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ABSTRACT

This review encompasses the available crown fire initiation model which includes semi-
empirical and physical models. The semi-empirical models are preliminary designed to simulate a
landscape scale fire by obtaining the surface fire spread rate from operational model as an input. They
are proposed from simple theoretical expressions and completed through experimentation to shorten
computational time to predict the crown fire initiation. In contrast, the physical models are developed
for simulating more details of the physical mechanisms which control the crown fire initiation. They
require more computational resources to solve the governing equations of fluid dynamics, heat
transfer, and combustion.

1. unin Tomashl#iAanis “blow-ups”  &slulazqnaw

T meadldimatulutingr 1 a1uas o 590137 134 uazﬁgﬂaa"l%lﬁqmm (M1NN31 50 1HAT)
arwanld gy ldfiaugunsagandeliiinaly  A0d1Tu Iihfisgueunni dszmaansgomim
fuddushillduon msgnamvesithaunsamia Wil A 1910 Faiin “Big  Blowup” vir 1 Il

Y i
A = Y 1 g %
ponifuailszian fe TW1dau (Ground fire) lulfi Wunith 6 dAulsnuanielunar 2 Su msflesiums

A A = A o o
Au (Surface fire) uazlwiSousea (Crown fire) vl fialii5ougeadsiinnudiny

Y [l 1
1gauaznIndounsdiaglurian T@auazmn lusd Iisousaalasdiulvginavuiio IWAraun
ey ae1s faneduuingy dnidouseans anawegldiSouseaniamauiougisousonves

9 9 Ty A
wnlidiSeuseavosdu'lil TaglWiSouseanodulvih duldmdmuulasmsmnnuiounarmsudiad
i ; 2 = anudeu [3, 4] inl¥eungiiveuiie 19qeduuay
junsaway ldawnsodu1dlasase [1, 2] uasd ’ YUY | Y

45



2.8BawWOY

dy dy 9 A a dy 9
anudulwile 1dazszvooon iloguugiveuile 14
4 2 = ~ A
UTUDA 100 R usaFea nszuaums Inls lsda

. b g ' g
(Pyrolysis) st unszuiunisdesdaaretiio 1

& d' ' A a4 o
naedumaimn Tuid 18 wu CO  aiSunavy 6031

a - 4 A A
msnanszuaums lnls lsdaveqeiuilogungl

4 A a & 9 A =
gy vwiieguvglveile ldwuds 250 D971
ased ons1snames CO  azuinwenaziild
AUNTNIznIN CO Ao imeiganenazinanIsgn

Y
Tnddu [5]

nszuaums Inls lsgasugamgiivzdlu lawaums

v o o a
TagANUdURUTIZHINOATINIGINA

Ahrrenius reaction ﬁﬂﬁy [6]
; -E,
mpyr = Ab eXp RT (1)

Tasiladeniinanenisna liiSeusenilsznaudie

a a a ' Y @
wqaﬂiimm“lmlmﬂu NIIDNWUNANUIDU LUAZANHUS

VoI5 0UBDN

AIUTAN
—_—

IETRERIEN
A5 Twaf

p g,
§ IWE
Wy anvanvead v i1nay

@

510 1 dnvazves I@Aungnamwndgre laun

nganssuved ll@ddu vureds dasinisgnaiuy
anugalad vl yuides uazanudnvesnih - [7-
10] daaaslugii 1 duilividinadeuvassuila

anusou Taena lmswmn Tudves IWmauszilding

=

Msunsadausousandinilad I uazirlierna

4 4
=2 a =<

Fouondu inamsmanuieudiugauuu Wodas
magna1n aAnugudar v nazanudnveanidi i

A 43’ o Y v ' Y
IWHUU Tl%’ﬂﬂfl’iﬂﬁ51ﬂ1ﬁﬂﬁﬁ]ﬂﬂ’ln\lﬁﬂuﬂﬂﬂNTMﬂ‘lw

a a A

a a £ £
HIAUFIUY "lwmwuumm;ummmmu Tomalums

4
=2 =2

ialisouseadiageiudie Tasiledeniinanoe

Y
wganssul Ao puaniAveudoinds animwerma

46

Y v Fa
wagan iU auauidveusonasiaau 1aun
T Msseada anuaetiles dadiulylduiede
K
Tu'ldaa 3519 wazanwdu [7, 11, 12] anmmernma
Y a A o o ¢ < a

1Aun gavgi Anududuing anusian wazdlsuw
F 9 v
v [12-14] vazaawitui 1dun anuaiadu uag
nanesuueauaa [8, 15]

M3010MANNToU HNIEDI NMTWIANT o ULAY

T A F a a 1A = [

msursadanuiousinlimdugiSousen Fuiu

v o ]

AL A a A
AszUIUMINIUAUArUIved IWAIAY Tagluvaush

a A o [ 9 "9 9 9 ] [
IWidumdamdrgdn’ld anudouszaramgiSou

goalagnIuHsIdn1uTeu 8as1nsmsuHanuion

421 o ] J a a v A I o
WAUATTEz9TEn IAIAuA S ouseallurdn

9 a 4’?’ A a a Y 9y
mMsnIAuseuvziiatuile lWilaugnaimdlng
au'lsl i lvadu I amnsomiemaseuainmsmwn ust
Tdaremanudouliuniseusea nmsmanuieude
S o W a
Wunalndrnglumsaalwveusousen [1, 16-21]
- < 202

TagnInguinazA21519998101A3 DN
[ T A 9 A d?’
gasimsmazmsursadanusowiviu Temalu
mynalWliSousensziiy

AaauliAveuTousen WINEHe ANURUILLUYY

2
59U80A ANUFIVDIFIUTOUIDA  11AZAINFUV
dy a a Y a A
aumAoImal linalagasiandnsimsina lWiSousen
v
[1, 18, 22-26] AnunuuiuveusoUsen Ao Hnin
A A 1 4 < 1
voululduazndldnTidudigudnarsyumaanni 3
ﬁaﬁmm@iawﬁqgﬂmﬁﬁmm [18, 22, 27, 28] uazil
' 3 v ~ ' A

nalasasanenduis1veseimadoun luanusou
o INARDNTAZANAIINS DUIAZ UM NVEID NS
foun'lnaluSousen [29] uariimasennuivuas
(Optical opacity) Felimanemssumsuriinnuion
ninlW@au [17, 25, 30] anunuinlvveusougen

]
9 v A4 1

Vnedluguautiadidyitinadensiialwisousea
[31-34] saudamsgnamves IiTousen [23] a1
qevesgruiseusea Ao szezlunuifesendiein
SunveuFomaiauiuveuduaveaiousen

Taeisoug0nLMNEDIAIUNTANUN U LAY 0.011



nlanSudegnuiaiuas [23, 35] MINANNGIVEIFIY

SougDAaADY QUNNNUDI0IMASoUNF T o ULDATE
v 4

gauih i Temalumsaalilgedu [33, 36-39]
A A a v ) 9
weisougeada Iludr anudeuninmswnlnivg

9
1A

memdounaugiiie e l¥nszuaunsInlslsga
a dgl 1 o Y 9 a dg} [l
wavuae uaziilimsw ludamsanasuedia
VA Y 9q ¥ v 9 Y
aoiiinald minmsw Tudldanuieuldanas o
a 2 I a
M3 InlslsFaszanas Maw Inidnvzldsuaanas
o Y o Y Y 9
mldeasimamn lndanasdie Tluneasadu inms
9
< [
w1 Inddanusouldauinau fezisadasims nlsls
a o YN Y A (a 4 4, Yo
Far ey Inil 1daz TS uaniiuvy i lisas1ngm
Y d? Y ~ J av o o v @ J a
Tudigaudae Sonn Ugduiussznie diugemas
(Fire-fuel

Yo g Y ¥ o & 9 0 9 ¥
hh’mﬁ/]'leh/i@’]ﬂ’]ﬁﬁ@u’ﬂaﬂﬁ')ﬂluﬂ’luuullax‘ﬂ’ﬂﬂ@’]ﬂ’]ﬁ

interaction) [40]Tuvaizi@oaiu N15HI

Y 1y 9 P < )
ﬂ@,ﬂmqmumwm"lw mlinnusivesemaiou

e

A o ' Y

v 4
NN 905 1MIDIEMANUTOUGFOINAIZIUY tazii

e

Yo y 4 o 4 2
Ioas s luidgeiua Tasanwsauzmuiu
v Y
sunsenurenasliasatlouniwm Tus 1dsiu
[ o <
dasimawn Iuiazanas vazi linszuaavanninuis)

asnw 3end Ufduiutszwingliivernia (Fire-
atmosphere interaction) [40]
A a A 1o v
ioaninmsnaaeinisiiallizonsoaluiii g

o1nuazduas1e tuuiasanisina liiTousendagn
Wanesiasaman i lmina liiseuseald Tag
1 o I =
AT antanuYsiandeontiuaeslszian Ao
. 4 . .
wuuaaeenamenIn (Semi-empirical model) uag

uuudasamenn (Physical model)

2. !!UU§1a®Qﬁ!Qﬂ1Uﬂ1W

nUsIaeshanen (Semi-empirical model)
dsumaina lliSousenlasdiulvg ldgnesnuuy
el unvusiaedes (Sub model) 3ufy
nuusraeenanildlunisiienginssuvea il
Lﬁmmmuﬂmﬁu"h\lﬂﬁmi"uﬁyuﬁmum“lmj 15
BEHAVE [41] FARSITE [28] uaz NEXUS [42]

47

Engng.J.CMU.(2012) 19 (2)

o £ < o a A
LLU']Jﬁ'l'lﬂ'foNﬂ1Elﬂ1W11!i]$ﬂ1u’3mﬂ']§!ﬂﬂvl1/‘hi’f)u

]
a

gpAINA1BATIMIgnawved IAraunswIn1den
uuudiaesndnlasordenguinisninnuioulums

Y A o a A
ﬁ‘ifoiJfﬂi!fWE]‘I/nuWST@ﬂWﬁiuﬂWiLﬂﬂMlWLiﬂuﬂﬂﬂ

=~

@ ' Yy o a
gumsaanaIzimslemdulscaninmsnaaos
o v A v o v o
Tunisdsvudiielmanisviturelndifeady

A a d? a Ay o J J
NISUIUNITNNAUVUIT Tﬂﬂwammﬂaan‘wuﬁizmn

v

Y
Tdusomawazdfduiussenieiiveimaldgn

@

Y v ' o = A
ﬁm'lﬂuﬁumimwvu U Iﬂﬂl!'].l‘]J‘maﬁNﬂ\TﬂWJﬂW‘Wl

A o

Y
¥ uilagaiuiiaai

a

2.1 nuudae9vas Van Wagner (1977)
Van Wagner (1977) [18] ¥auydgiuiinau

v a a 0o q v & A A a
mumﬂmlﬂmﬂu%31/]11???1’311!"1114114&%6!%61%3EJuEJE]ﬂ

o Y d’l a a a dg’ =2
53!1’?EJE]E]ﬂ‘l’?llﬂLLa%‘VIﬂ“l’il%f)!.Wﬁ\ﬁJﬂﬂ!ﬂQlJﬁﬂﬂlN%Nﬂﬂ

a 5

gana v Seauydld IS ousonvzaa ldiionu

a 3

a a A ' a a g
’iuuiwmVl‘NmﬂuuﬂnﬂﬂmmanJﬁuuﬁ’mi]@lmL’ﬂu

anwuguussves Iiaundnganitlvisouseaiog
v a vq ¥ a P
aruvuaald nazldldnguinisnianiuien
- v o J '
(Convective theory) Tumsmanuduiussenig

AudulAveuTouspANUAINTUIT IV IWAIAY

E4
(=1

INYAAH [18]
2)
3)

Taganuguussves larduasadiuaalden

l,=(001-2,-Q,)"
Q. = 460+ 25.9m,

qum3Ives Byram [43] cﬁqi%ﬂmﬁuﬁﬁmawﬁmwﬁﬁa
fu Tumsdnnadad [43]

I, =H -w-ROS (4)

nuusiaesves Van Wagner [18] ldgnldedis

unsvatelumizenu Iihvesanigomsmluilegiv

4
~

[23, 44, 45] wiuuvuiiaesiiidesidanalsedne ua
< A ] o ~ 1 @ U
Aliwafmiuduiisanedenisnaunuilosdulvi

dmsuithlaodulngld [1, 23]

2.2 nuudaeevae Xanthopolos (1990)



2.8BawWOY

Xanthopolos ~ (1990)  [16] 1@ 1Fauydgiui

A a a A Yo Y 2
@Hﬂ?ﬂ!“ﬁﬂlwaﬂsﬂzﬁﬂllV‘Illl@llﬂTUﬂ'Jqlliﬂuf‘]:ﬂ'ﬁlﬂﬂ‘Wﬂ

wazliguugiganenvzanli’ld Tasoyninves

=

dy a 19 1 A a 1 k4
LFDIWAIN gﬂTLlﬁNfIﬂ"lJfJ\iLi@u&ﬂﬂ‘ﬂgﬁﬂthﬂﬂuLmi

4
= 1

ANAINIUFAIUUU uaz"lﬁ'auﬂﬁmigﬂznmﬁmgmﬂ

L]

9 [l 1
wormadlFlumsaa lviie 1dsunnueuainaiulvi

1 9
gamimagluyia x i dail [16]

t=2a,exp(a,T, +a;m) ®)

T —b, + bl(IZ—RJ+ b, (zﬂ} b4, +bU?  (6)

¢ c
Tagwn t, iafesndn x aumﬂmawﬁmwﬁaﬁ%zﬁﬂ
I VfﬁﬁyXanthopolos (1990) [16] larmuali x/t,
iWuazuuuvesnisaalyl (Ignition  score) nazld
HASINYBIAILUIIN X TAMUA 10 7179 02, 2, 5, 10,
15,...,40 31 WudadaduintliSeusenvzaald
w30l ﬁaﬁy[w]
05 2-05
n

Ignition score = (— +
tOAS tZ t5

5-2

7
40-35 7
fot———

40

jxlOO

Y )
TWiSousenazinavuiionzuuunsaa liuinnin

'
o

g// Aq Y a 9 o Ay a
azunududnldlunsaa lddmsuvoymaromas
& o ' oA v o aq Y
Uszinniiug endedrausu nalineuanldnminaaes

a 3 4
[16] az@alWnaeiiie

a 1 ' a 9}0’/’ '
azuuunsaa IWiamnndi 22 uaznaldnanuase li

w9 Xanthopolos  (1990)
daldnzuuunsaalildinds 15
2.3 uuuaae9vad Alexander (1998)

Alexander (1998) [1] siauaeain Van Wagner
(1977) [18] uay Xanthopolos [16] Tasfnuali
LGABW@LW8@ﬂzﬁﬂ"lwgf]a“],ﬁ%”umm%’auqm%mnwmmzﬁ
gungigenefiozialilg naz 185 mnavesszoziia
#19un13daldernuuusiassves Xanthopolos
(1990)  [16] yuidoaveslWvinaunisves Taylor
(1961) [46] waz Thomas (1964) [47] uazamaniia

e A a a Y ° Y
ﬂJ@QL%@L‘WﬁQN’muhl’ﬂumimu’;m U’ﬁgllﬂﬁllﬂhliwq

48

szozinamildeoaldaalviie 1d5uanusousn

1 E4
afulifgungiianes dail [1]

U

t,, =291.917 exp(—0.00664T, +0.00729m, )

8
T, =T, + AT )
T k I sin A) 10
- (10)
Z, =Z,sin(90-6) (11)
| 0.286
A, =tan™ 0.209[U—53j (12)

TWiSouvenznadiegaigiivesaiulv (T,) Tm

1 = = d' a Aa Y
1NNI1400 BeraTee naziiszeziad lWAAu1q
(tig)

2.4 puudaesves Scott and Reinhardt (2001)

Y ' A o Y A a
ANUIPUNINNNSZEzANT I T oUEAR ﬂ"h/\l

Scott and Reinhardt (2001) [23] l¥auydAgiu

a9

@ei Van Wagner [18] TaglwiSouseaszda’la

Wenuguussves ArAuTiA NN IIANTULS
a a K a a
Inga wlasnnuguusadngdluaunisves Van

Y a a L
Wagner  [18] 1iilusasimsanainingd ¥anaoe

'
a A

sasimsgnawved liiddundesiganiilvinalv

Bouveadail [23, 48]

|
ROS, =2
°~H, (13)
H,=60-1g-t, (14)
mniu Scott and Reinhardt [23] la1%

AnuFuiusTniennus auAUsATINIgRA LYY

IWArduaiuaunisves Rothermel  [7] oAl
< a aa ' . . y R &

AMNITIaNINYA Fan1 “Torching index” duuan
< 4 o YA o q ¥

AT IaNNTTAVANNGS 6.1 tuas9Ingen liNi 1A

TWarausianuguussganenszirliine lwisousen
4

1adati [23]



0.278

TI=U=|—2"_|x
54.683U

[se A

601,0,6Q,
(H,/60)¢1,
o[ £

ﬁop

(15)

sl

2.5 nuudaesvas Cruz et al. (2006)

Cruz et al. (2006) [2] ldeuyagiunnldly

a ' A’I a a d' = a =
auyAgIuN eymaematazan llileligungiged

aa yq ¥ = ' Y

guvigian vl uazldldnguinisoramanuiou
(Heat transfer theory) lunmsea31s Crown Fuel
Ignition Model (CFIM) Tagsmuali li@awily
Wanudeu Seuveavesdu ldguiuunasiuanu

Y Y ' a a 1A
39U Llﬁ$ﬂ31lliﬂui]$iﬂ‘c’ll1/li]1ﬂll1/\lWﬁﬂuﬁliﬂuﬂﬂﬂiﬂﬂ

L]

a

mImnnuseunazmiuksednnuion ildgungl

k4 ' 4
YBIOUMATOINAINITOUIDAFIUUAWANNITANAA

Ea
NAINUAIL

dT, A
Ps v Cot F: hc ’ Af (Tg _Ts)+ I12 .

4 4

—Fy- A -0 '(Tf -T, )

A a & A a

VlV‘ILj@uﬂ'ﬂﬂﬂglﬂﬂﬂluluﬂqmwg'llﬂ]@ﬂﬂuﬂhlﬂ
& a A A a ' aa =
L%@LWﬁQV]j}WHm@Qﬁf‘)ﬂﬂ@@ﬂﬂ?ﬂ?ﬂﬂjﬂlqmﬁﬂuﬂﬂquﬂ

9

600 D4FUADIU

3. HUUDIAVIMEMW
uuuiaeanmenIw (Physical model) dwsunms
a'liSouseagnoenuuuuuielddnui1sieazidon
a A A 9 Y o aA
yoanszuumsina lliSouseaiiodsygnaldnunsain
v 4 1
Wemmasam i uiuseanmemaliaNuduFou 1wy
{ a ' 4 o I
TWamauumihmvmIeluseun &l ldnnusa
a dgl [ ~ =) J a A
auudumnnauiluannznaniinasemsina lvliSou
Fa
goauInnIUFoINae [49] Ufduwussyndreldy

a 1

=) d' % aa
1Mz in1nidasuntlasiuaiazioninan

2 (16)

49

Engng.J.CMU.(2012) 19 (2)

2 o q ¥ o ° 24
wpanssuued Ivlun Mldwamsdrunuuiiassia
A f  a
MEMNAIAAADUIINANUT LTI
Tumsdrnanvudiaesszldarguanidania
MeNINANY ANerdoiunszuIUMT 15U Auanla
Y 4 '
YDUFOINAL ANININIA LAz WU Tuudaunis
A A 4 v
AUMsINABUNVEWd Inadelszneuals dums

o o o

DUTNHNIA WAL Twudl tazdadiu lasuraves
a3 tesuiamsaeuvesved lva [50-52] i lw
Ao o o ' I { a a
aunsaulfduiusszrieldduisemawazlg
Fuiusszvnieldduemalilumssiuam [40] 8
4 v 4
N A50MUIUNTZUIUNTANE NNATU0E19Dd5E
1 Ed
MldawnsouaasioaziBoaveanszuiums inaiu
) '
T&unnn
o a A o ad
suuraesmsina lisousealuilegiuiidugiv
msmuaunnuuuiiaes WEAunuy Multiphase
1 9
wo3 Grishin (1985) [53] Fearuydlidanaradiidu
A o o & a 'y o y_ v
Mmiunisuazyeaude (1roINad) ogdlreny uaun
aay ag
AUNITAIUANNIT IMauuUdeIlan1035 Reynolds-
averaged Navier-Stokes equations (RANS) Tag
Tunisdruranis lvanvuiluilau (Turbulence
model) 1814 k-¢ turbulence model @aldpens
1996 [54]
1az Zhou and Pereira (2000) [55] msfuIamsin

221435 P1-

] = [3 - .
UWIHABTINDUDTIa09Ues Grishin
v A Y - -
fadnawiou (Radiation  model)
approximation Tasauyald Iardwdunduoun

Ty Y ldy a 9 Y aa dy 9 1
ursadnwioudiroiwasdranir 35msiildedi
Fa
uwsvatelusaaaniy 1wy uuuilaesves Larini
(1998) [56], Porterie (1998) [57], wag Grishin and
Perminov  (1998) [58] Tudauvuesmsazauyalii
mwzis O, nar CO (Malwlslsda) msdvom
mswnIngl (Combustion model) Idauy@liiiu
Single one step reaction Tasfvualioasinismn
P v
Tudduegnvisuim Oy Taslunvusiaesiidslifa
msnaain (Soot formation) ilvianuseuainms

v o A& a . ! 2 a
LN']lfh’i11Glu‘]ful‘]f@l,wﬁ\1i]35ﬂ?ﬂ!mq@uﬂ?ﬂl‘]ﬁﬂlwaﬁiﬂﬂﬂ'ﬁ



2.8BawWOY

Y =~ [} = 1 < Yo Y
manufeuiissesnuded Tudimveaielatmual
2 4
foymadomauiivsriafed Tanvausilugnguie
o . 2 &
w87 (Homogeneous porous medium) san1u%u
veszigeonuazinanszuaums inls lsFadwile
1a5uanuiou
4
NAIINIY uuIIaeanaeou [52, 56, 57, 59]
v aq9q o & a XA A a 2 a
Tdauyaldlurudomas iyormastioyniaioinas
naewiinediauiu (Heterogeneous combustible

media) Awuanalugii 2

Z
A A
» WWP11Gﬂ1ﬁQﬂﬁ11}MﬂJl]V-| DUNAITDINAT
—
A A
1¥DINa
SAAAAAAA
X

ala Tl
d' v dgl a
317 2 dnpagnamen v areInaa [56]

1 Y
TassmualdlunilaniielSuiasvousoinasny
[ dy a a 1 o
Uszneudiemanazoymiasemas N iaegsaunu

@

&aii [56]
17)

wazdasnsszvevesn Uiy msnTslsda nazms
nalfnsenn Induesaiu (Char  combustion) g
ﬁuﬁuqmwgﬁmmﬁnmimmﬁnﬁuﬁmmmﬁgﬁﬂﬁ
(First-order Arrhenius kinetics) wu Tunnudiaes

w04 Porterie et al. (1998) [57] fiall

'% E y 19
R0 =M 0 2 exp| — /jI_H > (18)
NT k
R o =M, o A o €X _Eanr 19
k,pyr = "k, pyr 70, pyr p Tk ( )
1 EA char
char — — ©Y,char EXp| ————— 20
k.ch s, A char Po, p[ T, j (20)

Taw Porterieet al. (2003) [60] lAvsuilgadnsinis

LWWN],'Hflj"U@QEhuiﬂﬂi’JiJNﬁﬂlE‘NﬂTifJﬂﬁ’JﬂlENﬂWﬂWﬁalu

50

9
@ aaa

£ A daa o a
%ummwawmmaammﬁmﬂﬂgﬂifn (Blowing

9/

JRe, @il [60]
Rk,char - AbSChal' ako-kpo (1+ﬂchar Y ek)

ol

wen Nty nuuiassnisina lisousenlagn

A

effects) 3siide 1+ 3, ,

(21)

EA,char

T

Warnswazidoaludiuaia e l¥awisniians
nszuaums 1A ay Wy msduiavesnsIna
uuudutu mswn lufuuiutg msudsedan
$ou uazmsnavai [51, 55-57, 60-63] it

3.1 mssmnamsvanuuilu

Porterie et al. (2000)[52] ‘l&1lszendl¥3s
Renormalization group (RNG) k-¢ turbulence
model fuudaumsnrugums luauuuaelindieds

RANS #al¥mamiuginii Standard k-¢ turbulence

model Tasmsaaniduuils (Fluctuation)  ween1s
nade3% Favre averaging method &aii
8, . 8 ,_. ol(_ w) k] (@
G (pk)+ L (pa k)= @+ | X
at?) axj(p’) X, [“ ak]axj
+ PR +W, — ps
2 ()4 (pe) = 2| (et |22 | &
ot P o PRE S o I\ M s, Jax,
&
+ E(Cé_lPk +C,W,)
& _52
~RR L ~CuP
0.
lag P, ——pu”u"a— naz W, = -2 % P
OX; p° OX; OX;
wiawniu Zhou et al. (2007) [55] 18

Uszgndl¥3s Large Eddy Simulation (LES) fu
dunisnluquisivauvuaiuida Tagld
Smagorinsky model [64] Tumssiaunslva
Yo A o Y 1 o &

Yutlu esraenszurums Iduiudvuuazanse

= Y d? 12 dy
LLﬁﬂQiTﬂﬁm@ﬂﬂﬂlﬂﬂﬂ?ﬁq‘ﬂﬁllﬂiﬂﬂﬁllu PN



2
+§CIAZPH5U (24)
- oT
—p(uh-a,h)=—Ee, S
p( J J ) Pl’t Paxj (25)
ol TV H aYNK
—-pluY, —0Y, )=
pupYe—0Yy) Se o (26)
Tao
1( o0, ou,
i=o| ==L 27
b2 o 6xiJ @D
p, =CoA? oI (28)
=SS, (29)

32 masmnamsenvdimuthalhu

Porterie et al. (2000) [52] 52189 Zhou and
Pereira (2000) [55] Idsvgndly Eddy dissipation
concept [65] T@ﬂﬁwmﬁ'é”@mﬂmm"lwﬁ'enxéﬁ?uafviﬁ'u
Turbulence dissipation rate ﬁ%ﬁqmmﬁ”w 13
wn'lnfiilu Single one step reaction awaumMs

CO+1/20, — CO, nazionsinmsilasunlasuia
2 2

J (30)

v
voImaa1efadl [52]

. Y, BY,
a')CO:—A,EEmin[Y Yo Zleo,

€5 1+s
a‘)_ozzsa.’co (31)
e, =—(1+5) oo (32)

v
a <K

119991 T IR UATH LI VT MR

A3

< '

vouar Il GaTaeia lTvuandanniinsanldlums
v

M ey Zhou et al. (2007) [55] 18

Uszgad1¥msdmaanmaw Induuy Flame Surface

Density (FSD) [66] :iiod111308112848A5 10151
WY 1 o & o A&

Tnd Iduaiudiu dail

(33)

density (T) Aowagaves

@, =m2
Tao Flame  surface
' v '
Aundo Passive scalar gradient (Zy) vSnawuraf
Y o 1 A ] @ dy
wn Ingd fu Aundeanuruiu (PL) fil

T=|vz| P, (34)

51

Engng.J.CMU.(2012) 19 (2)

3.3 manesaaanuiou

Grishin and Perminov (1998) [17] ‘lderuyald
mas i Tsauea (Grey gas) shldmaannsogadu
anvdouveuuinld fufu  msuisidnudens
falaeds P, Spherical Harmonic Approximation
i nuuiaeslaodnlny 1duldeunn 1433
Discrete Ordinates (DO) iuGrey gas i¥u
uuudao9ves Porterie et al. (2000) [52], Zhou
and Pereira (2000) [55], wagz Zhou et al. (2007)

[55] Fafiaunsdad [52]

Qrad,g =48, (G _4UT4) (39)
Tao G fio aAnudumasuesdadanudoudan 1dnn
G=], 1(@)ee (3)
0 0
Mo &(aglm)-i-fm 5(619 Im)
oT?! J oT!
=agag( - _Ij+kz_;‘akak( ﬁk - I) (37)

Tag Kaplan et al. (1996) [67] wunmganauves
M COs Meruiy HoO Tawmiiu

8, =0.1( X, + Xy 0 ) +18621,T (38)

E4
(X% [

= v 9 o <3 Y
Wiﬂﬁﬂ’ﬂll'i’e]u?fTVi'i“]Jﬁll@QLL‘lNWWVlﬂ N

uagi 1
Quar =3 (G-40T})  (39)

3.4 msbaan
Grishin and Perminov (1998) [17] laauydl#
. S I s w -
dasImsnaituegnusasimsmaniay wlslsge
Y
esegnufed 3914 1Faumsasil [17]

R..,=aR

pyr

(40)

1 4
iesanmsnainzivediuilided Ay aes

soot

a819Ap1/5105 TasuravouviazANURUIHUY

BYMAYNT LAY DYAANUH UM UYDIDYAIALININ
4

mswn Tndfue 18l Tuiiioane daiu Porterie et al.

(2000) [52] ldvwauneTaoauydlioasimsiiamail

I oo o

Yuegiudinas lasudaveuvii (f,) unudasins

Tl @ dail [52]



2.8BawWOY

— 5 N e 6l MsmuandInuanuieuiseusea ldsuiesiue
Wy, = aezmk - Wisc (41) - - - o .
Psoot | k2 soot falemalumsinaliifousen funnuiassnmenin
Fal¥nuimanes lu'lauriind wamaasveslua
4. aql warmswn luiduesuiena lamsiia liiSeuesea
o a [~ 4 Aa ' y U Ty A
puudassmana iseuseaiilunieslioniini 1aua ms Inavuuiludu mswn T msursadany
o o o ' s 1 o ' ] a ' A o '
futlulumsdams Iih msmamsaiiuiudinesis fou uazmuiamin Tasaumsiinnsuseglu
U o 1 = a a % dy g d' o o
mldnmsdesdulihuazdylihiivse@niamases  ynadud ssduaunmsiuguilddmsvadie
' a A ° a A o o
Fgaalomamiia ldihiianuguesagaaznms  syusiaesmisiialiiSenseana uazuuusiaes
4 dy I =<
blow ups” 1dun unanwindumssiusin aesmdwmsudnusiaziBeavesnszuiumsiia il
v 1 1
nyusiassmana lifousen TauuuNIMen MFs  Sousea saudldanuimsina s ousealuanin

' A
= A =~

A v o T o A A o Y
’fJ'E]ﬂLL‘]JTJlI']LWfJG],‘]f'J'NLLWHﬂﬂﬁﬂquﬂ1ﬁ1W§ﬂwu WUNUIDANTNDINIANAINUEUEDU

yualng Tagldnrwdiseanianes lulawnindlu

Y Aa
ONA1ID NN

[1] Alexander, M.E. (1998). Crown fire thresholds in exotic pine plantations of Australia, Ph.D. Thesis,
Australian National University, Canberra, Australia.

[2] Cruz, M.G., B.W. Butler, M.E. Alexander, J.M. Forthofer, and R.H. Wakimoto. (2006). Predicting the
ignition of crown fuels above a spreading surface fire Part I: model idealization. International Journal
of Wildland Fire, 15(1), 47-60.

[3] Cheney, N. (1981). Fire behavior, Australian Academy of Science, Sydney.

[4] Vines, R.G. (1981). Physics and chemistry of rural fires. In 'Fire and the Australian biota'. (Eds A.M. Gill,
R.H. Groves. and I.R. Noble), 129-150.

[5] White, R.H. and M.A. Dietenberger. Wood Products: Thermal Degradation and Fire. Encyclopedia of
Materials: Science and Technology, 9712-9716.

[6] Di Blasi, C. (1993). Modeling and Simulation of Combustion Processes of Charring and Non-Charring
Solid Fuels. Prog. Energy Combust, Sci., 19, 71-104.

[7] Rothermel, R.C. (1972). A mathematical model for predicting fire spread in wildland fuels, USDA Forest
Service, Intermountain Research Station, Research Paper, INT-115, Ogden, Utah, USA.

[8] Pyne, S., P.L. Andrews, and R.D. Laven. (1996). Introduction to wildland fire. John Wiley & Sons, New
York-Chichester-Brisbane-Toronto-Singapore. , 769 p.

[9] Chandler, G., P. Cheney, P. Thomas, L. Trabaud, and D. Williams. (1983). Fire in Forestry. Volume I.
John Wiley & Sons, New York. , 450 p.

[10] Viegas, D.X. (1998). Forest fire propagation. Philosophical Transactions of the Royal Society of London A
356, 2907-2928.

[11] Fosberg, M.A., J.W. Lancaster, and M.J. Schroeder. (1970). Fuel moisture response - drying relationships
under standard and field conditions. Forest Science, 16, 121-128.

[12] Nelson, R.J. (2001). Water relations of forest fuels. In: Forest Fires: Behavior and Ecological Effects, K.
Johnson E.A. and Miyanishi, ed., Academic Press, San Francisco, CA (2001), 79-143.

[13] Van Wagner, C.E. (1979). "A laboratory study of weather effects on the drying rate of jack pine litter."
Canadian Journal of Forest Research, 9(2), 267-275.

[14] Van Wagner, C.E. (1982). "Initial moisture content and the exponential drying process.”" Canadian Journal
of Forest Research, 12, 90-92.

[15] Countryman, C.M. (1972). "The fire environment concept." USDA Forest Service: Berkely, CA.

[16] Xanthopoulous, G. (1990). "Development of a wildland crown fire initiation model," Dissertation,
University of Montana, Missoula, MT.

[17] Grishin, A. and V. Perminov. (1998). "Mathematical Modeling of the Ignition of Tree Crowns."
Combustion, Explosion, and Shock Waves, 34(4).

[18] Van Wagner, C.E. (1977). "Conditions for the start and spread of crown fire." Canadian Journal of Forest
Research, 7, 23-34.

52



Engng.J.CMU.(2012) 19 (2)

[19] Butler, B.W., J. Cohen, D.J. Latham, R.D. Schuette, P. Sopko, K.S. Shannon, D. Jimenez, and L.S.
Bradshaw. (2004). "Measurements of radiant emissive power and temperatures in crown fires."
Canadian Journal of Forest Research, 34, 1577-1587.

[20] Butler, B.W., M.A. Finney, P.L. Andrews, and F.A. Albini. (2004). "A radiation-driven model for crown
fire spread.” Canadian J. Forest Res., 34, 1588-1599.

[21] Dickinson, M.B. and E.A. Johnson. (2001). "Fire effects on trees.” In 'Forest fires, behavior and ecological
effects’. (Eds EA Johnson, K Miyanishi), 477-525 (Academic Press: San Diego, CA).

[22] Alexander, M.E. (1988). "Help with making crown fire hazard assessments. In Protecting People and
Homes from Wildfire in the Interior West: Proceedings of the symposium and workshop."”
Proceedings of the symposium and workshop, USDA For. Serv. Gen. Tech. Rep. INT-251., 147-153.

[23] Scott, J.H. and E.D. Reinhardt. (2001). "Assessing crown fire potential by linking models of surface and
crown fire behavior." USDA Forest Service, Rocky Mountain Forest and Range Experiment Station,
Fort Collins, Colorado.

[24] Albini, F.A. (1996). "Iterative solution of the radiation transport equations governing spread of fire in
wildland fuel." Combustion, Explosion, and Shock Waves, 32(5), 534-543.

[25] Cruz, M.G., M.E. Alexander, and R.H. Wakimoto. (2004). "Modeling the likelihood of crown fire
occurrence in conifer forest stands." Forest Science, 50, 640-658.

[26] Keane, R.E., J. Garner, K. Schmidt, D. Long, J. Menakis, and M.A. Finney. (1998). "Development of input
data layers for the FARSITE fire growth model for the Selway-Bitterroot Wilderness complex."”
USDA forest Service, Rocky Mountain Research Station General Technical Report, RMRS_GTR-3,
Ogden, UT. 66 pp.

[27] Keane, R.E., E.D. Reinhardt, J. Scott, K. Gray, and J. Reardon. (2005). "Estimating forest canopy bulk
density using six indirect methods." Canadian Journal of Forest Research, 35, 724-739.

[28] Finney, M.A. (1998). FARSITE users guide and technical documentation, USDA For. Serv. Res. Pap.
RMRS-RP-4.

[29] Cruz, M.G., M.E. Alexander, and R.H. Wakimoto. (2003). "Assessing canopy fuel stratum characteristics
in crown fire prone fuel types of western North America." International Journal of Wildland Fire, 12,
39-50.

[30] Albini, F.A. and B.J. Stocks. (1986). "Predicted and observed rates of spread of crown fires in immature
jack pine." Combustion Science and Technology 48, 65-76.

[31] Agee, J., B. Bahro, M.A. Finney, P. Omi, D. Sapsis, C. Skinner, J. van Wagtendonk, and C. Weatherspoon.
(2000). "The use of shaded fuelbreaks in landscape fire management " Forest Ecology and
Management, 127, 55-66.

[32] Johnson, K., J. Sessions, J. Franklin, and J. Gabriel. (1998). "Integrating wildfire into strategic planning for
Sierra Nevada forests." Journal of Forestry, 96(1), 42-49.

[33] Stephens, S. (1998). "Evaluation of the effects of silvicultural and fuels treatment on potential fire behavior
in Sierra Nevada mixed conifer forests." Forest Ecology and Management, 105, 21-65.

[34] Fule, P., A. Waltz, W. Covington, and T. Heinlein. (2001). "Measuring forest restoration effectiveness in
reducing hazardous fuels." Hournal of Forestry, 99(11), 24-29.

[35] Andersen, H.-E., R.J. McGaughey, and S.E. Reutebuch. (2005). "Estimating forest canopy fuel parameters
using LIDAR data." Remote Sensing of Environment, 94, 441-449.

[36] Mercer, G. and R. Weber. (1994). "Plumes above line fires in a cross wind." International Journal of
Wildland Fire, 4, 201-207.

[37] Deeming, J. (1990). "Effects of prescribed fire on wildfire occurence and severity." In 'Natural and
Prescribed Fire in Pacific Northwest Forests', (Eds JD Walstad, SR Radesevich, DV Sandberg), 95-
104 (Oregon State University Press: Corvallis, OR).

[38] Covington, W., P. Fule, S. Hart, and R. Weaver. (2001). "Modeling ecological restoration effects on
ponderosa pine forest structure.” Rstoration Ecology, 9, 421-431.

[39] Brose, P. and D. Wade. (2002). "Potential fire behavior in pine flatwood forests following three different
fuel reduction techniques." Forest Ecology and Management, 163, 71-84.

[40] Mell, W., M.A. Jenkins, J. Gould, and P. Cheney. (2007). "A physics-based approach to modelling
grassland fires." International Journal ofWildland Fire, 16, 1-22.

[41] Burgan, R.E. and R.C. Rothermel. (1984). "BEHAVE: fire behavior prediction and fuel modeling system."
U.S.D.A. Forest Service, Intermountain Research Station, General Technical Report INT-167, Ogden,
UT.

[42] Scott, J.H. (1999). "NEXUS: A system for assessing crown fire hazard." Fire Management Notes, 59(20-
24).

53



2.8BawWOY

[43] Byram, G.M. (1959). "Combustion of forest fuels." In: Forest fire: control and use, K.P. Davis, ed.,
McGraw-Hill: New York, 61-89.

[44] Pastor, E., L. Zarate, E. Planas, and J. Arnaldos. (2003). "Mathematical models and calculation systems for
the study of wildland fire behavior." Progress in Energy and Combustion Science 29, 139-153.

[45] Finney, M.A. (2004). "FARSITE: Fire area simulator - model development and evaluation." USDA Forest
Service, Rocky Mountain Research Station, Research Paper RMRS-RP-4.

[46] Taylor, G.I. (1961). "Fire under influence of natural convection.” In: The use of Models in Fire Reearch,
W.G. Berl, ed., National Acedemiy of Science - National Research Council Publication, Washington,
D.C., 10-32.

[47] Thomas, P.H. (1964). "The effect of wind on plumes from a line heat source." Department of Scientific and
Industrial Research and Fire Offices, Committee Joint Fire Research Organization, Fire Research
Note Number 572, Boreham Wood, England, 36.

[48] Andrews, P.L. and R.C. Rothermel. (1982). "Charts fore interpreting wildland fire behavior
characteristics." USDA Forest Service, Intermountain Forest and Range Experimental Station,
General Technical Report, INT-131, Ogden, Utah, USA.

[49] Bessie, W.C. and J. E.A. (1995). "The relative importance of fuels and weather on fire behavior in
subalpine forests." Ecology, 76(747-763).

[50] Linn, R., J. Reisner, J. Colman, and J. Winterkamp. (2002). "Studying wildfire using FIRETEC."
International Journal of Wildland Fires 11, 1-14.

[51] Morvan, D. and J.L. Dupuy. (2001). "Modeling fire spread through a forest fuel bed using a multiphase
formulation." Combustion and Flame, 127, 1981-1984.

[52] Porterie, B., D. Morvan, J.C. Loraud, and M. Larini. (2000). "Firespread through fuel beds: Modeling of
wind-aided fires and induced hydrodynamics." Physics Fluids, 12(7), 1762-1782.

[53] Grishin, A., A. Gruzin, and V. Zverev. (1985). "Study of the Structure and Limits of Propagation of the
Front of an Upstream Forest Fire." Fizika Goreniya i Vzryva, 21(9).

[54] Grishin, A. (1996). "General mathematical model for forest fires and its applications." Combust. Expl.
Shock Waves, 32, 503-519.

[55] Zhou, X. and J. Pereira. (2000). "A multidimensional model for simulating vegetation fire spread using a
porous media sub-model." Fire and Materials, 24, 37-43.

[56] Larini, M., F. Giroud, B. Porterie, and J.-C. Loraud. (1998). "A multiphase formulation for fire propagation
in heterogeneous combustible media." International Journal of Heat Mass transfer, 41(6-7), 881-897.

[57] Porterie, B., D. Morvan, M. Larini, and J.C. Loraud. (1998). "Wildfire Propagation: A Two-Dimensional
Multiphase Approach." Combustion, Explosion, and Shock Waves, 34(2).

[58] Perminov, V. (Year). "Mathematical modeling of crown forest fire initiation." in Proceedings of the 3rd
International Conference on Forest Fire Research, Luso, Portugal, 419-431.

[59] Zhou, X., S. Mahalingam, and D.R. Weise. (2007). "Experimental Study and Large Eddy Simulation of
Effect of Terrain Slope on Marginal Burning in Shrub Fuel Beds." Proceedings of the Combustion
Institute, 31, 2547-2555.

[60] Porterie, B., J.C. Loraud, L.O. Bellemare, and J.L. Consalvi. (2003). "A physically based model of the
onset of crowning." Combustion Science and Technology, 175(6), 1109-1141.

[61] Morvan, D. (2007). "A numerical study of flame geometry and potential for crown fire initiation for a
wildfire propagating through shrub fuel." International Journal of Wildland Fires, 16, 511-518.

[62] Morvan, D. and J.L. Dupuy. (2004). "Modeling the propagation of a wildfire througha Mediterrean shrub
using a multiphase formulation."” Combustion and Flame, 138, 199-210.

[63] Zhou, X., S. Mahalingam, and D.R. Weise. (2005). "Modeling of marginal burning state of fire spread in
live chaparral shrub fuel bed." Combustion and Flame, 143, 183-198.

[64] Smagorinsky, J. (1963). "General circulation experiments with the primitive equations, |. The basic
experiment." Mon. Weather Rev. 91, 99.

[65] Culis, C.F., M.M. Hirschler, R.P. Townsend, and V. Visanuvimol. (1983). "The pyrolysis of cellulose
under conditions of rapid heating." Combustion and Flame, 49(1-3), 235-248.

[66] Zhou, X. and S. Mahalingam. (2002). "A flame surface density based model for large eddy simulation of
turbulent nonpremixed combustion.” Physics of Fluids, 14(11), 77-80.

[67] Kaplan, C.R., C.R. Shaddix, and K.C. Smyth. (1996). "Computations of enhanced soot production in time
varying CH4/air diffusion flames." Combustion and Flame, 106(392).

Nomenclature

54



Engng.J.CMU.(2012) 19 (2)

a mnad v U5mas (m?)
Ay fuiveusemas (m?) w hmindemas (kg/m?)
A, Anadi Pre-exponential constant Z A210g3 (M)
A yudesuoali
b Aaail Subscripts
B A 0 AINOA
c AnuS s (m/s) a 21M¢f
C, anuganiousume (kI/kg.K) b bulk
C Al c UG UEDA
E mnad CX Effective crown base height
E. A1 Activation energy f mgmﬂmd:agwﬁq
Fs View factor szniudomasiudunadon g MarFou
h. Anlszansmsmanudon (W/m?.K) k aumm@ffymwﬁmwﬁ k
H Manudouveutomas (kJ/kg) I Tuld
H, manudouvoutemadei (kd/m?) op optimum
K, Proportionality constant S Ilfau
m w7a (kg) sl mmmmﬁawmﬁfuﬁ
m, awduveslylsd w au
R AAafi gas constant ig msaa il
ROS 9931 3gnay (m/s)
t 181 (S) Superscripts
t, nalumsldanudeu (s) () GIER
t narlumsaalvves T (s) (-) Time average
gamgil (°C) (~) Density-weight Favre average
T, aavigiimderas x 3t (°C) (") Density weight Favre fluctuation
AT arwuanavesgungi (°C)
I Anugusa Wl (KW/m) Greek letters
Iy ANugusveslnsen (KW/m?) o, mAafi Stefan-Boltzmann
I, msursadanudousin igisousen (kW/m?) ¢ mdulszang
m w7a (ko) 0 mmmmﬁawmﬁfuﬁ
Qq anufoulumisialvlveslulsf (ki/kg) p ANy (kg/md)
U AnuiEan (m/s) g Propagation flux ratio
U AnuuuessIdnuion (KW/m?) B Fuel packing ratio
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