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Motivation

length

time

…numerical modeling is 
simultaneously difficult and valuable

For the complex problem of wildland 
and WUI fires…



Motivation
https://www.fox29.com/news/allen-road-fire-uncontained-wildfire-torches-thousands-
of-acres-in-nj-causes-traffic-changes



Motivation



Motivation

https://www.businessinsider.com/santa-rosa-fire-update-diablo-winds-2017-10: 
California Highway Patrol/Golden Gate Division via Reuters

https://nvlpubs.nist.gov/nistpubs/TechnicalNotes/NIST.TN.2135.pdf

What role can CFD models play?

https://www.businessinsider.com/santa-rosa-fire-update-diablo-winds-2017-10


Motivation
2018 NATIONAL PRESCRIBED FIRE USE SURVEY REPORT

Hermits Peak/Calf Canyon fire. Source: inciweb.nwcg.gov



Motivation
“

• What spatial scale of variation in fuel 
influences fire behavior?

• How does ignition pattern influence 
interaction of firelines?

• How can we model manipulation of fire 
lines and other backing and flanking ignition 
patterns?

• What are opportunities to expand or modify 
prescribed burning windows to meet 
objectives without compromising safety?

• How do plumes differ in low-intensity, small 
prescribed fires in comparison to higher-
intensity, larger wildfires?

”



CFD in broad terms

CFD: Computational Fluid Dynamics



CFD in broad terms
Fluid model Fire process models Computational cost
-Time resolved 3D 
turbulent flow

-Solid phase heat transfer 
and decomposition
-Heterogenous and 
homogeneous combustion
-Radiation transport

-High

Example: 
FireFOAM/ForestFireFOAM, 
FIRESTAR3D, FIRETEC, 
W/FDS

‘fully-physical’

’detailed physical’



CFD in broad terms
Fluid model Fire process models Computational cost
-Time resolved 3D 
turbulent flow

-Parameterized fire spread 
and fluxes

-Medium

Example: ARPS, 
CAWFEE, 
ForeFire/Meso-NH

‘coupled
fire-atmosphere’

https://feuxdeforet.universita.corsica/article.php?id_art=214
0&id_rub=572&id_menu=0&id_cat=0&id_site=33&lang=en



CFD in broad terms
Fluid model Fire process models Computational cost
-Stationary or 
uncoupled wind 
field

-Parameterized fire spread -Low

Example: 
Farsite with 
WindNinja

‘semi-empirical’

’operational’

https://www.firelab.org/
project/flammap



A (brief) intro to ‘detailed’ CFD 
for vegetation fires



Solving 3D turbulent reacting flows

Momentum

Energy

Mass

Species

Equation 

of state



Solving 3D turbulent reacting flows

Discretization for approximation of derivatives
E.g. 

𝑑𝑓
𝑑𝑥 =

𝑓(𝑥!) − 𝑓(𝑥")
2∆𝑥x1 x2 x3 xN

Δx

!"
!#

 = ?

§ Can extend to 3D

𝑑𝑓
𝑑𝑡 =

𝑓(𝑥)#$∆# − 𝑓(𝑥)#
∆𝑡

§ And time



Solving 3D turbulent reacting flows

• Turbulence (e.g. Large Eddy 
Simulation models)

• Combustion

• Radiation

• Soot

• Wall models/Solid phase 
heat 
transfer/decomposition

Submodels include… https://nvlpubs.nist.gov/nistpubs/TechnicalNotes/NIST.TN.2135.pdf



Including vegetation



Multiphase model for vegetation

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑢!

• 𝐹$%%% = 𝜎!𝛽!𝑐&𝑐$𝜌𝑢'

𝑢"

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑢!

• 𝐹$%%% = 𝜎!𝛽!𝑐&𝑐$𝜌𝑢'

𝑢"

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑇!, 𝑢!

• 𝐹$%%% = 𝜎!𝛽!𝑐&𝑐$𝜌𝑢'

• �̇�(%%% = 𝜎!𝛽!ℎ((𝑇) − 𝑇!)

𝑇", 𝑢"

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑇!, 𝑢!

• 𝐹$%%% = 𝜎!𝛽!𝑐&𝑐$𝜌𝑢'

• �̇�(%%% = 𝜎!𝛽!ℎ((𝑇) − 𝑇!)

𝑇", 𝑢"

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑇!, 𝑢!

𝑇", 𝑢"

�̇�+,,,

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑇!, 𝑢!

• 𝐹$%%% = 𝜎!𝛽!𝑐&𝑐$𝜌𝑢'

• �̇�(%%% = 𝜎!𝛽!ℎ((𝑇) − 𝑇!)

• ∇ 2 �̇�*%% = 𝜀 +!,!
-
(𝑈 − 4𝜎𝑇!-)

𝑇", 𝑢"

�̇�+,,,

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑇!, 𝑢!

𝑇", 𝑢"
H2O

fuel vapor

O2

CO2, CO

�̇�+,,,

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑇!, 𝑢!

• 𝐹$%%% = 𝜎!𝛽!𝑐&𝑐$𝜌𝑢'

• �̇�(%%% = 𝜎!𝛽!ℎ((𝑇) − 𝑇!)

• ∇ 2 �̇�*,!%% = 𝜀 +!,!
-
(𝑈 − 4𝜎𝑇!-)

• 𝑟/0* = 𝜌$*0𝐴/0*exp[ ="1"#$
23!]

• etc...

𝑇", 𝑢"
H2O

fuel vapor

O2

CO2, CO

�̇�+,,,

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation

𝑇!, 𝑢!

𝛽-𝑐.,0𝜌0
𝜕𝑇-
𝜕𝑡

= �̇�1,,, + ∇ , �̇�+,-,, + �̇�+23,,,

𝜕𝛽-𝜌0
𝜕𝑡

= �̇�4
,,,

𝑇", 𝑢"
H2O

fuel vapor

O2

CO2, CO

�̇�+,,,

Particle surface-to-volume ratio: 𝜎!	(	𝑚"#)
Fuel packing ratio: 𝛽!	(−)



Multiphase model for vegetation
Pioneers…



Challenge 1 – Understanding the 
bounds of submodels



Example 1: Drag – fuel layers/canopies

𝐹5,,, =
Σ½𝐴.𝑐5𝜌𝑢6

𝑉1

Sum up the contribution of many particles with 
projected area 𝐴.

𝐹5,,, = 51 2𝜎-𝛽-𝑐0𝑐5𝜌𝑢
6



Example 1: Drag – fuel layers/canopies

J. Finnigan, Turbulence in plant canopies, Annu. Rev. Fluid Mech. 32 (2000) 519–571. 

H.M. Nepf, Flow and transport in regions with aquatic vegetation, Annu. Rev. 
Fluid Mech. 44 (2012) 123–142. 

𝑎 = 	𝜎&𝛽&𝑐'   (frontal area per volume)



Example 1: Drag – fuel layers/canopies

𝐹5,,, = 51 2𝜎-𝛽-𝑐0𝑐5𝜌𝑢
6	 c< =

10
Re

0.6 + 0.4Re=.? 	 𝒄𝒔 = 𝟎. 𝟏𝟔
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(a) 10 kg m-3
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(b) 20 kg m-3
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(c) 30 kg m-3
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(d) 40 kg m-3
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(e) 50 kg m-3
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(f) 60 kg m-3



Example 1: Drag – fuel layers/canopies
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(c) 60 kg m-3

H.M. Nepf, Flow and transport in regions with aquatic vegetation, Annu. Rev. Fluid Mech. 44 (2012) 123–142. 

E. V. Mueller, M.R. Gallagher, N. Skowronski, R.M. Hadden, Approaches to Modeling Bed Drag in Pine Forest Litter for 
Wildland Fire Applications, Transp. Porous Media. 138 (2021) 637–660. 



Example 1: Drag – discrete fuels

F.M. Sauer, W.L. Fons, K. Arnold, Experimental investigation of aerodynamic drag in tree crowns exposed to steady wind: conifers, Phase Rep. Oper. Res. Off. Johns 
Hopkins Univ., USDA For. Serv., Washington, DC. 18 (1951). 



𝐹5,,, = 51 2𝜎-𝛽-𝑐0𝑐5𝜌𝑢
6

𝛽- total volume

Example 1: Drag – discrete fuels



Example 1: Drag – additional complexity?

M. Rudnicki, S.J. Mitchell, M.D. Novak, Wind tunnel measurements of crown streamlining and 
drag relationships for three conifer species, Can. J. For. Res. 34 (2004) 666–676.



Example 2: Convective heat transfer

𝑁𝑢 =
ℎ1𝑙
𝑘
= 0.37𝑅𝑒=.AAB

�̇�1,,, = 𝜎-𝛽-ℎ1(𝑇C − 𝑇-)

𝑇(,"
𝑇(,*

𝑇(,!

Match with 1D model optimization



Example 2: Convective heat transfer
�̇�1,,, = 𝜎-𝛽-ℎ1(𝑇C − 𝑇-)

E.C. Tibbals, E.K. Carr, D.M. Gates, F. Kreith, Radiation and Convection in Conifers, Am. J. Bot. 51 (1964) 529–538. 



Example 3: Radiative heat transfer

∇ , �̇�+,, = 𝜀
𝜎-𝛽-
4

(𝑈 − 4𝜎𝑇-E)

Attenuation coefficient Absorption coefficient

B. Monod, A. Collin, G. Parent, P. Boulet, Infrared radiative 
properties of vegetation involved in forest fires, Fire Saf. J. 
44 (2009) 88–95. 



Example 4: Thermal decomposition

𝑟 = 𝜌+,-𝐴exp[ M−𝐸
𝑅𝑇&]

Single step model (kinetic)

𝐴? 	 𝐸?	 𝜈./0,?

dry material 𝜈./0,  Char + (1 -𝜈./0,) Volatile

One possibility…



Example 4: Thermal decomposition

𝑟" = 𝜌+,-𝐴"exp[ M−𝐸"
𝑅𝑇&]

Multi- step model (kinetic)

𝐴", 𝐴*, … ?	 𝐸", 𝐸*…?	 𝜈./0,,", 𝜈./0,,*, … ?

dry material 1 𝜈./0,," Char + (1 -𝜈./0,,") Volatile

dry material 2 𝜈./0,,* Char + (1 -𝜈./0,,*) Volatile

.

.

.

𝑟* = 𝜌+,-𝐴*exp[ M−𝐸*
𝑅𝑇&]

Another possibility…



How does it matter?



Challenge 2 – Ensuring the 
relevant processes are 
accounted for



Example at laboratory scale

Can we even reproduce the 
behavior of just one?



Example at laboratory scale

Drag model? Convection model?

ℎ1 =
𝑘𝜎
4
	 , 0.37𝑅𝑒=.AAB

𝐹5,,, = 51 2𝜎-𝛽-𝑐0𝑐5𝜌𝑢
6	 𝑐5 =

10
𝑅𝑒

0.6 + 0.4𝑅𝑒=.? 	 𝑐0 = 0.16



Example at laboratory scale

R. Susott, Differential Scanning Calorimetry of Forest Fuels, For. Sci. 28 (1982) 839–851. R.A. Susott, Characterization of the thermal properties 
of forest fuels by combustible gas analysis, For. Sci. 28 
(1982) 404–420.



Example at laboratory scale

Modeling framework is FDS:

• LES, Deardorff eddy viscosity turbulence model

• Infinitely fast chemistry

• Gray gas radiation model (effective absorption coefficient)

• Prescribed radiant fraction (0.35)

• Δ𝑥 = 1.25	𝑐𝑚

• 60 cm x 15.25 cm
• 150 g



Example at laboratory scale



Example at laboratory scale

Δ𝑥 = 1.25	𝑐𝑚



Example at laboratory scale



Live versus dead fuel

One possibility… separation of water into 
two independent drying steps

Free waterBound water

𝑟1!2 = 𝜌1!2𝐴exp[ M34
56"] ? 

From bench scale tests of dead fuel?



Going beyond thin fuel

𝑇&

𝑌&,4%5

𝑌5'

etc...

Multiphase within the multiphase…

𝑌&,67!8



(future) application of CFD for 
WUI fires



Increased use of CFD
webofscience.com: References including ‘CFD’ and ‘wildfire’/’wildland fire’

International Conference on Forest Fire 
Research:
• 2010: 2 papers
• 2018: 6 papers
• 2022: 12 papers



Example 1: Firebrands
Transport

400	𝑚



Example 1: Firebrands
Ignition



Example 1: Firebrands
Generation??

Fire 2022, 5, 6 



Example 2: Prescribed fire
Parameterized fire spread model (Δ𝑥 = 0.2	𝑚):
• Idealized fuel bed, no energy release (𝑅9 = 0.5	𝑐𝑚/𝑠)
• Background wind of 1 m/s, frozen

• Rothermel wind speed function: 𝑅 = 𝑅9 1 + 𝑎𝑈:

wind



Example 2: Prescribed fire
LES flow field, parameterized fire spread model:
• Idealized fuel bed (𝑅9 = 0.5 ⁄𝑐𝑚 𝑠 ;	 𝑡:7*;<7= ≈ 20	𝑠;	 𝑄%%≈ 16	 ⁄𝑀𝐽 𝑚'	)	
• Background wind of 1 m/s, applied with pressure gradient

• Rothermel wind speed function: 𝑅 = 𝑅9 1 + 𝑎𝑈:

wind



Example 2: Prescribed fire
LES flow field, parameterized fire spread model:
• Pine needle fuel bed (𝑅9 = 0.01	 ⁄𝑚 𝑠 ;	 𝑡:7*;<7= ≈ 20	𝑠;	 𝑞%%≈ 700	 ⁄𝑘𝑊 𝑚'	)	
• Background wind of 1 m/s

• Rothermel wind speed function: 𝑅 = 𝑅9 1 + 𝑎𝑈:



Example 2: Prescribed fire



Example 2: Prescribed fire
Normalize against no-wind spread (R0 ) 
in an attempt to account for fuel 
variables: loading, structure, moisture…

𝑅 = 𝑅W∅X

𝑅 = 𝑅W𝑒YZ

𝑅 = 𝑅W 1 + 𝑎𝑈Y

.

.

.
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Example 2: Prescribed fire
𝑅 = 𝑅W𝑒YZ

1
𝑅
𝜕𝑅
𝜕𝑡

= 𝑏
𝜕𝑢
𝜕𝑡
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Example 3: Structure exposure

Maranghides A, Nazare S, Link E, Hoehler M, Bundy 
M, Hedayati F, Gorham D, Monroy X, Morrison M, 
Mell W, Bova A, Milac T, McNamara D, Hawks S, 
Bigelow F, Raymer B, Frievalt F, Walton W

Calibration



Example 3: Structure exposure
Calibration



Aside: ‘Validation’?? cases



Tapping into other resources

Aim to capture highly resolved dynamics  
…both spatial and temporal

Fishlake National 
Forest



FastFuels API



Tapping into other resources

• Extend to other fuel models?
• Extend beyond fuel (e.g. weather models)



Summary

• CFD models offer opportunity for significant insight into fire dynamics

• They are tools – we must recognize both the capabilities and the limitations!

• Challenges to model application include:

• Parameterizing existing submodels and ensuring applicability

• (re)Formulating submodels when the need arises

• In WUI fire research, CFD models are gaining increased use, with a focus on:

• Structure/vegetation or structure/structure interaction

• Firebrands

• Prescribed fire/fireline interaction


