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ARTICLE INFO ABSTRACT
Keywords: Spotting ignition by firebrands is a significant fire spread pathway at the wildland-urban interface (WUI), where
Wildland-urban interface mulch products are commonly used as landscaping materials. Mulch is typically organic in nature, thus it may be

Particle size easily ignited into a smoldering mode by firebrands and subsequently transition to flaming, leading to direct

flame contact and radiant heat exposure to siding materials of adjacent structures. This work quantified the
thresholds of smoldering ignition of four common types of commercially available mulch (black mulch (BM),

Firebrand
Smoldering-to-flaming transition

fimber forest floor (FF), redwood (RW), and fir bark (FB)) exposed to heating by smoldering firebrand piles, and their
propensity for smoldering-to-flaming transition under external winds (up to 1.4 m/s). We found that there was a
minimum mass of firebrand pile to achieve smoldering ignition of mulch (e.g., ~0.1 g for FF). Beyond this
minimum mass, the required wind speed to trigger smoldering ignition generally decreased as the mass of the
firebrand pile increased, agreeing well with theoretical analysis. After smoldering ignition, smoldering-to-
flaming transition could be observed when the wind speed exceeded a critical value (e.g., ~1 m/s for FF),
which was not affected by the initial spotting process. To achieve smoldering-to-flaming transition, the glowing
mulch had to reach a critical temperature of around 850 °C. Mulch samples with larger particle sizes were more
likely to smolder and transition to flaming, due to increased oxygen supply through larger inter-particle pores
and channels and better firebrand accumulation due to a more crevice-like geometry on the fuel surface. This
work advances the fundamental understanding of the ignition and burning behavior of landscaping mulches, and
thus contributes to the prevention of extreme WUI fire events.
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c Specific heat capacity a ratio of heat transferred from the firebrand r radius (m) conv convection
(J/(kg-K)) pile to the mulch sample (-) T temperature (°C) fb firebrand
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1. Introduction

Climate change, population growth, and evolving practices in the
development and management of natural lands have increased the risk
of high-intensity wildfires. Fires at the wildland-urban interface (WUI),
where natural lands adjacent to human development, are particularly
destructive as they often directly impact people and communities [1].
Spotting ignition by smoldering firebrands is a critical fire spread
pathway that is prevalent at the WUI [2,3]. These combustible frag-
ments (i.e., firebrands) are primarily generated from burning wildland
fuels and wood-based structures when they lose their structural integrity
and break into smaller pieces due to the drag forces from surrounding
airflow [4,5]. Subsequently, they can be lofted long distances by
external winds or buoyancy through fire-induced plumes, igniting
structures or vegetative fuels far ahead of the fire front (up to 30-40 km)
[2,6]. Recent data suggests that at least 50 % of ignitions during WUI
fires, and potentially even more, can be attributed to firebrands [7]. A
notable example of the significance of firebrand processes is the 2018
Camp Fire in Northern California, leading to 85 causalities, over 18,800
structures destroyed, and 153,000 ha burnt, with long-range firebrand
spotting having contributed to the extensive destruction which pri-
marily occurred within the first few hours [8,9].

At the WUI, mulch products are commonly used as landscaping
materials around residential structures and in community parks for a
variety of reasons (e.g., improving the fertility of the soil and visual
appeal of the area) [10,11]. Typically, though not exclusively organic in
nature, mulch can be easily ignited by firebrands, either in smoldering
(may subsequently transition to flaming) or direct flaming ignition
modes [12]. Without proper clearance around the base of a structure,
burning mulch can pose a significant ignition hazard to the adjacent
buildings as it can lead to direct flame contact and radiant heat exposure
to siding materials, windows, or other features along exterior walls [6].
On a community level, maintaining adequate space between mulch and
structures is crucial in mitigating fire risk, and several design recom-
mendations have been proposed to prevent this issue [6,13,14]. How-
ever, more fundamental studies are still required to improve our
understanding of mulch burning and enrich the prevention and miti-
gation strategies.

Understanding the spotting ignition of mulch is essential for evalu-
ating the initiation and growth of subsequent fire events. Ignition of
mulch is expected to differ from ignition of solid recipient fuels (e.g.,
wooden boards), because mulch fuel beds are relatively porous. This
porosity allows firebrands to embed within the recipient fuel, increasing
contact between the ignition source (i.e., firebrands) and the fuel [15].
In previous, Steward et al. [11] and Zipperer et al. [16] investigated the
ease of ignition of different landscape mulches at different scales, but no
quantitative measures on the flammability under various environmental
conditions were discussed. Rogstad et al. [10] found that a single lit
cigarette could not ignite any types of mulch, while Steward et al. [11]
achieved ignition using three lit filter cigarettes, attributed to the
increased heating area and intensity. Manzello et al. [17] found that the
ignition propensity of three types of mulch increased with the size of the
deposited firebrand, indicating the critical role of contact between
firebrands and mulch beds [13]. Manzello et al. [18,19] further high-
lighted that the ease of ignition increased with the number of firebrands,
further motivating the need to study the accumulation of brands, rather
than just an individual particle.

During WUI fires, firebrands tend to accumulate in piles on top of
solid fuels [15,20]. The anticipated heating process induced by a fire-
brand pile is expected to differ from that caused by a single firebrand.
This discrepancy is attributed to the interactions among individual
firebrands within the pile, allowing for a reheating process [20,21].
Reheating occurs when the firebrand pile shifts, enabling
higher-temperature firebrands to transfer heat to lower-temperature
ones [15]. This process elevates the temperature of the inactive
brands, promoting a more robust smoldering reaction [15]. Both the
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interaction among individual firebrands within the pile and the contact
between firebrands and the recipient fuel are expected to alter the heat
transfer mechanisms governing the ignition process of a solid fuel.
However, there has been limited prior research on the ignition of
vegetative fuels by accumulations of firebrands.

When lofted firebrands land on a recipient mulch bed, the mulch may
first be heated and dried before beginning to decompose and smolder
[22,23]. In general, smoldering can be initiated by a weak heat source,
providing a shortcut to flaming through smoldering-to-flaming (StF)
transition [24-28]. The StF transition is a stochastic process where
smoldering reactions provide the heat necessary to pyrolyze virgin fuel,
and meanwhile act as a pilot to ignite flammable gaseous mixtures [29,
30]. With a sufficient oxygen supply, smoldering mulch beds may
transition to flaming and subsequently ignite nearby features such as
fencing assemblies or siding materials through direct flame contact and
radiant heat exposure [6,14]. However, limited research has quantified
the thresholds of ignition and StF transition, and their sensitivity to
firebrand loading.

In this work, spotting smoldering ignition of four mulch samples by
firebrand piles and their subsequent transition to flaming were investi-
gated in a wind tunnel with an external wind speed of up to 1.4 m/s.
First, the heat flux and heating duration provided by the firebrand pile to
an inert surface were quantified. Afterwards, the thresholds of smol-
dering ignition and transition to flaming were determined as a function
of external wind speeds and the initial mass of firebrand piles. A
simplified heat transfer model was proposed to explain the influence of
firebrand configuration on the ignition boundaries of mulch samples,
and the effect of mulch particle size was also discussed.

2. Experimental details
2.1. Materials

Four different kinds of non-composted mulch, namely black mulch
(BM), forest floor (FF), redwood (RW), and fir bark (FB), were selected in
this study (Fig. 1(a)). These products were directly sourced from com-
mercial suppliers in Marin County, California, USA without further
processing (except drying), and their size distributions can be found in
Appendix (Fig. Al). Before the tests, all mulch samples were dried in an
oven at 90 °C for 48 h. The volatile content of the mulch sample was
measured as the weight percent of gas (emissions) from the mulch
sample during heating from 25 °C to 800 °C at a rate of 30 °C/min in an
oxygen-free environment using a PerkinElmer STA 6000 Simultaneous
Thermal Analyzer. A C/H/N elemental analysis was also performed
using a Thermo Fisher FlashSmart Elemental analyzer. The physical
properties of the mulch samples are summarized in Table 1. To inves-
tigate the effect of particle size (D), FBs with two different particle size
distributions were selected. The particle sizes of fir bark A are mainly
distributed between 0.6 and 1.9 cm. For fir bark B, the sizes of all par-
ticles are smaller than 1.3 cm, and more than half of the particles are
smaller than 0.6 cm. The porosity of the fuel bed can be calculated as
v = 1— py/p,, where p, is the bulk density, and p, is the solid density.
From Table 1, as the bulk densities of fir bark A and fir bark B are very
close, their porosities are also similar.

2.2. Experimental setup and test procedures

Experiments were conducted in a small-scale rectangular wind tun-
nel with a 55 cm (length) x 13 cm (width) x 8 cm (height) test section
which can provide a uniform wind speed of up to 1.4 m/s, as shown in
Fig. 1(b). The burning process inside the wind tunnel was observed and
recorded through a transparent glass window on the front side of the
wind tunnel. A mulch fuel bed (13 cm x 8 cm x 3 cm) was filled into a
reactor made of 1-cm ceramic insulation board that was mounted hor-
izontally along the floor of the tunnel test section [31]. To measure the
critical surface temperature for self-sustaining smoldering and



S. Lin et al. Fire Safety Journal 148 (2024) 104226
Black mulch Forest floor Redwood Fir bark
Deposition
e
AN
N\
" N\
Sieve %
\
: Y
- 7 >~
Burner 3 \3 /
: . glasswindow wind tunnel
Fluted dowel pin: 0.64 cm*2.54 cm . f ]
| T ]

510 0.05 i : i

mep=U. n N 00000 o e
=08 I3 L ¥ Goeena ;
B R2=0.99 | .
S 0.6 ! Firebrands_ &  °
S 4 :
o4 - -
b e
202 __||Mulch sample
% 0 ¥ ‘ T
= QJ 2 46 810121416 ceramic board

Number of dowels
Fig. 1. (a) Photos of mulch samples tested in this work, and (b) schematic of experimental setup and procedure.
Table 1 15) were used, and the masses of smoldering firebrand piles were
able

Physical properties of the mulch.

mulch type bulk density (kg/ volatile fraction C H N
m?) (%) (%) (%) (%)

Black 130 86.6 46.4 6.2 0.1

mulch

Forest floor 157 66.1 44.9 6.1 0.5

Redwood 152 85.8 47.8 6.4 0.2

Fir bark A 253 70.9 47.0 6.2 0.1

Fir bark B 247

smoldering-to-flaming transition, an infrared camera (FLIR-64501)
(25-650 °C) and color pyrometry (600-1200 °C) were used to record the
top-surface temperature of mulch samples from the top with a time in-
terval of 1 s. The IR camera came factory-calibrated and an emissivity of
0.9 was assumed for the burning mulch [32]. The color pyrometry was
performed using a Sony Alpha 1 camera with a full-frame 35.9 x 24.0
mm stacked Exmor RS CMOS sensor, pixel dimensions of 8640 x 5760,
and a bit depth of 16 in each color plane. The lens was a Sony FE 24-70
mm GM Full-frame G Master standard zoom lens. The color pyrometry
setup was calibrated using a blackbody radiation source within the
temperature range studied. More details on image capture, calibration,
and processing can be found in Ref. [33].

Smoldering firebrands were generated by placing different numbers
of equal mass wooden dowels (0.64 cm x 2.54 cm) in a wire mesh basket
which was then set on top of a propane burner for about 10 s until a self-
sustained flame fully covering the dowels was observed [34]. The burner
was then extinguished and firebrands were allowed to burn freely (~10
s) until self-extinction of the flame occurred, followed by a
self-sustaining smoldering process [31,35,36]. To generate different
masses of firebrand piles, different numbers of dowels (i.e., 1, 3, 5, 10,

quantified, as shown in Fig. 1(b). For example, as the number of dowels
increases from 1 to 15, the mass of firebrand piles increases from 0.06 g
to 0.79 g. A linear correlation between the number of dowels (ng) and
the mass of the firebrand pile (mg,) was also found as mg, = 0.05ng, with
R? =0.99.

The smoldering firebrands were deposited onto the middle of the
mulch sample surface using a funnel-like apparatus with an outlet
diameter of 2 c¢m, similar to our previous works [34,35,37]. The depo-
sition of all brands at once may represent a greater heating load than
occurs for the same mass of firebrands distributed over a range of time in
a wildland fire; however, this represented a repeatable worst-case sce-
nario [4,34,38]. Following deposition, an external wind was applied
parallel to the mulch surface. Successful smoldering ignition was defined
as the observation of a blackened smoldering front successfully propa-
gating outwards from the heating region that eventually burned out the
mulch sample (with mass loss >80 %) [31]. If smoldering ignition was
not achieved, a new test with a fresh sample was performed but a higher
airflow or a larger mass of firebrand pile was applied. Afterwards, the
airflow speed and the mass of firebrands were further adjusted to
quantify the boundary of the StF transition. For each scenario, at least
three repeated tests were conducted, and good experimental repeat-
ability was found. During the tests, the ambient temperature was around
25 °C and the relative humidity was around 50 %.

2.3. Characteristics of the firebrand piles

To quantify the heat flux from a burning firebrand pile, the mulch
fuel bed was first replaced by a sheet of 1.27 cm thick ceramic fiber
insulation board. A calibrated water-cooled total heat flux gauge (WC-
HFG, 1.27 cm diameter Medthern Schmidt-Boelter model GTW-7-32-
485A) was inserted at the center of the board to measure the heat flux
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from the smoldering pile, following a similar procedure introduced in
Ref. [37]. Note that the heat flux from a firebrand pile to a recipient fuel
is a complex process [39], but the use of an inert surface simplifies this
somewhat by removing interactions between the firebrand pile and
recipient fuel [37]. However, if the firebrand piles directly land on a
porous media with an uneven surface, a higher heat flux from a smol-
dering pile may be received by particles in the substrate under the same
conditions because of improved contact and re-radiation between the
hot particles [34]. This is somewhat different from what may happen on
a solid substrate, where cooling by the large thermal mass (i.e., heat
capacity) of the substrate may slightly decrease heating vs. measure-
ments taken over inert samples [21,40].

Fig. 2(a-b) shows some typical examples of time-resolved heat fluxes
measured by the heat flux gauge. When the firebrand pile was first
deposited, the heat flux significantly increased to its peak value. The
initial peak occurs early in the test time and was difficult to see, there-
fore we have included an inset in the Appendix to better visualize these
heat fluxes. These peak heat fluxes tended to occur immediately upon
deposition and were short-lived, combining both conduction and radi-
ation until the brands quickly cooled upon contact with the heat flux
gauge [20]. Afterwards, it decreased and then remained relatively stable
at a constant value before gradually decreasing to zero due to con-
sumption of fuel and cooling induced by both exterior wind and the
sensor itself.

Fig. 2(c) summarizes the peak heat fluxes recorded from different
firebrand piles under external winds. First, the peak heat flux was found
to increase as the mass of the firebrand pile increased, due to a larger
mass of burning brands and improved re-radiation between the hot
particles [37]. On the other hand, as the external wind speed initially
increased from 0 to 0.91 m/s, the peak heat flux first increased because
of the improved oxygen supply [41], regardless of the initial mass of the
firebrand piles. However, as the wind speed further increased, the peak
heat flux started to decrease because of the increasingly dominant role of
convective cooling [42]. Fig. 2(d) further summarizes the heating
duration of firebrand piles, and as expected, it increased as the mass of
the firebrand pile increased but decreased as the wind speed increased.
Note that the surface area of the mulch sample directly covered by the
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firebrand pile generally increased as the mass of the firebrand pile
increased, leading to a larger heating area.

3. Results and discussion
3.1. Fire phenomena of mulch

Fig. 3 shows examples of three representative paths a firebrand pile
deposited on RW samples may take depending on the applied wind
speed, where the initial mass of the firebrand pile was 0.23 g (see Videos
S1-3). Once the firebrand pile landed on the mulch sample, a strong
glowing process could be observed, because of the improved oxygen
supply driven by the external wind. Afterwards, some smoke was
released from the surface of the mulch sample directly covered by the
firebrand pile, indicating initiation of pyrolysis and/or smoldering. After
some time, an ash layer formed over the exterior surface of the firebrand
and then gradually expanded towards its interior, which resulted in
reduced heating to the mulch sample (see Fig. 2(a-b)).

When the wind speed was 0.76 m/s (Fig. 3(a)), as the firebrand pile
gradually burned out (i.e., the heating from the firebrand pile gradually
decreased to zero), the smoke intensity gradually decreased. Eventually,
no smoke was released from the mulch sample and only a small portion
of the surface layer covered by the firebrand pile turned black or char-
red. In other words, the mulch sample was not successfully ignited under
this experimental condition.

When the wind speed was increased to 0.91 m/s (Fig. 3(b)), the area
directly exposed to the firebrand pile also turned black (i.e., charred)
first. However, as the firebrand pile burned out, the smoke intensity did
not decrease; instead, the charred area gradually expanded outwards.
Therefore, the mulch sample was successfully ignited by the firebrand
pile and a self-sustaining smoldering front was achieved under these
conditions. Eventually, the mulch sample completely burned out and
turned into ash.

Further increasing the wind speed to 1.05 m/s (Fig. 3(c)), a smol-
dering ignition process similar to the 0.91 m/s condition was first
observed. However, more glowing spots were observed during the
burning process on the edges of the mulch, after which a sudden
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Fig. 2. (a-b) Examples of time-resolved heat fluxes of firebrand piles under external winds, and summaries of (c) peak heat fluxes and (d) heating durations where

the dashed lines are linear least-squares fits to show the trends.
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Fig. 3. Snapshots of phenomena of RW mulches heated by a firebrand pile with a mass of 0.23 g under different wind speeds.

smoldering-to-flaming transition was achieved. After burning for around
3 min, the flame self-extinguished, with the remaining mulch residue
continuing to smolder until it completely burned out and turned into
ash. Therefore, in real fire scenarios, the mulch around residential
structures and community parks may first be ignited in a smoldering
mode and later transition into a flaming fire under specific conditions,
leading to a greater threat because of the sudden increase in fire spread
rate, intensity and hazard [25].

3.2. Thresholds of smoldering ignition

Fig. 4 summarizes the limiting conditions of smoldering ignition of
mulch and its transition to flaming under external winds, where blue
crosses ( x ) represent no ignition, orange circles (@) represent suc-
cessful smoldering ignition, and red diamonds (4p) represent smoldering
ignition with subsequent transition to flaming. As shown in Fig. 4, there
was a minimum mass of the firebrand pile below which the mulch
sample could not be ignited, regardless of the wind speed [4]. After-
wards, the required minimum wind speed to trigger a self-sustaining

(a) Forest floor
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smoldering reaction decreased as the mass of the firebrand pile
increased. For example, for FF (Fig. 4(a)), as the mass of the firebrand
pile increased from around 0.16 g to 0.48 g, the minimum wind speed
decreased from around 0.85 m/s to 0.12 m/s. By gradually increasing
the mass of the firebrand pile, eventually, the firebrand pile was large
enough to ignite mulch without wind.

To better understand the relationship between the mass of the fire-
brand pile and the minimum wind speed to trigger smoldering ignition,
a simplified and approximate energy conservation equation was applied
[22] (see Fig. 5), where the minimum smoldering ignition energy (Emin)
needed to not only heat the fuel up to its smoldering ignition tempera-
ture (Tsy), but also to overcome the conductive heat loss to the sur-
rounding fuel (¢.,,,) and ambient heat losses (¢_,) including convective

and radiative heat loss as
Epin = perr®S(Ton — Teo) + Grong (2778 + 27%)t + 77t 1)

where p is the bulk density of the mulch sample, r is the radius of the area
covered by the firebrand pile, § is the thermal penetration depth, c is the
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Fig. 4. Limiting conditions of smoldering ignition and its transition to flaming of different mulch samples, each marker represents at least three repeating tests.
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2N
Acona

Fig. 5. Schematic of energy balance of smoldering ignition of the mulch sample
by a firebrand pile.

specific heat capacity, T, is the initial temperature, and ¢ is the heating
duration. Then, the required minimum ignition energy per unit area

(E, ;) becomes
y . . 26 .
Emin :qu.mint:péc(Tsm - TOO) +qcondt TJ" 1)+ qoot (2)

where q}’b,mm is the minimum heat flux from the firebrand pile to ignite
the mulch sample. By further rearranging Eq. (2), we obtain

o oC o 26 o
qﬂz,min :pT (Tsm - Teo) + 9eond (TT + 1) +4, (3)

To achieve ignition, the heat from the firebrand pile to the mulch
sample (q}’b) should be larger than the minimum value (qf”bm) as

qﬂ, > qf"bym_ , and it could be further described as

in

m, Yorv
OXAHsm — a/)a ox

14

{p = amyAHy, = a AHg, v @
where a is the ratio of heat transferred from the firebrand pile to the
mulch sample, mﬂ, is the burning rate per unit area of the firebrand pile,

AHgy is the heat of smoldering combustion, n,, is the rate of oxygen
supply, y is the stoichiometric factor, p, is the density of air, Yo is the
mass fraction of oxygen in the air, v is the wind speed.

On one hand, as shown in Fig. 2, the intensity of heating from the
firebrand pile to the mulch increased as the mass of the firebrand pile
increased. Therefore, for a larger mass of the firebrand pile, to achieve

q}b > q;b i O0Ly @ smaller wind speed was required to accelerate the

smoldering reaction and generate enough heat to ignite the mulch,
agreeing well with the experimental observations shown in Fig. 4. On
the other hand, as the heating area (or r) increased with the mass of the
firebrand pile, from Eq. (3), a smaller q}b,mm was required to trigger
ignition when r was increased. This was consistent with our previous
findings, where the critical irradiation to trigger smoldering ignition
decreased as the heating area increased [22]. Therefore, only a smaller
wind speed was required to intensify the reaction of a larger firebrand
pile with a larger heating area to achieve qﬂ, > q)’,’b‘mm, which also agreed
with the trend in Fig. 4.

Furthermore, from Fig. 2 and Eq. (3), as the mass of the firebrand pile
decreased, q}b would decrease while the q;b.mm would increase (due to a
smaller heating area (i.e., r)). Eventually, there was a minimum mass of
firebrand pile where the qf”,, could no longer be higher than q}b‘mm, that s,
no ignition could be achieved. This further demonstrated the existence
of the minimum mass of the firebrand pile to trigger ignition shown in
Fig. 4.

3.3. Limits of smoldering-to-flaming transition

Once a mulch sample was ignited into a smoldering mode by a
firebrand pile, if the wind speed was high enough, smoldering could
suddenly transition to flaming. Fig. 4 also summarizes these smoldering-
to-flaming transition thresholds, and the required wind speed to trigger
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StF transition was insensitive to the initial mass of the firebrand pile but
varied with the type of mulch. For example, for FF shown in Fig. 4(a),
the smoldering could abruptly transition to flaming when the wind
speed was larger than 0.98 m/s, regardless of the initial mass of the
firebrand pile.

Fig. 6 summarizes the critical surface temperature (the hottest zone)
measured by an IR camera, two-color pyrometry, or both, at the moment
of smoldering-to-flaming transition and the minimum temperature for
self-sustaining smoldering measured during experiments. First, the
minimum temperature to support a self-sustaining smoldering fire was
around 350 °C, agreeing well with other wooden materials reported in
the literature [24]. More importantly, the critical temperature for
smoldering-to-flaming transition was found to be about 850 °C, which
was consistent with the characteristic temperature of the StF transition
previously found for wood blocks [29], biomass rods [43] and cellulose
layers [44]. To achieve smoldering-to-flaming transition, glowing par-
ticles were required to pilot the flammable mixture of pyrolysate and air
[29,30]. Therefore, a larger wind speed was required to improve the
oxygen supply, leading to vigorous smoldering with a high enough
temperature to trigger smoldering-to-flaming transition.

Note that when the mass of the firebrand pile was relatively small
(but larger than the minimum mass to trigger smoldering ignition), a
higher external wind speed was required to achieve smoldering ignition,
and eventually the boundaries of smoldering ignition and smoldering-to-
flaming transition merged. Under this circumstance, smoldering ignition
could always be achieved first followed by transition to flaming. For
example, for fir bark A (Fig. 4(d)), when the mass of the firebrand pile
was smaller than 0.41 g but larger than 0.21 g, the boundaries of
smoldering ignition and smoldering-to-flaming transition merged into
one threshold, above which smoldering could first ignite and subse-
quently transition to flaming.

3.4. Effect of particle size in the mulch fuel bed

Particle sizes in porous fuel beds are one of the leading factors
affecting the ease of smoldering ignition and rate of smoldering propa-
gation [45-50]. To explore the effect of mulch particle size on spotting
ignition, Fig. 7 compares the limiting conditions of smoldering ignition
of fir bark A (more large particles) and fir bark B (more small particles).
For fir bark A with more larger particles, a smaller minimum mass of the
firebrand pile was required to achieve ignition. Meanwhile, given a fixed
mass of the firebrand pile, as the mulch particle size decreased, the
minimum wind speed to trigger smoldering ignition also increased.
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Fig. 6. Critical surface temperature measured for self-sustaining smoldering
and smoldering-to-flaming transition of different mulch samples.
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Fig. 7. Comparison of limiting conditions of smoldering ignition of fir bark
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Furthermore, no smoldering-to-flaming transition was observed for fir
bark B in the test range. Therefore, mulch with relatively larger particles
may be more easily ignited by firebrand piles and subsequently transi-
tion to flaming, at least for the present experimental conditions.

On one hand, when the fuel particle was larger, the pores or channels
between particles were larger, thus the oxygen can more easily diffuse
through the porous media to sustain a smoldering fire and subsequent
smoldering-to-flaming transition. On the other hand, for a fuel bed with
a larger particle size, the top surface of the fuel bed was relatively un-
even, and the shallow depressions on the fuel bed surface may be the
most susceptible to firebrand accumulation and ignition [4]. These
shallow depressions were similar to a crevice geometry (a common
feature of some structure features at the wildland-urban interface)
receiving a higher heat flux from a smoldering firebrand pile than a flat
plate under the same condition due to re-radiation between the hot
particles [34], which increased the likelihood of ignition.

4. Conclusions

In this work, well-controlled experiments were conducted to inves-
tigate the limiting conditions of smoldering ignition of mulch by glow-
ing firebrand piles and the subsequent smoldering-to-flaming transition
under external winds. We found that the peak heat flux, heating dura-
tion and heating area all increased with the mass of the firebrand pile
within the test range. However, as the wind speed increased, the peak
heat flux first increased due to an increased oxygen supply, but then
decreased due to competition with increased convective cooling.

For a larger firebrand pile, no external wind was required to trigger
smoldering ignition of mulch. However, as the mass of the firebrand pile
decreased, a larger wind speed was required to intensify the reaction of
the brands and thus heat the mulch samples sufficiently to achieve
smoldering ignition. Eventually, there was a minimum mass of firebrand
pile to trigger ignition. A simplified heat transfer analysis was proposed
which explained the phenomenological relationship between wind

Appendix B. Supplementary data
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speed and the mass of firebrand piles by including the heating area and
two-dimensional cooling effects.

Smoldering-to-flaming transition was observed when the wind speed
was larger than a critical value which was insensitive to the mass of the
firebrand pile but varied with the mulch fuel types. A critical
smoldering-to-flaming temperature of around 850 °C was found. Finally,
the mulch sample with a larger particle size can be more easily ignited
by a firebrand pile in a smoldering state and subsequently transitioned
to flaming. This work provided necessary information about the ignition
and smoldering-to-flaming transition for mulch, which was an important
step towards understanding realistic fire scenarios at the wildland-urban
interface. Future experimental and numerical work is still needed to
better understand the coupling between gas- and solid-phase processes
leading to the smoldering-to-flaming transition.
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Appendix

Figure Al shows particle size distributions of the mulch samples determined by passing the mulch through a series of sieves with gradually
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reducing hole sizes.
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Figure A2 shows an inset of Fig. 2 a and b so that the initial peak in heat flux occurring when smoldering particles are deposited are better visible.
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