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distance and mass distribution of firebrands and correlated the effect of 
the wind speed to the particles’ landing and extinction behaviors [14]. 
analyzed both lofting and downwind transport of non-burning rod-like 
particles in a wind tunnel experiment and statistically described their 
scattering behavior as a function of flow parameters. Laboratory ex
periments were also conducted by Ref. [15]; where the accumulation of 
smoldering firebrands in the vicinity of a flat plate exposed to different 
wind speeds was studied. They observed that wind speed influences both 
the spatial distribution and combustion intensity of deposited fire
brands. In a more recent study [16], analyzed, both numerically and 
experimentally, the effect of the separation distance between two rect
angular obstacles on the accumulation pattern of smoldering firebrands. 
Their results indicated that separation distance significantly influenced 
the accumulation of firebrands. 

In addition to laboratory-scale experiments, firebrand characteriza
tion has also been performed in prescribed [17] and uncontrolled fires 
[18,19], providing data regarding firebrand size and mass distributions. 
However, due to the large dimensions and complexities involving 
full-scale fires and wildfires, it is very difficult to address, in detail, the 
transport mechanisms through a purely experimental framework [7]. 
Therefore, numerical works have been developed alongside experiments 
in order to supply additional insights into the complexities involved in 
the firebrand transport phenomena. 

In the numerical framework, part of the existing models has relied on 
simplified wind profiles for simulating the transport of firebrands. For 
example, Fedele (1976) has obtained the probability of spot fire occur
rence based on prescribed parameters such as wind speed, fire spread 
rate, and fuel characteristics [20]. analyzed firebrand lofting and 
transport using an analytical plume model under a constant uniform 
wind velocity [21]. developed a numerical model to predict the trajec
tory of spherical particles carried by a steady logarithmic wind profile. 
Analytical wind profiles were also employed in the works of [22,23]; 
where the trajectory of burning particles under the effect of simplified 
wind-blown fire plumes was analyzed [7]. derived a model for calcu
lating spotting distribution and have modeled wind speed as a function 
of height using a power-law relation. The main shortcoming of these 
simplified wind models is the lack of consideration of turbulence effects 
on the transport of firebrands. 

Computational fluid dynamic (CFD) simulations have been 
employed to account for the effect of turbulence on particle trajectories 
in firebrand transport. For example, Reynolds Averaged Navier-Stokes 
(RANS)-based models have been employed to analyze the spreading 
and deposition of firebrands under different topographical and wind 
conditions (e.g., Huang et al., 2007; [24]. However, RANS methods are 
appropriate for analyzing the effect of the mean flow, as they do not 
provide information on the turbulent velocity fluctuations. Large-eddy 
simulations (LES), which can accurately resolve the main turbulence 
structures, have, therefore, been used. For example [25], employed LES 
to analyze the trajectory of disk-shaped particles across a turbulent 
boundary layer flow under the buoyancy effects. LES is also employed in 
the work of [26] where the landing distribution of firebrands of negli
gible inertia and constant fall velocities was analyzed with respect to 
different buoyancy-driven flows [27]. used LES wind velocity data in a 
stochastic particle transport model to investigate the landing probability 
of firebrand particles. LES has also been employed by Ref. [28] to 
analyze the scattering behavior of non-burning cylindrical particles, 
while spherical burning particles were analyzed in the LES works of [29, 
30]. 

As mentioned earlier, this study aims to investigate the transport of 
firebrands and the spotting process under the effect of topography- 
modulated turbulence. In general, regarding the effect of surface 
topography on firebrand transport, to our best knowledge, only a few 
studies can be identified [31]: computationally investigated the effect of 
two hill-shaped topographies on the path of spherical firebrands and 
their depositions and have shown that the presence of obstacles in
troduces additional turbulent structures, which significantly modify the 

firebrand dispersion behavior. In addition, the previously mentioned 
experiments from Refs. [15,16] have analyzed the impact of a flat plate 
and two rectangular obstacles on the propagation of smoldering fire
brands under different wind speeds, finding that the modified wind 
structures play an important role in the propagation behavior of fire
brands. None of these studies considers the effects of relevant large-scale 
turbulence structures that form within the atmospheric boundary layer. 
In the urban microclimatology community, it has been shown that such 
large-scale structures are significantly important in the transport phe
nomena near the earth surface and within surface-mounted obstacles (e. 
g., Refs. [32–37]. 

Despite that the spotting process is an important fire propagation 
mechanism in WUIs, there is little information available regarding 
firebrand transport in urban areas. Due to the presence of building 
structures, urban areas create microclimates and local flow fields that 
are significantly different than other areas on the earth’s surface. Review 
of the literature indicates that currently there is no fundamental studies 
of the effect of topography-induced flow structures on the firebrand 
behavior and spotting risk that could be extended to urban and WUI 
areas. This work aims to computationally investigate the effect of 
topography-induced flow structures on the trajectory, landing distribu
tion, and spotting risk of smoldering firebrand particles in an idealized 
urban region. For this purpose, LES was employed and firebrand parti
cles were assumed to be spherical-shape smoldering (temperature-, 
mass-, and size-changing) particles. Observational evidence shows that 
in nature, firebrands can be of any random shape and the shape of 
firebrand particles influences the aerodynamic forces, and thus the flight 
behavior of the particles and their subsequent landing distributions (e. 
g., Refs. [12,24,38,39]. Selection of canonical-shaped spherical (e.g. 
Refs. [21,29,40], cylindrical (e.g. Refs. [12,23,28], and disk (e.g. Refs. 
[22,25,39], particles for firebrands makes the complexity of the spotting 
problem simplified for computational studies and allows for introducing 
identical base situations throughout the literature when fundamental 
problems are investigated. 

The rest of the paper is structured as follows: Sect. 2 describes the 
models used in this study and the simulation setup. In Sect. 3, the results 
relating to the flow and particle behaviors are presented. While the focus 
of this study is on the turbulent transport of spherical particles, the 
landing distribution of cylindrical and disk-shaped particles in an 
idealized urban setting was also briefly discussed and compared with 
that of the spheres at the end of Sect. 3. Conclusions and final remarks 
are presented in Sect. 4. 

2. Model description and simulation set-up 

In this work, LES is employed to obtain an accurate state of the at
mospheric boundary layer turbulent flow over a terrain representing an 
idealized urban region composed of uniformly distributed cubical 
structures. For comparison purposes, similar simulations have been 
performed for a case with flat terrain. The collected instantaneous tur
bulent flow field then is used to feed a Lagrangian particle tracking 
model for spherical smoldering firebrands. When relevant, firebrand 
dynamics in a no-wind flat-terrain case is also investigated. The LES and 
the firebrand models are described below. 

2.1. Model description 

2.1.1. LES-based modeling of the atmospheric wind flow 
For computational modeling of the atmospheric turbulence, the 

PALM Model [41–43] was employed. Through this model, the LES 
modeling of the turbulent flow is carried out by solving the 
non-hydrostatic, filtered Navier-Stokes equations under the Boussinesq 
approximation. The turbulence closure is based on a 1.5-order closure 
model after [44] for parametrizing the subgrid-scale covariance terms. 
Time-stepping is performed using a third-order Runge-Kutta scheme, 
while advection terms are discretized using a fifth-order upwind scheme 
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C. Knigge, H. Knoop, P. Krč, M. Kurppa, H. Maamari, A. Matzarakis, M. Mauder, 
M. Pallasch, D. Pavlik, J. Pfafferott, J. Resler, S. Rissmann, E. Russo, M. Salim, 
M. Schrempf, J. Schwenkel, G. Seckmeyer, S. Schubert, M. Sühring, R. von Tils, 
L. Vollmer, S. Ward, B. With a, J. H. Wurps, Zeidler S. Raasch, Overview of the 
PALM model system 6.0, Geosci. Model Dev. (GMD) 13 (2020) 1335–1372. 

[44] J.W. Deardorff, Stratocumulus-capped mixed layers derived from a three- 
dimensional model, Boundary-Layer Meteorol. 18 (1980) 495–527. 

[45] L.J. Wicker, W.C. Skamarock, Time-splitting methods for elastic models using 
forward time schemes, Mon. Weather Rev. 130 (2002) 2088–2097. 

[46] M.O. Letzel, M. Krane, S. Raasch, High resolution urban large-eddy simulation 
studies from street canyon to neighbourhood scale, Atmos. Environ. 42 (38) (2008) 
8770–8784. 

[47] S.B. Park, J.J. Baik, S. Raasch, M.O. Letzel, A large-eddy simulation study of 
thermal effects on turbulent flow and dispersion in and above a street canyon, 
J. Appl. Meteorol. Climatol. 51 (5) (2012) 829–841. 

[48] M.O. Letzel, C. Helmke, E. Ng, X. An, A. Lai, S. Raasch, LES case study on 
pedestrian level ventilation in two neighbourhoods in Hong Kong, Meteorol. Z. 21 
(6) (2012) 575–589. 

[49] S.B. Park, J.J. Baik, Y.H. Ryu, A large-eddy simulation study of bottom-heating 
effects on scalar dispersion in and above a cubical building array, J. Appl. 
Meteorol. Climatol. 52 (8) (2013) 1738–1752. 

[50] N. Yaghoobian, J. Kleissl, K, T. Paw U, An improved three-dimensional simulation 
of the diurnally varying street-canyon flow, Boundary-Layer Meteorol. 153 (2) 
(2014) 251–276. 

[51] K.W. Lo, K. Ngan, Characterising the pollutant ventilation characteristics of street 
canyons using the tracer age and age spectrum, Atmos. Environ. 122 (2015) 
611–621. 

[52] G. Duan, K. Ngan, Sensitivity of turbulent flow around a 3-D building array to 
urban boundary layer stability, J. Wind Eng. Ind. Aerod. 193 (2019) 103958. 

[53] G. Duan, J.G. Jackson, K. Ngan, Scalar mixing in an urban canyon, Environ. Fluid 
Mech. 19 (4) (2019) 911–939. 

[54] R.D. Mehta, Aerodynamics of sports balls, Annu. Rev. Fluid Mech. 17 (1985) 
151–189. 

[55] R. Clift, W.H. Gauvin, Proc. Chem. 1 (1970) 14–28. 
[56] Q. Wang, K.D. Squires, Large eddy simulation of particle deposition in a vertical 

turbulent channel flow, Int. J. Multiph. Flow 22 (1996) 667–683. 
[57] F. Williams, Combustion Theory, second ed., Addison-Wesley, Menlo Park, 1985. 
[58] W. Ranz, W. Marshall, Evaporation from drops, Chem. Eng. Prog. 48 (1952) 

141–146. 
[59] F.P. Incropera, D.P. DeWitt, Fundamentals of Heat and Mass Transfer, third ed., 

Wiley, New York, 1990. 
[60] S. Elghobashi, On predicting particle-laden turbulent flows, Appl. Sci. Res. 52 

(1994) 309–329. 
[61] J.G.M. Kuerten, Point-Particle DNS and LES of Particle-Laden Turbulent flow - a 

state-of-the-art review, Flow, Turbul. Combust. 97 (2016) 689–713. 

[62] J.J. Kim, J.J. Baik, Effects of street-bottom and building-roof heating on flow in 
three-dimensional street canyons, Adv. Atmos. Sci. 27 (3) (2010) 513–527. 

[63] D. Guo, P. Zhao, R. Wang, R. Yao, J. Hu, Numerical simulations of the flow field 
and pollutant dispersion in an idealized urban area under different atmospheric 
stability conditions, Process Saf. Environ. Protect. 136 (2020) 310–323. 

[64] G. Chen, L. Rong, G. Zhang, Comparison of urban airflow between solar-induced 
thermal wall and uniform wall temperature boundary conditions by coupling 
CitySim and CFD, Build. Environ. 172 (2020), 106732. 

[65] G. Chen, L. Rong, G. Zhang, Numerical simulations on atmospheric stability 
conditions and urban airflow at five climate zones in China, Energy Built Environ. 
2 (2) (2021) 188–203. 

[66] S. Saxena, N. Yaghoobian, Diurnal surface heating and roof material effects on 
urban pollution dispersion: a coupled large-eddy simulation and surface energy 
balance analysis, Boundary-Layer Meteorol. (2022) 1–29. 

[67] J. Finnigan, Turbulence in plant canopies, Annu. Rev. Fluid Mech. 32 (1) (2000) 
519. 

[68] T. Watanabe, Large-eddy simulation of coherent turbulence structures associated 
with scalar ramps over plant canopies, Boundary-Layer Meteorol. 112 (2) (2004) 
307. 

[69] M.G. Cruz, M.E. Alexander, P.M. Fernandes, M. Kilinc, A. Sil, Evaluating the 10% 
wind speed rule of thumb for estimating a wildfire’s forward rate of spread against 
an extensive independent set of observations, Environ. Model. Software 133 
(2020), 104818. 

[70] C. Marchioli, Large-eddy simulation of turbulent dispersed flows: a review of 
modelling approaches, Acta Mech. 228 (2017) 741–771. 

[71] T.R. Oke, Street design and urban canopy layer climate, Energy Build. 11 (1988) 
103–113. 

[72] B. Wang, H.Q. Zhang, X.L. Wang, Large eddy simulation of particle response to 
turbulence along its trajectory in a backward-facing step turbulent flow, Int. J. 
Heat Mass Tran. 49 (2006) 415–420. 

[73] D.W. Scott, Multivariate Density Estimation: Theory, Practice, and Visualization, 
John Wiley & Sons, New York, Chicester, 1992. 

[74] H. Wang, Analysis on downwind distribution of firebrands sourced from a wildland 
fire, Fire Technol. 47 (2011) 321–340. 

[75] S. Suzuki, S. Manzello, Investigating effect of wind speeds on structural firebrand 
generation in laboratory scale experiments, Int. J. Heat Mass Tran. 130 (2019) 
135–140. 

[76] E.B. Chritiansen, D.H. Barker, The effect of shape and density on the free settling of 
particles at high Reynolds numbers, AIChE 11 (1965) 145–151. 

[77] D. Sucker, H. Brauer, Fluiddynamik bet quer angestrӧmten Zylindern, Wärme 
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