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Abstract 

Simulation results are presented about the glowing combustion of thick moist wood 

samples exposed to fire-level heat fluxes, using a front model comprehensive of all 

the relevant heat and mass transfer phenomena and based on thermally controlled 

drying, finite-rate kinetics pyrolysis and mixed kinetic-diffusive controlled 

combustion. The solution shows that, apart from short initial and final transients, 

an ablation regime is established given high external heat fluxes and/or high 

moisture contents. Drying, pyrolysis, and combustion take place simultaneously 

along a constant-thickness layer that propagates at a constant rate (the same for the 

three fronts) towards the cold sample side. Good quantitative agreement is obtained 

between model predictions and measurements.  

 

Introduction 

Wood combustion is a complex process that consists of several steps, that is, 

drying, pyrolysis, gasification, char combustion and gas-phase oxidation [1-2]. The 

occurrence of the various events and the related characteristic times depend on both 

the fuel properties and the combustion conditions. For relatively dry samples of 

intermediate thickness exposed to fire-level heat fluxes, the process of wood 

burning consists of three main stages: the period prior to ignition (ignition time), 

the period of flaming combustion, characterized by a flame engulfing the whole 

sample, and the char oxidation period [1]. For thick and/or moist samples, the last 

two stages overlap to a certain extent and the solid phase becomes the site for 

simultaneous moisture evaporation, wood pyrolysis and char combustion. However 

combustion can also occur only in the solid phase (glowing), as exceedingly low 

heat fluxes may not be able to cause flaming ignition and/or sample sizes may be 

unable to sustain the flame. It is worth pointing out that glowing and smoldering 

are similar, but not identical mechanisms of ignition. Smoldering is a self-sustained 

process. Instead ignition and consumption of a wood material by glowing can 

occur if it is subject to sufficient radiant or convective heating, without a 

requirement that the process continues, should the external heat source be removed. 

The prediction of the burning behavior of wood is of paramount importance in fire 

safety because of its extensive use as building and construction material. It also 
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plays a key role in the occurrence and spread of unwanted forestry fires. The solid 

phase processes are central in the description of fire development and other 

processes of technological interest, such as biomass and waste conversion, and this 

has motivated the significant efforts made to formulate pyrolysis models [3]. 

However only a relatively few have been actually applied or modified to simulate 

combustion. These can be grouped into two main categories, that is, the volume 

reaction model and the front reaction model [4]. In the volume reaction model, 

reactions are assumed to occur throughout the sample. The volumetric source terms 

(reaction rates) are determined by local temperature, solid and gas components. In 

the reaction front model, each reaction is assumed to be confined in an 

infinitesimal reaction front, and the source term is interfacial. The front approach is 

computationally less expensive and is especially suited for extremely severe 

heating conditions, such as those established in fires, however it has been mainly 

used to describe the pyrolysis of dry wood.  

In this study a comprehensive front model for the glowing combustion of a moist 

wood sample radiatively heated [5] is applied to simulate the process dynamics and 

to carry out an experimental validation [6]. 

 

Results and Conclusions 

The reference case reproduces the conditions of the experiments reported in [6] 

whereas the model details and the input data, needed for the simulation of the 

process, are reported in [5].  Figure 1 reports the predicted time profiles of the front 

position for drying, xd, pyrolysis, xp, and combustion, xc, together with the relative 

distances, Lp (distance between the drying and pyrolysis front), Lc (distance 

between the pyrolysis and combustion front), and the total size of the zone where 

the three processes of interest occur, Lr. Further information on the process 

dynamics can be gained from Fig.2, which reports the propagation rate of the three 

fronts versus time. It can be observed that, at the beginning of the heating process, 

only drying occurs, which is followed by pyrolysis and finally by char combustion, 

so that for a time of about 50s the three processes take place simultaneously. 

Maximum propagation rates are observed within the first 100s. In particular, the 

propagation rate of the drying front presents two maxima, the first associated with 

rapid heating of the exposed surface and the second due to the appearance of the 

combustion front which, being associated with an exothermic reaction, augments 

the heat supplied to the surface. The absolute maximum is attained by the 

propagation rate of the pyrolysis front, caused by its close contact with the 

combustion front during the early dynamics. As already observed, the sudden 

increase in the heat provided at the external surface by the onset of the combustion 

reaction causes a maximum in the propagation rate of both pyrolysis and drying 

front. 

For longer times, given the slower propagation rate of the combustion front, a char 

layer develops which reduces the inward rate of heat transfer. As a consequence, 

the propagation rates of the pyrolysis and drying front, essentially determined by 
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heat transfer effects, start to decrease, slowly approaching a constant value. The 

examination of the kinetic and diffusive contributions reveals that a kinetic control 

is established only for a very short time when the surface temperature remains 

below 700K. Then, oxygen diffusion becomes the controlling step. As a result, the 

propagation rate of the combustion front slowly increases towards a constant value. 

Thus, given sufficient time, the three fronts reach the same propagation rate (about 

0.86mm/min). Moreover the temperatures at the pyrolysis front, Tp, and the 

combustion front, Ts, also attain constant values of 670K and 1050K, respectively 

(the drying front is always at the assigned temperature of 373K). However, though 

the three fronts approach the same propagation rate, the related processes are 

characterized by different rates. The fastest is the pyrolysis rate, followed by the 

drying rate and finally by the combustion rate. The distance between the fronts also 

initially increases to finally attain constant values (Fig.2): the size of the charred 

region is around 1.26cm, while that of the already dried wood is 0.6cm. Hence, 

when the same propagation rate is established, the three fronts are located over a 

distance of 1.86cm. 

 
Figure 1. Position of the fronts, xc, xp 

and xd, and corresponding distances, Lc, 

Lp, Lr, versus time as simulated for the 

reference case reproducing the 

experimental conditions [6]. 

 

 

 
Figure 2. Propagation rates of the 

drying, pyrolysis and combustion fronts, 

-dxd/dt, -dxp/dt, -dxc/dt, versus time as 

simulated for the reference case 

reproducing the experimental conditions 

[6]. 

The simulated dynamics of the glowing combustion of moist wood show that an 

initial transient stage, when the three fronts successively appear, is followed by the 

attainment of a long pseudo-steady state and finally by another short transient 

stage, when the fronts progressively disappear. The first stage presents the maxima 

in the propagation rates of the pyrolysis and drying front, which are soon slowed 

down by the slower progress of the combustion front. For the second stage, a zone 

of constant size, where the three fronts are located at constant relative positions, 

propagates with a constant rate (coincident with the surface regression rate) across 

the virgin moist wood. The duration of the initial transient stage, indicated with tf, 

is only a small fraction of the final time, td, characterized by the simultaneous 
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presence of the three fronts (thus tf coincides with the drying time). Rigorous 

pseudo-steady state conditions are reached for a time of about 3000s (versus 

td=7400s). However, it can be assumed that a pseudo-steady state is actually 

reached for a time tf around 1800s (values of the distances and regression rate at 

90% of the final values), corresponding to an unreacted sample length of about 

10cm (versus L0=12.7cm). It is worth noticing that, being the combustion rate (and 

the propagation rate of the associated front) the slowest process during the transient 

stage, it directly affects the actual tf values. Also, the combustion rate (and the 

surface regression rate) influences the inward heat transfer rate and, in this way, the 

relative positions of the three fronts. As already observed, the final transient stage, 

when the drying, pyrolysis and combustion are sequentially completed, lasts for a 

short fraction of the above introduced td time (pyrolysis and combustion are 

completed at 7770 and 8480s, respectively, versus 7400s needed for drying). Based 

on these considerations, glowing combustion of moist wood, exposed to severe 

heating, can be assimilated to an ablation process, in close similarity, for instance, 

with ablative pyrolysis. Conditions that can lead to this kind of behavior are always 

associated with high external heat transfer rates and a very slow rate of inward heat 

transfer compared with the reaction rates.   

The predicted dynamics of the glowing combustion reproduce those experimentally 

observed [6] from both the qualitative and the quantitative point of view 

(coincident values of the time needed to achieve a pseudo-steady state around 

1800s and a value of the corresponding surface regression rate around 

0.86mm/min). A further comparison between the model predictions and the 

measurements is made through Fig.3, which reports the measured and predicted 

spatial temperature profile at pseudo-steady state, and Fig.4 which reports the 

predicted and measured time profiles of mass loss and surface regression (burned 

char layer). In all cases, a good agreement between the two sets of data is obtained 

although the integral solution method here adopted cannot reproduce exactly the 

observed shape of the temperature profile. More specifically, the surface 

temperature is well predicted and with it the thickness of the char and dried wood 

layers.  

The process dynamics retain the same qualitative trends discussed above as the 

moisture content is varied [5]. In qualitative agreement with the experimental 

observation, the front-based model also predicts the transition from the 

simultaneous to the sequential occurrence of the drying, pyrolysis and combustion 

processes with the passage from an ablation (pseudo-steady state) to a truly 

unsteady process when the severity of the external heating is reduced[5]. However, 

it is not likely that predictions are quantitatively correct because, for these 

conditions, drying, pyrolysis and combustion no longer occur across a relatively 

thin zone that can be described with a front. Thus future developments require the 

formulation of more detailed models for the solid-phase combustion of wood. 
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Figure 3. Simulated and measured [6] 

spatial profiles of temperature, T, at 

pseudo-steady state conditions for the 

reference case. 

 

 
Figure 4. Simulated and measured [6] 

mass loss and surface regression versus 

time for the reference case. 
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