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Abstract: Engineered smouldering applications require self-sustaining conditions where the fuel is 

consumed without any addition of energy beyond ignition. In practical applications, it is preferred to create 

scenarios that are robust (i.e., far from extinction). In this work, smouldering column experiments were 

conducted, spanning conditions from robust self-sustaining through weak self-sustaining and to extinction 

by systematically lowering the applied air flux and the fuel concentration. A previously developed one-

dimensional numerical model, which was validated under robust smouldering conditions, was used to 

simulate the experiments. Experiments showed front deformation in the weak and extinction cases due to 

multi-dimensional effects. This deformation resulted in a redistribution of the air flow, altering the global 

energy balance at the centre-line. The model was found to be unable to accurately reproduce these weak 

and extinction cases with the original validation parameters. A sensitivity analysis revealed that treating 

the heat of combustion as a fitting parameter, and letting it vary beyond its realistic maximum, enabled 

the model to create a condition of sufficient energy at the centre-line and was the best way to quantitatively 

simulate the weak and extinction cases for this specific scenario. This reveals that the model assumptions, 
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particularly the assumption of one-dimensionality, are sufficient for robust smouldering but are 

insufficient for weakly self-sustaining scenarios.  
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Nomenclature 

Latin Letters  
A Pre-exponential factor, s-1 
As Surface area, m2 
Cp Specific heat capacity, J kg-1 K-1 

dp Particle diameter, mm 
Dg Diffusion coefficient, m2 s-1 
E Activation Energy, kJ mol-1 
�̇� Energy rate, J s-1 
k Thermal conductivity, W m-1 K-1 
kp Intrinsic permeability, m2 
L Contaminated region length, m 
�̇�%&  Oxygen mass flux, g s-1 
hsg Interfacial heat transfer coefficient, W m-2 K-1 
�̇�" Heat flux, W m-2 
r Radius, m 
�̇� Reaction rate, s-1 
Rg Ideal gas constant, J K-1 mol-1 
Sb Bitumen saturation 
tg Air-on time, s 
th Heater-off time, s 
Tp Peak temperature, ºC 
ug Darcy air flux, m s-1 
U Global heat loss coefficient, W m-2 K-1 
V Volume, m3 
vc Char yield coefficient 
vf Front velocity, mm min-1 
vO2 Oxygen stoichiometric coefficient, kg O2 kg fuel-1 
Y Mass fraction 
Greek Symbols 
ΔH Heat of oxidation, MJ kg-1 
ρ Density, kg m-3 
σ Stefan–Boltzmann constant, W m-2 K-4 
ϕ Porosity 
Subscripts/Superscript  
add Added 
b Bitumen 
c Char 
cl Cylinder  



3 
 

eff Effective 
g Gas 
0 Initial 
oxid Oxidation 
pyr Pyrolysis 
rad Radiation 
rem Removed 
s Solid/bitumen 
sp Sphere 

 

1. Introduction  

Smouldering is a flameless form of combustion where the oxidation reaction takes place on the surface of 

the condensed phase [1]. Natural smouldering typically occurs in porous solid fuels (e.g., peat [2]) and it 

is difficult to control and extinguish due to the reactive nature of the porous matrix and continuous air 

supply by means of natural convection. In engineered applications (e.g., soil remediation [3-7], waste 

management [8-11], energy conversion [12], sanitation [13, 14], and oil recovery [15]), smouldering 

requires forced air supply and the fuel (solid, sludge, or liquid) is embedded within a porous inert matrix. 

In the latter, practical parameters such as air flux, fuel and oxygen concentrations can be intentionally 

adjusted for process optimization [6].  

Engineered smouldering requires self-sustained propagation to be maintained so that the fuel is consumed 

without any addition of energy beyond ignition. Furthermore, it is preferred to create scenarios that are 

highly robust, i.e., far from extinction [6, 16] and generating the maximum amount of excess energy for 

subsequent capture and use [12]. Zanoni et al. [6] showed that robust conditions are created when the 

global (i.e., bed or system) net energy rate (�̇�*+,) is strongly positive, i.e., energy is released  (�̇�-..) more 

quickly than energy is removed (�̇�/+0) [6, 17]:   

�̇�*+, =
1
𝐿
4 5�̇�-..(𝑙) − �̇�/+0(𝑙):𝑑𝑙 ≥ 0
>

?
 (1) 
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where L is the system length. Zanoni et al. [6, 17] showed that in Eq. (1), �̇�-.. is the sum of the input 

energy rate from a heating source (�̇�@+-,+/ ) and the oxidation energy release rate (�̇�ABC.), and �̇�/+0 is the 

sum of the pyrolysis energy rate (�̇�DE/), the energy rate from radial heat losses (�̇�FAGG), and energy rate 

leaving the system at the outlet (�̇�AH,). In numerical models, heat losses are typically expressed by a global 

heat loss coefficient (U), whereas oxidation is described by the product of heat of combustion (ΔHc) and 

reaction rates (�̇�), with the latter being a function of temperature, fuel concentration, oxygen 

concentration, and oxygen mass flux. At self-sustaining conditions and far from the inlet and outlet 

boundaries, �̇�@+-,+/ = �̇�AH, = 0; moreover, �̇�DE/  has been shown to be negligible [17]. Therefore, �̇�*+, is 

primarily governed by �̇�ABC.  and �̇�FAGG, and the balance between them will dictate whether a smouldering 

system is self-sustaining (�̇�*+, ≥ 0), or trending towards extinction (�̇�*+, < 0).  

The most important conclusion of these studies is the identification of  �̇�*+, as the most relevant parameter 

describing the robustness of a smouldering reaction. The local energy balance at the reaction zone 

establishes whether the smouldering reactions exists or not. If the conditions are such that the Damköhler 

number exceeds a critical value, then the reactions will prevail [18-20]; if this is not the case, extinction 

will occur. Given that the smouldering reactions have high activation energies, extinction will be abrupt 

and irreversible (assuming no engineering interventions). In contrast, tracking �̇�*+, provides the means to 

characterize the evolution of the robustness of the smouldering reactions as the Damköhler number decays. 

The time scale associated to the evolution of the energy in the reactor is not related to the reaction 

chemistry but to heat transfer (global energy balance) and therefore is long enough to enable changes to 

the operating parameters that can change the trajectory of the Damköhler number.  While the Damköhler 

number remains local to the reaction zone and corresponds to the classical definitions [19, 20], the overall 

energy balance affects the ultimate temperature of the reaction, thus the characteristic time of the 

combustion chemistry. So, locally weak chemistry can continue if the Damköhler number remains above 

a critical value, but the decaying global energy balance slowly drives the reaction towards extinction 
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unless a change in operating conditions is enacted. Thus, the global energy balance allowed for the 

theoretical identification of a new regime of smouldering where the robustness of the reaction is sufficient 

to remain above extinction thresholds but is diminishing in time, at a rate much slower than the 

characteristic reaction chemistry times. Here, this regime will be named the “weak smouldering” regime 

and corresponds to conditions where �̇�*+, is approaching zero but the Damköhler number remains above 

the critical value. A point that is important to be noted is the distinction between self-sustaining, non-self-

sustaining and weak smouldering. Self-sustaining smouldering is when peak temperatures are constant or 

increasing while non-self-sustaining smouldering is when peak temperatures are diminishing. However, 

weak self-sustaining smouldering also shows peak temperatures decreasing with time, so weak self-

sustaining and non-self-sustaining smouldering are hard to distinguish in the short term. 

 

Experimental evidence of this weak regime is difficult to find. Smouldering front temperatures and 

propagation velocities are a function of a complex interplay of heat release and heat transfer, thus they do 

not provide direct evidence of the global energy balance. Therefore, the vast majority of experimental 

studies have characterized the weak smouldering regime only as an outcome of specific experimental 

conditions. An early study varied the supply of air to the reaction zone by using parabolic flights to reduce 

natural convection through cyclic variations of gravity [21]. It was noted that in the initial cycles the 

reaction recovered rapidly but as the reaction was exposed to more cycles, its capacity to recover 

diminished until extinction occurred. This is probably the first evidence that a weak smouldering regime 

exists but also that buoyancy could redistribute the air flow altering the global energy balance. Two other 

examples have been reported for the smouldering of polyurethane [22] and peat [2]. In the former, a 

possibly weak smouldering scenario, i.e., under oxygen-limited conditions, was reverted to robust 

conditions by increasing the initial oxygen concentration above ambient conditions. This resulted in more 

fuel consumption, thus the reaction was observed to have increased in strength. In the latter, two distinct 
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scenarios were observed. Near the surface, smouldering had a constant supply of oxygen, but was exposed 

to higher heat losses to the surroundings. When smouldering progresses in depth, the front was well-

insulated but the oxygen supply decreased [2]. Both scenarios were identified as being weak and lead to 

extinction. Yerman et al. [9, 16] discussed smouldering robustness via an interplay between water 

evaporation and the chemical reaction front in the context of high moisture content fuels (e.g., feces). 

Robust conditions were reached when peak temperature and front velocity were stable and the evaporation 

front and reaction front were fully separated. Weak and extinction conditions were achieved when 

moisture content was high (56%), which resulted in a decrease in peak temperature and front velocity and 

in overlap of the evaporation and reaction fronts. These studies focused on the outcome but did not provide 

insight into the evolution of the processes towards extinction. 

Numerical characterization of this regime is possible because all operating parameters can be varied 

independently. The sensitivity analysis presented by Zanoni et al. [6] showed that smouldering robustness 

was most sensitive to increasing fuel concentration, since this parameter can vary significantly and is 

directly proportional to the total energy released from oxidation when smouldering is within fuel limited 

conditions [6]. It is important to note that this scenario is different from the smouldering of porous solid 

fuels, where fuel density is constant and smouldering is limited by the oxygen supply [1].  

The global net energy rate also increases with the mass flux of oxygen, i.e., either increasing oxygen 

concentration [2, 23] or air flux [6, 22, 24], until reaching excess oxygen conditions [6, 25]. Furthermore, 

increasing the heat of combustion, by addition of more energetic fuels, can also increase smouldering 

robustness [6, 26]. On the losses side of Eq. (1), increasing heat losses (e.g., poorly insulated systems) 

decreases the smouldering robustness [6, 26, 27]. While these studies served to identify the regime and to 

establish trends that describe the way in which the different operating parameters affect the weak 

smouldering reaction, none of these studies has revealed the physical phenomena that defines the evolution 
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of the weak smouldering regime. Therefore, there is still a need to define the processes that need to be 

modelled to properly characterize the weak smouldering regime. 

Numerical models are typically validated under robust smouldering conditions and show limitations when 

used to predict smouldering extinction [5, 6, 17, 22, 26-28]. Given the complex coupling between the 

combustion chemistry and heat and mass transfer, it is difficult to establish the root of these limitations. 

Complex multi-dimensional models that include detailed chemistry and a refined treatment of the porous 

structure have been developed to understand the limiting conditions of smouldering [29-31]. Nevertheless, 

none of these models has been able to identify how combustion, heat and mass transfer evolve as 

smouldering enters the weak regime. The complex interactions of the multiple processes makes it 

challenging to establish the controlling mechanisms, thus it is beneficial to explore individual aspects 

numerically with simpler models coupled with experimental data. 

A one-dimensional numerical model with simple (2-step) chemistry has been shown useful, providing 

important information about system energy balance, applied smouldering behaviour, trends, and 

sensitivity to key parameters [5, 6, 17]. While the model has only been validated against robust 

smouldering experiments [5], extending its application to the weak smouldering regime can help identify 

phenomena that need to be modelled in a more precise manner.  

In this work, smouldering column experiments attempting to reproduce 1-D propagation were conducted 

spanning conditions from robust self-sustaining through weak self-sustaining to extinction. These changes 

were brought about by systematically lowering the applied air flux and the fuel concentration. These 

results were simulated with the previously developed one-dimensional numerical model described above 

[5]. When the model was found to be unable to accurately reproduce the weak and extinction cases with 

the original validation parameters, a sensitivity analysis was conducted. The purpose of the sensitivity 

analysis was to establish what processes the model was not accounting for. The simple description of the 

kinetic model and the flow within the porous medium allowed for a more transparent identification of 
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these processes. The sensitivity analysis revealed novel insight into how the model assumptions 

breakdown as the net energy balance decreases and served to identify the processes that need to be 

resolved in more detail.  

2. Methodology 

2.1. Experiments 

Seven smouldering experiments (Table 1) were conducted in a stainless-steel column (Fig. 1). 

Experimental setup and methodology are described in detail in [5], and therefore only summarized here. 

The column contained 0.10 m of clean sand (dp=0.88 mm) below the heater and a 0.35 m layer of a mixture 

of sand and bitumen (density (ρbT)=1030 kg m-3, PG 58-28, McAsphalt Industry Limited) above it. Ten 

thermocouples spaced 0.035 m apart were assumed to measure the solid (sand/bitumen) temperature [32] 

along the column centerline every 2 seconds. The apparatus was insulated to minimize heat losses.  

Experimental conditions ranging from mildly robust to weakly self-sustaining and then to extinction were 

attained by changing the air flux (ug) and the bitumen content (described as saturation, the fraction of sand 

pore space occupied by fuel, Sb), Table 1. Each experiment was initiated by powering the resistive heater 

until the temperature at the first thermocouple (x=0.12 m) reached 400ºC. Then air flux was supplied at tg 

(Table 1), which initiated smouldering. The heater was then switched off at th (Table 1) while the air was 

maintained. The experimental time (t) was normalized for the purpose of comparing different experiments, 

and is referred to as Dimensionless Time (DT=(t-tg)vf/L, where vf is the front velocity and L is the 

contaminated region length) [5, 33]. 
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Fig. 1. Schematic of the experimental apparatus. 

 
Table 1.  

Smouldering experiments. 
Exp. # [-] ug [m s-1] Sb [%] tg c [s] thd [s] Repeats [#] Self-Sustaining [-] 

1 0.025 15 4926 5357 1 Yes 

2a 0.058 15 4532±378b 4865±300b 3 Yes 

3 0.083 15 5077 5329 1 Yes 

4 0.058 10 5486 6004 1 Yes 

5 0.058 5 5890 6370 1 Yes 

6 0.025 10 4677 5110 1 Yes 

7 0.025 5 5100 5700 1 No 

 a Base case; b 95% confidence interval; c time that air flux is turned on (DT=0); d time that heater is turned off; e peak 
temperatures are within 2% and front velocities are within 13%, agreeing with extensive studies of smouldering experiment 
repeats as shown in [34]. 

2.2.Modelling 

A one-dimensional numerical model, validated for robust smouldering [5], was used to simulate 

smouldering of bitumen mixed with sand following the experimental conditions presented in Table 1. The 

model was developed in COMSOL Multiphysics with constant mesh size (0.1 mm) and time-step variable, 
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controlled by COMSOL to meet stability criteria. The computational domain mimics the centre-line of 

the apparatus with the heater simulated by a constant heat flux (�̇�"=25 kW m-2) delivered at the inlet 

boundary. The Darcy air flux was initiated at x=0 m by a constant ug. The boundary conditions are 

identical to those described in detail in [5, 6, 17]. 

 
Table 2.  

Model Input Parameters  
Par. Value Unit Ref. 
log(Ab) 7.5 log(s-1) [5] 

log(Ac) 4.9 log(s-1) [5] 

Cpb 921 J kg-1 K-1 [35] 

Dg 4.53x10-5 m2 s-1 [36] 

ΔHb 1.62 MJ kg-1 [5] 

ΔHc -38.73 MJ kg-1 [5] 

Eb 135 kJ mol-1 [5] 

Ec 90 kJ mol-1 [5] 

kb 0.15 W m-1 K-1 [37] 

kp 1x10-9 m2 [32] 

ϕ 0.37 - [32] 

Rg 8.314 J K-1 mol-1 [32] 

U 13 W m-2 K-1 [5] 

vc 0.55 - [5] 

vO2  1.70 kg.O2 kg.fuel-1 [5] 

σ 5.67x10-8 W m-2 K-4 [32] 
 

The kinetics for bitumen smouldering followed a 2-step mechanism [38] 

𝐵𝑖𝑡𝑢𝑚𝑒𝑛
PQ̇RS 𝑣U𝐶ℎ𝑎𝑟 + (1 − 𝑣U)𝐺𝑎𝑠	

𝐶ℎ𝑎𝑟 + 𝑣%&𝑂_
P`̇→𝐺𝑎𝑠 

(2) 

The reaction rates for pyrolysis (𝑅ḃ) and oxidation (𝑅U̇) were described as first-order Arrhenius reactions: 
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𝑅ḃ = 𝐴b𝑒𝑥𝑝f−
𝐸b
𝑅g𝑇G

i (𝑌b)	

𝑅U̇ = 𝐴U𝑒𝑥𝑝f−
𝐸U
𝑅g𝑇G

i (𝑌U)5𝑌%&: 

(3) 

The conservation of mass for solid: 

𝜕(𝑌b)
𝜕𝑡 = −𝑅ḃ	

𝜕(𝑌U)
𝜕𝑡 = 𝑣U𝑅ḃ − 𝑅U̇ 

(4) 

and gas:  

𝜕5𝜌g𝜙g:
𝜕𝑡 +

𝜕5𝜌g𝑢g:
𝜕𝑥 = (𝜙b𝜌bn) o(1 − 𝑣U)𝑅ḃ + 51 − 𝑣%&:𝑅U̇p (5) 

phases were included. Eq. (5) solved air pressures and velocities adopting Darcy’s Law without gravity 

effects, and the gas density (ρg) followed the ideal gas law. The bulk transport of oxygen was described 

by:  

𝜙g
𝜕5𝜌g𝑌%&:

𝜕𝑡 +
𝜕5𝜌g𝑢g𝑌%&:

𝜕𝑥 = 𝜙g
𝜕
𝜕𝑥 f𝜌g𝐷g

𝜕𝑌%&
𝜕𝑥 i −

(𝜙b𝜌bn)𝑣%&𝑅U̇  (6) 

The model solved the transient energy equation for both solid (Ts) and gas (Tg) phases: 

5𝜌𝐶D:+rr
𝜕𝑇G
𝜕𝑡 =

𝜕
𝜕𝑥 s𝑘+rr

𝜕𝑇G
𝜕𝑥 u − 𝑈 s

𝐴G,UF
𝑉UF

u (𝑇G − 𝑇?) + ℎGg f
𝐴G,GD
𝑉GD

i 5𝑇g − 𝑇G:

− (𝜙b𝜌bn)5Δ𝐻U𝑅U̇ + Δ𝐻b𝑅ḃ: 

(7) 

𝜙g o𝜌g𝐶D{p
𝜕𝑇g
𝜕𝑡 + 𝜌g𝐶D{𝑢g

𝜕𝑇g
𝜕𝑥 = 𝜙g

𝜕
𝜕𝑥 f𝑘g

𝜕𝑇g
𝜕𝑥 i + ℎGg f

𝐴G,GD
𝑉GD

i 5𝑇G − 𝑇g: (8) 

where 5𝜌𝐶D:+rr = (1 − 𝜙)𝜌G𝐶D| + 𝜙b𝜌bn𝐶DQ , 𝑘+rr = (1 − 𝜙)(𝑘G + 𝑘/-.) + 𝜙b𝑘b, 𝜙 = 𝜙g + 𝜙b , and 

𝜙𝑏 = 𝜙𝑆𝑏. Therefore, Local Thermal Non-Equilibrium (LTNE) was considered by applying the interfacial 

heat transfer coefficient (hsg) according to the empirical Nusselt (Nu) versus Reynolds (Re) and Prandtl 
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(Pr) correlation developed in [32]. A homogeneous porous medium was assumed and sand particles were 

taken as spheres “sp” (As,sp/Vsp=6(1-ϕ)/dp).  

Radiation heat transfer (“rad”) followed the Rosseland approximation and was expressed as a radiative 

conductivity (krad=16σdpTs3/3) [32]. A global heat loss coefficient (U) was included and used the surface 

area per unit volume (As,cl/Vcl=2/r) of a cylinder (“cl”), where r = 0.08 m is the column radius. Thermal 

properties of air and sand vary with temperature [32], whereas Cpb and kb were assumed constant (Table 

2). The average front velocity (vf) and average peak temperature for each case was calculated according 

to standard methods [7]. A new fitting of ΔHc was conducted (note that all the other previously fitted 

parameters [5] were kept the same, Table 2) based on the methodology developed in [5]. Moreover, a 

previously developed global energy balance (Eq. (1)) [6, 17] was employed, taking into account the 

measured ΔHc from [5] and new fitted ΔHc for each condition presented in Table 1.   

3. Results 

3.1.Smouldering Experiments 

Figure 2 shows the results for Exp. #1-3 (Table 1). Peak temperature (Tp) had a negligible increase (640-

643ºC) ug increased from 0.025 to 0.083 m s-1 and Sb remained constant, whereas front velocity (vf)  

increased from 3.27 to 5.05 mm min-1, as predicted in [6]. Figure 2 also shows simulations employing a 

fixed ΔHc, measured via DSC experiments [5] (Figs. 2a-d). The predictions match the experiments in terms 

of Tp and vf (Fig. 2d) and shape of the temperature curves (less than 25% error), except for the 0.025 m s-

1 case. In this weak self-sustaining smouldering case, the model under-predicted vf by 38% (Fig. 2d) and 

over-predicted the rate of cooling (26% error) (Fig. 2a). The good prediction of these two more robust 

cases was also reported previously [5], but this poor prediction of this (and other) less robust cases is new 

and underlies the central issue explored in this paper. 
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All of the relevant model variables – U, vO2, ΔHc,, A, and E – were explored to identify which could lead 

to an improved prediction of Exp. #1 (results not shown). Only by varying ΔHc (Fig. 2e) was able to 

predict both Tp and vf (Fig. 2h) and the temperature profiles, reducing this error from 26% to 10% (Fig. 

2e). Although not necessary for good predictions of the experiments (as shown in [5] and Figs. 2a-d), for 

completeness ΔHc was adjusted for the other two robust cases (Figs. 2f-g), which slightly improved their 

fitting (Fig. 2h). 

 

Fig. 2. (Dashed line) Experimental and (solid line) numerical sand/bitumen temperature versus DT for 
Exp. #1(a,e), 2(b,f), and 3(c,g). Colours in (a-g) show thermocouple positions (x) from 0.12 to 0.40 m 
with 0.07 m intervals. (b,f) The shadings encompass three experimental repeats. (d, h) Tp and vf versus 
ug. The error bars denote the variation observed in three repeats of Exp. #2, Table 1. Photos show the 
evolution of the interface between clean sand and crust of pyrolyzed fuel near the column wall, i.e., 

thick/intact crust (a), thin/crumbling crust (b), effectively no crust (c). 
 

Figure 2 suggests that as the system moves towards less robust conditions (e.g., lower air flux), increasing 

ΔHc allows the model to maintain accurate predictions. To explore this unusual and unexpected outcome 
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further, four additional less robust experiments (Fig. 3) were conducted, considering low (0.025 m s-1) 

and medium (0.058 m s-1) air flux and low (5%) and medium (10%) fuel saturation (Exps. #4-7, Table 1).  

Tp for these experiments exhibited low sensitivity (Fig. 4a-b) to a decrease in Sb and ug for the self-

sustaining cases (Exps. #4-6) as shown in Fig. 3. The highest decrease in Tp (from 641 to 571ºC) 

corresponded to reducing Sb from 15% to 5% at 0.058 m s-1 (Fig. 4a). vf showed a different behaviour, i.e., 

it was insensitive to a decrease in Sb from 15% to 10% at both air fluxes, but when Sb diminished from 

10% to 5% at 0.025 m s-1, vf  reduced significantly from 5.40 to 3.72 mm min-1 (Fig. 4a). Extinction 

occurred when Sb was reduced to 5% with 0.025 m s-1 air flux (Fig. 3d).  

 Figures 3a-d compare Exps. #4-7 with simulated temperatures employing the fixed (measured) ΔHc. All 

cases exhibited high errors in the temperature predictions, i.e., 33%, 48%, 99%, and 63% respectively. In 

fact, for Exps. #5 and #6 the model predicts extinction, which is contrary to the experimental results (Figs. 

3b,c). Here, ΔHc was also adjusted but an additional parameter was tested: oxygen mass flux (�̇�%&). Figs. 

3f and 3g show that an increase in �̇�%&  from 0.28 to 0.50 g s-1 and 0.12 to 0.27 g s-1, respectively, enables 

the reaction to be reactivated, from initially showing extinction behaviour to become self-sustaining. 

However, this increase in �̇�%&	also increases heat losses by convective cooling, i.e., the trailing edge of 

the temperature curve cools much faster than the experiment; similar behaviour occurs in Fig. 3e. When 

ΔHc was varied from 58.10 to 92.95 MJ kg-1, the simulations in Figs. 3i-l matched the experiments well 

and decreased the errors to 17%, 8%, 18%, and 22%, respectively. Moreover, the model well-predicts Tp 

and vf for the self-sustaining cases (Fig. 4). Therefore, although an increase in �̇�%&  can reactivate a reaction 

that is otherwise dying, consequently increasing Tp and vf, it does not match the experimental data as well 

as an increase in ΔHc (Figs. 3i-l), which improves all aspects of the model fitting. 
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Fig. 3. (Dashed line) Experimental and (solid line) numerical sand/bitumen temperature versus DT for 
Experiments #4, #5, #6, and #7. Colours show thermocouple positions (x) from 0.12 to 0.40 m with 0.07 
m intervals. Photos show the evolution of the interface between clean sand and crust (red dashed circles) 

of pyrolyzed fuel near the column wall. 
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Fig. 4. Tp and vf versus saturation: (■) experimental and (▲) numerical data. Exp. #2 (Table 1) was 
added in both figures for comparison and in (b) the error bars denote the variation observed in three 

repeats. ΔHc values used are presented in Figs. 2b-d and Figs. 3i-l. 

 

3.2.Net Energy Rate 

Figure 5 shows the model-estimated net energy rate (�̇�*+,) at DT=0.5 (i.e., when the reaction was half 

way along the column) for all the experiments listed in Table 1. �̇�*+, was obtained via Eq. (1), employing 

the measured ΔHc (open symbols) and the best-fit ΔHc (closed symbols). The net rate of energy produced 

needs to exceed zero for a scenario to be self-sustaining and as the rate increases scenarios are more robust 

[6, 17]. None of the cases are as robust as the top of the range for one-dimensional columns observed in 

[6] of 5 kJ s-1. It is observed that the two most robust cases (Exps. #2 and #3), which did not require 

adjusting ΔHc, exhibit �̇�*+,, 0.9 and 1.4 kJ s-1, respectively.  For Exps. #5 and #6 (Figs. 3b nd 3c), the 
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measured ΔHc resulted in a negative �̇�*+,, predicting extinction, while experiments showed self-sustaining 

behaviour. This suggests that the net energies predicted for these two cases is too low.  

Both modeling and measurements focus on the reactor centre line and asume, given the one-dimensional 

propagation assumption, that the reaction front is flat and that any deformations are limited to a very small 

region near the edges. An earlier study [39] showed that deformation in the smouldering front can lead to 

mixed flow conditions that can redistribute energy in a manner such that it can enhance a smouldering 

reaction or bring it to extinction. In this case, sufficient net energy was delivered through increasing energy 

generation at the centre-line by increasing ΔHc. It is important to note that the increase in the heat of 

combustion is the only corrective mechanism by which multi-dimensional redistribution of energy can be 

achieved in a one dimensional model.  

Figure 5 shows that when ΔHc was increased, �̇�*+, increased from 0.20 to 0.88 kJ s-1 for Exp. #3 and 

increased from negative values (-0.30 and -0.24 kJ s-1) to positive values (0.52 and 0.59 kJ s-1) for Exps. 

#5 and #6. Moreover, the extinction case (Exp. #7) still exhibits a negative net energy rate (-0.13 kJ s-1), 

as expected, even when ΔHc was increased from 38.73 to 89.10 MJ kg-1. In summary, all self-sustaining 

scenarios show an increase in robustness as air flux and saturation increase. This is consistent with the 

results reported in [6]. It is acknowledged that due to the lack of perfect fit between the experiment and 

simulations, �̇�*+, plotted in Fig. 5 is only an approximation of the experimental �̇�*+,.  
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Fig. 5. �̇�*+, at DT=0.5 for all scenarios presented in Table 1. Simulations used (open symbols) the 
measured ΔHc and (closed symbols) the best-fit ΔHc as shown in Figs. 2 and 3. Colours show (black) 

15% Sb, (red) 10% Sb, and (blue) 5% Sb.  

 

3.3.Discussion on the role of ΔHc 

It is acknowledged that ΔHc is not expected to vary when the fuel type is fixed. When ΔHc is measured 

by DSC, some variability can be expected due to variation in the heating rate. Thus, the ΔHc derived from 

those measurements will carry some error. Previous studies have shown that incompleteness of 

combustion results in ΔHc being lower than that of complete combustion [22, 36]. However, it is not 

physically possible for ΔHc to exceed that of complete combustion as measured by bomb calorimeter (e.g., 

for bitumen ΔHc=40.95 MJ kg-1 [40]). Thus, ΔHc in this context must be understood as a fitting parameter 

that modifies the energy balance in appropriate ways to reproduce weakly self-sustaining smouldering 

experiments. The fact that ΔHc must be increased in less robust systems suggests that the energy balance 

expressed in Eq. (1) does not actually decrease for these weak scenarios as much as the model predicts.  

There is evidence that the assumption of a one-dimensional system may start to fail for weakly self-

sustained and extinguishing scenarios. For Exps. #2 and #3, which were relatively robust scenarios, a thin 

crust of pyrolized fuel remained along the column walls after the experiment successfully completed (Figs. 

2b and 2c). This can be attributed to lateral heat losses driving extinction near the wall. However, a much 

thicker crust was observed after smouldering in Exps. #1 (Fig. 2a) and #4-7 (Fig. 3a-d), where ΔHc had to 
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be considerably adjusted. This indicates that the smouldering reaction was narrowing within the reactor 

and that multi-dimensional effects were growing in significance.  

The implications are many, all in contrast to the model assumptions: (i) radial heat losses change as the 

reaction propagates, (ii) the effective radius of the smouldering reaction changes as the reaction 

propagates, (iii) the centre-line temperatures become more insulated (from larger thickness of inert sand 

between the reaction and the reactor wall) as the reaction propagates, (iv) the extent and rate of fuel 

oxidation across the radius changes as the reaction propagates and (v) multi-dimensional flow patterns 

develop carrying heat from the edges to the centreline as the reaction propagates. All of these would affect 

the local energy balance at the reaction front as well as the global energy balance of the system.  

An important detail is the generation of permeability gradients between the clean zone in the centre of the 

column (i.e., high permeability) and the pyrolyzed zone near the wall (i.e., low permeability). This creates 

a front deformation that leads to a redistribution of the air flow, altering the global energy balance at the 

centre-line. Cold air coming from the bottom of the reactor is convected from the edges of the reactor 

towards the centreline. Given that the edges are still significantly above ambient temperature, it is very 

likely that this warm air contributes to the pre-heating of the fuel. It is for this reason that the redistribution 

of the air flow from the sides towards the centre-line alters the global energy balance in a manner that it 

mostly affects propagation velocities in the axis of the reactor. The result is faster propagation velocities 

and a more favorable energy balance at the reaction zone. This, in a one-dimensional system, could be 

represented by extrinsic energy being added to the reaction zone. This hypothesis was tested by increasing 

the oxygen mass flux, but resulted in large convective cooling. Therefore, it is hypothesized that, if the 

model was modified to simulate a fully multi-dimensional system, it may be that these results could be 

simulated without needing to modify ΔHc.   

It is noted that the model was fit to the experiments allowing both U and ΔHc to vary. Therefore, it is 

important to establish if a variation of the heat loss coefficient could serve to correct the observed errors. 
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Allowing U to vary makes it possible for the model to approximate the change of heat losses between 

different experiments. However, the influence of U on the peak temperature and smouldering velocity is 

minor compared to that of ΔHc (figures not shown).  Despite these simulations also fitting the experiments 

well, they were unable to achieve ΔHc values less than the bomb calorimeter value.  In other words, using 

U as a fitting parameter does not compensate for or remove the requirement to increase ΔHc. 

The combined results of model and experiments established that the weak smouldering regime is 

controlled by exactly the same parameters as robust smouldering. The simple two-step kinetic model can 

reproduce the characteristics of the smouldering front appropriately. Furthermore, a simple fit of the heat 

of combustion is capable of correcting the discrepancies induced by the three-dimensional front and the 

consequent three-dimensional flow field.  The heat of combustion, as defined here, must therefore be 

understood as an effective value that mixes heat generated by combustion and heat transfer. This 

correction manages to amalgamate changes in heat and mass transfer as well as permeability and heat 

losses into a single parameter showing that the overall impact of all these changes is dominated by the net 

transfer of heat from the edges to the centreline.  

From a practical perspective, these results are extremely important, because they demonstrate that detailed 

three-dimensional modelling might not be necessary to predict the main (i.e., centreline) characteristics 

of the weak smouldering regime. Three-dimensional modelling represents an enormous challenge because 

it requires not only the full resolution of the transport equations in three-dimensions, but the resolution of 

the coupled effects of the changes in permeability of the porous media, fuel consumption and fuel 

transformation into the observed crust. The formation of a crust adds a final process that needs to be 

considered, which involves extinction chemistry. All of these effects need to be modelled simultaneously 

because they define the solution of the transport equations, and the solution of the transport equations 

defines these processes. Currently, none of the published models can predict these coupled effects. 

4. Conclusions 
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In engineered smouldering applications, it is preferred to create self-sustaining scenarios that are robust, 

i.e., far from extinction. In this work, smouldering column experiments were conducted and spanned 

conditions from robust self-sustaining through weak self-sustaining and to extinction by systematically 

lowering the applied air flux and the fuel concentration. These were demonstrated to represent a range of 

global net energy rates from negative (extinction) to approximately 1.4 kJ s-1. Experimental results were 

predicted with a one-dimensional numerical model previously validated against a robust experiment. 

Under robust conditions, the use of a measured heat of combustion provided predictions that were in good 

agreement with experiments in terms of temperature predictions and front velocity. Under weak and 

extinction conditions, the model was unable to accurately reproduce experiments unless the heat of 

combustion was increased from 34.86 to 92.95 MJ kg-1. This value exceeds the bomb calorimeter 

measurement, which is not physically possible. Therefore, the heat of combustion in such models can be 

understood as an effective value that amalgamates the heat released by smouldering but also a complex 

set of heat and mass transfer processes. Currently, there is no model that is capable of predicting 

smouldering processes near extinction; therefore, the fact that a single fitting parameter can allow the use 

of the same formulation to predict smouldering in both the robust and weak regimes is of extreme practical 

importance. Thus, this work reveals the value of considering the heat of combustion as a single fitting 

parameter.  
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