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Abstract
This research investigated the potential of smouldering combustion to be employed
as a remediation approach for soil contaminated by non-aqueous phase liquids
(NAPLs). Small-scale (~ 15 cm), proof-of-concept experiments were the first to
demonstrate that organic liquids embedded within an inert soil matrix can be
successfully

smouldered.

Intermediate-scale

(~ 30 cm)

column

experiments

examined in detail the behaviour of the combustion process including its relationship
to mass and energy balance and the evolution of temperature profiles. In addition,
detailed evaluations of environmental parameters (e.g., soil concentrations, gas
emissions) were conducted.

For the first time, it was demonstrated that NAPL smouldering combustion can be
self-sustaining (i.e., propagation of the smouldering front after termination of the
igniter) and self-terminating (i.e., natural extinction of the reaction after all of the
NAPL is destroyed). More than 30 column sensitivity experiments quantified the
broad range of process parameters - including contaminant type, contaminant mass,
soil type, and oxidizer flow rates - within which the process was self-sustaining and
essentially complete remediation was achieved (i.e. contaminant mass removal in
excess of 99.5%).

Maximum burning temperatures were observed in the range 600-1100 oC. Average
propagation velocities varied between 0.7·10-4 and 1.2·10-4 m/s. Intensity and
velocity of the process were shown to be controlled by the rate at which oxidizer is
delivered. Contaminant type and mass was observed to affect peak temperatures and
propagation velocity by influencing the energy balance at the reaction front.
Moreover, mass and energy balance models were demonstrated to provide reasonable
predictions of the observed propagation velocities.
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Overall, this research introduced an entirely new approach to the remediation of
NAPL-contaminated soils and, further, advanced the understanding of the
mechanisms that control the underlying process of smouldering combustion of
liquids.
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Preface
This thesis has been written in manuscript format. The material has been presented as
follows:
•

Chapter 1 presents a general introduction to the research and an overview of
the relevant literature.

•

Chapter 2 consists of a manuscript for the combustion community presenting
the first successful experiments of smouldering combustion of a liquid
contaminant; this has been published as:
Pironi, P., C. Switzer, G. Rein, J.I. Gerhard, J.L. Torero, A. Fuentes, Smallscale forward smouldering experiments for remediation of coal tar in
inert media. Proceedings of the Combustion Institute (2009) 32 19571964.

•

Chapter 3 consists of a manuscript for the environmental engineering
community focused on the first proof-of-concept for smouldering combustion
as a non-aqueous phase liquid (NAPL) remediation approach; this has been
published as:
Switzer, C., P. Pironi, J.I. Gerhard, G. Rein, J.L. Torero, Self-sustaining
smoldering combustion: a novel remediation process for non-aqueous
phase liquids in porous media, Environmental Science and Technology
(2009) 43 5871-5877

•

Chapter 4 is a second manuscript for the environmental engineering
community providing a systematic experimental investigation at the bench
scale of smouldering combustion as a remediation approach; this will be
submitted to Environmental Science and Technology within several weeks of
completing this thesis.
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•

Chapter 5 is a second manuscript for the combustion community presenting
an analysis, via comparison of experiments to modelling, of the processes
underlying the smouldering combustion of liquids; this will be submitted to
Combustion Science and Technology within several weeks of completing this
thesis.

•

Chapter 6 provides a summary and general conclusions of the research.

•

The appendices provide supporting material that was not included in the
manuscripts.

A patent application - of which the author of this thesis is a co-author - has been
submitted based, in part, upon the work in this thesis (UK Patent Application
0525193.9 and PCT Application PCT/GB2006/004591, priority date December
2005).
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Chapter 1
Introduction and background
Non-aqueous phase liquids (NAPLs) are a class of organic compounds with a long
history of extensive use in industrial processes. As the result of inappropriate
disposal practices, NAPLs are now among the most frequently occurring
contaminants detected in the subsurface throughout the industrialized world (Pankow
and Cherry, 1996). Common NAPLs include petroleum hydrocarbons (oils, fuels),
polychlorinated biphenyls (PCB, electrical transformer oils), chlorinated ethenes
(solvents, degreasers), creosote (wood treaters), and coal tar (manufactured gas
plants). Most of these contaminants are toxic to humans and the environment in high,
acute doses and may be irritants and suspected carcinogens at low, chronic doses.
Standard handling and disposal procedures resulted in widespread releases of these
chemicals into the environment, creating persistent, long-term sources of
groundwater contamination (Amter and Ross, 2001). Existing in soil pores as a
separate liquid phase, NAPLs dissolve in groundwater in amounts high enough to
render it unfit for consumption, but low enough such that its lifespan can be on the
order of centuries (Mercer and Cohen, 1995). Remediation of NAPL-contaminated
soil in a cost effective and robust manner remains a significant challenge.

The goal of this research is to assess the feasibility of a new remedial approach to
NAPL contaminated soil, based on NAPL destruction and removal via smouldering
combustion within the soil matrix.

1

1.1

Remedial approaches to NAPL contaminated sites

Conventional remediation technologies such as pump and treat and soil vapour
extraction have proven largely inefficient in addressing substantial volumes of
subsurface contamination present as NAPL. Since these techniques rely on
transferring the contamination to a liquid or gaseous stream that is then extracted and
treated aboveground, they are inherently limited by the rate of mass transfer from the
NAPL mass to such streams. Because of the chemical properties of most NAPLs
(they typically exhibit relatively low solubility and low volatility) and due to the
relatively low interfacial area available for mass transfer in NAPL pools, these
systems may need to be operated for extended periods, with relatively high operation
and maintenance costs. Innovative treatment technologies are being developed that
directly address the ‘source zone’ (the region of the subsurface containing the NAPL
phase), thus having the potential to reduce significantly the overall time and costs for
remediation (ITRC, 2002; EPA, 2003). In what follows, a brief description of the
principles and applicability of some of the innovative source zone remediation
technologies is presented, with a particular emphasis on thermal remediation
techniques.

1.1.1 Thermal techniques
Thermal technologies represent one of the major categories of treatment technologies
applicable to the remediation of source zones. The general principle on which
thermal technologies are based is that increasing the temperature of the soil increases
the mobility of the contaminants (in a variety of phases) and facilitates their recovery
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to the surface for a subsequent treatment; in some cases the increased temperature
can result in partial in-situ destruction of contaminants.

Heat typically modifies the properties of contaminants in a way that enhances their
treatability (Davis, 1997). For example: the liquid viscosity decreases with increasing
temperature; the solubility generally increases with increasing temperature; the
partition coefficient decreases with increasing temperature (causing the contaminants
to partition less preferentially to the soil); the molecular diffusion coefficient in the
aqueous and gas phases increases with temperature. In addition, many common
contaminants (e.g. chlorinated solvents) boil at temperatures ranging from 40 to
180 ºC thus allowing their extraction as vapour. Thermal technologies may also
result in the partial degradation of the contaminants directly in the subsurface via
chemical or biochemical reaction favoured by an increase in temperature (EPA,
2004). The principal thermal technologies currently available are (EPA, 2004):
Steam Enhanced Extraction, Electrical Resistive Heating and Thermal Conductive
Heating.

Steam Enhanced Extraction (SEE) involves the injection of steam into the subsurface
to dissolve, vaporize and mobilize contaminants that are then recovered in the vapour
and liquid phase. Extracted vapours and liquids are treated aboveground with
conventional technologies like air stripping, carbon adsorption and thermal
oxidation. Steam needs to penetrate the pore space to heat the soil, so the
applicability of SEE is typically limited to zones of moderate to high permeability. If
the low permeability zones are sufficiently thin they can be conductively heated from
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above or below. Alternatively SEE can be combined with other technologies such as
electric resistive heating (ERH, see below); the ERH technology is employed to heat
the low permeability zones.

Systems for the application of SEE consist of a steam generating equipment, steam
distribution system and vapour, groundwater and DNAPL extraction systems. The
typical configuration of wells for a small application is with the injection wells
surroundings a central extraction well. Otherwise, multiple arrays of injection and
extraction wells are used, with typical spacing ranging from several to more than 10
metres.

Electrical Resistive Heating (ERH) employs an electrical current to generate heat in
the subsurface; the dissipation of electric energy through resistive losses produces the
soil heating. As in SEE, heating can mobilize contaminants by dissolution,
desorption and vaporization if the soil is heated to the boiling point of water. ERH is
suited for the treatment of low permeability zones, where steam cannot penetrate
rapidly. In some cases ERH is combined with SEE, for example in an aquifer where
a lower aquitard has been impregnated with DNAPL. A typical ERH setup consists
of several phase electrodes surrounding a central ground electrode, which normally
doubles as a vapour extraction well. Additional groundwater extraction wells may be
installed to capture water prior to temperature reaching the boiling point.

Thermal Conductive Heating utilises heating elements (electrical elements within a
solid casing) placed in the subsurface to generate heat, which is transferred to soil
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mainly via thermal conduction and radiant heat transport. The heating elements are
placed in vertical wells that act also as vacuum extraction wells; alternatively,
heating “blankets” arranged horizontally over the soil can be used to treat shallow
contamination. The technology is not affected by soil permeability, because the soil
heat conductivities are all fairly similar in magnitude (affected only by water content,
with conductivity diminishing as water content decreases); therefore it is possible to
attain an almost uniform heating of the subsurface once the influence regions of
adjacent heaters have superposed. The technology can achieve high temperatures (in
excess of 500 ºC) and this can cause the partial in-situ destruction of the
contaminants via either oxidation (if sufficient oxygen is present) or pyrolisis
(chemical decomposition in absence of oxygen).

1.1.2 Other techniques
Alternative approaches to NAPL source zones employ mobilisation and/or
degradation via physical, chemical or biological treatments. They can be grouped
into two main categories: mass removal and (in-situ) mass destruction technologies
(UKEA, 2002; NRC, 2004). Mass removal technologies include multiphase
extraction, water floods and chemical (surfactants and cosolvent) flushing.
Multiphase extraction employs a vacuum or pump to extract NAPL, vapour, and
aqueous phase contaminants, which may then be disposed of or treated. Water floods
involve the use of drains that pump both the NAPL and the water phases to produce
an increased driving force to direct the NAPL towards a collection drain. In chemical
flushing a liquid is introduced in the subsurface, which can increase the water
solubility of NAPLs and thus increase the extraction efficiency in the water phase.
Surfactants and cosolvents (typically alcohols) can also be used to reduce the water-
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NAPL interfacial tension, thus increasing the NAPL mobility. This approach may be
effective in the displacement of trapped NAPL and is mainly used in the remediation
of LNAPLs (lighter than water NAPLs) because vertical migration will tend to be
upward.

In-situ mass destruction technologies include chemical oxidation, chemical reduction
and enhanced biodegradation. Chemical oxidation and reduction rely on the injection
of a reactant in the subsurface (e.g. hydrogen peroxide, potassium permanganate in
the case of oxidation or zero valent iron in the case of reduction), which upon contact
with the NAPL mass achieve contaminant destruction via chemical reaction. Zero
valent iron is typically used in the dehalogenation of chlorinated solvents, whereby
the solvent is reduced to a less chlorinated compound through iron oxidation to Fe2+.
Enhanced bioremediation involves the stimulation of contaminant-degrading
microorganisms within a subsurface aquifer or vadose zone by delivering chemical
amendments to the contamination zone. Subsurface microorganisms are stimulated
by delivery of substrates, electron acceptors, and/or nutrients by means of subsurface
injection or surface infiltration (NRC, 2004).

Remediation technologies that remove substantial NAPL source zone mass are
increasingly becoming accepted as viable – and, indeed, necessary – components of a
site restoration plan. Nevertheless, solutions that are both technically practicable and
cost-effective are still lacking for some of the most challenging contamination
scenarios, such as those involving particularly recalcitrant compounds existing in
significant NAPL volumes (e.g. coal tar, heavy petrochemicals, PCB oils). For
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example, the application of thermal remediation technologies to these sites is limited
by high operating costs, since a continuous external energy supply is required to
reach and maintain throughout the treatment volume the minimum soil temperature
(often 100°C – 150°C) over a significant duration (4 – 12 months) necessary to
remove these compounds (Geosyntech, 2004). Multiphase extraction has been
demonstrated to be capable of removing significant volumes of NAPL, however it
typically leaves behind considerable amount of residual requiring subsequent
treatment and may involve extracting significant volumes of groundwater which
requires costly surface treatment. Flushing technologies are limited by issues of
access and bypassing in heterogeneous formations and the potential for downward
remobilization of hydrostatic DNAPL pools. Chemical oxidation, chemical
reduction, and bioremediation technologies also depend on adequate delivery and
mixing of surface injected fluids throughout the treatment zone and are generally
ineffective for the complex, long-chain hydrocarbons contained in coal tars and
heavy oils (UKEA, 2002). In this context, due to the technical or economic
shortcomings of existing technologies, the dominant site remediation alternative is
excavation and either disposal to a hazardous waste landfill or incineration.

1.2

Introduction to NAPL smouldering

An alternative approach to NAPL remediation, which is explored in this research, is
contaminant destruction by smouldering combustion. At the basis of this concept is
the observation that many common NAPLs are highly combustible and exhibit heat
of combustion in excess of materials that are successfully burnt in other industries
(e.g. biomass energy, waste incineration). Such industries typically employ flaming
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combustion to release the heat from the fuel and often require additional energy to
sustain the burning process. However, a flame cannot be sustained within a porous
medium such as the soil matrix and thus is not a viable technique for in situ soil
remediation. Smouldering combustion, in contrast, is the exothermic oxidation of a
condensed phase (i.e. solid or liquid) occurring on the fuel surface, and is favoured
by the presence of a solid matrix in which the fuel is embedded. Hence it can be
hypothesised that the smouldering reaction of a liquid contaminant within the soil
porous matrix may be initiated and propagate, and the process will result in
destruction of NAPL and some level of soil remediation. The following sections
present an introduction to smouldering combustion and summarise the scientific
literature relevant to this research.

1.2.1 Background: smouldering combustion
Smouldering combustion is the flameless burning of a condensed fuel that derives its
principal heat from heterogeneous oxidation reactions (direct attack of oxygen on the
fuel surface) (Ohlemiller, 1985). It generally occurs within a solid porous medium,
with the fuel being either a combustible component of the porous matrix or a
separate substance embedded in it. The presence of a solid matrix facilitates the
reaction by providing (i) a large surface area per unit volume that enhance surface
reactions, (ii) thermal insulation that reduces heat losses, and (iii) permeability to
oxygen transport to the reaction sites by convection (forced and natural) and
diffusion. Temperature, heat losses and oxidizer availability are the limiting factors
that determine the successful ignition and propagation of a smouldering reaction
(Ohlemiller, 1985; Torero and Fernandez-Pello, 1996).
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Smouldering combustion is commonly studied in simple, one-dimensional
configurations that facilitate the analysis and the comparison between experiments
and theoretical models. In this context, it is customary to distinguish two different
modes of propagation: forward and opposed smouldering. These are defined
according to direction of smoulder propagation relative to the direction of the
oxidizer flow (Ohlemiller, 2002; Rein, 2009). In forward smouldering, the reaction
propagates in the same direction as the oxidizer flow, while in opposed smouldering
the reaction propagates in the opposite direction (Figure 1.1). Forward propagation is
the most energy efficient mode since in this configuration the convective heat
transfer is from the reaction to the virgin fuel and the energy generated is partially
used to preheat the fuel and porous matrix ahead of the reaction front (Ohlemiller,
1985).

Figure 1.1 Forward propagation (left): oxidizer and smoulder propagation have the same direction;
Oppose propagation: oxidizer flow and smoulder propagation have opposite directions.

One-dimensional smouldering combustion of solid fuels has been studied to a certain
extent both experimentally and theoretically. Ohlemiller and Lucca (1983) conducted
an experimental study to characterise the propagation of forward and opposed
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smouldering in cellulose samples. The fuel was ignited at the top and a forced flow
of oxidizer was established in the upward or downward direction according to the
mode of propagation considered. In both cases, the oxygen was fully consumed by
the reaction front so that the rate of propagation was ultimately controlled by the rate
of oxygen supply. In forward mode, two distinctive reaction fronts were observed: an
endothermic pyrolisis zone propagating into the virgin fuel, followed by an
exothermic oxidation zone where the pyrolised fuel (char) is consumed generating
the energy necessary to drive the process. In opposed mode, the front advances in an
oxygen-rich region; therefore, the pyrolisis reaction (which is favoured by low
concentrations of oxygen), was not observed. The oxygen availability in the char
zone also resulted in the reaction being much closer to completion in forward than in
opposed mode (Ohlemiller and Lucca, 1983).

Two clearly defined reactions, pyrolisis and oxidation, were also observed by Torero
and Fernandez-Pello (1996) in forward smouldering experiments conducted on
polyurethane foam. The experiments were conducted with upward air flow velocities
ranging from 0 to 8 mm/s. A first smouldering regime was identified for very small
air flows (less than 1 mm/s) where only the oxidation reaction of the virgin foam is
present; at higher air flow rates two reactions take place, the endothermic pyrolisis of
the virgin foam, and the exothermic oxidation of the char left behind by the pyrolisis
front. The transition between the two regimes is determined by the onset of the char
oxidation reactions, which deplete the oxygen from the oxidizer gas flow. Similar
results were found by the same authors in natural convection forward smoldering
experiments on polyurethane foam (Torero and Fernandez-Pello, 1995). In these
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experiments the mass flux of oxidizer is that induced by natural draft through the
duct rather than the forced-convection flux. Two regimes of smouldering propagation
are identified: an initial stage when only the oxidation reaction of virgin foam is
present and a later stage when pyrolisis reactions ahead of the reaction front begin to
take place. This happens after the smolder has propagated into the middle to upper
regions of the foam, and again appears to be generated by the onset of oxidation
reactions in the char left behind by the smouldering front.

Theoretical models of the smouldering process have been presented by Dosanjh et al.
(1987), Fatehi and Kaviany (1994) and Schult et al. (1995) for opposed smouldering
and by Buckmaster and Lozinski (1996) and Schult et al. (1996) for forward
smouldering. These authors employ the method of large activation energy
asymptotics to derive the structure of the smouldering front and obtain analytical
expressions for the burning temperature and propagation velocity. To simplify the
analysis, all these models assume adiabatic, steady state conditions in a frame of
reference attached to the smouldering front. Thermal equilibrium between the solid
and gas phases is also assumed so that a single temperature model is possible. The
reaction kinetics is generally described by a one-step global reaction model that
incorporates the pyrolisis and oxidation steps. In one case (Buckmaster and Lozinski,
1996) a two-step kinetic model that considers separately the two reactions is
presented.

For forward smouldering, the mode of propagation most relevant to this research, it
is found that the combustion front may exist in one of two possible structures (Schult
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et al., 1996). In the reaction leading structure the reaction zone precedes the heat
transfer zone, in which the solid is cooled by the incoming gas flow. In contrast, in
the reaction trailing structure the heat transfer zone precedes the reaction zone. For
both of these structures two types of solutions can occur: stoichiometric and
kinetically controlled solutions. The first type of solution occurs when the oxygen is
completely consumed in the combustion front so that the reaction must wait for
oxygen to arrive before moving on. These solutions display a linear dependence of
the smouldering velocity on the incoming oxygen mass flux and are characterised by
complete conversion of the solid fuel. Kinetically controlled solutions occur when
the supply of oxygen is sufficiently high that the rate of consumption (i.e. the
kinetics) limits the propagation. For these solutions, the propagation velocity is
mainly influenced by total gas mass influx, through the burning temperature;
incomplete fuel conversion is possible in the reaction trailing mode, if the incoming
gas flux is so high that the reaction is effectively quenched before completely
burning the solid.

When closed-form solutions for the combustion characteristics cannot be obtained –
for example because the high activation energy approximation is not applicable – a
simplified approach is to integrate the fundamental conservation equations over a
control volume that comprises the reaction front to derive an approximate relation
between the smouldering velocity and other parameters (Rein, 2009). This approach
has proven successful in correlating the experimental data under the assumption of
oxygen controlled reaction for both forward (Torero and Fernandez-Pello, 1996) and
opposed (Bar-Ilan et al., 2004) smouldering propagation.
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While most research has focused on smouldering of solid fuels, there are several
examples of combustion of a liquid fuel embedded in a porous matrix. The most
relevant to the present research is the process known as in-situ combustion (ISC)
(e.g. Greaves et al., 2000, Sarathi, 1999, Akkutlu and Yortsos, 2003). In-situ
combustion is a thermal technique for the enhanced oil recovery (EOR) from
petroleum reservoirs. ISC is essentially a gas injection oil recovery process where
heat is used to improve the recovery. The heat is generated within the reservoir (insitu) by burning a portion of the oil; the burning is sustained by injecting air or an
oxygen rich gas into the formation. The oil is driven toward the extraction wells by a
combination gas drive (injected and combustion gases) and water drive (water from
combustion and recondensed formation water). The reactions involved in enhanced
oil recovery through in situ combustion are described as heterogeneous gas-solid and
gas-liquid between oxygen and the heavy oil residue (Sarathi, 1999).

An important feature of smouldering combustion, common to other combustion
processes occurring in a porous medium, is the effective energy recirculation from
the products to the reactants that takes place within the porous matrix (Figure 1.2). In
a porous burner the hot combustion gases downstream of the combustion zone
transfer heat by convection to the solid matrix; the hot solid conducts and radiates
heat in the upstream direction; upstream of the reaction zone heat is convectively
transferred from the solid to the incoming gas (Wood and Harris, 2008).
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Figure 1.2 Schematic representation of energy recirculation in a porous medium idealised as an
insulated refractory tube (Wood and Harris, 2008).

The solid matrix acts therefore as an internal heat exchanger, allowing the process of
‘borrowing’ enthalpy from the combustion products to preheat the incoming
reactants. This can result in what is commonly referred to as ‘super-adiabatic
combustion’ or ‘excess enthalpy’ burning, with the temperature in the combustion
zone that exceeds the adiabatic combustion temperature for a given composition of
reactants (Figure 1.3).

Figure 1.3 Fuel preheating and super-adiabatic combustion (adapted from Agrawal, 2008).

The mechanism of energy recirculation has several advantageous consequences on
the characteristics of the combustion process in porous media. Due to the higher
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temperature in the reaction zone, higher burning rates can be sustained as well as the
combustion of low energy content fuels or very lean air-fuel mixtures (Howell et al.,
1996; Al-Hamamre et al., 2006; Wood and Harris, 2008). The possibility of burning
lean mixtures means lower emissions of carbon monoxide and unburned
hydrocarbon from the combustion of premixed fuels.

In addition, the reduced

temperature in the products region suppress the formation of nitrogen oxide, which is
a highly temperature dependent process (Howell et al., 1996). Another characteristic
of the porous burners is the increased stability against short-term fluctuations in the
flow and concentration. This means, for example, that the reaction may be restarted
after extinction by restoring the flow of the fuel or oxidant due to the high heat
capacity of the porous bed that can maintain the temperature above the ignition
temperature for some time after the flame has been extinguished (Wood and
Harris, 2008).

No literature exists on the smouldering combustion of liquids in the context of NAPL
remediation. However, literature research in the field of combustion in porous media
and a number of technological applications suggest that NAPL smouldering is a
viable concept. Many research questions need to be answered prior to the
implementation of this new approach, pertaining to the mechanisms controlling the
ignition and propagation of smouldering of organic liquids embedded in porous
media.

1.3

Research goals

This research project had the specific goal of assessing the potential of smouldering
combustion as a remediation approach for NAPL impacted soil. To this end, a series
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of laboratory experiments were designed and conducted at the small and intermediate
bench scale. The experimental program was organised into two main objectives. The
first was to demonstrate that organic liquids embedded within an inert solid matrix
can be successfully smouldered. Proof-of-concept experiments presented in
Chapters 2 and 3 of the present thesis served to meet this objective. The second
objective of was to characterize the behaviour of the smouldering reaction and assess
its efficacy as a remediation technique under a series of contaminant, soil and
oxidizer flow conditions. These results are described in Chapters 4 and 5 of this
research.
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Chapter 2
Small scale forward smouldering experiments
for remediation of coal tar in coarse sand
2.1

Introduction

Nonaqueous phase liquids (NAPLs) are a class of organic compounds with a long
history of extensive use in industrial processes.

As the result of inappropriate

disposal practices, NAPLs are now among the most frequently occurring
contaminants detected in the subsurface throughout the industrialized world [1].
Most of these contaminants are toxic to humans and the environment in high, acute
doses and may be irritants and suspected carcinogens at low, chronic doses. Standard
handling and disposal procedures resulted in widespread releases of these chemicals
into the environment, creating persistent, long-term sources of groundwater
contamination. Existing in soil pores as a separate liquid phase, NAPL dissolve in
groundwater in amounts high enough to render it unfit for consumption, but low
enough such that its lifespan can be on the order of centuries [2]. Remediation of
NAPL-contaminated soil in a cost effective and robust manner remains a significant
challenge.

A proposed NAPL remediation approach is destruction by combustion. Many
common NAPLs, such as trichloroethylene, petrochemicals or coal tar have heats of
combustion in excess of other wastes that are successfully burnt in other industries
(e.g. biomass energy, waste incineration). Such industries typically employ flaming
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combustion to release the heat from the waste and often require additional fuel to
sustain the burning process. However, a flame cannot be sustained within the porous
media that comprises the subsurface and thus is not a viable technique for soil
remediation. Prior to the results of these experiments, the authors hypothesized that
smouldering combustion of the organic liquid within the porous matrix can be
sustained and propagate, resulting in NAPL destruction and some level of soil
remediation.

Little work on smouldering combustion exists and this application has, to the
knowledge of the authors, never been explored. Prior to the potential implementation
of this new approach, a detailed understanding of the mechanisms controlling
ignition and propagation of smouldering of organic liquids embedded in a porous
medium is required. This paper presents an initial suite of bench-top experiments that
describe the conditions under which a smouldering reaction will propagate in soil
embedded with a NAPL. These experiments serve to characterize the reaction and to
establish the conditions leading to ignition and propagation that will enable its
assessment as a viable remediation technique. A sample fuel, coal tar, has been
selected for this paper because it is relatively amenable to ignition and the
smouldering reaction is strong (i.e., can be directed away from extinction
conditions). This fuel is one of many NAPLs that have been successfully ignited as
part of the investigation of the burning conditions for other fuels, whose results are
reported elsewhere [3].
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Coal tar is a dark-colour NAPL that is typically 1.1 times denser and 160 times more
viscous than water at ambient temperatures. It is a by-product of the carbonization of
coal to produce coke and/or natural gas and does not occur naturally. Coal tar
contains a large number of polycyclic aromatic hydrocarbons (PAHs), phenols,
heterocyclic oxygen, sulphur, and nitrogen compounds and is considered
carcinogenic to humans. Subsurface contamination with coal tar exists today as a
result of uncontrolled disposal of process residuals at former manufactured gas
plants, which were situated in most towns and cities in the industrialized world
during the late 19th and early 20th centuries. There are more than 1,000 coal-tar
contaminated sites catalogued in the United States alone [4]. Conventional
remediation methods, such as direct extraction via pumping or groundwater pumpand-treat, have been demonstrated as unable to effectively restore these sites [1].

This paper presents a series of small-scale experiments conducted on sand containing
coal tar to assess the potential of smouldering combustion as a novel technology for
remediation of contaminated land by water-immiscible organic compounds.

2.2

Smouldering in porous media

Flaming combustion in inert porous media has been studied extensively as a
mechanism to control heat losses from combustion reactions and thus allow the
burning of low calorific output fuels or very lean mixtures [5]. The enabling factor is
the effective retention of heat by the inert porous matrix but its most significant
limitation is the need for the fuel to be in the gas phase; thus flaming is not a viable
technique for soil remediation and it will not be further discussed here.
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An alternative process occurring in porous media and benefiting from the same
advantageous heat transfer is smouldering combustion. Smouldering combustion is
the flameless burning of a condensed fuel that derives heat from surface oxidation
reactions [6]. It generally burns through a wide range of temperatures, is oxygen
deficient, spreads slowly and can infiltrate deep into a porous domain. It involves
processes related to fluid flow, heat transfer and heterogeneous chemical reactions.
In general, a smouldering fuel consists of an aggregate and permeable medium
formed by particulates, grains, fibres or a porous matrix. These aggregate fuel
elements provide (i) a large surface area per unit volume that enhance surface
reactions, (ii) thermal insulation that reduces heat losses, and (iii) permeability to
oxygen transport to the reaction sites by convection and diffusion.

Smouldering combustion of solid fuels has been the focus of fundamental research
and its characteristics have been studied mostly in fire safety and material synthesis.
Material synthesis studies have been reviewed by Merzanov & Khaikin [7] and fire
safety researches refer mostly to polyurethane foam [8,9] and cellulose [6]. Studies
on incineration processes involving smouldering are unusual; the best known are
Salganskii [10] and Vantelon et al. [11].

The smouldering of liquid fuels embedded in an inert porous matrix is also possible.
There are two examples of this in the literature. Well known in fire safety
engineering are lagging fires, which are fires initiated inside insulating materials (the
porous medium) soaked in oils and other self-igniting liquids [12]. In addition, in the
petroleum industry, smouldering fronts are purposely initiated in deep underground
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reservoirs to drive a fraction of the oil towards the extraction port to enhance
recovery (e.g., [13]). There is very little work published on the mechanisms
governing the smouldering of liquids.

Once ignition occurs, the smoulder reaction advances gradually through the material.
The net heat released by the reactions is partially transferred by conduction,
convection and radiation ahead of the reaction and partially lost to the environment.
The oxidizer is transported to the reaction zone by diffusion and convection, in turn
feeding the oxidation reactions. It is well established that for most materials and
typical conditions, the two limiting factors in smouldering propagation are the
oxidizer flux to, and the heat losses from, the reaction zone [6,8,9]. Smouldering
combustion can propagate in two distinctive modes, forward and opposed, depending
on the relative direction of the oxidizer flow. Forward propagation, the mode
employed in this study, is the most energy efficient mode of propagation since in this
configuration the oxidizer flows through the reaction and the energy is used to
preheat the fuel and porous matrix ahead of the reaction front [6,7].

2.3

Experimental set-up

For this set of experiments, a sample holder 100 mm in diameter was identified as
large enough to sustain smouldering but small enough to allow for a time-efficient
exploration of the phenomena. The reaction front is started by an igniter and the
propagation is aided by a forced flow of air.

Figure 2.1 presents a schematic diagram of the experimental apparatus. Upward
smouldering combustion tests were carried out in a 1L quartz glass cylindrical beaker
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100 mm in diameter and 175 mm in height. Commercial grade fresh coal tar was
employed (Alfa Aesar, Heysham, UK) exhibiting a density of 1.2 kg/L at room
temperature. The inert sand (Leighton Buzzard 8/16 sand, WBB Minerals, UK) is
characterized by a bulk density of 1.7 kg/L, porosity of 0.40 after packing, and grain
diameters of 1-2 mm. The fuel/sand mixture was prepared by mixing coal tar and
sand in a mass ratio corresponding to the desired NAPL saturation (where NAPL
saturation is defined as the volume fraction of pore space occupied by NAPL). The
base case NAPL saturation was 25%, corresponding to 0.12 kg coal tar per L sand.
Each sample was prepared in layers (see Figure 2.1). A layer of clean sand was
placed at the bottom of the beaker up to a height of 40 mm. Then the air diffuser was
installed, which consisted of a 70 mm diameter bronze porous disc, brazed to a
structural support. Additional sand was used to bury the air diffuser by a few
millimetres. Emplaced next was the igniter, a 3.25 mm square cross section x
762 mm length inconel cable heater (240 V, 450 W, Watlow Ltd, UK) formed into a
flat spiral of 80 mm maximum external diameter. Then a 60 mm layer of the coal
tar/sand mixture at the desired saturation was added. A final 30 mm layer of clean
sand was emplaced at the top of the sample and in contact with the free surface. The
igniter was placed at the bottom and upward propagation was chosen because
buoyancy favours forward propagation. For this initial study it was chosen to explore
the dependence of the process on the two dominant variables, oxidant injection rate
and fuel content. Experiments were therefore conducted at different air fluxes fixing
the fuel saturation, and at different NAPL saturation levels fixing the air flux. The
values of the inlet air flux were calculated by referring the measured volumetric flow
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rate to atmospheric pressure and dividing it by the horizontal cross-sectional area of
the beaker.
Five 1.5 mm x 0.5 m inconel sheath Type K thermocouples were driven into the sand
pack, with their junctions located on the beaker axis, at approximately 10 mm
intervals above the cable heater. The thermocouples were connected to a data
acquisition

system

(Multifunction

Switch/Measure

Unit

34980A,

Agilent

Technologies). Digital visual images of the process were taken every 10 s using a
CCD monochrome camera (Axis 206M Megapixel Network Camera) at a 640x480
dpi resolution.

Figure 2.1 Schematic of the experimental apparatus in cross-section.

The experimental system was preheated to a starting temperature of approximately
400 °C, measured at the location of the lowest thermocouple (TC1). This starting
temperature was determined from previous testing as the minimum temperature that
ensures sample ignition in the selected inlet airflow range. Preheating required 1 hr
on average and was carried out by supplying the igniter with progressively increasing
power so as to maintain approximately constant the rate of temperature rise at TC1.
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The maximum power used for these experiments was approximately 320 W, which
corresponds to a heat flux of 41 kW/m2 over the cross-sectional area of the beaker. A
low air flux of 0.6 cm/s was maintained during the preheating period to prevent
clogging of the air diffuser or the sand pack. Once the starting temperature was
achieved, the air flux was increased instantly to the predetermined level and
maintained until the end of the experiment. The igniter was turned off when the
temperature measured by the thermocouple TC2 began to decrease with time (i.e.,
post-peak). This preheating and ignition protocol is analogous to that used in [8, 9] to
study the smouldering of polyurethane foam, but adapted to the new fuel
characteristics.

The rate of smoulder propagation was obtained using two independent experimental
measurements: temperature histories and digital images. Based on temperature
histories, the smouldering velocity was calculated from the time lapse of the front
arrival at two consecutive thermocouples and the known separation distance. The
time of arrival of the reaction front at a certain thermocouple location in the centre of
the sand pack is estimated as the average of the times at which the temperature
reaches three predetermined values (either 500/600/700 °C or 600/700/800 °C
depending on the peak temperature), all of which are above the observed ignition
temperature.

In addition, images from the digital camera captured the movement of the glowing
part of the smouldering front at the edges of the sample (Figure 2.5). The
propagation of this visible front was described by processing the images to track the
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movement of its leading and trailing edges. Image capture and analysis is a
diagnostic technique commonly used in the study of smouldering reactions in
material synthesis and filtering combustion [7]. The combined use of digital imaging
and invasive thermocouple probing is a distinctive characteristic of these
experiments, made possible by the strongly reacting coal tar and the unconsolidated,
particulate inert media. In other contexts of smoulder research the materials under
study are either reacting too weakly to be visually detected (e.g., in fire safety
engineering [6, 8, 9]) or not susceptible to invasive data acquisition techniques (e.g.,
in material synthesis [7]).

During the experiment, the presence of CO and CO2 gases at the free surface in
significant amounts was measured as an indicator that a combustion reaction was
occurring inside the sand pack. Post-treatment analysis of the samples was conducted
to assess contaminant destruction as an indication of the remediation efficacy of the
process.

2.4

Experimental observations and results

Thermocouple Results varying Air Flux at fixed NAPL Saturation
The first set of experiments was conducted at forced air fluxes of 2.29, 4.75, 7.94,
and 16.2 cm/s for an initial coal tar saturation of 25%. Characteristic temperature
time histories for two of these are presented in Figure 2.2. Figure 2.2b also indicates
the incremental power supplied to the heater during the experiment. The preheating
period lasted approximately 50 min and during this period changes in the power
supplied resulted in changes of the slope of the temperature-time histories, which are
particularly pronounced for the locations closer to the igniter (thermocouples TC1
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and TC2). Thermocouple histories of the form presented in Figure 2.2 are the main
diagnostic technique to study smouldering combustion in fire safety engineering
[8,9].

Ignition of the fuel is indicated by TC1 (closest to the igniter, see Figure 2.1), and
signalled by the measured rapid temperature increase. This ignition occurred either
immediately or only a few minutes after the onset of air injection, but always at
temperatures greater than 400 °C, This indicates that the ignition temperature for
smouldering coal tar is lower and in the vicinity of 400 °C. The nature of the
preheating period was explored in detail (data not shown), during which it was
observed that an optimal heating rate was essential to attain ignition. Further
exploratory experiments were conducted on a series of organic liquids of
environmental interest, including trichloroethylene (TCE) and 1,2 dichloroethane
(DCA), but in none of these cases ignition was achieved. This finding is presumably
to be related to the higher volatility of these compounds as compared to that of coal
tar. Vapour pressures of the above chlorinated hydrocarbons are 72 and 82 mmHg
respectively at 25 oC [15] while coal tar’s most significant constituents exhibit
vapour pressures in the range 10-10 – 10-2 mmHg [16]. As a consequence,
vaporization of the chlorinated compounds during the preheating period may have
left an insufficient amount of fuel in the liquid phase to produce ignition.

After a location experiences the rapid heating indicative of the onset of smouldering,
the temperature reaches a maximum and then starts decreasing as the reaction passes.
A succession of similar temperature peaks at successive locations after the igniter is
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terminated indicates the self-sustained upward propagation of the reaction away from
the ignition zone. In some cases, such as the one presented in Figure 2.2b, the
reaction weakens significantly before reaching the top end of the sample as
suggested by the temperature history of TC5, which fails to exceed the temperature
of the previous thermocouple.

(b)

(a)

Figure 2.2 Temperature histories along the sample centre axis for a coal tar saturation of 25% and
air flow rates of (a) 9.56 cm/s and (b) 2.12 cm/s. In (b) the dotted line indicates power supplied to
the heater (right hand vertical axis).

The relationship between the average smouldering velocity and the air flux is
presented in Figure 2.3. The results indicate a nearly linear dependence of the
propagation velocity with air flux for values above 2.29 cm/s. This trend has been
observed before and is typical of oxygen-limited smouldering propagation [8,9]. The
variation of the peak smouldering temperature along the sample is presented in
Figure 2.4 for the different air fluxes. Peak temperatures at each location ranging
from 789 °C to 1073 °C were observed, with the highest values attained for the
4.75 cm/s air flux experiment. The peak temperatures for 7.94 cm/s and 16.2 cm/s
are very similar and any differences observed in Figure 2.4 are within the
measurement uncertainty of these experiments. These results reveal that, within the
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studied range of air fluxes, higher velocities result in faster propagation but not
necessarily in higher temperatures. This is typical of combustion in porous media and
is mainly associated to the fine balance between oxygen consumption and heat
transfer.

As indicated by Figure 2.4, peak temperatures are higher in the middle of the sample
and decay towards the top. The observed decay of the peak temperatures in these
experiments may be attributed to the influence of the heat from the igniter. At
locations distant from the igniter heat losses have a relatively large effect and hamper
smouldering propagation, reducing the peak temperature. It is therefore expected that
for some of the weaker smouldering fronts obtained here, results in a taller column
may show extinction of the reaction at some further distance from the igniter. Figure
2.4 suggests that only for the 2.29 cm/s air flux the reaction approaches extinction
conditions as it reaches the end of the sample. This is consistent with the break-up of
the linear dependence of the propagation velocity with air flux at lower values
presented in Figure 2.3. It is important to note that, in such systems, the relative
significance of heat losses decreases as the diameter of the sample increases; thus a
stronger smouldering process is expected as the sample is scaled-up. A more detailed
analysis of the effect of heat losses and sample size in smouldering processes is
presented in [9].
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Figure 2.3 Average smouldering velocity as a
function of the air flux.

Figure 2.4 Variation of the smouldering reaction
maximum temperature along the sample for
several air fluxes.

The Influence of Fuel Saturation
The second set of experiments varied the fuel saturation of the sand. The amount of
coal tar mixed into the soil for each case was 0.048 kg/L (10% NAPL saturation),
0.12 kg/L (25%) and 0.24 kg/L (50%). The inlet air flux was maintained at
4.75 cm/s. The propagation velocities and peak temperatures for these experiments
are presented in Table 2.1. These results indicate that as the saturation increases the
smoulder velocity decreases in a roughly linear fashion, which confirms that for this
saturation range and air flux the reaction is oxygen limited. The results also indicate
that the peak temperature increases with saturation. However, the temperature
increment is much more pronounced when saturation is increased from 10% to 25%
than from 25% to 50%; in other words, the temperature does not depend linearly on
saturation above 25% but seems to approach an asymptotic value.

Table 2.1 Dependence of Forward Smouldering on Fuel Saturation
Saturation

10%

25%

50%

Average smoulder velocity (cm/min)
Average peak temperature (°C)

0.94
784

0.84
1010

0.61
1045
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Comparison with Results from Digital Imaging
Figure 2.5 presents a sequence of images corresponding to an experiment at an air
flux of 16.2 cm/s and a coal tar saturation of 25%. Similar observations could be
made for other conditions. The images were chosen for temporal coincidence with
the leading edge of the visible front reaching TC1 (Figure 2.5a), TC2 (Figure 2.5b),
TC4 (Figure 2.5c) and TC5 (Figure 2.5d). Images from the outside of the beaker can
only capture the visible phenomena taking place within a layer near the edge of the
sample. Thus they do not provide a direct indication of the smouldering reaction in
the core of the sample. However, they provide a qualitative description of the
propagation process.
(a)
TC5
TC4
TC3
TC2
TC1
IG

t=51.1

(b)

t=52.2

TC5
TC4
TC3
TC2
TC1
IG

(c)
TC5
TC4
TC3
TC2
TC1
IG

t=53.6 (d)

t=54.6

TC5
TC4
TC3
TC2
TC1
IG

Figure 2.5 Series images showing the onset and propagation of the visible front for an air flux of
16.2 cm/s and a coal tar saturation of 25%. Numbers indicate the position of the thermocouples and
the distance in cm from the igniter (IG). Times are in minutes; reaction is initiated at t=50.0 min.

Figure 2.6 compares the propagation of the visible front at the edge with the
propagation of the temperature peaks at the core for two experiments, with Figure
2.6a corresponding to the experiment presented in Figure 2.2a and 2.5.

32

(a)

(b)

Figure 2.6 Successive positions of the leading and trailing edges of the front at the apparatus
boundary obtained from image processing compared with the positions of the temperature peaks
along the centre axis for air fluxes of (a) 16.2 cm/s and (b) 4.75 cm/s.

Figure 2.6 reveals that a good correlation exists between the evolutions of the two
fronts, with all curves in each graph exhibiting a similar slope (i.e. spread velocity).
Velocities obtained from digital images for the 4.75 cm/s and 16.2 cm/s air flux
experiments in Figure 2.6 are 0.91 cm/min and 1.23 cm/min respectively. These
compare well with the velocities of 0.84 cm/min and 1.59 cm/min, respectively,
obtained from the thermocouples. The figure illustrates that for the lower air flux the
temperature peak coincides well with the leading edge of the visible front, while for
the higher air flux the temperature peak precedes the visible front. Since the visible
images privilege the edges of the sample, the differences can be indirectly linked to
the strength of the reaction through the curvature of the smouldering front. The
visible effect of the curvature is to delay the front observed at the walls with respect
to the propagation in the centre. At the lower air flux the front curvature would be
lower (i.e., the front is flatter) which is indicative of a stronger reaction. This is
consistent with the data presented in Figure 2.4
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Post-treatment Analysis of the Sample
After each experiment the sand was excavated and the degree of remaining
contamination was first visually estimated. As an illustrative example, sand resulting
from one of the experiments is showed in Figure 2.7 compared to clean and
contaminated sand. For all the experiments where the reaction was ignited no
contamination was detected by visual inspection of sand obtained from the core (i.e.,
central 80 mm diameter) of the apparatus (Figure 2.7c). A change of the sand colour
to red is observed in the treated core. This is attributable to iron oxidation [14] and
indicative of exposure to temperatures in excess of 600 °C. Samples taken from the
sand adjacent to the beaker walls revealed the presence of some visible residual
contamination (Figure 2.7d). This indicates that in the periphery of the sample, heat
losses to the external environment caused the quenching of smouldering very close to
the wall. Several treated samples were analysed by gravimetric analysis and gas
chromatography in order to measure the extent of fuel destruction and removal from
the soil. Gravimetric analysis on samples following dichloromethane extraction of all
organics revealed average mass removals of 99.95% for the 80-mm diameter core
and 98% for the periphery. Volatile compounds (e.g., benzene, toluene,
ethylbenzene, xylene) were not detected by gas chromatography-mass spectrometry
either in the core nor the periphery of the sample.
(a)

(b)

(c)

(d)

Figure 2.7 Comparison between samples of sand before and after the treatment: (a) Clean sand, (b)
sand mixed with fresh coal tar, (c) treated sand from the core, and (d) treated sand from the periphery
of the apparatus.
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2.5

Conclusions

A set of small-scale experiments of forward smouldering combustion of liquid coal
tar embedded in coarse sand has been conducted for a range of inlet air fluxes and
fuel saturations. The progress of the smouldering reaction has been tracked by both
thermocouple measurements and visual digital imaging. The combination of these
techniques provides valuable insight into the properties of the combustion front. The
process has been characterized in terms of average smouldering velocity and peak
temperatures as a function of distance from igniter, air flux and initial fuel saturation.
Results reveal that for all the conditions presented, ignition of the fuel occurred soon
after the onset of air injection and self-sustained propagation was established after
the igniter was turned off. Peak temperatures were generally highest in the middle of
the sample and, decayed towards the top of the sample, but only for the lowest air
flux did this appear to result in reaction extinction. The observed temperature decay
away from the igniter was attributed to the consequence of igniter-assisted
propagation.
Average smoulder velocity shows a nearly linear dependence on the air flux, with a
decay of the velocity below the linear trend at low air fluxes. This suggests that, in
the range of inlet air fluxes examined, the reaction is oxygen controlled for
conditions not approaching extinction. The experiments also show that visual images
can be conveniently employed as a detection tool to track the progress of the reaction
and that quantitative estimates of the smouldering velocity obtained from images are
in good agreement with those produced by thermocouples. Results from tests at
varying fuel saturation demonstrate that ignition and self-propagation can be
achieved at saturation levels as low as 10 % and show a non-linear dependence of the
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peak temperature on saturation. Visual inspection and chemical analyses of the sand
post-experiments indicate that smouldering combustion reduces significantly the
amount of contaminant present in the soil.
These results demonstrate that smouldering combustion is a promising remediation
technique for soil contaminated by organic compounds. Prior to implementing this
technique in a field trial, further characterization of the reaction dynamics is
underway, including the sensitivity to a range of secondary parameters such as soil
type and water saturation. Soil type is considered because it is expected that
changing grain size and porosity may influence the air distribution in the porous
matrix, with possible formation of preferential paths. Water is considered because it
represents a significant heat sink, the presence of which is expected to lead to lower
reaction temperatures and lower propagation velocities. These and other additional
experiments are being conducted at the bench-and field-scales to explore the
sensitivity of the remediation process to a suite of in situ and operational parameters.
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Chapter 3
Self-Sustaining smouldering combustion of NonAqueous Phase Liquids: Proof-of-concept
experiments
3.1

Introduction

Tens of thousands of sites worldwide exhibit contamination of groundwater and
surface water by historical and continuing accidental releases of hazardous nonaqueous phase liquids (NAPLs). Common NAPLs include petroleum hydrocarbons
(oils, fuels), polychlorinated biphenyls (electrical transformer oils), chlorinated
ethenes (solvents, degreasers), creosote (wood treaters), and coal tar (manufactured
gas plants). Complex and/or long-chain compounds, such as heavy oils, PCB oils and
coal tar, are particularly recalcitrant, resisting degradation via physical (e.g.,
volatilization), biological (e.g., dehalogenation), and chemical (e.g., oxidation)
treatments that are becoming accepted remedies for more amenable contaminants.
Dealing with such wastes involves excavation and either disposal to a hazardous
waste landfill or incineration at substantial cost. As an alternative, this research paper
proposes a new approach - NAPL smouldering - as a potential remediation process.

Combustion is the exothermic oxidation of a carbon-based compound (i.e., fuel) to
primarily carbon dioxide, water, and energy. Indeed, the combustibility of NAPLs is
a characteristic that has been successfully exploited through the ex situ incineration
of NAPLs and contaminated soil [e.g., (1)]. Incineration is achieved primarily via
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flaming combustion. Flaming combustion involves the gasification of a fuel and its
exothermic oxidation in the gas phase. Incineration of NAPLs by flaming
combustion is energy inefficient (i.e., high heat losses); as a result, incineration
requires the continuous addition of fuel and, often, supplemental energy.

Smouldering combustion, in contrast, is the exothermic oxidation of a condensed
phase (i.e., solid or liquid) occurring on the fuel surface (2). Smouldering is limited
by the rate of oxygen-transport to the fuel’s surface, resulting in a slower and lower
temperature reaction than flaming. Importantly, smouldering can be self-sustaining
(i.e., no energy input required after ignition) when the fuel is (or is embedded in) a
porous medium. Self-sustaining smouldering occurs because the solid acts as an
energy sink and then feeds that energy back into the un-burnt fuel, creating a very
energy efficient reaction (1). Solid porous fuels such as polyurethane foam (3),
cellulose (2), and charcoal are typical media that exhibit self-sustained smouldering.
For these materials, studies have demonstrated that the rate of propagation of the
combustion front and net heat generated are affected by the velocity (magnitude and
direction) of air flow, pore diameter of the medium, and the fraction of porosity
occupied by fuel, air and non-reacting materials (4). Smouldering reactions can leave
a carbon-based residue (oxygen limited reactions) or can result in complete
combustion of the fuel (fuel limited reactions) (5). The former is common in
combustible porous media where the char minimizes heat losses and enables the
reaction to propagate. The latter is common when the fuel is combined with an inert
porous medium that provides the required insulation even in the fuel’s absence.
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While most research focuses on smouldering of solid fuels, there are several
examples of combustion of a liquid fuel embedded in a porous matrix. Lagging fires
occur inside porous insulating materials soaked in oils and other self-igniting liquids
(6). To enhance oil recovery, combustion fronts are initiated in petroleum reservoirs
to drive oil towards extraction points (7). The reactions involved in enhanced oil
recovery through in situ combustion are described as heterogeneous gas-solid and
gas-liquid between oxygen and the heavy oil residue (8). To the authors’ knowledge,
there is no work published on the mechanisms governing the smouldering of liquids
and none involving smouldering as a remediation technique.

NAPL smouldering is different from existing thermal remediation techniques. In situ
thermal remediation requires the continuous input of energy in order to primarily
volatalize and, in some cases, thermally degrade (pyrolize) and mobilise (via
viscosity reductions) the organic phase. All of these processes are endothermic and
remediation continues as long as externally-supplied energy input is sustained
throughout the NAPL-occupied porous medium. In contrast, NAPL smouldering has
the potential to create a combustion front that (i) initiates at a single location with the
NAPL-occupied porous medium, (ii) initiates with a one-time, short duration energy
input, (iii) propagates through the NAPL-occupied medium in a self-sustained
manner, and (iv) destroys the NAPL wherever the front passes. NAPL smouldering
is different from in situ combustion for enhanced oil recovery in that the latter is
designed to generate heat and pressure that will mobilise the entrapped oil towards
recovery wells. NAPL smouldering, in contrast, may benefit from avoiding the
recovery (and thus treatment) of NAPL and/or water.
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This work presents the first experiments of liquid smouldering in the context of
NAPL destruction within porous media. A base case experiment is described in detail
to illustrate the viability of the process, fate of the compounds and controllability of
the smouldering process in the context of coal tar remediation. A series of 23
experiments is presented to examine the potential of the process across a range of
NAPL contaminants, porous media types and other relevant parameters.

3.2

Experimental methodology

A schematic diagram of the experimental apparatus is presented in Figure 3.1.
Upward smouldering combustion tests were carried out in a quartz glass column 138
mm in diameter and 275 mm in height. Commercial grade fresh coal tar was
employed (Alfa Aesar, Heysham, UK) in the base case, with an assumed density of
1200 kg/m3 at room temperature (9). The base case employed commercially
available quartz sand (Leighton Buzzard 8/16 sand, WBB Minerals, UK),
characterized by a bulk density of 1700 kg/m3, a mean grain size of 1.34mm and a
coefficient of uniformity of 1.35. When dry packed, the average porosity of the sand
is 40%. To prepare the contaminated material, NAPL and sand were mixed in a mass
ratio corresponding to a desired (approximate) saturation (SN, defined as the volume
fraction of pore space occupied by NAPL). The target saturation for the base case
was 25%, corresponding to 71,000 mg coal tar per kg sand. The batch was
homogenized by mechanical mixing prior to packing in the apparatus.
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Figure 3.1 Schematic of the experimental apparatus and setup (not to scale).

The apparatus was packed each time in standard sequence (Figure 3.1). A 30 mm
layer of clean sand was emplaced followed by the air diffuser, which consisted of
eight perforated 6 mm tubes radiating from a central support connected to an air
compressor via an air inlet tube. Clean sand was used to bury the air diffuser by a
few millimetres, upon which was emplaced the igniter: a 3.25 mm square cross
section x 762 mm length inconel-sheathed cable heater (240 V, 450 W, Watlow Ltd,
UK) formed into a flat spiral of 130 mm maximum external diameter. The igniter
was placed at the bottom and upward propagation was chosen because buoyancy
favours forward propagation (3) (i.e., combustion front progressing in the same
direction as the oxidizer flow). A 150 mm layer of the NAPL-contaminated sand was
then emplaced. The high viscosity and cohesion of the material ensured no distinct
layering or grain size separation occurred during emplacement. A final 30 mm layer
of clean sand was emplaced at the top of the sample.
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Fifteen 1.5 mm x 0.5 m inconel-sheathed Type K thermocouples were inserted into
the sand pack along the column central axis and spaced at 10 mm intervals above the
cable heater. The thermocouples were connected to a data acquisition system
(Multifunction Switch/Measure Unit 34980A, Agilent Technologies). Continuous
exit gas analysis was performed using a Fourier Transform Infrared (FTIR) system
equipped with an onboard oxygen sensor (Analyser Dx-4000, Gasmet Technologies).
At the start of each experiment, the material adjacent to the igniter (as measured at
the lowest thermocouple, TC1) was preheated to 400 oC, requiring approximately 90
min. on average. Once this temperature was achieved at TC1, air injection at the
predetermined level (4.25 cm/s for the base case) was initiated and maintained until
the end of the experiment. The igniter was turned off when the temperature at TC1
began to decrease with time (i.e., post-peak), typically a short time (e.g., 10 minutes)
after initiating the air flow. The maximum power used for these experiments was
approximately 390 W, which corresponds to a heat flux of 26 kW/m2 over the
horizontal cross-sectional area of beaker. This ignition protocol was determined from
a series of proof of concept experiments (10).

The rate of smoulder propagation was obtained from the temperature histories of the
thermocouples embedded in the sand pack. The smouldering velocity was calculated
from the time lapse of the front arrival at two consecutive thermocouples and the
known distance between thermocouples. The front arrival at a thermocouple location
was taken as the average of the times at which the temperature reached 500, 600, and
700 oC, all of which are above the observed ignition temperature (10).
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Pre- and post-treatment analysis of the samples was conducted to assess contaminant
destruction as an indication of the remediation efficacy. Accelerated solvent
extraction (ASE) with a 50mL mixture of dichloromethane and acetone was
conducted on 20g soil samples. The extract was analysed for total extractable
petroleum hydrocarbons (TPH) in the C10 to C40 range by a gas chromatograph
equipped with flame ionisation detector (Finnegan Focus GC, Thermo Electron
Corporation, Hemel Hempstead, UK) and also for polycyclic aromatic hydrocarbons
(PAHs) by gas chromatograph equipped with mass spectrometer (Thermo Quest
Trace GC and Finnegan Trace MS, Thermo Electron Corporation, Hemel
Hempstead, UK).

A second experimental apparatus was employed to obtain basic smouldering data
over a wide variety of test conditions more rapidly than the base case system (Table
3.2). These demonstration experiments were conducted in a similar manner with a
smaller quartz beaker (100mm diameter). The height of the contaminated soil pack
was 50mm instrumented with 5 thermocouples. While not sufficient to give detailed
smouldering data, this setup proved successful for evaluating NAPL/soil
combinations that will smoulder successfully.

Demonstration experiments 1-7 examined the effects of contaminant concentration.
Experiment 1 represents the base case of 71,000 mg/kg coal tar in coarse sand in the
smaller apparatus. In experiments 2-6 the initial coal tar concentration was varied
from 14,200 mg/kg coal tar (SN≈5%) to 284,000 mg/kg (SN≈100%). In
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demonstration experiment 7, a mixture of 71,000 mg/kg coal tar, 100,000 mg / kg
water and coarse sand was prepared (SN≈25% and SW≈40%).

The effects of contaminant type were examined in experiments 8 – 14. The NAPLs
studied were mineral oil (GTX 15W-40, Castrol UK Ltd, Swindon, UK), crude oil
(Nynas, Dundee, UK), vegetable oil (Sainsbury’s, London, UK), dodecane (Acros
Organics, Geel, Belgium), 25% grease in dichloroethane (Acros Organics, Geel,
Belgium) and 25% vegetable oil in trichloroethylene (Acros Organics, Geel,
Belgium). In experiment 14, a coal tar extracted from a former manufactured gas
plant (MPG) contaminated soil (Site 1, Scotland) was tested in a medium sand
(Lochaline A, Tilcon Ltd, Manchester, UK; mean grain size of 0.53 mm).

Demonstration experiments 15-18 examined the effects of soil type and layering. In
experiment 15, medium sand was employed at a concentration of 71,000 mg/kg coal
tar. In experiment 16, natural peat (excavated at Rothiemurchus, Scotland) was
mixed with coal tar at 280,000 mg/kg. In experiment 17, the apparatus was packed in
two layers of equal thickness, with the coarse sand (71,000 mg/kg coal tar) overlying
the medium sand (71,000 mg/kg coal tar) (Figure 3.2). In experiment 18, a 1 cm
layer of clean medium sand separated 2 coarse sand layers, each exhibiting 71,000
mg/kg coal tar (Figure 3.3).

Field contaminated samples were studied in demonstration experiments 19-23. These
samples were tested as received (i.e., not dewatered). Experiment 19 employed
pulverised oil sands. Experiments 20 – 23 were coal tar-contaminated soil samples
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extracted from three distinct former MPG sites in Scotland. In each case, the soil was
a heterogeneous sample of “made ground” (i.e., artificial fill with wide assortment of
materials from silt to gravel). Experiment 23 employed oil drilling cutting waste
mixed at a 3:1 ratio with coarse sand.

Figure 3.2 Setup for experiment 17 where the apparatus was packed in two layers of equal thickness,
with the coarse sand (71,000 mg/kg coal tar) overlying the medium sand (71,000 mg/kg coal tar).

Figure 3.3 Setup for experiment 18 where a 1 cm layer of clean medium sand separated 2 coarse sand
layers, each exhibiting 71,000 mg/kg coal tar.
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3.3

Results and discussion

3.3.1 Base case experiment: proof of concept
Smouldering Combustion Temperature Profiles
Figure 3.4 presents the evolving temperature profiles of the base case experiment
(coal tar, 71,000 mg/kg). With the ignition heater initiated at t=0, the temperature
immediately adjacent to the igniter achieved 400 oC in approximately 105 minutes.
The introduction of air at this time resulted in an immediate change in the rate of
temperature increase, corresponding to ignition. Initiation of smouldering
combustion of the coal tar at this time is confirmed by the appearance of carbon
dioxide (CO2), a combustion product, in the effluent gas stream (Figure 3.4, right
axis). The temperature near the igniter achieved a maximum of approximately
1190 oC at 112 min (i.e., 8 min after ignition). The temperature at this location then
decreased as the contaminant (fuel) was consumed by the smouldering reaction,
reaching ambient temperature after approximately 160 min.

At the time of ignition, Figure 3.4 illustrates that the temperatures throughout the
column ranged from approximately 360 oC (1 cm from the igniter) to ambient at the
top of the contaminated sandpack. The power supplied to the igniter was turned off at
114 min. The energy supplied by the combustion reaction seemed sufficient to allow
propagation of the reaction along the entire length of the contaminated sandpack. A
continuous succession of non-diminishing peak temperatures (here approximately
1050 oC) in the absence of externally provided energy is characteristic of a selfsustaining smouldering process (11).
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The smouldering velocity was calculated to be 1.3 x 10-2 cm/s (0.84 cm/min), a value
consistent with other smouldering applications (12). Moreover, these types of
temperature profiles are typical of smouldering combustion in other materials (e.g.,
polyurethane foam), although the observed temperatures in those materials are lower
(3,13). Coal tar is a flammable substance in the absence of porous media. The ability
of the porous media to trap and recirculate the heat produced by the smouldering
reaction may enhance the reaction temperatures. This effect is observed in porous
media burners, which can extend the flammability range of fuels and result in weakly
flammable substances burning quite readily and even the attainment of superadiabatic flame temperatures (14-17).

Figure 3.4 Temperature histories along the sample centre axis for the base case experiment (coal tar
concentration of 71,000 mg/kg or 25% approximate saturation and air flow rate of 4.25 cm/s).

Comparison to Clean Sandpack Experiment
A comparison experiment was conducted with conductive heating only applied to
sandpack with no coal tar present. In this blank experiment, the heater was left on
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throughout. The temperature profiles at 10 cm from the igniter in both the base case
and blank experiments were compared to determine the net energy input (Figure 3.5).
The blank experiment achieved only 100 oC with constant heating, while the base
case experiment achieved 1050 oC. The area under each temperature curve represents
the energy accumulated at this location. Integrating the temperature profiles for the
entire sandpack for both experiments quantifies the net energy input (i.e., input
minus losses); this calculation reveals that the net energy input is approximately 6
times greater in the base case than the blank experiment. This difference illustrates
that smouldering coal tar combustion is a strong, exothermic, self-sustaining
reaction.

Figure 3.5 Temperature histories at 10 cm from the igniter for the base case experiment and for the
corresponding blank experiment (no NAPL present) at 4.25 cm/s air flow rate.

Soil Alterations
Visual inspection of the post-treatment sand showed no apparent signs (i.e., via sight,
smell, or touch) of remaining contamination throughout the sand pack (Figure 3.6).
However, the colour of the sand grains had changed from yellow to red. Similar
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effects are seen in soils after wildfires and slash-and-burn conversion of forest land
for agricultural purposes (14,15). Severe fires have been associated with water
repellancy and a number of other physical and chemical changes to the soil itself (1517); some of these changes may be reversible if addressed directly (16). More
research is necessary to understand the effects of smouldering combustion on soil
properties.
(a)

(b)

(c)

Figure 3.6 Coarse sand (a) before mixing with coal tar, (b) after mixing with coal tar and (c) after
STAR treatment. The final concentration of the sand in (c) was less than 0.1mg/kg TPH.

Comparison to Conductive Heating Alone
A repeat of the base case experiment, with coal tar concentration at 71,000 mg/kg
(SN≈25%) was performed with conductive heating alone (i.e., no air injection). The
same heating protocol was followed as the base case except that the power input was
held constant instead of being terminated at 114 min. Similar heating of the two
contaminated soil packs was observed initially, with 400 oC reached at the nearest
thermocouple in approximately the same time in both the base case (Figure 3.4) and
the conductive heating case (Figure 3.7). In the absence of air injection, the
temperature continued to increase slowly in the conductive heating experiment with a
maximum temperature of approximately 650 oC achieved in 164 minutes. Maximum
temperatures decreased with increasing distance from the heater, with temperatures
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near the top of the contaminated soil pack (12-16cm) reaching 100 oC at the time that
the power supplied to the heater was terminated. CO2 monitoring throughout this
experiment revealed that combustion was not occurring at any time (data not shown).
Thus, the higher temperatures obtained in this case as compared to the blank
experiment are not due to exothermic chemical reactions but mainly due to the
sustained high temperature at the heater for the duration of the experiment and the
significantly higher heat capacity of coal tar relative to sand. This experiment
underscores that smouldering combustion is a reaction that cannot proceed in the
absence of an oxidant.

Figure 3.7 Temperature histories along the sample centre axis for a coal tar concentration of 71,000
mg/kg (25% approximate saturation) and conductive heating only (i.e., no air injected).

Terminating the Reaction
Smouldering fires of peat and coal in the natural environment have been known to
burn for months or years (18,19) due to the extensive supply of fuel, the availability
of oxygen, and the self-sustaining nature of the process. To investigate the ability to
control NAPL smouldering in the laboratory, an experiment was conduct under
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similar conditions as the base case except the air injection was terminated prior to
completion. Temperature profiles in this case followed similar trends to the base case
until the air was terminated (Figure 3.8). Near the bottom of the contaminated
sandpack, where the smouldering reaction may have reached completion, the
temperature profiles are relatively undisturbed by the termination of the air flow
(except for a decrease in the rate of temperature reduction due to the loss of the
cooling effect). In the centre of the sandpack, where increasing temperatures
suggested that the smouldering reaction was beginning, the temperatures decreased
rapidly after air termination. This shift suggests that for the fuel and conditions
examined here, the smouldering reaction cannot sustain itself in the absence of
supplied air, which is confirmed by the immediate reduction in CO2 back to ambient
levels (Figure 3.8). Termination experiments were conducted for a number of
different conditions with identical results; the reaction did not continue in the
absence of an externally supplied air flow.

Figure 3.8 Temperature histories along the sample centre axis for a repeat of the base case
experiment (coal tar concentration of 71,000 mg/kg or 25% approximate saturation and air flow rate
of 4.25 cm/s) in which the air supply was terminated prematurely.
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3.3.2 Fate of Coal Tar Compounds
Chemical Analysis of Post-Treatment Soil
Chemical analysis was conducted on sequential subsamples of the post-treatment
sands in the three coal tar-contaminated experiments: base case, conductive heating
only, and air supply terminated. Prior to the experiments, the base case coal tar sand
packs exhibited TPH of approximately 38,000 mg/kg in the C10 to C40 range (71,000
mg coal tar / kg sand as prepared, SN≈25%) and PAH content of approximately 9,500
mg/kg. Post-experiment, the base case revealed no measurable TPH or PAH (i.e.,
below detection limit of 0.1 mg/kg) in the majority of locations (Table 3.1). The top
of the sandpack exhibited the highest residual TPH value of 1.2 mg/kg, likely related
to the condensation and deposition of volatile components or combustion products.
At the same subsampling intervals, conductive heating alone was observed to reduce
the coal tar concentrations significantly close to the heater (e.g., 2210 mg/kg) and
residual TPH concentrations increased with increasing distance (Table 3.1, Figure
3.9). Residual TPH values are observed to increase with decreasing maximum
temperature achieved during the experiment. The absence of vapour or liquid
extraction to remove the coal tar suggests that conductive heating alone mobilised
the coal tar, possibly below the heater and the air diffuser where subsampling was
not conducted. In the termination experiment, residual TPH values increased as
distance from the igniter increased (Table 3.1). Locations near the igniter did not
exhibit TPH reductions as significant as the base case experiment, suggesting that
despite being well along in the cooling stage, continued smouldering may have been
interrupted by air termination.
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Table 3.1 Summary of Chemical Analysis Results

(a)

(b)

Figure 3.9 Excavated samples taken at 1cm intervals from the top (left) to the bottom (right) after (a)
the base case experiment of STAR applied to coal tar in sand and (b) conductive heating of coal tar
(no air present).

Characterisation of Emissions
Emissions characterisation was conducted by real-time FTIR analysis of the exhaust
gas stream. The significant gaseous products were carbon dioxide, carbon monoxide
and naphthalene, with maximum concentrations of 2100, 430, and 56ppm,
respectively. Trace amounts of toluene and m-xylene were identified in the exiting
gas stream (maximum concentration 15ppm). Methane and hexane were also
measured in trace quantities in amounts too low to quantify. Nitrogen and sulphur
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oxides were not detected. In general, emissions are anticipated to be a function of the
contaminant, the soil, and the operating conditions. Further emissions analysis is
warranted across a range of contaminant and soil conditions to facilitate their control
or capture.

Gaseous Byproduct Formation
Because NAPL smouldering involves the combustion of hazardous materials, the
potential exists for the formation of harmful by-products during the smouldering
process. Chemical compounds such as polychlorinated dibenzo dioxins and furans
(PCDD/Fs) have been reported in the context of municipal solid waste (MSW)
incineration (20,21). Optimal conditions for PCDD/F formation may include (i)
temperatures of 200-400oC (21,22), (ii) significant chlorine content in the starting
material (22-24), and (iii) the presence of catalysts such as copper or iron (22). At
temperatures greater than 400oC, PCDD/Fs tend to undergo thermal decomposition
(21). A standard protocol for post-treatment of incinerated MSW to remove
PCDD/Fs is thermal treatment at greater than 850oC for more than 2 seconds (22). In
addition, the presence of sulphur either in the waste material itself or as an additive
during the combustion process may inhibit PCDD/F formation (24,25).

These factors suggest that smouldering combustion of coal tar, in which the physical
processes differ substantially from traditional incineration, is not likely to produce
PCDD/F compounds. Coal tars typically have little or no chlorine content. In
addition, the peak temperatures observed (in excess of 1000oC) favour PCDD/F
destruction. Further, the emission of SOX compounds, which are anticipated in the
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combustion of some coal tars, suggest further inhibition of PCDD/F production
during coal tar smouldering. Nevertheless, direct testing is warranted to investigate
the absence of harmful gaseous byproducts such as PCDD/Fs; however, gas emission
volumes were expected to be too low in the presented experiments.

3.3.3 Demonstration Experiments
Demonstration experiments were conducted to examine the applicability of NAPL
smouldering combustion across a range of typical contaminant and soil conditions,
identifying important areas for future work (Table 3.2). In all cases, NAPL
smouldering was initiated successfully and propagation was observed. In the cases
where peak temperatures do not decay with distance from the igniter (i.e., clearly
self-sustaining), a propagation velocity is reported; if peak temperature decay is
observed, a propagation velocity is not reported.

Initial concentration was varied in experiments 1-6. Time to ignition seemed to
increase with coal tar concentration and, except for experiment 3, the smouldering
propagation velocity appeared to slow with increasing concentration. Self-sustaining
smouldering was not observed in experiments 5 and 6, suggesting that at these low
concentrations, heat loss effects become significant. These data suggest that in the
range between 28,400 and 71,000 mg/kg coal tar (10% < SN < 25%) in this
experimental system, a critical concentration exists where self-sustaining
smouldering becomes possible. Because heat loss effects decrease with increasing
scale (due to reduced surface area to volume ratio), this critical concentration is
expected to be lower at larger experimental scales.
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In experiment 7, when coal tar (71,000 mg/kg) and water (100,000 mg/kg) were both
present in coarse sand, the time to ignition appeared faster than in the base case with
no water present and the peak temperatures were similar. The observed propagation
velocity was slower than the base case, despite a slightly higher air flux. These
phenomena are not necessarily contradictory. For ignition, conductive heat transfer is
important. At the igniter, the presence of modest water contents may help to ignite
the coal tar faster by acting as a heat sink helping to accumulate heat locally. At the
same time, the soil moisture may slow the smouldering propagation velocity because
the moisture away from the igniter continues to serve as a heat sink. At higher
moisture contents, the presence of water may delay both ignition and propagation.

Experiments 8-14 varied contaminant type. All of the pure and mixed NAPLs
employed exhibited ignition and propagation of the smouldering front. In all cases,
except experiment 14 (field coal tar), the peak temperatures decayed with distance;
however, in all cases, the final sandpack appeared clean to sight, smell, and touch.
These preliminary results suggest that self-sustaining smouldering may be possible
for these contaminants at a larger experimental scale.

In the experiments that varied porous media type (experiments 15-18) self-sustaining
smouldering was observed in all cases and all resulted in an apparently clean
sandpack. In experiment 15, ignition was achieved faster in the medium sand than
the base case, but smouldering propagation was an order of magnitude slower than in
the base case despite a higher air flow rate. The finer grain size may have reduced
oxygen availability to the smouldering reaction, slowing propagation. In experiment
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16, the peat acted as an additional fuel and both NAPL and soil were destroyed. In
experiments 17 and 18, the permeability contrasts did not inhibit the continuous
propagation of the smouldering front, nor did the presence of a 1 cm lens of clean
material. There may be a critical thickness of clean layer, likely scale-dependent, that
inhibits propagation of the reaction.

Experiments 19-23 demonstrated that successful smouldering was possible in a
variety of samples obtained from NAPL-contaminated sites. Smouldering behaviour
seems to correlate strongly to contaminant type and initial concentration. Heavy
hydrocarbons such as coal tar and the petroleum present in the oil sands may have
performed best because the smouldering reactions may have been energetic enough
to overcome the severe heat losses of the small demonstration system.
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Table 3.2 Demonstration Experiments conducted across a range of conditions
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The smouldering combustion of liquid contaminants has been demonstrated for the
first time in this work. Once ignition is achieved in samples of fresh and fieldderived coal tars, the process is observed to result in a self-sustaining reaction that
propagates in the absence of additional external energy input. Under the employed
laboratory conditions, NAPL smouldering achieves essentially complete elimination
of coal tar. The self-sustaining reaction appears to depend on air injection and thus
can be terminated at any time by the operator. The smouldering reaction selfterminates when the NAPL fuel in its path is consumed. Conductive heating in the
absence of air injection did not produce combustion and resulted in much higher
levels of residual contamination. Demonstration experiments suggest that
smouldering combustion may be applicable across a substantial range of NAPLs and
soil conditions. The results suggest that smouldering destruction of NAPLs has
significant potential as a remediation approach. It may be particularly promising for
soils exhibiting complex, long chain, and/or low volatility NAPL contamination
(e.g., coal tar, heavy petrochemicals, PCB oils), where existing remediation
strategies may be expensive (energy intensive), time consuming or otherwise
ineffective.

As with any technology innovation, many research questions remain to be answered.
There will be limits to the applicability of the process, in terms of minimum NAPL
calorific output, minimum NAPL concentration, and minimum air injection rate. The
influence of other practical and site-specific factors is currently being investigated at
the bench scale, including the presence of (non-finite) thermal sinks such as water,
soil heterogeneity, and organic carbon content. The scale-up of NAPL smouldering

61

as both an ex situ technique (i.e., for excavated soils) and in situ approach (i.e., on
site, avoiding excavation) is currently being researched. Possible implementations of
NAPL smouldering as an ex situ technique are described in (26). The study considers
alternative designs for an ex situ soil treatment unit, comparing both constructive
options and cost implications.
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Chapter 4
Column experiments of NAPL smouldering to
explore process sensitivity
4.1

Introduction

Non-aqueous phase liquids (NAPLs) are a class of organic compounds that are now
among the most frequently occurring subsurface contaminants throughout the
industrialized

world.

Common

NAPLs

include

petroleum

hydrocarbons,

polychlorinated biphenyls, chlorinated ethenes, creosote and coal tar. Due to their
physical and chemical properties, most of these contaminants represent a significant
threat to the human health and the environment. Conventional remediation
technologies such as pump and treat and soil vapour extraction have proven largely
inefficient in addressing subsurface contamination present as NAPL. While new
technologies are being developed and tested, remediation of the most complex, long
chain and/or less volatile NAPLs (e.g. coal tar, heavy petrochemicals) remains a
significant challenge.

An alternative approach to the treatment of these compounds, which has been
recently introduced, is NAPL smouldering (Chapters 2 and 3). At the basis of this
concept is the observation that many common NAPLs are highly combustible and
exhibit heat of combustion in excess of materials that are successfully burnt in other
industries (e.g. biomass energy, waste incineration). However, since NAPLs occur as
liquids embedded in a solid matrix, conventional incineration techniques based on
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flaming combustion (i.e. a gas phase oxidation reaction) are not applicable to NAPL
destruction without the continuous supply of an external energy input. Smouldering
combustion, in contrast, is the exothermic oxidation of a condensed phase occurring
on the fuel surface and is favoured by the presence of a solid matrix in which the fuel
is embedded (Ohlemiller, 1985). In this condition the process can be self-sustaining,
that is it initiates with a one-time, short duration energy input and propagates through
the NAPL-occupied medium without further input of externally-supplied energy.
Since the contaminant represents the fuel being consumed by the advancing reaction,
a certain degree of remediation is expected as a result of this process.

Proof-of-concept experiments conducted on coal tar were the first to demonstrate that
smouldering combustion of a liquid contaminant can be initiated within a porous
inert medium and that the process can become self-sustaining after the ignition
source is removed. Further, they demonstrated that the smouldering process selfterminates when all of the NAPL is destroyed or when the oxygen source is removed.
Nearly total elimination of the contaminant mass was observed in the employed
experimental conditions (Chapters 2 and 3).

Demonstrative experiments conducted at smaller scale (50 mm sandpack) also
indicated that the process may be applicable across a broad range of NAPL and soil
conditions (Chapter 3). Although insufficient to adequately quantify the process,
these experiments showed that NAPL smouldering is successful across a range of
soil types and contaminants (including laboratory mixtures of dodecane,
DCA/grease, TCE/oil, vegetable oil, crude oil, and mineral oil) as well as field-
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obtained samples of materials containing coal tar, oil drill cutting waste, and oil
sands.

In this work the potential of NAPL smouldering as a remediation technology was
evaluated and quantified in a systematic manner through a suite of bench scale
column experiments. The influence of a number of site-specific factors was
investigated, including NAPL concentration, water saturation and soil type. Where
possible, the work identified the parameter bounds within which the process is
successful at this scale, as these may be limiting conditions in real applications.

4.2

Experimental methodology

The experiments conducted are summarized in Table 4.1. In Figure 3.1 is presented a
schematic diagram of the experimental apparatus. Upward smouldering combustion
tests were carried out in a quartz glass column 138 mm in diameter and 275 mm in
height. Commercial grade fresh coal tar (Alfa Aesar, Heysham, UK) and crude oil
(Nynas, Dundee, UK) were employed as contaminants, with densities of 1200 and
880 kg/m3, respectively. Four types of inert porous media (two sands and two
gravels, described below) were employed. To prepare the contaminated material,
NAPL and the porous medium were mixed in a mass ratio corresponding to the
desired (approximate) saturation. The batch was homogenized by mechanical mixing
prior to packing in the apparatus.
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Figure 4.1 Schematic of the experimental apparatus and setup (not to scale).

The apparatus was packed each time in standard sequence (Figure 3.1). A 30 mm
layer of clean sand was emplaced followed by the air diffuser, which consisted of
eight perforated 6 mm tubes radiating from a central support connected to an air
compressor via an air inlet tube. Clean sand was used to bury the air diffuser by a
few millimetres, upon which was emplaced the igniter: a 3.25 mm square cross
section x 762 mm length inconel-sheathed cable heater (240 V, 450 W, Watlow Ltd,
UK) formed into a flat spiral of 130 mm maximum external diameter. A 120 mm
layer of the NAPL-contaminated sand was then emplaced. The high viscosity and
cohesion of the material ensured no distinct layering or grain size separation
occurred during emplacement. A final 30 mm layer of clean sand was emplaced at
the top of the sample.

Nine 1.5 mm x 0.5 m inconel-sheathed Type K thermocouples were inserted into the
sand pack along the column central axis and spaced at 10 mm or 20 mm intervals
above the cable heater (Figure 3.1). The thermocouples were connected to a data
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acquisition

system

(Multifunction

Switch/Measure

Unit

34980A,

Agilent

Technologies).

At the start of each experiment, the material adjacent to the igniter (as measured at
the thermocouple TC1) was heated to a predetermined temperature, corresponding to
400 and 300 oC for coal tar and crude oil, respectively. Once this temperature was
achieved, air injection was initiated and maintained until the end of the experiment.
Unless specified otherwise (i.e., Experiments 18 and 19) the air flux was maintained
constant at the base-case value (9.15 cm/s) for all the experiments. The igniter was
turned off when the temperature at TC1 began to decrease with time (i.e., post-peak),
typically a short time (e.g., 10 minutes) after initiating the air flow. The maximum
power used for these experiments was approximately 390 W, which corresponds to a
heat flux of 26 kW/m2 over the horizontal cross-sectional area of beaker. This
ignition protocol was determined from a series of proof of concept experiments
(Chapter 2).

The rate of smoulder propagation was obtained from the temperature histories of the
thermocouples embedded in the sand pack. The smouldering velocity was calculated
from the time lapse of the front arrival at two consecutive thermocouples and the
known distance between thermocouples. The front arrival at a thermocouple location
was taken as the average of the times at which the temperature reached three
predetermined values, all of which are above the observed ignition temperature
(more details on this method are available in Chapters 2 and 3).
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Pre- and post-treatment analysis of the samples was conducted for the two base-case
experiments on coal tar (71,000 mg/kg, Experiment 4) and crude oil (52,000 mg/kg,
Experiment 9). Accelerated solvent extraction (ASE) with a 50mL mixture of
dichloromethane and acetone was conducted on 20g soil samples. The extract was
analysed for total extractable petroleum hydrocarbons (TPH) in the C10 to C40 range
by a gas chromatograph equipped with flame ionisation detector (Finnegan Focus
GC, Thermo Electron Corporation, Hemel Hempstead, UK) and also for polycyclic
aromatic hydrocarbons (PAHs) by gas chromatograph equipped with mass
spectrometer (Thermo Quest Trace GC and Finnegan Trace MS, Thermo Electron
Corporation, Hemel Hempstead, UK).

Experiments 1-6 and 7-11 examine the dependence of the smouldering process on
NAPL concentration with a range of concentrations of coal tar (14,200 to
142,000 mg/kg) and crude oil (20,800 to 104,000 mg/kg) that span an order of
magnitude and are broadly representative of NAPL contents excavated from field
sites. These experiments employed commercially available quartz sand (Leighton
Buzzard 8/16 sand, WBB Minerals, UK), characterized by a bulk density of
1700 kg/m3 and a mean grain size of 1.34 mm. When dry packed, the average
porosity of the sand is 40%. This sand is indicated as “Coarse Sand” in Table 4.1.

The effect of varying initial water content of the contaminated soil was investigated
by carrying out experiments at fixed coal tar concentration of 71,000 mg/kg in coarse
sand (approximately 25% NAPL saturation) combined with initial water saturations
of 0, 25, 50 and 75% (59,000, 118,000, 177,000 mg/kg, respectively) (Experiments 4
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and 12-14 in Table 4.1). It is noted that in the 75% water/25% NAPL case, the initial
air-filled porosity is essentially zero.

The influence of the porous media mean grain size (from approximately 0.7-0.8 mm
to 10 mm) is studied in Experiments 15-17. Besides the coarse sand described above,
these experiments employed a “Medium Sand” (grain size in the range 0.7-0.8 mm,
porosity of 38%, bulk density of 1700 kg/m3) and two types of gravel. The finer
gravel had a grain size of 6 mm, bulk density of 1490 kg/m3 and average porosity of
45% (this is indicated as 6mm Gravel in Table 4.1); the coarser gravel had a grain
size of 10 mm, bulk density of 1580 kg/m3 and average porosity of 41% (10mm
Gravel in Table 4.1).

Experiments 18 and 19 examine the ability of the reaction to self-propagate at
extremely low air flow rates. The experiments were conducted on coal tar and crude
oil in coarse sand and at the base-case concentrations of 71,000 and 52,000 mg/kg
respectively. The sample was ignited according to the standard procedure and using
an initial air flux of 6.3 cm/s. The air flux was then lowered to the predetermined
level after the reaction had propagated to approximately 4 cm from the igniter. To
limit the heat losses to the outside, and thus make the experiments more
representative of conditions at larger scales, in these experiments the column was
covered with a flexible electric heater (240 V, 1040 W, Omega Inc., USA). The
heater was operated at variable power and in such a way to maintain the temperature
at the outer boundary always lower than the temperature in the centre, to ensure that
the heater was not sustaining and/or driving the combustion. Such adjustment of the
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boundary conditions is common in combustion experiments that try to reproduce
conditions existing at the field scale (e.g., in in-situ combustion experiments, Sarathi,
1999).

Table 4.1 Summary of Experiments
Variable

Experiment

Contaminant

Porous
Medium

Concentration
(mg/kg)

Saturation
(approx.)

Self-sustaining/
remediated2

Coal Tar
Content

1

Coal Tar

Coarse Sand

14200

5%



2

“

“

21300

7.5%



3

“

“

28400

10%



4

“

“

71000

25%



5

“

“

99400

35%



6

“

“

142000

50%



7

Crude Oil

Coarse Sand

20800

10%



8

“

“

31200

15%



9

“

“

52000

25%



10

“

“

72800

35%



11

“

“

104000

50%



12

Coal tar/water

Coarse Sand

71000

25%/25%3



13

“

“

71000

25%/50%3



14

“

“

71000

25%/75%3



15

Coal Tar

Medium Sand

67000

25%



16

“

6mm Gravel

90000

“



17

“

10mm Gravel

94000

30%



181

Coal Tar

Coarse Sand

71000

25%



191

Crude oil

“

52000

“



Crude Oil
Content

Water
Content

Mean
Grain Size

Air Flux

1
2
3

Air flux lowered to 0.53 cm/s soon after ignition.
The definition of remediated sand is given in Section 4.3.5
The second number indicates water saturation.
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4.3

Experimental results

4.3.1 NAPL concentration
As identified in Table 4.1, successful self-propagating combustion was achieved for
coal tar in the range 28,400 to 142,000 mg/kg and for crude oil in the range 31,200 to
104,000 mg/kg. At the scale of these experiments, the lower limit for a selfsustaining reaction in coarse sand was between 21,300 and 28,400 mg/kg for coal tar
and between 20,800 and 31,220 mg/kg for crude oil. Figure 4.2 presents the
temperature profiles for the two coal tar cases that bracket the lower saturation
boundary. Figure 4.2(a) is representative of the 16 experiments (see Table 4.1) in
which successful self-sustaining propagation was observed, as identified by the
sequential, overlapping and consistent temperature peaks (Walther et al., 2000). As
illustrated in Figure 4.2(b), at and below the lower bound of these concentration
ranges, peak temperatures at successive locations exhibited a decreasing trend,
indicating a progressive weakening of the reaction; with sufficient sandpack length,
it is expected that this would lead to extinction before the reaction reached the end of
the contaminated sample. Figure 4.3(a) and (b) present photographs of the excavated
sand packs after treatment for the respective cases plotted in Figure 4.2. In
Figure 4.3(a) the combustion front, where the essentially complete restoration of the
soil is achieved, extends radially to most of the cross-sectional area of the sandpack.
This contrasts with Figure 4.3(b) with insufficient coal tar, in which the combustion
front extends to only a narrow region close to the centre of the sample while in the
remaining area the heat generated was insufficient to overcome the lateral heat
losses.
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(a)

(b)

Figure 4.2 Temperature histories for coal tar in coarse sand at (a) 28400 mg/kg and (b) 14200 mg/kg
.

(a)

(b)

Figure 4.3 Radial extent of the reaction front for the experiments at (a) 28400 mg/kg and (b)
14200 mg/kg.

Figure 4.4 summarises the main combustion characteristics for all 11 experiments
conducted at variable NAPL concentrations. Figure 4.4(a) presents the variation of
the average maximum temperature recorded in the contaminated pack during
propagation, while 4.4(b) presents the average propagation velocity of the reaction.
Measurement uncertainty on maximum temperature values is 7%, on propagation
velocity is 13%, and on NAPL content is 1% (calculations of uncertainty presented
in Appendix C).

The figures confirm that the transition to self-sustaining

propagation occurs in the same range of concentrations for the two NAPLs; for coal
tar this corresponds to a temperature of approximately 700 oC and a front velocity of
approximately 4.5 cm/min; the corresponding values for crude oil are 550 oC and
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4.5 cm/min. It is noted that, for coal tar, both maximum temperature and average
velocity of the front increase as the NAPL concentration increases in the lower half
of the range examined (i.e. until approximately 75,000 mg/kg). This suggests that for
concentrations lower than 75,000 mg/kg the propagation is essentially controlled by
the kinetics of fuel consumption in the reaction front: at increasing fuel concentration
the increase in the rate of reaction is so high that the smouldering front can accelerate
despite having to consume more fuel in order to advance. As the NAPL
concentration increases further, the rate of reaction in the combustion front may
become high enough to consume all the incoming oxygen; at this point the reaction
would become oxygen limited and the velocity would decrease at increasing
concentrations. The observed decrease of the propagation velocity above
75,000 mg/kg seems to corroborate this hypothesis.

Burning temperatures depend not only on the reaction rate but also on the
thermophysical properties of the reacting medium (i.e., heat capacity and thermal
conductivity), which in turn depend on both soil type and NAPL content. Thus,
lower temperatures at high NAPL concentrations (above 100,000 mg/kg) may be the
consequence of more energy being required to heat the contaminated sandpack.

In the case of crude oil, above the threshold concentration for self-sustaining
reaction, propagation velocity remains essentially constant and the increase in peak
temperature is significantly lower than for coal tar in the same range of
concentrations (approximately 16% vs. 57%). This suggests that, for crude oil, the
increase in reaction rate is only sufficient to compensate for the increase in fuel
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concentration and that oxygen limited conditions are not reached. The overall modest
increase in the burning temperature is consistent, at least qualitatively, with this
observation, because it indicates that in the reaction of crude oil the increase in
energy generated is nearly balanced by the increase in the energy needed to raise the
temperature of the contaminated pack (due to an expected increase in volumetric heat
capacity with increased NAPL content).
(b)

(a)

Figure 4.4 (a) Average peak temperature and (b) smouldering velocity as a function of NAPL
concentration in coarse sand. Empty symbols indicate not self-sustaining combustion. Diamonds refer
to experiments conducted at low air flux (Experiments 18 and 19 in Table 4.1).

4.3.2 Initial water saturation
Figure 4.5 represents the temperature histories for the experiment conducted at initial
water saturation of 50% (coal tar saturation of 25%, 118,000 mg water/kg, 71,000
mg coal tar/kg, Experiment 13); similar observations were made for the other
experiments in this set (Experiments 12 and 14, data showed in Appendix A). First, it
is observed that the time necessary to achieve ignition increases (cf. Figure 5.2 in
Chapter 5), in this case by approximately 75% (65 min to 115 min). This is due to the
time lag associated with driving off the water during pre-heating of the ignition zone.
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Comparing across the experiments, it is found, as expected, that ignition time
increases with increasing water content since more water has to be vaporized before
the temperature can rise above 100 oC and reach the ignition temperature. At the time
of ignition, the upper 50% of the column still contains water (Figure 4.5, locations
where temperature ≤ 100 oC). Comparing across experiments, the length of column
containing water at the time of ignition increases with increasing initial water
saturation, from about 4 cm at 25% to 6 cm at 75% water saturation. As observed in
Chapter 3, the heated region of the sandpack is highly localized around the
combustion front (or around the ignition point, in this case) due to the insulating
properties of the porous medium; these results confirm that the igniter has a short
duration influence over a limited volume of material.

In all experiments in this set, ignition is successful and, after turning off the igniter,
the front is observed to propagate in a self-sustaining manner until all coal tar is
destroyed. During the self-sustaining phase, the advancing front gradually vaporizes
the water ahead of it via the upwards flow of hot combustion gases. Evidence of this
is the marked temperature decrease, due to evaporative cooling of the sand, observed
at locations where water was still present at the time of ignition (Figure 4.5).
Moreover, water acts as a heat sink, absorbing energy from the reaction and thus
retarding the temperature increase of the soil-contaminant mixture ahead of the
combustion front. Lower burning temperatures and propagation velocities are
therefore expected and there may exist a limit for the water saturation above which
self-sustaining propagation is not possible. However, in all cases considered here, the
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energy generated was sufficient to vaporise all the remaining water and propagate the
reaction to end of the contaminated sample.

Figure 4.6a demonstrates that the maximum temperature achieved decreased in a
nearly linear fashion (from 1050 to 850 oC) with increasing initial water saturation.
This is a result of the corresponding increase in the net energy loss to the
vaporization of water. However, the front propagation velocity does not change
significantly with the water content (the differences in Figure 4.6b are within the
experimental uncertainty for these experiments). This suggests that, despite the
decrease in the burning temperature, the reaction remains in the oxygen-limited
regime (see Section 4.3.1) where the velocity is essentially dictated by the rate of
oxygen supply and the fuel concentration. As those do not change, the velocity also
does not change.

Figure 4.5 Temperature histories for coal tar at 71,000 mg/kg and 50% initial water saturation
(Experiment 13).
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(a)

(b)

Figure 4.6 (a) Average peak temperature and (b) propagation velocity as a function of
initial water saturation.

4.3.3 Mean grain size
In all cases except one (10mm gravel) a successful self-sustaining front propagated
the length of the column. Figure 4.7 presents the sensitivity of the reaction peak
temperature and propagation velocity with the type of sand. The graphs suggest that,
among the examined media, coarse sand presents the most favourable conditions for
smouldering propagation (i.e., maximum peak temperature and maximum average
velocity). However, the difference between coarse sand and medium sand in both
temperature and velocity is within the measurement uncertainty for these
experiments. Although an increase in the smouldering reaction rate would be
expected with decreased pore size, since the fuel surface area per unit volume
increases, this effect may have been balanced by the decreased NAPL concentration
in medium sand (recall that the NAPL concentration was selected in order to
maintain the saturation constant, see Table 4.1). In 6mm gravel, the reaction is still
self-sustaining and the difference in burning temperature compared to the coarse
sand case is within the measurements uncertainty. However, the spread velocity is
significantly lower than in coarse sand and this decrease is higher than would be
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expected based on the change in NAPL concentration (see Section 4.3.1). Indeed, the
decrease in propagation velocity is even more pronounced for 10mm gravel (51%
compared to coarse sand) and also the average peak temperature exhibits a
significant decrease (approximately 39%).

Examining the temperature histories and the excavated sand pack for this experiment
reveals that the reaction is not self-sustaining in this medium at this scale (data
presented in Appendix A). These results are explained by the different mechanisms
acting as the grain size increases. A decrease of the smouldering reaction rate is
expected with increased pore size as a result of the decreased fuel surface area per
unit volume. Also, at larger solid grain size the temperature of the solid may not have
sufficient time to equilibrate with the temperature of the gas phase (Whale et al.,
2003). This means that the solids role as a heat sink increases and may become
sufficient to progressively diminish the reaction intensity with the distance from the
igniter.

(a)

Figure 4.7 (a) Average peak temperature and (b) propagation velocity as a function
of mean grain size.
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(b)

4.3.4 Reduced air flux
Results for both coal tar and crude oil show that the reaction is self-propagating at
least down to an air flux of approximately 0.5 cm/s (data presented in Appendix A).
At this air flow rate the reaction propagated through the rest of the contaminated
sandpack before extinguishing in the proximity of the top. Extinction in this region is
expected at such low air flux due to the (now significant) fraction of heat lost through
the upper boundary of the system. While the upper boundary normally causes
relatively minor decrease in the smouldering temperature and velocity (see Chapters
2 and 5), their relative magnitude compared to the heat generated increases as the air
flux decreases, until smouldering propagation can no longer occur (Rein, 2009).

As plotted in Figure 4.4, for the coal tar case, reducing the air flux by 95% (9.5 cm/s
to 0.53 cm/s) caused the peak temperature to change by 36% (from 1050 to 670 oC)
and the velocity of the front to change by 85% (from 0.68 to 0.10 cm/min). In crude
oil, the comparable numbers are 13% temperature decrease (616 to 537 oC) and 85%
reduction in propagation velocity (0.45 to 0.068 cm/min). A nearly linear decrease in
propagation velocity with the air flux is expected since smouldering propagation is
typically an oxygen-limited process (Chapters 2 and 5). Burning temperatures are
consistent with the values observed in Figure 4.4a near the lower boundary for selfsustaining propagation.

4.3.5 Extent of remediation
While it was not feasible to conduct detailed chemical analysis on subsamples of every experiment, it was carried out for the two base-case experiments on
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coal tar (71,000 mg/kg, Experiment 4) and crude oil (52,000 mg/kg, Experiment 9).
The results are presented in Table 4.2 (note that the coal tar results are reproduced
from Chapter 3). Prior to the experiment, the coal tar sand pack exhibited TPH of
approximately 38,000 mg/kg and PAH content of approximately 9,500 mg/kg. Note
that the difference between the TPH value and the total initial concentration is a
consequence of the methodology employed for the extraction and analysis of the
sand (see Section 4.2), which provides a measure of the extractable hydrocarbons in
the range C10 to C40 rather than the total hydrocarbons. Table 4.2 reveals that the
concentrations of TPH and PAH in the treated coal tar sand are below the detection
limit in the majority of the samples and never exceed 2 mg/kg (i.e., more than
99.9999% reduction at all locations). For crude oil, pre-treatment analysis revealed
concentrations of TPH and PAH of approximately 18,000 and 90 mg/kg,
respectively. After the experiment the concentrations were reduced more than 99.5%
in all locations (average TPH = 38 mg/kg, maximum TPH = 87 mg/kg) excluding the
top two centimetres where boundary effects were significant.

The higher degree of remediation in the coal tar versus the crude oil is likely due to
the more exothermic reaction and higher net energy at the front (as evidenced, for
example, by the higher maximum temperatures and the boundary effect only
observed for crude oil). This, in turn, is likely inherent to the various properties of
the two contaminants, such as the range of boiling points exhibited by the broad
spectrum of compounds each contains.
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As identified in Table 4.2, the contaminated sandpack was effectively remediated in
every experiment that exhibited self-sustaining smouldering (i.e., all except
Experiments 1, 2, 7 and 17). ‘Remediated’ in this context is taken to mean that no
trace of contamination was evident (by sight, smell, or touch) in the treatment zone
(with the exception of the top 2cm of the column, which in some cases exhibited
residual contamination due to process extinction from the boundary effect). In
essence, the entire set of experiments makes it clear that when self-sustaining
combustion is induced, the extent of remediation is thorough. Visible traces of
contamination remained only in the cases where the reaction was clearly not selfsustaining at this scale (namely, when the NAPL content was too low or the grain
size was too large).

From the chemical analyses that were conducted (e.g., those presented in Table 4.2
plus numerous spot samples on other experiments), it was estimated that the lower
limit of residual contamination (i.e. after treatment) that can be visibly detected is
approximately 200 mg/kg TPH. Therefore, it is hypothesized that in all the
successful, self-propagating cases, this represents an upper bound on the
concentration after treatment (excepting the boundary effect). However, it is
suspected that the actual concentration after treatment is substantially lower,
particularly in the coal tar experiments (as in Table 4.2).
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Table 4.2 Summary of Chemical Analysis Results
Coal tar at 71000 mg/kg

Crude oil at 52000 mg/kg

EPH1 TPH
(mg/kg)

PAH
(mg/kg)

EPH1 TPH
(mg/kg)

PAH
(mg/kg)

0-1

<0.1

<0.1

6

<0.1

1-2

<0.1

<0.1

1

<0.1

2-3

<0.1

<0.1

3

0.14

3-4

<0.1

<0.1

7

0.24

4-5

0.3

0.3

66

0.49

5-6

<0.1

<0.1

75

0.52

6-7

<0.1

<0.1

39

0.34

7-8

<0.1

<0.1

46

0.41

8-9

<0.1

<0.1

69

0.67

9-10

<0.1

<0.1

17

0.23

10-11

<0.1

<0.1

30

0.52

11-12

<0.1

<0.1

31

0.48

12-13

1.20

1.21

60

0.89

13-14

<0.1

<0.1

87

1.21

14-15

<0.1

<0.1

358

3.26

15-16

<0.1

<0.1

822

8.68

Distance from
igniter (cm)

1

EPH = Extractable Petroleum Hydrocarbons

4.4

Summary and conclusions

Self-sustaining smouldering combustion of coal tar and crude oil, corresponding to
essentially complete remediation, is demonstrated across a wide range of NAPL
contents, air fluxes, and several grain sizes from medium sand to gravel. The extent
of remediation in the treatment zone is estimated to be at least 99.5% and 99.9999%
for crude oil and coal tar, respectively. In addition, the lack of any visible traces of
residual in those cases achieving self-sustaining combustion is estimated to indicate
between 0.1 and 200 mg/kg TPH after treatment. At this scale, the lower
concentration limits for achieving self-propagation are in the bounds of 21,300-
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28,400 mg/kg for coal tar and 20,800-31,220 mg/kg for crude oil. Below this, not
enough energy is generated to overcome the heat losses that are prevalent at this
scale.

Non-zero initial water saturation was observed to delay the time of ignition and
decrease the temperature and velocity of the reaction front. At the employed coal tar
concentration (71,000 mg/kg), the process remained self-sustaining across the range
of initial water saturations examined. In all cases it was observed that all the water
was driven off ahead of the front by heat convection and hot gas flow. It is
acknowledged that in the field, where a constant head water boundary will exist at
some distance from the reaction, there will be hydraulic gradients that cause influx of
water to zones where water has been displaced. It is not yet known if water influx
would be enough of a heat sink to diminish an otherwise self-sustaining reaction; it
likely depends on the excess energy of the system (which is, as demonstrated here, at
least a function of NAPL type, mean grain size, and air flux) and on the rate of water
influx versus the rate at which the reaction propagates. Experiments are planned to
explore this, and thereby determine if this process is viable for contaminated
sediments below the water table. Meanwhile, the presented results suggest significant
promise for treating contaminated soil in the unsaturated zone as well as for
contaminated soils that have been excavated (regardless of water content and without
the need to dewater).

Varying the grain size of the porous medium was also observed to affect the process
characteristics by modifying the NAPL-air interfacial area as well as the heat transfer
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properties of the solid matrix. Results indicate that the process ceases to be selfsustaining if the mean grain size exceeds a threshold value, estimated for this scale of
experiment and these contaminants to be in the range 6-10mm.

Experiments conducted at extremely low air flux indicate that the smouldering
reaction of both coal tar and crude oil is self-sustaining down to an air flux of at least
0.5 cm/s (Darcy flux) when boundary conditions are modified to reduce the heat
losses to the outside. This is an important result in view of full scale applications of
the process, since calculations suggest that this is a value that is realistic to achieve in
the field.

It is underscored that combustion behaviour is highly sensitive to scale (Rein, 2009)
and therefore the results are relevant at the scale examined. In particular, the metrics
of smouldering combustion are expected to be sensitive to the ratio of surface area to
volume of the system, which is directly related to heat losses and thus affects the
energy balance at the reaction front. For this reason, achieving self-sustaining
smouldering is most challenging at the bench scale, such as that employed in this
work. Thus, the limits of NAPL content and grain size observed here are expected to
be conservative estimates. At the same time, it is acknowledged that real systems
exhibit inherent heterogeneity of all system parameters (e.g., NAPL content,
permeability, etc.) as well as multi-dimensionality that will also affect performance
metrics. Larger scale experiments under controlled and pilot field conditions are
currently being undertaken to address these open questions.
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Chapter 5
Smouldering characteristics at varying
experimental conditions and comparison with
theoretical models
5.1

Introduction

Smouldering combustion is an innovative approach to the remediation of soils
contaminated by non-aqueous phase liquids (NAPLs). Recent studies (Chapters 2
and 3 in the present thesis) have shown that the smouldering reaction of a liquid
contaminant can be initiated within the soil porous matrix and the process can
become self-sustaining once the source of ignition is eliminated. Demonstrative
experiments presented in Chapter 3 also suggested that the process may be applicable
across a substantial range of NAPL and soil conditions. Such hypothesis was tested
in a more systematic manner in Chapter 4 through a series of larger scale sensitivity
experiments, which confirmed the broad range of process parameters within which
the process is self-sustaining and essentially complete remediation is achieved.

The main objective of this chapter is to provide further understanding of the
mechanisms governing the smouldering combustion of NAPLs by comparing the
experimental results with theoretical models existing in the smouldering literature.
Previous studies on the smouldering combustion of solid fuels indicate that the rate
and extent of the reaction are often controlled by the rate of oxygen supply and the
magnitude of the heat losses to the external environment (Ohlemiller and Lucca,
1983; Bar-Ilan et al., 2004, Rein 2009). Under these conditions, analytical models
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derived from global conservation of energy and oxygen mass in the reaction front
have proven successful in predicting the measured propagation velocity for a range
of experimental conditions (Torero and Fernandez-Pello, 1996; Bar-Ilan et al., 2004).
In order to apply this approach to the present study, additional experiments have
been conducted to examine the combustion behaviour under varied inlet air fluxes
and, further, to characterise the stoichiometry of the reaction and estimate the energy
constants of the process. These and the data presented in Chapter 4 (Section 4.3.1)
are used here to compare with the modelled results.

5.2

Experimental methodology

Experiments presented in this chapter are listed in Table 5.1. All the experiments
were conducted at 25% NAPL saturation. Groups of experiments 1-4 and 9-12
explore the influence of the inlet air flux in coarse sand for coal tar and crude oil
respectively; these experiments were repeated in medium sand to examine the
sensitivity of the reaction to the porous media grain size (Experiments 5-8 and 1316). The experimental setup and procedure employed for all the experiments is
essentially the same described in detail in Chapter 4. Variations to the basic setup
will be indicated in the text where necessary.
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Table 5.1 Summary of the Experiments
Experiment

Contaminant

Porous Medium

Inlet air flux

1

Coal Tar

Coarse Sand

4.05 cm/s

“

“

9.15 cm/s

3

“

“

16.6 cm/s

4

“

“

25.2 cm/s

5

Coal tar

Medium Sand

4.05 cm/s

“

“

9.15 cm/s

7

“

“

16.6 cm/s

8

“

“

25.2 cm/s

9

Crude Oil

Coarse Sand

4.05 cm/s

10

“

“

9.15 cm/s

11

“

“

16.6 cm/s

12

“

“

25.2 cm/s

13

Crude oil

Medium Sand

4.05 cm/s

14

“

“

9.15 cm/s

15

“

“

16.6 cm/s

16

“

“

25.2 cm/s

2

6

a
b

5.3

a

b

This experiment corresponds to Experiment 4 in Table 4.1
This experiment corresponds to Experiment 9 in Table 4.1

Experimental results

Experimental data available for these experiments consist of thermocouple
measurements and, only for Experiments 2 and 10 in Table 5.1, chemical
composition data of the gaseous emissions. A detailed description of the measured
results will be presented in the first part of the following subsections; derived results
and their analysis will be presented later in the chapter.
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5.3.1 Thermocouple data and combustion characteristics
Figure 5.1−5.4 present the temperature traces for the experiments conducted with

coal tar in coarse sand at varying input air flux (Experiments 1-4); each line
represents the temperature history at a specific location above the igniter, as
indicated by the legend. For all the experiments, ignition of the fuel occurred either
immediately or only a few minutes after the onset of the air injection, as indicated by
the rapid increase of the temperature measured by the thermocouples closest to the
igniter. Following ignition, a characteristic sequence of temperature peaks at
successive thermocouple locations is observed as the reaction propagates upwards
through the contaminated sand. Transition from igniter-assisted propagation to selfsustaining propagation of the reaction is generally signalled by a decrease in the peak
temperatures at 3-4 cm from the igniter. Following this, temperatures increase and
stabilise in the central part of the sample. A decrease in the peak temperatures is
again observed in the last 1-2 cm of the sample as the reaction approaches the end of
the contaminated material (see Figures 5.1-5.3). A somewhat different behaviour was
observed at the highest air flux (Experiment 4, Figure 5.4); the reaction is here
characterised by an almost constant temperature decay, from temperatures as high as
1300 ºC to approximately 1000 ºC at the end of the sample. It is further noted that the
width of the temperature profiles decreases, and the peak of the profiles increases to
higher temperatures, with increasing air flux; both indicate an increase in reaction
intensity with increasing air flux.
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Figure 5.1 Temperature histories for coal tar in coarse sand at 25% saturation and 4.05 cm/s air flux.

Figure 5.2 Temperature histories for coal tar in coarse sand at 25% saturation and 9.15 cm/s air flux.
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Figure 5.3 Temperature histories for coal tar in coarse sand at 25% saturation and 16.6 cm/s air flux.

Figure 5.4 Temperature histories for coal tar in coarse sand at 25% saturation and 25.2 cm/s air flux.
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Figures 5.5 and 5.6 present the temperature profiles corresponding to the experiments
in Figures 5.1 and 5.2. Each line represents the temperature distribution within the
sand pack recorded at a specific time after ignition; the time interval between profiles
is indicated on the graphs. These plots illustrate the progression of the high
temperature front associated with the advancing smouldering reaction; at the same
time they show the progressive cooling of the region closer to the igniter, where the
reaction is reaching completion and the cooling effect of the incoming air becomes
prevalent. The comparison between the two figures confirms the increase in reaction
intensity at increasing air flux: the average distance between the profiles at 9.15 cm/s
is larger, and the time to reach the end of the sample is smaller, than at 4.05 cm/s.
Further, the faster cooling at locations closer to the igniter is consistent with the more
intense convective heat transfer at higher air flux.

Figure 5.5 Temperature profiles for coal tar in coarse sand at 25% saturation and 4.05 cm/s air flux.
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Figure 5.6 Temperature profiles for coal tar in coarse sand at 25% saturation and 9.15 cm/s air flux.

Temperature traces for the experiments conducted with coal tar in medium sand are
presented in Figures 5.7-5.10 (Experiments 5-8). The graphs present similar
characteristics to those observed in the coarse sand experiments, with some
noticeable differences. The similarities are that in all cases ignition of the fuel occurs
soon after the onset of air flow and the reaction is able to propagate itself once the
igniter is turned off. However, the temperature decrease subsequent to ignition,
occurring between 3 and 4 cm from the igniter, is more pronounced in these
experiments than in the coarse sand case. The slope of the rising front of the
temperatures peaks is lower, and their width considerably larger (nearly twice that
observed in the coarse sand case, at 90% of the peak temperature), which suggests a
less intense reaction. Maximum temperatures reached in the central part of the
sample are significantly lower, with a decrease of about 100 to 150 ºC in comparison
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to the coarse sand experiments. At the lowest air flux, temperature decay towards the
upper boundary is observed, which suggests that for this experiment the reaction is
approaching extinction. However, as observed with the coarse sand, increased air
flux corresponds to increased reaction intensity and the differences between the sand
types thus diminishes at the higher air fluxes examined.

It is noted that, for air fluxes higher than 4.05 cm/s in medium sand, partial
fluidisation of the sand pack occurred towards the end of the experiment (i.e., when a
small contaminated region with low permeability to air capped a large region of
contaminant-free porous media). This behaviour is responsible for the sudden
temperature drop and irregular trend observed in Figures 5.8-5.10, and the
phenomenon is an artefact of the experimental scale.

Figure 5.7 Temperature histories for coal tar in medium sand at 25% saturation
and 4.05 cm/s air flux.
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Figure 5.8 Temperature histories for coal tar in medium sand at 25% saturation
and 9.15 cm/s air flux.

Figure 5.9 Temperature histories for coal tar in medium sand at 25% saturation
and 16.6 cm/s air flux.
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Figure 5.10 Temperature histories for coal tar in medium sand at 25% saturation
and 25.2 cm/s air flux.

Temperature traces for the experiments conducted with crude oil in coarse sand are
presented in Figures 5.11-5.14 (Experiments 9-12). Key similarities include the rapid
onset of the reaction after air injection is started and the increase in the intensity of
the reaction with increasing air flux. The most remarkable difference compared to the
coal tar case is in the magnitude of the peak temperatures observed in these
experiments, which are significantly lower than in the coal tar experiments. Average
maximum temperatures for crude oil ranged between 630 and 680 ºC, well below the
minimum observed in the coal tar experiments (nearly 840 ºC). Another noticeable
difference is that the temperature peaks are much wider than those measured for coal
tar (the average peak width for crude oil is about half of the propagation time, while
for coal tar this is about one third on the propagation time over the same distance).
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Figure 5.11 Temperature histories for crude oil in coarse sand at 25% saturation
and 4.05 cm/s air flux.

Figure 5.12 Temperature histories for crude oil in coarse sand at 25% saturation
and 9.15 cm/s air flux.
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Figure 5.13 Temperature histories for crude oil in coarse sand at 25% saturation
and 16.6 cm/s air flux.

Figure 5.14 Temperature histories for crude oil in coarse sand at 25% saturation
and 25.2 cm/s air flux.
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The experiments conducted with crude oil in medium sand produced results similar
to those for crude oil in coarse sand (data presented in Appendix A). Comparing the
medium and the coarse sand experiments for crude oil, the width of the temperature
profiles was similar and the average peak temperatures did not present significant
variations (differences in maximum temperatures are within 3%), which contrasts
with the results for coal tar in the same porous medium. This reveals that, unlike for
coal tar, the strength of the reaction remained almost unchanged between the two
porous media for crude oil.

The relationship between the average peak temperature and the air flux for all the
experiments conducted at NAPL saturation of 25% is presented in Figure 5.15.
Average peak temperatures for coal tar increase with the air flux and range between
975 and 1135 oC in coarse sand and between 840 and 1035 oC in medium sand. Peak
temperatures for crude oil range between 600 and 670 oC, with no significant
differences between coarse and medium sand; also, there is less of a distinct
dependence on the air flux since temperature differences are within or close to the
measurement uncertainty for these experiments (see Appendix C).

A clear separation is evident between coal tar and crude oil peak temperatures, the
former being on average 350 oC higher than the latter. This can be in part the
consequence of different fuel concentrations between the two groups of experiments
because, since crude oil is less dense than coal tar, an equal saturation corresponds to
a lower concentration of mass. In addition, crude oil contains a larger fraction of
volatile compounds compared to coal tar, therefore it is expected that a larger amount
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of it is vaporized during the smouldering process, thus reducing the effective
concentration of oxidized fuel in the porous medium.

The variation of the average smouldering velocity with the inlet air flux is presented
in Figure 5.16. In all but one case, propagation velocity increases with increasing air
flux indicating that the reaction is, in general, oxygen limited. The exception is
Experiment 12 (25.2 cm/s air flux, 25% saturation coal tar, medium sand) which
exhibits essentially the same velocity as the 16.6 cm/s experiment. This behaviour
was probably the result of substantial air channelling in the vicinity of the column
walls, which decreased the effective air flux in the core of the sample.

Figure 5.15 Average peak temperature as a function of the air flux for the experiments conducted at
constant NAPL saturation (25% of the pore space).
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Figure 5.16 Average smouldering velocity as a function of the air flux for coal tar (left) and crude oil
at constant NAPL saturation (25% of the pore space).

5.3.2 Characterisation of the gaseous emissions and reaction
stoichiometry
Characterisation of the gaseous emission was carried out on a subset of the
experiments (Experiments 2 and 10 in Table 5.1) through real-time FTIR analysis of
the exhaust gases. At the exhausts dilution employed in these experiments (gas flow
rate in extraction hood set at 150 L/s) the principal compounds detected in the
emission were, in addition to carbon dioxide, carbon monoxide and water,
naphthalene in the case of coal tar, hexane and methane in the case of crude oil
(Figures 5.17-5.20). Trace amounts of toluene, m-xylene, methane and hexane were
also measured in the emissions from coal tar while concentrations of other secondary
species from crude oil were too low to be quantified. The oscillations in the
concentrations of toluene and m-xylene observed in Figure 5.18 may have resulted
from the instrument failing to consistently identify those compounds at each
measuring time.
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Figure 5.17 Carbon dioxide and carbon monoxide emissions for a base-case experiment
on coal tar in coarse sand (reproduced from Chapter 3).

Figure 5.18 Principal volatile hydrocarbon emissions for a base-case experiment
on coal tar in coarse sand.
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Figure 5.19 Carbon dioxide and carbon monoxide emissions for a base-case experiment
on crude oil in coarse sand.

Figure 5.20 Principal volatile hydrocarbon emissions for a base-case experiment
on crude oil in coarse sand.
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Global stoichiometry and the heat of reaction
Based on the measured composition of the gaseous emissions, an approximate
reaction mechanism is derived for the NAPL smouldering process. This will enable
the estimate of the specific energy release associated with the reaction, a key
parameter for both theoretical modelling and practical applications of the process.

In general, any combustion reaction can be described by a global stoichiometry of
the kind
n

1 · [NAPL] + νO · O2 → νCO2 · CO2 + νCO · CO + νH2O · H2O +

∑ν
i=4

i

⋅ HCi + ∆Hr

(1)

whereby a unit mass of fuel (the NAPL) reacts with oxygen and is converted to
carbon oxides, water and lighter hydrocarbons HCi, while releasing the amount of
energy ∆Hr (enthalpy of reaction) (e.g. Glassman and Yetter, 2008).
To calculate the values of the stoichiometric coefficients present in (1), n equations
are needed in the unknown coefficients ν i . Three equations are provided by the mass
balances of C, H and O; (n-3) additional relationships can be obtained from the
experimental data, for example by calculating the mass ratios ν CO 2 ν CO , ν i ν CO
(for i = 4 L n ). The following system of equations can thus be obtained:
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n
ν CO 2
ν CO
1
νi
=
+
+ ∑ Ci ⋅
MWHC i
MWNAPL MWCO 2 MWCO 2 i =4
n
ν H 2O
x
νi
= 2⋅
+ ∑ Hi ⋅
MWNAPL
MWH 2O i = 4
MWHC i

ν CO2
ν H2O
y
νO
ν CO
+ 2⋅
= 2⋅
+
+
MWNAPL
MWO 2
MWCO 2 MWCO 2 MWH 2O
ν CO 2
ν CO
ν HC1
ν CO

(2)

= R1
= R2

M
ν HCn
= R n +1
ν CO

In the above equations Ci and Hi are the number of atoms of carbon and hydrogen in
the molecule of the hydrocarbon HCi while x and y are the coefficients of hydrogen
and oxygen respectively in the NAPL empirical formula CHxOy. The constants Ri are
calculated from the experimental data as the ratios Mi/MCO between the mass of the
species i and the mass of CO produced in the reaction, taken as the net cumulative
mass of these compounds produced in a given time interval in which the reaction is
considered steady, so that the ratios do not depend on the interval chosen. By ‘net’ it
is meant that the mass of CO2 does not include the atmospheric CO2 present in the
ambient air entrained in the extraction hood.
By Hess’s law, the enthalpy change associated with a generic reaction can be
expressed as a combination of the enthalpy changes of any number of intermediate
steps that lead to the overall reaction. Thus in order to calculate the heat of
combustion of the generic reaction (1) it is sufficient to represent this process as a
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combination of reactions of known heat of combustions. One way to achieve this is
to consider the process of complete combustion of NAPL:
1 · [NAPL] + ν O,cc · O2 → ν CO 2 ,cc · CO2 + ν H 2O,cc · H2O + ∆Hr,cc

(3)

as the results of the process (1) followed by the oxidation of carbon monoxide to
carbon dioxide:
CO + 1/2 O2 → CO2 + ∆Hr,2

(4)

and the complete oxidation of the hydrocarbons HCi:
HCi + a i,1 ⋅ O 2 → a i,2 ⋅ CO 2 + a i,3 ⋅ H 2O + ∆H r,i

i = 4L n

(5)

Equation (1) can thus be obtained from Equation (3) by subtracting from this the
reactions (4) and (5) multiplied by the stoichiometric coefficient with which CO and
the HCs occur in Equation (1). Consequently, the heat of reaction for the process (1)
can be expressed as:
n

∆H r = ∆H r,cc − ν CO ⋅ ∆H r,2 − ∑ ν i ⋅ ∆H r,i

(6)

i=4

The heat of complete combustion ∆H r,cc can be determined experimentally, for
example by bomb calorimetry testing, while the other heats of reaction on the righthand side of equation (6) are found in the literature. Hence, the heat of reaction ∆H r
can be calculated once the stoichiometric coefficients of the reaction (1) are known.

Figures 5.21 and 5.22 present the cumulative mass of the principal gases collected in
the emissions for base-case experiments on coal tar and crude oil. In both cases more
than 90% of the total mass of gaseous products (excluding water) is accounted for by
CO2, CO and the most abundant among the light hydrocarbons, that is naphthalene
(C10H8) and hexane (C6H14) for coal tar and crude oil respectively. For this reason, in
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order to obtain a first-approximation estimate of the heat of combustion of the two
NAPLs, only these compounds have been counted among the light hydrocarbons
produced in the reaction. The general reaction scheme (1) is thus simplified into the
following stoichiometries for coal tar and crude oil:
1 · [Coal tar] + νO · O2 → νCO2 · CO2 + νCO · CO +
+ νH2O · H2O + ν C10 H8 ⋅ C10 H 8 + ∆Hr,ct

(7)

1 · [Crude oil] + νO · O2 → νCO2 · CO2 + νCO · CO +
+ νH2O · H2O + ν C6 H14 ⋅ C 6 H14 + ∆Hr,co

Figure 5.21 Cumulative mass of COx and principal volatile hydrocarbon in the emissions for a
base-case experiment on coal tar in coarse sand.
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(8)

Figure 5.22 Cumulative mass of COx and principal volatile hydrocarbon in the emissions for a
base-case experiment on crude oil in coarse sand.

The stoichiometric coefficients for the reactions (7) and (8) have been calculated
using the constants listed in Table 5.2; the molar ratios x and y were determined by
elemental analysis on samples of coal tar and crude oil (see Appendix C). The results
are presented in Table 5.3.

Table 5.2 Values of the Constants used to calculate the Stoichiometric Coefficients
Constant
x
y
R1
R2

Value
(coal tar)
0.698
0.011
2.27
0.638

Unit
molH/molC
molO/molC
kgCO2/kgCO
kgC10H8/kgCO
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Value
Unit
(crude oil)
1.52
molH/molC
0.012
molO/molC
2.68
kgCO2/kgCO
0.449
kgC6H14/kgCO

Table 5.3 Stoichiometric Coefficients obtained from System (2) (HC indicates
C10H8 for coal tar C6H14 for crude oil)
Coefficient
νO
νCO2
νCO
νHC
νH2O

Value
(coal tar)
1.62
1.39
0.60
0.32
0.31

Value
(crude oil)
1.98
1.53
0.57
0.26
0.63

Unit
kgO/kgNAPL
kgCO2/kgNAPL
kgCO/kgNAPL
kgHC/kgNAPL
kgH2O/kgNAPL

A parameter of considerable practical interest is the energy release per unit mass of
oxygen consumed. As it will be shown in the following section, the balance of
energy and oxygen mass at the reaction front allows to relate the rate of energy
generated to the propagation velocity of the reaction. On condition that the oxygen
injected is totally consumed in the reaction, the rate of energy generated and the
propagation velocity of the process are controlled by the rate of oxygen injection (see
Section 5.4.1). Thus the specific energy release (energy release per unit mass of
oxygen) is a parameter that enables the linking between an external control
parameter (the rate of oxygen injected) and the resulting behaviour of the reaction
(velocity of propagation).

The heats of reaction and specific energy releases associated with the smouldering
reaction of coal tar and crude oil can be calculated using Equation (6) and the
stoichiometric coefficients obtained above (Table 5.3). The values of the heats of
combustion appearing in Equation (6) used for the calculation are listed in Table 5.4.
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Table 5.4 Heats of Combustion used to apply Equation (6)
Heat of
combustion

Value
(MJ/kg)

∆Hr,ct,cc

39.4

∆Hr,co,cc

42.0

∆Hr,2

10.1

∆Hr,C10H8

40.2

∆Hr,C6H14

48.3

Description
Heat of combustion for the complete oxidation of
coal tar. Determined by bomb calorimetry
Heat of combustion for the complete oxidation of
crude oil. Determined by bomb calorimetry
Heat of combustion for the oxidation of CO to CO2
(SFPE Handbook, 2008).
Heat of combustion of naphthalene - Gross value
(SFPE Handbook, 2008).
Heat of combustion of hexane - Gross value
(SFPE Handbook, 2008).

The results are summarised in Table 5.5.

Table 5.5 Heats or Reaction associated with Smouldering of Coal Tar and Crude Oil
Heat of
combustion

Value

Unit

∆Hr,ct

19.9

MJ/kg

∆Hr,co

22.5

MJ/kg

∆Ho,ct

12.3

MJ/kg O 2

∆Ho,co

11.4

MJ/kg O 2

5.4

Description
Heat of combustion corresponding to
incomplete smouldering reaction of coal tar
Heat of combustion corresponding to
incomplete smouldering reaction of crude oil
Specific energy release corresponding to
incomplete smouldering reaction of coal tar
Specific energy release corresponding to
incomplete smouldering reaction of crude oil

Analysis of the results

In what follows, an attempt will be made to explain some of the observed
characteristics of the smouldering process using a simplified analysis as that
developed by other authors (e.g. Dosanjh et al., 1987; Torero and Fernandez-Pello,
1996; Schult et al., 1995; Aldushin et al., 1999). The analysis is based on a mass and
energy balance across the reaction front and allows for the derivation of analytical
expressions for the smouldering temperature and velocity. These will be then
compared with the results obtained from the experiments.
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5.4.1 Derivation of the analytical models
Analytical expressions for the smouldering velocity and temperature can be obtained
from the conservation equations of energy, oxygen mass and fuel mass, under a
series of simplifying assumptions (e.g. Torero and Fernandez-Pello, 1996; Schult et

al., 1995; Aldushin et al., 1999). The reacting system is considered to be adiabatic
and the energy conservation equation is written in term of a single temperature for
both solid and gaseous phases (i.e. thermal equilibrium between phases is assumed):

[

]

∂
(ρ b,sc ps + φf ρ f c pf + φgρg c pg )⋅ T = − ∂ (m& ′g′c pg T ) + ∂  k T ∂T  + ∆H r ⋅ W
∂t
∂x
∂x  ∂x 

(9)

Oxygen and fuel mass conservation equations are
∂
(φgρ g YO ) = − ∂ (m& ′g′YO ) + ∂  φg D Oρ g ∂YO  − ν O ⋅ W
∂t
∂x
∂x 
∂x 

(10)

∂
(φ f ρ f ) = − W
∂t

(11)

where
ρ b,s

bulk density of the solid

c ps

specific heat of the solid

ρf

density of the fuel

c pl

specific heat of the liquid

ρg

density of the gas

c pg

specific heat of the gas

φg

gas filled porosity

φf

fuel filled porosity

kT

total thermal conductivity

& ′g′
m

gas mass flux

∆H r

enthalpy of reaction per unit mass of fuel
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W

reaction rate (mass of fuel reacted per unit time and unit volume of sample)

YO

mass fraction of oxygen in the gas phase

νO

stoichiometric coefficient oxygen/fuel

DO

diffusion coefficient of oxygen in the gas phase

In a reference frame attached to the reaction front moving in the positive x direction
with velocity US (cf. Figure 5.23), the equations (9) - (11) can be written as

[

]

∂ 
∂
 − US  ⋅ (ρ b,s c ps + φ f ρ f c pf + φ gρ g c pg ) ⋅ T =
∂x 
 ∂t
∂
∂
∂T 
& ′g′c pg T ) +  k T
(
−
m
 + ∆H ⋅ W
∂x
∂x  ∂x 

(12)

∂YO 
∂ 
∂
∂ 
∂
& ′g′ YO ) +  φ g D O ρ g
 − νO ⋅ W
 − US
 ⋅ (φ g ρ g YO ) = − (m
∂x 
∂x
∂x 
∂x 
 ∂t

(13)

∂ 
∂
 − US
 ⋅ (φ f ρ f ) = − W
∂x 
 ∂t

(14)

Figure 5.23 Schematic of the smouldering reaction in a reference frame attached to the reaction front.

Assuming that the smouldering reaction is steady in this reference frame, the above
equations become
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[

]

d
d  dT 
& ′s′c ps + m
& ′f′c pf + m
& ′g′c pg ) ⋅ T =
(
m
 kT
 + ∆H r ⋅ W
dx
dx  dx 

(15)

d
(m& ′g′ YO ) = d  φ g D O ρ g dYO  − ν O ⋅ W
dx
dx 
dx 

(16)

& ′f′
dm
= −W
dx

(17)

where the gas, solid and fuel mass fluxes are given by
& ′g′ = (u g − U S )φ gρ g
m
& ′s′ = − U SρS
m
& ′f′ = − U Sρ f φ f
m
The boundary conditions for the above equations are

at x = −∞

T = TS

T = Ti

YO = YO,i

YO = YO, e

φ f = φ f, e

at x = x

dYO
=0
dx
dT
=0
dx

φ f = φ f, i
dYO
=0
dx
dT
=0
dx

Substituting Equation (17) in Equation (16) and integrating from x = −∞ to x
provides a first relationship between the unknown quantities U S , YO, e , φf, e :

& ′g′
m
⋅ (YO,i − YO, e ) = US ρ f ⋅ (φ f, i − φ f, e )
νO

(18)

The above equation represents the steady state mass balance of oxygen and fuel at
the reaction front. For the reaction to advance, the net rate of oxygen supplied to the
reaction must be equal to the stoichiometric oxygen necessary to consume all the
reacted fuel. Since it is experimentally observed that the fuel is completely consumed
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in the reaction, the fuel content behind the reaction front ( φ f, e ) can be assumed to be
zero; by further assuming that the propagation of the smouldering front is oxygencontrolled (i.e. all the oxygen is consumed in the reaction) then YO, e = 0 and
Equations (18) provides the following explicit expression for the smouldering
propagation velocity U S :
US =

& ′g′ ⋅ YO,i
m

φ f, iρ f ⋅ ν O

(19)

Equation (19) is the same obtained in (Schult et al., 1995) and in (Whale et al., 2003)
for the mode of propagation referred to as stoichiometrically (or filtration)

controlled. In this mode of propagation the smouldering velocity does not depend on
the detail of the reaction kinetics, provided this is sufficiently fast to consume all the
oxygen supplied to the reaction front. Equation (19) will be herein referred to as the
‘mass balance expression’.

Further derivation provides, in contrast, a more complete ‘energy balance
expression’. Integrating (15) and (16) with respect to x from x = −∞ to x and
rearranging gives:

& ′g′c pg ⋅ (TS − Ti ) =
U S ⋅ (C v, e TS − C v, i Ti ) − m

∆H r
& ′g′ ⋅ (YO, i − YO, e )
m
νO

(20)

where C v ≡ ρs c ps + ρ f φ f c pf is the volumetric heat capacity of solid+fuel. To obtain

& ′g′ is constant (i.e. the net gas
(20) it was further assumed that the gas mass flux m
mass production is considered to be negligible) and that the smouldering velocity is
negligibly small compared to the gas velocity. Equation (20) represents the adiabatic,
steady state energy balance for a control volume comprising the reaction front. The
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expression on the left hand side corresponds to the net convective output energy flux
while the right hand side represents the specific energy generated by the reaction in
the control volume per unit time. If the propagation is oxygen-controlled ( YO, e = 0 )
Equation (20) can be rewritten as (e.g. Torero and Fernandez-Pello, 1996):

US =

& ′g′c pg ⋅ (TS − Ti ) +
m

∆H r
& ′g′ ⋅ YO,i
m
νO
C v, e TS − C v, i Ti

(21)

Inclusion of the radial heat losses Heat losses to the external environment are a

complex function of the (unsteady) temperature and fluid flow fields in and around
the reacting system and cannot be accurately determined by using the simplified
analysis described above. However, an approximate expression for the heat losses
can be obtained by a steady-state analysis as that conducted in (Bar-Ilan et al., 2004).
The result is the heat losses term
& ′′ =
Q
loss

4U tot L
⋅ (TS − Tamb )
D

(22)

where
Utot is a global heat transfer coefficients
L is the thickness of the reaction front
D is the external diameter of the column
TS is the average smouldering temperature in the reaction front
Tamb is the ambient temperature.
After subtracting the term (22) from the right hand side of Equation (20), the
expression for the smouldering velocity (21) becomes

US =

& ′g′c pg ⋅ (TS − Ti ) +
m

∆H r
& ′′
& ′g′ ⋅ YO, i − Q
m
loss
νO
C v, e TS − C v, i Ti
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(23)

The global heat transfer coefficient Utot takes into account the transport of energy by
convection, conduction and radiation from the inner core of the sample to the
ambient air. It can expressed as the sum of two terms, the first (Ucon) describing the
heat transfer by convection and conduction only and the second (Urad) the
contribution of radiation (Incropera and Dewitt, 2002). An estimate of Ucon can be
obtained by equating the heat flux from the inner core at temperature TS to the
ambient air, due to convection and conduction, to the heat exchanged by natural
convection between the external wall at temperature T2 and the ambient air (Figure
5.24):
4U con L
4h L
⋅ (TS − Tamb ) = 2 ⋅ (T2 − Tamb )
D
D

This yields

U con = h 2 ⋅

T2 − Tamb
TS − Tamb

(24)

where h2 is the coefficient of heat transfer between the external wall and the ambient
air at temperature Tamb and T2 is the average temperature of the external wall across
the thickness of the smouldering front (see Figure 5.24).
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L

Figure 5.24 Schematic representation of the radial temperature profile and radial heat
losses due to convection and conduction. In steady-state conditions the heat fluxes in the

& ′′ ) in the glass wall ( Q& ′′ ) and in the ambient air ( Q& ′′ ) are equal to each
porous medium ( Q
1
k
2
& ′′ .
other and to the heat flux Q
con

An expression for h2 valid for natural convection between a vertical wall and a
quiescent medium can be found in the literature (Incropera and Dewitt, 2002); the
average temperature T2 has been obtained experimentally in a test conducted on coal
tar in base-case conditions (Figure 5.25).
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Figure 5.25 Temperature histories for coal tar in coarse sand at 25% saturation
and 9.15 cm/s air flux; the thermocouple labelled “6cm-ext” measured the temperature of
the external wall of the column at 6 cm from the location of the igniter.

Using the data in Table 5.6 the value obtained for Ucon is 2.44 W/m2/K.

Table 5.6 Data used to calculate the Heat Transfer Coefficient Ucon
from Equation (24)
Quantity

Value

Unit

TS

799

o

T2
Tamb

231

o

20

o

h2

9.05

C
C
C

W/m2/K

The radiation heat transfer coefficient Urad is given by
4
TS − Tamb
TS − Tamb
4

U rad = σεΚ ⋅

(25)
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where σ is the Stefan-Boltzmann constant, ε is the emissivity of the porous medium
and Κ is the fraction of the emitted energy that is radiated to the external
environment. A value of Κ equal to 0.2 has been assumed for the present analysis.

5.4.2 Comparison with experimental results
The experimental data described in this Chapter and in Section 4.3.1 of Chapter 4
(influence of NAPL saturation) are compared to the theoretical smouldering velocity
calculated with the mass balance (19) and energy balance (23) expressions. The
values of the stoichiometric coefficient ν O and the specific energy ∆H r ν O used in
the calculation are those corresponding to the complete oxidation of coal tar and
crude oil. In this way, the theoretical smouldering velocity obtained from Equation
(19) is the minimum possible velocity for a reaction that propagates steadily while
consuming all the fuel. In Equation (23), the temperature TS represents the average
smouldering temperature in the reaction front and is taken as the time average of the
measured temperature over the duration of the reaction. Since this is not exactly
known, a temperature cut-off (equal to 500 oC for coal tar and 400 oC for crude oil)
has bee used to identify the beginning and the end of the reaction at each
thermocouple location. The values of the heat of combustion were determined by
bomb calorimetry tests conducted on the two fuels (see Table 5.4); also, the value of
the volumetric heat capacity of the contaminated material is assumed to be constant
and equal to that of sand alone since the heat capacity of the fuel is negligible
compared to that of the sand ( C v, e ≅ C v, i ). Table 5.7 summarises the values of the
fuel and oxidizer properties used for the calculations.
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Table 5.7 Property values used to apply Equations (19) and (23)
Property

Value

Unit

νO (coal tar)
νO (crude oil)

2.89
3.21
39.4·106
42.0·106

kgO2/kgfuel
kgO2/kgfuel
J/ kgfuel
J/ kgfuel

0.235

kgO2/kgg

∆Hr (coal tar)
∆Hr (crude oil)
YO, i
C v, e ≅ C v, i

2.15·10

cpg

1.1·103

6

J/m3/K
J/kg/K

The dependent variable plotted in Figure 5.26 gives the ratio US/US,th between the
experimental and theoretical smouldering velocity calculated by the mass balance
expression (Equation (19)). The graph on the left in Figure 5.26 provides this ratio
versus air flux, while the graph on the right provides it versus NAPL saturation.
Values significantly lower than unity indicate that not all the injected oxygen is
consumed; values higher than unity may indicate incomplete fuel consumption
and/or incomplete fuel oxidation (recall that Equation (19) is based on the
assumptions of both complete fuel and oxygen consumption).

As Figure 5.26 shows, the ratio US/US,th for coal tar is higher than unity in the range
4.05-9.15 cm/s inlet air flux. Since it is experimentally observed that all the fuel is
consumed in the reaction, values of US/US,th higher than unity indicate that oxidation
of the fuel at these air fluxes is incomplete. This is consistent with the chemical
analyses of the emissions presented in Section 5.3.2, revealing the presence in the
exit gases of volatile hydrocarbons in significant amount. At higher air fluxes the
values of US/US,th are close to unity for coarse sand and lower than unity for medium
sand. Since it is plausible that the reaction remains incomplete at these air fluxes,
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actual values of US/US,th would be lower than unity in this air flux range (recall that
US,th is minimum when calculated using the stoichiometry of complete oxidation).
This suggests that as the air flux increases the reaction approaches a kineticallycontrolled regime, in which it does not consume all the available oxygen but rather is
limited by the intrinsic chemical reaction rate.

For crude oil, modelled propagation velocities are significantly higher than the
measured ones (US/US,th in Figure 5.26 significantly lower than unity) for all but the
lowest air flux. This indicates that in the range 9.15-25.2 cm/s the smouldering
reaction of crude oil does not consume all the injected oxygen (i.e. it is kineticallycontrolled), while at 4.05 cm/s may be either oxygen-controlled or kineticallycontrolled depending on the actual stoichiometry at this air flux.

Similar remarks hold true for the experiments at varying saturation. At low fuel
saturation (less than 25% for coal tar and 35% for crude oil) the intensity of the
reaction is not sufficient to consume all the available oxygen, hence propagation
velocity are lower than stoichiometric (US/US,th lower than unity). As saturation
increases the fraction of the injected oxygen that is consumed also increases and the
velocity becomes closer to the stoichiometric value. Velocities higher than
stoichiometric at the highest saturations indicate incomplete fuel oxidation; whether
the regime of propagation is oxygen-controlled or kinetically-controlled in this range
again depends on the actual stoichiometry at these saturations.
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Figure 5.26 Ratio between experimental and theoretical smouldering velocity calculated
by Equation (19) for different air fluxes (left) and different NAPL saturations.

Figure 5.25 represents the comparison between measured and modelled smouldering
velocities, this time using the energy balance expression (Equation (23)). It is
apparent that the modelled theoretical velocity is always significantly higher than the
measured one. To improve the agreement between model and experiments it is
necessary either to assume that not all the oxygen is consumed in the reaction (this
amounts to reducing YO, i in Equation (23)) or to reduce the value of the specific
energy ∆H r ν O (the energy released per unit mass of oxygen consumed). The
former assumption is consistent with the results of the previous paragraph, at least
for a group of experiments (i.e. when the ratio US/US,th is lower than unity). For the
remaining experiments, the previous analysis suggests that a greater proportion of the
injected oxygen is consumed (the ratio US/US,th is higher than unity); thus to account
for the difference between model and experiments it is necessary to assume a
substantially lower value for the specific energy release. However, the stoichiometric
analysis conducted in Section 5.3.2 shows that ∆H r ν O has only a weak dependence
on the degree of oxidation (both ∆Hr and ν O decrease with the degree of oxidation)
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and the reduction in ∆H r ν O due to incomplete oxidation of the fuel is not sufficient
to explain the discrepancy. A combination of the two effects (incomplete oxygen
consumption and incomplete fuel oxidation) should therefore be considered to
account for the lack of agreement in these experiments. These results may also be an
indication of unsteadiness of the reaction front. Equations (19) and (23) are based on
the assumption of a steady combustion front, which implies that the rate at which the
front move forwards further in the fresh fuel is the same of the rate at which the fuel
at the trailing edge of the front is consumed, leaving some oxygen to penetrate
further (Ohlemiller and Lucca, 1983). This is no longer valid if the front is unsteady.
If the thickness of the front decreases, not all the oxygen made available by the
extinction of the reaction at the trailing edge will reach the leading edge of the front,
because it is partially consumed to react the fuel within the front. This will result in
the reduction of the observed velocity of the smouldering wave.

Figure 5.27 Ratio between experimental and theoretical smouldering velocity calculated
by Equation (23) for different air fluxes (left) and different NAPL saturations.

Another way to analyse the results is to combine the measured and modelled
variables into nondimensional groups and look for possible relationships between
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these new variables. Figure 5.28 presents the result of this analysis applied to the
experiments conducted at constant NAPL saturation. The variable plotted on the
horizontal axis is a nondimensional velocity obtained from the measured
smouldering velocity (US), the velocity predicted by the mass balance expression
(19) (indicated as US,1 in the graphs) and the inlet air flux (indicated as Ug). On the
vertical axis in Figure 5.28(a) is the ratio between the measured smouldering velocity
and the velocity predicted by the energy balance expression (Equation (23)). The
dependent variable in Figure 5.28(b) is a nondimensional temperature obtained by
combining the measured average temperature in the smouldering front (∆TS) and a
theoretical adiabatic smouldering temperature (∆TS,ab). This latter is defined as the
temperature at which the theoretical smouldering velocity predicted by the adiabatic
energy balance expression (21) coincides with the mass balance expression (19). As
Figure 5.28 shows, in terms of the new variables the experimental data are well
described by a linear (Figure 5.28(a)) and a constant trend (Figure 5.28(b)).
Furthermore, the correlating function is approximately the same regardless of the
type of NAPL (coal tar or crude oil) and the porous medium (coarse or medium sand)
used in the experiment. This result is important because it may allow to estimate the
smouldering temperature and velocity for a given NAPL saturation and air flux once
the enthalpy of reaction ( ∆H r ) and the oxygen requirement ( ν O ) for complete
combustion are known. From the input data, the mass balance velocity US,1
(Equation (19)) and the theoretical adiabatic smouldering temperature ∆TS,ab can be
calculated; then, assuming that the nondimensional temperature in Figure 5.28(b) is
constant, the estimate smouldering temperature can be obtained. This allows to
compute the theoretical smouldering velocity US,2 from the energy balance
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expression (Equation (23)) and then to estimate the smouldering velocity from the
relationship in Figure 5.28(a). It is however to note that the linear relationship in
Figure 5.28(a) seems to break outside the interval (-0.004; 0.004); therefore the
estimated velocity is not to consider reliable if the corresponding nondimensional
velocity lies outside this interval.

(a)

(b)

Figure 5.28 Relationship between nondimensional variables for the experiments conducted at
constant NAPL saturation and variable air flux.

5.5

Summary and conclusions

An experimental study has been conducted on the dependence of the NAPL
smouldering process on the inlet air flow rate and porous media grain size for coal tar
and crude oil. This study extends the experimental work presented in Chapter 4 and
provides additional data, including chemical composition of the gaseous emissions,
necessary to conduct a theoretical analysis of the experimental results.

Tests conducted at varying input air flux indicated that propagation velocity and
burning temperature always increase with the air flow rate. This suggests that, for the
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experimental conditions examined, the increase of the reaction rate resulting from the
increased oxygen supply prevails on the cooling effect due to enhanced convective
heat transfer. Varying the porous medium from coarse to medium sand did not result
in a significant variation of peak temperatures and propagation velocities for both the
contaminants examined.

The experimental results have been compared to simplified analytical models based
on global mass and energy balances across the reaction front. Chemical analysis of
the gaseous emissions helped to interpret the observed discrepancies between
measured and modelled results. Comparison with the ‘mass balance’ expression
suggests that smouldering propagation transitions from oxygen-controlled to
kinetically-controlled as air flux increases and NAPL saturation decreases. The exact
location in the parameter space where the transition occurs depends on the actual
stoichiometry of the reaction. In general, this is expected to shift towards lower air
fluxes and higher saturations as the stoichiometry changes to less complete
oxidation. The fit with the ‘energy balance’ expression is poor across the whole
range of parameters examined, which suggests that the assumptions embedded in the
model are inadequate to describe the entire range of complex, interacting processes
affecting the reaction. However, when combined with the measured results into
conveniently defined nondimensional variables, the modelled results are shown to
correlate well the experimental data across the whole suite of experiments conducted
at constant saturation.
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Chapter 6
Conclusions
This research has been carried out to investigate a novel concept: the potential of
smouldering combustion as a remediation approach for soils contaminated by nonaqueous phase liquids (NAPLs). An experimental program was designed and
executed to achieve two main objectives: (i) evaluate the concept in principle and (ii)
characterise the process under a range of natural (e.g., contaminant, soil,
concentration) and engineering (e.g., oxidizer flow rate) conditions.

To meet the first objective, more than 25 proof-of-concept experiments were
conducted involving the controlled ignition of a variety of NAPLs in a small-scale
(~ 15 cm) apparatus. Temperature measurements and digital images were employed
in these experiments to identify the onset of the reaction and track the progression of
the combustion front. Results demonstrated that liquid contaminants embedded in an
inert porous medium can be successfully smouldered and this process results in a
significant reduction of the original contamination. Further, they suggested that
NAPL smouldering may be viable across a variety of conditions relevant to
engineering applications (e.g., soil types, NAPL types, heterogeneities, presence of
water).

This hypothesis was evaluated in a more systematic manner in the second phase of
the experimental program, which examined the sensitivity of the process to a series
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of fluid-media system variables and engineering control parameters. This
investigation was carried out through more than 30 intermediate-scale (~ 30 cm)
column experiments. Results confirmed the broad range of process parameters,
including contaminant type, contaminant mass, water content, soil type and oxidizer
flow rates, within which the process is self-sustaining. Moreover, when the process
is self-sustaining then the degree of remediation achieved for crude oil and coal tar
was demonstrated to be essentially complete. They further demonstrated that the
intensity and velocity of the process can be controlled by the rate at which oxidizer is
delivered. Contaminant type and mass was observed to affect peak temperatures and
propagation velocity by influencing the energy and oxidizer balance at the reaction
front; soil grain size was observed to affect them by influencing the thermal
properties of the porous medium while water content was observed to influence the
time to ignition and the peak temperature by acting as an energy sink.

A simplified theoretical analysis was employed to assist in explaining some of the
observed characteristics of the smouldering process. Based on mass and energy
conservation across the reaction front, two analytical expressions were obtained
relating peak temperature and propagation velocity to parameters characteristic of the
reaction such as specific oxygen consumption and specific energy release.
Comparison of experimental data with the ‘mass balance’ expression suggests that
smouldering propagation transitions from an oxygen-controlled process to a
kinetically-controlled process as air flux increases and as NAPL saturation decreases.
The exact location in the parameter space where the transition occurs depends on the
actual stoichiometry of the reaction. The ‘energy balance’ expression performed
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poorly in predicting experimental results across the whole range of parameters
examined, suggesting that the assumptions embedded in the model are inadequate to
describe the entire range of complex, interacting processes affecting the reaction.

Overall, this research has contributed to the fields of (i) environmental engineering,
by introducing an entirely new approach to the remediation of industrial sites
contaminated by non-aqueous phase liquids and (ii) combustion engineering, by
exploring a new technological application of the relatively unknown process of liquid
smouldering. Laboratory experiments and a simplified theoretical analysis have
provided the proof-of-concept and developed an understanding of the mechanisms
that control the underlying process. Based in part upon this work, the concept of
NAPL smouldering for remediation is patent-pending (UK Patent Application
0525193.9 and PCT Application PCT/GB2006/004591, priority date December
2005).

By the nature of starting research in a relatively new area, this work contains some
considerable limitations and simplifying assumptions. For example, the experiments
were designed to approach one-dimensional conditions (uniform air injection and
uniform heating across the horizontal section of the apparatus); most of the
experiments employed homogeneous porous media and homogeneous NAPL
saturation; no water influx was allowed into the reaction zone from an external
source; due to the reduced experimental scale, soil permeability did not limit the
ability to inject air at the desired rate. Most real applications may not exhibit such
ideal conditions and this could reduce the range of natural and operating conditions
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in which the process is successful in the field. On the other hand, achieving selfsustaining smouldering is most challenging at the scale employed in this work,
because heat losses can significantly reduce the amount of energy available for
propagation. For this reason, the process may become more robust as the system is
scaled-up towards field applications.

Many unresolved questions need therefore to be answered before this new approach
can be implemented at full scale, and these should be explored with experiments of
increasing dimension and complexity moving from the current scale to intermediate
two-dimensional experiments and eventually pilot field trials.
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Appendix A
Additional Data
A.1 Temperature histories for coal tar in coarse sand at
varying concentrations

Figure A.1 Temperature histories for coal tar in coarse sand at 21,300 mg/kg.
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Figure A.2 Temperature histories for coal tar in coarse sand at 99,400 mg/kg.

Figure A.3 Temperature histories for coal tar in coarse sand at 142,000 mg/kg.
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A.2 Temperature histories for crude oil in coarse sand at
varying concentrations

Figure A.4 Temperature histories for crude oil in coarse sand at 20,800 mg/kg.

Figure A.5 Temperature histories for crude oil in coarse sand at 31,200 mg/kg.
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Figure A.6 Temperature histories for crude oil in coarse sand at 72,800 mg/kg.

Figure A.7 Temperature histories for crude oil in coarse sand at 104,000 mg/kg.
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A.3 Temperature histories for coal tar in coarse sand at
varying initial water content

Figure A.8 Temperature histories for coal tar in coarse sand at 71,000 mg/kg
and initial 25% water saturation.

Figure A.9 Temperature histories for coal tar in coarse sand at 71,000 mg/kg
and initial 75% water saturation.
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A.4 Temperature histories for coal tar in different porous
media

Figure A.10 Temperature histories for coal tar in coarse sand at 71,000 mg/kg.

Figure A.11 Temperature histories for coal tar in medium sand at 67,000 mg/kg.
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Figure A.12 Temperature histories for coal tar in 6 mm gravel at 90,000 mg/kg.

Figure A.13 Temperature histories for coal tar in 10 mm gravel at 94,000 mg/kg.
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A.5 Temperature histories for coal tar and crude oil in
coarse sand at low air flux

Figure A.14 Temperature histories for coal tar in coarse sand at 71,000 mg/kg and air flux lowered to
0.5 cm/s after ignition.

Figure A.15 Temperature histories for coal tar in crude oil at 67,000 mg/kg and air flux lowered to
0.5 cm/s after ignition.
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A.6 Temperature histories for crude oil in medium sand at
varying air flux

Figure A.16 Temperature histories for crude oil in medium sand at 67,000 mg/kg
and 4.05 cm/s air flux.

Figure A.17 Temperature histories for crude oil in medium sand at 67,000 mg/kg
and 9.15 cm/s air flux.

142

Figure A.18 Temperature histories for crude oil in medium sand at 67,000 mg/kg
and 16.6 cm/s air flux.

Figure A.19 Temperature histories for crude oil in medium sand at 67,000 mg/kg
and 25.2 cm/s air flux.
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A.7 Repeatability experiments for coal tar in coarse and in
medium sand

Figure A.20 Four repetitions of the base-case experiment on coal tar in coarse sand
(Experiment 2 in Table 5.1).

Figure A.21 Two repetitions of the experiment on coal tar in medium sand at 9.15 cm/s air flux
(Experiment 6 in Table 4.1).
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A.8

Experiments conducted using enriched air as inlet gas

(a)

(b)

Figure A.22 Temperature histories for coal tar in coarse sand at 21300 mg/kg and 35% vol. oxygen
in the inlet gas. (a) Same total inlet mass flow rate as in the base-case; (b) same total inlet oxygen flow
rate as in the base-case.

Figure A.23 Temperature histories for coal tar in coarse sand at 71000 mg/kg and 35% vol. oxygen
in the inlet gas. Same total inlet mass flow rate as in the base-case.

145

A.9

Additional experiments at the small scale

(a)

(b)

Figure A.24 Temperature histories for coal tar in coarse sand at 71000 mg/kg and (a) 4.75 cm/s air
flux and (b) 7.94 cm/s air flux.

(a)

Figure A.25 Temperature histories for coal tar in coarse sand at 4.75 cm/s air flux and
(a) 28400 mg/kg and (b) 142000 mg/kg NAPL concentration.

Figure A.26 Temperature histories for coal tar in coarse sand at 4.75 cm/s air flux
and 284000 mg/kg NAPL concentration.
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(b)

Appendix B
Uncertainty analysis
The uncertainties associated with the average peak temperature and smouldering
velocity have been estimated as the 95% confidence intervals of the mean calculated
from five repetitions of the base-case experiment on coal tar (Experiment 2 in Table
5.1). Figures B.1 and B.2 represent the distribution of the measured peak
temperatures and propagation velocities along the axis of the sample for the five
experiments. It is evident how temperature and velocity drop after ignition and
termination of the igniter, then increase in the middle part of the sample and decrease
again as the reaction approaches the end of the sample.
The uncertainty estimated from these data for the average temperature and velocity,
taken as half of the width of the confidence interval, are δT = 71 oC and

δU S = 0.09 cm/min, which correspond to the fractional uncertainties δT T = 7% and
δU S U S = 13%
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Figure B.1 Distribution of the peak temperature at various thermocouples locations for five
repetitions of the base-case experiment in coal tar.

Figure B.2 Distribution of the propagation velocity at various thermocouples locations for five
repetitions of the base-case experiment in coal tar.
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Appendix C
NAPLs elemental analysis
The elemental composition of coal tar and crude oil has been determined by CHNS
analysis using a Flash EA CHNS-O Analyzer (1112 Series, Thermo Scientific, US).
The results are presented in Table C.1.

Table C.1 Results of the elemental analysis on coal tar and crude oil
Element

% Mass
(coal tar)

% Mass
(crude oil)

Carbon (C)

92

84.77

Hydrogen (H)

5.35

10.76

Nitrogen (N)

0.97

0.48

Sulphur (S)

0.39

2.62

Oxygen (O)

1.30

1.36
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Appendix D
Fourier Transform Infrared (FTIR) gas analysis
D.1

General principles

FTIR is a technique for chemical analysis based on the principle of infrared
spectroscopy. Infrared spectroscopy exploits the fact that most molecules have
specific frequencies (vibrational modes) at which they can vibrate, determined by the
type and strength of the chemical bonds and the masses of the atoms at either ends of
them. Thus, each chemical compound can absorb electromagnetic radiation in
specific frequency bands, determined by all different vibrational modes and their
combinations. The frequencies of the most interest occur within the infrared range,
i.e. between wavelengths of approximately 2.5 and 16 µm (Settle, 1997).

An absorption spectrum is a graphical representation of the absorption of infrared
radiation by a gas sample as a function of the wavelength. As an example, Figure D.1
presents the absorption spectrum of carbon dioxide, with identified the vibrational
modes responsible for the absorption of radiation at different wavelengths (Settle,
1997).
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Figure D.1 Absorbance spectrum of CO2.

FTIR is a technique for measuring absorption spectra which uses a single, wide band
infrared source coupled with an optical modulator (interferometer). This allows for
the simultaneous measurement of the absorbance at all the wavelengths contained in
the source, in contrast with dispersive spectroscopy techniques which use a
monochromatic radiation source whose wavelength is changed over time. The
measurement of the absorption spectrum in an FTIR instrument works as follows:
infrared radiation from the source is collected and collimated by a mirror to a beam
splitter. The beam splitter ideally transmits one-half of the radiation, and reflects the
other half. Both transmitted and reflected beams strike plane mirrors, one fixed and
one moving, which reflect the two beams back to the beam splitter. Thus, one-half of
the infrared radiation that finally goes to the sample gas has first been reflected from
the beam splitter onto the moving mirror, and then back to the beam splitter. The
other half of the infrared radiation going to the sample gas has first gone through the
beam splitter and then reflected from the fixed mirror back onto the beam splitter.
When these two beams from two optical paths are reunited, interference occurs at the
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beam splitter. The strength of the interference depends on the optical path difference
between the beams caused by the position of the moving mirror.

Figure D.2 Schematic representation of a Michelson type interferometer.

An interferogram is the interference signal measured by the detector as a function of
the optical path length difference. The absorbance spectrum is computed from the
digitized interferogram by performing a Fourier transform using a Fast Fourier
Transform (FFT) algorithm.

D.2

Quantitative analysis

The absorbance of a chemical species at a certain wavelength is proportional to the
concentration of that species (Beer-Lambert law). Thus, if the reference spectrum
(i.e. the absorbance spectrum at a specific concentration) of a chemical species is
known, the unknown concentration of a gas sample of that species can be calculated.
Furthermore, the absorbance is additive, that is the total absorbance of a multicomponent gas sample at each wavelength is the sum of the absorbances of the single
gas components (Settle, 1997). This allows to perform quantitative multi-component
gas analysis using FTIR spectra. To this end, the reference spectra of all the
components present in a gas sample are linearly combined with appropriate
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multipliers in order to obtain a spectrum that is as close a possible to the measured
spectrum. If this process is successful the concentrations of the gas components in
the sample are obtained from the reference concentrations using the multipliers that
optimise the agreement between measured and model spectra (Gasmet, 2006).

Figure D.3 represents the absorbance spectrum of a gas sample of the emissions
resulting from the smouldering combustion of coal tar. The experimental set-up used
for the analysis is that represented in Figure 3.1 (Chapter 3), with an imposed
volumetric flow rate in the extraction hood of 150 L/s. In Figure D.4 are presented
the corresponding results of the quantitative analysis, performed by the software
Calcmet 1.2 (Temet Instruments, Helsinki, Finland). The concentrations are
calculated using the multipliers that minimise the (global) residue between the
sample spectrum and the model spectrum formed as a weighted sum of the reference
spectra.

Figure D.3 Example of absorbance spectrum obtained from the analysis of coal tar smouldering
gases.
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Figure D.4 Quantitative analysis of the absorbance spectrum presented in Figure D.3.

D.3
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Appendix E
Mass balance on carbon
Besides the level of remediation achieved, it is important to quantify the fraction of
contaminant that has actually been destroyed (converted to carbon oxides) and that
that is instead removed by vaporisation and transferred into the exhausts stream. Due
to the increase in vapour pressure, the rate of mass transfer from the liquid to the gas
phase of most volatile and semivolatile compounds is greatly enhanced by an
increase in temperature (e.g. Davis, 1997 in Chapter 1). Since the implementation of
NAPL smouldering involves the injection of gas into the soil and the increase of the
soil temperature, it is expected that a fraction of the mass of NAPL initially present
be recovered in the gas phase without undergoing combustion. In this research, the
fractions of NAPL destroyed/volatilised have been quantified as the masses of
contaminant transformed in carbon oxides (CO2 and CO) and hydrocarbons
respectively, taken as the masses of carbon recovered in the emissions for the two
groups of compounds.

Chemical analysis of the exhausts revealed the presence in the exit gases of volatile
hydrocarbons in significant amount (Chapters 3 and 5). From the measured
composition, temperature and volumetric flow rate of the exhaust gases the
instantaneous mass flow rates at each measuring time are calculated:

& i (t j ) = MWi ⋅
m

& (t ) ppm (t )
pV
j
i j
⋅
RT(t j )
106
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(E.1)

where
& i (t j ) mass flow rate of the gas species i at the time tj
m

MWi molecular weight of the gas species i

& (t ) volumetric flow rate in the exhaust duct at the time tj
V
j
T(t j ) temperature of the exhaust gases at the time tj

ppm i concentration (in ppmv) of the gas species i at the time tj

Time integration of the mass flow rates provides the cumulative mass of carbon
emitted as carbon oxides and volatile hydrocarbons (Figures E.1 and E.2). The
numerical integration of the mass flow rate was carried out using the trapezoidal rule
over the uniform time grid tj. It is found that approximately 77% and 62% of the total
emitted carbon is recovered as CO2 and CO for coal tar and crude oil respectively.

Figure E.1 Cumulative mass of C emitted as COx and volatile hydrocarbon for the
base-case experiment on coal tar in coarse sand.
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Figure E.2 Cumulative mass of C emitted as COx and volatile hydrocarbon for the
base-case experiment on crude oil in coarse sand.

It is important to note that the total mass of carbon measured in the emissions does
not account for all the mass of carbon removed from the contaminated pack, as
derived from the difference between the mass of the apparatus before and after the
experiment. In other words, with the present experimental apparatus and
methodology it was not possible to close the mass balance of carbon. A comparison
between the two measures is presented in Table E.2.

Table E.2 Comparison between mass of carbon removed and that recovered in the
emissions
Quantity

Value
(coal tar)

Value
(crude oil)

Mass of NAPL removed (g)

171

106

Mass of C removed (g)

157

90

Mass of C in the emissions (g)

118

63

Fraction of C recovered

0.75

0.70
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The discrepancy between the values in Table E.1 may be attributed to both the
measurement apparatus and the methodology employed for the calculations. The
maximum accuracy of the FTIR analyser is rated at 2% of the measurement range.
However, to gain optimal accuracy, all the compounds contained in the gas sample
should be listed in the instrument library of reference spectra (see Appendix D). If
the sample gas contains a significant amount of any gas component that is not in the
library the results will become inaccurate Also, the ability to correctly identify
species depends on the spectral resolution of the instrument: if the emissions contain
compounds with absorptions bands that cannot be discriminated by the instrument in
use, computed concentrations may be incorrectly assigned. Finally, species
quantification may be affected by nonlinearity errors if the concentrations in the
sample are far from the reference concentrations. For example, Jaakkola et al. (1996)
report a 10% error in the measurement of the concentration of CO in a gas mixture of
known composition, attributing it to inadequate nonlinearity correction.

Other sources of error may be related to the experimental methodology and the
assumptions used in the calculations. For example, partial condensation of the higher
boiling hydrocarbons in the exhausts duct and/or in the tubing from the probe to the
analyser may affect the effective composition of the mixture reaching the analyser’s
cell. Further, the assumption that the carbon content of the residual contaminant is
the same as in the original contaminant (assumption implicit in the calculation
presented in Table E.2) may be not correct. Indeed it is plausible that the residual
contaminant has undergone at least a partial devolatilisation, and therefore its carbon
content is higher than that of the fresh contaminant (because it would contain a
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higher fraction of high molecular mass compounds). This would lead to an
overestimate of the mass of carbon removed.
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