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a b s t r a c t

Timahdit oil shale was used as a porous medium to characterize the structure of a combustion front prop-
agating with co-current downward air supply. A new 1D experimental device was first calibrated using a
model porous medium. With the model porous medium, the front propagates as a plane and horizontal
surface while using oil shale the front propagates as an inclined curved surface. The peak temperature
was 1100 !C; despite the relatively large diameter of the cell (91 mm) and the good thermal insulation,
the heat losses were estimated at 42% of the heat released by the combustion. The thickness of the front
was characterized using a new gas micro-sampling system: the char oxidation and the carbonate decar-
bonation zones are approximately 10 and 15 mm thick, respectively. The oil formed during the pyrolysis
is adsorbed in the porous medium in the course of the experiment, and expulsed from the cell by the end.

1. Introduction

The propagation of a combustion front occurs in a variety of sit-
uations and for different purposes, such as waste incineration,
in situ combustion or burning of solid fuels for other industrial
applications. Description of the front in a reactive porous medium
remains a challenge to science in terms of physicochemistry, and
heat and mass transfer of the combustion front propagation.

A pioneering work was accomplished by Palmer [1]. According
to [2], the first great research effort in combustion front propaga-
tion dates from 1977 to 1979. Since then, most of research in smol-
dering combustion of porous media has been conducted in the field
of fire science and fire safety engineering [3,4]. Familiar environ-
mental problems and the search for alternative energy sources
have also motivated research on the subject. These efforts have fo-
cused on determining which parameters influence the progress
and structure of a combustion front. To this effect, some authors
have developed numerical models and experimental devices.

The present work focuses on the propagation of a combustion
front in a reactive porous medium [1,3–7]. In this type of problem,
the solid phase reacts with the gas phase; chemical reactions occur,
such as pyrolysis of the solid and further oxidation of the residual
carbon, accompanied by extreme changes in the physical structure
of the solid phase.

In this sort of problem, two elementary combustion situations
can be distinguished: counter-current combustion (or opposed com-

bustion), where ignition front and feed of primary air occur on
opposite sides of the fuel batch. The counter-current air supply is
normally found in fixed-bed combustion processes. The typical
application of counter-current combustion is the incineration of
municipal solid waste [8–11]. In the second case, co-current com-
bustion (or forward combustion), both combustion front and feeding
of primary air take place on the same side of the combustion cell
[12,13,6]. This last case is investigated in this work. The best exam-
ple of co-current combustion can be found in situ combustion for
oil recovery [14,15].

Only a handful of experimental works on co-current combus-
tion have been carried out until now. Vantelon et al. [7] made an
experimental study on the forward combustion of a bed of tires
and refractory briquettes. The author found that the combustion
process is influenced by the airflow rate through the reactor. An
oxygen-limited combustion reaction moves from a rate-limited re-
gime to a heat transfer-limited regime. The rate-limited regime is
characterized by high production of residual oil and low propaga-
tion velocities. The heat transfer-limited regime reduces the pro-
duction of oil, but it results in a much faster conversion of the
fuel. Two other different regimes are also observed as a function
of the mass fraction of tires.

- For mass fractions of tires less than 70%, the final tire conver-
sion rate and temperature are proportional to the mass fraction
of tires. In this regime the volumetric energy density dominates
the combustion process.

- For a mass fraction of tires greater than 70%, the conversion rate
is independent of the amount of fuel and it is initially much
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slower than for lower fuel concentrations. These two regimes
could be described in a qualitative manner by a simple energy
balance.

In a recent study, Pironi et al. [16] performed forward smolder-
ing experiments using a mix of coal tar in inert media as the fuel,
and provided valuable insights into the properties of the combus-
tion front. With regard to the case of counter-current combustion,
several experimental devices have been developed for the investi-
gation of combustion front propagation and structure. Although
this configuration will not be studied here, its results may be inter-
esting for the present work.

Gort et al. [17] studied the influence of the superficial air veloc-
ity and moisture content on three fuels: coke, wood and shredded
municipal waste. The experiments were carried out in a laboratory
grate furnace. He suggested three reaction regimes:

(i) partial gasification where, after oxygen depletion, there is
still some solid material left, which might be partially con-
sumed by gasification by H2O and CO2;

(ii) complete gasification where air flow rate is high enough to
convert all ignited material, but there is not enough oxygen
available for complete combustion of unburnt gases;

(iii) combustion regime where initially some CO is observed, but
this is oxidized quickly. Concentrations fluctuate strongly.
The reaction layer is thin.

Shin and Choi [18] proposed a similar concept on the counter-
current propagation of a combustion front. The combustion of solid
fuel in a fixed bed was investigated using one-dimensional exper-
iments. The effects of air supply rate, fuel particle size and the cal-
orific value are discussed. Two modes of combustion in the bed can
be distinguished, based on the availability of oxygen. Oxygen-lim-
ited combustion: at low rates of air supply, the oxygen is completely
consumed by the char and the reacting volatile material. In this
case, the reaction rate of the fuel is determined by the oxygen sup-
ply rate. Reaction-limited combustion: if the air supply is increased,
combustion is further enhanced, but the limit of the combustion
rate of the bed material causes an increased oxygen concentration
at the exit. In this case, the reaction rate cannot increase further
owing to the limit of the reaction rate and the increased convective
cooling by the air. They proposed a schematic, to show how the
combustion depends on the air supply rate.

Liang et al. [19] reported another important aspect concerning
the heterogeneity of the composition of the solid particles. For the
sample extracted in different parts of corn straw, the concentration
of CO and NO are clearly different. According to the author, corn
straw combustion occurred in two stages: ignition front propaga-
tion and char oxidation. Both stages were identified by [20,21,8].

1.1. Choice of the porous medium

One of the first difficulties met by the experimenter aiming to
achieve accurate trials is the geometrical stability of the reacting
bed. Most of the usual materials constituting a bed will undergo
a drastic shrinkage along the pyrolysis/combustion process. As a
consequence, the overall diameter of the bed will decrease, and
the air flow forced into the cell will not impose a well-controlled
velocity on a cross section of the bed: air will circulate preferen-
tially around the bed. The only material we identified that pre-
serves its geometry along the combustion process is oil shale; we
measured vertical shrinkage of the bed at only 3.5%. Consequently,
one can expect to maintain a 1D situation. Moreover, there is only a
slight change in the porosity of the bed after combustion, which
would make the situation less complex if modeling were
undertaken.

Oil shales are sedimentary rocks containing relatively large
amounts of organic matter called kerogen, [22–24], from which
significant amounts of shale oil and combustible gas can be ex-
tracted by pyrolysis up to 500 !C.

1.2. Objectives of the work

As far as the structure of the combustion front in an oil shale
crushed bed is concerned, only one small piece of literature is
available. Debenest et al. [25] conducted an experiment, in which
they could follow a reaction front visually as it propagated up-
wards, with a glowing layer about three times the particle diame-
ter. Nevertheless, such an observation does not allow the thickness
of a reaction zone to be evaluated.

The main objective of this work is to propose a geometrical
description of the different zones composing the front. Information
is also expected about the temperature levels reached and the
pressure drop inside the bed generated by the front. The behavior
of liquid oil was also investigated, as its presence inside the med-
ium may impact on the pressure drop.

These results, together with detailed characterization of OS and
of the products of its pyrolysis, Submitted paper [26], should con-
stitute a detailed benchmark, enabling modeling of this process in
future works.

To operate the combustion of a porous medium in a controlled
situation, a specific, highly instrumented experimental device was
developed and calibrated using a model porous medium.

2. Experimental device

The French Standards Association (AFNOR) published the stan-
dard NF M 03–049, which deals with characterization of solid com-
bustibles in a fixed bed in counter-current flow. The norm is based
on the measurement of front velocity, combustion rate, pressure
drop and temperature. According to the norm, the reactor should
preferably have a cylindrical shape with a diameter of not less than
25 cm, in order to avoid excessive influence of the wall on the results.

An experimental device was developed to enable 1D co-current
experiments; see Fig. 1. It consists of a vertical cylindrical combus-
tion chamber of 91 mm internal diameter and a height of 300 mm.
The diameter was chosen to be wide enough to limit heat losses
through the walls, but narrow enough to avoid the preparation of
large sample quantities, and also to facilitate treatment of the flue
gas. It is made of a 2 mm-thick stainless-steel material, surrounded
by two types of insulating material: a 3 mm thick layer of wool
(Superwool 607 blanket, Thermal Ceramics, k = 0.28 Wm!1 K!1 at
982 !C) and a 50 mm-thick layer of refractory fiber bloc (Kaowool
HS 45 Board, Thermal Ceramics, k = 0.21 Wm!1 K!1 at 1000 !C).

A grate is located at the bottom of the chamber and consists of a
stainless-steel mesh. It is supported by an inner ring, which in turn
is supported by the lower cone of the reactor. At the bottom of the
cell is a flexible tube connected to reservoirs to condense and col-
lect liquid oil. The air entry is designed to supply uninterrupted air-
flow in a symmetrical way; see Fig. 2A. Gas analyzers can be
momentarily connected at the exit of the condensers to analyze
CO and CO2 by NDIR, O2 using paramagnetism, methane plus
non-methanic hydrocarbons (NMHC) using two FID detectors and
H2 using gas chromatography.

The pressure at the top of the reactor and the total mass of the
cell are continuously recorded.

2.1. Temperature measurements

The reactor is finely instrumented. A group of six in-line ther-
mocouples 0.96 mm in diameter (T1, T2, T3, T10, T11 and T12)



are located at z = 0, 45, 90 and 180, 225 and 270 mm (from top to
bottom of the reactor), making it possible to measure the temper-
ature along the axis of the cell at different heights. A crown of six
thermocouples, identical to the ones previously mentioned, makes
it possible to measure the temperature over a horizontal cross sec-
tion (at approximate middle height, z = 135 mm) 11 mm away
from the walls: this will reveal whether the combustion front pro-
gresses or not as a horizontal surface.

2.2. Ignition of the combustion

To start a uniform front across the whole surface of the bed, a
sophisticated ignition device is used, called a Cone Calorimeter. A
radiative flux is generated by a metal surface called a cone heater.
The radiant cone heater temperature is adjusted to 845 !C to im-
pose a heat flux of 45 to 50 k W m!2 over the top surface of the

oil shale. The cone heater has previously been calibrated using a
water-cooled fluxmeter. The radiative flux crosses a quartz port-
hole that ensures the sealing of the closure, as shown in Fig. 3.
The time of irradiation was 220 s, controlled by opening/closing
the insulator shield.

2.3. Micro-sampling system

A new and original device was developed and set up to improve
the physicochemical investigation of the structure of the front. This
micro-sampling device is shown in Figs. 1 and 2. Its originality lies
in its ability to micro sample gas at a fixed point inside the cham-
ber before, during and after the passage of the combustion front.

A peristaltic pump sucks gas at the axis of the reactor – at mid-
height – through a 1.6 mm internal tube. The flow rate is fixed at
2.0 ml min!1 at 20 !C, corresponding approximately to isokinetic

Fig. 1. Cell of combustion in porous medium, with micro-sampling system.

Fig. 2. Horizontal cut on the level of the air entry. (B) Horizontal cross section at middle height of the cell (details: micro-sampling system and crown thermocouple).



sampling inside the bed, in order to minimize the perturbation of
the front. The sampled gas is driven to an automatic septum. The
dead volume of the sampling tube (1.6 mm internal diameter,
166 mm long) and of the septum was 0.8 ml. Syringes of 0.25 ml
(250 ll) with valves are used to sample gas inside the dead vol-
ume. A sample is taken every 30 s; during that period, the front
progresses by 1.25 mm approximately, which gives an optimistic
evaluation of the spatial resolution of the system. The components
CO and CO2 are analyzed a posteriori by gas chromatography.

3. Calibration of the combustion cell using a model medium:
charcoal/sand

Oil shale is a complex reactive medium; its combustion involves
drying, devolatilization, fixed carbon (FC) oxidation and carbonate
decarbonation. Therefore, it was decided firstly to validate the
combustion cell using as ‘‘simple” a model porous medium as pos-
sible. To simulate the FC, charcoal particles were used and mixed
with sand. The sample was prepared by pyrolyzing wood chips,
grinding the chips, and then selecting the particle size in the range
500–1000 lm. To obtain a homogeneous mix of charcoal particles
with sand, it was necessary to prepare a kind of mortar by wetting
the mix of charcoal and sand, before intensively mixing the mortar,
then placing it into the combustion cell before drying it overnight.
It was confirmed that after drying, the charcoal particles –
collected from the dry mortar – contained more than 91.6% of car-
bon. The mass proportion of carbon was 3.6%, corresponding to
experiments done later with the mix of oil shale and sand. This
was obtained by introducing 2256 g of sand and 84.3 g of charcoal
(dry base) in the cell.

The experiments were run with an air flow rate of 9.5 l min!1.
This corresponds to a flow rate of 1460 l min!1 for 1 m2 of section,
and to a Darcy velocity of 0.024 m s!1 at 20.0 !C, or 0.108 m s!1 at
1000 !C. After combustion, the axial shrinkage of the bed was 16%,
which is not negligible. The analysis of the solid residue indicated
that no more carbon was present (less than 0.05% in the mix of so-
lid residue + sand). In this case, all the FC had been oxidized.

Fig. 4A shows the temperature evolution at several locations in-
side the bed for two experiments in the same conditions. For ther-
mocouple T1, a peak close to 610 !C was observed. For the other
thermocouples placed along the axis (T2, T3, T10, T11 and T12),
temperature peaks were observed near to 1050 !C.

On the horizontal cross section at the mid-point of the height of
the bed (T4–T9), one can see that the temperature peak has fallen
to 930 !C: the temperature difference compared to the axis of the
bed is about 120 !C. This reveals significant heat losses through
the walls.

The peak temperature is reached at the same time for all ther-
mocouples of the crown, indicating that the front propagated as
a horizontal surface. Moreover, the peak time for all thermocouples
of the crown is midway between T3 and T10 peak time. This indi-
cates that the front was a plane surface.

Fig. 4B shows the temporal evolutions of the pressure at the top
of the particle bed for two experiments. The pressure increased al-
most linearly along the experiment, and decreased slightly at the
end. An explanation might be that the average temperature level
inside the bed increases with time, increasing the gas velocity
and viscosity, and ultimately leading to pressure drop. When the
front reaches the bottom of the cell, the top of the cell has started
to cool down, as can be observed in Fig. 4A. This explains the de-
crease of the pressure by the end of the experiment.

Fig. 3. Photograph at the time of irradiation of the oil shale surface.
Fig. 4. (A) Temperature evolution of the thermocouples placed along the axis and
placed a horizontal cross section. (B) Mass and pressure evolution in the bed.



The velocity of the front was determined from the data of pas-
sage at each thermocouple on the axis of the cell. A quadratic poly-
nomial function giving the position of the combustion front versus
time was fitted to the experimental points, as illustrated in Fig. 5A.
The r2 was better than 0.995. The time derivative of this function is
the velocity of the combustion front, shown in Fig. 5B. As indicated
by the plots, the velocity of the front increased from 3.21
mm min!1 at the beginning of the experiment to 4.84 mm min!1

by the end. Al-Saffara et al. [27] found a similar trend. Torero
and Fernandez-Pello [4] also reports this acceleration during for-
ward smolder of polyurethane foam in a forced air flow.

4. Propagation of a combustion front in OS packed bed

A mass of 2127 g of mix 75/25 wt. oil shale/sand was introduced
in the cell. The experiments were run again in an air flow rate of
9.5 l min!1 at STP.

4.1. Observation of the liquid oil produced and of the solid residue

4.1.1. Liquid oil
The smoke was transparent until the front reached the middle

of the cell; it then started to change of color to a dense white,
and condensation of water appeared inside the tubes. After that,
the smoke became yellow and at the moment t = 3490 s the first
oil drops fell down inside the container.

At the end of the experiment, liquid oil was recovered in the
reservoir; see Fig. 6. The oil tended to be separated into
different phases. Clear water was observed at the bottom, while
a second black phase was seen to be floating; a third very viscous
phase lay at the bottom. The analysis of oil is complex and was not
made.

4.1.2. Solid residue
The vertical shrinkage of the bed was as low as 3.5% of its initial

height. After cooling of the experiment, the bed was sampled in
horizontal slices. The solid residue was homogeneous in color, a
very clear grey. Nevertheless, a 1–2 mm-thick layer of unburned
particles (dark grey color) was observed at the walls of the cell,
all along the height of the cell. This indicates that the temperature
at the cell walls was too low for combustion to occur.

No liquid oil deposited at the surface of the grains or impregnat-
ing the grains was observed. The particles were not sticky and had
no smell, while the flue gas had a very strong smell.

4.2. Temperature

The values obtained at different locations inside the bed are re-
ported in Fig. 7a. For thermocouple T1, close to the bed surface, a
peak at about 750 !C was observed. After ignition at the surface,
a combustion front started to self-propagate downward in co-
current through the bed. For the other thermocouples placed along
the axis (T2, T3, T10, T11 and T12), peaks at a temperature near
1100 !C were observed. This temperature is comparable to that ob-
tained during the calibration tests made with a mix of charcoal/
sand, where the amount of FC was similar.

Fig. 5. (A) Curve fitting with its 1st derivative at time. (B) Combustion front velocity.

Fig. 6. Shale oil recovery during experiments.



On the horizontal cross section at mid-height of the bed and
11 mm away from the wall (crown thermocouples, T4–T9), one
can see that the peak temperature was about 180 !C lower than
at the axis. This reveals again that a pure 1D situation was not
achieved, which can be attributed to significant heat loss at the
walls of the cell.

A global heat balance was established to estimate the heat loss
over all the combustion process; the details of the calculation are
given in the Appendix. It was found that approximately 42% of
the heat released by the combustion of the FC of oil shale was lost.
Despite the quite large diameter of the fuel bed (91 mm) and the
thickness of the insulation material around it, the heat losses were
not negligible. This observation indicates that in experiments from
the literature where the combustion front is observed in non-insu-
lated transparent smaller-diameter reactor tubes, the heat losses
were much higher, and significantly affected the front structure

and propagation. The reader can find detailed experimental and
theoretical work about the effect of heat losses on opposed smol-
dering, and on critical conditions to achieve a self sustaining com-
bustion front, both in microgravity and in normal gravity [6].

The heating rate inside the bed at the arrival of the front was be-
tween 60 and 90 K min!1. This is much higher than the operating
rate in a standard TG experiment, but it is within the operational
range of the horizontal tube furnace, Submitted paper [26], that
was used to determine the amount of FC: 50–900 K min!1.

Fig. 7a also shows a very clear phenomenon observed during
the experiments. The temperatures at different positions of the
bed all stabilized at a very constant temperature of 60 !C until
the combustion front approached. This can be compared with the
observation of a DTG peak at the same temperature of 60 !C during
the test at 10 K min!1, Submitted paper [26]. It is probable that this
peak is due to an endothermic phase change that was not
identified.

Observing the dispersion of results during repeatability tests
brought some insight into the mechanisms involved. In the case
of oil shale/sand tests, the difference between the peak times at a
given location, Fig. 8, might be explained by the complex flow
developed in the cell, caused by the conversion of solid kerogen
into liquid oil and then into gas, [28], generating overpressures
in the bed. This clogging results in disturbance of fluid flow across
the porous medium. One can verify this by observing Fig. 4 for
charcoal/sand tests: for the ‘‘simple” medium, the temperature
peak time results are coincident when the test is repeated.

Fig. 9 shows axial temperature profiles along the reactor axis at
different times. These profiles were obtained by plotting – at the
peak time for each thermocouple – the temperature values for all
thermocouples. Extrapolation curves around each thermocouple
were obtained from the temperature values before and after the
peak time. The front velocity was used to calculate the position Z
of the thermocouple relative to the Temperature Peak Point (TPP)
at each time. The temperature decrease downstream of the TPP
(right hand side of TPP) keeps quite a constant shape at different
times, while the hot zone upstream of the front becomes larger
as the front progresses.

4.3. The structure of the combustion front

4.3.1. Thermal structure
From the temperature profile at a given time (4119 s for in-

stance), a first geometrical description of the front structure can
be established, as follows:

– If one assumes that drying is completed rapidly when the tem-
perature reaches 150 !C, the drying zone can be localized

Fig. 7. (a) Temperature evolution of the thermocouples placed along the axis (T1,
T2, T3, T10, T11 and T12) and placed a horizontal cross section (crown). (b) Mass
and pressure evolution in the bed. (c) Derivative of the mass evolution in the bed.

Fig. 8. Axial temperature peak for five trials.



downstream of the TPP, starting 18 mm from the TPP as illus-
trated in Fig. 10 where Z was fixed to 0 at the TPP.

– The DTA tests performed under N2 in Submitted Paper [26]
showed that devolatilization progresses significantly as the tem-
perature reaches 250 !C, and is very fast at 550 !C. Consequently,
the devolatilization zone can be localized between 7 and 13 mm
downstream the TPP; its thickness is as small as 6 mm.

– Carbon oxidation under air has been extensively studied, and is
known to progress significantly above 450 !C and rapidly at
550 !C. But for FC oxidation to occur, oxygen must be also pres-
ent. Air is fed from upstream of the combustion front (small Z),
and several percent of O2 are still present at the exit of the cell.
The zone where the two criteria are satisfied ranges from very
small Z to Z = 8 mm. Nevertheless, at small Z, there is no more
FC present as shown by the characterization of the solid residue
in Submitted Paper [26]. It is not possible at this stage to localize
where the oxidation has the highest rate, although this is prob-
ably around the TPP.

– The DTA tests performed in Submitted Paper [26] showed that
decarbonation of carbonates operates at a significant rate from
a temperature of 650 !C and was very rapid at 750 !C. The decar-
bonation zone is thus possibly located upstream of the TPP, and
also downstream, along 6 mm.

4.3.2. Direct observation of the front
In an experiment, the combustion process was quenched with

N2, freezing the combustion front at mid-height of the cell. After
impregnating the porous medium with a resin, vertical cuts were
made. It was possible from this experiment to visualize a clear dif-

ference in the color of the medium before and after passage of the
front; Fig. 11 shows the photograph. The thickness of the transition
zone is 3–6 times the average particle size. Nevertheless, it remains
difficult to interpret this image in terms of thickness of the reaction
zones.

4.3.3. Chemical structure
The chemical thickness of the front was also investigated using

the micro-sampling system. Fig. 12 summarizes the results ob-
tained in term of the composition of the gas at different locations
inside the front. It was particularly difficult to sample the eight
syringes over the appropriate period of time, i.e. when the front is
passing at the sampling point inside the cell. Indeed, the front

Fig. 10. Front structure evaluated from temperature profile.

Fig. 9. Axial temperature profiles along the axis of the cell at different times.

Fig. 11. Photography of combustion front.



was not a plane surface and not horizontal as described later. In or-
der to put together the results from different experiments, the
experimental values are represented with space as the X scale,
and relative to the TPP. Again the position of micro-sampling rela-
tive to the TPP was calculated from the time separating sampling
and peak temperature occurrence at the sampling point, using the
front velocity. As can be seen in Fig. 12, the results are quite scat-
tered. Nevertheless, the average value of the CO2 fraction down-
stream of the front (left hand side) is around 20%, corresponding
to the value obtained sampling the flue gas at the exit of the cell
(19%), Martins et al. [26].

– As far as CO is concerned, its origin is FC oxidation only. The
amount of CO released by devolatilization is negligible when
compared with CO formed by FC oxidation, Martins et al. [26].
From the observation of the curve, it can be established that
the oxidation is essentially concentrated in the zone up to
10 mm downstream of the TPP. This is compatible with the first
description proposed before. It is now possible to locate the
upstream limit of the oxidation zone at the TPP: in all probabil-
ity there is no more FC upstream of this point.

– CO2 originates from the oxidation of FC but also from the decar-
bonation of calcite, in significant proportion, Martins et al. [26].
The plot indicates that CO2 is formed in a zone slightly larger
than the zone for CO formation: the decarbonation zone spreads
from 5 mm upstream of the TPP, where the temperature is as
high as 1100 !C. The fact that CO2 is not released upstream of
this point indicates that carbonates are not present anymore,
i.e. the decarbonation has been completed. As far as the down-
stream limit of this zone is concerned, it seems not to extend
further than 10 mm downstream of the TPP.

4.3.4. Shape of the front
Significant time duration separates the passage of the front

(Fig. 7a) at the different thermocouples of the horizontal crown:
the combustion front is thus not horizontal but inclined. From
the propagation front velocity, and from the time separating the
first peak and the last peak of the thermocouples crown, the slope
of the front was evaluated at 4!, varying between 1! and 7! during
repeatability tests. The fact that the front was not a horizontal sur-
face may result from a non-uniform radiative heat flux during igni-
tion. This explanation, however, cannot stand because the front
remained a horizontal surface during the combustion of a mix of
charcoal and sand. Therefore, a complex situation involving gas/
oil condensation and re-evaporation is likely to be responsible
for the front inclination in the case of oil shale. Instabilities due
to the ignition process may also explain the front inclination.

Moreover, looking at the results in Fig. 7a, it is clear that the
front reached the first thermocouple of the crown earlier than it
reached the axis of the cell at the same Z, i.e. midway between
the time for T3 peak and the time for T10 peak. This result indicates
that the front was not a plane surface, but a curved surface with
the top at the axis of the cell. Consequently, a front shape can be
proposed illustrated in Fig. 13, where three locations (o) were plot-
ted of the temperature peak at the time when the front passes at
the axis of the cell at Z = 135 mm. One explanation might be that
the front progress is controlled by O2 supply, as demonstrated in
Martins et al. [26]. The mass flow rate of O2 close to the cold walls
is higher than at the axis. There are several reasons for this:

– the density of O2 is higher due to the lower temperature;
– the viscosity is smaller, also due to the lower temperature;
– the arrangement of particles in contact with the walls is not as

dense as in the rest of the cell.

This might explain the more rapid progress of the front at the
walls of the combustion cell.

4.4. Pressure drop of the particle bed

As illustrated in Fig. 7b, the pressure at the top of the bed first
progressively increases from 500 to 1500 Pa. After that, one can ob-
serve a sudden increase to 1800 Pa and a rapid decrease at the end
of the test. The progressive increase might be explained by two
phenomena:

(i) The temperature increase of the medium, as was confirmed
from the experiments with charcoal/sand.

Fig. 12. Results from different experiments with micro-sampling.

Fig. 13. Shape of the front.



(ii) The progressive formation of an oil bank downstream of the
combustion front, or the clogging of the medium by oil
deposits and porosity decrease. By the end of the test, the
oil is evacuated at the bottom of the cell, explaining the rapid
decrease in the pressure. Indeed, a flow of liquid oil at the
bottom of the cell was observed starting at t = 3490 s, i.e.
some time before the sudden pressure increase.

4.5. Mass loss of the particle bed

The evolution of the fuel bed mass is reported in Fig. 7b. It is
shown here that when liquid oil arrives at the bottom of the cell,
it is evacuated to a container and not weighed with the rest of
the cell. It is clear that the mass loss rate (slope of the curve)
was not constant along the process. After 4900 s, the mass stopped
decreasing.

The derivative of fuel bed mass gives a better reading. It was
calculated using the recorded mass data and by smoothing the
curve with a time step of 15 s; the results are shown in Fig. 7c.
Looking carefully at the results, one can distinguish three domains
along the process:

(i) A starting domain, up to 1750 s during which the mass loss
rate increases. This is attributed to the fact that the front at
the very beginning is not hot enough to cause calcite
decarbonation.

(ii) A more or less stable propagation domain, from t = 1750 s to
t = 3800 s. Along this domain, the mass loss rate increases by
only 14%.

(iii) A perturbed domain after 3800 s, in which the mass loss rate
suddenly increases and then rapidly decreases.

It is interesting to note that these three domains can also be ob-
served – with time synchronization – on the bed top pressure
curve. This would corroborate the explanation of the oil bank evac-
uation by the end of the process, explaining both the pressure drop
loss and the high mass loss rate.

4.6. The front velocity

The front velocity calculated from the times of TPP at the different
thermocouples on the axis is reported in Fig. 14 for all experiments.
The results for the reference experiment are highlighted using a bold
line. The front propagation velocity is 3.1 mm min!1 at the beginning
of the experiment, and increases to 4.0 mm min!1 at the end. For the
charcoal/sand tests, the propagation front velocity at the beginning

was about 3.21 mm min!1 and at the end it increased to
4.84 mm min!1. These results are consistent since the mass fraction
of FC was comparable for the two media. These values are character-
istic of the smoldering propagation velocity. The repeatability tests
for oil shale/sand combustion show that the increase in the velocity
ofthefrontisalwaysobserved,althoughsomedifferencescanbeseen
from one test to another.

4.7. The physical state of the oil

It is difficult to establish under what physical state – gas or li-
quid, adsorbed or not on the solid oil shale particles – the oil is
transported through the porous medium downstream of the front.
Eq. (1) should be valid if there is no accumulation of matter (here,
oil) inside the bed. The apparent density of the oil shale/sand mix
was measured before (qi) and after (qp) the passage of the front,
and Uf was calculated and plotted in Fig. 15. Uf calculated from
the position of the TPP was also plotted in Fig. 15 as the actual front
velocity.

Uf ðqi ! qpÞ ¼
dm
dt

ð1Þ

The figure indicates that the front velocity as calculated from
Eq. (1) is first lower than the actual velocity: this indicates that
accumulation of oil occurs during this phase of the propagation
process. Later on, as the front progresses, accumulation of oil is
no longer possible; the oil is driven out from the cell by the end
of the experiment, when the velocity deduced from Eq. (1) be-
comes higher than the actual velocity. A specific experiment was
made to obtain information about the physical state of oil adsorbed
in the porous medium. This experiment was stopped as the front
reached the mid-height of the cell by switching the air feed to
N2. No liquid oil was observed; the oil is adsorbed at the surface
of the solid particles. Nevertheless, this result does not eliminate
the possibility that when the front progresses further in the cell,
the liquid oil can be present.

5. Conclusion

By means of the new 1D experimental device, the propagation
of a combustion front with forward air fed at 1460 l min!1 m!2

STP was characterized in detail along 300 mm of a 75/25 wt. mix
of oil shale/sand. The experiments were repeatable. The combus-
tion regime was complete gasification. The progress of the front
was limited by the air supply.Fig. 14. Repeatability trials of the combustion cell.

Fig. 15. Two approaches to evaluate the front velocity.



Despite the relatively large diameter of the cell and the good
thermal insulation, the heat losses were estimated at 42% of the
heat released by the combustion.

When using a model medium composed of charcoal and sand,
the front propagates as a horizontal plane surface, with a progres-
sively increasing velocity. Using oil shale/sand as the fuel, after
150 mm of progress the combustion front inside the bed was an in-
clined curved surface with its top close to the axis of the cell. Con-
sequently, this deformation and inclination can be attributed to
phenomena specific to oil shale. This specific behavior was con-
firmed by a larger dispersion of results among the tests obtained
in the case of oil shale combustion than for charcoal/sand mix
combustion.

From the temperature profiles established, a geometrical
description of the successive zones of drying, devolatilization, char
oxidation and carbonate decarbonation can be proposed. The new
setup enabling micro-sampling of gases inside the front confirmed
that the chemical thickness of the oxidation front is about 10 mm.

Condensation of liquid oil at the exit of the cell was observed
when the front reached approximately Z = 170 mm. It was shown
that oil is accumulated in the porous medium at the beginning of
the experiment, although stopping an experiment at mid time
did not show the presence of liquid oil in the medium. By the
end of the experiment, oil is expulsed from the cell. It could not
be established here if liquid oil – a third phase – did form inside
the medium.
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Appendix. Energy balance over an experiment

The total heat loss of the combustion cell can be estimated as
the sum:

– of the heat lost at the external walls of the cell;
– and the heat necessary to heat the cell and the fuel from the

initial room temperature to its final average temperature.

The loss at the external walls was calculated as follows:

Q wall ¼ h S ðTp ! TambÞ t

where,

– the heat transfer coefficient by natural convection h was
estimated at 15 W m!2 K!1;

– the external surface of the cell S was estimated at 0.251 m2;
– the average temperature of the external surface Tp was mea-

sured at 60 !C;
– the ambient temperature Tamb was 18 !C;
– the time t was estimated at half the duration of an experi-

ment, or 2500 s, since the external surface at a given level
of the cell is hot only when the front has passed through.

The energy to heat the combustion cell from the room temper-
ature Tamb to the average final temperature Tp can be expressed:

Q cell ¼ m Cp ðTp ! TambÞ

where,

– m is the mass of the cell and fuel, 5.0 kg;
– Cp is taken as the specific heat of the insulation material,

estimated at 1386 J kg!1 K!1.

The total heat loss is then Qtot = Qwall + Qcell = 291 + 396 = 687 kJ.
The FC in the cell was oxidized as follows:

C þ fr
2
þ ð1! frÞ

! "
O2 ! fr COþ ð1! frÞCO2

The calorific value for this reaction is DHox = 19470 kJ/kg for
fr = 0.565 following Martins et al. [26].

The total mass of FC oxidized was mFC-ox = 84.2 g, Martins et al.
[26].

The energy released by the combustion of the FC was:

Qox ¼ mFC-ox & DHox ¼ 1640 kJ

The fraction of lost energy was then

Frlost ¼ Qtot=Qox ¼ 0:42
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