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Firebrands play a vital role in the propagation of fire by starting new fires called spotfires, ahead of the fire front
during wildfire progression. Firebrands are a harbinger of damage to infrastructure; their effects particularly pose
a threat to people living within the wildland-urban-interface, they can hamper the suppression of wildfire and
block evacuation routes for communities and emergency services. Short-range firebrands which travel along with
the wind, with little or no lofting, are particularly crucial in increasing fire front propagation and damaging
structures situated close to the wildland-urban interface. In the Daylesford fire of 1962 in Australia, massive
short-range spotting (the process of spot fire ignition and merging of spots caused by firebrands) occurred in the
eucalyptus forest and increased the rate of fire spread by roughly three times more than that computed using an
operational fire model. Similarly, long-range firebrands can be transported by the fire plume and ambient wind
and can ignite new fire up to 30-40 km from the source of fire as observed in the 2009 Black Saturday fire in
Australia.

A large amount of experimental research has been conducted to quantify the effects of firebrands, to develop
empirical models and to benchmark results for Computational Fluid Dynamic (CFD) based fire model validations.
In recent years, some CFD models have been studied primarily for their validation purposes. These studies have
been reviewed here. To perform useful parametric studies of firebrand transport using CFD models as well as

further development of CFD models, more targeted studies need to be conducted.

1. Introduction

Wildfire (commonly known in Australia as bushfire) is a continued
and increasing threat to communities worldwide. The massive destruc-
tion and loss of life associated with wildfires such as the 2009 Black
Saturday fire, Australia; the 2016 Fort McMurray fire, Canada; the 2018
Carr wildfire, USA; and the 2019/20 Black Summer fire, Australia leave
people traumatised and communities in ruins. Economic losses alone can
adversely affect the country’s GDP; the 2016 Fort McMurray fire caused
~ CAD 3.58 billion insurance payout [1]. Similarly, the 2009 Black
Saturday fire resulted in 173 deaths, cost the economy AUD 4.4 billion,
and caused uncountable damage to the ecosystem [2].

Sources of ignition for wildfires can either be natural or anthropo-
genic. Miller et al. [3] observed that majority of fire ignited in grasslands
and forests in Victoria, Australia during 2002-13 have natural sources.
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1 wind produced by the propagating fire.
2 convective current produced due to growth of fire.
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While, Ahrens [4] observed dominance of anthropogenic sources in the
ignition of bushfires, grassfires and forest fires in the United States
during 2007-11. Climate change-induced effects on wildfires are pro-
found and expected to exacerbate further [5]. Climate change increases
the frequency of hotter days and prolongs the period of drought which
assists the flammability of surface fuels, thus, causing more fires and
extreme fires. Jolly et al. [6] have observed a pattern in an increased
frequency of wildfire with the changing climate.

In extreme fires [7,8], the fire-weather coupled process accounts for
the firestorm, massive firebrand spotting, intense pyrogenic wind,' and
strong pyro-convection.2 Firebrands, commonly known as embers are
significantly prominent in the fire spread mechanism of extreme fire
behaviour [8-10]. The transport of burning material like wood chips,
bark, twigs, leaves, or nuts ahead of the central fire front not only in-
creases the fire propagation rates but can also start a new fire front,
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separated from the central fire front; this phenomenon of surface fuel
ignition is called ‘spotting” [11].

While spotting assists in fire propagation, spotting also causes a se-
vere problem in controlling fires . One fundamental method of con-
taining a fire is using a fire break which can be natural like lakes, rivers
or can be human-made like roads, forest clearings or trenches to slow
down or stop the fire propagation. Firebrands, however, cross these
barriers to start a new fire front posing a containment challenge for
firefighters. There are various recorded instances of the above situation
such as the 1982 Bright Plantation fire [12] and the 1979 Caroline fire
[13].

Spotting has a profound impact on the fire propagation rate due to
coalescing of spotfires, and the intensity of firebrand generation by
increasing the fire size. Firebrands are also one of the primary causes of
inflicting damage to structures and dwellings situated in the Wildland-
urban-interface (WUI) area. For example, in the 2003 Canberra fire,
the suburb of Duffy suffered most of its damage due to firebrands [14].
Approximately 47% (219 houses) of houses were destroyed, and fire-
brands alone contributed to 65% of the damage. A similar situation was
observed in the 2007 Witch & Guejito fire in Southern California where
firebrands alone destroyed approximately one-quarter of the houses (20
out of 74) [15]. Firebrands mainly ignited the vegetation near the
structure which subsequently ignited the structure or by direct ignition
of combustible material of structure such as decks, fences, or roofing.

To predict the wildfire risks and adopt mitigating measures, fire
agencies adopt various mathematical models (with various degrees of
complexity and erudition) for spotting. Simpler empirical models
(mostly for how far firebrands can travel once these are generated) are
often based on experimental studies (both field and laboratory scales).
With the availability of large computing power, new generation
Computational Fluid Dynamic (CFD) based fire models are now being
developed and validated against laboratory-scale experiments to
enhance the prediction and prevention ability of wildfire propagation.
Firebrand physics is traditionally divided into four areas: generation,
transport, deposition, and secondary ignition (spotting). CFD based fire
models can incorporate all four areas. To support the development and
validation of CFD based fire models, more experimental studies utilising
state-of-the-art equipment are needed. However, due to the complexity
involving ignition by firebrands and very high computational need for
its CFD modelling, it is currently not feasible to simulate ignition by
firebrands at field scale with CFD models. Therefore the immediate focus
can be on firebrand generation and transport. In this review, we have
grouped deposition or landing pattern with transport. Before embarking
upon further expensive experimental studies (especially at field scale), it
is important to collate the knowledge on the generation and transport of
firebrands including parameters of spotting and factors affecting the
spotting propensity which will be useful to develop future parametric
studies. There have been a number of studies conducted in relation to
firebrands. Henceforth, we aim to review past experimental studies
involving generation and transport, developed empirical models, and
various CFD models & their validations. Some existing experimental
studies may support improved use of available CFD fire models.
Recently, Manzello et al. [16] provided a comprehensive review of
firebrand studies where the main objectives were on summaring the
physical characteristics of generated firebrands and their ignition ca-
pabilities mostly based on the utilisation of NIST firebrand dragon.
Unfortunately, these have limited use when utilising deterministic nu-
merical models such as CFD models. For CFD modelling, the number of
firebrand generation as a function of mass loss rate or fire intensity, wind
speed, species and fuel moisture content is needed. In this review, we are
focusing on these aspects which can assist their utilisation in deter-
ministic models. Similarly, other reviews such as McCarthy et al. [17]
reviewed the use of radar in the study of wildfire physics including
firebrands as a scatterer. A limited review on firebrand transport was
provided in Wegrzynski and Lipecki [18] and in our paper it is expanded
manyfold.
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2. Parameters of spotting

Spotfires start when firebrands land on an ignitable ground surface,
generally covered with surface fuel and litter. The firebrands are either
blown with wind or lofted with the convective plume (see schematic in
Fig. 1) based on various conditions such as fire intensity, local wind
speed, type of vegetation, local humidity, and temperature (often fuel
moisture is considered as a proxy for local humidity, and temperature).

Spotting behaviour varies in the distance and direction from the
source of fire where firebrands are produced and ignited [19-21]. Byram
[22] notes that the maximum spotting distance and the pattern of
spotting are two crucial parameters of fire behaviours that should be
quantified for accurate fire propagation. The number of firebrands
generated, their transport distances, their burning characteristics, and
the probability of firebrands igniting the fuel and speed of it to develop a
spotfire determine the nature, and magnitude of ‘firebrand attack’ on a
structure in a wildfire. To understand the spotting situation, it is
essential to understand the landing density, ignition propensity to cause
spotfire, and conditions conducive to their growth and spread. McArthur
[20] proposed that concentrations of 100 ignition points per square
kilometre could produce a situation similar to a firestorm.

The probability of firebrands igniting surface fuel is influenced by
local weather conditions as well as characteristic variables of firebrand
and fuel bed [21,23-25]. This section highlights the parameters
observed in spotting behaviour before discussing the parameters which
affect such differences.

2.1. Travelling distance

Spotting type can be classified based on travelling distances of fire-
brands. Byram [19] first classified firebrands into two categories:
long-range (in the order of a few kilometres) and short-range (0.4-0.8
km) spotting based on the distance they travel. However, Cruz et al. [26]
suggested classifying firebrand spotting on the basis of the distance they
travel from the point of origin into three categories: (a) short-range, (b)
medium-range, and (c) long-range spotting. Fig. 1 highlights the above
three classifications in a schematic layout. While Gould et al. [27] in
their Project Vesta experiments defined short-range spotting <150-200
m while Cruz et al. [26] defined as < 750 m, Cruz et al. [28] observed
that the short-range spotting is up to 500 m in the 2009 Kilmore East fire
(Black Saturday fire), and Cheney and Bary [21] observed short-range
spotting occurring to around ~100-200 m ahead of the fire front in
the 1962 Daylesford fire. Although short-range spotting is believed to
occur in a continuous series, unlike long-range spotting which is usually
discontinuous, discrete, and separate from each other. There is empirical
evidence of such spotting behaviour which was observed in the 1962
Daylesford fire [20], the 1982 Bright Plantation fire [12], the 2007
Witch & Guejito fire [15], and the 2009 Kilmore East fire [28].

Wind generally transports short-range firebrands from trees with
little to no lofting. It is expected that the spotting density tends to
decrease with the distance from the fire front. In drier and windier
conditions, the spotting densities are found to be higher as surrounding
conditions make the surface litter fuels more susceptible to ignition.
Short-range firebrands are expected to have flatter trajectories and have
significant unburned combustible material when landing, unlike in long-
range spotting.

Fig. 2 captures short-range spotting observed in the 2018 August
New South Wales fires in Australia. Firebrands emanating from tree bark
inside the forest canopy, are blown away by the wind and fall ahead of
the tree, igniting new fires, while the surface fire is trailing those
spotfires.

McArthur [20] observed the overall rate of spread is higher with the
presence of short-range firebrands. McArthur reported that, in the 1962
Daylesford fire, the rate of fire spread in Stringybark eucalyptus vege-
tation was around 0.89 m/s, which is three times the rate of fire spread
where spotting is not an effective spread mechanism. These short-range
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Fig. 1. A schematic layout highlighting three categories of firebrand spotting namely, short-, medium-, and long-range spotting.

Fig. 2. Short-range spotting observed inside a forest canopy in the 2018 New
South Wales Fire (Photograph Credit: New South Wales RFS).

spottings coalesce with the original fire front to increase the effective
rate of spread of fire. The coalescing of multiple short-range spotting
results in the development of deep flaming zones, crowning and further
generation of firebrands.

Cruz et al. [26] suggested a quantitative understanding of
short-range spotting dynamics, namely firebrand (landing) density dis-
tribution , and how these spotfires merge with the original fire front.
These are required to improve the prediction of operational fire models.
The number, size, shape and firebrand density play an important role in
accurate prediction for the rate of spread and hence is of high priority to
assist fire managers for better estimation [29]. Kaur et al. [30] observed
that when random effects of spotting and turbulence are included in an
existing end-user fire model, it improved the performance of the fire
model in predicting the fire perimeter qualitatively.

Medium-range spotting (1000-5000 m [26]) is the result of fire-
brands that are lofted briefly in the convective plume and blown away
by the wind. This kind of spotting has the features of both short-range
and long-range spotting. In the absence of any break in fuel or topog-
raphy, isolated medium-range spotfires are run over by the original fire
front. Concentrated medium-range spotting can produce firestorm® ef-
fects in which many coalescing fires cause strong turbulent inflow cir-
culation resulting in a high-intensity burning [31].

Long-range spotting (>5000 m [26]) results from firebrands that are
lofted in the fully developed convective plume and blown away by the
wind. This kind of spotting generally starts a new fire front or damages

3 A firestorm is a conflagration which attains such intensity that it creates and
sustains its own wind system, commonly occurs in large wildfires.

houses which are significantly away from the fire front. Long-range
spotting requires an intense fire condition that maintains a steady up-
ward movement in the buoyant plume to transport a relatively sub-
stantial number of firebrand particles several kilometres above the
ground and then intense winds to keep firebrands aloft to transport them
for extended distances downwind. Long-range spotting of ~30 km has
been observed several times in eucalypt forests. Long-range spotting of
30-40 km was observed in several Australian fires, such as the Kilmore
region of the 2009 Black Saturday fire [28], 25 km in the 1983 Ash
Wednesday fire, Victoria [32], and 29 km in the 1965 Victoria fire [20].

2.2. Direction

Byram [19] observed that in the northern hemisphere long-range
spotting tends to occur on the right flank (i.e. towards the right direc-
tion of fire spread) of an advancing fire because the wind-velocity vector
tends to advance in a clockwise direction with increasing altitude, Fig. 3.
Similarly, in the southern hemisphere, long-range spotting is more likely
to occur on the left flank [21]. Coriolis effect influences long-range
spotting due to the firebrands’ long trajectory and hence long lofted
duration . However, this effect does not occur for short-range spotting
which is mainly affected by the local wind condition and are at low
altitude. Hence, the direction of short-range spotting occurs approxi-
mately in the direction of surface winds. Cheney and Bary [21] observed
that the sector ahead of fire in which the majority (~95%) of spotfires
occurred within 16° with the direction of the wind which is possibly due
to fluctuations in wind direction.

2.3. Spatial pattern

Generally, two (longitudinal) patterns of spotting are observed
depending on whether the fire is dominated by the shear stress of wind
or convection [19]. Short-range spotting exhibits a pattern where the
concentration of spotfires decreases with the increasing distance from
the fire front [19]. A similar pattern was observed by Cheney and Bary
[21] for fire associated with high-intensity short-range spotting. They
modelled the intensity of spotting for the 1962 Daylesford fire, which
burnt eucalypt forests mainly dominated by E. obliqua (a stringybark
type vegetation) and E. rubida (a candle bark type vegetation), as a
function of distance ahead of the central fire front. The wind mainly
drives the spotting, and they observed that spotting is concentrated in
the first 100 m or so, but the frequency decreases as the distance in-
creases. However, in Project Vesta [27] short-range spotting displayed
different patterns in each of their field experiments. They observed the
skewed normal distribution of several spotting frequencies with distance
150 m ahead of the fire front.

The second pattern of spotting, where spotfires occur in distinct and
isolated groups at varying distances ahead of the fire, is generally
associated with long-range spotting behaviour [19,21]. This pattern
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Fig. 3. a) In the northern hemisphere long-range spotting occurs towards the right of the fire-front. b) In the southern hemisphere long-range spotting occurs to the

left of the fire-front, due to the Coriolis Effect.

occurs where the fire is convection dominated which provides enough
lofting to aerodynamically efficient® firebrands. In the 2009 Black Sat-
urday fire, long-range spotting was observed ~30 km ahead of the
central fire front [28]. Both spotting patterns can occur concurrently
during one fire [21]. The lateral pattern has not been well studied in the
literature.

2.4. Temporal pattern

In the 1962 Daylesford fire [20], continuous spotting at up to ~200
m occurred for at least two extended periods. Cheney and Bary [21]
noted that long-range spotting frequently has a grouped and discrete
distribution with each group being associated with periods of intense
burning (i.e. the source fire) and strong convective updraughts. Reports
[12,32-34] of long-range spotting indicate a discrete episodic event of
spotting. Episodes of spotting could also occur when a fire hits discon-
tinuities in fuel, and it is postulated that the subsequent decrease in fire
intensity and the strength of the convection process releases large
numbers of firebrands [35].

3. Factors affecting the spotting propensity

Section 2 covered the features of spotting observed in a wildfire. The
spotting propensity is dependent on fire intensity, topography, firebrand
material, fuel bed ignitability, and the wind field.

3.1. Fire intensity

Fire intensity is critical in the spotting behaviour, and its effect on
thermal energy [36] and buoyancy [37] has been modelled. Fire in-
tensity depends on the complex interaction of fuel with the local weather
situation. Essential parameters affecting the fire intensity are fuel
moisture content (FMC), local wind speed, size and amount of fuel load
available, topography, and humidity which has been comprehensively
discussed [19,20]. McArthur [20] modelled the effect of fire rate of
spread, itself a factor affecting the fire intensity, on maximum spotting
distance. Burrows [38] tabled the relationship between fire intensity,

4 The aerodynamic shapes of these firebrands are such that they experience
less drag and more lift. As a result they can travel a long distance driven by
convective plume and ambient wind.

and fire characteristics of flame length, suppression difficulty and fire
effects. He observed that spotting to tens of metres could even start at
low fireline intensities” such as 350 kW/m while long-range spotting can
start at intensities higher than 2000 kW/m.

In extreme fire behaviour, where crowning occurs or in very large
fires, enhanced spotting activities are observed. Spotting phenomenon is
predominantly observed where significantly elevated fuels or bark fuels
are available [19]. McArthur [20] found that the amount of fuel load
available also significantly contributes to the spotting process.
Furthermore, there is the impact of seasonal variation on the amount of
surface fuel and firebrand availability [21,39,40]. Extended drought
results in leaf fall, thus increasing the available surface fuel, and
increasing the amount of bark that is shed for some vegetative species.
The shed bark of gum species may augment the surface fuel or hanging
fuels from tree trunks or branches, providing both aerial fuel and fire-
brand material [31].

It has been argued that concentrated short-range spotting increases
the rate of fire spread and hence the fire intensity [19-21,26,41]. The
concentrated short-range effect has been used to explain why an actual
rate of spread differs from the predicted rate of spread [20,26,42]. The
impact of coalescence of these spotfires on the fire rate of spread is one
of the most challenging issues as they can dramatically increase the fire
intensity thus further increasing the spotting process [26].

3.2. Wind field

Byram [22] suggested that fire intensity, thus the fire behaviour, is
affected by the relationship between the rate of kinetic energy flow in
the wind field (P,) and the rate of thermal energy conversion in the
convective column (P;). When P; <P, the fire behaviour is to be
dominated mainly by shear stress of wind, and when Py > P,, the fire
becomes convection dominated and increases in fire intensity [19]. The
ratio of two is defined by Byram number, N [43,44] as described by Egs.
(1) and (2)

Py 2gl

Ne=tl=— 28 M
c Pw ngPTO(UIO — ROS)z

5 Fireline intensity is the measure of the rate of energy or heat release per unit
length of fire front.
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where I is the fireline intensity, ROS is the rate of fire spread, Uy is the
open wind speed defined normally at 10 m height, p,, Cp, Ty the den-
sity, the specific heat, and the absolute temperature of the ambient air.

The spotting distance is heavily dependent on the fire intensity and
condition of the wind field. A developed convective column provides the
required lofting for a firebrand to transported to a certain height after
which it descends as a free-falling particle influenced by the shear stress
of the wind. The fracture or collapse in the convective column due to a
shear stress of wind, or ejection of firebrand from the convective column
before attaining its maximum height could make firebrands drop out of
the convective zone and fall early, resulting in medium-range spotting as
shown in Fig. 1. Short-range spotting is mainly dominated by the shear
stress of local wind with some effect of a convective column of surface
fire [26] to keep firebrands afloat as observed in the 2018 NSW fire
(refer to Fig. 2).

It has been proposed in a statistical model that “normal” two-
dimensional convective columns lack the required uplift velocities
necessary to loft firebrands large enough to ignite spotfires at a distance
of more than 800 m [45,46]. The effects of turbulence are oversimplified
in this approach which plays a vital role in the transport of firebrands. It
was observed that firewhirls, which are three-dimensional convection
columns could throw firebrands large distances and it has been proposed
that this mechanism was also the cause of long-range spotting [46].
Firewhirls are often found in large fires, where they can be observed as a
whirl of wind or smoke, and the intense rising heat and turbulent wind
conditions can combine to form whirling eddies of air.

Spotting distance (for long-range and medium-range) is dependent
on the height to which firebrands are lofted and hence the strength of the
lofting process, and it appears that the fracture or collapse in this would
trigger the landing of firebrands which contains sufficient energy to
cause a spotfire. Byram [19] stated that the amount of spotting which
occurs depends on the type of convection column and that spotting is
“worse” when the shear stress of wind fractures the column. This is
because those firebrands are not entirely burnt off in the convective
column before they start to descend due to the collapse of this column.
Cheney [35] observed that barriers to fire growth in the Southern
hemisphere such as fuel reduced areas and moist southerly aspects may
result in spotting behaviour that overcomes such barriers.

3.3. Firebrand material

Ignition propensity to cause a spotfire is dependent on fuel bed
characteristics like FMC and humidity which has been discussed earlier
in section 3.1. This section discusses mainly the properties of firebrand
material.

Byram [19] stated that the fuel characteristics that make abundant
and efficient firebrands are unknown. Byram suggested that charcoal,
decayed wood, bark, and dry moss would be light enough to be lofted
and capable of burning for several minutes thus acting as an efficient
firebrand material for spotting. Firebrands are found either in the
flaming or glowing state. The flaming state corresponds to the situation
where the visible flame is still attached to firebrand material indicating
the presence of the essential virgin pyrolyzing material. However, when
firebrand material has lost its visible flame attached to the material, the
firebrand is mainly composed of residual pyrolyzing material and hot
char which represents the glowing state. Hence, flaming firebrands have
a higher probability compared to glowing firebrands of the same size to
cause a spotfire because of higher energy content. Byram [19] noted that
in long-range spotting few flaming firebrands are observed while in
short-range spotting (like in Fig. 2) firebrands are mostly flaming.

Albini [47] for pine plantations proposed that stemwood sections,
needles, bark flakes, seed cone scales, and open seed cones have the
potential to be firebrands. He proposed that a ‘two-stage’ firebrand, e.g.
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a twig with foliage attached, might outdistance a simple wood cylinder
due to the enhancement of its lofting velocity while ascending and its
combustion endurance while descending.

The size of firebrands can vary substantially based on the flaming
state, vegetation type, type of spotting and fire intensity. Long-range
spotting requires firebrands to be lofted in the convective column with
the updraught velocity which may be in the range of 110-130 km/hr
[19]. Field experiments carried out in prescribed burning in pine plan-
tations [10,48] observed firebrands ranging from few mm to few cm
sizes of irregular shapes mainly made up of barks, and twigs. In the 2007
Angora fire in California, USA [49], the post-fire analysis showed that
the firebrand distribution was at a point ahead of the fire front. It is
estimated that most of the firebrands found to be of few mm in length
and had a projected area less than 0.5 em?. Manzello et al. [50,51]
quantified the sizes and mass distribution of firebrands produced from a
pine tree. They found that most of the collected burnt firebrands are
cylindrical or irregular in shape and have a higher surface area and low
mass due to almost complete combustion.

Other forest vegetation species have generally lesser intense spotting
behaviour as observed in the eucalypt forests in terms of spotting dis-
tance or spotfire concentration. This attribute of eucalypt forest is due to
the characteristic of bark; the essential types of eucalypt vegetation have
been classified according to their supposed spotting behaviour [20,21].
Bark pieces of the stringybark group and the candlebark group are
suspected agents of short-range and long-range spotting [20,52].
Stringybark pieces up to 20 cm can easily be separated from the tree
trunk by strong convection. However, due to higher mass they fall while
coming out of the convection column as a medium-range spotting be-
tween 3 and 5 km range ahead of the fire front [31]. Tolhurst et al. [53]
found that up to 7 tonne/hectare (t/ha) of this bark combusted during a
mild burn in a long-unburnt forest and that this added significantly to
the amount of short-range spotting. The corresponding characteristics of
candlebark are its slow rate of descent, and its capacity to smoulder for
long periods [21]. Hodgson [54] found that the candlebark curled into a
long cylindrical shape and burned for up to 40 min and hence have
significant potential to cause long-range spotting.

3.4. Size and shape

The distance up to which spotting can occur depends on the size and
shape of a firebrand, the type of vegetation, fire size, and weather
conditions. The size and shape of the firebrands mainly depend on the
type of vegetation. For example, vegetation like Eucalypt obliqua, Euca-
lypt marginata mainly produces fibrous bark type of firebrands that are
easily ignited and dislodged from the tree trunk. On the other hand,
Eucalypt globulus, Eucalypt viminalis produces smooth decorating bark
which is aerodynamically efficient and can travel longer distances.

The firebrands responsible for long-range spotting are thought to be
aerodynamically efficient [23] so as to travel long distance. The
long-range firebrand can be as long streamers of decorating bark that
generally hangs from the upper branches in smooth-barked eucalypt
species, e.g. E. viminalis, E. globulus [21]. The long combustion times
coupled with their excellent aerodynamic properties allow these fire-
brands to be a viable ignition source even when transported over long
distances.

3.5. Topography

A ridge or hill will tend to trigger spotting activity [20], as it attri-
butes by increasing the fire size when the fire spreads upslope. The in-
crease in spotting phenomena acts as a positive feedback loop in
increasing the rate of spread. The effect of topography on the local wind
speed and hence the fire intensity may be dramatic as observed by
McCaw [55]. McCaw [55] observed spotting distances of about
200-300 m in a prescribed burn operation. In this fire, the mean fire
intensities were in the range 400-600 kW/m with a short episode of high
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fire intensity of 1700 kW/m due to a local topographic effect on the
wind.

4. Empirical model development

Predicting the trajectory of firebrands and hence the spotting dis-
tance plays a vital role in improving the prediction of fire propagation.
Koo et al. [56] have carried out a detailed discussion of various spotting
models. This section discusses the major empirical spotting models
developed. It is to be noted that these are mostly limited to firebrand
travelling distance.

4.1. McArthur model

McArthur [20] developed a set of tables for the rate of spread, flame
height, and spotting distance for given fuel quantities and conditions —
referred to as the McArthur Mk.5 Forest Fire Danger Meter. These tables
were later used to produce a mathematical equation, the Forest Fire
Danger Index (FFDI) [57], calculated as:

FEDI — 2 0% — 0450 +0.97 In(D) — 0.35RH + 0.0338T + 0.0234U)
3

where D is Drought Factor (0-10), RH is Relative Humidity, T is Tem-
perature (°C) and Uy is the open wind speed at 10 m above the ground
in km/hr.

For eucalypt fuel types, containing high fibrous-bark material, the
estimated spotting distance can be expressed as (Eq. (4)) [58]:

S=ROS(4.17—0.033W) — 0.36 @

where S is average maximum spotting distance ahead of the source fire
front (km), ROS is the rate of spread in the forward direction (km/h)
calculated from FFDI (ROS = 0.0012 x FFDI x W) and W is fuel load
(t/ha). Eq. (4) is derived by superimposing equations that describe the
firebrand terminal velocity during flight within models of lofting
mechanisms and ambient wind fields. This equation is useful mainly for
long-range spotting.

4.2. Tarifa et al. Model

Tarifa et al. [59,60] plotted the trajectories for spherical, cylindrical
and disk-plate firebrands in their wind tunnel apparatus to study fire-
brand trajectory (will be discussed in Section 5.2). In their study, they
assumed that the firebrands were picked up from the ground and sub-
sequently lofted with the convective plume column at random or due to
turbulence. Tarifa et al. [59,60] ignited and combusted wood particles
of different shapes to represent firebrands at their terminal velocity and
constant wind speed in horizontal and vertical wind tunnels, as well as in
a tapered vertical wind tunnel. Their study assumed that firebrands will
always fall at their terminal velocity,® which can be defined as Eq. (5),

_( 2gm
. <CDApu> ®

where, w is terminal velocity which changes with sample mass m, cross-
sectional area A, drag coefficient on the particle Cp and p, is the density
of air. It was also identified that the drag coefficient changes little during
combustion until the firebrands became exceedingly small and that the
change in the size of burning firebrands in flight was the same as if they
were burning in a fixed position at a constant velocity equal to their
terminal velocity at that time. The loss of terminal velocity during flight
for wooden spheres, cylinders, and plates is modelled as a function of the

6 Terminal velocity is the highest velocity attainable by an object as it falls
through a fluid (air).
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parameter (Z):

Z:W_()t W()Di/)“ —04 & 1.3 E 70.41116 (6)
Di \ p, Py D; D;

here wy is terminal velocity before its ignition, t is time including igni-
tion time, D; and L; are the initial dimensions of the firebrand particle
perpendicular to the wind, [ is firebrand particle dimension parallel to
the wind, p, is the density of the firebrand sample, and k is a shape
factor.

In addition, they plotted trajectories using convection and wind
conditions which had been recorded for actual wildfires and which
varied with height. Tarifa et al. [59] also investigated the trajectories of
the different shapes of firebrands such as a square wood plate, charcoal,
pine cones and pine bracts of different aspect ratios and sizes.

Tarifa et al. [59] found that the critical height (Y;,) to which a fire-
brand could be lofted and which would result in the greatest horizontal
distance (X,,) transport of firebrand is dependent on firebrand charac-
teristics and wind conditions. The firebrand characteristics were the
distance (L) of the firebrand from the edge of the convection column at
the time of lofting, its function describing the change in terminal ve-
locity with a time of flight and burning of the material. The Y,, and X,
are found to be proportional to firebrand particle density, and charcoal
showed the highest amount of horizontal distance travelled. The shape
of firebrands of the same nominal size exerts some influence on the
transport of firebrands affecting the trajectory and distance travelled.

4.3. Albini model

Albini [47] used data collected by Muraszew et al. [61]to develop an
equation for change in the product of the thickness and density of
limb-wood sections burnt at constant wind velocities. Muraszew et al.
studied the rate of mass loss of burning wooden dowel segments at
several wind speeds to characterize the behaviour of large burning
firebrands shortly after being released from a fire. This research pro-
duced a series of correlations of mass-loss rates with a dimensionless
value that describes the geometry of the dowel. Using these correlations,
Albini gives an equation relating the terminal velocity of these particles
with time (w,),

Kngt
— 1—
W, =W ( n CDW“> )

where K = 0.0064 from the experiment.

Albini [47] integrated Eq. (7) for the combustion time and derived
the value for the total vertical movement of air relative to the sample
(Az) as;

Az:lw(J 4Cpwy _ (p,D)y 8)
2 Krng Kp,

where, wy is initial terminal velocity, K = 0.0064, (p,D), is the initial
product of particle density and diameter, and p,, is the density of air. For
a lofting process of a given strength, there will be a sample of initial
density and diameter that will burn out just as it reaches the ground. The
optimum sample will result in the greatest potential spotting distance for
the given conditions. Albini [47] modelled the maximum height z() to
which samples of burning optimum size limb-wood would be lofted by
one or several torching trees, or by a pile of burning timber debris [62]
or by a line fire [63]. Chase [64] presented them as follows.
For a torching tree,

20 =a(dr)' (hr) + 1 /2 ©

where hr and dr are the adjusted steady flame height (m) and adjusted
steady flame duration (dimensionless), h is the height of burning trees
and constants a, and b vary with the flame parameter and vegetation
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type.

Further, hr and dr are computed as follows,
hr =a1ds (9a)
dp = azdzbz i’lc2 (9b)

where, a;, by, c1,az, by, and c, are vegetation specific constants, d is
the diameter of a torching tree at breast height, and n is the number of
trees burning simultaneously to form a single merged buoyant flame
structure. For a burning pile,

20 = 12.2H; (10)

where Hp is the constant flame height (m).
For wind-driven surface fire or line fire

20y =0.173VE @an

where E is thermal energy strength (kJ/m).

Albini [36] assumed that thermal energy is the product of fireline
intensity Iy (kW/m) and wind speed U;o (m/s) measured at 10 m height
and is given as,

E=I5(A,UR) 12)

where A; and B, are constants that change with the fuel type.

For torching tree and burning pile scenarios, firebrands are assumed
to be lofted vertically, and the spotting distance is determined by this
initial firebrand height (z¢)) and the ambient wind field [47]. Chase
[64] presented Albini’s model in numerical form for power-law ambient
wind profile,

0.5
1
Sy =13 x 10 Ugh?’ [0.362-&- (%) E1n(%> } 13)

where Sy is the maximum spotting distance on flat terrain (km), Us is the
mean wind speed at 6 m above the vegetation (km/h), z () is the height
to which firebrands are lofted (m) and h- is the higher value of h; and hy.
These latter parameters represent mean vegetation cover height (m)
downwind of the source of fire, and the minimum representative height
used to describe the wind profile, respectively.

For wind-driven surface fire, in Eq. (13) downwind drift of firebrand
during the lofting process is also added to maximum spotting distance
for the firebrands and is represented by Eq. (14)

0.5
0\ "1, (2
S =13 x 107 Ught {0.362 + <Z;l°>> SIn (%)} +5.03 x 1074 U8

(14)

Chase [64] stated that these equations (Eq. (13 -14)) were unsuitable
for predicting short-range spotting or very long-range spotting. Chase
had personal communication with W.R. Catchpole’ that the above
equations could underpredict spotting distance in eucalypt forest which
is known to produce aerodynamically efficient bark firebrands.

4.4. Ellis/Raupach model

Ellis [23] developed a two-dimensional (2D) spotting model using
the wind tunnel constructed by the Commonwealth Scientific and In-
dustrial Research Organisation (CSIRO), Australia. In his study, he
combined the aerodynamic and combustion behaviours of a firebrand to
estimate the spotting distance of firebrands in two different combustion
patterns which affects the mass of the particle and hence the spotting
pattern. This applies a correlation of the loss of terminal velocity of
messmate stringybark samples on a simple wildfire plume model [37].

7 Researcher at University of New South Wales, Australia.
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Ellis’ model [23] requires information about the above-canopy wind
speed, updraft velocity, and horizontal component of velocity in the
convection plume. Additionally, the initial height of the firebrand above
the ground, and the initial distance between the firebrand and down-
wind boundary of the convection plume.

The Ellis’ model [23] suggests that firebrands may land in a flaming
state, a glowing state, or a reflaming state or with a certain remaining
mass. The maximum distance (X,,) which is a sum of horizontal dis-
tances the firebrand is transported when inside and outside of the plume,
and is computed as,

Xm = (thmz/x X pr) + [(tb - thmu,\‘) X Ux] (15)

where tyqy is the time (s) from commencement of flight at which fire-
brand achieved Yy, , Uy, the horizontal component of wind velocity in-
side the wildfire convective plume (m/s), t, is the burnout time in flight,
after ignition, at which combustion ceases (s), U, is the horizontal
component of ambient wind speed (m/s).

Finally,

Lhmax
Y, = /(U,,, —w,)dt + ho (16)

0

where Y, is the maximum height (m) to which firebrands are lofted and
still be combusting till it reaches the ground, Uy, the vertical component
of wind velocity inside the wildfire convective plume (m/s), ho is the
initial height of firebrand above the ground (m), w; terminal velocity of
firebrand at time t second during flight and is a function of time (m/s).
Ellis [23] carried out an analysis of his spotting model, McArthur’s
spotting model (Section 4.1) and Albini’s spotting model (Section 4.3)
on the 1962 Daylesford fire. The recorded observation for maximum
spotting distance in the fire was between 3600 and 4000 m. Ellis’s model
predicted spotting distance in the range of 2000-4800 m, McArthur’s
model predicted spotting more than 6500 m, and Albini’s model pre-
dicted spotting to be ~1900 m. His conclusion suggests that McArthur’s
model overpredict the maximum spotting distance while Albini’s model
underpredicts it by roughly 50%. While the Ellis model makes a
reasonably good prediction, it requires further verification and valida-
tion in different situations. Project Vesta [27] further tested the Ellis
model in their field experiments. The quantification of firebrand spot-
ting is one of the hardest challenges faced by Project Vesta team [27];
however, they were able to observe a spotting trend. Ellis’ model tends
to overpredict in most of the cases and only one case was an accurate
estimate and one other was close, where it was an underprediction.

4.5. Woycheese et al. Model

Woycheese et al. [65] first published their work on firebrands lofting
above large fires in the context of a structural fire. While previous
studies of Tarifa et al. [59,60] and Lee et al. [66] assumed constant
vertical velocity for firebrand’s lofting above the fire source, Woycheese
et al. [65] modelled it using an axisymmetric pool fire representing a
burning house with a Baum and McCaffrey empirical plume model [67],
which is more accurate. The acceleration of particles with
time-dependent particle mass and velocity is expressed as Eq (17).

av_1(p,ACp VY dm
572< m )'Ver' <m> a8 a7

where, V; is the relative velocity of the plume to the particle, V is the
particle velocity, m is the mass of the sphere and A is the cross-sectional
area of a sphere.

From Eqn (17) and applying boundary conditions, the maximum
loftable height (Y,,,) of a spherical particle was determined as
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Fig. 4. Mass distribution of firebrands recovered from different trees: (a) 4.0 m Korean Pine, (b) 2.6 m Douglas Fir, (c) 5.2 m Douglas Fir. Taken from Manzello

et al.[50]
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where, D, is particle diameter, p, is particle density, Z. is the height of

Baum and McCaffrey’s plume defined as

Z.= (1) ((0.C,To) V&))"

18

19)

where, I is the fire heat release rate, C,, is specific heat of air, and T is
ambient temperature.

In the subsequent work, the authors extended this study for both
firebrand propagation and lofting for the axisymmetric structural fires
[68]. The authors developed the governing equations for the lofting,
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combustion, and propagation of firebrands, which were tested for
spherical shape particles. Woycheese and Pagni [69] developed three
paradigms of combustion models for firebrand propagation and loftings,
such as burning-droplet, linear regression and stagnation-point com-
bustion. In the burning-droplet method, a crude first approximation of
wooden brands was modelled for a spherical fuel particle combusting in
an oxidising and quiescent atmosphere. The size of firebrand shapes can
be determined from the constant linear regression model, which is very
simple, but a good approximation was found with the literature data.
The change in firebrand diameter with respect to time is dD, /dt = — E,,
where E, is the regression rate chosen for the material comprising the
firebrand. The stagnation—point combustion model is useful for the disk
type burning firebrands when the angle between the disk space and
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Fig. 5. (a) Specific firebrand flux and (b) Specific char-mark flux for each species, as measured by marks left on fire-resistant fabric panels. DF, Douglas Fir; GF,
Grand Fir; PP, Ponderosa Pine; WJ, Western Juniper. Taken from Hudson et al. [74].
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relative wind is 90°. The dimensionless propagation distances were
determined for a range of initial thickness, ambient wind, and angle of
attack. Woycheese and Pagni [69] reported large propagation distances
for disk type wooden brands due to lift associated with 90 MW fire,
which is much greater than that for spherical brands. In this study [69],
disk is modelled with decreasing thickness, h and constant radius, R
(representing decreasing mass, m). For an attack angle a, the disk lift
(Cr) and drag coefficients (Cp) are Cp = 1.17cos(a) and Cp =
1.17sin(a), so that lift increases with decreasing a. Tohidi and Kaye [70]
discussed that the largest plan area is always normal to the apparent
wind leading the largest drag force but ignores lift forces. Woycheese
and Pagni [69] did not explicitly mention this, instead mentioned that
they used two attack angles i.e. angle between disk and wind = 35° and
90°. It is likely that 90° may correspond to the largest plan area being
normal to the wind.

5. Benchmark experimental study

Firebrand generation and transport has also been investigated at a
finer level of details with a variety of experimental studies. These studies
can be separated into three groups based on their methodology: vege-
tation burning experiments, wind tunnel experiments, and firebrand
dragon experiments. The first category is most suitable for firebrand
generation. The other two categories are suitable for investigating
different aspects of firebrand transport phenomena.

5.1. Vegetation burning experiments (firebrand generation)

Vegetation burning experiments provide valuable insight into fire-
brand generation, allowing researchers to investigate the effect of
various factors (e.g. wind speed, FMC, size and species of vegetation) on
firebrand generation under realistic conditions. In addition to this,
landings of firebrands generated by burning vegetation can be captured
shortly after generation and studied in detail, providing useful infor-
mation about their physical and aerodynamic characteristics. Firebrand
generation at the source can be quantified using this experimental data.

5.1.1. Firebrand collection indoor experiments

A series of common conifer tree species (Douglas-fir and Korean
pine) burning experiments were conducted at the National Institute of
Standard and Technology (NIST), USA to determine the mass and size
distribution of firebrands while varying the FMC and tree height [50,
71]. Firebrands generated from the ignition were collected by placing
water-filled pans at strategic locations around the tree base with no
externally applied wind. The mass loss of the tree over time was recor-
ded, along with the total mass of the collected firebrands. These data can
be useful to quantify firebrand generation at the source using an inverse
analysis (given in Section 7.3 of this paper).

According to the mass and size distribution data of firebrands, the
majority lay below 0.3 g (as Fig. 4 illustrates). However, firebrands with
0.3 g mass can also cause ignition of a fuel bed as per Manzello et al.
[72]. Firebrand surface area was calculated assuming cylindrical shape,
with Korean pine found to produce firebrands with a larger surface area
than Douglas fir. Larger surface area can lead to greater probability of
secondary ignition.

The collected number of firebrands and the mass loss of the tree
increased as the FMC decreased. It was reported that trees do not sustain
burning when the FMC is more than 70% and the partially burning re-
gimes occurred within the limits of 30%-70% [73]. A significant num-
ber of firebrands were generated when the FMC was below 30% in both
tree species. The burnable mass consisted of needles and twigs, and the
cylindrical firebrands were mainly composed of fragments of twigs. The
needles did not produce firebrands and were consumed, contributing to
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the heat release.

For a similar FMC, the number of smaller firebrands collected from
Korean pine was higher than the Douglas fir. Although both species
produced smaller firebrands, a significant number of them burnt out in
Douglas fir because of the higher heat release rate (HRR). This is
explained by the fullness of the trees whereas the Korean pine shows
sporadic burning and lower HRR because of the lower fullness of this
species [50]. The heat produced by Korean pine may not be sufficient to
consume smaller firebrands. When the tree size was increased the HRR
also increased to consume more small firebrands, resulting in lower
firebrands per unit mass of fuel consumption in taller trees [73].

5.1.2. Firebrand collection vs mass loss experiments - outdoor

Tree torching and firebrand collection experiments conducted at
NIST were extended further by Hudson et al. [74] and Adusumilli et al.
[75] at Oregon State University, USA. These experiments were con-
ducted outdoors with four different species and focused on propensity to
ignite spot fires as well as the size of embers and ember flux. In a series of
experiments various vegetation such as Douglas fir, Grand-fir, Western
Juniper, and Ponderosa pine with different heights (2.11 m—4.72 m) and
fuel moisture contents (21%-40%) were burnt, placing an array of
fire-resistant fabric panels instead of conventional water-filled trays to
collect ‘hot’ firebrands. The landing of hot firebrands was determined as
the landed particles would leave char marks on the fabrics. Maintaining
a wind field of 1.2 m/s and burning 1 to 5 trees in order to vary the fire
sizes of conducted tests were alternative approaches in these experi-
ments in contrast to Manzello et al. [50,73] and Bahrani [76].

The highest median landed firebrand flux per kilogram of mass loss
was recorded for Douglas fir trees (180 pcs/m?/kg) and the highest hot
firebrand flux was obtained from Grand-fir trees. The comparison with
other species is shown in Fig. 5(a). The highest hot firebrand flux (at a
landing location) per unit mass lost was Grand Fir. 30% of embers
generated from Western Juniper were hot enough to leave char marks,
giving it the highest char marks per fraction of total firebrands generated
(Fig. 5(b)). This technique was further improved by Adusumilli et al.
[75] increasing the number of firebrand collecting fabrics in the
collection array. Douglas fir, Ponderosa Pine, and sagebrush vegetation
with different heights and comparable moisture contents were ignited.
The linear interpolation method was used to approximate the number of
firebrands landing where fabrics were not placed, and the number of
firebrands generated at the tree source was found by the linear extrap-
olation method. The linear regression model and coefficients for ember
flux described in Hudson et al. [74] are presented in equation (20) and
its associated Table 1:

EF'3 =g, + p,MC + ,DBH + ,H*MC + ,DBH*H (20)

Based on the results of the experiments, the authors concluded that
the total number of firebrands produced increases with the height of
tree/shrub and the hot firebrand number exponentially increase with

Table 1
Coefficients for equation (20). MC is Moisture Content, DBH is Diameter at
Breast Height, H is Tree Height.

Term Estimate s.e.

ﬁo (intercept) 5.99411 1.19823
ﬁl (MC) 75.39059 16.75879
7, (DBH) —0.43399 0.11927
Ba(H x MC) —20.78155 4.49978
54(1.[ x DBH) 0.11907 0.02985
Rgdjusmd 0.3848

Significance codes are: ***,0.001, **,0.01, *,0.05, .,0.1.



R. Wadhwani et al.

decreasing moisture content of vegetation species.

5.1.3. Firebrand collection experiments for various species as wind speed
varies

Bahrani [76] conducted a series of vegetation burning experiments
with a variety of species common to wildfire-prone areas of the US.
These experiments investigated the effect of wind speed and vegetation
type on the physical characteristics and landing distribution of fire-
brands generated by each of the selected species. The species chosen for
these experiments were Little Bluestem Grass, Chamise, Saw Palmetto,
Loblolly Pine, and Leyland Cypress.

The experimental setup was constructed in the wind tunnel facility of
the IBHS (Insurance Institute for Business and Home Safety) Research
Centre, USA where a 15 x 7 grid of 1.8 m diameter fans was set up to
generate the desired wind profiles at a low, medium, and high wind
speed. Downwind of the fans, a line burner was set up at the edge of the
vegetation sample to be burned - in the case of shrubs, a bed of pine
needles was laid between the burner and the vegetation to be burned. A
set of 46 water-filled pans was placed downwind of the vegetation
sample, organized in a dense grid close to the sample and spaced
gradually further apart further downwind of the vegetation. Captured
firebrands were dried in an oven at 103 °C for over 24 h before being
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weighed and measured via digital image analysis.

Bahrani used the dataset generated by these experiments to analyse
several statistical trends in the overall distribution of firebrand masses
and areas. 98% of captured firebrands were found to be under 1 g, and
88% had a projected area of less than 3 cm? For all species tested,
firebrand mass was correlated with an increase in the projected area.
The relationship between wind speed and firebrand mass was found to
be highly varied, as shown in Fig. 6. Increasing wind speeds produced no
clear trend in the number, mass, or projected area of captured fire-
brands. Wind speed was only found to consistently increase the flying
distance of firebrands.

5.2. Wind tunnel experiments

Wind tunnel experiments allow for the most detailed study of fire-
brand transport, allowing for very precise control over the characteris-
tics of the wind field and firebrands. Wind tunnel experiments are
versatile and can be used to study several aspects of firebrand transport
and landing, as well as the characteristics of firebrands in flight and how
they change throughout the transport process.

These experiments can also be linked to the development of
computational models of firebrand transport, such as in the case of
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(b)

(a)
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(c)

Fig. 8. An example of a T-shaped model structure used in these experiments, presented at three different angles: (a) 60°, (b) 75°, (c) 90°.

Tohidi’s experiments at Clemson University [70]. In cases such as these,
the experimental aspects of the study are discussed in this chapter, and
the computational aspects are discussed in chapter 7.

5.2.1. Drag and spotting characteristics

Tarifa et al. [55,56] constructed two wind tunnels (horizontal and
vertical) to measure the aerodynamic behaviour of firebrand particles at
Instituto Nacional de Técnica Aeroespacial “Esteban Terradas”, Madrid,
Spain. In the horizontal wind tunnel apparatus, they used a
two-component strain gauge balance to hang a firebrand particle to

study variation in the aerodynamic drag with the combustion of burning
particles at different flow speeds. It was used to develop a correlation
between aerodynamic drag with the mass of particles at different flow
speeds. The vertical wind tunnel apparatus is used to study a similar
aspect, however, firebrands were allowed to move freely during the
combustion process.

They developed multiple correlations between spotting behaviour
such as flight time, maximum spotting distance with firebrand charac-
teristics such as shape, size, aspect ratio, mass, and FMC. These are
discussed earlier in Section 4.2 already. They observed that the flight
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paths of firebrand particles can be accurately computed by assuming
that the firebrands fly at their final velocity of fall, a velocity that de-
creases continuously as the firebrand burns. They also found that the
aerodynamic drag of a burning particle on which a constant airspeed
flows acts as a function of time mainly because its size decreases as it
burns. Furthermore, the aerodynamic drag coefficient may vary because
of shape changes and due to the combustion process. From the results of
their studies, it is possible to calculate the maximum range of possible
fire spread by firebrands of given initial characteristics, if the convection
column configuration and wind conditions are known. Fire spread by
firebrands depends essentially on the convective currents and wind
conditions in forest fires. Therefore, an accurate knowledge of these
phenomena is absolutely required in order to correctly apply the infor-
mation obtained from the basic studies on firebrands.

5.2.2. Bimodal distribution

Song et al. [77] conducted a wind tunnel experiment to study fire-
brand transport. The experiment is conducted on circular disk firebrands
of three different sizes heated by a hot plate above the ground and driven
by two different wind speeds. They observed a bimodal distribution
(burning and extinction modes) for small firebrands under certain wind
speeds. The firebrand transport distance and mass loss in the extinction
mode are smaller than those in the burning model. A semi-empirical heat
transfer analysis shows that there is a critical wind speed to quench the
firebrand and produce a bimodal distribution, and its value increases
with both the particle size and the heating duration. The
semi-empirically predicted critical wind speed agrees well with experi-
mental measurements.

5.2.3. Lofting behaviour

Tohidi and Kaye [70] conducted a series of wind tunnel experiments
with the aim of examining the trajectory of model firebrands lofted into
a wind field similar to those of firebrands lofted in the convective col-
umn of a wildfire.

In these experiments, a vertical pipe was inserted through the wind
tunnel floor, and from the pipe model firebrand particles were injected
with an initial upward velocity by an air jet into a well-characterized
horizontal wind field (see Fig. 7 for an illustration of the wind tunnel
and particle insertion location). Model firebrands were constructed of
polyurethane and were cut to form rod-like particles of different length-
to-width aspect ratios with square cross-section () = 1, 4, and 6). The
motion of particles travelling through this wind field was recorded by
digital photography and analysed using image processing techniques to
produce plots of individual particle trajectory and landing position.
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Fig. 10. Gaussian distribution fitted to the number of firebrands per square
meter at distance x.
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Fig. 11. Victoria University firebrand generators (taken from Wadhwani et al.
[88,89]).

These experiments were repeated 200 times for each aspect ratio with
three vertical and three horizontal wind speeds, producing a 3 x 3 array
of trajectory plots for each aspect ratio.

These trajectory plots and firebrand landing positions were then
analysed to obtain certain key information about firebrand transport
under these conditions, such as maximum rise height during transport
and probability density functions of downwind firebrand landing
position.

While geometric and dynamic similarity to full-scale firebrand
transport could not practically be obtained in these tests, the results still
provide useful insight into the transport process — in particular, the re-
sults were used to develop and test the performance of a detailed
computational model of firebrand transport (discussed in chapter 7).

5.2.4. Firebrand accumulation on model structures

Nguyen and Kaye [78,79] performed a number of wind tunnel ex-
periments with the aim of investigating the accumulation of firebrands
on structures. These experiments were conducted using a variety of 30:1
scale models of structures constructed with a range of ground footprints
and roof geometries, such as those shown in Fig. 8. Model firebrands
were created by pulverizing dried pine straw, which produced fire-
brands of approximately 10:1 scale relative to those found in field
conditions. Each test consisted of a single model structure placed in a
well-characterized wind field at a known angle to the direction of the
wind. Model firebrands were then released into the wind field through
an array of pipes in the ceiling of the tunnel. Once all model firebrands
had been released, the wind was turned off, and the mass of firebrands
spread across the roof surfaces was recorded. Wind speeds for these
experiments were recorded as Tachikawa numbers (K), a dimensionless
value that allows for comparison of results between scales. The Tachi-
kawa number is defined as:

2
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Fig. 12. Diagram of firebrand sampling plot and the observed distribution of firebrands [27].

where u,.f is the wind velocity measured at the height of the eave of the
model and L is the mean ember diameter.

The observed mass accumulation of model firebrands showed that
only a small fraction of firebrand mass that landed on a roof surface
would remain on the roof for more than a short duration of time. Fire-
brands were observed to accumulate along the internal corners of
certain roof geometries, where two surfaces met at an angle. When there
were no corners available (such as in the case of a rectangular footprint
building) only a negligible quantity of firebrands would remain on the
roof. For geometries that had internal corners, both the angle and speed
of wind incident on the roof had a significant impact on total mass
deposited. Increased wind speeds tended to reduce the total mass
deposited, while certain angles would create low-velocity flows over key
areas of roof geometry that allowed firebrands to accumulate.

In addition to this, it was found that for a given roof geometry and
incident wind angle there is a critical Tachikawa number (K¢) where
particles of certain dimensions will not be able to land on the roof.
Equivalently, there is a critical length L for a given rooftop geometry,
wind speed, and angle, and particles of length less than L¢ will not be
deposited under those conditions.

5.3. Firebrand dragon experiments

Firebrand dragons allow for the production and transport of burning
firebrand showers similar to those observed in field-scale occurrences,
but in more controlled conditions. Firebrand dragon experiments are
particularly useful for investigating the behaviour of firebrands landing
on a surface, penetration of roofing material and accumulation on
structures to name a few.

5.3.1. First firebrand dragon design - NIST, USA

Manzello from the NIST (National Institute of Standards and Tech-
nology) led the team in constructing a firebrand dragon (FD) that pro-
duces a controlled artificial shower of firebrands in a confined space.
The NIST FD design and working details are discussed by Manzello et al.
[80,81]. The firebrands can be loaded in NIST FD and burnt off with a
propane burner flame, while a blower from the bottom provides the
required uplift force to drive firebrands out from the bent shape (shown
in Fig. 9(a)). NIST FD can be used to study spotting distance, and fire-
brand impact on full-scale structural material such as fencing, decking,
wood joints, and roof tiles. However, in a wind tunnel facility, firebrands
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are transported in a confined space to study impacts on scaled structures.
NIST has a collaboration with the Building Research Institute (BRI) in
Japan to utilise a large-scale wind tunnel with the NIST FD for firebrand
transport.

The objective of the NIST FD is to simulate a wind-driven firebrand
shower as observed in short and medium range spotting, rather than
firebrand lofted by the convective column. The NIST FD has mainly been
used to study the impact of firebrands on structures to understand
firebrand penetration in roofing, vents, fences and decking [81-86]. The
NIST FD is flexible enough to control the amount of firebrand density to
understand firebrand release from a single tree or a forest as in WUI
conditions. Some quantitative data of such firebrand release can be
found in Section 5.1.

Zhou et al. [87] used previously obtained firebrand shape and mass
information from the tree burning experiments [73] in the NIST dragon
to study the transport of firebrands. Their study used cubiform, cylin-
drical, circular disk-shaped firebrands in different wind conditions to
quantify the spotting distance of firebrands. Their work only discussed
the longitudinal distribution of firebrands in the direction of the wind
and they fitted the data with a Gaussian function (see Fig. 10); however,
the distribution in the lateral direction is not provided.

Due to a 90° bend at the mouth, NIST FD is likely to produce non-
uniformity in the wind flow. Wadhwani et al. [88] conducted a CFD
analysis of the top pipe section of the NIST FD where a uniform inlet
velocity was initialised as discussed by Manzello and Suzuki [81]. A
uniform flow velocity of 3 m/s was initialised at the bottom of the
modelled pipe. The CFD results showed a Dean’s vortex was formed
(highlighted by dotted lines in Fig. 9(b)) near the mouth of the NIST FD.
Fig. 9(c) shows mean flow profile at the mouth showing non-uniformity.
Such non-uniformity may not affect objectives of the experimental
studies conducted with NIST FD. However, firebrand transport scenarios
studied by a firebrand generator with uniform flow are easier to simulate
with CFD models.

5.3.2. Two concentric pipe firebrand generators

Wadhwani et al. [88,89]constructed firebrand generators using two
concentric pipes to produce a uniform flow of firebrand particles. The
objective of their firebrand generator was to produce firebrand particles
that were used to validate and improve the Lagrangian particle
sub-model of Fire Dynamics Simulator (FDS). Wadhwani et al. [88] have
discussed the design and construction of the prototype firebrand
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Fig. 13. A post-fire satellite image of the Pinelands National Reserve (PNR)
burning plot in 2016 prescribed fire. The X, Y, Z firebrand collection sites (FCS)
are represented by triangle that are located at the right side of the road. Fire
Behaviour Packages (FBP) represented by dots are established on the left side of
the road opposite the FCSs. The wind direction is WNW (taken from Filkov
et al. [10]).

generator (made of plastic) used to study the transport of non-burning
cubiform and cylindrical firebrand particles. The stainless steel gener-
ator (dubbed as VUSSG) is quite similar to their prototype, however, it
can produce different flow Reynolds numbers and can accommodate
burning or partial burning firebrands [88,89]. Both generators are
shown in Fig. 11.

Wadhwani [88,89] measured velocity profiles, particle velocities
and particle distribution of the mouths (firebrand outlets) of both gen-
erators and used them as the input parameters for transport modelling
using FDS. He also measured landing distributions of burning and
non-burning firebrands on a gridded surface to quantify the suitability of
the FDS Langrangian particle sub-model.

5.3.3. Vertically feeding firebrand shower in wind tunnel

To study convective plume driven firebrand transport using NIST FD,
the FD exit mouth needs to be oriented upward and the FD needs to be
placed in a wind-tunnel or under the influence of ambient wind. How-
ever, Hashempour [90] noticed strong reverse flow within the FD in
such configuration. To avoid this, he constructed an ember shower
simulator (ESS) that creates an artificial firebrand shower vertically. The
design consists of a wind tunnel which includes an inlet duct, a
contractor and a test section with a firebrand generator mounted below
the wind tunnel. The fan blows air into the wind tunnel, and the air
passes through the contractor before entering the test section (for
detailed design and working see Hashempour [90]). However, the
design eventually produced a wind-driven firebrand shower. Hashem-
pour & Sharifian [91,92] used ESS to test the standard firebrand guard
meshes that are being used for protection purposes against the firebrand
shower of firebrands with an average projected area of firebrand from
2.5 to 16 mm>.

Hashempour [90] observed two mechanisms of firebrands passing
through the screens (firebrand guard). Some firebrands shatter into
smaller firebrands which were called secondary firebrands and then
passed the screen opening. Some other firebrands, that were less
vulnerable, keep burning behind the screen to reduce their size and pass
through the screen opening. He observed that the combination of the
buffer zone between firebrand screen guard, fuel, and screen remarkably
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reduced the number and size of firebrands on the fuel bed.

6. Field-scale experimental study

To the best of the authors’ knowledge, only two field studies have
been carried out to quantify firebrand spotting, Project Vesta [27] and
Filkov et al. [10,48,93].

6.1. Project Vesta, Australia

Project Vesta [27] was a project by the CSIRO to develop an
improved model of fire propagation in Eucalypt forests. This project
involved detailed measurements of multiple significant factors that
impact fire propagation in field-scale burning experiments. These mea-
surements include detailed profiles of fuel load and distribution at
several heights within the forest, wind profiles, fuel moisture content,
and firebrand landing densities downwind of the fire front.

The experimental setup of this field-scale study consisted of multiple
200 x 200 m plots of eucalypt forest at two different sites (“blocks™) in
Western Australia — the McCorkhill Block and the Dee Vee Block. Each of
these sites offered different fuel distributions and ages, McCorkhill
having a dense layer of shrub beneath the canopy, and Dee Vee having a
sparse understorey. At each of these sites, different plot areas were
selected based on the age of fuel in the plot.

For a selection of plots in this study, an area downwind of the plot
was set up to measure the distribution of firebrands. A series of large
plastic sheets were laid out on cleared areas of ground perpendicular to
the direction of the wind. Firebrands that landed on the plastic sheets
would leave a clearly identifiable burn mark or hole, allowing for ac-
curate measurement of firebrand landing density over the area of the
sheet. Short-distance spotting was recorded by researchers tagging in-
dividual spot fires as they occurred. A row of anemometers were placed
upwind of the ignition line (see Fig. 12a) to measure the wind velocity.

After detailed data on fuel load, moisture content, and sub-canopy
wind speeds were recorded, each plot was burned by igniting a 120 m
line at the upwind edge using drip torches. Firebrand distribution data
was analysed for four cases. These distributions were plotted as contour
maps (an example is shown in Fig. 12b) and analysed.

Based on these analyses, Project Vesta found that firebrand distri-
bution parallel to the wind can be approximated as an exponential
function and distribution perpendicular to the wind as a normal distri-
bution. Landing density downwind of the fire is approximated by:

D/b = Doeiald (22)
where Dp, is firebrand landing density at a given distance d downwind of
the fire, Dy is firebrand landing density at the edge of the fire, and a3 is a
constant.

For distribution along a transect perpendicular to the wind, the
landing density is approximated by:

Dy = Dy () /e (23)
where, Dy,q is the maximum landing density that occurs at a distance
dmax, and c3 is a constant.

Fuel age was found to significantly increase the number of firebrands
generated, closely corresponding with the observed change in bark
thickness with age. Short-distance spotting (up to 50 m) was found to
occur first as a near-simultaneous ignition of multiple fires shortly after
the fires reached a firebreak, followed by intermittent spot fires for some
time afterwards. Longer-distance spotfires were observed out to a dis-
tance of up to 1145 m, but typically landed within approximately 250 m
of the fire front and were considerably less frequent than spot fires
within 50 m. A provisional model of firebrand distribution was devel-
oped from this analysis using the parameters of predicted fire rate of
spread, fuel hazard score, and above-canopy wind speed as a series of
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tables. These tables are given in Appendix VIII of the Project Vesta report
[22].

6.2. Pineland National Reserve (PNR) in new Jersey, USA

A series of prescribed forest fire experiments were conducted in
Pineland National Reserve (PNR) in New Jersey in the USA from 2013 to
2016 (a burnable plot is shown in Fig. 13) [10,48,93] to quantify the
characteristics and flux of firebrands during the management-scale
wildfires. Thermal image recording and video footage analysis were
also used to measure the firebrand velocity, size, number, and firebrand
shower durations at the particle collection plots [10].

More than 70% of firebrands were found as bark slices and the
remaining were shrubs and the branches of pine. Most of the firebrands’
mass lay between 5 and 50 mg while 30% of them were 10-20 mg [10].
The majority of firebrands had the size of (5-20) x10~° m? that has a
good agreement with the real fires such as Angora [49,72]. The number
of firebrands decreased with increasing firebrand area similar to the
single tree burning experiments of Manzello et al. [50]. The measured
velocity of firebrands ranged 0.1-10.5 m/s with an average of 2.5 m/s
[10] under the influence of wind. Processing of thermal image recording
showed that the firebrand particles in the airflow increased in number
up to 180 pes/s [10] in a 1 m® control volume starting from a distance of
13 m ahead of the fire front.

It was found that the temporal and spatial variations of firebrand
fluxes were directly linked to the intensity of the fire that was measured
based on the surface fuel consumption in the experiment of 2016 [93].
The averaged wind velocity (1.4 + 0.6 m/s) and the ambient tempera-
ture (13 °C) of the environment were monitored at a meteorological
station located at the burning plot as the experiment proceeded. The
firebrands were collected at three firebrand collection centres (FCS) in
the downwind region where location specified fluxes were recorded as
0.82, 0.9, 1.36 pes/m?/s for the fire intensities ranged from 7.35 +
3.48 MW/m to 12.59 + 5.87 MW/m [93]. Firebrand flux was positively
correlated with the higher fire intensity and shorter distances from the
fire front and vice versa. As per visual observations coupled to the local
fire behaviour measurements show that firebrand showers occurred up
to 100 m ahead of the fire front at collection sites for a certain time
interval depending on the movement of fire at a yield spread rate of
0.289 m/s [93].

The firebrand size distribution results show the majority of fire-
brands are less than 30 X107° m2. The percentage reduction of smaller
firebrands (<20 X10~° m?) is relatively consistent with the increase of
separation distance and considerably varies for larger firebrands [93].

7. Computational fluid dynamics (CFD) simulations

The Computational Fluid Dynamics (CFD) simulations are recog-
nized as viable alternatives to studying firebrands experimentally. These
simulations facilitate overcoming the limitations of financial resources,
human resources, safety precautions, and the requirement of advanced
technologies to conduct laboratory-scale and field-scale experiments. A
number of open-source and commercial models are being used, of which
some models have been validated with a range of experimental studies.
There are multiple studies conducted by CFD modelling to understand
the physics of the key processes of firebrand behaviour. Some of them
have focused on a single aspect while others considered multiple aspects
of firebrand behaviour.

Firebrands are considered point particle or spherical shapes in Tarifa
et al. [59] model (Section 4.2) and Albini model [47] (Section 4.3),
however, in real fires irregular shapes occur, not necessarily ideal shapes
as assumed. CFD-based fire models solve an approximate form of the
Navier-Stokes equation with a low-Mach number approximation. Most
of the firebrands observed in real fire are generally irregular-shaped,
rod-shaped or disk-shaped [10,48,81,94]. Thus, their aerodynamic
behaviour would be different from the previously assumed ideal-shaped
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firebrands. CFD-based models account for the shape of firebrand parti-
cles along with the combustion parameters such as described in
Woycheese and Pagani [69]. They studied the transport of disk-shaped
firebrands in 2D convective plume which considered the effect of fire-
brand shape in the spotting behaviour of firebrands. This section high-
lights the significance of firebrand modelling addressing the type of the
source code (commercial and institutional code, in-house code), trans-
port mechanism (fire, plume, and wind), and state of firebrands
(ambient temperature, hot, or burning).

7.1. Commercial and institutional codes

Out of many developed CFD codes, some are freely available to use
and others are served for commercial purposes or institutional research.
FDS [95] is an open-source code developed by the National Institute of
Standards and Technology (NIST), USA while ANSYS [96,97] is a
commercial code that is widely used in firebrand modelling. Institu-
tional codes such as Weather Research and Forecasting (WRF) [98] are
used to spin up turbulent boundary layers by Large Eddy Model (LEM) to
facilitate firebrand transport in some studies. As a product of Los Alamos
National Laboratory (LANL), HIGRAD/FIRETEC institutional code is
used to model coupled interaction between fire, fuels, atmosphere and
topography to include firebrand dynamics [99]. The applications of such
commercial and institutional codes to investigate firebrands’ spotting
and the effect of the state of particles are discussed in detail in sections
7.1.1to 7.1.3.

7.1.1. Firebrands transported by fire buoyancy

In this subsection, studies are reviewed where combustion is
modelled. It may be through specifying a HRR or pyrolysis rate (PR)
where HRR = PR x heat of combustion, or modelling the pyrolysis
process followed by modelling a chemical reaction between pyrolyzed
fuel and oxygen. The inclusion of combustion processes generates more
realistic turbulence around firebrands.

Koo et al. [99] carried out physics-based coupled fire modelling for
the transport of cylindrical and disk-shaped firebrands. In this model,
the wind field is generated using HIGRAD/FIRETEC [100] combined
with the wildfire model developed by the LANL to provide turbulence
including detailed wind flow for firebrand transport. The drag and lift
forces on the firebrands are calculated based on the particle geometry,
relative wind velocity and combustion. They carried out two broad sets
of simulations representing surface fire only and another representing
crown fire including the surface fire. The spot ignition hazard was
evaluated and found disc shape firebrands travel further than cylinders
as discs are aerodynamically more favourable. The disk-shaped fire-
brands have larger drag/weight ratio when their attack angle (angle
between axis of particle and wind) is assumed to be 90° which assisted in
developing higher buoyant force for farther travel. The travel distance of
firebrands generated from canopy fires is found larger than the fire-
brands coming out from surface fires by this study.

Wadhwani et al. [101] carried out a parametric study for the trans-
port of firebrands inside a forest canopy using a physics-based fire
model, FDS. The objective of their work is to showcase the capability of
their validated fire model to understand the dispersion of short-range
firebrands inside an idealised forest. They explored the effect of fire-
brand characteristics (shape, size, initial temperature, and initial height)
and fire intensity on firebrand distribution. The streamwise distribution
of firebrands was observed and found qualitatively similar to the field
measurement/observation for short-range spotting carried out for
Eucalyptus vegetation [27,102] and Pine plantation [93]. The sphericity
and mass of firebrands critically affect the landing distribution in the
streamwise and crosswise directions. For approximately the same mass,
a firebrand with a lower value of sphericity travelled farthest in the
streamwise direction and dispersed more in the crosswise direction. The
maximum spotting distance (within which 95% firebrands land) and the
dispersion of the firebrands in the crosswise direction are also
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significantly affected by the sphericity and mass of the firebrand. The
spotting parameters, such as median of spotting, first and third quartiles,
and maximum spotting distance in streamwise and crosswise directions,
are found to increase with the intensity of the surface fire. The fire-
brand’s initial temperature is found to have minimal impact on fire-
brands which remained inside the forest canopy. However, its effect on
firebrands which travelled beyond the forest canopy is inconsistent with
the initial temperature. The initial height of the firebrand appears sig-
nificant to the final firebrand distribution. In almost all cases, the fire-
brands released from the trunk region travel a shorter distance than the
firebrands released from the crown region.

Wickramasinghe et al. [103] numerically estimated the firebrand
generation rate through inverse analysis using FDS from a Pitch Pine
forest burning following the field experiment conducted by Thomas
et al. [93]. The fire intensity was prescribed while maintaining the
environmental conditions such as average wind speed, relative humid-
ity, and ambient temperature same as the experiment. The fuel load and
the characteristics of Pitch Pine Forest (tree height, dimensions of
vegetation particles) were modelled. The firebrand landing flux at the
downwind of the fire was reasonably matched with the experiment by
trial and error. The firebrand generation rate was found as 4.18
pcs/MW/s (pcs-pieces) - correlated to the fire intensity by this
technique.

Following the numerical study of Sardoy et al. [104,105], firebrands
combustion was investigated by Menzemer et al. [106] accounting for
the changes in size, shape, and the flow dynamics around the particles
during transport using FDS. The potential of starting an ignition was
categorized based on the state of firebrands which are flaming, smoul-
dering, inert hot and inert cold. The pyrolyzing of firebrands was
modelled considering the Arrhenius equation’s first-order reaction rate
in this study. The firebrands exposed to higher temperatures were fully
pyrolyzed during first few seconds, while the firebrands that were
exposed to lower temperatures remained intact for a longer time
showing lower cooling rates. Depending on the product of firebrand
initial density @}4’0) and the thickness (7), the dynamics of firebrands
lifting by the plume was also determined in this study. It was found that
when p}’o x 7 > 1, the firebrands do not lift and p}"o x 7 < 0.6 resulted in

particles lifting and travel at least 50 m from the fire.

7.1.2. Firebrands transported by plume

Focusing on the simplicity of the models, some studies used a plume
instead of a fire to create the necessary buoyancy to lift firebrands and
subsequently to transport blending with the horizontal wind. The fire-
brand terminal velocity is examined for long-range spotting by Thomas
et al. [98] using combinations of codes. The WRF atmospheric model
was used in LEM to simulate the turbulent boundary layer and a plume
was introduced by modifying the WRF-Fire code. The constant terminal
velocity and the variable terminal velocity were investigated and found
that either version overestimated the firebrand landing density
compared to simulations in which the terminal-velocity assumption is
not made.

7.1.3. Firebrands transported by wind only

Wadhwani et al. [107] used two firebrand generators (shown in
Section 5.3.2) to study the transport of non-burning cubiform, cylin-
drical and square-disc firebrands and used only cubiform firebrands as
burning firebrands. They observed that FDS [95] is capable of estimating
firebrand distribution and could reproduce experimental findings. It was
found that using general shape-dependent drag models (such as Haider
and Levenspiel drag model [108]) could produce comparatively similar
or better peak location of landing contours and longitudinal distribution
of firebrands with the experiment than using inbuilt drag models of FDS
which are applicable only for two shapes (spherical and cylindrical)
[89]. Furthermore, it was also observed that the lateral distribution
could not be improved as the point particle assumption of FDS restricted
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the secondary motion (rotational motion) of the particle which signifi-
cantly contributed to dispersion.

7.2. In-house codes

The governing equations of fire-driven fluid flows and dynamics of
firebrands are solved by specific solving techniques such as Runge-Kutta
[109] method or Euler scheme [110] presented as in-house codes in
some studies. The OpenFOAM libraries [111] and UK Met Office LEM
[112] are used in some simulations to examine the behaviour of fire-
brands in different transport mechanisms. The investigations conducted
by in-house codes focusing on firebrand transport and their state are
presented in detail in sections 7.2.1 to 7.2.2.

7.2.1. Firebrands transported by fire buoyancy

Like subsection 7.1.1, in this subsection, studies are reviewed where
combustion was modelled. However, in these studies in house codes
were used.

Sardoy et al. [105] investigated the combustion and dispersion of
firebrands from burning trees numerically. A three-dimensional (3D)
CFD model is used to precompute the steady-state gaseous flow and
thermal fields induced by a crown fire into which firebrands are injec-
ted. The conservation equations are solved using the finite volume
method with a second-order backward Euler scheme for time integra-
tion. The different approaches such as second-order central difference
scheme, ULTRASHARP, PISO algorithm, and tridiagonal matrix algo-
rithm (TDMA) were used to solve the diffusion term, convective term,
pressure-velocity term, and resulting linear algebraic equations for each
variable respectively. According to the outcomes of this study, the
product of firebrand initial density (p}"o) and the thickness (r) de-

termines the shorter and longer distance landing. It is found that most of
the firebrands landed at a shorter distance frequently showed a flaming
state while the firebrands landed at a longer distance showed a charring
state. It concludes that shorter distance firebrands pose a higher fire
danger because of the flaming state and the high remaining mass at the
impact.

7.2.2. Firebrand transported by plume

In this subsection, like subsection 7.1.2, studies are reviewed where
no combustion was modelled. Instead, buoyancy is generated by using a
hot plume. As subsection 7.2.1, in these studies in-house codes were
used.

Himoto and Tanaka [94] used large-eddy simulation (LES) to simu-
late the transport of disk-shaped firebrands in a 3D convective plume.
They modelled the lofting of firebrands from the ground with the
convective plume and transported them with the turbulent boundary
layer ahead of the plume. In their model, the maximum height a fire-
brand can achieve is described as a function of HRR, the density of air
and firebrand, ambient temperature, and the width of the particle.
Similarly, streamwise travel distance is derived with driving wind ve-
locity, maximum height, and the heat source. Their numerical results
were generalised reasonably well with a new non-dimensional param-
eter (B") (Eq. (27)). In their modelling, the maximum height (Y;,) (m)
firebrand achieved is described as,

waraw) ()
p.C1d ) o)

where Q is HRR of surface fire (kW), Pa> Ps are the density of air and
firebrand (kg/m3), T, is ambient temperature (K), D, is the width of the
disk particle.

Y, = (24

Moreover, streamwise travel distance (xl/,) (m) from the maximum
height
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here U, is reference ambient velocity (m/s). x}, is the distance only from

x’p =V2 (25)

the maximum height not the complete distance from the source of the
fire. However, X, represents the total distance of spotting, and corre-
lated with x'p as some functional correlation,

Xn=f (x,p)

normalising Eq. (26) with initial height of firebrand above the ground
(h,) as the characteristic length scale to define the dimensionless
parameter (B”),

(26)
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h(7
Moreover, they developed the firebrand distribution in the form of

scattering distribution function in the x-direction as p(x),

(lnx - /'{L.,x‘)z
207,

1
X)= €X —
p(x) o p{

} (0<x< ) (29)

with x as the streamwise travel distance and HLx and o; , are the mean
and standard deviation of In(x). These are calculated with y, and oy
(mean and standard deviation of x):

Hy=1In #201@— = (30)
1+ (0A /ﬂ)
Finally,
%24 <153

ﬂx/h(, =047B 6X/h0 =0.88B °, [€2D)
Hy/p, =00,/ =0.92. (32)

The scattering distribution function in the y-direction as q(y),

2
1 O0-n)
= e - - —00 <y< ). 33

q(y) N Xp< 207 (-0 <y< ) (33)

with a new non-dimensional parameter with a characteristics length
scale which is the initial height of the firebrand above the ground. This
study can be expanded to include the phenomenon of change of fire-
brand mass, shape, or aerodynamic coefficients due to firebrand
combustion.

The firebrand lofting, propagation and deposition were investigated
by Bhutia et al. [113] in a classical 2D plume model and also in an
LES-based 3D coupled fire-atmosphere model. The firebrands were
released from a moving grassfire that was developed with coupled
atmospheric-wildfire induced circulations. For both non-combusting
and combusting particles, the motion of spherical particles was
derived based on drag and gravity forces. The firebrand trajectory path
was then decomposed into x, y, and z directions by including external
forces and integrated numerically using a fourth-order Runge-Kutta
method. The comparison of spotting distance obtained by classical
plume model and coupled fire-atmosphere LES show a significant dif-
ference in this study. It was found that the higher the release height of
firebrands, the longer the spotting distance. The downwind motion of
the firebrands mainly depends on the mean wind component and the
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lateral motion by the fire-induced fluctuations. Further, the results
revealed the burning firebrands fall faster than the non-burning fire-
brands and the differences in the trajectories also significant.

A coupled fire-atmosphere LES simulation was applied by Pereira
et al. [114] for studying the maximum spotting distances for spherical
shaped firebrands with a wide range of sizes. An equivalent volumetric
heat source was used in the idealised forest fire from which the
Lagrangian points representing spherical firebrands were released
randomly. The firebrand transport model was defined by a system of
differential equations assuming only drag and gravity contribute to the
motion of point particles. Further assumptions were made for the vol-
ume of particles, which remain constant during drying and pyrolysis
processes, while particle density also remains constant during char
combustion. The Arrhenius equation was applied for the rates of mass
loss due to drying and pyrolysis processes. The unsteady form of the
momentum, energy and scalar concentration equations was used for the
discretized domain with a finite volume method. The spotting distances
obtained for different fire intensities were compared with the maximum
distances obtained by the Albini model [44]. They found the spotting
distances for a 2000 kW/m short grass fire compared satisfactorily with
the Albini model and underpredicted by 40% for a higher intensity
50000 kW/m fire. There are significant assumptions made in the
simulation that can be improved. The adoption of unsteady fire structure
can make simulation more realistic, while the particle drag, and
spherical shape assumption may be improved.

After completing the experiments referred to in Section 5.2.3, Tohidi
and Kaye [111] ran simulations with the same initial conditions with a
3D six-degree of freedom firebrand transport model in OpenFOAM. The
velocity field of the plume in non-uniform cross-flow boundary layers is
resolved by time-varying LES simulations in this model. It was found
that the developed model could predict the first and second order sta-
tistics of the flight of firebrands in relation to the experimental data.

Anthenien et al. [115] extended the work of Tse and &
Fernandez-Pello [109] for wooden firebrands with different shapes such
as the cylindrical, disk, and spherical that were lofted or released from a
certain height in a buoyant plume. They simulated firebrand transport
considering different terrain and wind conditions. Their study showed
that for firebrands of equal initial mass, disks travelled the farthest and
had the highest remaining mass fraction upon impacting the ground.
While, spheres are carried the shortest distance, and cylinders have the
smallest mass fraction upon impact. They also observed that higher
surface burning temperatures are found to lead to a shorter propagation
distance.

Thurston et al. [112] carried out a long-range spotting simulation
with the in-house code of UK Met Office LEM for firebrand particles
falling at their terminal speed to study the effects of turbulent plume
dynamics on spotting patterns both in the lateral and longitudinal di-
rection. Their study focused on understanding the dynamics of buoyant
plumes generated by a surface fire to transport firebrands from a certain
height. They assumed that the firebrands are released from 50 m above
the ground (which is their first grid cell) which represents a high fire
intensity scenario with aerodynamically efficient firebrand production.
The above assumption is valid from the computational resource and
hence surface fire, and the sub-grid wind are not fully resolved, and
firebrands are assumed to fall with the terminal velocity. Their study
showed that turbulent plume dynamics have a noticeable impact on the
maximum spotting distance and the amount of spread (lateral and lon-
gitudinal direction) in the firebrand landing position. In-plume turbu-
lence causes much of this spread and can increase the maximum spotting
distance by a factor of more than two over that in a plume without
turbulence in their simulation.

7.2.3. Firebrand transported by wind only

Tse & Fernandez-Pello [109] carried out numerical modelling for
copper and aluminium-based metal firebrands releasing from power
cables, and wooden firebrand particles coming from a tree. The work
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Fig. 14. Mountainous terrain and spotting source location for the maximum spotting distance model in BEHAVEPLUS (taken from Ref. [119].

focused on understanding the firebrand trajectory ejected at a certain
height from the ground in the surface layer flow (30-50 m from the
ground) and their potential to cause spotting. They solved the coupled
ordinary differential equation representing mass, energy and mo-
mentum conservation using a Runge-Kutta method [116]. According to
the results, the wooden firebrands fly the greatest distance followed by
aluminium and copper particles under the same wind conditions. The
wooden firebrands burn heterogeneously and can land in a still-burning
state. However, metallic firebrands carry more heat than the wooden
counterparts claiming a higher potential to start an ignition as found in
this work.

Kortas et al. [110] carried out a 2D numerical approach for firebrand
transport by solving a set of partial differential equations using the Euler
scheme. The integration process of equations is continued to determine
the horizontal and vertical velocities of firebrands to find the travel
distances, mass, and diameter variations of firebrands due to pyrolysis.
However, the work utilises random initial conditions for firebrand
which uses the probability distribution function deduced from the
experiment of Manzello et al. [80] as input value which could be the
reason for acceptable agreement with the experiments. It is to be noted
that firebrand flight is 3D and the 2D assumption is used in this study.
They compared only longitudinal distribution against the experimental
result for glowing cylindrical and circular disk firebrands published by
Manzello et al. [80] using the NIST FD. Their observation was not
compared against the lateral distribution (which is significantly
important for non-spherical firebrand particles) which suggests the
further simplification of simulation compared to the experimental
setting.

7.3. Strengths and weaknesses of computational models of firebrands

The models described in sections 7.1 to 7.2 broadly explain the
importance of one or a few parameters of firebrand behaviour under
different fire-weather conditions. The reliability of some of these models
[88,96,103,107] has been exhibited through validation against experi-
ments. The ability to simulate many events controlling different pa-
rameters is an advantage of these CFD models. However, still, there is
space for an integrated system with the completeness of firebrand gen-
eration; transport by fire-induced buoyancy and the driving wind;
deposition/landing and secondary ignition due to the heat transfer be-
tween firebrands and landed surface. The least discussed aspects such as
the interactions between the firebrands in a cluster of particles, the ef-
fect of irregular geometry and the rotational movements of particles for
transporting, firebrand breakage from vegetation and combustion pro-
cesses with accurate thermo-physical properties are also needed to
examine in depth. The changes of mass and the shape of firebrands due
to combustion and pyrolysis during flight cause variations of instant
resultant forces exerted on them. This leads to changing their trajec-
tories and spotting distance and as some studies [94,105,114] used, as
the assumption of constant mass and shape of firebrands may not

18

realistic. Therefore, the models’ validity can be improved by accounting
for both mass and shape changes of firebrands with time during
transport.

As some models generalizing firebrand transport only by plume ef-
fect is not adequate to neglect the effect of wind, turbulence and particle
interactions and their influence on firebrand transport and deposition.
Modelling fires with relevant HRR and permitting to create buoyancy by
fire and surrounding flow interaction is encouraged in CFD models for
firebrands lift and transport. The solution procedures used in each
computational code can differfrom one code to another creating de-
viations of results for a same fire event. We can assume institutional
codes will specify and involve more physics to represent the coupled
effects of fire and weather and their influence on other branches such as
firebrands spotting and ignition. Conducting comprehensive validation
processes is essential to increase the reliability of these CFD models.
Investigating these aspects is still required in the computational
modelling of firebrands to create a reliable integrated system to quantify
the firebrand risk.

8. Operational model for spotting

There are multiple empirical, simulation and experimental studies
available for the aspect of firebrand landing distribution, however, there
is no comprehensive yet versatile approach for the application of these
to operational fire spread models. There is a continuing demand for
quick and efficient operational tools for firebrand management. Some of
the operational platforms use Albini’s empirical model (section 4.3) for
spotting, for example, FARSITE [117] and BEHAVEPLUS [118]. From
our previous discussion, we understand that Albini’s model accounts for
the maximum landing distance of firebrands, but it does not include any
model for the spread of firebrands landing. Both these operational
models use firebrand generation functions of Muraszew and Fedele [45].

FARSITE [117] uses a model based on Albini’s [47] equations for
spotting from torching trees. Torching trees produce many firebrands
and are capable of lofting them high into the ambient winds. Therefore
these are considered as a consistent source of firebrands. In FARSITE,
instead of Eqs (13) and (14), firebrand’s rate of travel in the horizontal
direction (X) is determined by the windspeed at that height that de-
creases logarithmically toward the top of the canopy (h):

dx ) z | h
—=up In| — n{—
dt g 2 2

where, z is the vertical position of firebrand calculated based on an
equation similar to Eq (8), 2, is the friction length (0.4306 h) and uj, is
the windspeed at height h

(34

Up120

(35)

up

Based on Egs (34) and (35), the distance is calculated where the
firebrand contacts with the ground surface.
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BEHAVEPLUS [118] has burning pile and wind-driven surface fire
models, besides a torching tree model. It may be noted that burning pile
and torching tree models are for long range spotting, whereas the
wind-driven surface fire model is designed to predict intermediate-range
spotting. Short-range spotting such as debris blowing just across a fire
line is not considered. The “maximum spotting distance” are calculated
under “ideal” conditions Chase [64] models (Eqs (9)-(14)). BEHAV-
EPLUS has four choices for spotting source, depending on the location of
the fire in relation to the wind direction: ridgetop; midslope, leeward
side; valley bottom; midslope, windward side (as shown in Fig. 14).

For the fast-moving eucalyptus forest fires, the Australian wildfire
simulator, PHOENIX RapidFire [120], has included a module for fire-
brand transport where the quantity of firebrands generated is deter-
mined by the convective strength of the fire. It is assumed that due to the
nature of Australian fuels, there is an order of magnitude more embers
and some types can stay alight for long periods and traverse long dis-
tances compared to North American fuels (Ellis [23]). Therefore,
PHOENIX uses a uniquely developed convection and surface wind model
for firebrand transport, where fire-driven convection plays a key role in
lofting embers. Short distance ember ignitions are included in PHOE-
NIX’s McArthur’s forest model as an inherent part of the fire propaga-
tion mechanism (within 200 m of the firefront). The PHOENIX spotting
model is designed for longer distance firebrands. Firebrands are trans-
ported at the speed and along the direction of the surface winds - thisisa
major limitation.

The firebrand generation from a burning cell is scaled between the
arbitrary range of 0 and 60 embers/m? based on the cell’s bark load
(McCarthy et al. [121]).

1
(14108 x exp(— 1.2 x Bark load))

available firebrand = (36)

The proportion of available firebrands launched and theoretical
maximum ember ‘hang-time’® in minutes are dependent on the
convective strength at the cell’s centre and are given by Eq (37) and
(38).

firebrand porportion launched =1.032

— exp (4‘5 x 1075 x Convective Strength) (37)

hang time = 0.6 x Convective Strength /10000 (38)

It is assumed that only a small proportion of all the firebrands
launched, will reach the ground in a condition that could result in
igniting a spot fire while the majority will be burned in air. An
assumption is made that the total number of viable firebrands reaching
the ground is inversely proportional to hang-time.

hang time

total viable firebrand = firebrand launched x exp(—9 X 35

) (39)

For each launch event, an empirically fitted ‘resultant’ spatial fire-
brand density distribution is used for each launch event and distributed
across the landscape. According to Sardoy et al. [104] the best fit to
observed spotting patterns can be provided by a Weibull/bimodal dis-
tribution. In a Weibull distribution based on hang time, for small
convective values, the majority of firebrands are assumed to fall within a
short time of launch at a short distance, however, as the hang-time in-
creases, the majority of the firebrands land at a greater distance. Lateral
firebrand distribution is also modelled using a Weibull function. Overall,
the firebrand distribution is bimodal (wind dominated or plume domi-
nated) along the travel path and perpendicular to the travel path fire-
brands are normally distributed with a standard deviation derived from
the lateral spread Weibull function.

PHOENIX RapidFire also includes an ignition probability model

8 represents the maximum time a firebrand ember can remain aloft.
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(based on FMC) for the spot fire spread. For this model, the fire spread
due to spotfire was calibrated for eucalyptus forest which needs recali-
bration for other types of fuels [122]. The new operational platforms like
WREF-SFIRE [123] and FOREFIRE [124] are fast and allow coupling
between fires and atmosphere for better representation of atmospheric
conditions, but they don’t have any module for the spot-fire behaviour.

9. Future direction of research

By reviewing over a hundred articles, we can observe that firebrands
generation, transportation, landing and the ignition of fuel beds or
structures are the main aspects that have been studied in the past, mostly
in isolation. Quantification of firebrand generation is one of the funda-
mental aspects which received little attention until recently. Hardly any
studies have been conducted to directly measure firebrand generation
(as a function of HRR or mass loss rate) from trees or forest burnings
from the crown locations. Using infrared or other sophisticated cameras,
followed by machine learning-based image post-processing firebrand
generation rate could be measured.

The firebrand generation rate can vary due to numerous factors
including vegetation type, fuel load, relative humidity (RH), air tem-
perature, and driving wind velocities. Some studies were conducted to
understand the variation of firebrand landing distribution (via collecting
firebrands in collection trays away from the burning vegetation) as a
function of these parameters. Attempts have also been made to inter-
polate firebrand landing data to obtain the firebrand generation rate at
the source (crown locations). However, there is a need to integrate all
these data to generate a simple model of firebrand generation rate as a
function of HRR (includes both convective and radiative strength).
Further adjustments can be made as a function of driving wind, fuel
species and FMC (usually FMC captures the effect of RH and air tem-
perature). This simple model could be used for providing input values
for a physics-based model to model trajectories of firebrand transport
from the source to the landing surface (ground, another tree or forest, or
structure).

There is also a need to expand the experimental work on firebrand
generation rate to include diverse vegetation types, including eucalypt
species, to aid in benchmarking the transferability and applicability of
data from around the world.

Physics-based models can simulate pyrolysis rates leading to com-
bustion. A firebrand break-off model can also be included. However, for
field-scale simulation using these options can be computationally
enormously expensive. The option described in the immediately previ-
ous paragraph is a viable option with the current level of computational
resources available. However, in the future, computational resources
will increase, allowing the possibility of developing physics-based
models which include firebrand generation rate as a function of dry
mass loss rate. Both pyrolysis and firebrand generation are included in
dry mass loss. Appropriate proportion needs to be provided from
experimental studies.

For operational forecasting, which needs an ensemble of many
parametric simulations, the use of physics-based modelling is still de-
cades away. In Section 8, the current state of the firebrand submodel
within operational models have been described. The submodels are very
coarse approximations and primarily include landing distance of fire-
brands and some lateral dispersion. Experimentally validated physics-
based models can be used to simulate a variety of wildfire conditions
and develop a more refined, but computationally inexpensive model for
landing contours to be used in operational models.

Investigating the effect of the sub-canopy wind and height from
which firebrands are released could be a branch of future research to
investigate the spotting distance and ignition potential. It is evident from
various literature reviewed earlier that the sub-canopy wind has a major
role in controlling the generation, transport and ignitability of these
firebrands. During a fire spread, the burning of vegetation reduces the
density of fuel and generates convective plumes; these result in changes



R. Wadhwani et al.

in the sub-canopy wind.

Furthermore, the ignition process (and then sustaining and growing)
of surface fuel or structures when interacting with a firebrand is complex
as observed in the literature and other reviews. Most of the studies are
carried out in a controlled laboratory environment using a regular-shape
or idealised metallic firebrand particles. The interacting surface (where
the heat transfer occurs) of firebrand and fuel is difficult to understand
and significantly computationally expensive. Experimental studies
should be conducted on ignition by firebrand to develop simple equa-
tions for operational models. The equations may be related to threshold
conditions of fuel bed characteristics (bulk density, fuel bed packing
factor, fuel load, fuel height, fuel moisture and thermal diffusivity) and
atmospheric conditions (temperature, relative humidity and wind ve-
locity) that coupled with spotting distribution model will assist in
improving the accuracy of operational models.

10. Conclusion

A significant proportion of the risk posed to communities by wildfires
is ultimately caused by firebrands. Spotting may substantially increase
the rate of spread of wildfires given the right conditions, and a large
proportion of wildfire-related property damage is caused by firebrand
attacks. Modelling the transport and distribution (deposition) of fire-
brands is therefore an area of significant importance in research. The
generation rate of firebrand is as an important aspect leading to trans-
port and deposition but is often overlooked.

The present review focuses on understanding the current state of
knowledge in generation and transport of firebrands and future direc-
tion it is taking forward. Understanding the transport of firebrands is a
relatively new research area as compared to research carried out in
understanding the fire spread modelling (with implicit effect of spot-
ting). The knowledge in this domain has been notably boosted after the
construction of artificial firebrand generators to carry out research in a
controlled environment. Utilising this equipment has opened a new
passage in understanding the dynamics behind the transport of fire-
brands and their landing distribution.

In this study, we reviewed both empirical and numerical studies
which can assist in improvement of numerical models such as compu-
tational fluid dynamics (CFD) based modelling. In turn, CFD-based
modelling will be able to assist in improving the performance of cur-
rent operational models used by fire and emergency services through
targeted parametric studies. In this review, particular emphasis is given
on short-range firebrands due to their importance and difficulty to study
other range firebrands due to resource-constraints. Studies involving
ignition by firebrands have not been included in this study as it falls
outside our focus areas. Based on our conducted review, we have pre-
sented a set of future research directions.
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