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A B S T R A C T

An experimental study of smoldering in thin layers of pyrolysis oil on an inert substrate of calcium silicate
boards has been conducted. The smoldering fronts propagated with velocities up to 0.4mm∕s, which is
significantly faster than other types of smoldering without forced air flow. The smoldering propagation velocity
increased both with thinner layer of pyrolysis oil and higher initial fuel temperature. Our experimental
observations are in close correspondence with a theoretical model based on energy balance, where the
availability of oxygen at the substrate surface is the main limiting mechanism. Both the front peak temperature
and the front width are correlated to the initial fuel temperature. We also report observations of instability
phenomena, including double fronts propagating in close succession. The temperature dynamics were observed
by high resolution infrared thermography. The findings contribute to the understanding of the governing
mechanisms of smoldering combustion of liquids on inert media, and in particular the fast smoldering fronts
that have been observed along the surface of porous insulating materials in experiments with smoldering
cotton.
1. Introduction

Smoldering is a slow form of combustion that often occurs in
biomass such as wood pellets or peat, or in other materials forming char
as it burns [1,2]. Smoldering has also been observed to occur in textiles
impregnated with low volatile liquids such as linseed oil [3], and in oil
soaked lagging [4,5]. This type of smoldering of liquid fuels represents
a risk in, e.g., the petroleum industry when flammable liquids that have
leaked into pipeline insulation are ignited. Interestingly, smoldering of
liquid fuels has also found some industrial applications, such as soil
remediation and enhanced oil recovery [6–8].

The combustion process is flameless, and permeable mediums like
fibers, grains and porous matrices often provide the combination of
oxygen supply and thermal insulation necessary for a self-sustaining
process to occur. While the main smoldering reaction usually occurs at
a certain depth within the condensed fuel, self-sustaining smoldering in
solid fuels can under certain conditions also occur in very thin layers
that are exposed to air [9–11]. Liquid fuels of low volatility are also
prone to smoldering when the fuel is dispersed in a rigid, porous sub-
strate [3]. This could potentially include thermally insulating materials
like mineral wool used for pipeline lagging and calcium silicate boards
that are commonly used as building materials.

The experimental conditions that are the basis for this article are
presented in Table 1. The literature on smoldering of liquid fuel in
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inert mediums is relatively scarce, but in most cases the smoldering
fuel has been deposited deep into a thick substrate, as for oil-soaked
lagging [4,5,12], various fuels in soil [7,13–17] and oil in sedimentary
rocks [6,8,18–20]. Except from in the oil-soaked lagging, forced air
flow through the substrate is in most cases required to sustain the
smoldering process. We demonstrate that the smoldering also can occur
at the surface of inert materials — without forced air flow, but with
air supplied to the surface by natural convection. Experiments with
solid fuels with somewhat similar conditions have been performed,
e.g., with thin layers of horizontally aligned paper both without [10,21]
and with [22,23] forced air flow. For thicker samples of solid fuels,
smoldering experiments have been conducted both with horizontal and
vertical alignment of the fuel (see overview in Ref. [1]). We have
chosen horizontal alignment, which we consider to be less complex
than the vertically aligned case.

Finally, while temperature measurements in the literature are most
often performed by thermocouples (a notable exception is found in,
e.g., Ref. [24]), we exploit the quasi-2D conditions of surface combus-
tion and use thermography, which enables far more detailed capturing
of the temperature variations, both in time and space, including the
detection of fluctuating double fronts with millimeter-scale precision.
Notice that our experimental conditions are quite different from the
situation arising in smoldering of oil-soaked lagging, but the conditions
vailable online 1 August 2022
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Table 1
The experimental conditions of the current study are to the author’s knowledge quite

different from those found elsewhere in the literature (see comparisons in the main
text).

Experimental set-up Condition

Fuel Liquid (pyrolysis oil)
Substrate Inert porous material (calcium silicate)
Location of smoldering At substrate surface
Air supply By natural convection (no forced flow)
Smoldering direction Horizontal alignment
Measurements Thermography

Fig. 1. Schematics of the experimental setup (not to scale). (a) Ignition: Pyrolysis oil
has been applied to two faces of the calcium silicate block (90 × 50 × 3 mm3). The fuel
(fuse) at the bottom edge of the narrow face is ignited at the hot plate (left, 450 °C).
Then the smoldering front creeps around the edge to the main face. (b) The sample is
transferred to a second hot plate (right), where the sample stabilizes to temperatures
governed by the set temperature of the hot plate. The front propagation is observed
by infrared camera.

could be similar to other situations that can occur during actual fire
scenarios, as outlined in Section 5.

Smoldering is known to propagate as a front where most of the
oxidation takes place in a limited zone with increased temperature.
Heat is conducted to a pyrolysis zone ahead of the front, where the
fuel undergoes thermal degradation, yielding a complex mixture of non-
oxidized pyrolysis products. Some products have high boiling points
and condense to form aerosols and tar like substances [6,25–28]. Their
presence add to the complexity of the smoldering process as their roles
are largely unknown. The high smoldering temperature of these liquid
films could potentially enhance the spread of fire and, e.g., influence
the transition of smoldering into flaming [29].

The propagating speed of a smoldering front influences the ability
to control and contain a smoldering process. Speeds up to 5mm∕s
have been observed when air is forced across smoldering filter pa-
per [11,23]. Without forced air flow, but with increased fuel depth,
typical smoldering velocities for various types of horizontally aligned
solid fuel do not exceed 0.08mm∕s [1]. However, while the smoldering
speed of liquid fuel in soil and sand have been measured (at up to
0.23mm∕s with forced air flow) [7,13], smoldering in thin liquid films is
a very different mode of smoldering, which also requires a completely
different experimental set-up.

To understand smoldering in liquid fuels, better knowledge of the
driving mechanisms is required. Smoldering is typically an oxygen
limited phenomenon [1,13], and for solid fuels the smoldering velocity
is, e.g., highly sensitive to the depth of the fuel and the initial fuel
temperature [30,31]. While several models exist for smoldering of solid
fuels, this is less the case for liquid fuels [1]. Numerical models for
smoldering liquid fuels in applications for soil remediation, have shown
good agreement with experimental results [13,17]. Other numerical
models [32] and models originating in material synthesis [33] could
2

Fig. 2. Ordinary visual (left) and infrared thermographic (right) photos of the propa-
gating smoldering front on a calcium silicate block. The temperature data analyzed in
this paper is taken along the dashed center line. The propagating direction is indicated
by the arrow head. Notice that the front propagation velocity is more than twice as
fast at the peripheries of the front, but this does not affect the middle section.

also contribute to understand the dynamics of smoldering liquids.
However, these latter models seem to have been less exposed to ex-
perimental validation with liquid fuel, in particular liquid fuel that is
directly exposed to air.

The purpose of the current study is to provide better understanding
of smoldering in liquid fuels based on experimental data. In particular,
we study circumstances where the liquid fuel is dispersed on the surface
of an inert porous substrate and where the oxidation occurs at very
small depths. Key findings include the occurrence of smoldering in
very thin layers of liquid fuel, replicating the combustion of condensed
smoke on insulating building materials. The smoldering process hap-
pened at ambient temperatures just above room temperature, and could
potentially mediate the fire spread. The dynamics of the smoldering
process were quantified, and thermography revealed the existence
of fluctuating double fronts that could be caused by unsteady-state
conduction.

In Section 2 we describe the experimental set-up used to mea-
sure the propagating fronts, with experimental results and discus-
sion presented in Section 3. The results include front velocities, peak
temperatures and front widths, in addition to some interesting front
instabilities. A first order theoretical model based on energy balance is
presented and fitted to the observed data in Section 4. A demonstration
experiment that illustrate how the thin fuel fronts can mediate the
spread of fire in a fire safety context is presented in Section 5, followed
by conclusions in Section 6.

2. Experimental set-up and procedure

The experimental setup has been developed to investigate how liq-
uid fuel film thickness and initial fuel temperature influence the speed
and temperature of smoldering fronts propagating across a porous,
solid, and horizontally aligned surface.

2.1. Materials

Tar like deposits have previously been observed close to smoldering
reactions in cotton and wood pellets [26–28]. In this paper we will
investigate how this tar like material undergoes a smoldering process
after being deposited on a porous surface. However, the observed tar
from smoldering fires is unsuitable for controlled experiments. First, the
tar deposit on a surface is not uniform, and the composition could vary
between experiments. Second, it is time consuming to generate deposits
from smoldering fires. In order to have a more uniform fuel, both in
the chemical composition and as a deposit on a surface, a pyrolysis oil
was used as a substitute for the deposits that are observed on surfaces
during and after smoldering of cotton.

The employed fuel was a fast pyrolysis bio-oil (CAS No. 1207435-
39-9, BTG-BTL, The Netherlands), which is also called wood derived
bio-oil, wood oil or wood distillate. The oil is liquid condensate re-
covered by thermal treatment of pine wood at 450 – 600 °C at near
atmospheric pressure or below, and in the absence of oxygen [34].
The pyrolysis oil exhibits a density of 1100 – 1300 kg∕m3 and contains
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substantial amounts of water (∼ 30%), which evaporate when exposed
o air.

Calcium silicate boards (Skamotec 225, Skamol, Denmark) was used
s substrate in the experiments. The material has a micro-structure
onsisting of needle-shaped crystals and has low density (225 kg∕m3),
igh porosity (91%), and low permeability (0.7 nPm to gases). Both the
hermal conductivity (0.07W∕(mK)) and specific heat (0.84 kJ∕(kgK))
re very low. These characteristics lead to small heat losses to the
ubstrate and a large surface area per volume, where O2 from the
mbient air could react with fuel that had been applied to the substrate
urface.

.2. Experimental set-up

A sample consisted of a given amount of pyrolysis oil spread evenly
ver a 90 × 50mm2 area of a 3 mm thick calcium silicate board. Different
mounts of oil was applied evenly to each block, and the oil did to a
ertain extent penetrate into the pores of the substrate. Small variations
n film thickness over a single block was assumed to have little effect
n the average front velocity 𝑢sm.

The oil was allowed to dry for a minimum time interval (∼ 24 h)
etween the time of application of fuel to substrate, and the time of
gnition. Repeated weight measurements showed that a 24 h time inter-
al was sufficient to ensure that most of the water in the pyrolysis oil
ad evaporated. Each sample was weighed before and after application
f fuel in order to determine the area density 𝜌𝐴 of the fuel film. The

ignition temperature of the pyrolysis oil was determined experimentally
to 𝑇ign ≈ 350 °C.

After drying and weight measurements, a thin strip of pyrolysis oil
was applied onto the longest side (90 mm) of the 3 mm thin surfaces
normal to the main surface. This strip served as a fuse with the intention
to minimize the preheating of the fuel at the main face during the
ignition process.

A schematic diagram of the experimental apparatus is presented in
Fig. 1. The prepared samples (four samples were run in parallel) was
placed in a tilted position on a hot plate (450 °C), such that only the
bottom edge of the fuse layer touched the igniter (Fig. 1(a)). The fuse
typically ignited after less than 30 s along the whole 90mm length.

After ignition, the sample was moved to a second pre-heated hot
late, as shown in Fig. 1(b), where the front propagation continued.
his hot plate served to heat the samples to a stable initial temperature.
reliminary experiments indicated that the initial temperature of the
uel 𝑇0, and the substrate surface on which it was dispersed, had to
xceed a critical threshold of ∼ 50 °C to ensure stable self-sustaining

smoldering fronts that did not self-extinguish before propagating across
the whole main surface. The second hot-plate was set to a range
of predetermined temperatures between 60 – 400 °C. The temperature
of the fuel film on top of the substrate block quickly increased and
stabilized at the initial fuel temperature 𝑇0. The observed 𝑇0 was
10 – 160 °C below the hot plate temperature, with larger differences
for higher temperatures. The resulting temperature gradient from the
hot plate through the substrate, could imply slightly higher initial
fuel temperature deeper into the substrate compared to the surface
temperature that was measured with the infrared camera. However,
initially we assume that this only marginally affected the results since
the applied fuel film was typically less than 10% of the substrate block
thickness. This assumption is discussed in more detail in Section 3.5.

The front propagation was captured by infrared camera (FLIR Ther-
macam SC500) at 240 × 320 display resolution, and digital temperature
maps were collected every second with thermal emissivity set to 0.92.
This type of indirect measurement of temperature enabled measure-
ments of fast changes in temperature without affecting the experiment.
Preliminary experiments showed that thermocouple measurements in-
fluenced the experiments by delaying the propagation of the fronts.
Moreover, thermocouples had too large response time to capture the
3

fast changes in temperature at the same level of detail as the infrared
Fig. 3. (a) Temperature profiles of a propagating smoldering front with a 120 s time
lapse between each profile. The hot plate temperature is 200 °C, the initial fuel
temperature 𝑇0 ≈ 140 °C and the peak temperature 𝑇max ≈ 530 °C. The front width
𝛿 = 4.2mm is taken as half of the width of the temperature profile at ignition
temperature 𝑇ign ≈ 350 °C. (b) Conceptual model of the smoldering process. Pyrolysis
nd heating of the fuel take place in the preheating zone, while smoldering occurs
hen the temperature exceeds the ignition temperature 𝑇ign. The front width 𝛿 defines

he width of the oxidation zone. After oxidation the temperatures fall and ash is left
n the trail of the front. 𝑢sm is the front propagation velocity, and the fuel film is
haracterized by the fuel area density 𝜌𝐴.

amera. As seen in Fig. 2, the analyzed temperature data were taken
rom the middle section of a 90mm wide front. This part of the front

was not affected by the boundary effects at the periphery of the front
when the front propagated over a 50mm distance.

3. Experimental results with discussion

A total of 72 smoldering experiments were conducted. Here we first
present how a smoldering front typically propagates. Thereafter, we
quantify how the smoldering velocity 𝑢sm and the front peak tempera-
ture 𝑇max are governed by the fuel area density 𝜌𝐴 and the initial fuel
temperature 𝑇0. The width 𝛿 of the smoldering front is also investigated,
n addition to some instability phenomena, including double fronts.

.1. A representative experiment

A representative experiment is shown in Fig. 2, where the smol-
ering front spreads across the substrate. Temperature data from a
hermographic camera was used to develop temperature profiles of the
ropagating front like the ones in Fig. 3(a). The three instantaneous
emperature profiles are at 120 s intervals, and the whole experiment
asted for 550 s from ignition to all fuel was consumed.

Notice the relatively stationary shape of the profiles and the rapid
heating and cooling that take place before and after the front, respec-
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Fig. 4. (a) Smoldering front propagating velocity (moving average, 20 s intervals). The solid black line with average velocity 𝑢sm = 0.11mm∕s is taken from the experiment in
Fig. 3(a), where the film is relatively thick (𝜌𝐴 = 0.19 kg∕m2). A thinner fuel film (dashed, green line, 𝜌𝐴 = 0.07 kg∕m2), with the same initial fuel temperature 𝑇0 ≈ 140 °C, gives
higher average velocity, 𝑢sm = 0.22mm∕s. (b) The front peak temperatures 𝑇max ≈ 530 °C are similar for the two experiments, and hence less dependent on the fuel area density 𝜌𝐴.
ively. In Fig. 3(a) the observed initial fuel temperature is 𝑇0 ≈ 140 °C,1
nd the peak temperature is 𝑇max ≈ 530 °C. The similar shapes of the
rofiles at different time steps indicate that the substrate and initial fuel
emperature 𝑇0 quickly stabilize according to the hot plate temperature.

The conceptual model in Fig. 3(b) shows how the oxidation process
f the thin smoldering fronts starts at ignition temperature 𝑇ign, and
ropagates through the fuel film with velocity 𝑢sm, reaching a peak
emperature 𝑇max. The temperature decreases after oxidation is finished,
nd only small remnants of ash is left behind. The degree of pyrolysis
eaction ahead of the front is assumed to be low, since the employed
uel had already undergone a controlled pyrolysis process at high
emperatures by the producer of the pyrolysis oil.

The front could be visually observed as a distinct black curve (see
ig. 2), sometimes also appearing as glowing. Visual smoke did also
ccompany the front. Details of how the front width 𝛿 was defined and
easured are found in Section 3.4. There were hardly any observed

emains of, e.g., ash in the zone trailing the front. This was confirmed
y weight observations of the substrate when stabilizing at ambient
onditions after the end of experiments. This is in contrast to the
bservations of smoldering solids where significant amounts of ash and
esidual char are observed [28]. This could indicate that in our case all
he fuel undergoes a complete combustion in the smoldering process.
owever, this cannot be concluded upon since the amount of unburned
olatiles in the smoke is unknown, and the visual faint traces behind
he front, undetectable by weight measurements, could be either ash or
har (see Fig. 10).

Moving average front velocities are shown in Fig. 4(a) for the same
xperiment as in Fig. 3 (black, solid curve). Each data point is computed
y measuring the distance the temperature peak is moving over 20 s
ntervals. Corresponding results are shown from another experiment
ith the same initial fuel temperature 𝑇0, but thinner fuel film (green,

1 The initial fuel temperature 𝑇0 is defined as the median temperature at
he second 10mm stretch of the covered distance over the substrate block, after

smoldering is finished.
4

dashed curve). Even though there are variations along the front velocity
trajectory, the average velocity 𝑢sm is higher when the fuel area density
𝜌𝐴 is low (i.e., thin film).

Only the recorded data from the middle 60% of the covered distance
over the substrate block is used in the computation of the average
smoldering velocity 𝑢sm, the average peak temperature 𝑇max, and the
median front width 𝛿. This is in order to avoid any boundary effects in
the start and end phases of the front propagation across the substrate
block. Such effects might arise from the time needed to stabilize the
temperature of the substrate block after being placed on the hot plate.
There could also be deviations in, e.g., oxygen supply and temperature
near the edges compared to the middle sections of the substrate.

3.2. Smoldering front velocity

The velocity data from all the experiments are shown in Fig. 5. The
data clearly demonstrates that the smoldering velocity 𝑢sm is increasing
with lower fuel area density 𝜌𝐴 and higher initial fuel temperature 𝑇0.
The data are fitted to a first order approximation model (see Section 4)
by non-linear regression, and the results confirm that both 𝜌𝐴 and 𝑇0
have high statistical significance in the data-fitted model estimate of
the speed 𝑢̂sm (see Appendix B).

As with solid fuels [9], it follows naturally that the front velocity
is inversely proportional to the fuel area density 𝜌𝐴 since it takes less
oxygen and time to consume a thin fuel film compared with a thick
fuel film. The underlying assumption is that the smoldering process
is limited by the supply of oxygen and that the supply of oxygen
to the reaction zone is relatively similar for experiments with equal
initial fuel temperature 𝑇0. Even though a process where virtually all
the fuel is consumed by combustion could be fuel limited, there are
several observations that in this case corroborate the assumption of an
oxygen limited process. First, the observations in Figs. 5 and 12 indicate
that the velocity is inversely proportional to the fuel density as in
other oxygen limited smoldering experiments [23]. With a fuel limited
process, one would not expect the smoldering velocity to decrease

with increased fuel thickness. Second, the velocity was observed to be
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Fig. 5. The smoldering propagating velocity 𝑢sm is clearly increasing as a function of higher initial fuel temperature 𝑇0 and lower fuel area density 𝜌𝐴 (indicated by different
olored marker symbols). Each data point is the average of the middle section of a moving average trajectory like those shown in Fig. 4(a). The data-fitted model velocity 𝑢̂sm is
hown for three different values of 𝜌𝐴 (solid lines). 𝑢̂sm is found by non-linear regression based on a simplified energy balance model (see Section 4). (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)
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igher at the peripheries of the front (see Fig. 2), and since the initial
uel temperatures were similar to elsewhere on the substrate, the most
ikely reason seems to be that there was more oxygen available at the
eripheries of the front.

That the velocity increase with higher initial fuel temperature 𝑇0,
ould be related to the fact that it takes less time to heat the fuel to
gnition temperature 𝑇ign. Moreover, the front width is shown to in-
rease with higher initial temperatures (see Section 3.4 below). Hence,
he reaction surface area that is in direct contact with air is larger,
hich allows for a higher total rate of O2 supply to the smoldering

eaction. Higher peak temperatures 𝑇max (see Section 3.3 below) could
otentially also increase the oxygen supply through increased buoyancy
f the surrounding air. Accordingly, the smoldering propagation is
aster with higher initial fuel temperature. This heuristic reasoning is
lso reflected by the quantitative model in Section 4, which is based on
nergy balance.

For solid fuels, there are also other factors that affect the smoldering
elocity, e.g., moisture and inert content, particle size, heat transfer co-
fficients, thermal conductivity, oxygen mass fraction, and heat loss to
urroundings [25,31,35–37]. Whether these factors also could influence
he smoldering velocity of thin liquid fuel films is not investigated in
his paper.

.3. Peak temperature

The smoldering peak temperature 𝑇max for the experiments is shown
n Fig. 6. 𝑇max is increasing with higher initial fuel temperature 𝑇0. A
irst approximation gives a 0.43 °C rise in peak temperature 𝑇max for
ach 1 °C increase in initial fuel temperature 𝑇0. This means that the
ise in 𝑇max is less than the increase in 𝑇0. As noted above, a balance
eems to be established where the temperature increase results in both
ncreased heat loss to the ambient air and faster front propagation 𝑢sm

due to higher supply of O2 to the reaction.
The fuel area density 𝜌𝐴 seems to have little influence on the peak

temperature 𝑇max in Fig. 6, and 𝜌𝐴 is not statistically significant in the
linear regression model (see Appendix B). This is also indicated by the
two experiments in Fig. 4(b) where the peak temperatures are quite
5

similar for both the thin and the thick fuel films (with 𝑇0 fixed).
3.4. Front width

As indicated in Fig. 3(b), the front width is defined to be half
of the width of the temperature profiles at the ignition temperature
𝑇ign ≈ 350 °C. For each experiment the median front width 𝛿 during
the front propagation (across the middle 60% section of the block)
is computed and shown in Fig. 7. The front widths are increasing
with higher initial fuel temperature 𝑇0 and — to a lesser extent —
also increasing with higher fuel area density 𝜌𝐴. In a linear regression
model for 𝛿 based on the experimental data, both 𝑇0 and 𝜌𝐴 are highly
statistically significant.

An increase in front width 𝛿 is also expected when 𝑇0 increases.
If the shape of the temperature profile is maintained, the area with
temperatures above 𝑇ign will increase and accordingly also the front
width 𝛿. The front width 𝛿 also increases with increased fuel area
density 𝜌𝐴. Thicker film reduces the front velocity, and this could
increase the heat transfer by convection ahead of the front which in
turn enables the smoldering to take place at a wider area.

3.5. Double fronts

When the front widths in Fig. 7 exceeded 6mm, the fronts usually
ntered a mode with double fronts where the temperature profiles took
he shape of two peaks in close succession. A typical example is shown
n Fig. 8. The location of the highest temperature peak is fluctuating
ack and forth between the leading and the trailing peak. In Fig. 8 only
few snapshots are shown, but such fluctuations could take place more

han 10 times during the propagation across the substrate.
The experimental data in Fig. 9 demonstrates that the likelihood of

bserving a double front is increasing with higher initial fuel temper-
ture 𝑇0 and higher fuel area density 𝜌𝐴, following a similar trend as

the front widths in Fig. 7. The estimated transition region is indicated
in the figure. Above the transition region it is very likely that a new
experiment will result in a double front. Conversely, it is very unlikely
to observe a double front below the region. The estimated region is
obtained by a logistic regression model (see, e.g., [38]) which shows
high statistical significance for both 𝑇0 and 𝜌𝐴 (see Appendix B).

The double fronts with splitting of the front into two peaks could
be due to insufficient supply of oxygen to the middle section of the
reaction zone when the front width 𝛿 exceeds a certain limit of approx-
imately 6 mm in Fig. 7. The leading part of the front is likely to be

supplied with oxygen from incoming air towards the front, while the
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Fig. 6. The front peak temperature 𝑇max is increasing as a function of higher initial fuel temperature 𝑇0. However, the data does not indicate that 𝑇max depends on the fuel area
density 𝜌𝐴. The data-fitted peak temperature 𝑇̂max is based on simple linear regression (solid line).

Fig. 7. The front width 𝛿 is increasing as a function of higher initial fuel temperature 𝑇0. There is also a slight increase with higher fuel area density 𝜌𝐴. When the front width
exceeds a certain threshold, two peaks in close succession can be observed in the temperature profiles (double fronts, Fig. 8). The data-fitted front width 𝛿 is based on simple
linear regression of the observed data without double fronts.

Fig. 8. Temperature profiles of a propagating double front at different time steps 𝑡. From the start, there is one peak (solid curve), but after a while two peaks emerge. The
location of the highest peak is fluctuating back and forth between the trailing peak (dashed curves) and the leading peak (dotted curves). The experiment was performed with
both high initial fuel temperature (𝑇0 = 233 °C) and high fuel area density (𝜌𝐴 = 0.16 kg∕m2). An animation of the propagating temperature profile is found in the Supplemental
Data available online.
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Fig. 9. Double fronts are more likely to occur with high initial fuel temperatures 𝑇0, and high fuel area density 𝜌𝐴. Based on a simple logistic linear regression model, the
likelihood of double front is more than 90% on the upper side of the transition region and less than 10% below the region.
trailing part of the front consumes the remaining fuel as it is supplied
with oxygen from the backside of the front. Moreover, thick fuel films
would seep deeper into the substrate, and the occurrence of double
fronts might be enhanced by the time it takes for oxygen to reach the
deeper layers of the fuel.

The emergence of the fluctuating double fronts could also be in-
duced by possible unsteady-state conduction. As mentioned in Sec-
tion 2.2, we initially assumed that the temperature difference between
the hot-plate and the substrate surface only marginally affected the
experiments. This can be compared to the model assumptions for a
semi-infinite slab with thickness 𝐿, where the process on one side of the
slab is assumed not to be affected by the temperature at the other side
of the slab during the initial stage. However, the substrate is relatively
thin (𝐿 ≈ 3 mm), and this assumption can be challenged, in particular
when the temperature gradient through the substrate is large.

The characteristic length of a process in a semi-infinite slab model is
typically defined by 𝑙𝑐 =

√

𝛼𝑡𝑐 , where 𝛼 = 𝑘𝑠∕(𝜌𝑠𝑐𝑝,𝑠) = 3.7×10−7 m2∕s is
the thermal diffusivity of the substrate (see Section 2.1), and 𝑡𝑐 = 𝛿∕𝑢sm
is taken as the characteristic time of the moving temperature profile.
The assumptions for the semi-infinite slab model are likely to hold if
2𝑙𝑐 < 𝐿 [39], i.e.,

2𝑙𝑐 = 2
√

𝛼𝛿
𝑢sm

< 𝐿. (1)

However, for the experiments where double fronts were observed,
observed values of 2𝑙𝑐 are in the range of 5.8 – 9.1mm, which is well
above 𝐿 ≈ 3 mm. For the experiments without detectable double fronts,
most values of 2𝑙𝑐 are less than 7 mm, while a few are also higher.
This indicates that there could be an increasing unsteady-state effect
on the smoldering process when the temperature gradient through the
substrate is high (i.e., high hot-plate temperature), which in turn might
contribute to the formation of a second peak in the temperature profile.
More experiments and more detailed modeling are required to evaluate
this hypothesis.

Some explanation of the observed fluctuations between the leading
and the trailing peak in Fig. 8, could possibly be found in related
pulsating combustion phenomena. Two fluctuating fronts with opposite
phase are observed experimentally in downward flame spread over
thick paper [40], while conditions for oscillatory behavior can be de-
rived from mathematical combustion models [19,41]. The fluctuations
could also be related to the patterns of visible bands of ash, which are
sometimes observed at quite regular intervals behind the smoldering
7

Fig. 10. (a) The visual pattern of the ashes after the smoldering front could be related
to the fluctuations of the two-peaked temperature profiles. The picture is taken from
the same experiment as in Fig. 8. (b) The fingering pattern of a dying front at low
temperature 𝑇0 and low fuel area density 𝜌𝐴.

fronts2 (see Fig. 10(a)). Further studies of such potential relationships
are not expanded upon in this paper.

Notice that experiments exhibiting a double front have been ex-
cluded from the analysis of smoldering velocity 𝑢sm and smoldering
peak temperature 𝑇max in Figs. 5 and 6, respectively. As outlined above,
smoldering with double fronts can be considered a different mode of
smoldering and must therefore be treated separately.

3.6. Fingering instability

While the double front instability was observed for high fuel tem-
peratures and high fuel area densities, another type of instability were
observed for the opposite settings. For sufficiently low initial fuel
temperatures and low fuel area densities, preliminary experiments
demonstrated smoldering fronts propagating in unstable fingering pat-
terns that eventually self-extinguished before all the fuel had been
consumed. A typical fingering pattern after a complex series of front
propagations is shown in Fig. 10(b). The lateral width of the observed
fingering fronts is diminishing at varying rates. The heat loss seems to
be exceeding the rate of heat generation at the peripheries of the front,
while the middle of the front is able to proceed due to less heat loss.

2 Notice that similar patterns can also be observed after some of the
experiments without detectable double fronts.
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Fig. 11. Schematic of the energy balance of a stationary smoldering front. Fuel and
substrate is preheated to the ignition temperature 𝑇ign in the preheat zone. The volatiles
from the reaction are heated further in the smoldering zone. Heat loss is mainly to the
air which is transported by buoyancy.

4. Simplified model for smoldering velocity 𝒖𝐬𝐦

A simple analytical model for the prediction of the propagating
velocity 𝑢sm of a smoldering front was presented by Dosanjh et al. [42].
The model is based on energy balance, and has been further developed
by others. Both opposed and forward smoldering have been examined,
and earth conditions were compared with micro-gravity experiments
using such models [43–46]. For forward smoldering, the model has also
been used to determine the critical size of a block of polyurethane foam
for self-sustained smoldering [47]. A similar model has been used to
predict the front speed based on the total supply of O2 [11,23].

Adapting the model of Dosanjh et al. [42] to the current experi-
ents, a model for the smoldering velocity in thin layers of liquid fuel
as been developed. The model is based on a steady-state energy bal-
nce in the control volume consisting of the oxidation and preheating
ones illustrated in Fig. 11. As with other type of smoldering [13],
he O2-supply is assumed to be the main limiting mechanism (see

Section 3.2). Even though an ample supply of oxygen is available from
the surrounding air, the thickness and depth of the fuel film are large
in stoichiometric terms. The smoldering front is chosen as the frame of
reference for the control volume. Hence, it is moving at the stationary
speed 𝑢sm.

The steady state energy balance is based on the assumption that the
enerated heat (𝐸̇′

ox generated by the exothermic reaction in the smol-
ering zone) equals the heat transferred to or lost to the pre-heating
one, the smoldering zone and the surroundings.

̇ ′
ox = 𝐸̇′

pyr + 𝐸̇′
𝑓 + 𝐸̇′

𝑠 (Pre-heat zone)

+ 𝐸̇′
𝑔 (Smoldering zone)

+ 𝐸̇′
𝑎,Loss + 𝐸̇′

𝑠,Loss (Heat loss)

≈ 𝐸̇′
pyr + 𝐸̇′

𝑓 + 𝐸̇′
𝑔 + 𝐸̇′

𝑎,Loss. (2)

ere, heating of the substrate 𝐸̇′
𝑠 and heat loss to the substrate beneath

he fuel film 𝐸̇′
𝑠,Loss are considered negligible relative to the other

erms, due to the low specific heat and low thermal conductivity of the
ubstrate. Each of the terms in Eq. (2) will be detailed in the following,
nd for nomenclature, see Appendix A.

The generation of heat is limited by the oxygen supply, which is
ssumed to be governed mainly by the buoyant air flow 𝑢𝑏 above the
moldering zone, such that

̇ ′
ox = 𝑚̇′

O2
𝑄ox ≈ 𝑢𝑏𝑦O2

ℎ𝜌𝑎𝑄ox. (3)

e assume that the amount of oxygen that is consumed in the smol-
ering zone is proportional both to the mass fraction of oxygen 𝑦 and
8

O2
s

the thickness of the boundary layer of the horizontal influx of air [39].
The latter is represented by an effective height ℎ from which the air
supplies the oxidation zone with O2. The air is subsequently heated
and rises by buoyancy. The buoyant air flow velocity is roughly given
by 𝑢𝑏 ∝ (𝑇max−𝑇𝑎), but will vary with the temperature profile along the
surface, and an exact expression is not readily available. The effective
height ℎ of the incoming air stream also takes into account the effective
area of fuel that is in contact with the air.

In order to ignite the fuel, the fuel must be heated to a sufficiently
high temperature. In addition, remaining pyrolysis and vaporization
of any remaining water must take place. The main reactions in the
pre-heat zone are

𝐸̇′
𝑓 = 𝑢sm𝜌𝐴𝑐𝑝,𝑓 (𝑇ign − 𝑇0)

𝐸̇′
pyr = 𝑢sm𝜌𝐴𝑄pyr .

(4)

The fuel is heated from its initial temperature 𝑇0 to ignition tempera-
ture 𝑇ign. 𝑄pyr is the heat required for remaining pyrolysis of the fuel
and also vaporization of any remaining water content.

The main heat sink in the smoldering zone is heating of the volatile
combustion products from ignition temperature 𝑇ign to peak tempera-
ture 𝑇max,

𝐸̇′
g = 𝑢sm𝜌𝐴𝑐𝑝,𝑔(𝑇max − 𝑇ign). (5)

The heat loss to the surroundings is assumed to be mainly by
natural convection, and mainly above the smoldering zone where the
temperature difference between sample and ambient air is at its largest.
Incoming air is heated at a rate governed by the buoyant air flow
velocity, 𝑢𝑏, such that:

𝐸̇′
𝑎,Loss ∝ 𝑢𝑏𝜌𝑎𝑐𝑝,𝑎(𝑇max − 𝑇𝑎). (6)

However, notice that the loss rate varies along the temperature profile,
and that a precise estimate is hard to achieve. As mentioned above,
there is also some heat loss into the substrate below the smoldering
zone, but this is considered to be marginal in our application.

It is also assumed that the heat transfer in the direction of the
burned fuel is negligible. As indicated in Fig. 11, the temperature is
assumed to be quite constant at this surface of the control volume,
resulting in minimal conductive heat loss. Moreover, the area of this
surface is small, so convective and radiant heat losses are also assumed
to be small.

The first three terms on the right-hand side of Eq. (2) are governed
by the smoldering speed 𝑢sm. Inserting Eqs. (3)–(5) into Eq. (2), the
smoldering speed can now be found by solving for 𝑢sm, such that

𝑢sm ≈
𝑚̇′
O2
𝑄ox − 𝐸̇′

𝑎,Loss

𝜌𝐴[𝑐𝑝,𝑓 (𝑇ign − 𝑇0) + 𝑐𝑝,𝑔(𝑇max − 𝑇ign) +𝑄pyr ]
(7)

≈
𝛼̂1

𝜌𝐴
(

𝛼̂2 − 𝑇0
) ≡ 𝑢̂sm. (8)

In Eq. (8), 𝑢̂sm is a simplified data-fitted model for 𝑢sm, and the unknown
constants 𝛼̂1 and 𝛼̂2 are fitted to the experimental data by non-linear
regression. The data-fitted values for 𝛼̂1 and 𝛼̂2 are presented in Figs. 5
and 12. We have assumed that the numerator in Eq. (7) is approxi-
mately constant since both 𝑚̇′

O2
and 𝐸̇′

𝑎,Loss are slowly increasing with
𝑇0. Moreover, in the present range of temperatures, any increases in the
two terms will to some degree cancel each other out, and the numer-
ator is therefore represented by the constant 𝛼̂1. In the denominator,
the representation by 𝛼̂2 is based on the observed linear relationship
between 𝑇max and 𝑇0 in Fig. 6. In Fig. 12 the estimate 𝑢̂sm is shown to
correspond very well with the experimental data.

For the experiments where double fronts were observed, the front
width 𝛿 was generally larger than for the other experiments (see Fig. 7).

ence, with double fronts the smoldering takes place at a significantly
arger surface area that is directly exposed to air. This enables increased
upply of oxygen to the reaction front, and might explain why the ob-
erved velocities in Fig. 12 in general are higher for these experiments.
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Fig. 12. The simplified data-fitted model of the smoldering velocity, 𝑢̂sm in Eq. (8), has a strong fit to the experimental data. However, observations deviating from model
assumptions show other behaviors: double fronts have higher velocities3due to better O2 supply, while fuel diluted with ethanol could be situated deeper into the substrate where
O2 supply is less available (see main text for description of these additional experiments).
I.e., the velocities are higher than predicted by the model in Eq. (8),
where data from double front experiments are excluded from the model
fit.

Some additional experiments were conducted with ethanol diluted
fuel in order to be able to apply even thinner fuel films (as the ethanol
quickly vaporized after application). As indicated in Fig. 12, all those
experiments showed lower velocity than the data-fitted model velocity
̂sm in Eq. (8). The reason could be twofold. First, the fuel could have
seeped deeper into the substrate and then become less available for
oxygen. Second, one could anticipate that the thin films could be close
to an unstable regime where the heat loss in the nominator in Eq. (7)
(including heat loss to the substrate 𝐸̇′

𝑠,Loss) is approaching the amount
of heat generated.

5. Demonstration experiment — fire spread

Finally, we present a demonstration experiment that is potentially
highly relevant in terms of understanding how smoldering in condensed
smoke films could affect the spread of fire. Fig. 13 shows that smol-
dering fronts in thin layers of liquid fuel also can effectively mediate
the spread of fire between a heat source and other types of fuel. Before
being placed on the hot plate at 400 °C, the left calcium silicate block in
Fig. 13 was first exposed to the smoke from smoldering cotton. Volatiles
in the smoke condensed as a thin film on the block. This film was
ignited by the hot plate, and a smoldering front propagated upwards
and ignited a virgin cotton sample located 4 cm above the surface. The
cotton sample was subsequently almost completely consumed by smol-
dering. Another cotton sample located at the same height, at a block
(right in Fig. 13) without condensed deposits, was virtually unaffected
by the heat produced by the hot plate. The two different scenarios
illustrate how condensed liquids may affect spread of smoldering fire,
and how this can affect fire safety when smoldering is occurring.

6. Conclusion

In this article we have presented results from experiments of smol-
dering in thin liquid fuel films. The experiments demonstrate that the

3 For the experiments with double front, the velocity was calculated by
racking the mid-point between the two positions where the temperature
rofile equaled 𝑇 = 350 °C (estimated ignition temperature).
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minimal liquid fuel film thickness4 to obtain self-sustaining fronts is
less than 0.1mm on porous media with low heat capacity. This is much
less than the critical thickness for solid fuels, like dust, where the
minimal thickness is reported to be several centimeters [31]. Even
though the heat loss to the surroundings was relatively large in our
experiments, this seemed to be counterbalanced by efficient insulation
in the substrate below and high supply of oxygen from the air above.
These properties seem to be even more crucial for the self-sustaining
smoldering of thin films than for the smoldering of solids [7].

The high observed propagating velocity 𝑢sm of the smoldering fronts
that were measured up to 0.4mm∕s, are surprising. This is faster than
previously observed for solid fuels at similar environmental conditions
but with thicker layer of fuels [1]. The smoldering velocity was shown
to increase with increasing initial fuel temperature and fuel area den-
sity. The findings are consistent with a simple model based on energy
balance where oxygen supply is the main limiting mechanism.

Infrared thermography enabled detailed observations of the tem-
perature characteristics of the propagating fronts with high resolution
both in time and space. By using temperature data from the infrared
camera, it could also be empirically shown to what extent the peak
temperatures and front widths depended on the initial parameters. The
findings were quantitatively corroborated by statistical analyses that
highlighted correlations that to some degree were obscured by the
relatively large natural variations both within and across experiments.

In addition to the large number of experiments that were conducted
at conditions close to steady state, we have also described two different
instability phenomena. Experiments with pulsating double fronts seem
to have entered a mode that increase the oxygen supply, which is the
main limiting factor of the steady state smoldering velocity. Unsteady-
state conduction could be a cause for this phenomenon, but more
experiments and detailed modeling should be performed to confirm
this hypothesis. Another mode, with heat loss as a main limiting
mechanism, was observed in the form of fingering patterns. These were
generated by transient dying fronts in thin films at low initial fuel
temperatures.

The quasi-2D feature of the thin films can make the experimental
set-up an interesting candidate for experiments where other combustion
characteristics or dynamics are to be investigated. Another experimen-
tal setting that should be considered is vertical alignment of the fuel

4 A fuel area density of 𝜌𝐴 = 0.05 kg∕m2 corresponds to an approximate film
hickness of 0.04mm.
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Fig. 13. Demonstration experiment. Left block: A thin fuel film covering the bottom half of the substrate block was ignited from below by the hot plate (400 °C). A smoldering
front propagated upwards and finally ignited a cotton sample placed 4 cm above the hot plate. The picture is taken after the cotton has been almost completely consumed by
smoldering. Before heating, the fuel film on the block was generated by exposing the front face to smoke from smoldering cotton. The smoke condensed on the substrate as a
film. Right block: The block has not been exposed to smoke before the experiment, and the attached cotton is virtually unaffected by the heat from the hot plate.
film. This could be closer to conditions during real fire scenarios where
smoke often condense on vertical walls. Pilot experiments indicate that
the smoldering velocity is higher than with the horizontally aligned
surfaces considered in this paper. The oxygen supply is higher under
such conditions since the buoyancy driven air velocities are higher
along vertical walls.

Considering the main implications for fire safety, the demonstration
in Fig. 13 reveals that the smoldering fronts in liquid fuel deposits
can mediate the spread of fire. Similar smoldering fronts have also
been observed by the authors on some types of insulating mineral
wool that share many of the same characteristics with calcium silicate.
Calcium silicate boards are commonly used as building boards for
fireplace enclosures. It should in particular be emphasized that the
surface of such porous insulating materials should be sealed to suppress
smoldering as noted by Drysdale [25]. Whether the condensed smoke
and smoldering fronts also play a role in the transition of smoldering
into flaming is an area that should be set up for further investigation.
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Appendix A. Nomenclature

Latin letters
𝑐𝑝 Specific heat capacity, J∕(kgK)
𝐸̇′ Energy rate, W∕m
ℎ Effective height, m
𝑘 Thermal conductivity, W∕(mK)
𝐿 Substrate thickness, m
𝑙𝑐 Characteristic length, m
𝑚̇′
O2

Mass rate of O2, kg∕(m s)
𝑄pyr Heat of pyrolysis, J∕kg
𝑄ox Exothermic heat, J∕kg[O2]
𝑇 Temperature, °C
𝑇0 Initial fuel temperature, °C
𝑇ign Fuel ignition temperature, °C
𝑇max Smoldering peak temperature, °C
𝑡 Time, s
𝑡𝑐 Characteristic time, s
𝑢𝑏 Buoyant velocity of gas, m∕s
𝑢sm Smoldering propagation velocity, m∕s
𝑢̂sm Estimated propagation velocity, m∕s
𝑦O2

Fraction of O2 in air
Greek Symbols
𝛼 Thermal diffusivity, m2∕s
𝛿 Front width, m
𝜌 Density, kg∕m3

𝜌𝐴 Fuel area density, kg∕m2

Subscripts
𝑎 Ambient air
𝑓 Fuel
𝑔 Volatiles
𝑠 Substrate
ign Ignition
ox Oxidation
pyr Pyrolysis
sm Smoldering

Appendix B. Statistical analysis

Details from the non-linear and linear regression analyses referred
to in Section 3 are presented in Tables 2–5. 𝑁 is the number of
observations. 𝑅2 is the proportion of the variance in the dependent
variable that is explained by the model. The observed 𝐹 -test statistic
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Table 2
Estimated coefficients from the non-linear regression model of the smoldering velocity
𝑢̂sm = 𝛼̂1∕[𝜌𝐴(𝛼̂2 − 𝑇0)].

𝛼̂𝑖 Std.dev.[𝛼̂𝑖] 𝑝-value

𝛼1 5.21 0.40 5.4 × 10−17

𝛼2 442.8 20.0 3.7 × 10−26

𝑁 = 48, 𝑅2 = 0.921, 𝐹 = 1770, 𝑝 = 3.0 × 10−44.

Table 3
Estimated coefficients from the linear regression model of the peak temperature 𝑇̂max =
̂0 + 𝛼̂1𝑇0. An additional term 𝛼̂2𝜌𝐴 did not prove to be significantly different from zero
𝑝-value: 0.47).

𝛼̂𝑖 Std.dev.[𝛼̂𝑖] 𝑝-value

𝛼0 477.2 8.6 8.8 × 10−44

𝛼1 0.426 0.064 2.7 × 10−8

𝑁 = 48, 𝑅2 = 0.49, 𝐹 = 44.7, 𝑝 = 2.7 × 10−8.

Table 4
Estimated coefficients from the linear regression model of the front width 𝛿 = 𝛼̂0 +
̂1𝑇0 + 𝛼̂2𝜌𝐴.

𝛼̂𝑖 Std.dev.[𝛼̂𝑖] 𝑝-value

𝛼0 −0.02 0.25 0.9
𝛼1 0.022 0.0012 3.4 × 10−21

𝛼2 6.45 1.06 2.9 × 10−7

𝑁 = 46, 𝑅2 = 0.88, 𝐹 = 154, 𝑝 = 2.5 × 10−20.

Table 5
Estimated coefficients from the logistic regression model where
Prob{Double front|𝑇0 , 𝜌𝐴} = 𝑒𝛼̂0+𝛼̂1𝑇0+𝛼̂2𝜌𝐴∕(1 + 𝑒𝛼̂0+𝛼̂1𝑇0+𝛼̂2𝜌𝐴 ).

𝛼̂𝑖 Std.dev.[𝛼̂𝑖] 𝑝-value

𝛼0 −16.3 4.6 4.0 × 10−4

𝛼1 0.059 0.017 4.0 × 10−4

𝛼2 28.3 10.8 8.7 × 10−3

𝑁 = 69, 𝜒2 = 44.7, 𝑝 = 2.7 × 10−10.

is assumed to be approximately Fisher distributed and is accompanied
by a 𝑝-value that estimates the probability of observing an 𝐹 -value
t least as large as the observed one, given that the true parameters
𝑖>0 are zero. Low 𝑝-values indicate that the model parameters are
ruly different from zero. Parameters are usually called significant if
he 𝑝-value is less than a chosen significance level (here: 0.05). For
ach individual parameter, 𝑇 -test statistics have been used to obtain
he 𝑝-values.

ppendix C. Supplementary data

Supplementary material related to this article can be found online
t https://doi.org/10.1016/j.firesaf.2022.103645.
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