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THE PHENOMENON OF EXTINCTION OF TIMBER - EXPERIMENTS AND THEORY 

Jaganathan V M1, Varunkumar S2, R Varun Kumar3, Juan Cuevas4, Cristian Maluk5 

 

ABSTRACT 

The phenomenon of self-extinction plays a vital role in predicting the structural integrity of timber 
structures in mid-and high-rise constructions when exposed to fire. In the present study, the flame 
propagation, spatial temperature variations with time, and criteria for self-extinction of a Cross Laminated 
Timber (CLT) block subjected to fire are predicted using the "Unified ignition Devolatilization" (UID) 
model. The effects of incident heat flux, oxygen concentration on flame propagation, and self-extinction 
were studied. The mass loss rate (MLR) for different operating conditions were predicted and validated 
with the experiments done at controlled atmospheres. The model is shown to predict the overall behavior 
accurately with the predictions of MLR close to the experimental values. 

Keywords: self-extinction, CLT, devolatilization, flame propagation, UID model. 

1 INTRODUCTION 

1.1 Background 

The use of Cross Laminated Timber (CLT) in mid and high-rise construction is widespread. Understanding 
the behavior of CLT under fire is critical to evolving model-based safety strategies. Towards this, the 
ignition, burning and possible self-extinction of CLT blocks under a variety of conditions have been studied 
using a combination of experimental and theoretical approaches. Details of these studies are presented here. 
To account for the varying heat flux and oxygen concentrations a block a CLT could be subjected to in an 
actual fire, experiments covering a range of incident heat flux and oxygen concentrations have been studied. 
The cases for which data is reported here are summarized in Table 1.  

Table 1. Experimental conditions presented in the current study 

S.NoOxidizer 
Ignition heat flux *

(kW/m2) 

 Heat flux after Ignition *

(kW/m2) 
Remarks 

1 Air 50 30 Extinction observed

2 Air 50 40 No Extinction 

* Ignition heat flux is maintained for a time period of 1200 seconds from the start of experiment. 

* After 1200 seconds, heat flux is varied to study the effect of extinction till 3600 seconds. 
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There are a number of studies (predominantly experimental) on the ignition, burning and extinction of CLT 
blocks [1-18]. The unique feature of the current study is the development of a modeling framework for 
analysis and prediction of behavior of CLT under fire conditions. The modelling framework reported here 
is based on the ‘Unified Ignition and Devolatilization model’ (referred to as UID model from hereon). The 
principal feature of the UID model that sets it apart from the other prevalent approaches is the assumption 
that all the processes that a biomass based solid fuel (CLT block in the current case) undergoes are transport 
controlled. While this may appear like a drastic simplification, extensive use of this approach to model 
phenomena including, combustion of single particles (of sizes from as small as a few tens of micron to a 
few cm), flame propagation in packed beds and stability of particle laden flames in MILD burners, have 
proved its validity [19-23]. The primary reason for the success of this approach is the following - under 
actual combustion and fire like conditions, the heating rate that a material is subject to is in the order of 
1000 - 10000 K/min; therefore, chemical reaction rates are high enough for the zones of chemical 
decomposition to be confined to layers which are at least an order of magnitude thinner compared to non-
reactive zone. Hence, zones with chemical reactions are essentially interfaces separating fresh material from 
char. Under such conditions, the rate controlling step is the heat up time in non-reactive zones and therefore 
the assumption of transport control is accurate. The key advantage of the UID approach is that the transport 
controlled models enjoy greater predictive capability compared to models requiring kinetic parameters as 
inputs.   

1.2 The Influence of Oxygen Concentrations 

In the area of timber combustion research, fire research, and the use of timber as fuel, the effect of oxygen 
concentrations in the atmosphere plays a significant role in the burning behaviour of timber [9]. By reducing 
the oxygen concentration in the atmosphere, it is found that the time to ignition increases [9]. Furthermore, 
a decrease in ambient oxygen concentration will reduce the flame temperature as soon as the ignition is 
achieved. An obvious direct effect of this is that thermal feedback from the flame to the solid's surface is 
decreased. When the flame temperature drops to 1500K, extinction probability is high [14]. It has been 
reported that a decrease in the sample's MLR when tested with deficit oxygen concentrations in the 
atmosphere [11]. Also, it is found that a deficit in the oxygen concentration will lead to lower char oxidation 
rates [10,13]; this dependence of oxygen parameter has a weak one over the pyrolysis front and a strong 
influence over char oxidation. Therefore, for low O2 concentrations, the thickness of the char layer will 
increase [9]. This leads to less heat at the surface of the timber and is sent to the pyrolysis front. The charring 
rate is decreased; this latter will unavoidably affect the circumstances that lead to the self-extinction of 
cross-laminated timber. 

2 EXPERIMENTAL APPROACH 

2.1 Experimental setup 

A series of experiments were conducted using FM Global's Fire Propagation Apparatus (FPA). A simplified 
schematic of the FPA is presented in Fig.1. In the test section of the FPA, the sample is exposed to incident 
heat on a single, horizontally-oriented surface through a set of four infrared heaters that deliver heat fluxes 
of up to 100 kW/m2. Before every test, the heat incident heat flux from the lamps was characterised using 
a Schmidt-Boelter-type heat flux gage. A low-emissivity jet pilot flame located 1 cm above the exposed 
face of the sample was used to trigger ignition. To specify the atmosphere under which the samples were 
tested, three mass-flow controllers (MFC) were used to adjust the flows of air, N2 and O2 that are delivered 
to the combustion chamber. A quartz tube of 160mm ID was used to confine the atmosphere under which 
the samples were tested. 

 



  

 
Fig.1 Schematic of the FPA 

Within the scope of this study, two types of tests were conducted. One aimed at measuring the mass loss of 
the sample, and another aimed at capturing the evolution of the temperature within it. For the first type of 
study, the sample is positioned on top of a sample holder connected to a load cell (±3 g accuracy, 1 Hz 
sampling rate) that registers the change in mass for the duration of the test. For the second type of 
experiment, 12 type-K thermocouples were embedded at different depths from the exposed surface within 
the sample. The readings from the thermocouples were collected at a frequency of 4 Hz. 

 

2.2 Conditions studied and sample preparation 

The experiments were conducted under atmospheres with 17, 19, and 21% oxygen concentration. For all 
experiments, the flow of oxidizer towards the sample was kept at a constant 200 slpm. Data pertaining to 
air cases are presented and described in this study. However, the model described in this paper is applicable 
for other oxygen cases as well.  

 

Based on the work of Emberley et al. [24] the experiments comprised two sequential stages. First, the 
samples were exposed to a constant incident heat flux of 50 kW/m2, until a thermal steady-state was 
reached. Once steady-state is reached, the incident heat flux was decreased. If self-extinction occurred, the 
incident heat flux, time of extinction, and mass-loss rate at extinction were recorded. As a result of this 
methodology, external incident heat fluxes in the range of 30-50 kW/m2 were used. For all of these thermal 
exposures, the incident heat flux over any point of the exposed surface was found to deviate no more than 
5% from the mean value. 

 

The test samples were made of commercially-available 5-ply Radiata Pine with a cross-section of 90x90 
mm2 (that matches with the dimensions of the exposed face of the sample) and a thickness of 150 mm. The 
sides of the sample were protected with a layer of ceramic insulation (9mm thick) and an outer layer of 
aluminium foil to ensure the heating of only one exposed face. More details on the experimental setup and 
conditions can be obtained from [18].  



3 NUMERICAL MODELLING 

To understand the single-particle burning of timber, a modified ‘Unified Ignition Devolatilization’ model 
(UID model, herein) is developed which is evolved based on the diffusion-limited classical droplet theory 
(for more details refer [19]). In this paper, the particle is ignited by incorporating a convective external heat 
flux and the devolatilization phase is computed by applying the thin film boundary condition from the 
application of droplet combustion theory as explained in [25]. The particle is assumed to be perfectly 
insulated from the sides and bottom and hence, the particle receives heat only from one direction (top layer). 
As the one layer of dry timber particle surface gets heated up to a critical temperature, called the pyrolysis 
temperature, volatiles are released from the particle from which the flame envelopes the particle and burns 
in gas phase. In the model, there are four distinct zones as shown in Fig. 2. 

 
Fig. 2 Basic Elements of the current model 

Region I: Virgin wood; Region II: Charred area; Region III: gas phase between the particle and flame; Region IV: Ambient 
zone 

P indicates the propagating pyrolysis front, and Q" is the incident heat flux. The thin zone is the pyrolysis 
front at the pyrolysis temperature. The particle's progression, when exposed to high temperatures, species, 
and energy conservation equations are used for all four regions. Region 1 is subjugated by transient 
conduction, whereas the other zones are taken to be quasi-steady-states [19]. This assumption is valid as 
the pyrolysis movement rate is minimal compared to gas velocities. The governing equations for single-
particle combustion are given in (1) - (3) 

Region 1: (0 ≤ 𝑥 ≤ 𝑥 (𝑡)) 

= 𝛼            (1) 

Region 2: (𝑥 (𝑡) ≤ 𝑥 ≤ ∞) 

𝐺 𝑐 = 𝑘           (2) 

𝐺 𝑐 = 𝑘           (3) 

The interface and boundary conditions for the above are given in (4) – (8) 

−𝑘 | = 𝑄 (𝑥 , 𝑡)  &  −𝑘 | + 𝑄′′ = 𝜎 ∈ 𝑇       (4) 

T(x,0) = 𝑇    &   T(∞,t) = 𝑇          (5) 

𝑌 (∞,t)=𝑌 ,    &   T(∞,t) = 𝑇         (6) 



  

−𝑘 | = 𝐺 𝐻    &  𝑘 | = 𝑞         (7) 

𝜌𝐷 | = 𝜌𝐷 | /𝑠   &   𝑘 | = 𝜌𝐷𝐻 𝑌 |      (8) 

3.1 Timber Ignition 

A timber particle is considered ignited if a stable diffusion flame is formed around, it when exposed to an 
ignition source. A quasi-1-D method outlined in [19] is used. Fresh timber of thickness (𝑥 ) at ambient 
temperature when suddenly exposed to a heat source, its the surface temperature (𝑇 ) starts to increase. This 
heating up time can be computed by solving a transient heat conduction equation subjected to heat flux 𝑞 . 
Once the surface reaches the pyrolysis temperature (𝑇 ), it starts releasing 'volatiles' and now the pyrolysis 
front (𝑥 ) regresses towards the bottom. Assuming that the chemical reactions are confined to the thin 
pyrolysis front, mass conservation; implies that the mass flow rate at any thickness is constant, i.e., G = 𝐺  
= 𝐺  where, 𝐺  is mass flux in kg/m2s at the pyrolysis front. 

Region 2: (𝑋 (𝑡) ≤ 𝑥 ≤ ∞) 

Integrating (2) and using G = 𝐺  = 𝐺  yields 

𝐺𝐶 𝑇 − 𝑘 = 𝐺 𝐶 𝑇 − 𝑘 |               (9) 

Since the temperature profile in the virgin wood particle is determined entirely with the boundary conditions 

specified, 𝑘 |  Can be evaluated. Let this be 𝑞 . Now expressing |  in terms of 𝑞  using (7) yields  

𝐺 𝐶 𝑇 − 𝑘 = 𝐺 𝐶 𝑇 − 𝑞  + 𝐺 𝐻        (10) 

𝐺 𝐶 𝑇 − 𝑇 + +  = 𝑘         (11) 

Integrating again gives      

  𝑙𝑛  = 𝑥 − 𝑥        (12) 

Substituting T = Ts @ 𝑥 = 𝑥𝑠 

 𝑙𝑛 
̇

 = 𝑥 − 𝑥        (13) 

where  

𝐺  is the mass flux at pyrolysis front (𝑥 ) 

𝑇 , 𝑇  are the temperature at the surface and pyrolysis front 

𝑐  is the specific heat capacity at constant pressure 

k is the thermal conductivity 

𝑞  is heat flux into fresh biomass 

𝐻  is the heat of decomposition of volatiles 

3.2 Timber devolatilization 

In the current approach, the ignition to devolatilization switch, is attained by replacing the convective 
boundary condition to a thin flame boundary condition as given in [19,25]. As the flame engulfs the particle, 



the surface receives heat from the flame, and the particle surface radiation effects becomes dominant. To 
determine the heat transferred to the surface, temperature profile from the flame to surface has to be 
evaluated. In order to do the same, a conserved scalar approach is adopted and after incorporating necessary 
boundary conditions, Eq.(24) was arrived at. 

 

From 𝑋 (𝑡) ≤ 𝑥 ≤ ∞: 

𝐺𝐶 𝑇 − 𝑘 = −�̇� 𝐻          (14) 

𝐺𝑐 𝑌 − 𝜌𝐷 = 𝑠�̇�          (15) 

𝐻  is the heat of combustion of volatiles, and 𝑠 is the stoichiometric ratio. For Le=1, we eliminated the 

source terms on the right-hand side. 

𝐺𝜙 − = 0          (16) 

where 𝜙 is the conserved scalar given by 𝑐 𝑇 + . Integrating the above equation gives 

𝐺 𝜙 − = 𝐺 𝜙 − |         (17) 

Integrate the above equation again, 

𝑙𝑛 
|

|
 = [𝑥]         (18) 

Substitute 𝜙=𝜙  @ 𝑥=𝑥  and rearrange the above equation to get |  

| =
( )

  
         (19) 

Evaluate 𝜙 at 𝑥  and ∞ 

𝜙 = 𝑐 𝑇 + , = 𝑐 𝑇          (20) 

𝜙 = 𝑐 𝑇 + ,           (21) 

By differentiating 𝜙 w.r.t 𝑥 at 𝑥=𝑥  we get 

| = 𝑐 |           (22) 

Equating 19 and 22 and substitute 20 and 21, we get 

𝑘 | = 𝐺
( ) ,

  
         (23) 

Using 11 and 23 in 4 yields 

𝐺
( ) ,

  
𝑁𝑢 − 𝑐 𝑇 − 𝑇 − 𝐻 − + 𝑄′′ = 𝜎 ∈ 𝑇            (24) 

where 

𝑌 ,  is the free stream mass fraction of O2, i.e., 0.232 

𝑇  is the ambient temperature 



  

𝜎 is the Stefan-Boltzmann constant 

∈ is the emissivity at the surface. 

Here, the pyrolysis temperature of 473 K is assumed which is the critical temperature around which the 
volatiles are released which is in the range that is applicable to most of the biomass including CLT. It is 
important to mention here that, even if the pyrolysis temperature is varied it has no effect in predicting the 
burning behaviour of the particle except for a slight shift in ignition time. Also, the flame propagation is 
governed by heat transfer, the model could predict the mass loss rate (MLR herein) more accurately rather 
than cumbersome kinetic models which was the approach used to solve these problems by earlier 
researchers. More discussions on diffusion limitedness of the biomass, subjective to similar boundary 
conditions are discussed in details in our earlier works [19,23,26]. The thermos-physical properties used in 
the model for the timber particle is listed in Table 2. 

Table 2. Thermo-physical properties of Radiata pine timber [17,18,25]. 

S No Description Values Units 

1. Mass of the sample 524.4 g 

2. Density of sample 436.98 Kg/m3 

3. Thermal conductivity of the sample 0.308 W/mK 

4. Specific heat capacity 1200 J/kg k 

5. Thermal diffusivity 5.874 x 10-7 m2/s 

6. Enthalpy of combustion of volatiles 16 

 

MJ/kg 

7. The heat of decomposition of volatiles 180 

 

kJ/kg 

3.3 Char Oxidation 

In addition to the external heat flux received at the particle surface and heat radiated from the flame, there 
is an additional heat flux which is present in this case which is due to char oxidation. As the burning takes 
place with excess air mode, char oxidation is one another parameter which influences the burning rate of 
the timber particle and should be considered in the model as explained below. 

The heat balance at the receding surface is given by 

𝜌 𝑐 �̇�(𝑇 − 𝑇 ) = 𝑞          (25) 

where 

�̇� is the surface regression rate 

𝑇  is the temperature at the reaction surface 

𝑇  is the core temperature 

𝑞  heat generated from the surface reaction. 

𝜌char, 𝑐 , 𝑇 , 𝑇  values are taken from [9]. �̇� is given by 

�̇� = 𝐺 /𝜌           (26) 

Final governing equations including char oxidation effect are given by 

𝑙𝑛 
̇ ̇

̇

 = 𝑋 − 𝑋         (27) 



𝐺
( ) ,

  
𝑁𝑢 − 𝐶 𝑇 − 𝑇 − 𝐻 − −

̇
+ 𝑄 − 𝑞 = 𝜎 ∈ 𝑇    (28) 

4 RESULTS AND DISCUSSIONS 

Matlab® is used to solve the transient conduction equation and to get the heat flux into the fresh timber and 
ignition temperature profile. After ignition, switch over to the thin flame boundary condition takes place.  
Then equations (27) and (28) are simultaneously solved for 𝐺  and 𝑇  using the value of  heat flux  𝑞  
computed from the transient conduction solver. The iteration continues for one hour which is the typical 
experimental duration as mentioned in [18]. The initial incident heat flux is given as 50 kW/m2 for the 
duration of 1200 seconds after which the particle attains the steady state. After 1200 seconds, the heat flux 
is changed to see the effect of the same over extinction of the particle. The MLR is calculated using the 
following formula.  
 

𝑀𝐿𝑅 =
× ×

          (29) 

A graph between MLR and time is plotted as shown in Fig. 3 and Fig. 4 for the cases as mentioned in 
Table1.  

 
Figure 3. MLR vs. time for 30 kW/m2 heat flux 

 



  

 

Figure 4. MLR vs. time for 40 kW/m2 heat flux 

 

It is very clear from the plot of MLR versus time for both the air cases that, the model predictability is very 
good and lies within the experimental limits. As seen from Fig. 3 and fig. 4, there is a rate of MLR decline 
is similar for both 30 kW/m2 and 40 kW/m2 cases. However, as for the same time frame the rate of MLR 
decline of 30 kW/m2 case is more than 40 kW/m2 case. In other words, when time elapses, the accumulation 
of char layer increases which decreases heat transport to the fresh layer of biomass which hinders the 
devolatilization process and there is a decrease in MLR. This is less pronounced when there is an additional 
heat flux of 40 kW/m2 which enhances the MLR and it is above 4 g/m2s at 3000 seconds but it drops to less 
than 4 g/m2s for 30 kW/m2 case around the same time frame. Hence, accounting for the experimental 
uncertainties, the criteria of self-extinction for timber can be set as less than 4 g/m2s when the time of 
burning reaches near 85% of the total time i.e. 3000 seconds. The same phenomenon is expected with 
decreased oxygen fraction cases too. But, the accumulation rate of char layer can be higher for low oxygen 
fractions and this in authors opinion, needs further validation to firmly conclude the boundary limits of self-
extinction in such operating regimes. This will be taken up later. 

 

5 CONCLUSIONS 

In this present work, a transient one dimensional mathematical model has been developed to predict the 
flame extinction and burning behaviour of the radiata pine timber. The mass loss rate (MLR) predictions 
for the air cases with different heat flux cases is agreeing well with the experimental data which proves the 
model capability to capture the underlying phenomenon of timber burning. When the MLR drops below 4 
g/m2s, it can be termed as extinction of the flame and this is point where the resistance of heat flow to the 
surface of the fresh layer predominates the heat diffusion for further devolatilization. However, with 
decreased oxygen fractions, this criterion needs further validation and this will be pursued in future.  
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