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ABSTRACT

A two-dimensional mathematical model of flame spread and solid burning is presented. For the gas phase,
it consists of variable density, fully elliptic Navier-Stokes momentum, energy and chemical species mass
equations. Combustion processes are treated according to a one-step, finite-rate, reaction. The solid phase
model describes a porous cellulosic fuel for a range of thicknesses from the thermally thin to the thermally
thick limit. Conductive and convective heat transfer takes place as the solid degrades, by two first order
Arrhenius reactions, to volatiles and chars. Variations of solid phase densities account for fuel burn-out.
Effects of gas phase and surface radiation are also included. A steady formulation of gas phase equations
with respect to the unsteady solid phase mathematical model is proposed, gas phase characteristic times
being much shorter than those of the solid phase. The non-constant density Navier-Stokes equations are
formulated in terms of vorticity and stream function, avoiding the pressure-velocity coupling and, at the
same time, the adoption of a sample-fixed coordinate system allows unsteady flame spread processes to be
simulated. The solution is computed numerically by means of an iterative, operator-splitting method based
on implicit finite-difference approximations. Numerical simulations of the dynamics of flame spread over
cellulosic solids are presented and extinction limits as a consequence of reduced rates of fuel generation
are determined.

KEY WORDs Reacting flows Compressible Navier-Stokes equations Vorticity-stream function Flame spread
Extinction

INTRODUCTION

Flame spread over solid fuels results from the interaction of transport phenomena in the gas
and solid phases (momentum, mass and heat transfer), thermal degradation of the solid with
the formation of combustible vapors and chemistry of the gas phase combustion. The
characteristics of the flame spread are determined by the energy feed back from the burning
region of the unburnt solid ahead of the flame. The mechanisms of heat transfer depend on
the fuel properties and orientation with respect to gravity and environmental conditions (mainly
flow conditions and oxygen level). Concerning flow conditions (forced or gravitationally induced),
two major categories of flame spread have been defined': flame spread in gas flows opposing
the direction of propagation (wind-opposed or downward flame spread) and flame spread in gas
flows moving in the same direction as that of propagation (wind-assisted or upward flame spread).
In the wind-opposed mode of flame spread, heat transfer from the burning region to the
unburned solid, ahead of the flame, is difficult. The flame and the pyrolysis fronts, positioned
at the same location along the solid fuel, are generally well defined, the size of the fire is small
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NOMENCLATURE

A pre-exponential factor of the combustion reaction Greeh symbols
;" E;ircf}?:r‘:sgl“s‘llg‘;:?; of the pyrolysis reactions 2 gas phase thermal difTusivity
; . o
<, specific heat at constant pressure Z’” :121;:?(;:‘12)[;&;11?1?:;"")1
¢ virgin solid thermal capacit -
D diﬂt?usion coefficient paciy Ah,  heat of pyrolysis

A . . £ surface emittance
E activation encrgy of the combustion reaction o viscosity
5‘ 2:::;:;“:20?26;‘@)’ ol the pyrolysis reactions v stoichiometric cocfficient
L length of the fuel slab ’: %llrs Exh:;i:edncsr:gt
L, height of the gas phase computational domain ’,’ chagr densit y
L, solid half thickness {rr Stcfun-Bolthann constant
A gas phase thermal conductivity
k, solid thermal conductivity Subseripts
M mean molecular weight L
m volatile mass flux F fuel
R universal gas constant g gas
T temperature I inert
T the ambient temperature i chemical species
u longitudinal velocity component 0 oxygen
V,  flame spread rate P product
1 eflective gravitationally induced velocity s solid
r normal velocity componcent 0 initial conditions

species mass fraction

and the spread process is slow. In the wind-assisted flame spread, the concurrent flow pushes
the flame ahead of the degrading fuel surface. The heat transfer from the hot mixture of reacting
gases and combustion products to the unburnt fuel surface favours the spread of the flame which
is a very fast process.

Flame spread models of different complexity, reviewed in References 1-4, have been proposed.
The most advanced, solved by means of finite difference techniques, are based on two-dimensional
balance equations for the gas phase coupled, through the boundary conditions at the solid/gas
interface, to solid phase balance equations. Highly simplified treatments of solid phase processes
have been proposed and only for the limiting cases of thermally thin and thermally thick solids.
Gas phase mathematical models, for laminar flow and one-step combustion kinetics, include
balance equations for energy and chemical species and treat the velocity field differently.

The simplest formulations account only for thermo-diffusive aspects of flame spread, assuming
that gas density and pressure are constant. The Oseen approximation or a known velocity profile
are used for the flow field (see, for instance, References 5-7). All numerical models of wind-assisted
flame spread, to date available, are based on such approximations.

A potential flow treatment has been introduced® for microgravity conditions where the absence
of gravity removes the buoyancy induced vorticity generation mechanism. Transport phenomena
associated with thermal degradation of a thin paper sheet in a low Reynolds number environment
have been simulated, as a first step towards the development of a flame spread model.

More general models have been proposed for wind-opposed flame spread. With the Boussinesq
approximation for the momentum equations®, the gas density variations are neglected, except
for the contribution due to buoyancy effects. Even though this approximation is better than the
Oseen flow and is frequently used in the modeling of heat transfer problems, its use in combustion
problems is questionable because of the noticeable gas expansion associated with the high
gas phase temperatures. Models including the full Navier-Stokes equations with density and
pressure variations have also been presented. These models essentially differ in that they use
either steady (see, for instance, References 10,11) or unsteady!? equations. The first formulation,
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Figure I Schematic of the flame spread problem

applicable only for constant flame spread problems, uses a reference frame attached to the flame
front, so that the flame spread rate becomes an eigenvalue of the problem. The computations
are rather time consuming because iterative procedures are used for the determinaton of the
eigenvalue and the treatment of the pressure-velocity coupling, typical of mathematical models
written in terms of primitive variables (u,v). Furthermore, only the thermal and convective
structure of the flame can be predicted without the description of the transients of the process.
The problem becomes more complex from a numerical point of view when full unsteady
Navier-Stokes equations with density and pressure variations are considered and, apart from
one case!?, they have not been used to study flame spread problems.

This work presents a computer model of flame spread over charring solids including all main
chemical and physical processes, applicable both to wind-opposed and wind-assisted problems.
From the physical point of view, the mathematical model is more advanced because, through
a quasi-steady formulation of the equations, unsteady flame spread problems can be simulated.
The treatment of solids of widely varying thicknesses is also made possible through the description
of two-dimensional solid phase convective and conductive heat transfer and fuel consumption
effects. The numerical solution technique takes advantage of the quasi-steady formulation of the
equations to avoid time-consuming iterative approaches for treating the pressure-velocity
coupling. The dynamics of the spread process as well as the convective and thermal structure
of the flame are simulated up to near limit conditions associated with reduced rates of fuel
generation.

FLAME SPREAD MODEL

A schematic of the problem of flame spread over a charring solid is shown in Figure 1. A fuel
slab, vertically placed in a channel, is considered to be initially at ambient conditions. A portion
of the solid fuel, from L, to L,, is subjected to external heating. In this way the solid is heated
up and, when a sufficiently high value of the temperature is reached, thermal degradation begins.
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Then the fuel vapours start to diffuse and to mix with the oxygen in the gas phase where
combustion occurs spontaneously if the temperature has been raised to a value high enough for
the gas mixture to ignite. A piloted ignition can also be caused. Heat released by chemical
reactions in the gas phase and at the interface is transferred to the unburned solid fuel by
conduction and convection in the gas phase and conduction in the solid phase. The process of
flame spread is so established. If enough energy is added to the system by external devices, after
a fixed heating time, a selfsustaining flame spread is observed. Given the orientation of the solid
fuel, buoyancy effects induce a flow field which is directed against the positive direction of the
x axis. Consequently, for x> L, downward (wind-opposed) flame spread and for x <L, upward
(wind-assisted) flame spread are observed. In the development of the mathematical model the
fixed coordinate system is chosen, that is the solid fuel is fixed while the flame spreads over its
surface.

GAS PHASE MATHEMATICAL MODEL

The study is aimed at the treatment of the laminar flame spread. Further assumptions are also
made in the formulation of the mathematical model which describes the phenomenon schematized
in Figure 1. Properties (specific heat, the product of the density and the molecular diffusivity,
thermal conductivity and viscosity) are constant. The gases behave according to the ideal gas law.

A steady treatment of gas phase processes is also appropriate. Indeed, the characteristic
evolution time for the gas «/V, is shorter than that of the solid «,/V, since the induced flow
velocities (V,) are much larger than the spread rates (V). Consequently the gas phase processes
can be described as a series of steady states corresponding to small changes in the unsteady
solid fuel® (quasi-steady formulation). For wind-opposed flow flame spread, if the assumption
of steady gas phase and a reference frame attached to the flame front are employed'®!!, the
flame becomes stationary, while the oxidizing environment and the solid fuel move towards the
flame with velocity equal to the spread rate. The flame spread rate becomes an eigenvalue of
the problem which is not known a priori. From a computational point of view, a reference
velocity is introduced as an initial guess, then its value is continuously adjusted in order to met
the true value of the spread rate. However, it is known* that, for concurrent flame spread, an
asymptotic value of the spread rate is achieved only after a relatively long accelerating stage.
Moreover, the application of this methodology is, in general, not suited to such a mode of flame
spread, because of the different positions of the flame, pyrolysis and burn-out fronts.

To retain the unsteady character of the spread process, in this study, a fixed coordinate system
is employed. Thus, as the solution in the solid is advanced by a time step, a new distribution
of gas phase variables is determined. The spread rates (flame, pyrolysis and burn-out) do not
appear any longer in the balance equations and can be determined from the distribution of
simulated time and space evolution of main variables.

Combustion processes are modelled through a finite-rate, one-step, second order reaction:
F+v,0—vpP. Mass, energy and momentum transfer, due to convection and diffusion along the
streamwise and cross direction, are described instead of the boundary layer formulation. In
particular, the description of momentum transfer with variable densities allows gas expansion
to be described. Also, the effects of the mass efflux from the vaporizing surface on the gas velocity
field are taken into account. Given the small pressure variations which characterize flame spread
problems, the pressure terms are treated according to Ramshaw et al.'. The pressure is made
by two contributions p’(x,y,t)+ p*(t) where the mean pressure p* is assumed constant and equal
to the specified ambient pressure. The contribution of the gradient of pressure excess, p’, can be
neglected in comparison to p* in any term which both contribute. Therefore p’ is neglected in
the state equation while it is retained in the momentum equations. This decoupling means that
the system does not support acoustic waves and the determination of p’ becomes an elliptic
problem.
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Finally, the gas is assumed optically thin to thermal radiation. According to Reference 14,
the mean Planck absorption coefficient, K, is treated as a parameter.
The equations that govern the reacting gas phase are:

—continuity,
Ox oy
—momentum along the x direction,
épuu) é(puv)  dp (azu (7zu> pn o <6u av)
+ =——+pl —+—= |+ —=+—)—aglpo— 2
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—energy,
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—state equation,
pT=const (6

Chemical production terms are expressed as:

—E v;M;
w;=—Aexp| — | YoYep?’—  i=0O,F = —wgAH, o= —4K oT*
p(RT) oIrP M, q F Arg P

SOLID PHASE MATHEMATICAL MODEL,

The assumption of constant vaporization temperature or surface pyrolysis are removed and the
in-depth thermal degradation occurs according to:

X K2

Solid — Volatiles, Solid— Chars.

Main heat and mass transfer processes through the porous solid fuel are described according
to the following assumptions:

a) negligible thermal swelling and/or shrinkage and surface regression,

b) changes in the solid fuel expressed by the solid density until burn-out when some amount
of the original mass remains as char®,

¢) local thermal equilibrium between the solid and the gases flowing through the pores,

d) negligible accumulation of volatile mass and energy interior to the solid,

e) volatile transport only towards the heated surface with no resistance to mass flow (this
situation is usually verified along the wood grain direction),
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The solid-phase equations, which describe solid thicknesses from the thermally thin to the
thermally thick limit, are thus written for:

—virgin solid mass balance,

a 5 ’d
D Ky 4K, (7)
ot
—char mass balance,
dpc
LK 8
a[ 2Ps ( )
—continuity,
om
—=K,p, )

—energy balance,

0pdL—T)  Op{L—To), Om(T—Ty) o ( 0L\ d( 0T,
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(10)

where K, =A;exp(—E,/RT) k=1,2 and m, the vaporized mass fiux, is obtained by integrating
eqn. (9) along the fuel thickness:

N
m= ‘[ K,pdy ©)

o
The thermal conductivity k, varies with the composition of the solid fuel according to:

ks='lka+(1_'])kc (11)
where 1= p,/pso.

COMPRESSIBLE VORTICITY AND STREAM FUNCTION FORMULATION

The gas phase model equations form a set of coupled nonlinear elliptic partial differential
equations. The steady formulation allows one to avoid the treatment of the coupling between
pressure and velocity, which is the most critical aspect to be faced in the computation of the
numerical solution. Indeed, the compressible Navier-Stokes equations can again be formulated
in terms of two equations for the vorticity £ and the stream function y defined as:

W B, MO (12)
x y

This formulation of the Navier-Stokes equations has already been used for steady homogeneous
combustion problems!?, but all models of wind-opposed flame spread, based on quasi-steady
gas phase processes!®!!, always used primitive variables. The numerical procedures!®!! treat
the pressure-velocity coupling by iterating the solution for each time step, according to the
SIMPLE and SIMPLER methods'®, Iterations are not only time-consuming but convergence
is not always guaranteed, unless ad hoc underrelaxing factors are used. Therefore, even though
the primitive variable, quasi-steady formulation of the Navier-Stokes equations has been widely
used to simulate the steady flame structure and to determine the constant wind-opposed flame
spread rate, it may become too expensive when the transients of the processes are of interest.
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In this study the evolution equations, to be used instead of the continuity (1) and momentum
equations (2-3), are written for:

vorticity,

lpug) +5(pvé)_l(ﬂ 626) ap
o oy?

+g——F (u,0, 13
o o 95 (11,0,0) (13)

af1ay\, a(1ay\_,
&(;b?>+5§(;a_y)"c (4

ou E(pu)+ duc(pv) 0vc(puy v c(pv)
0x dy dy dy 0x dx Oy Ox

In this way the continuity equation is identically satisfied even though the gas density varies
with temperature (6). The calculation of the pressure field is not required for the computation
of the velocity field; if desired it can be computed from a Poisson equation, obtained by taking
the divergence of the momentum equations:

stream function,

where

Fu,,p)=

0
V2p=uv-(vzu+vlv)+p/3vz(v-y)+ga—”+G(u,v,p) (15)
X
where,
Ou é(pu) dud(pv) 0dv(pu) Ov (pv) ov-v ov.v
G(up,p)=—— - - - —pu —pv
Ox dy 0y dy oOx d0x 3y ox 0x dy

and V is the velocity vector.

INITIAL AND BOUNDARY CONDITIONS

In order to describe flame spread over solid fuels, gas phase equations are coupled to solid phase
equations through boundary conditions at the solid/gas interface. The boundary conditions are
obtained by writing species mass flux and heat flux balances. For the chemical species, the mass
fluxes of species i convected out and diffused out must be equal to the mass flux of species i
generated on the surface:

oY, oY,
pD_F=’ns(YF_]) pD—O=”13Yo (16)
oy oy

where the vaporized mass flux at the surface is obtained by integrating (9) along the whole fuel
thickness:

L,
mﬁj Kpdy

0

At cach instant at the solid/gas interface, the solid temperature must be equal to the gas
temperature:

T=T, (17)

The heat flux balance at the solid/gas interface is also required. It accounts for solid and gas
phase conductive heat transfer, radiative heat losses from the surface, ¢,,, and radiative heat flux
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from the flame to the solid fuel, g,

oT aT,
—k—=_ks__s—qrs+qrqv (18)
)V

where,
L,

4s=0T}=T5),  Guys= 2an 'K, T*dy

L,

Adiabatic and impermeability conditions are assigned at y= L.+ L, (upper boundary) and
symmetry conditions at y=0 (lower boundary). Ambient conditions on temperature and chemical
species are assigned at the inlet of the channel, while at x=0, zero derivaties on the dependent
variables are imposed.

The boundary conditions on the velocity components are used to obtain boundary conditions
for vorticity and stream function ((12-13)). At the solid/gas interface, the cross component of
velocity is given by a balance of mass fluxes, while for the streamwise component a no-slip
condition is usually assigned:

pU=1in (19)
u=0 (20)

At the inlet of the channel the streamwise component is assigned according to a parabolic profile
and the cross component is zero:

u=f{y) (20)
v=0 (21)
No-slip conditions are imposed at the upper wall of the channel:
u=0 (22)
v=0 (23)

The stream function is zero at the point x=0, y=L_. The conditions (19), (21) and (24) are
then used to obtain the boundary conditions for this variable at the solid/gas interface, the inlet
and the upper wall of the channel:

L
¢(x,L5)=J (pv)dx 24
o
L,
Y(Ly)=Y(L.L)+ | (pou)dy (25)
L,
Y(x,Ly+ L)=y(L,L;+ L)) (26)
The vorticity, through eqns. (6) and (12), can be expressed as:
T (0% 0 oy oT oyory |
=_(_l//+_l/j>+(_¢_+_¢_)_ (27)
PoTo\0x*  dy*) \dx dx ay dy/ poTo

At the solid/gas interface it is obtained by eqn. {27) and boundary condition (20):

T (al.// 52¢1)+6¢1 oT 1
poTo 0x 0x poTo

¢lx,Ly)= (28)

ox?  Oy?

Equation (27), boundary conditions on the cross component of velocity (21) and ambient
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conditions on temperature and density (6/dy=0) give the vorticity at the inlet of the channel:

az az
C(L,y)——( LY @)
y
At the upper wall, the zero velocity and the adiabatic conditions lead to:
T 3%y
(xL)=—m—5 (30)
! poTo 0y*

Similarly to temperature and chemical species, zero normal derivatives are used for vorticity
and stream function at the outflow. This approach is usually adopted because information
beyond this boundary is not known.

Initially, the fuel slab is at ambient conditions and then subjected to an external heating,
along a fixed length and for a fixed time. When a sufficient amount of fuel vapours becomes
available in the gas phase, ignition is caused by an instantaneous, small hot pocket of gases
localized in the neighbourhood of the heated surface.

NUMERICAL METHOD

The discretization equations of the differential model (4)-(14), over a staggered grid, are obtained
by means of the hybrid scheme!®, Boundary conditions are also expressed in terms of finite
difference approximations. Some attention should be given to the vorticity conditions. Concerning
(28), derivatives of the stream function and temperature along the x direction can easily be
approximated. The evaluation of 0%y//dy” at the surface is made considering, at a certain point
i along the x direction, the expansion of ¥, ., (at a distance Ay from the surface) by a Taylor
series out from the surface value, ¥, ;:

G, o2 93

‘l’uﬂ—'l’.l‘l'( ‘»0) AY+( lﬁ) Ay2/2+( lf) Ay36+ ...
a.) if ay 7 i1

But, at the solid/gas interface, dy//dy =0 (condition (20)) and thus,

2
(ﬂ> =W =V 5en +0)
5.V id

Therefore the vorticity at the solid/gas interface is:

T
&= ;%)(A — Wi 'l’.l)‘*‘ (ll’.ﬂl 211’:.:"“.0.'—1,1))
1
F((is 10— Vi g1 — 11)) 4poToAx? (3D

This first order formula is similar to that usually employed for incompressible isothermal
flows!”. Expansions by a Taylor series, similar to (31), are also used to evaluate 8%y/dx? in
(29) and 0%y/dy? in (30), to express in terms of finite differences the vorticity at the inlet
and at the upper wall of the channel.

To account for the coupling between solid and gas phase equations, the following procedure
is employed:

a) solution of solid phase equations that will provide the temperature ((17)), the mass
flux distribution ((9)) and the velocity ((19)) at the interface to be used for the solution of
gas phase equations;

b) solution of the gas phase equations that will provide the heat flux ((18)) to be used for the
solution of the solid phase equations.

© Emerald Backfiles 2007



520 COLOMBA DI BLASI

Solution of solid and gas phase equations is made according to a splitting of the operators
dealing with the chemistry and the transport phenomena. A first-order implicit method is used
for the system of ordinary differential equations describing the gas phase oxidation of volatile
pyrolysis products, the degradation of the solid and the heat released by chemical reactions. A
semi-implicit approach is used for the treatment of transport phenomena, that is the systems of
finite difference equations obtained from each partial differential equation are solved in sequence.
The application of a line-by-line technique reduces the calculation, for each equation, to the
solution of several tridiagonal systems.

An iterative procedure repeats the phases (a-b), for each time step, to achieve an assigned level
of convergence for the computed vorticity, stream function and temperature. The convergence
criterion requires that,

(Drt1mt1—Pas 1)/ Prs1.m< 10-¢

where ¢ is the generic dependent variable, n refers to the time level and m refers to a particular
iteration. A further check is established on the continuity equation which, even though identically
satisfied through the introduction of the stream function in the differential model, may not be
in the numerical solution (also the error level for this equation must be lower than 10~6).

RESULTS

Gas phase flame spread is dependent on the amount of volatiles available for the oxidation
reactions to proceed and thus on the competition between the rates of solid charring and
devolatilization. In general, the amount and composition of volatiles are determined not only
by exposure conditions (essentially the heat flux from the flame to the solid) but also by the
type of wood. Cellulose, hemicellulose and lignin are the main components of this material, with
their proportions varying on dependence of the different types of wood. While cellulose and
hemicellulose degrade mainly to volatiles, high yields of chars are obtained from lignin.

In this section some results are presented on the effects of the rate of volatile generation on
the wind-assisted and wind-opposed flame spread over a cellulosic material: p,=0.65 g/cm3,
¢,=0.35 cal/(g-K), ¢,=0.24 cal/(g-K), k,=0.25 x 1073 cal/(s-cm-K), k,=0.17 x 10~ cal/(s-cm-K).
Reference values for the kinetic data of the solid degradation reactions are as follows!?-!:
Ay =25%x10'°5"1 E =34 kcal/mol, Ah,, = — 100 cal/g, A,, =2.5x 10'°s™ !, E_, =34 kcal/mol,
Ah,, = — 100 cal/g. In order to vary the rate of volatile generation, numerical simulations have
been conducted for different values of the pre-exponential factor of the charzing reaction, from
1% 109571 (4,5,0,/25) 10 5.5 x 10! s~ (A3, X 22). The kinetic data for the combustion reaction
are!®: 4=0.313 x 10'3 cm3/(g-s), E =27 kcal/mol, AH =4000 cal/g. The gas phase properties are
those of air at ambient conditions.

The solid thickness, taken as 0.1 cm, is in the range of intermediate values, consequently both
two-dimensional heat transfer and burn-out are essential parts of the physical problem. In order
to cause ignition, a portion of the solid (1.3 cm<x < 1.6 cm) has been exposed to an external
radiative heat flux, with the heating time varying from 2s (4,,<7.5x10'%°s7!) to 0.5s. All
simulations have been conducted in air (Y50 =0.23), initially at ambient pressure and temperature.
The maximum velocity at the inlet of the channel is 30 cm/s, that is of the same order as that
gravitationally induced. Only surface radiative heat losses have been considered (e=1) since
usually gas phase radiation is believed not to affect the qualitative aspects of results'®.

The grid is made by 200 nodes along the x direction, 110 nodes along the y direction (100
for the gas phase and 10 for the solid phase), with space steps: Ax=1.x 1072 cm,Ay=6x 10”3 cm
(gas phase), Ay=5 x 1073 cm (solid phase). The computer time is dependent on the thermokinetic
data. On average, for the range of A,, values considered, one computational cycle (Ar=5x 1073 s)
takes about 6s of computer time by a workstation HP9000/735.
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Figure 2 Constant contour levels of the gas phase temperature {K] from 300 and then with step 250, and the stream

function [g/cm —s] from —1.42 x 10~2 and with step —1.42 x 10~ 3 for =3.85 (A) and 1=4.8s (B). Solid phase isotherms

[K] (from 300 and then step 50) and vector pyrolysis mass flux [g/em?—s] (maximum value 1.15 x 1073) for t=4.8s

(C). The mark indicates the flame leading edge position. ’Ehe pre-exponential factor of the charring reaction is
A=2x1011s"?

An example of the early dynamics of flame spread is given for 4,,=2x10''s~! through
Figures 2—4 where the gas phase contours of temperature and stream function (2A-2B), fuel and
oxygen mass fractions (3), combustion rate (4) and the solid phase contours of temperature and
the vector pyrolysis mass flux (2C) are shown for times longer than the ignition time. For the
very short times plotted, only one continuous flaming region is simulated, with two propagating
flame fronts, one with a fast rate in the same direction as the gas flow (flame tip) and the other
with a slow rate against the gas flow (flame leading edge). The characteristics of the thermal
and convective structure of the flame leading edge, which corresponds to a maximum in the
heat flux from the flame to the solid, are the same as discussed elsewhere***. Wind-opposed flame
spread is characterized by the existence of a small pre-mixed region where gas expansion causes
elevated pressure. As a consequence a deflection of the flow and a reduction of the gas velocity
encountered by the flame are observed. This flame is kinetically controlled!-3%: that is the ratio
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Figure 3 Constant contour levels of fuel (solid lines) and oxygen (dashed lines) mass fractions for t =4.8s. Values: 0.01,
0.12 and then with step 0.12 (fuel); from 0.023 with step 0.023 (oxygen)
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Figure 4 Constant contour levels of the combustion rate [g/cm?—s] equal to 5.5x107'¢ (about 1/50 of the
maximum value) for times reported in the figure, The pre-exponential factor of the charring reactionis 4,, =2 x 10! s ™!

of the flow time to the chemical time (Damkholer number) is very low. To counteract the opposed
flow, the flame moves close to the surface increasing the heat transfer rate to the solid and the
degradation rate. This effect also tends to shorten the chemical time with an increase in the fuel
supply rate.

The wind-assisted flame spread has a diffusional character and extends downstream the solid
surface where fuel vapours are generated, that is the pyrolysis front. This can be defined as the
position along the solid surface were the solid density attains the 99% of the virgin solid value.
The concurrent flow causes transport of mass and heat downstream this front where combustion
takes place until there is a sufficient amount of fuel. As the burning causes fuel depletion, because
of the negligible mass production in this region, the flame at the tip leans towards the solid
surface. The decrease in the volatile production rate associated with solid burn-out becomes
significant for t>4.8s, as can be seen from the combustion rate contours which show a sharp
bend in correspondence with the ignition zone. The high gas phase temperatures associated with
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Figure 5 Surface temperature (solid line) and time derivative of the surface temperature (dashed line) (A); net heat flux
from the flame to the solid (solid line) and pyrolysis mass flux (dashed line) (B) (¢t =4.8s). The pre-exponential factor of
the charring reaction is 4,,=2x 10*'s™!

flaming combustion enhance the spread process. Beyond the flame, a pre-heating of the solid,
due to gas phase convective heat transfer from the hot combustion products and solid phase
heat conduction, is predicted. Because of the heat released by the combustion process, large
velocities are simulated in the flame region. A deceleration occurs along the pre-heated region.
The contribution of the blowing velocity at the solid/gas interface on the convective structure
of the flame is negligible because of the slow rate of solid devolatilization (the char density in
the burn-out region is rather high: about 89% of the initial solid density value).

Interesting information on the early dynamics of the process can also be obtained from the
distribution of main variables along the solid surface (Figure 5). The profiles of surface variables
confirm the characteristics of the flame structure: temperature, heat and pyrolysis mass flux
reach a maximum at the flame leading edge and go to zero, with very steep gradients along the
positive direction of the x axis, because of the cooling effects of the opposed flow. On the contrary,
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Figure 6 Constant contour levels of the gas phase temperature [K] (same values as Figure 2), and the stream function

[g/cm—s] from —1.44x 10~2 and with step —1.44 x 1073 for +=8.8s (A). Solid phase isotherms [K] (same values as

Figure 2) and vector pyrolysis mass flux [g/cm? —s] (maximum value 1.28 x 10~3) for ¢t =8.8s (B). The pre-exponential
factor of the charring reaction is A, =2x 10''s™!

very smooth variations are observed in the direction of the gas flow. The boundary between the
flame and the pre-heated region is indicated by a peak in the rate of change of the surface
temperature with time2°. The peak in 8T,/dt also corresponds to a sharp decrease in the heat
flux from the flame to the solid and to the flame tip arrival, defined as 1/50 of the maximum
combustion rate (Figure 4).

The dynamics of flame spread for long times, as burn-out effects become important, can be
observed from Figures 6-9 where the gas phase contours of temperature and stream function
(6A,7A), fuel and oxygen mass fractions (8), combustion rate (9) and the solid phase contours
of temperature and the vector pyrolysis mass flux (6B,7B), are reported. As solid devolatilization
comes to completion in correspondence of the ignition region, two flaming regions with distinct
burn-out fronts appear. The first flame propagates towards the left boundary (in the same
direction as the flow) and the second towards the right boundary (against the flow).

The wind-opposed flame is much smaller in size than the wind-assisted one. This is the result
of a very narrow pyrolysis region, because of the slow rate of advance of the flame front. The
flame tip reaches the left boundary for t=8.8s. Thus, for longer times, the left portion of the
solid sample undergoes first to surface pyrolysis (until t=11.8s) and then burning (Figure 10).
Both the size of the wind-assisted flame and the extent of the pyrolysis region are large. The
leading edge of this flame is initially placed in a region of decelerating flow, because of the
reduced gas expansion effects. Indeed, in the burn-out region the absence of fuel vapours causes
an end to any gas phase burning. Oxygen transport is significant and solid temperatures, just
after the formation of the two burn-out fronts, are still rather high. Therefore, it is plausible that
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Figure 7 Constant contour levels of the gas phase temperature [K] (same values as Figure 2), and the stream function
[g/cm—s] from —1.44x 10”2 and with step —1.44 x 1072 for t=15.8s (A). Solid phase isotherms [K] (same values as
Figure 2) and vector pyrolysis mass flux [g/cm?—s] (maximum value 1.34 x 1073 for t=15.8s (B). The pre-exponential
factor of the charring reaction is A,,=2x 10! s™!
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Figure 8 Constant contour levels of fuel (solid lines) and oxygen (dashed lines) mass fractions for t=15.8s: values as
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Figure 9 Constant contour levels of the combustion rate [g/cm®—s] equal to 5.5 x 1076 (about 1/50 of the maximum
value) for times reported in the figure. The pre-exponential factor of the charring reaction is A,;=2x 10!~
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Figure 10 Surface temperature profiles (solid lines) and solid density at the centerline of the sample (dashed lines),
showing the position of the burn-out front, from ¢ =3.4s and then with step 4s. The pre-exponential factor of the charring
reaction is 4;,=2x10"'s™!

exothermic oxidation of the char may result in further flaming processes and ash formation. As
time increases, the conditions at the leading edge of the wind-assisted flame are the same as
those observed at the leading edge of the wind-opposed flame. However, the enhanced heat
transfer from the gas to the solid phase leads to a rate of spread of the burn-out front more
than twice as fast.
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Figure 11 Flame, pyrolysis and burn-out spread rates for the wind-assisted problem and flame spread rate for the
wind-opposed problem as functions of the log,, (4.,)

The wind-assisted flame, pyrolysis and burn-out spread rates and the wind-opposed flame
spread rate, as computed for steady propagation conditions, are reported in Figure 11 as functions
of the charring rate, that is log,o(A4,,). At a first glance, it appears that wind-opposed flame
spread rates are about an order of magnitude lower than the wind-assisted ones. However, for
both cases a region of almost constant values, at the high rates of volatile generation, followed
by a strong decrease as a significant fraction of the pyrolysis product becomes solid char, are
predicted. The decrease of the flame spread rate is a consequence of chemical times becoming
successively shorter than the flow time (wind-opposed case) and of the reduced length of the
flame and amount of heat transferred to the solid (wind-assisted case). Also, extinction for
wind-opposed spread occurs for rather low values of A, (2.5x 10!! s™! against 5.5x 10**s™!
for the wind-assisted case).

For high amounts of volatiles generated, the rate of the wind-assisted flame spread is faster
than that of the pyrolysis front. However, as the flame length decreases with the rate of fuel
production, both fronts spread at the same rate. Furthermore, the spread rate of the burn-out
front, which is very slow at the lowest values of A,,, starts to increase to significant values for
the time needed for the flame to spread over the whole computational domain. The increase in
the burn-out spread rate does not prevent flame spreading as long as a significant size of the
pyrolysis region is observed. However, as A, is increased to very large values, the slow decrease
of the burn-out spread rate is associated with a strong decrease of the flame and pyrolysis spread
rates. The continuous shortening of the pyrolysis and flame lengths and the attainment of almost
equal values of the spread rates of the three fronts cause the complete extinction of the flame.

Some changes in the distribution of surface variables are also observed with the increase in
the solid charring rate. Temperatures in the pyrolysis region tend to increase because of the
reduced convective cooling of the solid due to the outflow of volatile products and the prompt
formation of inert char instead of the endothermic degradation. Consequently, the increased
surface temperatures at near limit conditions make the radiative heat losses more important,

© Emerald Backfiles 2007



528 COLOMBA DI BLASI

The pyrolysis mass flux as well as the conductive heat flux from the flame to the solid decrease,
because of the reduced volatile production.

CONCLUSIONS

A model of unsteady flame spread over charring fuels of variable thicknesses has been presented.
The numerical solution technique, which uses the vorticity-stream function formulation of the
Navier-Stokes equations for reacting flows, has proved particularly efficient for the simulation
of the dyamics of flame spread. More precisely, the effects of the charring rate have been
investigated. The results have not been compared with experimental measurements because a
systematic experimental study of these effects is not available. However, further insight to the
mechanisms controlling flame spread is given. The results of the numerical simulations can be
used to explain an unsolved question in the flow-assisted mode of flame spread concerning the
size of the flame and pyrolysis lengths. In fact, in some cases, a faster advancement of the flame
with respect to the pyrolysis front?, in other cases, almost the same rates of advance have been
observed?®. From the simulations it appears that the ratio between the spread rates of the two
fronts is determined by the amount of fuel available for the combustion reaction to occur, with
larger flame spread rates for high rates of volatile generation. Thus, on dependence of material
characteristics, a wide range of variations of the flame with respect to the pyrolysis spread rate
is possible. A comparison between the spread rates for wind-opposed and wind-assisted cases
has shown, for the same material, a difference of almost one order of magnitude. Also, the
extinction mechanisms are different with gas phase chemical kinetics being predominant for
wind-opposed spread. Wind-assisted spread is possible until the rate of propagation of the
burn-out front is slower than that of the pyrolysis and flame fronts. This finding is different
from that found by means of thermo-diffusive models? where extinction was localized at the
flame leading edge with the propagation of an extinction front (at the same rate as the flame
and pyrolysis rates) leaving behind unburned solid.
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