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140 km

Wildfire: a complex multi-scale problem
(Los Alamos fire May 2000)

500 µµµµm



WildfiresWildfires: : somesome physicalphysical
characteristicscharacteristics (I)(I)

FlamesFlames::
•• TurbulenteTurbulente,,
•• Very bright and Very bright and 
sootysooty,,

•• Intense radiationIntense radiation,,
•• SootSoot productionproduction,,

(source: INFLAME)



WildfiresWildfires: : somesome physicalphysical
characteristicscharacteristics (II)(II)

Rate Rate ofof spreadspread R (m/s): 0.1R (m/s): 0.1--1.5 m/s1.5 m/s
ByramByram formula: formula: 
FireFire lineline intensityintensity I (kW/m): I = I (kW/m): I = MMburnburn x x ∆∆∆∆∆∆∆∆HH
USA, USA, AustraliaAustralia:100 000 kW/m:100 000 kW/m
Europe: 10 000 kW/mEurope: 10 000 kW/m
MMburnburn: : SolidSolid fuel fuel consumptionconsumption rate (kg/m/s)rate (kg/m/s)
η : η : η : η : η : η : η : η : Combustion Combustion efficiencyefficiency
MMfuelfuel: Dry : Dry solidsolid fuel fuel loadload (kg/m(kg/m22))
∆∆∆∆∆∆∆∆H: H: HeatHeat ofof combustion (~18 700 kJ/kg)combustion (~18 700 kJ/kg)
HHff: : FlameFlame heightheight (m)(m)

I = I = η η η η η η η η MMfuelfuel x x ∆∆∆∆∆∆∆∆H x R ~ 300 x HH x R ~ 300 x Hff
22



FireFire intensityintensity scalesscales……

Efficiency limit: 2000 kW/m (terrestrial), 7000 kW/m (aerial)Efficiency limit: 2000 kW/m (terrestrial), 7000 kW/m (aerial)

1350 kW/m1350 kW/m

16 718 kW/m16 718 kW/m



Black Saturday (07/02/2009)Black Saturday (07/02/2009)
Victoria district (Victoria district (AustraliaAustralia))

FireFire stormstorm ((KinglakeKinglake) ) 
100 000 ha 100 000 ha burnedburned in 12Hin 12H
120 120 fatalitiesfatalities
I ~ 80 000 kW/mI ~ 80 000 kW/m
ROS ~ 1 ROS ~ 1 àà 3 m/s3 m/s
Plume heightPlume height 15 km 15 km 



Wildfires Wildfires modellingmodelling: a complex : a complex 
multimulti--scale  problem scale  problem 

ABL (turbulence): ABL (turbulence): 
Large scale: LLarge scale: Ltt ~ ~ HHFuelFuel

Micro scale: Micro scale: ηηηηηηηη ~ 100 ~ 100 -- 500 500 ��������mm

HHFuelFuel

Radiation heat transfer Radiation heat transfer 
(length of extinction): (length of extinction): 

LLRR ~ 2xH~ 2xHFuel Fuel / LAI/ LAI
0.1 0.1 –– 5 m 5 m 

Fire front (combustion, turbulence): Fire front (combustion, turbulence): 
Flame thickness: Flame thickness: ddFF ~ 500 ~ 500 ��������mm

Soot + hot gasesSoot + hot gases
Radiation + ConvectionRadiation + Convection

Fuel: drying, Fuel: drying, 
pyrolysispyrolysis, , 
combustioncombustion

Morvan, Fire Technology 2011Morvan, Fire Technology 2011



An An otherother mecanismmecanism ofof firefire propagation propagation 
:: firebrandsfirebrands

Distance Distance travelledtravelled by a by a firebrandfirebrand > 2400 m (source: SALTUS) !> 2400 m (source: SALTUS) !



Factors affecting the Factors affecting the behaviourbehaviour of forest of forest 
fires: the fire trianglefires: the fire triangle



Atmosphere/wildfire interactionAtmosphere/wildfire interaction
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UnstableUnstable NeutralNeutral or stable or stable 



WildfiresWildfires modelingmodeling
(Weber 1991, Sullivan 2009 (Weber 1991, Sullivan 2009 ……) ) 

••StatisticalStatistical modelsmodels ((empiriempiricalcal),),

••SemiSemi --empiriricalempirirical modelsmodels ,,

••PhysicalPhysical modelsmodels ((radiative, full radiative, full physicsphysics )),,
RothermelRothermel (1972)(1972) R= R= ξξξξξξξξ IIrr / / ρρρρρρρρ ∆∆hhii

McMc ArthurArthur (1966) R=(1966) R=f(ff(fii))

GrishinGrishin (1985), (1985), LariniLarini, Morvan, Porterie & al, Morvan, Porterie & al (1996)(1996)
Clark & al (1996), LinClark & al (1996), Lin & al& al (1997)(1997), , 
SeroSero--GuillaumeGuillaume & al (2002), & al (2002), RehmRehm & al (2003), & al (2003), Mandel & Mandel & alal
(2004),(2004), MellMell & & alal (2005), (2005), MahalingamMahalingam (2008), (2008), FilippiFilippi & & alal
(2009) (2009) ……

AlbiniAlbini (1985), De (1985), De MestreMestre (1989)(1989), , 
BalbiBalbi, , SantoniSantoni & al (1998), & al (1998), SimSimééonioni & & alal (2001)(2001)
R = q / R = q / ρρρρρρρρ |d|d h/dxh/dx||



R = R = ξξξξξξξξ IrIr / (/ (ρρρρρρρρss ααααααααss ∆∆∆∆∆∆∆∆hihi)) , , ξξξξξξξξ = (192+7.894 = (192+7.894 σσσσσσσσss) ) 
--11 exp[(0.792+3.760 exp[(0.792+3.760 σσσσσσσσss

1/21/2) ) 
((ααααααααss -- 0.1)]0.1)]
ρρρρρρρρss ααααααααss : Fuel density and fuel volume fraction: Fuel density and fuel volume fraction
IrIr : Heat of combustion: Heat of combustion
∆∆∆∆∆∆∆∆hihi = C= Cpp [T[Tii -- TTaa] Enthalpy of ignition] Enthalpy of ignition
σσσσσσσσss : Surface area / Volume ratio of solid fuel particles: Surface area / Volume ratio of solid fuel particles

Fuel:Fuel:

ExcelsiorExcelsior

Pine needlesPine needles

SemiSemi --empirical empirical RothermelRothermel ’’ss model de model de 
(BEHAVE, FARSITE) (BEHAVE, FARSITE) 



SemiSemi --empirical empirical RothermelRothermel ’’ss model de model de 
(BEHAVE, FARSITE) (BEHAVE, FARSITE) 

ϕϕϕϕ

Uw

BBww= 0.4 (= 0.4 (σσσσσσσσss = 666 m= 666 m--11))
BBww= 1.6 (= 1.6 (σσσσσσσσss = 7596 m= 7596 m--11))

R = RR = R00 [1 + [1 + φφφφφφφφww + + φφφφφφφφss ]]
φφφφφφφφww = = CCww UUww

BwBw [[ααααααααss / / ααααααααss
00] ] --EwEw (wind effect)(wind effect)

φφφφφφφφss = 5.275 = 5.275 ααααααααss
--0.3 0.3 tgtg22 ((ϕϕϕϕϕϕϕϕ) (slope effect)) (slope effect)

CCww , , BBww , , EEww = f (= f (σσσσσσσσss) , ) , BBww= 0.0132 = 0.0132 σσσσσσσσss
0.540.54



Malibu Malibu firefire (22/10/1996)(22/10/1996)

HIGRAD-FIRETEC FARSITE

Hanson & al Environ. Sci. Policy 2000



Malibu Malibu firefire: : semisemi--empiricalempirical
vs vs physicalphysical modelsmodels

10 min.10 min.XXXXFiretecFiretec + + HigradHigrad

20 min.20 min.XXBehaveBehave++HigradHigrad

180 min.180 min.FarsiteFarsite ((BehaveBehave))

TimeTimeFireFireSlopeSlope…… effecteffect uponupon thethe windwind

TimeTime observedobserved to to burnburn 50 ha (real time =10 minutes)50 ha (real time =10 minutes)
((HansonHanson & & alal 2000)2000)

Hanson & al Environ. Sci. Policy 2000



Simulating wildfire Simulating wildfire behaviourbehaviour using a physical using a physical 
model : multiphase approachmodel : multiphase approach

CFD CFD 
((NavierNavier Stokes)Stokes)

Low MachLow Mach

TurbulenceTurbulence

RadiationRadiation

VegetationVegetation
Drying Drying 

PyrolysePyrolyse
CombustionCombustion

EnergyEnergy

SootSoot

CombustionCombustion

FireFire



ABL/canopy interactionABL/canopy interaction
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Drag coefficient in a sea grassDrag coefficient in a sea grass

• If ad < 0.01  < CD > = CD (Re) (~ single particle)
• If ad > 0.01  < CD > = f(ad) (wake interaction)
•Typical values: ad ~ αs ~ 10-3- 10-2 CD = 0.38
(Water Resources Research Vol.35(2) pp.479-489 (1999), H.M. Nepf)

4 sad
α
π

=

0.12

0.25

0.38

0.50

(CD défini à partir de la LAD (Leaf Area Density))
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EnergyEnergy balance in balance in thethe solidsolid phase phase 

ConvectionConvection
~ ~ linearlinear

RadiationRadiation
nonnon--linearlinear



4 4

'2 2 2
4 44

2 2

2

2

ds 4

'' ' '
1 6 4 1 6 4

1862 '

2 2
Pr Pr

G a S S S
G a

a a
a a a

a a

a
soot

eff T

j T j T j

d I T T
I I

TT T T
T T T

TT T T T

T
T

D T
P P

Dt x x xθ θ θ θ

α σσ σ α σα σ
π π

σ σσ σ σ
σ σ

σ α θ

µ µρθ θ ε ε ρ

   
= − + −       

   ∂≈ + + = + +   
∂      

∂ = × =
∂

   ∂ ∂ ∂= + − = =      ∂ ∂ ∂    2 R K

θ ε×
×

Turbulence/Radiation InteractionTurbulence/Radiation Interaction
OpticallyOptically thinthin fluctuation approximation (OPFA)fluctuation approximation (OPFA)



Thermal Thermal analysisanalysis ofof MediteraneanMediteranean
vegetationvegetation samplessamples ((INRAINRA--AvignonAvignon)  )  

DryingDrying

PyrolysisPyrolysis

CombustionCombustion
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MassMass balance in balance in thethe solidsolid phasephase

WaterWater & dry & dry solidsolid fuelfuel

CharcoalCharcoal



MassMass balance in balance in thethe solidsolid phasephase

Global Global massmass balancebalance

Volume balanceVolume balance
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Physical description of the vegetation layerPhysical description of the vegetation layer

Physical propertiesPhysical properties

•• Density  Density  

•• Volume fractionVolume fraction

•• Surface Area/Volume (SA/V)Surface Area/Volume (SA/V)

•• Fuel moisture content (FMC) Fuel moisture content (FMC) 



FireFire residenceresidence timetime

L

RR

L=τ

200002000010000100005000500020002000600600σ σ σ σ σ σ σ σ (m(m--11))

337715153737125125τ τ τ τ τ τ τ τ (s)(s)

σ σ σ σ ~ 670 m-1



New New toolstools for for simulatingsimulating wildfireswildfires
WFDS: WFDS: WildlandWildland FireFire DynamicDynamic SimulatorSimulator

MellMell & & alal CombustCombust . . FlameFlame 20092009
US Foret Services US Foret Services PacificPacific WildlandWildland FireFire Sciences Lab. (Sciences Lab. ( SeatleSeatle ))
NIST National NIST National FireFire ResearchResearch Lab. (Lab. ( GaithersburgGaithersburg ))



Large scale experimental fires Large scale experimental fires 
(grassland, CSIRO, Australia) (grassland, CSIRO, Australia) 

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

Cheney & al Int. J. Cheney & al Int. J. WildlandWildland Fire 1998Fire 1998
Morvan & al Fire Safety Journal 2009Morvan & al Fire Safety Journal 2009



Fire in grassland: 3D simulation (WFDS) Fire in grassland: 3D simulation (WFDS) 
Plot: 50m x 20m UPlot: 50m x 20m U1010 = 1 = 1 m/sm/s



Fire in grassland: 3D simulation (WFDS) Fire in grassland: 3D simulation (WFDS) 
Plot: 50m x 20m UPlot: 50m x 20m U1010 = 3 = 3 m/sm/s



Fire in grassland: 3D simulation (WFDS) Fire in grassland: 3D simulation (WFDS) 
Plot: 50m x 20m UPlot: 50m x 20m U1010 = 10 = 10 m/sm/s



Experimental fire in Experimental fire in shrublandshrubland
(EU (EU FirestarFirestar project,Galiciaproject,Galicia--Spain)Spain)



Experimental fire in Experimental fire in shrublandshrubland
(EU (EU FirestarFirestar project,Galiciaproject,Galicia--Spain)Spain)

•• Fuel:  Fuel:  UlexUlex ((EuropaeusEuropaeus, , MinorMinor),),

•• Fuel Fuel familiesfamilies=14=14
•• FMC: FMC: 
108108--150 % (vivant)150 % (vivant),, 1010--32% (mort)32% (mort)
•• Fuel Fuel depthdepth = 1.25 m,= 1.25 m,
•• WindWind : 5.7 m/s (z=10 m),: 5.7 m/s (z=10 m),
•• SlopeSlope : 5: 5°°



Experimental fire in Experimental fire in shrublandshrubland
(EU (EU FirestarFirestar project,Galiciaproject,Galicia--Spain)Spain)

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



Wildfire propagation regimesWildfire propagation regimes
Convective Convective ByramByram numbernumber

PlumeP g I=

( )3

0

1

2Wind P WP C T U ROSρ= −

( )3

0

2Plume
C

Wind P W

P g I
N

P C T U ROSρ
= =

−



Wildfire propagation regimesWildfire propagation regimes

NNCC << 1: << 1: «« WindWind drivendriven firefire »»

NNCC >> 1: >> 1: «« Plume Plume dominateddominated firefire »»



WildfiresWildfires classificationclassification

Crown Crown firesfires
(plume (plume dominateddominated))

Surface Surface firesfires
((windwind drivendriven))



Regimes of propagation of surface firesRegimes of propagation of surface fires

RR

UUww

FMC FMC 

RadiationRadiation ConvectionConvection
X

ExtinctionExtinction

Fogarty & al Fire Tech. Transfer Note 1999Fogarty & al Fire Tech. Transfer Note 1999

10
BROS A U= ×

B>1B>1

B<1B<1



Rate Rate ofof spreadspread versus versus windwind speed speed 

McArthurMcArthur 1969, 1969, RothermelRothermel 1972 1972 



Surface fires (grass)Surface fires (grass)
Fuel:Fuel:
•• Load= 7 t/haLoad= 7 t/ha
•• Density Density = 500 kg/m= 500 kg/m 33

•• SA/V SA/V = 4000 m= 4000 m --11

•• FMC   = 10 %FMC   = 10 %
•• Wind speed = 1 Wind speed = 1 –– 25 25 m/sm/s
•• NcNc ~ 0.1 ~ 0.1 -- 14001400

Cheney & al IJWF 1993Cheney & al IJWF 1993



Grassland fires: temperature field Grassland fires: temperature field 
for Ufor U1010 = 1 and 12 = 1 and 12 m/sm/s

(Morvan & al (Morvan & al FSJ 2009FSJ 2009, Morvan , Morvan CST 2014CST 2014))



FirelineFireline intensityintensity versus versus windwind speed speed 

1/N1/NC C = 0.6 = 0.6 1/N1/NC C = 0.6 = 0.6 

1/N1/NC C = 2.4 = 2.4 



Convective Convective ByramByram number / regime of propagationnumber / regime of propagation



Time evolution of the Time evolution of the firelinefireline intensityintensity



FirelineFireline intensity (normalized standard intensity (normalized standard 
deviation) versus convective deviation) versus convective ByramByram numbernumber

Wind drivenWind driven

Plume dominatedPlume dominated



Time history and spectrum of fire intensity (UTime history and spectrum of fire intensity (U1010 = 2 = 2 m/sm/s))

0.26

1.3
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Time history and spectrum of fire intensity (UTime history and spectrum of fire intensity (U1010 = 20 = 20 m/sm/s))
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Instabilities associated with a fire frontInstabilities associated with a fire front
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StrouhalStrouhal number (wind scale) versus number (wind scale) versus 
convective convective ByramByram numbernumber

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



StrouhalStrouhal number (plume scale) versus number (plume scale) versus 
convective convective ByramByram numbernumber

Pool fire (St = 0.5)Pool fire (St = 0.5)



Effect of an unsteady (sinusoidal) inlet wind flowEffect of an unsteady (sinusoidal) inlet wind flow
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Pitts Pitts ProgProg. Energy Combust. . Energy Combust. SciSci. 1991. 1991
Morvan Combust. Sc. Tech. 2014Morvan Combust. Sc. Tech. 2014



Grassland fires: temperature field UGrassland fires: temperature field U1010 = 2 = 2 m/sm/s +/+/-- 1 1 m/sm/s



Trajectory of the Trajectory of the pyrolysispyrolysis front (Tfront (TSS = 500 K)= 500 K)
FirelineFireline intensityintensity

Steady Steady �������� <I<IBB> = 6505 kW/m> = 6505 kW/m
F = 0.5 Hz F = 0.5 Hz �������� <I<IBB> = 6972 kW/m (+7%)> = 6972 kW/m (+7%)
F = 1 Hz F = 1 Hz �������� <I<IBB> = 6742 kW/m (+3.6%)> = 6742 kW/m (+3.6%)



FirelineFireline intensity normalized spectrumintensity normalized spectrum

steadysteady

F=1 HzF=1 Hz



FirelineFireline intensity normalized spectrumintensity normalized spectrum

f~ff~fKHKH
F=0.5 HzF=0.5 Hz

F=1 HzF=1 Hz



Fire intensity and standard obtained for UFire intensity and standard obtained for U1010 = 2 = 2 m/sm/s and a and a 
sinusoidal time variation (f = 0.26 sinusoidal time variation (f = 0.26 –– 3 Hz)3 Hz)

2 x 2 x ffKHKH

((ffKHKH = 0.26 Hz)= 0.26 Hz)



Evaluation of the fire residence time from the time Evaluation of the fire residence time from the time 
history of the temperature in the fuel layerhistory of the temperature in the fuel layer

(z = 0.25 m, fuel depth = 0.7 m)(z = 0.25 m, fuel depth = 0.7 m)



Fire residence time versus 10m open wind velocityFire residence time versus 10m open wind velocity
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Solid fuel temperature field for various SA/VSolid fuel temperature field for various SA/V
(U(U10 10 = 4 = 4 m/sm/s, FMC = 10%), FMC = 10%)

SA/V = 500 mSA/V = 500 m--11

SA/V = 1000 mSA/V = 1000 m--11

SA/V = 4000 mSA/V = 4000 m--11



Fire residence time versus SA/VFire residence time versus SA/V
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Reduced fire residence time versus Reduced fire residence time versus ByramByram
convective numberconvective number

* Re 10 Re 10
Re 2 4
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ThankThank youyou for attentionfor attention
Questions ?Questions ?


