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A B S T R A C T   

Investigation of aerodynamic characteristics of wind enhanced by bushfires is of great significance due to their 
destructive impacts on buildings located in bushfire-prone areas. Despite the abundance of studies in the fire- 
wind interaction domain, there have been limited studies concerning the effects of fire on wind aero
dynamics. Fire source shape is one of the main factors affecting enhanced wind by fire. This study reports on the 
effects of fire source asymmetry on aerodynamic changes of wind by fire using a large eddy simulation analysis 
based on fireFoam solver of OpenFOAM platform. Wind aerodynamic analysis was performed by implementing a 
module to the solver to extract the corresponding components of fire-induced pressure gradient and acceleration. 
The results revealed that deviation from fire source symmetry results in asymmetric behaviour of counter- 
rotating vortices where the maximum cross-sectional wind enhancement occurs. Moreover, the concept of the 
first-moment area was used to quantify the level of fire source deviation from symmetry and it was shown that 
the higher first-moment area (about the equivalent symmetry axis) corresponds to a higher deviation from 
symmetry which delays the realignment of counter-rotating vortices toward the horizontal vortex line.   

1. Introduction 

The interaction of wind and fire has been the subject of interest for 
researchers in fire and wind engineering. A comprehensive review of 
fire-wind interaction behaviour can be found in [1]. The influence of 
cross-wind on flame characteristics including flame length [2] and flame 
tilt angle [3,4] was studied. These studies were followed by more 
comprehensive investigations on flame geometry characteristics for pool 
fires [5] and jet fires [6] under cross-wind. Comprehensive correlations 
were developed that predict flame geometry properties for pool and jet 
fires in presence of cross-wind [5,6]. 

In contrast to a large number of studies on the effects of wind on 
flame geometry features, the effects of fire on wind aerodynamic char
acteristics have only been addressed recently. Eftekharian et al. [7] 
studied the fundamental mechanisms involved in the influence of fire 
flame on wind velocity. They revealed that during the interaction of 
wind with fire, a longitudinal fire-induced pressure gradient is generated 
in the high-temperature, or low-density region of the fire plume, 
accelerating the flow and causing enhancement of wind velocity. Sub
sequent studies were also performed to investigate the effects of various 

factors contributing to the wind enhancement by fire, including the ef
fects of wind velocity [8,9], fire intensity [10], terrain slope [11–13] and 
non-dimensional correlations were presented for wind aerodynamic 
characteristics during fire-wind interaction [10]. In the recent studies on 
fire-wind enhancement phenomena, the effects of fire source geometry 
including the type of fire source [14] and fire source aspect ratio [15] on 
the enhanced wind by fire were studied. The fire source used in all these 
studies possesses a symmetrical shape. Previous studies mainly focused 
on the flow induced by a symmetrical fire source which shows the for
mation of symmetrical counter-rotating vortices downstream of the fire 
source that correspond to the flow enhancement region [8,16,17]. To 
the best of the authors’ knowledge, there are no studies on the effects of 
asymmetry of fire source on wind aerodynamic characteristics. Hence, 
this study aims to address this gap by conducting large eddy simulation 
(LES) analysis that will enhance understanding of the effects of asym
metrical fire sources on the enhanced wind during fire-wind interaction. 

2. Methodology 

FireFoam [18] solver of the OpenFOAM platform was used to solve 
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the governing equations, namely continuity, momentum, energy, spe
cies, and state equations [8,10]. FireFoam is a transient solver that uses 
large-eddy simulation and eddy dissipation concepts to treat turbulent 
structures and combustion modelling. 

Momentum equation can be written in the form of flow acceleration 
as [7,8]: 

a→=
D u→

Dt
=

− ∇p
ρ + g→+

Φ
ρ (1)  

where a→ is the flow acceleration, ρ is the flow density, u is the flow 
velocity, ∇p is pressure gradient, Φ is the viscous shear stress vector or 
(Φi) =

∂(σji)

∂xj 
in which σji is the component of stress. Eq. (1) demonstrates 

that the flow acceleration consists of three components, pressure ac
celeration 

(
− ∇p

ρ
)
, gravitational acceleration ( g→) and viscous accelera

tion 
( Φ

ρ
)
. Individual terms in Eq. (1) were implemented to fireFoam 

solver to perform flow acceleration analysis. 

2.1. Geometrical model 

A schematic view of the computational domain including a rectan
gular box with the dimension of 60 m × 18 m × 30 m is shown in Fig. 1. 
Atmospheric wind velocity profile (power law velocity profile) was used 
for the domain inlet [8,19]: 

Uz = Uref

(
Z

Zref

)α

, (2)  

where Uref and Zref indicate the reference mean velocity (3 m/s) and 
reference height (3 m), respectively. The coefficient α is determined 
based on the terrain roughness category (here α = 0.16). Different ap
proaches have been used in previous studies to model inflow turbulence 
for LES simulation in OpenFOAM including the precursor-successor 
model [20], time-varying turbulent inlet condition [21] and vortex 
method [8]. In this study, vortex method [22] was used to generate 
turbulent fluctuations at the domain inlet. To study the effects of fire 
source asymmetry on the enhanced wind by fire, 6 different fire source 
shapes including three symmetrical and three asymmetrical sources as 
shown in Fig. 2 were examined. All the fire source configurations studied 
have the same fire intensity and fire heat release rates of respectively 
6.44 MW/m2 and 5.22 MW. The no-slip wall boundary condition was 
prescribed for the domain bottom surface (ground) whereas a slip 
boundary was used for the domain sides. Pressure outlet and open 
boundary conditions were applied for the domain outlet and top 
boundary, respectively. Initial velocity and temperature were set 
respectively at 0 and 298 K throughout the computational domain. The 
transient simulation was allowed to progress for the 40 s. This was fol
lowed by an additional 20 s for data collection averaging flow variables. 
This ensures that the wind has traversed the domain length twice before 
the data collection gets started. We have examined averaging for a 

longer period (40 s) and no significant difference was observed in the 
results compared to the case with time-averaging of 20 s. 

2.2. Grid sensitivity analysis and validation 

Structured grid with total grid number of about 4 million was used 
for all simulation scenarios. Grid refinement was used such that grid 
resolution is finer near the fire source with a grid interval size of 0.025 m 
in the fire source boundary. A grid independence study was performed in 
our previous works [8,23] using a similar grid structure and simulation 
settings. It was also shown that for the chosen grid, the ratio between the 
resolved and total turbulent kinetic energy is 90% in fire plume region 
which confirms the appropriateness of the selected grid for an LES 
simulation based on Pope criteria [24]. 

The applied numerical model was benchmarked with experimental 
data of buoyant diffusion flame in still condition reported by McCaffrey 
[25] as well as in wind-fire interaction reported by Hirano and Kinoshita 
[26]. McCaffrey [25] measured streamwise buoyant diffusion velocity of 
surface fire with heat release rate of q = 58 kW. Fig. 3(a) shows a 
schematic view of the generated computational domain to compare the 
results of the current numerical model with numerical model of Wang 
et al. [18] and experimental measurement by McCaffrey [25]. Fig. 3(b) 
reveals that the results of normalised vertical velocity predicted by the 
current numerical model agree well with previous numerical [18] and 
experimental [25] data of buoyant diffusion flame. The current nu
merical model was also validated for wind-fire interaction scenarios in 
our previous works [7,8], presenting a good agreement between our 
numerical model with experimental data of Hirano and Kinoshita [26]. 
Further details of numerical settings and validation for both buoyant 
diffusion flame and fire-wind interaction can be found in our previous 
works [7,8]. 

3. Results and discussion 

Fig. 4 shows the cross-sectional time-averaged normalised longitu
dinal velocity distribution at different distances downstream of the 
symmetrical fire sources. It can be observed that symmetrical fire 
sources cause the generation of symmetrical counter-rotating vortices 
which correspond to the regions with maximum cross-sectional wind 
enhancement, as observed in previous studies [8,15,16,23]. The region 
of flow with the greatest wind enhancement is concentrated in both 
centres of counter-rotating vortices which undergo a gradual expansion 
with the increase of longitudinal distance from the fire source. This is 
mainly because the flow longitudinal acceleration, arising from the 
combined effects of longitudinal fire-induced pressure gradient and low 
density [7], has the highest intensity in the centres of counter-rotating 
vortices, as shown in Fig. 5. This region expands with a gradual reduc
tion of flow acceleration and wind enhancement as the longitudinal 
distance from the fire source increases. At all distances, however, the 
symmetrical configuration of the fire plume is preserved and causes the 

Fig. 1. A schematic view of the computational domain.  
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generation of symmetrical counter-rotating vortices and the corre
sponding equal wind acceleration and enhancement at the centre of each 
vortex. This symmetrical behaviour of wind enhancement for symmet
rical fire source geometry was also observed in previous studies [8,15]. 
Fig. 4 also reveals that the more concentrated the source is, the lower the 
maximum wind enhancement. In other words, for the scenarios with the 
same fire intensity, fire heat release rate, and free-stream wind velocity, 
the fire sources with a higher spatial expansion, induce a stronger 
enhanced wind. This is primarily caused by a lower level of fire-induced 
wind acceleration in concentrated sources, causing a weaker wind 
enhancement for S1 followed by S2 and S3, as observed in Fig. 4. 

Fig. 6, however, shows how deviation from fire source symmetry 
affects wind enhancement behaviour downstream of the fire source. 
Fig. 6 reveals that deviation from fire source symmetry disturbs the 
counter-rotating vortex balance observed for symmetrical cases in Fig. 4. 
This behaviour is because of an imbalance in fire-induced acceleration at 
the location of counter-rotating vortices induced by asymmetrical fire 
sources, as observed in Fig. 7. Taking S3 in Fig. 2. as the basis symmetry 

source, S4 has the highest deviation from symmetry followed by S5 and 
S6. Here, we quantify deviation from symmetry by calculating the first- 
moment area about the equivalent symmetrical axis (plotted as blue 
dotted lines in Fig. 2. (S3)). First-moment area for S4, S5, and S6 scenarios 
is therefore (Qxx)S4

= 0.27, (Qxx)S5
= 0.135, (Qxx)S6

= 0.054, respec
tively. Evidently, this value is zero for the basis symmetrical source (S3). 
Sub figures in Fig. 6, depict that deviation from a symmetrical fire source 
geometry results in asymmetrical behaviour of counter-rotating vortices 
as such one of the vortices’ locations is shifted to a higher elevation. To 
better explain the impact of fire source asymmetry on wind enhance
ment, the vortex line which is referred to as the line connecting the lo
cations of maximum cross-sectional local wind enhancement at each 
vortex is plotted in Figs. 4 and 6. It can be observed that the vortex line is 
horizontal for symmetrical fire sources while it turns into a slope line in 
asymmetrical fire source scenarios. A comparison of different columns in 
Fig. 6 demonstrates that fire sources with a higher first-moment area 
about the equivalent symmetry line exhibit a higher vortex line slope. 
Fig. 6 also reveals that for all asymmetrical fire source scenarios, the 

Fig. 2. Different fire sources examined including symmetrical (S1, S2, and S3) and asymmetrical sources (S4, S5, S6). The dotted blue line indicates the equivalent 
symmetrical axis. 

Fig. 3. (a) schematic view of computational domain for validation study (b) comparison of distribution of normalised streamwise velocity (V in Z direction) with 
previous numerical and experimental data [18,25]. 
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Fig. 4. Cross-sectional distribution of time-averaged normalised longitudinal flow velocity at different distances downstream of the fire source for symmetrical fire 
sources (S1, S2, and S3). (The horizontal and vertical axis in each sub-figure corresponds to Y (m) and Z (m) directions, respectively). 
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vortex line slope first increases immediately downstream of the fire 
sources, reaching a maximum value and undergoing a gradual reduction 
further downstream of the fire source. The vortex line is finally inclined 
to the horizontal line at a sufficient longitudinal distance downstream of 

the fire source. This inclination towards a horizontal vortex line is 
delayed for scenarios with a higher first-moment area about the equiv
alent symmetry axis. 

Fig. 5. Cross-sectional distribution of time-averaged normalised longitudinal flow acceleration at different distances downstream of the fire source for symmetrical 
fire sources (S1, S2, and S3). (The horizontal and vertical axis in each sub-figure corresponds to Y (m) and Z (m) directions, respectively). 
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Fig. 6. Cross-sectional distribution of time-averaged normalised longitudinal flow velocity at different distances downstream of the fire source for asymmetrical fire 
sources (S4, S5, and S6). (The horizontal and vertical axis in each sub-figure corresponds to Y (m) and Z (m) directions, respectively). 
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Fig. 7. Cross-sectional distribution of time-averaged normalised longitudinal flow acceleration at different distances downstream of the fire source for asymmetrical 
fire sources (S4, S5, and S6). (The horizontal and vertical axis in each sub-figure corresponds to Y (m) and Z (m) directions, respectively). 
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4. Conclusion 

Large eddy simulation analysis was performed to investigate the ef
fects of fire source asymmetry on the enhanced wind by fire. Six 
different fire sources including three symmetrical and three asymmet
rical sources were examined under identical fire intensity and fire heat 
release rate conditions. Fire-induced acceleration analysis was per
formed to explain the extent to which fire source asymmetry affects 
enhanced wind by fire. Deviation of wind enhancement characteristics 
from symmetry in asymmetrical fire source scenarios was quantified 
using the concept of the first-moment area about the equivalent sym
metry line and it was shown that the higher the first-moment of area, the 
higher the deviation from symmetry. An asymmetrical fire source was 
shown to trigger an imbalance in the locations of counter-rotating 
vortices and wind enhancement region immediately downstream of 
the fire source, causing one of the vortices and the corresponding wind 
enhancement region to stand at a higher elevation. The results also 
reveal that the imbalance of counter-rotating vortices and wind 
enhancement associated with an asymmetrical fire source is intensified 
as the first-moment area of the fire source increases. 
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