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Wildfire: a_complex multi-scale prob
(Los Alamos fire May 2000)
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Wildfires: some physical
characteristics (I)

Flames:
+ Turbulente,

* Very bright and
sooty,

- Intense radiation,
+ Soot production,
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Wildfires: some physical

characteristics (II)
Rate of spread R (m/s): 0.1-1.5 m/s
Byram formula:
Fire line intensity I (kW/m): I = M., X AH
USA, Australia:100 000 kW/m
Europe: 10 000 kW/m
M, ... Solid fuel consumption rate (kg/m/s)
n : Combustion efficiency
M;...: Dry solid fuel load (kg/m?)
AH: Heat of combustion (~18 700 kJ/kg)
H;: Flame height (m)

I=nM;, x2AH xR ~ 300 x H?
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Fire intensity scales...

(Aix Marseille

%

16718 kw/m

Efficiency limit: 2000 kW/m (terrestrial), 7000 kW/m (aerial)
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Black Saturday (07/02/2009)
Victoria district (Australia)

Fire storm (Kinglake)

100 000 ha burned in 12H
120 fatalities ,

I~ 80000 kW/ma
ROS~1a3m/s™
Plume height 15 km




Wildfires modelling: a complex
ultl-scale problem

I
I,

Fire fron:ti: ({combustion, turbulence):
Flame thickness: d; ~ 500 um

Fuel: drying,

- pyrolysis,
~combustion

I-IFueI

e Lt L AL Radiation heat transfer
ABL (turbulence): P
Large scale: L, ~.H,., (length of extinction):

_ T s I-R v 2XHFu I/ LAI
Micro scale._n_ 100 - 500 pm 0.1 - 5em

- Morvan, Ifi-l:e Technology 2011
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An other mecanism of fire propagation
: firebrands

Distance travelled by a firebrand > 2400 m (source: SALTUS) !
DR



Aix:-Marseille
universite

Factors affecting the behaviour of forest
fires: the fire triangle

Weather

« Wind

= Temperature
L .| = Relative

S8 | Humidity

il |« Precipitation

Topography ||
e Flat or slopes
» Aspect :

i

L

Fuel
# Fine or Heavy e« Arrangement & continuity « Fuel Moisture
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Atmosphere/wildfire interaction

Unstable Neutral or stable

ar < DATG

dz
Z
DATG: dry adiabatic temperature gradient

I

DATG = -9 =~ -10K /km
C
h
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Wildfires modeling

(Weber 1991, Sullivan 2009 ...)
eStatistical _models (empirical),

) Mc Arthur (1966) R=f(f,)

eSemi-empirirical models ,
) Rothermel (1972) R= & I./p Ah
Physical models (radiative, full physics ),

P Albini (1985), De Mestre (1989),
Balbi, Santoni & al (1998), Siméoni & al (2001)
R=q/p |dh/dx|
II‘ Grishin (1985), Larini, Morvan, Porterie & al (1996)
Clark & al (1996), Lin & al (1997),
Sero-Guillaume & al (2002), Rehm & al (2003), Mandel & al
(2004), Mell & al (2005), Mahalingam (2008), Filippi & al

(2009) .
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Semi-empirical Rothermel 's model de
(BEHAVE, FARSITE)

(AIX Marseille

M Excelsuor'

Pine needles

R=E&Ir/ (p; a; Ahi), & = (192+7.894 o,) -! exp[(0.792+3.760 g, 1/2)
(as - 0'1)]
ps 0. : Fuel density and fuel volume fraction

Ir : Heat of combustion
Ahi = C, [T; - T,] Enthalpy of ignition

i Surface area / Volume ratio of solid fuel Earﬁcles
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Semi-empirical Rothermel 's model de
(BEHAVE, FARSITE)

U,
\
R=Ry[1+@q, + @]
@, =C, U, [a./a ] BV (wind effect)
Q. =5. 75 as 03tg? (¢) (slope effect) B,= 0.4 (0, = 666 mY)
c,.B,.E,=f(a),B,=0.0132 g 2> B,,= 1.6 (0s= 7596 m)




VEULITR I (22/10/1996)

AVIRIS Derived Fuel

HIGRAD-FIRETEC FARS'FTE -

Hanson & al Environ. Sci. Policy 2000




Malibu fire: semi-empirical
VS physifal models

Time observed to 50 ha (real time =10 minutes
(Hanson & al 2000)"

.. effect upon the wind Slope_ Fire Time

Farsite (Behave) “ 180 min.
T 3'{1 '-

20 min.

Behave+Higrad
A
Firetec + Higrad e, D¢ lﬁ) min.
Hanson & 3l Environ. Sci. Policy 2000

A
L ia
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- Vegetation | S
L uence Drying

e 4_?? Pyrelyse ¥

_ Eembustion
Combustion -

CED |
(Navier Stokes)
Low Mach

Energy.

Radiation
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ABL/canopy interaction

. A
: "" ‘ . Leaf Area Density

a =LAD =

0<aij>+ari
elwiu)) == 5

j _aLCDIO‘<u>‘<ui>

) = -C, xLAD x<u>2 =C,=0.1-04

D,OK _ 0 _/Lleff oK

+pP~ps+a,Cop| (U) = 4(U)K |

Dt ox,| g, 0x
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Drag coefficient in a sea grass

(C, défini a partir de la LAD (Leaf Area Density))

0.50 - _4a,
ad =

0.38

Co
0.25
0.12

- . . . o .L . o .
D‘ﬂ'ﬂ- 10-2 10-1

ad
+ If ad < 0.01 < Cy>=Cy (R,) (~ single particle)
* If ad > 0.01 < G, > = f(ad) (wake interaction)
-Typical values: ad ~ o, ~ 103- 102w C,, = 0.38
(Water Resources Research Vol.35(2) pp.479-489 (1999), H.M. Nepf)
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Energy balance in the solid phase

drT.
Iosp S,p SIo_hoonv s sp(T — T ) as,pjs’p (J_MTsfp)_zMsnhsn

dt

Convection Radiation
~ linear non-linear
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Turbulence/Radiation Interaction
Optically thin fluctuation approximation (OPFA)

1 4 4
day | :aG[JJaT - IJ_I_JSZS[JTS _Ij

ds T 2 T
I = Rl I I S — |
oT =0T 1460 +4% |=o T me + 4l %
T oT T ogT 0T

aia =1862xa,, T:=6

—\2
D,OH: 0 | Ug 08 +2P — 2 Pe:'ur £ =p o
Dt 0x | Pr ox Pr | ox. 2xR K



. (Aix Marseille -
universite

Thermal analysis of Mediteranean
vegetation samples (INRA-Avignon)

Drying

Pyrolysis

Combustion

o~
Hc
P
-
-~
1
-
o’
77}
72}
=
£ 23
72}
=
-

600 700 800
Temperature (K)
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Mass balance in the solid phase

Water & dry solid fuel

d ( /Os pY h20)

dt = e
d(a’sp OspYd ) —
dt 2 C(Byr
Charcoal
d(a's /05 Ychar) . 7, ]
: dt . = (Uchar B Usoot )wpyr - U:jr T 1 W,



Mass balance in the solid phase

Global mass balance

d(a, ﬂsp) .,

Volume balance

da
> a]cshar
dt o,




Aix:-Marseille
universite

Physical description of the vegetation layer

Physical properties

e Density

e Volume fraction

e Surface Area/Volume (SA/V)
e Fuel moisture content (FMQC)
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Fire residence time

(Aix Marseille

o~ 670 m-!
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New tools for simulating wildfires
WEDS: Wildland Fire Dynamic Simulator

Igmition !l EEI:I:IIIIIE 32 seconds 46 seconds 56 seconds 62 seconds

s A4 ob 4.

Mell & al Combust . Flame 2009
US Foret Services Pacific Wildland Fire Sciences Lab. ( Seatle)
NIST National Fire Research Lab. (Gaithersburg )
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Large scale experimental fires
(grassland, CSIRO, Australia)

Plot: 20 m x 50 m (+ safety band)
Mesh > 20 Millions cells

(Aix Marseille

Natural grass (Cheney 1993)
Cut grass (Cheney 1993)
Wildfire (Cheney 1993)

BEHAVE (Tall Grass) V
MKS
FIRETEC (16 m) \’
FIRETEC (100 m) ;
FDS (Tall Grass)
FIRESTAR (Morvan 2009) L 4
<
4
‘P
e
g
e . :
1= 012

Cheney & al Int. J. Wildland Fire 1998
Morvan & al Fire Safety Journal 2009
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Fire in grassland: 3D simulation (WFDS)

Plot: 50m x 20m U‘i =1 m/s

Smokeview 546 - Oct 18 2008 Part
g

FFFFFFF . =135 (kWim3)
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Fire in grassland: 3D simulation (WFDS)
P|O'I': 50m X ZOm UIO =3 m/s

s

(Aix Marseille

(%) F-s -

= = o =
= = =3 =
—
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Fire in grassland: 3D simulation (WFDS)
Plot: 50m x 20m U, = 10 m/s

10
B0
A I}I
200

. =135 (kWim3)

Frame: 380




Experimentajifire
(EU Firestagproje
.

il
W © 2003 Map-of-Spain.co.uk g ay of Biscay

~ Gitrolta ’.u‘.l i
3 Ceuta (57

Alseeima NG 151

#sla de Albordn F5P)
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Experimental fire in shrubland
(EU Firestar project,Galicia-Spain)

Fuel density (kgfm?')

e Fuel: Ulex (Europaeus, Minor),
e Fuel families=14
e FMC:
108-150 % (vivant) 10-32% (mort)
e Fuel depth = 1.25 m,
e Wind : 5.7 m/s (z=10 m),
e Slope : 5°
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Experimental fire in shrubland

(EU Firestar project,Galicia-Spain)

Grassland fire | 30 Nov 2005 | FIRESTAR

300 400 3500 600 700 800 9500 1000 1100 1200 1300 1400

1{]:_ ...............................
sE
0 10 20 30 30 30

e Experiment: ROS = 0.273 m/s
e Simulation : ROS = 0.248 m/s



Wildfire propagation regimes
Convective Byram number

IDPIume = g I

:- x
a .-.. ?:l r

1

R 5 52C: T (U, —ROS)

I:)Plume — 2 g I

Rua— pCy Ty (U, ~ROS)’
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Wildfire propagation regimes

¢ >> 1! « Plume dominated fire »

A l;h: f ._:,_:;" :', W ._ 14
Tl WX H -U?“ V. ,F?HFL?\M‘ \! ! g &I;-_I-i_
R AT

/1
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Wildfires classification

Surface fires Crown fires
(wind driven) (plume dominated)




/

Regimes of prgpagation of surface fire

Radiation Convection EXTInciion

- e

B ———=rt—
ROS = AxU.;
18

b, i, : -
, ' _"'"-l UW

S
Fogarty & al Fire Tech. Transfer Note 19¢ im . |

_. /A o~ AN
T
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Rate of spread versus wind speed

10.0 - Source of dafn*
O Kongorong Fire 5. A, 17-1-59

80 x Geelong Fires Vic. 17-1-64
”ﬁ ® lLongwood Fire Vic. 17-1-65
£ © Tasmanian Fires 7-2-67
2 60}
o
g
=
0 =
5 40
2
-
% 20}
=
f.g

| H i {

0 10 20 30 40

Averoge wind velocity ot 33' in the open , mp.h

McArthur 1969, Rothermel 1972




Surface fires (grass)

uel:
e Load= 7 t/ha

Sl = 500 kg/m3
«SAN —— =400C I

*FMC =10%
Ind speed =1 —25 m/s

NC ~ 0.1 - 1400
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Grassland fires: temperature field
forU;po=1and 12 m/s

300 400 S00 o600 700 SO0 900 1000 1100 1200 1300 1400

12 tTall grass: Uy, =1 m/s; FMC = 10%
10 £
%0 — “s0 e 70 80 “e0 100
X (m)
I

300 400 S00 o600 700 8OO 900 1000 1100 1200 1300 1400

12 E‘Tall grass: U, =12 m/s; FMC =10%
10 F

[—T o T S — N - ]
TTTTTTT

C L L n 1 s n n s 1 n n s s |
40 50 60 70 80 90 100
X (m)

(Morvan & al FSJ 2009, Morvan CST 2014)
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Fireline intensity versus wind speed

(Aix Marseille

[y
=]

I, (MW/m)
[—y
[ o ]

_| ..... | ..... | ..... | .......... | ..... .I ..... .l ..... ] ......... .I ..... .l ..... ] ..... .I ......... .l ..... ] ..... .I ..... .I .......... I ..... [ ..... [ ..... [ ......... [ ..... [ ..... [ ..... I

0 S 10 15 20 25 30
U, (m/s)
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Convective Byram number / regime of propagation

ROS / U,

10
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Time evolution of the fireline intensity

23000

20000
Ulll =20 m/s

15000

10000

Uygy=1m/s

Fireline intensity I; (KkW/m)

5000

T =T T T T [ T 11

| L L | | L | L | | L |
85 20 95 100
Time(s)
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Fireline intensity (normalized standard
deviation) versus convective Byram number

0.30 IR

0.25

riven
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Time history and spectrum of fire intensity (U,;,, = 2 m/s)

20000
15000
16000
14000
E 12000
= 10000
=
= 8000
6000 = II' I’EEII Ef:li EI==I T | | ry 1 T i | 1 | | ) F 3 |
4000 B4 o o a m e e = -y
2000 -
%30 132 134 136 138 140
Time(s)
1.0
0.9
-
= 08
— -}
f., =0.26Hz o
] = —
KH i 0.6 f - 3-4 HZ
8 s
—_— E
f,=1.3Hz s b
B % 0.3 o
£
g 02 ;
Z ¥
01 w *ﬁ - -
nﬂﬁeuugai__ AIETR AN et
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Time history and spectrum of fire intensity (U,;, = 20 m/s)

16000
14000 E=oy _—
o L &
12000 it | | =' E 1 i I - "
' LR e e R #Al '
= 10000 E'ﬂ:’ IH .:: E J} if 'I'.. } SR T
S oo | graataiang i W
= B8, Y
— 6000 Sk
4000
2000
%10 112 114 116 118 120
Time(s)
10
§ 0.9
£ 08
f — 266 Hz £ f _ H
KH B 06 - ES-ES 2!
b
f. =0.66Hz o
B T 03
E 0.2
é 0.1 :;:: ! £ 81N
L F R S S (N R ¥ R AN T R
Frequency (Hz)
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Instabilities associated with a fire front

g = leHew — g 03

10

f., ' if U,/

D

SE=f |—Fre =05
N g

JifU, = N

D

Fire
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Strouhal number (wind scale) versus
convective Byram number

fH,,/U,)
[y

Strouhal number ( S,

0 | | |11l | | 111l | | | [l | IIIIIIIuI | | 1]l | | | [l
107 10™ 10~ 10 10 10" 10°
1/N,

Turbulence/canopy interaction (KH) (St = 0.093)

(streamwise direction)
. |
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Strouhal number (plume scale) versus
convective Byram number

B T T M S M A SR
10 10 10 10 10 10 10

Pool fire (St = 0.5)
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Effect of an unsteady (sinusoidal) inlet wind flow

300 400 S00 o600 700 800 900 1000 1100 1200 1300 1400

12 Tall grass: U, =2 m/s; FMC = 10%
1“;-'
1
8_
I
6 [
I
4:— /
2:_-/
F -,
%90 — s0 60 70 80 9% 100

X (m)

U, = AxU,,x Ln(er Z°j+Aulosin(2ﬂx f xt)
Z,

U,=2m/s AU,,=1m/s f=0-3Hz z = 0.0In
Pitts Prog. Energy Combust. Sci. 1991

Morvan Combust. Sc. Tech. 2014
e



Grassland fires: temperature field U,, =
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2m/s+/-1m/s

400 s00 800 900 1000 1100 1200 1300 1400

-Tall grass U, =2 mfs FMC = 10‘% (+f— 1 m's F=0.5 Hz

20
15
10 -~
5
] | | | | L | | | | L | L L L L |
10 20 30 40 S0 a0 70 80 o0 100
X(m)
i 300 400 , S00 600 700 800 200 1000 1100 1200 1300 1400
Lo [Tall grass U, =2 m/s FMC = 10% (+/-1 m/s F = 1 Hz)
15 -
10 -~
s -
n | | | | L | | | | | L L |
10 20 30 40 50 60 70 50 o0 100
X(m)
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Trajectory of the pyrolysis front (T = 500 K)
Fireline intensity

20000 —

- — = = U,=1ms
U, =2ms
_______ Ull] = 3 mI'S o G000 [ooooroomation oo ..,.e CecBaraY ekt ]
—A— U, =2m/s(0.5Hz) |- b S0
w=2ms(AH) S Ay

qdl!ylfhi;' W |

20 40 60 80 100 120 80 81 82 83 84 85 86 87 88
Time(s) Time(s)

-]
=]

front position (m)
2 3
I, (kW/m)

Pyrolysis front position
whn
[—]

Steady > <I;> = 6505 kW/m
F =05 Hz > <I;> = 6972 kW/m (+7%)
F=1Hz > <I;> = 6742 kW/m (+3.6%)
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Fireline intensity normalized spectrum

1.0

0.9

0.8
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0.6

0.5

0.4

0.3

0.2

Normalized pow er spectrum of I,

01 [

P e, A L3 0 e 3 Ak LS8R e LB
T 2 4 6 8 10 12 14 16 18 20

Frequency (Hz)

1.0
0.9
0.8
0.7

A B F=1 Hz

0.4
0.3
0.2 : g il 3
01 e B L L LTERRT LT e e R

0.0 FISHRRTE, T LS i | B, el R L o, i kit o Lo e B
0 2 4 ] 8 10 12 14 16 18 20

Frequency (Hz)

Nommalized power spectium of I
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Fireline intensity normalized spectrum

.
=

=
&0

f F=0.5 Hz

0.6

0.4

02

-0 2 4 3 10 12 14 16 18 20
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Nommalized power spectrum of I,
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0.9
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Frequency (Hz)
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Fire intensity and standard obtained for U,, = 2 m/s and a
sinusoidal time variation (f = 0.26 - 3 Hz)

A <Iz> (KW/m)
VL ®wm)

(fKH = 0.26 HZ) =

F (Hz)
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Evaluation of the fire residence time from the time
history of the temperature in the fuel layer

X=20m
X=30m
X=40m

X=50
X=60

[y
=)
=
-

T

[y
o
=
=]

TTTTTT

erature

ek

> =

[—] [—]

- [—]
IIII|IIII|IIII|IIII|IIII|IIII|III )

o
=
-
UL LAY LN L

o L‘L——:ﬁ:k_ﬁﬁ
3["] | | | 1 I 1 I
0

25 50 78 100 125 150
Time (s)

(z = 0.25 m, fuel depth = 0.7 m)
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Fire residence time versus 10m open wind velocity

75600
_____________ Anderson (1969) > TRes —

[ ]
=]
T

Fue

208487

Burrows (2001) - T

Fire residence time (5)
o
(=]

SEERESSRC I F-—-- Res ~— 0_1.236
6 | Fuel
N
4 4 A
- A A
2E A A
0 - 1 I I l I
0 5 10 15 20 25 30
U,,(m/s)
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Solid fuel temperature field for various SA/V
(U,n=4m/s, FMC = 10%)

) - N
300 500 700 900 1100 1300 1500 1700
0.7
g SA/V = 500 m-!
. 40
) I
300 500 700 900 1100 1300 1500 1700
0.7 -
: e’ SA/V = 1000 m-!
0,3 46 47 48 10 = ! 52 53 54 55
X (m)
r o0 -
300 500 700 900 1100 1300 1500 1700
- 0.7 7
: _ ’ SA/V = 4000 m-!
45 46 7y, 13 40 N 51 52 53 54 55
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Fire residence time versus SA/V
H_., LAl

HzEX15 5 2 ;

(Aix Marseille

Optical thickness =17, =

10° =y

I R R D S
1000 2000 3000 4000 5000 6(100 7000
SA/V (m") !

0175  1.05 2.1
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Reduced fire residence time versus Byram
convective number

— TRes xU 10>< LAD — r Res xU 10>< aFueI X UFueI

TRes _ 2 A
10°
~ 75000
A A A s e
UFueI
10°; 2 4 6 8 10 12 14
1/N,




Thank you for attention
Questions ?




