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Abstract

Mathematical modeling and numerical calculation on the flow and thermal characteristics
induced by fire in a partial enclosure are performed. The solution procedures include the
Shvab-Zeldovich approximation for the physical transport equations, low Reynolds number k-
model for the turbulent fluid flow and Discrete Ordinate method (DOM) to calculate the radiative
heat transfer. PMMA (Polymethylmethacrylate) is adopted as a solid fuel. Two different cases
are considered : combustions with and without gas radiation occuring in a open cavity for variable
pyrolyzing location of PMMA. When the fire source is located at the left-wall, the flow region of
flame gas is limited at the left-wall and ceiling and recirculation region of inlet gas is formulated
at near the floor. In case of neglecting the radiative heat transfer, more large flame size and
higher temperature is predicted. It is essential to consider the radiative heat transfer for analysis
of fire phenomenon.

iz My H v o), [m]
a CEFASE, [mTY] I D EAE, W/ (m?-Sr)
B CASgARE, (QpYor./ VoxMox—Ha) /Lo | . #2441 Shvab-Zeldovich® 4,
Ce,Cie,Cae : WEFER A (y—7) / (Fo— 7o)
D DEHAA S, [m*sT] J: : 2319 Shvab-Zeldovich#l 4,
Ds : Damkohler4, Q,Yor./ hw (B— B}/ (Biw— f)
fio oo o EFEEY TS E 3B $Eojx], [m?s
g 24 s, [mes?] L : 7o), [m]
Gs DE-Hol o QA L, cogus gazd, [J-kg
h Sulelesd, [J-ke™] ’ CF4 94, [kgems]
*A3l4, A n JATE} i DA A AP E, [kges'm]

434, fddign T ZAFS M; D i-F9 ¥A8, [kgemol™]



n
P
Pr
gr
Q
@
.
R

Res, Re:

x%&q&%@&\]

g AR

o 8 a2 md > 2 1 4 L R

FEUAZ Y SR oprlEe A o FESA BY AT 1289

2 kel ok e[ 4] (20) ]
Foll =] B4 et
ZET
& Bl {4, [Jom %]
49, QpvoxMox, [J-mol™']
4 lkg 9h-gd, [J-kg™']
gavl <, (Yo Yow) - (viMy/ VoxMox)
ub 7)) A4
£ #eolEas
=, [K]
3 &5, [mes™!
Dywe &=, [mesT
D7EAA
Dgebarel 23, [m]
cARAEAY Aol [m]
DAtk 23, [m]
R

DA A T, R/ pCp, [mPesT]
: -‘?—'i}'%l 1:&4["—' Y;‘/Vfo_ Yax/l/oxMax,

AR A (o+a, m™), DA3A 4+

CFAAEF, — b/ QuvoxMox— You/ voxMox
Dbl R A4S == owAE
(W W dF A4AS, [kgem s
‘4=, [kg-m™]

dE TdEs
%48 F29

DA A A e 9 H

B

. & (species) £+ x, yo F3H43
A4

. 7} A 4= (angular index)

e

AAE, pdA AAAA L FA

w , didlEAe] EAshe ¥y
wa D E7)

oo P39 dd ¢ zk(ambient value)

' D Abg

2
AFE WE A ool
e 49y dFE 452

719 4g4del ofdn d4SA4 RYALY o
dgoz Qs Be ARE Y

44 2yl Y HAYAY Agel AR E4A
Q Aol 9 4 o), mal dxol e WA

3= &5 (soot) o} E, ojalsirlA & EA}

o Foddl= FAQldl o)l wlA wiFA EHo

2 Qg A dAe A EAE nEleny

ol ® 4 glovt xIFAA9 diel s A7
2 7} u

AgAA A &
2 Sl3te] ofe} ATAEel eted Az LeH 4
Aol AFs3 glch salsh BAL F4 @
o BHHOR Qs o] Hofol fF o] EAF
F2 FEYAFHRAA SALAIAdE YA
2719 ez 3P F $Hoz opldE &
542 A48 457 78 olF 0P 27
2 Mao $9¢ 4-14 0 $2UAAF DR 2
AR A4 BHAAF o
EREL P IRET L |
2 2AGALE AR

do

_&-._1‘
%:xz
> =
nif}o
Y
fi

i

feu

484 Aeolrh, Liu 59 AAZEA 2
Fol 22 FFdhdel i FEEAHE T3
o zeihvt Sl F el Hab W R
T FAld zedte AHdow 5 AT+
9 gle AAeln

FArddd g A3 vyl Zoned, © Monte-
Carlo®]™ 2]z Z8) AW (flux method )& S.o



1290

2 sl Zoned2 FEAA dAEE B4
dAaEs W4T 4 dz EARH AdE 72
2 3= Monte-Carloi2 ©-2 A4AIZL 2 A5
H&go] 875+ o] et YolA AdF3}A
%ol Qdao] AF FERE AT B4} o
$ 329 9% 997 37 Aol $523} o
A FALADe H4e A3l H5RAH Sy
A AAAGEe] AEY 4 & el 27Hn
Qe old STl Fgohe
goleh, Fdx dZolA AT 4523 A4
of 744 wol AHgsln Ut Wyol PNIA e
2 <42 Fzx3} &2 (spherical harmonics appro-
Ximation) "3} S-N&Ap oz 48 FEZFHAT
H (discrete ordinate method) “Vo] v}, F+Z3H
A BEAZes Fzibitged F42 AN
A4l AL Astd SAYAAT AY F )
A% Yoz 588E $AATYRAE BARE

l

o 2HESE E99 W9 delpdgses
gl % Fohe wez R Felo}

Zaol AujulA AR o] w|RHlAA o2 FHE
7l WEel £537% $49 SANE T 49
o ALAZEe] Bhol Wad Bt ohe} wo} Ha)
& A8 Fobl Ao FRAYS % AA=AL
2 ARolA ) $Adoz cldod Be =9
3 AxAelA e FE WL 4o FEFA
2ye Yozt B4a 23 $UA 5
Hee o4 neisA] g2 A Wil iy H4A}
ZEE Atolo Az AAAE e whyeleh F,
DOM & Yoz vehte $AdDe
4] (radiative transfer equation, RTE) & 3714¢] 4x
2 dAZE FY F9 FHFLE UFa o) F
7}zke] ¥pake| £A ) stFE4E 1t RTE
ol A} vteht= FALRE o] 243 4 (angular integral)
€ 3kl o & Fel2 A HE T3
t uyez AstaAeE v B U HE
T371 fade Frskd 3o S9 S
gt delqel glek,

of T4 AP DOM Baie 478 43
¥ Fiveland 53 Jamaluddin 5%%¢] ¢l&u)
o] 52 2,33 FHAAY =#F7hol A DOMe| =t
5 WA 7IHA SAdA gt EAL E43)
A2, Yucel 5992 234 A Ay ol F 7ol A
FF AQAF-EAEAE FAFH o2 AR

o Ao EAle o4 dagAHE A%

SR

43 - 948 - 04

qEXS FArdAd "] A2 o
A Aol sotd melga g 242
2Edch AHEg Adzde 23 FEudd 3
el Al WMol dFE Y43e AAE) 7“&
A4se IR Afoloh Aol dd 5

A 2l Fagdel ot A" mrle] 2
Asten dR2AH S 93t Davidson¥o]

r_?_
ot
Gl
)
wlo
>
>,
ofo
o
o
32

on 2AdADTYHAL A
< Fbsigich A
49 deizkA Aol o] shale) T2, A&
hed] 22, 94 9 FEE4L W4sed,
EAASE 2dlo] TG A EHE BAE

FA1% 759 Azel vimsted vebu gl
2. O|&3HY

2.1 Ax=E gl by

of AFelA A4 9Ashod
9e Fig 15} o] 28
ez Wde A¥E
2AAE mol 5l
Aspol g dxB s
o] QFolA

Lol ATe 4
A% AzdAzA
PMMA (poly
methyl metacrylate) & 433 o 3stHql &
A ST Agel g dagagolA 7]E
o] AFAF|“Y Aegt setH AL 2
E%o}od G-3upke] 7ol 0.54m, zm FAv)
&g 0.18m= 3lch, nAAdEHE A} TE
g ctd o] gl 752 el o3 oprl=
o AAFo BAdRT] AA= deldeh,
A4 B 4ol 39 A4 % (flame spread speed) =
fEAde o 3 AFALAs JEsHEA

AgAtole 45 ABAe) oako] AAsedl, #
Zo] AatAgle) e AA3 JAATEE B 9n)
xat AAA o 2= oo X7} Wtz A

Ceili

0.18m

..

Fig. 1 Computational domain for this study

T
Xf PMMA slab

Floor

je————— 054m



gl A A2 of7] 5

ZRAclAE s FA4EAC b 2 FAF5ol

A9

5% ¥ o

ek el iyl A7t
(response time) o] Al gl 7tdA7E g A4
wl2 7] wffoll maAb(state) o] o Z)Af Aol A
AR onirt el A Hoh a4
% A3k o e AL Sarh

(1) #5732 2234 A9 GFold,

(2) Lewisg& 1o]i, 3}ghuh-g-oll tisle] flame

sheetA}7} # -5k,

(3) HAA£A EY o] ¢FdL FAg,
(4) & 3Fetzeo] 34 ek(molecular weight)

AR s,
(5) %4 melA ARFEAE FAG,
(6) 2E Hde FUT BALE 22 Pade
=L EEDE

2:19 AmATAa =Es wate oo b
Fode Aede LERY (RS, 5 ol
2 gl spshz) ol Aejulg e ojelet FA

ol&

{ou) . d(pv)
w Ty 0 (1

Qx_uoLfgk -‘?_—%-EOI:HOL;gq

Ou . du_ _3p i[ Ql&]
P G T OV = T T | () Gy
0 dul, d du
+7y‘[(/‘+ﬂe) 3y]+ ax[(/t-\‘—m) ax]
9 wl_2 3
2 w22 2o o
Oy SFFERA
Qv dv_ _dp 9 KA
oG+ oo +ax[(“+/") 3x]
9 i, d Su
+ 2 ) 2] 4] (w0 2]
9 vl _2 9
+ ay[(#+#t) ay] 3 3y (ok)
+g (p=—0) (3)
ool A4
Oh ok __ 0| L:\Oh
pu5x+pv3y_3x[<”+m>ax]
+ 3y[<“+ a:) y]+q‘+q'

(4)

rr

1291
WAY: Yf]
ovi/ ox

_£‘_t_>_aYi] "
+0'y.' dy +o

(5)

221 Qamdz

7t RS 3k
(flame sheet) 3} o}

(0

3} 7ol Z¥HE A 3atubS- (single-step global
chemical reaction) -& & £ 3} = Shvab-Zeldovich
Mol o 3te] o] 5L A A4 4 9dc}. Shab-
Zeldovich¥l4-2 w3 & ﬁ--f’;_‘—i}(normaiizing) 3}
Ae AAd oA o Hets LEWAAL g8
3} o] B4 2 4 UAsk 4O

ViF+ 150 = ye P+ Q

pu%{c—l-{- pv%{}l—
=F{ (e 2) e [l (o2) 3

oY 4 (8)
pu%z— +pv—%lj-
&l 3l )%

9

dzrtael Aol ol4rlAee A Y=
s} 22 Lxol Ye Beohd $3ALAA
A dehtbe ¥Ege oee Aoz 24 o

g-(£-1)=g-(4-—1)De= 1D~}
Je>Jon
—o(

701:_1>{ Ds(l‘:?’)fz —Ji(Ds—1)

}

Je<Jon (10)



1292

A7A, 6,(=T./Tw)ol" Ds= Damkoshler <,
r& AekAu]4 (mass consumption number) & 1}
Bllle] Az e 3dE gnlgn 4@®)F (9=
SE i, RF AAEE EEEke Aabe A4t
HH 2zt o dte] ohg3 o] fxHch

Je>Jen
h/ hw=Ds— ], (Ds—1)
Yo/ You=(1+7) o~7r (11
Je</en®
h/ ho=Ds(1+7) o/ v — (Ds~1D ]
Yox/ Yox.=1—(1+7) o/ (12)
A7H, a2 FEYeAe L3tez flame

sheetZAbell o3le] o359l Al&7t 3939 o)A
FAlO AT E 2Rz e ofgF o) 7
T U=t

Jlya)=r/(1+7) (13)

FApgedskad 2 A4 dade Ha3
AREEe WA Fofo gk @

L 4

222 HR=E

Aol 93t ofrlslE #
Aol szt 27 W] HTAoNA
ALgSle IFE beE®WlIl IdHFERE A
ol Z3t7] PE5=, 49 =3 Ade} Ze FH Aol
AAEHE S35 AN AFALTE A
o] H2o] ofgke g A&7 35} (relaminarization) &
TR 7] 7] oM o] AtoME Wwl A
MY 75 EdHoz AT 4 e A dolE
Z k-e2dS A Eigicl

i EFelUAl (k)2 FRAUR £4ME(e)
o3 2

flo

%(puik) = ai P gf +PitGo—pe  (14)
0 - L) Oe
Ox: (ouie) = ax: ut )ax,

+UAC1Put CieGs—f:Cacpc] (15

A714, m=x =y =3, GF A4
(P) 3t 53l & A (Ge)-2 otalier o] A
BELS
_ ou; % ou: _._Eﬁé ﬂ
P"_#'[axj'*_aui]axj’ GB_ Ot ay
(16)

434 - B3

ke

2
p=LeCuok” 17)

olch, A(14) o (15)o] AHE-H #E AgAF%e
Ge3 2,

O'kzl.(), 0:=1.3 , 0:6=0.9

Cu=0.09, Cic=1.44, C;:=1.92 (18)

o]2] g A #HeolE2 k-e nul-& Jones and Laun-
der™ (JL-2 ) 7} A& AAG olHE o7 AF
Aol 2ste] Mz g mulEe] A EUe)
Patel S92 odgj7}xle A dojEz k-exulo]
e HAEE B3] JLEde 448 UF3)
93 =38 Lam and Bremhorst m@®o] 413 x
o obF A dxgctn Budgich, 2y 4] (23)
A4 AFE AT o1 FF(f, A fu)ol
g e o2 mulle] HE tE2rnz o] A7
AME # o t3 g Davidson™o| ajqra m=le
A &8ttt o] Davidson =wlol] ollw] 2 A o)
A i FFAUAE FaA9)7] Y3l 09 A4

£ &Atgo] Welolx 4%
| A8 B4 Aol dE M2e Ae =99
Ak olgol @ AL e .

)
ol
ok
N

e"p[ 1+Re¢/50) ]

-

£=[1~0.27 exp(—Re?) ] [1—exp(— Rex)]

(19)
7|4, Re:St Ren2 747 o3t o]l A5+
T4 dlolExgolt,

_ ok _polkn
Re:= e’ Re,= p (20)
oluj, Wwo) A= k=de/In=02 AAZAL AL
gt

23 Sa=dE

A, A@elAd EAdR
divergence) &o.2 FojAx FAMAFLE FAd
oM T 4 gloh F45, 24
Ad2-S BHE B-Ababed ol A (participating medium)
& EAdAR A4S 23 A mAEA

yia

40 )
4o ubal

ol HLX—] /QI o

S

2 w8 2L



FEdA el A B2 ob)sE A Y fF

A et ol FAALh @

(2-V)I(s, 2)+1(s, 2)=S(s) (21)

1
B(s)
S(s)=(1-w) L,(T) +—‘%[”P(.Q’—+Q)~I(s, Q)-d

(22)
A4, P(Q ~ Q)= @9 wakox Eolel Qu
gog rhe ozl Adxte] 9 A4 (phase func-
tion)ol=, I(s, Q)& HAZEZA 9} uiite
Baolm, L(T)E Hdeso) HE SA9 $4
ZEE Augd a2l Blo)E A5
AbetA| 4= (o) o] Foz A5l AzbA4 (extinc-
tion coefficient) o=, @& =jHo4 Alatz s}
A3 vl g el Alabedel) = (scattering
albedo) 24 A7A4e] g ABA5e vz 3
S, T GRS Lo £ 42t 0 .

: 9

o3
“H% (BRAREIEH %»q]sg% g-—’;-—g} out- scattermga
&) AAgto g FAEH £
W 7,}4 HLA}-Q} in-scattering =} H=ig Frojc
42De A Mol dsted HEahd LAd S
o] Hhabgre oh34lez 7 4 gl

—v-7=a(x, )| [ 1, v, Q) da—azl,] (23)

A1 E Aadstr) H5e o] AFi4dE DOM
(Discrete Ordinate Method) & A}-2-3}¢c}. DOM
o 7t & AAFY shis miAY F3FAY 2
Zlol Apele]l HEH 4 AUrie Holw, doalb4
o] d-folxet Fo] AW Her|4 Pz £
Aloll BEwlgl odode] T2 w ALx 4'-'_
Weolet, DOMe| gt #pA gk Ak 3
(1D & &5 gk Qd4artas B4
of #oddte 7las H09 CO0lv o] &
&5 FAbol diste] gy EA4E A rig
3 sAAR HFae AL 24F aAL 5
o} @ o] Fo A= Smith 5 o] AR ste] H
o] AlEElm 9= WSGGM (Weighted Sum of
Gray Gases Model) & ¢} &3l Edrl29 Awt
AR Aabdtde, ddAlge] FeiAlY slag
FrAae a3 ol Al4tde,

}/Ln (24)

A7 A, Lae BAA HE o) 5AAZA oA

¥ 4
rr

*
r.S’.an}‘J

PRl e
i‘lf-{}-}‘-mﬁlr&hoi-'

alx, v)=—In{l—e(x, y)

Ao A AT 1293
o2 kgl
L,,.=3.6ZV (25)
o714, Vet Av 27 sk AR A
2wl gt
24 BA=A

Afs ds7Ist HAelA AARAL deH R
ok,

Y}w+ Yox.Ufo/VoxMox( D
ul0) = 1- Y \ " ox )x:o (262)

h=/=1 (26b)
92 AFoA ExzAL Adzr|TeolA £aut
e S Aol T 2HoR dRs A A
Aol wle} bt WAL £ glow], olnf AL EA

ol _dh _
an = on =0 (27)
A@NANA ne HozRe gk AEE
el slay 327§, Y= Ay ¥
Holl A AAzAL &3 754.
8(15;111) =0 (28)
A7 2 o,
Ji=l=0 (29a)
471 §24 o,
b3k (29b)
99 A@29b)ell e pe A QNI @] FE5U
g3} et wheke] 3¢ yeldicd
—‘,L-‘?-Z‘-J}i%j £ A g3t AR EAAE A4
2 o, dHdde HulAe HARAL He
i“* AR R YL ol &3k k3 e

NN
D wln 2|, n-2>0

Iw= n'=1,n-2'<0
(30)
Ash 2ol BAE nelshe ASol, Wl T
ZAL AN I 2 Heolq AR eel

o olzle) Alez EHH,
(—kVT+g7)-i=0 (31)



1294

25 Fxlisio

of AlgbeddS 62x429 w]FY AAAEZ Yr1
AAAAY-E A83Ach Fig 2% o] oA
Hejgh Azpzoloh, A43F HAL oA 5o
o] Foix & RrAEAE M7 HAslde A
TF&7} S FR3ER o]E H3led oA A
Azl it ZE 2d (A D) A3ty
AANEAE Fst] B, F 239 ATz
F 52X32, 62X42 ¥ 72X52 5 37MA|Y e[
AATZE Agdtd y=0.09molA 2] 42iut
SE4EZE Fig 3o vebuiglct, 2364 =
upe} 7re] 52x3291 A% WA F Ao w3}
& r L of 5% o4& ¥glom, 62x42
52 0.4%9 a2 3o AY Az
Bolx Qleh (A ALY HoLE=e 747
.4415, 1.5174, 1.5234 (m/s) °lch) =3 13
st A7k Al A9 A7 52, 8& 283 12
PC486-DX2 71F)7F 4 8= 9lch, 28jng o

30 to 8o ol o
N1 n]o\]
Y

B

Fig. 2 Grid system for this study

2.0
)
i | A4
B Pl ---:52x32

1.0 - ,‘/ -oono.Sngz
z, ,, & ..... 1 72 x 82
pey I ‘
& | i
? {
Q
> b

Y
© 0.0 b
S
-
1]
Q
>
-1-900 005 o10
% (m)

Fig. 3 Vertical velocity profiles for grid dependency
at location @

w8 - g

e

ATl 62x 429 AATZE APk 5
P4 4ol vehte shdee SIMPLER% w23
o2 Aelsgon, ol4sy P4 Hedos
HEEA AL o, O Sl Fel e EAJA WSt
Anz AAAHd 293 o7z time-matching
e AHEsisich bEAALE B e e
3% FAAI7 A8 el E AFedl, ol
o ARt S5 e 0.2& A5k
2 N, J» Pl o8 Zb7E 0.2, 0.3, 0.58% AH8-3)
Heom kol g2 A7 0.3 AREEY, Y 4
He AAAANZ 59 o FEEE Y ol
T ZAete] o Ao|r} 107° ofdle]w F4Hst
203] o] A} ulE-3l& Folel] faEAE 53be] gk A
WEsl gle g w33 Az e 4
7b aEig 7fol < 6,0008 utEA] £HH A5
TE 4 ULk

252 SAYYHAL AL AL

FrEaEe AN 7 B389 U
ol @ ALANA AAY AAFAY Aeo] A
AAzel Ausol we e AAs, FHEe
4& oAU ASol nol FEEHIYY A4E
A2 W n(nt2)/27 oleh, 2344 Aol A
FrEasyes BAATRHAL AT @ A
AA7relt e B4 Zdold S4rh AAd
S slEe ofel AFAAD weh o] ool
AE S48 AHEaich 4l(26)0] DOME 383
of uhHel Al Ae mejsld WA T
2243% w4 (DOE)o] dr, dve 3% ¥ Fig 4
o C.Veol el Aeaia o 2

O

Fig. 4 Arbitrary control volume



FEAAZAHAA A2 oyl He A g K55 B AT

HMn (Ae]ne"AwInw) + én (Bnlnn~Bs'Ins) +AVp'Ian
ZAVp’Snp (32)

71X, Sw=a: [bp+ Ewn Onw Ivpol™, Ay
=A.=4dy, Bx= Bs—Ax, AVp dx-dyolth, 49
Aol A} Abebs 23Hezl @2 A Sole AuALE
022 Fuzlch 2](32)olA L Lw, Ins, Ime C.
Vel 3w9] RAxelu, Ipw CVY F949 3o
oh, W3 Az A MY HAGEE AlALET] 9
Bt ]R8 AL} ES) v BAGEE il
A vjAe FARE FE5 FUo2H AL H
SHAl sk Wwle] glewl o] dFelME Calson
5] A qtil GWDD (General Weighted Diamond
Difference) & #-&stgorn] GWDDe]
Yel= b3 2o

SRR

Lip= winlne+ (1— win) Inr (33)
3714, r& 71F9 (reference face) &, ex 4t
= (extrapolated face) & ~lelzldh, 99 4&5&
o| &3ted whaka ARl g, £9] F, ol wWel M2 o
& 44%el dstel sweepTozs AAAA W
BEA}EE Aadhed AAE WEe AR
(25) ot 7% 5401 ek olw A(32) 9 FAF(SH)

zgela low, AAzA
RREERE TR P
Zoll W47 7414 4%k 4 =5l 3
ARl FelAon By g &2 $4
ZE7t vefyel g9 7bx 317 714 (negative inten-
sity fix-up technique)-& & -£3}o] )7 &},

31 siMmdlol EloiN 2B

AL7bxe] FEgeAE sl o dFolia
e3¢} Shvab-Zeldovich®H 4o 23} A4
At Alg A4bslr] 95t Fluxadle oz
Q FEFAEY o BAmdSe B E A
F% 487 Uk A4l R AN By
AR AYPe wwE o] AFsgen Bap
=2elg)e ofuldl &) 43 (analytical solution) s} v]
a5kgd o,

)~
rlo

3t7] 93te] Mao W

of¥

1295

of g A 4 244 FF3AolE 7}H B}l
FAReR AT FAY HA(,=0.1803) o) =
sted o] &3 FUE Z1SeHE Yol FH o IF
#5730l @ o A7 Aset wlwsbel Fig. 5
off el el wimE 3 Aule 7stetEq) §
4e A% dcldol d¥s 2 Tcmo
PMMA7}L ZA8ty $2 Hxd o) 10cmel 3}
i 2} (soffit) o] low] o] o]eje] Wule wiads]of
AE 2 Bgol 9, SAe) BakE 2ol
A g AEelA 234 7t 744 E Mao 5o
234k of @79 Bhel A ARE b 2 9
%3 gdov ARAAshE okt o3t det
ket AgE Helx Yok 2@y FFEGo) o
& FANAE FFEFA HlEh] 2o AAHZ
AA ] AgAd S 2HE Y-S ¢+ o

n
Y 2A4dRe o

l° ]

o ool WE 2 339
37k Hg AR daztas) Bud £ o5
of stedsl A7} mek HAZFo) A5 Lol
o,

312 2A2de Hs

of Aol AgT $AZUH 4R e ehe
4& HA5) Aol FAT EASGE A9 o

deldel Fad FALEES FaAL w3
(0.1, 1, 1000 ehehod sj4del ajed g P.geng)
Asish ulmso] Fig. 60] A18ich, Fig. 62
Aol B% golo] EAMUE 2t 234 A7
Azl F4 2 BAee FUE L5 3
A sk 2ARE Aol FEEAL 109 A
¢ P3 2abe 44 el wloted ok A

0.18

,': 00000 : Experiment {Ref«t

4 — - — ¢ Calculation (Ref.4
[, : This study(Turbulence)
: This study(Laminar)

0.00 % PR " 1 N | s 1 N 1
0.00 0.04 0.08 0.12 0.18 0.20
x (m)
Fig. 5 Comparison of measured and predicted results
for the flame location



1296
&g x glo} P39} FUF AHAHL 2+ A
2 AHA® Sq4x EE S22 94 4o #
Astx Yot =g FeFA7 1,09 FF P-3
S4 25 FgfelA okt 2A A&z oy
o] o]g]e] dAolA wig F AAF glgd ¢
4 ek e wiA g ‘5"1‘73]'1‘7}' He B35
7F 0.1 o) S-6& A sl S 2 AT
€ ¢ F U} o] dAFalAe} o] ARaHE F
Al Aol S-49 S-69] A#r} A F dAFm
Aol DOMe] 4% Folal % S4E o] &8o
88 FAdAALS H48 4+ UL ¢ F A
o},

NE Wl o

32 d2% &y

o] Aol meidt WHolA dFdsEs nAld
£+ PMMA (Poly Methyl Metacrylate) & A 4FA]
A9 g T,=663K, L,=1.59x10°)J/Kg, B
=1.7, Ds=6.45 ¥ r=0.220]c}, @ Q23 EA

1.08
Moot - -
>o.oo --------------------------------------------------------------
;’ kx = 10.0
EO.N
-
goes -
w 00000 : Analytic Sol.(Ref.26)
3™ g =
: 8

®owl{ = i P9 (Rer.27)

.73, b

at flux, 9/Eg
g ¥ 2 B2

°
>
]

Wall Heat Flux,

0.40 -

T4y oA
Distance, x/L

Fig. 6 Comparison of Ref.(26), Ref.(27) and this
study for the net heat flux at the wall

w3l g - A

S

2

o Aok Temz H3 ¥ue olHE W 9%
93 o3 el 9% o FOyEol A
WA A9% 2edd % 47 944
A @ 94 @ 232 94 @= ¥2r= ¥,
292 oA RA Aol dehd Fol B BF =
BE4E £5ol B GF ZAS4 S

J

Folom ZAEL(PAE 0.72, ARUAE (en) S
0.82 Foirh 2AQdAL AN 2E Aol 43
o DOM¢ 2% %}%4

Fig 7 4553 daiel sxue 459
HE EAE Aoz AT A& skl
S 9R @3t okl U FHiael 9k 44

@9 792 A% @9 ®)ol ekl Releh 2

Pl A BE a]-a} Zro] & a7 RE AuBoi=

< wet A3 Fasted ol 1%‘0\]4 RS u}9+
Zo] RbF-ZellA frEol &g AAZ] L
Aol Fd=E 3719 dFoz ¥y 2=TFuE
F7HA71 o[ Aol Al dse dRAE FA4
717] Wl Bolc}, zE|n dLr}a9 3EBL F2 o
el e A5 el LAt AL
°ﬂ Az e &+ Uk ollZEE F

<o) PMMAZL 913 (b)o] 25 AAA +

(b) Location @

Fig. 7 Velocity vectors at different locations of
PMMA



FEUABIHA AL oSE @ Y FE54 BY AT

Tt (@) vxsRe A3Hdg AT A
Gl A e fEL4EY 27| SH © 2ok =2A
vehded o] slhudol] AR SRl AAT A
7t ®Ee] odgkg o] Bl el {-Feo] Fuwhsls]

To2 AqgAAG, zgn (a)d Ard #FZ5
Wl A - dinkel maje] FEeA AR A
Fehel A o] F ¢ 4 dud oI Z A
g 9oz ol A A= ofeE FUY-
Zoll A A &ste] A #HE YHEAR R A
o2 YA 3ee AFE 4 Ut

Fig. 82 Fig. 79 #5& & t] AAg #HAs]
95te] PMMA $] A4 3ol x=0.27m % 7
oAl FuHLs S LAuldte] didte] 77
(@2t (b)ell A&, F 2®A HEel F
9§ PMMASIAQ A% Fedeie 1% FAH5
o 92 @F A e AL+s Y Y %

E E713e o y=0.11m=2 AY FLIAch

£xo are Fothe

&
rlu

dx A §2<%

fet
fo
Ao

ok (a)ollA] 2 wpep 7
A7t e F el
E7h Aed ole ¥
el el F=2
wEol=, stxtell #AAT
wol et grdds
He et A2 A
ok oj2d @
. 232 HA

4o M2

whe 2 )

n
r Qe

=
oj
ok
a2
Ho
2
N
5 o

2
fas
e,
2
B3
Ay
3
2

2

. AP

N By
_&
s

2 ¥4Rie we 445

29
AR uheiolA
7] Wil 2 4=
e b)olE FU
. Aol s

o

g FA4E 29 F
3
}

S

(*]
oL, o).

o
o

-
A,
Mop o
iy Zkl»% Ao
JE

P
s

b

Mz

<]

—3
do ok
™
[
U )

2
B
e

p
R

e2 o
x in

i

o8

frt
= e

b

s

-~ X J
I
[}
=
8
'S
*

Aol A ZHA7 A5 ehets

W

[l

oX,
W

oL
B
_?\_»‘
rir
oX.
Qgr"
wlo
o
o
rir
=
o

Hol ol Rez & LEsfolol el

7 (m)

e

I;
1
[
P
A 0.00 $——4
5 G4 00 oa OB 12 15 a8 98 o0  os ' 38  =a 33
u (m/e)

u (m/s)
(a) x=027m

Fig. 8 Horizontal velocity profile for various PMMA
locations at x=0.27 m and opening

(b) Opening

1297

7} g Folzbr] wffoltt,

Fig. 9% 4717 d&8) £29 Ao it &
A neha 948 £4 daFal A4S x=0.2
m YA LRI E ]
£ AYd v A=
0.11m o]shellA A FAsIA ¥
Az HEZ fdsn ey &3S &
L oo o3 LY ALstAR QI

)
N

LA
B

Q.
o 4 glvh 2&A e wps} Fo] AFHuel
ARs) Edol AT AF7t ofHSHAEA HAY
Asug 2257 2eh o Bd UG A
A M4 HAANE B TEHIE BolEd o
£ 3todel $1A (flame location)oll LA A7t
gemz o2y 4k Fig lldlA 4] AF3}
712 ek A @9 A+ wEHE A A
o) FREolelA 43d ¥ 2=(y
490K)E SR F253n g & 4 U=k
Fig. 102 D24l A2 A4x O 3l *
AdAEE 28 Aot 2% g2 A TF
A4 A FAYG) TEFEE o8 7%
A (x=0.1m, 0.27m 2z AYP)olA €z
sted vepbd Aol dAuvy s

A (|
Ho
2
e
K
2
T
<
i
rfo
frt
wju
N
X
ki
Ho
e

I
=
=
o
8
2
X

£ s
Qs HdAtolol dA sk HAp7E nE Aol

2317K2 23x ¢ 7$-9 2465 Kol v]sted
A AZHch, 2l vul FHYFoz B4
2 5 Ase exiele Frldte AWFelN
Auigre]l £xxe g & LR SiAA 1160

0.18
0.12
— K
e 'I
=y H
0.06 . CASE 1
— — : CASE 2
—--—t CASE 3
] CASE 4
0.00

) 500 1000 1500 2000 2500
T {(K)

Fig. 9 Temperature distribution for various PMMA
locations at x=0.27 m



1298 SR SRR
a1z 012 4
g 3
» -
0.00 2.06
—— : ¥ith Radiation
080 T v T 0.00 T - - r . ; ,
et m’l?(l(,)m oo 200 o lw_g Klm 2000 2500 o 50 xoqg(xu)m 2000 2500
(@) x=0.1m (b} x=0.27m (c) Opening

Fig. 10 Comparison of temperature distribution at various horizontal locations

for with and without radiation

KA =7} 54915}. EadAe] FA" A A

203 o] mpu} LEZALE 23] YAt Ba}

A 13%?1 Folle dAe Aasz e
%

mR-lﬂ:

oY ¥4 & M A A darkast A
Bl olF wrtA dEAe A AxAA D
g A At FAvb 2eig A Balz QY
AebF2el QA2 dede A Aol

BAle] % AuielAe) 3o Ax= 3
AP Aol QA AAak F2d 240]0, Fig
NE 3492 4 29 $25 vebd Aoz (a)
< AeH 22 fAd dE FANAE zn
)= SAddLddo) Fde) Ao nHE o
e TFHEI] Aste] AADNAS Lo 2ZE
FAE 2o o2 Aol st =A% Ao
2 olal 8 ZE 0ell4 1 AbelellA wldliu] o]
A7o A4 FdAAQ [,=0.1803(o}eHoll 4 F
A FA) & Adstie 0.14 Aoz =24 8

location @
location@®
/(‘\~‘/

(a) Flame location

location @

(b) J. profiles

Fig. 11 (a) Flame location for various PMMA loca-
tions and (b) Constant J, profiles and flame
location at the location (@) for without radia-
tion

et =1A (2)9] A$ dFe) EHo) “é‘ﬁ‘?‘&ﬂ
Je A-EHA O % Qe EF
7R gR=e] glon A @ Y Yx
$ol Bhol AN Godold By BEdw
Potel WA YLD AR Yol o
90l Adehe dlge] 4dHez For ¥
FESE 9 A399 4 IR Ue Ase ¢
ekl ) W3S o) Aol 54
Y @ A% sdo] WA Dol Wl
A ol AAHL dxAgEe] Aol Lo g
< 49E% AA}L Yed o] Jgoxe LxE
% Fig. 10014 dF38Igixel 92 @ 2 @
ol vlgted A FZEo] glr}, ol& 3Hd 9] X oA
AANA Y Joo] ALz R LAY 229 sfx
2 7S Qlew Ui §E5EES Ho gy y
FYHE ALY FASY JuiA mgo] g
A %3] wgolvh, a2z AA AWE n
o F3Hdeld A WA Felo) WA X

s

o o rir W a2

(a) With radiation

(b) Without radiation

Fig. 12 Contours of CO, mass fraction for with and
without radiation at location @



s £x7} ol selol slEh dx44EY A
4oz Qlste] vk YT Aoz BYH

e At wasy] A%
da A9 FAAA7 237
Ag%ez 2R AL U

%S Ay A

& NojFm gtk & %*}% T8 74 3]
2717} B grisn e £ 4 otk oy &
ALE a2l g 7ol 5’—47&047}*4 F2 ﬂ%wr
HArpolo] EAsle] F9 FAUAY Hd

Bl whAlE & Bl R 2 QlEly *&Wiai —;—%
AURE Z+A Hw o]z Qlste] REe A} A
2] 7] gt}

Fig. 12 CO:98 AFEEE A Qo =Hdlod
AHE 2 d Aot ayA 4L AR vl
(a) ¢k (b) =A@ Zeleh. H.0¢ £2= CO,
7o mors Jehlg on] CO9b H,09 2o
8 77 0,229 0.72% A4S A4}
Aakdgo]l & e mEgdzt AH3dR
a&udo] o] e oG A ALH}

o AAe] A Fevrbe 2ol
yEb R ghgtalul dRs) o] ol F=el]
A ASe davtast A3 A AT
A Aoz A ARG, =2 FAE
2Eetx e A$r BAb wE AR o
Aol A Aaztart AAFE vl g0l Bol F7H
+F & 4 Ach oY@ FAdAGEdE A
49 277k AR FeFAAst F4E A HS A
Aoz o457 dlfe] dAare AsAd
S AT = FapdADe ol AuiHel Az
h3]

Aol

X

2 oo

L e N e

fr

e _l

ox

7

19
E FiY :[L

24 2304 Pr-‘i-’_-“éﬁﬂ%'—?& WA Miﬂ 444
3 171-14 Eﬁéao T

4

&
. + PMMAY} =

2 &l Shvab-Zeldovich #
-‘é-z k- ur_-llo 50‘:]

o]
steten] #AdAY A4 sk DOME 4§

Agre d¥dse pAdss) B3 g ol
auge] ¥E P42 o oY G A7l
date] +qsiich. Sl AEuo] EAlY

4 °4*7Pé%it AR e g
22 Jeh} 2AE nejd A
FHoh A LwroﬂAM Hnesr} 1160Kol 4 Al
AZE et webd A sl44] 2Add g
o 2240] YZseh

z 7

B dFE At o7y ALY (A
3 1921-0900-047-2) ol 2l3led R AFAzte
ARz AAA ofe| A Al =g F3 o},

AuEH

(1) Emmons, H. W., 1973, “Heat Transfer in Fire,”
ASME ]. of Heat Transfer, Vol.95, pp. 145~151.

(2) Steckler, K. D, Quintiere, J. G. and Rinkinen,
W. J., 1982, “Flow Induced by Fire in a Compart-
ment,” Nineteenth Symposium (Int.) on Combus-
tion, The Combustion Institute, pp. 913~920.

(3) Quintiere, J. G., 1984, “A Perspective on Com-
partment Fire Growth,” Combustion Science and
Technology, Vol. 39, pp. 11~54

(4) Mao, C. P., Fernandez-Pello, A. C. and Hum-
phrey, J. A. C., 1984 “An Investigation of Steady
Wall Ceiling and Partial Enclosure Fires,”
ASME ]. of Heat Transfer, Vol. 106, pp.
221~228.

(5) Liu, C. N. and Shih, T. M., 1980, “Laminar,
Mixed-Convection, Boundary Layer, Nongray-
Radiative, Diffusion Flames,” ASME J. of Heat
Transfer, Vol. 102, pp. 724~730.

(6) Hottel, H. C. and Sarofim, A. F., 1967, Radiative
Heat Transfer, McGraw-Hill, New York.

(7) Howel}, J. R, 1968, “Application of Monte-
Carlo to Heat Transfer Problem,” Advances in
Heat Transfer, Vol. 5, pp. 1~54, Academic Press,
New York.



1300

(8) Viskanta, R., 1966, “Radiation Transfer and
Interaction of Convection with Radiation Heat
Transfer,” Advances in Heat Transfer, Vol. 3,
pp. 175~251, Academic Press, New York.

(9) Siddall, R. G., 1974, “Flux Methods for the
Analysis of Radiant Heat Transfer,” J. Inst
Fuel, Vol. 47 pp. 101~109.

(10) Menguc, M. P., 1985, Modeling of Radiative
Heat Transfer in Multi-Dimensional Enclosure
Using Spherical Harmonics Approximation, Ph.
D. Thesis, Purdue Univ.

(11) Fiveland, W. A., 1984,
Solutions of the Radiative Transport Equation
for Rectangular Enclosure,” ASME J. of Heat
Transfer, Vol. 106, pp. 669~ 706.

(12) Jamaluddin, A. S. and Smith, P. J., 1988,
“Predicting Radiative Transfer in Rectangular

“Discrete-Ordinate

Enclosure using the Discrete Ordinate Method,”
Combust. Sci. Technol., Vol. 59, pp. 321~ 340.
(13) Yucel, A., Acharya, S. and Williams, M. L.,
1989, “Natural Convection and Radiation in a
Square Enclosure,” Numerical Heat Transfer,

Part A, Vol. 15, pp. 261~278.

(14) Davidson, L., 1990, “Calculation of the Turbu-
lent Buoyancy-Driven Flow in a Rectangular
Cavity Using an Efficient Solver and Two Differ-
ent Low Reynolds Number k-¢ Turbulence
Models,” Numerical Heat Transfer, Part A, Vol.
18, pp. 129~147.

(15) Zhou, L. and Fernandez-Pello, A. C., 1993,
“Turbulent, Concurrent, Ceiling Flame Spread :
The Effect of Buoyancy,”
Flame, Vol. 92, pp. 45~59.

(16) Chen, Q., van der Kooi, J. and Meyers, A,
1988, “Measurement and Computations of Venti-

Combustion and

lation Efficiency and Temperature Efficiency in
a Ventilated Room,” Energy and Buildings, Vol.
12, pp. 85-99.

(17) Jones, W. P. and Launder, B. E., 1972, “The
Prediction of Laminarization with a Two-
Equation Model of Turbulence,” Int. J. of Heat
and Mass Transfer, Vol. 15, pp. 310-314.

(18) Patel, V. C,, Rodi, W. and Scheuerer, G., 1986,
“Turbulence Models for Near-Wall and Low

e

CupA S

Reynolds Number Flow : A Review,” AIAA ],
Vol. 23, No. 9, pp. 1308~1319.

(19) Lam, C. K. G. and Bremhorst, K. A, 1981, “A
Modified Form of the k-¢ Model for Predicting
Wall Turbulence,” J. Fluid Eng., Vol. 103, pp.
456 ~460.

(20) Ozisik, M. N., 1973, Radiative Transfer and
Interactions with Conduction and Convection,
John Wiley and Sons, Co., New York.

(21) Pearce,BE. and Emery, AF., 1970, “Heat
Transfer by Thermal Radiation and Laminar
Forced Convection to an Absorbing Fluid in the
Entry Region of Pipe,” ASME J. of Heat Trans-
fer, pp. 221~231.

(22) Smith, T. F., Shen, Z. F. and Friedman, J. N.,
1982, “Evaluation of Coefficients for the Weight-
ed Sum of Gray Gases Model,” ASME ]. of Heat
Transfer, Vol. 104, pp. 602~ 608.

(23) Patankar, S. V., 1980, Numerical Heat Trans-
fer and Fluid Flow, Hemisphere, Washington,
D. C.

(24) Carlson, B. G. and Lathrop, K. D. 1968,
Transport Theory-the Method of Discrete-
Ordinates in Computing Methods in Reactor
Physics, edited by Greenspan, Kelber, and
Okrent ; Gordon and Breach, New York

(25) alg, wAd, AP, 1993, “dLEH
271 9 Ao g HAE e dartad
d W F554," F=aY53Es, sAgE
3 =F4, pp. 55~61.

(26) Lockwood, F. C. and Shah, N. C, 1981, “A
New Radiation Solution Method for Incorpora-
tion in General Combustion Prediction Proce-
dures,” Eighteenth Symposium (International) on
Combustion, The Combustion Institute, p.1405.

@7 A4+, A%d, 288, 1992, “F4, WA
n_l Az}!u]E_aL A].a}u}‘zl o 5:—%\:]’0 L Déyﬂ:\"_y].pﬂ
o] A F-BALG Aol e Fx ;AL T o
1A &3 =54, A16d, A5E, pp. 952~964.

(28) Hyde, D. J. and Truelove, J. S., 1977, The
Discrete Ovrdinates Approximation for Multi-
Dimensional Radiant Heat Transfer in Furnaces,
AERE R-8502, AEWE Harwell, U. K.



