCH-
MOCTH 75, ', I 1 Ty OT IIEPEMEHHBIX TIAPAMETPOB 3a-
naun Cs ¥ 7, 111 IByX BAPHAHTOB TOPIOYETO Ta3a, OT-
METHM, 4YTO B paMKaxX NPEANOJIOKEHUH, JeKallux B
OCHOBE MaTeMaTHYECKOI MOJIENH, 00IaCTh JOITY CTUMBIX
3HAUEHUI IEPEMEHHBIX MTapaMeTpoB orpaHnyeHa. He-
rOpIOYECTh ra30BO3LYIIHOI CMECH MpeaonaraeT orpa-
HuueHue C;,, CBEpXY, T. €.

Cs,, < HKIIP, . (17)

CymectBoBanue GpoHTa A mpearnoiaraeT orpaHu-
YeHUe 7, CHU3Y. JleificTBUTeNBHO, cortacHo [3] yaenbHas
(Ha enMHUILY IJIOMIAIM MOBEPXHOCTH IUIAMEHHU) CKO-
pocCTh nepepadoTKu roprodero 1udy3nOHHBIM IIaMe-
HEM HE MOXXET NPEBHIIIATh 3HAYEHHsI, PABHOTO y/IEIb-
HOI CKOPOCTH TepepaboTKH TOPHYEro JIaMHHAPHBIM
TUTAMEHEM, PaCTIPOCTPAHSIOLIUMCSI 110 PEIBAPUTEIb-
HO MepeMelaHHON CTEXHOMETPHUYECKON CMECH TOPIO-
gero ¢ okucaurenem. C yuetom (1), (7), (8), (17) u 3Ha-
YeHNH MOCTOSHHBIX TApaMEeTPOB 3a/1a4 JAHHOE YCII0-
BHE TIPUBOAUTCS K BUIY

Ty 2 kcloo/(cp BZpooun,max ) (18)

W3 (18) nomyuaem r, > 4,1 MxM. B none3y cyiect-
BOBaHUs yciioBUs (18) roBOpAT pe3yibTaThl SKCIEPHU-
MEHTaJILHOTO HcclieoBanus [8], B KoTopoM cepuue-
CKOE TJIaMsi BOKPYT FOPSALIMX Karlelb a9pOB3BECH TeTpa-
JMHA HAOIIOAAIOCh JIHIIb IIPU F, > 5 MKM.

[TepeiinemM K U3TOKEHUIO PE3YIBTaTOB MOACIUPO-
BaHus. CoracHo (8) U ¢ y4eTOM COOTHOILICHHS

0<X-1<<1, (19)

CIIPaBEUIMBOTIO AJIs UCXOIHBIX 3HAUEHUHN [10CTOSHHBIX
[apaMeTpoB 3a/lau, BBIPAXKEHUs I pa3Mepa U TeM-
neparypsl IepBoro (PPOHTA TUIAMEHH BOKPYT TOpSIIIei
YaCTULIbI UMEIOT BU:

rao={In[l+Cp,0,(LB,) " +
+C3, (Q3Les —OoBs /By )L —c, (T, =T,)L " 1}
x {In[1+ Cyp, /By = C3.B3 /B 1} (20)
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Ty =BT, +C, (O — L+ Cst)/Cp +
+C3,[BoLes 05 —B3(Q, —L+¢,T)l/c,}x (21)
By +Cip — C3ool33}_] )

e ry =1y /7, .

JlaHHbIE BBIpasKEHUS SIBIISIFOTCS TOUHBbIMU ITpU Le; =1
U, KaK clieZicTBHe, s BapuanTa . ['paduku 3aBucumo-
ctu 7, u T, OT colep)KaHus TOPIOYETO Ta3a B BO3IyXe
JUTSL pACCMATPHUBAEMBIX BAPHAHTOB 3a1a49H TPUBOISITCS
COOTBETCTBEHHO Ha pHcC. 2 (KpuBbIe / 1 2) ¥ Ha puc. 3,a.
31ech U ajee sl COAEp KaHus FOPIoYero rasza B BO3-
JyXe IpelycMaTpUBaeM JiBa IPEACTABICHUs, CBA3AH-
HpIe cootHomenneM Cy, = C,,, /HKIIP,.

PaccunranHble 3aBUCUMOCTH pa3Mepa U TeMIepa-
TYpBl BTOPOTO IJIAMEHU OT COZIEP>KaHuUs TOPIOYEro rasa
B BO3/yX€ MPH PA3IHUHBIX 3HAYECHUSIX ¥, IPHUBOISATCS
JUISL paccCMaTpUBaeMbIX BAPHAHTOB 33J]a4l COOTBETCT-
BEHHO Ha puc. 2 1 puc. 3,6. JJns nimoctpaunu COOTHO-
LICHHUS Pa3MEPOB IJIaMEH BOKPYT YaCTHUIIBI PaIUyC BTO-
pOro TUIaMEHH Ha pHC. 2 MPeACTaBIeH B HOPMUPOBAH-
HOM BHJIE: 13 = 73 /7. VI3 puc. 2, 3,a u 3,6 cnenyer,
YTO JIJIsl BapranTa 3ajauu [ tnanazon 3Hauenuit mapa-
metpa Cs,,, IPH KOTOPBIX CYIIECTBYET CTAI[HOHAPHOE
pelleHue, orpaHuueH cBepxy. s BepxHel IpaHULIbI
JIAHHOTO ArarnazoHa BBoguM obo3HaueHnue BITC (Bepx-
HUH TIpe/ieNT CYNEeCTBOBAHMUS) U ITPElyCMaTpHUBaeM JiBa
MIPE/ICTABIICHNUS, CBS3aHHBIE COOTHOIICHUEM BIIC" =
=BIIC/ HKIIP,. Ionoxenne BIIC" Ha ylOMsHYTHIX pH-
CYHKaX OTBeuaeT Touke nepeceueHus ocu Cs,, ¢ OpTo-
TOHAJIbHBIM K HEl OTPE3KOM MyHKTUPHOM IMHUH. AHa-
JIOTMYHOE OrPaHUYEHHE IOy CTUMBIX 3HaueHui Cs , clie-
JlyeT y4uThIBaTh Npu ucnonb3oBannu (20) u (21) mus
BapuanTa II.

[IpuBecTu aHaTUTHUECKHE BBIPasKEHUS 115 pa3Me-
pa U TeMIieparypsl BTOPOro IJIaMeHH B 00ILeM cliyyae
MPEJCTABIIACTCS 3aTPyAHUTEIBHBIM, OHAKO 3TO OKa-
3BIBAETCSA BOSMOXKHBIM ITPH ¥, > 20 MxM. B 5TOM Citydae
COIVIACHO pHC. 3,0 BO BCEM JAMAIA30HE paccMaTpHBa-
eMbIX 3Ha4eHui C 3*00 JUIs1 000MX BAPHAHTOB 3a]1a4H CIIpa-
BEJTMBO MPUOIM3UTEILHOE PABEHCTBO

TB ~ Th,min~ (22)

Ucnons3ys mist onenku X BMecto (9) cooTHOIIIE-
Hue (22), mociie HeCI0XKHBIX peoOpa3oBaHui ¢ yue-
toMm (19) momyunm:

X =1+ {c,(Tymin —T,) = C3,05Le5} x
X {Q2 -L- ¢ (Tb,min - Tiv ) + (23)
+Cy(Le; ~05/247,

OTKy/a ¢ yuetoM (8) umeem:

rg *{(Cre =C3PB)O0, =L —¢, (T min —T) +
+Cy,(Les —1)05/2]} x (24)
x B2l ¢, (Ty min _Too)_C3ooQ3LeS]}_l .

* %
s> g
100

e
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...... ~1 4 ! 6L —"17
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Puc. 2. 3aBucumocts pazmepa ¢ppontos A (/, 2) u B (3-8) ot
COZIepKaHMs TOPIOYEro ra3a B BO3LyXe M TOJIBKO Ul ppoHTa B
oT paauyca yactuupl: 3, 6 — 150 mMxm; 4, 7 — 20 MxmMm; 5, § —
5 MkMm; 2, 6—8 — Bapwuanr [; /, 3—5 — Bapwuanr 11
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Puc. 3. 3aBucumocts Temrepatypsl Bo hpoHTax A (a) u B (6) ot
COZIepKaHMs TOPIOYETo ra3a B BO3LyXe M TONBKO 1 ppoHTa B
oT paauyca yactuusl: 3, 6 — 150 mMxm; 4, 7 — 20 Mxm; 5, § —
5 MkMm; 2, 6-8 — Bapwuanr I; /, 3-5 — Bapuanr II

Hockonexy OsHKIIP, = ¢ (T, pin — 1I,), 13 (24) cite-
IyeT, 9TO
BIIC* = 1/Le;. (25)

OueHnM NpUPOCT TEMITePaTyphl CPE/Ibl, BEI3BAHHBIH
BBIFOpaHueM roprouero rasa, A7, = 1(r, C;,) — 1(r, 0).
3necs 1(r, Cy,,) n T(r, 0) — Temneparypa cpe/sl Ha pac-
CTOSIHHH 7 OT YaCTHIIBI, TOPSILIEi COOTBETCTBEHHO B T'HO-
pUIHOI aTMOcdepe ¢ copepaxkanueM roprodero raza Cs,
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u B yncToM Bozayxe (C;,, = 0). C yuerom (7), (8), (19),
(23)m (25) nnst nuanazona r < r < rg HECIOXKHO MOy -
YHUTh BBIPAKCHHUE

ATy ~ (C3,,/BIIC) (T pin — To). (26)

OtmeTruMm, 4To (26) BBITOTHIECTCS ¢ OTHOCUTEIIBHOM
TOYHOCTBIO 0K0JI0 5 1 10 % COOTBETCTBEHHO /JIs BapU-
anToB [ u II.

IIpoBenem OIeHKY yCTOMUMBOCTH MOJTy4YE€HHBIX pe-
nieHui 3aga4u. ITockobKy TIATEIbHOE UCCIIEI0BAHUE
YCTOMUYUBOCTH PELIEHUH BEIXOAUT 33 PAMKHU HACTOsIIEH
paboThI, BOCHOIB3YEeMCs CICIYIONMM KaueCTBEHHBIM
MeTooM. B pamMkax KBa3uCTallMOHAPHOTO MPUOIIIIKE-
HuUsi OylleM CYUTaTh, YTO COOTHOIICHUS (§) OCTarOTCs
CIPABE/UIMBBIMH TIPY MaJIbIX BO3MYIICHHUSAX TTapaMeT-
POB CTaLlMOHAPHOI'O peLIeHUs 3a1auu. Torna Bo3mylie-
HUS IIapaMeTPOB 3a4a4H [TOJHOCTHIO OIPEAEIATCS OT-
KJIOHEHUEM BEJIMUYUHBI X OT CBOEIO TOYHOI'O 3HAUEHUS,
KOTOPOE OIpeAeIsIOCh W3 ypaBHeHUs Oamanca (9).
JlanHO€ OTKJIOHEHHE MPUBENET, B YACTHOCTH, K U3Me-
HEHHUIO F'g U HapylleHuto Oanaxca (9): ckopocTs nepe-
PabOTKH roproyuero ra3a Bo (poHTe IiaMeHu M, npe-
BBICHUT UJIM OKaXETCsI HUXKe CKOPOCTH AU Py3noHHOTO
IIOTOKA FOPIOYEro ra3a Bo ()pOHT IIaMeHu Jy5. Benen-
CTBHE BO3HHKILEro nucbananca ¢ppoHt B npuner B 1Bu-
JKCHUE, HAIIPABJICHUE KOTOPOTO 3aBUCUT OT COOTHOIIIE-
Hus Mip u Js. Ecitu My > J;p, TO IPOU30MJIET BBIKH-
raHue TOPIOYero rasa B okpecTHocTH chepsl (C; = 0)
CO CTOPOHBI CBEKEH CMECH, YTO NPUBEJICT K yBEIHUe-
HHIO paguyca chepsl (C; = 0) 1 CMEIIeHNI0 COBIaga-
romero ¢ 3toi chepoii monoxkenust ppoHra B k cBe-
xel cmecu (em. puc. 1). M mHao6opor, ecimn M < Jsp,
TO (O)poHT B cMecTUTCsI B CTOpOHY YacTHIlBl. B pamkax
paccMmarprBacMOi OIICHKH pEIICHHUE OyJIeT YCTOWYH-
BbIM (WJIM HEYCTOMYMBBIM ), €CIIM BO3HUKILIEE JIBUKEHUE
¢ponta B ymMeHbmaeT (MM yBEIHYUBACT) BO3MYIIIC-
HUE 7g. JJaHHBINA aHAIU3 [10KA3a]l yCTOMYUBOCTh BCEX
peleHuii 3a1a4u, rpa UK KOTOPBIX MPEACTaBICHBI Ha
puc. 2-4.

B 3aBeprieHe 0TMETHM, YTO UCHOJIB30BAaHUE BMECTO
(9) HCKYCCTBEHHOTO YCIIOBUSL 'y = Iy IPUBEJIET K COBIA-
JCHUIO aHAIMTHYCCKUX BBIPAXXCHUI HacTosIIel pado-
THI C pe3ynbraramu [2].

OGcyXxpeHVe pesynbTaToB
MoJenvMpoBaHUs

MonennpoBaHue CTAIIMOHAPHOTO, CHEPHICCKH CHM-
METPHUYHOTO TOPEHHS YACTHUIIBI TOTUINBA B THOPHIHOM aT-
Moc(epe TONTBEPANIIO BBHICKA3aHHOE BO BBEICHUH IIPE-
MOJIOKEHHE O CYIIECTBOBAHUHM BOKPYT YacTHULbI JIBYX,
pa3HEeCeHHBIX B IPOCTPaHCTBE NU((y3HOHHBIX (PPOH-
TOB Tu1aMeHu (A u B) pasnoro tuna. @pontsl A u B ot1-
BevatoT U (Hy3MOHHOMY FOPEHUIO COOTBETCTBEHHO HE-
MepeMEIIAaHHON U TIEpEMEIIaHHON CMECH TOPIOYEro 1
okucautesst. Hekotopble U3 MOJy4eHHbIX XapaKTepu-
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Puc. 4. Pactipenenenne temreparypsl B OKPY)KAIOIIEM TOps-
mryto yactuny (7, > 20 MKM) IpOCTpaHCTBE /15 BapuaHToB | (a)
u Il (6) npu pa3nu4yHOM COAEpKaHUU TOPIOYEro ra3a B BO3AyXe
(% coorserctienno ot HKIIP, u BIIC): 1 —0; 2—25; 3 — 50;
4—175

CTHK PaCCMOTPEHHOTO MPOIIECCca MOTYT ITOKa3aThCs He-
OYEBUITHBIMH U TOTPEOOBATH MOSICHEHUIA, TIPUBECHHBIX,
10 BO3MOKHOCTH, B HACTOSIIIEM pa3zieie padoTHI.

W3BecTHO, 9TO CTAIMOHAPHOE pPEIICHHE 3aIaqd O
chepruieckr CHMMETPUYHOM JTU(PPY3MOHHOM ITJIAMEHU
B HETIOABM)KHOM ITepeMenaHHON Topiovell TOMOT€HHOM
CMECH MapOB TOIJIMBA M OKUCITUTEIIS SIBJISIETCS HEY CTOM-
YHUBBIM H, CJICAOBATEIIBLHO, JUIICHHBIM (DU3UUIECKOTO
cmbicia [3]. B To jxe BpeMs KaueCTBEHHBII aHaJIN3 ITPO-
JEMOHCTPUPOBAN YCTOWYNBOCTH MONOXKEHHS (ppoHTa B
IUTSL BCEX TTOJTyYSHHBIX B HAIIel paboTe CTallnOHAPHBIX
petieHnii. D10 00BSICHICTCS HAJMYUEM CTaOUITH3UPY-
I0IMX (DAaKTOPOB 1O pas3HbIe OT JAHHOTO (POHTA CTO-
POHBI: YCTOHYNBOCTH ()POHTA A U HETOPIOYECTH ra3o-
BO3IyIITHOM cMeCH Ha 0OJIBIIOM YIaICHUH OT YACTUIIBI.
00 3p(HeKTUBHOCTH UCIOJIB30BAHHOTO HAMH KadecT-
BEHHOTO METO/Ia aHaJM3a YCTOHYMBOCTU CTallMOHAP-
HBIX PCIICHHUN 3aJadd, COXPAHSIONNX C(HEepUIecKyIo
CHMMETPHIO TIPH MAJBIX BOSMYIICHUSIX, CBUICTECIBCT-
BYET TOT (PaKT, YTO JAHHBIM METOJIOM JIET'KO OOHAPYKH-
BaeTCs HEYCTOMYMBOCTh CTAIIMOHAPHOTO PEIICHHS YTIO-
MSIHYTOM BbIIIIE 33724y U3 [3].

CornacHo puc. 3,a ¥ JaHHBIM TaOIUIBI BeTHUUHA Ty
nis BapuanTa [ 6nmuska K 7}, ,, JUIS CMECH IAPOB rOPIO-

ISSN 0869-7493 TMOXXAPOB3PbIBOBE3OMACHOCTb 2015 TOM 24 Ne 5 m



- MPOLIECCHI TOPEHWUA U B3PbIBA

4yero ¢ Bo3ayxoM. B To ke Bpems it Bapuanta Il 7',
3aMETHO MPEBbIIACT T, ., KaK JUIsL CMECH [apOB IO~
PIOYETO C BO3AYXOM, TaK M sl CMECH TOPIOYETO ras3a ¢
BO31yXoM. Bricokoe 3nauenue 7', s BapuanTa I 06y-
CJIOBIICHO BBICOKHM 3HaueHHeM Le;, Ipu KOTOpOM TeM-
neparypa B 001aCTH, OXBAY€HHOH CTAI[HOHAPHBIM Ce-
pugecKiM AU Py3HOHHBIM IITAMCHEM B TIPEIBAPHTEITb-
HO IepeMeIIaHHON Ta30BO3AYIIHOM cMecH ((hpoHTOM B),
MOXKET ObITh HAMHOTO BbIIIE arabaTHuecKon TeMIie-
patypsl ropeHus 3Toi cmecu [3].

Ta >ke mpUYMHA JIEKHUT B OCHOBE O0BSICHEHUS (PH3H-
4eCcKoro cMeicia cootHomeHus (26). CornacHo (26)
BBITOpPAHUE TOPIOYETO Ta3a, COIEpPIKAIerocs B aTMo-
cdepe OKpPYKAIOUIETO TOPSIIYIO YACTHITY OKHUCITUTEILS
(BO31yxa), MPUBOAUT K AOMOTHUTEIHLHOMY (TPUMEHH-
TEJIBHO K CIIy4ar0 OTCYTCTBHS T'a3a) YBEIHUCHHIO TEM-
NepaTypsl CPeibl, KOTOPOE Ui TOYEK MPOCTPAHCTBA C
KOOPAMHATON B AUANIA30HE OT 7', JIO 7'y IPEBBIIIACT TETI-
J0coJep KaHue ra30BO3yIIHOI cmecH B Le; pas.

Jlns Bapuanta I1 B inanasone HKTIP, /Le; < C,, <
< HKIIP, peuenne ypasHenus (9) oTHOCHTENbHO X
OTCYTCTBYET: IIPH JII0O0M X U, CIIEZIOBATEIIBHO, IIPH JII0-
©0M (IIPEBBIMIAIONIEM ', ) 3HAUSHUH /' UMEET MECTO He-
paBeHCTBO M5 > J3. B COOTBETCTBUM C IPEJIOKEHHBIM
BBIIIIE€ aHAJIM30M YCTOMUMBOCTH PELICHUH 3aa4u JIaH-
HO€ HEpaBEHCTBO CBUJIETEJILCTBYET O TOM, YTO B yKa-
3aHHOM Jnana3oHe 3HaueHui C, IPOUCXOAUT HEOTpa-
HUUYCHHBIH pocT pasmepa ¢ponrta B. Jlanusrii et
0OBsICHSICTCS YIOMSHYTBIM BEIIIE CBEpXaamadarude-
CKUM HarpeBOM CPEZIbl B 30HE ¥ < r'g TIPU YCIOBUU MEJI-
JICHHOTO (KBAa3UCTAI[HOHAPHOTO) YBEIUUCHHUS 7'y U OT-
CYTCTBUS TEIIONOTEPh HAa U3JIyUEHHE.

Coornowenus (20) u (21) ABAsAIOTCA TOUHBIMU IS
BapuaHTa | u GpopMaabHO MOTYT OBITH UCTIONH30BAHBI
3a IpeJesIaMy paccMaTpUBaeMoro B paboTe quamnazona
(., OTBEYAIOILETO CYIECTBOBAHUIO CTALIMOHAPHOTO pe-
wenns 3aga4n (0 < C5,, < HKIIP,), a nmeHHO Ha cMex-
Hom muanasone (HKIIP, < Cs,, < Cy,,/B;), oTBeqatomem
roproyeil ra30BO31yLIHONW CMECH. DTO MIPABOMEPHO 10
caenyroiel npuunHe. [locne HecTanoOHapHOTO BBITO-
paHus Toprodel CMECH BO BCEM OKPY’KaIOLEM YaCTHILY
IIPOCTPAHCTBE BO3HUKAET CTALlMOHAPHBIN peKUM rope-
HUS YaCTHIIBI C €AMHCTBEHHBIM ()POHTOM A, pazmep Ko-
TOPOTO (C Y4ETOM BO3POCIIEH TeMIepaTypsl Cpeisl U
OTCYTCTBHSI TOPIOYETO T'a3a Ha mepud)epuu) OmIChIBa-
etcst cootHomeHusimu (20) u (21). [TpuunHa npaBuib-
HOIO ONMCAHUA PEXMMa IOPEeHus, K KOTOpOMY Iapa-
METpBI 33J]a4il CTPEMSTCS I0CIIE peJlakCcalliu HecTa-
IIIOHAPHOTO TIPOLECCa, 3aKIIIOUACTCS B COXPAHEHUU
ogo0us moJiel KOHIEHTPAIM B TeMIepaTyp Ha BCEM
HPOTSKEHUH JAHHOTO npouecca npu Le; = 1.

OIHOBPEMEHHO OTMETUM, YTO PACIIPOCTPAHEHUE CO-
otHomenu# (20) u (21) Ha aHATIOTHYHBIH THANA30H KOH-
neHTpanuii roprodyero raza aus Bapuanrta Il (BIIC <
< Gy, < Cy,,/B3) HEOOMYCTHMO, TIOCKOJIBKY MOXKET MPH-

BECTHU K HEBEPHBIM pe3yibraraM. [locienHee BbI3BaHO
TEM, 4TO CBSI3b MEXJy HOJISIMM KOHLEHTPALUI U TeM-
neparypsl pu Le, # 1 Oyzer pa3nuaHoi 11 HecTaru-
OHAPHOI'0 ¥ CTallMOHAPHOIO NpoieccoB. DopmasbHast
[IPUYMHA 3alpeTa CcBsi3aHa ¢ TeM, YTO MPU 3HAYEHUAX
(., U3 YKa3aHHOTO JMana3oHa HeT JIeHCTBUTEIBHOIO
petenust (9) OTHOCUTENBHO NapameTpa X, KOTOpbII pH-
CYTCTBYET B TOYHBIX IIPEJICTABICHUSAX BbIpaKeHHH (20)
u (21) ans 3TOrO BapHaHTa 3aa4uu.

CornacHo puc. 2 npu r, nopsaka 20 Mkm u 6onee
UMEET MECTO Mo00ue pasMepoB AU Py3MOHHBIX TJia-
MEH W TOJIeH pacnupeesieHusi TeMIIepaTypbl Cpebl B
IPOCTPAHCTBE: B COOTBETCTBYIOIINE 3aBUCUMOCTH Be-
JIMYHHA 7, BXOAUT Yepe3 OTHOIUCHHUS 7', /1 U /1. Ilpu
7, <20 MKM TaKoro nogo6us He HaOJIFoAaeTCs U3-3a TOTO,
YTO ra30BO3/IyNIHAS CMECh Ha BHEITHEH CTOPOHE (PPOH-
Ta B cTaHOBUTCSI CIIOCOOHOM pacpOCTPaHsTh TUIAMSI.
Bo m30exxanme HemopasyMeHHH HAIIOMHUM, YTO HAMHU
paccMmaTpuBaeTCs H3HAYAIBHO (0 BOCTIIIAMCHEHHS 9ac-
THUILBI) HErOpIoYas ra30Bo3yllHas cmeck. Ilockonbky
HKITIP, cHmkaeTcst ¢ poctoM TeMreparypsl cmecu [6],
ra3oBO3yIIHAs CMECh, HEroproyas BJaJIM OT YaCTHUIIbI,
MOXET OKa3aTbCsl TOPIOYEld B HEKOTOPOH, MPOTrpeTon
(bpoHTOM A OKpeCTHOCTH YacTuIbl. [Ipu3HaKom ropro-
YECTHU TAKOH ra30BO3yLIIHON CMECH SIBIISIETCSA 3aMETHOE
IpEeBbILICHNE TeMIepaTypoi 7y KPUTHUECKOTO 3Hade-
uust T}, i, (CM. puc. 3).

CpaBHeHue pe3ynbTaToB pacyeTta
M 3KCNepUMEHTOB

Hcxoanbie mpeanonokeHuss MaTeMaTu4ecKol Mojie-
JU IBYX(DPOHTOBOTO FTOPSHHSI BOKPYT YaCTHIIBI TOTLIH-
Ba WJICTM3UPYIOT WIIA YCTPAHSIOT BOBCE BO3/ICHCTBUE
Ha paccMaTpuUBaeMbIN TPOIECC PEATbHBIX (DaKTOPOB
(rpaBuTanMK, TOTEPH TEILJIA HA U3TyYEHUE, KOHEUHOTO
YCKOpPEHUsSI XUMHYECKON pEaKIK ¢ pOCTOM TeMIIepa-
TyphI U psiia aipyrux ). Cepbe3HbIil TEOPETUYECKUI aHa-
JIU3 BIMSIHUA TaHHBIX (DaKTOPOB Ha MOJTYUYEHHBIE 3/I€Ch
pe3yabTaThl BBIXOAUT 38 PAMKU HACTOSIIEH paldoTHI.
[TockonbKy 00MIKE YIPOIIAOIINX HCCIIETOBAHNE MTPE/-
TIOJIO’KEHNH TTOPOKIAET COMHEHHUE B [TPABOMEPHOCTH IO~
nyqume peSYJ'II:TaTOB, HpeZ[CTaBHHeTCH paBYMHI)IM CO-
MTOCTaBUTh UX C PE3YIHTATAMU COOTBETCTBYIOIIETO IKC-
MePUMEHTAIBHOTO UCCIIEOBAHMUS.

K coxanenuto, aBTop He 0OHAPYKHIT OITyOITMKOBaH-
HBIX PE3YJIBTATOB KCTIEPUMEHTAIIBHBIX UCCIIEIOBAHMI
PacCMOTPEHHOTO 3/1eCh MPOIIECCa, YTO UCKITIOYACT Tpsi-
MYIO KCTIEPUMEHTATBHYIO TPOBEPKY MOTYUEHHBIX 3a-
KOHOMepHOCTeH. TeM He MeHee PeITPUMEM TOTIBITKY
KOCBEHHOMU MTPOBEPKH JTAHHBIX 3aKOHOMEPHOCTEH C HC-
TIOJIb30BAHUEM PE3YIBTATOB TEX IKCIIEPUMEHTAIBHBIX
WCCIIEI0BaHUMN, KOTOPBIE OJIU3KH MO CBOEH MTOCTAHOBKE
K paccMOTpeHHOM 3ajade. Hanbonee 6au3kumu K Ha-
cTosiel padoTe SIBISIOTCS IKCIIEPUMEHTANIbHBIE HC-
CJIEJIOBAaHUS PACIIPOCTPAHEHUS [IJIAMEHU B THOPUIHOM
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CMecCH, Tl KOTOpOoi OyeM MOHUMAaTh COBOKYITHOCTh
HECOMPUKACATOIINXCS YaCTHUII, B3BEIICHHBIX B THOPHI-
Hoii arMocdepe. Huke mpuBOIUTCS THITMIHOE OITHCa-
HHUE TaKOT'0 UCCIIeI0BaHMsl, OIHOMY U3 PE3YJIbTaTOB KO-
TOPOTO JaauM OOBSICHCHHE HA OCHOBE ITOJYYCHHBIX B
HaIiei pabore 3aKOHOMEPHOCTEH.

OTnokeHne TOPIOYEro JUCTICPCHOTO MaTepraa Mac-
coii M pacmblISIIOT B FTepMETHYHOM Kamepe o0beMoM U
KpaTKOBPEMEHHBIM BO3JEHCTBUEM CTPYHU ra30BO3 Y1~
HOW cMecH, OTBeYaroIIei TpeOyeMoMy HauallbHOMY J1aB-
JICHHIO U COCTaBy (DOPMHUPYIOIICHCS B 3TOW Kamepe rud-
puaHOM armochepbl. O0pa3zoBaBIIyOCS TYPOYJICHTHYO
THOPHUIHYIO CMECh C 33IeP>KKO IO BPEMEHH T 3a)KHTa-
0T UCKPOH WIIM FOPALIMM IHUPOTEXHUYECKUM COCTaBOM
C U3BECTHBIM TeruioBblIeneHreM Q. O ropeHuH cMecu
CYZIAT 110 U3MEHEHHUIO JIaBJICHU B Kamepe P ¢ TeueHUEeM
BpEeMEHH {. B eIMHUYHOM OmbITe C KOHKPETHBIMH 3Ha-
YeHHUSAMHU HauyaJbHOU CPeTHE0ObEMHOM KOHIICHTPAIH
bLH P, = M/ U ¥ KOHIIEHTPALUK TOPIOYETO ra3a B BO3-
nyxe C, OIpe/IeIIsioT MaKCUMAIbHOC JIABIICHUE IPOJYK-
TOB ropeHus P, .. YcioBHe pacpoCTpaHeH s I1aMe-
HH 110 cMecH umeeT BuI P > P ., T/Ie TOPOroBoe
3HAYCHUE NaBinenus Py, ., cocrasiser 00braHo 50 kl1a.
ComnacHo ombITy HcciefioBanui [4] Ha Benuuuny P,
MOT'YT OKa3aThb BIUSHUE BCE U3 IIEPEUNCIICHHBIX BbILIE
napamerpos: Py = P (pg, Cp, V). 3aech V' 0603Ha-
9gaeT HabOp CYIIECTBECHHBIX MMapaMeTPOB KOHKPETHON
SKCIIEpUMEHTaIbHON MeToqukn — U, O u T, a Takke
mapaMeTpsl, KOTOPBIC He OBLIH YIIOMSIHYTHI H3-3a KpaT-
KOCTH IPHUBEICHHOTO OIUCAHUs (HampuMmep, 0CoOeH-
HOCTH (POPMBI KAMEPbI HITH XapaKTePUCTUKU PACIBLIS-
IOLIeH CTpyH).

B nanbHeiiiem Hac OyneT WHTEpeCcOBaTh HIKHUMA
KOHIICHTPALMOHHBIH (II0 COEPKAHUIO TTBLUTH B SIUHH-
e oObeMa ruOPUIHON CMeCH) TIpeJies pacpoCcTpaHe-
HUA TUIaMeHH, KoTopslii 0603HaunM HKIIP . CornacHo
OTIMCAHUIO METONKH MCCIIETIOBAHIS THOPUIHON CMECH
3aBucumocts HKIIP, ot C, onpenensercst ycnoBuem

Pmax (HKHP39 Cg’ \P) = Pmax,crs

7 MapaMeTpsl, BXozsmue B 'V, IMEI0T pUKCHpoBaH-
HBIC 3HAUCHUS TSI KOHKPETHOM METOIUKHU SKCIICPHMEH-
TaJNFHOTO HCCIIEIOBAHUS THOPUAHOM cMecH. [yt Harsia-
HOTO NPEACTABICHUS JaHHON 3aBUCUMOCTH B MPSMO-
YTOJIBHBIX KOOp/MHaTaX (Py, C,) BBIACIIOT 1Be 001aCTH,
KOTOPBIE OTBEYAIOT THOPHUTHBIM CMECSM, COOTBETCTBEH-
HO PacIIpOCTPAHSIOIINM U HE PACHIPOCTPAHSIOLIIM I1JIa-
mst. Ipapux HKIIP(C,) siBasieTcst rpaHuLei Mexy
9TUMH 00JaCTAMHU.

OTtMmedeHa creyonias 3aKOHOMEPHOCTH [4]: rpaduk
HKIIP (C,) 6ansok k orpesky npsivoit. Ha puc. 5, rae
WCIIOJIb30BaHbl HOPMUPOBAHHBIE 3HAUEHHS TAPAMETPOB
(p; =p,/HKIIP,,C,; = C, /HKIIP,,), taKoii orpe-
30k mpeycTasineH aunueit 2. 3necs HKIIP, u HKIIP,,
— HWKHHUH KOHIICHTPAIMOHHBIN Tpees pacipocTpa-
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Puc. 5. Pesynbrarsl ucneitanuii roproueii (A, O) u Heroproue
(A, @) cMecH kpaxman — 8000po0 — 6030yX Ha TOPIOUECTD B Ka-
Mepe ooremoMm 5,1 M (A, A)u 0,18 M (O, ®): /| — pacuer-
Has TPaHMIA TOPIOYECTH; 2 — IPAHHIA TOPIOUECTH 110 PABUITY
Jle-1llaTense

HEHM [UTaMEHH, U3MEPEHHBII COOTBETCTBEHHO IS TIbI-
neso3aymHoi emecu (pu C, = 0) 1 11t TypOyu3upo-
BaHHOI! razoso3ayHoit cmecu (pu p, = 0). JlanHyto
3aKOHOMEPHOCTb IPUHATO UMEHOBaTh IpaBuioM Jle-
[laTenbe MO aHAIOTUU C 3aKOHOMEPHOCTHIO TOPEHHUSI
MHOTOKOMITOHEHTHBIX Ta30BO3/IYIIHBIX cMecel [6].

Nwmetorcs, ojHaKO, 1Ba cyYasi CylIIeCTBEHHOTO OT-
KJIOHEHHUS OT ATON 3aKOHOMEPHOCTH, Ha KOTOPbIE IIPHHS-
TO 00paIaTh BHUMaHKE IIPU 00CYKACHUH PE3YIBTaTOB
HCCIeIoBaHus THOPUAHBIX cMeceid [4]. TlepBerii cirydait
oTHOcHTCS K cMmecH [IBX (¢ d,, = 14 MxM) — meman —
6030yx [10], BTopoit — k cmecu kpaxmar (¢ d,, = 15 MxMm)
— 8000p00 — 8030yx (Tne d,, — cpenHuii rabapuTHBII
pasMep 4acTHUI TMCIIePCHOM KOMITOHEHTHI cMecH) [11].

[TpexcraBiseTcst HEMETECOOOPa3HBIM aHATIH3HPO-
BaTh MEPBbIN Cllydyail BBUY HU3KOM TOYHOCTH IKCIIE-
pumenta B [10]: cocennne 3Ha4eHUs UCCIETOBAHHBIX
KOHIIEHTPALUH MBUIM OTIIMYAIUCH B 2 pa3a, YTo HE M0-
3BOJISIET OCYIIECTBUTD HAJICKHYIO IIPOBEPKY aHATIUTH-
ueckoii anmpokeumauu HKTIP (C,), mostomy st koc-
BEHHOI IPOBEPKH PacyeToOB Haleil paboThl 00paTUMCs
KO BTOPOMY CJIyHalo.

I'ubpuanas cmecs B [ 11] nccnenosanach B AByX UC-
IBITATEIFHBIX KaMEPax KBa3HIIITHHIPHICCKON (POpMBI
oonremoMm 0,18 u 5,1 M ¥ OTHOIIEHHEM BBICOTHI K JHa-
METpY, paBHbIM 2 1 4 COOTBETCTBEHHO. IHTEeHCHBHOCTh
TypOyJICHTHOCTH B KaMmepax ObuIa, MO-BUAUMOMY, CO-
T0CTABMMOI C TOif, KOTOPAst JOCTUTaeTCs B 1-M° KaMe-
pe cranaapra ISO 6184 u 20-n kamepe R. Siwek [4].
Hist 06enx ucnbITarenbHbix kKamep P, . = 20,7 kl1a.
B ycraHoBkax MCIOJIb30BaHbl pa3Hble HCTOYHUKH 3a-
JKUTaHMA: B Kamepe oobemom 0,18 M — MIAPOTEXHUYE-
ckuii cocTa ¢ 3armacom suepruu 10 Jx, oobemom 5,1 M
— CKpy4eHHasi KITyOKOM IPOBOJIOKA JUTUHOM 1 M, “B3pbI-
BaloOIasics” MOA JCHCTBUEM UMITYIIbCA SIEKTPUUECKOTO
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TOKa U IPOU3BOJAIIASL TEIUIOBBIIEJIEHNE, COIIOCTaBU-
MOE€, [T0-BUJUMOMY, C YIIOMSIHYThIM BbILIE. Pe3ynbrarsl
[11] mpuBonsTCs Ha pHC. 5. MOXKHO OTMETUTH 3aMETHOE
OTKJIOHCHHME TPaHMIBl MEXJy OOJACTSIMM C roprodeit
U Heropioueil ruopuaHoii cMeckio ot mpasuna Jle-1la-
TeJbe, KOTOPOE HEeJb3sl UCKIIOUUTh CChUIKAMHU Ha II0-
TPEIIHOCTB IKCIIEPUMEHTA U 00BSICHEHUE KOTOPOTO Oy-
JIeT IPUBEICHO HUXKE.

3aMeTHM, UTO B IUTEPaAType YKE UMEIach MOMBITKA
OOBSICHUTH YIOMSHYTBIA dPPEKT Ha 0CHOBE TPETIO-
JIOKEHHSI O TIEPBUYHOCTH TOPSHUST TOOABKH BOIOPOA
K BO3JyXY a3pOB3BecH ¢ TeMneparypoii ropenuns 700 K
u Hioke [9]. I1o HameMy MHEHMIO, IEPBUYHBIM TOPECHUEM
B THOPHIHOM CMECH CIIEyEeT CUNTATh TOPEHHUE JUCTIEPC-
HOW KOMITOHEHTBI TOPIOUETO0, MOCKOJIBKY MPH JTHOOH,
CKOJIb YTOJIHO HU3KOH, KOHLIEHTPALHUU €ro BO3MOXKHO
rOpeHHe KOHKPETHOH YacTHIbl. IMEHHO TaKoi OIX0
MI03BOJISICT KOPPEKTHO OLICHUTH TEMIICPATyPy B 30HE ITPO-
IYKTOB TOPEHUS THOPHIHOI CMECH, comeprkaIieii Bo-
JopoJ u uMmeromieit cocras, omm3kuit k HKIIP,.

[TocTpoum ass cMECH Kpaxma — 8000po0 — 8030yX
pPAacyYETHYIO 3aBUCUMOCTD HKHP: (C ; ) Ha OCHOBE TIO-
Jy9IEHHBIX BBIIIE PE3YABTATOB MOJICIIMPOBAHNS TOPEHHUS
YaCTHIIBI TOTIMBA B THOpUIHON atMocdepe. Bo u3be-
JKaHUe HelIOpa3syMEeHUH OTMETHM TPHU CYIIECTBEHHBIX
OTJIMYHUS YCIOBUM paccMaTpUBaeMbIX SKCIIEPUMEHTANb-
HBIX HCCIIEZIOBAaHUI OT YCIOBMH PEIIEHHOW B HaIIEH
pabote 3anauu:

1) perucTpupyemplii mapameTp B THOPUIHON CMeCH
OTHOCHTCS HE K TOPEHUIO OT/IEIbHOM YacTHIIbI, a K pac-
IPOCTPAHEHUIO MJIAMEHU 110 COBOKYITHOCTHU YaCTHII;

2) rubpuaHas cCMeCh HaXOAUTCS B COCTOSIHUH TYP-
OyJIEHTHOTO JIBIKCHHUS;

3) BpeMst TOpEHUsI OTISIEHON YaCTHIIHI B THOPHUI-
HOM CMECH KOHEUYHO.

Uro KacaeTcs NepBBIX IBYX OTIIMYHN, TO HEOOXOH-
MO 3aMETHTh, YTO OTCYTCTBHE TCOPHU PACHIPOCTpPaAHE-
HUS TypOYJICHTHOTO IUTAMEHH 10 a3POB3BECH UCKITIOYa-
€T CTporoe 060CHOBaHHE METO/1a IOCTPOCHUS HCKOMOI
3aBUCUMOCTH. I103TOMY apryMeHTBI B I10JIb3Y Ipeaia-
racMbIX MaTeMaTHYCCKUX COOTHOMICHUH OymyT OCHO-
BBIBAaThCS HA OITyOJMKOBAHHBIX PE3yNbTaTax dKCIEepH-
MEHTAJIbHBIX MCCIEIOBAaHUNM M PasyMHBIX MpPEaoio-
KEHHSX.

B oTHOIIEHNN TPETHETO OTANYMS OTMETHM, UTO KBa-
3UCTAIIMOHAPHOCTH (PPOHTA A TOATBEPIKACHA pacueTa-
MU [6] u axcniepumenTamu [4]. Bompoc o kBazucrarmo-
HapHOCTH (PpOHTA B SIBISETCS OTKPBITHIM: TIPH BEICOKOM
3HAUEHHMH 73 BPEMsl, HEOOXOMMOE I PACUIMPEHHUs
¢ponra B ot pasmepa 7, (B MOMECHT 3aKUTAHHSI 4ACTH-
ITB1) IO PACUETHOTO pa3Mepa, MOKET OKa3aThCs 0OJIbIIe
BpEMEHU ropeHust yacTuLipl. OHAKO U3 JaIbHEHILNX pac-
CYXKIIEHUH CIIEJYeT, UTO Ul IOCTPOSHUSI MCKOMOM 3a-
BUCHMOCTH BaK€H caM (paxT mosiieHust ppoHTa B.

Iepeiinem k ouenke HKIIP] (C,). Cormacko pe-
3yIBTaTaM MOJICTIMPOBAHIS TOPSIIAst B THOPHIHOMN aTMO-
cdepe JacTHIa MHATUHPYET BEITOPAHNE Ta30BO3IYIII-
HOW CMECH H, CJIEIOBATEIIHHO, IOTIOMHATEIBHOE (II0 CpaB-
HCHHIO C TOPCHHEM B YUCTOM BO3IyXE) HOBBIIICHUE
TEMITepaTypbl CPEIbl Ha PACCTOSHHUSIX, 3aMETHO ITPEBOC-
XOJSILUX PAUYC COOCTBEHHOIO I1aMeHu 7. [Ipupoct
TeMIIepaTypbl Cpeibl, BEI3BAHHBIM BHITOPAHWEM rasa,
JUISL CTAllMOHAPHOM 3a/1a4M OIPE/IeIsieTCsl BhIPayKeHH-
eM (26). Pa3yMHO MpennonoXuTh, YTO aHATIOTUYHBIH
3¢ EeKT BO3HUKAET IPU TOPCHUN KOHKPETHOH YacTUIIBI
BO (DpOHTE TIIAMEHU, PACIIPOCTPAHSIONIIEMCS IO COBO-
KyITHOCTH YaCTHII, B3BEHICHHBIX B TypOYIH3UPOBAHHOMN
rubpuaHoit armocdepe. [lpu aToM 1715 TYpOyIEeHTHON
cpenpl ananorom MHOxHTeNs (Cs,,/BIIC) B ipaBoit gac-
TH (26) BBICTYyTINT C g* , ¥ BBIpaXKEHUE NIPUPOCTA TEMIIE-
parypbl Takoi cpezsl AT, IpUMET BUJL:

ATg = C; (Tb,min - Too) . (27)

Bynewm nonarare, 4To ropeHre B3BECH YaCTHIL TOM-
nBa B THOpUIHOM aTMOC(epe SKBUBAIEHTHO FTOPEHUIO
B3BECHU B YHCTOM BO3JlyX€e C HAYaJIbHOI TeMIepaTypoit
T}, (K), xoropast nossiiaercst 10 yposast 7y =298 + AT,
Takoe MOBBIIICHHE TEMIIEPATYPHI CBEKEH aspoB3BecH
JIOJDKHO TIOBJIMATH HA KPUTHYECKOE 3HAYCHNE KOHIIEHT-
panuu TOIIINBA.

[ OLIeHKH 3TOro BIMSHUS BOCIIOJIb3YEMCsl 3aBU-
CHUMOCTBIO HIYKHETO KOHLIEHTPALMOHHOT'0 TIpejiesia pac-
IIPOCTPAHEHUs IIIAMEHHU 110 TypOYyJIeHTHOM a9pOoB3BeECH
HKTIP ot HawasibHO¥ TeMIiepaTypbl paBHOMEPHO Harpe-
TOI a3POB3BECH IIPU HOPMAJILHOM JiaBiieHuu [9]:

HKIIP(T,) T, — 298 )( 298
HKIIP(298) T, -298 )\ T,

j, (28)

rae HKIIP(298) — 3nauenune HKIIP aspoB3Becu npu

HaudaJbHOU Temmeparype 298 K;

Ty — MOCTOsIHHAsI, 3HAYCHHE KOTOPOil 3aBHCHUT OT

XHMHUYECKOTO COCTaBa AHMCIIEPCHOTO TOPIOYEro;

T,=(1550£120) K.

Bropoii comHOXHTENH TpaBoi 4acTH (28) y4uThI-
Baet cnienupuky onpenenenus HKIIP B peakimonHo#i
KaMepe MOCTOSIHHOTO 00beMa, 2 UMEHHO YMCHBIIICHUE
Macchl BO3AYLIHON KOMIIOHEHTBI @3POB3BECH C POCTOM
ee HayaJIbHOM TeMIiepaTypbl IPU HOpMaJIbHOM HavyaJlb-
HOM JaBiieHuH. [TockonbKy Macca ra3oBoil KOMIIOHEH-
Tl THOPUIHON CMECH HE 3aBHCUT OT COCTaBa CMECH,
OTIMCaHME HHTEPECYIOIEeil HaC 3aKOHOMEPHOCTH OTIIH-
4aeTcst oT (28) OTCYTCTBHEM YIIOMSHYTOTO COMHOXKHUTE-
71151. C y4eTOM 3TOro 00CTOSTENHCTBA U COOTHOIIECHUS (27)
HOJTY4HM:

% Tb,min —298

HKIP =1-C; -,
¢ T, -298

(29

CrenyeT 3aMeTUTb, YTO SKCIIEPHUMEHTAILHOE MO~
TBEPXKJICHHE CIIPABEAIUBOCTH (28) BpsI M pacmpo-
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cTpansercs Ha ciydail 7, > 600 K n3-3a TexHn4eckux
po0ieM 3HAYNTEIFHOTO HarpeBa UCTIBITATeIFHOM Ka-
MEpBI U BO3MOKHON TEPMHUUYECKOM 1€CTPYKIIUH PACTBI-
JICHHOTO B TOpstaeii atMocdepe IUCIepCHOT0 MaTepHa-
Jla K MOMEHTY 3aKMTaHUs adpoB3BecH. B ¢Bs3U ¢ 3TuM
obnacTs npuMeHeHwus (29) naxe npu pa3yMHOM JIMHEH-
HOI anmpoKCcUMallMU PacueTHBIX COOTHOILIEHHH 3a Ipe-
JIeITbl 00JIaCTH arpoOaluy Les1ecoodpa3Ho OrPaHUYHUTh
3HAYCHUSMU C; W3 Mana3oHa

0<C,; <05. (30)

Hnst Bapnanra sanaun 1 (7}, i,  T,= 1500 K) 3a-
BUCUMOCTH (29) coBnanaer ¢ npasuioMm Jle-1llarense
(mmnms 2 wa puc. 5). Jlna apuanta Il (7, = 1000 K,
T,= 1500 K) 3aBucumocts (29) mpescraBieHa oTpes-
koM / Ha puc. 5. HaOnrofaercs Xoporiee COOTBETCTBHE
pe3yabTaToB pacyeTa U SKCIEPUMEHTOB B JMANa30He
(30). YuacTok pacueTHOH 3aBUCHMOCTH 32 Tpe/IeiaMu
3TOrO JMana3oHa MpeICTaBIeH MYHKTHPOM.

VII0BIIETBOPUTEIIEHOE COOTBETCTBUE PACUETHBIX U
9KCIIEPUMEHTAJIbHBIX 3aBUCUMOCTEH SBIIETCS] KOCBEH-
HBIM CBUETEIHCTBOM IIPAaBOMEPHOCTH MOJIyYEHHBIX B
JTaHHOH paboTe pe3yabTaToB.

3ako4yeHue

[pennoskeHa aHATNTUYCCKAST MOJICITH CTAI[HOHAPHO-
10 chepruIecKd CUMMETPUIHOTO ABYX(PPOHTOBOTO AH(D-
(hy3HMOHHOTO TOPEHHS BOKPYT HETIOIBM)KHOW YaCTHIIBI
ra3uQUIUPYIOIIETOCs TOTUTNBA OCCKOHEUHOH (1151 00ec-
MICYCHHUSI CTAIIHOHAPHOCTH TOPEHUS ) ITIOTHOCTH B THO-
puIHON arMocdepe, KOTOpasi OCHOBaHA HAa ypaBHCHH-
ax auddys3un n teruronpoBopHocTH. [Tox rubpumHO
arMoc(epoil MOHUMAETCs CMECh BO3/yXa C TOPIOUUM
ra30M, IPUCYTCTBYIOIIUM B KOJIMYECTBE, MCHBILIEM HIXK-
HET0 KOHIIEHTPAI[OHHOTO Mpeeia PacIpOCTPaHEHUs
IJIOCKOIO [UIAMCHH 110 Ta30B031y1HOM cmecu (HKIIP,).
bmxaiinmii k yacTuiie GpoHT MmIaMeHu (A) IMECT Ty Ke
IPUPOJLY, YTO ¥ EANHCTBEHHBII TU(Py3HOHHBII PPOHT
TUTAMEHH BOKPYT YACTHIIBI, TOPSINEH B YHCTOM BO3IY-
xe [1]. Bo Bropom ¢ponTe mramenu (B) mpoucxoaut
ycTolunBOe TUPPY3HOHHOE TOPCHHE MTepeMelaHHON
CMECH T'a3a C BO3AYXOM.

OCHOBHBIC TOMYIICHUS, CIIOCOOCTBYIOIINE TPE-
CTaBJICHHUIO PE3yJIBTAaTOB MOJCIMPOBAHUS B aHAIUTH-
yeckor hopme, CBOJMIINCH K MPEHEOPESIKESHUIO JICHCT-
BHEM TPaBHTAINH, [TOTEPSIMHU TeIUIa Ha H3IIydCHHE,

KOHEYHOH TONMIMHOM T (Hy3MOHHOTO IITAMEHH, 3aBH-
CHUMOCTbBIO TEIUIO(HU3NUECKUX MapaMeTPOB Cpelibl OT
Temmeparypsl. [Ipeanonarany Takxe, 9To TeMIeparypa
TUTAMEHH Ha rpeziesie Aupy3nOHHOTO TrOpeHHs BO (PpOH-
Te B coBmazmaeT ¢ remneparypoi iI0CKoro iaMeHu B
rasoo3ymHoi cmecu Ha HKIIP,.. Qucio Jlbronca pas-
HSIO0CH 1 7151 BceX KOMIIOHEHTOB ra30BOI (ha3bl, kKpoMe
TOpIOYEro rasa, y Kotoporo manublii mapametp (Les)
MOT IPUHUMATh PA3JINYHbIE 3HAYCHMUS.

Pesynbrarel MOAEIMPOBaHUS UILIHOCTPUPOBAIIHCH
Ha JIByX BapHAaHTaX UCXOIHBIX JaHHBIX. B mepBoMm Bapu-
aHTEe BCE TOPIOYHE ra3000pa3Hble KOMIIOHCHTHI HICH-
TUYHBI TAIIMYHOMY YITIEBOJOPOAY (3TaHy). Bropoil Ba-
PUAHT MOJEIMPOBAHUS OTIMYAJICS OT IIEPBOIO TOJIBKO
(G }y3nOHHON CITOCOOHOCTHIO TOPIOYETO ra3a, BEJH-
unHoit HKIIP, 1 Temmeparypoii ropeHus Ha JaHHOM
npezese, 3aMMCTBOBAaHHBIMA Y Bofopoaa. s obonx
BapUAHTOB 3a/[a4! MIPUBEACHBI IpahUeCKUE 3aBUCUMO-
CTH pa3Mepa U TeMneparyps! An(py3nOHHBIX IJIaMEH
OT COZIepKaHUs TOPIOYETo ra3a B BO3AyXe U OT pajuyca
YACTHUIIBI.

['eomeTpuyeckoe moj00ue MOl pacipeaeIeHHs
TeMIeparypbl B IPOCTPAHCTBE OTCYTCTBOBAJIO JJIS Yac-
THUL c paguycoM nopsiaka 20 Mkm u MeHee. Kak u B ciy-
4ae HEYCTOMYUBOTO CTAIIMOHAPHOTO JU(PPY3HOHHOTO
IJIaMEHU B TOMOTE€HHO roproyeii epeMeIaHHoi cme-
cu ipu Le; > 1 B 061acTn, OrpaHUUEHHON MOBEPXHO-
cThi0 (ppoHTa B, oTMewanack cBepxagmabaTHdecKas
Temmeparypa cpeabl. CTallMoOHApHOE PEeIICHHE 3a1a41
OTCYTCTBOBAJIO [IPY KOHLIEHTPALIMH FOPIOYEro ra3a, npe-
oiatomeit HKIIP, /Le;. [Ipu rOpeHHH 9aCTUIIBI B THO-
puaHOI aTMocdepe QYHKIHS pacpeaeICHIsI TeMIIepa-
TYpPBI B IPOCTPAHCTBE MEX Y ppoHTamMu A u B nuHeii-
HO POCJIa ¢ yBEIMYCHUEM COCPIKAaHUSI TOPIOYEro rasa.

[ocaenHss 3aKOHOMEPHOCTH HCIIOJIB30BAHA IS KO-
JIMYECTBEHHOT'O OOBSICHEHHS 3aBUCUMOCTH HHKHETO KOH-
[EHTPALMOHHOTO Mpeesa PacIpOCTPAHEHHS IIaMe-
Hu 110 aucniepcHoit komnoHente (HKIIP,) o coneprka-
HUS TOPIOYETO0 Ta3a, B TOM YUCIIE BOAOPO/aA, B aTMOche-
pe TypOyIeHTHOI THOPUIHON CMECH NblLib — 20proYULL
2a3 — 6030yx. BBUly OTCYTCTBUS TEOPUU TYpOYIEHTHO-
IO TOPEHUs! a3POB3BECH MEPEXOJT OT 3aKOHOMEPHOCTEH
TFOpPEeHUs OAMHOYHON YaCTHIIBI K 3aKOHOMEPHOCTSIM I'0-
PEHNUs a3POB3BECH UCIIOIB30BAN Pa3yMHBIE IPETIONO0-
JKCHUSI M N3BECTHYIO SKCIIEPUMEHTAIBHYIO 3aBUCHMOCTh
HKIIP, aspoB3Becu OT Ha4aJlbHOU TEMIEPATyphl.
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TWO FRONT OF COMBUSTION AROUND FUEL PARTICLE
IN HYBRID ATMOSPHERE

POLETAEV N. L., Doctor of Technical Sciences, Senior Researcher
Leading Researcher, All-Russian Research Institute for Fire Protection
of Emercom of Russia (VNIIPO, 12, Balashikha, Moscow Region, 143903,
Russian Federation; e-mail address: nlpvniipo@mail.ru)

ABSTRACT

Analytic solution of the problem of stationary spherically symmetric double-front diffusion
combustion around a particle boiling fuel (with infinite density to ensure the stationarity of com-
bustion) in a hybrid atmosphere was derived. Under the hybrid atmosphere was understood to be
a mixture of air and combustible gas, present in a quantity smaller than the lower concentration limit
of the flat flame propagation through gas-air mixture (LEL,). The nearest to particle flame front (A)
has the same nature as the single diffusion flame front around the particle burning in clean air
(Varshavsky, 1945). In the second flame front (B) there is a stable diffusion combustion of gas-air
mixture.

Main assumptions facilitate the representation of results in analytical form, was to neglect the in-
fluence of gravity, heat loss by radiation, the real thickness of the diffusion flame, the dependence of
the thermophysical parameters on the temperature. It was assumed that the temperature of the flame at
the limit of diffusion combustion in front B coincides with the temperature of the flat flame in the gas-
air mixture at LEL,. The Lewis number equal to 1 for all components of the gas phase apart from
the combustible gas, in which this parameter (Le;) can take different values.

The results are illustrated on two variants of the original data. In the first variant, all combustible
gaseous components identical to typical hydrocarbon (ethane). The difference between the second
variant of the modeling from the first variant was only the fuel gas for which diffusion capacity, LEL,
and the burning temperature, borrowed from hydrogen. Dependencies of the size and temperature of
the diffusion flames on the content of combustible gas in the air and the particle radius shown in the
graphic form for both versions.
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The geometric similarity of the fields of temperature distribution in space was absent for particles
with radius of the order of and less than 20 um. As in the case of unstable stationary diffusion flame in
ahomogeneous combustible mixture (Zeldovich, 1944) when Le; > 1 in the area bounded by the front
surface B, it was noted superadiabatic temperature. The stationary solution of the task was absent
when the concentration of combustible gas exceeds LEL, /Les. The function of the temperature
distribution in the space between the fronts A and B linearly increased with the increase of the content
of combustible gas.

The last rule was used for the quantitative explanation of the dependence of the lower
concentration limits of flame propagation in dispersive component (HKIIP,) on the content of
combustible gas in the turbulent hybrid dust — combustible gas-air mixture, including an explanation
of the particular case, when the combustible gas is hydrogen. Due to the lack of a theory of turbulent
combustion of dust-air mixture in this application used reasonable assumptions and known
experimental dependence HKIIP, of dust-air mixture on the initial temperature.

Keywords: modeling; combustion; particle of fuel; hybrid atmosphere; hybrid mixture.
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CPABHUTENIbHbI AHANA3

METOAUK NMPOrHO3NPOBAHNA VCE
HA NMPUMEPE B3PbIBA BO ®JIMKCBOPO

Ha nprmMepe aBapum, npouclueaier 1 vioHs 1976 r. Ha npeanpustin “Hunpo” B r. dnukcbopo (Bennko-
OpuTaHKs), Ha OCHOBaHWM MaTeMaTYecko 0bpaboTki AaHHbIX Cafn YCTaHOBEHO, HTO 3aBMCMMOCTb

130bITOYHOrO AaBfieHnsa B3pbiBa Pszp

OT PACCTOSIHUSA R, ONMCHIBAETCS ypaBHeHMEM Py, = 94970(R) %

c ko3 puumeHTom koppenaumm 0,990. lMokasaHo, 4To AaHHble Cafm MOXHO UCMOMb30BaTh B Ka4ecT-
Be 3TasioHa Npu BepudrKaLMmM METOAMK NPOrHO3MPOBaHMS MOCNeACTBM B3PbIBOB ra3onapoBo3ayLu-
HbIX CMecel. Ha OCHOBaHWUM CPaBHUTENBHOMO aHanm3a OTeHeCTBEHHbIX 1 3apyDeXkHbIX METOLOB yCTa-
HOBJIEHO, YTO MOCNEACTBUS peanbHOro B3pbiBa Bo PnmkcOopo nydlle Bcero onucbiBatotcs THT-me-
Tonom m3 P 03-409—01 n ypasHeHnem [lopodeeBa Ansd pexviMa geToHaunu.

KnioueBble cnoBa: B3pbiB; AeToHaLWMS; Aednarpaumns; seprudukaums; aHanms, Metoq,.

B npenpinymux padorax [1-9] namu aHAIM3UPOBAINCH
BO3MOKHOCTH OTEUECTBCHHBIX U 3apyOCIKHBIX pacueT-
HBIX METO/IOB Ha IpUMepax T'MIOTeTHYECKON aBapuii-
HOI CUTYallH, CBA3aHHOM C pa3IMTHEM aBUALIMOHHOTO
ToruBa Mapku PT, 1 peabHOro NpOMBIILIIEHHOTO B3PbI-
Ba B I. [IpuBepc (Danvers) B CLLA.

B nHacrosmieil cratbe IpogoKEeHO pacCMOTPEHHE
BO3MOXHOCTEH CYIIECTBYIOIIUX METOAMK OLEHKHU
B3PBIBOIIOKAPOOIACHOCTH TOIIMBOBO3YIITHBIX CMECEi
Ha TpUMepe MPOMBIIIJICHHOTO B3pPbIBA IMKIOTEKCA-
Ha, npoucuieuiero 1 uronsa 1976 r. Ha npeANpPUATHH
“Humpo” (Nypro) B r. @mukc6opo (Flixborough) B Be-
JTUKOOPUTAHUH, B PE3yJIbTaTe KOTOPOTo Mmorudio 28 u
noctpanano 89 yen. Paspymenns pa3auaHON CTeIeHI
(OT IMOJTHOTO JI0 YaCTUYHOTO) MOIYYHITH OKOJIO 2 THIC. TIPO-
MBILUIEHHBIX ¥ IPAXKAAHCKUX 3AaHUH, a TAK)KE TEXHO-
JIOTHYecKoe 00opynoBanue kommanuu “Humpo™ (puc. 1).
JlaHHBIN ciTy4ail, BOIIEIINN B IEPBYIO IECATKY CAMBIX
KpPYIHBIX IPOMBIIIJIEHHBIX aBapuil XX cToneTus, Obl1
MOJBEPTHYT BCECTOPOHHHUM 3KcnepTu3am. EMy mocss-

IICHBl MHOTOYHCIICHHBIC MCCIICIOBAHMS U OIMUCAHUS
[10-39]. HecmoTpst Ha 3TO OCTAIMCh HEHMCCIIEAOBAH-
HBIMH MHOTHE BOTIPOCHI, KACAIOIINECs Pa3INIHbIX ac-
NEKTOB INPOMBINNICHHON aBapuu Ha MPEIIPHUATHH
“Humnpo”. B wacTHOCTH, HE OB TOYHO YCTAHOBIICHBI:
XUMAYCCKHU ¥ (PU3HYCCKUIA COCTAB, a TAKXKE Macca fc-
IapHUBLIErOCs BEIeCTBa', BPEMEHHOH MPOMEKYTOK
MEX]ly paspyllieHueM Oaiinaca U B3pbIBOM Ta3omnapo-
BosymHoi emecu, min VCE (vapor cloud explosion)?.
B cBsa3u ¢ atum nporuossl THT-3xBUBaneHTa B3pblBa
B0 @nukcOopo konedmrores ot 15 mo 55 1 [10-28].
PamoMm nccnenoBaresieii cocTaBaeHbI TAOIHILI, B KO-
TOPBIX IPUBEACHBI JAHHBIE 110 H30BITOYHOMY JTABIICHUIO

1 yeranosiieno, 4ro 0CHOBHBIM KOMITOHEHTOM CMECH GBI LIHKJIO-
rekcaH (0koio 94 %), moaToMy Bce paHee BBIIIOITHEHHBIE PACUEThI
CJICTTaHbI 110 TOMY BEIIIECTBY.

2 Jlnst 0603HAYCHNS B3PBIBA TA30MAPOBO3IYIIHOM CMECH Ha OTKPbI-
TOM (HE3aMKHYTHOM) MPOCTPAHCTBE HCIOJIb3yeTcsl abOpeBHUaTy-
pa UVCE (unconfined vapor cloud explosion).

© Anexcees C. I, Aéoees A. C., bapoun H. M., Honuwyx E. FO., 2015
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Peaxropsr 1-3, 4, 6

Puc. 1. IToxap mocne B3peiBa Ha npenpustuu “Humpo” Bo
Onukcoopo (Benukobpuranus) 01.06.76 T. [11, 40, 41]

B3pbIBa B 3aBUCUMOCTH OT PACCTOSIHUS OT LIEHTPA B3PbI-
Ba R, JUIs NpOMBIIIIEHHOM aBapuu Bo PnukcOopo, mo-
Jy4YeHHbIE HA OCHOBAHUHU aHAJIM3a KAPTHHBI (aKTHue-
ckux paszpymenuii [ 10, 15]. B. Mapmannom (Marshall)
[10] otnano mpennourenue nanubiM Caau (Sadee), ko-
TOpBIC pUBeAeHH! B TabnuIe. [lyrem 06paboTkn 3THX
JMaHHBIX ¢ moMoIisio Microsoft Excel 2013 ¢ uckiroue-
HUEM YeThIpex Touek u3 21 (cM. Talnuily) BeIBEeeHA
(hopmymna (1), koTopast ¢ MpUEMIIEMOI TOYHOCTBIO OITH-
CBIBACT 3aBHCUMOCTh M30BITOUHOTO JABICHUS B3pHIBA
Py, (xIla) ot paccrostaust R (M) Jutst paceMaTpuBaeMon
aBapuu. TakuM 00pa3oM, IOITyYeH NOMOTHUTEIBHBIN
apTyMEHT B I10JIb3y BOZMOKHOCTH HCIIOE30BAaHIS TaH-
HBIX TAOJIHIBI B KAYECTBE ATAIOHA TSI CPAaBHEHHUS Me-
TonuK nporuozupoBanust VCE:

P = 94970(R)) % (= 0,990), (1)

rae 7 — K03(h(UIHECHT KOppemsIuu.

3aBUCMMOCTb M3DbITOYHOMO AaBNeHNs B3pbiBa OT PACCTOAHMS
no AaHHbiM Cagm [10]

Ri,m Py xllall Rym | Py xlla| R,m | Py, klla
120 50 230 24 700 3,5
125 60 290 18,5 825 2,75
130 50 290 18,5 885 4,5
135 60 335 14 945 1,75
160 35 350 14 1190 2,5
220 27,5 400 12 1340 1,75
230 18,5 535 11 1345 1,75

IIpumedanue. BoieneHs 3HaUeHNUS, KOTOPBIE HE YIUTHI-
BaJIMCh TIPH BBIBOJIC YpaBHEHHS (1).

Macca BBINIEANIET0 HAPYXKY IHUKIOTEKCaHa B pe-
3yJbTare pasrepMeTH3alliy Oainaca HensBecTHa. B jm-
TepaType NPUBOAITCS JaHHBIC, OXBATHIBAIOIIUE ITHPO-
KW uarna3on 3HaueHuid, — ot 30 1o 125 110, 13-15,
23,27, 34, 37]. Onnako Tonbko B kHure Mapasa [10]
MPUBE/ICH [IPUMEP pacueTa, COrTACHO KOTOPOMY MaKCH-
MaJIbHBIN BBIXOJI IMKJIOTEeKCaHa cocTapisier 125 T (cym-
MapHOE COofIepKaHKe MPOAYKTa B ISITH Pe3epByapax u
TEXHOJIOTHUYCCKOM 060py11013aH1/11/1 BBIIIC ypOBHS[ KaCKa-
na peaktopos (puc. 2)). Panee B[ 10, 28] mpu onpesene-
HUH JIOJIM UCTIAPUBIIETOCS IIUKJIOTEKCaHa /' 110 ypaBHe-
HUM (2) 1 (3) OBLIM TTONydeHbl HECOBMECTUMBIC pe-
3YJBTATHI:

C
F = AT 21

= 0,35; 2)

HUCIL.T

HCIL.T

Cpr
F:I—exp[—AT : J:o,n, 3)

riae AT— pa3Huna Mexay paboueii TeMIeparypoi xKua-
KOCTHU U TeMIlepaTypoi ee kunenus, K;
Cpx — YACTIbHAS TEIIOEMKOCTB [1apO0Opa3oBaHusl,
kJx/(xr-K);

H, . — yZAenbHas TEIIOTAa MapooOpa3oBaHMs,

kJIK/Kr;

€Xp — OCHOBaHHUE HATYPAJILHOIO JIorapuQma.

[Ipu moBTOpEHUH pacyeToB MO ONPENIENCeHHUI0 F 1o
dhopmymnam (2) u (3) ¢ ucnoap3oBaHueM 0a3bl TAHHBIX
DIPPR 801 [42] ycTaHOBJIEHO, YTO aBTOpamMu padoT
[10, 28] ncnonp30BaHbI HEKOPPEKTHBIE UCXOTHBIC TAH-
HBIC JUIS TUKJIOTeKCaHa. Y TOUHEHHbIE 3HaueHus F, pac-
CYMTAHHBIE 110 ypaBHeHUsM (2) 1 (3), cocTaBistoT 0,303
1 0,261 cooTBeTcTBeHHO. TakiM 00pa3oM, B IPOMBIIII-
JeHHOW aBapuu BO PIrKcOOpO BEPXHSIS TPaHUIIA TEO-
PETHYECKH BO3MOYKHOM MacChl ITUKJIOTEKCaHa B Mapo-
BOM oOmake He ipeBbimaeT 37,9 1(0,303x125~37,91).

TexHHYECKUME SKCIIEPTAMH CIICTIaH BBIBOI, UYTO UC-
TOYHHKOM 32)KUTaHFs IIOCITY)KUIIO TEXHOJIIOTMYECKOe 000-
py/ZiOBaHKE 11€Xa M0 MPOU3BOACTBY Bojopoaa (puc. 3).
D710 00CTOATENBCTBO MO3BOJIAET IPaPUUECKUM CIIOCO-
60M 110 r1any npeanpustus “Hunpo” oneHuTs paguyc
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ABTOMAaTHYECKUN BEHTUIIb KOHTPOJIS IaBICHUS
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B3PBIBOIIOKAPOOTIACHOH MapOBO3IYIITHOW CMECH, KOTO-
po1ii cocrapisiet mpumepHo 109 m. [TomydeHHbIi pesysb-
TaT COBIAAET C BEIBOIOM O CPEIHEM PaJNyCe TapOBOTO
oOmaka (110 m), cnemannbiM B oTuete “Health & Safety
Commission” [13].

[ockonbKy peabHast Macca | ee 101, KoTopast IpH-
Hsuta yyactue B VCE, Hen3BeCTHBI, CpPaBHEHUE PA3HBIX
METO/IUK BBIITOJIHEHO ITPH PA3IUYHBIX KOTUYECTBAX T0-
pIOYEro BEIIeCTBa, HO C yUYETOM BEPXHETO IIOpOra Mac-
CBI IIUKJIOTEKCAHA U pajinyca o0liaka mapoBO3IyIIHOM
cmecH R (M). [Ipu 5TOM IIpoBepeHa TuIoTesa, 4To TOT
napaMeTp CBsi3aH C Maccoil TOPrYero BeuecTna 1 (T)
ypasuenueM (4)°:

R =303m. 4)

[Ipu 3TOM CunTaeTCs, YTO ra30MapoBO3AYIIHOE 00-
JaKo uMeeT hopmy chHepruuecKoro CerMeHTa ¢ OTHOIIIe-
HueM paauyca K Beicore 5:1 [13, 43]. B pe3synbrare
YTOYHEHHS YpaBHEHHS (4) TIOIyYEHO HOBOE COOTHOIIIE-
Hue (4a), KOTOPOE COTIACYETCsl C paHee CIeTaHHBIMHU
BBIBOZAMHM O Macce nmapoB 37,9 T u paguyce napoBo3-
JIyIITHOTO oOJaka nukiorekcana 109 m:

R=325Ym. (4a)

O0beM mapoBO3AYIITHOTO OOIaKa V(M3 ) TIpH TEMIIE-
parype 353 KB KOTOpOM coziepkuTcst 37,9 T 1uKIIo-
reKcaHa IpH CTEXHOMeTpHuUecKoil koHneHTpauuu C,
WJIM [IPY KOHLIEHTPALMOHHBIX NpejieNiax BOCIUIAMEHEHHUS
C, u C,, NeTKO BBIYUCIIAETCS YEPE3 COOTBETCTBYIOLINE
MaccoBble KOHLIeHTpauuu. Jlanee pemeHuemM Kyoude-
CKoro ypaBHeHws (5) HaiiieHa BbicoTa oOnaka i (M) 1uist

3TUX KOHUEHTpaIuii:
1/30 —RW* + V/n=0. (5)

Taxum 06pa3oM, ISt HAILIETO CITyyas OTHOIIEHue R/
cocraBut 2,48;1,82nu4,75 na C,,,, C,u C, COOTBETCT-
BeHHO. CIIe10BaTeIbHO, BRICKA3aHHAS paHee THIIOTe3a
o Tom, uto R/h =5 [13, 43], He HAXOOUT CBOETO MOJI-

TBECPIKJIACHUAA.

Metopn Pb '-05-039-96

Metonuka Pb I'-05-039-96 nomnyckaeT nporHos3u-
poBanue VCE kak B pesxume IeTOHAILIUH, TaK U B PEXKHU-
Mme aednarparyu. IIpu 3ToM HOPMHPOBAHHOTO TOX0A
Juts BIOOpa pexxnMma VCE naHHbIN MeTo He Tpeiara-
et [45], mosTOMY HaMH PacCCMOTPEHBI 00a BapHaHTa.

Pexxum peToHaumu

B pykoBozacTBe copepikuTcs ABa MOAX0Aa Jis pac-
yeta nocnenctsuii VCE. TlepBblii moaxon 0CHOBaH Ha

. 3
3 B oreuectsenHoit JuTepatype nonobHoe ypaBHeHue R = (30+-50) m
UCHOJIB3YETCs IS ONPEIeNIeH s 0€3011acHOr0 PACCTOSHUS JJIsL JTH0-
neit mpu pexxume UVCE mis yrneBogoposos [44].
4 3apyOexHBIMU SKCIIEpTAaMHU TEeMIIepaTypa IapoBoro oonaka mpu-
HUMAaETCsl PaBHOI TeMIlepaType KUIeHus nukinorekcana [11].

YpaBHEHUHU (4) M UCTIONB3YETCs JUIS SKCIPECC-OIEHOK
[45]. Pesynbrarsl mporaosa 1o ¢popmyiie (6) B cpaBHe-
HHU C JaHHBIMHU TAOJHUIIBI [IPE/ICTABICHBI HA pHC. 4:

Pyp = Py (0,8my + 2,2(myp)* + 1,2(mp)’),  (6)

rae Py— armocdepHoe nasnenue, klla; P, = 101 klla;

mnp — HNPUBEACHHAasA Macca,
3/
_ dm™y 5
Mgy = 00605 ZZAE
1

q,, — YAETbHast SHepTUs B3PbIBAa CTEXHOMETpHYe-
CKOI cMecH Tasa (mapa) ¢ Bo3ayxom, kJIk/Kr;

4, = 2797 xJ1x/xr [45];

m, — Macca rasa, Kr.

[Ipu BTOpOM noxaxone meroguku Pb [45] n30biTou-
HOe naBnenue B3pbia P, (kIla) B mpenenax naposos-
JYUTHOTO 00J1aKa BEIYMCIIACTCS TI0 ypaBHEHUIO (7) U co-
craiser 1692,8 klla, a 3a ero npenenamu — 1o ¢Gop-

myinam (8)—(10):

P;[e'r:2a586(y7 l)qm*PO; (7)
Puyp = 1,227-10"°/(Rypy)*** + 0,49, 8)°
0,05 < Ry, < 0,068;
PB3p = 49156/(Rnp)1’79 )
0,068 < Ry, < 0,31
Py =4,96/Ru, + 0,974/ (Ryp)’ + 0,146/(Ryyp)’, (10)
Ryp> 031,
r1e Y — IOoKa3aTeiab aana0daThl HCXOIHOW CMECH;
y=1,248 [44];
R — MNPUBCACHHOC paCCTOAHUC OT HEHTPA B3pbIBa

1p
(mapoBoro obnaka); Ry, = R,(2n ‘]vV)fl/S;

N=1-QPy/P,e) "~ V%,
q,— yaenbHas (00beMHast) SHEPrHs B3phIBa CTEXHO-
METPHYECKOH CMECH Ta3a ¢ BO3LYXoM, KK/ M;
q, = 3748 xJlx/™m’ [45];
J — oObeM monmycdepruecKoro mapoBo3IyIIHOTO
obmakanpu C,, , M’; V'=42344,8 M’ (paccunra ue-
€3 MacCCOBYIO CTEXHOMETPUYECKYIO KOHIIEHTPALIHIO).
Pesynbrarel Berunciaenui mo gopmynam (9) u (10)
st 4,5 T IUKIIOTeKCcaHa TPUBEACHBI Ha pHC. 4, U3 KOTO-
POTO BUJIHO, YTO SKCHPECC-METO/ AAET SIBHO 3aBBIIICH-
HOE KOJIMUECTBO FOPIOYEro BELECTBA, YUACTBYIOLIEIO
BO B3pbIBe. He0OX0IMMO OTMETHTB, YTO pajinyc HoIry-
chepuueckoro mapoBosnymHoro obmaka ans 4,5 T
uukiiorekcana npu remneparype 353 K pasen 31,88 m,
a He 110 M. OHaKo BeTep ObUT I0TO-BOCTOUHBIH, T. €.
B cTopoHy ydactka “Hydrogen plant” [13], yTo 00bIu-
HO TIPUBOIUT K Jpeiidy obOnaka, a B HaleM ciiydae K
TpaHC(OPMAIHH €T0 HOTyC(hepruuecKoil (POPMBI B CH-

5B pyKoBojCTBe Oe3omacHoCTH [45] naHHOE ypaBHEHHE IPUBE/Ie-
HO C oIe4aTKoH (mapameTp R; BHECEH B KyOUUECKUIl KOPEHB).

6 Panee YK€ OTMEYaJIoCh, 4TO ypaBHEeHHE (8) 1aeT HerpaBaomno100-
HbIE IPOrHO3HI [ 1]. BOo3MOKHO, 9TO CBS3aHO C OIIMOOYHBIM 3HaUE-
Hrem MEoxuTernst (1076 Bmecto 1072).

ISSN 0869-7493 TMOXXAPOB3PbIBOBE3OMACHOCTb 2015 TOM 24 Ne 5 m



- MOXXAPOB3PbIBOOINACHOCTb BELLECTB U MATEPUAAOB

P

Waps klla

60
50 |
40 \
30
20

N
10 AN

2
3 |

— |

~

0
100 300 500 700 900 1100

1300 R;, ™M

Puc. 4. Pe3ynbrartel nporaozuposanus o Mmerogam Pb I'-05-039-96:
TOYKH — JaHHBIE TaOIHULBl; /| — MeTox JeToHauuu Juist 4,5 T;
2 — skenpecc-MeTon st 37,9 T; 3 — MeTox aedarpaiyu npu
w/a, = 0,6

rapooOpa3Hylo, TaKk Kak Ha MOMEHT B3PbIBa BBIXOIl Ka-
meNnb W MapoB IUKJIOTEKCaHa Mpojoinkancs. Ecmu
MPEAIOIOKHUTE, YTO BBITATHBAHHE OONaKa PaBHO €ro
npetidy, To o nporxHosdy Pb I'-05-039-96 ono cocra-
BUT 76—102 M. Takum 00pa3om, IpearoIoKeHue o Ha-
XOXKJICHHH HEMOCPEJICTBEHHOTO UCTOUHMKA 3aKUTaHUS
B paifoHE TEXHOJOTMYECKOTO yJacTKa 10 MPOU3BO/CT-
BY BOAOPOJa HE MCKIIIOYAETCsI.

Pexum pedbrarpaumumn

[To uneonoruu Pb I'-05-039-96 B pexnme nedar-
pamyy TOIUTMBOBO3AYIIHONH CMECH CKOPOCTH PacIpo-
cTpaHeHusT (POHTA MIAMEHH W (M/C) MEHBIIE CKO-
POCTH 3ByKa a,. 3aBHCHUMOCTH H30BITOUHOTO JIaBICHUS
B3pbIBa OT pacctosiaus (9) mis storo pexuma VCE
paboraer npu auamaszoHe w ot 68 no 204 m/c [45].
Ha puc. 4 mpencraBieHbl pe3yabTaTbl IPOTHO3a H30bI-
TOYHOT'O JIaBJIeHHs 110 ypaBHeHuto (11):

Pmax (11)

1+ GR /R, DT

B3p

rae P, — MakCHMaJbHOE HM30BITOYHOE JaBJIEHHE
B3pbIBA B ITpE/Ieiax MapoBO3AYIIHOTO 001aKa, KI1a;
P o= 21P,(Wlay)? (1 + wlay); P = 47,72 k11a
npu w/a, = 0,6 [45];
G, H— KOHCTaHTBHI, paBHbIE COOTBETCTBEHHO 0,467
u 1,140 npu w/a, = 0,6 [45];
R, — panuyc o0raka 1ocie OKOH4YaHUS TOPEHHS, M;
R, =c"=1845wy;
oc=4+4C,/C,,; 6 =06,28;
C,,, C,, — HIDKHUI KOHIEHTPALMOHHBIN IPEZIeN BOC-
IJJAMEHEHUS M CTEXHOMETPUIECKasi KOHIICHTPaIHs
nuknorekcana, %; C, = 1,3 % [42], C., = 2,28 %.

CTX

7 BPBI-05-039-96 HCTIOJIB3YETCs HE COBCEM KOPPEKTHBIN TEPMHUH
— “CKOpOCTH ()POHTA IIAMEHH’, KOTOPBIHA, BEPOSTHO, IIPOH3OLIET
oT OyKBaJILHOTO IepeBoia ¢ anrmiickoro “flame speed”.

W3 puc. 4 BugHO, 4TO HaWIydIIUE MPEACKa3aHuUs
HaOIIOMAI0TCs IPU TPUMEHEHUH 3Kcrpecc-Meroa Pb
I"-03-039-96 na paccrossaun He menee 700 M 115 city-
yas BO3MyIIHOW neroHanuu 37,9 T uHKnoreKcaHas.
B GumxHei obitactu (10 150 M) 3a mpeesiaMu mapo-
BO3AyIIHOTO 00aka Metoauka Pb I'-03-039-96 nmaet
pUeMJIEMbIH IPOTHO3 B PEXKUME IeTOHALUH Ui 4,5 T
LUKJIOTeKCaHa.

MeTtoab! PA 03-409-01,
AopodeeBa u BHUUMNO

B PJ1 03-409-01, xax u 8 Pb I"-03-039-96, 3amoxe-
HbI Bo3MOxHOCTH ocymiectBiennss VCE B pexumax
KaK JCTOHAINH, TaK U Aediarpayiy, HO B OTIIHYIHE OT
PB B HeM niperycMoTpeH criocod Beidopa pesxkuma VCE
B 3aBHCUMOCTH OT CTEIIEHHU 3aIPOMOKICHHOCTH OKpY-
JKAIOIIEro IPOCTPAHCTBA U KJIacCa FOPIOYEro BellecTBa
0 CTENIEHHN YyBCTBUTEIbHOCTHU. LIuKIIOTeKcaH 1o 3Toi
KJIaCCU(MKAITUKM OTHOCUTCS K 3-My KJIacCy, T. €. K CpeJiHe-
YYBCTBUTEJIbHBIM BELLIECTBAM, JJIsl KOTOPBIX pa3mep Ae-
TOHALIMOHHOM stuciiku coctapisicT oT 10 10 40 cm. s
3TOro Kjlacca OPraHMYECKUX BelecTB MeToauka PJ]
He npepycmarpusaet nporekanus VCE B pexume Je-
ToHaIMH [46], XOTsI U3BECTHBI peabHbIE CIydau JAeTO-
HaIlMU MapOB KUAKOCTEH, OTHOCSIINXCS Jaxke K 4-My
KJIaccy, T. €. K c1abouyBCTBUTEIBHBIM BelecTBaM [2].

Wcxonst nz utana npennpustast “Hurpo™ (eM. puc. 3)
€T0 OKPY’KaIoIIee MPOCTPAHCTBO MOJKET OBITH OTHECCHO
K 1-My BHIy TIO CTETIEHHU 3arPOMOKICHHOCTH (HaIn4Iue
YCIIOBHH JI71s1 POPMHUPOBAHUS TYPOYIICHTHBIX CTPYH TPO-
JIyKTOB CTOpPAHUsI) WJIA KO 2-My BUIY (CHIIBHO 3arpo-
MOXJIEHHOE POCTPAHCTBO). Pe3ynbrarhl IpOrH030B U3-
ObITouHOrO NaBieHus o merony P/ 03-409-01 [46]
¢ Ucnosib3oBaHueM ypaBHeHuit (12)—(15) npusenensl
Ha puc. 5.

Ha puc. 5 npeacraBneHbl Takke perepHble 3Haye-
HUS 130BITOYHOTO JJaBJICHUS B3PBIBA U PE3ybTaThI pac-
YETOB JIJISl PeKUMOB Jiediarpaliui, roMo- U TeTepOoTeH-
Hoii feToHamu 1o hopmynam (13), (15) u (16):

P" =min (P],P)); (12)
Py =P Py; (13)

X _(ujz c-1083_ 014 )
Pla) o (R O®)2)

P, =exp (1,124 —1,66In R* + 026(In R")*); (15)
« 0125 0137 0023
R (R (R

P (16)
* * *
rne P, P, , P, — NpUBEJCHHBIC IaBICHUA B3PbIBA;
1 — CKOPOCTbh pacpocTpaHeHus PPOHTA ITTAMEHH,
M/c;

8 [Ipu nazemuom VCE B pesxume netonanmu cuntaercs, uto 50 %
9HEPIUH B3PbIBA YXOMUT Ha oOpa3oBanue BopoHKkH [10].
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Puc. 5. Pe3ynbTaTsl IpOrHO3NPOBAHYS IS [IUKIIOTeKCaHa 1o Me-
tomgam P/1 03-409-01, Topodeesa u BHUUIIO: Toukn — nan-
HbIE TaOIUIBL, [ — pexuM nedrarpanuu npu u = 200 mM/c s
37,9 1; 2 — pesxum nednarpanum mpu u = 300 m/c mis 8 T; 3 —
peXuM neToHanuu A1 5 T o metony Jlopodeesa; 4 — pesxxum
reTeporeHHoi netoHauu st 10 T; 5 — peskum JeToHalUH Uit
37,9 T no merony BHUUIIO; 6 — pexxum neToHanuu wia Je-
¢narpamun npu v = 500 m/c 11 8 T

R” — napamerp Caxca (Sach);
R" =R, JL(E[P)"];

E — sHeprust B3pbiBa, J[K/KL.

C nozunuii PII 03-409-01 nmocnencTsust B3pbIBa BO
DrkcOOpo B OIHIKHEH M CPEITHUX 00IACTIX MOTYT OBITh
OTIMCaHbI Kak Aedarparyst Ipu Macce IUKIOTeKcaHa
8 T 1 CKOpPOCTH pacnpocTpaHenus miamenu 500 m/c.
Xotst B PII 1i1s1 roprovrx ra30B U KUKOCTEH 3-T0 Kitac-
ca He MPeyCMOTPEH PEXKHUM JETOHALUH, pacueT AJIs re-
TEPOTreHHO 1eTOHALMHU IPU Macce uKiIorekcana 10 T
JaeT 6oiee MpueMIIeMble Pe3yJabTaThl 10 CPAaBHEHHIO C
nednarpanueii npu ero macce 8 T (cM. puc. 5).

B metone Jlopodeepa amst pesxMMOB reTepOreHHOM
JETOHAIMH U Je(IIarpaniy TakKe IPUMEHSIOTCS op-
myibl (12)—(16). B cnyyae netoHamuu MCIoONb3yeTcst
ypaBHeHwue [8]:

P’ 0,34 0,062  0,0033

— . 17
&Y ®Y &Y 4

IIporHo3 1ETOHAMOHHOTO B3PhIBA 5 T IUKIIOTEKCa-
Ha 1o Metoy JlopodeeBa OIH30K K perIepHBIM TOUKaM.

st ompeneneHust H30BITOYHOTO AaBJICHNUS B3PhIBa
B 3aBUCHMOCTH OT PACCTOSHHSA R | HAa OTKPBITOM BO3Ty-
xe B metoge BHUUIIO (CIT 12.13130.2009 u TOCT P
12.3.047-2012) ucnionb3yercs ypapHenue [47, 48]:

0,8mg’p33 3mgi,66 My,
wp = 10 2 + 22 + ek (18)

Irac mnp — HNPpUBCACHHAA MaccCa rrada uJjiu 1apa, Kr,

mnp =mZ (ch /QO);

M — Macca rOPIYHX MapoB, TIOCTYIUBIIUX B Pe3yJib-

TaTe aBapuM B OKPY’KAoIIee MPOCTPAHCTRO, KT

Z — xo3pdunment yuacrus; Z = 0,1 [47, 48];

Q.. — ynesnpHas Temiora cropanus, Jk/Kkr;

0., = 4,344-107 T /xr [42];

0, — xoncranta, Jlx/kr; O, = 4,52-10° T /xr.

W3 puc. 5 BuHO, uto MeTomuka BHUUIIO naet npu-
EMJIEMbIE 3HAYEHHUS Py, TONBKO ISl JAIIbHEH 001acTH.

TNO- n BST-meToabl

B “xentoit kuure” Hunepnanackoit opranuzanuu
NPUKIAIHBIX HaydHbIX uccnenoBannii TNO (Neder-
landse Organisatie voor Toegepast Natuurwetenschappe-
lijk Onderzoek) /i MPOrHO3UPOBAHUS TTOCICICTBHIM
VCE npemnoxens aa criocoda: THT-skBuBaeHTHBIH
(TNT-equivalency) u mynpTH3HEpreTHYecKuit (Multi-
energy wiii ME) [49]. B ocnoBe THT-3kBHBaJICGHTHOTO
MeTo/1a 3aJ10kKeHo ypaBHeHue (19) u quarpamma Map-
11aJ11a, KOTOPasi XOpOILO ONKChIBaeTCs ypaBHeHHEM (20)
[50, 51]:

Onvr =0 " (19)
mTINT
1772 114 108
T T o

rae Oy — IKBUBAJICHTHASI Macca TOPIOYETO BEIeCT-
Ba mo THT, kr;
o, — THT-skBUBaNEHT 10 HEPTUH; OOBIYHO MPHU-
Humaercs o, = 0,1 [49];
O — Macca ToproYero BeLIeCTBa, KT}
E,,; — ynenbHas TEIUIOTA CTOPAHHS TOPIOYETO Be-
nrectBa, MJIK/KT; 1711 IAKITOTEKCaHa TPUHAMAET-
cs E,, = 43,440 MJx/xr [42];

P,

Wape K12

60

|
A
|
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20

10

4 ....... Pt
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0
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Puc. 6. Pesynbrarsl mporHosupoBanus mo MetrogaM TNO: Touku
— nanHble Tabmunbl, [ — 2,5D-koHduryparust BST2-metona
st 16 T; 2 — 7-i1 xnmace VCE o merony ME-TNO s 5,5 T;
3 — 8-10-i1 kmaceer VCE mo metony ME-TNO s 5,5 1; 4 —
THT->xBHuBaneHTHbIN MeTOM 11 37,9 T
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E,,rnt — yaenbHas oueprust B3psisa THT, Mk /kr;

E, a7 = (4,19+4,65) Mk /xr [49];

Z— NPUBEJIEHHOE PACCTOSIHUE OT MULIEHTPA B3PhI-

Ba, z = R]/(QTNT)1/3~

Pesynbratel pacuera mo dopmyie (19) npencras-
JeHsl Ha puc. 6. Ha ocHoBaHuM cpaBHEHUs puc. S u 6
MOYKHO cJIeTIaTh BbIBOJ, 4To BapuanT THT-meTona, npen-
crasienHoro B PJ[ 03-409-01, ny4iie onuckiBaer 1mo-
ciencTBus B3pbiBa Bo dnukcbopo, uem THT-3xBuBa-
nenTHbIl MeTon TNO.

IIpornosuposanue no merogam ME-TNO u BST2
BBINTOJTHEHO € TIOMOIIBIO TIPOTPAMMHOTO 00€CTICUEeHUS

xkommanuit “GEXCON” u “TAM Consulting, L. L. C”.
U3 comocraBnenus puc. 5 u 6 ciemyeT, 4To B CiIydae
JETOHAIIMOHHOTO B3PHIBA, KOTOPHIA NMET MEeCTO 1 HIOHS
1976 . na npeanpustun “Hunpo”, THT-meron P
03-409—-01 myuie onuchIBaeT KApTUHY pa3pyLIEHUH OT
VCE, uem metonsl ME-TNO u BST2.

Takum 00pa3om, Ha OCHOBaHWH CPABHUTEILHOTO aHa-
T3 OTEUECTBEHHBIX U 3apyOeKHBIX METOZOB YCTAHOB-
JICHO, YTO MOCIEACTBUS PEaTbHOTO B3pbIBa BO DIHKC-
0opo myumie Bcero omuchiBatoTcss THT-meTonom u3
P/1 03-409-01 u ypaBueruem lopodeea ams pexuma
JCTOHAITUH.
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ABSTRACT

On June, 1%, 1976 at the company “Nipro” in Flixborough of Great Britain there was an explosion of
cyclohexane which has entered into ten of major accidents of 20" century. Despite the conducted
numerous investigations of this industrial explosion a number of the technical moments of failure at
the company “Nipro” are remained unknown. In particular, TNT-equivalent forecasts fluctuates
largely from 15 to 55 tons. In this connection it is found that the high bound of theoretically possible
weight of cyclohexane in a vapor cloud is able to make 37,9 tons. On the basis of mathematical
processing of the Sadee’s data it is positioned that for considered failure dependence of excessive
pressure of explosion AP on distance R is described by equation AP = 94970R'->2¢ with factor of
correlation 0,990. This circumstance allows to use the Sadee’s data as the standard for verification of
techniques of forecasting of consequences of vapor cloud explosions. As a result of the made
verification of methods of RB G-05-039-96, RD 03-409-01, the SP 12.13130.2009, GOST P
12.3.047-2012, Dorofeev, TNO and BST2 is positioned that consequences of real explosion in
Flixborough is better are described TNT-method from RD 03-409—-01 and the Dorofeev’s equation for
the detonation mode.

Keywords: explosion; detonation; deflagration; verification; analysis; method.
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MOJLEJIMPOBAHUE MOXXAPOB3PbIBOOMACHbIX CBOUCTB
HAMPAXXEHHbBIX LULMKJTIMHYECKUX YINIEBOAOPOAOB

MpoBeneHoO MoAenMpoBaHMe NOXXapOoB3PbIBOOMACHbIX CBOMCTB HAMPAXKEHHbIX LIMKINYECKNX YrneBo-
[LOPOLOB — UMKJIONPOneHa, LUMKIonponaHa, TeTpasapara, ouumkno[1.1.0]6yTtaHa, unknobyTtaHa, npo-
nennaHa, GuumknoneHTaHa, CNMpo[2. 2]neHTaHa, Npr3aMara, kybaHa, 3-poTaHa, NepcnnMpoLMKIoNpPo-
naH[3]poTaHa. BbinonHeHbl pacyeTbl KOHLEHTPALMOHHBIX MPedesioB PacnpoCTpaHeHWs NnaMeHn no
OBYM MOAeNnAM — UHTEPNOMAALMOHHOM 1 MONeKynsapHOW. YCTaHOBEHO, YTO BeLLecTBa C HanpsXeH-
HOW MONEKYNSPHON CTPYKTYypor 0bnafaioT LWMPOKMMU KOHLEHTPALMOHHBIMW MpefenaMu pacnpo-
CTpaHeHna nnamenu. MokasaHo, YTO B AETOHALMOHHOM PexXmMe pacnafa CoeHeHWI LMKIoNponeHa,
TeTpasgpaHa, nponennaHa, npmsmMaHa 1 kybaHa ¢ obpasoBaHueM rpaduta 1 BoAopoaa yaenbHble
3HEepreTM4eckmne XapakTepucTkmn pacnaga (3HTanbnusa pacnaga, ckopocTb AeTOHALMOHHOW BOJHbI)
NPeBbILAIOT YAeNbHble SHEpPreTMYeckne XapakTepucTk TpUHUTPoToNyona. MpeanoxeH napametp,
XapaKTepyV3yIoLLMIA B3PbIBOOMACHbIE CBOMCTBA HAMPAXKEHHbIX COEAMHEHNIN, — MUHMManbHOe AaBfe-
HWe, NPV KOTOPOM BO3MOXEH pacnaf BeliecTBa npu OTCYyTCTBUM OKUCIUTENS B CUCTEME.

KnioueBble cloBa: KOHLEHTPaLMOHHbIe Npedesbl pacnpoCTPaHEHNS MIaMEHW; HanpsXeHHble Moe-
KynsipHble CTPYKTYpPbl; LIMKIINYeCcKe YyrieBOAOPOAb!; IHTaNbMNMs 00pa3oBaHus; CKOPOCTb AeToHaLUMY,

[JaBleHre geToHaumn.

BBepeHune

Hanpsokennsie MonekyapHbIe CTPYKTYPBI B KJIACCH-
YeCKOM XMMHUH UCCIIEIYIOT 10CTaTouHO naBHo. [lepBrie
YIOMHHAHHS O BO3SMOYKHOCTH CYIIIECTBOBAHUS HAIPSI-
JKEHHBIX MOJIEKYJIIPHBIX CTPYKTYP, B KOTOPBIX BaJI€HT-
HbI€ YIVIbl M JUIMHBl XMMHYECKUX CBA3€H HE COOTBET-
CTBYIOT ONTHUMAJbHBIM YHEPIreTHUUYECKH BBIIOJHBIM
COCTOSIHUSIM, OTHOCST K paboTam baeiipa (18851.). Tem
HE MEHee CUCTEMaTHYeCKUE PacueThl SHEPruu Hanps-
JKEHUSI 1 MOJICKYJISIPHBIE MOJIEIH BBINIOIHEHBI DasiHCOM,
CumxsukoM, [Tomuarom, [anom, Amtenom u Jlaiime-
poMm, Comaskyiy, LlneiiepoM u APyruMU yU4EeHBIMH.
ITonpoOHOe omucaHue Pe3ylIbTaTOB ITHUX PacueToB
MOJYKHO HalTH B 0030pHBIX HccienoBanusix [1-3]. As-
Topamu [4, 5] yCTaHOBJIEHO, YTO IUKJIMYECKHUE U MOJIN-
LIUKJINYECKHUE YITIEBOIOPOABI MMEIOT MOJIOKHUTEIIbHbBIE
3HAUCHHSI YHTAIBITNN 00pa30BaHuUs BCICACTBHE BBICO-
KOW SHEpruM HAPsKEHUs, I03TOMY OHU MOTYT IIpe[-
CTaBJIATDH OBBILICHHYIO [I0)KaPHYO U B3PBIBHYIO Ollac-
HOCTb HE TOJIBKO B CMECH C OKHCIUTENIEM, HO U CaMH
o cebe.

TexHosOrnM ykazaHHbIX BemecTs B X XI B. mosry4da-
10T Bce OoniblIee pa3BUTHE B (hapMaLleBTHUECKOM Mpo-

© Jlonanos A. H., ®anuna E. A., Tuxomuposa K. B., 2015

MBITIJICHHOCTH, SHEPI'CTUKE, B YaCTHOCTHU B IIPOU3BO/I-
CTBE B3pPBIBUATHIX BEIIECTB U PAKCTHBIX TOIIHB. Oco60
CJIelyeT OTMETUTh CHHTE3 Ky0aHa 1 ero MPOU3BOJIHBIX.
Ky6an C¢Hg (menTamuxino[4.2.0.02'5.03'8.04'7]okran)
cuHTe3upoBaH Mtonom c corpyaaukamu B 1964 1. [6-8].
B monexyne kybaHna aToMBI yIIepoaa pacioIoKeHBI B
BepinHax Kyoa, yroi cs3u C—C—C pasen 90° B oTiiu-
9re 0T HanOoJIee BHITOHOTO YHEPTeTHUECKOTO COCTOS-
HISI, XapaKTEPHOTO TSI SP-THOPHIN30BAaHHBIX YIIICPOA-
HBIX opoOuTainei (109° 28').

OTMeTHM Ba)KHYIO XapaKTePUCTUKY HAIPSKCHHBIX
COCIHMHEHHI C MO3HMLIUI TePMOIUHAMUKU — JHEpre-
THYECKYIO XapaKTEPUCTHKY IPOIIecca, KOTOpasi MOXKET
OBITH OILICHEHA ITOJIOYKUTENBEHBIM 3HAYEHUEM DHTAJb-
U 00pa30BaHUsI BEIIECTBA, T. €. IIPH ONPEICICHHBIX
YCIIOBHSX BO3MOYKECH CAMOIIPOU3BOIBHEII IEPEX0]T Be-
miecTBa B CTaOWIBHYIO (ha3y WM paciaj Ha MPOCTHIe
BellIeCTBa (HapuMep, YIJIEBOAOPOIOB Ha yIIIEpO U BO-
Jopox). CuibHOE HAIIPSKEHUE B MOJIEKYJIE MOXKET ITPU-
BECTHU K TOMY, 4TO BEILECTBO B ONPE/ICTICHHBIX YCIOBU-
SIX IPUOOpETET B3pbIBUAThIE CBOMCTBA. Tak, JIs 3THIe-
Ha U aleTHJIeHa B PEaKLUHU B3PbIBHOTO Pa3IOKEHUS UX
Ha rpaduT U BOJOPOA TPOTHIIOBBIN SKBUBAJICHT PaBeH
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coorBeTcTBEHHO 0,44 1 2,10 Kr/KT, a 9HTaNbINA 00pa-
30Banms — 52,28 u 226,75 xJx/monb [9]. Hecmotps
Ha [TOJIOKUTEITFHOE 3HAYCHUE YHTAIBITHH 00pa30BaHMUS
HAIPSDKCHHBIX YTIIEBOAOPOIOB, OHHU TOCTAaTOYHO YCTOH-
YHBBI B Ta3000pa3HOM COCTOSHHH, HO MOT'YT IMETh He-
OOBIYHBIC TTOKAPOB3PHIBOOIIACHBIC CBOMCTBA B CMECH
C OKHCIUTEISIMH, HAIPUMEP C BO3ayXoM. Tak, sHeprus
3aKUraHud E 1 HanpsbKeHHOTO yriieBoJopoja —
aneTuiieHa 3aBUCUT OT faBienus P [10] u unrepronu-
pyercs 3aBucumoctbio [11]:

E =24500P %,

rie 24500, —3,66 — skcriepuMeHTaIbHO HalIeHHbIE HH-

TCPHOJIAIIMOHHBIC TAPpaMETPhI.

s anetuieHa xapakTepHa BBICOKAsS MPOTSDKCH-
HOCTB “TOpsYei TOYKM™ (SUEUCTBIE CTPYKTYPHI IIa-
MEHH WJIH JICTOHAIIMOHHOTO (h)pOHTA, 00YCIIOBJICHHBIC
HAJIMYHEM CHUITBHBIX HEOJJHOPOIHOCTEN ) M OOJIBbIIIAS HOP-
MaJbHAsE CKOPOCTHb PACIPOCTPAHCHHS IUIAMEHHU II0
CpPaBHEHUIO C MpeeNbHBIMH yIieBotopoaamu [ 12].

B manHO# paboTe IpOBEICHO MOICIUPOBAHUE TI0-
JKapOB3PBIBOOIIACHBIX CBOMCTB IHUKIMYECKUX HAIPS-
JKCHHBIX YIJICBOJIOPOIOB, UMEIOIINX PA3IMYHBIC [IHKJIbL.
B MeTog0m0rnueckoM IiIaHe MoJIeINPOBAHUE ITOXKAPO-
B3PBIBOOIACHBIX CBONCTB HANPSKEHHBIX YIIIEBOAOPO-
JIOB JIETAJIbHO HE MPOBOAMIIN U HE CUCTEMAaTU3UPOBa-
7M1, TOTOMY padoTa SBJISETCS aKTyalbHOM.

OcHoOBHag 4acTb

Bce uccrnenoBaHHbBIE MOJEKYNSPHBIE CTPYKTYPBI
UMEIOT HanpskeHHble HUKIIBL —C5, —C 4 ¥ Ipy HOpMaJlb-
HBIX YCJIOBHSIX PEACTABISAIOT COO0iT Ta3bl (IIUKIOMPO-
TIeH, IIMKJIONPONaH, HUKI00yTaH, oniukiio| 1.1.0]10yran),
JKUJIKOCTH WIIM TBEpJBIC BemecTBa (KyOaH, 3-poTaH,
MePCIUPOIMKIONponaH|3|poTan) (CM. PUCYHOK).

AHanu3upysi TepMOJUHAMUYECKHE CBONCTBA MPO-
LIECCOB paciaaa, OTMETUM, YTO 10 CBOUM YAEIbHBIM
SHEPreTUUECKUM XapaKTEPUCTUKAM Psifl B3pbIBUATBIX Be-
LIECTB HAa OCHOBE COeIMHEHMI a30Ta yCTyNatoT HaIlpsi-
JKCHHBIM [IUKIUYECKUM yIriIeBoopoam (tadi. 1 u 2).

[Tpu B3pBIBHOM pa3ioKEHUH IUKIONPOTICHA, TETpa-
aNlpaHa, IpoIeuIaHa, Mpu3MaHa U KybaHa ¢ o0Opa3oBa-
HUEeM rpaduTa U BOJOPOJa BBIICISICTCS SHEPTHH 00JTb-
111€, YeM IIPU B3PBIBHOM Pa3JI0KEHUU TPUHUTPOTOIIYOJ1a
(TpOTHUIIOBBII PKBUBAJIEHT BELECTB PaBEH COOTBETCT-
Benno 1,61; 1,907; 1,488; 1,438 u 1,389 kr/kr).

B ominume ot B3phIBYATHIX BEIIECTB HUTPOCOCMHE-
HU HallpsKEHHbIE UKIIMYECKHUE YIIIEBOIOPOIbl HETOK-
CHYHBI X TIPEBOCXOISIT 10 (PyracHOCTH TPHHUTPOTOITYOIT
(TIpu cTaHIAPTHBIX YCIOBHSAX 0OBEM ra30B IIPH B3PHIBE
TPUHHUTPOTOITYOIIA cocTaBisieT koo 0,760 M /xr). B uc-
TOPUYECKOM KOHTEKCTE IPOU3BOCTBA B3PhIBYATHIX CO-
€IMHEHUI MOYKHO TPEAINOJIOKUTh, YTO Pa3BUTHE TeX-
HOJIOTMHU HAIIPSKEHHBIX YIJIEBOAOPOJIOB U COSTMHEHUI
Ha UX OCHOBE MO3BOJISIET [OTy4aTh 00J1e€ MOIIHbIE U Oe3-
OIIaCHBIE B HKCIUTyaTalliy B3pbIBUaThie BemecTra. Ha-
npuMep, TUKJIO0YTaH ¢ OTHOCUTENBHO HEOOIBLION H-
Tasbuei 00pasoBanus, paBHo# 28,4 k[)/MOJb, B CIie-
[IUAITBHBIX YCIOBHAX paciiajia Ha rpauT U METaH MOXKET
BbIIeUTh 178,1 KJI)K/MOIIb TEIUIOTHI, a 110 SHEPIUH B3Pbi-
Ba, paBHOit 3175 kJIK/KT, IpUOIMKAETCS K TPHHUTPO-
TOJTYOIy, TPOTHIIOBBIH YKBHUBAJICHT KOTOPOTO COCTAaB-
aser 0,74 xr/xr. [Ipu pacniaae nepecnuponUKIONPOIIaH-
[3]poraHa, kybaHa 1 TeTpasnpaHa Ha rpaduT U METaH
SHTAJIBITUS MTPOIIECCOB PaBHA COOTBETCTBEHHO —5959;
~7412 n 9640 K/I>X/KT, 9TO COOTBETCTBYET TPOTHIIO-
BoMy dkBuBaneHry 1,39; 1,70 u 2,24 kr/xr.

BaxHbIMU XapaKTepUCTHKAMH B3PBIBHBIX MTPOIIEC-
COB SIBJISTIOTCSI CKOPOCTH AETOHAIIMM U JIABJICHHE Ha
(bpoHTE JeTOHAIIMOHHON BOJIHBI (CM. Ta0lI. 2), pacdeT

Ta6n|/|u,a 1. DV3NKO-XMMMYECKMe CBOWCTBA HaMpAXEeHHbIX UMKNNYeCKNX yrneso40ponoB

5 _ OHTanenums 06pazo- Duransnus cropanus —AH, MJIx/mons (MK /Kr)
[uxnuaeckuii yriaeBoaopos i (I))g;;?la Banus, KJ[k/MOIb 5L L . 0
(MJIx/xr) b AU 2, HoUr
Huknonpornex C;H, 277,0 (6,915) 1,092 (27,26) 1,941 (48,46)
[Muxonponan C;Hy 53,26 (1,266) 1,110 (26,38) 1,959 (46,56)
Terpasapan* C,H, 427,1 (8,203) 1,353 (25,97) 2,485 (47,72)
Bummkio[1.1.0]0yran CHy 217,0 (4,012) 1,384 (25,59) 2,516 (46,52)
HuknoOyran C,Hg 28,40 (0,506) 1,438 (25,63) 2,570 (45,80)
ITponemman* CsH¢ 410,0 (6,398) 1,688 (26,34) 3,103 (48,32)
bunuknonenran CsHg 158,0 (2,390) 1,678 (25,38) 3,093 (46,79)
Criupo|[2.2]neHTan CsHg 185,1 (2,799) 1,705 (25,79) 3,120 (47,20)
IMpuzman* CeHg 483,1 (6,184) 1,871 (23,96) 3,570 (45,70)
Ky6an CgHy 622.,2 (5,975) 2,473 (23,75) 3,950 (37,93)
3-poran* CoH 435,0 (3,619) 2,880 (23,96) 5,427 (45,16)
[epcrmponukonpomnan[3 poras™ C, Hyy 1198 (4,334) 6,420 (23,23) 12,36 (44,73)
* DHTanbIUs 00pa30BaHMs paCCUUTaHA MO YHTAIBIHAM 00pa30BaHUs XUMHUYECKUX CBSI3eH M IUKIOB [9].
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CtpyKTypHBIE (POPMYJIBI M CTPOCHHE HAMPSHKEHHBIX [IUKIMIECKHX YTIIEBOJOPOIOB: / — UKIIONPOIIeH; 2 — IUKIIONpOMNaH; 3 — TeTpa-
aapan; 4 — ourmkio[ 1.1.0]0yran; 5 — unkinobyTaH; 6 — npornesan; 7 — OunukiIonenTan; 8§ — crupo[2.2]neHran; 9 — npusMan;
10 — xy6an; 11 — 3-potan; 12 — nepcrnupouukionpomnas|3|poran
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Ta6nuua 2. [MTapameTpbl B3pbiBa HAMPAXEHHbLIX LIMKINYECKMX YrNIeBOOOPOAOB NpW pacnaje Ha npocTble BellecTsa B aamabatn-

4eCKOM pexunme

. O0BeM razoB PacueTtHOE naBieHune
IuKIHYIeCKHi yIIIeBOIOPOI Upomni mpu B3pbiBe (298 K), Ha (PpOHTE JETOHAIH- e (eI
SKBUBAJIEHT, KI'/KT - N 111 JIETOHAIUH, M/C

[uxonpornex (k) 1,610 1,223 19 10500
Hukmonpoman (k) 0,294 1,742 4,1 4500
Terpasapan (k) 1,907 0,939 25 11400
Bunukno[1.1.0]0yran (k) 0,933 1,743 12 8012
HuxnoOyTan (k) 0,118 1,743 1,5 2845
IIponesutan (k) 1,488 1,145 20 10117
bunmknonentan (k) 0,556 1,480 7,6 6184
Criupo[2.2]nenran (k) 0,651 1,480 9,2 6700
ITpuzman (k) 1,438 0,939 22 9950
Ky0aH (T) 1,389 0,939 31 9800
3-potaH (1) 0,842 1,221 16 7610
Iepcnuponmkionpomnan|3]poraH (T) 1,010 1,062 21 8400
[Ipumeuanue. bykBoit “x” 0003Ha4aeTCA JKUAKOCTD, ‘T — TBEPAOE BEILECTBO.

KOTOPBIX MPOBOJIMJIA 1O MOJEIM pPachaja BellecTs,
OCHOBaHHOW Ha TEOPHH NEPEXOJHOr0 COCTOSHUS (aK-
TUBUPOBaHHOTO KomIuiekca) [13]. Jannas moaens no-
3BOJISIET HE TOJBKO OLIEHUTH BEJTMUMHY yKa3aHHBIX Ma-
pameTpoB, HO U BBITIOJHHUTB pacdyeT KHHETUKH 00pa3o-
BaHUS MPOJYKTOB peakiuu. [1o MonekynspHoi Moieu
MPOBOJMIN pacyeT aguadaTH4ecKol TeMIlepaTyphl
B3pHBIBa [9] M HAXOIMIIN CKOPOCTH U IaBICHHUE HA (PPOH-
T€ ICTOHAIIMOHHOW BOJHEI [ 13, 14].

[Ipu netonanum Ky0aHa B aInabaTHYECKUX yCIIOBH-
X paC4ETHOE 3HaUYeHHE CKOpocTH AeToHamuu (9800 m/c)
u nasienus (31 I'Ta) Ha ppoHTE AeTOHAIIMOHHOMN BOJI-
HBI CYIIECTBEHHO MTPEBBIMIAIOT TAPAMETPBI ICTOHAIIUT
TpUHUTpPOTOITYONA (cooTBeTcTBeHHO 8000 M/C 11 25 ['TTa
[14]).

Jnig uukIionporieHa, HECMOTPS Ha BBICOKYIO CKO-
pocTh jeToHaimu, pasayto 10500 m/c, naBieHne Ha
(ponte neronarmonHoi BonHeI (19 I'Tla) Huke, yeMm npu
B3pBIBE TPUHUTPOTOIyOIA. BeposTHO, 3TO 00ycioBie-
HO OTHOCHTEIJIEHO HU3KOH TNIOTHOCTHIO ITUKJIONPOTICHA
B JKHJIKOM cocTossHuH (680 KF/M3). HawuOobiiee 3Ha-
YeHNE CKOPOCTH JCTOHAIIUH TTOJTyYSHO IS TeTpasipa-
na (11400 m/c), 061a1ar0IIEr0 BHICOKMM TPOTHIOBBIM
skBuBanenToM (1,907 kr/kr).

KoHueHTpauMoHHbIE Mpesenbl pacinpoCTpaHEHHs
miamenn (KIIPII) @, paccunThiBaim 1o AByM MOJe-
asaM (tabn. 3). OnHa U3 HUX, YCIOBHO Ha3BaHHAs MH-
TEPIOJIALMOHHON MOIETIBIO, TPUMEHSETCS IS OLICHKH
KIIPII [15]:

(pH(B) = 100/(aV + b),

rae a, b — sMnupruyecKkue KOHCTaHThI;
V — CTeXUOMETPUYECKUi K03(D(DULMEHT PU KUCTIO-
po/ie B YpaBHEHUH XUMUYECKON Peakliiy TOPEHHUSI.

CormnacHO MOJEKYISIPHON MOJIENN pacyeTa y4UThl-
BaJIM TEIUIOTY cropanus yresogoponos C, H,, Temno-
€MKOCTb HCXOJHBIX BELIECTB M NMPOAYKTOB PEAKIIUU.
DopMyInbl I pacueTa HUKHETO (¢,) U BEpXHEro (¢,)
KOHIICHTPALMOHHBIX IPEAETIOB PACIPOCTPAHEHUS 1A~
MEHH 3aBHCAT OT (POPMANBLHON CXEMBI PEaKIMH rope-
Hust (popmynst (1) u (2)) u umerot Bun [16]:

C,H,+ (m+0,25n)0, + A (m + 0,25n) X =
= mCO, + 0,5nH,0 + A(m +025m) X, (D

CH, + (0,5m +0,251)0; + A (0,5m + 0,25n) X =

= mCO +0,57H,0 + 4 (0,5m + 025n) x; )
CO,
4 o, 1 |AH | Co
=|Cc¥ +CO? -mC$O? —
P= ["1+A "1+A} N
H,0 1 0
-05nC,>" + (m + 0,257 + 1+AJC1’2 + (3
-1
A
+CY 2 100;
? 1+A}

ja#)

0, = 1-[C""" (1+4)(05m + 0.25n)]

—mCSO = 0,5nCy2° - 4(05m + 025n)C +  (4)

+(1+A4)(0,5m+ 0,25n)c§mHnj} -100,

TJIe 71, 1 — KOJIMYECTBO aTOMOB COOTBETCTBEHHO yIJIe-
polia ¥ BOI0PO/ia B MOJIEKYJIe TOPIOYETO BEIIECTBA;
X — WHEePTHBIN pa30aBUTEIh (B YACTHOM CITydae 3TO
MOXET OBITh a30T);
A —4ucno MoJyiell FHEPTHOTO pa30aBUTEs, IPUXO-
Jsnierocs Ha 1 Monb; 11 Bosayxa 4 = 3,76,
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Tabnuua 3. KoHUeHTpaLmoHHble Npefesisl pacnpocTpaHeHus
nNaMeHy B CMeCK C BO3AYXOM, MUHMManbHoe Aasnexve P
MapoB HaMPSXXeHHbIX LMKINYECKMX YreBOA0pOA0B, MPK KO-
TOPOM BO3MOXEH B3pblB

0O/ Py Yo 00., IPH HEPrUM
. 3akuranus 25 [k P
Lukmnaeckuii IS MOJIENTH (29;;“11“(),
YIJIEBOJIOPOJL Ia
HHTEPIIONs- | MOJIEKY-
IIHOHHON JIIPHON
Huxmonponen 2,54/14,79 | 2,11/37,7 1,64-10*
Huxmonpomnan 2,28/13,27 | 2,12/28,8 8,40-10*
Terpasapan 2,07/12,03 | 1,67/30,3 | 1,05-1 0*
Buumkino[1.1.0]6yran | 1,90/11,01 | 1,64/27.4 | 8,43-10*
Lukno6yTamn 1,76/10,14 | 1,61/20,0 | 1,58:10°
Ipomemran 1,63/9,40 | 1,33/25,3 1,09-10*
BunukinoneHTan 1,52/8,76 | 1,34/20,0 |2.83-10*
Crnupo[2.2]mentan 1,52/8,76 | 1,33/21,0 2,42:10*
[pu3man 1,43/8,21 | 1,15/19,0 | 9,26:10°
Kyb6an 1,10/7,03 | 1,05/15,3 7,19-10°
3-poran 0,91/6,34 0,764/13,1 | 1,03-10
ITepcimponukito-
nponas[3]poran 0,41/3,66 |0,341/13,5 | 3,73-10°

AH — Hu31as TeIjIoTa CropaHus yriieBo0po/a B

COOTBETCTBHH C (HOPMATBLHOIN CXEMOH;

AT — pa3HuLa MeXJy TeMIepaTypoll NOTyXaHus

IUIaMEHH U HauyaJlbHOM TeMIepaTrypoii ra3oBoii cMe-

cu, K; AT~ 1200 K;

Cp — TEMIO0EMKOCTb UCXOAHBIX BEIIECTB, IPOIYK-

ToB peakunu, Jx/(MmonbK).

AHan3Upyst pe3ysbTaTbl, MOXKHO OTMETHTB, YTO pac-
YeThI KOHIICHTPAIIHOHHBIX MTPEAEIIOB PACTIPOCTPAHCHHS
TUTAMEHH 110 HHTEPIIOJIIIUOHHON MOJICITN HEeTIpHeMIIe-
MBI HE TOJIBKO JUTST HAMTPSHKEHHBIX IIMKIMIECKUX YTIeBO-
JOPOIIOB, HO U JUTSl HATIPSDKEHHBIX CTPYKTYP, MMEIOIINX
TuHelHoe ctpoeHue. Tak, s aneTuiieHa, o0JaIarorie-
TO HAMPSHKEHHOM CTPYKTYPOH, HYKHUN U BEPXHUAN yPOB-
Hu KITPI1, paccunTaHHbIC 1O HHTEPIOISIIMOHHON (hOpMYy-
ne [15], cocTaBmsiFoT COOTBETCTBEHHO 3,79 22,5 % 00.,
YTO CYIIECTBEHHO OTIIMYAETCSI OT AKCIIEPUMEHTABHBIX
3HaYeHuH (coorBeTcTBEHHO 2,5 1 81 % 00.). bosee Toro,
P JOCTATOYHO BBICOKUX 3HAYCHUAX SOHCPI'UU 3aXKUT'a~
Hus (uist anetwiieHa 210 J[k) BepXHUN KOHIEHTpAIU-
OHHBIH MpeJien pacnpoCTpaHeHHs IJIAMEHU COCTaBIIs-
et 100 % 06. [17].

[o monexymsipaoii Mmonenu KITPIT nmerot 6omnee mm-
pOKHE HHTEPBAIbI, YTO OOYCIOBJICHO OTHOCHTEIHHO
BBICOKMMH 3HAYCHUSIMHN TCIUIOTBHI CrOPpaHUs UCCIIEO0-
BaHHBIX BelIeCTB. Tak, 0 MOJISKYSPHOI MOIeTH pac-
YETHBIC 3HAUYCHUS (, U (O, JUIS ALlETHIICHA COCTABIISIOT
COOTBETCTBEHHO 2,9 11 84 % 00. 1 UIMEIOT OONBIIIYIO CTe-
INEHb TOYHOCTH, UCM PE3YJIbTAThI pacy€Ta B COOTBETCT-

BUH C HHTEPIIOIIIUOHHON MOieNbIo. PacdeTsl, BeION-
HEHHBIE IT0 MOJICKYJISIPHOIN MOJIEIIH, CTICIIU(IIHBI, TaK
KaK COOTBETCTBYIOT aIHa0aTHYCCKUM yCIIOBUSIM PACIIPO-
CTpaHCHUs IIIaMeHd. Ha mpakTuke Bcera mponucxoIsIT
MIOTEPH TEILIa BCIICACTBUE TEINIOOOMEHA, 3Ty UCHUS, T10-
stomy uHTepBasibl KITPIT cranoBsiTcs Gomnee y3KuMHU.
OKCrepUMEHTAlIbHbIE 3HAUCHUS (@, U (p, IS LIUKIIOIPO-
naHa paBHbI cOOTBeTCTBEHHO 2,4 11 10,3 % 00., nuKio-
oyrana— 1,8 u 12,0 % 006. [18], Ho B annabaTrnueckom
PEXHUME rOpeHHsl KOHIEHTPAIIMOHHBIE TIPEJIENTbl Paclpo-
CTPaHEHHMs INIAMEHU CTAHOBATCS 00JIee UPOKUMHU (17151
nuksonponana 2,12 u 28,8 % 00., s nukino0yraHa —
1,61 120,0 % 06. cooTBeTCTBEHHO). B ycnoBusx, mpu-
OMIKCHHBIX K aIHA0aTHICCKIM, BOSMOXHO PaCIIUPEHIE
KOHIICHTPAIMOHHBIX MIPEJICIIOB PACTIPOCTPAHCHUS TIJIa-
MeHH. B 3ToM cirydae cMech yIieBOIopoaa ¢ OKHUCIH-
TEJIEM CTAaHOBUTCSI B3PBIBOOMIACHOM.

Jis HanpsHKEHHBIX YTIIEBOJIOPOJIOB 1eNIecO00pa3HO
BBECTH €IIIe OJIMH MapaMeTp, XapaKTePU3YOITHA TIOKa-
POB3PBIBOOITACHBIE CBOWCTBA, — MUHUMAIILHOE MapITH-
aNbHOE JAaBJICHUE TTapOB BEIIECTBA P, i, TIPH KOTOPOM
BO3MOYKHO YCTOWYIHMBOE paclpoCTpaHeHne (poHTa TIIa-
menn B orcyrerue okuciurens (KITPIT = 100 % 06.)
U TIpH HAJHYUH BBICOKOYHEPTETHUECKOTO MCTOYHHKA
3a)KUTaHMA. YKa3aHHBIH TapaMeTp UMEET IPoCToe (Pu-
3MYECKOE TOIKOBAHUE: IPU ABICHUH ITAPOB HIKE HEe-
KOETO ITpe/iesia KOHLEHTPALKs YIJIEBOIOPO1a HE3HAYU-
TeJbHA, U BBICTISIONICHCS S9HEPTUH paciiajia BelecTBa
HEJI0CTATOYHO JUIs OAJIeP KaHUs yCTOMYMBOTO pacipo-
CTpaHeHHus! PpOHTA IJIAMEHHU U B3PbIBa B OTCYTCTBHE
OKHUCIIUTEINA. DTO OOYCIIOBICHO TEM, YTO TeMIIEpaTypa
peaxnuu Hipke 1500 K (3T0 Tak Ha3pIBaeMas Temmepa-
Typa MOTyXaHUsl, HI)KE KOTOPOU CHIIBHO yBEIINYHBACT-
Csl BpeMsl KU3HU MOJieKy:1 Bemiecta [12]). Haubomnee
B3PBIBOOIIACHKI [TAPBI TIPU3MaHa, KyOaHa v epCIHPOITHK-
nomponat[3]poraHa, 1151 KOTOPBIX P, PaBHO COOTBET-
cTBeHHO 9259; 7192 u 3728 I1a (cm. Tabi. 3). Teoperu-
YEeCKH B3PBIBHOE PA3JIOKCHNE IINKIO0YTaHA BO3MOKHO
TOJIBKO TIPY JABJICHUH B CHCTeMe Bbite 1,52 -10° Ia.

BbiBOAbI

1. HanpspkeHHble UKIIMYECKHE YIIEBOAOPOAbI C IO~
JIOXKHUTEIBHOM SHTAIBITUEH 00pa30BaHMsI — ITUKJIONPO-
TIeH, IIUKJIONPOTIaH, TeTpayapaH, ourukino[1.1.0]0yTaH,
[UKJI00yTaH, MPOTIeIIaH, OUIUKIIONEeHTaH, criupo[2.2]-
NEHTaH, IpU3MaH, KyOaH, 3-pOTaH U NepCHUPOLHKIO-
nponaH[3]poTaH Npu OINpeNeIeHHbIX YCIOBUAX pac-
NaJalTca Ha NPOCThIE BeulecTBa (YIIeBOAOPOIbI Ha
YIJIEPOA U BOJOPO), IPU ATOM BEILIECTBO MOXKET MPO-
SIBJIATH B3pPBIBYATHIE CBOMCTBA.

2. DHeprusl, BBLACISIONIASACS IIPU B3PBIBHOM pacajie,
MOXKET MPEBBIILIATh SHEPTUIO pacnajia TPUHUTPOTOIY-
ona. ITo Teopuu MepexoaHOr0 COCTOSAHHUS BBITIOJIHEHbI
pacueTsl CKOPOCTH JaBJIeHUs Ha (PPOHTE IETOHAIIMOH-
HOI BosIHBI. PacyeTHOE 3HaU€HNE CKOPOCTH JETOHAIU-
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OHHBIX BOJIH JIEXKUT B uHTEpBase 2845-11400 m/c. Pac-
YeTHOE 3HAYCHHE AABICHUS Ha (PPOHTE AETOHAITOHHON
BoJIHBI focTuraer 1,5-31 I'Tla.

3. BoinosHeHbl pacyeTbl KOHUEHTPALUOHHBIX Ipe-
JIEJIOB PacHpOCTPaHEHUs IJIAMEHHU 110 JIByM MOZAEISM
— MHTEPHOJALNOHHON U MoJeKyisipHoid. Ha mpumepe
TOpPEHUs HANpsSHKEHHOTO COCIUHEHMS — alleTHUIICHa
MOKa3aHo, YTO PacyeThl KOHIIEHTPAIL[MOHHBIX MPE/IEIIOB

pacnpocTpaHeHus IJIaMEHUs, BBIIIOJHEHHBIE 110 HHTEP-
MOJIALIMOHHOM MOJIeIIN, HEPUEMIIEMBI JUIsl HAIIPSIKEH-
HBIX LIMKJINYECKUX YIIIEBOJOPOAOB, TAK KaK JaroT 3a-
HIDKeHHBIe 3HaueHus narepaioB KITPIT.

4. MonekynsipHasi MOJIe/Ib pacyera O3BOJISET pel-
ckazarb pacmmpenue narepsanoB KITPIT npu ycnosu-
SIX, MPHOJIMDKCHHBIX K aia0aTHIeCKOMY PEXKHUMY TO-
peHusl.
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ABSTRACT

This paper presents a modeling of fire and explosive properties of strained cyclic hydrocarbons —
cyclopropene, cyclopropane, tetrahedrane, bicyclo[[1.1.0]butane, cyclobutane, propellan,
bicyclopentane, spiro[2.2]pentane, prismane, cubane, 3-rotan and perspirocyclopropane[3]rotan.
Calculations of concentration flammability limits (CFL) are made in two models — interpolation and
molecular. It is shown, that the calculations of CFL made by interpolation model are unacceptable for
the strained molecular structures. Substances of strained molecular structure with the enthalpy of
formation greater than zero have wide concentration flammability limits. In detonation regime
collapse of compounds of cyclopropene, tetrahedrane, propellan, prismane and cubane with the for-
mation of graphite and hydrogen specific energy decay characteristics (decay enthalpy and velocity of
the detonation wave) exceed specific energy characteristics of trinitrotoluene (TNT). We propose
a parameter that characterizes the explosive properties of strained compounds — the minimum
pressure at which the substance can decay in the absence of an oxidizing agent in the system.

Keywords: concentration flammability limits; strained molecular structures; cyclic hydrocarbons;
enthalpy decay; detonation velocity; detonation pressure wave front.
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OCHOBbI KCNYATALWUA CUCTEM KOMNNEKCHOI0 OBECMEYEHUSA
. BE3OMACHOCTW ObBEKTOB : y4ye6Ho-cnpaBoyHoe nocodue
/ Mop o6w. pea. a-pa TexH. Hayk A. H. YneHoBa. —

M. : 000 “U3patenbcTBo “loxnayka”, 2010. — 210 c.
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[laHo OCHOBHOE cofiepXKaHue 3KCK3MUBHON pa3paboTtkm — OCT P 53704-2009 “Cuctembl 6e3-
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MOAEAUPOBAHUE MOXXAPOB
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MMNTAUNOHHASA MOAEJIb BEPOATHOCTU
BO3HUKHOBEHUSA JIECHbIX NMO>XAPOB

C YYETOM IrPO30BOW AKTUBHOCTW

N AHTPONMOINEHHOIO ®AKTOPA

PaccmMoTpeHbl OCHOBHbIE METOLbI MaTeMaTUHECKMX UCCIEN0BAHMI BEPOSTHOCT BO3HUKHOBEHWS Nec-
HbIX MOXAaPOB. BbIICHEHO, YTO Hay4Hble UCCIELOBaHUS, CBA3aHHble C MaTeMaTU4eCKMM MOLENNPO-
BaHMeM BepOATHOCTM BO3HWKHOBEHWS MOXAPOB C Y4ETOM FPO30BOM akTUBHOCTU M aHTPOMOreHHOro
akTopa, UMEIOT NPerMYLLLeCTBEHHO MPUKIaAHOE 3HaYeHVe 1 HarnpaBeHbl Ha obecneveHre noxap-
How 6e30MacHOCTM NecoB 1 NNKBUAALMIO NaHALWAMTHBIX NOXaPOB. PacCMOTPEHO NOCTpoeHve MaTe-
MaTU4eCKOV MOAENM 1N MeTOAMKA PeLleHns 3aa4m ONTUMMU3aLMK CUCTEMbl 0DeCredeHNs NoXKapHOU
©e30MacHOCTM C UCMOSb30BaHNEM UMUTALMOHHOTO MOAENMPOBAHMS.

KnioueBble crnoBa: MaTtematiyeckas Mofeslb; MeTOA UCCNeA0BaHNs; NecHble Nnoxapsbl; cicreMa obec-
neYeHnst NoXxapHoM HBEe30MacHOCTL; ONTUMMN3ALMS; UMUTALMOHHOE MOLOENMPOBaHNE.

Hy>xHO 0TMETHTB, YTO ¢ KaXIbIM TOJIOM KOJIHYECTBO
JIECHBIX [10KAPOB 3HAUYUTEIIHHO YBEINUUBACTCS, 2 BMEC-
T€ C ATHM YBEJIMYMBAIOTCS W IUIONIAIN BBITOPEBIIMX
JIECOB.

[IpumeHsieMble B HACTOSIIEEe BpEeMsl Ha MPAKTHKE
METOJIMKH OIICHKH BEPOSITHOCTH BO3HUKHOBEHHS TIO-
JKapoB, pa3paboTaHHbBIE ¢ UCTIOIB30BaHUEM OOIBIIHX
MacCHBOB cTarucTuieckux maaHHbeix (B. I Hecrepos,
JI. ®. Hoxenkosa, D. X. Viegas, E. L. Garsia Diez,
C. E. van Wagner, M. E. Alexander, I. E. Deeming,
B. J. Stocks u ap.), npecTaBisitoT co00i HOopMyITBI, a-
TOPUTMBI, KPUTEPHUH, ITOTYICHHBIC B PE3YIIbTaTe yCPEI-
HEHUSI XapaKTEPHICTHK YCIIOBHII BO3TOPAHHUI Ha OOJBIIINX
BBIOOPKAX KaK 10 MJIOMIAIsIM, TaK U 110 BpeMeHu [ 1-6].
IIpu cozmaHuM TakMX METOAMK, 110 CYLIECTBY, HE aHa-
JU3UPOBAIKNCH U HE MOJEIMPOBAIUCH (PU3UYECKUE U
XUMHUYECKHE MTPOLECCH (B IEPBYIO ouepeb Hanboee
3HA4YKMMBI€ MPOLIECCHI TEIJIO- U MAaCCONEPEHO0Cca) B CIIOe
JIECHOTO TOPIOYEro MaTepHralia, BOSHUKAIOIINE ITPU BO3-
JIEHCTBHUH JIOKAJIbHBIX HCTOYHUKOB YHEPTUU.

CyIIecTBYOIIUE TEOPHH PACTIPOCTPAHEHUS JIECHBIX
MOKapoB (aBTOPHI MOZIETICH U aNTOPUTMOB PEIICHUS 3a-
naq— A. H. Cy66otun, A. M. ['pumvs, B. A. TTepmuHOB,
JI. 1O. Karaesna, I'. A. loppep, B. I'. 3sepes, O. B. I1Ilu-
MyJINHA U Jp.) HE OPHEHTHPOBAHBI HA IIPOTHO3 JICCHOM
no>kapHoi onacHocTu. CiecTBHEM penIeHus 3a/1a4 B
paMKax 3THX TCOPHI SIBISTFOTCS XapaKTEPUCTHKH TIOJKa-
pa (TemrmeparypHbIE TIOJIS, CKOPOCTH JBHKCHHS IPOTYK-
TOB CTOpPAHHUS, JABJICHUS U ITIOTHOCTH I'a30B, CKOPOCTH
JIBHKCHUS (DPOHTA TOpeHHs | T. 11.) [7—14].

B cBs3u ¢ 3TUM IpeACTaBIsAETCS MEePCIEKTUBHBIM
pa3paboTka HOBOTO MOJX0a K IPOTHO3UPOBAHUIO JIeC-

© TumaesIl. C., 2015

HOI [TO’KapHO# ONTaCHOCTH, OCHOBAHHOTO B OTJIMYHE OT
M3BECTHBIX (OMMPAIOITHXCS HA CTATUCTHIECKYI0 HH(OP-
MAIMio0) Ha UMUTAIIMOHHOM MOJICJIMPOBAHUU.

B Poccun B HacTosiiee Bpemsi MpOrHO3UPOBAHKE
JICCHBIX [T0XAPOB HEJOCTATOYHO I(PPEKTUBHO, UTO SB-
JeTCA NPUUMHON UX BOSHUKHOBEHUS. [loaTOMY cTarbs
MOCBAIICHA Pa3paboTKe UMUTAIMOHHON MOJICITH BEPO-
SITHOCTH BO3HMKHOBEHUS JIECHBIX MOXKAPOB C y4ETOM
rPO30BOM aKTUBHOCTH M aHTPOIIOT€HHOW HArpys3KH.

[IpuBenem omnpeaesieHne UMUTALMOHHOW MOJIEIH.
MMuTanoHHast Moziesib — 3TO JIOTHKO-MaTeMaTHYeCcKoe
oIpeJieNIeHHe PEAMETHOM 00JIaCTH, KOTOPOE MOKET OBITh
KCIIOJIb30BAHO JUIs SKCIIEPUMEHTHUPOBAHUS Ha KOMITBIO-
Tepe B LEIISX UCCIICIOBAHMS TIOBEICHUS 0OBEKTOB ITPE-
METHOH 00J1aCTH B 3aBUCHMOCTH OT HEKOTOPBIX BXO[I-
HbIX (pakTopos [15].

Briensror n18a BUga UMATALIMOHHBIX MOJICJICH
e METOJ CTaTHMCTUYECKUX ucnbiTanuii Monrte-Kapio;
e CTAaTUCTUYECKOE MOJAEIUPOBAHHUE KAaK METOJ UMHU-

TaIMOHHOTO MozenupoBanus [16].

OnuieM CyTb METOJIa CTATUCTUUECKUX HUCIIBITAaHUH
Momnre-Kapmo. JlomycTM, M13BECTHBI BEPOSTHOCTH BO3-
HUKHOBEHHSI HEKOTOPBIX BXOJHBIX (PaKTOPOB MOICIIH.
ITepebupast Hayraj KOMOMHAIIMIO BXOJHBIX (DaKTOPOB
MOJIeJIM, MO)KHO MHOTOKPAaTHO BOCCO3[aBaTh MOBeJe-
HUE MOJICIIN, COXPaHss MIPH 3TOM OJIMHAKOBBIC XapakK-
tepuctuku ¢paktopos [17]. B pesynsrare MHOrOKpar-
HOTO TIPOTOHA MOJIEITH MOYKHO COOPATh CTATUCTHUCCKIE
JIaHHbBIE, KOTOPBIE OBl MOTJIM OBITH COOpaHBI B pealib-
HOM BPEMEHHU.
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moaenuposaue noxapos [

Ta6nuua 1. CTatMcTnyeckiie faHHble No NAoWAAM NecHbIX HacaxkaeHun B Teepckon obn. B nepurog 2008—2013 rr.

ITokazarens 2008 2009 2010 2011 2012 2013
OO01mast TIoNIa s 3eMeIb JICCHOTO
¢doHma, THIC. TA 2684,4 4875,6 4875,6 4875,6 4875,6 4875,6
[Tnomans 3eMenb, IMOKPHITHIX JIECHOH
PacCTUTEIBHOCTBIO, THIC. I'a 22583 4408,1 4421,4 44280 44347 4440,3
OOl Cpe NI IPUPOCT, MITH. M 7,32 14,71 14,82 14,83 14,82 14,81
Tabnuua 2. CratncTuyeckme AaHHble Mo XapakTepy fecHbIX Nnoxapos B TBepckowr obn. B nepuon 2007—2011 rr.
Ne ni/m Ilokaszarens 2007 2008 2009 2010 2011
Uwcrno necHbIX MOKapoB 123 156 108 360 91
2 W3 HuX 10 IpUYMHAM:
— CeJIbCKOXO3SIMCTBEHHOTO Maja 2 19 41 14 1
— 110 BUHE Y€JIOBEKa 119 137 62 319 82
3 Jlecnas nnomaap, mpoiAeHHAS MTOKApaMH, Ta 446 566 394 2333 540

Merton Monte-Kapio MOXKHO IPUMEHSITH JIMIIIb [TOCTIe
TOT0, KaK Oy/IyT YCTaHOBIICHBI BEPOSITHOCTH BO3HUKHO-

BCHUA BXOJAHBIX (I)aKTOpOB MOOCIN. OI[HaKO Ha ceroa- Ton 2007 2008 2009 2010 2011
HAITHWEA JIEHb HA TEPPUTOPHUN TBEpCKOr 00J1. BEpOsT- [T—
HOCTH BO3HUKHOBEHUS BXOAHBIX (DaKTOPOB MOJETH ¢ rpo3oit 19 21 23 32 2

(B HaImeM ciyJae aHTPOTIOTCHHOE BO3/ICHCTBIE Ha JIeC-
HYIO Cpe/ly U TPO30Bast aKTUBHOCTD) €II[€ HE M3yUCHBI.
B Takom ciryuae 00paTuMcs K CTAaTHCTHIESCKOMY MO-
JenupoBanuto. CTaTUCTUYECKOE U SKOHOMETPUUECKOE
MOJCTHPOBAHUE BKIIOYAET METOMABI HCCIETOBAHUS
IpeaMETHON 001acTH Ha UX CTATUCTUYECKUX MOAETIX
[18]. Croma BXOAUT MOCTPOCHHUE M U3yUYEHHUE MOCIIEH
00BEKTOB C LEJIBIO MOTY4YEHUS OObSCHEHUI! 3TUX sIBJIE-
HUH U B pe3yNbTaTe — MPEACKA3aHUs SIBJICHUH WIIH 110~
KazaTesel, MHTEPECYIOIUX UCCIIEA0BATEs.

OrieHKa MapaMeTpoB TaKUX MOJENEH TPON3BOIHUT-
Cs1 C IIOMOIIBIO CTATHCTUYECKUX METOIOB, B Y4CTHOCTH
METOJI0B MAaKCHMAJIBHOTO MPABAONOA00NS, HANMCHb-
LIMX KBaJpaToB, MOMEHTOB [19].

HanpamuBaercs ciieayromuii BHIBOA: OILICHUB C I10-
MOIIBIO CTATHCTUIECKOTO MOJICTTMPOBAHNS BEPOSITHOCTD
BO3HMKHOBEHUS JIECHBIX MOXAPOB B 3aBUCUMOCTHU OT
paccMaTprBacMBbIX BXOIHBIX (DaKTOPOB, HEOOXOIUMO IPH-
MEHHUTb METOJ CTATUCTHUCCKUX UCIBITAHUN JUIsS yTOU-
HECHHS KapTHHBI BOSHUKHOBECHHS JIECHBIX TOXKapOB. 13-
MEHSISI BEPOSITHOCTH BXOAHBIX (DAaKTOPOB (yNpaBiIsis
BXOJHBIMH BO3ACHCTBHSIMU, HATIPHUMEP CHIDKASI aHTPO-
MOTEHHBIN (PaKTOP), MOKHO TPOTHO3ZUPOBATH PE3YIIb-
Tar (HanmpuMep, [0Ka3aTh, YTO aHTPOIIOTCHHBIN (PakTop
HeceT OONBIIYIO BEpOSTHOCTh BOSHUKHOBCHHS JIECHO-
TO TOKapa, 4YeM MPHUPOIHBIIA) U, TIOATBEPKIAs UCCIIe-
JIOBAHMsSI CTAaTHCTUYCCKUMH JaHHBIMH, Ha4uaTh IPOpa-
OOTKY Mep O CHIDKCHHIO PHCKa BO3HHKHOBCHHUS JIeC-
HOTO TToKapa.

W3yqnm BXOTHEIE CTATHCTUYECKUE TAHHBIC TPEIMET-
HOH obnactu. i 3TOro UCHOIb3yeM AaHHBIE O(UIIH-

Tabnuua 3. Yo aHel ¢ rpo30BoM akTUBHOCTbIO B TBEPCKOW
06n. B nepuog 2007—2011 rr.

aIBHOTO CcaifTa MpaBUTENbCTBA TBepcKoii 0011 B Tadm. 1
MIPUBEJICHBI CTATUCTUYECKUE TAaHHBIE IO IJIOIIA M JIeC-
HBIX HacaxaeHu B TBepckoit 00:1. [20].

B 1abn. 2 npeacraBneHbl CTATUCTHYECKHUE JaHHbIC
10 XapaKTepy JICCHBIX MOXKAPOB, B3STHIE C O(PHUIIAATb-
HOTO caiiTa nmpaBuTesibcTBa TBepckoit 00:1. [20].

OO0parumes K mocnenHeMy (GpaxTopy MpeaMeTHON
oOacti — Tpo30Boit aktuBHOCTH. Ha caiire “Kimmar
TBepckoit 06macTH’” XapakTep MOTOIBI JIETOM OMHCaH
tak: “TIpeobnagaromieii Bo3mynHoii maccoit Hax Tep-
CKOW 00JIaCTBIO SIBIISCTCS KOHTHMHEHTAIbHBIA BO3IYX
yMmepeHHbIX mupoT (KBYI1). Ona mubo ¢popmupyetcs
HETIOCPEICTBEHHO Hal Tepputopuell BepXHEeBOIKbS,
b0 MPUXOJAUT W3 cocenHux obmacreit. B cpennem
3a roja B TBepu 3Ta BO3MylIHas Macca HaOmrogaeTcs B
56,9 % cnyuaeB. KoHTHHEHTaNbHBIN BO3IYX yMepeH-
HBIX [IAPOT OIMPEICISICT JISTOM TEIUTYIO TIOTOIY C TeM-
neparypamu +15...+20 °C (gaem mo +20...+25 °C),
C TIEpEMEHHOH Ky4eBOi 00Ia4HOCTHIO, C HEOOIBITUMHU
CKOPOCTSIMH BETpa, KOTOPhIE K HOYM CHIDKAIOTCS [0
urruisi. Hepenko mpu JaHHOM TUIIE TOTO/IbI B CEPEUHE
ITHSI CITy9alOTCsI TUBHEBBIE OCAIKH U TPO3EL..." .

B Tabn. 3 npuBeHbI JaHHBIE O IPO30BOM aKTUBHO-
ctu [21].

ITocTaBuM cBoei 3a1aueii MPOaHATU3UPOBATH INHA-
MUKy H3MEHCHUS BXOJHBIX (DaKTOPOB MOJIEIH, a TAKKE
IIMHAMUKY H3MECHEHHUS PE3YIBTHPYIONIETO (hakTopa B 3a-
BHUCHUMOCTH ¥ CTEIICHb BIMSHUS KXKJOTO (akTopa Ha
XapakTep Pa3BUTHS JIECHBIX TOXKAPOB.
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B vonenvposaHKE noxapos

PaccmoTrpum Takoii hakTop, Kak IIomiab JeCHBIX
HacaxeHni. [ToctponmM rpadmk n3MeHeHus 3TOoro (ak-
topa (puc. 1) [21]. U3 puc. 1 Buanm, gto B 2008 1. Ha-
Omromalicst “BeIOPOC’” — CTAaTHCTHUYECKOE JaHHOE, CHITh-
HO OTJIMYAIOLIEECs OT CPEAHETO 110 PsLY, HOATOMY Iepe-
ctpouM rpaduk i nepuona ¢ 2008 mo 2011 rr. (puc. 2).
Kpome Toro, no6aBumM Ha rpaduk JUHEHHBIH TpeH] ¢
nomotisto cpencts MicroSoft Excel (munuto perpec-
cun) ¢ k03P PUIUEHTOM JICTEPMUHAIIUN MOZCIH (JIOJIst
PE3YNBTAaTUBHOTO MTPHU3HAKA, O0BICHIEMOTO BIUSIHAEM
BXOJIHBIX TIEPEMEHHBIX).

Merton nocTpoeHus IMHEHHOTO TpeHaa B 3TOH po-
rpaMMe OCHOBaH Ha METOJIaX HAMMEHBIIINX KBAIPaTOB
Y BBIYHCIICHUS K03(D(DUITEHTa KOPPEISIIIAK MEXKTY JIBY-
Ms psiiaMu Ipu3HakoB — x Uy [22]. [Ipusenem airo-
pUTM pacuera.

1. Haiinem cpenane BEIOOPOYHBIE X, U ), KOTOPBIE
HaAXOJATCS 10 popMylie apuhMETHIESCKON CpeTHeit:

n
ORI Y N
i=1 i=1

2. Jlanee HaiineM cpeaHEKBaApaTHIeCKne OTKIOHE-
HUSL S, U S, 10 popMynam:

Sy =\/%Z(x—xg)2; s, =\/%Z(y—y3)2- )

3. Haiiem KoppesiiimOHHBII MOMEHT:

1 n
Ky =20 (i = x) (3 = va). 3)
i=1
4. Bo100po4HBIiH KO3 HUINUEHT PErPECCHH 7, OTBIC-
KHBaeM 1o Gopmyrie

ro=K, /st )

5. Haiinem ypaBHeHHe TMHEHHON perpeccuu y Ha x
B BUjC Y = ax + b (tne a, b — k03 HUIHEeHTH THHEH-
HOI perpeccun):

V=Ys= s (X —Xp). (5)
Koa¢dunuent perpeccun r, XapakTepusyeT uzMe-
HEHME OLICHOK I10 JaHHO! COBOKYIIHOCTH HA €IUHUILY.
Ecnu yBenuuuts x Ha 1, TO y yBEIUUUTCS HA 7.
6. Haiinem BBIOOpOYHBINH KO3 (GHUINEHT KOppems-
LMY 7', C TIOMOLIBIO (pOPMyIIBI

Fay = Ky [ (sx8y) - (6)

Br160pouHblil K09 HUIIUEHT KOPPESAINH TTOKa3bl-
BaeT MEPY KOPPEISAIMOHHON CBA3U MEXTY IBYMS psiJia-
MH mpu3HaKkoB. Ecimn 7y, >0, T0 cBsI3h mpsimasi, eciu
r, < 0 — obparnas. Yem Oimke |y, | K 1, TeM cunbHee
KOPPEJAIMOHHAS 3aBUCHMOCTb.

7. Haiinem koddGUIAEHT JeTepMUHALINH, KOTOPBIH
OIICHUBAET JIOJTIO BIUSHUS BXOIHBIX (PAKTOPOB MOJICITH
Ha ee pe3yNbTaT:

R* =12, (7)
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JIECHOM PacTUTEIBbHOCTHIO, TBIC. Ta

HJ'[OHIa}lB 3€MEJIb, TOKPHITHIX

Puc. 1. V3menenue o01ieit miomaay JecHoro GoHa B IepHo.
2008-2013 rr.

8. IIpoBepnM 3HAYMMOCTE BEIOOPOIHOTO KO3 DHu-
[MEHTa KOppemsinuu rnpu rnokasarene o = 0,05 n uncne
crerneHeil cBoOonsl k= n — 2. BeruuciuMm Habonae-
Moe 3HadeHue KpuTepust CThIONEHTA:

o Nn—2

THa6J1 :yi' (8)
ﬂl—rxzy

[To Tabnuile KPUTHIECKUX TOUYEK paclpeaeTIeHHs
CreloneHTa, ypoBHIO 3HauuMocTd o = 0,05 u uuciy
CTereHel cBOOOJBI k =71 — 2 HaXOIUM KPUTHYECKYIO
TOUKY (0, 1 —2).

Ecin 7,6, > [fl, TO TUIIOTE3Y O paBeHCTBE IreHe-
pabHOTrO K03 (hHUIMEHTa KOPPETISIIUH HYJIFO OTBEPTacM.
CremoBarenbHO, X M ) AIMEIOT TECHYO KOPPEIISIIHOHHYIO
3aBHCHUMOCTb.

Becs pacdeT BBIIOIHSAETCS ¢ TOMOIIBIO TIPOTPAMMBI
MicroSoft Excel, Bkiatouas perieHue ypaBHEHHS pe-
TPECCUU U BBIYHCIICHHE KO PHUITNCHTA TeTePMUHAIIN
0 TIOCTPOCHHOMY Tpaduky (puc. 2) [22].

I'paduk puc. 2 moka3bIBAET, YTO CYILIECTBYET HEOOIb-
HIOH YCTOMYMBBINM NMPUPOCT OOIIEH TIIOMIAIH JIECHOTO
(honna o rogam — Ha 7,77 ThIC. Ta (7770 ra) Kaxabli
rofi ¢ BeposiTHOCThI0 0,9667.

4445 ‘
4440 y="7,77x—-11199 “
7,
R%=10,9667 F
4435 P
4430 ad
s
4425 ]

s
e
s
s

4420 //‘
7
4415 -
b
L /
4410
4

4405
2009 2010 2011 2012 2013

Toner

JIECHOM PaCcTUTEIBHOCTBIO, THIC. Ta

ITnomanpe 3emMeib, MOKPBITHIX

Puc. 2. Vamenenue obmieit romam secHoro (orna Teepckoii 00,
B epuox 2009-2013 rr.: ———— — JHUHUSA TpeHAa
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OO0parumcst K 11o3. 3 Tad. 2 (JiecHast TUIoIIa b, POk -
JICHHAsI TO’)KapaMK) ¥ BO3bMEM cpeliHee apupMeTHye-
CKOE 3a JIAaHHBIN TIEPHUOJI: OHO COCTaBIIsIET 855,8 ra B TOI.
3Hast 3TH JIaHHBIC, HETPYIHO BBIYHCIUTH MPOIEHT OT
MPUPOCTA 3EJICHBIX HACAKJICHHM, CTPAJIAFOIINX OT JIeC-
HBIX TOKapOB:

855,8:7770-100 % = 11,014 %. )

AHanu3 JaHHBIX Tab. 2 mokaseiBaeT, uto 11 % npu-
pocrta JIeCHOTO (hOHAA YHUUTOKACTCS B PE3YIIBTATE JICC-
HBIX TTOKAPOB.

IIpoananuzupyem n3MeHEeHHUE MIIOMIAIH JIECHBIX 10~
»kapoB B TBepckoit 001. o 1aHHBEIM TabI. 2 (1mo3. 3),
UCKITIOYasl cTaTucTuiaeckuid BeioOpoc B 2010 r, m mo-
CTpouM rpaduk 3aBucumoctu (puc. 3) [22].

Hanecennas Ha rpaduk JUHUS TPEHAA MTOKA3bIBa-
€T, UTO KaXJIbIi ToJ| TUIOMIA/lb JECHBIX MOXKapOB yBe-
muunBaetcs Ha 12,4 ra. Koaddunment nerepmunannm
JIAaHHOM CTAaTUCTHYECKOM MOJICITH HU30K. DTO O3HAYAECT,
YTO BPEMEHHOH (haKTOp MOJEIIH Pa3BUTHS TIOKapOB CO-
craBisier Bcero 6 %. MHaue roBopsi, BpeMst HE BIUSET
Ha IDIOMIAIb Pa3BUTHS JIECHBIX ITOXKAPOB. JloKaXkeM 3To
¢ moMoIbIo kputepusi CThIONCHTA.

[IpoBepuM 3HAUUMOCTH BBIOOPOYHOTO KO3 DHUITH-
enTa koppessiiuu rpu o = 0,05 u gncie creneHei cBo-
Oomer k=n — 2. Berancnum HaOmomaeMoe 3HaYCHUE
kpurepust CThIOfCHTA:

T iy Vn 2 0,3862
61 = = =% :
Y 2 J1-0,0694

[To Tabnwie KPUTUIECKUX TOUCK PACHPEHCICHUS

CreionenTa, ypoBHio 3HagnMocTn o = 0,05 n umnciy cre-
TieHeH cBOOOIBI k£ = 1 — 2 HaliJIeM KPUTHUCCKYIO TOUKY
to(os n—2)=2,631307.
Tak kak T,5, <1, IPUHUMACM FHIIOTE3Y O PaBEH-
CTBE reHePaIbHOTO KO PUITHECHTA KOPPEIISAIHH HYJTFO.
CrnenoBaTenbHO, PSB! IPU3HAKOB HE IMEIOT KOPPEIIs-
OUOHHOU 3aBHCHMOCTH.

OTMeTHM, YTO €CJIH IPOBEPHUTH BCE MPEIBIAYIINE
MOZETH ¢ IOMOIIBI0 KpuTepHst CTHIONEHTA Ha TIPHHS-
THE THITOTE3bI O PABEHCTBE TEHEPATBLHOTO KO3 dHIm-
CHTa KOPPEILIIH HYIII0, TO BO BCEX ITHX CIyJasx dTa

10,0694 V4 -2

600 I I
- y=12,4x—24422
S ss0 /N | R?=0,0694
./ /-
s o -
= l_—-
] % 500 e
- T A -
- L
g8 450
o =
gz
= Es) \ /
S 400 "
=}
350
2007 2008 2009 2010 2011
Tomer
Puc. 3. VI3MeHeHne necHOW TIOMIA M, TPOHACHHON MoXKapamu,
B TBepckoii 061. 3a nepuog 2007-2011 rr.: ———— — nuHUA
TpeHza

rUNoTe3a OyJeT OTBEPruyTa. DT0 O3HAYAET, YTO KOppe-
JSIIMOHHBIC CBSI3H MPEIBLIYIINX MOJIETEH 3HATHMBI.

Hcxomst B3 CTaTHCTHYECKOTO PSIa 200bl — AeCHAS NIl0-
wWaos, NPOOeHHAs: NONHCAPAMU, BUIAM, YTO TUIOIIAIb
JICCHBIX TT0’KapOB:

e  BO-IICPBBIX, 3HAYUTEIHHO HE YMCHBIIACTCS;
e BO-BTOPBIX, HE 3aBUCHUT OT BPEMCHH.

[Ipoananu3upyeM OTIEIBHO 3aBUCHMOCTh YHCIIA
CIIy4acB BO3HHKHOBCHHUSI JICCHBIX [TOXKAPOB OT aHTPO-
norenHoro Qakropa. s sToro nopadoraem Taodm. 3,
B3sIB IPOILICHT YHCJIa TIOKapOB, BOSHHUKAIOMINX H3-3a
AHTPOTIOTEHHOTO (hakTOpa, OT OOIIEro Yrcia JECHBIX
noxapoB (tadu. 4) [23].

BozbmeM cpenHee 3HaYeHUE MpU3HAKA “IPOLEHT HO-
JKapoB, BO3HUKAIOIINX HM3-32 aHTPOIIOTCHHOTO (haKTo-
pa”,— 95,5 %. Oro o3Hauaer, uto B 95 % cirydaes 1o-
JKap BO3HUKAET [0 BUHE YeIIOBEKa.

[TocTpouM perpeccHOHHYI0 MOJIETh 3aBHCUMOCTH
“20061 — NPOYEHM YUCTIA NOJNHCAPOB U3-30 AHMPONOSEH-
HO20 pakmopa om obuyeco YUcLa 1ecHuIX noxcapos”
(puc. 4) [24].

U3 puc. 4 BUauM, 4TO MPOICHT CITy4acB BO3HUKHO-
BEHI [T0YKapa 110 BHHE YEJI0BCUECKOTO (pakTopa ¢ Kax-
IBIM TOJOM CHIDKACTCS, HO HE3HAYUTEIFHO — BCETO
Ha 2 % B rof, cpeHul K€ YPOBEHb Psa, KaK yiKe OT-
MEYaJIoCh, COCTaBIACT 95,5 %. DTa cTaTucTHYECKas MO-

Ta6nuua 4. BoluncneHne npoueHTa YMcna NoXapos 13-3a aHTPOMOreHHOro aktopa oT O6LLI,€I'O Ynca NecHbIX No>XapoB

Ne i/m IToxa3arens 2007 2008 2009 2010 2011

1 Uwucro IeCHBIX MOKapoB 123 156 108 360 91
2 W3 HuX Mo mpudauHAM:

— CEICKOXO035HUCTBEHHOIO Mana 2 19 41 14 1

— I10 BUHE YEJIOBEKa 119 137 62 319 82
3 Yucno nmoxxapoB M3-3a aHTPOIIOI'CHHOTO (haKTopa:

— obmee 121 156 103 333 83

— % oT 0011Ier0 YKcIIa JIECHBIX M0YKAPOB 98,37 100,00 95,37 92,50 91,21
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Puc. 4. VI3MeHeHne IpoIieHTa YUCIIa TT0’KapoB U3-3a aHTPOIIO-
TeHHOTO (DaKTOpa OT OOIIETO YHCIA JIECHBIX ITOKAPOB 32 IIEPHO.T
2007-2011 rr.: ———— — nuHUSA TPEHAA
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KosnnuecTBo rpo30oBbIX AHEH

Puc. 5.3aBucumMocThb 10111214 JIECHBIX I105KAPOB OT KOJIMYECTBA
TPO30BBIX THEW: ———— — JHHUSA TPEHIA

JIeTb 3HAYMMa, TaK KaK KoA(QOUIMEHT KOppeIsIiig OueHb
OnM30K K 1:

ry =VR? = 08519 = 0923,

WHade roBopsi, BEpHBIM OKa3bIBAETCS yTBEPIKICHUE,
4TO TOJBKO Ha 2 % (OT 001Iero 4ncia JIECHBIX MOXKa-
POB) B TOJl CHUYKAETCS] YPOBEHB BIIHMSIHUSI aHTPOIOTEH-
HOTO (paKTOpa HA BOBHUKHOBEHHE JICCHBIX MT0KAPOB.

[Ipoananu3upyem TakxKe 3aBUCUMOCTb TIIOLIAH JIeC-
HBIX TOXKapOB OT KOJMYECTBA T'PO30OBBIX JHEH B TOILY
(puc. 5) [24].

Kaxk BunHO u3 puc. 5, naHHas 3aBUCUMOCTD MPsIMast
Y O4YeHb crITbHast. Kax b1l Tp030BOH JICHB “10o0aBisier”
K IJIOMIAU TTOXKapoB B cpenneM 157 ra. Dta moneib
CTPOMIIACH B YCIIOBUSIX, KOTIIa aHTPOTIOTCHHBIH (hakTop
TaKKe OBl BEJIUK (T. €. IPH JPYTOM MOCTOSHHOM BXOI-
HOM 3HAa4CeHUHU MOojieH). [lo3ToMy TOCTpOUM IpyTyIO,
MHOTOMEPHYIO PETPECCHOHHYO MOJIEITh, TJI€ BXOIHBIMH
(bakTopamu OymyT SIBIATHCS “TIPOIICHT BIMSHUS aHTPO-
MOTEHHOTO (pakTopa”, “CpeHEero0BOe YHCIIO JTHEH C
rpo30i”, a pe3yNbTHPYIOMUM (HaKTOpOM — “JeCHas
TJI0MIA/b, TPOMICHHAS TTOYKapaMu’, C IEeITbI0 YCTaHOB-
JICHUSI COBMECTHOTO BIIMSIHUS 3TOHU NTapbl TPU3HAKOB Ha
PHUCK BO3HUKHOBEHUs noxapa. CBeieM UCXOHBIC JIaH-
HbIe B Ta01. 5 [15].

Ta6nuua 5. VicxoaHble AaHHble Ans MHOIOMepHOro aHanln3a

YpOBEHb BIUSHUS CpeaneromoBoe Jlecnast muromiazp,
AHTPOIIOI€HHOI'O YHUCIIO JHEH PO AeHHAs
(hakropa X, nonm en. ¢ Tpo3oit ¥ ro’kapamu Z, ra
0,9837 19 446
1,0000 21 566
0,9537 23 394
0,9250 32 2333
0,9121 22 540

Tabnuua 6. MapameTpbl Mogen “PerpeccoHHas cTaTmcTnka”

[Mapamerp 3HayeHue napaMerpa
MHOeCTBEHHBIN R 0,9574
R-xBagpat 0,9166
HopmupoBannsiil R-xBagpar 0,8333
CranjapTHas ommoka 338,3395
Yucno HabmoeHU] 5

B pesynbrare ananmza noigydaeM CleAyrOIIne JaH-
HbIe (Tab1. 6) (cm. puc. 4) [16].

B Tabn. 6 MHOXXeCTBEHHBIH R — 3T0 K03 puimeHT
KOppeIsuu R, ONMU3KUi K 1; CBA3b CHIIbHAS, TIpsSMas,
TaK KaK BEJIMUMHA R MOJIOKUTENbHA. R-KBaIpaT — Kod(d-
(DUITUEHT JeTepMUHAIINN R HopmupoBannsblii R-kBaj-
par — HOPMHUPOBAaHHOE 3HAUEHHE KO PUIIEHTA JeTep-

MHHallun, KOTOPOC HECUJIBHO OTIIMYAaCTCs OT R—KBaIlpa—
2

Ta. HopMUpOBaHHBIN R-KBafpar R |, PACCIUTHIBACTCS
o hopmyie
Rl =1-(-R) "1 (10)
n—m-1

IIe 71 — YUCJI0 HAOIIONCHHIA;

M — KOJINYECTBO (DAKTOPHBIX MPU3HAKOB; m = 1.

B Tabn. 7 npuBeneHs! pe3ynbTaThl AUCTICPCHOHHO-
ro ananmu3a [19].

Pacuernoe 3nauenue kpurepust @uiepa F Bbrunc-
nsieTCs Mo popmylie

_ Perpeccus  1259040,74
N  114473,66

F =11,00.

OcTatok

Koa¢durment F 3Ha4uM, €CITH MPUHSTH YPOBEHD 3HA-
yumocTH 6osee 0,05. [laxke npu 04eHb BEICOKOM YPOB-
He 3HaunmoctH 0,05 mocTpoeHHas MO/IeNb 3HaYNMa.

Tabnuua 7. INCnepCcroHHbIN aHanmns Moaenm

MMoxasarens | df SS MS F 3:::;4%
Perpeccust | 2 | 2518081,48 |1259040,74/11,00| 0,008
Ocrtarok 2 | 228947,32 | 114473,66

Hroro 4 12747028,80

IIpumeuanue. SS — perpeccus; MS — ocrarok; F —
kputepuii umepa.
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Tabnuua 8. KoathduLmeHTbl IMHENHOM MHOrOMEepPHON Modenm

Tabnuua 9. "PasbirpaHHble” 3HadeHns Z (skcnepymeHT 1)

Kosdpumment
Ddakrop YpaBHEHUS
perpeccuu

Y-niepeceuenue —6337,6896
YpoBeHb aHTPOIIOTEHHOTO (hakTOpa X 3349.,8816
CpenHero1oBoe 4ucio JHeH ¢ rpo3oi ¥ 170,7122

B mozpenu ucmonp3yrorest kK03 UIHEHTH ypaBHEe-
HUSI pETPECCHUH, KOTOPBIE TIPE/ICTABICHBI B Ta0. 8 [21].
B pesynbTare noaydaeM CleayoLyo Gopmyy perpec-
CHOHHOM 3aBUCUMOCTH:

Z=3349,8816 X+ 170,7122Y - 6337,6896. (11)

Ecnu yBenmuuuTh ypOBEHD BIHMSIHAS aHTPOIIOTCHHO-
ro ¢akropa Ha 0,01, TO TUTOIIA b JIECHBIX TIOKAPOB BO3-
pacrer Ha 3349,8816/100 ~ 33,5 ra. Eciu uuncio gHei ¢
TPO30H YBETUYHUTCS Ha 1, TO TUIOMIA/Ab JICCHBIX TOXKa-
pos Beipactet Ha 170,7122 ra.

Hcnonb3ys HOCTpOEHHYIO MOZEND, “pa3blrpacM’” CILy-
yaiiHyo BeJIMUnHY Z (IU1011ab JIECHBIX I103KapOB B Ia).
[Tycth KOMMYecTBO UcTbITaHUH Oyier paBHO 10. Baa-
yajie 3aJ]aluM 3HAYEHNs BXOJHBIX IPU3HAKOB X U Y B
MHTEpBasaX UX (PaKTHICCKUX JTAHHBIX (0T MUHUMAJIb-
HOTO 3HAYCHMSI K MAKCUMallbHOMY ). Bennunna X n3me-
HSIETCS Ha OCHOBaHMHU (DaKTHYECKUX JaHHBIX OoT 91,21
10 100 %, a Y — ot 19 no 32 nHeit.

CocTaBUM pacueTHYIO TaOJIUITy CO CIyJaifHEIMU Be-
muarHaMu X, Y, KOTOpbIe CITydaitHO U3MEHSIOTCS B (hak-
TUYECKUX WHTEpBaJaX 3HAYCHHUH, MpHYeM Y U3MEHS-
ercs 3HaunMo (o1 19 1o 32). MakcuManbHOE 3HaYCHUE
Y=32 6bu10 cTatucTHYecKuM “BbiOpocoM” ierom 2010 T,
KOTJIa CTOsJIa aHOMAJIbHO JKapKasi II0roia, 4To oTpas3u-
Joch Ha ’Kcriepumente (tadm. 9) [22]. Cpenusis nomy-
YeHHas IIOLIAb JIeCHbIX noxkapos (1105,68 ra) 6omnb-
1€ BBIBEICHHOM cpenHeil (855,8 ra).

CHu3uM 3HaueHus Y 10 CPeIHECTaTUCTUUECKUX (0T
19 10 25) (3xciepuMeHT 2), a IPOLEHT BIUSHUS aHTPO-
MOTreHHOTO (haKTopa OCTaBUM IpexkHuM (Tadm. 10) [17].

Korna komidecTBo rpo30BbIX THEH B CPEIHEM YMCHB-
MAETCs 0T 25 710 22, MPOIIEHT CHUYKEHUS YU CIIA JIECHBIX
nioxapos gocturaet 41,43 % (100 % — (647,53/1105,68) x
x100 %). Takum 00pa3zoM, MOTOAHBINA (aKTOp OKa3bIBa-
€T 3HAYUTENILHOE BIMSHUE HA YUCIIO JIECHBIX MOXKAPOB.
DTO MoATBEPKIALT TAKKE TIOCTPOSHHAS! OTHOMEpHAs MO-
JIEITb “Na0ouas noxcapa — Konuuecmeao epo3068bix OHell” .

IIpoBenem tpetuii sxcnepuMeHT. CHOBa OCTaBUM
BBICOKMM KOJHMYECTBO I'pO30BBIX JIHEH (0T 19 no 32),
a YPOBEHb BJIMSHHUS aHTPONOTEHHOTO (akTopa Oyaem
n3mensTh ot 0,70 10 0,75. B pe3ynbrare noayunuM J1aH-
HBIC, TIpeAcTaBIeHHbIe B Ta0m. 11 [23].

Kax BugHO U3 Tab1. 11, mpou3onuio yMeHbIICHHE
IUIOTIA U JIECHBIX moxapoB Ha 7,5 % (100 % —
(598,9180/647,53) - 100 %).

HCE;?:EM X (momum exn.) | Y (mHeit) Z (ra)
1 0,9290 20 188,68
2 0,9366 20 214,20
3 0,9509 27 1457,04
4 0,9655 30 2017,88
5 0,9997 20 425,35
6 0,9188 29 1690,76
7 0,9446 26 1265,17
8 0,9901 23 905,46
9 0,9736 30 2045,23
10 0,9217 24 847,03
CpenHee 3HaueHHne 0,9531 24,9 1105,68

Tabnuua 10. “"PasbirpaHHbie” 3HaveHus Z (3KCnepuMeHT 2)

Howmep ucnbitanuss | X (monu ex.) | Y (aHei) Z (ra)
1 0,9573 23 795,52
2 0,9948 19 238,36
3 0,9935 19 233,82
4 0,9755 23 856,66
5 0,9136 24 819,70
6 0,9538 20 271,59
7 0,9598 22 633,15
8 0,9283 24 869,06
9 0,9173 24 832,27
10 0,9960 23 925,20
Cpennee 3HaueHue 0,9590 22,1 647,53

Ta6nuua 11. [laHHble, NnonyyeHHble B 3KCrnepumeHTe 3

Howmep ucnpitanuss | X (monu ex.) | Y (aHe#) Z (ra)

1 0,7038 24 117,1406
2 0,7486 24 267,2178
3 0,7918 23 241,1006
4 0,7075 28 812,3472
5 0,7329 28 897,2821
6 0,7404 19 0,0000
7 0,7680 27 844,1173
8 0,7596 27 815,9899
9 0,7973 26 771,5269
10 0,7280 30 1222,4580

Cpennee 3HaueHune 0,7478 25,6 598,9180

CHImKEHHE BIUSIHUSI aHTPOIIOTeHHOTO (pakTopa ot 0,6
10 0,7 IpUBOAUT K NaibHEHIIEMY COKpAIEHHUIO ILI0-
TIa]TH JIECHBIX TI0’KapOB (XOTS ITOTOTHEIE (DaKTOPHI OCTa-
10TCsl HeOnmaronpusaTHeIMK) (Tadi. 12) [24].
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Ta6nuua 12. [laHHble, Nofly4eHHble B 3KCnepuMeHTe 4

Howmep ucnbiranus | X (momm en.) | Y (uHeit) Z (ra)

1 0,6021 29 629,9652
2 0,6231 25 17,4155
3 0,6503 30 961,9462
4 0,6495 21 0,0000
5 0,6349 26 227,7194
6 0,6229 28 528,9926
7 0,6094 19 0,0000
8 0,6962 24 91,6805
9 0,6611 31 1168,9514
10 0,6511 26 281,9462

Cpennee 3Ha4YeHHE 0,6401 25,9 390,8617

Tabnuua 13. [laHHble, Nosly4eHHble B 3KCNepuMeHTe 5

Howmep ucnbitanuss | X (momm ex.) | Y (aHei) Z (ra)

1 0,5929 27 257,7400
2 0,5325 25 0,0000
3 0,5315 26 0,0000
4 0,5237 28 196,4297
5 0,5197 20 0,0000
6 0,5768 23 0,0000
7 0,5102 21 0,0000
8 0,5941 30 773,9138
9 0,5865 25 0,0000
10 0,5007 24 0,0000

CpenHee 3HaueHune 0,5469 24,9 122,8084

JanbHelinee CHUKEHUE BIUAHNSA aHTPOIIOTEHHOTO
(hakropa (ot 0,5 10 0,6) TPUBOAUT K 3HAUUTETHLHOMY CO-
KPAaIICHHUIO IJIOMIA M JICCHBIX ToxapoB (Tadm. 13)[24].

Takum 00pa3oMm, JeCHbIE OKaPbl OTHOCUTEIBHO JIeT-
KO BO3HHKAIOT U3-3a 'PO30BO aKTUBHOCTH, TEM HE Me-
Hee BIUSHIE YeII0BeYeCcKoro (pakTopa Ha BOZHUKHOBE-

HUE JIECHBIX [10’KapOB HEU3MEPUMO BBILIE U COCTABIISAET

nopsiaka 95 %.

HccnenosaB 4nciioBbIe JaHHBIE U TPOAHAIM3UPOBAB
pe3yabTaThl BHIYUCIUTEILHOTO SKCIIEPUMEHTA, MOXKHO
C/eNaTh CIEIYIOIINE BbIBOJIBI:

e IPUPOCT IUIOLIAN 3€JICHBIX HacaxaeHui B Teep-
CKOM 00J1. cocTaBisieT 7,7 ThIC. Ta B TOM, U IPUMEP-
HO 11 % 3TOrO MpUpOCTa YHUUTONKAETCS B XO/I€ TIO-
JKapOoB;

e BEpPOSTHOCTH BOZHUKHOBEHHMS JIECHOTO IMOXKapa Mo-
BBIIIAETCS C YBEJIWYCHHEM KOJIMYECTBA TPO30BBIX
JTHEH B TONLY;

e BEpPOSATHOCTb BOZHUKHOBEHMS JIECHOIO IT0XKapa I10-
BBIIITAETCSI B CBSI3U C HEOIATONPHIATHON JESITENb-
HOCTBIO YE€JIOBEKa;

e KOJIMYECTBO 3a(PUKCUPOBAHHBIX JIECHBIX MOKApPOB,
MIPOUCIIENIINX I10 BUHE YeJIOBeKa, COCTaBIsIeT 95 %
0T 00IIEero KOJIMYeCTBa MOXKAPOB;

e  IUIOMIAJIb JICCHBIX II0)KAPOB HE YMEHBIIACTCS B 110~
CJIEJHHE HECKOJIbKO JIET.

Ecnu yBenuuuth ypoBeHb BIMSHHS aHTPOIIOTEHHO-
ro ¢akropa Ha 0,01, TO TUIOIIA/Ib IECHBIX TOKAPOB BO3-
pacter Ha 33,4912 (3349,8816/100). Eciu unciio jiHei
C TPO30BOIi aKTUBHOCTBIO B FOJTy YBEJIMYHUTCS Ha 1, TO T10-
a1k JICCHBIX MMOXKapoB BeIpacTeT Ha 170,7122 raB o,
1 9TO yTBEpAKAeHUE BepHO Ha 95,74 % (3HaueHue MHO-
JKECTBEHHOTO R MHOTOMEPHOH perpecCHOHHOM MOJIEIH).

CpaBHEHME 1aHHBIX DKCIIEPUMEHTOB | U 5 TOBOPUT
0 TOM, 4TO €CIIM IPO30Basi aKTUBHOCTb OCTAHETCS Ha
IpEeKHEM (BBICOKOM) YPOBHE U IIPH ITOM YPOBEHB BIIH-
SIHUSL aHTPONOreHHoro (akropa cuuszurca ¢ 0,95 no
0,55, To mIToIMIAa Ik JIECHBIX TIOKAPOB COKPATUTCS UyTh
i He B 10 pas.

B cBsi31 ¢ 9TUM IPUXOINM K 3aKITFOYSHHIO, YTO UC-
CJIEJJOBAHUS, LIEJIbI0 KOTOPBIX SBJISIETCA ONTUMH3ALMS
MaTeMaTH4eCKOW MOZIENIN U KOMIUIEKCa IPorpaMM Mo-
HUTOPHHTA ¥ MPOTHO3UPOBAHKS BOZHUKHOBEHUS MPH-
POIHBIX IOKAPOB HA OCHOBE UMUTALIMOHHOTO MOJIEIH-
POBaHUs, SBISIOTCS aKTyaJlbHBIMU.
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English

SIMULATION MODEL OF THE PROBABILITY OF OCCURRENCE
OF FOREST FIRES TAKING INTO ACCOUNT THUNDERSTORM
ACTIVITY AND ANTHROPOGENIC LOAD

TITAEV P. S., Postgraduate Student of Tver State Technical University

(Afanasiya Nikitina Embankment, 22, Tver, 170026, Russian Federation;
e-mail address: pati69@bk.ru)

ABSTRACT

Every year the number of forest fires considerably increases and along with this also increase
the burned-out areas of forests. The main tasks of fire protection of forests are prevention of forest
fires, optimum suppression and elimination of their consequences. Important aspects from the point of
view of fire prevention are technologies and methods of prognostication.

ISSN 0869-7493 TMOXXAPOB3PbIBOBE3OMACHOCTb 2015 TOM 24 Ne 5 m



B vonenvposaHKE noxapos

Basic methods of mathematical research of the probability of occurrence of forest fires are con-
sidered in this article. It is find out that the scientific researches related to the mathematical modeling
of the probability of occurrence of fires taking into account thunderstorm activity and anthropogenic
load have mainly applied value and are aimed at providing of fire safety of forests and elimination of
the landscape fires. Creation of mathematical model and methods of solving of a task of optimization
of fire safety system using simulation modeling is considered.

After investigation of the numerical data and after analysis of results of computing experiment it is
possible to say that if thunderstorm activity will remain at the same (high) level and the level of
influence of the anthropogenous factor will be reduced from 0.95 to 0.55, the area of forest fires will be
reduced nearly by 10 times. In this regard it is possible to conclude that researches which purpose is
optimization of mathematical model and software package for monitoring and prognosis the occurrence
of wildfires on the basis of simulation modeling are relevant.

Keywords: mathematical model; research method; forest fires; fire safety system; optimization;
simulation.
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lpepcraBnfetr KHUTY

A. 1. Koponby4exko, [1. 0. 3aropckun
KATEFTOPMPOBAHWE NOMELLEHWIA U 3[JAHWIA N0 B3PbIBOMOXXAPHOM!
1 MOXKAPHOIA ONMACHOCTU. — M. : MoxHayka, 2010. — 118 c.

e

B y4e6HOM noco6UM WU3NOXEHbI MPUHLWMbI KAaTEropyupoBaHMsS MOMELLEHUA 1
3[1aHUiA N0 B3PbIBOMOXAPHOI W NOXAPHOA OMACHOCTW, COAep<allmecs B COBpe—
MEHHbIX HOPMAaTWBHbIX JOKYMeHTax. Ha npumepax KOHKPETHbIX MOMELLEHNA pac-
CMOTPEHO 1CMONb30BaHNe TPeOOBAHNI HOPMATUBHbBIX AOKYMEHTOB K YCTAHOBJIEHMIO
Kateropuii. [1oka3aHa BO3MOXHOCTb W3MEHEHUS KAaTeropuii MoMELLEeHUA nyTem
U3MEHEHNS TEXHONOTMN U BHEJPEHUS NHXEHEPHbIX MEPONPUATIIA MO CHUXKEHMIO
YPOBHS B3PbIBOMOXAPOOMACHOCTI W MOBbILIEHNO HALEXKHOCTU TEXHONOMMYECKOro
060py[j0BaHMS 1 MPOLIECCOB.

lMocobue paccYMTaHO Ha CTYAEHTOB BbICLLKX Y4eOHbIX 3aBEAEHUIA, 00Y4aLLIMXCS
no cneunanbHoctam “loxapHas 6e30nmacHOCTL”, “Be30nacHOCTb TEXHOMOTNYECKNX
npoLEeccoB 1 Npou3BoAcTB”, “be3onacHOCTb XM3HeAesTeNbHOCTU B TexHocdepe”,
CTY[IEHTOB CTPOUTENbHbIX BY30B U (haKynbTETOB, 06YHaOLIMXCA MO CMELUansHOCTH
“IMpOMBILLNEHHOE 1 FPaXAAHCKOE CTPOUTENbCTBO”, COTPYAHWUKOB Hay4HO-UCCNE—
[0BaTeNbCKIX, MPOEKTHbIX OPraH13aunii 1 HOPMATUBHO-TEXHUYECKMX CIYXXO6, OTBET—
CTBEHHbIX 32 06eCNeYeHe NOXapHOIi 6e30MacHOCTY.
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CHWXEHUE SO DPEKTUBHOCTU CUCTEMDbI
AbIMOYAANEHUA C UCKYCCTBEHHbBIM
NMOBY>XAEHMUEM NMPU BO3HUKHOBEHUN “"NOAAOYBA"

Pa3paboTaHa MoaMhUUMPOBaHHAs 30HHAsA MOLENb pacdeTa TepMOra3ofAMHaMMKM Noxapa B YCIIOBUSX
paboTbl CUCTEMbI AbIMOYAANEHNS C CKYCCTBEHHBIM MODYXAEHEM C y4eTOM BO3HUKHOBEHMS “Noaay-
Ba"”. BbINONHEHO COMOCTaBNeHME 3aBUCUMOCTEN CKOPOCTU OMYCKaHUS HUXKHEN MpaHuLbl 3a4bIMIeH-
HOrO HarpeToro NPUMNOTONOYHOrO ra3o0BOro C/1I05 OT BPEMEHW C MOMEHTa Hadvana noxapa, nonyyeH-
HbIX C MCMOMIb30BaHMEM NPeANIOXKEHHOW 30HHOM 1 NofeBown Mogenen. MokasaHo, 4T1o 3hPekTUBHOCTb
paboTbl CUCTEMbI AbIMOYAANEHNS CYLLLECTBEHHO CHUXAETCS MPW BO3HMKHOBEHWUM “nofaysa”. ObHapy-
KeHO, YTO ANs NpefoTBpaLleHVs “nogaysa” Ans Kaxaoro pacxoa BEHTUISATOPA CUCTEMbI AbIMOYAA-
NeHUs CYLLLeCTBYET KPUTUYECKOe MUHMMANbHOe 3HayeHVe Molaam AbIMOYAANsIoLEero oTBepCTmS,
KOTOPOE CyLeCTBEHHO 3aBUCUT OT TOSLLMHbI MPUNOTONIOYHOIO C/108 B MOMEHT BKJTIIOHYEeHMSs AbIMOYyAa-

neHnda.

Knio4yeBble cnoBa: noXap, obiIMoyAdaneHne,; CMellaHHada KOHBeKUWMA; NoaAYB; I'Ipl/ll'lOTOJ'IO‘-leII;I Cnow.

BBepeHune

A ddexTBHOCTL pAGOTHI CUCTEM JBIMOYIATIEHHUS (1asIee
— CIY) ¢ ecTecTBeHHBIM NOOYKICHUEM MOXKET CHH-
JKaThcs U3-3a sieieHust “mionyBa” (plugholing [1-3]), ko-
TOPOE 3aKII0YACTCS B TOM, UTO YHUCTHIH BO3AYX H3-TI0I
MPUTIOTOJIOYHOTO JEIMOBOTO CIIOS ITOM ACHCTBUEM OB~
€MHBIX CHJI YHOCHUTCS Yepe3 IbIMOYIAILIIOIIEe OTBEPCTHE.
[Ipu 5TOM CyIIECTBEHHO YMCHBIIACTCS PACcXOi CMECH
MPOIYKTOB FOPEHUS M YACTHI] IbIMA, YIAISIEMBIX HApPY-
Ky U3 IOMEILIEHUA Yepe3 JTaHHOE OTBEPCTHE. DTO MOKET
MPUBECTH K CKOIUICHHIO IbIMa Ha IepU(epur BepXHEit
30HBI IOMENICHUSI B MecTax MpeObIBaHUA JIOAeH (Ha-
pUMep, B aTpuyMax, Maccaxkax u T. 11.), I03TOMY BaXKHO
HE J0IyCKaTh BO3HUKHOBEHHUS “TIO/TyBa” .

B pabotax [4, 5] paccMOTpeHBI yCIOBHSI BOSHUKHO-
BEHUS “niojyBa’” W cHIKeHHE d(H(HEKTUBHOCTH pado-
eI C/1Y ¢ ecTecTBeHHBIM TIOOYXKIeHueM. B HacTosen
CTarbe, SABISIONICHCS MPOJOKEHUEM padoT [4, 5], BbI-
MOJTHEHO ucciienoBanue 3 dexruBHOCTH padoTel CY
C FICKYCCTBEHHBIM ITOOYKICHUEM C UCTIONB30BAHIEM MO-
IU(HUKAIIE 30HHON MOJIEITH pacyeTa TepMOra3ouHa-
MUKH TOapa Juist ydera “mojayBa’.

MocTraHoBKa 3apa4un

Hapuc. 1,a npexacraBnena ynpoluieHHas cxema npu-
MOTOJIOYHOT'O ABIMOBOTO CJI0S B YCJIOBHSX padoTsl C/1Y,
a Ha puc. 1,6 — cxema TeyeHHs] B MOMEHT HauaJja 3a-

© Ilysau C. B., Jlo Txano Tyne, Heyen Txano Xai, 2015

XBaTa HAXOJAIIETOCS MO/ MPUITOTOIOYHBIM CIIOEM XO-
nojHOTO Bo3ayxa CIY (“nommayB”). YeinoBHAsI HUOKHSIS
TpaHUIlA TPUTIOTOJIOUHOTO CJIOS TPUHUMAETCS T10 Tpa-
BUJy “N nponieHToB” [6].

i ,,
mf
%S N h

TR

Puc. 1. YnporeHHas cxema IpUIIOTOJOYHOTO IbIMOBOIO CJI0sI B
ycnoBusix padbotel CAY mpu pacdeTHOM pexuMme (a) U Havaie
pexxnma “noanaysa’” (0): / — NPUITOTOIOYHBIN CIIOM; 2 — XOJIO0A-
HBIH BO3YX; 3 — JBIMOYJAJISIONIEe OTBEPCTHE; 4 — HIDKHAA
rpaHUIA IPUTIOTOJIOYHOTO CJ1ost Tipu oTcyTcTBUM CLY; 5 — 10 *Ke,
npu Hanmmauu CIY; 6 — BopoHka; 7 — noiycheprdaeckas 1mo-
BEPXHOCTB; § — HANpPABJICHUE ABWKEHUS CMECH I'a30B K BEHTH-
nsitopy CIY; d — npuBeieHHbIH AuamMeTp AbIMOYAANISIOIETO
OTBEPCTHSI, M; /I — TOJIIUHA TPUTIOTOJIOYHOTO CJI0sS, M
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[Tpu ncmonp30BaHUH 30HHOTO TIOIX0/1A TPUHIMACM
CIIE/TyTOIITE OCHOBHBIC YIIPOIIECHHS TEPMOTa30IHHAMH-
YEeCKOH KapTHUHEI TCUCHHS B TIPUIIOTOIIOTHOM CIIOC:

e  CYILECTBYET PEe3KO BbIJIeJIEHHAs IPAHUIIA MEXKITY 30-
HaMU IPUTIOTOIOYHOTO CJI05 U XOJIOAHOTO BO3/IyXa,
IpU MEPEXofe uepe3 KOTOPYI0 TePMOra30AnHAMHU-
YeCKHe MapaMeTpbl U3MEHSIOTCS CKaYKO00pasHo;

e TIPHUIOTOJIOYHBIN CIION pABHOMEPHO MPOTPET U PaB-
HOMEPHO 3aBIMIICH.

YcnoBusi BO3HUKHOBeHUs 'noaaysa”

IIpuHuMaeM, 4TO B ypaBHEHMSX COCTOSHUS UIEallb-
HOTO ra3a Juis BO3/lyXa U ra30BOi CMECH JaBJICHUS M I'a-
30BbIE [IOCTOSIHHBIE PABHBI APYT APYTy. B 3TOM Citydae

Psz = PBTB,

Tae p, — CpeAHeoObeMHas MIOTHOCTh CMECH Ta30B B

[PUIIOTOIOYHOM CJIOE, KI/M;

T, — cpenaeoObeMHas TEMIIEpaTypa IPUTIOTOIOY-

HOTO Ta30Bor0 cios, K;

p, — IUIOTHOCTH XOJIOJHOTO BO3JyXa B IIOMeIlle-

HUH, KT/M;

T, — Temmeparypa X0JIOJHOTO BO3AyXa B IOMETIe-

oru, K.

[Ipu kpuTHUEcKkoM pexume padoThl (Hayaso “moj-
IyBa”) B IBIMOYIAJISIOIIEE OTBEPCTUE HAUUHACT ITOCTY-
HaTh BO3/IYX U3 30HBI XOJIOJTHOTO BO3ayXa. BepTukab-
Hasl COCTaBJIAIONIAsE KPUTUIECKOU CKOPOCTH MOIbeMa
BO3/lyXa Wy, (M/C) B €T0 BXOJIHOM CEUEHHH, TP KOTO-
POIi CTONOMK XOJIOJTHOTO BO3/yXa MOJIHUMAETCS Ha BbI-
coty 4 (cM. puc. 1), onpeaenuTcs u3 OTHOMEPHOTO ypaB-
HeHus bepnymu [4, 5]:

W =28h, (1)

Ijie g — YCKOpeHHUe CBOOOIHOTO MaieH s, M/ %

Torna B Hauasie BOSHUKHOBEHUS “TIO/IyBa’” KPUTHYE-
CKHI MacCOBBIN PACXOJI CMECH Ta30B U JIbIMA, YAAJISIEMON
BEHTHJIATOPOM Yepe3 JIbIMOYIAIISIONIEE OTBEPCTHE, CO-
CTaBUT:

pr :p2WKpFo’ (2)

rie G, — KPUTHYECKHE MaCCOBBIN PACcXOl BEHTHIIS-
topa CITY, kr/c;
F,— miomazap IbIMOY/IaSOIIEro OTBEPCTHS, M.

MopudunumnpoBaHHas 30HHas Mmopernb
pacyeTa TennomaccoobmeHa

Hcrone3yeTcs Tpex30HHas! MOZICITB, B KOTOPOH 00BEM
MIOMETIEHHS Pa30UT Ha 30HBI KOHBEKTUBHOM KOJIOHKH,
MIPUTIOTOJIOYHOTO CIIOSI ¥ XOJIOAHOTO BOo3yXa [7].

[IpuHuMIIHATIbHAS CXeMa TeIIoMaccooOMeHa B To-
MEIICHUH JIJIsl TPEX30HHON MOJENH B cilydae padoThl
CAY u npuTOYHOM BEHTWISILIMK IPUBEICHA HA PUC. 2,
e CTpPeNKaMu MMOKa3aHbl HAPABJICHUs TEUSHHS T'a30-
BOI CMECH U TeIJIOBBIE MTOTOKH.

MaccoBblIii pacxofl B CE4eHUN KOHBEKTHBHOM KOJIOH-
KM onpezierisieTcst mo ¢popmyiiam [8]:
e TIpUZ > Z !

N
G = 0,071 Quox (1= %) PREI
1000

3)
+1,8:107°0, 0, (1= %);
o MNpUZ <Z,.: /
Qnom(l_X)35

= 0,032| Zmox " AJ 4

G=0, ( 1000 Zer )

IJie z, — KOOPAMHATA MONEPEYHOr0 CeUeHHsl KOJIOHKH,
OTCUUTHIBaEMasi OT OTKPBITOU MOBEPXHOCTHU TOPIO-
4yero Marepuana, M;

Z; — BBICOTA IIAMEHHOM 30HBI, M;

Qno»c (1 B X) o3
1000

1I.

>

zy, = 0,166(

O 1o — CKOPOCTb TEIIOBBIICIECHUS B IOMEILICHUH,

BT Qion =NV 04 F

1 — IOJTHOTA CTOPaHHUS;

Wy, — YACJIbHAs CKOPOCTb ra3H(PHKALMH FOPIOYETO

marepuana, kr/(m>c);

QP — Hu3ias paboyast TEMIOTa CropaHus roproe-

ro marepuana, JK/kr;

F_— momans OTKPHITOH MMOBEPXHOCTH FOPIOYETO

Matepuana, M%;

¥ — K0d3(h(PUIMEHT TETIONOTEPh U3 30HbI KOJIOHKH;

G — pacxof CMeCHU ra3oB uepe3 CeUeHUE KOJIOHKH,

HaXOJISIIeecs Ha BBICOTE Z,, KI'/C.

Cpenssist TeMIiepaTypa B CeUCHUH KOHBEKTHBHOMH KO-
nouku T (K) onpenensiercs no gpopmyse u3 padbots! [7]:

1-
T‘K :TB +QHO)K( X)’ (5)
c,G
P
IIe ¢, — yaelbHas H300apHas TEIIOEMKOCTb CMECH
razos, JIx/(xr-K).

BpicoTa HUKHEH IPaHULbl IPUIIOTOJIOUHOTO CJIOS
HAXOJIUTCS U3 PEIICHUS] OOBIKHOBECHHOTO AN PepeHIH-
AIBHOTO YPaBHEHUSI, TOTYICHHOTO 13 3aKOHA COXpaHe-
HUS SHEPTUU AJIS IIPUIIOTOJI0YHOTO cjiod [9]:

dZK GK _ Ql‘lO)K (1 - (P) _ T2GI[

== . (6)
dr P F, P L Fy Pl Fy,

)i

TJI€ Z, — PACCTOSIHUE OT OTKPBITOH MOBEPXHOCTHU TOPIO-
4Yero MaTepHuaia 10 HIKHEH rpaHuIlbl TPHUITOTOJIOY-
HOTO CJIOSI, M;

T — Bpems, C;

G, — MaccoBbli pacxol] ra30Boi cMecH, MOCTya-
oIl M3 KOHBEKTHBHOH KOJOHKHU B TPUIIOTOJIOU-
HBIH CIIOM, Kr/c;

F — muomaab NoTosIKa NOMEUIEHHUs, e ;

¢ — ko3¢ unueHt Temnonoreps; =0, + 0, , +

+ Qc + Qf+ Qp )/Qnom;
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2 A O,

_—6

Qw2 <'-- @

0,1 €= @ -3
Aol

>0,

4 Qf 8

Puc. 2. Cxema temmomaccooOMeHa B TOMEICHHUH C UCTIONB30Ba-
HHUEM 30HHOM mMozenu: | — creHa; 2 — HepeKphiTue; 3 — 0T-
KPBITBIII IpoeM; 4 — roprouuii MaTepua; 5 — HIKHsIS TpaHULA
MIPHITOTOIOYHOTO cI10st; 6 — CJ1Y; 7 — npuTOYHAs BEHTHIISIINS;
8 — mameHHast 30Ha; | — 30Ha KOHBEKTUBHOM KOJIOHKH; 11 —
30Ha HarpeToro 3abIMJICHHOIO NPUIIOTONOYHOrO cios; I —
30Ha XOJIOAHOTO Bo3ayxa; ¥ — cKopoCTh ra3udukanyu ropro-
4ero mMarepuana, Kr/c

O,1> Ou2» Op, Oy — TEIUIOBBIC IIOTOKHU, OTBOAMMBIE
COOTBETCTBEHHO B CTCHBI (HIKE U BBILLIE HIDKHEN rpa-
HUIIbI IPUIIOTOIIOUHOTO CJ1051), TOTOJIOK U 11011, BT;

0, — TEIUIOBOH MOTOK, U3JTy4aeMblii 4epes npoew,

Brt;

G, — maccoBerii pacxon CIIV, kr/c.

HauansHoe ycnosue (pu T=0) umeeT BUI: z, =H—9
(rne H — BbICOTA MOMELICHUS, M; O — TOJIILUHA TOPIO-
Yero MaTepHuaa, M).

CpenneoObeMHas TeMIIEpaTypa U INIOTHOCTb CMECU
ra30B B IPUIOTOJIOYHOM CJI0€ HAXOAATCS U3 PELICHUS
IuddepeHInanIbHOr0 ypaBHEHUS 3aKOHA COXPAHECHUS
MAacChI ISl IPUIIOTOJIOYHOTO CIIOS U YPAaBHEHUS COCTO-
STHUSL MJICaJIBHOTO Ta3a COOTBETCTBEHHO [7]:

VZ(dPZ/dT):GK _G;[; (7)
P2= P2 RT, = py, (®)

rae V, — o0beM 30HBI MPUIOTOIOYHOTO CJIOA, M,
P, — J1aBJIEHHE B 30HE IPUIIOTOJIOYHOTO cios, [1a;
R—ra3oBas noctosiHHast (IPUHUMAETCS], YTO ra30-
BbI€ ITOCTOSIHHBIE BO3YyXa U CMECH IPOIYKTOB Io-
penus ¢ Bo3yxom passi [7]), JIx/(krK);
P, — JlaBlleHHe Hapy»kHOro Bo3ayxanpuz = 0, I1a.
MaccoBblii pacxof] CMECHU ra30B, yAAIIeMOU U3 TIPH-

notosniouroro ciost CJIY uepes npimoynansoniee or-

BEPCTHE, OIIPEENIIETCS CIEAYIOIUM 00pa3oM:

o IPU W, < Wyl G,= G,y

o mpuwW,2w,,: G, =kG,

IJie W, — BEPTUKAJIbHAsI COCTABIISIOIIAs CKOPOCTH BO
BXOJIHOM CEUEHHH JIBIMOY/IAISIFOIIIETO OTBEPCTHS, M/C;

Wo = GBT/(pZFO);

G,,— MaccoBbii pacxon Bentuisitopa CITY, kr/c;
k, — x0>(QHUIHMEHT yMEHBIIEHHUS PacXoaa Yepes
JIGIMOYIQJISIOIIEEe OTBEPCTHE U3-32 “TIOAyBa” .
VYpaHenus (6) u (7) pemiaroTcs YUCICHHBIM METO-

nom Pynre—Kytra 4-ro nopsinka Tounoctu [10].

MoneBas mopgenb pacyeta
TepMorasogmMHaMunKu rnoxapa

Hcrone3yeTcs MoneBoi MeTox pacieTa, pa3padoTaH-
He1i B [ 11]. Pemarotcst TpexmepHbIe HECTAITMOHAPHEIE
muddepeHnanbHble ypaBHeHHs PeliHombca.

0O6006menHoe TuddepeHIInaIbHOE ypaBHEHUE HMe-
erBun [11]:

aﬁ (p®) + div (pw®) = div(T'grad ®) + S,  (9)
T

IJie p — IIOTHOCTh Ta30BOi CMECH, KI/M’;
@ — 3aBuCHMAsi IEpEMEHHAs (SHTAJIBIINS Ia30BOM
CMeCH, MPOEKLIUU CKOPOCTH Ha KOOPJUHATHBIE OCH,
KOHIICHTpPAINH KOMIOHEHTOB ra3oBoii cmecu (O,, CO,
CO,, N,, mpoayKTOB ra3u(puKaIiy ropiovyero MaTe-
puana), ONTHIECKast ITIOTHOCTD JIbIMA, KHHETHIEeCKast
9HEprus TypOyIEHTHOCTH U CKOPOCTh €€ TUCCUTIa-
1m);
W — CKOPOCTb Ta30BOM CMECH, M/C;
I' — xoappunuent auddys3un s O;
S — MCTOYHUKOBBIH UJIEH.
BennunHa myuncToro TemionepeHoca onpeaesser-
Cs1 C TIOMOIIBIO METO/1a MOMEHTOB (] dy3noHHAsS MO-
JIelTb). BeipaxkeHne Juis paiualiiOHHOM COCTABIISIOICH
HCTOYHUKOBOI'O WIEHA B YPAaBHEHUU DHEPTUU S, UMEET
BUJL:

_4n[ oY
3 ox? 8y2

divs, = +— |, (10
0z

e [ — WHTEHCUBHOCTH U3ITydeHust, Bt/ M, omnpenens-
eMasi U3 ypaBHEHHUs]

(21, 21, 0
B ox? 6y2

+§ =3v(I —1,); (11)

B — uHTerpanbHbIit K03 GUIHEHT 0cnabaeHus u3-

JIy4eHUs, M’l;

X, ¥, Z— KOOPAMHATHI COOTBETCTBEHHO BJIOJIb JIJTH-

HBI, IIUPUHBI ¥ BEICOTHI TOMEIICHUS, M;

Y — MHTErpaNbHbIHA K09 GUIHEHT H3TydeHIs, M

1, — MHTEHCUBHOCTb U3Iy4eHUS a0COIIOTHO uep-

HOTO Tena, BT/M2; I, = GT4;

G — TOCTOSHHAS U3Ty4eHHs a0COIOTHO YEPHOTO

tena, Br/(m*K?);

T — temneparypa, K.

JlokanbHble 3HaYeHUS KOAPPUIUEHTOB U3TYUEHHS
Y TIOTJIOIIEHUS PaUAllMOHHON SHEPTHH ONPEeIIsIoT-
C$1 C UCTIOJIb30BaHKEM JIOKAJTbHBIX BEJIMYHMH ONITHYECKON
MJI0THOCTH AbiMa [11].
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Peakuusi ropeHus paccMaTprBaeTCs Kak OJHOCTY-
neHJaTasi ¥ HeoOparumasi:

F+sO— (1+s)P, (12)

rae F, O, P— npomyKThl ra3upUKanuy roprovIero MarTe-
puaa, OKUCIUTEINb (KHCIOPOA BO3LyXa) U IMIPOLYKThHI
peaxkiuy COOTBETCTBEHHO;
§ — ko3 urueHT.
CxopocTtb peakuuu (12) ¢ yuerom BIUSHHS Ha Hee
TypOyneHTHOCTH (A Py3MOHHO-BUXpEBast MOJIETIb) BbI-
yucngercs 1o hopmyie

X X,
G, :pzmin {4Xpb; 47"; zsfgl}’ (13)

rae G, — MaccoBasi CKOPOCTh PEaKINY B €ANHHUIIE 00b-
eMa ra3oBoif cpesl, Kr/(c-M°);
€ — CKOpOCThH AWCCHITAINN KHHETHYECKOH 3HEp-
run TypOyneHTHOCTH, M/C’;
k — KHHETHIEeCKas SHeprHst TypOyIeHTHOCTH, M°/c?;
Xpb, X,, ng — MaccoBas KOHIICHTPALUS COOTBET-
CTBEHHO IPOTyKTOB TOPEHUS, KHCIOPO/IA U TIPOTYK-
TOB Ta3u(UKAIIH TOPIOUETO MaTepraia.
HaganmpHble ¥ TpaHUYHBIC YCIOBHS MTOAPOOHO OTIH-
caasl B [11].
VYpasuenust (9) u (10) peraroTcst METOZI0M KOHTPOJTb-
HBIX 00beMOB [12] 110 IBHOW KOHEYHO-PAa3HOCTHOM CXe-
M€ Ha paBHOMEPHOM IaXMAaTHOM CETKE.

NcxopHble gaHHble
O YUCNIEHHOro 3KCNepuMeHTa

PaccmarpuBaercs momerienue B ¢popme mapasie-
nenuneaa pazmepom 30x25x15 m.

CBo¥iCTBa roprouero BeecTsa (TypOMHHOE Maclio)
MIPUHUMAFOTCS 110 TUIIOBO# Oa3e roprodeid Harpy3ku [7]:
05 = 41,9 MJlx/xr; v, = 0,03 Kr/(M?-C); yIeIBHBIH
kod(duuuent norpebuenust kucnopona Ly, =-2,82;
VAETHHBIH K0d((UIIMEHT BBIIEICHUS OKCHIA YIIIepoIa
Leo=0,122.

[Tnomane nponusa TypouHHOTrO Macia 1,0x1,0 M.
Bpewms crabumizanuu ropenus 120 ¢. MomHOCTb cTabu-
JIM3UPOBAHHOTO TOPEHHMS TOCTOSTHHA BO BpeMeHH: O, =
= 1,26 MBT.

[Tnomanp KBagpaTHOTO ABIMOYIAIISIOIIETO OTBEPC-
i B oToNKe F, = 2x2 M. TI10111a 15 OTKPBITOTO IBEp-
Horo npoema F, = 1,2x2,0 M.

OcH CHMMETPUU OTKPBITON MOBEPXHOCTHU FOPIOYEC-
r0 Marepuaa, OTBEPCTHS VIS YAAJICHHS JbIMA U IBEPU
pacIoNOKEHBI Ha MPOIOJIBHON OCH CUMMETPHHU TIOME-
menus (puc. 3,0).

OO0bemusIii pacxon BenTumisiTopa CAY W, cocras-
mser 30000, 60000 u 90000 M /4. Bpemst BKITIOYeHHs
CHY 30c.

HauanbHble ycoBust 3a/1aBajInCh ciaenyonmmu: 7, =
=293 K; p, = 1,013-10° Ia.

Z,M a

30 X, M

Puc. 3. ITonsg TemnepaTyp B IpOJ0JIBHOM CEYEHUN MOJICIIEHOTO
MOMEIIECHNS, IPOXOJSIIEM Yepe3 ero 0Cb CHMMETPHH, TIPH OT-
cyrcreuu C/1Y (@) u pu ee pabore B pexume “nommysa” (0):
1 — OTKpBITasA MOBEPXHOCTH FOPIOYETO MaTepuana; 2 — IbIMO-
yJIaJIsIolee OTBEPCTHe; 3 — OTKPBITAs ABEPh

Pe3yanaTb| YNCANEHHbIX 3KCNnepnmMeHTOoB
n X aHanm3

PacueTsl BBITOTHSTUCH C IPUMEHEHHEM IPOrpaMM-
HBIX TIpoaykToB [ 13, 14].

Hapuc. 3 nmpezacraBieHbl XapakTepHbIE OIS TEMITe-
patyp zo BkimoueHus CIY (cMm. puc. 3,a) v ipy BO3HUK-
HOBEHHH “‘niojtyBa’ (cM. puc. 3,6), TIOIYYCHHBIC C HC-
MOJIb30BaHUEM MporpaMmsl [13].

Ha puc. 4 npuBeaeHb! 3aBUCUMOCTH BBICOTBI HUXK-
Hel I'paHULbI IPUIIOTOJIOUHOIO CJI05 OT BPEMEHH C MO-
MEHTa Havyajia FOpeHHs1, TIOTyYEHHbIE C HCIIOIb30BaHHEM
30HHOI! U TpeXMEepHOI MoIeBOi MojieNe Tpu cBOOOA-
HOM pa3Butun noxapa (W, =0 M /d) v ipu padote CITY.

BiusiHue “noautysa” B 30HHOM MOJIENN yUUTHIBAJIOCH
HCIIONb30BaHUEM KOA((UIIMEHTa YMEHBIICHUS PACcX0-
Jla Yepe3 IBIMOYIAJISIOINISe OTBEPCTHE CIICAYIOIINM 00-
pasoM: k, = 0 mpu otcyTcTBUM “nommyBa”; k, = 0,5 mpu
“nomayBe’.

ITocTosinnas Benmuunna k;, = 0,5 npuHUMaach us3
YCIJIOBUS COBIIAJECHUS C HAUMEHbILEH MOIPEIIHOCTHIO
pe3yabpTaToB pacyera Mo 30HHOH Monenu (cM. puc. 4,
KpuBas 4) u o nosieBor Mmozenu [ 13, 14] (cm. puc. 4).

[Tpu Brmouenun C/1Y “nogmys” HaunHAICS cpazy
Y IPOJIOJHKAIICS IO MOMEHTA, KOT/Ia TOJIIUHA IPUITOTO-
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Zeo M
k¢

[m]
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0 200 400 600 800 1000 T,C
Puc. 4. 3aBHCHMOCTD BBICOTHI HIKHEH TPAHMIIBI MPUITOTOIOU-
HOTO CJI0Sl OT BpEMEHM ¢ MOMEHTA Havaja ropeHus: /—4 — 30H-
Hast Mojienb; k; =0: 1 — W, =0 M3/‘I; 2 — W,,=30000 MS/‘{;
3— Wy = 60000 M /15 ky = 0,5: 4 — W, = 60000 m*/u; & —
nonesas Mozeus [13], W, =0 M3/‘{; O — nonesas Mojeis [14],
W, = 0M3/u; 0 — monesas mozens [13, 14], W, = 60000 M3 /4

JIOYHOTO CJIOSI IOCTUTAJIA KPUTHUECKOTO 3HAYCHUS TIPU
3azanHoM pacxone CIY: i, = 3,54 M (cM. puc. 4).

Jlo MoMmeHTa okoHYaHUA “TIofyBa” KpUBBIE 2 U 4
(cm. puc. 4) IPaKTUYECKH COBMAAATNA. ITO O3HAYALT, UTO
npH (haKTHUIECKOM pacxozie BenTuisitopa W, = 60000 M /a
0OBEMHBII PacXo]] yIAIEMOH U3 MIPUTIOTOJIOUHOTO CIIOS
cMecu ra3oB W, cocrasisi nopsiaka 30000 M /4. Takum
o0paszom, “To/yTyB” MpHBENT K YMEHBIICHHIO Pacxoja
yaaJIsieMoTo JIbiMa B 2 pasa.

Ha puc. 5 npuBeneHsl 3aBUCUMOCTH MUHUMAaIbHON
ILTOLIA/IH IbIMOYAAJISIFOLIEr0 OTBEPCTHS I o1 (Mz), pu
KOTOPOW OTCYTCTBYET ““MOJTYB”, OT TOJIIIMHBI TTPHUIIO-
TOJIOYHOT'O CJIOS P PA3JIIUYHBIX PACXOAAX BEHTHIIATO-
pa CAY. U3 puc. 5 BUAHO, 4TO IPU PACCMOTPEHHBIX HC-
XOJHBIX JaHHBIX 3aJaud HauOOJbIIME H3MEHEHUS
MUHHMMAJIbHOM TUIOLIA/IN IBIMOY/AJISIFOILETO OTBEPCTHS
OrpaHUYEHBI AMANa30HoM U3MeHeHus 4 ~ 02 m. Hanpu-

0.min®

0 1 2 3 4 5 6 7 8 9 hwm

Puc. 5. 3aBucuMOCTs MUHUMAIIBHOH IUIOIIAIH JBIMOY JAJISIOIIETO
OTBEPCTHS], IPU KOTOPOH OTCYTCTBYET “NOALYB’, OT TONIIMHBI

TIPUIIOTOIIOYHOTO CJIOS IpH pacxoze BeHTwitopa CIY W, M/ q):
1—30000; 2 — 60000; 3 — 90000

mep, ipu W, =90000n’/u F, . =178 M npuh=0,1m

— 2 —
nfF, . =40M npuh=2,0mMm.

Takum 06pa3oM, MEUHEMAaJIbHAS ILIOIIAb IMOY/Ia-
JAOIIETO OTBEPCTUS M3MEHSIACH B 3aBUCHMOCTU OT

TOJIIIUHBI ITPUTTOTOJIOYHOTO CJI0S B 4,45 pasa.

3aknoyeHue

Jis mpenoTBpalieHus “mouaysa’’ B cirydae paboThl
CIY ¢ MCKYCCTBEHHBIM TOOYXIICHUEM JIJISi Ka)JI0TO
pacxoyia BEHTHJIATOPA CYLIECTBYET KPUTHUECKOE MH-
HUMaJIbHOE 3HAYCHHE TUTOIIA/IN IBIMOYIAISIFOIIETO OT-
BEPCTHSI, KOTOPOE CYIIECTBEHHO 3aBUCUT OT TOJIIUHBI
MIPUTIOTOJIOUHOTO CJI0si B MOMEHT BkuroueHus CIIY.

HeoOxoaumo mpoBeicHHEe JaIbHEHIIINX UCCIIE0-
BaHUM 10 BIUSHUIO MECT PACTIOIOXKECHUS JBIMOYIATIsSI-
FOIIIUX OTBEPCTUH M CKOPOCTEW TEUSHHSI Fa30BOI CMECH
B TIPUIIOTOJIOYHOM CJIO€, MapalIeIbHBIX IEPEKPHITHIO,
Ha BOBHHKHOBEHUE “‘TIOJTyBa”.
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REDUCING OF EFFICIENCY OF SMOKE REMOVAL SYSTEM
WITH ARTIFICIAL IMPULSE DURING "PLUGHOLING"

PUZACH S. V., Doctor of Technical Sciences, Professor, the Honoured Scientist
of the Russian Federation, Head of Thermal Physics and Hydraulic Department,
State Fire Academy of Emercom of Russia (Borisa Galushkina St., 4, Moscow, 129366,
Russian Federation; e-mail address: puzachsv@mail.ru)

DO THANH TUNG, Postgraduate Student of Thermal Physics and Hydraulic
Department, State Fire Academy of Emercom of Russia (Borisa Galushkina St., 4,
Moscow, 129366, Russian Federation)

NGUYEN THANH HAI, Candidate of Technical Sciences, Institute of Fire Safety
MOB Vietnam (Vietnam, 100000, Ha Noi, St. Khuat Duy Tien, 243)

ABSTRACT

Efficiency of smoke removal systems may be reduced due to the phenomenon of “plugholing”, which
lies in the fact that the clean air out under ceiling smoke layer due to the action of lift forces passes
through the smoke ejection hole.

A modified zone model for calculation of thermal and gas dynamics of fire under action of a smoke
removal system with artificial impulse during “plugholing” is proposed. Reducing the flow rate of
a mixture of gases and smoke leaving from under ceiling layer outside the room is taken into account
by introducing the rate coefficient.

A numerical study of thermal dynamics picture of fire in the model room with model combustible
load by using the modified zone model and a three-dimensional field model is made.

It is considered the room in the form of a parallelepiped with dimensions of 30x25x15 m.
Combustible material is turbine oil. Volumetric flow rate of fan of smoke removal system are 30000,
60000 and 90000 m?>/h.

Dependencies between velocity of lowering the bottom border of the under ceiling layer and the
time of fire, that obtained with the use of the modified zone model and a three-dimensional field
model, are compared.

It is shown that the smoke removal system efficiency is significantly reduced when “plugholing”
is occurred. The flow rate of a mixture of gases and smoke leaving from under ceiling layer outside the
room is 2 times less than in the case of the absence of “plugholing”.

It is found that to prevent “plugholing” in the case of smoke removal system with artificial impulse
for each fan there is critical minimum square of the hole of smoke removal system, which essentially
depends on the thickness of under ceiling layer at the time of the beginning of system work.

Keywords: fire; smoke removal; mixed convection; plugholing; temperature of under ceiling layer.
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OLUEHKA CTENEHN NMHTEHCUDUKAL NN
B3PbIBHOIO FOPEHUA FA30BO3A4YLUHOW CMECU

Moka3aHo, 4TO NPW aBapUIHbIX B3pbiBax B 0Obemax Npon3BOACTBEHHbBIX MOMELLEHNIA CKOPOCTb pac-
npocTpaHeHVs hpoHTa NiaMeHn No razoBo3aywHon cMecy (FBC) MOXET yBennyMBaThCs 3a CHeT npu-
CyLLIero ninameHu aBneHnsa rmapoanHamMmn4eckon HeyCTOMHYMBOCTI, HEMPEPLIBHOCTY ABUXEHWA BO3AY -
Xa W roployen cMecu, Hanmyma Ha nyTy NnameHu NpensTCTBUMA M NPONIETOB B OrpaxkAatoLLmX KOHCT-
pyKUmAx. MoKa3aHo Takxke, YTO MHTEHCUMDUKALMSA B3PbIBHOTO rOPeHNs, MPOsBASIOWAACH B YCKOPEHUN
PaCMPOCTPAHEHMA NIAMEHN, NPUBOAUT K YBENUYEHUIO CKOPOCTM HapacTaHua OaBfIeHVd W B UTore
0Ka3bIBaeT CyLLIECTBEHHOE BIUSHME Ha BbIOOP METOLa B3PbIBO3aLLUThI COOPYKEHUI OT pa3pyLUeHu.
MpuBeAEHbI YPaBHEHUS AN ONPefeneHNs YUCTIEHHbIX 3HAaYeHWI KO3 MULIMEHTOB MHTEHCUMMKALIMM
C ydeToM Bua MBC, konmyecTBa 0ObEKTOB, HAXOASALLMXCS Ha MyTW PacNpOCTPaHEHWS MNaMEHN, OTHO-
LWeHWs 1x obLLen nnoLaam, nepekpbiBaiolien cBOOOAHbLIN 06beM, K NIOWaAnN ero nonepeyHoro ce-
YeHUs U paccTofHns MexXay nperpagamu. [peacraBneHbl MateMaTnyeckme BblpaXeHus, OnmcbiBatoLLye
npoLecc cbpoca NPoayKTOB B3pblBa HEMOCPELCTBEHHO B aTMOCHEPY, OCHOBAHHbIE Ha 3aKOHAX COXpa-
HEHWS Maccbl, 0Obema 1 3Heprun Ans He3aMKHYTOM CUCTEMBI, C UCMONb30BaHMEM DapuyecKom 1 Tem-
nepaTypHOW 3aBUCMMOCTU HOPMallbHOW CKOPOCTM PacnpOCTPaHEHWS NNaMeH, a TakxKe ypaBHEHNN
ncTeyeHns rasa ANg JO3BYKOBOMO M 3BYKOBOIrO PeX/IMOB.

Knio4yeBble cfioBa: cTeneHb MHTeHCl/Iq)l/IKaLI,I/II/I B3PbIBHOIO ropeHms; CKOpPOCTb pPacnpoCTpaHeHWs Mnia-
MeHW; Ta30BO34YylWHaaA CMeCb, npefoxpaHnTelibHble KOHCTPYKUNN,; (DpOHT ninamMeHn.

B MIPOU3BOJICTBEHHBIX MMOMEIIEHUSIX KaTEropuu A 1o
CTEICHHU B3PBIBOIOKAPOOIACHOCTH MPHU aBapUsiX TeX-
HOJIOTHYECKOT0 000PYI0BaHMsI BO3MOKHO 00pa30oBaHUE
TOPIOYNX CMecel, TOpCHHE KOTOPBIX MOJKET IIPOTEKATh
C Pa3IMYHON CKOPOCTBHIO, B TOM YHCIIE C YCKOPEHHEM.
JI1s1 mpenoTBpaleHus pa3pyueHus 30aHUi B THX yCIIO-
BUSIX HEOOXOTUMO TIPIMEHSITH B HAPY KHBIX CTCHAX 3/1a-
HU 00JIeTYeHHBIE JIETKOCOPaChIBAEMbIE KOHCTPYKITHU.
JlerkocOpacbIBaeMble, HIIH TIPEAOXPAaHUTEIbHbIE, KOH-
CTPYKIMH, BCKPBIBAsICh MO/ JEHCTBHEM M30BITOYHOTO
JIaBJICHUsI CrOpaloIeil cMecH, 00ecIedBatoT COXpaH-
HOCTb 3/1aHHS.

CHIDKEHNE H30BITOYHOTO JAaBJICHUS 3aBUCUT OT psAaa
(bakTOpOB: 00BEMa U (POPMBI TOMEIIICHHS; BUIA TOPIO-
4eil cMecH, 00pasyIomeicst BO B3pbIBOONACHOM TTOME-
IICHUU B aBapHﬁHLIX CUTyalusAaX, U CTCIICHU 3ara3o-
BaHHOCTH TIOMCHICHHSA K MOMCHTY BOCIIJIaMCHCHUS,
3arpPOMOXKICHHOCTH B3PBIBOOMACHOTO ITOMEIICHUS
CTPOUTENHEHBIMHU KOHCTPYKIIUSIMH (KOJIOHHAMH, CTPOH-
TEIBHBIMH (hepPMaMU H JIP.), TEXHOJIOTHYECKAM 000PY-
JOBaHHMEM; OOIIeH TUIOIAAN U MECT PaCIIONOKEHUS B
HapPy>KHOM OTpa’kKICHIUH B3PBIBOOIIACHOTO IIOMEIIICHUS
IIPOEMOB, TIEPEKPHIBAEMBIX IIPEIOXPAHUTEIIEHBIMA KOH-
CTPYKIMSIMU. D(HPEKTUBHOCTD BCKPBITHS IIPEIOXPAHH-
TEJbHBIX KOHCTPYKIIMI 3aBUCHT OT MX BHJIA, TCOMETPH-

© Opnos I I, Koponvuenxo /1. A., 2015

YeCKHX U (pU3NYECKHUX TapaMeTpoB, JOITyCKaeMOTO 13-
OBITOUHOrO JABJIECHUS U YCIOBHI B3PbIBHOTO TOPEHUS
TOPIOYUX CMECEH BO B3PHIBOOIIACHOM [TOMELICHHU.

[Ipu yuere Bcex yKa3aHHBIX (PaKTOPOB MOTYT OBITH
MOJTy4eHBl ONTHMAIbHBIEC PEIICHUS 110 0OECIICUCHNIO
B3pPBIBOYCTOMYMBOCTH 3aHUM IPU BHYTPEHHUX aBa-
PUMHBIX B3PbIBAX C IOMOILBIO MPEAOXPAHUTEIBHBIX
KOHCTPYKLUH, a TaKXkKe OINpEAETCHbl CIydau, KOraa
IPUMEHEHHE TAKUX KOHCTPYKLHUI HelenecoodpasHo.
WrnopupoBaHue WK Aa)K€ HEMOJHBIA Y4YEeT OTHEJIb-
HBIX U3 YKa3aHHBIX BBIIIE (DAKTOPOB MOJKET IPHBECTH K
HEraTUBHBIM IIOCIIEACTBUSIM — Pa3pyLICHUIO 31aHUI
U COOPYKEHHUH CO B3PBIBOOIIACHBIMY ITIOMEILEHUSAMHU.

IIpu aBapuiHBIX B3pbIBaX B 00beMax MPOU3BOJICT-
BCHHBIX ITIOMEIIEHHI CKOPOCTh PACIIPOCTPAHCHUS (PPOH-
Ta TaMeHu 1o ra3zoBo3ayniHoi cmecu (I'BC) moxer
YBEJIUUUBATBCS 3a CUET MPUCYLIETO IJIAMEHH SBIECHUS
THIPOAMHAMUYECKOH HEyCTOHUMBOCTHU, HEIPEPHIBHOIO
JIBIDKCHUS BO3/LyXa U FOProUeii cMecu, Hanu4uus Ha My TU
IUIaMEHU Pa3IMYHbIX [IPEMATCTBUM, 8 TAKXKE IPOEMOB B
OTPaKIAIONIMX KOHCTPYKIHSIX. MIHTeHCH(HKAIWS B3PHIB-
HOTO FOPEHUs IPOSIBIIETCS B yCKOPEHHH PACIIPOCTpa-
HEeHUS (PPOHTA IUIAMEHH, YTO MOXKET IIPUBECTH K yBe-
JMYCHUIO CKOPOCTH HapacTaHUsl JaBICHMUS.
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[Tpu cropocTsIX pacrpoCTpaHCHUs IUIAMEHH, TIpe-
BBIIIAOIINX JIOKAIBHYIO CKOPOCTh 3BYKa, HArpy3Ka Ha
CTPOUTEIIbHBIC KOHCTPYKIIMU OTIPEACIISSTCS apaMeT-
pamMu yIapHbIX W JETOHAIIMOHHBIX BOJH, YTO B CBOIO
odepesib BeJIeT K HEOOXOIMMMOCTH CO3/IaHHUs TIPUHITU-
MHAJIbHO UHBIX KOHCTPYKTUBHBIX PEIICHHH 0 00ecre-
YEHUIO0 B3PBIBO3ANINTHI 3IaHUH 1 coopyskeHuit. Cremo-
BaTEJILHO, CKOPOCTh PACIIPOCTPAHEHUS IIIIAMEHU SIBJIS-
eTCsl OJTHUM W3 BaXKHEHIIMX MapaMeTpOB B3PBIBHOTO
TOPEHUsI, TO3BOJISIFONIUX OIICHUTH BEJIHUUHY U XapaK-
Tep Harpy30K, ICHCTBYIOIINX Ha CTPOUTEIIbHBIC KOHCT-
PYKIIUH.

3aMedeHo, 4TO pacpoCTpaHEHUE IIAMEHH MPU 00b-
€MHOM FOPEHHH C MTOCTOSHHON CKOPOCTHIO COCTABIISIET
penxoe uckirouenue [ 1, 2]. B nopasnsromiem 00IbIIMH-
CTBE CIIy4acB, OCOOCHHO B MPOM3BOJICTBEHHBIX YCIIO-
BUSIX, JTIOOBIC CKPHUBICHUS (PPOHTA TIIAMEHH, BBI3BIBA-
eMble JIBrkeHueM enle He cropesmieii ' BC wiu nanm-
YIEeM BHEIITHUX BO3MYIIAIONINX (PaKTOPOB, TPUBOIAT K
YBEJIIMUYCHUIO TUIOMIAAN €r0 TTOBEPXHOCTH. DTO BIICUET
3a coboif poct MaccoBoil ckopoctu cropanus I'BC n
YCKOPEHHE PaclpoCTpaHeHus TuiaMeHu. Hamuuaune ke
MOJJOOHBIX U MOYAC BeChMa dPPEKTUBHBIX BHEIITHUX
BO3MYIIAIOMIUX (DAKTOPOB B 00bEMax MPOU3BOICTBEH-
HBIX TTOMEIIEHHI MPAKTHIECKH Hen30e:KHO. B o0bemax
9THUX MOMENICHUH, TOCTUTAIOIINX AECSITKOB U JaKe CO-
TEH THICSY KyOUYECKUX METPOB, HAUMHACT NPOSIBIISTHCS
JICHCTBHE KOHBCKTHUBHBIX MTOTOKOB €IIC HE CrOPEBINEH
I'BC, uTo mpuBOIUT K UICKPUBJICHHUIO TIEPBOHAYATILHOMN
(hOpMBI TITAMEHH U TEM CaMbIM K YBEIHMUCHHUIO BHIH-
MOM CKOPOCTH €ro pacrpocTpaHeHus. B To ke Bpemst
OTKPBIBAIOIIKECS B MPOIIECCE TOPEHHUS TPOEMBI BBI3bI-
BalOT APPEKT “BBITATHBAHUS TUIAMEHH, UTO ele Ooliee
YCHJIMBAET UCKPUBIICHUE €TO MOBEPXHOCTH, BHI3BAHHOE
JeficTBreM cBOOOTHOM KOHBEKIMH. Kpome Toro, B 00b-
eMax 37JaHHi U COOPYKEHUI CO B3PBIBOOIIACHBIMHU ITPO-
W3BOJICTBAMU Ha (HOPMUPOBAHHE TOBEPXHOCTH PPOHTA
IUTaMeHH OY/IeT BIUSITH HATUYHE TEXHOJIOTHUECKOro 000-
Py/IOBaHUS, BHYTPEHHUX CTPOUTEIIbHBIX KOHCTPYKITHIA
(KOJIOHHBI U CBSI3U IO HUM, (DepMBbI, MOHTAKHBIC TIJIO-
MIaJIKK ¥ T. JI.), BbI3bIBas TypOYJIU3AIUIO IJIAMCHH
TEM CaMbIM MPUBOASA K I[OHOHHHTCHLHOﬁ I/IHTCHCI/Iq)I/I—
KaIli{ B3PBIBHOTO TOpeHUsi. B cBs3M ¢ 3TUM 11 oTipe-
ACJICHUS BEJIMYMUHBI U XapaKTepa USMEHCHHU A HAr'Py3KU
Ha OTPaKJAIONINe KOHCTPYKIUU B MPOIECCE B3PbIB-
HOI'O TOPEHMSI BHYTPH IIPOU3BOACTBEHHBIX ITOMEIIIE-
HUH HE0OXOMMO TTPABHIILHO OIIEHUBATH €ro (pakTuye-
CKYIO CTEIECHb MHTCHCU(HUKAIIMU B KKIOM KOHKPET-
HOM CJIyvae.

B pesysibTarte aHam3a oIbiTa HCIOIb30BaHUS OCHOB-
HBIX MOJIeJIel cOpoca IaBJIeHUs YCTAaHOBIICHO, YTO Hau-
0os1ee HAJCKHBIM KOJIMYECTBEHHBIM METOJIOM OITHCAa-
HUS YCKOPEHHSI TOPSHHUS SIBIISICTCS] MOJICIIMPOBAHHUE, 3a-
KJTIOYAIOIIEeCs] B MCITOJb30BAaHUH MTOCIIE Pa3repMeTH-

3ammu (hakTopa TYpOYJICHTHOCTH U €r0 M3MEHEHUHU C
BapbUPOBAHUEM YCIIOBUH IPOTEKAHUs B3phIBa.

WHTeHCHbUKaLUs B3pBIBHOTO FTOPEHUSI KaK CIIOKOM-
Hoit 'BC mpu oTCyTCTBHM BHENIHMX BO3MYIIAIOIUX
(hakxTOpOB, TaK ¥ MpeABAPUTENLHO Bo3mylieHHON [ BC
olpeeNsiach HKCIEPpUMEHTANIBHO [3, 4].

YcraHoBieHO, 4TO HanboJiee OMACHBIM CIIeHApHii
MIPOTEKaHMsI B3PBIBHOTO TOPEHUs HAOII0AaeTCs TOT/a,
KOT/Ia MCTOYHUK BOCIIJITAMEHEHUSI CMECU HAXOJIUTCS Y
TOPLEBON NIyXOH CTEHKH KaMEPBbI, IPOTUBOIIOI0KHON
CTEHKE C OTBepcTHEM. B aToM cityyae MCKpUBJIeHHE U
nocioiHas TypOyiau3anust (GppoHTa IUIAMEHH HTPAOT
JIOMUHUPYIONIYIO POJIb B BOSHUKHOBEHUHU HHTCHCU(DH-
Kalluy B3pbIBHOTO ropeHust. /11 3TuX yciioBUil aBTOPEI
HCCIIEOBAaHUM paccMaTpUBalOT CIEAYIOLIYIO CXeMy
YCKOpEHHUsl pacrpocTpaHeHus IuiameHu. Ilocie Boc-
TUTAMEHEHUS MoJTyc(heprudecKuil PpOHT TUIaMEHH BbI-
TATUBAETCSA B HAIPABIECHUM OTKPHITOrO Ipoema, 4To,
KaK y>k€ 0TMeUajioch, BEAET K HE3HAYUTEIbHOMY POCTY
cKopocTu ero pacupoctpanenus (o = 1+2). [Tockonbky
10THOCTH riexoaHoi ['BC nmpubnusutenbHO B 7 pas mpe-
BBIIIAET TUNIOTHOCTh Ia3000pa3HbIX MPOAYKTOB B3PHIB-
HOTO TOPEHUs], TO C MOMEHTa MEePEeKPBITUS TIIaMEHEM
BCEM IUTOIIAN TPOeMa CKOPOCTh UCTEUEHHS Ta30B YBe-
JUYMBACTCS TPUOTU3UTENBHO B 2—06 pa3 1o CpaBHEHHUIO
CO CKOPOCTBIO McTeueHMsI ucxogHoi xonoxaHoi I'BC.
Croub pe3Koe MOBBIIIEHUE CKOPOCTH MCTEUECHUSI ra30-
BOTO [TOTOKA Yepe3 MPOEM I'eHEPUPYET CUITBHYIO TYpOy-
JIEHTHOCTb 110 IOBEPXHOCTH IUIAMEHH, UTO, B CBOIO OUE-
penb, BEIET K YCKOPEHUIO BbIJIEICHUS TEIJIOBOM dHEp-
THH 1, CIICIOBATEIHHO, K HHTEHCH()UKAIIMN B3PBIBHOTO
ropeHust (B HEKOTOPBIX ombITax o > 10).

14 TeopeTndyecKoro OnMCaHus MaTeMaTH4eCcKOil
MOJIEJIM YCKOPEHUS paclpOCTPaHEHUs IUIaMEHHU Oblia
MpEIOkKEHA 3aBUCUMOCTh MEK/Ty YCKOPEHHEM PACIIPO-
crpanenus amenu du,, /df B pe3ysabrare BbITATHBA-
HUS U TypOyIHM3alMK €ro MOBEPXHOCTH M CKOPOCTBHIO
u,, ucrexarwoueil uepes npoem I'BC:

dunﬂ/dt ~ Uyc,

TJ€ U, — CKOPOCTb PacIpoCTPAaHECHHUS TNIAMEHU.

Taxum 00pa3oM, B pac4eTHON MOJENN YCKOPSHHUS
pacrpocTpaHeHus IIIAMEHA IPUHUMAETCS, YTO 9TO YCKO-
peHue Onarojapsi BHITATHBAHUIO U TypOyIH3aIiK 10~
BEPXHOCTH (PpOHTA MPOMOPIUOHATIBHO CKOPOCTU HC-
teuenus: [ BC yepes mpoemsl.

IIpoBenieHHBIE ONBITHI CO BCEM OYEBHIHOCTBIO MO-
Ka3bIBAIOT, YTO HANOOJIEE MHTEHCUBHOE B3PBIBHOE rOpe-
Hue 'BC B ¢cBOOOMHBIX OT MPEISITCTBHN Y/UTMHEHHBIX
oObeMax (MCKITIOYEHHE, BEPOSTHO, COCTABIISIIOT JIUIITH
00beMBI, OJTM3KHE K KyOndeckoi u cheprueckoit Ghop-
Me) UMEeT MeCTO P BOCIUIAMEHEHUH CMECH Y 3aKPbl-
TOTO TOPIIA, Korjia (POHT TUIAMEHH MTPOXOJUT MAKCH-
MaJIbHO BO3MOXKHBIH Ty Th, PaBHBIH Bcel AnTnHE 00bemMa
KaMephl (TIOMEIICHUS).
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WNuTencudukanys B3pbIBHOTO TOPEHUS B 00beMax
C IPEISITCTBUSIME YCTaHABIUBANIACH B PE3YIIBTATe KaK
71a00paTOPHBIX, TAK ¥ HATYPHBIX AKCIIEPUMEHTATBHBIX
UCCIICTIOBAHUI, B KOTOPBIX UMHTHPOBAIIUCH aBAPUIHBIC
B3pbIBbl [ BC. O1H HccaenoBaHus 103BOJISAIOT YTBEPXK-
JIaTh, YTO HAJTHYHE PA3HOTO POJIa MPETSITCTBHIA Ha ITyTH
pacnpocTpaHeHUs TUIAMEHH SBISIETCS OCHOBHBIM (hak-
TOPOM, BIUSIOMIAM Ha YCKOPEHHE B3PBIBHOTO TOPCHUS
[5-7].

ITo pesynmeraram aHamM3a HKCICPIMCHTATBHBIX JaH-
HBIX MOXKHO CJICTIaTh CIICIYFONINE BBIBOIIBL.

s 6onbInX 00bEMOB, 3aII0THEHHBIX Ta30BO3/1Y 1L
HBIMH CMECSIMH, B KOTOPBIX CKOPOCTB PacIipOCTPaHEeHHUS
ruiaMenu nipesbimaer 100 m/¢, yxke Heb3s npeHedpe-
rarb TaKUMH Ta30MHaMUYeCcKUMU 3(pdexramu B mpo-
L[ecce B3PhIBHOTO TOPEHUS, KaK CAKUMAEMOCTh I'a30BOi
CMeCH, HEPaBHOMEPHOCTH PACHIPEICIICHNUS TaBICHUS 110
00beMy (y 3aKPBITOTO TOPIIA, B CEPEIHHE U Y OTKPBITO-
O TOpIIa KaMephbl), 00pa30BaHUE YAPHBIX BOJIH. Pe3ysib-
TaTHI SKCIICPIMEHTOB, TIPOBOIMBIIINXCS B TAOOPATOPHBIX
YCTAHOBKAX C MPOEMaMH B OTPAXICHUN, COBEPIICHHO
HETIPUTOHBI TS OLCHKH JTAaBJICHUS, Pa3BHBAIOIICTOCS
B IIPOLIECCE B3PLIBHOTO ropeHHst 00i1bImx 00beMoB ' BC
[IpY HAJIMYWHU Ha ITyTH TUIAMEHH Pa3HOTO POIa MTOBTO-
PSIFOIIUXCSI TIpersITCTBUI. Hanuyre mocnenHux Beaer
K BO3HUKHOBCHHIO M HEIIPEPHIBHOMY YCHIICHHIO TYPOY-
JIU3aLMHY TOPSILEH ra30BO3AYILIHON CMECH, B PE3yJIbTaTe
YEeT0 YBCIIMYUBACTCA IIJIOMIAIb TOBEPXHOCTHU INIAMEHU,
YTO U SIBJSIETCS IPUYNHOHN YCKOPEHUS €T0 pacIpocTpa-
Henus. B atux YCIIOBHUAX CTCIICHD I/IHTCHCI/I(bI/IKa]_II/II/I
B3pBIBHOTO TopeHust ' BC mocturana BRICOKHAX 3HAYeE-
HHH, a B HEKOTOPBIX CIIydasiX CKOPOCTh PACIPOCTpaHe-
HUSI TDTAMEHU TIPEBHIIIaTa CKOPOCTh 3BYKa B TOpIOUCit
ra3oBOH CMECH, U TIPOIIECC B3PBIBHOTO TOPEHUS PUOO-
peTan KadecTBEHHO HOBBIH XapaKTep, KOTJa BIIEPEIH
(bpoHTa IIaMeHu HaOIIOIAI0Ch 00pPa30BaHKE YIaPHBIX
BOJH [8, 9].

B 3maHusX co B3pHIBOONIACHBIMA IIPOHU3BOICTBAMU
TMOBTOPAIOIIUMHACA NPCTATCTBUAMU SBJIAIOTCA KOJIOH-
HBI C YCTaHOBJICHHBIMU Ha HUX (pepMamu U OaaKamy,
a TaK)Ke YCTaHOBKH TEXHOJIOTMYECKUX JIMHUH (HACOCHI,
KOMIIPECCOPEI U T. 11.). Hanpumep, B 0MHOATaKHOM 371a-
HUH KOMITIPECCOPHOTO OTAEIeHIs 00BeMoM 14600 M° ¢
HauboJIee YacTo BCTpevaroeiics uymuoi 60 M 1 yHu-
(unmpoBanHoi rabapuTHOU cxemMol (poseT 18 M, BbI-
coTa J10 HHU3a CTPONMWIBHON KoHCTpYKuuH 10,8 M) pn
6-METPOBOM IIare KOJIOHH HACYUTHIBACTCS JICBSTH Ta-
KUX npenstcTBuil. OTHOIIIEHHE IJIOMAU TOBEPXHO-
CTH TIPETISATCTBHI B CEYCHUH KO BCEH IIOMIAH ITOTIe-
peuHoro cedenus He npessimaet 0,2, B To BpeMs Kak BO
B3pBIBHOU Kamepe, Haubomnee OIM3KO0 UMHUTHPYIOIIESH
MOJJOOHYIO MTPOU3BOJICTBEHHYIO 0OCTaHOBKY, 9TOT KO-
s punuent cocrapuset 0,3. [ToaToMy B 3THX 3TaHUAX
CIIEyeT OXKHUIATh 3HAYUTEIILHO MCHBIIIYIO HHTCHCH(H-

KaITHIO B3PBIBHOTO TOPEHHS MTPH OOIIEH CXOKECTH Xa-
pakrepa mpouecca ero pa3BUTHsL.

[IpuHUMIIHATIBHO MHAs KapTUHA IIPpoLecca B3pbIB-
Horo ropenusi 'BC HaOnronaeTcst B 37JaHUH C OTIICIBHO
CTOSILLIMM NPENATCTBUEM, HAJIMYME KOTOPOIrO Ha IyTH
IUIAMEHU BEeJIET JIMIIb K HCKPUBJIEHHUIO €r0 IOBEPXHO-
ctu (6e3 TypOyIu3alim) U KpaTKOBPEMEHHOMY IIEPHO-
Jly JIOKQJIbHOTO TIOBBIIIEHHUSI CKOPOCTH PacipoCcTpaHe-
HUs TiameHu. [locie 9Toro BeI3BaHHbIE HAJIMYKEM TIpe-
MSATCTBUS UCKPUBJICHUS TIOBEPXHOCTH IJIAMEHH CIJia-
JKUBAIOTCS, @ CKOPOCTh PACpPOCTPAaHEHHUS BHOBb CHHU-
JKaeTCsl 10 3HAYCHHsI, XapaKTEPHOTO IJisi TOPEHUs B
cBOOOTHOM OT IpensiTcTBUl 00beme. Tak, B IpoBeIeH-
HBIX OIBITaX MaKCUMaJbHAasl CTENICHb JTOKAJIBLHOW WH-
TeHcuukanmmy B3peiBHOTO ropenus 'BC paBusmachk
22, a ycpeaHeHHas 3a Bpems noaHoro cropanus I'BC
o, =3.

Hanmenbias ”HTeHCH(HUKAIHS B3PBIBHOTO TOPEHHS
I'BC nosmxHa UMETh MECTO B OTHOCUTEIBHO HEOOJIBIINX
MIPOU3BOACTBEHHBIX IIOMEIICHUX, OU3KUX 1O (opMe
K KyOy, ¢ MUHUMAaJIbHBIM 3all0JJHEHHEM oObema Ipe-
nsaTcTBUAMU. [loaTBep)KaeHneM 3ToMY HPEIIOIOKEHHIO
CILy’KaT Pe3yJIbTaThbl OIBITOB, IPOBOAMBILIMXCS B CBOOOI-
HBIX OT npensTcTBuii 00bemax 70 u 2000 M, B KOTOPBIX
3HAYEHHE O B PE3yJIbTaTe MOTEPHU TIIAMEHEM YCTONYH-
BOCTH HE TPEBHIIIAJO 2.

[Ipu onpeesieHnu B3pBIBHBIX HATPY30K HEOOXOHU-
MO YUYHUTBIBaTh HHTEHCH(DUKAIIIIO TOPEHHS, KOTOpast 3a-
BHUCHT 1 OT (hOpMBI 00beMa nmomMetenust. Hamuwe orpax-
JAIOIINX KOHCTPYKINH B 00beMe KyOndeckoi (hopmbl
TOYHO TaK ke, KaK U IIapOBO, HE OKa3bIBAET 3aMETHO-
T'O BIIMSHUSI HA MHTCHCU(UKAITUIO B3PBIBHOTO TOPEHUS
I'BC. B BHITSAHYTBIX e 00beMax XapakTep TOpeHHs
I'BC moxeT npuOiImKkarbes K pexKiUMy TOPEHUS B KaHa-
Jax, ¥ B IIPOLIECCE B3aNMOICHUCTBHSI (PPOHTA IUTAMEHH C
OrpaKJaroIMMHU KOHCTPYKIUSAMHI BO3MOKHA MHTEHCH-
(uKaIys TOpCHHUS.

ITo manubBIM psina pador [10, 11] moxHO ycTaHo-
BHUTh, YTO 3HAUECHUS Ol U3MEHSIOTCS B 3aBUCUMOCTH OT
COOTHOLIEHHUS pa3MepoB 00beMa KyOuueckoil (hopMel
cienyomum oopazom (Tabm. 1).

VYuursiBas, uto Bckpbithe JICK nporcxoaut npex/ie,
yeM (PpOHT IJIAMEHU JJOCTUTHET OTPaXKICHUM, BIMSIHUE
CTEHOK Ha MHTEHCU(PHUKAIIMIO TOPEHUSI MOXKHO HE yUH-

Tabnuua 1. 3HaveHns o NpY PasINYHOM COOTHOLLIEHUI pa3-
MepoB obbemMa Kybudeckor GopMbl

CooTHOLIEHNE pa3MepoB 3HaveHne o
a=b=1 1,0
a=b;1=10b=R 3,5
a=b;1=20b=R 12
[=25R 20
[Ipumeuanue. R—paccrosuue ot Mecta 3axuranus ' BC
110 HanboJ1ee y1aleHHOM TOYKH OTpakJaroliei KOHCTPYKIHH.
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TBIBaTh, TaK KaK HAIWYME MpPErpaja Ha IMyTH pacrpo-
CTpaHCHUS TUITAMECHH OKA3bIBACT PEIIAroIee BISHUC
Ha WHTCHCU(DHUKALIUIO TOPESHUSI.

OnbITH TOKA3aJIH, YTO UHTCHCH(DUKAIHS TOPCHUS
I'BC 3aBHCHT U OT pa3MepoB MPenATCTBUH (Iperpan),
U OT UX B3aHMHOTO PACHOJIOKEHHS 110 OTHOLICHHUIO K
HAIpaBJICHUIO TIEPEMEILICHUS (DPOHTA MIAMEHH.

OmBITHI TaKKe IMOKA3aJIM, YTO Pe3Kas HHTeHCU(HU-
KaI[¥sI TOPCHUS IPOMCXOINT ITPH CTOJIKHOBEHHH C TIEp-
BBIMU PsiIaMHU TPEMSTCTBUH, a MOCICIYIONINE JTHIIb
MTOJIICPKUBAIOT €€ Ha JOCTUTHYTOM YPOBHE.

[IpuBeneHHBIC PE3yABTATH IKCIIEPHMEHTATBHBIX HC-
CJICJIOBAHHH 10 OLICHKE MHTEHCU(HUKAIIMN B3PBHIBHOTO
ropenwust [ BC mo3BossiroT cienars 3aKto4eHne, 4To Hau-
Oounbimit 3¢h(heKT yCKopeHust pacipocTpaHeHus GpoH-
Ta INIAMEHU UMEET MECTO MPH MIPOXOXKICHUH €T0 Yepe3
Iperpasibl, HaXOAAIINECs Ha IMyTH €0 PacIpoCcTpaHe-
Hust. [Ipu 3 TOM 3aMedeHo, YTO OCHOBHOE BIIHMSIHHC Ha
HMHTEHCU(DHKAIMIO TOPSHUSI OKa3bIBAET KaK KOJIMYECT-
BO TMPETpa, TaK U UX IUIONIAIb, IIEPCKPHIBAIOIIAS 10~
repeyHoe cedyeHne oobeMa, 3anoiaaenHoro ['BC, mpu-
YeM CTETeHb 3alONHeHUS 00beMa Pa3THIHbIMU 00BEK-
TaMH UMEeT penraroniee 3Hadenne. Ha onpeaencHHoOM
JTare B3PHIBHOTO TOPEHHS C YMEHBIICHHEM ILIOIIAIN
IUIAMEHH, MPUXOJAIIEeHCs Ha eANHMIYY IUIOMIAa M I10-
BEPXHOCTH ITPErpasi, HabJIIOAaeTCs CHIKEHNE CKOPOCTH
TOPEeHHS, U IIPU JIOCTIDKEHUH TaK Ha3bIBAEMOT'0 TyIla-
IIEeT0 JUaMeTpa MPOUCXOAUT e TIOJIHOE TamieHue [7].

ITpu OTHOTUTIHBIX (OMMHAKOBBIX) Iperpanax, pac-
TIOJIOXKEHHBIX B PSI TIEPIICHINKY/SIPHO K HAIPaBICHUIO
pacnpocTpaHeHus PpoHTa TIIaMEeHH, KO3 uIueHT ut-
TeHcu(uKannu B3peiBHOTO roperns I'BC o, Moxer

Tabnuua 2. 3HayeHns KoapdurLreHTa &

OTIPEIEIATHCS M0 (hOopMyIie, MOTyISHHOH Ha OCHOBA-
HUU aHaJU3a JaHHBIX 3KCIIEPUMEHTAJIbHBIX HUCCIEN0-
BaHMI, KOTOpPBIE OBLTH alIIPOKCUMHUPOBAHBI C HCIIONb-
30BaHUEM BBIYMCIUTENbHON TEXHUKU:

0Lmax = 2 + (uH/O’S)&[(03578 + 0,1521’1 + 0,001712 ) +
+ (5,719 + 0,689 + 0,012n° ) f + (1
+(~6,339 — 0,6181 — 0,0152%)n* ],

I7ie U, — HOpMaJbHasi CKOPOCTh TOPEHHs, M/C;

7 — KOJIM4ECTBO OJHOTUIHBIX Iperpa; n > 1;

& — K02 (PUIMCHT, YUUTHIBAIOIINI PACCTOSHIC MEXK-

Iy miperpajgamu L (Tabm. 2);

f— OTHOIIEHUE IIOIAIH IPETPABI K TOTIEPEUHO-

MY CCUCHHIO IOMEIICHHSI.

CornacHO JaHHBIM OIIBITOB [3] IpY B3PBIBHOM rope-
HHUM IPONAHOBO3AYIIHON CMECH CTEXHOMETPHUECKOI
KOHIIEHTPALUHN B IUIMHIPUYECKONH KaMepe 00beMOM
11 ™ npu f= 0,07 ¥ Ipu yCTAaHOBKE TPEX OJHOTHITHBIX
nperpan yepes 0,2 M k03 PUIEHT UHTCHCUPUKAUN
Oy = 16. Micrionb3ys Te e JaHHbIE U IOACTaBIISIs UX
B popmymy (1), c yaetom & =06,5 momygaem o, = 14,95.
B Toii xe onbITHON Kamepe IpU aHAJIOTUYHBIX YCJIO-
BUSX, HO TipH f = 0,32 3Ha4YeHue o, COCTaBiseT 24,
a o ¢popmyie (1) — 22,95.

IIpu B3pBIBHOM FrOPEHUHN METAHOBO3IYIIIHOM CMECH
CTEXMOMETPHUCCKOI KOHIICHTPAIMU B KaMepe 00beMOM
50 M° mpr f=0,3 ¥ C YETHIPHMS OJHOTHITHBIMH Mpe-
rpajiaMu, pacnoyioxkeHHbIMU depes 0,3 M, o, = 65.
[Ipn 5THX ke NCXOMHBIX TaHHBIX TIPH pacdeTe 1o (Hop-
myite (1) o, = 64,43. 3HaueHus o,,,, IOIy4YeHHbIE C
TTOMOIIIBI0 3aBUCUMOCTH (1), TOBOJILHO OJIN3KHU K OITBIT-
HBIM JIaHHBIM.

max

L,m 0,05 0,1 0,2 0,3 0,6

0,9 1,2 1,5 1,8 2,1 2,4

& 1,0 4,0 6,5 17,0 11,5

9,0 5,5 2,5 2,0 1,2 1,0

11 puMecyaHHUucC. HpOMe)KyTO'—IHBIe 3Ha4YCHUA & MOr'yT OBITh OIIPCACICHBI ITYTEM UHTEPIOJIALNA.

Tabnuua 3. 3HayeHns Ko3POULMEHTA MHTEHCUDUKALMM o. B 3aBMCUMOCTI OT KOIMYECTBa NPerpag, n, HAXOAALLMXCA Ha NyTW pac-
NPOCTPaHeHWs NnaMeHu, U OTHOLWEHWS f ans ropioymx rasos c v, = 0,5 m/c, £ =1

3Ha4YeHHE o IPU KOJIMYECTBE IIperpaj 7
4 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0,05 1,87 | 2,05 | 2,23 | 2,40 | 2,57 | 2,75 | 2,93 3,17 | 3,40 | 3,48 | 3,56 | 3,75 | 3,94 | 4,04
0,1 2,14 | 236 | 2,57 | 2,78 | 2,99 | 3,19 | 3,39 | 3,67 | 3,95 | 406 | 4,17 | 440 | 4,64 | 4,80
0,2 2,71 2,91 3,11 3,37 | 3,63 3,90 | 4,16 | 4,50 | 4,83 5,00 | 5,17 | 549 | 581 6,00
0,3 2,89 | 3,19 | 3,48 | 3,79 | 4,09 | 440 | 4,71 5,09 | 547 | 5,68 | 588 | 6,26 | 6,64 | 6,86
0,4 3,02 | 3,36 | 3,69 | 4,02 | 435 | 469 | 503 5,43 5,82 | 6,05 6,27 | 6,70 | 7,13 7,44
0,5 3,05 | 3,39 | 3,73 | 407 | 441 4,76 | 5,10 | 5,52 | 594 | 6,16 | 6,38 | 6,82 | 7,26 | 7,58
0,6 2,92 | 326 | 3,60 | 3,94 | 427 | 4,68 | 497 | 538 | 579 | 598 | 6,17 | 6,62 | 7,07 | 7,18
Mpumeuanue. f=Fy,/F,, rae Fy, — OpOSKUHs LUIOIAH [IPerpasl nepes GpoHTOM miamMeHu; Fy, — IUIOLIA/b IONepPeYHOro
cedeHust 00beMa OMbITHONW YCTAHOBKH.
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B ta6n. 3 npuBeneHsl 3HaueHUs KO3 duiinenra nH-
TEHCU(DUKAIMK O, TIOJTy4YeHHbIe 1o dopmyite (1) mpu
YCIIOBHH, YTO PACCTOSIHUE MEXKIY OJHOTHITHBIMH ITpe-
rpagamu L, = 2,4 M, T. €. KOrna npeblayas nperpa-
J1a e1Ie MOYKET OKa3bIBaTh HE3HAYUTEIBHOC BIMSIHUC HA
U3MCHEHHE OL.

B cBsi3u ¢ atum Beipaskenue (1) mo3BossieT ycra-
HABIIUBAThH YUCIICHHBIC 3HAYCHUS KOI(D(DUIICHTOB HH-
TeHCU(HKALMH o, ¢ yueToM Buaa [ BC, konudecrsa
00BEKTOB, HAXOAIINXCS HA [Ty TH PACIIPOCTPAHCHUSI 1A~
MEHH, OTHOILICHHS MX OOIIel TUIoImaan, nepeKpbiBa-
Io11eH CBOOOHBIN 00BEM, K IUIOIIAAN €T0 TONEPEYHO-
IO CEUCHHsI, PACCMATPHUBAEMOr0 HOPMAJILHO K HAIPaB-
JICHUIO TiepeMenieHust GPOHTA IUTAMEHH, U PACCTOSIHUS
MEKIy nperpagamu (o0bekramu). Ha pucynke nmpuse-
JICHBI Tpa(UKH, TOCTPOSHHBIE 110 ITOTYICHHON 3aBUCH-
MOCTH, C HAHECCHHUEM Ha HUX ISl CPAaBHCHHUS HKCTICPH-
MEHTAJIbHBIX TOYEK Ol ..

[Ipy HATMYWH OTIBITHBIX TAaHHBIX, TOTYYCHHBIX SKC-
MePUMCHTAIBHO TPUMEHHUTEIFHO K KOHKPETHBIM YCII0-
BUSIM TEX I HHBIX B3PBIBOOIACHBIX IIPOU3BOJICTB, 3Ha-
YEHUS O, [eJIeCO00pa3sHO MPUHUMATh B COOTBETCT-
BUU C OTUMH JJAHHBIMHU.

CdhopmynupoBana MaTeMaTu4ecKasi MOJIEIb, OIIH-
CBIBAIOIIIAs IIPOLIECC COpOCca MPOIYKTOB B3PhIBA HEIO-
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CpaBHeHue 3HaUeHUH Kod(QPHIIeHTa MHTEHCU(DUKAITIN oL, TOJTY-
YEHHBIX U TOPIOYKX cMecel ¢ uy, = 0,5 M/c no ypasrenwuio (1),
C OIBITHBIMU JITAHHBIMHU

CPEACTBEHHO B aTMOc(epy, OCHOBAaHHAS HAa 3aKOHAX CO-
XpaHEHUS MACChl, 00beMa 1 SHEPTUH JII HE3aMKHYTOI
CHCTEMBI, C NCTIOJIb30BaHNEM OapHuiecKol U TeMIepa-
TYPHOI 3aBHCHMOCTH HOPMAJILHOH CKOPOCTH pactpo-
CTPAaHEHUS IJIAaMEHH, a TAK)KE YPaBHEHUM HUCTEUEHMSI
ra3a Jijis 103ByKOBOI'O ¥ 3BYKOBOI'O pexXHUMOB. J{j1s uc-
MOJIb30BaHMS MHEPIUOHHBIX COPOCHBIX JJIEMEHTOB B
9Ty MOJIeNIb HEOOXOMMO BKJIIOYAaTh YPABHEHHUS MOCTY-
HaTEeJIbHOTO UJIM BPAILATEIbHOTO JIBUKCHHUSL.
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ABSTRACT

Itis shown that in case of accidental explosions inside volumes of production area the propagation rate
of flame front on a gas-air mixture (GAM) can increase due to the flame inherent phenomena of
hydrodynamic instability, continuous movement of air and combustible mixture, presence of
obstacles on the way of flame and bays flights in cladding structures. It is also shown that inten-
sification of explosive combustion which appear in acceleration of flame propagation which result
in increase of pressure rise rate and as a result has material effect on a choice of method of explosion
protection of constructions from destruction. Equations determining the numerical values of inten-
sification coefficients taking into account the type of GAM, number of objects on the way of flame
propagation, ratio of their total area blocking free volume to the area of its cross section and distance
between obstacles are given. The mathematical expressions describing process of discharge of
explosion products directly into atmosphere based on law of conservation of mass, volume and energy
for open system using baric and temperature dependence of normal speed of flame propagation, and
also equations of gas efflux for subsonic and sonic modes are presented.

Keywords: intensification degree of explosive combustion; propagation rate of flame; gas-air mix-
ture; pressure-relief valves; flame front.
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COMNOCTABJIEHME PA3JINYHbIX MOLENEN
ABVOKEHUA NTIOACKUX MOTOKOB U PE3YJIbTATOB
NMPOrPAMMHO-BbIHNCIIUTEJIbHbBIX KOMITJIEKCOB

MpoBeneH 0030p MoAenen, NPUMeHSEMbIX B CYLLECTBYIOLMX MPOrPaMMHO-BbIMUCIIUTENbHBIX KOMM-
nekcax 3Bakyauum Niofen, paspaboTaHHbIX Kak B Poccum, Tak 1 3a pybexxom. NpeactaBneHbl pesyb-
TaTbl CPABHUTENIbHOIO aHan13a MpPOrpaMMHO-BbIYNCINTENIbHBIX KOMMIEKCOB ANf MOAENMPOBaHUs
3BaKyauuu Niofer npu pacdeTax NoXapHOro pucka. PaccMoTpeHbl MeTofoorMyeckme 0OCHOBbI Mpu
MOZENMPOBaHUM ABVXKEHNSA NIOACKUX MOTOKOB B MpoLecce 3BakyaLmm 1 npu paspaboTtke MHOAMBMAY-
anbHO-MOTOYHbIX MoAenen. NpoBefeHa OLeHKa BanMAHOCTL pe3ynbTaToB MOOENMPOBaHMS 3BaKya-

UMM Nioaen.

KntoueBble cnoBa: 6e30MacHOCTb NoAen; MHAMBUAYaNbHBIV NOXaPHbIV PUCK; MIOACKOM MOTOK; pacyeT-
HOe BpeMs 3BaKyaLMM; MPOrPaMMHO-BbIHNCIUTENIbHbIE KOMMEKChI 1 MOAENN; CPaBHEHME Pe3ybTaToB.

Cosnanue nepconansaoro kommsrorepa (1K) co Bpeme-
HEM 00eCTIeUIIIO IIMPOYaIINil JOCTYII THOAEH K AMEKT-
POHHOM BBIUMCIUTEIBHON TEXHUKE, UCKIIIOUUB ITPHU 3TOM
HEOOXOJJMMOCTh B TOHUMAaHHH TI0JIL30BATEIISIMH HE TOJIb-
ko ycrpoiictsa 1K, HO 1 cyTH 3aKOHOMEpPHOCTEMN IIPO-
LIECCOB, [10JYYaeMBIX ITPU UX IPOIrPaMMHOM OIHCaHHU.

Heo0xomnMo OTMETHTB, YTO, KaK MOKa3bIBaeT 00-
30p MpemiaraemMbIx mporpamm [ 1, 2], TpyaHocTa moze-
JIMPOBaHUSI JIFOACKUX IIOTOKOB M HE3HAHHUE UX 3aKOHO-
MEepHOCTeH MPUBOJAT K IOIBITKAM ITOJMEHBI IpoLec-
COB JIBUKEHHUS PEaJIbHBIX JIFOACKUX ITOTOKOB MOJIEIISIMU
JIPYTUX U3BECTHBIX IIPOLIECCOB MHON (PH3HUECCKOI MpH-
ponpbl. Takol moaxoz He SBISIETCS HOBOCTBIO JUISI Me-
TOJIOJIOTUH MOJIEJIMPOBAHUS U JABHO IOJIyYUJI CBOIO
OLICHKY B HayyHOU JuTeparype: “OJHUX UHTEPECyIOT
CTPYKTypa U 3aKOHOMEPHOCTH SIBJICHUS, TPUBOJISIINE
K HaOJIr01aeMOMYy Pe3yJbTary, APYruX — TOIBKO CaMH
pe3ynbrarsl. [lepBble, MOAEnUpys, NBITAIOTCSI BOCIIPO-
M3BECTU CTPYKTYPY U 3aKOHOMEPHOCTH SIBJICHMUS, BTO-
pble — TOJBKO Pe3yJbTaThl, HE B/IaBasICh B peabHbIC
MEXaHU3MBbI UX MOsBICHUA [3].

K coxxanennio, CIOXHUBIIAsCS MPAKTHKA CEPTHH-
Kalliuy NPOrpaMMHO-BBIYMCIUTENbHBIX KOMIIEKCOB B
00JIacTH IBMKEHUS JIFOJICKHX ITOTOKOB ITPH 3BAKyaIlnu
MIOKA3bIBACT, UYTO U TIPEICTABHUTENN CEPTHUIHPYIO-
LIMX OPTaHOB HE BJIa/ICIOT HOHUMaHUEM CyTH MOJIeJIeH,
OINMCHIBAEMbIX IPOTPAaMMHBIMHU KOMITJIEKCAMH, TIOAJIe-
JKalMMU cepTudukanuu. B 3ToM ciyyae oTBETCTBEH-
HOCTB 3a ITOJIHOTY BOCIPOU3BEACHUS PEAIbHOIO MPO-

© Xomwesnuxos B. B., [lapénenxo A. I1., 2015

[ecca BO3JIaraeTcsi MpexJie BCEro Ha pa3paboTUMKOB
TICEBIOMOJIEIH TIPH €€ IPOTPAMMHOM IPE/ICTaBICHUH:
cornacHo deznepansHoMy 3aK0HY Ne 184-D3 “O TexHu-
YECKOM PETyIUpPOBaHUM’ OHHM He HMeEIOT IpaBa “BBO-
JIUTH B 320/1yK1eHHe IpHodpeTarTeJieil” HX IPOrpaMM-
HOro npogykra. OHaKo U 0JIb30BaTelb JOJDKEH YMETh
MIPOBEPSITh TOJy4YaeMble PE3yIbTaThl, YTOOBI HE OBITH
“IIeCTepeHKO” B 1IN Iepeiadyn ONMMOOK B MEXaHU3-
M€ CYIIECTBYIOIICH CHCTEMBI pa3paOOTKH M KOHTPOIIS
MIPOEKTHOM TOKYMEHTAINH Ha OOBEKTHI CTPOUTEIBCT-
Ba, JKepTBAMM OIIMOOK KOTOPOIi MOKET CTATh 00J1b-
110€ YHCJI0 IPAKIAH CTPAHBI.

[TyOnukanus B HOpMaTUBHBIX JOKyMeHTax Poccuu,
B YaCTHOCTU B “MeTouKe ONpeaeseHHsI PacueTHBIX
BEJIMYHMH MOXKaPHOTO PUCKA B 3AAHUAX, COOPYKEHUAX U
CTPOEHUSIX PA3IUYHBIX KJIACCOB (DYHKIIMOHAIBHOM TO-
KapHO# onacHoctu” (nanee — Mertoauka) 1 MI'CH
4.19-2005 “BpeMeHHbIe HOPMBI U IIpaBUJIa IPOEKTU-
poBaHusI MHOTO(YHKITMOHATBHBIX BEICOTHBIX 3/IaHUH 1
3/1aHUH-KOMIIJIEKCOB B ropojie MockBe”, coiepKarenb-
HOTO OIUCaHUs MOJICTICH IBUKESHHUS JTFOJICKUX ITOTOKOB,
PEKOMEHIyeMBbIX UMH JU1s IPAKTUYECKOIO IPUMEHEHMS,
OTKpblIa I MHULHMATUBHBIX CIELUAINCTOB — IPO-
TPaMMHCTOB BO3MOKHOCTB Pa3pabOTKH KOMMEPIECKUX
IIPOrPaMMHO-BEIUHCITUTENFHBIX KOMITIEKCoB. Hanbornee
pacnpocTpaHEeHHBIMH Ha CETOHAIIHUMN IeHb B Poccun
SIBJISIFOTCSI TIPOTPAMMHBIN TTPOAyKT “@noytex B/[” [4]
JUISL yTIPOIIEHHON aHATUTUYECKON U UMUTALIIOHHO-CTO-
XaCTUUYECKOW MojieNiel u “OBarek’ Jyisl HHIAUBUTyaIbHO-
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sesonachoctb oaer npu noxapax [

TTOTOYHOM MOJIENH JABIKEHHMS JIFOJICKMX TOTOKOB. B cpaB-
HUTEJbHBIM aHAJIN3 BKIIIOUEHA TAKXKe MHIMBULYaJIbHO-
MOTOYHAsI MOJielib, nipejcrasiennas BHUNUITO MUYC
Poccuu.

CTOb MUPOKOE MPOrpaMMHOE 00eCTIeIeHIE MOIC-
JIeH, ONUCHIBAIOLINX IBUKEHUE JIIOJICKUX IOTOKOB, 110~
3BOJISIET COMOCTABUTD MOJIy4aeMbI€ 110 HUM PE3yJIbTa-
ThI M OLICHUTh KOPPEKTHOCTH 00JIACTH UX IPUMEHEHUS,
npeaycMarpruBaemMoii Metonukoid. J1Jist 3Toro Obuia uc-
M0JIb30BaHa pacueTHas CXeMa HBaKyallMOHHBIX ITyTei
u3 npumepa ‘“Mopeinb ABMKEHUSI JTHJICKMX TTOTOKOB C
pacTeKaHUeM UX TOJOBHBIX YacTei”, HIMPOKO U3BECT-
HOTO M0 yueOHOMYy rocobuto (paszn. 3.4) [5], rue oH
paccMmarpuBacs Mpy ONMUCAHUU METOANKH Tpadoana-
JUTHYECKOTO METOoJIa pacyeTa. DTO JaeT BO3SMOKHOCTh
MIPOAHAIM3UPOBATH MPOSBICHUE KHHEMATHYECKUX 3a-
BHUCUMOCTEH TP UMUTALMOHHO-CTOXaCTHYECKOM MOJIE-
JUPOBaHUHM, KOTOPBIE, KaK ObUIO yKa3aHO BbIILIE, B HETO
HE BBOJSTCS.

YdacTku, BEIOpaHHBIC HAa PACUCTHOM CXEME HBaKya-
LIMOHHBIX ITyTeH 1151 IPOBEICHUS CPABHUTEIBHOIO aHa-
JIM3a MOJIeJIel U MPOrPaMMHBIX KOMIUIEKCOB, yKa3aHbl Ha
puc. 1. Yucno moneil B 60koBbIX mpoxopax N, = 28 uen.
Jlronckre MOTOKM HAYMHAIOT JIBUKCHHUE OJHOBPEMEH-
HO C YeThIpeX OOKOBBIX YIaCTKOB UX (hOpMUPOBaHUS —
U3 IOPOXOJ0B, UMEIOLIMX AMMHY [ = 18 M U muUpHHY
b, = 1,65 M. MapuipyT ABUKEHUS KaXI0T0O IOTOKA Ta-
KOB: TIO IPOXOAY OOKOBOTO y4acTKa M 3aTEM I10 y4acT-
KaM JUTMHOM [, ; KOpHI0pa MOCTOSHHON IIMPHHBI b, =2 M
K JIBEpHOMY NpoeMy mupuHoi b, = 1,6 m. IlnotHOCTB
JIOJICKUX TIOTOKOB Ha y4acTKax UX ()OPMHUPOBAHUS BO
BCEX BapUaHTax OCTaeTcs NocTosiHHou: D, = 0,12 Mz/Mz
(pu /= 0,125 M?/4ei.). PasMepsl y9acTKOB IyTH 9Ba-
Kyaluu 1o kopunopy: [, =1, =1,=10m; [ =40 m.

B xauecTBe ucxoaHoi 6a3bl 11 MPOBEIECHUS COIIO-
CTaBUTEIILHOTO aHanu3a Ob11o BeImonHeHo 100 peanu-
3alMi pacyeTa npolecca JIBUKEHUs JIIOACKUX IOTOKOB
¢ ucronb3oBanueM nporpammsl ADLPV-2.0, yto no-
3BOJIMJIO MOJIYYUTh 3aBUCHMOCTh CPEIHEH TIIOTHOCTH
BO BPEMEHH JIJISl KAXKJIOTO y4acTKa M BEPOSTHBIN pa3-
OpocC 3HAYCHUIT TNIOTHOCTEH B OIIPEIeTICHHBIC MOMEHTHI
BPEMEHHU.

J171s1 OLIeHKH HISHTHYHOCTH MaTeMaTH4eCcKoro arra-
pata, 3aJ10)KEHHOI0 B IIPOrpaMMHOM IIpoayKre “@ioy-
tek BJ[” m ADLPV-2.0, mist paccMOTpeHHOU BBIIIIE
pacyeTHON cXeMbl ObLI IPOBEJIEH IeTEPMUHUPOBAHHBIN
pacueT NpH OIHUX U TeX Ke UCXOTHBIX TaHHBIX, rpadu-
YECKHE PE3yNIBTaThl KOTOPOTO MPECTABICHBI HA PHC. 2
u B Ta0m. 1.

[IpuBenennsbie B Ta0. 1 pe3yasTaThl HO3BOJISIOT 3a-
KITIOUUTH, YTO paccMaTpuBaeMble MOJIENIN JAOT OJIH3-
KHE pe3yNIbTaThl: MAKCUMAJIbHOE PACXOXKICHUE MEKITY
HUMU He npesblaet 4,3 %, 103ToMy HCI0JIb30BaHHE
“@aoyrek B/I” B kauecTBe MMHUTAIHOHHO-CTOXACTH-
YyecKoil MoJesu /151 JaJIbHeiflero CpaBHUTEILHOI0

N -

[,=40Mm

PaccmarpuBaemble yqacTku
JUISL CPABHUTEILHOTO aHAIHU3a
Moenein

D, = 0,12 M?/m?

bn | > \ 7F@
D, =0,12 m*/m? ~

b | 1 > +3
D, = 0,12 M?/m? ~

bn | > 7L@
D, =0,12 M?/m? ~

b = D

l b

Puc. 1. PacyetHas cxema myTei sBaKyaruu

aHaJIM3a BIIOJIHE a]eKBAaTHO. Pe3ynsTaTsl CpaBHUTEIb-
HOIO aHaju3a IporpamMMHbIX npoaykros ADLPV-2.0,
“@noyrex BJI” n MHIMBUYaJIbHO-TIOTOYHON MOAETH
JUTSI cedeHnH 1 1 2 mpeicTaBIIeHBI B TpaduuIecKOM BH/IE
Ha puc. 3 u 4.

JlannbIe Tpad MKy HATTSITHO CBUCTEIBCTBYIOT, MOXK-
HO CKa3aTh, O TOM, YTO HHJUBUyaTbHO-IOTOYHAS MO-
JIeJIb HE OTPa)kaeT KaueCTBEHHON CyTH YCTaHOBJICHHbIX
3aKOHOMEPHOCTEH ABUIKEHUS JIFOJCKUX IOTOKOB U, KaK
CJIE/ICTBUE, IACT YUCIOBBIC 3HAYECHHS TAPAMETPOB IPO-
Lecca 3BaKyalnu, KOTOpble HeaJleKBATHbI TPedyeMbIM
npu BepositHocTH P, = 0,999 B pacueTax UHIUBHUILY-
AJIbHOTO TOKAPHOTO PUCKA.

DT pe3ynbTaThl 3aCTaBISAIOT 00paTUTh BHUMaHHE
Ha JIpyTYIO MOJIEIIb MHAUBUYaIbHO-IIOTOYHOT'O JIBHIKE-
HUs — “DBarek”, He UMEIOIIYO cTaryca o(hUIHaIbHO-
HOPMAaTHUBHOM, HO, MO 3asIBICHUIO €€ pa3pabOTUMKOB,
HCHONB3YIOILEH, KaK M IOTOYHbIE MOJIEIIH, YCTaHOBJICH-
HBIC 3aKOHOMEPHOCTH ICUXO(PH3HMUECKOH CBA3U MEKITY
napamMeTpaMu JIBHXKEHUS JIFoJel B TOToke [6].
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Puc. 2. Pe3ynbTaThl CpaBHUTENIBHOTO aHATH3a (M3MEHEHHE IUIOTHOCTH BO BpeMeHH) mporpamm “®noyrtex BJI” (1) u ADLPV-2.0 (2)
mutst cederuit 1 (a) u 2 (0)

Tabnuua 1. Yncnosble pe3ynbTaThl CPaBHUTENBHOIO aHanmsa nporpamm “®noytek BA" 1 ADLPV-2.0

MakcuMalbHas [I0THOCT, PacueTHOE BpeMsi 9BaKyaluH, Pacxoxnenmue, %
Pacuerioe /M MUH IO IUIOTHOCTH 0 BPEMEHH
ceuenue
ADLPV-2.0 ®noytex BJ] ADLPV-2.0 ®dnoyrex B[ ADLPV-2.0 ®noyrex B/]
1 0,255 0,245 0,51 0,53 3,9 3,8
2 0,252 0,245 0,66 0,69 2,8 4,3

B Mopenu “OBarek” CKOPOCTh JIBMKESHUS TETEX0Aa
3aBUCHUT OT MJIOTHOCTH ITOTOKA, KOTOPAsi pACCUUTHIBA-
€TCsl JUTS KaYKJIOTO YeJI0BeKa OTIeIbHO. [1jist 7Toro Bokpyr
HETO CTPOUTCS 00JIaCTh B BHJIE MPSIMOYTOJIBHHKA, 00JTb-
1asi CTOpOHa KOTOPOTO OPUEHTUPOBAHA I10 HaTpaBJlie-
HHUIO IBUKCHUS YeaoBeka. O0IacTh CMEIIACTCs TaKKe
0 HATIPABJICHHIO IBUKEHUS YeJI0BeKa ¢ Koadduiiuen-
ToMm 0,4, T. €. HEHTp 00IaCTH HAXOAUTCS OT LIEHTPA Ye-
JIOBEKa Ha PAaCCTOSHUU, PABHOM JJIMHE OOJIbIIEH CTO-
pousl, ymHOXKeHHOI Ha 0,4. [locTpoenHnast 06:1acThb pas-
OuBaeTcs Ha OTJICNIbHBIC, HE CBA3aHHBIC B €€ Mpejieiax
PpaioHsI (T. €. IepEHTH U3 OHOTO PalioHa B IPYTOA, HE TIO-
Ku1as 001acTh, HEBO3MOXKHO). I110THOCTB mMOTOKA JIst
JTAaHHOTO YeJIoBeKa D paBHa INIOTHOCTH ITOTOKA B paiio-
HE, B KOTOPOM OH HaXOJUTCS, U BEIYUCIISIETCS KaK

D=3/ /s,

)

€ 71 — YUCJI0 YEJIOBEK B pailoHe (CUMTaeTcsl, 4To ue-

JIOBEK HaXOAUTCS B pailoHe, €CJIM €ro LIEHTP JIEKUT

BHYTPH €T0);

Jf; — mutonaib TOpU30HTAIBHOM MPOEKINH i-TO de-

JIOBEKa B pailoHe;

Sp — IUIOIIAIb paiiOHa.

Pesynbrarhl CpaBHUTENBHOTO aHAIHM3a MPOrpaMM-
HbIX nponykToB ADLPV-2.0 u “Oparex” npencrasie-
HBI Ha pUC. 5.

IIpu pacuere nmapaMeTpoB IBHKEHHS U BPEMEHH
9BaKyaluu npu nomouy nporpamMmmbsl ADLPV-2.0 mo-
JISIMPOBAHUE MPOU3BOIMIIOCH JUIsl OTHOM peain3alinn

C YYETOM CTOXaCTUYHOCTH paclpeeseHus CKOPOCTH CBO-
0O0ZHOTO ABM)KEHUS HA KaXKIO0M IIare MoJeINPOBaHUsl.
B mporpamme “OBarek” B Ka4eCTBE HCXOAHBIX JaHHBIX
JUISL KaXK/10T0 MHIMBHU/IA (YeI0BeKa) CKOPOCTh CBOOOI-
HOTO JIBUKEHHUS BbIOMpaiach Ciry4aifHbIM 00pa3oM U3 CO-
BOKYITHOCTH, pactpeieIeHHON [0 HOPMaJIbHOMY 3aKOHY.
Pacuer mpu 3TOM IPOBOAMIICS OAMH Pa3, TaK JKe KakK U
JUTSL MHIMBHUIYaJIbHO-TIOTOYHOM MOJIEIH.

CorocraBnenune rpadKoB, H300paKEHHBIX HA PUC. 5
JUisl cedeHuit 1 u 2, oOHapy»XKUBaeT OIpeIelIeHHYIO
OOIIHOCTh TUHAMHUKHU MPOIIECCa, OMUCHIBACMOM IpO-
rpammamu ADLPV-2.0 n “OBarex”, HecMOTps Ha TO
YTO B IPOrpaMMax 3aJI0XKEHbI Pa3Hble aJITOPUTMBI pac-
yeTa npoliecca ABMKeHUs jrofeil. Ilpu aTom pacxox-
JICHHS BO BPEMEHH MPOXOXKACHUS yYaCTKOB MOCIECAHUM
(3aMBIKAIOIIUM TTOTOK) YEJIOBEKOM OKa3bIBAIOTCS He-
3HAYUTEIILHBIMHU.

Ha puc. 6 npuBeneHo conoctaBieHle KPUBBIX, Xa-
PaKTEepHU3YIOUIMX BpEMSsl IPOXOKIACHUS TOCTICTHUM Ye-
JIOBEKOM Pa3IMYHBIX CEYCHHH IO JITTMHE OOIIETro MPOX0-
Jia JITs pa3HbIX MOJIeTIeH, BKITFOUast rpad)0aHa M THUSCKIN
Metoj pacuera. Ha puc. 6 moka3an Takxe BEpOSTHBIN
pa3dpoc 3HaYCHUI BPEMEHU MPOXOKIACHUS yIacTKOB
IIPU UMUTALIMOHHO-CTOXaCTUYECKOM MOJIEIMPOBAHNUH,
AJITOPUTM KOTOPOTO 3aJI0’KEH B IPOrPAMMHBIX IPOLYK-
tax ADLPV-2.0 u “®@noyrex BJ1”.

I'paduxu HA prC. 6 HATTISITHO IEMOHCTPUPYIOT OXKH-
JaeMYyT0 OOIITHOCTD U pa3IHIIe MOAETICH, 3aT0KCHHBIX
Teopuei JIIOICKUX MOTOKOB B HOpMupoBanue [7]. Ilpu
9TOM Ha pHC. 6 MoKa3zaHa 1 001acTh BO3MOKHBIX (JI0TTY-
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Puc. 4. I3MeHenue IIOTHOCTH JIFOJCKUX IOTOKOB BO BPEMEHM Mt cedeHus 2 B nporpammax: / — ADLPV-2.0 (100 pacueros);

2 — ®noyrek B/l; 3 — uHANBUIYaTbHO-IOTOYHAS MOJICID

CTHUMBIX ) OTKIIOHCHUH 3HAYEHUI PACYETHOTO BpEMEHH!
3BaKyauuu f, (IIyHKTUPHBIC JINHUK), 00YCIOBICHHBIX
JIACTIEpCUEN 3HAYEHUH CIIy4alHOM BETMYUHBI CKOPOCTH
CBOOOIHOTO JIBUXKEHUS HOEH B IOTOKE V|, IPU MOBBI-
IIEHHOM KaTerOpuy €ro JIBUKEHHUS.

I'paduku 7, MOCTPOCHHBIC 110 Pe3y/IbTaTaM pacie-
ToB B nporpammax ADLPV-2.0 u “®noytex BJI” ¢ uc-

MO0JIb30BaHUEM MATEMAaTHUCCKOTO OXKHUJIAHHS JIEMEH-
TapHOM ciryuaitHo# GyHKINUU

k) k)
7o, =Vo; [1=a; In(D; /Dy )], 2
ITOKa3bIBAKOT HCKOTOPOC CMEIICHHE UX OT CPEIHUX K HIXK-

HHM I'paHUIIaM BO3MOXHBIX 3HAYEHUH. 3HCCL jaD, —
J
MAaTeMaTU4YC€CKOC OXKUAAHUC CKOPOCTHU JABUIKCHU S JIFOI-
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Puc. 5. MI3MeHeHune I0OTHOCTH JIIOJICKUX TTOTOKOB BO BPEMEHU ISl

— — — — — pa30poc 3HaYEeHU IOTHOCTH

CKOI'0 [IOTOKA B AMOLIMOHAJILHOM COCTOSIHUM ITPH I1JI0T-
HOCTH IIOTOKA Ha j-M y4actke D;; Voj. — clyuaiiHas
BEJINYMHA CKOPOCTU CBOOOTHOTO IBWIKCHHS JIOACH B
TIOTOKE [PH €ro MIOTHOCTH Dy; a;— K09 PHULHEHT, OT-
pakaromuil IcUXo(U3NYECKYI0 aJanTaluio JTIOAeH K
JIBIKEHUIO B COCTaBE MOTOKA T10 j-MY By MyTH [6].

B To0 e BpeMs rpaduKH COTIacyroTCs ¢ pe3yibra-
TaMH rpad)0aHaTUTHIECKOTO METO/Ia PACYETOB, UTO CBH-
JIETEIILCTBYET O TOM, YTO OHU 0TOOPAKAIOT M He Ipe/i-
nMucbiBaeMble UM KHHEMATHYeCKHe 3aKOHOMEPHOCTH
H3MEHEHHUs MapaMeTPoB JIIACKHUX MOTOKOB B MPO-
necce Ux ABuKeHus. Cienyer OTMETHTb, YTO Pe3yIib-
TaThl 3TOTO METO/IA JIEKAT B 00JIACTH JTOMMYCTHUMBIX OT-
KIIOHCHUH MPH MOJECTUPOBAHUM JBMKEHUS JHOICKUX
IIOTOKOB KaK CIIy4alHOI'O IIpoLecca.

Pe3ynbrarsl pacueToB f,, IOy YCHHBIC [0 YIPOIICH-
HOW aHaJIUTUYECKONH MOJENH, JAl0T 3aHM)KEHHbIE 3Ha-
YEHMsI IaHHOTO ITapaMeTpa Ha TeX yJacTKaX dBaKyalu-
OHHOTI'0 IyTH, HAa KOTOPBIX MIPOSABIISETCS 3HAUUTEIIbHOE
BIIMSTHUE TIPOLIECCOB IepepopMUpPOBAHUSI U PacTeKa-
HUS JIIOACKUX TIOTOKOB, OIIMCAHKUE KOTOPBIX HE BXOJUT
B 9TY MOJIeJIb. 32 CUET ITOT0 OHA U JIaeT “3amac’ BpeMme-
HU Ha HBaKyalHuIO IPU HOPMUPOBAHUU Pa3MEPOB IBa-
KyallMOHHBIX ITyTel U BBIXOJOB, KOIJ]a HET BO3MOXKHO-
CTH YUYUTBIBaTh TaKHe HIOAHCHI Ipoliecca 3BaKyalul
[1,2].

[Tomy4eHHbIe [0 IpOrpamMme “IBaTeK” 3HAYCHHUS /)
JIeKaT BOM3W HUKHEH TPaHMIIbI JOMYCTUMBIX 3HaYe-
HUH IPU y4eTe CTOXaCTUYHOCTH [IPOLECCa IBaKyallu.
Pesynprarsl e HWHAMBUIYAJIBbHO-IIOTOYHOM MOIEIN
CTaOMIFHO 3HAYUTENFHO HUKE 00IACTH JOIYCTHMBIX
OTKJIOHEHHWI 3HAYEHWW PACUETHOIO0 BPEMEHM IBaKya-
LN £,

Pesynprarel 3TOT0 aHaNM3a MOKa3bIBAlOT OTCYTCT-
BUE MOJICJIN UHAWBUYJIbHO-IIOTOYHOTO JABMYKEHHMS JIFO-
Jell, aeKBaTHON pealbHOMY IMOTOKY. AKTYyalbHOCTh
MOJIETT MOTUBHPYETCSI HEOOXOAMMOCTBIO TIPUCTATIBHO-

0,28
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TII0THOCTD, M2/M2
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ceuennii 1 (a) u 2 (6) B mporpammax ADLPV-2.0 u “DBarek’:

IO BHUMaHUS K JABM)KEHUIO JIHOJIEH ¢ OrpaHMYEHHBIMU
MOOMIIBHBIMH BO3MOKHOCTSIMH B IIOTOKE CMEIIIAHHOTO
cocTaBa B JIOCTaTOYHO OOLIMPHON HOMEHKJIAType 00-
IIECTBEHHBIX 3JaHUI pa3HbIX KJIACCOB (PyHKLIMOHAIb-
HOM TIOYXKapHON OMAcHOCTH.

AHaJIN3 aHATIOTHYHBIX 3apyO0eKHBIX MOJICTICH, HMe-
FOLIMX MHOT'OYHUCIIEHHBIE OIIEPAaTUBHbIE BO3MOXKHOCTH
¥ METOJBI BUeonpecTaBieHus [8—12], moka3bIBaiorT,
YTO OHHM MCHOJIB3YIOT HEKOPPEKTHbIE 3aBUCUMOCTH
MesK1y apaMeTpaMHu JIIOACKUX MOTOKOB. Tak, Harpu-
mep, B Mmomenu “PathFinder” mpu rutoTHocTH TOTOKA
D > 0,55 ygen. /M2 BIIMSIHUE TUIOTHOCTHU HA CKOPOCTH V
OIHCHIBAECTCS COOTHOLIEHHEM

k —0,266kD

V(D) = Viax 119 >

3
a MHTEHCUBHOCTD JABMIKEHUS [, 4epe3 NBEPHOU IIPOEM
paccuHThIBacTCS 1Mo (hopmyIe

F, = (1-0266D) kD, @)

TA€ Vy, — MaKCHMaJIbHAsl CKOPOCTB JIBHIKEHHUS TTeIIIe-
X071, 3aJ1aBaeMas mojIb30BaTelIEM,
k — KOB(pPUIMEHT CKOPOCTH CBOOOIHOTO JIBHIKE-
Hysl, paBHbIH 1,4 M/c.
B momenu “Simulex” ckopocTh ABMKEHUS JIFOCH V'
(M/C) 3aBUCHUT OT PACCTOSHHS MEXITY HUMH:

 Vod —025

V= 5
087 ®)

rae V,,— CKOpOCTb CBOOOIHOTO IBUKEHUS UCIIOBEKA B
NoTOKe, BhIOMpaemas B unTepsaie ot 0,8 10 1,7 M/c
B 3aBUCHMOCTH OT I10JIa M BO3PACTa YeJI0BeKa, M/C;
d — paccTosiHuE MEXK]Ty JIFOIbMU, M;

d =JyD. ()

B monenu “FDS+Evac” nist orieHKH CKOpOCTH JIBU-
JKEHHUS MIEIIEX00B B 3aBUCUMOCTH OT PACCTOSIHUS MEX-
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0,1 0,16 0,24

0,43 0,65

0,81 0,86

>

1,15 1,26 1,32 1,66 t, MUH

Puc. 6. ConocTaBieHne KpUBbIX, XapaKTEPU3YIOIMINX BPEMs TPOXO0XKAECHHS TTOCTEHUM YETOBEKOM PA3INYHBIX CEUEHHH 110 JUTHHE 00-
IIero Mpoxoja: — — — — — paz0dpoc MPU HMHUTALMOHHO-CTOXaCTHYECKOM MOJICITUPOBAHNH

Jly HUMHU, a TaKoKe OT PAacCTOSHUS JI0 IIperpajl UCIoJib-
3yeTCsl MOJZIEJIb COLIMAJIbHBIX CHJI, ONIPEEIIIEMBIX B TOM
YHUCJIe 3aKOHAMU MEXaHHUKH.

g npoBepKH aeKBaTHOCTH MOJeJIeH HHIUBUIY-
AJbHO-TIOTOYHOTO JIBIYKEHUS PeajIbHbIM CUTYaLUsIM MO-
JKET OBITh UCTIOJIB30BAH MPEXK/IE BCETO €€ YaCTHBIH CITy-
Yyail — cBOOOIHOE JIBIKEHHUE JIFOICKUX MTOTOKOB. B 3TOM
clTydae pachpe/ieieHue JIoIH B MOTOKE IO JUTMHE My TH
¥ BPEMEHH X TPUX0Jia B 000 €r0 CeYeHue orpee-
JISIETCS YUCTO BEPOSITHOCTHBIMU METO/IAMH, TIOCKOIIBKY

OHU SBJISIIOTCS (PYHKIMSME CITyYaifHOTO apryMeHTa —
CIIy4aiiHOM BEJTMYMHBI CKOPOCTH CBOOOJHOIO JABHIKE-
HUS Voj'- Jis MX OmepaTUBHOIO MOCTPOEHMS CETOHS
CYLIECTBYEeT cooTBeTCTBYyIoIas nporpamma FMT 1.0
[13]. OueBuaHO, 4TO TOCTATOYHO MHOTOYUCICHHAS CO-
BOKYITHOCTb PEAI3alluii, OCYIIECTBICHHbIX IO JII000i1
13 UHJJUBUJTYaJIbHO-TIOTOUHBIX MOZICNICH, IOMKHA J1aBaTh
CTaTUCTUYECKYI0 COBOKYIHOCTb 3HAUCHMH, UJCHTUY-
HBIX COBOKYITHOCTH, II0J1y4aeMOH 110 9TOH IIporpamme
JUIsL T€X XK€ yCIIOBUIL.

W
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ABSTRACT

With consider regulation process of evacuation of people in emergency situations program computer
systems which have to give the chance to analyse different settlement situations at the solution of
problems of ensuring fire safety in buildings of different classes of functional fire danger are
developed now. Compliance of results of the calculations perfromed by these program computer
systems, to data of natural supervision of the movement of human flows in actual practice has to be an
indispensable condition of possibility of their application in rationing. Therefore paramount criterion
of applicability of any of such program complexes is the validity of model of evacuation which they use.

It is shown that simplified the analytical and imitating and stochastic models based on extensive
statistical material of researches of human streams in buildings of various functional purpose with
their various structure of the main contingent of people and on the determined consistent patterns of
communication between parameters of flows of people of any psychophysiological state are correctly
described by program computer systems ADLPV-2.0, “Floutek VD”. These models reflect also the ki-
nematic dependences of change of parameters of a flow occurring upon its transition through
the borders of adjacent sites of an evacuation way described by a graphic-analytical method.

The comparative analysis with these results of results of the individual and line model given in
“A technique of determination of settlement sizes of fire risk in buildings, constructions and
structures of various classes of functional fire danger” demonstrates a dissonance of this model.

The analysis of results of the program of the individual flow movement “Evatek™ model shows
their convergence with the results close to the lower bound of a confidential interval of an estimated
time of evacuation. The model demands completion of reproduction of kinematics of individual
behavior of people.

m ISSN 0869-7493 MOXAPOB3PbIBOBE3OMACHOCTb 2015 TOM 24 Ne 5



sesonachoctb oaer npu noxapax [

The analysis of foreign models of the individual flow movement of people which is carried out on
the example of the program “PathFinder” and “FDS+Evac” complexes shows that they use depen-
dences between parameters of streams not corresponding to human streams.

Asaresult of the carried-out analysis comes to light that for modeling of process of evacuation it is
necessary to use imitating and stochastic model of the movement of human flows which most
precisely reflects dynamics of process in different exploitation conditions of the building.

Keywords: safety of people; individual fire risk; human stream; estimated time of evacuation; program
computer systems and models; comparison of results.
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BOMPOC:

OCHOBHOE ypaBHWBaHWE MOTEHLIMANOB MPUMEHSAET-
CA AASI BCEX CTOPOHHUX MPOBOASLLMX YACTEN, KOTOpbIe
MOTyT 0Ka3aTbCsl MOA HanpsXXeHUeM U/UAU CBA3a-
Hbl C 3eMAEMN.

B 10 e Bpema CTOPOHHUE NPOBOAALLME YACTH, KO-
TOpble MPaAKTUYECKU He MOryT oKasaTbCA MOA Ha-
NPsKEHWEM U He CBsiI3aHbl C 3eMAEN (Hanpumep,
YyCTaHOBAEHHbIE Ha M3OAALMOHHOM OCHOBaHWUK Me-
TaAAMYECKUE KpoBaTH, cendbl U T. M.), OCHOBHOIO
ypaBHMBaHUSA NOTEHLUMANOB He TPeOByIOT, U, COOTBET-
CTBEHHO, 6bINO Hbl 6€CCMbICAEHHO NPUBA3bIBATL UX
K AONOAHUTEABHOMY YPpaBHUBAHUIO NOTEHLIMAAOB.

OTCtoA@ MOXHO CAEAaTb BbIBOA, YTO AOMOAHUTEAD-
HOe ypaBHWBaHWE MOTEHLMANOB KacaeTca TOAbKO
TEX CTOPOHHMX NPOBOAALLMX YaCcTeHN, KOTOPbIE OXBa-
YeHbl OCHOBHbIM YpaBHUBaHWEM NOTeHUMAN0B. Ecan
3T0 Tak, TO 4acTu, NoAAeXaLLUe OAHOBPEMEHHOMY
0XBaTy OCHOBHbIM W AOMOAHWUTEAbHbIM ypaBHUBa-
HWEM NOTEHLIMANAOB, AOAKHbI COEAMHATLCA COOTBET-
CTBYIOLLMMU NPOBOAHUKaAMMU, YAOBAETBOPAOLWMUMHU
TpeboBaHuaMm MYI [1], npeAbABASEMbIM K NPOBOAHU-
KaM OCHOBHOIMO M AONOAHUTEABHOTO ypaBHUBaHMA.

C yyeToM CKa3aHHOTO y3eA CO CTOPOHHEN NMPOBOAS-
wen vyactbto “C8” (2-1 atax) Ha puc. 1.7.7 NMY3 [1],
KpOoMe AOMOAHWUTEABHOMO ypaBHUBAHUA (MPOBOAHM-
KM C UHAEKCOM “3”), cAepyeT OXBaTbliBaTb OCHOBHbIM
ypaBHMBaHWEM C MOABOAKOM K yacTu “C8” npoBOA-
HUKa C UHAEKCOM “2”, KOTOPbIN AOAXEH YAOBAETBO-
pATb TpeboBaHuam n. 1.7.137 [1] (OTAUYHbIM OT
TpeboBaHMUM K NPOBOAHUKY AONOAHUTEABHOTO ypaB-
HWBAHWSA) U KOTOPbIN, BUAUMO, AOAKEH UATU UAW OT
WKHbI PE KBAPTUPHOTO WKWTKA (KaK aTo NpeaAaraeT-
cs B noan. 6 n. 1.7.82 [1]), uAn HanpAMyto OT rAnaB-
HOM pacnpeaeArTeAbHOM WKHbI (F3LW) (pue. 1.7.7 [1]
ANA BO3AYXOBOAA C MHAEKCOM “C47).

MpaBUAbHbLIM AW ByAeT Takoe pelleHne?

OTBET:

3allMTHOE ypaBHMBAHWE NOTEHLMANOB SIBAAET-
¢ 06513aTeAbHON COCTaBASILOLLEN TAKOW MepPbI 3aLLIMThI,
Kak aBTOMaTU4eCKoe OTKAtOUEHME NUTaHus (cm. n. 411
FOCT P 50571.3-2009 (M3K 60364-4-41:2005 [2]),
W NpeAHa3HaYeHOo AASl TOTO, YTOObl B 9AEKTPOYCTaHOB-
Ke (B LeAOM) He BbIAO AOCTYMHbIX AASt OAHOBPEMEHHO-
ro0 NPUKOCHOBEHUA YacTen, MEXAY KOTOPbIMW MOXET
BO3HWKHYTb OMacHas pas3HOCTb NOTEHLMAAOB NPKU No-
BPEXAEHUN U3OASILMU B KAKOM-AMBO MeCTe SAEKTPO-
YCTaHOBKMW. 3alumta BbINOAHAETCS B ABYX aCneKrax:

1) OCHOBHas cuctema ypaBHWBaHMA MOTEHLMAAOB,
obs3atenbHasi AA BCEX INEKTPOYCTAHOBOK, BKAKOUA-
HOLLLIAs NPUCOEAMHEHWE BCEX BXOASLLMX B 3AaHUE
KOMMyHWKaumii K T3LL Ha BBOAE B aAEKTpoycTa-

HOBKY, a TaKXe Kapkaca 3AaHuA (BCEX CBA3AHHbIX C
HWM CTOPOHHUX MPOBOAALLIMX YaCTeN), 3a3EMASAIOLLIE-
ro ycTpovctea (ecav Mmeetcs) M WnHbl PE BBOA-
HO-pacnpeAeA TEABHOMO YCTPOMCTBA 3AaHUS (COEAU-
HAET BCE OTKPbITbIE NMPOBOAALLME HACTH);

2) AOMOAHWUTEABHOE YpaBHWBAHME NOTEHLMANOB, NMPEA-
cTaBAstoLLee cOBOM AOMOAHUTEABHYIO Mepy 3alliy-
Tbl B OTA€AbHbIX MOMELLEHUSX, ECAU YCAOBUA Cpa-
6aTbiBaHUsA 3aWKUTbl B cootBeTcTBUM ¢ TOCT P [2]
He obecneyrBatoTCs OCHOBHOM CUCTEMOM (Hanpw-
Mep, B MPOTAXEHHbIX LENAX UAU B MOMELLEHUAX C
NOBbILLEHHOM ONACHOCTbIO).

N30AALMA METAAAMYECKUX KpOBaTEN (ECAU MMEIOTCA B
BMAY KPOBaTU MEAMLMHCKUX YUPEXAEHWI) AOAKHA CO-
otBeTCcTBOBaTh TPeboBaHusam MOCT P 50571.28-2006
(M3K 60364-7-710:2002) [3].

Urto kacaetcs puc. 1.7.7 [1], To cAeAyeT OTMETUTD, UTO
y3eA “C8” nokasaH Ha HEM KaK HaXOAALLIMIACA B AQHHOM
noMeLLeHUN GparmMeHT CTOPOHHEN NPOBOASLLEN Yac-
I, NPUCOEAMHEHHOW Ha BBoAE K I3LL.

B HacTosilee Bpemsa BMecTo puc. 1.7.7 [1] B KauecT-
BE NpumMmepa CAeAyeT MCMOAb30BaTb PUCYHOK, NpuBe-
AeHHbIM B npuA. B TOCT P 50571.5.54-2013 (M3K
60364-5-54:2011) [4], Ha KOTOPOM aHaAAOTMYHas CTo-
POHHSAS YacTb MeeT 0603HaueHue “C7".

BOMNPOC:

MpaBUALHO AM, YTO MHGOPMALMIO, MPUBEAEHHYIO B
n.1.7.83[1] OTHOCUTEABHO AOMOAHUTEABHOTO YpaB-
HWBaHMA NOTEHLMANAOB, CAEAYET pacCMaTpmMBaTh Kak
BO3MOXHOCTb OAHOBPEMEHHOIO MPUKOCHOBEHUA K
OTKPbITbIM MPOBOASILLMM YaCTAIM IAEKTPOOOOpPYAO-
BaHWA, C OAHOW CTOPOHbI, U K CTOPOHHWM NPOBO-
AALLMM YacTaM — ¢ Apyron? O3HavyaeTt An 370, UTO
ypaBHUBaHMWeE NOTEHLMAAOB MEXAY ABYMA IAEKTPO-
ABUraTensiMu, AOCTYMHbIMW AN OAHOBPEMEHHOIO
NPUKOCHOBEHMUSA, He TpebyeTtca?

OTBET:

M. 1.7.83 [1] yuntbiBa€T BO3MOXHOCTb OAHO-
BPEMEHHOIO MPUKOCHOBEHWS K AOObIM OTKPbITbIM
W/WUAY CTOPOHHWUM NMPOBOAALLIMM YaCTAM B AOOOM KOM-
6uHaLMK.

YDaBHMBaTb NOTEHUMAN MEXAY ABYMA IAEKTPOABUTra-
TEAAMU, AOCTYMHbIMU AAA OAHOBPEMEHHOIO MPUKOC-
HOBEHWA, HE TpeﬁyeTCH TOAbKO B TOM CAy4ae, ECAU MPKU
NOoBPEXAEHNUN N3OAALUMN Ha OAHOM M3 HUX BO3HUKHO-
BEHWE OnacHOM Pa3HOCTU NOTEHUMaAOB HEBO3MOXHO
Ha BpeM4d, npeBbillaollee 3Ha4yeHnd, yKa3aHHble B
n. 411 TOCT P [2].
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YBAXXAEMbIE YUTATEAU!

Bbl MOXeTe NpucbiAaTb CBOM BOMPOCHI Ha SAEKTPOHHYHO MOUTYy u3pateAbctBa (info@fire-smi.ru), n cne-
LMaAUCTbl B 06AaCTH NoxapHoW 6e3onacHOCTH AaAyT Bam Ha HUX ncueprnbiBatoWwme U KBaAudULMPO-
BaHHbIE OTBETHI.

CMELNANN3NPOBAHHbIN 9K30CKENET
OBJIETYUT PABOTY MOXXAPHbBIM

CpeaHuii BeC 06MyHAMPOBAHNS MOXAPHOr0 COCTaBAseT 0kono 25 kr. Kpome Toro,
B 3aBMCUMOCTM OT CUTyauuu emy npuUXoanTCs NepeHOCUTb Ha cebe NHCTPYMEHTbI U
060py0BaHne, BEC KOTOPbIX MOXET gocTuratb 70 Kr. A Tenepb nNpeacTaBbTe, YTO
4enoBeky, 06PEMEHEHHOMY TaKUM rpy30M, TPeOYeTCs NOAHATLCA HAa HECKOMbKO fe—
CATKOB NTECTHUYHBIX MPOSETOB 1 3aTeéM [eMCTBOBATb B YCMOBWAX, NPEACTABNAILLINX
HEMany OnacHOCTb 151 M0 XNU3HU 1 XXI3HI OKPYXAKOLLWX SII0Aei. [ToMOoYb noXxap-
HbIM B TaKWUX CUTYaLMAX MOXXET UCMONb30BaHUE CMeLMann3npoBaHHbIX 3K30CKESETOB,
MOA0GHbIX TEM, KOTOPbIe pa3pabaTblBAlOTCS ANS BOEHHbIX W acTPOHABTOB. CBO
NPOEKT 3K30cKeneTa Ana noxapHbix AFA (Advanced Firefighting Apparatus) npeacra-

By KeH YeH (r. Menb6ypH, ABcTpanus).

C y4eTom 0CO6EHHOCTEN NpeanaraeMoil KOHCTPYKLIY 3K30CKENET NO3BONUT NOXAPHOMY nepeHocuTb rpy3 nopsaaka 90 kr. Bee
MeXaHu3Mbl 1 MpUBOAbLI AFA NONyyYatoT 3HEPTUI0 OT IMTUA-NONIUMEPHBIX aKKYMYNISTOPHbIX 6aTapen, 0AHOM0 3apsja KOTopbIX
XBATUT HA 2 4 HENMPEPbIBHON Pab0Thbl. DK30CKENET MOXKET 0L1€BATHCS NOBEPX CTAHAAPTHOIO KOCTHOMA NOXAPHOTO, & B CIy4ae BO3—
HWKHOBEHNS YPE3BbI4ANHON CUTYaLUUI WAW HEUCMPABHOCTU 060PYLO0BAHNA 9K30CKENETa B €r0 KOHCTPYKLUMW NPeaycMOTPeH
CI'IeLl,I/IaﬂbeII7I npe,qoxpaHMTeanbm MEXaHuU3M, KOTOprI7I NO3BOIUT NOXAapPHOMY 1136aBUTLCA OT 9K30CKESeTa 0AiHUM NPOCTbIM
LBVKEHNEM.

“MpoBens uccrenoBaHns, f BbIACHWI, 4TO B COBPEMEHHBIX BbICOTHBIX 3AAHNAX MOTYT HAXOAMUTHCA ThICA4Y OLEN, A0 KOTOPbIX
NOXapHble NONPOCTY He MOTYT A06PATLCS, NPUMEHSH NOXAPHBIE NECTHULI U Apyrie cpeacTa. LLIaHChl Ha nomy4eHre NoMOLLM 1
CMaceHue y Takux ntofer 6n3Kn K HyN0, — pacckasblBaeT YeH. — EAMHCTBEHHbIM peanbHbIM CNoco60M A406paThes 40 Nitofen
B rOPSILLEM 3aHWN ABNISIETCA UCMOMb30BAHNE 00bIYHbIX BHYTPEHHUX NECTHUL,. CyLLECTBYHOLLAE HbIHE TEXHONOMMM 1 TEXHONOM K
6nukaiilero 6yayLiero CMOryT nomoyb noXapHbIM MPeoAOoNeTb OrPaHNYeHUs, HakNabiBaeMble BOSMOXHOCTAMU YeN0Be—
YeCKOro OpraH1i3mMa, YTo NMo3BOJINT CMACTI MHOXXECTBO XXM3HEN B Pa3NINYHbIX YPE3BbIYANHbIX CUTYaLMsX”.

www.theloop.com.au/kenchen420/project/166140
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NMPABUJIA AN ABTOPOB!

HanpaBsasemble B XXypHan “NMOXXAPOB3PbIBOBE30OMNACHOCTb” ctaTbu AOAKHBI COAEpPXaTb pe3yAbTaTbl HAayYHbIX
UCCAEAOBAHUM U UCTbITAHWI, ONUCAHUA HOBbIX TEXHUUECKUX YCTPOMCTB U NPOrpamMMHO-MHGOPMALUOHHbIX NPO-
AYKTOB, NpobAaeMHble 0630pbl, KOMMEHTapUU K HOPMaTUBHO-TEXHUUECKUM AOKYMEHTaM, CpaBoYHble MaTepua-
Abl UT. N. MeToAbI pacueTa U aKCcnepuMeHTaAbHble AQHHbIE, MOAYYEHHbIe aBTOPOM, AOAKHbI 6bITb 0POPMAEHDI B CO-
OTBETCTBUU C pekoMmeHpauusamu KOAATA. OcTanbHble UUCAEHHbIe AaHHble, 3a UCKAKOUEHUEM 06LLEeU3BECTHBIX
BEAUYUH, CAeAYET CHabXaTb CCbIAKAMU Ha NEPBOUCTOUHUK. HayuHble cTaTbl AONKHBI UMETb MPaKTUYECKYHo Ha-
npaBAeHHOCTb. B Hauane paboTkl (Hanpumep, BO BBEAEHUU) Lieneco0bpa3HO KpaTKO M3N0XKUTL COCTOSHUE Npobae-
Mbl U MECTO B HEM AaHHOM 3apauu. B KoHUe ny6AMKaLMK AONKHBI ObiTb cAeNaHbl KpaTKMe BbIBOAbI C yKadaHUEM
Hay4YHOM HOBU3HbI U NPAKTUYECKON MOAE3HOCTU MaTepuUana.

PeaaKuusa npocUT aBTopoB MPU NMOATOTOBKE PYKOIMUCH PYKOBOACTBOBATLCA U3NOXKEHHbIMU HUXXE NpaBUAaMM.

1. CTatbst 1 CONYTCTBYHOLLME eI MaTEPUATbI [LOSDKHbI ObITh HANPaB-
NeHbl B PEAAKLIMIO B 3NIEKTPOHHOM BUJE MO 11EKTPOHHOMY aapecy
(info@fire-smi.ru), a Takxxe B 6ymMaKHOM BUAe no noyte (121352,
Poccuiickas ®epepauus, r. Mocksa, a/a 43). CtaTbs JO/HKHA 6bITb
SICHO U3N0XEHA, TLLATESIbHO OTPEAAKTMPOBAHA 1 MOANNCaHa BCe-
MU aBTOpPaMN.

2. Matepuan cTatbi A0/KEH U3n1araTbCs B CNEAYHOLLEM NOPSAKE.
2.1. Homep YK (yHuBepcanbHas fecaTnyHas knaccudmkawms).

2.2.3arnasue CTaTby (Ha pyCCKOM 1 aHTINACKOM A13blKax). 3arna-
BUS HAYYHbIX CTATEN LOIKHbI ObITb WH(OPMATUBHBLIMU; B HUX
MOXXHO MCMOMb30BaTh TONbKO 06LLENPUHSATBLIE COKpaLLeHus. B nepe-
BOZeE 3arnasuii CTaTen Ha aHTIMACKUIA A3bIK HEAOMYCTUMbI TPAHC—-
NNUTEpaLIMK C PyCcCKOro A3bIKa, KDOME HEMepeBoaNMbIX Ha3BaHMIA
COOCTBEHHbIX UMEH, MPMOOPOB 1 APYrMX 0ObEKTOB, UMEHLLNX
COOCTBEHHbIE Ha3BaHWs, @ TAKXKE HENEPEBOANMbINA CIIEHT, U3BECT-
HbI TONBKO PYCCKOrOBOPALLMM creluaniucTam. 370 TakxKe Kaca-
€TCH aHHOTaLMIA, aBTOPCKNX PE3IOME 1 KITHO4EBbIX CJIOB.
2.3. iudpopmavins 06 aBTopax.
2.3.1./imeHa, oT4ecTBa 1 hammniy Bcex aBTopoB. OHM JOMK-
Hbl NPUBOAUTBLCA MOMHOCTbIO HA PYCCKOM 3bIKE 11 B TPAHCN-
TepaLuu B COOTBETCTBIM ¢ cucTemoii FocaenaptameHTa CLUA,
KOTOpasi B HACTOALLEE BpeMs ABNAETCA Haubonee pacnpo-
cTpaHeHHon (http://fotosav.ru/services/transliteration.aspx).
ABTOpamMu ABNAKOTCA NKLA, MPUHUMABLLME Y4acTE BO BCEN
paboTe unu B ee rMaBHbIX pasfenax. Jiuua, y4acTBoBaBLUmne B
paboTe YaCTUYHO, YKA3bIBAKTCA B CHOCKAX.

2.3.2. Y4eHble CTeNeHu, 3BaHNS, AO/MKHOCTb, MECTO pPaboThl
BCEX aBTOPOB C MOMHbLIM HOPUANYECKUM aAPECOM (Ha PyCCKOM
11 @HTTIMACKOM A13blKax). 34eCb HEOOX0AMMO YKa3aTh: NOJIHOE
odhuumanbHoe Ha3BaHKe OpraHN3aLu, UHOEKC, CTpaHy, ropof,
Ha3BaHWe yNnLbl, HOMEP J0Ma,  TAKXXE KOHTAKTHbIE Tenedo-
Hbl 11 3IEKTPOHHBIN aApec BCEX Unu XoTa 6bl 04HOTO U3 aBTO-
pos. [pn 3TOM He cnefyeT NPUBOAUTL COCTABHbIE YacTW Ha-
3BaHUM OpraHn3auuin, o603HavaloLne npUHaAANEeXXHoCTb
BEAOMCTBY, (hOpMYy COGCTBEHHOCTW, CTaTyC OpraHusaluu
(Hanpumep, “YupexaeHne PoccuilCKoil akafemnn Hayk...”,
“©eaepanbHOe rocyAapcTBEHHOE YHUTAPHOE NpeanpusTue...”,
“©Oroy BMO...” n 1.1.), 4T0 3aTPyAHAET UAEHTUGMKALNIO
opranusauun. O6palyaem Batie BHUMaHUe, YTO Npu nepe-
BOJe HE06X0AMMO YKa3blBaTb 0CHNLIMANTLHO MPUHSATOE Ha3Ba—
HIE OPraHn3aLmn Ha aHIIMACKOM A3blKe. BCe MOYTOBbIE CBE-
JeHus (KpoOMe HaMeHOBaHNs ynnLbl, KOTOPOE JOJIKHO ObITh
B TPAHCIIMTEPUPOBAHHOM BUE) JOMKHbI ObITb TAKXKE nepe-
BeJIeHbl Ha aHTIMIACKII A3bIK, B TOM YUCIIE Ha3BaHWe ropoaa
1 CTPaHbI.

Npuwep: /nstitute for Problem in Mechanics, Russian Academy

of Sciences (Vernadskogo Avenue, 101, Moscow, 119526,

Russian Federation).

2.4. AHHOTALMS HA PYCCKOM S13bIKE (He MeHee 4—5 npeyioxKeHNiA).

2.5. PaclumMpeHHOe pestomMe Ha pyCCKOM W aHTMNACKOM f3blKax.
Heo6x041M0 MMETb B BUAY, YTO aBTOPCKME PE3OME Ha aHTSIACKOM
A3blKe B PYCCKOA3bIYHOM U3JAHUN ABNSKOTCA ANS MHOCTPAHHBIX
Y4€eHbIX U CNeLnannucToB OCHOBHbIM U, KaK NpaBuno, eaUMHCTBEH—
HbIM MCTOYHUKOM UH(OPMALL O COAEPXKAHNN CTaTbM 11 06 30—
XKEHHbIX B HE pesynbTatax uccnenosaHuil. [oaTomy aBTopckoe
pe3toMe JOSHKHO ObITb:

® VH(OPMATUBHBLIM (He cofiepXKaThb 06LLKX COB);

m OPUTMHANBLHBIM (HE ObITb KaNbKOM C PYCCKOA3BIYHON aH-
HOTALWW C LOCNOBHBLIM NEPEBOOM);

m COfepXaTesibHbIM (0TpaXKaTb CYLLECTBEHHbIE PE3yNbTaThl
paboThl; HE [JOSHKHO BKITH0YATh MaTepuas, KOTOPbIA 0TCYT—
CTBYET B OCHOBHOW 4acTu ny6nukauum);

m CTPYKTYPUPOBAHHBIM (T. €. CIeA0BATh IOMMKE ONUCAHUA pe-
3ynbTaToB B My6nukaumn);

= “aHrN0A3bIYHLIM” (HAMUCAHHBIM KA4ECTBEHHbLIM AHMNIA-
CKUM S13bIKOM, 6€3 CMOMb30BaHUs NpOrpamMm aBToMaTtii-
31MPOBAHHOIO NEPeBoa);

= 00bEM TEKCTa aBTOPCKOr0 PE3OME LO/KEH ObITb HE MEeHee
150-200 cnos.

lMpuBETCTBYETCA CTPYKTypa pe3toMe, MOBTOPAOLLAS CTPYKTYpY
CTaTb¥ W BKNKOYaloLLas BBEAEHWE, LeNu 1 3aJa4mn, MeTofbl, pe-
3ynbTaThl, 3aKNto4eHe (BbIBoAbl). OLHAKO NPEAMET, TEMA, Lieflb
paboTbl YKa3bIBAKTCS B TOM CIly4ae, ECM OHI HESCHbI U3 3arna-
Busi cTatbi. MeToz unv MeToLOoNO0rIo NPOBELEHNs PaboThI Liene-
€006pa3HO OMMCbIBaTb B TOM Cilyd4ae, €CNM OHU OTIMYaoTCA
HOBW3HOIA UMW NPeACTaBNAOT UHTEPEC C TOYKM 3PEHUS JaHHOM
pa6oTbl.

PesynbTatbl paboThbl CieayeT ONnUChbIBaTh NPeLenbHO TOYHO U UH-
thopmatneHo. Mpu 3TOM NPUBOAATCSH OCHOBHbIE TEOPETUHECKIE 1
9KCMNepumeHTanbHble PE3ynbTaThl, (baKquecKme NaHHbIe, yCTa-
HOBMEHHbIE B3aMOCBA3M 11 3aKOHOMEPHOCTH.

BbiBOAbI MOTYT CONPOBOX/AATLCA PEKOMEHAALMAMN, OLEeHKamu,
npeanoXeHnsMu, runoTe3amu, ONMCaHHbLIMKU B paboTe.
CBeaeHus, COAepKallecs B 3arnaBumn CTaTbi, He AOSKHbI MO-
BTOPATLCA B TEKCTE aBTOPCKOTO PE3tOME.

TeKCT AOKEH ObITb CBA3HBIM; U3N1araeMble MONOXKEHUS SOMKHbI
NOrMYHO BbITEKATb OfIMH W3 APYrOro.

CoKpalligHns 1 YCNOBHbIE 0603HAYEHNS, KPOME 06LLeynoTpedu-
TeNbHbIX, CEAYET NPUMEHATb B UCKMIOYNTENbHBIX CAYYaaX Uan
[aBatb UX pacLunPOBKY 1 ONpeaeneHne Npu nepBom ynotped—
NEeHWU B aBTOPCKOM PEe3toMe.

B aBTOpCKOE pe3tome He peKOMeH/YeTCs BKKYaTb CXeMbI, Tab-
ANUBI, UAAKOCTPALMK, POPMYIIbI, @ TAKXE CCbIKN Ha ny6ankKa-
LK, NPMBEJEHHbIE B CMUCKE NMTepaTypbl K CTaTbe.
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2.6. Knto4eBble CI0BA HA PYCCKOM W aHITINIACKOM A3blKax (He Me-
Hee 5 CroB UnN CNOBOCOYETaHNIA). YKa3biBAKOTCH YEpe3 TOYKY C
3anaTon. HeponycTuMo B Ka4eCTBE KIHOYEBLIX CIIOB UCMOb30-
BaTb TEPMUHbI OOLLET0 XapakTepa (Hanpumep, npobnema, pelle-
HIE U T. N.), HE ABNAIOLLMNECH CreLndUYECKON XapakTepucTUKo
nyénukauum.

2.7. TekcT cTaTbl. TEKCT LOMKEH ObITb HAbpaH 4Yepes 1,5 nHTep-
Bana u npepoctanateca B hopmare Word. @opmynbl LOMHKHBbI
ObITb HabpaHbl B Microsoft Equation unn MathType.

LinTupyembilii TeKCT U3 AipYrux ny6nukauuii cnefyet 6parb B ka-
BbIYKM.

Ecnu npeacTaBneHHble B CTaTbe NCCNEA0BAHMS BbIMOHEHbI aBTO-
pamu npu oMHAHCOBOW NoaaepXKKe Poccuitckoro dooHaa yHaa—-
MEHTaSTbHbIX UCCNe0BaHNiA, Poccuiickoro Hay4yHoro cpoHaa, Mu-
HUCTEPCTBA 06pa30BaHNsa U Hayku Poccuiickor deaepauum n ap.,
TO B KOHLIE CTaTbh 06513aTeNIbHO CleayeT AaTb MHADOPMaLU 06
3TOM C YKa3aHWeM HOMepa 1 Ha3BaHWs rpaHTa (Hay4Horo npoek-
Ta, FOCKOHTPAKTA 1 T.1.).

CoKpalleHus 1 YCnoBHble 0603HaYeHNS (DU3NYECKMX BENUYUH B
TEKCTe CTaTbi AOMKHbI COOTBETCTBOBATH AG/CTBYIOLLNM MEXY—
HapoAHbIM cTaHgapTam. Popmysibl U OyKBEHHbIE 0603HA4EHUs
JOJDKHbI 6bITb YETKUMU W ACHBIMU. BCe 6yKBEHHbIE 0603HAYEeHUS,
BxofaLme B oOopMyIibl, JOMKHbI ObITb pacliMdpOoBaHbl C yKa-
3aHMeM efHUL N3MepeHns. Pa3MepHOCTb BCEX XapakTepucTuk
J0/KHA COOTBETCTBOBATL cucTeme CIA.

/inntocTpaumm B 3NEKTPOHHON BEPCUNM NPUNAraTcs 0TAENbHO.
®oTorpadun L0MKHbI 6bITb CAENaHbI C XOPOLLEro HeraTuBa KOHT-
pacTHOM neyvatbto (hannbl PacTPoBbIX U306PKEHUI NPeACTaB—
naTes ¢ paspelueHnem He meHee 300 dpi, YepHO-6enas LWTpu-
x0Bast rpadomka — 600 dpi). Paiinbl BEKTOPHON rpadoukm cneayer
npefoCcTaBnAThL B (hOpmate TOV NpoOrpamMmMbl, B KOTOPON OHW CO-
30aHbl, Nn6o Hanevatatb PDF-chaiin n3 atoit nporpamMmsl. Bee
UNNIOCTPALMY AOMKHBI UMETb CKBO3HYH HyMepaLmio. YepTexu n
KapTbl B KA4ECTBE UINHOCTPALMIA He npuemnembl. CCbINKKM HA BCE
PUCYHKM B TEKCTE 00513aTENbHbI.

Tabnuubl JOMKHbI GbITb COCTABMEHbI NAKOHUYHO U COAEPXaTh
TONbKO HEOBXOAMMbIE CBELEHNS; OOHOTUMHbIE TAGNNLbI ClleayeT
CTPOUTb OAMHAKOBO. LinchpoBbie AaHHbIE HEOGXOAUMO OKPYTNATH
B COOTBETCTBUN C TOYHOCTbIO 3KCnepumeHTa. CefieHns B Tabnun-
L|axX v Ha PUCYHKAX HEe JOMMKHbI NOBTOPATLCS. CCbINKK Ha BCe Tab-
NNLbI B TEKCTE 06513aTeNbHbI.

2.8. TpucTaTeHble CNUCKKU NUTEPaTypbl HA PYCCKOM 3blke K
A3bIKe opuriHana (ecnu KHura nepesogHas).

Cnucok nuTepatypbl 0MKEH BKNOYaTh 6ubnmnorpaduyeckme cee-
JeHus 060 Bcex Ny6nmkaunsx, ynoM1MHaeMbIX B CTaTbe, U He [0S-
)KEH COAEepPXaTb yKa3aHWii Ha paboTbl, HA KOTOPbIE B TEKCTE HET
CCbINOK. Jlutepatypa A0MKHA ObITb 0CPOPMIIEHA B BUAE 06LLEr0
CNUCKa B NOPASKE YNOMUHAHWA. B TEKCTE CCbINKa Ha nuTepatypy
0TMEYaeTcs NOPSAKOBOM LMA)PON B KBaApaTHbIX CKOOKaXx, Hanpu-
mep [1]. Bubnuorpadnyeckne aaHHbIe NPUBOAATCA MO TUTYIIbHO-
My JIUCTY n3aaHus. [TopsaoK N3NoxXeHUs aneMeHToB 6ubnmorpa-
(huyeckoro onucanms onpenensercs tpeéosaHuamu FOCT 7.1-2003
1 FOCT P 7.0.5-2008.

B onmcanum ncto4HNKoB HEO6XOANMO YKa3blBaTbh BCEX aBTOPOB.

Cnucok nuTepatypbl IOMKEeH cofiepxath He MeHee 10 UCTOYHM-
KOB (He BKIK04ast B 9T0 YUCNO HOPMATUBHbIE JOKYMEHTbI, NaTEHTbI
WUT. N.), B TOM YICNE HE MEHEE 3 MHOCTPAHHBIX. BbINONHEHNE AaH-
HOro Tpe6oBaHWs ByJeT CBUAETENLCTBOBATL O TOM, YTO aBTOPbI
NCMONb3YHOT NPEfbIAYLINE HAyYHbIE AOCTUXKEHNS B HEOOX0ANMON
Mepe.

He MeHee N0MoBUHbI UCTOYHKOB A0MKHbI 6bITb BKIHOYEHbI B OIH
13 BEAYLLUNX UHAEKCOB LNTUPOBAHNA: POCCUIACKMIA MHAEKC HayY—-
Horo uutupoBanus eLibrary, Web of Science, Scopus, Chemical
Abstracts, MathSciNet, Springer u ap. B cny4ae npucsoeHus ny6-
nmkaumsm undposoro naeHtudmkatopa o6bekta (DOI) ero He-
06X0[1MMO yKa3aTb, YTO MO3BOMNT OJHO3HAYHO UAEHTUULPO-
BaTb 00BLEKT B 623aX JaHHbIX.

CoCTaB MCTOYHMKOB AOSMKEH ObITb aKTyanbHbIM 11 COAEPXaTb He Me—
Hee 5 CoBPeMEHHbIX (He cTaplue 10 neT) cTaTer u3 Hay4HbIX Xyp—
HaNIoB UMW ApYrux Ny6smkaLunii.

B cnucke nutepatypbl He 4OMKHO 6bITh 6011ee 30 % UCTOYHUKOB,
ABTOPOM NGO COABTOPOM KOTOPbIX SIBNISETCA aBTOP CTaTblA.

Cnenyert 06paTuTh BHUMAHWE Ha My6nuKaLmm gucceptaunii (0co-
6EHHO JOKTOPCKMX), 3aLLMLLEHHbIX B NOCNEAHNE rofibl N0 6rivkan-
LUEN Hay4HON CreumanbHOCTU UK rpynne cnewyunansHocTe. Ans
noucka pekoMeHayeTcs ucnonb3oBatb pecypc http://www.dis-
sercat.com.

2.9. References (npucrateiiHble CNUCKU NUTEPATYPbl B TPAHCIN-
Tepauuu (Ha NaTMHNLIE) U Ha aHTMNIACKOM A3blKe). [TpeacTaBneHue
B References Tonbko TpaHcnutepuposaHHoro (6e3 nepesona)
0MUCAHUS HELOMYCTUMO.

IMpu nepeBofe PyCccKOA3bIYHOTO NCTOYHMKA (KHUMW, MOHOrpaduu,
AnccepTaLnin, 3NeKTPOHHOIO pecypca 11 np.) NPUBOANTCA TPaHC—
nutepaums amMmunuin 1 MHALKANOB aBTOPOB, TPaHCIMTEPALMS
Ha3BaHNS UCTOYHMKA 11 B KBAZPATHbIX CKOOKAX €0 NepeBof Ha aH-
TMNACKNIA A3bIK, TOL, MECTO U3LaHUS, Ha3BaHUE W3LATENbCTBA,
KONNYeCTBO CTpaHuL. MecTo u3gaHns fOMKHO ObITb YKa3aHO Ha
aHrnuiickom a3bike (Moscow, Saint Petersburg nt. n.). TpaHcnu-
TEPMPOBAHHOE Ha3BaHWE U3LAHNSA BbILENSETCH KYPCUBOM.

Ecnu npuBoauTCS PYCCKOA3bIYHAA CTAThbs B XKypHane, T0, NOMIUMO
TpaHCNUTEPALAN HA3BaHS CTaTbll M €70 NePeBo/a Ha aHrMUACKMIA
A3bIK, YKA3aHHOr0 B KBAJpaTHbIX CKOOKaX, HEOGXOAMMO AaTh
ochuLManbHY0 aHIMUACKYH0 BEPCUIO HAa3BaHUs XypHana (nepe-
BOJ 0GbI4HO 6CTb Ha CaiiTe XypHana). Ecnui ee HeT, TO NpUBOANUTCS
06bl4YHas TpaHCTUTEPaLNS. YKa3bIBAETCA TAKXKE FOf U3LAHNS, TOM,
HOMep BbINycKa, CTPaHNLbl CTaTbi. Ha3BaHue U3paHus Bblaens—
eTCS KYPCUBOM.

Mpumepsl onucannii B References MOXHO HaiiTu Ha canTe n3ga-
TenbeTBa (Www.fire-smi.ru).

Ha caiite n3parensctea Emerald gaHbl 4OCTaTO4HO NOAPOGHbIE
peKoMeHaaLUum no COCTaBAEHNIO NPUCTATEAHbIX CIUCKOB NUTE-
patypsbl no cTanaapty Harvard (Harvard Reference System) npak-
TUYECKU Ans BCex BMAOB nybnukaumin (http://www.emerald-
insight.com/authors/guides/write/harvard.htm?part=2), a Takxe
nporpamMmMHble CPeACTBa N1 MX (DOPMMPOBAHUS.

3. K cTatbsim cneayeT npunaratb PELLEH3NI0 CTOPOHHETO Crewna—-
NACTA (T. €. OH He [JO/MKEH ObITb CBA3AH C MECTOM PaboThI (y4ebbl)
aBTOPOB CTaTbM), KOTOPAsA LOKHA ObITb MOANMCAHA PELEH3EHTOM
(c ykasaHuem ero @. 1. 0., y4eHOro 3BaHus, y4EHON CTeNeHM, AOMK—
HOCTI, MeCTa paboThbl), 3aBePeHa OTAENI0M KaZpOB (Y4eHbIM CeKpe-
Tapem) 1 neyatbto. Bce peLeH3eHTbl AOMKHbI ABNATLCA NPU3HAH-
HbIMU CMELManNCcTamMm No TeMaTUKe PELLEH3NPYEMbIX MaTepuanos
1 UMETb B TEYEHE NOCeLHUX 3 NeT ny6rmkauum no TeMaTuke pe-
LieH3mpyemoi ctaTbit. Obpatlaem Batle BHUMaHNE, YTO PELIEH3EHT
He I0/MKEH BXOANTb B PeakLMOHHbIN COBET HALLEr0 XXypHana.
4. HenpuHATble K Ny6MKaunmu cTaTbi aBTOPY He BO3BPALLAOTCS.
lpocbba pefakuyun 0 nepepadoTke matepuana He 03Ha4aeT, Y10
OH MPUHAT K neYartu.

5. He fonyckaeTcs HanpasneHue B peakLinto paboT, KOTopble 6bin
0ny61MKOBAHBI W/W NPUHATBI K NEYaTn B ApYrux U3faHusx.
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