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environment produced by the drop tower experiments. A 0.076 mm thick cellulosic
paper has been used as a test specimen. Reproduced from Olson (1991)......... 24
Effect of opposed-flow velocity on limiting oxygen concentrations for a thermally
thin sheet. (a) Experimental results for a 0.076 mm thick cellulosic paper.
Reproduced from Olson (1991). (b) Numerical results for a thermally thin solid.
Reproduced from Kumar et al. (2003). ...eoueeeeeeeeeeeeee e 25
Flammability map of NOMEX. Plots are experimental data, and a curved line
represents limiting oxygen concentrations predicted by the Takahashi model.
Reproduced from Takahashi et al. (2019) . ...ooov oo 28
Left: Computed flame shape spreading over a thermally thin solid fuel. Right: Time
sequence photos of opposed-flow flame spread over a 0.10 mm thick PMMA in
microgravity environment. Opposed-flow velocity = 3 cm/s and oxygen
concentration = 20.1%. Reproduced from Carmignani et al. (2018). ...cccceveeee.e. 29
The model of the effective flow velocity due to the presence of the velocity
boundary layer. Adapted from Bhattacharjee et al. (2014)...coooeeeeeceeeeeeeeeeene. 30

3D view of opposed-flow flame spread over a planar solid and a cylindrical solid.

Radiative heat loss parameter as a function of opposed-flow velocity with different
radius Of SOIA FUEL oo 32
(a) Flame spread rate as a function of ambient pressure for LDPE insulated Fe and
NiCr wire in normal gravity with horizontal configuration. (b)Flame spread rate as
a function of opposed-flow velocity for LDPE insulated NiCr wire in microgravity.
(c) Instantaneous flame shape observed during horizontal flame spread in normal

gravity with different ambient pressure. (d) Instantaneous flame shape observed
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Figure 1.30

Figure 1.31

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

during opposed-flow flame spread in microgravity with different flow velocity. (a)
and (c) are reproduced from Nakamura et al. (2009). (b) and (d) are reproduced
from Fujita €t @l. (2002) ..ottt e 35
(a) Flame spread rate as a function of wire inclination angle for LDPE insulated Cu
and NiCr wire in normal gravity. (b) Flame spread rate as a function of ambient
oxygen concentration for LDPE insulated Cu and NiCr wire in normal gravity with
downward configuration. (c) Instantaneous flame shape observed during flame
spread in normal gravity with different wire inclination angle. (d) Instantaneous
flame shape observed during downward flame spread in normal gravity with
different oxygen concentration. (a) and (c) are reproduced from Hu et al. (2015).
(b) and (d) are reproduced from Konno et al. (2019)....cccoveeoeeeeeeeeeeeeeeeeeeeee 37
(a) Limiting oxygen concentrations of LDPE insulated Cu and NiCr wires as a
function of opposed-flow velocity in both microgravity and normal gravity with
horizontal configuration. Reproduced from Takahashi et al. (2013). (b) Limiting
oxygen concentrations of ETFE insulated Cu wire as a function of opposed-flow
velocity in both microgravity and normal gravity with horizontal configuration.
Reproduced from Mizutani et al. (2018). (c) Limiting oxygen concentrations of
LDPE insulated Cu and NiCr wires as a function of wire inclination angel in normal
gravity. Reproduced from Yoshioka et al. (2014). (d) Limiting oxygen concentrations
of LDPE insulated Cu wire as a function of initial ignition power in microgravity with
10 cm/s forced flow velocity. Reproduced from Nagachi et al. (2020). ............... 39
Schematic of experimental apparatus used for downward flame spread test in
normal gravity enVIrONMENT. ... e 43
(a) Schematic diagram of experimental apparatus. (b) lllustration of a TC
attachment method on the surface of a wire core. (c) Photograph of TC mounted
on wire sample. Reproduced from Konno et al. (2020)......cccooueeoeeeeeeeeeeeseenn. 4 4
Experimental apparatus for determination of limiting oxygen concentration of
electric wire with downward spread configuration in high forced flow field. (a)
Combustion chimney and flow duct. (b) Flow control system. (c) Sample holder for
a thin electric wire. (d) Gas torch for igNIION. ..o 45
Example of flame edge detection for LDPE insulated Cu wire under 19vol.% O,
concentration and 10 cm/s forced flow velocity. (a) The original image. (b) The
averaged luminance of the original image surrounded by green dashed lines.
Vertical red lines correspond to the location of the flame front and the location of
the flame tail. (c) The averaged luminance of the original image surrounded by red
solid line. Horizontal blue lines correspond to the location of flame radius. ...... 47
Example of analysis with LDPE insulated Cu wire under 19vol.% O, concentration
and 10 cm/s forced flow velocity. (a) Time history of the position of the flame front,

flame length, and flame radius. (b) Instantaneous flame spread rate. A horizontal
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Figure 2.6

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 4.1
Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

gray line corresponds to the spread rate determined by the linear fitting of the
position of the flame front versus time. .. 4 8
(a) Original data: Time history of temperature of a Cu wire during flame spread
under 21vol.% 02 concentration and 10 cm/s forced flow velocity. (b) Processed
data: Simulated temperature profile along a Cu wire during flame spread under
21vol.% 02 concentration and 10 cm/s forced flow velocity. Horizontal dashed lines
represent ambient temperature and pyrolysis temperature of LDPE.................. 50
(a) The shape of candle flame in normal gravity. (b) The shape of a spreading flame
along LDPE insulated Cu wire in normal gravity. (c) The shape of a spreading flame
along LDPE insulated NiCr wire in normal gravity. ....cccocecoeiiecieice e, 51
Effect of the mass loss rate on the visible flame length under a fixed surrounding
condition. Oxygen concentration is fixed at 21vol.% and forced flow velocity is fixed
at 10 cm/s. A solid line indicates the prediction with Eq. (3.8). cecveveeeeveviverenee. 55
Visible flame length as a function of the mass loss rate. Shape of each marker
denotes flow velocity. Face and edge colors of each marker represent oxygen
concentration and core material, respectively. A solid line indicates the best-fit
straight line determined by the least-square method......ccoeeveeceeiecceececeee 57
Correlation between visible flame lengths and Roper model's predictions. Shape of
each marker denotes flow velocity. Face and edge colors of each marker represent
oxygen concentration and core material, respectively. The location of a solid line
corresponds to the matching point between theory and experiment. ................. 58
Comparison between visual flame size and Roper model prediction. Green line
corresponds to the prediction. Wire sample is LDPE insulated Cu wire. Ambient
flow velocity is 10 cm/s. From the left X02,00 =0.17, 0.19, 0.21, 0.23, respectively.
All images are processed by frame averaging of the recorded video................... 59
Conceptual description of opposed flame spread over an electrical wire........... 6 2
Correlation between dimensionless heat loss, ¢loss and dimensionless flame
spread rate, nf. Reproduce from Konno et al. (2020). ....cccceeveveeercrerereieeccicrean 66
Effect of core material on the temperature profile along a wire core at 21vol.% O,
concentration and 4 cm/s forced flow velocity. Each solid line represents averaged
data of three repeated tests. Shaded regions indicate the standard deviation of
variations between tests. Horizontal dash-dot lines denote pyrolysis temperature
of LDPE and ambient temperature. Flame spread rates written in the legend are
averaged value of three repeated tests. Reproduce from Konno et al. (2020)...6 7
Effect of O, concentration on temperature profile along (a) Cu, (b) Fe, and (c) NiCr
wires. Each solid line represents averaged data of three repeated tests. Shaded
regions indicate the standard deviation of variations between tests. Reproduce
From KONNO €1 @1 (2020) ettt ettt ettt eee et e et e et et e e seeeeeeeesaeas 68

Comparison between the fitting curves and the measured temperature profiles for
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FHNEIRICE T ZMREMRDOBRICOVWTHRLE S, BF TERMERICEETS 2 HBNFEL, O
BHTOMEICED SR AHRAZITV, FRXTRY BN REZPEL L THRENEERNS,

1.1. BAFHRARICHITIAKRLHORRE
111. AAFEH7AI7LOSEDOREL FHEEFEROREM

O ZLATFIRFEETLTIRAEER

2020 &£ 10 B 12 HA 5 14 HICEfE S N 7-EERFE 2% (International Astronautical Congress,
IAC) lCTHAZ AT 8 hE'OREY, AP AEREICET 2EANRA L ERELEOEY HETE
B=-TILT I AESEIZEBL L7-[1] (Figurel.l). B2ATITKEIRET I2EREATHEE Y
AYz7 b I7ATIXREFE] 2E80LHELEFHEE - FEMNAICEAL CTHAREEORBRFEN T
BN, SBOBAFEREOCERHBHZRILT 2721 Th<, BREAOFMNNEHRZ®RILT 5
EPIREINT, BELERICHAINTLWERARBEBEAFHERES [EBRFHERT—> 3>

(International Space Station, ISS)] A" 20 EHL DR X IIh/EVRELIERATETCWEDH,
BEREEOEBBAONEL L TUIROBRWHDTH D, AEEICHD CTFHRAR - FHEY X XIS
Bbh2BEMNEEAERB TAINAZEICLY 21 HIRICEAFTEREN S SR IBEEZXITS

' ERFEMTER BRFEMITTHT I -BLCERFHEERESY, BENFICRETIFESETH Y, 2020 Fi3Hia
ATV ANRDEEZRITTH Y 74 Y ThRESNL

T8 HEICHT AU NARE, TI7EREER, AFUR, A&UT, A—X+3UT, hFKE, BE ALoEVTLINE
Fhsd. SHBREIVECOEDVBEICELT 2 ABBINA TV S,

TTLTIZRFUS v HEICBSETLROXMTH S, TRAFBOBERE BT 7 RA— v EERERE TN TWVS,
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rrglggmasw & .3

QLN S ~ Credit:NASA

Figure 1.1 Artem|s Accords. Credlts @NASA.

ZENRAEND.

TILTIREEEZT XY HMEFEHERE (National Aeronautics and Space Administration,
NASA) HRET IR AAEREAFTHEEE 0V 27 FTHB[2]. HETIE 2024 FEIZHEABE
B, 2030 FICITBEAANEEREZBIET EREFXINTWD, £7/-2020F 7 A 10 BICHAEHESCED
R KE & NASA 0 Bridenstine RE 4, 77 I REHEICEEL - HRASSICBL LARATIL
TIXFEICERICSET 2 ZEAEEINT. BROEFRNABIARICDOWLWTIE Figure 1.2 @

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

) sREHOBFRIC OV T,
SHEFHIOVTHEE
@GatewayEEEAD 2
o BAENEHEETS I;?e
g 4l - #E2ROIRAL “
) o 3 N 97)-SZnras iRt
i= &) TTREERICOOVTIEINASALK
B EOALREEOBBRR. %
T BoSasEelkEAnrSHE
)
ja @HTV-X./H305y N &BGateway AT - BREHIA
(20264FL1F%)
HTV-X1,28 8 & BISSHAH ll itmmh‘ﬁrw
EEAUK BRI D S
A
7
B ommmaomEsc| oA Al
g BIZAEOSE b BRAE| e e e
Ffi TAORMOIE 5F0-)t-0 .
7 .y BISE(CIAT

IR

/

KEFTELED 0245 2020t htE 2020
FBYIAN- =) BEERE (;atewayi"f‘ééﬁﬁﬁﬁ&“ ¥R AEFEAEL I
BAAFERTT Ve BAAFERTE

Gatewayjs 1t ; Gatewayi7E - BEARE )" ::%g&ggjge
ol - 7

Figure 1.2 Cooperation policy of Japan in lunar exploration and lunar orbit manned base,
Gateway. Credits @ EXT.
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£ ICXERFELNREKXL TWS[3]. BRIZABREHBANRS [Gateway] ODEFEEY 2 —ILDE
=, YEMiaH, EAAEREN—A"—DORETHOMICHBANTE I EAREINTEY TILT IR
STEZZEITT AICHY TELEREEZE S, BARAFERITLD Gateway BFE L AEEHOKS
bR INTHEY, TNz RIE\X T 2020 F 10 A 23 BICXERIFE L, FTHMZHREARERE

(Japan Aerospace Exploration Agency, JAXA) 7' 2021 EFEHD HEIZ 13 £ (CHARAFER
TEXaFIcEET 28 aRR LAl 7T I AHROF/ABARAFERITENBARAY
DAHEBEREEZENRT S ENPFINDS,

0 FHEEZROREME

BAFHIvVY aVIFERITTOEGHIENKEIRE L TED HN 5. ERNREZ AFHO 4
EWRICT BICIE, EmRICHELKARST, K, BROZE L7-#iGv, BEYUELZEE W7
BHLBETHRENICEE LA IR LRV, TN ERFFICBHEIR EBEEBNERLRAIL LN
IWTEZDLEDH D,

FEEEZEETREIY 32/ Y- FOo—2IlAENZEIToNd. aLREEZET 2FEMRANT
DETZOKRENPRET DL, BEANROER, BRELR, EHLEENTCIEFRIVFHERITES
DEMNELLENIIND ZLICHRD, FHEATIEH DD, EZOMANIHET 5 Z & IFAR A8
THY, AP oOKEERDZZEHTERL, I 0I5, HELIIRAEIZATMEREENRETH
ZFHEEEYMRTIE, A% E - EHAFORDIBEVWHNARESCERDI O ETORSNEEZZDE
FFEBEWICEAT 2HITICIEVARWL., T, FHOBKREICHIE L 72HME O A SR
FERHENT B FALEBEA TELLENDH S,

JIAXA TIEBANFEREZEDDICHT-Y, HowBEREZEELLNAY— FETZITL, N
—FARELIZEEODFERTEANDEES LUOMEOELLBEOESVICIGL TAY—F%

[WEZ bR 749 7 20T AAL-T=CFI] D=22AF T —HFELTWB[E]. ZD
RTANKEIRBBHEANZRIA 7 4y I AT —FELTHEINTLS, NASA OiEfiA—F
< v 7[6]¥% & O Spacecraft Environmental Control and Life Support System (ECLSS)[7]ic& W
THMEHIRIZE Y DITEEICEINRZEBEELMEDITTWS, SHBOTLT IRFFECEESN
ZEAFHIvYavOBRIAESEMICKY FEHBESYIZINE TUEICEM( L, KK
DL S PNEREBOTLORBEIANET I ENEZIOND, TOLIAEENSHEERXEDTF
HEECIIFEAKLZEHEOREICET 2V RIEBLNT - FEBEORB LA TTHhNLTWL3(8].

112, BEOFEAKEH & TEBENICH I SHENEALY X7

SHAFEIIMEICERET 22 & 2aHRE LEEBAFERITEMZMELL, S oIICIEHIKE[RE:E
FTCORELAZREFELZAREICT28VWEMAZFICANIZEE>THBEETIEARWL., LALE
Mo, ¥ 60 FICHZEZBEAFHI AT 7 LOERICENTI vy a vy OFfizRERCINEE
KIPNKEBEDERREL TWDE, ZZTEBEDBEAFHI v a v TREBICE T » 72 AKER
ZRENL, FEHAKICET AR ECREEBNRNRBINCER EFEMAICE T 2EBEN
BANKEYZ7IZOWTEHRL B,



O FPRAFEICETIEH

1961 A 1972 FIZKEICL > TEDONZTROFETIE, AELEYOREERESL WS
BAREBEBHIBLZITSNEO] LHALADDS, 78227 FOBRTZDOERRANKERICRE
b, —DBIF1967E 1 B 27 BIC7RA 1 BB EFETO Y N—HIILh A TRE LXK
KTHD9]1[10], 3LOFERITENER L A --EBARERTHD (Figure1.3). Figure 1.4 0
EANBEOMADERF A ORE LIZAKEROBLEIAMER S, STIHELONELAD LWL,
LEEOFEHMAIIBEDOMBRE THI-IN T, ZOL BRBRET CIE—MMICHREL L8
EINDLOTHERNAMREEEZRT I EHNBRBICEZOND. TNICHEL LT HRFOFHEM
RICIZZ K DRIBAEH I N T W, 2D Eh D HBORMELbNFEAKLEIINT SR
HETDITFEbEDLDE TWAL 222 EMRAR D, ZOEELVEREZZ-NITIC, BAFHAR
ICBITDHEARECREBEROBBEUELIRHIND LS ICRY, Z0k, FHRANOBRREE
T ONMAICIEA SRR ERY AT 2R EE WS T AKETIENESND LS5 ICh o7, Adb,
BAED ISS A I H EDRTHRRISOEWEREE 21%ICF 2 ZEMRESN TS,

Figure 1.3  Crew of Apollo 1, from
the left, Virgil | “Gus” Grissom,
Edward H. White, and Roger B.
Chaffee during training in Florida,
on January 27, 1967. Credits
@NASA.

Figure 1.4  The cockpit of Apollo 1
after the fire. Credits @NASA.
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ZOBIF1970F 4 B 11 HoT7 RO 13 50RMELICE T 2HERR Y VIBREHRTH B[11].
Figure 1.5 [3EHRICIHEE INTMEOKRTVTH B[12]. BER >V I/ BEHINTWIMEDE
AIEmAH L <CIEBBINT, MADOXIEE %mt%W@TTﬁ@ﬂ DHIREEICPE > 72, BELEDL H D
PR AR & S NIRRT S DB IR A HERADIEEIL, %I EALWEE] &N Ron
Howard IZ & V) BREI{L T U5 [13], ﬁ&tmétzzwétUémmgoTE:otk$ﬁT
EH BN, RN LBRICESTZRRIGREERRZ > 7 ORNEICERY T IFoNBE7 7 v DER
T=T7ILPERLERLI-ZETH o, RV IRNEOEELIT T o RELIZERAIEIC

L) EBRBEBEIRAL, 2 AOREKBENG—BHONICKIL L. T0%, 2> I7HAEICH A
ODNELBYBERLIZEREINTWDS, BREBOMANOEE IMEKIC/NKRENERE L /- FEHE
LAENREWE T BIEETHoTEINTWD

Figure 1.5 Odyssey's damaged service module as seen from the lunar module Aquarius hours

before reentry. Credits @Andrew Saunders.

O RR—ZR¥ v LIy avicslisEdl

T7HRAFETOXNKEREHINC, KEOFHAFK T AT 7 LICETHAETEK & BEEEE
REIN, 7Y 7 POFEZRITLY BLREENMBLEIND LS LR -7, ZOZ A IESE
L, 7RAFBELUEOKEDEAFE AY 7 LATIEEABRAKERITHRESNTULAWL, LAL
B D, ANR—=Z v PLI vy avIZBEWTHLEASHRICENY hrkWA > T b A EEER
HEINTWB[14], ZDZCIEMELTOEFHFOKE L BEREROBIE /- ILEBIERTHD. X
R=R2 v by a vy TREELLRKICEEST 5TEEHLVOERDEN%Z Table 1.1 ICF &
H5.

V BHBICBIIAERE LV IBAET R THBIEND, BELABEREROERE ZOHHAEDORIITHOAT NS
Figure 1.5 (Z1% 2020 % (Z Andy Saunders DY &3 O BRILIEBR T2 B WL TERK L ZEBEHRAIRE N TWB[12],
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Table 1.1  Shuttle fire-risk experience. Translated from Friedman (1994) [14].

Tyvavg Bt TEADOAR R EIGE
STS"-6 1983448  MEERIZ Y MEETEBD MAZKOBFLRAE LR

BEVC &Y BIRIREN AR LE SN,
B 7LV —HREEZRHE.

STS-28 1989 £ 8 A FIRIBEEADOBREAIITNEY MAZKOFREEDT
ST EFERAIN HENEEGEL EHhRAINT. BEXERE
FCIEAMERE. 7 IL—DBRAEE OT L —HIFEEB LD
fE D R4 AR, -7z,

STS-35 1990 F 128 TA4RTLAIERAINTV: MAEIDFRLE IR
BB LEEE 7LD ER HINT.
ZHRH.

STS-40 1991 % 6 A SAEBEESRED Y7 7 AR MAEI[AFERINT L
LEE., 7IL—DRIBEZRE, 7= &R ns,

STS-50 1992 £ 6 A BEKBEOBFIVT VYA E MAEIDFLEA E IR
LR 7L —HREZRE. I,

a —VFEHRATF—YaicElr3EH)

n

I-AFERAT—YaYEIHBVEICL > T B EIF o AV OBAFEBE TH 5. KED
AR=Z22 % PILED Ry XV IPARAEED-HEOFERITEOMREL L, THEXZ FHE
BHDELE~FKEIEZEALWIHEEEL[15]. LALAAD, BROEHLIEDISENT
B4R 7 7IVICREDN Tz, 1997 &£ 2 B 23 BICIZMAR TRA BN KEEEARE L1z, HARRE
MR DOBEERIES AT LON Yy 7Ty 7HEBETH 2 FNBE R LR (Solid-Fuel Oxygen
Generator, SFOG') OREETH 7z, KOBINEEFIAB LI A A v OBEHRIG AT LILY
IW—3ZDBEETHIEEEELTHEETSIN TV, LArLAEDD, FREERFTI/IL-—KDT
BHIZ—EEIC6ZD I IL—AMAITEIEL, Z0EEMATRETBEEIINY 7Ty TEED
SFOG THi> T &Il »TWo, HATABREHERIRTH > /- H A, A ITB <CEICIRARL
EHUTEB L 72 Jerry Linenger FERITEICL D2 EMATIE I m U EDAFEHLILE LAY AED
ERAVBET BT EDRINBNKETH 72 WS [16]. FEWVICH 7 IL— 5 DR EHAEE) & EY)
WIEMERICK Y AKIZEEEAIND, MRICITBRZEZ IZEORELBEN AN T L
NOZLKUIFRATERWNFZEDFRREICHE 72, 71— DIdMAOZER[IR LI NS £ TOH
B, ATMRERE /ISP =S hILST R0 &E DS TEEERIT O T & 2 RER < S (Figure 1.6),

VKEDRAR—Z v PILORARLFRIE Space Transportation System TH 5. I v a3 v&ZIZZDBEXFEEF B LI STS (I2F
SEDITTREEINS.

VI —LIER Y TETEM - HREZEMRT S, OV THISSEHBASIL, I-LEZERATAIFEARE CERL Aoz L
HEERDOEFN D, T—ILIE 2001 £3 B 23 BICEARFEICHEETSEoERERT LT

i BIERIH U T L(KCIO) DHRBRISICE VEEEA AR ST 2EBETH S (Potassium perchlorate canister),
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Figure 1.6 Astronaut Jerry
Michael Linenger wearing a
respirator mask following the
1997 fire aboard Mir from a
solid-fuel oxygen generator
(SFOQG) fire. Credits @NASA.

O BEOEFHOHAZFEANKOKFH L LELIE

BEDFEHAKEF, O, FEEEZHEBIT2AKERDOZ HABFHEZFOBECEERDB
B EEPRRTHIBEIANKICE - TEIERIINTWSE Z W DN D, I EDEEANKICHIT
ZHKERD F1%E EH 2 XNTDRERERNK[ITIDO Y R DABAINT-RETIEIE>TEA
BREREEZTHIWESS, LALADDS, FEHMAICITESHEICHEREE CRRERNE
BICHEEHINTEY, ZNoICBNAMHRT 2-00BR T — 757 —EISKRY KS SN T
W% (Figure1.7). Z07-&, FEMAE—MNRETLY) HBIAKOREE Y R/ ABVIREEIC
HbHEFERD.

BRAKOBERMEIR TKEEEBLTVWIEFRNMEN L | & EBERBOERCER CRED
A LEBICIEERMTERIM VW &) 12L&V, ERFRORMISENNELRZ LIZHDB. TR
OB TOAKER® STS ICHBIFE2REGRENREN LB TH S, D=0, BEIZTH(TW
T2 & FITIFT TS T B 2 EARELIREICHE > TWAARREDH S, L7z > T, FEAKD
R E L TROONDIBHDEKIE, AXOZEBERTHS [AJBY - BE-BENR] 05 b—

Figure 1.7 Interior  of ISS,

5 Japanese Experiment Module
2 ‘KIBO’ Credits @Google.



DEHERL TRAICBHLET 2] WS ZEIlH Db, ZORDAT v 7T L TRKENBERBGEEICK
2E0C [REERRE] L [BRVWE®H2 ] EWoHRAEEL RS,

WREISS I LD LT 2FHEICFERINIIEFEEMEEMICIE, NASA HRET H AKZeE
# (NASA STD 6001B[18] * 7z 13 Z DLaRAR Td % 1ISO/TS16697[19]) A EBH LN TH Y, HAER
ICEE LM RILIAOFER L FFHAAIZRAIE L TEEINTVWS, RETIIREDEAFEHE A
77 LTHRITINTLWARAKRZEELEOHMEZRBN L, EFERINBO-SZEENITR 2RE
ICDOWTEwL 5.

1.1.3. AAFHE7A 7L TERINTLWIAKZLEEL ZTh oI 2RE

0 NASA-STD-6001B (1ISO/TS16697) (Z2WT

FHEHMAICE TR ORI, RhzZB L TBoNs T 7Y 2RE L LcAamEEYE
i EN BT oD, TIXF v /MBI EILL S & 2 EREIE ILR4 ARG C/ZNI -
RIEDBEZ TH D18, BAHRICHBEACERL TWD, MEME & BRED 5 S NIk 4 33T
MEIBHAEINTVED, TNODEEIEH 5 —EDRET CiHEIIN/EDTH Y AKCEIRIC
B9 B EMBEd 5[20-25], F-EBMEHIORIMICL Y BBERT RDERCEMNBLRDZ T EN
BRI TV 5([26].

oz Emn, NASA BEAFE7 7RI 7 LICBLWTHBOXKEZE2ERE (NASA-STD-
6001B[18], 1SO/TS16697[19]) #&%\f, FHEICHEEHINLHEUIHIRZ M IFTWS, IR ISS
7027 MIEMLTLWABREITHEEICEDTFHAKLEMZHERL TWDH I LITR5,
Table 1.2 (Z NASA-STD-6001B ICHRE S N5 REKMNLHRER E 2o DENZ £ 9 5,

Table 1.2 Typical tests for spacecraft fire safety and their objectives [18].

AER% HBRAR =]:p)
Test 1 £ KRR MEDPBEMRICBINIFICESHEAELH 2D, £t
T 2 MR e BENS 2N D D 5 REWCNDK 72
EERETDINEINRIAT S, BAFETRLEVE
H DK TEERE Eh.

Test 4 B s ERWEIBEMNRICBESNIBICESEAEYH S,
F-BEET AMEEZBENIERENDH B REWPCAD
MR EZRET DN E I NRIET 5. AWG20 (HMF 0.8
mm f2E) ZIBAERK & L THRBR%E EfE.

Test 6 B Test 7 (CHEB L7-MEE L HEIBED SHEET IRRE
PRIBEZATET S,
Test 7 F 7 H Ak MRl LRSS % 50°CT 72 BEEmMan L 7= I HET

DA THRERYDOEN - EEDHT.

Test 18 T—obovxr IS BREBOWMT—7 7 v IHEORTE. 7—7IC
O TELPEFEEDEG MY 5.
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Test1 (ISO 14624-1[27]) »'IE€BM R LMICEET 2 ERERTH Y, Test4 (1ISO 14624-2[28])
IETEBIREBEMRHCEHE LR Th 2. MURERLULICH, DBAXDRI[ME L OFEMHICE
T53E (Test 6 & Test 7) CBHEWEOM b7 v ¥ 7 ERE (Test 18) ' 5, AW Tl
MBI OEBMEFMICEEH S Test 1 & Test 4 ICTDWTHY EIfF 2N o DALY,

O EEPMEFERER

Figure 1.8 ICEEAMETHMEABR CER I NI EBELAEOMEARY . F7- Figure 1.9 & Figure 1.10
IC Test 1 & Test 4 TERAINZHBFILLZ—DBERZRY. HARFLLZ—ICRESINZEALD
TimEAH 20 cm TAHICIEHE (K-10) AEA N, WRBERFICER S L2 REW D& N MEDHIE IZEA
INB. RARFOMBEARNOFETMENA L, MRIBHINE FEOFHEDOEY 2 —LICEW
T, MRIOBREEDPR LS AIEEA2BEL TBRREELEANRESND, Ab, BEMEHC
DWTIEBEMRICL Y RREEE 125°CH LLXERSFERAREICRLANORBREITI &N
HEINTWD, WMREBETIIES TmZA 7 F42—THaXL, AEHIA> TEARICRZILA S
KRDBDEERTT 2N ED D, TERBERICERINEIREGD T ADBEABNLEBZVAE D A
KREET 5.

Compressor —§7<]—|

( )
Oxygen >
analyzer | ~J4f 1500-liter

chamber
Test gas
cylinder O
Rotary i Pressure
Pump gauge

Figure 1.8  Test chamber used for Test 1 and Test 4. Test chamber is large enough so that
complete combustion of the specimen can occur with no more than 5% relative depletion of
oxygen concentration. In addition, the test chamber shall not interfere chemically. Reproduced
from Hosogai et al. (2015).

Vit Z Z TCEOBECHEHADTERIL, BANBICHETEAS 15cm UATARAEAET LI ETHS. 15cm DHIFEIFALICE >
THREDPRZRC SNT-BEREREEICTOND. BARFATIIARL, BABOBIILAYRFICEDTHRELTFML WD
CICBENRETH D,
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3 @
4 ©
& © 2
| | m
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=
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Key p— 3
specimen
scale A

L A R S

ignitor b T 3
nickel-chrome wire 1.
The ignitor is placed inside the coil. T '

Figure 1.9  Experimental apparatus for determination of upward flammability of materials.
Standard specimen holder for Test 1. Reproduced from ISO 14624-1:2003(E).

: 307 ya

=

330

N,
= -
\ 7
3
Key
1 : A
specimen

2 scale
3  insulating ceramic-fibre thread )
4 ceramic insulator -
5  ignitor c” 1

Figure 1.10 Experimental apparatus for determination of flammability of electrical wire.
Standard specimen holder for Test 4. Reproduced from 1SO 14624-2:2003(E).
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INoDREREIE, INEFTD NASA ORBRANCEDSZTFEHMAICELWTAELRELD 2%
BEAHZBELTEOONLEZLIOTHD. BELOHREHLNERONREDOFEICED™, KICHAEN
&5 18, REOFERE IO 7 ATE T RAGBELEEICER R AMKEERIIREL WAL, Z
D7-% NASA-STD-6001B IFIREX TOBAFHZIAT 7 LICHEITHNKLEMZHER LT3,
BVWRBEEAZINKDEHEELEZ D, LALAND, BELZREEIIOVTTREOL S AHES
MERMIh TV,

Q 77€2EUVT4I1C25WT

—DOHOMEL, ABEERTE H1HEIH NASA & JAXA (ESA (3 EEBRMERERE DEMRFH) O
HWEIICIROoNTHY, BREICHT 2FEUEIMBEVNC & ICH5[29]. KETIHEICRBEAERR—2X
XHAHFELTZBEAFER I L— 7 3 OXEHGERNFHABL THY, BRTIET LT I X5
BA@ITTCrIZBEHEN JAXA EHERTEASER—N—DOREICEFL WD, £/, 71—
FZ 32036 EIFRMINE ST T NASA X [FHREERMNTOT N T2 RMMPEICETEL, BEEL
TFHEXEIEDD I LT, TR MPEEME, BMANEZFTVED 7O/ K=& &3 ITRF &Il
DHEOIFEREEHE LIV EFERENASE~OH- LA ERL7[30]. EEOFED
MBELH Y ERAEEHEBVENAZ2HEE ODRBELEOHR AL, SEOEAFHE O 27 b
ZHWETDOICRATHAD. ZOLERMBENRRBONZRIET 5101, FLHMIHBICE
BE L SHE A BE R N K R EENTFEL TVWD I EHNEZ L WVRETH D, TD70, FEHAKLZS
IZBh 2 RHBEDHENIL, SHROFHBRNALREI L2 -OICEEOFHBREENIIY
OREZEEZLFED—DEEZALD.

O BERMEIE@SEICDOUVLT ¢ Pass/Fail 7R b & HBRER OB

HBEARICE L CHEME B LUORZED OBAL BRMENIER SN TWB[31-37]. BiRd Test
1 & Testd 135 2REINF-ARRBEREICE T 2EAMAIO Pass/Fail 7 X b TH 578, HER
EEICETIEERBELANDT -4 %5282 EPRETHD, 0718, FRRECHRORIRIC
BENH>T-BRICITBHABRZRET 20ELH VAR IR BV EAERINLTWS, 0k
D REMNAIEO IZFNCHFOoNIHABEROBMEICEAL THHRABESA/TEIN TS, HE
BICBWTRHBBFEINTWE Z LIL, BEENG CREINMRABROERZZ O FFH
FRAICH T A NKELREEL LTWERICH D, BIRL7-L D (T Test 1 & Test 4 TIEFEHMAIC
BOTHMEOLHINZ2TBORGFZEE L TRARRRLNERIND, Z0eE, BREELENIC
BLTIEARSICAEAIRETH 21, FEMAOREXNLFEHRO—D2TH S [HMINEHRE] 2HR
LT, TNEAXKEZEEEITHAAD Z L IIBHTIHERENTH D, TD70H, BEREITSATWL
DFHANKLDEEE T TBEENHZICHE T2 EARIILN Y ORBEFEESHROREENRD S <
BREEME] CRELTERINTWS, L IANINE TOMNENREZF L BRI RO

X PR OFTEED 1964 £ 2 5 20 BICHRE S 7= TMA 0115-008, Flammability Testing, Nonmetallic-Materials for Manned
Spacecraft] H &0 2 ¥ 56 FOELEFORBTH S,
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BICL D E B4 REGMROABRERNMNENBREICEWTILALEZ ] ZE/BELMIHE-
T&7:2[31,38-41]. 2012 #(C NASA IFHEXTOEAMEI=ELE (Nomex® HT90-40, Ultem®
1000, Mylar® G) #{KRIC, BRAEDEHL ~ILICHEYT BEEHEIET Testl O_EARRIEL
A RER A K L - B A = L 7=[41]. Figure 1.11() ISR EOINRE %M L /-EHT]
TEBRRE LUEFETERBRNMTHONT. MEAPBIUIMGETCZEI2BREEEOREMBEEENL NILDE
%% Figure 1.110) D L S ICHWELTWS, Mo bhhd L5, AEAEDEHL NIILTIEFEA
NEEREFLTLBRHIKEL Y HBEVERREE RO BIIMRENERFINS Z LA BRI NT-.
7, TEHRATOBSRZERL CTEBSNAHINENBEORRNEREICE T 2ERTD
Figure 1.11(b) & EIAAERN KA DR THESINTWD, ZDZ LI, FEOFHEE LR
LCHEYBEEAADOKRES KUFHEE T, LA BEID OBINENZICE T 2HERROF
MEABENED SN TS ([31,42-47], RETREENAMELEZEL TELIZFHERALZE2MEOR
BN E LEZEBRERME R 27 b 2BAL, TNOoDBET LI A%2F L5,

Centrifuge drop results - Mylar
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Figure 1.11 (a) Zero-Gravity Centrifuge developed by NASA Glen Research Center. (b) Limiting
Oxygen Concentration as a function of gravity level for Mylar. Reproduced from Olson et al.
(2012).
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Figure 1.12 FLARE project.
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_10' o '_I5' S (I) S é S '10 Schumann problem. Adapted from
Radius [mm] Burke et al. (1928).
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T%H Roper DR [75] l%, Burke-Schumann B T— R ADIRE I & ofﬁ*ﬁé nt- EFAR
DERILEA K OFARICKIZTHE | 2 AEL-EELAETHS. ZOZLILBBEENSG MU
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T5H, TNOHLAEEOREBRICH L THIBELAEVWEZ T2 ZEPRERTH S (272 L 2 DBk
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Normal Flames

Figure 1.14 Comparisons of modified Roper model of normal diffusion flames (NDFs) with
experimental results of Sunderland et al. (2004). Upper figures: normal gravity experiments.

Lower figures: microgravity experiments. Reproduced from Krishnan et al. (2008).
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Figure 1.15 Effects of heat loss parameter on dimensionless flame speed for the freely

propagating planer flame.
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DRENMEVRISEMEIRAE, EERIIRIGHEDREN S KRB HTMR S N2 BREEIRRE, TabE &
IR A FE PR IIYENIC AL ERBTH D Z EDHBBEINT WS, £z, Damkdhler Ak
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Figure 1.16 Maximum temperature in the reaction zone vs Damkdhler number. Reproduced
from Fendell (1965).
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ISR TR EBAENDICRIETERLSRD I EEEKRT 5. Figure 1.16 @ & 5 HEIRIL
Fendell curve L < |& Lifan curve &MEEN 5. I OEBRRVRBEIR R ORI R ISR S 1,
ZDHEFITEATNBICBITILEBANLICOVWTOBRTINEZ  DPRESICL > TITHN,
Figure 1.16 L RIBRDIERAREINTLB[97].

1.2.3. EMFORRZILH Y LHABRR

ZH oL, BEERORAILAY ICBET 2EITHREZBNT 5. LICHRNTHALRITNLEIRRT
HYEEITIT 270X E2EZ L TIROBEWRAIEAY ZBITT 2 Z LIRS TRV, £
D=, SIEEBRROBBIEATOWEDN SEITIE, REIKET 2L BRETILNEZ L OHRE
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EEZTRLTVWE I ENDD D, MROKEZREFHICE T BRIV REDETICDOWNTIFER
T2, P ELTEUMICIE de Ris DXNEBROMRILAVIRRZEHIRAL TLWH I LA DN D

FRE LEROBMML OO RERCEH SN TV IEHFARROEIIEEL TVWE I LICBETS (R, =R, =0).
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Figure 1.19 Effect of opposed-flow velocity on flame spread rates under various oxygen
concentrations. Left: 12.7 mm thick PMMA slab. Right: 0.2 mm thick filter paper. Reproduced
from Fernandez-Pello et al. (1981).
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ZDEE, SIS DRREIEE EERAILNY 2HF T 27O ICHELRBERIBEORERZXAD
EIICRTZENTES,

T; — T,
pSCP.SVf(Tp - TOO)Lsy = /‘lgTprgx (1.8)

XN ZEAVTHA) ZMAIAY REICOVWTEEY 3 L RIKNICRA %155,

Ay Ti—T,

for a thermally thin solid
PsCpsO Ty — T y
Vf = (19)

PoCpolo [ T — T, 2
y 2 PEE ( f p ) for a thermally thick solid
PsCpshs \Tp — Too

de Ris DR ICHEWT, BITEWGEEDO/4% B EX(1.9)IF de Ris DX ERLFEAELTWD Z &
Bhh s, ERICERBEBITTHH-OAEICENTEY, BEREKELOOHIBERC, RERER
BosE, BB ORIRSRLR ERA BEBICRESEIMELA ZOBNEZET LOER ZAWTIT
HONTWD, AFFRICEET 2 REMNLISAFICOWTERRT 2.

0 BEFE L R ZHLH Y EE DRER

FITHBAN L7z de Ris 0E®IL, WRAXHLMCFERICRENMERBRRATHE ZEZRELTWEE
HEAARESEENEET S, 1.22 BTHLUL LI ICAKITBBRCARBROFELXZ TE L
THRAEIND. 7, BAEDY OFEIIEFRERE,» O DMBALER T LN TERL, 2
TIFRRILA W IBRICKITT BARRROFE AT L /2 /THRICEER L T de Ris X 0BEAE
FATERINBZBERICOVTHL S.

EREEGICBIIZERORIEEDRE :  Figure 1.19 IZ5R L 7= Fernandez-Pello % 0 Bk
R[106]2 B2 &, BREBEFEICEVWTARMRRO LR EHITRIILA Y REMETFTLTWD Z &
HHERTE D, THE 1.2.2 BTHEN L7z Burke-Schumann limit DFEEICL > THl &R END
BRTHD., F-ABRRENIKRELRY T ES LARRISEENRAFERBISEW O R CAY
BRAILDNY) KRDERT D, TDOED BRENFNEEICL > T ZRIINDEARRIL [RE
HZ B4, blow-off] &FE(EN 3. £7- Fernandez-Pello &%, Figure 1.19 (TR L 7= EER#EE % de
Ris @z, & Damkohler 21 FHULNT Figure 1.21 O &k S ICEEB L TWW5, ZHid Figure 1.16 IR L
7= Fendell (Lindn) curve ® LERAE & HEMARREZR D &N TE S, $74bH, Damkohler #
MMET S 5 EMRILA Y RE (KKRE) METL, H5—FEEZ TED EMAILAY KRHITEX
ICESZEWS T &% Figure1.21 13 £ <ERLTWS, F7, IRTOERBRERA deRis DRIZL -
T—2OD7IL—=TIZBEBINTWSEZ &N, de Ris DIR[0 TREINIZRZILH Y HTAE
D OEERKRANDMEEICL > THEBIND LW D 2 &, S 5HI(T1E Damkohler #% L TR
FHICB T2 ARBOERTZHERTE S I EHBHLMNICINTE,
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(a) 12.7 mm thick PMMA slab (b) 0.2 mm thick filter paper
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Figure 1.21 Correlation between dimensionless flame spread rates and Damkéhler number. (a)
12.7 mm thick PMMA slab. (b) 0.2 mm thick filter paper. Reproduced from Fernandez-Pello et
al. (1981).

BFEEZEICHITRIREBEDHE: - 2T, BE Figure 1.19 @ Fernandez-Pello & D EEBRER
[106]# B % &, ERRBREZEFICEVWTRRIILA Y REINMERICKTFL TOARWZ EADbAS, FHW
E{RICEI L TlE de Ris DFITHIE L TWL B A, }_L\{$U) Eld de Ris DRICFET HHERTH
%, ERREREHICHEITS de Ris D& OAR—KL, BEENH THRAILLSY) BRI N-Z &I
FRAH 2 NI nTns, iﬁﬁijﬁ%’ﬂi%kl_% BAXRARET 278, {EREFMF
TR REDBETRICEKELGWERZRLI-EEBEINTWS, £ T, Olson
[113,114]1% NASA Lewis Research Center (3R7Elx NASA Glenn Research Center, NGRC) 3%
TEEZFALT, BAWROEEN BB TE ZHNENRETORIILAY EE%CDE%,T\%EHO 7-.
BB, BETETOMNENREA 22WICRoNTW /8, RETIIBENERICKZILAY HE
ICBB LT WEVERE (E&0.076 mm 0ff) MMEHAI N, f)”fﬁl/J\EjJiﬁ@Tﬁml_mTthl_%E
N5 O ETREM THIG S NI AIEDYY REL & A ERRDBIRA Figure 1.22 D L5 ICRES N

25— ———

Figure 1.22 Effect of opposed-flow
velocity on flame spread rates under
various oxygen concentrations. Low-

flow velocity data have been

. ] obtained in microgravity
¢  BLOWOFF EXTINCTICMNS 1

t 1
+]

environment produced by the drop

-: tower experiments. A 0.076 mm thick

FLAME SPREAD RATE, CM/S

cellulosic paper has been used as a

o so b0 T 15g test specimen. Reproduced from

CHARACTERISTIC RELATWVE VELOCITY, CM/S Olson (1991).
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TW3[114], ®Aohh D & 512, Fernandez-Pello & DEER[106] TIZEER S Nih - To(ERE
FHEICBVWTEBREROET & HICARILAY REMET T2 & WO ERAH7-ICHER I N K
‘Jﬁiﬁ%#’é‘iﬁii%b* UAHl SN2 RAIL, SABEERKED O DESFHBRICL LD THS Z

BT [115-118] PHfEY T 2 L —3 3 »[119-122]IC k> THL M EINTWL D, RO
%5%75 INE X N B IETVRZE T, BARRH - Y ICRISENTRAT 2B E EBICFENRD T
BIONKOFKBREMNMET TS, ZOEZTAKRENMET T 5720, [METOEFEERDIETE
HETT D, TD/oH, SEFEX D EBPFMBRITAIIMAY) ICTF L TCENIZEEELZRITE AW
LIRS, LALABADL, HEINES RS ERHEICEEE L HFIEOFENAE (A D
728, RIGHEKRKENEL RS, I HI0, JBOERBEBOLKIZIEFRRAEOERBEROILAS
SlERCT. 201, BEMREMET T 5 LR 0 OEEFMBRIIAXDODRASIZLEICIFETL
BWZEIThD, ZOEIBADZRLIZE > T, EFRRFHE TR HHIEIEND Z & HH
LNTWD, LT, HEAETIEHITDECHTARISEAKICEY, BEREBLRICL>TH &
B INDEAERSKITERIIEA, Radiative extinction (£ 72134 HE %, Quenching extinction) |
EMEEND, ZDLSIC de Ris ORICE D EHFARERNBITMTONIZZ LITk > T, BRRA
WO BRD > - BRIRERASBEL NI N,

O REREE RABRRREDOBER

2 TIERZILD Y ORFAEE % RIBRFEBEREE (Limiting Oxygen Concentration, LOC) &
FFRRROBERZHAE L 7-REXNBETHARZEBNT 5. KITHBA L7 Olson oIIHUNENRIE
2B WT LOC L AEREDERLFAETL THY, FUOHED LOC IZDWT Figure 1.23(a) IR 75
BEBRELTWD, Maobhd L5, LOC IFEARREICH LT U FoERZRL, HRRED

(a) Experimental work (b) Computational work
35 , SR . T r .
h 21 = 0 o s} o o o]
] Quiescent limit O, 19.85%
1 GAG- PHASE CONDUCTION 20 ©
30 \ - Z Complete burnout
= 1 N LiMITED , > 19
- Al o
g Y . FLAWE SPREADLEcinEncE TIvE v FLAME
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; 25J \  OXYGEN TRANSFORT \\ | ’o’ LIMITED h .5 18
© LMD R ’ e e ‘g 17 oo0o o
b= w= _Quenching
= J 3 branch .
(_Lljl 204 - E 16 oo oeo Blowoff branch
@ 1t
& 1 ) NO FLAME
) 3
15__ i, = Low Oxygen Limit __ o 14 ° Ste_ady_ﬂame
] X Extinction
] 131 Solid burnout
% NON - FLAMMABYE ] C: Fundamental oxygen imit13.76%  °  boundary
10 T — — 12 1 ] ] I
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CHARACTERISTIC RELATIVE VELOCITY, CM/S

Figure 1.23 Effect of opposed-flow velocity on limiting oxygen concentrations for a thermally
thin sheet. (a) Experimental results for a 0.076 mm thick cellulosic paper. Reproduced from

Olson (1991). (b) Numerical results for a thermally thin solid. Reproduced from Kumar et al.
(2003).
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TREFICHE VT LOC A" RIEEZ R T EARER SNz, F7- Kumar 5[120]1%, BRIISEWE
EENRE LIZRAINY) OBEFEA1T->TH Y Olson OERER & EMiaiER% Figure
1.23b)n &5 ICHREL W3, LOC A EEREOZLICH L CEEALERZRT REIE, #Hk
L 7= Burke-Schumann limit & EEEIEVMELDFEICL2HDTH Y, MBIFEORERGETETNEN
BREDAHDZRXLIZE > TRZILDY BIFIINDE ZEPRERTH S, £ LT, PREDTREM
TIEAEDHATERFOEEN IWH S ND7-0, LVEVWBREETCHEMAILAY PRI NnD
ZEithD, ZoEEEND LOC OR/IMEIZRERFEZEE (Minimum Limiting Oxygen
Concentration, MLOC) & M (£, MLOC %z /R BRREZGFICE VLW TEEROHMENRHET T
5 (FfliEErmbmEdT3) EEXDBIENTES,

FRAKLBZ2OEAN DT DL, BLOMEDO MLOC 2E D & 5 BFEREICHEET 2 DN B
BLIBLILREETHD. TOLIAEENOHINENSOERESZEICE T 2BV IR
FNELOMRES ICHBEINT.., TORER, KRLALGMEIHNEAZOERRFEATICENT
MLOC # R L WIS FHRAKLZLODEAHN LT D EBMODTCEERERNSHLMICSN, BEDFH
NEReEEXBETES>NITICA>7, ZLTLI4ETENLL FLARE 7’82 =7 kT3,
MLOC ICE D EMBI ORI % T 25 7= A FHAKZEEEDOHEZBIEL TWD. Bl —
b FENCEB L 72898 h" Takahashi 512 &> THED LN TEY, TOHEREERIBNT .

Takahashi ® MLOC FRE€7 /L. Takahashi [ZEAEEKE N 5 DEFHEBRDOFELEE L 1= de
Ris DX OHINZ ETIL[107-111,123]ICER DO FERICEE DF LA HAAE = & T LOC & FH
FURDERE BIRAEERER TR A IRE L 72[36,124-127], BT TIEULTICE T ETLZEA LR
(1.8) DT ILF—RERAMBEL T WS,

o BAMICEVEGRENRET S,

o BARVIFERIGEREDFE(IZL 2 AREDET X Damkdhler AW THBIRL, SHELSE
FEEREANODBMEEN(1 - 1/DA)EICETTEZEWVNWSIETILEEZ D,

o RO LOEBXRIE, MAILAY AKX ERANICER L7-FHEE (Figure 1.20 28) ICH1T5
ERRED O DBFHBLATRERL TEZX S (EORBRIIERLTWD).

UEDETNLEEIZK(AZ) DI RN —REAEBLET S ERXAEF S,

1 Te—T,
PsCpsVi(Tp — Too )8 = (1 - —) Ag——=L Loy — 50 (T — T ) Lgy (1.10)
Da Lgy

T, gldEEREDOBEER, ol Stefan-Boltzmann T % RY. EANEBRZIILAY ICHE
HEBARIET, AE-HEMEESIN/BMEER, FUE"EEHNERKED, O DRHNFIEKRIET
Hb. I THAXHFLAAZRIGRENERATH S Z LIRE L TEHINZK (1.9 DRI Y
BREORZEVigm & LT, H(L10)% Vi, TERITL T % L ERTTMAILA Y EE (n = Vi/Vew) &R
DL ICHES.
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1
— +Rpaa =1 (1.11)

77+Da

Dald Damkohler #, R qdBEHABIBRNNIX -2 THY TNENRATEERSINS.

Da =B,

Lo /W, Yo, wA E
A =B %ePg’0,, ex ( ) (1.12)

pYe/{p2YsYo, wAexp[— E/(RTDI} 1 V2 RT;

es0(Ty —Th)Ly &0(T3 —Tah)
: Ag(Tf - Tp)Lgx/ Lgy : pgcp,er(Tf - Tp)

Rrad = (113)

ZITB B BERERTHD, 15, GIHMHOBENE, ¥V, BBLATORESTOEES
E ASTHESET, FHFECIILF -, REREERTHE. R11DERS LMARELA
S (Bl L EIIDahNE BB I ED DI D. THIARISHICH T 5 AR & BLH 0O SR ER

DIETIZEL Y Burke-Schumann limit 238413 Z & TRZILAYY A IdI a5 Z & 75:%% LTW?
—7, H(1.13)2 B2 EABERENMET L1 s X ICR AKELBBIENADND, ZHIFTAED
FEEEANLAT 2 2 LI Y ERKED, O DEFHBRIEAL TRRILAY HPIHI SN 5
txFLTWws, ZoZeroR(1L1D)oFERITHIL, BRAILAYICTT 2 HEAXERF & AR
FEOEBRELCBRELTWSZ Db D, T2 T Takahashi [$EXETRT 2720 DEHERE
LT =0l 252, R(1.11)T1/Da+ Repq = 1% 87T BFEESZME% LOC L EFELTWD,
BRZAILAY Y REN L OICR D FHTIRRERICAKIIFELEBR WY, BERRTIEIH 5 BROMZIL
NURETHEAICESDZLZERHL THEL. 200, BRRKOBERBUZEREWSEANHT S
CEEIZRLCEHATH B 2 LIFTDHR WY, BITOBEM OB SA LT 2 EENRFETHS
EHERD.

Z LT (11D Z AW LOC D FRIFER & EERIER % IR L 72 AIMR SR ~ v 7' Figure 1.24
DESICHRESNTLSB[126], FOEFBHAX(LIDOFAERTHY, YAy MEIERTEEIN
T-BRZALAY DA EZRLTWS, Ihbhhd L HIC, Takahashi EFIVITEREHER % L CBR
LTHEY, 2O ENLERTRAEZA VLT LOC LRRDEFRE FRTES Z EARE N, B,
Figure 1.24 (I BEA MR TH D NOMEX Z R & LI-@ITiEREZRL TWLWB D, ZDOMIZH 10
B E OERBMAM R E B UWREE[126,127] M Th N TH Y, ZTomo#RMEHIcOVWTH
Takahashi ETVIZRWFARBEZRT Z AR INTWDE, Z0Zehn, FBOMENCIEL T
WERRIEA Y REZ XA LT XA ERZRRT 27-DICLCHEET LI LELBELANICIN
7=, ¥72187E, ELOH2ERMEAZNRE LIZHEOETILORRICRYBEENTEY, 5%
Takahashi E7 /L OBEABHEANI HICHEKRT 5 Z ENEARFEIND,

oD X A 2T S5 I R TH 5. BN-TEVE, THAK, THESMEETEZ LA, METHELOME, T—4—2X
R=VICBIF2HRBECERREEICLCAVLNTWLS,
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0 BEFREICER SN EERREOZCE

FAIBAN L 72FE RN A PR Z LAY OER T, FEREM N B2 TH % Navier-Stokes /5
BROBENT ZE T 5 7-DITRANBIC—FRRDIREL R INTWD, ZNIEdHh < £ THBITOERL
ERYBAINTHDTHY, —HRRANPFRENGRETH S Z LICEVORMITAL, ZZFT
12, BRI IS T 2EEREOFEICOWTERET 727, —HRARNGORICEEIED
Nz EEGRKRAELICEEBRENTEREIND, CDEE, BRENKHIRILIDHE, KEKIFE
LW HEBEVWTEEZIT 27517 TR, BAILAY PETT D ICONTRKICEET 2 FAETED
2T 5. Z0H, MAILHNYDNFEEBNLHRRICESLZEAEZOND. ZOREEREOH
BIIRZIEADY OB AZH L TE2ERDO—DTH Y, FNIBOEHRIDEIERRITIC & 3 SRt
NELOMREOICE > THRINTE A, 7o, REBEREIIN—F—LIZERIN D AXKDFBX
PREICHEET Z2EELMETH Y [128], ALY KKOMERICH L THEELREZE T RIT
TIENTDICEZOND, 2T, RERREOFEICLDBALNYIRROIEEREEICDON
TEB LIRENVBETHEEIRY £, —BROIREEBA LIZBRAILAY ETILISH L TRE
BREOFERYERT DHEROVTRL .

EEBEREOZEICL2ITENBMAILAY ¢ Nakamura S[1291IHEFREMFICE W THERE
SBRENE NKNETT 2HEDIFEBHIETEZITV, ALY ISH L TRERFENTET
3551 de Ris OXMEAARETH 25 E D MEFMARF Z21T o7, T DR, ERERAHTIE
KRAAEDY Y DEITT T D ICONTRRAILA Y EELNRE A2 T &2 ERL, MARFHRTH>T
HRAIN ) WRDFEEBICAYVEDL 2PN L. 510, FFEENBMMAILDY HERR
SNDRED, MDY KKICEET 2RAARENRFRELEDGFEICI VR4 4 EEKT D
TcOTHDIeZRoNTL, ZOFEBIPBOEFRUTEEICAD I &R RALHY D
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Figure 1.25 Left: Computed flame shape spreading over a thermally thin solid fuel. Right: Time

sequence photos of opposed-flow flame spread over a 0.10 mm thick PMMA in microgravity
environment. Opposed-flow velocity = 3 cm/s and oxygen concentration = 20.1%. Reproduced

from Carmignani et al. (2018).

i

MRS 2 REIG, REBREOFLEICL Y ARDHEBEBO LRAICHEENT 2 & KKICKET HE
BRENKREL B D120, ERESGCHEEICRIBEFREROFZEN I END Z EHFRERTH
5. INLOEREEIL, BRENMICBVIRBNAEZEICE T 2EERREEAT DI LT de
Ris DX TRZILAY 2R L THREBEAWZ EEZRELTWS,

% L ¢, Carmignani 5 [130I3REBEREDEEICL 2IEEBHRMAILNY Z ISS ICHITHF
EEBRCERICAR L 7., X7-8BRITICK > GEEBNARIILA Y HERINZFERZIRET L
Tk Y, Nakamura & DERNT & SEMAKRZHE L TWD (7275 L Nakamura © DOHFFZ[129]
TISETEBEE Z K AL B ENT 2 BUEMRTHTTH A, Carmignani H O#FFR[130] CldFHEEI TA %
NELET 2 BERF N ThN/cZ L ICBEY S). Carmignani S I3IBUERN & FTEEROER%
Figure 1.25 ® £ 5 IZHE L TW3A[130]. ERHAHEREIT TR o N-KHEDORESH THRA ISS
TEHRINZEBEOAXROBEER TH . KEIZEHBIETL TH Y@HRITEL S EHRE
IZ5Z 5N TW5, Figure 1.25 2 B2 LA ILAY KADER O ERAEICEET B IC 2N THR
AP RENKELHS (RFPAFISE) L EBITARTAIDRBERLTWEZ DM D, &
NITREBBOMNENRENEIR TCEL2FHERICL > YO TRIESNT-EELRT —XTH 5.

Bhattacharjee DEEHEET IV :  Bhattacharjee (5B ICBN LB ETILICEDE, —Fk
TEEBREIEET S ETILAEEEL7[131-133], ETILDOIEEA Figure 1.26 I2R7. D &
SICEEERAELICREERENFEZEL, BRICAZILD) KXDPFET I EE2RELTWS, 2



A ~ gy,

_______ \\\(\/{70'6 “~777| Figure 1.26 The model

\\\,J//ay
S 5 S € <---1| of the effective flow
Vo eff T v N “7777| velocity due to the

\
7 Lg \\ “<~=71| presence of the velocity
X \ «-==7| boundary layer. Adapted
N FUEL BED from Bhattacharjee et

al. (2014).
Xd

f

DL EREBEFEANORENH % —REBTERL, REMROEE KKXGES OMETORATE
THEZX %I LIZLTW5, Figure 1.26 IR il & RE MR g ofr, £ TOREIRFERE S 6y & K
= S Ly DEIRERA VD E Vet RAD L 51215 5.

L
Vaerr = 5 Y% (1.14)

SyldXTIE LHLEUE (Fh1E1E) ORFEZZEZARADOL S ICEHL TW3S,

(pouu) 0 0 V2 v, x4V,
jﬁlz_@f%:ﬁkijg:i ~l%,1@:££ (1.15)
0x dy dy Xq Oy Re Vg

T 2T, Reyld Reynolds 8, xgldBIETERE, gl IHEEMREL, vy BBREIERITH S, H(L14)E
(1.5) £ H(1.15) 2 FIV Tl el D W THIBY 3 & BIKINICRA 2155
V
%

g
geff = W (1.16)

T IZT, Prid Prandtl #TH 2. £/, H(L1O)DEH S NIARICLE Ve TRL, BEVgell
WTRZEET LT, N1 DHBOERTHONRERNNERZETLHREL WS, AH
FITHBAN L7z Takahashi E7/L[126] TR (1.16) 2 AWTEAIAITHONTWS, ZOEEFTED
EZ 1, BRI TR CERT — X PRERNTOBROBEICLELNTEY, Em@ﬁﬁi
DHERERECTT — R BB L ET0AD, REFEICEAL CLVARERLRERNMEOND &
DA DRZILH Y R THRE SN TV B[131-134].

O E#kEORZE
RICEFREDMEBEINRAIEL? Y BRICKIEITEEEZ L DD, PRERZDIRICKRZILEA YR
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REBRT 256, BENAFELOMIILNY Z2RBT 2701 HFLE—ICTRkzmEL, &
B OBIEZ KKDRZILA SR VLS ICT D2 EAZ 0, o EHREIES B IC AL RZIL
NBIENTEDLIICTEE, FERLEERIILA 2 AKLY BRAMOBEICER I N XKD
TLTHAILD > T <, CNIFEREKREOHEBRNRICE > TEIERIINIBERTH S Z & D
LNTUWB[135]. R ILAY :ﬁa‘%aﬁ#ﬁﬂk@%g I, EBEOXKICBEVWTHEERMETH
BTEDORABBERYOMBEN/NED ON TS, 2T, ARKEOHEDHRENRHEEICIA
N5 ABEIKOEGFEZ NRICITHONT-REKRNGEITHARZEBN L, BERKEOMENRIILAY IR
RICKIFTEEIIOVWTHL .

Figure 1.27 (PR EMBE AN 5 KK OB ZRY, ZDDRAILNY Z LIRS 5 &,
HARIH7Y OBRBREKARICHT 2 ARKEBEDOUAHBARROAFAKRELBRDE I EA”DHN S
£/, BRVUBILEAFAREROSEIFARIRbABRRIKE 4 Y, BMALLS Y KXLHEEZET S
Z &2 %, Higuera »[136] & Delichatsios ©[137]IZHBEFIRDERDMRZ LAY (CD W TER
BRI ATV, BERKREOMEARZILDY IS L TTROL I BEREEAHT I EBELMICLE.

Flame

Preheat zone

Figure 1.27 3D view of opposed-flow flame spread over a planar solid and a cylindrical solid,

s BEWHPRILCEAZET 255, AAKOANEMRS H7Y ICHEET 2EROEEHINS
5% 2 ETEFENRELR LY (%45,

. FRESRICL ) KXD LEEREEAANDRHREREAKE (RS,
. N0 ERIL, HABRARIVNS KA BIZEBEEICIEND,

oz enn, ALCEGFRcHLRNERICHEEFET 256, MROBREELAEmET S &5 A
KLELDEEHNDOTEHEMODTEELREENHASAICEI N, F7- Delichatsios 5[137]1, HE
FARICEWTRZ I Y 2T 200N A2 RAD L S ICER L7,

Te—T
pscp,sz(Tp - Too)Lsyfcyl,s = AgL_gpLgfcyl,g - gso-(Tp;} - Toﬁ)Lsx (117)

G ZTIREROBEMALDAIL, RERX CE, L ERSNTVLDSED SEGRKEADEHTER% Bhattacharjee D 247 — LR
WICEDEA (T — Ty )Lg/Lg& L TWD RICEET 5.
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ZIT Lyl @R TERLERDOBENNRES TH 5. EDUSRAIED Y ICH BB IRAIET,
HAE-EIITED BGRKENDOMMEEIE, GAF _HITZERKADL > DEFNFERIETH S,
C T Tfegis & feyigld FEICEE L7 ABETIR O EEAIRZIEA Y ICKRIFT =D D3R & FR T ERTH
THY, TNETNRADL D ICERINS,

fcyl,s = (1 - I;_Z> (118)

fenie =+ c(1/m)]

R (L1 DCITITRICIKEF T 2 AREOFERKTH 5[138]. (117 %E2 R 2 L KR L FRD
b RISRE DFE% & Takahashi TE7 LD (1.10) LB THZ Z &Ehhh 5.

2z, A1) ZBUVTEICEAN L7 Takahashi 7L TERITEWIGE O HBEFR O EED
BITEAN TR TE 2085 L TH S, R(1.17)% Takahashi EF /L ERL T 7' 0 —F TEXTIL
5 EMHBEROBAEDESIMER/ T X —&2 (H(1.13)2R) EIRATRST I ENTES,

1

Rrad,cyl = ﬁRrad (120)
cylg

Rragey) = 1D & EMAIEN Y REA Y AICA D - HWBIEADRIDEEZ DI LN TE S,

Figure 1.28 122(1.13) £ =(1.20) Z AW TEHE L /- BEI BB R /T X — X L FEREDBEREZ R
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0.0 1 TR parameter as a function of
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HRET BT TR CEFERICEY KK BRBZEZERT S, LHrLAELD, HFDHiEH /IS
RIMEEHIE T TIC 01 mm/s ZRLTHEY, TOEIRBIILA Y EEDIMEMEICIET 5. 20
ZEN D, SABDEIBR A R L 7= Takahashi €7 /L[126]TlE, A@EME D LOC % EREICFEIT
RN EANTRBEIND, AL Figure 1.27 ISR L7=2& D1, MADHEIFEMNRIH/-YICH
\F B AREREICHT 2EEOREEA/NS KRB0, BiEERTE, S DRERIFRITEHRICT
ELBEWIEARREEZOND, INEEMBER%E Carmignani H[139]AVRITEITICL - T
HBE LY TAREROSEIZEREKE D, O OBREFHBANFIR & LKRT 2 L@ TN <D
T2 DRZILA Y R Z BT RIS 2 ICIIREOREBREZEB LB Z{T I ENH B | LiE
LTWD, LA LAaDS, ZRTHABRTHIMAILI YV ICBEVWTTHOREROFELET
MET 2 ZEIERB TR L, EHORBBRY ALY ICHT 2KMEORBROFE X KL E
TILTHBRELEAEAIIFELAEW (L LRANEZRT vl e LTERVIRD Z &N TE
% ERETA D & & HBIICTER S 12 WRANRILEUA R & R & L BmET I$% <FET 5 [115-
118). Z o=, HBAMROBEEOBLZILA Y RRNERIICE D LS ICRBARTE 200 IEEKT
TEATHYIRZILD Y ARICH T 2 REREED—DTH 5.

1.24. EREBEBOMBHRR

112 BTHRALEZL DI, FEMAOAKERIIBREIROEIECBHNRR TH 2 BTN
ICL->THIERISINIZHBDONELELED L, T8, FHAKZEWNREHL DI, BRE
BORERFEARIZMBICE DT ERE RO TCHE L IEEETHD. Tz, BRAKITFEMR
NIZIRESINT, EEVLLE, BFEESEL CRL4DERDEFBIBICEVTH AKDOEBENLER
ERSOTWD, ZOLSBEERL L, BREBEOMRZILNVIRRICE L THERL RERARITH
NTE/[140]. ERFEELOMRILA Y RRIL, HEANBICAOREERTH ISR MVENFET
22 EICE > TEBAOBHMARARACEDHENER TCERC AL I L, SLICHBAERKTHZ 720
ICHIR L 7-EFEEREOMERFZELRRFICRENS Z LIS > THEDIToND, 2079 1.23ED
I CHTRBN LTz de Ris OB IEHBESNBEVWEALABBRABERINTWD, I I TIEERE
BORZILDY EBERBRICOVWTHE L-RENLEITHARERBNL, ZOREICOVWTHL 5.

O BRXHEAY

MR, KRRSOZEICOVWTERITHRZLIA LG bHmL 5.

DRMBEORE 1 BHREELOMZLAYRRICEL T, L <AL 1981 F
IZ Bakhman 5[141,142JIC & > TITHO N/ ERIRET TH 5. EERTIESAIRE AN T XIRICPED L
{IE PMMA %z 4% L 7@ SRR ER I nTe, MALD Y ICRIFTIREMOE S P, RO
ER, AROREAEOZEICINAT, MR Y FOWE & MRORES | DORIE R &R
ABEMNMTHONT, Bakhman olf, BREROKR QMR OAH A 7 R L U L MIED
VEREZRKELLTDHIE, T L TRRRRILDY 2T 2 2 LA ARAREBEOHKEES VN FET



34 |1 &

52 aERBRMICEASAIC LT deRis O (1.3) %2 B 2 &, MAYAY REIZEFRDOBRERAK
L ARDIEFENSLCHD, BLLFKRELAVWIEARENTEY, NI de Ris DEFTICKT
2EMHFEORRTHDEZ EN DN D, IHIT, BEORAILAY BRFICDOWTHENRR L 72 /ERE
B OIEFBAINBEVWERFEDERBERTHD., CNEIEELNHDL—EDEHL%E TES L, HE
M OIAIRD L CIEA 7 RIEANDRBINBR TERCRD LI - THIERIINDBERARR
THDEFRANZINTWND

2009 4 IC Nakamura 5[143]1d, LDPE A B S N7-= 7 O LR E #KiF (REBEE ==0.15 mm,
ORE=0.50 mm) ZAWT, BIREE LORIILAY ICRIZTTHREIENOEEZERNICHAE
L7z, BRRIEA Y RE E MR Y KX OFREFTHEKIUE D DOREHE L TEE L/-H#ER% Figure
129@@n&ESICHELTWS, =70 LRSI TRIFEIENIMMET T 2ICONTRRIEAY
RENKELLE—F, SKIRER TR REN BB LZ—FEEZRT ZEAHALAITIN
7-. F7- Bakhman o5 OfER[141] & RKRICAMEER DK ZAGKFALOFN= 7 0 LiRER LY

MR RENKEL A D Z & bREZR I NIz, Nakamura O IEBRZILAY Y KK D _EFRANZ KR
WEDOREREZXET S [KEI O DMMEEZHH O 2 FARS L, & iRz ® L 7c#5Mm

OEEEICL > THEDOIToND FHRRIL] ZEERL, TNENORIAT—ILIIHT 2FH5
EDERDBMEERADFERE X 5 Z & T Figure 1.29(a) DEREBEHERE A EMHMICHALTLD
FERENDMET T2 EBEINNS KA D T ETLIIKRT 278, LIIERDRMRE(IC & > TXE
SND-HOFEXENICHT T 2EKFHEITNIN, DI 70 LOBEERKR|FHLY B/ WD
=7 B LREBTIELAANES K05 2 ETRAILAY ASTAED L DEMEEICKEL I NS Z &A'E
AbND, INODERED EIZ, Lg> L LB DRAYEA Y F2RE% [Flame driven model, Ly < L
IR BMAILAY FEREZ [ Wire driven mode] &9$EL TW%, % L T Flame driven mode D5
B, L MAEA Y RREXET 5720, EADET L LD IRV EREANRE (B o7c L
REBAL T3, F7- Kikuchi 5[144] & Nakamura ©[145]1%, BVYmERD K E LKA ERWT
FHRKENFEORABEZT>THY, $hi ) bAZTAMMEEREZEF T 2iRGANOGEITIFTERE
HADETEEHITRAILD Y REMET T2 Z ENERINTWS, TD728, EHDOETIZHD
BRAILANY) RED ERIIEMEER D/ 5= 7 0 LIRERA [Flame driven mode] % Rd 7958
EIIENDIBRRTHDZ LMD

AR ALAYY I ﬁ?%ﬁl—d_jj@%% IDOWTIE, FERBIKDERT H#Z < OEBRIRETA 7
INTW3, 1976 FEIC Frey & Tlien H[146]1C & » TEMARREBARIINITH N, FRFIR O EIE
DRZHENY) TIESEEKEANMET T2 ERAILD ) REMET T2 EABMEINTLS. £D
7-%, Nakamura ' NiCr SRR CHR L7z, FERKENOET EHICHRRILNY REHNKE <
35 ERIEAFRRRKOBRFMR TERERINIBRELBRTHD ZEPToNTWVS, ZORKRICD
WTIE, RICERBAT % Fujita o[147]IC& > TEBENHNENRIETORZIILDY RROBE
ICE > TEMMICERT S ENTE S,

TBIEREOMBEE: 2002 F(C Fujita ©[147]1%, #HTEEHEEB+L >~ % — (Japan Microgravity
Center, JAMIC) OAEETHZFAL T, MUNENZICH T 2 EBRWEELORZILNY IRRTEH
VL7, KBTI, LDPEAWEINA=7 0 LKREN (WEE =015 mm, [ORE=0.50 mm)
PMERAIN, ML Y REPARFARICRIZTHAZKTROEEN K4 hBREEFTHLS TH
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LDPE insulated NiCr wire

LDPE insulated Fe and NiCr wire

(2) Insulation thickness = 0.15 mm

Core diameter = 0.50 mm

(b) Insulation thickness = 0.15 mm
Core diameter = 0.50 mm
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.
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Figure 1.29

NiCr wire in normal gravity with horizontal configuration. (b)Flame spread rate as a function of

40 kPa (Fe)

Flow = 0 cm/s (0,=35%)

40 kPa (NiCr)

9.1 cm/s (0,=35%) 15.8 cm/s (0,=35%)

(a) Flame spread rate as a function of ambient pressure for LDPE insulated Fe and

opposed-flow velocity for LDPE insulated NiCr wire in microgravity. (c) Instantaneous flame
shape observed during horizontal flame spread in normal gravity with different ambient
pressure. (d) Instantaneous flame shape observed during opposed-flow flame spread in
microgravity with different flow velocity. (a) and (c) are reproduced from Nakamura et al. (2009).
(b) and (d) are reproduced from Fujita et al. (2002).

BINTz, BMAIEDY RE ERAILAY AXORRETRMETRERORE M E L TERL/I-ER%E
Figure 1.29(b) & ()D& H IZHRE L T3, BFREED 3bvol.% & 50vol.%DREICENT, iR
M 10em/s fHETRZILN Y EENRAEERLTWEZ &N D, It Figure 1.29 TR L
7= Olson S [114]DEMITE WREZ R E LI-EBRTIIERRINAD > 7237 LIRRTH 5. Fujita
SITRZILAY) FEDHEAEHNER I N 55818 % [Geometrical effect regime] & MUY, {EFRIES
HFICBWTEREKAICHELZE T 2550MAINRIFEORRTH S AL TLS, H(1.19)
TEZE LTED o EFEREAD AN 2 RNRE RS RE oy gld, TWEANS (BB ER
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BIRENBEELRD I ETHRALDYREOE - MERINGA TIN5,

Z 2T, Eﬁ(l.4)’(“ﬁﬁi%Lf:ﬁ@@%?ﬂﬁéLg%%% L, Lgl T AEBEREEFEEIENDOE
NEILHREZET DI NN D, SOICEAPETT S EEBENNILKARDEIEITE > TFEAR
NOFEIIMEIEND, TDT EIZL>T Nakamura > DEBRTEESEHDIET & FHITKZ L
N RENP LR T A2MERANERBRINIZEEZDLIENTE S, £/, Figure 1.29 (c) DFERIES
D40 kPa D XXk %E B % & Figure 1.29 (d) DMUNE NG THEI NI AKAFEREBLL TV S
ZEDDHD D, FTITHBBNALEELSIS, BETCIIARAFEOBEEZICL - TRl ERIINZBHR
WROFZENH I NZ 70, BBERFONKDIRZFVHIHMNENIREDS OICELT 2 Z EAH
LNTWD, BESNACRETHBERREBREITZETFTN—2are LT, BEZ/NSCLTEY
IS FILE D EEZRELTH I TRIbHZILAL, KADFRLBEZEHERI 20 LE Lo

S Z LT K ATONTED, IHFEANKHTROMEE TIEH 5 TRMICHINENRECBENIRE
RS 57 0P — %%ttfﬁf&&@#éﬂfm L ZDTFRY—ICEBLEARELT,
PMMA BRERGE D ABE[148] IR E DIABE[149] # R L 7= EBRIIRET, MAILA Y IRRICHT B
BN & RBITROEEZ IR T 2720 DRITHETET )L[23,150-163] L EMHEIN TS

RERS EEMEBORE . WARTHEI COMRIILAY IE, Bk L7 de Ris DE@HD L 5 (S
BRRILA ) KKBIHEDORABIBICEE L THETINE ZENEZ VL. LELAND, BIREEOKZ
WA DBZBEICE, WEIRA Y - T-BRBEBICAVEERORER MRS FEET 52 LICL - T,
BAMRPEI CONKIFEREDIAZ AL W ICHEZ RITT Z L2 BT 2RBEERENREIN TV D
2015 (2 Hu ©[154]1%, LDPE A"#E S N7z & = 7 0 L#REK (BREBEE E=0.15 mm, %
%=0.50mm) ZAWVWT, A OEEAE E RN Y REOBRICOVWTRENARAEEIT - 72
MRRALD Y RE ERRILA Y KX OFRZ AR OREAE ORI E L TEBLER% Figure
130 (@& ()DEH ICREL TWD, -90 EANTAMRRILAY, 0 EAKFERZILAY, 90 EL L
FRZAEA VIS T 5, BIREDOATRINZIAFARNOBRICEB T2 L, TARRILAY @
BRAILDNY) REDKERAIEDY DB DL Y HIFICKETRMBERLTWDE Z &N bA S, BAIL
MY ICRIZFTHABOEBEAEDFE, BHRMEBILUNIC L AR CEREIIE 4 & % A UL 7o ERIR ST
NE L DHRESICE>THRINTWVED, ZLOMBIEZ /70 LOBREBUL-ERZRL
MERIOBRGEED T ARZILD Y OMBEFRE TR LT 2 & WS FERIFFREINTULAL, ﬁﬁﬁﬂ@
THRZILNY) TERINZOBERBRIE, BAILHAY KKOTREITOLERA ENTT AL
BENDIMNICL > TEEIND Z &D, KRRICRDBEZBORI 250 L 7-HER ;ofmﬁ
IR R INTWS, ZDZEn b, MDY AXOTRANCAEERDO X ERNEEDE
PMIRBY 5 &5 BB OBMZIEA Y TIE, TRANCE T 2 BHEME OREREEMAILAY IRRIC
ML TEELREZR-T 2 EAERBRNICHL M INT.
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LDPE insulated Cu and NiCr wire LDPE insulated Cu and NiCr wire
(a) Insulation thickness = 0.15 mm (b) Insulation thickness = 0.15 mm
Core diameter = 0.50 mm Core diameter = 0.50 mm
14 12
Normal gravity, 1 atm Normal gravity, Downward

12 4| O Cu, Huetal. (2015) — 10 1 O Cu, Konno et al. (2019)
= < NiCr, Hu et al. (2015) o £ < NiCr, Konno et al. (2019)
IS ] S
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Figure 1.30 (a) Flame spread rate as a function of wire inclination angle for LDPE insulated Cu

and NiCr wire in normal gravity. (b) Flame spread rate as a function of ambient oxygen
concentration for LDPE insulated Cu and NiCr wire in normal gravity with downward
configuration. (c) Instantaneous flame shape observed during flame spread in normal gravity
with different wire inclination angle. (d) Instantaneous flame shape observed during downward
flame spread in normal gravity with different oxygen concentration. (a) and (c) are reproduced
from Hu et al. (2015). (b) and (d) are reproduced from Konno et al. (2019).

%72 2019 #IZ Konno 5[155]1F, Hu o DRER[154] L RO HWT, THAKRZIILA
VICEBITHARRAIENY) REICHT T 2BRREEOEEZAET L7z, BRI RE ERZILHY A%
DR EBEFEE OB E L CTEEL/AER% Figure 1.30 D) & (D LS ICHRELTWS, =7
O LBREABOBEIIBREREED ERICH L TRIILA Y REAEREING 2 2 L AR INIH,
SRR OBZEIIBMBRED LR ICH L TRAILA Y RENFERLMERZRT Z & AR
7. IhiE, KARIICHTIMREEOFEICL > THENHELRRTH S EHALTWLS,
Figure 1.13 T/x L 7= Burke-Schuman E@IC L > THEAN DI AXFRZR THhH1 2 L 512, B1b
BIFOBREEN LR T 2 EMBEBRRIITV OB CLFEERLOBRICET 52 &N TE
&5k %, T, BRREENERT 2 LERILBAKOY A XF/NELLHRBZenFLN
TW3, ZZTFigure1.30 (IC RSN 2 EAK O EEBEGRE R &, BRERED 25%U L D5
HCBRRBEEN LR T DICONTHRRIILA Y KEAN/NES LK B -2TWB T ENHRTES, 2D L
&Y, HIBRFEEDHEICEWTRZRENER LA ETICAKRENERT LY H X
RRINELBDZEDPAREDENETLT XN ENDE LT, BREED R EEHITHA
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INODFETHARDEEN O, BIREBEDRAYEAY 1E de Ris DIEFTD & 5 ISR IEAY KK
AIEEBICEB T2 CIRBEBREBR T2 LI TEY, MAILH Y KXDOLHELICER L -8R
BT ZThRITNIE R0 W2 EARINT, BMEERO KX E L ORA TREIO KK DFEBME L
A7 4 —FRy 7 L THEZOEDDOREMEZZL S E 24BN, ~1 7 AR ODE TEE
ZEHTWABIB T Y XL E—REE[156-159]ICF8LlT 2 ah'H 5 & & T ERBBEF A9 IC BIRIEL
IDZEML, BIRO LS BEEMEOMMZILN Y BROETILIZA AT OERICREINT,
BERHEER] CREEY OB AR OBBR EICLICATE S Z LW EEFIND.

O RABRRE

BISHEMEO LOCICEB LEITHRD LW DA B ENTWS, 2013 £ (Z Takahashi 5[160]
IR AR A L 72U NEARBR ATV, BNEDBREOERTESGICH T2 BRIEED LOC %
EfS L7z, EBRFEAHCIL LDPE AMEE I N/MIR S =7 A LfF GEEE £ =0.15 mm, {OfREF=0.50
mm) AMERAI NI, F7z, M EBOKFRIILAY OFETH LOC DEGAIT->TH Y, LOC %
FEFEROREME L TEBLER% Figure 1.31 (@)D & 5 ICHE L TWLW5, Takahashi & 381
MELS BESE VAR R & BERIC, BUNENBOEREREEFICE VT LOC METT 22 L& E
BREGICEA O M L7z, 7, ARERE /D ARAROBRA BT 2 &, RURESHTILNR
BALOAN = 0 LEER LY H LOCHEWMEEZRLTWE Z LA bN D, THbE, LOC D
BENOT 5 EMMEEROKRE AR OADVFEEMROREELZIHT DL WD ZEPER
BICBAL M ENT, LA LAEDDS, BICEN LERAIEA Y ZEORBRBERICOVWTERT % L,
BEERORKEROBRMROADRZILN Y REZAKE L THRBOREEAE ESE D LN
ZLOMBTHRESINTWS, 2D enn, BALAY RE L BERBRICHT 2 0MEMEOEE
NEBDLZENREBEIND, LALEDD, TOBRICOVWTIIRILEBRBIBRA LR INTEST
ERRFRICHT 2 0EMEOFEIT+HICERINTLRL,

2018 FF(Z Mizutani ©[161]1%, MR ~—D—D>THh % ETFENAWE S - HfREE &
BEX=0.15 mm, OfEE=0.50 mm) ZAWNT, BUNEHSH &M EBOKFERZILAY (CHITS
LOC oEX{§ %47 > 7-. Figure 1.31 (D)ICRIMHEREREL CTH Y, HIENHD LOC A #E EHD
HDEHBL 728 TICRATH 12v0l. % BT T 5 2 & 2 RBHICHS N IC Lz, BUNENSOER

e EIBOERRT LOC ICZNIFEREZRENRND Z L 1L, ZTOMOEHRME TIFBRS
NTHnI[126,127], ZHiL ETFE NWRIFHNARRTHDL EEZ LND. £/, 20156 FIC
Osorio H[21]I2 & » T ETFE # & 0z WEE £=0.30 mm, D#EE=0.50 mm) ZHWLT
LOC I A MEBAFZEICOVWTHEN RSN TWLD A, Mizutani > DFER[161] & FEEICHUN
FEHETLOCHAKIRICIET 52 &ARESN TS, Mizutani HIxZ OERABRFEEICTT
D NKBEDIERIACEMRICL > THAL TWEAH, ETFE OREMABVNEDIBICE WV TKIE

ICHERT DA A D Z X LICODWTIERIEBES NS N T LA,

WCTFLYTF I 7AFAIFLYOZ ETHYBERIIE-(CHY) - (CoFy) -, NBT v RERFITH S,
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LDPE insulated Cu and NiCr wire ETFE insulated Cu wire
(a) Insulation thickness = 0.15 mm (b) Insulation thickness = 0.15 mm
Core diameter = 0.50 mm Core diameter = 0.50 mm
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Figure 1.31 (a) Limiting oxygen concentrations of LDPE insulated Cu and NiCr wires as a
function of opposed-flow velocity in both microgravity and normal gravity with horizontal
configuration. Reproduced from Takahashi et al. (2013). (b) Limiting oxygen concentrations of
ETFE insulated Cu wire as a function of opposed-flow velocity in both microgravity and normal
gravity with horizontal configuration. Reproduced from Mizutani et al. (2018). (c) Limiting oxygen
concentrations of LDPE insulated Cu and NiCr wires as a function of wire inclination angel in
normal gravity. Reproduced from Yoshioka et al. (2014). (d) Limiting oxygen concentrations of
LDPE insulated Cu wire as a function of initial ignition power in microgravity with 10 cm/s forced

flow velocity. Reproduced from Nagachi et al. (2020).

2014 £ Yoshioka 5[162]1% Takahashi » ®EE[160] & Rk ORI A AWLT, #EHICHEL
TLOC I T 2R DEEAENFEICODVLWCHAEZT-7-. LOC 2 OREAE OB E L
TEBLIER%Z Figure 131 ()DL S ICHRE L TV, iR & =7 0 LR oz hZE o LOC
I 2AEFENE, Hu o[154] ORI REICH T 2BEFEICOWVTORBR L EMMNICK
ST BBRAREINTWS, ThabE, FRENOBEIETARIILAY ICHEWLT LOC AMET
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L, HEMEOBEENR ET 2 AR TES. LA LANSIRKRE =/ 0 LBRANOBRSY
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2020 £ (Z Nagachi 5[163]1%, Takahashi & ®EE[160] & FEkD =K ZB LT, LOCIZXT 3
MEABENEHEOFEICOWTHAEZ T 7. BAXEANMEGT 28BN E LOC OFE%R% Figure 1.31
(D ESITHRE L TWD, RICIIMEEER TIE S NRREB OBROAATRIN TV B,
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BRI CHEBICEND 2 EHNRRIICHS AN ICSNT, BIRIEE LOAKRZIILHY IZXFT 2 4H
BANDFEIC OV TIE Huang S[164]"FRESENPRFEE, MEMEICER L - EBRNRET &
BRI ET-oCHY, MEOMMZEERNKZCARBZICONT, BADNOEERIILIY ICBBT
212DICL ) RERIFINTF—ZBATILENDHDZEZBONICLT. ZOL S BIEADENX
BENZDBRDOEBMAILDY CHEKITH L THET 2 &1E, FITBA LTz PMMA SR &0
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DHRELICE > TITHONTHY, FEAKNEZEC2BICEARFMNMENERINTE L,
LA Lahs, BRMEMTH 2720 123 BTEN LIZBMRAILA VAR TITObN- L 574, Fid
BIBRBNT CHMERITIZIZEAEITONTULAEVWDARRTH S, L DMEHNERTETHY E
BCHERINBEERETEUENICHBELIZE ZATEE - TVWEE WL T-BEATH D, EREFTPK
BRI THNIBETFET 2D, TNOLOEEEREYR— T 2L RLOHOTHY, iR
EREBIMERZFMICHRRT LET LOZLHICOVWTREINTHRIZIZEA EITHONT
WAL, INETOFEREEIC, BREELORAILAY) RROFHERIETDICEFELAINTL
HWEEBRLRAZEFEHDETELDLDICK S,

o WEMROAMICHADORELRTH 2B ORI FET 5. £ D7 HRBMEID IR 1208 H
BRFICINBRAIND 2 EICE > T, OB LB RRAEENRZILL Y IRREXRL, HE
MElZz Db DDt EZ (LS5, £, BMRERORE L ORIIMAILA ) REZKE <
LTHWEBOREEMEZM ESE23REHET 257, LOC 2KRE L THE DRRBENM & 1% &
TOMRLEFICES 5 I ENRBRNICHER SN, LA LEd s, ARKZzRAT 5 Emig
EF2ITTbNTE ST, MR Y EERICTT 2 0MEBEOZEIIRIETALE RN S W,
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o MARFRTHZLORIILNY EEHXBRICH L CEFREREOHARZENBN, HEOKEN
DEAT B, F-ZOREREZEIEEROERINNSWE E, Z L CABRRRIS/ NS WE ZICHE
EICBEND, IoICHBERRCIRERKAED) S QBB BBAOEEINS (RY, AN
KEDTHOBIFERICL > THAT D L EZRBTIZEABESINTWS, LHLAD
B, MEFIKOBRZIEA Y AKDBEXRZERIIICED LS ICERTEDZDOAREHELMICIIN
TWARL, 512, BMALAVHETIEISHOMMEKIIEBINDE I ENEL, TOFELE Y
DESITETNMMELTEELLTETH .

Z I THRBY T, BEROBAILAYARICHEITD L0 DOMBICERZEEX, SRIEEOK
ZIMHMVIRREXRTERET A EBET 5 2L T, RIS YEE L LOC 1T 5, DIFEME,
BREE BREE, BEREOFELBEOSHNICTEIEEMEBNET S, 512 1.14ETHE
MNL7=& IS, AMARIETFEAKLZEMORLEZBE L7 FLARE 78V 27 bO—IRE L TE
BN/ DTH2. BFWED LOC ICHT 2EAEMRROFELRHONICT 2T, BAMR
DEEBNHERT HHNENRECOBRBEBEOHMEZ AL ET L EZRETDIILLEE
BREHNO—D2THD, INOLOBEZEAERTSZIEZBIBL, AFRTIEREL DT TUTO=2
DFRBEICEY AT,

© ERBBEMAMLSDRRONKREOFRICEY % KRR & R,
o DMREE LT RBRBEBAORREDRE & 4 5 EEKR L IHRIRROBFR DR,
c BREELOXRKRZISYEEL LOC 2 FillT 3 1= OEHmAR.

KX D 2 BIZIIEBFEZLL, 3ENS S EZEXZCTICLZDORENSBONTHEREEHL
6 EDIERIC TR & FES,
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2. EEREIE

R D KERAIRET (I BIRANE L OMAILA Y IBRICH T 2, LB L, FHXBRERE, £
L TRBEREOZEICOLWTAENLHELZITI> DO TH S, ERIL, FTHIRREE, FER
e ERRBREHE LT, 3ETRMALL Y AKDANERE, 4&?iiﬁ%z%#U%®wﬁ
BEANH, bBETIIRALEAYVRELRAKRFRE (LOC) I27WT, RRT — X 2 E(CEmARNT
@%%ﬁ%@ﬁtt.Z:TM%E@WEE%EB%M%ﬂ@%%T@%Lt,%&%E,%&ﬁ
&, EREK, T-XBIToAEERT.

2.1. TAHRBZ#HH’Y ABREKE

SEDEBRTTARAKKRZILNY ZBHET 2RICERL-EREEOHMER % Figure 2.1 (TR
. AEBOFEEKERIL, T VILE, BRZI M, BAEE, BAEFRGEIATL, ETFH
AATTHD. b, K%% EE L 1S0-4589-2[53]ICHRE SN2 MRIEHABR L CERIN S E
BRIRB ORISR > CERET L7z, 77 VLB ORRIEIAZE 60mm, £ 500 mm, WE 2.5mm T
HbH, BREV MIUIHIAE-XZHEED, TOERBICIEINZDLEZRELTZ. BREZ I +OD
EEICTVULEEZRELT, 77 UVILEANATERAROMRZIENY 28R L7, ERALET 2
YIILEROPLEICINEICERE L. 727 UILEDOTEICKE L2 X T > L XM (B8 0.8 mm)
ICBIREE O Fima B OMT T, Eisld/ N TEE L CRBERBRT ICERARHRNI DD B LI
L7z, ZTHUTKEDRRILD BBRICRA R L TlebL 2 & xfhitd 5720 TH D, £/, B
R Z s ENT 572012, TANRICERLIZBEXEET 7V ILERND EEBICERE L. BX
BROMEHIIRE 0.5 mm DH » ZIERTH Y, FARIEH—F 570 I1C M8 RV MZ 8 EIEZ[HIF T
A IRKRDOBENEZBIEL 7. BARICERT 2ENIIBERERZEZHAWLNTIBHW TH—LEX
ROBEMARREIL 12 & Lz, /o, BRALAYBRICKIITFERIEBRREE L ARMRRO
B2REBEIT D70, ARAR VR OLBRREBRDEAETIAZREERHREBRL 7 b EZBLTT Y
VILVERICHIG L., COLIBREBRRDHPBREIIEEREFZHAVTHELTEY, 77V
LVERNDBREE L FHIRRIIEEDOEICHAEARETHS., AEREBE TIEFEANICRART 120
cm/s DFGREERT ZENAETH S, BABLORIILAY ORRFIFETHH X T THR
7=.
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Flame .-
Samp'e V|deo
camera
Acrylic .- ”
tube
______ 35cm
Wire -

Flow
straightener

MFC ]—[ O, cylinder ]
Mixing
chamber

MFC ]—[ N, cylinder ]

Figure 2.1  Schematic of experimental apparatus used for downward flame spread test in

normal gravity environment.

2.2. BABWERAWOKREDEE

4 BEOEBRTUMRRES & AT 2 BRICHER L - REREB OMISK % Figure 2.2 (SR 9 [165].
EENMKILICHBLIZDO LA THD., B2 AIEERARNOERE T/ VILETHD. 0IF
BESHEBESAT 2 Z L IERETH D70, AEERTIL Figure 2.2 (@)ITRTLHIC, HDE
RICBTZU0RBEEORMBEREAETAL T, TOBOBAILNY ZEZAVCRES T ISR L 7-
BRI EOFMIZHRART 5. DREREAANOBMENOEY (F1F 5% Figure 2.2 (b) & (o) IRd @Y
THD. FALIABFIZHREDL 0.1mm O KBAENTHD, AENELEELIRIERRY A
%%%ﬁmtt AERTERALLETZVILVEER, ZXRIIHEINTEY, RARICKRET 277
IWEIZIZABNZ BT -HDIA DRI SN TWD, Figure2.2(@D &5 1277 VIILE L%
EEK%ELK&K,:K@)ﬁUw*%t_—wT—7TlELt BEIIIARZILA Y EITH
IS L CEBICKET 27-0ICBRCRNEZEX T, BLANOIZAMEZECLSICLTEZ—LT
—7TEEL]. BAENILRBONSBEEOREEREIZIT —40H—TRixklLz. ZoRoY 7
DYy ZEHIZ100 Hz & Lz, FETHAAATET—20H—%2RAHET 57010, ZEBRAFHA
THRICLED ORAEETHAATTIHRE LT, TOBOEBELEA T —XAA—ICEHKL .

BRAEHCAEN A [F 7255 L AL DT RWEEORIILN Y RE A LB L -1 R, A8
WEREY AT 72BRICH EBNARRRILA Y AR TE ZEETIE, MAILAY 1T L TRETDOF
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@ strip PE & Tiea TC @ slide PE
Spring ,[;l
i
Mesh Pull pull =
0.¢fn <--- ----»

stide || |1

Thermocouple
™~ PE insulation

Data logger N Wire core =
.  fiser DD
Thermocouple -~ Digital
________ 7 N video
Wire .~ camera
sample
Acrylic .- 7
tube
Wire

Flow
straightener

MFC ]—[ O, cylinder ]
MFC ]—[ N, cylinder ]

Figure 2.2 (a) Schematic diagram of experimental apparatus. (b) lllustration of a TC

attachment method on the surface of a wire core. (c) Photograph of TC mounted on wire sample.

Reproduced from Konno et al. (2020).

BIERAIETHD I E2ER LT, 2L, BREBRGETOREEZRAAIZE TS, MATEAY
NRDEABHROMEBICEIEL 7 EITHALTLED T & 2R L7 RILDHER, LOC LY LB

FEED 0.5v0l%m WERH TIFAEN Z Y T 72 RENEN MELR C KRR TH D Z & %/
LTz £, BREED 25v0l. %% E[2 ERZILD Y AXAREN @@ L7z & &2, BEXN
ZREYI>TCLED ZEPER SN, ZOOMEREDATEICBWTIIBRREED LREZ
25vol.% & L7z,

2.3. WREHAFABRKE

S ENERTHEA L A-EREBOPN% Figure 2.3 (C7d. AEREE I# HED S REHE
ICBWTREBZBRZERT DL ICHL LA-EREBETHS. AR TIE 5 EOHMFLT LOC
EEETARICERLEZ. EBOFTEEMEMIE, BRE I b, H72E, BIBEMRGES X7 L4,
ARFILE—, BARAARb—=FTh 5. Figure 2.3(@)ISRTERL 7 ML JAXA ICL > THRES
N7-bDOTHD. ABREEHIC—RERNIGEKT 272012, NEBICX v 1 EERIROBEEA R
ITonTWg, A7 RBEORIRIEHFE 75 mm, £ 230mm, WE 2.5mm TH S, Figure 2.3(b)
IR FIEIE S X T LIZ JAXA DS EBR L. ARR YRGS N 28R EBROEER
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vertically in the glass tube.
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(b)

Oxygen meter
for oxidizer

Atmospheric pressure
and temperature sensor
A
¢ "

T
D) o™

BRIBERR

Ouygen Indes at Blow o Extinction

/‘

— & Gas cylinder
@ 0, and N,
- ‘o

Figure 2.3  Experimental apparatus for determination of limiting oxygen concentration of
electric wire with downward spread configuration in high forced flow field. (a) Combustion

chimney and flow duct. (b) Flow control system. (c) Sample holder for a thin electric wire. (d)

Gas torch for ignition.
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EXAREOBICAMT 22N TES. LOC ZRET 2RI, AV X T L% AW THEREZ ORI
AR EMREEZHRE L7, Figure 2.3(0)ICRTHRIRAL L —I3AMETHELZ. EH 1 mm
DRAT VL AMTEIEL, RBRBHTHE2HIRERNICRY TIF2 2N TES L SIS, EERICAI
SEHNYEBEHZIT .. H7 ABRARHAWE 60 mm, WE 2.5 mm DFETLRBNERTE 5 &
JIC2BHEDE SN Y EBEAR L. BREARIEANRILL —DFRIHET 2 ZENTE S,
FILE=TEICHEOBLAZEIT WS, HERTHIEELNICANEZERITY BT CEE L. &
KBl EiBIE N2 IZE o P CEE L, BBERBRF IR NS L 5 IS Lz, THIEREIRL 72
£512, RERBRFORMERICLE DA OIbAEE D TH D, R EEANT HBIL Figure
23(ISRTHA b —FA2ERLT.

MREEREETIE A 7 RED LimH S 30 mm £ TR EENEA L 7. Figure 2.3(c)ITRd
YR E—ICEWTREN O SR E COBBRICHIET 5. £ L TEBRH SO —=HiRE TD 120
mm ORI ALY FIEEH & L7z, BB E KD RILA > 725 B 1S RIS & L,
ERLHEIE DEASRE] SHE L. SBRBEIROTERIC 60 mm ORBZFRITTCLWB0IE, &
BRIV —~DBIER L, BRFLL—DFET S LICEDRNGFOANDHBRERICEET S
CEEBCEBTHD, BB, AEREBELALT LOC £EET 24 1S04589-2 o Oxygen
Index Method[53]ICHRE S N B IRAERBEKICAI Y REREEME L7z, BX & LOC DRESEICET
%ML 1S04589-2 D~ = 2 T7IVICEES[53]. BIMRFMHICEHEITS LOC ZRTET 5 BEIL Dixon's
“up-and-down” method[166]%ER L7-. £ L THRABRDAKDERTIEETH H X Z THHKL T,

2.4, EERHEHE

AR TIEIEBRMROMRFEIRROBEMAZ B E L TRE L ZREERIAR & MR I EA
L7z, EOOEBRICEVWRY Y- HBEINLZARTHE. WEMRICIIEZRERYIFL Y
(Low density polyethylene, LDPE) %{EB L 7. KBXTIL, FTITHERDERT — X HEFET
A% 0.80 mm DRE 0.50 mm DIFFR & = 7 A LREKEI 2 W RICEBEN 2 HED T, TD7®H, Z
noZBEAZEERBE LGRS 2 EiIcL 72720, ET/L0ZEMoRIABENE LT, £
L7 Z2EHR B CRAR T OEME 2 SKIRICEE L 72380, IR RA 2 B ER L2, R
TEALAEEBHRERAROTIRE Table 2.1 IC£ &2, KBYMHEIZANITRA ICTT.

Table 2.1 Geometrical configurations of laboratory wire samples.

Outer diameter [mm] Core diameter [mm]  Insulation thickness [mm]

0.80 0.30 0.25
0.80 0.50 0.15
1.00 0.70 0.15
1.10 0.50 0.30
1.30 0.50 0.40

1.60 1.00 0.30
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2.5. RRZHHY KEKDEHE

TR TIEHAR EORZILAY OFTFEETH A S TEREL, BESNAAURAXDEEES
FAL TR REEAARESZFHAIL 7, R LM CHELIFEMOANAFTHANHTETH S,
NRRA DS EIE Bhattacharjee 5 AMRET 2 FIR[167]25F I L1, ®E L -BBORENT 7
A—IXTRDEEBY TH S,

@ Ef%® RGBEZEMA S YCrCh BZEMICEHEL TY OADBEBEGREZEET 5.

@ MBITEEBAW EZTERT S (Figure 2.4 (@) ICBWTIRED /Ny Fr 7R EINTWAEWEEREZRT).

@ MBFEESAW OMtAFBOBE A L FHEAEE L T, —RThAEAKDOEBE SR ZEIST
% (Figure 2.4 (b)) DEDERR).

@ QTHBLI-AKDEESGHLD, AXERBE THREEZRIBEEZBREISRET 5. (K
FDIRDELR)
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Figure 2.4  Example of flame edge detection for LDPE insulated Cu wire under 19vol.% O,
concentration and 10 cm/s forced flow velocity. (a) The original image. (b) The averaged
luminance of the original image surrounded by green dashed lines. Vertical red lines correspond
to the location of the flame front and the location of the flame tail. (c) The averaged luminance
of the original image surrounded by red solid line. Horizontal blue lines correspond to the

location of flame radius.
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® AEEFRiHE TRIGOHE % BITHEBATE L TEERT 5.
©® MBITHEBAHOEAROBESGHOFEEEAEHL T, —RTHRNXOBESHEERIST
% (Figure 2.4 (c)DEDERR).

@ OTEUSLIcAKDBESTH L, KAFEEZRITEBEBEEZREICRET 2 (RFDEDLR).

UERERBITORNTH D, REZRELIZHEZHE 7 7 ILARADET7 L —Lx2RE LUEETHE
IR LALEATUL, BRI Figure 25 ICRT T — 2 %285, INH—EDNEAETT L7077
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Figure 2.5 Example of analysis with LDPE insulated Cu wire under 19vol.% O, concentration
and 10 cm/s forced flow velocity. (a) Time history of the position of the flame front, flame length,

and flame radius. (b) Instantaneous flame spread rate. A horizontal gray line corresponds to the

spread rate determined by the linear fitting of the position of the flame front versus time.
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ZLlFa—HYEY T x2EEBLTGUI{LL . Gwﬁﬁmﬁ%iﬁﬁE:ET

Figure 2.5 (a) DR DEIEN KR FLIHME O BEHEERE, KO RBAKERSE, FO—REREISANK
FERICHIGT . &7 Figure 2.5 (b) DIRDERIL, A STCIRAIE DRSEERE = 2 ICHH S iR
Rrf A R LAY Y RE ORFBERE 2 R, £ IREDRIRIE, NRIIHNE ORFFER % — KRB
TIRERBLIZEZICBONZMEEZDETH S, Figure 2.5(b) ISRT £ S ICEHRI S NAZRZILAY
REICIETETOREZRIEH 5D, FAROEREH TIIAARI CRIED Y RE O R REERE A
DIEFETNIFEEMIIERINAN 7. T D10, EEHTORIILH Y RE T KK LHRLAE
DOREERE T — R THRERIF L ZRKFICBONIBROBEEICE > TERT A2 &ICLT £,
KRR IEBT SN2 T —ZOFEBEERWDLZ LICLTZ. BAEEOXHFICHEWT, RAILAH
VREEAARIZEE T3 L ZEIREIEOBRYRLERZT 7. TNODOFEHIEEZ T Z 71
T BRIIEEREDEE T T —/N—TRLT.

2.6. LFEREOHREEBEDORESHANDERSE

22%?%ILfﬁﬁéﬁmfmﬁt%i%wﬁ@ﬁﬁ%ﬂi?ét %9 Figure 2.6 (@)IZRd
/b\%?/mlrg)a"fﬁﬁﬁ}:l}?% 6;&75\’6? %) r_ODBTFIﬂ):ﬁb\’O/er_/\E ajﬁ“?_%>7lil‘lz7\6i
TEOBEY TH B,

D F—ROH—CRBRINET—ROBAEECTHAAX S TREIN-BEORFL % LED 0
KefEFSEHAWTCRHERT 3.

@ H®ELBEEZIYEY LT RALAYARED ERGLSABNER L EL 2R« RHRT 5.
ZL T, ZORALEORREGD LD kxﬁ@%&:?ﬁé?’%.

@ B LABELEZBWTRIIEN Y BEOBEEZEHHT 5.
@ BFRRZIED Y REOEAET Txx R IR T —ILICEHT 5,

ZOFIEITD > THENTZ1T O & BIRAYIC Figure 2.6 (b)ICRITIREHNG DRDBEN R EZBED T &
NCTED, x=0DRIILHD ) KKDOEHETH Y, x> 0N KA TH 5,
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Figure 2.6  (a) Original data: Time history of temperature of a Cu wire during flame spread
under 21vol.% 02 concentration and 10 cm/s forced flow velocity. (b) Processed data: Simulated
temperature profile along a Cu wire during flame spread under 21vol.% O2 concentration and 10
cm/s forced flow velocity. Horizontal dashed lines represent ambient temperature and pyrolysis

temperature of LDPE.
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3. BMZIMLD YW REDRERS DTFH

BIREE L O KKMZAEAY TlE, BAILEAY KK O T RBEIL CEMEEE DK E A ORANKIC
EEMIND Z & ICL > TINRADO RO BEREARZ LD Y IRREEICEEZT RIZT. ZD7
B, KRREDPRAILNY EBERBRICH L TEELAEEZT 22 LNV ONDIARTHRES N
TW3A[154,155]. L7=h > T, BB LOBRAILA YV IBROET IV ZITS 12012, BRAILAY
ARDRKERIZFREICTFATEDZLSIICLTELILIREETHD. Z I TAFRTIE, BMAIL
DY KKDKERS ZFRABEICT 22 L2 BMNE L CERNKRE L BmMBIT 21T o7, RETIE
Z DFF B ERND,

3.1. EREELZRZIA B RKEDRE

Y, AL TCHRE T EBIRIRBEAEMRZAILD D NXOEFRIZDOWTIRR S, Figure 3.1 (ZAHF

(@)

()
=
]
=
o
o

Blue flame

¥

Candle flame LDPE insulated Cu wire LDPE insulated NiCr wire
Normal gravity Normal gravity Normal gravity
Credits @NASA Xo0,,0 =0.17, V; = 10 cm/s X0,,0 =0.19, ; =10 cm/s

Figure 3.1  (a) The shape of candle flame in normal gravity. (b) The shape of a spreading flame
along LDPE insulated Cu wire in normal gravity. (c) The shape of a spreading flame along LDPE

insulated NiCr wire in normal gravity.
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FKTHW: LDPE AHEIN/IAIRE =7 0 LRER Z AR ILA D KA DE T%@TS%?: A3%ZLD
TSR SN D KK DEBEBGRE Y. ImERGDNEL DD RKDOEITITEVWDH HD, EiR
B EDBZYLA Y K%L, A2 Z K DITICTERRE N D IEEUAXICELUL TWB 2 enbhh b
A0 Z L DBBIFMTODBNRT T4 AT T 5 EICE > TRRICEREIA eI N T, Zcimhﬂ
EOBHERELMRET 2. —FH T, ERAROBEIIRRICNASINIHEN DB D &
TRABICHAEIN G SN T, FRICABOBRAEF EBE L THREET 2. I oD AKZREEFRIIC
DFET DL, BEVROERBRILENLEFHOITEZENTES, Thbb, 48—t
YN—F— TR SN DILEAR EFEMAE LD EERDZENTES, 7272L, N—F—LICEE
THRRKTIE, BREVBRICARHMEGEZRE T 22N TEL7-OMEICHES T 22 I138E
HMETHD. — 7, RAILHNY OIFEIFRZILHY Lf*;ﬁflfzk%ﬁﬁ\bﬁfb?%%ﬂgﬁ'%&b%ﬂb‘
ZDEEITERINDAXRIDERKRENDAREZRET 5720, AARIHBREMERE
B HLI8D. 2070, BRAILAY ICEVWTARRS ERBMHIGE B L 7 —F Xy o
AT LICESoTHEY, TNOERFICFRT 22 EIIERS TIREWL, I TAARTIE, EEN
IRRZAIED Y IR EHR AR T ANRCIERRZEEL, ZD & DALY Eft—f?ﬁ)&/\
RO ZTo72. £ LT, ERCTEHASNIRAILNY) REICEDESMEICHGI NS
KEZHEL, HHLAMALIYEEZBVTALERSHDFAREGETH D0 RTE2IT- 7.
1.21 BTwml7&L 518, N—F—EICER SN ZERILEAXOIART RER I WL < DO FE
5. BRAGNBZRAEL7-HER, Roper DIERENT[TB]I VAR THRET HRICEATESE
WEAE N 7=, Z I TAMETIE Roper ETIICE > TRZIEA Y K XKDAKREXZFHT 3
ZEDHEEMEIRALL 72,

3.2. BAWLHY AEKICHHT B Roper EFILDEH

T, MMAIEA Y KRDAKKEZ% Roper ET LA SEHATREICT B27-DICETLICEFOE
IE#HNZ 7. Roper[75]i% Burke-Schuman E:&[73]#E1ET 5 Z & T, ERFROEFRILEN D
RIICOVLWTRAZREL T

0.67

_ QO 1 Too ’
L= D (1 + 1/5) (T) SR

ZIT, LIKERE, QuldN—F—h oEHINZMBOHEIERE, D dABRREREICE TS
YBILENER, SIEENICED CBALA E MBI DL F BRI, T, ABRERE, TIIANXKRET
H%. 72F, Annamalai 5[74] DfEMNT T Burke-Schuman Ei@IZHE W THMEDBEDAIE % FER K &
LEHBEICRGBD ERBEOAERESIOXNMEHINT WS, 727 L Roper IFEBEXREZR,
Annamalai & [FEFRERRD LR AR ZHAVTRTZIT>TWAZ EICBET S, B
FARERERE & NXRE DL, [ADEREREMEIMEDREKEEHZER L7 BRICREN SR
#THD. Roper EF L CIEMBELEHROREREREICOVTRATRINZBRAEALTLD
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1.67

D = D, (%) (3.2)

(3.2)IC & 2 F A Chapman-Enskog ®Eimé S < —2F 5 Z & 1Z#EFE L T3 (Figure A2 &
B)., RGCNEZREZ ELAABORNBIIKELAW EAbA S, ZHIEERITORICEEL T
BN2EEREFHTH S, AERELIEA L8 T ICBE & BB OHEBIE & ERFRANDEE
AERHZAT 275, MHTRORDFEZTN O D & 5 EME L BAFIOREGBRRICH L TITHIHEL
AWET BB DI ENERBISTRENTWS, RICKGB.DERZILA Y AXISBERT 572
OICRRBOBEHAEZEEZ 5.

QolcPWT: HRMOHLY ITHESNIEEMHOBEE 2R T EEBBEREmy & NI X
DEEpph DWBEBRED OEHT 2HANBARDEEREERADL S ICEE LT,

Mg
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B L CIIBBOEE A S IZZEBE T ICEUBBSH Y ICRB EE AXIPET LI E T ICZ DM%EE
DB IR TN L TERFETHEREL TRALOER L -,
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(3.8)

DExE, XEYICHEWTKRAE IV Z T TH Y, ZTooREITARTEIR, HBOYEME, ZL
TEBREZUENORET S ENAIETH S,
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ARRIEBSEAREDOREGRE Figure 3.2 ICRT. Rhvobhrd LI, B2EEAREICHL
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Figure 3.2  Effect of the mass loss rate on the visible flame length under a fixed surrounding
condition. Oxygen concentration is fixed at 21vol.% and forced flow velocity is fixed at 10 cm/s.

A solid line indicates the prediction with Eq. (3.8).
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DARAEDRIICHICT 2 ARSI OEBREZEH L7 £ L THEOKRZIT) 2 & TRHRER
EOFZEIZOWTEmETI JLICY 5.
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Figure 3.3  Visible flame length as a function of the mass loss rate. Shape of each marker
denotes flow velocity. Face and edge colors of each marker represent oxygen concentration and
core material, respectively. A solid line indicates the best-fit straight line determined by the

least-square method.
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Figure 3.4  Correlation between visible flame lengths and Roper model's predictions. Shape of
each marker denotes flow velocity. Face and edge colors of each marker represent oxygen
concentration and core material, respectively. The location of a solid line corresponds to the

matching point between theory and experiment.
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Prediction
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Figure 3.5 Comparison between visual flame size and Roper model prediction. Green line
corresponds to the prediction. Wire sample is LDPE insulated Cu wire. Ambient flow velocity is
10 cm/s. From the left Xo,.0 =0.17,0.19, 0.21, 0.23, respectively. All images are processed by

frame averaging of the recorded video.
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Figure 4.1  Conceptual description of opposed flame spread over an electrical wire.
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ZDI-DAEMRTIELZDIEAOBARBEEIC L 2 BN & TXRT 5. HFENITIZH
(4.9)Dx =0ICHB T DER Ex > +o~DFVTIRD L M H LA IET B (Figure 4.1 288). #(4.10)
DHONDEI, LAIVIMET T2 ERELBRYANAKEL LS B EDIRECAD., FVHER
2L, MR Y REIMBETT 2 & ERANCERBEEALAL, TNITOBROMMRERNAAE N E
TICHEEICLD, Z0EE, MRZBLICBHARMMEEICL > TERARICERBEENIER LIz &
T, ENFZIFBRBIIERZZ20D, b LIBNCKBEBEZMATEZ20NTETES £ 5 (S
LTELLZEFEETHD. RETIEILICENZED T, OEZ@ L 7-EARAMEENRRE & A
DZEBAROTEMEZHEICERT 27-00HAEEHT 5.

4.1.3. REASREID O DEERIEIE

BEORBFBRERAINDLSICEZZENTELDT, RUHDITHILF—FRERICRALT
x=0""bx >+ THENT D ERBREBHICBITZ2ERBNAIXA LY —RERZRRADL S II5B
%,

Qcond,u = Qenth,u + Qloss,u (412)

TDEZE, QeonguldDIREBL - ERARANDEEEIE, QopepulEARAEIRICE (T2 0HR ERE D
FEENE, Qossul IRMBERICH T 2RBRAN OORBRETHY, TNETNXRATERIND,
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_ Aclc(Tu - Too)

Qcond,u - I (413)

c
Qenth,u = (pccp,cAc + pscp,sAs)Vf(Tu —Tw) (414>
Qloss,u = PshT,uLc(Tu - Too) (415>

2T, Qenthu & Qrossu PRI IR BB M % 5FM T 2 728012 38(4.12) % Qeongu TERL L T, #RTT
IHRLF—RERERAD L S ISEET 3.

Penth + Pross = 1 (416>

TOEE, onnEPross ERED LS IcFEND,

) ViL
fenn = senthn _ [ibe (4.17)

Qcond,u Ay

Qloss u PshT uL%: .
=220 = —— (= Bi) (4.18)
¢IOSS Qcond,u ACAC

@417 ER@EA) N Db D £ 51, REIRIFICL > TTAEESIN-DT, RAKE L TERS
NET, %I D2RELNBLCE 572, TDE EPepe FEVMEEB IS T 2 EHEORBEOLLEEK L
THEY, 20 Péclet #1 (Pe) ITXIET B EER DI ENTED, —H Thloss SMEEIEICHT T 5
BEAREA S DEBIBRIBEDLLEXR L THY, ZD Biot # (Bi) ICHIGT B EEZ DT ENTES,

ZIT, AMBEOEBEBTH 2MAILD Y REV;ZERTALT 572D C Penth = Pross @ i1 7= 9 BF
DERZILNY) REZRADL S IZEH L THL.

AAPh Pht %
Vecrie = ] / ST (4.19)
2(pccp,cAc + pscp,sAs) e

Veerit dEVEHIZAR, #1EME, AERESRG» OBHARLGETH S, £ L Weie BV TERTMA
WD) BEZRADL D ICEERT 3.

V
e = — (4.20)

Vf,crit

H(4.10) £ (4.16) 7 5 34(4.20) % F N Thp & roes DEIRE BT 3 & BRI RAEES.
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ng = ﬁ( Y. d)loss)' 0<doss <1 (4.21)

1
vV ¢loss

L7z > Tnplddross M D —BMICEE 2. 20728, RA2D)ICEEDOMRZILA Y RE & Z DD
EREHFERATNIE, HE2EROFFICEVTERARBEED O ENFZITRBAIELZ 2 1 BEICFT
g2 ENTES,

ZIT, RRBEES S OBBEREBICOVWTERT 27-0(0¢0 DB E L TERLIBER%E
Figure 4.2 |TRY. RU2D)D 0 BHETH 2D D INE LD L NRELRD, INlE, BR
WA REMET T 5 & 0R%Z8E L 2B EOLENENICKE <7425 2 &IT K - TREAEE
DS REFEAIILAKT 27-0THD. Thbb, pVhS< hbELDPKRELARDZ EITL > TEHRA
IND. CIITRLBEBER LI, BRILEDY) REDETHLARALOLY KELRMBREZF|ERT
L, MAILA Y 2SS ICHSIT2AMICERI B2 LICHD. Thbb, BRAILHAYICEWTE
RO A RMEENEIZ TERWIGE, MAILAVRRISHLTAED 7 1 — Ny JHEEHNIEN
LZENELMR T, TN, 122 BTH L Z—RITEREFESANXICTT S Homogenous
heat loss model[86,90] ICX 5T 2R EER DI ENTE D, &I Figure 4.2 DERRIL Figure
1.15 TRL7- EEBORER O EEMBREDEERX DI ENTED., D70, BREELD
BRAILDNY) TIEED T 4 — RNy VBN BEENT 5 2 & T, MAILD Y KRN H BHFRDOZIL
NYRETHRICED Z EATRERIND,

RICDIROEMRERDFEIZOWTERT 2. (419 SV FAY 2B 2 Z & Hibh .
Thbb, MEEXROAZI LA’ EERO/ NS AR O LY HREBMIILA Y EEE KL

1.0

—— —
___——————————
-
—
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0.8
s 0.6 _ / —— Pioss, Biot nUMber
0_4_: , --= @enth, Péclet number
0.2-31,"
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Figure 4.2  Correlation between dimensionless heat loss, ¢;,ss and dimensionless flame

spread rate, ng Reproduce from Konno et al. (2020).



42. EERMAIDNVEICE T2 0ROREDT | 67

ELTH, A kBT 2 EAEEROARZ RN EIIEERD/NSARER LY /NS REEZTT I
ENEZLND. Thabb, THALOMERICERT 2 L MMEEXROAETARANOANRZILAY
BENKEN 72E LTHRRILAY 2HIF T 22DICTMBEEICH > TWD I ENREBREN
%. Zild Takahashi 5[160]%> Yoshioka 5 [162]7ERER L 7z, EMRER DK = A0 EID B
MED LOC % LRI B2 ERNERZ EMMNICRAT 2ERTH 5.

4.2. TEBERZALHYVEICETZ0EORESH

ZIT, DMRERESHOANERREZAVTCEBBRITOZEMEICOVWTHREZITY. ERTIE
Takahashi % [160]*> Yoshioka ©[162] DEERTEEA S N7z LDPE AMEE I N/-iiR & =7 O L#R
AEHCIA T, SRERLEA L., AROYIEE LS A ISR, SRTZIRIZHNZE 0.80 mm, O
72 0.50 mm TH 3. FAETREE 4~50 cm/s, BFEEE% 16~25v0l. % DEH TEAL & TOER
EEDFHAZEIT - 7.

Figure 4.3 IZ8R, $%, — /7 ALBORENGOEREZ~YT. ARRERHFIEITRT, BREE
21vol.%, EFRE4cm/s TH S, x = 0IFARZIED Y KX DFHERAEZ L, x> 0D KRB TH
5. BB eRRE LERRERICEET 2 L ODBMEOBMEEERAKRECARSICONT, ER
BICEERBIENIEART 2 2 RSNz, H@B10)DLERD EALVIDFHEET DI EICE-T
LAERE DN ORAFARBERETIIADZARINOZEMER LY LRI 7ER, |, 8% —/osnA

1200
1000

800 ~

600

Core temperature [K]

Ve =4 cm/s, Xo, . =0.21
400_- — Cu: V% ~7.33 mm/s
1l=-=-- Fe: V:~2.49 mm/s
T|—-- NiCr: V¢ ~2.27 mm/s
20+———7T——T 7T T T T T
-100 -80 -60 -40 -20 0 20 40
Position from the flame front [mm]

Figure 4.3  Effect of core material on the temperature profile along a wire core at 21vol.% O,
concentration and 4 cm/s forced flow velocity. Each solid line represents averaged data of three
repeated tests. Shaded regions indicate the standard deviation of variations between tests.
Horizontal dash-dot lines denote pyrolysis temperature of LDPE and ambient temperature.
Flame spread rates written in the legend are averaged value of three repeated tests. Reproduce
from Konno et al. (2020).
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Figure 4.4  Effect of O, concentration on temperature profile along (a) Cu, (b) Fe, and (c) NiCr

wires. Each solid line represents averaged data of three repeated tests. Shaded regions indicate

the standard deviation of variations between tests. Reproduce from Konno et al. (2020).
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LOEICKRRBEBOSBEMLARLIZEEZXD I ENTES, Figured 4 (28R, %, =7 0LgE
BHI BT 2 RRENHRICH T 2BREEDFELZ Y. AEMRRIZT N Tdem/s DEHTH 5.
TRTOERARN CHREERENMETT3ICONT, ERANCEEEEALAT 2 EAHRINT.
INIEH(4.10) DB EILEEERE & MR LAY RE OBR EEUNIC—HT 2HERTH L. BRE
EMMETT 5 MDY REMNMET T 2. 20O EBFEESGE LY ERANCSBBEEAML
KL7ZEERBDZENTES, TOZED D, RKRBEOREDH IZAKRE TIER CBRAIEAY
REICL > TEXREEIND Z ENBOLNICH -T2,

BRAIEDY Y RE DIET A RE TRABHDOE R DBRENHA ERAMICHEKRT 5 Z & IXFTBHRA
BN THHB SN TL S, Nakamura 5 [188]I1XE 4 4.0 mm @ PMMA FEixa LT, FTAMRZ
LAY EICE TS PMMA RE & SHEORED R ORI ZTo72. ZTOER, MAILHAY HVE
KIBRISEDIZONT, REFHICB VW TKHE L Y bEGBKENEITL CRELRE TS L2 E
BRIIICEA S A IC L7z, & L€ Nakamura H I EBMEER QNS REEMEITH > TH, BAILAY &E
EMET T 2 HEXEERETIE, ERNORMMEENRIILEA Y RRICT L CEEAREZR-T L
BREL TW5B[188]. ZoZ & nBRFALDIGE, HBHRERIIWT 2EHENOMEENRRE & &
ZRBROFEITILVEZRICRNDIEEZEZ DI ENTES,

4.3. BHEILEGEREICE D QIR L RRRDLLE

41 BIICBVWT—RITDIRLF —REXNEZBITT 5 2 & CREBEBORESH A (4.10) DF
SHEMLEREREL IC L > T DI oD E WS ET AL EBE L /=, Z Z T Figure 4.3 3 X U Figure
44 DURREDRERRER S &, RIRKE (x >0) ICAKD 5 OIMEEPRBETEENX TIEEBEL
BRHEVERBE CERBEAMLAL TWD ZENERTES, 2070, ERRICEWVWTHRME
BOBENHRITOREELEAAMEEICL > TXEEIND EEZZX DI ENTED, ZDRERD
ELUNIE, RRBEZEOREDTITHAI)DRETRICL > THRT DI LA AIRETH Y, BREL
BIEEBOERBLIERBEIIFLLLDIITTHD. Z I TEBEEROLURZIT) 12O I0RERE
NHEOERT — 2% BIFEDIT L TEMNRLBIEHOEREZE L L 7-. RAERD.RE ORI T
H5HX(4.9)%5EICAIFBEHERAD LS ICEERL .

T.(x) = Ty, + C; exp (— Ci) (4.22)

2

AN

DEE, CECIEEAIRFRETHS. BIMELLLRT 2 L H(4.22)DC,AH (4.9 DLAZTIGT 5.
T, BEIEAMH0BoNDCeEBMEBMIEBUERORRE L EE L /2. RABEBORESH Z X
RITIT > -AIRBIT DREBMN AR % Figure 4.5 ISR d. 70y b HEBRER CHIEA RIIZDHT D
BRTH D, NOICEIRBHREBEAERE (R?) 2R L TW5., Rz#HERT 5 & (4.22) B RIAHEE
DRBRESHZLCHELTWSZ LA HN D, 2D eh b, REEHOGERBREIE—RITO
IRNF—REATBRTELZZEPBELONCH -T2, Z LT, BNRILBEEREZ A ILAY Y FRE
DR E L TEEBLIER% Figured6ICF e w3, 7Oy hHAERBRERCTH Y RIZR(4.10)H
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700
Xo,0=0.21, Vo=4 cm/s

650 O  Measured data for Cu wire

600 A Measured data for Fe wire
i~ ¢ Measured data for NiCr wire
o 950 — = (,=269.7, C,=581, R2=0.996
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Figure 4.5 Comparison between the fitting curves and the measured temperature profiles for
Cu, Fe, and NiCr wires at 21vol.% O, concentration and 4 cm/s forced flow velocity. Reproduce
from Konno et al. (2020).

25 T
1=V Experiment Theory
\‘ O Vp=4cmis —V,=4 cm/s
| - O V,=10cm/is == V,=10cm/s
20 - X A V,=30cm/s —=V,=30cm/s
J |:| vg — 50 cm/s .......

Figure 4.6 The predictions of
effective heat diffusion length in
unburned zone from theory are
compared with the experimental
results for Cu, Fe, and NiCr

wires. Face and edge colors of

Effective heat diffusion length, L. [mm]

each marker represents O,

concentration and airflow

velocity, respectively. Error bars

denote the standard deviation of

Flame spread rate, Vi [mm/s]

variations between tests.

M —

16 17 18 19 20 21 22 23 24 25
Oxygen concentration [vol.%)] (2020).

Reproduce from Konno et al.
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LFAENSEHmEEZRT. Figured.6 ITRT LI, TRTOERSKHICE VL THREMLBEERE
DERMEEBMEIVFABELC—BHLTWBEZENHERTE S, £/, ERELEREOERD
o, BRNELAGRREICN T 2 ABEMEROFE L, MAILL VREDFE LTINS NI EHHER
TZE2, T4bhb, REBEEORENXRIMMAILL Y REICL > TXREE SN, BRRECEREREL
EDFFRBOZESRAEA YV REDE(ZBLTRND EEZADIENTE D,

4.4. RRZHILHYRFICHT 3 0BMEOTCE

ARETHELAZETILVTRIALAYBRRICHE T2 RRBEEORERREZBIRAIETHSL I LHE
Lo T, H(4.20)DERTAZILN Y REZ BV TOERBRICHT 2 MEMEBE D E % ER
ICFHME L TH B, Z 2 Tyeh/ NS WERIZERREE N © O BBAHAE K L TRRILA Y KK Z B LIS
EoEP 3T L eBERRLTEHEL (Figure 4.2 58).

Figure 4.7 ICAMZR TEUS L72MRAIA Y RES L Uz BREEORME L TEEBLERZ
Y. IR, KR, =70 LREROMRAIEA Y RE TR T B L, MEOBMEERNKE( A S
EEBHITHMAIMYRENREL B 2>TWVWABRZ EDN DA D, L LEDND, DEZERT S L=
7 ALRARDOADKEREEZ L, R EHKBFEARIRALC L S REZRT I ENBALNICHE >,
ZDZ e, SR & SIRERI OB TIEV & Vi VR DBMEEER O ICH L TE B L ZRAKRAE
bEZRTH, =7 A LKEABOMEEER L TETT 2 &2 DBERMDBAN TV Vi lE EICIFE
TLARLADZEAERT S, ZOERIE, 1.2.4T8I258 L7- Nakamura 5[143]IC & > TIRES
7= [Flame-driven mode| & [Wire-driven mode] ® Z D DR ILHY FEREDIFFEIC & - TERAR S
B2ENTED, 124 IBTEEDLDIZ, BMEERD/NI L OBRMETIEEEAR O ERA RO
BRENNS BB T ET, BMEEROREROEME S LB L TRAILA Y REANNS (B Z
EDEAL DFTATHTRICE > TH LTSN TUWLWS[141,143,145,154,155,182], Z D & &, LIERDEL
RERA/NE (745 Z & T [Wire-driven mode| » % [Flame-driven mode] DBRXIEAYY FLREIC
U758, MAID W IRRIEAKD ODABICEKERIND L5120 5720, BAILA Y REICX
T ORDMMEERADREFEII NS ABDEEZDIENTED., ZDILICE-T, =704
RER CIEEEEDETICL DV DETEINV (PETERLY HhI o778, neh'bDE
BlE Y b REREEZRLIZETREINS.

Figure 4.7 12R9 £O (12, $lfRE =7 0 LA OERZ LT 2 LT B ICIREAR DA A K
TWCEDNDDOLT, e TRZOBEHRAPEL TWAE I RN D, ZDZE LR UERBREMGFICE
W, BMEEROKRERIARALHIARILAY) REZRKE LT 2, BMEEXRO/NI L= 7 A LIKR
HAREL ) HBRDODRMBERAIBRIEDLEWVNS ZEEEWKRT S, Th4bE, MAILHY AXDHEL
BRMPBMBRICL > TEXEREIND LD AEETE, =70 LERMLY LIRGANOALAZA LD
BMBAZTEARI U 2R, HEMEADO LOCZ LRI UBL BRI LI ENTES. ZORKRIE,
KEDIF L HITIEN L7z, Takahashi 5[160]& Yoshioka 5[162]AVEERHIICEE S HMIC L 7= BVRE
RORKELBIEMEDEBMEID LOC 2 LRI E 2 LV HBERZERNVICEMIT LD LR D,
Doz enn, RETEHLApZBWDS I L THEXRRISHT 2 0IEME OS2 &% SO I25F
MTEBZENHELNICH -T2,
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Figure 4.7

NiCr wires. (b) Dimensionless flame spread rate as a function of O, concentration for Cu, Fe,

(a) Measured flame spread rate as a function of O, concentration for Cu, Fe, and

and NiCr wires. Error bars denote the standard deviation of variations between repeated tests.

Reproduce from Konno et al. (2020).

Z 2T Figure 4.7(a) ISR AR CTEVS L - B BREAROMZILA Y RFRICOVWTEET 2 &,
BRERDOKE I OEMEIOAD, BRAZGNMEBRZEEMICIEAL TWA Z AN 5. INiE
Figure 1.31(c) THBA L 7= Yoshioka 5[162] D %(THIE T, LOC ICH T 2 BRAKOEBAE D
ErRELIBEREEEMNIC—HT 5. Thbb, M EHOTHRIILAY ORRBEFE TIEBMEE
KOREROIED LOC Z#ETSHZ LW, ZZEFTOERE TLEDBEBEANIREND Z & AR
THOTHERIN, O E, RETIIBBRICEREB MY KKDOEAEELFSH
ICLEDELTWBRZEITEETARENDH S, 1.22 BTHLUAL SIS, AXKIEBMERLINIZE
Burke-Schuman limit OFEICKL Y KKBEAMET L TERICES ZEAFAONTWS, £ LT,
ARERTIIH EIZBTT AR Y OB THRRILNVIRREZBR L. T2, KXAH
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IS BATRARE LRAILA Y KT EBRSEWNVRNIGO R EEITT D2 LI E, 2L
FBREA K EREHTIE, MRRAILHNY AXOBEARRITEBRICL 25 ELATIZA L, BRO
ICERIGREDFEEICL PMEBRHAICE > TR IND Z ENTRBEND. WEBEIHEHADE
G, BDBAREBOFOMCZRIERENKE K RDIEEOAD, AN 2T 27-01CF8
FstFend, ZO0EE, MDY REHNKE WALV EMNERH Y ICEEKED S RIGH IS
HIEGINDHDBHROENERT 57-0, BRIV RERXELTEYEZLOMBZBEHTE
DAGEROKEREN BRI CTRAILY 2T 27-DICBFICARD EEZD LN
T&%, ¥£7-Figure 1.30(a) T L 7= Hu 5 D&EITHIZR[154] £ V), SARE =7 0 LRI OB X
WA EREA LB L2 XIS, MAILH Y ARDOTHRBADURE AT T HBRZILA Y ORREER
BICHEWT, AfRE =7 0 ARER ORI REOENRHARELRY, BMEEXRDOKE LR
BB OB ALY MEIREICAEZLRD ZENAEBRIITREINTWS, UEDZLIZE-T,
WEHZHRICE > THRRILA Y RANZE SN D & 5 BEHETIE, BMEEXROAREHRHAROAAN
WEME O LOC ZETFIEBL I ENEZIOND, SRREHICE T2 BAEBIIAZDOETIL
TIXEBT 2 2L IETERLY, 5%, LRORRZEICTEOMFERIGERE & ML Y RE DR
RICEB LT-MRAED, SFESREORZILAY BRICKIZT OEMEDOFZELXPES ST D40
BENDH D,

45. XEDFL®

RAETHBONTHREEEHDETROLDICHD,

o AR TEEFK L LT AME 0.80 mm, OHRE 0.50 mm OEHRICEI L TIE, MRIEAY
REICH T BRMBHDREEREZ, MREBBOI XV —REAEZHEE L c—RITTHIL
F—REXICL > THIEBEAETHS.

o REAEEOEAEDREDHISMAIN Y REICK > THEL SN D, £72, RABRDEEHER
ICX 9 2 ERRCERREEDEENGREEII/NE , MALEA Y RENZELT S EICL-
THRRROZEN RN,

o BRI REANES BB ICENTRBRBEHICERBANLKRT 5. 2070, BN
REDETH, RHLORMBAEZEARIE T, MAILHAVERERZ I IS 2 5MICE]L
5. bbb, EREANOEARMEEDZENEE L RDRAILNY TIFED 7 4 — /Ny
VBN BEENT 22 & T, RAILHDYREMNMET T 5 EHDBROMAILD Y REDETK
KIERICELZENEZONS,

o ERTMAILAY RENICL > T, HEEEBDEHTORAILA Y THRIRBE D O ENT T
BEARVEIDNMEEICFHE T2 &N TE S, FLRBRICeAWT, kR =7 0 LiREE
EDRZHED Y IC BT B R D © DEMER A L 7R, SEREE oA =7 0 LR
BHEY BRRIED Y RENKRZREBZRLAICHEDO T, nld¥DERERLE, DL
Do, HEBRRVIMERICL > TXE SN ZEHAE, RELMMEEREZH T 5RO HRZIL
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DY KNREBRICESERT LT EIENTRIND, ZORERIT, BITHRTHLAIZEN
THNENRE TONEBRMRAILA Y &M IS TOARFARMAILL Y OERER = BimaY
ICE[FIT2HDTH 5,

AREDRITABTIIEIERICE > TRAID Y RRDXIE SN2 HRICEDNLLOTH S, 5k, B
AP RE ERMEOMCFERIGREDRERICOVWTER LI-ARZED, SMREH TOHERER
ICRIES DR B ORZEIC D W TERNICFHERIREIC T 2 EN H 5.
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5. MZHLHY EE LRFABRREEDFH

3ELABDFERCTIIMAILD Y REEZRME L THR-7. 2D, ERTEUS L 7DRAHL
Y REDEICEDE, NRRSCHAICBEBT 2ERE{To7c. AETIIBHRME LONKRAIL
MY ETNERBRL TRIED Y RES L HRAREZERNICTAT 22 L2352 5.

5.1. TEEMRLHIFYETL

5.1.1. ETFNEALERE

AT ET LD % Figure 5.1 ISR, NEr, ORErL0OERLEEBABEKEORNG @I
L TR AMBICBRZILA DN EEZR D, T2 CRITOBEMIDI-OIZTROREZEA L 7.

<
r — Vs
Line of X e Vf
L 0 Wire core
Insulation
M~ A A
Burned Burned Pyrolysis Preheat  Unburned
zone2 zonel zone zone zone
T
Tp
T .
‘ ‘ ‘ Figure 51 A model of opposed-
—L¢ _pr 0 Lgx X | flame spread over an electric wire.
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L BAEAYVIEEETH 5.
I BRZHEA Y NK & BERDTAR FEITTDH 5.

N EERRIGMRZIEA Y KRBT D RO FOIEZRRE TS, 7o, MATEA Y ARIIHTL T
AR ERRZR WS,

V. AXIF—H2BET BT 5,

V. KRFREFERnEBARANDRSLDAEEET D, 7o, MAILHY KO EFANCIL,
RED D DBMGEIZE > TREO T N2 FEEIE (Lgy X Ly) ZEET 5.

VI, KK SEEEEADARMICEDOAZERET S EBHEIRERIIHEETS).

VII. WBOBDRRICET 2FH LT ILF— T+ REVWLDEL, BHEITH DL —TFDRDEEE
T, CHRT S, % L THRBEBRENT,ITE LT & EITHRRIED Y KD EITT 5 EER S,

X. BRETDICERLS, EREACIIEABRRBEETICELTWSEHDET S,

XI, DMREWBIIZDICEML TWAH0E L TEMBMERTTOSZE|ZHITT 5.

Xl #E & RIT TR ICECERARANDOREARIIEFE TCE2H DL LT, EHEAOEE XL
AEAND—RTTHEBEE L TERY S,

X BB OBEESK T EM RO H D E LB L THo/hE W=, #HEICE L TIXEh AR
GELEBBETCELZLDET S,

XIV. DR E B OYEEDREKEFE IZERTEZHDET 5,

KB TITFNGICEEERBOFZE#EE LT, FNBOTTILIZOVWTIE 514 BTRRD,
7o, AKREICHT 2KMETOBEROCFRIGRE C@BFMMERDOEEICOVWTEERLTHY,
ZDETIOFEMIZ5.1.3ETRANS,

ZIZT, REV TERLIAKREF-O 5, FEEE, NRFER ARREIOXEZEERT
%, FEGEEICE LTI, Delichatsios H[137]OABHRDBRZILNY ETILESEICRA TS
A7z,

Q

— — —_8
Lo.=1L _Lg_Vr (5.1)

T T TRIGRAIEAY KIS 2 AESAEOEIEE ( =V, + V) TH D, KEFErdHED
BEBRREm L AN ETNIANBAXDEERFEZEZ TRADL S ICERL .

Mg

o 2 2 . = |12
mg=mnlry —15)peVpi=> 1= |1¥+
( S) ' > mppl;
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prlERADBENZADEETH D, mpld BN TE2MBET 2 CIRE L Ting = pAVih 0 BH Lo, X
KRS Leld 3 E T U 78 IR 0 BERE RILEUK 28 & XTI L 7= Roper O [75] & AL 7z,

g (Too/ Tegr) 7

= 5.3
E 47pp oD In(1 + 1/5) (6.3)
5.1.2. DMREBEOIFALX—RER LBEEHOSEE
FROREEZREICREFEBICHAT 2 —RTIALF—REXERADL S ICEERL .

dT, d?T, ) . .
pccp,c(_Vf)d_chc = Ac/lcvzc + Pcﬂqgc(x) - Pchs(x) - Pchoss,c(x) (54)

dTS I .1 -1 -1
pSCIJ,S(_Vf)aAs + Psmig Ahy, = PSQQgs(x) + Peges(x) — Psqloss,s(x) (5.5)

d AV
H= a(PsPs f) A.=nr?, As=n@?-1%), P.=2nr, P, =2nr (5.6)
s

TIT, GueldRah H0RREANOMEEIE, ¢ ld0RD DWBEA~DREEIE, ¢l L 0REKE
HODOBIBRIE, myIWENH AT 2BROWEBLRED S DEERR, Ah, | IEED H ZEEH
Qgs \F KK DIRBRENDBGREIE, i | IRBERED O DHBRIAZRY, F7-QIFERTH
THY, KX OERKANOARBOFERK TH S, QOFEMIL5.1.318IC5ET. 2D & = Figure
51 ICTRT LD ICBRZADDEHICHE L (REHTELZ2HMEZEER L (EBREBEHTOT
FNF=NT UV REETIMME LT, RETILTERLIZADOBEBIITROEEY THD.

KEASEHL (x> L) | K&h > DARDRIEA W FHEE S Y & LB oS,

FHMEE (0<x<Ly) | KAHDDOREEI & > THES T 5125885,

ARSI (—L,, < x < 0) : WEMRH MR T 58S

BRMASEIL 1 (—L < x < —L,) (HEATELIRAY Y DRAARIEA Y A I BT & 1 5 3888,
BEMAERL 2 (< —Lo) @ BEASEEI1 &V & Torfloss,

AEBEORNBUL [T, Ty, Vi Lyl OO TH D, RAMBHTEDIIH L THEEHEAHH(5.4)
EXGLDZARLNEN-OBNT 2 Z EATAREL D ICBZ S, RE VI HWT [HERE
ATISELTcE BICAKNETT L2 LTTREBELN —ERET, CANRE T2 LW I ER%Z L.
INDOZDODRENVFE Ly ZRET BT DZADERBEHATH D, L7ch > T, RNMDE
EXDREBNE L W OERMRTRD I WRZILD Y EE = BT RETH 5.
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5.1.3. HFANRBREZMIEY 5 ERITH

RIZ, ERTHOOEHICOWTERT. L22ETH UL D IS, AROBEABRRITH L TEMEX
EBROIRERISEEDEENEERERENAR-T I LIIBICL<ALNTWS, ZRITHREE
DRZIEN Y ICHBWNWT, [UBICHE T 2 EAXERF % %E ICFHEY 2 121E, ERPEZ 20 2Rt
DXMARAZTEEERORE THY 7Y VTSR OBIRDENH HH, TNILRS TIER
W, ZO/DARRTIETHEOT RN F AR ZEICEH L -HEXTELX AL CRHEDEAXE
RAFEZEROTRILF—RERICEANT S Z & EHAMI. BT TIELTIZ/RT Burke-Schumann
BT THRLWon AR EBAFE THE TR ILF—ARNICKIGEEBRIBELZER L THEIT
{152 &IC LT

aT 10
174 -

oT B
Pelpgh - =g oo (r E) + Ao (pgYe)(pgYo,)Ae 5/ D) — (T — T,,) (5.7)

ZIT, A JFHATEEHT:Y OBMRIOBRER, YIEMBOBENE, Yo, IBRROEENE, AlIXFIE
AT, EEEE TR —, RIIKEEL, hIEBMBRREAR LEMIZW/ (MK THD., &
TIEALEICEAL ULBEEDREEMKE LTERX 28I, ERRICBVLTARD S DEMELILEE
FEBINELFERTH 2728, BIBRZREOREEHMCIHET 2 2 & ICIFRERAPEL 2L D LN
U, L LD OIEERIEZ EUHMO ARRREBNTT 2 2 L IIREETH 27-0, BMBRZRE DR
B TE5Z 5 2 L ITRBEDOERMBIT CIE L <fThN 5[189-192]. F7=, Zhang S[191]IFERIREIET
RBEKXER/RIC, BREORERGFHEONZFLNZEHE LI HERTZT>THY, BRAEZR
T2 EHOEERENT N, REORIEH TSR bNIIBRBIXEHBEAAICH L TRHFEL
FENICELIRAEVWZTHZ & ZBHELNICLE.
ZZTHGBT)OBEH T RAD £ 5 ITERTT L=,
r T—T, _ Y - Yo,

X ~
T ~=_; T= 1] Y= ) Y = 58
L’ L Te— T, A R (5.8)

X =

Yest SLFEMILICE T DM DEENE, Yo, o SBRIEFFTOBREOEENETH S, A (5.8)ZHL
TRGB.7) ZERTT T 5 L TSR 2155 (84,193,194],

Q.>| Q
x| =

190 ( oT _ . -pa-m _
R - 1-y(1-T) — 5.9

. af(r af)+DaYFYOZe v HT (5.9)
Z D& EDak HIE Damkohler e BUER /T A -2 THY, TNETNRATERINS,

Ah, (ngF_St) (ngoz,m)Ae_B/VLg agngoz,oer_E/(RTf)
a= =
pgcp,er(Tf - Too) Vr2

(5.10)
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h(T; — Too) Lg hig
= = (5.11)
Ag(Tf - Too)/Lg (ngp’er)z
DazBHT 2 BRICITLIT OBRAZH A L 72(84,193,194].
_ YF,stAhc _ E(Tf - Too) _ Tf - Too
Tf—Too+Tlg, —R—sz, V—T (512)

Z I, BlE Zel'dovich #, yldREDEARICET 2.BE/X7X—2ThHsb. R(B.1O)AroHID LD
ICDalERIGHEANRAT 2 EZBELEIEH7-DICENTZITRIGEADMELDN AL TW5S,
—ATHGIAD)DHIFEMEEIC &K > TAABPRISENMILR L 72 & ZIZ, ZTOEHTENZITRIE
PRI DIFFMLTWDE, TDZEAEBEE I TDaDBRE HERIHES L TRIBOBEATERT
%I T 2 ERTHOERAD LS ICER L 72,

Q=1-—-H, 0<Q<1 (5.13)

Q=10 & TIIRIAN T N TEEDOIMEICEDND ZEZEKL, QAN AD ERMETDE
BROMCERIEREDFECHBROFENEE TER LAY, EEZMAT 28R KIGHIET
5 EEBRT D, —RITOMANRILEUA X C R AR FRENFAKZ N RICEBHHIBRDOZE
ZINBR L 723l BEAENZ COMRE L ICRINTH Y [195-197], AXOBREBEH AL
REICH L CLEICMOERZRT I EAMoNTWS (T8 D B88B). Thix, EERZIRGTILE
FEBRICL > TAKEEMNMET L, 2fRIFATIIBRMMEZRISGREDEZETABENMET
570 THD. ROEINEAKREICTT 2 ARMERCEAERROZE L THENICTHET 2H D
EEZDIENTED ((F8RDSH).

5.1.4. RAZAHHY ICRET ZEERE

XKIZ, ARRECER SN REBRBEOFEAE X 5. AL Tl Bhattacharjee © DA THE
72[131,132] % 5E (2, MRAILA Y KA REFEFRENICAV AL EREL, AXSIOMEICH
T2 RATRRE ALY ICFHET 2EEMRE FE&E L7, Figure 5.2 ICHRIRE ISR I N SR
EERBOTTINERT, REEFRBE S E Pohlhausen OfR%[198]#BA L XA TEEZ L 7=,

X XdV
Sy =464—7, Re,=—2 (5.14)
Rex g

% L T Pohlhausen OfETEHINIEBRNORES AR T ZEAZEIC, EERERLZRXAD L
JICEELT.
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I A
I~ — T -
[y S -
< — — Y
&\ l\\\gczyboun - ——
————— S Ve «—— )
Vg e N Sy N Figure 5.2 The model of
<—_—
1| Lg \\ the effective flow velocity
<—_—
due to the presence of the
Ts Insulation .
velocity  boundary layer.
Wire cofe Adapted from Bhattacharjee
« Xd R et al. (2014).
ufs(3)-3(2) ] or <o
-|=)-=(= or
Vg etf = E12\6y/ 2\&y g~V (5.15)
Ve for Lg = by

ZZTRGAL)DEHEFIE E Ve DEWVFICDWTIRETT 2. Nakamura o [129]1F AR IEAN Y 12
W 2RERREOFEICER LISEERRERNTZITo7-. ZTOMER, EBRHRKREICEL 2RER
REOFEEIZL > TRRILMVERRINIEEBICHR D ZEZBALMNIC LT £, MRAILHYRE L
MRETFZERT D E S, KRS IICBIT2RAMERZANS Z & CHERITOBREZEETE
ZEEAONICLIZ. £ LT, RERERBEANZ KNRDETT 2BICRRILD Y RENEER ICH
DHAANKBEOEBIAFRREOZILIZEBEETIIEVW-OREERENZEITT HAKADORE
BEREATERTDHE, XSS E—TEEE L THMBICHROAVWI EEZRELTWS, 2Dl
ERER, AENCTIRIIROBRE CEHINILERW Wgen@ RET S EICLT, ZLT, BT
MNKBEZMIET 2 BERTRODEE TS DERICII V@ MWD T EIT LT, ThIE, AL
NVICHT 2 REEREOLENEAFHOFE CHEEICRNS Z L xFE L TLA[129].

5.1.5. HFEAMDEGIR & #A5EDIHEFREN

RIZ, H(5.4) EROGL) BN 27-DICERFMHEZERT 5. KICER LA DRFOFFHIC
EDOETHEAMOBMRRERADL D ICER L.

0 for x < —Lg
qé’c(x) = hgc [Tf - Tc(x)] for _Lf g _pr (516)
0 for x=—-L
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0 for x<-L
e () = { hes[Te(x) — Tp] for —Lpy <x <L (5.17)

hes[To(x) — To(x)] for x = Lg

hyp2[Te(x) = To]  for x < —L¢
q{(,)ss,c(x) = hrad,c[Tc(x) - Too] for —Li<x < —pr (518)

0 for x> —-L

hgspy(Te—Tp) for —L,, <x<0

Ggs () = hgspr(Tr=T,) for 0<x<L, (5.19)
0 for x =L,
e0(T—Th)  for —Lyy <x <L
A1oss,s(X) = (5.20)

hrulTs(x) —T] for x =1L,

#(5.16) 0 5 (5.20) ISR N D b (FESEMRERTH Y, TNENRAD LS ICEERLT-.

h M h _ A h Nucky + 4e.0T3

= ) = , = €O,
8 1 In(rg/1) ¢ rn(r/r) T2 T o ¢

A A

h = 4e.0T2, h =—8 h =— "8 5.21

rade = 4 8P i In(r/r)’ B rin(1+ Ly/n) (5.2

Nu
Tu= 2; €+ 4e,0T3

£7z, A(5.21)F D Nusselt 3, AMRNEZ S 5 MBRORERA[183] 2 & ICRHA, EH L 7e,

27V,
Nu = 0.32 + 0.155Rel%°,  Re, = V g
g (5.22)
21V
Nug = 0.32 +0.155RelS%,  Re, =
g

RIS EDIRFEHEERT 5. DRICOWTIRADIERE A2 ER L.
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dx ==Ly To =T, T =T (5.23)

WEICIERADFREM 2z EEL L.

Ly <x<Lg T,=T,

(5.24)
x — +oo; Ts =Ty

BE, KREBIZAZEDET L ERBRICHEBLE MEORENELWEIRE L T, BB & 0RE—1&F
DHEDELTFE-TWDBZEIZEBET S,

5.1.6. [(MRRE & RBERE ORI

ECEZLAFEAMOMBREBREHZRBVOTRGA) ERXGLH e L, LREWED
Gﬁﬁi‘ﬁﬁ@ RHADELSIZHES.

m

N=|
JIIl

x
To + T; €xp (—) for x < —L¢
21
x x
T*+T,exp (— g_) + T3 exp (g_) for —Lf<x < —Lyy
Te(x) = S e s (5.25)
T, + Ty exp (— €—4) + Ts exp (£—5) for —L,, <x <L,
x
kT°° + T exp (— £—6) for x =L,
T, for —Lpy<x<lLg
Ts(x) = x (5.26)
500 T + Tg exp (— €_> for x =1L,
6

I Tl by b5, L4 €5, L6lE, (5.16)1HH(5.20)2FA L < (5.4) & K(5.5) DO HER %
R L7T-BICB o2 ARAOBTH Y RATRINS,
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-1

v Ve\? 4P.h 1/ Ve\? 4P.h
2, =2|-—+ (_f> L] IR (_f) | Hehrpd|
a. a. A a. a. A
1 -1
Ve Ve\? | 4P.hpp Ve Ve\* | 4Pehes
O Rl GRS - IR 30 GO+~ I
3 ac+\] ac * A 4 cxc+ a. + A
-1 -1
1/ Ve\? 4P.h v, VeN? 4Pk
35_2__f (_f) cltcs ’ €6=2_f+ (_f)+ s’'T,u
c Qac AcAc Ay Ay AcAc
F7ohrp, T awldREAOEY TH 3.
Qho Te + hpag oToo AN
hT,bl = -thc + hrad,c: T = ge f radc Ay << (528)

thc + hrad,c

Z L TRGB25)DT,, Ty, T, T4 T, Teld30(5.23) & H(5.24) D
INODEHERDDEE, ANODEHICEET %% TTETHER

ERVICEH L 7.

Ax=b:= x=A71b

A, x, bIIRHDBY TH 5.

.24)

15
%

B pccp,cAc + pscp,sAs

REHEDOREDEHMTH S,
RADITIH & L TEEL TH

(5.29)

e li/ty  _eli/tz  _o=Li/ts 0 0 0
e L/t oLi/tz e~ Lt/t3
7 7 - A 0 0 0
0 eloy/t2 o=lpy/ts  _plpy/ts _p—Lpy/s 0
A= elpy/?2 e Lpy/ts eloy/ts  o=Lpy/is
" T T a4 °
0 0 0 e Lg/ta ele/ts —eLe/te
oLe/ts ole/ts o~Le/te
0 0 0 Z - 7 - 7
T, T — T,
T, 0
Ty T, —T*
x = , b=
T, 0
Ty Tpo —T,

(5.30)
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5.1.7. BZ#HYEEDIH

DB E CRBREEDRBITEAEHTcELDT, (B4 ERGLEED L THRAILAY EEIC
DWTEEY 3 ERBENICRAZEF 5.

Qinput - Qloss

(5.31)
psAs[Bhy, + cps(Ty — Too)]

Vi=f(Vp, f(p) =

ZZT, Qumpuld K& SEEREADARBDRH, QosslEEEREH > DEBREOKM, 5
BHIBDRDRICDELRAETH D, £ L Tinput £ Qoss EZENENRAD L S ICREI N5,

Qinput = Qgc,bl + Qgs,py + Qgs,pr,
Qgepr = QPehge[(Te = T*)(Le — Lyy) — Totp (/P2 — elov/t2) 4 Toy(e7 /2 — e7lov/3)],
. (5.32)
Qgspy = QPsLpyhgspy (Tr — Ty),

Qgs,pr = QPsl'ghgs,pr(Tf - Tp)

Qross = Qrosspz + Qrossb1 + Qloss,py + Qloss.pr + Qlossw
Qloss,bz = PChT,bZ‘ngle_Lf/[l'
Qloss,bl = Pchrad,c [(T* — Too)(Lf - pr) + T,¢, (eLf/{’2 _ epr/fZ) — Tyt (e_Lf/{’s B e—pr/t’3)]’
(5.33)
Quosspy = Polpyeso(Ty = T&),
Guosspr = Pilgeso (T = 72)

Qloss,u = Psthuf6T6e_Lg/€6
Loy FU TSRS MO BREO BRI A TALF —READN LERT 5 LN TE S,

g(LPY) =0, g(pr) = Qgs,py + ch,py - Qrad,py - prro (534>

ZDLEE,

Qgs.py = QF, styhgs,py(Tf - Tp)'
Qespy = Pehes|[Tuta(ebvs/?s — 1) — Tsts(e tov/fs — 1)],
. (5.35)
Qloss,py = PstySSO-(T; - T‘g)'

prro = psAsVidh,

3(5.31) & 2(5.35) lAV; & Ly I B3 T BIEMTLATR R T B 1= 0MRITHICIR AR E DAL, Z DT,
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AR TRIBEHBEIC L > THRBRR B TEBELZEL L, KRV U XL OFF# I35 C
ICECY.

5.2. FEFH

LDPE AR S N7-8RfR & — 7 0 AIREKR 2 WRICHEZ 1T o 7o, FORIEHMZE 0.80 mm, OFRE
0.50 mm TH Y AR CTHEEAR & LTk ZBEoAR Zz R E Lz, SHEICERL-E DN
EIXFER A ICRRT. RGI)TERLERTHRQUIAND FE L T 2L —E, BIIEHETFA, #
BREBRIERTEHRE L2, E, A, hOBEHAEOFFMIT[TE D ICED. AT CEA L7E,
A, hOfE% Table5.1 ICFE2d. “EEOHAR TRBRNICEHIN/EH LT AL T —EBB L 2R
WMEZ/RLTWBA, BIIEHEAF ILAREAROAAREREZRL TWD, I NidH B0 R
B CIREARI D AANS LOC AR L7272 TH D, §RHOHAMBNTTIEL, Damkohler HDOE =
M"od 5 ERECBRRBERGCIHRBEROAN = 7 0 LIREAR KLY MR LT 2518 %
To7=. 7=, BEXRBRBICEBL T o>0HKTCRILEZB W, Z L THEMTTILOEME &5
FSBRREE, AERRZZHE L CGGIHEZITVWARILD Y REOFERFE AL 0B ONDHED
RPEVWEZHRAEL 7.

Table 5.1 Empirical reaction parameters and volumetric heat loss coefficient.

Item Unit LDPE-Cu LDPE-NiCr
Activation energy, E kJ/mol 188.9 186.4
Pre-exponential factor, A m3/(kg-s) 1.34x 107 5.02x10°
Volumetric heat loss coefficient, h W/(m?3-K) 91.1

53. TONEEBROEFELBORTEHE

ETREBEMR 25 cm/s, BMBREE 1T%DEEFTULRMEDHOBEDHKERICER L T, MAILA
VEREOHANOBONIBOUBEICOWTHE L, RETTIIMEEROKX T LMOBREZEY L
P20 =00 LRTHERKROFERIHILYT 52 & aHERL T2,

BRRIEDY REV,EEHE L7 E T ICHGIN)TERLIf(VICE > THEAINZEH%Z Figure
53 129, HREBIROXAMNMAILNY REOTEEHE (BAHME) ICHIGL, —DDRBREMHFIC
WLTZDODEEENFET DI EDNAONICHR ST, TDEE, EHLLDBHIYENICHFELRF
5DNEEICERT 272010, RE3DEZER L IR LT —DORTEHT HHEBEHRUIV) TR
ADEDICERLL.

U(Vf) = Qinput - Qloss - psAsz[Ahv + Cp,s (Tp - TOO)] (536)

U=0%7- T MRAIEAD Y REDFHEIRRET, U > 0D & TIZIAREDNRTI &R DO X



86 |5 MZILAY EELRREREED T

6

fF(Vp) [mm/s]

N/ N

0 1 2 3 4 5 6
Vi [mm/s]

Figure 5.3  Existence of two steady solutions. Curved line corresponds to a mapping of the

R.H.S. of flame spread formula as a function of flame spread rate.

RRL, U<O0DEZIIMAILAYNERT HEERDIENTES, I8bH, Uzl LT
Ay bIniE, EEROVEAZEV; DO OFFRFEBNED LI BRHDICH > TWLE NIRRT bILEFIC
HEOSEMUMICEZ D EHNTED, Figure 5.4 ICUELVDBERE RS, MbDEHEAANTES
BRICHIST D, 77 70FNERNIEDHID L1, REREBRIIMZILL Y EEDZ(LISH L
TRBINAEUEEZETAEES (7 M52 % —, Attractor) TH Y, WBNICETELMBTH D L #E
ABHTENTED, —AT, NSBREBRIIRALN Y REOENICH L TRENGUEEZET 5
BT s (U~RT—, Repeller) TH Y, MENICREERBTHDEEZXDIENTES, ZIT,
VZBEERDEET 2L, ZOREMEISUDHEZU ICEDZHETE S &N Figure 5.4 Z# BniL
oM THD. d7abb, UW)<0LolEZETHY, UWF) >0 ETEETH S &HRIT
5T ENTE S,

T, BRFMICERTH D, BIzIE, SR BEALIBICNSBRESBR LY /NS BRRZIL
NYRETLIRAILA SR WE D WARERT 5 &, BERET 2 & AANRIBL TRRILEA
VEERRICBYBLWHOCHTERTDEZEADLIENTED, —7, NEBEBRLY LD
TOICKRERRZILDY RETARDRRILA S LS ICHRRIZEANL TLE R, BAILH Y RE
IR L CTRIEMICKEREBRICHEY T MLV RETHRAILA D WS Z &Itk b, T L
T, bLRELEBHEN LD LETENS L5 GBI ZAAPHMAZITZE L TH, KEZET
5 EBEITAREL TBURELERRICHE T 2MAILA Y RETRRAIENS 2 & IC4 5,
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0.5

U (Vs [W]

_10 T T T T T

Vi [mm/s]
Figure 5.4  Stability of two steady solutions. A filled circle point corresponds to an

approximate larger solution. Open circle corresponds to an approximate smaller solution.

RICBHIC AR EREEBABNIERICOWTHET 2. Figure 5.5(a) I RIBIH TDOAEE,
(D) ICEBRE, (O)ICAKAKRS &ERMBEADBNEILEGER E MR Y REDOBREZRT.
Figure 5.5 (a)& R % & ABVE DMFIIM XA W RE DK TICH L CHARBD T2 Z & HHERT
£5. Il Figure 5.500) ICIREDEBTRT AARI WAL Y REDEKT L &I D
- TH5. —75, Figure5.5(b) DEMBREDMERICDWTEBRT 2 EMRAILAY MEA/NZ W&
HTRBEEAEDETAIFIEINTNE Z EADA S, TNIEFRFICEWTKETEY DL 7HH
TRIKARBEEHL O ORBEANRR TH S, AETHL-L D ICEBRNOE AR Z B L 728X L
—RITEE T BAANXIZH 1T 5 Homogenous heat loss model & HEMAIRDZEWERL, BRAILH
WIRRICED 74— KNy 7%+, 7- 59, Figure 5.5(c) DR D SHRIE/OFR %8 L 7= 85 rmE
EEICL D RRBEANOBENALEEERZ R L TE Y, ALY REMET T 22N THEMER
LEEEBENIBR L TWA 2 EhbN b, 2070, RAILA Y REINNS WEETIIAREOET
ERBROETROMEIN RIS 27-HR(B.31)0EDHFBRIETT 5. ZD7-HHERIC
TNEEREBENIENT-EEZ DI ENTE S,

RICHREREANREROEHF CERNICEZ ONDMERESTICDOWTKRETT 5. Figure 5.6
ICDHRE DT DRITIER & EBRERZHITRT. x = 00 Y KD ERIHDETH Y,
x>0 KRRATH D, ERHLLRER, RV TLERICL > THINDI DM T, KETREINET
—RIIERERTH D, ERBEREERBITOBRZLRT % &, EROEBRAILL Y TR TEHE
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Figure 5.5

(a) Variations of heat input from a flame to the electric wire with flame spread

rate. (b) Variations of heat loss from the surface of electric wire with flame spread rate. (c)

Variation of flame length and effective heat diffusion length with flame spread rate. Calculation

conditions is 25 cm/s flow velocity and 17vol.% O, concentration with a Cu wire.
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Figure 5.6 Comparison of temperature profile along Cu wire.

DIERICHILT 2 REN ZHW < 2 EAROMNITH 7o, T TRAICER TE A VIRE (FFRER
TE3H, AWXTEE LIRRAIEDY ETUAERFE LI CBRTE VLR I DD 5.

54, BRREOTE  EEROFEAUS LHRRR

BRI REDIEFIARRAN LEBEONDEIZODOEEROUEENEL MR 72D T, RICE
FEEALTHE L TAKREARABAELGTO 2DOEEROIRIFEVWEREE L. T & 2B
KD - RTER & AL EMR % (5.10) TEZ L 7= Damkohler DB e L TH¥IEY % & Figure
5.7 ISR DIKRD SNz, ERDLERE, RN ALERICHIGT 5. £7-, BN, 5H=
JHALDERTH S, MEDERICBVWT, EFBN - DHFET 2RI 0BREENMET T3 &,
FITREMENLRERN BT IEENENE. T LT, TIHWLILIIBEEENMETT S LK
AN REORBBHIGFELEBHRLRDIILEEARLTWVWS, ZOLERERERLERN—BT
ZEEDEBREIE, TERRLVBREVADNORZERETHY, EFRLYBNIVWALOES
ERBRETH D70, FAICIFELTES (Quasi-stable point) & RLTW3, 5381 TCERERLTU
DIEZEDIRK[TIEU' (V) =02 2 &IChD, T78bhb, AARTEE LIZRAIEA Y RED
RIIBFEREA/NNTA—RELIZEZITY FIL/ — Rl (saddle-node bifurcation’) [199] D4y

FOBIERICE T AEMAE L L THUREPE—SNTEHE ST, saddle-node bifurcation @ Z & % fold bifurcation %> turning
bifurcation, Z 7= blue sky bifurcation 7 & & FES A H LV 5 [199],
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Figure 5.7 Flame spread rate as a function of Damkohler number: Effect of O, concentration

on flame spread rate at 25 cm/s flow velocity for Cu and NiCr wire.

X% RT T ENBEOMNICH -7,

BRZILD ) REDORDAZIB L BRIBEANT Y ZXFT S (b=01242) BIIHRAILD Y REDE
AN IR 2BAD, KITBN LI2RAOBARMMEENRREBRI2EBD T 4 — NNy VS
PEETDIEHDNRERRTH D, BREMEIOL S ICEBRNOBMEEDN TR 2RI T,
MRRILANY) REAMAD L O DFEICEL > TET T2 &, MAILA Y kKLY ERAICTFET 5K
ROBERICERBIENILKRT 5. £07®H, DIRFHEETIIBMERDETEI MG S ND Z &ICL
Y, ABMBEEKRENNT VAT DRICEBEIFELBRA LT EERDHIENTES, LI
Mo T, KX CTEHLIMAILAY REOKXEMITT 5 &, BRICHIZEHAEE5R5T LR
CHRZALDY) K h b 2BROMMZAILN Y RETHEHKICES (BFITEXTE) W05 ZE&a Tl
AIRECH 5.

I ZTERRILAY BRFRICHY I 2 Dl s T D Damkohler MOEICEE T2 & =27 0L DAL
LYV EHNIBEBERLTWAZENDN D, INIE, HE =7 AL TIIREERAKRIBICERS Z
ETCRGFBEKRADDDOBBRIGEVIELD ZENRRATH S, Thbh, /0L L) HEIMRER
DR EHRMO AP EERKED L DEIBIAKE (42578, Damkéhler A =27 0LDBHEIZE
ICIHETETITRAILD Y KRIBRICED EEZXDIENTESL, TOZ N LEBBIFEL
1§75 <72 25D Damkohler 28 (H L < IFBMBR/NT X —%) B2 Z & T, MRENEL
T-BEROMRZIL Y KR DERFEEEBRT DI ENTED, LD > T, XX CEH L7-MA Ik
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Figure 5.8  Flame spread rate as a function of O, concentration: Comparison between theory

and experiments.
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MO DEFREXRICIIZABEER L TOWAWIENPRRTHEEEZIONS,
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Figure 5.9 Flame spread rate as a function of Damkohler number: Effect of opposed flow

velocity on flame spread rate for Cu wire.

HEBE LT E EICHENICKE 2RER EANTREMROBNP % Damkohler #oBEgie L TEEL
7-#ER% Figure 5.9 ITRT. T D& ERICITFOMMEEE B 7=, Damkohler 21h%/ N & A &5
MRS T, Damkohler MA K ZREHMERREZHTH . Mhobhd L5I1C, BREE
EEPE LTGEEIERRY, REMEARERONMIBEZIHE, HE—DOBRREESMFICH
LTZODORIEEHNEND Z ENBE LM >72. Damkohler AVNE WEHICIRN 2 ks (£

WEHABRICIHZ L, Damkohler HAKE WRHEFICIRN 2 DIRIFEIVEXAICHEE TS EEX
5ZENTED, £, BEREMNMETT 2 EMAILN Y EREA/NE 3BT EITMAT, JHEIC

£ 2% =20 Damkohler MDEANEDE, MRRILA Y ZHEFFRIREAMREBAAIRE > TP L 2 &N
WRTED. T L TBRFREZET Sl 2 E&BNICZ=DD Damkohler BA'—Hd 5. D
EEDBRRREEN VWO DRERFRERRIEE (MLOC) (NS T2EEXDIENTED,

5.5.2. BAXHLHY EHE

Figure 5.9 ORZILH Y RE A FFEFREOCREM & L TEEBLI-ER% Figure 5.10 (29, X
MR, TRN=Z/0LZRRE LGTERBRETH D, HOGE, ARREOKEREFICRIED
VREDORAENEREND Z EDVHONICLE > 7, HDIHEDFERA Fernandez-Pello b D FATHIZ
[106] TEA 12.7 mm ® PMMA ik EDBRRIEAY Z xR & L7z & EICHRINTZ, BRI
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Figure 5.10 Flame spread rate as a function of opposed-flow velocity. Top: Cu wire. Bottom:

NiCr wire.
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BICHERINIBMREGTORAILAY RED R 1L ZIK’,%TE’\J (ZEVY ICE WEHAM B D 5
/\0) de Ris OFETHER[101] L AR T, AREAERKRAEISE DO ZLICE>THREINZ DL
EZTRW, 7z, AERENKE LAY FE S E Burke-Schumann limit % F#M 3 2 =(5.10) ®
Damkohler MAMET 975 Z & TAZBEINEI KA D. ZOHER, MAILAY) RENET L TRIERN
ICEMBHIFELBRCAED T &% Figure 5.10 IR L TW 3,

—H T, =7 A LOFEIZABRRRO /NS REHEICAZIED Y REORKENRND Z EHHAL
MSTE o7z, ZhE, Figure 1.29(b) TRBA L 72 Fujita 5 [147]0M/NENEROER & EHRIC—
BI2ERTHD. RARICAREBEOHERRZONT 5 &, MEEXRD/NIHRZ 7 O0LDEE, O
MR8 L 7o BVEDER IS RAEIRIC I L A EEZ RITE T, KAKFHEOFRERICE T2 TMHL LD
ABZIRZ ALY D EE S 115 [Flame driven mode[143]] OFEEERD Z & ABA L A IZH - 7z,
Z D71z, MR YIS 2 HRERAOBELENEE (BN, BERESFETRIILA Y RED
REL BB ZEPBEONIER -T2, £FLABRRRNNS Y T E2 ETBORBERDOFE % T
FTERGIDHBIRNTA—EZNAKRELHRDIETARENMET L, RENICEEBITELS
Wb &% Figure 5.10 [3I/R L TWLW 5,

FLLERLEZODERKREOFERBRRERENMETI5ICONTENTH L I EAERTE S,
INIIBBREEMNMET 5 Z &1L 5T Damkshler ZAMET L TAZEN/ NS KD Z ENRR
THD., ZDZENDLERICRAILDY REDRKEDFEZMHERT 5121, Burke-Schumann
limit B"IBENG L, SBREEFHFTERZITOLELNHS. Z0FHERE Fernandez-Pello H D5
1THFZR[106] & Fujita H[147T]DEATHRORERIER & EHEMIC—3T 5.

5.6. RFEFEEDHEE

BAZ LAY REDHX % BITd 52 & T, FHTOMEERBER EBERREHF TOREX
CEBIRTEDZLEHERLI., TD1=8 i"*x.?ﬁﬁ\ VEREOAZAVWTHROFEANS (Hlan
BN 5 %) %%%?ﬂti‘%ﬁﬁ%ﬁﬂ@ﬂﬁ%%ﬁl%E%D6 ZENTES, BERNICKDIoDIR=RAD
BN25E%, BERREMICEY BREEZMECI-7-77 7 £IZRY & Figure 5.11 IT7R
9 UFROMRIEAI N, BOEBRIVAOBERTEOERRN =/ O LOERTH S, UFEHIRD
NENEEBBNGFET 2HETHMALD Y AIRRBREEER D I A TES, —7, UFihiRos
BUIERBBIFEL/LVEBE CERRELEEZID I LN TE D,

CITCHEZOLDEEINIBRAFHICERT 5 &, mmREHTIEROAN =7 AL LY
HEBBEEMICRZILD Y ORFEGIILARL, ERRSZETIEZ OBMREDTERT 5 2 & HHE
HTED, BRREFHICE T 2IAE =7 ALORREHFOBRIL, HEHZOERIOEHINIK
JG/RTA—=ZICE > TRESNDHDTHY, HOHFA =78 LKYH Damkohler A K E < 7
ZEDICENPTEORIG/NTA—REFELTWBH2HTHS (Tableb.1 7‘A‘E7j) ZNICHE DB
T, ERERGTIZZOBEREIEE L T/ A LDIE S MERFEEMICERSEEI AL

IEBICET 5. IniE, ERRSEEFTIE Damkohler A K= < 73:%)7":&5, RIS/87 A =2 D
EA & 57\??&15\0)%5’%75‘/]\ LY, RAEFEDTES L CEREKED O DRERIC K > TXE
INBZENRERTH D, 2D e, LEZARNITLEDORIG/NT X —ZHABRERD K Z 73053
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Figure 5.11 Limiting oxygen concentration as a function of opposed-flow velocity for LDPE

insulated Cu and NiCr wires.
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INIX—=8) ZEEST LT, MEYPECEABRRRESREI R L& EOHAEEBEIERT
BTENTED, ZDIEDLEABLTRET DMAMDY REDHIL, HEMEIOB DI
BBz RET 2RICERTHL EEZOND,

o MAHNYEEOADEEMOGFERASEHIETS S & T, BREED LOC & FAERMEDE
REFNBERS FARAIETH D I EARESNL, DT EITL->T, EBRIEEMEHCIOWT
H MLOC ICEDEEMMEZ S 5 Z EAABETH D,

AR TITWBEMEICYMEEA L CHS>N7- LDPE #105R & L CEBIRET & BGRIT 51T - 7-.
L%, ERAMRENRE LR A EDERABY TRET IRFRBRZEEFUE T ILOZYMEIZ DN
T YEFMRRETAED T X7z,
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ABRAKKDODRESZFHTEZ-DDELDTIETEWL L TH D, ZD=D, KEI+DICHKELEZH
ZHBLIZVWEGEIIAERIOHETEIC Roper ETLVZERAYT S I &I3tFE L <AL, ARDKEB
DHBEXR THERIND LD BABRAKORIOFAHETLVORKITSEOMRREETH 5.
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BERAOEAAMMEEL, MLV BERISHLTED 7 — F XNy EEAEAHTM, MRXIL
Y RE KV B ERAIORREHOERORESH T ARECRBERERETIEAR L, KEDOK
AP REICL > TEHEIND I EHDBELNITR o7, Tz, BMAILEAY EERBRICKIFIT R
WRREI A 5> DEMBAR D E A BHEICTHE T 270 OERTRAILI Y REAIRE L7, T L TER
TERRZ LAY WA REEICEA L T, ALY EREL LOC & MEMEDORERE AT LR,
BAZAED Y REZ X E L SED2MREBET 2AEEROKERORIE, RRESICERFZILKT
52 ETHRDVODEMBREIBARL, MATN Y AXEZHEAICESERCT T LI ENHALNICH S
7=.

5ETIE, BREELONKMRRALAVIBREMELRBIRET VICL > TRRL, BRAILA YR
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EHENFET DRAXHF L RITHAROWNENERRTRE I N LOC ORRATEUHNICHES
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NTEL, INOORTRRIE, SBOBAFE/ ORI I LICE T2 AR ZEX 2BICER
RIBRE R B,



b.7. KEZEDx Lo | 99

¥R



100 | fJ5 A YiE—8

TEA PE—E

Al #HE L LRDOYIEE

Table A1 (CLDPE &, Cu, Fe, NiCr¥HEZ £ &%, 7d, Table 1.1 [Z7R9fE(IE 300 K
DIFERRBICE T 2EEYMETH S Z L ICBRT 5. BUBRIT CIIHE & UIROYIEEDREMK
FHIFEREL WS, ol BEBEGKOREOBSFRIZEMtD/-H 1 & L7, £7-, Heat of
gasification & Heat of vaporization ®BHRMEITRKX D & H Y TH 5[200,201].

Tp
Ag:f%gnw+mw%ﬂ;4w+mv (A.1)

5]

Table A.1 Properties of insulation and wire core materials.

Item LDPE Cu Fe NiCr
Density, kg/m? [145] 920 8890 7850 7850
Specific heat, J/(kg-K) [145] 2300 385.1 475.1 470.0
Conductivity, W/(m-K) [145] 0.33 376.6 58.1 15.0
Surface emissivity 1 1 1 1
Pyrolysis temperature, K [202] 690
Heat of combustion, MJ/kg [202] 46.024
Heat of vaporization, MJ/kg [200] 0.611

A2 TiEDiElE

AR TIIAKBEDEH IC NASA-CEA2 Z2FA L7z, D7, SMBDOYMEZBH T 5RIE
KRREZEE LBRICH A L7 )MHE C BREED A UL & 512, NASA-CEA2 TEEINTWS
BAEEMALL,

A.2.

N
(=)
25

E

PEIFEEASEOREARRAAEICARAEAWVTEHEL.
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PMW;

2T (A.2)

p; =

PIZEN, MWIEHFE, RIISWEER, TIHRETH S, TN EXFIlFEBDFEZ R,

A.2.2 tb#Eh
bz DB R FEME L Gordon DT — £ [203]ICE D E R TEHME L /<.

C;(;),i (T)

R = alT_Z + azT_l + as + a4T + a5T2 + a6T3 + a7T4 (AB)

ZIT, I3 tFRDENITH S Z EICEET 5. Table A2 ICFHETEMA L & LFEDR
H%ﬁb%%itb6.H@mAJL%%%EwmﬁtmE@%%%m

A.2.3 thlERE L BMRER
MR & BMEEE O REKRFIE L Roger O 7 — X [204]1CE D & R TRl L 72,

Inn

B C
hl A4
lnl} AInT+—=+—+D (A.4)

T T2

Table A.3 & Table A4 ICETETEA L =B FEDR AN D= F £ H B, Figure Al ICRL=F
BOMMERES L OBMEEXRDEEREFEL %R

A.2.4 EhEETERE & IR ERELR
RS IERE COREHERIIRA TEE SN 5[205].

_n

V= 5 (A.5)

oM (A6)
p

A.2.5 Y EILEER

“RBEOSEDEAICH T 2MEILEERIL Chapman-Enskog BiHA O XAD LD ICHET S Z
ENTZE B[205].
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1 1 1
D;; = 1.8583 x 107 T3< + ) (A7)
Y \/ MW~ MW;) po’Qp,;

plIFEKENTHEAIL atm TH B Z LICBET 5. TDIEIDRBUIRA LV ETEINS.

o; + o;
gij = % (A8)
I 1.06036 s 0.19300 . 1.03587 N 1.76474 (A.9)
Dt ™ p«015610 T 6xn(0.47635T*) = exp(1.52996T*) = exp(3.89411T*) '
kT
7 = L (A.10)
5ij
Sij = Sigj (All)

HECHERALEZRLEEODSFE L Lennard-Jones /8T X — % % Table A5 ICF &b, BEFD
BHZ D F OYBEILEEDREMKREM.% Figure A2 IZ3d. F7- Roper DAAXREEOXTHAL L
WEILEERORERFEICET 2B 2B W -5EHER S Figure A2 ITRT,

A3 RESEDOYILEDHETE

EAXEOYEEOERTEFTRLORY TH 2.

A3l BE
Pm = Z(Xipi) (A.12)
A.3.2 tb#h

Cpm = Z(Yicp,i) (A.13)
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A.3.3 iR e BMRER

BASEOMME RS & BEEE (L Chapman-Enskog B2 EICR LA THET 22 A TE S,
ZD7, REITKHMEBRBOZTEZANTREINTVEIHNMEERDIFELRERICL TEHATRET
% [205].

N

X

Um = ) S oo (A.14)
izlzﬂ-V:lXj‘Pu
1 MW, -1/2 U 1/2 Mw, 1/47%
= 0t Ll A.15
oo ) () .
A.3.4 ¥EHLEER
BERTICE T2 FEEDYBILECRIIRAL HHET 5 2 &N TE B[205],

1-X

’ (A.16)

Dk— ix —
T X e Xi/ D
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Table A2 Coefficients for specific heat [A unit of ¢J is J/(mol-K)] [203].
Cco,
Temperature range a, a, as ay

200.0-1000.0
1000.0-6000.0

4.943650540E+04
1.176962419E+05

-6.264116010E+02
-1.788791477E+03

5.301725240E+00
8.291523190E+00

2.503813816E-03
-9.223156780E-05

Temperature range

as

Qe

as

200.0-1000.0
1000.0-6000.0

-2.127308728E-07
4.863676880E-09

-7.689988780E-10
-1.891053312E-12

2.849677801E-13
6.330036590E-16

C.H,

Temperature range

a;

az

as

Ay

200.0-1000.0
1000.0-6000.0

-1.163605836E+05
3.408763670E+06

2.554851510E+03
-1.374847903E+04

-1.609746428E+01
2.365898074E+01

6.625779320E-02
-2.423804419E-03

Temperature range

as

Qe

as

200.0-1000.0
1000.0-6000.0

-7.885081860E-05
4.431395660E-07

5.125224820E-08
-4.352683390E-11

-1.370340031E-11
1.775410633E-15

H,0

Temperature range

a

az

as

4

200.0-1000.0
1000.0-6000.0

-3.947960830E+04
1.034972096E+06

5.755731020E+02
-2.412698562E+03

9.317826530E-01
4.646110780E+00

7.222712860E-03
2.291998307E-03

Temperature range

as

Qe

as

200.0-1000.0
1000.0-6000.0

-7.342557370E-06
-6.836830480E-07

4.955043490E-09
0.426468930E-11

-1.336933246E-12
-4.822380530E-15

N

Temperature range

a;

az

as

Ay

200.0-1000.0
1000.0-6000.0

2.210371497E+04
5.877124060E+05

-3.818461820E+02
-2.239249073E+03

6.082738360E+00
6.066949220E+00

-8.530914410E-03
-6.139685500E-04

Temperature range

as

Qe

as

200.0-1000.0
1000.0-6000.0

1.384646189E-05
1.491806679E-07

-9.625793620E-09
-1.923105485E-11

2.519705809E-12
1.061954386E-15

0.

Temperature range

a

az

as

4

200.0-1000.0
1000.0-6000.0

-3.425563420E+04
-1.037939022E+06

4.847000970E+02
2.344830282E+03

1.119010961E+00
1.819732036E+00

4.293889240E-03
1.267847582E-03

Temperature range

as

Qe

as

200.0-1000.0
1000.0-6000.0

-6.836300520E-07
-2.188067988E-07

-2.023372700E-09
2.063719572E-11

1.039040018E-12
-8.193467050E-16
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Table A.3  Coefficients for viscosity [A unit of  is g/(cm-s) x 10°] [204].
Temperature range Coefficients
Species
Lowest Highest A B c D
300.0 1000.0 0.51137258  -229.51321 13710.678 2.7075538
€0 1000.0 5000.0 0.63978285  -42.637076  -15522.605 1.6628843
200.0 1000.0 0.59136053  -140.88938 3001.2800 1.7018932
C2Ha 1000.0 5000.0 0.66000894 39.114999  -52676.489 1.1033601
373.2 1075.0 0.49966928  -697.84297 88274.722 3.0878979
H:0 1075.0 5000.0 0.58963330  -538.75152 54745.230 2.3409644
200.0 1000.0 0.62526577  -31.779652  -1640.7983 1.7454992
Nz 1000.0 5000.0 0.87395209 561.52222  -173948.09 -0.39335958
200.0 1000.0 0.60916180  -52.244847  -599.74009 2.0410801
O: 1000.0 5000.0 0.72216486 175.50839  -57974.816 1.0901044
Table A.4  Coefficients for conductivity [A unit of 1 is W/(cm-K) x 10°] [204].
Temperature range Coefficients
Species
Lowest Highest A B c D
300.0 1000.0 0.51435424  -474.44626 31295.930 3.4128739
€0 1000.0 5000.0 0.67510355 -112.83945 -69132.618 2.0412787
200.0 1000.0 0.24736650  -1058.9987 89911.568 6.4456092
C2Hs 1000.0 5000.0 0.51616035 -924.86351 157238.87 4.3873845
373.2 1075.0 1.1322991 -512.13867 99913.498  -0.52900911
"0 1075.0 5000.0 0.50036257  -1719.4289 387590.61 4.7558670
200.0 1000.0 0.85372829 105.18665  -12299.753 0.48299104
Nz 1000.0 5000.0 0.88506520 134.69656  -11386.420 0.23610008
200.0 1000.0 0.77238828 6.9293259  -5900.8518 1.2202965
O: 1000.0 5000.0 0.90875998 289.86028  -79180.433 0.068622859
Table A5 Molecular weight and Lennard-Jones parameters [206].
. Molecular weight, MW  Lennard-Jones collision Lennard-Jones well
Species . .
[g/mol] diameter, o [A] depth, k/¢ [K]
CoO, 44,0095 3.763 244,
C,H, 28.0532 3.971 280.8
H,0 18.0153 2.605 572.4
N, 28.0134 3.621 97.53
0, 31.9988 3.458 107.4




106 | {J# A YitE—8

5 1
2
&
2 2
S
O-....,....,....,....,....
500 1000 1500 2000 2500 3000
0.4 1
-~
] ('\;2 T
1 2 per2
031|—-—- co, “‘:“')'
1[=--—= H,0 Rt
et

A [W/(m «K)]
o
N

o
RN
1

0.0 1
500 1000 1500 2000 2500 3000
100 1 <

80 -

60 -

L]
PR
----
---
P
P
s
PR
)
.
PR
P Y

H [pPaes]

40 -

.
s ®
.
"
"

*
*
PP e
“

0 rrrr 1+t 1 1+ 1+ 1 1T T T T T T T T
500 1000 1500 2000 2500 3000
Temperature [K]

Figure A.1  Specific heat, thermal conductivity, viscosity of each species.
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1000

Do, -n,: Chapman-Enskog theory
Do, ~ Ny, oo T Teo) ¥

.z' 800 - O2—Na, (T¢ )
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Figure A.2 Binary mass diffusivity of oxygen in nitrogen. Comparison between Chapman-

Enskog theory and empirical function used in Roper model.
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TE#B BN XKEREDERNIE

BITICE W TAKBRE L, BWEMROEDEEZFIA L TEFFEETED bR FE MR AKRE
DIEH AW, e KEE DB HIE Gordon & McBride 52k » THRE ﬂf"fb—?—$1%%+§7
04 2 L NASA-CEA2[207]%#FA L 7=. 7= NASA-CEA2 |£ Python TEZE L, B D EME(C
DR KBREABHTE S L 512 L7, NASA-CEA2 TR FEAE#51E T 51213, ﬁ%ﬂt El
BUUFEOIFHEMEBFEERT Y ZLE—DDANIERVO TR ICHBAAXREZEHT S
TENTED,

IR TIZHBM RN LDPE 2FER L. T D7z, BNRH A% CH, LRE L TENRH X
DIZEERT Y ZNE—2EH L7z, T CH,NTEEMEET 2L L CRADKRIEREAETEET D

1 1
03,00

0,,00

BEMBET > 2L E—ARE, BREERT Y XL E—ARDBERIIRATREING.

h? = 2 (niarhf) - E(niAfh?) (B.2)

prod reac

Thbn, RBLIEADBARDAIEIRAL OEHT 22N TES.

AhO = Z (nidrh?) — A (B.3)
prod

Table B.1 ISR BALFEDAL & LDPE DIABEENE BV THDBRA X DA ZEH L 7z

Arh® =2 x ArhQo, + 2 X Achy o] = [MWe,u, X (—Aherppe)]
= [2 x (—=393.522) + 2 x (—241.83)] — [28.0532 x (—46.024)] = 20.416 k] /mol

(B.4)

UE& YDA ZXDMBA% CH, ZBELERITYXILE—% 20.416 kl/mol & L THIEWVA KR
EzEH L, FRARXCEBRE L TRIREZERE L L ZDERKR%Z Figure B.1 TR,
FEAMBMAKRE EBRREEOERTTIRIEZD L EDFEFEEAETT. KKBELN LR
% &, CO,%v H,0 m¥RG (BvEeE) Y, ZOBRAXRENBERFREICKN L TR AME
mMEzRLTWSZEA DN D
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Table B.1  Enthalpy of formation of species [203].

Species | Enthalpy of formation, Ash{ [kJ/mol]
Cco, -393.522
H,0 (g) -241.83
0, 0
N, 0
23500
()]
5 3000 S
©
8 2500 1
= ]
9o ]
o 2000 -
= E
= 1500 1
.0 ’
3 1000
O ;
T ]
<E500"'|"'|"'|"'|III
0.0 0.2 0.4 0.6 0.8 1.0
1.0
0
S 0.8
©
o
o
“ 0.6
[
ie)
5 04
©
2 0.2
=
0.0

0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of oxygen in oxidizer

Figure B.1 (a) Adiabatic flame temperature as a function of mole fraction of oxygen in

oxidizer. (b) Combustion products at equilibrium state. T,,=298 K, p =1 atm, diluent is N,.



1110

FTE8C MAZHLHY) HE DD HIERIAFE

BRAILANY) REDFEFILARAD» oEFEZEH T 2KIRT7/)LTY X L% Figure C.1 (TR
5.3 BTN L7-& D ICEAMETER L 72X ILA Y EZEDIERFE AL, —DDANDEZ S

( )

@. Input ambient conditions (X0,,000 Vg Teos P o)
» Calculate adiabatic flame temperature.

& Calculate thermodynamic and transport properties of gas.

A

2. Assume flame spread rate (V¢,,)

» Calculate the characteristic length and heat transfer coefficients.

>

3. Assume the length of pyrolysis zone (0 < Lpym < Lg)

» Calculate the energy balance equation in the pyrolysis zone.

|

For stable = Fixed-point iteration
For unstable = Bisection method

g(l‘py,m; Vf,n ) = Qgs,py + ch,py - Qrad,py - Qreq,py

Bisection
method

A 4

|pr,m+1 - D

L YES: Ly = Loy m

NO:m+=1

@. Calculate flame spread rate (Vi n41)-
* Forstable: Vg4 = (Qinput - QIOSS)/{pSAS [Ahv + Cps (Tp - Too)]}

* For unstable: U(Vﬁn ) = Qinput — Qloss — Qreq

y

|
T NOin#=1

\ YES: Vi = Vf,n

( Find flame spread rate J

Figure C.1 Flowchart diagram of the iterative calculation to compute steady solutions.
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N ZICZO0OEFEZS 2 ZMBEBHRTHS. TNENOEFEOYENLTEEZER S L, K
XRERIET N T &— (Attractor) TH Y, NEHEIZY T — (Repeller) TH2Z ENHELH
ICH o7z, £ T, RELGEZHEWICEHT 2BRICIEFRBRREEZAL, NELBZEHT S
BRUIZZEERWTER L7, Figure C.2 ICBRA RAIEMEA B - =AM A MIEEDH T & RY. &
BEFITOEN R, BREE 17vol.%, BERRE25cm/s TH 5. DEEI NS RELY HREIT
NISETTERBREI DT KELRBICUCRT 22 &b b, —F, KRG Z NI HELY) /SR
ETHEMINBICRET DI DN D, Z0OD, FEIEREETCHEAZERT 2BICIZMBED
BREICEFRETINENH S, FNLEMRERDODED KL, BREBOMRZILDY RE & AL EHF
FUHNEWEBEINDIBRZILA Y EE (10°~10° mm/s) #WHMEICRE L CEtEE T 7-.

10 10
| Initial value for
the fixed-point iteration
Vt.0=0.6 mm/s — V;0=5.0 mm/s
Veo=1.0 mm/s — V40=6.0 mm/s
81 81 Vio=2.0mmis  — Vio=7.0 mm/s
1 1 Vt.0=3.0 mm/s — V;0=8.0 mm/s
Vi 0=4.0 mm/s — V40=9.0 mm/s
7 67 6
€ |
£
T ]
& === Lager solution
44 - 4 4 9 —
Vid
/Y
/
21 ) 21
l/
/ ] Smaller solution
Vi 1
0/"'I"'I"'I"'IIII (:)""I""I""I""IIIII
0 2 4 6 8 10 0 5 10 15 20 25
Vt.n [Mmm/s] Iteration number

Figure C.2 Fixed point iteration using different initial flame spread rate. Cu wire, 17vol.% 02

concentration, 25 cm/s flow velocity.
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F8&D RI/N7 X —& L BIRRFRE

RIGRE (KJUAED o EFEREADAZIE) OBERBQUIRADEL S ICEERLT,

22T, DatHIFRADEBY TH 5.

a,p.Yo. onAe E/(RTD ha
_ 88 0y H 8 (D.2)

5 ’ (chp.gvr)z

Da

KRR TIE, RIG/ST A —XA, EEBERREME RN ETERL T, BB SN LOC OfE
EROVTRBRINICER L7, ROBHLP=Z2TH D70, FAERNEHNRLDZZM4ETO LOC Hbhh
NEEL, INSHEZRET 2720 0OEERERA LA FLARE 702 =7 b TIRET 2 EHME O
SR STMEAERICAEE T2, b4 EITH L 7L S ICAMBRTER LRI Y ZEOREHWNT
FROGFEASZYHEST 52 LT, BRAEZGZER/VICTATZIENTES., £ I THRAETI,
EO0ERBRFFICBEVNT, QFEHE L THRRAILDY REOKXZHITL, TNTNOEREN TF
DNEELELCED (DBEROELEICHYS T %) QDEZEHRT S I LT, ZDORMBZETH
BAHNMSEHL. QDEZRET S7-HDEFET7/LT Y X L% Figure D.1 IZRT.

IDEE, VEFBEHITIRIERALIEZZD2D0EBREEITITELDOEEY TH S,

|.  Takahashi > O#/NEHEE[160] TEHE S N-BHEERENNE WEEHIZH TS LDPE #
B oz o LOC,

. 1S04589-2 IZHTE S N % BFRIEHUE[G3]ITHE > THUS L2 LB O T ARZIEADY (CHIT S
LOC (F7z1% Oxygen Index, Ol) .Z @ & EHERMBIHIC L 4 cm/s DEF|TRE 5 X TWLW B,
ANGIEAIREDBAMNRICEEESND & L, Marcum & DFEITHR[51]% 5 (CBRITHE
IC&>T25cm/s DFINANAFRIND DD ET 5,

. BRZILA Y ARIEE D RN BHITRICE > TEHRINDZ EEX DI ENATEHHEZD
SRMEFEI TEE SN LOC (F71%, High-flow Oxygen Index, HOl). AR T
Takahashi & D& W — MMRERHCE T 2 51THI32[126,127] %2 =& (C 5 5R%E1E 1 80 cm/s @
sAEE S5 2 -8 & 0 LOC #EA L T-.
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@. Input LOC (Xo,,00, Vg Too, Pos)
» Calculate adiabatic flame temperature.

 Calculate thermodynamic and transport properties of gas.

A

2. Assume correction factor of flame temperature (0 < , < 1) [
5o
= O
S =
(O]
: _ 2 E

Find Quasi- NO: n +=1
stable point : '
Iﬂn+1 - in <€
YES: Q =Q,
( Find correction factor of flame temperature j

Figure D.1 Flowchart diagram of the iterative calculation to compute correction factor of

flame temperature which provide quasi-stable point for measured extinction condition.

BE, 52 TN L2 L D ICBBRBERICE L THRRE — /7 n oA cRCEZB L. L
7o - T, FTIBEARHICOVWTED0RMBZREL, ZOEEHEHINIhOEZRBWT=7
OLRARIDALERRE LT, Z L TARMETIE, LROINNTE W TEEFHERA 80 cm/s LUAD
EHD HOl OIS HITVWEBMFEDZ UM ZIRIE L 7-. HOl ORREHZZEZTZBRICEHINS
iR e — 70 LA O RIG/ ST X — X DfE% Figure D.2 IZR9. Mhnhh b LI, @R
®AH 80 cm/s & £[O1Z EREBMICEH SN/ KS/ N7 A — XA —FEMEICINKRT 5 & 5 BfEm % #HE
RL7z TNIFREFEIFHED 80 cm/s £ W H/IE WEETIFAEEDRNIGICE VW TEARND
FENEETERWO, RALHY) ICEFET IRERRE EHRRICEENELT-Z EHERT
HoHEEZOND, L >T, BEFEA 80 cm/s DM TEUE & L7z HOI Z W TRERI A
RIS/ T7A—REZEHTEHIEITHHETHDHEERSD.

RICEZOBITTRE LA, E, hOBZRAWTEE LA, QL ABREDOEHR% Figure D.3 (T
RY. ZNITIZT, QAW ARBOMEDOKRT ZREBNICHR T 572010, KA L S %l
BN KR T g EBNNEKRE T e PEMRAZER L T, Trep& ABEMRDEARD Figure D.3 1T
ER

Gretr = Qi(Teaa — Tp) = hi(Teetr — Tp): = Ter = Tp + UTraa — Tp) (D.3)
725 Figure D3 ICIXEAE =7 O L DBZEDOHERR L BRI BEAN 17, 19, 21vol.%D & Z DEER

BAERLTWS, QEREICHLTLEICHMOERETRT I EA DA S, THIEREE TlEEEkL
INT A=K (H) BRKEL Y ESFEAITIE Damkohler 2 (Da) AN BB T EIZE>TADE
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250 1

200-? o 8
150 S

100 <

QO LDPE insulated Cu wire
<> LDPE insulated NiCr wire

Activation energy, E [kJ/mol]

Nl —
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= 10° -
5}
E 107 4 O O
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§ 106'; O 0
©
T 5]
g 10 3
3 <> QO LDPE insulated Cu wire
¢ <> LDPE insulated NiCr wire
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Opposed-flow velocity, V, [cm/s]

Figure D.2  Effect of forced flow velocity of HOI on the empirical reaction parameters.

B EINDEZEICL D, FBEREENETT 2 LQOBRENMERRAMBH LD L
Bhhd, ZHNIEHEDAIRT 2BRBREDEENER DL ZEHNRERTHY, BREEMNMET T 2
& Damkoéhler #ICE EFN AU FERIGREICET 2R AN 2B Z & T, Damkohler i §2 2
NEVERREHFICANVIAL LD LR ZT-HTHD. T I TQOEZYEZHER T 57-®12, Maruta
B DFATHR[197] T—RITH AIRILBUN X & W RICITO N BERT A o B o REAKRE
ERRBREDER % Figure D.4 ITRT. BRBHEE TIENN—F —HOMERIE 8 cm ICEE
L, BEANIIZER, BEHIX XV EBRDBERELTWD, AFRTEH L 7T & FERRD
BRD, —RITHEMRILEAN R ICE T 2 REAKRE & ARBREORRICHIGLTWE Z EAD
N, ZOZEDLEENTIEHZ2N0ZAVTAKREICHT 2EEMRROFZEZTMT 52 &
SHZETHDEVNR S,
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Figure D.4 Left: Effect of flow
velocity on the correction factor
of adiabatic flame temperature,
Q Right: Effective

temperature modified with Q as

flame

a function of flow velocity.

Figure D.3 Relation between
maximum flame temperature
and stretch rate for various fuel
concentrations.  Reproduced

from Maruta et al. (1998).
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TERE &% L oREZ LA W KK DIERH @ GUI

DHEEE & 1

2.5 BICTRRN LB 7’027 7 LD GUI #REIC D W TERBRT 5. GUI @EZ (L Python IC1E
EEHINTWS Tkinter ZFB L7, 7077 L%FEITT 5 & Figure E.1 IRTBENIRENS,
BHEHANICIAS 1 0ETESMITZ LIBANICEREL/ZR V74V Y DA %Z Table E1ICE &
O3, BTZITOBOGUI DREIFTEEDEEY THS.

) [1.File Path] (2, BBEI7 7 A LHREFINTVET ALY MY, BITERARELLZVLT
ALY, BB 7AILNEEANT S,

@ [A.Update File Path] £ EDNI-BECDR XV AEI ) v 7 LTHEBE Y 74 LA HHAD.
B 7 AHAERICTHAAEND &, BET 7 A ILDO—B DOEBRA [10. Processed
results] RIRIN D, FEAAIKICEKKT 5L TT7—DARAANTI. Comments] ICRREIN 5.

' Flame spread analysis

1. File Path

File directory D:\yusuke_konno\

Save directory D:\yusuke_konno‘{
File name sample.mp4

2. Button 3. Video info 4. Check Image 7. Trimming 8. Threshold 9. Comments
. fps = 29.97 Time 7.0sec Top 490 +|-| | Front 10 + | - | |>> Parameters have been updated.
A. Update File Path 3 .
4| size = 1920x1080 &, i mmr Bottom 610 + Tail 20 + >> Click [C. Start Analysis] button.
L A [FreEsEs (Emes = 122 Scale | 0.0794 mm/px| | Left i . SOE >> Operating manual during analysis.

. length = 24.09 sec 6. Analysis Time Right | 1920 + Right 50 + >> Quit analysis: Esc key
C. Start Analysis 5> P .
Start 0.0 sec ause/ Restart: Space key

End 22 0 sec >> Change the window size: Mouse wheel

10. Processed results

Pixel Luminance
0 250 500 750 1000 1250 1500 1750 0 50 100 150
. L L300

k400

F 500

b 600

F 700

m

oA

0 250 500 750 1000 1250 1500 1750

Figure E.1  The window of GUI for video analysis.
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Table E.1 Functional descriptions of each widget in the GUI window.

1. File Path

BT L7-WBNE 7 7 A LDMRIEENTWS T4 L7~ DIEFE.
BTERARELET AL 7 M DIEE.
EMT L7-WBNE 7 7 1 LZDIETE.

2. Button

A. Update File Path : Bl 7 7 1 )L&ET 4 Lo b U DFEF.
B. Pre-Process : 57 L 7= I 51T 2 ALIBFER DHEFT.
C. Start Analysis : BhELIE D FIEA.

3. Video info

BE 7 7 1 ILDIELR,
mED[A. Update File Path]l’R&>%2k£27 ) v o L CIES ICBHEH T 7
ANDFAAEND &, BRIV EHFIND.

4. Check Image

Bl 7 7 A L CERTERZER L - W 218 7E.
IKED[B. Pre Process|ii& > &k )y 795 EBHBINAEFHREIND,

5. Pixel to mm

pixel BIA D mm BALIIEEETE7-0D AT —IL/XT7 X —ZDIETE.
BEINTZERD AT =L hh 5 &5 ICERRICERE S N-KFR
EHEBELTRAT—IUNRTA—2%ZFEEELTH L,

6. Analysis Time

BE 7 7 A IV DRI FRIAREZ & BRI T ZI DIEE.

7. Trimming FEATHEIR DIRTE.
IKED[B. Pre Process|iR&Z > a2k v 795 EERNEHRIND,
8. Threshold KRDITy PHBET 2= DEREDIEE.

IKED[B. Pre Process|RZ > a2kE0 ) v 795 EERNEHFIND,

9. Comments

GUIBERED A FE T 7 —RNANKTIND.

10. Processed results

BB ORI FRTREIND.

3 [5.Pixeltomm | ICEZLZILHDS mm DRT —ILIZEE ST E-0D/I 5 X —2EAHT S,

Z DEIFEREFICHEREIGS T 208D H D,

@ [6. Analysis Time] (CFRATRIRARER) & BTIR TIRZIZ AN T 5. Bl 7 7 A LVERENOE
EANTDE, IRTCOTL—LOBRHAERBSND,

® [7. Trimming] & [8. Threshold] D% AN 5.
® [B. Pre-Process] &ENNTKEBEDREZHET Y vy 5E, [4 Check Image] THg
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T L7=BZIC 51 2 BRART OFEER A [10. Processed results | ICRREND, TD & = Pre-
Process ##¢ V)R L TEME% @t T 5.

@ NI A=-ZOTEBEAHATET L5, [C.Start Analysis | t%?ﬁ‘ﬂ?‘:éﬁ@@d’f’}? vEETY Y
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x_f[mm] x_t[mm] r_I[mm] r_r[mm] |frame x_flpx]  x_tlpx] r_llpx] r_r[px]
25.8844 0 11.2748 1 326 0 142 76
0.999268917| 0. 26.1226 0 11.2748 2 329 0 142 76
25.89982214 . 26.3608 0 11.3542 3 332 0 143 76
@ 1.384106889| 0. 26.5196 0 11.3542 4 334 0 143 76
2.683454933| 0. 26.7578 0 11.3542 5 337 0 143 75
0.052694574 . 26.7578 0 11.3542 6 337 0 143 76
659 0. 21.0754 0 11.2748 7 341 0 142 76
27.2342 11.2748 8 343 7 142 76
27.393 11.3542 9 345 T 143 76
27.6312 11.2748 10 348 6 142 76
2 B 21.8694 11.3542 11 351 1 143 75
0.079 . 28.187 11.3542 12 355 3 143 75
29.9700299 . 28.3458 11.3542 13 357 15 143 76
L5 0.467133 28.2664 1191 11.2748 5.955 14 356 15 142 75
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Figure E.2  An output file. The analysis results and the variables and arguments used in the

analysis are automatically saved as a .csv file.
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