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Abstract. Large and downed woody fuels remaining behind a wildfire’s flame front

tend to burn in a smoldering regime, producing large quantities of toxic gases and
particulate emissions, which deteriorates air quality and compromises human health.
Smoldering burning rates are affected by fuel type and size, the amount of oxygen
reaching the surface, and heat losses to the surroundings. An external wind has the

dual effects of bringing fresh oxidizer to the fuel surface and porous interior, while at
the same time enhancing convective cooling. In this work, a series of experiments
were conducted on single and adjacent poplar dowels to investigate the effect of fuel

geometry and wind speed on smoldering of woody fuels, including its burning rate
and combustion products. Dowels had variable thickness (19.1 and 25.4 mm), aspect
ratios, and arrangement (number of dowels and spacing between them). Using mea-

surement of mass loss, CO, and HC production as indicators of the smoldering inten-
sity, the results indicate that the arrangement of smoldering objects significantly
affects burning rates and emissions. Specifically, spacings of 1/8 and 1/4 of the dowel
thickness enhanced the smoldering process. The smoldering intensity was also

enhanced by increased external wind (ranging between 0.3 m/s and 1.5 m/s), but its
effect was dependent upon the spacing between the dowels. The convective losses
associated with the spacing were further investigated with a simplified computational

model. The simulations show that the wind significantly increases convective losses
from the smoldering surfaces, which in turn may offset the increase in smoldering
intensity related to the higher oxygen flux at higher wind speeds.
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1. Introduction

Over the past decade, California and other Western regions of the United States
have experienced increased tree mortality, leading to an accumulation of downed
woody fuels on forest floors [1]. Unlike fine grasses and shrubs, which are typi-
cally consumed quickly by the flaming front of a wildfire, downed woody fuels
can burn by smoldering for an extended period of time. The increased thickness
and high density of large diameter woody fuels makes flaming ignition and sus-
tained burning difficult, often leaving significant quantities of unburned fuels in
the post-fire front. Despite the lower intensity of smoldering combustion, these
accumulated fuels can still release more heat and emissions over time than living
vegetation due to their large remaining fuel load, making final extinguishment
more difficult [2]. These additional fuel loads can also affect the accuracy of pre-
dictive models of fire spread, as they typically only consider the heat released by
the main, flaming fire front, not the post-frontal combustion region that can
sometimes extend the burning region over a wide area rather than a traditional
“fireline” [3].

Due to their nature, large, downed fuels tend to burn in the smoldering regime
rather than in flaming mode, especially after a fire front has passed. In contrast to
flaming, smoldering is a low-intensity type of combustion, and is controlled by the
amount of oxygen reaching the burning surface as well as the amount of heat
transferred to the surrounding environment [4–7]. In woody fuels, smoldering
occurs when the char layer oxidizes, releasing heat and ash, and is often seen as
the residual process of the flaming phase. However, smoldering can also occur
independently as a self-sustained process due to its lower ignition temperature
[8–11]. In internal crevices, a smoldering front can slowly spread for a prolonged
period without being detected. An example is what happened to a giant sequoia in
California’s Sequoia National Forest found to be burning several months after the
Castle fire in 2020 [12]. Under certain conditions, the flammable gases produced
during the pyrolysis process mixed with fresh air can ignite, resulting in the transi-
tion from a smoldering surface to a flaming fire [7, 13–15]. For non-homogeneous
fuels such as wood, the intensity of smoldering and its potential transition to
flaming depends on several factors such as wind, fuel size, and heat losses to the
surroundings [6–9, 16, 17]. Several smoldering combustion reviews have been pub-
lished [6–8, 10, 15].

Palmer and Perry [18] first studied the smoldering of fiber board strips under an
external wind between 0.7 m/s and 2.6 m/s, concluding that the air flow was bene-
ficial for the smoldering propagation rate and could lead to flaming, but its effect
would also depend on the size of the fiber board samples. Ohlemiller and Schaub
[19, 20] later investigated the smoldering of red oak and white pine boards arran-
ged in U-shape channels. Self-sustained smoldering was observed for a narrow
range of wind speeds (from 0.09 m/s to 0.22 m/s), and both wood types showed a
similar increase in the smoldering spread rate with wind speed. These experiments
showed that the process was not only controlled by the amount of oxidizer from
the air supply reaching the fuel surface, but also by radiative and convective heat
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transfer between the internal surfaces of the channels. Surface interaction is par-
ticularly important when considering the smoldering ignition of internal crevices
[16, 21, 22]. The experiments from Richter et al. [22] showed that the chances of
smoldering ignition from firebrand accumulating in crevices between flat wooden
samples increase with wind speed (between 0.5 m/s and 1.4 m/s) but depend on
the orientation between wind and crevice. The importance of surface interaction
was also determined by Kwon and Liao [23], who examined woody samples
(cubes of 19.1 mm) arranged in a 3 3 configuration with spacings up to 30 mm. In
these experiments, smoldering was the residual process after the flaming
phase. With increasing spacing, the surface temperature and mass consumption
fractions of the cubes exhibited a non-monotonic trend, reaching maximum values
at a spacing of 5 mm. Cobian-Iñiguez et al. [24] studied the effect of wind speed
and fuel porosity on the smoldering rate of wooden cribs. For this geometry, wind
speeds on the order of 1 m/s were beneficial for the smoldering process (measured
in terms of mass loss and CO production rates), but fuel porosity did not seem to
have a large impact on the results due to the large void fraction of the cribs.
Porosity and air flow had higher impact on woody fuel beds such as pine bark
[25], peat [26, 27], and incense [28]; these studies also showed the importance of
sample size and geometry on the heat losses to the surrounding environment and
thus the sustainability of the smoldering process. The forced air flow through the
porous fuels was beneficial at low and intermediate velocities, in analogy with
other non-woody fuels such as polyurethane foam [29, 30], but high velocities
eventually led to blow-off extinction. However, the range of flow velocities varied
greatly between studies due to the differences in fuel geometry and spreading con-
figuration.

Despite the impact on fire behavior and emissions predictions, few studies have
investigated the interlinked effects of wind speed and fuel geometry on smoldering
of solid wood. In this work, we experimentally investigate the conditions under
which smoldering can be self-sustained. Square poplar dowels with different thick-
ness (19.1 and 25.4 mm), aspect ratio (length/thickness), and arrangement (single
and multiple adjacent dowels, and two dowels with spacings between 1/8 and ½
of their thickness) are tested at wind speeds ranging between 0.3 m/s and 1.5 m/s.
The effect of spacing between dowels is investigated by presenting experimental
measurements of mass loss, CO, and HC production rates, which are compared
for the two dowel thicknesses to estimate the intensity of the smoldering rate at
the different wind speeds. Furthermore, to better interpret the experimental
results, a computational model is used to evaluate the effects of the spacing and
wind speed on the heat transfer between the sample surfaces.

2. Experimental Method

Experiments were performed in an enclosed wind tunnel shown in Figure 1. With
reference to Figure 1, the wind direction is from right to left and generated by
adjusting the upstream pressure of compressed dry air. Before entering the test
section (highlighted by the red dashed box in Figure 1b), the compressed air is
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injected into a plenum, passed through a series of glass beads and screens, then a
contracting duct to ensure uniform airflow, with a maximum velocity of 1.5 m/s.
The horizontal test section measures 13 cm (width) 10 cm (height) 35 cm (length),
has an opening at the bottom for the sample holder, and one at the top to allow
the samples to be changed (covered by a lid during the tests). After the test sec-
tion the flow exists the tunnel through a vertical section (Figure 1a); the sampling
probe of a gas analyzer (ENERAC 700) was mounted at the end of the vertical
outlet to measure the post-combustion volumetric concentrations of CO, CO2, and
HC at 1 Hz. The CO and HC sensors could measure volumetric concentrations as
low as 1 ppm, whereas the CO2 sensor could detect volumetric concentrations
above 103 ppm.

A sample holder was mounted on the bottom surface of the test section and
included an insulation plate mounted on a metal holder connected to a load cell,
and an electrical igniter (17 AWG Nichrome wire wrapped into an S-shape, cover-
ing an area of approximately 76 76 mm) stapled to the top of the insulation plate
to ensure its surface was flat (see Figure 1b). The samples, consisting of square
poplar dowels of two thicknesses (19.1 and 25.4 mm), and three aspect ratios (de-
fined as length vs thickness, with the length of the dowels considered along the
grain direction), were placed on top of the electrical igniter (direct contact) in a
variety of arrangements (1–3 adjacent dowels, or two dowels with spacing), as
illustrated schematically in Figure 2. To eliminate the influence of moisture con-
tent on the results, the dowels were dried at 105 ˚C for at least 24 h prior to the
experiments (the measured moisture content was always less than 0.5%). Prelimi-
nary tests indicated that smoldering ignition could be achieved consistently by sup-
plying a power of about 160 W for 300 s to the igniter at a constant wind speed

Figure 1. (a) Photograph of the experimental setup; (b) photograph
of the test section showing a sample (consisting of two adjacent
dowels) on top of the electrical igniter attached to the insulation
plate, which is connected to the load cell.
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of 0.2 m/s (to prevent smoke accumulation in the tunnel). Supplying more power
to the igniter or using higher wind speeds often resulted in undesired flaming igni-
tion. In some preliminary tests, the smoldering process stopped after the igniter
was turned off; however, the same outcome was observed with longer ignition
times or higher power. No significant differences were noticed in the power
required to ignite samples of different size (thickness, length, arrangement). There-
fore, it was concluded that the combination of power and time used in this study
was appropriate to ignite the samples directly into a smoldering regime.

Experiments were conducted by placing the samples in the desired arrangement
on top of the igniter at a wind speed of 0.2 m/s, and then turning on the igniter
for 300 s. Afterwards, the igniter was turned off and the wind speed was adjusted
to the desired value and maintained constant throughout the experiment. Wind
speeds between 0.2 m/s and 1.5 m/s, with intervals of about 0.2 m/s were selected
for the experiments. Once set to desired value, the wind speed fluctuation was less
than 0.05 m/s. These wind speeds are representative of the wind that woody fuels
would encounter close to the forest floor and would correspond to much higher
values on top of the tree crowns. During a test, the load cell connected to the
sample holder recorded the mass of the sample at 1 Hz with a resolution of
0.001 g. To account for the increase in mass caused by the force onto the load cell
from the wind speed adjustment after ignition, the mass was recorded at the
desired wind speed before ignition. The experiments were terminated when no sig-
nificant change in mass was observed, or when the CO concentration in the
exhaust flow dropped below 10 ppm. A minimum of two repetitions were con-
ducted for all experimental conditions, with more repetitions carried out when the
results were less consistent.

Figure 2. Experimental parameters.
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3. Results

Following the ignition phase (300 s), three possible outcomes were observed: (i)
the samples stopped smoldering after the igniter was turned off (no smoldering);
(ii) smoldering continued for less than ten minutes, but only in localized regions
that eventually extinguished (residual smoldering); (iii) large areas of the samples
kept smoldering for more than ten minutes (self-sustained smoldering).

3.1. Conditions for Self-Sustained Smoldering

The first objective of this study was to determine the conditions under which
smoldering could be self-sustained. To compare the effect of the dowels’ arrange-
ment on the smoldering behavior, Figure 3 shows the results based on the surface
area to volume ratio (SAV) of the samples without spacing, indicated separately
for one (Figure 3a), two (Figure 3b), and three (Figure 3c) adjacent dowels with
varying thickness and aspect ratio (parameters indicated in Figure 2). The diame-
ter of each pie marker in Figure 3 is proportional to the number of repetitions of
the experiment (with the smallest diameter corresponding to two repetitions),
whereas the split represents their qualitative outcome (no smoldering, residual,
and self-sustained smoldering). Single dowels (Figure 3a) did not sustain smolder-
ing at any wind speed regardless of their size, with some residual smoldering
observed at high wind speeds and lower values of SAV (thicker and longer dow-
els). Two adjacent dowels (Figure 3b) gave mixed results based on thickness and
aspect ratio. However, even among repetitions of the same conditions, it was
observed that the smoldering outcome would vary depending on the dowel posi-
tion during the experiments. When they were almost completely in contact, there
was no or residual smoldering, whereas when a small gap formed between them,
there was residual or self-sustained smoldering. At a wind speed of 1.5 m/s, some
of the samples with low SAV transitioned to flaming, as indicated by the red “”
below the respective pie marker in Figure 3b. With three adjacent dowels (Fig-
ure 3c), self-sustained smoldering was obtained in every test. In several experi-
ments, even at wind speeds of 0.3–0.7 m/s, the samples transitioned to flaming
shortly after ignition. Additional tests at 1 m/s transitioned to flaming immedi-
ately after ignition, and since the focus of this study was the smoldering process,
experiments at wind speeds higher than 0.7 m/s were not conducted. The dowel
aspect ratio did not seem to play a role for longer dowels (AR 2 and 3), whereas
dowels with an aspect ratio of 1 (cubic dowels) did not sustain smoldering even in
multiple-dowel arrangements.

To further study the effects of geometry and wind speed on the dowels’ self-sus-
tained smoldering, additional experiments were carried out by introducing a spac-
ing between two dowels, equal to 1/8, 1/4, and 1/2 of the thickness, d. For these
experiments, only the longer dowels (AR of 3) were considered.

3.2. The Effect of Spacing

An example of the time evolution of a two-dowel sample with a thickness of
25.4 mm and a spacing of 3.2 mm (d/8) burning at a wind speed of 1.5 m/s, is
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illustrated in Figure 4. The photographs of the sample in Figure 4a were taken at
intervals of 200 s, whereas the graph in Figure 4b shows the variation of mass
(left axis), and volumetric fractions of CO, CO2, and HC (right axis, with CO and
HC values multiplied by 10 for a better comparison with CO2) measured over
time. The reference time t=0 corresponds to the time when the igniter was turned
on (with a wind speed of 0.2 m/s). After the igniter was turned off (t=300 s), the
wind speed was increased to 1.5 m/s, which resulted in the increase in measured
mass visible from the graph of Figure 4b, and the disappearance of the smoke
between the images at 200 and 400 s (Figure 4a). Starting from the sample bottom
surface, the smoldering front spread upward, with higher intensity closer to the
spacing, as indicated by the reversed V-shape of the charred layer in the frontal
section of the sample visible in Figure 4a (t=1000 and 1200 s), and by post-ex-
periment visual examination of samples from similar experiments manually termi-
nated with nitrogen (Figure 4c). At about t=1400 s, the sample transitioned to
flaming (starting from the trailing edge of the sample), which lasted until t≅
1550 s, as indicated by the sharp decrease in measured mass loss. The combustion
products volumetric fractions quickly increased during the ignition phase. The CO
sensor of the gas analyzer was often close to saturation during ignition, and it
needed about 60 s to adjust after the igniter was turned off. After t≅500 s, the
CO concentration steadily increases until 1400 s, while the HC volumetric fraction
is almost constant, and no appreciable CO2 was detected. During the flaming
transition, the CO2 fraction rapidly increases while the CO fraction drops. Similar
trends of the emissions volumetric fractions were observed for the rest of the

Figure 3. Smoldering behavior observed in the experiments based
on surface area to volume ratio and wind speed for: (a) single
dowels; (b) two, and (c) three adjacent dowels. The pie marker
diameter corresponds to the number of repetitions of the same test
(minimum of two repetitions), and the slices represent the fraction of
the specific outcome (no smoldering, residual, self-sustained). The
tests where transition to flaming was observed are indicated by a red
“x” below the respective markers.
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experiments, with appreciable increases of CO2 detectable only during ignition and
flaming transitions. This could be due to the sensitivity of the CO2 sensor (smaller
compared to the CO and HC sensors), indicating that during the dowel’ smolder-
ing phase the CO2 values were below the minimum detectable volumetric fraction
of 1000 ppm. For reference, the measured CO concentration was between 50 and
150 ppm in most experiments.

The experiments showed a linear decrease in mass over time, thus the mass loss
rate was calculated as the slope of the curve after ignition. For consistency
between the mass and gas measurements, and to avoid the influence of the igni-
tion phase, the time range between 500s and 1000s was used to calculate the mass
loss, CO, and HC production rates. The CO and HC volumetric fractions were
converted to production rates by calculating the volumetric flow rate inside the
tunnel test section at different wind speeds.

Figure 4. (a) Photographs of a sample exposed to a wind speed of
1.5 m/s with a time interval of 200 s; (b) variation in time of sample
mass (with reference to the left axis), CO, CO2, and HC volumetric
fractions (with reference to the right axis). The values of CO and HC
have been multiplied by 10 for a better visualization. (c) Picture of
the bottom surface of a sample after an experiment; the entire
surface smoldered, burning more material on the side facing the
spacing between the dowels.
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Each row of Figure 5 shows respectively the variation of mass loss rate, CO,
and HC production rates with wind speed for the different spacing values (indi-
cated in the legend), with the error bars indicating the standard deviation among
test repetitions. The graphs on the left column are relative to the dowel thickness
of d=19.1 mm, whereas the graphs on the right column refer to d=25.4 mm.
The mass loss rate (Figure 5a) has similar values for the two thicknesses at low
wind speeds, while at wind speeds larger than 0.7 m/s the thicker dowels
(25.4 mm) show a much higher increase in mass loss rate. The CO (Figure 5b)
and HC (Figure 5c) production rates, on the other hand, have similar increasing
trends with wind speed, with larger values for the thicker dowels (25.4 mm). These
general increasing trends with wind speed depend on the spacing between the
dowels; intermediate spacing values (d/8 and d/4) in Figure 5 show the largest val-
ues for the mass loss rate, as well as the CO and HC production rates. The rates
for “no spacing” and d/2 show instead lower values and trends, even though they
are characterized by larger standard deviations. The variation in mass loss rate,
CO, and HC production rates with wind speed observed in Figure 5 could be due
to spacing-dependent heat losses, or the increased flux of oxidizer reaching the
smoldering surface.

3.3. Computational Analysis

The presence of a spacing between two dowels introduces a thermal radiative
exchange between the internal facing surfaces and influences the flow of oxidizer
to the smoldering surface. However, the wind in the spacing also increases the
convective cooling. The influence of the wind speed and the spacing between two
dowels on the heating to the internal-facing surfaces was studied computationally
with ANSYS Fluent to gain more insight into the effect of convective cooling ver-
sus thermal radiation. We considered the spacing between the two dowels as the
domain of the problem, as shown in Figure 6, where an inlet velocity boundary
condition was defined on the left side of the domain and set to the value used in
the experiments, and the opposite and top surface of the computational domain
included an atmospheric pressure boundary condition. During the experiments,
especially in the time period between t=500 and 1000 s, it was observed that the
smoldering process would mostly occur in the lower section of the samples, as
qualitatively shown in Figure 4c. To simulate this behavior computationally, the
height of the domain was divided into a lower section (1/3 of the height) deliver-
ing a constant heat flux, and an upper section (2/3 of the height) at room temper-
ature (Figure 6). The lower section of the internal surfaces was assumed to have a
fixed and uniform heat flux of 6 kW/m2, based on the minimum value obtained
by Liang et al. [31] to sustain the smoldering of a flat wood surface. The bottom
surface of the domain was assumed adiabatic to simulate the insulation plate
underneath the samples in the experimental configuration. The simulations were
performed for both the dowel thicknesses of 19.1 mm and 25.4 mm, with their
respective lengths of 57.2 mm and 76.2 mm (aspect ratio of 3). The spacing
between the dowels included 1/8, 1/4, and 1/2 of the dowel thicknesses.
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Figure 5. Effect of spacing and wind speed on: (a) average mass loss
rate, (b) CO, and (c) HC production rates for dowels with thickness of
(left column) 19.1 mm, and (right column) 25.4 mm.
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A mesh independence study was performed to choose the best mesh size for the
simulations, and following this a time step study was performed using a Courant
number of 0.8. These initial simulations resulted in choosing a structured mesh

with a size of 6:7 � 10�4 m. Additionally, a comparison between laminar and tur-
bulent flow models in both transient and steady state conditions was performed,
and it was observed that the obtained results are approximately the same for all
these conditions; hence, laminar steady state conditions were used to simulate the
problem. A Monte Carlo model was utilized to solve for radiation heat transfer
between the surfaces. Furthermore, a coupled scheme was chosen to solve for the
pressure–velocity coupling with second order upwind discretization method for
both energy and momentum equations.

Figure 7 shows the comparison of contours of the radiation flux in the mid-
plane of the considered geometry for two values of wind speed (0.5 and 1.0 m/s),
and the three spacing values (2.4, 4.8, and 9.5 mm) for dowels with a thickness of
19.1 mm. The midplane was defined as the center of the computational domain in
the numerical simulations. As can be qualitatively observed in these figures, most
of the heating occurs in the downstream region of the domain, and higher wind
speed and gap sizes result in smaller heat fluxes. This is the result of higher wind
speeds enhancing the convective cooling of the internal-facing surfaces of the dow-
els, and the reduction in their radiative exchange due to the decreasing view factor
for larger spacings.

The heat flux values in the middle plane (see Figure 7) were averaged over the
entire plane surface for the comparison of all the conditions tested in the experi-
ments. These computational results are reported in Figure 8 for the two dowel
thicknesses and all the spacing values. The average heat fluxes show a sharp
decrease with the wind speed (in particular, for the smallest spacings), which is
consistent with what was qualitatively observed in Figure 7.

4. Discussion

The experimental results showed that smoldering combustion could not be sus-
tained by single dowels (Figure 3a), or dowels with an aspect ratio of 1. The igni-
tion protocol used in this work was first hypothesized to be responsible for this

Figure 6. Computational domain corresponding to the spacing
between the dowels.
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outcome; however, additional experiments with the igniter running for up to 900 s
or using a higher power showed that the samples just charred at the bottom and
did not sustain smoldering. Hence, variations in ignition time and igniter power
did not significantly affect these results. Furthermore, an approximate calculation
of the igniter heating power across its area gives a heat flux of 25 kW/m2, similar
to that reported in the literature for smoldering ignition (without flaming) [6–11].

The size of the dowels may have contributed to the no-smoldering results, par-
ticularly for thinner dowels. While thinner wooden disks were shown to smolder
at a higher rate in the experiments of Wang et al. [32], those samples were
exposed to an external heat flux, as opposed to our experiments where the exter-
nal heat flux was applied only for 300 s and additional convective cooling was
introduced by the external wind. Based on previous studies of the spread of a
smoldering front over polyurethane foam [29, 33], Rein developed an expression
to determine a critical length scale Lc (for a square-section prismatic sample) for
the sample to achieve self-sustained smoldering [34]:

Figure 7. Radiation flux contours in the midplane of the domain
(spacing between dowels) for dowels with a thickness of 19.1 mm
exposed to a wind speed of (top) 0.5 m/s, and (bottom) 1 m/s.

Figure 8. Heat flux averaged over the midplane of the domain for
different values of spacing and thickness of the dowels, and wind
speed.
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Lc ¼ 4dUloss Ts � T0ð Þ
Qsm _m00

O2

; ð1Þ

where d is the thickness of the smoldering front, T s and T 0 are respectively the
surface and ambient temperatures, and Uloss is the overall heat loss coefficient.
Qsm is the heat released by the smoldering process per unit mass of oxygen, and
_m00
Ox is the mass flux of oxidizer. The values from Boonmee and Quintiere [11] for

the heat of combustion of the char layer, heat transfer coefficient for laminar con-
vection over a flat plate, and surface temperature are, respectively,

Qsm � 32:76kJ=kg, U loss � 10W=ðm2KÞ, and Ts � 500˚C. Assuming a smoldering
thickness of d � 6mm (on the order of d/3 for a dowels thickness of 19.1 mm,
based on experimental observations as in Figure 4c), and a mass flux correspond-
ing to a wind speed of 0.3 m/s for atmospheric dry air, from Equation (1) we
obtain a critical size Lc � 50 mm (for polyurethane foam, the critical size is
approximately 160 mm [34]). Considering the size of the dowels tested in this
study, this estimate may explain why even two adjacent dowels smoldered only in
some cases; however, loose contact between adjacent dowels or a spacing in
between facilitated the sustained smoldering of the samples.

With a spacing of 1/8 and 1/4 of the dowel thickness, smoldering was self-sus-
tained at almost every wind speed. Adjacent dowels (no spacing), and the ones
with a spacing of d/2 only sustained smoldering in some repetitions and mostly
for wind speeds higher than 0.7 m/s. It is interesting to notice that similar trends
with spacing were found for the smoldering of cubes (after the flaming phase) by
Kwon and Liao [23], crevices and cracks on the wood surface [16, 17, 23], and
wooden deck boards [21].

The data on mass loss rate in Figure 5 is scattered due to the nature of the
smoldering process and the resolution of the load cell, but overall the values seem
to increase with wind speed, especially for the dowels thickness d=25.4 mm. The
values at high wind speeds are comparable to the ones measured by Liang et al.
[31] for self-sustained smoldering of woody plates exposed to low irradiation. The
increasing trend with the wind speed is clearer from the CO production rates, with
the spacings of d/8 and d/4 showing the highest increase. According to these
results, it is shown that (i) wind speed enhances smoldering between two dowels,
in agreement with the crib results from Cobian-Iñiguez et al. [24], and (ii) a small
spacing allows for better propagation of smoldering fronts. This spacing results in
enhanced radiative exchange between the internal surfaces of the dowels, and an
increase of fresh oxidizer reaching those surfaces, both of which facilitate the
smoldering process. On the other hand, the spacing also results in higher convec-
tive cooling, especially at high wind speeds. Thus, the balance between those two
effects determines if smoldering is enhanced or deterred.

The computational results indicate that convective cooling caused by the wind
speed strongly reduces the average heat flux exchanged between the internal sur-
faces of the dowels (Figure 8). Spacings below 5 mm are the ones most affected by
the increase in wind speed. The computational model, however, did not include
the variation of oxidizer reaching the smoldering surface with wind speed, which
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could enhance the surface temperature and burning rate [4–7], and thus the heat
transfer between the internal surfaces. From the results of Figure 5, it is not possi-
ble to say if the increase in mass loss rate, CO and HC production at higher wind
speeds is due to an increase in smoldering reaction rate, or to the combustion of a
larger portion of the dowels. For a better comparison of the dowel thicknesses,
the mass loss rates presented in Figure 5 were divided by the mass of the samples
right after the ignition phase (t=300 s), whereas the values of the CO production
rates were normalized with the corresponding values of the mass loss rates, with
the results shown in Figure 9. The normalized mass loss rate increases with wind
speed in every case, but the slope seems to be larger for the thicker dowels
(25.4 mm). The adjacent dowels (no spacing) with d=19.1 mm show a decreasing
trend; however, a closer look to the data points reveals a non-monotonic trend,
likely due to variations in dowels contact during the experiments that affected the
mass loss rate. The normalized CO production rate, on the other hand, shows a
different behavior for the two thicknesses; the thinner dowels (19.1 mm) show an
increase, whereas the thicker dowels (25.4 mm) show a clear decrease for every
spacing except for the “no spacing” case. Overall, these results suggest that the
smoldering rate decreases with wind speed for thinner dowels (since more CO is
produced with reference to the mass loss rate), whereas the smoldering rate for
thicker dowels slightly increases with the wind speed, with rates depending on the
spacing between the dowels.

5. Conclusions

A parametric study of the dependence of smoldering of wooden dowels on their
geometry and external wind speed was conducted experimentally. The selected
parameters allowed us to analyze separately the effects of dowel size (thickness
and length), and arrangements (single and multiple dowels) on the smoldering
behavior of woody samples exposed to an external wind. The results show that for
the present tests fuel geometry has a stronger impact than wind. Single dowels did
not sustain smoldering, whereas two dowels with a spacing in between them show
different behaviors based on fuel thickness, spacing, and wind speed. A computa-
tional model was developed to estimate the heat transfer between the internal sur-
faces of two dowels with different spacings, and the results indicate that the
convective cooling of the internal-facing dowels surfaces strongly reduces the
radiative heat transfer between the dowels (assuming a constant heat flux from the
smoldering area), especially for small values of the spacing. Normalized values of
mass loss and CO production rates used to estimate the intensity of the smolder-
ing rate for the different samples show a different behavior with wind speed for
the two thicknesses tested. The smoldering rate seems to decrease for the thinner
dowels, in agreement with the computational results, whereas for thicker dowels
the smoldering rate increases with wind speed. Considering both the computa-
tional and experimental results, it is concluded that for the fuel geometry studied
in this work the increase in oxygen flux to the surface due to the higher wind
speed is compensated by the increase in convective losses, resulting in a small
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effect on the smoldering rate. Overall, the size and the geometry of the samples
appear to have a stronger impact on the results than the wind speed, with small
values of spacing (d/8 and d/4) and larger sample thicknesses facilitating the smol-
dering process. The experiments presented in this work could be easily expanded
to study the range of geometry parameters that can affect the smoldering rate of
woody fuels.
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