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A B S T R A C T   

Self-sustained Treatment for Active Remediation (STAR) is a thermal remediation technology that uses smoul-
dering, a flameless form of combustion, for destroying organic contaminants in soil. Injected cold air flowing 
through the soil to the treatment zone supports the release of sufficient energy to maintain a self-sustained re-
action and the propagation of the reaction through the contaminated zone as long as the airflow local to the 
reaction exceeds a minimum value. However, the distribution and magnitude of air flux vectors can be complex 
in the heterogeneous environment common at contaminated sites. This research presents the first investigation of 
smouldering remediation under varying degrees and patterns of permeability heterogeneity. Nine experiments 
examined smouldering remediation in contaminated layers of varying permeability arranged alone and in 
contrasting layers in series, in parallel, and in two distinct complex patterns. The results suggest that smouldering 
can successfully propagate across layer boundaries and through layers in series regardless of their permeability 
(at least down to 1 x 10− 12 m2). However, fine layers were not smouldered for layers in parallel with a 
permeability ratio ≥ 3:1. Numerical modelling of these cases with a published smouldering model revealed that 
this occurred due to insufficient airflow in the fine layers in some cases, or conductive heat transfer (thermal 
coupling) between parallel layers in other cases. The more complex heterogeneity patterns underscored the 
importance of the connected length of the higher permeability pathway on airflow distribution and therefore on 
smouldering propagation. Disconnected coarse zones supported smouldering in both coarse and fine zones while 
connected coarse zones kept smouldering in the coarse pathway while bypassing fine zones. Overall, this 
research provides unique insights into understanding heterogeneous scenarios to ensure the successful appli-
cation of smouldering remediation.   

1. Introduction 

Non-aqueous phase liquid (NAPL) contamination is one of the most 
significant environmental challenges in the field of remediation (U⋅S. 
EPA, 2003). This contamination resulted from poor environmental 
regulations and the lack of appropriate disposal of industrial chemical 
compounds over the last century (Kueper et al., 2014). At present, there 
are an estimated 100,000 contaminated sites in the United States alone 
that need costly remediation (NRC, 2013; Kueper et al., 2014), posing a 
hazard to residents as well as a financial burden on stakeholders. With 
the improvement of environmental legislation since the 1970s, and a 
focus on restoring the environment and redeveloping brownfields, there 
has been a surge in projects addressing historical contamination. 
Correspondingly, numerous NAPL remediation technologies have 
emerged such as bioremediation, surfactant flooding, chemical 

oxidation and thermal desorption (U⋅S. EPA, 2002; Rosenbaum, 2019). 
Each technology has its niche set of applications and progress is being 
made in addressing the NAPL legacy. However, the majority of sites 
remain unresolved, including some of the most challenging due the 
recalcitrant nature of the NAPL and/or the complexity of the site 
geology. 

Subsurface heterogeneity has been shown to degrade remediation 
performance in numerous fluid injection-based technologies (U⋅S. EPA, 
1992, 1994). Air sparging applications are negatively influenced by 
large permeability contrasts in the aquifer (Kwon et al., 2019), whereby 
a low permeability zone is likely to exclude air intrusion and thus remain 
untreated (McCray and Falta, 1996; Di Julio and Drucker, 2001; Tom-
linson et al., 2003). Reddy and Adams (2001) found that this can occur 
when the permeability ratio (kcorase/kfine) between two adjoining layers 
or lenses is greater than 10:1. Likewise, surfactant flushing and in situ 
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chemical oxidation can be negatively affected by subsurface heteroge-
neity. Flow bypassing resulting from a high permeability contrast can 
decrease the delivery efficiency of the chemical agent to the target 
zones, leading to excessive doses in high permeability areas and minimal 
treatment in the low permeability areas. This, in turn, can result in larger 
quantities of treatment fluid injected to achieve cleanup goals, 
increasing the operating cost and prolonging the remediation time 
(Dekker and Abriola, 2000; Ibaraki and Schwartz, 2001; Conrad et al., 
2002; Saenton et al., 2002; Seol et al., 2003; Wang and Chen, 2017). In 
contrast, the injection and transport of heat instead of fluids is less 
sensitive to heterogeneous soil conditions (Baker et al., 2006). Thermal 
remediation, such as in situ thermal desorption (ISTD), can heat soil in a 
highly predictable way under heterogeneous and saturated soil condi-
tions (Baker and Heron, 2006). However, ISTD requires volatilized gases 
to migrate through the subsurface to soil vapour extraction wells, and 
thus heterogeneity may impact this fluid flow aspect of the process. 

Self-sustained Treatment for Active Remediation (STAR) is an 
emerging thermal remediation technology based on smouldering. 
Smouldering is a flameless form of combustion that depends on gaseous 
oxygen reacting with the burning surface of a solid or liquid fuel 
(Ohlemiller, 1985). A common example of smouldering is the glowing 
charcoal in a barbeque. And, as seen with a charcoal barbeque, smoul-
dering can be a self-sustained process: after a short-duration ignition 
energy no more external energy is added, rather the energy released is 
sufficient to propagate the reaction to adjacent material. As this repeats 
itself, the reaction exhibits a velocity, propagating towards fuel-laden 
porous media ahead and leaving fuel-free porous media behind. As a 
result, smouldering can propagate long distances along a path as long as 
fuel exists and oxygen (air) can flow through the porous material to 
reach the reaction front (Switzer et al., 2009). In STAR, the NAPL is the 
fuel, generating the energy for its own destruction. The self-sustained 
and destructive nature of STAR are two reasons that ranks highly in 
remediation technology sustainability assessments (Gerhard et al., 
2020). 

STAR has been shown to effectively treat a range of NAPLs including 
crude oil, coal tar, chlorinated solvents, mixed hydrocarbons and oil 
drilling muds (Switzer et al., 2009; Pironi et al., 2011; Scholes et al., 
2015; Grant et al., 2016). It has been applied as an in situ technology at 
more than 10 sites, including the full-scale treatment of 15 ha coal tar 
site in New Jersey, USA, which received its compliance certificate in 
2019. Smouldering works even below the water table since a water 
boiling front, at 100 ◦C, inherently propagates ahead of the smouldering 
reaction, 500–1200 ◦C (depending primarily on contaminant type and 
concentration) (Torero et al., 2020). STAR has also been applied as an ex 
situ treatment for soils and oily wastes intentionally mixed with sand. In 
the majority of in situ and ex situ applications, STAR has resulted in self- 
sustained NAPL destruction resulting in clean soil that meets regulatory 
guidelines (Scholes et al., 2015). 

STAR is both a thermal technology and a fluid injection-based 
technology. As a thermal technology, heat generation and conduction 
away from the reaction is relatively insensitive to permeability contrasts 
(Grant et al., 2016). However, smouldering depends on air flowing 
through the (treated) porous medium from the point of injection (e.g., 
well screen) to the reaction front. So in this respect its performance is 
expected to be sensitive to the permeability distribution similar to other 
fluid injection-dependent approaches such as steam injection, surfactant 
flushing, and chemical oxidation. For example, Scholes et al. (2015) 
found that in a pilot in situ test smouldering preferentially propagated 
through a relatively high permeability layer of contaminated bricks. 
Therefore, STAR may be most effective in relatively homogeneous 
porous media predominantly silt-sized or larger (Gerhard et al., 2020) 
and heterogeneity may pose some challenges. 

The propagation of smouldering depends on two key aspects of the 
air: (1) its direction, and (2) the oxygen mass flux. The direction of the 
air flow vectors matter because convective heat transfer – where air 
carries heat from the hot, treated soil and the exothermic reaction to the 

untreated material ahead of the reaction – is key to the self-sustained 
nature of the process. The oxygen mass flux matters because smoul-
dering is an oxygen-limited process and thus the reaction rate and 
robustness (i.e., how resilient it is to quenching) depend on the oxidant 
delivery rate (Torero and Fernandez-Pello, 1996). In practical terms, this 
means that there is a minimum airflow rate required for smouldering to 
be self-sustained. Laboratory and modelling studies (MacPhee et al., 
2012; Hasan et al., 2015; Solinger et al., 2020) have observed the 
minimum to be approximately 0.5 cm/s (Darcy flux). Below this 
threshold, the energy losses exceed the energy generated and stored 
such that the reaction extinguishes (Zanoni et al., 2019). As airflow is 
increased above this threshold, a linear increase in the smouldering 
propagation rate (i.e., reaction velocity) is observed (Dosanjh et al., 
1987; Yermán et al., 2016; Zanoni et al., 2019). Note that the minimum 
air flux value is likely a function of scale: while 0.5 cm/s applies to 
laboratory experiments, it is expected that lower air fluxes are possible 
in field scale applications where heat losses are reduced and thus 
smouldering is more energy efficient (Gerhard et al., 2020). The distance 
at which this limit is reached depends on the air injection equipment and 
the local geology. In situ STAR applications utilize a vertical well 
screened across the contaminated layer thickness providing radial air 
distribution; the distance at which the air flux crosses the minimum 
threshold is described as the “radius of influence” and typically ranges 
from 2.5 to 4 m (Scholes et al., 2015; Grant et al., 2016). 

While the permeability of the porous medium is a critical variable, 
few studies have examined its effect, or that of heterogeneity, on 
smouldering. Yermán et al. (2016) demonstrated that smouldering 
failed when the sand particle size was below 0.5 mm (k ≈ 2.0 x 
10− 10 m2). However, this result was not explained. Akkutlu and Yortsos 
(2005) developed an analytical solution for in situ combustion, an oil 
recovery process based on smouldering. That work examined the 
propagation of two reactions in adjacent parallel layers of contrasting 
permeability with airflow parallel to the layering. It predicted that 
conductive heat transfer between the layers, termed “thermal coupling”, 
could cause slowing of the reaction in the more permeable layer as en-
ergy was lost to the oil-laden rock ahead of the reaction in the less 
permeable layer. However, no study has experimentally tested this or 
examined whether smouldering can transfer from one layer to another. 
Solinger et al. (2020) suggested, with numerical modelling, that high 
heterogeneity may degrade remedial performance because airflow 
channelling could lead to channelling of smouldering. An experimental 
investigation of smouldering under heterogeneous conditions has not 
been conducted. 

This research aims to experimentally examine the influence of 
intrinsic permeability and heterogeneity on smouldering remediation. A 
series of laboratory smouldering experiments and numerical simulations 
were conducted to examine the impact (i) homogeneous layers across a 
range of permeabilities, (ii) contrasting permeability layers arranged in 
series, (iii) contrasting permeability layers arranged in parallel, and (iv) 
complex patterns of heterogeneity in lenses dominated by either a 
continuous or discontinuous coarse lenses. Extensive instrumentation 
allowed for tracking the smouldering reaction as well as air pressure 
gradients and fluxes in time and space across all layers. Numerical 
modelling of the more complex cases provided unique insights into the 
link between permeability-induced air flux patterns and smouldering 
treatment patterns. This work provides novel insights into the influence 
of intrinsic permeability and heterogeneity on the success of smoul-
dering remediation. 

2. Materials and methodology 

The investigation was divided into four parts. First, the smouldering 
performance of the homogeneous porous media, two homogeneous ex-
periments in coarse layer and fine layer, were established. Second, fine 
layers of differing permeability were added to a coarse layer in series to 
study smouldering behaviour upon transitioning from a more- 
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permeable to a less-permeable layer. Third, coarse and fine layers of 
varying permeability contrasts were arranged in parallel relative to the 
direction of airflow and thus to the direction of smouldering propaga-
tion. Fourth, coarse and fine layers were placed in a more complex 
(checkerboard) pattern to consider the effect of combining layers in 
series and parallel on smouldering. The conceptual model of flow 
through layers in series and parallel, analogous to resistors arranged in 
series and parallel in an electrical circuit where current corresponds to 
fluid flow and voltage drop corresponds to pressure drop, is common for 
hydrogeological systems (e.g., Gorokhovski, 2012). 

2.1. Materials 

Three silica sands from Bell & MacKenzie Co. Ltd. were used: #12 
Coarse Silica Sand (particle density 2650 kg/m3, mean grain diameter 
0.88 mm), #505 Fine Silica Sand (particle density 2650 kg/m3, mean 
grain diameter 0.19 mm), #106 Powder Silica Sand (particle density 
2650 kg/m3, mean grain diameter 0.043 mm). To maximize homoge-
neity within each lens packed in the experiments, both coarse and fine 
sands were sieved to retain only a single sieve grain size: 1.18–2.00 mm 
in diameter for the coarse sand and 0.125–0.250 mm in diameter for the 
fine sand. Mixing various mass fractions of the sieved coarse and fine 
sands with the silica powder allowed the production of reproducible 
intrinsic permeability values across three orders of magnitude (1 x 10− 9 

to 1 x 10− 12 m2); see Table 1. Mixing (KitchenAid, Artisan Stand Mixer) 
was continued until the mixture was visually homogeneous (approxi-
mately five minutes), and permeability tests on many subsamples 
(pneumatic permeability cell, ASTM D6539-00) were conducted to 
ensure the batches were homogeneous. 

Granular Activated Carbon (GAC, 3190 K523, McMaster-Carr) was 
used as the surrogate organic contaminant (i.e., fuel) in this study. GAC 
is often used in the remediation industry to sorb and concentrate dis-
solved organic contaminants, such as chlorinated solvents and Per- and 
polyfluoroalkyl substances (PFAS), after which it is contaminated and 
needs disposal or treatment (Carter and Farrell, 2010; Liu et al., 2019). 
Recent work has demonstrated that GAC mixed with sand produces a 
robust smouldering reaction, with self-sustained temperatures that 
exceed those expected to destroy a wide range of those contaminants 
including PFAS (Major, 2019). GAC was chosen for this study because it 
reproduces the smouldering behaviour observed for a wide range of 
common organic contaminants, such as coal tar, bitumen, and crude oil. 
However, GAC is much easier to use, is non-toxic to handle in the lab-
oratory, and it requires much lower concentrations to achieve similar 
smouldering temperatures. In addition, the difference in pack perme-
ability due to GAC presence (before smouldering) and absence (after 
smouldering) is minor (details below). 

The GAC was characterized by conducting a proximate analysis: 
moisture content of 3.2% (ASTM-D2867-17), volatile matter content of 
3.2% (ASTM-D5832-98), ash content of 2.2% (ASTM-D2866-11), and 
fixed carbon content of 91.4% (calculated by difference). The higher 
heating value (HHV) for the GAC was 30.9 MJ/kg, and the lower heating 
value (LHV) was 30.8 MJ/kg; the small difference between them was 

due to the minimal moisture content of the GAC. 
The seven sand mixtures used in the smouldering experiments are 

presented in Table 1, where the percentages shown are mass fractions. 
The permeability of each mixture is reported in two ways. “Cell” values 
are those measured in the pneumatic permeability cell. “In situ” values 
are those measured within the packed smouldering column when it was 
cold (methodology provided in Section 2.2 below) and includes values 
for sands both with and without GAC at the employed concentration 
(30 g GAC/kg sand). The table reveals that the permeability cell pro-
vides values that are similar (within a half-order of magnitude) to the in 
situ values. Moreover, the table confirms that GAC has a minor influence 
on the intrinsic permeability. 

2.2. Experimental set-up and procedure 

Table 2 summarizes the nine smouldering experiments performed in 
this study: Two “single layer” tests (Homogeneous Coarse, Homogeneous 
Fine), three “layers in series” tests (Series 1–3), three “layers in parallel” 
tests (Parallel 1–3), and one “layers in a checkerboard pattern” test 
(Complex: Disconnected Coarse), whose treatment zones were packed as 
shown in Fig. 1. All experiments used 30 g GAC/kg sand in all layers. The 
GAC was mixed into the sand mixture until homogeneous (approxi-
mately five minutes with the electric mixer). Both the coarse and fine 
layers were contaminated in all scenarios because a primary focus was 
how permeability influences the smouldering pattern regardless of 
contaminant distribution. In the field, coarse layers will often have 
higher NAPL saturations and lower air relative permeabilities than fine 
layers at early times, which promotes more equitable air distribution 
between fine and coarse layers. Therefore, the experiments using GAC as 
a surrogate contaminant represent worst-case or late time conditions 
with respect to air flux dominating in the coarse layers. All experiments 
used the same injected air flux: 2.5 cm/s (Darcy flux), fixed by a mass 
flow controller (FMA 5400/5500 Series, Omega Ltd.) connected to 
laboratory compressed air. 

Two different smouldering columns were employed in this work 
(Fig. 2). Column A was 63.0 cm tall and had a 16.0 cm inside diameter. 
Column B was 90.0 cm tall and had a 10.8 cm inside diameter. Column A 
employed smouldering travelling upwards while in Column B smoul-
dering travelled downwards. The Homogeneous Coarse, Parallel 1–3 and 
Complex: Disconnected Coarse experiments used Column A, while the 
Homogeneous Fine and Series 1–3 experiments used Column B. Column B 
was chosen for the Homogeneous Fine and Series tests because it could 
handle the much higher pressures they generated (the fine layer spanned 
the column width acting as a confining layer). The other tests did not 
generate such backpressures and thus Column A was chosen, since it is 
simpler to operate and follows procedures used in many smouldering 
studies (e.g., Rashwan et al., 2016). Separate tests confirmed statistically 
identical results for Column A and B for otherwise identical tests, indi-
cating that the choice of the column or smouldering direction does not 
affect the behaviour (temperatures, pressures, and reaction velocity) of 
the smouldering system (figures not included). 

Column A consisted of a stainless base assembly and a stainless 

Table 1 
Mass Fractions and Permeabilities of Sand Mixtures.  

Sand Sieved Coarse (1.18–2.00 mm) Sieved Fine (0.125–0.250 mm) Powder (d = 0.043 mm)  Measured sand k (m2) 

Cell In situ 

No GAC No GAC With GAC 

1 100.0% 0.0% 0.0% 1.3 × 10− 9 1.8 × 10− 9 6.7 × 10− 10 

2 80.0% 20.0% 0.0% 4.5 × 10− 10 – – 
3 60.0% 40.0% 0.0% 1.2 × 10− 10 – – 
4 0.0% 100.0% 0.0% 1.9 × 10− 11 3.2 × 10− 11 2.3 × 10− 11 

5 50.0% 45.0% 5.0% 9.7 × 10− 12 1.7 × 10− 11 1.1 × 10− 11 

6 45.0% 45.0% 10.0% 2.0 × 10− 12 5.6 × 10− 12 3.9 × 10− 12 

7 42.5% 42.5% 15.0% 1.1 × 10− 12 1.8 × 10− 12 1.3 × 10− 12  

J. Wang et al.                                                                                                                                                                                                                                    



Journal of Contaminant Hydrology 237 (2021) 103756

4

column reactor (Fig. 2a). A cable heater (450 W, 120 V, Watlow Ltd.) 
and an air injection manifold were housed in the base, where the cable 
heater was formed into a flat spiral coil to deliver a controlled amount of 
energy across the entire horizontal cross section. The column reactor 
was wrapped in insulation (5 cm thick mineral wool, McMaster Carr) to 
reduce heat losses (Switzer et al., 2009). As shown in Fig. 2a, thermo-
couples (TCs; K-type, KQIN-18 U-6, Omega Ltd.) were inserted 

horizontally to track temperature. 16 centreline TCs were inserted at 
3.5 cm intervals for the Homogeneous Coarse, while 6 pairs of off-centre 
TCs were inserted at 7.0 cm intervals for the Parallel and Complex cases. 
Pressure transducers (PTs; 5 PSI, Model FPG, Honeywell) were con-
nected to copper tubes (designed to transmit the air pressure but dissi-
pate the heat) located at a height of 25.5 cm above the clear sand base; 
one central PT was used in the Homogeneous Coarse while two off-centre 

Table 2 
Summary of Smouldering Experiments.  

Tests Coarse Layer Sand Hb (cm) Fine Layer Sand hb (cm) kCoarse/kFine
d Treatment zone ke (m2) Smouldering 

Measured Calculated 

Homogeneous Coarse #1a 37.5 – – – 1.8 × 10− 9 1.3 × 10− 9 SSf 

Homogeneous Fine – – #5a 63.0 – 1.7 × 10− 11 9.7 × 10− 12 SS 
Series 1 #1 22.5 #4a 21.0 68 5.7 × 10− 11 3.8 × 10− 11 Coarse layer: SS 

Fine layer: SS 
Series 2 #1 22.5 #6a 42.0 650 6.0 × 10− 12 3.1 × 10− 12 Coarse layer: SS 

Fine layer: SS 
Series 3 #1 22.5 #7a 21.0 1182 7.6 × 10− 13 2.3 × 10− 12 Coarse layer: SS 

Fine layer: SS 
Parallel 1 #1 39.5 #4 39.5 68 6.0 × 10− 10 6.4 × 10− 10 Coarse layer: SS 

Fine zone: NSSf 

Parallel 2 #1 39.5 #3a 39.5 11 8.0 × 10− 10 6.9 × 10− 10 Coarse layer: SS 
Fine zone: NSS 

Parallel 3 #1 39.5 #2a 39.5 3 1.1 × 10− 9 8.5 × 10− 10 Coarse layer: SS 
Fine zone: NSS 

Complex: Disconnected Coarse #1 26.0c #4 53.0c 68 6.4 × 10− 11 5.0 × 10− 11 Coarse layer: SS 
Fine layer: SS  

a . Sand #1, #2, #3, #4, #5, #6, #7 are from Table 1. 
b . H and h are defined in Fig. 1. 
c . Complex: Disconnected Coarse: H1 = 6.0 cm, H2 = 5.5 cm, H3 = 8.0 cm, H4 = 6.5 cm; h1 = 13.0 cm, h2 = 15.0 cm, h3 = 16.0 cm, h4 = 9.0 cm. 
d . Permeability values used for kCoarse/kFine are from “Measured sand k (m2): Cell” in Table 1. 
e . Measured values are based on the pressure data and air flux for the treatment zone after smouldering (no GAC), see the methodology below; Calculated values are 

based on the “Measured sand k (m2): Cell” in Table 1, and three mean methods: Harmonic Mean (Series 1–3), Arithmetic Mean (Parallel 1–3) and Geometric Mean 
(Complex: Disconnected Coarse). 

f . SS: Self-Sustained, NSS: Non-Self-Sustained. 

Fig. 1. Experimental set-ups for the treatment zones in all experiments: (a) Homogeneous Coarse, (b) Homogeneous Fine, (c) Series 1–3, (d) Parallel 1–3 and (e) Complex: 
Disconnected Coarse. The height of each layer is summarized in Table 2. 
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PTs were applied in the Parallel and Complex cases (Fig. 2a). Another PT 
measured the pressure in the air injection line. The top of the apparatus 
was open to the atmosphere. 

Column B consisted of a structural support base, a cone heater 
(5000 W, 240 V, Fire Testing Technology Ltd.) and a stainless-steel 
column reactor assembly (Fig. 2b). Insulation (5 cm thick Superwool 
Blanket, Morgan) outside the column was enclosed by an aluminum 
sheet. The cone heater, set above the column, transmitted radiant heat 
through a fused quartz window (Esco Products Inc.). Thirty horizontal 
centerline TCs at 3.0 cm intervals were employed. Four PTs (100 PSI, 
Type T2, Ashcroft Ltd.), attached to copper tubing, recorded pressures at 
21.0 cm intervals (Fig. 2b). The bottom of the apparatus was open to the 
atmosphere. 

In each case, the apparatus rested on a balance (KCC150, Metler 
Toledo) to provide real-time mass loss data. In addition, the combustion 
emissions were sampled by a gas analyzer (MGA 3000C, ADC) for the 
real-time determination of the volume fraction of oxygen, carbon 
monoxide and carbon dioxide. Data from TCs, PTs, mass balance and gas 
analyzer were recorded every two seconds by data loggers (Multifunc-
tion Switch/Measure Unit 34980A, Agilent Technologies) and personal 
computers. 

Nine smouldering experiments were packed as described in Table 2 
and Fig. 1. In all experiments, a clean sand layer (20.5 cm in Column A, 
1.0 cm in Column B) near the ignition point was used to cover the heater 
and help evenly distribute air. Also, after packing of the contaminated 
sand, another clean sand layer filled the rest of the column to ensure that 
pack fluidization will not occur. Each packed column was subjected to 
cold air injection at several known air fluxes before smouldering (GAC 
present) and after smouldering when the system had completely cooled 
(GAC eliminated). In combination with the pressure transducers and 
known ambient pressure at the outlet, this allowed the in situ determi-
nation of intrinsic permeability values of interest. When using pressures 
within a single layer, in situ permeability of a specific sand was deter-
mined, reported as “Measured sand k (m2): In situ” in Table 1. When 
using a pair of pressures that bound the entire treatment zone, this 
provided an equivalent permeability measurement of the ensemble of 
layers (Fig. 1); these measurements, conducted post-treatment, are 

reported as “Treatment zone k (m2): Measured” in Table 2, which were 
compared to the theoretical (calculated) equivalent pack permeability 
reported as “Treatment zone k (m2): Calculated”. 

The smouldering tests employed well-established experimental pro-
cedures (Switzer et al., 2009; Pironi et al., 2011). Analysis of repeats 
across numerous studies has revealed that such tests produce highly 
repeatable results under the identical smouldering condition according 
to the previous research (Duchesne et al., 2020). Moreover, the scale of 
the experiment and the density of measurements in this work provides a 
considerable replication within an experiment and the use of homoge-
neous sands minimizes variations between packings. Therefore, repeat 
tests were not performed in this work. The ignition procedure involved 
starting the heater and leaving it on until TC1 in the treatment zone 
reached 400◦C in Column A (1 cm above the clean sand), and 450◦C in 
Column B (at the interface between the treatment zone and clean sand). 
Air injection was then initiated, ignition of smouldering was confirmed 
by an immediate temperature spike, and the heater was turned off after 
the second thermocouple in the treatment zone peaked. The self- 
sustained propagation of the reaction along the column was monitored 
until it reached the end of the treatment zone, at which time the 
smouldering naturally terminated since no fuel remained. Air injection 
was maintained until the system returned to ambient temperatures. 

The smouldering reaction velocity and the average reaction tem-
perature were calculated according to standard procedures, whose un-
certainty is represented by 95% confidence intervals (Pironi et al., 
2009). Additionally, in Parallel 1–3, the distribution of the injected air 
amongst the layers (at ambient temperatures) was calculated via Darcy’s 
Law by solving three equations for three unknowns (assuming one- 
dimensional vertical airflow and uniform pressure distribution across 
the horizontal cross-section within each layer): 

qin =
q1 + q2

2
(1)  

q1 =
kFine(P1 − dp0− 1 − P2)

μl
(2)  

Fig. 2. (a) Column A and (b) Column B set-ups for the smouldering tests. Locations are shown for the centreline thermocouples (black circles), the off-centre 
thermocouples (black squares), the centreline pressure transducers (blue ovals), and the off-centre pressure transducers (blue rectangles). The selections of TCs 
and PTs used in each experimental suite are identified in the legend beside each column. Their vertical locations are specified in the text and also in all figures which 
plot the resulting data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

J. Wang et al.                                                                                                                                                                                                                                    



Journal of Contaminant Hydrology 237 (2021) 103756

6

q2 =
kCoarse(P1 − dp0− 1 − P3)

μl
(3)  

where qin is the fixed injection Darcy air flux (2.5 cm/s), q1 and q2 are the 
unknown fine and coarse layer air fluxes (cm/s), respectively; P1, P2 and 
P3 are pressure readings (Pa) from pressure transducers PT1 (in the air 
injection line), PT2 (in the fine layer) and PT3 (in the coarse layer); 
dp0− 1 is the unknown pressure loss (Pa) due to the clean sand layer 
between the injection location and the treatment zone; kFine and kCoarse 
are permeabilities (m2) of the fine and coarse layers, respectively, 
measured from the permeability cell (Table 2); μ is the ambient viscosity 
(kg/m/s) of air; l is the height (m) of PT2 and PT3 above the clean 
bottom sand layer, 25.5 cm. 

2.3. Numerical modelling 

MacPhee et al. (2012), Hasan et al. (2015) and Solinger et al. (2020) 
presented the development and validation of a two-dimensional (2-D) in 
situ smouldering model (ISSM) to predict the propagation of a smoul-
dering reaction in heterogeneous contaminated soil. The model coupled 
a finite difference, multiphase flow numerical model (Gerhard and 
Kueper, 2003) with a combustion reaction evolution model (Richards, 
1990, 1995). The model was demonstrated to reliably predict the 
propagation of the smouldering reaction under multidimensional air 
injection flow fields in homogeneous soil, including reaction extinction 
in regions where air flux was too low to support a self-sustained reaction 
(Hasan et al., 2015). It was also shown to predict complex channelling of 
the reaction that might occur in highly heterogeneous porous media 
(Solinger et al., 2020). The model does not solve the energy equation or 
consider temperature or heat transfer and thus is primarily an engi-
neering tool for exploring the influence of air flux, and related Darcy 
parameters such as pressure and permeability, on the pattern and ve-
locity of the propagating reaction (MacPhee et al., 2012). The ISSM was 
employed in this work to simulate all of the experiments. However, 
included here are only the results for the Parallel 1–3, Complex: Discon-
nected Coarse, and Complex: Connected Coarse cases because the air flux 
was heterogeneously distributed in these cases, could not be measured 
directly from the experiments, and the simulations provide valuable 
insights into the interactions between smouldering propagation and air 

flux distribution. The results for the Homogeneous and Series cases are not 
included because the air flux was uniform across the horizontal cross- 
section of the column, was predicted to be equal to the air injection 
rate, and matched calculations from the pressure readings; hence the 
simulations did not provide any novel insights. 

As shown in Fig. 3, a 16.0 cm wide × 71.0 cm tall model domain 
(including a 20.5 cm bottom clean sand layer, a 39.5 cm treatment zone, 
a 10.5 cm clean sand cap layer and a 0.5 cm bottom plenum for the air 
distribution in the model) was designed to approximate a 2-D vertical 
cross-section of the Parallel 1–3. Also simulated were two complex cases: 
the experimental scenario Complex: Disconnected Coarse and an addi-
tional scenario Complex: Connected Coarse (Fig. 3). These scenarios are 
not intended to represent real site heterogeneity; rather the goal is to 
explore the implications of non-uniform air flux across the system width 
and air flux diversion from the vertical via combining layers in series and 
parallel. The Disconnected Coarse and the Connected Coarse provide 
contrasting cases that illuminate a fundamental mechanism of smoul-
dering in heterogeneous systems. Although this domain only represents 
the center slice of the column perpendicular to the coarse-fine interface, 
the simulation results are representative of the behaviour across the 
horizontal depth. Excavation results in every test confirmed smoul-
dering behaviour consistent to the centerline at all horizontal depths. 
This reveals that air flux dominated the smouldering results (e.g., as 
opposed to heat losses) and that air flux was uniform across the hori-
zontal depth. 

A maximum time step of 5 s was selected because this value was 
previously demonstrated to retain accuracy while preventing excessive 
run times (MacPhee et al., 2012). A nodal discretization of 0.5 cm x 
0.5 cm was selected, for a total of 4544 nodes in the domain (32 nodes in 
x, 142 nodes in y). No-flow conditions were applied to the left and right 
boundaries to simulate the column walls. The 0.5 cm deep plenum was 
placed in the bottom of the domain as a single row of nodes and was 
approximated with a constant air flux of 2.5 cm/s, whose permeability 
was assigned as 1.0 x 10− 10 m2. The top row of nodes was assigned a 
free-exit boundary, where the air pressure was atmospheric. The igni-
tion source was specified as 15.5 cm long x 0.5 cm high initial ellipse at 
the center of the interface between bottom clean sand nodes and treat-
ment zone nodes as the time zero smouldering reaction front. The dis-
tribution of permeability followed the experimental set-up and data 

Fig. 3. Illustration of Model set-ups of (a) Parallel 1–3, (b) Complex: Disconnected Coarse and (c) Complex: Connected Coarse.  
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measured from the permeability cell as shown in Tables 1 and 2. The 
nodes inside the treatment zone were assigned a small fuel concentra-
tion to represent the negligible impact the GAC had on effective 
permeability (Table 1). Run time for each simulation was approximately 
60 min using an Intel Core Processor i7-3930K CPU with 64 GB RAM. 

3. Results and discussion 

3.1. Homogeneous case 

Fig. 4 provides the temperature, pressure, emission and mass loss 
rate profiles for two Homogeneous cases: Homogeneous Coarse and Ho-
mogeneous Fine. Homogeneous Coarse is a typical condition where 
smouldering behaviour is expected to be self-sustained; Fig. 4a illus-
trates that, upon initiating the airflow at 105 min, a temperature spike 

Fig. 4. Temperature, pressure, emission and mass loss rate profiles for experiments (a) Homogeneous Coarse and (b) Homogeneous Fine. The sequence of black-to-grey 
curves represent TCs at increasing distance from the heater in the coarse sand. The sequence of red-to-orange curves represent TCs at increasing distance from the 
heater in the fine sand. Dashed grey lines represent TCs in the clean sand. TC and PT numbers, sequence, and distances from the heater match those shown in Fig. 2. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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was observed that indicated the immediate ignition of the smouldering 
reaction. The heater was turned off at 140 min, after which the reaction 
was self-sustained as evidenced by the succession of crossing tempera-
ture profiles with consistent peak temperatures (Pironi et al., 2009). 
Throughout this study, the criteria for considering smouldering to be 
self-sustained is when an entire layer shows a series of temperature-time 
curves with (a) rapid temperature increase (i.e., near-vertical in 
temperature-time plots), and (b) continuous peak temperatures above 
600 ◦C. When either (or usually both) of these conditions are not met 
then the reaction is considered non-self-sustained (i.e., dying). Slight 
variations in the peak temperatures were expected due to small het-
erogeneities in the contaminated mixture (e.g., local variations in the 
GAC concentration and particle size) from the mixing and loading pro-
cess. The average peak temperature was 774±31 ◦C and the average 
reaction velocity was 3.8± 0.2 mm/min. The pressure signals provided 
the gradients associated with the airflow and provided data for quanti-
fying the effective pneumatic conductivity of the treatment zone. 

The emissions data in Fig. 4a reveal that, as expected, O2 decreased 
and CO and CO2 increased when smouldering was occurring. At the 
same time, the mass loss rate increased since the GAC was being 
removed by smouldering. Mass loss rate and emissions concentrations 
were relatively steady through the smouldering period due to the rela-
tively constant reaction velocity along the column, although some 

variations due to minor heterogeneities within the pack are typical 
(Switzer et al., 2009; Rashwan et al., 2016). Once smouldering was 
complete in the column, coinciding with the last TC peak, emissions 
quickly returned to ambient and mass loss rate reduced to zero, while 
over the next few hours the system cooled and air pressures decreased to 
those associated with ambient temperature. 

Homogeneous Fine with a single homogeneous fine layer showed that 
smouldering was still robust when the permeability of the porous me-
dium was significantly decreased (1.9 x 10− 11 m2, 1% of Homogeneous 
Coarse), with a similar average peak temperature (758±22◦C) but with 
an approximately 25% reduction in reaction velocity (2.8±0.2 mm/ 
min) and thus the decrease of mass loss rate (Fig. 4b). The change in 
reaction velocity is discussed below with Series 1–3. As expected, Fig. 4 
shows that the pressure drop across the fine layer in the column 
(ΔP ≈ 60 kPa) was much higher than Homogeneous Coarse (ΔP ≈ 2 kPa), 
yet this yielded no adverse effect on the smouldering behaviour since the 
GAC concentration and air flux were unchanged. This observation is 
different from previous research, where the non-self-sustained smoul-
dering was observed when the particle size was below 0.5 mm, which 
permeability was around 2.0 x 10− 10 m2 (Yermán et al., 2016). 

Fig. 5. Temperature and pressure profiles for experiments (a) Series 1, (b) Series 2 and (c) Series 3. The sequence of black-to-grey curves represent TCs at increasing 
distance from the heater in the coarse sand. The sequence of red-to-orange curves represent TCs at increasing distance from the heater in the fine sand. Dashed grey 
lines represent TCs in the clean sand. TC and PT numbers, sequence, and distances from the heater match those shown in Fig. 2. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2. Series 1–3 

Fig. 5 also reveals that the occurrence of a coarse layer and fine layer 
in series was no barrier to self-sustained smouldering. All three tests 
(Series 1–3) show self-sustained smouldering propagating from the 
coarse layer into the fine layer regardless of the fine layer permeability 
(at least down to 1.1 x 10− 12 m2, representing a 1000-fold permeability 
contrast). These conclusions were confirmed when excavation revealed 
no GAC remaining in any of the layers. This is the first laboratory evi-
dence that smouldering will readily transit across permeability bound-
aries. As expected, the pressure gradient across the column increased 
proportionally as the equivalent permeability of the treatment zone 
decreased. The pressure drop increased from ~20 kPa in Series 1 to 
~200 kPa in Series 3, which represented the upper limit that can be 
safely applied to the apparatus. 

Fig. 6 summarizes the peak temperature and reaction velocity of self- 
sustained smouldering in the individual layers in Series 1–3 as well as the 
Homogeneous Coarse and Homogeneous Fine cases. It reveals that 
permeability did not affect the peak temperature of smouldering (as 
confirmed by a statistical F-test at the 0.01 significance level). The figure 
also shows that the reaction velocity reduced as the permeability of the 
fine layer decreased. It is hypothesized that, as sands became finer, they 
likely exhibited different properties such as heat capacity, thermal 
conductivity, and bulk density, which in turn caused a shift in the 
magnitude of the heat transfer processes (conduction, convection, 
storage, and radial losses) that dictate the energy balance which controls 
smouldering behaviour (Zanoni et al., 2019). Note that neither the 
average peak temperature nor reaction velocity in the coarse layer was 
significantly affected by the presence of a fine layer in any of the Series 
tests. While the ignition and air flux was always introduced in the coarse 
sand first in these tests, it is expected that identical conclusions - namely 
that the reaction crosses layers boundaries and remains consistent in its 
characteristics - would have been found if the layers order in the series 
were reversed. 

3.3. Parallel 1–3 

Parallel 1, in which the permeability difference between the parallel 
layers was 1.5 orders of magnitude (1.3 x 10− 9 m2 and 1.9 x 10− 11 m2), 
resulted in self-sustained smouldering in the coarse layer (average peak 
temperature 713±42 ◦C) and non-sustained smouldering in the fine 
layer (Fig. 7). The fine layer thermocouples did not show the sharp 

temperature spikes and crossing profiles associated with the heat gen-
eration process in smouldering, but rather the rounded and coincident 
profiles associated with only heat transfer processes (Torero et al., 
2020). Therefore, the fine layer elevated temperatures almost exclu-
sively resulted from lateral, conductive heat transfer from the smoul-
dered coarse layer; in other words, thermal coupling caused some 
energy losses from the reaction in the coarse layer to heat the adjacent 
fine layer, as predicted by the analytical model of Akkutlu and Yortsos 
(2005). This conclusion is apparent in the time-lapse temperature map 
created from the thermocouples in the experiment (Video SM1, Sup-
plementary Material). The pressure, emissions, and mass loss rate data 
all support that smouldering was only occurring in the coarse layer, as 
their signals diminished quickly after smouldering of that layer was 
complete (Fig. 7). Confirmation that smouldering did not occur in the 
fine layer was provided by observing GAC remaining in the fine layer 
during excavation. 

The average smouldering reaction velocity in the coarse layer was 
5.0±0.3 mm/min, which was faster than the velocity through a layer of 
equal permeability in the Homogeneous Coarse (3.8±0.2 mm/min), even 
though air was injected into the column with the same Darcy flux 
(2.5 cm/s). Based on the methodology outlined in Section 2.2, the dis-
tribution of air fluxes was calculated as 4.91 cm/s and 0.09 cm/s in the 
coarse and fine layers, respectively. The higher proportion of air 
traversing the coarse layer, leading to a higher air flux in that layer, 
explains the higher smouldering propagation velocity relative to the 
Homogeneous Coarse. Moreover, these calculations suggest that the lack 
of smouldering in the fine layer was mainly due to the limited air flux, 
since other work has indicated that smouldering is rarely self-sustained 
when the local air flux in a laboratory experiment is below 0.5 cm/s 
(MacPhee et al., 2012; Hasan et al., 2015; Solinger et al., 2020). 

Parallel 2 employed a 1 order of magnitude difference in perme-
ability (1.3 x 10− 9 m2 and 1.2 x 10− 10 m2). Smouldering in the coarse 
layer was self-sustained, with an average peak temperature of 696±62 
◦C and the average reaction velocity of 5.7±0.4 mm/min (Fig. 8). 
Smouldering at the base of the fine layer ignited after ignition occurred 
in the coarse layer (TC1 in fine layer rose less rapidly to 640◦C). How-
ever, beyond this time the reaction clearly stopped in the fine layer as 
the rest of those TCs showed only heat transfer characteristics. This 
interpretation is supported by the pressure, emissions, and mass loss 
data (Fig. 8) as well as the time-lapse temperature map (Video SM1, 
Supplementary Material); moreover, GAC was found in the upper half of 
the fine layer upon excavation, whereas most of the GAC was eliminated 
near the base of the fine zone (vicinity of the first two TCs). 

Calculations reveal that the air flux was 0.49 cm/s in the fine layer 
and 4.51 cm/s in the coarse layer. It is interesting that although a higher 
air flux traversed the coarse layer in Parallel 1 (4.91 cm/s), the coarse 
layer smouldering velocity in that experiment was lower (5.0±0.3 cm/ 
s). This observation agrees with the prediction of Akkutlu and Yortsos 
(2005), in which thermal coupling slowed down the reaction in the 
coarse layer. In Parallel 2, the smouldering ignition in the fine layer 
decreased lateral conductive heat transfer between the layers compared 
to Parallel 1. This resulted in more energy remaining within the coarse 
layer to contribute to its self-sustained smouldering; this observation is 
also supported by higher peak temperatures at the base of the coarse 
layer in Parallel 2. Moreover, since 0.49 cm/s was very close to the air 
flux extinction threshold, it was not surprising that ignition occurred but 
that smouldering was ultimately not self-sustained in the fine layer. 

Parallel 3 entailed a permeability difference of a half-order of 
magnitude (1.3 x 10− 9 m2 and 4.5 x 10− 10 m2). As with the other Parallel 
cases, smouldering in the coarse layer was robust (Fig. 9), with an 
average peak temperature of 811±45 ◦C and smouldering velocity of 
4.5±0.2 mm/min. However, in this case a self-sustained smouldering 
reaction clearly ignited and propagated in the fine layer as well. 
Smouldering ignition in the fine layer occurred around the same time as 
ignition in the coarse layer. The average peak temperature in the fine 
layer was 774±27 ◦C over the first three TCs, which represented the first 

Fig. 6. Average peak temperature and self-sustained smouldering velocity for 
each individual layer, plotted with its measured permeability within Homoge-
neous cases and Series 1–3. 
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18.5 cm out of 39.5 cm treatment zone height, and smouldering velocity 
was 3.4±0.2 mm/min. However after approximately 18.5 cm of propa-
gation, the smouldering reaction was observed to gradually weaken with 

reducing peak temperatures and no evidence for smouldering was 
observed at the final thermocouple in the fine layer (Fig. 9 and Video 
SM1, Supplementary Material). During the excavation of the fine layer, 

Fig. 7. Temperature, pressure, emission and mass loss rate profiles for Parallel 1. The sequence of black-to-grey curves represent TCs at increasing distance from the 
heater in the coarse sand. The sequence of red-to-orange curves represent TCs at increasing distance from the heater in the fine sand. Dashed grey lines represent TCs 
in the clean sand. TC and PT numbers, sequence, and distances from the heater match those shown in Fig. 2. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Temperature, pressure, emission and mass loss rate profiles for Parallel 2. The sequence of black-to-grey curves represent TCs at increasing distance from the 
heater in the coarse sand. The sequence of red-to-orange curves represent TCs at increasing distance from the heater in the fine sand. Dashed grey lines represent TCs 
in the clean sand. TC and PT numbers, sequence, and distances from the heater match those shown in Fig. 2. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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the bottom was clean whereas GAC was found at the top, supporting the 
conclusion that the reaction started and propagated but extinguished 
near the top of the fine layer. 

Calculated air flux in the fine layer was 1.29 cm/s and in the coarse 
layer was 3.71 cm/s. The existence of air flux in the fine layer well above 
the threshold for smouldering, the strong ignition, and the propagation 
of a self-sustained reaction suggests that the air flux was not the main 
factor quenching the fine layer smouldering in this case. Instead, it is 
hypothesized that lateral conductive heat transfer - this time from the 
fine layer to coarse layer at the late time - caused the reaction to quench. 
As shown in Fig. 9 and Video SM1 (Supplementary Material), weakened 
smouldering in the fine layer occurred when smouldering reached 
completion in the coarse layer. The data suggest that after this time, the 
coarse layer acted as a lateral energy sink for the fine zone, drawing heat 
away from the fine layer by (i) lateral conduction across the interface, 
and then (ii) upward convection in the coarse layer. This is evidenced by 
the slower cooling rate of the treated coarse zone here compared to 
Parallel 1–2. Therefore, excessive heat losses from the smouldering fine 
layer to the treated coarse layer likely led to the smouldering extinction 
observed in the fine layer. This hypothesis is also supported by the 
analytical modelling of Akkutlu and Yortsos (2005), which predicted 
that thermal coupling between a smouldering reaction adjacent to a 
non-smouldering layer may negatively affect the reaction, such as 
reducing its reaction velocity and even leading to extinction under 
certain conditions. 

3.4. Complex: Disconnected coarse 

Complex: Disconnected Coarse employed multiple layers in series and 
in parallel (Fig. 1d) using a permeability difference of 1.5 orders of 
magnitude; the two sands were the same as those in Parallel 1: 1.3 x 
10− 9 m2 and 1.9 x 10− 11 m2. The objective here was to provide a more 
complex (non-uniform and non-vertical) flow system relative to the se-
ries and parallel cases. Self-sustained smouldering occurred in all fine 

layers in this case (Fig. 10), with an average peak temperature of 
826±55 ◦C. An average reaction velocity of 2.0±0.4 mm/min was 
observed in the fine layers, showing that air flux through the fine layers 
was adequate to successfully sustain the smouldering propagation. This 
is in addition to self-sustained smouldering in all the coarse layers 
(average peak temperature of 774±76◦C); therefore, in this case, the 
entire contaminated column was successfully treated. This is indicated 
by the time-lapse temperature map (Video SM1, Supplementary Mate-
rial) and was confirmed by observing no GAC (except minor amounts at 
the column walls due to edge effects) during excavation. Further dis-
cussion of the reasons for these results are discussed in the context of the 
modelling presented below. 

3.5. Simulation of Parallel 1–3 and two Complex cases 

ISSM simulations were set up for Parallel 1–3 and Complex: Discon-
nected Coarse (Fig. 3b) to better understand the experimental results and 
the effect of heterogeneity on the smouldering reaction. Fig. 11 shows 
the distribution of local air flux vectors in these simulations. Air flux 
vectors in the model can change with time as the smouldering reaction 
propagates and eliminates NAPL, thus changing the saturation and 
relative permeability distributions (Solinger et al., 2020). However, in 
these cases, since the GAC concentration was small, the air flux maps did 
not change significantly with time as GAC was eliminated. The average 
air flux predicted by the model for the fine and coarse layers, respec-
tively: 0.11 and 4.89 cm/s in Parallel 1, 0.51 and 4.49 cm/s in Parallel 2, 
1.43 and 3.57 cm/s in Parallel 3, which agree well with those calculated 
based on pressure measurements presented above. While experimental 
calculations were not possible for Complex: Disconnected Coarse (insuf-
ficient number of pressure measurements), the ISSM predicted air flux in 
the fine layers to be substantially higher than in Parallel 1 (1.5 cm/s 
versus 0.11 cm/s) even though they both had 1.5 orders of magnitude 
permeability difference. The higher local air fluxes supported self- 
sustained smouldering in the fine layers, matching the experimental 

Fig. 9. Temperature, pressure, emission and mass loss rate profiles for Parallel 3. The sequence of black-to-grey curves represent TCs at increasing distance from the 
heater in the coarse sand. The sequence of red-to-orange curves represent TCs at increasing distance from the heater in the fine sand. Dashed grey lines represent TCs 
in the clean sand. TC and PT numbers, sequence, and distances from the heater match those shown in Fig. 2. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Temperature, pressure, emission and mass loss rate profiles for Complex: Disconnected Coarse. The black-to-grey curves represent TCs at increasing distance 
from the heater in the discrete coarse sand layers (one per layer). The sequence of red-to-orange curves represent TCs at increasing distance from the heater in the 
discrete fine sand layers (two per layer). Solid colour lines are on the left side while dashed coloured lines are on the right side of the column. Dashed grey lines 
represent TCs in the clean sand. TC and PT numbers, sequence, and distances from the heater match those shown in Fig. 2. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. The air distribution and development of smouldering reaction in five simulations: (a) Parallel 1, (b) Parallel 2, (c) Parallel 3, (d) Complex: Disconnected Coarse 
and (e) Complex: Connected Coarse. Each arrow is a velocity vector, with its magnitude expressed by length and direction expressed by orientation. Yellow represents 
clean sand while pink represents contamination left behind in the treatment zone. Video SM2 (Supplementary Material) shows the time-lapse progress of the 
smouldering reaction for all five simulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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observations. 
Fig. 11 also illustrates the predicted final distribution of clean and 

contaminated material by the model after smouldering was complete for 
Parallel 1–3 and Complex: Disconnected Coarse. Note that the time-lapse 
progress of the smouldering reaction for all four simulations are pre-
sented in Video SM2 (Supplementary Material). In all four cases, self- 
sustained smouldering was predicted to completely treat the coarse 
layer, which matched experimental observations. In Parallel 1, no 
smouldering was predicted in the fine layer due to air flux below the 
threshold required for smouldering, matching experimental observa-
tions. In Parallel 2, the model correctly predicted the ignition and then 
rapid quenching of smouldering due to the limited air flux. In Parallel 3, 
the fine layer was predicted to be completely treated, which was 
different from the experimental results where smouldering propagated 
upwards in the fine layer until heat transfer to the clean coarse layer led 
to its extinction. However, this difference is explained by the fact that 
heat transfer is neglected by this model (MacPhee et al., 2012), and thus 
quenching of a reaction due only to excessive heat losses (as suggested 
above) cannot be simulated. Finally, in Complex: Disconnected Coarse, 
the model correctly predicted almost complete treatment of all layers 
due to the disconnected coarse layers-induced increased air flux in all 
fine layers. 

An additional scenario Complex: Connected Coarse was simulated to 
compare with the Disconnected Coarse case, where only the places of 
coarse and fine layer were swapped (Fig. 3c). Fig. 11 shows the com-
parison of air distribution and smouldering development in the two 
Complex cases. Different from the complete treatment of fine layers in 
the Disconnected Coarse case, here the connected coarse layers created a 
preferential pathway from the bottom to the top of the column which led 
to airflow channelling around the fine layers and smouldering bypass-
ing, resulting in the bulk of the fine layers being untreated; this is also 
shown clearly in the time-lapse simulation results (Video SM2, Supple-
mentary Material). Air flux in the fine layers was estimated to be less 
than in the Disconnected Coarse case (0.35 cm/s, versus 1.5 cm/s) and 
below the threshold (< 0.5 cm/s); thus the model predicted no smoul-
dering in the fine layers in this case. Bypassing of smouldering around 
contaminated fine layers embedded in a coarse bed were also predicted 
in MacPhee et al. (2012). The difference between the two Complex cases 
reveals the importance of the pattern of heterogeneity (i.e., connectivity 
of the coarse layers) on the air distribution and successful smouldering, 
where a more complex heterogeneity will not necessarily improve the 
smouldering treatment in the lower permeability lenses. 

4. Summary and conclusions 

For the first time, self-sustained smouldering remediation in systems 
with heterogeneous permeability were examined. Smouldering was 
demonstrated to be successful in homogeneous layers across a range of 
permeabilities and the reaction was demonstrated to propagate through 
and across layers in series where the permeability contrast was up to 
1000-fold (from 1.3 x 10− 9 m2 to 1.1 x 10− 12 m2). The reaction was 
relatively unchanged across the layers, with consistent peak tempera-
tures and smouldering velocity reducing slightly with decreased fine 
layer permeability. Smouldering propagated in the direction of airflow, 
thus when air flux was continuous between layers in series, smouldering 
was relatively unaffected. 

Experiments and modelling of layers in parallel revealed that the 
airflow distribution, and thus smouldering success, was primarily 
determined by the permeability ratio between them. When the perme-
ability ratio caused the air flux in the finer layer to fall below the min-
imum threshold, the reaction was self-sustained in the coarse but 
terminated in the fine layer. When air flux exceeded this threshold in 
both layers, smouldering was observed in both layers. However, the 
different air fluxes in each layer caused smouldering to propagate at 
different rates, and this allowed thermal coupling to induce negative 
impacts. For the fine layer exhibiting slower propagation, extinction was 

induced due to lateral, conductive heat losses to the adjacent coarse 
layer that was cooling after the completion of its smouldering. For the 
coarse layer exhibiting faster propagation, the reaction velocity was 
reduced due to lateral, conductive heat transfer to the untreated adja-
cent layer; however, this did not lead to extinction in the coarse layer in 
any of the cases examined. 

In addition to permeability ratio, the pattern of heterogeneity (i.e., 
lengths and distribution of lenses, connectivity of coarse lenses) was 
found to play an important role. More complex heterogeneity affected 
smouldering patterns by controlling the air flux distribution. A con-
nected coarse pathway promotes airflow and smouldering in this 
pathway while limiting the air flux in fine zones. This is beneficial if 
contamination is primarily in the coarser material (as is common at 
sites) but is detrimental if treatment of fine zones is desired. A discon-
nected coarse pathway encourages air flow in fine zones and supports 
smouldering treatment at relatively similar rates in all zones. Moreover, 
it is clear that hand calculations, for simple cases, and straightforward 
flow modelling, for more complex cases, can predict the expected 
airflow patterns for given scenarios and those can be used to make 
informed estimates of smouldering behaviour. 

This work suggests that smouldering should be successful in 
numerous heterogeneous scenarios in the field. However, one scenario 
that may be challenging is treating an in situ contaminated fine layer 
when a continuous coarse pathway exists that is extensive in the di-
rection of airflow. One way this may be minimized for in situ smoul-
dering remediation is to ensure that smouldering is carried out in each 
layer separately, i.e., air injection well screens are entirely within a 
single layer, thereby preventing dividing the injected air between mul-
tiple layers. High resolution site characterization combined with treat-
ing individual layers sequentially has already been demonstrated in situ 
(Scholes et al., 2015). 

It is acknowledged that the experimental set-up here only included 
simple layers in series, parallel and a checkerboard pattern, which 
illustrated the principles at work but did not adequately reproduce the 
complexity of heterogeneity expected in real subsurface scenarios. 
Modelling would be the most appropriate approach to explore such 
systems. In addition, these results used column experiments with thin 
layers, which exhibit high heat losses relative to larger (field) systems. 
This means that the extinction events observed here are highly conser-
vative, and smouldering reactions in field scale systems will be more 
robust (e.g., self-sustained at lower air fluxes, less sensitive to lateral 
heat losses). Moreover, this study used GAC whereas NAPL may exhibit a 
greater impact on the effective air permeability of porous media at 
typical saturations, as explored in other work (Solinger et al., 2020); the 
use of GAC is another reason the results presented are highly conser-
vative. In addition, contrasting lenses exhibiting similar contaminant 
saturations may not be common in the field, where low permeability 
zones are less likely to have high concentration of contaminants relative 
to high permeability zones. Nevertheless, it is expected that these limi-
tations do not alter the main conclusions of the work. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconhyd.2020.103756. 
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