
ARTICLE IN PRESS
0379-7112/$ - se

doi:10.1016/j.fir

$The views e

reflect the offic

Department of

Release; Distrib

US. Governme
�Correspond
E-mail addr
Fire Safety Journal 41 (2006) 349–363

www.elsevier.com/locate/firesaf
On the trajectories of embers initially elevated or lofted by small scale
ground fire plumes in high winds$

Ralph A. Antheniena,�, Stephen D. Tseb, A. Carlos Fernandez-Pelloc

aAir Force Institute of Technology, Department of Aeronautics and Astronautics, Wright-Patterson AFB, OH 45433, USA
bDepartment of Mechanical and Aerospace Engineering, Rutgers, the State University of New Jersey, Piscataway, NJ 08854, USA

cDepartment of Mechanical Engineering, University of California at Berkeley, Berkeley, CA 94704, USA

Received 25 May 2005; received in revised form 9 November 2005; accepted 26 January 2006

Available online 11 April 2006
Abstract

Millions of acres and hundreds of structures are destroyed annually by wildfires. With many of these fires extending long distances due

to spotting, detailed knowledge of ember transport by external and flame-generated winds is critical for fundamental understanding and

prediction of the inception and evolution of such fires. This work presents a model that treats the burning and wind carrying of embers,

and numerically compares their trajectories for spherical, cylindrical, and disk geometries. The embers may be launched at predetermined

heights or lofted by a fire buoyant plume. Various terrain conditions and variable wind properties are considered. Results show that for

embers of equal initial mass, disks propagate the farthest and have the highest remaining mass fraction upon impacting the ground.

Spheres are carried the shortest distance, and cylinders have the smallest mass fraction upon impact. For disks in the range of diameters

examined, initial diameter has no effect on the distance carried. Charring and extinction criteria are investigated for cylinders and

spheres. Higher surface burning temperatures are found to lead to shorter propagation distances.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Wildfires burn millions of acres of flora and destroy
hundreds of structures annually. Some of these fires are
initiated by burning embers (e.g. wood particles, twigs,
leaves) carried by the wind from adjacent burning trees or
structures, or from a ground fire after being lofted by a
buoyant fire plume. These embers may land burning, with
the potential to ignite underbrush, grass, or structures.
Studying the wind-driven trajectories of the embers, and
their associated thermal characteristics as they develop,
leads to a better understanding of how wildfires are
initiated and spread.
e front matter r 2006 Elsevier Ltd. All rights reserved.
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The trajectories and burning rates of embers lofted by
ground fires have been studied by several researchers over
the years. Early work by Tarifa et al. [1,2] experimentally
determined drag and burning rates of spheres, cylinders
and plates of various woods, which were then used to
calculate the maximum range of possible fire spread based
on terminal fall velocities. This work was later extended by
Albini [3–6], who considered lofting of firebrands by line
thermals and fire plumes (transient and steady), which
included studies of the effect of wind variation on fire
intensity. Further experimental work to determine burning
rates of various woods was also conducted, and different
geometries were considered through the associated drag
coefficient correlations. More recently, the trajectories of
spherical metallic particles (both burning and not burning)
and embers, created by arcing power lines contacting each
other or colliding with trees, respectively, were examined
by Tse and Fernandez-Pello [7]. They considered spherical
particles ejected initially at a given elevated height.
Nonetheless, other likely geometries of firebrands exist,

www.elsevier.com/locate/firesaf
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Nomenclature

Aproj projected area
c specific heat (constant pressure)
CD coefficient of drag
D diameter
E aspect ratio (L/d)
~F force vector
Fb buoyancy flux
~g gravity vector
g gravitational acceleration
h convective heat transfer coefficient
l vertical distance from ground
l0 roughness length
lb buoyant length scale
m mass
Nu Nusselt number
Pr Prandtl number
_q00 heat flux
_Q heat release rate
_Q
�

Froude number
~r position vector
Re Reynolds number
S surface area
t time
T temperature
t volume
V* friction velocity
~V velocity vector
w vertical velocity
x x—horizontal coordinate
z z—vertical coordinate

Greek

b0 burning constant for quiescent atmosphere
b modified burning constant for convective atmo-

sphere
e emissivity
k von Kármán constant for turbulent flow
r density
s Stefan–Boltzmann constant
t thickness
n kinematic viscosity
w plume entrainment parameter

Subscripts

0 initial
air air
C convective
cyl cylinder
D diameter
disk disk
eff effective
ext extinction
f fire
g gravity
HG ground impact
P particle
rad radiative
R resultant
s virtual source
sph sphere
W wind
N far field (ambient)
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which include cylinders and disks, representative of twigs,
leaves, shingles, etc. Correspondingly, Muraszew et al.[8]
examined the lofting and trajectory of firebrands by fire
whirls for spheres, cylinders and plates. They used an
exponential decay of density along with the mass burning
law determined by Tarifa [1] to assess diameter regression.
Woycheese and Pagni [9–11] examined firebrands in the
shape of spheres and high aspect ratio disks (E ¼ 0.1)
lofted by a plume from large-scale fires (one to two orders
of magnitude higher in power than those considered here).
They considered the plume to be vertical, existing as a
separate flow field from the horizontal crosswind. For
example, the embers were lofted straight up to their
maximum height, after which they were carried by the
prevailing horizontal wind. Their model also assumed a
thickness regression rather than a diameter regression for
burning disks based on an opposed flow diffusion flame
model where the disks’ axes are always parallel to the
relative wind.

Recently, work has used CFD to model the fire-
generated flow field and track the firebrands. Various
turbulence models have been utilized to treat both urban
[12,13] and wildland [14,15] fires. Of these, Himoto et al.
[12] employed an LES model to determine the scattering of
non-burning square plates. Huang et al. [13] used a k–e
model to examine the scattering of spherical firebrands in a
flow field with downstream obstructions (buildings). Fire-
brand burning is only considered in the gas phase however.
In this work, a model is presented that numerically

predicts the flight paths of embers of three different shapes,
i.e. spheres, cylinders, and disks (representing spherical
embers, twigs and leaves, respectively). The embers may be
launched at a specific height (as in a crowning tree, arcing
power lines in contact with a tree, or a burning structure),
or from a fire at ground level where the embers are then
lofted by the fire buoyant plume. The present work extends
that of Tse and Fernandez-Pello[7], which only treated
spherical embers ejected at a given height. While some
research has been done on the generation of firebrands,
specifically from a house fire [16], the details of brand
ignition are not studied here; rather a preexisting burning
condition of the particle is assumed. The temperature
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Fig. 1. Schematic of problem.
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histories, sizes, and trajectories of the embers are compu-
tationally deduced. Various ember sizes and wind condi-
tions are examined, and comparisons are made of their
respective trajectories and burning characteristics.

As in Ref. [7], we consider that the particles are burning,
with their mass decreasing with time, which in turn
affects their trajectories. The particles may extinguish
with some mass remaining, as is the case where a residual
char is formed as the wood smolders. Tarifa et al.’s [1]
data shows that the ratio of residual mass to initial mass
varies between 0pm=m0p0:24. We denote the value at
which the ember reaches this mass extinction ratio as mext.
When the mass ratio reaches mext, we consider that the
combustion reaction ceases and that the particle cools in
the surrounding atmosphere. To determine the effect of the
value of mext on the particle landing distance, we examine
the extreme cases: mext ¼ 0.24 and mext ¼ 0 (where no char
is formed and the firebrand burns completely). It is
assumed that embers of disk geometry are always non-
charring due to their extremely low aspect ratio and
the fragile nature of the char. Although various values of
surface burning temperature are reported in the literature,
we consider only two values: 853K, as reported by
Muraszew and Fedele [17], and 993K as reported by
Ohlemiller [18].

We model the plume following the development of Weil
et al. [19] for a bent-over plume in a crosswind. Fire power
and fire properties are estimated based on the diameter of
the fire and power–size relations for wood cribs and fire
plumes as given in McCaffrey and Linville [20]. Drag forces
from both the plume and crosswind are considered to act
upon the firebrands concurrently.

2. Theoretical analysis

2.1. Equations of motion

All particles, regardless of their geometry or burning
condition, obey the same laws of motion for their
trajectory paths. For this analysis, the coordinate system
will be anchored on the ground directly underneath the
particle’s initial position in space with the positive x-
direction aligned with the wind direction and horizontal.
The z-direction is aligned vertically upward. Fig. 1 presents
a schematic of the coordinate system used and the forces
considered. We assume that mass ablates uniformly from
the particle surface so that net forces due to mass change
sum to zero, and that the particle density is large compared
to the surrounding atmosphere so that buoyancy forces
may be neglected. With these assumptions, the Newtonian
equations of motion for a particle are

mP
d VP

�!
dt
¼ F
!

g þ F
!

D, (1)

d r
!

P

dt
¼ V
!

P, (2)
where V
!

P ¼ ½VP;x;VP;y;VP;z� is the velocity of the particle
with respect to the ground, and r

!
P ¼ ½xP; yP; zp� is the

position of the particle relative to the origin. The gravity
and drag forces are

F
!

g ¼ mP g
!

, (3)

~FDrag ¼
1

2
CDrairAproj V

!
R

��� ���2 V
!

R

V
!

R

��� ��� , (4)

where g
!
¼ ½0; 0; �g�, and the relative velocity between the

particle and the wind is: V
!

R ¼ V
!

W � V
!

P. The wind
velocity V

!
W ¼ ½VWx;VWy; 0�, while assumed to have only

a horizontal component, does possess a vertical distribu-
tion, which is dependent on the type of terrain. Aproj is the
projected area of the particle. CD is the drag coefficient,
which is a function of both the Reynolds number and the
geometric shape of the particle. Fluid properties are taken
at atmospheric pressure and average film temperature of
the ambient fluid and the particle surface temperature.
While the bulk flow field is likely turbulent, the turbulent
scale is assumed to be much larger than the particle size, so
that the fluidic forces on the particle are considered to be
within the laminar regime. Additionally, since we assume
that an ember separates from its parent material with zero
initial velocity, or, in the case of the fire plume, that the
plume will align with the crosswind, the problem may be
simplified to two dimensions where the x-axis is always
parallel to the wind direction. The wind distribution then
becomes: V

!
W ¼ ½VWðzÞ; 0; 0�, and upon substitution of the

external forces (Eqs. (3) and (4)) into Eq. (1), the x and z

components of Eq. (1) are

dVP;x

dt
¼

1

2mP
CDrairAprojj~VRjðVW;xðzÞ � VP;xÞ, (5)

dVP;z

dt
¼ �

1

2mP
CDrairAprojj~VRjVP;z � g, (6)
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where

VP;x ¼
dxP

dt
, (7)

VP;z ¼
dzP

dt
. (8)

The solution to Eqs. (5)–(8) describes the particle path. If
the particle is burning, then the particle diameter DP and
mass mP are functions of the burning rate (which will be
discussed in detail below). Since the drag coefficient differs
for different particle geometries, each will be defined in its
own respective section. The value of the relative wind is
dependent on the surface wind distribution, which is
described in the following section.
2.2. Surface wind distribution

Although the wind velocity profile has been discussed in
detail in the previous work [7], it will be reviewed here for
completeness. As wind blows over the surface of the earth,
frictional drag from the ground leads to the formation of a
boundary or friction layer up to 1 km thick [21]. This
thickness is composed of irregular turbulent eddies which
form from the roughness of the ground. These eddies
produce a turbulent or eddy viscosity that is much higher
than molecular viscosity. The molecular viscosity produces
a laminar sub-layer close to the ground and is typically less
than 1 cm thick. Within the friction layer is a surface layer
that is typically 30–50m thick. This surface layer, while still
turbulent, may have its mean horizontal velocity described
by a logarithmic profile [22,23]:

~VW

��� ��� ¼ V�

k
ln

l

l0

� �
for lXl0,

~VW

��� ��� ¼ 0 for lol0, ð9Þ

where l is the distance to the ground, and l0 is a roughness
length associated with the turbulent transport of shear
stress. McRae et al. [24] gives roughness lengths for various
surfaces, and an abbreviated list is displayed in Table 1.
Von Kármán’s constant k is usually approximated to be
0.4. The friction velocity V* is a scaled characteristic wind
speed that defines the wind speed j~VWj to be a given value
at some reference height (e.g. the accepted standard is 10m
above the ground).
Table 1

Roughness lengths for various surfacesa

Surface Z0 (m)

Uncut grass 0.05

Fully grown root crops 0.1

Tree covered 1

aMcRae et al. [24].
2.3. Spheres

The burning characteristics and flight-paths of spherical
particles generated at power line heights have been covered
in the previous work [7] and will not be repeated here.
Instead, they will be examined below within the context of
buoyant plume lofting. For this lofting treatment, a slightly
more accurate relationship for drag on a sphere is used that
also has the advantage of being a single relationship for the
entire range of Reynolds numbers under consideration.
The relationship comes from Clift and Gauvin [25]:

CDsph ¼
24

Re
1þ 0:15Re0:687D

� �
þ

0:42

1þ 4:25� 104Re�1:16D

� � ReDo3� 105 ð10Þ

2.4. Cylinders

2.4.1. Cylinder burning

Similar to the development of Ref. [7], we consider
cylinders burning heterogeneously. Such surface reactions
are enhanced at high Reynolds numbers and are not
susceptible to extinction due to flame blow-off. In the
previous work, it was shown that the experimental work of
Tarifa et al. [1] could be satisfactorily fit using a d-squared
law for the effective mass diameter, and an ad hoc ‘‘d-
quarted law’’ for the size regression of the spherical
particle. The burning constant was obtained through a
regression fit to the data. The equations used in the
previous work for spherical firebrands took the form:

d D2
eff

� �
dt

¼ �b, (11)

d D4
P

� �
dt
¼ �2

ffiffiffi
3
p

b2t, (12)

where Deff is the effective mass diameter of the particle,
defined as:

Deff ¼
6mP

rP;0p

� �1=3

(13)

and DP is the actual particle diameter. The modified
burning constant is a function of the relative wind velocity,
Prandtl number, and actual particle diameter, thereby
coupling Eqs. (11) and (12) with Eqs. (5)–(8). The
relation for the modified burning constant is taken from
Williams[26], where

b ¼ b0 1þ 0:276Re
1=2
D Pr1=3

� 	
. (14)

The experimental data of Tarifa et al. [1] are matched by
selecting a best-fit value for the quiescent atmosphere
burning constant b0. The value for the best fit for burning
spheres is found to be b0 ¼ 1.8� 10�7m2/s. Parentheti-
cally, it should be noted that in Tse and Fernandez-Pello
[7], this value was misreported as 4.8� 10�7m2/s. While
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Fig. 2. Comparison of empirical fit with Tarifa et al.’s [1] data for mass

loss rate and size regression for cylindrical firebrands of oak wood
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this value correlates well the data for the effective mass
diameter for cylinders as well as spheres, the relation for
the actual diameter needs to be modified. Several methods
were explored for fitting the experimental data for the
actual diameter of burning cylinders. Scaling the diameter
directly to account for the ratio of cylinder to sphere area
resulted in a poor fit. However, continuing to use Eq. (11)
unchanged for the effective mass diameter, and using the
quiescent burning constant found for the spherical data, an
excellent fit was obtained for the cylindrical data by simply
dividing Eq. (12) by the ratio of areas of a cylinder and a
sphere for the same diameter (neglecting the area
contribution from the ends of the cylinder). In other
words, if we consider only cylinders with a length to
diameter ratio of E ¼ 3, then the circumferential area of
such cylinders is three times the area of a sphere of the
same diameter. Therefore we divide Eq. (12) by a factor
of 3, which gives

d D4
P;cyl

� 	
dt

¼ �
2b2tffiffiffi

3
p . (15)

A detailed derivation of Eq. (15) is provided in the
Appendix. Solving Eqs. (11), (14) and (15), and comparing
the solutions to the experimental data from Tarifa et al. [1]
for various initial diameters of oak cylinders (constant
aspect ratio E ¼ 3), results in a good fit to the data. Fits for
both the mass and surface area for cylinders of 10mm
diameter in a 2m/s air flow and 15mm diameter in a 12m/s
air flow are shown in Figs. 2(a,b).

Aside from leading to a physically reasonable and
satisfactory fit of the data, neglecting the area of the ends
of the cylinder can be justified when one considers that a
falling cylinder will orient itself so that its axis is
perpendicular to the relative wind. This subject will be
discussed in more detail in Section 2.4.2 on Cylinder
Aerodynamics. With the flow parallel to the surface of the
ends of the cylinder, and considering relatively small
diameters, we expect that mass and heat transport will be
primarily from its circumference [27]. For cylinders of
aspect ratio E ¼ 3 as investigated by Tarifa et al. [1], at the
upper limit of Reynolds numbers considered (O 104), the
heat and mass transfer from the circumference will be an
order of magnitude larger than for the ends, which further
increases as the Reynolds number decreases.

2.4.2. Cylinder aerodynamics and heat transfer

Most available aerodynamic data for cylinders are for
infinitely long ones. Data from Tarifa [1] correlate burning
cylinders of aspect ratio E ¼ 3; and as such, we examine
that aspect ratio in this work. Clift et al. [28] shows,
however, that for ReD4100, the drag coefficients for
cylinders of all aspect ratios between one and infinity
converge to the same curve. With ReD ¼ 100 being the
approximate lower bound for the particles under con-
sideration here, we accordingly justify our use of the
relations for long cylinders. Additionally, since we are
dealing with particles in a gas, we may assume that the drag
is insensitive to the accelerations of the particles [28].
Finally, for the size (O 1 cm) and type of particles
considered in this work, and for typical heights and wind
speeds of O 10m and O 10m/s, respectively, it may be
shown from dimensional analyses that the characteristic
acceleration times are only 0.01% to 1% of the character-
istic fall times. It is therefore valid to use terminal drag
models and relations for determining the drag of various
particles. Up to ReD�100, cylinders fall with their axis
perpendicular to the relative wind and with a steady
motion. Given the particle sizes and wind speeds con-
sidered in this work, ReD up to O 104 must be considered.
At such magnitudes of Re for particles in a gas, a rotation
about the axis parallel to the relative wind is typical [28].
This oscillation or rotation has the effect of slightly
lowering the drag coefficient when the particle to fluid
density ratio is high [29]. Even with these considerations,
the observed drag coefficient is within 20% of the normally
reported steady drag coefficient up to transition. For the
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Table 2

Firebrand properties

Property Value

Density, oaka 545 kg/m3

Specific heat, woodb 1.466 kJ/(kgK)

Specific heat, charb 0.712 kJ/(kgK)

Surface combustion temperaturec,d 853Kc, 993Kd

Emissivitye 0.9

Burning rate constant b0
f 1.8� 10�7m2/s

aIncropera and DeWitt [27].
bAtreya [35].
cMuraszew and Fedele [17].
dOhlemiller [18].
eSiegel and Howell [36].
fEmperical fit of Tarifa’s [1] data.
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purposes of this work then, the effects of the oscillatory
motion on aerodynamic drag of the cylinder are neglected.
The cylinders will be considered to fall steadily with their
axes perpendicular to the relative wind. The relation for
cylinder drag is found from Sucker and Brauer [30] as cited
in White [31] and is stated to have good accuracy over the
range 10�4oReDo2� 105:

CDcyl ¼ 1:18þ
6:8

Re0:89D

þ
1:96

Re0:5D
�

0:0004ReD

1þ 3:64� 10�7Re2D
. (16)

For the cases where the reaction extinguishes, the
particle will cool in the surrounding ambient. The rate of
temperature change is dependent on both the convective
and radiative cooling rates:

dTP

dt
¼ �

SP

ðrctÞP
ð _q00rad þ _q00CÞ. (17)

In calculating the radiative heat flux, we assume that the
far field temperature is at ambient and that the particle-to-
surroundings view factor is unity:

_q00rad ¼ seðT4
P � T4

1Þ. (18)

The convective heat flux is:

_q00C ¼ hðTP � T1Þ. (19)

The heat transfer coefficient is calculated from the
Nusselt number as given by the relation for cylinders in a
gas flow perpendicular to the axis from Kramers [32] as
cited in White [31]:

NuDcyl ¼ 0:42Pr0:2 þ 0:57Pr1=3Re
1=2
D . (20)

The above relation is shown to match experimental data
very well over the range 1oReDo104. All gas properties
are computed at the film temperature using power-law fits
derived from accepted tabulated data [27].

2.5. Disks

2.5.1. Disk burning

The disks considered here are representative of leaves
with small aspect ratios of O(10�2). Tarifa [33] has
examined burning and drag of square wood plates with
aspect ratios from 0.06–0.5 and Woycheese [34] has
examined burning rates for round disks of various woods
and size for aspect ratios of 0.3 and 0.1. However, no
published experimental data is available for burning disks
of small aspect ratio O(10�2). Observations of burning
leaves suggest that they smolder from the edge inward,
rather than over the entire face as is observed in larger
aspect ratio disks. If we assume that the thickness is
constant and the reaction spreads inward over the entire
circumference of the disk, then after gathering terms the
mass loss rate of the disk may be expressed as

dm

dt
¼

pr t
4

dD2

dt
. (21)

Although the geometry here is different from that of a
burning droplet or sphere, the reaction is still diffusion
controlled. Since the mass loss rate for cylinders was found
to be the same as for spheres, we proceed again with using
the relation for regression of the square of the effective
diameter from Eq. (11), as well as the modified burning
constant of Eq. (14). Substituting we obtain

dm

dt
¼ �

prt
4

b0 1þ 0:276Re
1=2
D Pr1=3

� 	
. (22)

If we substitute in values from Table 2, continue to use
the best fit to Tarifa et al. [1] data for the burning constant,
and consider an exemplar disk to be 100mm diameter and
0.5mm thick (representative of a leaf), then we may
simplify Eq. (22) to

dm

dt
¼ � 7:7 � ~VR

��� ���1=2 þ 0:4

� �
10�7 kg=s: (23)

Preliminary experimental results at low velocities show
that the rate of mass loss is

dm

dt
¼ � 1:3 � ~VR

��� ���þ 0:53
� 	

10�6 kg=s: (24)

The slightly higher velocity coefficient is likely due to the
irregular geometries of the actual leaves leading to higher
actual circumferences and thus larger areas available to the
reactions. The higher burning constant is likely due to
natural convection enhancing the reaction rates. That the
burning rate was found to be linear in velocity, rather than
to the one-half power, is an effect of the small data set of
low velocities tested. It is expected that a thorough
experimental investigation would reveal a dependence on
the square root of velocity. We then use Eq. (11) in the
model for determining the diameter regression rate. We
further assume that the leaves are thin and that the char is
fragile, so that the leaf will not leave behind a char or that
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if it does, it is broken off and has no further effect on the
trajectory of the particle under consideration.
2.5.2. Disk aerodynamics

In examining the known relations and data for falling
disks, it is found that, like cylinders, they too comprise
regimes of both steady and oscillatory motion. As with
cylinders, disks fall in a steady motion up to ReD�100.
However, disks fall with their axis of symmetry parallel to
the relative wind. Nevertheless, any asymmetry in the disk
can lead to the center of pressure not being coincident with
the center of gravity, thereby leading to oscillatory motion
even at low Reynolds numbers. Given the low aspect ratio
of the disks considered (O(10�2)), combined with the high
density ratio, a large dimensionless moment of inertia
results, as defined by Willmarth et al. [37]. These authors
experimentally determined a map of Strouhal number as a
function of Reynolds number and the dimensionless
moment of inertia, within which several regions of
characteristic motion were defined. The values typical of
a falling leaf place it in the tumble region, with a low
frequency of tumble. Such motion is familiar to anyone
who has watched a leaf fall from a tree. Willmarth et al.
further point out that for values typical of a falling disk,
the specific motion will become random, with the specific
landing location unpredictable. We expect however that the
average over many trials will approach the trajectory of the
steady case. As a detailed analysis of the tumbling disk is
beyond the scope of this work, we will only consider the
steady falling disk case. The drag coefficient may then be
calculated from the relations as reported by Pitter et al. [38]
and Clift et al. [28]:

CDdisk ¼
64

pRe

� �
1þ 0:138Re0:792D

� �
; ReDp130,

CDdisk ¼ 1:17; ReD4130. ð25Þ

It would also be possible to consider disks that orient
themselves edge-on to the relative wind. Such a scenario
would result in much shorter distances traveled by disks
due to dramatically reduced drag, unless induced lift forces
participate that could extend the distance of travel of the
disks, which we do not consider here. Additionally, holding
the edge-on condition for the entire flight path is
unrealistic, as it is an aerodynamically unstable condition.
Any perturbation will create a pressure imbalance between
the top and bottom of the disk, leading to a restoring
torque returning the axis of symmetry parallel to the wind.
We therefore do not consider this possibility in the flight
paths of disks.

Since the disks are considered to be dry and non-
charring, with the reaction enhanced by the relative
velocity, we do not consider burning disks to extinguish
so long as there is mass remaining. Nonetheless, if
a disk were to extinguish, it would cool extremely quickly
as only a small amount of mass is heated by the burning
edges.
2.6. Buoyant plume

Values for the plume centerline, width, and velocity are
determined following the method outlined by Weil [19].
The horizontal velocity of the plume is assumed to be equal
to the crosswind velocity, and the plume is assumed to be
buoyancy-dominated along its entire length. In fact, for a
ground fire, the plume is momentum dominated very near
its source. However, for a 40MW fire (the typical size used
in this study), the plume becomes buoyancy-dominated by
the time the plume is 14m downstream of the source. Using
the relation for a plume that is buoyancy-dominated along
its entire length introduces an error of less than 10%, which
significantly simplifies the analysis. The relation for the
height z of the centerline of a buoyancy-dominated plume
in a crosswind as a function of downstream distance x is
given by the ‘‘two-thirds law’’[19]:

zþ zf

lb
¼

3

2w2

� �1=3
x

lb

� �2=3

, (26)

where zf is the height of the flame tip. The buoyancy length
scale lb is given by

lb ¼
Fb

V 3
W

. (27)

Note that here the wind profile is taken to be constant in
z (‘‘top hat’’ profile). This assumption does not affect the
accuracy of the plume shape (versus using the logarithmic
profiles as described in Section 2.2), since an entrainment
parameter w is used to best fit the experimental data. The
value of w ¼ 0.6 is found to fit the data well [19]. The
buoyancy flux, Fb, is given by

Fb ¼ wfg
D2

f

4

Drf
r1

, (28)

where Df is the diameter of the plume at the tip of the
ground fire, and wf is the velocity of the plume at the flame
tip. The growth of the plume diameter is given as

D ¼ 2w0zþDf , (29)

where w0 ¼ 0.4 is a second entrainment parameter. Finally,
the vertical velocity of the plume may be determined
through kinematic considerations as [19]

w=VW ¼ dz=dx ¼
2

3

� �2=3
lb

w2x

� �1=3

. (30)

2.7. Ground fire properties

All of the relations described in Section 2.6 rely on
knowledge of several parameters of the ground fire from
which the plume emanates. Often direct knowledge of all
but the approximate diameter or size of the fire is not
available. Several relations exist, however, that can be used
to relate the needed parameters (temperature difference,
flame height, plume velocity at the flame tip) to the heat
release rate and far field parameters. The needed relations
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have been collected by McCaffrey [20]. The last element
needed is a relationship between fire size and fire heat
release rate. This is again given by McCaffrey, where we
can assume that the ground fire is burning similarly to that
of a wood crib giving an average fire heat release rate of
�1MW/m2. Following McCaffrey, the flame height is
given by

zf=Df ¼ 3:7 _Q
�2=5
� 1:02, (31)

where _Q
�
is given by

_Q
�
¼

_Q

r1cT1g1=2D
5=2
f

, (32)

and _Q is the total heat release rate of the fire. The
temperature difference at the flame tip is

DT f ¼ 9:1 T1= gc2r21
� �
 �1=3 _Q2=3

C z� zsð Þ
�5=3, (33)

where _QC is the convective heat release rate. McCaffrey
[20] recommends using _QC � 0:7 _Q. Also in Eq. (33), zs is
the virtual source of the plume, which is given by the
following relation

zs=Df ¼ 2:4 _Q
�2=5
� 1

� 	
; _Q

�
o1

zs=Df ¼ 2:4 _Q
�2=3
� _Q

�2=5
� 	

; _Q
�
X1. ð34Þ

Finally, the velocity at the flame tip is given by

wf ¼ 3:4 g= cr1T1
� �
 �1=3 _Q1=3

C z� zsð Þ
�1=3. (35)

The above relations make a determinate set of equations,
once an assumed physical fire size is selected. If the fire is
not round in shape, the fire power is determined from the
actual area of the fire, and the hydraulic diameter is used
for the diameter in Eqs. (31)–(35).

3. Results and discussion

3.1. Calculation methods

3.1.1. Embers initially aloft

The set of coupled ordinary differential equations
defined by Eqs. (5)–(8), (11), (15), and (17) are computa-
tionally solved using a Runge–Kutta routine with variable
step size. Thermophysical properties of air as a function of
temperature are determined from a power-law curve fit of
tabulated data [27] over the range of interest. Although
many parameters in the model may be varied, we
specifically examine varying wind speed and initial particle
size for an initial height of 12m above the ground over
uncut grass terrain.

3.1.2. Embers lofted by buoyant plume

The plume centerline location and radius are calculated
according to Eqs. (26)–(35). The location of the centerline,
upper plume boundary, and lower plume boundary are
calculated on a fine horizontal spacing (every 100mm),
along with plume temperature and vertical velocity. The
plume boundary locations, temperature, and velocity are
then stored to an array to be used as a lookup table. The
plume velocity is capped at the flame tip velocity, as
calculated from Eq. (35), which is necessary as the plume
velocity tends to infinity near the source. This upper limit
on the velocity only affects the first meter or so of the
plume. The particle is then inserted into the plume with an
initial height and velocity equal to those of the flame tip as
calculated in Eqs. (31) and (35). The trajectory of the
particle is then calculated as before, using Eqs. (5)–(17). At
each point, the lookup table is used to determine if the
particle is within the plume. If the particle is within the
plume, then the vertical velocity and temperature are used
from the centerline values of the plume for the current
horizontal position as stored in the lookup table. If the
particle is outside the plume, ambient temperature and a
zero vertical velocity are used. No vertical velocity
distribution within the plume is considered.

3.2. Propagation of embers initially aloft

3.2.1. Spheres

Spherical ember data following the method of the
previous work [7], albeit with the different relation for
the drag coefficient as given in Eq. (10), are presented to
give a complete range of possibilities for firebrand
trajectories.

3.2.2. Cylinders

As it is ambiguous to determine from the experimental
data whether an ember will have a residual char, cases for
both charring and non-charring firebrands are presented.
For the case of the charring cylinder, mass extinguishing
ratios of mext ¼ 0 and mext ¼ 0.24 are examined. Results
for diameters of 1mm, 2mm, 5mm, 10mm, and 20mm in
a wind of 48 km/hr (30mph) are shown in Fig. 3. The
higher extinguishing mass ratio leads to more particles
impacting the ground; most of these however have
extinguished mid-air and arrive on the ground cold. The
particles with mext ¼ 0 are more likely to impact the ground
still burning; with the exception of the particles that burn
out mid-air, the trajectories of the two cases are nearly
indistinguishable. Large particles do not travel as far as
smaller ones. The smallest particles burn out, or reach mext

prior to impacting the ground.
When the cylinder is non-charring, the actual diameter is

set equal to the mass diameter, and Eq. (15) is removed
from the set of differential of equations to be solved. A
comparison of the trajectories of cylindrical non-charring
and charring firebrands with mext ¼ 0 is shown in Fig. 4.
The non-charring firebrands have a higher average density
(always being equal to that of the original wood) and are
not carried as far by the wind. This effect is only seen in the
smaller particles however (D0p5mm), as the mass fraction
of the wood in the larger particles dominates the overall
density. If the firebrands were to remain aloft for a longer
period of time, the trajectories for the larger particles
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would also diverge as more of the wood is reacted to
become lower density char. Here results are shown only for
the 48 km/hr wind case. As will be discussed later, the
model does predict that higher wind speeds lead to further
distances traveled, as expected.

Although not shown in the figures, increased surface
combustion temperatures (e.g. from 853K to 993K)
corresponded to decreased landing distances (by �10%
for all but the smallest diameter particles examined, i.e.
1mm). Particles larger than 1mm in diameter have
Reynolds numbers above 700, where the drag coefficient
is approximately constant. Increased surface temperature
results in lower film density and subsequently lower
resulting drag. The 1mm particle burns out after �5%
longer distance traveled. For this size particle, the drag
coefficient is roughly inversely proportional to Re; as
kinematic viscosity is a stronger function of temperature
than is density, the resulting drag and distance carried by
the wind is consequently larger with higher surface
temperature.
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3.2.3. Disks

As stated previously, all disks are assumed to be non-
charring, with a constant thickness of 0.5mm. Results for
diameters of 10–100mm for wind speeds of 8 km/hr
(5mph), 24 km/hr (15mph), 48 km/hr (30mph), and
72 km/hr (45mph) are shown in Fig. 5. As expected, higher
wind speeds lead to further particle distances traveled. For
the constant thickness disk geometry, both drag and mass
are functions of the diameter squared, and as such, the
initial size of the disk (e.g. leaf) has no effect on the
distance traveled, as long as Re4130. Although not shown
in the figures, disks of diameter smaller than 10mm exhibit
a slight departure from the trajectories shown in Fig. 5
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because they are in the Reynolds number dependent drag
coefficient regime (Eq. (25)).
Increasing the surface combustion temperature from 853

to 993K was found to decrease the landing distance of the
disk firebrands by �5% for all sizes examined. Again, this
is attributed to the decreased gas density leading to reduced
drag.

3.2.4. Comparison of particle geometries

A direct comparison of the propagation distance
between geometries and extinction criteria for embers of
various initial diameters that land burning is shown in
Fig. 6, which also shows the final diameter at the time of
ground impact. It can be seen that the smallest (1mm)
particles do not impact the ground burning for the
conditions considered here. In fact, for all of the conditions
tested, the 1mm particles never impact the ground still
burning. It can also be seen that the charring embers travel
slightly farther due to their lower average density. Not
shown are the results for the three geometries initiated with
mass equal to a 40mm disk. It was found that disks have
the highest mass fraction remaining and that cylinders have
the smallest upon impact with the ground. However,
whether disk embers can be considered to be more
dangerous in terms of spotting depends upon the relative
fragility of the reactions. Disks are considered to be non-
charring, so there exists no insulating material to protect
the reaction fronts. Further, the surface-to-volume ratios
for reactions on the edges of the disks are much higher than
those for cylinders or spheres, leading to higher heat losses.
We also observe that for particles of equal initial diameter,
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disks travel the furthest, followed by cylinders, and then by
spherical firebrands (which travel the shortest distance).
This result is expected because spheres have the lowest
projected area for a given diameter (mass) of the three
geometries examined. The cylinders land with the lowest
amount of mass remaining, having the largest surface area
available to the reaction front for a given diameter (mass).
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section. Similar results are obtained for the other two
geometries.

3.3. Propagation of embers lofted by buoyant plume

Parametric calculations were conducted for plumes
emanating from 10MW, 20MW, and 40MW fires in wind
speeds of 8, 24, 48, and 72 km/hr. The fire heat release rates
corresponded to fire diameters of 3.6, 5.0, and 7.1m,
respectively. The plume trajectory centerlines for these
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conditions are shown in Fig. 8. It is seen that plumes are
bent over more for lower fire powers and higher crosswind
velocities. Fig. 9 shows the plume temperatures and vertical
velocities versus downstream distances for fires of various
powers in a 48 km/hr crosswind. It is seen that, for a given
condition, both the temperature and the vertical velocity
rapidly drop off. Noteworthy, the temperature profile in
the plume is insensitive to the size of the fire generating the
plume. Initial particle sizes are the same as those used
above (10–100mm with 0.5mm thickness for disks and 1,
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2, 5, 10mm, and 20mm for cylinders and spheres). Mass
equivalent diameters are also examined.

A characteristic example of the calculated ember
trajectories is depicted in Fig. 10 for cylinders in a buoyant
plume from a 40MW fire in a 48 km/hr crosswind. Note
that only a portion of the domain is shown in this figure for
clarity. Results for charring cylinders with mext ¼ 0 and
0.24 are shown. For 1 and 2mm cylinders, burnout occurs
for both extinguishing conditions. For the mext ¼ 0
condition, the particle is completely consumed. Fig. 11
shows the propagation distances for embers of various size,
geometry and extinction criteria that land burning. Fig. 11
also shows the ember diameter at the time of impact. Again
it is seen that the disks travel much further than either the
cylinders or the spheres. Spheres travel the shortest
distance. Disk trajectory is again insensitive to initial
diameter for the same reasons as stated earlier. Although
not shown in the figures, lower fire powers lead to shorter
carrying distances for the same wind, size, and geometry
conditions, as expected.

3.4. Comparison to other models

Results of this work are compared to that of Himoto et
al. [12] and Woycheese and Pagni [10]. The fires considered
in this work are much larger than that considered by
Himoto et al. However, scaling the fire power down to
10.5 kW and the wind to 6.8 km/hr (1.9m/s as in Himoto)
and adjusting the size and density of the of the disks, the
model presented here predicts a propagation distance of
2.3m for a 5mm circular disk of 0.1mm thickness and
density of 100 kg/m3. Himoto et al. modeled a full CFD
flow field and their 5mm square disk of 0.1mm thickness
and 100 kg/m3 density is predicted to propagate only 0.8m.
One reason for this difference is that Himoto et al.’s
vertical velocity component is typically only 50–60% of
that calculated by the model in this work. It should also be
noted that the characteristic size of these disks place them
in the regime where the drag coefficient is strongly
dependent on the Reynolds number. Further, Himoto et
al. does not consider burning in their model, which severely
reduces the film temperature and kinematic viscosity, and
increases the Reynolds number leading to a lower drag
coefficient. Including burning (and its associated influence
on transport properties) in their model will likely lead to
longer propagation distances, albeit not as far as this model
due to their lower vertical velocity.
We may further compare the propagation of disks to

that of Woycheese and Pagni [10]. Their work primarily
concerned much larger fires; however, if our values of a
40MW fire and 10mm diameter disk of 0.5mm thickness
are inserted, along with a corresponding wind speed of
22.9 km/hr, we find that their model predicts a propagation
distance of 158m, which compares very well to our model’s
prediction of 162m, especially in light of the difference
between the two models in treatment of the plume and
burning condition (thickness regression vs. diameter
regression). The model of Woycheese and Pagni uses a
two step propagation process where the ember is lofted
vertically in the plume to its maximum height, and then
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propagated in a horizontal wind. The present work lofts
the ember in a bent-over plume which has simultaneous
vertical and horizontal components.
4. Concluding remarks

This work directly compares ember propagation dis-
tances for particles of various geometries (sphere, cylinder
and disk), initial diameters, and burning characteristics.
Particles released from a specified initial height have been
examined, as well as those lofted from a buoyant plume of
a small ground fire. From this study, the following points
may be noted:
1.
 Disk-shaped embers that travel with their axis perpen-
dicular to the wind are found to impact the ground still
burning furthest from the release point, traveling over
three times the distance of cylinders and approximately
10 times the distance of spheres of equal initial mass.
This trend is predicted for both initially elevated and
fire-plume-lofted embers. In the case of equal initial
diameters, disks are again found to impact the ground
still burning furthest from the release point.
2.
 While the disks show the largest diameter regression for
particles of equal initial diameter, they also have the
highest mass fraction remaining upon ground impact.
3.
 Charring on spheres and cylinders allows particles to be
carried further, as the char lowers the overall density of
a particle. This effect decreases with increasing initial
particle size.
4.
 Lowering the mass extinction ratio for charring
cylinders and spheres resulted in smaller particles
landing on the ground still burning.
5.
 Increasing the surface combustion temperature shortens
the landing distance for all but the smallest particles.
6.
 Burning ember propagation distance is found to be
nearly linear with wind speed.
While this work assesses the potential of various
embers to spread fires, it does not explicitly investigate
the actual ignition of surrounding combustible by the
particle after it has landed. That a particle lands still
burning does not necessitate that it will ignite its
surroundings. The particle may be too small and have
too little heat capacity to allow the reaction to survive and
spread. Moreover, the type and condition of the fuel has a
great impact on determining whether the fire will be spread
by the impacting particle. Several researchers are investi-
gating the ignition of vegetation both experimentally and
numerically [39–41]. Additionally, Manzello et al. [42] is
examining the specific phenomenon of surface ignition
by impacting embers. Future work should incorporate the
results of such ignition research into a brand propagation
model to achieve a comprehensive predictive fire spotting
model.
Appendix A

As stated in the text, a satisfactory fit for the experi-
mental data for burning spheres may be obtained by using
a scaling of the actual surface area. We begin with the
empirical relation for the actual diameter regression as
determined by Tse and Fernandez-Pello [7] by fitting Tarifa
et al.’s [1] data for burning oak spheres:

d D4
P

� �
dt
¼ �2

ffiffiffi
3
p

b2t. (A.1)

If we rewrite Eq. (A.1) in terms of the surface area of the
sphere and rearrange, we obtain

d Ssph

� �
dt

¼
�p2

ffiffiffi
3
p

b2t
Ssph

, (A.2)

where the surface area of the sphere is Ssph ¼ pD2. If we
consider the circumferential surface area of a cylinder of
equal diameter, we have Scyl ¼ pDL, where L is the length
of the cylinder. Using the definition of aspect ratio
E ¼ L=D, we may write this as

Scyl ¼ pD2E ¼ SsphE. (A.3)

Now if we back substitute for the area of a sphere in
terms of diameter on the LHS of Eq. (A.2), but leave the
RHS in terms of a geometry specific area and replace Ssph

with Scyl, we arrive at

d D2
� �
dt
¼
�p

ffiffiffi
3
p

b2t

Scyl
. (A.4)

Finally, we substitute Eq. (A.3) into (A.4), and upon
rearranging obtain

d D4
� �
dt
¼
�2

ffiffiffi
3
p

b2t

E
. (A.5)

Tarifa et al.’s[1] data for oak cylinders of aspect ratio
E ¼ 3 is well fit by this empirical relation. While not
physically explaining why the actual diameter of a charring
firebrand should regress as the square of area, this relation
and the satisfactory match of the experimental data point
towards an area dependence.
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