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Wildfires are uncontrolled combustion events occurring in the natural environment
(forest, grassland, or peatland). The frequency and size of these fires are expected
to increase globally due to changes in climate, land use, and population movements,
posing a significant threat to people, property, resources, and the environment. Wildfires
can be broadly divided into two types: smouldering (heterogeneous combustion)
and flaming (homogeneous combustion). Both are important in wildfires, and despite
being fundamentally different, one can lead to the other. The smouldering-to-flaming
(StF) transition is a quick initiation of homogeneous gas-phase ignition preceded by
smouldering combustion, and is considered a threat because the following sudden
increase in spread rate, power, and hazard. StF transition needs sufficient oxygen supply,
heat generation, and pyrolysis gases. The unpredictable nature of the StF transition,
both temporally and spatially, poses a challenge in wildfire prevention and mitigation.
For example, a flaming fire may rekindle through the StF transition of an undetected
smouldering fire or glowing embers. The current understanding of the mechanisms
leading to the transition is poor and mostly limited to experiments with samples smaller
than 1.2m. Broadly, the literature has identified the two variables that govern this
transition, i.e., oxygen supply and heat flux. Wind has competing effects by increasing
the oxygen supply, but simultaneously increasing cooling. The permeability of a fuel
and its ability to remain consolidated during burning has also been found to influence
the transition. Permeability controls oxygen penetration into the fuel, and consolidation
allows the formation of internal pores where StF can take place. Considering the high
complexity of the StF transition problem, more studies are needed on different types of
fuel, especially on wildland fuels because most studied materials are synthetic polymers.
This paper synthesises the research, presents the various StF transition characteristics
already in the literature, and identifies specific topics in need of further research.

Keywords: fire, forest, flame, wildland urban interface, polymer

INTRODUCTION TO SMOULDERING COMBUSTION

Smouldering combustion is the slow, low-temperature, flameless burning of porous fuels, and
the most persistent type of combustion phenomena (Rein, 2016). A wide range of materials can
undergo smouldering, such as cellulosic insulation, coal, polyurethane (PU) foam, cotton, wood,
and peat, making smouldering a serious hazard in both residential and wildland areas. In particular,
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TABLE 1 | Smouldering and flaming combustion characteristics (Hadden et al.,
2014; Rein, 2016).

Characteristics Smouldering Flaming
Peak temperature [°C] 450-700 1,500-1,800
Typical spread rate [mm/min] 1 100
Effective heat of combustion [kJ/kg] 6-12 16-30
Ignition source [KW/m?2] 8 30

the hazard of wildfire increases at the wildland urban interface
(WUI), where wildfire fronts meet houses and urban sites. In
such an event, two types of fuels are involved, i.e. WUI and
wildland fuels. WUI fuels are found in the built environment
(e.g., polymers and timber), where the smouldering-to-flaming
(StF) transition has been investigated in more studies than
wildland fuels (e.g., leaves, twigs, and organic soils), which are
rarely discussed in the literature. In any fuel, both smouldering
and flaming can occur, and one can lead to the other (Rein, 2016).
The chemical pathways of solid fuel combustion can be
broadly simplified to the following equations (Equations 1-3).
Notably, smouldering (Equation 2) and flaming (Equation 3)
fires of solid fuel. Although flaming is characterisitically different
from smouldering; smouldering is the heterogeneous reaction of
solid fuel with an oxidiser, whereas flaming is the homogeneous
reaction of gaseous fuel with an oxidiser, which releases more
heat (Table 1); the two fires have their genesis from the same
process, namely, pyrolysis (Equation 1).
Pyrolysis:

Fuel (solid) +Heat — Pyrolyzate (gas) +Char (solid)
+Ash (solid) (1)

Heterogeneous oxidation (smouldering):

Char (solid) +0; (gas) —Heat+CO,+H,0+other gases
+Ash (solid) (2)

Gas-phase oxidation (flaming):

Pyrolyzate (gas) +0; (gas) — Heat+CO,+H;0
+other gases (3)

The commonality of pyrolysis (Equation 1) prior to both
smouldering and flaming combustion allows the transition
between them. In one case, a flaming fire can extinguish, and
a smouldering fire can proceed in a flaming-to-smouldering
transition. This transition may have significant effects on soil
consumption during wildfires, as flaming fires quickly spread
over the surface of the forest floor and consume shallow layers
of ground fuels, while smouldering occurs both above- and
belowground, slowly releasing vast amounts of carbon, and is
far more detrimental to the ecosystem. For example, during
peat fires in Indonesia in 1997, it was found that smouldering
combustion consumed organic soils as deep as 51 = 5cm and
released approximately 2.57 Gt of carbon (Page et al., 2002).

At the global scale estimate, the average annual greenhouse gas
emissions from smouldering fires are equivalent to 15% of man-
made emissions (Rein, 2013). Owing to its low temperature,
propensity to travel belowground, and flameless characteristics,
smouldering of organic soils is difficult to detect (Page et al,
2002; Rein et al., 2008; Rein, 2016). Additionally, when detected,
smouldering is notoriously difficult to extinguish, requiring
vastly greater quantities of water (Hadden and Rein, 2011; Rein,
2016; Ramadhan et al., 2017; Ratnasari et al., 2018).

In Southeast Asia, this flaming-to-smouldering transition is
common, as it is frequently used in agricultural practices to
clean the land and return nutrients for use in plantations—this
practice is typically referred to as slash and burn (Figure 1). These
practices can lead to widespread peat fires during prolonged dry
spells, such as El Nino, and are often the cause of dramatic haze
episodes, such as those regularly recorded in Indonesia (Page
et al., 2002; Huijnen et al, 2016). Additionally, smouldering
wildfire produces more toxic compounds per kilogram of fuel
compounds than flaming (Rein, 2016; Hu et al,, 2019), and due
to the low temperature causing weakly buoyant plumes, smoke
can be blown into nearby cities, causing severe degradation of
air quality and significant adverse health effects (World Health
Organization, 2006; Rein, 2016; Hu et al., 2018). In 2015, the haze
episode caused an economic loss of 16 billion US$ to Indonesia,
not including economic losses to the other affected countries,
such as Malaysia, Singapore, and Brunei Darussalam'.

However, the more dramatic transition is StF, as it represents
a sudden increase in spread rate, power, and hazard (Table 1).
Smouldering ignition requires less energy than flaming ignition,
and as such, the StF transition provides a path to flaming via
heat sources too weak to directly ignite a flame (Hadden et al,,
2014). In addition, based on the review of research of fire spread
in WUI fires, Caton et al. (2017) identify StF transition as one of
the pathways of building fire spread in the WUI fires. There is a
rather informal technical term used to express the reignition of
fire that previously has been extinguished, i.e., rekindle (NWCG,
2012). StF transition can be one of the mechanisms leading to
rekindling in wildfire. This is further discussed in the section
Embers and StF Transition in Wildfires.

In addition to heat flux from the flame, embers generated
by wildfires are a major cause of wildfires spread and ignition
in WUI building (Mell et al., 2010). Embers (also called as
firebrands or firedrops) are pieces of hot or burning fuel lofted
by the plume of the fire (Fernandez-Pello, 2017) (Figure 2).
Once accumulated, embers can cause WUI structures such as
roofing material, decks, and vents to smolder and, in some cases,
transition to flaming. The generation of embers, its transport and
the vulnerability of ignition of WUI fuels due to flaming and
smouldering embers have been widely investigated (Manzello
et al.,, 2008, 2009, 2012, 2017; Manzello, 2014; Manzello and
Suzuki, 2014, 2017; Suzuki et al., 2015; Zhou et al., 2015; Hakes
et al., 2018). Embers also provide an alternative mode of fire
spread during wildfires through spotting, whereby embers land
and locally ignite dry fuels, often transitioning from StF and thus

'Haze fires cost Indonesia S$ 22 b, twice the tsunami bill: World Bank, The Straits
Times, Singapore, 16 December 2015.
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FIGURE 1 | Simultaneous occurrence of smouldering and flaming in peatland forest fires. Flaming wildfire consumes surface fuel vegetation and tree crowns.
Smouldering combustion consumes organic soil, dominantly spreading on and below the ground.

advancing the flame (Figure 2). This particular behaviour can be
highly hazardous to firefighters who may quickly find themselves
surrounded by flames. Moreover, the current codes and standards
of WUI represent a lack of understanding of how WUI structure
can ignite during wildfire, one of which is the WUI structural
vulnerability to ember showers (Manzello and Quarles, 2017;
Manzello et al., 2018).

Despite the significant risks associated with the transition
from StF, limited research is available on the topic, and a
fundamental theory of the phenomena has yet to be found.
Current research has identified a few key mechanisms but
has also found that the transition is inherently difficult to
predict. This unpredictable nature of the StF transition both
temporally and spatially poses an additional challenge in wildfire
prevention and mitigation. This paper aims to synthesise findings
in the literature of the StF transition and identify the leading
mechanisms and key influencing variables for both wildland
and WUI fuels to identify further research required to fully
understand the StF transition.

ROLE OF OXYGEN SUPPLY AND HEAT
TRANSFER

Airflow has been frequently found to be a factor that influences
the StF transition, as it increases the oxygen supply into the
reaction zone, increasing the smouldering spread rate. The
StE transition is likely to occur with increasing smouldering
spread rate as the intensity of combustion and rate of pyrolysis
increase, resulting in a greater mass flux of pyrolyzates.
Palmer (1957) particularly described that the StF transition
was preceded by glowing, which is the visual indication of
a high local temperature due to strong smouldering (Rein,
2016). Notably, the wind direction relative to the spread is also

FIGURE 2 | Ember shower during the 2018 Delta Fire in the Shasta-Trinity
National Forest, California, USA. Photo courtesy of Noah Berger/Associated
Press (noahbergerphoto.com). Photo shows flaming fires of grass due to
embers, representing a smouldering-to-flaming transition from embers.

markedly important to the spread dynamics of smouldering.
Forward smouldering propagates in the same direction as the
airflow, whereas opposed smouldering propagates against the
flow of air (Rein, 2016). Forward and opposed smouldering
propagations represent different heat transfer mechanisms
that influence the heating process of the fuel (Ohlemiller,
1985; Rein et al,, 2007; Rein, 2009, 2016), thus affecting the
occurrence of the StF transition. In opposed smouldering,
airflow carries the heat from the smouldering zone away to
the ash layer, diminishing the heat supplied for heating the
fuel. In forward smouldering, the airflow transfers heat from
the smouldering zone to the unreacted fuel, resulting in a
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FIGURE 3 | (A) Smouldering front diagram showing leading and trailing edges of the StF transition. No significant smouldering front structures between forward and
opposed smouldering in Ohlemiller (1990) other than the relative thickness of each layer, i.e., drying, char, and ash layers. The detailed smouldering front diagram is a
modification from X. Huang (CC BY license) in Huang and Rein (2014). The shaded red area represents the rough estimation of the possible location for the StF
transition. Red arrow indicates the duration length of the StF transition. (B) Smouldering spread rate of cellulosic insulation under forward and opposed smouldering
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more efficient fuel heating process. The smouldering front
is also narrower in opposed smouldering than in forward
smouldering, representing the lower amount of heat produced
in opposed smouldering (Rein et al, 2007). Due to the
stronger influence of airflow on the smouldering spread rate
in forward smouldering than in opposed smouldering, forward
smouldering has a greater propensity for the StF transition
(Palmer, 1957; Chen et al., 1990; Ohlemiller, 1990).

StF transitions can also occur under opposed smouldering
(Ohlemiller, 1990, 1991; Aldushin et al, 2009) but with
a lower propensity than those under forward smouldering
because of the heat transfer direction discussed previously.
Basically, the increase in airflow velocity plays two roles in
smouldering. Airflow increases both oxygen supply to the
smouldering front and convective heat loss. Increased oxygen
supply increases the rate of the exothermic reaction needed
to sustain smouldering, while increased convective heat losses
decrease heat transfer into the unreacted fuel. The latter role is
more significant in opposed smouldering propagation than in
forward smouldering propagation.

Two types of StF transitions were identified by Ohlemiller
(1990): trailing- and leading-edge transitions (Figure 3A).
Figure 3A illustrates smouldering fronts and the location of the
leading-edge and trailing-edge StF transitions. The trailing-edge
StF transition occurred at the char layer at the trailing edge
of the smouldering front. The flame caused by this transition
was blue, lasted up to 2min, and spread up to 10cm on the
residual char. The blue color of the flame was probably due to
a lean mix of gaseous fuel with air prior to ignition. In addition
to the mixture concentration, the fuel (i.e., hydrocarbon such

as CO or pyrolyzate Ohlemiller, 1990) is known to affect the
color of the flame, along with the tendency to produce soot. The
leading-edge StF transition occurred at the leading edge of the
smouldering front, spread downstream onto the unburnt layer of
cellulosic insulation, and lasted up to 5 min. Figure 3B shows that
both leading-edge and trailing-edge StF transitions occurred in
forward smouldering, while only the trailing-edge StF transition
occurred in opposed smouldering under an airflow of up to
5 m/s. Considering the slower smouldering spread in opposed
smouldering, it can be seen that a slower smouldering spread rate
results in a lower StF transition propensity.

Building on this fundamental concept of the rate of oxidation
being crucial in the transition phenomena, the increase in
ambient oxygen concentration has been investigated and found
to have a profound effect on the StF transition. StF transitions
of smouldering PU foam with no external airflow occurred at
oxygen concentrations ranging from 17 to 37 vol%, depending
on the ambient pressure, and only for large samples (50 x
120 x 450 mm; Ortiz-Molina et al., 1979). The samples in the
form of small cylinders (18 mm in diameter) did not experience
a transition. The dimensions of the sample govern the self-
sustainability of smouldering since smaller samples lead to higher
heat losses (Torero and Fernandez-Pello, 1995). By increasing
ambient pressure, the oxygen concentration at which the StF
transition occurred (critical oxygen concentration) decreased.
This result implies that increased oxygen diffusion penetration
into smouldering fuel under increased ambient pressure leads to
lower critical oxygen concentration. However, when the ambient
oxygen concentration is further increased to 35-54 vol% with
assistive heating (4.5-55 kW/m?), the StF transition can occur in
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samples with characteristic lengths as small as 10-12.5 cm (Sato
and Sega, 1991; Bilbao et al., 2001; Bar-Ilan et al., 2005; Putzeys
et al., 2006, 2007, 2008).

It is important to note that in wildfires, the oxygen
concentration will not become higher than the atmospheric
oxygen concentration. In fact, the oxygen concentration can be
lower. Thus, the effect of airflow velocity and particle diameter
in terms of oxygen supply is the most prominent in the StF
transition in wildfires. Other important parameters in wildland
fuel are moisture content (MC) and inorganic content (IC).
MC and IC reduce the propensity to ignition and decrease
the lateral fire spread rate of wildland fuel due to their roles
as heat sinks (Frandsen, 1987, 1997; Huang et al., 2016; Rein,
2016; Christensen et al., 2019; Santoso et al., 2019). MC absorbs
heat for water vaporisation, and IC absorbs heat and does
not contribute to further exothermic reactions due to its inert
nature, contributing to increased heat losses. Interestingly, it has
been recently reported that the in-depth spread rate increases
with MC, which is counterintuitive to the widely assumed
decrease in spread rate with MC (Huang and Rein, 2017).
Thus, the lateral and in-depth spread rates in smouldering
fires respond differently to MC. As MC increases, the density
of organic matter per unit volume decreases and porosity
increases due to volumetric expansion. The spread rates, i.e.,
lateral and in-depth, are limited and pre-dominantly governed
by two different processes of heat loss and oxygen diffusion.
However, the mechanism causing these different responses still
needs further investigation. Increased propensity of the StF
transition with decreased MC has been shown in both WUI and
wildland fuels (Chao and Wang, 2001; Manzello et al., 2006a,b;
Wang et al,, 2017).

The critical velocity of the StF transition occurred as the
velocity ranged from 1 to 5 m/s for studies at atmospheric
oxygen concentration and without assistive heating, such as
radiant heating, deposited embers, and deposited hot particle
(Table 2). With external heat flux and increased ambient
oxygen concentration, the critical velocity decreased because the
convective cooling effect was minimised (Bar-Ilan et al., 2005).
In turn, the decreasing convective cooling effect decreased the
required heat needed to induce the StF transition. In the case of
the deposition of embers at atmospheric oxygen concentration,
the StF transition was found to occur at velocities as low as 1 m/s
(Manzello et al., 2006a,b) or even with no airflow velocity when
the assistive heating was from a hot steel particle at a temperature
of ~1,200°C (Wang et al., 2017).

In all investigated consolidated WUI fuels (Table 2), the StF
transition occurred only if the smouldering sample was assisted
with heat insulation, heated boundaries, and increased ambient
oxygen concentration (Ortiz-Molina et al., 1979; Tse et al,
1996; Bar-Tlan et al, 2005; Putzeys et al., 2006, 2007, 2008;
Chang et al., 2011). However, this finding is not the case when
there is a radiation exchange between smouldering char surfaces
(Alexopoulos and Drysdale, 1988; Ohlemiller, 1991; Stoliarov
et al., 2017). In this case, the critical airflow velocity of the StF
transition can be lower than 1 m/s, even without assistive external
heating and elevated ambient oxygen concentration. Ohlemiller
(1991) found that the StF transition consistently occurred in

both forward and opposed smouldering for airflows between
0.2 and 0.25 m/s with a smouldering sample in a U-shaped
geometry. The U-shaped geometry increased the radiation heat
exchange between the smouldering surfaces of a wood sample.
The increased radiation exchange is also the prominent factor
in the StF transition mechanism hypothesised from a series of
upholstered furniture fire tests (Babrauskas and Krasny, 1985,
1997; Ogle and Schumacher, 1998), as discussed further in the
next section.

THE CHIMNEY EFFECT

Many StF transition investigations, especially for upholstered
furniture, were conducted during the 1970s and 1980s due
to the concern of residential fires in which cigarettes were
considered to be the major cause of ignition (Clarke and
Ottoson, 1976; Babrauskas and Krasny, 1985). From a series
of tests with assorted sofas, chairs, mattresses, and box springs
as test materials, the time to StF transition occurred from
20 to 132min (Clarke and Ottoson, 1976; Bukowski et al.,
1977; Harpe et al., 1977; Bukowski, 1979). It was not until the
fire tests conducted by Ogle and Schumacher (1998) that the
mechanism leading to the StF transition was proposed. The
proposed mechanism emphasised the role of oxygen supply and
air current in inducing the StF transition. Ogle and Schumacher
(1998) performed 11 fire tests on 10 upholstered furniture
items, where seven tests were ignited by a smouldering cigarette
and four using a flaming liquid fuel. The StF transition was
preceded by a “burn-through” of the smouldering cigarette
at a crevice location of upholstered furniture (Figure 4). This
“burn-through” is downward smouldering cigarette propagation
through the crevice of cushions forming a narrow vertical
channel due to smouldering consumption of the cushion
material. The formation of this narrow vertical channel enhances
the air entrainment to the smouldering zone from below due
to the chimney effect. The greater air entrainment increases
both oxygen supply to smouldering reaction and convective heat
losses. However, the convective heat losses are compensated
for by the radiation exchange between the two smouldering
surfaces facing each other, which are also more exothermic due
to the enhancement air entrainment. This leads to vigorous
smouldering which is favourable for the StF transition.

The radiation exchange between the two smouldering char
surfaces in a vertical channel influences the StF transition
and induces a StF transition even at low airflow velocities,
i.e., 0.1-0.27 m/s (Alexopoulos and Drysdale, 1988; Ohlemiller,
1991). In experiments of chimneys with different shapes, i.e.,
square, rectangular, and slot shaped, conducted by Alexopoulos
and Drysdale (1988) (Figure 5A), the time to StF transition
was found to be independent of airflow and shortest in the
chimney shape with the narrowest vertical channel space, i.e.
the slot-shaped chimney (Figure 5B). The temperatures inside
the vertical channel, i.e., Ty and T, (Figure 5A), were higher
in the slot-shaped chimney than in the square and rectangular
chimneys. This temperature trend and independence of the StF
transition time to airflow imply that conservation of heat governs
the StF transition mechanism along with oxygen supply. This
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TABLE 2 | Studies of the smouldering-to-flaming transition in the literature.

Consolidation/ Sample Sample shape Ignition source smouldering Critical Oxygen External heat Location Time to StF References
fuel category material and orientation (size and spread mode velocity [m/s] concentration [vol%] flux [kW/m?] of transition transition
(characteristic  duration) [mm:ss]
length [m])
Experiment Critical Experiment Critical
range range
Unconsolidated/  Pine straw mulch, Thin rectangular ~ smouldering Forward and 1 21 21 N/A (ember) N/A (ember) Free surface N/A Manzello et al.,
Wildland fuel Shredded block/horizontal  embers [four opposed 2006a and
hardwood mulch, (0.23) 50 mm (diam.) (simultaneously) Manzello et al.,
Cut grass, Pine by 6 mm (thick), 2006b
needles 1.5¢]
Pine needles Thin rectangular ~ Spherical metal ~ Forward 0-4 21 21 None From the hot Free surface ~01:40-10:20 Wang et al., 2017
block/horizontal  particle (Diam. 6, steel particle
(0.31) 8,10, 12, 14 mm under high
and temperature temperatures
680-1,190°C)
Pine needles Thin rectangular ~ Flaming wood Forward 1.1 21 21 None None Free surface  N/A
block/horizontal  stick (4 x 4 x Valdivieso and
(0.6) 130 mm) on dry Rivera, 2014
pine needle bed
(150 x 20 x
40 mm)
Unconsolidated/ Filter paper and  Cylindrical/vertical Small flame (N/A) Opposed 1.52 +£0.82 18-62 52 + 2 (Filter N/A N/A N/A N/A Sato and Sega,
WUI fuel cardboard (0.1)*1 (Filter paper) paper) 1991
1.73 £ 0.81 44 4+ 4
(Cardboard) (Cardboard)
Cork dust and Rectangular Small flame (N/A) Forward 1.8+0.8 21 21 N/A N/A Free surface  N/A Palmer, 1957
deal sawdust  block/horizontal
(0.15-0.2)
Cellulosic Flat rectangular  Electrical heater ~ Forward and 2.2 +0.22 21 21 N/A N/A Free surface  N/A (50:00') Ohlemiller, 1990
insulation with wedge (875°C and opposed (forward)
ends/horizontal 60 min)
(0.46)
44 4+04
(opposed)
Wood shavings, Rectangular Electrical coil Forward and 2.23+£0.63 21 21 N/A N/A N/A 02:00-76:00  Chenetal., 1990
shredded papers, block/horizontal (80 V and N/A) opposed (wood shaving)
beeswings*® (0.61)#2 (simultaneously)
0 (Shredded
paper)

(Continued)
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TABLE 2 | Continued

Consolidation/ Sample Sample shape Ignition source smouldering Critical Oxygen External heat Location Time to StF References
fuel category material and orientation (size and spread mode velocity [m/s] concentration [vol%] flux [kW/m2] of transition transition
(characteristic duration) [mm:ss]
length [m])
Experiment Critical Experiment Critical
range range
Consolidated/ Pinus pinaster Thin Spontaneous, N/A 24+14 21 21 10-565 35.48 £ 9.61 N/A 00:09-12:17 Bilbao et al., 2001
WUI fuel slab/horizontal Propane-air flame (spontaneous)
0.11) (piloted, no airflow, 00:10-13:10
10 mm flame (Piloted)
length), Electrical
spark (piloted,
with airflow)
Fiber-insulated Hollow Bunsen flame Forward 0.18 £ 0.06 21 21 N/A N/A Free surface  10:12-23:36 Alexopoulos and
board rectangular block/ Drysdale, 1988
vertical (0.15)
Fire-retarded (FR) Rectangular Electrical heater  Lateral in N/A 21 21 N/A N/A Free surface  60:00-138:05 Chao and Wang,
and block/horizontal ~ (40-200 W) natural 2001
Non-fire-retarded (0.1-0.4) convection
(NFR)
polyurethane (PU)
foam
NFR PU foam Rectangular Electrical heater ~ Forward 0.82+0.5 30-40 375+2 7.25-875 8406 Within the 17:34 Bar-llan et al.,
block/vertical (23.25 W and until sample 2005
(0.125) self-sustained
smouldering
identified)
FR PU foam Rectangular Electrical heater ~ Forward 0.15 30-60 425+75 450rb55 5+05 Within the 09:12
block/vertical (115W and sample Putzeys et al.,
(0.125) 250-300s) 2006
NFR PU foam Rectangular Electrical heater ~ Forward 0.5 25and40 35and40 8and8.75 8and8.75 Withinthe 17:00 Putzeys et al.,
block/vertical (23.25W and sample (~16:001) 2007
(0.125) 11.7 min)
PU foam (NFR Rectangular smouldering: Forward 0.5 (NFR) 15-35 0.2+0.02 7.25-8.75 5=+ 0.5 (NFR Within the ~18:00 (NFR  Putzeys et al.,
and FR) block/vertical electrical heater (NFR foam)  (NFR) foam) sample foam at 21 2008
(0.125) (23 W for NFR vol% O» and 8
foam and 115 W KW/m?2)
for FR foam)
Pilot ignition: 0.15 (FR) 0.28+0.05 45and55 8+0.61(FR
resistance wire (FR foam) (FR) foam)
(8.8 A for NFR
foam and 10 A for
FR foam)
(Continued)
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TABLE 2 | Continued

Consolidation/ Sample Sample shape Ignition source smouldering Critical Oxygen External heat Location Time to StF References
fuel category material and orientation (size and spread mode velocity [m/s] concentration [vol%] flux [kW/m2] of transition transition
(characteristic  duration) [mm:ss]
length [m])
Experiment Critical Experiment Critical
range range
NFR PU foam Rectangular Cigarette ignition  Lateral in N/A 21 21 None None N/A ~50:00
block/horizontal natural Chang et al., 2011
(0.23)"3 convection
NFR PU foam Rectangular Electrical heater  Upward N/A 21 21 None None Free surface  14:00-60:00 Stoliarov et al.,
lined with cotton  block/vertical rod natural 2017
fabric 0.3) (Diam. 0.64 cm,  convection
11W DC)
NFR PU foam Rectangular Electrical heater  Forward 0.78 +£0.48 21 21 N/A N/A Within the 56:54-127:36 Tse et al., 1996
block/vertical (7OW and 50 min) sample
(0.381)
NFR PU foam Rectangular Electrical heater ~ Forward 0.25and 0.75 21 21 N/A N/A Within the 96:00-113:00 Tse et al., 1996
block/vertical (7OW and 50 min) sample
(0.406)
NFR PU foam Rectangular Heating element  Lateral in N/A 17-62 27.7+81 NA N/A N/A N/A Ortiz-Molina et al.,
block/horizontal  (N/A) natural 1979
(0.45) convection
Red oak and U-shaped Electrical heater ~ Forward, 0.23 +0.08 21 21 N/A N/A Free surface  N/A Ohlemiller, 1991
White pine rectangular (N/A and 60 min) opposed, and
block/horizontal mixed
(0.74)
Upholstered Upholstered Cigarette and N/A N/A 21 21 N/A N/A In the crevice 18:00-306:00 Babrauskas and
furniture shapes and electrical ignition between two Krasny, 1985,
orientations (N/A)  (N/A) cushions 1997; Ogle and
Schumacher,
1998
Cedar, Douglas-  Slab/horizontal Firebrand Forward and 6 21 21 N/A N/A Free surface  05:56-19:40 Manzello and
fir, Redwood (1.2) showers (17.1 £ opposed [ember(s) [ember(s) Suzuki, 2014
1.7 g/mzs) (simultaneously) shower] shower]
Oriented strand ~ Valley Firebrand Forward and 7 21 21 N/A N/A In the N/A Manzello et al.,
board (OSB); configuration of  showers (upto  opposed [ember(s) [ember(s) crevice® and in 2008
roofing assembly OSB; and flat 0.4 gand 6 min) (simultaneously) shower] shower] the gu‘[ter8
(OSB, tar paper, configuration of
and shingles); roofing assembly
and dried pine with attached
needles and gutter filled by
leaves dried pine needles
and leaves/angled
position (1.22)
(Continued)
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TABLE 2 | Continued

Consolidation/ Sample Sample shape Ignition source smouldering Critical Oxygen External heat Location Time to StF References
fuel category material and orientation (size and spread mode velocity [m/s] concentration [vol%] flux [kW/m2] of transition transition
(characteristic duration) [mm:ss]
length [m])
Experiment Critical Experiment Critical
range range
Cotton Cuboid/vertical  Electrical heater  Upward natural N/A 21 21 None None Within the 117:00, Hagen et al., 2015
(0.15) (12.8 kW/m?2 and convection®*4 sample 118:00,
24 min) 133:00
OSB Slab/horizontal  Fire brand [L 25.4 Forward and 1.84 21 21 N/A N/A Free surface  ~01:30 Hakes et al., 2018
(0.18) x @6.35,9.52, opposed [ember(s) [ember(s)
12.7. mm x piles  (simultaneously) deposition]  deposition]
(1 brand, 20, 50,
and 100 g)]

In some studies, the ignition source also acted as the continuous external heat flux to the sample, i.e., ember accumulation on fuel sample.
No transition to flaming in samples with particle diameters <0.1 cm.

Computationally predicted by Yang et al. (2018).

tComputationally predicted by Dodd et al. (2012).

*Transition to flaming only occurred once in thin filmy pieces of bran.

SFor material construction of valley configuration with only base material (oriented strand board).

8For the flat configuration of roofing assembly attached with gutters filled by dried pine needles and leaves.
#1 Diameter varied from 0.0027 to 0.0054 m.

#2Depth varied from 0.1 to 0.2 m.

#3Widith varied from 0.08 to 0.16 m.

# Sample was in a cube shape and ignited at the bottom.
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FIGURE 4 | Enhanced oxygen supply in the channel formed by downward
smouldering propagation of an ignitor at the crevice location of two adjacent
solid fuels. The enhanced airflow increases the oxygen supply to the
smouldering fuel, leading to a more exothermic smouldering reaction. This
figure is an adaptation from Ogle and Schumacher (1998).

result is in agreement with recent findings by Stoliarov et al.
(2017), who performed a series of experiments of smouldering
PU foam under natural convection with an adjustable vertical
channel gap between the front face of the PU foam and a
thermal insulation plate (Figure 6A). With a large gap, the
oxygen supply was adequate, and smouldering was the dominant
reaction (Figure 6B). With a smaller gap, smouldering was
not the dominant reaction due to insufficient oxygen supply
(Figure 6C). With the availability of heat from smouldering and a
deficient oxygen supply, pyrolysis was more intense in the smaller
gap configuration than in the larger channel gap configuration,
leading to more pyrolyzates being produced. Moreover, a smaller
gap might result in a higher concentration of pyrolyzates inside
the channel (Figure 6B). The StF transition then occurred when
the pyrolyzates were heated by char oxidation up to the point
where the pyrolyzate temperature and concentration were above
the lower flammability limit. In this case, the StF transition was
a piloted ignition of pyrolyzate by char oxidation. This finding
was also observed by Alexopoulos and Drysdale (1988), who
found that the StF transition time was longer in wider vertical
channel gaps. In another study of StF transitions in small Pinus
pinaster wood samples with dimensions of 11 by 11 by 1.9 cm,
Bilbao et al. (2001) found that the radiative heat flux affected the
time to StF transition more than convection. A previous ignition

study of polyurethane foam found that the critical radiation heat
flux to ignite smouldering is lower than that to ignite flaming
combustion and decreases with sample size (Hadden et al.,
2014). This result represents the important role of radiation heat
transfer in smouldering and the following possible StF transition.

The mechanism of the StF transition at a crevice location
is particularly important in WUI fires, i.e., where two or
more fuels abut each other such as in wood decks and house
roofing. The deposition of embers in a crevice of these fuels
has been experimentally investigated as a favourable location
for ember accumulation that leads to a StF transition (Manzello
et al., 2008; Manzello and Suzuki, 2014). Fundamentally, this
follows the same mechanism as that shown in Figure4. In
addition, wood was found to crack during smouldering. This
cracking leads to local crevice formation on the wood surface,
leading to a StF transition without heating support from embers
(Ohlemiller, 1991).

SECONDARY CHAR OXIDATION

The mechanism of the StF transition due to strong secondary
char oxidation (SCO) was first proposed by Torero and
Fernandez-Pello (1995), who conducted an experimental study
of upward smouldering combustion of polyurethane foam in
natural convection (Figure7A). In this experiment, the StF
transition was preceded by a second oxidation of char, which was
more exothermic than the first. This mechanism is best discussed
by referring to Figure 7B. Upward smouldering propagation was
initiated from t; to t,. At time tp, the ignitor was turned off. By
this time, smouldering had propagated up to the Ps position.
Temperatures at P; to P4 can be observed to decrease, with
the temperature at Py decreasing the most. The smouldering
spread rate decreased, as indicated by a slower temperature
increase in downstream positions, i.e., Pg and P;. P5 and Pg
reached a plateau of the pyrolysis temperature (Tp) by the time
the experiment approached time t3. Thus, smouldering fronts
propagated to these positions. SCO occurred between times t3
and ty. In this time period, the large temperature increase at P;
indicates a strong char oxidation in the char layer upstream of the
smouldering fronts, which is the second char oxidation in that
layer. Hence, the name secondary char oxidation is assigned to
this process.

Extinguishment of char oxidation at P; is not observed prior
to SCO since temperatures were still relatively high (~500-
600°C). However, its rate of exothermic reaction decreased, as
indicated by the temperature decreases, most likely because of
the absence of heating from the ignitor. It can be hypothesised
that as the smouldering leading edge moved downstream to Pg,
the smouldering trailing edge was still around P;. This process
resulted in increases in the smouldering front thickness as
smouldering propagated. The term SCO then represents a sudden
increase in the exothermic reaction rate at the smouldering
trailing edge.

Due to oxygen consumption by secondary char oxidation
(SCO), the oxygen concentration was depleted and unable to
sustain further oxidation. During this time, t4 to t5, endothermic
pyrolysis reactions induced by heat provided by previous SCO
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(B) Time to StF transition vs. airflow. Data from Alexopoulos and Drysdale (1988).
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FIGURE 5 | StF transition experiments in a chimney of fiber insulation board (Alexopoulos and Drysdale, 1988). (A) Experimental setup of chimney configuration.
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took place and produced flammable pyrolyzates, as indicated by
the decreasing temperature. Whether char or unreacted PU foam
undergoes pyrolysis remains to be determined. Computationally,
the pyrolysis of char is one of the key reactions leading to the StF
transition (Dodd et al., 2012).

Once the oxygen concentration increased and mixed with the
pyrolyzate gases bringin the mixture to within the flammability
limits, StF transition occurred (ts in Figure 7B). This mechanism
is consistent with the smouldering of cotton under asymmetric
boundary conditions (Hagen et al, 2015). The asymmetric
boundary condition was when one face of the cotton sample was
closed by a concrete wall. Under this condition, the StF transition
occurred due to the slower smouldering spread rate at the closed
face than at the open face. One would argue that at the closed
face, pyrolysis was more dominant than smouldering due to the
insufficient oxygen supply because of the closure by the concrete
wall. Pyrolysis provided pyrolyzates that were then ignited by
heat provided by smouldering at the open face.

Figure 8A shows a visual observation of the StF transition
in a 40-cm-long PU foam slab during upward propagation. In
this experiment, one lateral face of the PU foam was exposed
to radiant heat flux, the bottom face was in contact with a
heater, and the top face as well as the three remaining lateral
faces were insulated (Rein, 2009, 2016). Chao and Wang (2001)
experimentally investigated the StF transition in PU foam in
horizontal propagation under natural convection and found SCO
prior to the StF transition. The probability of transition increased
with the length of the PU foam.

Recent findings on secondary char oxidation (SCO) were
derived from collective works of smouldering PU foam with
variable oxidiser supply and radiant heat flux, as shown in
Figure 8B (Tse et al, 1996; Bar-Ilan et al, 2005; Putzeys
et al., 2007, 2008; Dodd et al., 2012). The location of the
strong char oxidation upward from the smouldering front,
thus located in the char layer upstream of the smouldering
leading edge, was confirmed by Tse et al. (1996), who
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FIGURE 7 | (A) Experimental setup by Torero and Fernandez-Pello (1995). (B) Schematic of the temperature distribution in the experiment that led to the StF
transition. Figures are redrawn and simplified from the original in Torero and Fernandez-Pello (1995). Tp and Ty are the temperatures at which PU foam undergoes
pyrolysis (300°C) and the approximate flaming temperature of PU foam (900-1,000°C).
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FIGURE 8 | (A) Series of photographs of a combustion experiment illustrating the transition to flaming in a smouldering polyurethane slab 40 cm high under external
forced flow (photo by the group of Prof. Carlos Fernandez-Pello, University of California at Berkeley). After 1 h of burning, only half of the sample smouldered (photo 1,
far left). When the transition took place (photos 2 and 3), the whole sample was engulfed in flames in a few seconds (photos 4 and 5, far right). (B) Experimental setup
of a series of works by Prof. Fernandez-Pello at the University of California at Berkeley, USA (Tse et al., 1996; Bar-llan et al., 2005; Putzeys et al., 2007, 2008; Dodd
et al., 2012). Figure is redrawn from the original version in Putzeys et al. (2007). Figure on the left shows section A-A cut from the figure on the right.

measured the evolution of permeability inside the PU foam  who developed a two-dimensional numerical transport model
with ultrasonic imaging. The permeability substantially to predict the StF transition of PU foam in the study by
increased as char continued to react. This reaction leads  Putzeys et al. (2007). In Dodd et al. (2012) model, there are
to the formation of voids that provide favourable locations  seven heterogeneous reactions with one global homogeneous
for combustible gas accumulation, thus favouring the StF  gas-phase reaction. Four reactions were important in the
transition. The SCO, which is more exothermic once reacted, model for the StF transition to occur. These reactions are
acted as the ignition source for the accumulated gas in  the pyrolysis of thermal char, oxidation of a-char, oxidation
the void. of char that produces a-char, and flaming combustion of

Putzeys et al. (2007) measured the intensity of SCO and  gaseous fuel. In this scheme, SCO is the oxidation of a-
concluded that the direction of SCO was downward, while the  char. The results by Dodd et al. (2012) for temperature and
primary smouldering front was upward. This SCO propagation  transition time agreed well with the experimental results by
direction was computationally proven by Dodd et al. (2012),  Putzeys et al. (2007).
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char oxidation that ignite flaming reaction as concluded by Torero and Fernandez-Pello (1995), Tse et al. (1996), Putzeys et al. (2007), Dodd et al. (2012), Yang et al.
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In the kinetic model by Dodd et al. (2012), secondary char
oxidation (SCO) is important in providing gaseous fuel and
heat required to ignite flaming combustion. This gaseous fuel
is produced from SCO and thermal char pyrolysis. Thus, SCO
provides gaseous fuel and heat. In addition to sustaining the
thermal char pyrolysis which provides the pyrolyzates, heat also
acts as the ignitor of the produced gaseous fuel/air mixture
once it is above its lower flammability limit. This finding is
related to the mechanism proposed by Torero and Fernandez-
Pello (1995). To computationally reproduce the experimental
work of smouldering cellulosic insulation by Ohlemiller (1990),
Yang et al. (2018) found that char oxidation and pyrolysis
of cellulose provide gaseous fuel, while the ignitor is the
hot char at the surface of the cellulosic insulation (Figure9).
There is no SCO in this model. In conclusion, gaseous fuel
is simultaneously produced by char oxidation and pyrolysis
reaction (Figure 9). Whether the prominent pyrolysis reaction
takes place on unreacted fuel or char still needs to be determined.

PERMEABILITY AND CONSOLIDATION

Two material properties that particularly seem to control the
location of the transition are permeability and consolidation.
Permeability is a property of a porous material that represents
the ability of fluid to flow through that material (Wang
et al,, 2019). This paper proposes a material property, namely,
consolidation, that represents a material’s ability to not collapse
during burning and thus remain consolidated. For example,
consolidated materials are synthetic polymers and solid wood
(embers, timber, and tree trunks), and unconsolidated materials
are peat soils and the litter layer made of loose materials
such as peat grains, leaves, and needle vegetation. In organic

soils, the degree of consolidation depends on the degree of
decomposition of parent materials. For example, the presence of
partially decomposed hardwood, natural fibers, and tree roots
can make organic soils remain consolidated during burning,
and once these parent materials are consumed, the organic soils
become unconsolidated.

For consolidated materials with high permeability (e.g., PU
foam) (Figure 10A), the location of the StF transition tends to
be initiated within the material (Tse et al., 1996; Bar-Ilan et al.,
2005; Putzeys et al., 2007, 2008; Dodd et al., 2012). The high
permeability of a material allows oxygen to flow inside the fuel
bed. Consolidation of the fuel bed allows the fuel to remain
intact as smouldering propagates within the material and forms
void spaces. The formation of void spaces is confirmed by the
increasing internal permeability of the fuel during smouldering
prior to the StF transition (Tse et al., 1996; Putzeys et al., 2007).
This void then becomes the favourable space for gaseous fuel
to accumulate. The heat produced from the more exothermic
char oxidation will ignite the gaseous fuel in the void spaces
(Figure 10A).

For low permeability and consolidated material (Figure 10B).
Smouldering propagates at the surface of the material since the
oxygen diffusion inside the material is limited. At the surface,
the smouldering front also undergoes high convective heat losses.
To be self-sustained, smouldering needed to be assisted with
decreasing heat loss or external heat flux, i.e., a U-shaped fuel
geometry to maximise radiation heat exchange between the
smouldering surfaces or deposited embers on fuel bed surface
(Ohlemiller, 1991; Manzello et al., 2006b, 2008, 2009, 2012;
Manzello and Suzuki, 2014, 2017; Hakes et al., 2018). Under
this condition, the transition tends to occur at the surface of
the material. Bilbao et al. (2001) conducted an experiment with
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FIGURE 10 | smouldering-to-flaming transition location with respect to permeability and consolidation of the material. (A) High permeability and consolidated material,
i.e., polyurethane foam, cotton cladding, upholstery material. (B) Low permeability and consolidated material, i.e. wood. (C) High permeability and unconsolidated
material, i.e. dust layer, cellulosic insulation, and organic soil.
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FIGURE 11 | Schematic diagram for the periodic formation and collapse of overhang in smouldering spread over wet peat: (I) soon after ignition, (Il) formation of the
overhang, (Ill) collapse and consumption of the overhang, and (IV) formation of a new overhang. lllustration from Huang et al. (2016) (X. Huang, CC BY license).

small P. pinaster wood, i.e., dimensions of 11 by 11 by 1.9cm,  pine needles), and organic soils. Most wildland fuels fall in
under radiative heat flux and forced convection. They found  this category, except wood, which is a consolidated fuel with
that radiative heat flux affected the time to StF transition more  low permeability. In the smouldering of this fuel category, the
than convection did, implying that the low permeability of the  transition tends to occur at the surface of the fuel bed (Palmer,
material made the smouldering less dependent on airflow and  1957; Ohlemiller, 1990; Manzello et al., 2006a,b; Valdivieso and
that minimising convective heat losses by assisting smouldering  Rivera, 2014; Wang et al., 2017; Yang et al., 2018).
with radiative heat flux governs the StF transition. For solid fuels that have high permeability and an intermediate
In high permeability and unconsolidated materials  degree of consolidation during smouldering, such as peat, an
(Figure 10C), the fuel is not able to maintain its structural  overhang can form and collapse during fire spread (Huang
integrity during burning and thus immediately collapses during et al., 2016). An overhang is a temporary hanging surface of
fuel consumption. The fuel in this category includes fuel beds  burning organic soil, where its intermediate layer below has been
made of dusts, cellulosic insulation, vegetation (grasses and  consumed (Figure 11). An overhang is formed because of the
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faster horizontal spread rate a few centimeters below the surface
due to the reduced convective heat losses compared to the free
surface of the organic soil fuel bed (Huang et al., 2016; Rein,
2016). The collapse of the peat overhang is because the char layer
is gradually consumed and can no longer support the weight of
the above soil. Currently, in the literature, there is no mention of
StF transition during overhang formation. However, the possible
influence of intermediate consolidation of peat represented by
overhang formation and collapse on the StF transition could still
be explored since overhang formation and collapse are also recent
findings, and their scope of influence on fire dynamics has not yet
been identified.

One of the difficulties in mitigating peat fires is its propensity
to spread deep below the ground (Page et al., 2002; Rein et al.,
2008; Rein, 2016), hence the deep penetration of oxygen diffusion
to the smouldering peat. Considering permeability alone,
subsurface smouldering propagation can lead to resurfacing of
smouldering that can lead to a StF transition. The resurfacing
of an underground smouldering front is made possible because of
the consolidation of the char layer left behind by oxygen-limited
smouldering propagation (Huang and Rein, 2019).

Another parameter found to affect the StF transition, in
relation to permeability, is the particle diameter of the fuel bed.
For natural fuel beds filled with particles, the permeability is
proportional to the square of the particle diameter (K ~ d; K~

df,) (Soulsby, 1997). The particle diameter also affects the heat
exchange and mass transfer between the solid matrix and porous
pores, thus influencing the chemical reactivity. With increasing
particle diameter, the StF transition occurred at a lower critical
velocity, which is the velocity at which the StF transition occurs.
In smouldering dust beds, the StF transition did not occur
when dust particles were <0.1 cm (Palmer, 1957). An increase in
particle diameter leads to an increase in the total pore surface area
and a decrease in the specific surface area (SSA: total surface area
of the fuel bed per unit volume or mass) of the fuel bed. Song et al.
(2017) investigated the particle diameter effect on the reaction
rate of a heterogeneous coal reaction. Knudsen (intra-particle)
diffusion, which is the diffusion of a gas, in this case oxygen,
into the interior of particles decreases with increasing particle
diameter due to increasing pore surface area or permeability. The
decrease in Knudsen diffusion decreases the overall reaction rate
of coal oxidation by up to 50%. This finding is contrary to that
by Palmer (1957), where increasing particle diameter leads to an
increasing tendency for the StF transition. The effects of particle
diameter on the Knudsen oxidation rate and StF transition need
to be investigated further. Currently, the influence of specific
surface area to StF transition cannot be assessed at this point
because there are no data available in the literature.

EMBERS AND STF TRANSITION IN
WILDFIRES

Embers contribute to the devastating spread of wildfires by
being lofted in the fire plume and carried vast distances by
strong winds (Pagni, 1993; Butler et al., 1998; Fernandez-Pello,
2017). Embers, commonly called firebrands and different from

hot metal fragments, are combustible and rich in carbon. The
accumulation of these embers can start local smouldering and,
in some cases, exhibit StF transitions that result in fire spread far
beyond the original fire front. This behaviour is also known as
spotting (Figure 2). Field observations of StF are hard to find in
the scientific literature, but a few exist. Pagni (1993) qualitatively
described the 1991 Oakland Hills wildfire in California, USA,
during which embers landed on a downwind region of high fuel
load and led to a massive fires conflagration. The report mentions
“flaming debris,” but we can infer that this term represents a
broad range of burning embers, including smouldering embers.
This wildfire burned 600 ha, caused 25 fatalities and damaged
2,334 structures (Pagni, 1993). The wind was dry and of high
velocity (~10 m/s), with a strong inversion layer of 600 m, and
on a complex hill topography. Field observations of the role
of smouldering ember were also recorded in the 1994 South
Canyon Fire in Colorado, USA. This fire suddenly shifted from
a slow surface fire to a fast crown fire, causing the deaths
of 14 firefighters. The surface fire included flaming grass and
smouldering litter, with occasional torching of individual trees,
which when combined produced flying smouldering embers.
This result could imply that the shift from low- to high-intensity
fire could have involved the StF transition of smouldering
embers. From the survey conducted after the January 1994
wildland fires in Sydney, Australia, 52 of the WUI materials were
ignited by embers while the rest, i.e., 18, were ignited by radiation
(Babrauskas, 2003). In another investigation, Maranghides and
Mell (2009) concluded that 55 of 74 destroyed homes were
ignited by embers, 80 min before the arrival of the fire front. This
is in agreement with Bell (1985), concluding that radiation alone
is rarely the cause of house to be lost.

Manzello et al. (2006a) investigated the ignition of pine straw
mulch, shredded hardwood mulch, and cut grass by embers. Fuel
MC was either dry or 11% MC and placed inside an aluminum
foil pan with dimensions of 23 by 23 by 5.1 cm. The StF transition
occurred when four smouldering firebrands 50 mm in diameter
were deposited on the samples and exposed to an airflow of 1 m/s.
This airflow was lower than the critical velocity of 2 m/s for the
StF transition in cellulosic insulation (Ohlemiller, 1990), which
may be due to the difference in material or the enhanced radiation
feedback between the sample and the firebrands, resulting in
more intense smouldering.

To focus the investigation on the ignition of fuel beds, embers
can be represented as hot metal particles (Hadden et al,, 2011;
Wang et al., 2017). This approach eliminates the complexity
of the ember reaction process, its variable heat release, and
coupled heat transfer interaction between the fuel bed and
embers. In addition to these conveniences in investigating fuel
bed ignition by hot metal particles, real wildfires are often
initiated and accelerated by hot metal particles from clashing
power lines and machine processes, such as grinding and welding
(Fernandez-Pello, 2017). A smaller particle size leads to a higher
temperature required for the flaming ignition of cellulosic fuel
beds (Hadden et al., 2011). Particles as small as 19.1 mm with a
temperature of 650°C can initiate flaming combustion. Embers
with sizes ranging from 25 to 50 mm have been found in studies
investigating StF transitions (Manzello et al., 2006a,b, 2008;
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Hakes et al., 2018). In pine needle beds, the time to StF transition
was ~2.5-5min at particle temperatures within the range of
smouldering temperatures, ~630-700°C (Wang et al., 2017). For
drier fuel, the StF transition propensity increases, represented
by the decreased StF transition time to as short as ~2min in
fuel with ~6% MC. In all cases, a larger particle size requires a
lower particle temperature to initiate the StF transition in pine
needles at higher MC. In comparison, an increasing particle size
from 8 to 14 mm at a particle temperature of 925°C placed on a
fuel bed at 25% MC can lead from no ignition to the occurrence
of a StF transition in pine needle beds. Another interesting
finding related to hot metal particle ignition is the effect of the
melting process of the metal. It was found that the melting of hot
metal particles increases the propensity of smouldering ignition
(Urban et al., 2017).

Considering the fire hazard of embers to WUI fuels, Manzello
et al. (2008) investigated the showering of firebrands on
roofing assemblies. Roofing assemblies were varied into three
configurations: (1) valley configuration of only base material,
i.e., oriented strand board (OSB); (2) valley configuration of full
roofing assembly, i.e., OSB, tar paper, and shingles; and (3) flat
configuration of the roofing assembly with gutters filled with
dried pine needles and leaves. A StF transition occurred on
the (1) valley configuration of only base material and on the
(3) flat configuration of the roofing assembly with gutters filled
with dried pine needles and leaves. In configuration 1, the StF
transition only occurred when the valley configuration was set at
a 60° angle. The StF transition occurred due to the accumulation
of firebrands in the crevice. The onset of the StF transition was on
the back side of the OSB. In this case, the StF transition was due to
the chimney effect, as discussed in the section The Chimney Effect.
The chimney effect was more significant in this case than in the
case of upholstered furniture fire due to a smouldering cigarette
because the embers continuously accumulated in the crevice. In
configuration 3, the StF transition was inside the gutter in the
dried pine needles and leaves. The flame did not spread up to the
roofing assembly. However, it was able to melt the shingles. It is
not discussed whether flaming was preceded by smouldering of
the dried pine needles and leaves or went directly to flaming. The
time to StF transition was not recorded; however, the experiment
was carried out in 6 min, and the StF transition occurred within
that time frame. This StF transition time was significantly shorter
than the recorded time of the StF transition in the upholstered
furniture fire tests due to a smouldering cigarette, i.e., between
20 and 132min (Clarke and Ottoson, 1976; Bukowski et al.,
1977; Harpe et al,, 1977; Bukowski, 1979). Extrapolating the
scenario of flaming from accumulated vegetation in the gutter,
the melted shingles can lead to exposed wood roofing structures.
With consistent ember showers lasting longer than 6 min and
pre-heated and aged shingles, WUI fires can spread substantially
through this mechanism.

The short time to the StF transition in wildland and WUI
fuels due to embers certainly shows the scale of wildfire threat,
representing sudden fire spread in distant locations. More
focused studies closely investigating the mechanism leading to
the StF transition of the fuel due to embers are needed. Currently,
in the literature, it is not clear whether the StF transition of the

fuel is preceded by sustained smouldering of the fuel or only by
pyrolysis of the fuel. In the former case, smouldering or flaming
embers ignite smouldering of the fuel up to the point where the
fuel is self-sustained and spread is uninfluenced by heat from
the embers. This self-sustained smouldering later transitions
to flaming. In the latter case, the StF transition was piloted
ignition of pyrolyzate from the fuel by smouldering embers.
Thus, pyrolysis is supported by heat from smouldering embers,
and flaming ignition of the fuel occurs in the vicinity of embers
where heat is most available. In this case, the StF transition of
the embers could also precede flaming ignition of the fuel, where
flaming embers act as a heat source for the fuel pyrolysis reaction
and pilot ignition of the pyrolyzates from the fuel (Hakes et al.,
2018). The comparison of these two cases shows that the embers
enhance flaming ignition of the fuel more in the latter case than
in the former case, assuming that self-sustained smouldering
can take a long time to establish and has equal probability to
extinguish as to transition from StF.

Valdivieso and Rivera (2014) investigated the StF transition
in self-sustained smouldering of pine needle fuel beds with
dimensions of 60 by 15 by 4 cm and, interestingly, they observed
that the StF transition is a cyclic transition from smouldering
to flaming to smouldering up to the point at which the whole
fuel bed is consumed. This cycle occurred with a wind velocity
of 1.1 m/s and a fuel MC of 69% (dry mass basis). This cycle
was also found in the StF transition of a cellulose fuel bed by
Ohlemiller (1990), and was argued to be caused by smouldering
fronts that provide heat and pre-heated gaseous fuel. Because the
smouldering process is at a lower rate than flaming, the gaseous
fuel supply from smouldering fronts soon becomes insufficient
to provide self-sustained flaming. In other words, self-sustained
flaming could be established if the heat feedback from flaming
is sufficient to increase the smouldering rate at a required level
of gaseous fuel production. Another way to interpret this cycle
is that gaseous fuel is provided by in-depth pyrolysis of fuel.
As smouldering progresses, the char layer forms and becomes
thick enough to insulate the fuel, decreasing the pyrolyzate
diffusion rate to flow outside the fuel bed to mix with oxygen. As
smouldering progresses further, the char layer is consumed and
becomes thinner. Under this condition, the pyrolyzate diffusion
rate increases again and mixes with oxygen. The StF transition
occurs once the pyrolyzate/oxygen concentration is above the
lower flammability limit. However, whether the StF transition
depends on the pyrolysis of unreacted fuel or char or the
oxidation of char remains to be determined and could be fuel-
and experimental-setup-dependent.

In general, currently there is insufficient statistics and
observations of StF transition in field-scale wildfire. These
statistics and observations are much-needed data to identify the
large gap in the understanding of StF transition and wildfire
spread. Largely, rekindle can be initiated by residual smouldering
fuel, i.e., wood log, embers, and dufflayer, transitioned to flaming,
thus starting a new fire front. During the Portugal wildfire in the
summer of 2010, rekindle accounted for an additional 2,497 fires
(Pacheco et al., 2012). This put a massive burden to firefighters
as they need to revisit a reignited fire while under immense
pressure to suppress other untreated fires. Pacheco et al. (2012)
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discussed the importance of mop-up operation to avoid rekindle.
A recent example of rekindle was Canyon Fire 2 in California
in October 2017, in which the fire was likely to be started by
strong winds pushing smouldering embers from previous fires
in late September in the same area (Schwebke, 2017). Rekindle
is also an issue when fires survive winter and reignited once
weather is warming. This is especially a concern when fires
could spread onto organic soils, which is essentially providing
a massive amount of fuel supply (Gabbert, 2018). Fires in
organic soils have been known to survive under sub-atmospheric
oxygen concentration and very wet conditions (Rein, 2016). An
example of this is the October 1997 fire in Yeodene peat swamp,
Australia. Three weeks after suppression, the fire was thought
to be fully extinguished by means of visual observation and
infrared signature from aerial operation. However, in March
1998, the fire reignited and burnt 680 ha of the peat swamp area
(Gunning, 2019). Due to the unknown cause of the fire, Gunning
(2019) also mentioned the possible rekindle of fire in 1881, 1886,
2006, and 2010, emphasising that rekindle possibility can span
across years.

CONCLUSIONS

In this paper, 28 studies of StF transition reported in English
published from 1957 to 2019 have been reviewed. As shown
in Table 2, wildland fuels need more attention in terms of
their combustion behaviour and StF transition, as only three
of the 28 studies observed StF transitions in wildland fuels. By
critically reviewing findings in the literature, we identify oxygen
supply and heat flux as the primary variables governing the
StF transition. Specifically, these two parameters govern the StF
transition in fuel subject to external airflow, fuel in a narrow
vertical channel configuration, and fuel that undergoes more
exothermic SCO. Afterwards, we propose a fuel classification
based on the permeability of the fuel and the ability of the fuel
to remain consolidated during burning. These two properties of
the fuel affect the oxygen supply and heat transfer during fuel
combustion, thus affecting the StF transition.

In essence, the StF transition is a spontaneous gas-phase
ignition supported by the heat and reaction from smouldering
(Tse et al., 1996; Bar-Ilan et al., 2005; Putzeys et al., 2007,
2008; Rein, 2009; Yang et al., 2018). Mechanisms leading to StF
transition are governed by complex interactions of heat transfer
and chemistry. From studies of widely different experimental
setups on samples ranging from 0.1 to 1.2m (Table 2), two
variables are found to govern the StF transition, ie., oxygen
supply and heat flux. Airflow has a dual effect on smouldering.
Airflow increases the oxygen supply to the fuel, thus increasing
the reaction rate of an oxygen-limited spread, which favours the
occurrence of the StF transition, but it also increases convective
heat losses from the smouldering front, thus decreasing the
tendency of the StF transition. The external supply of heat flux
minimises heat loss and assists the fuel heating required for
self-sustained smouldering progress and pyrolyzate production.
Assistive fuel heating can be in the form of external heat flux
such as embers in the case of WUI fires or from pertinent features

of the fuel configuration such as when heat loss is minimised by
the possible presence of radiation exchange between smouldering
surfaces, i.e., smouldering at the fuel crevice or smouldering in
U-shaped fuels (Alexopoulos and Drysdale, 1988; Ohlemiller,
1991; Ogle and Schumacher, 1998; Manzello et al., 2008,
2009, 2012; Manzello and Suzuki, 2017; Stoliarov et al., 2017;
Hakes et al., 2018).

Vertical channel formation in smouldering at a crevice leads
to radiation exchange between smouldering char surfaces and the
chimney effect, increasing airflow from the buoyant flow (Ogle
and Schumacher, 1998; Manzello et al., 2008; Stoliarov et al.,
2017). The radiation exchange between smouldering surfaces
leads to more effective heating, while buoyant flow increases the
oxygen supply to smouldering fronts. The radiation exchange
between surfaces minimises the convective cooling effect from
the increased buoyant airflow. This mechanism is most relevant
to WUI fires (Manzello et al., 2008). The StF transition is
favourable at crevice locations in between smouldering fuels, i.e.,
embers at crevices of wood decks or house roofing, leading to
increased buoyant flow through a vertical channel insulated by
the char layer, thus minimising heat losses.

Strong char oxidation triggers a StF transition, as it provides
heat to accelerate gaseous fuel production from pyrolysis and
to ignite gaseous fuel (Torero and Fernandez-Pello, 1995; Tse
et al,, 1996; Bar-Ilan et al., 2005; Putzeys et al., 2007, 2008;
Dodd et al.,, 2012; Yang et al., 2018). Whether pyrolysis takes
place in unreacted fuel or char remains to be determined.
SCO represents a sudden increase in the exothermic reaction
rate at the smouldering trailing edge and releases more heat
than the previous char oxidation at the same location. The
role of this strong char oxidation in providing the required
gaseous fuel, and regarding its sequentially secondary nature,
needs to be further explored in different types of fuel and
experimental setups.

Permeability and consolidation of the fuel bed control
the location of the StF transition. Both parameters control
the propagation of smouldering fronts, ultimately dictating
the location of the StF transition (Tse et al., 1996; Putzeys
et al, 2007; Dodd et al, 2012). Permeability controls the
diffusion of oxygen penetration into the fuel bed, while
consolidation controls the availability of space for smouldering
to propagate within the fuel bed. Consolidated fuel with high
permeability, such as open-celled polyurethane foam, tends
to have a transition initiated close to the surface but within
the fuel bed. Consolidated fuels with low permeability such
as wood and unconsolidated fuels with high permeability
such as cellulosic insulation tend to undergo transition at
the surface. In a fuel bed such as peat, which is highly
permeable and unconsolidated, overhang formation and collapse
could alter the StF occurrence due to intermediate production
of a char layer that has a tendency to hold its structural
integrity but lose it once undergoing further smouldering, leaving
only ash.

Deposited embers on a fuel bed increase the propensity of
StF due to the embers’ role in assisting the fuel heating process.
In wildfire propagation, embers contribute to spotting and the
quick initiation of new flaming sites (Mell et al., 2010; Caton
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et al., 2017; Fernandez-Pello, 2017). The recorded StF transition
time from studies of embers deposited on WUI and wildland
fuels is <10 min and decreases with drier fuel (Manzello et al.,
2008; Wang et al., 2019). With the predicted drier climate in the
future, faster and more widespread propagation of WUI fires is to
be expected. Considering that population movement contributes
to the increase in WUI fire frequency (Mortsch, 2006; Hammer
et al,, 2007; Tarnocai et al., 2009; Simeoni, 2016) and that
current WUI fuels are vulnerable to StF transitions due to embers
(Manzello and Suzuki, 2014), more studies should investigate
the design of smouldering-resistant material in the WUI area.
Fundamentally, this calls for a better understanding of the StF
transition mechanism.

This review synthesises the research, identifies regions for
further research, and provides information on various StF
transition mechanisms in the literature. These mechanisms
converge on two fundamental aspects, heat transfer and
chemistry. As airflow has a chemical effect (providing oxygen for
the exothermic reaction) and a heat transfer effect (convective
cooling), vertical channel formation also similarly provides more
oxygen (chemistry) from the buoyant effect and a more effective
heating process from radiation exchange between smouldering
char surfaces (heat transfer). A better understanding of heat
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