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Abstract

A mathematical model is developed describing the natural smoldering of logs. It is considered the steady one-
dimensional propagation of infinitesimally thin fronts of drying, pyrolysis, and char oxidation in a horizontal
semi-infinite log. Expressions for the burn rates, distribution profiles of temperature, and positions of the dry-
ing, pyrolysis, and smoldering fronts are obtained in terms of the smolder temperatures. An appropriate smolder
transfer number is defined. Heat transfer by conduction. convection, and radiation inside the porous matrix of the
log is considered, as are convection and radiation around the log and inside the boundary layer adjacent to the
smoldering end. Solutions for the problem without circumferential heat losses and for a single front of drying
and pyrolysis are also presented. The effects of variations of several parameters, such as moisture content, log
diameter, pyrolysis temperature, heat of char oxidation, heat of pyrolysis, porosity, fuel density, and char density,
are evaluated. The theoretical burning rates are in good agreement with available experimental data.
© 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction contained in large logs. which can often sustain smol-
der for several days after flaming. Logs can smolder
during and after a fire in different geometries and
may present transition to flaming or extinction. How-
ever, many trunks can show an approximately one-
dimensional steady smoldering process, with most of
the ash produced being deposited on soil or carried
away by the wind. A substantial amount of smoke
and toxic gases can be released from biomass burn-
ing. The burning products are hazardous to firefight-
ers and local residents, and can be globally significant
as greenhouse gases [1,2].

Previous work on similar smoldering problems in-
cludes modeling of smoldering cellulose cylinders

Smoldering is a flameless burning process that can
occur in charring fuels, such as wood, cigarettes, and
expanded polymers. The combustion reaction is het-
erogeneous and occurs in the interior or on the surface
of the porous fuel. There has been a growing interest
in the smoldering of logs after forest fires, because
of environmental concerns. Smoldering logs can be a
significant source of air pollutants and biomass con-
sumption and may also initiate new fires. Most of the
biomass burned in forest fires or prescribed burns is

* Corresponding author. Fax: +5512-3101-1992. [3.4], polymer cylinders [S], cigarettes [6-11]. py-
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Costa). smoldering of porous solids and polymers [15-18]. In
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Nomenclature

A¢ adjustment factor

Bg smoldering transfer number

Cp.i specific heat of substance i =f, d, c, a,
w, v

p.l specific heat of liquid water within the
wood

Cp.i average specific heat of zone i =f, d, ¢

dp; average pore diameter in zone {

h;‘ heat convection coefficient around zone
i=f,dc

hg convection heat transfer coefficient at
smoldering front

hg convection heat transfer coefficient with-

out blowing

hiconv convective heat losses along zone i = f,
d,c
h;rag  radiative losses along zone i =f, d. ¢
IR form factor for the smoldering surface
M moisture, dry basis
n'z'f' mass consumption rate of virgin fuel
n’zg mass consumption rate of dry fuel
my . mass consumption rate of char
my mass generation rate of ash
ny, mass flow rate of water vapor
nry mass flow rate of volatiles
Oco heat of char oxidation
Op heat of pyrolysis
Ow heat of vaporization of water
Gow heat flux to preheat and vaporize water
gy heat flux to pyrolyze dry fuel
g7 heat flux at smoldering front
Glonv  heat flux lost by convection
dig heat flux by radiation
temperature
Ty vaporization temperature
1p pyrolysis temperature
T smoldering temperature

Tyi average temperatures at zone { =f,d, ¢
Tmax.; Mmaximum temperature in zone {

Ty initial temperature

Too ambient temperature

U smoldering rate

x4 drying front position

X5 smoldering front position

Y0,.00 ambient mass fraction of oxygen
Y0,.5 mass fraction of oxygen at smoldering

surface

Greek symbols

a; effective heat diffusivity

B OFF stoichiometric mass ratio

£y emissivity of the smoldering surface

£ emissivities of the zone surface { =f, d,
c

b porosity of zone i =f, d, c

Vi effective convection coefficient around
zonei=f,d,c

As,i solid thermal conductivity in zone i = f,
d, c

Agi gas phase thermal conductivity in zone
i=f,d,c

A;" effective heat conductivity in zone i = f,
d,c

pi density of substance i =f, d, c, a

Di average density of zone i =f, d, c
Stefan-Boltzmann constant (= 5.67 x
108 wm—2K™%)

Subscripts

f unburned fuel

d dry fuel

c char

a ash

w water vapor

v volatiles

general, the available solutions for natural or forced
smoldering problems are obtained by numerical in-
tegration of systems of differential equations or by
activation energy asymptotics. '

An experimental investigation of smoldering in
biomass was made by Carvalho et al. [19] in a lab-
oratory facility (forced smoldering) and in prescribed
forest burns (natural smoldering). They reported burn
rates varying from 0.09 to 0.4 mm/min and pointed
out that daytime rates were up to five times larger
than nighttime rates due to higher ambient tempera-
tures, higher wind speeds, and lower relative humid-
ity. Carvalho [20] performed additional experiments

on smoldering of logs under controlled conditions
in a specially built oven, using oven- and air-dried
logs. Three different airflow rates, oven temperatures,
and range diameters (10-32.5 cm) were tested. The
average burn rate was 0.4-0.9 mm/min, with maxi-
mum temperatures 625-920 K, measured by thermo-
couples located in different positions inside the logs.
Nevertheless only one test was performed for each
condition and large cracks were formed along some
logs. More extensive experiments are required to en-
sure sample independence. Additional observations
by Carvalho [20] and Rabelo et al. [21] on natural
smoldering of logs after prescribed burns have indi-
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cated smolder rates varying from 0.1 to 0.4 mm/min
and drying—pyrolysis thickness of a few centimeters
(~ 10 cm). These logs were from different wood
species with various moisture contents (11-47% dry
basis) and diameters (17-68 cm).

Emissions from biomass smoldering were mea-
sured [1,2,22] and a large number of components,
such as CO,, CO, CHy, C;Hy, CoHy, C3Hg. alde-
hydes, formic and acetic acids, alcohols, nitrogen,
and sulfur compounds, were identified. However, the
main products are CO and COj, at about 13 and 80
molar %, respectively, for several biomass species.

Moussa [3,4] described the reaction zone in a cel-
lulosic material as a char oxidation region with high
temperatures followed by a evaporation—pyrolysis re-
gion (350-700 K), where char, tar, and volatiles are
formed by fuel degradation. The thickness of the re-
action zone was found to be approximately equal to
the sample diameter. Many factors, such as reaction
rate, heat and mass transfer, and oxygen diffusion in
the boundary layer, influence the processes occurring
in the reaction zone. Smoldering logs present some
different characteristics compared with other charring
materials, such as cigarettes and celiulose cylinders.
They have lower porosity than cigarettes or cotton and
are characterized by formation of cracks in the char
zone, ash deposition on soil, and complete escape of
volatiles through the smoldering end, as longitudinal
permeability is much higher (102-10%) than radial
permeability [23], assuming there is no preferential
path along any holes inside the log.

The objective of this work is to present a com-
prehensive mathematical model to describe the nat-
ural smoldering of logs, assuming the steady one-
dimensional propagation of infinitesimally thin fronts
of drying, pyrolysis, and char oxidation in a hor-
izontal semi-infinite log. The burn rates, distribu-
tion profiles of temperature, and drying—pyrolysis—
smolder distances are obtained for logs with and with-
out circumferential heat losses. A solution for a sin-
gle drying—pyrolysis front is also presented. Effects

of variations of several parameters, such as pyrolysis
temperature, heat of char oxidation, heat of pyrolysis,
fuel density, fuel density, char density, moisture con-
tent, and log diameter, are evaluated.

2. Mathematical model

A schematic view of a circular cross section of a
semi-infinite smoldering log is shown in Fig. 1. The
log is divided into four regions: (1) the moist or un-
burned fuel zone, located at x < xq: (2) the dry fuel
zone, located at xq4 < x < 0; (3) the char zone, lo-
cated at 0 < x < xg; and (4) the ash zone, located at
x > xs. These regions are separated by three infin-
itesimally thin fronts: (1) a drying front, located at
x = x4, which is determined by the vaporization tem-
perature of water, T, (~ 373 K); (2) a pyrolysis front,
located at x = 0, which is determined by the pyrol-
ysis temperatuie of wood, Tp (> 500 K); and (3) a
char oxidation front, located at x = x5, which is de-
termined by a smoldering temperature, 75 (> 650 K).
It is considered a steady-state problem with all fronts
moving at the same speed, i.e., the smoldering rate U.

The choice of fixed front temperatures corre-
sponds to the assumption of infinite activation en-
ergies of drying, pyrolysis. and char oxidation in
Arrhenius-type kinetics. It should be noted that para-
meters of char oxidation kinetics present large uncer-
tainties and are measured for specific chars with given
porosity and surface area [24]. In addition, wood can
contain several inorganic components, inclusions, and
resins which can significantly aftect the char oxida-
tion rates. The fast chemistry approach is useful to
estimate global parameters such us smolder rates and
drying/pyrolysis/smoldering distances, but does not
allow accurate description of the density and temper-
ature profiles inside the log.

It is assumed that all water contained in the wood
is released at the drying front. At the pyrolysis front,
the volatiles are released by producing char mixed

side view boundary front view
layer
drying  pyrolysis smoldering smoke
circunferential front front front
heat losses heat/losses
PN P L) -—
. . = —
e | . -—
> .
unburned | — dry —= char B=gsh | —
fuel F— fuel — —y -—
— | = -—
7~ —
I IR IR NN . B B

water vapor volatiles

circunferential
heat losses

nﬁ]cts oxygen

X=Xy x=0

Fig. 1. One-dimensional smoldering of a log.
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with ash, and at the smoldering front, char is oxidized
by the ambient oxygen, forming CO and COj, and
leaving ash on soil. All gases released in the fronts
flow away from the moist material. A natural convec-
tion boundary layer adjacent to the smoldering front
and that is not affected by the presence of ash (in prac-
tice, ash is carried away by wind or deposited on soil)
is also assumed. In addition, heat is lost to the am-
bient by convection and by radiation around the log
circumferential area and from the smoldering end.

Additional assumptions for the present analy-
sis include: (1) one-dimensional burning; (2) nat-
ural thermal—viscous boundary layer adjacent to the
smoldering front: (3) steady-state problem; (4) semi-
infinite log: (5) exit of volatiles through the smolder-
ing surface without reacting with the char; (6) ash
layer thickness that does not affect flow; (7) pure car-
bon char; (8) neglect of soil radiation effects; (9) no
effects of crack formation; (10) no holes or inclusions
inside the log; and (11) thermal equilibrium between
the gas and solid phases.

2.1. Energy equations

Using a moving reference frame following the re-
action fronts, the balance energy equations can be
written as

daT d°T 4k}
Mm-S T )

for the moist wood zone, —00 < x < xyq,

rit'f'cp_f

Y , dT d2T  4n*
(gepa +igepm) - =Ag—— = “gq(T —To)

@
for the dry wood zone, x4 < x <0, and
. . . . dT
(rgcp,c + mycp.a + titycp,y + Mgy Cp.w) o
d’T  4n¥
= - (T T 3
Sa T =T ©)

for the char zone, 0 < x < x5. The subscripts f, d,
¢, a, w, and v denote unburned fuel, dry fuel, char,
ash, water vapor and volatiles, respectively. T is the
temperature at any position; 7y is the log initial tem-
perature: d is the log diameter; x4 is the drying front
position; xs is the smoldering front position; m’f’ is
mass consumption rate of virgin fuel; rhg is the mass
consumption rate of dry fuel; /1 is the mass con-

sumption rate of char; ] is the mass production rate -

of ash; mY, is the mass flow rate of water vapor; il is
the mass flow rate of volatiles; A is the effective heat
conductivity in zone i =f, d, c; h;." is the heat convec-
tion coefficient along zone i =f, d, ¢, and ¢p; is the
specific heat of substance i =f. d, c, a, w, v.

The term on the left-hand side in the energy bal-
ance equations for each zone corresponds to the en-
ergy transport by convection, the first term on the
right-hand side corresponds to the energy transport
by conduction and internal radiation, and the second
term on the right-hand side corresponds to heat losses
to the ambient by radiation and convection around the
log circumference.

The mass fluxes are given by g = pfU, mg =
paU, m = pcU, iy = paU, !l = (pr — pg)U, and
ntly = (pg — pc — pa)U, where p; is the density of
substance { =f, d, c, a.

The unburned fuel density and the dry fuel density
are related by the moisture content M, on a dry basis:

Pr
= 4
PA= T (€5
The specific heat of wood is calculated from [25]
. cpdt Mcp
PDf="T77m T Ac 1/ (kgK), (52)
¢p,d = 103.1 +3.867Ty J/(kg K), (5b)

where Ac = M(—6.191+40.0236T5 —0.0133M) is an
adjustment factor that accounts for the additional en-
ergy in the wood-water bond. It is valid below the
fiber saturation point, M ~ 0.3, for 280K < T <
420 K.

Porosity of wood can be related to moisture and
density by the following equation, valid for M < 0.3
[26,27}:

143
=1-—""
o 1500 — 1.35p¢ M ©
And the char porosity can be obtained from
go=1- L %

Pcarbon

where pearbon = 1957 kg/m3. These equations indi-
cate that low-density wood has a larger porosity than
high-density wood, and that low moisture content in-
creases the porosity.

It is assumed in‘the present model that the gas and
solid phases are in thermal equilibrium. The effec-
tive heat conductivity, k}", includes a conduction term,
A; ¢, and an internal radiation term, A; ;:

A =AXic+Ain, i=fdc ®)

Aie=(—=¢)rs i+ dirgi, &)
16

Air= ?adp_,-rrf’m‘,.. (10)

Here d}, ; is the average pore diameter in zone i, A ;
is the solid-thermal conductivity in zone i, Agi is
the gas-phase thermal conductivity in zone i, Tinax i
is the maximum temperature in zone i, and o is
the Stefan-Boltzmann constant. This form of radia-
tion conductivity has been used by Leach et al. [18].
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The importance of the conduction and radiation terms
varies along the log. Generally, in the char zone the
radiation term is larger than the conduction term,
whereas in the virgin and dry fuel zones, the conduc-
tion terms are much larger than the radiation term.
The moist wood thermal conductivity, for M < 0.4
and conduction parallel to the grain, in terms of mois-

ture content, initial temperature, and oven dry density,

is given by

As.£.0 = 0.0418(0.568 + (4.78 + 9.7M) pg/ 1000)
W/(mK), (1)

Asg=1.8(Tp/298)As 1.0 W/(mK), (12a)

and the dry wood conductivity is

As,d = 0.0427(T(/298) W/(mK). .(12b)

These expressions are based on the results of Koll-
man, MacLean and Akita as reported by Kanury and
Blackshear [26]. The correction factor 1.8 was in-
cluded for longitudinal thermal conduction.

The effective heat transfer coefficient along zone
i, h7, assumed as a constant, is given by

h:‘kzhi,cv+lli,fv l=f, d, C, (13)
hir=g0(Ty; + Too)(Taz,i + Tg‘o)’ (14)

where h; o, corresponds to convective heat losses,
h; ¢ corresponds to radiative losses, &; are emissivities
of the i zone surface, Too is the ambient tempera-
ture, and T, ;, i =f, d, c, are average temperatures
of the unburned fuel, dry fuel, and char zones, re-
spectively, and are given by T, ¢t = 0.5(Teo + Tp).,
Ta,d =0.5(Ty + Tp), and T ¢ = 0.5(T + Tp).

The convective heat transfer coefficients are ob-
tained from the literature in terms of the Grashof,
Prandtl, and Nusselt numbers for natural convection
around horizontal cylinders [28].

2.2. Boundary and coupling conditions

The following boundary and coupling conditions
are used in the problem:

T(—o00) =Ty, T(0)=Tp, (152)
T(xq) =Ty, T(xs)=Ts, (15b)
MTe6]) = MTe(x5) + 4w (15¢)
AgTe(07) = AT (0) +4y. (15d)
A Te(xg) =gy . (15¢)
G = Mg (Qw = cp1(Ty — To)), (150
Gy =iy Qp. (158)
4§ =g Qco — Glony — ding- (15h)

‘

where Qo is the heat of char oxidation, Qp is the
heat of pyrolysis, Qy, is heat of vaporization of water,
Gve 1s heat flux to preheat and vaporize water, !/ is
heat flux to pyrolyze dry fuel, ¢/ is heat flux at the
smoldering front, ¢, is heat flux lost by convection,
and g , is heat flux lost by radiation. The SI units of
Q; and ¢’ are J/kg and W/ m?, respectively.

At the smoldering front. heat can be lost by either
convection or radiation. The radiation loss is given by

g =esfro(TE = TE). (16)

where & is the emissivity of the smoldering surface
and fR is the form factor (nondimensional) for the
smoldering surface. The form factor for a real log
should be less than unity as a concave surface is often
formed at the smoldering end (approximately conical
with a vertex angle of about 60°). For a right circu-
lar cone, the form factor is fr = 1/(1 + 112/r2)l/2,
where £ is the height and r is the base radius. There-
fore, for a 60° cone, fg = 0.5. It should be noted
that for a cigarette, the form factor should be larger
than unity, because the radiating area is convex. Fig. 2
shows a common smoldering log cavity and typical
smoldering in crossing logs. These crossings usually
form burning fronts at 60° to the soil, created by the
shear stress in the logs produced by their own weight,
with each log section heating up the other log sections
and low heat dissipation maintaining the smoldering
process.

Heat transfer by convection at the smoldering front
is given by

Glony = hs(Ts — To), (17
with

In(1 + By
hs =h0_“_(_i_ﬁ, (18)

By

where hg is the convection heat transfer coefficient
with blowing at the smoldering front, hg is the con-
vection heat transfer coefficient without blowing, and
By is the smoldering transfer number, which is used as
a blowing factor for correction of the convection heat
transfer coefficient. The transfer number represents
the ratio of the driving force for smoldering to the
resistance to smoldering. Values of heat transfer co-
efficients for natural convection along a vertical wall
[25] were used by considering a square wall having
the same area of the log circular cross section.

A mass balance of oxygen at the smoldering sur-
face yields an expression for the smolder transfer
number,

YOz.OO - YOz.S
By=—— =
Boc/pe+Yo,,s

where B is the O/F stoichiometric mass ratio, Yo, o0
is the ambient mass fraction of oxygen, and Yq, ¢ is

19
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Fig. 2. Smoldering logs: (a) cavity in a smoldering log:
(b) smoldering in crossing logs.

the mass fraction of oxygen at the smoldering sur-
face. Because fast char oxidation kinetics was as-
sumed, the smolder process is diffusion controlled,
e y()z.s =0)

The primary reactions describing char oxidation
are

C + 0y — CO3 + 393,965 kJ/kmol,
C + 0.50, — CO + 218,614 kJ /kmol.

These equations can be combined to yield the global
reaction

C+a0y — (2—2a)CO
+ (2a — 1)CO3 + Qco. (20)
Qco = 3.6+29.2a MJ/kg, @1

where a is the stoichiometric coefficient of Oy (1/2 <
a < 1). An a of 15/16 gives a O/F stoichiomet-
ric mass ratio g of 2.5, with Q¢o = 31 MJ/kg. This
choice of a gives a fraction of 14% CO and 86% CO3,
in volume, respectively. Secondary surface reactions
and gas-phase reactions are neglected.

2.3. Solution of the governing equations

The previous energy equations can be simplified,
taking the form:

d*r 4T .
@i U =% =Ty =0, i=fdc
(22)
with
a; = A} /(PiCp.i), (23)
vi = 4h} /(BiCp.id). @

where «; is the effective heat diffusivity and y; is the
effective convection coefficient along zone i =f, d, c.
The average heat capacities, p; Cp ;, are given by

PECp.f = PECp, s (25)
PdCp.d = PdCp.d + (Pf — Pd)Cp.w. (26)
PcCp,c = pecp.c + pacp,a + (pf — pd)cp,w

+ (pd — pc — pa)cp.v- (27

Solution of the problem requires the calculation of
nine variables: six integration constants, the drying
front position, x4, the smoldering front position, xs,
and the smoldering rate, U. There are nine boundary
and coupling conditions for the three zones: Ty, T},
Ty, Tp, Tp. Ts. 4" (xq), 4" (0). and ¢" (xs).

2.4. Problem with no circumferential heat losses

Initially, integration of the governing equations
with no circumferential heat losses, i.e., with y; =0,
is considered. By use of the above boundary and cou-
pling conditions, the expressions for the temperature
profiles are obtained as follows:

T =T+ (Tp — Tp)eV X/ _00 < x < x4,

(28a)
1 — eUx/ea
T=TP_(TP_Tb)m. Xg<x<0,
(28b)
1= eUx/txc
T=TP+(TS'TP)m. 0<X < Xg.
(28¢)

The drying and smoldering front positions are given,
respectively, by

. SR
M=oy n(1+ pacp.a(Tp — Tp)
x (pep,(Ty — To)

— (pr — pd) (Qw — cp1(Tp — )" (29

and

a S
S _Uc ln(] = /)ccp_c(Ts —Tp)
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X (Pcho - (hs(Ts = Two)
+esfro (T = TA))/U) ™). (30)
and the burning rate is obtained from

hs(Ts — Too) + &5 fro (T — TA)

U= )
PcQco— Ef—Eq— Ec—Ey— Ew—Ey
3D
with
Ef= pfcp,f(Tb - To), (32a)
Eq = pacp.a(Te — Ty), (32b)
Eq = pacp,a(Ts — Tp), (32¢)
Ew = (pf — pq)
x [ep.1(Ty — To) + cpw(Ts — Tp) — Qw],
(32d)

Ey=(pg— pc — Pa)[Cp.v(Ts - Tp) - QP]v (32¢)

where Ey is the energy required to heat fuel to boil-
ing temperature; E4 is the energy required to heat the
dry fuel to pyrolysis temperature; E¢ is the energy re-
quired to heat the char to smoldering temperature; E,
is the energy to heat ash to smoldering temperature;
Ey, is the energy required to vaporize water; and Ey
is the energy required to pyrolyze and heat volatiles.
The S units of E;—f 4 ¢ a.w,v are J/m3,

Eq. (31) can be misleading since one may think
that increasing heat losses cause higher smolder rates.
Nevertheless, Eq. (31) shows that the net energy flux
from the smoldering reaction, U{pcQco — 2 E;), has
to be equal to the rates of radiation and convection
heat losses, to allow the steady propagation of the re-
action fronts. High smolder temperatures, resulting
from fast smolder reactions, produce high smolder
rates and also, correspondingly, high heat losses. An
expression similar to Eq. (31) can be easily derived
from Gugan’s [6] results for maximum temperatures
of smoldering cigarettes. Drysdale [29] used the sim-
ple relation U = ¢” /p Ak to estimate smolder rates of
several charring materials, where ¢ is the net energy
flux across the plane of inception, which was taken
as the conduction heat flux at x = 0, roughly approx-
imated by k(75 — Tp)/xs. This net energy flux must
be proportional to the heat release rate minus the heat
loss rate from the char zone. Moussa et al. [4] ob-
tained an approximate analytical expression relating
the interface temperature at the end of the pyroly-
sis zone (equivalent to the plane of inception) to the
smolder rates. The heat flux at this plane was taken
as half of the heat release rate minus the heat loss rate
from the char oxidation zone. Because the heat release
rate depends directly on the smolder rate, the expres-
sions obtained by Drysdale and Moussa et al. for the
smolder rate can be put in a form similar to Eq. (31).

Torero et al. [30] have obtained expressions for the
natural smolder rates of polyurethane foam, depen-
dent on oxidizer velocities and ignition heat fluxes.
They considered an upward propagation of the smol-
der front and used the Darcy law coupled to the buoy-
ancy force to calculate the oxidizer velocity.

When the maximum temperature Ty is known or
measured, the smolder rate U can be easily calcu-
lated from Eq. (31), and vice versa. Alternatively,
the heat of char oxidation Qo can be found from
the last expression if Ty and U are measured. It can
be seen that U > 0 if pcQco > 3 E;. Otherwise, if
pcQco < Y E;, external energy has to be added 'to
sustain the smoldering process. Explicit expressions
for influence coefficients, ey = (¢/¥)dy/d¢. of a
given parameter ¢ = Tp. Qco, QP, Pf, Pc» Par M,
etc., on a variable ¢ = U, x4. xs, etc., can be easily
obtained from Eq. (31).

An alternative expression for the burn rate can be
obtained by using the oxygen transport equation at the
diffusion boundary layer,

D
U = 227 141 4 By), (33).
ped

where § is the diffusion layer thickness, peg is the am-
bient density, and Dy is the oxygen diffusivity at am-
bient conditions. § depends on smolder temperature
and on gas properties, but cannot be accurately de-
termined unless the complete three-dimensional gas-
phase problem is solved.

2.5. Problem with circumferential heat losses
/
If circumferential heat losses are considered the
following expressions for temperature profiles are ob-
tained:

U(1+Ap)x—xq)
T=To+Ty—Tp)e 2

— 00 <X < X4, (34a)
U+44)x U(-ag)x
T=Ty+Cyge “4 +Cyge "
xg<x <0, ' (34b)
U(l+A¢)x Ul—A¢)x
T=Ty+Cyce Zac +Co e c
0<x < xs. (34¢)
Here
QiYi .
A= 1+4#, i=f, d, c, (35)
Ull-A44)xy
(Ty —To) — (Tp — Tp)e ™
= Ul+a —apr, (362)
J.i)xd U(l-4g)xg

e 2y —e Zag
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U(1+49)x
(To —To) — (Tp ~Tple “4
Cra=~ Ui+ Ag)g U(1—Ag)ag » (36b)
e 2oy —e 2ay
U(1=Ag)xs
(Ts —Tp) — (Tp — Tp)e 2%
Cre= Ui Ul-—dors ' (36¢)
e 2o —e 2a¢
Uil+Ag)x
(Ts —Tp) —(Tp — Tp)e 2=
Coe=~ U+ Ac)xs U(—Ag)xs (36d)
e 2o —e 2ag

Matching the coupling conditions at x = xq, x = xg,
and x = 0 gives, respectively,

)\*
L@ - 1)1 + 4p
of

A U(1+A!!)xg
(Cl‘d(l +Agle

*
=d
ad

UQ-Aag)x, -1
+ Cy a1 — Agle Zag ) + 2q—l‘}v-, (37a)

* U(l+Ac)xs

A
Ot_z (Cl.c(l +Acde

U(l—Ac)x i
+Caell — Ade Tas S) = % (37b)

*

A
;i(Cl,d(l + Ag) + C2,4(1 — Ag))

o1

A.*
= 2€(C1.o(1 4 Ao) + Coe(l — Ac)) +2"UV.

Q¢
(37¢)
The solution of this system of nonlinear algebraic
equations (37a)~«37c) yields the pyrolysis front po-
sition, the smoldering front position, and the burning
rate. Substitution of their values into Egs. (34)—(36)
allows determination of the temperature profiles.

2.6. Solution for a single front of drying and
pyrolysis

An expression for the smoldering rate and the
smoldering—drying front distance can be obtained as-
suming that the drying front coincides with the pyrol-
ysis front. In this case the smoldering front position is
calculated from

p— 2ac
TU+ Ay
N m[(acé!/w:) —0.5(1 — Ac)(Ts — Too)]

Xs

(T — Tp + Too) Ac
_ (38)
and the smoldering rate is obtained from

(Tu A 4
[(T — Tp + Too) Acl—2¢
 {(eegl JUAD = 0.5(1 + A)(Ts — Too) | H4¢
T H@cg? JUAE) = 0.5(1 + A)(Ts — Too) |1~ 4e
(39)

where

Ty = (O.S(Tp —Too)A — B)/ﬁcEp,cAc, (40a)
A = pecp £(1 + Af) — pecpe(l + Ac), (40b)
B=(pg—pc—p)Qp+(pt—p)Qw. =~ (40c)

3. Results and discussion

Attention is now focused on calculation of the
properties of the smoldering process, considering cir-
cumferential heat losses and separate fronts of drying
and pyrolysis. The characteristics of particular inter-
est are burn rates. drying front position, smoldering
front position, temperature profiles, and heat losses.
In this context the purpose of this section is to dis-
cuss and to compare the effects of variations on mois-
ture content, log diameter, heat of pyrolysis, pyroly-
sis temperature, and other parameters, by employing
the reference data summarized in Table 1 and from
Egs. (4)-(14). Some experimental data are also com-
pared with the theoretical results.

The effects of moisture content on burn rates, dry-
ing and smoldering front positions, and heat fluxes
at the smoldering surface are illustrated in Fig. 3. In
this case the char and the dry wood density were kept
constant, while the virgin wood density changed with
moisture content. The influence of log diameter on
burn rates, positions, and heat fluxes is depicted in
Fig. 4. The dependence of temperature profiles due to
variations in moisture content, char density, and smol-
dering surface temperatures is displayed in Fig. 5.
The influence coefficients of several parameters on
burn rates and on drying and smolder front distances,
for a fixed density ratio, pc/pq = 0.2, are shown in
Fig. 6.

Table 1
Reference data used in the simulations

Property Value  Units Property Value  Units

or -300  kl/kg Ty 373 K
Oco 31 Ml/kg Ty 600 K

Ow —2445 kJ/kg Ty 315 K

Cp.c 067  kI/kgK) Teo 315 K

Cp.v 110 ki/(kgK) &f 075 —
Cpw 202 kl/(kgK) &g 075 —
.1 417 kJ/(kgK) & 098 —
A 0041  W/(mK) dys 0.0001 m

Ay 0043  W/mK) dygq 0.0001 m

Aw 0047  W/mK) dpc 0.0003 m

o5 432 kg/m3 Yo,eo 023  —
24 360 kg/m’ Yo,s O —
oc 72 kg/m? M 20 %

Pa 10 kg/m3 fr 0.5 —
d 025 m
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Fig. 3. Effects of moisture content on smolder characteristics
of logs: (a) burn rates; (b) pyrolysis front and smoldering
front positions; (c) heat fluxes at the smoldering surface.

Burning rates varied from about 0.3 t0 0.9 mm/min
for the moisture contents and log diameters shown
in Figs. 3 and 4, considering smolder temperatures
between 700 and 900 K. Smolder front positions
increase slightly as smolder temperatures increase,
whereas drying front positions decrease significantly
(in absolute value) as smolder temperatures increase.
For a fixed burn rate, the smolder temperatures de-
creases as moisture content increases or log diameter
decreases. Convective heat losses are smaller than ra-
diation heat losses, for the assumed radiation form
factor. Radiation heat losses can be six times larger
than convective heat losses at 900 K. The convective
heat losses per unit area increase as log diameter de-
creases, because the viscous—thermal boundary layer
becomes thinner and, consequently, the temperature
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Fig. 4. Effects of diameter on smolder characteristics of logs:
(a) burn rates; (b) pyrolysis front and smoldering front posi-
tions; (c) heat fluxes at the smoldering surface.

gradient becomes larger. Moisture content had no ef-
fect on convective heat losses per unit area, because,
in the present model, the convective heat transfer co-
efficients are not affected by the presence of water
vapor. Moisture content and diameter do not affect
radiative heat losses per unit area if a fixed smolder-
ing temperature is considered. On the other hand, if
smolder temperatures are affected by moisture, there
will be changes in heat losses by radiation and by
convection.

Fig. 4 shows that for fixed smolder temperatures,
the drying front position gets farther as moisture
content decreases or char density increases. Drying-
pyrolysis distances vary from 7 to 30 mm and do not
change significantly with smolder temperatures.
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Fig. 5. Temperature profiles of smoldering logs: (a) effects
of moisture content; (b) effects of char density; (c) effects
of smoldering temperatures. Reference frame is now located
on the smoldering front.

Experimental temperature profiles obtained from
the date of Carvalho et al. [19] on three different logs
are depicted in Fig. 7. The temperature profiles were
calculated based on the average smolder rates of each
log and the temperatures were measured by thermo-
couples. T;, located at several positions inside the
logs. The smoldering surfaces were very rough and
many cracks along the log surfaces were observed
in the experiments, exposing several thermocouples
(not those in Fig. 7). The logs were in contact with
the oven bottom and the smoldering surfaces were
not vertical. It is not clear in Fig. 7 which regions
of the temperature profiles correspond to the pyrol-
ysis or smoldering zones. However, in many curves,
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Fig. 6. Influence coefficients of several parameters on smol-
dering characteristics of logs. (a) Influence of M, Tp. Qp,
pt. d. To, Qco. pc and Ts on drying-smolder front posi-
tions; (b) influence of M, Tp, Qp, pf, d, and T on burn
rates; (¢) influence of Qco, pc. and 75 on burn rates. Refer-
ence Qco =28 MJ/kg.

the existence of two regions is observed with a lin-
ear increase in temperatures; these can be considered
either as two pyrolysis zones, with different decom-
position kinetics, or as a pyrolysis zone followed by a
smoldering zone. The temperatures of thermocouples
T1 and T2 of log | and TS5 of log 3 stabilized at about
373 K along the drying zone, while the temperatures
profiles of thermocouples T1 and T2 of log 5 had re-
gions with constant intermediate temperatures, below
373 K.

In general, the experimental distances including
the pyrolysis and smolder zones were larger than the
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theoretical ones. This can be explained by the deep
cracks formed on the smoldering front, convective
heating from volatiles, and radiation from the char
oxidation zone which increase the exposure time and
keep the thermocouples heated before and after the
reaction fronts have passed. Fast chemistry was also
assumed in the theoretical model; however, usually,
fast chemistry models do not yield correct tempera-
ture profiles, because reaction is considered to occur
on an infinitesimally thin surface.

As shown in Fig. 5, the parameters with larger in-
fluence coefficients on burn rates are Qco, pc, and Ts,
whereas T and p¢ have greater influence on smolder—
drying front distances. Interestingly, Q¢o and pc have
the same influence on burn rates. Pyrolysis tempera-
ture and heat of pyrolysis have small effects on burn
rates and on front positions. However, care should be
taken when analyzing the influence coefficients, as
each parameter is varied independently of the others.
For example, moisture content can also affect smolder
temperatures, but no relation between them was pro-
vided in the calculations. Also, char density is directly
related to virgin wood density and an appropriate re-
lationship could be used in the calculations.

Table 2 lists selected results of forced smolder-
ing of logs obtained by Carvatho et al. [19]. The logs
were from three species of embaiiba trees from the

Amazon forest: black, white, and pata de anta, be-
longing to genus Cecropia, family Moraceae. These
species have an estimated average oven dry density of
360 kg/m3 and average composition of C = 43.46%.
H=6.18%, N = 0.44%. No clear correlation among .
airflow rates, oven temperatures, burning rates, max-
imum temperatures, and burning rates could be ob-
served in the experiments due to sample variability.
Despite the inclusion of many details in the
present model, it represents a first step in the descrip-
tion of the complex chemical and physical processes
occurring during smoldering of logs. The model could
be improved initially by considering finite rate kinet-
ics for the drying and pyrolysis processes, diffusion
of oxygen into the char pores with volumetric char
oxidation. axisymmetric burning, and tar formation,
deposition, and reaction inside the char pores.

4. Conclusions

A mathematical model was developed to esti-
mate burn rates, temperature profiles, and positions
of the drying, pyrolysis, and smolder fronts of a
naturally smoldering log. A steady one-dimensional
propagation of infinitesimally thin fronts in a semi-
infinite log of circular section was assumed, consider-

1000 | ing heat conduction, convection, and radiation inside
900 + | tog; Il > tog; 12 the porous matrix, and external radiation and convec-
2 - - . . .
— °s ©9 tion around the log and inside the boundary layer ad-
&< 800 -+Log5 T1 o Log5T2 . . .
> jacent to the smoldering end. A smolder transfer num-
2700 1 ber was determined and a solution for the problem
8 600 with a smg.Ie drymg—pyrolysm front was presented.
E I The theoretical burning rates showed good agreement
+~ 500 . . .
I with available experimental data.
400 |
300
-200 -150 -100 -50 ] Acknowledgments

Fig. 7. Experimental temperature profiles of smoldering logs
measured by thermocouples located in different sections of
the logs. Data from Ref. [19]. Reference frame is located on
the smoldering front.
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Table 2
Experimental data from Carvalho et al. {19} on smoldering logs
Log Species Drying Average d Air flow rate Toven Tmax 8]
(cm) (L/min) (K) (K) (mm,/min)
1 Black Air 14 85 298 900 0.67
2 White Air 21 99 298 625 0.81
3 Pata de anta Air 28 113 298 725 0.58
4 Pata de anta Air 28 85 373 775 0.58
S Black Air 14 99 373 885 0.60
6 White Air 21 113 373 760 0.52
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