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Abstract

Spotting distance of a firebrand lofted in flow is an important mechanism of fire spread in large scale fires
such as forest fires. Many models have been developed to study the propagation of a firebrand, but only a
few focused on analyzing the aerodynamic lift on firebrand trajectories. From the modelling perspective, it
is important to ascertain the relative importance of the lift compared with the drag force. However, no such
study has been reported. In this paper, simplified models are developed to illustrate the effects of the lift on
the maximum potential propagation distances of rectangular-shaped firebrands. The effects are firstly
demonstrated clearly for non-burning firebrands. The effects of size regression and mass loss on burning-
particle are then considered. A variable-thickness-burning model is developed to account for these effects.
Two lift coefficient models, suitable for different Reynolds numbers, are considered. The results demonstrate
that the lift force can have very significant effects on the firebrand trajectories. Using the high Reynolds
number lift model, the spotting distance can be increased up to 14 times of the traveling distances calculated
without the lift. Positive effects are found over whole ranges of parameters. On the other hand, when the low
Reynolds number model is used, occasionally the lift can have very small negative effects, especially for the
firebrands at large ambient flow velocities. By comparing with the results of variable-thickness-burning
model, it is obtained that lift effects are sensitive to the inertia of a firebrand at small Reynolds and large flow
velocity. Finally, for the parameters involved in this study, attempts are made to compare their importance to
the effects of the lift. The main factor is found to be the ambient flow velocity which can significantly enhance
or weaken the lift effects. Another main factor is the incident angle. The lift effects are strengthened at
negative angles but weakened at positive ones. The lift effects are relatively weaker for higher particle
density, whereas they are mostly independent of particle initial velocity. We conclude that the lift force has
very significant effects on particle propagations, and should be considered in order to model extreme spotting
distances.

Keywords: firebrands, trajectory, aerodynamic lift, numerical models.

1. Introduction

Spotting ignition has been found to be a significant mechanism of fire spreads since at least the
1960s (Tarifa et al, 1965). The flaming or glowing pieces of wood, branches, or charcoal etc.,
commonly called firebrands, are lofted by a fire plume and transported by wind to cause new ignition
in large-scale fire. It has been shown that firebrands contribute to the spread of large-scale fires such
as the 1666 London Fire, the 1871 Chicago Fire, the 1923 Tokyo Fire, the 2006 Iversen Fire, etc (Koo,
2010). The short-distance spotting firebrands, such as barks, needles, leaves and small wood particles,
can continuously keep the fire spreading, while the long-distance spots, such as glowing charcoal, may
result in new spot ignition which is kilo meters ahead of the main fire. The latter also is the main cause
that decreases the efficiency of forest fire prevention methods used nowadays, such as firebreaks and
fire resistance barriers. Predicting the spotting of firebrands is considered one of the most difficult, yet
important problems in the study of fire spread, since it involves a board range of physical processes
including generation of firebrands, transport, and ignition of fuel at the landing position. To predict
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firebrand transport, it requires the analyses of the aerodynamics and combustion of firebrands under
various fluid and weather conditions, and the associated convective plume with different fire
intensities. The present work focuses on the transport of firebrands, in particular the effects of
aerodynamic lift. The mechanisms of the other two processes, i.e., the generation of firebrands and the
potential ignition of fuel at the landing position, are not considered.

In 1965, the transport of firebrands in combustion were firstly studied by Tarifa et al (Tarifa et al,
1965). For burning particles tested in wind tunnels, including spherical and cylindrical shapes, the
lifetime, the laws of variation of weight, and aerodynamic drag were determined as functions of time.
Flight paths of firebrands were calculated for prescribed wind conditions. Parameters of particles,
including initial shape, size, kind of wood and moisture content, were deduced in theoretical
calculations. Models for the transport of spherical firebrands with convective plume were developed
by Lee and Hellman in 1970 (Lee and Hellman, 1970). The trajectories of wood spheres in
axisymmetric swirling convective plume were analysed and compared with Tarifa’s results. Similar
paths but shorter spotting distances were found. Models of cylindrical firebrands released in a fire
swirl were developed by Muraszew et al (Muraszew et al, 1977). The aerodynamic behaviours of
cylindrical firebrands were modelled differently in three regions, and the rotation of particles were
calculated. The density variation of the cylindrical firebrands was found to be exponential in time and
the diameter regression rate. Basing on the work of Muraszew, the burning rates of various shapes
were modelled by Albini (Albini, 1979). Diameter regression rate was determined as a constant (K =
0.0064). A linear equation was developed to describe the change of terminal velocity due to the
changes of the density and the diameter of falling flaming firebrands. Models of cylindrical firebrands
lofted by torching trees were developed to predict the trajectories and maximum spotting distance.
Further, he studied the transport of firebrands by line thermal and modelled the behaviour of a strong
line thermal.

Lift effects on the propagation of firebrands were firstly considered by Woycheese et al (1999). The
maximum spotting distances of disk-shaped firebrands over Baum and McCaffrey plume were
calculated. Constant angle of attack between disk and relative wind was assumed. The enhancement
of firebrand propagation by the lift was observed. Besides, a large number of experiments were
conducted by Woycheese et al to investigate the behaviour of lofted firebrands, including the
trajectories of nonburning and combusting spheres, and wood brands of various geometries. However,
the lift force was included in the integration of the aerodynamic trajectories of firebrands only in a few
works (Himoto et al, 2005; Sardoy, 2007). A transport model for a disk-shaped firebrand in 3D space
was developed by Himoto, which was integrated alongside a Large Eddy Simulation of a buoyancy
flow. In his work, the lift coefficient was calculated by an empirical formula valid at Reynolds numbers
around 40000. Sardoy developed a numerical model for the transport of burning brands lofted in a
crown fire. A combustion model was discussed in detail including the analyses of both pyrolysis rate
and char oxidation rate.

The above brief review shows that the aerodynamic lift, as an important factor of particle transport,
has been largely missing in the models for the motion of the firebrands. The research focused on the
effect of aerodynamic lift force during particle propagations is especially scarce since the enhancement
effects from lift on spotting was found by Woycheese et al. This paper focuses on using simplified
models to highlight the effects of aerodynamic lift force on the motion of both non-burning and burning
firebrands, in particular their relative importance compared with the drag force. The effects of a broad
range of properties, including the Reynolds number, the ambient flow velocity, the particle initial
velocity and the incident angle of particle relative to ambient flow, are investigated and compared with
each other. Based on the maximum potential spotting distance determined, the lift effects are discussed
in details.
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2. Conceptualisation of models

2.1. Transport of firebrands

In the transport phase of firebrands spotting phenomenon, a mathematical model for determining
the trajectory and predicting the maximum potential spotting distance is developed. When the firebrand
exits main fire region and then glides in a constant flow field, shown in Fig. 1, it is no longer affected
by the plume from the main fire but supported by aerodynamic drag and lift forces. The coordinate
system can be simplified into two-dimensional with the assumptions that a rectangular-shaped
firebrand obeys axisymmetric aerodynamic behaviours during propagation.

Cross section of the disk

Figure 1 - Schematic representation of the transport model of a disk-shaped firebrand in the flow field.

Vs, Vriow and Vr indicate the velocity of firebrands, ambient flow velocity due to wind, and the
relative velocity between disk and air flow, respectively. The angle of attack is denoted by, a, which
is the angle between disk and relative velocity, whereas the incident angle, ¢, indicates the angle
between the disk and the horizontal direction. The direction vectors f and n represent the directions
along the firebrand and the direction of lift force respectively.

This numerical model is based on the following assumptions:

1)

2)

3)

This work focuses on determining the trajectories of firebrands in the transport phase of the
spotting phenomenon of firebrands. The particle is assumed to have already exited the main
fire zone and is released from 100 m above ground in air. The plume due to the forest fire in
main fire zone is not concluded, and the ambient flow field due to wind is assumed to be
constant in each testing cases but a board range of flow velocities are tested.

Firebrands are idealized as rectangular-shape disks with aspect ratio 1.6, and it is assumed that
the orientation of the disk remains the same during the propagation. That is, the rotation and
vibrations of the firebrand, such as tumbling and wobbling, are neglected.

As a simplified model to determine maximum spotting distance of firebrands, the aerodynamic
effects of combustion on firebrands are beyond the scope of this paper. These include the
effects on aerodynamic lift and drag coefficients due to flaming, which are neglected.
According to the study by Tse and Fernande-Pello (Tse and Fernandez-Pello, 1998), the surface
reaction of burning particles were enhanced at high Reynolds number and were not susceptible
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to be extinguished. The situation of flame extinction is thus not considered. The life time of a
burning particle is determined based on size regression and mass loss rate.

4) Itis assumed that the brands hold the shapes unchanged in combustion. Two models of burning
particles have been used based on different assumptions on the changes of particle thickness in
combustion. In the first one the thickness is assumed to be constant (Anthenien et al, 2006),
whereas in the other it is variable over time and is calculated basing on the burning constant.

5) This work aims to obtain the trajectory and the maximum sporting distance of firebrand by
considering limiting cases. The upper bonds of the parameter in this study are, for ambient flow
velocity, 10 m/s, for density, 950 kg/m?®, and for initial particle velocity, 1.0 m/s.

2.1.1. Aerodynamic forces

Aerodynamic forces exerted on the disk-shaped firebrand transporting in flow include the drag
force, Fp, the lift force, F., and the gravity combined with buoyancy, Fc + Fg, as shown in Fig. 1. The
net force on the firebrand thus can be expressed as

F=Fp+F, +At(pf — Pfiow)9

where Fp and F indicate the aerodynamic drag and lift forces respectively. The virtual mass force
and the time-history effects (Yin et al, 2003) are both neglected. In terms of the relative velocity, Vg,
and the vector along the firebrand, f, the lift force can be expressed as Vr - f. Taking into account the
fact that the agnle of attak isin the range of [-90°, 90°], the direction vecotor of the lift force, n, points
in the same direction as the following vector:

Ve X Vg) X Vg
The movment in the third direction is negelcted. The full expression of n can be presented based on
the incident angle, ¢, shown as:

_VVR,yi + VR,xj

’ 2 2
Verx +Vry

where the sign of the first term on the right hand side characterises the direction of n. Meanwhile,
the angle of attack, a, can be calculated based on both vectors, as follows:

n = (Vg cose + Vg, sing)(Vg, cosg — Vg . sing) -

a = arccos IV I
R
Note that both the drag and lift forces will be zero if the relative velocity is parallel to the direction
of the disk (when a = 0°), due to the relatively small thicknesses of the firebrands tested. Finally, the
aerodynamic drag and lift forces extered on the firebrand then can be expressed as

1
Fp ZE Cp Priow A Vgl Vg

1
F = 2 Cr Priow A (Vg)*n

where A is the objective area of the firebrand. Cp and C., respectively, denote the aerodynamic
coeffcients of drag and lift. Considering the range of Reyonlds number can be as large as 2 x 10°,
different aerodynamic coeffcients have been used to check the sensitivity of the calculations. For
relatively low Reynolds number, Re < 10%, the formular given in Zastawny et al (Zastawny et al, 2012),
are used:
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582 1556 (3541 3.63 582 1556\ .
Cp(@) = o 5aa + p 1o (Reo-% T 2o005  Rgod T Rp 1.068) sin™"(a)

12111 3.887

e (Re Tose T Re0-109

Meanwhlie, the aerodynamic drag and lift coeffcients for higher Reynolds number, up to 2 x 10°,
was determined by Ortiz et al (Ortiz et al, 2015). The comparison with Zastawny’s data showed that
the drag coeffcients showed similar trends with increasing angle of attack although with slightly
different values. The proposed emprical fits can be expressed as:

o — (a—45)3 b(a—45)2+ (a—45) 5
N ="\ 76413 26413) T \26413/) 7

CLyegse = —0.0014086 X a? +0.068014 X a — 5.8984 x 1071¢
a —42:5\ a—42.5
CL3socqesoe = —e( 6.455 ) —f( 6.455 )+g

a — 42.5\° a—42.5
Crsgecazoos = _h< 6.455 ) a k( 6.455 )+ "

where the constants a, b, c and d are given as 0.02829, 0.04068, 0.37165 and 0.68864 respectively.
For the lift coefficient, the constants e, f, g, h, k and n are 0.03125, 0.01097, 0.68219, 6.711x10°,
0.00632 and 1.1113.

2.1.2. Equations of motion

- —0.198 B 0.007
)Sm(a)o.812+o.249Re cos(a)5821-47179Re

Trajectories of the firebrands are determined from Newton’s second law of motion, shown here as:

dvy
me:FD +F +AT(pr—Priow)d
The equation above can be resolved, respectively, in the x- and y-directions as:

vy, 1

’

1
it 2 Cp Priow A |Vl Ve + 2 CL Priow A V'l n.l

m f

dvy, 1 | >
™Tar 2 Cp Priow A VRl |VRy| 5 Cupriow AVR|ny| = AT (pf = Priow) 9
A range of initial velocities is tested to determine the effects of particle initial velocity on spotting
distance. The vertical component of the initial velocity is set as zero.

2.2. Simplified combustion models of firebrands

Two simplified combustion models, based on different assumptions on the behaviours of the
thickness of the firebrands, are used to simulate the size regression rate and mass loss rate of the disks
outside of the main fire zone. Since no published experimental data are available for the burning of
rectangular-shaped disks, the most relevant calculations are found from Tarifa et al (1965), where the
burning behaviours of spherical-shaped disks were presented in terms of the burning constant and the
‘d-squared law’, which can be written as:

d(Dess”) _
“ar P
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where B is the dimensionless burning constant and Dess denotes the effective mass diameter of
firebrands. Further, the modified burning constant was derived by Williams (Williams, 1985) as a
function of the Reynolds number and the Prandtl number, shown below:

1 1
B = Bo (1+ 0.276 Re2 Pr3)
where the value of Bo has been found to be 1.8 x 1077 With the assumption that the thickness of the

disk is constant, the proposed mass loss rate based the derivations above can be found from Anthenien
et al (Anthenien et al, 2006) as:

d(m) T 1 1
dt :—ZTBOpf(1+O.276R82Pr3)

On the other hand, if we consider the change of thickness in combustion, the equation of the size
regression rate can be derived as:

1

dm) = 6m
a4 ’r

3 1 1
p—n> Bo (1 + 0.276 ReZ Pr3)
f

Although the geometry utilised in this model is a rectangular-shaped disk, other than the spherical
disk in Anthenien’s work, the reaction is still diffusion controlled, which justifies our derivation.

3. Results and discussions
3.1. Computational details

Over 4122 cases from 72 sets of simulations are investigated in this work to determine the lift effects
on the firebrand for various working parameters, including the ambient flow velocity, the particle
initial velocity, the incident angle and the density of firebrands. The maximum spotting distance of
each brand, released from 100 m in height, is determined by its horizontal displacement once it hits
the ground. Meanwhile, the position and the velocity of the tested firebrand as function of time are
calculated from the equations of motion discussed above. The initial dimension of the tested firebrand
is set as 80 mm x 50 mm x 5 mm based on the data of real firebrands found from Oakland Hill Fire
(Koo, 2010). The tested range of wind speed is [0, 10] (m/s) ( = 22.4 mph), the initial velocities of the
firebrands are in the interval [0, 1] (m/s) and the range of the incident angle is [-90°, 90°]. Considering
the various possible wood species in real forest fire, a broad range of density is used, from 250 kg/m?,
typical of wood charcoal, to 950 kg/m?, typical of satinwood.
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Trajectories of firebrands (Vflow = 10 m/s)

alpha=45°
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alpha=15°
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NG X: 607.8
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Figure 2 - Trajectories of firebrands at various incident angles with ambient wind velocity of 10 m/s.

Fig. 2 presents an example of the trajectories of the firebrand at various incident angles with Vsiow
=10 m/s. It can be seen that the spotting distance and trajectory of a firebrand are highly dependent
on the incident angle. The peak spotting distance occurs at the incident angle -15°, which is a common
feature covering most cases, except for non-burning firebrands and burning firebrands with constant
thickness, where the peaks are found at -30°. The ‘lift-up’, up to 2m, can be found at the early stage of
propagation for all cases of negative incident angle. This behaviour is because the resultant force on
upward direction is greater than the gravity, which quickly decreases with the change of angle of attack
due to the increasing velocities on both directions.

3.2. Effects of models

A dimensionless ‘Glide ratio’ is used to describe and compare the spotting distance for each tested
firebrand. The Glide ratio is the ratio of horizontal displacement over vertical displacement at the
firebrand’s landing. As shown in Table 1, a broad range of Glide ratios are found, from about 0 to
6.091. Very similar results are obtained from the non-burning and constant-thickness-burning models.
This is because of the very small value of area regression rate in constant-thickness-model, which is
around 7 x 10 m?/s when Re is around 1 x 10°. Little change of firebrand’s propagation is observed
due to such small size change. However, enhanced propagation distances are found for the variable-
thickness-burning models, which average about 0.01 larger with the large Reynolds number models
and 0.134 larger with the small Reynolds number model. It proves that the considerations of thickness
change can have significant impact on the calculations of firebrands propagations, especially for the
cases with moderate Reynolds numbers.

More importantly, the very significant effects of aerodynamic lift on firebrands propagation are
demonstrated by the results in the table, that the lift force can drastically increase the propagation
distances of the firebrands with or without combustion, for different Reynolds numbers. The increase
in GR can be as large as 3.845 (171.19%), as is shown in the 4™ column of the table, which means
384.5 meters further in horizontal displacement for a firebrand falling from 100 meters in height. The
vertical falling speed of a firebrand is decreased by lift force while the horizontal speed is increased,
which result in the firebrands having not only larger horizontal speed but also longer flight time.
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Furthermore, it can be observed that the positive lift effects are increased in the variable-thickness-
burning model. For a burning firebrand, although the magnitude of lift force is reduced due to area
regression, the lose of weight creates a chance to glide further. However, it is also found that lift force
has negative effects on propagations when the lift formula for lower Reynolds number is used, shown
with the negative values highlighted in blue in Table 1. This is due to the combination of two effects.
Firstly, stronger effects from the drag force are found for smaller Reynolds numbers (smaller
coefficient of lift comparing to drag). Secondly, the change of angle of attack due to the increases in
velocities is more sensitive (the direction of the lift force could quickly change from pointing upward
to pointing downward), resulting in longer flight time when the lift is absence even though velocities
are smaller.

Table 1 - Maximum Glide ratios of tested firebrands with different variables

Independent Max Glide Ratio (GR = horizontal displacement / vertical displacement)

Variables Large Reynolds Number Model Small Reynolds Number Model
Lift + Drag Drag only Lift effect Lift + Drag Drag only Lift effect

Non-burning firebrands

Flow velocity, Viow &

et gl 6.078 2.269 3.809 4.062 4.095 -0.033
Flow velocity, Viow &
e 6.078 2.250 3.828 4.062 4.009 -0.053
Flow ‘]’f"’c'.ty' Vitow & 6.078 2.246 3.832 4.062 4.006 0.056
ensity, p
Incident angle, ¢ &
R A 2.430 0.019 2.411 0.919 0.026 0.893
'“C'dB”t angle, ¢ & 2.379 <0.001 2.379 0.904 <0.001 0.904
ensity, p
LI, 0 &2 2.430 0.014 2.416 0.173 <0.001 0.173

Initial velocity, V+o

Burning firebrands (constant thickness)

Flow velocity, Viow &

Incident angle. & 6.078 2.269 3.809 4,062 4.095 -0.033
Flow velocity, Viow &
Initial velodity, Vio 6.078 2.250 3.828 4.062 4.009 -0.053
Flow ‘]’)e"’c'.ty' Vitow & 6.078 2.246 3.832 4.062 4.006 0.056
ensity, p
Incident angle, ¢ &
Initial velocity, Vi 2.430 0.019 2.411 0.919 0.026 0.893
Incident ahgle, ¢ & 2.379 <0.001 2.379 0.904 <0.001 0.904
ensity, p
i, () 2.430 0.014 2.416 0.173 <0.001 0.173

Initial velocity, V+o

Burning firebrands (variable thickness)

Flow velocity, Viiow &

Incident angle. o 6.091 2.269 3.822 4.101 4.114 -0.013
Flow velocity, Viow &
Initial veloeity, Vi 6.091 2.250 3.841 4.101 4.026 -0.075
Flow velocity, Viiow & 6.091 2.246 3.845 4101 4.023 -0.078
Density, p
Incident angle, ¢ &
Initial velocity, Vas 2.431 0.019 2.412 1.254 0.022 1.232
Incident angle, ¢ & 2381 <0.001 2.381 1.221 <0.001 1.221
Density, p
WEIET, [p & 2.431 0.014 2.417 0.207 0.008 0.199

Initial velocity, Vro

Advances in Forest Fire Research 2018 — Page 425



Advances in Forest Fire Research 2018 - D. X. Viegas (Ed.)
Chapter 3 — Fire Management

3.3. Effects of control parameters

Firebrands transport is a complex proceedure combining both aerodynamic and combustion
behaviours. Without considering the effects of combustion, the control parameters can be simplified
into four: ambient flow velocity, initial particle velocity, density and incident angle. Building on the
results presented in the previous section, the effects of these parameters are further investigated. Due
to the limited space in this paper, the discussions focus on the trajectories from the variable-thickness-
burning model with large Reynolds numbers, shown in Fig. 3.
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Figure 3 - Contour plots of lift effects of non-burning firebrands with various parameters.

Fig. 3 presents the contour plots for the differences in horizontal displacements for firebrands
calculated with and without lift force, as functions of different parameters. Apart from the independent
variables in each figure, the values for the other two parameters are given in Table 2. A complex
dependence on the flow velocity and the incident angle can be observed in Fig. 3a, which shows the
difference in the displacement is highly dependent on the incident angle, especially when it falls in the
interval [-30°, 30°]. The propagations of firebrands are very sensitive to the incident angle and are
increased for negative incident angles. With the increasing inertia due to larger density of a firebrand,
the effects of the lift become more independent of the flow velocity, shown in Fig. 3b. However, it is
clear that the effects of the lift depends more strongly on the flow velocity than the initial velocity, as
is shown in Fig. 3c, and the latter in turn has stronger effects than the density, which can be observed
from Fig. 3d. Above all, the incident angle has the most important effects. Apart from negative incident
angles, large flow velocity and small firebrands density also enhance the lift effects on propagations.

Table 2 - Testing values of control parameters.

Control Parameters Testing values
Flow velocity, Viow 10 m/s
Incident angle, ¢ -15°
Initial velocity, Vo 1.0 m/s
Density 250 kg/m?®
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3.4, Effects of the lift on trajectories

Based on the above discussion, the effects of the ambient flow velocity and the incident angle
deserve further investigation. The left panel of Fig. 4 shows the ratio between the horizontal
displacements of the particle modelled with or without the lift force, calculated by the large Reynolds
number model coupled with the variable-thickness burning model. It can be found that the result
depends strongly on the incident angle. The lift increases the travel distances when the incident angle
IS negative (meaning the disk is tilted forward). The ratio peaks at an incident angle around -15°. The
peak value reaches up to 14 for small wind speed . It decreases to around 3 when the flow velocity is
increased to 10 m/s. Even though the ratio decreases with the wind speed, the right panel in Fig. 4
shows that the absolute difference actually increases with the latter for incident angle between -30°
and 0°, while it decreases between -90° and -30°. Thus, at large Re, the lift force has the potential to
significantly increase the modelled propagation distances.
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Figure 4 - Left: Ratio between horizontal displacement with or without lift; Right: Effects of lift on maximum
distances.

4. Conclusion

The trajectories of both non-burning and burning firebrands are determined for three simplified
models. A burning model is investigated where the variation of the thickness of the firebrand during
combustion is considered. Parametric studies are performed to determine the effects of aerodynamic
lift force. The maximum potential spotting distances at various parameters are calculated and
expressed in terms of the Glide Ratios. The importance of the parameters involved, including Reynolds
number, ambient flow velocity, incident angle, particle initial velocity and density of firebrand, are
obtained and compared with each other.

It is found that the lift force has very significant effects on firebrand propagations. At large
Reynolds numbers, the maximum spotting distance can be increased by up to 170% by the lift force
for a firebrand released from 100 m in height. The lift effect strongly depends on incident angle. The
peak value of the ratio between horizontal displacement with or without lift is found at -15° with a 14
times increase. The results highlight the importance of the aerodynamic lift force, and suggest that it
should be included in order to estimate extreme spotting distances.
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