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A B S T R A C T

The study of extreme fire phenomena is limited by the experimental capabilities, especially in terms of geometric 
scale. Scaling tools provide a solution to extrapolate limited laboratory-scale results to large real-world-scale 
scenarios. In this paper, a new scaling law is proposed for merging bushfires (which propagate quasi-steadily) 
through a relationship between the normalised rate of spread of junction fire and Byram's convective number. 
The proposed law accounts for wind and slope effects, highlighting the role played by the two forces governing 
the flame-front dynamics and the plume trajectory: buoyancy force and wind inertia. A large set of numerical 
simulations of the junction fire at a wide range of scales, slopes, wind speeds, junction angles and two types of 
fuel (grass and shrub) was carried out using fully physical modelling. Results show that the normalised rate of 
spread of a junction fire depends only on a modified expression of Byram's convective number and on fuel type. 
Moreover, the proposed expression of Byram's number yields a unified scaling law for both junction fires and 
single straight fire lines for quasi-steady fires. The research helps assess the effects of some topographical pa
rameters in extreme fires, improving situational awareness, operational predictions and firefighter safety.

1. Introduction

Junction fires are the extreme bushfire merging events that occur 
when two or more flame fronts converge at a certain angle (called 
junction angle) and are recognised as one of the most dangerous and 
least understood forms of extreme fire behaviour [1]. Early 
laboratory-scale studies showed that junction fires spread fast because 
heat accumulates near the vertex where the two junction arms meet, 
rather than being carried mainly along a single front [1]. At the junction 
point, the rate of spread (ROS) often exceeds that of the individual 
fire-lines prior to merging, creating a junction effect (i.e., ROS surplus) 
that can rapidly escalate fire spread [2]. The smaller the junction angle, 
the stronger is the junction effect [3]. This sudden fire acceleration poses 
significant risks for fire suppression operations and requires improved 
predictive capability at various field scales, especially with the high risk 
of fire eruption. Dimensional analysis of junction fire would help 
quantify the phenomenon and unify behaviour patterns.

Indeed, dimensional analysis is widely regarded as one of the most 
effective methods in physics. It provides a systematic framework for 

designing laboratory experiments that reproduce large-scale physical 
phenomena on a reduced scale. Beyond its practical role in experimental 
design, it also offers insight into the fundamental processes that govern 
the behaviour of complex physical systems. A key strength of similitude 
theory lies in its ability to collapse data from different scales and con
ditions onto a single curve. This makes it possible to justify the study of 
problems at laboratory scale when large-scale testing is unfeasible or too 
costly. For further reading, see standard Fluid Mechanics references such 
as Fox, McDonald, and Pritchard [4].

Early bushfire studies [5–7] showed that fire spread depends mainly 
on the interplay between wind inertia and buoyancy resulting from 
plume-air density differences. Byram [5] proposed in 1959 that the 
balance between buoyancy and wind forces could serve as a basis for 
predicting fire behaviour. For fires spreading in vegetation over level 
ground, Byram introduced a dimensionless parameter, later termed 
Byram's convective number, defined as the ratio of buoyancy power to 
wind power per unit area. This parameter, expressed in Eq. (1), in
corporates fire intensity (I), air properties (density ρ, specific heat at 
constant pressure CP, and ambient temperature T0), earth gravitational 
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acceleration g, the ROS R, and the wind velocity component (UW) at a 
reference height (typically 10 m at field scale and 1 m at laboratory 
scale) aligned with fire propagation direction. Byram's convective 
number can be reformulated using the vertical velocity of the thermal 
plume above the fire UB [8] given by Eq. (2). 

NC =
2gI

ρCPT0(UW − R)3 =
1
2 ρU3

B
1
2 ρ(UW − R)3 (1) 

UB =

(
2gI

ρCPT0

)1/3

(2) 

Nelson [9] revisited the threshold criteria originally proposed by 
Pagni and Peterson [7] to define fire spread regime, expressing them in 
terms of Byram's convective number. According to this formulation: 

- For NC ≤ 2, the fire is wind-driven, with flame behaviour governed 
mainly by the wind and fire spread dominated by convection heat 
transfer.

- For NC ≥ 10, the fire becomes plume-dominated, where buoyancy 
controls the flame trajectory and radiative transfer dominates fire 
spread.

- For 2 < NC < 10, the fire exhibits a mixed regime, transitioning 
between wind-driven and plume-dominated behaviour.

Morvan and Frangieh [10] carried out a similitude analysis (using 
experimental data and numerical simulation results) and showed a 
scaling between Byram's convective number and the ratio R/Uw. The 
analysis indicated that at small values of NC (wind-driven fires), the ratio 
R/Uw tends towards a constant value, while for large values of NC 
(plume-dominated fires), R/Uw increases with NC.

Nelson also extended the expression of Byram's convective number to 
include slope effects, generalising its use beyond flat terrain [9]. This 
expression was then revisited by Morvan and Accary [11] in order to 
properly account for the slope effect in Byram's convective number, by 
projecting the buoyancy characteristic velocity UB in two orthogonal 
directions: parallel and normal to the direction of fire propagation, as 
illustrated in Fig. 1. The expression of Byram's number proposed by 
Morvan and Accary [11] is given by Eq. (3), where α is the slope angle 
and Ue is the effective wind speed acting in the fire propagation 

direction. 

NC =
1
2 ρU3

B cos3 α
1
2 ρ(Ue − R)3 =

2 g I cos3 α
ρCPT0(Ue − R)3 with Ue =UW + UB sin α (3) 

Following Morvan and Frangieh's work [10] and relying on experi
mental data and numerical simulations of fire spread on a sloping 
terrain, a scaling was again found between Byram's convective number 
and the ratio R/Ue, with a clear change in the scaling law at the tran
sition between wind/slope-driven fire and plume-dominated one [11].

This analysis carried out for a single fire-line on a sloping terrain is 
extended in this paper to junction fires. Junction fires exhibit non-linear 
behaviour driven by the interaction of wind, slope, and junction angle 
[12]. As in the case of a single straight fire front, the dynamics of 
junction fires is governed by the competition between buoyancy-driven 
convection and wind-driven inertia, reflected by Byram's convective 
number. The geometry of the junction (mainly characterised by the 
junction angle) is an additional parameter governing the interaction of 
two junction arms and affecting the components of the prevailing wind 
speed and of the vertical velocity of the thermal plume acting on the 
junction arms.

In this paper, a scaling for the normalised junction fire ROS (R/Ue), 
based on a modified expression of Byram's convective number (that 
explicitly incorporates wind, slope, and junction angle dependencies) is 
proposed for junction fires. Then, using fully physical modelling, a 
comprehensive set of 130 simulations, conducted across multiple scales, 
fuels, wind speeds, slopes, and junction geometries was performed. 
However, results of 55 quasi-steady cases are reported. The analysis 
identifies key parameters that govern junction fire behaviour, and the 
proposed scaling law is tested, providing a means to bridge the gap 
between laboratory-scale experiments (where scale and fire intensity are 
constrained) and large-scale or real-world junction fire scenarios. By 
integrating junction fire physics, scaling theory, and the quantification 
of ROS surplus into a unified framework, this work advances both the 
theoretical understanding and operational prediction of extreme fire 
behaviour, supporting improved firefighter safety and decision-making 
in complex bushfire environments.

Fig. 1. Forces governing bushfire behaviour on a sloping terrain: wind inertia (parallel to the ground), buoyancy (vertical) having two components that are parallel 
and normal to the direction of fire propagation.
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2. Junction-fires scaling

We consider the idealised, symmetric, junction fire configuration 
shown in Fig. 2, where the prevailing wind speed UW acting in the 
junction axis direction, the slope angle α, the junction angle θ, and the 
junction arm length L0 are the main control parameters. As long as the 
angle between the junction arms is conserved during fire spread, the 
ROS of the junction point RJP is related to the ROS of the junction arm in 
the normal direction to the arm RJA through a simple geometric relation 
given by RJA = RJP sin (θ½), where θ½ is half the junction angle θ.

As in the case of a straight fire line, the propagation of the junction 
arm in the normal direction to the arm depends on the competition 
between the components of the prevailing wind speed and of the vertical 
velocity of the thermal plume acting in two orthogonal directions: par
allel and normal to the direction of the junction arm propagation. The 
component of the prevailing wind speed acting in the direction of the 
arm propagation is UW sin (θ½), while the components of the thermal- 
plume vertical velocity UB are shown by Fig. 3. UB has two relevant 
components for the junction arm propagation: UB,a = UB sin(α) sin (θ½) 
acting in the junction arm propagation direction and UB cos(α) acting in 
the normal direction to the junction arm propagation direction. The 
third component of UB, which is parallel to the junction arm and equal to 
UB sin(α) cos (θ½), would not affect the propagation of the junction arm. 
Consequently, the effective wind speed acting in the propagation di
rection of the junction arm is given by Eq. (4). 

Ue,a =UW sin(θ½) + UB sin(α)sin(θ½) (4) 

It should be noted that Ue,a = Ue sin (θ½), where Ue is the effective 
wind speed acting in the junction point propagation direction (the x 
direction) and given by Eq. (3). By analogy to a single straight fire-line 
spreading on a sloping terrain [11], we define Byram's convective 
number based on the junction arm parameters according to Eq. (5), 
where Ia is the junction fire arm intensity. 

NC,a =
1
2 ρU3

B cos3 α
1
2 ρ

(
Ue,a − RJA

)3 =
2 g Ia cos3 α

ρCPT0
(
Ue,a − RJA

)3 (5) 

By analogy to a single straight fire-line [10,11], a scaling is expected 
between Byram's convective number NC,a (based on the junction arm 
parameters) and the normalised ROS of the junction arm RJA/Ue,a. It 
should also be noted that, since RJA = RJP sin (θ½) and Ue,a = Ue sin (θ½), 
the same scaling would be expected between NC,a and the normalised 
ROS of the junction point RJP/Ue.

The existence of such scaling is tested using a set of 55 out of 130 
numerical simulations carried out using a fully physical, computational 

fluid dynamics (CFD), fire simulator, FIRESTAR3D for different control 
parameters (junction angle θ, slope angle α, prevailing wind speed UW), 
for two fuel types (grass and shrub), and at different length scales. The 
aim is to obtain a unified, dimensionless scaling law for all cases despite 
any diversity of scale, conditions, fuel type, slope, geometry and various 
other parameters that can potentially affect the junction fire behaviour.

3. Numerical model

FIRESTAR3D is a fully physical, CFD model based on a multiphase 
formulation [13,14]. The model predicts the behaviour of the coupled 
system consisting of a turbulent-reactive gaseous flow (fluid phase) 
interacting with a plant canopy (solid phase) modelled as a porous 
medium. The evolution of each phase is governed by a set of conserva
tion equations with source/sink terms representing the interaction be
tween the two phases. The mathematical model of the fluid phase 
consists of the conservation equations of mass, momentum, energy and 
chemical species resulting from vegetation decomposition. The model is 
solved using the standard finite volume method on a structured mesh; 
the method is third-order accurate in space and time. Because it uses a 
fully implicit time scheme, the code is unconditionally stable; the time 
step is chosen as a fraction of the characteristic time of the underlying 
physics. The radiation transfer equation is solved using the Discrete 
Ordinate Method (DOM) or SN approximation; the reported simulations 
were performed using S8 approximation. The code employs a large-eddy 
simulation (LES) turbulence model and radiation turbulence interaction 
model [14]. Combustion in the gaseous phase is based on CO kinetics, 
using an Eddy Dissipation Concept model to evaluate the combustion 
rate occurring in the gaseous phase [13]. The fourth-order Runge-Kutta 
method is used to solve (on an independent grid) the solid-phase model 
describing the decomposition of the vegetation as a result of the intense 
heat flux coming from the flaming zone [14]. The degradation of the 
vegetation is governed by three temperature-dependent mechanisms: 
drying, pyrolysis, and charcoal combustion. The constants of the model 
associated with the charcoal combustion (activation energy and 
pre-exponential factor) are evaluated empirically from a thermal anal
ysis conducted on various solid fuels samples [13]. FIRESTAR3D model 
has been extensively validated using various configurations of bushfire 
spread, both at laboratory and field scales, both with shrub and grass 
[13,15]. In particular, for the configuration of a junction fire, the model 
has been validated [16–18] using data collected from laboratory ex
periments [2].

Fig. 4 shows the junction fire configuration and the computational 
domain considered in this study. A V-shaped homogeneous fuel-bed 
layer is considered on inclined terrain making an angle α with the 

Fig. 2. Isometric (left) and top (right) views of a junction fire and geometric parameters. α is the slope angle, θ is the junction angle (θ½ = θ/2), UW is the prevailing 
wind speed, L0 and L(t) are respectively the initial and the instantaneous junction arm length, RJP is the junction point ROS, and RJA is the junction arm ROS in the 
normal direction to the arm.
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horizontal plane. Terrain inclination was accounted for by considering 
two gravity components: gz = -g cos(α) and gx = -g sin(α). Open boundary 
conditions were applied to all sides of the computational domain except 
the bottom one, where a solid-wall condition was imposed. The simu
lations were conducted for two fuel types: shrub is considered at labo
ratory scale (5 m < L0 < 25 m) and grass is considered at field scale (35 
m < L0 < 100 m); the properties of these fuels, summarised in Table 1, 
were inspired by previous experimental and numerical studies [2,15,
16].

Before ignition, a standard one-seventh power-law velocity profile 
given by Eq. (6) was applied at the inlet (with z0 = 1 m at laboratory 
scale and z0 = 10 m at field scale) resulting in the desired prevailing 
wind speed UW, with 10% turbulence intensity, while Neumann condi
tions (i.e., zero normal-gradient) were applied at the open boundaries. 

Before ignition, simulations were run long enough to reach statistically 
steady flow conditions. 

Fig. 3. Components of buoyancy characteristic velocity in a junction fire. UB,a = UB sin(α). sin(θ½) is the component acting in the normal direction to the junction 
arm in the (x,y) plane.

Fig. 4. Computational domain used to simulate junction fire. CS: coordinate system. S depends on the considered junction fire scale; for instance, S = 12 m at 
laboratory scale for a junction arm length L0 = 5 m.

Table 1 
Properties of fuels used in the numerical simulations. σS is the fuel surface-to- 
volume ratio, αS is the packing ratio (fuel volume fraction), ρS is the dry fuel 
density, M is the fuel moisture content, h is the fuel layer thickness, Cd is the drag 
coefficient.

σS (m− 1) αS ρS (kg.m− 3) M (%) h (m) Cd

Shrub 6900 0.00784 500 20 0.15 0.42
Grass 4000 0.001 500 10 1 0.15
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U(z)=UW

(
z
z0

)1/7

(6) 

Fuel is ignited by injecting CO at 1600 K from the bottom of the 
computation domain along the junction fire arms according to the 
procedure described in Frangieh et al. [15]. After ignition, the inlet 
boundary condition was modified: a Neumann condition was applied at 
the domain inlet (i.e., zero normal-gradient for all variables) and a 
pressure gradient was applied in the x-direction to maintain wind ve
locity constant far from the flaming zone (at point A in Fig. 4), while 
allowing the fire front to withdraw fresh air from the domain inlet. The 
applied pressure gradient was updated at each iteration and vanished 
when the velocity had reached the desired value at the specified loca
tion. This inlet condition allows for induced wind to occur at the domain 
inlet while maintaining the prevailing wind speed far from flaming zone 
[14].

A uniform mesh was used for the solid phase, while a non-uniform 
mesh was used for the fluid phase. Within the vegetation zone, the 
fluid-phase grid was uniform and then it was progressively coarsened 
toward the open boundaries. It should be noted that for both the fluid 
and the solid phases, the grid cell-size was below radiation-extinction 
length-scale given by 4/αSσS [19] and equal to about 7.4 cm for shrub 
and 1 m for grass. Details of the mesh structure are reported in Table 2
for a selected junction angle and scale that affect the total number of 
cells. Mesh sensitivity analysis for very similar simulations (mesh size, 
geometry, and control parameters range) was carried out in previous 
studies [12,16,18] and showed negligible effects on the global fire 
properties such as the ROS and fire intensity.

In this study, numerical simulations of junction fires were performed 
for a junction angle θ = 30◦, 60◦, 90◦, and 120◦, for a slope angle α =
0 (horizontal terrain), 10◦, 20◦, 30◦, and 40◦, for a prevailing wind speed 
UW = 0 (no prescribed external wind), 0.5, 1, 2, 3, 4, 6, 10, 12 and 14 m/ 
s, and for a junction arm length L0 = 5, 10, 15 and 25 m for shrub and L0 
= 35, 50 and 100 m for grass. The ROS of the junction-point (RJP) and of 
the junction-arm (RJA) were computed from the temporal evolution of 
the fire-front position. For each case, the position of the fire front was 
tracked along the junction point (vertex) or the junction-arm (middle of 
arm). The ROS was then calculated as the average slope of the posi
tion–time curves over the steady phase of fire spread. In addition to the 
junction fire scenarios, a series of simulations was conducted for single, 
straight fire line cases in order to check the validity of the proposed 
scaling in this limiting case (corresponding to a junction angle of 180◦) 
and in order to link the obtained scaling to previous works [10,11]. For 
these simulations, the same parameters used for junction fires (fuel types 
and properties, wind speed, slope angle) were considered as well as the 
same simulation settings (e.g., mesh size). In this case however, a rect
angular vegetation layer was considered (2.5 m × 12 m for shrub and 25 
m × 120 m for grass) where the long dimension was aligned with the 
wind and slope direction (x direction), and lateral periodic boundary 
conditions were used in the y direction to simulate a quasi-infinite fire 
front. The simulations were performed using the adaptive time-stepping 
strategy, with a time step between 0.001 s and 0.01 s, to maintain the 
L2-norm of the truncation error below 10− 4 (in normalised form) for all 

transport equations. For the iterative process, the stopping criterion, 
based on the residuals (in L2-norm) of the transport equations, was 10− 5 

(in normalised form) or 10− 4 (in non-normalised form). FIRESTAR3D is 
parallelised using OpenMP directive and the simulations were per
formed with 16 cores. Depending on the considered case, 3 to 9 days of 
CPU time are required for approximately 30 s of physical time.

4. Results and discussion

4.1. Assessment of fire properties

To investigate the dynamics of junction fires under combined wind 
and slope effects, we first analyse the evolution of the main fire pa
rameters involved in the definition of Byram's convective number (Eq. 
(5)) under representative conditions. Fig. 5 shows a 3D view of a 
laboratory-scale junction fire, illustrating the complex flame structure 
formed by a sequence of crests and troughs, and highlighting the ability 
of FIRESTAR3D to capture such fire behaviour. The corresponding fire 
spread is shown in Fig. 6. The pyrolysis-front at the fuel surface is visible 
in Fig. 5 at the interface between the yellow (dry fuel) and black 
(charred fuel) regions. This front was identified by tracking the transi
tion of the dry-fuel mass fraction from 0 to 1. The junction-point position 
at the fuel surface was defined as the location of the pyrolysis front along 
the junction axis (y = 0, z = h). On the other hand, the junction-arm 
position in the x-direction was determined from the pyrolysis-front 
location at the fuel surface along the line (y = ½ L0 sin (θ½), z = h), i. 
e., a line parallel to the junction axis passing through the midpoint of the 
initial junction arm. Finally, the junction-arm length was estimated from 
the volume of unburned-fuel, assuming a symmetric triangular shape 
bounded by the two arms forming an angle θ.

Fig. 7 shows typical junction-fire spread metrics (junction-point and 
junction-arm propagation) obtained for shrub at laboratory scale, under 
separate slope and wind effects. We notice for the considered cases the 
existence of a quasi-steady-state of junction-fire spread, which allows 
the estimation of the ROS of the junction-point and of the junction-arm 
in the x direction from the average slope of the corresponding curves. 
During the initial transient phase immediately after ignition, the 
junction-point advances more rapidly than the junction arm; however, 
in the quasi-steady state their ROS values converge and remain rela
tively close. This behaviour supports the assumption introduced in 
Section 2 that the junction-arm ROS in the normal direction can be 
expressed as RJA = RJP sin (θ½). For instance, for the two cases shown in 
Fig. 7, the junction-point ROS was estimated at about 21 cm/s for case 1 
(θ = 30◦, α = 10◦, and UW = 0) and at about 10 cm/s for case 2 (θ = 60◦, 
α = 0, and UW = 0.5 m/s). Fig. 7 also shows the progressive decrease in 
junction-arm length, which was used to evaluate the corresponding fire 
intensity.

To evaluate the junction-arm fire intensity Ia used in the expression 
of Byram's convective number, the fire heat release rate (HRR) is first 
evaluated from Eq. (7), where ωvap, ωpyr, ωchar, ωCO, and ωsoot (kg/s) are 
the total mass rates of water evaporation, pyrolysis, char combustion, 
combustion of CO in the gas mixture, and soot combustion, respectively, 
and ΔHvap, ΔHpyr, ΔHchar, ΔHCO, and ΔHsoot (J/kg) are the corresponding 
reaction enthalpies [13]. Vaporisation and pyrolysis have negative 
contributions in Eq. (7), since they are endothermic reactions. Note that 
ΔHchar is not constant in this case since it depends on the CO-to-CO2 ratio 
produced during char combustion [13], it varies between 9 MJ/kg for 
incomplete combustion and 30 MJ/kg (for a complete one). 

HRR= − ωvap.ΔHvap − ωpyr.ΔHpyr + ωchar.ΔHchar + ωCO.ΔHCO

+ ωsoot .ΔHsoot (7) 

For the two cases considered in Figs. 7 and 8, the HRR increases to 
reach a maximum, then, it globally decreases with the junction-arm 
length. However, by evaluating the junction-arm fire intensity (Ia) as 
the ratio of HRR to twice the junction-arm length, we notice in Fig. 8 that 

Table 2 
Mesh properties for a junction angle θ = 60◦ and for a junction fire's arm length 
L0 = 50 m for grass and L0 = 5 m for shrub. The fluid-phase cell size is reported 
within the fuel zone. Mesh size is expressed in number of grid-points in each 
direction (Nx, Ny, Nz).

Solid-phase cell size 
(Δx, Δy, Δz) in (cm)

Fluid-phase cell 
size (Δx, Δy, Δz) in 
(cm)

Solid-phase 
mesh size

Fluid-phase 
mesh size

Shrub 2.5, 2.5, 1.25 5, 5, 2.5 177, 201, 
13

148, 160, 
160

Grass 15.625, 15.625, 
6.25

31.25, 31.25, 12.5 289, 321, 
17

224, 240, 
150
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a quasi-constant value of Ia is obtained at steady state. For instance, for 
the two cases shown in Fig. 8, the junction-arm intensity was estimated 
(from 8 to 18 s) at about 0.35 MW/m for case 1 (θ = 30◦, α = 10◦, and 
UW = 0) and at about 0.43 MW/m for case 2 (θ = 60◦, α = 0, and UW =

0.5 m/s).
The expression of Byram's convective number is fundamentally 

derived under the assumption of steady fire propagation, where a bal
ance exists between buoyancy-driven and wind-driven forces for a fire 

front. Under such conditions, fire properties (ROS and fire intensity) are 
statistically constant during a time large enough compared to the fire 
residence time, allowing a quasi-equilibrium force balance to be estab
lished. For instance, the fire residence time was evaluated for the two 
representative cases shown in Fig. 7 by dividing the local flaming-zone 
width (at the fuel surface) by the corresponding local ROS. For θ = 30◦, 
α = 10◦, and UW = 0, the flaming-zone width measured at t − tign = 16 s 
at the mid-arm location was approximately 0.27 m, with a local ROS of 

Fig. 5. 3D view of junction-fire spread obtained for shrub at laboratory scale (initial arm length L0 = 10 m), 15 s after ignition, for a junction angle θ = 60◦, on a 
horizontal terrain (α = 0), and under a prevailing wind speed UW = 1 m/s. The flames are visualised using the iso-value surface of soot volume fraction of 10− 6 

coloured by the gas-mixture temperature. Combustion gases are visualised using the iso-value surface of water-vapor mass fraction of 0.01 (with 50% transparency). 
Fuel decomposition is visualised using fuel bulk density αSρS.

Fig. 6. Distribution of fuel bulk-density at the fuel-bed surface, obtained for shrub at laboratory scale (initial arm length L0 = 10 m), 10 s and 15 s after ignition, for a 
junction angle θ = 60◦, on a horizontal terrain (α = 0), and under a prevailing wind speed UW = 1 m/s.
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0.217 m/s, yielding a residence time of about 1.24 s. For θ = 60◦, α = 0, and UW = 0.5 m/s, the flaming-zone width was approximately 0.25 m 

Fig. 7. Junction-point (JP) and junction-arm (JA) propagations in the x direction (X0 being the initial position) and time evolution of the junction-arm length, 
obtained for shrub at laboratory scale (initial arm length L0 = 10 m) and for two cases: 1 - Junction angle θ = 30◦, sloping terrain with α = 10◦, and no imposed wind 
speed (UW = 0), 2 - Junction angle θ = 60◦, horizontal terrain (α = 0), with a prevailing wind speed UW = 0.5 m/s.

Fig. 8. Heat release rate (HRR) and junction-arm fire intensity (Ia), obtained for shrub at laboratory scale (initial arm length L0 = 10 m) and for two cases: 1 - 
Junction angle θ = 30◦, sloping terrain with α = 10◦, and no imposed wind speed (UW = 0), 2 - Junction angle θ = 60◦, horizontal terrain (α = 0), with a prevailing 
wind speed UW = 0.5 m/s.
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and the corresponding ROS was 0.10 m/s, resulting in a residence time 
of about 2.5 s.

But steady propagation is not always achieved in dynamic phe
nomena such as junction fires, especially at small junction angle, where 
fire spread remains transient until the consumption of the entire fuel 
bed. In strongly unsteady fires, the balance between buoyancy-driven 
and wind-driven forces no longer holds. The fire may exhibit very 
irregular spread, near-simultaneous ignition of large fuel regions, or 
continuous acceleration with rapid growth in intensity, rather than 
propagation of a well-defined fire front. In these regimes, the ROS is 
time-dependent and the assumptions underpinning Byram's scaling 
break down. Hassan et al. [12] identified thresholds beyond which 
external environmental factors can disrupt the steadiness of junction fire 
propagation. This includes sudden jumps of front flame with unexpected 
ignitions at the end of the fuel bed [16,20,21], the final phase of junction 
fire when the size of the junction becomes minimal and flames fully 
merge, cases exhibiting abnormal increases in arm intensity (often 
triggered by the loss of the junction's V-shape), or rapid propagation at 
the upper edge of the vegetation. Fig. 9 illustrates some of these dy
namics where the unburned fuel completely loses its characteristic 
V-shape (as shown by Fig. 9(a)) under extreme conditions with a 6 m/s 
applied wind, and the flaming zone covers most of the fuel bed (as 
shown by Fig. 9(b)). This behaviour is a clear manifestation of such 
extreme cases, where high wind is combined with the intensification 
resulting from the close proximity of converging fire fronts.

Fig. 10 shows distinct junction-arm fire intensities associated with 
quasi-steady and eruptive junction-fire regimes. In the quasi-steady 
case, the fireline intensity rapidly stabilises after ignition and remains 
statistically constant over time. The eruptive case shows a continuous 
increase in fireline intensity with no identifiable plateau. To address 
these challenges and obtain a correct representative ROS, a conservative 
approach was adopted. Irregular and eruptive cases were intentionally 
excluded from the present scaling analysis, and only cases exhibiting 
clear, quasi-steady propagation with constant junction angle were 
included in the scaling law assessment, ensuring that the measured ROS 
accurately reflects sustained fire behaviour rather than transient, 
irregular events. Eruptive cases will be analysed more carefully in future 
studies.

4.2. Junction-fire scale effect

For the same control parameters, Fig. 11 shows the effect of changing 
the junction initial arm length in the case of shrub and grass at labora
tory and field scales. As the junction-fire scale increases, the fire HRR 
naturally increases; however, as shown by Fig. 11, the fire intensity of 
the junction arm remains practically the same across different length 
scales. The increase in the fire intensity observed for the junction fire 
with an initial junction-arm length of 5 m results actually from the final 
phase when the size of the junction becomes small enough for the flames 
to fully merge. On the other hand, the propagation of the junction point 
is practically unaffected by the scale of the junction. For grass vegeta
tion, the intensity is approximately scale-invariant over the range of 
scales investigated, with only small deviations. This result is consistent 
with a field-scale experimental study of junction fires conducted with 
three arm lengths (47, 52, and 75 m) under identical experimental 
conditions [2]. The experiments revealed no significant scale effect, 
particularly with respect to the fundamental behaviour and dynamics of 
junction fires, which appear to be scale-invariant. The magnitude of ROS 
across the three experiments remained within the same order of 
magnitude, demonstrating qualitative similarity in fire development 
despite differences in arm length.

4.3. Junction-fires scaling law

From the junction-arm fire intensity (Ia), buoyancy characteristic 
velocity UB is estimated using Eq. (2), then the effective wind speed 
acting in the normal direction to the junction arm (Ue,a) is obtained from 
Eq. (4). The ROS of the junction arm in the normal direction to the arm 
(RJA) is obtained by multiplying the ROS of the junction arm in the x 
direction (obtained from Fig. 7) by sin (θ½). Ia, Ue,a and RJA are used to 
determine Byram's convective number based on the junction-arm pa
rameters. In the case of a single, straight, quasi-infinite fire line, Eq. (3)
is used to determine the Byram's number and the effective wind speed. 
The results of all considered cases (shrub at laboratory scale and grass at 
field scale) having reached a quasi-steady state of fire spread are sum
marised in Fig. 12. We notice first that for a given fuel type, all junction 
fire cases, across various slopes, wind speeds, junction angles and scales 
collapse onto a single scaling power-law.

This collapse can be quantified by fitting a power-law relationship of 
the form RJA/Ue,a = A N b

C to each fuel dataset. For shrub fuel, the best-fit 

Fig. 9. Junction fire obtained 20 s after ignition for shrub at laboratory scale (L0 = 10 m), for a junction angle θ = 60◦, on horizontal terrain (α = 0), and for a 
prevailing wind speed of UW = 6 m/s. (a) Distribution of fuel bulk-density at the fuel-bed surface. (b) Horizontal slice of the gas mixture temperature field at z = 2h (i. 
e., twice the height of the vegetation).
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scaling is RJA/Ue,a = 0.0244 N0.2767
C with a high coefficient of determi

nation (Rfit
2 = 0.945), indicating that most of the variance in the nor

malised ROS is captured by the modified convective number. For grass 
fuels, the fitted law is RJA/Ue,a = 0.2599 N0.1153

C (Rfit
2 = 0.912), again 

demonstrating strong data collapse.
Previous studies [2,3,16] showed that the smaller the junction angle 

the faster the junction-fire spread. The proposed scaling unifies all cases 
despite the intensification caused by the junction effect, encompassing 
the observed variations in ROS and intensity, and capturing the influ
ence of both slope and wind on fire spread. Another important 

observation is the ability of the proposed scaling to merge both junction 
fire and straight fireline cases onto the same scaling law for each fuel 
type, which is not surprising since a straight fireline is a particular case 
of a junction fire with a junction angle θ = 180◦. The separation between 
the two fuel types is an important outcome of the obtained results and 
reflects the dependence of the scaling law on other fuel-related non-di
mensional parameters. For instance, the expression of Byram's convec
tive number does not account for the vegetation aerodynamic drag that 
depends on the drag coefficient Cd, the fuel leaf-area-index (½ αS σS h) 
that are expected to influence the scaling law between the normalised 

Fig. 10. Junction-arm fire intensity (Ia), obtained for shrub at laboratory scale (initial arm length L0 = 10 m) and for two cases: 1 – Quasi-steady fire: Junction angle 
θ = 60◦, horizontal terrain (α = 0), with a prevailing wind speed UW = 0.5 m/s, 2 – Eruptive fire: Junction angle θ = 30◦, sloping terrain with α = 40◦, and no imposed 
wind speed (UW = 0).

Fig. 11. Junction-point (JP) propagations in the x direction (X0 being the initial position) and time evolution of the junction-arm (JA) fire intensity, obtained for 
shrub (left) for a junction angle θ = 60◦, for a slope angle α = 20◦, under no imposed wind (UW = 0), and for three values of the initial arm length (L0 = 5, 10 and 15 
m), and grass (right) for a junction angle θ = 60◦, for a slope angle α = 40◦, under no imposed wind (UW = 0), and for three values of the initial arm length (L0 = 35, 
50 and 100 m).
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ROS and Byram's convective number. It should be noted that for the 
range of geometric and environmental parameters considered, 
steady-state junction-fire spread was only obtained for NC,a ≳ 1, i.e., for a 
plume-dominated fire regime (NC,a > 10) and for a transitional fire 
regime between wind/slope-driven and plume-dominated (2 < NC,a <

10). Most of the cases with combined effects of small junction angle and 
relatively high wind speed or steep slope, that would have resulted in 
wind/slope-driven fires, did not reach a clear steady state of 
junction-fire spread and could not be included in the scaling law anal
ysis. Finally, as mentioned in Section 2 and shown in Fig. 7, since RJA =

RJP sin (θ½) and since Ue,a = Ue sin (θ½) where Ue is the effective wind 
speed in the junction-axis direction, the scaling law shown in Fig. 12 is 
also valid for the normalised ROS of the junction point RJP/Ue.

5. Conclusions

This study introduced and evaluated a new scaling framework for 
junction fires (which propagates quasi-steadily) based on a modified 
expression of Byram's convective number. Through an extensive set of 
physics-based numerical simulations covering a wide range of scales, 
slopes, wind speeds, junction geometries, and two types of vegetation, 
the analysis has demonstrated that the proposed dimensionless formu
lation effectively characterises the spread of merging fires. The numer
ical model used to simulate junction-fire behaviour is a fully physical 
one that accounts for the most important phenomena occurring in a fire 
and has been extensively validated in different fire configurations 
including junction fires.

The results show that, when a junction-fire spreads quasi-steadily, 
the normalised ROS of a junction fire can be scaled by Byram's 

convective number based on the junction-arm parameters, and that this 
scaling depends on the fuel properties. The obtained scaling accounts for 
geometric (junction angle), environmental (wind speed and terrain 
slope), and scale (junction-arm length) parameters characterising two 
merging fire lines. The fact that a unified scaling law is found for both 
junction fires and straight quasi-infinite fire lines, yields important 
consequences for junction-fire research. This implies that studies carried 
out for straight, quasi-infinite fire-lines apply in non-dimensional form 
to junction fires as long as quasi-steady junction-fire spread is achieved. 
For instance, the dependence of the scaling law (between the normalised 
ROS of the junction-fire spread and Byram's convective number) on fuel 
properties could be investigated through a straight, quasi-infinite fire- 
line configuration.

The study also showed that a steady wind/slope-driven junction-fire 
spread is difficult to occur. The combined effect of a small junction angle 
and relatively severe environmental conditions (prevailing wind speed 
and terrain slope) often results in irregular fire spread that might have 
eruptive behaviour. This particular junction-fire behaviour is not yet 
understood and requires further studies with combined experimental 
and numerical approaches.

This study particularly highlights the importance of dimensional 
analysis in bushfire research and shows how laboratory-scale and nu
merical studies can provide valuable insight into the behaviour of real- 
world junction fires, provided that the governing non-dimensional pa
rameters are preserved. This has many operational implications, such as 
improving situational awareness, supporting predictive tools for 
extreme fire behaviour, and enhancing firefighter safety in complex 
bushfire environments. Finally, the study also showed how a funda
mental analysis carried out for simple fire configurations (such as a 

Fig. 12. Normalised junction-arm ROS in the normal direction to the arm (RJA/Ue,a) versus Byram's convective number based on the junction-arm parameters, 
obtained for shrub at laboratory scale and for grass at field scale. Data set also includes results obtained for a single, straight, quasi-infinite fire line at both laboratory 
and field scales.
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straight, infinite fire line) can be applied to more complex scenarios. The 
analysis conducted in this study could be adapted to other complex 
configurations, such as canyon fires or fire spread under non-parallel 
wind and slope direction.
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