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2The Burning of a Match

(2) Flame : chemical 
reaction between the 
pyrolysis gases and 
atmospheric oxygen
 

(4) A pyrolysis
front propagates (1) Production of 

pyrolysis gases

(3) The heat produced in 
the flame sustains the 
pyrolysis process

(5) Deformation of 
the match



3Numerical Problem

Material region

Environment region

Interface between the 
two regions



4PATO
POROUS MATERIAL ANALYSIS TOOLBOX BASED ON OPENFOAM

https://pato.ac/

https://pato.ac/


5● Material Region

pyrolysis heterogeneous reactions

Averaged effective properties
e.g. density 

convection exchange with solid phases

species mass 
fractions

convection diffusion pyrolysis
by species 

chemistry
source terms

gaseous
species

gas velocity Darcy Klinkenberg

energy convectionspecies effective 
diffusion

convective 
heat transfer

diffusion/viscous 
dissipation

density

density
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phase-0
(gasphase)
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(solid2)

phase-1
(solid1)

local scale:averagingvolume

Representa veElem.
Volume(REV)

Mass conservation

- For each solid phase

- For the gas phase

Species conservation

Momentum conservation

Energy conservation

- solid

- gas

Solid deformation

        displacement         stress tensor    body forces
volume
fraction

intrinsic phase 
density

L

macroscopic scale: equivalent 

porous continuum material

L l
L  >>  l

l

∑i=1

N p

[(ϵi ρiC p , i)∂ tT s]+∑i=1

N p

hi∂t(ϵi ρi)=∂x⋅(K s⋅∂xT s)+hv(T g−T s)

(ϵg ρ gC p ,g)∂tT g−∂ t(ϵg p)+∑ j=1

N g

[h j∂t(ϵ j ρ j y j)+∂x⋅Q j ]+∂x⋅(ϵg ρghg v g)=∂x⋅(Kg⋅∂xT g)+hv (T s−T g)

pressure
term



6Inside the Environment: fireFoam
Mass conservation

Momentum conservation

Species transport equations

Energy conservation

Ideal gas

+ Combustion model (     ) 
+ Turbulence model (                         ) 
+ Radiation  model (       )

∂t(ρ̄)+∇⋅(ρ̄~u)=0

∂t(ρ̄
~u )+∇⋅(ρ̄~u~u)=−∇ p̄m−(g⋅x)∇ ρ̄+∇⋅[μeff (∇

~u+(∇~u )
T
−
2
3
(∇⋅~u ) I )]

∂t(ρ
~
hs)+∇⋅(ρ~u

~
hs)=∂t p̄+

~u⋅∇ p+∇⋅(ραeff ∇
~
hs)+Q̄c−∇⋅q̄R

ρ̄=
p̄ M
R~T

~hs=∑i=1

N ~Y ihs , i(
~T )

density velocity

modified pressure

position

sensible enthalpy

temperature

Navier-Stokes equations with 
LES filtering and Favre 
mean variables

Molar weight

M=[
∑i=1

N ~Y i

Mi

]

−1

~hs ,i(
~T )=hs ,i

ref
+∫T ref

T
C P ,i
0 dT

CP , i
0

=R [
a1
T 2

+
a2
T

+a3+a4T+a5T
2
+a6T

3
+a7T

4
]JANAF model

constant-pressure speficif heat

gravity
effective viscosity

μ=
C1T

3/2

T +C2
Sutherland model

p̄m= p̄−ρ̄ g⋅x
thermodynamic pressure

μeff=μ sgs+μ

dynamic viscosity
sub-grid viscosity

∂t(ρ̄
~Y i)+∇⋅(ρ̄~u ~Y i)=∇⋅(ρ̄Deff ∇

~Y i)+w̄ i
i-th specie mass fraction effective mass diffusivity

rate of production of a specie

Effective thermal diffusivity
heat generated by combustion

thermal radiation flux

q R
μsgs ,αsgs ,D sgs

Q̄C



7Interface between the 2 Regions

f  = environment
g = material

Velocity 

Pressure

Species concentration (y)

- if flux from the environment to the material

- if flux from the material to the environment

 

Temperature

~u f=ug

p̄f=pg

y i , g=
~y i , f

~y i , f= y i , g

~T f=T g

k f ∇
~T f=k g∇ T g



8Two Combustion Reactions

Combustion reactions
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9Results



10Combustion of a Wood Log

(ε=0,5) 
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Combustion reactions

Pyrolysis reactions



11Results
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12Conclusion & Future Work

Define a numerical tool to deal with this multi-physical problem.

● Extend the application by considering solid deformation;
● Extend the application to 3D;
● Apply the solver to the Burning of the match;

Future Works 

Main Goal

A First Application

Numerical simulation of a log combustion. 

PATO: detailed porous material solver coupled to several OpenFoam flow
          solvers, including FireFoam

Numerical tool 
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