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Abstract
The vegetation that burns in bushfires consists of water, pyrolys-
able material that can ultimately burn as a gas, solid combustible
material (char) that is capable only of surface burning and un-
burnable material (ash). The vegetation is also a porous medium
in which air, water vapour, pyrolysis products and combustion
products flow past solid material. This flow is strongly influ-
enced by and interacts with the flow of air above the layer of
vegetation. As unburnt vegetation, the material is all contained
in objects of different size and shape, such as leaves, stalks,
branches and trunks, all exhibiting differing rates at which wa-
ter and pyrolysis products can be generated through external
heating, making some components much more susceptible to
burning in a brief period while others would require longer
time-scales; such material can often survive a fire. This article
presents a sectional model for the vegetation in which different
sizes of material are represented separately.

1 Introduction
Landscape fire models have been studied for many years and
there is a range of formulations, as recently reviewed by Pastor
et al [3]. Already in the 1980’s there was interest in creating a
comprehensive model that considered the combustible vegeta-
tion to be represented as a porous medium and that sought to
write appropriate conservation equations for all of the key vari-
ables (e.g. Grishin et al [1]). A recent contribution to this type
of landscape fire model is the multiphase approach of Larini
et al [2] which numerically solves a set of equations to obtain
propagating combustion fronts. In the present paper we revisit
the formulation of models for fire spread in the landscape as
a fundamental problem in porous medium combustion and de-
scribe a comprehensive sectional model for all of the key pro-
cesses. We are able to account for all of the components of
the vegetation as well as gaseous and surface chemistry leading
to insights into the important relationships between the most
significant dimensionless parameters in a way that Weber [4]
foreshadowed, but that has not previously been possible.

2 Porous medium model for vegetation
A model for combustible vegetation needs to take into account
solid and vapourisable material contained within the vegetation,
inert vapour (water) and combustible vapour (oils and products
of pyrolysis reactions in heated vegetation), the air and any
products of the combustion. Part of the medium is solid and
part of it is gaseous with transfer of matter from the solid to the
gas phase. There may be some liquid present, such as water
and sap, but because these would only remain liquid within the
structure of the vegetation they can be considered to form part

of a lumped solid phase (the vegetation). Of course, while the
solid material remains rigidly fixed, the gases can flow.

Heat and mass transfer in the gas operates through conduction,
diffusion and advection. At high enough temperatures, hot pre-
mixed or non-premixed gaseous flames can arise through an
exothermic reaction between oxygen and combustible vapour.
Exchange of heat must take place between gaseous and solid
material while radiation and absorption would account for trans-
fer of heat from one part of the solid to another limited by the
optical thickness of the vegetation.

To begin with, we can consider a more or less uniform distri-
bution of vegetation of a similar thickness, such as grass or
branches of similar diameter, within a moderately small test
volume. In heating these branches by introducing hot air, or
through radiation, a non-uniform temperature distribution must
arise within each branch, as heat conducts inwards from the sur-
faces. As the temperature at any point in the branch rises above
the boiling point of water TW̄ ≈ 373K (100◦C) or a tempera-
ture TF̄ ≈ 600K (327◦C) around which pyrolysis reactions oc-
cur, water or combustible vapour are driven out; the pyrolysis
reaction can be modelled as a phase-change [2]. The mean tem-
perature of the branch would also tend to increase with time.

The objective is to develop a workable model for describing the
overall behaviour of vegetation in bushfires, representing rea-
sonably well only the most essential phenomena. These include
correctly describing the energetics of heating and vapourisa-
tion as well as a reasonable representation of the rates of these
processes. Accounting for the temperature distribution within
every branch would generate far too complex a model, even
though this might be the most comprehensive approach.

2.1 Energy and temperature of solid and gas

Let us suppose therefore that the material of the vegetation has
density ρ̄V̄. If the volume fraction of the branches is φ then the
overall density of the branches in the test volume is ρV̄ = φρ̄V̄;
a bar (¯) over a symbol signifies measurement in the solid phase
only; a tilde (˜) will signify the gas phase only; otherwise mea-
surement is made per unit volume of the overall medium. For
brevity, we shall write ζ in place of ρV̄.

The overall solid density ζ is made up of partial densities ρW̄,
ρF̄, ρḠ and ρĀ of water W̄, pyrolysable combustible material F̄,
burnable char Ḡ that remains solid after heating and unburnable
solid Ā (ash) having ρW̄ +ρF̄ +ρḠ +ρĀ = ζ. Let us also define
the mean temperature of this solid ‘mixture’ to be θ such that the
specific enthalpy (energy per unit mass) H̄ of the solid satisfies

ζ H̄ = ρW̄h̄W̄ +ρF̄h̄F̄ +ρḠh̄Ḡ +ρĀh̄Ā

= ζC̄ θ+ρW̄h̄0W̄ +ρF̄h̄0F̄ +ρḠh̄0Ḡ +ρĀh̄0Ā
(1)
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where any solid constituent ᾱ ∈ S = {W̄, F̄, Ḡ, Ā} has specific
enthalpy

h̄ᾱ = h̄ᾱ(θ) = C̄ᾱθ+ h̄0ᾱ (2)

with specific heat C̄ᾱ and energy of formation h̄0ᾱ. The parame-
ter C̄ = (ρW̄C̄W̄ +ρF̄C̄F̄ +ρḠC̄Ḡ +ρĀC̄Ā)/ζ represents the mean
specific heat of the solid material.

We take the average temperature of the gas-phase within the
test volume to be T . If, for simplicity, the gas-phase consists
of water vapour W, pyrolised combustible vapour F, oxygen X,
combustion products P and an inert gas N, with overall density
defined as ρ = ρW + ρF + ρX + ρP + ρN, then the specific en-
thalpy H in the gas phase can be taken to satisfy

ρH = ρWhW +ρFhF +ρXhX +ρPhP +ρNhN

= ρCp T +ρWh0W+ρFh0F+ρXh0X+ρPh0P+ρNh0N
(3)

where any gas constituent α ∈ G = {W,F,X,P,N} has specific
enthalpy

hα = hα(T ) = CpαT +h0α (4)

with specific heat at constant pressure Cpα and energy of forma-
tion h0α. The mean specific heat at constant pressure of the gas
is Cp = (ρWCpW +ρFCpF +ρXCpX +ρPCpP +ρNCpN)/ρ.

Because we shall be considering the phase-changes and chem-
ical reactions W̄ → W, F̄ → F, F+X → 2P and Ḡ+X → P,
ground-states may be set independently for W, X, N, Ḡ and Ā,
other energies of formation being determined by the chemical
and phase changes. It is convenient to select the values

h0W = h0X = h0N = h̄0Ḡ = h̄0Ā = 0. (5)

Converting unit mass of ᾱ ∈ {W̄, F̄} into the gas constituent α

at the vapourisation temperature Tᾱ absorbs energy equal to the
latent heat of vapourisation Lᾱ. This requires that

h̄0ᾱ = h0α +(Cpα −C̄ᾱ)Tᾱ −Lᾱ. (6)

As a result, we can write

ζ H̄ = ρW̄(C̄W̄(θ−TW̄)+CpWTW̄ −LW̄)+ρḠC̄Ḡθ

+ρF̄(C̄F̄(θ−TF̄)+CpFTF̄ +h0F −LF̄)+ρĀC̄Āθ
(7)

and
ρH = ρWCpWT +ρNCpNT +ρXCpXT

+ρF(CpFT +h0F)+ρP(CpPT +h0P).
(8)

Finally, if the solid volume fraction φ is very small, then it can
be noted that ρα is very nearly equal to the concentration of α

in the gas phase alone, more strictly given by ρ̃α = ρα/(1−φ).

2.2 Vapourisation

A simple and reasonably representative model for the rate of
evaporation of ᾱ ∈ {W̄, F̄}, as mass per unit volume and time,
is

ϖᾱ = µAᾱρᾱ
ν 1

2
(
θ−Tᾱ + |θ−Tᾱ|

)
(9)

where Aᾱ is a constant and µ is a rate constant that would vary
with the size or thickness d of the branches, probably in propor-
tion to d−2 since the time-scale for conductive heating within a
branch varies in proportion to d2. Likely values of the exponent
ν are 3/4 for cylindrical branches and 1/2 for predominantly
planar or flat vegetation, such as leaves. Spherical vegetation
would be likely to have ν ≈ 5/6. Each of these alternatives
would halt evaporation abruptly (in finite time) when ρᾱ reaches
zero. Replacing ρᾱ

ν with a Heaviside function H(ρᾱ) would
generate qualitatively similar overall results.

Because vapourisation generates the gas consitituent α at the
temperature θ, there is also a transfer of energy equal to hα(θ)
from solid to gas (per unit mass of vapourised material).

2.3 Chemical reactions

For simplicity, the single gas-phase reaction F+X → 2P can be
considered to oxidise the pyrolysed gas F and create reaction
products P, with the rate

ω = A ρ̃Fρ̃X exp(−TA/T ) (10)

where TA is an activation temperature. The reaction can be con-
sidered to remove oxygen and pyrolysed gas at the respective
rates ω and χω, as mass per unit volume and time.

A solid-surface reaction can also be considered between the
residual char and oxygen (producing gaseous products) in the
form Ḡ+X → P. If this has a suitable rate-expression, such as

ω̄ = ω̄(ρḠ, ρ̃X,θ) (11)

then oxygen and residual solids are removed at the rates ω̄ and
χ̄ω̄, respectively. For brevity, the details of this surface reaction
will not be discussed further in this short article, apart from not-
ing that it involves a transfer of energy between gas and solid,
since gaseous oxidant and product carry their energies to and
from the solid surface at the temperature θ. This results in an
overall energy transfer from gas to solid of

HḠ(θ) = hX(θ)− (1+ χ̄)hP(θ)
= CpXθ− (1+ χ̄)(CpPθ+h0P)

(12)

per unit mass of reacted oxidant.

2.4 Exchange of heat between gas and solid

Heat transfer between the gas and the solid are very important.
Of course the transfer should flow from the higher to the lower
temperature and, if one assumes that the average solid tempera-
ture θ is at least representative of the surface temperature of the
solid, a suitable model assumes that the rate of heat transfer is
proportional to T −θ. The transfer-rate can also be enhanced by
the flow-velocity u of the gas-phase past the solid via the Peclet
number |u|d/κ, where κ is the gaseous thermal diffusivity.

Since the mean separation between branches and their mean
surface area per unit volume should be proportional to d/φ1/2

and φ/d, respectively, for cylindrical vegetation, the heat-
transfer rate from gas to solid can be estimated as

τ = ρCp(κg+h|u|)(T −θ) (13)

per unit volume and unit time, where g ≈ φ/(d2 lnφ−1/2) and
h ≈ φ/d up to order one factors, at least for cylindrical vegeta-
tion. Thus convection-enhanced heat-transfer between gas and
solid should dominate at large Peclet number. Different shapes
and thicknesses d of the vegetation should lead to the same for-
mula for heat transfer with different values of g and h.

As vapourisation and combustion take place, the mean diameter
of the branches d is likely to decrease, with the mean separation
remaining fixed. For cylindrical branches, d would probably
vary in proportion to ρḠ

1/2 since the char Ḡ is eroded by surface
chemistry. The volume fraction φ should then vary in proportion
to d2 so that h would decrease approximately linearly with d
while g varies (if at all) in proportion to 1/| lnd|.

2.5 Sectional characterisation of vegetation

If the structure of the vegetation includes a distribution of thick-
nesses d and shapes (such as cylindrical or flat) the solid mate-
rial can be characterised by different ‘sections’ each represent-
ing a part of the vegetation that has more or less the same size
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and shape, within a well-defined range if necessary. Each sec-
tion can be denoted by a subscript (say) i ∈ V = {1,2, · · · ,N}
with corresponding definitions of

φi, ρW̄i, ρF̄i, ρḠi, ρĀi, ζi, H̄i, θi, µi, νi, gi and hi

giving corresponding formulae for the vapourisation rate ϖαi,
heat-transfer rate τi and the surface-reaction rate ω̄i for each
component i ∈ V. The overall volume fraction of all solid con-
stituents is then φ = ∑ i∈V φi.

2.6 Radiative transfer of energy

Radiation is emitted by each ‘section’ in proportion to its sur-
face area and the fourth power of its temperature. If it is emitted
isotropically, the emitted radiant intensity can be written as

Ie = ∑ i∈V σiθ
4
i (14)

where σi represents the emissivity multiplied by the surface area
per unit volume of the section i. The actual intensity of radiation
I might not be equal to Ie if the medium is not uniform, as in (18)
below, and radiant energy can be taken to be reabsorbed by each
section in proportion to both I and σi. Thus, in any one section,
the nett rate of energy gain through radiation is

ri = σi(I/σ−θ
4
i ) with σ = ∑ i∈V σi. (15)

If I = Ie then the values of ri sum to zero.

The dependence σi(φi,ρW̄i,ρF̄i,ρḠi,ρĀi) of the radiant-surface
on the properties of the solid section may be relatively compli-
cated, but in most cases one would expect it to become zero as
the remnants of the solid are burned away.

2.7 Spatial variation and conservation laws

If we now treat the vegetation as a porous continuum, with vari-
ations in space and time, conservation laws can be developed for
the various constituents once fluxes are identified. Solid com-
ponents are fixed and have no flux while gaseous constituents
can be taken to have the fluxes

ραuα = ραu−Dα∇ρα (16)

for the species α. The flux of enthalpy in the gas-phase can be
written as

q = ∑ α∈G ραhαuα −ρCpκ∇T. (17)

Radiative fluxes arise where the emitted radiant intensity Ie
varies with position. If ` is the optical path-length, then ab-
sorption reduces the radiation arriving from any point, at a dis-
tance r, in proportion to exp(−r/`). If Ie varies quadratically
with distance, having ∇2Ie 6= 0, and if ` is small enough then
the radiant intensity at any point r can be estimated as

I = ψ Ie +ψ`2
∇

2Ie

with ψ =
1

4π`

ZZZ
Ω

1
|x− r|2

exp
(
−|x− r|/`

)
dV (x)

(18)

in which the volume integral ranges over the porous medium Ω.
In fact ψ only becomes non-unity if radiation is able to escape
through any boundary. It is found that ψ ≈ 1− 1

2 exp(−b/`)
if just one planar boundary lies at a distance b from the po-
sition r ∈ Ω. Although it remains qualitatively correct, the
diffusion-like term ψ`2 ∇2Ie loses accuracy when ψ differs sig-
nificantly from unity and, in such cases, radiative heat-transfer
within the medium becomes less effective while radiative losses
increase.

Conservation laws can now be written, for any i ∈ V, as

∂tζiH̄i = HḠ(θ)ω̄i −hW(θ)ϖW̄i −hF(θ)ϖF̄i + τi + ri

∂tρW̄i =−ϖW̄i

∂tρF̄i =−ϖF̄i

∂tρḠi =−χ̄ω̄i

(19)

for components in the solid phase, and

∂tρH +∇ ·q = ∑ i∈V
(
ri −∂tζiH̄i

)
∂tρ+∇ ·ρu =−∑ i∈V ∂t

(
ρW̄i +ρF̄i +ρḠi

)
∂tρX +∇ ·ρXuX =−ω−∑ i∈V ω̄i

∂tρF +∇ ·ρFuF =−χω−∑ i∈V ∂tρF̄i

∂tρW +∇ ·ρWuW =−∑ i∈V ∂tρW̄i

∂tρP +∇ ·ρPuP = (1+χ)ω+∑ i∈V
(
1+ χ̄

)
ω̄i

(20)

for gas-phase components. These equations need to be supple-
mented by a gas equation of state

P = (Cp −Cv)ρ̃T (21)

where Cv is the mean gaseous specific heat at constant volume
and by a suitable momentum conservation equation.

2.8 Further considerations

There are several ways in which particular elements of the
model can be improved. These may include alternative for-
mulae for vapourisation or pyrolysation rates and heat transfer,
based on more detailed modelling of the vegetation within any
section. For example, gas flow should enhance heat transfer
and the supply of oxidant for surface reaction primarily on the
upwind side, leading to nonuniform surface temperatures and
a non-isotropic radiation field. The optical path length ` is not
necessarily isotropic and radiative absorption is more generally
expressed as a volume integral that can include background ra-
diation from outside the domain Ω of the vegetation. Radiation
associated with gaseous flames (especially if soot is produced)
can also be very important in transferring heat to the vegetation.
Nevertheless the model, as presented, is capable of representing
many aspects of combustible vegetation.

3 Properties of the model
In general, the model could be applied within the broad context
of a stratified layer of vegetation of finite height above ground,
with atmospheric-scale modelling of the air-flow and hot com-
bustion products above it. This article is restricted to the pre-
sentation of the model itself and to a discussion of its salient
features. Solutions will be discussed in the verbal presentation.

3.1 Constant mean specific heats

To identify the essential nature of the model we can, firstly, as-
sume that all solid specific heats are equal to the mean value C̄
and all gaseous specific heats equal Cp. The mean specific heats
then do not change as the composition of the gas or the veg-
etation changes. After some algebraic manipulation, the solid
energy equation can then be rewritten in the form

ζC̄ ∂tθ = τ+ r +
(
Q̄− (Cp −C̄)θ

)
χ̄ω̄

−
(
LW̄ +(Cp −C̄)(θ−TW̄)

)
ϖW̄

−
(
LF̄ +(Cp −C̄)(θ−TF̄)

)
ϖF̄

(22)

for any section of the vegetation (omitting the subscripts i ∈V),
in which the heat of surface reaction is Q̄ =−(1+ χ̄)h0P/χ̄.
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Assuming that there is only one section for the vegetation (con-
sisting of similarly sized and shaped components), conservation
of gaseous energy takes the form

ρCp
(
∂tT +u ·∇T −κ∇

2T
)

= Qω− τ

−Cp(θ−T )∂t
(
ρW̄ +ρF̄ +ρḠ

) (23)

in which the thermal conductivity ρCpκ is taken to be constant
and the heat of gaseous reaction is Q = χh0F − (1+χ)h0P,

3.2 Dimensionless version with one section of vegetation

Still taking the specific heats to all equal C̄ in the solid and Cp
in the gas, with only one section for the vegetation, it is useful
to examine a dimensionless form for the model. This reveals
some key parameters and dimensionless ratios which influence
the nature of any solution. There are many ways to nondimen-
sionalise and so only one representative version is given here.

A time-scale for heat transfer between solid and gas can be iden-
tified as

tτ = 1/
(
κgc +hcuc

)
(24)

where gc and hc are characteristic values of g and h and uc is a
suitable measure of the wind speed. A temperature Tτ can also
be identified at which stoichiometric gaseous chemistry occurs
on the same time-scale tτ for heat transfer, such that

AχρXc exp(−TA/Tτ) = κgc +hcuc = 1/tτ (25)

where ρXc is a characteristic value of the oxygen concentra-
tion. At higher temperatures the rate of gaseous chemical ac-
tivity would outstrip heat transfer unless one of the reactants
is in short supply. Two other characteristic temperature-scales
can be identified from the solid and gas energy equations (22)
and (23), namely

θc =
ρḠcQ̄

ρḠcCp +ρĀcC̄
≈ Q̄

Cp
and Tc =

ρXcQ
ρcCp

(26)

where ρĀc is the density of ash (unburnable solid) and ρc and
ρḠc characterise the density of gas and the overall density of
char. If there is little ash, the final estimate for θc holds. Thus
Tc estimates the temperature rise through gaseous oxidation
and θc, the potential temperature rise through surface oxidation
of char.

Dimensionless versions of the variables in the model and some
dimensionless ratios can now be defined as follows

t = tτt ′ x = tτucx′ u = ucu′ κ = u2
ctτκ

′

ζ = ζcζ
′

ρW̄ = ζcW̄ ρF̄ = ζcF̄ ρḠ = ζcḠ

ρ = ρcρ
′

ρX = ρXcX ρF = χρXcF T = TτT ′

Q̄ = C̄TτQ̄′ Lᾱ = C̄TτL′ᾱ Tᾱ = TτT ′
ᾱ TA = TτT ′

A

Φ = ζc
/

ρc ΦF̄ = ζc
/

χρXc ΦḠ = ζc
/

χ̄ρXc θ = Tτθ
′

g′ = κgtτ h′ = huctτ Leα = κ/Dα γ = Cp
/

C̄

` = tτuc`
′

Γ = tτσT 3
τ

/
ζcC̄ δ = tτχ̄ω̄(ζcḠ0,ρXc,Tτ)

εᾱ = tτµAᾱζ
ν−1
c ρXcQ = ρcCpQ′

in which ζc characterises the solid density and Ḡ0 is the unburnt
value of Ḡ. Dropping the primes leads to the dimensionless
equations

ρ
(
∂tT +u ·∇T −κ∇

2T
)

= Qω− τ

− (θ−T )Φ∂t
(
W̄ + F̄ + Ḡ

)
∂tρ+∇ ·ρu =−Φ∂t

(
W̄ + F̄ + Ḡ

)
∂tF +∇ ·Fu−κ∇

2F/LeF =−ω−ΦF̄ ∂t F̄

∂tX +∇ ·Xu−κ∇
2X/LeX =−ω+ΦḠ ∂t Ḡ

(27)

for temperature, mass, fuel vapour and oxidant in the gas phase,
and

ζ∂tθ = γτ/Φ+Γ
(
(ψ−1)θ4 +ψ`2

∇
2
θ

4)
+

(
LW̄ − (1− γ)(θ−TW̄)

)
∂tW̄

+
(
LF̄ − (1− γ)(θ−TF̄)

)
∂t F̄

−
(
Q̄+(1− γ)θ

)
∂t Ḡ

−∂tW̄ = εW̄ρW̄ ν 1
2
(
θ−TW̄ −|θ−TW̄|

)
−∂t F̄ = εF̄ ρ F̄ν 1

2
(
θ− TF̄ −|θ− TF̄ |

)
−∂t Ḡ = δω̄

(28)

describing the solid phase, along with the rate formulae

ω = FX exp(TA −TA/T )
τ = ρ(g+h|u|)(T −θ)

(29)

and a suitable formula for the dimensionless version of ω̄.

The constant Φ would generally be large, relating the mass of
solid to the mass of gas, while ΦF̄ and ΦḠ would be larger still,
relating only to the mass of oxidant in any volume. The ratio
Φ/γ measures the heat capacity of solid to that of gas in any
volume, typically having γ ≈ 3/4 for dry wood (for pure water
it would be about 1/4). The constants Γ and `2 offer a measure
of the effectiveness of radiant heat-transfer while κ measures
the effectiveness of thermal and mass diffusivity in the gas.

4 Conclusions
The model provides a basis for examining a variety of inter-
actions in bushfires, including the effect of reduced moisture-
content, the relative effects of radiant and convective heat trans-
fer, and the effect of increased wind-speed. By employing a sec-
tional approach, differing rates of heat-exchange, pyrolisation,
etc., within the structure of the vegetation can be described.
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