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Firebrand transport from a novel firebrand generator: 
numerical simulation of laboratory experiments 
R. WadhwaniA,B, D. SutherlandB,C, A. OoiB,D and K. MoinuddinA,B,*  

ABSTRACT 

Firebrands (often called embers) increase the propagation rate of wildfires and often cause the 
ignition and destruction of houses. Predicting the motion of firebrands and the ignition of new 
fires is therefore of significant interest to fire authorities. Numerical models have the potential to 
accurately predict firebrand transport. The present study focuses on conducting a set of bench
mark experiments using a novel firebrand generator, a device that produces controlled and 
repeatable sets of firebrands, and validating a numerical model for firebrand transport against this 
set of experiments. The validation is conducted for the transport of non-burning and burning 
cubiform firebrand particles at two flow speeds. Four generic drag sub-models used to estimate 
drag coefficients that are suited for a wide variety of firebrand shapes are verified for their 
applicability to firebrand transport modelling. The four sub-models are found to be good in 
various degrees at predicting the transport of firebrand particles.  

Keywords: contour, contour peak location, drag models, embers, Fire Dynamics Simulator, 
firebrand generator, Lagrangian particles, lateral spread, short-range firebrands. 

Introduction 

Firebrands are a primary cause of the increased rate of fire spread inside a forest canopy 
and can cause damage to structures located close to a forest. The whole process encom
passing the transport of firebrands and their propensity to ignite surface fuels or struc
tures is called spotting. Short-range (where the firebrands travel up to 750 m) spotting is 
principally observed inside the forest canopy where the firebrands travel mainly owing to 
shear stress of wind, with little to no lofting provided by the buoyant force of the sub- 
canopy fire (Cruz et al. 2015). Massive short-range spotting can increase the observed 
rate of fire spread up to three times compared with the rate of fire spread when firebrands 
are not present; this effect was observed in the 1962 Daylesford fire, Victoria, Australia 
(McArthur 1967). Thus, it is imperative to account for short-range spotting in fire spread 
simulations explicitly, especially for vegetation types such as eucalyptus and pine forests, 
which produce significant numbers of firebrands. It is extremely challenging to conduct 
field-scale measurements owing to safety hazards to personnel and equipment during the 
experiment, as well as the associated expense and the limits of experimental parameters 
that are achievable. Some field-scale research studies with actual vegetation (Gould et al. 
2008; El Houssami et al. 2016; Filkov et al. 2017; Thomas et al. 2017; Storey et al. 2020) 
have quantified short-range spotting distances, and firebrand material, sizes and mass, 
from a forest with limited parameters affecting the firebrand transport. 

Numerical approaches to quantify the behaviour of short-range spotting offer more 
convenience to develop a short-range firebrand model that can be incorporated in an 
operational fire model. Tarifa and co-workers (Tarifa et al. 1965; Tarifa 1967) were the 
first who attempted to develop a correlation between different types of firebrand and their 
maximum spotting distance. However, their work focused on firebrands that were lofted 
by the plume, representing long-range spotting firebrands, to develop a spotting model. 
Similarly, Albini (1979) also developed a spotting model for long-range firebrands that 
has been widely used in various operational fire models. Tse and Fernandez-Pello (1998) 
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carried out numerical modelling for spherical metallic fire
brand particles (representing sparks from power cables) and 
wooden firebrand particles coming from a tree. The work 
focused on understanding the trajectory of firebrands ejected 
at a certain height from the ground into the surface layer 
flow (30–50 m from the ground) and their ignition potential 
to cause spotting. However, they did not develop any corre
lation that could be used in an operational fire model repre
senting various type of firebrands in a wildfire. Sardoy et al. 
(2008) conducted the first numerical study with a correla
tion between short-range firebrands and fire size. Sardoy 
et al. simulated firebrand transport by conducting three- 
dimensional (3D) physics-based modelling for the transport 
of different disc-shaped firebrands from the plume generated 
in a line fire source. They developed a correlation between 
firebrand parameters and ambient parameters like fire inten
sity and wind speed. Their model revealed a bimodal distri
bution of the firebrands on the ground downstream when 
both pyrolysis and char oxidation were present in the fire
brand. Some of the firebrands, mostly in a flaming state, 
landed a short distance from the source fire and other fire
brands, in a charred state, landed a long distance from the 
source fire. However, the quantification of error and uncer
tainty associated with their model was not computed nor was 
the model compared with any field-scale experiments or real 
wildfire incidents. 

Simulations results from physics-based fire models must 
be carefully validated against experiments with burning 
firebrands. The validation of a model is challenging at 
field-scale because of difficulties in controlling experimental 
parameters that affect the repeatability of the experiment. 
These challenges can be exacerbated by the settlement of 
communities close to forests, which restricts the locations of 
the experiments. An alternative is to conduct the validation 
work at a laboratory scale and then scale up the simulations 
and compare them with documented wildfire incidents 
(Linteris et al. 2004). 

The Firebrand Dragon constructed by the National 
Institute of Standards and Technology (NIST) in the USA 
(Manzello et al. 2008) is one such apparatus, and can pro
duce artificial firebrand showers in a meticulous and repeat
able manner. The NIST Firebrand Dragon has been mainly 
used to study the impact of firebrands on structures 
(Manzello and Suzuki 2013, 2014; Suzuki et al. 2016) and 
the ignition of forest surface fuel (Manzello et al. 2006).  
Kortas et al. (2009) validated a particle transport model for 
the transport of cylindrical and disc-shaped firebrands used 
in the NIST Firebrand Dragon. They compared mass loss and 
longitudinal travel distance distribution, although they 
ignored collisions between the firebrand particles and the 
wall of the Firebrand Dragon. The NIST Firebrand Dragon 
has a bend at the mouth, which produces a Dean’s vortex near 
the mouth (Wadhwani et al. 2017b). The Lagrangian assump
tion for particle modelling would not be valid to use with the 
NIST Firebrand Dragon owing to particle interactions and 

modification of flow due to the large number of particles. It 
is to be noted that Kortas et al. (2009) assumed a Weibull 
distribution of firebrands leaving the Dragon mouth as the 
initial condition to match with the experiments. Wadhwani 
et al. (2017b) constructed a firebrand generator prototype 
that produces a uniform shower of firebrands to validate the 
Lagrangian particle model of the Fire Dynamics Simulator 
(FDS). FDS is a physics-based fire model that has been exten
sively used in fire sciences for building and wildland fires 
(McGrattan et al. 2015a). However, their work was limited to 
testing the performance of the inbuilt drag model of FDS for 
non-burning particles. 

The present work is built on that of Wadhwani et al. 
(2017b) to study burning firebrands by constructing an 
entirely new firebrand generator. Compared with Wadhwani 
et al. (2017b), there are two main improvements to the 
generator. The generator described here is constructed of 
stainless steel to produce uniform burning firebrands, which 
was not possible in the prototype generator constructed of 
poylvinyl chloride (PVC). The new generator also allows con
trol of the flow Reynolds numbers, accommodates different 
sizes of firebrand, and can produce a wide range of combust
ing firebrands. The experimental data are valuable as a bench
mark set for any model validation. Realistic firebrands are 
found to be considerably different in size, shape and stages of 
combustion, as observed in field studies (Gould et al. 2008; El 
Houssami et al. 2016; Filkov et al. 2017; Thomas et al. 2017;  
Storey et al. 2020). Although there has been some work on 
cylindrical firebrands (Tohidi and Kaye 2017), firebrand par
ticles are often assumed purely spherical (Thurston et al. 
2017; Thomas et al. 2020). This assumption likely leads to 
significant inaccuracies in predicted landing distributions. 
A simplifying assumption for long-range firebrands is a con
stant terminal velocity, which has been shown to overpredict 
the landing density of firebrands (Thomas et al. 2020). 
Therefore, accounting for the shape of the firebrand is critical 
to improved predictions of firebrand distribution. It is also 
necessary to quantify differences between predicted and 
actual firebrand distributions to assess upper and lower limits 
of error. 

Thus, the purpose of the computational study is twofold: 
(a) quantifying the assessment for a set of alternative drag 
models suited to represent generic shapes of firebrands using 
the firebrand generator; and (b) validating the firebrand trans
port model within a physics-based model (FDS) for burning 
firebrands. The validated model can then be applied to study 
the transport of short-range firebrands, such as firebrand 
transport inside a forest canopy (Wadhwani et al. 2019). 

Experimental methodology and design of 
firebrand generator 

The design of the firebrand generator is based on the proto
type detailed in Wadhwani et al. (2017b). The critical 
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modifications to the base design are: (i) the addition of a 
firebrand heater to ignite firebrands (Fig. 1a–c), and (ii) the 
insertion of a honeycomb-type flow straightener (Fig. 1d) to 
minimise the length required to develop a uniform flow at 

the mouth of the generator. The combined length of the two 
concentric stainless steel pipes is 3.9 m, which consists of 
two pipes of nominal inner diameters 50 and 200 mm and of 
lengths 2.3 and 3.1 m, respectively. The generator is 

(a) Front view of firebrand generator (b) Back view of firebrand generator

(c) Firebrand heater producing firebrand

(e) A cutaway schematic of firebrand generator

(f ) Schematic of the firebrand heater and ignition arrangement
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Fig. 1. Different sections of the firebrand 
generator highlighting its working principles 
and hidden features (VUSSG, Victoria 
University stainless steel generator).    
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constructed to produce varied sizes and shapes of firebrand 
with different degrees of combustion and at different flow 
speeds; however, for the current study, only burning and 
non-burning cubiform firebrand particles and two Reynolds 
numbers of the flow are studied as a proof of concept. 

Fig. 1 shows the different sections of the concentric pipe 
firebrand generator (known as the Victoria University 
Stainless Steel Generator or VUSSG). Fig. 1a, b shows the 
front and back view of the firebrand generator highlighting 
the main components of the equipment. Fig. 1e provides a 
cutaway schematic of the firebrand generator clarifying its 
working principles. Air is drawn into the equipment through 
the ‘air inlet’ (shown in Fig. 1a) using a centrifugal fan 
(hidden inside the cabinet denoted ‘fan’). The air then 
reaches the annular region of the concentric pipes (shown 
in Fig. 1e) and passes through a honeycomb flow straight
ener. The flow provides the required acceleration to the 
firebrand particles coming through the inner pipe. The 
three-phase induction motor centrifugal fan of 7.457 kW 
runs at 2860 rpm in the hidden cabinet, providing air to 
the firebrand generator. The motor controller is used to 
control the speed of the fan, and thus, provides a control 
of flow Reynolds number. The firebrands are fed to the 
‘firebrand heater’ conveyor belt (sketched in Fig. 1f), 
which provides them sufficient time to ignite and maintain 
a flaming combustion state (Fig. 1c) before they fall into the 
‘firebrand inlet’ pipe via a chute (Fig. 1a, e). The firebrand 
heater consists of a conveyor belt and two (top and bottom) 
radiant heating elements that are designed to give firebrand 
feed rates 0.055–0.165 firebrands s−1. By adjusting the 
conveyor belt speed, it is possible to achieve 40–75% com
busted cubiform firebrand particles when both heating ele
ments are turned on. The low firebrand feed rate is to ensure 
there is effectively only one-way coupling between the fluid 
and the particle, an essential feature of a Lagrangian model. 
That is, while the fluid exerts forces on the particle, the 
particle has a negligible effect on the flow. In a particle- 
laden flow, the presence of many particles can induce tur
bulence and particle–particle interactions can occur (Laín 
and Garcia 2006). These phenomena are not included in the 
Lagrangian particle model. In a real, ember-laden flow, we 
expect the ember density to be sufficiently low that a 
Lagrangian model is sufficient (Thurston et al. 2017;  
Thomas et al. 2020). A higher ember feed rate is possible 
but is beyond the current scope of research. The average 
initial mass of Pinus radiata-based cubiform firebrand parti
cles used in this study was 0.83 g and the average length was 
12.45 mm, identical to the particles used by Wadhwani et al. 
(2017b). During non-burning firebrand experiments, the 
heating elements and pilot flame are turned off. During 
the burning firebrand experiments, the conveyer belt runs 
at 0.165 firebrands s−1, corresponding to 40% combusted 
cubiform firebrands. The firebrand heater provides a net 
radiative heat flux (measured using a handheld radiometer) 
of 25 kW m−2, with the firebrands fed to the conveyor belt 

of the firebrand heater at an ambient temperature of 30°C. 
Inside the firebrand heater, a firebrand particle heats for 
45(±2) s, exposed to net radiative heat flux of 25 kW m−2 

and then converts to flaming combustion for 24(±2) s 
through auto-ignition or piloted ignition by a small flame 
while continuously receiving radiant heat flux before the 
firebrand falls into the chute to the firebrand inlet location. 

The firebrand temperature after it leaves the heater but 
before it is injected into the inner pipe at the firebrand inlet 
location (Fig. 1a, e) of the generator was measured manually 
and quickly using a non-contact infrared thermometer and 
thermocouple to cross-verify the experimental measurements. 
Thirty firebrands (i.e. 12% of firebrands used in each experi
mental run) were paused between the heater and inlet and 
measured using a non-contact infrared thermometer (with 
emissivity of 0.97) and using a manual contact thermocouple. 
The measured average temperature with the infrared ther
mometer was 300°C and the thermocouple was 320°C, so 
the average temperature of the firebrand particle is taken as 
310(±50)°C. The average mass of firebrand particles before 
injection at the firebrand inlet is reduced by 57.4%, the 
average volume by 27.1% and the average density by 
20.7% respective to their initial ambient measurement. The 
effective heat of combustion of the firebrand particle is 
16.21 MJ kg−1, the heat of reaction is 522.39 kJ kg−1 and 
soot yield is 0.00192 kg kg−1 (the measurement techniques 
for these quantities are detailed in Wadhwani (2019)). 

The firebrand generator is utilised to generate a series of 
firebrands (after flow has been established to steady-state 
conditions) that land on the ‘distribution grid’ (20 × 20 cm) 
(Fig. 1b); the firebrands may then bounce and land again. 
Only the first-impact locations where a firebrand initially 
lands are measured using two high-speed cameras. The 
video footage is post-processed using MATLAB to extract 
the firebrand impact location (Wadhwani 2019). The 
video footage is first processed to exaggerate contrast 
between the particle, the marked grid lines in the landing 
area and the white background. The frames are then dis
played and manually inspected to record the impact loca
tion. In each experimental run, 250 firebrands are used and 
collected, and the experimental runs are conducted until the 
convergence criteria (Eqns 1 and 2) are met. Experiments 
were run at least eight times to satisfy the criteria and the 
resulting cumulative distribution of overall experimental 
runs are considered the experimental distribution of cubi
form firebrands. 

P x y
i

f x y
f x y x y

( , ) = 1 ( , )
( , )d di

j

i j

y
y

x
x

j=1
l

u
l

u
(1)  

where i is the number of experiments, fj(x, y) is the distri
bution of particles for an experiment j; xl, yl, xu, yu are the 
lower and upper coordinates of the distribution grid x, y.  
Eqn 1 takes the observed distributions from experiment j, 
and normalises the distribution so the integral is one (and 
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thus the summand is a probability density function) before 
averaging the distribution over i experiments. The distribu
tion is deemed converged (Eqn 2) when the successive varia
tion in each distribution grid is found to be less than 5%. This 
level of statistical convergence is found to be sufficient; a 
higher convergence criterion could be considered but would 
significantly increase the number of experimental runs 
(including data processing) required to achieve a high con
vergence level at each grid point. The convergence criteria is 
defined as 

P x y P x ymax{ ( , ) ( , )} < 0.05.i i+1 (2)   

The Lagrangian particle model validation required the 
measurement of the flow velocity and particle velocity. 
The flow velocity was measured with a pitot tube. The 
particle velocity was measured using two orthogonal high- 
speed cameras. The measurement methodology and uncer
tainty associated with the measurements are discussed in  
Wadhwani et al. (2017b). The experiments were carried 
out at the higher end of the flow Reynolds numbers (Re) 
observed in real wildfires during short-range spotting (Gould 
et al. 2008; Thomas et al. 2017); two flow speeds, represent
ative of fire conditions, are considered in this study, denoted 
the Re-1 case (Re no. 3 × 105) and Re-2 case (Re no. 
3.4 × 105). The video footage of particle tracking at the 
mouth was post-processed in MATLAB to measure the dis
tance a particle travels between individual image frames to 
compute particle component velocities. The average values 
of particle velocity for all cases are listed in Table 1. Note 
that u is the streamwise velocity along the axis of the tube, 
w is the vertical velocity of the particle, which is positive in 
the upwards direction measured from the centre of the tube, 
v is the spanwise velocity of the particle mutually orthogonal 
to u and w; the positive direction follows from the standard 
right-hand rule. The v and w particle velocities arise because 
of the irregular insertion of particles, turbulence in the tube 
of the generator, rotation of the particles themselves and 
collisions with the walls of the generator. 

Numerical model 

The numerical model that we seek to validate is FDS 
(ver. 6.2.0). FDS solves the basic governing conservation 

equations for mass, energy and momentum of a 
Newtonian fluid at low-Mach number using a second-order 
finite difference method. The details of the equations and 
solution method are provided in the technical guide 
(McGrattan et al. 2015b) and hence are not discussed 
here. FDS uses the Large-Eddy Simulation (LES) methodol
ogy with the Deardoff turbulence model to describe the gas- 
phase turbulence and a Lagrangian particle model to 
describe the solid particle transport. 

FDS has an inbuilt drag model only for spherical and 
cylindrical shapes (McGrattan et al. 2015b); for cubiform 
particles whose initial, unburnt, sphericity is 0.806, it can be 
assumed that the spherical drag model would be sufficient. 
Sphericity (Wadell 1933) is the surface area of a sphere with 
equal volume to the particle divided by the surface area of 
the particle. As the particle combusts, the sphericity will 
change; however, over a short combustion time, the sphe
ricity is unlikely to change significantly enough to affect the 
drag coefficient in a meaningful way. The effect of sphericity 
and tumbling of a particle will tend to average out on the 
20-cm wide distribution grid, which was already observed 
for non-burning cubiform firebrands (Wadhwani et al. 
2017b). This aspect is a crucial assumption for short-range 
spotting, such as occurs inside a forest canopy, where parti
cles have short flight times as compared with long-range 
spotting and the focus of the present study. Moreover, it is 
important to explore replacing the existing drag model in FDS 
with a generic drag model that could be used to represent a 
generic shape of firebrand that is neither spherical nor cylin
drical. Thus, four drag models found in the literature were 
selected that are widely used and applicable to a generic 
shape of particle based on its sphericity; for this reason, no 
direct comparisons of drag coefficient were attempted. These 
models are the Haider and Levenspiel (1989), Ganser (1993),  
Hölzer and Sommerfeld (2008), and Bagheri and Bonadonna 
(2016) drag models; details can be found in Table 2. 

Fig. 2 shows a representation of the different drag models 
used in the present study for cubiform particles, with two 
vertical lines representing the approximate variation of the 
Reynolds number during the flight time of the firebrand 
particles. The Reynolds number (Rep) used is based on the 
particle length scales: 

µ
L

T
V VRe =

( )p
air particle

air
particle flow

where the vsubscript refers to the velocity of the particle or 
flow, ρ is the density, μ the (temperature-dependent) visco
sity and L is the particle length (McGrattan et al. 2015b). 

The variation occurred owing to dissipation of the flow 
velocity from the mouth to downstream. Near the ground, 
the Reynolds number is approximately 3 × 103 and near the 
mouth of the generator, at the higher flow velocity, the Re is 
approximately 3.4 × 105. The difference between FDS 
inbuilt and drag models found in the literature is due to 

Table 1. Particle velocity components (u, v, w) measured for each 
case using two orthogonal cameras.      

Experimental 
cases 

u 
(s.d.) (m s−1) 

v 
(s.d.) (m s−1) 

w 
(s.d.) (m s−1)   

Re-1-non-burning 8.5 (1.49) −0.3 (0.5) 0.8 (0.6) 

Re-2-non-burning 10 (1.65) −0.5 (0.6) 0.7 (0.6) 

Re-2-burning 8.25 (1.15) −0.3 (0.6) 0.2 (0.5) 

Re-2-burning 9.55 (1.45) −0.2 (0.6) 0.1 (0.6)   
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simplification of the drag law adopted for spherical particles 
in FDS. Hölzer and Sommerfeld (2008) measured the differ
ence between experimental and predicted drag coefficients 
of different drag models for different shapes. They observed 
that for cuboidal- and cylindrical-shaped particles, using 
Haider and Levenspiel, Ganser and their own drag model 
showed mean relative deviations in estimating drag 
coefficient of 42.3, 38.4 and 29% respectively. Furthermore, 
they observed the maximum to minimum relative deviation 
in estimating drag coefficients varied by three orders of 

magnitude. Thus, inherently, the drag models found in the 
literature already have significant differences, yet have been 
accepted for major engineering applications. 

The combustion of firebrands is represented using the 
inbuilt FDS single-step model considering a single fuel 
species that is composed primarily of C, H, O and N reacting 
with oxygen in one mixing-controlled step to form H2O, 
CO2, soot and CO. The details of the combustion model 
can be found in the FDS technical guide (McGrattan et al. 
2015b). 

Table 2. List of drag models tested in this work. See references provided for definitions and explanations of equations.      

Serial no. Drag model Drag correlation Eqn. No.   

1 FDS Spherical drag model 
( McGrattan et al. 2015b) 

C =

, Re <1

, 1 < Re <1000

1, Re >1000

D

D

D

D

, sph

24
Re

24(0.85 + 0.15 Re )

Re

D

D

D

0.687

l

m
oooooooo

n
oooooooo

(3) 

2 Haider & Levenspiel drag 
model ( Haider and 
Levenspiel 1989) 

C A= (1 + Re ) + , Re < 2.6 × 10D D
B C

D,Ha
24

Re 1 +

5
D D

DRe

(4) 

where  

A = exp(2.3288 6.4581 + 2.4486 )2

B = 0.0964 + 0.5565

C = exp(4.905 13.8944 + 18.4222 10.2599 )2 3

D = exp(1.4681 + 12.2584 20.7322 + 15.8855 )2 3

ψ = Sphericity of the particle  

3 Ganser drag model 
( Ganser 1993) 

K K K K= (1 + 0.1118(Re ) ) + , Re 10C

K K K D D
24

Re 1 2
0.6567 0.4305

1 +
1 2

5D

D
DK K

,Ga

2 1 2 3305
Re 1 2

(5) 

where  

K1 & K2 is shape factor in Stokes and Newton regimes  

For isometric particle, K = [0.3333 + 0.6667 ]1
0.5 1 and K = 102

1.8148( log )0.5743

4 Hölzer & Sommerfeld drag 
model ( Hölzer and 
Sommerfeld 2008) 

C = + + + 0.42 10 , Re 10D D,Ho
8

Re

16

Re

3

Re
0.4( log ) 1 7

D D D 0.75

0.2 (6) 

where  

is called as a crosswise sphericity  

5 Bagheri & Bonadonna drag 
model ( Bagheri and 
Bonadonna 2016) 

( )C = 1 + 0.125 Re + , Re < 3 × 10D
k

D
k
k

k
D,Ba

24
Re

0.46

1 +

5
D

D
k
k

S N

S

2
3 S

5330

Re N
S

i
k
jjjjj

y
{
zzzzz

(7) 

where  

k =
F F

S

+

2

S

1
3

S

1
3

i

k
jjjjjjjj

y

{
zzzzzzzz
, k = 10 F

N
[ log( )]2 N 2,  

= 0.45 +2
10

exp(2.5 log( ) + 30)
, = 12

37
exp(3 log( ) + 100)

apparent density ( ) = solid,particle

fluid,air
, F fe=

d
S

1.3
LIS
eq
3

F f e=
d

N
2

LIS
eq
3

, f S Iflatness of article ( ) = / , e I Lelongation of particle ( ) = / , and deq = equivalent 

diameter of particle    
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Results 

The experimental measurement of flow profiles at the 
mouth of the generator is shown for two directions (Y-, Z- 
direction) orthogonal to the flow (X-direction) in Fig. 3. 
Uniform flow develops at the mouth of the generator for 
both flow cases in the orthogonal directions to the flow with 
a velocity at the centre (Vcentre) of 23.4 and 25.9 m s−1 

respectively. After developing a uniform flow field, fire
brand particles are injected into the stream non-burning or 
burning. The extremely low feed rate ensures no particle– 
particle collisions and few collisions with the wall of the 
pipe (0–2% in each experimental run). The particle velocity 
components measured using a high-speed camera are detailed 
in Table 1. Experimental observations of firebrand distribu
tion were compared with simulations. The simulation domain 
encompasses the experimental apparatus from the mouth of 
the generator to the distribution grid, similarly to the work 
with the prototype generator (Wadhwani et al. 2017b). The 
simulated distribution grid has the same dimensions as the 
experimental distribution grid. The simulation domain is 
10.2 m long, 2.4 m wide and 2 m high respectively in the X, 
Y, and Z directions. The domain is subdivided into four parts 
longitudinally, 0 ≤ x ≤ 0.5, 0.5 ≤ x ≤ 2.5, 2.5 ≤ x ≤ 4.5, 
and 4.5 ≤ x ≤ 10.2 with uniform grid sizes (Δx = Δy = Δz) 
20, 40, 40 and 40 mm respectively. The mouth of firebrand 
generator is placed at x = 0. The centre of the generator 
mouth is placed 1.1 m above the ground. The simulation 
inlet conditions were defined using the time-averaged mean 
flow profile measured at the firebrand generator mouth. 
The results were shown to be independent of the choice of 
grid at a flow Reynolds number of 4 × 105, as discussed in  

Wadhwani (2019). Fig. 4 shows the simulated mean distri
bution (as contours) of the flow speed of the experimental 
set-up for both cases at the centre of the mouth. The presence 
of a strong jet flow is visible 3.5–4 m from the mouth. 

After flow establishment, firebrand particles are injected 
into the simulation with a distribution of initial particle 
velocities given in Table 1. 

A combination of 27 firebrand particles were injected 
into the domain to comprehensively represent experimental 
conditions with an initial component velocity equal to 
u ± σu, v ± σv, and w ± σw (representing mean and standard 
deviation of particle component velocities given in Table 1). 
Following the same methodology as Wadhwani et al. 
(2017b) for non-burning cubiform particles using a proto
type firebrand generator, six types of Lagrangian particles 
are injected to represent the particle distribution density. 
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The six types of Lagrangian particles are defined by μ ± σ/4, 
μ ± 3σ/4, and μ ± 3σ/2; μ, σ are the mean density and 
standard deviation of particle densities respectively of cubi
form particles = 428 kg m3-3. In the experiments, particles 
do collide with the duct. However, the simulation is initi
alised with particles at the mouth of the generator with some 
specified velocities. Therefore, particle collisions with the 
duct are not explicitly computed, but their cumulative effect 
is somewhat captured in the initial velocities of the particles. 

Comparative contours between experimental and simu
lated firebrand distributions are plotted in Figs 5–8 for 
simulations using various drag models. The supplementary 
file provides further insight into the distribution of particles. 
In Figs 5–8, the solid lines are the experimental distribution. 
The dotted lines denote the equivalent simulated distribu
tion; the simulated distribution meets the same convergence 
criteria as the experimental distribution. 

For non-burning cubiform firebrands in Figs 5, 6, the 
simulated results overlap quite well in both the Re-1 and 
Re-2 cases with all drag models. The difference between the 
locations of the two peaks, i.e. experimental and simulated 
(computed using Eqn 8), was found to be less than 5% for 
non-burning cubiform firebrands with the following drag 
models:  

• Re-1: FDS default, Haider and Levenspiel, Ganser and 
Bagheri and Bonadonna  

• Re-2: FDS default, Haider and Levenspiel and Bagheri and 
Bonadonna 
The quantitative difference found between the two peaks 
for each case is presented in their respective figures for all 
the drag models. The difference between the two peaks is 
computed as the ratio of the relative difference between 
the two peak locations from the mouth of the firebrand 
generator to the location of experimental peak, as repre
sented in Eqn 8. 

difference =
peak peak

peak
,peak to peak

expt sim

expt
(8)   

For burning cubiform firebrands in Figs 7, 8, the peak 
difference is less than 5% with the following drag models:  
• Re-1: Haider and Levenspiel and Ganser  
• Re-2: Haider and Levenspiel, Ganser, Bagheri and 

Bonadonna and Hölzer and Sommerfeld 

In Figs 5–8, Haider and Levenspiel is the only drag model 
that resulted in less than a 5% difference in peak location for 
all four configurations. 

In all the simulations (shown in Figs 5–8), the lateral 
spread of the simulated firebrand particle overlaps well 
with the experimental observations. The difference in lateral 
spread of firebrands was found to be small, i.e. 0–0.1 m or 
0–7% of experimental width on either side of the peak of 
distribution using the Haider and Levenspiel model in all the 

simulations. For other drag models (including the FDS 
default), inconsistent differences were observed in lateral 
spread, with differences varying by 0–0.5 m or 0–35% of the 
experimental width on either side of the peak of distribu
tion. The lateral spread is caused in part by the initial v- and 
w-components of the particle velocity, which could be due 
to turbulence inside the firebrand generator. The lateral 
spread is also likely exacerbated by the rotation of the 
particles, which results in imbalanced drag forces and exag
gerated (compared with a point particle) lateral movement.  
van Wachem et al. (2015) and Carranza and Zhang (2017) 
also observed a similar phenomenon when studying the 
transport of non-spherical particles in a confined domain. 
The present work considers only the point particle assump
tion used in FDS, which considers only the drag force 
acting on the particle and limits the inclusion of other forces 
acting on it. 

The maximum distance of firebrand travel is different for 
each simulation. Fig. 9 shows the comparison of the peak of 
the firebrand distribution and maximum distance of fire
brand spotting for cubiform particles using the different 
drag models. The whiskers in the plot represent the maxi
mum and minimum possible spotting distances for all the 
cases. The comparison between the non-burning and burning 
cubiform firebrands for both Re cases shows that combustion 
of the firebrands significantly reduced the peak locations 
of the experimental and simulated firebrand distributions. 
The changes occur because of the significant reduction in 
particle mass and the slight reduction in particle size due to 
burning, which reduce the momentum of the firebrand 
when released from the mouth of the firebrand generator. 
However, a few are able to travel further from the mouth of 
the firebrand generator, as observed in the experiments, 
which may be due to collision with the surface of the pipe. 
The burning firebrand particles are simulated as burnable 
fuel and could lose mass. However, because of the short 
flight time (~1–2 s), the mass loss of the particles over the 
simulated trajectory is negligible. The vegetation pyrolysis 
model of FDS has been extensively validated for litter 
fuels (Perez-Ramirez et al. 2017; Wadhwani et al. 2017a;  
Wadhwani 2019) and many other materials (Moinuddin 
et al. 2020), and so we believe the simulation should 
provide a good estimate of the in-flight mass loss of the 
experimental particles. Because the simulated mass loss is 
negligible over the flight time, we do not believe that mass 
loss has significant effect on the landing distribution in the 
experiments. 

The Haider and Levenspiel drag model arguably gives a 
better comparative prediction of peak location of firebrand 
distribution and maximum spotting distance as compared 
with other drag models for burning firebrands. The Ganser 
model appears to be second best, because its Re-2 non- 
burning prediction is not as good as the Haider and 
Levenspiel model. Although the default drag model provides 
a reasonable prediction for the non-burning firebrands, 
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its prediction for burning cases is not as good. In Fig. 2, 
within the Re range for the present study (marked two vertical 
lines), the drag coefficients from Haider and Levenspiel, 

Ganser and Bagheri and Bonadonna models are very close 
to each other, and overall, these models give better results 
other the two models. 
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Fig. 5. Comparative contours (experimental and simulated) of firebrand distribution for non-burning cubiform particles at Re-1 
with all the drag models.   
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When comparing the lateral distribution of firebrands 
predicted by the Haider and Levenspiel model (Haider and 
Levenspiel 1989) and the Ganser model (Ganser 1993), it 
can be seen that the Haider and Levenspiel model shows a 

consistent overlaps with the experimental spread. This aspect 
(comparing lateral distribution) becomes profound when other 
shapes, such as cylindrical and square disc-shaped firebrand 
particles, are considered, as observed by Wadhwani (2019) 
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Fig. 6. Comparative contours (experimental and simulated) of firebrand distribution for non-burning cubiform particles at Re-2 
with all the drag models.   
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and Wadhwani et al. (2021) for non-burning particles. A 
similar comparison can be drawn for the maximum and mini
mum spotting distances by comparing the whiskers in Fig. 9. 

In this case, all of the particle distributions are two- 
dimensional and there are no well-established statistical 
tests, without significant limitations, to rigorously compare 
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Fig. 7. Comparative contours (experimental and simulated) of firebrand distribution for burning cubiform particles at Re-1 
with all the drag models.   
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bivariate distributions. A bivariate Kolmogorov–Smirnov test 
has been described in the literature; however, there is no rigor
ous way to order bivariate data. A discussion of the limitations 

for tests for bivariate distributions may be found in Quill et al. 
(2020). It may be possible to develop a bespoke test for our 
datasets, but this is beyond the scope of the present work. 
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Fig. 8. Comparative contours (experimental and simulated) of firebrand distribution for burning cubiform particles at Re-2 with 
all the drag models.   
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Conclusion 

The movement of firebrand particles in a wildfire can be simu
lated using a Lagrangian model because the particles are too 
small to significantly alter the driving and pyrogenic winds. We 
constructed a novel firebrand generator that produces a uni
form flow with a series of non-burning and burning firebrands 
with varied firebrand shapes and sizes, flow speeds and com
bustion stages. The firebrand generator was used to conduct a 
benchmark experiment that is used to validate a Lagrangian 
submodel of Fire Dynamics Simulator (FDS) for cubiform fire
brands, both non-burning and burning, at two flow speeds. 

The simulated results using FDS were found to closely 
represent the experimental observations for the distribution 
of the first-impact location of firebrands. The uncertainties in 
the measurements and simulations are quantified throughout 
the manuscript. The experimental distributions are allowed to 
converge until a maximum 5% variation, the uncertainties in 
the simulated distributions are quantified by the minimum 
and maximum statistics provided in Fig. 9; mean deviations 
in estimates of drag coefficients are provided as appropriate, 
and the difference between the peaks of the experimental and 
simulated distributions is quantified. The simulation was 
found to practically predict the lateral spread of firebrands 
with negligible differences, 0–0.1 m (i.e. 0–7% of experimental 
width) on either side of the peak of distribution using the 
Haider and Levenspiel drag model. This difference in lateral 
spread is significantly higher and inconsistent in the other drag 
models. However, the peak location of firebrand distribution 
using the Haider and Levenspiel drag model was found to be 
slightly underpredicted (<5%) compared with the experimen
tal peak location of distribution. The underprediction could be 
due to an inherent error in estimating drag coefficients by the 
drag model (Hölzer and Sommerfeld 2008). The maximum 

spotting distances with the non-burning firebrands were 
found to be in good agreement with the experimental obser
vations, with an overprediction of 8–12% from the experi
mental values. For the burning firebrands, the simulated 
maximum spotting distance of cubiform firebrands was under
predicted by 15–20% compared with the experimental values. 
The most likely reason for this is simplified representation of 
the experiments while conducting simulations. In the experi
ments, there is a possibility that there were a greater number 
of firebrands heavier than the average firebrand. Only a 
fraction of the firebrands (30 out 250) was used to estimate 
the properties of the firebrands required for simulation. 

The Haider and Levenspiel drag model, as compared with the 
other drag models considered, was found to be better suited for 
firebrands to estimate the firebrand distribution and this could 
be used as an alternative drag model to study transport of 
firebrands with FDS. The FDS inbuilt drag models are restricted 
to only two shapes of firebrand particle, i.e. spherical and 
cylindrical. The Haider and Levenspiel drag model presents an 
alternative choice as a generic shape factor-based drag model. 
However, further study, similar to the one here, is required for 
different firebrand characteristics (e.g. size, shape, combustion 
phase) and flow speeds to fully quantify the error associated in 
estimating spotting distance. Our novel firebrand generator can 
be used to conduct such validation studies of Lagrangian sub
models with different shapes, rates of combustion and Reynolds 
numbers in future studies. Some preliminary comparisons of 
different shapes appear in Wadhwani et al. (2021). 

The models tested in this study were developed empirically, 
by curve fitting to the results of free-fall (rather than forced- 
flow) tests. All the models attempt to account for irregularly 
shaped particles by incorporating some estimates of sphericity 
of the particles. The Haider and Levenspiel model uses only 
the classical definition of sphericity, whereas Gasner intro
duces shape factors, Holzer and Sommerfeld use an additional 
measure of cross-wise sphericity, and Bagheri and Bonadonna 
use an elongation and equivalent diameter of the particle. 
Because these models are essentially complicated functions 
that fit the observed, it is difficult to appraise the features of 
each model in a different context based on the landing distri
bution data that we measured. Our results imply that the more 
complicated estimates of shape are not necessarily appropriate 
for estimating drag coefficients in our flows. 

Extending the modelling to complete fire conditions is chal
lenging. After modelling transport for general firebrand shapes, 
the most important factor is modelling the combustion of fire
brands along the flight path. The rate of combustion along the 
flight path would be particularly difficult to estimate, and the 
atmospheric conditions, such as a possibly reduced level of 
oxygen, would likely influence the combustion rate. 

Supplementary information 

Supplementary material is available online. 
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