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Smouldering is a low-temperature, flameless, and persistent combustion process driven by heterogeneous oxi-
dations. Oxygen supply is a key parameter of smouldering and is sensitive to fuel density and particle size, but
our understanding is still limited. Herein, we explore the oxygen threshold for smouldering propagation under
upward internal airflow velocities up to 5 mm/s. Pine needles with different bulk densities (55-120 kg/m®) and
wood samples with different particle sizes (1-50 mm) are tested. We found that the minimum airflow velocity for
sustaining smouldering propagation increases with the decrease of the bulk density or the increase of the particle
size. By increasing the airflow velocity, the smouldering front first propagates unidirectionally (opposed) and
then bidirectionally (opposed + forward). Nevertheless, when the pore size is large (the fuel particle size is large
or the fuel bulk density is small), bidirectional propagation always occurs, because the oxygen can leak through
the opposed smouldering front. A simplified thermochemical analysis is proposed to reveal the influence of
interparticle heat transfer on the minimum oxygen supply rate of smouldering propagation. This work advances
the fundamental understanding of smouldering on solid fuel particles and their smouldering fire risks and helps
optimize the efficiency and safety of smouldering processes.

1. Introduction

Smouldering is a persistent type of combustion that is characterized
as a sluggish, low-temperature, and flameless process [1-4]. This het-
erogeneous phenomenon is sustained by exothermic oxidations when
oxygen molecules directly attack the hot surface of condensed-phase
reactive porous media [5]. Smouldering combustion includes massive
elementary chemical reactions and complex heat and mass transfer
processes [6]. Smouldering is notorious for its catastrophic hazards (see
Fig. 1a), and it is the primary burning phenomena of residential (e.g.,
bedding, upholstered furniture and mattresses), industrial (e.g., silos
and storage units) and natural (e.g., coal, peat, duff, humus, and wood)
fuels [3,7-17]. Nevertheless, smouldering has also been utilized for
energy conversion and adopted as an effective alternative to conven-
tional organic waste removal technology, showing promising applica-
tion prospects [18,19]. Thus, a better understanding of the smouldering
process may not only help prevent undesirable fire accidents but also
optimize the efficiency and safety of applied smouldering systems [4,
201.

The propagation and extinction of smouldering combustion are
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primarily controlled by two key mechanisms: heat loss and oxygen
supply [2,3,22,23]. The path and rate of oxygen supply are crucial for
the heterogeneous oxidations that generate the required heat to balance
endothermic processes such as drying, pre-heating, environmental
cooling, and endothermic pyrolysis reactions during propagation [21].
However, smouldering combustion is an incomplete reaction process
requiring less oxygen for a self-sustaining front than flaming combus-
tion, leading to a lower limiting oxygen concentration (LOC) [21,24].
Therefore, smouldering of porous fuels can be initiated and sustained
with a limited oxygen supply, e.g., the deep underground peat and coal
fires [25,26].

However, past research on the oxygen supply limits of smouldering
has been mainly conducted under quiescent ambient or with external
wind, which cannot completely separate the diffusion of oxygen from
the surroundings [21]. This has resulted in different values of limiting
oxygen concentration (LOC) found for the same fuel in various experi-
ments [27-29], and the actual minimum rate of oxygen needed to sus-
tain smouldering is still unclear. Therefore, to quantify the LOC for
smouldering propagation, it is necessary to accurately measure the
amount of oxygen passing through the porous fuel.

In our previous work [21], we developed a tubular smouldering
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Nomenclature

Symbols

A cross-section area (m?)

d fuel diameter (mm)

d, characteristic pore size (m)
AH heat of reaction (MJ/kg)

k effective thermal conductivity (W/m-K)
L fuel length (mm)

m mass flow rate (g/s)

m mass flux (g/m?>-s)

ng reaction order (-)

q heat flux (kW/m?)

S particle surface area (mz/g)
T temperature ( °C)

U flow velocity (mm/s)

Ax characteristic length (m)

X volume fraction (-)

Y mass fraction (-)

Greeks

B heating rate (K/min)

y radiative conductivity coefficient (m)
Db bulk density (kg/m%)

Pe gas density (kg/m?)

Ps solid density (kg/m®)

c Stefan-Boltzmann constant ((kg/53~K4)
W porosity (-)

Subscripts

cond conduction

cony convection

4 gas

min minimum

(02} oxygen

ox oxidation or oxidizer

r radiative

sm smouldering

0 initial

Abbreviations

LOC Limiting oxygen concentration

TG Thermogravimetric

reactor that could flow the oxidizer through the porous fuel to the
smouldering front without an ambient oxygen supply. We found that, for
peat soil with high organic content, the LOC could be below 2 %, and the
minimum internal oxygen supply rate was approximately 0.08 + 0.01
g/m?.s. Such a minimum value was almost a constant when the oxygen
mass fraction (Yp,) was larger than 15 % (see Fig. 1(b)). However, the
LOC and minimum internal oxygen supply rate of common fuels, such as
wood [18,20,30], coal [31], and biowastes [32,33], are still unclear.
Furthermore, even for a particular kind of fuel, its properties such as
particle size, bulk density and moisture content may also affect the
thresholds of smouldering propagation. Therefore, we need to further
understand the oxygen-supply threshold of smouldering ignition and
propagation [34], as well as how underlying physical and chemical
mechanisms change with the fuel parameters at near-limit conditions.
This study aims to explore the role of fuel size and bulk density on the
minimum oxygen supply rate of smouldering combustion. Wood and
pine needles are selected as representative porous fuel beds to support a
robust smouldering propagation. Controlled airflow (Xo, = 21 %) is
provided to penetrate through the porous fuel bed with a velocity of up
to 5 mm/s inside the smouldering reactor. The evolutions of fuel
smouldering mass loss and temperature profile are quantified under
different internal oxygen supply rates. Finally, a heat transfer analysis is

(a) Smouldering process

Smouldering &

(g/m2-s)

ox

"

Oxygen supply rate m

proposed to explain the influence of fuel particle size and bulk density
on the minimum oxygen supply rate of smouldering.

2. Experimental method
2.1. Fuel samples and processing

Wood and pine needles, as typical porous fuels that are prone to
smouldering combustion [18,35,36], were tested in this work (Fig. 2a).
Although duff and peat were also viable options for the experiment, they
either exhibited a complex mixture composition or posed challenges in
adjusting bulk density through compression. Consequently, we have
opted for wood samples and pine needles as they effectively meet the
experimental requirements. The large wood chips with homogenous
physical properties were provided by a local supplier (ECO-Greentech
Ltd.), while the pine needles were collected from the larch forest in
Saihanwula Biosphere Reserve, China. Thermogravimetric tests were
conducted using PerkinElmer STA6000 under air and Ny atmospheres,
and representative results are shown in Fig. S1.

Before being placed into the smouldering reactor (Fig. 2b), all the
fuel samples were oven-dried at 90 °C for at least 48 h. Then, the final
moisture content of dry fuel was measured to be < 5 %, which is low

(b) 15y vs. Yo,

0.5
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Minimum oxygen
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Fig. 1. (a) Smouldering, the flameless combustion, in organic peat soil. (b) minimum oxygen mass flow rate for supporting smouldering in peat at different oxygen
mass fraction [21], where the oxygen limit reaches a minimum value of 0.08 + 0.01 g/m%s when Yo, > 15 %.
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(b) Experimental setup
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Fig. 2. (a) Tested samples of wood (large, medium chips and fine dust) and pine needles (in different observation views) and (b) schematic diagram of the

experimental setup.

enough not to affect the smouldering propagation [27,37]. In general,
wood chips were relatively stiff, and it was more feasible to control the
fuel size. Comparatively, pine needles were relatively loose, and it was
easier to change the bulk density. Thus, two groups of experiments were
designed:

(I) woods with three particle sizes (d) of 1 (fine dust), 25 (medium),
50 mm (large), and

(II) pine needles with the same size (diameter (d) of 0.2 mm and
length (L) of 25 mm) but three bulk densities of 55, 80, and 120
kg/m°.

Note that the bulk densities (p,) of medium (162 + 20 kg/m3) and
large chips (178 + 30 kg/m®) were close to each other, while the bulk
density of fine wood dust (325 + 20 kg/m3) doubled. A larger mea-
surement error in bulk density is attributed to the strong dependency on
stacking situation (e.g., the direction of chips), particularly in cases
where particle size is relatively large. Since the solid density (p,) of the
wood material was about 600 kg/m3 [18], the porosities (y =1 — p,
/p,) of the large, medium, and fine wood samples were 0.7 + 0.02, 0.73

+ 0.03 and 0.46 + 0.03, respectively. The physicochemical properties of

fuel samples in the experiments are summarized in Table. 1. Fig. 3 plots
the relationship between fuel particle size and fuel-bed bulk density.

Table 1
Properties of dry fuel samples in the experiments.

2.2. Experimental setup and procedure

The smouldering experiments were conducted in a tubular smoul-
dering reactor (vertical) with an ignition system and an air supply sys-
tem, as detailed in Fig. 2b. The tubular reactor was made of 2-mm thick
quartz glass and had a total depth of 35 cm, updated from the previous
work [21]. The internal diameter of the reactor was designed to be 12
cm with a cross-section area of A, = 113 cm?, which is large enough to
minimize the effect of lateral wall cooling [38,39].

The purified air with a maximum internal flow velocity of 5 mm/s
was pushed into the porous fuel bed from the bottom. Considering that
gravity and buoyancy can potentially affect smouldering extinction
limits [40], the results may vary depending on the direction of the ox-
ygen supply. Note that in this work the internal flow velocity was an
overall value for the cross-section of the reactor (U = m/p,A.), not a
local velocity inside small pores. A sandwiched gas homogenizer (mesh
-+ 5-cm layer of glass beads + mesh) was placed at the bottom of the
reactor to create a relatively uniform air supply. Above the homoge-
nizer, a fresh fuel sample layer with a constant height of 20 cm was
added to the reactor.

To further reduce the influence of environmental cooling on the
smouldering process, a 1-cm thick thermal insulation layer was placed
on top of the fuel and attached to the outer surface of the reactor. To
monitor the smouldering process, an array of eleven K-type

Fuel Particle size Bulk density p, (kg/1 'm?) Solid density p, (kg/ 'm®) Porosity Volatile (%) Fix carbon (%) Ash (%)
d (mm) v ()
1 + 0.5 (Fine) 325 + 20 0.46 + 0.03
Wood 25 + 5 (medium) 162 + 20 600 + 20 0.73 + 0.03 58.8 38.9 1.1
50 + 10 (large) 178 + 30 0.70 + 0.02
‘ d—02+01 55+5 0.91 + 0.01
Pine needles L—2545 80 + 10 607 + 30 0.87 + 0.02 47.1 35.7 14.3
a 120 + 15 0.80 + 0.02
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Fig. 3. Bulk density versus (a) fuel size and (b) fuel bed porosity of tested pine needles and wood samples.

thermocouples (1 mm bead diameter) was inserted into the fuel with an
interval of 2 cm, recording the temperature profiles in 1-min time in-
tervals for the whole experimental process. The coil ignitor was inserted
into the middle of the sample (z = 0) to initiate the smouldering com-
bustion. The ignition protocol was fixed at 100 W for 20 min, which was
strong enough to ignite the tested dry fuel samples. After the ignition
stage, the ignitor was switched off and then the forced internal airflow
was fed into the fuel bed.

During the tests, the holes for inserting coil ignitor and thermocou-
ples were well sealed. To ensure that oxygen was only provided from
bottom-supplied airflow controlled by a precise flow meter (measured
uncertainty < + 5 %), a gas outlet with a diameter narrowed to 1 cm was
set on the top of the reactor to enable the release of emission gas and
prevent atmospheric oxygen from entering the reacting sample [21].
During all lab experiments, the ambient temperature was 25 + 3 °C, the
relative humidity was 50 + 20 % (equivalently 1.5 + 0.6 % mole frac-
tion of water in the air), and the pressure was 101 kPa. At least three
replicates were conducted for each scenario. If three repeated experi-
ments have the same results (propagation or extinction), the experi-
mental repeatability can be ensured, similar to our previous work [21,
38].

3. Results and discussion
3.1. Smouldering propagation phenomena

Fig. 4 shows the thermocouple measurements of medium wood chips
under different internal airflow velocities. In general, as the airflow
supply rate decreases, the fire-propagation mode changes from (a)
bidirectional propagation to (b) unidirectional propagation to (c) no
propagation. Similar trends were also observed for wood dust and pine
needles in this work and for organic soil in our previous work [21].

Under an internal airflow of 4.4 mm/s (Fig. 4a), by the end of igni-
tion, the thermocouple reading near the coil ignition was higher than
300 °C, thus a smouldering reaction zone was formed. Then, the coil
heating was interrupted, and the purified air with the prescribed flow
velocity was provided. Afterwards, two separated (forward and
opposed) smouldering fronts were observed under this single forced
airflow, evidenced by the temperatures over 300 °C both above (z > 0)
and below (z < 0) the ignition zone. At a relatively high flow velocity,
the supplied oxygen was partially consumed by the downward
(opposed) front, and the remaining oxygen escaped and then played a
role in supporting the upward (forward) front. As a result, the opposed
front usually has a higher smouldering temperature (observed by ther-
mocouple data) and a more complete combustion process (residual ev-
idence of more ash on the bottom) than that of the forward front. The
heat transfer process that affects peak smouldering temperature will be

analysed in Section 3.5.

When the airflow rate was decreased to 1.5 mm/s (Fig. 4b), with the
same ignition protocol and air-supply timing in this scenario, only an
opposed smouldering front was sustained (> 250 °C) because of the
limited oxygen provided. The offered oxygen was fully consumed by the
downward smouldering front. Note that the thermocouple reading at 6
cm is higher than that at 2 cm during ignition. This abnormal phe-
nomenon is potentially because of (1) a non-uniform reaction front
under an oxygen-limited condition; (2) the probe of the thermocouple
point at 2 cm may not fully touch the fuel. After burnout, the fuel surface
was found to regress significantly, and a clear boundary can also be
observed with virgin fuel above and ash and unburned char below.

Gradually reducing the oxygen supply, it was found that when the
airflow was small enough, the oxygen supplied was unable to support
smouldering propagation, as shown in Fig. 4c. To be specific, the tem-
perature in the entire reactor is rapidly reduced to room temperature
without any fluctuation after the ignition. Further prolonging the
heating duration or increasing the heating power still cannot induce the
smouldering propagation at this oxygen supply rate.

3.2. Smouldering oxygen supply limits vs. fuel-bed bulk density

Fig. 5 plots the internal airflow velocity vs. (a) bulk density (p,) and
(b) porosity (w) of pine-needle beds and shows the smouldering phe-
nomena under different scenarios. Three smouldering phenomena of
“bidirectional propagation”, “unidirectional propagation”, and “no
propagation” define two oxygen supply boundaries. On one hand,
Fig. 5a shows the minimum oxygen supply decreases with the fuel dry
bulk density, that is, fuels with higher bulk densities require less oxygen
to support a smouldering propagation. Specifically, when the bulk
density was increased from 55 kg/m® to 120 kg/m?>, the Uy, decreased
significantly from 0.5 mm/s to 0.2 mm/s.

On the other hand, the boundary between bidirectional and unidi-
rectional propagation shows an opposite trend. In other words, pine
needles with higher bulk densities are more prone to unidirectional
propagation within the tested range. For the pine needles with a bulk
density of 120 kg/m°, bidirectional propagation in the vertical direction
can only be observed at a larger airflow velocity (near 3 mm/s). In
contrast, for pine needles close to their natural bulk density (~45 kg/
m®), as long as the provided airflow is larger than the minimum supply
limit, both upward and downward smouldering fronts can be formed
and sustained. The reason behind this “bidirectional smouldering
propagation” is not the excessive Oy supply to a uniform front (as
illustrated in Fig. 6a and detailed in our previous work [21]). In contrast,
Fig. 6b illustrates two more scenarios that lead to bidirectional smoul-
dering by leaked oxygen (B1: due to high-porosity fuel bed; B2: due to
large particles). When the particles are loosely packed, the “leaked
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(a) Bidirectional smouldering (U = 4.4 mm/s)
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Fig. 4. Thermocouple measurements and schematic diagrams of (a) bidirectional smouldering, (b) unidirectional smouldering and (c) no smouldering (extinction
after ignition) in medium-size wood chips with internal airflow supply rate of 4.4 mm/s, 1.5 mm/s and 0.4 mm/s, respectively.

oxidizer” through the pores between the particles will lead to a
non-uniform smouldering front in the higher-porous fuels. Therefore, it
is easier to sustain the bidirectional propagation for fuel beds with a
lower bulk density (see Fig. 6b (B1)).

Fig. 5(c-d) further summarizes experimental data on minimum flow
velocity Upin to sustain smouldering combustion in fuels with different
fuel porosities but with similar particle sizes (0.5~2 mm), including pine
needles, wood dust, and peat soil [21]. While there are still differences in
other physical properties of fuels, organic content, and heat of com-
bustion (see Table 1 and Supplemental Materials), the results indicate
that in the premise of comparable particle sizes, bulk density plays one

of the determinant roles in controlling the minimum oxygen re-
quirements of smouldering combustion in diverse fuels. More experi-
mental data from diverse fuels and theoretical work are needed to
evaluate the role and contribution of each parameter.

3.3. Smouldering oxygen supply limits vs. fuel particle size

Based on the experimental results, the effect of density on the Up,
can also be applied to wood samples to some extent, as shown in Fig. 7a.
In general, wood samples with higher bulk densities require less oxygen
to support unidirectional smouldering combustion, but a larger flow rate
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Fig. 5. Internal airflow velocity vs. (a) pine needle bulk density and (b) porosity, where @: bidirectional, o: unidirectional, and x: extinction. Minimum internal
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high-porosity (low-density) fuel bed or B2: large fuel particles.
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(b) U vs. d (wood samples)
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Fig. 7. Internal airflow velocity vs. (a) dry bulk density and (b) particle size of wood samples, where @, o, and x represent “bidirectional propagation”, “unidi-

rectional propagation” and “no propagation”, respectively.

for bidirectional propagation. However, an anomaly was found when
focusing on bulk density between 150 and 200 kg/m?, that is, the
relationship between p;, and Upmi, is unclear in this small range. This is
because even though large and medium wood chips have a distin-
guishable difference in particle size, their bulk density is highly
dependent on the stacking situation, e.g., the direction of chips, thus
inducing a strong random impact on local bulk density (p,). Therefore,
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in terms of wood samples, the experimental results were reformatted as
a relationship between particle size and flow velocity.

Fig. 7b summarizes the experimental results of the minimum airflow
rate to support the smouldering combustion of wood samples with
different particle sizes. It shows that the effect of reducing particle size is
similar to that of increasing bulk density, that is, samples with a lower
particle size have a lower limit of Upn to support smouldering
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Fig. 8. The effect of (a-b) internal airflow velocity, (c) bulk density and (d) particle size on mass loss during smouldering, where o is unidirectional propagation, and

e is bidirectional propagation.
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combustion. However, only bidirectional propagation was found in
large wood chips (d = 50 mm) when the airflow velocity was larger than
1 mm/s.

Similarly, the enlarged particle size can also induce non-uniform
smouldering propagation. Thus, the leaked Oy can result in the for-
ward propagation front (Fig. 6b (B2) and Fig. 7b). This explains bidi-
rectional smouldering propagation in large fuel particle sizes with
relatively low airflow velocities.

3.4. Smouldering mass loss and temperature

Mass loss and peak temperature are critical smouldering character-
istics to reveal their underlying mechanism in the near-limit condition.
Fig. 8 summarizes the overall burning mass loss after the smouldering
process, where hollow and solid symbols represent uni- and bi-
directional propagation, respectively. All the data were obtained by
varying airflow velocity in individual tests. First of all, the ignition
process led to higher mass loss in pine needles than in wood samples.
However, the overall burning mass loss of pine needles is lower than
wood samples in high flow velocities, due to a higher proportion of ash
content (determined by the TG test, see Table 1 and Supplemental
Materials).

Nevertheless, the smouldering mass loss for both wood and pine
needles increases with the internal airflow rate, regardless of particle
size, bulk density and propagation mode. This implies the importance of
controlling oxygen supply in smouldering biomass removal systems [18,
20,41]. It is worth noting that, bidirectional propagation does not
necessarily cause greater mass loss than unidirectional propagation. In
other words, no universal boundary between uni- and bidirectional
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propagation was found, and mass loss cannot be used as direct evidence
to determine the propagation mode, but instead has to be in conjunction
with the temperature distribution. Similar phenomena can also be
observed in wood samples (Fig. 8b). Moreover, Fig. 8(c-d) provides a
comparison of the effect of bulk density and particle size on burning
mass loss. It suggests that the bidirectional propagation results from low
bulk density or high particle size led to lower mass loss during smoul-
dering combustion.

Fig. 9 summarizes the peak smouldering temperature during the
combustion process in both fuels. Note that it refers to the average peak
temperature of the front in the unidirectional propagation, or the
average temperature of both fronts in the bidirectional propagation of
repeating tests, and the standard deviations are shown as error bars. As
expected, peak smouldering temperature increases with the supplied
oxidizer flow, due to better oxygen availability and thus more heat
released from the char oxidation process. This also explains the trend of
mass loss change with flow velocity in Fig. 8.

Similarly, peak smouldering temperature cannot be applied as a
criterion to distinguish the propagation mode. For example, in large
wood samples with an airflow velocity of 1.2 mm/s, bidirectional
propagation with low peak temperature was observed (see Fig. 8b). This
provides another possibility for the bidirectional propagation smoul-
dering, i.e., in addition to the excess oxygen that cannot be completely
consumed by a single front [21], it may also be due to the oxygen
“leakage” from the non-uniform smouldering front, as a result of low
bulk density or large fuel particle size (see Fig. 6).

Furthermore, pine needles are also found to have a slightly higher
minimum smouldering temperature (~300 °C) than wood samples (~
250 °C). Although the trend of the peak temperature with the changing
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oxygen supply is similar, the variation of bulk density and particle size
variations didn’t substantially affect peak temperature under similar
oxygen supply conditions (see Fig. 9(a-b)). In addition, Fig. 9(c-d) pro-
vides a further comparison of the influence of bulk density and particle
size on the peak temperature. It indicates that bidirectional propagation
under low bulk density or high particle size led to lower peak smoul-
dering temperatures.

3.5. Heat and mass transfer analysis

Basically, the self-sustained smouldering process is thermally
controlled by three heat transport mechanisms, i.e., conduction, con-
vection and radiation. Based on the law of energy conservation, an
approximate and simplified heat transfer analysis can be applied to the
smouldering front at the near-limit condition (Fig. 10). At the propa-
gation or extinction limit, the net heat released from the smouldering

front (q;m) should just overcome the heat loss (q;m) as

Qo > Qi M

As smouldering propagation is primarily controlled by thermal
conduction in this porous fuel system with a low-velocity forced airflow
(<1 mm/s) [42], by rearranging Eq. (1), we obtain

(Tsm — TO)

Ax 2

q.;m = mzz,minAHm =Py UninY0,AH,; ~ q.i‘zmd =k
where k is the effective thermal conductivity in porous media (as a solid-
fluid system), Ty, is the smouldering temperature, T, is the temperature
of virgin fuel, Ax is the characteristic length of conductive heat transfer.
Therefore, the minimum flow velocity Up;, can be derived as
k(T — T,
Uy = k(T = To) (3)
peYo0, AH, Ax

Furthermore, the effective thermal conductivity k includes a solid
(ks) and a radiative (k,) component, and the latter is attributed to ra-
diation heat transfer across pores and becomes a dominant mode of heat
transfer in porous media during smouldering combustion [43], thus

k=k(T) + k(T) = (wko + (1 —w)ko) (%) +yoT? ~yoT? @)

where ny is the temperature dependence, ¢ is the Stefan-Boltzmann
constant, y is the radiative conductivity parameter (with units of
length) that depends on pore morphology and other considerations and
can be estimated by characterized pore size d, as y = 3d, [44,45]. The
characterized pore size relates to the particle surface area (S, m2/g) and
bulk density (p;, kg/m3) as d, = 1/Sp;, [44]. Therefore, from Egs. (3-4),
as the bulk density of fuel increases, d,, y and k will decrease accord-
ingly, leading to a lower minimum flow velocity (Um) as

Forced Internal Oxygen Supply
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1
Uppin ~ k ~ yocdpo? 5)

On the other hand, as the particle size (d) increases, the specific
surface area (S) will decrease and the characterized pore size (d,) will
increase. As a result, both y and k will increase simultaneously, leading
to a larger minimum flow velocity (U;,) as

Uppin ~ k ~ yo:d,,aé:xd 6)

In other words, increased fuel bulk densities or smaller fuel particle
sizes can both lower the minimum oxygen supply required for smoul-
dering propagation by enhancing heat conduction between the burning
zone and virgin fuels. Thus, the proposed heat transfer analysis suc-
cessfully explains the experimental data (Fig. 5a and 7b) and indicates
the important role of radiation heat transfer across pores in affecting the
oxygen supply limit of smouldering propagation over porous media.
Note that this theoretical analysis has constant solid density approxi-
mation which is applied for single component fuel (pine needles or wood
chips). However, when the fuel becomes a mixture of solid fuels, this
analysis may not be appropriate because of varying solid density p, in
the system. Further investigations are required to elucidate the role of
complex fuel properties of solid mixtures.

Even though the experiments and analysis revealed the role of fuel
bulk density and particle size in the minimum oxygen supply for
smouldering, further experimental and simulation studies are needed to
establish the relationship between Uy, and other fuel characteristics,
such as moisture content, organic content, and heat of combustion.
These efforts will not only advance our understanding of smouldering as
a fundamental combustion mechanism, but also support the develop-
ment of a database to guide the optimal oxygen supply in solid waste
management and evaluate the fire risk associated with smouldering.

4. Conclusions

In this work, we experimentally determined the role of fuel bulk
density and particle size on the minimum oxygen supply for smouldering
combustion. Pine needles with various bulk densities and wood samples
with different particle sizes were chosen as typical porous fuels and the
experiments were performed in a tubular smouldering reactor. After
ignition at the middle of the fuel bed, the generated smouldering front
was fed with a prescribed airflow. Generally, as the flow velocity de-
creases, three types of phenomena were observed, i.e., bidirectional
propagation (forward and opposed), unidirectional propagation
(opposed) and no propagation (extinction). The bidirectional propa-
gating front is possibly due to (I) excessive oxygen supply that cannot be
completely consumed by a single opposed front; (II) a non-uniform
smouldering front, as a result of large particle size or low fuel bulk
density cannot fully homogenizing the provided oxidizer.

Moreover, the minimum airflow velocity to sustain smouldering
propagation increases as the bulk density decreases, or the fuel particle
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Fig. 10. Schematics for the energy balance for a propagating smouldering front at near-limit conditions.
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size increases. As bulk density gradually decreases or fuel particle size
increases, the boundaries of different propagation modes merge, and
eventually only bidirectional propagation is possible due to the oxygen
“leakage” from the non-uniform smouldering front with larger pores.
Finally, a simplified heat transfer process is proposed to reveal the
important role of radiation heat transfer across pores in affecting the
oxygen supply limit of smouldering propagation over porous media.
Future work will establish a physics-based multi-dimensional model to
reveal the underlying mechanism of near-limit smouldering propagation
under different flow conditions.

5. Novelty and significance statement

The path and rate of oxygen supply are crucial for the smouldering
combustion. However, in the literature, most studies aiming to under-
stand the oxygen threshold of smouldering were performed under
quiescent ambient or with an external wind, which cannot completely
isolate the oxygen diffusion from the ambient. This has resulted in
different values of limiting oxygen concentration (LOC) found for the
same fuel in various experiments.

Our custom-made tubular reactor could flow the oxidizer through
the porous fuel to the smouldering front without an ambient oxygen
supply, ensuring the ability to explore the real oxygen threshold of
smouldering propagation and understand the effect of fuel density and
particle size. We found that both smouldering propagation mode and
threshold are sensitive to the fuel density and particle size, and the
interparticle radiation heat transfer could significantly affect the oxygen
supply limit of smouldering propagation over porous media.
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