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In this paper, we present the transient modeling results of 2-D forward
smoldering in a cylindrical configuration filled with a foam porous mate-
rial. The objective of the study is to explain the effect of the heat losses from
lateral boundaries in the front smolder propagation. The developed numeri-
cal code is capable of predicting the fire initiation and the smoldering
(slow-burning) characteristics of foam insulation materials. The finite vol-
ume discretization and the bi-conjugate gradient stabilized method are used
to solve the system governing equations. The chemical kinetics model is
based on a first order pyrolysis reaction, followed by oxidation of the po-
rous fuel and the carbonaceous char residual. This second oxidation reac-
tion might promote the transition from smoldering to flaming and thus fire
initiation. The gas and solid temperature, and the oxygen and the char mass
fraction two-dimensional temporal evolutions are computed. Different heat
and mass transfer coefficients are used to simulate the heat losses to the sur-
rounding. Non-reacted foam regions are observed near the side wall, con-
firming experimental observations. The base case is chosen to represent the
experimental conditions reported in the literature. The numerical predic-
tions show very good agreement with the published experimental and 1-D
numerical results.
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Introduction

Smoldering is a flameless burning process that can occur in charring fuels, such
as wood, cigarettes, and expanded polymers. The combustion reaction is heterogeneous
and occurs in the interior or on the surface of the porous fuel. There has been a growing
interest in the smoldering, because of environmental and fire safety concerns. Smolder-
ing can generate significant air pollutants, cause biomass consumption, and may also ini-
tiate new fires. Smoldering combustion proceeds by a process of pyrolysis, producing
volatile products and a solid char; then the solid char in turn oxidizes with diffusing oxy-
gen to produce the heat that keeps the whole process self-sustaining.

Smoldering is defined as a non-flaming, self sustaining, propagating, exother-
mic, surface reaction; deriving its principal heat from heterogeneous oxidation of a po-
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rous solid fuel [1, 2]. From a practical point of view, smoldering presents a serious fire
risk because the reaction can propagate slowly in the material interior and can go unde-
tected for long periods of time. Therefore, it is at least necessary to prevent the smolder-
ing from transiting to flaming combustion. Ohlemiller [1, 2] provided two extensive re-
views of experimental and theoretical studies of smoldering; and they argue that since the
oxidizer flows through the porous char, it has to be totally consumed for the smoldering
reaction to propagate. Ohlemiller [1] interpreted forward smolder as a thermal wave fol-
lowed by a char oxidation reaction.

Torero and Fernandez-Pello [3] conducted an experimental study of forward
smolder of polyurethane foam in air, along with a 1-D simulation of the phenomenon.
They observed that the char was not totally consumed by the flowing oxidizer. Later, To-
rero et al. [4] gave a phenomenological interpretation of their observation based on dif-
ferent char reactivities. Tse er al. [5] presented results in agreement with these
phenomenological explanations. Dosanjh et al. [6] developed a theoretical model of for-
ward smolder through a porous solid fuel, and they have examined the conditions for a
steady smolder front and for the transition to extinction. In their analysis they consider air
and fuel moving into the reaction zone. Their model is based on two reactions: a non-oxi-
dative pyrolysis reaction where the fuel is decomposed into char and volatile matter, fol-
lowed by a second reaction of char oxidation.

Buckmaster and Lozinski [7] developed a similar model providing a more elab-
orate description of the structure of the oxidation and pyrolysis fronts. Leach et al. [8] ex-
tended the 1-D model to transient cases to model the experimental configuration and ex-
plain the observations of Torero and Fernandez-Pello [3]. They considered separate gas
and solid phase energy equations with two other equations for oxygen conservation, one
in the bulk and the other at the solid surface. Their resulting equations were solved nu-
merically by the finite-difference technique using the VODE numerical code. Effects of
several parameters including kinetic parameters, thermophysical properties, oxygen con-
centration and fuel bed porosity were studied. Relatively good agreement was obtained
between the experimental and the numerical results. In an earlier work, Leach et al. [8]
used the same numerical technique for modeling reverse smoldering of a porous fuel bed.

In our work on reverse combustion of a fixed porous bed, we have developed a
2-D numerical code for fuel consumption rate predictions as a tool for burner design [9].
Also Ghabi et al. [10, 11] have extend this numerical simulation to predict the 2-D smol-
dering of polyurethane based on the Leach model of chemical kinetic. At the same time
Bar-Ilan et al. [12] presented experimental results from two forward forced-flow smolder
tests on polyurethane foam using air as oxidizer conducted aboard the NASA space shut-
tle. Their experimental results revealed regions of non-reacted foam near the side wall
which their 1-D model could not predict and estimate its effect on the smolder propaga-
tion velocity.

Di Blasi [13] refined the kinetic model of the smoldering of a wood slab under
thermal radiation on one face. Effects of variable thermophysical properties, unsteady
gas phase processes, pressure and velocity variations and convective transport of tar spe-
cies were accounted for. The secondary reactions from tar to char and gas were also in-
cluded in the model.
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A comprehensive review of modeling and simulation techniques for the com-
bustion of charring and non-charring solid fuels has been presented by Di Blasi [14]. Re-
liable kinetic data for thermal degradation and oxidation of biomass materials are limited,
especially for oxidation. Most of the modeling works mentioned above have used the ki-
netic data provided by Kashiwagi and Nambu [15] for a cellulose paper. Shafizadeh and
Bradbury [16] presented other sources of kinetic data.

Chao and Wang [17] studied experimentally the transition of the smoldering to
the flaming phase of polyurethane foam under natural convection conditions. They
showed that this transition is the result of the oxidization of the char. Then Wang et al.
[18] studied the effect of smoldering under forced convection conditions, where they
adopted a kinetics model with two reactions, and they included the radial effect on the
smoldering propagation.

Bilbao et al. [19] have worked on the smoldering of wood, and they have con-
ducted several experiments in an instrumented combustion chamber. They proved that
reactional kinetics is dependent on temperature, and they specified a set of kinetics pa-
rameters for each limited temperature interval.

Shult et al. [20] employed asymptotic methods to find a smolder wave solution
with two different structures, a reaction leading wave structure when the velocity of the
combustion layer exceeds that of the heat transfer layer, and a reaction trailing wave
structure obtained when the combustion layer is slower than the heat transfer layer. These
qualitative theoretical descriptions agreed with Ohlemiller [1] explanations and Torero et
al. [4] experimental observations.

This work is, therefore, an effort to develop a comprehensive numerical simula-
tion code for a 2-D smoldering prediction. The Bar-Ilan et al. [12] base case of forward
smoldering in a cylindrical configuration filled with a porous material is investigated us-
ing the finite volume modeling (FVM) along with the bi-conjugate gradient stabilized
(bi-CGStab) algorithm. The solid and gas temperatures, the oxygen mass fractions in the
bulk and on the solid surface, as well as the char mass fraction temporal evolutions are
computed. The obtained numerical results are then compared to the numerical results of
Leach et al. [21], and the experimental observations of Bar-Ilan et al. [12].

This work provides information on the 2-D temperature and char mass fraction
distributions that previous smolder modeling works did not predict. The way that the
transient effects are included in this work makes it distinguishable from works as de-
scribed elsewhere in this paper. A parametric study is producted to predict the heat losses
from the lateral wall. The thermal boundary conditions used in this analysis are more
practical than any other modeling work available in the literature.

Model description
Figure 1 shows a scheme of the studied configuration. A fixed bed of foam, with
a length of 15 cm and a radius of 15 cm in size is utilized. For simplicity, we assume that

the char and ash have the same properties, and the gas formed from the pyrolysis and oxi-
dation reactions leaves the bed before reacting. Initially, the entire domain is consisting
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of unreacted foam fuel. Air flows into the left face of the foam material, and the smolder-
ing process is initiated by maintaining a specified high temperature or by applying a high
heat flux at this surface for a certain period of time until self-propagation is obtained. We
assume also that the reaction zone propagates from the left to the right of the fuel bed, and
the gravitational effects are neglected to permit comparison with the microgravity experi-
mental results.

Reacted foam

Air flow

Igniter

Figure 1. Forward smoldering configuration

Mathematical model

The mathematical model is based on the energy and mass conservation equa-
tions.

Reaction kinetics

The kinetics model used in this study and which is summarized in the following
is based on three reactions for the char formation and oxidation [1], which is reported by
Ghabi et al. [10,11] with rates of production and consumption of mass which are similar

to those given by Kashiwagi and Nambu [15], and Leach et al. [8]

Exothermic oxidation of foam

Lg(fuel) + n,; Oy — ng (char) + ny (gas) (1)
EDX
W<’)x :(l_Yc_Ya)fpson (YOz)me RT, (2)

Endothermic reaction of pyrolysis

1 g(fuel) — n, (char) + n,, (gas) 3)
=
W;:)y :(I_YC _Ya)gpsApye RT, (4)
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Exothermic oxidation of the char

lg(char) + n,;0, — n,3(ash) + ny3 (gas) 5)
— E'd
Wy =Ypd, (Yo,)" e R (6)

Conservation equations
Mass conservation equation

0epy)  100Epu,)  epyn,)
ot r or oz

e[(ngy — g IWex +ngawhy + (g3 —no3 )W, 1(7)

Oxygen conservation equation in the volume of gas
0(epyYo,) | 10UepuYo,) epyuYo,)
ot r or oz

[rpg g 5= (Y@} : [pg e 5 9, )}k Sy ~Yo,) @)

18
r@

Oxygen conservation equation at the reaction surface

a(‘c"s:DgYOs) 10 0 0
TZ I"a |:rpgDeffs (YOzs):| |:pgDeffsE(YOZS):l+

+kmS(Y02 —Yozs)—n | Wox — Hoz W, 9)

(V) [0):¢ a

Energy conservation equation in the gas phase

0(epyCpyTy) +16(rspguGCng) . O(epgu.Cp,Ty) _
ot r or Oz

:%%[}’ﬂ«geff (T)} [ ffﬁ(Tg)}ths(Ts_Tg) (10)

Species conservation equations in the solid phase
2(psYe)

3 =N Wox + Ny Woy Wy (11
o(pY,)

—cas W 12

81 =Na3Wy ( )
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Energy conservation equation in the solid phase

(psCpTs) _1 0

ot ror |:r)\/5effE(Ts):|+E|:lseffE(Ts)i|+hgs(Tg _Ts)+Qrad _

~Wox AH o =W AH, —w,AH, (13)

with L
Orag =div{-2 4 [grad(Z)]} (14)

The ideal gas equation of state is used to account for the gas density. These last
two equations account for the oxygen diffusion in the bulk and at the solid surface. Heat
transfer between the solid and the gas is obviously similar to mass transport between the
solid and the bulk gas. The chemical reaction occurring at the surface of the fuel depends
on the concentration and on the adsorption of oxygen. We assume that the dissociation of
the oxygen molecule on the surface depends only on the activation energy and the inter-
nal solid porosity. In eq. (3), we assume that the gas velocity at the surface is equal to
zero, consequently the second term of the first member of this equation vanishes.

The axial pressure gradient in the porous media is calculated by the Ergun’s law
[22] as a function of the void fraction:

OP lsolug(l_g)z pg(l_g) 2
- = u, + u?
0z d3e’ d,e3

(15)

The radial pressure gradient variation is neglected.
Transport coefficients and properties

The volumetric heat transfer coefficient between the gas and the solid is calcu-
lated as a function of Reynolds and Prandtl numbers, based on a Nusselt number correla-
tion from [23]:

hyd ;
Nu=-—2" -24113Re2 Pr (16)
geff

where dj, is the pore diameter, and A, . is the gas thermal effective conductivity.
The specific surface of exchange between the solid and the gas is defined as:

_4l-¢)

d,

S (17)

The volumetric mass transfer coefficient is, however, determined by analogy to
heat transfer according to Incropera and DeWitt [24]:

h
kgs =p Cp Lel— (18)

m

100



Ghabi, C., Benticha, H., Sassi, M.: Parametric Study of the Heat Transfer Coefficient in ...

where Le (= a/D) is the Lewis number, and for most applications they signaled that is
reasonable to use (n = 1/3).

The effective diffusivity coefficients were calculated by Ghabi et al. [11] ap-
proximations:

7, Y
Dy oy =€Dg,|| —— (19)
g0
3
TS
Do =(1-€)Dy [—J (20)
TsO

The mass fraction of the solid and the variation of its physical properties are cal-
culated from the mass fraction of char and ash. The char oxidation into ash takes place at
a high temperature that can initiate flaming of the material. When this happens, the set-
tings of this smoldering study are modified. For simplicity, the physical properties of the
char and the ash are assumed as being identical. The effect of the radiation heat transfer is
modeled by the Rosseland approximation presented in [24], by introducing a radiation
conductivity, such that the total thermal conductivity of the solid is given by:

2's:(Yc_i_Ya)ﬂ“c'i_(l_Yc_Ya)lso 21)
160d T3
rad = b (22)
3
/’Lseff:(l_g)/ls +/’Lrad (23)

The used thermophysical and chemical parameters along with other input pa-
rameters of the simulation are summarized in tab. 1.

Initial and boundary conditions

Initially, the left face of the cylindrical foam material, which is represented on fig.
1, is heated by an igniter. The temperature of this face is increased exponentially from 300
to 680 K for 500 s. When the smolder wave is initiated and the peak temperature of the
foam occurs, and when the smolder wave moves away from the igniter for over 2-3 c¢cm, the
igniter is turned off and the smolder self propagates from the left to the right.

Initial conditions

—Atr=0s
Y.=Y,=0,Y,=1,T,=T,=300 K (24)

Boundary conditions

— At the axis of the sample
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Table 1. Input parameters of the numerical simulation

| Property  Value  Reference | Property  Value  Reference |

Ao 6.3-102 W/mK [14] T 300 K

d, 510°m [25] Pt 1.013-10° Pa

Pe 10 kg/m’ (4, 12] AHoy -5700 J/g [15]
Ds 26.5 kg/m’ [4,12] AH,, 500 J/g [15]
Cp, 1.7 kJ/kgK [4,12] AH, —25.000 J/g [15]
Cp. 1.1 kJ/kgK [4,12] Mot 0.41 [15]
Ay 258102 W/mK  [13] Ney 0.21 [15]
€ 0.975 [4,12] Nes 0.24 [15]
& 5107 [11] o3 1.65 [15]
Dy 453107 m%/s [4, 12] a3 0.03 [15]
Uin 5.3-10° m/s (4, 12] Eo/R 19.245K [15]
hy 0.70 W/m’K [11] E,/R 26.500 K [15]
T 0.07-0.1 W/m’K  varied EJR 19.244 K [15]
Pwg 0.07-0.1 W/m’K varied

The cylindrical revolution symmetry is assumed:

(a_@j =0 (25)
r=0

where or

@ = {c’ a» saYOZDYOZS’Tg’Ts}

— At the sidewall of the sample
The sidewall is considered to be impermeable of matter:

(6—‘1)} =0 (26)
r=R

where ar

D= {c9 a’ s5Y027Y0257Tg7Ts}

For the temperature the boundary conditions are described by the second type of
conditions:

oT,

_}'seff( s] :hws(Too_Ts) (27)
or r=R
oT,

—Agd{—gj =hy(T. = T,) (28)
or ) p
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— At left face
Before the igniter is shut down:

Tg =300 K’ Ts = Tigniter (29)

After the igniter is shut down:

oT.
T, =300K, lseff[ arSthS(TS_Tm) (30)
— At the right face
In this face, the established regime is considered:
(a_@J =0 (31)
where 0z )._y

(D:{YOZ’YOZS’Tg’Ts}

Numerical method

For the numerical simulation, the finite volume method in cylindrical coordi-
nates with an upwind scheme is used to discretize the governing equations. This method
has been extensively used in several engineering applications. It is quite attractive when
modeling problems for which the flux is of importance, such as in fluid mechanics, or in
heat and mass transfer.

The numerical method applied to solve the model was the finite volume method
exclusively described by Patankar [26]. After the integration, the discretized equations
for each control volume were written in a matrix forming a system of algebraic equations:

AP, = A D, + A D, + A,D, + AD + Sy (32)

The obtained system of discretized equations is resolved by the method of
Bi-CGStab preconditioned (left and right preconditioning) as described by Markovic [27].
In addition to stability and computation time, accuracy of the solution also plays an impor-
tant role in choosing the right mesh size. We give particular attention to accuracy analyses
of the results. In this work we have used the grid (150 x150). In order to reduce the CPU
time needed for the resolution, a variable time step is used as: A¢= 1072 s for < 500 s, and
At=10"*s for all £> 500 s. As a result and when using a Pentium 4, with 512 MB of RAM
and 64 MB of cash memory, the CPU time for our 2-D computations was about 47 hours.
However, Hanneke and Ellzey [28] for resolving the same system of equations in their 1-D
model with the DVODE integrator proposed by Leach et al. [21], indicated a CPU time on
an IBM RS/6000 of 90 hours.

The BiCGStab method proved to be very efficient with the sparse matrix nature
of the obtained equations. Sparse matrix computations need special attention. Such com-
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putations occur frequently in scientific calculations. The typical development path for
sparse matrix applications involves picking a needed algorithm, selecting a sparse data
structure, and then implementing the specific algorithm using the selected sparse data
structure.

In order to optimize the use of RAM, the Yale Sparse Matrix Package “YSMP”
technique was used for matrix storage. This technique is described in [29, 30].

Results and discussion

We recall that the main objective of this 2-D numerical simulation study is to
predict the two-dimensional nature of the post-flight images of the foam samples from
the forced forward microgravity smoldering tests reported by Bar-Ilan et al. [12], and
which showed non-reacted foam near the side wall. The results are also compared to
Leach et al. [21] numerical results for axial evolutions and validated in [11].

Temperature evolution in the medium

In this section, the solid and gas temperature distributions in the medium are an-
alyzed. The heat coefficient 2, ;= 0.07 W/m?K is supposed. For the solid phase. The solid
temperature field is analyzed at different steps of the smolder propagation, which are rep-
resented at the times: £= 1100, 1250, 1500, and 1530 s. Figures 2a-d show the isothermal
values of the solid phase temperature at the four instants, respectively. These figures
show a curvature in the smolder zone near the side wall, and a hot zone near the axis
which is larger than the one near the wall. This is due to the heat losses from the reaction
zone to the wall. Consequently a non reacting zone is observed near the wall, which is in-
dicated by a low temperature region.

The heat released by the heterogeneous oxidation (smolder) reaction is trans-
ferred axially ahead and radially of the reaction zone by conduction, convection and radi-
ation, heating the unreacted foam fuel. The resulting increase in the fresh fuel tempera-
ture leads successively to pyrolysis, solid fuel oxidation and then to the onset of the char
oxidation, and consequently gives way to the smolder wave propagation through the
foam. Near the side wall, part of this heat is lost and the propagating reaction would leave
behind a char that contains a significant amount of unreacted fuel as will be shown later
on the char mass fraction field evolutions.

These last figures also show that as the smolder wave propagates, the peak tem-
peratures remain within ranges typical of smoldering, and the maximum temperature in-
creases slowly in both the axial and radial directions. This can cause flaming combustion
for a long bed, when the heat release from the exothermic oxidation is more than the heat
consumed by the endothermic pyrolysis. This is clear in fig. 2d when the temperature
rises to 750 K near the exit.

For further explanation of this increase of the maximum temperature, the axial
solid temperature evolution at the centerline of the foam medium is represented for dif-
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Figure 2. Solid temperature field; (@) t = 1100 s, (b) t = 1250 s; (c) t = 1500 s, (d) t = 1530 s

ferent instants of time in fig. 3. This figure shows clearly the propagation of the smolder
wave and the increase of the peak temperature.

For the gas phase, the axial gas temperature evolution at the centerline of the
foam medium is reported in fig. 4 for different instants. This figure shows that the gas
temperature is slightly smaller than the solid temperature. For example the predicted
solid-gas temperature difference is of 25 K at 1100 s on the peak. A larger hot zone in the
gas phase near the peak is observed than the solid one. This is because the heat is gener-
ated in the solid phase as a result of chemical reactions and has to be transferred from the
solid to the gas phase through the gas-solid interface. However, the gas temperature
shows similar trend as the solid temperature and, as observed for the solid phase, similar
increase in the peak temperature for the gas is also observed when the smolder wave
propagates from the left to the right.

The simulations revealed that several parameters can influence the ignition
and propagation of the smolder wave, such as the frequency factor in the kinetics
model, the igniter temperature, the inlet gas velocity, the instant of igniter extinc-
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Char mass fractions

In this section, the smoldering phenomenon is analyzed through the analysis of
the resulting char, which is the product leaved behind after the propagation of the smol-
der wave front.

Two dimensional char mass fraction distributions are shown on figs. 4a-c where the
char conversion contours are presented for # = 1100, 1250, and 1500 s, respectively. It
emanates from these figures that the zone of char reaction can be limited between Y, = 1
and Y. = 0.1. These figures show clearly the unreacted zone Y, < 0.1 near the side wall
and especially at the inlet and out-
let corners where the heat losses
are higher to the ambient air, as
pronounced on fig. 4c. The pres-
ence of this unreacted fuel is justi-
fied by the insufficient heat in this
zone to convert original foam into
char. These char mass fraction
distributions are in very good
agreement with the post-flight im-
ages (fig. 5) reported by Bar-Ilan
etal. [12].

Figure 6 shows the axial char
mass fraction evolution at the cen-
terline of the cylindrical medium.
This evolution is presented for se-
lected time values. Initially, and
because of the incoming cold air,
very small quantity of char is

i Y

Figure 5. Photographic of char formation in a foam
smoldering taken from [12]

1.0 .
formed (20% of the initial foam)

near the ignition end and a small >

non converted foam zone appears éo's 15047
near the air inlet and especially £

close to the side wall. Then, as the é 06 -
smolder wave propagates toward s

the right end, more and more foam ©

. . 0.4 _
is converted into char and the char

mass fraction reaches the unity 1100s  1hoos 1800s 1400
value. 02 ]
Effect of the heat transfer 00 . . .

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

coefficient Axial distance, z [m]

The effect of th.e convective Figure 6. Char mass fractions evolution at the
heat transfer coefficient between centerline (» = 0 cm)

107



THERMAL SCIENCE: Vol. 11 (2007), No. 4, pp. 95-112

the solid bed and the environment at » = R is analyzed through four values of /%, (0.07,

0.09, 0.095, and 0.1 W/m?K), and we suppose that /1, = g

For each of these values, the

char mass fraction evolution versus time is presented at a specified axial section for two
radial distances, namely at the centerline and at the sidewall.
For z =4 cm, fig. 7 shows that in the centerline, the evolutions of the char mass
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Figure 7. Char mass fractions as a function of time for
z=4 cm in the wall bed for different values of heat transfer
coefficient
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Figure 8. Char mass fractions as a function of time for

z=13 cm in the wall bed for different values of heat transfer
coefficient
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fractions versus time for dif-
ferent values of 4, are sup-
posed, and then the heat
transfer coefficient hasn’t
any effect. However, at the
side wall, the increase of the
heat transfer coefficient val-
ues decreases the conversion
rate and then the char mass
fraction. We can also note
that the increase of 4, from
0.07 to 0.09 W/m’K, de-
creases the char mass frac-
tion by about 75%, and that
very small char quantity is
obtained when increasing
hys to 0.1 W/m?K. Further-
more, the char mass fraction
increase more rapidly for the
small values of %, than for
the greater ones. Physically,
this can be explained by the
fact that when using greater
values of i, = 0.1, more
heat is released to the envi-
ronment and then small
quantity of foam is con-
verted into char.

For a section toward the
exit, z = 13 cm, similar re-
sults are reported in fig. 8.
From this figure, the tempo-
ral char mass fraction evolu-
tion, at the centerline, are
again the same. At the side
wall, the same effect of the
heat transfer coefficient is
noted. That is, decreasing
char mass fraction occurs
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when the heat transfer coefficient 4, increases, but the dramatic decrease occurs when
hys is increased from 0.095 to 0.1 W/m?K. Again, the more rapid conversion of foam into
char is noted for small values of /.

Smmolder velocity

When the smolder wave begins propagating, the smolder wave velocity for the
foam is computed at the smolder front. This velocity can be deduced from fig. 3. In fact,
having the times when the peak temperatures occur, we can calculate the distance be-
tween these peaks, and thus the smolder velocity can be computed for a heat wall coeffi-
cient /1, = 0.07 W/m?K.

Therefore, the smolder veloc-

L T 40107 - ' - - - ' '

ity is arbitrarily defined as the ax-

ial traveling velocity of the peak § a5107*[ ]

temperature of the smoldering % 010t 4

zone and presented in fig. 9. This £

figure shows that the smoldering 5 25107[ k 1

phenomenon is initially acceler- § 0010t _
w

ated, and the velocity decreases
slightly toward the right end. The 15107
observed average smolder veloc-
ity is about 0.25 mm/s in very
good agreement with the 0.23 5.010°[
mm/s value observed by Bar-Ilan

1.0107

0.0 1 I 1 1 1 1 1
0.00 0.02 004 006 0.08 010 0.12 0.14

et al. [12]. However, Leach et al. Axial distance, z [m]
[21] for the 1-D simulation and for
the same gas velocity reported a Figure 9. Smolder velocity

smolder velocity of 0.45 mm/s.
This could be explained by the 2-D effect where a quantity of the heat release is trans-
ferred radially to the sidewall.

Conclusions

A new method for numerical simulation of two-dimensional smoldering propagation
in a porous foam bed has been proposed and investigated. This is based on the finite vol-
ume discretization and the bi-CGStab technique. The obtained numerical results showed
a clear agreement with the experimental numerical results available in the literature. This
work provides information on the 2-D temperature and char mass fraction distributions
that previous smolder modeling works did not predict. The thermal boundary conditions
used in this analysis are more practical than any other smolder simulation studies. The de-
veloped code is very versatile and open to simulate any smoldering and/or reacting front
propagation through a fixed bed, and especially as related to fire initiation prediction in
electrical and/or thermal isolation systems.
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Nomenclature

A frequency factor, [s ']

Cp — specific heat, [Jkg '"K™']

D — diffusion coefficient, [m’s ']

d - diameter, [m]

E - activation energy, [Jmol ']
enthalpy of reaction, [Jkg™']

— heat transfer coefficient, [Wm 2K ']
mass transfer coefficient, [ms ']
— stoichiometric coefficient, []

— pressure, [Pa]

— perfect gas constant, [JK 'mol ']
— radial coordinate, [m]

specific surface area, [m ']

— temperature, [K]

— time, [s]

— gas velocity, [ms ']

— mass fraction, [kgkg™]

— mass reaction rate, [kgm’3 s

— axial coordinate, [m]

:

ol
N
\

NE~NETN0Y TS
|

Greek symbols

a — thermal diffusivity, [m’s ']

& — porosity, [—]

A — conductivity, [Wm 'K ']

i — dynamic viscosity, [kgm's ']
o — Stefan-Bolzman constant (=5.67-10°%), [Wm K *]
p — mass density, [kgm™]
Subscripts

a — ash, char oxydation

amb — ambiant

c — char

eff  — effective value

g — gas

ox — fuel oxidation

p — pore

py — fuel pyrolysis

r — radial direction

rad - radiation

S — solid or surface

z — axial direction
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