
Pergamon 

In!. J Hear Mass Transfer. Vol. 41, Nos 6-7, PP. 881-897. 1998 
$? 1997 Elsevier Science Ltd. All rights reserved 

Pnnted in Great Britam 
OOl7-9310198 $19.00+0.00 

PI1 : soo17-9310(97)00173-7 

A multiphase formulation for fire propagation 
in heterogeneous combustible media 

M. LARINI, F. GlROUD, B. PORTERIE and J.-C. LORAUD 
Dtpartement Ecoulements Diphasiques et RCactifs, IUSTI, UMR CNRS 139, 5 rue Enrico Fermi. 

TechnopBle de Chlteau-Gombert, 13453, Marseille Cedex 13, France 

(Received 2 April 1996 and in fina(form 4 June 1997) 

Abstract-A general formulation based on a weighting average procedure is developed for describing the 
fire-induced behaviour of a multiphase, reactive and radiative medium. The complete set of the resulting 
equations should be used as the basic one for later studies, especially in the framework of wildland fires. 
For the moment, in order to demonstrate the capability of the general formulation, a simplified model, 
named zeroth-order model, in which some physical phenomena (such as char combustion, second-order 
terms, particle motion) are neglected is presented. In the frame of this simplified model, reverse and forward 
one-dimensional fire propagations through an heterogeneous medium composed of fixed fuel particles are 

studied numerically. 0 1997 Elsevier Science Ltd. 

1. INTRODUCTION 

Fire propagation in heterogeneous combustible media 
is the result of both transfers between a gaseous phase 
(air and/or combustion products) and solid particles, 
and radiative heat transfer between particles. Wild- 
land fire is typical of the combination of such phenom- 
ena. 

In the present work, a general theoretical approach 
is proposed. Following the Weber’s classification of 
the existing models of fire spread through fuel beds 
[ 11, our approach is to be ranked among the “physical 
and kinetic” models. 

The present model is a multiphase, reactive, and 
radiative field model. A gas phase flows through N 
solid phases which constitute an idealized rep- 
resentation of the heterogeneous combustible 
medium. Each solid phase (called also a family) con- 
sists of particles of the same geometrical (e.g. shape, 
size, and arrangement) and thermochemicophysical 
properties, providing in this way the same behaviour 
under fire. Although our model can be used for a wide 
variety of applications, the present study is focused 
on the modelling of wildland fire propagation. In the 
present application, general problematics of forest fire 
is not tackled and the study is restricted to the scale 
of a vegetal stratum of medium thickness (litter, bush, 
etc.). 

Many authors tried to develop generally applicable 
models of fire spread through fuel beds. In the very 
comprehensive review of Weber [l], fire spread models 
are discussed and classified as statistical, empirical, or 
physical models in accordance with the methods used 
in their construction. In the statistical models, the fire 
spread rate is predicted without involving any physical 

mechanisms, whereas the empirical models are based 
on the physical principle of conservation of energy, 
but do not differentiate between modes of heat trans- 
fer. In the physical models, the modes of heat transfer 
are differentiated and the fire spread rate along a given 
direction is found by solving a one dimensional steady 
energy equation (see, for example, Refs [2, 31) or a 
bidimensional one [4]. They differ mainly owing to 
the heat transfer mechanisms involved in their for- 
mulation : embers radiation, flame radiation, con- 
vective transfer between the gas and solid phases, heat 
losses. The necessary input data are the topology of 
the combustible medium (density, surface area per 
unit volume, etc.), the thermochemical properties of 
the fuel material, and the ignition criteria. In addition, 
reduced models are developed in order to describe 
such phenomena as embers or flame radiation, heat 
losses, and convective transfer between gas and solid 
particles. Therefore, parameters such as the geometry 
of the flame (size, angle of inclination), convection 
heat transfer coefficient between gas and particles have 
to be known. These parameters are often difficult to 
obtain, and may vary from one situation to another. 
Flame shape can also be modified by the aerodynamic 
structure of the environment in which the fire 
develops, but these models are not capable of mod- 
elling such fire-aerodynamic interactions. 

In the present multiphase formulation, the basic 
physical mechanisms and the strong coupling between 
the phases due to mass, momentum, energy transfers 
are considered. As an example, it accounts for the 
basic physico-chemical processes such as pyrolysis, 
chemical reactions in the gas phase, and embers com- 
bustion. Aerodynamic and thermal fields induced by 
the fire in complex situations (wind condition, terrain 
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NOMENCLATURE 1 
CP 

i 
Li 
ti 
n 

nesp 
N 

P 
Pr 

4 
r 
R 

t 
T 

V:, 

specific heat at constant pressure 
specific internal energy 
body force 
radiant intensity 
mass flux 
number of particles per unit volume 
number of gaseous species 
number of solid phases or families 
pressure 
Prandtl number (&,/1) 
heat flux vector 
particle radius 
radiative flux vector 
time 
temperature 
velocity of the species s in the phase m 
with respect to stationary coordinate 
axes (v; = v, +V;) 
mass average velocity of the phase m 
control volume 
mass diffusion velocity of the species s 
in the phase m 
mass diffusion velocity of the 
pyrolysing or drying products in the 
phase m 
molecular weight 
mass fraction of the chemical species s 
in the phase m. 

Greek symbols 

KW defined by V,,J V 
Ah:< standard heat of formation of the 

species s 
n thermal conductivity 

P dynamic viscosity 

P density 

P! density of pyrolysis or drying products 
of the phase k 

flk surface to volume ratio of the phase k 
cr stress tensor 

w”, mass rate of production of species s in 
the phase m 

cl solid angle. 

Diacriticals 

0 average property 

[I source term. 

Superscripts 

pr pyrolysis or drying products due to the 
thermal degradation of the fuel 

s species s. 

Subscripts 
0 
1 
2 

eq 

9 
i 
ign 
in 
I 
k 
m 

P 
pyr 
vap 

initial condition 
solid-phase or family 1 
solid-phase or family 2 
equivalent multiphase model 
phase g 
ith coordinate direction 
ignition 
inlet condition 
solid-gas interface 
phase k 
phase m (m = g or k) 
particle 
pyrolysis products 
water vapour. 

slope) are attainable as well as the flame charac- 
teristics and the physical state of embers (which are 
no longer input data). The solution is obtained from 
input data which are more basic and realistic than 
those required in the “physical models”. Information 
on the fuel (structure and composition, spatial het- 
erogeneity), the topography of the terrain and atmo- 
spheric conditions are only needed. 

The result of the present formulation is a complex 
set of coupled nonlinear equations which must be 
solved numerically. The solution requires significant 
computer resources. So, it is not reasonable at the 
time of the paper to consider this model as an oper- 
ational tool for fire fighting (it appears to be different 
for fire prevention), but rather as an aid in improving 
the physical models which can be integrated in oper- 
ational systems. However that may be, the equations 

for the multiphase, reactive and radiative model will 
be useful for modelling forest fire propagation. This 
will be done at the conclusion of the European project 
EFAISTOS on experiments and simulations for 
improvement of behaviour models of forest fires in 
1998. 

After presenting the general multiphase for- 
mulation in Section 2, a zeroth-order model based on 
simplifying physical assumptions (char combustion, 
second-order terms and particle motion are neglected) 
and simplified sub-models is described in Section 3. 
The governing equations of the zeroth-order model 
are solved by using the numerical procedure briefly 
presented in Section 4. Before concluding, the numeri- 
cal results obtained from the simplified model in the 
case of reverse and forward configurations are 
discussed. The unique goal of the numerical simu- 
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lations performed in this paper is to demonstrate the 
capability of our model in taking into account the 
coupling of the main phenomena. 

2. STATEMENT OF THE MULTIPHASE, 

REACTIVE AND RADIATIVE FIELD 
EQUATIONS 

2.1. The physical problem 
In two dimensions (x,z), fire propagation can be 

illustrated by the sketch shown in Fig. 1. In the present 
approach, the fuel bed is considered as an het- 
erogeneous medium composed of solid particles of 
various kinds. In a small control volume V, N solid 
phases coexist with the gas phase. As explained in 
the Introduction, each solid phase is composed of 
particles having identical geometrical and physico- 
chemical properties. 

The packing ratio of the phase k is defined as 

Vk 
CQ = - 

V 

where Vk is the volume occupied by the phase k in the 
volume V. 

In the same way, the fractional porosity, also named 
void fraction or “aeration degree”, is defined as 

v, ccg = - 
V (2) 

From these definitions, we have : 

Transfers between gas phase and each solid phases 
are the key concept for the understanding of the fire 
propagation mechanisms. These transfers are directly 
related to S& the contact surface between the gas 
phase and each solid phase k. 

For the phase k : 

where gk = S,,/ V, is the surface to volume ratio of the 
phase k. 

Fig. 2. Control volume V containing both gas phase and one 
solid phase. 

Multiphase, reactive and radiative effects are 
included in the general formulation. For the gas phase 
and each solid phase, mass, momentum, and energy 
balance equations are derived. In addition to these 
equations, there is a continuity equation for each 
chemical species which are present in the medium. The 
radiative contribution to the source terms of energy 
equations is evaluated by solving the equation of ther- 
mal radiation intensity. 

The derivation is carried out in two steps. In the 
first step, a small control volume containing both the 
gas phase and one solid phase is considered (Fig. 2). 
The method developed by Delhaye [S] is used to derive 
the local instantaneous balance equations for both 
phases, the chemical species continuity equations, and 
the associated jump conditions at the solid-gas inter- 
face surface S,, (k = 1). At this step, the physico- 
chemical processes of drying and pyrolysis due to the 
thermal decomposition of the solid fuel are explicitly 
introduced. The char combustion appears implicitly 
through the jump conditions. 

The second step is devoted to the formulation of 
the multiphase (k > l), reactive, and radiative field 
equations. The macroscopic balance equations are 
obtained from the local instantaneous ones by using 
the well-known formal averaging method. This 
method was first introduced by Anderson and Jackson 
[6], and used later by Gough and Zwarts [7] in a 
slightly different form. In this method, a weighting 
function is defined to obtain the average values of 

Direction of fire 

different phases 

combustible medium x 

Fig. 1. Schematic representation of the physical problem. 
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properties. In the present formulation, following And- 
erson and Jackson, a weighting function is defined 
which depends on spatial coordinates only. A weigh- 
ting function depending on both spatial coordinates 
and time, as suggested by Gough and Zwarts, could be 
used in a future theoretical development. An averaged 
directional equation of the radiative intensity for the 
multiphase medium is similarly derived. 

Our approach has the benefit of a great generality. 
Its application to the field of wildland fires allows us 
to make some convenient assumptions. For example, 
the assumption of motionless solid particles can be 
reasonably utilized. For the purposes of extinguishing 
fires and of controlling fire growth, water sprinkling 
processes may be tackled by considering water as a 
phase k. This will be the subject of future works. 

2.2. Local instantaneous equations andjump conditions 
If contacts between solid phases are neglected, the 

more general situation which may occur in a small 
control volume V containing both the gas phase and 
one solid phase k may be represented schematically in 
Fig. 3. V is a fixed control volume in which both the 
two phases are allowed to move. Thus, we have 

Using Leibnitz’s rule and Gauss’s theorem to trans- 
form this generic equation, and providing that this 
equation is satisfied at every point and every time, the 
local instantaneous equations are : 

v = vy(‘) u Vk(& gas phase 

The phase k loses mass due to bulk processes that are 
drying and pyrolysing processes. During such 
phenomena, vapour and/or combustion gas migrate 
through the solid matrix (considered as a microporous 
medium), reach the interface, and then escape from 
the solid phase. 

~(p,~iy)+V.(~,i,~v,)+V.J,-P,$, =O (6) 

solid phase 

We begin by writing balance equations for the trans- 
port quantity tim (m = g, k) over the control volume V 
and at the same time, balance equations for pyrolysis 
products over the control volume Vk. By combining 
these equations, a generic transport equation can be 
written as 

~(p*~k)~v’(p-llrrv,)+v’Jk-p,Ok = -Sk (7) 

interface 

1 bk$kh -V,)‘nm-- Jm-nml = ew It, 

where the rate of mass reduction of phase k due to 
drying and pyrolysing processes is defined as 

where 

+;[,MP.%&[,;SdL. 

+ 
s 

~:I (PE’SVP’ + JE’) * nk da (5) 

“k 

Fig. 3. Sketch of a control volume. 

(8) 

Defining, respectively, the rate of gaseous mass 
addition and the rate of mass reduction of phase k 
due to surface combustion as 

P.~ (h - v,~) * n4 = % 

pk(v,-vk)*n, = -tiy’ 

(9) 

(10) 

it follows that 

Balance equation 
Mass 
Chemical species 
Momentum 
Energy 
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In this last equation, the right-hand terms represent 
the fuel mass loss rates due to pyrolysis and char 
combustion, respectively. 

2.3. Multiphase equations 
2.3.1. Average variables. In the multiphase 

approach, the volume for the gas phase, denoted V,,, 
is the portion of void volume occupied by the gas 
while the remaining portion occupied by the particles 
is considered to be the volume for the N solid phases 
(N = 2 in Fig. 4). Every solid phase k occupies a 
volume Vkoo. 

Each solid phase is constituted with pp particles. 
The particle p of the phase k has a volume V,,k and a 
surface 5’,,, with p varying in the range 1 -pp. 

Extending the method of Anderson and Jackson [6] 
to the multiphase case, one can define : 

@,(X, 4 = J g(r) dv and Q(X, t) = 
s 

g(r) dv 
Y 9” “k, 

(1-3 
in which x is the position vector of a point M and r is 
the distance between A4 and a remote point IV’, dv is 
a basic volume surrounding M’ and g(r) is a weighting 
function with the following properties : 

J J 
r=m 

g(r) dv = 4l-I r=O g(r)r’dr = 1 ( 
“C> 

where 

v, = Vgm u 2 Vk, ( > k=l 

3) 

So, the average properties of the gas phase and a solid 
phase k are defined by : 

GaX, 4 = c g@b& 0 dv (15) 
Jvo, 

Fig. 4. Schematic representation of the multiphase medium. 

uk(ak)(x, 1) = J &My, 0 dc 
“k, 

g@h (y. 0 dv (16) 

in which a, (m = g or k) is either a scalar function, or 
the component of a vector or of a second-order tensor. 

Remark : If also a, is considered as constant inside 
each particle p, we can write : 

J) 

ak<ak>(x, 0 = i dr,My 4 Vpk. 
p=l 

2.3.2. Average equations. Multiplying the gas bal- 
ance equation by g and integrating over the region 
occupied by the gas-phase yields 

(17) 

Using the mathematical theorems of Appendix 1 and 
after some algebraic manipulations, we obtain 

~(~~(p,~~))+V.(;(~~~~v~+J~))-~~(~~~~) 

(18) 

Multiplying the balance equation of the phase k by g, 
integrating over the region occupied by the elementary 
volume VPk, and summing over all these elementary 
volumes of the phase k, we have 

PP 

IS [ 

a 
g - b&d + V $vib~J + V * Jk -PER 

“/A a1 
dv 

p=1 1 

=pf, Jv g&dv (19) 
PX 

x 

= --uk(sk)- pi: 
J 

g(ljlPrf$k + Jk - nk) ds. (20) 
p=l s * 

Proceeding analogously we find the boundary con- 
ditions at the interface between the gas and the solid 
phase k, namely the average jump conditions, as 

+J,.n,+Jr*n,)ds. (21) 



886 M. LARINI et al 

2.4. Gas phase radiative balance equation 
The influences of radiant heat transfer are exerted 

through the fluxes J, in the energy conservation equa- 
tions of the gas or solid phases. We focus only our 
attention on the balance of radiative intensity for the 
gas phase because it will be seen later that solid phases 
can be considered as opaque media. 

Let R be the solid angle and L,” the radiant intensity 
in the gas phase at a point M in the e direction (Fig. 
5). The radiative flux is defined by [8] 

(22) 

In Cartesian coordinates, it can be shown that 

V-R,=&,= 
s 

aLn 
AeidR 

o ax, 
(23) 

with ei = e * ii. 
Along the direction e, if the medium is assumed 

to be grey and non-scattering, the equation for the 
transfer of thermal radiation can be expressed as 

where $ is the gas absorption coefficient and Lf the 
black body intensity. 

By multiplying by g and integrating over Vgm and 
using the previous average definitions and the math- 
ematical theorems (Appendix l), we have 

%G) ( e 9 9 aa (in) 
e’ ax, 2 ax2 

where ds is an infinitesimal displacement along e. 
In this equation, the last term of the left-hand side 

represents the solid-solid radiative exchanges through 

solid phase 

i3 

/’ 
Fig. 5. Coordinate system showing radiant intensity at point 

M in the e direction. 

the gas phase. The terms of the right-hand side rep- 
resent the attenuation of intensity by absorption and 
the increase of intensity by emission in the gas phase. 
These terms, taken as zero in the following part of 
this work, can play a very important role in the case 
of highly absorbing or sooting combustion gases. 

3. REDUCED EQUATIONS: A ZEROTH-ORDER 

MODEL 

From the set of equations resulting in a general 
analysis of the reactive, radiative, and multiphase 
medium, a simplified approach (called zeroth-order 
model) is developed with the aim of dissociating the 
effects of phenomena from those of transfers. This 
reduced model leads to a qualitative description of fire 
spread through an heterogeneous medium. It is based 
on simplifying assumptions and simplified submodels. 

The simplifying assumptions have been formulated 
for each balance equation and their associate submo- 
dels. 

3.1. Mass equations 
A first assumption consists of the fact that the solid 

particles are fixed in space 

Vk = 0. [All 

It seems obvious that models in which this assumption 
is used can be representative of wildland fires. 

Char combustion processes require the use of an 
appropriate kinetic model [9-121, but in the present 
simplified model, for the sake of clarity, char com- 
bustion is neglected (the only combustion process 
taken into account is that of pyrolysis products in 
gaseous phase). Thus, 

,y’ ZZ 0. L421 
This assumption implies that there is no particle sur- 
face regression and no char combustion contribution 
in the mass, momentum and energy balance equa- 
tions. 

Using [Al] and [A2], eqns (18)-(20) can be written 
as 

(26) 

xk(flkti,)i = ~~<e~~~>i. (28) 

In order to evaluate mass transfer terms, the quantity 
r@ has to be known. It can be deduced from exper- 
imental pyrolysis curves or calculated according to an 
Arrhenius-type law [lo-l 31. In this paper, the former 
technique is used. 

To eliminate the complexities of gas flow through 
the solid material, the pyrolysis products are assumed 
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to be removed out of the solid instantaneously upon 
their release. The fact that there is no accumulation 
of pyrolysis products inside the phase k implies 

gas phase due to drying and pyrolysis of the 
solid phases is neglected : 

h, 

L431 

3.2. Chemical species equations-combustion model In return for which, eqn (18) becomes 
If we further assume that mass diffusion of any 

chemical species s in the gas phase is neglected and 
that no chemical reactions occur in solid phase, we 

&?,v,)) +v * &h?,v.9v,>) 

get, respectively, 

v:, = 0 

w; = 0. L451 where 

Taking into account the assumptions [Al]-[A5], eqns 
(18)-(20) reduce to 

(30) 
where the drag coefficient is deduced from the cor- 
relation of Marty [ 141 for a single solid phase 

ak<a& Y,;>, = uk(a&~W% (31) 4 

where the mass fraction of the pyrolysis products at 
c,=&+S+- 

k Re:12 

the solid-gas surface are deduced from and 

The combustion process is represented as a single, 3.4. Radiative transfer equation 

one-step reaction Assuming that: [A81 the gas phase is treated as a 
transparent medium, [A91 solid particles act as black 

Fuel + Oxidant = Products. bodies, the right-hand side of eqn (25) vanishes and 

As an example, if fuel is CO, fuel-rich condition 
the last term of the left-hand side can be expressed as 

ho > 2noJ or fuel-lean condition (nco < 2n02) can 
occur locally 

n&O + no,02 

= 
I 

2n02C02 + (nco - 2n,JCO (fuel-rich) 

ncoC02 + i(2noZ - n&O2 (fuel-lean). 

Then, the mass rate of production of species s, w;, due 
to the reaction given previously can be easily deter- 
mined. 

3.3. Momentum equations 
The statement of motionless particles [Al] serves as 

the momentum balance equations for the solid phase 
k. In addition, two assumptions commonly used are 
made, namely : 

[A61 viscous gas effects are neglected except at the 
solid-gas interface ; 

[A71 the rate of increase of linear momentum of the 

where /? is the Stefan-Boltzman constant and Tk the 
surface temperature of the solid phase k. Equation 
(25) can be rewritten as 

It is obvious that the assumption of transparent gas 
phase made previously implies that the divergence of 
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the radiative flux is zero and consequently radiative 
terms will vanish in the gas phase energy equation. 

3.5. Energy equation 
As for the energy equation for the solid phase k, by 

using the jump condition (21), the term related to 
thermal radiation is expressed as 

Using eqn (33), we then get 

Lve * ng dR ds 

If we define 

we have 

The value of I”) is obtained from the radiant heat 
transfer by using the Pl -approximation [8] (cf Appen- 
dix 2). Due to the radiative properties of the solid 
particles, we have V * ak(Rk) = 0. 

In addition, by neglecting conduction effects except 
at the interface and the rate of work done by viscous 
stresses at the interface, and using eqns (34) and (35), 
eqns (18) (20) and (21) become 

At the interface, if the exit temperature of pyrolysis 
products is assumed to be the solid surface tem- 
perature Tk, their internal energy is defined by 
(e,>r = e(Yl?, Tk). 

The interphase convective heat transfer is related to 
the flow properties according to the correlation of 
Yuen and Chen [15], in terms of the Reynolds and 
Prandtl numbers 

NuP = 2+0.6Re:12 Pr’13 

where 

and 

3.6. Equations of state 
Internal energy is defined to include the chemical 

energy 

e(Y,, T,P) = 1 Y, A%+ 1;; ( jr;C#)dT)-$. 

(41) 

It appears clearly that any chemical composition vari- 
ation (due to chemical reaction) implies internal 
energy variations. The equation of state for a mul- 
ticomponent system based upon ideal-gas assump- 
tions can be written as 

(42) 

4. NUMERICAL RESOLUTION 

One-dimensional simulations are carried out. 
Therefore, the main dependent variables of the prob- 
lem are for the gas phase, the velocity us, the pressure 
p, the energy e, the species mass fractions Yi 
(s = 1,2,. , nesp), the zeroth moment of the radiant 
intensity I and for the solid phases (k = 1,2,. . . , N) 
the energy ek, the density pkr the species mass fractions 
r;. 

All these gas variables, with the exception of p, 
appear as the subject of differential equations of the 
general form 

&s7P,@J + ~(%?Pdh?v,) = & (43) 

where #J, stands for a generic fluid property, 4, = 1, 
Yi (s = 1,2,. . , nesp), ug, I, e,, and S,, is the right- 
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hand term of the equations (26) (29) (32), (A2.3), 
and (38) written in one-dimensional form. The gov- 
erning equations are discretized on a staggered non- 
uniform grid using a finite-volume procedure with 
a hybrid differencing scheme [ 161 for the convective 
terms. The SIMPLEC algorithm [17] is used to solve 
the coupling between continuity and momentum 
equations through pressure. The solution of the result- 
ing algebraic equations is obtained by Thomas’ algo- 
rithm [18]. For the solid phases, the ordinary-differ- 
ential equations, eqns (27), (30) and (39) are solved 
explicitly. 

5. RESULTS AND DISCUSSION 

Computational simulations of one-dimensional fire 
propagation are presented. Gravitational effects are 
not considered. Two configurations are presented : 
forward (Fig. 6a) and reverse fire propagation (Fig. 
6b) with respect to the direction of the inlet flow. 
Inlet conditions and numerical parameters used in the 
calculations are given in Table 1. 

Results concern the thermal degradation of dry 
wood particles. The rate of gaseous mass addition due 

Table 1 

Length of the domain 

Gas phase 
Void fraction, a, 
Specific heat for all species 

Solidphase (dry woodparticles) 
Ignition temperature 
Density 
Specific heat 
Surface to volume ratio, crk 

Inlet flow conditions 
T,, = 350 K 

Initial conditions 
T,=7’,,=350K 
p0 = 1.01325 x 10’ Pa 

Ignition zane 
Location from the left end 

Other data 
p= 15~10-~Nsrn-~ 
Pr = 0.71 
Number of grid points 

1.4m 

0.99 
1300 J kg-’ K-’ 

423 K 
680 kg mm3 
1337 J kg-’ K-’ 
4285 m-I* 

(Y& = 0.232 
( YNJ,. = 0.768 

(Y,,J, = 0.232 
(YN,JO = 0.768 

from 0.025 to 0.075 m 

300 

*This value corresponds to the Pinus Pinaster needle [25]. 

(a) : forward configuration 

to drying and pyrolysing processes for the solid phase 
k can be expressed as 

where dmg’/dT, is deduced from the experimental 
curves given by Calvin and Diehl [19]. Therefore, the 
knowledge of temperature Tk of phase k is sufficient 
to determine pyrolysis products flow rate. 

Fire is initiated by maintaining particles of the 
ignition zone at a high level of temperature, about 
1500 K, during 5 s. Energy is transferred to the par- 
ticles close to the ignition zone by radiation and con- 
vection. These particles release water, then volatile 
products of pyrolysis. The composition of the volatile 
products of pyrolysis is complicated. The combustible 
gases consist of hydrocarbons or their derivatives and 
CO and the noncombustible gases consist of CO, and 
H,O. Nevertheless, always for clarity, the authors, 
following Grishin [lo], have considered only CO and 
CO2 as pyrolysis products. Pyrolysis products mass is 
about 40% of the total mass of a dry wood particle. 
CO and CO, may be considered to have the same 
mole fraction [20, 211. Numerical simulations aim at 
describing such phenomena as transient fire propa- 
gation, chemical mechanisms induced by fuel thermal 
degradation, radiative and convective effects on fire 
spreading, and multiphase effects. The results we get 
are not really relevant, but at this step they reveal the 
capability of the present formulation in describing fire 
propagation in a multiphase medium. 

5.1. Two-phase conjiguration 
5.1.1. Transient fire propagation. In Fig. 7(a), the 

pyrolysis zone trajectories have been plotted in a 
reverse configuration for three values of the inlet mass 
flow rate, namely tii, = 0.05,0.1, 0.3 kg me2 s-‘. The 
location of the ignition zone and the ignition duration 
are represented schematically in the figure by a grey 
rectangle. The first evidence is that the thickness of 
the pyrolysis zone increases as the inlet mass flow rate 
increases. 

For the lower mass flow rate, fire propagates 
through the entire fuel bed. A steady-state is reached 
and the final average propagation velocity is about 
0.04 m s-l. For +z,, = 0.1 kg mm2 s-l, fire propagates 
but slows down from about 10 s and finally stops 20 
s later at about 1 m from the left end of the duct. For 

--t z 
fire propagation -f- 

(b) : reverse configuration 

air 

Fig. 6. Schematic representation of (a) forward and (b) reverse fire propagations 
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Fig. 7. Pyrolysis zone trajectories for (a) reverse and (b) forward fire propagations. 

the higher mass flow rate, fire propagates and stops 
when ignition ends. 

Figure 7(b) shows the pyrolysis zone trajectories in 
the case of forward fire propagation for the same inlet 
mass flow rates as previously. In all cases, a steady- 
state fire propagation is obtained with the following 
velocities : 0.048, 0.095 and 0.29 m s-’ for increasing 
values of liz,,. Contrary to the previous configuration, 
the thickness of the pyrolysis zone is all the greater as 
the inlet mass flow rate is smaller. 

51.2. Chemical effects. To explain pyrolysis- 
induced chemical mechanisms, profiles of CO and CO, 
mass fractions are shown in Fig. 8. They correspond 
to the lower inlet mass flow rate of the reverse con- 
figuration at r = 26 s. In these simulations, it is 
assumed that dry wood particles generate only CO 
and CO,, and CO reacts with oxygen of air to give 
CO*. CO, generation is then the result of both pyrol- 
ysis process and chemical reaction. Incoming from the 
right end of the duct (x = 1.4 m), oxygen mass frac- 
tion drops suddenly as soon as it reacts with CO 

resulting from the thermal degradation of particles. 
Behind the pyrolysis zone, profiles of CO and CO> 
reach a plateau. In this particular reverse configur- 
ation, chemical reactions lead to a complete oxygen 
consumption (underoxidized reaction). Smouldering 
combustion cannot occur because of the lack of oxy- 
gen as observed by Ohlemiller and Lucca [22] in the 
case of reverse smouldering. Consequently, assump- 
tion [A21 seems to be valid. 

5.1.3. Convective and radiative contributions. As 
mentioned in the Introduction, energy heat transfer is 
the main mechanism of fire propagation. Diagram a 
of Figs 9 and 10 represent, respectively, the steady- 
state profiles of convective and radiative fluxes for 
both reverse and forward propagations with an inlet 
mass flow rate of 0.05 kg m-* s-l. Diagram b shows 
the profiles of temperature for both phases in the same 
conditions. 

In the reverse propagation configuration [Fig. 9(a)], 
in front of the pyrolysis zone and behind, convective 
and radiative effects are competing. In front of the 
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892 M. LARINI et al. 

flux (kW) 

T(K) 

radiative flux 

0 0.2 0.4 0.6 0.8 I .4 

x0N 

I 

pyrolysis zone 

600 

400 __-__-_-_--_ 

isotherm 423 K 

ZM) 

Fig. 1G. Steady-state profiles of (a) radiative and convective fluxes, and (b) temperature of gas and solid 
phases in a forward configuration. 

pyrolysis zone (Region I), radiation effects are pre- 
dominant. That explains why the particle temperature 
is slightly higher than the gas temperature [Fig. 9(b)]. 
Behind the pyrolysis zone (Region II), over a distance 
of 0.1 m, convective effects are now predominant due 
mainly to the chemical energy release. Immediately 
behind (Region III), radiative losses prevail over the 
positive convective contribution. Solid-phase tem- 
perature then decreases. The two phases reach an equi- 
librium temperature of 1075 K when energy fluxes 
tend to zero. It is obvious that radiation is the main 
mode of energy transfer in controlling fire propa- 
gation velocity for reverse configuration [22]. For the 
forward propagation configuration (Fig. lo), con- 
vective energy transfer is ever greater than the radi- 
ative one [Fig. 10(a)]. In front of the pyrolysis zone 
and inside it, fluxes, mainly the convective one [22], 

contribute to increasing both solid and gas tempera- 
tures. Gas temperature is ever higher than particle 
temperature [Fig. 10(b)]. Just behind the pyrolysis 
zone, temperature of both phases diminishes owing to 
the fact that radiative losses have the edge on con- 
vective supply. In such configuration, and unlike the 
reverse one, fire will propagate in the absence of radi- 
ation. 

5.1.4. Regime diagram. For the reverse configur- 
ation, the computed regime diagram is shown in Fig. 
11, and represents the variations of propagation speed 
and maximum solid-phase temperature [Fig. 9(a)] 
with respect to the inlet mass flow rate. The two curves 
admit a maximum at tiin = 0.064 kg m-* SC’. Two 
different regimes appear corresponding, respectively, 
to an oxygen-limited regime and to a fuel-limited 
regime as suggested by Fatehi and Kaviany [9]. In 
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Fig. 11. Variations of solid-phase temperature and propa- 
gation velocity with the inlet mass flow rate for the oxygen- 
limited and fuel-limited regimes in the case of reverse propa- 

gation. 

accordance with the results of this previous paper, 
we observe that, within the oxygen-limited regime, 
increasing the inlet mass flow rate, and then the oxy- 
gen supply, causes chemical energy release to increase. 
The maximum value of the solid-phase temperature 
behind the pyrolysis zone rises, which in turn enhances 
radiative transfers to the unburnt fuel particles. It 
results in higher propagation velocity, as shown exper- 
imentally by Ohlemiller and Lucca [22]. One must 
notice that the behaviour in the oxygen-limited regime 
presented here is similar to that presented in the case of 
reverse smouldering by Dosanjh et al. [23], Ohlemiller 
and Lucca [22]. Beyond a critical inlet mass flow rate, 
CO oxidation is complete. Within this fuel-limited 
regime, increasing the fresh air mass flow rate causes 
a cooling convective effect which in turn leads to a 
diminution of the fire propagation velocity, as pointed 
out by Fatehi and Kaviany [9]. The maximum propa- 
gation velocity is obtained for stoichiometric burning 
[9]. While the assumption [A21 is valid in the oxygen- 
limited regime, it is expected to be questionable for 
the fuel-limited regime [22]. 

In the case of forward propagation, an oxygen- 
limited regime is obtained whatever the inlet mass 
flow rate is. Figure 12 shows the variations of the 
propagation velocity and temperature difference 
T,- Tpo with respect to the air mass flow rate in the 
case of forward propagation. T, represents the gas 
temperature at the right edge of the pyrolysis zone 
where T, = Tip and T,, the initial particle tempera- 
ture. The temperature difference T9-- Tpo is a con- 
venient quantity to illustrate the predominance of the 
convective effects on the propagation process. Figure 
12 exhibits the linear dependence of VP and T,- TP,, 
on the inlet mass flow rate. A similar behaviour has 
been previously obtained for thick PMMA by Fer- 
nandez-Pello [24]. 

5.2. Multiphase conjiguration 
The influence of the presence of several solid phases 

(or families) in the heterogeneous medium on the 

0.14 140 
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o, Iz J --C Propagation velocity 
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Fig. 12. Variations of the temperature difference (T,- T,,) 
and propagation velocity with the inlet mass flow rate for the 
oxygen-limited regime in the case of forward propagation. 

propagation velocity is investigated. For better under- 
standing, only two different families are taken into 
account. They may differ by the surface/volume ratio 
and/or the moisture content and/or the pyrolysis 
products content. In addition, an equivalent model is 
constructed by considering only one family composed 
of particles having average properties. 

For both multiphase (the gas phase and two solid 
phases) and equivalent (the gas phase and an equi- 
valent solid phase) models, the volume occupied by 
the combustible medium and the contact surfaces 
between wood particles and the gas phase have to be 
the same. The average surface to volume ratio for the 
equivalent model is deduced from Veq and S,, defined 
by 

&q v”‘, = i nk vk 
k=, 

5.2.1. Sensitivity to surface/volume ratio. The two 
solid phases are composed of wood particles with 10 
wet% water content. Only surface to volume ratio 
varies from one solid phase to the other, 0, = 3000 
m-’ and uZ = 750 m-‘. The inlet mass flow rate is 
ljZin = 0.01 kg m-’ s-l. The global packing ratio of the 
combustible medium, ap = c(, + CQ, is equal to 0.01. 
Fire front trajectories for different values of (a,, a*) 
and the equivalent model (cI,~ = clp) are given in Fig. 
13. It is interesting to note that for 
(c(,, aZ) = (0.001,0.009), predicted propagations are 
quite different. For the multiphase model, fire propa- 
gates over 0.4 m then it slows down to finally go on 
propagating all along the duct. On the contrary, with 
the equivalent model, fire starts to propagate and 
stops at about x = 0.525 m. For other values of 
(tl,, Q), fire propagates and both models predict nearly 
the same propagation velocities. Other simulations 
have been carried out by varying the inlet mass flow 
rate and/or the surface to volume ratio. In most cases, 
discrepancies between predicted propagation vel- 
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Fig. 13. Fire front trajectories for both multiphase and equivalent models. 
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Variation of the propagation velocities predicted by both multiphase and equivalent models 
moisture content. 

ocities are not significant even if transient behaviour 
to steady state may be different. 

52.2. Sensitivity to moisture content. For wet wood 
particles, a drying process takes place and the pro- 
duction rate of Hz0 depends on the moisture content 
defined as the ratio of the weight of water absorbed 
to the weight of dry wood. The behaviour of a medium 
composed of dry and wet wood particles is analysed. 
To model such a problem, two families with the same 
surface/ volume ratio 6, = cr2 = 4285 m-’ and the 
same packing ratio a, = u2 = 0.005 are considered. 
They differ only from the moisture content level, pvapl 
for the first family, pvap2 = 0 for the second one. For 
the equivalent model, wet wood particles have an aver- 
age moisture content pvapeq = 0.5~vap,. 

The relationship between propagation velocities 
and equivalent moisture contents in the range CO. 15 
is plotted in Fig. 14 for both models. Obviously, 
increasing moisture content results in decreasing 
propagation velocity because less heat is available to 
sustain the mass burning process. For small values of 
moisture content, propagation velocities are approxi- 

with 

mately the same for both models, but discrepancies 
appear for values of the moisture content greater than 
0.02. Multiphase models predict higher propagation 
velocities than the equivalent model. For a moisture 
content value of 14.5, fire propagates with the multi- 
phase model but does not propagate with the equi- 
valent model. So, the relevance of a multiphase model 
appears to be incontestable in such cases. 

5.2.3. Sensitivity to surface/volume ratio andpyrol- 
ysis product content. Two families of dry wood par- 
ticles are considered. the conjugate influence of sur- 
face/volume ratio and pyrolysis product content on 
fire propagation is examined. The corresponding 
multiphase configuration is 

Family 1 : 
6, = 4285 m-’ 
Family 2 : 
o2 = 1500 mm’ 
Equivalent model : 
oq [from eqns (44)] 

CX, = 0.005 PPY?l 

tl2 = 0.005 ppyrz 

c&s = 0.01 Ppyreq = 0.5 
(PM + PpyrJ 
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Fig. 15. Variation of the propagation velocities predicted by both multiphase and equivalent models with 
pyrolysis product distribution. 

where the total pyrolysis product content 
Ppyr = Ppyrl + Ppya is equal to 0.08. 

Figure 15 shows the evolution of the propagation 
velocities for both multiphase and equivalent models 
vs the pyrolysis products content of the family 1, ppyrl. 
Obviously, the equivalent model gives the same solu- 
tion whatever ppyr, is. For the multiphase model, 
propagation velocity increases as ppyr, is increased 
(and so ppyn is decreased since the total pyrolysis prod- 
uct content is constant) because more heat is available. 
Burning intensity is all the greater as pyrolysis prod- 
ucts are preferentially distributed into the family of 
small particles, namely family 1 (highest surface to 
volume ratio). Discrepancies between the two models 
are significant and may reach about 40% for the 
propagation velocity when family 1 contains all the 
pyrolysis products. 

6. CONCLUSION 

Extending the mathematical approaches of Delhaye 
and Anderson and Jackson, a general set of equations 
has been obtained for describing the fire-induced 
behaviour of a multiphase, reactive and radiative 
medium. Using the same averaging procedure, a direc- 
tional radiative transfer equation for a multiphase 
medium has been derived. One-dimensional simu- 
lations based on a zeroth-order model have been car- 
ried out. Reverse and forward fire propagations 
through an heterogeneous medium composed of fixed 
particles have been investigated. Despite the simplified 
nature of the zeroth-order model, it permits to recover 
some well-known phenomena. In the conditions of the 
present study, different phenomena have been pointed 
out. 

(1) Based on an unsteady description of reverse 
propagations, for high inlet mass flow rates, fire does 
not propagate. Forward fire propagations take place 
whatever the inlet mass flow rate is. 

(2) In reverse configuration, radiation is the main- 
spring of the fire propagation while in the case of 
forward propagation, the main mechanism of fire 
propagation is convection. 

(3) In the case of reverse propagation, numerical 
results obtained reveal the existence of two regimes : 
an oxygen-limited regime for low inlet mass flow rates 
and a fuel-limited regime for high rates. Propagation 
velocity reaches a maximum value for stoichiometric 
burning. For the oxygen-limited regime, an increase 
in the air flow rate increases the propagation velocity. 
In the fuel-limited regime, the propagation velocity 
decreases as the air flow rate is increased. 

(4) In the frame of the multiphase approach, the 
presence of two solid families in a combustible med- 
ium has been examined. Multiphase results are com- 
pared to those obtained from an equivalent model. 
They reveal the great sensitivity of the multiphase 
model to the surface to volume ratio, moisture 
content, and pyrolysis product distribution. Dis- 
crepancies between the multiphase and the equivalent 
models can be significant, sometimes up to 50%. In 
addition, it is found that under certain conditions, a 
multiphase model predicts a steady fire propagation, 
whereas there is no propagation using the equivalent 
model. 

Additionally, more realistic predictions might be 
achieved when further modifications are made on 
including smouldering combustion, diffusion of 
chemical species, temperature profile inside the solid 
particles, and gravitational effects. 

A quasi two-dimensional model is under devel- 
opment to emphasize the influence of gravitational 
effects on fire propagation. Both zeroth-order and 
quasi 2D models should be validated in the near 
future. 
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APPENDIX 1 

Mathematical theorems 
The use of the weighting function leads to a multiphase 
formulation of Leibnitz’s rule and Gauss’s theorem. For the 
gas phase 

g&a, ds 

and 

s g%do = $(a,(a,))- ga,(v,‘n)ds 
” Ijl 

in which vi is the local velocity at S,, 
For the solid phase k 

Moreover, in order to express solid-gas interaction terms 
and assuming that the functiong varies little over the interior 
of a single particle, we can write [6] for any property A and 
using the remark given above 

The conjugate action of the two topological parameters ak 
and (TV is so pointed out. 

APPENDIX 2 

Pl-approximation for the radiative transfer equation 
The Pl approximation consists of integrating the radiative 

transfer equation (34) over all solid angles and expressing 
radiative intensity as a mathematical series of spherical har- 
monics. The main interest of this method stays in separating 
space dependence from directional dependence of the radiant 
intensity Lg. 

First, eqn (34) can be replaced by an equation involving 
momentum of the zeroth, first and second-order, namely 
defined as : 

I’O’ = g L;(S, Q) dR 
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s 4n 
p = 

Y e,Lf(S, f2) dR 
ru=O 

s 4” 
pp = e,e,L,"(S, C2) da 

ru=O 

Closure relations of the Pl approximation arc [S] : 

Multiplying the radiative transfer eqn (34) by every direction The field of zeroth-order moment Zj” can be easily computed 
cosine e, and then integrating over all solid angles, it follows, from this equation. Local values are then introduced in the 
after some algebraic manipulations, that energy equation of solid particles. 

There are as many equations as direction cosines. 
Integrating the radiative transfer equation (34) over all 

solid angles, using relations (A2.1) and (A2.2), we have 


