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Abstract. The burning of wood presents several phases. pre-heating, water vaporization of water, pyrolysis, ignition,
flaming, extinction of the flame, smoldering, and final extinction. It is a complex thermo-physical and chemical process
with homogeneous gas reactions and heterogeneous reactions ocurring on the porous matrix of the wood. This paper
describes a simplified numerical model of the burning of wood cylinders under a constant heat flux, including the
simultaneous vaporization, pyrolysis and smoldering phases. Numerical results obtained for Pinus elliot wood are
compared to experimental data.
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1. Introduction

The capability to predict the burning rate of wood in modern times has become increasingly important as fire safety
engineering moves toward a performance-based approach to building design (Spearpoint, 1999, 2001).

Combustion of biomass, mainly wood, releases pollutants in the atmosphere, increasing global warming, acid rain
formation, production of smoke and particulates. It causes direct problems to the health of populations, worsen visibility
conditions, produces ecological unbalance with reduction in biodiversity, damage the biogeochemical cycles and other
adverse effects (Crutzen e Andreae, 1990). It should be noted that biomass combustion in furnaces, burners or rotary
kilns can have less hazardous consequences, if control of emissions is implemented.

Burning of wood presents several phases: pre-heating, drying, ignition, pyrolysis, flaming, flame extinction,
smoldering and smoldering extinction. The flaming phase occurs when the volatiles from wood pyrolysis mix with air
above the lean flammability limit in the boundary layer adjacent to the wood sample, and the gas temperature is above
the ignition point (Kanury, 1977). Smoldering is a slow flameless heterogeneous burning process in which the residual
char from pyrolysis is oxidized by air. Smoldering can last several days after fires, especially in the case of large logs or
ground vegetation. Several of these phases can occur simultaneously, for example, drying and pyrolysis.

The role played by moisture transport phenomena is dependent on the heating conditions. In relatively low
temperatures free water capillarity and diffusion of bound water play a controlling role, with liquid-phase flows two or
three orders of magnitude larger than the vapor fluxes. The high-temperature behavior has been simulated by Di Blasi et
al. (2003) by considering the propagation of an evaporation front during the entire duration of the process together with
significant gas phase convective transport. In general, the presence of moisture introduces a delay in the heating time,
with consequent variations in reaction temperatures, product distribution and ignition times.

The effects of moisture on burning characteristics of tropical woods have been studied experimentally by Castro
(2005) and Castro and Costa (2005). An analysis of the effects of sample diameter and heat input on combustion
characteristics of Pinus elliot, a common softwood in Brazil, using a cylindrical calorimeter was also made by Castro
and Costa (2005). A theoretical model of burning of wood cylinders was presented by Costa et al. (2003).

Several numerical models of the wood burning have been developed, mostly focusing on a single phase of the whole
process. Tinney (1965) compared numerical results of a thermal model with experimental results of burning cylinders of
wood under heated air. Roberts (1970) made a review of the influence of the kinetics on pyrolyis of wood and cellulosic
materials. Kanury (1972) analysed the carbonization rate of wood, adopting an Arrhenius kinetics for the pyrolysis
process. Tzeng e Atreya (1991) developed a detailed model of finite differences for the ignition process to compare to
their experimental observations. Quintiere (1992) developed an integral one-dimensional model of pyrolysis.
Saastamonien and Richard (1996) presented detailed numerical simulations of the simultaneous drying and pyrolysis of
biomass. Spearpoint (1999) compared ignition and burning rate data obtained in a conical calorimeter with an integral
one-dimensional model describing the transient pyrolysis of a charring semi-infinite solid under a constant heat flux.
Bilbao et al. (2001) presented theoretical and experimental studies of wood ignition, including convection effects; the
experimental study included tests with self-ignition and piloted ignition, both with different air flow rates on the
samples. Di Blasi et al. (2003) investigated experimentally the drying of Pinus cylinders in a fixed bed under a counter-
current of heated air (air coming from the top); a simplified numerical model of the drying process of the samples was
proposed and presented good agreement with the experimental data.
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There is still a limited amount of data in literature related to the drying, pyrolysis and burning processes of tropical
woods under controlled conditions. Therefore, the objective of this work is to present a simplified numerical model to
describe the combustion process of Pinus elliot wood cylinders including all phases of burning and to compare the
numerical results with experimental data.

2. Model Description

The present numerical model extends the wood drying model developed by Di Blasi et al. (2003) to include the
simultaneous pyrolysis and smoldering processes. Figure 1 shows a schematic view of the complete process of drying
and burning of a wood cylinder under a constant heat flux.
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Figure 1 — Phases of drying and burning of a wood cylinder under a
constant external heat flux.

It is assumed that wood has four main components: ash, water, pyrolysate and char. Thus, it follows that
Pr=P,tP. PP, Q)

where p; is the apparent density of phase i and the subscripts f, a, ¢, / and p denote, respectively, wood, ash, char, water
and pyrolysate.

Figure 2 shows a cylindrical ring of thickness dr inside a wood cylinder of radius a, located at a distance r of the
center. Note that p; is the ratio between the mass of component i inside the cylindrical ring and its volume, and
therefore, it does not represent the real density of the phase, but its apparent density.

2.1. Mass Balances

A balance of the mass of water inside the cylindrical ring of thickness dr gives:

%+l_(r i) =i’ )
ot r or

where the first term on the left side represents the time variation of liquid water inside the volume element, the second
term represents the flow of water across the cylindrical ring and the term on right is the vaporization rate of water inside
the element of volume.
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Figure 2 — Cylindrical ring of thickness dr.

Assuming that there is no liquid flow inside the pores, i, =0, then:

apl :m
—=m 3
or ! 3)

The balance of water vapor inside the volume element yields

P 1) _ 4)
o r or

where m is the rate of formation (> 0) of water vapor inside the volume element and !, is the radial flow of vapor
across the cylindrical ring. Once

mlm: _”h"f (5)

w

then

aﬂ + l a(rn/lw) — _% (6)
o r or ot

Assuming that |6pw / 6t| << |6p1 / 6t| , since the gas density is much lower than the apparent density of water (different
from the real density of water), it follows that:

opy 1 oy) _ o )
ot r oOr

Similarly, for the pyrolisate, it results:

op, . 10(rmy)

ot r oOr

=0 ®

Assuming that only CO and CO, (= CO,) are produced by the char, it follows that m = —smy, , where s is a

stoichiometric “mass” coefficient. For C + O, 2 CO,, s = 12/44 = 3/11 and for C + O = CO, s = 12/28 = 3/7.
Therefore, it can be written for the char oxidation:

a5 Oty
ot r Or

I

0 9

2.2. Energy Balance

An energy balance along the cylindrical ring of thickness dr yields:

y iy ., 10T 0 op op,
(paca + 0,6 +ppcp +pccc) j_(cvmv t+c,m, +ccmCOx)_ (6r ) _ng_l‘p 6tp _Lc g (10)
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In Equation (10) the term on the left side represents the variation of internal energy inside the element volume, the
first term on the right side represents heat conduction, the second represents the convective flow of energy, the third
represents a heat sink for water vaporization, the fourth represents a heat source or sink for pyrolysis of wood, the fifth
term represents a heat source for char oxidation. It is assumed that gases and solid are in thermal equilibrium. The
variable 7 is the temperature; A is the thermal conductivity of the wood; ¢;, i = a, I, p, ¢, are the specific heats of ash,

liquid water, pyrolysate and char, respectively; L;, i = w, v, COy, are the heat of vaporization, pyrolysis and of char
oxidation, respectively.

2.3. Reaction Rates

The rates of drying, pyrolysis and char oxidation can be described by Arrhrenius kinetics:

% =—k,p, where k, =4, exp(— T, /T) an
0
%:—kppp where k,=4, eXP(—Ta,p/T) (12)
0
% =—k.p.Yo, where k. =A. exp(— Toe /T) (13)

The activation temperatures are given by 7,, = £, / R,, where E,; is the activation energy of reaction i and Ry is

the universal gas constant.
3. Boundary Conditions and Thermal Properties

The boundary conditions for the problem are:

O r =i =il =0 at r=0 (14)
or !
/I(Z_T:hC(Ta ~T)+4 at r=a (no flame) (15)
’
or
or _ hC(T” —T)+q,'f +go—(T;.‘ —T4) at r=R (flaming) (16)
, .

where ¢, is the radiation heat input from the heater, or neighborhood, and 7. is the flame temperature.

The eflux of volatiles, CO, CO, and water vapor reduce the convection heat transfer along the cylinder wall, #4..,
according to:

h, B

b, 1 (a7
with

B — Cvmv +Cw;lnw +CcmCOx , (18)

c,0

where B is the blowing factor, similar to a simpler one used by Di Blasi et al. (2003). The fractions of liquid water X,
pyrolysate X, and char X, inside a volume element are given by:

X, =p,/p; s X, =p,/P X.=p./p, (19a,b,c)

The thermal conductivity A and the specific heats c¢;, i = [p,c, vary with temperature and are calculated by the
approximate expressions:
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A=12, f(—J , i=Lp.c (20)
Pro T,
T 0,5
¢, =cyl—=—1| , i=Lpec 2D
T

4. Simplified Energy Equation

The equation for the balance of energy can be written as:

PN . (A op op op,
)—Cg(varmwﬂmeoX); (ar)_L’a_z[_L”a_zp_L“?

(22)
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where pc = p,c, + p.c. + pic, + p,c, is the total heat capacity of wood and ¢, =c,, =c, =c, is the specific heat of

the gas phase, which is taken as a constant average value.
The boundary conditions are rewritten as:

or _9p; _0p, _ 9P, _0p,

—_ = L= _"Tc-0 em r=0 (23)

or or or or or

Aj—T:h(Tw—T) em r=R (24)
r

where 7 is an effective heat transfer coefficient including convection and radiation and 7., is the ambient temperature,
flame temperature or the freestream flow temperatures around the cylinder.

The process of char oxidation can be controlled by the oxygen diffusion or by heterogenous reaction rate inside the
porous matrix, which depends on temperatures, pressure and char composition. Oxygen diffusion depends on geometry
and pore distribution, volatiles and water vapor convection, temperature and pressure. As a first approximation, a linear
profile of oxygen inside the pyrolysed region was adopted:

Y, = [1— Py ]Ym 25)
2,0
where Y, is the mass fraction of oxygen in the ambient.

It is assumed that ignition occurs when the mixture F/O between volatiles and air attains the lean flamability limit
inside the boundary layer at the ignition temperature. At end of pyrolysis the mixture ratio F/O decreases with the
exhaustion of volatiles and flame extinction occurs.

During flaming it is assumed that there is no penetration of oxygen inside the flame and there is no char oxydation.

5. Numerical Solution and Results

The simplified equations (22)-(24), with the auxiliary equations, were discretized by an explicit finite difference
scheme. A Matlab 6.5 code was written and time steps of 0.02 s with 13 radial points were adopted, for simulation of
the burning process of a Pinus elliot wood cylinder with 30 mm diameter. The input data required for the simulations
are listed on Table 1. Several runs of the code with different timesteps were made until convergence was achieved.

Figures 3, 4 and 5 show, respectively, the mass evolution, mass consumption rate and normalized mass consumption
rates of cylinders with 20 and 40 % of moisture content, on dry basis. Numerical results and experimental data are
presented. The evolution of the total mass, water mass and the pyrolysate mass are shown. Ignition was assumed to
occur for mass flow rates of volatiles higher than 0.06 g/s.

Experiments were performed inside a cylindrical calorimeter with wood cylindrical samples burned under a heater
input of 2000 W. Several samples with given moisture content were burned. The experimental setup, sample
preparation and the test sequence are described in detail by Castro (2005).

The simulation shows that pinus cylinders with 20 % moisture content presented simultaneous drying and flaming
while cylinders with 40 % moisture content presented simultaneous drying and pyrolysis, for the same heat input.
Cylinders with higher moisture contents require larger heat power input to vaporize the water and, therefore have lower
propensity to ignite.
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Table 1 - Input data for the simulations of Pinus elliot cylinders.

data variable value
Initial total mass of cylinder M0 0.026 kg
Initial char mass of cylinder Mo 0.181m, kg
Initial dry wood apparent density dgo 368 kg/m’
Initial char apparent density de.o 67 kg/m’
Initial pyrolysate apparent density dyo 301 kg/m’
Cylinder radius To 0.015m
Freestream temperature T 800 K
Initial temperature T, 300 K
Pre-exponential factor of water vaporization A,y 6.7E3 1/s
Pre-exponential factor of pyrolysis A, 6.0E3 1/s
Pre-exponential factor of char oxidation A, 7.5E1 1/s
Activation temperature of water vaporization Tt 5500 K
Activation temperature of pyrolysis Top 7000 K
Activation temperature of char oxidation Taec 10500 K
Effective convection coefficient h 100 W/m*/K
Heat of water vaporization L, 2.245E6 J/kg
Heat of pyrolysis L, 0.300E6 J/kg
Heat of char oxidation L, 20.000E6 J/kg
Initial thermal conductivity Aro 0.14 W/mK
Specific heat of pyrolysates Cp 1500 J/kg/K
Specific heat of char Ce 670 J/kg/K
Specific heat of liquid water cy 4170 J/kg/K
Specific heat of gas phase Co 1500 J/kg/K
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Figure 3 — Mass evolution of pinus cylinders.
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Figure 4 — Mass consumption rates of pinus cylinders.
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Figure 5 — Normalized mass consumption rates of pinus cylinders.
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The numerical smoldering rates were very lower than the experimental ones. Further studies are required to better
simulate the smoldering phase, for example, modifying the oxygen profiles inside the cylinder. More detailed
simulations are being implemented to compare different wood species and water contents, including property variations.

6. Conclusions and Comments

This work describes a simplified numerical model to simulate the burning behavior of wood cylinders. The
numerical results are compared to the numerical simulations, showing a good agreement, despite the simplifying
assumptions. It was assumed that vaporization, pyrolysis and smoldering processes follow the Arrhrenius kinetics.
However, it is well-known that pyrolysis can be better described by a two step process: an endothermic one followed by
an exothermic one, resulting in a global reaction with almost zero heat of reaction. Flow of liquid water inside the wood
was not considered.
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