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A B S T R A C T   

Numerical simulations of laboratory-scale junction fires were performed for a shrub fuel bed, using the fully- 
physical model FIRESTAR3D under various unidirectional wind conditions on different terrain slopes and 
junction angles. Simulations were carried out for a junction angle ranging from 15◦ to 90◦, for a slope angle 
varying between 0 and 40◦, and for low to intermediate driving wind speed, ranging from 0 to 4 m/s. Simulations 
show surge-and-stall-like behaviour of fire spread that is irregularly enhanced by the action of wind. Results of 
fire spread show that the effect of the junction angle on fire behaviour is non-linear, becoming stronger as the 
angle decreases. Both wind and slope effects are concealed by the junction effect for small angles, while wind has 
a significant impact at intermediate values of the junction angle. The driving heat transfer mode in junction fires 
varies based on the slope condition: on sloping terrain, convection is dominant for any wind speed, while on non- 
sloping terrain, radiation is the driving mode in no-wind condition but convection plays the greater role as the 
wind speed increases.   

1. Introduction 

Even though the number of extreme fire events is relatively small, the 
amount of damage caused by them is enormous [1,2]. Nevertheless, 
these events are increasing as a consequence of climate change and other 
human activities such as large-scale urbanisation in wildlands and the 
reduction of agricultural areas. Extreme fire events are characterised by 
unpredictable propagation, excessive heat release rates (HRR), and 
exceptionally high rates of fire spread (ROS) and fire line intensity [3], 
where wind channelling ways can play a major role in exacerbating the 
situations. 

Wind is well-known as one of the main factors that increase the 
spread of wildfire. It does so due to elongated flame spreading over drier 
virgin fuel, and increasing heat flux and pyrolysis. Wildfires often 
exhibit complex and dynamic behaviour arising from interactions be-
tween the fire and surrounding atmospheric and terrain conditions (such 
as wind, ground slope etc.) that can create a rapid fire–advancement, 
resulting in a loss of containment, properties and human lives. 

The intersection of two fire fronts (known as junction fire) is a form 
of extreme fire behaviour and is characterised by a relatively high speed 
of propagation caused by strong interactions between the two fronts 

[4–6]. A detailed literature review on junction fire was presented in 
Hassan et al. [7], where a parametric study was conducted using the 
physics-based model FIRESTAR3D [8] after a validation study [9]. The 
current paper is an extension of these investigations and aims to examine 
the combined effect of wind speed (U) and ground slope angle (α) on the 
junction fire propagation and behaviour for various junction angles (θ). 
Fig. 1 shows the ideal case of a junction fire considered in this study, as 
well as the parameters that are being investigated. 

Sullivan et al. [10] conducted small-scale experiments involving 
junction fires within a wind tunnel, with a maximum fire line length of 
1.5 m. The authors found an increase in the ROS for wind-driven con-
ditions, considerably greater than what could be explained by geometric 
effects alone (junction effect). Filkov et al. [11] conducted field exper-
iments under some prevailing wind which was inconsistent in directions 
and speeds. In terms of propagation behaviour, the results of the ex-
periments in wind-driven conditions agreed with the results of Sullivan 
et al. [10]. Again, the increase in the rate of propagation of the junction 
point was found to be above what would be expected from the geometric 
effect alone for all junction fire fronts. 

The computational fluid dynamics (CFD) code “FIRSTAR3D” [8] 
used in this work is a three-dimensional physics-based fire model [9,12] 
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that is based on a multi-phase formulation. The model consists of the 
conservation equations of the coupled system formed by the vegetation 
and the surrounding gaseous medium. The model considers the different 
chemical processes occurring in the vegetation (drying, pyrolysis, and 
combustion), the different transport mechanisms and phenomena 
occurring in the surrounding gaseous phase (convection, radiation, 
turbulence, combustion …), and the interaction between the fluid and 
the solid phases (aerodynamic drag, heat transfer by convection and 

radiation, and mass transfer). 
FIRESTAR3D has been extensively validated [9,12–14]. Frangieh 

et al. [13] performed simulations of fire propagation under various 
conditions, including small- and large-scale experiments conducted 
respectively inside a wind tunnel (with wind speeds ranging from 0.22 
to 0.89 m/s) and in the field (with wind speeds ranging from 1 to 16 
m/s). The results of these simulations exhibited good agreement with 
the corresponding experimental data and with the predictions of other 
models. Fayad et al. [14] presented fire experiments and FRESTAR3D 
simulations conducted on sloped terrains covered by dense shrubland 
vegetation. Good agreements between the experimental data and the 
numerical results were obtained in terms of the shape of the fire front, as 
well as in terms of the radiant and total heat fluxes received at different 
targets. 

This series of investigations, involving junction fire, slope and wind, 
started with the validation conducted by Hassan et al. [9] against the 
ROS measurement of laboratory-scale junction fires conducted by 
Raposo et al. [6]. The numerical model replicated the experimental 
set-up, captured the correct order of magnitude of the ROS, and showed 
well-aligned agreement for different qualitative features of the fire. 
Hassan et al. [7] conducted a parametric study with various combina-
tions of junction angles and slope angles with no applied wind. It was 
found that acceleration and deceleration phases appear for a small 
junction angle depending on the slope angle (see Fig. 2). The junction 
angle of 45◦ was found to be the threshold value beyond which the 
deceleration phase was no longer observed. Fire propagation for high 
junction angles accelerates slightly before becoming steady. For low 
junction angles, the deceleration phase is only evident in no-slope 
conditions, where the junction angle undergoes a significant increase. 
The vegetation receives energy by convection more than by radiation in 
steep-slope cases, while the vegetation loses more heat by convection 
than by radiation in no-slope conditions. 

The present investigation builds upon the previous ones [7,9], as 
well as other validation studies conducted with the FIRESTAR3D model 
under windy and sloped conditions. In this work, the objective is to 
investigate the impact of driving wind speed, combined with slope, on 
the propagation of junction fires at various junction angles. 

2. Numerical modelling 

A detailed description of FIRESTAR3D was given in Ref. [7]; there-
fore, it is only briefly discussed in this paper. 

2.1. Model description 

FIRESTAR3D model consists of fundamental conservation equations 
of mass, momentum, and energy within discrete control volumes 
encompassing both a solid phase (vegetation) and a fluid phase (sur-
rounding gases). This formulation requires the introduction of source 
and sink terms into the equations, representing interactions between the 
two phases, such as mass exchange, drag, and heat exchange by means of 
convection and radiation. The FIRESTAR3D model is structured into two 
distinct parts that are separately addressed on their respective grids. The 
first part solves the equations governing a turbulent and reactive flow in 
the gaseous phase, where fresh air chemically reacts with gaseous 
products resulting from vegetation degradation processes (drying and 
pyrolysis) and combustion. The second part solves the equations gov-
erning the state and composition of the vegetation, exposed to the 
intense heat flux originating from the flaming zone. 

The conservation equations for mass, momentum, energy (in 
enthalpy formulation), and chemical species (O2, N2, CO, CO2, and H2O) 
are solved using a large eddy simulation (LES) approach (Smagorinsky 
sub-grid-scale model with CSGS = 0.07). Combustion in the fluid phase is 
modelled using the Eddy Dissipation Concept (EDC). Radiative heat 
transfer, which is an essential mechanism that drives fire front propa-
gation, is computed using the Discrete Ordinate Method (DOM) [7,8]. 

Fig. 1. Illustration of the vegetation layer in V-shape on a slope with wind 
acting in X-direction. 

Fig. 2. Evolution of fire perimeter based on the pyrolysis front showing 
propagation phases. The first perimeter corresponds to the initial state and the 
time difference between two consecutive perimeters is 5 s. 
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Details of the solid fuel and fluid-phase combustion modelling can be 
found in the paper appendix. 

2.2. Simulation parameters 

Numerical simulations were carried out using V-shaped vegetation 
immersed inside a larger computational domain (29 m long, 29 m wide, 
and 12 m high), as shown in Fig. 3. Open boundary conditions were 
imposed on all computational domain sides except its bottom where a 
solid-wall condition was applied. A homogeneous junction fuel bed, of 
height 0.15 m and junction edges’ length 5 m, was located 12 m away 
from the lateral boundaries. The simulations were carried out for a fuel 
moisture content of 20%. The thermo-physical properties of the shrub 
fuel layer are given in Table 1. Solid-fuel particles were assumed to have 
a cylindrical shape and to behave as a black body with a drag coefficient 

CD = 0.42 [15]. A uniform mesh with (Δx, Δy, Δz) = (0.025 m, 0.025 m, 
0.0125 m) was used for the solid phase, while a non-uniform grid of 
160×160×160 cells was used for the fluid one. Within the vegetation 
zone, the fluid-phase grid was uniform with (Δx, Δy, Δz) = (0.05 m, 0.05 
m, 0.025 m) and then the fluid-phase grid was gradually coarsened to-
ward the open boundaries according to a geometric progression. Both 
the solid-phase and the fluid-phase grids are characterised by cell sizes 
below the extinction radiation length scale [16] within the vegetation 
given by 4

αSσS 
and equals to 0.073 m in our case. To avoid false fire 

extinction, this value should not be exceeded, especially in the case of 
radiation-dominated fire. This configuration was extensively tested 
through sensitivity analyses for grid size, computational domain size, 
and other numerical parameters [9]; the results consistently demon-
strated the results independence of these parameters. The domain 
inclination angle to the Earth horizontal, α, was specified through the 
angle between Earth gravitational acceleration and the z-coordinate 
direction of the computation domain. Consequently, the gravitational 
acceleration has two non-zero components: gx = − gsin(α) and gz = − gcos 
(α), where g = 9.81 m/s2 is acceleration due to Earth gravity. 

Before ignition, the hydrodynamic module of the code was run for 
30 s to ensure the development of the turbulent flow inside and above 
the vegetation. Then, the fire lines were ignited in the model by acti-
vating a simulated gas burner. At tignition = 30 s, a 10-cm wide burner 
was activated along the entire ignition lines by injecting CO gas at 1600 
K from the bottom of the computational domain for the duration of 5 s. 

By analogy to the method used in Hassan et al. [7,9], the fire front 
was tracked by examining the mass fraction of dry vegetation and 
identifying the pyrolysis front. The overall advancement of the fire front 
in the simulations was determined by analysing the distribution of dry 
material mass fraction: the fire front located on areas where the fuel bulk 
density (αSρS) reaches a threshold of 0.001 kg/m3). 

In FIRESTAR3D, the prevailing wind speed is applied by a pressure 
gradient between the inlet and outlet, that maintains wind velocity 
constant at a specified point of the computational domain (usually a 

Fig. 3. Perspective view showing the computational domain, the V-shape 
vegetation cover, and the applied boundary conditions. 

Table 1 
Geometric and physical properties of the shrubland vegetation [6,15].  

Vegetation height Solid-fuel volume fraction αs Surface/Volume ratio σs Dry material density ρS Drag Coefficient CD Thermal emissivity Vegetation family shape 

(m) (m− 1) (kg.m− 3) 

0.15 0.00784 6900 500 0.42 1 Cylindrical  

Fig. 4. Temperature fields and streamlines obtained numerically at t – tignition = 6 s in the vertical median xz plane (passing through the junction point) for a 
junction angle θ = 15◦. (a) α = 0◦, U = 0 m/s; (b) α = 0◦, U = 4 m/s; (c) α = 40◦, U = 0 m/s; and (d) α = 40◦, U = 4 m/s. 
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point where wind is not perturbed by the presence of fire), and the ve-
locity profile at the inlet boundary is determined from mass conserva-
tion [8]. In this work, the pressure gradient is applied in the x-direction 
and the velocity was maintained at point (X = 0, Y = 14.5 m, Z = 1 m) 

shown in Fig. 3. 
The parametric study focuses on the influence of open wind speed on 

fire behaviour in terms of ROS, HRR and modes of heat transfer. The 
simulations were carried out for slope angles ranging from 0◦ to 40◦

Fig. 5. Temperature fields and streamlines obtained numerically at t – tignition = 15 s in the vertical median xz plane (passing through the junction point) for a 
junction angle θ = 60◦. (a) α = 0◦, U = 0 m/s; (b) α = 0◦, U = 4 m/s; (c) α = 40◦, U = 0 m/s; and (d) α = 40◦, U = 4 m/s. 

Fig. 6. Time evolutions of the average junction point position (AJPP) and of the dynamic ROS obtained for θ = 15◦ (a to c) and for θ = 30◦ (d to e), and different 
combinations of the slope angle and wind speed. Recall the used notation: S1520V2 corresponds to a simulation with θ = 15◦, α = 20◦, and U = 2 m/s. The horizontal 
solid line corresponds to the average ROS. 
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Fig. 7. Time evolutions of the average junction point position (AJPP) and of the dynamic ROS obtained for θ = 60◦ (a to c) and for θ = 90◦ (d to e), and different 
combinations of the slope angle and wind speed. Recall the used notation: S1520V2 corresponds to a simulation with θ = 15◦, α = 20◦, and U = 2 m/s. The horizontal 
solid line corresponds to the average ROS. 

Fig. 8. Time evolution of the ROS moving average (evaluated over a 3 s time interval) for θ = 15◦ (a–c), for θ = 30◦ (d–f), for θ = 60◦ (g–i), and for θ = 90◦ (j–l), and 
for different combinations of the slope angle and wind speed. Recall notation: S1520V2 corresponds to a simulation with θ = 15◦, α = 20◦, and U = 2 m/s. 

A. Hassan et al.                                                                                                                                                                                                                                 
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(with 10◦ intervals), for junction angles of 15◦, 30◦, 60◦, and 90◦, and for 
two values of open wind speed: 2 and 4 m/s (in addition to no-wind 
condition). The following notation is used in the results section: Simu-
lation S1520V2 corresponds to θ = 15◦, α = 20◦ and U = 2 m/s; when V# 
is omitted, the simulation corresponds to a no-wind case. 

3. Results and discussion 

3.1. Flow streamlines and temperature field 

To analyse the behaviour of junction fires, the interaction of flow 
streamlines and the temperature field around the flame is represented 
for different wind speeds, terrain slope angles, and junction angles. Fire 
propagation for different combinations of the slope angle and wind 
speed are illustrated in Fig. 4 (for θ = 15◦) and 5 (for θ = 60◦). The 
streamlines reveal how fresh air is being drawn into the flaming zone 
and recirculation zones are clearly developed in no-wind cases, with and 
without a slope, as shown by subplots (a) and (c) of Figs. 4 and 5. In 
wind-driven conditions, the structure of the flow field is less affected by 
the fire, as shown in subplots (b) and (d), where a noticeable slant of the 
flames in the wind direction can be observed. The action of the fire on 
the overall flow field is in this case limited to the local vertical accel-
eration due to buoyancy. Figs. 4 and 5 show that similar temperature 
levels are obtained in the flaming zone for all considered cases, but a 
significantly large extent of the flaming zone is obtained for smaller 
junction angles for all the considered combinations of the slope angle 
and wind speed. 

3.2. Propagation and ROS 

In Figs. 6 and 7, the average junction point position was obtained in 
the median vertical plane from the average position of the pyrolysis 
front in the fuel bed thickness (as described in Hassan et al. [7]). The 
dynamic ROS was obtained from the time derivative of the average 
junction point position, using a simple 1st order forward differentiation 
at each time step of the simulation. The horizontal lines in Figs. 6 and 7 
correspond to the average value of the ROS obtained over the entire fire 
spread. This average ROS would serve as a useful reference for assessing 
the effects of wind speed and other parameters on the overall junction 
fire behaviour, as it will be shown further on in the discussion. Globally, 
it can be noticed that fire propagation is highly dynamic, characterised 
by high variability in the dynamic ROS (with short timescale oscilla-
tions), intermittency in fire spread, and occasional fire jumps. Overall, 
fire is observed to spread in what might be called a surge-and-stall 
manner [17]. 

Recognising the need for a more refined and stable depiction of the 
ROS that still accounts for the unsteady nature of the phenomenon, a 
moving average of the ROS was evaluated from Figs. 6 and 7 over a 3s 
time interval. The resulting ROS values are shown in Fig. 8 for different 
junction angles and combinations of the slope angle and wind speed. 
Acceleration, quasi-steady and deceleration phases can be seen in this 
case. The junction effect can be clearly seen with an acceleration that 
increases as the junction angle decreases (i.e., as one moves from right to 
left in Fig. 8). For a junction angle θ = 15◦, the junction angle effect 
totally dominates the wind and slope effects, due to a strong interaction 
between the close fire lines which dominates all other external param-
eters. We note that the deceleration phase seen in S1500 (Fig. 8a) dis-
appeared when the wind was applied. 

For a junction angle θ = 15◦, the ROS values are close to identical for 
a slope angle α = 40◦ (Fig. 8c). This case corresponds to the maximum 
value of 34.5 cm/s obtained for the ROS moving average. Due to the 
combined effect of the junction and the slope, the wind effect was totally 
insignificant in this case (at least up to 4 m/s). For θ = 30◦ (Fig. 8d–f), 
the increasing effect of the wind on the ROS is clear for all slope angles. 
A deceleration phase is only observed for small junction angles in no- 
wind conditions (see Fig. 8a and d, see also Hassan et al. [7]), and it 

disappears when wind is applied. 
Compared to a junction angle θ = 15◦, the ROS appears to be less 

influenced by wind speed for junction angles of 60◦ and 90◦ (Fig. 8g–l). 
For θ = 60◦, the increase of wind speed from 2 to 4 m/s did not 
noticeably influence the ROS for all slope angles, except for the initial 
fire establishment phase in no slope condition (Fig. 8g). For junction 
angles θ = 60◦ and 90◦, wind accelerates fire establishment in the case of 
0 and 20◦ slopes, i.e., the ROS reaches faster its final main value. For θ =
90◦ and α = 40◦ (Fig. 8l), the wind effect is practically absent. 

In order to examine the effects of the junction angle, slope angle and 
wind speed on the overall fire propagation, the average ROS values are 
extracted from Figs. 6 and 7, and shown in Fig. 9. In agreement with the 
findings of previous works [7,9], the junction angle plays the most 
significant role in the junction ROS for prevailing wind speeds up to 4 
m/s. The ROS dependence on the junction angle is not linear: for 
instance, for a wind speed of U = 2 m/s and slope angle α = 20◦, the 
average ROS decreases by about 14 cm/s when θ decreases from 15◦ to 
30◦, while it approximately drops by 4 cm/s when θ decreases from 60◦

to 90◦. For small junction angles, junction effect (i.e., the interaction 
between the junction arms) dominates both slope and wind effects. Wind 
speed seems to have an important effect on junction fire propagation for 
intermediate values of the junction angle, as clearly shown in Fig. 9 for 
all slope angles. For large junction angles, wind seems to have less effect 
on junction fire propagation. Compared to the junction angle effect, the 
results also show that the slope angle has a weak effect on junction fire 
propagation, for all considered wind speeds. 

3.3. Heat release rate (HRR) 

In FIRESTAR3D, the total HRR is given by Eq. (1) where ωvap, ωpyr, 
ωchar, ωCO and ωsoot are the total mass rates of water evaporation, py-
rolysis, char combustion, combustion of CO in the gas mixture, and soot 
combustion, respectively; and ΔHvap, ΔHpyr, ΔHchar, ΔHCO and ΔHsoot are 
the corresponding specific heats. Since vaporization and pyrolysis re-
actions are endothermic, they have negative contributions in Eq. (1). 
Note that ΔHchar is not constant in this case as it depends on the CO to 
CO2 ratio produced during char combustion [8] (see also the paper 
appendix), it varies between 9 MJ/kg (for an incomplete combustion) 
and 30 MJ/kg (for a complete one). 

Fig. 9. Average ROS (obtained from Figs. 6 and 7) versus wind speed for 
different junction and slope. θ = 15◦ (▾), θ = 30◦ (■), θ = 60◦ (▴), and θ = 90◦

(◆). α = 0◦ (left), α = 20◦ (centre), α = 40◦ (right). 
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HRR= − ωvap.ΔHvap − ωpyr.ΔHpyr + ωchar .ΔHchar + ωCO.ΔHCO

+ ωsoot.ΔHsoot (1) 

An important fire property related to the HRR is the fire intensity 
(W/m) defined as the HRR per unit length of the fire front. For a straight 
fire front, fire intensity (FI) can be related to the ROS by Eq. (2), where 
W = αsρsh (kg/m2) is the fuel load per unit area (h being the fuel height) 
and Δhc (J/kg) is the heat of combustion of the fuel obtained from 
laboratory measurement. 

FI =ROS × W × Δhc (2) 

From Eq. (2), fire intensity, and consequently the HRR, may be 
evaluated in the field. Another quantity related to the fire intensity or 
the HRR that can be measured in the field is the radiative heat flux 
received from a fire on a target. Good predictions of field measurements 
were obtained using FIRESTAR3D both for fire intensity and for the time 
evolution of the radiative heat flux received at several locations ahead of 
a fire front propagating on a sloped terrain [14]. 

Time evolutions of the HRR obtained in the case of junction fire are 
shown in Fig. 10 under different conditions. HRR time signals are 
characterised by high-frequency fluctuations resulting from flame 
intermittency due to the interaction with the local flow field. As shown 
in Fig. 10, the junction angle is again the main parameter affecting the 
time evolution of the HRR. Both the rise time (time to reach the 
maximum HRR) and the decline time decrease with the junction angle, i. 
e., junction fires are characterised by faster dynamics (thus more 
dangerous) for small junction angles. The HRR level (maximum and 
average) increases with the junction angle, which is mainly due to the 
fact that the length of the junction arms decreases faster as the junction 
angle decreases (recall that the HRR for a straight fire front is propor-
tional to its length). It is also partially due to the fact that the amount of 
solid fuel increases with the junction angle for equal length of junction 
arms. Referring to Fig. 1, the amount of fuel increases 3.35 times when 
the junction angle increases from 15◦ to 60◦, at equal lengths of junction 
arms. Fig. 10 also shows that the impact of the wind speed on the HRR 

decreases with the slope angle; indeed, wind speed substantially in-
creases the HRR for α = 0, while a slight increase is obtained for α = 40◦. 

As in Fig. 9, the effects of the three parameters (junction angle, slope 
angle and wind speed) on the maximum HRR is summarised in Fig. 11, 
where, globally, the same conclusions drawn from Fig. 10 can be made. 
Fig. 11 shows a non-monotonic effect of the wind speed, where a higher 
HRR maximum was obtained at U = 2 m/s than at U = 4 m/s. This is due 
to the unsteady nature of the junction fire, where local maxima of the 

Fig. 10. Time evolution of HRR obtained for a junction angle of 15◦ (a), 30◦ (b), 60◦ (c), and 90◦ (d), with different combinations of the slope angle (α = 0 and 40◦) 
and wind speed (U = 0 and 4 m/s). Recall notation: S1520V2 stands for simulation with θ = 15◦, α = 20◦, and U = 2 m/s. 

Fig. 11. Maximum HRR (obtained from Fig. 10) versus wind speed for different 
junction and slope angles. θ = 15◦ (▾), θ = 30◦ (■), θ = 60◦ (▴), and θ = 90◦

(◆). α = 0 (left), α = 20◦ (centre), α = 40◦ (right). 
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HRR may occur without being globally representative of the fire 
intensity. 

3.4. Heat transfer mode 

The density of heat transfer rate (W/m3) received by the solid fuel, 
resulting from convection heat exchange with the surrounding hot gases 
and from radiation heat exchange with the flames, is given by Eq. (3), 
where T is the temperature of the gas mixture, Ts is the solid-fuel tem-
perature, αs and σs are respectively the fuel volume fraction and surface- 
to-volume ratio (see Table 1), σ is Stephan-Boltzmann constant, and J is 
the total irradiance calculated by integrating the radiation intensity 
(obtained by solving the radiative transfer equation) in all directions 
[8]. The convection heat transfer coefficient is obtained from correla-
tions that depend mainly on the shape of the fuel particles (cylindrical in 
this case) and local Reynold number [8]. 

Q̇= hsαsσs(T − Ts) +
αsσs

4
(
J − 4σT4

s

)
(3) 

The rates of convection and radiation heat transfers received by the 
entire vegetation layer are obtained by integrating, respectively, the 
convective and radiative components of Eq. (3) over the entire solid-fuel 
volume. Time evolutions of the convection and radiation heat transfer 
rates obtained for junction fires are shown in Fig. 12 for different cases, 
where the junction angle increases from top to bottom, the four left 
subplots correspond to a zero slope, while the four right ones correspond 
to a 40◦ slope. We notice first that the rates of heat transfer globally 
increase with the junction angle (as shown by the vertical axis range). As 
for the HRR, this is mainly due to the fact that the length of the junction 
arms decreases faster as the junction angle decreases, and partially to the 
solid-fuel volume that increases with the junction angle. There is a sig-
nificant difference between the left side (zero slope) and the right side 
(40◦ slope) of Fig. 12, which means that the slope angle is the most 
influencing parameter as far as the heat transfer modes are concerned. 

In the case of a sloping terrain (right subplots), the solid fuel receives 
heat by convection (positive rate) and loses heat by radiation (negative 
rate), and wind speed enhances both rates (i.e., the solid fuel receives 

Fig. 12. Time evolution of convection and radiation heat transfer rates received by the solid fuel for two wind speeds (0 and 4 m/s). (a) θ = 15◦, α = 0◦; (b) θ = 15◦, 
α = 40◦; (c) θ = 30◦, α = 0◦; (d) θ = 30◦, α = 40◦; (e) θ = 60◦, α = 0◦; (f) θ = 60◦, α = 40◦; (g) θ = 90◦, α = 0◦; and (h) θ = 90◦, α = 40◦. 
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more heat by convection and loses more heat by radiation). It should be 
noted here that, even when no wind is applied, convection is the main 
heat transfer mechanism in junction fire propagation on a sloping 
terrain due to fire-induced wind that brings fresh air into the flaming 
zone (as shown in Figs. 4 and 5) and heats up the vegetation ahead of the 
fire front. In the case of non-sloping terrain (left subplots in Fig. 12), 
when no wind is applied, flames are vertical and high (as shown in 
Figs. 5 and 6); consequently, radiation is the dominant mode of heat 
transfer driving junction fire propagation, while the vegetation mainly 
loses heat by convection. But when wind is applied, the roles played by 
radiation and convection are reversed, i.e., convection becomes the 
dominant mechanism of junction fire propagation, while the vegetation 
loses mainly heat by radiation. 

4. General conclusion 

The rate of fire spread and fire intensity can be severe in case of 
intersecting fire fronts and wind has a role in intensifying this extreme 
fire behaviour. In this study, the effect of a driving wind speed on 
junction fire behaviour (ROS and fire intensity) was numerically 
investigated at a laboratory scale (5-m junction arm’s length) for 
different combinations of the junction and slope angles. A fully-physical 
multiphase CFD code (FIRESTAR3D) was used to conduct simulations 
for four junction angles (15◦, 30◦, 60◦ and 90◦), for slope angles of 0, 20◦

and 40◦, and wind speeds of 0, 2, and 4 m/s. It should be noted that 
under no-wind conditions, fire-induced wind occurs bringing fresh air 
from the open boundaries into the flaming zone. 

Results showed that a junction fire it is highly dynamic, its propa-
gation is characterised by a surge-and-stall like behaviour, with high 
variability in the ROS, intermittency in fire propagation, and occasional 
fire jumps. It is observed the junction angle has non-linear effect on fire 
behaviour (i.e., it gets stronger as the junction angle decreases) and fire 
intensity increases faster as the junction angle decreases, making the fire 
more surprising and dangerous for firefighters. For a small junction 
angle (mainly for θ = 15◦), the junction effect totally dominates and 
conceals wind and slope effects (for the considered range of these pa-
rameters), due to a strong interaction between the close fire lines. In the 
case of a large slope angle (α = 40◦), the wind effect was insignificant (at 
least up to 4 m/s) on the fire ROS and the HRR, due to the combined 
effect of the junction and the slope. For large junction angles (θ = 60◦

and 90◦) and low slopes (α = 0 and 20◦), wind accelerates fire estab-
lishment and the ROS reaches its final average value faster. Wind effect 
seems to be most significant at intermediate junction angles (around 
30◦); this point is not yet fully understood and requires a more advanced 
analysis. 

As far as the heat transfer modes are concerned, the slope angle 
seems to be the most influencing parameter. In the case of non-sloping 
terrain, radiation is the dominant mode of heat transfer driving junc-
tion fire propagation in the absence of a prevailing wind. When the 
velocity of the latter increases, convection becomes the dominant 
mechanism of junction fire propagation, while the vegetation mainly 
loses heat by radiation. In the case of sloping terrain, convection from 
the hot gases is always the driving mechanism of the junction fire 
propagation while heat is released from the hot fuel by radiation. In this 
case, wind speed enhances both heat transfer modes. Decreasing the 
junction angle increases the fire intensity and, consequently, intensifies 
both convection and radiation heat exchanges, but does not change their 
respective roles in junction fire propagation. 

This study provided some insights into the potential roles played by 
the junction angle, slope angle, and wind speed during a junction fire. 
More advanced and detailed analysis is required to better understand 
the inherent interaction between the flaming zone and the flow field that 
determines the behaviour of the junction fire in different conditions, 
which can be best performed by numerical simulation. However, there is 

a pressing need to conduct more laboratory and field experiments to 
gain a more detailed understanding of the underlying physics governing 
the behaviour of this extreme fire, as it directly impacts firefighter 
safety, evacuation planning, and resource allocation. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The work is partially funded by Australian Research Council grant 
DP210102540, and was granted access to the HPC resources of Aix- 
Marseille Université. 
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